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BBEAEHUE

[TouTtn cto net Hazan HoOeneBckuil aypear Openepuk Coaau BeIpa3uil COMHEHHE B HE3bIO-
JIEMOCTH BTOPOTO 3aKOHAa TEPMOJAMHAMHKH, M3 KOTOPOTO CIIe[I0BaJIa HEBO3MOXHOCTh OCYIIECTBIIC-
HUS JIBUTaTellsi BTOPOTo poja (BewHoro apuratens). [loBomoM Uit cOMHEHHs OBLIO «BOOYHIO Ha-
OJr01aeMoe BEYHOE JIBIDKCHHE» MOJICKYNT B KHUAKOCTIX U ra3zax (OpOyHOBCKOE JBM)KCHHE), CYIIECT-
BYIOIICC ITPU HYJCBBIX SHAYCHUAX I'PAAUCHTOB TEMIICPATYP B MAKPOIIPOCTPAHCTBAX MAaTCPHUAJIbHBIX
cpen [1, rn. IV].

[TpuHIMTIHATEHYIO BOBMOKHOCTB CO3/IaHus ABHTaresst BToporo poaa ®@. Commu chopmymmpo-
BaJI CJIEAYIONIUM 00pa3oMm:

«3aaaya nocTpouTh perpetum mobile, npoTuBOpeyalias BTOpOMy 3aKOHY, CBOAUTCS K TOMY,
YTOOBI BHECTH MOPSIOK U CTPOHHOCTH B OECHOPSIOYHYIO TOJIITY MOJIEKYJ, TOCTPOUTh, TaK CKa3aTh,
UX B PsiZibl U O0YYUTHh UX COBMECTHBIM JIBU)KEHHUSIM, MOTYILIMM BbI3BaTh OIPE/EICHHbIN 001l 3¢h-
dext» [1, c. 78].

EHIC OJHO INPCABUIACHUC COI[I[I/I, BBIPAXKCHHOC B HA4YaJIC MMPOIIJIOr0O BEKAa KPAaTKO M I'CHUAJIBHO!:
«Matepusi — 3T0 CKOHICHCHpOBaHHas (hopma SHeprum». IMEHHO HEPTHUs MOPOXKIAeT MaTEPHIO.

Hacrosimas paboTa mocBsiiieHa penieHuio 3a1ad mpeoOpa3oBaHusl SJHEPTUU KBAaHTOBOTO Ba-
KyyMa B pa3jiuuHble (JOpMbI SHEPTrUU BEUIECTBEHHOI'O MHpa B TEXHHYECKHX CHCTEMax — B IOCTa-
HoBke ®@. Comau.

3amaua pemraercs myTeM IpeoOpa3oBaHUs CTOXACTUYECKOTO JBIKEHHS SHEPTHH KBAaHTOBOTO
BaKyyMa, UMEIOIICH, MPEaNoIOKUTEIFHO, OECKOHEYHO OOJBIIYI0 IUIOTHOCTh, B YIOPSJIOYEHHOE
IBIDKEHUE, KOTOPOE TOPOIMIO M, KaK HPEANO0JaraeTcs, MpoJoDKAeT BOCIPOU3BOAUTH MAaTEPHUIO
Bcenennoi.

HaxormienHas B ecTeCTBO3HAHUU CymMmMa 3HAHUM CBHUACTCIIBCTBYET O BO3MOXHOCTH ITPOTCKA-
HHUA B IPUPOJHBIX U TCXHUYCCKUX CUCTEMAX SHEPTCTHICCKUX IMMPOUECCOB, B KOTOPBIX Hpeo6pa3y10-
areecss KOJIMYECTBO U3BECTHHIX (bOpM OHEPTUU SIBHO IIPCBOCXOAUT SHCPIrurO, KOTOPYIO MOXKHO OBLIIO
OBl IIOABECTU B CUCTEMBI U3BHE OT KaKUX-JI100 M3BECTHBIX NCTOYHUKOB OHCPIUn. 910 CBHUCTCIIBCT-
BYCT 00 OTHOM U3 O6IIII/IX CBOMCTB TaKHX CHCTEM: BCE OHH, KaK TCPMOAHMHAMUYCCKHUEC CUCTCMbI, HC-
3aMKHYTBIL. HCKOTOpI)Ie YUYCHBIC CACTIAaIN U3 3TOT'O BBIBOA, YTO HCTOYHUKOM Ha3BaHHOI aHOMAaJIbHOU
SHEPrUuu MOKET ObITh KBAHTOBBIM BakyyM. OiHako pusnueckasi mpupoia aHOMaJbHOM SHEPTUH, KaK
OHCPIrvMH KBAHTOBOT'O BaKyyMa, B HACTOALICC BPpEMA HE UMCCT 0OBSICHEHHUS Ha OCHOBE 06H1€HpI/IH5[-
ThIX €CTCCTBCHHOHAYYHBIX KOHHGHHHﬁ, KOTOPBIC ITO3BOJIMIIN OBl YCTaAaHOBUTDH HGO6XOI[I/IMI)IG (1)I/ISI/I-
YCCKHUE 3aKOHOMCPHOCTH W HMHXKXCHCPHBIC IMPUHIUIIBI Hp606pa3OBaHI/I5[ OHCPruvM KBAHTOBOT'O Ba-
KyyMa. YYacCTHUKH IPOJEIAHHON pabOThl MPEANPUHSIIN MOMNBITKY PELICHUS 3TOM 3a/1a4y HEeTpaIulv-
OHHBIMU METOAAMH HA OCHOBC THIIOTETUYECKOU GI[HHOfl CHUCTCEMBI SHEPICTUUCCKUX SaKOHOMepHOCTCfI,

)IGI)'ICTBYIOHIGI;'I B BCIICCTBECHHOM MHUPEC U KBAHTOBOM BAaKyyMC. ABTOpBI MpCIJIOKWUIUM HOBBIC MHTCPIIPETA-
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LIUM OOIIEN3BECTHBIX SKCIIEPUMEHTANIbHBIX (PAaKTOB (PU3UKU U COOTBETCTBYIOLIME HEOOXOIMMbIE YTOUHEHHS
HEKOTOPBIX (PU3MKO-MAaTEMATHUYECKUX MOHITUM U MOJ0XKEHUH, EHCTBUE KOTOPBIX PaclpOCTPaHUIIM Ha
BEILIECTBEHHBIM MUP ¥ KBAHTOBBI BAKYyM.

Bce 310 mo3B0osII0 0OHApYKUTh paHee HEU3BECTHbIE OOIIE CBOMCTBA (PyHIAMEHTAIBHBIX (PU3U-
YEeCKUX KOHCTAHT, OObSCHUTH Ha UX OCHOBE AaHOMAJIbHbIE SHEPreTUUECKHE SABJICHUS B IPUPOJIE U TEXHU-
Ke, CPOpMYJIMpOBaTh HHKEHEPHBIE PUHLIUIIBI IPe00pa30BaHUs SHEPTUH KBAHTOBOT'O BaKyyMa B TEX-
HUYECKUX CHUCTEMAax U MPUCTYNHUTh K 0O0CHOBAHUAM (PU3NYECKOTO COACpPKAHUS 3aaul U MMOUCKaM
TEXHOJIOTHUECKUX MPOLIECCOB MPe0Opa30BaHUsl SHEPIrMH KBAaHTOBOI'O BAKyyMa B H3BECTHbIE (POPMBI
SHEPruM BEIIECTBEHHOTO MUPA.

B kauectBe «xiro4el» B MOWUCKAaxX PEIICHUM 3aa4d MCIOJIb30BAIKMCh BBIABICHHBIE CBOMCTBA
(GbyH1aMEHTaIbHBIX (PU3UUECKUX KOHCTAHT U PsAJ OOIIEU3BECTHBIX AKCIEPUMEHTAIBHBIX U HAOJIIO-
JaTeNbHbIX (aKkTOB (PU3MKU, HHTEPIPETUPOBAHHBIX JJIsl 3TOTO aBTOpaMU HacTosiel padboTsl Ha Oc-
HOBE aKCHOMAaTUUYECKUX TOJIOKEHHMN, N3JI0KEHHBIX HIDKE; UCTIONBb30BAJICS TAKKE s/l 3aKOHOB MaTeMaTH-

YECKOM JIOTUKH, HATIOJTHEHHBIX COOTBETCTBYIOIINM (DPU3HUUYECKIM COJICPIKAHUEM.



YACTb 1
MCXOAOHbIE NOJIOXEHUA U ONPEAENEHUA

MnaBa 1. AkKcnomaTnyeckue nonoxeHus

1.1. Bce marepuainbHble 00bEKTHI BEILIECTBEHHOTO MHpa MPEACTABIISAIOT cOOOM /1Ba BHUJIa SHEPTUH,
COCPEIOTOUYEHHBIE B MaTepPHAIbHBIX 00beKTax. DTO E,, — SHEprus TOHKOI'O MHUpPa KBAaHTOBOI'O Ba-
KyyMa — HECKOHJICHCUPOBaHHAsl 3HEPIUs, BCE XapaKTEPUCTHUYECKHE TapaMeTpbl KOTOPOH, KpOMe reo-
METPHUYECKOTO 00beMa, BBIPOXK/IEHBI, U £, — CKOHJICHCUPOBAaHHAsl SHEPTUsl KBAHTOBOIO BaKyyMa, HEKO-
TOpas 4acTh £, — 3TO BCE U3BECTHBIE (DOPMBI SHEPIUU (MATEPUH) BELIECTBEHHOTO MUPA.

OHeprus Buja E,, 3a10JHAET BCe IPOCTPAHCTBO BeesleHHOM U «IIponuThIBaeT» cO00M Bee Ma-
TepHanbHble 00BEKTHL. [LIOTHOCT SHEprUM £, B KaKI0M MaTeMaTUYeCKOi TOUKe OECKOHEUHO BEIIUKA,
OJTHAKO BCJIEJICTBHE OECKOHEYHO MaJIbIX T€OMETPUUECKUX pa3MeEPOB HOCUTEIIEH SHEPTUU TaKOM IIOTHO-
CTH OHU (HOCHUTEJH) B OOIIIEM CiIy4ae C BEIIECTBEHHBIM MHPOM HE B3aUMOJCHCTBYIOT: IJIsi HUX BCA
MaTepus BEIIECTBEHHOTO MUPa «IIPO3pauyHay.

Hacrosimas pabora conepxut aHainu3 Gpu3nuecKux yCiaOBHM, MpU KOTOPBIX JBA BUJIA SHEPTUU

HAXOJSATCS BO B3aUMHBIX ITPEOOpa30BaHUSMX.
ITocne BBeneHNUs MONPABOK HA BBIPOXKJICHHOCTb £, CKOHIEHCUPOBAHHAs HEPrus E,, TOXKIECTBEHHA
HEKOTOpOMY Konu4ecTBy AE,, . IIpu 5TOM M3MEHEHHs INIOTHOCTEN IBYX BUIOB dHepruu £, u AE,, B Ino-
O0M MaTepuaJIbHOM 00bEKTE 3€PKaJIbHO-CUMMETPUYHBI U MOJUMHAIOTCS pacnpesenenno bonbiimana
[2, c. 56], ucnonp30BaHHOMY B HACTOSIIEH pabOTe IJIsl aHAIN3a CTOXaCTHYECKOTO ABMKEHUSI YHEPTUU
KBaHTOBOT'O BakyyMa. ['paduku 3KCIIOHEHIIMAILHOTO paclpeesieH s JIOTHOCTU JBYX BUIOB SHEPIUU
B MaTepUaJIbHbIX OObEKTaX U HEOOXOAMMbIE MHTEPIIPETALIMY PACCMOTPEHBI BO BTOPOM YacTHU JTAHHOM
paboTsl (puc. 2, c. 53): HUCXOAAIIAST IKCIIOHEHTA — ITO TPaPUK pactpenesieHus CKOHICHCUPOBAHHON
SHEPruM KBAaHTOBOI'O BaKyyMa, a BOCXOJAIIas — IpaduK pacnpeiesieHnsi HECKOHIEHCUPOBAHHOM dHEp-
rud. BeisicHUIIOCh, 4TO 00JIaCTh TOUKH NEPECeUYeHUs Ha3BaHHBIX HKCIIOHEHT COOTBETCTBYET M3BECT-
HOMY B (M3UKE TaK Ha3bIBAEMOMY KPHUTHUYECKOMY COCTOSIHHIO BEILIECTBA, B KOTOPOM 00a BUJia SJHEPIUH Ha-
X04ATcs B paBHOBecHH. [Ipu 3TOM nokasaHo, uTo B J1t000i1 Touke npocrpancTBa AE,,+E, = const, a
CYMMapHO€ KOJIMYECTBO dHEprun E=AE,,+E, 0eCKOHEUHO MajO0 OTHOCUTEIbHO KojaudecTBa £, B
9TOM TOUKE.

[lonoxenne o0 [BYX BHUAAX DSHEPrUM IOJIHOCTHIO COOTBETCTBYET HMH(POPMAIMOHHO-
sHepreTrueckoit Mojenu Beenennoit (IEV-monenn) B. H. Bomuenko, npusesnenHoi B kuure [3], B ko-
TOPOM SHEPreTUIHOCTh U MH(POPMATUBHOCTD CHCTEMBI SIBISIFOTCS PACPEICIICHUEM TUIOTHOCTEH YHEPrUid
E, n AE,, B 3aBUCUMOCTH OT I'€OMETPHYECKOI0 IIapamMeTpa U MPEIoKEHO UX LIEIOCTHOE IOHUMAHUE Kak
VYuuepcyma. [Ipu 3TOM BeIIECTBEHHBI MUP U «IIPOCTPAHCTBO-BPEMsD» — 3TO (POPMBI CYILIECTBOBAHUS

IBYX B3aMMOCBSI3aHHBIX BHJIOB SHEPIMM KBaHTOBOI'O BaKyyMa £, 1 ., — COOTBETCTBEHHO.



Yacts 1. Ucxoanblie moJ10:KeHUsT U ONPeaeIeHusl.

1.2. B nHacrosmeld paboTe mpemiokKeHa €AuHas CUCTeMa SHEPreTMYeCKUX 3aKOHOMEPHOCTEH
YHuBepcyma. BeisicHuiioch, yto nHpopMalius o Hel B €CTECTBO3HAHUM YK€ HaKOIIJIEHa M HaXOAUTCS B
CKpBITOM (hOpME BO MHOMKECTBE IKCIIEPUMEHTATIBHBIX U HAOMIOIATeNbHBIX (DaKTOB (PU3HKH, B T. 4. B U3-
BECTHBIX CBOMCTBAX BELIECTBA, HAXO/SIIETOCs B TaK Ha3bIBAEMOM KPUTHUYECKOM COCTOSHHM U B OOIIHMX
CBOMCTBaxX (pyHIaMEHTAIbHBIX (PU3MYECKUX KOHCTAHT, BBISBICHHBIX aBTOpaMH HacTosmied padboTsl. B
kuaure C. B. Nankuna [4] sHEprust CBSI3bIBACTCS C MPOSBICHUEM JyXOBHOCTH, O0’KECTBEHHOCTH, BIIMSHU-
eMm TBopua, HagcUCTEMBI, IPEATIOKEHA 00ast MOJENb (PU3NUECKO-AYXOBHOTO MUPA, B KOTOpoil AE,,
MPOSIBIISIETCS. B BELLIECTBEHHOM MHpPE KaK «MHHMMas 4acTh» 3HEPronH(popMaluy, a B TOHKOM MUPE — UMEET
CTOXacTUYeCKH XapakTep. B Hacrosieil paboTe MOHATHS «TyXOBHOCTb» U «00’KECTBEHHOCTbY» HE UMEIOT
PENUMTUO3HOTO CMBICIIA U HAIOJIHEHb! (PU3NYECKUM COJAEPYKaHUEM MOHSATHI TOKOB HECKOHAEHCHPOBAH-
HOM dHeprun AE,,. IlepednciieHHBIE TOHATHS B COBOKYIIHOCTH HEOKHMJAHHO OKa3aaMCh HEKOTOPOU
JIOTUYECKON COCTABJIAIOIIEH aHajau3a CBOMCTB KBAaHTOBOIO Bakyyma. [Ipu 3ToM penuruosHsie
JIOTMAThI 1IEPKBH OKa3aJIUCh HE3BIOJIEMBIMU B OTIHYMUE OT (PUI0COPCKUX KOHIEMIMI €CTECTBO3HA-
HUS, KOTOpbIE B UCTOPUU HAyKH MOKoselanuch B ouepenHol pa3. Hemoctmxumocts bora B KoH-
LENIUU JIBYX BUJOB JHEPTUM OKa3zajach euie OoJiee Ii1yOOKOH, B OTIMYME OT MO3HABAEMOCTU
SHEepruu, GU3NUECKoe CoJIepKaHNue KOTOPOH OKa3anoch 00Jee CI0KHBIM, YEM 3TO MIPUHSTO B €CTECTBO-
3HAHUU.

[Tonaraem, 4TO COBpeMEHHOE MOHUMAHUE SHEPTUM, T. €. B KOHIEMIMHU OJHOTO BHJIA, MOJIHO-
CTBIO Mcuepnajio ce0si U He JOIYCKaeT OTKPBhITHE M M3yUYCHHE €€ HOBBIX CBOMCTB. B KoHLeMMu ABYX
BUJIOB SHEPTUsI OTOXKAECTBIISIETCSI C KBAHTOBBIM BaKyyMoM. OJIHAKO MO-IIPEKHEMY 0OBIACHSAETCS TOJIBKO
IIyTE€M TOJIKOBAHUS OT/IEJIbHBIX CBOMCTB U MPOSBICHUIN SHEPTUU.

ABTOpBI HacTOsIIIEH pabOThI MMOJIAraoT, YTO MOJTYYECHHbIE PE3YIbTaThl IOJHOCTBIO COOTBETCT-
BYIOT BBIBOJIaM T€OpUU YHAapHBIX pusnueckux cTpykryp 0. W. KynakoBa u pensiiioHHO#N KOHIEN-
uuu npoctpanctBa u BpeMenu 0. C. Binagumuposa [5], 4To nokasaHo B TpeTbei YacT KHUTH.

1.3. C. B. I'ankuH npumien K BbIBOJY, YTO MPOCTPAHCTBO-BPEMS M SHEProMH(pOpMaIHsl B3au-
Mo ieicTBYIOT [4]. O6 3TOoM mucan u poccuiickuii actpoduszuk H. A. Kossipe. Ha ocHoBanuu act-
podmnueckux HaomoneHuit H. A. Ko3bipeB npurien K 3aKi0ueHuto, 94T, BCISACTBHAE HAIIPABICHHO-
CTH, BpeMsl, IIPU HEKOTOPBIX (PU3UUYECKUX YCIOBUSAX, MOXKET COBEpPIIATh padoOTy, T. €. MPOU3BOAUTH
SHEPruI0, XOTs 3aKOHOMEPHOCTHU MOJOOHBIX MPOLIECCOB BBISIBUTH eMy He yaanoch [6]. H. A. Ko3bi-
pEB yTBEpIKJIall, YTO MPOCTPAHCTBO OOJIaZlaeT CBOMCTBAMU CUJIOBOTO I0JIsI, @ BPEMSI — IUIOTHOCTBIO
sHeprun. Hayunsle npencrasinenus H. A. Ko3slpeBa npuBesin K IpearosioREHUIO CyIIECTBOBA-
HUSI B KBAHTOBOM BaKyyMe€ TaKMX OOILIMX CBOMCTB HEPrUHU, KOTOPbIE SBISIOTCS OJAHOBPEMEHHO U
CBOMCTBAMHU HNPOCTPAHCTBA-BPEMEHH U MAaT€pUU BEIIECTBEHHOTO MHUpa. JTO MOATBEPIMIOCH B Ha-
CTOsIIIEeN paboTe U IMPUBENIO K BBIBOJY, YTO IMPOCTPAHCTBO-BPEMSI U MaTepusi — 3TO B3aUMOCBS3aHHbIE

BHUbI CYIIICCTBOBAHUS KBAHTOBOI'O BAKyyMa — SHCPIUH.



T'maBa 1. AkcHOMAaTHYeCKHE TOJIOKEHUS.

AKcHOMaTHYECKOE TMOJIOKEHUE O HE3aMKHYTOCTH TEPMOJMHAMHYECKUX CHUCTEM BEIIECTBEHHOI'O
MHUpa JOIYCKAeT MOCTYIUIEHWE B HUX SHEPIUM KBAaHTOBOIO BaKyyMa MpH ONPEIEICHHBIX (U3NYECKUX
YCIIOBHSAX, KOTOPbIE MOT'YT ObITh CO3/1aHbl B TEXHUYECKUX CUCTEMAX.

1.4. II10THOCTH HECKOH/IEHCUPOBAHHON YaCTH SHEPTrUU KBAaHTOBOIO BaKyyMa OECKOHEYHO Be-
JIMKA, OTHOCUTEIBHO KOTOPOH MJIOTHOCTh 3HEPIMH BEIIECTBEHHOTO0 MHpa OECKOHEYHO Majla, OJTHAKO
HECKOH/IEHCUPOBaHHAas dHEprus (pU3MYECKUMU NPUOOpaMH HE PErUCTPUPYETCS, BCIEACTBUE BIPOKICH-
HOCTU ee pu3nyeckux napamerpon. [1oaToMy pazmepHOCTH apaMeTpoOB SHEPIUU BEILIECTBEHHOTO MHU-
pa, KaKk CKOHJICHCUPOBAHHOW >HEPruu, B KBAHTOBOM BaKyyMe€ HE MMEIOT 3HaueHHs. MarepuaibHble
00BEKTBI MOT'YT CYILIECTBOBAaTh B KBAHTOBOW CpEJIE C TAKOH IJIOTHOCTHIO SHEPTUH TOJBKO B CIydae MX
Nepen3ITydeHHsI KBAHTOBBIM BAKYyMOM KaK CTOXaCTHUYECKUX BOJTHOBBIX CTPYKTYp, KaK JIBM)KEHHE BOJIH
SHEPruu. ITO NPOUCXOJUT BCIEICTBUE HAPYLICHHUS COPAa3MEPHOCTH (CUMMETPHN) KBAHTOBOTO BaKyyma
mro0oii MaTepraibHOM cpenoi u Beneactre ero (KB) gpyHnaMmenTanbHOro cBoiicTBa — pearupoBaTh Ha
9TO TOXKJIECTBEHHBIM BBIHY)KJICHHBIM (MHIYIIMPOBaHHBIM) H3IIydeHHEeM dHeprun. M3 storo criemyer, 9To
BCE MaTepUallbHble OOBEKTHI — 3TO BO3MYIIIEHHbIE COCTOSIHUSI KBAHTOBOTO BAaKyyMa, a UX (U3NYECKUe
mapaMeTphl SBISIFOTCS MAaTEMaTHYECKUMHU OXKHUIaHUSIMH COOTBETCTBYIOIIMX TTapamMeTpoB MHQpOpMa-
LIMOHHO-BOJIHOBBIX CTPYKTYp €ro sHepruu. Takum oOpa3om, 3ajaya MOUCKAa HOBBIX HCTOYHUKOB
SHEPTUHU CBOJUTCS K BBISICHEHUIO (PM3UYECKHUX YCIIOBHH MPeoOpa3oBaHMsI ABYX BUOB SHEPTUU KBAHTO-
BOT'O BAaKyyMa, BCET/la CYLIECTBYIOLUIUX B MUKPOMUPE, IIPU KOTOPHIX HAPYIIAIOTCS CJIOKUBIIMECS /-
HaMHUUYECKUE PaBHOBECHS B IpOIeccax MEepenu3IyyeHUs] MaTepuaJbHbIX OObEKTOB KBAHTOBBIM Ba-
KyyMOM. TpakTOBKa MaTepHaIbHBIX 00BEKTOB, KAK BO3MYILEHHBIX COCTOSIHUN YHEPTUU KBAHTOBOTO
BaKyyMma, CBOMCTBO KBAaHTOBOI'O BaKyyma — pearupoBaTh MHIYLIUPOBAHHBIM H3Jy4EHHEM M CTOXac-
TUYHOCTh IPOLECCOB B KBAaHTOBOM BaKyyMe€ — BIIOJIHE OTBEYAIOT OOuIel Mojaenu «pu3nyecko-
JyXOBHOI'O Mupay, npemuioxxeHHoi C. B. [Nankunbiv [4].

1.5. 3akoH coxpaHeHHs] SHEPTUH COOMOAAaeTCs Ha 00Jiee BHICOKOM «HEPAPXUUYCCKOM YPOBHEH
npeoOpa3oBaHusl SHEPTUU: B pabOTe MMOKA3aHO, YTO B MIPOLIECCE KOHJCHCALMU B BEILIECTBEHHOM MHpE
aBTOMATHYECKH BO3HUKAET CTOK TOKJIECTBEHHOTO KOJINYECTBA YHEPIUH E,, U3 BELUIECTBEHHOT'O MHUpa
B KBAHTOBBIH BakyyM. DTO CONPOBOMKAAETCS PSIIOM M3BECTHBIX (pr3nueckux dpPeKToB, HE HALIEIINX
0OBbSICHEHHUSI Ha OCHOBE KOHLETILIUH OJTHOTO BHJIAa SHEPTUH, IPUHSTON B COBPEMEHHOM €CTECTBO3HAHUU.

1.6. /IBa Buma sHeprum 00JagarOT CBOMCTBAMHU H30MOP(HOCTH, T. €. UX BHYTPEHHHUE «I€O-
METPHUUYECKHE YCTPOMCTBA» MOJaraéM COBEPUICHHO OJIMHAKOBBIMHU (cM. 1. 2.15).

nmaBa 2. OcHOBHbIE NPeANoONoXeHUs U onpeaereHus (cMcTtema noHATUN).

2.1. DHeprus — 910 neicTBrue ((QYHKIMA) KBAHTOBOTO BaKyyMma, 0OYCIIOBIIEHHOE ero (yH/a-
MEHTaJbHbIM CBOMCTBOM — HEPaBHOBECHBIM COCTOSIHHUEM IIJIOTHOCTH 3HEPIUU B JIH0OOI reomerpuye-
CKOM TOYKE ¢ OECKOHEYHO MaJIbIMU OKPECTHOCTSIMU U, KaK CJIE€/ICTBUE, HEHYJIEBBIMU 3HAYEHUSIMH I'pa-

AUCHTOB XapaKTCPUCTUYCCKUX IMAapaMCTPOB SHCPIHU.
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Yacts 1. Ucxoanblie moJ10:KeHUsT U ONPeaeIeHusl.

OyHKIMS WK IpeoOpa3oBaHUe — 3TO MaTeMaTudecKas Ooreparys YCTaHOBJIEHUS COOTBETCTBUS
XapaKTePUCTHUUECKUX MapaMeTPOB PHEPTUU MEXAYy HauyalbHbIM U KOHEYHBIM COCTOSHUSIMU MHOKeE-
CTBa B3aMMOCBSI3aHHBIX TOYEK-KBAaHTOB SHEPIrUM KAaK CHUCTEMBI B IIEJIOM. DTO MareMaTHyecKas UHTep-
npeTanyst AEUCTBUS SJHEPTUU KaK IPeoOpa3oBaHUsl IBYX BUIOB SHEPIHH.

HepaBHOBecHOE COCTOSHHME IUIOTHOCTH SHEPrUM KBAaHTOBOTO BaKyyMa XapaKTEpU3yeTcs Mpo-
CTEHIIEN onepanuel FTeOMETPUH — IBH)KEHUEM. [IBUKEHNE NIEPEBOIUT KaKyH0 TOUKY-KBaHT SHEPTUU
B IPYT'YIO TOUKY WJIM B MHOXKECTBO TOUEK C TOXJIECTBEHHBIM CYMMapHbBIM KOJIMUECTBOM SHEPTHUU.

JIro60i1 MaTepuanbHbI OOBEKT COCTABIIEH U3 MHOKECTBA TOUEK-KBAHTOB SHEPTUH, 0ObEIMHEH-
HBIX B CHUCTEMY, BCIIEJICTBHE CYIIECTBOBAHMS MEXAY TOUKAMU HEKOW B3aMMOCBS3H, UMEIOLIEH (u3u-
4ecKyro npupoay. [lockoiabky MHOXkeECTBa TOUEK CHCTEMBI B3aHMMOCBSI3aHbl, TO MHOYKECTBO JBUIKEHHI TO-
4eK BHYTPU TOYEYHOTO MHOT000pa3usl IEPEBOIUT BCKO CUCTEMY B JIPYrO€ HETOXK/IECTBEHHOE COCTOSHHUE.
CroxacTuyeckoe IBUKEHHE TOUEK — €JMHCTBEHHbIN BU JBIDKEHUS, KOTOPBIN NIEPEBOIUT CUCTEMY B Iie-
JIOM, KaK ¥ KaX/1yl0 4YaCTh CUCTEMBI, B TO’KJIECTBEHHOE COCTOSIHHE.

Mgl npennosaraeM B3aMMOCBSI3aHHOCTb M @HAIIMTUYHOCTb EPEMEHHBIX XapaKTEPUCTUUECKUX
[IapaMeTpoB JIBYX BUJIOB SHEPI'HMH KBAHTOBOI'O BaKyyMa.

2.2. [lox yuCIIEHHBIM 3HAYEHHEM I1apaMeTpa SHEPruu Mbl IOHUMAeM MaTeMaTHYECKOE 0XKH-
JaHHE KOJIMYECTBEHHOI'O 3Hau€HUsl OJHOH U3 (OopM SHEPruu, Kak B BEIIECTBEHHOM MHpE, TaK U B
KBaHTOBOM BakyyMe. becKoHeuHO Majble mapamerphl JHObIX BUAOB U (OPM SHEPruu HE MOTYT
UMETh HYJEBbIX 3HaueHu. HeHysneBble 3HaueHUs TpaI€HTOB MapaMETPOB CTOXACTUYECKOTO JIBH-
KEHUSI DHEPTMM KBAaHTOBOI'O BaKyyMa IO3BOJISIIOT paccCMaTpUBaTh €ro CBOMCTBAa B OECKOHEYHO Ma-
JIBIX TEOMETPUUECKUX MaclITabax ¢ Mo3ULUN IeHCTBUS 3aKOHOB KJIaCCUUECKOM (PU3UKHU, HHTEpIIpe-
TUPOBAHHBIX «IIOJXOASIIMM 00pa30M» Ha OCHOBE KOHIIENIMU ABYX BHIOB 3Hepruu. OHU MO3BOJIS-
10T IIPY 3TOM BBECTH B aHaJIU3 CBOMCTB KBAHTOBOI'O BaKyyMa BCIO SMIIMPHUECKYIO 0a3y (QU3UKU U
HE0OX0IMMbI€ JIOTUYECKHE 3aKOHBI MAaTEMATHUKH.

2.3. Ml nonaraemM Bce XapaKTEPUCTUYECKHUE MapaMeTpsl dHeprui £,,, AE,, u E,, — BEKTOPHBI-
MU BEJIMYMHAMH, KOTOpbIE, TEM HE MEHEe, «IpHUOOpEeTaroT» CBOMCTBAa CKaJsPOB, €CIU BEKTOPHBIE
BEJIMYMHBI HE SIBJIIOTCS B3aMMOCBSI3aHHBIMU ITapaMeTpaMH JIBUYKEHUS SHEPTUH.

W3 sTOro ciemyer HeAONMYCTUMOCTh B OOILIEM CIydae «COKPALICHHsS» B MaTeMaTHYECKHX
YpaBHEHHUSX JABM)KEHMSI SDHEPTUU ITApaMETPOB € OJIMHAKOBBIMU PA3MEPHOCTSIMH, KaK OOLIENPUHSTHIX
ckaisipoB. Hampumep, 370 mapameTpsl ¢ pa3MEpPHOCTSMHU MacChl U F€OMETPUYECKHE IapaMeTpbl
B3auMOJIeHCTBYOIUX 00bekTOB. CoKpallleHne HEBO3MOXKHO JaKe€ B Cllydae MPHUBEACHUS BCEX Ia-
paMeTpoB K Oe3pa3zMepHOMY BUY Ha OCHOBE IMIIOTETUYECKOT0 €IMHOro MacuTada A Beex Gpusn-
YEeCKUX €IUHMI] BCEX BUAOB U (JOPM PHEPIUH IO CIAEAYIOUIMM NpuuuHaM. EnrHoe Hayano orcyera
JUI BCEX MapaMeTpOB B TAKOM MacllTabe TOJKHO ObITh B3SITO B TaK HA3bIBAEMOM KPUTHUECKOM CO-

CTOSIHHUHM BCIICCTBA. OI[HaKO IMPUMEHCHUEC TAaKOI'O Maciitada T € AUHALL (i)I/ISI/I‘IGCKI/IX BCJINYHUH IIC-
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I'maBa 2. OcHOBHBIE NPeINOI0KEHUA M ONpeie/IeHN.

peBOAUT Bce (pM3HUECKHEe KOHCTAHTHI M IMapaMeTpbl BceX BUAOB U (hOpM 3HEpruu B Oe3pa3MepHbIe
YHCIIa-BEKTOPbI, COKPAILLEHNE KOTOPBIX PaBHOCWIBHO HMCKIIOUEHUIO M3 aHaju3a caMoro oObeKTa
aHaIu3a.

B ¢usuke nns pacuera KOJIMYECTBA Pa3IUYHBIX (OPM dHEPruu (XapakTEepUCTUUYECKUX Mapa-
METPOB SHEPTUH) BBOJAT Pa3IUYHbIEC SAUHULIBI U3MEPEHHUS, IPUHSATHIE YUEHBIMH «IIO COTJIAIICHUIOY,
U TepecyeTHble MaciuTaOHble KO3((ULMEHThl — yHUBEpcalbHble (U3UYECKUE KOHCTAHTHI, MO3BO-
JISIOUIUE NEPEBOUTH OJHU XapaKTepUCTUUECKHE apaMeTpsl B apyrue. OHaKo SHEprusl €1uHa U B
Ha3BaHHOM KPUTUYECKOM COCTOSIHUU BEILECTBA MAcIITa0bl JHEPIUU BCEX BUAOB U (HOpM KOJIUYECT-
BEHHO PaBHbI, a pa3IMiyKe B Pa3MEPHOCTIX «UCUE3aeT». ITO COOTBETCTBYET TaK HA3bIBAEMOMY «Be-
JUKOMY OOBEIMHEHNIO» KOHCTAHT: BCE OHU MOT'YT OBITh BBIPa)KEHBI APYT Yepe3 Apyra U YUCICHHO
paBHBI €AMHHUIIE, YTO NIOKa3aHO B HacTosuie padore. [IoaTOMy MOKHO MOCTPOUTH €IUHYIO MOJAEIH
B3aUMOJICHCTBUSL Pa3IMYHBIX (OPM U BUJOB SHEPIUM, BBOJS 3JIEMEHTApHbIE I'€OMETPUUYECKUE
CTPYKTYpBI SHEPIUHU — COJIUTOHBL. JTa MOJENb 0a3upyeTcs Ha NPUMEHEHUN HOBBIX aHAJUTHYECKUX
dbopmyn nepecueTa OJHUX (PU3MUECKUX KOHCTAHT B Apyrue. Mojens norpedoBana BBEACHUS psilia
HECTaH/APTHBIX MOHATHHA — MPOU3BOJHON IMapaMmerpa IHEPruu, MOJIbl, 3JIEMEHTApPHOW CTPYKTYpbI
SHEPrUH, MUKPOCOJUTOHA U JIp.

2.4. IIpon3BoHOIl MapaMeTpa HePruii Ha3BaH MapaMeTp, XapaKTepU3yoLuil TOK (M3MEHe-
Hue) J1I000r0 BHUIa SHEPTUU ITPU U3MEHEHUH HE3aBUCHMOTO NapaMeTpa, ONpeaessieMblil KaK Mpeies
OTHOIIEHUSI BEJINYMHBI U3MEHEHUS 3aBUCUMOI0 ITapaMeTpa SHEPTUH K U3MEHEHHIO BEJIMYMHbI HE3aBU-
CHMOTO MapaMeTpa SHEPruu. ITO XapaKTePUCTUYECKHI MapaMeTp TOKa SHEPTUU.

2.5. Moaoii Ha3zBaHa 4aCTOTHAsl COCTABJIAIONIAS B CTOXACTHYECKOM BOJHOBOW CYNEPIIO3ULIUU
rapMOHUYECKHUX KOoJeOaHUN KBAaHTOB 3HEPTUU, U3 CYMMbI KOTOPBIX COCTaBJIEH JIF000H MaTepuabHbIN
0OBEKT BEIIECTBEHHOIO0 MUPA, KOTOPBIM paccMaTpuBaeTcs Kak MpOLECC Mepen3aydeHus] KBaHTOB dHep-
ruu E,, pu3nyeckuM BakyyMOM. DTO NPOU3BO/IHAS MapaMeTpa SHEPTUU COOTBETCTBYIOILIETO MOPSIKA.

2.6. DieMeHTapHbIe CTPYKTYPBI U 3J1eMEeHTapHble KOJMYeCTBA IHEPIHH — 3TO TOXKJECT-
BEHHbIE MOHATHS YHEPIHH, KOJMYECTBA KOTOPOU MOTYT OBITH BBIPAXKEHbI OE3pa3sMEpPHBIMU UHCIIaMU,
TEOMETPUYECKON MOJIETBIO KOTOPhIX MOXKET CY)KUTh €JUHUYHBIN COJMTOH, @ MAaTEMAaTUYECKOW Moje-
JBI0 — aHAJIMTUYECKasi BEKTOpHast (DYHKIMS; pa3iNyHble T€OMETPUUECKHE pa3Mephbl COJIUTOHA — 3TO
MacIiITadbl SHEPTUU Pa3JIMUYHON IUIOTHOCTH OJHOTO M TOTO K€ CYMMApHOI'O KOJIWYECTBAa JBYX BHJIOB
SHEPruM B JIFOOBIX COJIMTOHAX, YTO CIIEAyeT U3 HOBOH (POPMYIMPOBKH 3aKOHA COXPAaHEHUS SHEPrUU
Y NIOKa3aHO B HacTosel padoTe (ryasbl 5, 7 U Ap. KHUTH).

CounmTOH — 3TO TeoMeTpudecKasl MoJielb YHHUBEPCYyMa B «CTATHUKE», B KOTOPOM 3aKJIFOUEHBI
JIBa B3aMMOCBSI3aHHBIX BuJa dHeprun. COJMTOH B O0IIEM Cydae MpeACTaBisieT COO0M TPEXOCHBIN AJI-
qurncous. OObEM COJIMTOHA 3aMOJHEH MHOXKECTBOM I'€OMETPHUYECKU MOJO0OHBIX MUKPOCOJIUTOHOB, a

IOCIICAHUE COCTOAT — HU3 CIIC 0osee «MEIKHX) COJIMTOHOB, II0 TCOMECTPHUYCCKHNM pasMEpaM 3KCII0-
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Yacte 1. Ucxoanble moJ10:KeHUsT U ONpeaeIeHusl.

HEHIMAJILHO YOBIBAIOMIMX IO OECKOHEUHO MAJION BEJIMYMHBI, HE OOpaIllaloIIeiicss B HOJIb B OECKOHEY-
HocTH. Ilo 3TOH xe mpuynHe 10001 XapaKTEepUCTUUYECKHI MapaMeTp MUKPOCOJIUTOHA MOXKET ObITh
BBIPAKEH Yepe3 XapaKTepUCTUUECKUM mapaMeTp JIt000ro APYyroro COJIMTOHA, BHIOPAaHHOTO B KauecT-
BE reoMerpuueckoro macmrada. Kaxnas Touka moBepXHOCTU JIF0OOTO COJIMTOHA HMCHBITHIBAET CTO-
XacTU4YeCKue «OMEeHHs» OTHOCUTEIBLHO MOBEPXHOCTH, «IIOXO0XKE» Ha cdepy, B KOTOPYIO BIIMCAH CO-
JIUTOH, PAJINYyC-BEKTOP KOTOPOH BBIOpaH B KAUECTBE €IMHUYHOTO. DKCLEHTPUCUTETHI JUIMIICOM A TaK-
K€ UCIBITHIBAIOT CTOXAaCTUUECKHE «OMEHHS» OTHOCUTEIIBHO TIeHTpa cepbl. [ eomerpudeckas popma obdmac-
TH «OWEHUsD SKCIEHTPUCUTETOB B JIFOOOM COJIMTOHE IMPEJCTABISET COOOM TeOMETPHUUYECKH TO0OHBIHA
eMy «aJuunconi—conuton». [lonobue obecneunBaeT HauOOJIBIITYIO TUIOTHOCTh YIIAKOBKH COJIUTOHOB,
BJIO’KEHHBIX JIpYT B Jpyra U B OOLIMIA 17151 BceX MakpocouToH. HazBanHble «OueHus» 00yCIOBIEHBI
(GyH1aMEHTaIbHBIMU CBOMCTBAMU KBAaHTOBOT'O BaKyyMa — CTOXACTUYECKOM Mpupojoi koseOaHus B
KQKJOU TOYKE IIJIOTHOCTH JHEPTUU BUAA £,

Bce marepuanbHble 0ObEKTHI BEILIECTBEHHOTO MUpPA COCTaBJIEHbI U3 COJIMTOHOB U IPEACTaBIIs-
0T CO00H CUCTEMBI COJIUTOHOB.

Taxkum 00pa3oM, KBaHTOBBIN BaKyyM, BELECTBEHHBII MUpP M BCE €0 MaTepHalibHble OOBEKThI
paccMaTpuBalOTCA KakK COJMTOHBI, KAK MHOKECTBA TPEXMEPHBIX BEKTOPHBIX IPOCTPAHCTB — F€OMET-
puii EBkinaa. MateMaTnieckoid MOJIENIBIO TOKA SHEPTUH MPOCTPAHCTBA COJIMTOHA PACCMATPUBACTCA
0a3zucHasl cUCTEMa OPTOrOHAJIBHBIX BEKTOPOB — XapaKTEPUCTUUYECKUX IMapaMeTpOB SHEPruu, Iepece-
KaIOIMXCSl B TOYKE, MPUHATOM B KaueCTBE HEKOETro IeoMeTpuyeckoro neHrtpa. s cioydas ueH-
TPAJIbHOM T'€OMETPUUECKON CUMMETPUYHOCTU COJIMTOHA B KAa4E€CTBE €r0 MaTeMaTH4eCKOW MOJenu
MOJKET OBITh HUCIOJIb30BaHA YHCIIOBAasl OCh, COCTABJICHHAs U3 MOCIIEAOBATEIbHBIX UHTEPBAIOB — 0€3-
pa3MepHBIX YHCEeJl — XapaKTEePUCTUUECKUX [TapaMETPOB TOKOB SHEPTUHU.

Bce 310 1mo3BossieT B nanbHEHIIEM UCIIOIb30BaTh /ISl aHAIM3a CBOMCTB SHEPTUU BCe HEOOXO-
JMMBbIE TOJIOKEHHUS KJIACCUYECKONW MaTEeMaTUKKU U AMIUPUYECKON (PU3HKU.

2.7. ®u3n4ecKkuil BaKyyM B KBAHTOBOW TE€OPHH I0JII — 3TO HHU3IIEE dHEPIETHUECKOE COCTOS-
HUE B KBAHTOBBIX IMOJISIX SHEPrUM E,, XapaKTepHU3yIOIleecss BHIPOKICHHOCTHIO MTapaMeTPOB pealb-
HbIX yacTHll. OHAKO 3KCIEPUMEHTAIbHBIM (PAKTOM SIBJISETCSI BOZMOXKHOCTh IMPOTEKAHUS B KBAHTO-
BOM BaKyyMe€ BHUPTYaJbHBIX SHEPreTUUYECKUX IMPOLECCOB, NMPUBOISIIUX K CHATHUIO BBIPOXKJIEHHO-
CTbBIO, T. €. K 00pa30BaHUIO pealIbHbIX YaCTHII, YTO COMPOBOKIAETCS PSIIOM U3BECTHBIX (PU3MUECKUX
abdexToB [2, c. 61, 264, 673].

OpHOM U3 MPUYUH POXKACHUS KBAaHTOBBIM BaKyyMOM pEajibHbIX YacCTHII, paccCMaTpuBaeMoil B
HacTosilel paboTe B KaueCTBE OCHOBHOM, SIBJISETCA NEPEBOJ CTOXAaCTUYECKOTO JIBUKEHHUS BUPTY-
QJIbHBIX YaCTHIl B HECTOXaCTUYECKOE ...

B Hacrosmem u3gaHuM TEpMUHBI «(PU3UUECKHID» U «KBAHTOBBII» BAKyyM IO (U3NYECKOMY

COJACPIKAHNUIO TOKIACCTBCHHEI.
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I'maBa 2. OcHOBHBIE NPe/INOI0KEHHS M ONpe/ieJIeHus.

WupynupoBaHHOE M3TydeHUE SHEPTHH KBAaHTOBBIM BaKyyMOM — 3TO (pyHIaMEHTaJIbHOE CBO-
CTBO KBAaHTOBOI'O BaKyyMa — pearipoBaTh BbIHYXJCHHBIM U3JIyY€HHEM Ha HapyIIEeHHE COpa3MepHO-
CTH €r0 DHEPreTHYECKOH CTPYKTYpHI JIIOOBIMU (popMaMu M KoJHUYecTBamMu dHepruu. Hambombpmas
MOIITHOCTh WHAYLIMPOBAHHOTO HM3IIy4eHHS HEKOHICHCHUPYIOIIEHCS SHEPIHH KBAaHTOBOTO BaKyyMa B
BEIIECTBEHHOM MHPE IOCTUTACTCS MPU HAPYIICHHH CUMMETPUH (CTOXaCTUYECKON MPHUPOJBI SHEp-
T'HH KBAaHTOBOTO BaKyyMa) PEIMKTOBBIM ()OTOHOM, a B KBAHTOBOM BaKyyMe — SKCIIOHCHIIMAIBHO Ha-
pactaer 0 0ECKOHEYHO OOJIbILION BEIMYMHBI, BCIEICTBUE OECKOHEUHOTO YMEHBUICHUS T€OMETpUYe-
CKUX pa3MepOB KBAHTOB-IIEPEHOCUYMKOB YHEPIUU BUJA E,,. DTO CIeNyeT U3 U3BECTHOIO COOTHOIIIE-
HUS HeomnpeneneHHocte B. [eiizenOepra mys OecKOHEYHO YOBIBAIONIIETO IO pa3MepaM KBaHTa
sHepruu. [lapamMeTpsl HHIYIIMPOBAHHOTO M3ITyYCHHS (U3NIECKOTO BaKyyMa BCETJa TOXKICCTBEHHBI
napamerpam Bo3myieHus. CootHomenue ['elizendepra paccMarpuBaeTcsi KAK MaTeMaTUYECKOEe 0KH-
JTAHWE COOTHOILEHHSI [TapaMETPOB COIUTOHA — 00bEMa U TOBEPXHOCTH.

2.8. PenukToBbiii (hOTOH — 3TO (DOTOH PETUKTOBOTO M3NIyueHus BcenenHoit. OH mepeHOCHT B
CBOOOJTHOM JIBM)KCHUHM HAMMEHBINNH, B BEIIECTBEHHOM MHpE, KBaHT HEPrUH W TPEICTABISET CO-
00i1 BosiHy. «MrHoBeHHast QoTrorpadus» Hanbojee XapaKTEePHOTO T€OMETPHUYECKOTO COCTOSHHS
y4acTKa 3TOU BOJIHBI (T. €. B «CTaTHUKE») MOXKET ObITh pACCMOTpPEHA B BUJE TPEXMEPHON reOMETpH-
YECKOM CTPYKTYphl, MPEACTABIAIOMIENH COOONW TPEXOCHBIH 3JUIMIICOUA—COJUTOH. Takum oOpas3om,
COJIUTOH CIIY’KUT T€OMETPUUYECKON MOJIENbIO, KaK (POTOHA, TaK U JIF0OOTO JIPYroro KBaHTa 3HEPTHUH,
«COCTaBJICHHOTO» M3 MHOXecTBa (OTOHOB. Bcsi Marepusi BElIECTBEHHOIO MUpPa COCTaBJIEHA U3 Ta-
KHAX COJIMTOHOB M «COJUTOHHBIX cHCTeM». K pelMKTOBBIM ()OTOHAM OTHOCHM TaK)K€ KBA3UYACTHUIIBI
TOOBIX MaTepUANBbHBIX cpe M (HU3NIECKON MPUPOJIBI, TOKIAESCTBEHHBIC TI0 SHEPTUSAM PEITUKTOBOMY
dboTony.

OO6sactp «OUMEHUsS» IKCIHEHTPUCUTETOB PEIMKTOBOTO (POTOHA — ITO «CTOK» WIIU «HUCTOYHHK)
HEKOHJICHCUPYIOLIEICSl SJHEPruM KBaHTOBOTO Bakyyma. Ee nepeHocumkamu sIBISIFOTCS OOJiee «MEIKUe»
10 TEOMETPUYECKUM pa3MepaM YacTHLIbl — JIENTOHbI. PeTMKTOBBIN (DOTOH, «I10 YETIOBEYECKUM MEPKaM», SIB-
JISIETCSl HECTaOWIIBHBIM COJIMTOHOM, BCJIEICTBUE TOTO, YTO LIUPKYJISLMSI SHEPTUH B IOBEPXHOCTHOM CJIO€
— 9TO HapacTaroulas BeJIUYUHa, T. K. TOK 3Hepruu £., B pOTOHe Bcerja MMeeT OJUH 3HaK (CTOK WU
ucrok sHeprun). [lo moctrxeHnn ar0OBIM XapakTEPUCTUUYECKUM ITApaMETPOM COJIMTOHA HEKOTOPOro
KPUTHYECKOTO 3HAYCHHsI COOTHOIICHHS YMCICHHBIX 3HAYCHUI T€OMETPUIECKUX MapaMeTPOB PEITHKTO-
BbI ()OTOH, KaK COJIMTOH, pacrajaeTcs, 3apokaas Ha CBOEM MECTE HOBbIE PEJIMKTOBbIE (POTOHBI — «HC-
TOYHUKI» U «CTOKH» JIEITOHOB. TakuM 00pa3oM, peMKTOBbIN (JOTOH Iepen3TydaeTcsi KBAaHTOBBIM Ba-
KyyMOM KaK7ble HoJrepuosa BosHbL [locie ouepenHoro «paspylieHus-epensiaydeHns» BbICBOOO-
JUBIIMECS JIEITOHBI CHOBA CTPYKTYPUPYIOTCS B 3JIEMEHTApHbIE YACTHULIBI, HO YK€ C OOJIBIINMHU T€0-
METPUYECKUMHU pa3MepaMH U IPYTHMH COOTHOWIEHUAMU AL, n E,. MOXHO 1OKa3aTe, YTO OHU CTPYK-

TYpPUPYIOTCS B BBIPOXK/ICHHBIE TMIIOTETUYECKHE IT'paBUTOHBI. Bece MaTepuanbHble 00BbEKTHI COCTaBIIe-
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HBI U3 PEITMKTOBBIX ()OTOHOB C PA3IMYHON TUIOTHOCTBIO CTPYKTYpUpPOBaHUS dHepruu. Pacuerom mo-
Ka3aHO, YTO TUIOTHOCTH SHEPTUH B (POpPME PEIUKTOBBIX (POTOHOB HMIIM TOXKICCTBEHHBIX UM KBa3W4a-
CTHI] U TeMIepaTypa Cpe/ibl — 3TO TOXKJIECTBEHHbIE M0 (PU3MUECKOMY CO/IepKaHuIo NoHsTHs. B pabore
MOKA3aHO, YTO B KOHIICTIIINH ABYX BHJIOB SHEPIUH TaKasi MHTEPIPETAIHS INIOTHOCTH SHEPrUU U TEMITepa-
TYpBI B MaTepHAIIBHBIX CpellaX HEe MPOTUBOPEUUT TPEThEMY HavaIly TEPMOANHAMUKH.

2.9. ComnpsbkeHHOE JTUHEHHOE MpeoOpa3oBaHUE NIBYX BHJIOB SHEPTHHM — 3TO MaTeMaTHYecKas
«UJes-MOJIeNb» aBTOKOJIEOATEIBHOTO Ipolecca MEPUOJINYECKOr0 CTPYKTYPUPOBAHUSI MHOKECTBA
JICTITOHOB B IMHAMHYECKOH CUCTEME.

Pacyerom mokazaHo, 94TO B CHCTEME «TPAaBHTOH — PEIHUKTOBBIN (DOTOH» MX PaaNyChI-BEKTOPHI B
KBaHTOBOM BAaKyyM€ COCTaBIISIOT ~10*' cM 1 ~1 cM — COOTBETCTBEHHO. I'eomerpuueckumu obmac-
TAMU «OMEHHS» IKCICHTPUCUTETOB B3aMMOCBSI3aHHBIX PETMKTOBOTO ()OTOHA M TPABUTOHA SIBIISTFOTCS
«00OpaTHbIE TEOMETPUYECKUE CTPYKTYPhD» TPABUTOH M PEIMKTOBBIN (DOTOH — COOTBETCTBEHHO. JTO CJie-
JyeT W3 CBOWCTBA COIPSHKEHHOTO JIMHEHHOro MpeoOpa3oBaHUs MHOXKECTBA IEPEHOCUUKOB IHEPIUU
KBaHTOBOTO BaKyyMa — Ha3BaHHBIX HAMH JICITOHAMH: B TEOPUH MHOXECTB JIOKa3aHa €IMHCTBEHHOCTD
TaKoTo TpeoOpa3oBaHKss MHOXKECTB [7, ¢. 553]. B mpoTUBHOM citydae COIpsbKEeHHbIE IMHEHHBIE Tpeoopa-
30BaHMS JIBYX BUJIOB 3Hepruul AE.,, u E,, torudecku Ob11r ObI HEBO3MOXKHBI HA IIPHHATON aKCHOMAaTHYe-
CKOM 0a3e TeOpPEeTUKO-MHO)KECTBEHHON MaTeMAaTHKH.

Ilpumeuanue

Hoes aemoronebamenvnocmu npeoopazosanus 08yx U008 SHepeUU 8 COIUMOHE OCHO8AHA HA
OOHOIL U3 OCHOBHBIX meopem dnekmpocmamuru — meopeme C. Upnwoy [2, ¢. 233], coenacno xomopoti
cmamuyeckue CUCmeMbl 3aps008 He UMeIom MUHUMYMA, HAIUudue Komopo2o A6IsAemcs HeoOX00UMbIM
yeano8uem yCmouuu8o20 pasHo8eCUsi CUCHEMBI.

2.10. I'unoreTnyecKkuil KJIaCCUYECKUN JIEKTPOH — 3TO HAUMEHBIINI HOCUTENb MACCHI U 3apsAaa
B BelleCTBEHHOM mupe. Knaccuueckuil 31eKTpOH IPEaNoJIOKUTEIbHO COCTABIEH U3 TPEX PEIHK-
TOBBIX (DOTOHOB — JIBYX «MCTOYHHKOB)» U OJIHOT'O «CTOKa» JIEITOHOB, @ MO3UTPOH — U3 JIBYX «CTO-
KOB» M OJIHOTO «HCTOYHHKay». | MTIOTETHYECKas rmapa B3aMMOCBSI3aHHBIX 3JI€MEHTApHBIX YaCTHUIl —
«QJEKTPOH + MO3UTPOH» — 3TO CUCTEMA HUCTOYHUKOB» U «CTOKOB)» SHEPrUU KBAHTOBOI'O BaKyyMma,
yto cnenyet u3z uneu 1. Hupaxa [10, c. 138]: «Korga cunoBas TUHUS 3JIEKTPOMArHUTHOTO TOJIS
MMeEEeT JIBa KOHIa, TO OJHOMY M3 HUX COOTBETCTBYET 3apsij -e (JIEKTPOH), Apyromy +e (mo3u-
TpoH). Korja npoucxoauT pa3pbiB JIMHUU, POKIAETCS Mapa IEKTPOH-TIOZUTPOHY.

2.11.CroxacTuyeckuii mpouecc npeodpa3oBaHus ABYX BH/I0B JHEPIUH.

EctecTBO3HaHME HE JENaeT pa3aMuuil MEXIy MOHATHAMH «CTOXaCTUYECKUH, CITydalHbIN, BEPOAT-
HOCTHBINY [7, 8, 9]. OnHaKO KOHLIENLUS ABYX BHJIOB SHEPIHH MOTPeOOBaia BHECEHUS CIIEIYIOIINX
pa3In4ui.

B nacrosmell paboTre B CTOXAaCTHYECKUX IIPOILECCAX BCE XapAKTEPHUCTUYECKUE I1apaMeTpbl
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I'maBa 2. OcHOBHBIE NPe/INOI0KEHHS M ONpe/ieJIeHus.

SHEPrUU CUUTAIOTCS B3aUMOCBSI3aHHBIMU, OJJHAKO T'PAJUEHTHI BCEX MTApaMETPOB MAJIIO3HAYUMEI, T. €.
MMEIOT OECKOHEYHO MaJible 3HAYCHHS. DTO pacCMaTPUBAETCS B KauecTBe (yHIaMEHTAIILHOW TPUYH-
HbI HaOJMIOAaeMON CTAOMJIBHOCTH MaTE€PUAIBHBIX OOBEKTOB BEIIECTBEHHOTO MHPA M TO3BOJISET
MIPEANOJIOKUTH, YTO BCE MHOKECTBO CTAOMJIBHBIX KBAHTOB SHEPTUU (PU3NUECKOTO BaKyyMa HE3aBH-
CHUMO OT UX Pa3MEpOB M PACCTOSIHUNA HAXOJUTCS B TAK HA3BIBAEMBIX CJIA0BIX B3aUMOJICHCTBUSX.

UucneHHble 3HAYEHUS TPAJUEHTOB SIBJISIOTCS MEPOM AETEPMUHUPOBAHHOCTU CTOXACTUYECKHUX
nporieccoB. Eciu rpaaneHTsl Kakux-JIn00 MapamMeTpoB PHEPTUU CYIIECTBEHHO OTIWYAIOTCA OT HY-
JIEBBIX 3HAUYCHUH, TO ABUKCHUE MHOKECTBA KBAHTOB PHEPIUU HE SIBIAETCS CTOXaCTHYECKUM U TO-
YUHSETCS U3BECTHBIM 3aKOHAM (DU3UKH, ONMCHIBAIONIUM TaK HA3bIBAEMOE CHIIBHOE B3aUMOJICHCTBHE.
JlocTrKeHne TpalueHTOM NapaMeTpa SHEPTUU HEKOEr0 KPUTHYECKOTO 3HAYEHUS «BKIIOYAET) 3BO-
JIFOIIMIO CTa0bIX B3aUMOJICHCTBHI B CHIIBHBIE. ..

B cnydaiiHpIX mpoleccax BCEe XapaKTEPUCTUUYECKUE MapamMeTpbl SHEPTUU HE B3aMMOCBSI3aHBbI,
MMOATOMY TPaIMEHTHI TaPaMETPOB MOTYT MMPUHUMATH JIFOObIE «CUIIbHBIC 3HAUCHHUSI», HE MEHSIS XapaK-
Tepa «clydaHOCTH» mporecca. To ecTh He B3aUMOCBSI3aHHBIE MapamMeTphbl SHEPTUU B CIyYaHBIX
mporieccax SBJISIFOTCS CKaJISIPHBIMH YHCIIAMH, AK€ UMESI Pa3MEPHOCTh BEKTOPOB B €IUHUIIAX (HU3H-
YECKUX BEJINYHH.

Hannune B3aMMOCBSI3aHHOCTH MEXAY NapaMeTpaMu 3HEPruM B CIy4allHBIX Ipoleccax oue-
HUBAETCSl MapaMeTpaMu PErpeccur M KOPPENSIIUH: €CIH, HarpuMmep, KOd(DPHUIuEeHT Koppesnu
JIOCTaTOYHO BEJIMK, TO B3aHMMOCBSI3b MEXKIY IapaMeTpaMy HE CIydyallHa M TaKXe OIHCHIBACTCS W3-
BECTHBIMH 3aKOHaMU (PU3UKH, a KOIPPUIIMEHT, KaK U MAaTEMaTHIECKOE OKUJIaHUE TTapameTpa, siBJIs-
€TCA MEPOU IETEPMUHUPOBAHHOCTH CIIYYalHOTO Mpolecca.

NMeHHO B TakuMX CHJIBHBIX B3aUMOJCHCTBUSX, OTIMCHIBAEMBIX 3aKOHAMU (PU3UKH, Ka4eCTBEH-
Has TEOpHUs Pa3MEPHOCTEH pa3pelraeT «He 00paiaTh BHUMAaHHWS» Ha MPUHIMITHAIBHO HEYCTPAHH-
MYIO Pa3HOPOJHOCTh CUCTEMHBIX €IMHUIl (PU3NUECKUX BEIIMYWH, MTPUBEICHHBIX MPEABAPUTEIIHHO B
OJHY U3 CUCTEM.

OO6nHapyXeHHass HAMU aHAJIMTUYECKAsi B3aUMOCBS3h MEXIY (PU3MUECKUMHU KOHCTaHTaMH, KaK
dbyHIaMEHTAIBHOE CBOMCTBO KBAHTOBOTO BaKyyMa, MO3BOJISIET B CIa0bIX B3aWMOJICHCTBUAX, T. €. B
CTOXaCTUYECKUX B3aUMO/ICHCTBIX, OTHOCUTHCS KO BCEM €IMHUIIAM (PU3MUECKUX BEIIMYUH KaK K 0e3-
pa3MEpHBIM YHKCIIaM, PABHBIM €IWHUIIC, HE3aBUCUMO OT WX NMPHHAICKHOCTH K BBIOpAHHOU paHee
CHUCTEME €MHUII, KOTOpast ObLTa HEOOX0IMMa U1 aHAJM3a CHJIBHBIX B3aUMOICHCTBUM.

CToXacTHYHOCTh OOYCIIOBJICHA PA3IMYMsIMU BO BPEMEHHU pEJaKCallud CBONCTB MaTEpHUH W,
CJI€AOBATENIbHO, PA3JIMUMSIMU B NTapaMETPaX pPEeaklMM KBaHTOBOTO BaKyyMa Ha Ka)Kyl0 MOJY SHEp-
TMU U3 MHOXECTBA MOJI TAPMOHUYECKOTO Psiia, BOSMYIIAIOIINX BAKyyM:

- MEepUOJ KAXIAOW MOJBI U BpeMs pellakcalui (PU3MUECKHX CBOMCTB Ka)XJIOW 3JIEMEHTapHOMU

CTPYKTYpPBI SHEPTUH, B JIIOObIX (hopMax MaTepuu, OTOKIECTBIISIOTCS.
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Yacts 1. Ucxoanblie moJ10:KeHUsT U ONPeaeIeHusl.

CnaOble B3aMMOJICHCTBHS XapaKTEPU3YIOTCS CBOWCTBAMHU HM3OTPOITHOCTH M OJHOPOJIHOCTH.
OMHOPOTHOCTH MPOIIECCOB XapPaKTEPU3YETCS OTHOPOJIHBIMU KOOPJAMHATAMHU TOYEK BEKTOPHOTO TIOJIS
SHEpPrui, OJHOPOIHBIMU YPABHEHUSMU TOKOB SHEPTUU U OJJHOPOIHBIMU (PYHKIUSAMU:

- O6’BCKT, OHpC)IGJ'ISIGMBIﬁ OJHOPOJHBIMU KOOpAUWHATAMH, HC MCHACTCA IIPU YMCHBIICHHUU KOOP-
JMHAT Ha OJTHO M TO YK€ YHCIIO (HE paBHOE HYJIIO);

OJHOPOAHOC YPABHCHUC TOKOB BHEPIruv HE MCHACT CBOCIO BHUIAA IPHU YMHOXCHHUH BCCX HCU3-
BECTHBIX Ha OJIHO M TO e YHCJIO (HE paBHOE HYJIIO);

- QHEPTHs pacCMaTPHUBACTCS KaK OJHOPOHAS (PYHKIHMSI KBAHTOBOTO BaKyyMa, T. €. yIOBJICTBOPSI-

€T YCIIOBHIO MPH JII000M A:
S(Ax , Axy . Ax,)) = A" f(x),x,,..X,)

rjie A — 1okKasaresib OJHOPOTHOCTH.

[Tonaraem, 4to QpyHAAMEHTAILHON IPUUMHON MAaTEMAaTUYECKUX CBOMCTB M30TPOMHOCTU U OJ-
HOPOJHOCTH MaTepUalbHBIX Cpell Hapsay ¢ OECKOHEYHO Majiol BEJIMYMHON TpaJleHTa SBJIAETCS
JNEHCTBHE 3aKOHA COXPAHEHMS JBYX BUJOB DHEPIrMU KBAHTOBOI'O BAKyyMa. YUUTBIBasA, 4TO OJJHOPOJ-
HOCTb M U30TPOIHOCTH MOTYT OBITh «IIOJYYEHBI» B JIOOOH cpeje ImyTeM BhIOOpa «IOAXOJSIIET0)
reOMETPUUECKOro Macitada cpesibl HCCIeAYyeMOT0 MaTepUaIbHOTO 00bEKTa, M03TOMY MOKHO BCe-
r7la «BOUTH» B IUAMA30H CJIA0bIX B3aUMOJICHCTBUH.

TakuM 006pazoM, BO MHOKECTBE ITPe0Opa30BaHUil CTOXAaCTHUECKUX KBAHTOB JIBYX BUJIOB SHEP-
MU BCE IapaMmeTpbl SHEPruM, Oyaydd B3aUMOCBSI3aHHBIMHM, HE B3aUMOJEUCTBYIOT, BCJEICTBUE
«IIOYTH HYJIEBBIX 3HAYEHUN» I'PAJUEHTOB napameTpoB. lIpu «cinydailHO BO3HMKIIEM) J1OCTATOYHO
00JIbIIOM TPAJAMEHTE OJIHOTO M3 MHOKECTBA MapaMETPOB B «JICHCTBUE BCTYIAIOT» BCE B3aUMOCBS-
3aHHbIE MapaMeTpsl F3Heprur. OIHAKO 3TO COMPOBOKIACTCSI BOSHUKHOBEHUEM HECITY4alHOM mocie-
JOBAaTEJIbHOCTH LIEMOYKU PU3NYECKUX IP(PEKTOB, U3BECTHBIX B MArHUTOONTHUKE U KBAHTOBOM AJIEK-
TPOHHUKE.

DTO CBOMCTBO CTOXACTUYECKUX IMPOIIECCOB paccMaTpUBAEM Kak KJIIOY K MOHMMaHWUIO QyHIa-
MEHTAJIbHOTO CBOMCTBA ()M3MUECKOTO BaKyyMa — pearupoBaTh WHIyLIUPOBAHHBIM H3Iy4€HHEM Ha
J00bIe HApYIIEHUSI CHMMETPUH €r0 KBAaHTOBOTO N0JIsl. CTOXaCTUYHOCTh, CUMMETPHS,
grad = 0 — 3TO TOXAECTBEHHbIE MO (U3UYECKOMY COJIEPKAHUIO CBOICTBA U MapaMeTp «HEBO3MY-
LIEHHOT0» KBAaHTOBOTO BaKyyMa, CBHUIECTEJBCTBYIOIIME O TOM, YTO B CHCTEME JECUCTBYIOT TOJIBKO,
TaK Ha3blBaeMble clla0ble B3aUMOACHCTBHUSL.

OO1uM CBOMCTBOM BEIIECTBEHHOTO MHpa U (PU3MUECKOr0 BaKyyMa SIBJISI€TCSl HAJIMUKUE B HUX
cJ1a0bIX B3aMMOJEHUCTBUIM, a pa3IMuMeM SBJIIETCSA TO, YTO «CUJIbHBIE B3aUMOJCUCTBUS» UMEIOT Me-
CTO TOJIBKO B BELIECTBEHHOM MHpE.

[IpemioxkeHHple pa3Inuus B MOHATUAX CTOXaCTUYECKUX M CIyYalHBIX MTPOLECCOB MO3BOJISIOT

O6’B$ICHI/ITB, mouemy I[GIZCTBPIG Cynepno3nuun HEIIPUMEHUMO HH K CTOXaCTUYCCKUM, HHU K CJ'Iy‘IaI\/’I-
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I'maBa 2. OcHOBHBIE NPe/INOI0KEHHS M ONIpe/ieJIeHN.

HBIM IIpolieccaM, HU K CJ1a0bIM, HU K CUJIbHBIM B3aHMOJICHCTBUSAM; IOYEMY B BEILIECTBEHHOM MHpE
CHJIbHBIE U cia0ble B3aUMOJIEHCTBUS IPUCYTCTBYIOT OJIHOBPEMEHHO BO BCEX dHEPreTUUECKHUX MpO-
1eccax u B oOlIeM cilydae He BIUSIOT JPYr Ha Apyra.

OpHako mpu onpeAeneHHbIX (U3NUECKUX YCIOBUSAX MEXAY CHIbHBIMU M ClIa0bIMH B3aHMO-
NeUCTBUSIMHU BO3HUKAET CB3b. lIpeamnonaraem, 4yTo AelCTBUE CYyNEpHO3ULIUU OTOOpaXKaeT Mnepexoi-
HbI€ IIPOLIECCHI MEXKY CTOXaCTUYECKHUMH U CIy4alHBIMU MPOLIECCAMU, MEKY CUIbHBIMU U C1a0bI-
MH B3aUMOJEHCTBUSIMH.

3anayeil HacTosIIeH pabOTHI ABISETCS U3yUEHHE TaKUX IEPEXO0IHBIX IPOIECCOB.

MartepuanbHbie 00BEKTBI — 3TO JIFOObIE HOCUTENN dHEPTUu E,, B JIF0O0M U3BECTHOM B BEIIECT-
BEHHOM Mmupe ¢opme. Ha ocHOBaHHMH aKCHOMATUYECKOTO TOJIOKEHHSI O HEHYJIEBBIX 3HAYEHUSX Ia-
pamMeTpoB JBYX BHUJIOB SHEPTUU — 3TO MOHATUE PACIIPOCTPAHEHO U Ha JI0ObIE KBAHTHI SHEPTUU BHUJIA
E.,. CnenoBaTenpHO, K 00bEKTaM KBAHTOBOT'O BAKyyMa IIPUMEHHUMBI 3aKOHbI KJIIACCHUECKON (DPU3UKH.

Hcxonnble akcuoMaTH4ecKHe MOJI0KEHUS U BbISIBJICHHbIE CBOMCTBA (DyH/IaMEHTaIbHBIX (PU3H-
YeCKUX KOHCTAHT IPHUBEJIM K BBIBOJY, YTO MBICIb, MaTeMaTH4ecKas JIOTUKA — 3TO IPOSIBICHUE
CBOWCTB HECKOHJCHCUPOBAHHOW dHEPIMM KBAHTOBOI'O BakyyMa. lHade roBops, pasyMm Kak JIBHKe-
HUE HECKOHJIEHCUPOBAaHHOM SHEPruu CyIIEeCTBYeT BHE Mo3ra. HeckoHaeHcupoBaHHasi SHEprus, Kak
OJIMH W3 JBYX BHUJOB CYIIECTBOBaHMSI KBAHTOBOIO BAaKyyMa, «IIPOMUTHIBAET» MO3I U HAaXOIUTCS B
KaXKJI0M TOuKe ero o0bema. A MO3T SBJISETCS JIMIIb «TEXHUYECKUM IpeoOpazoBaTeaemM» HECKOHICH-
CHUPOBAHHOM 3HEPIHU B CKOHJAEHCUPOBAHHYIO... OTCI0/1a BHITEKAET, YTO CO3HAHUE — 3TO BCETO JIMIIb
(YHKIIMOHAJILHOE COCTOSIHUE «TEXHHUYECKOIo peoOpazoBaTeish» dSHEPruu KBaHTOBOrO BakyyMma. 13
3TOrO CleyeT 0ObEKTUBHAsi HEOOXOIUMOCTb Pa3BUTHS Ui LieJiel MCCiIeoBaHUsl KBAHTOBOIO Ba-
KyyMa HOBOT'O Hay4yHOT'O HalpaBlIeHUS — «pU3UUECKON MaTeMaTUKN», albTepHATUBHON «MaTeMaTh-
yeckoi (pusuke». B KHUTE 3TO HAILIO ClIeIyroIIee OTOOpakeHUE.

[Ipu pazpaboTke TeMbl Mbl 3aMMCTBOBAJIU, KaK ATO MPUHATO B PU3UKE U MHKEHEPHOM MpaKTU-
K€, U3 MaTeMaTU4YeCKOM JIOTUKH «oAXosaimue» uaeu. [lomyyas npu 3ToM «MHTEpECHbIE» pe3yibTa-
ThbI, Mbl, €CTECTBEHHbIM 00pa30M, BHOCHJIM B U3BECTHbIE UJIEM MaTEMaTUKOB HEOOXOAUMBIE Ul Ha-
cTosIIeH paboThl (PU3UYECKUE COACPKAHUS.

IIpumepsr:

— MaTeMaTHYeCcKOe MOHSITHE MPOU3BOJIHON B AU PepeHInaTbHOM UCYUCIEHUN HANOJHUWIN (PU-
3UYECKUM COJIEpKAHUEM IPOU3BOJHON SHEPruu, Kak NMPOU3BOAHON (DYHKIIMM KBAHTOBOI'O Ba-
KyyMa [0 MPUPAILEHUIO OJHOTO U3 XapaKTEPUCTUYECKUX MapaMEeTPOB Ie€OMETPUUYECKON MOJeNn
SHEpruuy;

— CBOMCTBA CONPSDKEHHBIX JTMHEHHBIX PeoOpa30BaHUl TEOPUM MHOXKECTB [7, ¢. 553] oToxaect-
BUJIU C IPEOOpPa30BaHNEM CTOXACTUYECKUX MHOYKECTB KBAaHTOB JBYX BHJIOB DHEPIMH U CO CBOM-

CTBaMH TaK Ha3bIBAEMOTO OOpAIIEHHOTO BOJIHOBOTO (PPOHTA, U3BECTHOTO B KBAHTOBOM 3JIEKTPO-
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Yacts 1. Ucxoanblie moJ10:KeHUsT U ONPeaeIeHusl.

HHKE [2, c. 479];

MaTeMaTHYECKUE YMCIIa, CBSI3aHHBIE MEXTy COOOM OMpeNeICHHON JIOTUKOM, OTOXKIECTBUIIN C
0e3pa3MepHbIMH (U3NYECKUMU KOHCTAaHTAMHM HECKOHIEHCUPOBAHHOW 3HEpruu E.,, MOCKONIBKY Jpy-
rUe ee mapaMeTpbl BHIPOKJICHBI; BO3BPATHBIE YHCIOBBIE MTOCIEOBATEILHOCTH OTOXKIECTBUIH C CY-
MEepIo3ULHEeNH FrapMOHIUYECKHUX COCTABIISIOUIUX TOKOB SHEPTU;

— anroput™ EBKina noucka HauboIbIIEro 00IIEro JeIUTENsl B TEOPUH YUCEN OTOXKIECTBUIN
C PEeKOMOMHALIMSIMU KBAHTOB JIBYX BHJIOB 3HEPIHMM B MPOIECCE MX B3aWMHOTO NMpeoOpa3oBaHUs U
CBSI3QJIM C MPUHLIUIIOM HAaUMEHbBIIETO ACUCTBUS (PU3UKH, IPUMEHUTEIBHO K HECKOHACHCUPOBAaHHON
SHepruu: yem Oouibliie TpeOyeTcsl onepanuil AeJeHUs IpU MOUCKE HAUOOJBILIEro JNENIUTENS Y ABYX
B3aMMOCBSI3aHHBIX YHCEJI, TEM yCTOMYMBEE AMHAMUYECKasi CUCTEMa, XapaKkTepu3yeMas TaKUMH YuC-
JaMH — «BEKTOPaMH-KBAHTaMHU E,».

2.14. B kauecTBe MaTeMaTH4YE€CKOH MOJEIN B €IUHON CHCTEME HHEPreTHMUECKUX 3aKOHOMEp-
HOCTeH YHHBEpCcyMa B HACTOSIIEH paboTe MPEIoKeHO U 0OOCHOBBIBACTCS MaTEMaTHYECKOE ICi-
cTBUe cynepno3uuuu QyHkuui. [IpeanokeHHass MOJelb, MPU HAIMIOJIHEHUU €€ COOTBETCTBYIOLIUM
(bu3MYECKUM COJIEPI)KAHUEM, «IIOPOK/IAET» BCE N3BECTHHIE 3aKOHBI (PU3UKU.

2.15. AxcrnoMaTHyecKue MOJIOKEHUS, IPEANIOIOKEHNS U ONPEACIICHNs CKIIAIBIBAIIUChH, YTOY-
HSJTUCh U JIOTIOJHSUIMCH Ha MPOTSHKEHUM BCEX JIET paboThl HaJ JIaHHOW KHHUIOM, BCIEICTBUE HEMPH-
BBIYHOCTH IPUHSATON T'€OMETPUYECKON MOJEIINA SHEPTHH.

EctectBeHHast 3BOIIOIMS UAECH HAMIOJIHEHUSI MaTEMaTUKU (GU3NYECKUM COJIEp’KaHUEM IIpHUBeENa
B HacTosel padoTe K TOTAJIbHOMY B3aHMMOIIPOHUKHOBEHUIO (DU3MKU U MaTeMAaTUKH U MCUYE3HOBE-
HUIO FPAHULL MEX]1y 3aKOHAMU (PU3UKU U JIOTUYECKUMU 3aKOHAMU MaTEeMAaTHUKH.

Tak, B Mmerareopeme o HenonHote K. ['€nenp nokasan, 4To HCTUHHOCTHh TEOPEMBI HE MOXKET
OBITh JI0Ka3aHa CPEJACTBAMHU caMOM TeopeMbl. J[J1s Joka3aTenbcTBa HCTUHHOCTU WIIM JIOXKHOCTH He-
00X0IMMO BBIUTH U3 3TOM TEOPEMBI M UCTIOJIb30BaTh APYTrHe JOTHUeCcKue cpencrra [7, 11].

KoHnuenuus qByX BUJIOB SHEPrUM, IPEIOKEHHasi HAMU HAa OCHOBE (DYHJAaMEHTaJIbHOTO IIPHUH-
LUIa reoMeTpu3aluy (QU3NKU, HEOXKHJIAHHO OKa3ajlaCh TEM «IPYTUM CPEICTBOM» JJIsi IPOBEPKU
UCTUHHOCTH psiia PyHAaMEHTaIbHBIX MOJIOKEHUI COBpeMEHHON (PU3MKHU, KOTOPBIE, KaK MbI I10J1ara-
€M, OCHOBaHbI Ha KOHIIETILUU OJTHOTO BU/1a CKOH/AEHCUPOBAHHOMN SHEPTUH.

B nponecce 00beKTUBHO HEOOXOIUMOM «OOKaTKM» HOBOM KOHLEMIUHU JBYX BHUJIOB SHEPTUU
00BsICHEHBI TPU Hayalla TEPMOJIMHAMUKH, 3aKOH COXPaHEHUs SHEPruu, 3akoHbl HproToHa, Tpu QyH-
JAMEHTAJBHBIX (pu3nueckux sBiieHus, Ha3BaHHbIX uMeHeM H. A. KossipeBa [12] u ap. IIpu stom
paHee HEOOBbSICHUMbIE AHOMAJIbHBIE SHEPreTUUECKUE SIBJICHUSI U1 HEKOTOPbIE MOCTYNAThl (PU3HKH IO-
Jy4WIId mpoctoe oObsicHeHne. HekoTopble U3 3aKOHOB (PM3HUKHM YTPAaTHIIM JOTMAaT abCOIIOTHOU HC-
THHBI, a Jpyrue OKa3ajuch CIeACTBUEM OoJiee 00IMX 3aKOHOB KBAaHTOBOTO BakyyMa. B HacTosiem

W3/IaHUM TPUBENICHBl PE3yJbTaThl JIMIIb HEKOTOPBIX MPOBEPOK. I[Ipn 3TOM BBIICHWIOCH, YTO KOH-
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I'maBa 2. OcHOBHBIE NPe/INOI0KEHHS M ONpe/ieJIeHus.

LEMINS IBYX BHJIOB DHEPTMHU HE OTMEHSET U HE ONPOBEPracT HU OJHOTO U3 HBIHE JIEUCTBYIOIINX 3a-
KOHOB (PM3UKH U SMIIUPUYECKUX MOJIOKEHUHN dKCTIepuMeHTalIbHON Gu3uku. M3omopdHOCTH CBOKCTB
JBYX BHUJIOB SHEPTUU MPENOaraeT BO3MOXHOCTh U3YyUEHUsI CBOMCTB 0OBEKTOB KBAHTOBOI'O BaKyy-
Ma yepe3 U3ydeHHEe CBOMCTB O0OBEKTOB BEIIECTBEHHOTO Mupa |7, c. 224-225; 8].

[TockonbKy Ba BUJIa SHEPTUHU HAXOATCS B HEPA3PbIBHBIX B3aUMOCBSI3aHHBIX IPE0Opa3OBaHU-
SIX, TO MEXJIy HUIMU CYIIECTBYET B3aUMHO OJIHO3HAYHOE COOTBETCTBHUE (M30MOp(DHU3M).

B xoHueniuu aByx BUJIOB 3HEPTUU U30MOPPHU3M pacCMaTpUBAaEM HE TOJBKO KakK OJHO M3 OC-
HOBHBIX MOHATHI MaTemaTuku, npusenuiee k coznanuio B 1948 r. K. llennonom u H. Bunepom
Teopuu MHMOpPMALIMU U TEXHUUYECKON KubepHeTuku [7, c. 245-247, 267-270; 8], Ho u kak pyHna-
MEHTAJIbHYI0 OCHOBY JJIsl IPUMEHEHUSI MaTEMATUKU B (PM3UKE U MHKEHEPHOM MpaKTUKe — BOOOIIE,
KaK 3aKOH B3aMMOCBS3H JIBYX BUJ0B JHEPTHUU.

2.16. B pa3nuuHbIX T71aBax, HAllMCAHHBIX B pa3HOE BpeMs, PU3NYECKHE COJCPKAHUS TEPMHU-

HOB «HCCKOHACHCHUPOBAHHAA» U «I'PaBUTALIMOHHASD SHEPIrHUd — TOKIACCTBCHHBI.
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Yactb 2
OBLME CBOUCTBA ®YHOAMEHTAJIbHbIX ®U3UYECKUX
KOHCTAHT

IIpocmpancmeo u 8pems ONUCLIBAIOM IUUDL OM-
HOUleHUsl MeXHCOy MaAMmepuUaibHbIMU 00beKmamu
(cobbimusamu) u He umMerom npasa Ha Camocmosi-
meibHoe CYWecmeo8anue 8 Ux omcymcmasue.

FO. C Bnadumupos. Memaguzuxa

BBeneHue B npobnemy

CopepxaHueM BTOPOW YacTH SIBJSETCS MH)KEHEPHBIM aHAINU3 OOIIKMX CBOMCTB (hyHIaMeH-
TaJbHBIX (PU3MUECKUX KOHCTAHT. AHAJIU3 OCHOBAaH Ha OOUIEHIPUHATOM B (PU3HUKE IMIUPUUECKOM
JOTYILIEHUH, YTO OHHM XapaKTepU3ylOT BECh KOMIUIEKC (DyHJAaMEHTaIbHBIX (PU3HMUECKUX B3aUMO-
CBs3ei B MaTepuaabHOM Mupe BceeneHHOH, mposBisiommxcs B pU3NUYECKUX 3aKOHAX, CO/AepKa-
IIMX COOTBETCTBYIOLME KOHCTAHTHI, YTO (PU3NUECKHE KOHCTAHThI U CBOMCTBA MaTepUU B3aUMO-
CBSI3aHBI.

OpHolt U3 HanboJee TPYAHBIX METOIOJIOTMYECKUX MPOOJIEM B paCKPBITUN 3asBJICHHON Te-
MbI OBLIIM MOMCKH 11€71€CO00pa3HOM JIOTMKU MCCIIEI0BAHUS, KOTOPas O3BoJIMIa Obl U3BJIEUb He-
00X0IMMYI0 CHCTEMHYIO MH(OPMAIHIO, CKPBITYIO J0 HACTOSIIEr0o BpeMEHU B (yHIaMEHTAIb-
HBIX (PU3MYECKUX KOHCTAHTaX.

Jliis pelieHus 3TON 3aJjaui UCII0JIb30BATIUCH CIEAYIOLUE ABa UCXOIHBIX IPEINO0I0KEHHUS.

— B skcniepuMenTanbHON (pu3Mke yxe HakomieHa HeoOxoaumasi HHpOpMaIus O CBONCTBaX
MaTepUH, MO3BOJISIONIAs OOBACHUTh (PU3NYECKYIO MPUPOY U T€OMETPUIO MPOCTPAHCTBA U Bpe-
MeHHU, 000CHOBATh €IMHCTBO (PU3NYECKON MPUPOIbI U CBOMCTB MeranpocTpancTsa Beenennoit u
MUKPOIPOCTPAHCTB AJIEMEHTAPHBIX YACTHIl. DTO MO3BOJISET TAK)KE BBECTH B KBAHTOBYIO MeXa-
HUKY HarjsiiHble 00pa3bl MBIIIJIEHUS KJIACCUYECKON (PU3MKU M OOBSCHUTH HAa 3TOM OCHOBE (PU-
3UYECKYIO IPUPOY MOCTYJIATOB KBAHTOBOM MEXaHUKH U PsiJla aHOMAJIbHBIX SHEPreTHUYECKUX SIB-
JICHU B IPUPOJIE U TEXHUKE.

— Nudopmanms, Heobxoaumas il TIOHUMAHHUS MPOOJIEeM MUPO3AaHUS, CKPBITas 0 Bpe-
MEHH, YK€ 3aKJII04YeHa B CBOMCTBAX (yHIAMEHTAIbHBIX (PU3NUECKUX KOHCTAHT, IOCKOJIbKY B
HUX CKOHLIEHTPHPOBAH BECh HAYYHO-TEXHUUECKUN OMBIT IKCIIEPUMEHTATbHON (DUBHUKHU.

Jlis oOHapy)KeHHs CBOMCTB KOHCTAHT MCIIOJIb30BaHA T'€OMETpUYECKash MOJEIb SHEPruu
costoHa — cdepa equHUYHOTO paamyca (puc. 1, c. 37). BBeneHbl MompaBKH HA «OTHOMEP-
HOCTB» WJIH «TPEXMEPHOCTHY» U3BECTHBIX YUCICHHBIX 3HAYCHUN (PyHIaMEHTaANbHbIX (PU3MUECKUX

KOHCTaHT. HGO6XOI[I/IMOCTI> B TaKuUX IIOIIpaBKax O6H3py>K€Ha ABTOPaMHM Ha OCHOBC KOHLCHIIHU



BBenenue B npodiiemy

ABYX BHUJOB DHCPIUH IPU aHAJINU3EC SKCIICPUMECHTOB, IIPOBCACHHBIX PAHEC pa3HbIMU YYCHBIMHU IJIA
OMMpCACIICHNA YN CICHHBIX 3HAYCHHUH (bYHI[aMeHTaJ'II)HI)IX (i)I/ISI/I‘IGCKI/IX KOHCTaHT. BBGI[GHI)I TaKXeE
MONPaBKU Ha BBIPOKJIECHHOCTh YMCIEHHOTO 3HAUYEHUSI MaccChl AJIEKTPOHA B aTOME BOJIOPOJA, KaK
(hM3UYECKO KOHCTAHThI, OCHOBBIBAsICh Ha Teopuu pe3oHanca JI. [loysmuHra, corimacHo KOTOpou B
J000M pe30HAaHCHON CUCTEME KOJIEOIIOTCS OJMHAKOBBIE KOJMYECTBA JIBYX BUIOB DHEPIUH, B
TOM YHCJIE U B CUCTEME «AJIEKTPOH — SIIPO aToOMa BOJOPOIa.

Ananutnyeckue (OpMyINibl B3aUMOCBS3M (yHIAMEHTAJIbHBIX (U3MUYECKUX KOHCTAHT C
IMPOU3BOJHBIMH S3HCPIrMU KBAHTOBOI'O BaKyyMa IIOJIYYCHBI METOJaMU KadeCcTBEHHOM TCOpHHU pas-
MEpPHOCTEHN.

naBa 3. MNepeyeHb thyHAaAMEeHTaNbHbIX (PU3NYECKUX KOHCTAaHT,
BKITIOYEHHbIX B aHanus.
3.1. U3BecTHBIE PuU3MUYECKHE KOHCTAHTHI, ONPENCICHHbBIE IKCIIEPUMEHTAIBHO [2] (pa3-

MEpPHOCTH KOHCTaHT 371ech U fanee npusenensl B cucteme CI'C, CI'CE):

_ M o
H ~2,5-10"" —— — KOHCTaHTa KOCMOJIOTHYECKOr0 paciumupenus Beenennoi (MCmon3o-
CM-C

BAaHO YMCJICHHOE 3HaYeHue, npeayiokennoe acrpopusukom U. JI. Ho-
BHUKOBBIM [ 13, ¢ 35]),

e~4,8-10"e0.CI'CE — 1neMeHTapHbIi JJIEKTPHIECKUI 3apsiI,

M
C ~3-10" — — cKOpOCTh CBETa,
C

M 3

2
2-C

G~6,67-10"° — IpaBUTAIMOHHAS IIOCTOSHHAS,

h=~6,63-1077 ope-c— nocrosaHas I[liaHka (4acTO WCMOJIB3YeTCS 3HAYEHHE OHOMMEHHON

KOHCTAHTEI =~ = 1,05-1077).
21

3.2. Koncraunrsl Ilepuoanyeckoii cucreMbl XuMuuYecKux 3jeMeHToB J[. . Menneneena [2]:
m,~9,11-107* 2 —macca 3JIeKTpoHa,
m, ~1,67-107* 2—wmacca HEUTpOHa,

m,~1,67-10% 2—Macca NpoToHa,

~ 1072 1 _
N,~6,02-107 7/~ —4Hicio Asoragpo,

1 _
m,=—=1,66-10"" 2—aroMHas eJIMHUIIA MACCHL

A
3.3. Teopernueckue KOHCTAHTHI (PU3MKH IJIEeMEHTAPHBIX YACTHI, XapaKTCPU3YIONTUE
B3aMMOJICHCTBUE TIOJICH WM AJIEMEHTapHbBIX Yactull [2, ¢. 309, 377]:

g — KOHCTaHTa CHJIBHOI'O BSaI/IMOIlel\/’ICTBI/Ifl, XapaKTCpUu3yer BSaHMOﬂeﬁCTBHﬂ B SAJCPHOM
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

IIPOCTPAHCTBE aTOMa;

O — KOHCTAHTA 3JIEKTPOMAarHUTHOT'O B3aUMO/ICHCTBHS;

Gr— KOHCTaHTa cyiaboro B3aumoieicTBus (koHcranta Oepmn);

21 — HauMEeHbIlIee 3HAY€HNUE MarHUTHOTO 3apsijia, MAarHUTHBIN JUIIOJNb, TAE L — TEOpEeTuye-
CKMI MarHUTHBIM MOHOMOJIb J{npaka.

Jlnia neneit aHanu3a pU3NYECKUX KOHCTAHT MCIIOJIb30BaHbl UNCICHHbBIE 3HAYEHUS, ONpee-
JICHHBIE U3 U3BECTHBIX O€3pa3MEPHBIX COOTHOIIECHUMN, B KOTOPbIX Ha3BaHHbIE KOHCTAHTHI BhIpa-

JKEHBI Yepe3 3HauUeHus APYrux KOHCTaHT A, ¢, m,, e:

2
i_z 14, g=+Jhc-14=4/1,05-107 -3-10" - 14 =2,11-10® (3.1)
C

rJi€ pa3MEpPHOCTD g COCTABIAET [g] = fape-c% =.\[ope-ecm =ed. CICE.
C

2 -27 10
wf L, /Ez\/l,OS 107:310" _ o g (3.2)
he 137 137 137

IJIe Pa3MEPHOCTH € COCTABIACT [e] =./ope-cm =ed. CICE

h3
1077 10°(1,05-107% )} 33
= = : =1,39-107%

UomE-C (1,67-107)-3-10°

rie pasmMepHocTh Gr cocraBisieT: [G, | =ape-cm’.

ep =% , WM, yauTeiBas (3.2),

2u=+h-C-137 =+/1,05-107 -3-10" -137 = 6,57 10" (3.4)
rac pa3MepHOCTB YUCJICHHOTI'O 3HAYCHUSI MAardymuTHOI' O JOUIIOJIA COCTABJIACT.

[2u]=+/9p2-cm =ed. CICE.

FnaBa 4. AHanu3 cBoMcTB pyHAAMEHTanbHbIX PU3NYECKUX KOHCTAHT.

4.1. O6ocHOBaHMe 6e3pa3mMepHOCTU eANHUL, (PU3NYECKUX BENTUYUH U pas3fTUnn
B Yncnax «MepHoOCTM reoMeTpMYeCKOro nNpPocTpaHcTBa»
hn3nyecKnx KOHCTaHT.

4.1.1. MeTopaoJioruyecKkue J0nylieHus 0 6e3pa3MepHOCTH eAMHUL U3MepeHuil pusuye-
CKHUX MOCTOSIHHBIX.
CornacHo akcHOMaM TEOPHH Pa3MEPHOCTEM:
- (u3HUecKas BeJMUYMHA HE 3aBUCUT OT BbIOOpA €IMHMII €€ U3MEPEHUs, T. €. IPU YBEIUYECHUU
CAVMHUIBI U3MEPCHHA B HCCKOJIBKO pa3, YUCICHHOC 3HAYCHUC Ha3BaHHOH (1)1/13PI‘~I€CKOI>1 BCJIU-

YHHBI BO CTOJIBKO K€ pa3 YMCHBUINTCH,
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I'maBa 4. AHaaM3 cBOMCTB (YyHAAMEHTAJBHBIX (PU3MYECKHX KOHCTAHT.

- QyHKIIMOHATBHAS 3aBHCUMOCTh MEXy (DM3MUYECKUMH BEIMYMHAMHU HE 3aBHCHT OT BhIOOpa
€IMHUI] U3MEPEHHUS ITUX BEJTMYHUH.

Takum oOpa3om, pazMepHOCTH (GyHIAMEHTAJIbHBIX (U3MUECKUX KOHCTAHT MOTYT OBITh
paccMOTpEHBI B JIFOOOW CHCTEME eMHUI] (PM3UIECKUX BETIMUYKMH. B HacTosIe padoTe uCroib30BaHa
cucrema CI'C (CI'CE), T. x. OHa HE COICPKHT «CHHTETHYECKHX» OO03HAYCHUM €IWHUI] 3apsaa
AIIEKTPOHA, T. €. TIO3BOJISIET OOJiee HATJISTHO PACCMOTPETh M3BECTHYIO CTPYKTYPY €IUHHI] H3Mepe-
HUSI SJIEMEHTAPHBIX BETMYHMH JIEKTPHUECKOTO 3aps/a e U TPAaBUTAIOHHOTO 3aps/a, T. €. MarHUT-

Horo jmumnouns 24, xotopas B cucteme CI'CE cocraBnser
[e]=[2u]=[VA-c]=+lope-cm =ed. CICE

U OTBETUTHh Ha BOMNPOC O TOM, HA KAKOM OCHOBaHMM (PU3HUKH ONEPUPYIOT TaKOMH CTpaHHOM pa3-
MEpPHOCTbIO Ha3BaHHBIX BbIIIE KOHCTAHT 0€3 BBEJECHHS COOTBETCTBYIOLUX MOTIPABOK IIPU COTIPSIKE-
HUM ¢ apyruMu pasmepHoctsamu cucteMbl CI'CE u nipu 310M Kakue-11b0 HECOOTBETCTBUS B KBAHTO-
BOM 3JIEKTPOHUKE He HaOmroAarTes?

[IpennaraemMplii OTBET COCTOUT B TOM, YTO Pa3MEPHOCTH KOHCTAHT e U 2/, Kak (yHIaMeH-
TaJbHBIX AJIEMEHTAPHbBIX BEJIMYUH SHEPTUU, HE 3aBUCAT OT BHIOOpPA CUCTEMBI €IMHUILL (PU3NUECKUX
BEJIMYMH U Oe3pa3MEpHBbL, T. €. UX Pa3MEPHOCTh MOYKHO MPUPABHSTH K Oe3pa3MEepHOMY YHCITY, BEJU-
yriHa Kotoporo B cucteme CI'CE (CI'C) paBHa equHMIIE.

To ke camoe AOMyIEeHUE CIAeAyeT NPUHATh B OTHOIIEHUH APYruX (yHIAaMEHTaIbHBIX KOH-
CTaHT, NEpeBe/id MPEIBAPUTENbHO €IMHUIBI UX U3MEpPEHUs, IJs TOM K€ HarjsJHOCTU U BO3-
MOXHOCTH cpaBHeHHs, B cucteMy CI'C, Tak Kak mojgo0Hasi CUTyamusi ¢ pa3MEPHOCTSAMH CKJIa/IbI-
BAETCsl B KOHEYHOM UTOT€ U JUIsl SJIEMEHTApHbIX BeIMYMH — KoHCTaHT [1nanka, Xa006sa u npyrux
13-3a TOTO, YTO B IKCHEPHUMEHTAIbHOM WA TEOPETUYECKOM OMPEENICHUAX ITUX KOHCTAHT y4a-
CTBYET 3JIEMEHTAPHBIN MIEKTPUUECKUH 3apsl WIM IPABUTALMOHHBINA 3apsii.

4.1.2. T'eomeTpruecKkre OCHOBAHUS VIl NPUHATHSA JONYIIeHHWH o0 0e3pa3zMepHOCTH
eIMHHI] U3MepeHuil GPyHAaMeHTAIbLHBIX (PU3MYECKUX KOHCTAHT.

['eoMerpuueckue HHTEpIpETallMM MOTEHIHAIBHBIX IOJeH TIpaBUTALMOHHON BSHEPruwu,
MPUHIIMUIBI T€OMETPU3ALHH, JIeXKAIlMe B OCHOBE TEOPUU PA3MEPHOCTEH, MO3BOJISIOT MEPEBECTH
€IMHHULIBI Pa3MEPHOCTEN MAacChl, 3apsa, SHEPTruu, CHIIbI U MPOU3BOJHBIX IPABUTALIMOHHON SHEP-
MM B IUIOIIAM U OOBEMBI, OTPAaHUUYEHHbIE COOTBETCTBYIOIIMMH CPEPUUECKUMU IKBUIIOTEHIH-
aJbHBIMH MOBEPXHOCTSIMH, T. €. B [CMZ] u [CM3], COOTBETCTBEHHO.

Ha 3101 0OCHOBE NMPUHSATO CUUTATh, HAIIPUMED, YTO FHEPIUsl AIEKTPOHA 3aKIIIOUEHA B TOH-
KOM CJI0€, IpUMBbIKaroleM K noepxHoctu depmu, yuuThiBasi U3BECTHYIO CBSI3b MEX]ly DHEPIH-
eit £ u ummynscom P: E=P?/2-m [14].

DT0 03HAYaeT, YTO B MPOCTPAHCTBE MMIIYJIbCOB MOBEPXHOCTh PAaBHOM IHEPrUU SBISETCS
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

cdepoil, MoATOMY MOXKHO CKa3aTh, YTO MOBEPXHOCTh Depmu HamboJiee MpeICTaBUTEIbHA KaK
IOBEPXHOCTDH MHUHUMAaJILHOHI OHCPIUH.

I/IHTYI/ITI/IBHO (1)I/I3I/IKI/I I1oJ1araroT, 4ro BECJIIMYUHBI (bYHI[aMeHTaHI)HI)IX KOHCTAHT HUMCHOT
eMHble (PU3UYECKHE MPUUMHBI U T€OMETPUUYECKUE UHTEPIPETAMN U 0TOOpakaroT SHEpreTuyie-
CKHE€ BO3MOXHOCTU (bHSH‘IGCKOFO BakKyyMa U COBPEMCHHOI'O TI'PAaBUTALIMOHHOIO IIOTCHIHMAJIA
Bcenennoii. CnenoBarenbHo, KaXKaasi U3 KOHCTAHT MOKET ObITh BBIp@KEHA 4epe3 JII00YIo Ipy-
I'YIO KOHCTAHTY WJIM UX COUCTAaHHA, HO IJId 3TOI'0 UX PasSMCPHOCTH HGO6XOI[I/IMO IpeACTaBUTL B
0e3pazMepHON cucTemMe eauHul] pu3nyeckux BenuuuH. s oGocHOBaHHS 3TOro OymeM pac-
CMaTpuBaTh CAMHUYHBIC JINHEHHEIE PasMEPLI TCOMCTPUICCKUX ITapaMETPOB IMMOTCHIHUAJIIBHBIX I10-
JIeil SHepruu KBAHTOBOIO BakyyMa, a (hyHIaMeHTajdbHble (PU3UYECKUE KOHCTAHThI paccMaTpH-
BaTb KaK KBAHTBI — 3JICMCHTAPHBIC BEKTOPHBIC BEJIMUWHBI SOHCPTUH.

TakuMm oOpa3om, UCXO0/11 U3 OJHOPOJIHOCTH, U30TPOIHOCTH U OJHOMEPHOCTH MPOCTPAHCT-
Ba BceneHHoit m KBaHTOBOTO BaKyyma, HGO6XOJII/IMO JOIIYCTUTB, YTO OTACJIbHBIC KBAHTBI KaK
CKOHJICHCUPOBAHHOM, TaK U HECKOHJICHCUPOBAHHOM SHEPIUM XAPAKTEPU3YIOTCS €IMHUYHBIM KO-

JINYECTBEHHBIM 3HAYCHUEM PaJNyCa-BEKTOpA MpocTpaHcTBa BeenenHom:
[CM] = [cxwz] = [2] = [mf] =1.

[Tony4yeHHbIe HUKE aHATUTHYECKUE (POPMYIIBI B3aMMOCBS3H (PU3NUECKMX KOHCTAHT TOJI-
TBEPJIUIIN CIIPABEUTMBOCTH CICTAHHBIX JOMYIICHUH.

4.1.3. O6ocHOBaHMe Pa3JMYUil B KOJIHNYECTBAX MPOCTPAHCTBEHHBIX reOMeTPUYECKUX
U3MepeHrid PU3nYeCKUX KOHCTAHT.

AHanu3 pe3ynbTaTOB IKCIIEPUMEHTAIBHOTO HJIM PACYETHOTO OTNPECIICHHS] KOHCTAHT MOKa-
3aJI, YTO METO/IbI OTIPEICTICHUS YMCICHHBIX 3HaUYeHUN (PyHIaMEHTATBHBIX (PU3UYECKUX KOHCTAHT
MOTYT JIaBaTh Pa3JIMYHOE YHCIIO TEOMETPHUYECKHX H3MEPEHHI KOHCTAHT, KaK 3JIEMEHTApHBIX
BEKTOPHBIX BEJIMYMH, B TOM YHUCJIE OJIHO WM TPU U3MEPEHHS T€OMETPUUYECKOTO MPOCTPAHCTBA,
JUTSI KOTOPBIX OHU OTIPEICITICHBI.

[IpemyioxkeHnHble HIKE JOMYIICHUS BHITEKAIOT KaK W3 aHajIu3a M3BECTHBIX TEXHOJOTHYE-
CKHUX TMPOIIECCOB MHCTPYMEHTAJIHLHOTO OMPEEICHUS KOHCTAHT, TaK W M3 BBISBICHHBIX Jajee
CBOMCTB UHCEJ, KITOX0XKUX» HA KOHCTAHTHI.

G = 6,67-10™ — TpexmepHas BeIMUHHA, T. K. H3MEPAIACH Ha KPYTHIBHBIX BECAX HETOCPEL-
CTBEHHO B €MHUIIAX B3aMMOICHCTBYIOIINX IPaBUTAIIMOHHBIX Mace [2, ¢. 136];

m. =9,11 1028 — OJIHOMEpHas BEIMYMHA, T. K. onpeaensuiack P. Mum-kerom B 1911 1. B
MPSIMBIX KAaTOAHBIX JIydaX, T. €. 4epe3 U3MEPEHHUE DJIEMEHTAPHOTO IEKTPUUYECKOTO 3apssa, Mpu-
TOM KaK B OJTHOMEPHOM SIBJICHUH [2, ¢. 474];

m, — TpeXMepHasi BEIWYMHA, T. K. ONMPEILIUIach M0 aHAIM3y YHEPreTUYEcKOoro OamaHca

SJIEPHBIX PEaKIUH, T. €. B KOHEUHOM UTOT€ Yepe3 rpaBUTALMOHHYIO Maccy 12];
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I'maBa 4. AHaaM3 cBOMCTB (YyHAAMEHTAJIBHBIX (PU3MYECKHX KOHCTAHT.

e — OJIHOMEpHas BEeJIMYMHA, TAaKOM BBIBOJ CIEAYeT U3 aHanu3a HUH(opmauuu o6 3nemMeH-
TapHOM JIEKTPUYECKOM 3apsjie U 3IeKTpoHe [2, c. 876];

m, — OJIHOMEpHasl BEJINYMHA, TAKOW BBIBOJ CIEIyeT U3 aHaau3a uHpopmaruu o GoroHe [2,
c. 826];

C — ogHOMEpHas BEJIMYMHA, 3TOT BBIBOJ CJIEIYET U3 aHaJIN3a METOJIOB U3MEPEHHS CKOPOCTU
cBeta [2, ¢. 692];

H — onHOoMepHas BelnMYuHa, 3TO CIEAYET U3 TOr0, YTO B OCHOBE HKCIEPUMEHTAIbHBIX OLle-
HOK €€ BEJIMYMHBI JISKUT U3MEPEHHE CKOPOCTH CBETA U 3JIEMEHTapHOT0 3JIEKTPUUECKOro 3apsaia [9,
15, 30];

h — olHOMEpHas BEJIMYMHA, 9TO BBITEKAET U3 MPUHIATON METOAMKHU SKCIIEPUMEHTA €€ OIpe-
nerenust [2, ¢. 153, 544].

Takum 06pa3zom, U3MEPEHHBIC U PACUECTHBIC 3HAYCHUS KOHCTAHT UMEIOT CJI0KHBIE KOMOWHA-
LMY pa3MepHOCTEN KOHCTAHT, IPUHAUIEKAIIEe T€OMETPUYECKUM IIPOCTPAHCTBAM C Pa3HbIM YHC-
JIOM U3MEPEHUH.

J1st enei cpaBHUTENTBHOTO aHAIM3a Pa3JIMuHbIe U3MEPEHUs! JOJKHBI ObITh IPUBEACHBI B OJTHO
IIPOCTPAHCTBEHHOE U3MEPEHUE (0 JHOMEPHOE, ABYMEPHOE MUIIH TPEXMEPHOE).

Hcxonnble gonyiieHus, BBEJCHUE MOMPaBOK:

1. PaccMaTpuBaeMbIe dI€MEHTapHbIE BEKTOPLl H, & G — OpTOrOHAJIbHEL

2. PaccmarpuBaemble BEKTOpPHBIE MPOCTpaHCTBAa BceneHHoM M (u3nueckoro Bakyyma H30-
TPOIIHBI U OJAHOPOJIHBI. HOSTOMy OJHOMCPHBIC U TPEXMCPHBIC KOHCTAHTBI U HX KOM6I/IH&III/II/I
OJMHAKOBO IPEACTABUTCIBHBI W PABHOIIPABHBI, KaK XAPAKTCPUCTUICCKUEC IMapaMCTPbl 3JICMCH-
TapHBIX MPOLIECCOB «U3ITYUEHUSI-KOHICHCAIUM TPAaBUTALIMOHHON YHEPIUH.

3. Ha ocHoBe mpaBui BEKTOPHOU anreOpbl M MpaBuil MpeoOpa3oBaHUs TOMOJIOTHYECKUX
BCKTOPHBIX IMPOCTPAHCTB IMPHUHATHI CICAYIOIIHEC ITpaBuia ONPCACICHUA KOJIUYCCTB I/I3M€pCHI/II\/’I
«CJIOKHBIX» pa3MEPHOCTEN KOHCTAHT:

- B CJIOXHBIX (pOpMyrnax pa3MEepHOCTEH, KOTOPBhIE MOXHO TPEICTABUTh KaK MPOU3BEICHUS
€IMHUYHBIX BEKTOPOB, PE3Y/IbTAT UMEET TPEXMEPHOE 3HAYCHHUE, €CIIU TAKOE U3MEPEHHUE UMe-
€T XOTs OBl OJIMH BCKTOpP, IIPpHU 3TOM PE3YyJIbTAT HE 3aBUCUT OT YUCJIa YIJIICHOB PA3JIMYHBIX HU3-
MepeHuH (YMCII0 U3MEPEHU Y YICHOB 00Jiee TpeX HE pacCMaTPUBAEM);
- B CIIOKHBIX (JOpMyJiax pa3MEpHOCTEN pe3yabTaT UMEET OJHOMEPHOE U3MEPEHHUE, €CIIU BCE
YICHBI BEKTOPHBIX HpOH?;BG)ICHI/II\/’I OJHOMCPHBI.

Taknm o6pa30M, IIoIpaBKa BBOAUTCA YMHOXKCHHUEM HJIM ACJICHUEM BCETO IIPOHU3BCACHUSA

pa3MepHocTel Ha 47, HOCKOJIbKY HET IPUBSI3KH K paJnycy 0ObeKTa.

4.2. BBeaeHue nonpaBok B pyHAaMeHTanbHble nsnyeckme
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KOHCTaHTbl, B3aMMOCBSI3b KOHCTaHT.

4.2.1. lonmymeHnusi o0 cBoiicTBax ()OTOHOB.

OnTrueckoe u3iydyeHue o01aaeT LIMPOKUM MepeYHeM MOHAEMOTOPHBIX JEHCTBUI U Ipo-
TOJDKATEIFHYIO UCTOPHIO UX U3yYEHUs U PUMEHeHus [2, c. 579, 651,661, 831]. Bce onu umerot
IpsIMO€ OTHOLIEHHE K paccMaTpuBaeMoi Teme. [lepeuncianm Junibp HEKOTOPbIE U OCTaHOBUMCS
Ha OJTHOM M3 HUX:

- MeXaHn4deckoe nericteue npeackasan B 1619 r. U. Kemnep;

- BEJINYMHY CBETOBOTO JaBieHus npeackasan B 1873 r. JIx. K. Makcenn;

- UCITyCKaHue 3JeKTpoHOB (PoTorh(deKT) moa IeUCTBHEM 3JIEKTPOMATrHUTHOTO H3ITy4EHUS
oTkpbL1 B 1887 1. I'. I'epu;

- mepBoe (pyHmamenTanbHOE MccienoBanue Gporodddekra nmposena B 1888 r. A. I'. CroseroB
(3akon CroseroBa);

- MeXaHUYecKHe JACWCTBUsSI CBETa BIIEpBbIe MOKa3al B akcnepumenTtax B 1898 r. A. U. Canos-
ckuit (3pdext CamoBcKoro);

- BIIEPBBIC H3MEPHUJI BEIMUMHY cBeTOBOTO naBieHus B 1899 r. I1. H. JleGenes;

-miepBoe Teoperndeckoe oobsicHeHue Gororpdexra B 1905 r. mpemnoxun A. DiHIITEHH (3a-
KOH DUHIITEHHA);

-00JIBIIOM BKJIAJ B TEOPETUUYECKHE U SKCIIEPUMEHTANIbHBIE UCCIIEI0OBAaHUS (POTOHA BHECIH A.
®. Nodde (1907 r.), I1. U. JIykupckuii u C. C. ITonexaes (1928 r.), U. E. Tamwm u C. I1. Ily-
6uH (1931 r.) u MHOTHE IpyTHE.

C NOHIEMOTOPHBIMH JIEHCTBUSMHU CBETA CBS3aHbI Ilepeiaya UMIYJIbCa U KOJIMYECTBA JIBU-
KEHUSI, TbE30JIEKTpUUecKre dPPEKThI, AEKTPOCTPUKLINS U Jp., HA KOTOPHIX B COBPEMEHHBIX
TEXHUYECKUX CHUCTEMax «paboTaeTy MHOXKECTBO (pu3mueckux 3(pQPexToB U SBICHUI, OCHOBaH-
HBIX Ha CBOMCTBaX (DOTOHOB.

Ouznyeckuit 3pdext CagoBCKOro: CBOWCTBO (POTOHA MEPEHOCUTH KOJIMYECTBO JBHUKECHUS
U [IPU 3TOM IPELeCCUpPOBaTh — MO3BOJISIET IOMYCTUTh, YTO ()OTOH, KaK MaTepUaIbHbIN OOBEKT, B
KOPIYCKYJIIPHBIX IPOSIBICHUSAX MUMEET I'€OMETPUUYECKYI0 HPOTSKEHHOCTh U TPEXMEPHOE IpO-
CTPaHCTBO, (POTOH IMPOSABISET TMPOCKONUYECKUE CBOMCTBA, T. €. MpelecCUpyeT Kak MaTepualb-
HBI 00BEKT, BCIIEACTBUE B3aUMOIEUCTBUS BO BPEMS CBOETO JIBUJKEHHUS ¢ KBAHTOBBIM MOJIEM (U-
3uyeckoro Bakyyma. CienoBarenbHo, K (OTOHY, KaKk MaTepualIbHOMY OOBEKTY, IPHIIOKEHBI JIBE
cuwibl. OnHa 3 cun — BekTop lloMHTHHTa, paBHOAEMCTBYIONIAs MAaCCOBBIX CHJI — MPUJIOKEHA K
«UEHTpY Macchb» (POTOHA M COBIAAAET C BEIMYMHOMN M HANpaBiICHUEM BEKTOPA €ro KpyueHus

(ciuna) P =« -e-G . Jlpyras cuia — BEKTOp YMOBa, PABHOJECHCTBYIOMIAS «CHII JIABJIECHUS», BO3-

HUKAIOIMX, KaK peakiysl KBAaHTOBOTO BaKyyma, IpU B3auMOJEHcTBUU ¢ (OTOHOM, KakK C IoJe-

BOM CTPYKTYpPOU — MPUJIOKEHA B «LEHTPE JaBJICHUsD (POTOHA, KOTOPBIH y CBOOOJHOTO (PoTOHA
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HE COBIAJIaeT C «LEHTPOM Macchl» (POTOHA, YTO, O-BUIUMOMY, U SIBJISIETCS] IPUUMHON Mperec-
cum ero ocu U =k, - 211- G, THE K}, K2 — HOMPABOYHBIE KOAD(GHIIMEHTEL.

[TockonbKy CKOpOCTh (POTOHA OCTOSIHHA, TO U3 3TOTO CJIEIYET, YTO 00€ Ha3BaHHbIE BbIILIE
CWJIbI IMHAMUYECKU cOalaHCHPOBaHbI, T. €. PaBHBI [0 MOAYJIO U IPEIACTABISIIOT cO0OM mapy
BEKTOPOB, «00ECIEeUNBAIOLINX» 3aKpydynBaHue (OTOHA U MPEIECCUIO OCH €0 BpallleHUs BOKPYT
TPAEKTOPUH JBHIKEHUS: |1_’| = |(7 | = |P_I | :

[IpumenuTenbHo K (POTOHY OJTHUM U3 KOHUENTYaIbHBIX JAOMYLIEHUN SBISETCS CIEIYIOIIee
00BsICHEHUE MTPUUMHBI OTCYTCTBHS Y (DOTOHA COCTOSIHUS MOKOS: HapylleHHe chepuyecKoi CUM-
METPHUH MPOLIECCOB U3IIyYEHUS-KOHIEHCAIUU HECKOHACHCUPOBAHHON SHEPTUH, BCIEACTBUE YETO
K (pOTOHY MpUIIOKEHA TPETbsl — IBIXKYILIAs cuia F,, MHIyLIMpPOBaHHAas BaKyyMOM, YpaBHOBe-
LIEHHAasi CUJION peakuu (COPOTUBIICHUSI) KBAHTOBOM cpesibl (U3NYECKOTO BaKyyMma.

=«'-H-e-G uma (470 TO K& caMoe, KaK 3TO CleJyeT U3 JaubHeHIIero aHaanu3a)

<o

F,=«"H - H t1e k', k"~ monpaBoYHbIe KOIOHUIHEHTHL.

JlanpHeWImMi aHaInu3 KOHCTAHT MOKa3all, YTO 3JIEMEHTAPHBIN AIEKTPUUECKUI 3aps]l UMEET
BBIPOXKJEHHYIO BEJIIMYHUHY, 110 CPABHEHUIO C TPABUTALMOHHBIM 3apsJOM, T. €. IS CIIy4aeB UX

CPaBHUTEJIBHOIO aHajlu3a HEOOXOAMMO BBEJEHHE BECOBOIO IIOIIPABOYHOrO Ko3(dduuueHra

2K _ 137,
e

Koncranta 3. Xa06na H paccmaTpuBaeTcs Kak KBaHT HECKOHJCHCHUPOBAHHOM 3HEPIUH,
UHAYIUPYEMbIH (U3MUecKuM BaKyyMOM WJIM KOHACHCHUPYIOIIUNCSA B MaTepualbHbIe 0ObEKTHI —
B IEPEHOCUMKH T'PAaBUTAIMOHHOTO U 3JIEKTPOMArHUTHOTO B3aMMOJEWUCTBUMN, B 3JIEMEHTapHbIE
YacTULIBI U B COCTABJIEHHBIE U3 HUX aTOMbI U MOJIEKYJIbI BEIIECTBA.

4.2.2. DjeMeHTApHbIE 3HAYEHUS] BeKTOPOB YMoBa U [loMHTHHIra XapaKTepu3yroT Mpo-
L[ECChl MHIYIUPOBAHHOTO U3YYEHUS U KOHJCHCAIIMM KBAaHTOB I'PAaBUTALIMOHHON SHEPIUu +.

Bexrop [loiiHTHHra XapakTepu3yeT IpoLecc HHIYIMPOBAHHOIO U3Iy4YE€HUs T'PaBUTALMOH-

HOW SHEPIruu:

P=H=e-

1.
4

T | 4.1)
|H|=48-10""-——6,67-10°=2,55-10"
4.3,14

b
BekTop YMoBa xapakTepu3yeT mporecc KOHACHCAIMH TPaBUTAIIMOHHOMN YHEPTUH:

U:F[:L.QH.L.G

| (4.1)

|H|=—-6,57-10"° L 6.67.10* =2,55-10"
137 4.3,14

rae 47 — nonpaBouyHbIM KO3 (ULKEHT, NepeBOAsIIUNA TpexMepHoe 3HaueHne G B OJIHO-

28



Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

MEpPHOE, TAKOE K€ KaK Y BEKTOPOB H, e, 211;

1 e
Ezz— — TIOINIPAaBKa HA «BBIPOKACHHOCTBHY» BEJIWYHUHBI 3JIEMEHTAPHOTO 3JIEKTPUUECKOTO
u

3apsza e 1o CPaBHEHHUIO C TPABUTALMOHHBIM 3apsA/IoM 24, Ha3HadueHHe Kod(duiinenta odecme-
YUTh PAaBHOE «BECOBOE» COOTHOLICHHUE BhIpaxkeHuil (4.1) u (4.2).

Ilpumeuanue

Llo-euoumomy, mepmunvl «eekmop Ymosa» u «eekmop lloiinmunea» MONCHO «NOMEHAMb
mecmamuy.

4.3. AHanu3 eanHuL pU3N4YeCKNX BeSIMYMH B PyHAAMEHTaNbHbIX
hn3nyecKknx KOHCTaHTax.

KauecTBeHHas Teopusi pa3sMepHOCTEN MO3BOJISIET BBIABUTH CTPYKTYpPY dopMyi i pusu-
JecKUX KOHCTaHT. Pu3ndyeckrue KOHCTAHTEI MOXKHO BBIPA3UTh 4€PE3 MPOU3BOAHBIC I'PaBUTALIU-
OHHOW 3HEpIUH.

YuuteiBas AOIMYIOICHUA O 663p33MepHOCTI/I KOHCTAHT U I'COMCTPUUCCKHUEC HUHTCPIIPETANN

SHEPIUH, NPEAIararTCs CIeIyIoIue CTPYKTypHbIe (OPMYIIbI JUIsl pa3MEPHOCTEN KOHCTAHT:

av
X ar.

[H]=- :%: At | _ xoucranta Xa66a, (4.3)
cM-C  CM-C V

3
rae: e =[F]; e =[dr]; %{d—q.
dt
,
2

d2

em’ em’ d
[Gl=—7=—"F—= L | rpaBUTaIMOHHAs KOHCTAHTA, (4.4)

2-cc oM -c S

3 2
rae:e=cu’ =[S]; c2=[dt2]; ﬂ:{d V}

c? dr*
dv
em | dR em’ dt
C]=—=| — |=—5—=| =~ |— CKOPOCTb CBET
] c {dt} em’-c S P & (*3)
rae cM = [dR)].
[h]=ope-c=2-cm-c=cm’ -c=[AV -At] —mocTosunas Ilnanka (4.6)

R — pannyc Bcenennoii;
{ — aHAJIOT JIMHEHHOTO TeOMETPUYECKOTO pa3Mepa MPOCTPAHCTBA, PAIYC-BEKTOpa PACIIIH-
PSIOIIErocs MPOCTpancTBa (1 = AR),

At — ipupanieHue painyca-BeKTopa;

29



I'maBa 4. AHaaM3 cBOMCTB (YyHAAMEHTAJIBHBIX (PU3MYECKHX KOHCTAHT.

AV — npupaienus o0beMa IpoCTPaHCTBA.
4.4. AHanNnM3 CBONCTB KOHCTaHT U Npon3BOAHbIX BceneHHon.
CoryacHO IMOJIOXKEHUSIM KaueCTBEHHOM TECOPUH Pa3MEPHOCTEH MMEEM IMPaBO 0OpaIaThCs C

dbopmynamu s pa3MepHocTei koHcTaHT (4.3), (4.4), (4.5), (4.6), kak ¢ anrebpanyeckumu GHop-

MYyJIaMH.
4.4.1. U3 cootnommenus (4.3) u (4.5):
C;—It/ =V-H=S§"-c
4.
4nR’ 4.7

-H=4nR* ¢

R_3e_3:3-10"

TR R 3,6-10% cu — pamayc BeeneHHoi.

Ilpumeuanue

Ilpeonosxcennan ouenka paouyca Becenennoit 0oocmamoyuno oauska oouenputamovim
oyenkam, Hanpumep uepes «ooavuioe» uucio Jupaxa (R = 1,85 1028) [15, ¢. 172].

S=4nR>=4-314-3,6°-10° =1,36-10" cn’— mnomans cdepuueckoli MOBEpXHOCTH Bcee-
JIEHHOM.

4.4.2. 13 cootHommenus (4.3):

_4nR’  4-314-3,6°-10%

v 3 3 =1,95-10% ¢’ — 06bem BeenenHoid.

dv 18 86 68 e’ o

= =HV =2,5-101"-1,95-10" =4,9-10" ——— ckopoCTh pacmmpeHus BceneHHoi.
t ceK

4.4.3. U3 cootHommenus (4.4):

2 3
”;;2/ —GS=G,-5=7,44-10"-1,63-10% =1,21.10° 2 — yckopeHue paciupenHs BeeeHHoil,
CeK

Ilpumeuanue

Jlanvuetiwuti ananuz npouzBo0HbIX NOKA3bIBAEM, YMO NOJe80e NPOCMPAHCmMeo BcenenHotl
xapaxmepu3zyemcsi «Opyeoti» koncmanmou G, m. K. 3HaueHue koncmanmol G 3aHUNCEHO, BCE0-
Cmeue bIPOACOCHHOCTIU MACCHL HYKIOHO8 npumepro na 12 %, m. e. Gy =7,4410% u «oxaza-
JIACbY YUCTEHHO OIU3KA KOHCMAHMe CUNbHO20 83AUMOOCUCMBUs g, NOC/e Nepesooda NocieoHell 8
«mpexmepHoey uzmepenue.

4.4.4. U3 coornomenus (4.6):

A
roJiarast v _Av_ 4,9-10% u h=AV-At=6,63-10", moxy4uMm, 9TO
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

AV = /h-c;—V=\/6,63-1027-4,9-1068=1,8-102‘ e,
t

1028
= A_hV = —6’1683 1182] =3,68-10" cm.
Ilpumeuanue

Janvuelwuil ananuz npouzBoOHbIX NOKA3bleaem, umo coomuouienue (4.6) xapaxkme-
pusyem ne Bcenennyro, a pomon. Imo o3nauaem, 4mo 6 npueOeHHbIX GbIUUCTIEHUSAX npupauje-

Hust AR u At umerom pasnuunsie ceomempuyeckue Macuimaosl TUHEUHbIX pA3Mepos, m. e.
AR
AR #At, —#1.
At

U3 smoeo cnedyem, umo.

AR — smo npupawenue paouyca-eekmopa pacuupsowetics Bcenennoti;

At — npupawenue paouyca-eekmopa ee 21eMeHmMAapHO20 NPOCMPAHCMEA — NPOCMPAH-
cmea ¢homona.

4.4.5. Jlns nanpHeiiiero ananusa nepeiemM Kk 0e3pasMepHbIM €IMHULAM U3MEPEHUHM KOH-
CTaHT I10 MPEJI0KEHHOMY BBILIE JOMYILIEHHUIO.

[Tocne 3TOro Mbl MOXKEM KOHCTaTUPOBATh ONM30CTh YMCIEHHBIX 3HAUYE€HUN Af CIIPaBOYHBIM
3HA4EeHUSAM OXKHUJIAeMOU Macchl MOKOs POTOHA 71, U KOHCTAHTHI citaboro B3aumoaeiicteus G 2|

CripaBo4HO€ OJJHOMEPHOE 3HAaYEHHE /m paBHO [2, c. 826]:

mg<4.10%"'m,=4.1102"9,11'102°=3,64'10™*, rue m, =9,11'10”* — macca noxos 3meKrpoHa.

Y4uThiBas, 4TO B OLIEHKE KOHCTaHTHI G y9aCTBOBAIIM 3HAYCHHS MacChl HyKJIOHa [2, ¢. 309],
TO B YHUCJICHHOE 3Hau€Hue Af clielyeT BBECTHU MOIPABKY TOJbKO Ha «chepuuHocts» Gr U OJHO-
MEpPHOCTb m,, He oOpamas BHUMaHus Ha equHuLbl u3mepenuid B CI'CE, ucxons U3 npuHATOro
BBIIIIE JIOMYILEHHUS, YTO BCE OHU UMEIOT EJMHUYHOE 3HAUCHHUE!

A 2,93.10°%

~ = =2,93-107%.
4n  4-314

GF

Takum 00pa3om, IMeeM CBUJIETENILCTBO T0JIEBOM B3aUMOCBS3HU MPOCTpaHCTB BeeneHHoM 1 Hu3-
KODHEPreTU4ecKkoro (poToHa uepes 6JU30CTh YUCICHHBIX 3HaUeHUH A, m, GF.

JlanpHeNmmii YuCIeHHBIM aHAJIM3 TTPOU3BOIHBIX TOKAa3all 1EJIeCO00pa3HOCTh JIOMYIICHHUS,
YTO YMCIICHHOE 3HaueHne A} — 310 HyleBas NPOU3BOJHAS IPOLIECCA U3ITy4EHUS SHEPTUHU B TOJIE-
BOM IPOCTPaHCTBE (POTOHA, XapaKTEPH3YIOIasl MPOIECC MHAYIIMPOBAHHOTO W3JIyUYCHHUS T'paBUTa-

[IUOHHOW SHEPTUH (PU3HMUECKUM BaKyyMOM, CHMMETPHIO KOTOPOTO ()OTOH HApPYIIAET:

0

v
F=AV =18-10"
dt

4.4.6. Ilpu cpaBHEHUHU 3HAUYEHUM MEPBBIX NMPOU3BOJHBIX T'PABUTALIMOHHOM SHEPruu Jylis

Bcenennoit
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I'maBa 4. AHaaM3 cBOMCTB (YyHAAMEHTAJIBHBIX (PU3MYECKHX KOHCTAHT.

v dv  dv
a’’ dt odt*’
BBIYUCJICHHBIX B npenbmymeﬁ TJ1aBE, 06H3py>I(I/IBa€TC$I, YTO UX COOTHOLICHUA KpaTHI)I KOHCTaH-

Te Xab0:ma:

av.dv
dr  dr _ 49-10% s,
H~dC - dt 2= =510,
A% V19510
dr’
d*v
P . 51
wdr? 122107 g jo0s,

T AV 49.10%
dt

Crnenyet HOMyCTUTb, UCXO/ISl U3 OJTHOPOJHOCTH, N30TPOITHOCTU U OJJHOMEpHOCTU BcenenHol,
YTO I'paBUTALMOHHAS SHEPrus, Kak (yHKIHUS KBAHTOBOTO BAKyyMa, XapaKTEpU3yeTCs CIEAyIo-
LIMMH TPOU3BOIHBIMHU, YWICHAMHU PA3JIOKEHUS PYHKLIUHN B TAPMOHUUYECKUH P

U mpouecca MHAYIUPOBAHHOTO N3JTYYCHU:

awv._ . d"v
dt” dtn—]
AJI IIpouecca KOHACHCAIUU
ng dn+]V
=H. ]
dt” dtn+

4.5. AHanun3 koHcTaHT Mepuoanyeckon CUCTEMbl XMMUYECKUX INIEMEHTOB
0. . MenpaeneeBa (2).
4.5.1. C rimyOuMHHBIMU CJOSIMH 3JIEKTPOHOB U KOJIMYECTBOM HYKJIOHOB B S/Ip€ aTOMOB XUMUYe-

CKHUX DJIEMECHTOB CBS3aHLI MOHOTOHHO MEHSIOIIHMECS CBOMCTBA 3JIEMEHTOB, T. €. 0€3 KaKoH-I1100
MEPUOIUYHOCTH, — 3TO aTOMHAsi Macca, XapaKTepUCTUYECKUI PEHTIeHOBCKUM criekTp. C HUMHU CBSI-
3aHbI TAKXKEC pHI[ (1)I/ISI/I'-IGCKI/IX KOHCTAHT U BCJIINYUH, «IIOXOXHUX» HAa KOHCTAaHTHI, B TOM 4YHCJIC:

Macca JIeKTpoHa — m. = 9,1 1-1078 2;

Macca HyKJIOHa — M, z1,67-10'24 2;

9uCiI0 ABOTaapo — NAz6,02-1023 1/M07b;

1
abCOJIOTHAS €IMHUIIA MACCHI — m , = v 1,66-1072.
A

BrienpuBenieHHble pacCyXACHUST O IMPOU3BOJIHBIX BceneHHOM ObUIM CBSA3aHBI MPEXIE
BCEr0 ¢ IPaBUTAILIMOHHOMN dHepruei £, (B reOMeTpUYeCKON HHTEepIIpeTauuy — V), a nepuoauye-
CKasi CUCTEMa AJIEMEHTOB CBsi3aHA CO CKOHJEHCHPOBAHHOW TpaBUTAlMOHHOW sHeprueu E, (B
reoMEeTpPUUECKON UHTepIpeTanuu — S).

UYucno ABoraapo, kak ¢pyHIaMeHTallbHas (pru3nueckas KOHCTaHTa, 0TOOpa)kaeT TOT (axT,

YTO KOJIMYECTBO CTPYKTYPHBIX €IUHUI] JIIOOOTO BeliecTBa (ATOMOB, MIOHOB, MOJIEKYJI U JIp.), CO-
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

JiepKaIIUXCsl B OJTHOM MOJIE BELIECTBA, — 3TO MOCTOSIHHAS BEJIMYMHA.

[ToaBos HEKOTOPBII UTOT MPUBEIECHHBIM paHee JOMYIIEHUSIM, OTMETHUM, YTO YUCIO ABO-
rajipo SIBJSETCS OJHUM M3 HamOoJjee HarjsJHbIX MPHUMEPOB IOJIEBOM KOIE€PEHTHOCTU M, Kak
CIIEICTBUE, NEPUOJAUYHOCTH CBOMCTB XMMMUYECKUX DJIEMEHTOB. M3 3TOro BBITEKAaeT KOTE€pPEHT-
HOCTb IOJIEBBIX CTPYKTYpP JIIOOBIX MaTepHalbHbIX MaKpOOOBEKTOB (IO KpaliHeill Mepe, B OKOJIO-
3eMHOM IpocTpaHcTBe Beenennoit):

OTHOCHUTENIbHAs IJIOTHOCTh «YIAKOBKW» CTPYKTYPHBIX JJIEMEHTOB MaTepuH, IIO-
BUJIUMOMY, MPEAEIbHO-BO3MOKHas JI1 COBPEMEHHOI0 I'paBUTALIMOHHOTO MOTeHIMana Beenen-
HOI, I09TOMY B OJIHOM MOJI€ BELIECTBA OHA IIOCTOSIHHA;

YUUTBIBas IPEJIOKEHHBIE FTEOMETPUUECKUE HHTEPIIPETALIMH SHEPTUH, CIIEYET AOMYCTUTD,
YTO YHUCI0 ABOTaJpo SIBJISETCS COOTHOILIEHWEM CYMMBI IUIOIIaiel chepudecKkux NoBEepXHOCTEN
CTPYKTYPHBIX €IUHUI] CKOHJIEHCUPOBAaH HOM 3Hepruu AE, BHHCAHHBIX B cpepuueckuii oobeM

HCKOCTO MMPOCTPAHCTBA, K INIOIIAaAN ITOBEPXHOCTU 3TOT'O O6’b€Ma, T. €. EMI

B wactu 3, m. 17.4 nHactosimiedt pa®OThl 3TO HAIUIO JOMOJHUTEIBHOE «KaueCTBEHHO-
KOJIMYECTBEHHOE)» MOTBEPKICHUE.

[Ipu cpaBHEHHUM TPOLECCOB U3IYUYCHUS U KOHACHCAIMU I'PABUTAIMOHHOW SHEPTUU BbI-
SICHWJIOCh, YTO B TOJICBBIX MPOCTPAHCTBAX MAaTEPUAIBHBIX 0OBEKTOB UMEET MECTO pa3ny-
Hasi BBIPOXKIAECHHOCTh BCEX XapaKTEPUCTHUYECKHUX IMApaMeTpOB, B TOM YHUCJIE U F€OMETpHYe-
CKHX, MO3TOMY B TF€OMETPUYECKHX HMHTEPHPETAUMAX SHEPTUU, KAK MOBEPXHOCTH IMOJIEBOTO
MPOCTPAHCTBA, HEOOXOJAMMO YUYUTHIBATH CTENEHb HMX BBIPOXKJACHHOCTH. [lo 3TOW mpuumHe
pacdeT CKOHACHCHUPOBAHHOW PHEPTUH, KaK T€OMETPUUECKON MOBEPXHOCTH O€3 yueTa BBIPO-
XKJEHHOCTH, IPUBOJUT K OOJBIINM OIIHMOKAM.

4.5.2. CBsi3b KOHCTaHTHI Xa006J1a ¢ MaccaMH M 3apsiiaMi IPOTOHA U 3JIEKTPOHA:

m 1,67-107 i
L =2,02-10 4.1
" 4m2pn 4-3,14-6,57-10°° (4.10)
m, 9,11-107 ,
T T agaom BT (4.10)

[TepBast mpon3BOIHASI TOKA SHEPTUU JIJISI MOJIEBOM CTPYKTYPbl HYKJIOHA, UCXOASl U3 MPUBE-
JICHHBIX BBIIIE COOTHOLICHUW U JONYIIICHUH,

& _cs—ny,
dt

rae S~m — Macca MaTepualibHOTO 00BeMa.

OTkyna BelMYMHA HECKOHJIEHCUPOBAHHOM SHEpPruu, MHIYLUPYEMON KBAaHTOBBIM Ba-
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I'maBa 4. AHaau3 cBOMCTB (YyHAAMEHTAJBHBIX (PU3MYECKHX KOHCTAHT.

KYYMOM, JUIsl HYKJIOHA COCTAaBUT BEJIUYUHY, «BCEro» (M0 CPaBHEHUIO ¢ (POTOHOM):

v, y _Cm, _ 3-10°-1,67-107

g —=2,00-10*
dt H 2,5-10

BennuuHbl Apyrux Npou3BOAHBIX I IPOCTPAHCTBA HYKJIOHA COCTABSAT:

%zC-mn =3-10"-1,66-107 =4,98-107"
av, 8 24 31
i =g-m,=g-m, =7,44-10"-1,66-100" =1,24-10"".

rae g = 7,4410"* — aHaIor KOHCTAHThI TPAaBUTALIMOHHOIO B3aUMOACUCTBUS JJIs AJIEPHOTO

MPOCTPAHCTBA HYKJIOHA, KOHCTAHTa CHJIBHOTO B3aWMOJICHCTBHS, IIPH yCIOBUU BBEICHUS B
KOHCTaHTY MOMPaBOYHOTO Kodhdunuenta~/4n Ha ogHoMepHocts /i u C B dopmyne (3.1), s

IIPUBEJICHUS g B OJIHO U3MEPEHUE C M1y,

@ =4n-h-C-14; g=+/4-314-1,05-107-3-10"-14 =7,44-10°°.
OTKyI[a COOTHOIICHHA MJIA IMPOU3BOAHBIX TOKAa SHEPTHH B HYKIIOHEC COCTaBAT ()IJBI KOH-

TPOJISt TPABUIILHOCTH PACCYXKICHUH ):

dav,
- 4 . —14
" 59(?011()04 =2:49-107
d’v,
4 124107 }
H= = aog10™ 24107
dt

JlanpHEeWIMi aHaIn3 KOHCTAHT Y MPOU3BOJHBIX TOKA KOHJICHCAIIMU YHEPTUH MTOKAa3all, YTO
OHHU OKa3aJINCh CUMMETPUYHBIMH MPOU3BOJAHBIM TOKA HEKOHJICHCUPYIOIICIHCS SHEPTHH U B 00-
IeM BHJIE MOTYT OBITh N300pakeHbI POPMYIOH:

n n+l
d'v _ . d"v

o art
TakuM 00pa3om, MoJIeBbIE MPOCTPAHCTBA BCEX MaTepUaIbHBIX 00bEKTOB XapaKTePU3YIOTCS
OJHOBPCMCHHO IMPOM3BOJHBIMU KaK HGCKOHﬂeHCHPOBaHHOﬁ, TaKk U CKOHHGHCHpOBaHHOﬁ OHEP-
rud. [Ipu 3TOM KOHCTaTUpyeM, YTO KOJUYECTBO HECKOHIAECHCUPOBAHHON 3HEPTHUH, «MHIYLIUPYE-
MOi» MaTCpHaJIbHbBIM O6’I)CKTOM, 06paTHO MIpOINOpPHUOHAIBHO €ro Macce, T. €. KOJIMYECTBO KOH-
JNEHCUPYIOIIENCS SHEPIUU «TYIIUT» IMPOLECC UHAYLUPOBAHHOTO W3JIy4EHUS HECKOHIEHCUPO-
BAaHHOM DHEPTHUH, T. €. SABJSETCS 0OpaTHOM CBSI3bI0 B aBTOKOJIEOATEIHLHOM MPOIIECCE MEePEn3ITy-

YCHU MaTCpUaJIbHBIX 06’B€KTOB KBAaHTOBBIM BAKYyMOM.

4.6. BzanmocBA3b KOHCTaHT Xab6na n bonbumaHa ¢ penMKToBbIM
nanyyeHmem BceneHHown.

4.6.1. [1noTHOCTH PeJMKTOBBIX (JOTOHOB H TeMIlepaTypa PeJMKTOBOI0 U3JIy4eHH.
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

[1noTHOCTH U TemmepaTypa PeUKTOBBIX (POTOHOB COOTHOCATCS JIPYT K JIPYTy B TaKOM xe
MPOIMOPLINHU, B KAKON F'MIOTETUYECKUM I'paBUTAIIMOHHBIN 3apsi (MAarHUTHBIN JTUIIOJIb) U 3JIE€MEH-
TapHBIN IEKTPUYECKH 3aps]] — B KBAHTOBOW MEXaHHUKE.

hC _2p_6,57:10"

= ~137;
e e 4,8-107"°
L 3T 137,
" 29

rae*p =397, *7=2,9°K — mapameTpbl pelIUKTOBOro u3nyudeHusi Bcenennoit [2, c. 634-
635].

Ilpumeuanue

IIpusedennvie uucnennvle snavenus *p, *T neckonvko omauuaromcs om 0OWEenPUHAMbIX
3HaYeHull, OOHAKO He 8bIXOO0SM 34 NPeoenbl NO2PEUHOCMeEl UX ONpedeeHUs, U 63Ambl, UCX005 U3
YCosuti obecneuenus HeKOmopvlx «KOHYENmyaibHbIX CXOOUMOCMELY, YKA3AHHbIX HUdiCe.

4.6.2. B3anMocBsI3b KOHCTAHT, TEMIIEPATYPbI U IJIOTHOCTH PEJIUKTOBBIX (DOTOHOB.

YucneHHble 3HaYeHUs] KOHCTaHThl Xab0ja U Temieparypa pelruKTOBOrO U3JIy4eHHUs — 3TO
IIPUYMHHO-CBS3aHHBIC XapAaKTEpUCTUYECKHE MMapaMeTpbl BeeneHHou:

H=3,14"10"" — mst pexmeproro npocrpancraa mpu T° = 2,9 °K.

Koncranta bonsiimana K cOOTBETCTBYET IJIOTHOCTU PEITUKTOBBIX (DOTOHOB B OKOJIO3EM-
HOM IMPOCTPAHCTBE, KOTOpPasi COCTABUT, YUUTHIBAs JAOMYLICHUS JIMHEHHOCTU CBSA3H IJIOTHOCTU O

¥ TemrepaTypsl I’ PelMKTOBBIX (POTOHOB B OKOJNIO3EMHOM MPOCTPAHCTBE:

-16
Tf ZE.TO Z%.z,gzuj °K
H 3,14-10
K 1,38-107"
== p=" " __.397=1745 wm./c’
PP 3,14-107"7

KoncranTa bonbimana siisieTcst aHasiorom KoHcTaHThl Xa06isa. Kaxknas u3 Hux xapakre-
pU3yeT OJHOBPEMEHHO T'PaBUTALMOHHBIM M TEPMOJMHAMUYECKUN MOTEHIHAI COBPEMEHHOIO
SHEPreTUYECKOro MPOCTPAHCTBA BCEIeHHOM B €€ pa3IMYHbIX IPOCTPAHCTBAX.

Bbonbias yncinenHas BelnyrHa KOHCTaHTHI boibiMaHna, B OTaM4Me OT KOHCTaHThl Xa00i1a,
XapaKTepU3yeT Ha3BaHHbIE MOTEHIUAIbl B OKOJIO3EMHOM IPOCTPAHCTBE (B J1a0OPaTOPHOM IIO-
MEIIEHUH).

BenuuuHbl Ha3BaHHBIX KOHCTAHT OOYCIIOBJIEHBI TOJBKO IJIOTHOCTHIO (UMCIEHHOCTHIO B
eMHULIe 00beMa) PEIUKTOBBIX (POTOHOB B MPOCTPAHCTBE, YUCIO KOTOPBIX B OKOJIO3EMHOM IIPO-
CTPAHCTBE BBIIIIE, YEM 3a €TI0 MPEICIaMHu.

TakuM 00pa3om, U3 BBILIEU3JI0KEHHOTO CJIEIYET, YTO TPAaBUTALMOHHBIN U TEPMOIMHAMHU-

YECKUU TMOTEHITMA — 3TO TOXJIECTBEHHBIC 1O CBOEH (PM3MUECKOUW MPUPOJIC TIOHITHSI U 00YCIIOB-
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I'maBa 4. AHaaM3 cBOMCTB (YyHAAMEHTAJIBHBIX (PU3MYECKHX KOHCTAHT.

JIEHBI TOJIBKO IIJIOTHOCTBIO PEITMKTOBBIX (POTOHOB, T. €. KaXKJbli MaTepHalIbHbII 0OBEKT Xapak-
TEPU3YETCS MHAUBUAYAIbHON IIOTHOCTHIO PEIUKTOBBIX (DOTOHOB. Ilpu 3TOM MOHATHS «TemIe-
paTypa, INIOTHOCTb PETUKTOBBIX (DOTOHOB M IJIOTHOCTHh AHEPIHUM» MO (PU3UYECKOMY COJepiKa-
HUIO TOKJIECTBEHHBI.

[Io mpuBeneHHON BBIIIE METOIUKE ONPEACIIUM UL IPUMEPA TEMIIEPATypy IPOCTPAHCTBA

IPOTOHA:

1023
o Mo 602:10° o0 u g,
’TH, 2,02:10°

rae H, =2,02-10 1% _ apanor xoncranter Xa66ma B MPOCTPAHCTBE MPOTOHA, KOTOPBI pac-
CUUTBHIBACTCA MO aHATUTUYECKUM (OpMyIiaM IJIaBhbl 6.

Opnnako 3Ty Temneparypy B ¢popMe TEIIOBOr0 M3Iy4eHUsl Mbl He «olyiaem». Cienyer no-
MYCTUTb, YTO PEIUKTOBbIE (DOTOHBI B MPOTOHE B TEIUIOBbIE ()OTOHBI HE CTPYKTYPHUPOBAHBL, T. K.
OHH COCTOSAT 13 00JIe€ METIKMX YaCTHII.

Bce BbIIIEN3105K€HHOE OTHOCUTCS TOJIBKO K CTOXaCTUYECKOMY COCTOSIHUIO MHOXECTBA pe-
JIUKTOBBIX (POTOHOB.

nmaBa 5. AHanuTUYecKasa B3aMMOCBA3b (hM3NYECKUX KOHCTAHT U NPOU3BOAHBIX
3Heprum Kak ¢pyHKLUMN KBAaHTOBOIro BaKyyma.

5.1. leomeTpuyeckmne MHTepnpeTaLmm aHeprum (pusnyeckoro Bakyyma.

5.1.1. [lng nonydeHHs] aHAIUTUYECKON B3aMMOCBS3U (DPU3MUECKUX MOCTOSHHBIX U MPOU3-
BOJHBIX JBYX BUAOB 3HEepruu E u E, 10 NpUpPALICHUIO paJyca-BEeKTOpa pacIlIupsIOIIerocs mpo-
cTpaHcTBa BceeneHHOl HcIosib30Bajach reomeTpudeckas Mojelb BceneHHON B BuJie pacliu-
pstoteiicst cepsl — COIUTOHA €MMHUYHOTO paauyca r=1 (puc. 1, c. 37).
r=1 — paanyc-BeKkTop, Ar=dr — npupaiieHue pajanyca-BeKTopa.

S=4.7-r’=E, — OBEPXHOCTb C)EPbl, CKOHAECHCUPOBAHHAS SHEPIHS;

4r
V= S E,, —00beM chepbl, HECKOHIEHCHPOBAHUAs SHEPTH;

2

AS =dS = AE | = dE — IpUpalICHUE TEOMETPUYECCKON TIOBEPXHOCTH WM SHEPTUH £, B PaCIIUPSIIO-
mercs chepe;

AV =dV =AE,, =dE,, — npupaienie oo0bema cepbl uin sHepruu £, B pacumpsronieiics cde-
pe;

d's d'E, d'E
7 = 7 = 7 *- — IIPOMU3BOJIHASA DHEPIUH BEIISCTBEHHOTO MHUPA I10 MPHUPAIICHUIO paanyca-
rn rﬂ tn

BekTopa, rae n =0, 1, 2, ... — nenble yncia;

d'v d'E, d"E,
ar’ A dt”

— IMPOU3BOJIHASA DHEPIMM «TOHKOTO MHpa» IO MPUpPAILEHUI0 paauyca-
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Yactb 2. O0mue cBoiicTBa GQyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

BEKTODA;

Ar =dr = At = dt —TIpUApAILIEHNE «HE3aBUCUMOI'0 XapaKTEPUCTUYECKOTO ITapaMeTpar.

Y\

<y

Puc. 1. I'eomerpuueckasi Moenb BeesteHHoi B mepBoM npuOIMKeHUH
K peaJIbHOCTH.
Ilpumeuanue. IIpunamue axcuomamuyecko20 NONOJCEHU O 6e3pasmMepHocmu ar0ObLX

Xapakmepucmuyeckux napamempos 6 3J1eMeHMAaApPHbIX IHEePeemudeckux CmpyKmypax no3eo-
JIem UCHONb308aMb He3A8UCUMbLEe NpUpaujeHus 1100blx Quzuveckux napamempos. Iloomomy
no paody cyObeKmMuGHbIX NPUUUH 8 KAuecmee maKko20 He3agucumMo2o napamempa Ovlil UCHONb30-
8AH «NPUBLIYHBLILY napamemp epems — t u e2o npupawenue At=dt.

JItoObIe COOTHOIIIEHUSI MPOU3BOIHBIX — 3TO HUPPAIMOHAIBHBIC YWCIA, BCICACTBUE HpPpa-

[IUOHAJILHOCTH CBSI3HM PaNyCca-BEKTOPA C IJIOMIAIbI0 U 00bEMOM CephI:

d"E, _d’S _o d'E, _dV _
a’  d® T d A

Ha ocnoBanuu MMPUBCACHHBLIX PAHEC aKCUOMATUYCCKUX MMOJIOKCHUM BCEraa:

V.

dnE d”E
Ar#0; P 20; 220,
dt” dt”

5.1.2. Ecim Bcenennas pacmmpsiercs, T. €. B €€ C(HEepUIeCKOM 3JIEMEHTapHOM O0beMe
Ar>0, TOo YHCIEHHOE TpHUpaIIeHne oObeMa Bceraa OoJbIe YUCICHHOTO MPUPAICHAS TUTOIIAH
€r0 MOBEPXHOCTH:

SV =AV -AS>0, SE=AE, - AE, >0.

[Tockonpky yBenmuueHue cepuueckoro oorema BeeneHHOM HeBO3ZMOXKHO 0€3 yBEIIMUEHUS

IUIOIIAU €ro MOBEPXHOCTH, TO M30BITOYHAS YACTh «0OBEMa-dHEPrUm» OF,, «00sg3aHa» KOHJCH-

CHUPOBATLCA B COOTBETCTBYIOLICC M30BITOYHOE KOJMYECTBO «IMOBEPXHOCTU-OHEPT U SEM
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I'naBa 5. AHaJmTH4YecKasi B3aMMOCBS3b d)HSH‘IeCKHX KOHCTAHT U MPOU3BOJIHBIX JHEPIrUHA.

OT0 00CTOSITENHCTBO YCYTyOIsi€TCsl TEM, UTO BCIEACTBUE paciuupeHus: BeenenHoii yObiBa-
€T W €€ TPaBUTAIMOHHBIA MOTSHITUA, U TEM, YTO BCIICICTBUE UPPANMHMOHAIBHOCTH B3aHMMOCBSI3U
E.,u E,, xak V' u S, 6anaHc s3Hepruu BCerja HapylleH, T. €. U30bITOK SHEPruH OF,, B €BKIMI0BON
TE€OMETPUH OCTaeTCs BCerjaa. JTOT U30BITOK OF.,, MEPUOAUUYECKH YMEHBIIASCh 10 OECKOHEYHO
MaJiol BEJMYWHBI, HAPYIIA€T COPa3MEPHOCTh KBAHTOBOTO MOJIs, (YHIAMEHTAIIBHOE CBOMCTBO
KOTOPOTO — pearupoBaTh B KAXKJIOM aKT€ MEPEU3TyUEHHUsI COOTBETCTBYIOIINM HOBBIM KOJHWYECT-
BOM DHEPruH £, OTYHHAACH cooTHOIEHUIO [ elizenOepra.

VY 3TOro0 mporecca Bceraa UMeeTcs MOJIOKUTEIbHAs 00paTHas CBA3b B BUJIE «IUCICHHOTO
n30BITKA MPOCTPAHCTBA» OL.,, HE Mo3BoJstoNIeld Beenennolt cxumarbscs. M3 atoro cnenyer Jjo-
TUYECKUN BBIBOJI, UTO BceneHnHas pacmupsercs ¢ yCKOPEHHEM, YTO TIOITBEPKIACTCS NU3BECTHOM
nH(popManue o pasnere ranakTuk [2, c. 315, 836], npu ycaoBuu MHTEpIIpETAIUNA ITOU HHDOP-
Malli¥ B KOHIENIIUN JBYX BHJIOB SHEPTHH.

AHaJOTHYHBIN BBIBOJI MOJIy4aeTCs, €CIM TPUBEIACHHBIC PACCYXICHUS PacCMaTpUBaTh B
MOHATHUAX IUIOTHOCTEH JIMHUM TOKOB SHEPruM E,, U E, N COOTBETCTBYIOIINX U3MEHEHUH ILIOT-
HOCTEH B CBSI3U C PACIIUPEHUEM AJIIEMEHTAPHOTO 00bEeMa, T. €. KOJMYECTBA IHEPTUU:

E=FE,+E,.
OrpaHnunBasiCh TOJHKO TMEPBBIMH TPEMS MOPSIKAMH MPOU3BOIHBIX M YUYUTHIBasl Oe3pas-

MEpPHOCTh I1apa METPOB JBYX BHJIOB SHEPIMH, MOXKHO 3aIIMCATh:

dE, d’E, d°E, dE

P M
_dt _ di* _ d' _ dt _G_ o,
=g =g =a. = 2E om0

ep P

dt° dt dt dt*

2
d’E, dE,,
2
Gl=—d _p.c; c|=—di_ -G .
d’E, d’E, H
dt* dt*

- d"E, d"Em dE, dEm d’E, d&’E,  d"E, d"Em
dr’  dr° dt  dt dt*  dt’ " dt"
dOE:p:VG'h dEep:VG'h . d2Eep: G-h:
dr’ H? dt H dr’ ’
dOEM _ 2 ﬁ . dEM _ ﬁ . d2EM _ h .
dr’ G’ dt G ’ dr* G’

rae H, h, ¢, G — noctositnabie Xa00ma, [1manka, ckopocTh CBETa U rpaBUTALIMOHHAS TTOCTOSHHAS,
{ — OIMH U3 XapaKTePUCTUYECKUX TapaMeTPOB SHEPTUU.

AHanoru4yHeM 00pa3oM (GOpMysbl B3aUMOCBSI3U MOTYT ObITh HOJIyYEHBI JUIsl JIFOOBIX (pu-
3MKO-XUMHYECKUX KOHCTAHT.

YucneHuple 3HaYeHNUST KOHCTAHT B PA3IMYHBIX COJIUTOHAX Pa3JINYHBI. OI[HaKO B COBOKYII-
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I'naBa 5. AHaJmTH4YecKasi B3aMMOCBS3b d)HSH‘leCKI/IX KOHCTAHT U IPOU3BOJAHBIX JHCPTUH.

HOCTH BCE MIPUBEJEHHBIE (DOPMYIIBI CBUIETEIHCTBYIOT O TOM, YTO B JITFOOOM THIIOTETUYECKH CBO-
00THOM CTa0MJIbHOM COJINTOHE COAEPKHUTCS OJMHAKOBOE CyMMapHOE€ KOJIMYECTBO 3HEPTUHU, HE
3aBHUCAIIEE OT €ro reOMETPHUYECKHUX Pa3MEPOB M KOJMYECTBA CKOHIACHCHPOBAHHOW 3SHEPTHM:
E=AFE,,+E,=d. Ilpn 3TOM HEOOXOIUMO YUYUTHIBATh COOCHOCTb M IPOTHBOIIOJIOKHYIO Halpas-
JIEHHOCTh TOKOB JIBYX BHJIOB SHEPI'HH, YTO MOKAa3aHO B YacTH 3 HACTOSIIEH pabOThl U paccMar-
pHUBaETCs Kak 3aKOH COXpaHEHHUs SHEPTHH KBAHTOBOTO BaKyyMa (CM. Takxke puc. 2, c. 53).

5.2. Dnsnyeckoe n matemaTn4yeckoe coaepxaHue Nnpon3BoAHbLIX 3HEepPruun.

UucneHHble 3HaAUYCHUS POU3BOTHBIX YHEPTUU — ATO MATEMATHUYECKHE OXHUIAHUS CIICTIYIO-
X MMapaMeTPOB TOKa SHEPTHMH KBAHTOBOTO BaKyyMa B JIFOOOM MaTepHAIbHOM OOBEKTE, Kak

CUCTEME COJIMTOHOB:

d’E
d—o"’ — HU3IIAsT MOJAa TOKa KOHIECHCALIMKA DHEPIMHU B IIPOILECCE NEPEU3IIyYEHUS] MaTEpH-
t
aJIIbHOTO 00BEKTa, FEOMETPUYECKUI 00bEM MAaTEPHATILHOTO 00BEKTA;
dE,
7’ — HMHTEHCUBHOCTb, CKOpPOCTb TOKa KOHJEHCAIlMM SHEPruH, Macca MaTepHallbHOTO
t
00BEKTA;
d’E, .
i YCKOpEHUE TOKa KOHJEHCALIUU SHEPruM, MIEKTPUUYECKUH 3apsii MaTepuaibHOro
t
00BEKTA;
d’E,, . .
T — HHU3IIag MOJa TOKa HCKOHACHCUPYIOIICHUCSA SHEPIruu, U3, 1ydaMOU KBAaHTOBBIM Ba-
t
KYYMOM, BCJICACTBHUEC HAPYIHICHUA €0 CUMMETPUN MaTCPpHAJIbHBIM O6’I)GKTOM;
dE,, .
p — MHTCHCHUBHOCTD, CKOPOCTb TOKa HCKOHACHCUPYIOIICHUCA DHCPIUH;
t
d’E,, . .
p 7 YCKOPCHHUE TOKAa HCKOHACHCHUPYIOIICUCA SHEPTUH, BPEMS, HHIAUBUAYAJIbHBIN X0
t

BPEMEHH B T€OMETPUIECKOM 00beMe MaTepuaIbHOr0 00BEKTa, 3T0 3Heprus H. A.
Ko3ssipeBa, koTOpasi, Kak ¥ BC€ MPOU3BOIHBIC, 0TOOpaX)KaeT KOJINYECTBO CKOH/ICH-
CUPOBAHHOW SHEPrHH B MATEPUATILHOM OOBEKTE, MOCKOJBKY BCE MPOU3BOIHBIC

HaxoJATCS B aHATUTHYECKOW B3aMMOCBSI3H.
B pa6otax A. T. ®ununmosa u B. 0. HoBokmienosa [16, 17] oTmedaeTcs, 4To B IpUpPOIe
1 TEXHUKE peajbHbIC COJIMTOHBI BEAYT ce0sl KaK 3JIEMEHTApHBbIC YaCTHUIIbI, HE3aBUCUMO OT T€0-
METPUYECKUX Pa3MEPOB U KOJMYECTBA 3aKJIFOUCHHOW B HUX dHEPTruu BUAa E,, B3aMMOJCUCTBYS C
OKPYXAaIOIeH Cpeioi, TIOTOHSS MPHU STOM CBOIO PHEPTUI0 U3 HEYCTAHOBJIECHHBIX UCTOYHUKOB.
3ajaua MOWCKA UCTOYHUKOB PHEPTUHU B COJIUTOHE B COBPEMEHHOM (hM3MKE HE CTAaBUTCA, T. K. BCE

HU3BCCTHBIC MAaTECMATUYCCKUE MOJCIN SHEPTHUU B COJIMTOHAX COCTABJICHBI 0e3 HapylmICeHHs 3aKo-
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I'naBa 5. AHaJmTH4YecKasi B3aMMOCBS3b d)HSH‘leCKI/IX KOHCTAHT U IPOU3BOJAHBIX JHCPTUH.

HOB COXpaHEHMS SHEPruu Buaa £,,.
MnaBa 6. MaTemaTu4yeckasa moaesrnib 3Heprum KBaHTOBOro Bakyyma.
dusnyeckoe cogepxaHue Mmoaenm.
6.1. YpaBHEeHUA ABUXKXEHUA IHEPIrUn.
BriOpaB «mmoaxosmuiny TeoOMETpUUECKH MaciiTad COJUTOHOB, B JIIOOOM SHEpreThye-
CKOM ITpOLECCE BCEraa MOXKHO «IIOJIYYUTB» H30TPOIIHBIC U OAHOPOIHBIC CBOYICTBa CTOXacTH4YeE-
CKOI'O TOKa S3HEPIruv KBaAaHTOBOI'O BaKyyMa. OTO MO3BOJAET paccMaTpuBaTh B CTaOMIILHOM COJIU-

TOHC CJICAYIOIIME OAHOMCPHBIC MOACIIN ABYX BUAOB SHCPTHUU:

AEFP )
E, =C L, ¢ L, ¢ ¢ L, (E,+5)
= + + +..+C, +C,, ——+..=(E,+06) >
g T @ T de dar" bodr v
OE 2 n
E =N, d ot N, aE, +N, d li"’ +..+N, —d E, #0
’ dt dt dt dt"

rae h — nocrosuuas [lnanka; n=1,2,...,10°; n+i— o0 ; § — «MppalUMOHAIBLHBIA ocTaToK»; C;, N;. —
KOJIMYECTBA MUKPOCOJTMTOHOB.

Jlanee B paboTe MOKA3aHO, UTO . PABHO YHUCITY ABOTAJIPO.

CootHomenue AE., u E, U XapakTepu3yeT CTENEHb BBIPOXKIECHHOCTH BEIECTBEHHOH CO-

cTaBisitoliel sHepruu. OJITHAKO B BEIIECTBEHHOM MHpE

AE,
—2 51,81,
E

"
a B KBAHTOBOM BaKyyMme
—2 50, §>m.
"

Psn npousBoHbIX £, HAUMHAETCS B LIEHTPE COJUTOHA M YXOAUT 3a €ro Mpesiensl B 0ecko-
HEYHOCTb.

Pan npousBoaHbIX £, HAYMHAECTCS B TOUKE NIEPECEYCHUS JTUHUM TOKA £, C IOBEPXHOCTBIO
COJINTOHA HA BHEIITHEW TPaHUIIe COJTUTOHA, HO HANPABJICH K IEHTPY U 3aKaHYMBACTCSA B 000JI0Y-
ke E, Ha ee BHYTPEHHEH rpaHuIle B OECKOHEUHO «MaJIbIX MTyOMHAX KBAHTOBOTO BaKyyma 3TOU

)K€ 000JI0UKH.

6.2. CBA3b MaTeMaTU4eCKON MOAENU C BeleCTBEHHbIM MUPOM.
B yactu 3, ri. 15 nanHoit paboThl MOKa3aHO, YTO U3 CBOMCTB aHAIMTUYECKUX (HOPMYIT IS
IMPOMU3BOJHBIX SHCPIruu CICAYCT: YHUCJIICHHBIC 3HAYCHHUA IMPOHU3BOAHLIX B IMPCAJIOKCHHBIX MaTec-
MaTHYCCKHUX MOJCIAX ABJIAIOTCA pAaAOM q)I/I6OHa‘~IT-II/I. 3TO O6T>5[CH5[GT HJIA MOATBCPIKAACT IIHUPO-

KOC pacCrnpoCTpaHCHUC B MATCPHUAILHBIX 00BeKTax BCIICCTBCHHOI'0O MHpa TaK Ha3bIBACMbIX
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

«TIPOTIOPIIHI 30JI0TOTO CEUEHUS».

[IpMEHHUTENBHO K COJTUTOHY 3TO O3HAYAET, YTO B TAKUX MPOMOPLHUAX HAXOIATCS IUIOLIAAN
MIOBEPXHOCTEN COJIMTOHOB, BIMCAHHBIX JIPYT B JIpyra. AHaJIOTMYHO B TAKHUX K€ MPONOPLUIX Ha-
XOJATCS U UX O0BEMBL.

TakuM 00pa3zoM, NpUBEICHHbIE MaTEMaTHUYECKUE MOJIENIM XapaKTEPU3YIOT YMCia B3aUMO-
CBSI3aHHBIX JIPYT C JPYTOM COJUTOHOB, BIOKEHHBIX B THIIOTETUYECKH U30JUPOBAHHBIM COJIUTOH.

KoaddunmenTs! npu npousBoHbIX — 3TO KO3 GUIUEHTH IpH wieHax psaa Pubonayuu,
XapaKTEepPHU3YIOIINE KOJUUYECTBO U BHIPOKICHHOCTh TOXKAECTBEHHBIX KBAHTOB (MO/I)

d"E
i
Hcxons u3 cBOMCTB aHanUTUYECKUX (Popmyn ais GU3HMUecKUX KOHCTAaHT U CBOWCTB psijia

®uboHauyH ClIeyeT, YTO B JIIOOOM CTaOMIILHOM COJIMTOHE

d’E 0
C = N = i = —d E’” = 1
O a A

4TO HMMCCT BKCIICPUMCHTAJIBHBIC NOATBCPKACHUA, PACCMOTPCHHBIC B IJIaBC 7. Tlonsatue
TEMIICPATYypPbI 2166351 B BCHICCTBECHHOM MHPEC OTOXACCTBIIACTCA HAMH C TaKUM SHEPIreTUUCCKHUM
COJACPIKaHUEM KBAHTOB SHCPTHH, IMIPHU KOTOPOM SHEPICTHYCCKHU 3HAYUMMBIMHU OCTAIOTCA TOJIBKO

IEPBLIC YICHBI psaaa

dOEZP . dOEM . dEM . dzEM
e’ T dt’ T odt T dr

JlanpHeNuii aHanu3 CBOMCTB MPOU3BOIHBIX [TOKA3all, YTO ATO MOHATHE MOXKET ObITh pac-
IIPOCTPAHEHO B JIOObIE F€OMETPUUECKHUE MAacITaObl KBAHTOBOI'O BaKyyMa U BEILIECTBEHHOTO MH-
pa.

duznyeckas U MaTeMaTuyeckasl B3auMOCBSI3b MEXAY KO (ULIMEHTaMU U MPOU3BOAHBIMU
sHepruu E, ocTtaroTcst HeACHbIMU. VIMEIOTCSI OCHOBaHUS JUISl «II0JI03PEHUSY, YTO KOAPPUIUECH-
ThI, HE PaBHBIC €IUHUILIE, XaPAKTEPU3YIOT «MHBIE BELIECTBEHHBIE MHUPBD», YTO PACCMOTPEHO B
yactu 3. OgHAKO B KPUTUYECKOM COCTOSIHMM BEILECTBA, T. €. B KBAHTOBOM BaKyyMe, €IMHHUIIE

paBHbI U KOG (GUIUEHTHI U TPOU3BOIHBIE, YTO PACCMOTPEHO B IJIaBe 7 HACTOSIIEH pabOThI.

6.3. CBOUCTBa COJSINTOHOB MU HOBbI€ MHTEpPNpeTaLun NOHATUSA
rpaBUTaLMOHHOIO B3aUMOAENCTBUA ABYX MaTepuarnbHbIX 0O bEKTOB.
6.3.1. Maremarnueckass MOJENIb CKOHACHCUPOBAHHOW SHEpruM £, B KaXJOM M3 IBYX
B3aMMOJICHCTBYIOIINX O0OBEKTOB, KaK aHATUTHYECKas: (DYHKITUS, MOXKET ObITh TIPE/ICTABIICHA pa3-

JIO’)KEHUEM B MPUBEACHHBIN BbIIIe TApMOHUYECKUH psl B (hopMe NOJHOTo AU QepeHnaibHOro
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I'naBa 6. MaremaTnyeckasi MoJeJib 3HEPIrHU KBAaHTOBOr0 Bakyyma. @u3nyeckoe cogep:KkaHue MOAEJIM.

YpaBHEHHUS C MOCTOSTHHBIMU KO3 (ULIMEHTaMU, PABHBIMU €AUHUIIE. DTU YPAaBHEHHSI MOTYT OBIThH
3aMMCcaHbl, yYUTHIBask GOPMYJIbl B3aUMOCBS3U KOHCTAHT U MIPOU3BOIHBIX, CIEAYIOIIUM 00Pa30M.

st sueprum E',, nepBoro o0beKTa, Macca KOTOPOro 00JIbIIIe MacChl BTOPOTO OOBEKTA!

n-+
E:,,(t):%(%+alH+a2Hz+...+anH")+d Eva 1 H™..)

am+] n+l n+2

rae H — nocrosinHas Xab6ma, a, — MoCTOsTHHBIE KOY(D(PHUITMEHTHI, paBHbIE €IUHUIIC B «HA-

IIIEM BENMIECTBEHHOM MUpe». Jliist oHeprum £, BTOPOTO 00bEKTa:

dl7+]E
E'=—(a, H" +a

M n+l n+l n+2
dt

H™ +...)

[lepBrlit 00BEKT OTIIMYAETCA OT BTOPOTO TOJIBKO IEPBBIMU CKOOKaMH, IO3TOMY

' " dOE 1 n
AE =FE (t)-E ()= dOM (ay+aH +..+a H")
) ) ; ’

Ilpumeuanue

Bmecmo nocmosinnoti Xabona H 6ce npouzeoonvie mocym Obimb 8blpadcetvl uepes iooyio
Opy2yl0 KOHCMAHNMY, KOMOPAs MOoxcem Oblmb 8bIYUCTEHA C N1000U 3A0AHHOU MOYHOCMbIO, Ha-
npumep 4epe3 Yucio 7.

6.3.2. PactipocTpansisi pusmdeckoe copepkaHue MOHATHS TemmepaTypsl [lebas Ha mo0bie
MaTepUabHbIE CpPEelbl, UCIIOJIb3YS MPHU 3TOM 3aKkoH IlnaHka (3aKoH pacrpeaeseHus] YHEPruu B
CIIEKTPE PaBHOBECHOTO M3JIy4eHUS IPHU ONpeesieHHON Temmepatype) [2, c. 145, 544], MoxHO
OTPaHUYHTHCS 3HAYCHUSIMH TOJIBKO TPEX MEPBBIX YWICHOB B KAXKIOH U3 CyMM.

W3 Bcero atoro cremyer, 4To napaMeTpbl BTOPOro 00beKTa «MajlO3HaYUMBbI» 1JIs TIEPBOTO
oObekra. [loaToMy MOXKHO clienath psiji BBIBOIOB:

— I'paBHTanIMOHHOE B3aWMOJICHCTBHE MCIIBITHIBAIOT TOJILKO T€ MaTepHAIIbHBIE OOBEKTHI, Y
KOTOPBIX YHCIICHHBIE 3HAUSHHSI IPOU3BOIHBIX YHEPTHH SBIISIOTCS 3HAYUMON YaCThIO B TAPMOHU-
YECKOM PSAY Y KaXJ0ro U3 00bEKTOB, HHAYE TOBOPS, B3aUMOJICHCTBYIOT TOJBKO COU3MEPUMBIE
00BEeKThl. DTO O3HAYaeT, YTO B MPHUBEIEHHOM IpUMEpe JBa 00BEKTa HE UMEIOT OOIIel Mephl,
MO3TOMY OHHU HE MOTYT HCIIBITHIBATh TPAaBUTAIIMOHHBIX B3aUMOCHCTBUIA.

— @OTOHBI MOTYT B3aUMO/IEIICTBOBATH TOJIbKO ¢ poToHamu. CieoBaTelIbHO, C TpaBUTALH-
OHHBIMH TIOJISIMU JIPYTHX MaTepUAbHBIX O0OBEKTOB (JOTOHBI HE B3aMMOJCHCTBYIOT, a TPAEKTO-
pUH IBHKEHHUS (POTOHOB B «CHIIBHBIX» IPABUTAIIMOHHBIX ITOJISIX KOCMHUYECKHUX 0OBEKTOB HE «HC-
KPHUBJISTIOTCSD.

— IloaToMy B IpaBUTAallMOHHOM I0JI€ «OOJBIINX» MaTEpUAIbHBIX OOBEKTOB MHOYKECTBO
COJINTOHOB—ATOMOB XMMMUYECKUX 3JIEMEHTOB MOT'YT 00pa30BbIBaTh «0ec(hOPMEHHBIE» MAKPOCHUC-
TEMBI COJIMTOHOB TPH Pa3HOOOPa3HBIX BapUaHTaX CHMMETPUH B aTOMHO-MOJICKYIISIPHBIX CTPYK-

Typax, T. €. CHJIbHOE I'PaBUTALHOHHOE M0JI€ MaKpOOOBEKTa Ha CTPYKTYpPUPOBAHHE «CIIA0BIX»
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MHUKPOCOJUTOHOB B O0ILIEM CIIy4ae HE BIIMSET.

— I'umoTeTYecKkre COMMTOHBI HECKOHJICHCHPOBAHHOW 3HEPTHH IMPEACTABISAIOT cOOO0H, 1O
MepKaM HabJto1aTess U3 BEIIECTBEHHOTO MHPa, «abCOTIOTHO» CTAOUIIbHBIE COJIUTOHBI, KOTOPHIE
HE CO3/al0T BOKpPYr ceOsl TpaBUTAL[MOHHOTO MOJIS, T. K. OJJHA YacTh JMHUNA TOKOB JICITOHOB HE
BBIXOJIUT 3a TPEICITbl, OTPAHNICHHBIC TIOBEPXHOCTHIO COJIUTOHA, a PYTasi, KOTOPAask BBIXOIUT, HE
3aMBIKAeTCS Ha COCEIHHE COJIMTOHBI, YTO CIICAYeT M3 MPHUBEACHHON BhINIE Gopmynbl. [loaTromy
TaKO¥ COJIMTOH HE MOXET OBITh HAOIIOJaeM U3BHE.

— Cdeprueckn CAMMETPUYHBIC CIIOW BeIIeCcTBa (000JI0YKM) BHYTPU MPOCTPAHCTBA JTFOOOTO
COJIMTOHA HUKAKWUX TPaBUTAIMOHHBIX CHJI HE CO3JIAIOT, TOATOMY HE UMEIOT BBIPAKEHHBIX I'€O-
METPHYECKUX CHMMETPUU BHYTPH CBOETO MPOCTPAHCTBA M JIJISI «BHYTPEHHEIO HAOJFOMATENIS»
OHO cToxacTH4yHO. Jlorudeckne U GU3HUECKUE OCHOBAHUS I TAaKOTO BBIBOJA MPUBEICHBI aCT-
podusukom U. 1. HoBukoBeim [30, c. 12-15], a maTemaTtnueckue — B Merareopeme ['emens o
HEMOJIHOTE U Teopusix OuHapHbIX cucteMm Kynakosa u ero yuenukos [5,7,11,18].

— ITockoiyibky BHenTHUE CEpHUSCKA CHMMETPUYHBIC CIIOM COJIUTOHA HUYErO HE MpUOaB-
JISIOT K CHJIE TPUTSHKCHHSI, KOTOPBIC MCIIBITHIBAIOT BHYTPSHHUE CTPYKTYPHI COJIMTOHA, TTOCKOJIh-
Ky IPOCTPAHCTBO COJIMTOHA IO CBOMM CBOMCTBaM M30TPOIHO U OJHOPOJHO, TO JJISl BHIBOJOB 3a-
KOHOB JIBIDKCHUS SHEPTUU BHYTPU COJMTOHA MOXHO TIOJIB30BATHCS Teopuel Tarotenns Hproto-
Ha.

— IIpu TemrepaType cpeasl B IPOCTPAHCTBE COJIMTOHA HIDKE TeMIiteparyphl [lebas B kade-
CTBE YPaBHCHUU JBHIKEHUS SHEPTUU MOKHO HCIIOJIb30BAaTh aHAJIOTH YPAaBHEHUU 3JICKTPOIMHA-
MUKH MakcBesuia, T. K. B 3TOM Cliydac YPaBHCHHS SHEPTUU MOTYT OBITh COCTABJICHBI U3 MPOU3-
BOJTHBIX SHEPTUHU HE BBIIIE BTOPOTO MOPSJIKA.

TakuM oOpa3om, 3aKOH BCEMUPHOTO TsAroTeHus: HploToHa yTpaunBaeT JOrMy aOCOJIIOTHO-
ro W JCHCTBYET TOJIbKO BO BHYTPEHHEM M «MEKOO0O0JIOYCUHOM) IPOCTPAHCTBAX COJUTOHA M
TOJIBKO CPEIM MAaTepUATIBLHBIX 00BEKTOB, UIMEIOIIUX OOIIYIO MEpY.

FnaBa 7. dkcnepuMeHTanbHble NOATBEPXKAEHUA BbISIBJIEHHbIX CBOUCTB

cyHAaMeHTanbHbIX (PU3NYECKUX KOHCTaHT.
7.1. O6wmn noaxopn K npobrieMe aKCrnepuMeHTanbHbIX NPOBEPOK
NoJlyYeHHbIX pe3ynbTaToB.

Ha nagansHOM 3Tarie ucCiIeJIOBaHUA, KOTOPBIC 3aBEPIIIIACH W3IaHUEM HACTOSIICH KHUTH,
SKCIEPUMEHTHI HE NMPOBOJIMWINCH, T. K. B 3TOM HE ObUI0 HeoOxoaumoctu. CBOMCTBA QyHAaMEH-
TaJbHBIX (PU3MUECKUX KOHCTAHT U aHAJUTHUYSCKUE B3aUMOCBS3M MEKy HUMH BBISBIICHBI Ha OC-
HOBE HOBBIX MHTEPIPETAINil psjia OOIICH3BECTHBIX JKCIIEPUMEHTAIBHBIX U HAOII0aTeIbHBIX
¢dakxroB ¢usuku. [Ipu 3TOM NpsSIMOE IKCIIEPUMEHTATLHOE TIOITBEPKICHIE BBISIBJICHHBIX CBOWCTB

(¢u3NyecKuX KOHCTAHT, CBOMCTB KBAHTOBOI'O BaKyyMa U IPEJUIOKEHHBIX T€OMETPUUYECKOH cXe-
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MBI U M&TGM&TI/I‘IGCKOIZ MOJCan BHepFI/II/I MBI HAIINIX B U3BCCTHBIX CBOfICTBaX TAaK HA3bIBACMOT' O
KPUTHYCCKOI'0 COCTOSIHHA BEIICCTBA.

KpI/ITI/IT-IeCKOG COCTOSHHUEC BCIICCTBA PACCMATPUBACTCA KaK COCTOAHUC MATCpHUU BCIUICCT-
BCHHOTO ana, HaXOI[ﬂHleﬁCﬂ Ha ((FGOMCTpH‘lGCKOﬁ FpaHI/IH€>> BCIICCTBCHHOI'O MI/Ipa " KBAHTO-
BOI'o BaKyyma. To ectb cBOMiCTBa BCIICCTBA, HAXOAAMICTOCA B KPUTUUCCKOM COCTOSHUU, B 3HA-
YUTENBHOU MEpPE XapaKTEPU3yIOT CBOMCTBA KBAHTOBOI'O BAKYyMa.

7.2. O6wen3BeCcTHbIe CBONCTBA KPUTUYECKOIO COCTOSIHUSA BeLwecTBa [2, 8, 19].

Kputnueckoe cocrosinue BemecTBa — 3TO COCTOSTHUE, B KOTOPOM JIBE MK Oosiee a3 Bere-
CTBa, HAXOJAIIINXCS MG)KI[y CO6OI>1 B TepMO)II/IHaMI/I‘-ICCKOM paBHOBGCI/II/I, CTAHOBJITCA TOXICCT-
BEHHBIMH TI0 CBOMM (PU3MUYECKUM CBOMCTBaM. B (ha30BBIX mepexosiax BTOPOro pojia BEIIECTBO
MIPOSIBJIIET CBOMCTBA CBEPXIPOBOJAUMOCTH U CBEPXTEKydecTH. B uncie oOumenpuHsITHIX MOJIO-
)KGHI/II\/’I (0] KpI/ITI/IT-IGCKOM COCTOAHHNU BCIICCTBA B (i)I/ISI/IKe HpHMGHfIGTCfI CJ'IGILYIOIHaSI MarTeMaTnuce-
CKast MOJICJIb KpI/ITI/I‘IeCKOFO COCTOAHUA:

dP| _d&’P| _d’P| _d'P| _,
dvl, av:| —avi| —av'|

rae P, V, T — naBnenue, 00beM U TeMIlepaTypa BEIIECTBA, HAXOSIIETOCS B KPUTHIECKOM
coctosiHuu. BOin3u Touek (pa3oBbIX nepexoa0B pacTyT (UIYKTyallud IUIOTHOCTH, KOHLEHTPALUU
U J1p. pU3NUECKUX BEJIMYMH, XapaKTEPU3YIOIIHUX BEIIECTBO U €ro coctosHue. Poct duykryanuun
MPUBOJIUT K POCTY HEOJTHOPOAHOCTEH U, CIEI0BATENbHO, K YCUJIEHUIO PACCESIHUS M TIOTJIOIICHUS
SHEpruu B BellecTBe. 3MeHsercs cToxacTuyeckas IpUpoJia JABMKEHUS YacTHll, T. €. IPOUCXO-
JUT HapacTaHHUE aMIUIUTYAbI «I1€PUOJNYECKUX KOJIEOaHUH IrpaIueHTOB» (PU3HUECKUX Mapamer-
poB. B crucreme BO3ZHMKAIOT PE30HAHCHBIE COCTOSIHUS, YTO COMPOBOXKIAECTCS «3aXBATOM SHEPrUU
B COCEJHUX YacCTOTax» U APYrUMU PpU3NUECKUMH dPPeKTaMy HeTUHEHHOW onTuku. Bo3Hukaror
YCTOWYMBBIE AHOMAJIUU BA3KOCTH, TEINIONPOBOJIHOCTU U Jp. (U3UUYECKUX CBONCTB BELIECTBA.

Hanpumep, 3amennsercss ycTaHOBJIEHUE TEIUIOBOTO PAaBHOBECHSI U B KPUTHUYECKOW TOUKE
OHO MOYKET JIOCTUTaTh MHOTHX YacoB.

OaMHAKOBO 3aBUCAT OT TEMIIEPATYpbl BOJIIM3U KPUTUUYECKON TOUKU U MOTYT OBbITh BbIpaxce-
HbI OJJTHOTUITHOM (hOpMYJIOH Clieyrolue CBOMCTBA KPUTUYECKOTO COCTOSIHUSI BELIECTBA!

ov oM oD oX _
a_PT~a7|P,T~6_E|P,T~a|PT~T ~r

DTO 4YacTHBIC TIPOM3BOJIHBIC — OTHOIICHUS M3MEHEHUM TapameTpoB: oObema rasza V, Ha-
MarHM4eHHOCTH M, nonsipuzauuu D, KOHIIEHTpaUMu KOMIOHEHTa X B CMECU — K U3MEHEHHIO
JABJICHUSI P, HaNpsyKEHHOCTH MAarHUTHOTO M 3JIEKTPUYECKOTO mosiel H u E, a Takke XuMuye-

CKOI'0O IIoT€HIHraa |L — COOTBETCTBCHHO, — IIPU MOCTOAHHBIX AABJICHUHA Pu TEMIICPATypC T Be-

niectBa. B HazBanHO# Qopmyne: y — kputnueckuit unnexc; =(7 - Tx)/Tx — npuBeeHHAs TEMIIE-
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parypa; Tx — KpUTHUECKas TeMIepaTypa; » — paJnyc KOPPEesuu, XapaKTepU3yoIuid paccTos-
HUE, Ha KOTOpOM (UIYKTyallMM MapaMeTpoB BIUSIOT JIpYyr Ha japyra. Bmecto npuBeneHHON TeM-
IepaTypbl aHAJIOTUYHbIE PE3YNIbTAThl AAIOT U APYTrue NMpUBEACHHbIE (PU3HUECKUE MapaMeTphbl —
NaBjieHue, 00BbEM U Jp., OTHECEHHbIE K UX 3HAYEHUSIM B KPUTHUYECKOM COCTOSHUU. PUBHKH I10-
JIararT, YTO KPUTUYECKUN MHAEKC ¥ UMEET OJMHAKOBbIE WM OJM3KHUE 3HAUEHUs Ui BceX (pu3u-
YEeCKUX CUCTEM. DKCIEPUMEHTHI Jal0T YHCIEHHbIe 3HaYeHus uHaekca: y~1+1,33. AHanoruunas
3aBUCHMOCTD HaOmomaercs u st rerwioeMkocteii: Cy ~ Cy~ Cp~ Cpy, ~ 7 % tie o ~ 0+0,2 —
KputHueckuit nujekc. [1ono6HbIM ke 00pa3oM B OKPECTHOCTAX KPUTUYECKON TOUKU MOTYT ObITh
BBIPA)KEHBI: 3aBUCUMOCTb YAEJIbHOIO 00beMa ra3za — OT JaBJICHUs, MArHUTHOTO U 3JIEKTPUYECKO-
IO MOMEHTOB CUCTEMBI — OT HANPSHKEHHOCTH I0JIs, KPUTUYECKUE UHJEKCHl B KOTOPBIX MO CBOM-
CTBaM U YMCJICHHBIM 3HAUECHUSIM «IIOXOKU» Ha O U Y.
7.3. [1Ba BMAa 3Heprum KBaHTOBOro Bakyyma B KpUTUHECKOM
COCTOSIHMM BellecTBa [2, 8, 19].

B kputrueckom COCTOSIHUHM pauyc KOPPENILuuu » GU3NKO-XUMHUECKUX CBOMCTB AJIsl BCEX

BEIIECTB OJIMHAKOB U 3aBHCHUT OT TeMIIepaTypbl M0 cTeNeHHOMY 3akoHy. Ilo ¢pusnueckomy co-

JEPXKAHUIO ITO MOHATHE OJIM3KO K CpeaHeMy pasmepy GpiayKTyauuu r~7
rae v~ 5 + 3 IIpeioiaraeMble y4eHbIMU YUCIIEHHBIE 3HAYCHUSI.

W3 npuBeneHHbIX GOpMYT KPUTHUYECKOTO COCTOSHHUS U BBISIBICHHBIX CBOMCTB KOHCTAHT
CJIeIyeT, YTO C MPUOMIKEHHEM K TOouke (pa3oBOro mepexona r oOpamiaercs B OECKOHEYHOCTD.
DTO O3HaYaeT, 4TO BCS MAaKpOCHCTEMa IEPEXOJUT B PE30HAHCHOE COCTOSHHUE. DTO O3HAJYaeT
Tak)Ke, 9TO TOKH BceX (POpPM KOHICHCUPYIOIICHCS SHEPTHH: IEKTPUICCKUI TOK, TEIuIonepe/a-
4ya, MarHUTHBIN TOK, AU Qy3ust BeuecTsa U aApyrue (Gopmbl IBUKEHHUS SHEPTUU U MATEPUH —
HMCIOT OAMHAKOBBIC U HCPA3JINIUMBIC (1)I/ISI/IK0-XI/IMI/IT-ICCKI/IG COJCpIKaHNA U paBHBIC KBAHTHI IIC-
pCHOCHMOI)’I OHCPIUH. W3 Bcero sToro MoxHo CACJIaTh BBIBOJ, YTO KPUTUYCCKOC COCTOSAHHC BC-
IIECTBA U CTOXACTUYCCKOE JIBMIKCHHE YHEPTUU B MAKPOCHCTEME TI0 (PU3HUECKOMY COJICPIKAHUIO
— OTO TOXIACCTBCHHBIC IIOHATHUA. W3 storo CJIICOYCT TAKXKE, YTO B3aMMOCBA3aHHBIC TOKHU JIBYX BU-
A0B OHEPIUH — TOXACCTBCHHBI. 910 0O3HA4YacT, 4TO KOJIMYECTBY SHECPTrUU EM HCO6XO)II/IMO I10-
CTaBUTHh B COOTBETCTBHE HE BCIO SHEPTHUIO E, a JIMIIb HEKOTOPYIO €€ 9acTh AE,,. DT0 03Ha4aeT
Tak)Ke, 4TO BCE MapaMeTPhl U IMTPOU3BOJIHBIC SHEPTUH JIFOOOTO TOPS/IKA MO MPUPAIICHUIO JTF000TO
XapaKTCPUCTUYICCKOTO ITapaMeTpa, B TOM YUCIIC U I'COMETPHUYCCKOI0, YHUCJICHHO PAaBHbLI MCKAY

co0o0i1 1 paBHBI €JMHUILIE, YUUTHIBAsI, yTO B Touke K’ (puc. 2, c. 53):

n d"E
EH ZAEZ — d E,w _ p
J P dtn dtn

~
~

Taxum o6pa30M, KPUTHUYCCKOC COCTOAHUC BCUICCTBA SABJIACTCA YCIIOBUEM TAaK HAa3bIBA€CMOI'O
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«BEJIUKOT0 00beIMHEHU» (QyHIaMEHTAIbHBIX (PU3UUYECKUX KOHCTAHT: BCE MapaMeTphbl SHEPTHUH,
¢u3nyecKkue KOHCTAHThI U €AMHUIIBI (PU3NUECKUX BETUYMH YHUCICHHO PaBHbI €IMHULIE U Oe3pa3-
MepHbl. [Ipu 3TOM 002 BUIa SHEPTUU B KPUTUYECKOM COCTOSIHUU YTPAuMBAIOT HE TOJBKO Pa3iu-
YUl B Pa3MEPHOCTAX €IUHUL] GU3NYECKUX BEJIMYMH, HO U KOJUYECTBEHHYIO MEpY, BCIIEJICTBUE
TOTO YTO JIF00O€ KOJIMYECTBO SHEPTUU BEILIECTBEHHOTO MUPA B KBAHTOBOM BaKyyMe OECKOHEUYHO
MaJlo, BBUAY OECKOHEUHO OOJIBLION IIOTHOCTH PHEPruM E,,. JIomycTuB, 4TO B KPUTUUECKOH 00-
JacTu aBa BUJa 3Hepruu E, u AE., cTpeMATCs K OAMHAKOBOMY YHCJIIEHHOMY 3HA4€HUIO, B COJIU-
TOHE 3TO BO3MOKHO JIMILIb IIPU CTPEMJIEHUH IPUpAILEHUs paguyca-BeKTopa K Hynto. g conu-
TOHa 3TO 03HaudaeT (auana3zon K—K', puc. 2, ¢. 53):

E, =47R*, AE, =§ﬂR3.

M P

PaccmarpuBas ennHu4yHOE 3HaUeHHE paanyca-BekTopa R = 1 u «mpeHeOperas» ero «oko-
JIOHYJIEBBIMUY» TPHUPAIMECHUSIMH TIPU «OMEHUAX» IIEHTPA, MBI MOXEM CJeNaTh BBIBOJ, YTO Ha-
YaJIbHOMY 3HAYEHUIO PHEPTUH, HA TEOMETPUUICCKON TpaHUIe KPUTHIECKOTO COCTOSHUS BEIIECT-

Ba B TOUYKE K, OTBEYAET yCIIOBUE:

1
E,~=AE, .
M 3 P
CsoiicTBa KPUTHUYCCKOI'0 COCTOSIHHA BCIICCTBA W BLISABJICHHBIC CBOMCTBA q)YHI[aMCHTaJ'IB-
HBbIX (1)I/I3I/ILICCKI/IX KOHCTAHT IIO3BOJIMJIM YTOYHUTBL 3TOT BBIBO:

E E, 1
y~——=r,a~——=—
AE

op E,u 42 .

W3 sToro cienyer, 4To BCe KOHCTAHThI CTPEMATCS K UPPALMOHATIBHOMY YHCIy, KPaTHOMY
YHCIy T, YTO B OKPECTHOCTSAX KPUTHUECKUX TOUYEK Bce (GOpMbI SHEpruu E, «HauYMHAIOT MpeBpa-
IIAThCS» B DHEPTUI0 (GU3NYECKOro BakyyMa AE,, 1 00paTHO — B PEIaKCalluUOHHOM aBTOKoJje0a-
TEJIBHOM Ipolecce. AMIUIUTYIAa U YacTOTa KojeOaHUIl MOTYT IPUHUMATD JIFOOble KOJIMYECTBEH-
Hbl€ 3HAUEHUS, MMPOMOPLHUU KOTOPBIX CBSI3aHBI MEXJy COOON TOIBKO M€OMETPHUUECKUMH COOT-
HOILIEHUSMHU B IPOCTPAHCTBE COJIMTOHA — JUIHICOUAA. [[03TOMY COJIUTOH paccMaTpUBaeTCs Kak
reoMeTpuueckas MOJENIb OJHOBPEMEHHOTO B3aMMOCBSI3aHHOIO CYILECTBOBAHUS JABYX BHJIOB
SHEpPruu.

[IpennoxxeHHoe «BeTUKOE 0OBEAMHEHHE» KOHCTAHT B HU3KOPHEPI€TUYECKOW 00J1acTu He
MPOTUBOPEUUT CYILECTBYIOUIEH TPAaKTOBKE ATOrO MOHATHS MPUMEHUTEIBHO K OY€Hb OO0JbIIOI
IJIOTHOCTH SHEPTHUHU.

OObenMHEHNE KOHCTAHT TOJIY4aeTCsl M B TJIOTHOCTH ~510% t/em® [2, c. 69; 15]. Kaxy-

muecd MpoTUBOPECUYNA U HECOOTBCTCTBHA, BOSHHUKIINC B 3aKITIOYNTCILHON JacTH 1I. 73, CHHUMa-

JOTCH B rjiaBe 9. HpI/I OTOM IMOHATUC TEMIICPATYPEI H€06XOI[I/IMO OTOXIACCTBHUTH HE C IIIIOTHOCTHIO
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PEIUKTOBBIX (POTOHOB, a C MJIOTHOCTBIO 0OJIEE «MEJIKUX NMEPEHOCUUKOB» SHEPIHH — JIENTOHOB.
WMHBapraHTHOCTH TaKOW 3aMEHBI IOKa3aHa B I11. 21, m. 2.
7.4. Noyemy B BeWeCTBEHHOM MUpPe YNCIEHHbIe 3HaYeHUA pyHaaMeHTanb-
HbIX (PU3NYECKUX KOHCTAHT He paBHbl eAUHULE, a CACTEMHbIe eAUHULbI PrU3nye-
CKUX BEeJINYNH HEOAHOPOAHbI?

[To mepe ynaneHus OT reOMETPUYECKON IPaHUIIbI KBAHTOBOI'O BaKyyMa B CTOPOHY Bellle-
CTBEHHOTO MAaKpPOMHPA, II¢ MEpbI [UTHHBI CYIIECTBEHHO MPEBBIIa0T 107> ¢M, KOHCTAHTHI OTIIH-
YaloTCsA OT €IMHHUIIBI TIOTOMY, YTO B HUX MEHSETCS COOTHOIICHHE YMCICHHBIX 3HAYECHUN TTPOU3-
BOJIHBIX SHEPTHH JBYX BUJIOB, Uy€pe3 KOTOphIe (PyHIaMeHTaabHbIEe (PU3UIECKHE KOHCTAHTHI BbI-
paxenbl. OIHAKO Pa3HOPOIHOCTH B Pa3MEPHOCTIX CUCTEMHBIX €AUHUI] (U3HUYECKUX BEIIUYUH Y
Pa3IMYHbIX MapaMeTPOB SHEPIHM MOSIBJIAETCS TOJBKO BCIEACTBUE JEUCTBUS «A@HTPOIOJIOTHYE-
cKkoro» ¢akropa: A oOecrieyeHus] Ha3BaHHBIX O€3pa3MepPHOCTU MM OJHOPOJHOCTU BCE ATAJIO-
Hbl U HayaJla OTCUETOB PA3JIUYHBIX HM3MEPSIEMBIX XapAKTEPUCTUUECKUX MapamMeTpPOB SHEPTHH
JIOJDKHBI OBITH B3STHI B KPUTUUECKOM COCTOSTHUHM BEIIECTBA, YTO MPU COBPEMEHHOM COCTOSHHUU
U3MEpPUTENbHON TEXHUKH HEBO3MOXHO. Takum o0pa3om, pasMEpHOCTb SHEPTUU B BELIECTBEH-
HOM MHpE TOSIBIICTCS BCJICICTBHE HEPABEHCTBA BBHIOPAHHBIX MACIITA0OB PA3IMYHBIX (HOpM
CKOHJICHCHPOBAHHOM SHEPIHH B CUCTEMAX «CAMHUID GU3HMYECKUX BEIUYUs, MPUHITHIX (PU3nKa-
MU, KaK U3BECTHO, «II0 COIJIALIEHUIO» B IIeJIAX 00ecneueHus equH0o00pa3usi u3MepeHus gpusnde-
CKHUX ¥ TEOMETPUUECKHUX BEJIMYUH PA3HBIMU JIFOAbMH, PA3IMYHBIMUA MPUOOPAMHU, B PA3HOE BpeMs,
B Pa3HBIX MECTax.

7.5. 'Ae uckatb pelweHne 3agayum npeobpasoBaHUA IHEpPrumn
KBaHTOBOro Bakyyma?

Pemenune nocraBineHHON 3a/a4ul CleyeT MCKAaTh B KPUTHUYECKOM COCTOSIHUHM BELIECTBa B
M060ii MaTepHANIBHOI Cpeje, B TOUKaX ¢ reOMeTpUdeckuMu okpectHocTsMu ~107° cm, Tounee,
Ha TPaHUIE TAKOrO CYIIECTBOBAHUS SHEPrHMH BEIIECTBEHHOIO MHpa U KBaHTOBOI'O BaKyyma, Ha
KOTOpOil Bce paznuuust GU3UKO-XUMHUYECKUX U F€OMETPUUECKHX MTapaMeTpoB JII0OOro BellecTBa
yTpauuBaroTCsl.

[Tonsox sueprum Buna E,, (B 11000 M3 U3BECTHBIX (POPM) Ha YACTOTE ~10" ¢! Be3BIBACT
HauOOJIBIIYIO B BEIIECTBEHHOM MHUPE MOIIIHOCTh PEaKMy KBAHTOBOTO BakyyMa B (popme TOXK/e-
CTBEHHOTO HWHAYIIMPOBAHHOTO HW3JIyueHUS] E M COOTBETCTBYIOIIYIO MaKCHMAaJIbHYIO MOIIHOCTBH
KOHJICHCALIMM HEKOTOPO# 4acTu AE,, B E,,. [103TOMY U MOJIy4eHUs] aHOMAJILHOW DHEPTUU B pa-
Oouelt cpene ¢ 000 PU3UKO-XUMUUECKOW TPHUPOJONH HEOOXOAMMO HadaIbHOE BO3OYKIEHUE
KOJIeOaTeIbHBIX MPOIIECCOB HA YACTOTE ~10" ¢ [Ipu 3TOM IJIOTHOCTH U MTapaMeTpbl MOJSPU3a-
M1 KBAHTOB SHEPTU HA 3TOM YaCTOTE JIODKHBI MTPEBBICUTH HEKOTOPHIE KPUTHICCKUE 3HAUCHHUSI.

Bce »T0 no3BossieT 00BACHUTH (PU3NUECKOE COJIEpKAHUE BCEX BUJIOB Pa3pyLLEHUM, B3pbI-
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BOB M KaTacTpo@ JTOO0BIX MacIITa0OB, T. €. MPOIECCOB, MPOTEKAIOIINX, «I10 YETIOBEYECKUM MEp-
Kam», JI0CTaTO4YHO ObICTpO. [loHATHS «OBICTPO» M «MENJIEHHO» — OTHOCUTENbHBI. [lockonbKy
3TO BCErjJa pejlakcalliOHHbIE TPOLIECChI, TO N3MEHEHHUE JIF000r0 MmapamMeTpa, XapakTepHU3yIoIIEro
MIPOLIECC Pa3PYLICHUSI, MOKET OBITh Pa3JI0KEHO B CYNEPIO3ULUI0 FTAPMOHUYECKUX KOojeOaHul, B
KOTOpPOM COCTABJISIIOIIAS] HA YacTOTE ~10'! ¢! BCErja MMeeT Mecto. B «MemmenHom» mpoiecce
SHEprus Ha 3TOH yacToTe B MacuITade MaTepraibHOr0 00BEKTa JOCTATOYHO Maja U «yCIEeBaeT»
nepepacipeesIuTbCs Ha HIDKHUE MOJbI 0€3 pa3pylieHusl CoJIMTOHA. B mpoTuBHOM citydae 00-
JaCThb MaTE€pUH, «OTBETCTBEHHOW» 3a pa3pylleHue, B KOTOPYIO MPOHU30ILIa HaKayKa SHEPrUH
KBaHTOBOI'O BaKyyMa Ha 3TOM 4acTOTE C JOCTATOYHO BBICOKOM MJIOTHOCTBIO, MPETEPIIEBAET U3-
MEHEHHUE CBOEr0 arperaTHOr0 COCTOSIHMS, BCJIEICTBUE TOXKAECTBEHHOCTH TEMIEPATYPhl U IUIOT-
HOCTU DHEPIrHHM Ha 3TOM 4YacTtore. Bce 3TO MPUBOAMT K YMEHBIIEHUIO NMPOYHOCTHBIX CBOWCTB
HauboJee HANPSHKEHHBIX YYaCTKOB TEXHUYECKON KOHCTPYKIIMU WU IPUPOIHOIO OOBEKTA.

Takum oOpa3om, HanbosIee MOLUTHBIM «MHULUATOPOM» KOHJIEHCAIIUU SHEPTrUU KBAHTOBOIO
BaKyyMa B 3HAUMMBbIX KOJIMYECTBAX SIBJSETCS MPEBBIILIEHNE KPUTUUECKOTO 3HAYEHUS! MIJIOTHOCTU
sHepruit AE,,, u E,, xoneOnromuxcs B padouell cpeie TEXHUYECKOH CHUCTEMBbl Ha 4acToTe, J10C-
TaTOYHO 6THM3KOH K gacTore cBera ~10' ¢, OTMeTHM, 4TO 3TH MPOLIECCH IPOMCXOIIT TOTBKO B
SHEPreTUUECKU HEPAaBHOBECHBIX CHCTEMAX.

B uvactu 3 mokazaHo, 4TO MpoLecc HaKayKy dHEprueil KBaHTOBOI'O BaKyyma JIto00ro mare-
pHAIBHOTO 00BEKTA, KAK CUCTEMBbI COJIMTOHOB, MMPOUCXOUT BCErJa Ha BCEX MOJaxX, U 3TO SBJIS-
€TCsl IPUYMHON KOHEYHOCTHU CYILECTBOBAHUS BCEX COJIMTOHOB BO BCEM JHAara30oHE UX F€OMETpU-
YEeCKUX Pa3MepoB.

7.6. ConpsixxeHHble NMHenHbIe Npeobpa3oBaHus aHepruv Bupa Ey n E;p —

KaK aBToKonebaTtenbHbIN npoLecc.

Ilons suepruii £, u E,,, KaK BEKTOPHBIX IIPOCTPAHCTB, B KOTOPBIX PACIPEACICHUE TUIOTHO-
CTH dHEPruu E,, ABIAETCS NOKa3aTeNbHON (DyHKIIMEH KBAHTOBOIO BaKyyMa, a E, — oOpaTHOl eii,
T. €. Jorapu@mMuueckoi QyHKIHEH.

OcHoBaHMEM MOKa3aTeNbHON (QYHKUIUU sBisgeTcs yucio e. Iloatomy onepanuu norapudg-
MUPOBaHUS MHOXECTBA MOJ £, KaK (DyHKIIMM KBAHTOBOT'O BaKyyMa, JalOT CUCTEMY SKCIIOHEHT,
a oOpaTHbIE OIEpallMi — CUCTEMY IMOCTOSHHBIX YHMCEJl, XapaKTepU3yoIux £,, rpaduyecku n3o-
OpakaeMbIX NMPSAMOJMHENHBIMU YUCIOBBIMH OCSIMH, JIMHEITHO CONPSKEHHBIMU C SKCIIOHEHTaMHU.

B yactu 3 HacToselt paboThl HOKa3aHO, YTO UMEETCSI IOCTATOYHO OCHOBAHUM IS TPUHSI-
THS aKCHOMAaTHYECKOI'0 IMOJIOKEHUS: JIOTMUYECKUEe 3aKOHbI MAaTEMaTUKU OOYCIIOBJIEHbI HE aHTPO-
MOJIOTMYECKUMHU CBOMCTBAMM MBIIIIJICHUS Y€I0BEKa, a CBOMCTBAMH SHEPruU KBAHTOBOTO BaKyy-
Ma. DTO MO3BOJISET HAIMIOJHUThH COINPSLKEHHBIE JTMHEHHbIE TpeoOpa3oBaHusl IapaMeTPOB BEKTOP-

HBIX T€OMETPUUYECKUX NPOCTPAHCTB E,, U E,, cneayronum (popMaibHbIM COJIEPKAHUEM.
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IIpeoOpa3oBaHuss MHOKECTBA KBAaHTOB AE,, n E,, KaKk JIEHCTBHs CYNEPIO3ULHH «COIPOBO-
KAAIOTCS» HEOOPAaTUMBIMH MPOLEAYPAMH «HATYPaJbHOTO JOrapu(gMHUpOBaHUS» MapaMeTpOB
TOKa WHAYLMPOBAHHOIO M3JIy4EHUs SHEPIMM KBAaHTOBOI'O BAaKyyMa — pa3AyBarOLIErocs Mpo-
cTpaHcTBa BeeneHHOM, T. €. TOKa sHepruu Buja £,,. B aTom nporecce nmapameTpsl TOKa SQHEPTUU

E, — 910 Bcerja OECKOHEYHO Mallble BEIMYUHBI (110 CPAaBHEHMIO € E.,), KOTOpBIE XapaKTepU3y-

FOTCS IEPUOIMYECKIMH CBOMCTBAMHU JKCIIOHEHTHI B «MAJIOM», T. K. ¢~ — 1, a rmapameTrpsl TOKa

x—0

3Hepruu E,, — 370 66CKOHEYHO OOJIbIINE BEJINYHHBI, XapaKTepU3yeMble 0OPATHOM 3KCIIOHEHTOU

et 5w,

X—>0

OTMmeTHM, YTO ATO CBOMCTBO KBAaHTOBOT'O BaKyyMa OKa3bIBA€TCsl TOK/IECTBEHHBIM OIIMCa-
HUIO «CTPAHHOT0» CBOMCTBA TaK Ha3bIBA€MOI'0 OOpal[eHHOTO BOJHOBOTO (PPOHTA, HIUPOKO MpPH-
MEHSIEMOTO B COBPEMEHHOM 3JIEKTPOHHUKE. DTO MO3BOJWIO AOMYCTUTH, YTO MOBEACHUE (PpoHTA
0OpallleHHOI AJIEKTPOMAarHUTHOM BOJIHBI HAallOMHUHAET CUCTEMY «CTOSIUMX» BOJIH, Kak (opmy
CYLIECTBOBAHMS CUCTEMbI COJIMTOHOB, C IPUTOKOM B HUX SHEPTUU KBAHTOBOT'O BaKyyMma.

7.7. lencTtBME 3aKOHa COXpaHEeHUA ABYX BUAOB 3HEpPrun.

7.7.1. Kak 0OBsICHUTH, YTO B KOHIIEMIIUU JIBYX BHJIOB SHEPrUU B OOIIEM Cllyyae B BEILECT-
BEHHOM MHpE 3aKOH COXpaHEHHs dHepruu Bujaa E, HEM3MEHHO BOCHPOU3BOJUTCS B SKCIIEPH-
MEHTaX, T. €. B «MaJIOM», IIpU HECOOIIOIEHUH 3aKOHOB COXPaHEHUs £, — «B O0IBIIOM»?

OTBeT Ha 3TOT BOIPOC: HEOOXOAMMO KOJIMYECTBY CKOHJIEHCUPOBAHHOU sHepruu EM mo-
CTaBUTb B COOTBETCTBUE HE BCIO HECKOH/IEHCHUPOBAHHYIO SHEPTUIO E,,, a JIMIIb MAIIYIO €€ 4acTh
AE., , TO)KIECTBEHHYIO E, HE TOJbKO KOJUYECTBEHHO, HO M KaUY€CTBEHHO, YTO OTOOPAXKEHO B
MaTeMaTHYECKHUX CBOMCTBAX CONPSKEHHBIX JTUHEHHBIX TPE0Opa30BaHUSIX MHOKECTB.

TakuM 00pazoM, CONpsHKEHHOE JIMHEHHOE Mpeo0pa3oBaHie MHOXKECTB B MATEMATUKE — 3TO
MaTeMaTHUYECKOE COJIep’KaHre 3aKOHA COXPAaHEHUS JABYX BUIOB SHEPrUH KBAHTOBOI'O BAKyyMa.

YuuThIBas 3TO, 3aKOH COXPAaHEHUS PHEPTUHU B COJIMTOHE MOXKEM 3amucarh, UCXOs U3 yc-
JIOBUS IMHAMUYECKOTO PAaBHOBECHS JIBYX BUJIOB SJHEPIHH B COJIM-TOHE, CIEIYIOIIUM 00pa3zoM:

E=AE, +E, ~§

rjae O — «MppaluoOHAIbHBIA OCTATOK» 3HEPTUU, KOTOPBIA MPOJOIKAET HapylIaTh CHUMMET-
PHIO KBAaHTOBOT'O BaKyyMa.

ToxecTBEHHOCTh MHIYIUPOBAHHBIX KBAHTOB SHEPrUU MO3BOJIIET pacCMaTpUBaTh IPO-
Liecc Nepen3IydyeHus: KBaHTOB AL, Kak NpOsBICHUE 3aKOHA COXpaHEHHUs PHepruu Buza E,, He-
CMOTpS Ha TO, YTO B KaXKIOM aKTe MEPEeU3TydeHHs Kak/I0T0 KBaHTa MaTepUaJIbHOTO 00beKTa —
3TO KaK[Iblil pa3 HOBbIE KBAHTHI: B MPOLIECCE «OUEPEIHBIX» KOHACHCALUNA 3TH «MppallMOHAIbHbIE

OCTaTKW» O CHOBAa M CHOBAa BO3MYIIAIOT BAKYYM, BbI3bIBas Ka)K)IBII;'I pa3 HOBOC MHAYLHHUPOBAHHOC
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W3JIy4€HHUE, YTO U SABJISIETCS IPUYMHOMN «pa3iyBaHMs» BCeneHHOM Kak CIIEJCTBHE MOCTOSIHHOU
HAaKayKyd JHEpPrueil BCeX COJUTOHOB BEIIECTBEHHOTO MHpA, OIPaHUYMBAIOLIEH BpeMs >KU3HHU
BCEX COJIMTOHOB.

[IpencraBisieTcst 0OYEBUAHBIM, YTO MapaMeTPhbl EPUOJIUUHOCTH MYyIbCAllUM MHIYLIUPOBaH-
HOTO M3JIy4Y€HHUS XapaKTEPU3YIOT U BpeMs pellakcallii CBOMCTB KBAaHTOBOI'O BaKyyMa, KOTOpbIE
HaXOJSTCSl BO B3aMMOCBSI3M CO CBOMCTBAMM pEJIaKCallUM BEILECTBA MaTepUaIbHBIX OOBEKTOB.
[Ipu cynepno3unuy CTOXaCTUUECKOI0 MHOYKECTBA TOK/IECTBEHHBIX KBAHTOB C OOJIBIINM BpeMe-
HEM peJlaKCalluu, CIIEKTP UX SHEPTUH OKa3bIBACTCS «CIUBIIUMCS.

[TockonbKy akCMOMaTUYECKH MPUHSATO, YTO B MaTEpUAIbHOM MHUpPE HET BEIIECTB C HyJe-
BBIMU 3HAYEHUSIMU BPEMEHM pelaKcallud CBOWCTB, TO Mbl MCXOAMM M3 IOJOKEHHUS, YTO U B
KBaHTOBOM BaKyyMe€ BpeMsl pejlakCallii CBOMCTB TaK)Ke€ HE MOKET UMETh HYJIEBBIX 3HAUEHUH, HO
ACUMITOTUYECKH CTPEMUTCS K HUM, IO Mepe yObIBaHUS BEJIMYUHBI T€OMETPUUECKUX Pa3MEpPOB
BO3MYIIAIONINX KBAaHTOB dHEPTUH ().

Bpewms penakcanuu BelecTBa XapakTepus3yeT JUHAMUYECKYI0 YCTOWYUBOCTH M, [0 MaTe-
MaTH4YECKOMY CMBICTY, TOJIECTBEHHO NPOM3BOJHON SHEPrUH, XapaKTEpU3YIOLIEH COOTBETCT-
BYyIOIIME (hPU3MUECKUE CBOMCTBA MaTepUAIbHOTO 0OBbEKTa: 4eM OOJIblIe BpeMs pejakcaluu, TeM
cTabmibHe 00beKT. Bpems penakcanuu Takxke He aOCOTIOTHO M PacKIaJbIBacTCs B OSECKOHEY-
HBIH psAJl COCTABIISIFOIIMX BEIUYUH.

Bpemst penakcaruu pazninyHO ISl pa3auIHBIX 00BEMOB OJHOW M TOM K€ MaTepUabHOM
cpensl. HenyneBble v pa3ianyHble 3HAUEHUSI BPEMEHHU pellakCcallii MaTepUU B pa3IMYHbIX TOUKaX
U, CIIEJOBATEJIbHO, Pa3jIMYHOE 3HAUYEHUE IPaJIMEHTOB XapaKTEPUCTUUYECKUX MapaMeTpoB SIBIIS-
10Tcs (PyHIaMEHTaIbHOM MPUUMHOM 00pa3oBaHus BUXpEH.

Bce BuxpeBble CTpyKTYpbI 110001 MaTepun HEOOXOAUMO pacCMaTpUBaTh KakK 3Talbl B -
HaMUYECKHUX MPOIECCaX CTPYKTYPUPOBAHUS SHEPTUH B COJIUTOH UJIU €€ «BBICBOOOKJIEHUS MpU
pacnaziax COJIMTOHOB, KOTOPbIE BCEI/la pacTAHYTHl BO BPEMEHHU U3-32 HEHYJIEBBIX U Pa3IMYHbIX
3HA4YECHMI BPEMEHU PEJIAKCALIMHN CBOMCTB MUKPOCOJIUTOHOB B COJIMTOHAX.

7.7.4. B BemecTBeHHOM Mupe E,, MPOSBISIET ce0sl TOIBKO IEPBBIM YIEHOM d’Eep/dl’ —
00BEMOM MPOCTPAHCTBA, T. K. CYIEPIO3ULMS OCTATBHBIX XapaKTEPU3YET TOJIBKO INIOTHOCTH £, B
3TOM MPOCTPAHCTBE C BBIPOKICHHBIMHU (PU3MUECKUMH U T€OMETPUUYECKUMU ITapaMeTpaMH.

IIpu BceM 3TOM B BELIECTBEHHOM MHUpPE IIPOM3BOJHBIE SHEPTUU BUAA E,, U3MEHSIOTCS 110
SKCIOHEHIMAIbHOMY 3aKOHY, a E,, — NpsIMOJUHENHO. DTO HE MPOTUBOPEUUT NMPUHATON METOIH-
4EeCKOM MOJENU CONPSKEHHOI0 JIMHEHHOTO IpeoOpa3oBanus £, u E,,.

biraromapst CBOMCTBY AKCIIOHEHTHI ™ u orepaTopy Jorapu(MUpoBaHuUs, B CONPSKEHHBIX
JMHENHBIX peoOpa30BaHUsX JIBa BUIAa SHEPTUU 0TOOpaxaroTcs APYT B Ipyra, Kak B pejakcaly-

OHHBIX aBTOKOJICOaTEIIbHBIX Imponeccax B3aMMHOI'O Hp€06pa3OBaHI/I5[. MosxHO IIOKa3aThb, 4TO IIpHU
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3TOM NpeoOpa3zoBaHue £, JOKHO ONUCHIBATLCSA reomerpueit Jlobauesckoro, a £, — reomeTpuent
EBKkimza, yuuThIBa€TCS, 4TO J1H000€ KOIMYECTBO £, — 3TO Bcerja OECKOHEYHO Majlasi 4acThb E,,.
W3 3TOro BO3HUKAET «METOJWYECKas MOTPEOHOCTH» B Pa3IMUYEHUU «COCEIHUX» OECKOHEYHO
00bIIKX (KaK 1 OECKOHEYHO MaJIbIX) BEJIMUMH SHEPruu Ha (JOHE yJAIEHHBIX OT HUX «OKOJIOHY-
JeBbIX» KoJndecTB E,,. Jljig 3T0ro He06X0AMMO BBOJUTH TAKUE T€OMETPUUYECKUE MACITAa0bl, KaK
«JTyTIbI BPEMEHU», YTOObI UMETh BO3MOKHOCTh pa3indarh OECKOHEYHO OO0JIbLINE MIIH OECKOHEU-
HO MaJjlble BEJIMYMHBI 1apaMeTpOB dHepruu. MHaue ropopsi, oqHOMepHas uHrepnperauus AE., u
E, npencrasnsier co00il YMCIOBYIO OCh, YXOSIIYIO U3 «OKOJOHYJIEBOI» 00nacT B oo cm. Jlto-
00l «@HTPOIOJIOTHYECKU» MAcIITa0 MO3BOJISET PAa3IUUYUTh YKCIA TOJILKO B MajoOM, T. €. B 00-
JIACTH Hayayla 0TCYeTa, YCIIOBHO PUHUMAEMOTO 3a HYJIEBOM.

B 3axiroueHue moBTOPUM, YTO CKOHJIEHCHUPOBAHHAS SHEPIHsl MPOSIBISIETCS B U3BECTHBIX

BCIICCTBCHHBIX (bopMax TOJIBKO B OTHOCHUTCIIbHO Y3KUX JUalla3oHax IUIOTHOCTEH OHEPIUH, KakK

E,
E.p, Tax u E,, BCICACTBUE TOTO 4TO E, =AE  ~e™”

3a mpenenamMu 3TOTO JWaria3oHa MmapamMeTpbl BCEX BUAOB U (POPM DHEPTUU BBIPOKJICHBHI.
BcenenctBue atoro, ¢ mo3uiiuu HaOIIOATENs, HAXOAMIETOCS B BEIIECTBEHHOM MHUPE, HUKAKUX
MIPU3HAKOB MaTE€pPUH, B OOIICTIPUHATOM NMOHUMAHUU TOTO TEPMHHA, 32 TEOMETPUUECKUMH Tpa-
HUIIaMHU BceneHHo# 1 KITacCHYEeCKOTo JIEKTPOHA HEeT. TodyHee, 3a STUMU TPaHUIIAMHU MaTEpHs HE
HabJo1aema.

Onnako, U3MEHSsI, TOYHEEe, CMEIas «aHTPOTOJIOTHUYECKHE» TeOMETPUUYCCKHE MAacIITaObl
MIPOCTPAHCTBA B OECKOHEYHO 00JIbLIOE MM OECKOHEUYHO Majloe M MOMelasi B HUX HaOiaroaarens
C «YEJIOBEYECKUM» MBIIIJICHUEM, Mbl HEM3MEHHO TOMagacM B 00JacTh JCUCTBUS 3aKOHOB CO-
XpaHEHUs «HOBOW» dHepruu Buja AL, = E, B «KHOBOM» BEIIECTBEHHOM MHPE C «HM3BECTHBIMU
CTapbIMH 3aKOHAMU (DU3UKH ¥ MATEMATHKN.

7.7.5. YuutbiBas, yTo (U3HUYECKOE COJEpKaHUE TOHATHS «OUEHHME» SKCICHTPUCHUTETOB U
CONPSDKEHHBIX C HUMH «OMEHHIN TOYEK MOBEPXHOCTH B 000JIOUKE COTMTOHA 0OYCIIOBJICHO CTO-
XaCTHYECKUMHU KOJICOAHUSIMU YHEPTUU BO MHOXKECTBE TOUYECK-UCTOKOB M TOYEK—CTOKOB SHEPTHH,
COCTaBJISIIOIINX KBAaHTOBBIM BaKyyM, HEOOXOJMMO OTMETUTBH CJIOKHYIO MPUPOIY 3aKOHA COXpa-
HeHust sHeprur. C IpUHATHEM psifa aKCMOMATHYECKUX TOJIOKEHUH 3aKOH YTPAayMBaeT JOTMY
a0COTIOTHOCTH:

3aKOH COXPAHEHHS JIBYX BHJIOB SHEPTHH COOJIIOMAETCA TOJHKO C TOUYHOCTBIO JIO «JI0CTa-
TOYHO MaJIbIX» OTKJIOHEHHUH OT MPEUIOKEHHBIX BBIIIE PABEHCTB, MAJIBIX JJISI COOTBETCTBYIOIINX
r€OMETPUUECKUX MacCIITa00B (hpaKkTaIbHBIX CTPYKTYP SHEPTUH COJIMTOHOB. 3aKOH COOIIOIAeTCs
TOJIBKO TIPHU YCJIOBUU COXPAHECHHS JUHAMUYCCKOTO PABHOBECHS MEPEU3TYyUCHHUSI CTOXACTHUESCKUX
MaKpOCHCTEM COJTMTOHOB.

OI[HaKO THUIIOTCTHYCCKH HBOHHPOBaHHLIfI COJIMTOH BCIICCTBCHHOI'O MHpa C JIFOOBIM T'e0-
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METPUYECKUM MaclITaboM Bcerja o0siafaeT M30bITOYHBIM KOJMYECTBOM 3HEPruu O BHJA E,,.
[Ipu cTroxacTuueckux mpeoOpa3oBaHUSAX IBYX BHIOB PHEPTrUU B MATEPUATLHOM OOBEKTE, KaK B
MHO>XECTBE B3aMMOCBS3aHHBIX KBAHTOB-COJUTOHOB (DJIEMEHTAPHBIX CTPYKTYpP) MaTepuu

AE,, & E, b6anaHc Beerja HapylieH B CTOPOHY 9KCIIOHEHIIMAIBHOTO HApAaCTaHus £, — o 4TO

IIPUBOJMUT B KOHEUHOM UTOr€ K HapacTaHuio AE,, u E, naxe B «cTaOUIBbHOM» coiuToHe. Mppa-
LMOHAJILHOCTh B3aUMOCBSI3€H IBYX BUJIOB SHEPTUH OrPAHUYMBAET IPOJAOIKUTEIBHOCTh CYLIECT-
BOBaHUs JIFOOOT0 COJIMTOHA, BCIEJCTBUE «HAKAYKN» B HETO SHEPTUU KBAHTOBOT'O BaKyyMma.

TakuM 00pa3zom, 3HEprus KBaHTOBOTO BaKyyMa IIOCTYMAeT B J0Oble MaTepUaabHble 00b-
€KThI BCETJa.

Bosnukaer ompoc: mouemy KIIJ momaBisiroriero OOJMBIIMHCTBA TEXHHUYECKUX CHCTEM
menbiie 100%?

OTBeT 3aKiI04aeTcs B TOM, YTO CPaBHUBAIOTCS TOJIBKO 3aTpavy€HHas U MOJIE3HAasl SHEprus,
U TOJBKO OJHOTO BMJA, U TOJIbKO B TEPMOJAMHAMUYECKH PAaBHOBECHBIX CHCTEMaxX, B KOTOPBIX
grad—0 (rpagueHT mapaMmeTpa, «00ecIeuynBaroIIeTr0» TMHAMHIECKOE PABHOBECHE CUCTEMBI).

TakuM 00pa3oM, Ui MOJYYEHHUs] aHOMAJIBHOM SHEPruu HEOOXOIUMO TPATUTH SHEPTHUIO
Buja E, He Ha npeoOpa3oBaHUe U3BECTHBIX (POPM PHEPIHH, a HA CO3AAHUE IPATUEHTOB «IIOAXO-
JSIIUX» B MTH)KEHEPHOM CMBbICIIe (U3NYECKUX MapaMeTPOB B CTOXAaCTHUECKOM IIpolecce Mpeod-
pa3oBaHus IBYX BHJIOB 3HEPTUHU, C LIEJbIO MEPEBOJa MAKPOCHUCTEMBI B LI€JIOM B TUHAMUYECKH
HEPABHOBECHOE COCTOSIHUE.

MnaBa 8. Npachnyueckme nnnocTpaumm pacnpeneneHms B CONNTOHE NIOTHOCTEN
ABYX BUOOB 3Heprum.
8.1. [1sa BMAa 3Heprum B CONINTOHEe B paBHOBECHOM COCTOSIHUM.

OO01ue cBOiiCTBa KOHCTAHT MO3BOJIAIOT C/ENIaTh BBIBOJ, YTO JIBa BHJIA SHEPIHH B JIIOOOM
CTaOUJIBHOM COJIMTOHE CYIIECTBYIOT KaK COINpPsDKEHHbIE JIMHEHHBbIE MpeoOpa3oBaHUsl MHOXKECTB
KBAHTOB JIBYX BUJIOB 9Hepruu £, u E,,, uepe3 nocpeAcTBO KBAaHTOBOIO BaKyyMa, BCJIEJICTBHE Ha-
pPYLIEHUS] €r0 CUMMETPHH Ha3BAHHBIMU NEPEHOCUNKAMHU («HPPaAlMOHATIBHBIMUA OCTaTKaMU»), KO-
TOpPbIE «aBTOMAaTUYECKHU MOSIBJIIOTCS» B PEJIAKCALIMOHHBIX aBTOKOJIE0aTeIbHBIX MIpolieccax B3a-
MMHBIX MpeoOpa3oBaHuil, BCIEACTBUE pacluupeHus BeeneHHON min sSBISIONIMXCS NPUYMHON ee
paciupeHus.

Jljis OAHOPOHOTO M30TPOITHOIO MPOCTPAHCTBA COJIUTOHA HamboJsiee MOAXOIAMIMUM rpadu-
YECKUM CIOCO0OM H300pa)K€HUs STOTO Mpollecca OKazajach auarpamMma HHGOPMaIMOHHO-
SHEPTeTUUYECKOTo MpocTpancTBa Beenennoit, npennoxxennas akagemukom PAEH, npodeccopom
MI'TY, a. 1. . B. H. Bormuenxo (puc. 2) [3], ananTipoBaHHas HAMH 17151 €IMHUYHOTO COJIUTOHA.

O6o3Hauenusi Ha quarpamme (puc. 2):

N — KOJIHMYECTBO 3JIEMEHTAPHBIX CTPYKTYP ABYX BHIOB 3HEPTUH B CONMUTOHE, N"“ =6,02-107;
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I'naBa 8. I'paduyeckue WILIIOCTPALUM pacpe/ieJieHUsI B COJIMTOHE IUIOTHOCTEH IBYX BHI0B JHEPIrUU.
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Puc. 2. luarpaMmma HHGOPMALMOHHO-IHEPIreTHYECKOI 0 NPOCTPAHCTBA COJTMTOHA
o IEV-moaeaun B.H. Boauenko

1, 2, K, K’ — xapakTepHble TOUKH KPUTUYECKOTO COCTOSIHUS BELIECTBA (SHEPTUH) B COJIUTOHE
(mosicHEHUE HIKE);

O — «UppalOHAIbHBIE OCTATKW» SHEPTUU.

IMosicnenue k quarpamme (puc. 2)

[IpuBeneHHas nuarpaMMa Mo3BOJISET BBIIBUTH CBOWCTBA KBAHTOBOI'O BaKyyMa U MaTepuH,
paccMOTpeHHBIE B creaytomei yactu 2. [IpuBeneM JIHMIIb HEKOTOPHIE U3 HUX, BBITEKAIOIINUE U3
Mozenu HUH(GOPMALMOHHO-YHEPIeTUYECKOTr0 MpocTpaHCTBa BuTainbHOcTH Bceenennoit (IEV)
npodeccopa BoaueHko u 001mIKX CBOMCTB KBAHTOBOI'O BaKyyMa.

CBoiicTBa KOHCTaHT M CBOMCTBA BEILIECTBA B KPUTUYECKOM COCTOSIHUU MO3BOJISIOT JOIYC-
TUTh, YTO SHEPTHUS U KBAHTOBBII BaKyyM — 3TO, [0 (PU3UYECKOMY COJIEPKAHUIO, TOXKAECTBEHHBIE
MIOHSATHSL.

OMIIUPUYECKHE CBOMCTBA BELIECTBA, HAXOJSIIETOCs B KPUTHUYECKOM COCTOSTHHH, IO3BO-
JSIOT JOIYCTUTh, 4TO (a3oBble nepexosl | pona nmpoucxoast B Touke K mpuBeIEeHHOH ua-

rpaMMmBbl, I'IC
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAIBHBIX (PU3HYECKHX KOHCTAHT.

a (aszoseie mepexonsl Il poma HaumHAIOT MpoUCXOaUTh B TOuke K' mepecedeHusi SKCIIOHEHT
bonbumana, rne AE.,K = E,K', uyto nocrosinHas Ilnanka 7 — 3T0 HE TOJILKO MUHUMAJIHO BO3-

MOXKHBIN B MPUPOJIE KBAHT FHEPTUH E,. DTO OTIIMYHBIA OT HYJIEBOI'O 3HAUEHUS IKCIICHTPUCUTET

€ LEHTPa, OTHOCHUTEILHO KOTOPOTO KOJEOIIOTCS 1Ba BHJIa SHEPTUH PETUKTOBOro hotona E  u

P &
AE"™ B CONPSDKEHHBIX JTMHEHHBIX MPE0Opa30oBaHUAX, T. €. 00JaCTH KoJieOaHUs IKCIEHTPUCHUTE-

P
TOB, OTHOCUTEIFHO KOTOPOTO UJET MPOIECC MEPEU3TYyICHHUST PEITUKTOBOrO (POoTOHA (PU3UUECKUM
BAKYYMOM.

YucneHHOe 3HaUeHHUE SKCLIEHTPUCUTETA PEIMKTOBOTO (POTOHA e = /1 ompeiensieT BCce CBOM-
CTBa MaTepUM HE TOJILKO BO BcenmeHHoM, HO U BCero MUpo3JaHus, T. K. pacmupenue Beenennoi
HE BJIMSICT HA YMCICHHOE 3HaueHue noctossHHoil [lnanka. B mponecce sBosonuu Beenennoi
nocrosinHas [lmanka Bcerna Obuta HeM3MEHs MO (PU3NYECKON KOHCTAHTOM, KaK 3TO CIIEIYET U3

dhopMysT aHATUTHYECKON B3aMMOCBSI3U KOHCTAHT:

M

= - = const,
dt" dt"

_dnE(,p ‘dnE

TJIe 1—>*00 — TeIIbIe YHCIIa, a TIOJIOKEHUE HYJIS Ha YHCIOBOM OCH, KaK Ha4ajo OTCYETa, YCIOBHO.

Takum oOpaszom, nocrostHHas Ilnanka — 3T0 QyHIamMeHTanbHas KOHCTaHTa (PU3UUYECKOTO
BaKyyMa, HEM3MEHHasi B JIFOOBIX T€OMETPUYECKHX MacmTadax BEMIECTBEHHOTO MHpa M 3a €ro
npeaenamMy B TUana3oHe 0T OECKOHEYHO MaJIbIX 10 OECKOHEYHO OOJIBIIMX BEIMYHH FeOMETpUYe-
CKHX Pa3MEpPOB COJIMTOHOB.

Ilpumeuanue

B TpexmepHOM MpOCTpaHCTBE IKCHEHTPUCUTET € MPEACTABISET cOO00W 00macTh OMEHUS
OKCHCHTPUCUTETOB TPECXMCPHOI'O JJIJIMIICOU A, KOTOpI:IfI B HCKOTOpOM HpI/I6J'II/I)KeHI/H/I npeacraBs-
nsieT coboit cdepy, y KOTOPOU HEHTP «Pa3MbITY, a cepuueckasi MIOBEPXHOCTh UMEET TOJIIHHY.
[Ipu sTOM cheprueckas 0005104Ka U «Pa3MBITBI» LEHTP — FreOMeTpuuecKku mo1o0Hbl. Hecnox-
HO TI0Ka3aTh, YTO M3 TIOJOOHS BBITEKACT: 000JI0YKA U LIEHTP SBISIOTCS IPYT U Ipyra o0iacTs-
MU TOUYCK IEPECCUCHUSA MHOXKCECTBA JUPCKTPHUC IJUIMIICOHNAA, ITIOOTOMY U 000JI0YKa U LCHTp fB-
JIAIOTCA TCOMCTPUICCKUMHA MECTaMU TOUYCK IMTEPECCUCHUA TUPCKTPHUC.

8.2. MeaneHHbIN NOABOA B CONIMTOH CKOHAEHCUPOBaHHOMW IHEPIruwn.

B coMMTOH MOCTAaTOYHO MEIUIEHHO M3BHE IMOCTYIAET M30BITOYHOE KOJIWYECTBO SHEPTHH
Buna E,. [1pu stom usndeckasi npupoja MICTOUHUKA SHEPTUU HE UMEET 3HAYCHMUSL.

«MemIeHHBI TTO/IBO/I» SHEPTHH O3HAYAeT, YTO OHA «IIOYTH YCIIEBACT» paCIpPEACITUTHCS
BHYTpH COJIMTOHA I10 3aKOHY 3KCHOHEHT bosbimana (puc. 3, c. 55).

Boznukaet BOITPOC: KaK IMPOUCXOAUT IPHU 3TOM 3BOJIIOLUA SHCPIrETUYCCKOI0 COCTOAHUA

coyiToHa?
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Jly1st oTBETa Ha ATOT BOMPOC CHOBA paccMOTpuM auarpammy-mozens B. H. Bomdenko [3],
a/JIalITUPOBAHHYI0 HAaMU Ha COJIUTOHBI € 000N (PU3MKO-XMMHUYECKON MPUPOJIOH, NPUBEACHHON

Ha puc. 3.

Hanpasnenue cmemeHus
9KCIIOHEHT IIpH 3aKaukKe B
COJIMTOH 3Hepruy Buja £

Puc. 3. IBoJlonus 3HepPrumM COJMTOHA IPU MeJIEHHOI 3aKkauke JHepruu Buaa £, B
COJINTOH

O0o3Ha4yeHus1 Ha puc. 3:

— TOYKU ¥ UHJEKCHI 1, 2 — COOTBETCTBYIOT HaYaJIbHOMY COCTOSIHHIO U KOHEYHOMY HOBOMY
COCTOSIHUIO, COOTBETCTBEHHO;

— 104k K, K; — KpuTH4YECKHE TOUYKH, MOJI0KEHNE KOTOPBIX COOTBETCTBYET HAYaJIbHOMY U
HOBOMY KPUTHUYECKOMY COCTOSIHHIO BEILIECTBA B COJUTOHE;

— 3KcrnioHeHTa bonbiMana i E,, — CIUIOIIHAS JTUHHUS,

— BKCIOHEHTa bonbuMana i AE,, — IyHKTUPHAs JIMHHS.

IMosicuenue K puc. 3

[Ipu mMemyieHHOM TOABOJE B COJUTOH AHEpPruu Buua E, skcnoHeHTa bosbimana EM] cMe-
IIAETCA BBEPX, B MOJIOKECHUE EMZ. [Ipu sTOM TOUKa K;, KpUTUYECKOTO COCTOSIHHS (COTJIACHO 3a-
koHy BuHa [2, c. 77]) cmemaercsa BopaBo B TOUKy K>, T. K. 9KCIIOHEHTa AE,, COTJIaCHO CBOMCT-
BaM KBAaHTOBOI'O BaKyyMa JIOJKHA CMEUIAThCsl BHU3, U3 IMOJIOXKEHUS AEgpl B MOJIOKEHUE AEZP2
YTO [IOKA3aHO CTPEJIKaMH.

[Ipu MenneHHOM OTBOJIE PHEPTUU U3 COJUTOHA, B MPOLIECCE PAaCCESHUs, IBOJIIOLUS dHEP-
UM B COJIMTOHE MPOTEKAaeT B 0OpaTHOM MOCIIE0BATEIbHOCTH. JTH SIBICHUS U MPOIECCHI XOPO-
10 U3YYEHBI U IIUPOKO IPUMEHSIOTCS B KBAaHTOBOM 3nekTponuke [20, c. 23-26].

8.3. NoaBoa B CONMUTOH HECKOHAEHCUPOBAHHOWN 3HEPruu.

8.3.1. HanomuuM, yTO 3Heprus (pu3M4eckoro BaKkyyma MOKET INOCTYIUTH B COJUTOH Ha-



Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

yrHas ¢ ¢a3zoBoro cocrosinus [ poaa ero Bemectsa B Touke K (puc. 2, ¢. 53) u TOJBKO HA YacTo-
T€ PEIUKTOBBIX ()OTOHOB, T. K. TOJIBKO B TOM Cilydae dHeprus Buaa AE,, KOHIAEHCHPYETCS B
SHEpruio £, B 3HAYMMBIX KOJUYECTBAX, YTO MOKa3aHO Ha puc. 4, ¢. 57.

IIpn menneHHOM noaBoje 3Hepruu AE,, U COOTBETCTBYIOIIAs CKOHIECHCUPOBAHHAS JHEP-
rusi EM ycneBaroT pacnpenenuthes 1o dkcnoHeHTam bosbrimana. OmHako B 3TOM ciiydae 00e
SKCITOHEHTBI CMEMIAIOTCS BBEPX U3 MOJOKEHUS E' B monoxenue E2, Toyka K cMmemiaeTcs 13 I10-
noxxeHusa K; B nonoxenue K.

Ilpumeuanue. Tepmun «meonenHvIl» O3HAUAEM, YMO CKOHOEHCUPOBABUIAACA 8 00acmu
K; — K, oanepeus «ycnesaemy» nepepacnpedeniumscsi 6 COIUMOHE.

Konpencauus sneprun AE,, B 3HEpruro £, B 3HAYUMBIX KOJMUYECTBAX MPOUCXOIUT, KaK

TOJIBKO B KPUTUUCCKUX TOYKAX BOSHUKAIOT COOTHOIICHUA ABYX BUAOB OSOHECPTUHN

u jocruraer paseHcrsa AE,, = E,,. To ectb 001acTh KOHJAEHCAUUH Hepruu E,, B E,, HaX0IUTCs
BOJIM3U KpUTHYECKHUX ToueK (a30BbiX nepexoaos | u Il ponga. B obmem ciaydyae cnocoOsl nmpuse-
JICHUSI BEIECTBA B KPUTUYECKOE COCTOSHHE BeIecTBa M3BeCTHBL. Ho oHM Manola(¢eKTHBHBI,
MMOCKOJIBKY YHCJIO TOYEK KPUTHYECKOTO COCTOSIHHUS BEIIECTBA, XOTSA M JOCTATOYHO BEJIMKO, HO
OHU HAXOJSITCA B CTOXACTHYECKOM COCTOSHUU. HeTpymHo yOeauThesi, 9YTO KOJUYECTBO H30BI-
TOYHO KOHJEHCUpYIoLIelcs sHeprun AE,, BCeraa MUHUMAIIBHO: ainredpandeckas cymMma oOpa-
3YIOIIUXCS MHOXECTB CTOXaCTHYECKHUX KBAHTOB 3HEPruu K, Bcerja MUHHUMAaJIbHO-BO3MOJKHAS,
MTOCKOJIbKY BCE€ OHM UMEIOT pa3HOE HaIpaBJCHUE U BO3HUKAIOT B PA3HOE BPEMSI.

Panee MBI y)xe oTMedaiM, 4TO CTOXAacTHUYECKas MpUpojaa NpeoOpa3oBaHHsS IBYX BHUIOB
SHEPTUH ABJISIETCS (PYyHIAMEHTAILHOM OCHOBOM 3aKOHOB COXpaHEHHS (PU3HKH, HAJAC)KHO MACKH-

pYIOLIEN IPOSABIICHUE SHEPTUU BUJA AL,

56
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Puc. 4. «MenseHHbIii» MOABOJ B COJTUTOH dHepruu Buja E,,
(o003HaYeHMSsI, AHATTOTHYHBIE PUC 3, CTPEJIKHU MOKA3bIBAIOT HANIPABJIEHHE CMeEllleHU s
JIKCIIOHEHT)
Jst Toro uytoOb! KOHAeHcauus AE,, B E,, Obl1a 3Ha4MMOM, HE0OOX0 MO JIF0OOBIM CIIOCOOOM

VIIOPSIIOYUTh CTOXAaCTHYECKOE JBIKECHHE MHKPOCOJHMTOHOB N, Ha YacTOTE PEITUKTOBHIX (hoTO-
HOB, T. €. 00€CIIeYUTh HEKOTOPYIO IJIOTHOCTh PE30HAHCHBIX (OTOHOB. OAHAKO, €CIU IJIOTHOCTD
TakuX (OTOHOB MPEBBICUT KPUTUUECKYIO BEIMYNHY, BO3HUKHET JIABUHHAsT KOHJICHCAIIUSI SHEp-
run AE,, B E,.

Kak Oynmer mpoucXoauTh 3BOJIONUS MAaKPOCOJIUTOHA TPU HEOTPAHMUYEHHO TUTEIHHOM U
MEUIEHHOM I10/IBOJIE B HETO N30BITOYHOTO KOJIMYECTBA SHEPTuy Bua E.,?

OTOT mpolecc HE MOXKET MPOJI0JIKATHCS OECKOHEUHO J0Jro, T. K. B MaTepualbHOM cpefie
COJIMTOHA OyAyT MPOSIBIISITHCS Pa3IMYHOTO PoOJia CBOMCTBA MaTepuu U «pusndeckue 3pPexToi»,
IIPU KOTOPBIX KPUTEPUU CTAOMIIBHOCTH COJIMTOHA HEM30E)KHO HAPYIIATCS U OH pacmlaleTcs Ha
COCTaBJISAIOLINE €T0 MUKPOCOJIUTOHBI.

MHuoroo0Opa3ue crieHapyeB 3BOJIIOLMHN SHEPTUU COJIUTOHA B 3TOM Cllyyae 4pe3BblYaiiHO Be-
JIMKO - OT CTPYKTYPUPOBAHUS DHEPTUU B AJIEMEHTAPHBIC YaCTHIIBI, aTOMBI X MOJIEKYJIBI IO 00pa-
30BaHUS IJIAHET, 3BE3]] U TAJaKTHK.

Kaxk Oyzmer mpoucxoauTh 3BOJIONNS COJIMTOHA, €CIIM MOJBOANMAs dHEprus Buaa £, He Oy-
JIET «yCIIEBATh) PacHpelleUThCs 110 IKCIIOHEeHTe bobliMaHa 1o BceMy 00beMy COJMTOHA?

OToT mporuecc OyAeT NMPUBOIUTH K ObICTPOMY pa3pyLIEHUIO COJIMTOHA, KaK MOKa3aHO Ha
puc. 5, c. 58. beIcTphlil mo1BOA 3HEPTUH AEPOPMHUPYET IKCIIOHEHTHI, YTO TOKJIECTBEHHO pacma-

Ay COJIMTOHA HAa MUKPOCOJIMTOHBEI.
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Puc S. BbicTpblii NOABOA 3JHEPIHMH B COJHTOH, Ae()opManus IKCIOHEHT MOKAa3aHA
NYHKTHPOM: COIJIACHO 3aKOHY cOXpaHeHus 3Hepruii 6 (AE,,)= 0E,, rae d - npupameHus
AE,u E,
OpnHako B MPUPOJIE HMIMPOKO PACIPOCTPAHEHO «CTAOMIIBHOE CYIIECTBOBAaHWE HECTAOWIIb-

HBIX COJIMTOHOBY, 6naroz[ap;1 4YEeMy B BCHICCTBCHHOM MHPEC BCC XMMHUUYCCKHE JJICMCHTHI H, I10-
BUJIUMOMY, BCE ApPYyrue CTpyKTypHble 00pa30BaHUsl MaTepUH UMEIOT pa3IMYHbIC 3alachl «BHYT-
PEHHEN SHEPTUMY.

ITockoseKy mpoueccsl mpeoOpa3oBaHus IBYX BUAOB 3Hepruu AE., u E, Bcerna mpomucxo-
JAT 10CTAaTOYHO 6I)ICTpO, IIO3TOMY KPUTCPHUU CTaOMIILHOCTH HapyLICHBI BCCrja, HO Ha BBEICOKHX
MOJax CyNepHo3ULIMK FrapMOHUYECKOTo psiaa kosebanuil sHepruu. [loaromy modast HecTaOMIIb-
HOCTb SHCPIre€TUYCCKOI0 COCTOAHNA TBEPAOTO COJIMTOHA HNPOABIIACTCA MHOTOYHUCICHHBIMHU (1)I/I31/I-
KO-XMUMHMYECKUMHU CBOMCTBaMH U 3 (heKkTaMu, OOJIBIINHCTBO U3 KOTOPBIX YK€ JaBHO U3BECTHO.

Maea 9. NMpuHUMNbI reoMmeTpUsauun PU3INKU U KPUTUYECKOE
COCTOsIHMe BelluecTBa

B KPUTHYCCKOM COCTOSIHHMHU B BCIICCTBC HAPYHIAIOTCA BCC IMMPHUHIIUIIBL (1)I/I3I/IKI/I.

[TpuHIIMT reoMeTpu3anuu — GyHAaMEHTaIbHAs U, Ka3aJloch Obl, HE3pI0IeMasi OCHOBAa Ma-
TEMAaTHKH U GU3UKU — HE OKA3AJICS UCKITIOUCHHUEM.

[ToxaskeM 3TO Ha CIIEAYIOIINUX CBONCTBaX KPUTHIECKOTO COCTOSHHSI BEIIECTBA.

9.1. IIpuBeneHHBIE B HACTOSLIEH I1aBE, SKCIIEPUMEHTAIBHO MOJyYEHHBIE YYEHBIMH, CBOM-
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I'naBa 9. IIpuHUNBI reoMeTpU3anNu (PU3NKH U KPUTHYECKOE COCTOSIHUE BElleCTBA.

CTBa BELIECTBA B KPUTUUECKOM COCTOSIHUU, U3 KOTOPBIX CJIEIYET, YTO HA IPAHULIE KPUTHUECKOIO
cocrosiHus E,, ~ 3E,,, a Ha niepecedyeHUH dKclIOHEeHT bonbumana B IEV-Monenu Bonuenko (puc.
2,c. 53) E,, #AE.,, — 3TO CBUJIETEILCTBYET, Ka3aJI0Ch Obl, 0 HECOOTBETCTBUM IIPUHATON reoMeT-
pUYECKON MOJIENH IBYX BUJIOB 3Hepruu (puc. 1, ¢. 37) u pOTUBOPEUUT BHISBIEHHBIM CBONCTBAM
KOHCTaHT.

OroMy npejuiaraeTcs cieayroluiee o0bsiCHEHUE.

KBantoBoe mnosie (pu3nueckoro BakyymMa MOXeET ObITh ONKUCAHO OJHOMEPHON (yHKIMEi
SHEPTUH. DTO O3HAYAET, YTO KBAHTOBBIH BaKyyM IPEICTABISET COOON CYyMEepHO3UIINI0 OECKO-
HEYHOI'0 MHOXXECTBA CTEIEHENW CBOOO/IbI €ro 3IEMEHTAapHbBIX CTPYKTYpP SHEPIUH, BCIEACTBUE O-
HOPOJHOCTH U M30TPOMHOCTU CBOMCTB, YTO MPUHSATO, MO-BUIMMOMY, BCEMH YUEHBIMU €llle Mpu
3apO’KJICHUU KBAHTOBOW MEXaHUKH.

OpHako BeIEeCTBEHHBI MUP HEU3MEHHO AEMOHCTPUPYET TPEXMEPHbIE CBONCTBA.

Crnenyer HONMyCTUTh, YTO KPUTHUECKOE COCTOSIHHE BEIECTBA — 3TO TPaHMIIA, UMEIOLIast
F€OMETPUUECKYI0 MPOTSHKEHHOCTh (TONIIUHY) MEXIY TPEXMEPHBIM BEIIECTBEHHBIM MHUPOM H
MHOTOMEPHBIM «TOHKHM» MHUPOM, MPEICTABIIAIOUIUM cO00M Cyneprno3ulinio 0eCKOHEYHO 00JIb-
LIOT0 YKCJIa U3MEPEHUH, KaK 3TO IPUHATO CUUTATb.

[Toxaxem 3TO Ha Tpex I€OMETPHUYECKHX MOJENSIX ABYX BUIOB DHEPIHMH B TPEXMEPHOM,
JBYMEPHOM U OJJHOMEPHOM IIPOCTPAHCTBAX.

1) B kadectBe MCXOMHOW MOJETH BO3BMEM TPEXMEpPHYIO c(epy €IMHHYHOTO pajuyca

(puc.1, c. 34):

4 3 .
AE, =V ZgﬂR — 00beMm chepsl;
E, =S=47R’ — I0BEPXHOCTH CHEPHL.

2) B Moaenu AByX BUJIOB SHEPTUH ISl IBYMEPHOTO (IIJIOCKOTO) MPOCTPAHCTBA!

4
AE =V ZgﬂRS — IUIOINAb KPyra;

P

E,=§=27R — qnuHa OKPY>KHOCTH.

3) B Moaenu sHepruu Ui 0JHOMEPHOTO NPOCTPAHCTBA, T. €. ISl KBAHTOBOI'O BaKyyMa:

AE

P

4
V= gﬂR3 — PaInyC-BEKTOP;

E, =S =7 — «T0YKa-BEKTOP» IIPOCTPAHCTBA, «UCTOYHUK» UIIU «CTOK» SHEPIHH.
Takum 00pa3om, KpUTUUECKHE WHJIEKCHl Ha TPaHHIIE MAaTepus — KBAHTOBBIM BakyyM (Ha
I .
auarpaMmme puc. 2, c. 53, 3to ob6nacts Touek K' + K), uMeromue YMCICHHbIC 3HAUYCHHUS, CBSI3aH-

HBIC C YHUCJIOM TT.
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

y=n; oz=l (cm. . 7).
T

Ilpumeuanue

Kazanocw 6v1, 0na ananocuuno2o ananuza MOoMCHO UCNONIL308AMb MOILKO OOHY mpexmep-
HYI0 MOOenb — chepy u 83samb me dice coomnoutenus AE., u E, u «cuyuatinoy nonyuumse, nymem
coomeemcmeayowux cokpaujeHull «m» u «R» u uucno «3», noxosxcee na m. Qonaxko smozo oe-
J1amo Heb3A:

— 6 coomnowenusx AE,, u E, ona cghepuueckoti mooenu snepauu K8AHMoB020 6aKyyMd

Henb3s cokpawams Hu R =1, My 4uUCio T, NOCKONbKY MO d1eMenmaphble, bespasmepHvle 63au-
MOCBA3AHHbLE 6EKMOPHbLE NApaAMempbl 08YX 8U008 IHEP2ULU KEAHMOBO20 BAKYYMA.
9.2. B touke K' (puc. 2, c. 53) HacTynaeT paBeHCTBO JIBYX BUJIOB SHEPIUU
AE,, = E,.

[ToaToMy Bce NMpuUBENEHHbIE PACCYKIEHUS, MOJIEIH, HAIM aKCUOMATUYECKUE MOJIOKEHUS
Y TPEJUIOKEHHBIE CBOMCTBA KBAHTOBOTO BaKyyMma, Ka3ajoch Obl, CTAHOBSTCS HE «paboTOCTIOCO0-
HBIMUY», T. K. UACJIEHHOE PaBEHCTBO 00beMa 1 MOBEPXHOCTH c(hepbl ETUHUYHOTO pajuyca B reo-
Merpun EBxinia abcypaHo.

OpHako paBEHCTBO YMCIEHHBIX 3HAUEHUN V U S CBUIETENBCTBYET O TOM, YTO CIpaBa OT
touku K’ (puc. 2, c. 53) KBaHTOBBIH BaKyyM HaxOJUTCS B HEBO3MYIIEHHOM COCTOSIHUHU, YTO B
touke K' ruioTHocTH 3Hepruu Buja AE., u E, paBHbl. 13 3TOrO CileayeT BaXHbIN BBIBOJ, YTO B
TOHKOM MHpE, KaK U BELIECTBEHHOM MUpE, COOI0aeTcs 3aKOH U3JIy4eHHUs! SHEPTUU a0COIIOTHO
YEPHBIM TEJIOM, OTKPBITEIM M. I1nmankom:

— B MaTepuajibHOM OOBEKTE CaMOINPOU3BOJIbHBIN TOK SHEPTUU BO3MOKEH TOJIBKO C BBIC-
IIMX MOJI HA HU3IIKE, T. €. U3 TOHKOTO MUpPA B BEILIECTBEHHBIN MUP.

Jljis IpoJI0JIKEHUST KaKOro-JIn0o aHain3a CBOMCTB KBAaHTOBOI'O BaKyyMa HEOOXOJMMO Iie-
PEXOAUTDH K APYTUM F€OMETPUUYECKUM MacliTabam, B KOTOPOM MHUp JIENTOHOB B MaJIOM — 3TO TO-
&Ke TPEeXMEpHBIH MUD, T. K. IPOU3BEIEHUE JIMHEHHO-CONPSKEHHBIX MPOU3BOJHBIX JIFOOBIX IO-
PAAKOB JBYX BUJIOB SHEPTUM TaK e YUCICHHO paBHO NocTosiHHOU [InaHka, Kak ¥ B BEIlleCTBEH-
HOM TpexmepHoM mupe. Kpome Toro, B TEOpMM MHOKECTB J0Ka3aHO, YTO COINPSHKEHHOE JIMHEH-
HO€ NpeoOpa3oBaHNe MHOKECTB KBAaHTOB JBYX BUJI0B 3Hepruu £, u AE., onpenensercs eAnHCT-
BEHHBIM 00pa3oM. B nmpoTuBHOM cilyuae aBTOKOJ€0aTEIbHBIN MPOLIECC MEPEU3TyIeHHs] MaTepu-
aJIbHBIX 00BEKTOB ObLI Obl HEBO3MOXKEH. BO3HUKIIINE B CBSA3HM C 3TUM MPOTUBOPEUHUs IIPEOa0IIe-
BalOTCs B reomeTpuu JlobaueBckoro.

9.3. Takum 00pa3zom, Mbl YCTAHOBUJIM, YTO T'paHHUIA KPUTHUECKOI'O COCTOSIHUS BEIECTBA
HMMEET MPOTSHKEHHOCTH (TOJIIUHY).

Jlanee HEOOXOIMMO YCTaHOBUTD «TOJIIIMHY» I'PaHUIIbI IIEpexojia OT TPEXMEPHOTO BEKTOP-
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I'naBa 9. IIpuHUNBI reoMeTpU3anNu (PU3NKH U KPUTHYECKOE COCTOSIHUE BElleCTBA.

HOTO BEIIECTBEHHOT0 MHpPa K MHOTOMEPHOMY TOHKOMY MHUPY KBaHTOBOT'O BaKyyma.

Jljis yCTaHOBJIEHUSI MECTOIOJIOKEHHUS U TOJIIMHBI T'PaHUIbl PACCMOTPHUM JIBa COOTHOIIIE-
HUS, CIPABEUIUBBIX JJI TOUKU IepecedeHts SKCIIOHEHT bonbliMana npu noJaxoje K Hel ¢ pas-
HBIX CTOPOH:

AE.,-E,=h;,  E,=rnE.,.

Otkyna:

E=rh=1314-6,63-107 =1,44.10",

[TonyueHHOE YMCIIEHHOE 3HAUEHUE SHEPIrUU Ha I'PaHUIIE «IBYX MUPOBY» OJIU3KO BEIUMUHHE
MH(OPMAaLIMOHHO-PHEPreTHUECKOT0 Oapbepa MEXKy BEIIECTBEHHBIM M TOHKHUM Mupamu IEV —
nuarpammbl B. H. BosueHko, kak MeXy CKOHICHCUPOBAHHOW M HECKOHJICHCUPOBAHHOW 3HEP-
rusiMu E,, u AE,, Ha rpaHulle, «TOJIIUHA» KOTOPOIl Ha CTOPOHE BELIECTBEHHOIro Mupa y Boi-
genko cocrasisier ~10 % e [3, puc. 1.1].

[IpuHATO cuMTaTh, YTO KBAHTOBBIM BAKyyM B JMHAMUYECKU PAaBHOBECHOM COCTOSIHHUM PO-
KJAeT BCErja napy BUPTYAJIbHBIX YACTHIl — «YaCTUIY» M «aHTHYACTUIy». B paBHOBECHOM cO-
CTOSIHMU YaCTHILIbI HE MOTYT «KHUTbh)» CaMOCTOSITEIIbHO, TO €CTh <GKUBYT» U «yMHUPAIOT)» HapaMHu.

[ToaToMy mosydeHHOE HaMH YUCJIEHHOE 3HaUY€HUE S3HEPTruu E,, CleayeT YIABOUTD:

2E,=2-1,44-10" =2,88-10"

B kpuTnyeckoM cOCTOSTHMM BEIIECTBA JHOObIE €r0 GU3UKO-XUMHUECKHUE U TEOMETPUUECKUE
MapaMeTphl TOXKJIECTBEHHBL. JTO CJEIyeT TakKe U3 Halllero aKCHOMaTHUYECKOTO MOJI0KEHHUS], YTO
J00BIE 3JIEMEHTapHbIE SHEPreTHUECKUE CTPYKTYpPhl MOKHO paccMaTpuBaTh Oe3pa3MEpHbIMU B
mo0oi cucreme ucuucieHuit. [loaromy, npucBouB umciy 2FE, WUCUYHCICHHE T€OMETPUYECKOTO
JUHEIHOro pa3mepa, oOHapyxuBaeMm, uto B cucreme CI'C, ncnonb3yemoii B Haieil paboTe, OHO
«MIOYTH» PaBHO KJIACCUUYECKOMY PAJIUyCy AJIEKTPOHA:

e’ 4,80-107"°

== -=2,81-10"cn
m,c 0,91-10*27-(3-1010)

9.4. BaxxapiM cBo¥icTBOM ToukH K' Ha puc. 2, ¢. 53, mepecedeHus: SKCIIOHEHT B IJIOCKOM
MO/IEJIN SHEPIUH SBISETCA HECHUMMETPUYHOCTD €€ OKPECTHOCTEH:

- CJIeBa — 3TO TPEXMEPHBIN TOK SHEPTHH E,,, IPOCTPAHCTBO EBKIMA,

- CIIpaBa — 3TO OECKOHEYHOMEPHBII TOK 3HEpruu £.,, npoctpancTBo JlobaueBckoro.

OTO 03HAYAET, YTO B OKPECTHOCTH TOUKU K' MHOrOMEpHBINA TOK 3HEpruu AE,, KOHIEHCH-
pyercss B TpEXMEpHbINH TOK 3HEpruu E,, 4TO JOJDKHO OMUCHIBATHCS OoJiee 00IIel reoMeTpueit
Pumana.

Ha HepaBHOBeCHO€ COCTOSIHME HHEPrUM KBAaHTOBBIM BaKyyM pearupyeT aBTOKoJeOaTellb-

HBIM IPOLIECCOM «OHEHHs» IUIOTHOCTH dHeprun AE , <> E . Haue roBops, OKPECTHOCTh TOY-
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Yactb 2. O0mue cBoiicTBa GyHAAMEHTAILHBIX (PU3HYECKHX KOHCTAHT.

ku K’ MNEPUOANYCCKHU ITPOABIIACT CBOMCTBA «HCTOKa» M «CTOKa» OHCPTHUH. SILII/ITI)IBaSIj YTO B OK-
pecTHOCTU TOUKM K’ IrpaJJMeHT IUIOTHOCTH SHEPTUU — ATO MEepeMEeHHasl BEIMYMHA, KoJeOtomasi-
CA OTHOCHUTCIIbHO HCHYJICBOT'O 3HAYCHUS, TO TOKHM SHCPIrun BCEraa o6pa3y}0T BHUXpPHU.

MoxHO TIOKa3aTh, YTO NPH OMPEIACICHHBIX YCIOBHUSAX BUXPH «O0O0sS3aHBDY CTPYKTYpPUPO-
BaTbCA B COJIMTOHBI, BeaeAcTBUE AeicTBUil 3¢ dexkra Marnyca u «reopem-3pdexron» I'enbpm-
roJbla JJIs U1€aIbHON KHUIKOCTH.

HpI/I BCEM 3TOM 3aKOH COXpPAaHCHHA SHEPTHUU MOKCT C06J'II-OI[aTI)C$I TOJIBKO IpHW HAJIWYUH

Kpyroobopora sHeprun AE, <> E, T. €. IpH HAJIMYAHM 3aMKHYTOCTH TOKOB JIByX BHJIOB BHEp-

T'HH.
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Yactb 3
HOBbBIE PUSNYHYECKUE KOHCTAHTbI KBAHTOBOI'O
BAKYYMA

Beakas 0obpomuas meopus cooepacum 6 cebe 3uanue
0 MOM, YUMo He 3HATL U He MO2 8 Hee BILOHCUMb ABMOp.
E. Bucnep. Henocmuoicumas s¢gexmusnocms mamema-

MUKU 6 eCmeCcmeerHblX HAYKAX.

naBa 10. NocTtaHoBKa 3aga4mn Noncka HOBbIX (PM3NYECKUX KOHCTAHT IHEepPruu.
10.1. CocTosiHMe Bonpoca.

Wnes npencraBneHus IBYX B3aMMOCBS3aHHBIX BHJIOB PHEPTUU B T€OMETPUYECKON dopme
poauiach He Ha «I1ycToM» Mecte. OHa BhI3peBajia B yMax HEKOTOPBIX (DU3HKOB JI0BOJIBHO JIaBHO.
Bnepsrie Mbl mo3HakoMmIHCh ¢ Hell B yueOHuke A. 1. Kuraiiropoackoro «Beenenue B Gu3nKy»
[14]: sHEeprus MeKTpOHA 3aKII0UEHA B TOHKOM CJIO€ €ro «CheprudecKoil KoHCTpyKIuny. OTcroma
MPOTSHYIACh «HUTOYKA» K COJTMTOHHOW MOJIENH CYIIECTBOBAHHS JBYX BHJIOB DHEPTHH, K HJIEEC
TPEXOCHOIO AJLIUIICOU]IA-COJIUTOHA: €CJIM MOBEPXHOCTh COJUTOHA — 3TO CKOHIEHCHpPOBaHHAas
SHEPTHsi KBAHTOBOTO BakyyMma E,, TO, MPUMEHSsI IPUHIUIT TeOMETpU3aui — (yHIaMEHTAIb-
HBIA METOJJ0JIOrMUECKUI MPUHIMI (PU3UKH — HECKOHJIEHCUPOBAHHOM 3HEPruu £.,, MOXKHO MpU-
JaTh FT€OMETPUUECKOE CO/Iep KaHre 00beMa COJIUTOHA.

TepMuH «CKOHACHCHUPOBAHHAS SHEPIUs» MPUMEHUTEIHHO K MaTEPUU BEIIECTBEHHOTO MHU-
pa BBeneH @penepukom Coau, B CBA3M C UIEEH, KOTOPYIO OH cOpMYIHpPOBal B Hayaye mpo-
LIUIOTO CTOJIETUSI U KOTOpasi SBJISIETCSI OCHOBHOM B HacTosulei padbore.

«...Ilpencrasnsiercs BO3MOXHBIM CBECTH aTOM U MaTEpUIO K 0CO00N CKOHAEHCUPOBAHHOMN
(dbopmMe deKTpUUecTBa, HAWI KaKoe-HUOYIb CPEeACTBO HEMTpaln30BaTh B3aMMHOE OTTAJIKUBa-
HUE JIEKTPOHOB M MOMECTUTh UX OYEHb OOJIBIIOE YHCIO... B MPOCTPAHCTBO, 3aHUMAEMOE aTo-
Mom» [1, c. 174].

[TombITKM TPUCTYNUTH K pa3pabOTKEe METOAMKH pacdeTa (PU3MYECKUX MapaMeTpoB COJIHU-
TOHA, HA OCHOBE OOHApPYXEHHBIX Y HETO CBOWCTB, HATOJIKHY/IMCh HA HE3HAHHE 3aKOHOB JIBUXKE-
HUS HECKOHJCHCHPOBAHHOW YHEPTrUM W HE3HAHHWE COOTBETCTBYIOIIMX (U3MYECKUX KOHCTAHT,
YYHUTHIBAsT UCXOJHOE aKCHOMAaTUYECKOE IMOJIOKEHHE, YTO HUKAKUE XapaKTEPUCTHYECKUE Tapa-
METPBI DHEPTUHU HE UMEIOT HYJIEBBIX 3HAYCHUH.

BripokieHHOCTh BceX (M3HYECKUX MapaMeTpoB y JIOOBIX KBAHTOB HECKOHJICHCHPOBAH-
HOM SHEPTUH J0 «IOYTH» HYJICBOTO 3HAYCHUS MUCKITIOYACT BO3MOKHOCTD UCIIOJB30BAHMS KaKUX-
MO0 TEXHUYECKUX CPEICTB M3MepeHus. Bo3HUK BOIPOC: I1e M KaK UCKAaTh HOBbIE (PU3HUECKUE

KOHCTAHTBI U 3aKOHBbI JIBUXXCHU HGCKOHﬂeHCHpOBaHHOﬁ OHEPruv KBAHTOBOI'O BaKYYMZl?
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I'masa 10. ITocTanoBKa 3a7a4M MOUCKA HOBBIX (PM3UYECKHX KOHCTAHT JHEPIHM.

1. [lupak B cBoeil cTaThe «IBOJIIOLUS (PU3HUECKON KaPTUHBI IPUPOJIBDY OTMETHIIL:

«[Ipupone npucyma Ta ¢pyHIaMeHTaNIbHass OCOOEHHOCTb, YTO CaMbl€ OCHOBHBIE (u3Hye-
CKUE€ 3aKOHBI OIKCBHIBAIOTCS MaTeMaTHYeCKOW Teopuel: cHayaia OyIyT OTKPBITBI HCKOMbIE
YpaBHEHHUS, a 3aTeM, [10CJI€ aHaJli3a ITUX YPABHEHUH, OyyT MOCTETIEHHO BBISCHATHCS CIIOCOObI
ux npumeHenus» [10, c. 139].

BrickasbiBanus I1. lupaka o poiau MatemMaTuku B (pu3uke Oyayliero Mol pUMeM Kak py-
KOBOJICTBO K JICHCTBHIO.

[Touck HEOOXOIUMBIX HOBBIX (PU3MUECKHX KOHCTAHT U 3aKOHOB JBMKEHHS] HECKOHJICHCH-
POBaHHON SHEPrUM B MATEMATUYECKOM JIOTMKE MPOBEIEH IYTEM HAMOJHEHMS «IIOJXOJSIINX
MOHATHH U 3aKOHOB MaTeMaTHYECKOM JIOTHKH COOTBETCTBYIOIINM (PU3UUYECKUM COJIEPKAHUEM.

10.2. N'ae uckatb HoBble (pu3nvecKkue NOCTOsAHHbIE?

Heo0xomMble 3aKOHOMEPHOCTH HaiIeHbl B TEOPUU YKCET METOJIOM apupMeTH3aI1H, KO-
TOPBII MMO3BOJIMII MOCTABUTh YUCIIOBBIE MOCIIEI0BATEILHOCTH MaTEMAaTUKU B COOTBETCTBUE JPYT
JpYry Kak MaTeMaTU4eCKHE MOJIENIM B3aUMOCBS3aHHBIX TOKOB SHEPTUU.

[IpennoxxeHnHas B yacTu 2 MaTeMaTUyeckasi MOJeJb TOKOB JIBYX BUIOB SHEPIHH, IO CBOM-
CTBaM OKa3zajach TOJecTBeHHOU psay dubonauun. biaronapst stomy oObsicHeHa pu3nueckas
NpUpoJa MHUPOKOTr0 pacIpOCTPAHEHHUS B KMBOW M HEKUBOW MPUPOJAE MPOMOPLUUNA TaK HA3bIBae-
MOTO «30JI0TOTO C€YEeHUsD». TeM caMbIM CHSATO MUCTUYECKOE BO3BEIMYUBAHUE CKPBITOTO CMbICIA
yucen dubonayuu. Bce 310 cHOBa CTaBUT GOPMYIUPOBKY «30JIOTOTO CEUEHUS» Ha OJUH ypO-
BEHb C TaKUM (yHJaMEHTAJIbHBIM MaTeMaTHuueckuM (aktoMm, kak Teopema Iludaropa, a uucio =
MEPEBOJIUTCS B pa3psa pyHIaMEHTAIbHBIX (U3MYECKUX KOHCTAHT, YYUTHIBAs B3aUMOCBS3b UM-
ces1 ®ubonauuu, yucia [ludaropa 7 1 ocHoBaHuE HaTypalbHOIO Jorapupma e u oTkpeiTyio JI.
DiinepoM B3aUMOCBS3b UUCEN € U .

[TockonbKy COJIMTOHBI, KAK FEOMETPUYECKUE MOJIEH, XapaKTEPU3YIOTCS LI€TI0UNCICHHBIMU
KOJIMYECTBAMU COJMTOHOB C MEHBIIMMU T'€OMETPUUYECKUMH pa3MepaMH, BIOKEHHBIX B «00Jb-
LI0M» COJIUTOH, TO MPEJICTABISIETCS 1IeIeCO00pa3HbIM Ul paCYE€TOB IMapaMETPOB COJIMTOHOB HC-
10JIb30BaTh U3BECTHBIE MATEMAaTUYECKUE MOJIOKEHUS O YUCIIaxX, CBA3aHHBIX MEXIy cOO0M orpe-
JIEIEHHON MaTeMaTU4YeCKOW JIOTMKOM, YYMUTBHIBAs BBISBJICHHYIO BO3MOXHOCTH IPEICTaBICHUS
AHAJIMTUYECKON B3aMMOCBS3U (PU3NYECKUX [TapaMETPOB SHEPIUH BO3BPATHOM MOCIIEOBATEIbHO-
CTBIO O€3pa3MEPHBIX YHCET.

B xauecTBe 3aKOHOB «(U3HUECKON MAaTEMaTUKW», HEOOXOJUMBIX Ul pacyeTa COJUTOHOB,
MOTYT OBbITh MCIOJIb30BaHbl JIOTUYECKUE 3aKOHBI PAa3IMYHBIX YUCIIOBBIX MOCJIEI0BATEIbHOCTEMH,
YUUTBIBAsI, YTO MOCJIEJOBATEILHOCTD IIPOM3BOHBIX SHEPIUM KBAHTOBOI'O BaKyyMa B MaTeMaTH-
YeCKOM MOJIeNI COJIMTOHA sBJsieTCs paaoM PuboHauyy, 4TO MOKAa3aHO HUXKE.

B rmaBse 7 MBI IIoKa3ajii, 4To BSaHMOﬂeﬁCTBHG MCKAY ABYMS BUJAMH SHEPIrUU IMPOUCXO-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI0 BaKyyMa.

JUT Ha IPaHULIE TapaMEeTPOB KPUTHUUECKOTO COCTOSIHMSI BELIECTBA, KOTJa pa3jiuyuus B pa3MepHO-
CTSIX KBAHTOB SHEPTUM U pa3ivuus B BUJaX U opMax UX B3aUMOJEHCTBUS «HMCUE3AI0T», U BCE
3TO XapaKTEpU3YEeTCsl TOJIbKO YKCIOM COJMTOHOB, YYacTBYIOIIUX BO B3aumojeiicTBusix. [anee
MBI IPHUIIJINM K BBIBOJAY, UTO 3TO PE30HAHCHBLIC BBaHMOHeﬁCTBHﬂ COJIMTOHOB, TOXKIACCTBCHHBIX ITIO
KOJIMYCCTBAM SHEPTHUH U CTOXACTUICCKHUM I10 (i)a3OBI)IM COCTOSHUAM.

[Ipu sTOoM mr00bIE BUABI MaTEMaTUYECKUX ONEpaluil — YMHOXKEHUE, JEJIeHUEe U JIp. —
TAKXKXC YTPAauUMBAIOT Pa3jindusd U CBOJATCA TOJBKO K MAaTCMATHUYCCKUM OIICpalluiIM CyMMHUPOBa-
HUS U, B KOHEYHOM UTOre, K QyHIaMEHTAJIbHOMY NPUHIUIY IEHCTBUS cyneprno3uuuu. Ousnye-
CKO€ COJIep)KaHUE OTEpAMii CYMMUPOBAHUS MBI OTOXKJISCTBUIN C (PU3MUECKUMHU IPOILIECCAMH
CUHTE3a WIH paclaja COJUTOHA Ha B3aUMOCBSI3aHHbIE UJIM HEB3aUMOCBSI3aHHBIE COJIUTOHBI.

Jlanee nokasaHo, 4to yucia psia PuboHauun pacrosnokKeHbl Ha 000MX HAIPaBJICHUSAX OCU
HATypaJIbHBIX YHCEN + 00 ¢M, 4TO yuciia PuOoHayuu MOTYT OBbITh «IPOOHBIMHY, YTO OHU MOTYT
OBbITh M300pa)KE€Hbl SKCIOHEHLMATbHONU (YHKIUEH, MPUBEICHBI IPYrue CBOWCTBA, «IIOJIE3HBIEH
JUISl pACCMATPUBAEMOM TEMBI.

KpOMC TOr0, paCCMaTpUBACTCA B3aUMOCBA3b MCKAY pAAaMU IIPOCTBIX YUCEIT U YUCCIT du-
60Ha‘~I‘~H/I, KOTOpas TakK XK€ MOXKCT OBLITh HaIlOJIHEHA COOTBCTCTBYIOIIIUM (1)I/ISI/I‘ICCKI/IM coJCpKa-
HUEM.

nmaBa 11. YucnoBble nocnegoBaTenbHOCTU B MaTemMaTuke (Cnpaska).
11.1. NMoHATUA U onpeaeneHus.

11.1.1. [ToHsTHE BO3BPATHBIX MOCIEA0BATEIBHOCTEN SIBIISIETCS 00001IEHUEM B MaTEMAaTHKe
IIUPOKOTO Kpyra 4McCJI0OBBIX HOCHGHOB&TGHLHOCT@I\/’I, OXBAaTbIBAOIINX BECbMA YAaCTHBIC ClIydau:
apudmernyeckas U reoMeTpudeckasi porpeccuu, Mocae10BaTeIbHOCTh KBAJpaTOB U KyOOB Ha-
TypaibHbIX uncen, yncia GuboHauuu, psi HaTypaJbHBIX YUCE, TOCIEA0BATEIbHOCTh LIU(p Je-
CATUYHOT'O Pa3JIokKEHHs pallMOHAILHOTO YKCIIa, OCIEA0BaTENbHOCTh KOAPPUIIMEHTOB YaCTHOTO
OT JIeJIeHUsI IByX MHOTOUYIEHOB, PAcIOI0KEHHBIX 10 BO3PACTAIOIINM CTETIEHSM X U BOOOIIE JI0-
Oble IepUOANYECKUE TTOCIIE0BATEIHHOCTH.

[Tocnennee 0cOOEHHO BaXKHO J1JIs1 paCCMaTPUBAEMOM TEMBI.

BYJIGM 3aIMMCBbIBATH BO3BPATHLIC IMTOCICA0BATCIBbHOCTU B BUAC psAaad YUCCIT U:

u17 u27 u37 ---;Un-1; Un;Un+1; (1)

BO3BpaTHOI>'I MMOCJICA0BATCIBHOCTBIO MOPAAKA K HA3bIBAIOTCA TAKHME COOTHOIICHHUA, YTO,

Ha4YrHas ¢ HCKOTOPOro HoMcEpa m, AJjisd BCEX CICAYIOINUX HOMEPOB MOYKHO 3aIIMCaTh:

Up+k=@1Unp+k-1Ftaslnsgot ...... axlim (n2m21) (2)

[Ipu ycioBum, 4TO CyIIECTBYET HaTypaJbHOE YHUCIIO k, a 4ucia ai, 8y, ..., 8p — JeHUCTBU-
TENbHbIE WK MHUMBIC YHCIIa, TaKue 4To 8; # 0.

Camo Ha3BaHME MOCIIEOBATEIIBHOCTH «BO3BPAaTHON» yHOTPeOIAETCsl HOTOMY, YTO ISl BbI-
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T'maBa 11. YuciaoBble mocjae0BaTEILHOCTH B MATEMATHKE.

YUCJIEHUS NOCIIEYIOIIETO WIEHA BO3BPAIIAKOTCS K MPEALIECTBYIOIIUM YJICHAM:
Un+2=Up+1t+Up. (3)

Takum 00pa3om, BblpaskeHUE (3) MOKa3bIBA€T, YTO OHO SBJSETCS POPMYION I KaXI0ro
YIEHA MOCIEA0BATEIIBHOCTA BTOPOTO MOPSIKA.

O4eBHUIHO, 3TOMY YCIOBUIO MOTYT YIOBJIETBOPSITH MHOKECTBA PA3JIMYHBIX YUCIIOBBIX IO-
cienoBaTesibHOCTeH. OHAKO TOJIBKO OJIMH YaCTHBIM ciydail U3 MHOXECTB TaKUX I1OCJEI0Ba-
TeabHOCTEN Ha3bpIBaeTcs psagoM PuboHauuy, a ee wieHsl — ynciamMu PuboHauyu:

1,1,2,3,5,8, 13, 21, 34, 55, 89, 144, 233, 337, ...

Uucna ®uboHauyn 0071a1a10T HEIBIM PSJIOM CBOKCTB, XOPOIIIO COMPSATAEMBIX C pa3padaThi-
BAEMOH TEMOM.

Ha ocHoBe TeopeTHnko-4uciIoBbIX CBOMCTB psaga Pubonauuu, paccmorpeHnsix H. H. Bo-
poObeBbIM [21], MOXKHO pelaTh psij CIOKHBIX 337a4 MHKEHEPHOU NMPAKTUKU, U3 KOTOPBIX B Ha-
CTOsIIIEeN paboTe MPUBEIEHBI JIUIIb HEKOTOPbIE, HEOOXOUMBIE JUIsl HACTOSIILENH pabOThI.

11.1.2. Hapsiny ¢ BO3BpaTHBIMM B MAaT€MaTHKE BCTPEYAKOTCS IOCIEAOBATEIBHOCTH, HE SIB-
JSOUIMEcs] BO3BpAaTHRIMU. TakoBa, HallpuMep, Haubosiee BaXkHasi BO BCEH MaTeMaTHUECKON Hay-
K€ M0CIIE0BATENBHOCTD IPOCTHIX YUCEIL:

2,3,5,7,11,13,17,19,23,...

Ha ocHOBe Hammx MCXOJHBIX MOJIOKEHUM BBIICHUIIOCH, YTO IIPOCTHIE YUCIA «CONPSTarT-
cs» ¢ uncnamu OuboHaYun U TaKKe UMEIOT MPSIMOE OTHOLIEHUE K PEHICHHUIO [TOCTaBJIEHHOM 3a-
Ja4H.

11.2. Pap ®uboHayvum [21].
11.2.1. O0wmme monoxKeHus.
Kaxnoe uucio psana ®uboHayyu paBHO CyMME JIBYX IPEIBIIYIIUX YUCEN
Unp+r=Unp+1TUy.
T. €. IBJIAETCS MTOCIEN0BATEIBHOCTHIO BTOPOTO NOPSAIKA.

OtmeTum, 4Tto 4HMCIOBOW pan PuOOHAU4YM Ul MOCTABICHHOW 3a/adll UMEET 3Ha4YeHHE
JUIIb TP YCIOBHUAX, YTO B PAYy UMEIOTCS MeEpBbIe uncia U;=1, U,=1, U3=2, a KOIU4ECTBO 4U-
cell B Psly JIOCTaTOYHO BEIMKO U, MO-BUAMUMOMY, JOJDKHO JOCTUTaTh 4ucia ABorajpo, T. K.
JUIIb TAaKOU PsIJl XapaKTepu3yeT CTaOUIbHOE COCTOSIHUE COJTUTOHA.

Psan yncen ®uboHayuu 1Mo Mepe pocTa yncia CTAHOBUTCS Bce 0oJiee «peKUM» B psiiy Ha-
TypalbHbIX unces. JlJig MOCTaBJICHHOM 3a/layM 3TO Ba)KHO, T. K. B JIOCTATOYHO OOJIBIIOM pSIY
HaTypaJibHbIX uncen PuOoHauYM OJHOBPEMEHHO PEalM3YyIOTCS U CBOMCTBA APYTUX YHCIOBBIX
[IOCJIEIOBATEIbHOCTEN, HATOXKEHHBIX Ha psia PuboHayun. MHaye roBops, A0CTaTOYHO OOJIbIINE
MPOMEXYTKU psia PuOOHAYYM «ECTECTBEHHBIM» O0Opa3oM 3aloJIHEHbl JAPYTMMHU MOCIEA0Ba-

TCJIIBHOCTAMMU YUCEJI, KaK CBA3AHHBIX, TaK U HC CBA3aHHBIX C PAJIOM q)I/I6OHa‘I‘II/I, 06pa3yfonmx C
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HUM JieficTBue cynepno3uiuu. Kpome toro, uamMeHenue miotHoctu yucen dubonauyyn Ha 4u-
CIIOBOIl OCH MOJYUHSETCS SKCIOHEHIUAIbHOMY 3aKOHY, YTO MOKET ObITh HCIOJB30BaHO IS
BBEJICHUS NIEPEMEHHOI0 I'€OMETPUYECKOr0 MacuiTada IpU aHaIU3€ COJIMTOHOB B LIEJSAX Iepe-
HOPMHUPOBKHU OOJIBIIMX YHCET — MUKPOCOJMTOHOB, CTPYKTYPUPOBAHHBIX B COJIMTOH, YTO MOKa3a-
HO HUXKE.

CpoiictBa psga @uboHaYuM H3y4eHbl JOCTATOYHO IIyOoko. Psng dubonauum obnamaer
OOJIBIIMM NEPEYHEM MHTEPECHBIX CBOWCTB, PACCMOTPEHHBIX U J0Ka3zaHHBIX Takxke A. M. Map-
KyliesuueM [22].

VYuuteiBas meroauueckyro BaxxHocTh kHuru H. H. BopoObeBa ans paccmarpuBaemoil Te-
MBI, Mbl UCIOJIb30BaJIM €€ B Ka4eCTBE METOJUYECKOr0 MOCcOoOMs U CIPaBOYHHUKA 10 CBOMCTBaM
psaa ®uboHayyu.

11.2.2. Paciumpenue cBoiicTB ynces @uO0HAYYH HA OTPULATEIbHbIE YHCJIA.

H. H. BopobOneB mokazai, 4Tto paccyuThiBaTh uncia OuOOHAYYM MOKHO HE TOJIBKO ISt
MOJIO)KUTEILHOTO HAIPABJICHUS YUCIOBOM OCH, HO M OTpUUATENbHOro0. /{15 mocraBneHHOM 3a1a-
YH 3TO BaXHO, T. K. pa3/ielieHue OJHOMEPHOTO PsiJia YUCICHHBIX 3HAYCHHUI MPOU3BOIHBIX YHEP-
TUW Ha JIBA CHMMETPUYHBIX ITPOTUBOIIOJIOKHBIX HAIIPABJICHUS, T. €. C PAa3JIMYHBIMHU 3HAKAMU, YC-
JIOBHO:

U=C-1)"u,.

Oto0 npocToe BelpaxeHue ynciaa PruboHay4u ¢ MPOU3BOJIBHBIM LIETIBIM HOMEPOM IO3BOJISET
CBOJMTH BCE 33/1a4M O TAKUX YMCIAX K 3a7ayaM 00 0ObIYHbIX ynciax OuboHauyuu, MpOHyMepo-
BAHHBIX YHMCIIAMH HATYPaJIbHOTO psa.

11.2.3. CBs3b cBoiicTB psaa PuO0HAYYH ¢ NPONOPUHUAMH 30JI0TOr0 CeYeHHUs U CBOIi-
CTBAMM IKCINOHEHIHAJIbHBIX GyHKIuUi noka3ana C. B. ['ankunbivM B kHure [4].
N3BecTHO, 4TO OTHOLIEHUEM 30JI0TOIO CEYEHHUsI Ha3bIBAKOT OTHOLIEHUE

12121,6181
X

,
KOTOPOE Y/IOBJIETBOPSET alNredpandeckoMy ypaBHEHHUIO BTOPOTo MOPsIKa
=7+l

OTHoLIEHUS 30JI0TOTO CEUYEHUs 0OHAPYKUBAIOTCA HE TOJbKO B MaremaTuke. [Iponopuuun
30JI0TOI0 C€YCHUSI UMCIHOT MECTO B (1)I/ISI/IK€, XHUMHUH U MaTCpUaJIbHbI Cpelax, B TOM YHCJIC B KOC-
MOCE U MUKPOMHUPE aTOMOB U MOJIEKYJI.

C. B. TankuH mnokasai, 4Tto eciu apu@METHIECKYIO MPOTPECCHIO Xp+1-Xp=d «HAMOJIHUTD
bHU3MUECKUM COJICpKAHUEM», B KOTOPOM d=const COOTBETCTBYET PAaBHOMEPHOMY JBH)KCHHIO
MaTepHUAIBHOTO 00BEKTa CO CKOPOCThIO d, ecii cuutath M1=1, 2, 3,... oTcueToM BpeMeHu, a d —

YUCJICHHO PaBHO U3MCHCHHUIO PACCTOSAHUA Xp+1 -Xp 324 CAUHHUIY BpEMCHH JBMIKCHUA O6’BCKTa, TO

B CHCTEMax C 0OpaTHOM CBS3bIO YKa3aHHBIM MPOLECC OyAET UMETh BUI Xn+1 =K1Xn +KoXn., T K
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— const (koaddurment ycusienus). Eciu BoiOpath Ki=K2=1, TO BMeCTO apu(pMETHUECKON MpPO-
rpeccuu OyeM UMETh Xp+1 =Xp+Xp1, N=2, 3..., T. €. IOJYYUTCS BbIPAKEHUE MOCIE0BATEIIBHO-
ctH yncen OuboHaquu.

JInst Toro 4toObl MOCIIEA0BATEIBHOCTh X, CTaja FeOMETPHUYECKOH Mporpeccueii, 3aaava
CBOJIITCS K PELICHHIO YPaBHEHHSI M°=M+1, T. e. K ypaBHEHMIO JUIsl OTHOLICHHS 30JI0TOTO Cetde-
HUSI IPH M=X1/X2=X2. YUuTBIBas, 4T0 X1=U1=1; X2=U2=1, mosTromy m=xz=t.

CootHomeHus:: ?=1+1, 2=rr+1)=r+r=2r+1=wr+u, + &, *=P(c+1) =2 + 7
=((27+1)+7+1)=3r+2=ur+2 = U4t + U3 — SIBIAIOTCA NOCIEAOBATEIBHOCTHIO yncen Du-
GOHAYYN U OHOBPEMEHHO F€OMETPHUYCCKOM IPOrPECCHeit: T'=U, r+Un.s witd 1, 7, 72, T°...

Ecnu cuntaTh Ha3BaHHBIC BBIIIE MOMEHTHI OTCYETA BPEMEHH OY€Hb OJM3KHMH, TO COOT-
HOIIICHHUE, OTPENeIISAIoNIee OCIeA0BATENbHOCTh uncea PuboHauun, npuseaet (IpU YIPOIICH-
HOM paccMOTpeHun) K 1uddepeHnaIbHOMY YPaBHEHUIO

ax
E — A

pelIeHneM KoToporo yser skcronenTa X(f) = e’

Takum obpazom, psag @uboHayun 061a1aeT CBOMCTBAMH 3KCIIOHEHIIMAIbHON (PYHKINH.

11.2.4. ®ubonayumneBas cucremMa cumnciaenus [21].

[Tockonbky Kaxaas napa cocenHux yucesl OuOOHaAUYYM — 3TO B3aUMHO IPOCThIE YKCIA, T.
€. JENATCS TOJIbKO caMM Ha ce0s M Ha eIuHuIly, TO adroput™M EBkinjga moucka HamOoJbIIEro
oOuiero AenuTens A KaKJOW Mapbl YUCEN COAEPKUT HaubOosblliee KOJIMYECTBO ONepanuil mo
CPaBHEHHMIO C JIOOBIM JIpYrUM BapUaHTOM Hap yucell (He MPOCThIX B3aUMHO). JTO CBUIETEILCT-
BO BBICOKOU IMTOMEXOYCTOWYMBOCTH YMCIOBOTO psga Gubonayym, 4yTo /menaeT ee mpuBJIeKaTeb-
HOM JUIsl MCIIOJIb30BAaHUS B KadecTBe (prOOHAUYMEBOM CUCTEMBI CUUCICHUS, T. €. JJIs IPEJCTaB-
JICHUs JTF000T0 HATYpPAJIBHOIO YKCJIa B BUJE MOCIEAOBATENbHOCTH HUdp-Hyiied u eauuun @1,
@y, ..., Oy

«TexHonornyeckuit» mpolecc MOIYYSHHUS 3aMuCH JIF0OOro uuciaa B «(PuOOHAUIHMEBOI
CUCTEME CUMCIICHUS 3aKJIF0UAETCs B BHIMOJIHEHUHU CJIETYIOIEH OCIeI0BATEIbHOCTU AEHCTBUNA:

— OTHMMEM OT 33JaHHOTO YHUClIa 8=8p HauboJIbllee U3 He MPEBOCXOAAMUX ero uncen dOu-
oonauun. [Ipu atrom Hanwmiem nudpy @1=1, a pasnocts a1=ao—Uy OyJIeM CUUTATDH MTEPBBIM IIIa-
I'OM [IOCTPOEHUS;

— II0CJI€ BBINOJHEHMS] aHAJIOTMYHBIX, K MOCIEAYIOIUM PAa3HOCTSAM, IIAroB MOSIBUTCS IO-
crenoBarebHOCTh P @1, Do, ... @y (MOCIEIOBATEILHOCTh YEPEAYIONIUXCS SAUHHIL U HY-
neit). [Ipu 3TOM HyIIM TIPOCTABIISIIOTCS B TOM CITy4dae, Korja CIeAyroliee Mo mopsaKy ancio du-
OoHAYYHU Up.k OKaXKeTCs O0JIbIIE OCTaTKa, T. €. O +1=0, eciu ax < Uni.

Onuca"HbBIN Ipo1eCC ABIACTCA BBIACICHHUECM M3 YMCJIAa 8 CJIara€MbIX, PaBHBIX Hau00JIb-

68



Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI0 BaKyyMa.

UM BO3MOXHBIM unciiaM @ubonauuu. Takum oOpa3zoM, Jr000€ YUCIO 8 MOXKET OBITh IMpe-
cTaBiieHO (UOOHAYYHEBOH 3anUChi0 @=Up@1+Un1 Do+...+U2 Dy

duboHayuMeBasi cucTeMa MpeaycMaTpUBAeT JIUIIb 3alUCh HATYpAIbHBIX uncel, rae @
@, @3, .... DTO NOCIEAOBATEIBHOCTh HYJICH M €MHUI], B KOTOPOW HET JBYX CAMHUI MOJPS/I.
3HAYHT, ABE CIMHUIIBI TIPS MOTYT BCTPETUTHCS JIUIIL B TOM ClTy4dae, KOT/ia BIIEpean HUX HY-
JIeH HET BOBCE, T. €. @1=Pr=1.

W3 atoro crnenyert, 4To BCsAKas MMOCIEI0BATENILHOCTD U3 HyJIEH U €IMHHULI, HAUMHAIOIIAsACS C
€IMHULIBI U HE COoJeprKallasi IByX €IUHUI] NOoJApsa, ecTh (ubOOHayuMeBasi 3aUCh YMcia a, A
KOTOPOTO Up <a < Up+1.

«HerexnonornyHocte» GpuOOHAYYMEBOM CHCTEMBI, OCOOEHHO 0 CPaBHEHUIO C JIBOMYHOI
CUCTEMOM MPECTABIICHUSI YUCEJ B KOMIIBIOTEPHOW TEXHUKE, BOCIIOJIHAETCS BBICOKON MOMEXO-
YCTOMYMBOCTbHIO, @ BO3MOKHOCTH 3allUCU B 3TOM CUCTEME TOJIBKO HATypaJlbHbIX YMCEN ISl pac-
4eTa CONMTOHOB HE SBIISETCS HEIOCTATKOM, M3-3a OYeHb 00IbIInX wncen ~10>, T. k. comuTomsL,
paccMaTpuBaeMble HAMH KaK KBAaHTHI SHEPTHHM HE3aBUCHMO OT BEIWYHMHBI, 3aKIIOYEHHON B HHUX
SHEPTHUH, MOTYT OBITh BRIPAYKEHBI TOJIBKO YMCIAMH M3 HATYPAJIBHOTO Psija.

OuboHauuueBass CUCTEMa CUYHMCIIEHUS MOKET OKa3aThCs €IMHCTBEHHO BO3MOXKHOU Impu
pacuere reoOMeTpHUYECKUX MapaMeTpOB COJIUTOHOB — aTOMOB XMMHYECKHUX 3JIEMEHTOB, T. K. IO-
3BOJISIET BBITIOJTHUTH TEPEHOPMHUPOBKY OOJIBIIUX YKCEN MyTeM MpUMEHEeHUs (PruOoHaYIHeBOM
CUCTEMbI CUHMCIICHUS, TIPU ITOM pealIn3yeTcsl IEPEMEHHbIN TreoMeTpudeckuii Mmaciitad OuHapHOU
SHEPreTUUECKON CHUCTEMBI COJIMTOHOB 0€3 M3MEHEHHS BCEX OCTaJIbHBIX IApaMETPOB CHUCTEMBI
AHAIUTUYHOCTU (PYHKIIHH.

11.2.5. «MucTuyeckue» cBoiicrpa paga ®udonayum [21, §5].

B umxenepHoit mpaktuke cBoicTBa yncen OuboHaYuM MO3BOJIIOT OTHICKATh MUHUMAJIh-
HOE 3HaueHHEe (QYHKIMU B TOUKE X HA OTPE3Ke JJIMHbBI 8 03 3HaHUS aHAIUTUYECKOTO BHIPasKEHUS
GbyHKIMHA. DTO BO3MOKHO Ha OCHOBE JIEMMBI U TEOPEMBI, TI0Ka3aHHBIX BopoOreBbM [21, ¢. 149-
156]:

CYIIIECTBYET €AMHCTBEHHBI ONTHMAIBHBIA MOIIATOBBIN TUIAaH MOMCKA TMOJIOKEHHUST TOUYKH
Ha OTpEe3Ke 8, MUHUMHU3UPYIOUIETro 3HaueHNe QyHKIMU Ha 3TOM OTpe3Ke (C OJHUM MHUHHUMYMOM)

3a 1 111aroB, B KOTOPOM I10JIOKEHUE TOUYKH OKa3bIBAaeTCs B UHTEpBaie d/u, , <X <a/2u,., TIe U, —
2

yrciaa dubonayuun.

Muctuka 00BSICHSIETCS TeM, 4To urciia psaga OuboHadun Bce O0Jee peIKu ¢ YBEITUICHHEM
HOMEpa 4Yuciia, a 3TO 03HA4YaeT M3MEHEHHE MaciTada BAOJb JUIMHBI OTPE3Ka C KaXKIbIM HOBBIM
marom BerauciieHnid. OTHaKO M3MEHEHUE MaciTada M3MEHSET KaK YHCICHHOE BRIPAKECHUE JIJTH-
HBI OTpE3Ka a, TaK M OIIMOKY B OMPEICICHHH UCKOMOW TOYKHU JIFOOBIM IUIAHOM B OJIHO M TO K€

qucio pas. U3 atoro cieayer, 4To paBHOMEPHOE pacTsbKeHUE (WM ckaTue) MHTepBaia pyHKIUU
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B JIt000€ YKCIIO pa3 JMIIb OCYIIECTBIISAET MOJ00HOE TpeoOpa3oBaHe ONTUMAILHOTO TIJIaHa, HE
Hapylasi ero ONTUMaJIbHOCTH, YUUTHIBAsl SKCIIOHEHIIMAJIbHBIE CBOMCTBA psila U 0cO00€ MoI0XKe-
HUE YHCIia e B MAaTEMaTHUKe.

JlaHHasi METOJMKA MOXET OKa3aThCsl HEOOXOAUMOM MpHU pacyeTe reOMETPUUYECKUX CTPYK-
TYp COJIUTOHA — aTOMa XMMHUYECKOIO 3JIEMEHTA, KaK YHCell, BXOASIIMX B COCTaB uuciaa ABOraji-
po.

PaccmoTpenHoe CBOWMCTBO YHMCIIOBOW TocienoBaTeabHOCTH PuOOHAY4YM OCHOBAHO Ha
CBOMCTBaX SKCIOHEHTHI, 00ecreunBarollell UHBAPMAHTHOCTh onepainuil nuddepeHupoBanus,
WHTETPUPOBAHMS U JIOTApU(PMUPOBAHUS U TIPEACTABISICTCS YPE3BBIYAHO BOXKHBIM, T. K. TIPHME-
HEHUE IIePEMEHHOr0 reOMETPUUECKOro MacITada Mpy aHaIM3€e CBOWCTB KBAHTOBOTO BaKyyMa He
U3MEHSIET CBOMCTB HM30TPOMHOCTU M OJHOPOJHOCTH B3aMMOCBSI3aHHBIX I1apaMETPOB SHEPIUU
KBaHTOBOT'O BaKyyMa U BEIIECTBEHHOI'O MHUpa B JOOOM JMana3oHe U3MEHEHHs YMCIIEHHBIX 3Ha-
YEeHUH mapamMeTpoB, UTO 0O3HAYaeT U30MOP(PHOCTD IBYX BHJIOB SHEPIUHU.

Oto cBoiicTBO psna PubOHaYUM paccMaTpUBAEM KaK MAaTEMaTHYECKOE JI0Ka3aTelIbCTBO
BO3MOXHOCTH 3KCTPAIOJISLUN aHAJIUTUYECKOW B3aMMOCBA3M (DyHJAaMEHTalIbHBIX (PU3UUECKUX
KOHCTaHT U MPOM3BOJHBIX 3HEPTUU Ha JII00OM Trana3oH U3MEHEHUH reOMeTpPUUECKUX MacliTa-
00B (pakTadbHBIX CTPYKTYpP PHEPTUHU U3 BEIICCTBEHHOTO MHpPa B KBAHTOBBINA BaKyyM.

11.2.6. Apyrue cBoiictBa psina ®udoHaY4u.

MareMaTuKu yCTaHOBWJIM MHOXKECTBO YaCTHBIX CBOMCTB umcen dubonauun. I[lpuBegem
nums HekoTopbie u3 kauru H. H. BopoOsesa [21], HeoOxoaumebie 1ist JaibHEHIIEeH paboThl.

JIro6oe uncno ®uboHayuu sABseTcs GYyHKIMEH CBOEro HOMepa B psLy HATypaJbHBIX Y-

CeJI ¥ MOXET OBITh pacCYMTAHO ISl 3TOr0 HOMepa 1o Gopmyne bune:

1 (145 (15
Un—ﬁ 2 - 2 )

rJ€e N — NOPSAKOBBIM HOMEDP YHCIIA.

JIro6oe unciao @uboHauuu MOKET ObITh BHIPAXKEHO YEPE3 CyMMY IPOU3BEACHUN JIBYX Y-

-2 2
cen Gubonayun: Uzp+1 =U p+1 + Up” Wi it OoJiee oomiero ciuyvast u, ., =u.u_+u, U ..

HekoTopsie npyrue «mpocTsie» CBOWCTBA: U, =U, U, +U,U, , WU, ojaras m=n,

m+1

Uon = UpaUn + Uplp+.

3
n+1

AHAIOTHYHO: U,, =U’  +U’ —U>,; ul=u, (=10

n+1

[Tocnenuss popmyna s Hacrosuiedl pabOThl MMEET KOHIIENITyaJbHOE 3HAYEHHE, T. K.
BBOJUT B psii PuOoHAYYM U OTPHUIIATEIIHHBIC YKCIIA, YTO MO3BOJISET PACCUUTHIBATH MapaMeTPhl

0OJIBIIIOr0 COJIUTOHA II0 ImapamMeTpaMm OJHOTO U3 MUKPOCOJIUTOHOB U Ha060p0T.
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11.3. Pap npocTbix uucen [7, c. 503; 11].

[Mpoctoe uncio 77(X) — 1enoe MOJOKUTEIBHOE YHCIIO, OOJIbIIee YeM CIHHUIA, HE UMEO-
miee Apyrux Aenurenei, kpome cedst u equauns: 2, 3, 5, 7, 11, 13,....

CornacHo Teopeme EBKiIMIa MHOKECTBO MPOCTHIX YUCEI SIBJISIETCSI OECKOHEUHBIM MHOKE-
ctBoM. [IpocToe 4rcio sSBIIsIeTCS OCHOBHBIM IIPH W3YUSHHUH JICTUMOCTH HATYypPaTbHBIX YHCEI.

BrrsicHeHue pacripenesieHus MPOCTHIX YHCEN B HATYPATbHOM PSAY YHCEN CUUTACTCS TPYI-
HOU 3asadeil Teopuu yuces. OHa CTaBUTCS KaK M3y4E€HHE aCUMIITOTUYECKOrO MOBEIEHUs PyHK-
uu 7t(X), Tae X — MOPSAAKOBBIA HOMEpP MPOCTOrO YKciia T(X) B HATYPAILHOM PSIY YHCEL.

MareMaTHKH TIOKa3aJii, 9TO SKCIIOHEHTa MOXKET OBITh XOPOIIUM HPUOIMKEHUEM JIJISl BCEH
MIOCJIEI0BATEILHOCTU MPOCThIX yuceln. [[nst HacTosmieil paboThl 3TO BaXXKHO TEM, YTO JUISl psiza
MIPOCTHIX YHCET MOYKHO MCKaTh B3aMMOCBSI3U C JPYTUMH SKCIOHEHIIMAIBEHBIMHU TIOCIIE0BATEIh-
HOCTSIMU JIDYTHUX YHCEJ U MPEXKIE BCero ¢ psjgoMm OudoHauqw.

Meroavka BEIUMCIEHUS MPOCTHIX YHCEJI HOCUT Ha3BaHHE «perieTa JpaTocheHa» 1 3aKio-

YaeTCsl B «OTCECHUBAHUM» TEX IICIBIX YHCE 3aJaHHOM MOCICA0BATCIIBHOCTH, KOTOPBIC ACIATCSA

1
XOTsI ObI HA OJTHO M3 MPOCTHIX Yncea MeHbIe N*(0<a < 5 ).

CyTp MeTO/Ia B ClIeyIONIEM. 3adepKuBaeTcs eauHuna. Yucio 2 — mpocroe. 3a4epKUBaOT-
Csl BCE HAaTypaJIbHbBIC UncCTa, faersmmecs Ha 2. Yucno 3 — mepBoe He3a4epKHYTOE YUCIIO0 — OyIeT
IpOCTHIM. Jlanee 3adyepKuBarOTCs BCE HATYpPAJIbHBIE YMCIIa, KOTOpBIE AenArcs Ha 3. Ywucmo 5 —
clIeyIolllee He3auepKHyToe Yuciio — OyneT mpocThiM. [Ipomormkas aHagoru4Hble BbIYMCIICHUS,
MO>KHO HalTH CKOJIbKO YTOJHO OOJIBIION OTPE30K MOCIEA0BaTEIbHOCTH NPOCThIX yucel. JlanHas
METOAUKA MOXET OLITh HCIIOJIL30BaHa g pacdeTa YHUCICHHOCTH SHEPIreTUUYCCKU 3HAUYUMBIX
CTaOMJILHBIX COJIUTOHOB B CUCTEME MHKPOCOJIUTOHOB.

11.4. Anroputm EBknupa [7, c. 214].

11.4.1. Anroputm EBkinga ompezaeneHus HanOOJIbIIEro OOMIEro ACIUTENs MBI paccMar-
pUBacM KaK MAaTEMaTHYCCKYIHO MOJC/IIb C€CTCCTBCHHOI'O MCXaHHW3Ma O6pa3OBaHI/15[ JUHAMHWYCCKN
PaBHOBECHOTO COCTOSIHUSI CHCTEMBI, COCTOSIIIIEN N3 MHOXKECTBA B3aUMO/IEHCTBYIOIIMX, Yepe3 I0-
Cp€ACTBO KBAHTOBOI'O BaKyyMa, IIEPECHOCYUKOB SHCPIruh — MUKPOCOJIMTOHOB, B KOTOpOﬁ MHOXC-
CTBO CIIy4alHBIX IIPOLIECCOB peKOMOUHALUN (0OOMEHOB KBaHTaMU SHEPryHu) JAIOT HECTydalHbIN
pe3ysbTaT — MaTeMaTH4YECKOE OKUJaHNE XapaKTepUCTUUECKOT0 IapaMeTpa mpolecca.

TakuM o0pazoM, MaTeMaTHUECKOE OKHUJaHUE MapaMeTpa CTOXACTUYECKOro Ipolecca Xa-
pakTepu3yeT cTaOuiIbHbIE COCTABIISAIONINE MIpoLecca, T. €. SIBJISETCS MEpOol J1IeTepMUHUPOBAHHO-
CTH, TOYHEC, MGpOﬁ OTKJIOHCHUA OT CTOXAaCTUYHOCTH.

11.4.2. Anroputm EBkinza — 310 coco0 HaxO0KJI€HUS HAWOOJIBIIETO OOIIEro ACIUTENs

JBYX LIEJBIX YHCEN, BYX MHOTOWICHOB UM OOLIEH Mepbl IByX OTpe3KoB. i ciryyasi MojI0Ku-
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TENBHBIX uncen a u b (a > b) crmocod COCTOUT B CIEAYIOMIEM.
Jlenenwue dncna @ Ha YUCiIo0 b C OCTaTKOM MPUBOIUT K PE3YJIbTATY:
a=nb+b,
IJIe YaCTHOE 71 SIBIIICTCS IEIBIM IOJI0KHUTEIBHLIM YHCIIOM, a 0CTaTOK b, — 00 0, JIM0O MOI0KH-
TEIBbHOE YHUCIIO MeHbIe b, a < b1< b.. [IpousBoaUTCS MOCIEAOBATEIBHOE JICTICHHE:
a=nb+b;;, b=nb+by bi=nbytbs,

T7Ie BCE ;. TIOJIOKUTENbHBIE Tenble yncia u 0 <=b,< b;;. [lenenne mpousBOAUTCS A0 TEX
Mop, OKa HE MOJIYYUTCS OCTATOK, paBHbIN 0. [locnennee nenenne 3aKkOHYUTCS Tak:

bro=n1bi1+by, bri=niby.

[Tocneanuii MOJMOKUTETBHBIN OCTATOK SIBIAETCS HauOOIBIIMM OOIIHMM nenuTeneM. B ciy-
yae HECOM3MEPHUMBIX OTPE3KOB (OTCYTCTBUE OOLIEH MEphl) aITOPUTM MPUBOJUT K OECKOHEUHOMY
MIPOLIECCY JEJICHUS.

AnroputMm EBKIIHZIa MOKET OBITH MCIIOJIH30BAaH KaK METOJI BBIJCICHUS CTA0OMIBHBIX COJU-
TOHOB M3 MHOXXECTBA B3aMMOJICHCTBYIONIUX CTOXAaCTHYECKUX COJUTOHOB, HAXOMAIIUXCS B
CTPYKTYpE MaKpOCOJIUTOHA.

Ha ocnHoBe (¢yHmaMeHTaIBHOTO MPUHIIAIIA T€OMETPU3AIMH U KAaYeCTBEHHOW TEOPHH pa3-
MEpPHOCTEH MOHO TOKa3aTh, YTO PAa3HOPOJHOCTh CHCTEMHBIX €IWHUIl (PU3HUECKUX BEITUIHH
HEYCTpaHMMa, T. K. PA3HOPOHBIC Pa3MEPHOCTH HA3BAHHBIX €IUHUIl HEM30EKHO MPHUBOIITCI K
HECOM3MEPHUMBIM T€OMETPUUYCCKUM TapaMeTpaM, HalpuMep, TAaKUM KaK MOBEPXHOCTh M 00BEeM
COJIUTOHA.

AnroputMm EBrimmnma paccmaTpuBaeM Kak «MEXaHHKO-MAaTEMaTHUYECKYIO» CXeMY WHIYIIH-
POBAHHOTO M3JIYYCHHs JHEPTUU KBAHTOBBIM BAaKyyMOM:

JICJICHUE YUCJICHHBIX 3HAYCHUI 00beMa COJIMTOHA Ha TIOBEPXHOCTh COJIMTOHA, KaK T€OMET-
PHUYECKUX MMapaMETPOB PHEPTUU HECOU3MEPUMBIX HE TOJIHKO YUCICHHO, HO U 10 Pa3MEPHOCTSIM,

MPUBOIUT K OECKOHEYHOMY aBTOKOJIEOATEIHPHOMY IMPOIECCY HHAYIIMPOBAHHOTO H3ITyYCHUS

KBAHTOBBIM BaKyyMOM SHEPruu E., OGECKOHEYHO GOJIBLION IIIOTHOCTH (CM3 =cm’ ) :

B rimaBe 7 MBI moKa3aia, 94TO B KPUTHYESCKOM COCTOSTHHM BEIECTBA «MCYE3A0T» BCE pa3-
JINYUA HEC TOJIBKO B YMCJIICHHBIX 3HAYCHUAX FGOMeTqueCKHX HapaMCTpOB 3Hepl"I/H/I, HO U B pa3-
MCpHOCTfIX CUCTCMHBIX COINHUILL (1)I/ISI/I‘~I€CKI/IX BCIIMYHH. O)IHaKO N3 AKCUOMATHUYCCKOT' O ITOJIOXKE-
HUS «HCHy.]'ICBBIX 3Ha‘~IeHPII7D) 6€CKOH€‘~IHO MaJIbIX BCINYUH BHCpFI/II/I CJ'IC)IyeT, qTo HGCOI/ISMepI/I-
MOCTb B Pa3HOPOJHBIX Pa3MEPHOCTAX MapaMeTPOB SHEPIUU TAKXKE COXpaHSAETCs U B «OeCKOHEeU-
HO MaJIOM», TaKXE ABIACTCS HpI/ILII/IHOI\/’I HapymeHI/m CI/IMMCTpI/H/I Hu, CJIICA0BATCIBHO, HquI/IHOﬁ
MHIYIUPOBAHHOIO M3JIy4Y€HHUsI KBAHTOBBIM BaKyyMOM SHEPruu ¢ OECKOHEUHO OOJIbIION MIOTHO-
CTBIO B €r0 OECKOHEYHO MAJIBIX «TITyOHHAX).

TakuM 00pa3oM, K Fr€OMETPUUECKOMY MPU3HAKY HECOM3MEPUMOCTH MapaMeTpOB SHEPruu
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noOapisieTcsl GU3NYECKU IPU3HAK HECOM3MEPUMOCTH, KOTOPbIN, OyaydH CIEJICTBHEM I'€OMET-
pPUYECKOr0, HUYEM HU MPU KaKuX 0OCTOSATENILCTBAX HE MOXET OBbITh YCTPAHEH U B OECKOHEUHO-
MaJjlblX IIyOMHAaX KBAHTOBOro Bakyyma. OJHAKO B CTOXAaCTUYECKOM JIBKEHUM dHEPruu, B clia-
ObIX B3aMMOJICHCTBUSIX BCE OHHM HEPA3JIMYUMBI, BCIEACTBHE OTCYTCTBHSI TEXHUYECKUX CPEICTB
U1 IPOBEJICHUSI U3MEPEHUM U «aHTPOTIOIOTM3Ma B MBIIIICHUN.
nmaBa 12. NU36paHHbIe nonoxeHusa Teopum ymcen (Cnpaska).
12.1. YucnoBas npsamas [7, c. 172].

YucnoBoil npsiMoil (YMCIOBOM OChbIO) HA3bIBAIOT JIMHEHHOE YHOPSJOUYEHHOE MHOXECTBO
BCEX JEMCTBUTEIBHBIX YUCEN — JIFOOBIX MOJOKUTEIBHBIX U OTPULIATENbHBIX, PAIUOHAIBHBIX U
UppalMOHAJIbHBIX YHUCEN.

CpoiicTBa YHCIOBOM MPSMOM ABIIAIOTCA (PyHIaMEHTOM, Ha KOTOPOM IOCTPOEHO BCE 3/1aHUE
COBPEMEHHOTO MaTeMaTUYECKOTO aHaIH3a.

JIuHeitHOCTh yMOpSAA0YEHHOTO MHOXECTBA O3HAUYAET, YTO yKa3aHO, KaKoe U3 JIByX YHCell
CIIEIyeT 3a JPYTUM, T. €. KAKO€ U3 HUX OOJIbIIIE.

Bo «BnosiHe ynopsiio4eHHOM MHOKECTBE» MMeeTcs HauMeHbluee uncio. [Ipu stom Hau-
0o0JIbIIIEE YUCIIO HE YKA3aHO, T. K. 11l BCAKOIO YKCIIa BCET/1a CYLECTBYET O0JIblIee YUCIIO0, HEMO-
CPEICTBEHHO CIIEAYIOIIEE 3a HUM.

MHO0keCcTBO HaTypaJIbHbIX YHUCEN ABJISETCS BIOJHE YHIOPSAJOUYEHHBIM MHOXKeCcTBOM. OnHa-
KO OTpe30K AeicTBUTenbHbIX uncen (0, 1) He sABseTcs BIOJIHE YIOPSA0YCHHBIM.

B 4ncne apyrux BaKHEUIINX CBOMCTB YMCIIOBOM IIPSIMOM HA3bIBAIOT €€ HENIPEPBIBHOCTb.

12.2. HatypanbHbIn psag uucen [7, c. 79, 394, 607].

HatypasibHO€ 41ci0 — 0JTHO U3 OCHOBHBIX MOHSATHI MaTeMaTUKH.

HatypasibHbIM psiioM Ha3bIBa€TCSd MHOXECTBO HATYpPaJbHBIX YHMCEN — BCEX LEJIBIX MOJIO-
KUTEJIbHBIX YHCETl, CHA0)KEHHBIX €CTECTBEHHBIM MOPSAIKOM CIICIOBAHUS.

[TocnenoBaTrenbHOCTh HATYpaIbHBIX YKCEN YIOBIETBOPSET ClEAYOINM akcuomam [leaHo,
SBJISIOIIUMCS (DYH/IaMEHTOM BCE MaTeMaTH4eCcKON JTOTHKU:

1) uucio 1 ecTh HaTypaIbHOE YUCIIO;

2) ymucio, cueayrollee 3a HaTypajlbHbIM YUCIIOM, €CTh HaTypaJbHOE YHCIIO;

3) uucno 1 He cienyeT HU 32 KaKUM HaTypajIbHBIM YHUCIIOM;

4) ecny HaTypaJlbHOE YMCIIO a CIEAYeT 32 HATypaJbHBIM YHCIIOM b M 32 HATypaJbHBIM
YHCIIOM ¢, TO b ¥ ¢ TOXKJIECTBCHHEI,

5) ecnu kakoe-nmubO MpeIoKEeHUe J0Ka3aHo A 1 U eclii U3 JOMYIIeHHs], YTO OHO
BEPHO JJIsl HATYpaJlbHOTO YHCIIA 7, CIEAYEeT, YTO OHO BEPHO JJISl HATYpallbHOO 4HMcia
n+1, TO NOJOXKEHNE BEPHO JIJIsl BCEX HATYPAJIbHBIX YHCEI.

HatypanbHblil pan dynces, BKIOYAOMKNA B ce0sl, 3aMbIKAIOIINI co00l Bce YHMCIOBBIE IO-
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CJIEIOBATEIILHOCTH, pacCMaTPUBAEM KaK JIEHCTBHE CYNEPHO3UIINH, MPUMEHEHHOE K MHOYECTBY
rmapaMeTpoB TOKa HECKOHIACHCHUPOBAHHOM SHEPrUM, KOTOpas TAKKE XapaKTepU3yeTcs OTHOHa-
MPaBJIEHHOCTHIO U «UMITYJIbCHOCTHIO» (KBAHTOBAHHOCTBIO — IEJIOCTHOCTBIO YHCET).

[TockosbKy AT TPEXMEPHOTO LEHTPATbHO-CUMMETPUYHOTO COJINTOHA B KAauyeCTBE OJHO-
MEpPHON MaTeMaTHYE€CKON MOJIEIHM MOXKET OBITh MPHUHSATA YKCIOBAsS OCh, TO MOXKHO MPEIOJIO-
KHUTb, YTO HATypaJbHBIC YMCIIA, HATYPAIBHBIM PSJ YUCET COAEPKAT «r€OMETPUIECKYI0 HH(OP-
MaIlMIO» O BCEX COJUTOHAX M3 JIIOOOTO MHOKECTBA BEIIECTBEHHBIX MHUPOB, YTO CBOWMCTBA HATY-
PaNBHOTO Psifia YUCEN MO3BOJISIOT PACCUYUTHIBATH COJUTOHBI, IPUHAJICKAIINE «UHBIM BEIIECT-
BEHHBIM MHPaM», BOBMOXHOCTh CYIIIECTBOBAHHE KOTOPBIX MTOKa3aHa B TJiaBe 16.

12.3. ApucbmetTnyecknm psag umcen [7, c. 79].

ApubMeTnuecKkuil psig MOpsiAKa m — 3TO MOCIEA0BATEILHOCTh YNCIECHHBIX 3HAYCHUN MHO-

rousieHa CTeNeHH m.:
p(X)=ap+a) x+tax’+...+a,x",
rae x =0, 1, 2... — 1eyible HEOTPULIATENbHBIE YU CIIA.

[Ipu m=1 psaxa p(x)=a,+a;x npeacTaBisieT coooi apuPMETHIECKYIO MPOTPECCUIO C HaYalb-
HBIM YHCJIOM d¢ U PA3HOCTHIO d.

Ipu p(x)=x’, p(x)=x" moIydaeTcs MOCIEAOBATETHHOCTD KBAAPATOB M KyOOB IENBIX UHCEl,
COOTBETCTBEHHO.

Ecnu coctaButh psig M3 pa3sHOCTEH COCETHUX WICHOB apu(PMETHUECKOTO psifa, 3aTeM W3
MOJIYYCHHOTO Psifia Pa3HOCTEH COCTABHUTH PSJl U3 BTOPHIX PA3HOCTEH U T. 1., TO HA M-OM JTare
OKa)KETCsI, YTO BCE mM-bI€ Pa3HOCTH PaBHBI MEXIy co0oii. I Ha000pOT, eciu j1s1 HEKOTOPO To-
CJIEJOBATENILHOCTH YHCEJl €€ m-ble Pa3HOCTH PaBHBI MEXJy cO00, TO 3Ta MOCIIEI0BATEILHOCTh
€CTh apuMETUUECKUM PAJT YUCEIN TTOPSIAKA M.

OTmpaBasisich OT Pa3HOCTEH, MOYKHO CTPOUTH Pa3IMYHbBIC MOCIEI0BATEILHOCTH: TIOCIIEI0-
BaTeNIbHOCTH 1, 1, 1, ... MOXKHO paccMaTpuBaTh Kak MNEPBHIE PA3HOCTH B MOCIEA0BATEIBHOCTH Ha-
TypanbHbIX uncen. [anee 1, 2, 3 — kak BTOpbIe pa3HOCTH B MOCIEIOBATEIBHOCTUA TPEYTOJIbHBIX
gucen. Jlanee: 1, 3, 6, 10 — kak TpeTbu pa3HOCTH TETpadApUUecKux uncen; 1, 4, 10, 20, ... u T. a.
— MHOTOYroJibHbIe ((DUTypHbIE) YKCIia, BEIPA)KEHHBIE GOPMYIIOH I n-TO MOPAIKA ¢-YrOJIBHOTO
quca:

n(n-1

T=n+(q-2
Dy (q-2) 5

Nwmerorcs ocHOBaHUA Ui IPOBEPKU TOTO, YTO PACHPENIEIICHUE IHEPreTHUECKHU 3HAYUMBIX
COJIMTOHOB BHYTPHU OOJIBILIOrO COJUTOHA XapaKTEPHU3yeTCs apu(PMETHUECKUM PSAOM U MOMKET

OBITh BBIPAXKCHO ITOCIICA0BATCIBHOCTBIO paSHOCTefI COOTBCTCTBYIOIIUX IMOPAAKOB.
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12.4. CteneHHom paf byHKUmuU [7, C. 566].
OT0 QyHKIMOHAIBHBIN PsIJl BUIA
avtarz + axz’+..+a ' ...,

rjae Ko3hULUUEeHTH ao, a1, ..., dp, ... — KOMILJIEKCHBIE YUCJIa, HE 3aBUCAIINE OT KOMIUIEKCHOTO
MIEPEMEHHOTO Z.

Ms1 paccMmaTpuBaeM CTENEHHOW sl Kak 000O0IeHHne W pacHIMpeHre apu(MeTHIecKoTo
psiga B KOMIUIEKCHYIO 00J1acTh, T. €. B IPOCTPAHCTBO COOTBETCTBYIOIIEH pa3MEPHOCTH.

[Ipenmonaraem, 4To ciexyrolMe CBOWCTBA CTENEHHOIO psjia 0TOOpakaroT CBOMCTBA COJIU-
TOHA, CBOICTBA OJHOMEPHBIX M MPOTUBOMNOJIOKHO HAIPaBJIEHHBIX TOKOB JIBYX BUJOB SHEPrUU
KBaHTOBOI'O BaKyyMa B COJIUTOHE:

O065acThO0 CXOAUMOCTHU pPsiia B OOIIEM Cllyyae SIBJISIETCSI OTKPBITHIN Kpyr (CedyeHue coJu-
TOHA — JIByMEpHas FeOMeTpUYEeCcKasi HHTEpIpeTals KBaHTa SHEPTUU B TNIOCKOCTH) [[={z: | z | <
R} c nenTpom B Touke z=0 (Kpyr CXOOUMOCTH), a €ro paauyc R SBIAETCS PaglyCcoOM CXOJIUMO-
CTH.

Bo Bcex Toukax kpyra psii CXOAMTCA aOCOJIOTHO, @ B TOUKAX OKPYKHOCTH MOXET Kak
CXOJUTHCS, TaK U PACXOIUTHCS.

Hampuwmep:

1) Hz+Z2°... +2"+..., R =1 — psix pacXOmHUTCS B KaXKIOM TOUKE OKPYKHOCTH |z = 1.
2 n
z

z z ) )
2) 1+1—2+?+ .. +—+ .., R =1 —psan abCOMIOTHO PACXOJUTCS B IIOOON BHELIHEH TOY-
n

K€ OKpPYXHOCTH |z| = 1.

BuyTpu kpyra creneHHOU psJl SBISETCS aHAIUTUYECKOW QyHKIMEH, aHATUTUYHOCTh KOTO-
POl MOXET MpepbIBaThCs Ha IpaHUlle Kpyra (HO MOXET U He NPEephIBaThCs), YTO PACCMOTPEHO
HUXKeE.

12.5. AHanuTnyeckas cyHkuusa [7, c. 68].

D10 (yHKIMS, KOTOpasi MOKET OBbITh MpeCTaBleHa Ha3BaHHBIM CTeNeHHbIM psaoM. Kiace
aHAIUTUYECKUX (DYHKIUH OXBaThIBAaeT OOJILIIMHCTBO (DYHKIMI, BCTPEYAIOMIMXCS B OCHOBHBIX
BOIIPOCaX MAaTE€MaTUKU U €€ MPWIOKEHUSX B €CTECTBO3HAHMM M TexHHuke. K aHanuTuueckum
(GYHKIMSAM NIPUMEHUMBI BCE OCHOBHBIE OmNepaluuy apupMETUKH, anreOpbl U aHaiIu3a, KOTOpbIe
CHOBA MPHUBOJAT K aHATUTHUYECKUM QYHKUMSIM. AHaIUTH4YeCKHe (PYHKUIMU 00JalaloT Ba)KHBIM
CBOMCTBOM €IMHCTBEHHOCTHU: Ka)KJas aHaJMTUYecKass (yHKIHUs oOpa3yeT OJHO, OpraHMYecKu
CBSI3aHHOE II€JIOE W TIPEACTABISIET COO0M «EeNMHYI0» (PYHKIIMIO BO BCEM CBOEH «ECTECTBEHHOU
00JyacT CyHIECTBOBAHUSY, YTO MOXHO CBSI3aTh C €IMHCTBEHHOCTHIO 3JIEMEHTAPHON CTPYKTYpbI
SHEPrUM CPEed MHOKECTBA CTPYKTYpP SHEPrUH, JJaXKe TOXKJECTBEHHBIX YHCIECHHO, IO Pa3MEpPHO-

CTAM H (ba3OBBIM COCTOSAHUSM.
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Pemaromum pakTopoM pa3BUTHUS TEOPUN aHAIUTUYECKUX (QYHKLIMH OBLI Mepexona oT Jei-
CTBUTEJIBHOTO IIEPEMEHHOT0 X K KOMIUIEKCHOMY nepeMeHHoMY z. [locie aToro Teopust aHainuTu-
yeckuX (YHKIUN pa3BUBAETCsl B MaTeMaTUKE Kak TeOpusl PYHKUHUHU KOMIUIEKCHOTO MEPEMEHHO-
ro. OyHJaMeHTaNbHBIM (AKTOM TEOPUHM aHATUTUUYECKUX (QYHKIUHN SBISETCS TOKIECTBEHHOCThH
COOTBETCTBYIOIIMX KJIacCOB (YHKIIMM, paccMaTpuBaeMbIX B MPOU3BOJILHON 00JIaCTH KOMILIEKC-
HOM IJIOCKOCTH.

KommnekcHoe nepemeHHOe 0Ka3ajaoch OJHUM U3 HanboJiee CHIIbHBIX OPYIUN TEOpUU UH-
cell.

naBa 13. KomnnekcHble Yncna Kak BeKTopbl.
13.1. O6wwme nonoxeHwus.

BBuay 6osbuioro oobema nHGopMaluy U MHUPOKOTO MPUMEHEHUS KOMIUIEKCHBIX YUCeN U
TEOPUHU KOMILIEKCHOTO NMEPEMEHHOTO B MaTeMaTUKE U B MH)KEHEPHOW NMPaKTUKE, OCTAHOBUMCS
TOJIBKO Ha BOTpOCaX, MPUHLUUIINAIBHO BKHBIX JUIsl pACCMATPUBAEMOMN TEMBI.

MaremaTuk AaBHO CHSUIM C KOMIUIEKCHBIX YHCEJl MUCTUYECKOE COJIEp:KaHue, HO JUIsS 3TO-
ro UM MPUILIOCH HAIMIOJIHUTh CBOMCTBA KOMIUIEKCHBIX YHCEN «BEKTOPHBIMHU CBOMCTBaMmU», T. €.,
o cyTtH, (pusnveckumu cBoiictBamu. OKazanoch, UTO MpaBHUJia UCUYUCIIEHUS C OOBIYHBIMH Belle-
CTBEHHBIMU YHCJIAMU IPUMEHUMBI U K KOMILJIEKCHBIM YHCJIaM, OJIHAKO C HEKOTOPHIMU CYILECT-

BCHHBIMH OI'PaHUYCHUSAMHU, HA KOTOPBIX OCTAHOBUMCS HUIKC.

Korma muuryt i =~/—1, To 5Ty 3aIich MOKHO M HEOOXOIMMO PACCMATPHBATH HCKITIOUH-
TEJIBHO KaK 0c000€ HauepTaHWE BEKTOPHOI'O yPaBHEHUS.

OTO0 BBOAUT «BEKTOPHOE COJIEP)KAHUE» B aHAIUTHYECKHE (QYHKIIMU U B COOTBETCTBYIOIIMIMA
aHanu3 ¥ TpedyeT B HACTOSAIIEH paboTe 0co00ro ydera orpaHUYeHUN, HAKIAAbIBAEMBIX CBOMCT-
BaMU BEKTOPOB.

13.2. CBoMCTBa BEKTOPOB B €BKIIMAOBOM NPOCTPaHCTBE.

[Ipenmnonaraem, 4YTO BEIIECTBEHHBIN MUP — 3TO 3HEPrUs KBAaHTOBOTO BAKYyyMa «B MaJlOM.
CnenoBarenbHO, BEIIECTBEHHbIN MUP — 3TO €BKIIUIOBO, T. €. TPEXMEPHOE IMPOCTPAHCTBO.

B BexTOopHO# anredpe MpUHATO, YTO BEKTOPHI €BKIUAOBA MPOCTpPAHCTBA 00JalaloT clie-
OYIOIIMMHU CBOMCTBAMHU: B Ka)JOW MAaTEMaTUYECKOW TOYKE CYIIECTBYIOT TOJIBKO TPH JIMHEHHO
HE3aBUCUMBIX BeKkTOpa. J[1oOble ke YeThIpe BEKTOpa, MCXOASAIIUE M3 OJHOM MaTeMaTUyecKoil
TOYKH, 3aBUCUMBI. JINHEIHO HE3aBUCUMBIC BEKTOPHI €], €;, €3 00pa3yroT 0asuc. JIro6oit BeKTop a
MOXET OBITh pasyiokeH Mo 0a3ucy: a = xe;+ye; + zes. Ilpu 3ToM BBIOOp 0a3uca HE BIUSET HA
CBOICTBa BEKTOpa a.

KoadduuuenTs! x, y, z Ha3pIBalOT KOOpJAMHATAMU BEKTOpa a B BblOpaHHOM Oasuce. Tpu
B3aMMHO OPTOrOHAJbHBIX €AMHUYHBIX BEKTOpa 0003HA4aloT i, j, k. Eciau 3T BeKTOpbl momec-

TUTb Ha4YaJlaMU B OAHY TOYKY 0, KakK Ha4daJI0 CUCTEMbI UCUHMCICHHUA, TO OHH, OCTaBasChb HEC3aBH-
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CUMBIMH, 00pa3yloT JE€KapTOBY NPSIMOYTOJIbHYIO CUCTEMY KOOPAMHAT.

OObryHbIE anreOpanyveckue OmNepaluyd B TEOPUU UYUCEN — CIOKEHUE U YMHOXKEHHE KOM-
IUIEKCHBIX YHCEJ, ONpeAesieMble «EeCTECTBEHHBIM O0pa30M», — BBIMOJHSAIOTCS Kak OIepaluu
HaJl MHOTOYICHAMH, C YIETOM BEKTOPHOTO ypaBHeHHs i°=-1. OqHako GopMAaibHOE BHIMOTHEHHE
3TUX ONepaluii MOXKET /1aBaTh Pa3IUyHbIe PE3yIbTaThI.

13.3. OwmbKM N npobremMmbl A4eUCTBUNA HaA KOMMSIEKCHbIMU YucnamMm
M BekTopamm. [7].

13.3.1. B cOOTBETCTBUU C MOJOKEHUSMHU BEKTOPHOU anreOpbl «IOSIBIEHUE)» YETBEPTOTO
BEKTOpa, MPOXOSILIEro Yepe3 TOUKY IepecedeHus] TPEX OPTOrOHAIbHBIX BEKTOPOB, MEPEBOJAUT
BCIO BEKTOPHYIO CUCTEMY, KaK MaTeMaTUYECKYI0 MOJIEJIb BEKTOPHOTO MPOCTPAHCTBA TOKA SHEP-
MU, U3 TPEXMEPHON KOOPAMHATHON CUCTEMBI B IByMEPHYIO (TJIOCKOCTh) HJIM OJTHOMEPHYIO (KO-
OpIMHATHYIO OCb). 3 IPUHATOr0 aKCMOMAaTHYECKOrO MOJIOKEHUS BEKTOPHOM anreOpbl O TOM,
YTO B TPEXMEPHOM IPOCTPAHCTBE B KaXKJI0M MaTeMaTHUYeCKON TOYKE CYIIECTBYET TOJBKO TpU
JIMHEIHO HE3aBUCHMBIX BEKTOpA, YTO JIIOObIE YEThIpe BEKTOPA, UCXOJAIINE U3 OJHOW TOYKH,
BCEI/Ia 3aBHCHUMBI, CJEAyeT INPUHLUIINAIbHAS OMMOOYHOCTh BHECEHUS B reomerpuio EBkimnaa
MOHATHSI MHOTOMEPHBIX SHEPreTHUYECKUX IMPOLIECCOB, UMEIOUIMX OOIIYI0 HYJIEBYIO TOUKY, T. K.
J00ble MHOKECTBA B3aUMOJCHCTBYIOIIMX KBAHTOB SHEPTUH B ATOM CIIydae Jake B MUKPOMHUPE
JOJKHBI ObITh CBEJEHBI K TPEXMEpPHBIM Ipoleccam. VcnpapieHrne OUMOKH CYLIECTBEHHO YII-
pOILIaeT aHalIM3 BEKTOPHBIX CBOMCTB YMCIOBBIX IOCIEIOBATEIbHOCTEH. DTO O3HAYaeT, YTO B
TPEXMEPHOM IPOCTPAHCTBE JIOObIE THIIEPKOMIUIEKCHBIE YHCIA MOTYT U JIOJKHBI OBITH CBE/ICHBI
B TpexMepHble. Tak, KBAaTEpHUOHBI TPEXMEPHBI HE TOJHKO B YACTHOM CIIydyae PaBEHCTBA HYJIIO
BEILIECTBEHHOM 4acTH, HO U BO BCEX CIydasX, T. K. BEIIECTBEHHAsl 4acCTh, COTJIACHO HAIllEMy aK-
CHOMAaTUYECKOMY IOJIOKEHUIO, — 3TO TAK)KE TPEXMEPHBIN BEKTOP HECKOH/IEHCUPOBAHHOM SHEp-
T'UH, IPEACTABISAIONIMN COO0N CyMMY €IMHUYHBIX BEKTOPOB.

Ecnu Ha3BaHHBIE IPUBEACHNS KBATEPHUOHOB WJIM TUIIEPKOMILIEKCHBIX YHCE HE OTBEYAIOT
UCCIIETyeMbIM (PU3HUECKUM PEaIbHOCTSM, TO OHU OTOOPaXKal0T HEEBKIIUIOBY F'€OMETPUIO.

TakuMm 06pa3oM, Bce YHUCIIOBbIE MTOCIIEA0BATEIBLHOCTH B reomeTpun EBkinna cienyer pac-
CMaTpUBaTh KaK «OJHOMEPHYIO MHTEPIIPETALNIO» TPEXMEPHBIX BEKTOPHBIX IAapaMETPOB JHEP-
MU C OYEHb CYLIECTBEHHBIMH 3aMEUaHUSAMU — JOIMYIICHUSIMU:

— sHeprus Buja E, (IOBEpXHOCTh COJIMTOHA) MpPOSBIISET ceOs B BEIIECTBEHHOM (opme
TOJIBKO B CJ1y4ae MPEBBIIIECHUS IUIOTHOCTU SHEPTUH HEKOTOPOTO KPUTHUUECKOTO 3HAUCHUS,;

— YHCJIOBBIE MOCJIEOBATEILHOCTH KaK MaTeMaTHUYE€CKUE MOJIENIU SHEPruu, OyIAy4dH OJIHO-
MEpHBIMHU, COJAEpKAaT B HESIBHOM BUJE MH(OPMALMIO O JABYX BHUJAX HPHEPrUU B COJIMTOHE, Kak
r€OMETPUYECKON MOJIENIH SHEPIHH;

— MOCJICAOBATCIIbHOCTD IMPOCTBIX YUCCII KaK pAAd XapaKTCPUCTHYCCKUX IMapaMETPOB COJIM-
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TOHA MUMEET IPU3HAKU BETBIICHUS, T. €. 3TOT psj 4uceld, Oynydu GopMabHO OJHOMEPHBIM, CO-
JEPKUT «TPEXMEPHYIO HH(DOPMAIINIO» O COJIUTOHE, YTO TIOKA3aHo B TiiaBax 15, 16.

13.3.2. MareMaTuku 3aJar0TCsl BOIIPOCOM: NOYEMY MMEHHO KOMIUIEKCHBIE IIEPEMEHHBIE
HUMEIOT TaKO€ 3HaYCHHE B TEOPUH YMCEN, T0YEMY 3TO Tak? A MH)KEHEPHl 03a/1a4eHbl BOIPOCOM:
[IOYEMY CTEMEHHbIE (PYHKIIMH, ONMUCHIBAIOIINE PEaTIbHbIE (PU3NYECKHE MPOIECCHl, UMEIOT 1IeJI0-
YHCJIEHHbIE 3HauUeHUsl cTerneHei? M3BecTHhIN aBTOPUTET B TEOPUU TPAHCLUEHICHTHBIX Ynucen A.
O. I'enbon oTBEUaeT Ha ITH Bonpockl Tak: «llo-Buaumomy, €10 Bce B TOM, YTO CBOMCTBA Iie-
JBIX QYHKIUH, pa3/iaraloniuxcs B psaabl 10 LEIbIM CTENEHSIM X, TECHO CBS3aHbI C LIEJIOCTHOCTHIO
creneneid. Hanpumep, npeanosnoxenue o6 apudmMeTndeckoil mpupo/jie nokazaresieil B paay Bie-
KyT 3a co0Oil BIOJHE pacro3HaBaeMble (YHKIMOHAIbHbIE MPU3HAKH, MO KOTOPHIM OOpaTHO
MOXHO CyAUTh 00 apu(METHUeCKOW CTPYKType mokaszateneid u KodphuuueHTo» [23]. A MbI
paccMaTrpuBaeM 3TO KaK OJMH U3 MPU3HAKOB H30Mop(du3Ma IByX BUOB IHEPTUU.

[Tonaraem, yto npuBeneHHoe Boicka3piBaHue A. O. 'enbdonga oTroOpaxkaer erie He BbIsC-
HEHHYIO ITyOMHHYIO CBSI3b B3aUMOJICHCTBYIOIIMX COJIMTOHOB U COJUTOHHBIX CTPYKTYp, KOTOpBIE
XapaKTEePU3YIOTCSl TOJBKO IEJIOYUCICHHBIMU COJMTOHAMU — KBAHTaMH 3HEPTUU U B KOTOPBIX
UMeeT MecTo rpeoOpa3oBaHue IByX BUJIOB 3Hepruu. Ilpu sTom sHeprus Buna £, uMeer Beuiect-
BEHHYIO ()OpPMY TOJIBKO B CIIy4ae €€ JOCTaTOYHO O0JbIIoN IoTHOCTH. [loaTOMy sHeprus Buia
E,, nanexo He Bcerja UMEET BELECTBEHHbIE MPU3HAKU CKOHACHCHPOBAHHOM SHEPrUM, HO BCeraa
UMeeTcs B JJI000M COJIMTOHE KaK COIpPsDKEHHOE IpeoOpa3oBaHue ¢ E,,, KOTOpas BCEraa 4acTHy-
HO npeoOpasyetcs B E,. OT0 03HAYaeT, UTO B BEIIECTBEHHOM MHpPE U 3a €ro I'paHUL[aMU BCETJa
HMMEET MECTO 3aKOH COXPAHEHHUS SHEPTuu, KOTOPbIN MBI IPEAIOKUIN 3aICaTh B BU/I€ PABEHCTB,
YUUTBIBas BBIPOXKIEHHOCTD:

AE,,=E, E=AE,,+E,=const.

B otBere A. O. TI'enbdonga Mbl ycMaTpuBaeM IIIyOMHHYIO CBSI3b €rO IMPEAINOJIONKEHUS CO
CBOMCTBAMHM OWHAPHOCTH CHCTEM MHOXECTB, OTKPBITBIX Muxaiiimuenko u JIbBOM, a MBI OTO-
KJAECTBUIIM CO CBOMCTBAMH PHEPIHMM B COJIMTOHAX U CBSI3aJ]M 3TU CBOMCTBAa C HOBOM (Qopmynu-
POBKOM 3aKOHA COXpaHEHHs SHEPTUU KBAHTOBOTO BaKyyMa.

13.3.3. Kak 3amerun I'aycc u nokasan Bemepmrpacc, s BEKTOPOB TPEXMEPHOIO ITPO-
CTpaHCTBa HEBO3MOXHO CO3/1aTh UCUUCIIEHUE, B KOTOPOM MOJKHO OBbLJIO Obl IPUMEHSTH BCE Ipa-
BUJIA UCUMCJICHUS], TPOBOJUMbIE C OOBIYHBIMU YHCIIAMHU.

[Ipu mombITKax MOCTPOUTH YMCIIA, KOTOPbIE UTpaiau Obl JJIs TPEXMEPHOrO MPOCTPAHCTBA
TaKyIo K€ poJib, KAK U KOMILUIEKCHbIE YHCJIa B IJIOCKOCTH, BBIICHUJIOCH, YTO 3/I€Ch HE MOXKET
OBbITh TIOJTHOW aHAJIOTHH.

Coznianue ToM WM MHOW CUCTEMBbI TPeOOBaJIO OTKa3a OT OJHOIO M3 CBOMCTB CIIOKEHHUS U

YMHOXCHUA I[Gf/iCTBI/ITGJ'IBHBIX YHCCJI, TAKUX KaK 3aKOHLI IEPECTAHOBKH, COCAMHCHUSA U pacCIipe-
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JIeJIEHUs] — B CJIO’)KEHUU M KOMMYTATUBHOCTHU (TMIEPEMECTUTEIBLHOCTH) — B YMHOXKEHHH.

B cBs13u ¢ 3TUM B MaTemartuke pa3paboTaHo, 10 MEHbIIEH Mepe, YeThIpe BUAA YMHOKEHUS
KOMIIJIEKCHBIX YHMCEJl KaK BEKTOPOB, KOTOPHIE B CBSI3M C OTKAa30M OT OJHOTO W3 Ha3BaHHBIX
CBOWCTB JIalOT COBEPILICHHO Pa3IMYHBIC PE3yiIbTaThl. ITO, OUYEBUIHO, HEOOXOIUMO YYUTHIBATH,
UCXOJSl U3 KOHKPETHOTO COAEp KaHMs pelaeMoil 3a1a4u He TOJIbKO B (PU3UKE U MEXaHUKE, HO U
B MaTe€MaTHKe, €CJIM €€ aKCHOMAaTHKa HalloJIHEHA (PU3NYECKUM COJEPKAHUEM.

Ecnu ucxonuTe U3 akCMOMaTUYECKOTO IMOJIOKEHHS, YTO MAaTeMaTUYECKHE YMCIIOBbIE CHC-
TEMbI — 3TO BEKTOPHBIE CHCTEMBI TPEXMEPHOI'O MPOCTPAHCTBA 3HEPTUU, TO HEOOXOAUMO HCXO-
IUTh U3 TOTO, YTO B reoMeTpuu EBKiMIA BeliecTBEHHAs 4acTh JIF0OOTO KOMIUIEKCHOTO YMCiIa —
3TO TaK)K€ BEKTOP TPEXMEPHOI'O MPOCTPAHCTBA, T. €. JII000€ KOMIUIEKCHOE YHCIIO — 3TO BEKTOP
HE IIJIOCKOI0 UJIM OJTHOMEPHOTO, a BCerja TPEXMEPHOro npocTpaHcTBa. X, TeM He MeHee, MOX-
HO paccMaTpuBaTh B OJIHOMEPHOUW MHTEpIpETaIH, HO TOJIbKO B Cilydae LEHTPaIbHOW CUMMET-
PUYHOCTH COJINTOHA U CTOXAaCTUYECKOW IMPUPO/IbI ABMKEHUS SHEPTUU B COJIUTOHE, T. €. B JIUHA-
MUYECKUX PAaBHOBECHBIX CHCTEMAX.

[IpMeHUTENbHO K B3aMMOCBSI3aHHBIM BEKTOpaM JABYX BUOB 3HEPIHH MPOOIeMbl BO3HH-
KalOT HE TOJIKO IIPU YCTAHOBJICHUH MPaBUJI YMHOXKEHUS, HO U CIIOKEHUS:

IIPU CJIO)KEHUHU J1a)Ke OJTHOMEPHBIX BEKTOPOB HEOOXOAUMO YUUTHIBATh, YTO B3aMMOCBS3aH-
HbIE€ MTapaMeTphl TOKA ABYX BHUJIOB 3HEPIUHU, Oylydd COOCHBIMHU, BCETJa UMEIOT IPOTHUBOIIOIOX-
HbI€ 3HaKU HapaBJIE€HHOCTH.

13.4. [lencTBUA C KOMNJIEKCHBLIMU YUCIIAaMU U BEKTOpaMum (cnpaska) [7, 24].

13.4.1. ChoxeHue KOMILUIEKCHBIX 4YMcel z U z' TPOUBBOJAUTCS KaK CJIOXKEHUE
MHOTOYJICHOB:

zHz'=(x+iy) H(x' iy ) =(x+x ) Fi(y+y),

/1€ X ¥ ) — JI€KapTOBbI IPSMOYIOJIbHBIE KOOPAMHATHI KOMIUIEKCHOM IJIOCKOCTH.

B reomerpuueckoil MHTEpPIIPETALIMN 3TO COOTBETCTBYET CJIOKEHUIO BEKTOPOB MO MPaBUILY
napajuiesorpamma.

13.4.2. YMHOXKeHHe KOMILIEKCHBIX YK ce]l U BEKTOPOB.

[IpaBuna yMHOKEHUSI KOMIUIEKCHBIX YHUCEII Z U z' KaK BEKTOPOB MMEIOT HECKOJBKO BapH-
aHTOB:

1) B HayuHbIX HCCIIEIOBaHUIX YMHOKEHNE KOMILIEKCHBIX YUCEI Z U Z' POU3BOJUTCS KaK
TIPOM3BEICHIE MHOTOUICHOB, C yIETOM TOTO, 4TO i = -1:

zHz=(x iy) (¢ iy =0 +xy ) Hi(y +x ).

OTOT BapUaHT YMHOKEHUSI KOMIJIEKCHBIX YHCE HE UMEET aHAJIOTOB B BEKTOPHOM anreope,

HO 3aTO, KaK M CJIOKEHHE, 00Ja1aeT CBOMCTBOM KOMMYTAaTUBHOCTH, T. €. (a+b)+c=a+(b+c),

(ab)c=a(bc) n cBA3aHO COOTHOIICHUEM TUCTPUOYTUBHOCTH a (b+c)=ab+ac, (a+c)b=ab+ch.
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Jlig 3TUX AeWCTBUN CYLIECTBYIOT OOpaTHbIE EHCTBUS BBIUMTAHUS U JiesieHus (KpoMe Jie-
JICHUS Ha HYJb).

OTOT BMJI YMHOXEHHSI Ha3bIBAE€TCS CMEIIaHHBIM. B reoMerpuueckoil MHTEpHpeTanun
CMEIIAaHHOE YMHOEHHE BEKTOPOB CBOJUTCS OJHOBPEMEHHO U K IOBOPOTY U PACTSKEHHUIO pe-
3YJIbTUPYIOLIET0 BEKTOpa. boJiee HaryisaIHO 3TO MPOUCXOIUT B MOJSIPHOMN MIIM TPUTOHOMETpUYE-
CKoM (popmax 3amrcu KOMIUIEKCHBIX uucen [24]. B nH)eHepHO# NpakTHUKE STOT BUJ YMHOXKEHUS
HE HaXOJWUT NMPUMEHEHUS, T. K. HE COOTBETCTBYET peajbHbIM BEKTOPHBIM MPOIIECCaM, TOITOMY
UCIOJIb3YIOTCS APYTrre BapuaHTbhl YMHOKEHHSI BEKTOPOB.

2) BuyrpeHHee Mpou3BEEHUE BEKTOPOB, KaK CKaJPHOE MPOU3BEACHNE KOMITJIEKCHBIX Y-

celt (zz'), SUISIeTCs YHCIOM: T |z =+/x* +)° 22’ — YTOJ MEK/TY BEKTOPAMH Z H 2"

OTOT BUJI YMHOXKEHHUSI 001a/1a€T TEMH K€ JOCTOMHCTBAMH, YTO U mpesiayiiee 1).

3) BHemHee npou3BeeHNE KOMIUIEKCHBIX YUCeN [zz'], KaKk BEKTOPHOE MPOU3BEICHUE, TPU
YCIIOBUH, YTO BEKTOPHI JIEKAT B OJHOM INIOCKOCTH (KOMILIaHAPHbIE):

(22~ =zl- || sim 22"},
I/le j — BEKTOP-€IMHUIIA, TEPIEHANKYIISIPHBINA MJIOCKOCTH, B KOTOPOM HaXOJSATCS BEKTOPHI Z U
z'

Ecnu BexTOpsI JiexaT B pa3HbIX IJIOCKOCTAX U UX JIMHUU ACUCTBUS HE MIEPECEKAIOTCs, TO B
SHEPreTUUECKUX IMpoLeccaXx OHU B3aMMHO HE3aBHCHUMBI, T. €. OTHOCUTENIBHO APYT Jpyra 3TO CKa-
JSpHbIE YHCTIA.

['eomeTprueckold HMHTEpIIpETAMENl BHEIIHErO IPOU3BENCHHUS SIBISAETCS TPETHUH BEKTOP,
JUIMHAa KOTOPOT0 YMCJIEHHO paBHA IUIOLIAAM Napajuiejorpamma, oOpa3oBaHHOTO IEPEMHOXKae-
MBIMH BEKTOpaMH, NEPIIEHIUKYISIPHOrO IUIOCKOCTH MapajiejorpaMma ¢ TOUKON MPUIIOKEHHS B
LEHTPE TSKECTH MOITYUUBIIEHCS TJIOCKON reOMEeTpUUEeCKON (PUTrypBhI.

B nanHOM neficTBHM pa3nuuvs B HA3BaHHBIX Pa3MEPHOCTSIX BEKTOPOB, T. €. [cm] U [ean?],
0337]a4MBAIOT U BBI3BIBAIOT OIpPE/IEICHHbIE METOIMYECKHE 3aTpyaHeHusl. OTMETHM, YTO 10/100-
HbI€ «HEMaTeMaTHYeCKHe» MPo0JieMbl BOZHUKAIOT BO BCEX JCHCTBUSAX C PU3NYECKUMU MapaMeT-
pamMu — BEKTOpaMH, MPEANKUCHIBAEMbIX YPAaBHEHUSIMU MaTeMaTUYeCKOW (GU3MKU U MaTeMaTHye-
ckuMu (popmynamu usnueckux 3akoHoB. [IpuBenenue enuuun GU3NUECKUX BEJIMYUH B OJIHY U3
CUCTEM U KayeCTBEHHasl TEOPHs pa3MEPHOCTEN «yCHOKauBAIOT MHKEHEPOB», HO METOJAUYECKUE
TPYOHOCTU HE CHUMarOTCs. TouHee, OHM MOTYT OBITh CHSTBI TOJIBKO IIPU YCIIOBUHU, YTO BEKTOPHI
0e3pa3MepHBI.

[TomyueHHBIN pe3ynbTaT BHELIHETO MPOU3BEICHUS HUKAK HE COIPSATraeTcs ¢ pe3ylbTaToM
CMEIIIAaHHOTO MIPOU3BEICHUS, KOTOPOE HE Pa3INyaeT, 4To MOJyYeHHAsl TPEXMEpHasi CUCTeMa BEK-
TOPOB MMEET MPaBYIO WIH JIEBYIO «3aKpPYYEHHOCTbY», T. €. HE 00JIaJjaeT CBOCTBaMH KOMMYTa-

TUBHOCTHU
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ab=/ba, 1. x. ab =-ba.

4) IIpu yMHOXEHUH TPEX B3aUMHO OPTOTOHAIBHBIX BEKTOPOB 3aKOH ACCOILIMATUBHOCTH HE
MPWIOKHUM HH K BHEIIHEMY, HU K BHYTpeHHEMY Ipou3BeaeHusM. Ckaisip Tpex BEKTOPOB a, b, ¢
YHCJIEHHO paBeH 00beMy MapaljielienuIiesia, COCTaBICHHOIO M3 B3aUMHO MEPHEHAUKYISIPHBIX
BEKTOPOB.

Kak BekTOpHOE Impou3BeneHUEe, OHO TaKKe 00pa3yeT MOJIOKHUTEIbHYI0O WM OTPULIATENb-
HYIO CUCTEMY, B 3aBUCUMOCTHU OT HAIIPaBJIEHUS BEKTOPOB.

5) YMHO)XeHue BEKTOpOB Bua 1) CO3/1aHO ClEeUMalbHO Ui MPEOJOJICHUS TPYIHOCTEH,
umerouxcs B 2), 3) u 4) Bugax. OgHako ¥ 3TOT BUJ TaKke 00Ja1aeT TeEM HEAOCTAaTKOM, YTO OH
3aBUCHUT OT HAIpaBJICHUs OCH aOCIuCC.

W3 Bcero aToro cieayer, YTO NPUHLIUI CYNEPIO3ULIUH B (pU3MKE U IEHCTBUE CYNEPIIO3U-
MU B MaTeMaTUKE MPUMEHUMBI C MHOXKECTBOM OT'OBOPOK.

13.5. Kak pewarotca npob6nembl AeNCTBMU C BEKTOpaMun?

13.5.1. [Jus Toro yToOBI MPOU3BOINTH MAaTEMAaTUYECKUE OTIEPAIIMH C IBYMS BUJIAMU dHEP-
MM, KaK BEKTOPHBIMU (YHKIMSIMU KBAHTOBOIO BaKyyMma, HEOOXOJMMa pEBU3HsS MaTeMaruye-
CKUX JIEUCTBUN C KOMILJIEKCHBIMHM YHCIIAMM, KaK C BEKTOpPAMHM, C y4€TOM JIeHcTBUS (pyHIaMeH-
TaJbHBIX OIPAHUYUTENBHBIX (PAKTOPOB, HAJIArA€MbIX CBOMCTBAMU SHEPTUU:

— JIETepPMUHHUPOBAHHOCTh CTOXACTUYECKUX IPOLIECCOB TOKOB SHEPIUU B COJIMTOHE, Xapak-
TEPUCTUKON KOTOPOU SBISAIOTCS (pyHAaMeHTalbHble (PU3MUECKUE KOHCTAHThl U HEHYJIEBbIC 3Ha-
YeHHs] MaTeMaTUYECKUX OXUAAHUN JPYruX BEKTOPHBIX MApaMETPOB «CTOXACTUYECKUX» TOKOB
SHEPTHU;

— B3aMMHAas IPOTUBOMNOJIOKHOCTh 3HAKOB JIBWKEHUS («IyJIbCUPYIOIINX TOKOB») JIBYX BH-
JIOB HEPIUHU B COJIUTOHE.

OrpaHu4MUTENbHBIN IEPEUEHb MOKHO MPOA0JKUTE. OJIHAKO JaXke JABa Ha3BaHHBIX (pakTopa
MO3BOJISIFOT CAENAaTh BBIBOJI, YTO HU OJMH M3 PACCMOTPEHHBIX BHUJIOB YMHO>KEHUS BEKTOPOB HE
MIPUTOJICH JUIsl aHaJIM3a CBOMCTB JBYX BUJIOB SHEPTUU B COJUTOHE.

Kakoii sxe BbIxoJ u3 3TOro nojiokeHua? Heo6xoauMo M3MEHUTh MCXOJHBIE MOJIOKEHUS
BEKTOpPHOU anreOpsl, B T. 4., HAIPUMEp, ONEPALUI0 YMHOKEHUS BEKTOPOB HEOOXOAUMO 3ame-
HUTh ONEpalUsIMU CIOXKEHHS, YTO MAaTEeMAaTUKHU YCIEIIHO MPUMEHSIOT IPU UCCIeI0BaHUU aHa-
JUTUYECKUX (YHKUMUNA U YHUCIOBBIX MOCIEA0BATEIBHOCTEH, @ NHKEHEPhl — B BBIYMCIUTEILHOMN
TEXHUKE U UHPOpMATHKE.

Ho TyT BO3HUK BOmpoC: MoueMy TPaHCLEHAEHTHbIE YHCIIa U PAJ MPOCTHIX YUCEI TaK ILJI0-
X0 TOJIAFOTCS aHAIHN3Y, B OTJIMYHUE OT psiga PuboHaqqn?

13.5.2. I'padpuyeckuii aHaaM3 psijga MPOCTHIX YUCEII COBMECTHO C psinamu PuboHayun u

HaTypaJbHBIX YMCEJN, IPOBEACHHBIA B IIaBe 15, 1aeT OCHOBAaHME A «IIOJO3PEHUS», YTO PSf
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MIPOCTBIX YHCEN — ATO «BETBALIUICS Psii» — OJJHOMEPHBIN aHAJIOT BETBSILIUXCS BEKTOPHBIX (Map-
KOBCKHX) IIPOLIECCOB B TPEXMEPHOM IIPOCTPAHCTBE.

[Ipenmonaraem, 4yTo QyHIAMEHTAIBbHON MPUYMHON BO3MOKHOCTH 3aMEHbI B MaTe€MaTHKE
JFOOBIX JIOTUYECKUX OTEpaIiid BCEro OJHUM THUIIOM OTEpaIiil — CI0KEHUEM, a B KIACCHYECKOM
¢buznuKe — AEWCTBUEM CYNEPIO3UIMH SBISETCS «COOCHOCTb» U UMITYJIbCHOCTh JIEHCTBHUS TOKOB
JBYX BUJIOB PHEPIHH B KaX/JI0M KBaHTE SHEPruM (PU3MUECKOro BakyyMa. AHAJIOTUYHO OObBSICHS-
€TCsl U IETEPMUHU3M XO0J1a BpEMEHH U HBOJIIOLIUU MaTEpUU B BELLIECTBEHHOM MUPE.

JleiicTBHE CyNEepHO3ULMH MIPEKPALIAETCs] HE TOJIBKO MPU YCTaHOBJIEHUH PABHOBECHOTO CO-
CTOSIHMSI, HO M TIPU MPEKPALICHUN aHATUTUYHOCTH (PYHKIIUU B HEYCTPAHUMBIX OCOOBIX TOUKAX, B
TOM 4YHCJIE€ B TOUKAX BETBJICHUS (QYHKUHMHA U NMPU «OOHYIEHUW» I'PAJUEHTOB [apaMeTpPOB DHEp-
ruu. B reoMmerpuueckoil HHTEPIIPETAllMK 3TO MPOUCXOIUT IPU MEPECEUEHUN YUCIOBOM MocIe-
JOBAaTENbHOCTHIO (WM, BBIPAKasACh TOXJAECTBEHHBIMU TE€PMHUHAMHU, YUCIOBON OCHIO, CTPEJION
BpEMEHHU, JIMHUEH TOKA JIEITOHOB U JIp.) MOBEPXHOCTH COJIMTOHA B COOTBETCTBYIOIIMX TOYKAX.

[To ¢puznyeckomy coaepKaHUIO BETBIECHUE (PYHKIIMH — 3TO COBOKYIHOCTh MPOIIECCOB OT-
paKeHHUs], IPETOMIICHHSI U MOTJIOIIEHUS KBAaHTA SHEPTUU B TIOBEPXHOCTHU COJIMTOHA U MPOXOXKIe-
HUS Yepe3 MOBEPXHOCTh COJIUTOHA.

BetrBnenue conpoBok1aeTcs pacmagoM KBaHTa-COJUTOHA (PacIlenIeHUeM YHEPIHH) U CO-
OTBETCTBYIOIIMM HHAYLUPOBAHHBIM M3JIYy4€HUEM KBAHTOBBIM BaKyyMOM MHO>KECTBa FapMOHHK
OECKOHEUHOI0 YUCla KBAHTOB C MEHBIINMHU 3HEPrusiMU AE,,, BCIIEACTBUE PA3INYHOIO BPEMEHU
pellakcaluy CBOMCTB KBAHTOBOT'O BaKyyma JJIsl pPa3JINYHbIX TaPMOHUK (MOJI).

OtmeTum Ui OynyIIUX pacCy ACHUN: COIIACHO HAIIMM aKCUOMAaTHYECKUM MOJIOKEHUSIM
HUKAaKH€ BOJIHBI SHEPIrUU HE SIBJSIOTCSA BIOJIHE FAPMOHUYECKHMH, T. €. «IPaBUIbHBIMU CUHY-
CoMJIaMu», CI€0BATEIbHO, JH00ast BOJIHA SHEPTUU IPEACTABISIET COOO0M CYNepO3ULIUI0 MHOXKE-
cTBa «0oJiee rapMOHHYECKHUX» BOJH OECKOHEYHO OoJiblioro yucia moj. Mrak, mobas BosiHa
SHEPruu — ATO pellakcallMoHHas BoJHA. [Ipu 3TOM pasHble MOJABI XapaKTEpU3YIOT Pa3IUYHYIO
IUIOTHOCTh SHEPTUU U, CIIEAO0BATEIbHO, PA3JINYHbIE HEHYJIEBbIE 3HAUECHUSI [TapAMETPOB peraKca-
U dHepruu. Bee 3To BbITEKaeT M3 MOJIOKEHUN O HEHYJIEBBIX 3HAUEHUSAX U BEKTOPHBIX CBOUCT-
Bax OECKOHEYHO MaJIbIX KOJUYECTB SHEPTUH.

13.5.3. Ilo ¢usnueckol CyTH CYIIECTBYIOIIAs TEOPUs] KOMIUIEKCHBIX YHCEN MPHIOKUMA
TOJIBKO K OJTHOMEPHBIM WJIM IBYMEPHBIM TOKaM d3Hepruu. C TpeXMepHbIMH TOKaMU Jiejia OOCTOSIT
XYyXKe.

Pacmiupenve moHATHI M CBOMCTB KOMIUIEKCHBIX YHMCEI HA Pa3MEpPHOCTh MPOCTPAHCTBA
0oJbIIEe JBYX HE MOJIYYWJIO HIMPOKOTO Pa3BUTHSA, MOJOOHOTO «IUIOCKUM» KOMILJIEKCHBIM YHC-
J1aM, Ha Hall B3IJIAJ, 110 CJIEAYIOIUM IPUYUHAM:

— KOMILJIEKCHBIE 4MCJIa, KaK BEKTOPbI, 0000IEHHbIE Ha MPOCTPAHCTBO C Pa3MEPHOCTAMHU
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

OosbIIe IBYX, HE 00JIaalOT CBOMCTBAMU KOMMYTATUBHOCTH B NMPOU3BEACHUSX. JTO O3HAUYAET,
YTO MAaTeMaTUYECKUI aHalIMu3 JOJLKEH ObITh MPHUBS3aH K KOHKPETHBIM CBOWCTBaM (PU3NYECKOM
MOJIENIM SHEPreTUYECKOTOIIPOIIECCA, KOTOPBIM, B CBA3U C 3TUM, B METOAUYECKOM IUIAHE I10]Ie-
YKUT Pa3JI0KECHUIO Ha 3JIEMEHTAPHBIE COCTABIISAIOIINE;

— BO BCEX CJIy4asiX KOMIUIEKCHBIX Yucesl ouuuaibHas MaTeMaTH4ecKas JIOTUKa (QU3UKU
YYHUTBIBAET BEKTOPHBIE CBOMCTBA TOJBKO CKOHJICHCUPOBAHHOM 3HEPIHMH, YTO PACCMOTPEHO [a-
nee, ¢ yueroMm Teopuil Binanumuposa u Kynakoa (npeanosiaraem, 4to riyOHMHHAs IpUYMHA KPO-
eTcsl B OMHapHBIX CBOMCTBAX SHEPTUN).

13.5.4. B TpexMepHOM IPOCTPAHCTBE, B OTINYHE OT OJJHOMEPHOIO U IJIOCKOIO MPOCTpaH-
CTBa, peaJIbHbIE BEKTOPHBbIE CUCTEMBI HE 00Ja/lal0T KOMMYTaTUBHOCTBIO M JII000O€ M3MEHEHHE
IIOCJIE0BATEIBHOCTY BBINOJHEHNs ONEPALM ¢ BEKTOPAMH aHAJOTUYHO BPAIICHUIO BEKTOPOB U
B BEKTOPHOW CHUCTEME JIaeT pazjIM4HbI KOHEUHBIH pe3yibTar. CieayeT IOMyCTUTh, YTO IEpPBO-
MIPUYMHOM ATOr0 CBOMCTBA TPEXMEPHOW BEKTOPHOI CUCTEMBI SABJIAETCA TOT (PAaKT, YTO TOK He-
CKOHJICHCHPOBAHHON 3HEPIUU B JIIOOON TOUYKE BCETJia HANpaBJIEH B OJHY CTOPOHY — U3 MHUKpPO-
IIPOCTPAHCTBA B OKPYXKAIOIIEE HAC MAKpPOIPOCTPAHCTBO, & TOK CKOHJICHCHUPOBAHHOM JHEPTrHUH
YaCTUYHO BCErJa HAIPaBJIECH B IPOTHUBOIIOJIOKHYI CTOPOHY, B CTOPOHY YILIOTHEHUS MaTEpHUH
sapa atoma. O6a BuJa TOKOB HOCSAT MEPUOAMYECKUN «MMMYJIbCHBIN» (KBAaHTOBBIN) XapakTep.
Mo3kHO MoKa3aTh, 4YTO Ha ITOM IPHUHLIUIIE 3JIEKTPOHHbIE 000JI0YKH B aTOMaxX XUMUYECKUX dJIe-
MEHTOB BBIMOJHSIOT POJIb TAKUX CENapaTOpPOB SHEPIMH KBAHTOBOT'O BaKyyMa, oOecrieunBas Jaei-
CTBHE IIEPBOT0 U BTOPOTo nocrynaTtoB bopa.

OTO JOMyleHue MMEET MHOXECTBO SKCIEPUMEHTAIbHBIX MOJATBEP)KICHUMN: HaIlpaBlIeH-
HOCTb X0JIa BpEMEHU, HEOOPAaTUMOCTh PHEPreTHUECKUX MaKpOIIPOIIECCOB, paciupenue Beenen-
HOHW U Jp., a B MaTeMaTuKe pe3yabTaT ACHCTBUS CYNEPIO3ULMU HaJ aHAIUTHUYECKUMU (QYHK-
LUSMHU 3aBUCHUT OT MOPSIIKA 3aUCH (YHKIUH.

Bce 310 oTyacTu 00BsACHSET, MOYEMY KBATEPHUOHBI HE MOJIYYUIM TAaKOr'O HMIMPOKOTO MPH-
MEHEHMS, KAK KOMIUIEKCHBIE YHCJIA: [IOTOMY YTO KBATEPHUOHBI — 3TO YETBIPEXMEPHBIE BEKTOPHI,
a BEILECTBEHHBIM MUP — 3TO TPEXMEPHOE IMPOCTPAHCTBO, T. €. KBATEPHUOHBI HE BIIOJIHE OTOOpa-
KaroT GU3NYECKUE PEATbHOCTH BELIECTBEHHOTO MUPA.

HexoMMyTaTHBHOCTh TPEXMEPHBIX BEKTOPOB M YETBIPEXMEPHBIX BEKTOPOB — KBATEPHHO-
HOB 03HA4aeT HEBO3MOKHOCTh IIPEICTABIICHHUS] HEKOTOPHIX CBOMCTB HEPIMHU BEKTOPHBIX CHCTEM
C IIOMOIIBIO OJHOMEPHBIX U JIBYXMEPHBIX BEKTOPOB, T. K. B 3TOM CJIy4ac HE YUUTBIBAKOTCS HEKO-
TOpble (yHIaMEHTAJIbHbIE CBOWCTBA SHEPTUU, KOTOPbIE €Ile MPEJICTOUT BHIICHUTH, NPU3HAKU
KOTOPBIX IIOKa3aHsbl B riase 15.

[Tonaraem, 4T0 HEKOMMYTAaTUBHOCTb M JI€TEPMUHUPOBAHHOCTh 3HEPrE€THUECKUX IPOLEC-

COB IO3BOJISIOT OOBICHUTH CyHI€CTBOBAHHEC B COJIMTOHAX-aTOMAaX TAaK HA3bIBACMbIX 3aITIPCIICH-
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I'maBa 13. KomnjiekcHbIe Yncia KaK BEKTOPbI

HBIX 30H DHEPruM M Pu3ndeckux 3((HEKTOB HETUHEHHOW ONTHKH, TAKMX KaK 3axBaT 4acToT,
YCWJICHHE M TIOTJIONIEHHUE CBeTa | 1Ip. [25, c. 36-54].
MnaBa 14. OcHoBaHMe HaTypanbHbIX florapudmoB u yucno MNudaropa Kak pyH-
AaMeHTarnbHble (hU3nYecKme KOHCTaHTbl IHEPrUMm.
14.1. Yucno e.

N3 npeioxxeHHONM HaMu F€OMETPHUYECKOM CXEMbI OJITHOBPEMEHHOI'O CYIECTBOBAHUS JIBYX
BHJIOB DHEPTUU KBAHTOBOTO BaKyyMa B (JOpME COJIUTOHA CIIETYET HEBO3MOXKHOCTh Pa3AeIbHOTO
cymecTBoBaHus sHepruit AE,, n E,. OIHAKO CTOXaCTUYHOCTD JBIDKCHNS MHUKPOCOJIUTOHOB U MX
Gombioe uncao ~10** wT. B mpocTpaHCTBE CTAGHIBHOTO CONMTOHA MO3BOJISIOT YHCTO METOIH-
YECKU YIMPOCTUTH aHAIW3 AUHAMUYECKA PaBHOBECHOW CHCTEMBI B IIEJIOM, pacCMaTpUBasi YHEP-
THUI0O B TIPOCTPAHCTBE JMHAMUYECKA PABHOBECHOTO COJUTOHA KaK CYMEPHO3HIIMI0 CTOXaCTHYe-
CKHUX, HE3aBUCHMO U Pa3/IeIbHO CYIIECTBYIOIINX, KBAHTOB JIBYX BHJIOB SHCPTHH.

[Ipu 5TOM CTOXaCTHYHOCTHP MUHUMHU3ZUPYET KOJWYECTBO MPEOOPa3yIOMICHcs IHEPTUH, 3a-
KJIFOUEHHOU B MPOCTpaHCTBE cosinToHA. «IlosiBIeHME» 3HAUMMOTO T'PaJMEeHTa IMapaMeTpoB CTO-
XaCTHYHOCTU HaApPYIIAeT CIOKMUBIICECS TUHAMUYECKOE PABHOBECHE CHCTEMBI, TIOCKOJIBKY PaBHO-
BecHe ObUIO JOCTUTHYTO UMEHHO B CTOXaCTUUECKOM COCTOSIHUM SHEPTHH.

B obmiem ciiyuae HapyiieHHe paBHOBECHS TOXKJIECCTBEHHO BOZHHKHOBEHUIO 3HAYMMBIX T'pa-
JMCHTOB MapaMeTPOB TOKA YHEPTUH, HAIIPUMED, TPH TOBBIICHAH WM IMOHKCHUN TEMIIEPaTy-
PBI CpEJIbl B COJIMTOHE, BOSHUKHOBEHUH Pa3HOCTH MOTEHIIUAJIOB CUIIOBOTO TIOJIS U JIp.

Bce 3T0 mo3BoIsIeT MMPOKO MCTOIB30BaTh MATEMATHUYECKUE UICH U METOJUKH WHXKEHEP-
HOM mpakTukH. Hampumep, Kak momacTh B MPOCTPAHCTBE OJHOTO COJUTOHA M3 00JacCTH «00JIb-
IUX» B 00JIaCTh «MaJIbIX» KOJIMYECTB SHEPTUU?

B nomorpaduu, kak cucreme rpa@uuecKux M BBIYHCIUTEIBHBIX METOJOB, CYIIECTBYET
JOCTaTOYHO MHOTO ()YHKITHOHAJIBHBIX IIKAJI.

Y4YuTBIBas, YTO OCHOBAaHUE HATYPAIBHBIX JIOTAPU(PMOB MBI paccMaTpuBaeM Kak (pu3mde-
CKyI0 KOHCTAHTY HECKOHJECHCHPOBAHHOW 3HEpruu, Jorapugmuueckas Iikaia, Oynyun (yHK-
IMOHAJIEHOM IIKaIO0H, MO3BOJIIET «IIOMACTh U3 00JaCTH OOJLIIOro B 00JIaCTh MAJOro), OJHAKO
HE «OECKOHEYHBIX).

UrcTo METOIMIECKHH MpUeM TPUMEHEHHS JIOTapH(PMHUISCKOHN IIKAIBI UMEET 00BEKTHBHOE
(dbu3uveckoe cojepKaHue: B HaIEH HWHTEPHpPETAlMH — 3TO MaTeMaTHYecKas 3aKOHOMEPHOCTH
COTIPSDKCHHBIX JIMHEWHBIX MPeOOpa3oBaHMK JABYX BHIOB SHEPTHH, OCHOBAaHHAS HA M30MOPQHO-
CTH MX CBOMCTB, 3TO OMEpAIHs MEPEBOIa YUCENT SKCIOHEHIIUATBHON (PYHKIIUU B YUCIA MPSIMO-
JTUHEWHON (QYHKIIMH, OTOOpaXkKaroias Mmporecc mpeoopa3oBaHus ABYX BUIOB SHEPTUU.

Takum 00pa3oM, 3KCIIOHEHIIMAIBHOE HApACTaHUE INIOTHOCTHU £, 0TOOpakaeTcsl B BEIIECT-

BEHHOM MHPE MPSIMOJIMHENHOM IIKaNIOW HapacTaHus £,,.
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

OcHoBaHKe HaTYpaJbHBIX JIOTApU(MOB SABJIIETCS KOHCTAHTOM peoOpa3oBaHusl U B3aUMO-
CBSI3U JIBYX BHJIOB DHEPIUH, U3 KOTOPBIX E., U3MEHAETCS 110 SKCIOHEHIMAILHOMY 3aKOHY, a E),
ABJIICTCSI MaTeMaTU4YECKUM OToOpakeHueM AE., B MajoM, U3MEHSETCA NPSMOJMHEHHO. MBI
paccMarpuBaeM 3TO Kak (yHIaMEHTAJIbHOE CBOMCTBO KBAaHTOBOTO BaKyyMa, KOTOPO€ HHMKAKUX
00BSICHEHUI HE UMEET, TaK )K€ KaK UX HE UMEET U P APYTUX 3aKOHOB (PM3UKH U MAaTEMaTHUKU.
OTmeTHM, OJHaKO, YTO BO3MOKHOCTH TaKOIO NMPUMEHEHHS JIOrapu(MUYECKOMN IIKalbl TaKXKe
MMEIOT OTPaHUYCHHS TaKWe, YTO YKciia B 00JaCTH OECKOHEYHO OOJIBIIUX U OECKOHEYHO MAaJIbIX
3Ha4eHU PHEpPruu Kak £, Tak U E, Ha 3TOH IIKajle CHOBA HE pa3IM4YMMbI (HE HAOIIOJAEMBbl).
Takum 00pazom, Jorapupmuyueckas LIKaiza JUIIb HECKOJIbKO pacUIMpsET JAMalia3oH HccleqoBa-
HUH B NPSIMOJMHEHHBIX MIKanax. HepaznuuuMocTs U HEHAONII01aeMOCTh SHEPTUU 3a TpeesiaMu
rpanul BeeneHHoM, ¢ 0/1HOM CTOPOHBI, U KIACCUYECKOTO AJIEKTPOHA — C APYroil, 3T0 0OBEKTUB-
HOE€ aHTPOIIOJIOTHYECKOE CBOMCTBO MBIIUICHUS YeIOBeKa. JTa mpobieMa 00ycaoBIeHA CBOUCT-
BaMM KBAaHTOBOT'O BaKyyMa.

B 3axnrouenue HacTosIIeH 171aBbl J00ABUM, YTO YUCIIO € SIBJSETCS €AUHCTBEHHBIM TPAHC-
LEHJCHTHBIM YHCJIOM, MPU KOTOpPOM omepanuu 1uddepeHIMpOoBaHUS U WUHTETPUPOBAHUS CTe-
MeHHBIX (QYHKIIUNA C TAKUM OCHOBaHUEM WHBapuaHTHEI. [Ipu 3TOM cTeneHHbie (yHKIIUU C TAKUM
OCHOBAHUEM OCTAIOTCS OJHOPOJAHBIMU BO BCEM JlMarnia3oHe MpeoOpa3oBaHU.

M3 Bcero 3Toro cienyer, 4To 4MCIIo e — 3TO (pyHJaMeHTanbHas KOHCTAHTa 3HEPruM KBaH-

TOBOI'O Bakyyma: E =AE, = e,

14.2. Yucno m.
Bonbias yacTe ri1aBbl 7 MOCBSIEHA CBOMCTBAM 4Mcia P, Kak (pyHAaMEHTaIbHOU (U3NYECKOM
KOHCTAHTE, U3 KOTOPOW CIEAYyeT CBSI3b YHCIA J CO CKOHJACHCUPOBAHHOM M HECKOHJEHCUPOBAH-
HOM 5HEprusMU KBaHTOBOTO BaKyyMa: B JIFOOOM COJINTOHE Ha I'paHUIIE BEIIECTBEHHOTO MHpa U
KBAaHTOBOTO BaKyyMa COOTHOLIEHUWS HA3BAHHBIX BHJIOB DHEPIUM CO CTOPOHBI BEIIECTBEHHOIO

Mupa paBHO T (puc. 2, Touka K, c. 53):

a TOJIIIMHA 3TOI IpaHULIbl paBHA PaJUyCy KJIacCH4ecKoro aiekTpoHa. Co cTOpOHBI KBAHTOBOTO
BaKyyMa HMYETro ONpPEJIEJICHHOTO B 3TOM F€OMETPHUYECKOM MacIiTabe CKa3aTh HEIb3s BCIEACT-
BHE€ MHOTOMEPHOCTH BEKTOPHOTO MOJS PHEPrHH. AHAU3 pe3ylbTaToB (PU3MUECKUX SKCIEpH-
MEHTOB C KPUTUYECKUM COCTOSIHUEM BEIIECTBA M aHAJIM3 CBOWCTB AHAJUTHYECKON B3aUMOCBSI3U
MIPOM3BOJIHBIX SHEPTUU MPUBEIH K BBIBOJY, YTO YHMCIO T — 3TO (U3MUECKasi KOHCTAHTa SHEPruu
KBaHTOBOT'O BaKyyMa, HaXOJsIIeNCsl Ha TPAaHUIIE KPUTUYECKOTO COCTOSIHUS BEILIECTBA.

Diiniep 10Ka3aj CBs3b € C YUCIOM
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I'naBa 14. OcHoBaHue HaTypaldbHBbIX JIOFapI/Iq)MOB H YUCJI0 T KAK qm3nqec1me KOHCTAHTBI JHEPIruu.

P

Wuterpan Ditnepa-Ilyaccona [8]:

~+00

I e dx=~Ir _

o
14.3. B3aMOCBA3b KOHCTAHT € U T C NOCTOSAHHOM ABoragpo.

KoHnuenuus nByX BUJIOB dHEpPruu TpeOyeT ydyeTa BBIPOXKACHHOCTH IapaMeTpOB SHEPIUU.
C)IGJ'IaTB OTO HAa OCHOBC KOHCTAHT TOJIbKO OJHOI'O BHJAa SHCPTrHMU HCBO3MOKHO. Takasg BO3MOX-
HOCTb CJIEyeT U3 aHAIUTUYECKUX (POPMYIN B3aMMOCBSI3U JIBYX BUJOB SHEPIUU C YUCIOM P (CM.
ri1aBy 4).

Kpowme Toro, B rnaBe 17 nmokasaHo, 4TO YUCla e U T, KaK PU3NYECKUE KOHCTAHThl SHEPTUU

E.,, cBs3aHBI C OCTOSIHHOM ABOrasipo Kak KOHCTAaHTOM DHEPIHH £,

N, zn’z\/mnn -e"  rue n=24.
Mnaea 15. CBA3b MaTeMaTU4eCKON MOAENN COSIMTOHA C YNCNOBLIU
nocrnenoBaTeNibHOCTAMM.
15.1. CBA3b conuToHa ¢ psaamm ®nbéoHa4vy4m u npoctbix Yucen 1,31].
UucnoBoii psig MPOU3BOHBIX YHEPTUH, XapaKTEPU3YIOIINX JTFOO0N COJIMTOH, KOTOPBIM MBI
Ha3BaJM MaTeMaTHYECKON MOJIENBIO COJMTOHA, MPEACTABISIET co00i psig duboHauyuu. ITo cie-
AYECT U3 aHAJIUTUYCCKUX (i)OpMYJ'I B3aNMOCBA3U (bYHI[aMeHTaHBHBIX (i)I/ISI/I‘IGCKI/IX KOHCTAHT "

IMPOHU3BOJHBIX DQHCPIrMU KBAHTOBOT'O BaKyyMa:

[d”EI d'E d"'E
ar ) ar dr

[Tonaras, 4To YKMCIECHHOE 3HAYEHUE MPOU3BOAHOM — 3TO YuCiO B psaay @uboHauuu, npuse-
JIEHHOE PaBEHCTBO, NIPUMEHUTENIbHO K psany Pubonayuu, nepenumercs ¢popmyinoir H. H. Bo-
poOneBa:

us —ur oyt . (_1)n+1

OT10 moka3zaHo B Tabnuie 1 Ha KOHKpETHBIX ynciax Gubonayum.

Ces3p pana OuboOHAY4YM C MaTeMaTHYECKOW MOJIENIbIO COJIMTOHA oueBHJHA. OJHAKO 3Ta
CBSA3b 0KA3aJ1aCh CIIOXKHEE, YEM MBI IIPEATIOIAr AJIH.

[IpuBenennble B Tabuuie 1 1en0YMCIIEHHbIE OTKJIOHEHUS KBAJApaToB nckomMoro uncia du-
6onauuu A,=t1 OT 3HaYEHUS MPOU3BOTHON CBHICTEIHCTBYIOT O CBOMCTBAX MEPUOAMIHOCTH Ma-
TEMaTUYEeCKOW MOJENU «B MaJloM», T. €. B reoMeTpuu EBkiauaa. 1o o3HavaeT, 4To MaTeMaruye-

CKas MOJCJIb MpUTOJHa IJIA aHAJIHM3a CBOMCTB OHCPIUH KBAHTOBOI'O BaKyyMa «B 60J'H)IHOM», T. €.

B recOMCTpUH JloOadeBckoro. 910 03HAYaET TAaK¥XKEC, YTO MATEMATHYCCKasd MOACIb COJIMTOHA ITPH-

86



Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

roJiHa JijIsl aHaJlM3a CBOMCTB SHEPTMH KBAaHTOBOTO BaKyyMa 3a IPaHULIaMU BEIIECTBEHHOT'O MUDA.

OTtmeTHM, YTO aHANIUTUYECKHE (OPMYIIbl MOTyUEHbI JUIsl Oe3pa3MepHbIX KOJUYECTB dHEP-
MM, a MaTEMaTHYECKUE MOJENIM OTOOpakaroT psll yObIBAIOUIUMX 3TUX KoiuuecTB. Psa He cxo-
JUTCS, OJJHAKO B BELIECTBEHHOM MHPE YHUCIIO €r0 WIEHOB OTPaHUYEHO 4YHCIOM ABOraipo,
BCJIEICTBHE HEPA3IMYMMOCTH SHEPIUH 3a TPaHULIaMU BellleCTBEHHOro Mupa. Kaxaas npousBoa-
Hasl XapaKTepU3yeT KOJIMYECTBO TOJBKO OJHOTO BHJIA SHEPTUU B OJTHOM €AMHUYHOM COJUTOHE B
psay yOBIBaOIIMX SHEPIHl TAKKE €JUHUYHBIX COJTUMTOHOB.

Jlj1g TOro 4yToOBI XapaKTepU30BaATh BCIO SHEPTHIO «OOJIBIIOr0» COJIUTOHA, HEOOXOIMMO TIe-
pelTH K 4YucIaM COJUTOHOB, CTPYKTYPUPOBAHHBIX B OAMH COJMUTOH. i 3TOro HeoOXoIuMo
B35ITh OTHOIIEHHE €IMHUYHOIO COJIMTOHA K COOTBETCTBYIOUIEH IMPOM3BOJHOM 3HEPIUHU, 3aKIIIO-
YEeHHOW B €MHUYHOM COJIMTO-He. Torja Bce Nmpou3BojHbIe OyayT nepeseaeHbl B unciaa dubo-
HaY4yu — YUCJIA COJIUTOHOB, BIOXKEHHBIX B OJJUH «OOJIBIION) COJUTOH.

VYuuthIBas, 4TO MOPSIKOBbIE HOMepa uncen PuOOHAUYYM COBIAJAIOT C YMCIOBBIMU 3HAUE-
HUSMU TOPSIIKOB MPOU3BOIHBIX B MATEMaTUUECKOM MOJIEJIN SHEPTUU COJINTOHA, CIEAYET JI0IycC-
TUTh, YTO WIEHBl MAaTEMAaTHUYECKOW MOJIENIN TOXKAECTBEHHBI unciam psja dubonayuu. Cnenosa-
TeIbHO, (pyHIaMeHTaNbHble (PU3HUECKHEe KOHCTAHThl MOTYT OBbITh BbIpa)K€HBI uepe3 uucia Ou-
OoHayuu.

Beenem 0603HadeHus:

. d ! E,u _

d'E, _
T dt” "

dt" "

TOraa aHAJIMTUYCCKUC (bOpMy.TII)I JJIs1 KOHCTAHT MOXKEM 3aIInucCarTh:

ur u B ur y®r
H= n+l ; hzuzp.u,u; H=L=ﬂ"10 17; G= n ; C= n
u op n n u M M u ap

n n+l n n+2

OueBHIHO, OJIHAKO, YTO HE JI0Oble Ha3BaHHbIE yucia PUOOHAYUYM «OTBETCTBEHHBD» 3a
YHCJIEHHbIE 3HaYEHUs 3BECTHBIX (yHIaMEHTAIbHBIX PU3NYECKUX KOHCTAHT. [1o mpuBeneHHbIM
(dbopmynam, 3Hast YUCICHHbIEC 3HAUYEHUS [TPOU3BOIHBIX (MacCy, ANEKTPUUYECKUN 3aps]l, TEOMETPHU-
4yeckuil 00beM U Jp.), MOKHO ompenenuTh yucia OuboHauyyu, «OTBETCTBEHHBIE» 3a CBOMCTBa
J000r0 MaTepUaIbHOTO 00BEKTa, KaK CHUCTEMbI COJIMTOHOB. MOYKHO ONpEeNennuTh «UHIAUBUIY-
asnbHble (PU3MYECKHUE KOHCTAHThI» JJISl KaXKIOr0 KOHKPETHOTO COJINTOHA MJIM CUCTEMBI COJIUTO-
HOB. OTO 03HA4aeT, YTO (PU3NYECKHUE KOHCTAHThI MUKPOCOJIMUTOHOB M OOJIBIIOrO COJUTOHA pas-
JIMYHBI, T. K. XapaKTepU3YIOT Pa3IMYHYIO IJIOTHOCTh SHEPTHHM BHYTPU «MHOTOCIIOMHOTO» COJIU-

TOHA U COJIMTOHA B IICJIOM.

Taoauna 1
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I'maBa 15. CBsi3b MaTeMaTHYECKOI MOJEJIHN COJTUTOHA C MATEMATHYECKUMH YHCJIaMH.

CaBoiicTBa uncea u MPOU3BOJIHBIX JHEPIrUHU KBAHTOBOI'0 BaKyymMa

O T — 1 —_~ s
22 o [ ze TNIEY
g S s & o 35 28 | 25
GEJ = T = 7 % LS) : S g % 8‘ =
533 [ 2 . o T c - o c g c
T =) © Un un—l 'un-#l > E = 1 5 a S o
) I I ® 8 < B © g3
>0 S < - AT =
= Q o o
I35 g © = ©
g x o o o)
22 = S c
0 1
1 1 1 2 -1 0 2 0,69315
2 2 4 3 +1 0,69315 3 1,09861
3 3 9 10 -1 1,09861 5 1,60944
4 5 25 24 +1 1,60944 7 1,94591
5 8 64 65 -1 2,07944 11 2,39790
6 13 169 168 +1 2,56495 13 2,56495
7 21 441 442 -1 3,04452 17 2,83321
8 34 1156 1155 +1 3,52636 19 2,94444
9 55 3025 3026 -1 4,00733 23 3,13549
10 89 7921 7920 +1 4,48864 29 3,36730
11 144 20736 20737 -1 4,96981 31 3,43399
12 233 54289 54288 +1 5,45104 37 3,61092
13 377 142129 142130 -1 5,93225 41 3,71357
14 610 372100 372099 +1 6,41346 43 3,76120
15 987 974169 974170 -1 6,89467 47 3,85015
16 1597 2550409 2550408 +1 7,37588 53 3,97029
17 2584 6677056 6677057 -1 7,85709 59 4,07754
18 4181 17480761 17480760 +1 8,33831 61 4,11087
19 6765 45765225 45765226 -1 8,81952 67 4,20469
20 10946 71 4,26268
21 17711 73 4,29046
22 28657 79 4,36945
23 46368 83 4,41884
24 75025 89 4,48864
25 124393 91 4,51086
26 196418 101 4,61512
27 317811 103 4,63473
28 514229 107 4,67283

[ToaTOoMy MBI B JaHHOM ciy4ae HE MPUBOAMM YMCIEHHbIE 3HaUeHUs KoHCTaHT H, h, G, C,
T. K. OHU XapaKTEPU3YIOT TOJIBKO «OKOJIO3EMHOE» IIPOCTPAHCTBO «COIMTOHA — BeeneHHoM».

TakuM 006pa3oM, y KaxJa0ro KOHKPETHOTO MaTEepUaIbHOr0 00BEKTa, KaK CUCTEMbI COJIUTO-
HOB, UMEETCSl CBOW MHAMBHUAYaJIbHBIM HAOOp XapaKTepucTHuecKkux uucesn OuboHayuu, T. €. BCe
¢uznyeckue napaMeTpsl JIOObIX MaTEPHAIbHBIX OOBEKTOB MOTYT ObITh BBIPAXKEHBI UEpe3 uucia

duboHaYYH.
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

OTmeTHM, 4TO MPHU MPOBEPKE CXOIUMOCTH aHAIMTHYECKUX (opMyI riiaBbl 4 U COOTBETCT-
BUsI MpUBEIEHHBIX (opMyn yuciaM PuOOHAYYM M M3BECTHHIM 3HAYEHUSIM (U3UYECKUX KOH-
CTaHT, MOCJIETHUE JOJKHBI ObITh MPUBEJIEHBI K O€3pa3MEpHOMY BUY U OJJTHOMY U3MEPEHUIO BbI-
OpaHHOI MaTeMaTH4eCKOW MOJIENH MPOCTPAHCTBA.

15.2. YTOUHEeHne HeKOTOPbIX aKCMOMaTUYECKMUX MONMOXEHUN.

Bce uncna HatypanpHOTO psiia — 3TO BEKTOPHbBIE IAapaMeTpbl COJIMTOHOB, B KOTOPBIX E,
HeHaOmoaema, kak u AE,,, BCIEICTBUE MAJIOCTU F€OMETPUYECKUX Pa3MEPOB IIEPEHOCUUKOB £,
U BBIPOXKIEHHOCTH (PU3MUECKUX ITapaMeTpoB AL,

W3BecTHble MaTeMaTHMYECKHWE 3aKOHOMEPHOCTH YHMCIIOBBIX IOCJEI0BATEIIBHOCTEN — 3TO
SHEPIreTUYECKNE 3aKOHOMEPHOCTH COIPSKEHHBIX KBAHTOB dHEPruu £, u AE,, Hepa3IUuUMBbIX B
BEILIIECTBEHHOM MUDE.

15.3. CBA3b MaTeMaTM4eCKON MoAesin 3HepPrum ¢ NpPocTbIMM Ynucnamm [7,8,26].

Teopust MpOCTHIX YKMCEN PA3BUBAETCS B HAIIPABJICHUU YCTAHOBJICHHS aCUMIITOTUYECKHX 3a-
KOHOB B pacrpezaeneHuu npoctbix yucen. B 1850 r. I1. JI. YeOsbimieB. ycTaHOBUI, YTO MPOCTOE
YHCIIO T(X) B HATYpaJIbHOM PSILy YHCEJI pacTeT, Kak pyHKuus x/Inx npu mro0b1x x>2, rae x = 2, 3,
4, ... — yncia HatypanbHoro psga, a L. Jla Bamre Ilyccen u XK. Axamap B 1896 r. oTkpbuH
ACUMITOTUYECKUI 3aKOH pacHpeesieHus IPOCThIX YHMCEel, 3aKI0YaIOINICs B TOM, YTO Mpeel
OTHOIIEHHUS MPOCTOTO uncia m(x) K x/Inx pasen 1.

W3 acuMnTOTUYECKUX 3aKOHOB pacIpe/ieieHus] IPOCThIX unuced U uncen PuboHayuu cie-
IyeT, 4TO B PsJly MPOCThIX YHCEN U B psany PubOHaY4YM MMEIOTCSA KaK 00IlMe CBOMCTBA YMCE,
TaK U pa3nuuus B cBoMcTBaxX. [loBEpXHOCTHBIN aHaIN3 MO3BOJISIET HAM YCTAaHOBUTH HEKOTOPbIE
13 OOIIKX JUIsl HUX CBOMCTB.

Hupuxie B 1837 r. yctaHoBuII, 4TO B apudmMernyeckoil mporpeccuu a+bx npu x = 1, 2, 3,
... C LEJIBIMU B3aUMHO IPOCTBIMU YHCIAMU a U b coepKUTCS OECKOHEYHO MHOTO MPOCTBIX YH-
ceil. [Tockonbky uncna @uboHauyn nomnapHo (B3aMMHO) MPOCThIE YUCIIA, UCXOS U3 AOMYILEHUS,
YTO JIt0OObI€ HATYpaJIbHbIE YHCIIAa — 3TO BEKTOPHbIE TapaMeTPbl HECKOH/IEHCUPOBAHHOM YHEPIHH,
TO (pU3HUECKUN MPUHIUI CYNEPIO3UIMH MOXKET ObITh PAaCHpPOCTPAHEH U Ha JIIOObIE YHCIIOBHIE
MIOCJIEIOBATEILHOCTH, T. €. Ha YUCIIA, HAXOASIIHUECS B JJOTMYECKON B3aUMOCBSI3H.

TakuM 00pazoM, TPOMEXYTKH MEXAy ynciaamu psia PubOHaYuy 3ar0IHEHbI IPOCTHIMU U
JOPYTMMHU JAEUCTBUTEIbHBIMU YKciiaMu. [Ipu 3TOM HEKOTOpbIE MPOCThIE YKCIIA SIBISIOTCS YJIeHa-
MU psita PuboHauyn.

VYcTaHOBIIEHHOE MaTeMaTUKaMU aCUMIITOTUYECKOE MOBEJCHHUE MPOCTHIX YUCENl B PALY «B
00JIbIIOM» CBUAETEILCTBYET O HAJIUYMM YHOMSHYTON MEPUOJUYHOCTH «B MajioOM», OJTHAKO HE
CTOJIb SIBHOM, KaK B psiay @uboHayuu. DTO 03HAYAeT JUIIb TO, YTO PAJ IPOCTHIX YHUCed 0TOOpa-

&KaeT co0o0il Cyneprno3uIHI0 TOJIBKO CTAOMIBHBIX (CTOSYMX) BOJIH-COJIMTOHOB C PAa3HBIMU Xapak-
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I'maBa 15. CBsi3b MaTeMaTHYECKOI MOJEJIHN COJTUTOHA C MATEMATHYECKUMH YHCJIaMH.

TEPUCTUYECKUMHU TapaMeTpaMH JHEPruH, KOTOpble MPEICTABIAIOT COOOM CHUCTEMY TaKHX K€
rapMOHUYECKHUX KojeOaHui, kak u pag Pudonauun. OTiMyKe JUIb B TOM, YTO B PSIY IPOCTHIX
qucell OT/IebHbIE TAPMOHHUKH (MO/IbI) OKA3aJUCh TOXKAECTBEHHBIMU U UCIIBITHIBAIOT CMELICHHE C
«MEPEMEHHON NEPUOJIUYHOCTBIO», YTO MOKa3aHO Ha puc. 6, c. 92, U 4TO, NO-BUIUMOMY, MOKHO
CBSA3aTh C PACLICIUICHUEM 3HEPIHU B CTAOMJILHOM COJINTOHE Ha BHYTPEHHHE O0O0JIOUKH, a TaKKe
¢ OMeHueM SKCHEHTPUCHUTETOB COJIUTOHOB.

I'paduku uncen @uboHauun U NPOCTHIX uncen (puc. 6, 7, .92, 93) Ml paccMaTpuBaem, B
NEepBOM NPUOIMKEHUH, KaK OJIHOMEPHOE H300pakeHHE pacHpelesieHUs IUIOTHOCTU (Y3JI0B U
IIy4YHOCTEW) SHEPTHH B COJIUTOHE.

15.4. HekoTopble ¢hopmanbHbie obwme cBoucTBa psagoB PnboHay4u
M NPOCTbIX YMcen.

[Ipu ananuze cBoiictB psaoB GuboHAUYM M MPOCTHIX YUCEN METOAOM apupMeTH3aluu B
KayecTBE KOOPAMHATHON OCH MCIIOJIBb30BAJICA DSl JAEUCTBUTEIBHBIX YHCEN, KOTOPHIMU ObLIM
IIPOHYMEPOBaHkbI B NOpsAKEe Bo3pacTanus yncia GuboHayyu U npocTeie yucia, oaarogaps yemy
CBOMCTBa 00OUX PsIIOB MOTYT OBITh COIOCTABJIEHBI, YUUTHIBAsI aKCHOMATHUYECKOE J0IyLIeHre 00
UX B3aUMOCBSI3aHHOCTH.

Ha rpadukax puc. 6, c. 92, Haras1HO MOKa3aHO, YTO 00a psijia «IOX0KW» HA SKCIIOHEHITHU-
aJbHbIE QYHKIIUU «B OOJIBIIOMY.

Ha rpaduxax puc. 7, c. 93, nokazaHo, 4yto o6a psjga 4ucena — 3TO IIOYTH MPABUIILHBIE»
KpuBbIe. DTOT (akT Mbl pacCMaTpUBaeM Kak J0Ka3aTeIbCTBO OOOCHOBAHHOCTU aKCHOMAaTHYe-
CKOTO TOJIoKeHus, uTo pajg Gubonauyn — 310 ogHOpOoAHAs QYHKIMS, KOTOpasi, OyAydH 3KCIO-
HEHIMAIbHON «B 0OJIBIIOM», 00J1a1aeT MEPUOIUYHOCTHIO «B MAJIOM», €CJIM HAaTypajbHbIN Jiora-
pudM GyHKIIMM 1300pakaTh HA TOM K€ PAaBHOMEPHOM YMCIIOBOM OCU HATypaJIbHBIX YUCEIL.

[TnoTHOCTH pacmpeneneHus MPOCThIX uncen P(n) u yucen dubonauyu @(n) yOBIBAIOT C
BO3pacTaHueM 7. Tak e yObIBaeT U IUIOTHOCTb OJIMHAKOBBIX Pa3HOCTEN YMCEN BO BCEX COCE-
HUX MPOCTHIX unciax. OHaKo aHAJIOTMYHasl KapTUHA HAOII0AAaeTCsa U C pa3HOCTAMH JIFOOBIX IO-
PSAAKOB.

Bo MHo)xecTBe pa3HOCTEW pa3iMyYHBIX MOPSAIKOB MOSIBJISIOTCS BCE YMCIIA HATypalbHOIO
psna.

Xapaktep kpuBoil /n®@,=f(n) (puc. 7) «<HaOMHHAET» O TOM, YTO OHA, MO-BUJIUMOMY, CO-
CTaBJICHA U3 «KYCOYKOB 3KCIIOHEHT». JTO TpeOyeT MpOBEPKU WUJIM, HA HaYaJIbHOM 3Talle, akCHo-
MaTHUYECKOTO JIOMYILEHUS.

Hanuuue oanHaKOBBIX MPOCTHIX YKced B 000uX pagax P u @ no3BoJiseT JOMyCTUTh HAJU-
Yle KaueCTBEHHOM B3aUMOCBS3HU PsI0B IPOCTHIX uuces u yucen Gudonayyu.

Tak, Touku uznoma KpuBoi /n®,=f(n) Ha HaYaJIIbHOM Y4acTKe CTPaHHbIM 00pa30M CcOBMa-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

Jal0T C HEKOTOPBIMU TOUKaMH neperuda Ha kpuBoi InP,=f(n), a 3HaKu NepBbIX MPOU3BOAHBIX HA
KkpuBoil In®,=f(n) B unTEpBasiax, OrpaHUUEHHBIX TOUKaMu neperuda InP,=f(n), yepenyrorcs.

B cBoiicTBax mpocCThIX YKCeN W3BECTHA 3arajika «0onu3HenoB». CyTb KOTOPOH B TOM, UTO B
psAAy axe O4YEeHb OOJIBIIMX YHMCEN MMEIOTCA TaKue IMapbl pAJIOM PACIOJIOKEHHBIX YHCEN, pas-
HOCTb MEXIY KOTOPBIMU paBHA JIBYM €JIMHULAM.

Hanpumep, 10006427 u 10006429.

OpHaKo B 3TOM CMBICIIE 3araJIoOYHbIMU SIBJISIFOTCSI BCE Tapbl YUCENl BO BCEM Py IPOCTHIX
YuCell: pa3HOCTh MEXAY BCEMU TaKUMU YUCIIaMU, O0bEIMHEHHBIMU B IIOCJIEI0BATENbHbIE TaphI,
HEU3MEHHO BOCIIPOM3BOJAATCA BO BCEM DsiIy UMCEN, XOTS U C Pa3HOM «Ie€peMEeHHOM mepuony-
HOCTBIO», YTO HAaIJISITHO BUIIHO Ha rpaduke P, =f(n) (puc. 6, c. 92).

[Ipu Bcem ATOM pa3yiMyHbIE Maphbl YUCE C Pa3HBIMU «HAKJIOHAMI» PAa3HOCTEHM Takke OKa-
3aJIUCh CTPYIIIMPOBAHBI B TOKJECTBEHHbIE T€OMETPUUECKHE IPYMIbI, T. €. TAKUE TPYIIIbI, B KO-
TOPBIX COOTBETCTBYIOLIUE ITPOU3BOJIHBIE (TAHICHC yIJla HAKJIOHA) U JUIMHBI YYaCTKOB OKa3alKCh
O/IMHAaKOBbIMU. Ha3BaHHbIE TPYIIIBI, KaK U Mapbl YUCET, OUEBUIHO, CO3JAI0T «CBOW» pa3lInYHbIE
COUETaHMS TAKXKE C NMEPUOJNYECKUMHU CBOWCTBAMHU BO BCEM DsIly MPOCTHIX yuceln (B Auarna3oHe
0+c0). OgHaKo B IEPBYIO OYEpeIb HAC MHTEPECYET JUAara30H Ynces OT Hys 10 Yuciia ABOrajipo
~10%*: IMEIOTCS OCHOBAHMS MPENONIATaTh, YTO TOT JMAMA30H SBISETCS MIEPHOIOM, C KOTOPBIM
BCE CBOICTBa psiia MPOCTBIX YHCET HEU3MEHHO BOCIPOM3BOASTCS BO BCEM OECKOHEYHO 0O0JIb-
LIOM pSAY MPOCTBIX yucen oT 0 10 .

WNnaye roBops, Bechb psiJl COCTOUT U3 Map NPOCTHIX YKUCEN C 3araJl0YHbIMU CBOMCTBAMH, KO-
TOpbIE MPEJCTOUT BbIICHUTD. [Ipearnonaraem, 4To B «00JbIIOM» BECh PSIJI IPOCTHIX YHCEN, KaK U
psaa @uboHaYUH, KAK-TO» XapaKTepu3yeT OMHApHbIE CUCTEMbI SHEPIUU B COJIUTOHE.

W3 BbISBICHHBIX B3aUMOCBSI3€H MEXIY PU3NYECKUMU KOHCTAHTaMHU M YHCIOBBIMU MOCIE-
JIOBATEJIbHOCTSIMU CJIEYET, YTO (PpaKTalbHbIE CTPYKTYPhl SHEPTUU COXPAHSAIOTCS B JIF000I Ma-
TEMaTU4YEeCKOM TOUKE KBAaHTOBOI'O BaKyyMa M OHM JOJIKHBI OBITh TOXKJIECTBEHHbBI (PAKTAIbHBIM
CTPYKTypaM SHEpruu B COJIMTOHAX BELIECTBEHHOI'O MHpAa U B COJUTOHAX ¢ OECKOHEYHO OO0JIb-
LIIMMHU T€OMETPUUECKUMH pa3Mepamu.

Bce 310 BCenser yBepeHHOCTh B TOM, UYTO CTaOMIIbHBIE COJIMTOHBI, KaK «CTOXAaCTUYECKUE
reOMETPUYECKUE CTPYKTYPhI», BIOJHE I€TEPMUHUPOBAHBI, T. €. UX (PU3HUECKHUE U reoMeTpuye-
CKUE MapaMeTpbl MOTYT ObITh pacCUMTaHbl KaK CTaTUYeCKue cucTeMbl. [IpoBepkoil MeToIuKu
pacueToB COJUTOHOB OyJ€T BOMOXKHOCTb IOJIyUYE€HHS PAcUETHBIM IYTEM NapaMeTpoOB COJIMTO-
HOB-aTOMOB XMMMYECKUX 3JIEMEHTOB HAa OCHOBE CBOMCTB YHMCIIOBBIX HocheaoBarenbHocTel. [Ipu
3TOM TpeOyeT 0OBsCHEHUSI OUEBUIHBIN (PAKT HETOXKIECTBEHHOCTH aTOMOB Pa3jIMYHBIX XUMUYeE-

CKHX 3JIEMEHTOB, KOTOPBIM MBI TTOTIBITAIUCH OOBSICHUTH B TJ1aBe 19.
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I'maBa 15. CBsI3b MaTeMaTHYECKOI MOJEJIN COJTUTOHA ¢ MATEMATHYECKHUMH YHCIaMH.

InP, = /(n)

Puc. 7. 'unoteTrnyeckas B3auMocBsi3b InP, u In®, ¢ HaTypaJIbHBIMH YUCTIAMHU 7.

FnaBa 16. BekTopHble CBOUCTBa YUNCIOBbIX NocriefoBaTeIbHOCTEN.
16.1. NocTaHoBKa Bonpoca.

M1 paccMaTpuBacM BO3MOKHOCTb CBA3U YHCJIOBBIX HOCJI@JIOB&TCJ'IBHOCTSI\/'I C HECKOHJCH-
CHpOBaHHOfI 3Heprnel71 KBAHTOBOI'O BaKyyMa Ha OCHOBC «9BOJIIOIIMM aKCHMOMATUYCCKUX ITOJIOXKEC-
HUI», U3JI0’)KEHHBIX B 4acTH | HacTosmie padoTel. BocnponsBeaemM HEKOTOPHIE W3 HUX CO Clie-
AYIOIMUMHA YTOUYHCHUAMMU:

— IpoueCC MBIIMJIICHHA, MAaTEMATUUCCKAA JIOTMKa — 3TO ABHUXKCHUC HCCKOHHGHCHpOBaHHOﬁ
SHEPruH, MPOSIBICHUE CBONCTB 3HEPTUHU, 3TO (YHKIIUS KBAHTOBOTO BaKyyMma;

— MaTeMaTHYECKHUE 3aKOHBI U ITOJIOKEHUSI MaTEMAaTUIYECKOHN JIOTHKHA — OTO 3aKOHEI ABHXKEC-
HUA HGCKOH)ICHCI/IPOBaHHOﬁ OHCPIMU KBAHTOBOI'O BaKyyMa.

B MmaTemMaTHke HanuImch IMOATBCPKACHUSA CBA3U CBOMCTB YHCJIOBLIX II0CJICI0BAT! eJILHOCTEH
CO CBOMCTBAaMHU KBAaHTOBOTO BaKyymMma.

Mpl ycMaTpuBaeM 3Ty CBSI3b IIPEK/E BCEro ¢ HEOOBSICHUMOCTBIO IIMPOKOTO U YCIEIIHOTO
MIPUMEHEHHS] KOMIUIEKCHBIX (BEKTOPHBIX) YMCeNl U QYHKIUH B pa3IUYHbIX TEOPUIX MAaTEMAaTHKH,

IMPHUIIOKCHHBIX K PIH)KCHGpHOﬁ ITPAKTHKE.

93



Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

KomMmmnekcHple uncia noay4uiia B MaTeMaTUKe pa3BUTHE U 0000IIEHHE B TUIIEPKOMILIEKC-
HBbIX (MHOTOMEPHBIX) U B KBAaTEpPHHUOHAX (UETHIPEXMEPHBIX) — KOMILIEKCHBIX unciax. Ksarep-

HUOHBI COCTAaBJIEHbl U3 MHUMOW YaCTH — U3 TPEX YMCENl — PA3JIOKEHUSI MHUMOW 4acTH Ha TPHU
KOOPAMHATBI — OPTOrOHAIBHBIE OCU i = j=z=+/—] W BEIIECTBEHHON 4aCTH — YETBEPTOH OCH

HCfICTBI/ITCJ'IBHBIX YHUCCEII.

CHOBa OTMETHM, YTO ITH 00OOIIEHUS COIEPKAT «TIIYOOKHE HESICHOCTHY, 0€3 yCTpaHEHUS
KOTOPBIX HEJb3S MPUCTYIHUTH K pa3padoTKe METOANKH pacdyeTa COJTUTOHOB, KOTOPBIE COJEPKAT B
cebe Kak TpeXMEpPHbBIC, TaK 1 MHOTOMEPHBIE TTPOCTPAHCTBA.

HesicnHocTu 3aKitodaroTcs B CIEAYIOIIEM.

1) B BemiecTBEHHOM MUpPE HEPrusi KBAHTOBOI'O BaKyyMa — 9TO BCETJa SHEPTHs «B Ma-
aom». CrenoBaTeNbHO, BEIIECTBEHHbIN MUP — 3TO TpeXMepHOe pocTpancTBo EBkinaa. B Takom
IMPOCTPaHCTBE BEKTOPLI B KOJTUYCCTBC 0oee TPEX, UCXOOAIIUX U3 OJIHOI\/’I TOYKH, — B3aUMOCBA3a-
HbI. Eciii 3TO HE Tak, TO 3TO HE €BKJIMI0BA FT€OMETPUS 1 HE TPEXMEPHOE MTPOCTPAHCTBO.

B rimaBse 9 mbl IMOKa3aji, YTO MHOTOMCPHOCTh «IMOABJIACTCA» HA I'PAHULC BCIICCTBCHHOI'O
MHpa, BOIHM3U KOTOPOH JIFOOOE BEIIECTBO HAXOJUTCS B KPUTUUYECKOM COCTOsIHMH. MMeroTcs B
BHJIY «OKPECTHOCTH» MaTEMaTUYECKOW TOUKH C TEOMETPHUYECKUMHU pa3MepaMH KJIACCHUYECKOTO
3JIEKTPOHA ~ 107" em.

Bce 310 03HauaeT, 4To aHATUTUYHOCTh QYHKIMM B 3TUX OKPECTHOCTSIX yTpauuBaeTcs. IT0
0O3HaA4YaCT TAKXKEC, YTO MPUMCHCHUEC KBATCPHUOHOB U T'MIICPKOMITIJIICKCHBIX YUCECJI IJId aHAJIM3a (1)1/1-
SUYCCKHUX MPOHECCOB UMECT CYIICCTBCHHBIC OIrpaHUYCHUS, T. K. Ha I'PAaHUIC BCIICCTBCHHOI'O MU~
pa sHeprus £, yrpauvBaeT IPUBBIYHBIE BEIIECTBEHHBIE CBOWCTBA, B TOM YHUCIIE YTPAUYUBAOTCS U
€IMHULIBI (PU3NYECKUX BEIMYMH B PA3MEPHOCTSIX «TPEXMEPHON MaTepHUm», a MPOCTPAHCTBO CTa-
HOBUTCSI MHOTOMEPHBIM (TOXJAECTBEHHOCTh CBOMCTB B JIFOOOM HalpaBiICHUH).

N3 sToro cnemgyer, 4TO BCE TOUKU TPEXMEPHOTO MPOCTPAHCTBA B KPUTHUYECKOM COCTOSTHHH
BCIICCTBA MOI'yT OBITH OPCIATCTBUEM I AHAJIUTUYCCKOTO IMPOAOJDKCHHA (1)yHKIII/II\/II, T. €. aHa-
JIUTUYCCKOTO MMPOJOJIKCHHA BAOJIb KpI/IBOfI, HpOXOI[SIHleI;'I 4epe3 MaTEMaTUICCKYIO TOYKY, JIC)KaA-
IIYI0 Ha «TOHKOI» MOBEPXHOCTU COJUTOHA, KaK HEYCTPAaHUMYIO 0COOYI0 TOUKY. DTO O3HAyaer,
YTO YKCIIOBBIE MOCIEAOBATEIHPHOCTH, XapaKTEPUIYIOIINE TOKA SHEPTHHU B ATOW TOYKE, TOJIKHBI
«BETBUTHCSI.

Bce »T0 mo3Bonser O6’I)${CHI/ITI), MO4YEeMYy KBATCPHUOHBI HE IMOJYYHJIM TAKOI'O K€ IIUPOKOTO
MIPUMEHEHHSI, KaK «IJIOCKHE» KOMIUIEKCHBIE YMCJIa: OHM HE BIIOJIHE OTOOpakaroT (pU3HUECKHE
PCAIBHOCTHU BCIICCTBCHHOI'O MHUpPaA. A IMPUMCHCHUEC TPEXMCPHBIX KOMILJICKCHBIX YHUCC]I MCTOAN-
YCCKHU 3aTPYAHHUTCIIBHO H3-3a CBOMCTBaA HCKOMMYTAaTHUBHOCTH, T. K. OHO BO3HHUKACT HA I'PaHUIIC
BEIIIECTBEHHOTO MUA.

OTMCTI/IM, 4YTO OTpaHUYCHHUA B IPUMCHCHHU KOMIIJICKCHBIX YMCCIJI BOSHUKAIOT HAXKC IIPH
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aQHAJIM3€ OJTHOMEPHBIX U IUIOCKMX TOKOB SHEPTHH, T. K. MATEMAaTUYECKUE OKUAHUS 3HAKOB CTO-
XaCTUYECKUX TOKOB JBYX BU/IOB SHEPTUU BCEra B3aUMHO IPOTUBOIIOJIOKHBI.
16.2. B kaknx crny4yasix nposiBNAOTCA OAHO-, ABYX- U TPEXMEPHOCTb CONMUTOHA?

BcenoMuuM Tak HaszbiBaeMyro «ctpeny BpemeHn» B. H. Bomuenko u npyrux yuensix [3].
Crpena BpeMeHH — 3TO 00Opa3HOE OTOOpakKeHHE CBOWMCTB OJHOHANPABICHHOCTH TOKA HECKOH-
JNEHCUPOBAHHOM dHEpruu. 13 oTHOHANIPaBIE€HHOCTH TOKOB SHEPIMH U HEHYJIEBBIX 3HAYEHUH Ia-
paMEeTpOB penaKCalliyd CBOMCTB BEUIECTBA Y PA3JIMYHBIX KBAHTOB SHEPIUH CIENYET, YTO THIIOTE-
TUYECKH CBOOOJIHBIM COJUTOH JIOJDKEH OBITh «II0XO0» Ha «CIUIIOIIEHHYIO» c(epy — IBYXOCHBIH
AIUTUIICOUI, CIIOPOXKIACHHBIN» KBAaHTOBBIM BaKyyMOM: OH JIOJDKEH JIBUTaThCS MPSMOJIMHEHHO U
PAaBHOMEpHO, BPAILAsICh BOKPYr CBOEW OCH, COBMAJAIOIIEH C TPACKTOpPUEH CBOErO JIBW)KCHMS.
[Ipenmonaraem, 4T0 UMEHHO MO3TOMY MaTeMaTuKa U (pU3MKa OCHOBAHBI Ha (PyHIAAMEHTAJIbLHOM
MpUHIIMIE TOA00HOM reomeTpu3anuu. Maremaruka, HalpuMep, «MMEET BO3MOMXHOCTbY» HCIIOJIb-
30BaTh aKCHOMAaTUYECKHUE MTOJIOKEHUS O YHCIOBBIX OCAX M INTOCKOCTAX. Ha 3T0M ke 0cHOBE Ham
yaajgoch OOHAapYXHUTh 0OIIME CBOMCTBA (PYHAAMEHTAJIbHBIX (DPU3MUECKUX KOHCTAHT, PaccMOT-
PEHHBIE BO BTOPOM 4acTH.

N3 storo cremyer, 4To NpHU U3MEHEHUM CUMMETPHM COJIMTOHA, KOTOPAs BO3HUKAET IIPHU
B3aUMO/JICHCTBUU C KBAHTOBBIM BaKyyMOM U JAPYTHUMH COJIMTOHAMH, BCE OHU J1e(OPMUPYIOTCS,
CTaHOBSITCS TPEXOCHBIMHU, U BCIEACTBHE 3TOT0 HEOOXOJUMO YYUTHIBaTh TPEXMEPHOCTh COJIUTO-
Ha. HampuMmep, B MOJEKyJIBI CO CIIO)KHOM I'€OMETPUYECKON CTPYKTYpOHM MOTYT CTPYKTYpPHUPO-
BaTbCSA TOJIbKO TPEXOCHBIE COJMTOHBI, (PU3MUECKHE U T'€OMETPUUYECKUE CBOMCTBA KOTOPBIX IO
HaIpaBJIEHUSAM OCe CUMMETPHUH (OHU KE KOOPAUHATHBIE OCH) — HETOXKIECTBEHHBI.

16.3. Kak TpexmMepHOCTb NPOCTpPaHCTBa OTpaxaeTcsi HA CBOMCTBaxX Yncen

KaK napameTpax aHeprum?

Bo3HukaeT Bompoc: Kak BCe 3TO OTOOpa3UTCS Ha YUCIOBBIX IOCIENOBATEIbHOCTAX, KaK
MaTeMaTUYECKUX MOJENSAX TOKOB JIBYX BHJIOB HHEPrMM KBAHTOBOI'O BaKyyma, YUUTHIBAs, YTO
sHeprus Buga AE, B Macitabe ~10" cm Tax xe Hepasauuuma, Kak u £,,?

['MunoreTnyeckuil COJIMTOH BCErAa UMEET JIBE B3aMMOCBSI3aHHBIE T€OMETPUUYECKHE COCTaB-
JISIOIIME CBOEU CTPYKTYPBI:

— OJIHA — 3TO ITOBEPXHOCTH COJIMTOHA, 3TO CTPYKTYpa dHEpPruu Buaa £,

— Jipyras — 370 00beM COJIUTOHA, 9TO CTPYKTypa 3HEpruu Buaa £,,;

— 00€ TOXIECTBEHHBI 110 KOJIMUYECTBY dHEpruu (|AE.,|=|E,

), MOCKOJIbKY MJIM TIO3TOMY Ha-
XOJITCS BO B3aMMHOM COINPSDKEHHOM JIMHEMHOM NpeoOpa3oBaHMHU, KaK aBTOKOJEOATEIbHOM
polecce, MPOTEKALIEM 10 3aKOHaM U30MopdH3Ma.

B npouecce npeoOpa3oBaHus OBYX BUIOB 3HEPTUU H30BITOYHAS YacThb HECKOHIEHCHPO-

BaHHOMW 2HEpruM paBHa 0=|E,,|-|AE,,|, nHaye TroBops, Oylyun «HECKOMICHCUPOBAHHOW» TOXe-
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CTBEHHBIM KOJIMYECTBOM CKOHIACHCHUPOBAHHOW PHEPrUU &, COTJACHO 3aKOHY COXPAaHEHHs dHEp-
I'MH B BELIECTBEHHOM Mmupe AE,, = E,, u3ilydaeTcs yepe3 MOBEPXHOCTh COJUTOHA B OKPYKar0-
iee MpoCTPAHCTBO, HE B3aUMOJICHCTBYS C COJIMTOHAMH, CO3/1a€T HOBBIC SHEPTETUUECKHUE CTPYK-
TYpHI 3a Mpe/ieliaMu COJIUTOHA WIIH JIaXKe 3a TPaHUIlaMHU BEIIECTBEHHOTO MHPA.

B TPEXOCHOM COJIMTOHC «MI'HOBCHHBIC COCTOSAHHA» TOKOB SHCPIUM IO TPEM OCAM HE MO-
I'yT ObITh TOXJECTBEHHBIMU (I10 ONPEAEIEHUIO0 TPEXOCHOCTH), IO3TOMY M CYIIECTBYET B Belle-
CTBCHHOM MHUPEC TaK Ha3bIBacMas 3apsag0Basd aCUMMETPUS. HOSTOMy U «KMT'HOBCHHBIC COCTOSITHUS»
ATOMOB XUMHYECKHUX JIEMEHTOB — 3TO TPEXOCHBIE COJIMTOHBI, BCJIEICTBUE Y€TO OHH MOTYT 00pa-
30BbIBATb MOJICKYJIBI CO CJIOKHBIMU I'COMCTPUICCKHUMHA CTPYKTYpaMHu.

Msi1 3HaeM, ¢ Kakoi 4aCTOTOM B KaKJIOM COJIUTOHE 00€ CTPYKTYpPBl SHEPTHUH PaCHaIaroTCs
Y BHOBb BO3HUKAIOT B TPEXMEPHOM IMIPOCTPAHCTBE, KOTOPOE MPEACTABIAET COO0M «OECKOHEUHOE
MHOXKXCCTBO» MaTCpUaJIbHBIX 00BEKTOB U TOYEK — COJIMTOHOB. HpI/I 3TOM BCE€ OHH, KaK 3TO HHU
CTpaHHO, TOXIACCTBCHHLI 110 KOJIMYCCTBAM 3aKJIHOUYCHHBIX B HUX CyMMapHOﬁ OHEPTHUU IBYX BH-
JIOB BO BCEM JHAIa30HE T€OMETPUUECKUX Pa3MepoB £o0 cM (MOKa3aHO HWKE), HO PA3JIUYHBI TI0
IJIOTHOCTH SHEPTHH.

HpI/I pacnaac u poXKACHUH reoMCTpHA COJIMTOHOB, OYEBUAHO, OTIIMYACTCA OT rCOMCTPHU B
«CTaTHUKE.

BCJ'ICI[CTBI/IG OTOro B MATEMaTUKC CJICAYCT HCKATb B YHCIOBBIX ITOCJIICAOBATCIBHOCTAX
«aHOMAJIUW», KOTOPhIE OTOOpaXkasid ObI ATH Pa3INUUs B TEOMETPpUUECKUX (popMax comToHOB. B
KauecTBE «KaHAMJaTa» Ha TaKylo MOCIEJ0BATEIBHOCTh MO0 HEKOTOPHIM MPHU3HAKAM MPETEHIYET
MOCJIEI0BATEILHOCTD MTPOCTHIX YHCET.

16.4. NNpn3HakKku aHeprum B YNCNOBbIX NOCrefoBaTeNIbHOCTSAX.

Bo3HukaeT Bompoc — 4TO M KaKk UCKaTh B YHCIOBBIX MocienoBaTenbHocTIX? Heo6xoaumo
HUCKaTb U INPOBCPATH IEPUOANICCKUC U AaHOMAJIbHBIC CBOﬁCTBa, KOTOPBIC MOT'yT OBITH CBSI3aHEI C
TPEXMEPHOCTBIO MPOCTPAHCTBA BEIIECTBEHHOTO MHpPAa M OJHOBPEMEHHO C MHOTOMEPHOCTHIO
KBAHTOBOT'O BaKyyMa, Ha KOTOPBIC 10 CHUX ITIOp MaJio 06pamam/1 BHUMAaHUE, IIOCKOJIBKY IIPU aHa-
JIN3€ OAHOMCPHBIX U IBYMEPHBIX MATEMATHYCCKHUX MOI[GJICI;'I AHOMAJIBHBIC U TPEXMCPHBIC CBOU-
CTBa MOI'yT OKa3aTbCd HE3aMCUYCHHBIMU, BCJIICACTBUC HCKOMMYTATUBHOCTH BEKTOPOB U npeo6na-
JaHUus1 OJHOI'O U3 HaHpaBJ'IeHI/Iﬁ TOKOB IBYX BHJIOB SHCPIUH.

HonaraeM, YTO HEKOTOPLIC N3 HA3BAHHBIX IIPHU3HAKOB MBI YK€ O6HaPY)KI/IJ'II/I.

16.4.1. OcHoBaHuUA 1JI51 IOUCKOB.

Hacrosmas pabora, mo cyTH, COIEpPKUT aHAIM3 CBONCTB JBYX BHJIOB SHEPTHHU TOJBKO «B
CTaTUKE», YIUTBIBAs, 9TO COTIacHO TeopeMam OHcarepa u [IpuroxxnHa HepaBHOBECHBIE TEPMO-
JMHAMHYECKHE MTPOLIECCHl MOTYT OBITh MCCIIEI0BaHbl CTATUYECKUMH METOAaMH (CM. 1. 21).

(DYH)IaMeHTaJ'IBHBIC (1)I/I3I/I‘~IGCKI/IC KOHCTAHTBI U HOBBIC KOHCTAHTHI KBAHTOBOI'O BaKyyMa
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XapaKTepU3YIOT COCTOSIHUE TMHAMUYECKOTO PAaBHOBECHUS BEIIECTBEHHOTO MHpPA, a JIEUCTBUS CY-
nepno3unnii GyHKIHUM 00€CTIEUYNBAIOT €r0 CYIIECTBOBAHUE MPH HEHYJIEBOM 3HAYCHHH 3apsiJO-
BOM aCUMMETPHUH, OTHOCUTEJIBHO KOTOPOU IMPOUCXOAUT aBTOKOJIeOaTeNbHBIN Mpolecc npeodpa-
30BaHUs ABYX BUJOB SHEPIUHU.

[TockonbKy 3HAUMMOE KOJIMYECTBO AHOMAJIbHOW SHEPIUU MOKET «IIOSABUTHCS» TOJBKO B
MEPEXOTHBIX MPOIIECCaX, MEPEXOIHBIX OT CTOXACTHUYECKUX K HECTOXAaCTUYECKHUM, TO (PU3HUECKUE
KOHCTAHTHI ¥ 3HAYEHHUS MPOU3BOJIHBIX YHEPTUU JIOJDKHBI ObITh TIepeMeHHbIMU. OHAKO pacuiie-
HEHUE MapaMeTpPoOB IEPEXOJHOro Mpollecca Ha IOCIEeNI0BATEIbHOCTh JOCTATOYHO OOJIBLIOrO
YUCiia B3aMMOCBSI3aHHBIX AJIEMEHTAPHBIX COCTABISIOMMX (COJUTOHOB) IO3BOJISET TOJYYUTH
BECh HA0OP HEOOXOIMMBIX KOHCTAHT B BUJIE «IIOJIXO/SIINX» YACIOBBIX TIOCIIEIOBATEILHOCTEH —
MAaTEMaTHYECKUX MOJIETIEH TOKOB SHEPTHHU «CHOBA B CTATHKEY.

OTMeTUM, YTO TIOHSATUS — «CTAOMIIBHOE COCTOSTHUEY, «IIEPEXOJHBINA MPOIIECC, «OBICTPO»,
«MEJUIEHHO» — HE UMEIOT a0COJIFOTHOTO 3HAUYEHHUS U XapaKTEPU3YIOT «aHTPOIIOJIOTU3M» BOCIPU-
SITUSL YEJIOBEKOM BEILIECTBEHHOTO MHPA, XaAPAKTEPU3YIOT TEXHUUECKUE BO3MOXKHOCTU U3MEPEHUS
YEJIOBEKOM XOJIa BPEMEHH, XapaKTEPHU3YIOT TOJIBKO IMANa30H U3MEHEHUS MMapaMeTPOB SHEPTUU
KBAaHTOBOTO BaKyyMa, OJaronpusTHBIN 1Jii OWOJOTHYECKOTO CYIIECTBOBAHMS UEJIOBEKA M €T0
TEXHUYECKUX CUCTEM, YTO U SIBIAECTCS NPUUMHON aHTPOMOJIOTM3Ma BOCIIPUSITHSL.

16.4.2. Kak o0HapyKUTh CBOWCTBA NEPHUOIUYHOCTH IPOCTHIX YHCEJ?

Hckath B3aUMOCBS3b MEXK/y Pa3IMYHBIMU MOCJIEI0BATEILHOCTAMHU U B TTOCIEA0BATEIBLHO-
CTAX Pa3HOCTEW 4HMCell, MoJiaras UX B3aMMOCBSI3aHHBIMU BEKTOPHBIMU CHUCTEMAaMH, XapaKTepu-
3YIOIIUMH CBOMCTBA OMHAPHBIX CUCTEM DHEPTUU B COJIUTOHAX.

Hckats myreMm aHanm3a moBeAeHUS TpaUKOB YUCIOBBIX MMOCIEI0BATEIHPHOCTEH, KaK aHa-
JUTUYECKUX (PYHKITUN KBAHTOBOTO Bakyyma. [Ipu 3TOM HMCKaTh TOYKW BETBICHHUS M TOYKH B3au-
MOCBsI3eH (PyHKIUH.

Hckats myTreM mpuMeHEHUs JEHCTBUS CYNEPHNO3UINH K (PYHKIHMSIM Ha OCHOBE (h)yH/IaMEH-
TaJIbHOTO 3aKOHA COXpaHeHus sHeprun E=AE.,+E, =~ 6, AE.,~E, 1 aHanu3a NOJY4YEHHBIX pe-
3yJIbTAaTOB, KOTOPHIE MOTYT OBITh PA3IMYHBIMU MPU U3MEHEHHUH MOCIIEI0BATEILHOCTH BBITTOJIHE-
HUS ICUCTBUI.

Hckath myreM 3aMeHbl pa3IMyHbIX MAaTEMATHUYECKUX ONEpalril orepaunsiMiu CyMMHPOBa-
HHUSI, KOTOPBIE CJIEIYET CUATATh JIOTUYECKUM PAa3BUTHEM NMPUHIUIIA CYNIEPHO3UIMHU, a CaM MPUH-
nun GpyHIaMeHTaIbHBIM: €CJIM MPUHIINAI JIEUCTBYET, TO 3TO CBHJECTEILCTBYET O HAMYUU TIEpe-
XOJIHBIX TMPOIIECCOBB MPEOOPa30BaHUIX ABYX BUIIOB SHEPTUH, CBUIIETEIHCTBYET 00 3BOJIIOIMHU
cma0ObIX B3aUMOJICHCTBUM B CHJIbHBIC B3aUMOACHCTBUSI.

HckaTh B3aUMOCBS3b CYNEpIO3UIMu PyHKINN ¢ GU3UIECKUM COJIEpKAaHUEM TPOIIECCOB U

¢uznueckuMu 3¢ ¢dexkraMy, BOZHUKAIOIKMMU B MEPEXOJHBIX Ipoleccax MpeoOpa3oBaHUs IBYX
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BUJIOB 3HEpruu. Vckarh ¢pusznyeckue ycioBusi, HEOOXOAUMbIE JUIsl U3MEHEHUS MOCIIEI0BATEb-
HOCTH «TOSIBJICHUS» (pu3nueckux 3()(PEeKTOB KaK «PenepHbIX 0OBEKTOB» SHEPreTUYECKUX IpO-
LIECCOB, YTO HEOOXOIUMO JUIsl TOTY4YEHNS KOHEYHBIX PE3YJIbTaTOB.

Hcnonb30BaTh B MOMCKAX pe3ylbTaThl UCCIEOBAaHUI OMHAPHBIX CUCTEM MAaTEMaTHUYECKUX
MHOecTB yueHukoB 0. U. KynakoBa npuMeHUTEIbHO K OMHAPHBIM CUCTEMaM 3HEPTUU B COJIH-
ToHaX [5].

Maremaruueckoe JeiicTBHE CyNepno3uiuu (yHKIUU paccMaTpuBaeM Kak MaTeMaruye-
CKYIO0 MOJI€JIb IEPEXOIHOTO MPOIiecca CTOXaCTUYECKOTO MpeoOpa3oBaHusl IByX BUJOB SHEPIHUU.
[IpuHUMNO cyneprno3uuuu IeiHCTBYET TOJbKO B IMEPUOJI MIEPEX0A SJIEMEHTAPHBIX CTPYKTYp dHEP-
MU U3 OJJTHOTO CTaOMIJIBHOTO «IIPEBIAYILEr0» COCTOSHUS B OUEPEHOE CIIEYIONIEe COCTOSTHUE.

Wnaye roBops, aeicTBUE CyNeprno3uluu GyHKIUN paccMaTpUBaeM Kak MaTeMaTHYECKYHO
MOJIENIb €IMHOW CHUCTEMbI 3HEPreTUYECKUX 3aKOHOMEpPHOCTEW YHHuBepcyma. PU3MUYECKOe CO-
JiepKaHUe 3TOM MOJENM 3aKIYaeTcs B TOM, YTO €€ pealu3alisi COMPOBOXKAAETCS «OUYEHb
CIIOHOW» IETEPMUHHUPOBAHHOM MOCJEI0BAaTEIbHOCTBIO (u3nueckux 3¢(eKToB U 3aBepliaercs
MIPOSIBJIEHUEM U3BECTHBIX 3aKOHOB (DU3HKH.

16.4.3.CBoiicTBa onepanuu cynepno3uuuu JuHeHbIx Gynkumii [7; 28, c. 279, 546,
570]:

— ecyiid (PyHKUMH, K KOTOPBHIM MPUMEHEHO JAEWCTBUE CYNEPHO3ULMU IPUHAIEkKAT 3aaH-
HOMY MHOKECTBY, TO M CYNEPHO3ULUS ATUX QYHKIUI NPUHAAIEKUT 3alaHHOMY MHOKECTBY;

— CYNEpIIO3ULIMS JBYX 3aJaHHbIX JUHEHHBIX (PYHKLIMN CHOBA €CTh JMHEWHas (QyHKLMS, T.
€. CyNepro3uLlus SABJSETCS BHYTPEHHUM JICHCTBUEM JJIi MHOXKECTBA BCEX JTMHEMHBIX (PYHKIMIA;

— pe3yibTaT ONepalyy CyNeprno3ULUy 3aBUCUT OT MOPsIKa, B KOTOPOM 3alUCaHbl (PyHK-
uuy;

— Cynepno3uiueil (KoMIo3uuuen Wik CBEpTKOM) IBYX (QYHKUMH f(x) U g(x) Ha3bIBalOT

CcloKHYI0 QyHKIHMIO A(x)= f [ g(x)] — 3TO 00IIEe HA3BAHME OIEPALUM, TIPOM3BOIANIEH U3 ABYX

AJIEMEHTOB @ U b TPeTUil MEMEHT c=a *b, 3TO COCTaBJICHUE CIOXKHOU PyHKIUY;
— Ha CYNEpHO3ULHUI0 JUHEHHbIX (YHKUUN pacIpOCTpPaHSETCs LIETHOE MPaBUIO B3SITHS

IIPOM3BO/IHOM, IIPHMEHHMOE K JIF000MY YMCIy TIPOMEXKYTOUHBIX apryMeHTOB: ecid y = f(u,),

_ B B dy dy du, du,_, du,
=), oo u =0 (), u, =¢,(x), 10 o e dx
OJIHAKO, B 3TOM CJIy4ae MPHUAETCS peniaTh MpoOIeMbl YMHOKEHHUS BEKTOPOB.
16.4.5. [lonckn aHOMAJILHBIX U EPUOIMYECKUX CBOHCTB MPOCTBIX YHCE] HEOOXOUMO
MPOBOJIUTh, B TOM YHCJIE, CPEAU MX PA3HOCTEH pPa3IMYHBIX MOPSIKOB, B JUANA30HE 3HAYCHUH

upcen 2+10%. TIpu 5TOM, MO-BUAMMOMY, BOHHKHET HEOOXOIMMOCTh «CHKATHsD» MaciTaba 4u-

CJIOBOT'O psaJa U IEPCHOPMHUPOBKU 0O0IBIINX YHUCCJI, T. K. aHaJIN3 C KOYCHb OOIBIITIMY KOJIMYECT-
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BOM 3HaYalllux HUQP TEXHUYECKH OCYLIECTBUTH TPYIHO.

MoxHO 1 BCe 3TO caenarh 0e3 U3MEHEHUsI aHATMTHYECKUX CBOWCTB (yHKIIMH, O0TOOpa-
xatoreit gpusnyeckuii nponecc? H. H. BopoObeB nokazan BO3MOXKHOCTb HIMPOKOTO MCIOJIb30-
BAaHUS B MHXKEHEPHOM IPAKTHKE MEPEMEHHOI0 NeOMETPUYECKOro macitaba, OCHOBAaHHOTO Ha
yucinax OuboHayun, 63 M3MEHEHUs CBOWCTB aHaMWTHUYeCKOW (yHKiuu. [Ipu 3TOM maxe He
TpeOyercst 3HaHue Buaa GyHKuuu. JlocTaTouHO 3HAThH, YTO OHA AHAIUTUYECKass. JTO SBISETCS
«JIMIIHUM» CBHJIETENIbCTBOM CBsi3u psna DuboHauyu ¢ dHEprueil KBaHTOBOTO Bakyyma. Jlis
BBEJCHUS TMEPEMEHHOTO0 MaciiTada HeOOXOJWMO BBECTH B aHAIW3 (PUOOHAYUYMEBYIO CHUCTEMY
CUHCJICHUSI, CBE/IEHUS O KOTOPOIl Mbl IpUBENH B ri1ase 11.

Bo3MoxHOCTh IEpeHOPMUPOBKH YKCeNl 00yciioBiieHa cBoiicTBaMu psiga OuboHayuu U co-
JIUTOHOB:

— moboe uynuciao PuboHaY4M MOKET OBITh PACCUMTAHO MO HOMEpY MOpsAKa CIeI0BAHUS
ypcen OuOoHaYYN HA YHCIIOBOM OCH;

— JM100bI€ COIUTOHBI XapaKTEPU3YIOTCS TOXKAECTBEHHBIMU HA0OpaMU YUCENl U TeoMeTpUuye-
CKUX CTPYKTYD;

— BO BCEX COJIMTOHAX 3aKIIOYEHO PaBHOE KOJIMYECTBO SHEPTUU

E= AEZP +E, =const

— BCE€ COJIUTOHBI Pa3IMYaIOTCs TOJBKO F€OMETPUYECKUMU pa3MepaMH U CTENEHbIO BBIPOXK-
JICHHOCTU B HUX IIapaMETPOB DHEPIUU Kak Buna £, Tak u AE,,.
ITocne cixaTHs YUCIOBBIX MOCIEI0BATENBHOCTEN OTPE3KU IKCIIOHEHT CTaHyT OTPE3KaMu AYT I0-
CTOSIHHOTO pajiyca, T. €. JMHUSMU IePeceYeHUs CUCTEMbI CTOSYNX CPEepUUYECKUX BOJIH BHYTPU
«CTAaTUYECKOro» CONUTOHA. IIpn 3TOM JMHUM M3]I0MOB rpaduka puc. 7 MOXKHO paccMaTpUBaTh
KaK TOYKHU IEPECeUeHus YT U, CIEeI0BaTEIbHO, KAK TOUKHU BETBJICHUS aHATMTUYECKOW QYHKIUU
B TpeXMEpHOM MpocTpaHcTBe EBkianaa. B Toukax BeTBiIEHHS aHAIUTHUYHOCTb (PYHKLIHUU MOXKET
IIpepBIBAaTLCS U HE MpepbIBaThes. MHaue roBops, TOUKU BETBICHUS (QYHKIMH SBISIOTCSA «TOYKa-
MU — cerapaTopaMu» JUIsl CUJIbHBIX U €l1a0bIX B3auMoOJeHcTBU. MaTeMaTHUYeCKUM KPUTEPUEM
cernapanuy SBJSETCS BEJIMYMHA PACXO0K/ICHUS YMCIICHHBIX 3HAUEHUN MOPAIKOB 3HAYMMBIX IIPO-
U3BOJIHBIX 3HEpruu (cM. ri. 6, n. 3). Takum 06pa3zom, 0OJHU U T€ K€ OKPECTHOCTU MaTeMaruye-
CKOM TOYKH, KaK TOUKHU IEpecedeHHs] 000JI0UEK COJIMTOHA, JUIsl OJHUX BEJIUYMH KBAHTOB dHEp-
UM SIBJISIFOTCSL OCOOBIMM, @ JUIsl IPYTMX CYHIECTBEHHO OocoObIMU. B Toukax cdepuueckoii mo-
BEPXHOCTH TMIIOTETHYECKU M30JIMPOBAHHOTO COJMTOHA aHATUTHUECKas (PYHKIMS IPOJODKAETCS
(mpoxoXkAeHue 4epe3 MOBEPXHOCTb 0€3 OTpaKeHMs, IPEJIOMIICHUS, PACILEIUIEHNs] U TOTIJIoNIe-
HUS1) WIK IPEKPaLIaeTcsl B MHOM CIIy4ae IPOXOKICHHUS.

TakuM o0pa3om, TpeXMEpHOE MPOCTPAHCTBO COJUTOHA MPEJCTABIISIET SYEUCTYIO CTPYKTY-

py: JUHUU TIEPECEUCHUS MOBEPXHOCTEU COJIMTOHOB MPEACTABISAIOT COOOW JIMHUM HAMOOJBIITNX
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IJI0THOCTEW 3Hepruu Buaa £, Heobxonumo uMeTs B BUY, 4TO SHEprus Buaa K, npossiisercs B
«BELLECTBEHHOU (popMe» TOIBKO B Cilydae JOCTHKEHUS IJIOTHOCTU E, HEKOTOPOr0 KPUTHUYECKO-
ro 3Ha4EeHUS.

N3 storo cienyer, 4To NPOCTPAHCTBO aTOMa MEXIy 000I0YKaMH JIEKTPOHOB U SPOM HE
«IIyCTOE€» W TaKK€ IPEJICTABIIAECT SYEUCTYIO CTPYKTYPY, TOJBKO C MEHBIIMMHU IUIOTHOCTSIMH
SHEPIrUM MEXIy I'PaHHULAMU sTYeeK. S4encToCTh CTPYKTYPhl BHYTPEHHETO IIPOCTPAHCTBA «COJIH-
ToHa — BceneHnHoi» — 310 HaOMOAAaTENbHBIM (aKT acCTPOHOMHUH, NpUBEACHHbIN B kHure M. JI.
Hosuxoga [13, puc. 10, c. 35].

N3 ssyencTocTy BHYTPEHHEN CTPYKTYPBI COJIMTOHA CIAEAYET, YTO SJIEMEHTAPHBIE YaCTHIIBI B
IIPOCTPAHCTBE aTOMA-COJIMTOHA, B TEOMETPUUYECKONW MHTEPIIPETALIUM, CYIIECTBYIOT B BHUJIE LICH-
TPaJIbHO CUMMETPUYHBIX PSII0B B OJHOMEPHON MOJIEIN U «IIOYTH» CHEPUUYECKUX, YOBIBAIOLIUX
[0 pazMepaM 3KBUIIOTEHIIMAIBHBIX TOBEPXHOCTEN, UMEIOIIUX (OPMY TPEXOCHBIX JUIMIICOUIOB,
BJIOKEHHBIX JAPYT B Ipyra — B TPEXMEPHOM MOJIEIH.

Bce Touku 3KBUNOTEHUMAIBHON MOBEPXHOCTH MMEIOT PaBHbIE MOTEHLHAIbI (IIJIOTHOCTH)
sHepruu. [Ipu 3TOM HM3BECTHBIE MaTEpHUAIIBHBIE CBOMCTBA SHEPIUU IPOSBIISIIOTCSA TOJIBKO HA I10-
BEPXHOCTSX, MJIOTHOCTh SHEPIHH B KOTOPBIX AOCTATOUHO Beiuka. OAHAKO 37€MEHTapHBIMU Yac-
THLIAMHU 3aMKHYTBIE SKBUIIOTEHIIMAJIbHBIE TIOBEPXHOCTU CTAHOBATCS TOJBKO BCIIEJICTBHE pa3py-
1ieHus: coauToHa. [lpu «BBICBOOOXKIEHUM» BHYTPEHHUX CTPYKTYpP MX 3KBUIOTEHIMAIbHBIE MO-
BEPXHOCTH M3MEHSIOT CBOKO F€OMETPHIO 110 MPUHLIHITY HAMMEHBIIErO AEUCTBUSA, T. K. B COOTHO-
IeHUH 00beMa U MOBEPXHOCTH HOBOTO CBOOOJHOIO COJIMTOHA YCTaHABIMBAETCS TUHAMUYECKOE
paBHOBecHue. TakuM 00pa3oM, B «CTaTUKE» JIBa BHJIa SJHEPIHMH KOJMYECTBEHHO CHOBA BBIPABHU-
Baorca AE,, = E);, BCIeACTBHE JICHCTBUSA 3aKOHA COXPAHEHUS SHEPTHH.

[Ipy 5TOM IIOTHOCTH 3HEPruu BUIA F, B MOBEPXHOCTHOM CJIO€ YBEIMYMBAETCS, a IJIOT-
HOCTb 3HEpruu Buja £ B o0beMe coNMTOHA yMeHblIaeTca. Bce 3To mpoucxoauT B Takux reo-
METpPUUYECKUX MaciiTadax, B KaKUX MaTepualibHas Cpelia BCerja HaXOIUTCS B KPUTUYECKOM CO-
CTOSTHUM. MOXHO IMOKa3aTh, YTO BECh BEIIECTBEHHBIM MUP — 3TO KPUTHYECKOE COCTOSIHUE YHEP-
TUH.

Ecayn nmioTHOCTE SHEPrUM B MOBEPXHOCTHOM CJIO€ HOBBIX 3JIEMEHTAPHBIX YACTHUI[ — COJIU-
TOHOB JIOCTaTOYHO BEJIMKAa, TO OHU HAOJIOAAIOTCS KaK M3BECTHBIE 3JIEMEHTApHBIE YaCTHIIbI,
OOJIBIIMHCTBO U3 KOTOPBIX HecTaOmiIbHbL. [Ipy 3TOM HecTaOMIBHOCTH OOYCIOBIIEHA TOJIBKO TEM,
YTO KaK COJIMTOHBI OHH HE YJOBJIETBOPSIOT KPUTEPHUSAM CTaOMIbHOCTHU. [109TOMY HOBBIE YaCTHUIIbI
KHUBYT CTOJIBKO, CKOJIBKO JIOIYCKAETCSI BPEMEHEM PEJIAKCALIMU CBOMCTB UX MAaTEpHUH U MapaMeT-
pamMu TOKa B HUX JIBYX BUJIOB SHEPruu. «JlOaroxXuTensiMuy, TaKUMH Kak (POTOHBI U 3JIEKTPOHBI C
Pa3INYHBIMU KOJMYECTBAMU SHEPIUH £, , OKa3bIBAKOTCS TaKHE€ T'€OMETPUUYECKHE CTPYKTYpBI, B

KOTOPBIX B PE3OHAHCHOM COCTOAHUU KOJICOIIOTCS PaBHBIC KOJIUYCCTBA ABYX BUAOB SHCPTUU EM n
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AE.,. I10 sBseTcs pyHIaMEHTaIbHON IPUYMHON AEHCTBUS 3aKOHA COXPAHEHUs SHEPTUU.

16.5. O6ocHOBaHue paBeHCTBa CyMMapHOMW 3HEPrumn BO BCEX CONIUTOHAX.

B OeckoHEYHOM MHOXECTBE COJUTOHOB — BCE OHU TOXJIECTBEHHBI MO KOJUYECTBY DHEP-
I'MH, 3aKTI0YEHHON B KaX/I0M U3 HUX.

[To-BuarMoMy, Bcerja MOKHO HAWTH JBa COJIMTOHA C PAaBHBIMHU KOJIMYECTBAMHU CyMMap-
HOHM »HepruM E=AE,,+E,, HO C pa3HBIMHU IUIOTHOCTAMHU. EciiM 3TO Tak, TO TakHe COIMTOHBI
JOJIKHBI UMETh Pa3InYHbIE T€OMETPUUYECKHE Pa3MEPBI.

[Ipu sTOM:

— cBOMcTBa (yHIAMEHTAIbHBIX (PU3NYECKUX KOHCTAHT, aHATUTUYECKUX (GOPMYIT AJisi KOH-
CTaHT; CBOMCTBA MAaTEMaTUYECKON Y T€OMETPUUECKON MOJIENIE SHEPTUH; TOJYMHEHHOCTh dHEP-
MU COJIMTOHA TeOpUH pe3oHaHca [lonuHra; paBeHCTBO YUCIEHHOCTH COJIMTOHOB, 3aKJIFOUEHHBIX
B J1000M «OO0JIBILIOMY» COJIMTOHE, YUCTY ABOTaJpO; U MHOIO€ JPYroe — MO3BOJIIOT JOMYCTUTb,
YTO BO BCEX TMIIOTETHUYECKU M30JIMPOBAHHBIX «OOJBIINX» COJUTOHAX, B OECKOHEUHOH MOCIIEN0-
BaTEJIbHOCTU 3HAYEHHUH UX IMapaMeTpoOB, BCETla COAEPHKATCS paBHbIE KOJIMYECTBA SHEPTUU!

E,=AE,’+E," = const, tne n =1, 2, 3,..., .

Hanpuwmep, 310 creyeT u3 aHauTudeckoil popmyibl st nocrosiHHOM [1nanka:

B dnE(,p ‘dnE

| |— L = const
dt" dt"

raen = 1,2, 3,..., 00 — MOPSAKK TPOU3BOTHBIX IHEPTHUU.

TakuM 00pazoMm, Bechb BEUIECTBEHHBI MUP COCTOUT M3 COJUTOHOB C TOKIECTBEHHBIMU
CyMMapHBIMH KOJINYECTBAMH JIBYX BUJOB SJHEPIUH, B KAKJIOM U3 HUX.

OpHako, HET HUKAKMX OCHOBAaHUM OTKa3bIBAaThCS OT TOTO, YTO B MPUPOJIE UMeeTcsl OecKo-
HEYHOE MHOYXECTBO COJINTOHOB C MHBIMHU CYMMApHBIMHM KOJIMYECTBAMH SHEPIHU. DTO CIEAYET,
HaIlpuMep, U3 TOro, YTO 3a TPAHULAMU I'€OMETPUUECKUX Pa3MEPOB ~10" M, B kax10# MaTema-
THYECKOM TOYKE IIPOCTPAHCTBA C TAKUMHU OKPECTHOCTSIMHU, KBAHTOBBIN BAKYyM CTAHOBUTCS MHO-
TOMEPHBIM.

N3 31010 BHITEKAET, YTO JAOJHKHO CYHIECTBOBATH MHOXKECTBO «JIPYIMX BEIIECTBEHHBIX MU-
POBY», KaK BOJIH 3HEPTUHU, UAYIIUX U3 OECKOHEYHO MaJIbIX TJTyOMH KBaHTOBOTO BaKyyma, T. €. U3-
HayaJbHO M BCET1a JETEPMUHUPOBAHHBIX.

B rnase 8, n. 3 u mpyrux riiaBax HacTosIeld pabOThl MBI MMOKAa3ajH, YTO «HOBBIC BEIIECT-
BEHHBIE MUPBI» HAXOJATCS 32 «IHEPreTUYECKUMHU I'PaHULIaMID) HALIErO BEIIECTBEHHOTO Mupa. B
CBSI3M C 3TUM OTMETHM, YTO KPUTHUYECKOE COCTOSHUE BEIlecTBa, Kak (opMa CyIeCTBOBAHUS
SHEPIruM KBAaHTOBOI'O BAaKyyma, 3aHMMAET BCE ITPOCTPAHCTBO HAIIEr0 MUpa M HAXOJWUTCS B KakK-
1o ero Touke. M3 aToro ciuegyer, 4To BXOJ B «MHBIE BEIIECTBEHHBIE MUPBD» HAXOJUTCS B KakK-

)IOI\/II TOYKEC HAIEro BEIICCTBCHHOI'O MHUpa.
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Pa3nnunble BelecTBEeHHbIE MUPHI B JIFOOBIX MaclITabax JOJIKHBI OBITh pa3/eIE€Hbl MEXKIY
co00#1 M3BECTHBIMH B KBAHTOBOM MEXaHMKE 3alpEIICHHBIMU 30HAMH SHEPIuil, BCIEJICTBUE OT-
KayK{ U3 30H SHEPIHH B «COCETHUE BELIECTBEHHbIE MUPBD». DTO MPOUCXOJUT TaK K€, KaK B U3-
BECTHBIX AP PEKTaxX U ABJICHUAX KBAHTOBOU AJIEKTPOHUKU U MATHUTOONTUKH:

— 3axBar 4acTOT, CHHXPOHU3M, CaMO(POKYCHUPOBKaA...

OTu U Apyrue siBieHus U d3PGEeKThl HETUHEHHON ONTUKY SIBJISIFOTCS MPUYMHON UX HEOTh-
eMJIEMOM TPUHAJUIEKHOCTU 00Jiee CIOKHOMY SIBJICHUIO — SIBIIEHUIO PE30HAHCA, KOTOPOMY HH B
yueOHUKax, HU B SHIMKIIONEAUAX HE YAEISeTCs JOJDKHOIO BHUMAaHUS. JTa K€ y4acThb MTOCTHUIIa
U KayecTBEHHYI0 Teopuio pezoHaHca JI. Ilonmuura, BciencTBue MPHUHATHUS KOHLEMLUU OJIHOTO
BU/JIa DHEPTUU.

upuna 3anpelieHHbIX 30H SHEPTUU TaKOBa, YTO B PA3IMYHbBIX BEIIECTBEHHBIX MUpaxX OC-
TAIOTCS COJUTOHBI TOJIBKO C TAKUMU CYMMAapHBIMHU SHEPTUSMHU, KOTOPbIE C COJIMTOHAMHU APYTUX
SHEPruil «I0YTH» HE B3aUMOJEUCTBYIOT. MOJENsIMH TaKuX BEIIECTBEHHBIX MHPOB-COJIMTOHOB,
M0-BUIUMOMY, MOKHO paccMaTpuUBaTh 3JIEKTPOHHbIE 0007104KH aTOMOB. TeMm He MeHee Bce Be-
LIECTBEHHbIE MUPBI JOJKHBI «c1ab0 B3auMO/IEHCTBOBATHY) MEX]y CO00M, yUUThIBas HEHYJIEBbIE
3HaueHUsl (PU3NYECKUX U FeOMETPHUUYECKUX MapaMeTpPOB JIFOObIX KBAaHTOB DHEPIUM, a TAKXKE OT-
CYTCTBUE LEHTPAIbHOW CUMMETPUYHOCTH B TPEXOCHBIX AILIUIICOUIAX-COJIUTOHAX.

Kak jxe 00bACHUTH TO, YTO MbI UX HE 3aMeYaeM:

— IOTOMY YTO J0 CHUX IOp MOYTH HUKTO He oOpallian Ha HUX BHUMAaHMUSI, BCJIEICTBUE OTHO-
CUTEIBHON MAJIOCTH Y HENIPUBBIYHOCTU B3aUMO/ICHCTBHIA;

— IOTOMY YTO BCE COBPEMEHHbIE (PU3NYECKUE TEOPUM HE JOMYCKaIOT MOJOOHBIX MpOIEeC-
COB.

CHoBa BO3HUKAET BONPOC: 1€ U KaK UCKaTh Ha3BaHHBIE B3aUMOICHCTBUS?

Ha nepBbix nopax He0OXOIMMO UCKAaTh B MAaTEMAaTUYECKUX 3aKOHAX M B HOBBIX MHTEpIIpE-
TalUAX KCIIEPUMEHTAIbHBIX (PAKTOB, pusnueckux 3pPpexToB 1 3aKOHOB (PU3UKU.

Hanpumep, cnenyer oOpaTuTh BHUMaHHE HAa MAaTEMaTHYECKYIO JIOTHKY MaTeMaTH4eCKON
CTaTUCTUKH U «CTOXACTUYECKUI (HOH» MpU SKCIEPUMEHTATBHOM ONPE/IEICHUH MaTeMaTUYeCcKO-
ro OXHUJAHUS KaKoro-inbo mapamerpa 3Hepruu. [Ipu 3TOM OT Ha3BaHHOIO (JOHA HEBO3MOMKHO
130aBUTHCA MOJTHOCTHIO HUKAKUMU «MH)KEHEPHO-TEXHUUECKUMH YXUILPEHUSAMU», T. K. HE CYIIIe-
CTBYET «a0COJIFOTHO TOHKHMX TPaHUID.

B maremaruueckux 3akoHax oOpamatoT Ha ceOst BHUMaHue pacnpeneneHus [lyaccona, c
MIOMOIIBI0 KOTOPOTO MOXKHO M3y4aTh MOBEJECHUE BEIWYMHBI 3apsIOBOM aCUMMETPHUH B JHOOOM
COJIMTOHE U HOPMAJIbHOE paclpefiesieHue ciydaiiHoN BeianuuHbl B TpakToBke K. 'aycca, koTo-
pO€ MOJKET MPOSBIATHCA KaK TOYHOE PEIIEHHWE B HEKOTOPBIX MaTeMaTHMYECKUX 3aJadyax HHKe-

HepHOH npakTuku. Hampumep, B 3akoHe pacnpenenenus omuOok HabmoaeHus ["aycca u B 3aKo-

102



I'maBa 16. BexTopHbIe cBOIicTBAa YMCJIOBBIX MOC/IEI0BATEILHOCTEIA.

HE pacmpeienieHus cKopocTei moJiekyn Makcesemna [7, c. 139, 417, 508, 509], a y necummer-
puuHOM KpuBoi IlyaccoHa — pacnpeneneHus BEpOSTHOCTEM CIIy4ailHOM BEJIWYHMHBI C LEJIOYNC-
JICHHBIMU HEOTPULIATEIbHBIMU 3HAYEHUSIMU — TOSBISETCS «OTpHUIATEIbHAs 4acTb», 00ycIOB-
JIEHHAas1 HECKOHJICHCUPOBAHHOW YHEPTUEH.

16.6. 3amMeyaHnA 0 MHOrOMEpPHOCTU M TOYKax NPOCTPaHCTBA.

[lox  MHOTOMEPHOCTHIO  BEKTOPHOTO  IPOCTPAHCTBA  IMOHUMAETCS  «TEOPETHKO-
SKCIEPUMEHTAIbHBIIN» (akT KBAHTOBOM MEXaHUKH: B KaKJIOM MaTeMaTHUECKOM TOYKE MOXKHO
IIPOBECTH MHOKECTBO B3aMMHO HE3aBHUCUMBIX BEKTOPOB, B TO BpPEMsI KaK B TPEXMEPHOM IpO-
CTPaHCTBE — TOJILKO TPU BEKTOPA.

Maremaruueckass TOUKa — 3TO T'MIOTETHYECKas TOUKA IEpeceueHus: TOHKUX JIMHUN, He
MMEIOLIUX TOJIUIMHBI; B BEILIECTBEHHOM MUPE TOYKA HE MMEET HUKAKUX (PU3HUECKUX MTapaMeTpoB
1 TEOMETPUUYECKUX Pa3MEPOB, OJHAKO XapaKTEPU3yeTCsi KOOPAMHATOM.

MecTomnonoxeHlue TOUYKM MOKET ObITh 3a/laHO0 TpeMsl KOOpJAMHAaTaMU Ha HE3aBUCHMBIX
BEKTOpax, 00pa3yoluX OPTOTOHAJIbHYIO CUCTEMY KOOPAMHAT B TPEXMEPHOM IPOCTPAHCTBE, U,
COOTBETCTBEHHO, ByMsI KOOpJAMHATAMH B IJIOCKOCTH U OJHON KOOPJAMHATON — B OJHOMEPHOM
MIPOCTPAHCTBE.

B onHOMEpHOM M MHOTOMEpPHOM MPOCTPAHCTBAaX KOOpPJIMHATA TOUKH 3aJaeTCsl YUCIIOM
TOJIBKO Ha OJHOW U3 BBIOPAHHBIX YHMCIOBBIX OCEH, MOCKOJIbKY HUKAaKUe KOOPAMHATHI HA APYTUX
OCSIX C TOUKOM HE CBSI3aHbI, BCIIEJACTBHE BBIPOKICHHOCTH BCEX (DPU3MKO-T€OMETPUUYECKHUX Iapa-
METPOB 3HEPruu (C TOUKH 3peHHs] HAOIoAaTessl W3 BEIIECTBEHHOIO MHUpa C «UYEIOBEYECKUM
MBITIUICHHEM).

B maremartuke umeeTcs MHOTO JPYTrUX UCXOJHBIX MOHATUI TOYKHU, B 3aBUCUMOCTHU OT KOH-
KpPETHBIX 3a/1ay, pelIaeMbIX B Pa3IMYHBIX OTpacisx mMaTemMartuku [8, c. 585]. B kauectBe uzu-
YeCKOM MOJIeJIi MHOTOMEPHOTO IPOCTPAaHCTBA, B HACTOSAIIEH paboTe paccMaTpUBAETCsI MHOXKe-
CTBO MCTOYHUKOB U CTOKOB UJA€aJIbHOU >KUIKOCTH I enbMrosibua, T. €. 1100as ToOUka — 3TO COBO-
KYIHOCTbh MHO>KECTBA TOUEK, MHOKECTBO reomeTpuil EBKinia B 06CKOHEYHO MajIOM.

16.7. BekTOpHbIE CBOUCTBA MaTeMaTUYECKOWU TOUKMU.

16.7.1. Meton apudmeTH3anuu Mo3BOJISET NOCTABUTh B COOTBETCTBHE JIIOOOMY MaTepH-
QIbHOMY OOBEKTY HECllydalHOE€ MHOKECTBO MaTeMaTHYeCKHMX TOoueK. B BellecTBeHHOM Mupe
MOHATHS TOUKH SIBJISIOTCS MaTeMaTUYECKOM mieanu3anueidl MaTepuaabHOro 00beKTa, HE UMEI0-
uiero u3mMepeHuil. O HaKo B KPUTUYECKOM COCTOSIHUM BEIlECTBA MMEHHO MHOKECTBO TaKHMX TO-
4yeK, KaK MaTeMaTHyeckas MOJejib Oe3pa3MepHOro MaTepUalbHOTO OOBEKTa, XapaKTepHU3yeT
SHEPrui0 KBAaHTOBOI'O BaKyymMa — MHOKECTBO CTOKOB M MCTOYHUKOB PA3JIMYHOW MOILIHOCTU WM
IUIOTHOCTH SHEPrUH (YTO B TAKOM COCTOSIHUM TOKJECTBEHHO).

B cBete MMPCAIIOJIOKCHUSA TOXKACCTBECHHOCTH CYMMApPHOI0 KOJIMYECTBA SHEPIrUHu B COJIUTO-
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Hax C JIIOOBIMU F€OMETPUUYECKHUMH MacliTabamu, B TOM YUCIIE U B MAaTEMaTUYECKON TOUKE — CO-
JIUTOHE, BOZHUKAET JIBYCMbICIICHHOCTh B3aMMHO HCKJIIOYAIOIIUX TEPMUHOB «BBIPOKIEHHOCTH» U
«HEHYJIEBBIX» 3HaYEHHI MMapaMeTpoB SIHEPIHH B TOUKE.

[TonHast BBIPOXKIEHHOCTh U HEHYJIEBOE 3HAUEHHUE — 3TO CHHOHUMBI OECKOHEYHO MaJIbIX WU
JOCTaTOYHO MaJIbIX 3HAUYE€HUI NapaMeTPOB 3HEPTUH, [10100Has UHTEPIPETALUS KOTOPBIX AOIYyC-
KaeTCcs KOHKPETHOM 3a/1auen.

16.7.2. I'unoTeTHyeCKu U30JMPOBAHHASA TOYKA U €€ OECKOHEYHO MaJible OKPECTHOCTH, Oy-
Iy4d LEHTPAJIbHO CHUMMETPUYHBIM OOBEKTOM, MOXKET OBITh WHTEPHPETHPOBAHA KaK HYIIb-
MEpHOE WIN OECKOHEYHOMEPHOE BEKTOPHOE MPOCTPAHCTBO, MOCKOJIbKY BCE BEKTOPBI-TUHUU TO-
KOB B CTOXAaCTHMYECKOM JIBU’KCHUU YHEPTUM B3aMMHO He3aBUCUMBI. [Ipu oObsicHeHnn Tpex QyH-
JTaMEHTaJIbHBIX (DU3UYECKUX sBIEHUU, Ha3BaHHbIX uMeHeM H. A. KoswipeBa [12], MBI MOXeM
[I0Ka3aTh, 4TO JHOO00N OOBEKT B3aUMOJICHCTBYET C KBAHTOBBIM BAKyyMOM, UTO IMPOSIBJIAETCS KaK
MEPUOIUYECKHUM MpOoIecC Mepen3TydeHUs KaX A0 3JIeMEHTApHOM CTPYKTYpbl 00bEKTa, BCIIEICT-
BHUE HEHYJEBOI'O 3HAYCHHS 3apsiioBOM acUMMeETpuHM oO0bekTa. I[Ipu 3TOM «BHEWIHSSI CTOPOHA»
B3aMMOJICHCTBHS MPOTEKAET KaK JEHCTBUE NEPBOro 3akoHa HproTOHAa — NpsAMOJIMHEHOE paB-
HOMepHoe JBrkeHue. OJHaKo MpH HapyIIEHWU LEHTPaIbHOW CUMMETPUYHOCTU TOYKA CTAHO-
BUTCS TPEXMEPHBIM O0OBEKTOM, BCIIEJICTBUE HAPYIIEHUS CUMMETPUU 3TOM TOYKH JpYroi cocen-
HEl TOYKOW — COJIUTOHOM: JIMHUU TOKOB JIEITOHOB 3aMBIKAIOTCSl HA JBYX TOYKaX, €CIM TOYKU
Pa3HOPOJHBI — UCTOYHUK M CTOK. HapyiieHue cuMMmeTpuu B pacrnpesiesieHuu JTUHUA TOKOB BO-
KPYT' TOYKH TPHUBOJUT K U3MEHEHUIO TPACKTOPHUH, MOSIBIsETCA dDPEKT rpaBUTAIMOHHOTO TIPH-
TSDKCHHS MEXIY TOYKaMHU, YTO TIPOSBIIETCS KaK JICMCTBHE BTOPOTO U TPETHETO 3aKOHOB HbI0TO-
Ha. Touku cOmmxKaroTCs U 00pa3yroT AUMOJb «ACTOYHUK — CTOK». J[BMXKYIIUNCS U B3aUMOCH-
CTBYIOILIMN C KBAHTOBBIM BaKyyMOM JIUIIOJIb JOJKEH 3BOJIIOLMOHUPOBATh B COJUTOH, T. K. BUX-
peBasi TpyOa IUIIONS 3aMKHETCS cama Ha ceOs. OIHaKo SBOJIIONMS AMIOJNS MOXKET HE 3aBep-
LIUTHCSI 00pa30BaHUEM COJIMTOHA, €CIIHM BOJIM3H JAUIIONS UMEIOTCS IPaHULBl «pa3fiesia pa3HOpo-
HBIX Cpe/»: BUXpeBasi TpyOa 3aMKHETCsI Ha MIOBEPXHOCTH pazjena cpell. Uto cineayeT u3 Teopem
WJIealIbHOM )KUAKOCTH [ enpMrombua.

16.7.4. Eciiu 1Be TOYKHA OTHOPOAHBI (00€ SBIISIFOTCS CTOKAMH HJIM UCTOYHUKAMH), TO JIH-
HUU TOKOB PHEPTUHU (JIEITOHOB) MIPH CONMKEHUH TOUYEK JOJIKHBI UICKPUBIATHCS, T. K. INIOTHOCTH
OJIHOPOJHBIX JINHUN B OKPECTHOCTSIX Ka)KJ10M TOUKU cOallaHCHPOBaHbl €€ MOLIHOCThIO. VckpuB-
JIeHWe, KaK ¥ TOSIBJICHWE JOTMOIHUTEIBHBIX JIMHUA TOKOB, HAPYIIUT EHTPATbHYI0 CHMMETpPHY-
HOCTb TOKOB SHEPTUU B KAXKJOU TOUKE. DTO MPUBEJET K 00pa30BaHUIO PABHOICHCTBYIOIINUX BEK-
TOPOB, MPUJIOKEHHBIX K KKJI0M TOUKE, U BBI3OBET Y(DPEKT rpaBUTAIMOHHOTO OTTAJTKABAHUSI.

16.7.5. B ipupose, npu HaOIIOEHUH MaKpO- U METa00bEKTOB, HEM3MEHHO HAOII0OIAeTCs

TOJIBKO OJIMH BUJ TPaBUTALMOHHOTO 3(PpdeKTa — NPUTAKEHUE MACCUBHBIX 0OBEKTOB, HECMOTPSI
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Ha aKCMOMATHYECKH MPHUHATYI0 cOaJaHCUPOBAHHOCTh TOUYEK-UCTOYHHKOB M CTOKOB B BEIIECT-
BEHHOM MHpE, CTPYKTYpHUPOBABIIUXCS B Ha3BaHHBIC OOBEKTHI, I OCHOBAaHHYIO Ha TOM, YTO IIO-
BCEMECTHO HAOII0/1al0TCA TUHAMUYECKH PAaBHOBECHbBIE CUCTEMBI.

Kak M0xHO 00BsACHUTH, 4TO 3((EKT rpaBUTAIIOHHOTO OTTAJKHWBAaHUSA HE HaOmrogaercs?
Kak MOHO OOBSICHUTD, YTO B BELIECTBEHHOM MUpPE KOJUYECTBEHHO MIPE00IaatoT 3JE€KTPOHBI, a
HE TO3UTPOHbI?

OOBICHUTH 3TO MOXKHO T€M, YTO KBAaHTOBBIM BaKyyM MPEICTaBIsCT COOOW OTHOHAIpPAB-
JIEHHO€ CTOXaCTUYECKOE HCTEUEHHE SHEPTUU B OKPYXKAIOIEe MPOCTPAHCTBO U3 KAXKJIOM TOUKH.
[Ipu 3TOM MOIIHOCTH TOKAa SHEPTHH B KAXKJOW TOYKE M, COOTBETCTBEHHO, TUIOTHOCTh SHEPTUHU
BUJa E., B IPOCTPAHCTBE OECKOHEUHO BEJIUKU. DTO O3HAYAET, YTO B KBAHTOBOM BaKyyMe KOJIH-
YEeCTBO TOYEK — UCTOUYHUKOB PHEPrUM OECKOHEUHO BEJIMKO IO CPABHEHMIO CO CTOKaMH. MOXKHO
MI0Ka3aTh, YTO MO 3TOM NPUYMHE JUHAMHYECKOE PABHOBECHE MEX 1Y KOJMYECTBAMH CTOKOB U UC-
TOKOB 3HEPIUU B aTOMax B BEILIECTBEHHOM MHUpPE BCEr/la HApyLIEHO B CTOPOHY OOJIBIIETr0 KOJIH-
YyecTBa UCTOYHUKOB SHEPrUH, a HE CTOKOB. JTa HEPaBHOBECHOCTh YUCIIEHHO XapaKTepU3yeTcs
TaK Ha3bIBAEMOU 3aps/I0BOM acUMMeETpUEl MaTepuu BEIIECTBEHHOIO MHUpa U 00ECleYnBaeT e€ro
CYLIECTBOBAHHUE.

16.8. BekTopHble CBOUCTBA YUCIIOBLIX NOCrieaoBaTeNibHOCTEN.

16.8.1. [Tpu3HaKku BEKTOPHBIX CBOMCTB YMCIOBBIX MOCIEA0OBATEILHOCTEN KaK MaTeEMaTHye-
CKHUX MOJEJICH TOKOB JIBYX BHUIOB DHEPTHUU:

— HaJW4Me TPAJMECHTOB B KOJIMUYECTBEHHBIX 3HAUCHUSIX YUCEN — Pa3HOCTEH Pa3IUYHBIX I10-
PSIIKOB;

— 3HaKH TPAJMEHTOB (pa3HOCTEN YKcell), KaK MapaMeTpOB TOKOB JIBYX BHJIOB SHEPrUH, MO-
JIOKUTEJIbHBI M1 HEM3MEHSIEMbl Ha BCEM NPOTSHKEHUU Psiia, HO TOJIBKO B PA3HOCTSIX MIEPBOTO T0-
psaKa, B pa3HOCTAX 0o0Jiee BBICOKOTO MOPSIKA 3HAKU MOTYT Yepe/loBaThCs;

— OTKJIOHEHHE CBOMCTB YHMCIIOBBIX IOCJEI0BATEIbHOCTEN OT apu(PMETHUECKUX U U3MEHE-
HHE 3HAKOB B PA3HOCTAX PA3TUYHBIX TIOPSIKOB — 3TO MMPU3HAKU BETBIICHUSI TOKOB SHEPIHH;

Ilpumeuanusn:

1. Tema ananusa npocmoelx yucen 8 pamkax Hacmoauwel pabomuvl He Moxcem Oblmb pac-
Kpblma 00CMAamo4Ho NOJHO (KaK u psao opy2ux mem), 68Uy HeoObAMHOCMU, M. K. mema npeo-
noaazaem nepesoo NPOCMuIX ducel 8 aneebpauieckue, 8 KOMOpvlx OHU nepecmarom Ovims npo-
cmoimu [7, c. 59].

2. Ilepuoduueckue u anepuoouyeckue yepedo8aHus 3HaAK08 pasHOCMel UMeom pa3iuyHvle
Qusuyeckue cooepocanus. Hanpumep, nepuoouueckoe usmeHenue 3HaKa HanpagieHHoOCmu moxka
SHepeUU NPUMEHUMENbHO XOMmsl Obl K 0OHOU MOOe 03Ha4aem, Ymo 8 Kaxi#cooM nepuooe ecmo yud-

CMOK HapacmaHusl, cnaoa u NPOMENCYMOUYHO20 COCMOAHUA amnﬂumy()bl. Ho smo eneuem 3a co-
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001l 00vLEKMUBHO-HEODX00UMOe UHOYYUPOBAHHOE UZTYUEeHUEe 8AKYYMOM U3 KAHXCOOU MOYKU AM-
NAUMYObl «MPEXMEPHO20 ULNelqha» OeCKOHeYHO20 HUCX00AWe20Cs psadd COBUHYMBIX NO ¢hasze
PA3UUHBIX MOO HECKOHOEHCUPOBAHHOU dHepauu. B OdanvHetiuem 2mo Heobxooumo Oyoem uc-
no1b3068amb Npu 0OBACHEHUU NePEONpUYUHbL OONbULel NIOMHOCMU HEP2UU 60 GHYMPEHHUX
0007104Kax U 8 A0PAX XUMUYECKUX IJIeMEHMO8, d MAKI’Cce — CYWEeCmBOBAHUS «Ce008» BCeX MOO
60 gcex mouxax Bcenennoul.

16.8.2. MaTemaTnyeckoi MOJEIIbI0 BPEMEHH, X0/1a BPEMEHH, «CTPEIIbl BPEMEHN» SIBISAETCS
BCSI YHCIIOBast TIOCIIEI0OBATEIBHOCTD IPOU3BOIHBIX SHEPTHH B MATEMAaTHUECKOW MOJICIIA SHEPTHH.

[TockonbKy Ha4ajao OTCUETA MOPSIKA MPOU3BOIHBIX SHEPTHH B KaXKIOM COJIMTOHE WHHU-
BU/yaJIbHO, TO ¥ XOJI BPEMEHHU B KKJJOM COJUTOHE MHIMBUAYAJICH, T. K. YUCICHHO BBIPAKACTCS
B KaJKJIOM COJIMTOHE MPOU3BOJHOM 3Hepruu £, Broporo nopsiaka. Takum oOpa3oM, j1ro0ble Ipo-
M3BOJIHBIE DHEpPruil £, U E, BO BCEH MX YHUCIOBOM IOCIEAOBATENBHOCTH XapaKTEPU3YIOT XOJ
BpEMEHHU B KaKOM-HUOY/b COJIMTOHE U3 OECKOHEYHO OO0JIBILIOT0 MHOKECTBA COJUTOHOB, YUUTHI-
Bas, YTO MOJIO’KEHUE HYJIS, KaK Hayajla MCUUCIICHHS Ha YUCIIOBOM IOCIIEJOBATEILHOCTH, HE a0-
COJIFOTHO M UHJUBUIYAIbHO I KaXKI0r0 COJIUTOHA.

16.8.3. ®u3znyeckoe coaep:kaHue MOHATHS BPEMEHH.

B xoHmenmu 1ByX BUJOB HEPTrUu (pu3ndecKkoe coliepKaHue MOHITHS BPDEMEHH HE UMEET
a0COJIFOTHOIO 3HAUEHUS B Pa3JIMYHBIX SHEPreTUUECKHUX Mpoleccax. B sHeprernyeckux mnpoiec-
cax ¢ pa3TUYHBIMHA T'€OMETPUYECKIMH MacIITabaMu U TUIOTHOCTSIMH SHEPTHH BPEMST — 3TO BCe-
r71a BTOpasi MPOMU3BO/IHASL TOKA HECKOHJIEHCUPOBAHHOM SHEPTUH, 3TO YAaCTOTHASI COCTABJISIOLIAS
TOKa HECKOH/IEHCUPOBAHHOMN 3HEPTUU.

Paznuune xoma BpeMeHH B Pa3IMYHBIX COJMTOHAX, HECMOTpPSI HA PAaBEHCTBO CYMMBI JIBYX
BU/JIOB PHEPIUH B Ka)KJIOM COJIMTOHE UX KOHEYHOTO MHOKECTBA, 00YCIOBIEHO Pa3IMYHbIM COOT-
HowmeHueM AE,, u E, B pa3HbIX COJIUTOHAX. M3 3TOro cienyer, 4To YUCIEHHO PaBHbIE IIPOU3-
BOJIHBIC PHEPTUU B PA3IIMYHBIX 110 MOIIHOCTH COJMTOHAX UMEIOT Pa3InYHbIE HOMEpa MOPSIKOB
U XapakTepu3yroT pazinyHble popmsbl sHepruu E,. Tak uto H. A. Ko3sipeB Obl1 mpaB, yrBep-
XKJas, UTO «B 3BE3/IaX TOPUT camo Bpems» [6]. Takum 0Opa3om, CBOMCTBO BPEMEHH WHIMBH]IY-
QJIbHO B KaXJIOM COJIUTOHE U OHO KOJIMYECTBEHHO XapaKTEPHU3yeTCs YHUCIOBBIM 3HAUEHHUEM IIPO-
U3BOJ—HOM 3Hepruu E,, BToporo nopsaka. IIoaToMy CKOpoCTH IPOTEKaHUS 3HEPreTUYECKUX
MPOIIECCOB KaK B BEIIECTBEHHOM MHpE, TaK U B KBAHTOBOM BaKyyMe pa3indHbl. OTHaKO B KBaH-
TOBOM BaKyyMe€ 3TH Pa3JIMYUSl B «aHTPOIOJIOTMUECKUX T'€OMETPUUECKUX MacliTabax» BELIECT-
BEHHOTO MUpPa — HEPA3JIMIUMBI, BCICJCTBHE UX MAJIOCTH.

«BpemeHa» kak mapameTpsl SHEPruM B OECKOHEYHOM psTY COJIMTOHOB B BEIIECTBEHHOM
MHpE U KBAHTOBOM BaKyyMe€ — COM3MEPUMBI. JTO CIIEyeT U3 aHAIUTUYECKUX (HOPMYI B3aUMO-

CBSI3U TOKOB dHepruu. COU3MepUMOCTh 03HAYaeT HaJIMYHe OOIICH MEPhl M BBIPAYKAETCS PaIlvo-
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HaJbHBIM YHCIIOM.

16.8.4. O B3anMoeiicTBMU Pa3HBIX BellleCTBEHHbIX MUPOB.

B oOuiem cimydae B3anMoJeCTBHSI Pa3IMYHBIX BEUIECTBEHHBIX MUPOB — 3TO ci1a0ble B3au-
MOJEHUCTBHUS, CUIIbHBIE TOJIKHBI OBITh MaJIOBEPOSITHBI U3-32 HECOM3MEPUMOCTH BCEX IMapaMEeTPOB
SHEpPruM, B TOM YUCIIE U XOJAa BPEMEHU: U3 Pa3IUuUil B 3aKOHAX COXPAHEHHS 3HEPIUU CIETyeT
HEBO3MOXKHOCTh COBMaJieHUs ()a30BbIX COCTOSIHUI KBAHTOB 3HEPIUHU, MPUHAUICKAIINX Pa3/Iny-
HBIM BEIIECTBEHHBIM MHpaM, YUUTHIBAsI, YTO CUJIbHbIE B3aUMOJICHCTBUS BOBMOYKHBI TOJIBKO B pe-
30HAHCHOM COCTOSIHUU.

Ha npumepe H3/10)K€HHOTO (PU3NYECKOTO COAEPIKAHUS XOJa BpPEMEHH, IO-BHIMMOMY,
MOXKHO HalTH MOAXOJ K «IOHUMaHHIO» (PU3MUECKOro COAEpKaHUS BO3MOYKHOTO B3aMMOJIEHCT-
BUSI Pa3IMYHBIX BEILIECTBEHHBIX MUPOB: «C1a00€» B3aMMOJEHCTBUE BO3MOMKHO MEXKIY COJIUTO-
HaMU XOTSI M C pa3HbIMU CyMMaMU JIByX BHJIOB 3HEPIUH, HO JOCTATOYHO OJU3KHUX IO KOJIUYECT-
BY U C OIMHAKOBBIMU MPOTIOPIUSAMH JIBYX BUJIOB SHEPTHH.

[To-BuarMoOMy, B3aUMOCBSI3b MEXAY Pa3JIMYHBIMU BELIECTBEHHBIMU MHpaMH CIIEyeT UC-
KaTh B TaKMX YMCJIOBBIX IOCIEI0BATEIbHOCTAX, KOTOPbIE OJHOBPEMEHHO IPHHAJIEKAT ABYM
Wi 00JIbLIEMY KOJIMYECTBY BELECTBEHHBIX MUPOB. P MPOCTHIX Uncen COAEPKUT TaKUE MPH-
3HAKH.

16.8.5. MaTremaTn4yeckue MO/ie/ 14 B3aUMOCBSI3H Pa3HbIX BelIeCTBEHHBIX MHPOB.

B o0mem ciyuyae BO BceM OECKOHEYHOM psy MPOU3BOJHBIX SHEPIrUU HUKAKHUE, CKOJIb
YroAHO OJNM3KHE MO KOJUYECTBY M NMPOMOPUUSAM SHEPIHH, KBAHThI, MPHHAJUICKAIINE Pa3HBIM
BEILIECTBEHHbIM MHUpaM, HE MOTYT HAXOJUTbCS B PE30OHAHCHOM COCTOSIHMM M, CII€OBATENIbHO,
B3aMMO/ICHCTBOBATh YEpe3 MOCPEICTBO KBAHTOBOTO BaKyyMa, T. K. BCera OyIyT OTIu4aTbcs MO
BCEM I1apaMeTpaM SHEpruu, Kak He MMeroIMM o0meld Mepbl. HarnmsgHyro aHamoruio MOXKHO
HaWTHU B pa3HbIX YUCIIOBBIX MOCIEA0BATEIBHOCTAX, IOCTPOCHHBIX 110 PA3JINYHBIM 3aKOHAM.

OpHMM U3 NPU3HAKOB MPUHAIEKHOCTH aTOMOB Pa3IMYHbIX XUMUYECKUX 3JIEMEHTOB pas-
HbIM BEIIECTBEHHBIM MHUpaM MOIJIO Obl OBITH OTCYTCTBHE OOIIEH Mepbl B 3HEPreTUYECKUX
CTPYKTypax aTOMOB.

Takue Npu3HaKU €cTh U JaXe UMEIOT (pU3nuecKue MOATBEPKIACHUS: BHEIIHUE 000JI0YKU
COJINTOHOB-aTOMOB HE BJIUSAIOT Ha YHEPreTUYECKUE MPOLECChl BHYTPH, HECMOTPS Ha TO, YTO BO
BHYTPEHHHUX NPOCTPAHCTBAX, Pa3/eIEHHBIX 000J0YKaMU MEHBUIET0 pajuyca, IIOTHOCTh SHEp-
MU HapacTaer.

MaremaTtuueckue MOJENIM BO3MOKHOTO B3aUMOJICHCTBUS SHEPTUU Pa3HbIX BEIIECTBEHHBIX
MHUPOB IpEeANojaraéM HalWTH Ha FPAHULIE MEXKIY JIBYMS HalpaBJICHUSMU MaTEMaTUKU: KIIACCH-
YeCKOM TeOpEeTUKO-MHOKECTBEHHON, HA OCHOBE KOTOPOI BBINOJHEHA HAcTosIas paboTa, U UH-

TyuMOHUCTCKOM. Ha rpanuiie o6a HampaBiieHUs CONPATaioTCs, Oaroapsi CBOMCTBaM YMCIIOBOM
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nocienoBarenbHocT PuboHayun. Tak, nepeBo]l IPOCTHIX YUCEN B alredpandeckue, B TOUKaX
BETBJICHUS UX IOCIIEIOBATEIBbHOCTH, MIO3BOJISIET POJOJDKUTE aHAJIN3 HA OCHOBE IOJIOKEHUHN UH-
TYUIITMOHUCTCKOU MaTeMaTuku [7, c. 242-244, 284-287].

B pamkax unTynunonucrckon marematuku A. H. KoJMOropos mpemnoKui JIOTH4ecKue
OIEpalMM pacCMaTPUBATh KaK ONEpalluy HAJ 3aJa4aMH, B Halled MHTEPIPETalui — HaJl B3aH-
MOCBSI3aHHBIMH Tpynnamu pusndeckux 3QpQPeKToB, KaK «PErHepHbIMH COOBITUSIMU» B IBOJIIOLIUU
SHEPruu KBAaHTOBOT'O BaKyyma, KOTOpble OyAy4d B3aUMOCBSI3aHHBIMHM MOTYT MPOTEKaTh B Pa3-
JIMYHOM, U3HAYAIBHO JETEPMUHUPOBAHHOW MOCIIENOBATEIBHOCTH, AAaBasi pa3JINYHble KOHEUHBIE
pe3yibTaThI.

[Touemy peub 3a1ia O rpaHULEe MEXTy ABYMsI HallPaBJICHUSIMU MaTEMaTUKU?

[ToTomMy 4TO BO3HMKJIO COMHEHUE B BO3MOKHOCTU IPUMEHEHUSI MATEMATUKH JUIsl aHAIU3a
CBOWCTB KBAHTOBOI'O BakyyMa B IpuHUHUIE. Kak MOKHO NPUMEHATH MaTEMaTHYECKYIO JIOTHKY,
€CJIM B KPUTHYECKOM COCTOSIHUM BELIECTBA yTPAuMUBAETCS Fr€OMETPUUECKHUM (GyHIaMEHT MaTeMa-
TUKU?

Hcye3aeT noHATHE r€OMETPUUYECKUX MHTEPBAIOB MEXIY TOUKAMHU, KOTOpOE B 00OUX Ha-
MIPaBJICHUSX MAaTEMATUKH SIBJISIETCS OCHOBHBIM, XOTS U Pa3JInYHbIM.

Tem He MeHee BBIXOJl €CTh, €CIM 00a HaIpaBJIEHUSI MAaTEMAaTUKU HAMOJHUTH (PU3UYECKUM
COJICPKAHUEM.

16.8.6. I'1aBHBIMH OTJIMYMTEJbHBIMU OCOOEHHOCTSIMU /IBYX HAlNpaBJeHMHl MaTema-
THKH ABJISIOTCSH:

— B TEOPETUKO-MHOKECTBEHHOW TPAKTOBKE YMCIIOBAsl HEIPEPBIBHOCTh COCTOUT U3 OTAEIIb-
HBIX TOYEK, IPU 3TOM B OOIIEH MCXOJAHON aKCHOMAaTHKE BOIPOC MHTEPBAIOB MEXIY TOUKAMU
OIyCKAETCSl;

— B MHTYUIIMOHHU3ME HENPEPBIBHOCTh YUCIOBOM MOCIIEI0BATEIBHOCTH IIPEACTABIISIETCS KAK
IIOCJIEA0BATEIBHOCTD U3MEHSIOINXCSI UHTEPBAJIOB MEXK Ly TOUKAMM, KAK «CPEJIbl CTAHOBJICHUSI.

B ocHOBe aHaNMTHYECKOW B3aMMOCBSI3H IPOU3BOJHBIX SHEPTHMM KBAHTOBOI'O BaKyyma Jie-
’KaT CBOMCTBA YHMCIIOBBIX IMOCIeA0BaTebHOCTe PUOOHAUYYN M MPOCTHIX YHCEN, 00JadaronInX
CBOMCTBaMM AKCHOHEHIMAIbHOM (DYHKIMH, KOTOpasi MMO3BOJISIET BBECTU MEPEMEHHBIN MaciuTad
MHTEPBAJIOB MEX]ly TOUKaMH, HE U3MEHSS aHATUTUYECKUX CBOUCTB (DYHKIIMU U OJHOBPEMEHHO
HE Hapylas CBOWCTB OJHOPOJHOCTU U U30TPOITHOCTH MPOCTPAHCTBA TOYEK KAK «CPEIbl CTAHOB-
JICHUSD).

Takum o6pazom, psag @uboHauYM U MPOCTHIE YMCIIA [0 CBOMM CBOMCTBAM JIeXKaT Ha rpa-
HHUILIE MEXJYy Ha3BaHHBIMU HAIIPABJICHHUSIMM MATEMAaTHKH W IO3BOJIIOT MX MCIOJIB30BaTh IS

aHaJIM3a CBOKWCTB KBAHTOBOI'O BAKYyMa.
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16.9. CBA3b 3HEpPrMn KBaHTOBOro BaKkyyma C TEOPUAMU U KOHLIeNLUUAMMU
0. C. Bnagumnpona u 0. U. KynakoBa [5].

16.9.1. OtmeTuMm, 4TO H3JI0)KEHHBIE B HACTOSIIENH paboTe pe3yabTaThl UCCIEAOBAHUN XO-
POIIIO COTIPSITAIOTCSI C MAaTEMAaTUYECKON Teopuen yHapHbIX (pusndeckux cTpykryp FO. U. Kyna-
KOBa U PeJISIMOHHOMN KOHIenuuen npoctpanctsa u Bpemenu 0. C. Bnagumuposa.

B pa6otax 1O. U. Kynakosa u ero yuenukos I'. I'. Muxaiinuuenko u B. X. JIbBa nokaszaso,
YTO Ha JIBYX MHOKECTBAX 3JIEMEHTOB (TOYEK) CYLIECTBYIOT OMHApHbIE CUCTEMBI BEIIECTBEHHBIX
OTHOIIEHUI HE BCEX MBICIMMBIX PAHIOB, a TOJBKO TPEX THUIIOB PAHTOB, YTO MBI CBS3AJIU C TEM-
neparypoit Jlebas. B paborax B. X. JIpBa Obu10 nOKa3aHO, YTO OMHAPHBIE CUCTEMBI 00JI€€ BBICO-
KOIO paHra «BeayT ceOs» Kak BBIPOXKJIEHHBIE CHCTeMbl. B Haliell MHTeprpeTanuud CUCTEMBI
SHepruil 60siee BHICOKOIO paHra — «3T0 MHbIE BEIIECTBEHHbBIE MUPBI.

16.9.2. Cunpaska o Teopusix u koHuenuusx 0. . Kyaakosa u 0. C. Bragumuposa.

1) «Teopus ynapHbIX (eqMHHYHBIX) puznueckux cTpykTyp Kymnakosa npencrasiser coboit
MOMBITKY EPECMOTpPa OCHOBAHUN (DU3HUKHU C €IUHOMN TOYKU 3pEHUS, B OCHOBY KOTOPOH BMECTO
MOJIYMHTYUTHUBHBIX 00pa30B: YacTHIIA, [0JIE, IPOCTPAHCTBO, BPEMS — MOJIOKEHO OJHO E€IUHCT-
BEHHOE MOHATHE — (Qu3uyeckas cTpykrypa» [5, c. 398], B Hamiell WHeTpHpeTanuu, €IUHCTBO
(bpaKTaTbHBIX CTPYKTYp SHEPTHUU.

VY KynakoBa BMecTe ¢ KOHIENIMEH MoJis ucuezaeT U KoHuenuus oauskoneiicreus. Ee 3a-
MEHSET IPUHIIMIT 3aBUCUMOCTH JIFOOBIX COOBITHI B MUpE OT cocTosiHUS Bcell Beenennoii. I'paBu-
TallMOHHOE B3alMOJIEHCTBUE OKAa3bIBAECTCA WHIYLUPOBAHHBIM JPYTUMHU BUJIAMH B3aUMOJEHUCT-
BUii. B Hamieil paboTe TOIBKO OJJHUM BHUJIOM — B3aUMOJIEUCTBUEM C KBAHTOBBIM BAKYYMOM.

Panee Mbl mokazanu, YTO I'paBUTALMOHHOE B3aUMOJICHCTBUE HE ABIJIAETCSA (QyHIaMEHTAJIb-
HBIM CBOICTBOM MaTepuu. ['paBUTaninoHHOE B3aUMOJIEHCTBHE (HA MpHUMEpE JIBYX OOBEKTOB) —
3TO BHEILIHEE MpOosBIIEHUE (YHIaMEHTAIBHOTO B3aMMOJICHCTBUS KBAHTOBOTO BaKyyMa C JByMs
JOCTaTOYHO OJIM3KO PacIlooKEHHbIMU OOBEKTaMH, BCIIEJICTBUE YErO paHEe HE MPOSIBISIEMOE Y
TUIMOTETUYECKH U30JIMPOBAHHBIX 0OBEKTOB I'PaBUTALMOHHOE TI0JI€ KaXk/10r0 00bEKTa yrpaunBaeT
LEHTPAJIBHYI0O CUMMETPUYHOCTD B KaKJIoM oObekTe. [1o 3Tol npuunHe paBHOAEHCTBYIOIINE CU-
JIbl B3aMMOJEHUCTBHS KaXKJOro OOBEKTa ¢ BaKyyMOM, MPHIOKEHHbIE K O0OBEKTaM, HAIPaBJICHBI
HaBCTpeuy IpyT Jpyry.

2) CornacHo peisIIMOHHOM KOHUenuuu npoctpaHcTBa u Bpemenu 0. C. Bmagumuposa
«IPOCTPAHCTBO M BpEMsl OMUCHIBAIOT JIMILIb OTHOLIEHUS MEXIY MaTepUaJbHBIMH OOBEKTaMU
(coOBITUSAMU) M HE UMEIOT IIpaBa Ha CAMOCTOSTEIbHOE CYIIIECTBOBAHUE B UX OTCYTCTBHEY.

3) I'maBHOE comepxanue padotsl FO. . KynakoBa mist HacTosmied paboThl COCTOUT B OT-
KPBITUM CBOMCTB OMHAPHBIX CTPYKTYP, KOTOPbIE MOXKHO MPUMEHUTH K aHAJIU3Y SHEPreTHUYEeCKUX

HPOILIECCOB.
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Ilpumeyanue. Bbunapuvie omuouwieHusi — 5MO OMHOUIEHUS MeHCOY INeMEeHMAMU O08YX
MHOCECmS, 3a0a8aemvle HeKOMOpPOU COBOKYNHOCHbIO YNOPAOOUEHHbIX nap. Ynopsaoouennocmo
O3HAa4aem HeBO3MONCHOCIb 8 00WeM Ccyuae nepecmaHo8KuU KaK 21eMeHmos 8 nape, max u nap
9/1eMEHMO8 MHOMCECMBA, HANPUMED YUCE]l 8 B038PAMHBIX YUCTIOBbIX NOCLE008AMENbHOCMX.

[Tonaraem, 4To riIyOMHHONW (U3NYECKON OCHOBOM ATOTO OTKPBITHS SIBJISETCS CYILIECTBOBA-
HUE€ JIBYX BHJIOB SHEPIMH KBAHTOBOTO Bakyyma. BaxkHoil coctaBmstomei B padorax 0. U. Ky-
JIAKOBa SIBJIACTCS MOHATHE paHTa. PaHT — 3TO KOJMYECTBO AJIEMEHTOB 7, CBA3aHHBIX alredpanye-
CKUMH OTHOIIEHUSIMHU, OTOOPAKAIOIIMMHU HEKOTOPHIE 3aKOHBI B3AaUMOCBSI3H JJIEMEHTOB.

B OGunapHBIX cHcTeMax MOHSTHE paHTa » COOTBETCTBYET Pa3MEPHOCTH U B TEOMETPHH, Me-
XKy KOTOPBIMH UMEETCS OJTHO3HAYHAs CBSI3b

r=n+2.

Kaxnprit 3akon panra r — 3, 4, 5, ... CBA3BIBAET MEXIY COOO¥ CTOJIHKO MAPHBIX COOTHOIIIE-
HHI, CKOJILKO MOKHO IMOCTPOUTH COYETAHUI U3 7 HIIEMEHTOB T10 JBA.

N3 storo cnemxyer, 9To Kaxkaas mapa 4ucen B panxy @uboHayun mpeactaBisieT cobor Ou-
HapHYIO OTIEPAINIO (IBYMECTHYIO alreOpandecKyro ONepaIuio), a BECh Psii XapaKTepU3yeT «Ou-
HapHbIE CBOMCTBA» SHEPTUH BEIIECTBEHHOTO MHUpa. B KadecTBe mpumepa MPOSBICHUS TaKUX
CBOMCTB CHOBAa OTMETHM M3BecTHOE uncio 1,6181..., Ha3pIBaeMOE OTHOIIEHUEM «30JIOTOrO cede-
HESD, YIOBIETBOPSIOLIEE YPABHEHHIO BTOPOTO MOPSIKA T°=T+1, YIUTHIBAS TIYOHHHYIO B3aHMO-
CBs3b MeXAy AuddepeHInaTbHBIMA YPABHEHUSIMU BTOPOTO MOPSAKA U KBaJAPATUIHBIMH alreo-
pandecKuMH (XapaKTepUCTUYECKUMU) YPaBHEHUSIMHU.

[Tockonpky psig ruboHau4HM — 3TO YKUCTOBAs MOCIEOBATEIFHOCTH BTOPOTO MOPSIIKA, TO U3
ATOTO CIEAYyeT, YTO BECh P XapaKTEpHU3yeT OECKOHEUHOE MHOXKECTBO B3aMMOCBSI3aHHBIX COJIH-
TOHOB HAIIIETO BEIIECTBEHHOTO MUPA, OJHOTO M3 OECKOHEYHOTO MHOXECTBA BEIIECTBEHHBIX MHU-
POB, BCE TapaMeTpbl Y KOTOPBIX BBIPOKICHBI.

W3 BBISBIIEHHBIX aHAJTUTUYECKUX CBOMCTB MPOU3BOIHBIX SHEPruu U KoHuenuii Kymakosa
u BraguMupoBa cieayer BO3MOXHOCTH MCIOJIB30BAaHUSI M3BECTHBIX B MATEMaTHUKE UYMCIIOBBIX
MOCJIEIOBATENILHOCTE B Ka4yeCTBE HWHCTPYMEHTA HCCIICIOBAHUS JHEPreTHYECKUX CTPYKTYP
KBAaHTOBOTO BaKyyMa B JIIOOBIX TEOMETPHUUECKUX MacCIITadax.

16.10. HekoTOopble crneacTBMA CBOMCTB NapamMeTPOB dHEprum
KaK BEKTOPHbIX BEJIUYUH.

N3 ncxomHOro akCMOMAaTUYECKOTO TIOJIOKEHHUS HACTOAIIEH pabOThI CIIEIyeT, YTO MPU aHa-
JU3€ BYX BUJIOB PHEPTUH MOHSATHE CKAJSPHBIX BEJIMYUH, TPUMEHUTEIHHO K B3aUMOCBSI3aHHBIM
nmapameTrpam sHeprum, oTcyrcTByer. [losTomy Bcerna moapa3zyMmeBaeTcsi, YTO MapaMeTphl SHEP-
TUU KaK BEKTOPHI JIMOO JTOCTATOYHO MaJlbl, JIHOO OHU B3aMMHO HE3aBUCHMbBIC BEKTOPHBIC BEJIH-

YUHBbI, J'[I/I60, 6y,[[y‘~II/I B3aMMOCBA3aHHBIMU, OHU IIPOABIIAIOT TEM CaMbIM B BCIICCTBCHHOM MHPC
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I'maBa 16. BexTopHbIe CBOIiCTBA YMCJIOBBIX MOC/IE0BATEILHOCTEIA.

BEKTOPHYIO CYHIHOCTbh 3Hepruu. M3 3Toro cienyer, 4ro npu aHaan3e IPOLECCOB B3aMMHOIO
npeoOpa3oBaHusl ABYX BUIOB SHEPIHH CIEIYeT OTKA3aThCs OT ONEepaluil YMHOXKEHUS HE TOJIbKO
BEKTOPOB, HO U OT YMHOKEHHSI €IMHUYHOTO BEKTOPA Ha CKaJSIpHBIN ko3dduuuent. Jlns odoc-
HOBAHUS ATOTO YTBEPXKJIEHUS CHOBA HEOOXOJMMO MOBTOPUTH CIEIYIOIIHE IMOJIOKEHMS Hallei
paboTEHL.

1) B TpexmepHOM, T. €. €BKIMJI0BOM IPOCTPAHCTBE, B KaXIOW TOYKE TMIIOTETHYECKOIO
MaTepUaIbHOT0 00BEKTa, KaK CUCTEMbl B3aUMOCBSI3aHHBIX BEKTOPOB, MOXHO IPOBECTU TOJIHKO
TPU HE3aBUCHMBIX OPTOTOHAJIBHBIX BEKTOPA, XAPAKTEPU3YIOIIMX SHEPreTHYECKOE COCTOSHUE
o0bekTa. JIr000H YeTBEPTHIM BEKTOP, MPOBEACHHBIN M3 3TOM TOYKH, JIETA€T BCE BEKTOPHI B3aU-
MOCBSI3aHHBIMU U IIEPEBOJIUT YHEPIETUUECKYIO CHUCTEMY B «OJHOMEPHOE COCTOsIHUE». M3 3TOTO
CIIEyeT, 4TO NPUJIOKEHHUE JII000T0 YeTBEPTOro BEKTOpa K Ha3BaHHOM TOYKE M3MEHSET dHEpre-
TUYECKOE COCTOSIHUE O0BEKTA M HapyIIaeT CIOKUBLIEECS TMHAMUYECKOE PaBHOBECHE B CUCTEME.

2) ®yH1laMeHTaJIbHOE CBOMCTBO SHEPrUM — OJIHOHAINPABICHHOCTh TOKA SHEPTUU KaxXJA0ro
BUJIA (M3 TOUKH — B IIPOCTPAHCTBO WMJIM U3 MPOCTPAHCTBA — B TOUKY), @ TAK}KE COOCHOCTh TOKOB
JBYX B3aMMOCBSI3aHHBIX BUJIOB SHEPIUU — UCKIIFOYAIOT BO3MOXHOCTH IIJIOCKONAPAJUIEIBHOTO TIe-
peHoca Jr000ro BEKTOpa B CUCTEME B3aMMOCBS3aHHBIX BEKTOPOB, T. K. IEPEHOC U3MEHSET PHEP-
TFE€TUYECKOE COCTOSIHUE CHCTEMBI M HApyIIAET CIOKUBLIEECS AMHAMUYECKOE PABHOBECUE CHUCTE-
Mbl. OTMETUM, YTO 3TO YTBEPKIECHUE MOKET ObITh IPUHSITO TOJILKO B MacHITa0aX BEIECTBEHHO-
ro MUpa, T. €. B JOCTaTOYHO OOJIBLIINX F€OMETPUUECKUX MacIITabax.

B xBaHTOBOM BakyyMe, KOTOPBIM SIBJISIETCSI KPUTHYECKOE COCTOSIHAE BEIIECTBA, IPOCTPAH-
CTBO MHOTOMEPHO, T. €. B KQX/I0H TOUKE TaKOTO MPOCTPAaHCTBA (MCTOYHHUKE MIJIM CTOKE SHEPIUu)
KAaK COBOKYITHOCTH MHOXECTBA TOYEK MOYKHO IIPOBECTH MHOKECTBO B3aMMHO HE3aBHUCHMBIX BEK-
TOPOB, «IIOYTH» COBHAJAIOUIUX IO HAIPABJICHUSAM C JUHUSAMU TOKOB 3Hepruu. Orcrona, nodbie
MaTeMaTH4ECKHE JEHCTBUS C TAKUMHM BEKTOpaMU HE UMEIOT (PU3NYEeCcKOro cojaepkanus. Takum
o0pa3oM, B KBAHTOBOM BaKyyMe, KaK B KPUTHUECKOM COCTOSTHUM BEILIECTBA, YUUTHIBAsi TOKIECT-
BEHHOCTh UX CBOMCTB, IOKa3aHHYIO B YAaCTH 2, HET HU B3aUMOCBSA3aHHBIX BEKTOPOB, HU B3aWMO-
CBSI3aHHBIX BEKTOPHBIX CUCTEM.

W3 Bcero aToro ciieayer, 4To B KBAHTOBOM BaKyyMe MaTepHalibHble OOBEKThl HAXOAATCS B
Pa3JINYHBIX BEIIECTBEHHBIX MUPaX, IOATOMY HE B3aMMOJACUCTBYIOT.

SBnsAsACH BOJIHOBBIMU CTPYKTYpPaMH, BCE BEILIECTBEHHBIE MUPBI HAJIOKEHBI APYT Ha Apyra u
MIEPECEKAIOTCsI, HE B3aUMOJEHCTBYS APYr C APYroM, HECMOTpS Ha TO, YTO CTaOMJIbHBIX BELECT-
BEHHBIX MHUPOB, IO-BUIUMOMY, He OeckoHeuHO MHoro. Ilocnennee ciemyer U3 KOHEYHOCTH B
BEILIECTBEHHOM MHUpE CTa0MJIbHBIX aTOMOB U YUCJIA MUKPOCOJIUTOHOB B COJINTOHE, KOTOPOE PaB-
HO 4MCily ABOTajJpo, YUUTBIBAsI, YTO «HMHBIE BEIIECTBEHHBIE MUPBD» — 3TO TAKXKE CUCTEMBI CO-

JIMTOHOB, HO C APYTUMH (1)I/I3I/I‘~IGCKI/IMI/I KOHCTAaHTaMH 3aKOHa COXPaHCHHA B HUX SHCPIrUU KBAH-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

TOBOTO BaKkyyma
E'=AE. +E, =6

C no3unuu runoTeTUYecKoro HabIofaTesns, HaxoAAUIerocss B 0JHOM M3 BELIECTBEHHBIX
MHUPOB, BC€ (PU3UUYECKHE U F€OMETPUYECKHE NapaMeTpbl BCEX OCTAIbHBIX MUPOB BBIPOKJICHBI.
10 sIBiIsIeTCs caeACTBUEM (DyHITaMEHTAIIbHOTO CBOMCTBA BCEX BEIIECTBEHHBIX MUPOB:

— CyMMapHO€ KOJMYECTBO JBYX BHUJOB JHEPIHH, MPeoOpa3yloIUXCcsi B INOBEPXHOCTHOM
ciioe JIF000T0 COJIMTOHA, OJJUHAKOBO TOJILKO B OJTHOM U3 BEIIECTBEHHBIX MUPOB;

Ha3BaHHbIE CYMMAapHbIE SHEPIUU B COJIMTOHAX, MPUHAIISKALIUX PA3IUYHBIM MUPAM, pa3-
JIUYHBL;

— SHEPryuu COJUTOHOB, MPUHAMISKALIUX PAIUYHBIM MUpPaM, pa3/eieHbl TaK Ha3bIBAEMbI-
MU 3aIpElIeHHbIMU 3aKOHAMU SHEPTUil, BCIEACTBUE JIEHCTBUS B BEILIECTBEHHBIX MUPaX KBAHTO-
BBEIX (P (EKTOB, CONMPOBOXIAIOIIMX IPeoOpasoBaHus Hepruu £, H3BECTHBIX B HETHHEIHOI OII-
THKE: 3aXBaT 4acTOT, CHHXPOHH3M, CBOIICTBA OOpAIllEHHOTO BOJIHOBOTO (PpOHTA U Jp., a B Mare-
MaTHUYECKOM CMBbICIIE KaK HE UMEIOLIe 00I1el Mephl.

W3 3roro crnenyer, 4To pa3ivyHbIe BELECTBEHHBIE MUPBI MOTYT OBITH OJIM3KUMHM IO T€0-
METPUUYECKUM MacuiTabaM W 3HEpPIHsiIM U MPH 3TOM HE B3aumoJjeiicTBoBarh. Kak mokazaHo B
riaBe 6, 3TO KOCBEHHO CJIEyeT TaKXKe U U3 MaTeMaTUYeCKOW MOJesy peoOpa3oBaHusl IByX BH-
JIOB 3HEPTUU.

Opnako uHpopManys 00 aHOMaIbHBIX SHEPreTUUECKUX SIBICHUSX B MPUPOJE, OPHUIIHAIIb-
HO IUPKYIHpyomas B «HeHayuHbix» CMMU Oosee cta neT, CBUAETENbCTBYET O TOM, YTO B HEKO-
TOPBIX ClIy4asiX HEKOTOPbIE BEIIECTBEHHbIE MUPbI B3aUMOJAECHCTBYIOT C HAIIUM MHUPOM B hopme
apienuit HJIO, okkynbTH3Ma, KOJJAOBCTBA U amMaHu3Ma, B opme uyzaec [IpaBocnaBHoil Lepk-
BU U Jp.

M. A. MapkoBy IpHUHAUIEKUT HEOKUIAaHHAS Ues MPEACTaBICHUS AIEMEHTAPHBIX YaCTHI]
B BUJIE «TIOYTHU» 3aMKHYTBIX BCEJIEHHBIX (PUIMOHOBCKOTO THUIA — (PPUIMOHOB:

KaK M3BECTHO, OOJIBIIION TPAaBUTAIMOHHBIN JePEKT Macc (BBIPOKIACHHOCTH) MPHU TOJIHOM
3aMKHYTOCTH IIPOCTPAHCTBA JIENAET BO3MOXKHBIM CYIIECTBOBaHUE TakoM Mozenn Beenennoii. «B
TaKOW KOHIIETILIMU HET MepBOMATEpUH, U HUepapxusi OECKOHEUHO pa3HOOOpa3HbIX (OpM MaTepuu
Kak ObI 3aMbIKaeTcs Ha cebs» [43; 5, ¢. 310-313].

16.11. O KoopAUHaTaX MCTOYHUKOB 3HEPrMu B NPOCTPAHCTBE COJIMTOHA.

16.11.1. Jlo Hacrosmieil riiaBbl BONPOC 00 YTOUHEHUH KOOPAMHAT UCTOUYHUKOB SHEPIUU B
MIPOCTPAHCTBAaX COJUTOHA He moaHuMaics. «llo ymomyanuio» moapazymeBanoch «HEUYTO pac-
IUIBIBYATOE»: UCTOUYHUKAMHU MOCTYIUIEHUSI SHEPTUU B COJIUTOH SIBJISIFOTCS] JOCTaTOYHO Mallble OK-
PECTHOCTU — «TOUYEK-UCTOKOB» B IPOCTPAHCTBAX BCEX MUKPOCOIUTOHOB. IIpu 3TOM KOHIEHCa-

U SHEPrur MporCXOJUT B SKBUIIOTCHIUAJIBHBIX ITIOBEPXHOCTAX B KaXXI0M U3 MHOKCCTB COJIU-
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I'maBa 16. BexTopHbIe CBOIiCTBA YMCJIOBBIX MOC/IEI0BATEILHOCTEIA.

ToHOB. Kak oTMeueHo BbllIe, pa3Mepbl OKPECTHOCTEHN M TOJIIMHA T'PAaHUI] 3aBUCAT OT pa3MepoOB
COJIUTOHA.

W3 3akoHa coXpaHEHHUs 3HEPTUH, NPUBEACHHOIO BbIIIE B HOBOW (OopMe 3alucH, CleayeT
BBIBOJI, UTO HU B OJIHOM U3 BELIECTBEHHBIX MUPOB <JIUIIHEH SHEPrUM» BHYTPU KaxkJA0r0 U3 MHU-
poB HeT. OgHAKO MeEXAy BEHIECTBEHHbIMU MHMpaMH HMMEETCS Ieperajl YUCIEHHbIX 3HauYeHUH
sHeprui £ < E; < E, < E3 ..., roe E; — Ham BeleCTBEHHBIN Mup, E, E, E3, ... — ©HbIE BEUIECT-
BEHHBIE MUPBI.

OT0 B MPUHIMIE SBJISETCS NPUUMHON BO3MOXHOIO MEPETOKA SHEPIUHU U3 OJHUX BEIIECT-
BEHHBIX MUPOB B JIpYTH€, T. K. CJIEAyeT U3 aKCHOMaTUYECKOTO IMOJIOKEHUS O OECKOHEYHO 00JIb-
IO¥ TUIOTHOCTH SHEPTUH B KAXKI0M MaTEMaTHYECKOM TOUKE JTIOO0T0 MPOCTPAHCTBA.

OobwenpunsToe (U3MKaMu TOJOKEHUE O TOM, YTO NMPOCTPAHCTBO KBAHTOBOI'O BaKyyma
MHOTOMEPHO IO03BOJISIET MPEANOI0KHUTh, YTO 3TO CBOMCTBO KBAHTOBOI'O BAaKyyMa JOJIKHO CO-
XpaHATHCS U B MAaKpO- U MeraMmacuradax BEIIECTBEHHOIO MHUPA, T. €. (ppakTanbHbIe CTPYKTYpPbI
U, CIIE0BATEIbHO, CBOMCTBA KBAHTOBOI'O BaKyyMa JIOJKHBI COXPAHSITHCSI BO BCEM JUANa30HE €ro
reOMETPUYECKUX MacuTaboB. ODTO NPEANOJOKEHHUE CUUTAEM JOKa3aHHBIM aHAIUTHYECKOM
B3aUMOCBS3bI0 (DYHAAMEHTAJIbHBIX (U3NYECKUX KOHCTAHT U SIBJIIETCS OCHOBAHUEM MJIsi TOTO,
4YTOOBI paccMaTpUBaTh aTOMbI PA3JIMYHBIX XUMUYECKUX 3JIEMEHTOB B Kau€CTBE «IIPUILIEIBIIEBY
U3 UHBIX BEUIECTBEHHBIX MUPOB.

[IpenmnonoxeHue, 4To aTOMbl PA3IUYHBIX XUMUYECKUX DJIEMEHTOB — «IIPULIENIBLBD) W3
MHBIX BEUIECTBEHHBIX MHUPOB, KaK BOJHOBBIE CTPYKTYPbl SHEPIUH, «JOKATUBLINECS» B BEILIECT-
BEHHBIM MUP U3 OECKOHEYHO MaJIbIX IIyOMH KBaHTOBOTO BaKyyMa, M MEXIy cO00# B T€X TIyOu-
HaxX F€OMETPUYECKH U DHEPIeTUYECKU HE CBSA3aHHBIX, [TO3BOJISIET BHECTU CYLIECTBEHHBIE METO-
JMYECKUe YTOUHEHUs B MPOJIOJDKEHUE HacTosied paborel. Hanmpumep, no3BosisieT IOMYCTUTS,
YTO F€OMETPUYECKMMH MOJENIIMU BEIIECTBEHHBIX MHUPOB SIBJISIOTCS 3KBUIOTEHLMAIbHBIE IO-
BEPXHOCTH (000JIOUKH) MHOKECTBA COJMTOHOB, BJIOKEHHBIX B OOJIBLION CONUTOH. Maremaruye-
CKUMHU MOJIEJISIMH TOUYEK, B KOTOPBIX OCYILECTBIISIETCS IEPETOK SHEPrUH, SBISAIOTCA TOUKU BETB-
JIEHUS] TOKOB DHEPI'HH, PACIIOJIOKEHHBIE B IMOCIIEAOBATEIBbHOCTSX MPOCTHIX YHCEN, XapaKTepH-
3YIOUIMX KaXJbli COJUTOH. BO3MOXXHO MO 3TON MpUYMHE MOCIIEN0BATEILHOCTD IPOCTHIX YUCEN
He sBiisgeTcs Bo3BparHOil. IlocnenHee BhITEKAaeT TakkKe M3 CBOMCTBA COOCHOW HAaIpaBIEHHOCTH
TOKOB JIBYX BUJOB 3Hepruu. M3 Bcero 3Toro cienyer, YTO BCE BELIECTBEHHBIE MUPBI OKa3bIBa-
I0TCS KaK Obl CIIMTHIMU JUHUSIMU IIEPETOKOB 3HEPIHH. B CBsI3U ¢ 3TUM HEOOXOIUMO UCKATh IO-
CJIEIOBATENIbHOCTh YHCEJ, KOTOPhIE CBA3BIBAIOT (CIIMBAIOT) MHOXECTBA YMCIIOBBIX IOCIIEIOBA-
tenbHocTe DUOOHAYYM U MPOCTHIX YHCEN TaK, YTO BCE BMECTE OHU OOpPa3yIOT YMCIOBYIO MaT-
pHIly, TOXO0XKYI0 Ha pycckyto Matpuny A. @. YepHsena [29], KOTOpytO, 0-BUIUMOMY, MOYXKHO

paccMaTpuBaTh Kak MaTeMaTHYECKYIO MOJIEIb CETYaTOW CTPYKTYpPbl SJHEPIrUU MHOXKECTBA COJIU-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

TOHOB C Pa3JIMYHbIMH CYMMapHbIMU 3HEPTUSAMU BHYTPHU OOJIBIIETO COJIMTOHA.

OTmeTHM, 4TO BCE 3TO MOXKHO B3STh 32 OCHOBY IIPH OTBETE Ha BOIIPOC: MOYEMY MIEPETOKU
SHEPI'UHU B MPOLECCAX MOJEKYISIPHOTO CHHTE3a HE 3aTParuBaroT IIIyOOKUE CIIOM COJIUTOHOB, KaK
U siep aTOMOB XMMHUYECKHX 3JIEMEHTOB, HECMOTPS Ha OOIIEU3BECTHYIO pPa3HHUIlYy ILIOTHOCTU
SHEPruu MEX1y BHEUITHUMH U BHYTpEHHUMU obOnacTsimMu atroma? OObsCHEHUE OCHOBAHO Ha TOM,
YTO BCE (PU3MYECKHE M T'€OMETPUUYECKUE HapaMeTpbl ONPENENAIOTCS TOJIbKO T'€OMETPUYECKOM
MIOBEPXHOCTHIO M 00BEMOM O0OBEKTA B LIEJIOM, U HUYEM OoJibliie. ITO HECMOTpSI Ha TO, YTO BHYT-
pPEHHHME PKBUMOTEHIIMAIbHBIE TIOBEPXHOCTH XapaKTEPU3YIOT Topa3o OoJbline MJIOTHOCTH JHEp-
rum, yeM BHemHue. [Ipennonaraem, 4To 3TO COCTOSIHUE BO3HUKAET BCIEACTBUE TOTO, YTO BHELI-
HE CJIOU SABJIAIOTCS OTPAXKAIOIIUM KPAHOM Ul TOKA SHEPIUH E,, U3 BHYTPEHHUX CJIOEB. DTO SIB-
nsiercst GyHIaMEeHTaIbHON MIPUYMHOM OJJHOHAIIPAaBIEHHOCTH TOKOB SHEPrUH £, B KOTOPYIO KOH-
JEHCUPYIOTCS TOXKIECTBEHHBIE KOJIMYECTBA OTPAKEHHOM dHepruu AE,,, 1 CI€ACTBUEM TOTO, YTO
MeXAYy HUMU Npeo0s1a1atoT ePeTOKU SHEPTUU OJJHOTO 3HAKa.

TakuMm 06pa3zoM, 3a1a4eil U MPoIOJKEHNEM HacToALel paboThl SIBIISIETCS BhISICHEHUE (U-
3UYECKUX YCIOBHM U TEXHOJOTMYECKUX BO3MOXKHOCTEW CO3AaHUS MHOTOCIIONHBIX COJIMTOHOB U
yIpaBieHUs! IEPETOKAMU YHEPTHH B COJIU-TOHE MEXY 000JOUKAMH.

OTMeTHM, YTO B €CTECTBEHHBIX MPUPOJHBIX YCIOBHUSAX MpPeoOiIaaroT MPOLECChl OJHOTO
3HaKa, KOTopble onuchkiBatoTcs popmynoit M. [1nanka ans uzmyueHus: abCOIOTHO YEPHOT'O Tea.
CornacHo ¢opmyne M. Ilnanka TOKM TEIJIOBOM SHEPrUU BCErJa UMEIOT OJHY HANPaBICHHOCTD:
U3 BHYTPEHHHUX CJIO€B MAKPOCUCTEMbI COJIMTOHOB — K BHEIIHUM, OT BBICIIUX MOJ — K HHU3ILIHM.
Bo3moxHo ¢opmyna Ilnanka onuchbIBaeT TOK TaKuX KBaHTOB SHEPrUU, apaMeTPhbl KOTOPBIX HE
UMEIOT 0011el Mephbl ¢ aOCOIIOTHO YepHBIM TeJoM. MHaue ToBops, OTCYTCTBUE OOLIEi MephI SIB-
JIsieTCsl IEPBONPUYMHON HEHYJIEBbIX 3HAYEHUI IPaJIu€HTOB U, CIEI0BATEIbHO, NEPBOINPUUNHOM
JBYKEHUS DHEPTUHU BOOOIIIE.

3ajaya COCTOUT B TOM, UYTOObI BHECTH 33JaHHYIO YHOPSJOUYEHHOCTh B CTOXACTUYECKUE
MIPOLIECCH] U3ITYYEHUS SHEPTUH, T. K. IPU ITOM MOKHO IMOJIYYUTh KaK MPUTOK JOTOJHUTEIBHOM
SHEpPruM, TaK U CTOK SHEPruu M3 BELIECTBEHHOI'O MHpa B KBAHTOBBIN BaKyyM 4epe3 «UepHbIE
JIBIPBI», AHAJIOTUYHBIE — SJpaM aTOMOB XUMHUYECKUX 3JIEMEHTOB.

Hanomuum, uto B ¢u3nyeckoe coaepKaHue MOHITUS «II€PETOKA SHEPTUM» MbI BKJIaJbIBa-
€M COBOKYIHOCTb (pu3nyeckux 3((PeKToB, U3BECTHBIX B HEIMHEMHON omnTHUKe. DTO mpeolOpas3o-
BaHUE, «3aXBaTbIBaHUE» (CaMO(OKYCUPOBKA), YCUIICHHE U YMEHbILIEHUE 3JIEKTPOMAarHUTHBIX KO-
nebanui, paccessnue Mangensimtama - bpuiutosna, agpdext Xanie u Jp., KOTOpble B COBOKYII-

HOCTH CO3Jal0T 00Jiee CIIOKHOE <<CO6I/IpaT€J'II>H0€>> SABJICHUC PE30HAHCA.
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naBa 17. O HOBbIX KPpUTEPUAX CTAOUINIBHOCTU CONIUTOHOB.
17.1. Yucna ®mMboHa4Y4m 1 NpoOCTble YMCra KaKk KpUTepun AMHaAMUYECKOM yC-
TOMYMBOCTU COJSIMTOHA.

HauGonpmmii o6mmit genurens AByX cocenHux uncesn GuOoHavyuu BCerja sBISETCS YHUC-
aom ®duboHayuu, T. €. cocefHUe yucia B psay PuOoHauyu B3aWMHO MPOCTHI, T. K. JENSTCS
TOJIBKO caMU Ha ce0st U equHuIy. [IpocThie Ymcia Takke NeNATCsl TOJIBKO CaMH Ha ceOsl U eJlH-
HULY.

U3 sToro cremyert, 4To anropuT™Mbl EBKiIHIa TOMCKa HAUOOJIBIIETO OOIIETO TETUTEINS TS
MIPOCTHIX YHCEN U JIBYX cocenHuX uncesn PuboHaYun «TEeXHOJIOTHIECKN» HAauboIee mpoI0IDKHI-
TEJbHBL, T. €., B PU3NYECKON MHTEPIPETALUH, SHEPreTUUECKN HAUMEHEE BBIMOJIHBL. JTO O3HaYa-
€T, YTO MUKPOCOJIMTOHBI C TAKUMHU XAPAKTCPUCTUYCCKNMH YUCIIaMU HUMCIOT HaI/I6OJIBIHy10 Inpo-
JOJDKUATEIFHOCTD CYIIECTBOBAHHUS, BCIEIACTBHE TOTO YTO MPOJOIDKUTEIFHOCTh M YHCIO BCEBO3-
MOXKHBIX PEKOMOMHAIUI SHEPTruu MEXIY B3aUMOJIEHCTBYIOIIMMH MUKPOCOJIUTOHAMHU OOJIbLIE,
4YEM IIpHU JIFOOBIX ApPYTrux, T. €. HC HAXOAAIINUXCA B IIPOIMOPHHUAX «30JI0TOI0 CCUCHU .

Takum 00pa3zom, OJHOMEpHAs T€OMETPUYECKasi MOCIEIOBATEIBHOCTh COJMTOHOB, YOBI-
BalOmMX II0 pasMEpaM, HO YBCIMYMBAIOMIUXCA KOJIUYCCTBCHHO, XAPAKTCPU3YCMBIX 4YHUCIIaMH
®uboHauyu M MPOCTHIMHU uHKCIaMH, 00JazaeT HauOoJblIEH JUHAMUYECKOW YCTONYHMBOCTBIO.
Yem Oousbuie yncina @uOOHAYYM WM MPOCTHIE YUCIIA, TEM BBILLE YCTOMYUBOCTh CUCTEMbI MHK-
POCOJIUTOHOB B MakpocouToHe. [1o3ToMy B mporiecce BCEBO3MOKHBIX 00paTUMBIX PEKOMOMHA-
III/II\/’I KBAaHTOB ABYX BHJAOB SHCPTHU MATCMATUUCCKUM OKHUIAAHWEM HAIIPABJICHHUA TOKaA SOHEPTHUU EM
ABJIIETCS TOK M3 BBICIIMX MOJ B HuU3MIME, a E.,, — Ha000poT. OHAKO NEpBO,IPUUYNHON TaKOU
HAITpaBJICHHOCTU TOKOB DHCPIUH, MO-BUIUMOMY, ABJISICTCA TO, YTO B BBICHIUX MOAAX INIOTHOCTDH
OHEPTIUn Eep BCCrJa IMpPECBOCXOAUT IJIOTHOCTb DHCPIrUH I3TOr0 BHAAa B HU3IIHNX MOJAX, KaK 3€p-
KaJlbHOE pacmipenenenue £, (pacnpenenenue bonpimana).

17.2. UppaumMoHanbHOCTb XapaKTepUcTu4ecknx (pyHKLMN CONIMTOHA KaK NpU3HaK
AWHaAMU4YEeCKOMN YCTOMYMBOCTU CONIUTOHA [7].

17.2.1. Oco0eHHOCTH TPAHCHEHIEHTHBIX QYHKIUI U YUCeJI.

XapakTepHO! 0COOEHHOCTbIO TPAHCLEHJIEHTHBIX (PYHKUUH, €Clii MX paccMaTpUBaTh Kak
(GYHKIIMM KOMIUIEKCHOTO MEPEMEHHOTO0, SIBISIETCS HaJu4Kue XOTsl Obl 0J1HOM 0c000M TOUKH, OT-
JIMYHOM OT IOJIFOCOB M TOYEK BETBIIEHHS KOHEYHOTO IMopsaka. Tak, Hampumep, €, cosz U Sinz
HMMEIOT CYIIECTBEHHO 0COOYIO TOUKY z=©, a Inz — TOUkH BeTBIIEHN OECKOHEYHOTO TIOPAJIKA TIPH
7=00,

[TocKONBKY YHCIIO T TPAHCUIEHACHTHO H 10 OTIPE/ICIIEHUIO OHO HE YJOBIIETBOPSET HUKAKO-
My anreOpanueckoMy ypaBHEHUIO ¢ LenbiMu Koddduuuentamu [7, c¢. 587], To Bce QpyHaaMeH-

TaJIbHBIC (1)I/I3I/I‘-IGCKI/IC KOHCTAHTBI UppalluOHAJIBHBIC YHCJIa, T. K. OHHM KPAaTHBI YUCITY TT. CJ'IC)IOBa-

115



I'naBa 17. O HOBBIX KpUTEPHUAX CTAOMIBHOCTH COJTUTOHOB

TEIbHO, COOTHOIIICHUE TJIABHBIX TEOMETPHUECKUX MapaMeTPOB — IMMOBEPXHOCTh U PAIUYC, 00bEM
U pajnyCc — TaKKe MppalvoHaIbHbL. M3 3TOTO cienyeT Haimure OECKOHEYHOTO psifa Uppaimo-
HaJbHBIX OCTaTKOB B COMPSDKCHHBIX JMHEHHBIX MpeoOpa3oBaHUSIX NBYX BUIOB HEpruu (IIo-
BEPXHOCTH U 00beMa COJIMTOHA). Bech psii «0CTAaTKOBY» BBI3BIBAECT WHIYIIUPOBAHHOE M3TyUEHHUE
KBAaHTOBBIM BaKyyMOM JHEPTUHU, HAPACTAIOIMICH 10 OECKOHEUYHO OOJBIINX BEJIMYUH MOIIHOCTU U
IJIOTHOCTH WHIYIIUPOBAHHOM SHEPTHH B OECKOHEYHO MAJIbIX TEOMETPUIECKUX MIPOCTPAHCTBAX.

Takum oOpa3zoM, TPaHCIIEHACHTHOCTh YHUCIIA T U UPPAIMOHATBHOCTh YUCICHHBIX 3HAYCHH I
XapaKTEPUCTHYECCKUX TMAapaMETPOB DHEPTUHU Y JIFOOBIX COJUTOHOB SIBJISIOTCS MPUYMHONU CTOXAcC-
TUYECKOTO TOKA PHEPTUHM KBAHTOBOTO BaKyyMa OECKOHEYHO OOJBIIMX MOIIHOCTH H3IyYEHUS H
IUIOTHOCTH M3JIydaeMOH dHepruu Buja E.,. Yucno 7 sBisercs oqHONW U3 GyHAAMEHTAIbHBIX (U-
3MYECKMX KOHCTAHT COINPSUKEHHBIX JIMHEHHBIX Ipeo0pa3oBaHuil 1ByX BUIOB dHEpruu £, u E,, a
MpUBEJICHHbIE (DYHKIMH C CYIIECTBEHHO OCOOBIMH TOYKAMHU SIBJISIOTCS (yHIaMEHTATbHBIMU
(GYHKIUSIMU MaTEMaTHUKH.

17.2.2. CnpaBka 00 uppanuoHaJbHBIX YUcaax [7, c. 59, 62, 247, 522, 587}.

HppanmonanbHOe 4UCIO — 3TO YUCIIO, HE SBISIONICECS PAllMOHATIBHBIM, T. €. IEJIBIM WU
IpoOHBIM YHuCciIoM. MppamnroHaibHbIe YHCiIa MOAPA3ACIISIOTCS HAa TPAHCICHACHTHBIC W aiureo-
pandecKue Jucia.

JleficTBUTENBbHBIEC UPPAIIMOHATIBHBIE YUCJIA MOTYT OBITh MPECTABICHBI OECKOHEYHBIMH HE-
MIEPUOANICCKUMU JACCITUIHBIMH TPOOSIMH.

N3 sToro omnpeneneHuss HPpaMOHAIBHOCTH CIEAYET, YTO MPOU3BEACHUE TPAHCIICHACHTHO-
r'0 YKcya C JIFOOBIM YUCIIOM, KpOME HYJIS, SIBIIIETCS] UPPAIMOHATBHBIM YHUCIIOM.

AnreOpanveckoe 4YUCIO — 3TO KOMIUIEKCHOE WM JCUCTBUTEIBHOE YHCIIO, SIBIISIOIICECS
KOpPHEM MHOTOWIeHa f(x)=a,X,+ ... + a;x+ap, B KOTOPOM HE BCE UIECHBbI PaBHbI HYIIIO.

OTMeTuM Ba)KHOE JUTsl HACTOSIIEH pabOThl CBOMCTBO MPPALMOHAIBHBIX YMCE, OTMEUYCH-
Hoe XK. JlmyBwieM: upparmoHaibHbIEC aNreOpandecKue yucia He JOMYCKAIT «OYeHb CHIIbHBIX)
MPUOIMKEHUHN pallMOHATIBHBIMH YHUCIIAMHU.

B mameit uaTEpIIpeTaniiy 3TO 0O3HAYAET, YTO HA3BAHHOE CUIILHOE MPUOIMKEHUE UPPALIHO-
HaJBHBIX YHCEN, KaK XapaKTePUCTUUYECKUX MapaMEeTPOB COJUTOHOB, TIEPEBOJUT COJUTOH B HE-
cTabmIbHOE cocTOsTHUE (CM. anropuTM EBKinia, 6€CKOHEYHOCTh KOTOPOTO SIBJISIETCS] IPU3HAKOM
crabuiabHOCTH, TI1. 11).

[Ipeamnonaraem Tax ke, 9TO HEAOMYCTUMOCTh «OUY€Hb CHIIBHOTO» TPUOIMKEHUS UPPALIHO-
HaJbHBIX YHCEJ PAIMOHAIILHBIMU SIBJISICTCS] OJTHOM M3 MPUYUH WM MPU3HAKOB 3aIPEIICHHBIX 30H
SHEPTUH B aTOMaX U aTOMHO-MOJICKYJISIPHBIX CTPYKTYpax TBEPAOTO Tela.

HemonyctumMocTh «04€HD CHUIILHOTO» MPUOIMKEHHSI OOBSICHSACTCS CICAYIOIIUMUA CBOWCT-

BaMH pallMOHAJIbHBIX YHUCCII:
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— palMoHaNIbHOE YHCIIO HEe 00J1a7aeT CBOMCTBOM HENPEPHIBHOCTH, T. K. OHO KOHEYHO, B OT-
JUYME OT UPPALIMOHAIBHOTO YKCIIa.

[Ipu »TOM BCSIKOE HMPpPALMOHAIBHOE YHCIO 3aKIIOUYEHO MEXAY ABYMS pPallMOHATbHBIMU
yrciaMu (1o M30bITKY UM HEJOCTATKY), UTO U SIBJISETCA «MaTeMaTHUYeCKON MPUYMHON» IPUTO-
Ka SHEpruu KBaHTOBOT'O BaKyyMma B BELIECTBEHHbII MUp, @ HE HA00OPOT.

17.3. Yucna ®mMboHa4Y4m 1 NpoCTble YUcria — NPUYMHA «3anpeLeHHbIX»
30H 3Heprum B CONIUTOHAaX.

C yBenuuenueMm BenuuuHbl yncen OuOoHauYM U NPOCTHIX YMCEN UX IUIOTHOCTh B Py Ha-
TypaJbHBIX YHMCEN YObIBa€T. DTO O3HAYAET, YTO IIPOMEXKYTKU» MEXKAY MPOCTHIMU U B3aUMHO
MPOCTBIMH YHCJIAMHU 3aI0JHEHbI MOCIEA0BATENbHOCTAMHU JIPYTUX JEUCTBUTEIbHBIX YUCEI, KaK
napaMmeTpoB sHepruu. Takum oOpa3om, Bech psij uncen PuOOHAYUM XapakTepus3yeT CTaOWIIb-
HOCTb COJIMTOHA B 1esIoM. OJJHAKO BHYTPH psjJa 3Ta CTAOMIbHOCTh MEHSETCS NEPUOIUUECKH, T.
€. UMEeT MEHee YCTONYMBbIE JUHAMUYECKUE CUCTEMBI COJMTOHOB U JIaXKE€ COBCEM HE yCTONYH-
BbIE, UTO U SIBJIIETCS EPBONPUYMHON BOJIHOBOM CTPYKTYphI 3HEPTUHU, U KaK-TO CBs3aHa ¢ objac-
TAMU OMEHUS SKCLIECHTPUCUTETOB COJTUTOHOB U XapaKTEPU3YETCsl PSAIOM MPOCTHIX YUCET.

Mpl nonaraeM, 4To ¢ 30HaMU HECTAOMJIBHOCTH CBSI3aHbl TaK Ha3bIBaeMble 3aIpEllEHHbIC
30HBI SHEPTHH (PHEPrETUUECKUE MIETN) — 00JaCTh 3HAYCHUM YHEPTUi, KOTOPBIE HE MOTYT UMETh
AJIEKTPOHBI B KPUCTAIUIAX, [TOJTYIPOBOJHUKAX U IUAIEKTPUKAX, B aTOMaX XUMHUYECKUX 3JIEMEH-
TOB.

AHAJIOTMYHYIO [IPUYKMHY Mbl BUJIUM B «3aIPEIEHHBIX JUHUSAX» B ONTHUYECKUX CHEKTPax
aToMOB. OU3MKHM YCTAaHOBMIM (PU3UYECKUE YCIOBHUS, IPU KOTOPHIX BO3MOXHBI yCTONYMBBIE
SHEPreTUYECKUe COCTOSHUS aTOMOB, MOJIEKYJ, B3aUMOJEHCTBYIOIIMX AJIEMEHTAPHbBIX YacTHII, U
Ha3BaJId UX MIpaBUJIaMH 0TOOPA.

17.4. CBA3b CONMUTOHOB C Ynucnom Asoragpo.

Kaxxip1it rTuOTETUYECKU M30JIMPOBAHHBIN COJIMTOH, B JIFOOOM JTMAIIa30HE T€OMETPUICCKUX
pa3MepoB XapaKTepU3yeTCsl OJJMHAKOBBIMU CUCTEMaMHU YHCIOBBIX 3aKOHOMEPHOCTEN U, ciie10Ba-
TEJIbHO, OJINHAKOBBIMU MaTEeMAaTUYECKUMU U GU3NYECKUMU 3aKOHaMU. JTO CIEAYeT U3 TOro, YTO
CBOMCTBa (pyHIAMEHTAJbHBIX (PU3NYECKUX KOHCTAHT U psjna PuboHaYuu CBUACTEIHCTBYIOT O
BO3MOXHOCTH II€pecyeTa U3BECTHBIX XapaKTEPUCTUUECKHUX [TapaMETPOB IUIOTETUYECKOTO COJIH-
TOHA, Ha OECKOHEYHO OOJIbIINE U OECKOHEUHO MaJjible TapaMeTphbl APYTUX COJTUTOHOB.

Bo3nukaer Bompoc: kakoBa JUIMHA OJHOMEPHOTO YHCIIOBOTO psiia MHKPO-COJIUTOHOB,
BJIO’KEHHBIX B COJIMTOH, KOTOpasi o0ecreuynBaeT eMy JMHAMUYECKYIO YCTOMYUBOCTh?

HuxHss rpaHuinia reoMeTpUyecKuX pa3MepoB COJIMTOHA HAM H3BECTHA — 3TO pa3Mepbl
KJTACCHYECKOT0 371eKTpoHa & ~ 107 cm. TIpi 5TOM HISKHSIS TPAHMIA SHEPTHH, HEOOXOAUMAst s

11 -1
oOecrieuennst cTaOMILHOCTH COIUTOHA, KojiebiieTes Ha yactote v ~10 " ¢ .
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[TockonbKy B paBHBIX KOJMYECTBAX J[Ba BUIA SHEPTUH MPEOOPa3yIOTCsS TOJIBKO B KPUTHYE-
CKOM COCTOSIHUHM, TO BCE€ XapaKTEPUCTHUYECKHE MapaMeTphl, MPEIBAPUTEIILHO TIepeBEICHHBIC B
OJIHYy U3 cucTeM (PU3MUECKUX €IMHUL, YTPAUUBAIOT Pa3IMuus B pa3MEPHOCTSIX, T. €. [V]=[e].

Torma KONMMYECTBO COJIMTOHOB, KaK MOCIIEAHEE YUCIO B psiny PuboHAUYIH, MOYKHO OIICHUTH

YUCIOM ABOTraJipo:

W3BecTHO, 4TO uMCcI0 ABOrajipo HE 3aBUCUT OT (PU3UKO-XMMHUYECKHUX CBOMCTB aTOMHO-
MOJIEKYJISIPHOM CTPYKTYpbl MaT€pUH BELIECTBEHHOTO Mupa. [loaToMy uncio ABorajapo siBisiercs
¢GbyH1aMeHTaIbHON (PU3UYECKON KOHCTAHTOM.

[TockonbKy BeleCTBEHHBIM MHUp 00siafaeT OMHAPHBIMU CBOMCTBAMH, YTO PACCMOTPEHO B
rinaBax 16, 24, 25, To caeayeT AONYCTUTh, YTO YUCIO N4 XapakTepus3yeT CBONCTBO MaTepuu B
IIJIOCKOCTH, T. €. XapaKTepu3yeT TOJIbKO YHEPTUI0 BUAA £,

N, ~27-10” =6,28-10%.

MO>HO HECIOKHBIM PacyeTOM MOKa3aTh, YTO OTIIMYUE ITOTO YUCIIA OT U3BECTHOTO 3HAUYE-
Hust 6,02°10%, MOJTY4€HHOTO 3KCIIEPUMEHTAIBHBIM ITyTeM, 00YCIOBJICHO CPEIHEH BBIPOKICHHO-
CTBIO MAcCChl 36MHOW KOpBI BCIIEJCTBUE NEHCTBUS SHEPTUM CBS3M B HyKJIOHaX. Jlyig pacdera He-
00X0JIMMO HCHOJIB30BaTh W3BECTHHIE PACIPOCTPAHEHHOCTh aTOMOB B 3E€MHOM KOpE, SHEPruio
CBSI3M HYKJIOHOB B Si/ipe, KOTOpas cjabo 3aBUCUT OT YKCJIa HYKJIOHOB B aTOME, a TaKKe — Maccy
HYKJIOHA B 3JIEKTPOHBOJIbTaX, B KOTOPYIO Takke HEOOXOJMMO BBECTU IMOMPABKY Ha BBIPOKJIECH-
HOCTb. MIHaue roBopsi, U3BECTHOE 3HAUYEHUE YKclia ABOTaJIpO B OKOJIO3EMHOM IPOCTPAHCTBE BbI-
poxaeno Ha ~ 10,4%.

MOoKHO MOKa3aTh TaK)Xe€ HECIY4alWHOCTbh ITOJYYEHHOT'O PE3YJIbTATa, CBSI3aB €r0 C PE3yJib-
TaTaMH T1aBkel 4, 11. 6.

[TockonbKy B CTaOMIIBHOM COJIMTOHE Tpoliecc MpeoOpa3oBaHus ABYX BUIOB SHEPTUU — ITO
aBTOKOJIEOATENbHBIN, NMHAMUYECKH YCTOWYMBBIA MpOIEcC, TO CIEAYeT JAOMYCTHTh, YTO Ha ca-
MOM Jielie yucio Ny — 3To He 00111ee KOJMYECTBO COJIMTOHOB, a BCEBO3MOKHbBIE COUETaHUS B Be-
IIECTBEHHOM MHpE TIOpa3[ 0 MEHbBILIEro YHUCJIa TeOMETPUYECKH IOJOOHBIX 3HEPreTUYECKUX
CTPYKTYp — CTOSYMX BOJIH, YUMTHIBas, YTO K ITOW HJee MOJBOAUT (PU3HUECKOE COJep:KaHUe
temmneparypbl Jlebas. [lokaxem 3T0, HCXOAS U3 TOTO, YTO OOIIEEe KOJMYECTBO BCEBO3MOXKHBIX
COYETAaHHI paBHO YMCITY ABOTaApo Kak (paKkTopHaly Yucia n:

N,=n!/=24!=6,28-10" ~10*

Takum 006pa3oM, KOJIMUECTBO JIEKTPOHHBIX 000JI0UEK B JTIOOOM CTAOMIBHOM aTOME XMMH-

YECKHX JIEMEHTOB IIOCTOSIHHO U paBHO uKciy 24. OIHaKO MIOTHOCTh 3Hepruu AE,, B O0JIbIINH-

CTBE 000JIOYEK JErKHX aTOMOB HEAOCTAaTOYHO BECJIMKA, T. €. HC CKOHACHCHUPOBAJIAaCh B EM JocTa-
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TOYHO OOJIBIIOW IUIOTHOCTH, IMO3TOMY HEKOTOpPBIE JEKTPOHBI B TAaKUX aTOMaX HOCAT «BUPTY-
AJIIbHBIN XapakTepy.

Ha nauyanbHOM 3Tamne McciaenoBaHui 11€7eco00pa3HO JOMYCTHTh, YTO BCE MHOroooOpasue
aTOMOB XMMMUYECKUX 3JIEMEHTOB B JUHAMHMKE 00ECIIeYMBAETCS OrPAHUYEHHBIM YHMCIIOM BapUaH-
TOB IIOCJIEIOBATEJILHOTO BHINIOJHEHUS BceX coueraHuil. [IpecToUT BBISCHUTH NPUYMHY U MEXa-
HU3M pealli3aliy 3TUX OrpaHUYEHUH.

PaBenctBo n=k=24, B COOTHOLIEHUM HJsi NPUOIMKEHHOTO 3HAUYEHUs 4uclia ABOTajapo
Ny~n!~10", paccMaTpuBaeM Kak BaKHOE KauecTBO YUcCia Ny, T. K. IPU APYTUX n#k IpUBEIEHHOE
COOTHOILIEHUE HE COOI0aeTcs:

20!=2,43-10"°~10"%; 241=6,28-10"~10%*; 291=8,84-10°°~10°".

231=2,58:10~10%; 27!=1,08-10°*~10%;

DTO KaueCTBEHHOE CBOMCTBO uHMCiIa ABOrajJpo paccMaTpUBaeM Kak OJIMH U3 IPU3HAKOB
CTaOUIIBHOCTU SHEPreTHUECKON CTPYKTYPhI COJIUTOHA.

[Touemy n=24!? OTBeT Ha 3TOT BOIPOC, IO-BUIMMOMY, HaJ0 UCKAaTh B YMCICHHOM 3Haue-
HUM 3apsA10BOM aCUMMETPUU €JMHUYHOIO COJIUTOHA, B «TOJIIMHE IPAHULB MEXIY E, U E., u
CBSI3BIBATH OTBET C MPEAEIbHO BO3MOXHBIMU B BELIECTBEHHOM MHUPE INIOTHOCTSAMU 3HEpruu £, B
Pa3IMYHbIX IEKTPOHHBIX 000JI0UYKaX M C MIMPUHON 3ampelieHHbIX 30H 3HEPruu B aToMax Ipu
Pa3IM4YHOM AMHAMUYECKOM COYETAaHHUU B3aUMOJEHCTBYIOUIUX 000JI0YEK-COTUTOHOB.

OcTasibHbIE COYETAHUS YHCEJ XapaKTepU3YyIOT HECTaOUIbHbIE COJIMTOHBI, YTO MOXET pac-
CMaTpuBaThcid B KauecTBE (DyHJaMEHTAJIbHOW NPUYMHBI NMPUHIMIIA HAUMEHbBIIEro JEHCTBUS
SHEPruy. JTO HAMOIHSIET MPUHIMI KOJINYECTBEHHBIM OTPaHHUUYEHUEM. JTO 03HAYAET, YTO OTKJIO-
HEHUE n OT 24 B BEUIECTBEHHOM MHUpPE OTPAaHMYEHO 3aKOHOM COXpPAaHEHUS YHEPrUH KBAaHTOBOIO
BaKyyMma.

Bce 310 paccmarpuBaem Kak MepBbIH IIar Ha MyTH K pa3paboTke Oymayiieid MEeTOIMKH pac-
yeTa (PU3UKO-XMMUYECKUX MapaMeTpOB aTOMOB XMMUYECKUX 3JIEMEHTOB, OCHOBAHHOM Ha (yH-
JAMEHTAJILHOM MPUHIUIIE T€OMETPU3aLUU (DUBHUKH.

[TocTosiHHass ABOraJipo — 3TO YUCJIO CTPYKTYPHBIX 3JIEMEHTOB (aTOMOB, MOJIEKYJ, HOHOB
WIH IPYTUX «4acTUI») B €UHUIIE KOJIMYECTBA BeulecTBa. byyun KoHcTaHToM sHepruu £E,, oHa
MOJKET OBbITh BBIPAXKEHA Uepe3 KOHCTAHThl SHEPruu E,, — uKcia e U 7 — Ha OCHOBaHUU (POpMyJIbl
Crepnunra. ®opmyna CtupauHra naet npuOIMKEHHOE BhIpaXeHHE (aKTOpHAIOB yHcel |8, c.
566]:

nl~\27-n-n"-e".
[TosTOMy /U MOCTOSHHOM ABOTraJpo MOKEM 3alucaTh

N, =24/~ 2724 .24 e,
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MnaBa 18. ATOMbI XMMMYECKUX 3SIEMEHTOB KaK CONIUTOHDI.

18.1. B 1noJsib3y COJIMTOHHOM CTPYKTYpbl aTOMOB XMMHYECKHX 3JIEMEHTOB TOBOPHUT TOT
(akT, 4TO 30HBI Y3JI0B U IIyYHOCTEN B aTOMax B TPEXMEPHOM MPOCTPAHCTBE MPEACTABIAIOT CO-
00 CIIOUCTYIO CTPYKTYPY, COCTaBICHHYIO U3 JIEKTPOHHBIX CJIOEB (000JI0UEK).

DHEpPreTu4eckoe COCTOSTHUE CUCTEMbI COJMTOHOB, HAXOIIENHCsS B IMHAMUYECKOM PaBHO-
BECHHU, CBUIETEILCTBYET O TOM, UTO B 3TOH CHCTEME BCE JIMHUU TOKOB 3aMKHYTbHI Ha PEITUKTOBBIX
(OoTOHAX — UCTOYHUKAX WM CTOKAaX JIEITOHOB, U3 KOTOPhIX B KOHEYHOM HTOI'€ COCTABJIEHBI BCE
00BEKThI BEIIECTBEHHOTO MHUpPA, a KBAHTOBBI BaKyyM IpEACTaBIsieT COOON CTOXaCTHUECKYIO
CUCTEMY JIEITOHOB, TaK)X€ MCTOYHUKOB M CTOKOB, MOIIHOCTb KOTOPBIX 3KCIOHEHLHUAIbHO Ha-
pactaer 10 OeCKOHEUHO OO0JIbIION BETMYMHBI C YMEHBIIEHHUEM I'€OMETPUUECKUX Pa3MepOB JIeH-
TOHOB.

OObpa3oBaHue B paBHOBECHOI CHCTEME HOBOI'O COJIMTOHA, BCIEICTBUE KOHJIEHCAI[UU SHEP-
IUM, HapylIaeT CJIOKHUBILEECS PAaBHOBECHE TEM, YTO IEpepacHpeelisieT JUHUU TOKOB MEXIY
CTapbIMU ¥ HOBBIMU HCTOYHUKAMHU U CTOKAMH, YTO O3HAYaeT aTOMHBIN WM MOJIEKYJISIPHBIN CUH-
Te3 U (WJIM) NOBBIIIEHUE TEMIIEPATYPhl B CUCTEME COJTUTOHOB.

Haubonee HarmsiiHO MoJ0GHOE MMOJIOKEHUE JIOJKHO TMPOSIBISITHCS MPU B3aUMOJIEHCTBUN
CUCTEM COJINTOHOB B IpOLECCaX MOJIEKYJISIPHOTO CHHTE3a, B KOTOPBIX 3aTParuBarOTCs TOJIBKO
BHEIIIHUE CJIOU JIEKTPOHOB B aTOMaX. JTO MOKET ObITh MCIIOIb30BAaHO IPU pa3pabOTKE HOBBIX
TEOPUH KaTaIu3aTOPOB U TEXHOJIOTHUYECKUX MPOLECCOB MOJIEKYISIPHOIO CUHTE3a.

18.2. Ilonmaraem, 4TO HMPPALMOHAIBHOCTH W TPAHCIEHJAECHTHOCTh B3aUMOCBS3EH MEXIY
qycllaMU, KaK IapaMeTpaMH HECKOH/IEHCUPOBAHHOM 3HEPTUH, U CBOMCTBA YMCIIOBBIX PSAIOB IO-
3BOJIAT pa3zpaboTaTh METOJUKY IPOEKTUPOBAHUS COJMTOHOB. OJJHAKO Ha IYTH K HEW HE0OXOu-
MO OOHAPYKUTb JIOTUYECKHU CBS3aHHBIE CUCTEMbI YHCEN B ATOMaX XMMHYECKUX AJIEMEHTOB U IIpU
3TOM OTBETHUTbH Ha Psii BOIPocoB. B ToM uncie Ha cienyromue:

[Touemy aToMbl pa3auydHbl 10 GU3NYECKUM U T€OMETPUUECKUM MapameTpam?

Kakue paxkTopsl 1 Kak 00€CeunBalOT «1€TEPMUHUPOBAHHOCTHY» CBOWCTB aTOMOB?

[Touemy KOIMYECTBO CTAOMIBHBIX aTOMOB XMMHUYECKUX AJIEMEHTOB B BEIIECTBEHHOM MUDE
OTpaHUYEHHO?

OTBeTUTH Ha 3TU BONPOCHI MBI CMOKEM, €CJIM OOBACHUM, KaKkue HayalbHbIE U TEKYyLIUE
YCIIOBUSL DHEPIeTUYECKUX MpeoOpa3oBaHUN B COJMTOHE ONPEIENIAIOT KOHEYHBIM pe3yibTaT —
CTaOMJIBHOCTD MJIM HECTAOUJILHOCTH COJINTOHA, HAJIOKUB HA BCE ITO «PEHEPHbIE TOUKU U CBOM-
CTBa MaTepUn», Takue Kak (pu3nueckre KOHCTaHThl, nocTynaTsel bopa, mpunuun [aynu u ap.

18.3. Croxactuueckoe ABUKEHHE MHKPOCOJUTOHOB B COJINTOHE MUHHMH3UpPYET oOliee
KOJIMYECTBO MpeoOpa3yroliencs SHepruu.

Kaxk »T0 MOXXHO mipecTaBuTh?
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T'naBa 18. ATOMBI XUMHYECKHUX 2JIEMEHTOB KAK COJTUTOHBI.

Bce MuUKpOCOTUTOHBI OrpaHUYeHBI OOIIEH BHEITHEW rpaHuIleil — MOBEPXHOCTHIO (0007104-
KOI1), oru0aroieil Bce BHyTpEeHHEEe MPOCTPAHCTBO COJIUTOHA.

[IpocTpancTBa BceX MUKPOCOJIMTOHOB M MX OTPaKEHHsI OT BHEUIHEH rpaHHIlbl OOJIBILIOTO
COJIMTOHA MPOHMKAIOT JAPYr B Apyra U 00pa3yloT CBOMMHU «JUIMIITUYECKUMU» MOBEPXHOCTIMU
CUCTEMY I€PECEKAIOIIUXCsl JIMHUN, 00pa3yloT CIOUCTbIE CTPYKTYphl, KOTOPbIE Mbl Ha3BalIu 00-
JacTsIMU OMEHUs IKCLIECHTPUCUTETOB COJIMTOHOB (TPEXOCHBIX AJUIUIICOUIOB).

[IpencraBisieTcst OUEBUIHBIM, YTO B HA3BAHHBIX JIMHUIX [I€PECEUEHUS TOBEPXHOCTEN MHUK-
POCOJIMTOHOB U B TOUKaX UX NepecedeHus (y3iaax) INIOTHOCTh SHEPIHH HanOoJIbIIasl.

[ToBepXHOCTH HEHYJIEBOW TOJILIMHBI Y BCEX COJIUTOHOB — 3TO O0JIACTH MepeceyeHus u oue-
HUS TOYEK IepeceueHusi, NMpUHaJIekallle COOTBETCTBYIOIUM TUPEKTpUcaM JJUIMICOUIOoB. B
npeJiesie — 3T0, COOTBETCTBEHHO, CPepruUeCcKUE MOBEPXHOCTH U LIEHTPBI cdep.

[TouemMy MHKpPOCOJIMTOHBI YIEPKUBAIOTCA BHYTpU couToHA? UTO M Kak UX yaep>KuBaer?
Kak MoxHO mpencraButh cxemy 3toro mpoiecca? CpoiicTBa (pyHIaMEHTAIbHBIX (DU3HMUECKUX
KOHCTaHT CBHUJAETEIbCTBYIOT, YTO CTOXAaCTUYECKOE JBUIKEHHE DHEPIUU NPOUCXOTUT B HECHKHU-
MaeMoOM KHUJIKOCTH, T. €. CO CBOMCTBaMHU OECKOHEYHO OOJIBIION IUIOTHOCTHU, OSTOMY U HECKHU-
MaeMoi. Panee Mbl IOITyCTHIIN, YTO TOK NEPUOINYECKH KOHIACHCUPYIOLIEHCs 3Hepruu £, Bceraa
HaIpaBJIeH B LIEHTPAJIbHYIO 00JacTh COJIMTOHA, @ TOK HEKOHJEHCUpYIOLIeHcs sHepruu £, ¢ Ta-
KON K€ NMEepPUOJUYHOCTHIO HAIpaBJIEH U3 MPOCTPAHCTBA COJIM-TOHA 3@ IPEJENbl €ro BHEIIHEH
rpanuibl. IMeHHO 3TH 00CTOsATENbCTBA OOECIEUMBAIOT HAMOOJBIIYIO MJIOTHOCTh DHEPIHM B
LEHTpaJbHOM oOnactu conuroHa. OJHAKO YHMCTO METOJMYECKM MOXKHO He oOpallarh Ha 3TO
BHHMMAaHHUE, T. K. MOKHO JIOIYCTHTb, YTO COJUTOH MPEICTaBIAET cO00I cucTeMy CTOSIMMX BOJIH,
00pa30BaHHBIX YEpEJOBAaHUEM IIEPECEUEHUIN FeOMETPUUECKU MOI00HBIX 3utuncouaoB. Crosuas
BOJIHA — 3TO CHCTEMa IPSAMBIX BOJIH 3HEPruM E., 1 YaCTUYHO OTPAKEHHBIX BOJIH AE,, OT BHEll-
HEW TpaHMIlbl COJIMTOHA, HO O0JIAIAIOMUX B y3/1ax (mepeceueHusx) cBocTeamu £E,, T. K. TUIOT-
HOCTb SHEPI'HH B y3J1aX Y€ IPEBBIIIAET HEKOTOPOE KPUTHUECKOE 3HaUeHUEe. B KBaHTOBOM 3Jiek-
TPOHUKE ATOT MPOIECC HA3BaH TEPMUHOM «HAKauKa HHEPrum». DTOT MPOIECC Mbl OOBSCHUIN
r€OMETPUUYECKUMH CBOMCTBAMM MaTEpUAJIbHBIX OOBEKTOB KaK CHUCTEM HCTOUYHUKOB M CTOKOB
SHEpPruu KBaHTOBOTO BakyyMma B (opme JienTOHOB. OOBbSCHEHNE MTPUBENIO K BBIBOY, YTO MUKPO-
COJIUTOHBI yAEpKUBaIOTCs Onaroaaps 3QpQeKxTy rpaBUTALIMOHHOTO MPUTSDKEHUS, a paclagaroTcs
Onarojaps BOSHUKHOBEHHIO 3(pdekTa rpaBUTALUOHHOTO OTTAJIKUBaHUA. MoJelb CTOSIYUX BOJIH
MO3BOJISIET MCMOJIb30BaTh PACUETHYIO CXEMY COJUTOHA KaK CTaTHYECKONW TIeoMEeTpUYECKOM
CTPYKTYpPBI, B KOTOPOH 3HEPI€TUYECKOE COCTOSHUE CUCTEMbI «CKAaUKOM» MEPEXOAUT U3 OJHOTO
JMHAMHYECKOI0 COCTOSIHUA B JIPYroe, moJiarast py 3TOM, 4YTO Y3JIbl B CUCTEME — 3TO CKOHJICHCH-
pOBaHHasl SHEPTHUs, a IIyYHOCTh — HECKOH/IEHCUPOBAaHHA.

OnHako Bce BBHIMICH3JI0KEHHOE SBISIETCA ciiencTBueM dddexra cemapamui KBaHTOB YHEP-

121



Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI0 BaKyyMa.

ruu (PU3NYECKOTO BaKyyMa, KOTOPOE BO3HHKAET B pe3yJbTaTe KPUBHU3HBI cPepuueckux 000Ji0-
YEK JIEKTPOHHBIX CIIOEB U SIICP XUMUYECKUX DJIEMEHTOB, UMEIOIIUX 00Jiee BRICOKYIO INIOTHOCTh
SHEPTUH.

Ilpumeuanue. Kax mvl noxazanu pawee, uz mepmuna «CKOHOeHCUpoganHas sHepausiy E,,
He credyem, umo 9Mom 6uU0 Hepauu ece20a HAOI0aeM KaK Mamepus 8eujecmeeHHo20 Mupa.
E, nabniooaema 6 smom xauecmee moivKo 6 cpaHuyax 8ewyecmMeeHHo20 Mupa: 3a npeoenamu
Bcenennoii E, nenabnioodaema, 6cnedcmaue maniou niomHoCcmu, 3a epanuyel menee r=1 0" cm
E, Henabniooaema, eécnedcmeue manvix 2eomMempuyecKux pasmepos JIenmoHO8 — KEAHMO8-
neperocyurkos E,,.

[Tpu 3TOM HEOOXOAMMO YUMTHIBATH PA3HOE BPEMs pellaKCalli CBOMCTB COJUTOHOB, MaTe-
MAaTHYECKHE MOJIETTH KOTOPBIX COCTABIICHBI U3 TPOU3BOJIHBIX SHEPTUHU PA3THUYHBIX ITOPSIKOB.

Paznuumst B cBO#CTBax pernakcallid y HETOXKJIECTBEHHBIX BOJIHOBBIX CTPYKTYp SHEPTHH,
UMeroLuXcs B 000JI0UKE, IPUBOASIT K TOMY, UTO BCE aBTOKOJIeOaTeIbHbIE MPOLIECChl IIpeodpa3o-
BaHMS ABYX BHJIOB — 3TO PEJIaKCAIIMOHHBIC MPOIIECCHl. DTO 03HAYAET, YTO HA TPAHUIIE TTOBEPXHO-
CTH COJINTOHA KaKJIbIH KBAHT, MPUXOISIINA K HEH U3 MPOCTPAHCTBA COJTMTOHA, HE TOJIHKO MCIIBI-
TBIBAET OTPAKECHHE, MPEJTOMIICHUE WM TIOTJIONICHUE, HO U PACIIECIUICHUE B 3TON MTOBEPXHOCTH Ha
OCCKOHEYHBIN PsAJl TApMOHUYECKHUX KOJIeOaHui — IenTOHOB. HekoTophle TapMOHUKY TIEPECEKaIOT
TpaHUIly 0OOJOYKH COJUTOHA, a JAPYrU€ OTPAKAIOTCS, BO3BPAIIAsACh K UCTOYHUKY WU CTOKY,
IIPOSIBJISAS CBOMCTBAa 0OpAIllEHHOTO0 BOJIHOBOTO (PpOHTA AMHAMMUYECKOH CHCTEMbl — «KBAaHTOBBIM
BAaKyyM BHYTPH COJIMTOHA (MCTOUYHUK SHEPTUH) — IOBEPXHOCTh COJIUTOHA (OTpaXKaTeby).

Tak, A. @. YUepHsieB Moka3all, 4To B aTOME BOJIOPOJA, MO-BUIUMOMY, JTAJIEKO HE BCE CIIEK-
TpaJbHBIC JIMHUHU U3JTy4CHUS Spa aToOMa 3aperuCTPUPOBAHBI MPUOOpaMH, T. K. TFIOTHOCT SHEP-
MU B HEKOTOPBIX JIMHUIX CHEKTPa HEJOCTATOUHO Benuka [29].

MnaBa 19. O pacyeTHbIX cxemax COSIMTOHa
19.1. CxeMbl 3HepreTM4eCKnX nNpoLieccos.

[IpuBoguMBIE B HACTOSIIEH pabOTE CXEMBbI PHEPTreTUYECKHUX MPOIECCOB MPEICTABIISIOTCS
HETIOJHBIMH U )K€ CIIOPHBIMH, T. K. JOMYCKAIOT Psil MHBIX BAPUAHTOB W3JIOKEHUSI U MHTEPIIpE-
Tauui ux gusndeckoro coiepxanus. [Ipobiema 3akmogaercs B TOM, YTO K aHAJIU3y SHEPreTH-
YECKUX MPOIIECCOB U OOOCHOBAHMIO PA3JIMYHBIX IMOJOKEHUM HEOOXOIUMO MPUBJIEKATh Pa3HO-
ponHble (Ha nepBbld B3rIsAA) ¢pusndeckue 3¢Q(EeKThl U CBOMCTBA MaTEPUU U3 Pa3IMUHbIX objac-
Tell (U3HMKH, pa3oIIeNIINXCS MEXaAy cOOOW B Ipoliecce 3BOJIOLMU YEJIOBEUYECKUX 3HAHUN He
TOJBKO IO MpeaMeTaM BEICHUs, MPUMEHSIEMON TEPMHUHOJOTHH, HO ¥ KOHIIENTyalbHO. TeM He
MEHE€ ISl aHaJIu3a KBAaHTOBOTO BaKyyMa, KaK SHEpruu, HE0OXOAMMO TOIBEPTHYTh aHATIU3Y BCIO
COBOKYITHOCTH «ITOJIXOISAIINX)» B3aUMOCBSI3aHHBIX IMIUPUIECCKUX (PAaKTOPOB (PU3UKH, HCTIONIB3YS

HUX U KaK JIOTHYCCKUC BJICMCHTBI aHAJIM3a, U KaK «PCICPHLBIC (i)aKTOpI)I». I/IHOFO, 0 HalmemMy
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I'maBa 19. O pac4éTHBIX cXeMaX COPJIUTOHA

yOEXKIeHHI0, IPOCTO HE JIaHO, TOCKOJIbKY, KAK HaM M3BECTHO, B HACTOSIIIEE BPEMSI HUKAKHE TEO-
puM GU3MKU HE MpeJiaraloT MHKEHEPHBIX pelleHul 3aauu npeoOpa3oBaHusl SHEPTUU KBAHTO-
BOT'O BaKyyMa.

PaccmoTpuM B KauecTBe IpHMepa HEKOTOpbIe AMMHpUYECKUE (aKThl, KOTOPbIE MOTYT
OBITh HUCIIOJIb30BAHBI B KAYECTBE JIOTMUECKUX AJIEMEHTOB aHAJIN3a JBUKEHHS SHEPTUH B COJIUTO-
HE.

B uncne Takux smnupuyeckux (pakToB U «pernepoB» HEOOXOAUMO OTMETUTH (yHIIaMeH-
TajbHble (U3NYECKUE KOHCTAHThI, KOTOPHIE MbI 3Ha€M KaK BBIUUCIATH [0 aHAIUTUYECKUM (Pop-
MyinaM, noctynarsl bopa, npunuun 3anpera [laynu, 3¢ dektsl, cBga3aHHbIe ¢ UHTEphEpEeHLInen
BOJIH, TUpOCKOTIMYECKHE 3P (EKThI, CBSI3aHHBIE C BPAIIEHUEM COJINTOHA B LIEJIOM U BpallCeHUEM
€ro OT/IEIbHBIX T€OMETPUUYECKUX CTPYKTYP, «TEOPEMBbI-3((EKTH O IBUKEHUH UACaTbHOU KU-
koctu ['enbMrosbia, 3QpQeKxThl paciienaeHusl SJHEPTrUU B 3JIEKTPOHHBIX 000JI0YKaX aTOMOB U Jp.
Bce ¢usnyeckue 3akoHbBI U MPOLECCH JOHKHBI OBITh «I1€PEOCMBICICHB) U NMPUBEIECHBI K KOH-
LENUUU ABYX BUJOB SHEPruH, T. €. OOBSCHEHBl HA OCHOBE OJIHOBPEMEHHOTO CYIIECTBOBAHUS U
B3aMMOIIPEBPAILICHNS B BEIIECTBEHHOM MHpPE JIBYX BHJIOB SHEPIMHM KBaHTOBOIO BakyyMa £, u
AE.,, yauTbIBas IIPU 9TOM, YTO B COBPEMEHHOM (PM3UKE BCE IMIUPUYECKHUE 3HAHUS OOBACHIIOTCS
U NPUMEHSAIOTCS HAa OCHOBE KOHUEIIWU CYIIECTBOBAHUS W IIPEBPAILECHMS, XOTA U PA3IUYHBIX
(¢opM, HO TOJIBKO OJIHOTO BU/A SHEPTUH E),.

OOBsACHEHUIO MO JIeKAT MPUHIUIIBI U TOCTYNIAThl GU3UKH, HEU3MEHHO BOCIPOU3BOISIINE-
Csl B peaJbHOCTSX BEIIECTBEHHOTO MHpA, HE UMEIOUIUE OOBSICHEHUSI HA OCHOBE KOHIIEMIIUU OJI-
HOro Buja 3Hepruu. OOBSICHEHUIO MOJUIeKAT TAaKKEe U COOTBETCTBYIOIINE JOTUYECKHE 3aKOHO-
MEPHOCTH MaTEMATHUKH KaK 3aKOHBI IBIKCHUS HECKOHICHCUPOBABILIEHCS SJHEPTUH £ .

Bce aTo npennonaraercs paccmMaTpuBarh Ha OCHOBE Qruiocopeckux KoHuenuuil BoxueHko,
KynakoBa u BrnagumupoBa, yuuTbiBasi OMHapHbIE CBOWCTBA MHOXKECTB (KBAHTOB JHEPIUH), OT-
KpBITBIX MuxailiinueHKo U JIbBOM.

B s3Bosroriuu sHEpruyM KBaHTOBOTO BAKyyMa B COJINTOHE MOKHO BBIJCIIUTH CIIECIYIOIINE
ATarnbl IpeoOpa3oBaHus ABYX BUI0B SHEPTUH.

19.1.3. IlepBblii 3TN — TUNOTETHYECKU .

Kak Tonpko Ha «HUXKHEH rpaHulie» BEUIECTBEHHOIO MUpa B UHTEP(EPEHIIMOHHON KapTHHE
CTOXAaCTHUYECKUX BOJH dHepruu E.,, B HEKOTOPOH 0OJIaCTH KAapTHHBI, IJIOTHOCTb dHEPruu £,
MIPEBBICUT KPUTHUECKOE 3HAUEHUE, 3Ta 001aCTh SBOIIOLMOHUPYET Jlajiee 110 U3BECTHBIM 3aKOHaM
KJIaCCUUECKON (DU3HKU.

Mo>kHO noKa3aTh, 4YTO B Ha3BaHHOW MHTEP(EPEHIIMOHHON KapTUHE, TMIIOTETUYECKU H30-
JIUPOBAHHBIM TPEXMEPHBINH y4acCTOK TAaKOW 3HEpPruu, OyAy4dH B3ATHIM B JIF0OOI MPOU3BOJIBHOM

reoMeTpuuecKkoil popme, HEM30EHKHO IBOTIOIUOHUPYET B TMHAMHYECKH PAaBHOBECHYIO (MU HE-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

PaBHOBECHYIO) CHCTEMY — COJIUTOH, B KOTOPOM B3HEPTHUsl CTPYKTYPUPYETCS B 000JOUYKY U SAPO
COJIMTOHA. BBIACHMIIOCH, YTO KpUTEpUEB CTAOMIBHOCTH COJIMTOHA MHOTO M OHU TPeOYyIOT CHUCTe-
MaTH3aIMHA U COOTBETCTBYIOIIETO aHAIN3a UX B3aUMOCBSI3H.

DTOT 3Tan MBI Ha3BaJHM THIIOTETUYECKUM, ITIOTOMY YTO DHEPTHUS CTPYKTYpHpOBaHA BCET[A.
OT0 cienyer U3 CBOMCTB (DyHIaMEHTAIbHBIX (PU3NYECKUX KOHCTAHT M MPOU3BOIHBIX SHEPTHUH,
CBHU/ICTEIILCTBYIONINX O (PPaKTATBHOCTH YHEPreTUYECKON CTPYKTYpHI B JIFOOOM JTHAra3oHe Teo-
METPUYECKHUX Pa3MEpOB COJUTOHOB too cM. OJHAKO Ha TpaHMIAX BEUIECTBEHHOTO Mupa (pak-
TAJIBHOCTh PHEPTUU HEpa3TU4MMa. B BEecCTBEeHHOM MUpPE OHA TaKXKe JaJieKo He BCera pasiiu-
9YrMa, BCJICACTBHE MaJIOW ITUIOTHOCTH. B KauecTBe AKCIIEPUMEHTAIBHOTO TTOATBEPKICHUS U3JI0-
’KEHHOTO TIpeJyIaraeTcsi pacCMaTpuBaTh Tak Ha3biBaeMble «siBieHus HJIO», uckimrouas U3 HUX
MUCTU(UKALUH.

Heomno3Hnanuble neraronme 0ObEKThl JEMOHCTPUPYIOT (U3NYECKUE CBOMCTBA, AOCTHKH-
MBI€ B BEIIECTBEHHOM MHPE TOJIBKO ISl TIOJIEBBIX CTPYKTYpP SHEPTHH: «BHE3AITHOCTH MOSBIIC-
HUSl ¥ MCYC3HOBEHHSI, HEOOBIYaiHO OOJIBIINE CKOPOCTH M YCKOPEHHS JIBMXKCHUS, «CIOMCTOCTH)
CTPYKTYPHI U Jp.

Ilpumeuanue. Haubonee «ceexcasn» ungpopmayus 06 HJIO noxazana no kanany REN-TV
15.02.04 2. 6 22.00 6 doxymenmanvrom gpunvme «3acaoku HJ/IO», 6 mom uucne ntooumensvckue u
npogeccuonanvruvle cvemku o0Hux u mex xce HJIO, coenannvle uz kocmoca u ¢ pasiuyHulx mo-
yek 3eMHol nogepxHocmu 8 nepuod 1990-1996 ce.

BTopoii 3Tan — 3T0 Tan TMHAMHYECKH PaBHOBECHOTO IPE0Opa30BaHMs IBYX BUIOB dHEP-
T'MH KBAaHTOBOTO BaKyyMa B COJIMTOHE, STAll CTAOMIIBHOTO CYIIECTBOBAHUS COJIUTOHA.

Tpernii 3Tan — HecTaOMIIBHOE CYIIECTBOBAHWE COJMTOHA. PaccMOTpUM KpaTko, 4To MO-
KET MPOUCXOIUTH B 000JI0YKE CTAOMIIEHOTO COJMTOHA.

Bcnenctue Toro, 4TO MOBEPXHOCTH COJIMTOHA, KaK MOJIENb PHEPTUH E,, IMeeT HeHYJIEBOE
3Ha4YCHHE TOJIIIMHBI, TO TeOMeTpUYecKast MOJeNb £, MpencTaBiseT co00i BHENIHIOW 000JI0YKY
c OoJiee BHICOKOH IIOTHOCTBIO SHEPTUH, MO CPABHEHHIO C TUIOTHOCTBIO PHEPTUU BHE 000JIOUKU
(uckirouasi SiApo M BHYTPEHHHE 000JI09KK). J{71s aHanmM3a mpo1eccoB B3aUMOACHCTBUS YHEPTUH
KBaHTOBOTO BaKyyMma C 000JOYKOW HEOOXOJMMO BBECTH TOHSTHE I'PAaHHI] 000JIOYKHA COJIMTOHA,
HECMOTps Ha TO, YTO 00€ cdepuyeckue IpaHullbl 000JIOUKH — BHYTPEHHSS M BHEILIHSSA, IO-
BUIIMOMY, «pa3MbBITBD». [IpoOiiemMa ycTaHOBIIGHHsI TpaHUI] B OOOJIOUKE pemaeTcs BhIOOPOM
«IOAXOIAIIEr0» T€OMETPUYECKOro Maciitada TONIKUHBI 000JOUKH, MOCIE YETr0 TOJIIHHY 000-
JIOYKH CTaOMIIFHOTO COJTMTOHA MOKHO CYMTATh IOCTATOYHO TOHKOM.

O0oJ109Ka COMMTOHA W TPOCTPAHCTBO BOKPYT HEE MO-MPEKHEMY 3allOJIHEHBI KBAHTOBOM
cpenoit gu3mueckoro Bakyyma. Bce MHOKECTBO MaTeMaTHYECKUX TOUYEK dTOU Cpebl MPEaCcTaB-

nseT co00il OECKOHEYHO OOJBIIYI0 TJIOTHOCTh «TOYEK-MCTOYHHMKOBY» CTOXAaCTHYECKOTO TOKa
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SHEpPruu Bujaa E,, BCIEACTBUE NMPHUHATOM KOHLENIMH OECKOHEYHO OOJBLION MJIOTHOCTH E., B
KBAaHTOBOM BaKyyMe.

[Tockonpky KBaHTOBas cpefa (PU3MUECKOTO BaKyyma «IPOIMUTHIBAECT» OOOJIOYKY M BCE
MIPOCTPAHCTBO BOKPYT HEE, TO B 000JOUKY BCE BpeMsl MOIMANAIOT WM B HEM «BO3HUKAIOT» CTO-
XaCTHYECKUe KBAaHThI 3Hepruu AE,,. Ha npumepe ¢porona, B riase 4, Mbl I0Ka3aIH, YTO KBAHTHI
SHEPTHUM HE MOT'YT HAXOJUTHCSI B COCTOSIHUH TTOKOSI.

Kaxxapiif KBaHT, nepecekaromuii 000JI04Ky U B3aUMOJEHCTBYIONINI ¢ HEH, HEU30EXKHO Te-
psI€T CBOIO SHEPTHIO, T. €. UCMBITHIBAET PPEKT TOPMOXKEHHS, U PAHO WM MO3THO TMOKHUIACT
000J109Ky. DTO TMOJICPKMUBACT MOBBIIMICHHYIO TJIOTHOCTh SHEPTHH B 000JO0YKE U OOBACHSET
nepBbIil noctynat bopa.

Ilpumeuanusn:

- emopou nocmynam bopa (keanmosanHocmu 3nepeun) 00vACHAEMCs mem, 4mo npeoopa-
308aHUs 08YX U008 IHEP2UU — IO ABMOKOIeOameNbHbll npoyecc,

- agmokonedamenvHocmsb npoyecca 00yci061eHa uzoblmouHoCmoio snHepauu uoa k., nao
E, 6 oopamnoii cesazu aemoxonebamenvrot cucmemvl AEep<» E,,;

- MHOJICECMBO U38ECMHbBIX PUIUUECKUX IPPeKmos MACHUMOONMUKY, 8 M. Y. «pacuyeniie-
HUe Hepeuu» 6 2JNeKMPOHHLIX 0DO0NOYKAX AMOMO8, MAKdHce O00BACHAIOMCA U30bIMOUYHOCTBIO
AE., nao E,, u mem, umo éce asmoxonebanus — 3mo peiakcayuoHnvle KoNeOaHusl.

Bcnencrsue Toro, 4to mIOTHOCTB 3Hepruu AE,, = E, B 000JI0UKe «HECKOJIbKOY BBIIIE, UEM
3a ee I'paHUllaMM, TO KBaHTbl AE,,, OrpaHMYEHHOIO IUala3oHa 3HEPruil MpoXoaaT dyepe3 000-
JIOYKY ¥ €€ TpaHUIlbl, B3aUMOJACHCTBYS C HUMH. [Iporecc B3auMoAEUCTBUSL ONIPEACIISICTCS WU
COTIPOBOXKIACTCS PsAIoM (pu3nueckux 3(PQPEKTOB, CBSI3aHHBIX C MPEIOMIICHHUEM, OTPAKECHHEM,
paCHICTUICHUEM U TOTJIONIEHUEM SHEPTHH B 000JI0UKE, TaBHO U3BECTHBIX B KJIACCUYECKOHN (pr3u-
Ke.

Bce atu a2ddexTs mpencTaBasoT coboi menb aBTOKOJIe0aTeIbHBIX IIPOIIECCOB, B KOTOPHIX
uMmeetcst ooparHas cBs3b. [loaTomy pusnueckue 3¢pPexTsl, Kak eMEHTapHbIE SHEPTreTUUECKUE
MPOIIECCHI, OMPENETSIOT U COMPOBOKIAIOT HBOJIFOIIUIO SHEPTHH B COJUTOHE M, OyIydd BBICTPO-
€HHBIMH B OIIPEACIICHHON HECTy4YailHOM MOCIEA0BATEIbHOCTH, IAIOT HECIYYaHbIE PE3YJIbTATHI.

N3 cBoiictB pyHIaMEHTaIbHBIX (U3HMYECKUX KOHCTAHT M MPOU3BOIHBIX YHEPTUHU CIICYET,
YTO TPOJOJDKUTEIHLHOCTh CYIIECTBOBAHUS JIOOOTO MaTepUaIbHOTO OOBEKTa B BEIIECTBEHHOM
MHpE KOHEUHA, T. K. JIIDOOM COJTMTOH B TEUCHHE BCETO MEPHO/Ia CYIIECTBOBAHUS «HAKAUYNBACTCS
SHEPTrHe KBAaHTOBOTO Bakyyma. [1o3ToMy paHO WM MO3AHO 000JI0YKA JOJHKHA Pa3pyIIUTHCS.
OnHako 3TO MPOU3OUIET HE Cpa3y CO BCEMH KBAHTaMH, TMOIMABIIMMHU B 000JI0YKY, BCIEIACTBUE
pas3nuuus B CBOMCTBAX pEJIAKCAIlMU Y KBAHTOBOW Cpelbl 000JOYKH, UMEIOIICH «OMEHUsD» TUIOT-

HOCTHU DHCPIUH. B OJICKTPOHHBIX 000JI0YKax aToMa YCpCAHCHHAA MMOBBIMICHHAA IMJIOTHOCTD DHEP-
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MU HAXOJUTCSI «HEKOTOPOE BpeMs» B TMHAMUYECKOM PABHOBECHH, IO MEHBIIEH Mepe, [0 TPEM
MPUYUHAM.

1) OGosi0uka Bce BpeMsl MONOJHAETCS CTOXaCTUUECKUMHU KBAaHTaMU SHEPrUH (GU3UYECKOTO
BaKyyMa B JMaIla30He SHepruu AE,,.

2) Ob6on04Ka MPOSBIISIET CBOMCTBA cenapaTopa, 00yCIOBICHHBIC €€ TOIUHON, KPUBU3HOM
U CBOIICTBaMHM peiaKcaluy ee MaTepuu.

3) B sHepreTuueckux mporueccax, IpOTEKAIOLUUX B COJIUTOHE, JEMCTBYET 3aKOH COXpaHe-
HUs 3Hepruu. JIMHUM TOKOB 3HEPrHUU B 000JI0YKE, OPTOrOHAJIbHBIE JIMHUAM TOKA SHEPIrUU U3
LIEHTPA COJINTOHA, ABJISIOTCSA MPUUMHAMU THPOCKONUYECKUX 3P (PEKTOB B 000I0UKE.

19.1.6. PaccMoTpuMm, Kak BTOpasi ¥ TPEThS IPUUMHBI MOTYT PEAIM30BbIBATHCS B COJIUTOHE.

MoxHO moKa3aTh, 4TO BCIEACTBUE NEHCTBUSI THPOCKOTUYECKUX IP(DHEKTOB 00009Ka 00-
Ja1aeT KPUBU3HOU U TOJIIIMHON U B LIEJIOM «paboTaer» Kak cenapaTop CTOXaCTUYECKHX KBaH-
TOB, OCTaBJIsisl B CBOEH CpeJie Ha HEKOTOPOE OTPaHMUEHHOE BPEMSI TOJIBKO TOK/IECTBEHHbIE KBaH-
ThI, UMEIOIINE ONTUMAJIbHBIE JIJISI «CBOMX 000JIOUYEK» XapaKTepUCTUYECKUE MMapaMeTpbl. ITO 03-
HA4aeT, 4To BCS 000JI0UKA, KAK AMHAMHUYECKAasi CUCTEMAa MHOKECTBA KBAHTOB AE,,, HAXOAUTCS B
PE30HAHCHOM COCTOSIHMM. [Ipu 3TOM HEKOTOpOE KOJINYECTBO KBAHTOB AE,, («HE BIOJHE TOXK/e-
CTBEHHBIX»), HEU30€KHO MOKUIAIONINX 000JI0UYKY, (OKYCHPYETCS BOTHYTOM 000OJIOYKOM B siApe
COJIMTOHA WJIH B JPYruX 000J0YKaX MEHBIIET0 JAUaMeTpa, HO ¢ OOJBIIMMHU MJIOTHOCTSIMH SHEP-
rud. MOXKHO TIPEIIOKHUTH /ISl aHaJu3a Pa3InyHbIe CXeMbl 00pa3oBaHUsl 000J104YeK ¢ OOJIBIINM
IMaMEeTPOM M MEHbIIEeH MIOTHOCThI0. Hanmpumep, MOXKHO moka3arh, 4To 00OJOUYKH aTOMOB 00-
pasyroTcsl 3a cyeT IPUTOKA SHEPruM E,, U3HYTPH, CO CTOPOHBI BHYTPEHHHX JHEPreTUYECKUX
CTPYKTYp COJMTOHA U IpoJoJDKarolerocs npeodpasosanus AE,, B E,. OHM «kak Obl BbIJBUTa-
I0TCSA» U3 sJipa, BCIEICTBUE «MEUICHHOTO» pa3pyIICHUs Spa-COJIMTOHA MpPH HaKayke sjapa
SHEepruen KBaHTOB AE,,, MOCTyHNArOMMX U3 000J0Yku. MOXKHO MOKa3aTh TakXke, 4TO Bce 000-
JIOUKH MPENICTaBISAIOT co00i oOsiacTu OMEHUs SKCLEHTPUCUTETOB F€OMETPUYECKH IMOJA0O0HBIX
TPEXOCHBIX COJINTOHOB — BJUIMIICOMIOB, BJIOKEHHBIX JApYyr B Apyra. OTMETHUM, YTO AMHAMMYE-
CKOE PaBHOBECHE 3HEPTUU B 000JIOUKE U «IIEHTPAJIbHAsE CUMMETPUYHOCTBY TPEXOCHOTO COJIUTO-
Ha 00€eCIeYnBaeTCsl «TOJLUIMHON 000JI0YKN» U XapaKTEPU3YIOTCS COOTBETCTBYIOIIMMH (U3HYe-
CKUMHU KOHCTaHTaMHM, KOTOPBIE€ YK€ U3BECTHBI HJIM MOTYT ObITh BblUKCIeHBI. OAHAKO HAMOO0b-
e cTabMIIbHOCTHIO 00J1a/1al0T COJIMTOHBI C IOCTaTOYHO TOHKUMHU 000JIOUKAMH.

Hpyras rpynna ¢usndeckux 3¢ (HeKToB no3BoisieT 00bICHUTh NpuHLMn 3ampera [laynu [2,
. 523] u u3BECTHBIE 3aKOHOMEPHOCTH 3aMOJIHEHUsI 000JI0UEK TMIIOTETUYECKUMU JIEKTPOHAMU,
KOTOPBIEC MPECTABISAIOT COO0N B3aMMOCBSI3aHHBIE BOJTHOBBIE CTPYKTYPBI-000JI0YKHA. DTO THPO-
ckonnueckue 3GGEeKThl, CBA3aHHBIE C BpallleHuEM O00OJIOUKH B IeloM. Bpamienue 060109k B

L[EJIOM SIBJISIETCS MPUYMHON BO3HUKHOBEHUS IPATUEHTOB IMapaMEeTPOB SHEPTUU B 000J104Ke (CKO-
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POCTH, IINIOTHOCTHU H I[p) H, CJI€O0BaTCIIbHO, HpI/I‘-II/IHOI\/’I BO3HHUKHOBCHUA IBWXKXCHHA SHCPIrUU B
camoii o6osouke. [IBukeHne sHepruy Bo Bpalaroueiicss 000J104Ke IPUBOJUT K CTPYKTYpUpPOBa-
HUIO PHEPTUU B MUKPOCOJIUTOHBI, KOTOPBIE HAXOIATCS B 000JI0UKe U Takke Bpamatorcs. «Ctpo-
TOCTh CTPYKTYPUPOBAHUS» AIEKTPOHOB-BUXPEH B 00004UKe MiIu npuHIui [laynm o0ycnoBieHbl
TEM, YTO TOPIIBI BHXPEBBIX TPYOOK 3aMBIKAIOTCS, COTJIACHO TeopeMe [ enpMroibiia, He caMu Ha
ce0s1, a Ha TpaHUIIBI pa3jaesia 000JOUKH.

KBanToBaHHOCTE OHCPIUH JJICKTPOHOB B aTOMax IMPUBOJUT K TOMY, YTO BCEC JJICKTPOHBI-
BUXPH BBICTPAMBAIOTCS B 000JI0UKAX CTPOTO OMPEICICHHBIM 00pa3oM, COo3JaBasi TeM CaMbIM
SHEPTreTUYECKHEe aBTOKOJIEOATEIbHBIE PE30HAHCHBIE CHCTEMBI. biiaromapsi 3ToMmy B aTOMBbl BCe
BpeMsI TIOCTYIIAET PHEPTHUS U3BHE — U3 KBAHTOBOTO Bakyyma. JIo00e OTKIIOHEHUE XapaKTePHUCTH-
YEeCKOTO IapaMeTpa dHEPreTHYECKOW CHCTEMBbI, 00pa30BaHHOW BUXPSIMHU-DIECKTPOHAMH, MTPHBO-
AUT K MPOABJIICHHUIO (bHSHKO-XHMquCKOﬁ AKTUBHOCTU U BSaI/IMOI[GfICTBPIIO C ((HpH'—IHHOfI OTKJIO-
HEHUA».

KBanToBaHHOCTE OJICKTPOHOB ITIPpHU HUX JABMIKCHHH B JJICKTPUUYCCKUX IMPOBOAHHKAX HC Ha-
omomaercs. OTHAKO €CM B AJIEKTPHUUECKUX MAIIMHAX AJICKTPOHBI-BUXPU PACIOJIOXKUTH HE Kak
O0OBIYHO (COOCHO MPOBOJHUKaM), a NEPIEHIAUKYJISIPHO OCU MPOBOJHMKA, TO mpuHuun Ilaymu
CHOBa OyJIIeT IEHCTBOBATH M MOJIyIHTCS dIIEKTporeHepaTop Pommuaa—I onuHa.

Bcenencreue Bpamennii «0oJbire BUXpU» B 000J104YKaX, COTIACHO TeopemaM [ enpMrois-
113, 3aMBIKAIOTCSI TOPLAMHU BUXPEBBIX TPYOOK Ha IpaHUIlaX 000JIOUKH, CTPYKTYPUPYIOTCS B «IU-
MOJIU-TOPBD», a 00Jiee MEIKHUE BUXPHU IBOIOIMOHUPYIOT, coryiacHo 3¢ dexkTy Marnyca, B cojm-
TOHBI C (()IpO6HI)IMI/I)) CIIMHaMHu, T. K. I'JIaBHBIC OCHU Bpall€HUA TAKUX MHUKPOCOJIMTOHOB UCIIBITBI-
BAIOT CJIOKHYIO MPELECCUI0. DTa MPEIeCcCHs MPEACTaBISIET COO0H CyNepro3Uulni0 OECKOHEYHO
OOJIBIIIOTO Psiia HyTaI[Ui TJIABHOM OCH y KaKI0T0 MHUKPOCOJUTOHA 000JI09KH. Bee 310 03Havaer,
4TO IrCOMCTPUYCCKHUEC CTPYKTYPLI DHCPIruh B aTOMax XUMHUUYCCKUX IJICMCHTOB XapPaKTCPU3YIOTCA
0OECKOHEUYHBIM PAAOM KBAHTOBBIX YHCE KAaK IIapaMCTPOB SHCPIUr, U3 KOTOPLIX YUHUTBIBAIOTCA B
HACTOAICC BPEMS TOJIBKO HEKOTOPBIC, BCICACTBHUC OTHOCHTCIBHO HU3KOH TEMIICPATYPbI 000-
J04YKH (HUKe TeMnepartypsl [lebas).

dusnyeckre KOHCTAHTHI B aTOMax — 3TO COUYETAaHHWE HanOoJiee 3HAYNMMBIX KBAHTOBBIX YM-
Cell, XapaKTepH3yoIMX (WM 00ECIeYnBAIONINX) ONTUMAIBHBIE T€OMETPUIECKUAE MPOMOPIIHH
OHCPTYH B COJIMTOHAX — aToMaX, a I'IaBHBIC KBAHTOBBIC 4YHCJIA — 3TO MPOU3BOJHBIC SHCPIrUHU
HU3MINX TOPSAKOB 0 TMPUPANICHUIO XapaKTEPUCTUIECKOTO TEOMETPHUECKOTO ITapaMeTpa B €/IH-
HUYHOM COJIUTOHE.

UYem BblIlI€ MJIOTHOCTH SHEPTUU B 000JI0UYKaX WK siApe, TEM BbILIE B HUX TeMIiepaTrypa. B
ri1aBe 4 Mbl IOKa3aliu, 4TO PU3NYECKUE COJEPKAHUS TNIOTHOCTU SHEPTHU U TEMIIEPATYPhl CPebl

B 000JIOYKE — TOXKIECTBEHHBI.
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C pocToM TemrepaTypbl BpeMs pelakcalii U paguychl pejaakcaluuu sHepruu E,, Haxoas-
1ieicst B KpUTUYECKOM COCTOSIHMM, BO3PACTalOT, YTO MOATBEPIKAAETCs B dKcrepuMenTax [2, 19].
BcnenctBue 3Toro Bo3pacTaroT aMIUIMTY/ bl HyTal[ui 0oJiee BBICOKUX MOPSAJIKOB y IIaBHBIX Ocei
Ka)KJIOTO MHUKpPOCOJIMTOHA B 000s104Ke. BenencTsue aelcTBUs 3aKOHA COXPaHEHMs! SHEPTUU C
POCTOM TeMIEpPaTyphl SHEPTHUsI IepepaclpeieNieTcss ¢ HU3IIHUX MO/ B MO/Ibl BBICIIUX MOPSIKOB.
OTO TOXKIECTBEHHO YBEJIMYEHHUIO KOJMYECTBA 3HAUMMbIX MOJI B KOJIeOaHUSX (HyTalUsAX) TJaB-
HBIX Ooceil. Bce 3TO TOKIECTBEHHO TaKXKe «IpOOJICHHIO» COIMTOHOB-BUXpEH Ha 0ojiee «MeJIKHe»
Ir€OMETPUUECKUE CTPYKTYPHI.

[To noctmxeHun napamerpaMmu 000JOUYKH KPUTHUECKUX 3HAUEHUN OHA «ApoOUTCsS» Ha 00-
JIee «MEJIKUE» U «KPYIHbIE» 000JI0OUKH U YBEIMUUBAETCS TEMIIEpaTypa B Jpe.

Ilo HAUIMM OIEHKAaM, TeMIlepaTypa mpoToHa cocrassier ~10°' °K, mosTomy B smpe Bce
MO/Ibl B OECKOHEYHOM psiAy HYyTalUW IJ1aBHBIX OCEH MUKPOCOJIMTOHOB PAaBHO3HAYHBI 110 YHEPIH-
M. DTO O3HAYaeT, YTO YUCIICHHbIC 3HAUEHUS [TapaMeTPOB SHEPruu oOOMX BUIOB B sIpe HAXO-
JSITCSL 32 HUYKHEH rpaHMIlel BeluleCTBEHHOro Mupa. To ecTb Marepus sapa HaXOAUTCS B KPUTH-
YECKOM COCTOSIHHM U SJIPO SIBIIIETCS «YEPHOM ABIPOI», Yepe3 KOTOPYro 3Heprus £, «Bo3Bpaia-
€TCs» B KBAHTOBBIM BAaKyyM B COOTBETCTBHHU C 3aKOHOM COXpaHeHMs dHepruu AE,,<»>E, Bons
pa3iauyHble HayaJIbHbIE YCIIOBUS U U3MEHSS «CLIEHAPUU 3BOJIIOLUU SHEPTUN» B COJIMTOHE, OXKH-
JlaéM TOJIy4Y€HUS, paCUE€THBIM IIyTE€M, IMapaMeTPOB Pa3N4HbIX (OPM CYIIECTBOBAHMS SHEPrUU
BEILIECTBEHHOIO0 MHpa — OT YaCTHULl U IEKTPOMArHUTHBIX BOJIH, HECTAOMJIbHBIX COJIMTOHOB, JI0
aTOMOB XMMMUYECKUX 3JIEMEHTOB U MOJIEKYJI BELIECTBA.

19.1.7. OtMeTuM, 4TO U3 KOHLENUUHU ABYX BUIOB SHEPTUU U COJTMTOHHOU (POpPMBI CylIeCT-
BOBaHUS SHEPrUU ClEAYyeT (PPaKTaIbHOCTh CTPYKTYPbl SJHEPIHUH B COJIUTOHE — HAJMYHE B JIIO-
OOM COJMTOHE sJipa U psAfa 000JI0YEK C MOBBIIMIEHHBIMHU IUIOTHOCTSMU 3HEPIUU, UMEIOIIUX, B
CBOIO Ou€epe/ib, OECKOHEUHBIN Psi/i MOJAOOHBIX CTPYKTYP Kak BHYTPH, TaK U BHE coiuToHa. OT™me-
THUM TaKXe, 4TO JII0Oble BUXPEBBIE IBUKEHHUS SHEPTUU MbI TAK)XKE OTHOCUM K F€OMETPUUYECKUM
CTPYKTYypaMm, TOCTaTOYHO OJU3KUM K COJIUTOHAM, SBOJIOLUS KOTOPHIX HE 3aBepluniach o0Opas3o-
BAHHUEM COJINTOHOB, B IIEPBYIO OYEPE/b BCIEACTBUE OJIM30CTU I'PaHUIl pa3zesia IIIOTHOCTU dHEp-
TUH.

Onnako 000J0YKH | siipa JAJIEKO HE BCET/a HAOMIOAAOTCS KaK B MHKPO-, MAaKpO-, TaK U
MeracojuToHax BeenenHoil. AHanoru o0oJiouek U siiep B BUXPAX MaTepUalIbHBIX Cpes Habko-
natorcs peako. Hampumep, He HabmomaroTcst HU 000JI04YKH, HU sizipa B conuTtoHe Paccena, oobem
BOJIbl B KOTOPOM MOXKET JOCTUTaTh MHOTMX KyOomeTpoB. To e camMoe MOKHO cKa3aTh O CMEp-
YaxX M IUKIOHAX B aTMocdepe 3emiin, 00 IIEKTPUIECKOM TOKE B TOKOIpoBoaax. [lociennee Mbl
paccMaTrpuBaeM KakK BHUXPEBYIO IEJIEHY 3JIEKTPOMArHUTHOTO IOJIsI HA IOBEPXHOCTU TOKOIIPOBO-

7a, a TOKOTIPOBOJT — KaK «BUXPEBYIO TPyOy», KOTOpas B 3aMKHYTOM IMPOBOJHHKE 3aMBIKACTCS
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cama Ha ce0s1. He HaGmoarores sijpa 1 000JI0UYKU HU B JIEKTPOHAX, HU B (POTOHAX, HU B DJIEK-
TPOMAarHUTHBIX BOJIHAX — COJIUTOHAX.

[Touemy simpa u 000J0UKH B OAHUX CITydasiX HAOIIOIAIOTCS, @ B IPYrUX HE HAOII0Jat0TCs ?
[IpennaraeMplii OTBET 3aKJIFOYAETCS] TOM, YTO siipa U OOOJOYKU C MOBBIIIEHHON IUIOTHOCTBHIO
SHEepruu umerorcs Beszae. OqHako U30bITOUHAS INIOTHOCTh SHEPTHH £, CIMIIKOM Maja, 03TOMY
HeHal01aeMa, a INIOTHOCTb SHepruu AE,, BEIPOKICHHA.

«[Ipeanonoxkenue — BBIBOI» O TOM, YTO Ha3BaHHbIE SApa U 000JOYKU MMEIOTCS BO BCEX
COJIMTOHAX U BUXPSIX C JIFOOBIMU F€OMETPUUYECKHMMH MaciiTadamMH B JIFOOBIX MaTepHallbHbIX Ccpe-
JlaX BEIECTBEHHOTO MHUpPA, UMEET MOATBEp)KIeHuEe B skcnepuMenTax Pommna—Ioauna u Co-
6oseBa [32, 33] u SABASAIOTCA OJHUM M3 CaMbIX Ba)KHBIX MPEAMOJIOKEHUHN 711 HACTOSIICH pado-
THI.

B uem 3akimrouaercs 3Ta «BaXKHOCTBY:

— MHOT'OCJIOMHBIE COJIMTOHBI 00pPa3yIOTCs TOJIBKO B TOM Cllydae, €clii OHU 0Opa3oBaHbl Ha
IpaHUIIE BEIECTBEHHOIO MUPA, T. €. HAKAYKa YHEPTUU E,, B COJUTOH MPOU3BOJUTCS U3HYTPH HA
4acTOTE KBa3MYACTUL] — PETUKTOBBIX ()OTOHOB;

— B BEILIECTBEHHOM MHUPE COJMTOHBI 00pa3yIoTCsl TOIBKO 3HEpruen £, u TOJIbKO B MpoIiec-
cax npeobpa3zoBaHus pa3nUyHbIX popm E,, T. €. HaKayka 3Hepruu £, B COJIUTOH BCErAa IPOU3-
BOJIUTCS U3BHE Y€PE3 BHEIIHIOK 000JI0UKY COJTUTOHA.

MokHO moka3arb, YTO, B OTJIMYME OT HAKAYKU SHEPTHEW U3HYTpH, IIPU HEOTPAHWYEHHOMN
HAKa4yKe dHEPruu B BUXPb WM COJUTOH U3BHE — OHU HEM30eKHO OyayT pa3opBaHbl LIEHTPOOESK-
HBIMHU CHUJIaMU Ha 0oJiee MEJKHUeE..., He 00pa3ysl Mpu 3TOM BHYTPEHHUX CIIO€B. DTO MPOU3OUICT
110 TOM NMPUYUHE, YTO TPAAUEHT JUHEHHBIX CKOPOCTEH, MEHSIOIMICA OT HYJIS B IEHTPE 0 MaK-
CUMaJIbHOTO — Ha nepudepun OyneT BO3pacTaTh OO0 KPUTHUYECKOTO 3HAUYEHMSI, 00YCIOBIEHHOTO
MIPOYHOCTHIO MAaTEPHAIILHOM CpPe/Ibl COJTUTOHA (BUXPS).

PeanbHble, HO HeHabOMOJaeMble aHAJIOTM O000JOYEK U sIep B pealbHO CYLIECTBYIOIIHUX
BHUXPSAX BEIIECTBEHHOTO MHpa — 3TO HEOOXOIMMOE HEJO0CTAIOIEe 3BEHO B JIOTMYECKOM 00O0CHO-
BAHUU BO3MOXXHOCTU pEIIEHUs TIJI00albHON HSKOJIOIMUYECKON MpPOoOJIeMbl OKOJIO3€MHOTO IIpo-
CTpaHCTBa IIPU HEOTPAHUUEHHOM POCTE MOTPEOIEHUS SHEPTUM YesloBeuecTBOM. boiiee nmoapob-
HO MbI OCTaHOBUMCS Ha 3TUX BOIIpOCax B Iiase 26.

19.2. PacyeTHble cXeMbl ABUXEHUSI 3HEPIrUU B CONTUTOHE.

19.2.1. KoneuHoli 1enbto pa3pabOTKH pacyETHOM CXEMbl JIBUJKEHUS SHEPrUU B COJIUTOHE
SBJIIETCS HaXOXKJCHHUE TEX «QJIIEMEHTAPHBIX MEXaHU3MOBY», B COOTBETCTBUU C KOTOPHIMU B COJIU-
TOHE BO3MO>KHA 3BOJIIOLIMS SHEPTUH KBAaHTOBOI'O BaKyyMa B Ty WJIH UHYIO CTOPOHY U KOTOPBIMU
MOXXHO YNPaBJISATh B TEXHHUUECKUX cucreMax. Ho /g 3Toro HeoOXOAMMO BBISICHUTH IPUUUHY

TPYAHOM TOCTYMMHOCTHU K SHEPTHUH si/ipa U BHYTPEHHUX 000JI0YEK aTOMOB.

129



Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BAaKyyMa.

Kakas pacuerHast cxema JoJKHA OBITh MCIOJIB30BaHA INPH peau3aldy KOMIBIOTEPHOU
MO/ IBUKEHUS SHEPIUn?

[To-BuauMoMy, B HpHUHIMIE — Jit00as, ydyuThiBaromas (ppakTaJIbHOCTh M'€OMETPUUYECKON
CTPYKTYpBl SHEPTUU B COJUTOHE M KBAaHTOBOM BaKyyMe, pa3pa0OTaHHas Ha OCHOBE KOHIIETILIUU
IBYX BHUJIOB dHepruu. JIuipe Obl pacyeTHas MOJENb MpeaycMaTpuBajla «aBTOMATUYECKYIO IBO-
JIIOLMIO PAacYETHOI'O CLIEHAPUS» C BBIXOJOM PE3Y/IbTaTOB Ha M3BECTHBIE (PEIEpPHBIE) MapaMeTphl
COJIUTOHA.

Cpa3y e OoroBopumcsi, YTo B HacToslle paboTe TakOM pacyeTHOI CXEMBbI €llle HET, €CTh
TOJIBKO OTJieIbHbIE ()parMEHThl, KOTOPble HEOOXOAUMO MPOBEPSTh Ha YUCIEHHBIX SKCIIEPUMEH-
Tax. OTMETUM TaKXke, YTO U3BECTHbIE MAaTEMAaTUYECKHE MOJIEJIA COJIUTOHOB, HAl[pUMEP PACCMOT-
pennbie OununmosiM, HoBokiieHoBeiM, LllTepaom B padotax [16, 17, 34|, ansa peuieHus mo-
CTaBJICHHOM 3aJ1a4i HEMPUTOJIHBL, T. K. HE BIIOJIHE OTOOpaxaroT GU3NYECKUE PeaIbHOCTH.

HecmoTps Ha To, 4TO HaHOOJBILIYI0O MOIIIHOCTh MOXHO HOJYYUTh TOJIBKO C IIOMOILBIO pe-
JUKTOBOro (poTOHA, OOJIEe MOIXOIIIEH MOJENIbIO COJIMTOHA HA HAYaJIbHOM 3Tare 3KCIIepUMEH-
TaJbHBIX HCCIICJJIOBAaHUIM TMPEJCTABIIAETCA JJIEKTPOH, YYMTHIBas, 4YTO paboTa € HUM, IIO-
BUJIUMOMY, O€30macHeil W IpU SKCIEPUMEHTaX C IJIEKTPOHOM HMeEETCs OOIIMPHBIA apceHal
AJIEKTPOTEXHUYECKOTO OCHAIICHUS, HEOOXOIUMOro Jjsi MPOBEICHHS MPOBEPOUYHBIX IKCIIEPH-
MEHTOB.

OTmeTHM, 4TO MPUMEHUTENBHO K JIEKTPOHY, TaK )K€ KaK U K (JOTOHY, HEOOXOIMMO OTKa-
3aTbCs OT MOHATHS CTaOWiIbHOM yacTuilbl. M3 cBOMCTB (pyHIaMeHTaNbHBIX (U3NYECKUX KOH-
CTaHT CIIE€AYET, YTO ANIEKTPOH, KaKk U (POTOH, POKIAETCSI KBAHTOBBIM BaKyyMOM JIMIIb IPU U3Me-
HEHMH CTOXaCTUYECKOI'O JBWKEHUS 3HEPruu (U3MUEcKoro Bakyyma E,,. IIpuunHON poxaeHHs
ATUX YacCTHI] ABJIIETCS HEHYJIEBOE 3HAUEHME TPAJMEHTa OJHOIO M3 IapaMeTpoB TOKAa SHEPIUU
IIPU JAOCTATOYHO BBICOKOM IUIOTHOCTH JMHUMA TOKOB SHEPrUU C TaKUM rpajaueHToM. [Ipumenu-
TEIBHO K 3JIEKTPOHY TAKOM MPUUYMHON SBISETCS Pa3HOCTb HANPSYKEHHOCTU 3JIEKTPUUYECKOTO TO0-
JI51, TOCJIe OOHYJIEHHSI KOTOPOH 3JEKTPOH «HCUE3aeT», «PacTBOPSAETCS» B (PU3NUECKOM BAKyyMe,
a HOBBIE — «HE BO3HUKAIOT»

B Hamell uHTEpnpeTaiy BCEM MOHATHBIA JJIEKTPUYECKHUM 3apsii ABISETCA «3aMacKHpO-
BAHHBIM BPEMEHEM», KOTOPOE XapaKTepU3yeTCs BTOPOU MIPOU3BOTHON SHEPTUU dzEgp /df’.

3akoH Kynona sBisercs 3akoHOM npeoOpa3oBaHus 3Hepruu Buaa £, B sHepruto suja £,
T. €. SBJISI€TCS] 3aKOHOM KOH/IEHCAIlMU SHEPrHUH KBAaHTOBOTO BaKyyMa. TOK 3JIEKTpUYECTBa B IIPO-
BOJIHUKE TIPEACTABIISIET COO0M BUXPEBYIO MEJICHY (BOJIHY), KOTOpas MEPEHOCUT SHEPTHIO 10 TI0-
BEPXHOCTH NPOBOAHUKA. [Ipu 3TOM 3BOIONMS BUXPEBOM INENEHBI, KaK CUCTEMa BUXpEH B uie-
QJIbHOM JKUJKOCTH, B 3JIEKTPOH HHUKOTJAa HE 3aBEepIIaeTcs, T. K. OCh TPYObl BUXPEBOIl IMEIEHBI

COBIIAJAET C OCbIO NPOBOJHUKA, a JUIMHA TPyOBl — C JUIMHOM IIpoBOJHUKA. Buxpesas nesneHa
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ANEKTPUYECKOTO TOKA BO3HUKAET TOJBKO MPU HAIWYUU PA3HOCTH MOTEHIMAJa HAa KOHIAX IIPO-
BOJIHMKA U IpEJCTaBiIseT co00M CIMBIIMECS AJIEMEHTapHbIE BUXPHU C TOXKIECTBEHHBIMH Iapa-
MeTpamu. TakuM 00pa3oM, B COBPEMEHHOM (U3UKE B TOKOMPOBO/IAX B KAUECTBE JIEKTPOHOB MH-
TEPHPETUPYIOTCS TaKHe dJIEMEHTapHbIe BOJHBI. OJTHAKO JIEMEHTApHbI BUXPh-BOJIHA B IOBEPX-
HOCTH INPOBOJHUKA MPHU ONPECIIEHHBIX (U3NYECKUX YCIOBHSIX CTPYKTYpUPYETCS B COJIMTOH-
3JIEKTPOH, U 3TO CONPOBOKIAETCS OOJIBIIMM KOJMYECTBOM KOHJCHCHUpYIOILEHCs sHepruu E.,. B
KayecTBe MpUMepa Mbl IPUBOUM 3jieKTpuueckue Mamunbl Cepna u Poummna—I oauHa.

Otmerum, uto KIIJ[ > 100% B Ha3BaHHBIX MaIMHAX OOBACHSIETCS TOJBKO TE€M, YTO IPO-
JOJKUTENBHOCTD KU3HU COJINTOHA B MIOBEPXHOCTH MPOBOJIHUKA BBIIIE, YEM BUXPS, KOTOPBIH B
OOBIYHBIX AIEKTPUUYECKUX MAIIMHAX B COJIUTOH HE CTPYKTYPUPYETCS.

[TonmyueHne aHOMAaNbHO BBICOKOW OSHEPIMM B Ha3BAaHHBIX MallIMHAX 00ecreynBaIoch
YMEHBIIEHUEM BPEMEHM pejlakcallid CBOMCTB MaTepuajoB TOKO-IPOBOJOB IyTeM Mojadopa
aTOMHO-MOJIEKYJIIPHOTO COCTaBa M IMPUMEHEHUS CIELUATbHON TEXHOJIOIMU U3TOTOBIIEHUS IPO-
BOJTHUKOB.

BosHukaer Bonpoc: MOKHO JIM BO3/EMCTBOBAaTh HA CBOMCTBA peJaKkCallM¥ TOKOIPOBOJOB
6e3 u3menenust marepuainos? [lonaraem, uto 310 Bo3MOkHO. [IocKk0IbKY BUXpEBas ejieHa dJeK-
TPUYECKOTIO TOKA HAXOAUTCS B TOHKOM CJIO€ IIOBEPXHOCTH MPOBOJHMKA, TO, IIOMEIIAsl IPOBOJI-
HUK B BBICOKOYACTOTHOE I0JIE C ONPEAEICHHOW CTPYKTYPOU SHEPTUH, MOKHO MOJYyYUTh YMEHb-
LI€HHE COMPOTHUBIICHUS MPOBOJHUKA 33 CUET CTPYKTYPUPOBAHUS BUXPEHU B CUCTEMY COJIMTOHOB.
[To-BuaMMOMY, MOKHO MOJYYHUTh U IPOTUBOTIOJIOKHBIN PE3ybTaT.

[Tonaraem, uro conutonsl Paccena, o6magas 00NBIION MAacCOM M TEOMETPUUCCKUMH DPa3-
MepaMH, BOSHUKAIOT U HCYE3aI0T aHAJIOTMYHBIM 00pa3oM.

Bo3MOXxHO, 4TO B TOKOIIPOBOJAHMKAX 3JIEKTPUUECKUX MAIllMH MOHAJI00UTCS HAaHECEHHUE Ha
ITIOBEPXHOCTh TOHKOM IUIEHKHA OKCHJIOB PEAKO3EMEIbHBIX YIEMEHTOB.

19.2.2. B KOMIBIOTEPHBIX MOJENSAX aHAIM3a JABWKEHUS SHEPrUU HEOOXOAMMO MPOBEPUTH
HEKOTOpbI€ KOHIENTYyalIbHbIE MAaTEMAaTUYECKUE NMapaJOKChl U MapaJoKChl B CBOMCTBAX YHEPTUU,
HapuMep CIEAYIOIINH.

C otkpeiTeM MuxaitnnyeHko 1 JIbBOM CBONMCTB OMHAPHOCTH MaTEMAaTUYECKUX MHOXKECTB
MBI paccMaTpuBaeM OMHAPHOCTh KakK IPOSIBICHHUE CBONCTB JAECTEPMUHHPOBAHHOCTH JBHXKECHUS
IBYX BUJOB 3Hepruu. OGHapyKeHHbIE CBOWCTBA MIPOU3BOIHBIX S3HEPTHH 110 IPUPAIIECHUIO JIF000-
r0 XapaKTepUCTUYECKOIO IIapamMeTpa TaAKkKe CBUAETEIBCTBYIOT O «OKECTKOW JIETEPMUHHUPOBAHHO-
CTH» JIBUYKEHUS SHEPTUU U3 OECKOHEYHO MaJIbIX OKPECTHOCTEM MaTeMaTHUYecKON TOYKHU KBAHTO-
BOTO BaKyyma B BEILIECTBEHHBII MUp M jJajiee — B OECKOHEUHO OOJbIlINE OKPECTHOCTH TOM K€
«pasnyBaromieiicss TOuku». M3BecTHBIC 3aKOHBI (DU3UKU M IO OMPEACIICHUIO U 0 CYTH CBHJIC-

TCJIBCTBYIOT O J€CTCPMHUHHUPOBAHHOCTH SHEPIr€THUICCKUX ITPOLECCOB.
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Bce aT0 npoTrBOpeuUT 0OLIETPUHATOMY aKCHOMAaTHYECKOMY MOJI0KEHUIO O CTOXACTHYHO-
CTHU BEKTOPHOTI'O IOJIA SOHEPTHUH KBAHTOBOI'O BaKyyMa, OT KOTOPOT'O, MMO-BUANMOMY, OTKAa3bIBATLCA
HEJb3sL.

He cremyer mu u3 Bcero 3Toro, 4To BCe aTOMbI XUMHUYECKUX JIEMEHTOB — 3TO PE3yJIbTAThI
ACTCPMUHHUPOBAHHOTO JABUKCHHA SHCPIrun M3 OECKOHEYHO MaJlbIX, IO TCOMECTPHUICCKUM pPaA3ME-
paM, MaTEMaTHYCCKHUX TOYCK KBAHTOBOI'0O BaKyyMa C pa3n1/1qH0171 «HAYAITLHOM» IIIIOTHOCTBIO
OHEPIryvr, a HC UTOTHW Pa3IMYHBIX CHCHAPUCB 3BOJJIONHWU SHCPTHUH HA I'paHUIEC BCIICCTBCHHOI'O
MUpa, Ja0lX pasIMIHbIC KOHCYHBIC PC3YJILTAThI B BUJAC aTOMOB Pa3JIMYHbIX XUMHUYCCKUX 3JIC-
MEHTOB?

OTMCTI/IM, 4TO I'paIUCHT U IIJIOTHOCTH O — 3TO JBa IMapaMe€Tpa SHCPruu, KOTOPLIC B CTOXAC-
THUYCCKOM ABMXKCHUU, T. €. B cI1a0BIX B3aI/IMOI[eI\/'ICTBI/I$IX, B3aMMHO HE3aBUCHUMbI, HCCMOTPA HaA TO,
9TO P—0 a B CHJIBHBIX — 00ECIIEUMBAIOT OINPENEICHHYI0 MOIIHOCTh KOHACHCAINH, TAJIEKO He
OECKOHEYHO OOJIBIIYIO.

Bo3HuKkaeT Bompoc: eciy MIOTHOCTh PHEPTUU KBaHTOBOTO BaKyyMa OECKOHEYHO BEIIMKA,
TO IMOYEMY aHOMAJIbHAas 3HEPrusd, mnojaydacMasd B U3BCCTHBIX TCXHUYCCKUX CUCTEMAX, TaK Maja,
[I0YEMY OHa TPYIHOAOCTYyIHA?

Ha sToT BOonpoc MBI yxe npeyiarainy psifi OTBETOB, MPOSICHAIOIINX €70 JIMIIb YaCTUYHO.

HJ’I?[ IMOJHOTBI OTBETAa Ha 3TOT BOIIPOC HGO6XOI[I/IMO IOHATh HNPHUYHUHY HCAOCTYIIHOCTHU
OHEPIHUH, 3aKIIIOYEHHON BO BHYTPCHHUX 3JICKTPOHHBIX 000JIOUKax U B AApE aTOMOB. HOH?[B,
MOKHO 3KCTPAIoJIMpoOBaTh 3TO NIOHUMAHUC B KBaHTOBBIHN BAaKyyM, YYUTBIBAs, YTO DOHCPIUA B HEM
HMECT TOXIACCTBECHHBIC TCOMCTPHUYCCKUEC CTPYKTYPEI, HO MCHBIINUX 'COMETPUUCCKUX MaciTaboB.

Bosnb! sHeprum, uaynme u3 06CKOHEUHO MaJIbIX, IO TEOMETPUUECKUM pa3Mepam, TIyOuH
KBaHTOBOT'O BaKyyma, CTPYKTYPUPYIOTCS B BEIIECTBEHHOM MHpE B HEOObIYaHO CTAaOWUJIbHBIE
DHEPIreTUYECKUE CTPYKTYPBI — aTOMBI XUMHYECKUX JJIEMEHTOB.

Ecmm PA3JIMYHBIC ATOMBI XUMHUUYCCKUX J3JICMCHTOB MNPUHAMJICKAT pa3HbIM BCIICCTBCHHBIM
MHUpaM, TO U3 OMHApHBIX CBOMCTB 3HEPIUM, IMPUHLHUIIA HAUMEHBILIEro JEHCTBUS U CTPAHHOIO
CBOMCTBA BHEIIHEH 000JIOUKH COJIMTOHA — HUKAK HE BIUATH Ha BHYTPCHHUC COCTOAHUA U CBOM-
CTBAa MAaTE€pUU COJIMTOHA — JIOTMUYECKU CIIEAYET, YTO MPU CTPYKTYPUPOBAHUM aTOMOB B MOJIEKYJIbI
B3&I/IMOHCI710TBI/IC ATOMOB JOJDKHO IMPOUCXOANTH TOJIBKO Ha YPOBHC BHCHIHHUX 3JICKTPOHHBIX 000-
JIOYEK.

HNuaue roBops4, HGO6XO)II/IMO OTBCTHUTH Ha BOIIPOC: HC ABJIAIOTCA JIM aTOMbBI «IIpUIICIIbLIA-
MI» U3 «KBaHTOBOTO MUpa» (pu3mdeckoro Bakyyma?

Ecmu 370 Tak, To Beenennast — 3To He ciydailHOE dHEPreTUYecKoe 00pa3oBaHue, a OJIMH U3
CTPYKTYPHBIX JIEMEHTOB SHEPrUU B uepeie OECKOHEUHO 0O0JIbINOI NMOCIe10BaTENbHOCTH IPE0o-

pa3oBaHWil KBAHTOB JHEPTUH, NIBIKYIIMXCS W3 OECKOHEYHO MAaJIOTO Hadaja B OECKOHEYHO
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00Jb1110€. DTO NEMEHT CTOSIUEH BOJIHBI, B KOTOPOH NMEPEHOCUTCS IHEPIHUs U3 OECKOHEYHO Majlon
TOYKH MaTepuu ¢ OECKOHEYHO OOJIbIION MIIOTHOCTHIO — B OECKOHEYHO 00JIBLIOE — C OECKOHEYHO
MaJIo¥ TUIOTHOCTBIO U 0OPATHO KaK aBTOKOJIEOATEIBHBIN MPOIIECC.

He cnenyer nu u3 31010, 4TO KOJIMYECTBO BCEJIEHHBIX, IIOJJOOHBIX HaIlleH, KaK UHBIX Bellle-
CTBEHHBIX MUPOB, COIIPSITa€MBIX JIPYT C IPYroM, paBHO yucity ABoraapo?

He sBnsiercs nu npuHAIEKHOCTh ATOMOB XUMUYECKHUX 3JIEMEHTOB MHBIM BELIECTBEHHBIM
MUpaM B OECKOHEYHO MajbIX INIyOMHaX KBAaHTOBOI'O BaKyyMma HEPBONPUYMHON TPYAHOIOCTYII-
HOCTH SHEPTUU BHYTPEHHUX AJIEKTPOHHBIX 000JI0YEK aTOMOB?

[Tonaraem, yto OuHapHbBIE CBOWCTBAa MHOKECTB MuxailinnueHko U JIbBa KOCBEHHO CBUJE-
TEJIBCTBYIOT 00 3TOM M MOTYT IPUBECTH K COBEPIICHHO HEMPUBBIYHBIM CXEMaM MpeoOpa3oBaHus
SHEpPruM B BEIIECTBEHHOM MHUpE.

Hanpumep, MOXKET BBISICHUTBCS, YTO BBICBOOOKJCHHUE SEPHON 3HEPTUU U AJIEPHOTO CHH-
T€3a Ha OCHOBE HCIIOJIb30BaHUS CYIIECTBYIOIIUX XMMHUUYECKHUX IEMEHTOB (TeX k€ — BOJ0PO/a,
KHUCJIOPO/1a U KPEMHHUSI) COBEPILIEHHO HETIEPCIEKTUBHBI:

BCE 3TO MPOIIE U JICHIEBIIE MOIYUYUTh MMyTeM KOHJIEHCAIMHN SHepruu £ B 3a7aHHble (HOpPMBI
sHepruu E, U XUMHUYECKUE 3JIEMEHTbI, HEOCPEACTBEHHO U3 KBAHTOBOTO BaKyyMa, MUHYS aTOM-
HO-MOJIEKYJISIPHBIE CTPYKTYpbI BEIIECTBEHHOIO MHUpPa, UCIOJb3Yys HUX JIMIIb B KaUeCTBE IreHepa-
TOPOB 4aCTOTHI ekTpoMarauTHoro moist ~10' ¢ st nanImupoBanms mpomecca KOHIEHCA-
LUU.

bunapnsie cBoiicTBa MHOXEeCTB MuxainndeHko u JIbBa MOTyT JaTh HEOOXOAMMBIE pac-
YETHBIE CXEMbI JIBUYKEHUS SHEPruu B coluToHe. HekoTophle acreKTsl MoJOOHBIX BOIIPOCOB pac-
CMOTpEHBI B CJEIYIOIIUX IIaBax.

19.2.3. O cBsI3M pacyeTHBIX CXeM ¢ (PU3HYECKHUMH SBJICHUSMH B IIPUPOJE U TEXHUKE U
C DKCIIEpUMEHTAIbHBIMU (haKTaMU B (PU3HKE.

Kak obecnieunTh HEOrpaHMUEHHBIH POCT MOTPEOJICHUS] HEHCUepHnaeMOl SHEPrunu KBAHTO-
BOI'0 BaKyyMa B Cllyyae €€ JIOCTYITHOCTH U IIPU 3TOM H30exaTh paccesHusi oTpaboTaBIlIel dHEp-
ruu E,, B OKOJIO36MHOM IIPOCTPAHCTBE, T. €. H30€KaTh TETIOBOTO 3arpsi3sHEHUsT aTMochephl?

K cuactsio, cTOK paccessHHOU 3Hepruu Buaa E, 0OpaTHO B KBAHTOBBIA BaKyyM BO3HUKAET
B TEXHMYECKUX CHCTEMaX aBTOMaTU4YECKH U OJHOBPEMEHHO C reHepalyell aHOMaJIbHOW SHEPTUH.

DTOMY €CTh IKCIIEPUMEHTANIbHbIE OATBEPKACHUS, U 3TO IPOUCXOIUT, BCIEIACTBHE JAECUCT-
BUSI 3aKOHA COXPAHEHUS JBYX BUIOB 3HEPTUHU, U MOJITBEPIKIACTCS PSIOM 3KCIIEPUMEHTAIbHBIX U
HaO0JaTeNbHBIX ()AaKTOB B TEXHUKE U B IPHUPOJE. DTO HAOIIOAAIOCH, HAIIpUMEp, IPU UCIIbITa-
HUsAX «koHBepTopa Poumna—I onuna» [33].

KoHBepTop ¢ BepTHKaIbHBIM PACIOIOKEHUEM OCH POTOpa ObLI YCTaHOBJIEH Ha MPYKUH-

HBIX Becax, uMen Maccy ~350 Kr u MoT BhIpadaThiBaTh aHOMAJIBHYIO DJICKTPOMArHUTHYIO YHEP-
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ruto ~7 kBT. McnibiTaHue KOHBEPTOPA COMPOBOKIAIOCH PSIIOM KpailHe HEOOBIYHBIX (PU3NYECKUX
SIBJICHHIA:

— B 3aBHCHMOCTH OT HAIlpaBJICHMsI BpalllEeHUsI pOTOPa, PU MAKCUMAaJIbHOM MOIIHOCTH, BEC
KOHBEpTOpa u3MeHwiIcsa Ha £35% oT oO01iero Beca B HEMOABUKHOM COCTOSTHUU (TIPU TIEpECcUeTe
Ha YUCTHIN Bec poTopa £50%);

— BOKpYT KOHCTPYKLIMU B paaunyce 15 M oOpa3oBanach cucteMa MarHUTHBIX 000JI0UEK 1H-
TuHApuYeckoi Gpopmsl (10 popme poTopa) ¢ TOIMHUHON MAarHUTHOTO CJIOS 5+8 cM, pacCTOSSHUEM
Mexay ciosimu 50+60 cMm U BbIcOTOM oOoJiouek Gosee 15 M (Bbllle U3MEpPEHUs: HE MPOBOIM-
JIUCB);

— B HETIOCPEJICTBEHHOM OJIM30CTH K KOHBEPTOPY U B MarHUTHBIX 000JI0UKAX U3MEPEHO Ma-
JIeHUE TeMIiepaTypsl Bo3ayxa Ha 6—8 °C mpu obmem ¢oue +22 °C;

— aHaJIOTMYHas KapTUHA HaOIr0Aanach U Ha BeICOTE 15 M Haj KOHBEPTOPOM, HECMOTPS Ha
UMEIoILIEeeCs Kee300eTOHHOE NMEPEKPHITUE Ha BBICOTE 5 M.

[TogoGHBIMU TTpOLIECCAMU HEOOXOJAMMO HAyYUThCS YIPaBJIATh, T. K. NPU YCTAaHOBJICHUU
TEPMOJIMHAMUYECKOIO PABHOBECUS B CHUCTEME TEXHHUYECKas CUCTEMa — OKpY’Kalollas cpeia»
BbIPa0OTKa aHOMaJIbHON PHEPrUM JIO0JKHA MpeKpamarses. O T0IroBpeMEHHOCTH JeUCTBUS (u-
3uueckux 3ppexToB npu padote koHBepTopa Poumna—I oauna B nyOnukanuu [33] e cooOmia-
nock. OgHako mpekparienue aeicTBus g dexra HaOmogaIoCh B TeXHUYecKoi cucteme Cobo-
neBa:

IIpY HACTYIJICHUU JWHAMUYECKOTO PAaBHOBECUS B CHUCTEME «3aMOPOXKEHHbIE HECTAOMIIb-
HbI€ COJIUTOHBI — MaTepHUallbHAsI Cpe/la YCTAaHOBKW» BbIPAO0OTKAa aHOMaJbHOW SHEPrUM NpeKpa-
manack. [locine HECKOIbKUX YacoB MOKOSI, BCIEACTBHE PEJIAKCALIMOHHOIO IMPOLEcca BOCCTaHOB-
JIEHUS «3aMOPOKEHHOM, TpU H3rOTOBJIEHHH, HECTaOWJIBHOCTH» COJMTOHOB B AaTOMHO-
MOJIEKYJISIPHOM cpesie pabouero Tela, ycTaHOBKa CHOBa Oblila TOTOBA K F'€HEpallud aHOMaJIbHOM
sHepruu (u3 nyonukauuit PUA «HoBoctu» u narenrta Ha uzo0Operenue [32]).

B ciydae npuBeneHus B JeiCTBHE MCTOYHUKOB aHOMAJIbHOW PHEPTrUM OOJBIINX €TMHHY-
HBIX MOIIIHOCTEH BOSHUKHET HEOOXOIMMOCTh PEIICHHS COBEPIIICHHO HEMPUBBIYHBIX MTPOOIIEM:

— BOKPYI MCTOYHHMKA aHOMAJIBHOW SHEPTrUM TeMIiepaTypa arMochepHOTo BO3ayxa OyaeT
MOHMKATHCS JI0 TIOYTH HYJIEBBIX 3HAYCHHH 10 IIKajie KenbBrHA; aHOMaJIbHBIE TEMITEPATYPHI BO-
KpYyTr UCTOYHUKA OYIyT paclpoCTpaHEHbI MO MJIOLIA/IU B JECATKU U COTHU T'€KTapOB, a MO BBICOTE
— Ha COTHU METPOB;

— U3MEHUTCS IUPKYISIIHS aTMOC(HEPHOT0 BO31yXa;

— OJIHOBPEMEHHO C I'eHepanueil aHOMaJIbHOM 3JIEKTPOIHEPTruu OyAET MPOUCXOIUTh I'eHe-
parysi MarHUTHOTO U I'PaBUTALMOHHOTO TOJIeH OO0JIbIION HAIPSHKEHHOCTH.

TakuM o0Opa3om, mpu MepeBOAE MPOMBIIIJICHHOCTH Ha HOBYIO SHEPrUI0 KBAaHTOBOI'O Ba-
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KyyMa MpHJIETCS peliaTb HOBbIE SKOJIOTMYECKHE MPOOIEMBI, a paCYETHBIE CXEMBbI JOJDKHBI YUH-
THIBAaTh OKPYKAIOILIYIO Cpely KaK HEOTHEMIIEMYIO COCTABIISIOLIYIO YaCTh TEXHUUECKON CUCTEMBI.
Hamnpumep, B pacuetHyro cxeMy KoHBepTopa Ponmna—I onrHa, Kak TEXHUYECKOM CUCTe-
MbI, MOITHOCTBIO Bcero 7 KBT, NOMKHO OBITH BKIIIOUEHO OKpYXKAIOLIee MPOCTPAHCTBO IMIMH-
puueckoit popmbl 1uamerpom 6osee 30 M u BeicoTOM OoJiee 15 M.
MnaBa 20. [INOTHOCTL 3HEepPrMn KBaHTOBOro BaKyyma B MaTeMaTU4YeCKOWN TOUKe.

20.1. Maremarndeckast MOJEIb JBYX BHUJIOB PHEPIHUM M COOTBETCTBYIOLIME aKCHOMAaTHYe-
CKUE€ U MCXOJIHBIE MOJIOKEHUSI HAcTOsIIeNd paboThl MO3BOJISIIOT OOBSCHUTH JECITKU JEHCTBYIO-
IIMX MOJIO)KEHUN MaTeMaTUKU U (PU3UKH, paHee HE UMEBIIUX KaKUX-IH00 0ObSICHEHU.

«Pu3nyueckre» CBOICTBA MaTEMAaTUYECKON TOYKHU, KaK U psiji Apyrux (yHIaMeHTalIbHBIX
MOJIOKEHUI MaTeMaTUKH, Mbl PaCCMaTPUBAEM KaK OJIHO W3 OCHOBAHUH JUIsl MCIIOJIb30BAHUS Ma-
TEMaTUKU B KayecTBe (PyHIAMEHTAJIbHON «(pU3NYECKON MaTeMaTUKW» C LEeNbl0 pa3padOTKH B
JalibHENIIIEM METOUKY peoOpa3oBaHus JHEPIUH KBAHTOBOI'O BaKyyMa.

20.2. ITpuBeneHHBIE PACCYKJIECHUA O TOYKE XOPOUIO COIVIACYIOTCS C PAJOM CTPAHHBIX I10-
JokeHui (u3MKM U MatemMaTuku. Hanpumep, Takux Kak NPUHLIMIT HEONpeaesleHHOCTH [ eilzen-
Oepra um TeopeMbl Teopuu aHanuTHdeckux (QyHkiui Coxorkoro, Beitepmrpacca, Kazoparu,
bpuo, byke [8] u 6onbmias Teopema [lukapa [4, c. 456], U3 KOTOPBIX CIIEIYET:

— BO BCSIKOIl OKPECTHOCTU CYIIECTBEHHO OCOOOM TOUKHM aHATUTHYECKas (PYHKLHS MPUHU-
MaeT CKOJIb YrOJHO OJIM3KO€ KOMIUIEKCHOE (BEKTOPHOE) 3HaYeHHE, K Hallepe]l 3aJJaHHOMY KOM-
IJIEKCHOMY (BEKTOPHOMY) YHCIy, KpOME, ObITb MOKET, OJHOI0, HCKIIOUUTEIBHOIO, HYJIEBOTO
3HAYEHUS.

Ilpumeuanue. Cywecmeenno ocobas mouka zp AHATUMUYECKOU YHKYUU 8 KOMNIEKCHOU
NJIOCKOCMU — 2O MOYKA, 8 KOMOPOU He CYuecmsyem Hu KOHEUHO20, HU OeCKOHeuH020 npede-
71068 npu z —> zp 014 PYHKYUU, OOHO3HAUHOU U AHATUMUYECKOU, 8 HEKOMOPOU OKPecmHOCmU

9MOU MOYKU, HANPUMED, MOUKA Z) SEIAEMCs CYWeCmBeHHO 0cCo00U MOoYKou Ons (yHKYui

! 1 1
eé, zsin—, cos—+In(z+1)u op. npu zg =0, On5 € npu zg — © UCKAIOUUMETbHIM 3HAYCHUECM
z z

npu zg = 0.

Takum o6paszom, u3z teopem Coxoukoro, Beitepmrpacca, Kazoparu, bpuo, byke u [lukapa
CIIEYET, YTO B OKPECTHOCTAX JHOO0N MaTeMaTnyecko TOYKHU MOXET ObITh MpeoOpa3oBaHoO JII0-
0oe, Harepe 3a/1aHHOE, KOJIMYECTBO SHEPTUH.

Ha Bormpoc: kakoe MakcUMallbHO BO3MOKHOE KOJIMYECTBO YHEPIMH KBAHTOBOTO BaKyyMa B
ATOM TOYKE MOXKET OBITh MPEOOPA30BAHO B TEXHUYECKUX CUCTEMaX? — OTBETHM HIDKE.

20.3. U3 Teopemnr Coxomkoro, Belieptpacca, Kazoparu, bpuo, byke u Ilukapa cnenyer,

YTO MaTeMaTH4ecKas TOYKAa MOXKET OBITh MCIIOJIb30BaHa KaK MaTeMaTHIeCcKas MOJCIb COJIUTOHA,
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B KOTOPOM IUIOTHOCTh SHEPI'HH JBYX BUJ/IOB IPUHUMAET 3HAYCHHE £, >0, £, — 0

OnHako ¥ B TakOW CYIIECTBEHHO OCOOOW TOYKE, BO BCEM JHANa3OHE IeOMETPHYECKHUX
MacTaboB €€ OKPECTHOCTEN 00 CM, CyMMapHO€e aOCOIIOTHOE KOJUYECTBO MPEe0oOpa3yromIuXcs
BHJIOB SHEPTHH SIBJISIETCS KOHCTAHTOM aBTOKOJICOATEIIbHOW CUCTEMBI «KBAaHTOBBIN BaKyyM — Be-
IECTBEHHBIA MUPY.

Hanomuum, 4To 1MHaMUYeCcKd YCTOWUYMBAs aBTOKoJeOaTelnbHasi CUCTEMA — 3TO PE30HAHC-
HOE COCTOSIHUE KOJIEOIIOMIMXCS BUJIOB SHEPrUHU, B KOTOPOM, COTJIacHO Teopuu pezoHaHca Ilo-
JIMHTA, KOJIEOTIOTCSI paBHBIC KOJIMYECTBA SHEPTUH.

20.4. YuuTtsIBas, 4TO 3HaKU E,, U E, Bceraa NpOTUBOIOJIOXKHBI, UX CyMMa, KaK «COOCHBIX»
BEKTOPHBIX BEJIMYMH, Ka3aJoCh Obl, JO/DKHA OBITh paBHA HYJIO, TP PABEHCTBE UX MOMIYJICH.
OnHako HEHYJIEBOE 3HAUCHHUE 3apsIOBOM aCHMMETPUM BEIIECTBEHHOTO MHUpPA MO3BOJISIET Mpe-
MOJIOXKHUTh, uTO E,, KaKk BEKTOP, I0DKHA OBITh paBHA BEJIMUMUHE 3aPSI0BOM ACHMMETPHH COJIUTO-
Ha.

[Tockonpky E, B pa3iWYHBIX COJIMTOHAX pa3iinyHa, TO HEOOXOIUMO OOCYXIaTh OTHOCH-
TEIbHBIE KOJMYECTBA PHEPTUM — IJIOTHOCTH KaXXJOTO BHUIA SHEPTHH B KaxaoM coiutoHe. Ho
JUTSI 3TOTO JIOTUKY aHaJIN3a HE0OOXOMMO TPUBECTH K €IMHUYHOMY COJIUTOHY, & B BEKTOPHYIO aJl-
reOpy BBECTH HOBBIC MTOJIOKEHUS.

20.5. CooTtHouienue HeompeneneHHoctel ['eiizeHOepra u aHamuTHueckue Gopmynbl AJs
(GyHIAMEHTAJIBHBIX (PU3MYECKUX KOHCTAHT MO3BOJIAIOT OLEHHUTh ILUIOTHOCTh SHEPruM BUAA E.,,

JOCTYIIHYIO JJIs TpeoOpa30BaHusl B BEIIECTBEHHOM MUpE (B TEXHHUUECKUX CHUCTEMAX):

AE,-E,=h, AE, = Ei , Tne h —nocrosHHas IlnaHka.

M

W3 npuBeeHHBIX COOTHOLIEHUH CIIEYET, YTO MAaKCUMAJIbHO BO3MOXKHOE KOIHYECTBO AE,,
MOKET OBbITh IPEOOPa30BAHO TOJBKO B AJIEKTPOMArHUTHOM I10JI€ B MaT€PHAJIbHBIX CPelax ¢ MHU-
HUMaJIbHOU IUNIOTHOCTBIO E,,, T. €. B «IIyCTOTE», C y4aCTUEM MUHHUMAJILHO BO3MOXHbBIX KBAaHTOB
SHEPruu MOJis, T. €. PEIUKTOBBIX (POTOHOB WJIM KBAa3UYACTHIL C TOXKJAECTBEHHBIMH CBOMCTBaMH (B
OoJiee MJIOTHBIX CPeAax), MOCKOJIbKY 0ojiee «MEIKHE» YaCTHUIbl JUIl MCIIOJIb30BaHUS MOKAa He-
JOCTYITHBI.

Mo>kHO 1MoKa3aTh, 4YTO MOIIHOCTh KOHIEHCALIUU SHEPTUHM KBAHTOBOIO BaKyyMma B paboueit
cpele, COCTABICHHOH TONBKO M3 JEKTPOHOB Ha aecsth mopsiakos (10" pas) menbire momtHo-
CTH, UHIYLUPYEMOI PETUKTOBBIM (DOTOHOM.

OTmeTHM, 4TO aHOMaJIbHasl SHEPrus, NOJy4yeHHas: BO MHOYKECTBE TEXHMUYECKHUX CHUCTEM
(yuutbiBas 3apyOexHyr0 MH(POPMALINIO), «HUYTOKHO Maja» €lle U MO JIPYrMM IpUYUHAM: B
TEXHUYECKUX CHCTEMax MCIOJIb3YIOTCS MaTepUaIbHbIE CPEIbl CO «CIUIIKOM OOJIBIIUMY BpeMe-

HEM pellakcallud ux ¢gusudeckux cBoicTs. Ilo 3Toil mpuunHe koHneHcauus AE,, CTaHOBUTCS
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«HUYTOXKHO MAaJIOi»: KaK TOJBKO CIEKTP YacTOT «CIMBAETCSA», TOKU HPHEPrMM KBAaHTOBOI'O Ba-
KyyMa 3aMbIKAIOTCSI «CaMH Ha ceOsi».

20.6. [{ns pa3pabotku Oyayiieil METOJAUKH MPOEKTUPOBAHUSA TEXHUUYECKUX CHCTEM HE0O0-
XOJMMO HCKaTh YMCJIOBBIE MOCIIEIOBATENILHOCTH U WX CBOMCTBA, OTOOpaxaromniue (u3nueckue
YCTIOBHSI BETBIICHHSI aHAIUTHYECKUX (YHKIHA, MOCKOJBKY BCE COJHMTOHBI XapaKTEPH3YIOTCS
MHO>KECTBOM IOCIIEA0BATEIbHOCTEN IIEJIBIX YMCENl — MaTeMAaTUYECKUX aHaJIOro0B MHOKECTB CO-
JIUTOHOB, BIIMCAHHBIX APYT B JIpYra U B «OOJIBILION COJIUTOH», paANYC KOTOPOTO MOYKHO MPUHATH
PaBHBIM €IMHUIIE BBIOPAHHOTO JJISl aHAJIN3a FEOMETPUUECKOro MaciiTada.

HekoTopbIM KOHILIENTYyaJbHBIM OCOOEHHOCTSIM YHMCIIOBBIX IOcienoBaTesbHoCcTe Pubdo-
HaY4yu U MPOCTBIX YUCEJI MOKHO MPEUIOKUTH 0OBICHEHUE yXKe ceiuac.

W3 cBOWCTB KPUTUYECKOTO COCTOSIHMSI BEIIECTBA U MAaTEMaTHUYECKON MOJIENH B COJUTOHE

CIIE/IyeT, YTO B KaK/I0i TOUKE BO BHEIIHEil IpaHuIe Moboro comurona AEL =Ef =1 (cM. puc.

2,c.53).
DTO MOXHO paccMaTpuBaTh Kak QyHIaMEHTAIbHYIO IPUYUHY TOTO, YTO MEPBbIE J[BA YKCIIa
B psiny @ubOOHAYYM PaBHBI CMHUIE HE TOJBKO B «OOJIBIIIOM COJIMTOHE», HO M B JIFOOBIX COJIUTO-

HaX, BIIMCAHHBIX B HEI'O:

d'E, d'E,

p

dt" dt"

OTo sBAsSETCS TakkKe (PyHIaMEHTaIbHOU NPUYMHON «paboTocrocodHoCcTH» akcuoM Ileano
it uucia 1, mpuBeaeHHbIX B raase 12 [8, ¢. 79], Heu3SMEHHO MOATBEPKIAEMBIX JIOTUKOW MaTe-
MaTHUYECKOT0 aHaJIu3a.

[Tockospky aBTOKOJIEOATEIBHBIN MPOIIECC MPeoOpa3oBaHMUs IBYX BUJIOB YHEPTUU B COJIU-

TOHC MPOHCXOAUT B PE3OHAHCHOM COCTOSAHHH, TO I CAUHHUYHOI'O COJIMTOHA MOXKEM 3allncCaTb

p
A}

+|EX|=2. 1. AEY =EX
DTO MOXKHO pacCMaTpuBaTh Kak (PyHIaMEHTAIbHYIO IPUYUHY TOTO, YTO PSA MPOCTHIX YH-
CEJI HAUMHACTCS ¢ Ymucia 2.

Bce 310 00BsicHSIET TakKe OJHO M3 BAKHEWUIIWX JUIsl Halied paOOThI CIEACTBHI aKCHOM
[Teana: moyemy B Ka4eCTBE €MHUYHOTO 3HAUYCHUSI MOKHO NMTPUHUMATH JIFO0YIO KOJTUYECTBEHHYIO
Mepy PHEPTryU B IUAMA30HE KOJWYECTB +00, MOYEMY MPU aHAIH3E JIFOOOT0 COJIMTOHA €T0 MOYHO
paccMaTpuBaTh Kak €IMHUYHBIN COJTUTOH.

20.7. Cnenaem HEOOXOAMMbIE OSICHEHUS, [TOYEMY MOJTYYUIIOCh UMEHHO YHUCIIO 2 U KaK 3TO
CBSI3aHO C PE30HAHCHBIM COCTOSIHUEM DHEPTUH B COJTMTOHE.

B npenpinymiei rinaBe Mbl NPUIIUIA K MPEIJIOKEHUIO pacCMaTPUBATh MIPOCTPAHCTBO COJIU-

TOHA KaK CUCTEMY CTOSYMX BOJH 3Hepruul AE,, n E,. B ceueHnH IIOCKOCTBIO KaXK1as TpEXMep-
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Hasl CTOsiuasi BOJIHA MOJKET ObITh BOOUMIO HaOJI0/laeéMa B HEKOTOPBIX pealbHbIX Ipolieccax Kak
CUCTeMax TaK Ha3bIBa€MbIX y3JI0B U Iy4yHocTed. CTosuas BOJHA KaK «IUIOCKas MOJIENb COJIUTO-
Hay) 00pa3oBaHa JABYMs BOJHAMHM, PACIIPOCTPAHSIOMIMMUCS OTHOCUTEIBHO APYT Apyra B IPOTH-

BOITOJIOKHBIX HAMPABICHUSIX U CO CIIBUTOM T10 (haze Ha yroJ, KpaTHbIN /4,

DKCIIEpUMEHTANIBHO J0Ka3aHO, YTO JI00bIe OTKIOHEHUS MO (a3ze MPUBOJAT K 3aTYyXaHHUIO
cTostueit BoJHBL. 110CKOIBbKY B CTOSYEH BOJIHE YUacTBYIOT JIBE BOJIHBI, TO CyMMapHasi 3HEPTUs B
o0yacTu 0OAHOM MYYHOCTH IO MOJYJIIO paBHa 2.

Takum o6pazom, yucio 2 B mociieoBaTeIbHOCTH PUOOHAYYN U MTPOCTHIX YUCEN XapaKTe-
pHU3YET IBYMEPHBII TOK SHEPTUH, T. €. B IJIOCKOCTH, T. €. TOK SHEpruu Bujaa E,,.

Ecnu unciio 2 xapaktepusyer ABYMEpPHOE MPOCTPAHCTBO, & YUCIO 3 — TPEXMEPHOE, TO YTO
MOTYT XapaKTepU30BaTh B HA3BaHHBIX [TOCJIE0BATEIbHOCTAX OCTaIbHbIE Ynca?

Mpl noslaraem, 4To HaKOIMJIOCh JJOCTaTOYHO OCHOBAHUM JUIsl AOMYIIEHUS, YTO pa3InyHbIe
YHCJIOBBIE MOCJEI0BATENBHOCTH, Oylydd OJHOMEPHBIMU, XapaKTEpPU3YIOT, TEM HE MEHee, BECh
ABOJIIOLIMOHHBIN MPOIIECC U3MEHEHHUSI MEPhl MHOKECTB TOKOB YHEPTUU — OT HYJIb-, OJTHO-, IByX-,
TPEXMEPHOTO... — 10 OECKOHEYHOMEPHOIO IIPOCTPAHCTB, KaK (pOpM CyILIECTBOBAHUS JIBYX BUIOB
SHEPTUH, HAXOSIINXCS B COMPSDKEHHBIX JTMHEWHBIX MPe0Opa3oBaHUAX, HE3aBUCUMO OT MEPHO-
CTH SHEPTUHU LEJIOM.

VYuuteiBas, uto H. H. BopoObeB mokaszan BO3MOKHOCTh PaCpOCTPaHEHUsI CBOUCTB TMOCIIE-
noBatenbHOCTH PrOOHAYYM U HA OTPHUIATEIIBPHYIO 00J1aCTh YUCIOBOM OocH [21], yuuThIBas, 4TO
MaTeMaTH4eCKHE CBOMCTBA «OECKOHEYHOMEPHOIO» U «HYJIb-MEPHOI0» MPOCTPAHCTB MHOKECTB
KBaHTOB 3HEPTUU — TOXKJIECTBEHHBI, CJIEyeT IPU3HATh, YTO YMCIIOBas OCIIEI0BATEIbHOCTh DU-
OO0Hayuy, a yepe3 Hee U PsJI MPOCTHIX YHUCET — COJIEPKUT B cebe CBUAETEIbCTBA 3aMKHYTOCTH U
HEpa3pbIBHOCTH €IMHCTBAa YHHUBEpPCYMa B II€JIOM. DTO O3HAYaeT JEeMCTBUE 3aKOHA COXPAHEHUS
SHEpPruy B MaciiTadax BCcero YHuBepcyma.

He nMes npsMoro noka3aTenbcTBa TOXKAECTBEHHOCTH MAaTeMAaTUYECKUX CBOMCTB «OeCKO-
HEYHOMEPHBIX» U «HYJIb-MEPHBIX» MHOYXECTB, IIPUMEM 3TO YTBEP)KJEHHUE KaK YaCTHBINA CIydan
COMPSDKEHHBIX JIMHEWHBIX NMpeoOpa30oBaHUM JABYX MHOKECTB, €JUHCTBEHHOCTb U, CJIEI0BATENb-
HO, JICTEPMUHU3M KOTOPOTO J0Ka3aHskl [8, ¢. 553].

WNnaye roBopsi, mpeodbpazoBaHue IBYX BHJIOB SHEPTUU — 3TO 3aMKHYTBIA MPOLECC WHBAPH-
aHTHBIX NpeoOpa3oBaHuil B cebe «OECKOHEUHOMEPHBIX» U «HYJIb-MEPHBIX» MIPOCTPAHCTB, B KO-
TOPOM OJIHO-, IByX- U TPEXMEpPHbIE MPOCTPAHCTBA — 3TO MPOMEXKYTOUHbIE (POPMBI MOCIEI0BA-
TEJIBHOTO MpeoOpa3oBaHus (CyIIECTBOBaHMS) JBYX BUAOB SHEPrUM KBAaHTOBOI'O BaKyyma B Oec-
KOHEYHOM MHOXECTBE BO3MOXKHBIX, JUISI KOTOPBIX YHCIIOBbIE IMOCIEAOBATEIBHOCTU SIBJISIOTCS
MaTeMaTHYECKHUMHU MOJICIISIMH.

20.8. /lonosHUTENBHO OTMETUM, UTO MPH pa3paboTke Oyaylied METOAUKH CIEAYyeT UCXO-
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IUTh U3 TOTO, YTO JIFOOOM COJIMTOH — 3TO OJUH U3 (PparMEHTOB CUCTEMBI CTOSIYUX BOJIH SHEPTHUH,
pPacnpoOCTPaHSAIOIIUXCS B KBAHTOBOM BaKyyMe KakK OJIMH U3 «IOABMXKHBIX» (Aperyromux) aie-
MEHTOB MHTEep(EepeHIIMOHAIbHON KapTUHBI BOJIH 3HEPIMHM KBAHTOBOro Bakyyma. Ilpu stom Ha-
3BaHHBIN (parMeHT cTos4Yeil BOJIHBI Ha (POHE APYruX PparMeHTOB MPOSBISAETCS KaK MaTepuab-
HBI 00BEKT, IEMOHCTPUPYSI CUIIbHBIE B3aUMOIEHCTBHUSA, TOJIBKO MO OJJHOM IPUYUHE: MJIOTHOCTD
SHEPruy KBAHTOBOT'O BaKyyma B 3TOM (h)parMeHTe IpeBbICHIa HEKOTOPOE KPUTUYECKOE 3Haye-
HUEe. DTO BO3MOXHO TOJIBKO KaK CJIEACTBUE SIBICHHUS HMHTEP(EPEHLHH JOCTaTOYHO OOJIBLIOrO
KOJIMYECTBA TOXJIECTBEHHBIX CTOXACTUYECKHX BOJHOBBIX CTPYKTYp, MHAuY€ roBOpS, IJIOTHOCTH
SHEPruu KBAaHTOBOI'O BaKkyyMa. BO3HMKHOBEHHE KPUTHUECKOTO 3HAUEHHUS IJIOTHOCTU YHEPIUH B
OJIHOM U3 ()parMEHTOB CTOSYMX BOJIH SIBJISI€TCS HauajlOM HOBOI'O dTara SHEPreTUYecKOU 3BOJIIO-
LMY ATOTO (pparMeHTa B BEIIECTBEHHOM MUpe. BerencTBue HapylieHnss UM CUMMETPHUH BaKyyMma
U nposiBiieHus: ¢uznyeckux 3¢(EeKToB — 3axBaTa SHEPIUU COCEIHUX YaCTOT, MOSBIICHUS «3a-
MPEIEHHBIX» 30H SHEPTUH, TPEXMEPHOI caMO(POKYCUPOBKH TOKa SHEPrUH, T€HEPALUH KPATHBIX
4acTOT U Jp., U3BECTHBIX B HEJIMHEWHON ONTUKE, — ()parMEHT CTOSTYEN BOJIHBI CTAHOBUTCS MaTe-
pHAIBHBIM 00BEKTOM BELIECTBEHHOI'O MUpA.

20.9. HekoTopble ydeHbIE MOJIArar0T, YTO 3HAHUS YEJIOBEKA, ONBIT U JAPYTrUe MHTEIUIEKTY-
aJlbHbIE KauecTBa, HaKaIIMBaeMble UM B IIpoliecce 0OyueHUsl B T€UCHUE BCEW KU3HU, XPaHATCS
HE B MO3ry WJIM JPYroi 4acTH €ro Tejia, a B KBAHTOBOU cpejie (prU3MUecKoro BaKkyyma, «IIpOoIH-
TBIBAIOIICH» TEJI0 YenoBeka. Ecim ucxoauTh U3 TOro, 4To B 000 MaTeMaTHYECKON TOUKE MPO-
CTpaHCTBa CoJiepKUTCs Bea nHpopmalms o BeeneHHoM, a MO3r yenoBeka, Kak JIoOoi MaTepu-
QTBHBIN OOBEKT, «IIPOTMHUTAH» HA3BAHHOW CPEJO, W KaXKaash dJeMEHTapHas CTPYKTypa MoO3ra
B3aUMO/ICHCTBYET C HEH, TO CleyeT MPU3HATh, YTO MPOLIECC B3AUMOAECHUCTBUS MO3ra ¢ KBaHTO-
BBIM BaKyyMOM — 3TO U €CTh IMPOLECC MBILUIEHHUS], ITO MPOLIECC KIOTYyUEHHs» rojiorpaduiecKoit
«UH(pOpMaLK — SHEPTUU» U3 KAHTOBOI'O BaKyyMa.

[ToaTBepxaeHnEe peaabHOCTU Mpoliecca MOJydeHUs MHQOpMAIM MO3IOM YeJlOBeKa W3
KBaHTOBOT'O BaKyyMma I1O3BOJIMT YTOUHUTh HEKOTOPbIE IOJIOKEHHUS Oynylield METOAUKU MPOEK-
TUPOBAHMS TEXHUYECKUX CHCTEM, MOCKOJbKY B3aMMOJEHCTBHE MO3ra C KBAaHTOBBIM BaKyyMOM
MIPOUCXOJUT Ha ATOMHO-MOJIEKYJISIPHOM YpPOBHE, Ha KOTOPOM XHMHYECKHE B3aUMOJACHUCTBUS
aTOMOB M MOJIEKYJ MPOUCXOAIT Yepe3 MOCPENCTBO KBAHTOBOM cpeibl (U3UYECKOTO BaKyyMa,
YUUTBIBAsi OJJHO W3 CJEICTBUN KOHIEMNIUU ABYX BUAOB SHEPIUH, UTO JIIOObIE BHUJIbI B3aUMO/IEH-
CTBUSL MaT€pUH B BEIIECTBEHHOM MHpPE — 3TO PA3JIMYHbIC MPOSBICHUS TOJIHKO OJHOTO BHJA —

B3&I/IMO)IGI710TBI/I$I MaTCprur C KBAHTOBBIM BAKYYyMOM.
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MnaBa 21. Bzaumopgenctene 6MHapHbIX 3HEpPreTMY4eCKNX cuctem
C KBaHTOBbLIM BaKyyMOM.
21.1. BuHapHble CBOMCTBa 3HEepPreTM4eCKMX NpoLeccoB BelwecTBEHHOro Mupa.

buHapHOCTH 3HEpPreTHyecKuX MpoIEeCcCOB BELECTBEHHOIO MUPA, KaK Mbl ce0e IpeaCcTaBIIs-
€M, OCHOBaHa Ha aKCHOMATHYECKOM ITOJIOKEHHUH, YTO JIFOObIe (POPMBI IBIKEHHS YHEPTUU BHJIA
E,, mopo1eHBl B3aMMOICICTBUEM IBYX BUJIOB SJHEPTUH KBAaHTOBOTO Bakyyma £, u E,,.

BcenencTue B3amMoAeMCTBUS MaTEpHAIIBHONW Cpelbl C KBAHTOBBHIM BaKyyMOM W BO3HH-
KaIOIKX IpU 3TOM Pu3ndeckux 3¢ (HEeKToB — U3 MHOXKECTBA CJIa0bIX B3aMMOJEHCTBHM OCTal0TCs
U «ECTECTBEHHBIM» 00pa30M pa3BHUBArOTCs HauOoJiee «CUJIbHBIE» Impoliecchl. [Ipu 3ToM B cOOT-
BETCTBUHU C MPHUHITUTIOM HAWMEHBIIETO JIEHCTBUS JOJKHBI OCTaBaThCA TOJBKO OMHApPHBIE IMPO-
11€CChI, OMMMCHIBAEMbIC KBAJPATUUYHBIMU YPABHCHHUSIMU.

bunapHOCTh M KBaJpaTUYHOCTh KaK (PyHIaMEHTAIbHBIE CBOWCTBA BEIICCTBEHHOTO MHUpa
XOPOILIO COIJIACYIOTCSI C T€OMETPUYECKOW MOJEINbI0 3Hepruu E,, Kak JOCTaTOYHO Majoro, Io-
3TOMY IIJIOCKOT0, y4acTKa IMOBEPXHOCTH coMTOHA. Bee 310 moaTBepxkaaercs TepMOAMHAMUKON
HEPAaBHOBECHBIX IPOIIECCOB, YUUTHIBAS YTO BCE (POPMBI JBMKEHUS SHEPTHH — 3TO HEPABHOBEC-
HbIE MPOLIECCHI C Pa3IMUHBIMU HEHYJIEBBIMU IapaMeTpaMu cTabuiIbHOCTH. [I0CKOIbKY aHOMaIb-
Hast SHEPTHUSI MOXKET OBITH MOJy4eHa TOJIHKO B HEPABHOBECHBIX TEPMOIMHAMHYECKHUX MPOIECCaX,
TO HEOOXOIMMO PACCMOTPETh, YTO MPOUCXOAUT B TAKWUX IPOIECCaX B KOHIICTIIIUU JIBYX BHUIOB
SHEpPruu.

B HepaBHOBECHBIX TEPMOJAMHAMUYECKUX IpOIIeccax, coryiiacHo Teopeme OHcarepa, B JIO-
ObIX (PM3MUECKUX CHCTEMax, B KOTOPbIX UMEIOTCS TPaJUEHThl KaKuX-I10o (pu3mveckux mnapa-
METPOB (TeMIIepaTypbl, KOHIICHTPAIIMA KOMIIOHEHTOB, JABJICHUN, XUMUYECKUX MMOTCHIIHAIIOB U
ap.), «IpousBoAuTcs 3HTponus». Ilpu 3tom, cormacHo Teopeme Ilpuroxuna, craiioHapHOMY
COCTOSIHHIO CHCTEMBI COOTBETCTBYET MUHUMAJIBHOE TTPOU3BOJICTBO 3HTponuH [8; 35; 2, c. 589].

B Ha3BaHHBIX TeopeMax IpaaueHThl UMEHYIOTCSI CHjiaMHu X;. [Ipu 3TOM MpoOU3BOACTBO JH-

TPOIMHUHU O B CUCTEME PaBHO
m
0= inyi >0,
i=1

rac m — 4uciio HCI;'ICTBYIOHIHXTGPMOHHH&MH‘{CCKI/IX CHUII X;, ¥; — IOTOKH SHCPIHUH, BI3BAHHBLIC CO-
OTBCTCTBYIOIIUMHU TCPMOIAWMHAMHWYCCKNMHA CHIIAMH X;. CBs3b MCXKIAY X; U Y; COIJIACHO TCOPEMEC

Omncarepa, UMeeT BUJ:
Yi= za‘ik "X

€ Oy — KHHETUYCCKUC KOS(i)(i)I/IHI/IeHTLI, ONpCAC/IAOIINEC BKJIAZA pa3jIMYHbIX TCPMOIUHAMHNYC-

CKUX CHJI Xj.
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ECJ'II/I HECT BpaHleHI/ISI CHUCTEMBI W HET MAar"HuTHOI'O IIOJIA, TO ManI/IIIa KOS(i)(bI/IIII/ICHTOB
JOJDKHA OBITh CHMMETPHYHON Oy = Oy; (cooTHOmmeHue B3auMmHoctu OnHcarepa). Torma mpous-

BOJICTBO 3HTPOIINHA IPUMET BHUJ:
o= inocik ‘X,
ik

T. €. SIBJSIETCSI CYMMOM KBaJPaTUYHBIX (POPM OT KaXKIOUW Mapbl TEPMOJIUMHAMHUYECKUX CHJI, KOTO-
pble B3aUMOCBSI3aHbl JieiicTBUEM cyrneprno3uiuu. [locnennee o3navaer, 4to pe3yibTaT B3auMo-
neicTBus (TIPOM3BOACTBA SHTPOINHMH) 3aBUCHT HE TOJIBKO OT HAJIMYMsI MAarHUTHOTO TIOJISI WJIH
BpaIlIEHUs CUCTEMBI, HO U OT TIOPSIKA BBITIOJTHEHUS ACUCTBUIN CYIEPITO3HUITIH.

N3 Teopem Oncarepa u [IpuroxnHa BBITEKAaET CTPAHHOE CBOMCTBO YHEPTUU:

JUTSL HYXK]JT MHXKEHEPHOW MPAKTUKH B MAaTEMAaTUYECKUX MOJCIAX YHEPreTUYECKUX IMPOIlec-
COB MOKHO OTPaHUYMBATHCSI OMHAPHBIMU CUCTEMaMU BTOPOTo nopsiaka. Hampumep:

— B CJy4ae TEIUIONPOBOJHOCTU MPOU3BOJCTBO SHTPOINUU IPONOPLIUOHAIBLHO KBaApaTy
rpaIueHTa TeMIEePaTyphl U KOADPHUIIMEHTY TEMIOMPOBOAHOCTH;

— B CITy4yae BA3KOTO TEUEHUS — KBaJIpaTy IPaJIUCHTa CKOPOCTH U CABUTOBOM BSI3KOCTH.

OTMeTuM, 9TO BCSI aKCMOMATHKA KIIACCUYECKON TEOPETUKO-MHOKECTBEHHON MaTEMaTHKH,
HCI0JIb30BaHHOH B paboTe, OCHOBaHA HAa OMHAPHBIX AIreOpanvyecKuX ONepalusix, BHITOIHIEMbIX
JUTSI JTFOOBIX JIBYX AJIEMEHTOB YMCIOBBIX MHOXKECTB, B T.4. TAKMX KaK OTIEPAIMH CIOKCHUS U YM-
HOKEHHUS YUCell, CJIOKEHUSI BEKTOPOB, MOCJIEI0BATEILHOTO BBINOIHEHUS peoOpa3oBaHuil u Jp.,
3aKJIIOYEHHBIX B MATEMATHUCCKUX MOHIATHAX «TPyIIa, uaeal, Koasio» [7, ¢. 167,222, 274].

N3 xoHmenmuu AByX BUAOB SHEPTHUH U CBOMCTBA HE3aBUCHMOCTH MAPHBIX CBSI3€H BO MHO-
YKECTBE Tap B3aMMOCBS3aHHBIX MapaMETPOB SHEPreTHUUECKOW CHUCTEMBI, OTKPBITOTO YUYCHUKAMU
KynakoBa, cnemyer, uro Teopembl Oncarepa u Ilpuroxuna oroOpaxaror (yHIaMEHTATHHOE
CBOMCTBO KBAHTOBOTO BaKyyMa, ITO3BOJISIOINIEE Ja)KE€ B MHOTOCBSI3HBIX CHCTEMAaxX OT'PAHUYHUBATH-
Csl HE3aBUCHUMBIM aHAJIM30M TOJIBKO MAPHBIX CBSI3€H BTOPOTO MOPSIKA.

[TockosbKy aKCHOMATHYECKH MPUHSATO, YTO BCE MapameTpsl J0O0bIX (OopM U BUAOB SHEP-
ruu 00J1aJIal0T BEKTOPHBIMU CBOMCTBAMH, a B KaKJIOW MATEeMaTHYECKOW TOYKE TPEXMEPHOTO
MIPOCTPAHCTBA B3aMMHO HE3aBUCHUMBI TOJIBKO TPY OPTOTOHAIBHBIX BEKTOPA, TO MOSBICHUE B ATOM
TOYKE OOJIBIIEro KOJUYECTBA BEKTOPOB MEPEBOJUT BCIO CHUCTEMY CIIa0bIX CHUJ B CUCTEMY JBYX
B3aMMOCBSI3aHHBIX BEKTOPOB, T. €. B IIJIOCKOE MPOCTPAHCTBO. JTO O3HAYAET, YTO PE3yJbTaT Jei-
CTBUM HAJ BEKTOPAMHU 3aBHUCUT OT TOPSAKA BHITIOJHEHHS ACHCTBUU C BEKTOpPaMH, YTO COOTHO-
meHue B3auMHOCTH OHcarepa crpaBeUIMBO TOJBKO B OMHApHBIX cuctemax KymakoBa m OTO-
OpakaeT PHEpreTHYECKre MPOLECChl BO MHOKECTBE «IUIOCKUX pab04YuX MPOCTPAHCTBY», HAXOId-

IUXCA MCXKOY co0o B c1a0BIX BSaHMOHGﬁCTBHHX, T. €. B CTOXaCTHYCCKUX COCTOAHUAX.
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21.2. Bropoe u TpeTbe Ha4yana TepMoauHaAMUKM (CnpaBka).

OO6cyxas SHTPOINHIO, Yy YUTATENs, O-BUJUMOMY, BO3HUKHYT BOIPOCHI: KaK TPaKTYeTCs
BTOPOE U TPEThE Hayajla TEPMOAMHAMHUKY B KOHLIETIIUU ABYX BUIOB SHEPrUM?

OTBeTUM Ha 3TU BOIPOCHI C YIETOM UX KOHLIENITYaJIbHOM BaXKHOCTH JJIsl paccMaTpUBaeMoOn
TEMBI.

21.2.1. Bropoe HayaJ/10 TEPMOAUHAMMKH.

Bo BTOpOM Hayane TepMOJMHAMUKU peanu3yeTcs (pyHIaMEeHTallbHas METOJ0JIOTHYecKas
nOoTpeOHOCTh (PU3UKH, OCHOBAHHAsl HA TOM, YTO OHA M3y4aeT MPOIECChl IPeoOpa3oBaHUs TOJIBKO
CKOH/ICHCHPOBABILIEHCS IPAaBUTALIMOHHON S3HEPTHH (PU3UUECKOTO BaKyyMa.

Bropoe Hawano TepMOAMHAMUKHM YCTAaHABIIMBAET CYIIECTBOBAHHWE (DYHKIMU COCTOSHUS
TEPMOJIMHAMUYECKOU CUCTEMBI, TOJIYUUBIIEH TEPMUH «IHTPOIHUID S:

JIOCTaTOYHO Majlo€ W3MEHEHUE SHTPOIUU B TEPMOJMHAMUYECKOW CHCTEME ONpENeIIsieTcs

HU3BCCTHBIM OMIIMPUYICCKHUM COOTHOIICHHUEM:

T

rae dQ — nepeJjaHHOE CUCTEME KOJIMYECTBOTEIIOThI; /' — abCOIIOTHAsI TeMIlepaTypa Cuc-
TeMsl 10 1mKane KensBuHa.

[TockonbKy cOBpeMEHHasi TepMOJIUHAMHUKA M3Y4aeT TOJBKO CKOHJICHCHPOBAaHHBIE (DOPMBI
SHEPTHH, 2 HE3aMKHYTOCTh CUCTEMBI M HEOOPATUMOCTh TEIJIOBBIX IPOIECCOB B TEPMOIAMHAMHU-
YEeCKOH CHCTEME SIBIISICTCS PEaIbHBIM (PaKTOM, TO YUCHBIE BBIHYKICHBI KOHCTaTHPOBATh, YTO JH-

TpOIHsl, COTJIACHO BTOPOMY Hayally, «BCETJa» MOJI0KHUTEIbHA, T. €.
d
das > —Q
T

[Tockonpky »HTpONHsS paBHA HYMO (dS = () TOJBKO B THUMNOTETHYECKH H30JIMPOBAHHBIX
CUCTEMaXx, TO B PeaJIbHbIX cucTeMax dS > 0.

OO6mue cBoicTBa GyHIAMEHTAIBHBIX (PM3UYECKUX KOHCTAHT M BHITEKAIOIINE U3 HUX CIIE-
CTBUSI TIO3BOJISIFOT BBECTH CIIEAYIONINE UHTEPIIPETAIIUN SHTPOIINHU:

dQ = nh — xonu4ecTBO Teria (SHEPTHUN), TOKJIECCTBEHHOE KOJUUYECTBY PEIIMKTOBBIX (HOTO-

HOB, TJI€ 71 — YUCJIO PEIIMKTOBBIX (DOTOHOB; 4 — mocTosiHHas [lnaHka;
nh . o
T = v TeMIepaTrypa MaTepUalbHON CpeAbl TEPMOJMHAMUYECKON CHUCTEMBI, TOXKIECT-

BEHHAs MO (PU3UYECKOMY COJICPKAHUIO TFIOTHOCTH PEIIMKTOBBIX (DOTOHOB B MaTepUaIbHOM cpe-
JI€ CUCTEMBI.

s IMPUBCACHHOI'O BBIIIC CIICAYCT, UTO SHTPOIIUA
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g5 242 _nh _
r
!

— 3TO KOJIMYECTBO HWHIYyLIUPOBAHHOW TpaBUTAIIMOHHOW SHEPIHU (PU3NYECKOrO BaKyyMa,
KOHJICHCUPYIOILIEHCS B TEPMOJMHAMUYECKON cUcTeMe B (POpME CTOXAaCTUUECKHX PEIMKTOBBIX
(hOTOHOB.

Takum 06pazom, sHTponus dS — 3TO Mepa JAONOJHUTENbHON SHEPruK GU3NYECKOTO BaKyy-
Ma, IPOSIBISIEMOM B TEPMOJMHAMUUYECKUX CUCTEMAaX B CTOXaCTUYECKOH popme.

DeMeHTapHOE KOJIMYECTBEHHOE 3HaU€HUE SHTPOIHH MPECTABIIAET CyMMY KBAaHTOB DHEp-
I'YH, TIEPEHOCUMBIX PEMKTOBBIMU (POTOHAMH, HAXOIAUIUMUCS B «CBOOOJHOM» COCTOSIHUU, KaK
KBa3W4acTULIaMi KOJUIEKTUBHBIX B3aHUMOJEHCTBHM, XapaKTepU3yeT AMHAMUYECKOE COCTOSIHHUE
CUCTEMBI «MaTE€PHAJIbHBIN 00bEKT — (GUBNYECKUI BaKyyM»:

dS = const — paBHOBECHOE COCTOSIHHE, PABEHCTBO «IIPUTOKa» U «CTOKa» SHEPruu B Mare-
puaibHOM 00BbEKTE U3 (PU3MUECKOTO BaKyyMa U 00paTHO;

dS > 0 — o3HayaeT NPUTOK SHEPrUU B MaTepUaIbHBIH 0OBEKT U3 (U3NYECKOTO BaKyyMma,
XapaKTepU3yeT yBEIMUEHUE BHYTPEHHENW SHEPTUU 00BEKTa;

dS < 0 — cTok 3Hepruu B GU3NYECKUN BaKyyM, XapaKTepu3yeT YMEHbIIEHUE BHYTPEHHEN
SHEpPruu 00bEKTa.

Hapymenne croxacTuueckoil mpupo/sl mporecca Nepen3iydeHust MoJIEBbIX MUKPOCTPYK-
Typ MaTepUaJIbHOTO 0ObEKTa NEPEBOJIUT CUCTEMY «MATEpUATIbHBIH 00BEKT — (PU3HUECKUN BaKy-
yM» B HOBOE€ JMHAMHMUYECKOE PaBHOBECHE, KOTOPOE XapaKTEepHU3yeTCs HOBOM BEIMYMHONU SHTPO-
MU B MaTepuaibHOM OOBEKTE.

Bce u3BecTHbIE HEPreTUYECKUE MPOIECCH] BEIIECTBEHHOTO MHpA — 3TO KOJIMYECTBEHHbBIE
npeoOpa3oBaHMs CKOHICHCUPOBAaHHOW SHEPTUU.

Pa3nas minotHocTh MaTepun 00yCIOBIIEHA PA3IMYHON INIOTHOCTHIO KOHJIEHCAIUH JIEMEH-
TapHBIX CTPYKTYP SHEPTUU — PEIUKTOBBIX (DOTOHOB B MaTepUaIbHOU cpelie 0ObEKTa.

Pa3nble KoMM4ecTBa CTPYKTYPUPYIOIIUXCS PEIIUKTOBBIX (POTOHOB CO3JAI0OT pa3IMyuHbIE CY-
MEPIO3ULIMU TOJIEBBIX MUKPOCTPYKTYP C Pa3MYHBIMU F'€OMETPUUYECKHUMH CTPYKTypaMu € pas-
JIMYHOM IUIOTHOCTHIO CKOHJEHCHUPOBABLICHCS HEPrUn, NPeACTaBIIAIONINE COOO0H siipa U aTOMBI
XUMHUYECKUX 3JIEMEHTOB, MEPUOJTUYHOCTh CBOMCTB KOTOPBIX, OUYEBUHO, 3aBUCUT OT I'€OMETPUU
(KOHCTPYKIIMH) MOJIEBBIX CTPYKTYP U IUNIOTHOCTU YHEPIUH B HUX.

DneMeHTapHble KOJIMYECTBAa CKOH/IEHCUPOBAHHOM I'PaBUTALIMOHHON PHEPIUHU, a Yepe3 HUX
1 MaKpOKOJIMYECTBA MOTYT OBITh OXapaKTEpU30BaHbI NOHITUSIMU TaK Ha3bIBAEMOU «KOH(UTypa-
[IUOHHOM SHTPOTIHH» U TeMIiepaTypoil [{ebas, KOTOopbie XapaKTepu3ylOT Ha3BaHHYIO T€OMETPHIO
MIOJIEBBIX CTPYKTYP U CBSI3AHHYIO C HEH IJIOTHOCTh CKOHACHCHUPOBAHHOM 3HEPrUM B aToMmax U

MOJIEKYJaXx.
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Hau6omp1ias IioTHOCTh PEMKTOBBIX (POTOHOB, 00YCIIOBIEHHAS IPUHIIUIIOM HAaUMEHbIIIE-
ro JICHCTBUS, pealu3yeTcsi B CTOXaCTHUECKOH (popMe «yNnopsiioUeHHOCTH» (DOTOHOB B «IIOJIEBBIX
r€OMETPUUECKUX» CTPYKTYpax aTOMOB M SiJiep XUMUYECKHX 3JIE€MEHTOB, BCIIEJCTBUE YEro CTa-
OUIIbHBIE JIpa HE U3Y4alOT CKOHIACHCUPOBAHHbIE (POPMBI SHEPIUH, T. K. B CBOUX MPOCTPAHCT-
BaxX HE UMEIOT «CBOOOJHBIX» CTOXaCTUUYECKUX PEIUKTOBBIX (DOTOHOB, HEOOXOAUMBIX JUISI U3ITY-
YEHUS U CO3JIaHUS TeMIIepaTypsl, T. €. dS = 0.

HecrtabunbHble siipa M31y4yarOT PENUKTOBbIE (DOTOHBI, KOTOPbIE B IMPOLIECCE H3IIyYEHUs
«yCHEBAIOT» CTPYKTYPUPOBAThHCSA B alb(a, 6eTa, raMMa UM HEUTPOHHOE U3IIy4EHUS.

TakuM 00pazom, KOHIIENIKS JBYX BUIOB 3HEPIUU U BbISBICHHbIE OOIIMEe CBOHCTBA (yH-
JAMEHTAJIBHBIX (U3UYECKUX KOHCTAHT HE MPOTUBOpPEYAT BTOPOMY Hadajly TEPMOJWHAMUKH U
YTOYHSIIOT €ro (PU3MYECKOE COJEepKaHUE, T. K. SJHTPOIHUS XapaKTEpU3yeT B3aUMOJIEHCTBUE JIBYX
BU/JIOB HEPTUU.

21.2.2. Tperbe Ha4YaJ10 TEPMOJAMHAMHUKH.

Tperbe Hauano TEPMOJMHAMUKUA MUMEET MHOXKECTBO (POPMYIMPOBOK, OOIIee CO/ep:KaHue
KOTOPBIX CBOJUTCSI K TOMY, UTO B IPUPOJIE HE CYLIECTBYET OTPULIATEILHON TEMIIEpaTyphl, UTO B
PaBHOBECHOM COCTOSIHUM WJIM OOpaTHMMOM Ipoliecce BOJIM3H HYJIEBOI'O 3HAUEHUS TeMIepaTypbl
SHTPONUS paBHA HYIIO.

WuTepnperanus Gpu3n4eckoro cojiep:kaHusi MOHATHS TEMIIEpaTypbl, KaK IJIOTHOCTH CTO-
XaCTUYECKUX PEIUKTOBBIX (POTOHOB B MaTepHAILHOM cpelie, HE MPOTUBOPEUUT TPEThEMY Hayda-
aIy:

hon
vV

T=

OTcrofa BBITEKAET, YTO B KOHLEMIUU OJHOTO BUJA SHEPruu abCOIIOTHAsl TeMIlepaTypa B
BEILIIECTBEHHOM MHUPE HE MOKET ObITh OTPUIATEIBHOM.

W3 cBoiicTB pyHIaMEHTATBHBIX (PU3UUECKUX KOHCTAHT CIIEAYET, YTO TOK FPABUTALIMOHHON
SHEPruy MpHU MEePeu3TydeHUH MaTepHalbHbIX OObEKTOB HIET Yepe3 €ro reOMETPUYECKYIO IO-
BEPXHOCTh (KaK U 4epe3 NOBEPXHOCTHU €ro 3JIEMEHTAPHBIX CTPYKTYpP) B 000OUX HANpaBICHUSIX.

OnHako U3 3TOro HE CIENYeT, YTO TeMIleparypa Cpelbl MaTepUaIbHOIO OOBEKTa MOMKET
OBITh OTPULIATENILHOM:

— JUIL 9TOr0 HEOOXOouMa «Aerpajalus» MaTepuu oObEKTa, a IMEHHO pacIajl JEKTPOHOB
Y HYKJIOHOB Ha PEJIMKTOBbIE (DOTOHBI, U3 KOTOPBIX OHU COCTAaBJICHBI;

— HO 3TO HEBO3MOJKHO, T. K. TOTJa OyAeT pa3pylieHa PeUI0KEeHHas cXeMa CToKa (pOTOHOB
B (pU3MUECKUl BaKyyM;

— OCTaeTcsl BApUAHT U3MEHEHHUsI B KOJMYECTBEHHBIX COOTHOIICHUSIX SHEPTUU B €€ BCTPEU-

HBIX IOTOKaX (KOHJICHCUPYIOIIEHCS U HEKOHACHCUPYIOLIeics);
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— 3TO O3HA4YaeT, YTO JOJIA MU3Iy9aeMOW SHEpPruu OyAeT YMEHBIIATHCS, a KOHJICHCHUPYIO-
IIEHCs — YBEIIMYUBATHCS WM HA000POT.

N3 mocnennero crnemyer, yTo abCOMIOTHBIN HYJIb TEMIIEPAaTyphl COOTBETCTBYET OalaHCy
SHEPruy B HA3BaHHBIX OTOKAX.

W3 Bcero 3Toro Taxxe cieayer, YTO PeMKTOBbIE (POTOHBI Beeraa OyayT 00pa3oBbIBaTHCS U
HAXOJUTHCS B MOJIEBOM IIPOCTPAHCTBE aTOMOB U MOJIEKYI B ONpPEAEICHHON KOHLIEHTPALUHU, KO-
TOpast 3aBUCUT OT KOHCTPYKIIUHU IOJIEBBIX IPOCTPAHCTB ATOMOB U MOJIEKYIL.

[To-BuaMMOMY, UMEHHO 3TUM OOBSCHSIOTCS pa3jUyusl B KOJMYECTBaX BHYTPEHHEH SHEp-
I'MH BEILECTBA U SIBJICHMSI BbIACICHUS U MOTJIOIIEHUS TEIIa B XUMUUECKUX PeaKLUsX.

Takum o6pazom, oOrre cBOMCTBA (QyHIAMEHTAIBHBIX (PU3HUYECKUX KOHCTAHT HE TIPOTHUBO-
pedar TpeTbeMy Havajly, HO JIMILb B TOH YacTH, B KAKOM OHO XapaKTEepHU3YeT TOJIBKO CKOHJIEHCH-
POBaHHYIO SHEPrUI0 (PU3HUECKOT0 BaKyyMa:

IIPU PacIpOCTPaHEHUH TPETHEro Hayajla Ha JB€ (OPMbI SIHEPIUH, B TOM YHCJIE HA HECKOH-
JICHCUPOBAHHYIO SHEPTrUIO, BBISCHSETCS, YTO IIKaja TeMmieparyp KenpBuHa He MOXeT ObITh
MIPUHSTA B KAUe€CTBE a0COTIOTHOM.

W3 cBOWCTB MPOU3BOAHBIX CIEIYET, YTO METOA0JIOTMYECKHE MpoOiIeMbl ¢ abCOIIOTHBIM
HyJIEM TEMIIepaTypbl BO3HHMKAIOT B CBSI3M C TEM, YTO TPEThE HAyalo «paboTaeT» TOJBKO CO
CKOHJICHCHUPOBAaBILIEHCS TPAaBUTALMOHHON 3HEprueil, Torga Kak jJ000e KOHKPETHOE JIOKaIbHOE
MIPOCTPAHCTBO 3aIOJIHEHO HE TOJIBKO PETUKTOBBIMU (POTOHAMU — CKOHJCHCHUPOBABLIMMUCS JIETI-
TOHaMH, HO U He-CKOH/IEHCUPOBABIINMHUCS JIEITOHAMM:

TaK, yMEHbIIas T€OMETPUYECKUI MaclITad MaTepHalbHOM Cpesibl B MAaKpOIIPOCTPAHCTBE C
SIBHO BBICOKOM TeMIIEpaTypoii, OnpeensieMOoi IIIOTHOCThIO PEIMKTOBBIX (POTOHOB, MOJIYYUM Ta-
KM€ pa3Mepbl IPOCTPAHCTBA, B KOTOPBIX UX IUIOTHOCTh PaBHA HYJIIO.

Bo3nukias Merononoruueckas npodsiieMa KBaHTOBOM MEXAaHMKH TOJIY4YMJIach B CBSI3U C
[IPUMEHEHHEM OINO0UHON pustocockoil KOHIIENIIUU MaTePUH, KaK CKaJIIPHON CYIITHOCTH.

W3 cBOMCTB (U3NYECKUX KOHCTAHT CJEAYET, YTO MOCKOJIbKY (POTOHBI U JIEITOHBI UMEIOT
HEHYJIEBYIO MacCy IOKOsI, TO Ha TPAHUIE PACCMAaTPUBAEMbIX T€OMETPUUYECKUX MACIITA00B 3HEP-
MU OHM B PAaBHOM CTENEHHU XapaKTEPHU3YIOT TEMIIEPATYpPy JOKAIBHOIO MPOCTPAHCTBA Ha 3TOM
rpanuie. Ho oueBuHO, 4TO OHM XapaKTEPU3YIOT pa3Hble CIIEKTPbl SHEPIUH, XapaKTepHU3yeMble
3TOM TEMIEPATYpPOil, KOTOPHIE MPU 3TOM OTIMYAIOTCSA T€OMETPUUECKUMHU MacIITabamH.

W3 cBONCTB NMpPOU3BOJHBIX SHEPTUU CIIEAYET, YTO JIENTOHBI TAKKE HMMEIOT Pa3IMYHBIN
sHepreTudeckuil crnekrp. OqHaKo B JaHHOM Cllydae Ha IPaHULIE JBYX F€OMETPUUYECKUX MacIITa-
00B, XapaKTepU3YIOLIUX IPOCTPAHCTBO (POTOHOB, C OAHON CTOPOHBI, U MPOCTPAHCTBO JIEHTOHOB
— C JIpyrol, mo-BUAMMOMY, MOKHO IOJIb30BAaThCS MHTETPAIbHOM MJIOTHOCTBIO JIEITOHOB, T. K.

IUIOTHOCTb JICIITOHOB 3TOM COCTaBIISIOIICH CIICKTpa HAa IrpaHUIC ITOCTOAHHA.
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[ToaToMy 3HepreTuyeckass COCTaBJISIOLIAS JIEITOHOB MOET OBbITh BBIpa)KE€HA 4Yepe3 «OT-
CYTCTBYIOIINE» PEIUKTOBBIE (JOTOHBI, HO B 3TOM CJIy4ae BO3HHMKAET JAPYroil y»ke MOHSATHBIN Ma-
pamokc:

B wkaie KenbBuHa Temmepatypa OyIeT OTpULATENbHOM, aHAJOTMYHOW OTPULIATEIbHON
TeMreparype B mkaie Llenbcus.

N3 cBOMCTB (pr3nyecKUX KOHCTAHT CIEAYET, UTO MOHITHE «TeMIepaTypay mo Qpu3ndecko-
MY COJEPKAHUIO TOXKJIECTBEHHO IOHATHIO INIOTHOCTH CKOHJEHCHPOBAaHHOM TI'PaBUTALlMOHHOMN
sHepruu. T. e. Temneparypa MarepHajbHON Cpe/ibl UMEET CBOUX (PU3HUECKUX HOCUTENEH, KOTO-
pbl€ YMEHBUIAIOTCA YHUCIECHHO WM, HAKOHEL, MCYE3al0T IPU YMEHBUIEHUN N€OMETPUYECKUX Mac-
mTaboB paccMaTpPUBAEMON MaTepUaIbHOM CPENbl, B CBSA3M C Y€M YTpauuBaeTCs (DU3NUCCKUN
CMBICJI 3TOTO ITOHATUS.

CnenoBarenbHO, B TaKUX CIIy4asX HEOOXOJUMO IMEPEXOJUTh Ha JIPYryl0 LKAy OLEHOK
IJIOTHOCTH CKOHJICHCUPOBABIIECHUCS TPAaBUTALIMOHHOMN SHEPTUU.

Ilpumeuanue. llonamus cKOHOEHCUPOGAHHOU U HECKOHOCHCUPOEAHHOIUL IHEPIUU MAKHCE
OKA3aNUCh YCIOGHLIMU U MAKICE 3AGUCAWUMU OM 2e0MEMPUIECKUX Macuimabos paccmampu-
gaembvix npeobpazosanuti sHepauu Gusuuecko2o eaxyyma. OOnako sma yCcio8HOCHMb HOCUM Me-
MOO00N02UYECKULL XaPAKmep U He U3MeHsen KOHYenmyanbHble OCHO8bl Hacmosaujeli pabomeul.

TakuM 006pa3oM, TeMIepaTypHble MIKaIbl JOJHKHBI ObITHh PAa3HBIMU, T. K. B Pa3JIMYHbIX I'€0-
METPUUYECKUX MacuITabax pasHble IUIOTHOCTU (TEMIEpAaTypbl) UMEIOT PA3IUYHbIE (PU3HUECKUE
HOCHUTEIH SHEPTUU:

— TeMIepaTypa IMOJEBOr0 MPOCTPAHCTBA PEIUKTOBOro (POTOHA MOKET OBITh OXapaKTepu-
30BaHa CpeJlHEN TUIOTHOCTHIO SHEPTUH B (OPME JIENTOHOB;

— TeMIlepaTypa npocTpaHcTBa BcenenHnol u 3a ee mpeaenaMu, mo-BUIMMOMY, MOJKET OBITh
0XapaKTepU30BaHA CPEIHEH MIOTHOCTHIO IPaBUTALIMOHHON SHEPrUM B (popMe rMIOTETUYECKOTO
PABUTOHA, Pa3Mephl KOTOPOTO MPEBBIIIAIOT pasmepbl hoTona B 107! pas.

N3 cBOWCTB MPOU3BOJHBIX SHEPIUU CIIEAYET, YTO COOTHOLIEHNE TEMIIEPATYP B HA3BaHHOM
JMarna3oHe TeOMEeTPUYECKUX MaclITaboB 001alaeT ONpeaesieHHON KPaTHOCThIO U MOKET OBIThH
BBIPAXXEHO JPYr 4epes3 Ipyra.

OrpanundeHHOCTh IIKanbl KeabBUHA HATISAHO MPOSBUIIACH HE TOJBKO B 0OJACTH HU3KHUX
TeMIlepaTyp, HO U B 00JIACTU T€OMETPUYECKUX MacITabOB MUKPOIPOCTPAHCTB, B KOTOPBIX pe-
JIUKTOBBIX ()OTOHOB HET, HO IVIOTHOCTH JIENITOHOB BEJIUKA.

Tak, popmanbHas OLEHKa MJIOTHOCTH PEIUKTOBBIX (POTOHOB B HYKJIOHE, B KOTOPBIH OHHU
KOHJICHCHPYIOTCS B IIPOLECCE NIEPEUBTYUEHUS AIpa aTOMA, JAET BEIUUHUHY - ~10°" ’K.

OpHako manpbHENIIMKA aHAU3 MOKa3all, YTO PEIMKTOBBIX (JOTOHOB B Jp€ HET, T. K. BCIE-

CTBHUE BBICOKOM TeMIlepaTypbl BCe MPOU3BOAHbIE (DOTOHA KaK «HYTALlMU CIIMHA» YUCIIEHHO paB-
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HbI MEXKy OO0, YTO TOXKJECTBEHHO pacnay (OTOHA Ha JIENTOHBI.

Bce 310 moaBoaUT K BBIBOAY, UTO MOHSATHE TEMIIEPaTypbl HEOOXOIUMO OTOXKAECTBIATH C
MOHATHEM IUIOTHOCTU SHEPTUH, Kakhe Obl reoMeTpuyecKkue MacuTaObl, (GOpMbl U BUJIbI SHEPTUS
He npuHuMaia. [lo3roMy ¥ B KOHLENIUU OJJHOTO BUJA SHEPTUU (PU3UKU TOBOPST O CIIEKTPaib-
HOM COCTaB€ TeMIIepaTypbl U UHTETPAJIbHOM 3HAUEHUU TUIOTHOCTU SHEPTUU — TEMIIEPATYPHI.

W3 Bcero aToro ciegyeT psl BaXHBIX IPAKTUYECKUX BHIBOJIOB, B TOM YHCIIE CIETYIOLIUX.

— Temneparypa IucCHepCHbIX CpeJl BCET1a HAMHOTO HU)KE TeMIepaTypbl CTaOMIIbHBIX JUC-
MEpCHBIX YacTull. YeM BblllIe Ha3BaHHAasl pa3HUIlA TEMIEPATyphl, TEM MEHbILIE YACTHUI[bl B3aUMO-
NercTBYIOT (0OMEHHUBAIOTCS SHEPTUei) co Cpeo, Kak 3TO U CIEAyeT U3 MaTeMaTUYeCKOW Mo-
JIeJIA, TOKOB SHEPIHH, MPEUIOKEHHOM B TJI. 6, T1. 3.

21.3. CBoncTBa GMHAPHbLIX 3HEPreTUYeCKUX CUCTEM.

21.3.1. K cBoiictBam OuHapHbIX cucteM MuxaminnueHko U JIbBa 100aBUM elie OJHO, OC-
HOBAaHHOE Ha HAIlIUX aKCHOMATUYECKUX MOJIOKEHHUSX.

— Ecnu TemmepaTtypa maTepualbHOM cpeibl HIDKEe TemrepaTypsl Jlebasi, To sHepreTuye-
CKHUE IMPOIIECCHl B TAKUX cpefax 00JiajaloT CBOMCTBOM OMHAPHOCTU: B MaTeMaTU4YECKONH MOJENn
SHEPreTUUECKUX MPOLECcCoB JI000H (pu3nYecKoil IpUPOIbl MOKHO OTpaHUUUTHCS U depeHIu-
QJIbHBIMU YPaBHEHUSIMU TOJILKO BTOPOTO MOPSAJKA U, CIEI0BATEIbHO, KBAAPATUUHBIMU (hopMaMu
anredpandecKuX MHOTOWIEHOB — XapaKTEPUCTUYECKUX YPAaBHEHUM, T. €. IPUMEHUTEIBHO K JIBYM
[IEPEMEHHBIM.

CpoiicTBa OMHAPHBIX CUCTEM MHOXECTB, OTKPbIThIe yueHHMKaMu KynakoBa, paccmaTpuBa-
€M Kak (yHJIaMEHTAJIbHYIO NMPUYUHY HIMPOKOTO PACIPOCTPAaHEHHs] OMHAPHBIX CUCTEM B HHXKe-
HEpHOM MpakTUKe: HaubOoJIblllee MPUMEHEHHE TOTYYHIIM SMIIMPUUYECKHE MaTEMaTUYECKUe MO/Ie-
JIM ABMOKEHUS JII0OBIX (hopM 3Hepruu £, B 1I00bIX MaTepHaNbHBIX CpellaXx B OOLIEM Cilyyae B BH-
JIe KBa[PATHYHBIX OJHOPOIHBIX MHOTOWICHOB OT ABYX MEPEMEHHBIX BHIA ax +bx-+c) .

HezaBucumocTs nepeMeHHBIX MMapaMeTpoB SHEPTUU OMHAPHBIX CUCTEM OT JAPYrux Iepe-
MEHHBIX HEM3MEHHO MOJTBEP)KIACTCSI B IKCIEPUMEHTAX C JIFOObIM (PU3HUECKUM COJEpKaHUEM,
YTO paHee HE MMEJO KaKuX-JIH00 OOBSICHEHHH M BOCHPUHUMAIOCH KaK «OOBEKTHBHAs pealb-
HOCTbY.

Hanuuue B Moienu TONBKO JIBYX MEPEMEHHBIX CBHUJIETEIBCTBYET O TOM, YTO B F€OMETPH-
YeCKOM MHTEpHpeTanyu 3Ta MOJIENb 0TOOPa)KaeT SHEPreTUHYECKHE MPOLIECChl B IIIOCKOCTU. DTO
HE NMPOTUBOPEUUT AKCHOMATUYECKOMY IOJIOKEHHIO O T€OMETPUUECKON MHTEpIpEeTalluy KOJInde-
CTBa CKOHJCHCHPOBAHHOU 3HEpruu E, Kak OECKOHEYHO MaJOW «IIJIOCKOW OKPECTHOCTH» MaTe-
MaTHYECKOU TOYKHU.

CnenoBarenbHO, B T€OMETPUUECKON HHTEPIIPETALIMY MHOKECTBO SHEPreTUYECKHUX MTPOLIec-

COB B BEIIIECTBEHHOM MHpE — ATO IPOLECCH B IUNIOCKUX NpocTpaHcTBax. Ilo 3Tol mpuunHe Ou-
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HapHbIE CHCTEMBI, JIE)KAIIUE B PA3JIMYHBIX HENEPECEKAIOIMXCS IUIOCKOCTSX, HE B3aWMOJECHCT-
BYIOT.

OT0 cienyeT TakkKe U3 FeOMETPUYECKOW MOJIENI SHEPTUH B COJIMTOHHBIX CTPYKTYpax. ITO
0ECKOHEYHO 00JIbIIOE MHOKECTBO COJIMTOHOB, BJIOKEHHBIX APYr B APYyra, B KOTOPBIX SHEPIHs
BUJA E, CTPYKTYypUpOBaHA BO MHOKECTBE HEINEPECEKAIOIIMXCS SKBUIIOTEHIIMAIBHBIX TOBEPXHO-
CTEN COJINTOHOB.

OpHako Bce SKBUIOTEHIMANIbHBIE TIOBEPXHOCTH, KaK IJIOCKME MIPOCTPAHCTBA B MaJoM, Iie-
peceKaroTcsi OECKOHEYHBIM MHOKECTBOM JIMHUI TOKOB HECKOHAECHCUPOBAaHHOM 3Hepruu £,,. Ilo-
3TOMY MpPU ONPEJIEICHHBIX 3HAUEHUSAX MMapaMEeTPOB TOKOB YHEPIMH MHOMXECTBO COJIMTOHOB, 3a-
KJIFOYEHHBIX B OOJIBILIOM COJIMTOHE Kak OMHapHbBIE CUCTEMBI C IEPEMEHHBIMU NapameTpamu AE,,
u E,, TeM He MeHee B3aUMOJCHUCTBYIOT C COOJIIOJICHUEM 3aKOHAa COXpPaHEHHs] HHEPrUu
E=AE,,+E,;=const,.

Bce conutoHbl HaxoadTcd B LIEMOYKE OOpaTUMBIX MOCIEAOBATEIbHBIX IMPEeoOpa3oBaHUi
(mepenayd) SHEPrUM JBYX BUJOB U3 «BHYTPEHHHMX» COJIMTOHOB (C OONBLUIMMHU INIOTHOCTAMU £, U
MeHbInMH E,, 1 oOpaTHO:

— B TOYKax IEPecedyeHUsl C MOBEPXHOCTIMHU COJIMTOHOB, MPU MOAX0JI€ U3HYTPHU, JIUHUU TO-
KOB JIEITOHOB «BETBSATCSD (JIENTOHBI OTPAXKAIOTCS, MPETOMIISIOTCS WM MPOXOJAT yepe3 Io-
BEPXHOCTh 0€3 BETBJICHU);

— OTpPaXEHHbIE OT MOBEPXHOCTU BHYTPb OOJBILIOTO COJUTOHA B TOUKAX BETBJICHUS (PYHK-
LMY, JIEOTOHBI CHOBA IEPECEKAIOTCSI C MOBEPXHOCTAMU «BHYTPEHHUX)» COJMTOHOB, MOAXOJS K
HUM M3BHE, CHOBA BETBATCS, B TOUKaX MaJieHus (IepeceyeHusi), co31aBasi B MPOCTPAHCTBE OOJIb-
IIOr0 COJIMTOHA B LIEJIOM CJIOXHYIO MHTEP(EPEHIIMOHHYIO KAPTUHY — CHUCTEMY TPEXMEPHBIX
CTOSIYMX BOJIH.

21.3.5. HapucoBaHHasi paHee cXxeMa JIBHKCHUsS] JHEPIrUU B COJTUTOHE NPEICTABISIECTCS
He3aBepILICHHOM.

CeueHue TIIOCKOCTBIO TPEXMEPHOM KapTHHBI pacIpeesIeHUs IIOTHOCTH SHEPTUU B COJU-
TOHE MPEJCTABIISIET COO0M CETUaTyI0 CTPYKTYpY. DTO O3HAYAET, YTO T€OMETPUUECKUMHU MECTaAMHU
pacnpe/iesieHus: MHOXKECTB JIMHUN TOKOB JIENTOHOB SIBJSIIOTCS APYrU€ SKBUIOTEHIIMAIBHBIE I10-
BEPXHOCTH HOBBIX COJMTOHOB, NEPECEKAIOIINUXCS CO «CTaphIMI». DTO MPOUCXOAUT MOTOMY, YTO
KKIbIA JIENTOH, TaKKe OyAy4H COJIMTOHOM, IPHU OTPAKEHUU «PACIICIISETCS» Ha MHOMXECTBO
0oJiee «MENKHX» KBAaHTOB-COJMTOHOB C Pa3jIMUHBIMHM SHEPrUsIMU, KOTOPbIE BCJIEICTBUE 3TOTO
OTPAYKAKOTCS MO Pa3HBIMU YIJIAMM.

TakuMm 00pa3oM, ceTdarasi CTpYKTypa BHYTPEHHETO TPEXMEPHOI'O MPOCTPAHCTBA COJIUTOHA
o0Opa3oBaHa MepeceueHus MU SKBUITOTEHIIMAIBHBIX [TOBEPXHOCTEN E,, APYTrUX COIUTOHOB. MOX-

HO IOKa3aTb, YTO APYIrU€ COJIUTOHLI MO AYUHAIOTCA APYTrUM 3aKOHaAM COXPAaHCHUS DHCPIrUuun:
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EizAEgpi+E . =C,

i
rae C; — MHOKECTBO KOHCTAHT — JICMCTBUTEIIHHBIX YHCE].

MHO0XeCTBO TaKMX COJTMTOHOB 00pa3yeT MHOKECTBO APYTHX BEIIECTBEHHBIX MUPOB, IEpe-
CEKaloIUXCs APYr C APYroM M C HAallMM BEIIECTBEHHBIM MHUPOM, HO HE B3aMMOJCHCTBYIOIINX
Mexay co00H, Kak 3TO U CJeyeT U3 CBOIICTBAa OMHAPHBIX CUCTEM, OTKPBHITOr0o MuXalinueHko u
JIpBOM, U psiAa MOJIOKEHUN HACTOALIEH pabOTHI.

Onnako Bce BEIIECTBEHHBIC MUPBI, KaK MaTeMaTHUecKue menu MapkoBa, B CBOCH IBOJIIO-
UM UMEIOT HEKHe OOIIMe MCXOIHBIE CBOMCTBA, MOCKOJIBKY MEPHOINYECKHA «TOPOKIAIOTY IPYT
Ipyra ", CIeA0BaTEeIbHO, IPH OMPEACIEHHBIX YCIOBHUSX B3aUMOJICHCTBYIOT MEXIY COOOM, IO
KpalHeW Mepe, B MOMEHT 3apOXkIcHUA. B HalmeM BEIeCTBEHHOM MHUPE 3TO MPOSBISAETCS B BUIE
BCSIKOTO POJ1a HEOOBSICHUMBIX aHOMAIBHBIX SBJICHUM.

21.3.6. HapucoBaHHasi KAPTUHA JABHMKEHUS HEPrUU B COJHUTOHE MO3BOJIsIeT BHECTH
cleaylole YTOYHEHUs BBEICHHOI0 HAMU NOHATHUS «KOHACHCALUs dJHePpIruu AL,,».

B npeuioxeHHON TeOMETPUYECKOW MOJENH €AMHUYHOIO COMUTOHA AE,, U E, nepuoaude-
CKU MEHAIOTCA MECTaMH, T. €. Ipu AE,, = E,, — OHM HEPa3JIM4HUMBbI, YIUTHIBAs CBOMCTBO CUMMET-
pUHU — PaBHONIPABHOCTh BEKTOPOB B paccMaTpuBaeMoM MHOKecTBe. OJTHAKO BCJIEACTBUE TaK Ha-
3BIBAEMOM 3apsI0BOM aCUMMETPHUU MAaTEpUU BEIIECTBEHHOTO MHpa pasimuus AE,, u E,, Bce xe
BO3HHKAIOT, KaK TOJIBKO Pa3HOCTh IJIOTHOCTEH £, U AL, TOCTUTHET HEKOTOPOTO KPUTUYECKOTO
3HAQYEHHS: B COJMTOHE BO3HUKAIOT PAa3jIMYMMbIe 00JIaCTU OWMEHHUs SKCICHTPHUCHUTETOB. Eciu B
MaTepHaIbHON Cpele 3apsaoBasg ACUMMETPHS JOCTUTAET HYJIEBOIO 3HAYEHMS, TO 3Ta Cpeaa
«PaCTBOPHUTCS»B KBAHTOBOM BaKyyMe. DTO O3HAYaeT, YTO MOKHO CTaBUTh 3aJlady MOJYYCHHS B
TEXHUYECKUX CHUCTEMax HE TOJHKO M30BITOYHOTO KOJWYECTBA PHEPTrUU Buna E,, HO U mpeobdpa-
30BaHMs SHEPTUU KBAaHTOBOI'O BAKyyMa C IPYTMM 3HAKOM 3apsAI0BOM aCUMMETPHH, T. €. «yJaje-
HHSI MAaTEPUH BEIIECTBEHHOTO MUpPa B KBAHTOBBIN BaKyym».

21.3.7. U3 HOBO# (pOpMBI 3aKOHA COXPAHECHHS DHEPTUHU U TIPEITIOKEHHON CXEMBbI JIBHXKCHHS
SHEPIrUU B COJIMTOHE CIEAYET, YTO JMHUHM TOKOB JIEITOHOB HE BETBATCA HA MOBEPXHOCTAX COJIU-
TOHOB TOJILKO B OJJHOM ClTydyae, KOT/Ia yroJj MaJeHus JISNTOHA Ha MOBEPXHOCTh paBeH 90°, 4uro,
MO-BUIUMOMY, SIBJsieTCS (yHIAMEHTAIBHOW NMPUYMHOW TPEXMEPHOCTH BEUIECTBEHHOTO MUpa.
Opnnako, ecni OBl COJMTOHBI MPEACTABISIIN COOON «IpaBUIbHYIO chepy», TO HapHUCOBaHHAS
cXeMa JBW)KEHUS TMEPEHOCUYMKOB DHEPTrUU HE MOIJIA Obl MMETh MECTO: JIA CYIICCTBOBAHMS
MIPEATIOKEHHON CXEMbl HEOOXOUMBI CTOXaCTHUECKHE OMEHHUS IKCIIEHTPUCUTETOB E,, y BCeX CO-
JUTOHOB, Onarofaps 4emMy TOJIIIMHA MOBEPXHOCTH OOOJIOYKH Y Ka)XJOTO COJUTOHA UMEET KO-
HEYHOE 3HAYEHUE U CTOXACTUYECKUE OMeHUs BCeX €€ TOUCK, a JICITOHBI, MPOIISANINE Yepe3 OJIHY
13 TIOBEPXHOCTEH COMTOHA 101 yriioM 90°, Ha MOBEPXHOCTH APYTOi 000JIOYKH 3TOTO COJTUTOHA

ImoJa TEM K€ YIJIOM YK€, IO-BUANMOMY, HUKOrJa HE IIOITaayT.
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JIuHUM TOKOB JIENTOHOB, MOMAJAIOIIMX B 000JI0YKY COJMTOHA IOJ MHBIMU YIJaMH, pac-
LIETUIAIOTCS, BCIEACTBHUE NMPEIOMIICHHS, B KaX/10i1 TOUKe 000JI0YKM HAa MHOYKECTBO JIMHUI TOKOB
0ojiee «MEJIKUX KBAHTOB» U CBSI3aHHBIX C HUMHU KOOPAMHATHBIX OPTOTOHAJIBHBIX BEKTOPOB —
MHBIX MHOKECTB TPEXMEPHBIX IPOCTPAHCTB.

[TocnenHee 06CTOATENBCTBO CIEAYET pacCMaTpUBaTh KaK PyHIaMEHTAIbHYIO IPUYUHY He-
3aBUCHUMOCTU OECKOHEYHOTO MHOXECTBA OPTOTOHAJIBHBIX KOOPJAMHATHBIX BEKTOPHBIX CHUCTEM B
TpeXMEepHOM IpocTpancTBe EBkinza.

21.3.8. MoHO 1oKa3aTh, YT0 HHGOPMAIHS O JTFOOBIX COOBITUSX B BEIICCTBEHHOM MHpE, B
MPOLIE/AIIEM, HACTOSIEM U OyAyllleM BpEMEHH, COXPAHSIETCS B KBAaHTOBOM BaKyyMe B IoJiorpa-
¢uueckoit popme. CpolicTBa OMHAPHBIX CUCTEM JAIOT Ui 3TOTO MAaTeMaTH4YECKOE OCHOBAaHHE.
W3 Bcero 3toro v HOBOH (OPMBI 3alUCH 3aKOHA COXPAHEHUsS SHEPrUH CIEAYET, YTO MPHU HYyIe-
BOM 3HAUEHUU 3apsAI0BONM aCUMMETPUHU «PACTBOPEHHUE)» MATEPUAIBHOIO O0BEKTa B KBAHTOBOM
BaKyyMme Oy/eT MPOUCXOUTh 0€3 UCKAKEHHS €ro TeOMEeTpUYecKuX (POpM Kak Ha ypOBHE aTOMOB
XMUMHMUYECKUX IEMEHTOB 00bEKTa, TaK U Ha YPOBHE MAaKpOMAacIITab0B €ro reoMeTpUUECKUX pa3-
MepoB. [Ipu 3TOM Best uHpOpMaIHs 0 JTI000M 00BEKTE BEIIECTBEHHOTO MHpa UMEETCS U coXpa-
HSIETCSl HEONPEENIEHHO J0JT0 B JIF000i MaTeMaTHYECKO TOUKEe KBaHTOBOI'O BaKyyMma Kak roJio-
rpadguyeckas KapTUHKa. ITO 03HAYaeT, 4TO Jr00ast HHGOpPMAIIHs MPOIIJIOTO U OYAYIIEro MOXKET
OBITh BOCIIPOM3BEICHA B JIIOOOM MECTE€ B TEKYyILEM BPEMEHH HAIIero BELECTBEHHOIO0 Mupa ¢
MTOMOIIBIO0 TEXHUYECKUX CUCTEM.

MnaBa 22. Cnabble B3anmoaencTBmsa MatepuarnibHbIX 06 bLEKTOB
C KBAHTOBbIM BaKyyMOM.

22.1. 3agaya nMoJay4yeHUs HEOTPAHUUYEHHOTO KOJIMYECTBA SHEPTUU «cama 1o ce0e» HEeaKTy-
aJIbHA, T. K. CYIIIECTBOBAHHE YEJIOBEUECTBA U €0 MIPOMBIIUICHHAS IEATEIbHOCTD YK€ CTaJU I'€0-
JIOTUYECKUMU (aKTOpaMu, BIUSIOIIUMHU Ha T€0(U3NYECKUE MPOLIECCHl 3EMIIH.

MHorue yd4eHble IOJIaratoT, YTO IUIOTHOCTh «PYKOTBOPHOM SHEPrumn» B OKOJIO3EMHOM
IIPOCTPAHCTBE YK€ MPEBbICHIIA KPUTUUECKOE 3HAYEHUE U YEJIOBEUYECTBO BOILLIO B 3MOXY 3KOJO-
rMYECKHUX KaTakiu3MoB. [IoaToMy akTyanbHOH 3a7aueil SBISIOTCS MOUCK (PU3NYECKUX OCHOB Ta-
KHX TEXHOJIOTMYECKUX MPOLECCOB, B KOTOPHIX NMPeoOpa3oBaHUe SHEPTUM KBAHTOBOIO BaKyyMa,
Hapsiy ¢ MOJIydeHHEM dHEpruu Buja E,, COMpPOBOXIAI0Ch Obl cOalaHCUPOBAHHBIM «PAaCTBOpPE-
HUEM» B KBAaHTOBOM BAaKyyMe «OTpabOTaBILEl SHEPIUH £,

Kak ynpaBnsTh ci1aObiMH B3aMMOJCHCTBUSMU, YTOOBI HE TOJIBKO MOJIY4aTh M30BITOUHYIO
SHEPTUIo £, HO U «PacTBOPSATHY» OTPAOOTABIIYIO YHEPTHIO £, B KBAHTOBOM Bakyyme?

Jljig oTBETa Ha 3TOT BOIPOC HEOOXOAMMO Pa3rajaTb «MEXaHHU3M MOJKIOUYECHUS» MaTepu-
QJIbHBIX OOBEKTOB, B TOM YHCJIE U MO3Ta YEJIOBEKa, K SHEPreTUYeCKOMY IMOJII0 KBAaHTOBOTO Ba-

KyyMa ¢ OECKOHEYHO OOJIbIIONW MJIOTHOCTBIO M CTOXaCTHYECKUMH IapaMeTpaMH TOKa SHEpruu
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I'masa 22. Cna0ble B3auMOJelCTBUSI MaTepHATbHBIX 00bEKTOB ¢ KBAHTOBBIM BAKYyMOM.

Buja E,,, Ipu OECKOHEUYHO MaJIOi MJIOTHOCTH HEpruu Buja £, (10 CPaBHEHMIO C INIOTHOCTHIO
E.).

22.2. AKCHOMaTHYECKOE TIOJIOKEHHE O IBYX BUIAX PHEPTUU U MPEIOKEHHOE (HHU3UIECKOE
CoJIepKaHne B3aUMOJCHCTBUN JBYX BHJIOB DHEPIHH, KaK CIA0BIX B3aUMOJCHCTBUMN, TTO3BOJISIOT
JOIYCTUTD, YTO J0ObIE (PU3MUECKHE IPOLECCHl BEIIECTBEHHOIO MUpPA UHULIUUPYIOTCS CIa0bIMU
B3aUMO/JICHCTBUSMU C KBAHTOBBIM BaKyyMOM M IpPOTEKAIOT ¢ UxX ydactueMm. K Takum ¢usnye-
CKUM IIpolieccaM CIeAYeT OTHECTH M MPOLECChl MBIIIJICHUS YeIOBEKa, OOLIEHUE JII0JEH MEXITy
co0o0i1, MPUHATHE PELICHUN U APYrHe «IUCTO aHTPOTIOJIOTMUYECKUE NCHCTBUSY.

[TockonbKy CBSI3b C KBAHTOBBIM BaKyyMOM IPOMCXOJUT HA YPOBHE cIaObIX B3aUMOJEHUCT-
BHi1, TO CaM ME€XaHU3M B3aUMOJECHCTBUS MO3ra C BAKYyMOM OCTaeTCs «HEOCO3HABAEMBIM», T. K.
pEeLEenTopsl YeJIOBEKa pearupyroT Ha 3Ty B3aUMOCBA3b TOJBKO HAa YPOBHE 3HAYMMBIX KOJIUYECTB
OTJEJBHBIX (U3NUYECKUX I1apaMeTPOB, HO TOJIBKO 3Hepruu Buna £,. Ha snepruro Buna E,, pea-
rUpyeT Bcs OMOJIOTUYECKAsi CUCTEMA «UEJIOBEK — KBAHTOBBII BaKyyM».

UenoBek B 3TOM CHCTEME HE OCO3HAET, YTO €r0 MBICIU M CBOOOJa BOJIM M BBIOOpA JIEHCT-
BUSI — 3TO CJIOKHBIE (POPMbI 0OpaTHOM CBSI3M BO B3aUMOJECHCTBHUM C BEIIECTBEHHBIM MHPOM, HO
HE HampsMylo, a MOCPEICTBOM cia0bIX B3aUMOJIEHCTBUN C KBaHTOBBIM BakyymMoM. CrenoBa-
TEJIbHO, JIOTUYECKUE 3aKOHBI MAaTEMAaTUKH, KaK Pe3yJIbTaT MBILUIEHUS, MOKHO paccMaTpHUBaTh
KaK 3aKOHBI JBVKCHHSI HECKOHJCHCUPOBAHHOU DHEPTHH £

B otnuumne ot 00BEKTOB HEXKMBOW MPUPOJIBI YETOBEK 00J1a1aeT CBOOOI0M BOJIM M CBOOO-
70# BbIOOpaA JeiicTBUil Onaroiapsi TOMy, 4TO MPU B3aUMOJIEUCTBUU C KBAaHTOBBIM BaKyyMOM OH
aBTOMAaTUYECKU YIIPaBJISIET MapamMeTpaMu oOpaTHOM CBSI3M, XOTS M HE Oco3HaeT 3Toro. Kauecr-
BEHHBIN JMana3oH MapaMeTpoB ciaadbIX B3aUMOJECHCTBHM KUBBIX OPraHU3MOB C KBAaHTOBBIM Ba-
KYyMOM DPacHlpeieleH MEXAY IByMs KPatHOCTSIMU:

— OJIHa KpalHOCTb — 3TO I€HETHYECKU HaclieyeMble CIOCOOHOCTU K CJIaObIM B3aUMO/IEH-
CTBUSM (Y IPOCTEHIINX JKUBBIX OPraHU3MOB);

— IPYTYIO KPaHHOCTh MOYKHO Ha3BaTh MHTEIUIEKTYaJIbHOM, KOTOPAsl Y YEJIIOBEKA JOCTUIAET-
cst OOy4eHHEM.

22.3. HecMoTpsl HA 0YeBU/AHBIC PA3JIHM4YHs, Y (U3UKU H OKKYJIHTH3MA MHOI'0 00LIIEro:

— (U3MKa U3ydaeT BEUIECTBEHHBIH MUP (CKOHIEHCUPOBAHHYIO SHEPTHI0) C NOMOUIbIO MH-
CTPYMEHTAJIBHBIX METOJIOB U MaTeMaTH4YE€CKON JIOTMKH (UyBCTBEHHBIMU METOJIaMH );

— OKKYJIbTU3M H3Yy4aeT YyBCTBEHHBIMU METOJaMH NCUXUYECKUE (DEHOMEHBI — MPOSIBICHUS
HECKOHJICHCUPOBAaHHOM YHEPTUU.

OKKyJIbTH3M OCHOBAaH M Pa3BUBAETCS Ha FT€HETHUUECKU HACIIETYEMbIX CIIOCOOHOCTSAX, KOTO-
pbl€, BCIIEJICTBUE 3BOJIOLUH YeJIOBEKa, JJIs1 OOJIBLIMHCTBA JIFOJEH 0Ka3aJuCh aTaBUCTUYECKUMHU.

OKKy.]'IBTI/ISM, OKa3aBIIHCh JOCTYIIHBIM JIMIIb OI'PaHUYCHHOMY YHCITY J'IIO}IC?I, OYECBHUIHO, HE MO-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

&KeT ObITh MaHaleel OT OKUIAIOIINX YEJI0BEUYECTBO KaTaKIM3MOB.

DBOJIIOLMS YEIOBEYECKOro COOO0IIEeCTBAa NOUUIA MO APYroMy MYyTH — IO IYTH Pa3BUTHUS
€CTECTBO3HAHMSI U MHAYCTPUAIM3AIMHU O0IIECTBA, TUIObl KOTOPBIX TOCTYITHBI BCEM JIIOISIM.

22.4. EcrecTBO3HaHHUE, KaK MOPOXKIECHUE OKKYJIbTU3MA, — 3TO COBOKYITHOCTh 3HAHUMU, O KO-
TOPBIX YUEHBIE 3apaHee HUYErO HE 3HAJIM.

[Tonyuenue 3HaHMI — 3TO €CTh HE TOJBKO (hopMa MPSMOTO B3aMMOJICHCTBHUS YeJIOBEKa C
KBaHTOBBIM BaKyyMOM, HO U mpoiiecc GopMUpOBaHHS MH(OPMALIMOHHON Cpelbl B KBAHTOBOM
BaKyyMe, KakK mpoluecc oOpaTHOM CBS3H, MOCKOJIbKY CHCTEMA «4EJIOBEK — KBAaHTOBBIN BaKyyM» —
3TO aBTOKOJIe0aTeNbHasl CUCTEMA. DTO CTOXaCTHYECKasi CUCTEMa CO MHOYKECTBOM HEOCO3HAHHO U
«@BTOMATUYECKW» YIIPABIIAEMBIX OOPATHBIX CBA3EH, HaXOIAIUXCSA B TOKe 3Hepruu E., Oecko-
HEYHO OOJIBIION MJIOTHOCTH. DTO O3HAYAET, YTO B KBAHTOBOM I10JI€ SHEPruu (pU3M4ecKoro Ba-
KyyMa UMEETCs MHOXKECTBO BapHaHTOB Oyayuieil nHpopmauuu o OyayiieM BpeMeHH, KOTOPOE B
BEILIIECTBEHHOM MUpeE elle He HacTynmio. Kaxyiascs abCcypiHOCTh 3TOTO YTBEPKICHHSI UMEET
cienyomnye 6aHaabHble 00bSICHEHUS.

[Iponwtoe, Hacrosiee u Oyaymiee, Oyaydu dJIEeMEHTaMU OJHOW U TOM K€ BOJHBI DHEPTHUH,
B BEILIECTBEHHOM MHPE OKa3aJluCh Pa3HECEHHBIMU BO BPEMEHHU (110 CPABHEHMIO C KBAHTOBBIM Ba-
KYyMOM): BCJIEJICTBUE OOJIBIINX T€OMETPUUECKUX MacuITaboOB 3TOM BOJHBI — Oyaylllee Kak yda-
CTOK BOJIHBI €III€ HE YCIENO0 «I0KaTUTHCS» 10 YEIOBEKa B HACTOSIIEM BPEMEHHU.

HNudopmanrionHoe noje, Kak noJje ciaadbiX cuil U OECKOHEUHO MaJIbIX KOJIMYECTB SHEPruu
E,, (o cpaBHeHu1o ¢ E,,), co3naercs B TEKYIIEM BPEMEHHU HE TOJIbKO HEOIYIIEBICHHON MaTEpUH,
HO U MbICIAMU Jroaed. [Ipu sTom pasnuuHbie HHGOPMALIMOHHO-BOJIHOBBIE CTPYKTYphI SHEPrUn
HACTOSIILIET0 BPEMEHH B KaXKJI0€ CIIEAYIOIIEE «TEKYI[ee MTHOBEHUE)» «YXOJSAT» B KAHTOBBIN Ba-
KYyM, XOTSI U ¢ OECKOHEYHO OOJIbIIMMH CKOPOCTSIMH, HO C HEHYJIEBBIMU 3HAUEHUSMHU Pa3HOCTEN
(rpaveHTOB) MEXIY YUCICHHBIMU BETUYMHAMU MPOU3BOIHBIX 3HEPTUU PA3IUYHBIX MOPSIKOB.

22.5. OTmMeTuM, 4TO B KBAHTOBOM BaKyyMe C O€CKOHEYHO OOJIbIION MIOTHOCTBIO SHEPTUU
E.,, Takue kauecTBa (CBOMCTBA) BELIECTBEHHOIO MUPA, KaK «IIPOLLIOE, HACTOsAIIee U Oyayiiee»,
C MO3UIIMU 36MHOT'0 Hab0gaTeNs, OTCYTCTBYIOT.

Bpems B KaXX/10M «BEIIECTBEHHOM COJIMTOHE» — 3TO CYry0O MHIMBHIYyaJbHBIN XapaKTepu-
CTHUYECKHMH MapaMeTp SHEpruM — BTOPas MPOM3BOJHAS 3HEpruu Buaa E.,, «pyHKIHN» KOTOPOU
MO>KET BBINOJIHATH POU3BO/IHAS JIIOOOTO MOPSAIKA, HO €AMHCTBEHHAS JUIsl KOHKPETHOTO COJIUTO-
Ha!

d’E

” 2"" %0

rje ¢ — mo00i He3aBUCUMbIN XapaKTepUCTUUECKUI TapaMeTp SHEPrUu.

B KPUTHYCCKOM COCTOSHHH BCUICCTBO, KOTOPOC MBI pacCMaTpMBA€M KaK BAKYyMHOC€ CO-
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I'mapa 22. Cna0ble B3auMOJeCTBUS MaTepHATbHBIX 00beKTOB ¢ KBAHTOBBIM BAKYYMOM.

CTOSIHME, JOCTaTO4YHO OJIM3KO IO CBOWCTBAM KBAaHTOBOM cpene BakyyMa. Bce mpousBojiHBIE
SHEPrUM BO BCEX COJUTOHAX KBAHTOBOM CPE/bl YUCIEHHO PAaBHBI €AUHUIIE:

d'E, d'E, _,
di" dr"

DTO 03HAYaAET, YTO CKOPOCTH PACTIPOCTPAHCHUS «CIA0BIX BO3MYIIECHUI» JTIOOBIX (hru3mde-
CKHUX TapaMeTPOB B KBAHTOBOHW cpene OECKOHEYHO BEIIMKH, XOTA U «Pa3jIudHbl B Majiom». Bcee
BO3MYIIEHUS BOCIIPOU3BOATCS M OCTAIOTCA B KBAHTOBOM BaKyyMe€ B BUJIE CYNEPIO3UIIMH CTOSI-
YUX BOJIH — TOJIOTPAMMBI, KaXJasi MaTeMaTUYecKasi TOuKa KOTOPOH COJEPKHUT B ceOe BCIO HMH-
dbopmaruio 00 BOJIIOMUHM BEIIECTBEHHOTO MHpA M3 €ro MPOILIOTO, HACTOSIIET0 M OymyIiero
BpPEMEH.

Kaxnoe «cnemyromee HacTosIIee», KaK U «IPEABIAYIIEe MPOILIOeY, SBISETCS HadaIaMu
MHOYECTBA HOBBIX MOCIJIEIOBATEIBHBIX TPEOOpPa30BaHUN JBYX BUIOB YHEPTUU B OymyIleM, CO3-
JAIONIMX MHOXKECTBO BEIIIECTBEHHBIX MUPOB — OMHAPHBIX CUCTEM, HE B3aMMOJICHCTBYIOIINX ME-
XKy coO0M, Kak jgoka3zanu MuxannudeHko u JleB [4]. OnHako B «aHTPOTIOJOTHUUECKUX MAacCIIITa-
0ax» mpornuioe, HacTosIee U Oyayiiee Kak y4acTKU OJHOW BOJHBI B KBAHTOBOM BakyyMe He
CYIIECTBYIOT B OT/ACIBHOCTH, a B BEIIECTBEHHOM MHPE SBJISIOTCS OTJACIHHBIMH Y9aCTKaMU OJTHO-
o W TOTO K€ aBTOKOJIEOATEIHHOTO MpoIlecca MEePEU3IyICHHs BEIICCTBEHHOTO MHUPA, KOTOPHIE
OKa3aJINCh HECKOJBKO PA3HECEHHBIMH B «aHTPOIIOJIOTHYECKOM BPEMEHH», BCIICJICTBHE U3MCHE-
HUS TEOMETPUYECKUX MACHITA00B OJHOTO U TOT'O K€ KOoJn4ecTBa sHepruu (AE,,+E,=const).

B kxaxxmom u3 MUPOB «OBEHIECTBIEHBI» TOJHKO T€ BAapUAHTHI U3 MHOXKECTBA BOJHOBBIX
CTPYKTYp PHEPIUH, B KOTOPBIX, O1aroaapsi AeHCTBUIO pa3iaudHbIX ¢uznyeckux 3¢ (eKToB B3au-
MOJICHCTBUS CJIa0BIX CHJI, CTPYKTYPUPOBAHbI B Oe3pa3MepHbIe, HETOXKICCTBEHHbIC I HE3aBUCH-
MbI€ MEXKIy CO00# KOIMYEeCTBa ABYX BHUJIOB PHEPIHMH B COOTBETCTBHUU C 3aKOHAMHU COXPaHEHUS

OHCPIYH KBAHTOBOT'O BaKyyMa, MHANBUAYAJIbHBIMU IJIA KaXKI0T'0 I-TO BEIIECTBEHHOTO MHpa:

1

E = i(AE{,pi + Em) = const,

i=1

DTO clieyeT U3 CBOMCTB OMHAPHBIX CHCTEM, KOTOPBIE, TAKUM 00pa3zoM, siBJstoTcs QyHIa-
MEHTAJILHOM IPUYMHON JEHUCTBHSI 3aKOHOB COXPAaHEHUS SHEPTHUH.

Oto noareepxaaeT uaeo Opuamana: B 6ECKOHEUHO OOJIbIIOM M€OMETPUYECKOM MacIliTa-
0€ MHOKECTBO BEILLECTBEHHBIX MUPOB — 3TO MHOKECTBO 3JIEMEHTAapHBIX YAaCTHUIl, B T€OMETpUYE-
CKOM MHTEpIpPETALUU — COJIMTOHOB.

VYuutbiBas, 4YTO MPOJOJDKUTENBHOCTh CYILECTBOBAHUS (DU3MUECKOIO BaKyyMa HE MOJKET
OBITh OXapaKTepHU30BaHA KOJIMYECTBEHHBIM IMOHATUEM BPEMEHHU, YUUTHIBAs MHIUBUIYAIbHOCTH
ATOTO MOHATHS JaXKe AJIS KaXKJI0HW MaTeMaTH4ecKod TOUKU — COJIMTOHA B JIFOOOM U3 MHOKECTBA

MHPOB, CICAYCT AOIMYCTUTb, YTO BOJIHOBBLIC CTPYKTYPHIL, HOI[O6HI)IG YCIIOBCYECCKHUM MBICIISIM, B
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

KBAaHTOBOM BaKyyMe€ CYIIIECTBOBAJIM BCETJa, TO3TOMY MOTJIH ABOJIIOIMOHUPOBATH B Pa3INUHBIC
«BBICHIME Pa3yMbl». M3 3TOTO BBITEKAET, YTO UHTEJUIEKT YeJI0BeKa — «ci1adoe 1moa001e» 0JHOro
M3 Pa3yMOB B OJHOM M3 MHOJKECTB BEIICCTBEHHBIX MHPOB, CYIICCTBYIOIIMX B OCCKOHEYHO
OOJIBIIIOM JMana30HE TEOMETPHUIECKUX MACIITa00B PHEPTUH, B T. 4. CYIIECTBYIOIINX BOKPYT HAC
Y BHYTPH Hac.

Crnenyer TaxXe JOIMYCTUTH, YTO BCE MaTepUaIbHbie OOBEKTHI PA3IMYHBIX BEIIECTBEHHBIX
MHPOB HAXOATCS B HEKOEW €IMHON CHCTEeME CIa0bIX B3aMMOJICUCTBHM, 4TO Jto0as mHpoOpMa-
1IMsI, UMEIOIAsICsl B KBAHTOBOM BaKyyMe, MOJKET ObITh TIEpeBecHa Ha JIFOOOW U3 «SI3bIKOB B3aH-
MOJICHCTBUI MEXIY Pa3TUYHBIMU BEIIECTBEHHBIMH MUPAMH.

He ymes paznuuuth «HEpa3zIumauMyr0» WH(MOPMAIHIO, COJIEP)KAIIYIOCS B KBAaHTOBOM Ba-
KyyMe, BPs/I I yJIaCTCSI BOCIIOJIB30BAThCS SHEPIUEH KBAHTOBOTO BaKyyMa B TEXHUYECKUX CHC-
TeMax, YUYUTHIBasl, 4TO MHMOPMAIMS U HECKOHICHCUPOBAHHAS SHEPTHS — 3TO TOXKIECTBEHHBIE TI0
¢dbuzmyeckoMy conepkaHuio MoHsATHs. OHAKO HE BCE TaKk O€3HANEKHO: BCS MH(POpMaIUs, Kak
CYIEPIIO3UIUsl OECKOHEYHO OOJBIIOrO psia MPOU3BOJHBIX DHEPTUU, yKE MMEETCS, U OHa 3a-
mudpoBaHa B PA3TUYHBIX YHUCIOBBIX MOCIEIOBATENbHOCTIX. HeoOxoammo nuiib 1oraaatbes,
KaK OHa 3alm(poBaHa B PA3HOCTAX PA3IMYHBIX MOPSJIKOB COCEAHUX YHCENI BO3BPATHBIX MOCIIE-
JIOBaTEILHOCTEH.

22.6. B rmaBe 6 MbI mokazanu, 4To ciaabble TOKH SHEPTUU HE B3aWMOJCHCTBYIOT C 00JIb-
muMu. Crie1oBaTeNbHO, OOJIBIITNE TOKH YHEPTUU HE BIHUSIOT HAa TEYCHHUE CJIa0BIX B3aUMOJCHCT-
BUH.

OTO sABISIETCSI HEOOXOJAMMBIM CBOMCTBOM B3aMMOJICHCTBHUS MaTEPHAIBHBIX OOBEKTOB C
KBAaHTOBBIM BaKyyMOM M MPUYUHOMN TOTO, YTO PEIENTOPHI YEIOBEKA, KaK MaTepHaIbHbIe 00BEK-

o Ewm
ThI, HE PEArHPYIOT Ha C1abble B3aUMO/ICHCTBHUS C KBAHTOBBIM BakyymoMm: E,, = ¢ (pupoa Be-

aer cuer kak e, et et avenoBek — E,y, Evz, Evs, ... ), UTO SIBJIACTCS CJIEICTBUEM (PyH-
JAMEHTAJILHOTO CBOMCTBAa KBAaHTOBOI'O BaKyymMa — HM30MOp(U3Ma, MPOSIBICHUEM JBUKEHUS U
B3aMHOI0 [Tpe00pa30BaHUsl IByX BUJOB SHEPTUU — KBAHTOBOT'O BaKyyMa.

[Tockonbky 3aaya npeoOpa3oBaHusl IBYX BUAOB SHEPIHMHM KBAaHTOBOT'O BaKyyma peliaercs
Ha ypoBHE CJIa0bIX B3aUMOJICHCTBHI, TO W3 3TOTO CIEAYET, YTO TOJy4CHHE aHOMAJIBHOU JHEp-
ruu, B Texandeckux cucremax ¢ KII/[ 6osbmie 100%, MoxkeT ObITh 0OecriedeHo TOJIBKO Ha OCHO-
B€ HCIIOJIb30BAHMSI B TEXHUYECKUX CHUCTEMax CIIELUAJIbHO OPraHU30BAHHBIX «OYEHb CIIA0BIX»
U3ITydyeHul J11000i pu3ndeckoil mpupoabl, T. €. Ha YaCTOTE PEIMKTOBBIX (DOTOHOB, HO € JOCTa-
TOYHO BBICOKOM IUIOTHOCTBIO SHEPTUU.

22.7. B xauecTBe pabouux cpe B TEXHUYECKUX CHCTEMAaX MPUTOJIHBI JH0ObIe MaTepuab-

HBIC CPCJibl, B KOTOPBIX MOXHO B036y,HI/ITB KoJIeOaHus KBasn4acTull, TOXXKACCTBCHHBIX IO 3HEP-

TUSIM PENTMKTOBBIM (POTOHAM B 3TUX CpelaX, ¢ HE0OX0AUMOM MJIOTHOCTBIO U MOJISIpU3aluel KBa-
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I'masa 22. Cna0ble B3auMOJelCTBUSI MaTepHATbHBIX 00bEKTOB ¢ KBAHTOBBIM BAKYyMOM.

3uyactull. [Ipu Bcem 3TOM O0sbllIMe HavyaabHbIE MOLIHOCTU M KOJMYECTBA 3HEpruu Buaa E, He
TpedyroTcs. OmHako pabodasi cpeia J0DKHA TMPOUTH TEXHOJIOTHYECKYIO TMOATOTOBKY C YYETOM
(U3UKO-TEXHUYECKUX CBOMCTB CPE/Ibl M MPUMEHSAEMbIX [€HEPATOPOB HU3KOIHEPIreTHUECKUX KBa-
3U4acTHl] (0-BUANMOMY, TEHEPATOPOB rUIEp3BYKa U KBAHTOBBIX €HEPATOPOB).

['maBHBIMM TEXHUYECKUMU 3a/1a4aMH, PEIIaeMbIMU MPU TEXHOJOTUYECKON MOJATOTOBKE pa-
0oueil cpefbl, ABISETCS YMEHBLUICHUE BPEMEHM pellakcalluid (pU3MUEeCcKUX IapaMeTpoB Cpeibl U
OpraHu3ainus pe30HAaHCHOT'O COCTOSIHUS B aBTOKOJIEOATEIbHBIX CTOXAaCTHUECKUX Ipolieccax clia-
ObIX B3aMMOJEMCTBHUI JBYX BMJIOB SHEPruH, HAPYLIAIOUIUX CTOXAaCTHYECKYIO MPUPOJY JIBHKE-
HUSA SHEPruu AE,,.

Pe3oHaHcHOE cOCTOsIHME CHCTEMBI — 3TO HEOOXOJUMOE YCIOBHME T'€Hepaluy aHOMalbHOU
sHepruu. s 3amycka 3TOro Impoiecca HeoOXoAuMa OpraHusanus B paboueil cpene pe3oHaHc-
HOTO COCTOSIHHSI HAa YaCTOTE PEIMKTOBBIX (POTOHOB (KBa3WuyacTHUIl pabouel cpeipl) MyTeM J0C-
TaBKM M (OKYCHPOBaHUs ClIa0bIX IEHCTBUN B HauboJiee «IIpeACTaBUTEIBLHOE» MECTO paboyero
TeJla TEXHUYECKOW CHCTEMBI.

[Iytu pemienus 3Toi 3agaun MHOrooOpa3Hsl. [IpuBeneM JauIlb OUH U3 HUX.

[Tockonbky cnadble U CUIIbHBIE JEMCTBUS SHEPTUH, B ONPEAEICHHBIX KOJIMYECTBEHHBIX CO-
OTHOIIEHUSIX, B3aMMHO HE3aBHCHMBI, TO B Ka4€CTBE HECYyIllel HE0OX0IMMO HCII0JIb30BATh BOJHY
CUJIBHOTO JIEHCTBHSI, 00JaJa0NIyI0 JOCTATOYHOM MPOHUKAIOIEH CIIOCOOHOCTHIO B paboyeii cpe-
7€, IPOMOIYJIMPOBAHHYIO BOJHOM HAa 4acTOTE PEIMKTOBBIX (POTOHOB. YUUTHIBAs], UTO «CUJIbHBIE
BOJIHBI» B3aUMOJICHCTBYIOT, TO, YTOOBI N30€XKaTh UCKAKEHUS «CJ1a00M BOJHBI», MPOLIECC MOJIY-
JISUUU HecylIell BOJIHBI HEOOXOIMMO OPraHU30BaTh B TOUKE (POKYCUPOBAHUS TAKUMHU K€ «CUJIb-
HBIMH BOJTHAMI.

naBa 23. Cnabble B3aMumoaencTBMA U aTOMHO-MONEKYNAPHbIA CUHTE3.

23.1. Ecnu cnabpie B3aMMOJIEHCTBHUSI UTPAIOT KIIOYEBYIO POJIb B MPEOOpa30BaHUM JIBYX
BUJIOB DHEPI'HH, CO3JAJIN U MPOJOJIKAIOT BOCIPOU3BOAUTH BELIECTBEHHBIH MUP, TO BO3HUKAIOT
CJIETYIOIHE BOIIPOCHI:

— YUTO MOXHO Hpe/UIokKUTh B KayecTBE MaTEMaTHUYECKONW MOJENN CJIa0blX B3aHMMOJIEHCT-
BHIA?

— KakoBbl reomeTpuueckre cXeMbl U yCIOBUS MPOJOJDKAIOIIENHCS KOHJEHCAIIMN YHEPIUU
Buna E,,?

— Yo sABNIAETCSA TeHEpATOpaMu caabbIX B3aUMOJICHCTBUI U KaK OHU paboTaroT?

23.1.1. [Ipumeuanus [ 2, ¢. 692-695].

OOwenpuHsTHIE BApUAHTBl 00BSICHEHUN (PU3NYECKOTO COJIEpKaHus ClIa0bIX B3aMMOJEHCT-
BHI1 OCHOBAaHBI Ha aHAJIN3€ CBOMCTB TOJBKO SHEPTUH BUIA E,, a CYIIECTBYIOIIUE TEOPHH CIa0bIX

B3aMMOJICHCTBUN HE TIPEIOJIAraloT UX BHIXOJ B HHKCHEPHYIO MPAKTUKY MTPeoOpa3oBaHUs SHEP-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI0 BaKyyMa.

MU KBAaHTOBOI'O BaKyyMa.

[Tonaraem, uTo ciabbie B3aUMOACHCTBUSA MOYKHO OOBSICHUTH Ha OCHOBE IOJIOKEHHS O JIBYX
BUJIaX DHEPTUM U CBOMCTB psAlia OOLIEU3BECTHBIX (PU3NYECKUX 3PPEKTOB, KOTOPHIE, B CBS3U C
ATUM, TIOIJIeKAT O0JIee TITyOOKOMY U3YYEHHIO U CUCTEMATH3AIUH.

23.1.2. lIpumeyanus [2, c. 693].

W3 Toro, 4To U310:K€HO B HACTOsIIEH padoTe, clieayeT, 4YTO Bce (PyHAaMEHTaIbHbIE BUIbI
B3aUMO/JICHCTBUIl BEIIECTBEHHOTO MHpa SIBJISIOTCS NPOSBICHUEM B3aUMOJICHCTBUS MaTepuu
TOJIBKO C KBAHTOBBIM BaKyyMOM. JTO ciiaOble, CHJIbHbBIE, JIEKTPOMArHUTHbIE U TpaBUTALIMOH-
Hbl€, U3 KOTOPBIX «CaMbIMHU CJIAOBIMH» SIBJISIOTCA TpaBUTAIlMOHHBIE B3auMojencTBus. OHU B
10** pasa cnabee «cmabbix B3aMMOACHCTBHIMY. O CHIIe B3aMMOACHCTBHI CYIST 1O MPOIOIIKH-
TEIBHOCTHU NMPOTEKaHUs (PU3MUECKUX MPoLeccoB MpH dHeprusix ~1 I'3B, xapakTepHbIX B pusuke
AJIEMEHTAPHBIX YaCTHII;

— cunbHbIE B3auMoeicTBus ~1072 C;

— snexTpomaruuTHbIe ~107! ¢;

— cmabeie ~1070 ¢,

Ha3BaHHbIE B3aUMOAECUCTBUS OTIINYAIOTCSA PAJUyCOM JIECHCTBHUS:

— Y CHUJIBHBIX B3aNMOJIEHCTBHUN paguyc -10% oM

— y cnabbix ~2-107° cm;

— Y TPaBUTALMOHHBIX — F'—>00 CM.

23.2.Ha ocHOBaHUHM H3JI0KEHHOT'O B HacTosed paboTe U, mojiaras 3HEpruro QyHKIuei
KBaHTOBOT'O BaKyyma, CJIeZlyeT JOMYCTUTh, YTO MPUHIIUI CYNEepro3uluy (B GU3KKE) U AeHCTBUE
cymnepro3uiuu QpyHKmuil (B MaTeMaTuke) — TOXKAECTBEHHBI MO (DU3UYECKOMY COJICPKAHUIO,
YUUTBIBAs MHOKECTBO HEOCTIOPUMBIX SKCIIEPUMEHTAIBHBIX (AKTOB, U3 KOTOPBIX BBITEKAET, YTO
MPUHIMI CYNEPIO3ULINU «paboTaeT» B MEPEXOJHBIX MpOLEccax MEXAy ClaObIMH U CHJIbHBIMU
B3aNMOJIEHCTBUSIMM.

W3 3roro cienyer, 4YTO U TOKU SHEPrUM JIOCTATOYHO OOJIBIION MOIIHOCTH HE BIIMSIOT Ha
«cnabpie TOkM» sHepruu. ONHAKO KauyecTBEHHBIM MOPOr B MPOHOpLUSAX cIab0oro U CUIBHOIO
B3aMMOJICHCTBUM, IO-BUANMOMY, CYILIECTBYET.

OTO MOATBEPK/IAETCS TAaKXKE U CBOMCTBAMM MAaTeMaTUYECKOW MOJIEeH ABM)KEHHUS JIBYX BU-
JIOB HEPIUU, PACCMOTPEHHBIX B IjiaBe 6.

TakuM 006pa3oM, B Ka4ecTBe MaTEMaTHYECKON MOJIEIH NEPEXOIHBIX IHEPreTHUECKUX MPO-
LIECCOB MEX]ly CIa0bIMU U CHJIBHBIMU B3aMMOJEHCTBUSIMH MpeJiaracTcs UCIOIb30BaTh JIEHCT-
BHE CYNEpro3uiiui (yHKIIUNA, CBONCTBA KOTOPOW XOPOIIO COTJIACYIOTCS C aKCHMOMATHYECKUMH
MOJIOKEHUSIMU O JIBYX BUJAX SHEPTHUU.

23.3.[lepen U37I0)KEHHEM CXE€Mbl KOHJICHCAIIMM YHEPTUU OTMETUM, YTO cladble B3anMO-
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I'naBa 23. Oﬁcymelme NPpUYINH AHOMAJILHOM JHEPIruM B HEKOTOPBIX TEXHUYCCKHX CUCTEMAX.

NeUCTBUS MPOUCXOIAT HA IT'PAaHULE BEIIECTBEHHOTO MUpa U KBAHTOBOM Cpejibl (PU3HUECKOTo Ba-
KyyMa, KOTOpasi «IIPONMUTHIBAECT) BCE MATEPUATIbHBIE CPE/BI.

Bce BOMHOBBIE CTPYKTYpBl BEIIECTBEHHOTO MHpPAa BOCIPOM3BOIATCS KBAHTOBBIM BaKyy-
MOM, ITOCKOJIBKY OHU HapyIIaloT ero cuMMeTputo. [103ToMy COBOKYITHOCTh OECKOHEUHOTO MHO-
’KECTBA BOJIH IPECTABIIAET COOOM CYNEPNO3ULHUIO CTOAYUX BOJIH — FOJIOrpaMmy.

23.4. B cBsI3H C 3TUM pacCMOTPUM HEKOTOpPbIE U3 OOIIMX CBOMCTB CTOSIYUX BOJIH, KOTOPbIE
HE 3aBUCAT OT (PU3UYECKOI MPUPOJIbI MAaTEpUATIbHOU Cpefibl, B KOTOPOW BOJIHA PacIpOCTpaHseT-
csl.

Crostiuas BoJIHAa 00pa30BaHa HAJIOKEHHBIMM JIPYT Ha Jpyra WIH N1€pPEeCceKaroIMMUC IpYyT ¢
JPYroM BOJIHAMU.

[TockonbKy pedb HIET O CIIa0bIX B3aUMOJICHCTBUSX SHEPTUHU £, TO B BEILIECTBEHHOM MHUPE
«OOBIKHOBEHHBIMH MPUOOPaMI» OHU HE PETUCTPUPYIOTCSI.

VYuutbiBas HOBYIO (OpMy 3allUCH 3aKOHA COXPAHEHMs] SHEPruu U OWHapHbIE CBOWCTBA
SHEPruM BEIIECTBEHHOIO MHpA, CIEAYET NOMYCTUTh, YTO B CIA0bIX B3aMMOJCHCTBUSIX y4acTBY-
IOT TOJIBKO TOXJECTBEHHBIE, 10 YaCTOTE W NEPEHOCUMOM HEPIHH, BOJHBIL. 1I0CKOJIBKY BCs Cy-
Neprno3uiys 0ECKOHEUHOTO MHOKECTBA TaKUX BOJIH CTOXAaCTUYHA 10 ()a30BOMY COCTOSIHUIO, TO B
PE30HAHCHOM COCTOSIHUM HAaXOJATCS TOJIBKO OTAEIBHBIE YYaCTKH BOJIH C HEHYJIEBBIMHU 3Haye-
HUSMU T'PAJIUEHTOB U C TOXKIECTBEHHBIMH (DA30BBIMU COCTOSIHUSIMH I1apaMETPOB SHEPTUH.

N3-3a uppanMoOHaJIbHOCTH B3aHMMOCBS3U IPeo0pa3yroIUXCs BUIOB SHEPruM Jrodas sie-
MEHTapHasi (rapMOHHUYECKasi, CHHYCOMJAJIbHAsl) BOJHA IPEACTaBIsIET COOON CyNEepHO3HLMIO
MHO>KE€CTBA FTAPMOHUYECKUX BOJIH C HEOTPAaHUYEHHBIM yObIBAHHEM B HUX SHEPIUU U POCTOM Iie-
JIOYMCIICHHBIX YaCTEW, paCIpOCTPAHSIOIMXCS, BCIEACTBUE 3TOr0, C Pa3IUYHbIMU CKOPOCTSIMHU.
[Ipu 3TOM M3MEHEHHUs CKOpocTel HaxodsTcs B AuanaszoHe (0+oo cm/c. Paznuuust B CKOpOCTSX B
BEILIECTBEHHOM MHpE OOYCIIOBJIEHO pa3jIMYHbIMH YacTOTAMU M KOJMYECTBAMU NEPEHOCHUMOM
sHepruu Buja E,. OTMeTHM, 4To 3a IpaHUI[aMU BEIIECTBEHHOTO MUPA, T. €. B KBAHTOBOM BaKyy-
M€, IIPOUCXOJUT TO XK€ CaMOe€, TOJIBKO U3 BEILECTBEHHOIO MUPA H3MEHEHHs CKOPOCTEW HEpa3iy-
yuMbl. [lJ1g 3TOr0 HEOOXOAMMO MEpPerTH K APpyruM MacuitabaMm, B KOTOPBIX, OJHAKO, HEpa3iH-
YUMBIM CTaHET BEUIECTBEHHBIN MUD.

Haubonp1iee koJinyecTBO NEPEeHOCUMON SHEPTUuM Buja £, IPUXOJUTCS Ha HU3IIYIO MOAY.
Huszmas moja (HuM31Ias 4acTOTHAs COCTABJIAIOIIAs BOJIHBI) 00pa30oBaHa CyNepHo3ULIUel MHOXKe-
cTBa MoJ 0oJjiee BHICOKHMX 4acTOT. Eciiy MIOTHOCTh SHEPrUM B KaKOH-TO U3 MOJ IOCTAaTOYHO Be-
JIMKa, TO 3TOT (parMeHT B CYNEpHO3ULIUU BOJIH BeleT ce0sl Kak MaTepHalibHbIM OOBEKT BEIecT-
BEHHOT'O MUPA, KaK HOBBIM COJINTOH, B KOTOPBIM MBI IEPEHOCHM HAYAJIO OTCYETA HUZLIUX MO —
MOPSAAKOB ITPOU3BOJAHBIX JHEPrUU. B MareMaTn4eckol MOJEIN 3HEPIUU 3TO COOTBETCTBYET TO-

MY, 9TO BO B3aMMOCBSI3aHHOW TOCIIEA0BaTENbHOCTH WieHOB duboHayun obpaszyeTcs: «u30bITOU-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

HOCTB» YHCJIEHHOI'O 3HAYEHMsI OJIHOTO U3 WICHOB Psia, KOTOPBIA «BBINAAAET» U3 YUCIOBOM MO-
cienoBaTeNbHOCTH: psf PuboHAYYM «IBOJIOLUUOHUPYET» B PAJ MPOCTBIX YUCENT C TOUYKAMHU
BeTBJICHUA. [Ipy 3TOM MPOM3BOAHBIE HAYaJIbHBIX MOPSIKOB B HOBOM COJIMTOHE XapaKTEPH3YIOT
MHJMBUyalIbHbIE CBOMCTBA HOBOTO MaTepUaIbHOTO 00BEKTAa — reOMETPUUECKHI 00beM, Maccy,
AIIEKTPUYECKH 3apsi/l U XOJ BPEMEHHU B T€OMETPUUECKOM 00bEeME MaTepUaIbHOTO 0OBEKTA.

TakuM 00pazoM, «CTOSIT» B MaTepUaibHOM 0OBEKTE, T. €. UMEIOT HYJIEBYIO CKOPOCTb B HO-
BOW cHCTeMe KOOPIWHAT, TOJIBKO HHU3IIME MOABI SHepruu. Ecim mmotHOCTh 3Hepruu E,, B Cy-
MEPIO3ULIMHA HU3LIUX MOJ JJOCTaTOYHO BEJIMKA, TO 3Ta CYNEPIO3ULIUs MPeJICTaBIsieT co0oi Ma-
TEpUAJIbHYIO CPENly BEIECTBEHHOI'O MUpa, KOTOpas Mpo3payHa Ui BOJH C JOCTATOYHO MaJloil
IUIOTHOCTBIO SHEPTHH, KaK 3TO CIEAYEeT U3 MaTeMaTU4YECKOW MOJIENIN, KOTOPYIO Mbl MPEATIOKUIN
B riase 6.

23.5. CHoBa BO3BpamaemMcsi K mapagokcy «CiaadbIX BOJH». OHU HE B3aUMOJICHCTBYIOT, HO
CO3/ar0T BellecTBeHHbI Mup. Kak 3To npoucxoaut?

«CnaOble BonHBD) 2Hepruu E, u E., He B3aUMOJEHCTBYIOT, OHU JIMIIb CO3AAI0T TPEXMep-
HYI0 HHTEP()EPEHIMOHHYIO KapTHHY paclpeeNIeHNs TUIOTHOCTH SHEPTHH B (hopMe COTUTOHHBIX
CTpykTyp. OfHaKo eciii B MHTEp(EPEHIIUN yJaCTBYET JOCTATOYHO OOJIbIIIOE KOJUYECTBO BOJI-
HOBBIX CTPYKTYp 3HEPTUH, TO B roJIOTpaMME BO3HUKAIOT Y4acTKH C HAUOOJbIIEH IMIOTHOCTHIO
SHEPTHH, T. €. C HAHOOJIBIIUMU CYMMapPHBIMHU aMIUTHTYIAMH.

B Takmx yugacTkax rojorpamMmbl, TIpH JTOCTHKCHUH B HHUX IUIOTHOCTH DHEPTUH (aMILIUTY-
IIb1) ¥ BEJIMYMHBI TPATUCHTOB MApaMETPOB SHEPTHH KPUTHYECKUX 3HAUYCHHH, BOZHUKAET CIIOXK-
HOE SIBJICHHE PE30HAHCa, COIIPOBOXK/IAEMOE 3BOJIOMEH cabbIX B3aUMOJIEHCTBUN B CHIIbHBIE, B
KOTOPBIX 3Heprus AE,, KOHACHCUpYeTCs (CTPYKTYypHPYeTCs) B PEIUKTOBbIE (POTOHBI. [losBIeHne
PEITUKTOBBIX (JOTOHOB MPHUBOJNT K «JIABHHOOOPA3HOMY» HApPaCTaHUIO IJIOTHOCTH HOBBIX PEITUK-
TOBBIX ()OTOHOB. [Ipu 3TOM NOBBIIIEHHE MJIOTHOCTU CTOXAaCTHUYECKUX MO (Pa30BOMY COCTOSHHUIO
(OTOHOB TOKJECTBEHHO IOBBIIICHUIO TEMIEPATYPhl CPEIbl, a MOJIIPH30BaHHBIE (DOTOHBI, MO
HaIIeMy TPEAINOI0KECHUIO, CTPYKTYPUPYIOTCS B TSDKEJIbIE YAaCTHIIBI U B KOHEYHOM HTOTE B aTO-
MBI ¥ MOJICKYJIBI XUMHUYECKUX 31eMeHTOB. CTOXacTHYeCKHe (POTOHBI MCIIBITHIBAIOT TPaBUTAIH-
OHHOE OTTaJIKMBaHUE, BCIEJICTBUE YETo JII000€ TeIo uinydaeT Temio. [lonasprusoBanHbie POTOHBI
UCIBITHIBAIOT TPABUTALIMIOHHOE MPUTSKEHUE, BCIEACTBUE ATOIO OHU CTPYKTYPHUPYIOTCS B OoJiee
IUIOTHYIO MaTeputo. CHOBa OTMETHM, YTO TO U APYroe MPOUCXOAUT Yepe3 ciiadble B3aUMOIEHCT-
BUs (DOTOHOB C KBAHTOBBIM BaKyyMOM.

Bce aTo compoBoxmaercs (Mau o0ecneurnBaeTCs1) MeJIbIM PsIZIOM TOCJIeI0OBATEILHO BO3HH-
Kaomux ¢puznyeckux 3¢p(HeKToB HEIUHEHHON ONTUKKA U MAarHUTOONTUKH, TAKUX KaK caMO(OKy-
CHUPOBAaHUE CTOXAaCTUYECKMX TOKOB JHEPI'MM, 3aXBaT COCEJHUX YacCTOT, PAaCUICIIEHHE YacTOT

(ypoBHeil sHeprumu) u np. Bce 370 Mbl BKIaJbIBali paHEe B MOHATUS — «CTPYKTYPHUPOBaHUE
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I'naBa 23. Oﬁcymelme NPpUYINH AHOMAJILHOM JHEPIruM B HEKOTOPBIX TEXHUYCCKHX CUCTEMAX.

MUKPOCOJIUTO-HOB B COJIUTOH» WJIM «Pacraj COJIMTOHA HA MUKPOCOJIUTOHBD.

HeobOxonuMyro nocneaoBaTeabHOCTh BBINOJHEHUS (u3nyecKux 3()QPeKToB, Kak 3JIeMEH-
TapHBIX COCTABIIAIOLIUX Ipolecca IpeoOpa3oBaHus IBYX BHIOB 3HEPIUH, €€ IPEICTOUT YyTOU-
HUTH IyTEM COOTBETCTBYIOIIETO aHaau3a pusndeckoit mpupoasl 3G(exTos.

bonpmnHCcTBO 3P PeKTOB HA3BAHO UMEHAMM YUEHBIX, OTKpbIBIIMX 3¢ dekThl: bose, bpui-
mosH, 3eeman, Kapouno, Kepp, Kukoun, Komnron, Korton, Jlebenes, Marnyc, Makny3o, Man-
nenpintam, MytoH, HockoB, Paman, Canosckuii, Ctoneros, @apaneii, ®oxr, Xanne u ap. [19, c.
199, 280, 281, 303, 306, 316, 317, 382, 387, 391, 802, 836, ...].

KonunuectBo dusmueckux 3pPexToB, Mo-BUIUMOMY, HE OUYEHb BEJIMKO. Pa3nnyHble KOM-
OMHALIUY U TOCJEI0BATEIILHOCTH UX «BBINOJIHEHUS» JTAIOT HECllydyallHble pa3jMyHble KOHEUHbIE
pe3ybTaThl KOHAEHCAMU (CTPYKTYPUPOBAaHUA) dHEPrUuK £, 1 00eceunBaroT, TEM CaMbIM, 00-
pa3oBaHuE BCEX aTOMOB XMMUYECKHX AJIEMEHTOB. lIpencTout BhISICHUTD, Bee U 3(PPEKTH yxe
n3BeCTHBI? BO3MOXKHO, YTO MPUIETCS «OTKPBITHY €llle Heu3BecTHbIe. Eciiu BBIICHUTCS, YTO aTo-
MBI Pa3IMYHBIX XUMHUYECKHX AJIEMEHTOB — 3TO «IPUILEIBIBI» U3 HHBIX «OECKOHEUHO MallbIX
II1yOUH» — «BEIIECTBEHHBIX MUPOB» KBAaHTOBOI'O BaKyyMa, TO aTOMHO-SIIEPHBIN CHHTE3 Ha OCHO-
BE€ UMEIOLIUXCSA ATOMOB XMMHYECKHUX 3JIEMEHTOB OKaXETCSI HEBO3MOXKHBIM.

[Ipenmonaraem, 4To MCClEAOBaHUE CBOWMCTB PAa3IMYHBIX KOMOMHAIMI U MOCJIEI0BaTENb-
HOCTEH BBIMOJIHEHUS (u3nYecKuX 3PPEKTOB, KaK JIEMEHTAPHBIX JEHCTBHUIl, MOKHO MPOBECTU
Ha OCHOBE MaTEMaTUYECKON MOJIENH ACUCTBUSA CYIIEPIO3ULIMH B3aUMOICUCTBUI TOKOB HEPIUH,
Kak (DyHKIIMM KBAaHTOBOT'O BaKyyMa. DTO 3aja4a, JeTajld KOTOPOH €Ile MPEACTOUT pa3padboTaTh.

23.6. ATOMHO-MOJIEKYJISIPHBIE CTPYKTYPBI BEIIECTBA MPEICTABIIAIOT COO0N CYNEepPIO3UIINIO
CTOSIYMX BOJIH SHEPTUH, HAXOISIIUXCS B PE30HAHCHOM COCTOSIHUM, T. €. BOJH, COCTaBJISIOIINX
TPEXMEPHYIO T0JIOTpaMMy, KOTOpas, Yepe3 MOCPEICTBO KBAHTOBOIO BaKyyma, reHepupyer Oec-
KOHEYHOE MHOKECTBO TOJIOrpapUuecKux KOMHUI ¢ MEHBIIMMHU IJIOTHOCTSIMHU dHEpPruu Buaa E,,
TaK)Ke HaXOJSAIIMXCS B 3TOM rojiorpaMMe B BHJIE BOJIH «CJ1a0bIX sHepruit». Takum oOpas3om, Jro-
0ast CTpyKTypa JIF0O0Tr0o Maciirtada MaTepruaaIbHON CPEebl «M3TydaeTy BOKPYT ce0sl U BHYTPh Ce-
051, reOMETPUYECKHU 110I00HBIE ceOe, BOJHOBBIE CTPYKTYpPBI SHEPTUHU £, A1 KOTOPBIX BCS MaTe-
pHalibHAs cpesia BEUIECTBEHHO IO MUpa IIPo3pavHa, Kak 3TO IOKa3aHo B IJaBe 6.

B >kuBBIX opranu3zmMax MOJIEKYJbl M aTOMbI B MOJIEKYJIaX CTPYKTYPHUPOBAHbI B KJIETKaX Op-
raHu3Ma Tak, 4TO I'PaBUTAlMOHHOE I0JI€ B HUX CO3/Ia€TCs ¢ TAKUM PACIPEAeICHUEM IIIOTHOCTH
SHEPrUU B «CJIa0BIX TPAaBUTALMOHHBIX BOJHAX», YTO 3TO MPHUBOJUT HE TOJIBKO K CTPYKTYypUpOBa-
HUIO aTOMOB B TOX/IE€CTBEHHbIE OEIKOBBIE MOJIEKYJIbl, HO B HEKOTOPBIX AHOMAJIbHBIX SIBICHUAX K
CHUHTE3Yy HEJIOCTAIOIIUX aTOMOB XMMHUYECKUX 3JIEMEHTOB, KaK 3TO CJIEIyeT U3 MyOJUKALUN B «HE
BIIOJIHE Hay4yHbIX» CMMU.

Kusrie OpraHu3MbI HYKJAIOTCA B IIMTAHUH U obMeHe BEIICCTB TOJIBKO BCJICACTBHE HCﬁCT-
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BUsI (PU3MYECKOTO MPUHIMIIA HAUMEHbILEro JEHCTBUS (HaMMEHBIIETo IpeoOpa3oBaHUs SHEp-
T'UH): MOJIEKYJISIPHBIN CUHTE3 TpeOyeT MEHbIIEro KOJM4YeCcTBa npeoOpa3yoieicss SHEpruu KBaH-
TOBOTO BaKyyMa, 4YeM CHHTE3 aTOMOB.

23.7. Ecnu cTosiuMe BOJIHBI «3aMOPO3UTh» B MEPUOJ HECTAOMIIBHOTO COCTOSIHUSL SHEPTUH B
COJIMTOHAX U, CJIEAOBATEIbHO, PACTAHYTh BpeMs pernakcauuu (GU3NYECKUX CBOWCTB BEIIECTBA,
OTBETCTBEHHOTI'O 3a CHJIbHbIE B3aHUMOJEHCTBHS, TO aTOMHO-MOJIEKYJISIpHAsl CTPYKTypa «paboueit
Cpelbl» TEXHUYECKOW CHCTEMBbl FeHepUpyeT cilabble B3aUMOJEHCTBUS KaK OAHY U3 (HOpM SHEp-
run E,. Oto Habmomaercs B 3ddekrax Cobonena, bemekora, Kanapera, B mammnax Cepina,
Pommna—TI oquna u mp.

naBa 24. O6¢cyxaeHne NPUYMH aHOMaribHOM 3Heprumn
B HEKOTOPbIX TeXHUYECKUX CUCTEeMaX.
24.1. O6wume nonoxeHus.

OTMeTHM, YTO SHEPIeTUYECKUE CUCTEMbI BELIECTBEHHOI'O MUpa — 3TO OMHApHbIE CUCTEMBI,
T. K. JJIsl OMMCAHMSI IBUYKEHUS SHEPIMU B CTAOMJIBHBIX CHCTEMaxX B OOLIEM cilydyae JOCTaTOYHO
nuddepeHInaIbHbIX YpaBHEHUN C ABYMs IEPEMEHHBIMH HE BbIlIe BTOporo nopsaka. [Ipu stom
¢uznueckas Mmpupoja MaTepUAIbHON Cpelbl BELIECTBEHHOTO MHpa, B KOTOPOH MHPOUCXOIUT
JBUKEHHE SHEPTUM, HE BIUAET Ha BUJ U NOPSAJOK ypaBHEHUH. DTO YpaBHEHUS JBUKEHUS KU-
KOCTU U raza (ypaBHeHHe bepHysuM), aleKTpoMarHuTHOM sHepruu (ypaBHeHHe MakcBesuia),
IJ1a3Mbl, JBMKEHHS TBEPIOIO TeNa U Jp.

O TOM, YTO BELIECTBEHHBIH MHUP — 3TO MHOXKECTBO OMHAPHBIX IHEPrE€TUYECKUX CHUCTEM,
CBUJIETEILCTBYIOT BCE YPAaBHEHUsI MaTeMaTH4ecKol (pU3MKH, HApUMeED:

— KBajpar BOJIHOBOH ¢yHkuuu (ypaBHenue lllpenunrepa) paBeH BEpOATHOCTH HAXOXKIE-
HUS 4aCTULIbI (CHCTEMBI) B ONPEAEICHHOM COCTOSHUMY;

— BCS MaTeMaTuyecKkasl CTaTUCTUKAa OCHOBAaHA Ha KBaJIpaTMYHOM 3aBUCHUMOCTH IIapaMeTpOB
U pacrpeieeHus ClIy4ailHbIX BEJIUYUH.

XapakTepuCTUYECKUM yYpaBHEHUEM NPU pellieHnr AU pepeHInanbHbIX YpaBHEHU N BTOPO-
ro HOps/Ka SIBJISIFOTCS alredpanyeckrue ypaBHEHUs! BTOPOro nopsjaka. Bzaumocssass nuddepen-
LIUaIbHBIX U anreOpanyeckux ypaBHEHHUIl oOHapy)XeHa M JI0Ka3aHa MaTeMaTHKaMU U HE UMEET
KaKuX-JIM00 OOBSICHEHUH, YTO, MO-BUIUMOMY, OCHOBAHO Ha (DyHIaMEHTaJbHBIX CBOMCTBax OW-
HapHBIX SHEPreTUYECKUX CUCTEM, T. €. CUCTEM JIBYX BUJIOB SJHEPI'MH KBAaHTOBOT'O BaKyyMa.

Takum 006pa3om, «OMHAPHOCTH BEIIECTBEHHOTO MUPa» — 3TO (PyHIAaMEHTaJIbHOE CBONCTBO
BEILIECTBEHHOI'O0 MHpa, KOTOPOE MbI CBSI3bIBAEM CO CBOMCTBAMHU KBAaHTOBOTO BaKyyMa, C JBYMs
BHJIaMU €10 3Hepruu AE,, u E,,.

CornacHO cBOMCTBaM OHMHApHBIX CUCTEM MaTeMAaTUYECKUX MHOKECTB, OTKPBITHIX y4EHU-

kamu 1O. . KynakoBa mpuMEeHUTENHHO K IHEPTreTUIECKUM OMHAPHBIM CUCTEMaM, HaXOISAIIUMCS
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I'naBa 24. O6cyxneHue NPUYMH AHOMAJIbHOI YJHEPTUN B HEKOTOPBIX TEXHUYECKUX CHCTEMAX.

B PaBHOBECHOM COCTOSIHUH, MOCJIEIHIE HE OOMEHHBAIOTCSI SHEPIHEN C JPYTMMU CUCTEMaMHU OK-
PYXKaIOLIEro MpoCTPaHCTBA.

N3 sToro ciemxyeT mMpUHIMIHAIHHO BaKHBIN BBIBOJI, YTO aHOMAJIbHAS SHEPTHS POXKIACTCS
BHYTpH OMHApHOW CHCTEMBI, B HAIlICH HHTEPIIPETAIIMN — U3 KBAHTOBOTO BaKyyMa, 3aKJIFOU€HHOTO
B OMHApHOU cucTeMe («IIPOMUTHIBAIOIIEr0» OUHAPHYIO CUCTEMY).

JIyist TosIBJICHUSI PHEPTETUYECKOW B3aMMOCBSI3W MEXAY Pa3IUYHbIMU OMHAPHBIMU CHUCTE-
MaM{ HE00XOAMMO OpPraHrW30BaTh HEPABHOBECHOE COCTOSIHHE B OJTHOW U3 CHCTEM, TOT'/Ia BO3HU-
KaeT IocJe[oBaTebHas LIEMoYKa MEPETOKOB SHEPrHMH W3 CHUCTEMBbI € OOJbLIEH IUIOTHOCTHIO
SHEPrUU B CHCTEMBI C MEHBIIIEN IUIOTHOCThIO. BeilecTBue ACMCTBUS 3aKOHA COXPAHEHUS dHEP-
TUU BO3HUKAET MPOIIECC BHIPABHUBAHUS TUIOTHOCTH SHEPTUM B PA3IMYHBIX CHCTEMaX, paBHOBEC-
HOE COCTOSIHHE BOCCTAHOBUTCH.

24.2. AHomanbHas 3Heprus B rmapaBriMyecKNX cuctemMax.

24.2.1. ®u3uyecKoe cojiepraHue AaHOMAJIbHOI YJHEPIuH B CY:KAIOIIUX YCTPOiicTBaX.

B TypOyneHTHBIX MOTOKaX KUJIKOCTU U raza BCerja MNpUCYTCTBYET YAaCTOTHASI COCTABIISIO-
mas KoeGaHus smeMeHTapHbx crpykryp ~10' ¢,

C moMoIIbI0 Pa3IUYHbIX KOHCTPYKTOPCKO-TEXHOJOTMYECKHX CPEJICTB MOXHO BBIBECTU
CUCTEMY U3 JMHAMHUYECKOro paBHOBecHs. [Ipu 3TOM BCs Cyneprno3uiys 4acToT KojaebaHus SHep-
TUU TIOCTETIEHHO CMECTHUTCSI B CTOPOHY IMOHIKEHUS WIIA TTOBBIIICHUSI YHEPTUN B CHCTEME B IIe-
JIOM, YTO SIBJISIETCS U3BECTHHIM (DyHIaMEHTAIBHBIM CBOMCTBOM pacIpeesieHUs SHEPTUu B JIO-
ObIX PHEPIeTUYECKUX CUCTEMAaX U OMUCHIBACTCS TaK Ha3bIBAEMBIM pacripeseieHreM bonblimana.
OpHako eciiu HEpaBHOBECHOE SHEPreTUYECKOE COCTOSIHME CHCTEMbl KaKUM-IM00 o0pa3oMm «3a-
MOPO3UTH» WM NEPUOANYECKH BO30OHOBIIATH, TO MOKHO MOJIYYUTh HEKOTOPOE KOJUYECTBO JIO-
MOJIHUTENBHON (aHOMaIbHON) SHEPTUH.

24.2.2. OT™MeTHUM, YTO PHEPTreTUYECKUE CHCTEMBbI, OCHOBAHHBIC HA JIBIPKCHHUH KUIKOCTH U
rasa, B KOTOPBIX IPH ONPEACIICHHBIX YCIOBUIX MOXKET ObITh OOHApYKEHA aHOMAJIbHASI SHEPTHS,
He moryt obecrieunts KITJ[ cBbiie 200% no ciaemyromum npuinHam.

Becph npupoct sHepruu o0ecrieunBaeTcs T€M, YTO B HEPABHOBECHOM COCTOSIHUU H3MEHSI-
10TCs KO3 (ULMEHTHI pacxo/a y B OTAEIbHBIX 3JIEMEHTaX CUCTEMbI WM B CUCTEME B LIEJIOM.

B o6mem ciyuae koaddummenT p pacxoma xKuakoctd G B CUCTEME U3MEHSETCS B Juara-
3omue 0,6+1,0 ex.

G =uVvAP,

rae AP — nepenaj JaBIe€HUN B CHCTEME.
Tonbko B crienuanbHO NpOoGUIMPOBAHHBIX HACAKAX, THIIA CBEPX3BYKOBOI'O COILIA JUISl Ta-
3a, 3HAaYCHUS KOA(h(UIIEHTA pacxo/ia MOTYT IPEBLICUTH 2 e1. [44, c. 499].

24.2.3. OrpanudeHue Ha pocT y 00YCIOBICHO (pyHIaMEHTaIbHBIM CBOMCTBOM MaTEpPHH B
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OMHApHBIX CHCTEMax: IMpPH BBIXOJE IapamMeTpa >HEPruu TUAPABIMYECKONH CHCTEMbI (pacxona
KUAKOCTU () Ha «IPSIMOJIMHEWHBIN y4acTOK 1mapadoibl» Jr00ble MpUpocThl AP HEe JaroT 3aMeT-
Horo yBenuuenus G (puc. 9).

B cBsA3M ¢ BBIIEH3I0)KEHHBIM OTMETUM, YTO THIPOJAMHAMUYECKUE TEILIOTeHEepaTopsl Bour-
koBa u [loTamoBa, paccMOTpeHHBIE Jajnee, KOHIENTyaJlbHO HEe MOryT AaTh yBenuuenue KIIJ]
CUCTEMBbI Ha MOPSIOK IO CleAyIonel PU3ndecKoi MpruurHe.

Bpewms penakcanuyu ruipoJMHaMHUUECKON CUCTEMbI MOXET ObITh YMEHBIIEHO C IOMOUIbIO
KOHCTPYKTOPCKO-TEXHOJIOTMUECKUX PEIICHUN B Mpeaesiax Bo3MokHoro usmeHenus u = 0,6+1,0
€. ¥ TOJIBKO ISl OTIPENIEJICHHBIX JIEMEHTOB B cucteMe 1o 2 en. Takum obpazom KIIJ B rua-
paBIMYECKUX CHCTEMax He MOXKeT ObITh Bbliie 200%.

Otcrona cneayeT BbIBOJ, YTO I'MAPABINYECKUE CUCTEMBI, KAK UICTOYHUKHU JOTIOTHUTEIbHON
SHEPIruH, HE MO3BOJISIIOT PEIIUTD TPOOIIEMY MOTYYEHHS] aHOMAIbHOM YHEPIUH KapJMHAJIBHO.

I'ne e BbIxOa?

OueBHIHO, HAI0 MCMOJb30BaTh (U3NYECKUE CpPEebl C MEHBIIMM BPEMEHEM pellaKcalluu
(¢u3nyecKux CBOWCTB IPU MEPUOIUUECKUX MEPEX0aX CUCTEMbl U3 HEPABHOBECHOTO COCTOSHUS
B PaBHOBECHOE.

B kauecTBe Takux cpell NOJKHBI OBbITh MCIIOJB30BAHBI 3JEKTPOMArHUTHBIE MOJIS, HU3KO-
TEMIIEpaTypHasl IUIa3Ma UM «ITYCTOTa» B MUKPOIIPOCTPAHCTBAX MATEPUAIBHBIX CPEI.

OpHaKo UCHOJIB30BaHUE WX CBOMCTB MOXKET OBbITh CYLIECTBEHHO OTPaHMYEHHO OOJIBIIUM
BpEMEHEM pellakcaluu (prU3nuecKuX CBOMCTB KOHCTPYKTOPCKO-TEXHOJIOTMYECKONW CUCTEMBI B 11e-
JIOM.

PaccmoTpuM cBoiicTBa pabounx cpel B TuapaBindeckux cucremax Bonkosa u [lotanosa.

24.3. QKCNepUMEeHT C LUITIMHAPUYECKUM HacaaKoM.

KoHcTpykTOpaM KUAKOCTHBIX PEAKTUBHBIX JBUTaTeeil U3BECTHO, YTO B CTPYHHBIX (op-
CyHKax K03 puImeHTs pacxoaa y u3mMmeHstorcs Ha #20+40% npu HAIMYUK IPOTHUBO/IABJICHHS B
KaMmepe CropaHusi, 4YTO HCKIKYAIO BO3MOKHOCTh «XOJIOJHON» HACTPOWKH CTEHIOBBIX MCIIBITA-
TEJIbHBIX CHCTEM Ha 3aJaHHBII PEXKIM.

B 1973 r. Ha BOTKMHCKOM MAalIMHOCTPOUTEIHHOM 3aBOJIE€ ObUIM IIPOBEACHBI UCIIBITAHUS C
UMUTATOPOM (POPCYHKH — HWIMHIPUYECKUM HacaakoM (puc. 8, ¢. 163) — Ha 05KHIaeMbIX PEXHU-
Max MCTEYEHMsl >KMJIKOCTH U3 Hacajaka. [ mapaBiuyeckasl cucreMa IpeJcTaBisiia coO0i BhITEC-
HUTEJIBHYIO CUCTEMY BBICOKOTO JaBJIEHUS. B KadecTBe )KUIKOCTH HCIIOJIb30BaNIach Bojaa. Pacxon
BO/JIbI U3MEPSIICS TypOMHHBIMU pacxogoMepamu. CIIMB BOJABI U3 HAcaaKka MPOU3BOAMICS B COCY]
C I0OCTaTOYHO OOJBIIMM 00BEMOM, 3a/laHHOE IPOTHBOIABJICHUE BO3/lyXa B KOTOPOM YCTaHaBIIU-
BaJloch mepes ciuBoM. Ilepemnan naBiieHHs B BBITECHUTEIBHOW cHUCTEME ObLI MOCTOSHHBIM U

obecreynBan SaI[aHHBIﬁ TIOCTOSIHHBIN pacxoJ BOJbI Ha BCCX CIIMBax.
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G — pacxo[1 KUIKOCTH B CUCTEME;

P — npotruBoOIaBiIeHNE B COCYIE;

P=Pc+AP — naBjieHne BBITECHEHUS >KUIKOCTH,

AP = 40 kr/cm” = const — Mepenaj 1aBJieHUus B CUCTEME.

DKCIIepUMEHTHI MTOKa3ally, YTO MpHU ONPEIEeIEHHOM MPOTUBOJABICHUH, T. €. MIPHU OIpee-
JICHHOW TUIOTHOCTH BO3JYLTHOM Cpe/ibl, B KOTOPYIO IPOU3BOJMIICS CIIUB, PACXO] BOJbI «CKAYKO-
oOpa3Ho» yBenuuuBaiicsa Ha 20%. [lepexogHbie MpoLiecchl B CUCTEME HE UCCIIEI0BAIHC.

dopmanbHOE 00BSICHEHUE 3TOTO CBOAUIIOCH K TOMY, YTO IIPH CJIMBE B 00Jiee IIIOTHYIO cpe-
Iy CTpys Ha BBIXOJI€ U3 HacaJiKa pacliupsiach U Kacaiaach OCTPbIX KPOMOK Hacajka. Benencreue
00pa3zoBaHus B HACAJIKE KOHTYpa CTPYH C IJIaBHBIMU 00BOAaMH BO3HHUKAT A(HEKT KEKIINMOHHO-
ro 1MoJIcoca BOJIbI U3 COCYy/a C BBICOKHMM JIaBJIEHUEM B HacaJloK, KO3 (GUIUMEHT pacxo/ia Hacaaka
yBenuuuBaics Ha 20%. OgHako BONpOC, OTKYAA B3sUIaCh JOTOJIHUTEIbHAS SHEPTUs, B TO BpeMs
HE paccMaTpUBAJICA.

24.4. TennoreHepatop BonkoBa.

B xoHcTpykiuu teruioreHepatopa BoikoBa ucmosb3yercs cyxkaroliee yCTpOMCTBO €O
CBEPX3BYKOBBIM Teu€HUEM BoO31yxa. [Ipu NONOJHUTENLHOM BAYBE BO3[YyXa B 3aKPUTHUYECKYIO
4acTh coIrjia HaOIogaeTcs SBJICHUE IPUPOCTA YACIbHON 0CEBOM CUIIBI (YIEIbHOM TSTU COIUIA) B
CHJIOU3MEPUTENIbHOM crcTeMe CTeH 1.

Ilpumeuanue

Yoenvnaa msaea R pasna omnowenuto pacxooa 2asa k msze (ocesoii cocmasusowell pe-
AKMUBHOUL CUTbL).

B cBepx3BykoBOM comioBoM 6i0ke BoskoBa aHOManbHas 3Heprust Obl1a 3aperucTpupoBa-

Ha TOJIBKO Ha XOJIOAHBIX IMTPOAYBKAaX BO3YyXOM.
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

B)IYBaHI/Ie BO3ayXa B 3aKpUTHUUYCCKYIO YAaCTh COINIa CYHIECCTBECHHO YBCIHMYUIIO IIJIOTHOCTH
OHCPIYH B Typ6y.]'ICHTHOM IIOTOKC BO34yXa U, CJIICA0BATCIIb HO, IMMOBBICUJIO YaCTOTHYIO COCTaB-

11 -1
oy ~10°° ¢ ¥ COOTBETCTBYIOILIYIO KOHJICHCAIIMIO SHEPTUU BUA E..

Puc. 9

Ha ropsiuem raze agpdext BoskoBa He BOCTIPOU3BOAUIICS.

OObsicHEHHE ATOMY CIIEAYIOIIEE.

Bcenencrue Toro, 9To Temreparypa ropsdero rasza Obljia, OUYEBHIHO, BBIIIE TEMIIEPATYPHI
JleGast ¥ IMIIOTHOCTH SHEPTUH B IMOTOKE TOPSYETO Ta3a Oblila CYIIECTBEHHO BHIIIE, YEM TIPH IPO-
TYBKE BO3JyXOM, TO BCE XapaKTEPUCTHUECKUE TTApaMETPhl CUCTEMBI C TOPSYMM Ta30M HaXOH-
JIUCh Ha «IIOYTH TOPU30HTAJIBHOM YYAaCTKE» KBaI[paTHqHOﬁ KpHBOﬁ 3aBUCUMOCTH pacxoJa H,
CJIEIOBATENIbHO YAEIbHOM TATH, OT Kakoro-iaubo nmapamerpa (puc. 9). Ilostomy Hukakue 3Haue-
HUs AP Ha 3TOM y4acTKe HE MOTYT J1aTh 3aMETHOI'O YBEJIMYEHUS YACIBHOU TIATH

AG

TakuMm 06pa3oM, TypOYyJEHTHOCTh MOTOKA FOPSYEro ra3a B CBEPX3BYKOBOM COILIE 3apaHee
JOCTUTAJIa MPEAETbHO BO3MOKHBIX 3HaYEHHH, TOITOMY HUKAKON JOTOIHUTEIbHBINA BIYB HE MOT
CYLIECTBEHHO U3MEHUTD paclpeiesieHUe 3HEPTUU B IOTOKE ra3a M0 4acToTaM KoJieOaHHUs.

Heo0xo1uMo0 0OTMETUTH, YTO 110J00HOE SHEPreTHUYECKOE OIPaHUYEHHUE KOHIIETITYyalbHO He-
MIPEOJIOJIUMO, €CIIU HKCIEPUMEHTHI U TEXHOJOTMYECKHE MPOIECChl OCHOBAaHbI Ha MpeoOpa3oBa-
HUU TOJILKO CKOHJIEHCUPOBAHHOM SHEPruu.

24.5. TennoreHepatop lNoTanoBa.

B temoreneparope IloTanoBa Takxe MCIOIB30BAICS COIUIOBOM OJIOK, HO C YAUTKOW ISt
JOTIOTHUTEIBHOTO 3aKpy4YMBaHUS MMOTOKA BOJBI HAa BbIxoje U3 Oioka. IIpu 3TOM B 3akpuTHye-
CKOM YacTu coIula JOJKEH ObITh MPEAYCMOTPEH BBICTYI WM MOJCOC BOJbI (KOHCTPYKTOPCKUMN
aHaJIOT BJlyBa B 3aKPUTUUYECKYIO YacTh COIUIAa reHepaTopa Boiikosa).

Hasnauenue comna u YIINUTKHU — BO36YJII/ITB B TOKC BOJbI 3a y.]'IPITKOﬁ KaBHUTAIIHIO. Bricokne
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I'naBa 24. O6cyxneHue NPUYMH AHOMAJIbHOI YJHEPTUN B HEKOTOPBIX TEXHUYECKUX CHCTEMAX.

CKOPOCTH JIBHKEHUS U TIEperaj] 1aBJIeHUs BOIbI Ha OJIOKE ¢ YIUTKOMN NPUBOJAT K TOMY, YTO JIOC-
TaTOYHO 0O0JIBIIOE KOJIMUYECTBO BUXPEH (BUXPEBBIX TPYOOK) M3-3a MaJbIX pa3MEPOB 3aMbIKAIOTCS
camH Ha ce0s ¥ SBOJIIOIIMOHUPYIOT B COJIUTOHBI.

TTOCKOJIBKY YaCTOTHAS COCTABIIAIOMIAs KoNebamus sueprun Ha gactore ~10' ¢! mpn srom
JIOCTaTOYHO BEJIMKA, TO 3BOJIIOLHMS COJUTOHOB B TOKE BOJbI 3aBEPILAETCS MX pa3pyLIEHUEM C
BBICBOOOK/IEHUEM KBa3M4acCTUI[ — TEIUIOBBIX ()OTOHOB NpHU MOIMAJAHUU COJUTOHOB B 00JIACTh
MTOHM>KEHHBIX JaBJICHUH.

[ToBeIlIEHHE MIIOTHOCTH KBa3U(POTOHOB B BOJIE TOXKJECTBEHHO MOBBIILICHUIO TEMIIEPATYPhI
BO/IBL.

[Ipu skcmmyaranuu TeriorenepaTopa He0OX0AMMO CHU3UTh IPOTUBOJIABICHHE 3a YIUTKON
1o noutu arMocgepHoro. B npotusnom ciyyae KIIJ[ cucremsl cauzutes 1o 3HaueHuit <100%,
10 MPUYMHE CIUIIKOM MEIJIEHHOTO Pa3pyIIeHUs KaBUTALMOHHBIX BUXpeEH (ITy3bIPbKOB) — COJIH-
TOHOB.

HecobGmonenne psaa TexHudeckux TpeOoBaHMil B mporiecce skcruryaTaruu cHu3uT KIT
cucteMsbl 10 3HadeHus <100 %, B T. 4. CACAYIOUTUX:

— CHIMDKEHUE JABJICHUS 32 YAUTKOM 10 «I10YTH» aTMOC(HEPHOTO;

— U1 IPOKAYKH BOJbI B TEIMJIOOOMEHHUKHU MCIOJIb30BAaHUE OTIECIBHOTO LHUPKYISIUOHHOTO
Hacoca;

— HE BBIBEJICHUE CHCTEMbI Ha «TEMIIEpAaTypHOE I1JIaTO».

24.6. dnekTtporeHepatop HenbcoHa.

24.6.1. Onucanyue KOHCTPYKLUUHU U IPUHIIMII IEHCTBUS T€HEpaTopa NPUBEICHBI B 3asBKE Ha
mareHT [38].

Cornacno narenty KII] cuctemsr cocrabisier ~ 400%.

Cxema reneparopa npusezeHa Ha pucyHke 10 (c. 168), 3auMCTBOBaHHOTO W3 MATEHTA.

['eneparop coctout u3 Kopiryca 2, MPEACTaBISAIOMIET0 CO00M BaKyyMHYIO TPYOKy C 3a-
KJIIFOYEHHOW B HEH AJIEKTPOHHOU MYIIKOM, OTACICHHON OT KOPITyca 3JIEKTPOU30IATOPOM S, JIIEK-
TPUYECKON CXEMbI U UICTOYHUKA MMUTAHUS.

JIlyd cBOOOAHBIX JIEKTPOHOB HaIpaBlieH W3 KaTona 3, 4 K aHOAYy — MPOBOJIAIIEH TTOBEPX-
HOCTH Kopiryca 2. KaToJl ¢ HUTSIMU HaKallMBaHUs NOTpeOseT MOIHOCTh 6 BT npu cune toka 1
A. BripabGateiBaemas B Harpy3ke 11 mMomHocTh coctaBisier 2,5 kBT. Ha kopnyce 2 ycraHoBiieH
MarHuT 1, KOTOpBIM CO3/1aeT MOCTOSTHHOE MarHUTHOE I0JIe B MPOCTPAHCTBE KOpITyca 2, 3aroi-
HEHHOT0 CBOOOJTHBIMM IeKTpoHaMH. Ha karoj mogaercs oTpuiiaTesbHOE HANPSDKEHHUE YCKOpe-
Hus 3nexkTpoHoB U=10 B.

DnekTpuyeckas cxema, oOecrednBaromas (QyHKIIMOHUPOBAHUE T'€HEPATOpa, COCTOHT W3

JBYX KOHTYPOB, IIEPUOAUYECKU U TOOYEPETHO MOAKII0YaeMBbIX NepekitoyaTeneM 9. Yactora pa-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

60TeI nepexitovarens ~1 MI'u. [lns obecnieueHus reHepaly MUKIOB ¢ TaKOI 4acTOTOM B cXxeMe
umeercst konaencarop 10 emkoctbio ~50 nd. B nepBoil koHuUrypauuu npoBoasuias MoBepx-
HOCTh KOpITyca M30JIMpOBaHa OT 3emiid. Bo BTopoil koHdurypanuu npoBojsias MoBEpPXHOCTh
KOpITyca HAXOJUTCS B AIEKTPUUECKOM CBSI3H C 3€MIIEH.

EmkocTHas 3Heprus, HakONuBIIasiCs B MEPBOM IMKJIEe paboThl B KoHJeHcaTtope 10, moxaa-
eTcst Ha Harpy3Kky 11 B TeueHue BTOporo nukia. B 3asBke Ha nzobperenue Henbcona onucano
22 BapuaHTa KOHCTPYKLUHU I'€HEpaTopa, HE OTVIMYAIOIIUXCS KOHIIETTYaJIbHO.

[IpuBeneHHbIE B 3asiBKE€ OMMCAaHUSA (PU3UUYECKUX MPOLIECCOB B paboTe reHepaTropa HE pac-
KpBIBAOT (PU3UYECKYIO MPUUMHY aHOMAJIbHO BBICOKOM MOIIIHOCTH.

24.6.2. [lagum onricanue pabOThI TeHEpPaTOpa Ha OCHOBE KOHIICTIIMH JIBYX BUIOB SHEPTHUU.

PaccMoTpuM runoTeTMdecku ONTHUMAalIbHBIE YCIOBUSA pabOThl HAa IMpHUMEPE JBYX LIHUKIIOB
3apsAKy — paspsaku konaeHcaropa 10.

B oxHOM 13 nmonoxkeHuii nepexitovarens (Ha30BEM €ro nepBbiM) padboTaeT nepBas KOHPU-
rypanusi JIeKTpUYeCKoi cXxeMbl: UAET 3apsijika KoHaeHcaropa. [Ipu sToM nepemnaj HanpspKeHus
MEXIy KatogoMm u aHojoM AU ymensmiaercs ¢ 10 B g0 «moutun» HyneBOro 3HadeHUs, HO HE
JOCTUTAET HYJS, T. K. IPOUCXOIUT MEPEKIIOUEHUE CXEeMbl Ha BTOPYIO KoHGurypauut. Bo BTo-
POM LIMKJIE KOHJEHCATOP pa3psbKaeTcs, HO HE MOJHOCThIO. [Ipu 3TOM TOK Harpys3ku yOBIBaeT
HEKOTOPOT0 MaKCUMAJIbHOTO 3HAYEHHUSI 10 «TIOUTH» HYJIEBOTO 3HAUCHHUS.

Jlanee npoiiecchl NepeKIOYeHUs KOHUTypaluuil 1 HUKIOB paboThl KOHAEHCATOpA IEPUO-
nuuecku nopTopsitorcs. [Ipu aToM nepexitouarens 9 nojakioyaeT KOHQUTYpalud ¢ HEKOTOPhIM
onepexeHneM Af.

OtMmeTuM BaxkHOE KauecTBO renepatopa Henbcona: 6maromaps addexry Xanme [2, c. 836]
MIOCTOSIHHOE MarHUTHOE T0JI€ CUHXPOHU3UPYET «cjaaboe IBUKEHHE» IIEKTPOHOB B MOMEHTHI
MEePEKITIOUEHUS KOHPUTYpAITUi AIEKTPHIECKON CXEMBI.

[Ipu oxononyneBoM 3HaueHuu AU cucTeMa yrnopsii0YeHHBIX 3JIEKTPOHOB YK€ HE IPOsB-
JIS€T, B 1IEJIOM, CHJIBHOTO JeicTBUs (Kak NpU Uy.y), HO U HE YCIEBAeT pacnacTbCsi Ha CTOXaCTH-
YEeCKHUE AIEKTPOHBL. DJIEKTPOHbI, HAXO/SICh B TaK HAa3bIBAEMBIX CJIa0bIX B3aUMOJCHCTBUSX, OCTa-
I0TCS HEKOTOpOE BpeMs ynopsaoueHHbIMU U nipu AU—0, Gnaroxaps adpdexry Xanine, T. K. 1O-
CTOSIHHOE «CJIa00€ MarHMTHOE I0JIe» 00ECleYMBAET TOXK/IECTBEHHYIO OPHUEHTHUPOBKY CIIMHOB
AJIEKTPOHOB.

OTo 03Hayaer, 4To B reHeparope HenbcoHa sHeprust £ cucTEMBbl yHOPSIOYEHHBIX 3JI€K-
TPOHOB BCET/Ia BBILIE SHEPTUU Fy CUCTEMBI TEX YK€ AIEKTPOHOB, HO HAXOAAILIUXCA B CTOXacTUYe-
CKOM JIBHJKEHUHU B OTCYTCTBHE MarHUTHOIO MOJIS.

TakuM o0pa3om, JONOJHUTEIbHAS SHEPTUSI CUCTEMBI IEKTPOHOB B KAXKJOM IIMKJIE paBHA

AE = E - E,, kak okazaHo Ha puc. 11 (c. 164).
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At - onepexxeHue paboTbl nepeknovaTens

1, 2 — Touku niepekItoueHus, At — onepexenrne padoThl MEPEKITIYATEIIS.

[Ipu pazpaboTke u sKcITyatanuu reneparopa HembcoHa HEOOXOAMMO YUWUTHIBATH PSif

TEXHUYECKUX TpeOoBaHM, HecoOmoneHne Kotopeix cHU3UT KIIJI cucremsl, B T. 4. CleAyOMIMX:
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

— ONTUMM3UPOBATH MEPEAATOUHbIE (DYHKIIMN BCEX B3aMMOCBSI3aHHBIX AJIEMEHTOB TEXHUYE-
CKOM CHCTEMBbI, YUUThIBasi, HA[PUMEP, YTO MEpPEKIoYaTeab U 00e KOHPUrypaluu 3JIeKTphye-
CKOM CXEMBI SIBJIIIOTCS aBTOHOMHBIMU I'€HepaTopaMu KosieOaHuil;

— YYUTBIBATh 00JI€€ BHICOKME MO/IbI KOJIEOAaHUs HAPSYKEHUS B JJIEKTPOHHOM IyIIIKE.

24.7. lpyrue TeXxHU4ecKkne CUCTeMbl C aHOMaNbHOMN 3HEPrUen.

AHaOrM4HbIM 00pa30M MOKET ObITh OOBSICHEHA aHOMAJIbHAS! SHEPTUS U B JPYTUX TEXHU-
YECKUX CUCTEMaX.

OTivuueM 3TUX CHCTEM MEXJy cOOOH SBISETCS TO, YTO HECTAOMJIBHOE COCTOSTHUE CUH-
XPOHHOTO JIBUYKEHUSI COJUTOHOB PACTATMBAETCS BO BPEMEHU Pa3IMYHBIMU CIOCOOAMHM, B KOTO-
PBIX «paboTaroT» pa3Hble Qusndeckue 3pPexTol:

— B reHeparope HenbcoHa — ¢ moMOLIb10 HOCTOSTHHOTO MAarHUTHOTO MOJIS;

— B reHeparopax Kanapesa, IloranoBa, Pomrna—I oquHa 1 1p. ¢ aHAJIOTMYHBIMHA PE3YJlb-
TaTaMu pabOTaeT AIEKTPOMArHuTHOE IOJIE;

— B 3¢ dekrax Cobonera, bemiekoBa u aAp. — ynopsI04€eHHOCTb COJMTOHOB JOCTUTACTCS C
MTOMOIIBIO0 TEXHOJIOTUYECKUX MPOIIECCOB U MEXaHUYECKH (PUKCUPYETCS B TBEPAOM TEJ€, UTO CO-
XpaHsieT HeCTaOMIbHOCTb COJINTOHOB, «HE IMO3BOJISSH COJUTOHAM IEPEHTH B CTOXAaCTUYECKOE
COCTOSIHUE.

JlpyruM oTiMuueM SBJISI€TCS TO, YTO B KauecTBe pabodyeil cpeabl MCHOJIb3YIOTCS pa3iny-
HbIE 110 (PU3NYECKON MPUPOJAE FIEMEHTAPHbIE SHEPTETUUECKUE CTPYKTYPBI: JIEKTPOHbI, aTOMBI,
MOJIEKYJIbl U JJa)K€ MAaKpOKOJIMYECTBA BEILECTBA, UTO BJEUET 3a COOON OoJiblIoe pasHOOOpasue
MIPUMEHSIEMbIX TEXHOJOTHYECKUX ITPOLIECCOB.

MosxHO mokKa3aTh, 4TO HauOOJIbIIAs MOILIHOCTh AHOMAJIBHON 3HEPIHM JTOCTUTAETCS MpU
HCII0JIb30BAHMHU B Ka4ecTBE paboueil Cpeibl peIMKTOBBIX (POTOHOB M KBa3U4aCTULL 000 (pusu-
YeCKOM MpUpPObl ¢ TapaMeTpaMH PEIUKTOBBIX (POTOHOB, Y KOTOPBIX «IIPOU3BOJUTENILHOCTDY, 110
CPaBHEHHUIO C JIEKTPOHAMU, OOJIBIIIE B ~10" pas.

MnaBa 25. KommeHTapum Kk pabotam KocnHoBa, Npabapyka n OnbLiaHcKoro.

25.1. TlpenyoxxeHHas B Hamieil paboTe BHYTPEHHSISI CTPYKTYpa SHEPTUH B COJIUTOHE XOPO-
o corjacyercsi ¢ (ppakTaabHOM KOHCTPYKLMEH BHYTPEHHEH CTPYKTYpbl IPOTOHA, MPEAIOKEH-
noit H. B. Kocunoseim u B. U. I'paGapykom B padoTe [34].

OtkpsiTue KocunoBbiM 1 I'pabapykoM KOHKpETHOro BuJa ¢pakTaia, OTPa)Karollero 3aKo-
HOMEPHOCTb CTPYKTYPOr€He3a MPOTOHA, [O3BOJISIET MOJYUYUTh KOJIMYECTBEHHBIE XapaKTEPUCTH-
KU 3JIEMEHTaPHBIX YACTHI] PACYETHBIM ITYTEM.

B pabote [34] BHyTpeHHsISI CTPYKTypa MPOTOHA 00pa3yeTcsi CUCTEMOM MOCIeA0BaTEIbHBIX
BJIO’)KEHUH, OCHOBAaHHOM Ha enuHOM airopurMe. Mepapxuueckas cuctema (pakTanoB co3jaHa

10 OJJTHOMY U TOMY k€ 00pa3y: Kaxjaas 0oJiblIas 4acTh CTPYKTYPbl B TOUHOCTH MOBTOPSIET Ma-
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I'masa 25. Kommentapuu k padoram Kocunosa, I'padapyka n ObIianckoro

JIYIO 4aCTh CTPYKTYPBI.

B nameit pabote mogo0HBIN BEIBOJ CAEAYET U3 MATEMAaTHYSCKON MOJIEIN COJIUTOHA, B KO-
TOPO¥ MPOTOH M JPYTUE FITEMEHTAPHBIC YACTHUIIBI — 3TO KJIIACCHYECKHE COJIUTOHBI.

25.2. B pa6ote O. B Onpianckoro, u3aoXKeHHOU B riaBe 26, 1. 7, pacCMOTpeHA KOHIIEI-
U MpeoOpa3oBaHMsI YHEPTUH KBAHTOBOTO BaKyyMa B TEXHHYECKHX cucTeMax. KoHmenmus 1mo-
CTpOEHa Ha TeopeTndeckoM obocHoBanmu [1. Jlmpakom mporiecca reHepanuy JIEKTPOHOB BO3-
OY>KJIEHHBIM COCTOSTHUEM (PM3UYECKOTO BaKyymMa, KOTOpOoe OH U310kuI B 1933 r. B HOOeneBcKkon
nexin «Teopus SeKTPOHOB U MTO3UTPOHOBY:

— ¢uszndeckuii BakyyMm 00Ja/JaeT CIOCOOHOCTBHIO K TEHEpPAlUM AJICKTPOH-TMO3UTPOHHBIX
nap, 00J1a4ar0IUX KHHETHUYECKON SHEpruei;

— 3TO TPOSIBIISICTCS TPU TOCTMHXKCHUW BEIHUYUHBI JeGopManuu (HapyImIeHHsT CHMMETPHH)
(GU3NIECKOTO BaKyyMa HEKOTOPOTO KPUTUIECKOTO 3HAYCHUS.

[Tpu 3TOM B KOHIENIHU OJHOTO BUAA 3HEPruu OJbIIAHCKOMY yIalIoCh CPOPMYITUPOBATH
3aKOH COXPAaHEHHs SHEPruu KBAaHTOBOTO BaKyyMa, TOXKJIECTBEHHBIN TPEAIOKEHHOMY B HACTOSI-
el padore.

25.3.Takum oOpa3om, pe3ynbTaThl Ha3BaHHBIX PadOT U HacTosALleH pabOThl B KOHLENTY-
QJIBHBIX BOTIPOCAX CXOJATCS, HECMOTPS Ha PA3IMYMsl B UCXOTHBIX aKCHOMATHYECKUX MOJIOKEHH-
X

— pabotsl KocuHoBa u OnbpIIaHCKOTO MOCTPOEHBI (10 YMOJTYAHUIO) Ha pe3ysIbTaTaxX aHaJIu-
3a TOJIBKO OJIHOTO BHJA SHEPIrUHU — £, a HacTosas paboTa — Ha IByX BUAax £, u E,,.

[Tomaraem, 94TO KOHIIENIUS JBYX BHIOB DHEPTUU OTKPBIBACT OOJiee IIMPOKOE MOJE JUIS
MIPOBEICHUST MCCIICJIOBAHNN KBAaHTOBOTO BaKyyMa, YeéM KOHIENIHUs OJAHOTO BHIA dHEPruu, 00-
HICTIPUHSTAsE B COBPEMEHHOM €CTECTBO3HAHUU.

MnaBa 26. O6wwme utorn.
26.1. 3aKOH coxpaHeHuUs1 IHepruu.

Marepust BenecTBeHHOTO MUpa £, B 1IEJIOM ¥ HECKOH/ICHCUPOBAHHAS SHEPTUSI KBAHTOBOTO
BaKkyyma £, — 3TO 1Ba B3aUMOCBSI3aHHBIX BH/Ia YHEPTHH.

O06a BuJa SHEPruu CYIIECTBYIOT B (JOpME pelaKCallMOHHBIX aBTOKOJeOaTeIbHbIX MpoLec-
COB COMNPSDKEHHBIX JIMHEHHBIX MPeoOpa30BaHMi MHOKECTB MEPEHOCYMKOB YHEPTUU KaK DIIEMEH-
TapHBIX CTPYKTYp YHEPTHUH.

['eomeTpuyeckoil MOAETHI0 PABHOBECHOTO COCTOSIHUS ABYX BHJIOB DHEPTHUHU DIIEMEHTAPHOMN
CTPYKTYPHI IIPHHST TPEXMEPHBIN COJIUTOH.

HenyneBble u pa3nuyuHbIe YHCICHHBIC 3HAUEHUS YHEPTUU E,, B COJMTOHAX, a TAKXKE Pa3HO-
HAIpPaBJICHHOCTh JBW)KCHUS 00ECIIEYMBAIOT CTOXAaCTHUYECKYIO MPHPOJY JBHKCHHS MHOXKECTBA

COJIMTOHOB. O6IHI/IM CBOMCTBOM TaKOTO JABMXXCHUA, 06T)€JII/IH$IIOHH/IM MHO>KECTBO COJIMTOHOB B
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

HEKYIO CHUCTEMY, SIBIIICTCSI TO, YTO HUKAKWE JIEHCTBHS B CTOXAaCTUYECKOM MHOXKECTBE B3aUMO-
CBSI3aHHBIX COJIMTOHOB HE SIBJISIFOTCS MPE00JIaJalOIIMMK, BCE COJTUTOHBI HAXOATCS B TaK Ha3bI-
BAaeMbBIX CJIa0BIX B3auMOACHCTBUAX. MHaue TOBOps, TpagueHThl TapaMeTPOB SHEPTHH B TaKOM
JBIDKCHUH CTPEMSATCSI K HYIIO, BCSA CHCTEMa COJIMTOHOB HAaXOJUTCS B JIMHAMHYECKOM PaBHOBE-
CHUH, JICHCTBYET 3aKOH PAaBEHCTBA JIBYX BUOB YHEPTUU
AE.,=E,.

JlunaMuueckoe paBHOBECHE B ITPeoOpPa30BAHMIX JIBYX BUIOB SHEPTHH SBISETCS MPUIUHOMN
CYIIIECTBOBAHUS BEIIECTBEHHOTO MUPA, T. K. CTOXaCTHYECKUE KOJIeOaHUSI MUKPOCOJIUTOHOB JBYX
BHJIOB DHEPTUU B KAKJIOM COJIMTOHE MPOUCXOAT OTHOCHUTEIHHO HEKOTOPOTO HEHYJIEBOTO 3Ha-
YeHUs KOJUYECTBA KOHICHCUPYIOIICHUCS SHEPTHH, KOTOpPOE HAOMIOAAaeTCsl Kak MpeoOdiianaHue
BEIIECTBA HAJ aHTUBEIIECTBOM, U3BECTHOE MO/ TEPMHUHOM 3apsiA0BOl acuMMmeTpuu BceeneHHou
[2, c. 316].

OnHako 3aKOH COXpaHEHUs YHEPTUU HE CTOJb MPSMOJMHEEH U a0COJIOTEH, KaK 3TO Mpe-
JIO)KEHO B HOBOM 3amuCH, T. K. JII00as TEPMOJMHAMUYECKAsI CUCTEMA BEIIECTBEHHOTO MUpa BCe-
r7la HaXOJUTCSI B COCTOSHUU TIEPEX0Ja W3 OJHOTO PABHOBECHOTO COCTOSIHUSI B JPYroe€, B TOM
YHUCIIE U «CTApoe»...

CornacHo TpemIOKEHHOW B HACTOSIIEH padOTe MaTeMaTH4YeCKOW MOJAENH JIF0OOW IieH-
TPaIbHO CHUMMETPHYHBIA CTAOWJIBHBIA COJMTOH B OJHOMEPHOW HWHTEPNPETALMH JBYX BHJIOB
SHEPTUHM XapaKTEPU3yETCs] BO3BPATHOM UYMCIOBOM MOCIIENOBATEILHOCTHIO KOJIMYECTB B3aUMO-
CBSI3aHHBIX MHKPOCOJUTOHOB, CTPYKTYPUPOBAHHBIX B «00JIbIIONY conuToH. MHaue roBops, xa-
paKTepU3yeTcss TAPMOHHYECKUM PSIIOM MTPOU3BOIHBIX SHEPTHH PA3IMYHBIX MOPSAKOB. BhIsicHu-
JIOCh, YTO Y KaXJOTO BUJA SHEPTUHU YMCIIOBAs MOCIEI0BATEILHOCTh IPOU3BOJIHBIX SHEPTHH, 110
CBOMCTBaM, TOXecTBeHHA psany dubonauun. OOmIEee KOTUYECTBO COMPSDKEHHBIX Map MPOU3-
BOJIHBIX JIBYX BHJIOB HEPTHMU B BEIIECTBEHHOM MHUPE OTPAHWYEHHO YHMCIOM ABOTaapo, T. €. B
BEIIIECTBEHHOM MHUPE TapMOHUYECKHUM PsiI OTPAaHUYCH, OJTHAKO HUTJEC U HUKOTJA HE CXOJIUTCS 32
€ro rpaHuIlamMu.

3HAYMMOCTh WJIM HE3HAYUMOCTh WICHOB PsiJia B BEIIECTBEHHOM MHUPE 3aBHCHUT OT TEMIIepa-
TYpPBbI WM TUIOTHOCTH SHEPTUU B CHCTEME, UYTO N0 (U3HUYECKOMY COACPIKAHUIO OKA3aJIOCh TOXK-
JIECTBEHHBIM.

Uucnoas nocnenoBatenbHOCTh OrOOHAYYM, KAK OJHOMEpPHAs MOJIENb JBYX BHIOB DHEP-
TUH, B TPaQUIECKON WIUTIOCTPAIIUHU MPEJCTABISET COO0M YHCIOBYIO OCh, KOTOpas HAUMHACTCS B
OCCKOHEYHO MAaJIbIX OKPECTHOCTSAX IIEHTPA COJIUTO-HA, MEPECEKaeT MOBEPXHOCTh M yXOJWT B
OECKOHEYHOCTb.

Touku Hayana psiioB @UOOHAYYN HA YUCIOBOM OCH HaXOJATCS: HAa IOBEPXHOCTH COJIMTOHA

— nus sHepruu E,, a mis sHepruu E,, — B LeHTpe conuToHa. Yucnosas och E, HampasieHa
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T'maBa 26. O0mme UTOrU.

BHYTPh COJIMTOHA, HO 3aKaHYMBAETCS (BETBUTCS), HE OXOJSA JO LIEHTPA COJIUTOHA, B TOHKOM
CJI0€ MOBEPXHOCTU COJIUTOHA (BHEIIHEHW 000J104YKe) B OECKOHEYHO MaJIbIX «TJIyOMHAx» KBaHTO-
BOro BakyyMa. HucinoBas ocb £, yXOIUT 3a MPEIEIIbl COJIMTOHA B OECKOHEYHOCTb.

Takast uaTepnperanusi CBOUCTB psanoB GuboHAYUM IS IBYX BUIOB SHEPTHUH CIIECIYET U3
OMHApHBIX CBOWCTB MaTEMaTHYECKUX MHOXECTB, OTKPHITHIX yueHukamu Kymakosa. W3 3toro
OTKPBITHS, MPUMEHUTEIBHO K CBOWCTBAM SHEPrUU B COJUTOHE, CIEAYET KOHIENTYyaJIbHO BaX-
HBIA BBIBOJ:

€CJIM BHYTPU COJIUTOHA UMEIOTCS APYrue 00O0JOUYKU C IOCTATOYHO BBICOKOW IJIOTHOCTHIO
E,, pa3nencHHblE TaK Ha3bIBACMBIMH 3alPEIICHHBIMU 30HAMH JHEPTUH, TO SHEPIUM £, 3aKiII0-
YEeHHbIE B APYTUX BHYTPEHHUX 000JI0UKaX COJUTOHA, MEX]Ly COOOH HE B3aUMOJIEHCTBYIOT.

Takum o0Opa3oM, ynciIeHHble 3HaueHus AE,, u E,, B IpeII0KEHHOH 3aIlCH 3aKOHA COXpa-
HEHMS SHEPTUHU — HTO JIMILb YaCTh KOJWYECTBA SHEPTUU B PABHOBECHON CHCTEME, 3TO YHCICHHBIE
3HAYEHUs TPOU3BOIHBIX SHEPTUHU TOJIBKO HYJIEBOIO MOPSAAKA. B TO Bpems Kak Juisi KOJIMYECTBEH-
HOM M Ka4eCTBEHHOM XapaKTEPHCTUKU aBTOKO0JIEOATEIILHOrO Ipoliecca mpeodpasoBanus AL, <>
E, HeoO6XxoauMo TOTIOJIHUTEITFHO HMCTOJb30BaTh, 0 MEHBIIEH Mepe, MPOU3BOIHBIC MEPBOTO U
BTOPOTO MOPSIKOB.

Kpome Toro, B mpeio)KeHHON 3aliCcH 3aKOHA PABEHCTBA JBYX BUAOB DHEPTUU B JIFOOBIX
AJIEMEHTAPHBIX CTPYKTypaX, SHEPIrusi HE 3aBUCUT HU OT UX F'€OMETPUYECKUX PA3MEpPOB, HH OT
IJIOTHOCTU DHEPTHUU B HUX BO BCEM JUAIA30HE Pa3MEpPOB U IUIOTHOCTH E,;: OT pEeIUKTOBOTO (ho-
TOHA U AJIEKTPOHA JI0 JIFOOBIX MaKpOOOBEKTOB BEIIECTBEHHOTO MUPa, BKJItouasi Beenennyto.

DTO 0Ka3aJ0Ch COBEPIICHHO HEOXUIAHHBIM U, HA TIEPBBIN B3IJIsI, a0CYpIHBIM CBOMCTBOM
HaIllero BemecTBeHHOro Mupa. OJHAKO 3TO CBOMCTBO CIEAyeT M3 MaTEMaTHUYeCKOW MOIEIH
SHEPTUH — YHUCJIOBOM mocienoBaTenbHocTH OrboHauun, HavaIbHas TOYKa OTCYETa KOTOPOW Ha
YUCJIOBOM OCH JUIsl SHEPTUH BUAa E, He uMeeT GUKCUPOBAHHOTO TOJIOKEeHUsA. TouHee, OHa BCe-
rja NpUHAIICKHUT MOBEPXHOCTH KOHKPETHOTO COJUTOHA U ABJISETCS TOYKOW NMEPECECUEHUs Yu-
CJIOBOM OCH C TIOBEPXHOCTHIO cOMTOHA. CpaBHUBASI COJTUTOHBI C Pa3IMYHBIM COACpKaHueM £,
HEO00XOMMO OTMETHTh, YTO MaTEMATUUYECKast MOJIETb OTKPBITA B JIFOOYIO CTOPOHY M OTOOpaXkaeT
CJIEIyIOIEe CBOWCTBO SHEPT M.

[To Mepe yMEeHBIIEHHSI TEOMETPUUECKUX PAa3MEPOB COJIMTOHOB U, CIEIOBATEIBHO, YMEHb-
LICHUS B HUX IUIOTHOCTH £, 1 COOTBETCTBYIOLIErO YBEINYCHHS B HUX INIOTHOCTH £, HAUMHAA C
HEKOTOPOU YCIOBHOM I'PaHHUIIBI BEIIECTBEHHOTO MHPA, B KOTOPOH JTF000€ BEIIECTBO HAXOIUTCS B
KPUTHUYECKOM COCTOSIHUH, BC€ KBAaHTHI AE,,, U E, HEpa3IW4MMBbl, BCICICTBUE MAJIBIX Pa3MEPOB
E,, HECMOTps Ha OOJIBILYIO INIOTHOCTH E,,. Ha MpoTHBONONI0KHOM rpaHUIE BEIIECTBEHHOTO MHU-
pa kBaHTBl AE,, U E, Takke HEPa3IW4YUMBbl, T. K., BCICACTBAE MaJON INIOTHOCTH M CIMIIKOM

OOJIBIINX FEOMETPUUECKHUX Pa3MEpOB, SHEPrus E, CTAHOBUTCS IMPO3pPAavyHOM JUIsl MaTEpUU Bellle-
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

CTBEHHOTO MHpa U, CIII0BATEIHHO, HEHAOIIOAaEeMOT.
26.2. OHeprua KBAaHTOBOro BaKyyma.

Bce TepMoamHaMudeckne CHCTEMBI BEIIECTBEHHOTO MUpPa HE3aMKHYTHI. DHEPrusi KBaHTO-
BOTO BaKyyMa IIOCTYIIAaeT B HUX BCET/a, 00ECNeunBas CyleCTBOBAHNE MAaTEPHH BEIIECTBEHHOTO
MHUpa TyTeM Tepen3inydeHuss mMaTepur. OJHAKO TOCTYIUIGHHE OTOJIHUTEIHLHOTO KOJHYECTBA
CKOHJICHCHPOBAHHOW YHEPTUU CBEPX TOTO, YTO HAXOJIUTCSI B COCTOSTHHMM PAaBHOBECHOTO IEPEH3-
JTy4EHUs, TTPOUCXOTUT TOJBKO NPH HAPYHNICHWW CIIOKUBIIETOCS ITUHAMHYECKOTO PaBHOBECHSI.
O0pa3zoBaHne JOMOTHUTEIHHON YHEPTUU MPOUCXOANT B MIEPEXOTHBIX MPOIIECcCaxX MEXy CTOXac-
TUYECKAM JIBI)KEHHEM MHOKECTBA 3JIEMEHTAPHBIX CTPYKTYP DHEPTrUU K HECTOXAaCTHUYECKOMY, B
mporeccax mepexojia Mexay claObIMH M CHIBHBIMU B3aMMOJICHCTBHSIMA MHOKECTBA IEpEHOC-
YHKOB JIBYyX B3aMOCBSI3aHHBIX BUIOB SHepruu. [Ipu 3TOM 3aKOH COXpaHEHUS YHEPTUU HE Hapy-
I1aeTcsi, HO TOJIBKO «B MasloM» (Kak MmokakeM Hipke). HoBoe nuHammyeckoe paBHOBECHE aBTO-
MaTHYECKH JTOCTUTAETCS Ha HOBOM T'€OMETPHUYECKOM MacIiTade MmpeoOpa3oBaHUs ABYX BHIIOB
sHepruu. B HOBOM MacmTabe cToxacTu4eckas MpUpoa HOBOTO PaBHOBECHOTO MPE0Opa3OBaHUS
BOCCTaHaBJMBaeTcs. B 3TomM macmtabe MiIoTHOCTh HECKOHICHCHPOBAHHOW dHEPruu E, eIe BbI-
1€ ¥ C yMEHBIIEHHEM MaclITab0B BO3PaCTaeT IKCIOHEHLIUATbHO. DTO 03HAYAET, 4TO JIF000€E KO-
JIMYECTBO JIOTIOJIHUTENIFHO CKOHJICHCUPOBAHHOW SHepruu £, Bcerna, paHo WM MO3IHO, YPaBHO-
BEIINBACTCA HEKOTOPHIM HOBBIM KOJIMUYECTBOM HECKOHJICHCHPOBAHHOW 3Hepruu AE,, Haxoms-
mieics BO B3aMMHOM aBTOKoJie0aTembHOM TipeoOpa3zoBanuu ¢ E,. [Ipu 3TOM J100BIEe KOJIMUECTBA
AE., n E,, Bcerja 0eCKOHEYHO Maiibl Ha 001ieM (poHe 3Hepruu £, ¢ 0eCKOHEUHO OOJIBIIOH MIIO0T-
HOCTEBIO.

26.3. Npeobpa3oBaHMe aHEPrun KBaHTOBOro BaKyyma.

[IporieccamMu mepexonia CUCTEMBI M3 OJHOTO PaBHOBECHOTO COCTOSIHHS B JIPYTO€ MOSKHO
VIIPABJIATh MYTEM «IMKBHIAIMHU» CTOXAaCTUYECKOT'O COCTOSIHUSI CHCTEMBI Ha OJIHOM U3 €€ dHep-
TFETUYECKUX YPOBHEH.

3amaHHbI IEPEXOTHBIA MPOIIECC U «U3BATHE» M3 HETO HEKOTOPOTO KOJUYECTBA SHEPTHH
BuJa £, MOXHO 00€CIIeUnTh TOJIBKO MyTEM OpraHU3alMd OTHOCHTEIHHO KPAaTKOBPEMEHHOTO pe-
30HAHCHOTO COCTOSIHUSI MHOXKECTBA KBAHTOB (RJIEMEHTAPHBIX SHEPTeTUIECKUX CTPYKTYP) CHUCTE-
MBbI. B p€30HaHCHOM COCTOSIHUM MPHUTOK CKOHACHCHPOBAHHOW YHEPTUU M CTOK «IIOUTH» TOXJIE-
CTBEHHOTO KOJIMYECTBA PHEPTUU U3 CUCTEMBI 0OpAaTHO B KBAHTOBBIM BaKyyM ITPOUCXOMIAT BCETIa
U HE 3aBHUCAT OT (pyU3HuecKoi mpupo bl paboueil cpebl CUcTeMBbL. JTO sBIseTCS (QyHIaMEHTallb-
HBIM CBOMCTBOM KBaHTOBOTO BaKyyMa.

EnuHCTBEHHOE OTIMYNE TPEATIOKEHHON CHCTEMBI MTPeoOpa3oBaHUs JIBYX BUIOB SHEPIHH
OT PHEPreTUYECKuX MpeoOpazoBaHuil B OPOYHOBCKOM JBMKEHHUU — 3TO OOJbIIME reoMeTpuye-

CKue MaclITaObl KoJieOaHUsl SHEPTUU B TEXHUYECKOW CHCTEME U 3HAUUTENIbHO OOJbIIas Ipoaoi-
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KUTEJIbHOCTh TMepexo/ia MaKpOCUCTEMbI U3 OJIHOTO PaBHOBECHOT'O cOCTOsIHUSA B Apyroe. [locnen-
Hee MO3BOJIIET «U3BAThHY 3a/laHHOE KOJIMYECTBO JIOTIOJHUTEIHLHO CKOHJIEHCUPOBAHHOM 3HEprun
Buna E,,.

OnHaKo CKOJIBKO OYZET «U3BSATO» IHEPIHUH U3 CHUCTEMbI «pabouee Teno — KBaHTOBBIN Ba-
KYyM», CTOJIBKO K€ «aBTOMAaTHYECKI» BEPHETCS B HEE U3 OKpYXKarolleil cpenpl 00paTHoO, T. €. B
KBAHTOBBIN BAKyYyM.

DTOT 00paTHBIN TOK YHEPIUU — 0OBEKTUBHO HEOOXOUMasi OTpHULIaTeIbHas 00paTHas CBA3b
B J1I000H aBTOKOJIeOATENbHON crcTeMe, 00ecIiedrBaloasi HOBbI YPOBEHb JIMHAMUYECKOTO PaB-
HOBECHS CUCTEMbI HJIM BO3BPAT K CTAPOMY...

Pe3oHaHCcHOE COCTOSTHME MHOKECTBA 3JIEMEHTAPHBIX CTPYKTYpP PHEPIUM, HAXOIALIUXCSA B
rpolLecce aBToKoye0aTeNbHbIX TPeo0pa3oBaHuii IBYX BUAOB SHEPTUU, 03HAYAET CYMMUPOBAHUE
aMIUIUTY/l B TOXKIECTBEHHBIX MOJJaX SHEPrUM, CYMMUPOBAHHE YHCICHHBIX 3HAUEHUN YICHOB YH-
CJIOBOI MOCJIEIOBATEIbHOCTH TAPMOHMUYECKOTO Pa3IoKEHUs YHEPIUU B JBa PsAAa, KaK aHAJIUTH-
4eCcKOM (PyHKIIMU KBAaHTOBOT'O BaKyyMa.

[losiBneHue pe3oHaHca B CUCTEME IPUBOJUT K TOMY, UTO BECH PsAJl IPOU3BOJHBIX (BCA Y-
cioBas mocienoBaTesibHOCTh PuOOHAUYM) CMEIAeTcsl OTHOCUTENBHO HYJIEBOW TOYKM Hadaja
oTcyeTa MOPSAKOB MPOU3BOAHBIX dHEPruu BuUJA E, HAa YMCIOBOW OCH 3HAYEHHH MPOU3BOIHBIX,
MPEI0’)KEHHOM HaMU B KaYECTBE MaTEMaTUYECKON MOJEIN SHEPTHHU:

— €CIIU sl IPOU3BOJHBIX E, cMelaercs BiIEBO (B CTOPOHY HapacTaHHsI reéOMEeTPUUYECKUX
pasmepoB E,,), TO 3T0 03Ha4aeT HapacTaHue E,;

— €CJIM — BIIPaBO, TO 3TO O3HA4aeT yObIBaHUE E,, paCTBOPEHUE BELIECTBA B KBAHTOBOM Ba-
KyyMe.

BcenenctBue nppaliroHanbHOCTH COOTHOIIEHUS TPE0O0Pa3yOIUXCs KOJIMYECTB JIBYX BUJIOB
sHepruu AE., u E,,, 3aKOH COXpaHEHUs SHEPrUM HAPYIIEH BCErjla B CTOPOHY npeobnananus AE,,
Haj E,, Mo3TOMY B KOHIIEMNIINH JABYX BHI0B 3HEPTUU 3aKOH COXPaHEHUsI HOCUT aBTOKOJebaTeb-
HBIN XapakTep.

B o6mem cinydyae u30bITOUHAs SHEPTUs B TEPMOJUHAMHYECKH PAaBHOBECHOM CHUCTEME Ma-
JI03HAYMMA.

B HepaBHOBeCHBIX cucTeMax M30bITOYHAS IHEPrus, Oylydn 3HAaUMMOM, HAYKOM OTBEpraer-
Csl, BCJIEJICTBUE MPUHATON B (PU3UKE «IIPSAMOJIMHEHHOW» KOHILIETILUU OJTHOTO BH/1a SHEPTUU.

Bce uznoxeHHOe MO3BOJISIET YTOUYHUTH (DU3UYECKOE COJEpKAHHE 3aKOHA COXpaHEHUs
SHEpPruu:

— mo6ast TepMOJJMHAMHUYECKAsi CUCTEMa CTPEMUTCS K PaBHOBECHOMY COCTOSIHHUIO, JJOCTUTa-
€T €ro U KoJieOGJIeTCss OTHOCUTENIbHO JOCTUTHYTOTO paBHOBECHS; IIPU 3TOM paBHOBecue obecrie-

YUBACTCA CTOXAaCTUYCCKHUM JIBUKCHUCM 3JICMCHTAPHBIX CTPYKTYP SHEPIrvuU B CUCTEMCE,
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— JIOTIOJTHUTEIBHOE KOJMYECTBO SHEPTHH MOXKHO TOJIYYUTh MyTE€M MEPEeBOJia CUCTEMBI Ha
HOBBIH YPOBEHb PABHOBECHS YHEPTUU M TOJBKO B TEPHO]I MEPEX0Jia U3 OJHOTO PABHOBECHOTO
COCTOSIHHSI B JIPYro€; IIPH 3TOM KOJMYECTBO JOMOJTHHUTEIBHONW SHEPTHUH PABHO PAa3HOCTH KOJIH-
YECTB SHEPTUH CHUCTEMbI, HAXOIAIEHCS B PA3IMYHBIX PABHOBECHBIX COCTOSHUSX;

— BBISIBJICHHBIE CBOMCTBA KBAaHTOBOTO BaKyyMa CBHUJCTEIBCTBYIOT O TOM, YTO JIOTIOJIHH-
TEIbHOE KOJMYECTBO IHEPIUU Buja E, MOXKET ObITh MOJy4E€HO B JHOObIX (hOpMax, B JTHOOBIX KO-
JIUYECTBAX U C JIFOOBIM 3HAKOM.

[Tocnennee yTBepKIeHHWE OTYACTH TMOJTBEPIAMIOCH B HCHBITAHUSX 3JIEKTPOTEHEpaTopa
Pommuna—TI oguna: monydeHue 3JIEKTPOIHEPTHH MPHUBEIIO K CHIKCHHUIO TEMIIEpaTypbl B OKpY-
JKarolIen cpene.

26.4. MeToaukKa NpoeKTUPOBaAHUSA TEXHUYECKUX CUCTEM.

Cnenyer mpu3HaTh, YTO B HACTOsIIENW paboTe HaM HE YAaloCh IPEIOKHUTH LEIOCTHYIO
METOJIMKY aHaJIN3a CBOMCTB SHEPTHH KBAaHTOBOTO BaKyyma BBUAY OTCYTCTBUS IOIXOISAIIETO Ma-
TEeMaTUYECKOTO anmapara, Ha4aJio KOTopoMmy noJsioxkuwin Bianumupos, Kynako, MuxajibueHko,
JleB u marematuku-unTynioHUCTHl A. H. Konmoropos, A. I'. [paranun u K. I'enens [4, 8, 42].

Kax mpeamonaraercst pemars 3Ty npooiieMy B JaibHEHIIEM:

— TIOCKOJIBKY MBICIIh M MaT€MaTHYECKas JIOTUKA PACCMaTPHUBAIOTCS HaMH KaK MPOSIBICHUS
JBKEHUSI HECKOHICHCUPOBAHHOW SHEPTUH,

— MOCKOJIbKY JTII00BIE (hU3UYecKue 3aKOHBI U 3(PPEKTH 0TOOPaXKAIOT MPOIIECCHI TPeoOpazo-
BaHMS ABYX BUJIOB SHEPTUH U PA3TUIHBIX (OPM CKOHACHCHPOBAHHOW YHEPTHUU,

— IMOCKOJIbKY JIFOO0N COJIUTOH COCTaBJIEH U3 MUKPOCOJUTOHOB, KOJIMYECTBO KOTOPBIX Or-
paHU4YEeHO YnuciIoM ABOTraapo,

— TOCKOJIBKY B COJIUTOHAX C JIIOOBIMU T€OMETPUUECKHMMHU pa3MepaMu U KOJIHMYECTBAMH
CKOHJICHCHPOBAHHOMW SHEPTUU COJEPKATCS PaBHBIE CyMMapHbIE KOJUYECTBA JBYX BUIOB JHEP-
THH,

— TOCKOJIBKY TOXKJIECTBEHHOCTh (DPAKTAIbHBIX CTPYKTYP SHEPTHU MPOCMATPUBACTCS BO
BCEM JMAana3oHe reOMETPUYECKUX Pa3MEPOB COJIMTOHOB — OT OECKOHEYHO OOJBIINX 10 OeCcKo-
HEYHO MAaJIbIX,

— TO MPEACTABJIAETCS BO3MOKHBIM ITPOBECTH aHAIN3 (PU3UIECKUX 3aKOHOB U d()PEKTOB ¢
L[EJIbI0 UX PACIIONOKEHHS B HEKOEH KauyeCTBEHHO-YIOPSIOUEHHO 10CIIEI0BAaTENIbHOCTH.

AHanu3 mpeAnosaraeTcss MPOBECTH Ha OCHOBE HOBOW (DOPMYITMPOBKU 3aKOHA COXPAHECHHS
SHEpruu, OMHAPHBIX CBOMCTB CKOH/IEHCUPOBAHHOMN HEPTUH,

TEOPUHU aBTOKOJIEOATETHHBIX MPOIIECCOB M BBEACHHBIX HAMHU PA3IMUUN MEXKIY CTOXACTUYECKUM
JBKEHUEM SHEPTUHU U HECTOXACTHUECKHM. ..

O)KI/I)IaeM O6HaPY)KI/ITB B IOCJICAOBATCIIbHOCTH M3BCCTHBLIX SHEPTCTUYCCKHUX 3aKOHOMEP-
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HOCTEH «IUTaBHBIN» MEPeXo]] OT CTOXaCTUYECKOTO JIBUIKEHUS SHEPTUU K HECTOXaCTUYECKOMY, OT
OTHOCHUTEJIbHO ca0bIX AeUCTBUN 3HEpruu B (uznueckux 3¢dekrax K CUIbHBIM JEHCTBUSAM — B
(bu3znyecKux 3aKoHax.

OsxuzaeM, YTO yJacTcs pacwICHUTh JIEHCTBUE SHEPIrUU BO BCEH MOCIEN0BATEIBHOCTH (Hu-
3UYECKUX 3aKOHOB U 3(PPEKTOB Ha 3JIEMEHTapHbIE COCTABJIAIONINE, KOTOPbIE MOXKHO OyleT 0To-
XKJAECTBUTDH C AJIEMEHTAPHBIMU JIOTUYECKUMU ONEPALUIMU PAa3INYHBIX MAaTEMaTHUECKUX aareop.
[Tomnaraem, 4To B psijie CIy4aeB HaM 3TO YK€ y/1al0Ch CIENaTh.

[locne ompeneneHHON cUCTEMAaTH3alMK 3JEMEHTAPHBIX COCTABJISIOUIUX SHEPreTUYECKUX
IIPOLIECCOB MaTeMaTHKa IpeBpalaeTcs B (pU3MKY HECKOHAEHCUPOBAHHON AHEPrUM KBAHTOBOTO
BaKyyMa, YUMTbIBas, YTO (PU3UKa YK€ JaBHO BPOCIA B «YUCTYIO MAaTEMATUKY» Y€pe3 BEKTOPHYIO
anredpy, kuOepHeTUKy U UHTYyumoHu3M Konmoroposa u Jlparanuna.

B maremarnueckoe noHATHE anredpbl Mbl BKJIaIbIBaeM clieyrolee (pu3nuecKoe coiepika-
HUe. DTO MHOXECTBO 3JIEMEHTAPHBIX CTPYKTYP SHEPTUU C HEKOTOPBIMU ONPEEIIEHHBIMU Olepa-
UMY B3auMojieicTBui. [lepeuens u mociieJoBaTeabHOCTh BBIIIOJHEHUS ONEpaluil B Mpolec-
cax nepexoJa OT CTOXaCTUYECKHX COCTOSIHUN 3HEPruu K HECTOXACTUYECKUM — pazinyHbl. [lo-
ATOMY JUISl aHAJIM3a SHEPTUU B MEPEXOIHBIX MPoLeccax NOTPEOYIOTCS pa3IuvHbIe aJIreOphl.

[Ipenmonaraem, 4TO BCE 3TO MO3BOJMUT OTKPHIBATh HOBbIE (PM3UYECKHE 3aKOHBI 10 Mepe
HeoOxonuMocTH. Hampumep, MO3BOJUT BBISICHUTb, KaKUE TOCIEI0BATEIILHOCTH 3JIEMEHTAPHbIX
SHEPreTUUECKUX MPOLECCOB MPUBOJAT K CUHTE3y aTOMOB XUMUYECKUX JIEMEHTOB U MOJIEKYI.

26.5. TexHn4yeckne BO3IMOXHOCTU UccrefoBaHUA CBOUCTB 3HEprumn
KBaHTOBOro BaKyyma.

OOHapyeHHbIE CBOMCTBAa KBAHTOBOTO BaKyyMa JAlOT OCHOBaHUS JJISl BBIBOJIA, YTO HEOO-
XOJUMBIE JJIsi MpeoOpa3oBaHUsl SHEPTrUM KBAHTOBOI'O BaKyyMa TEXHOJOTMYECKHE IPOLIECCHI
MOXKHO H3ydaTh IO pEaKLUUU JOCTATOYHO OOJIBILIOTO YMCIAa U3BECTHBIX TEXHUUECKHUX CHCTEM,
BbIpa0aThIBAIOIIMX aHOMAJIbHYIO SHEPrUI0, Ha UX B3aHMMOJCHCTBUM C KBAaHTOBBIM BaKyyMOM C
HCII0JIb30BAHUEM CYIIECTBYIOUIUX IMIMPUYECKON 0a3bl KiacCUUECKOW (U3MKU, MaTeMarude-
CKOW JIOTMKH, U3MEPUTEIHHON TEXHUKOW M HM3BECTHBIX MATEPUAJIOB. DTO JIICKTPOTEHEPATOPHI
Cob6oneBa, Cepna, Pommna—I onuna, Henbcona u Terorenepatopsl Bonkosa, [lotamosa u ap.
AHoMallbHas SHEPrus B Ha3BaHHBIX TEXHUUYECKUX CUCTEMaX OOBICHIETCS HA OCHOBE KOHUEMIIUU
JBYX BUJIOB SHEPTrUU €AMHOOOPa3HO U HEPOTUBOPEUHBO.

KoHnuenuus 1ByX BUAOB PHEPrMM KBAaHTOBOTO BAaKyyMa, B OTJIMYME OT OOUICHPUHATON B
COBPEMEHHOM €CTECTBO3HAHMU KOHIIETILIMU OJHOTO BHJIa SHEPTUH, IPUHITON «I10 YMOJIYaHUIOM,
MI03BOJIMJIA MPEO0/I0JIETh HECOBMECTUMOCTh MHOXKECTBA TOJIO’KEHUH B Pa3IMUHbIX HAayKax.

Hanpumep, OOJBIIMHCTBO AMIUPUYECKUX MOJIOKEHUN KIacCUYECKOM (PU3MKU OKa3aloch

IIPUMCHUMO B KBaHTOBO# MexaHuke. MHade TOBOpPs, KOHLCIIIHA IBYX BUJIOB OHCPTUH IMO3BOJIN-
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Ja cOpMyIUpPOBaTh €IMHYIO CUCTEMY SHEPreTHUECKUX 3aKOHOMEPHOCTEH, JeHCTBYIOIIYIO O-
HOBPEMEHHO B KBAHTOBOM BAaKyyM€ U B BEILIECTBEHHOM MHpE.

Ha sT0i1 0cHOBe mpeoOpa3oBaHME BCEX M3BECTHBIX (POPM PHEPrUH BELIECTBEHHOI'O MHpa
yAaa0Cch OOBEIUHUTD B OJIMH BUJ B3aUMOJEHCTBHUSI MaT€pPUH C KBAHTOBBIM BaKyyMOM. Y JaJloCh
CHSITh CYOBEKTUBHYIO, «UUCTO aHTPOIOJOTHYECKYI0» MPOOIEMY COBMECTUMOCTH MPUHLUITHAIb-
HO Pa3HOPOJHBIX €IUHUI] PU3NYECKUX BEIMUYUH (Jake MPUBEIACHHBIX B OJHY U3 CUCTEM) B Ma-
TEMaTUYECKUX YPAaBHEHUSAX JIBUKEHUS YHEPIHH, YTO MO3BOJIMIIO IEPEBECTH MATEMATUKY B pa3-
psaa pU3NUECKON HAyKH.

Bce 310 mo3BosisieT CTaBUTHh W peliaTh WHKEHEPHBbIE 3aJaud 3aMEHbl HEBOCHOJHUMBIX
(bopM PHEPruM BELIECTBEHHOIO0 MUpa SHEprueil KBAaHTOBOI'O BaKyyMa, IIPU OJHOBPEMEHHOM Op-
raHU3aluyu CTOKa OTpaboTaBIIeH SHEepruu OOpPaTHO B KBAHTOBBIN BaKyyM.

OnHako MHPOKUM JOCTYN MPOMBIIUICHHONW NUBWIM3AIMA K HEHUCUYEPIaeMOW SHEPTHH
KBaHTOBOT'O BaKyyMa XOTsI U MO3BOJISIET PELIUTh MPOOIEMY SHEPreTHYeCKOro rojojia yejloBeye-
CTBa, HO HE CHUYKAET, a JIMIIb U3MEHSET COJIEpP’)KaHUE U YBEJIIMYMBAET MACIITa0bl KOJOTHYECKUX
npo0Oiem Ha 3emiie.

26.6. PecypcocbepexeHue B NPOMbILUNEHHOCTHU.

26.6.1. MpbI nokasanu, 4YTO B KOHKPETHBIX MAaT€pHAJIbHBIX cpefjaXx HauOoiblllas MOUIHOCTD
JOTIOTHUTEIBHOM SHEPTUU MOKET OBITh MOJIydyeHa IIPH UCIIOJIb30BAHUM KBA3UUYACTHI] C ITapaMeT-
paMu SHEPIUU PEIUKTOBBIX (POTOHOB.

OpHako Bce EHCTBYIOIIME MPOMBILIUIEHHbBIE SHEPTONPOU3BOISIINE U SHEPronoTpeOsito-
[[1€ TEXHUYECKHE CUCTEMbI M TEXHOJOTHYECKUE MPOLECCHl HE MOTYT OBITh B «OJHOYACHE)» 3a-
MEHEHBI HOBBIMH, HO MOT'YT OBITh TIEpeBeICHBI Ha OoJiee Y PEeKTUBHBIC PEKUMBI (PYHKIIMOHHUPO-
BaHUSL.

Yt10 HE0OXOAUMO I ITOT'O CIEIATh?

HeobOxonumo npoBecT aHanu3 BceX GU3NYECKUX MPOLIECCOB M COOTBETCTBYIOIIUX (PU3H-
YEeCKUX 3aKOHOB, sIBJIEHUH U 3()(eKTOB, AEHCTBYIOUIMX B HUX, YUUTHIBAs, UTO BCE OHU OTOOpa-
KAIOT CYLIECTBOBAHUE U B3aUMHOE IpeoOpa3zoBaHue ABYX BHUJIOB sHepruu. IIpu 3ToM Bo Bcex
CiTyJasix He00X0IMMO UMETh B BUY PEIICHHUE CICAYIOMICH MapaloKCaTbHON 3aJauH.

B OonblIMHCTBE SHEPreTHUECKUX MPOLIECCOB COBPEMEHHBIX TEXHMUYECKUX CHUCTEM 3ajaua
npeoOpa3oBaHusl pa3inyHbIX GOpM 3HEpruu £, pemiaercs ToIbKO MOTOMY, YTO B HUX paboTaroT
perynaropsl, oOecrneuyrnBaroIIie 3a/laHHOEe JTUHAMHYECKOE PABHOBECHE TEXHUYECKOH CHCTEMBI.
VIMeHHO B cHIly OCTIEAHETO IOTOJHUTENIbHAS SHEPTUS B TAKMX CUCTEMAaX HE MOKET OBbITh IOJTY-
YeHa.

OpHako Ui MOJTy4eHUsl JOMOJIHUTEIbHOW SHEPIUM B 3HAUUMBIX KOJIMUYECTBAX HEOOXOIu-

MO IpeoOpa3oBaHUE pazIUYHbIX (OopM 3Hepruu E, NEpeBecTH B HEPABHOBECHOE COCTOSHHE,
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yIpaBJisis MapaMeTpaMu HEPaBHOBECHOCTH, UCIOJIb3Ysl CYIIECTBYIOIINE «MHXKEHEPHbIE HapaboT-
KW» TEOPUHU aBTOMAaTUYECKOTO PETYIUPOBAHMUSL.

26.6.2. Bce npOMBIIIICHHBIE TEXHUYECKHUE CUCTEMBI U TEXHOJIOTUYECKHUE MPOLIECCHI MOXK-
HO YCJIOBHO pa3/IeJNTh Ha TPU KJlacca:

1) B TexHuueckux cucteMax MepBoro Kiacca MMEeT MECTO BbICOKAsi HHTEHCUBHOCTD IIpe-
00pa3zoBaHus SHEPTUH OJHOTO BHa E,,. DTO BCE SHEPTONMPOU3BOIAIINE U SHEPTOMOTPEOISIONINE
cucTeMbl. J[MHAMUYECKU PaBHOBECHBIE SHEPreTUYECKHE CHCTEMbI — 3TO BCEr/a OMHApHBIE CHC-
TEeMBI, T. K. B HUX MPeoOpa3yeTcsi MPEeMMYIIECTBEHHO OJIHA W3 (opM 3HEpruu B Apyryo popmy
OJHOTO Y TOTO K€ BUJA CKOHJICHCUPOBAHHOW 3HEpruu E,,.

B cucrteme peanusyercsi cuibHOE NEHCTBUE SHEPTUU 10 M3BECTHBIM 3aKOHAM (U3UKHU U
xuMuHd. /luHamMuueckoe paBHOBECHE B CUCTEME 00ECTIEUUBACTCS «PYKOTBOPHBIM PETYIISITOPOM).

[TockonbKy cucTeMa HaXxOJIUTCS B PABHOBECHH, TO KOJIMYECTBO aHOMAJIbHOM SHEPTUU BCe-
I71a CTPEMUTCS K HYJIEBOMY 3HAUEHHUIO.

Jlyig Toro 4to0bl MOBBICUTH 3((HEKTUBHOCTH NMpeodpa3oBaHusl ABYX (OpM OJHOTO U TOTO
K€ BHJIa DHEPTUU IIyTEM BBOJIa B CUCTEMY JOIOJHUTEIbHON 3HEPTUU KBAHTOBOTO BaKyyma, He-
00X0IMMO YBETTUYHUTH TJIOTHOCTh SHEPTHH £, B paboyeil cpesie CUCTEMBI Ha YaCTOTE MpeoOpas3o-
Barns ~10'' ¢

CriennanbHble HHUIIMATOPBI — T€HEPATOPbl PHEPIUH Ha ATON 4acToTe (POpPMAaIbHO HE Tpe-
OyroTcs, T. K. 3Ta 4YacTOTa BCErja MPUCYTCTBYET B (PM3UKO-XMMUYECKUX Ipolieccax (SBICHUSIX)
npeoOpas3oBanus 1ByX (Gopm sHepruu. HeobOxoaumo nuib co3gaTh YCIOBHS JJISl U3MEHEHUS
IJIOTHOCTH SHEPTUM HA 3TOHM 4acTOTe.

2) CucreMbl BTOPOTO Kjlacca — 3TO YCJIOBHO CTaTUYECKHE CUCTEMBbI. B Takux cucremax Bce
AJIEMEHTapHbIE CTPYKTYpPbI PHEPruM padoydel cpeibl HaXOIATCS B CTOXACTUYECKOM JBUKEHHH.
I'paguents! Bcex (u3MUECKUX MapamMeTpoB pabouell cpeibl paBHBI HYINIO, T. €. paboTaeT «ecTe-
CTBEHHBIN PEryasiTop» C OTpULATENbHONH OOpaTHOM cBs3blO. Perynstop paboTaer BcieacTBHe
NEeMCTBUS NMPUHLIKIA WM OOeCreunBaeT MPUHIMI HauMEeHbluero aeiicrsus snepruu. K padore
HA3BaHHOI'O PEryNATOPA U JIEHCTBUIO MPUHIUIIA Mbl OTHOCUMCS KaK K ()yHIaMEHTaJIbHbIM CBOIl-
CTBaM KBAaHTOBOI'O BakyyMa. BciencTBue AelicTBUSI peryisaropa co3/1aloTcsl yCI0OBUS paBHOBECHUS
HE TOJILKO B CUCTEME B II€JIOM, HO U BO BCEX TOUYKaX paboyeil cpefibl ¢ JOCTaTOYHO MaJIbIMU T'€0-
METPUUYECKUMHU MaciiTabaMu uXx okpecTHocTeil. CucTema cocTaBiieHa U3 MHOYKECTBA TpeXMep-
HBIX NpocTpaHcTB EBKiIMAA, T. €. MHOTOMEpHA, T. K. B HEH UMEIOT MECTO TOJIbKO clladble JIeHCT-
Bus sHepruu E,. CocTOsiHUE SHEPrHH B TaKMX CUCTEMax MOJ0OHO PHEPrur OPOYHOBCKOTO JIBH-
xeHust. OHaKo, B OTIMYHME OT OPOYHOBCKOI'O JIBXKEHUS, B paboueil cpesie TEXHUYECKOM cucTe-
MBI, 110 M€pe JalbHEHNIIEro YMEHbIIEHUSI FEOMETPUUECKUX MACIITA00B 3JIEMEHTAPHBIX CTPYKTYP

OHEPTUHn ;E“, KOJINYECTBO 3HAYHUMBIX I[GI\/’ICTBI/II\/’I OHCPTIYH YBCIIMYUBACTCA IO U3BCCTHBIM IIPUYHU-
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HaM ObicTpee. C yMEHbIIEHUEM I'€OMETPUYECKOT0 MaciiTada B OKPECTHOCTH BHIOPAHHOW TOYKU
oOHapyXuBaeTcsl mepBas HauOoJiee 3HauMMas Mapa MpPeoOpazyIOIIMXCS B3aUMOJIEHCTBYIOIINX
dbopm E,,.

Ji1g Toro 4ToObl B paboyeil cpesie cTaTU4eCKOW CHCTEMbl BO3HUK KaKOW-IM00 3HepreTuye-
ckuil 3pPexT, HeoOX0IMMO € TIOMOIIIbIO BHEITHETO UCTOYHUKA SHEPruu £, MHUIMHPOBATH J1OC-
TATOYHO BBICOKYIO IIOTHOCTH 3Heprun E,, Ha uactote ~10'" ¢!, mpeobpasopammst mvenno tnx
MEPBBIX 3HAYUMBIX I'PAJUEHTOB Ipeodpasyromuxcs Gopm sHepruu. B uncie MHKEHEepHBIX 3a-
1a4, KOTOPBIC TIPH 3TOM HEOOXOIUMO pemiaTh, 3TO BBIOOp HanboJiee «IpeCTaBUTEILHOTOY» (Pu-
3UKO-XMMHUYECKOI0 Ipoliecca (SBIeHMs, 3aKOHa), KOTOPBIN JIEXKUT B OCHOBE 3HAYUMBIX Ipeobpa-
30BaHUN U KOTOPBIN HEOOXOAMMO HHUIIUUPOBATH.

Ko BTOpOoMy Kitaccy OTHOCSTCSI BCE TEXHUYECKUE U IPUPOIHBIE CUCTEMBI C «OYEHb MaJloi»
CKOPOCTBIO IIPOTEKAHUs MPOIIECCOB, BCIEICTBHE BHICOKON (PU3MKO-XUMUYECKON 3HEpLUUU pado-
Yyel cpelibl.

TakuM 00pa3oM, B CTaTMUECKUX CHCTEMax HEOOXOJMMO NMPUMEHEHHE MHULMATOpa KoJle-
Garns snepruu Ha gactote ~10'" ¢!, paboraromero ot BHEUIHIX HCTOYHHKOB SHepriu. C yBe-
JIMYEHUEM IUIOTHOCTU M F€OMETPUUYECKUX Pa3MEpOB AIEMEHTAPHBIX CTPYKTYp paboueil cpeibl
HeoOxoiuMasi yacToTa yMeHbuaercs. OHaKo B 3TOM Cllydae MUHTEHCHUBHOCTb 00pa30oBaHUs J10-
MOJIHUTENBHON YHEPTUH B CUCTEME YMEHBIIIAETCS SKCIIOHEHIINAIIBHO.

3) K Tperbemy Kiaccy OTHOCSITCSI CMELIaHHbIE CUCTEMBI, T. K. cllabble NeHCTBUS Bcerja
MPUCYTCTBYIOT B CUCTEMax IEPBOro Kjacca, KOTOPbIE PaHO WJIM MO3JHO MEPEXOJAT BO BTOPOM
Kacc, OCTaBasiCh B HEM WJIM [IEPHOIUUECKH BO3BpALIasiCh B HETO.

26.6.3. B xauecTBe TEXHOJIOTMYECKOM CHCTEMBI BTOPOTO KJIAacCa pacCMOTPUM CIIEIYIOIINI
npuMep. B MpoOMBIIIEHHOCTH IIUPOKOE PACIPOCTPAHEHHE IMOTYUYMIM TEXHOJIOTMYECKHE IpO-
LIECChl 10 MPUTOTOBJICHUIO CTOMKUX IUCHEPCHBIX CUCTEM (IIOPOLIKOB, CYCIEH3UH, SMYIbCHUM,
a’po30Jieit) 1, HA0OOPOT, MPEBPAIICHUIO CTOMKUX TUCIIEPCHBIX CUCTEM — B HecTolkue. O0e 3a-
Jlaud B MHKEHEPHBIX PEIICHUAX UMEIOT KOHIENTyallbHbIE SHEpreTHieckue orpannyeHus. Hayu-
Hasl CTOpOHa 3TOH MpoOIeMbl B KOHIIETIIIUY OJHOTO BUJIA SHEPTHHU IJIOXO COMPSTaeTcs ¢ MPAaKTH-
koi. [loaTomMy 3a7aun MOBBIIEHUS I MOHWKEHUSI CTOMKOCTH AUCIIEPCHBIX CUCTEM HMHIKEHEPHI
BBIHYX/ICHBI pelIaTh SMIIUPUUECKUM 1myTeM [27].

KoHuenuus AByX BUAOB 3HEPrUHU MO3BOJIIET CHOPMYINPOBATH HHKEHEPHYIO YacTh 3a/1a4l
B CJIEAYIOIIMX Te3UcaxX Ha IPUMEpE KUJIKUX TUCIEPCUOHHBIX cpea U (das.

CocrosiHue Bormpoca.

1) [loydeHnue sMyabCUM B KOHLIETIIMU OJTHOTO BUJIa CKOHACHCUPOBAHHOW SHEPTUU MPOU3-
BOJUTCS ITyT€M HAKauK{ SHEPTrUU B KaKIyl0 INI00YIy SMYJIbCHH H3BHE 4Yepe3 MOBEPXHOCTb —

000J104KY TJ100y/bl. DTO OCHOBAHO Ha OOLIENPUHSTHIX BO33peHusx Pedunnepa u bankpodra, Ha
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OCHOBE KOTOpbIX ObliIa pazpaboTaHa HauboJiee MpU3HAHHAS TEOPHS TaK HAa3bIBAEMOT'O CTPYKTYp-
HO-MEXaHHYECKOTO Oaphepa B cTabuiu3anuu SMyiabcuid. COrIacHO 3THM BO33PEHUSM 3HAUYCHUE
IUIOTHOCTH SHEPTUU Ha MOBEPXHOCTH pazjiena 100y ¢ )KUIKOCTHIO IPSIMO BIHUSET HA MPOLIECCHI
SMYJIbIMPOBaHUS, KOAJIECUEHIMN U Koaryasuuu. [lpu sTom, rpu BceM MHOrooopasuu (pusuko-
XMUMHMYECKUX SIBICHUH U MPOLECCOB — BCE OHU CBOJATCS K CTPYKTYPHO-MEXaHMUYECKUM CBOICT-
BaM I100YyI1, 00yCIIOBICHHBIX INIOTHOCTHIO SHEPTUU F,, Ha MOBEPXHOCTHU ITI00YI-COTUTOHOB.

2) Jns moydeHus: SMyJIbCHI C 3aJJaHHBIMU CBOMCTBAMHM TI00yJI HEOOXOAMMO HAYUUTHCS
NeNaTh r100YbI-COJIUTOHBI MHOTOCIOMHBIMU. HO 3TO BO3MOXXHO TOJIBKO IPU YCIOBHUH IOJBO/A
SHEepruu B rio0yibl U3HYTpU. [Ipu 3TOM CHMMAaIOTCSI OrpaHWYeHMs KaK Ha pa3Mep Iiodyn (Ha-
npuMep, coauToHbl Pacena), Tak M1 Ha NPOYHOCTH TJI00Y U IJIOTHOCTh 3HEPTUU B riolynax. B
MOCJIEHEM CJIy4ae dSMYJIbCUU MOTYT OBITh UCHOJIb30BaHbl B KAUE€CTBE UCTOUYHUKA TEIJIOMEXaHU-
YECKOW SHEPTHH.

[IpencraBisieTcst OU€BUIHBIM, YTO JUIS pELICHHS MOJOOHBIX 33]1a4 HEOOX0IMMO HAyYUThCS
[IPOEKTUPOBATh, U3TOTOBIUBATh U NMPUMEHSATh «IOIXOSAIINE» T'€HEePaTOPbl U3IYUEHUS] SHEPTUU
B muanasome gacror 107710' ¢! — TE€HEepaToOpPhl TUIIEP3BYKA U KBAHTOBBIC I'€HEPATOPHI C YIIPAB-
JII€EMBIMH [TapaMeTpaMu IUNIOTHOCTH U MOJISIPU3ALINN U3ITy4aeMbIX «KBa3UPETUKTOBBIX (DOTOHOB.

26.7. QHepreTnyeckune KoHuenuum (063op).

26.7.1. KoHuenuuu 0{HOr0 BU/Aa JHEPruM (pU3n4ecKoro Bakyyma.

AHanu3 COBpPEMEHHBIX TEXHOJIOTUHN MOJIy4YEHHUs SJIEKTPUUECKON SHEPTUU B 0OIIEIPUHATON
KOHLIETIIIUU OJHOTO BUJA SHEPIHU JaeT IMPEJICTaBICHNE O HAlpPaBJIEHUSIX, 10 KOTOPHIM aKTUBHO
paboTaroT uccienoBatenbckue rpymmnsl yueHsix B EBpone, CILIA, Poccun. Ilpaktuuecku otpa-
00TaHa TEXHOJIOTUS TOIUIMBHBIX SIU€EK C BOJOPOJOCOJEPKAIIMMH 3HEPrOHOCUTENSIMH, THUIIA
MPUPOJHBIN Ta3, YIIIEBOJOPOJIbI, MPEACTABICHbI KOMMEpUYECKHE 00paslibl TaKUX HU3JCIUNA U
chopMUpOBaH pbIHOK. JIUAMPYIOT HA HEM aMEpPUKAaHCKUE, SIIOHCKUE U €BPOTIEHCKIE MPOU3BOIU-
tenu. IlpakThuuecku pemeHbl TeXHOJIOIMYECKHE M AKCIUTyaTallMOHHbIE aCleKThl BHEAPEHUS Ta-
KON AHEProTEXHOJIOTMHU B MPOMBIIUIEHHOM MPUJIOKEHUH, B CEKTOPE PhIHKA YACTHBIX MPUMEHE-
HuM, TpaHcrnopra. MHorue ¢upmbl 00BSABHIN O KOMMEpUYECKHUX O0Opasliax, MOCTYMAroIIUX Ha
priHok EBponbr u CIIA B 2003 .

Hapsiny ¢ atum, B nabopartopusx U TEXHUYECKUX LIEHTpax pa3paldaThIBarOTCs ajJbTepHa-
THUBHbBIE TEXHOJIOTUHU IMOJIy4YEHHUS PHEPIUM Ha MPUHLUIAX SKCIUTyaTallud SHEPrUH (PU3NYECKOTO
Bakyyma. Coz/laHue OECTOIJIMBHBIX SHEPrOyCTAaHOBOK CTaJl0 BOIUIOLIEHHUEM TEOpPHUH, Pa3BUTOM
Ha OCHOBE PE30HAHCHBIX, MJIA3MEHHBIX U JPYrUX SIBJICHUM, C MOIYyYEHUEM SHEPTUU HETOCPEICT-
BEHHO
B Touke ee norpednenus. Konnenmus snepretuxu ¢puznueckoro Bakyyma (®B), kak nctounuka

SHEPruM «HYJIEBON TOUKW», pazpaboTaHa yueHbIMH Poccuu:
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A. J1. CaxapossiM, I'. . lllunoseim u ap. [lpusnaercs, yto @B, uMes BHYTpEeHHIOIO 3HEp-
TFEeTHUYECKYIO CTPYKTYpPY, CaM CIIY’)KUT MUCTOYHUKOM 3HEPTUH, MPU OpPraHU3alMM Mpolecca u3Me-
HEHUS €r0 CTPYKTYPbI, KOTOpasi pacKpbIBaeTCs KaK CYIIECTBOBaHHE JIByX OCHOBHBIX (hOpPM 3HEp-
TUU — TPABUTAIIMOHHOW U 3JIEKTPOMArHUTHOM, C BO3MOXHOCTBIO TpaHC(OpMaly 3TUX SHEP-
ruil onHO# B ipyryro. OOpa3HO roBOPsl, IKCIUTyaTUPYETCs Ui CIIOCOOHOCTH IPOCTPAHCTBA SB-
JSATHCS UCTOYHUKOM SHEPrUu MPU UCIOJB30BAHUU PE3YJIbTaTOB IPEoOpa3oBaHUs IapaMeTpOB
IIPOCTPAHCTBA.

CBHIETEIBCTBOM CYIIECTBOBAHMSI YCTPOUCTB, pabdoTaromux Ha npuHiunax ®B, u camoro
¢akra ycnenHoi paboTsl HUCCIeA0BaTeNe B 3TOM HalpaBiIeHUU SIBISIOTCSA IMpPaKTHUYECKue myo-
JuKauuu (yHJaMEHTAIbHBIX PE3yJbTaTOB M0 TEOPUH (PU3MYECKOTO0 BaKyyma U H3TOTOBJIEHUE
AKCIIEPUMEHTAIIBHBIX YCTPOUCTB, 0A3UPYIOMIMXCA HAa PA3IHYHBIX (PU3UUECKHX MPUHIUIIAX, HO
UMEIOLUX OJHY OOBEIUHSIONIYI0 YEPTY — pealn3alyio UJeU MOCTPOCHUS BEUHOTO JBUIaTes,
CO3/JAIOILEr0 JOIOJHUTENBbHYO dHepruto. K TakuMm ycTpoiCTBaM MOYKHO OTHECTH H3BECTHBIC
ycranoBku K. P. loynzaepca, 0. C. [loranosa, B. M. Co6oneBa, ®. M. Kanapesa.

B cBoeMm nocnegnem mznanun «Boga — HOBBIM ucTouHUK 3Heprun» . M. Kanapes npen-
CTaBWJI TEOPETUUECKYIO PabOTy M MPAKTHUECKYIO pealn3alii0 YCTPONCTBA AIEKTPOIM3a BOBI C
MOJIyY€HUEM TEIUIOBOM PHEPrUM Ha BBIXOJI€ YCTAHOBKH, 3HAYUTEIBHO OOJIbIIEH, UeM 3aTpadynBa-
J0Ch Ha 3eKTposn3 [36]. OnHUM U3 BaKHEHIIKMX BBIBOJOB €ro padOTHI ABIsAETCS TOT (AKT, YTO
aBTOP JIa€T TEOPHUIO FJIEKTPOHHO-(POTOHHOI0 B3aUMOJAEHCTBUA C MPOLECCOM Npeodpa3oBa-
HHUS U 00MeHa YHeprueil Mexay pu3nYecKMM BaKYYyMOM U 3JIEKTPOHAMM, YYACTBYIOIIMMU
B MOJIYYeHHHU JONOJHHUTEJIHHOH JHEePruu Npu npeodpa3oBaHuH NMapaMeTPoOB NMPOCTPAHCT-
Ba. [losryueHne NOMOIHUTENBHON TEIUIOBOM U 3JIEKTPUYECKON SHEPTHU B YCTAHOBKE JJIEKTPOJIH-
3a Boapl @. M. KaHapeBa COIPOBOKIAETCSA IIA3MOVIEKTPOIUTUYECKUM ITPOLIECCOM M HU3KO-
TEMIIEPaTYPHBIM SJEPHBIM CUHTE30M aTOMOB BOJIOPOJA U refius. DKCIEPUMEHTaIbHbIE YCTaHOB-
ku @. M. Kanapesa 3ammuimiens mareatramu Poccuu No 2157862, Ne2157427, Ne 2157861. He
MeHee d(pdeKTHa apyras NpakTUdecKas peanu3alus YCTAaHOBKU IOJIyUYEHHUS JOMOJIHUTEIbHOU
sHepruu 1O. C. IloranoBa — «TemiorenepaTop 1 yCTpOMCTBO HarpeBa *HUAKOCTU», MO MAaTEHTY
Poccun Ne2045715, taroke maromiasi Ha BBIXOJE CHCTEMbI TEIUIOBOM SHEPTHH OOJbIIE, YeM 3a-
TpauuBaeTcs Ha ee paboTy (IIpHU YCIOBUU COOIOACHUS CleHU(PUUECKUX TEXHUUYECKUX YCIOBUI
JKCIUTyaTaIum).

Cuuraercs, 4To HHEPrus (PU3MUECKOTO WIJIM KBAHTOBOTO BaKyyMa MOJXKET OBITh OYCHb
6omnbiioi. Ilo cnoBam P. @eitnmana u JIx. Yuiiepa, sHepreTuyeckuil MOTEHLMal BaKkyyMa Ha-
CTOJIBKO OTPOMEH, YTO «8 8aKyyme, 3aKIOYeHHOM 6 obbeme OObIKHOBEHHOU 2JIeKMPUYECKOU
JIAMNOYKU, dHEpeUU maKoe 60buloe KOTUYeCmeo, Ymo ee Xeamuso 0bl, 4moobbl 6CKUNAMUMb 6Ce

oxeanvl Ha 3emne». OQHAKO, BCIEACTBUE BBICOKOW CHMMETPUM BaKyyMma, HEIOCPEICTBEHHBII
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JOCTYII K 3TOM SHEPruu BechbMa 3aTpyaHuUTENeH. B pe3ynbTare, HaXoAsCh, O CYILECTBY, Cpeln
OKe€aHa PHEPruH, YEeJOBEUECTBO BBIHYKJIEHO MOJIb30BATHCS TOJIBKO TPAAUIIMOHHBIMU CIIocO0aMu
ee IMOJIy4eHHUsl, OCHOBaHHBIMM Ha CKUT'AaHWU IPUPOJIHBIX 3HEeproHocureneil. Tem He meHee, npu
HapyIIeHUH CHMMETPHUH BaKyyMa JIOCTYI K OK€aHy SHEprUy BO3MOKEH.

CoBpemeHHbIE CIOCOObI MOTYUYEHUS SHEPTUU KBAHTOBOTO BAKYyyMa MOYHO CXEMaTUYECKH
MIPEJICTaBUTh TaK:

C+ 02— CO2 +0,0046 MeV,

235U — 0,85 MeV/nykioH + siaepHbie 0TX05l, [36]

D+ T — 4He + 17,6 MeV.

Ecnu nmpoananu3upoBath 3TH CrOCOOBI MOJTYYEHUS SHEPTUHU, TO MOKHO YBUIETb, YTO KO-
HEYHBIM ITPOJYKTOM B LIETIH SHEPreTHUECKUX IpeoOpa3oBaHuii sBiseTcs BeulecTBo. [Ipuuem 3to
KOHEYHOE BEILIECTBO CTAHOBUTCS, KaK MpaBuio, 0oJjiee OMacHbIM Juis Ouochepsl, YeM HCXOTHBIN
SHEProHocuTeNlb. MUp yXe CBBIKCSI C MBICJIbIO, YTO JUISl MOJIyYE€HUSI SHEPIHH HY)KHO BO3JIEHCT-
BOBaTh Ha BELIECTBO M HAa KOHEUHOM CTaJUM TaKXKe IMOJIydyaTh BEIIECTBO. DTO OTHOCHUTCA M K
SHEpPreTHKEe, OCHOBAaHHOW Ha CXKUTAaHUM MPHUPOJHOIO TOIUIMBA, U K aTOMHOW 3HEPreTHKe, U K
TEPMOsIIEpHOMY CHHTE3Y. [Ipu 3TOM CTOMMOCTB MOJIy4aeMoil SHEpruu OCTaeTcs BhICOKOM, a OT-
XOJIbl SIBJISIFOTCSA OY€Hb OMACHBIMU ISl Ouocdepbl. [ Takux crnocoOoB MOJYYEHHs] SHEPruu
OAX0IUT (OPMYIUPOBKA: «BELIECTBO B Hauaje SHEPronpeoOpazoBaHusi — BEIIECTBO B KOHIIEY.
3azaya COCTOUT B TOM, YTOObI HAMTH HOBBIE CIIOCOOBI MOIYYEHHUsI SHEPTUHU, CBOOOIHBIE OT He-
JOCTAaTKOB TpaJuLMOHHON cxeMbl. HoBasi cxema sHepromnpeoOpa3oBaHHil B KOHLENIMHU OJHOTO
BU/JIa SHEPIUHU JI0JDKHA BBIMVISJIETh TAaK: «BEIIECTBO B Hayalle SHEPronpeoOpa3oBaHuil — SHEPrUs
B KOHIIe». Torga Ha KOHEUHOH CTauu dHEPronpeoOpa3oBaHuil HE OyJIET MOSBISTHCS OMACHOE
11 6Mocdeprl BEIIECTBO. ITO BO3MOXKHO JIMIb B ClIydae, €ClId B CXeME dHEProIpeoopa3oBaHuit
OTCYTCTBYIOT pEaKIMM CUHTE3a, & BMECTO HUX PEAIU3YIOTCS PEaKLUU JAeCTPYKTYpU3aAIMU CaMO-
ro ®B. Takoe BO3MOXXHO B CPeJie SHEPrOHACBILIEHHOIO BAKyyMa, KOTJa IPOMCXOAUT Hapyllle-
HUE €ro CUMMETPHUH, BbI3BaHHOE Ae(pOopMalusiMU BHEIIHUX (U3NYEecKUX moJiel sHeprun. B pe-
3y/lbTaTe pean3yeTcsl IpsIMOM JIOCTYIN K SHEPruu BaKyyMa, IJIe OCYLIECTBIISIETCS OOMEH 3Hep-
MY MUKPOMHUpa U MaKpOMHUpa ¢ COOTI0ACHUEM O0ILEro 3aKOHAa COXpaHEHUsI SHEPTUHU, B 30HE pa-
OO0TBHI TAKOTO Te€HEpATOpa.

[IpeobpazoBanue BHyTpeHHEH dHEprUun OB B 2JIEKTPUUECKYIO YHEPTHIO TTO3BOJUT CENATh
MIPOLIECC TOJyYEHUS IHEPTUH 3KOJIOTUYECKH YUCTHIM, 00bEIMHUTH MPOLECC MMOTYUESHUS SHEPTUU
c ee notpebiienneM. HoByto cxemy sHepromnpeoOpa3zoBaHUil MOXKHO peain30BaTh MPHU HAJIUYUU
BBICOKOTO YPOBHS 3HEPIrUU BO30YXKJIE€HUS BaKyyma U BO3JIEHCTBUEM 3Toil sHeprueil Ha cam OB
KaK Ha cneuu@uueckuii BUJ Marepuu. B kauecTBe HayalbHOTO «TOIUIMBA» JJISl 3TOM L€ UJe-

AJIBHO MOAXOJUT 3JICKTPOH. OH xe SBIIIeTCI U OHEPIrCTUYCCKNM HOCUTCIICM, HOTpe6J'I$ICMBIM Ha
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BBIXOJIC YCTAHOBKH, T. €. CAMOU dHEPIUEH.

BakyymHasi sHEpreTrka pacKpblBaeT CTPYKTYpy BaKyyMa Kak HaOOp KBAaHTOBBIX OCLIMJLIS-
TOPOB, pacCMaTpUBasl JIEKTPOMAarHUTHOE 10Jie 0e3 3apsAA0B Kak Bo30yxaeHHoe cocTosiHue OB,
cocTosiIee 3 6ECKOHEYHOTO Habopa POTOHOB C SHEPTHUEH:

Er = hv, [37]

DHeprus OTAEIBHOIO0 KBAaHTOBOI'O OCHHUISTOpPA — BAKYYMHOT'O BO30YXKIEHUSI, COOTBETCT-
BYyto11asi JOTOHY C 3Hepruen Ej, onpeneanTcs Kakx:

Ek =hwn +S),

rjie k — TpeXMepHbI UMITYJIbCOTAEIBHOTO (POTOHA.

B sTom cooTHOomennn no6aBouHas SHEPTUsI Shvy, SBISSICh SHEPTUEH HYJIEBBIX KOJICOAHMI
BaKyyMa, OTJIMYHA OT HYJIS Jaxke B ciiydae, eciid poToHa BooOIIe He cyliecTByeT. M MockoibKy
IUIOTHOCTh (DOTOHOB, HAXOAALIUXCA B JIOKajdbHOU cpene PB, Moxker ObITh OECKOHEYHO 00JIb-
IO, TO SHEPrus Bakyyma £y B IpuHIUNe Oe3rpaHuyHa:

Eo = SZth = 0

26.7.2. TexHoJsiorusi BAKYYMHOM JHEPreTHKU B KOHUENIMHU OTHOT0 BH/1a JHEPIrUH.

B koHuenmmu ogHOro BUAA SHEPIUHM B OCHOBE JHEPre€TUKH, Ucrosb3yromen PB, nexur
KOHLIEIIUS BaKyyMHBIX 3()(PEeKTOB mosrydyeHus: OOJIbIINX YPOBHEH SHEPruu MpH MOTYYEHUU BBI-
COKOM TUIOTHOCTH 3HEPruil HauajabHOTo Bo30yxaeHus OB B 0kanbHON 00J1aCTH IPOCTPAHCTBA.
[Ipu 3TOM HCHONIB3YIOTCS TaKuE€ TEXHOJIOTMUECKHE OCOOEHHOCTH, Kak Jedopmanus obiacTu
npoctpaHcTBa @B 10 KpUTHYECKOTO ypOBHSI BO30OYXKIEHHS, P KOTOpoM (hoTOHBI, 0Onanaro-
I[1Me NOTEHLMAIbHONW 3HEpruei, CroCOOHBI K I'€HEepaly AJIEKTPOH-MO3UTPOHHBIX Map, olia-
JAIOMX KHHETUYECKOW dHEeprue.

C ToukM 3peHHs] MOTPEeOUTElNIs, YCTPOUCTBO, MCIONb3YIOLIEE SHEPIHI0 (PU3NYECKOTO Ba-
KyyMa, JJOJI’KHO BBITJIJIETh KaK SHEpreTHuecKas yCTaHOBKa, UMEIoasi KOAPPHUIIMEHT M0JIE3HOTO
neiicteus (KIIA) 6onee 100%. [eiictByromee nounsitue KIIJ[ chopmynupoBaHo 1i1si 3aKpBITHIX
CHUCTEM, JUIsl KOTOPBIX Beeraa BoinosHseTcs yeimoBue — KIIJ < 100%. Ognako ¢ yueTom sHepre-
tueckux cBoiicTB ®B, mobas sHepreTuyeckas cucrema, nomemieHHas B OB, sBusercs B Toi
WU uHOM cteneHu oTkpbIToit [37], T. e. KIIJl moxet mpesbimars 100 %.

®B B Takoi KOHUENIHUH UCIOIb3YETCA KaK SYHEPrOHOCUTENb, PEAruPYIOIINI Ha AJIEKTPO-
MarHuTHbIE BO3JCHCTBUS, CO3/1AI0LIME BHICOKHE IUIOTHOCTU SHEPTUU Ui MOIYYEHUs KpUTHYe-
CKOTO COCTOSIHUA BakyyMa. [lonydyeHue 10moJHUTENbHOM SHEPrUl B BO30YK/IEHHOM COCTOSIHUU
OB obecrnieunBaeTCs pa3aeICHHEM YHEPTUU 3aPsJIOB.

KoHcTpykiusi sHepreTuyeckoil ycTaHOBKH, paboTaroliasi Ha TaKOM IPHUHIIMIE, J0JDKHA
obecnieuuTh TpeOyeMyto IJIOTHOCTh SHEPTUU HaKaukH, 3(p(EKTUBHBINA OTOODP BBIIETICHHON SHEP-

ruu, 6€30TMacHyI0 KCIUTyaTallnIo.
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[Ipu ananmu3e CyIIECTBYIOIIMX YCTAaHOBOK BBISIBJICHA 3aKOHOMEPHOCTb HCIOJIb30BAaHUS B
KayecTBE HaYaJIbHOI'O YHEPIOHOCHUTENS — 3JIEKTPOHOB, B BUAE TOPOUJIAIBHOIO CI'yCTKa SHEPruu
(cm. marent loynaepca) [39] wim cnimpaabHO-KOHYCHOTO TIoTOKa (cM. mateHT Jloypenca) [38],
MMEIOLIETo BpallaTelbHyl0 OTHOCUTEIBHOCTD.

1o cBoeil cyTH Takue yCTaHOBKHM OTHOCSITCSI TAKXKE K KATErOPUU «BEYHOI'O JBUTATENs BTO-
poro poja» U ux pabora 00ycCIOBJIEHA CBOErO poja reHepauuenl sHepruu £, U3 npakTH4ecKH
HEOTrPaHMYEHHOTO0 MCTOYHMKA 3HEPTUU. TOJBKO PHEPIHsl B 3TOM Cllydyae UMEET OTpPHUIATEIbHOE
3HaueHue. Kak noruueckoe cieAcTBre KOHLENIUU OJHOro Buja sHeprun teopusi OB npencka-
3bIBAET HAIWYHUE IIMPOKOTO JMaIa30Ha YHEPreTUYECKUX COCTOSIHHM, B TOM 4HCiie U B o0nacTu
OTPUIIATEILHBIX SHEPrUi, MPUYEM HMEETCS MPAKTUYECKU HEOTPaHWMYCHHAs] BEJIMYMHA MHWHH-
MaJIbHOM SHEPrUHU U3 IMAIa30Ha:

-0 < Eg < Epax

DTO 03HayaeT, uyTo J0bask CUCTEMa, COCTOSAIIAasl U3 MOJIOKUTEIbHBIX MAacC U OTPULATElb-
HBIX 3aps/10B (MIOJIOKUTEIbHAS SHEPrusi), HAIPUMEp U3 AJIEKTPOHOB, MPU COINPUKOCHOBEHUU C
@B criocoOHa noJiyyaTh, U3 MPAKTUYECKH HEOTPAHUUEHHOTO UCTOYHHUKA, SHEPTHUIO B BUJE OTPHU-
LATEJIbHBIX MacC U MOJIOKUTEIbHBIX 3apAJ0B (OTpULIATEIbHAS YHEPTHS), KAKUMHU SBJISIOTCS IO-
3UTPOHBI.

KBanToBas anekTpoaMHaMMKa JaeT npejicTaBiieHne o0 oTpunarenbHoit sHepruu. Cormnac-
HO 3JICKTPOHHO-TIO3UTPOHHOM TEOPHH Bakyyma, npemioxeHHoi I1. Jlupakom, sHeprust 4acTUIbI
3JIEKTPOH — MOJIOKUTEIbHA

E=+(m*c* + p ),
a HEPrUsl aHTUYACTULIBI IO3UTPOH — OTPULIATENbHA,
E,~ et + p A,

U3 dpopmynsr E=mc’ cliefyer, 9T0 OTpPHIATETbHbIE SHEPrHH IPEINONAraloT CyIeCTBOBA-
HUE OTpULATENIbHBIX MacC:

m. = —E/c* npu ycnosuw, 4to E > 0.

OTtpunarenbHbIMU MaccaMy M OTPULIATENIbHBIMU SHEPTUSIMU B KBAaHTOBOM Teopuu o0iania-
10T YaCTULIbI, JBIKYIIMECS BHYTPU Ha MOBEPXHOCTU CBETOBOIO KOHYyCa IMPOILIOro, 4YTO JaeT
BO3MOXHOCTh pacCMaTpuBaTh Ha MUKPOYPOBHE MO3UTPOH KaK 3JIEKTPOH, JBMKYLIUNCS BCIATH
BO BPEMEHHU, C OTPULIATEIbHBIMU 3HAYEHUSIMU SHEPTUU U MaCCHhI.

DTO 03HAuYaeT, YTO BEUHBIM JBHUraTellb BTOPOTO poJAa JOJDKEH MPEACTaBsATh co00il reHe-
paTop 4acTUll OTPULATENLHON SHEPTUU U (MJIM) MacChl, KOTOPBIA YBETMUYHUBAET CBOIO SHEPTUIO 3a
CUET U3Iy4EHUS ITUX YaCTHULl.

Teopernueckoe 000CHOBaHUE IpoLiecca MeHEPAUU JIEKTPOHOB BO30YXKIEHHBIM COCTOS-

nuem OB Brieperie nan I1. lupak B cBoeil HOOeNEeBCKOM JIeKIUU « Teopus 3JIEKTPOHOB U TIO3H-
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TpOoHOB» B Jiekabpe 1933 r. [Ipu 3TOM OH MPEANONOKUI, «YMoO KaKoe-1ubo He3aHsAmoe coCmosl-
HUe ompuyamenbHol dHepeu, 6yoyuu OmkIOHeHUuemMm om pagHOMEPHOCMU, HAX005ACh 8 COCMOs-
HUU OMPUYaAmenvHol dHepeul, Habaooaemo U Kak pas aeisemcs no3umponom». Tam xe Brep-
BBI€ JIAHO TOHSATHUS «IBIPKW» — KaK «HE3AHAMO20 COCMOSHUAL OMPUYAMENbHOU dHEP2UU, KOMO-
poe obradaem noroHCUMeENbHOU IHepauell, MaK KaKk OHO ABNAEMCs meM MeCmoM, 20e UMeencsl
Heoocmamok ompuyamenvHotu 3Hepeuuy [40].

CymMmapHasi 3Heprusi yCTaHOBKU IIPU 3TOM OIPENEIUTCS BhIPAKEHUEM:

Euxoon.= E1 + E,— E,,

r71€ Epyix 061, — OOILAS DHEPT U, [10JIydaeMasl B yCTAHOBKE,

E; —»Heprus, nogaHHas B yCTAaHOBKY ITOTOKOM SMUCCUOHHBIX JIEKTPOHOB,

E, — sHeprus, TonmoJHUTENHLHO TIOJIydeHHAs B TeHepaTope 3a cueT Aehopmaruu OB B Buae
JJIEKTPOHOB,

E, — sHeprus, TOMoJIHUTENHLHO TIOJIydeHHAs B TeHepaTope 3a cueT Aedopmaruu OB B Buae
ITO3UTPOHOB.

[Ipu 5TOM BENMYKMHA SHEPIHUH, I0JABAEMON B Harpy3Ky, ONPENEIIUTCS KaK:

Epn= E1t+ E,.

Tem He meHee cymma sHepruil coctosinusg OB (oTpunarensHON U MONT0KUTENBHON) BCETO
Ipolecca He MEHSETCS U OCTAeTCsl PaBHOM Ey, YTO COIJIacyeTcss M C KOHLENUMEH JIBYX BHJIOB
sHepruu E,=AE,,+E,=const.

I'padmyecku 3T0 MOKHO MPEACTABUTDH B BUJIE IPOLIECCa BO BPEMEHU:

PacnpepneneHue aHeprum

S 400
e
% G:J- 200 AN AN BxopaHasi aHeprus
E g 0 . . . . . 3HeprusA aneKTPoHOB
53 3Heprus No3UTPoOHOB
8 3 200 41 TaKT 27TakT 3TakT 4TaKT S5TaKT 6 TakT P P
s BbixoaHas aHeprus
o

@ -400

TaKTbl reHepaunn aHepruu

Puc. 12. I'padux pacrpeneneHust 3Hepruil B rHIOTETHYECKOM 3JIEKTPOHHO-
IIO3UTPOHHOM I'€HEPATOpeE.

26.7.3. Peasm3anusi nosydyeHus dHepruu @B B ycranoBke Jloypenca Henbcona B
KOHILIENIMHU OJHOTO BH/Ia IHEPI U M.

PaCCManI/IBaSI TCXHOJIOTHYCCKUEC ©W KOHCTPYKTHUBHBIC AaCIICKTbl YCTAaHOBKH HoypeHca
HenbcoHa, MOXHO OTMETUTH €€ IOJIHOE COOTBETCTBHE TPEOOBAHUSAM BAaKYyMHOW TEXHOJIOTMH
JUIS TIOJTY4€HUs TOTIOJHUTENLHOM 3Hepruu. I'eHneparop 3Toro Tuia COCTOUT: U3 UCTOYHHUKA JIEK-

TPOHOB U IMPOBOAALICTO KOPITyCa, HAXOAAIMIHUXCSA B BAKYYyME, MMOCTOSTHHBIA MarHuT YCTaHOBJICH-
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HBI Ha TPOTUBOIIOJIOXKHOW CTOPOHE OT MCTOYHMKA DJIEKTPOHOB O0ECIEUMBAET BPAIATEIbHYIO
OTHOCHUTEJIbHOCTb JABWKEHHUS MOTOKA AJIEKTPOHOB, KOMMYTAIIMOHHOM CXEMBI JJIsi BO3OYKICHUS
AJIEKTPOMArHuTHeIX Kosiebanuii @B, cxembl nuTanus u ynpasiaeHus. [lepuoanyueckoe MoaKio-
YeHHe KOpIyca YCTAaHOBKHM Ha 3€MJIIO BbI3BIBAET MOSIBJICHUE B 30HE COMPUKOCHOBEHHS JIEKTPO-
HOB C MPOBOJAIIUM KOPILYCOM 3JIEKTPOMAarHUTHOTO BUXPS, CI'YCTKa YHEPIHH, 1e(POPMHUPYIOIIETO
BAaKyyM — B BU/JIE 3JIEKTPOMArHUTHOTO MTOTOKA U3IyYEHHUsI, COCTOSILEr0 U3 (POTOHOB — KBAHTOBBIX
BO3MYILIEHUHN JIEKTPUIECKOTO MTOTOKA.

TepMO3MUCCHOHHBINA KATOJ 2JEKTPOHHOW ITYIIKH M3J1y4aeT BO BHYTPEHHEE IPOCTPAHCTBO
KopItyca MoToK 31eKTpoHOoB. [loa Bo3aelictBuem norenuuana B 10 B, mpuiokeHHOro K Katoy u
KOPILYCY, U MAarHUTHOTO MOJIsl, CO3JJaHHOTO MMOCTOSSHHBIM MarHWTOM, HAXOSLIMMCS] Ha IPOTUBO-
MIOJIO)KHOM KOHIIE KOPITyCa, 3JIEKTPOHBI IBUXKYTCS 110 KOHYCHON TPaeKTOPHM B BUJE BUXPEBOI
HUTHU — COBMEIICHUS PaaIbHOIO U HUPKYISIIMOHHOIO TOKOB BOKPYr BEKTOpHOM suHuU. [Ipu
MEPUOANYECKUX TIOIKIIOYCHHUSIX KOPIyca YyCTaHOBKHU ¢ yactoTtod 1 MI'1p Ha 3emutro mpoucxoaut
pa3psil HAaKOIUIEHHBIX 3J1eKTPOHOB. [I0TOK 371EKTPOHOB B BaKyyMe IpeJICTaBiIsieT co00i Kilacch-
YeCKUIl BUXPEBOM TOK CMEIIEHMs, I KOTOPOTO CIIPaBeJIMBbI 3aKOHBI:

Lyoan = (inp. + dD/dt) dS — nonnoro Toka,

icvew, = dD/dt = q/An 7 — ToKa CMeIIeHus, corjaacHo Teopeme ["aycca.

OCHOBHYIO 3JIEKTPOCTATHYECKYIO MOJIEBYIO CHIy E, B 00JaCTH MOJIHOU cdepbl, C paany-
COM, OFPAaHUYEHHBIM KOHCTPYKLIMEH KOpITyca, KOHTAKTUPYIOIIEH C MOBEPXHOCTHIO KOpIyca Mpu
IIepexoie TOKa CMENIEHUsI B TOK ITPOBOJMMOCTH, MOKHO OIPENEIUTh Yepe3 MOJHYI0 BEIUYUHY
3apsiga, pa3eIeHHON IOMTYCTUMbBIM BaKyyMOM:

E(47 %) =0Ve.

ITo mpHBeICHHBIM JAHHBIM, PELICHAE OTHOCHTEIBHO £ faeT 3Hadenne 5.8%10' V/m [38].

[Ipu oTKIIIOUEHUH KOpITyca FreHepaTopa OT 3eMJIM IPOUCXOIUT PE3KOE NMpepbIBaHNE BUXpE-
BOrO TOKa CMEIIEHUs, 00pa30BaHHOIO MOTOKOM JIBUKYLIMXCSI K KOPILYCY 3JIeKTpoHOB. OKpy-
JKarollee BUXPEBOE MarHUTHOE I0JI€ HE YCIEBAET «CIPATAThCS» B BUXPh TOKA CMEILEHUS, IPU
JOCTaTOYHO KOPOTKUX (POHTAX U JJIUTEIbHOCTH MMITYJIbCOB MPEPHIBAHUS, U MOSBISIOIINNICS
TOK CAaMOMHYKIIMH TAaKOTO € BUXPEBOT0 TOPOUJAILHOTO XapakTepa co3/1aeT Ae(popMalioHHOE
BO30YXKJEHHE BaKyyMa. DJIEKTPOMAarHUTHBIA TOp, CO3JaHHBIA SHEPrueil CKOHJIEHCUPOBAHHBIX
($oTOHOB B 30HE JIehopMHUpPOBaHHOTO npocTpaHcTBa OB, B cBOIO 0uepe b pOKAAET Maphl «dJIEK-
TPOH — MO3UTPOH». DJIEKTPOHBI IIPU 3TOM IPOILECCE MOTYT OBbITh MOJaHbl B HATPY3KY, KaK 3HEp-
I'Usl, TOTIOJHUTEIBHO IOJIydeHHas B reHepaTtope. [103uTpoHsbl, B BUJie OTpULIATEIbHON SHEPIHUH,
TaK )K€ TEHEPUPYIOTCS CUCTEMOM.

Mo1HOCTb, MOTYYEHHAsI TAKUM 00pa3oM, IPU MHOTOKpaTHOM mporecce aedopmanu OB

HIOCPEJICTBOM 3apsijia 0 3HadeHust eMkocti C U paspsiga Kopiryca reHepaTopa ¢ yactotoil 7' Ha
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Yacts 3. HoBble puznyeckne KOHCTAHTHI KBAHTOBOI'0 BaKyyMa.

3emuTto, OTIpeIesieTCsl KaK:
P=E/T=(0,50%/C)T".

[Tomnsrii 3apsin Q onpenensiercs npu 3Tom cooTHomeHueM Q = 0,5 T 1,y

Torma P = T/8C From

Koudurypauus snemeHTOB reHeparopa, OMHMCaHHOIO B ycTaHOBKe HenbcoHa c ydeTtowm,
YTO TOK KaTona lyo.,,= 1A, ¢ xatogHsiM HanpsokeHUueM Uy, = 6V (Ps. = 6BT), nnmuHON KOpmyca
reneparopa 10 cm u quaMeTpoM 5 cM, ¢ IPUIIOKEHHBIM HAINPSHKEHUEM pa3roHa 3J1eKTpoHoB 10B,
¢ paboyeil yacTOTO! CHUIIOBOrO TpaH3UCTOpHOTO Kitodya 1 MI'Ll U BeIMYMHON €MKOCTH Kopiyca
npuMepHO 50 n® no3BoOJISIET NOMYYUTh B HArpy3ke 2,5 KBT 2JIeKTprUYecKO MOITHOCTH.

Jepuuut GoToHOB, OTAABIINX IHEPTHUIO IEKTPOHAM U MO3UTPOHAM, BOCIIOJIHAETCS U3 OK-
pyxarouiero npocrpancrsa. Cuutaercs, YTo0 IPOHUKHOBEHHE (POTOHOB B 30HY I'€HEPALUU HE Or-
paHUYMBaeTCAd TEXHOJOTMYECKHMM BaKyyMHUPOBaHHMEM YCTpoiicTBa. J[MHaMuyeckoe paBHOBECUE
CUCTEeMbI 00ecTieunBaeTCsl BbIpaBHUBaHUEM 3HauUeHU E, = E,, 4To sBIsSeTCs (QyHIaMEHTAIbHON
OCHOBOI AEWCTBUSI 3aKOHA COXPAHEHMSI 111 OTKPHITON CHCTEMBI, COYETAOIEH IHEPTreTUKY MUK-
pomupa U MaKpoMupa.

26.7.4. Konuenuusi AByX BHJAOB JHEPruH, paccMOTPeHHAasi B HacTosimeidl padore,
«oberaeTy MpsMOil TOCTYN K SHEPruy KBAHTOBOIO BaKyyMa M peajiM3alldio ele 0osee coBep-
LICHHBIX CXEM B3aMMHBIX [IPe0Opa3oBaHUil SHEPTUU (PU3NUECKOTO0 BaKyyMa U SHEPIHM BELIECT-
BEHHOTO MHUPa, MUHYS KaKue-JIM00 MPOMEKYTOUHbIE TPEOOPa30BaHUs CYIIECTBYIOIMICH MaTEePHH:

— MpsIMO€ MTPeoOpa30BaHKE IHEPTUU KBAHTOBOTO BakyyMma AL, B pa3jin4Hble (GOPMBI dHEP-
ruu Bujaa E,, B T. 4. B 3aJJaHHOE BEIIECTBO U Pa3IU4HbIE (OPMBI «IYUUCTON SHEPTUNY;

— npsMoe npeoOpa3zoBaHue «O0TpabOTaBIINX» (OpM 3HEpruu E,, B T. Y. BEILIECTBA U BCEX
(GbopM JIy4dUCTOM PHEPruH, B SHEPrUI0 KBAHTOBOI'O BaKyyMa, T.€. «pPacTBOPEHHE» Bcex (opMm
SHepruu Bujaa £, B KBAHTOBOM BaKyyMe.

KoHuenuus 1ByX BUJOB 3HEPTUU MO3BOJIET OTKA3aThCsl OT UCTOUHUKOB HEPTHH € 00JIb-
1I0W €IMHUYHON MOIIHOCTBIO IIyTEM OpraHU3ali UCTOYHUKOB HEMOCPEACTBEHHO B MECTax Io-

TpebsieHus (mpeoOpa3oBaHusI) YHEPTUH.
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NOCJECJIOBUE ABTOPOB.

Ha nam B3rnsp, npeacraBiaeHHble B KHUT'€ MATEpUaiIbl MOKa3bIBAIOT OJHO M3 BO3MOXKHBIX
HaIpaBJIEHUH NOJIX0/a K TIOUCKY OTBETa Ha Bompoc: «YTo Takoe FHEprusi M.

PaccmoTpeHne onucaHHbIX PAa3IMYHBIMHE MCCIIEIOBATEISIMU OIBITOB C MO3MIMM JBYX BH-
JIOB HEPrUy MO3BOJIMJIO aBTOPaM HOJYYUTh HEOKHUAAHHBIE BBIBOJIbI O MIOBEACHUHN OOBEKTOB.

BBenenue 6e3pa3MepHOCTH BEIMYUH U COMOCTABJICHUE Psifia SIBJICHUN, MATEMAaTUYECKUX U
(bu3nyecKux 3aKOHOMEPHOCTEH, Aaj0 BO3MOXKHOCTb, Ha HAIll B3IJISA], JOCTATOYHO 0OOCHOBAHHO,
npuaaTh (PU3NYECKUI CMBICT MOJYYEHHBIM KOHCTaHTaM, a KBaHTOBBIM BaKyyM paccMaTpuBaTh
KAaK MCTOYHUK 3Hepruu. IIpu 3TOM COJMTOH — TPEXMEPHBIN AJUIMIICOU] — IOHUMAJICS KaK dJie-
MEHTapHbI HOCUTEJb SHEPruH, TaK KaK U3BECTHbIE U U3yUEHHbIEC YACTHUIIBI (aTOM, IPOTOH, HEil-
TPOH U JIp) HPEICTABIISAIOTCS KaK YaCTHIIbI, 00J1aAal0Iie HHAUBUYalbHBIMU CBOMCTBAMU MaTe-
pHAIBHBIX 0OBEKTOB U HE ONMCAHHBIE PAHEE C TOUKU 3PEHUS HOCUTENEH YHEPTUH.

[Toka3aHo, 4TO P AaHAIN3€ U3BECTHBIX MATEMATUYECKUX 3aBUCUMOCTEN B TEOPUH YUCEN B
HUX MOYHO BJIOKUTb (DU3MUYECKUN CMBICI U MCIIOJIb30BATh JJIsl U3yYEHUS U MPOTHO3a MOBEAECHUS
Pa3JINYHBIX CUCTEM M CTPYKTYpP, B TOM YHCJIE U KUBBIX. Hapsaay ¢ HMErOIuMM MECTO pa3BUTHEM
($u3MKO-MaTEeMaTUUYECKUX UCCIEIOBAaHUM, C Halllel TOUKU 3pEHHS], MAJIO Pa3BUTO U HCIOJIb3YyeT-
csl MaTeMaTUKo-(U3MUecKoe HalpaBlIeHUE HCCIEA0BAHUN U aHalln3a, B KOTOPOM 3aKOHBI MaTe-
MaTHUYECKOM JIOTMKU MCHOJB3YIOTCS Kak (r3nueckue 3aKkoHbl. BeposTHo, 3T0 HampasieHue Oy-
JET MMETh yCIIeX B JAJIbHEHIIMX HCCIENOBAHMSIX, OTKPBIBAs LIMPOKOE MOJIE Ui IMOJy4eHUs
JAHHBIX O TOBEJICHUU PA3JINYHBIX 0OBEKTOB, OCOOCHHO B T€X CIIydasX, KOIJa IpsMble U3Mepe-
HUs IApaMETPOB SHEPTUN HEBO3MOKHBI.

ABTOpBI HAJICIOTCS, YTO MPUBEIEHHBIE COOOPaXEHHSI IO PSAY BOIPOCOB MOMOTYT YHUTaTE-
0 cOpMyaUpOBaTh COOCTBEHHOE MHEHHE O BO3HUKHOBEHUHM BceneHHoil u ee pazButuu, 00

OHEPTCTUYCCKUX HpGO6p330BaHI/I$IX M BO3MOJKHBIX BapUaHTaxX U crocobax IMOJIYYCHHA SOHCPTHH.
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