cAaexcandp cAnexcandpobuu Wladpun

Sloas u Guxponu.
Cmpykmypul

MUPO30anUS PCeEHHOIL

Jlpemve ugdanue



Anekcanap Ilagpun

Ilo11 1 BUXPOHBI.
CTpyKTYpBI MUPO3JaHHS
Bceanennon. Tperbe n3ganue

«3paresibckue pereHus»



ITagpun A. A.

Iosst u BuxpoHbl. CTpyKTYpbl MUpo3aaHus Beenennout. Tpetbe
m3pganue / A. A. lllagpun — «/3paresibckue pemeHus»,

ISBN 978-5-44-964493-0

B kHure nanel onpeneneHust Bcex hOpM SHEPruu, POKAAIMX MUKPO-, MAKPO-

Y TUIIEPMATEPUIO HA COBPEMEHHOM 3Tarle SBOJIOLNN, & TAKKE Bce (DOPMBI
JUCKPETHOTO MpOCTpaHCcTBa BeeleHHOM, TPOU3BOICTBO M YHUUTOKEHUE SHEPTUH,
XOJIOJIHOM aHTUT'PaBUTAIIMH, XOJIOMHOW OE3MacCCOBOM IIa3Mbl, XOJIOJHOTO SAEPHOTO
pacnajia-CUHTE3a, XOJIOAHOTO IeKTPUYECTBA, IPOU3BOJICTBO AaHTUT PABUTALTMOHHBIX
000JI0YeK, YHUUTOXKEHU I MTHEPTHOCTH TeJl, Oe3bIHEPIIMOHHOTO JIBUKEHUS.
Oo6ocHoBaHbI oMok Teopru bosnbioro B3peiBa, pa3sura BiopokaHckas
KOHIICTIIUs AMOapItyMsHa.

ISBN 978-5-44-964493-0 © Mlagpun A. A.

© Msnatenbckue perieHust



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

Coaep:xanue

IMPEJVCJIOBUE

Baenenne

Yacrs 1. [ona

I'nasa 1. IlpocTpancTBO M MaTepus

1.1. Pusnyeckue 1o CTallMOHAPHBIX UCTOYHUKOB
1.2. MuxkponpocTpaHcTBa-1nossnd3
1.3. MakporipocTpaHcTBa-1oist
1.4. TunepripoctpancTBo BeenenHoi
3akioueHue

Yactp 2. Buxponst

I'naBa 2. MUKpPOBUXPOHBI M 3JIEMEHTAPHBIE YaCTHUIIbI

2.1. ATomHblit (poTOH
2.2. MuKpOBUXPOHBI
2.2.1. DneKkTpoOMarHUTHbIE MUKPOBUX POHBI
2.2.2 MexaHn4ecKkre MUKPOBUXPOHBI
2.3. DNeKTPOH — MO3UTPOH
2.4. MiooHsl
2.5. Tay-nenron
2.6. Me3onsl

Konen o3HakoMUTENBHOTO (pparMeHTa.

12
18
18
22
30
32
37
41
44
44
44
68
68
99
108
117
121
125
130



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

I1oJis1t 1 BUXpPOHBI. CTPYKTYPHI
Mupo3aaHns Beceaennon
Tperbe nzganue

Anekcanap Agexkcanaposuy Ilaapun
© Anexcanap Anekcanaposud [lagpun, 2023

ISBN 978-5-4496-4493-0
Co3aHo B MHTEJUIEKTYaJIbHOU U3/1aTesibckor cucteme Ridero

Hcemopusi nokazvieaem, umo npoepecc HAyKu NOCMOSIHHO CKOBbIBAENICSL
MUPAHUMECKUM — GAUSTHUEM — ONPEOeNEHHbIX KOHUenyuil, Koz0a Ux HAuUHau
paccmampugams 8 eude 0oem. Ilo smoii npuuure HeOOXOOUMO NePUOOUUECKU
noosepzamuv 24Y00KOMY UCCAEO0BAHUIO NONONHCEHUS, KOMOPble CIAU NPUHUMANBCSL
0e3 obcydicoenusl.

Jlyu o0e Bpoiine



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

HPEANCJIOBUE

I[Monck AMpPaKOBCKMX MOHOMOJIEN BeAETCS HAyYHBIM MUPOBBIM COOOIIECTBOM yxke Oonee 80 et
¥ TOKa Oe3pe3ybTaTHO. OHAKO 3Ta MpodiieMa OCTAETCS aKTyaJIbHOM U B TIOCTIE/THHE TO/bI TSl 00b-
SICHEHUS1 OPUIMHAJIBHBIX pe3y/bTatoB pador M. WM. Conuna, C. B. Anamenko, JI. 1. Ypyikoesa,
A. B. Bauaesa, K. P. llloynaepca, A. Poccu u npyrux B odnactu (LENR) HU3KO9HEpreTH4eckoro
CHHTE3a sIAep TSKETBIX aTOMOB XMMUYECKMX 3JIEMEHTOB. Pesymbrarhl 3THX paboT HEOOBSICHUMBI
C MO3ULIAM COBPEMEHHBIX TEOPUI ATOMHOTO siipa. M ecTb cephE3HbIE IPEATIONOKEHNS O IPUYACTHO-
CTU HEKOTOPBIX «TSKEJBIX» MAarHUTHBIX MOHOIIOJIEW K 9TUM IIPOLIECCAM.

A m1aBHBIMM BonpocaMu MUpo3JaHus SBJISIOTCS PUPOAA MACCHI U JIEKTPHYECTBA, CIIHH
JIEMEHTAPHBIX YAaCTHII, a TAKXKE UCTOUHUK U MEXaHWU3M CaMOBPALIECHU TIAKTUK, 3BE3] U IJIAHET.
K HEOOBSCHUMBIM OTHOCSITCSI 1 MEXaHM3MBI TIPHPOLIBI POXKAEHUS pHpa, CIIMHA ¥ MacChl MUKpOYa-
cru, 3¢ ekt B. [[xanndekona, B. Illayoeprepa, 1. Cepna, B. C. I'pebennukona, [I. Kumm, [1. Xar-
YKMCOHA, CTPYKTypa MOJIEM TPABUTALIUN U JIEKTPOCTATUKH, CBEPXIIPOBOIMUMOCTD, CBEPXTEKYYECTb,
3BYK, a TakXe IpUpoa MHIYKIMK BoaH Jlyn ae Bpoiisd, cTpykTypa M MCTOYHHMKM IPOU3BOICTBA
T0JIEN-TIPOCTPAHCTB. B KHUre pacKkpbIBacTCA NpUpoa MaTepUr, CaMOIBUkeHUE (POTOHOB, caMOBpa-
IIEHHE TFaJIaKTUK U APYrux o0bekToB Muposaanus. JlaHo nHoe onpefeseHue 3upa 1 CBOICTB Mar-
HUTHBIX 3apAA0B, ONIAYAIOIIEECS OT UX UCTOPUUYECKOTO NPEACTABIEHUA. BUXPOHBI — TaKk Ha3BaHBI
3TU NEPUOANYECKN U3MEHSIOIIMECS U CaMOJBUKYIIMECs] ObICTpble MATHUTHBIE M ME/IJIEHHbIE IPaBU-
TALIMOHHBIE 3apsAbl. BUXPOHBI — 9TO MEXaHUYECKUE U IEKTPOMATHUTHBIE MUK POBUXPOHBI, MAKPO-
BUXPOHBI U TMIIEPBUXPOHBI. [IpONYKTEl MUKPOBUXPOHOB — 3TO JIEKTPUUYECKUN, IPAaBUTALIMIOHHBIN
Y MarHUTHBIA 3P U3 3€PEH-TIOTEHIINAIOB IUCKPETHOTO MTPOCTPAHCTBA-TIONS, XOJIOAHAs Oe3Macco-
Bas IJ1a3Ma, JIEMEHTAPHBIE YaCTULIbI, X Macca, 3apsj ¥ CIIVH, AJpa XUMUYECKUX JIEMEHTOB, JIEK-
TPOHBI, (POTOHBI, TEIJIOBBIE U 3BYKOBBIE (DOHOHBI U T. 1. [IpOAyKThl MAKPOBUXPOHOB — 3TO «TSKEIBIE»
BOJIHOBOJBI U3 IEKTPUUYECKUX WM I'PABUTALMOHHBIX MOTEHLIMAIOB, BUXPEBBIE TOKH, JETOHALMA
Y yJapHbIe BOJIHBI B3PHIBOB, POU3BOJCTBO-CHHTE3 si/Iep aTOMOB TaOnuIbl MeHieneeBa, MHIYKIHS
Papapges, 3MEKTPUUECKUE TOKH, 3BYK, CBEPXITPOBOAMMOCTD M CBEPXTEKYUYECTh, aTMOC(EPHBIE JINHEN-
HBIE Y LIaPOBBIE MOJIHUY, CIPAUTBI, b(]bI, MUIIOMBI-(DIIONIB U TUIIOMBI-TUIA3MBl B MAHTUU 3E€MJIH,
BUXPEBbIE IPaBUTAIIMOHHBIE BHIOPOCHL, 3(pekT [IkaHnOekoBa, KaK KBAHTOBBIN POAYKT AeOpOiiieB-
CKOM «II1yObl», XOJIOIHAsI aHTUrpaBUTaLus B (popme setaromux auckos B. IllayGeprepa u [I. Cepna
u T. A. I[IpomgyKkramu runepBUXpOHOB SBJIAETCA IBOMIOLMSA HEKOTOPBIX 3BE3J B IUIAHETHI, a TaKXkKe
JONOJIHUTENNbHASA TPAaBUTALMSA U UHBEPCHUSA IIOJIOCOB MX MArHUTHBIX IOJIEW, KaK KBAHTOBBIE IIPO-
IYKTBI 1eOPOMIEBCKON «IITyObl» WX BPAINAOIMXCS saep. DPup — 310 ¥ GU3MIECKUE TOsT BOKPYT
VICTOYHMKOB I'PaBUTALIMM, JIEKTPUUECTBA U MArHETU3MA, a TaKXkKe JEKTPOMArHUTHBIE nosis. Orpe-
JeJIeHbl CBOWMCTBA BUXPOHOB, C TIOMOILBIO KOTOPBIX YIAETCs OOBSACHUTh YKa3aHHbIE SKCIIEPUMEHTBI,
a TaKkKe U Jpyrue fBJICHUS NPUPOIBI — OT POKAECHUA U aHHUTWIALMHA MPOTUBOIOJIOKHBIX YaCTHL,
CTPYKTYPbI aTOMHBIX SI€P, (POTOHOB, JIEKTPOHOB, ATOMOB, OT MOJIEKYJI IO IIAPOBbIX MOJIHUM, CBEPX-
ITPOBOAMMOCTH, 3EMJIETPSICEHNN, BYJIKAaHU3Ma, UHBEPCUM MarHUTHOTO NoJid 1y1aHeT u CosHua, npu-
POIBI €r0 «YEPHBIX MATEH», IPaHYJIALNMN (POTOC(EPLl U MATHUTHBIX 3apAJOB Ha €r0 IMIOBEPXHOCTH,
C OHOM CTOPOHBI, IO PE30HAHCHO-3BYKOBOM MHAYKLMM XOJIOAHOTO aHTUTPaBUTALIMOHHOIO 3apsja
BOKPYT' OFPOMHBIX KaMeHHbIX 0;10k0B B Erunre u Tudere, ¢ qpyroii cropossl. JlaHo rosHoe onpejie-
JeHue 3akoHa Jlyn ne Bpoiis u MexaHu3M ero npupozAbl JUIsl BCEX TUIIOB JIBUKEHHUS KOPITYCKYJIAP-
HOIl Matepur. OOOCHOBaHBI MOHATHUS IIEHTPAIBHON AKTUBHOW IPABUTALMH SIIpa 3eMJIM U MacCHB-
HOH SIEPHO U aTOMHO-MOJIEKYJISIPHOM OOOJIOYKM-MacChl BELIECTBA-KOPbl, IPUTSKEHUS KJIaCTEPOB
Macc MoJIeM TATOTEHHsI 3eMJIH C TIOMOIIBIO XOJIOIHOM O€3MacCOBOM TJIa3MBbl, KaK aHAJIOTH MPOTH-
BOIOJIOXKHBIX T10 3HAKY 3aps0B B aTOME, JIEKTPUUYECTBE U MarHeTusMe. beccTpykrypHble 3€pHa-
MOTEHIMAIBL, (popMuUpyolHe (PU3NIECKHUE MO UICTOYHHUKOB, 30HY XOJIOIHON 6€3MacCcOBOil TIa3Mbl
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Y BUXPOHBI JBMKEHUSI KOPIYCKYJISIPHOM MaTepry — 3TO pacKpbiTasi TaitHa 3¢pupa, 1eOpOnIeBCKOM
«I1yOBI» W BOJIH.

K nawany XXI Beka HaKOMWIOCH TaKOE OOJIBIIIOE KOMMYECTBO HEOOBSICHUMBIX MPUPOJHBIX
SIBJICHUI U SKCIIEPUMEHTAIbHBIX 3(P(EKTOB, YTO OHM BHOCAT OMpeneéHHOe OECIIOKOMCTBO B YMBI
yenoBevyeckorl [luBmnmsanuun. C 0qHON CTOPOHBI, 3TO, MPEXAE BCETO, YIPOKaIolIe BO3pacTaioas
akTMBHOCTh COJTHIIA, BIUSIONIAs HA KJIMMAaT U aHOMaJIbHbIE IIPUPOJIHBIE SIBJIEHUS Ha 3eMJie — Ipo-
rpeccUpyIolIve KaTakJIM3Mbl TAKUX SIBICHUI HauOosee SPKO MPOSIBIIIUCH MO BCEW MOBEPXHOCTH
3emmu B nepuof 2012— 2022 rogpl. U3 apyrux — 3TO BYJIKAaHUYECKUE SIBJICHUS, 3eMJIeTpsice-
HUS1 U 3BYKOBOM T'yJl U3 Heflp 3eMJIU, YacTO MOSIBIISIOIIMECS KPYIJIble AbIPbI-BOPOHKH-KOJIOIbI
Ha [IOBEPXHOCTU 3eMJIM U Ha IHE OKeaHOB. Jlajiee — 3T0 HaABUTalOIAsICsl UHBEPCH S ITOJII0OCOB MarHUT-
HOT'0 1107151 3eMJIM, HETIOHATHAS CTPYKTYypa si/ipa U MAHTUX 3e€MJIM, MEXAHU3M IPUPOJIBI U CTPYKTYpa
T0JIeN TATOTEHU s, SHEprus supa 3emin, cpepsl u3 maxt Kinepkenopna B FOxxHOM Adprike, apoBbie
KOHKpelnu, KoTisl BepxHero Bumos B AIkyTum, a Takxke HeoObsichumble 3pdektsl K. [Mloynaepca
u JI. XarurcoHa, Ge3pIHEPIIMOHHOE ABWKEHUE W XOJOIHbIE aHTUI'PABUTALIMOHHBIE TOMST JIETAIOIINX
auckoB B. [lay6eprepa, [I. Cepna u kameHHbIX 0710k0B Erumnra n Tubera, 3/1eKTporuipaBindecKuii
ynap B addekre JI. FOTKMHA, HeOOBsICHUMOE NBMXeHUe Taliku B. [[kaHnOekoBa B HEBECOMOCTH,
dorocunTe3, xononHbIN aaepHbI cuHTe3 — LENR, OecurciieHHOe MHOKECTBO BEUHBIX JIBUTATE e
Y YCTPOWMCTB MPOM3BOJCTBA CBOOOTHON SHEPrUH, HEMOHITHO OTKY/A U YeM MOPOKIEHHOM U T. [I.

C npyroii CTOPOHBI, HETIPEK PAIIAIOIIUICS TTOMCK HAYYIHBIM COOOIIECTBOM MArHUTHBIX MOHO-
nmoJieit co BpeMeHu (hOPMYJIMPOBKU UX BO3MOKHBIX cBOCTB Paul A.M. Dirac, a Takxe mnoyiHoe
OTCYTCTBHE KOHKPETHBIX OIPEAEIEHUI CBOVCTB M ICTOUHUKOB 3(pupa co BpeMeH PpeHelis, CliuHa,
MaccChl, 3apsaa U CTPYKTYPhl JIEMEHTapHBIX YaCTUIl, BOJIH U «I1yOb» Jlyn ne Bpoins juimb non-
TBepKAaeT (PaKkT HeJOCTAul KAKMX-TO BaXXKHBIX KHPIMYUKOB B 001eM (hyHIaMeHTe COBPEMEHHOMN
(usukM A7151 co3aanus Oosee MPOYHOM CBS3U €€ C SIBICHUSIMU MPHPOAbI.

VBenuuuBallIeecs: YUCI0 BHOBb OTKPBITBHIX SIBJIEHUH C Ka’/IbIM IOJIOM B T€0JIOTMH U reopu-
3MKe, acTpOo(U3UKE M aCTPOHOMUHM, sIEpHON (pU3UKEe U (PU3MKE JIEMEHTAPHBIX YacTHll, (PU3MKE
ConHia M MJIaHeT, a TakKe B APYIMX €CTECTBEHHBIX HAIPaBIECHUSAX HAyKH, YK€ HE YKJIaJbIBAETCS
B PaMKH COBPEMEHHOT0 aKkaJileMruecKoro npencrasieHuss Muposnanus (CAID).

Haspena ocrtpeiiiass He0OXOOMMOCTh KauyeCTBEHHOTO W3MEHEHHUsI METOMOJIOTMH Hay4YHBIX
UCCIeN0BaHUl B (DyHIAMEHTaIbHOU (PU3UKE B NMPSMOI €€ CBSI3H C SIBJIeHUsAMU Npupoabl. U rias-
HBII BOIIPOC YCTPOWCTBA Mupa — 3TO YTO Takoe MaTepusi, KakoBa €€ MpUpoJa, Kak OHa pOXkKIaeTcs
u ucyezaer?

dyHpamMeHTaIbHOE CBOMCTBO MaTepur! Kpome e€ poXAeHHsI-MCUE3HOBEHUsI — JBHIKEeHUe?,
u3MeHeHnne u spamenne. A Bor YTO npuBoauT B ABUkKEHNE-U3MEHEHUE U BpallleHHe MaTepuIo,
B TOM YHCJIE K IBHKEHHIO U SBOJIOIMY acTpou3nyeckux oObeKToB BeeneHHoi — riaBHbIN BOpoc?
Oto UTO — 3Heprusi u 310 CBOWCTBO HEKOEW CYOCTAHIMM, CO3/IAIONICH MaTepHio WM Je3WHTe-
rpupylolei e€, B3auMOISHCTBYIOIIee C HEll U NMPUBO/ASIIee K U3MEHEeHHMIo e€ (hopM, HEOOXOIMMO
OoJiee JeTaIbHO paCCMOTPETh B CBETE HEPACKPBITON TaliHBI IeOPOMIEBCKUX BOJH, T. €. TaK Ha3bIBae-
MO «IITyOBl», UHIYKTUPYEMOW BOKPYT ABMKYIIMXCSI MUK POUYACTHII U KJIACTEPOB KOHAEHCHUPOBAHHOM
MaKpoMaTepuu, Ha MpeAMET MOMCKA CTPYKTYPhl U UCTOYHUKOB MPOM3BOJCTBA 3TON «IIyObI», Kak
B MUKPOMATEpUM U MaKpOMaTepHH, Tak U B ruriepMarepuu. B kakux ¢popmax cyniecTByeT SHeprus
Y KaK OCYILECTBIISIeTCS €€ nepeHoc?

Ha nanHbIii MOMEHT B MUKPOMATEpUX YaCTUYHO MU3YYEHO JIMIIb 0e3MacCOBO- 0e3bIHe PIHOH-
HOe camojBUkeHHe (DOTOHA U JIBUXKEHHE JIEMEHTApHBIX 4acThll ¢ Maccoi. B makpomarepun uzy-
YeHBI, HO C HeIOCTATOUYHOM TITyOUHOM, Bce (hOPMbl KHHETHYECKOI'0 BIKEHHS KJIACTEPOB C MACCOM,

1
Marepust — 310 offHa U3 (OPM CYIIECTBOBAHUST SHEPTUH.

2 Nmenno ABHKE€HHE€ MUKPOYACTULl U KJIACTEPOB BELIECTBA ITOPOKIAAET Zle6p0ﬁ.]'[eBCKHe BOJIHHI, CIOCOOHBIE H3MEHATH q)OprI
MaTepyr U B U3BECTHBIX ITPEJAEIaX 3aKOH COXPAaHEHUA SHEPIUU.

7
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KpOMe HEMOHSTHOTO JIBMKEHUS «KyJIbOUTa» Bpallaoeics raiku [aHnOekoBa B HEBECOMOCTH,
a Takxke 0e3bIHEePIHOHHOT0 JIBKeHH JeTtaormux aucko B. [Hay6eprepa, /1. Cepna, rpaButonéra
B. I'pebennnkoBa u kamueit B Erunte u Tubere. Uro Takoe xonogHas aHTurpaBurtarmsa? B rumep-
MaTepuy HaOMoAaTeIbHO U3YYeHbl CaMOBpaIlleHus] M JBH:KeHHs TulaHeT B COJHEYHOH cucteme,
HO OCTa€TCsl HETIOHSATHBHIM pa30eranne ['ajJakTHK NpU HbIHE YCTAaHOBJIEHHOM IIpoliecce paciMpsi-
omeiicsa Beenennoii. [IpeoOpazoBaniie cBOOOHOTO MOCTYNATEJbHOIO BIKEHUSI KOPITYCKYIISIp-
HOH MaTepHH B TOJIbKO 3aMKHYTOE BpalaTeJibHO-KoJde0aTeIbHOe WY MOCTyNaTeJbHO-Bpaia-
TeJbHOE U HA000POT — ITO MPeMET MPHUCTATHHOIO BHUMAHKS COBPEMEHHOTO HAyYHOTO MO3HAHUS
CTPYKTYpbl Mupo3nanusi. PasHooOpasue B OpMeHTaIy oceid BpameHus 1 (popMa MOJIOIpbIX * IiaHeT
CBUETEBCTBYET 00 MX Pa3BOPOTAX BO BpeMs UX 3BOMONMH. O CHUKEHUHU TUIOTHOCTH 3€MHOT'O Belle-
CTBa OT si/ipa K IOBEPXHOCTU U HENIPEPHIBHOM POCTE pajuyca 3eMJId CBUIETEIbCTBYET HEMOCTOSH-
CTBO MOJIYJIsl € YITIOBOro MOMeHTa U e€ Oe3pa3mepHbIii MoMeHT uHepimu 0,33, 4To coBepIIeHHO
HE O3HAYaeT HAIMYKME «KepHa» KeJie30-HUKEJIEBOrO COCTaBa B IIEHTPE.

Bpamenne, kak ogHa U3 (popM ABHKEHHUsI, MIPUCYILE KaK JE€MEHTApHbIM 4YacTUIaM, TaK
Y aKTMBHBIM IIJTaHETaM, 3BE3JJaM U TaJlakTUKaM, IPUYEM OTHOLIEHUE MarHUTHOTO MOMEHTA K MeXa-
HUYECKOMY €CTh BEJIMYMHA MOCTOsIHHAS. B repBoM citydae, yacTHIbl 00JaJaloT emé 1 BHYyTPEHHUM
BpallleHNEM B UX CTPYKType HEKMX MCTOYHHKOB JBUKEHHS, UTO XapaKTepU3yeTcsi MOCTOSIHHOM
[Tnanka v onpenensieTcsi X CIMHOM M THPOMArHUTHBIM OTHomeHueM*. Kakue NCTOUYHUKH SHep-
MU CBSI3aHBI C 9TUM?

MexaHu3M poxaeHus ITUX (PyHIAMEHTAIBHBIX TOCTOSIHHBIX, & TAKKe NCTOYHUKHN CaAMO/BH-
’KeHHsI (h)OTOHOB M caMOBpaleHu sAep 3BE3 1, IVIaHeT U raJakTuk He ornpeneneHsl B CAIl
HU B MaKkpoMarepuu, HU B MUKpoMarepuu. [locrynarenbHoe MexaHMUeCcKoe ABUKEHUE BEILECTBEH-
HOW MaTepuu MO/ AEUCTBUEM CUJI U3BECTHBIX TPEX MOJIEN CTAIMOHAPHBIX HCTOYHUKOB, U CTOJIKHO-
BEHUE €€ OT/IE/bHBIX KJIACTEPOB TBEPIBIX TEJI IPOSABIIAET Y MOCAEJHHX SIBJICHUE HHEPTHOCTH. A TOp-
MOXEHHE M OCTAHOBKA TMOCTYIATEJILHOTO BMKEHHUSI CO CKOPOCTBIO CBeTa 0e3MaccoBOro (hpotoHa
C OIPE/IEIEHHON SHEPrUel B 0JIE aTOMHOI'O S1pa IPUBOJUT K POKIEHUIO IBYX IMPOTUBOIOIOKHBIX
YACTHII C ONpPeeSIEHHON TeOMETPUYECKH 3aMKHYTOM CTPYKTYypoi 1 Maccoil mokos. 1 Haobopor,
C OJJHOI CTOPOHBI, B3aMMOJIEUCTBHE OJMHAKOBBIX I10 TEOMETPUUECKON CTPYKTYPeE TEILIOBBIX JIEK-
TPOHA Y MO3UTPOHA MO ACHCTBUEM MPUTSIKEHUS UX TIOJIel MOPOXJaeT MpeoOpa3oBaHe UX MACChI,
T. €. SQHEPTUM MaTEPUH B COCTOSTHUM TTOKOS1 (AaHHUTWJISILIVSI TEOMETPUH CTPYKTYPbI M MACCHI), B CBOOOI-
HOe Oe3bIHEpPIIMOHHOE JIBUKEHHUE Yke 0e3MaccOBbIX (POTOHOB, T. €. B (popMy MaTepuu O6e3 Macchl,
HO B COCTOSIHMM JIBUKEHMS CO CKOPOCTBIO CBETA. A € JPyroil CTOPOHBI, B3aMMOJENCTBUE TEILJIOBBIX
JIEKTPOHA U MPOTOHA, OYEHb CHJIBHO OTVIMYAKOMIUXCS 110 TEOMETPUYECKUM pa3MepaM U CTPYK-
Type, He IPUBOAMT K aHHUTWIISILIUM — poXkJIaeTcsl HoBas hopMa Matepuu B Buze atroMoB. OTciona
Y TJIaBHBIM BONPOC 3MOXM — BO3MOKHO JIM HEWTPAIU30BaTh 3apsi] Macchl (MHEPTHOCTh), KaKk HEll-
TPAIM30BaH MEKTPUUYECKUIN 3apsa]] sSApa MEKTPUIECKUMH 00O0TOUKAaMH JIEKTPOHOB B aToMe 0e3
pa3pyumeHus ero cTpyktypsl? HakoHel, ABUkeHNE, TOPMOXKEHHUE U OCTAHOBKA JIEKTPOHA B Cpele
BEIIECTBA TAKKE MIPUBOIUT K U3JIyUEHHIO, B YaCTHOCTH, K U31ydeHuio BaBunosa-Yepenkosa. B mak-
poMupe BpamaTeabHOe ABUKEHUE HEKOTOPBIX TeJl IPUBOAUT K MOLYJISIIMU ITOCTYNATENBHOTO KBaH-
TOBBIM «KYJILOUTaM»® C €ro IMOCJIEAYIOIMM CIIOHTAHHBIM CaMOBOCCTAHOBJICHUEM WJIM, HAa0OOPOT
K BBICOKOW YCTOMYMBOCTH TOJIOKEHUSI OCU BpAILEHUs] U3BECTHBIX TEJI MO/l Ha3BAHUEM TMPOCKOIIOB,
a B TMIIEPMHUPE Y MyJIbCAPOB — K UHAYKLIMU CBEPXMOLIHBIX MArHUTHBIX Nosieil. CoBpeMeHHas (pu3mka
HE Ja€T OTBETA Ha ONPEAEICHUE CBOMCTB TaKUX MCTOYHHMKOB JIBUKeHHs U u3MeHeHus1. Cuuta-

3 .
Hanpumep, 3emiist B hopme reouia MokeT ObITh COCTaBJIEHA U3 TPEX JUIMIICOMIOB BPAILIEHUS, paHee BPAIlAOIMXCsl BOKPYT
oceil, pacIoJIOKEHHBIX OJIMKe K OCM MAPHUTHOTO JIMIIOJIS TITAHETHI.
4
I'mpomarHuTHOE OTHOIIEHWE Ul JEKTPOHA, MOTydaeMoe SKCIIEPUMEHTAIBHO, CYIIECTBEHHO OTIIMYASTCS CBOMM 3HaYEHHEM
OT BEJIMYHMHBI, PACCUMTHIBAEMON TSI MIEKTPOHA, HAXOAIIEr0Csl B OpOMTAILHOM JIBIKEHHM BOKDYT SIIpa, YTO CTABHT ITOfl COMHEHHE
TAaKOE €ro COCTOSIHUE B aTOMe 1 BOOOIIE €0 OPOUTAIIBHYIO CTPYKTYpY.

3 Nmeercst BButy (et [lkaHn6exosa, CBOMCTBA 1 IPUPOIA MEXAHM3MA [0 CHX TIOp HE YCTAHOBJICHA.
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€TCsl, UTO TUTAHETHI, 3BE€3/1bI U rasiak Tk TAK ABMKYTCS 110 MHEPIMHU, TIOC/Ie UX POKACHHUS U3 Ta3o-
BUIEBBIX TYMaHHOCTEH. HeT oTBeTa 1 Ha BOIpoc 0 MeXaHnu3Me [TPOUCX0KAEHU S MACChl y IBYX HOBO-
POXIECHHBIX B M10JIE aTOMHOIO $1pa JEKTPOHA U MO3UTPOHA, KaK M HET OTBETa O MPUPOJE CIHHA
MuKpouactull. OTcioa U ClIeICTBUE — 0 CUX MOP HET SICHOTO OIpEJE/IeHUs] TEPMUHA « IHEPTHSI».

DKcrnepuMeHTaIbHBIE McceoBaHusl (PU3HKOB BO BTOPOi MOJIOBHHE XX BeKa yOeqUTeIbHO
MOKa3aJd, YTO aTOMHBIE sIpa HE MOHOJUTHBIE 00OPAa30BaHUs, & UMEIOT PHIXJIYI0 BUXPEBO-TIOJIEBYIO
CTPYKTYpY ¥ B X LIEHTPaxX OTCYTCTBYIOT KaKHe-JIMOO «KEPHb». DIEKTPOHBI U IPOTOHBI, pa30rHAH-
HBIE Ha YCKOPUTEJISX JI0 IOYTH CBETOBBIX CKOPOCTE, TPOHU3BIBAIOT s11pa TSKENBIX ATOMOB, KaK ITy/Ix
JIyKOBHULLY. A MacC-CIIEKTPOMETPUYECKHE U3MEPEHNU I TOKA3bIBAIOT, YTO MACCa AaTOMHOIO 51]Jpa MHOTO
MEHBIIIE, YeM CyMMa BCEX Macc SIKOOBI COCTaBJISIONIMX €ro HYKJIOHOB. Ha mprmMepe oTTaiKuBaHUS
APYT OT Apyra OJJHOMMEHHBIX TOTIOCOB CTAIIMOHAPHBIX MATHUTOB yOEkJaeMcsl B TIOJTHOM OeCroMoIII-
HOCTH O(pULIMAIIBHOM (PU3MKH OXapaKTepU30BaTh TOT YHPYTrHil IPOMeKYTOK IPOCTPAHCTBA, YCU-
JIMBAIOIIUI OTTAJIKWBAHKE ITPY X COMMKEHUH — KAaKOBa CyOCTaHIUS STOU MOJIeBoil (hopMbI cOnpo-
TUBJIEHUS] MaTEPUH B YKa3aHHOM POMEXKYTKE IPOCTPAHCTBA, KAKOBbl MEXaHU3MbI AUCTAHIIMOHHOTO
pacro3HaBaHKs 3HAKA I10JII0CA, MEXaHWYECKOIO OTTAJIKUBAHUSI WM IIPUTSKEHU S, KAKOBA CTPYKTYypa
CWJIOBBIX JIMHUI NOJIS CTAIMOHAPHBIX KCTOYHUKOB M YEM OTJIMYAIOTCS I0JIs1 POXKIEHUS NUHTep(pepeH-
MU OT MOJIeW HAJIOXKEHUs MOoJIel ABYX NEPEMEHHBIX MCTOYHMKOB, HAIIPUMEP, MEKTPOMArHUTHBIX
BOJIH?

['maBHOE OT/IMUME CTAaMOHAPHBIX MAarHUTOB 3aKJII0YAETCS B TOM, YTO HEBO3MOXKHO OTIEJIUTH
OJIVH TIOJMIOC MarHuTa OT JIPYroro npu OECKOHEYHO MAajioM APOOJCeHUH UX pa3sMepoB — rodyemy?
[Touemy [0 cuX MOp HE MPOBEAEHBI XOTsI Obl CPABHUTENIbHBIE SKCIEPUMEHTHI M0 CKOPOCTH pac-
NPOCTPAHEHMIO T10JIEW TATOTEHUS U MEKTPOCTATUYECKUX TOJEN CO CKOPOCThIO cBeTa. O4eBUIHO,
YTO IIJIOTHOCTh MOTOKA U JAJIBHOJEWCTBHE LIEHTPAIBHOIO MO TATOTEHUS 3eMJIM HAMHOT'O JeCATHY-
HBIX TTOPSIIKOB OOJIBIIIE STUX MApaMETPOB OIS TACCHBHOTO BEIIECTBEHHOT'O MOJIs1, CO3JJaBa€MOTO €ro
KOPOM, MaHTHEN WK aCTepOUJaMH — B UEM pa3HUIla MEXIY CTPYKTypaMu 3TUX rnojeit? Kak nokazanu
TOCJIE/IHME MIPAKTUYECKME U3MEpEeHUs osiel npuTskeHus Kk actepousy BECTA, a takxke nuamepenus
LHEeHTPAJbHBIX aKTUBHBIX I'paBUTAIIMOHHBIX MoJjel ConHua, FOnuTepa, CarypHa u 3emiu, 3Ty Nos
KAapIUHAJIBbHO OTJIMYAIOTCS U OT MACCUBHBIX IPAaBUTALMOHHBIX MOJel JIyHbl U Jpyrux acTepouoB,
HE MMEIOIIMX aKTUBHOTO si/Ipa U LEHTPaJIbHO-aKCUAJIBHOTO MAarHUTHOTO MOJISI, @ TAK)KE OT IPaBUTA-
LMOHHBIX I0JIell KJIACTEpPOB aTOMHO-MOJIEKYJISIPHOTO BEILECTBA KOPbI 3eMJIN.

Her oTBeTOB 1 Ha BecbMa 371000HEBHbIE BOIPOCH COBPEMEHHON HAYKH, SBJISIIOIIMMICS JIOTU-
YECKH CBSA3aHHBIMU C NEPBBIMU:

1. Kakoii e MHOW MOXKeT ObITh CTPYKTYpa JIEeMEHTAPHBIX YaCTHII, OTJMYAIONIAsi UX OT CTPYK-
TYp «MEPTBBIX» MuKkpouactul] CranaaprHon monenu CAII?

2. KakoBa mpupona MHEPTHOCTH TeJ, MAacChl M TPABUTAIMOHHBIX TOJIEH, 00MagaloT 1 UX
WCTOYHMKY MPOTUBOIIOJIOKHBIMU 3apsiJaMU, KaK B JIeKTpUyecTBe?

3. Bo3MOXHO JI1 Maccy, Kak Mepy MHEPTHOCTH, TaKke Kak JIeKTPUUYECKHIA 3apsi/i YHUUTOXKUTb
C pa3pyllIeHUEM CTPYKTYpbI (ITO3UTPOH-IEKTPOH) WM XOTSI Obl SKPaHUPOBaTh, KaK SAPO B aTOMe
0e3 paspylieHus: CTPYKTypsl — 3(peKT seTaiomux quckoB u ycrpoict B. Ilay6eprepa, 1. Cepna,
B. C. I'pe6ennrkoBa u kamueit Tubera?

4. CylecTByIOT 11 CBOOOIHbIE€ BUXPEBbIe IPABUTAIIMOHHBIC M MAarHUTHBIC 3apsi/ibl, HE CBS-
3aHHBIE C BEIIECTBOM U EKTPUUECKUMHU TOKAMH B HEM?

5. KakoB mexaHu3Mm 3¢ peKkTa BOSHUKHOBEHUS OCEBBIX CHJI IIPY BpAILEHU! ITYyJIbCAPOB U KBa-
3apoB, KaKOBO MX pacrperesieHue Bo BcesleHHOM, YeM BbI3BaHBI CTPYKTYpbl OOpPa30BaHUsI «CTEH»
CO CKOIUICHUSIMU B HUX TQJIAKTHK, YeM BBI3BAHO BceoOllee NBIKEHHE acTPOPU3NIECKUX 00BEKTOB
BO Beenennon?

6. [louemy TeopuM rpaBUTALIMM U JIEMEHTAPHBIX YAaCTHLl He B3aMMOCBSI3aHbl, U MOXKET JI1
OTKPBITHE MATHUTHOTO MOHOTIONSI ¥ MEXaHU3Ma MHIYKIIMY MAcChl y HUX CBSI3aTh BMECTE 9TU TeOpUn?
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7. Hackomnbko gocroBepHsl nosioxkenust CAIl o «Be4HOCTH» aTOMOB, aKKPELIMOHHOM TeHe3Hce
COJIHEYHOM CUCTEMBI M MHEPLMAJIBHOM BpAILIEHUH KOCMUYECKUX TeJl?

8. KakoBa npupozia 371eKTpuYecKoro Toka® u CBEpXIpOBOIUMOCTH, 3ByKa U CBEPXTEKyUYECTH
B KJIacTepax KOHJEHCUPOBAHHBIX BEIIECTB?

9. KakoB MexaHW3M IPOU3BOICTBA CUJIOBBIX JINHUI, COEUHSIONIMX J1BA PA3HOIOJISIPHBIX U CTa-
LMOHAPHBIX KCTOYHUKA MArHUTHOTO, IEKTPUYECKOTO U I'PABUTALIMOHHOIO MOJIEN U KAKOB MEXaHU3M
MEXaHUYECKOTO BO3AEHCTBHS Ha OoJiee MOIBMKHbIE UCTOUHUKY — IPUYACTHBI JIM K 3TUM SIBICHUSIM
COOTBETCTBYIOIIIME CBOMCTBA 3upa?

10. KakoBa npuposa siBleHHs X0JIOJHOTO SIIEPHOTO CUHTE3a U POKAEHUS IIMPOKOTO CHEKTpa
(LENR) HOBBIX siiep XMMUYECKMX JIEMEHTOB IPU MEKTPUUYECKUX B3pbIBAX METAJUIMYECKUX JIEK-
TPOIOB U MPOBOIOB?

11. [Touemy cymIecTBYIOT aTOMBI 1 MOJIEKYJIBI HE Pacriafasich B CTaOMIBLHOM COCTOSIHUM TIPU
a0COJIIOTHOM HyJIe B KocMoce BceneHHOM B BUjie ra30nbUIeBbIX 00IAKOB — JABHO M3BECTHBIN BOIIPOC
0 «HYJIeBOU 3Heprun» atomMoB? UTo Takoe BeuHast SHePrus KojeOaHuii aToMOB?

12. Kak peasm3oBaTh pecypchl BHYTPEHHEW SHEPruu BEIeCTBa, HAKOIUICHHOW IMPUPOION
B IIpolieccax MPOU3BOACTBA KOHAEHCHPOBAHHOU (POPMBI arperaTHOrO COCTOSIHMS BEILECTBA B pa3-
JIMYHBIX (pa3ax B BUJIE XUMUYECKOU, NEKTPUUYECKON, MATHUTHOM MaTepUu U TSKENBIX sIEP aTOMOB
XUMHUYECKHX JIEMEHTOB (IHEPrUsl MOJIEKYJI, aTOMOB U SJIEP), KaK aJlbTepHATHBA YIIpaBisieMoMy Tep-
MosiiepHoMy CHHTE3Y TSIKETBIX MU30TOIOB Bogopoaa?

13. Bo3MOXHO /111 peoOpa30oBaTh JJOKAJTBHO SHEPTHIO TOJIS TATOTEHU ST 3eMJIA B SHEPTHIO K-
TPUYECKOT0 TOKA C TIOMOIIBIO TEXHMUECKHUX CPEACTB 10 aHAJIOTUH C TPe0Opa30BaHNEM SHEPI U CBETA
ConHIIa B 3JIEKTPOIHEPTUIO COJTHEUHBIX OaTapei?

14. TToyueMy 1uIaHETHI 3€MHOM TPyMITBI OMKe pacnonoxeHsl K ColHILy, YeM ra30kKUaKue Tuia-
Hetol FOnurep, CarypH u apyrue?

Her oTBeTOB 1 Ha MHOTUME Ipyrue BONPOCH, Kak TO:

— CTPYKTYpa ¥ MEXaHU3M BHEUTHMX MOJIell CTAIMOHAPHBIX UCTOUHUKOB',

— MEXaHU3M CWJIbl IPUTSDKEHU S WM OTTAJIKMBaHUs B 3akoHax HelotoHa, KyrnoHa,

— MarHUTHOE MoJie U 3Heprus sapa riaHet u ConHua,

— MIMEET JIM 3HAK 3aps/ia NoJis TATOTEHUS spa 3BE3/1 U AKTHUBHBIX IUIAHET,

— MEXaHM3M pacimpeHnsi 00beMa 3eMHOTO 11apa,

— MEXaHU3M [TPOUCXOKAEHUS CIIEKTPa XUMUYECKUX JIEMEHTOB,

— MEXaHM3M BO3HMKHOBEHHS CIIMHA Y MUKPOYACTHIL U Y KJIACTEPOB MaKpoMaTepuH,

— peasbHasi CTPYKTypa siep MUKPO U MaKpOMMPa,

— PO’K/IEHHE U IBOJIOLIMS aTOMHO-MOJIEKYJISIPHOTO BEILECTBA,

— CTPYKTYpa I'uIepIrpocTpaHcTBa BeesleHHOM, TPUYKHBL €ro paciiupeHus,

— 910 TaKkoe 3¢pup, T/Ie OH POKAAETCS U KaK JONITO KUBETS,

— SBOJIIOLMS 3B€3]1 U TUIAHET OT POXKAEHUS 10 pacnajia, — HalpasjieHue 3BooLnu BeeneHHO.

Ha st11 Bomipoch! Helb3s1 HAWTH OTBETHI MOKA B TIO3HAHWE MUKPO M MaKpoMHUpa He OyayT BBe-
JE€HBl KOHLIENITYaJIbHblE KOHKPETHBIE ONpe/ieJieHus1 Bcex (popM MaTepuu U SHEPruu, BKJII0YAsi B TOM
YHCIie CTPYKTYpY MoJieil ¥ MPOCTPAHCTB, NPUYMHBI U CJIeACTBHA’, TpeoOpa3oBaHus MOCTyIa-
TeJbHOI0, BPAlIaTeJbHOI0 WJIH K0JIe0ATeJNbHOr0 JBUXECHUS OTHUX (POpM MpU M3MEHEeHHH
B Apyrue. [Ipyrumu cioBamu, HEOOXOAMMO PACKPHITHE TallH MACCh, JIEKTPUIECKOTO 3apsiia, UCTO-
puyeckoro 3upa u «IryObl» JeOpOMIEBCKUX BOJH, ONpeesieHue BHYTPEHHUX M BHEITHUX MCTOY-

® JTo cux nop oTCyTCTBYeT ONpe/eeHIe MeXaHU3Ma (PU3MUECKO TIPUPOIBL AEKTPOTOKA W SIBJICHMIA CBEPXIIPOBOIMMOCTH.
7 Mons 38&31 1 nutaner, NIEKTPUYECKUE U MarHUTHBIE NOJIs1 3apsSIKEHHBIX KJIACTEPOB BEIIECTBA.
8o ®penermo — 3ByK MOXET paclpOCTPaHATHCS TOJBKO B KaKOH-TNOO cpejie, a CBET TOJBKO B 3Hpe.

¥ Bosbliast 4acTh HAGIIOIEHMIA B IPUPOJIE ¥ SKCTIEPUMEHTOB B (pU3HKE IpH (h)OPMUPOBAHMH ONPEICIEHHBIX KOHIISTIIMIT B HAyKe
CBsI3aHa MIMEHHO CO CJIeJCTBHEM, B TO BpeMs Kak NPHYHHA, KaK TaKOBas, NCUE3aeT WM B CUIIY KaKMX TO OOCTOSTEIILCTB TepsieTcs
13 1oJst OObEKTHBHOCTH 4€JI0BEKOM — 3TO ¥ IPUBOAUT K nopoxaeHuio B CAIT k 95,1% T1éMHOI SHEpruu U MaTepuu.

10
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HUKOB CINHMHA MUKPOYACTHII, UCTOYHWKA MPUBOJA BpallleHUs sjep 3BE3[, IUIAHET U HUCTOYHU-
KOB POXICHHSI aTOMHO-MOJICKYJISIPHOTO BEIECTBA MPH MOCTYIATeIbHO-BPAIIaTeIbHOM JIBUKSHUN
e€ MPOTOMAaTepuH OT ITUX SAep K MOBEPXHOCTH aKTHBHBIX acTpou3ndeckux o0beKToB. [ToaTomy
st 6oiee TJIyOOKOro To3HaHUs BceX (popM MaTepHH TUIAHKOBCKWE Tpeesibl JJTUHBI, YacTOThI
Y MacChl JOJIZKHBI ObITh 3aMEHEHbI MEHBIIIMMU, OTPe/ie/IsIeMbIMU ITyTEM CMEHBI CKOPOCTH CBETa
1 aToMHO# nocrossHHol Ilnanka B ¢hopMynax onpenesieHus: STUX MPEISIOB HA COOTBETCTBYIO-
re peajbHble CKOPOCTH MOCTYIATETLHOTO PACPOCTPAHEHH S TPABUTALIMOHHBIX TIOJIEH OT UCTOY-
HUKOB aKTUBHOW I'PABUTAIINH, & TAKKE JEKTPUUECKUX U MATHUTHBIX TIOJIEH OT UX CTAIMOHAPHBIX
3apsiioB. Kpome Toro, HeoOXOAUMO KOJIMYECTBEHHO OMPEICTUThH MOCTOSIHHYI0 KBAHTOBAHMS JIJIsI
TaKUX TOJIeH, aHAJIOTUYHYIO IVIAHKOBCKOM aTOMHOM KoHcTaHTe. [Tocrie dero, HeoOXOaMMO MCKaTh
Y OIpeessATh UCTOYHUKM, MPUBOAAIINE MUKPO M MaKpOMAaTEepHIO BO BpAICHUE W MOCTYIATEIb-
HOE JBVIKEHUE, OIMKICATh X OCHOBHBIC MPOJAYKTHI, CTPYKTYPY H ME€XaHHU3M MPOU3BOICTBA. DTO
M CTaHeT BO3MOXHBIM, Korjga OyleT BBeieHO Oojiee INIy0OKoOe 1O CPaBHEHMIO C JIEMEHTAPHBIMU
yacturiamu ' mpejicTaBiieHue MaTepHu, B KOTOPOM Ha0I10/1aeMble TTPOCTPAHCTBA'!, Kak OfHA U3 e€
HanOosee cnabeix (hopM-TiposiBiieHH B (hopMe (PU3MUECKUX T0JIeld, ONpeesIeHbl peryJisipHO-IrHA-
MUYECKMM BBICOKOYACTOTHBIM MYJIbCUPYIOIIUM TIOJieM 47t-pacripeie/icHrsi 3€peH-MOTeHI[HAN0B
(GeCCTPYKTYpHBIX KBAaHTOB MPOCTPAHCTBA) BOKPYr WX CTAIllMIOHAPHBIX AKTUBHBIX HCTOYHUKOB,
XapaKTePU3YIOIIKUM ero IO TUCTAHITMOHHBIM BHEIITHUM CHJIOBBIM ITPOSIBJICHUSIM ITPH B3aMMOJCUCTBUN
C Pa3TMYHBIMU YACTUIIAMU WJIM KJIACTepaMU aTOMHO-MOJIEKYJISIPHOTO BeleCTBa — IPABUTALIMOHHOE
niosie BOKpyr 3emun uiv CoHIla, a TaKkKe STYencTasi KpyrmHoMaciTadHas TunepcTpykTypa Beenen-
HOM. A BeIlleCTBEHHAst MaTepust B (pOpMe «KUBBIX» DJIEMEHTAPHBIX YACTHII ONpeesieHa MyJIbCHpPY-
OIIUMU CBOOOHBIMU Y 3aMKHYTHIMU BUXPOHAMM. B TakoMm peajibHOM NMpeACTaBJIeHHH pa3Mepbl
3JIEKTPOHA BBHIPACTYT JIO Pa3MEPOB 3eMHOTO aTMOC(EPHOTO TOPHAIO MO CPABHEHHIO C PA3MEPOM THUX
3épeH-MOTeHNANO0B. [IpyriMu ClIOBaMy, HOBask METOJOJIOTHS TIOC/IETYIONMIEro TO3HAHUS CTPYK-
Typbl MUpO3JIaHHS 3aKJII0YAETCS B MOCJIEJOBATEIbHOM Tiepexoe OT (PyHIaMeHTa 3JeMeHTaPHbIX
yacTul K (pyHIaMEHTY MX CTPYKTYpbl HA OCHOBE OTHOCUTEIHHO MOKOSIIHXCS 3EPEH-TIOTSHINATIOB
B KOHTYpax-BOJIHOBOJIaX, KOTOPbIE CO3AIOTCS C TIOMOIIbI0 BUXPOHOB U SIBJISIOTCS CTPOUTEIILHBIM
MaTepUaioM UX BHYTPEHHEH CTPYKTYPbl. A BHENIHHE MOJSI CTAIMIOHAPHBIX MUKPO U MaKPOWUC-
TOYHUKOB 3apsiia MacChl, SJIEKTPUYECKOr0 M MAaTHUTHOTO 3apsJIOB CO3AAI0TCS 47T-ITI0OTOKOM JTUHAMM-
YeCcKH MOABHKHBIX 3€peH-TIOTeHIMAIOB. BCE 3T0 BMecTe 1 onpejiesnsieT MPOCTPaHCTBA U BEIIeCTBO
Bcenennoii unu Ctpyktypy Muposnanus BeeneHHOIA.

Kakoii craner ¢pusuka XXI Beka — mpeameT 3Toil KHUrH. [Ipy 9TOM aBTOp HE PacCUUTHI-
BaeT Ha ObICTPOE MPU3HAHUE, 3HAS TOPHKYIO UCTOPUIO NMO3HAHUS 3aKOHOB MPUPOIBI HAYYHBIM CO00-
IIIECTBOM JTIOJICH !> CO BCEMHU MX JIOCTOMHCTBAMH, HEJIOCTATKAMU M TTPABOM Ha OIIHOKY.

10 Tak kak Ha ypoBHE 9MEMEHTAPHBIX YaCTHI[ (PU3MUECKHE T07Is ONPEIEIICHbI, KAK CHCTEMBI C GECKOHEYHO GOJTBIINMI CTETICHAMI
CBOOOIbI — TTOHBIN a0CypaI.

11
COOTBCTCTByIOHII/Ie TOJIA CTAIMOHAPHBIX UICTOYHUKOB UCTOPUYECKU CBA3AHHBI C TCPMUHOM <<9(1)I/Ip>>.

2. PanyHckas. «besymnsle unen», 1967 rox.
11
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BBenenne

IIpocTpaHCcTBO, 3BE3BI, IUIAHETHL, MX BpallATEIbHOE ABUKEHUE U IOJIA TATOTEHMS, Kak
WCTOYHUKOB, (DOTOHBI U MX JBMKEHHME CO CKOPOCTBIO CBETA, CIMH, 3apsj YacTUIbl U UX Macca,
neOpoiiIeBCKIE BOJIHBI — TU SIBJICHHSI, KOTOpble JOCTOBEPHO HA0JI0Ial0TCs1 B ipupose u Bee-
neHHO|. [Ipy 3TOM KaxIplii CTAMOHAPHBIN UCTOUHMK, Oyllb TO SIPO IUIAHEThl UM aToMa, JOJkKeH
MMETh 3HAK 3apsa MacChl WIN 3JIEKTPUYECTBA.

KBaHTOBBIE SIBJIEHMSA B MHKPOMHPE BCTPEYAIOTCS IIOBCEMECTHO, OHU XOPOILIO IKCIIEPUMEH-
TaJIbHO U3YYEHBI U JOCTATOYHO MOAPOOHO onucaHbl. OIHAKO B MPOTHBOPEYNsIX HEKOTOPbIX 0JI0-
’KEHUU KOPITYCKYJISIPHO-BOJTHOBOTI'O IyaJIn3Ma [0 CUX ITOP HET JOCTAaTOYHO SICHBIX Y ITOJIHBIX OTBETOB
U, B YaCTHOCTH, Ha yTBepxkaeHus Jlyun ne Bpoilsis o ToMm, yto modast MUKpOYACTULIA MOXET OJHO-
BPEMEHHO HaXOOUTCS, KaK B COCTOSIHUM HEKOTOPOTO 3aMKHYTOro o0b&Ma, 00JaJalolero Maccoi,
TaK ¥ BOJIHBI, a TAKXKe MOXeT 001a1aTh JeOpOilJIeBCKON «IIIy0oii» BOKPYT ceOsi, KAKON pacrosiarait
TMPOCKOIIBI M sipa 3BE3/. KBaHTOBbIE MEXaHUUYECKUE ABJIEHUS B MAaKPOMHPE — 3TO HOBOE HaIlpaB-
JIEHHE B 9KCIIEPUMEHTAJILHOM (PU3MKE, KOTOPOE OPUIIMAIBHO MOSABUIIOCH ¢ 1985 rona, co 1HS OTKpbI-
TS B HeBecoMocTH Kocmoca apdekta [Ixxanndexosa. Kpome Toro, cymectByet messiii psj 3¢ dek-
TOB U sIBJICHUH, OOHApyKEHHBIX B XX BEKe IKCIEPUMEHTAILHO, KOTOPhIE TaKXe C YBEPEHHOCTHIO
MOXHO OTHECTH K KBAaHTOBBIM fIBJIEHUSM B MakpOMHpE. ITO, MPEKAE BCETO, MMEKTPUUECKUN TOK
B METAJUIMYECKOM ITPOBOJIHUKE U 3BYK, SIBJICHUS CBEPXTEKYUECTH U CBEPXIIPOBOJMMOCTH, POXKICHUE
CBEPXTBEPHON KyMYJISTUBHOM CTPYH ITPY B3PhIBaX CIEIMAIBHBIX OOEBBIX CHAPSIOB, SIBJICHUS CTPYi-
HOI IMIUIO3MH B YCTPOMCTBax pemnyibcatopax B. [Ilaybeprepa, 0e3bIHe pIUIOHHBIN EPEHOC MACChI
JieTaTesbHbIX anmnaparos-«Ttapesiok» II. Cepna, a¢ddexr IIIC B rpasuronére B. C. I'pebeHHMKOBA,
xononHbii AaepHblid cuHTE3 (LENR) TAXKENBIX XUMUYECKUX 271eMEHTOB, 3(pdekT FOTKMHA 10 KBaH-
TOBOMY NPe0OPa30BaHUIO JIEKTPOSHEPTUM B MEXAaHUYECKYIO M 0OpaTHbIE MPOLIECCHl, & TaKXke ApY-
rve, 0OObeKTUBHOE CYILIIECTBOBaHUE KOTOPBIX yKe IOCTOBEPHO JOKA3aHO IKCIIEPUMEHTAIbHO HECKOJIb-
KMMHU HE3aBUCHMBIMM Hay4YHBIMHU TpyINIlaMyd MUPOBOro coooduiectsa. /o cux mop He ornpezesneHa
NPUYMHHO-CJIEACTBEHHAS CBA3b M MEXaHU3M JIPEBHUX SIBJICHU! BJIMHUSA 3ByKOBOIO PE30HAHCA
Ha NMOABEM MHOTOTOHHBIX KAMEHHBIX OJIOKOB onpeeneéHHbIx pasmepos B Erunte, Tubere u gpyrux
paiioHax 3eMJTH C OMOIIBI0 0051 6apabaHOB U JPYTUX MYy3bIKaJbHBIX HHCTPYMeHTOB. He onpenenena
9Ta e CBA3b M B MHOTOUHUCIIEHHBIX ycTpoiicTBax (Oonee 1000), co31aHHBIX HA 9THX Ke IPUHIIUIAX,
mmpoKo m3BecTHHIM B XIX Beke nzodperarenem [Jxonom Kumum. Te xke siBineHnst CBONCTBEHHBI U 1711
OIPE/ICIEHHOTO JMana30Ha 3JIeKTPOMArHUTHBIX BOJIH M yciioBuUsX apdekTa [. XarunucoHa.

Aueprus. [1yTs No3HaHUS 3aKOHOB PUPO/AbI HAUMHAETCSA C ONPE/Ie/IeHN 3aKOHOB YHep-
I'fil, 3aKOHOB JBHKE€HHsI H 3aKOHOB (PH3HYECKHUX M0Jell, KOTOpble B3anM000paTHMO CBsI-
3aHbI M€Ky c000ii. [JoCTOBEpHO yCTaHOBIIEHBI ClIEAYOIIE 3aKOHBI.

3aKOHBI IHEPrum:

— 1. 3aKkoHBI POXIEHUS SHEPTUH,

— 2. 3aKOHBI KBAaHTOBOY NIEpE3apsIIKM 3HAKA SHEPTUU 1JI51 CUCTEM C HYJIEBBIM CIIMHOM Y CIIMHOM
paBHBIM 1,

— 3. 3aKOHBI B3aUMHBIX NIEPEXO0B SHEPIUHU JJI1 CUCTEM C IOMYLEIBIM CIIUHOM,

— 4. 3aKOHBl YHUUTOXEHUS SHEPTUH,

— 5. 3aKoHBI TPOU3BOACTBA SHEPIHUH,

— 6. 3aKOH COXpaHEHM s SHEPTUU B 3aMKHYTBIX CUCTEMaX,

— 7. 3aKoHBI KBAaHTOBOM KOHIEHCALIMW SHEPIMU IIPUA IPEOJOJIEHUM CBETOBBIX U 3BYKOBBIX
6apbepoB,

— 8. 3aKoH IpeBpallleHUld SHEPTMM IIPU HEOTHEMJIEMOW B3aMMOCBSA3M TPHUAAbl MOHOIOJEN
B BUXPOHaX,
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— 9. 3akoHbl MHTErpaluu M JAE3UHTErpalii CTPYKTYPUPOBAHHON MaTepuu SHEpPruen Kak
3aKOHbI H”3MEHEHHUsI MaTepuH,

— 10. 3aKkoHbI IeICTBUS SHEPTUH, €€ MEXAHU3MBI U1 UHCTPYMEHTHI.

3aKOHbBI IBMKEHMS

— 1. 3aKkoH GE3bIHEPIIMOHHOTO JBIKEHHS,

— 2. 3aKOHBI MHEPIIMOHHOTO JIBUKEHUS,

— 3. 3aKoHBI BpAIaTeJIbHOTO JIBUXKEHUSI,

— 4. 3aKOHBI EKTPUYECKOTO IBUKEHUSI,

— 5. 3aKoHBI TEIJIOBOrO M 3BYKOBOI'O JBUKEHUSI, ylapHasl BOJIHA.

— 6. 3akoHBI IepeHOCa KBAHTOBOI'O COCTOSIHUSI KJIaCTEPa BEILIECTBA 3BYKOM,

— 7. 3aKkoHbI ABUKEHUsI-pOCTa (PIOphl U (payHbl, (POTOCUHTES.

3akoHbl (hU3HYECKUX MOJeH:

— 1. 3akoHbl poxkjieHus1 (PUBUUYECKUX TMOJIEH,

— 2. 3aKOHBI POXJEHUS TPOCTPAHCTB-TIOJIEN OT BUXPEBBIX UCTOUHUKOB,

— 3. 3aKOHBI POXKJIEHUS TPOCTPAHCTB-TIONIEN OT CTAIMOHAPHBIX UCTOYHUKOB,

— 4. 3aKkoHbl B3aUMOJEUCTBUS (PUBNUECKUX TTOJIEH.

N npyrue.

NmenHo uepes nocpeicTBO AeiCTBYIOIIEl B TPUPO/IC SHEPTUH, ITOM HEBUIMMOM Be3/IeCylen
Y MHOTOJIMKOHM CyOCTaHIIMM, CYIIECTBYIOIIEH B pa3iMYHbIX (POpMax, MPOMCXOAUT POXKACHHE, [IBHU-
KEHHE U U3MEHEHUE B JUCKPETHOM IPOCTPAHCTBE MPOCTPAHCTBA BEeIIeCTBEHHOIO, a B HEM 3a4a-
TOYHBIX (DOpPM MaTepuu, CHauaia B popMe NEePEMEHHbIX EKTPUUECKUX, MATHUTHBIX U IPaBUTALM-
OHHBIX I10JIEW, 3aTEM B BU/I€ MATHUTHBIX M TPABUTALIMOHHBIX 3aps1J0B — MUKPOBUXPOHOB, M TOJIBKO
Ha nocneanen craguu B popme YCT.

Ortciona crieyet BBIBOJ O TOM, UTO SHEPrusi CYIIeCTByeT B CBOOOHOM U CBSI3aHHOI dopMe.
[ToToku 3€peH-NOTEeHIMAIOB MOJNEH Pa3IMYHBIX CTAllMOHAPHBIX KWCTOYHHMKOB, CTAllMOHAPHO-YCTa-
HOBJICHHBIE B IPOCTPAHCTBE, 3EPHA-NIOTEHLIMAJIbl BUXPEBbIX UCTOUHUKOB BUKEHUS] U U3MEHEHUs,
a Tak:ke 3€pHa-MOTEHIMABI, 00Pa3yIolIHe CTPYKTYPbl CAMUX UCTOYHUKOB, BKJIIOUasi U (DOTOHBI, Clie-
AyeT OTHECTH K CBOOOJHBIM (DOpMaM-HOCUTENISIM HEPTUU. 3aMKHYTbI€ KOHTYPHI 3JIeMEHTApPHBIX
YaCTHI U ep XUMUYECKHUX JIEMEHTOB U3 JIEKTPUUECKUX U IPAaBUTALMOHHBIX MOTEHLIMAJIOB, MOJ-
JepKUBaeMble IBUKYIIMMUCS B HUX BUXPEBBIMU UICTOYHMKAMU (MATHUTHBIE Y TPABUTALIIOHHbIE
3aps/bl) U XapaKTEpU3YIOIUMUCS ONPEEIEHHBIM CITMHOM, a TaKKe KJIacTepbl aTOMHO-MOJIEKYJISAP-
HOT'O BEUIECTBA, CJIeyeT OTHECTH K CBSI3aHHBIM (hopMaM-HOcUTe M sHepruu. [Ipuuém nocnennue
MIpY CBOEM M3MEHEHUH WJIH JABWKEHUH BCEI/Ia CIOCOOHBI IPOM3BOANTH CBOOOIHBIE (DOPMBI SHEPTUH
B BUJIE TOKA U 3BYKa. A BOT cBOOO/HBIE (DOPMBI SHEPTUM MPOU3BOIUTH CBS3AHHbBIE (DOPMBI CIIO-
COOHBI JIMIIb TIPU ONPEEIEHHBIX YCJIOBHSIX — MPEBBIIEHHE MOPOra SHEPTUM ONpPEAETEHHON BeJIH-
YHMHBI, OCTAHOBKA HOCUTEJISI CBOOOIHOM SHEPTrUH BO BHEIITHEM TI0JIE U T. [I.

B ocnoBHoI1 (hopmyiie: «DHeprus, IpoOCTPAHCTBO, MaTeEpUsl, IBUKEHNE U U3MEHEHHE» — OIIpe-
JleJieHHe SHEPruy 3aKJII0YEHO B KaxJIoM ciioBe. IIpuuém nepexonpl matepuu (ABUKEHUE U U3Me-
HEHHE) KBAHTOBbIE M HEKBAHTOBBIE OT OAHOW (POPMBI K JPYroi OCYIIECTBIISIOTCS TOJNBKO Onaro-
Aapsi HUIMYHMIO TOW CyOCTaHIIMM B CBOOOTHOM (popMe B BHJE 3€pPEH-TIOTEHIIMAIOB M UCTOYHUKOB
npwxkeHus. Co3naHue-poxaeHre KOPIYCKYISIPHBIX (pOPM MaTepuu MPOU3BOMUTCS U3 CBOOOJHBIX
(bopm sHEeprum npu onpesesEHHBIX OPOTOBBIX YCIOBUAX MYTEM KOHAEHCAMM MarHUTHON (DOPMBI.
W Hao0OopOT Ie3UHTEr paIusi-uCYe3HOBEHUE-UCTIApEHNE MaTepUU TIPOUCXOIUT U3 3aMKHYTHIX (hOpM
SHEpruu, a B MAaKpOMHUPE U3 3aMKHYTO-CBSI3aHHBIX (DOPM MaTe€puu, Kak CIIOHTAaHHO, TaK U IpU KpH-
TUYECKUX YCIIOBUSIX.

W3 31ux xe ¢opM Marepuy MPOUCXOOUT M MHIYKIUS KECTKO CBSI3aHHBIX C HUMU 00O0JIO-
YeK-3apsI0B [IPU UX BPallleHUH.

dHeprus. A 4to 3T0 Takoe? DHeprusl, Kak U e€ aHaJIor MaTepusl B BellleCTBEHHOM IPOCTPaH-
CTBE€, HUKOTJ]a HE BO3HUKAET U3 «HUYETO» U HE MCUYE3aeT B TAKOM IIPOCTPAHCTBE, a TOJIbKO B 30HE
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XOJIOHOW 0€3MacCOBOH IJIa3Mbl IMCKPETHOI0 MPOCTPAHCTBA. DHEPrHs MOSBIISETCSA B HUX TOJIBKO
C MOMOIIIBI0 COOCTBEHHBIX TEPEHOCUMKOB-HOCUTENEH B CBOOOIHON (hopMe B BUJIE UCTOUYHUKOB JIBH-
KEHUs WIN 3€peH-NI0TeHIManoB. Popma nepeHoca 3€peH-MOTEHINANIOB KBAHTOBOE OTTAIKMBAHUE
CO CKOPOCTBIO OoJbIe cKopocTH cBeTa. CheprudecKy CIOUCTBI MarHUTHBINA 3apsi]i — 3TO UCTOYHUK
JBVKEHUs1, BCEIa ABUKYILUIICS MPOAOJIBHO CO CKOPOCThIO cBeTa. ChepruecKky CIOUCTBIN IpaBUTA-
IIMOHHBIN 3apsi/l — 9TO UCTOYHUK JABWKEHUsI, IBMKYIIUICS C TIOOBIMU JOCBETOBBIMH CKOPOCTSIMH.
JMHaMHUYeCcKue TOJIsl CTAlJMOHAPHBIX UCTOYHUKOB U3 3€PEH-TIOTEHLIMAJIOB — 3TO TOXKE SHEPrus B CBO-
6omHOM hopme.

CyiuectByet (hopMasIbHOE OIpeIe/IeHre SHEPTUU Yepe3 IPOU3BEAEHUE MACChl Ha KBaJpaT CKO-
POCTH CBeTa, HO B IPUPOJE OTCYTCTBYET CyOCTAHIIMSI MACCHI.

B knure M. [Ixemmepa!® mpuBenéH oOMIMPHBIA aHAMM3 (DU3NYECKOTO CMBICTA TOHSATHNA
TI0JIEBOM Y MEXAHMUYECKON MACChI-9HEPIUU JJIs1 XapaKTEPHOrO OKPYXkKEHHUsSl YYEHOTO TOrO BpPEMEHU
or Makcsemna, [lyankape no Paccena m DiiHuTeiiHa ¢ €ro ornpeiejeHueM Macchl (IIpU paBeH-
CTBE MHEPTHON I'PaBUTALIMOHHOW), KaK «MACCa mead ecmb Mepa COOEPHCAUELiCst @ Hell HepeulL».
CocrosiHMe KBaHTOBAHHOI'O 3JIEKTPOMArHUTHOIO MOJIsI accoUMUpyeTcsl ¢ (POTOHaMU, a COCTOSIHUS
JIEKTPOHHO-TIO3UTPOHHOIO MOJIl — C MMEKTPOHAMHU. A KJIACCUYECKUW MPUHLMIT aAUTUBHOCTU
Macc He siBisieTcst Oonblne cripaBeaauBbiM. Otciona [xeMMep MPUXOAUT K BHIBOAY, YKa3aHHOMY
Ha TIOC/IeIHEN CTPaHUIIe CBOE KHUTU:

«Hyoicno npusnamu, umo, Hecmomps Ha cogmecmuvle ycuaus pusukos u gurocoghos, mame-
MAMUKOB U NO2UKOB He OOCHUZHYNO HUKAKO20 OKOHUAMENbHO20 NPOSICHEHUS, NOHAMUS MACCHL».

HaubGonee HarsigHO onpenesieHHe SHEPrUM uepe3 MpoH3BeldeHHe MocTossHHOW [lnaHka
Ha YacTOTy KoJIeOaHWid BPAIleHU# IMy/IbCUPYIOIIEr0 MarHUTHOIO MOHOIIOJNSI B CBOOOAHOM ((pOTOH)
WM 3aMKHYTOM (3JIEKTPOH, MIOOH U JIpyTH€) BUXPOHE, a «UACTIAPEHHE» MACChl B SHEPIHIO IEKTPO-
MarHUTHBIX KBAaHTOB — Yepe3 aHHUTHJISAIHIIO «MdcC» MEKTPOHA M MO3UTPOHA (MIEMEHTapHbIN MPo-
LIECC IC3UHTErpaliu) B 1Ba KBaHTA.

B MexaHuKe nposiBjieHHE BBIIENSIOMIEHCS SHEPIUU ONPEEIIIeTCs PUJIOKEHUEM CHIIbI, KOTO-
past BO3JIEICTBYS Yyepe3 Me/IJICHHOE KBAHTOBOE JaBJIeHUE (I'PaBUTALIMOHHOE JABJIEHUE) Ha BEIIECTBO
WIN TeNO, 3aCTaBJIsET €ro JBUTaThCsl C YCKOPEHUEM — IIPUMED, IBUTaTe/I BHYTPEHHETO CropaHus,
B3pbIB U T. 1. OHaKO, Kak otMevan eni€ P. deiiHMaH B CBOMX JIEKLIUSX, OTCYTCTBYeT o0Iiee orpee-
JIeHVe TePMUHA «9HEPIUsi». VI3 IIKOIBHOrO Kypca U3BECTHO, YTO SHEPTH s MPOSIBIISET ceOs1 CIIOCOOHO-
CTBIO Tesia coBepiarh padoty. [Toss qBYyX OMHOMMEHHBIX WM MPOTHUBOIIOJIOKHBIX MO 3HAKY 3apsiIOB
COCTOAIT U3 JUHAMHYECKOr0 MOTOKA COOTBETCTBYIOIIMX KBAHTOB ITPOCTPAHCTBA-NIONA. A aHHUTWJISI-
1M1 TAKUX MPOTUBOIOJIOKHBIX KBAHTOB IMPOCTPAHCTBA-IOJIS1 YHUUTOKAET CaMO I10JIe 30HOM XOJIO[-
HOM 6€3MacCOBOM TUTa3Mbl M POKJAET CHITY AUCTAaHIIMOHHOTO B3aMMOJIEHCTBUS IBYX 3apsI0B. Takum
00pa3oM, HEPIrUsi — 3TO U CIOCOOHOCTh COCTOSIHHSI MAaTepUy ABUTAThCS M M3MEHAThcs. B mokoe
IIPU ONPEICIEHHBIX YCIOBUSAX AE3UHTErPALlM MACChl BBIAEIAETCS BCS WIM YaCTh SHEPIUH, MOLIE-
masi Ha e€ uHrerpauuio. [Ipy aHHUTMISALMKA Macchl JIEKTPOHA-TIO3UTPOHA BbIIEIISETCS BCS SHEP-
r'Us, NMoule/iasl Ha X MHTErpaluio B MOJIE aTOMHOIO si/ipa COOTBETCTBYIOIMMU BUXpoHamu. [Tpu
AHHUTWISIUK TIPOTHBOIOJIOKHBIX KBAHTOB MOJIs (3€PEH-NIOTEHIUAJIOB COOTBETCTBYIOIIETO 3(upa),
CO3JJaHHBIX BYMS 3apsilaMH, YHUUYTOKAETCSI 30HOM XOJIOJHOM IJIa3Mbl WM YBEIMYMBAETCS COOT-
BETCTBYIOIINI 00BbEM JUCKPETHOTO MPOCTpaHCTBa. Ecium cocTosiHre Matepuu, Kiiactepa BelecTa —
€ro MEXaHM4eCKOe BpallleHUe, TO HOCUTEJIEM MHIyKTUPOBAHHOM SHEPTUHU SIBJISIETCS MEJJIEHHbIN rpa-
BUTAIIMOHHBII MOHOIIONB B BUJIE chepuueckort o0onoukn (3pdekt IxaHnOekoBa) MHIYKTHPOBAH-
HOT'O MeXaHH4eCKOro BuxpoHa. Popma ero MHAyKIMU U CBSA3b C OCHOBHBIM BpAlllAIOIIAMCS 3apsi-
JIOM Macchl yXe HecBOOOIHOE JIBMKEHHWE, a KECTKas CBSI3b C HUM B BUjie OOOJIOUKM BpAIlCHUS
BOKpYT Hero. Ecim cocrosiHue Matepuu — IBUKYIIMIACS B IOJIE aTOMHOTIO spa (POTOH C SHEpruen
Boite 1022 K3B, To HocUTENeM HIyKTUPOBAaHHOM SHEPIMH 3aXBaYE€HHOTI'O 0JIEM aTOMa MarHUTHOTO

Bm. Jxemmep. [loHsTHE Macchl B KilacCMYecKOil 1 coBpeMeHHoM ¢usmke. M.: ITporpecc. 1967 r. 230 crp.
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3apsiia B TOKOE CTAaHOBHTCS 3apsiji MacChl POXAEHHOTO JEKTPOHA M No3uTpoHa. Ecim cocrosiue
Martepun — apuxkynmics MK-kBaHT (poToHa, TO P €ro MOMIONIEHNH KJIACTEPOM aTOMHO-MOJIEKY-
JISIPHOTO BEIIECTBA (3aMKHYTO-CBSI3aHHOE COCTOSTHHAE SHEPTUH ), HOCHTEIeM MHIyKTUPOBAHHOM SHEp-
' CTAHOBATCA KBAHTBI MEXaHUYECKOI'O BpaHlaTe.HbHO-KOJIC63T€JIBHOFO JABWXKEHUA HECKOJIBKUX aTO-
MOB, JBVKYIIMXCS BIIOJb PABIIOTEHIINATIOB BOJHOBO/A, T. €. YBEJIMUCHUE TeMIIepaTypbl Kiactepa.
Ecnu cocrosmue MaT€pun — MHEPLUMOHHOC NBWKEHUE MACCHI, TO IIPHU CTOJIKHOBEHUU C ILPYFOI';i mMmac-
COM, TIPOMCXOJMT TepepaciipeieieHle SHePriyu MeX 1y HUMH B (popMe CKOpOCTH JBrkeHus. Ecin
COCTOSIHUE MaTepUM — HAXOXAEHHE KJIaCTepa MacChl B IIEHTPAIBLHOM IOJIe TATOTEHUs] 3eMJIN Wn
ConHira, To OHO 00JIaIaeT MOTEHITUAIBHON SHEPTUeH U T. 1.

CreroBaTeIbHO SHEPrusi — 3TO U NEPEXOJHOE COCTOSIHAE MAaTEPUH, TP KOTOPOM MTPOUCXOAUT
e pOXIeHUe-UCUE3HOBEHNE B OHOW (popMe, MBUKEHUE WM U3MEHEHHE B Jpyrue (pOpMbl, U3Iy-
YeHUe WM TIOorIoeHne B (popMe TeX WM WHBIX HOCUTENEH B CBOOOIHOM WJIM 3aMKHYTOM BHJE,
MHIIYKIIUsI JOTIOTHUTEIIBHBIX 000JI0YEK-MaCChl, KECTKO CBA3AHHON ¢ OCHOBHBIM KJIACTEPOM IIPH €r0
BpallleHNY, U3MEHEHUEe W Niepepacpe/ieieHue IBUKeHUsI MKy KJIacTepaMy MacChl U T. 1.

Tpancdopmarius HICTOpUIECKOro 3(prpa B HEKOe BelecTBEeHHO0e 3epPHUCTOE AUCKPETHOE MPO-
CTpaHCTBO-TIOJNIe OyJeT BechMa IUIOOTBOPHBIM JOTIOJTHEHHEM JIsi Oojiee TIIyOOKOro Mo3HaHUs BCeX
opm Marepuu, B TOM umucie u ¢pusznyeckoro Bakyyma. [IpoctpanctBo-a¢pup B popme 3€peH-I0TeH-
MUAJIOB, U3JIy4Ya€MbIX Pa3/IMYHbIMU 3apAdaMHd UCTOYHUKOB I'paBUTALIUHA, IJICKTPUICCTBA U MarHe-
TH3Ma 1 €CTh camoe cjadoe mnposieieHne (hopM MaTepry, T. €. (hOpM MPeANIeCTBYIONIHX eMeHTap-
HBIM YaCTHIIAM.

Pa3mep'* 3epeH 3¢prpa MHOTO MeHbIIIe Jaxke 10 CPAaBHEHUIO C TUIAHKOBCKMM pasmepom (107

33 CM), TaK 4YTO JaX€ Ha YPOBHE OOBIYHBIX 9JIEMEHTAPHBIX YaCTHULl €r0 MOXHO pacCMaTpuBaTh, Kak

CIUTIONIHYI0 cpeny. HeoOXoqumo TOIbKO OCO3HATH-TIOHSATH U OMPEACIUTh B KOHKPETHBIX T€PMHHAX
MaTepuagbHON (PU3UKU SIBJICHUM, a He B OOIMX (PHIIOCO(PCKHUX KATeropusix, MeXaHU3M JWHAMU-
YECKOTO 3al0JTHEHUSI-Pa3AyBaHusl KOHKPETHBIM MMOTOKOM 3€éPeH-NOTeHIHAJIO0B BelleCTBEHHOTr0
MPOCTPAHCTBA, a TaKKe OOpAaTHBIA MEXaHWU3M €ro IMpeBpalleHHus] B HEBEIIECTBEHHOE IMPOCTPaH-
CTBO IMyTEM aHHUTWJISAIMU 'S C MOMOIIIBIO 30HBI XOJIOAHON 6€3MacCOBOM IJ1a3Mbl TPOTHUBOIOIOKHBIX
10 3HAKY 3€PEH-TIOTEHIIMAJIOB — T. €. MEXaHU3M KBAaHTOBBIX MPEBPAICHUI POXACHUS U YHHUTOXKE-
HUS IPOCTPAHCTBA 3€PHAMU-TIOTEHIIMAIAMU COOTBETCTBYIOIIETO UCTOYHUKA, KAK 9TO MPOUCXOAUT
C POXACHHEM M YHUUTOKEHHEM JIEMEHTAPHBIX MACC JIEKTPOHA U MTO3UTPOHA.

K Bemukomy coxanennio metoasl KM!'®, KTIT u KX]I BooO1ie 0Tka3auch OT KJIACCUIECKOTO
MeTofIa MO3HAHWSI MUpPA C MOMOIIBI0 HATJISIAHOCTH, M B YaCTHOCTH, /)K€ KOHKPETHYIO TpaeK-
TOPHIO JBWKEHUS] MUKPOUYACTHIIB 3aMEHWIM Ha MaTeMaTHYECKyl0 BEPOSATHOCTh HAaXOXAEHUS e&
B TOM WM MHOW oOnacTu mpocTpaHcTBa. Mukpomatepus, npejacrasienHas B CAIl — méprast
Matepusi, ITO JINTOHBI M KBAPKH C TIOJIYEJbIM CITMHOM, 00pa3ylolre Bc& MHOrooopasue 3jeMeH-
TAPHBIX YACTHII, & TAKKe KBAHTHI MONel ((pOTOHBI, OO30HBI, TTIOOHBI ¥ TPABUTOHBI), 00JIAIAI0IIIMHU
LEJIBIMUA CITMHAMU U OCYIIECTBIISIONINE YeThIpe TUMa (PyHAaMEeHTaTbHBIX B3auMOoAeHcTBIMA. [Ipruém
B OIpe/ieNIeHUsIX 0eCCTPYKTYPHBIX KBAPKOB (PU3NUECKUI CMBICIT TOHATHUST CIIMH JJOBEIEH JI0 Kpai-
Hero abcypaa. 31ech BpeMs'’ 3aMeHUII0 JBHKeHHe 1 N3MeHeHHe pa3Hbix (popm Marepun. B CAIT
BCE TEOPUU TEPErpyKeHbl He IKCIIEPUMEHTATIbHON MaTeMaTUKOM, T. €. MaTeMaTUKOW He CBSI3aHHOU
¢ cucremoit Mep CU skcnepumeHTasibHOM pu3uKku. I103TOMY CyTh 3THX TEOpUI COBCEM OTPBHIBAETCS
OT npupozsl pusndeckux sABieHuil. CoBpeMeHHble peHoMeHoJiorudeckue Teopur CtaHgapTHOM

14 o =
Ha st0 YKa3bIBalOT U OLEHKHU pasMepa IJINH JIe6pOI/U'[eBCKI/IX BOJIH UTA ABUXKYHIETOCA KylaCTépa TBEPAOIro Te€jia ¢ BECOM oonee
OIHOI'O KMWJIOr'paMmma.

5B (pyHIOaMEHTe 1eMeHTapHBIX YaCTHUII U3BECTEH MPOLIECC AHHUTMIISILIMA MacChl YacTHLI, 371ech B (PyHIAMEHTe 3E€peH-TIOTeHIIH-
aJIOB UX aHHUTWJISLMS] IPUBOIUT K YHUUITOXEHHIO TPOCTPAHCTBA CUIIOBOTO TIOJS.

1
6 KsanroBas MEXaHHKa, KBaHTOBasl TEOpUs M0JId U KBAHTOBAsA XpOMOAUHAMMKA.

17 B NpUpoae HET BPEMEHHU, KaK CbOpMLI CYLIECTBOBAHUA MAaTEPUH, a €CTb YaCTOTA-IIOBTOPAEMOCTb OAHUX U TEX KE IPOLIECCOB.

15



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

Monenu 371eMeHTapHBIX YacTHIl, OyayJH a0CTPaKTHO-MaTeMaTHUeCKIMU, HeaeKBaTHb (PU3NIECKOM
PEabHOCTH, a MOTOMY, OIMOOYHBI U OecrepcrieKTUBHBL. OHM TOJKHBI OBITh MOJTHOCTHIO 3aMEHEHbI
(puzruecKMMU MHUKPOCKONMUYECKUMH TEOPUSIMHU, OTpakaoluMK peanbHoCcTh. CAIl cumnraer, yto
KM u ee npeeMHHUIIBI peIIvIv IpodieMy CTPOEHHS aToMa, MpodieMy B3auMOJEHUCTBUS U3TyUeHU ST
C BEIIECTBOM, MPOOIeMy MAacChl JIEMEHTAPHBIX YaCTHUI] C TIOMOIIBIO YK€ «OTKPBITOro» 0030HA
XWrrca v KBaHTOBBIC SIBJICHUsI B MAKPOMHPE, HO 3TO 3a0JIy:K1eHIe — JOCTAaTOYHO YKa3aTh Ha JKCIIe-
PYIMEHTAJIbHBIE Pe3y/IbTaThl padoT MO XOJIOIHOMY SIICPHOMY CHHTE3Y TskEbiX nmeMeHToB (LENR),
acpdpexr [IxxanndekoBa, Oe3bIHEPIMOHHBIN MOJET «Tapesiok» 1. Cepna, pU3MYecKuil MeXaHU3M KOTO-
poro yuéHele BCErO MHpa He MOTYT OOBSCHUTH yke OoJjiee BeKa, a Takke HepacKpbITasl TaiHa
(pusrueckoro MexaHu3Ma MnoJiei TAroTeHus AAep 3BE3]] U aKTUBHBIX IUIAHET.

Jns perieHUsl Ha3BaHHBIX 3a/1a4 HAYHEM CO CIAOBIX MPOSBJIIEHW MaTtepuu B hopMe mpo-
CTPAHCTB — TPOTSDKEHHBIX O0BEMOB (DM3MUECKOr0 BaKyyma, OOpa3OBAHHBIX Ppa3IUYHBIMU
NOJISIMH-IIPOCTPAHCTBAMH, A TAK)Ke KPYITHOMACIITAOHOW CTPYKTYphl BeenenHoil. 3neck HeoOxo-
OMMO JaTh ONpEJesIeHNs] U pa3HUIly B CBOICTBaX CTAIMOHAPHON Y BUXPeBOM MHIYKIMU 3EPEH-
noteHuuasion noseil. [1aBHoe, HaKOHeIl TO, JATh OLEHKY IOJISIM TATOTEHHS — €CTh HJIM HeT
y 9THX HCTOYHHKOB MOJeN 3apsi/ibl, 0/I00HbIE MOJSIPHOCTH 3apsi/I0OB B dJeKTPUUYECTBe.
[Tocne yero nepeiiéM K UCCIeJOBAHMSIM TUITOB CaMbIX CUJIbHBIX €€ MPOsIBJIEHUH B (popMe MUKpPOMa-
TepuN, MAKpOMaTepHu 1 runepMarepun. B 3Tux paszenax ocHOBHas 3a/1a4ya — ONPEAEIUTh KOH-
KPETHYIO CTPYKTYpPY MaTepPHH, CTPOUTENIbHBI MaTepuall, ICTOYHUKU €€ KBAaHTOBAaHUs, ABUKEHUE
1 u3MeHeHusi. Kpome toro, HeoOXOAMMO J1aTh OLIEHKY JAEHCTBYIOIIUM B MPUPOIE CUJIAM UHIYKIIUH
B MAKPOMAaTePHUH Ha COOTBETCTBUE YK€ OTKPBITOIO U AEUCTBYIOIETO B HayKe (popMan3ma, Halpu-
Mep, UHIYKIHS TOKOB 3apsgamu Papanes-MakcBesuia'®, snekTpoHHas teopust Makcpena-JlopeHia,
MHIIYKIIYsI TIOJISI BOKPYT CTAIIMOHAPHOTO JIEKTPUYECKOro 3apsiia U Ha00OPOT — MONSIpU3alvs Bellle-
CTBA TOJIEM, a TaKXe WHAYKIMS AeOPOMIEBCKUX BOJIH ABWXKYIIMMUCS (pOpMaMH KOPITYCKYJISIPHOU
Martepueil. HeGe3bIHTepeCcHO BBISICHUTD U JPYTroi (pakT KBAHTOBBIX SIBJICHUI B MAKPOMAaTEePUH — CIIO-
coOeH JI1 MEXaHNYECKUI1 MOMEHT MHEPIMH HEKOTOPBIX BPATAIONIUXCS TeJl, AKTUBMPOBAHHBIN J0CTA-
TOYHBIM I10 BEJIMYMHE MOMEHTOM MMITYJIbCA, KBAHTOBATh IIPOJOJIbHOE MEXaHUUECKOE JBHKEHUE KJla-
CTEPOB C MHEPTHOM MAacCOIl.

[Toatomy cTpykTypa KHUTM NOCTPOEHA B COOTBETCTBUM C OCHOBHOW (popmyJion Muposna-
HUSl — DHePrusi, NPOCTPAHCTBO, MaTepusi, ABMKeHHe U N3MeHeHue. B nepsoii mase npepio-
’KEHO paccMaTpHUBaTh BCE MPOCTPAHCTBA KAK I0JIEBYI0 (DOPMY MAaTEpUM CTAIMOHAPHBIX HUCTOY-
HUKOB, T. € JUHAMUYECKUI 3(pUp — NOATBEPKACHUE SKCIIEPUMEHTAIbHBIE HAOMIOICHUSI MUPOBOTO
Hay4yHOro cooOmiecTBa. Bo BTOpOM, TpeThell M UYETBEPTOH IJIaBaX W3JIOKEHbl peaJibHble MNpej-
CTaBJICHUSI CBOIICTB BEILECTBEHHON MAaTePHH B pa3lMyHbIX (pOpMax IHEPreTUYecKOro COCTOSI-
HuA'"® mokosierocss agupa, T. €. OT sAAep 3BE3A W IUIAHeT 10 e€ sSAepHO-aTOMHO-MOJIEKYISIPHOM
(bopMBI, KaK KBaHTOBBIX MPOAYKTOB BHXPEBBIX NCTOUHUKOB — BUXPOHOB (3JIEKTPOMArHUTHBIX
U MeXaHN4YeCKHMX), OTBETCTBEHHbIX, KaK 3a POXIECHUE M TE€OMETPUYECKYIO CTPYKTYpy MHKpO-,
MaKpo- U TUNEpMHpa, TaK M 32 Bce HaOmomaeMble B MpUpoAe siBJeHUs U mporecchl. [Ipeanarae-
Masi BepcHsl CTPYKTypbl MUpO3/1aHUs OATBEPKIAETCS JPEBHUMH U HOBBIMU 3(peKTamu, a Takke
SIBJIEHUSIMU [TPUPOJIbI OTKPBITBIMU, KaK IMPaBUJIO, YUEHBIMU — CAMOYYKaMHU U3 IPOLIOTO U 103aIpo-
nuioro Beka. OCHOBHOE BHUMAaHUE, MPU 3TOM, YAEJIEHO pa3iM4YHbIM (pOpMaM IUIa3Mbl, KaK MHIH-
KaTOPY SKCIEPUMEHTAJIBHOIO OOHApYKEeHHsI BUXPOHOB. B IAATOI 1 111eCTOM TNIaBax MpecTaBiIeHbI
MIPOIYKTHI IBH2KEHHSI M H3MeHeHHUsI (TpeoOpa3oBaHue MOCTYNATeIbHO-BPAIaTeIbHOTO IBUKEHUS
oiHO¥M (hOpMBI MaTepUH B APYTyI0 U HA0OOPOT) MaTepUu HA COBPEMEHHOM 3Tare 3Bomonun Bee-

1
8 HmenHo YpaBHEHUA MakcBeia B BX COBPEMEHHOM BU/IE IIPUBEJIN K PA3PbIBY MEKAY TCOPUAMMU JIEMEHTAPHBIX YaCTUIIl U TEOPU-
SIMH TSITOTEHHSI. A Takke IIyTaHUIIBIL, YTO MNEPEMEHHOE IEKTPUIECKOE I10JIE MOKET NOPOAUTH NIEPEMEHHOE MarHUTHOE I10JIE — PE€AJIbHO
TOJIBKO 4€pPE3 BI/IpTyEUILHHﬁ 3apan — MArHATHBIA WA 3HeKTpH‘{eCKHfI MOHOIIOJIb.

19 WcTounuku IBUKeHUsT 1 U3BMEHEHMU S, ITOKOs, CTPYKTYPbL FeOMeTpH‘{eCKOﬁ CbOpMLI, a TaKXKe UX noneﬁ, KakK MHKpOI‘[Oﬂeﬁ KBa3u-
CTallMOHAPHBIX UCTOYHUKOB.
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JIEHHOM B KaueCTBE POAUTENILCKOM POJIM POXKAECHUS BUXPOHOB, NOTEHIHMAJOB M MX XOJOJHOH
IUIa3MBbl, [IPUBOISAILIME K CO3JAHUIO U IBOJIOLMU SJIEP 3BE3[] U FAJIAKTUK, a TaKKe K MPOU3BOJ-
CTBY IIEpBOHAYaJIbHOM €€ (bOpMBI U MOCJEIYIOIEN SBOMIOLMU B TACCUBHOE aTOMHO-MOJIEKYJISIPHOE
BEIIECTBO B arMocgepe 3BE3/1 U Kope I1aHeT. Bece peasnbHble mpeacTaBJaeHMs MOITBEPXKICHBI
SKCHEePHUMEHTAJbHBIMHI PE3y/IbTaTaMH TIOMMEHHO BCETO MHUPOBOTO HAYYHOTO COOOIIECTBA YeCT-
HbIX H (PU3HYECKH 3/10POBbIX (PU3HKOB ¢ MHMPOKUM KPYro30poM 3HAHMIl U MO BO3MOXKHO-
CTU MJTIOCTPHPOBAHbI I'padUyecky, a TaKKe C MOMOIIbI0 (POTO UM BHAEOKJIUNOB. B kHure
HaMEPEeHHO He MPHUBECHO He eAMHON MaTeMaTHIecKoi (popMyIIbl, TaK Kak, MO IIIyOOKOMY yOesk ie-
HUIO aBTOPA, aHAJIN3 JTI0OOro HEM3BECTHOI0 MEXaHN3Ma SIBJICHUI U TIPOLIECCOB JIOMKEH HAUMHATHCS
C TMPOPUCOBKY MX HAIVISIAHOTO 00pa3a — HUKakas YMHAasi MarteMaruka (OrpaHuYeHHast HemoJI-
HoTol Marematuku K. ['€aens) HecrmocoOHa MOMyYUTh IOCTATOUYHO MHTEPIIPETUPYEMbIE PEelleHHUs,
a TaK’Ke onucarh (pu3nyecKuil MeXaHu3M JI000T0 yXke NU3BECTHOTO SIBJIEHHSI IPUPOIbI, B TOM YHCIIE
Ja’Ke TaKOro, Kak MEXaHU3M CaMOJBM:KEHHUs (POTOHA.

ImaBHas ommoOka?® A. DUWHIITEHA B TOIXOAE O TOM, KaK HAJ0 CTPOUTh TEOPETHUYECKYIO
(u3MKy, Kak pa3 M 3aKI0Yaiach B €ro yOeKIEHHOCTH, UTO «...AKCUOMAMUUECKAsl OCHO8A Meo-
pemuueckoll (pu3uUKu He Moxcem OblMb U3BAEUEHA U3 ONbIMA, A OONHCHA OblMb CB0OOOHO U300pe-
mena... Onvim modxcem noocKazams Ham COOMEEMCmeyoujue Mamemamu1eckue NOHAMusl, Ho OHU
HU 8 KOeM cayuae He Mozym Oblmb 8bleedeHbl U3 He2o. Ho Hacmosiwee meopueckoe Hauano npucyuse
UMEHHO MamemamuKe>.

V P. deiiHMaHa Ha TOT CUET eCTh COOCTBEHHOE U3peueHue?!:

«@u3uka — He mamemamuxa, a mamemamuka — He uszuxa’? B ¢pusuke vl 0014CHbL NOHU-
Mambo €853b CN08 C PEANbHbIM MUPOM».

Ha nanHOM 3Tame j0CTOBEPHO YCTAaHOBJIEHO, YTO CyXasl MaTeMaThyecKasl JIOTMKA YCTYINaeT
sKHBOM JIOTMKe Npupoabl. Maremarudeckue (popMyJibl OTCYTCTBYIOT, B OCHOBHOM, U B IATEHTHO-
H300peTaTeibCKOM 1 KOHCTPYKTOPCKOW JOKYMEHTALIMH Ha M3TOTOBJICHUE TOTO UM MHOTO YCTPOM-
cTBa. MaTteMaTUyecKkuil anmapar IMPOKO MPUMEHSIETCS B TEOPETUUYECKOM (PU3MKE U HEKOTOPBIX
ApYruxX OoONacTsix, U, B OCHOBHOM, B KHHMKHOH Hayke Ui (PeHOMEHOJOrH4eCKOro OINVCAHUS
NPUMHTHUBHBIX 1porieccoB Muposaanusi. [Ipu aTom, aBTop 0000 X0YeT MOAYEPKHYTh, YTO OCHOB-
HbI€ FKCIIEpUMEHTaJIbHbIE 3aKOHBI, TUIA 3aKOHOB HeioToHa, Kynona, buo-Capapa-Jlannaca, ®apa-
nesi-Makcsesuia, Jlyu ne bpoiiis u 1. 11., B KOTOpble BXOAAT (PyHIaMEHTaJIbHbIe KOHCTAHThI M TIOMMe-
HOBaHHbIE TepMHHBI cucteMbl CU, He ABJIAIOTCA penieHUsAMHM KaKMX TO MaTeMaTHYeCKUX TEOpHil,
a eCTh IKCIIEPUMEHTAIbHBIN TIOA00P CPEICTB U 3HAUCHUM, OTIPE/ISIEHHBIX U3 B3AUMOJICHCTBUI B TOM
WIA MHOM MOJEIMPYEMOM IIpoLiecce AJIsl U3yUYeHHS U aHaIu3a NPeanoJaraeMoro HarJisiiHoro
oOpa3sa sBneHuil B ipupoge. OgHako U 3Ti (POPMYJIBI He OOBSICHSAIOT MEeXaHU3Ma TIPUYNH TaKUX
B3aUMOJICVICTBUH, a TAK)KE CTPYKTYPBbI NOJIEH UCTOUHUKOB.

20 Sjiammreiin A. O metoze Teopetrdeckoit ¢msuky //Cobp. Hayun. Tp. T. 4. — M.: Hayka, 1967. — C. 184. Marematuka — 310
Ba)KHEHINAs YacTh MPUKJIAAHON HayKu — padoThl K. ['€nens o HermonHoTe Matematnku 1 M. KiaiiH. «Maremaruka. YTpara orpese-
JeHHoctu» M. Mup 1984, crp.255.

2! deitaman P. Xapaktep pusnyeckux 3akoHoB. M.: Mup, 1968. C. 55—56.
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Yacrte 1. Ioasa

I'nasa 1. IIpocTpancTBo U MaTepus

Yto paHbIle pOAWJIOCH: MPOCTPAHCTBO WJIH Kakasi 1n00 ¢popma marepun? CorjacHo
CAIT 1 OTO u3 cHHTY/IIpHOM TOUKH BAPYT G€CHPUYNHHO TPOM30IIEN Bombioii B3pbIB M HAYAJIOCh
MTHOBEHHOe?? o0pa3oBaHue (pa3/lyBaHMe) MMPOCTPAHCTBA MyTEM HHQJISIUOHHOIO PaCIIMPEHHS

MIPOTOITY3BIPS B 10 pa3, a6COMIOTHBIN OTCUET BpEeMeHH ¢ MOMeHTa BoJtbIioro B3priBa 1 CHHTE3
CJIOXKHOU KOPIYCKYJISIPHOWM MaTepUH U3 ropsiueii ra3000pa3Hoi cMecH ITpaMaTepur — KBapKOB, JJIeK-
TPOHOB, HEUTPUHO U T. JI. C TOMOIIBI0 6030HOB Xurrca. OTciona 1 OTBET Ha MOCTABJIEHHBIN BOITPOC —
MOYTH OJHOBpPeMeHHO. OTKy/1a B35J10Ch CTOJIBKO MaTepun? OTBET: U3 CUHTYJISIPHON TOYKH C TUIaH-

KOBCKOI IUIOTHOCTBI0 5 X 10°° r/em?. A uro e 6b110 BOKPYT CUHTYJISIPHOM TOYKH 10 B3peiBa? OTBeET:
MO-BUMMOMY, HU MPOCTPAHCTBO, HU BpPeMsl HE UMEJIU CKOJIbKO-HUOY/Ab ONpeesEHHOrO CMBbICIA —
BcenenHas Haxoquiach B COCTOSIHUM C BBICOKOI CHMMeTPHEI . . .

Hogbie nanHbie Teseckona />keiimca Y300a CBHIETEJNbLCTBYIOT 0 TOM, YTO BoJibImoro
B3priBa He ObLIO

Hosble m306paxenunsn, nomydeHHsle HeiaBHO (21 aBrycra, 27 okTs16ps u 18 Hos16pst 2022 roga)
KOCMHYECKUM TesteckoroM «[[xeiimc ¥260» (JWST), BHOCAT pacKoJ cpei aCTPOHOMOB M KOCMO-
JIOTOB, ITOCKOJIbKY OHM CTaBSIT O]l COMHEHHE TO, KaK Ha CaMOM JieJie BHINIAEIM PaHHUE JHU Halllei
BceneHHo#. DTO OMH N3 MHOTHX ITPUMEPOB TOTO, KaK MBI KOJUIEKTUBHO PUHUMAEM TEOPUH U yOeK-
IeHus 32 a0COMOTHYIO0 HEOCTIOPUMYIO UCTHHY, B TO BpeMsI KaKk Ha CaMOM JieJie B MUPE MOJHO HEOXKHU-
JaHHBIX CIOpIpU30B. HOBBIE TaHHBIE CBUIETENBCTBYIOT O TOM, 4TO Bosbmoro B3peiBa He ObL10.

Yro Takoe yBHUJEN CaMblil MOIIHBIM TeJECKON Ha okpauHe BceneHHoN? Camblii MOLIHBII
MHCTPYMEHT HaOMIOIeHNsI 32 KOCMHYECKMM TPOCTPAHCTBOM, KOTOPBIH KOrJa-i1muoo ObLT B pacropsi-
JKEHUU YeJI0OBeYeCTBa, — KOCMUYeCKu# Tesieckon «xerimc Y200» (JWST) BbiBesM Ha OpOUTY BOKPYT
touku Jlarpanxka L2 cucremsr Comnaie — 3emutst 24 siuBapsi. Teseckon ObUT BRIBEIEH Ha OpOUTY pake-
Tol Ariane 25 nekaOps 2021.

ITOT TesecKon BeAeT HaOM0AeHUs UCKIIIOUMTEIbHO B HH(ppakpacHoM uanasoHe. [Ipeny-
CMOTPEHBI CHELUAIbHBIE KaMepbl, MO3BOJSIOLIME PACCMOTPETh BHYTPEHHHME OOJACTU TaslaKTUK,
CKPBITbIE B BU/IMMOM CBET€ KOCMUYECKOH Mbliblo. [Ipeanonarany, yTo OH CMOXET 3aryIsIHYTh TaK
JlaJIeKo B ITyOMHBI KOCMOCa, Kya He JOTATMBAJICS HU OOMH TEJECKOI, U YBUIAUT CBET NMePBbIX
3Be3/1 U raJakTHK, 00pa3oBaBIIMXCcsl cpa3y nocne Bombiioro B3psBa. 1 BOT yke HOBble M300-
pakeHus], OTyUYeHHBIE KOCMUYECKUM TesiecKoroM «/[xermMc Y2006», BHOCAT PacKoOJ CpeIy acTpo-
HOMOB M KOCMOJIOTOB, ITOCKOJIbKY OHH CTaBAT 110 COMHEHHe TO, KaK Ha CaMOM JeJie BBINIsAJEN
paHHMe THU Hauledl BeeneHHo. DTo OMH M3 MHOTMX MPUMEPOB TOTO, Kak Mbl KOJIJIEKTHBHO I1pU-
HYMaeM TeOpHH M YOEeKIeHHs 3a aOCOMIOTHYI0 HEOCIOPUMYIO MCTHHY, B TO BpeMsI Kak Ha CaMoOM
7ieJie B MUpE MOJTHO HEOKUIAHHBIX CIOPIPU30B. TO MOXET IPOU30MTH CHOBA, MOCKOJIBKY TEJIECKOI
«Ixerimc Y2060» OTKpBIBaeT ropasio OOJIbIIIe TOro, YTO Mbl Y3HAIH OT €r0 MPE/IeCTBEeHHUKOB TeJle-
CKOTOB «Xab0m» n «Gaia». 3a JBe HezieNnH, MPOIIeIe ¢ MOMEHTa MOJMy4YeHHsT IepBbIX M300pa-
KEHUI U JaHHBIX C «Y300a», aCTPOHOMBI COOOIIMIIM O MHOKECTBE HOBBIX OTKPBITHIA, B TOM YHUCIIE
00 OOHapyXeHHM MHOXECTBA JJAJICKMX TJIAKTUK, paHee HUKOrAa He HaOMomaBIIMXCs. DTO rajak-
THKH, KOTOPBIE Mbl HUKOTJa HE BUE/U paHblle, IOCKOIbKY OHUA HaXOIWJIUCh BHE 1I0CATaeMOCTH JIpY-

22 . o o .
B CAII npocTpaHCTBO He CUMTAeTCsl MaTepueli, a Mo3ToMy, B oTinure oT TpeboBannit UTO A. DiiHIITeHHa, TOMyCKaeTCs, 9TO
OHO CIMOCOOHO PaCIIMPSITHCS CO CKOPOCTBIO, BO MHOTO pa3 MPEBOCXOASIIEN CKOPOCTh CBETa.

23 https://vk.com/wall-135160071_23730IPUA Hoeocti. HeBeposiTHBIE OGBEKTBL.
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rux oocepparopuii. OHU MPECTaBISIOT cOO0M OoJIee cTapbie 3Be3IHbIe 00pa30BaHus1, KOTOpbIe chop-
MU POBAJIMCh B IEPHOA, OTM3KUI K MpernoiaaraeMomy coosTrio boJibimoro B3pbiBa. Kak n3sectHo,
ACTPOHOMBI XapaKTEePU3YIOT PACCTOSTHUE MEXKIY TTAKTUKAMK C TIOMOIIbI0 TIoKazarens ( Z), n3BecT-
HOT'O KaK «KpacHOe CMelleHue», KOTOPBIi Onpe/iesisieT, HACKOJIBKO CBET raJJaKTUKY CMEIIeH B CTO-
POHY KPaCHBIX [UIMH BOJIH — YeM BHIIIIe «kKPACHOe CMellleHue», TeM OoJiee ylaneHa OT HaC Tajlak-
THKa. MHOTMe 13 HOBBIX M300paXeHUI MOKA3bIBAIOT 00Jiee BBICOKOE «KPACHOE CMelleHHe», YeM
KOrjga-modo paHee, KOTOPOe MOKAa3bIBaeT, YTO HEKOTOPbIE M3 3BE3[HBIX CKOIUIEHUH 00pa30BaJIHCh
puMepHO Ha 250 MUJITMOHOB JieT paHblie bosbioro B3peiBa. Kpome Toro, okaszanock, 4to ganekue
rajJlakTHKM UMET 0oJsiee MOIIHYI0 U C(OOPMHUPOBAHHYIO CTPYKTYpY, YeM OXHIanu ydeHsle. OgHO
U3 WCCJIEJIOBAHUI TIEPBOr0 CHUMKA ITyOOKOTO MMOJIsl «Y300a» 00HAPYKUJIO YAUBUTEIBLHO OOJIBIIIOE
KOJIMYECTBO JAJICKMX TAIAKTHUK, UMeIux (GopMy nucka. CrielmaabHO CO3/IaHHBIN 17151 OOHApyxKe-
HUS c1aboro MHQPAKPaCHOTO M3MyYeHUs KOCMUYECKUil Teneckon «JxeiiMc Y00» momkeH ObLT
TMO3BOJITH 3aIVISTHYTh aCTPOHOMaM B pPaHHIOK BcesieHHYI0, 0 KOTOpOW HAM HUYETO AOMOMAJIMHHO
HensBecTHO. [lepBble pe3yabTaThl HAOMIOAEH!I YAUBUIIU M 00ECKYpaXWIn: — «Buecmo Kocmuueckoli
nycmomuwl 6 panneii Bceaennoii o6Hapyscunuce 36¢30bl U 0adice 2a1aKMUKU, KOMOPbIX 8 MeOpUL mam
He Q0NJHCHO ObLA0 OblMb».

CBexure CHUMKU « Y200a» BHOBb IOATBEPXKIAOT 3TOT (pakT. 18 Hosa0ps 2022 roxa. Kocmuye-
CKui Tenieckon «Jlxeimc Y200» Mo3BOMWII 3arIsTHYTh B TaKUe ITyOuHBI BeesleHHOM, KOTOpBIE Yelio-
BEUECKHI IJ1a3 elié He BUeN U Iaxe He Mor BooOpa3uTh. B Toil panHel BceneHHol oka3anach Tak
MHOTO 3BE3/1 M TAJIAKTUK, YTO ACTPOHOMBI HAYMHAIOT IOHUMATh, KAK OHU 32011y K JAJTUCh, BHICTpanBast
Teopuio Bosbinoro B3peiBa 1 3BoMOIMY BeeneHHOM. A Besib HayuHasi paboTa «Y300a» JUIMTCs BCEro
HECKOJIbKO MECSIIIEB.

18.11.2022. I'ennamguii Jetuanu. CaMbIM IeHHBIM HAO0JI0/IECHHEM CTAJI0 OOHapYy:Ke-
HHe KaH/IN/aTa B paHHUE rajJakTukn mojJ umeHem Maisies, «M»3iicu». Eciin kpacHoe cve-
meHne 3Toro oobekra (z14,3) OyaeT MOATBEPIKAEHO CIHEKTPOCKONMYECKMMH H3MepeHH-
sIMH, a IOKA ITOro0 He CAeJJaHO HH JUIsI OJHOr0 M3 KaHIMAATOB, TO rajJakTuka «Mbaiicu»
MOIJIa CyI[eCTBOBATh Bcero 4epes 286 mJuH JeT nocie Bouasmoro B3pbiBa. B 310 Bpems
TaM J10JKHBI ObITH NbLIbL U I'a3, He TOBOPS 0 3Bé31ax U, TeM 0oJiee, ralakTHKAX.

[NepBble pe3yabTaThl HAOMOACHUIN YIUBUINA U OOECKYPaKMIIN: BMECTO KOCMUUYECKOW MyCTOTHI
B paHHel BeeneHHO 00HApYKMIKCh 3BE3/IBI U Jake TalaKTHKH, KOTOPBIX B TEOPUU TaM He I0JKHO
ObLIO OBIThH.

HaOmonenust BRICOKOW TUIOTHOCTH U SIPKOCTU TaJIaKTHK B paHHel BceneHHOH ¢ Teneckona
JlxeiiMc V300, HaunHasi ¢ 18 HOs0pst 2022 roma, Ha (hOHE MPOTUBOpEUMHd ¢ poxaeHreM BoJib-
mux creH (Cnoyna, ['epkynec u apyrux), a Takxe Boabmoi anamutuyeckou cratbu>* noktopa K.
Bonaunra, [Ipencenarens AMepuKaHCKOM accolMallMM pa3BUTHS HayKH, cTaBaT bosabmon Kpecr
Ha BCEX MaTeMaTUYeCKUX Teopusix bojbmoro B3phiBa.

CBSIBHOCTH MTPOCTPAHCTBA CO BpeMEHEM JIOJIroe BpeMsl HaXOAWJIOCh B MPAaKTHKE y MaTema-
THKOB?. Kak M3BEeCTHO OIIYTUMBIX Pe3yJIbTaToB 3TO He mpuHecno. C Apyroil CTOpoHbI, 0Omen3-
BECTHA CBS3HOCTh MPOCTPAHCTBA-M0JIsI C MaTepueil u (hopMoii e€ CyIecTBOBaHUS — IBHKEeHHEM
1 u3MeHeHueM. OnHako puinocodbl HUKOIAA HE 3aJyMbIBAJIMCh HAJL TOUHBIMH OIpEeSICHUSIMU
Matepud (1a U rTyOuHa Mo3HaHus (hOpM MUKpPOMATEpHH B TO BpeMs Oblia HEBeNMKa) U (opM e
CYILIECTBOBAHUSI — CTPYKTYPBI M ICTOYHUKOB €€ OECKOHEYHO JOJITOW U CTAaOMIbHOM KU3HU. Ternepp,
YTO KacaeTcsi BTOPOM COCTABJISIONIEH MPEICTaBIEHsI CBSI3HOTO MPOCTPAHCTBA- BpeMeHu. [1pu riy-

2 K. Bonaunr. «Bonsume npodnemsl  Bonbiioro B3pbiBa». JKypHan «Mctokm» B, Nel, 1999 http://klein.zen.ru/old/
Large bursh new.htm

BB Hos6pe 1940 r. OblJI0 3aKJII0YEHO COIVIALICHHE, U3BECTHOE KaK «MIOHXEHCKHUI Pa3sroBOP O PEJIUTHU», MEX/Ty NPeICTaBUTEISAMU
KJIACCUYECKOM (DU3MKH U TIPEJICTABUTENAMU TeOpeTH4YecKor (pusrku. ITepBble JOIKHBI ObUIM ITPU3HATH MATEMATUYECKUE PE3YJIbTaThI
teopernyeckoid pusuku B OTO u npekpaTtuTh NOTUTHYECKUE HANaJKM Ha HUX. Bpems nokas3ano Kyja BUIN3ALMIO TIPUBEJIO OTCYT-
CTBHE U TIOJIABJIEHUE KPUTUKH.
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OOKOM aHanM3e He yrnaercsi OOHapykWUTh BpeMsl, KaKk OfIHY M3 CYIIECTBYIOIUIMX (popM maTepuu
1 HeOTheMJIEeMYIO 4YacTh NOHATUS NpocTpaHcTBa. [IpeacTaBienue BpeMeHn B YETBEPTOM KOOPIU-
HAaTe — 3TO €CTh UCKJIIOUMTEIbHOE CyObEKTUBHOE TIOHATHE YeJIOBEKa JJTsI CO3/IaHMs MaTeMaTHYEeCKUX
MoyIesiei?® orucaHusi IBUKEHUSI M U3MEHEHUs MaTepUu 13 OIHOM (DOPMBI B IPYTYIO, T. €. 3TO MPO-
JYKT MBIILJIEHHs] YeloBeKa, a He hopMa MaTepuu M YK TeM OoJiee He sIBJIeHHE MPUPOIBL. DTO
BUPTYyaJIbHBII BTOPOCTENEHHBII NapameTp, BBeIEHHHN B cucteMy CU, myis onucanus ABUXKEHUS
Y U3MEHEHMsI MaTepHH U MPOIIECCOB B IKCIIEPUMEHTaX. A TOT (paKT, YTO IMBMIIM3AIMS, IS yI0O-
CTBa MCHOJIB3YIOIIAsl STOT MapaMeTp AJis1 aOCOMOTHBIX METOK B TEUEHUE CBOEH KU3HH U BOJIOLIUH,
HE MOXKET CJIy’)KUTb OCHOBAaHUEM [JIs1 OTIPE/IeJIEHUs] €r0, Kak OIHOM U3 (POPM CyILIECTBOBaHUS MaTe-
pyn.

MHOroBeKkoBble U3bICKaHUsl Pa3IMUHbIX (POPM MPEACTaBIEHUSI MPOCTPAHCTBA, B YACTHOCTH,
B (hopme 3dupa U (PU3MUECKOro Bakyyma, He Iponaau aapoM. ['paBuTalMio U pOACTBEHHBbIE €W
SIBJIEHUS] UHEPTHOCTU TeJ, UX MOMEHTOB MHEPLMH, CBOMCTBA TMPOCKOIIOB HEBO3MOKHO paccMar-
pUBaTh B OTPbIBE OT MCTOYHMKOB MX MOpOAMBUIMX. Bce M3BecTHbE M HEM3BECTHBIE €UIE sIBJie-
HUs BO BeeneHHOM B3aMOCBsI3aHbl, Kak B )KMBOM opraHusme. CoBpeMeHHasi HayKa IIPU3HaB, HaKO-
Hell, YTO B (PU3NIECKOM OTHOIICHUY MPOCTPAHCTBO MPECTaBIISIeT COO0N HEKUI CJIOKHBIA OOBEKT —
(pu3nuecknii BaKyym, TeM HE MEHee, B MOJHOM Mepe He MPU3HAET 3a IOCJIEJIHUM BaKyyMHOIO
COCTOSIHMSI MaTepuu, Kak OIHOM u3 e€ (popm cymiecTBOBaHMsI. l3yueHuem CTpyKTypbl Hpo-
CTPAHCTB Mbl U3HAYAILHO OOs3aHBI MUCTOPUM PA3BUTHUsS Mpe/cTaBieHuil o0 acupe. Unes adupa
KaK MUPOBOM Cpe/ibl HEOAHOKPATHO BbIIBUrasach elie JpeBHuMU pusiocodamu. Pa3Burre BoHOBOM
TEOPHUH CBETA, OTKPHITHE €T0 JEKTPOMATHUTHOM MPUPOIHI ellle OOJbIIe YKPENIIO MO3UIMH dpupa.
C onHOW CTOPOHBI, MEpBbIE MOMBITKU OMUCATh CTPYKTYpPbI MOJIEH TOUEUHBIX UCTOYHMKOB (HAIIpU-
Mep, IPABUTALIMOHHBIX, MATHUTHBIX U IEKTPUUECKUX) CKOPEE HOCAT YMO3PUTENIbHbIN I'paduyecKuii
XapakTep — 3TO pacrpelesieHue B TpeX KOOpAWHATaX YObIBaHUS MOTEHIIMAIA C POCTOM PACCTOSIHUS
OT UCTOYHMKA. Takoe pacnpeseseHue SKCIEPUMEHTAIBHO MOATBEPKIAETCS, HallpUMepP, KapTUHOW
pacrpeeneHus MeTAJUIMYECKMX YacTUUEK B CHJIOBBIX JIMHHUSIX HA IUIOCKOCTH B TOJIE JBYXIIONIOC-
HOT'O MarHuTa, pacroiokeHHBIX MOAKOBOo0OpasHo. [TocTpoenune Takux rpauvecKux pacnpeneaeHuil
BO3MOXHO U C (PU3UKO-MaTeMaTUYeCKUX MO3ULHM, T. €. YUCIEHHO-IIU(PPOBOM pacyeT MOTEHIMAIOB
B 3aBUCHMOCTH OT PaCcCTOSIHUS IO UICTOYHMKA 110 3akoHamM>’ HeioToHa, Kynona, buo-Cagapa.

P. ®eiiHMaH 0 NpocTpaHCTBe U pa3Mepax MUKpoyacTui? :

«B mo dce epems meopusi, co2nacHo KOmMopol npocmpancmeo HenpepuléHO, MHe Kaicenmcsl
HEBEpHOI, NOMOMY UMO OHA NPUBOOUN K OECKOHEUHO OONLUUUM BEAUMUHAM U OPY2UM MPYOHOCHISIM.
Kpome mozo, ona ne oaém omeema Ha 60npoc 0 mom, uem onpeoensitomcst pa3mepvl 6cex Uacmuy.
A cunvHo nodospesaro, umo npocmole NPEOCMABNEHUSI 2eOMEMPUU, PACNPOCMPAHEHHblE HA OYEHD
ManeHvKue y4acmkyu npocmpancmed, HeeepHul. 1060ps amo, 5, KOHeUHO, 6ce20 AUUb NPOOUBAID
Opeutv 8 oouem 30aHuu PusuKl, HuUe20 He 2080Psi 0 MOM, Kak eé 3aderamo. Ecau 6bl 51 3mo cmoe,
Mo 51 3aKOHUUAN Obl NEKUUIO HOBLIM 3AKOHOM.»

OpHako 0 CUX MOP OTCYTCTBYIOT JOCTOBEPHbIE MUKPO(U3NYECKHE HAJIsITHBIE [TPEICTaBICHUS
MeXaHU3Ma [IPOU3BOJICTBA, IPUPO/bI U CTPYKTYPbl HPOCTPAHCTB, U TAKUX MUKPOIIPOCTPAHCTB —
MIPOYKTOB BUXPEBBIX MMOJIEM, KaK s1Iep aTOMOB XUMUUECKUX JIEMEHTOB, JIEKTPOHOB, (POTOHOB U T.
1., a TAK’K€ MAKPONPOCTPAHCTB — NIPOJYKTOB CTAIMOHAPHBIX UCTOYHMKOB TATOTEHUS, JIEKTpHYe-
CTBA WM MarHetusMa B popme (pusrueckux moJieil 0ObEMHOTO U JUHAMUYECKU PEryJsipU30BaH-
HOT'O pacripeie/ieHrs] 3€éPeH-NOTeHIHAJIO0B — HEKUX KBAaHTOB aMOP(HOI0 MPOCTPAHCTBA, COCTAB-
JISIOMIMX TIOABMKHBIA 00BEM mpocTpaHcTBa. Kpome mpescTaBiieHrsi MPOCTPAHCTB (PU3HUECKUMU

26 o
370 ObIIO MUCBMEHHO 3aKPEIUICHO B TPEThEM MYHKTE MaKTa «MIOHXEHCKHI Pa3sroBOp O PETUIUM».
27 " o
3akoH HploToHa B JaHHOI KHUTe YTOYHEH, OH TOJTHOCTHIO COBMajaeT o (popme ¢ 3akoHoM KyrnoHa — o6e B3anmozeiicTByonme
Macchl IMEIOT 3HaK 3apsifia, HO TOIBKO I'PaBUTAIIMOHHBIN.

28 Dejinman P. Xapakrep usryeckux 3akoHoB. IlepeBon ¢ anr. — 2-u3a., ucnp. — M. Hayka. 1987 rox. (B-uka «KBaHT», BbIII.
62, ctp 152).
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MOJISIMUA TMHAMWYECKH JBHKYIITUXCS 3¢€peH HEOOXOAMMO 3HATh 1 MeXaHU3M IPOU3BO/ICTBA MX KBaH-
TOBaHUs1, TIOCTOSIHHOTO OOHOBJIEHH S U U3MEHEHHs1, TIOTOMY 4TO B IIPUPOJIE CYIIECTBYIOT 3TH MCTOY-
HHUKH MEXaHW3Ma TaKoro MPON3BOJICTBA.

Takum oOpa3oM, 3aaua MpeACTaBIeHNs] MPOCTPAHCTB JICIUTCS Ha JIBE.

— Opna, npencrapieHue MPOCTPAHCTB B (hopMe BHEIIHMX TOJield BOKPYT CTalMOHap-
HBIX HCTOYHUKOB, B TOM YHMCJIe MUKPOIIOJIEH BOKPYT 3apsjia U MaccChl JEKTPOHA, aTOMHOTO si/ipa
UT. I

— Bropas, npezacraBieHre NpOCTPAHCTB CAMUX UCTOYHUKOB B (hOpMe BHYTPEHHHX BUXpe-
BBIX TOJIEH C IOMOIIIBI0 BUXPEBBIX HCTOYHUKOB JBUKEHHsSI U U3MEHEHHsI, HA30BEM UX JIEKTPO-
MarHUTHHIMM U MEXaHWYECKUMHU BHXPOHAMU. DTU BUXpPEBble NOJisA OyayT OTOOpaxaTh yKe BHYT-
PEHHIOI0 CTPYKTYPY B MHKPOMHUPe, HarpuMmep, (pOTOHA, MEKTPOHA, Sep U aTOMOB XUMHUYECKHX
3JIEMEHTOB, & B MAaKpPOMHUPE — 3ByKa, (POHOHOB, a TaKXke yAapHble MEXaHUIECKUE BOJTHbI, CTPYKTYPbI
sipa 3BE3, TUIAHET, U JeOpOMIEBCKIE «ITyObl» BOKPYT HUX.

— BMmecTe Te u apyrue oOpa3yioT BelecTBEHHOEe TPOCTPAHCTBO.

CpoiicTBa BHEIIHMX MOJEH TOrO WJIM MHOIO CTAlMOHAPHOIO HCTOYHHKA, IPUCYTCTBY-
IOIIEr0 B JAHHOM TOYKE IMPOCTPAHCTBA, HAJENsET €ro CBOWCTBOM ITPOM3BOJICTBA HEKOW pery-
JISIPHO-CUJIOBOH MIPOTSKEHHOCTH 00beMa (CHIIOBBIE JTMHUM M TIOTEHIIUAIIBI TIOJIs1), KaK (PYHKITH YObI-
BaHMs TOTO WJIM MHOTO TOTEHIMala OT LEHTPa, B KOTOPOM pa3MeIEH TaKOW MCTOYHUK. Takue
MOJSl LEHTPAJbHBI U «Pa3yBalOTCSI» OT IIEHTpPa HMCTOYHUKA PEryisipHO, OOHapyxkuBas ceOs
0 B3aMMOJICHCTBUIO?® ¢ YIAIEHHBIMU 3apsAgamMu Onarogapsi BOpyr 0Opa30BaBIIIUMCS U TPOSIBIIsIe-
MBIM CHJIOBBIM JIMHUSIM. Boripoc — moyeMy 311 ciitoBbie JIMHUM NosiBistiorcsi? [louemy nosiisiercst
MHTep(EpeHITHs TEKTPOMArHUTHBIX BOJIH, TOJIBKO OT JBYX, HO YK€ MepeMEHHbIX UCTOYHUKOB?

CornacHO peaJibHOMY NpeACTABJIEHHIO, UICTOUYHHK JII0OOTO 3apsiia ¢ 3aMKHYTOW BHEIIHE!
MOBEPXHOCTBIO UCIYCKAeT B 47T KBAHTOBBIN MOTOK 3E€PEH-TMOTEHIMATIOB COOTBETCTBYIOIETO 3HAKA,
Ka4yecTBa M JTAIbHOACUCTBUSA, (POPMUPYIOLIHMI TPABUTAIIMOHHbIE, MEKTPHUECKUE UM MarHUTHBIC
usnyeckue nosnsa-3¢up, KOTopble, MPU HAXOKASHUM B 3TOM TIOJIE 3apsiia C MPOTHUBOMOIOKHBIM 3Ha-
KOM, TIPUTATHBAIOT €70, YMEHbIIAsi 00bEM YK€ B3aUMHOTO 0SSl IyTEM aHHUTWISIIIMY C TTOTEeHIHA-
JIaM¥ TIOCJIE/THETO M OTpeNesisisi TeM CaMbiM CUJIOBBIEC JIMHUM B3aUMOJIEHCTBYS, & C OMHOMMEHHBIM —
OTTAJIKMBAIOT €T0, MYyTEM yBeJH4eHHs1 00bEMa MPOCTPAHCTBA ITOTO TMOJS.

Takoli mporecc BO3MOXEH JIMIIb MPU YCJIOBUH, €CJIM B MPUPOJE CYIIECTBYIOT (PU3NYECKHUE
TMOJIS-TPOCTPAHCTBA C HA3BAaHHBIMHM CBOWCTBAMH, T. €. CUJIOBbIE MPOCTPAHCTBA BOKPYI CTallMOHAp-
HBIX MCTOUYHHMKOB, BOKPYT KOTOPBIX IMPOMCXOASIT B3aMMOIEHUCTBUsI OJHOTUITHBIX 3apsiioB. A Takue
TNOJIST ICHCTBUTENIBHO CYIIECTBYIOT 00beKTHBHO. Ha3zBaHHBIN Mpoliecc onpenenseT ¥ MeXaHu3M
BO3HMKHOBEHUSI CHJIbI IPUTSKEHUST WM OTTAIKMBaHUS B 3akoHax HeloToHa, Kynona u B3anmoneit-
CTBUM TOJTIOCOB TIOCTOSIHHBIX MarHUTOB JIake B BaKyyme kocMoca. [Ipu aTom HabmoaaeTcs: cTaduiib-
Hasi COBMECTUMOCTD O0Jiee CHIIbHBIX IPOCTPAHCTB B O0J1ee CIadbIX, T. €. MEKTPOMArHUTHBIX B IPaBH-
TAllMOHHBIX, A TAaKKe HECTAOMJIbHASA COBMECTUMOCTh HEKOTOPHIX BHYTPEHHUX MHKPOIPOCTPAHCTB
anieMeHTapHbIX yacTull (okoso 3000 pacnagaonmxcsi H30TOMOB sijIep ATOMOB XMMUYECKHX JIEMEH-
TOB) B CJIAOBIX TPABUTAIIMOHHBIX MOJISIX.

Jns onpesiesieHNs KOHKPETHBIX TIOHATHI CHJILHOTO U ¢Jaadoro mposiBieHuid hopM Mate-
pum, a Takxke Oosiee HArJISIHOM IEMOHCTPALIMU OPraHMYHON CBSI3HOCTH IIPOCTPAHCTBA C MaTepUe
B (hopMe 3EPEH-TIOTEHIIMAIOB COOTBETCTBYIOIIETO «3(hUPa», MOKHO TOJIBKO BBE/Isl OIIPE/IC/ICHUE CIIE
Y HeBellleCTBEeHHOro npocTpancTBa. HeBemecTBeHHOE TIPOCTPAHCTBO HE COAEPKUT B cebe HUKa-
KHX (pOpM MaTepuu ¥ SHEPruH, UICTOUHUKOB JIBM)KEHUS M TTOTEHIMAJIOB — HOJIb TIPOCTPAHCTBA, HOJb
I'PaBUTAITMOHHBIX MOTEHIMAJIOB, HOJIb MATHUTHBIX MMOTEHIMAJIOB, HOJb MIEKTPOCTATUYECKUX MOTEH-
II1AJIOB U HOJIb IBUKEHUS, T. €. AOCOMIOTHBINA HOJIb TEMIIEPATYPbl UM HOJIb SJIEKTPOMArHUTHBIX BHUX-

» Eciv Obl ObUT M3BECTEH MEXAHW3M KBAHTOBAHHUS 3épeH—HOT6HLII/IaHOB, KaK U3BECTCH MEXaHU3M KBAHTOBaHUA Cl)OTOHOB, TO OITU-
CaHUE CUJIOBOI'O B3aPIMO)ZleI>'ICTBI/Iﬂ B 9THX MOJISIX MOKHO OBLIO ObI OIMUCATh WHaye, YeM 3akoHbl HploToHa 1 Kynox—la.
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peBbIX MoTeHnuanoB. [loaroMy hopma ero cyiecTBOBaHHs He IMEET HUKAKOW FeOMETPHUECKOM HITH
(uzrueckoit KOH(pUTYpaIMd — TOYKA, JIMHUS, TUIOCKOCTh, 00bEM MM KAaKOW-THOO BH ITyCTOTHI.
Ho nipy 3TOM OHO IOMIKHO 00aaTh BECbMa XapaKTepPHbIM CBOMCTBOM — CIIOCOOHOCTBIO TOJIep-
KHUBaTh B HEM3MEHHOM COCTOSTHMM KaKue-JTMOO KBaHTH aMOpP(HOro (3¢pHa) Wiv BelecTBEeH-
HOTI'0 MPOCTPAHCTBA MPH UX MONAIAHUM B HETO WM UX CBSI3AHHOW TeOMETPUYECKH COBOKYITHOCTH.

EcTh HEOOXOIMMOCTh TaK:Ke BBECTH U OIPEACIUTh aMOP(PHOE ITPOCTPAHCTBO (MCTOPUIECKUI
3(up), KaK HEKYIO 3apsKEHHYIO CYOCTaHIIMIO, KOTOPast HE COIEPKUT B CBOEM 00bEME HUKAKHX CTa-
HHOHAPHBIX MCTOYHHUKOB TOJIEHl M HUKAKMX BUXPEBBIX HCTOYHUKOB JBHMKEHHSI, HO MOXET
colepKaTh BCe BBIIIIEHA3BAHHBIE MOTEHIMAIBI-3EPHA WM X TEOMETPUYECKH YIIOPSI0YEHHBIE COBO-
KYITHOCTH, 4TO U OyZIET OMpenessaTh ero HEKOTOPYIO OIPeIeNIeHHYIO JIOKATbHO KOHCEPBUPOBAHHYIO,
OecrpepbIBHO MEHSIIONTYIOCS O] AEHCTBIEM BHYTPEHHUX, BHOBb HHAYKTUPYEMBIX TOJIEH, TeOMETPH-
YecKyIo (popMy, COCTABJIEHHYIO M3 3THX MMOTEHINAJIOB, HATPUMED, HEHTPHHO.

ITH NOHATHS — BellleCTBEHHOe, HeBelleCTBeHHOe, aMOp(HOe TTPOCTPAHCTBO U XO0JI0/]-
Hass Oe3MaccoBasi IUIa3Ma SBJISIIOTCS HEOOXOAMMBIM JOTIOJHEHHEM B OIpe/esieHre TpH3Ha-
KOB (hU3MUECKOro BaKyyMa, Kak OJHOM U3 (popM MaTepuu.

PaccmoTpum BemecTBeHHbIE NMPOCTpaHCTBa*’, Kak crnadyio MaTepuio B (hopMe BHEIIHUX
(uszryecKkrx nosel TeoOMeTpUIecKr M AMHAMUYECKH pacIipe/IeiEHHBIX MOTEHINAIO0B-3€PeH HaJl
CTATUYECKUMHM WJIM KBAa3UCTATUYECKMMUA MHUKPO ¥ MAKPOUCTOUYHHKAMH, a HE KaK MPOTOMY3bIPb,
oOpa3oBaBIIMiics NIOce GecCHPUYMHHOIO B3pbIBA TpaMaTepur B (hopMe KBApKOB, JICITOHOB U T. [1.

1.1. ®Pusnyeckue NoJisA CTAHOHAPHBLIX HCTOYHUKOB

CoracHo CAIl ¢pu3nueckoe moje — 310 ogHa U3 OpM MATEPUM, XapaKTEPU3YIoIas Bce
TOYKHM ITPOCTPAHCTBA ¥ BPEMEHH, U IO3TOMY 0OJ1a/jaloas OECKOHEUHbIM YHMCIIOM CTeNeHel CBOOOIbI.
OueBHAHO, YTO C TOUKH 3peHus (PM3HUKU 3TO MOMHBINA adCYp/, TaK Kak Takoe ONpe/iesieHre He OTpa-
xaer npupoay ssienuda. Cpeau nonen B CAII Boigensor ¢pyngamenTansaele. Cpenu pyHAaMeH-
TaJIbHBIX TOJIEH CHavyajia ObUTH ONpeesieHbl MEeKTPOMAarHUTHOE, IPaBUTAIIMOHHOE, C1a00e U CHJIb-
Hoe — noJie saepHbIX cuil. [locne co3nanusa KM crano oueBUAHO, UTO U BCS JIpyrasi MaTepus Takxke
JOJIKHA ONMCHIBATHCSA KBAaHTOBAHHO: OTAEIBHBIMU (DYHIAMEHTAIBHBIMUA WM UX KOJJIEKTHBHBIMU
BO30yxaeHusAMHU. Hamprumep, mpoToHBI, cOCTaBIeHBl U3 TPEX KBApKOB U INIOOHHOro mnons. Opu-
HOYHBIMH BO30YXIEHUAMM (PyHIAMEHTAIbHBIX MOJEH ABJISIOTCA MX KBAHTBL. DTO 3JIeMEHTapHbIE
YacCTUIIBL: (POTOHBI, BEKTOPHBIE OO30HBI, TJIIOOHBI, JIENITOHBI, KBAPKU, U TPABUTOHBL. DTH OIS TIPOSIB-
JISII0TCA B BUJIE B3aUMOJIEICTBUS TeJl, IEPEHOCHMOTO C IpeeSIbHOM CKOPOCThIO cBeTa. I1pu aToMm cuia
B3aMMOJIEVCTBUS OIPEAEIsIeTCs Pa3IMUHbIMU 3apsAJaMu:

— Maccoil AJ1 TPaBUTALIMOHHOIO MO,

— 2JIEKTPUYECKUM 3aps/I0M /7S 7I€KTPOMArHUTHOIO U T. [I.

B KM B3aumoneiicTBusi OOBSCHSIOTCS OOMEHOM (KOHKPETHBIMU [UIsl KQKIOTO THIA TIOJIS)
KBaHTaMHU — (POTOHAMU U1 JIEKTPOMArHUTHOrO, 0030HaMH Il C/1ab0ro, TMNOTeTUYECKUMH Ipa-
BUTOHAMH JIJI1 TPABUTALIMOHHOTO U T. 4. B CraHgapTHONM MOZAENN 3J€MEHTAPHBIX YacTHL], KakIOu
YacTULIE COOTBETCTBYET AHTUYACTULIA, T. €. IPOTOHY € MOJIOKUTETBHON MAaCCOI — AHTUITPOTOH C OTPU-
HaTeIbHON Maccoy (KOoTopasi IOJKHA OTTAIKMBATHCS OT 3eMJIN) M 3apsiOM, Macca 4acTull o0pasy-
ercsi ¢ MoMolbI0 6030HOB Xurrca. bozon Xurrca — 310 yacTula, npeicka3aHHas MaTeMaTUKOM Teo-
PETHKOB (PU3MKH, IPUIAIOLIAS] TPOYMM YACTHILIAM Maccy.

Peter W. Higgs®' B 1964-oM rony npeuioxu MexaHu3M IeHepalii Macchl KalnOpOBOYHbIX
©030HOB MPH MOMOIIM MPOLELYPbl CHIOHTAHHOIO HAapyIIEHUs JIOKAJIbHOW CHUMMETPUU HCXOTHOIO

30 Jleraoume aucku J. Cepna u B. Illay6eprepa u.1- [IpocrpancTBo-none. www.youtube.com/watch?v=eAN _nLzrA9Q.

3l P.W .Higgs, Broken Symmetries, Massless Particless and Gauge Fields, Physics Letters 12 N 2 (1964) 132—133; Peter W. Higgs,
Broken Symmetries and Masses of Gauge Bosons, Physical Review Letters 13 N 16 (1964) 508—509; Peter W. Higgs, Spontaneous
Symmetry Breakdown without Massless Bosons, Physical Review 145 N 4 (1966) 1156—1163). Gordon Fraser, «Season of Higgs
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JlarpaHkuaHa B3auMojencTBus. be3 atoro mexanusma Bcs KOHCTpyKUuMsl CTaHAApTHOW MOAEH
(CM) aneMeHTapHBIX YaCTHUI] TPUHIMITHAILHO He MOXeT uMeTh Mecta. [1o 2012 roga 60301 Xurrca
9KCMEPUMEHTAIbHO HEe HalJeHbl. be3 okaszarenbcTBa ux cymectBoBaHuss CM He MOXKET CUMTAThCS
OKOHYATEJIbHO MOATBEPXKAEHHOM. [103TOMY 9THMMHM TeOpeTHKaMu ObLIIO PEeleHO BCE TaKU €€ OTKPHITh
04.07.2012 rona u yxe Ha BAKe. Bonee yem nosyBekoBasi HICTOpUS UX IIOMCKA OKAaHUYMBAETCS PE3YJIb-
Taramu crathu ['opnona ®peiizepa. B Hell oueHb KpaTKO M YETKO M3J1araercsl Mo4YTU JeTEKTUBHAS
UCTOPUsI HEOTKPBITHA 0030HA Xurrca Ha Bosblom 31eKTpoH-o3uTpoHHOM Kosunaiaepe?? (LEP —
Large Electron Positron Collider), kotopslii B Teuenue 11 ner ¢gpyHkumonupoBan B EBponeiickoit
naboparopuu pusuku nemenTapHbix yactuil (CERN) — kpynHeiiem B EBporie 1 omHOM U3 camMbIx
KPYITHBIX B MUPE MEXAYHAPOJAHOM LIEHTPE 0 U3YyUEHHIO (PU3UKU MUKPOMHUPA.

[Nepeuncnennsie 6azoBble onpenenenus CAIl yxe maBHO nepectaian ObITh HEOOXO0AUMBIMH
B 0OBSICHEHUH OOJIBIIIOrO KOJIMUYECTBA JIPEBHUX U BHOBb OTKPHITHIX SIBJICHUI B MIPUPOJE, B OCOOEH-
Hoctu ycrpoiictB [. Kun, a takke LENR — X010qHOTO s1I€pHOrO CHHTE3a TSKEBIX JIEMEHTOB
B Mukpomupe, 3pdpekron [I. Cepna, B. [IxxanndekoBa, B. '(peOeHHUKOBAa — KBAHTOBBIX ITPOSIBIICHUI
B MaKpOMHUpE.

PaccmoTpum BemiecTBeHHBbIE TIPOCTPAHCTBA, Kak c1adylo MaTepuio B (opMe BHEIIHUX
(puzrueckux nosel reoMeTpUYECcKy U JUHAMUYECKU paclipeJe/IEHHBIX KBAaHTOBBIX [MOTOKOB MOTEH-
[IMAJIOB-3EPEH OKOJIO CTATHUECKHX WJTM KBA3UCTATHUECKHX *> MEKPO 1 MAKPONCTOYHHKOB, a TAKXKe
KPYIHOMACIITaOHYIO CTPYKTYPY STUEHCTOrO rHNneprnpocTpancTBa BeeneHHOH, BKITIOYAoIel BH/1H-
MYI0, IPOMEKYTOUHYI0 Y HEBHMMYIO YacTHU, HO B HEOThEMJIEMOM UX COBOKYITHOCTU C YKa3aH-
HBIMU UCTOYHUKAMH.

Wtak, mepBoe — 3TO MoOJeBble MPOCTPAHCTBA, OOpPa30BaHHbIC HEBHXPEBBIMH BHEIIHUMU
MOJISIMUA CTAIMOHAPHBIX JIBUKYIIMXCS** UCTOYHMKOB C MACCOW TaKMX, KaK IPAaBUTAIIMOHHbIE, JJIEK-
TPOCTAaTUYECKHE U MAaTrHUTOCTAaTUYECKHE, T. €. TUHaMu4eckuid a¢pup. Bropoe — 310 npocrpancrsa,
CO3JJaHHbIe BUXPEBbIMH TOJISIMH JIBUKYIIMXCSI ©€3MACCOBBIX MCTOUYHUKOB (MCTOYHHKOB JBHKe-
HHS — BUXPOHOB) U, KaK MPaBWIO, MPUBOASIIKUE K Oojee CUIbHBIM MPOSIBJICHUSM B (hOpME MHK-
POYACTHIL, KIACTEPOB AaTOMHO-MOJIEKY/ISIPHOTO BELIECTBA, 3BE3/1bl, IIIAHETHI, FAJIAKTUKH, T. € CTALIUO-
HapHbIX UCTOYHUKOB. [lepBoe co3naér pusrueckue nosst BOKpYr UICTOYHUKOB, BTOPbIE TOPOKIAI0T
3JIEKTPOH, AaTOMHBIE S1/Ipa, ATOMBI U BEILIECTBO, B KOTOPbIX BOZMOKEH MEPEHOC SHEPTUU — NEKTpUYe-
CKUH TOK U 3BYK B Cpe/iaX. YCJIOBHO®® Ha30BEM MEPBYIO — MPOCTPAHCTBAMH, 2 BTOPYIO — Bellie-
cTBOM. ECTh 1 TpeThbe, HO eIIé HeIOCTaTOUHO M3YUYEeHHOE — 9TO KBAHTOBbIE IIPOCTPAHCTBA J1eOpOii-
JIEBCKOM «I1yObl», CO3[JaHHbIE BPAIIAIOIIMMUCS TEJIAMU C MACCOM M KECTKO MPHBSI3aHHBIE K HUM
B BHJIE 000JIOUKH-«IIIYObl» TI0 aHAJIOTUH JIEKTPOHHBIX 000JI0UYEK BOKPYT aTOMHOTO $i/1pa, T. €. J1Ha-
MHUYECKH 00OJIOYEeUHbIH, CBsI3aHHBIN ¢ Maccor 3¢up. IlepBoe pacnpocTpaHseTcss OT UCTOYHUKA
CO CKOPOCTBIO MHOTO OOJIBIIIEN CKOPOCTH CBETa*® M UMEET JIMIIIb B CBOEM apCceHalle TOJIbKO OeCcCTpyK-
TYpHbIE KBAaHThl 3€PHA-NMOTEeHIMAJBI, COCTABJISIOIINE «3(UP» Pa3HbIX UCTOYHUKOB — PAa3HOLIBET-
HbI 3¢pup. [Ipr 3TOM BTOpOE CO31aETCSA MArHUTHBIMUA MOHOIIOJISIMU BUXPOHOB CO CKOPOCTBIO CBETA
1 umeeT OoJbIoe pasHooOpasue (popM MHUKpoOMAaTepHu OT (POTOHOB U MUKPOYACTHI] 10 ATOMHO-

and melodrama», CERN Courier, Vol.41, N2, pp.24—26 (March 2001).
32 [penpinymuii komtaiinep Ha Mecte coBpemeHHoro BAK.

33 HekoTopbie MHKPOMCTOYHMKH (3€KTPOH, POTOH) MOTYT JIBUIAThCs B POCTPAHCTBE SMICKTPUYECKUX TONEH CO CKOPOCTAMH
OJIM3KMMU K CKOPOCTH CBETa, OHAKO, M0 CPABHEHHIO CO CKOPOCTSIMHU MX ITYJIbCHPYIOIIHX MOJIEH, OOYCIOBIEHHBIMH JIEKTPHYECKIMHU
WM TPaBUTALIMOHHBIMU 3apsiJaMH, MOKHO CUMTATh MX OKOSIIMMUCS KBa3HUCTAILIMOHAPHBIMY.

3 . .

* JhioGoe aBIKyIIEeCs Teo B MPOCTPAHCTBE BCe/leHHON OT METEOPHTA [0 IUIAHET M 3BE3J MMEET CKOPOCTh HECKOIIBKO COTEH
KWJIOMETPOB B CEKYHIy U JIaXe 10 IeOpOIeBCKOMY (POpPMaIM3MY JOJKHO M3JTydaTh 3€pHA-KBAaHTHI C PA3MEPOM MHOTO MEHBIIIE IIaH-
KOBCKOTO 3HAueHHSI.

35 JIpyrumu crioBamu, cBepxc/Ia6oe MpOSIB/ICHIE MATEPUI — 9TO POCTPAHCTBO, 4 GOJICe CHIILHOE 68 POSIBICHUE — 9TO aTOMHO-
MOJICKYJISIPHOE BEIIECTBO. TO JIBE CTOPOHBI OJHOM MeJaIi — MaTepUH.

36 11, crienoBaTe HO, AMATIA30H IUIAHKOBCKHX TPEeJENOB CYIIECTBEHHO U3MEHHTCS B CTOPOHY YBEIMUCHHSI AMana30Ha 4acToT KBaH-
TOBaHMs 1 YMEHbILIEHUS pa3Mepa 3epeH MPOCTPAHCTBA.
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MOJIEKYJISIPHOTO BEIIEeCTBA, 4, B KOHEUHOM CUETE, TPUBOAUT K 00PA30BAHUIO PA3IMYHBIX arperaTHbIX
(bopm naccuBHON MaKkpomaTepuu U runepmarepun. V1 Tot u 1pyroii Bua Matepuu pov3BeJeHbl
WCTOYHUKAMHM, HO pa3HbIMH. OJUH — 3/IeKTPOMarHUTHBIM TMHAMUYHBIM [TPOLECCOM CaMOJIBUKeE-
HUSI BUXPOHOB €O CKOPOCTBIO CBETa, IPYrol — OTHOCUTEIbHO NOKOSIIUMHUCS CTAIHOHAPHBIMH
HCTOYHHKAMI®' TPaBUTAIIMOHHOTO, SJIEKTPOCTATUYECKOr0 M MarHUTOCTaTHYecKoro mnoneit. U tot
U JIpYroil KBaHTYeT COOTBETCTBYIOIME 3€PHA-MOTEHIMANbI «3(upa», HO IO Pa3HOMY YCTaHABIIU-
Ba€T UX B INPOCTPAHCTBE. BI/IXpOHbI YCTaHABJIMBAIOT OIOPHBIC MOTCHUIHAJIbI, OTHOCUTECJIILHO IOKOA-
uecs B JUCKPETHOM MPOCTPAHCTBE (MOKOSIIUNCS 3(pUp), a CTAIIMOHAPHBIE UICTOYHUKU — TMHAMMU-
YCCKU ABMZKYIIUECA CO CKOPOCTBIO OOJIBIIIE CBETA OT OTHOCUTEIHHO TMOKOAIMXCA CTAHMOHAPHBIX
HUCTOYHUKOB.

CBs13p MEX/1y BTOPBIM U IIEPBBIM IPOCTPAHCTBOM XOPOILIO MPOSIBJISIETCS HA MPUMEpPE dJIEK-
TPOHA. IEKTPOH, KaK CTALIOHAPHBIA NICTOYHUK, COCTOMT U3 OJTHOKOHTYPHOT'O BOJIHOBOZIA, COZIEPXKa-
].HI/II7I BHCIIHIOKIO YaCTb M3 JICKTPUUCCKUX U BHYTPEHHIOIO YaCTh U3 I'PABUTAlIMOHHBLIX 3épeH-HOTeH-

LMAJIOB. DTU KOHTYPBI C YaCTOTON 10%° I’y OGHOBJIAIOTCS MATHITHBIM MOHOTIONEM, NPUYEM CTaphble
OTOPACHIBAIOTCS] CO CKOPOCTBIO MHOT'O OOJIBILIEH CKOPOCTH CBETA U (POPMUPYIOT U3 HUX MYJIbCUPYIO-
111e€ BHEIIIHEE T0JI€ JIEKTPOHOB.

W HakoHel, TpeTHil THUIl IPOCTPAHCTB, KOTOPHIN fBJISAETCS CMELIAHHBIM MPOLYKTOM Iep-
BBIX JIByX M OTpaxkaeT 3akoH Jlyu ne bpoiurd, T. e. KaxJgas yacTHLA WIM KJacTep BELIEeCTBEH-
HOI MaTrepuy, COBEpIUAIOIINI BpallleHue WM MOCTYNaTelbHO-BpallaTeIbHOE JBUKEHUE, POXKIACT
BOKPYT ceOsl JIONOJHUTENBHYI0 (hopMy SHEpruu («IyoOy») B BUjie BHXPEBOr0 000J109€4YHO -cpe-
PHYECKOro IoJisi KBAHTOBOIO HOCHTEJs1 MHAYKTHPOBAHHOI SHEPrudM OJHOr0 3HAKa —
3T0 KBAHTOBOE ITPOCTPAHCTBO COCTOMT U3 MOKOSAIIMXCS MOTEHUHUAJIOB (NEPEHOCUMKU SHEPIUM)
U SBJISIETCS TaKUM K€ HEBHAUMBIM, KaK U [IEPBOE. A €ro SHEprus sABJISETCA JONOJIHEHUEM U HEOTb-
eMJIEMOI YacThio, IOPOAMBILEH €€ KOPIYCKYJISIPHOH JBIIKYLIEHCs MaTepreil 1 OHa CriocoOHa MpH-
HUMaTb, KaK MOJIOKUTEJIbHBIE, TaK U OTpULIATEIbHBIE 3HAUEHH /1J151 COXPAHEHU I CPEAHETO 3HAUEHHUS.
Hanpumep, OBrKYIIMIiCSA B MIEKTPUIECKOM MOJIE JIEKTPOH, CIIOCOOEH MHIYKTHPOBATh JIEKTPO-
MAarHUTHBIN J1IeOpOIJIEBCKUI HOCUTENb (MAarHUTHBIN 3apsi]] — EPEHOCUMK SHEPruM) KBAaHTa HEp-
I'H, JJMHA BOJHBl KOTOPOTO PAacCUMTBHIBACTCS JEJIeHHMEM INMOCTOSHHOW [InaHka Ha MMIYJbC 3TOM
yacTUlbl. A BOT Bparamoiascs raifika JannoekoBa, HTHAYKTUPYET BOKPYT ceOsl TPaBUTALIMOHHBIN
3aps]l (MeXaHH4eCKHil 1eOpOJIeBCKUI HOCUTEN b KBAHTA SHEPIUU — MEPEHOCUMK SHEPrum), Mpu
paspsiie KOTOPOro COBEPIIAET CBOW 3HAMEHHTHI 0e3bIHePIHOHHBIN «KYJIbOUT» B HEBECOMOCTH
T0J1 JECTBUEM ONOPHBIX I'PABUTALIMOHHBIX MOTEHIIMAJIOB, YCTAHOBJIEHHBIX B IIPOCTPAHCTBE B MPO-
Liecce TOro paspsjia U KOTOpble KECTKO CBSI3aHbI C LIGHTPOM Macc. Takue HOCUTeNIn Makpomare-
puM, Kak 1 B MUKPOMATepUU 3JEMEHTapHbIX YacTHLl, 00J1aal0T BCEM JIONOJIHUTEILHBIM K OCHOB-
HOMY HEOOXOIMMBIM HAOOPOM KBaHTOBBIX ITaPAMETPOB TAKHUX, KK JUTFHA BOJIHBI, 3apsiJl, Macca, CITUH,
BpEMsI KU3HHU U T. 1., HO OIIPE/IEIISIIOTCS] OHU Y:Ke He Yepe3 aTOMHYI0 IocTosiHHYI0 [1manka. [{is atoro
IIPAPOZA U CO3aJIa MEXaHN3M KBAaHTOBBIX IIEPEXOMIOB JJa)Ke B MAKPOMAaTEpHUH, TalHY KOTOPbIX yJa-
JIOCh PACKPHBITh U ONKCATh B paMKax 3TOM KHUTHU — 3TO TOT MpeeJa, KOTOPbIY Tak U He CMOT ITPe0JIo-
netb Jlyu ne Bpoitib.

Boree cuiibHbIE TIPOSIBIICHUSI MATEPUU U COOTBETCTBYIOIIME MM T10JIsT HAOMIOJAIOTCS B KOPITYC-
KYJIIPHBIX 3aMKHYTBIX MHKPOIIPOCTPAHCTBAX — HEUTPOH, MPOTOH, 3JIEKTPOH, AAPa XUMUYECKUX
3JIEMEHTOB, 3JIEMEHTapHbIe YacCTHUIIbl, U T. 1. ATOMbl U MOJIEKY/Ibl SIBJISIOTCS POM3BOAHBIMU ITUX
3aMKHYTBIX MPOCTPAHCTB MUKPOMHpA. DTU MHUKPOINPOCTPAHCTBA MPOKJIAAbIBAIOT HIMPOKYI0 TPO-
IIUHKY B JIPyroil MUp TOXe 3aMKHYTBIX, HO OoJiee cla0bIX MaKpOIPOCTPAHCTB, IIPU 3TOM OoJiee OLLy-
TUMBIA U BUAMMBIN, OCHOBAHHBIN YK€ HE TOJIBKO Ha MOTEHIIHAJIAX, a HA ONPEEJICHHOM COBOKYITHO-
CTH CMECH MUKPOMOJIEH MOTEHLMAJIOB, IEMEHTAPHBIX YacTHIl M aTOMHO-MOJIEKY/IIPDHBIX BELIECTB,

37 B 06H_ICM TO —3TO 3aMKHYTas NOBEPXHOCTb, COCTaBJICHHAA U3 3épeH—l’[0T6HHI/laﬂ0B, HE3aBUCUMO OT TOI'O €CTb WJIK HET BHYTPU
3TOMU TIOBEPXHOCTU TTOCTOSTHHBIA HJTN BI/IpTyaJ'leblﬁ 3apsan.

24



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

00pa3yoIIMX TaK Ha3bIBAEMYI0 MACCHBHYK) MaccCy KJIacTepoB BellecTBa. VIMEHHO 3TOT MUp Ham
HanOoJ1ee sICeH U MOHATEH, TaK KaK 3TO MUP KJIACTePOB BUIUMON U O0Jiee KOHIICHTPHUPOBAHHOW MAaK-
poMaTepHu CO3[aH U3 OYeHb OOJBIIONO KOJMMYECTBA OPraHUIECKUX U HEOPraHUIEeCKUX CTAOWITb-
HBIX aTOMOB 1 MOJIEKYJ B (pOpME YETBIPEX OCHOBHBIX arperaTHbIX COCTOSIHUM BEILIECTBA — 3TO MUP,
B KOTOPOM Mbl POJIMJIKCh, )KUBEM M OILYILAEM €r0 CBOMMHU OpraHaMH 3pEHUs, CJIyXOM U T. [I.
Tenepb, Bo3Bpalasich Ha3aJ K (popMaM MaTepuu, T. €. K CTPyKTypaM MHKPOMATePHH TUIIA
HeﬁTpOHa, CJIIEAYET OTMCTUTDb, YTO I'PABUTAIMOHHLIC, JICKTPUYCCKUE, MATHUTHLIC, a4 TAKXKE IJICK-
TPOMAarHMTHHIE MOJSA-MPOCTPAHCTBA, Mbl UMEEM BO3MOKHOCTh M3y4yaTh IKCIIEPUMEHTAILHO, TaK
KakK MMEEM KOHTAKTHYIO OOCTYITHOCTb, KaK K KX pasMe€paM, TaK U K IPOABJIAECMbIM HMU CBOM-
cTBaM (TMoTeHIMa aM 1 3apsiam). C MoMoIpbio OnpeeIeHHOro Habopa MHCTPYMEHTOB CUCTEMBI MEp
(narmpumep, cucrema CU) Mbl MOXeM U3MEPSITh TPOsIBJIsieMble CBOMCTBA IMTPOCTPAHCTB B ITUX pa3Me-

pax. CoBepIIeHHO HEBO3MOKHO ITPOHMKHYThH B ITyOHMHY>® 06beMa, 3aHMMaeMoro HerTpoHoM (107

13 CM), WJIH, YTO ellle CI0kKHee, B NTyOnHYy 0ObeMa, 3aHMMAaeMOTr0 JICKTPOHOM WJTH HelTpuHo. Bemea-

CTBHE YEro HEBO3MOXKHO IMPEJCTaBUTh ceOe M HATJISIAHBIA 00pa3 CTPYKTYphl TAKUX MUKPOYACTHII.
SOra 3a1a4a, HaJ IPoOIEeMON pellieHrs KOTOPOW 3aHUMAIOTCS camble BEAyIIUe JTa00opaTOpru BCETO
MUpa, ¥ TIoKa O6e3pe3yIbTaTHO.

C mo3unuii JaHHOTO PeajibHOr0 MpeCTaBJIeHHs] OJMHOYHBIMH BO3OYKICHUSMU SIBIISI-
I0TCSI 3apsiKEHHbIE MOTEHIMANBI-38PHA, T. €. OECCTPYKTYpHbIE KBAaHTHI>® aMOp(HOro mpocTpaH-
cTBa. A MeXaHW3M B3aMMOJAeHCTBHS MEXIY JBYMs WIM HECKOJIbKMMHU PAa3HOMMEHHBIMU MOJISP-
HBIMH UCTOYHUKAMH (YCJIOBHO ILTIOC ¥ MUHYC JUTSI KQKJIOTO U3 TPEX M3BECTHBIX TOJIeH) 0OYyCIOBIEH
CO3[IaHMEM YK€ B3aMMOelCTBYIOIMX T0Jiell HHTeP(hepUPYIOIHUX KBAHTOB BOJIH IMPOTHBOIO-
JIO)KHBIX ITOTOKOB INMOTCHIHAJIOB C Pa3HbIMU 3HAKAMH HyTéM X aHHUTWIANIWW WX IOITIOIIEHU S
B6JII/I3I/I CJIa6OFO4O HUCTOYHUKA, TPUBOAAIIMMU K U3MCHCHUIO KAPTUHBI ITOJIA OT OJHOIO MCTOYHHKA.
370 U3MeHeHne 00YCIIOBIEHO 0OPa30BaHMEM YKe CHIIOBBIX JIMHUH TOJIs1, IO KOTOPHIM U HAUMHAETCS
OBWXKECHUE TIOABUXHOI'O MCTOYHHUKA 3a CUér COKpalll€HUus OJIMHBI JINHEHHBIX HHTeﬁ-HpOCTpaHCTB
NPy AHHUTWJISIIUHA PA3HOMMEHHBIX MOTEHIMAIOB — YHUUYTOXKEHHE BEIIECTBEHHOTO MPOCTPAHCTBA.
HpI/IT}DKCHl/Ie WJIN OTTAJIKUBAHUE TEM CHJIBHEC, UEM 6OJIbH_Ie YMEHBIICHUE WUJIN YBEJIMUCHUC TTOTOKA
MOTEHLMAJIOB MEXJY HUCTOUHUKAMH, T. €. YIJMHEHUE WIM YKOPOUYEHHE JIMHEWHBIX HUTEU Ipo-
cTpaHCTB*! — 3TO HyJIeBOe U IJIAaBHOE CBOWCTBO 3€peH, JCHCTBYIOIINX B TAHHON TOYKE CYMMAapHBIX
HOﬂeﬁ, YBESJIMUMBAIOIUX WM YMCHBIIAIOIUX CHITY 9TUX B3aPIMOIIeI>iCTBHI>i, T. €. YBCIIMUYHUBAIOIINX
WM YMEHBINAIINX 00BEM CUIIOBOTO MPOCTPAHCTBA MEKLY JBYMS B3aUMOJCHCTBYIOIIMMHU UCTOY-
HUKaMU. [{7151 ICTOYHMKOB, KOTOpPBIe (DOPMHUPYIOT BXOsIIIME BEKTOPHBIE (PU3NYECKUE MO (3HAK
MHUHYC) KBaHTOBBIMU TOTOKAMH IOTEHIIAJIOB, CBOMCTBEHHO O0'beJHHeHHe-HHTerpanusa*’ (3ro
1epBoe CBOICTBO) OT/AEIBHBIX MUKPOYACTHUI] MACCHI B OJTHOMMEHHO 3apsDKEHHBIE U MOJISIPU30BaH-
Hble KJacTepsl (BEC), MyTEM YHUUTOKEHUS IMPOMEKYTOYHOIO ITPOCTPAHCTBA MEKAY STUMU YaCTH-
[[aM{ TIPOTUBOIOJIOKHBIMY TIOTEHIMATaMH HCXO[SAIIEr0 BHEITHEr0 HEeHTPAJBHOro MoJisl (3HaK
HJIIOC), pu YCJIOBUHM HUX ITOCTOAHHOI'O COCTOSAHUSA IMOJIOKEHUSA Ha OAMHAKOBOM YIAJIICHHUU OT UCTOY-
HUKa 3TOro MoJjisl. ITOT MPOLIECC JIErKo noaTeepxkaaercs apgexkrom Kasumupa, KOTOpsIi 3akioya-

38 310 OCHOBHOI apryMeHT Ul OFPaHH4YeHHOr0 J0CTYIA METOIOB MAaTeMaTHKH JUTS OIFICAHK ST HEKOTOPBIX IIPOIIECCOB, T.€. METO-
1oB Teoperuyeckoit ¢pusrku — KM, KTIT, KX]I, 9to 1 6bUIO OTMEYEHO B YETBEPTOM ITyHKTE COTJIAIIEHUsT MTakTa « MIOHXEHCKHIA pa3-
TOBOP O PEJIUTUM».

3 .. .

® Ksanst aMOop(HOTo MPOCTPAHCTBA — 3TO 0€CCTPYKTYPHBIE 3E€pHA-IIOTEHIMAIIBI OTHOTO U3 TPEX (PyHIaMEHTABHBIX U peajlbHO
CYILECTBYIOLIMX HE BUXPEBBIX MOJIEH, IPaBUTALMOHHOIO, MArHUTHOTO U JIEKTpUYeckoro. KBaHThl BUXpeBbIX MOJel TUna (hOTOHOB
1 3JIEKTPOHOB CTPYKTYPHBI U COZIEpXkar B CBOEM 00BEME HCTOUHNKY IBUKEHHUSI — MArHUTHBIE Y TPaBUTALIMOHHbBIE MOHOIIOJIH.

0 AuHurusIIAs U1 craGoro MHOTOKOHTYPHOT'O HCTOYHHMKA THITA aTOMHOTO S1/Ipa WM TTONJIOLIEHHeE 1151 C/Iab0ro OAHOKOHTYPHOTO
HCTOYHUKA TUIA IEKTPOHA.

1 Buemnee MIPOCTPAHCTBO-TOJIE TOTO WJIM MHOTO CTAaIllMOHAPHOTO NCTOYHHKA POXKAAETCS M3y IeHNEM OJHOMMEHHBIX 3€peH-TIOTeH-
masioB. Ecim B kako# 60 TOUKe MPOUCXOIUT MCUE3HOBEHHE STHUX MOTEHINAIOB, TO McUe3aeT WM COKpAIAeTcs pa3Mep ero Impo-
CTPAHCTBA B JAHHOH TOUKeE, a B 3Ty TOUKY U MepeMeIaeTcst HICTOUHHK C TIPOTHBOIOJIOKHBIM 3HAKOM HMJI HA00OPOT.

2310 3akon BCeMUPHOTO TsAroteHus: HplotoHa. OHAaKO Py ONpeAeEHHbIX YCIO0BUAX BO3MOXKHA U JU3UHTErpalysl KJIacTepoB.
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eTcsi B TOM, 4TO eciii B Kamepy Papajiess ToMecTuTb O4eHb OJIM3KO APYT OT Apyra ABe OTIOIMPOBAH-
HBIE TUTOCKHE MeTATMYECKHE TUIACTUHBI (KOTOPasi SKPAHUPYETCsI OT BCeX OOBIUHBIX SHEPreTHUECKUX
ToJIel, a BHYTPH CO3JIAETCsI a0COMIOTHBIN BaKyyM), TO BOSHUKAET OYCHb peasbHbIA U OUeHb MOIITHBIN
ekt oobeqrHeHns B o1uH MOHOMMT. Crila CleTIeHHs] HACTOJIbKO BEJIMKA, UTO ISl pa3fie/ieHus]
TUIACTUH MIPUAETCS UX Pa3pylInTh, YTOOBI OTCOETUHUTD APYT OT Apyra. biarogaps atomy mpoueccy
POXKIAIOTCS KJIaCTEPhl TBEPIAOIO TeJa.

Bce Tena ¢ aTOMHO-MOJIEKY/ISIPHON Maccoil (MHEPTHOCTD), HAXOASAIIMECsS B YKa3aHHOM COCTO-
SIHUHY, TOJIBKO MOTJIOIIAKOT MOTOKH MOJIOKUTETBHBIX MIOTEHIMATIOB, MOJSIPU3YA €ro U yBeJIMIrBast
CBOIO IIOTEHLMAJIBHYIO SHEPIHUIO, @ €CJIU 3TO COCTOSIHUE U3MEHSIETCS (OPTOrOHAJIbHOCTH NOTOKOB)
BpallleHHeM B IJIOCKOCTH TEPIeHUKY/IIPHOM HAIpPaBJICHHUIO IIEHTPAIBHOTO OIS MOJISIPU3aluu
Y aKTUBUPYETCS MOMEHT MHEPLMH KJIacTepa MOMEHTOM MMITYJIbCa, TO TAKOE BpAIllEeHUE aKTUBUPYET
B CBA3aHHOM MEXaHHUYECKOM BUXPOHE BCIO TPUA/LY «CIISIIMX» MOHOIIOJEH — IPaBUTAIIMOHHBIMN, JIEK-
TPUYECKUI U MarHUTHHIA. Tak BO30yKJaeTcs JOMOMHUTENIbHBIA WHAYKTHPYEMbld IPaBUTANMOH-
HbIIl MOHOIIOJb, KOTOPBI CBOMM OOBEMOM OOOJIOUKU JeOPOMICBCKON «IITyObl» OXBATHIBAET BECh
KOHTYp KJIacTepa 3TOro TeJjla ¥ I03TOMY 1eNoJasspu3yeT ero. i HepTHOCTb KilacTepa B TaKO! BHELTHEN
000J104Ke-«I111yOe» B JPYrOM TPEThEM T0JIe, HAIIPHMED, LIEHTPAJIbHOM Mol 3eMJIM, CTAHOBUTCS paB-
HBIM HymO. TakuM ke 06pa3oM, MOKET YMEHBIIIAThCSl BeC MPUTSHKEHUST K 3eMJle U TOITHOCTHIO I
YACTUYHO YHUYTOXAThCS HHEPTHOCTHL* B JBMKEHUM ITOTO BpAIIAIONIErocs Tejla MyTEM yBeaude-
HUS CBEPXIIPOBOJUMOCTHY U YAYUIIICHUS] CBEPXTEKYUECTH Y3JI0B, CO3JAIONINX ITOT I'PaBUTAIIIOHHBIN
MOHOIIONb. Bcé 310 moaTBepkaaercs yxe 6onee 50 yet setaomumu «Tapenkamu» B. [layGeprepa
u Jl. Cepna. Dto, npexae BCero, CpaBeyIuBO i MOJIEi TATOTeHUs, IOTOMY YTO IeHTpPaJibHbIe
WCXOMSIIME TOJISI 3BE3/1 U TJIAHET CO3JIAI0TCS MPOTSIKEHHOU CIIOMCTO-C(hepuuecKor MaTepuent siiep
YCT c onpesenéHHON CTPYKTYpOil THIIA HEUTPOHHOW C COOTBETCTBYIOLIEH IJIOTHOCTBIO, JaJIbHO-
JEWCTBUEM U IUIOTHOCTBIO MOTOKA MOTEHLIMAJIOB HAMHOTO IPEBBIAONIEE JAIbHOIEUCTBHUE MOTO-
KOB TOTEHIIMAJIOB MOJIel OOBIYHOrO aTOMHOTO BellecTBa. [IpHuéM miIoTHOCTh MOTOKA MOTEHIUAIOB
JOCTUraeT HaOOJBINEro 3HAYSHU S JIUIIb BOJIM3U MOBEPXHOCTU ITUX sJEP, & CBOMCTBA TAKOTO MOJIS
MpY BO3ZICHCTBUU HA KJIACTEPbl OOBIYHOTO aTOMHO-MOJIEKY/ISIPHOTO BEIeCTBA MPOSIBIISIOTCS AWC-
kamu [I. Cepna, B. [llay6eprepa u rpaButonérom B. C. I'pebeHHrKoBa. Pasmephbl 3TUX UCTOYHUKOB
Ha MIECTHAIIATh AECATHUYHBIX MOPSAKOB OOJBIIE aTOMOB, a BXOSIIME IO KJIACTEPOB aTOMHO-
MOJIEKYJISIPHOM MAacChl, UMEIOIINX IJIOTHOCTh HA MATHAIIATh JAECATUYHBIX MOPSAKOB MeHbIIe, (op-
MUPYIOTCSI OOBEJUHEHUEM BCeX T0JIeld, B TOM YHCIIe 1 ATOMHBIX siJIep — B 9TOM UX IJIABHOE OTJIH-
Yre OT UEHTPATbHBIX MOJEH TATOTEHUs, KOTOPOe M POKAAET yKa3aHHOE CBOMCTBO — 00'beIHEHNE .
[ToaTomy B nosie MOLITHOTO IEHTPAJBHOI0 UCTOYHHMKA C UCXOISLIMM IOTOKOM IOJIOKUTEIBHO 3apsi-
JKEHHBIX 3€PEH I'PaBUTALIMOHHOIO 3aps/a, TAKKE KJIACTePbl C KOPOTKOAEHCTBYIOIIUM I10JIEM MTOTEH-
[IMAJIOB TIOCJIC MOJISIPU3AMYU TTPUTATUBAIOTCS APYT K APYTy Oe3 OTTAIKMBAHUS, 2 BO BPAIIAIOIIUXCS
KJIaCTepax CO3MA0TCs AeOpOMIeBCKHIE «IyObl» BUXPEBBIX TOJEH U3 MOKOSIIUXCSA B TIPOCTPAHCTBE
OIOPHBIX NMOTEHIMAI0B-3epeH. [lokazarenbHbIM 3(p(PEeKTOM NONAPU3ALUHN CTPYKTYPBl MACChI KJIETOK
’KMBOTO BEIIIECTBA CITyKaT CTBOJIBI IEPEBbEB, PACTYIIHE CTPOTO BJIOJb CHJIOBBIX JIMHUM IIEHTPAJIBHOTO
TOJISl TATOTEHHSI 3eMJTM M BUHTOBBIE TI0 (hOpMe CTBOJIBI JIEPEBLEB B AHOMAJIBHBIX T'PABUTAIIMOHHBIX
30Hax, Harpumep, B S0 meTpoBoii 3oHe [peiizepa, 63 Canrta-Kpys, Kamudopuus, CIIA, Ha Men-
BeAMLIKOM rpsaje, PO wmm B npyrux mecrax (¢oro 1.1).

43 Ilpy TakuX yCIOBUSIX HAPYHIAETCS] «HETPUKACAEMBIi» MPUHIIUIT SKBUBATEHTHOCTH A. DIHINTENHA.
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®oro 1.1. [leficTBue aHOMaJIbHOM TpaBUTAIIMM HAa UCKpHBIIEHUE JAepeBbeB B 30He [Ipeiizepa
1 Ha MeBeuIIKoi rpsaje, crupasa.

JleOpoiineBckasi «iryOa» W3 BBICOKOUACTOTHBIX MAarHUTHBIX M I'PaBUTAIIMOHHBIX MOHOIIOJIEH
crocoOHa CO3JaBaTh KBAa3WCTAlMOHAPHBIE BUXPEBBIE MOJISI BOKPYI MCTOYHUKOB HMX MOPOAMBIIUX
Y B3aMMOJIEVICTBOBATH C LIEHTPAJIbHBIM T0JIEM TAroTeHUs 3emui. Ha ocHOBe TakMx KBa3uCTallMoOHap-
HBIX [T0JIEH TOCTPOEHBI yCTPOWCTBA [IsI yITPABJICHHS 1 0€3bIHEPIMOHHOTO JIBMKEHHS «TapeIKaMu»
B. Ilay6eprepa u /1. Cepma.

JI7151 HeHTpaJIbHOrO T'PABUTALIMOHHOIO MOJIA A4pa 3eMIM U 3BE3]] YCTAHABIMBACTCS IOJIOKH-
TeJIbHasA (YCIOBHO IUTIOC MOHOIIOJb) NOJIIPHOCTb, KOTOPasi H3JIy4aeT MOLIHbIE KBAHTOBbIE JaJIbHO-
AENCTBYIOIIME NTOTOKY MOTEHIIMAJIOB ¥ (hOPMHUPYET UCXOsIIIee BEKTOPHOE B3aUMHOE T0JIE B COBO-
KYITHOCTH C OECKOHEYHBIM MHOKECTBOM IPOTHUBOIIOJIOKHBIX NCTOYHUKOB. KiacTepam naccuBHOro
SIIEPHOTO ¥ aTOMHO-MOJIEKY/ISIPHOTO BEIIECTBA, TAKMX KaK MAaHTHSI ¥ KOpa TUIAHET WK ra3000pa3Hoe
BEILIECTBO 3BE3[], OKPYXKAIOILee AJpO-LUEeHTP 3TOro NoJisA, MPUCBAaUBAeTCsl OTPUIATEJdbHAs NOJsAp-
HOCTb NpH (POPMUPOBAHUH B3aUMHOTO T10J151 — 3TO BXOAsIIee BEKTOPHOE IOJIe.

BTOpBIM CBOMCTBOM MOTEHIIATIOB-3EPEH OyIeT KBAHTOBBIH MOTOK, T. €. IOCTPOeHHe (MHAYK-
1) JMHAMAYECKH TIOBYKHOW CTPYKTYPHI TIOJNIel C TaKOHM YacTOTOM, UTO Ha (hoHEe COOBITU MPO-
UCXOJAIIMX CO CKOPOCTBIO CBETA ITO MOJIE KaKETCs MOCTOSHHBIM, T. €. YacTOTa U3JIydyeHus cpepu-
YECKOI'o CJI0S1 3€peH HAaMHOI'O JIECATUYHBIX MOPAAKOB PEBOCXOAUT IUIAHKOBCKYIO YacToTy. Tosbko
B TaKOM I10JIE MOJKET POXK/JIATbCsl BUXPEBOW UCTOYHHUK IEKTPOMArHUTHOTO ABUKEHHUSI 1 H3MeHe-
HHUA — [IEPEMEHHbII MArHUTHBI MOHOIIOJb.

dusnyeckuil MeXaHU3M MPOU3BOACTBA, 3apsKW, KBAaHTOBAaHUS W paclpeleseHus B Ipo-
CTPAHCTBE 3€PEH-NOTEHLMAJIOB C MOMOUIbI0 CTAMOHAPHBIX KCTOYHUKOB OTJIMYAETCS B KOpPHE
OT aHAJIOTMYHOI'O MEXaHM3Ma IOCPEACTBOM BHXPEBbIX UCTOUHMKOB (BUXPOHOB), UTO CJIEAYET W3-
32 CUJIBHOTO Pa3MuMs B paJuycax JaIbHOAEHCTBUS IEKTPOMArHUTHBIX U IPAaBUTALIMOHHBIX MOJIEH.
Hanpumep, paauyc feiicTBus onTudeckux (poTOHOB B pocTpaHcTBe BeeneHHo coctaBiisieT 6omee

108 cm, a paguyc AeWCTBUS rpaBUTAMOHHOIO 1o 3emin u CoiaHevyHou cucteMsl — 1.5 x 10" em

n6x 10" CM, COOTBETCTBEHHO.

[ToreHumaipl OIMHOYHBIX CTAIMOHAPHBIX MCTOYHUKOB CO3/1AI0T MOCPEACTBOM KBAaHTOBOTO
TOKa JUHAMHYECKH CTAaOWJIbHOE MOJIe-TIPOCTPAHCTBO BOKPYT HEro, KOTOPOE pPacCIpOCTPaHSETCS
CO CKOPOCTHI BO MHOTO pa3 Oosee cBeTOBOM. [IITIOTHOCTB STHX MOTEHITNAIOB MaKCUMaJIbHA Ha e/I1-
HUYHOW 3aMKHYTOW MOBEPXHOCTH CTAIMOHAPHOTO UCTOYHUKA U C YBEJIMYEHUEM PACCTOSTHUS OT HETO
TOJIBKO yObIBaeT. Ilapbl TaKMX MCTOUHMKOB M3MEHSIOT 3TO TOJie C 00pa30oBaHMEM MHTEp(epeHIn-
OHHO-aHHUTWJISILIMOHHOM KapTHHBI MPOSIBJIEHUSI CUIIOBBIX JIMHUI BO3/1eiicTBUSA Apyr Ha apyra. [Ipo-
JOYKTOM BO3JIEHCTBHS TAKOTO CyMMAPHOTO T10JI51 Ha TIOJIBUKHBIN UCTOUYHUK SIBJISIETCS €70 JIMHeMHbII
nepeHoc B (popMe ¢ 3apsJOM MACChl, C MEKTPUYECKUM WJIM MAarHUTHBIM 3apsiIOM MOJ JeHCTBHEM
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CUJIBI TIPUTSIKEHU s, OOYCIIOBJICHHON B3aMMHOW aHHUTWJISIIIEN 3TUX MOTEHIMANOB. Takue yxke B3a-
MMHBIE TT0JTs], T. €. CUJIOBBIE TIOJIsE C(POPMUPOBAHBI COOTBETCTBYIOIIMMH MOTEHIIMAIAMY — IPaBUTALU-
OHHBIMH, NEKTPUYECKIMU WM MAarHUTHBIMH, & CMeCh MX B (DU3MYECKOM BaKyymMe KOCMHYECKOTO
npocTpaHcTBa BeeneHHoi 1 onpenenseT CMelaHHyio CTPYKTypy 3dupa.

[NoTenrmansl BUXpEBbIX UCTOYHUKOB* YCTAaHOBJIEHB! KOJUIEKTUBHO T€OMETPUUYECKH B MOKO-
sIMecsi BOJHOBOABI U TIPOSIBIISIOT CBOMCTBO OTHOCUTENIBHO CTAIIMIOHAPHOTO TMOJOKEHHS B TPO-
CTPaHCTBE C OMOPOW Ha COOCTBEHHOE MAarHUTHOE WJIM TPABUTAIIMIOHHOE MTPOTEKTOPHOE ToJie. DJeK-
TPOMArHUTHBIE TIOJISI-BOJHBI (DOTOHOB PACIIPOCTPAHSIIOTCSI CO CKOPOCTBIO CBeTa. A TUIOTHOCTb
MOTEHIMAJIOB HA BOJIHOBOAAX UMeEET MEePUOANYECKUI XapaKTep ¢ HauOOJIbIIeH MIIOTHOCTHIO B y371ax
Y HavMEHbINIeH B MYYHOCTSIX BOJHBL. BOJTHOBOIBI M3 TaKMX MOTEHIMATIOB CIIOCOOHBI MEPEHOCUTD
SHEPIrHI0 ¥ COCTOSTHUE MaTepUH B PA3IUYHBIX (hOpMax, HApuMep, B popMe BUXPEBBIX TOKOB JIeK-
TPUYECKUX WU IPABUTAIIMOHHBIX 3aPSI0B, 4 TAKKE IUIOTHOCTU M TEMITEPATyPhl. Y BHICOKOYACTOTHBIX
CBOOOJHBIX JIEKTPOMArHUTHBIX MOJIEN UMEETCsI BO3MOKHOCTD TPH OIPE/IENIEHHBIX YCIOBUSIX TIPOU3-
BOJWTH KBAaHTOBBIM MIEPEX0]] B KOPITYCKYJIbI-MUKPOUYACTHIIBI C TIPEOOpa30BaHUEM MX SHEPIUU Mate-
pUM ABUKEHHUS B €€ SHEPIUIO MOKOSI. DIEeKTPUUECKUe 3¢pHA-NMOTEHI[UATbI BUXPEBbIX NCTOUHH-
KOB CO3[JAI0TCSI HETIPEPHIBHO MEPe3apsiKalONMMUCI MAarHUTHHIMA MOHOTIONSIMA BHXPOHOB — OfIHA
cepuveckasi Cupajb MarHUTHBIX 3€PeH-TOTEHIMAIOB 9TOr0 MOHONOJISI® co3naér Ha cdepo-
MOI00HOM JIMHEIHO-CIMPAJBLHOM BOJTHOBOAE (POTOHA OJHO 3epHO-TIOTEHIINAT HA ero KpyroBou
MOBEPXHOCTHOM CMUPAJIH, CTAIIMOHAPHO YCTAHOBJICHHOW B MPOCTPaHCTBe. B 3TOM mpomecce mpu-
HUMAIOT yJacTHe JBa BUXPEBBIX MOJISI — 3TO pa3psiika MAarHUTHOTO MOHOTIONS ¥ TPOTUBOAIEHCTBYIO-
A 3TOMY MPOLECCY MEKTPHUUECKHIIA MOHOMOIb CBOOOJHOr0 BUXPOHA. B 3aMKHYTBIX Wi CBsI-
3aHHBIX BUXPOHAX B MUKPOMATEPUH BMECTO JIEKTPUIECKOTO MOHOIIONS YK€ IPUHUMAET y4acTue
I'PaBUTAITMOHHBIN*® MOHOIIOJb, 371€Ch HEPTUs B (pOpPME MOCTYNATENBHOTO JBHKEHHS] CBOOOHOIO
BUXPOHA Mpeodpa3oBaHa B MacCy — SHEPruio Matepuu B popme nokost. [1o hopme reomerprudeckoro
YJIOXKeHUsI 3€PEH-TIOTEHITNAIOB, BPEMEHH JKM3HU U JIPYTHX CBOMCTB, OHU TaK)Ke OTJIMYAIOTCS U Tpe[-
CTaBJICHBI B BUJIE BOJTHOBOJIOB (DOTOHOB, NIEKTPOHA, 000JIOYEK MPOTOHA, 000JIOYEK aTOMHBIX Si/Iep
Y 3JIeMEeHTapHbIX YacTuil. OTHOCUTENIBHOE MOCTOSTHCTBO B3aUMHOTO PACTIONIOKEHHS 3EPEH EeKTPO-
MOTEHIMAJIOB 3TUX YaCTUI OXPAHSIKOTCSI TPOTEKTOPHBIM MAarHUTHBIM TIOJIEM.

B Makpomarepun Bpamniaonmecs: CHCTeMbl MaCcC CBOMM MEXaHMYECKUM MOMEHTOM WHEpIIUH,
AKTUBUPOBAHHBIM MOMEHTOM HMMITYJIbCA, UHIYKTHPYIOT MEXaHUYECKHe BUXPOHBI (IeOpoiiieBcKas
«11ry0a» ), JKECTKO CBS3aHHbBIE C IEHTPOM Macc, B KOTOPBIX Iy IbCUPYIOIIME BETMUYMHON U 3HAKOM rpa-
BUTAMOHHbIE MOHOIOMM (HOCUTENIN MHAYKTUPOBAHHOW SHEPruM), pa3psiKasich M cO3JaBasi BOJ-
HOBOJI U3 I'PaBUTALIMOHHBIX MOTEHIMATIOB, KBAHTYIOT M 3aJal0T BOJTHOBOE OE3bIHEPLIMOHHOE Tepe-
MeIleHUe BCe CUCTeMBI, Kak B 3¢ dekte [kaHnOekoBa. ITo MOATBEPKIAAIOT U IKCIIEPUMEHTATOPbI
KOTOpbIE JABHO MOAMETHJIM «CTPAHHOE» TOBEAEHNE ITMPOCKOIOB Ha Becax: OBICTPO BpaIIAIOMIUICS
TMPOCKOI BECUT HEMHOTO MEHbIIIE, YeM HEeTOJBIKHBIN.

[NoTeHrmansl cTaMOHAPHBIX MCTOYHMKOB OOpa30BaHbl KBAHTOBAHHOM 3apsaKod (TpeTbe
CBOICTBO — KBaHTOBaHMe*’ ¥ 3apsjKa KBAaHTOM 3apsia WCTOYHMKA) MOTEHIIMAIa UCTOYHUKA TPU-
JIETAIOIIETO €IMHUYHOTO CJIOsI eIE He3apsHKEHHOTO OKPYKAIOIIEro TOT UCTOUYHHUK MPOCTPAHCTBA,
B TOM 4YHCIIe U HeBeHeCTBEHHOIr0, C TOCIEAYOIUM OTTAJKMBAHUEM-H3JIy4eHneM (HHIYK-
nMeil — 4eTBEPTOE CBONCTBO) C(HEPUUECKOTO CIIOSI OJHOMMEHHO 3apsKEHHBIX 3E€PEH CO CKOpO-
CTHI0*® BO MHOT0* MMJUIMOHOB pa3 MpeBbIIaIieil Ckopoctb>® cBeta. Anpo 3EpeH, COOCTBEHHO KBaHT

44
DTO MeXaHNJEeCKUe U DJIEKTPOMArHUTHLIE BUXPOHBI.

4 MarHuTHBIH MOHOIIOJb — 3TO UCTOUHUK ABUKEHUSA U UBMEHEHMSA, a SHEPIUA 3aKJIIOYEHHAS B Cl)OpMe Mar"HuTHOIO 3apdana ABU-
JKEHUA, NTIOPOXKIACT elie ClH Yy 9JIEMEHTAPHBIX YaCTHII, cba30131>Ie 00BEMBI KOTOPBLIX OH CO3MIAET U B KOTOPBIX OH «KHUBET».

46 O,E[HaKO TPABUTALTUOHHOE ITOJIE JIEMEHTAPHBIX YaCTULl OTVIMYAETCA IO 3HAKY OT LHEHTPAJIbHOI'O MOJA TATOTEHUA 3emun.

47
KsaHToBanue un 3apsaKa IMMpUIerarmero ¢Jos HEBEMECTBEHHOTIO IMTPOCTPAHCTBA ITPOUCXOJUT B ITPOLIECCE 3apAdKU 3€PHA 10 BEJIU-
YUHBI, paBHOﬁ COOTBeTCTByIOH.[Cﬁ 107N HOBCpXHOCTHOﬁ IIJIOTHOCTH 3apdAia CaMOro UCTOYHUKaA.

48 310 MOATBEPKAACTCA CAMUM CyLIECTBOBAHUEM CTA0OMJIBHBIX 9JIEMEHTAPHBIX YaCTHULL C JIEKTPUUYECKUM 3apsI0M.
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MOTEHIMaJIa — 3TO KBAaHT aMOP(PHOr0 MPOCTPaHCTBA (IATOE CBOMCTBO) CIIOCOOHOE MPH yIaJIeHUH
OT UCTOYHHUKA COOTBETCTBEHHO YBCJIMYMBATLCA B O6”béMe, HE U3MCHAA IMPU 3TOM 3HAYCHHUC BCJIU-
YHHBI IIOTCHIIMAJIA. IToTOKM KBaHTOB IMPOCTPAHCTBa C IMPOTUBOIIOJIOKHBIM 3HAKOM IIPpHU UX B3aWM-
HOW aHHUTWISIIIAUA CIIOCOOHBI YMEHbBINATh OOBEM TOJIS1 BIOJb €r0 CUJIOBBIX JIMHUK. B 3TOM MposiB-
JISIIOTCST KOPIYCKYJISIpHBIE CBOMCTBA OECCTPYKTYPHOM YaCTHUIbI, KAK JIEMEHTa CTPOSHHSI CTPYKTYPhI
MIPOCTPAHCTB. DTO CBOMCTBO MOATBEPKAAET U MEXaHU3M IPOU3BOCTBA UHTEP(HEPEHLIUH IEKTPO-
MAarHiMTHBIX BOJIH OT ABYX INEPEMEHHBLIX UCTOYHHUKOB U3JTyUCHUA.

PexuM cMeHbI 3apsKeHHBIX CI0EB HOCHUT NMEPUOAMYECKUII XapaKTep ¢ 4acToToll (mecroe
CBOWCTBO 3€pEH — HEIlpepbIBHAS MEPUOANYECKAs UHAYKLUS TaKUX KBAHTOB) IPEBBIIIAIOIIEN COOT-

BETCTBYIOIIME TUIAHKOBCKHUE 3Ha4eHUA (2 X 10%¢™). 3101 IIPOLIECC HOCUT HeNPePbIBHBIN XapaKkTep
Ha BCE BpeMsl )KM3HH 3TOT0 CTALIMOHAPHOIO MCTOUHMKA, (POPMUPYS TUHAMHUYECKH OOBEMHOE ITYJIb-
cupyIolliee 1 BHOBb OOHOBJIsieMoe 1ojie. B mpoliecce poskieHnst 3TUX 3€peH — KBAaHTOBaHUM MOTEH-
LIMAJIOB CTAlJMOHAPHBIX UCTOYHMKOB, YYaCTBYIOT KOHTAKTUPYIOILME CJION JBYX Pa3HbIX IPOCTPAHCTB.
BHOBB 00pa3oBaHHbIE 3E€pHA, 3apAAMBIINCH OMTHOMMEHHO U pa3MELIEHHbIE B TOHKOM CJI0€ Ha KBAHTO-
BaHHOW c(hepryecKOi MOBEPXHOCTH, MOJBUKHBI U OTTAJIKUBAIOTCS OT CBOETO HETIO/IBUKHOTO OJJHO-
MMEHHOTO UCTOYHUKA.

KBanTOBaHME 1 MHIYKLIUS TPOU3BOIAT OECKOHEYHO OOJBILOE, HO (PUKCUPOBAHHOE U KOHEYHOE
KOJIMYECTBO 3EPEH-NIOTEHLIMAIOB B €VHULYY BPEMEHH (IIOTOKA) Yepe3 3aMKHYTYIO C(peprUYecKylo
MOBEPXHOCTb, TAKMM 00pa3oM, YTO Ha JIIOOOM CKOJIb YTOJHO YIaJEHHOM OT MCTOYHUKA PaCCTOSHUN
B 3AMKHYTOM C(h€pUYECKOM €JUHUYHOM CJIOE C YBEJTMUMBAIOLIEICS TONIIMHON 3€pHa HAXOIUTCS Nep-
BUYHbIA MHIYKTUPOBaHHBIN 3apsf (3TO ceibMO€ CBOMCTBO) B TOUHOCTU paBHbIN 3apsy ACTOUHUKA,
T. €. B IPOCTPAHCTBE C yaJeHUEeM Pa3MbIBACTCsl «<KOHTPACTHOCTb» MEPBUYHOrO 0Opasa. 1o peanu-
3yercs ciaeaylomuM o0pa3oM. KoHKpeTHOe nepBUYHOE KOJHYeCTBO 3EPEH, IIOTHO CO CMEXHBIM
KOHTAKTOM PaCHOJIO)KEHHBIX Ha MEPBUYHON 3aMKHYTON MOBEPXHOCTU UCTOUHMKA, [10C/IE UHIYKLUH
¥ ¢ OOJIBIIION CKOPOCTHIO YaJIeHHsI OT UCTOYHHKA IIEHTPAJILHO TI0 paycaM paBHOMEPHO pacrpe/ie-
JISIeTCs B CIIEYIOLIEM eIMHUYHOM CJI0€ Ha TOBEPXHOCTU c(pepbl yBEIMUMBAIOILIErocs paanyca R ro-
II/IbI0 C YMEHbLIAOIIECs TOBEPXHOCTHOM MJIOTHOCTBIO MOTEHMAIOB. TakuM 00pa3oM, ¢ pocToM
paccTosiHus R yMeHbIAeTCs Cpe/iHssl HOBEPXHOCTHAS IUIOTHOCTh 3apsKEHHBIX 3€peH-TMIOTEHLIMAJIOB,
pa3MelleHHbIX B chepudeckoM ciioe — noje ocnadnserca. OTciona U ciegyeT 3aBUCUMOCTb MHTe-
IpaJIbHOM CHJIbI B3aMMOJICHCTBU S, YOBIBAIOIIEH C KBAIPATOM PACCTOSIHUSL R — peajim3yloTcst U3BecCT-
HbIE U3 [TPAKTUKY 3aKOHBI’!. [IpOHUIIaeMOCTh 3THX 3€peH pa3IMyHa IS pa3HbIX KICTOUHUKOB (BOCh-
MoOe CBOICTBO) M IPAKTUYECKU U3BECTHA, KaK [ BAKYYMa, TaK U JIIs1 KOH/IEHCUPOBAHHBIX BELIECTB.
Camoii BbICOKO TPOHUIIAEMOCTBIO 00J1aJal0T 3€pHA IT'PABUTALIMOHHBIX IEHTPAJIbHBIX 110JIEN — AKTHB-
HbIX n3nyyaomux saep YCT (kBa3apoB U MMy/IbCapoB), a MPOHULIAEMOCTb 3EPEH-MOTEHIUAIOB J1EK-
TPOCTATUUYECKUX MO MOKHO CBOIUTH K HYJIO C OMOILBI0 METAJUIMYECKUX 3a3eMJIEHHBIX Kpa-
HOB, TEM CaMbIM CO3JaBaTh YKPAHHPOBaHHE-TE€Hb BHEIIHETO NOJIS JIEKTPUYECKU 3aPSKEHHOIO
CTallMOHAPHOTO UCTOYHMKA. TeHb IIEHTPaJIbHBIX IPAaBUTALIMOHHBIX IMOJIEH Takke MOKHO HaOIoaTh,
HO JJIs1 9TOr0 HEOOXOIMMO Ha/IeNiTh (PU3NYECKHM CMBICIIOM TOHATHSA > HHEPTHOI, NaCCHBHOM
Y aKTHBHOM MaccChl.

Bce u3noxeHHble 3[€Ch KBAaHTOBBIE SIBIEHMSI B MAaKPOMHPE YKa3blBAIOT Ha TO, YTO IPOLIECC
MHAYKIUH (PU3HMYECKHX M10JIeN CTALIMOHAPHBIX MCTOYHUKOB — 3TO KBAaHTOBBIH MEPEHOC caMoii caboi
(opmbl MaTepud, 3épPeH-MOTEHIHATIOB CO CKOPOCTBIO, KOTOpasi MHOTO OOJIbIIIE CKOPOCTH CBETA,
YaCcTOTON MHOTO OOJIbIlIE MJIAHKOBCKOM, HO TOpa3/io KOpoye MO pajinycy AajbHOIEHCTBUS CBETA.

4
° Mo Jlarutacy — B 50 MUJUTOHOB pas.

0 Dddext Canbsika, Ta3epHble THPOCKOIBI, paboTa KOTOPhIX OCHOBaHa Ha 3¢pekte CaHbsKa.

31 3akousr HbioToHa, Kynona u gpyrue.

52 Mocne OTKpBITHUS 3aKkoHa HBIOTOHA B OTKPBITOH JIMTEpaType HEOAHOKPATHO BBOJWJIMCH MaTeMaTUKAMK 9TU U JIpyTrUe TOHATHS
Macchl, 6e3 orpeeneHusi KOHKPETHOrO (PU3MYECKOro CMbICIa, B ToM uncie A. DiHiTeitHoM, I'. Bonam, P. JI. ®opeaprom.
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CrpyKTypa MpOKBaHTOBAaHHOTO 3epHa 00pa30oBaHa U3 siipa U 0OOJIOUKH — 3TO 1€BATO€ CBOW-
CTBO. SIOpo moTeHIMasn, cOOCTBEHHO, U TPENCTaBIseT COOOM COOTBETCTBYIOIIYIO JIOMIO BEJTMUMHBI
MIEPBIYHOIO MOBEPXHOCTHOTO MOTEHIIMAJIA 3apsija UCTOYHUKA, a 000JI04Ka (hopMHpyeTCs U3 HeBe-
I[eCTBEHHOr0 IMPOCTPAHCTBA WJIM TMOTEHIMAa 3apsiga MPOCTPAHCTBA, OKPYKAIOIIETO B JaHHBIA
MOMEHT MCTOYHMK. Torga CTpyKTypy MOJisl, OKPYXKAIOIIEro TakOW MCTOYHUK, MOKHO TPEICTABUTh
B BUJE UEpPEIyIONINXCS, MyIbCUPYIONIMX ¥ HEMPEPHIBHO OOHOBJISIEMBIX C COOTBETCTBYIONIEH CKOPO-
CTBIO C(hePUIECKHUX CIIOEB, C yOBIBAIOIIEH BEIMYMHON YCPEJHEHHBIX 110 TIOBEPXHOCTH MOTEHIUAJIOB —
SKBUIOTEHIIMAIBHBIX TOBEPXHOCTEH, OTIENEHHBIX IPYT OT ApyTra CJIOSMHU HEBEILIECTBEHHOT'O WIIU JIPY-
T'Oro OKPY’KAaIoIIero UCTOYHUK MpocTpaHcTBa. [IpocTpaHCcTBO, 0Opa30BaHHOE 1O TAKOMY MEXaHU3MY
C TIOMOIIIBIO 3EPEH-TOTEHIMAJIOB, TPOSIBIISET B OOMBIIMX MaKpOOOBhEMaX BCe M3BECTHBIE UHTET PAJIb-
HbIE CBOWCTBA (J1€eCcsATO€ CBOWCTBO) TPEXMEPHOTO IJIOCKOTO MPOCTPAHCTBA — TOJILKO B TPEXMEPHOM
MPOCTPAHCTBE TPABUTAIIMOHHBIE CHITBI MOTYT OBITh OOPAaTHO MPOMOPIMOHAIBHBI KBAJPaTy paccTosi-
Huit Mmexay Tenamu. B XX Beke I[1. Dpendect u [Ix. YUTpOy Mokaszasm, 4To eciiv Obl YUCIIO u3Mepe-
HUI TPOCTPAHCTBA ObLIIO OOJIBIIIE TPEX, TO CYIIECTBOBAHHE TUIAHETAPHBIX CUCTEM OBLIIO ObI HEBO3MOK-
HBIM. TOJIBKO B TPEXMEPHOM MHPE MOTYT CYIIECTBOBATh YCTOWYMBBIE OPOMTHI TUIAHET B TJIAHETHBIX
cucreMax. [11oTHOCTb MOTOKA 3EPEH-NOTEHIMATIOB U PAANYC JAAIbHOAEHCTBHUS LIEHTPAJIbHBIX TPaBU-
TAlMOHHBIX TONIeH, Harpumep, sapa ConHIa, MPsSMO MPOMOPLMOHAJIEH TUIOTHOCTH MAaTepud sijipa
U ero pasMepy — 3T0 OJUHHA/IIIaTOe CBOMCTBO MOTEHIMaI0B. U, HakoHel, noceqHee ABeHaana-
TO€ CBOKCTBO 3THX 3€PEH-TIOTEHINAJIOB 3aKJII0YAETCsl B AHHUTMJISIIUH TIPOTHBOIIOIOKHO 3apsiKeH-
HBIX 9TUX KBaHTOB, T. €. OECCTPYKTYPHBIX KOPITYCKYJI, ITPY MX B3aMMOJAEHCTBHU C YHUUYTOXKEHUEM
TOro 00bEMa MPOCTPAHCTBA, KOTOPOE OHU 3aHUMAIOT — 3TO TMOJTHOE YHUUTOXEHUE MaTepru B (hopme
BEIIIECTBEHHOT'O MIPOCTPAHCTBA XO0JIOAHOI 6e3MaccoBOM MIa3Moii. TOT MPoIecC Pe3KO OTINYa-
eTcsl OT AaHHUTWISIIMY JIEMEHTAPHBIX aHTUYACTHUI] TeM, YTO B JAHHOM Ipoliecce AedCTBHTEIbLHO
ucyesaer camasi ciadast hopmMa MaTepur — IMPOCTPAHCTBO MOJIe, CO3JaBast UHYIO KAPTUHY TOJISI MEK/Ty
ABYMS ICTOYHUKAMH, OTJIMYHYIO OT KAPTUHBI OIS OT OIHOTO MCTOYHUKA.

Wrak, cralimoHapHble UCTOYHUKU POKIAIOT (pU3MUYECKUe MOJSA-MPOCTPAHCTBA BOKPYT HUX.

HasBanHble cBOICTBa 3€pEeH-TIOTEHIIMAIOB YKA3bIBAIOT HA TO, YTO 3TH KBAHTHI MPOCTPAHCTB,
camMou cs1aboi (hOpMbI MaTepUU SIBJISIOTCS MOCIETHUMH B PSIly UEPapXUM JIEMEHTAPHBIX YaCTHUI] —
9TO JIOKA3bIBAeTCSl MPOIECCOM HMX AHHWTHWISIMM, TMEPEeBONSIIMM BEIIECTBEHHOE MPOCTPAHCTBO
B HeBelleCTBEHHOe.

1.2. MukponpocTpancTBa-moJsa™

B anexTpocrarnyeckom nose (3MeKTpUUuecKuil 3pup) SKCIEPUMEHTATIBHO YCTAHOBJIEHO HAJIH-
yhe 3aKOHOMEPHOIO pacrpesieieHUs] MONIOKUTEIbHBIX SKBUIMIOTEHIIMAIBHBIX MOBEPXHOCTEH (T. €.
TMOJIOKUTENTbHBIX MIEKTPUUECKUX MOTEHIIMAIOB), YOBIBAIOIIUX O BEJIMYMHE C YBEJTMUYEHUEM PacCcTo-
SIHUSI OT TOYEUHOT'O TMOJIOKUTESIBHOTO 3apsijia, U OTPUIIATEIbHBIX BOKPYT 3apsiia C 0OpaTHBIM 3Ha-
KOM, a TaKXke HaJM4ve B3aUMHOTrO MOJisl MO (PU3NYECKUM CHJIOBBIM JIMHUSIM, MEPIEHIUKYISIPHBIX
9THM MOBEPXHOCTAM. ECiM B MPOCTpaHCTBE YCTAaHOBJICHBI IBa>* TOUEUHBIX 3apsijia ¢ POTHBOMOIOXK-
HBIMH 3HaKaMH, TO MEJIy HUIMH CYIIeCTBYIOT JIeKTPUIECKU HENTpabHasA 00JIaCTh, T. €. IIIOCKOCTh
C HYJIEBBIM 3JIEKTPUUECKUM MOTEHIMAJIOM, IJie OTCYTCTBYET 3JeKTprueckoe nose. O0béMHast Kap-
TUHA pacrpe/ie/ieHus MOTEHIIMATIOB MeX/y IByX MPOTUBOMOJIOKHBIX EKTPUUECKUX 3apsA0B aHa-
JIOTUYHA PACHpPEIEICHUI0 CTAIIMIOHAPHO-TIOKOSIINXCS MEKTPONOTEHIINAIOB Ha BOJIHOBOE (POTOHA
MEXIY y3/1aMH BOJIHBI — (poTo. 2.2, XOTs (pU3NYEeCKUe MEXaHU3Mbl POXKICHHUS TAaKUX MOTEHINAJIOB
paznuysbl. [Ipy 3TOM HEOOXOAUMO OTMETUTDH (3TO IBEHAALATOE CBOICTBO), MPsiIMOil 3¢ dekT —

53 MUK pOIPOCTPaHCTBA IEMEHTAPHBIX YaCTHI[ OyIyT JIeTaTbHO PACCMOTPEHEI B CIIEyIOIIel IlaBe 2 3TOH KHUTH.

4 Ecim paccMaTpuBaTh OJUH U3 TaKUX 3apAJ0B Y€PE3 3€PKaJIo, TO BTOpOﬁ 3aps/ 3a 3€pKajoM 6y}1€T IIPOTUBOIIONIO)KHBIM, a YEPE3
TUIOCKOCTD 3€pKaJia 6y£[eT MPOXOAUTH SKBUIIOTEHIIMAJIbHAS ITOBEPXHOCTDb C HYJIEBBIM ITOTEHIIUAJIOM.
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IBa peajbHBbIX MPOTUBOIMOJOXKHBIX CTAIIMOHAPHO MOKOSAIIMXCSA 3apsja B IPOCTPAHCTBE CO3JAI0T
C IOMOIIBIO TOTOKOB ABUZKYIIUXCSI IOTEHLMAJIOB JIEKTPOCTATUYECKOE I0JIe, XapaKTepU3yIoIeecs
peabHBIMU SKBHUIOTEHIINAIBHBIMU TIOBepXHOCTsIMU. QOpaTHbIil 3(pheKT — 1Ba BUPTYaJbHBIX
MIPOTUBOMOJIOKHBIX NEKTPUUECKUX 3apsija CO3AI0T peaibHble MOKOSAIIUEeCs] IOTEHIUAIbI 1EKTPO-
CTaTUYECKOTO MOJIsl. DTU MOTEHIMAJbl MHIYKTUPYIOTCS BOKPYT 3aps/I0B U B IyCTOTE BaKyyMa. JTO
BHEIIIHEE COBOKYITHOE CBOICTBO Mapbl UCTOUHUK-ITPOCTPAHCTBO (I10JIe): KBAHTOBAaTh COOTBETCTBYIO-
1€ NMOTEeHIIMANBI-3€pHA (IKBUIIOTEHLIMAJIbHbBIE IOBEPXHOCTH) HA ITPUCYTCTBUE OTHOCUTEJIBHO CTALM-
OHAPHOTO MCTOYHMKA U HETIPEPHIBHO TUHAMHUYECKH TTEPUOANIECKHU IOBTOPSTH €10 00bEMHO-TIOBEPX-
HOCTHYIO 3aMKHYTYIO (pOpMY NIOTEHLIMAJIOB BOKPYT 3apsi[ia — U3BECTHO KaK 3JIeKTPOCTaTH4YecKast
HHAYKIUSA. A 00paTHOE BO3/IEHCTBYE MO MOTEHITNAIOB HA MPOTSKEHHYIO M CTPYKTYPUPOBAHHYIO
MHUKPOYACTHUILY C 00Opa30BaHUEM AUIIONS, HAIIPHUMED, ATOM HJIM MOJIEKYJTY, I3BECTHO KaK MOJIsIpU3a-
Ms1. AHAJIOTMYHBIE TPOSIBIIEHUS] CBOMCTBEHHBI, KaK /1J1s1 TPABUTALIMOHHBIX TAK X MArHUTHBIX OJIEH.

KakoBo nieiicTBre Mosisi CTallMOHAPHOTO MEKTPUYECKOro 3apsijia MpOTOHA B BO30YKAEHHOM
aToMe Ha JIEKTPOH — 3TO NEKTPOTOK, IBMKYIIHUICS C BO30YKAEHHOU 0O0IOUKH C OOJBIINM Paany-
coM Ha ocHOBHYI0 ¢ MeHbiIMM? Ilapa u3 AByX POTUBOMOJIOKHO 3aPSKEHHBIX U B3aUMOAEUCTBYIO-
IIMX UCTOYHMKOB, U3JTYYaIOIIMX KBAHTOBbIEC TOTOKHM 3€PEH-TIOTEHIAJIOB COOTBETCTBYIOIHX 3HA-
KOB ye€ CO3/Ia€T B3aMMHOE I0JI€ ITOTEHIIMAIOB C HHTeP(hepeHIMOHHOI KapTUHOI B BUE CUJIOBBIX
JIMHUI HaNpsKEHHOCTH, KOTOPOE BO3/EHCTBYET HAa NMOJABMKHBIM MCTOYHMK-31eKTPOH. COracHO
3akoHy Jlyu e Bpoiiis Takoi IBMKYIIMICS JEKTPOH (JEKTPOTOK) JOJIKEH U3JTy4aTh JIEKTpoMar-
HUTHBIN KBAHT C ONIPe/IeIEHHON ITTMHOM BOJTHBI. M 3TO peayibHO MPOUCXOIUT B IPUPOJIE — BO3OYKIEH-
HBII 27IEKTPOH™, OMJIOTUBIIHIA OMpeNe/IEHHbI KBAHTOBBIN MOTOK 3€PEH-3JIEKTPONOTEHIINAIIOB OIS
MPOTOHA B aTOME, HAYMHAET IBUKEHUE (CO3IAET MIEKTPOTOK) U MEPEXOAUT B CBOE OCHOBHOE COCTO-
SIHAE, U3MEHSIET IEKTPUUYECKOE T0JIe, UHIYKTUPYET MarHUTHBIII MOHOIIONb, KOTOPBIH YK€ B CaMO-
JBHKeHHMH (MarHUTHBIA TOK) M POJKIAET TOT NeOpOUIEBCKUI KBAHT.

Pa3zmep ssexkTpona. PopMupoBaHie BHEIIHUX MOJIEH JEKTPOHA (MarHUTHOTO, JIEKTpUYe-
CKOI'0 M I'PaBUTALlMOHHOIO), BBI3BAHHOIO U3MEHEHUEM COCTOSIHMI 3aMKHYTOI'O BUXPOHA B (popme
cepbl rpaBUAIEKTPOMArHUTHOr0 MoHonosst (IMMM), nporcxoauT rnpu myJbcalysax rpaBHTAIH-
OHHOI0 MOHOMOJS Pa3psiIKOR-BpalieHneM u3 1eHtpa chepsl [OMM, npu 3TOM poxgaercs: —
YETBEPTh-BOJIHOBO/I-TIONE C ONPEIEIEHHBIMY NTApaMETPaMU U3 JIEKTPUUECKUX 3€PEH-TTOTEHLIMAIIOB,
KOTOPBIN OTTAJKMBAET HAPYKY AHAJOTMYHBIA NPEAbIIYIIMNA M3 3aMKHYTOTO KOHTYypa 3JIEKTPOHa,
(bopmupys ero BHelIHee NEKTPUUYECKOE T0JIe, U PEreHEPUPYET MEPBUYHbIM MArHUTHBII MOHOIIONb
C T€M K€ 3HAKOM, — 3TOT MarHUTHBIF MOHOIIONb HAYMHAET 3apsIKATHCS OT YETBEPTH BOJIHBI OOPATHHIM
BpAILEHUEM CUHXPOHHO C pa3psiIKOi IPaBUTALMIOHHOIO U B TOT MOMEHT, KOTJa MOCJAEJHUNA ucye-
3a€T Ha YETBEPTHU JJIMHbI BOJIHBI, MATHUTHBIN JieJIaeT KBAHTOBBIN MEPEXO]l U KOHAEHCUPYETCs B Ipa-
BUTALIMOHHBII B TOUKE MEPBOHAYAILHOTO HaxoxaeHus cdepbl ['DMM arekTpoHa, — YeTBEpPTh-BOJI-
HOBO[I-TI0JI€ C OINpPEJEJEHHBIMU NTapaMeTPaMH U3 TPAaBUTANMOHHBIX 3€PEH-TIOTEHIMAJIOB, KOTOPbIH
OTTAJIKMBAET HAPYXKy AHAJIOTMYHBIN MPEAbIIYIINI U3 3aMKHYTOI'0 KOHTYpa 3J1eKTpoHa, (hopMUpys
BHEIIIHEE I'PABUTALIMIOHHOE I10JI€ IEKTPOHA, — IPOMCXOAUT HeIOJIHOe IPEBpalIeHue UHAYKTHPO-
BaHHOT'O HOCUTEJIS1 ICTOYHMKA SHEPTUU C OIHUM 3HAKOM, UTO M ONpPEAEseT NOMyLENblid CIIUH JeK-
TPOHA, paBHbII MOJOBHHE NOCTOSIHHOM [l11aHKa, — nmpouecc nepruogrMYecKoro OTTaIKMBAaHUSA ITPe/Ibl-
AYIIUX BOJHOBOIOB OJIHOKOHTYPHOT'O JIEKTPOHA B IIPOCTPAHCTBO MPOJOJIKAETCS OECKOHEUHO JIOJITO
(6omee 14 mMuUMAPIOB JIET) U MPUBOAWT K POXKICHUIO €ro BHEIIHHX IMOJIEH — JEKTPUIECKOro,
IPaBUTALIMIOHHOTO U MAarHUTHBII MOMEHT. B 3TuX mpoleccax y4acTBYIOT BCs Tpuaja MOHOIOJEN
MYTEM pereHepalyy nepBUYHOr0 MAarHUTHOTO MOHOIIONS pa3psiIKOii- BpalieHneM rpaBuTalioH-
HOT'0 MOHOIIOJISI — 3TO OCHOBHOM 3aKOH NPUPO/bI, OTKPHITHIN BiakeTroMm.

3 B 3T10i1 KHUTE He paccMaTpruBalOTCA AE€TAJIM U OTIIMYUSA U3JTYyYECHUA WU TOJIBKO MOITIOEHUA 3épeH—l’[0TeH]_lI/laJ'[0B OOHOKOHTYP-
HOTI'0O 3JIEKTPUYECKOTIO 3apsi/ia JIEKTPOHA OT MHOTOKOHTYPHOI'O MaKpOUCTOYHUKA OTPULIATEIBHOI'O SJIEKTPUYECKOIO 3apsiaa.
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CpenHue 37eKTpUYECKUi U TPaBUTALMOHHBIN 3apsi/ibl IPOTOHA, SJEp U aTOMOB XUMUYECKHUX
3JIEMEHTOB (POPMHUPYIOT CBOM BHEIIHME CTAI[IOHAPHBIE MOJIsI 1O BBIILIE U3JI0KEHHOMY MEXaHU3MY
cpa3y ke IOCJe TOro, Kak WX BHEIIHUE BOJHOBOABI CTAJM 3aMKHYTBIMH — KOPITYCKYJISIPHOCTb.
DNeKTpUYECKHe OISl SJIEKTPOHOB U MPOTOHOB (POPMHUPYIOT COOCTBEHHBIE KBAHTOBBIE IIOTOKH 3EPEH-
MOTEHLIMAJIOB M CO3JAI0T MHTEP(epEeMOHHbIE 30Hbl AaHHUTWIISLIMY 3€PEH-TIOTEHMAIOB C IIPOTUBO-
TOJIO’KHBIM 3HAKOM — CHJIOBbIE JJMHHM 110715 [Ipy 3TOM nosis pa3ivyHbIX MOHONOJEH OT OHOIO
MCTOYHHUKA XECTKO CBSI3aHbI IPYT C IPYroM TOJIBKO uepe3 OOIMi LIEHTP MHAYKLIMHU U Ha niepude-
U BIUSAIOT JPYT HA JIpyra TOJIbKO yepe3 HHTepdrepeHuo . MUKpoross OT 3J1eMEHTAPHBIX YaCTHUI]
OYEHb CWJIBHO OTJIMYAIOTCSI OT COOTBETCTBYIOIIMX I10JIE MaKpPOWCTOYHHMKOB, pa3/ieieHHe MEXIY
KOTOPBIMHU OOYCJIOBJICHO IJIAHKOBCKOH Maccoi. ITO 00yCIIOBIEHO CBOMCTBAMU COOTBETCTBYIOIIMX
MCTOYHHUKOB. B3aumoyeiicTBus Kak mpy (pOpMUPOBAHUN MUKPOUYACTHIL, TAK U MEXK Y COOOI, B OCHOB-
HOM, OOYCJIOBJICHBI 2JIEKTPOMArHUTHOM TPUPOJION.

Hcrounuk 3apsina ABMKeHUs1 (MICTOUHUK SHEPIUM) — CAMOIBHKYIIUICS CBOOOJHBINA Mar-
HUTHBIN 3apsil, T. €. HOCUTENIb MHAYKTUPOBAHHOW SHEPIUH C TIOJTHBIM KBAaHTOBBIM IMPE0Opa30BaHUEM,
BCer/ia MPOM3BOJUT IEKTPOMArHUTHBIE KBAHTHI CO CIIMHOM pPaBHBIM €MHULIE WU LEJION TOCTOSH-
Hou [Tnanka.

VcrouHuK 3J1eKTpruYecKoro 3apsja fep U JIEMEHTAPHbIX YAaCTHIl — BHEIIHUI BOJHOBOJ
(0o6o0m0uKa) ¢ 3¢pHAMH-TIOTEHIIMATIAMUA Pa3MElIEH Ha COOTBETCTBYIOIIMX C(EPUYECKUX CITUPATISIX
paszsoro aquamerpa. OH 00pa3oBaH CaMOJBIKEHHEM 3aMKHYTOI'0 MarHUTHOTO 3apsijia, pereHepupy-
€MOr0 IpaBUTALMOHHBIM 3aps0M.

Hcrounuk 3apsia Maccebl 3TUX YacTUL] MHAYKTUPOBAH BOJHOBOAOM W3 I'PaBIOTEHIMAJIOB,
YCTaHOBJICHHBIX CTAIIMOHAPHO BHYTPH (pa30BOro 00bEMa 3aMKHYTOM YaCTHUIIBI IIPH pa3psiike cepol
BEKTOPHOT'O IpaBUTALIMOHHOrO MoHonouns. [locnequuii poxgaercsa-3apsKaercs MyTEM YCKOPEHHOTO
LEHTPOCTPEMUTENILHOTO IBUKEHH S MOJISIPU30BAHHOTO MAarHUTHOTO MOHOMOJISI B LIEHTP Ha TIOBEPXHO-
CTH 1ojrycepbl BOTHOBO/IA U3 IEKTPONOTEHIIMAIOB 9TON YaCTUIIbI CO CIIUHOM 1/2, T/1e ¥ TPOUCXOAUT
KBaHTOBBI Niepexof]. Mesk/1y MICTOYHMKOM 3apsia ABHKEeHUsI CBOOOIHOTO BUXPOHA C ONpeIe/IEHHON
SHEpruei ¥ CaMbIMM JIETKUMH MUK POYACTHLIAMHU, OOJIAJAIONIMMHU 3apsII0M MACChl, CYILIECTBYET KBaH-
TOBBI} NIEPEXO0]] SHEPTUU MarHUTHOTO 3apsi/ia B SHEPTUIO I'PaBUTALIMOHHOIO 3apsja. Tak mporucxoqur
BBICOKOYACTOTHOE NMPeoOpa3oBaHre-3aMeHa CBOOOHOT0 MOCTYIATEIbHOTO CAMO/IBUKEHHU I MATHUT-
HOT'O MOHOIIOJS CO CKOPOCTBIO CBETa (MATHUTHOTO TOKA) B €I0 3aMKHYTO€ BpalllaTe/IbHO-II0CTYIIa-
TeJIbHOE IBWKEeHHUe ¢ 00pa3oBaHueM (ha30BOro 00bEMa MoKosi U3 MEKTPO ¥ IPABUTAIIMOHHBIX TIOTEH-
[IMAJI0B (CTallMOHAPHBIE MUKPOUCTOYHUKH MEKTPUYECKOrO 3apsijia M 3apsiga Macchl) Kakou-Ju0o
3JIEMEHTApHOM YaCTHILIbl C MAacCOH, T. €. BBICOKOYACTOTHAsl CMEHA SHEPIUu ABUKEHUs B SHEPruio
TMIOKOS1 CO CBOMCTBAMM JIEKTPUUYECKOTO 3apsia U MaCChI.

47-NIOTOK KBAaHTOB MPOCTPAHCTBA, T. €. 3€pHA-NOTEHIMAIbl (POPMUPYETCSI HA BOJHOBO/IE
3aMKHYTOU MOBEPXHOCTH ieMeHTapHOU JyacTuIp! (1n siapa YCT) 0OHOBISAIOTCS MAarHUTHBIM MOHO-
nosieM. 3aTeM 3€pHa-MOTEHIMAJbl CTAPOro BOJIHOBOJA OTTAJIKUBASCh LIEHTPAJILHO OT MEPBUYHOIO,
KaK OT OJITHOMMEHHO 3apsKEHHOIO MCTOYHMKA, POKJIAI0T BHENIHee JUHAMUYECKoe (PU3NUECKOe 1oJe
C XapaKTepUCTUKAMHM JIEKTPUUECKOTO U IPABUTALMOHHOIO 3apsI0B C JAJbHOAECHUCTBUEM OT €JUHMULL
CAHTUMETPOB /151 JIEKTPOHA, HECKOJIBKO METPOB /Il aTOMHBIX siziep, 1,5 MMJUIMOHA KUJIOMETPOB
11l TPaBUTAMOHHBIX 3€peH-noTeHuannoB sapa YCT 3emim.

MarnurtHoro 3apsiia ¢ HOCTOSIHHBIM 3apsiJOM HE CYILLIECTBYET, a CYIIECTBYET JIUIIb IEPEMEHHbIE
10 3apsIy BUXPOHBI CBOOOIHOTO M 3aMKHYTOTO JABHKEHUSI.

1.3. MakponpocTpaHCcTBa-M0JIs

Knacrepsl u3 pa3nuyHbIX peryyisipHO MOBTOPSIIOIIMXCS aTOMOB MJIA MOJIEKYJI, 0Opa3yloT OJHO
U3 YeThIpeX arperaTHbIX COCTOSIHUIA BEeLECTBAa MACCHBHOM 1 NHEPTHOI MacChl — TBEpPIOE, KUAKOE,
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ra3000pa3HOe WIM COCTOSIHUE TIIa3Mbl, 2 HOBOE arperaTtHoe coctosiuue marepun — YCT® cozparor
AKTHUBHOE COCTOSIHUE LICHTPAJIbHBIX MOJIEH TATOTeHUs1. BHeIIHMe mpocTpaHCTBa, Hajl TAKMMU KJla-
crepamu 1 YCT Ha30BeM MaKpONPOCTPAHCTBAMH-IOJSIMH 10 CPABHEHHIO C JIEMEHTapHBIMU
MHKPONPOCTPAHCTBAMU-NIOJSIMA HAJl SIpaMH, aTOMaMHU M JIEKTPOHAMHU C UX MYJBTHIIONSMHU.
I'paBUTAIIMOHHbBIE B3aMMOJECHCTBIS MEX/y KJacTepaMy HAaUMHAIOT [TPEBAIMPOBATh HAJl SJICKTpOMAr-

HUTHBIMM IIPU Macce Oojiee MJIAHKOBCKOM — 2,2 X 1079 rpammMa.

K TakuMm npocTpaHcTBaM OTHOCATCS BHYTPEHHHME W BHEIIHHE IOJIS KJIaCTEpPOB BEILECTBA,
acTepouIoBY’, TUIaHeT, 3BE3]] M TAJIAKTHK, a TaKKe KBa3apoB M MyJbCapoB.

OtzenbHBIA KJIace JajbHONEHCTBYIONIMX MaKpOIpPOCTpaHCTB-Tonel odpasyor sapa YCT,
KOTOpBIE eIE He MPOU3BEIN Ha CBOEH MOBEPXHOCTH COOCTBEHHOTO JOCTATOYHOTO KOJIMYECTBA MAC-
CHUBHOIl MacChl MUKPOYACTHII 151 0Opa30BaHUsI TAKUX KJIACTEPOB OOBIYHOTO aTOMHO-MOJIEKYJISIP-
HOTo BelllecTBa. B 3TOT mepron Ux 3BOMIOLMK OHM AKTUBHO 3aXBaThIBAIOT U IMOIVIONIAIOT BHEIIHEE
BEILIECTBO, B TOM YHUCJIE€, AaTOMHO-MOJIEKYJISIPHOE BELIECTBO, HAPAOOTAaHHOE HA TOBEPXHOCTHU YkKe CBe-
TAIMXCS 3BE3]] WM Ta30)KUAKKX TUIAHET, T. €. 00pa3yloT CBA3aHHbIE Maphl My/Ibcap-3Be3/1a W TYJlb-
cap-IUIaHeTa. JTO NOJIsl, KOTOPBIE CO3AAI0T KBAa3aphl U MyJIbCaphl.

HernpepbiBHBII IpoLiecc KBAHTOBAHUS-3aPSIIKYA U MHAYKLMU-OTTAIKMBAHUSA 3€pEH OT 3aMKHY-
TOM MOBEPXHOCTH TaKUX KJIACTEPOB MOJISIPU3YeT OKPYXKAIILEe BENIECTBEHHOE ITPOCTPaHCTBO, Ipe-
BpalllaeT ero B COOTBETCTBYIOIIEE ITy/IbCUPYIOIIee, HEMPEPHIBHO OOHOBIISIEMOE TIOJIe ¥ CO3/1aéT AMHA-
MHUYECKH PaCIIPeAEIEHHYIO INIOTHOCTh COOTBETCTBYIOIMX TOTEHIIMAJIOB MOJISI — SKBUIMOTEHLIMAIbHBIE
nosepxHocTU. CyMMapHbIe BHYTPEeHHH e I10J15 TAKUX KJIACTEPOB ONPEAEIAIOT €70 (PU3NIECKUE CBOM-
CTBa U 00YCJIOBJICHBI IJIOTHOCTBIO® pactipesieNieHu sl MOTEHIIMAIIOB.

SIpKuM IIpUMEPOM CyHIECTBOBAHMSA NPOCTPAHCTBA MArHUTHOIO 3(pupa CIyKUT BO3pacTalo-
masi yrpyrocTb MpPOMEKYTKa MEKIY ABYX CONMKAIOMIMXCS OIMHAKOBBIX TOJTIOCOB CTAIlMOHAPHBIX
MarHuTOB. DTOT MPOLIECC MOXKHO OXapaKTEPU30BaTh, TOJIBKO KaK HEMPEPHIBHO YBeJINYHBAIOIIMIICS
00BEM 3a CUET MPUOBIBAHMS OIMHAKOBBIX 10 3HAKY MOTOKOB MArHUTHBIX 3EpeH-TMoTeHIMaoB. Kak
OylIeT OKa3aHo B CJIEAYIOLIEN IV1aBe IPaBUTALIMOHHbBI MOHOMOJb — 3TO MOJHBI AHTHIIOA MAarHUT-
HOT'O B COCTOSIHUM TOKOs1. TOJIBKO MarHUTHBIN 3apsi/i MOKET CYLIECTBOBATh TOJILKO B COCTOSTHUM ITPO-
JOJIBHOTO JBUKEHMSI CO CKOPOCTBIO CBETa, @ IPABUTALIMOHHBIN SBJISAETCS MOKOSIMMCS IPOAYKTOM
KBaHTOBOT'O NEPeX0/ia MAarHUTHOM (POPMBI MaTepHU SHEPTHHU OIS, CYIIECTBYIONIEH> TPy CBETOBOM
ckopoctu. [Tostomy, eciit Texanaeckn®® co3paTh BpalieHHeM KJIacTepoB OPTOTOHAJIBLHOCTH B TPEX
KOOPIMHATAX TOTOKOB MOTEHIIMAJIOB COOTBETCTBYIOIIUX TOJIEH, TO AeOPOMIeBCKHI KBa3UCTAIMO-
HapHbIl TPABUTAIMOHHBIN 3apsj OT MarHUTHbIX Ki1actepos . Cepria Oyner HaMHOTro 3¢ QeKTrB-
Hee, YeM OT AMaMarHuTHeIX kuakux B. [ayGeprepa.

AHaJIOrMYHBIN TPUMEP MAKPOIIPOCTPAHCTBA JIEKTPUYECKOro 3(pupa JEMOHCTPUPYET TOH-
Kas nosocka Oymaru, COrHyTasi MornojiaM M INOJBEIleHHas 3a 3TOT neperud Ha TOHKOW HUTH. Ilpu
KOHTAKTHOM Mojlaue Ha Heé 3aps/ia JMeKTPOCTaTUYECKOrO JEKTPUUYECTBa €€ JIEMECTKH PAaCXOATCS
B pa3Hble CTOPOHBI TI0 OCH Tepernoda, MoKasbpBasi yBeIMUeHne 00bEMa MEKIy HIUMHU.

JlOCTYIHBIN U HAJIAIHBIA IPUMEP IPABUTAMOHHOr0 3(hb1pa TaKke JEMOHCTPUPYET yBEIIU-
YeHreM 00bEMa MPOCTPAHCTBA BOKPYT CBOETO MCTOYHHKA M €ro OTTajKiBaHue ot noins ssapa YCT —
9TO 3aMKHYThIe, UHAYKTUPOBAaHHBIC BpAIlleHHMEM BELIECTBEHHBIX KJIACTEPOB, HOCHUTENN «IITyObD»

36 Ipoctpanctea u nonsg YCT GyayT neTaabHO pacCMOTPEHBI B pasene 3.8 3TOoi KHUTH.
5
7 B nacrosmee Bpemst B CIIIA nponsBe/ieHa BhCajKa HA aCTEPOM. AHANM3MPYIOTCS Pe3y/IBTATEL, [IONYUCHHBIC [IPH TOCAKE
Ha acrepoui Becra B ycnoBusx odens cnadoii rpaButaiuy CoTHLA. U TTOYTH HE3aAMETHOM COOCTBEHHOM IrpaBUTALIMN ACTEPOUJIA.
38 Camu 110 cebe atomsbl 1 sApa aTOMOB — 9TO OTHOCHUTENIbHO IMyCThIe NTPOCTPAHCTBA IO CPABHEHMIO C pasMepaMu BOJTHOBOIOB
MAarHUTHBIX MOHOMOJIEH, UX 00BEMBI TEOMETPUUECKH «HAyThl» KOHTYPAMM U3 COOTBETCTBYIOIMX 3EPEH EKTPOIOTEHIUATIOB.
% Bee KBa3UCTALIOHAPHBIE MAarHUTHBIE TIOJISI — 3TO CYTh BHICOKOYAaCTOTHOE CKAaHMPOBAHHE B 3aMKHYTBHIX MarHATHBIX MOHOIIOJISIX
CO CKOPOCTHIO CBeTa, (POPMUPYIOIINX CHJIOBBIEC JIMHUY TIOJISI 30HBI XOJIOHOM IIa3MBbl, CO3/IaBacMble MHTEP(EpHPYIOIIMI COOTBET-
CTBEHHBIMH TTOTOKAMH ITPOTHBOIOJIOKHBIX IO 3HAKY MarHUTHBIX MTOTEHIUAJIOB.
60 S¢ddextn 1. Cepna, B. [llaybeprepa, I'. Konepa, C. dnoiina u 1. 1.
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neOpOMIEBCKUX KBAaHTOB BOJIH. OHM OTJIMYAIOTCS, KaK 110 MEXaHU3MY IPOM3BOICTBA, TAK U 1O CTPYK-
Type YJIOKeHHUsI 3€pEeH-TIOTEHIINAIOB MpH (POPMUPOBAHUH UX 3apsiioB. Ha mpakTuke 310 siBIeHue
IIMPOKO M3BECTHO, Kak ekt [Ixanudekora u apdekt [I. Cepna, a ykazaHHas «imyda» B Mpo-
CTPaHCTBE BOKPYT IafiKu-Oapalka 1 yIpasJisieT MPOIOIbHBIM JBHKEHHEM IIEHTpa MacC UCTOYHUKA
B (popMe HCIIOTHEHHSI MEXaHUUECKOTO «KYJIbOUTa». « TapesKi» COBEPIIAIOT OE3bIHEPIIMOHHBIN TTOJIET
TOJ1 ISFICTBUEM OTOPHBIX MOTEHIMATIOB TOPOUJAIBHOTO TOJIsI BOKPYT HUX.

[NepBruHOE 00BEMHOE rPABUTAIIOHHOE MAKPONPOCTPAHCTBO-M0JI€ B PACIIUPSIONICHCS
Bcenennoii co3naércs BOKpyr nepBuyHbIX 4€pHbIX cpepudeckux ten (YCT-kBazapel, YCT-myss-
capbl), KOTOpbIe BhIMagaoT 3 atMocdepsl Hamiell Beenennoit. 9t YCT mMoryt ObITh 0Opa30BaHbI
TOJILKO B HeBeIleCTBEHHOM IPOCTPAHCTBE IyTEM MTPeoOpa30BaHusl BCEH IMHBI TOCTYNATEILHOTO
IBWXKEHUSI-TPEKa BOTHOBOJA U3 MIEKTPONOTEHIIMAIOB (DOTOHA BO BpaIllaTeIbHOE JBIKEHHUE POK/Ia-
forierocst cpeponsia-Kiryoka nepeMeHHOro u Hapacrtaioiero paauyca. Kak tomsko YCT «ynasno»
B BellleCTBEHHOE IPaBUTALIMOHHOE TIPOCTPAHCTBO Haiied BceneHHol B hopme yxke camoBpa-
maromerocsi cepuyeckoro Kiyoka, Hadajcs ero pacraa’' u oopa3oBavch rnepeMeHHbIe IpaBUTa-
[IMOHHOE, JIEKTPUUECKOE U MArHUTHOE TOJIs1 — CBA3AHHBIM MEXaHUYECKUW U JIEKTPOMArHUTHBIN
rUNEePBUXPOH C ero nojasiMu. Bo BpeMst ero nputsbkeHus K HeHTpy (CKoruieHus ['anakTtuk) Onu-
JKaIel HanOOoJTbINIeH CKOMMBITICHCS MACCUBHOM aTOMHO-MOJICKYJISIPHON MacChl, aKTHBHAs Macca
UYCT u, cooTBeTCTBeHHO, 00BEM Hambosee 3(P(GHEeKTUBHOTO ero IPaBUTAIIMOHHOTO TMOJIsT BCE BpeMs
YBEJIMYMBAETCS TI0 BEJIMUMHE MPH IOCTOSTHHOM BHEIIIHEM JUaMeTpe. DTo 00yCIOBIEHO OYeHb 00JTb-

LLIOH JUTMHOI BOJHOBOIOB, Goltee 1073 e, uro COOTBETCTBYET YBEINUMBAIOIIEMYCsI YUCITy OOPaTHBIX
(POTOHOB M BpEMEHH JKM3HU JIBHKYILIMXCS B BOJIHOBOZIAX M3 LIEHTPA K MOBEPXHOCTH JIEKTPOMArHUT-
HBIX KBaHTOB 0 14 MuimapaoB Jiet v 6osee. [Ipor3BoacTBO HEUTPOHOB MIIM 3Ty YEHUE JJTMHHOBOJI-
HOBBIX KBaHTOB Ha MoBepxHOCTH YCT MpOMCXOOUT TOJIBKO MO UCTEYEHUM TOTO MEpHoJa BPEMEHH.
OpnHako, Iy 3TOM, HAaMOOJIBINAS YACTh AKTMBHOW «Macchl» J10 80% WHIYKTUPYETCs COOCTBEHHBIMU
KBaHTaMU ITPY JBIKEHUH TI0 BOJTHOBOZIAM Ha TIOBEPXHOCTH Chep, PaCIONOKEHHBIX OMKeE K IIEHTPY.
[Moatomy Gonbire o pazmepam YCT, monas B HEKOTOPOE KPYIMHOE [IAPOBOE CKOIUIEHHE 3BE3] TPH-
MEPHO OIMHAKOBOM BEJIMUMHBI, CTAHOBATCA S1pOM Bpalnawoleiics cnupaiabHoil ['anaktuku. Cru-
paiM 3BE3[] U ra3onbUIEBbIX TYMAaHHOCTEW B TakuX [anakTvkax, cXofslMecs pyKaBaMu K LIEHTpY,
1 00pa30oBaHbl BCE BpeMsl yBeIn4MBalolieiics Maccoit u cuioit nons takoid YCT, B oinuume ot Kpy-
TOBBIX M JUIMIITUYECKUX OPOUT IUIAHET BOKPYT 3BE3[, Apa KOTOPbIX YK€ JaBHO HAXOAATCA B CTa-
JVH IIPOU3BOICTBA HEUTPOHOB U JIOJITO€ BPEMSI UMEIOT IIPAKTUYECKU MTOCTOSHHYIO WM YMEHbIIaK0-
mgyrocs Maccy. iMeHHo ¢ atiuM apdextom cBsazano 95,1% dopmupoBanue noneil TEMHOH Macchl
Y SHEPIUU BO BHEIIHUX M NPOMEKYTOUYHBIX C0sIX BeeneHHOW. B caMbIX BHEHIHUX CIIOSIX MPOUCXO-
JWT HaKOIUIEHWE U B3auMHOe oTTasikuBaHue Ipyr ot apyra YCT (kBazapel 1 myJabcapbl), MMEIOIIUX
O/IMHAKOBbIE 3HAKH T'PaBUTALMOHHBIX TIOJIEH, UTO U MOATBEPXKAAETCS UX pacrpeneneHueM (c Z donee
7—10, 14,3 xpacHoe cMmenieHue (POTOHOB) B ITOU yacTh BeesneHHOM.

Ipors:kénnocts moJeil. [IpakTuyeckn ycTaHOBIEHO, 4To HamOosee 3(QeKTUBHOE Mone
AKTHBHOI'O TATOTEHUA 3€MJIM PACIIPOCTPAHSAETCS JO MOJIyTOpa MUJUIMOHOB KMJIOMETPOB. YCTaHOB-
JIEHO M TO, YTO TOJIsi COOCTBEHHOTO MACCHBHOIO TATOTEHHS aCTEPOMJIOB OTIMYAIOTCS MO MPOTS-
KEHHOCTU U Ka4eCTBOM IPUTSKEHMS OT LIEHTPAJIBHBIX IOJNEN aKTUBHBIX IulaHeT u ConHua, T. €.
MIPAKTUYECKH MPUTSKEHUE K aCTEpOUIaM TaKMX aTOMHO-MOJIEKYJISIPHBIX KJIACTEPOB, KAKUMHU SBJIS-
I0TCS CITyCKaeMble amnmaparthl, ornpeznensercs cuiamu 3ddekra Kasumupa B LEHTpaJIbHOM MoJe
Comuna. INoka orcyrctByer kKaimmOpoBka coorBercTBus pasmepoB UCT pasmepy spdekTuBHOTrO
JaJbHONEHUCTBUSA LIeHTpasibHOrO Moss. IloueMy TO 10 cux mop He M3MepeHbl SKCHEPUMEHTAIBHO
U CKOPOCTH pacHpOCTPaHEHMs TPABUTALIMOHHBIX, IEKTPUYECKUX M MarHuUTHbBIX noneid. Ho yxe

61 Pmeercs B BiLy UTO, B CHUTY PABMTALIMOHHOTO CKATHS BOMHOBOJA B LIEHTPE, POMCXOAUT 0GPATHAS [EHEPALIHs yiKe KIyOKO-
BBIX BUXPOHOB U3 TIOTEHINAIOB-3EPEH BOJIHOBOJA U UX JBUKEHHE CO CKOPOCTBIO CBETA [0 MCKPHUBJIEHHOMY BOJIHOBOJY K BHEIIHEl
noBepxHocT YCT, KOTOpBIE BBUIETAT U3 HETO JIMIIB TOJIBKO Yepe3 14—30 Mumapaos JieT.
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u3MepeHbl 3(pEeKTUBHBIE MpeaeJibl JATbHOACHUCTBYS CTAIMOHAPHBIX NCTOYHMKOB U JIEKTpOMar-
HUTHBIX (POTOHOB — OHU pa3Hble. DTO JOKA3bIBAET Pa3IUYHbII MEXaHM3M U, COOTBETCTBEHHO, CKO-
POCTh pacpOCTPAaHEHU S STUX TOJIEN.

[TpoTs:k€HHOCTh pacpOCTpaHEHUs] AKTHBHBIX I'PABUTALIMOHHBIX IMOJIEM 3aBUCUT OT pa3Me-
poB UCT u cpaBHMMa, B MUHUMYME, C BUAMMBIMH pa3MepaMu ['anakTHK, IIaHeT co CyTHUKaMU
Y 3BE3JHBIX CUCTEM, COIEPXKAIIMX HEKOTOPOE KOJMYECTBO IUIaHeT, Tha COJHEYHON CUCTEMbI WU
cucteMmsl 11aHeT Onurepa nm Carypna. [1pu aTom, nocnenHue razokuKye IIaHEeThl C MEHbIIUM
KOJIMYECTBOM HapaOOTaHHOTO aTOMHO-MOJIEKYJISIPHOTO BelecTBa ¥ 0onbinum 1o pazmepy YCT cuitb-
Hee ortayikuBatotcss or YCT ConHila, a moaToMy Jajbllie HAXOASTCS OT Hero, yeM Mapc, 3emiis,
Benepa u Mepkypuii.

Takum 0Opa3oM, Mapa WCTOYHUK-TIPOCTPAHCTBO (IOJIe) MHIAYKTHPYET 3EpHA-TOTEHIIUAIIB,
U3JTy4YaeT UX MepreHJUKY/IIPHO CBOEH 3aMKHYTOM MOBEPXHOCTH, & TAKUM 00pa3oM POk IEHHOE MPO-
CTPaHCTBO-3(pUP, IPU ITOM, SIBJISAETCS MX MPOBOJHUKOM, U BMECTE OHM 00pasyioT BelleCTBEHHOe
npocTpaHcTBO. Ecy Obl CTOYHMKM 3apsijia Wid ABHXKEHHs He MHIYKTHUPOBAIN Obl HEMPEPHIBHO
M3MeHsIoIeecss COOCTBEHHOE T0JIe, TO BOKPYT TAaKMX MCTOUYHMKOB HE MPOUCXOAMIIO Obl ABUKEHUS
acTpopr3MIecKuX 0ObEKTOB, He ObLIO ObI ['AJIAKTHK 1 3BE3IHBIX CUCTEM, COIEPXKAIIMX TUIAHETHI U UX
CITyTHHUKH, He ObLJIO OBl CEBEPHOTO CHSIHUS M MOJIHHM, JINHEHHBIX U IAPOBBIX, CHHUX CTPYH, CIIpaii-
TOB 1 3J1b(POB, HE ObLIO Obl CTAOMJIBHBIX sIIep XMMUYECKUX JIEMEHTOB M JIEKTPOHOB, HE ObUIO ObI
aTOMHO-MOJIEKYJISIPHOTO BEIIECTBA U T. 1.

I'paBuTanuonHbIil 3pup —31a camas cnadas u camasi pacripocTpanéHHas popma MmpocTpaH-
CTBA-TIOJISl MAaTepyUd, HO M B TO e BpeMsl caMasi MpOHMKaoIas. B 60mbmx MakpooObEMax Haj
VCTOYHMKAMM 3TH I0J1s1 ITPOSIBJISIOT BCE U3BECTHBIE CBOMCTBA TPEXMEPHOTO IJIOCKOTO TPOCTPAHCTBA.

I'paBUTaIIIOHHBIE aHOMAJINH.

N3mepenust craumMoHapHBIX I'paBUTAMOHHBIX aHOMamuii ([TA) — 310 oTMuus OT cpegHen
BEJIMYMHBI YCKOPEHUs1 CBOOOTHOTO NafeHus. OJJHaKo, KaK MOKa3bIBAaeT MPAKTHUECKHIA OITBIT, CYIIle-
CTBYIOT €IlIE U UMIYJIbCHbIE OTPHLIATENIbHBIE BHIOPOCHI SHEPTUM TPABUTAIIMOHHBIX TMOJIEH B HEOOIb-
KX IO MPOTSKEHHOCTU 00J1aCTsAX Ha MOBEPXHOCTUA 3€MJIM, B OCHOBHOM BOJIM3H Pa3IOMOB.

Takue n3mMepeHust, mMpoBoAMBIIMECS ernle B 50-X rofax npoIwioro Beka, moKas3ajiu, YTo BOII3H
OOJBIIIUX TOP OTCYTCTBYIOT MOJIOKUTENbHBIE ['A, a B OKeaHax, rjie c1eioBajio Obl OKUIATh KPYITHBIX
orputiatesibHbiX ['A (Beib MJIOTHOCTD BOJIBI, 3aIOJTHSIONIEN BIIAJAMHBI OKEAHOB, B 2,5— 3 pa3a Huxke
TUIOTHOCTU TOPHBIX TMOPOI, 3AJIETAlONINX HAa TAKOM K€ YpOBHE Ha MaTepUKax) HAYEro MojoOHOro
He HaOJTIoIaeTcsl.

B Hacrosiiiee Bpemsi Moy4eHbl MHOTOUMC/IEHHBIE M yTOUHsomuecs: Kaptsl (dporo 4.8, 4,9)
IPaBUTALIMOHHBIX T0JIed 3eMJIM, Ha KOTOPOM Kak Ha PEHTTEHOBCKOM CHUMKE BU/IHbl T€HU OTPH-
[aTeJbHbIX aHOMAJIUI, 00yCIIOBIEHHbIE HANOO0JIee CHIIbHBIM TIOTJIOIIEHHEM TIOTOKOB 3€peH-TPaB-
MOTEHIMATIOB MJIOTHBIM BELIECTBOM B MaHTHH, pesibebbl TOp U3 0OBIYHOrO BellecTBa M pas-
JIOMBI (ITyCTOTbI) B MAHTHH U KOpe 3eMJIU ITPU IPOCBEUMBAHUY UX LIEHTPAJIbHBIM I10JIEM aKTUBHOTO
snpa 3emun. HanOosnpinme oTpuiiatesibHble CTAIOHAPHBIE I'PAaBUTAIIMOHHBIE AHOMATUH OOHAPYKEHbI
B MHauiickom okeaHe u Ha Bocrounom moGepexbe Kanamel. Hapsiny ¢ Takumu crarpioHapHbBIMU
AHOMAJISIMU UMeeTCsl OECUMCIIEHHOE MHOKECTBO MEPUOAMIECKUX KOPOTKHUX BHIOPOCOB M MEJIEHHO
MEHSIIOIIUXCSI AHOMAITHI®?, CBUICTELCTBYIONIMX O HEITPEPHIBHOM Tiepepacipe/ie/ieHU U Me/IJIEHHbIX
(ba3oBBIX MpeBpalIeHUsAX Macc MPU UX JBUKEHWU OT MAHTHU K KOpe. AHAJIOTMYHBbIE TEHU OTPUILIA-
TEJIbHBIX aHOMAJIMK OT IIEHTPAJBHOTO TPABUTAIMIOHHOTO NOJIsA 3eMiii OOHapyKeHbl M Ha 0OpaTHOM
cTopoHe JIyHBI.

VICTOYHUKY TpaBUTAIIMOHHOTO TOJIsT OBIBAIOT CIIEIYIOIINE:

62 Anomamu B Canta-Kpys, Kamaopuns n Ha 6epery osepa CananTuna, BOM3u ropona Yapara, ApreHTuHa, Tie Kelalolme
TYPHUCTBI UCTIBITBIBAIOT Ha cee JIeficTBUE NEpUOANYECcKol (pa3 B HEJeN0) U MTHOBEHHO BO3HMKILEH HEBECOMOCTH — IO0paChIBAET
Ha BBICOTY JJO TPEX METPOB KBEPXY.
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— neHTtpaibHble, sapa YCT U3 MIOTHOTO sSEPHOTO BEIIECTBA, TUMA HEHTPOHA, 3TO KBa3aphl
Y TYJIbCAPbl, ICTOYHUKN AKTHBHOTO IEHTPAJBLHOrO MOJISI TATOTEHHsI HMEIOT 3HAK IO TUTIOC
Y M3ITYYaloT B 47T IOTOK 3€PEH-MOTEHIMAIOB TAKOTO K€ 3HaKa,

— paccesiHHBIE B (hOpMe KJIACTEPOB S1IePHO-aTOMHO-MOJIEKY/ISIPHOTO BEIlleCcTBa, 00pasyolye
HHEPTHO MACCHUBHYK MacCy U3 aTOMOB MMEIOT 3HAK MUHYC, BCTPEYAIOTCsI B BU/IE Ta30BBIX TyMaH-
HOCTEH, acTepOu/IOB, KOMET, METeOpUTOB ¥ JIyHbI, B3aMMOJECUCTBUSI MYTEM TOIJIOMIEHNSI TOTOKOB
MOTEHIMAIOB CO 3HAKOM ILTIOC WM MHTepMEpeHIrs MPOTUBOIONOKHBIX 1O 3HAKY MOTEHIMAJIOB
B 30HE XOJIOQHON 0€3MacCOBOM ILIA3MBI,

— HapaOoTaHHbIe pacniagom cooctBeHHoro siapa YCT, kopa M MaHTHS, «KUAKOE» SO Iia-
HETHl 00pa3yloT NACCHBHYI) MaccCy, HaXOASIIYIOCS B TOJie elié aKTUBHOIO sApa IJIAHETHl, UMEIOT
COOCTBEHHOE T0JIe CO 3HAKOM MHHYC — IOTJIOIIEHUE WK MHTep(EPEHIHs] TOTOKOB MTPOTUBOIIONOXK-
HBIX TIOTEHIIMAJIOB, UTO POXJAET € MPUTSKEHHUE,

— UCTOYHUKH MacChl CMEIIAHHOTO TUTIA — 9TO 3BE3/Ib M T€OJIOTMYECKH AKTHBHBIE TIIAHETHI.

— HE3HAUYMTEJIbHBIE 110 BEIMYMHE JOTIOTHUTEIIbHbIE TPABUTAIIIOHHBIE 3apsi/ibl, UHAYKTHPOBAH-
HbIEe BpaIlleHHEM U KECTKO CBSI3aHHBIE C BPAIAIOIIMMCS SPOM 3BE3]] U TUIAHET.

[Nonst, cCOOTBETCTBYIOIIME STUM MAKPOUCTOUHUKAM — 3TO PA3IMYHBIE OIS TATOTEHUS C pas-
HBIMH® 110 3HAKY ¥ 1O M3JTyYaloliel CioCOOHOCTH OTEHIIUAIIOB.

Campbiil ocTpblii BOIPOC COBPEMEHHOCTH — CYIIECTBYIOT JIH AHTUTPABUTAIIOHHbIE
noJst?

C nosunmii CAIl takue mons JomkHa co3gaBaTh aHTUMarepusi. OHAKO MOUCKU TaKOBOM
BO Bcell BeesleHHON He IpUBENH K TMOJIOKUTEIBHOMY pe3yabTary. Takyio MaTeprio, Kak MarHUTHBIH
MoOHoOMOJb [lnpaka u 3¢pup, Toke UILYT YKE MHOTO AECATUIETUN.

C no3unuii peajbHOro0 MpeCTABJEHUsI, KaK U B Cllydae ¢ MArHUTHBIM MOHOIOJIEM, HE00-
XOAIMMO TIPOCTO PEaIbHO YTOYHUTh MCKOMBbIE CBOWCTBA 3TUX MoJed. [ paBUTAIIMOHHBIE MOJIST aCT-
podusnIecKkux OOBEKTOB — MHOTOKOMITOHEHTHbI. OJJHa M3 OCHOBHBIX KOMIIOHEHT — LIEHTpajbHa
U MMEEeT MOJIOKUTENIbHBIN 3apsj, uctoyHuk Kotoporl YCT, u cpopmupoBaHa JBUKEHUEM BHYTpU
HEro OT I[€HTPA KBAHTOB IO BOJHOBOIAM C LIEHTPOCTPEMHUTENIBHBIM YCKOPEHHUEM TIO OKPY:KHO-

CTAM YBCJIMYUBAIOMICIOCA paAruyCa K MOBEPXHOCTHU paguyCOM IO 108 cM. ITonsa maccMBHOM Macchl
AACPHO-aTOMHO-MOJICKYJIAPHOI'O BEIIECTBA CO3AAI0TCA OﬁpaTHblM JABUKEHUEM MArHUTHBIX MOHO-

MoJied B 3aMKHYTBIX 00BEMAX K IIEHTPY CO CPEJHUM pa3MepOM JI0 10~ cm. B Haweii Beenennoii
HE BCTpeYaeTcsi Makposiaep KOCMUYECKMX OOBEKTOB Jake C pa3MepoM Oojiee OIHOTO CAHTHMETpA,
B KOTOPBIX TaKOE BpaIllaTe/IbHOE ABMKEHHE YacTHII® B HUX HANpapjieHo K HeHTpY. OHaKo B OT/IU-
Yre OT MPUPOAbl TEXHNYECKOe BOIUIONIEHHE TAKOTO 3€PKAJbHOI0 JABHKEHUsI BO3MOKHO — 3TO
SIBJICHUE Ha3bIBACTCS HMEHTPAJbHON WIM aKCHAILHO-CTPYHHOM CBEpXTeKydell mmiuio3muei. Tak,
HarpuMep, peasin3alys Takoro ABUKEHHS B «peryibcuHe» B. [llayOeprepa, B anmaparax ®. CBura,
Jl. Cepna u B xoHBeprepe B. Pomuna, C. ['oquHa, 0qHO3HAYHO yKa3biBaeT Ha BO3MOXHOCTb TeX-
HHYeCKOH MHAYKIHMH COOCTBEHHOTO I'PAaBUTAIIMOHHOTO MOHOMOJISI CO 3HAYEHHEM €ro BEeJTMYMHBI
COM3MEPUMON € BPALIAIOIIENCS MacCOM CUCTEMBI, HAIIPABJIEHUEM BEKTOpa KOTOPOTO MOXKHO YIIPaB-
JISATh TYTEM BpAIlEHUs] MArHUTHOTO KJlacTepa M0 YacOBOW WIJIM MPOTHB YacoBOW CTpenku. B mpu-
porie ke CYIIECTBYIOT JIMIIb MHIYKTUPOBAHHbIE IPABUTAIIMOHHbIE 3apsiibl 00OMX 3HAKOB, HATIPUMED,
MIPY CaMOJIBMKEHUH 3ByKa. [IpyrumMu clioBamMu, eCTh peajibHasi BO3MOXKHOCTb PEIIeHHsT 3TOH 3a1aunt
C TIOMOIIIBI0 TEXHHYECKUX CPeACTB M Ha OCHOBE JEHCTBYIOIIMX 3aKOHOB B NpUpoze Haiei Bee-
JIEHHOM.

63 J'IyHa, KaK UCTOYHUK IPEUMYHIECTBEHHO TOJILKO I/IHepTHOfI aTOMHO-MOJIeKyJ'IHpHOfI Macchl, HaéT «TE€Hb» HEHTPAJIbHOMY I'DaBHUTa-
HAOHHOMY IIOIIO 3emin Ha e€ HCBHHHMOﬁ CTOPOHE, U 1axKe 0OJIBIIIE ACTEPOUIbI HE CTPEMATCA K B3AUMHOMY ITPUTAKEHUIO I10 3aKOHY
HrloTOHA B M3BECTHOM T0ACE, a paBHOMEPHO PacClpeaCICHbl OTTAJIKUBAHUEM [IPYT OT Apyra Ha HEM.

64 B MUKPOMUPE TAKOE NBUKEHUE PEATUIYETCA IPU 3apAJKE BTOPUYHOI'O MArHUTHOI'O MOHOIIONIA B BUXPOHE q)OTOHa, Ipy 1BU-
JKEHUU MAarHUuTHOI'O MOHOIIONIA B MUKPOBUXPOHE JIEKTPOHA U T. 1.
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1.4. 'umepnpoctpancTtBo BcelsieHHo

I'unepcTpykTypa npocrpancTsa BeeneHHON HOCUT 0OBEMHO-CETUYATHIN M STYEUCTBIN Xapak-
Tep. beckoHeuHO OOMBIIOI, HO KOHEYHBII M HETTPEPHIBHO PACIIUPSIOIINICS «ITy3bIpb» Halei Bce-
JIEHHOM, JaJIeKo HEpaBHOMEPHO 3acelieH 3Be3/1aMH, FaJIAKTUKAMM, CKOIUIEHUSIMU M CBEPXCKOILIe-

HUSIMH TQJIaKTUK B CTEHAX B BUAMMOH €€ YacTh pa3MepoM ~ 10 cm. Vccnenosanust BpallleHu
CIMPAJIbHBIX TAIAKTHUK, a TAKXKe pacIipe/ie/ieHuil CKOPOCTE! raJlakTUK B CKOIICHUSIX U CBEPXCKOILIIe-
HUSIX TIOKA3aJI0, YTO OOJIbIIIasl YacTh MOJTHOM Macchl BeeleHHON HeBHIMMA U OOHAPYKUBACTCS JIUIIh
M0 T'PAaBUTAIMOHHOMY BO3JCUCTBHUIO Ha HaOmomacMbie BHAUMBbIE OOBEKTH. [103TOMYy OCHOBHAS
4acTh IPaBUTAIMOHHOTO MpocTpaHcTBa (95,1%) sBisieTcs HEBUAUMOM, U, CIeA0BaTEIbHO, JOTIOTHU-
TEJILHO He OCBellleHa MotokaMu (potoHoB. U Kak B JII0OOOM pacHIMpsIonieMcs: TPOCTPAHCTBE Ha Tep-
BOE MECTO 10 €r0 CTPYKTYPE BCTAET BOIPOC O MECTOPACTIONIOKEHUH LIEHTPA TaKoU chepbl. Y ke TOUHO
yCTaHOBJIeHO XaOO0JIOBCKOe pacipeHre BeelleHHOM O CKOPOCThIO MTPONOPIMOHAILHON y/IaIeHUI0
pazberatonuxcst ['amaktuk ot Hac. TouHOe ycTaHOBJIeHUE IieHTpa BceneHHOM, a Takke ee aHAIu3
Y U3y4YEHUE ee CTPYKTYpPhI MO3BOJIUT JaTh OTBET Ha BOIPOC O XapaKTepe HalpaBjeHUs SBOIIOINU
MaTepuu B IPOCTPAHCTBE — CUHTE3 MJIM pacraj?

Ecnmu cunrtarh BupmMylo dacth BeeneHHOU Onvkaiineil K [eHTpy, TO [EHTPATbHBIM SIAPOM
9TOTO «ITy3bIPs» JMOJKHA OBITh 00JIACTH, TJie TIOMHOCTHIO OTCYTCTBYeT TEMHAsl aKTUBHAS MaTepus
u s"eprus wm YCT, a ee 1eHTp IOKEeH OBITH OIpesesieH IO MOJTHOMY OTCYTCTBHIO I€HTPAaJib-
HBIX T'PAaBUTAIIMOHHBIX (3Be3[, [‘alakTHK) moJieir. DTO MOTYT OBITh POCCHIITHU Ia30IBUIEBBIX TYMAHHO-
CTell COM3MEpPHMBIX [0 MACCHBHOI Macce OOJBIINM 3BE3HBIM CKOIUIeHUsM. Obnact BUAUMOT
yactu BeeeHHOM, rie npeodiagaer CTpyKTypa B BUe IPYI M CKOIJICHUH TIaKTHK, 00pa3yonux
BHITSIHYThIe «HUTH» (CTeHbI) — (DpUJIaMEHTBhI, CO3JAI0T CBSA3HYIO TPEXMEPHYIO CETKY I'PaBUTAIOH-
HBIX T0JIeW — U3 My3blpeld U UX CTeHOK. [Ipuuém B LeHTpe Imy3bipell (BOM) HaXOASTCS MOIIHbIE
sanpa YCT kBa3zapoB®, KOTOpBIE OTTAJIKUBAIOTCS APYT OT APYra OMHOMMEHHBIMU TOTOKHUTETbHBIMU
TOJISIMU, OTMHAKOBO MPHUTATHBAS K ceOe CKOTIIeHUS U CBEPXCKOIUIeHH S ["aJlakKTHK C MX HapaOOTaHHOM
OTpUIIATEJILHOM MAcCOM BEIIeCcTBa B yKe TOCTAaTOUHOM KoJnuecTBe. B mecrax nepeceuenus: ¢puiia-
MEHTOB PACIIOJIaraloTCsl CBEPXCKOIUICHUSI TaJIAKTUK, K KOTOPBIM Y TIPUTSATUBAIOTCS BHOBH 00pa30-

BaHHBIE CaMble KpyIHble Oosee 10% cm UCT, 00pasys 3Ty SYEHCTO-CeTYaTyI0 KPYIMHOMACIITAOHYIO
cTpykTypy Bcenennoii. Mexny dunameHTaMu HaXOASITCS MyCThle OOACTU-TIPOCTPAHCTBA, B KOTO-
PbIX OTCYTCTBYIOT TJIaKTMKH, HO B MX LIEHTpax M pasMelleHbl 3Tu camble KpynHble YCT, korto-
pble U CO3JAI0T 3TU IyCTOTHI-BOWIbI. Buaumoe npoctpaHcTBo Mexay ['anaktukamu u 3BE3AHBIMU
CKOIUIEHUSIMU — CYTb IUIOCKOE€ IPOCTPAHCTBO, PETrYJIsiPU30BAHHOE AAIbHOAEUCTBYIONIMMU I'pPaBUTA-
LIMOHHBIMU NOJISIMU AKTUBHBIX Macc, AOJTOKUBYIIMMHU, U CAMOJIBUKYIIMMHUCS JIEKTPOMAr HUTHBIMU
TOJISIMY, & TAK)KE PA3PO3HEHHBIMU CKOIUIEHUSIMU Ta30IbUIEBBIX OOJAKOB M TYMaHHOCTEH.

Haubonee ynaneHHsle oT 1eHTpa BeeneHHON BHerajgakTHueckue OObeKThl — KBa3apbl, 00na-
JAIOLIMe MPAKTUYECKH YUCTO LIEHTPAJIbHBIM U BO3pacTaiolmM 1o o0bémy mnonem tsarorenus YCT,
NPUHAUIEKAT K OoJiee MMOBEPXHOCTHBIM ClosiM BeeneHHO 1 0OBsICHAIOT pacuipenne BceneHHon
u pazoeranue ['anaktuk. C MOMEHTa OTKPBITUS KBa3apoB B 1963 roxy nmporiecc 0OHapyKeHUsI HOBBIX
KBa3apoB Ie] 04YeHb ObICTpO U K 1988 romy mx yxke HacumthiBasioch okono 4000, a ceifuac — yxe
6omee 20 000. HaGmoneHus: 3a MeCTONONOXEHUEM OOHAPYKEHHBIX KBa3apOB SIBIISIOTCS BaKHBIM
MCTOYHMKOM MH(OPMALMY O pacipe/ie/IeHUy MaTepuy aKTUBHOM (0HOIIOJISIPHOIT) Macchl Bo Bee-
JIEHHOM.

Onpenenenue paccTOSHUN A0 AAJIEKUX KOCMUYECKUX OOBEKTOB (TaJIAKTUK U KBa3apoB) Mpo-
W3BOJMTCSI B HACTOSIIIIEE BPEeMsl 10 «KPACHOMY» % cMelleHuI0 «Z» WX CIEKTPOB M3Iy4YeHUs. «Z»

65 http://www.youtube.com/watch?v=Gb3aW lodFnA.

66 J]‘O CUX TIOp HET y6e):lI/ITeJ'lI)HOFO 0OBACHEHHS 9TOTO SIBJIEHU A, ITPOUCXOAALIETO C IIEPBUYHBIMA qZ)OTOHaMI/I.
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orpezieNisieTCsl OTHOIIEHUEM BEIMYMHBI «KPACHOTO» CMEIIEHHUs] KaKON-TMO0 CIIEKTPaIbHOW JIMHUN
B CIIEKTpe HaOM0AaeMoro 0ObeKTa K JJIMHE BOJHBI 9TOH JInHUM. KBazapel — caMble aieKkue BUIU-
Mble 00BeKThl BeenenHoit. [1oaToMy OHM SIBJISIIOTCSI IPEBOCXOIHBIM MPEMETOM ISl UCCIIeIOBAHUS
C 1IeJIbI0 TIOITBEPsKACHUS TOM UM MHON Mozienu BeeneHHoid.

Pacnpenenenne kBazapos. VccienoBaHus paciipeesieHrs KBa3apoB B pocTpaHcTBe Bee-
JIEHHOM MMPOBOJMWJIMCH 110 pa3HbIM NapamMeTpaM, B TOM YHUCJIE U 110 BEJIMYMHE «KPACHOTO» CMELICHUS.
HawuOonee nanekue kBazapbl HaOMONAOTCA HA paccTosHUU B 30—35 MWIIMAPAOB CBETOBHIX JIET,
a camMblil faiekuii ¢ Z ~ 9 Ha pacctosiHuu 46 MUJUTUAPIOB CBETOBBIX JieT. [IOTHOCTh KBa3apoB BO3-
pacraet Kk nepudepuu BeceneHHOI.

Pacnpenenenne u popmbl amkenus I'agakruk. ['pynna ranaktik gopmupyer ¢puma-
MEHTHl (OYeHb TOHKHE HWTEBHJIHBIC CTPYKTYpPbI) MPOTSKEHHOCTHIO B «MHUJUTHOHBI CBETOBBIX JIET
U cocTaBJsieT ckeneT BeeneHHoi». PunaMeHThl pacnonokeHbl IPUMEPHO B 6,7 MUILIMAPIOB CBETO-
BBIX JIET OT 3eMJI. [‘alakTUKU, CKOTUIEHU S TAIAKTUK U UX CBEPXCKOILIEHU S, «BCTPOEHHbIE» B (pujia-
MEHTBI, [IOMEILEHbl MEXAY IyCTOTaMH, CO3/1aBasi TEM CaMbIM I'MI'AHTCKYIO «IeHy». OHM KOHLIEHTPH-
PYIOTCS B U30THYTBIX «CTEHKAX» TOJMIIMHOM NOopsiaka 10 MUITMOHOB CBETOBBIX JIET, [IEPECEKAIOIIMXCS
apyr ¢ apyroMm. Hekotopble «CTeHKH» MPOCIIEKUBAIOTCS HA COTHU MUJUIMOHOB CBETOBBIX JIET. Tam,
I7Ie CTEHKU «CMBIKAIOTCS», TAJTAKTUK OCOOSHHO MHOTO (CBEPXCKOIUICHH S ). DTH 00JIACTH MOBBIIICHHON
KOHIIEHTPAIMH IaJlakTUK 00pa3yioT B IPOCTPAHCTBE MOJ00ME ATTMHHBIX BOJIOKOH (11erovek ). BHyTpu
9THUX sTUeeK, MeX/ly CTEHKaMH, TaK)Ke HAXOSATCS MYCTOThI — «BOU/IbI», B KOTOPBIX IJIOTHOCTh raJjlaK-
TUK KaK MUHMMYM B JIECSITh pa3 MEHbIIE, 4YeM B cpeJHeM. HeKoTOpbIM aHAJIOrOM Takoi CTPYKTYPhI
MOJKET CIIy’KUTh MeHA U3 MbUIbHBIX Iy3bIpPeil, B KOTOPOUl CTEHKH ITy3bIpeil U UrpailoT pojib (puia-
MeHTOB. [IpaBna, pacnpeseneHue rajJakTUK BIOJb «CTEHOK» siUeeK, B OTJMUYUE OT pachpeieieHus
MBUILHOTO PAaCTBOpA B IMy3bIPSIX, OUEHb HEOJHOPOJHO, /1a U CaMH STYEHKU He 00IaIaloT MPaBUIILHO-
cThI0 (hopM. Pazmepbl OOMBINX sTUeeK COCTABIISIOT O0Jiee COTEH MUJIJTMOHOB CBETOBBIX JIET, HO MHOTO
u Oojee MeNKHX.

Bimkailias Kk HaMm «CTeHKa» MPOXOOUT JUIMHHOM IYroil uepe3 I0:KHble co3Be3qust [uapbl —
IenraBpa — Teneckona — IlaBmmHa — MHpaeiia. OOpa3yonye ee ralakTUKA UMEIOT JTy4eBble CKO-
POCTH B HECKOJILKO TBICSY KM/C, ¥ OOJBIIMHCTBO M3 HUX YJaJeHO OT Hac He MeHee ueMm Ha 20—
30 MMJUITMOHOB CBETOBBIX JieT. K 3TON «CTeHKe» MpUHAIeKUT 1 cKoruteHus B JleBe, u Bce Mecr-
Hoe CBepxcKoIUleHue, Ha nepudepun kotoporo pacnonaraercss MecrHas ['pynna rajakTvk, BKIIO-
vatomas B ce0s Hamty [anakTuky. B cKoIleHuM rajiakTMK B co3Be3auu JIeBbl mpeoOaafaoT JUTUI-
THUYECKHe 3Be3[Hble crcTeMbl. Cpeny MOCIeAHUX BCTPEUAlOTCSl M CBEPXTMIAHTCKME 0Opa3OBaHMUs,
TakMe, Kak raakTuka M87. 16 rajakTUK 3TOro CKOIUIEHUA BOLUIM B KaTajior Mecoe. CKOIUIEHUA
B JleBe, B KOTOPOM HaCUMTBHIBAIOT OKOJIO 2,5 ThICAY IAJIAKTUK, U SIBJISETCS LIEHTPOM OJHOMMEHHOTO
CBEPXCKOIUIEHUS TJIaKTUK. B HEro BXoAsAT Takxke, HalpuMep, CKOIUIEHUs B co3Be3ausix Bospioi
Mensenuip 1 T'onunx Ilcos. o ckorienuii lesbl u Bosnbioin Menseauiibl MPUMEPHO OIMHAKO-
BO€ paccrostHue — okosio 20 mera napcek. ITocKonbKy Mbl HAXOOUMCSI BOJIM3U Kpast TOW «CTEHKU»,
COCTaBJISIIONINE €€ TaJJAKTUKK 00pa3yloT Ha HeOe CPaBHUTENBHO Y3KYIO TMOJIOCY, PACTSHYBIIYIOCS
6onee yem Ha 180, HaromoOue Toro, Kak 3Be3/bl [ alakKTUKK KOHIIEHTPUPYIOTCS B 1010cy MiteuHOro
[Tytr. OTaenbHBIX 3Be3]] B TAIAKTUKAX BO MHOTO pa3 OoJIbIlie, YeM OTIEIbHBIX TAIAKTUK B CTEHKAX
SIYeeK.

K npyroit iyimHHOM «CTeHKe», MHOTJa Ha3biBaeMoit «Bennkas creHa»®’, koTopasi pOTsHYJIach
TIOJIOCOM TIOUTH Ha 1OJT HeOa, IPUHAJIIEKUT O0raToe XOpoIlio U3yueHHoe cKoruienre B Bonocax Bepo-
HUKH, Haxofisieecs: Ha paccTosiHuu oyt 300 MIWIJTMOHOB CBETOBBIX JIET OT HAC, B LIEHTPE PYroi
ceepxrajaktuku. CkoruieHne B Bonocax Beponuku — sBnsiercs nieHTpoMm «Benukoii crens». Kak
U Apyrue 6orarble CKOIIIEHH I, OHO COIEPXKUT MHOTO JUTUIITUYECKUX TAIAKTUK. M3yueHue ero quHa-

67 «Benukas cTena» Haxomutes B 200 MUJUTMOHAX CBETOBBIX JIET W HMEET pa3mep okos10 500 MUJIJIMOHOB CBETOBBIX JIET, & TOJIIMHY
BCEro 15 MUJIJIMOHOB CBETOBBIX JIET.
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MHKH BIEPBbIE YKA3aJI0 HAa HAJIMYME OOJBIIOro KOJMYecTBa HEBUAMMON Marepuu. Macca ckoruie-

Hust — okono 10" macc COJIHIIA.

OnHO M3 KPYMHBIX CBEPXCKOIUIEHHI TJIAKTUK, 0OPa30BAaHHOE HECKOJBKMMH CKOTUICHUSIMH,
ylaJeHHOe OT Hac NMpuMepHO Ha 200 MWIJIMOHOB CBETOBBIX JIET, MONY4YMJIO Ha3zBaHWe «Bemukuii
AtTpakTop». BeeneHHylo MOXHO CUMTAaTh OIHOPOAHOM TOJBKO, HAYMHASL C MaciiTada B HECKOJIBKO
COTEH MUJUIMOHOB CBETOBBIX JieT. Cpepa Takoro mim OoJIbIIero pasmepa OyaeT coaepkarb IPUMEpPHO
O/IMHAKOBOE KOJIMYECTBO TaJIAKTUK, CKOIUIEHUI IaJlakKTUK UM «BOWHOB», a Ha 0oJiee MEJKUX Mac-
mradax pacrpeiesieHre rajlakTHK HeJIb3sl CUMTaTh OHOPOAHBIM JaXe MPUOIM3UTEBHO.

Pa3mMeps! cBEpXCKOIUIEHUI JOCTUraloT COTEH MUJIJTMOHOB CBETOBBIX JIET. Beero jxe cBepxckorl-
JIEHUH BBISIBJIEHO OKOJIO MOJTYCOTHHU. B Kaxaoe B cpejHeM BXOIUT 0KoJ1o 10 CKOIJIeHHA, XOTs ObIBAIOT
Y 3HAYMUTEJNIbHbIE OTKJIOHEHHS B OOJIBIIYIO ¥ MEHBIIYI0 CTOPOHbL. CBEPXCKOIUIEHUS TAJIAKTUK SBJIS-
I0TCSl CAMbIMU OOJIBIIIMMU M3 U3BECTHBIX CTPYKTYP, LIEJIOCTHOCTh KOTOPBIX 00€CIIeUurBaETCsl IPaBU-
tauueil. Bo Beeil Bunumoit BeesleHHO# CBEpXCKOIJIEHUS paciipeie/ieHbl pABHOMEPHO.

ITpakTruecku Bce CTEHBI COllepKaT B CBOEM LIEHTpe Ooratoe CKOIUIEHHE TalakThK. B «Omus-
Ko» BcesleHHOM HaxoouTcs BCEro TpU TakMx cKoruieHus1 — B Bonocax Beponuku, Ilepcee u ACO
3627, KOTOpOoe IKpaHUPYIOT oOsaka nblii B MiteuHom [lyTu.

[0 Bpems, COBEpILIEHCTBOBAIMCH TEXHOIOIMH, O1aroapst KOTOPHIM MOSIBUJIMCh HOBbIE BO3-
MOXHOCTH Jij1s1 HaOmonenus1. Ha 3ape 21 cronerus B 2003 romgy, aCTpOHOMBI 3asIBHUTH 00 OTKPBITUM
Benukoit crensl ClioyHa, KOTOpasi paclojio;keHa Ha paccTOssHUM Oojiee OIHOro MWJIIMapa CBETO-
BBIX JIET OT Hac, a B JJIMHY npoctupaerca Ha 1,37 mupa ceerosbix JieT. B 2013 rony e€ norecHuia
B nepBoil crpouke Bemmkas crena 'epkysec-CeBepHasi KOpOHaA, CTPyKTypa OOHapyXeHHasl IyTeMm
KapTUPOBaHUSA TaMMa-BCIUIECKOB ¢ Bo3pacToM 10 MWIIMapIoB JIET, M 3TO 3HAYUT, YTO CTPYKTypa
yXKe CyIlecTBOBaJIa MEHblle, yeM uepe3 4 miipp Jiet nocie bosnbinoro B3peiBa. JJaHHbBIE CTPYKTYpBI,
IIPOTMBOPEYAT TEOPUH, HA3bIBAEMOW KOCMOJIOTMYECKAM IPUHIMIIOM. JTOT MPUHLUI TOBOPUT HAM
O TOM, YTO Bcsl BeeneHHast MpuOMM3UTENIBHO OHOPOAHAS U CIyYailHOEe OTKJIOHEHME, KaK B CTPYK-
Type, TaK U B Macce MaTepull MEeXAy Pa3IMnIHbIMU OObeKTaMU BcesleHHOM, HOKHBI ObITh OUeHb
HE3HAYUTENIbHBIMU. Benvkas cteHa B 8 pa3, IpeBbIIIAoIas 3TOT IPEENT, CTABUT IOl COMHEHHE BECH
KOCMOJIOTMUECKHUI TTPUHLIUIT ¥ 3TO OTKPHITHE OBUIO HACTOIBKO OOJIBIIIMM YTO OHO, TIO0 CYTH, BOOOIIIE
He JIOJKHO CYILECTBOBaThb, O0JIee TOro CTPYKTYPa HaXOAUTCA Ha pacCcTOsIHUU 10 MJIp/ CBETOBBIX JIET.
To ecTb Mbl BUIUM CTPYKTYpY Takod Kakoil oHa Oblia 10 MuIMapoB JIeT Ha3aj, a 9TO O3HA4YaeT
YTO OHa C(POPMUPOBAJIACH CITYCTs BCETO 3,8 MJIPA JIET Iocie bombiioro B3peiBa. Takoi MpoOMeEKyTOK
BpPEMEHH CIIMIIKOM MaJl [Jis 00pa30BaHMsI STOW TMIAHTCKOM CTEeHBI, ATMHOM 10 MJIp]] CBETOBBIX JIET.

Bce 'aakTHKM HAXOAATCA B COCTOSIHUM MOCTYATEIbHO-BPAILATeIbHOTO IBUKEHU S, ITPU 3TOM
NIepBOIPUYMHA BbIHYKJIEHHOIO MOCTYNATEILHOIO BPAIEHNs 3aK/II0UeHA B MEXaHW3Me BpallleHUs —
9TO Takasl e TailHa, Kak M BpallleHUe BceX 3BE3/1 M aKTUBHBIX IUIaHeT. Jpyras TaiiHa 3akjioyaercs
B TOM, UTO pH XaOOIOBCKOM pacIiMpeHny BeeneHHO MPOUCXOANUT MPaKTUUECKH Oe3bIHEPLIMOHHOE
pasz0eranue ['alakTUK cO CKOPOCTSIMH NPONOPLUMOHATBHBIMU YJAJIEHUIO OT HAC, HAYMHAsA C KakJI0ro

MOCJIeTYIOIIEero I1ara B 10%cm Ha 30 km/cek. B s1oM 1 KPOETCsI OTBET, KaK Ha MEPBOIPUYUHY Bpa-
IIEHUs1, TAK U HA MEXaHU3M IPOU3BOJICTBA HOBOT'O IPOCTPAHCTBA B pacluupsitoleiics BeeneHHo.

Muip 3Be3[1 1 rajlakTHK BOOOIIIe He CMOT Obl BOBHHKHYTD U BeenenHast octanach Obl 6eCCTpyK-
TYPHOI1, eciii Obl TPABUTAIIMIOHHOE T10JIe OOBIYHOTO AaTOMHO-MOJIEKYJISIPHOTO BELIeCTBa 3BE3 U I1a-
HET He MPOosIBJIIO0 Obl ceOsl B BUIe (prytaMeHT Ha (hOHE TEMHOM SHEPIUM LIEHTPAJIbHBIX MOJIEH TATO-
TEHUsI KBa3apoB, a TaKke BHAMMOM CBETSAIIENCS MAaCChl BOKPYT sIIEp 3BE3/1 U IIaHET.

HemnpepbiBHOE pacivpeHue BHENTHEH MOBEPXHOCTH BceneHHOW 00yC/IOBIEHO BbINAICHUEM
YCT u3 ee «atMocdepbi», T. €. U3 00JIaCTH, IJie KOHYAIOTCS IPAaHUIIBI TPABUTAIIMOHHBIX TOJIel. YBe-
JIMYEHHE BHEIIIHEN OBEPXHOCTU BcesleHHOM MPOMCXOIUT 3a CUET Pa3IBUTaHM s IPaHULL ¢ aMOP(PHBIM
CHUHTYJISIPHBIM IIPOCTPAHCTBOM, KOTOPOE PEryJ/IsipU3MpyeTCsl IPaBUTALIMOHHBIM I10JIEM BHOBb 00pa3o-
BaHHOU TéMHOI YCT ¢ aKTHUBHBIM MOJOKUTEJbHBIM [10J€M IPAaBUTALMH .
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Takum 00pa3zoM, CTPYKTYpy T'MIIEpPIPOCTpaHCTBA BeeneHHOM MOKHO MPEICTABUTh CIIEAYIOIIM
oOpazom:

— Pasmepbl campIX OONBIIUX CTPYKTYp BO BceleHHONM — CBEPXCKOIUIEHHIl raJjak-
TUK®® U THTAHTCKUX «BOWI0B» — JIOCTUTAIOT JIECATKOB MeranapcekoB. Obmactu BeeneHHOM pas-
Mepom 100 Mk u Gosiee BBITISAAT BCe OAMHAKOBO, TIPU STOM BBIJISIEHHBIX HarpapiieHuid Bo Bcee-
JICHHOU HET.

— IIpocTpancTBeHHas KpyBU3HA BceneHHOM eciiv U OT/IMYHA OT HyJIsl, TO OYeHb Maia.

— Ha Gonbimx paccTOSIHUSIX PErUCTPUPYIOTCS TOJNBKO SIPKUE OOBEKThI, & CAMBIMHU SIPKUMU
MOCTOSTHHO PAMOM3TyYaoMMU 00beKTaMH BO BceleHHOM SBISAIOTCS KBa3aphbl.

B mesiom Hama BceneHHass — 3TO «ITy3biph» Pa3/yBalollerocss He B3PBIBHLIM 00pa3oM
M0 BHEIIIHEN MOBEPXHOCTH BEII€CTBEHHO STYENCTOr0 I'PaBUTALIMOHHOTO MPOCTPAHCTBA, 34 CUET
yBenmuuBatoiierocs yncia YCT u Bo3pacraromero oobEMa noss-lmpocTpaHcTBa BOKpyr Hux. Cpag-
HUTh TOT IMPOIECC MOXHO C TPOIECCOM MEeHOOOPa30BaHMS MPH BHEITHEM B30OMBAHWU MBLIHHOW
TICHBI.

Buaumas yacts pasmepom Oosiee 10% em ot LIEHTPA 3aIl0JIHEHA FAJIAKTUKAMU, CKOTIJIEHUSAMU
Y CBEPXCKOIUIEHUSIMU TaJIAKTUK, 0Opa3yIoIIuX TPEXMEPHOE SUEHCTO-CeTYaToe JallbHOACHCTBYIOILEe
I'PaBUTALIMOHHOE MOJIE U IIJIOCKOE ITPOCTPAHCTBO BeesieHHoi, HepaBHOMEPHO peryisipu30BaHHOE I'pa-
BUTALIMOHHBIMM, JIEKTPOMAarHUTHBIMU NOJISIMU U Ta30IbUIEBBIMU OOakaMu. B 3Toil yactu npomns-
BOJCTBO IIPOCTPAHCTBA 3aKOHYEHO, a MAaCCa MOCTOSIHHA.

IIpomerkyTOUHAsT YacTh BHEIIHETO c(hepriIecKoro rureppocTpaHcTBa 0Opa3oBaHa pacraja-
formumucs YCT Ha pa3HBIX 3Tanax 3BOONUH C 00pa30BaHUEM CBETSIIMXCS 00JT1aKoB * cOpoIeHHOM
IUIa3MBbl TIPH B3PbIBAX HOBBIX M CBEPXHOBBIX, UMITYJIbCHBIM U3JIyYEHUEM IyJIbCAPOB, HEUTPOHHBIX
3BE3] U T. JI., @ TAK)KE TOYEYHO HEBHAMMYIO YacTh, pa3MELIEHHYIO B 3TOI IIPOMEKYTOUHOI 1 0Opa-
3ylollel KpyIMHOMAcIITaOHyIo U ell€ yacTuyHO BuAUMOil yactu Beenennoit. YCT, mynbcapsl, KBa-
3apbl, HEUTPOHHBIE 3BE3/IbI, IBETHBIE 1 O€JIble KAPJIMKHU, C OJTHOM CTOPOHBI, KaK 00J1a/1a01IHe TTOJIOKU-
TEJIbHBIM T'PABUTALIMOHHBIM 3apsI/IOM, a TAK)KE OTJEJIbHbIE 3BE3/Ibl, FAJIAKTUKY U UX CBEPXCKOIUICHHUS,
C IPYroi CTOPOHBI, KaKk oOnagaomnye BJ0OABOK ellé M OTPUIATEIbHBIM I'PAaBUTAIIMOHHBIM 3apsi/IoM,
(bopMUpYIOT BelIECTBEHHOE NMPOCTPAHCTBO Hallleil BeeneHHOW B BUJlE IYEUCTO-TOUYEYHOM I'paBUTA-
LIMOHHOM MEHbI U MIEPEMEHHON MAaCChl.

HeBuaumast moBepXHOCTHAsI 4aCcTh IPOCTPaHCTBA BeeneHHoi cyIecTBeHHO OobIIIe 1Mo 00b-
eMy MPEBOCXOOUT MPOMEKYTOUYHYI0 U BHYTPEHHIOI BHIMMYIO. JTa 00JaCTh pery/spu30BaHa
OTHOCUTEJIBHO PAaBHOMEPHBIM pacIpe/ie/IeHUEM KBa3apoB U MYJIbCApOB U OMNpeessercs, B OCHOB-
HOM, TOJIbKO I'PaBUTALIMOHHBIMU, MarHUTHBIMM U 3eKTpuueckuMu noissMu ux YCT, a takxke ux
HEBUAUMBIMU JIEKTPOMArHUTHBIMHU MOJISIMU (POTOHOB B PEHTTEHOBCKOM U pajinojinana3oHax. B atoii
yactu BeeneHHo#, B cBsA3u ¢ HenpepbiBHBIM nepemenieHreM YCT, BcieacTBUe NOCTOSHHO pacTy-
I[eH Macchl ¥ NajIeHUeM K LEHTPY ACCUBHOM MACChI, X Pa3HOM SBOJIIOLIMEH, TPOMCXOAUT POU3BO/I-
CTBO JIOTIOJIHUTEJIBHOIO TPABUTALIMOHHOTO MPOCTPAHCTBA — paclvpeHue BeesneHHOM U yBennveHue
e€ macchl. B 1iesioM 3Ty yacte npocrpaHcTBa BeeneHHol Oonee HarsaIHO ONUCaTh KPUCTAIIMYECKON
PELIETKON TBEPAOTO Tesa, Yy KOTOPOM B y3/1aX pa3MelleHbl MONOKUTEIbHbIE 3apsiibl, OKPYKEHHBIE
OTpULATEIbHBIMU. TOJIBKO y PEIIETKH TBEPAOTO TeJla MOJIOKUTEIbHbIE 3aps/ibl (JEKTPUIYECKHUE) CTa-
OWJIBbHBI 10 3HAUEHMUIO, a Y KBAa3apOB U IyJIbCAPOB TOT 3apsA] (Macca) NepeMeHHbI, YTO ¥ IPUBOIUT
K 9BOJIIOLIMY U IBUXKEHUIO BO BeeeHHOi.

Oru6aromniasi NOBepXHOCTh I'PAHMI] I'PABUTAIIMOHHBIX MOJIEW — 9TO BHELTHSISI TIOBEPXHOCTh
Bcenennoii. Ha 3To# rpanmiie mpoucxoauT Hanbosiee MHTEHCUBHOE TIPOU3BOJICTBO TOMOJTHUTEIBHBIX
I'PaBUTALMOHHBIX MPOCTpaHCTB 3a cYET HOBbIX UYCT, mocTynaoimux u3 HeBemeCTBEHHOIro Ipo-
crpancTBa. Macca — mepeMeHHa. 3arteM criefyeT nepexonHasi oonacts — arMocdepa BceeneHHoN.

%8 Mspecrno Gosiee 20.

% o Ty KpaGoBHUIHON TYMaHHOCTH, B LIGHTPE KOTOPON HAXOMUTCS MyJIbcap.
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B armocdepe npoucxoaut mpou3BOACTBO TOJBKO TPEKOBBIX BOJIHOBOJOB 3JE€KTPOMATrHUTHBIX
JIMHENHBIX MPOCTPAHCTB (POTOHOB BCETO YACTOTHOTO CIIEKTPA.

Okpyskaroriee MpoCTPaHCTBO BOKPYT U CHapyxku atmocgepsl BeeneHHol — cyTh amopdgHoe
CUHTYJISIPHOE TIPOCTPAHCTBO, JIUIIEHHOE KAKOW-TMOO OPUEHTALMHM M PEeryjsipu3aliiy, BCIeICTBHE
OTCYTCTBHSI B HEM JIIOOBIX BU/IOB MAaTE€PUH, U KOTOPOE MPOHU3AHO TOJIBKO TpeKamu (pOTOHOB, 0Opa-
sytorux YCT.

Tam Kynma He JocTuraioT gaxke noreHiuanbl-3épHa ot noiern YCT, tam 1mapcTByeT HeBele-
CTBEHHOE [IPOCTPAHCTBO, TyAA U3peIKa 3aJIETAI0T Jake (POTOHBI.

[NonBoas UTOrM MexaHU3MaM OOpa30BaHMSI TOTO WJIM MHOTO MIPOCTPAHCTBA, BO3PACTa KU3HU
U NIepeHOca MaTepuy B HEM, MOXKHO C YBEPEHHOCTBbIO KOHCTaTMpPOBaTh. BO-NepBbIX, BCE BBILIEH3-
JIO;KEHHBIE MTPOCTPAHCTBA-TI0J1S (OT BHYTPUAAEPHBIX J0 BHEIIHUX IPABUTALMOHHBIX) OYEHb CHUJIBHO
OTJIMYAIOTCS APYr OT Jpyra MO IUIOTHOCTH JMHAMUYECKOIO 3aceseHusl 3€pHAMU-IOTEHIMAIAMHU,
a TaK)Ke MX KayecTBa — 3TO EKTPUYECKHUE, MarHUTHBIE, TPABUTALIMOHHBIE M JIEKTPOMAarHUTHbIE
HuTteBble Tpeku U cepbl YCT. Bo-BTOpPBIX, IEPEHOC MaTepUH B AEPHBIX CHEPUUECKUX MUK POIIPO-
CTPaHCTBaX MPOUCXOIUT MOYTH O€3 paccesiHus, T. €. B COCTOSIHUU CBEPXTEKYUECTH, UTO U OMpeessieT
BO3PACT MMPOTOHA U APYTUX sIJIEp AaTOMOB XUMHUYECKHX JIEMEHTOB OECKOHEUHBIM CPOKOM KHU3HHU Mar-
HUTHOTO MOHOMOJIs1, HarpuMep, potoHa. B-TpeTsrx, oopa3oBaBimmecs neppuynbie YCT B ycioBusix
aMOp(¢HOIo MPOCTPAHCTBA (HOJb MPOTSKEHHOCTH, HOJIb MAaTEPUM) HAUMHAIOT paclialaTbCsl B CBOEM
COOCTBEHHOM I'PaBUTAIIMOHHOM TPOCTPAHCTBE, UMes 10 OTHOIICHUIO K MOCIeHeEMY OoJiee BHICOKHIA
noTeHuuMas sHepruu. U, HakoHew, nociegHee, pa3lyBaHue «Iy3blps» BeeleHHOM MPOUMCXOIuT 3a CYeT
peryispusali aMmopgHOro nNpocTpaHCTBa, T. €. HATIOJIHEHWE €r0 HOBBIMU HENIPEPbIBHO pacInpsi-
IOLIMMUCS TYEUCTO IPAaBUTALMOHHBIMU IOJISAIMU-TIPOCTPAHCTBAMH C MOHOIIOJBHO TATOTEIOUIUM LIEH-

TpoM BOKpPYr Kaxjoro u3 uyucia nagawommx YCT. Bece YCT u3 nmanasona 10% = 10% cm umeror
OIMHAKOBBIM MO 3HAKy IPaBUTALMOHHBIN 3aps]], a HapaOOTaHHAS UMM JIOYEpPHss sIepHO-aTOMHO-
MOJIEKYJIsIpHAsi Macca — MpOoTUBONONOXHBIM. [ToaTromy camble kpyrHble YCT B MecTax cBepXCKOILIe-
HUH TJIaKTUK CO3JAI0T U3-32 B3AUMHOTO OTTAJIKUBAHUS STYEUCTYIO CTPYKTYPY CO CTEHKAMU, MPUTSI-
TUBAsICh K O0OIIel aTOMHO-MOJIEKYJISIPHOIM Macce 3THX CBEPXCKOIICHHI ¢ 00pa30BaHUEM I'DaBUTAIIH-
oHHOM ceTku. Tak popmupyercs: pacmupsiomniasicss KpynmHoMmaciiradHasi cTpykTypa BeeneHHom.

3akJa4eHue

Ha ocHoBe sKcriepiMeHTaIbHBIX JAaHHBIX HaOMoaeHus ¢ Tesieckona [xeiimc Y200 ycraHoBieHa
omuoKa poxIeHUs BCeJIeHHOM ¢ momotipio Bomnbioro B3peisa B CAILL

Hapsiny ¢ BBeZleHHEM 1 OTIpesie/iecHreM HeBelleCTBEHHOT0, BeIeCTBEHHOI0 1 aMophHOro
MIPOCTPAHCTBA JIAHO ONpe/ieIeHNe TIOHSITUSI TEPMUHA « IHePeUst». DHEPTUsl — ITO TIEPEXOIHOE COCTO-
sIHUE MaTepuu, NP KOTOPOM IPOUCXOUT e€ pOXIeHUe-UCUe3HOBEHNE B OHON (hopMe, IBUKEHHE
HJIK1 UBMCHCHUE B JIPYIrue (I)OPMI)I, N3JIYyYCHUE U KOHACHCAWA WU IOITIOICHUE B (bOpMC TEX NN
WHBIX HOCUTEJIel B CBOOOHOM WJIM 3aMKHYTOM BUJIe, MHIYKIHS JOMOJTHUTETBHBIX 000I0YeK-MaCChI,
KECTKO CBSI3AHHOM C OCHOBHBIM KJIACTEPOM IPH €T0 BpaIlleHHH, N3MEHEHHE WU TiepepacrpesiesieHue
OBWKEHUSI MEXKIY KJlacTepaMy Macchl U T. J. JHePrusi Ipyu U3MeHEeHUH (popMbl MaTepUu MpPOsIB-
JsieT ceOs1 yepe3 pasHbie (hOPMBI IEPEHOCUMKOB UCTOUHUKOB JIBUKEHHMSI, TAKMX KaK 3€pHAa-TIOTeHIH-
AJIbl CTAHMOHAPHBIX UICTOYHUKOB, JOIIOJTHUTCJIbHBIC 000JI0YKHU 3apA1bl, CBA3aHHBIC C BpalllalOIUMHCA
KJ1aCTeépaMu, BUXPOHBI, (pOTOHLI, 9JIEMEHTAPHBIC YaCTULIbI U T. A.

W3noxeHHble pe3ynbTaThl HANPSAMYIO CBUIETENBCTBYIOT O SYEHCTO CTpyKType BceneHHoW,
THIIA MBLTbHOM NeHBl. Buinmast aToMHO-MOJIEKyJIsIpHasi Macca acTpopU3MIeCKuX 0ObEKTOB KOHIICH-
TpUpyeTcsi B e€ CTeHKax, T. €. B CTCHKaX MOBEPXHOCTU Cepbl, OrpaHUUUBAIONICH 00BEM OTHOTO
U3 Iy3bIpeid MEHBl. DTO O3HAYAET, YTO B LIEHTPaxX cep MyCTOT HAXOASTCS MOIIHBIE IPAaBUTALIIOHHbIE
3apsi/ibl C OAHUM 3HAKOM, (hopMHpYIoIIre c(pOKyCHPOBAHHbIE B IIEHTP MCXOASIINE MO, UCITyCKalo-
IIMX 3ePHA-TIOTEHIMAJIBI, & B CTEHKAaX PacloJIOKeHbl Pyrue, pacipeaei€HHbe pacCessHHO rpaBUTa-
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IIMOHHBIE 3apsibl, C IPeoOIaJaHueM 0 BEIMYMHE TPOTHUBOMOIOKHBIX 3HAKOB TOJIEH TATOTEHUS —
BXOISIINX MOJIEN.

B peanbnom npencraBiaennu BeegeHreM YCT U, MHAYKTUPYEMbIX BOKPYT HUX, LIEHTPaJlb-
HBIX TPABUTALIMOHHBIX IOJIEM aKTMBHOW MAaccChl C MOMOILBI0 HOBBIX MPOCTEUIIMX YaCTHILI-IONS
(3€épeH-MOTeHI[HAJIOB), YIAETCS OOBSCHUTHL MHOTHE M3BECTHBIC MAPAJOKChI B (pU3MKE sSBJICHUN
MpUpO/Ibl, coBeplIeHHO HenoHsTHe ¢ no3uuui CAIL. Cawmble I1aBHBIE U3 HUX — CTPYKTypa Ipo-
CTPaHCTBA-II0JI5l, MEXAHU3Mbl POKIECHUSI HOCUTENEN UHIYKTHPOBAHHOUM SHEPIUH, CBSA3aHHBIX C Mac-
COM M MHEPTHOCTBbIO MaKpoMaTepuu, a TaKe B3aUMOJEICTBUSl aKTUBHOW M MACCUBHOM MAaccChl
Yyepe3 MOCPEACTBO TUHAMHUYECKHX I'PABUTALIMOHHBIX MOsel, XaOOJ0BCKOe paciivipeHre NpocTpaH-
CTBa-moJis1 BceesleHHOM, MPOM3BOACTBO HOBOM TEMHOI MaTepHyl M KPYMHOMACHITaOHON CTPYK-
TYpbI TuneprnpoctpanctBa Beenennoit. Tak kak moOasi BeleCTBEHHAs] MaTepusi OT MUKPOYACTHII
10 TUTaHeT, 3BE3]], aCTEPOUIOB BCEI/la HAXOAUTCS B COCTOSIHUM JBHKEHMsI ¥, TO Ha He€ pacrpocTpa-
HsieTcs1 BceoOnmil 3akoH Jlyn ne Bpoiis. [1oaToMy CTaHOBHUTCSI TIOHSTHBIMH U PA3IMUUS MEKTY
CBOMCTBaMU AKTHBHOWM, NAaCCHBHOM, MHEPTHOM Macchl U MHIYKTUPOBAHHOW AOMOJIHUTEIbHON
J1e0poiljieBCKOI MacChl — «ITyObI».

AKTHBHAsi Macca, COCPEIOTOYEHHAsi B OIHOM TOYKe IPOCTPAHCTBA, UMEET IOJIOKUTEIb-
HBII 3HAK MCXOASIIETO MOJs, T. €. MOJIS U3JIyYalolero B 4-nu U3 TakOW TOYKU LEHTPATbHO TaKOU
NOTOK I'PAaBUTALIMIOHHBIX 3€PEH-NIOTEHIUAJIOB, KOTOPBI OJMHAKOB IIPY PaBHOMEPHOM pacrpezese-
HUHM 110 c(hpeprueckoil MOBEPXHOCTH, YIAIEHHON OT IIEHTpa Ha JIOOOM pACCTOSIHUM M XapaKTepu-
3yeT BEJIMYMHY, 3HAK U IJIOTHOCTh 3apsi/ia 3TOr0 UCTOYHMKA MACChI, a TaKKEe CBOMCTBEHHOE TOJIBKO
€My JlaJIbHOZICHICTBHUE. A aIbHOAENCTBUE, BEJIMUMHA U TUIOTHOCTh MTOTOKA MOTEHLIMAJIOB ITPOIOPLIU-
OHaJTbHA IJIOTHOCTU M pa3Mepy 00bEMa CTAIIMOHAPHOTO UCTOUHHKA.

IIaccuBHasi Macca — 3TO JOYEpHssl CTPYKTYPUPOBaHHAsl Marepusi aTOMHO-MOJIEKY/IIPHOTO
BEIIECTBA C HEBBICOKOM IUIOTHOCTBIO M UMEET OTPULIATENIbHBINA 3HAK BXOJSALIETO MOJIs, XapaKTepu3y-
eTCsl BEJIMYMHON MOTOKA TPABUTAIIMIOHHBIX 3ePEH-TIOTEHIIMAIOB C OOPATHBIM 3HAKOM U ONpesessieT
BEJIMYMHY ¥ 3HAK Takod Macchl. OHa M3JTydyaeT MOTOK OTPUIIATEIbHBIX, a TI0 JATbHOACHCTBHIO Ooliee

KOPOTKOJEUCTBYIOIIMX MOTEHIMAJIOB, BEJIMYMHA U TUIOTHOCTh MOTOKAa KOTOPBIX B 1015~ 10'° pa3
MEHBIIIE MMOTOKA LEHTPaIbHOro noiisg 3emiiu. MHEepTHOCTH Macchl OIpelensercs e€ BHYTPEHHEN
CTPYKTYPOH M BEIMYMHON CYMMAapHOTO I'PAaBUTALMOHHOIO 3apsifa, a Takke BHEITHUM COCTOSTHHEM
MOKOSI WM JIBMKeHUsl. BpallieHue MHepTHON Macchl MOKOSI MHAYKTHPYET BOKPYT HeE€ MpOCTpaH-
CTBO-O0OJIOUKY, T. €. IeOPOIJeBCKHI KBAHT-«IIyOy» JIOMOJTHUTEILHOW MAacChl, KOTOPBIA MOXKET
MMETh KaK MOJIOKUTEJIbHBIN (AHTHUIPABUTALMSA ), TAK U OTPULIATEIbHBIN 3apsj (cynmeprpaBuTa-
Us1), 4TO U ieMOHcTpupyertcs B a¢pdexre xkannOekoBa u ycrporictBax . Kum.

BHOBb BBelieHHbIE B 9TOM pa3jiesie KBAHTBI-TIOJS 3apsiKeHHbIE 3EpHA-TIOTEHIIMANIbI OT TPOTH-
BOIIOJIOKHBIX HICTOYHUKOB CIIOCOOHBI, KaK K MPOU3BOACTBY MPOCTPAHCTBA-TIONS, TaK U K €ro yHH-
UYTOKEHUIO 30HOMH X0JI0JHOM MJIA3MBbI, UTO BEJIET K MEXaHU3MY IPOU3BOJICTBA CUJIbI IPUTSIKEHUSI
WA OTTAJIKUBAHUS U CUJIOBBIX JIMHUI B U3MEHEHHBIX MOJISX JBYX UCTOYHUKOB, B IIOJTHOM COOTBET-
CTBMM U3BECTHBIM SMIIUpruYeckuM 3akoHaM HelotoHa u Kynona. CortacHO peanibHOMY IpeICcTaBIie-
HUIO, UICTOYHUK JII0OOr0 3apsijia ¢ 3aMKHYTOUM BHEIITHEW MOBEPXHOCTHIO UCITYCKAaeT B 47t KBAHTOBBIN
MOTOK 3€PEH-MOTEHINAJIOB COOTBETCTBYIOLIETO 3HAKA, KAYECTBA U JAJIbHOAEHCTBYU S, (DOPMUPYIOIINIA
IPaBUTAIIOHHBIE, IEKTPUUECKHUE UM MarHUTHBIE MOJNSI-3(pUp, KOTOPBIE, MPU HAXOXKIEHUU B 3TOM
ToJie 3apsijia ¢ MPOTUBOIOOKHBIM 3HAKOM, MPUTSATUBAIOT €r0, YMeHbIIasi 00bEM yxke B3aMHOTO
TOJIST MYTEM AHHUTWIISIIIY C MOTEHIIMATIAMU TIOCNIETHErO U OMpe/iesisisi TEM CaMbIM CUJIOBbIE JTMHUU
B3aUMOJICVICTBUSI, 4 C OMHOMMEHHBIM — OTTAJIKMBAIOT €10, ITyTEM YBeJn4eHus1 00bEMa MPOCTPAHCTBA
3TOTrO MOJIA.

70 310 JBHKCHUE BbI3BBAHO BCCO6H_II/IM ceoiicteom YUCT — CaMOBpaIlEHUEM U ITIOCTYTIATEJIbHO-BPALATEJIbHBIM IBUKEHUEM aTOMHO-
MOﬂeKyHﬂpHOﬁ Marepuu BIOJIb NOTEHIUAJIOB BOJIHOBOOB, YCTAHOBJIEHHBIX B IIPOCTPAHCTBE ITPU TAKOM CaMOBPAILICHUN.
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Ecnmu cyimecTBylOT UCTOUHMKY MPOU3BOACTBA MPOCTPAHCTBA-TIONS, TO JIOJKHBI CYIIECTBO-
BaTh U TOYKU-00JIACTH YHHYTOXKEHHSI 3TOTO JKe MPOCTPAHCTBA — 9TO 30HBI XOJIOHOW Oe3MacCcOBOM
UIa3MBl, 9TO TIOJIHOE YHUUTOXEHHE MaTepru B (popMe BEIECTBEHHOIO MPOCTPAHCTBA XOJIOHOI
6e3MaccoBOi MIa3MOM. DTOT MPOIECC PE3KO OTIIMYACTCS OT aHHUTWISALIMY SJIeMEHTAPHBIX aHTH-
YacTUIl TeM, YTO B JaHHOM TIpoliecce JefiCTBUTEJNbHO HCcue3aeT camas ciadas popma MaTepun —
[IPOCTPAHCTBO I10JIE, CO3/1aBasl UHYIO KapTUHY I0JI MEXIY AByMs UCTOYHUKAMU, OTJIMYHYIO OT Kap-
THUHBI I10JI OT OJHOI'O UCTOYHUKA.

OpHako Takue 001acT MOTYT OBITh CO3/IaHBI M TEXHIMUECKU TaKKe, KaK CO3Jal0TCsI aHTUT PABH-
TAIIMOHHBIE 3aPsIbl BOKPYT 3apsiIOB aTOMHO-MOJIEKYJISIPHOTO BelllecTBa Oe3 pa3pyIieHusI X CTPYK-
Typsbl. [pyrue ob1actu ¢ pa3pyuieHueM CTPYKTYPbl MacChl IOKOS Iy TEM TepeBoa (hOpMbl SHEPTUH
B BUJIE€ TIOKOS B (bOpMy SHEPIruu B BUJC IBHUKCHHUA CO CKOPOCTBIO CBETA MOI'YT ITPOUCXOOUTH B TOY-
Kax TEIUIOBOM pCKOM6I/IHaJ_lI/II/I 9JICKTPOHA-TIO3UTPOHA. TpeKI/I-BOJIHOBOIIbI 9TUX NCTOYHUKOB IBUKE-
HUA (MarHUTHBIX 3apsAI0B) YK€ COAEPKAT Pa3HOIOJIAPHBIE IEKTPOIIOTEHIUAIIBI, KOTOPBIE IIPU OIpe-
IICHéHHbIX YCIIOBUAX CHOCO6HLI AHHUTWJIMPOBATL C YHUYTOXKCHHUEM 9TOIO0 BOJIHOBOJA — JINHEWHOTO
JIEKTPOMArHUTHOTO MPOCTPAHCTBA.

O pacmmpennn BeeneHHol cBusieTenbeTBYeT Xab0moBckoe pasderanue ['anakTuk co cKopo-
CTAMU IMPONMOPHHOHAJIBHBIMHA UX PACCTOAHUAM OT HAC, T. €. KOHKPETHO CKOPOCTH UX pa36CFaHI/IH YBE-

2
mmuuBaercs Ha 30 KM/CeK Ha Kakple IIark yBEJIUUEHUs1 PACCTOsAHUS OT Hac Ha 10 > eM. DTO coBMa-
JaeT ¢ MPOU3BOJICTBOM HOBOT'O IMPOCTPAHCTBA 32 CYET MPeObIBAHUS B 3TY 00JIACTh HOBBIX KBa3apoB
Y MyJIbCAPOB.

Ecnu cymectByeT 00bEMHOE TPABUTAIIMOHHOE IMPOCTPAHCTBO C BUJVIMBIM PAJAyCOM 1028 e,
TO CYILECTBYET U JITHEWHOE JIEKTPOMAarHUTHOE MTPOCTPAHCTBO B (hOpMeE TpeKa BOJIHOBO/A U3 3EPEH-
3JIEKTPONIOTEHIIMAJIOB BHICOKOYACTOTHOTO UJIH ITTMHHOBOJIHOBOTO (POTOHA TAaKOM K€ JITUHBI, CIIOCO0-
HOE BHE 9TOTO MPOCTPAHCTBA CBEPTHIBATHCS B c(hpepruecKkuil KIyOOK CO CTPYKTYPOM THIA HEHTPOH-
HOU 3BE3/Ibl WJIM KBa3apa.
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Yactb 2. Buxponsi

I'naBa 2. MI/IKpOBI/IXpOHbI N IJIEMECHTAPHDbIC YaCTHUIIbI

2.1. Aromublil POTOH

B nepuon 1860—1875 ronoB MakcBesut co3ain Teopuio, B KOTOPOW JIEKTPUUECKUE U Mar-
HUTHBIE CUJIBI TPUPOJBI OB 0ObEAMHEHBI B TIOHSTHE €JMHOTO IEKTPOMArHUTHOTO TOJIsI, BKJTIOYa-
IOLLETO BU/IMMBIN CBET, HEBUAUMBIE YIIbTpacroieToBble U MH(ppaKpacHble Jyuu. CBET — 3TO MpOCTO
JIEKTPOMArHUTHBIE BOJIHBI, CIOCOOHBIE PACIPOCTPAHATHCS B MYCTOM MPOCTPAHCTBE TaK K€ JIETKO,
Kak B IpO3pauHbIX Tesax. [IpudyeM U3 ypaBHEHHI CIEIOBAJIO, YTO STH JEKTPOMATHUTHBIE BOJIHBI
MOTYT CYyIIIECTBOBaTh camu 1o cede. [IpeacraButh cede X HAMISAAHBIA 00pa3 U (PU3MYECKUN CMBICIT
B TO BpeMsl Ka3aJOCh HEBO3MOXHBIM. DTU BEJIMYMHBl HE MMEJIM HU OYepTaHui, HU (POpMBbI, HU
BeCa, X HeJb3s1 ObLJIO CPAaBHUTH HU C YeM M3BECTHBIM B TIOBCEAHEBHOW XU3HU. KoHeuHo, u Toraa
CYILIECTBOBAIM MPHUOOPBI, pearpoBaBIIe HA CHJIbI, BBI3BIBAEMBIE JIEKTPOMArHUTHBIMU TOJISIMH.
MosxHO Ob1T0 6€30IMO0YHO CKa3aTh, YTO HAMPSKEHHOCTh OJHOTO TIOJIsl OOJIbIIE UM MEHBIIIE JIPY-
roro. Ho camu HanpsikeHHOCTH OBUTH CTOJTb CTPAHHOM BEJIMYMHOM, YTO MPEICTABUTh UX ceOe 3pHMO
ObUT0 TpyAHO. Jla M CTO JIeT Ha3a/J HUKTO HE MPEACTABIIsI ceOe MeKTPOMarHUTHbIE oM UHave,
YeM HaTsDKeHUSIMHU U BolHaMu 3¢upa. YpaBHeHUs: MakcBeluia coaepkainy B cede He TOJIBKO Omrca-
HHE M3BECTHBIX SIBJICHUIA, HO Y TIPE/ICKa3aHNe HOBBIX, OTKPBITHIX TOJIBKO BIOCJECTBHHY, B TOM YHCIIE
MIPe/ICKa3aHue CYIECTBOBAHUS IEKTPUIECKON MHAYKIMK U pagroBonH. OHU He cofepKasy JIUIIb
OJIHOTO — B HUX HE OBbLJIO OIMUCAHMS IBUKEHUSI U HUYETO OTHOCSIIIETOCsI K CBETOBOMY 3(PHpY U €ro
MOPA3UTETLHBIM CBOMCTBaM. D(PHp MpOCTO ocTajcs 3a OOPTOM Teopur MakcBellia, HO 3TO HUKaK
HE MeIajo el YBepeHHO NOMOraTh pa3BUTHIO HayKU. Jisi HEKOTOPHIX yUEeHBIX 3(pUp CTall MPOCTO
CHUHOHHMMOM ITyCTOro mpoctpaHcTBa. Co BpeMeH OTKPBITUSI IEKTPOMArHUTHOTO U3ITyYeHUs U JeK-
TPOMArHUTHBIX BOJIH, MPOIILJIO MHOTO BpEeMEHH, HO HayKa TaK W He Jaja OOBSICHEHHUS IO OJHOMY
OYEHb Ba)KHOMY BOIpocy. UTO Takoe 3JIeKTpOMarHuTHast BOJHa? 3BYK KOTOPbIN MbI CIIBILINM, SIBJISI-
eTCsl aKyCTHUECKMM KosieOaHHeM, TO eCTh BOJTHA, KOTOpasi paclpocTpaHsieTcsi B Bo3ayxe. Bo3myx —
e€ ornopHas cpepa. /s pacnpocTpaHeHHs] aKyCTUUYECKOM BOJIHBI cO cKopocThio 300 m/cek Tpedy-
eTcsl BCEro JIMIIb BO3AyX. A CKOPOCTb 37eKTpoMarHuTHOM BostHBI 299 000 000 m/cex! UTo ke 3TO
3a ONOPHAasi Cpe/ia, B KOTOPOH MOTYT JABUTaThCsl JeKTPOMArHUTHBIN BOJIHBI (OMB). [lo cux
Top 3Ta cpefia (OMOPHBIN JIEKTPOMArHUTHBIN 3¢up) He HalaeHa. bonee Toro, Hayka 100 ner Hazan
BOOOIIIE OTKA3aJIaCh MCKATh 3Ty CaMylo Cpefy.

BriepBble 3apeructTpupoBaHHbe MUKPOCKOIMYECKUE TPOSIBIIEHHS 3TON (hOPMbI MaTepHH, T. €.
HaJmuue (POTOHOB B TIOTOKAX BUAMMOIO U IIBETHOTO CBETa ObUTM OOHAPYKEHBI C MOMOIIBI0 (hOTOI(D-
dekra, T. €. IBIEHUS IPUPOLIBI, CBI3AHHOTO C PE30HAHCHBIM IOTJIOMEHUEM OIHOTO (POTOHA aTOMOM
¥ TIOCJIETYIOIIMM UCITyCKaHUEeM CBOOOIHOTO 3JIeKTPOHA. [{pyriMyu MUKpPOCKOITUYECKMMHU XapaKTepH-
CTUKaMHU UAeHTU(DUKAIK (POTOHOB CITyKaT €ro napameTpbl — 4YacToTa, CIIMH, AJIFHA BOJIHBI, TIOJISIPH-
3a1usi, CKOPOCTh CBETa, BpeMsl KU3HU U T. J1. [ JTaBHOE BcesieHCKoe CBOMCTBO (DOTOHOB — 3TO BOJTHOBOM
npomecc CBOOOJHOTO CAMOJBIIKEHHS STHX YACTHII, He 00JIaIAI0NINX MAaCCOMH, C TIOMOIIBIO KOTOPOTO
sHeprusi SMB MokeT IepeHOCHTCs U3 OHOTO MecTa B ipyroe. OCHOBHBIE MaKpOCKOITMUECKHE Mapa-
METPbI KOJIJIEKTUBHOT'O IepeHoca CBOMCTB (POTOHOB — 3TO (DPOHT BOJTHBI, IJIOTHOCTh IMOTOKA YaCTHII,
BOJIHOBBIE (h(hEKTHI, JaBJIEHUE CBETA, APKOCTH U T. JI. JJOCTOBEpHO yCTaHOBJIEHO 17151 POTOHOB PajIvo-
BOJIH, YTO Ha PacCTOSIHUM OT UCTOYHHMKA He Oosiee 1/6 MJIMHBI BOTHBI MPeoOIaaoT o’ HHAYK-

7 l_[pem)mymaﬂ rj1aBa — IIPOCTPAHCTBA U MaTepus, 10Jisd CTAHUOHAPHBIX UICTOYHUKOB.
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MM OT CTAllMOHAPHBIX UCTOYHUKOB (QHTEHH NEpPEeIaTYMKOB), U 3TO MPOCTPAHCTBO YCJIOBHO CUMTA-
ercst 30HOi MHAYKIuK. Ha Gosee 1an€kux pacCTOSIHUSX MPeo0IaJaloT Mo W3JIydeHUs1 BUXPEBBIX
WCTOYHUKOB — T0JISI BAXPOHOB, CO3/JAIONIMX IEKTPOMarHuTHbIe BOHB (DMB).

JvHamMuueckasi CTpyKTypa mHosieil m3JydeHus1, pa30BOro MpoCTpaHCTBA aTOMHOIO (poToHa
1 (POTOHOB JIPYIMIX MEKTPOMArHUTHBIX KBAHTOB'? IO CMX MOp HeM3BeCTHA. MexaHu3M uX H3Iy-
YeHUs ¥ TOIJIONIEHHs, CAMOJBIKEHHE M CAMOTIOAIePKaHNe CTAOMIIBHOCTA 4acTOThI, OECKOHEUHOE
BpeMs KU3HU, JJTUHA [Ty THU B ITYCTOTE KOCMOCA M «KPAaCHOE» CMEIIICHUE, a TAaKXkKe CTPYKTypa (pa3oBOro
00bEMa — 3T0 KJIK0Y 151 moHuManus Beeir CTpykTypbl Mupo3aanus Beeaennoi. Jlo cux nop
HU OJIHa TEOpHUs, T. €. HU KJIACCUYECKasl 1eKTPOIMHAMUKA, HU KBAaHTOBAs1, HU MOAU(ULIMPOBAaHHbIE
ypaBHeHUs1 MakcBeJsula, HU TOJICTbIE KHUTH 10 ONTHKE, HU MHOTOYMCIIEHHbIE COBPEMEHHBIE TPAKTaThl
10 JIa3epaM, CBETOBOJIaM M BOJTHOBOJIAM, PA/IMOBOJTHAM M aHTEHHAM, HU MyOJIMKAIIY 110 SJIeMeHTap-
HBIM YacCTULIAM, aTOMHOMY U SIIEPHOMY U3JIyYEHUIO He CMOIJIM OTBETUTh Ha CJIEyIOIIE BOIPOCHL:

— KaKOB MEXaHW3M [TPOU3BOJICTBA SIBJIEHUS NHTEP(EPEHLIMU IEKTPOMArHUTHBIX BOJIH OT JBYX
MEPEMEHHBIX UCTOYHUKOB U3JTy4YeHUsI

— (POTOHBI TEKTPOMATHUTHBIX BOJIH PACIPOCTPAHSIOTCS TOJIBKO B 3(pHpe UM CrIocOOHBI pac-
MIPOCTPAHATHCA U B HEBEIIECTBEHHOM ITPOCTPAHCTBE

— Kakue (pu3nyecKkue nporecchl OIMYAT 30Hy HHAYKIMH OT 30Hbl H3JIy4eHHUsI U BOJHO-
BOM 30HbI

— B 4€M COCTOUT MEXAHU3M IPUPO/Ibl HHAYKIIHH, H3JIy4eHUs U BOJHOBOM 30HbI (POTOHA

— KaKOB MEXaHU3M B3aMMHOI MHAYKLIMU BUXPEBBIX MEKTPUYECKUX U MATHUTHBIX MOJIEN

— B UEM 3aKJII0YAETCS] MEXaHU3M (PU3NYECKOU MPUPO/BI CBA3M NMOCTOsIHHOM [11aHka co ciuHoM
MHUKPOYACTHI] — KAKOBA MTPUPO/a CIIMHA U MAarHUTHOIO MOMEHTa (pOTOHA

— NIOYEeMY CIHH Yy JIeKTPOHA MOJTYIEJbIi, a Y (DOTOHA paBeH 1iesioit noctossHHOH [lnanka

— YeM OT/IMYaeTcss MEXaHU3M 0e3MacCOBOr0 CaMOJIBMKEHHUsI (DOTOHA OT JABMKEHMS YaCTHUI]
C Maccomn

— 4TO OTVIMYAET J1B€ (DOPMBI SHEPTUM B BUJE JBHKEHHUS OT BU/A NIOKOS

— TIoYeMy pa3Mep 00JI1aCTH U3TyUeHUsT aTOMHOTO WU SIIEpHOTO (pOTOHA HAa MHOTO JeCATHYHBIX
MOPSAIKOB MEHBIIIE €r0 AJIUHbI BOJIHBI

— YTO MOXKET BBI3BIBATh BpAIlleHUE EKTPOMArHUTHBIX IMoJied B (pa30BOM 00BEME (POTOHA,
0 YEM CBUJETEILCTBYIOT CIHMH, (popMa Nossipru3auus v nocrosiHHas Ilnanka — nouemy cKopocTb CBeTa
B IyCTOTE BaKyyMa He 3aBUCUT OT COCTOSIHUS IBUKEHUS U CKOPOCTH UCTOYHMKA €ro U3J1y4eHHU s, BCe-
IAa MOCTOSIHHA U1l BCETO CIEKTpa 3JI€KTPOMarHUTHBIX BOJTH

— (pOTOH M3TyyaeTcsl B CBSI3U C MU3MEHEHHWEM COCTOSIHMSI JIEKTPOHA B I0JIE€ aTOMHOIO SJ1pa,
a 4TO M3JTyYaeT aHTeHHA paauorepeiaTunKa

— MOKHO JIM KaK TO CBSI3aTh TaKU€ pa3IMyHbIE SIBJICHMS, KAaK MEXaHU3M U3J1y4YeHHUs] aHTEHHOW
PaIMOBOIIH C MEXaHU3MOM pPa30orpeBa BUXPEBBIMU TOKAMM CIUIOIIHBIX BEIIECTB B MUKPOBOJIHOBOM
MIeYM, C HABEICHUEM 3. 1. C. MHAYKIIMA BO BTOPUYHBIX OOMOTKAX TpaHC(hOPMATOPOB, C BUXPEBBIMU
TOKaMH B CEpIEUYHMKAX MarHUTOIPOBOJOB, C BUXPEBbIMU MOTEHIMAIAMHU B YCKOPUTEJIE IEKTPOHOB
B OeTaTpoHe

— KakoBa CTPYKTypa CaMOIBMXKYILIETOCS U CaMOIOJIEPKUBAIOLIErocsl (pa30BOro MHUKpPOIPO-
cTpaHcTBa (pOTOHA, HA KAKYI0 Cpedy-CyOCTaHIIMIO OH OMUPAETCs B IBUKCHUN

— noyeMy (pOTOHBI MOTYT OBITH TOJISIPU30BAHHBIMH, B YEM MpUpofa 3Toro 3¢ dexra

—YTO 32 MEXaHU3M OTBevaeT 3a (popMy NOISIPU3ALUU — TMHENHYIO, KPYTOBYIO, SJUIMITUYECKYIO
UT. A

— noyeMy (POTOHBI IBUXKYTCS MPSIMOJTMHEMHO OT UCTOYHMKA, & TIPU OTPAKEHUM OT ONpe/IesIEH-
HBIX Te€J — YIoJjl MaJIeHUs1 paBeH YIJly OTPaKE€HUs, B YEM (PU3MUECKUI CMBICI IIPEIOMIIEHHS ITyUKa
CBETa Ha I'paHuULIE IBYX Cpejl

72 N3 Bcero n3BeCTHOIO AMarna3oHa 9JIEKTPOMArHUTHBIX BOJIH.
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— KaKOB MEXaHU3M IOIJIOIIEHUS IEKTPOHOM (DOTOHA B aTOME, BE/lb [UIMHA €0 BOJHbI MHOTO
OoblIIe pa3Mepa Jake CBSI3aHHOTO JIEKTPOHA

— KaKOB MEXaHU3M JieJieHrs1 (DOTOHA Ha JBa B TIOJIE aTOMHOTO sipa ¢ 00Opa30BaHUEM MAaCChI
JIEKTPOHA U MO3UTPOHA, UJIU NApbl MIOOHOB

— KaKoBa MPHUPOJIa MEXaHU3Ma BOHUKHOBEHHUSI €OPOMIEBCKOIM BOJIHBI ABUXKYIIUMUCS MUK-
pOYACTULIAaMU, TIPU KAKUX YCJIOBUSAX U C KAKOM YaCTOTOW IMPOUCXOIUT OTPBIB (POTOHOB je bpoiins
OT THX YaCTHII ¥ TPOMCXOAUT JIM OH BOOOIIIE, T. €. MpodiemMa cOpoca MHAYKTUPOBAHHOW SHEPTUM

— KaKOB MEXaHU3M 00pa30BaHusI aJpOHOB Ha KOJUIAliepax U3 BCTPEYHBIX MyYKOB JIEKTPOHOB
Y TIO3UTPOHOB C [TOPOrOBOM HEPruel HeHaMHOTo npeBbianoien 1 [

— YeM OTJIMYAIOTCS CTPYKTYpPhI (pa30BBIX 0OBEMOB ME30HOB OT (DOTOHOB IO CBOEH CTPYKTYPE,
Be/Ib CIIMHBI Y HUX 1IEJIOUUCIIEHHB], T. €. 0 win 1

— MI0YEMY Macca IMOKOSI 3JIEKTPOHA B TOYHOCTH PaBHA SHEPruM (POTOHA, KOTOPBII U3JTydaeTcs
IIPU MCYE3HOBEHUH €TI0 Macchl, KAKOBBI CBOMCTBA 3TOr0 (POTOHA, KAaKOBa CTENEHb U hopMa MoJIsIpH-
3aUuu

— KaKOB MEXaHWU3M aHHUTWJISLMU [1apbl YACTUIIAAHTUYACTHULIA, TPUBOISILIMI B KOHEYHOM UTOTE
K 00pa30oBaHuIO (POTOHOB U KAKOBBI CBOIMCTBA STUX KOHEUHBIX (DOTOHOB, CTENeHb U (hopMa MONsIpu-
3aUuu

— KakoOil MEXaHuM3M IpeBaJHpyeT B «KPAaCHOM» CMEIIEHHMH KOCMMYECKUX (POTOHOB
U3 HECKOJIKMX U3BECTHBIX.

AtoMHBII (hOTOH 00JIaaeT BHYTPEHHUMH U BHEITHUMU (PU3NYECKUMH CBoWcTBamMH. K BHYT-
PEHHUM CBOMCTBaM CJIeyeT OTHECTH YaCTOTY U LEJIOYMCIIEHHbIN CIIMH (POTOHA, OJISIPU3ALIMIO, OTCYT-
CTBHE MACCHI U 3aps/ia MOKO0s1, OECKOHEYHOE J0JIrOe BpeMsl KM3HU, BOSMOXXHOCTD MPOSIBJICHUS KOP-
ITYCKYJISIPHBIX CBOWCTB, IIPY U3JTy4YE€HUM U noryomeHny. [1pu 3Tom, cambIM 3araloyHbIM CBOMCTBOM
(poTOHA, KOHEUHO ke, SBJSETCS €ro CIIUH.

K OCHOBHBIM BHEIIIHMM CBOWMCTBaM OTHOCSTCSI:

— NPSAMOJIMHENHOCTD JIBUKEHUS C IOCTOSIHHOM CKOPOCTBIO CBETa

— y4acTHe B JIEKTPOMAarHUTHBIX U IPAaBUTAIIMOHHBIX B3aMMOJEUCTBUSX

— BO3MOXXHOCTb HEYIPYrol NepeJayd CBOEW SHEPruM IMOJHOCTBIO CBSI3aHHBIM 3JIEKTPOHAM
B atoMax ((poroapdeKT) win 4acTsiMu, B COOTBETCTBUU C KOMITTOH-3(peKkToM

— JeJnieHue 3anoporoBoro otoHa ¢ sHeprueit Boime 1022 K9B Ha 1Ba ¢ 0Opa3oBaHUEM 3JIeK-
TPOHA U MIO3UTPOHA (WMJIM Mapbl MIOOHOB) B 10JI€ aTOMHOTO si/ipa (O/IMH U3 YPOBHEW UHTET pallui-KOH-
JEHCAllMU SHEPIUU B COCTOSIHUM TOKOS, T. €. B (hOpMe 3apsiia MacChl) IPU JOCTUKEHUN UM HEKOTO-
POVl MOPOroOBOIl SHEPIUU

— POX/IeHHE aIPOHOB Ha KOJIJIai/iepax U3 YCKOPEHHBIX JIEKTPOHOB C yJacTHeM UX JeOpoiiieB-
CKUX (POTOHOB IPY MOPOTOBBIX SHEPrUsAX Mpepblamx 1 'IB, eme onuH ypoBeHb HHTErpaluy
SHEPruu B COCTOSIHUU MOKOS

— MPOSIBJIEHNE BOJHOBBIX CBOMCTB AU(Mpakuuu U MHTEPEPEHUMH, TIPU KOJUIEKTUBHOM JIBU-
KEHUM OJMHAKOBBIX M CUH(A3HBIX OTOKOB (POTOHOB, YTO OTJIMYAET UX OT CBOICTBA AaHHUTWJISLIUH,
KOTOPOE MPUCYIIE JHUIIb KOPITYCKYJISIPHBIM MUK pPOYaCTULIAM

— 3¢ @EeKTh OTpaKEHUs U NMPEJIOMIIEHUS HAa IPAHULIE IBYX CIUIOLIHBIX Cpe[

— U IpyTYe U3BECTHbIE CBOMCTBA U3 Pa3IMYHbIX TUANa30HOB YACTOT IEKTPOMAarHUTHBIX BOJIH,
Halpumep, pajnoyacTor.

@DOTOHBI U MEKTPOMArHUTHBIE KBAaHTHI U3 APYTMX BO3MOXKHBIX YACTOT POKAAIOTCS NP Iepe-
XO[aX MUKPOYACTHUI]’® B OCHOBHOE COCTOSTHHE M3 BO30YKJEHHOTO. DTOT MPOIIECC BO3BMOXKEH, KaK
B COCTOSIHUM OTHOCHUTEJIBHOTO TOKOSl, TaK M ABMKYILMMUCS MUKPOYACTHIIAMH, T. €. U3JIyuYeHHEM
NeOpOIJIEBCKMX KBAHTOB,  TAKXkKe C TIOMOIIBI0 BCEBO3MOKHBIX TEXHUYECKUX CPEACTB’* — aHTEHHBI

& Hanpuwmep, ni1st Bonopoaa sto cepun ¢otoHoB bansmepa, Jlaiimana u [Namena.

% Opnaxo B 5T0M clly4ae yxke pOXAAI0TCS «TsKENbIe» IeKTPOMAarHUTHbIE (DOTOHBI.
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U T. 1. Bpems xu3HU (POTOHOB — OECKOHEYHO [IOIT0€ B BaKyyMe KOCMHYECKOTO MPOCTPAHCTBA,
OJIHAKO BCJIEJICTBUE BCEBO3MOKHBIX PACCESIHUM HA EKTPOHAX, aTOMaX M MOJIEKYJ UX CPOK KU3HU
3aBUCHUT OT TOU CPEAbl, I/I€ OH JABUKETCS.

Tem He MeHee, ITTaBHOE BHEIIIHEE CBOMCTBO (DOTOHOB, KOTOPOE OTIIMYAET UX OT IPYTUX JIEMEH-
TApPHBIX YaCTHI] U MPOSIBIISIET UX B KOCMOCE Bakyyma BcesleHHOH, CBsi3aH ¢ OECKOHEUHO JJOJITUM CpO-
KOM ’KH3HH — 3TO €10 CAaMOABHMKEeHHe ITyTEM HE KWHETUYECKOTO [IepeHOca KBaHTa SHEPTUU MaTepuu
aKTUBHBIM (Da30BBIM MHUKPOMPOCTPAHCTBOM Ha OECKOHEYHO JJIMHHBIE PACCTOSHHUS, T. €. CBepXTe-
KyuyecTb (DOTOHOB B YCIOBHSAX KocMoca. M, Kak Tenepb yke U3BECTHO, ITUM CBOMCTBOM (DOTOHBI
00s13aHbI, MPEkIEC BCErO, CBOEMY CIIMHY PAaBHOMY E€IWHHUIIE, KOTOPBIM MOKA3bIBAET, YTO YACTHUIIA
HaXOJIUTCS B COCTOSIHUM CaMOJBMKEHUSI U TIPH 3TOM [TPOUCXOIUT NEPUOANYECKOE MOJIHOE KBAHTO-
BOE MpeoOpa3oBaHNe HOCUTEJsI KBaHTa MHAYKTHPOBaHHON sHeprun. Kak naseiie OyaeT rnmokasaHo,
HOCHTeJIeM KBaHTa UHAYKTUPOBAHHOW SHEPIUU B (DOTOHE SBJISETCS MepeMeHHbIN 110 3HaKy U 3Ha-
YEHUIO BEJIMUMHBI 3apsija MATHUTHBII MOHOMOJIb.

KakoB MexaHu3M uzJydeHusi (poToHa BO30Yy:KAEHHBIM aTOMOM?

Takue cBoiicTBa (DOTOHOB, KaK CIHH, CTENEHb M (popMa NONSIPU3ALUM, CAMOJBHKEHUE, BUX-
peBbie TOKM B CIUIOIIHBIX Cpe/laX, pa3Mep OONacTH M3JTyYeHHs U TOMJIOMIEHUE aTOMHBIM JIeKTPO-
HOM (POTOHA, MEKTPOMArHUTHAS MHAYKIMS U 3. J. C. CAMOMHIYKIMH, a TaKKe aHAJIU3 KPyroBOu
PaBHOBECHOW MIHOBEHHOH OpOMTHI, HA KOTOPOM MPOUCXOOUT YAEPKaHUE YCKOPSIEMBIX IEKTPOHOB
B OeTaTpoHe, MO3BOJISAIOT CHAEAaTh 3aKJKUYeHHe O TOM, YTO BCErja M3MEHsIoeecs 32 KOHEUHbIN
BPEMEHHOM Mepro] (MMITYJIbC HAPSKEHU I UJT OOPBIB TOKA) JIEKTPHYECKOe T0/Ie B TOUKAaX, pac-
TMIOJIOKEHHBIX B 30HE MHAYKIUH CTAIMOHAPHOTO MCTOYHHKA, MIPOU3BOAUT chepooOpa3Hblii U MHO-
roo00JIOUeYHBIN KBaHT-C(hepy BUXPEBOTO MOTOKA’> MArHUTHBIX MOTEHITMATIOB — MATHUTHBII MOHO-
nouab (¢poro 2.1), T. €. MarHUTHBIA 3apsii CO CBOMM BHEIIHUM MArHUTHBIM TOJIEM — MCTOYHMK
CaMOJIBUKEHH sT; HOCUTENb KBaHTA MHAYKTUPOBAHHON SHEPTUM — KBAHT JIeOPOIIEBCKON BOJIHBI JBH-
XKYILIErocs MEKTPOHA B MOJIE ATOMHOTIO Si/1pa.

®dorto 2.1 PO)K)_ICHI/IC MaraMTHOI'O MOHOIIOJIA B IIEPEMEHHOM JIEKTPUYECKOM I10JIE B036Y)K)_IéH—
HOr'0 aTOMa, B MOMEHT pa3pAAKU OH NU3JTYyYacT.

Tak poxkaaeTcsi MArHUTHBII MOHOIIOJIB © T. €. 3apsiKaeTcs ero cTpykrypHas cepa. Uro ato
3HauUT? A 3TO 3HAUUT, YTO B HAYAJIbHBII MOMEHT U3MEHEHUS

7 o
3 U3BecTtHO OITPEICIICHUEC TTOTOKA KaK NapaJjjieJIbHO€ IBUXKCHUC YaCTULL. B mannom ClIy4a€ pacCMaTpuBa€TCA BUXPEBOM KBaH-
TOBO-HOCJIC)JOBaTEJIbeIﬁ IIOTOK 4YaCTHII.

76 Bonmzu MOIIHBIX PAJUOTEXHUYECKUX aHTEHH WU IIPU Pa3pbiBE MOIITHOI'O TOKA ITy4YKa JIEKTPOHOB, 06prBe TOKa SJTCKTpH‘{eCKOﬁ

IyTH.
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NEKTPUUECKOTO TONs (MM IBMKEHUS JEKTPOHA) 3apsikaercs: Oosbliasi cepa U3 OIUHA-
KOBBIX MAarHUTHBIX 3€PEHIOTEHIINAIOB, Pa3MENIEHHbIX Ha CHHUPAIAX, 0Opa3yolX MOBEPXHOCTb
9TOl chephl. B criemyrommii MOMEHT TaKUM ke 00pa3oM 3apsiKaeTcsl TOC/Ie/IOBaTe/IbHO BHYTPEH-
Hs1s1 cepa, HO yke OOJIBIIMX MO aOCOMOTHON BEIMYMHE MATHUTHBIX MOTEHIMAIOB. Tak MpOUCXOIUT
3apsiIka MArHUTHOT'O MOHOIIOJNSI IO CaMOTro IIEHTpa.

Takoli MarHUTHBIA KBaHT TOCJIE MPEKpaIeHUs] U3MEHEHUsT JIEKTPUUYECKOro mojs (Mpekpa-
IIEHNs] JBUKEHMSI JIEKTPOHA — OOPBIB TOKA) B 3TOM TOYKE M B HayaJie CBOErO MEPBUYHOIO CaMo-
JIBHKEHMSI CTAHOBUTHLCSI ICTOYHUKOM POKICHHS B 30HE M3JIy4eHHs1 (DyH/IaMEeHTaTbHbIX BUXPEBBIX
YaCTHUII — JIEKTPOMArHUTHBIX aTOMHBIX MUKPOBHXPOHOB.

Kak 3T10 mpoucxoaur? Uro 3T0 3a yacTnma, Kak NpPOUCXOJUT eé caMOJBHKEeHMHe,
Ha Kakylo cpeay-3(pup oHa onupaeTcsi B IBHKeHIUH, KAKOBbI OCHOBHbIE €€ cBoiicTBa?

MexaHu3M poXkJIeHHE MHKPOBHXPOHA MPOUCXOAUT CIEAYOIUM oOpa3oM. i HarisaHo-
CTH PACCMOTPUM YIPOIIEHHOE COBMEIEHHOE OOBEMHOE TOJIe TIOTEHIIMAIOB IByX PaBHBIX U TPO-
TUBOMOJIOKHBIX TOUEYHBIX 3apsAaoB (dorto 2.1, cnpaBa) atTomMa BOAOpoAa — MPOTOHA U JEKTPOHA,
T. € CTAl[MOHAPHBIX UCTOUYHUKOB'’. OHO rpapuyecku COCTOUT U3 ACUMMETPUYECKU’® COBMEIIEHHBIX
chepUUeCcKUX SKBUMOTEHIMATBHBIX OBEPXHOCTEH C MPOTHBOMOIOKHBIMU MOTEHIMATIAMH, MEKTY
KOTOPHIMM HAa PaBHOM PACCTOSIHUHM OT 3THX 3apsJOB MPOXOAMUT IUIOCKOCTh Y C MOTEHIIMAJIOM pPaB-
HBIM HYJT1I0. CUJIOBBIE JIMHUY HATPSKEHHOCTH TIOJIS1 HCXOASIT (YCJIOBHO) U3 TIOJIOKUTENIBHOTO 3apsijia
Y BXOJSIT B OTpUIIATEIIbHBIA. B MOMEHT KBaHTOBOTO Mepexozia IeKTpoHa U3 BO30YKIEHHOTO COCTO-
SIHUSI B OCHOBHOE YMEHBIIIAETCS PACCTOSTHUE /IO SI/1pa, IyTEM IBH2KEHHSI K HEMY JIEKTPOHA — C OJHOU
CTOPOHBI, MTPOMCXOAUT TPOIIECC U3MEHEHHUsI IEKTPUUECKOro TOJIsl B MPOCTPAHCTBE MEXAY COMH-
KAIOMMMHUCS 3apsaMu, a C JPYroill CTOPOHBI, JBIKYLIMICS SJMEKTPOH COIJIacHO 3akoHy Jlyn ne
Bpoiins nomkeH u3iydarh BOJHBL. V3MeHeHHe SHepruu JIOKIBHOTO SJIEKTPUYECKOTO TOJsI BEAET
K M3MEHEHMIO JIOKAJTbHOTO MAarHUTHOTO MoJIsl. Takoi Mmpoliecc COMpOBOXKIAETCSI COPOCOM SHEPTrUuu
cUCTeMBI B (pOpMe BUXPEBBIX MATHUTHBIX 3apsoB. UNET ux 3apsiaka, cavsiHue U cOpOC-BHIHOC SHEP-
ruv. HanOosbIve 1o BeJTMurMHe MarHUTHBIE IIOTEHITHATTBI, 0O0pa3yIolye MoBepXHOCTH cep OnmKaii-
IIMe K IEHTPY, POKAAIOTCS B CaMblil IOCJEHAN MOMEHT, COOTBETCTBYIOIIMI KpaTyaiIieMy paccTo-
SIHUIO MEXJy 3apsiiaMu. B 3THX TOukax 30HbI HHAYKIMH U pokaaeTcs: chepooOpa3Hblii OObEMHBIN
MArHUTHBIA MOHONOJIb MUKPOBUXPOHA MTYyTEM IEHTPAJIbHOT0 U cUH(pA3ZHOro CJOusTHUS® MUK-
POMOHOMONEN, 00pa30BABIIMXCSA HA KaXJIOM M3MeHsolmeMcss! 3epHe-noTeHnane 00béma 3Toun
30HbI noJis. [Tporece cuHda3HOroO COAMAHUSI-3aPAAKUS? B JIOKAJTM30BAHHOM 00bEME aTOMa JIJITCS
BECh KOHEYHBII1 TIeproji KBAHTOBOTO TNlepexoa 13 Bo30YKAEHHOIO COCTOSIHUSI B OCHOBHOE. 3a 3TO
BpeMsl TIPOMCXOIUT POXKJA€HHe MArHUTHOTO 3apsiia, T. €. POCT 3apsda 0 HEKOTOPOW KOHEYHOU
BEJIMYMHBI — NPsAMON nponecc. OOpaTHbI npo1ecce — NONIoNEHHe aHATOTMYHOTO aTOMHOT'O Mar-
HUTHOTO MOHOTIOJISI Yepe3 MOCPE/ICTBO B3aMMOJIEUCTBH S JIEKTPOMOHOIIONS BUXPOHA C MOJIEM aToMa
B TaKOM k€ TOYKe HEeBO30YXJEHHOro atomMa MepeBOJMT €ro B COCTOSIHKE BO3OYKIEHUs W (POoTO-
noHm3auuu. [1o 3aBepIeHnIo 3TOro KBaHTOBOTO Tepexoia Ha3BaHHbIA KBaHT-c(epa, KBAaHT IMOCIie-
J0BaTeJIbHO-BUXPEBOr0 MOTOKA MOTEHIIMAIIOB MAarHUTHOTO TIOJIsS HAUYMHAET MPOIECC Pa3psAaKu —
CBOE KAHOHMYECKOE MOCTyMNaTeIbHO-BpalaTeJbHOoe caMoABHKeHue 110 cnimpaid. CuadasHo ¢ 3Tum

i IMpoToH u3nyydaeT 3€pHa-37EKTPONOTEHIIUAIIBI, 4 SNEKTPOH UX MOIVIOLIAET.

78 pdexTrBHOE MOTE HAMPSKEHHOCTH TPEACTABIISAET COOOM JBe MOTycepsl Kaxkaasi, 3 KOTOPBIX SIBISIETCS 3ePKAIBHBIM OTpa-
JKeHHEM JIPYTroil OT HyJIeBOH MOTEHIHAIBHON IIOCKOCTH, MPOXOSAIIEH TocepeAnHe MeX Iy STUMH NCTOYHUKAMIU.

" Ecrm 3TY IUIOCKOCTh PACCMATPUBATh KaK 3ePKaJIo, TO JPYroil 3apsj OyleT ero 3epKajlbHbIM OTPakKeHHUEM.

80 310 cBoIICTBO OTBET-060CHOBAHME HA TEXHOIOTHIO MPOU3BOJCTBA EKTPUUECKON KOMITPECCUH SHEPIUH METOIOM YKOPOUEHHS
HMITYJIbCA HaNPsKEHUs BIUIOTh [0 MUKOCEKYH/IHBIX 3HAYEHUIL.

81 Ysmenenne MIPOUCXOIUT Oaroapsi CTaTUUECKO MHIYKIMU CO CKOPOCTBIO MHOTO OOJIBbIIEH CKOPOCTH CBETA 10 MEXaHWU3MY,
PaccMOTPEeHHOMY B IIpeAbIIyIIeH I1aBe.

82 3amernm, uto 3apsiaKa GopMHpyeT BHEIIHee BXOJSIIEe IT0JIe, Y TOJIBKO JJIsI TAKOTO HOJIsi CBOMCTBEHEH MPOLIECC CIMSTHHST 00b-
€/IMHEHN ] MUKPOMOHOTIOJNIEN OIHOTO 3HAKA.
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MIPOLIECCOM MarHUTHBI MOHOIIONb (BUPTYaJIbHBIA UCTOYHUK ) HAUMHAET POXKAATh BOJHOBOJ (T10J1€)
U3 3JIEKTPONIOTEHIIUAIOB (OTIOPHBIN COOCTBEHHBIN 3(pUP), T. €. BUXPEBOU MOCIEJOBATEIbHBIIN MOTOK
JIEKTPONOTEHIMAJIOB-3€PEH, KOTOPBIE OH YCTAHABJIMBAECT CTAIMOHAPHO B IPOCTPAHCTBE B CTPOIO
reoMeTpuueckoM rnopsiake (¢poto 2.2), ¥ MPOTUBOASHCTBYIONINIA ero pa3psake s’ nepeMeHHbIN JJIeK-
TPHYECKUH MOHOMNOJb, UHIYKTUPYIOIIMN MPOTUBOIMOJIOKHBI MArHUTHBIN 3aps] — 3TO U €CTh
aKTUBHBIN (pa30BbIid 00BEM (1/4 ITMHBI BOJTHBI) IEPBUYHOTO ATOMHOTO MUKPOBUXPOHA, WJIH ONOP-
HBIIl 3JeKTPOMArHUTHBIN 3(pUp-cpea NMoAAeP KIBAIOIINI NlepeMelieHle CryCTKa dHep-
ruud B (popMe nepeMeHHOro MAarHUTHOrO 3apsiaa. Takoil caMoaBUXKyMiACs (ha30BBI 0OBEM
U TIpeJICTaBIIsIeT COOON aBTOHOMHBI KOJIeOaTeIbHBIN KOHTYP (MHIYKTUBHOCTh, EMKOCTh U HAIPYy3Ka),
B KOTOPOM MAYT KOJIeOaHHs ¥ TOK MarHUTHOTO 3apsia Yepe3 MOCPEACTBO MEPEMEHHOTO JIeKTpHye-
CKOTO 3apsja.
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®oro 2.2. Cxema BOJIHOBOAA (POTOHA U3 3EPEH-IEKTPONOTEHIIMAIIOB

STOT NPOTUBOAEHCTBYIOIIMI MHAYKTHPOBAHHBIM JIEKTPOMOHONONb B JIBUKEHUM OJHOBpE-
MEHHO BO30YykJaeT-3apsikaeT B (pazoBoM 0O0bEMe Ha yaajieHuu 1/4 njmMHBI BOJHBL OT y371a (Hadasia
Pa3psIIKM) MUKPOBUXPOHA COOCTBEHHOE BCTPEYHOE BTOPUIHOE MArHUTHOE BUXPEBOE ToJie — chepy
3apsUKAOLIErocs U JBHKYLIEroCcsl BTOPMYHOTO MPOTHBOMOJI0KHOI0 Y aHAJIOTMYHOTO MarHUTHOTO
MOHONOJIA. BTOPUYHBII MarHUTHBIA MOHOIIONb TAaK:Ke, KaK W MEPBUYHBIA cpa3y ke HaYMHaeT Ipo-
W3BOJUTH CBOIO YacTbh BOJHOBOJA M3 JIEKTPONOTEHIMANIOB, HaunHasA ¢ 1/4 pyunbl BonHbl. Cepa
BTOPHYHOI'0 BUXPEBOI'O MOTOKA MArHUTHBIX MOTEHIMAJIOB IIEPEMEHHA 110 BEJIMYMHE U MOJTHOCTHIO
UJIEHTUYHA [IEPBUYHOMY, HO ITPOTUBOIIONOKHA 110 HAIIPABJIEHHIO CUJIOBBIX JIMHUMA (110 3HAKy) — CBU-
JETEIbCTBO UCTIOJHEHHS 3aKOHA COXPAHEHUs CPeTHEN SHEPIuM, T. €. I0OOUePENHAst CMEHA HOCUTEIS
KBAaHTA MHAYKTUPOBAHHOW SHEPTrUM CO 3HAKOM IUTIOC Ha KBAHT CO 3HAKOM MUHYC. [lasee, Bech 3apsj
NEPBUYHOIO MAarHUTHOTO KBAaHTA Yepe3 MOCPECTBO CUH(A3HOIO MPOTUBOJEHUCTBYIOIIETO JIEKTPO-
MOHOIIOJIS] [IEPEXOAUT BO BTOPUYHBIH, HO C MPOTHBOIOJIOXHBIM 3HAKOM — TaK POXKAAETCS yXKe BTO-
PHMYHBII MHKPOBHXPOH ontuyeckoro ¢oroHa Bogopona. Utak, 3apsiaka — poxjeHue cdrepsbl
MarHUTHOTO 3apsAAa (UCTOYHMKA), pa3psiika — 3TO ero MocCTyHaTebHO-BpaIlaTe/IbHOe CaMOJABH-
’KeHHe C ONIOpOi Ha CO3/IaHHBIE UM 3€PHAa-3JIeKTPONOTEeHIMAJbI CIMPAJILHOIO BOJIHOBOAA (TI0JIE).
37ech yKe MOXKHO KOHCTaTMPOBAaTh, YTO (ppeHesneBCKuil 3¢up (HOToH co3qaéT cede caM | Croco-
O€H JIBUraThCsl Jake B HEBEIIECTBEHHOM IIPOCTPAHCTBE, T. €. JJIs1 PACPOCTPAHEHH s CBETa He HyKHa
cpea, Kak OHa HeoOXoauMma JUisl ABMKEeHHS 3ByKa. JlpyruMu cioBamu, (pOTOH CIOCOOEH CO3/1aBaTh
cebe COOCTBEHHBIN OIMOPHBINA MEKTPOMATHUTHHIN 3(Up, T. €. JIMHEHHOEe BEIeCTBEHHOE MPOCTPaH-

83 Jo6as cucrema Marepun, JOCTUTHYB PABHOBECHOIO COCTOSIHHSI, CTPEMHUTCS €0 COXPAHUTE — 3TO 3aKOH COXPAHEHUs! SHEPrUK
cuctemsl. [Ipy paspsiKe MPOMCXOIUT yMEHBIICHHUE SHEPIUK — 3TO PUBOAUT K MHIYKIMH 3JIEKTPHYECKOTO MOHOIIONS, IPOTUBOJICH-
CTBYIOLLIETO MPOLIECCY PA3PSIAKHL.
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CTBO — TPEK BOJIHOBOJIA U3 NIEKTPONOTEHIINAJIOB, 3aIUIIEHHBIA TPOTEKTOPHBIM MATHUTHBIM IOJIEM.
B 3TOM nporiecce MpoMcXoauT Takke poxkaAeHNe CMH(pA3HOr0 NEPEMEHHOI'O U IPOTUBOAEHCTBYIOILETO
NEKTPUUECKOr0 M MArHUTHOTO MoHomosiei. Oco0o crelyeT OTMETHTh, YTO BO BpeMsI 3apsiIKU IPOTH-
BOIOJIOKHOTO MArHUTHOT'O MOHOIIOJISI IPOTUBOAEUCTBYIOIUM JIEKTPUUECKUM, HE TPOMCXOIUT IIPO-
1iecca MpoOTUBOACHCTBHS C MHAYKIMEH COOTBETCTBYIOIIETO IEKTPOMOHOIIONS. Bpems B 06oux mpo-
1ieccax OIMHAKOBO M PaBHO BPEMEHH Iepexojia aToMa 13 BO30YKAEHHOTO COCTOSIHUSI B OCHOBHOE —
s10 1/4 nepuona ¢porona. Tak, olHUM U3 TeHEPATOPOB MarHUTHBIX 3apsI0B SABJISETCS KBAaHTOBBIN
niepexo[] MEKTPoHa U3 BO30YXAEHHOIO COCTOSIHUS B aTOME B OCHOBHOE — COpOC M3JUIIHEN SHep-
MY CUCTEMBI JJIs COXPAHEHUS CPEAHEN, CBOMCTBEHHOM Il IAaHHOTO OKPYKEHUSI BHEIIHUX MOJIEH.
OIHUM W3 OCHOBHBEIX CBOMCTB XW3HM MArdHWUTHOTO MOHONOJIS — 9TO €r0 MHOI'OCJIONHO-00BEMHA
CTpyKTypa®* u3 cpeprueckux crimpaiei, yBeJTMurBaloniasics Mo BeJIMYMHE 3apsia K HEHTPY, KoTopast
1 00ecreurBaeT HelpepbIBHOE KAHOHMYECKOE BPaIaTeJbHO-NIOCTYNIaTeJIbHOe JBUKeHHe.

Takum 00Opa3oM, eciau TPeACTaBUTh MPOMEKYTOUHBI MOMEHT BpeMeHu Ha 1/8 mepumona
B (pa30BOM 0OBEME BHXPOHA TMOCIIE HAaYasla CAMOJBHKEHHSI TIEPBUYHOTO MOHOIOJISI, TO BO3HUKAET
BTOPUYHBIN MarHUTHBIA MOHOIIOJb B TOUKe 3/8 mepuona yepe3 nocpeacTBO MPOTUBOAECUCTBYIOLIETO
MEPBUYHOMY JIEKTPUUECKOrO MOHOIIOJIS, KOTOPBIH YK€ paBEeH MOJOBUHE MEPBUYHOIO 3apsia — 3TO
€IMHCTBEHHbII MOMEHT CYIIECTBOBAHUSI B BUXPOHE CUMMETPUYHOIO MarHuTHoro aunoiis. [To mepe
M3MEHEHHU S 9TUX B3aUMOJEHCTBYIOIIMX BUXPEBbIX MOJIEW U 3apsI)KAETCsl POTUBOIOJIOKHBIA MarHUT-
HBII MOHOIIOJIb, OTIepeKaloii epBUYHbIN Ha 1/4 nepuona. Yepes 1/4 nepuona nepBUYHbBII MarHuT-
HBIII MOHOIOJIb MCYE3a€eT, HO Ha 1/2 1yivHBI BOJIHBI (POTOHA 3apskaeTcs TAKOM ke C TPOTUBOIOIOXK-
HBIM 3HaKoM. U teneps yike rpouecc onsrb NOBTOPSIETCS, HO C TPOU3BOJACTBOM ITPOTUBOIOIOKHBIX
IO TMOJISIPHOCTH JIEKTPUUECKUX MOTEHLIMAIOB CIIMPAIM BOJIHOBOJA U HA HOBOM, T. €. 1/2 nyvHbI
BOJIHBI — MECTE B [IPOCTPAHCTBE U YK€ B 30HE U3JIy4eHHsI. BCE 3TO IporcxoauT B aKTUBHOM [IBU-
XKYIIEMCSI JIOKAJTM30BaHHOM BHXPEBO-I10J1€BOM MHKPO0OBEMeE, OCHOBHOE CBOMCTBO KOTOPOTO —
3TO CBO0OJHOE CAMOJBUKEHNE HOCUTESI MHAYKTUPOBAHHOW SHEPrUUH B (hOpMe MarHUTHOTO MOHO-
T0JIsI B MPOCTPAHCTBE. DTO U €CTh CBOOOHBIN OUIOJISPHBIN AaTOMHBII MUKPOBHXPOH, aKTUBHBIH
00BEM KOTOPOTO B YE€TBEPTH BOJIHBI COIEPKUT JBA TIEPEMEHHBIX M MPOTUBOIONOKHBIX MAarHUT-
HBIX, O/IUH IPOTUBOJEVCTBYIOIIMI pa3psAKe NEPBUYHOTO CUH(A3HBIN IEPEMEHHbIN EKTPUIECKUIA
MOHOIIOJIb ILTIOC YaCTh BOJTHOBO/IA U3 JIEKTPONOTEHIIAAIOB.

Paccmorpum 3TOT mporiecc Gosee AeTaTbHO HAa OJHOM W3 MHOXECTBA 3€peH-TIOTEHIHA-
JIOB aTOMHOTO 00BEMa M3MEHSIONIErocs eKTprueckoro nojst. Korma HactynmaeT Hayasio u3MeHe-
HUA® 9TOTO MEKTPUUECKOrO TOJIsl, BOKPYT KaXkJIOro M3 3¢peH-TOTEHIIMAIOB BO30YykaaeTcs: cepu-
YECKUI1 BUXPEBOW IMOTOK CIMpPAJIel MOTEHUMAIOB-36pEH MAarHUTHOIO M0JIsl, KOTOPbIH MPOIOIKAET
MIPOPAcTaTh B LIEHTP K 3€pHY A0 TeX MOp, MOKa U3MEHEHUE HE 3aKOHUYMTCS. B HayaslbHbII MOMEHT
U3MeHeHus (opMupyeTcs BHEIIHA cepruyeckas cnupaib MarHUTHBIX 3€PEH B CPEAHEM OIHOTO
3HaueHus1 Oonpinero auamerpa (dporto 2.1, crneBa), KoTopas NMpu JajJbHEHUIIEM W3MEHEHUH TOCTe-
MIEHHO TEPEeXOJUT Ha MEHBIIMHI JuaMeTp cepsl — mpouecc 3apsaku. HanvensliieMy nuamerpy
cepbl COOTBETCTBYET OKOHUAHHUE U3MEHEHU s IEKTPUUYECKOTO 110J151 U MAaKCUMaJIbHOE 3HaUE€HUEe Mar-
HUTHBIX TIOTEHIMAJIOB. DTO COOTBETCTBYET MPOLECCY — MATHUTHBIA MOHOIIONb 3apsIIUIICS IO HEKO-
€ro CyMMapHOI'0 MAaKCMMaJIbHO BO3MOKHOI'O MAarHUTHOTO 3apsja. MarHuTHble 3€pHa-MOTEeHLIAIIbI
TaKOro 0OBEMHOTO c(heprUyecKOro BUXpPsi STOr0 MArHUTHOTO MOHOIIONSI, HENPEPBLIBHO YIOKEHHbIE
CIApaJISIMUA Pa3HOTO JUaMeTpa Ha KOHIIEHTPUYECKUX cepax pa3HOro paamyca, o CTpyKType Mak-
CUMAJIBHO TIPHOJIMKEHBI K IIEHTPATBHOMY JIEKTPUYECKOMY 3€pHY-TIOTEHIMATY. DTO MPUOIKEHIEe
3aBUCUT OT CKOPOCTH, BpeMeH! H3MeHEHUsI JIeKTPUYECKOro mojsi’t, a Takke IJIOTHOCTU €ro

84 Takas CTPYKTypa MOATBEPXKAAeTCs caMOJBMKeHEM (POTOHA, AJIMHON TpeKa B KOCMOCE.
8310 TIPOLIECC NMEKTPOCTATHIECKON NHAYKIINHY, B 30HE MHAYKIIUH OKOJIO CTAI[IOHAPHOTO NCTOYHHKA.

86 ITpu ananornyHOoM pOpMHPOBAHUU MATHUTHOTO 3apsAia TEXHUYECKUMHU CPECTBAMHU — 3TO UMITYJIbC HAIPSDKEHU S BOJIM3M CTOY-
HHKa, ero NMepeHui WK 3aJHUI (PPOHT U TOK B TAKOM UMITYJIbCE.

50



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

3€pEeH-TIOTEHIINAJIOB STOTO TOJIsI — 3TU MapaMeTphbl U OIpeAesieT BEIMUYMHY CO3AaHHOTO MarHuT-
HOTO 3apsiia ¥ pa3mep cepbl ero o0béma. Torna cOOTBETCTBEHHO M YaCTOTHBIE XapaKTEPUCTHKH
ABWXKEHUs CIUpaM Ha cdepax Oombliero avamerpa OyayT OTIMYaThCsl OT YAcTOT HAa CHMPAJISX
MEHBIIIETO IMaMeTpa B CTOPOHY yBEIMYEHHs. DTOT BUXPh BO BPeMsl TAKOTO U3MEHEHHUs JIEKTpHUe-
CKOTO 10J1s1 C(hepPUIECKH CKUMAETCSS” BHYTPb BJIOJIb PaJIyCOB CBOMX CHJIOBBIX JIMHUI. [Ipruem, uem
OOoJIbIIIe CKOPOCTh U3MEHEHHSI Y 3HAUCHUsI MIAPaMeTPOB TOJIsl, TEM MEHbIIEe JOCTHTaeMbIil paanyc
cepsl, ¥ TeM OOJbIle 3HAYCHUS U INIOTHOCTh MOTEHIIUATIOB-3EPeH (KOMITPECCH s SHEPIUY MaTepUH
B (hopme m060ro THUMa MOHOIOJST) MArHUTHOTO TOJISI HA €AMHUILY JTMHBI CIIUPATA M UX 4acToTa.
[Tpu 3TOM ClleyeT OTMETHTh, YTO Hanbosee BaKHYIO POJib 3aHMMAET MPOIECC TeHepaluy MJI0THO-
CTH 3EPEH-TIOTEHIMAJIOB HA €IUHUITY JJIMHBI CIIMPAJIA BOITHOBO/A. B 311eMeHTapHBIX Mporeccax MUK-
pomMarepuu TUIOTHOCTh KOMITPECCHU SHEPIUH 3apsia MOXKET YBEIMYMBATHCS JIMIIb 33 CUET CJIMS-
HHUS OIMHAKOBBIX MArHUTHBIX MOHOMOJIEW B JIOKAJIM30BAHHOM O0BEME aToMa WITH Spa B MOMEHT X
3apsaku. B nporeccax ke ¢ ydacTueM 31eKTpopa3psIHbIX KJIacTepoB (MOJHUM) aTOMHO-MOJIEKY-
JISIPHOTO BEILIECTBA, CIIEIMAIbHBIE TEXHUYECKUE EKTPOPA3PsIibl MEXKAY ABYMsI JIEKTPOIAMU HITH
B3PbIB IIAKETa MUKPOITPOBOJIOYEK — TOT MapaMeTp MarHUTHBIX MOHOTIONEH, ONPe e SIOUI aKKyMYy-
JISILMIO €T0 3apsiia SHEPriy B eAMHUIIE 00bEMA, MOXKET YBEJIMUMBATHCS, KaK 32 CYET TNIOTHOCTH TOKA
B UMITYJIbCE 3apsIIKHY, TaK U 32 CYET MAKCUMYyMa HampsDKeHUsI 3TOro uMmyibca. He MeHee BaXHBIM
rapameTpoM B TaKOM Ipoliecce sABJisieTcst (PPOHT HapacTaHWs WK pa3pbiBa®® Toka nMityibca, 4To
MIPUBOUT K YMEHBIIEHHIO OXBAYEHHOTO MPOIIECCOM 00BbEMA MPOCTPAHCTBA. A YeM MEHbIe 00bEM
Y MHTEHCUBHEE Mpolecc, TeM ONnke W TUIOTHee JPYT K IPYyry poxAaloTcs chH(pa3Hble MarHUTHBIE
MOHOIIOJIH, TeM OOJIbIIIe CTUSTHUIA MOHOIIOJEH, TeM CHJIbHee KOMITPEeCCHs SHEPTUU B eJUHUIIE 00b-
€Ma, B KOTOpOM ellI€ MOKET MPOUCXOOUTh TaKOe CIMsIHUE. [[pyriMu cJioBaMu, TaKOMY K€ TIPOLIeCcCy
CrocoOCTBYET yKOpoUYeHue (PpOHTA UMITYJIbCA HATIPSDKEHUE, KOTOPBIN OTBEYaeT 32 yMEHbIIeHHe 00b-
€Ma JIOKAIM3aIK POKAAIOIINXCS MOHOMIOJNEH, T. €. OMSATh e YIVIOTHEHH e BUXPEBbIX TOTEHIIUAJIOB.
Takoili mpoliecc MPUBOIUT K POKACHUIO «TSIKENBIX» U «CBEPXTSIKENBIX» MArHUTHBIX 3apsiioB *.

Bonee HarmsHO NpeCTaBUTh MOHOIIONb, KaK cpepruueckr 0OBEMHYIO CMpaib MarHUTHBIX
MOTEHIMAIOB MOKHO CJIEAYIIIM 00pa3oM. Bo3bMEM MeTaninyeckuil MpoBojl B BUHMJIOBOW 000-
JIOUKe, T. €. OOBIYHBIN MEKTPUUYECKUN MPoBOM. Termepb 3TOT MPOBOJ IJIOTHO HamoTaeM Ha cdepy
OJIHOTO MiaMeTpa, a 3aTeM IMOpekeM BeCh IMPOBOJ Ha OJMHAKOBBIE NOJIBKU-3EpHA, KOTOpPHIE OymyT
UTPaTh POJIb IBYX MOTEHIMAIOB. 3€PHO U3 MeTasl1a OyAeT CITyKUTh KaK MarHUTHBIH MTOTEHITNAT OTpe-
JENEHHOTO 3HAYEHU S, COOTBETCTBYIOIIMI OMHOMY paauycy cepbl U JaHHOMY MOMEHTY U3MEHEHUSI
NEKTPUIECKOTO TOJIs. A OKpysKamoias ero chepa BUHIUIOBON 000JIOUKY OYyJEeT CITYKUTh OMOPHBIM
HYJIEBBIM MOTEHIMAIIOM JAaHHON TOYKHU MPOCTPAHCTBA. 3aTeM CITUPANIb TIEPEXOUT BHYTPh HA MEHb-
i paguyc. Crienyiomas cdepa MEHbIIIEro JuaMeTrpa oopa3oBaHa TaKUM ke 00pa3oM, HO U TOJI-
IIMHA TaKOTO MIPOBOJIA CTAaHOBUTCS MeHblle. Kaxas cdepa onpenenéHHoro paauyca, o00pazoBaHHasI
CIIMPAJISIMH U3 MATHUTHBIX 3€PEH-TOTEHIMATIOB OJMHAKOBOTO 3HAYEHUS 10 aOCOIIOTHOW BEINYMHE,
SIBJISIETCS] CBOGOOPA3HOM STYSHKON MaMATH, KOTOpasi 3allOMUHAET 3HaYeHUe W 3HAK TOTO COCTOSTHUS
NIEKTPUUECKOTO 3epHA-TIOTEHIINANIA, TIPU KOTOPOM OHa 00pa3oBasiack. DTO MPEACTaBIEHUE 0ObEM-
HOU cpepsl Terepb HEOOXOAMMO MACIITAOMPOBAThH B 00JIACTh Pa3MePOB TOJIsI aTOMHOTO SIApa U JIeK-
TpoHa. TakM 06pa3om, OCHOBHOE U IIABHOE CBOMCTBO MarHUTHOTO MOHOTMOJIS (CBOMCTBO HOJIb) —
3TO BUXPEBO-TIOJIEBOE 3alIOMHHAHME BCEW MCTOPUM W3MEHEHHMsI, CKOPOCTU U BPEMEHH, BETMYMHBI
Y HaIlpaBJIeHNsI U3MEHEHHU S JIEKTPUIECKOTO TIOJIsI U TOKA B TOUKE-00BEME, T. €. OH HOCUTEIb U Tiepe-
HOcuuK HH(opManun®.

87 Cxnmaercs B Cclydae, eciv JIeKTPOH B aTOMe NePEXOJUT B OCHOBHOE COCTOSIHUE, T.€. IBHKETCS 110 pauycy K sapy.
88 B3pbIB MPOBOJIOYEK, Pa3pbiB TOKA TEKTPUUECKOM AYTH U T. .
8 Takne maruuTHBIE 3apsijibl 3aMedeHbl Ha nmoBepxHocty CoJHIIA.

%0 Ha 3TOoM cBOMCTBE OCHOBaHA M MO3rOBasi IeATEIbHOCTh YeJIOBeKa — MOHOIIOJb CrocOO€eH He TOJIBKO 3aIicaTh COOBITHE C TTOMO-
IBI0 3€PEH-IICKTPOIIOTEHIINAJIOB B COOTBETCTBYIOLIEM Y3JI€ I'OJIOBHOI'O MO3ra, HO U IpU OﬂpeﬂeHéHHOM BO3JICHCTBUU Ha 3TOT y3ein,
AKTUBU3UPOBATH 06paTHO€ poxaenue MOHOIIOJIEH C nepecmmcoﬁ UX B «PETPAHCIIATOP» I BCIIOMUHAHUSA TE€X WA WHBIX COOBITHI
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Hakower, mose MCTOYHMKA TEPECTano M3MEHSAThCS, U 0OpPa30BaBIIMIICS MOHOIONL OOJbIIE
HUYTO HE CBS3BIBAET C MEPBUYHBIM NMEKTPUYECKUM 3EPHOM, TaK KaK B 3TOT MOMEHT M3MEHEHHUE
JIEKTPUYECKOTO T0JIS1 OKOJIO JIAHHOTO 3€pHA-NOTEHIIMaNa paBHO HyJ0. Bc€ MHOXECTBO Takux mar-
HUTHBIX MUKPOMOHOIIOJIEW CJIMBAETCS (TOK 3apsAKH) B OJJVH B 30HE MHAYKIIUU TAKKMM 00pa3oM, 4To
Kaxgas cepa MOTEHIMATIOB 3aHUMaeT IEHTPAIbHO’! TOJBKO CBOE MECTO, YBEINYMBasl TNIOTHOCTh
MOTEHIMAIOB-3¢PEeH Ha eAUHUILY UTMHBI CIUPAIU JaHHOTO paauyca. VTak, mepBoe CBOICTBO CHH-
(ba3HBIX*? MArHUTHBIX MUK POMOHOTIOJICH — CJAMSTHHE, HO JIUIIL B MOMEHT 3apsiiku. Eciiu MarHUTHBIT
MOTOK MOTEHIMAIOB CyMMAapHOTO BUXPsI IOCTUTAaeT HEKOTOPOr0 MHHUMAJIBHOTO KBAaHTOBOTO TIpe-
nena’, To oOpa3yercsl JieMeHTapHbIA MAarHUTHBIN 3apsi]] yKe CIIOCOOHBIN K CBOOOHOMY CaMOJBH-
KEHUI0. DTO BTOPOE CBOICTBO — CBOOOJHOE CaMOBpaIeHHe C MOCTYNATeIbHBIM CaMOIBHKEHHEeM
10 CMUpPAM — paspsika (BUaeo®*) sneMeHTapHOTO HEeToIsIPU30BAHHOTO MOHOTIOJNSI BUXPOHA C POK-
JeHHEM BOJIHOBOZA (BUAEO0?’) CIIUpAIU U3 IEKTPOIIOTEHIIMAIOB Pa3HOro TUaMeTpa, CO3AaHHbIX UM.
ITOT MpoIiecc BCeraa COMpOBOXAAETCSI BO30YKIEHHUEM MPOTUBOACHCTBYIONIETO Pa3psiIKe MEKTPH-
YECKOT0 MOHOIIOJIS1, BBIIOJIHSIOIIETO BCIIOMOTaTeIbHYI0 POJIb B IPOLIECCE NIEpe3apsiIKi KBaHTa Mar-
HUTHOTO MOHOIIONSI B CBOOOHOM BUXPOHE JJIsI COXPAHEHHUsI CPEIHEr0 3HAYCHUsI SHEPIUU TIPH TOJI-
HOM KBaHTOBOM IIPe0Opa30BaHUU STOTO HOCHUTEIsI MHIYKTUPOBAHHOM SHEPTUH B YACTHUIIE CO CITUHOM
PaBHBIM e/IMHUIIE.

BoJsbmas 3acjiyra B NepBHYHBIX HCCJIEJOBAHUSIX MPOCTPAHCTBEHHO-BPEMEHHOIO
Pa3BUTHSI HMITYJIbCHOTO YJEKTPHYECKOT0 pa3psajia B BAKyyMe, ra3e, ;KHAKOCTH U TBEPIABIX
TeJlaX MPUHAJIEKUT

BopoobéBy A. A., Ymakosy B. ., Mecsany I'. A. u apyrum yuénbim Tomcko-cudup-
CKOH IKOJbI BHICOKOBOJILTHHKOB.

[pennoxeHHyIo 31€Ch CTPYKTYPY (POPMUPOBaHUS B IIPOCTPAHCTBE BOJTHOBOIA-TPEKA JIBHKE-
HUS MarHWUTHOTO MOHOTIOJSI TIOATBEPXK/IAIOT U IKCIIEPUMEHTAIbHBIC UCCIIECIOBAHUSI STHX aBTOPOB
Y B YaCTHOCTH PaOOTHI

B. {1. Yimakosa. B 3Tux mccneoBaHuil ObLT yCTAaHOBJIEH Psiji YHUKAIBLHBIX PE3YJIbTaTOB ¢ hOTO-
rpadusiMu pa3psiioB ¢ BBICOKUM pa3pelieHueM, Ha KOTOPhIX BUHBI CIUPAJTA HauaJla BUXPEBbIX TOKOB
Ha BOJIHOBOJIE, OCTaBJIEHHOTO JABUKEHUEM MAarHUTHOTO MOHOIIOJS.

JKcnepuMeHTAJNbHbIE HCCJIeJOBAHHUS NPHPOALI M OCHOBHBIX 3aKOHOMepHOCTeM
HMITYJIbCHOTO JJEKTPHYECKOro Mpo0osi KUAKOCTEN.

B 1962 r. B. 4. YmakoBbiM B DHepreruyeckoM MHcTUTyTe MM. I'. M. KpxkunxkaHoBckoro
(OHMH) Obutn HayaThl WCCIIEIOBAHUS MPOCTPAHCTBEHHO-BPEMEHHBIX 3aKOHOMEPHOCTEN MpoOost
KUAKOCTEH ¢ UCMIOJIb30BAHMEM JIEKTPOHHO-ONTHUYECKON amnmnapaTyphl, 001a1aiomei OoNbIIiM Bpe-
MEHHBIM U TIPOCTPAHCTBEHHBIM Pa3pelieHHeM.

Ocobernocmu 31eKmpuuecKozo paspsaoa 8 HUOKOCmsX (MHO2000pa3ue U CAOHCHOCHb A6AEHUI,
Manvle xapakmepHvle pazmepol ~ 10 MKM, 8blcokue ckopocmu pazeumust ~1 0°...10" cm/e ) nozeo-
ASIOM 8blOeAUMb PSIO MPEOOBAHUL, NPEOBABNAEMBIX K MEMOOAM BbICOKOCKOPOCHHBIX ONMUUECKUX
UBMEPEHUIL:

1) onumenvrocme umnyavco nooceemku He oonee ~10...0,1 ue; 2) wacmoma cvemku 8 Kaopo-

6om pexcume ~1 0°...108 Kaopos/c;

4eJIOBEKOM, TIPOM30LIEIINX C HUM JIake HECKOJIBKO JECATKOB JIET Ha3a[,.
o1 Ouenn BaxHO, 3apsifika B IIeHTp — (popmupyeTcst chepa-NCTOUHNUK, pa3psaaKa — (popMUpyeTcsl BOTHOBOA-TIONE.

92 CuH(pa3HOCTb — IJIABHOE CBOMCTBO [UIS CIIMSIHUSI Y TIPE0OPa30BaHUs MIEKTPUUECKON SHEPTMU B MATHUTHYIO U €€ KyMYJISILIUS
B OJTHOM MOHOIIOJIE.

% Iror Tpe/iest ONpEeeIsIeTCs] CTENICHbI0 KPUBU3HBI, KOJIMYECTBOM MOHOIOJIEH 1 3HAYEHHEM UX BEJIMYUHBI, T.€. HEKOTOPbIN HaO0p
COOTBETCTBYIOLEH MaTepiu A1t CO3AAHKs 3aBEPIIEHHOCTH CBOOOAHOIO CYILECTBOBAHHSI TOTO BUXPsI-KBAHTA.

94 Bugeo https://www.youtube.com/user/shadrin1947— caMOIBIKeHME MATHUTHOTO MOHOIIONS TIPU €ro paspsjke.

9 http://www.youtube.com/watch?v=0XhGzCdbQ1E- poxaeHue BOJIHOBOAA CIMPAIN U3 EKTPOIOTEHLIMATIOB NIPU pa3psike
MAarHUTHOrO MOHOIIOJIS.
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3) uzmerenue unmepsana mexcoy Kaopamu 8 WUpPOKomM OUana3oHe

(~1...100 nc); 4) evicokass mouHOCMb CUHXPOHUAUUU KAOPO8; 5) dHEp2usi C6emo8o20 NyuKd
00NIHCHA ObIMb OOCMAMOUHOU 0151 NONYUEHUSL NOCAEOYHOUAUX KAOPOB C COOMBEMCMBYOu4ell 3a0epaic-
Koti; 6) 8bICOKOE Kauecmeo nyuKka Onst NOAYUEHUSI HAOEHCHBIX KOAUUECTNBEHHBIX PEe3YNbMAMO8.

B pesynbrare ObLIM MOTy4eHbI BECbMa XapaKTepHbIe KaApbl 3TUX MporieccoB (poto 2.3). bviio
YCMAHOBAEHO, UMO AUOEPHBIL NPOUECC 8 HCUOKOCMAX 8 OAUHHBIX (MULIUMEMD U OoNee) Pa3PIOHbIX
NPOMENCYMKAX C HEOOHOPOOHBIM NOAEM POPMUPYENCSL 3a Cuen NPeoOPa308aHUsl NEPEUUHBIX KAHA-
108, NPEOCMABASIOUWUX COOOT MoHKUe (2...4 MKM) naazmeHHble KAHAAbL ¢ MAAOU INEeKMPONPOBOO-
HOCHbIO.

®oro 2.3. KaptuHa 31€eKTpopa3psia B KUJKOCTU

Ata ¢ororpadus — KIaCCUUECKUI TPUMEP PA3BUTHSI BUXPEBBIX TOKOB Ha OCTABJIEHHOM TpPEKe
3€pEeH-TMOTEHLIMAIOB, CO3IAaHHBIX MAarHUTHBIM MOHOIIOJIEM.

Hanee, BHauase ABUKEHUS-U3Iy4YEeHUSI U U3MEHEHUSIMHAYKLIMU MOHOIOJEH-BUXpEil B ITOU
00JIaCTH TIPOCTPAHCTBA MEKTPUUECKOTO TOJIs, (popMupyercss 30Ha U3JIyYeHHsl, T. €. CAMOJIBUXKe-
HUE-U3MEHEHUE IByX OPTOTOHAJIBHBIX M CUH(A3HO MEHSIOIIMUXCS MOHOIOJEH — MAarHUTHOTO U TPO-
TUBOJICHCTBYIOILIETO €My JIEKTPUYECKOrO, KOTOPble MHAYKTUBHO CBS3aHBI IPYT C APYTOM U B MPO-
1iecce pa3psAKU MPeICTABIAIOT €UHOE LIENIOe.

Takoil nepeMeHHbI MATHUTHBIA MOHOIOJIb CTAHOBUTCSI HOCUTEIEM KBAaHTA MHAYKTUPOBAHHOM
SHEpruu U «TPAHCIIOPTOM» JIJIsl IEpeHOca MapaMeTpoB MEPBUYHOTO KBaHTa. [IpyriMu cioBamu, npu
CaMOJIBUKEHUHU-Pa3psiIKe OH CTAHOBUTCSI BUXPOHOM M Pa3BEPTHIBAET B MPOCTPAHCTBE’® BCIO UCTO-
pyo (MH(pOpMAaLMIO) U3MEHEHHS NEKTPUYECKOro NOMA B TOUKe, rae oH ponwicd. Ha 1/4 nnunbl
BOJIHBI (ITyYHOCTb) OT MEPBOHAYAIBLHOTO MECTOMOJIOKEHUS MEePBUYHBbIE MOHOMOJIM — MArHUTHBIN
Y MIPOTUBOIEICTBYIONIMIA MEKTPUUECKUI CUe3al0T, U Yepe3 MTHOBEHHE Yke Ha 1/2 AMHbI BOJIHBI
(y3eJ1) BO3HUKAET BTOPUYHBIA MATHUTHBIN MOHOTIONb, UAEHTUYHBIN M0 BETMYMHE U MPOTUBOIOJIOX-
HBIH 110 3HaKy nepBuyHOMY. [Ipoliecc moBTopsieTcsi 3aHOBO, HO C MPOTUBOIOJOKHBIM 3HAKOM.

CamoBukeHMe- pa3psiAKa MOHOIIONS IPOUCXOIUT U3 TOUKU-Y3J1a 10 chepuyuecKoi cripanu
BO3PACTAIOIIETO PaAlyca U YMEHBIIAIONIENCS YaCTOThl — MPOAOJIBHOE ABUKEHUE BIIEPE/l CO CKOPO-
cThi0 cBeTa. Pagnyc cepsl MOHOMONSA, MPU 9TOM, HAUYMHAET YBEJIMUMBATHCS, 4 3HAUEHHE BEJIMYUH
JIEKTPONIOTEHIIMAJIOB HA TPEKE YMEHBINAThCS TI0 aOCONIOTHOW BEJIMUMHE W CTAHOBSITCS PaBHBIMU
HYJII0 Ha cepeArHe My4YHOCTU Tpeka — 1/4 nimuvHbel BoiHBL. Bparienue cgepruyeckoro MarHuTHOTO
MOHOTIOJISI TPOUCXOIUT CO CKOPOCTBIO MHOTO OOJIbINIE CBETOBOM U, €CJI CMOTPETh CHApyXKU Ha HEro,
TO OyJIeT BOCHPUHUMATBCS TOJIBKO MTPOJOJIBHOE ABUKEHHE CO CKOPOCTBIO CBETa YBEJIMUHBAIOIIETOCS

9% Kaxk mokazan CHCKTpOMCTpH‘{CCKHﬁ aHaJIn3 CBETa I[aJIéKI/IX 3BéB,II, Takas I/IH(I)OpMalII/IH MOXKET NepeaaBaTrbCca C paCCTOHHI/Iﬁ

cabime 1078 CM, HO C «T[IOKPaCHEHHUEM» 4acTOThl KBaHTOB.
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B IMaMeTpe CIUpaleBUIHOrO Topa (Buaeo’’). Bo BpeMsi ABMXEHUsI OH M3MEHsIeTCs B JHaMeTpe,
YMEHBINAETCS TI0 3apsiy U KBAaHTYeT’® MPOCTPAHCTBO CIMPAJIH, OTKJIAJbIBAsI MEKTPUIECKUE 3epHa-
MOTEHIMAJIBl HA HEll B COOTBETCTBUM CO CBOEH MaMSATHIO M B CTPOrO reOMETPU30BAHHOM TOPSIIKE.
[Tpu paspsiake BHauasie OBMKEHHWS] MOHOMOJS OT y37a OTKJIAIBIBAIOTCS MOTEHIMATbl MAaKCUMAaJlb-
Horo 3HavyeHusi. Ha 1/4 nivHbI BOJHBI (ITyYHOCTh) OTKJIAIBIBAIOTCS HYJIEBbIE MO 3HAUEHUIO TTOTEH-
1Masbl. B MOMEHT 3apsiKy IPOTUBOIOIOKHOTO MarHUTHOTO MOHOIIONSI IPOUCXOIUT aHAJIOTUYHBIH
MPOIIECC C MPOM3BOJCTBOM CHHMPAM BOJHOBOIA, HO YK€ MPOTHBOIMOJIOKHOTO 3HAKA — BOJHOBOJ
B TIOJIBOJIHBI JIEKTPUYECKH 3apsIIIICS IO ABOMHOTO 3HAYEHHS PA3HOCTH MOTEHIMAIOB. AKTUBHBIN
00BbEM BUXPOHA B HAYAIbHBI MOMEHT Pa3psiKU Pa3MEPHOCTBIO B YETBEPTh JUTUHBI BOJIHBI CONCPIKUT
JBa TAaKMX TOpPAa C MUHUMAJIbHBIM M MaKCUMaJIbHBIM pagnycoM. OHAKO MaKCUMAJIbHOTO 3HAUEHUSI
(3aps/iKa) MAarHUTHBIA BTOPUYHBIA MOHOMOJIb JOCTUTAET JIMIIH B TOUKE MOJIOBUHBI IEPHOA YACTOTHI
(oToHa, T. €. B TOUKax COMPUKOCHOBEHM: (Y37bl) JBYX c(ep crvpajieil BOJIHOBOJA. DTO TPeThbe
CBOICTBO MOHOTIOJISI BUXPOHA: KBAHTOBaHNE 3€PeH-3J1eKTPONOTEeHIINAIOB ITPY CBOOOTHOM [IBU-
KEHUU B CBOOOJHOM BaKyyMHOM IPOCTPAHCTBE, T. €. Pa3BEPTKA B MPOCTPAHCTBE CBOEH MCTOPUM
POXAEHHSI. DTO CBOMCTBO MOATBEPXKIACTCS MEXaHIU3MOM MHTEP(EPEHINN TEKTPOMATHUTHBIX BOJH
OT /IByX HE3aBHCHMBIX U IIEPEMEHHbBIX ICTOUHUKOB U3JTyYeHHsI, TPU HAJIOKEHUH MTOJIeN KOTOPBIX OJH-
HAKOBBIE I10 3HaKy 3¢pHa MOTEHIMAIbI BOTHOBOIOB CKJIAIHIBAIOTCS YBEJINUMBAS B TAHHON TOUKE CyM-
MapHbII TOTEHIIMAT, 2 TIPOTUBOMOJIOKHBIE B3AUMHO YHUUTOXKAIOTCS, YMEHbBIIIAs! MOTEHIHA.

B momenT 1/8 neprona oT y3i1a B aKkTMBHOM B YE€TBEPTb BOJHBI MHUKPOOOBEME BUXPOHA YKe
CYILIECTBYIOT T10 /IBa OJJMHAKOBBIX MO 3apsily MAarHUTHBIX MOHOIIOJIEH, HO ITPOTHUBOIIONIOKHOW HAaIpaB-
JIEHHOCTH, TPUYEM MPOTHUBOMNOJIOKHBIN 3apsiKaeTcsl MEepeMEeHHBIM NEKTPUUECKHM MOHOIIONEM,
KOTOPBIA CO3JAET NEePBUYHBIA. BTOpUUHBIII MOHOIONB 3apsikasich HAUMHAET CTPOUTH OT 1/4 1MHBI
BOJIHBI B 3TOM ke 00bEME CIHpasib EKTPONOTEHIIMAIOB MMPOTUBOMOIOKHON MOIsIpHOCTU ((hOTO
2.2). OT0 4eTBEPTOE CBOWCTBO BUXPOHA: CAMOMHAYKIIHSI IIPOTUBOIIOJI0KHOTO MOHOMOJIS U CO3/1a-
HUE CBOOOTHOTO OUIOJISIPHOTO BUXPOHA®” — O030HHOTO MArHUTHOT'0 OHUMOJIsI, (POPMHUPYIOIIETO
TaKyl0 MUKPOYACTHUILY CO CIMHOM PaBHBIM €IUHUIIE, KaK (DOTOH 3JIEKTPOMArHUTHOTO KBAHTA.

B mpocrtpaHcTBe, mociie BBIXOAA BHXPOHA M3 TEPBOTO IMEpUona, OCTa€rcs ciea-(aHTom
U3 4eThIPEX nomycgep-Ccrmpaiei, Ha KOTOPbIX pa3MelleHbl IeKTPOIOTEHIMATBI3EPHA PA3HBIX 3HA-
yenuit'® (Poro 2.2, cnpaBa) 1 3HaKOB MO MojsipHOCTU. CamMble OONbIIIME 3HAUEHUs MTOTEHIMATIOB
1o aOCOMIOTHON BEJIMYMHE W C OOJNBINEH YacTOTOW pa3MelleHbl Ha CIUPAJIIX HAUMEHBIIETro Aua-
Metpa'?l. 3ateM OHM yMEHBIIAIOTCS JI0 HyJIsl B CepeinHe IMyYHOCTH Nomycgepsl, MOocie Yero Hauu-
HAIOT YBEJIWYMBATHCS IO 3HAYEHMIO, HO C JAPYrod MONSPHOCTBIO. [10OKUTETbHBIE U OTPHULIATEIb-
HbIe 3€PHA-3JIeKTPONIOTEHIIMAIIB TEOMETPUUYECKU (PUKCHPOBAHBI B IIPOCTPAHCTBE OTHOCUTEIIBHO JPYT
Apyra, T. €. JII000e UX CMEIeHUe OTHOCUTENIBHO IPYTOro BhI3bIBAET MarHUTHOE TOJIE C TAKUM HaTPaB-
JIEHWEM JICUCTBUSI, KOTOPOE HAPaBJIEHO HA BOCCTAHOBJICHUE TIEPBUYHOTO MOJIOKEeHUs1. Takum oOpa-
30M, UX TEOMETPU30BaHHAs (PUKCAIHS B MPOCTPAHCTBE OXPAHAETCS 3AIUTHHIM MArHUTHBIM TOJIEM.
OnHako TpU OIpPEAENEHHBIX YCIOBUAX TMOCIEA0BATEIbHO-CHHXPOHHOTO CMEIeHUsI TaKuX 3€peH
1/4 nnvHBl BOSHBI crivpasied Bo30yxkaaercs'’> mepBUYHbI MarHUTHBI MOHOIIOJNb, T. €. BOZMOXEH
¥ 00paTHO-NOCJIe]0BaTeJIbHbIN NPOIecC BO3POKASHUS U3 YaCTHU BOJTHOBOJA MUKPOBUXPOHA.

JIBukeHne KOHKPETHOro CBOOOJHOTO MHKPOBHUXPOHA C OOpa30BaHMEM KBAaHTA-HOCUTEINS
VHIYKTUPOBAHHOW SHEPIUM XapaKTEePU3yeT ero CBOWCTBO POXIATh MUKPOYACTHUILY C KOHKPETHBIM

97 https://www.youtube.com/user/shadrin1947/videos

98 . o o v
Bo BpPEMSA TAKOI'O IPOHECCa «TAKEIbIN» MArHUTHBIM MOHOIIOJIb CBY pmama3ona crocooeH €le MpoOHUKATh B aTOMHBIE AApa
1 NOHU3UPOBAThb €ro 000JIOUKH.

9 IepemMeHHOro MarHUTHOTO OIS,

10p y3/1e MaKCUMaJIbHOE 3HaUeHHe NMOTEeHIUAJIOB, B ITyYHOCTH — HYJIEBOE.

10! Pmenno ot PE30HAHCHBIE MOTEHIINAJIBL, IIPUBHOCUMEBIE B COOTBETCTBYIOIIEE MEKTPHYECKOEe MOJIe aTOMa MarHUTHBIM MOHO-
TI0JIEM, TIEPEBOAST aTOM M3 OCHOBHOTO COCTOSIHHSI B BO30YKIEHHOE WIIM HOHU3UPYIOT ero — (hoTo3(hPeKT.

192 Cornacro MIPUHLIMITY JAETAJIBHOIO PaBHOBECHSL.
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cnHOM. B 1aHHOM ciydae cnivH (DOTOHA paBeH enuHuIe', a YUCTIeHHO JIJIS 9JIEMEHTapHBIX YaCTHI]
OH ompezensieTcs nocrossuaou [lnanka. Mtak, msaToe cBOWCTBO, XapaKTepHU3YyIOIee BUXPOH — POK-
JaTh KOHKPETHYI0 MUKPOYACTHILY C ONpeIeIEHHBIM CHUHOM — THIIOM MOJISIPU3alHH HCTOYHHKA
JBHKeHHs1. Mexann3m oopazoBanus criuHa B CAIT HensBecTeH. MOXKHO J1aTh ClIeAyIolIee onpe/e-
JIeHVe TIPUPO/Ibl CIIMHA MUKPOYACTHIIB — TOT MapaMeTp XapaKTepu3yeT CTelleHb KBAaHTOBOW 3aBep-
MIEHHOCTH NTPeoOpa30oBaHKs MaTepUU HOCUTENIEM WHIYKTHPOBAHHOW 3JIEKTPOMArHUTHOW SHEPruH,
KOTOPBIA ONpe/iesisieT B 3aBUCMMOCTU OT BHYTPEHHUX CBOMCTB MUKPOBUXpPOHA (pOpMYy M THII JIBU-
KEHUSI MUKPOYACTHIIBL, T. €. 00pa3yeTcsi 3aMKHYTO-KoJe0aTeJbHbINH WM OTKPBITHIA caMO/BU-
sKymmiicst e€ pa3oBblii 00bEM, KOTOPBIN ONpeessieT BU ABWKEHUS YaCTUIII — KWHETHUECKHUIA WITH
BOJIHOBO.

Paznmunbie 1o Tumy, T. €. 3aMKHYTbI€ WA CBOOOJHbIE MUKPOBUXPOHBI CIIOCOOHBI 00pa30-
BBIBATh MUKPOYACTHIIBI CO CIMHOM PaBHBIM euHUIIE ((POTOH), C MOMYIETbIM CIIMHOM (JIENITOHBI),
a TaK)kKe MUKPOYACTHUIIBI C HYJIEBBIM CITUHOM — ME30HBI (TTMOHBI, KAOHBI ), KaK IIPOMEKYTOYHbIE COCTO-
SIHASI Pacrafalouxcs sAaepHbIX oOomouek. [Tpuuém BUXpPOHBI, 0Opa3yoliye 3aMKHYTO-KoJeba-
TeJbHbIe (ha30Bble OOBEMBI MUKPOYACTHII, BMECTO MPOTHUBOICHUCTBYIONIETO IEKTPUIECKOrO MOHO-
MOJISI UHAYKTUPYIOT B HUX TPABUTAIIMOHHBI MOHOIOJIb — HOBBIA HOCHTEJb WHIYKTHPOBAHHOW
SHEpPruy mMatepu B (popMe MCTOUHMKA OTHOCHUTETBHOTO MOKOSI, PEreHepUpYIONHiA B UX 00bEMax
NePUOIMUECKH 3apsIKAIONIMECS] MarHUTHBIE MOHOTIOJH.

Takum 06pa3oM CBOMCTBA MHUKPOBUXPOHOB CTAHOBATCS OMpPeACAIoONM (hakTopom 06pas3o-
BaHMSI CTAOMJIBHBIX XUMHUECKHX JIEMEHTOB B IIPOLIECCE MX 3aPOXKICHUS, Pacraia U CTAOMIM3alUIH
Ha JIOJITOM TyTH OT siipa 3eMJIM K €€ TIOBEpXHOCTH.

OnucanHas Bbile cxeMa (hOpMUPOBAHMS M KBAHTOBAHMS 3€PEH-IEKTPOIIOTEHIIMATIOB (ha3o-
BOro 00bEMa CaMOIBIIKYILErocs (POTOHA CYIIECTBEHHO YIPOIIEHa U BeChbMa rpy00 pa3phIBHO-TIOCIE-
J0BATeJIbHO NMOKA3bIBAET OCHOBHBIE BKJIA Il YYaCTBYIOIIMX MIPOLIECCOB B MATHUTHOMTOKE. DTO Clie-
JIaHO I YIPOUIEHHS MOHMMAaHMs BCEro IMpoliecca B IIeJIoM, He yriayOnssach B jaetand. PeaibHo
B IIPUPOJIE STOT MPOLIECC TPOUCXOAUT ropasao CoXxHew ' u kapTiHa AMHAMUKK 00pa3oBaHus (pa3o-
BOro o0béMa aaxe (pOTOHA B JIETAISIX HECKOJIBKO OTJIHYAETCS OT yXe paccMorpeHHou. [Ipexne
BCEro, peasibHoe 00BEMHOE TI0JIe aTOMa BOAOPO/A OTIIMYAETCS OT MPHUBEAEHHOro Ha ¢oTo 2.1 — 310
T0JIe IBYX BCTABJICHHBIX JPYT B ApYyra UCKaKEHHBIX cep ¢ OXHIUM oOuwM 1ieHTpoM. [Tpuuém BHem-

Hee 110J1e JIEKTPOHA C PayCOM OKOJIO 108 cm, 00pa30BaHHOIO CBSAA3AaHHBIM C 51JPOM aTOMa 3J1eK-
TPOHOM, SABJISIETCS MCKAXKEHHOH Momycepoil. A MOJOKXUTENbHBIN 3aps/l pa aToMa, IPOTOH, UMEeT
pacnpe/eieHue MoJsi Ha CBOel NOBEPXHOCTH IAJIEKOE OT CUMMETpUYHOM cpepsl. TeM He MeHee Takast
CTPYKTypa 0Opa3yeT BecbMa yCTOMYMBOE IEKTPOCTATUYECKOE COEAUMHEHUE — 3TO aTOM BOOPOJA.

KBaHTOBaHME 3EpEH-NOTEHLMAIOB PEaJbHOIO 3JIEKTPO-MarHUTHOTO MPOCTPaHCTBA-TpeKa
¢oTroHa nporcxoauT cuHGa3HO-MOCHAeJ0BATEJIBLHO C MOMEHTA U3MEHEHHU S JIEKTPUUYECKOTO OIS
ele B 30He MHIYKIMM OKOJIO UICTOYHMKA!?> B MOMEHT 3apsiIKM MOHOIIOJNS, @ TT0 CKOPOCTH TTepeHoca
MIOTEHIIMAJIOB IOJIell KOHKYPUPYIOT JIBa MpoLecca — CTaTHYeCKOM MHAYKIMY 1 BUXPEBOM reHepa-
1M 3€peH-NoTeHIMaIoB. [IepBriil mponecc (hopMHUpYeT BHEIIHEE N0JIe UICTOYHUKA, BTOPOW — BHYT-
PEHHME NOJIsI CTPYKTYpbl MUKpoyacTULl. CKOPOCTh CTATMUECKON MHIYKIIMHU MTOTEHIUAJIOB OT IOCTO-
SIHHBIX MCTOYHMKOB BO MHOI'O pa3 MpPEBBIIAET CKOPOCTh BUXPEBOM I'eHepaluy MOTEHIUANIOB, T. €.
CKOPOCTb CBETa BO MHOT'O pa3 MeHbIe CKOPOCTH PaclpOCTPAHEHHS MOCTOSHHBIX 3JIEKTPUUYECKUX
ToJsei.

193 Yenonuenne nomsoro kBanToBOrO peoOpa3oBaHUs HOCUTEJISI MHAYKTUPOBAHHOW SHEPTHU B CBOOOIHOM BUXPOHE — BOJTHOBOE
JBUKEHUE MaTepUN.

104 PaccMoTpeHa ToNbKO JUTONbHAS MHAYKIHS BTOPUYHOTO MArHUTHOTO MOHOIIOJS, a CYIIECTBYIOT eIl€ U KBaJpyIOoJIbHAs U ApY-
rve MeHee 3HAUUTe bHbIEe BKJIA bl TPY N3MEHEHNH TTePBUYHOTO MOHOMOJIS.

195 Chavana HPOUCXOIUT (POPMHUPOBAHKE HYJIEBBIX TOTEHIMAIOB C OOJIBIION chephl, 3aTeM MAKCUMAJIBHBIX Ha MaJIOM pajiiyce
B y3/ie (DOTOHA W MOTOM OISATh YMEHBIIAIOTCS 0 BeJIMYMHE 3EpHA-TMIOTEHIMANBI IO BEJIMYMHE IO HYJs Ha OOJBLIOM paiuyce, T.e.
3apsKa-pa3psaka.
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OueHb HaAMISIZIHO B3aUMOJEWCTBHE TOJIe CTaTMYEeCKON MHIYKIIMM C BUXPEBOW TeHepaluen
MOTEHLIMAJIOB JIEMOHCTPUPYIOT SKCHEPUMEHTH C MaJeHUEM CHJIBHOTO CTallMOHAPHOIO MAarHuTa
B TpyOe M3 HEMarHUTHOro Marepuaia (Meab, ATIOMUHUI). MI3BECTHO, YTO MarHUTHBIE MaTepUAaIbI
MPUTATUBAIOTCS K MarHUTaM-ITPOBOJHUKAM 3a CUET MHAYKLIUM MTPOTUBOIOIOKHOIO MO 3HAKy Mar-
HUTHOTO nojmoca. [Ipu ABMKeHUuM MarHuTa B cJI0€ Me/Ii MHAYLIMPYETCS] OJHOMMEHHBIH 110 3HaKy Mar-
HUTHBIM nomoc. MHAyK1Ms, Kak U3BECTHO, IPOMCXOANUT MTPYU U3MEHEHMH MarHUTHOT'O MOJIst B MEIH,
KOTOpasi U BbI3BIBAET JIEKTPUUECKUE BUXPEBbIE TOKU, UHAYKTUPYIOIIME MATHUTHBIN 3apsil B MEIH,
KOTOPbIM U B3aMMOJIEHCTBYET C JBUXKYIIMMCS MarHuTOM — OJHOMMEHHBIA IO 3HAKY MarHUTHBINA
3apsi.

I'maBHOe CBOMCTBO HEYJOBMMOIO MAarHMTHOTO MOHOIIOJS — 3TOT 3aps] HE MMEET MaccChl
MIOKOS1, HO B CBSI3U C TEM, YTO OH BCEI/a JABUKETCS CO CKOPOCTBIO CBETA U3MEHSSACH 110 3HAYEHUIO
BEJIMYMHBI, €r0 BCEra B CBOOOJHOM JABWKEHUU COMPOBOXKIAET MEKTPHUUECKUIA MOHOIOJb, KOTO-
PbIi CLIOCOOCTBYET €ro nepe3apsiike Ha MPOTUBOIONOKHBIN MO 3HaKy. EciM cKopocTh MarHUTHOTO
3aps/ia CTAaHOBUTCS MEHbILIE CKOPOCTH CBETA, HAIIPUMEP, ITyTEM TOPMOKEHU I JEKTPUIECKOTO 3apsiaa
B I10JI€ IPYTOr0 COM3MEPUMOTO 10 3HAUEHUIO BEIMYMHBI, MAaTHUTHBIN 3apsi I€1aeT KBAaHTOBBIN Tepe-
XOJI B CBOM aHTHIION, KOTOPBIN YKe CIIOCOOEH CYIIECTBOBATh B COCTOSIHUM OTHOCHTENIBHOTO TTOKOS —
3TOT aHTUIIOJ, HAa3bIBAETCS TPABUTALIMOHHBIM MOHOIOJIeM. VTak, MarHUTHBIN 3apsi/i Bceraa JBU-
XKYIIAACS U IEPEMEHHBIH 110 BeJIMUMHE TeHepaTop KosieOaHWi 13 OHOTO 3HaKa B JPYroi, He UMeeT
Macchl MOKOsI, HO JIJIsl CBOEW pereHepariuyi OH KCTIOb3yeT MPU CBOOOIHOM JIBUKEHUH SJIEKTpHUe-
CKHMI1 MOHOIIONb, @ B KOPITYCKY/ISIPHOM — T'PaBUTAIIMOHHBIA MOHOIONb. TakuM 00pa3oM u matepus,
Y SHEprus, v ABUKEHUE, U U3MEHEHUE — 9TO MarHUTHBI MOHOIIOJIb, CYIIECTBYIOIIMI B 3aBUCUMO-
CTU OT YCJIOBUH U B (popMe HEOTIETMMON Taphl C JIEKTPUUECKUM MOHOIIONEM WM B (hOpMe HEOT-
JEMMOM Mapbl C TPaBUTALMOHHBIM 3apsI/IOM, a TaKkKe B BUJE CAMOCTOSITEJIbHOIO I'PaBUTAIIMIOHHOTO
MOHOIIOJA (3BYK).

He 3aTpoHyTHI 1 BOIIPOCH! PSIMBIX M OOPaTHBIX MPOLIECCOB KU3HU MOTEHIIMAIOB-3EPEH — y CTa-
IIMOHAPHBIX 3aPs/I0B OHU JABUKYTCS CO CKOPOCTBIO OOJIBIIIE CKOPOCTH CBETA, & MATHUTHBIN 3apsiji IPH
BpaIlIEHNHU JABUKETCSI CO CKOPOCTBIO OOJIbIIIE CKOPOCTH CBETa, HO (PUKCHPYET reOMeTpUIECKH MOKO-
sIlecs B IPOCTPAHCTBE MOTEHIMAJIbI — 3TO OYEHb BaKHbII MOMEHT B IPUPOJE YCTAHOBKU IMOJIEH
MaKpO ¥ MUKPOUCTOYHMKOB. MOMEHTY Hayasla pa3psKy U3 y3Jia IPOTUBOIEHCTBYET UHAYKTUPYe-
MBI JIEKTPUYECKUI MOHOIIOJb. DTO 3HAYUT, YTO UMEHHO B 3TOT MOMEHT €ro BHEIIIHee JIEKTPU-
YecKkoe ToJie UMeeT Hanbosee MPOTSHKEHHBIN paauyc JaJbHOAEHCTBUS U 3HaYEeHHe, KOTOPOe CIOo-
coOHo HanOoee 3(pHEeKTUBHO B3aMMOIEHCTBOBAThH C OKPYKAOIIMMU TOJISIMHU, HAIIPUMEP, C ToJIeM
aTOMHOTO spa — nap oopazoBanue. [I0THOCTHIO MATHUTHBIM MOHOIIONb pa3psikaercs Ha 1/4 nuHbI
BOJIHBI, OCTaBJIsAsl HA OKPYKHOCTM MaKCHMaJbHOIO JMaMeTpa TpeKa HyJeBble MOTEHIMAJbI (ITyd-
HocTb). [IpoTHBOAEHCTBYIOIINI TAKOH pa3psiKe BHAUaJIe 9TOro MpoLecca JEKTPUIECKUA MOHOIIO]b,
B 9THX TOYKax Ha Tpeke 1/4 Takxke mcue3aeT. DIEKTPUIECKOMY MOHOIIONIO B CBOOOJHOM BUXPOHE
OTBOJMTCS] OCHOBHAS POJIb B3AMMO/eHMCTBHA (3TO €AMHCTBEHHbII MHAUKATOP BUXPOHA) C OKpYyXKa-
IOIIMMHU TIOJISIMU TTPU IBMKEHUH Yepes3 BelIeCTBO — TOJIBKO OH CLIOCOOEH 3aTOPMO3UTh M OCTAHOBUTD,
«BMOPO3UTb» B IJIA3MY, 3aCTaBUTh CO3JaTh KBAHTOBBIM NIEPEXO]] U3 MArHUTHOTO COCTOSIHUSI MaTepUU
B IpaBUTALMOHHYI0. OTIEIPHO MarHUTHBIE MOHOIIONb BOOOIIE HE B3aMMOJEHUCTBYET HU C MOJISIMU, HU
C BEIIECTBOM, [I03TOMY €TI0 HEJIb3$1 3apPErUCTPUPOBATh, TOITOMY OH BEYHO COXPAHSIET CBOIO SHEPTHUIO
6onee 14 MUITMAPAOB JIET.

Camoe m1aBHOE 3aKJII0YaeTCcsl B TOM, UTO C MOMEHTa Havajia pa3psiJki MArHUTHOTO MOHOIIOJS,
MH/IyKTUPYEMBbII TIPOTHUBOIOJIOKHBI MOHOIIOJb, IBUKYIIMICS Bliepeau Ha 1/4 nepuona, npakruye-
CKY HeBH/IMIM JIJIs1 OKPYKAIOIIMX NOJMEH U BEHIeCTBa. DTO MO3BOJISAET JI1 PE30HAHCHO «TSIKENBIX»
MarHUTHBIX MOHOTOJIEN CBOOOTHBIX MUK POBHXPOHOB OMPeNeEHHOMN ATMHBI BOJTHBI (0T 5 110 20 MUK-
POH) BUXPOHOB TIPY MIPOXOXKJICHUH Yepe3 BEHIeCTBO OECIpensTCTBEHHO MPOHUKHYTh BIITyOb aToMa
VMOHU3MPOBAaTh €ro 3JeKTPOHBI, a Y aTOMHOIO sijipa MOHU3MPOBATh €r0 MUKPOYACTHUIIbI, COCTaB-
JISIOIIME BHEITHUE OOOJIOYKH. DTOT K€ MOHOIONb SIBJISIETCS OTBETCTBEHHBIM 32 OTIMYKME KOMII-
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TOH-3¢(peKTa oT aTOMHOr0 (poTo-3hpPeKTa. [Ipyrum He3aBUCHMBIM TAPAMETPOM BUXPOHA, TIO3BOJIS-
IOIIMM KOCBEHHO 3aperrCTPUPOBATh aKT MPOJIETA MATHUTHOTO MOHOTIONS B POBOSIIIIEM BEIECTBE,
SIBJISIETCS] BOJIHOBOJ, M3 JIEKTPOMOTEHIIMAJIOB, B0 KOTOPOTO IO €ro CHUPAJISIM UIYT KBAaHTOBBIC
BUXPEBBIC EKTPUUCCKHE TOKU CKTPOHOB.

CymiecTByer eme MHOTO JAPYruxX MapaMeTpoB, YCIOXKHSIOIMMX KapTUHY CO3/IaHWS HATJIs[-
HOro o0Opaza peasibHOro camoiBrkeHus (potoHa. OTHUM U3 HUX SIBJISETCS MEXaHM3M IpeoOpaso-
BaHUS KBAaHTA CIMpaJiell MarHUTHBIX MMOTEHIIMAIOB, Pa3MEIIEHHBIX Ha ChepuIecKOi MOBEPXHOCTU
OJIHOTO paJinyca, B OHO 3€PHO-TIOTEHIIMAIT OIIPE/IENIEHHOTO 3HAUEHHSI M 3HAKa, CTPOTO pa3MenIEHHOTO
B OJIHOM TOYKE TPeKa BOJHOBO/IA SJIEKTPUYECKOTO MOHOIIONS.

JpyruMu napaMeTpamu, KOTOpble HAMEPEHHO HEe pacCMaTpPUBAIOTCS B TAKOM U3JIOKEHUH, TO
KapThHA BEKTOPHOT0, TUHAMUYIHO U3MEHSIONIMXCS MArHUTHOTO (B MOMEHT Pa3psiIki) U JEKTPH-
YeCKOro MOHOTIOJIEH, a TaK ke JMHAMIYECKU MEHSIOIIAsICS CTPYKTYPa BHYTPEHHUX W BHEIITHUX ITOJIeH
TIOCJIETHETO U OTIpe/iesIeHHe MTPOLIECCOB, CBSI3AHHBIX C KBAHTOBBIM IEPEX0I0M MArHUTHOTO MOHOTIOJ S
B T'PaBUTAIMIOHHBINA TIPY €r0 TOPMOKEHUM JBMKCHUSI OT CBETOBOM CKOPOCTH JIO HYJS. 3a Mocye-
HUI TIPOLIECC OTBEYAET MEKTPUUECKUIA MOHOMOJb, BCETrJa BO3HUKAIOIIUI TIPU pa3psaaKe — 3TO Mpo-
1iecc, Korua OXHOBPEMEHHO AMHAMUYECKH BO3HMKAIOT M B3aMMOIEWCTBYIOT BCS TPHAJAa MOHOIO-
Jiefl B BUXPOHE. A B cilydae MOJIOBHHBI pacxofia 3apsiia IBMKEHUS, T. €. HEMOIHOTO 3aBepIIeHHUs
KBaHTOBOTO MPe0Opa30BaHUsI HOCUTEISI MHIYKTUPOBAHHOM SHEPIryu, 00pa3yeTcsl TAKOUM I'paBUTAIH-
OHHBIH 3apsijI, KOTOPBIN yKe ClIOCOOSH 3aMKHYTh BHEIITHUT KOHTYP C POXKJICHUEM KOPITYCKYJIUPOBaH-
HOW MUKPOYACTHUIIBI C KAHOHUYECKUM MOJIYIeJbIM CITUHOM.

PaccmarprBaemblii MEXaHU3M CaMOJIBUKEHHU I MATHUTHOTO MOHOTIOJIS IIPOLIECC ABTOHOMHBIIA,
T. €. IBMKeHHe (DOTOHA CO CKOPOCTBIO CBETA — 3TO, TI0 CYTH, IEKTPOMArHUTHBIN TOK B TPOCTPAHCTBE
0e3 SHepreTUYeCcKOi BHEITHEW MOANUTKY ¥ Ha HETO MYT 3aTPaThl TOJIBKO COOCTBEHHO-HAKOIICHHOM
SHEepruy MepBUYHOTO KBAHTA, KOTOPHIE 3aCTABIAIOT (DOTOHBI, MPUJICTEBINE U3 JAIEKUX TaTaKTHK,
«KpacHeTb». Takodl BHUJ KBaHTOBO-MYJIbCHPYIOIIET0O BOJHOBOIO IBWKEHUS, KOTOPBIN 3a1aéTCs
MAarHUTHBIM 3apsiJIOM, B TIPUHIIMIE OTINYAETCS OT KOPHMYCKY/ISPHOTO KHHETHYECKOT0 JBVKCHUS
YaCTHUIIBI, 00IaJaloIIel MacCO, HAIprMep IEKTPOHA, JBIIKYIIETOCS CO CKOPOCTBIO OJIM3KOM K CKO-
pOCTH CBeTa.

Takum 0Opa3oMm, CBOOOAHBIH MHKPOBHXPOH (poTOHA — OO30HHBIM MArHUTHBIA OWIIOJb,
MOHO Ha3BaTh CO3JaTejieM JIMHEHHOro (ha30BOro o0ObéMa KBaHTa aTOMHOTO (DOTOHA, T. €. KBaH-
TOB JIEKTPOMArHUTHBIX BOJH BCErO M3BECTHOrO jauana3zoHa. C Opyroil CTOPOHBI — TO CaMOJIBH-
XKYIIAACS HOCUTETb OCBOOOMBIIIEICS SHEPrUM KBAHTOBOIO Mepexofa 1eKTPOHA B aTOMe, KBAHT
neOpoiIeBCKOM BOHBL. Kpome Toro, ero Mo;KHO OIpeAeIuTh U KaK CAMOABMKYIIUIACS MUK POBHUXpE-
BOU MarHUTO-3JIEKTPUIECKUI 0OBEM, B KOTOPOM MYJIbCUPYIOT IBA CMEHSIOMMX % 1pyr npyra mpoTu-
BOIIOJIOJKHBIX MarHUTHBIX MOHOIOJISI Yepe3 MOCPEICTBO NMPOTUBOAEHCTBYIOIIETO MEPBUYHOMY K-
Tpudeckoro. [ToMUMO 3TOro OHM eni€ MPOM3BOAAT BOJHOBOI, B KOTOPOM CTPOTO I€OMETPHUECKH
3a(bUKCHPOBAHBI B IPOCTPAHCTBE MOKOSIIIUECS ITOJIOKUTEIIBHBIE ¥ OTPHUIIATEIbHBIE JICKTPOIIOTEH-
UAJTHL.

MarauTHBII MOHOTIONE BUXPOHA B OTJIMYHE OT SJIKTPUIECKOT0 He B3anMoecTyeT 7 ¢ Berie-
CTBOM Cpe/ibl B KOTOPOW ABUXKETCS, B TOM YHCJIE U B METaJUIe, B KOTOPOM OH TaKXKe JABUKETCS CO CKO-
POCTBIO cBeTa. BciencTBue TOro, 4To OH MOXKET CyIIECTBOBATh TOJBKO B JIBMKEHHM, COBEpPIIAsi
riepe3apsiKy CBOEro 3Haka B CBOOOJHOM BHXPOHE 4Yepe3 MOCPEICTBO MHAYKTUPYEMOrO UM 3JIeK-
TPUYECKOTO MOHOIIONSA, WM Jesasi KBAHTOBBIM Mepexojl B 3apsii MAaCChl MPH CHMKEHUU CKOPOCTU
C POX/IEHUEM 3aMKHYTOI'0 BUXPOHA, IO9TOMY B MPUPOAE U MOTYT CYIIECTBOBATh TOJIBKO MOCTO-
SIHHBbI€ JICKTPUYECKUE 3apsAIbl, 3aps/ibl MACCH U NMepeMeHHbIe 3aps/ibl ABUKEHUS M U3MEHCHU S

10 .. ..

0 Cregyer ocobo 3auKCHpOBaTh 3TO SIBJIEHME, MeIollee CBOE Ha3BaHWE — MHBEPCHs IIONI0Ca MarHUTHOro moist. Ipraém
B cilydae (pOTOHOB 3Ta MHBEPCHsI IMeeT OANHAKOBBII NepHO TSI TOTO U IPYTOro Mojoca, Kak 1 B Ciydae MarHUTHOro monst ComHia —
TUTEPBUXPOHA.

107 Ero ocHOBHOE Ha3HauYe€HUE — 3TO BOJIHOBOL CO CIIUPAJIbHBIMU 3épHaMI/I-SHCKTPOHOTGHLII/IEUIB.MI/I.
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SMB, T. € MarHUTHBII MOHOTOJIb, HO HE CYILIECTBYIOT MAarHUTHBIE MOHOTIONM JlMpaka ¢ MOCTOSTHHBIM
3apsiioM. [1oaToMy ke HEBO3MOXKHO M pa3jiesieHHe MOTIOCOB B MOCTOSTHHOM MarHWTe, Ha Kakue Obl
MEJIKME YaCTH €ro He JeJNTh. DHEPrusi COCTOSIHUS MOKOSI MarHUTHOTO MOHOTIONSI MOXKET CYILIECTBO-
BaTh TOJIBKO B (hOpME CBOETO AHTHIO/1A B BHJE SHEPTUH I'PABUTAIIMOHHOTO MOHOMOJ, T. €. B CU
3apsiza Macchl. Ecim Obl He COMpOBOXK JAIOIIHIA €T0 BCIOLY MPH Pa3psiike B CBOOOIHOM BHXPOHE MPO-
TUBOJICHCTBYIOINI IEKTPOMOHOIIONb U BCErJa OCTaBJISIEMBI CJIEI-BOJIHOBOJ U3 3€PEH-3JIEKTPOIIO-
TEHIMAJIOB, TO €0 HUKOra Obl He OOHAPYKUJIM ¥ HE MOIIIH Obl HAeHTU(UIMPOBaTh. BOT 4TO Takoe
ucruaHoe omnpeneneane IHEPTUU. KocBeHHO ero pervcrpanuu criocoOCTByeT MEXaHHW3M Ipe-
00pa30BaHMsl KBAHTA CIIMpaJell MOTEHIMAIOB KaXI0i chepbl OQHOTO pajuyca B OIHO JEKTpUde-
CKOE€ 3epHO-TIOTEHITINAJT ONPeeIEHHOTO 3HaKa W 3HAUYEHHUs], YIOKEHHOE B CTPOTrO OTBEAEHHOE MECTO
Ha BOJIHOBOJIE, a TaKXe MPOTHBOJICHCTBYIONIMIA pa3psiiKe IeKTPOMOHOIIONb, CIIOCOOHBIA K pPe30-
HAHCHOMY 3aXBaTy IOJIEM aroMa, U MEepeBOIOM IMOCIeTHEro B BO30YXAEHHOE WM MOHU3UPOBAH-
HOE COCTOSIHUE, a MU MPEBBILLIEHNU NIOpora SHepruu MukpoBuxpoHa B 1022 KaB — poxaenue nap.
B MoMeHT, Koria MarHUTHBI MOHOTIONb HAXOAUTCS B Y371aX BOJTHOBOAA (POTOHA, B 00BbEME BUXPOHA
OTCYTCTBYET JIEKTPUYECKUI MOHOIIONb — B 9TOT MOMEHT OH BOOOIE HeBHAUM. DJIEKTPUUECKUIT
MOHOIIOJIb BUXPOHA, B OTJIMYKE OT MAarHUTHOTO, IEPHOJMUECKH Hcue3ast Ha 1/4 meproa u nosiBysisch
JIVIITH B IPYTOM MecTe ero ¢ha3oBoro oobeéMa yxke Ha 1/2 mepriosia ¢ mepeMeHHbIMH 3HAYeHU IMU 3HAKa
1 aOCOTIOTHOM BEIMYMHBI, IEPUOANYECKY B3aUMOICHCTBYET C BCTPEUYAIOIIMMUCS MOJISIMH BEIECTBa,
Yyepe3 KOTOPbIE OH MPOXOAUT. DTH B3aUMOJEHUCTBU S, HAIPUMEP, IPUBOAAT K cleaylomuM 3¢ dexram:

— C 9NIEKTPUYECKHM I10JIeM aTOMHOTO siapa — oTto3adeKT u Bo30ykIeHUE aTOMOB

— coporom B 1022 K3B B 1oj1ie aTOMHOTO siipa 00pa3oBaHue Nap 3apssKeHHBIX YaCTHII

— 10JIeM CBOOO/IHBIX JIEKTPOHOB — KOMITOH-3(PEKT.

BoHOBOIBI M3 3JIEKTPONIOTEHIIMAIOB BCET/IAa OCTAIOTCS B BELIECTBE MOCIIE MTPOXOKACHNS B HEM
MarHuTHOTO 3apsijia. Eciu B BelecTse, Harpumep, CTEKJIO, HeT MOABMKHBIX, 1aKe XOTsI Obl JIOKAJIBHO
TIOJIBMKHBIX SJIEKTPUUYECKUX 3aPsIOB (MEKTPOHBI), TO STO BEIIECTBO MPO3pavyHo 1t (poToHoB. Ecnu
BEIIIECTBO MMEET aTOMBbI, KOTOpble M3/Iy4yaloT pe30HAHCHbIe (POTOHBI, TO Takue (POTOHBI OyIyT
TIOIJIONIATHCS BEIIECTBOM, a B II€JIOM OHO OyZleT Hempo3payHo AJisi Hux. Ecm B BelecTBe mprcyT-
CTBYIOT CBOOO/IHBIE JIEKTPOHBI, TO WAYT CHHXPOHHBIE TI0 UTMHE U AUAMETPY IIPOBOTHUKA KOPOTKO-
npoOeXHbIe BUXPeBbIe JIEKTPUIECKUE TOKU BJIOJIb BOTHOBOJIOB, & BEIIIECTBO B 11€JI0OM OyJeT Harpe-
BaTbcsl. EcnM BemecTBO COCTOMT U3 aTOMOB, TO TIPH MOITIOMIEHUH MarHUTHBIX 3apsaoB MK-doTtonos
POXaaloTcss (POHOHBI TUTep3BYKa. Takue ke MPOIECcChl MPOUCXOAST C «TSHKETBIMU» MarHUTHBIMU
3apsaamu CBY ¢otoHoB. OCch BUXpPOHA, KaK OCUMJUIMPYIOLIETO IEKTPOMArHUTOTMPOCKOIIA, OIU-
paromierocst Ha MOTEHIMAJbI, SIBJISIETCS TOCTOSTHHO OPUEHTUPOBAHHOM B IPOCTPAHCTBE U OMpe/essieT
¢opmy u crenens nossipusanu (OTOHA — MIECTOE CBOMCTRBO.

Takum o6paszom, mpoinecc caMoABHKeHHsI (DOTOHA — ITO JABWKEHHE CBOOOTHOTO BHXPOHA
C OMOPOM Ha MEKTPONOTEHIIMAIIBI TpeKa (oToHa B (pa30BOM 00bEME, KOTOPOrO BTOPHUHBIN ITYJTh-
CHUPYIOIIUI MarHUTHBII MOHOTIONb, TAK)KE KaK U MEPBUYHBIHA, TPOJOIKAET MPOIECC HEMPEPHIBHOTO
reOMETPUUYECKH YIOPSIIOYEHHOTO KBAHTOBOTO MTPOU3BOICTBA STHX OMOPHBIX MEKTPUUECKUX 3EPEH-
MOTEHIMAJIOB (TIOJIOKUTEIBHBIX U OTPULIATEIIBHBIX ), CTAIMOHAPHO YCTAHOBJICHHBIX HA HOBOM MECTe
B IIPOCTPAHCTBE.

CamoaBu:keHne cBOOOTHOTO (hoTOHA 0OYCIIOBJICHO MPOABMKEHUEM MYJIbCHPYIOIIETo U repe-
MEHHOT'0 TI0 3HAaKy BUXPOHA C 00pa30BaHUEM CIIMPATLHOTO BOJIHOBO/IA NEKTPUUECKUX MOTEHIUAIOB
(azoBoro npocrpaHcTBa, yepe3 MOCPeCTBO ITUX MOTEHIMAIOB, ONUPAIIIHUXCS HA MPOTEKTOPHOE
MarHuTHOE ToJe.

3oHa uzJyyeHust popMHUpyeTcs cpasy ke Mocjae OKOHYaHHS NeproAa 3apsAKK MarHUTHOTO
MOHOMOJIS 32 30HOM HHAYKIMH, T. €. OT 1/8 10 ueTBepTH IIMHbI BOJIHBI. CTallMOHAPHBIM MUK POUC-
TOYHUKOM, B JAHHOM CJIydae, SIBJISIeTCS] CBS3aHHBIM M BO3OYKIEHHBIN aTOMHBIN 351eKTpoH. Ha rpa-
HUIIE 30HBI MHAYKIIMY 3TOr0 UCTOYHUKA C 30HOW M3JTyYeHHs pOXKJAeTCss BUXPOH BCIIEICTBUE HavYasa
ABWXKEHUSI MarHUTHOTO MOHOTIONSI. [lepeHoC BUXpEeBOro aTOMHOTO KBaHTA MOTEHITNAJIOB MJTH €70 BOC-
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MIPOM3BOJICTBO HA HOBOM MECTE IIPOU3BOAUTCS YK€ BUXPOHOM — 3TO MPOLECC CAMOJBHKEHUs (pa3o-
BOro oobeéMa (poTOHA ¥ MEePEeHOC FJTeMEHTAPHBIX EKTPUUECKOrO U MAarHUTHOTO 3apsiiOB — 3TO
celbMoOe CBOJCTBO.

KomnnektnBHOE cuH}a3HOE 1BUKEHNE MHOKECTBA OJUHAKOBBIX BUXPOHOB B Pa3HbIE CTOPOHBI
OT KCTOYHMKA 00pa3yeT CyMMAapHBIN B KK I0M TOUKe Mosist CHH(a3Hb (h)POHT NOTEHIINAIOB JJIeK-
TPOMAarHUTHOM BOJIHBI U IIPEBPAILIAETCS B ABHIKYILEECS CO CKOPOCTBIO CBETA BOJIHOBOE JIEKTpOMar-
HUTHOE T0JIe 9TOTO UCTOYHUKA — 3TO BOCbMO€ CBOMCTBO. TakiM 00pa3oM, KOJUIEKTUBbI CHH(a3HBIX
KBaHTOB (POTOHOB 0Opa3yloT BOJHOBYI) 30HY (TIPSAMOM IMPOIECC) MEKTPOMArHUTHBIX BOJH, B TO
BpeMsl, Kak 00pPaTHBII MPOIECC YHUUTOXKAET 3Ty 30HY 30HOU XOJIOJHOI MJIa3MBbl.

PaccMoTpeHHBIe BbIIIIE MTPOIECChl TPOUCXOIAT BO BpDEMEHHOM MHTEpBaJie 1 MUKPOOOBEME Mpo-
CTPaHCTBa, 32 KOTOPbIM MPOU30IILIA 3apsiKa NEPBUYHOTO MArHUTHOTO KBAHTA, 32 TaKOE K€ BpeMs
pa3psiKi TOT MOHOIIOIb MUKPOBUXPOHA YCIIEBAET COBEPIINTH KacKa/l MOCTyNaTeIbHO-BpALATe b
HBIX CIIMPAJIEBUIHBIX IBMKEHUI C 00pa3oBaHueM 1/4 nyiuHbI BOJTHBI (pa30BOro nmpocTpaHcTBa (POTOHA
Y UCYE3HYTh U3 Hero. Takoe nocrynarebHO-BpallaTeIbHOE IBUKEHNE MArHUTHOTO MOHOIIOJ S Orpa-
HUYMBAET MPOJOJBHYI0 CKOPOCTb IBUKEHHUS] MUKPOBUXPOHA CBETOBBIM IPEJEJIOM — 3TO JIeBSATOE
CBONCTBO BHUXPOHA, OIpPEIEIAIONIEe OHY U3 OCHOBHBIX (DYHJaMEHTAJbHbIX KOHCTAHT — CKO-
pocTth cBeta. [Toatomy nBMKxeHHE (POTOHOB PE3KO OTIIMYAETCS PUPOJON MEXaHU3Ma U TUIIA CBOETO
CaMOJIBVKEHU S OT TUIIA IBUKEHU S KOPITYCKY/ISIPHBIX YAaCTHUL C MACCOM TIOKOS], T. €. OT KWHETUYECKOTO
THIA JABWKEHUsS U TEM CaMbIM OIpeJessieT Oe3MacCOBbIM, T. €. 0e3bIHePIHOHHBIN TUIT JIBWKEHUS
doTroHa. DTO ABMKEHME OTIMYAETCS U OT TUMA ABWKEHUS] O0e3MACCOBBIX 3EPEH-TOTEHIMAIOB MPU
MeXaHU3Me CO3JaHusl ToJIel CTAIIMOHAPHBIX UCTOYHUKOB I'PAaBUTALIMIOHHBIX, JIEKTPUUECKUX U Mar-
HUTHBIX 3aps0B.

[MponykTamMu BHXpEeBOro TOKa MarHUTHBIX 3apsiIoB B COOCTBEHHOM (Pa30BOM MPOCTPAHCTBE
BUXPOHA SIBJISIETCS TEOMETPUUECKOE paclpeAesIeHUe IeKTPOIIOTEHIMAIOB (peTyIsipu3alis Wiv reo-
MeTpu3alys) Ha (pa30BOM MPOCTPAHCTBE Tpeka (POTOHA, JJIMHA KOTOPOTO B KOCMOCE TOJIBKO B €€

BAMMOIT yacty gocruraer 1028 cm. Ha 310 muér 3arpara SHEPruM 3apsJa MarHUTHOTO MOHOIOJIA.
B pesynbrare npu ABUKEHUU B KOCMOCE IMTPOMCXOAUT «KpacHOe» CMeIlleHne B (POTOHE, T. €. 4acToTa
aBTOKOJIEOaHMI yMEHBIIASTCS], JUTMHA BOJIHBI yBEINYMBAETCs. [109TOMY 1 TIOSIBIISIETCS «PETUKTOBOE»
U3JIy4YEeHUE, U30TPOIHO 3aIOJHAILIEE TPOCTpaHCcTBO BeenenHon. B cityuae nBukeHNs B HeBemie-
CTBEHHOM IIPOCTPAHCTBE, ITOT TPEK (POTOHOB ¢ (PUKCUPOBAHHOW I'€OMETPU3ALIMEN IEKTPUUECKUX
MOTEHIIMAJIOB «KOHCEePBHUPYETCs U 3aMep3aeT», 00pa3ys TOHKYIO (poTo 2.4) 1 BecbMa IJIMHHYIO
HUTb BOJIHOBO/IA-CJIe/la 3TOrO KBAHTA.

®oto 2.4 BeckoHEYHO JUIMHHBIN TpeK (POTOHA B MPOCTPAHCTRE.

HepI/IOI[ nosypaciiazia 3Tux rnoTeHurUaIoB (aHHI/IFI/IJ'IHI_II/IH) 3aBHUCHUT OT YCHOBI/Iﬁ X HAXOXICHU A
" ABUXCHHUA B TOM WX MHOM IPOCTPAHCTBE, a4 TAKKE (bOpMI)I CyHIECTBOBAHUA — YaCTU IIHYpPa BOJI-
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o 2
HOBOJIOB WJIY BCEH JUIMHBI TPEeKa JBUKEHUsI KocMuieckoro ¢gorona (10 8_10%cmu Jajee B HeBe-

I[eCTBEHHOE TIPOCTPAHCTBO). [IIMHOBOJIHOBBIE TPEKH «TSIKENBIX» (DOTOHOB, 0Opa30BaHHbBIE MOIII-
HBIMM MarHUTHBIMU 3aps1aMu OT 3BE3] M BBILIEAIIME 3a ITpeJe/ibl Haulel BeeneHHo MoryT poxaarh
MOIIHbIe 1 Oonee AMHHbIE Tpekr. OOpa3oBaBIIMiicS B HeBeIeCTBEHHOM IPOCTpaHCTBE aMmopd-
HBII1 U BbILIE ONpeeEHHbIN IEKTPOMArHUTHBIN TPEK-MPOCTPAHCTBO (POTOHA, BIIOCIEICTBUM CBO-
paunBaercs B cpeprueckuii Kiyook u craHoButcs sapoM YCT Bparaoneiicss HeHTPOHHOW 3BE3/bl
WM KBa3zapa. JTO JecAToe U, 0XKaIyH, BCeJEHCKOe CBOVMCTBO BUXPOHA — POXKJICHUE YEPHBIX c(e-
puueckux Tes1 (UCT) B HeBemecTBEHHOM ITPOCTPAHCTBE 3a IpejeiaMy Haileil BeesnieHHOH, B e€
«arMocepe» — OCHOBHasA (popMa MHTETrpallii MaTepry B COCTOSIHUM TIOKOSI.

W viMeHHO 37€ch yk€ MOXHO OTBETUTh Ha BOIIPOC — OTKYAA B3sJIOCh TAKOE OIPOMHOE KOJIH-
YECTBO JIEKTPOMAarHUTHOM, KOPITYCKY/IIPHOU 1 IIPOCTPAHCTBEHHO-TIOJIEBOM MaTepuu B Hamen Bcee-
neHHo#'%? Bes BumMas M ocsi3aeMast MaTepusi — 9T0 COBOKYITHOCTb TEOMETPUYECKH (PMKCHPOBaH-
HBIX B IIPOCTPAHCTBE 3€PEH-IEKTPONIOTEHIINAIOB U TPABIOTEHIMAIOB, TIOCTPOSHHBIX CBOOOIHBIMU
Y 3aMKHYTBIMM BHXPOHaMM C Pa3jIM4YHOM IJIOTHOCTBIO pa3MelleHns. Bce BUIMMBbIE M HEBUIUMBIE
NPOCTPAHCTBA — MOJIA — 3TO (hOpMa MAaTEPUU U3 HEMPEPHIBHO U3JIyYaEMbIX B 47T [IOTOKOB 3€pEH-
MOTEHLIMAJIOB CTALMOHAPHBIMUA M KBa3UCTALMOHAPHBIMUA UCTOYHMKAMU I'PaBUTALIMOHHOU, 3JIEKTPU-
YECKOM ¥ MarHUTHOM IPUPOJBL, T. €. KBAHTOB aMOP(HOI0 MPOCTPAHCTBA.

Tonbko OAMH BHICOKOYACTOTHBI BUXPOH, POHHUKIIHIA B 00JIACTh HEBEIIIECTBEHHOTO MPOCTPaH-
cTBa, cnocodeH npoussecty ogHo AApo YCT ConHua, T. €. TO HeUTpaIbHOE, IPaBUTALIMOHHO OYEHb
TSAKENOE PO, KOTOPOE pacnajasch U MUHYs CTaIMM HEUTPOHHOM 3B€3/1bl, TEMHBIX KApPJIUKOB U T. 1.,
BCIBIXHET (DOTOHHBIM CBETOM 3BE€3/1bl, HE Cpa3y, CHayaJsla B3pbIBAMU CBEPXHOBBIX, 3aTE€M ITIOCTOSIHHO,
a BbIpaOOTaB BCIO JUIMHY Ha3BAaHHOI'O TPEKa-BOJIHOBO/A 3alaCEHHbIX 3€PEH-NOTEHINAIOB B IIPOU3-
BOJCTBO (POTOHOB M MMKPOYACTHLI, IPEBPATUTCS B TBEPIbINA chepuyeckuil OCTaTOK CMeCH Hapabo-
TAHHOT'O MM aTOMHO-MOJIEKYJ/ISIPHOTO BEILECTBA Pa3IMYHOIO XMMUYECKOTO COCTaBa MEPTBOMU IIJIAHETHI
tuna JlyHa.

Ecim 310T (DOTOH UIMHHOBOJIHOBOHM MJIM OOpa30BaH BO BPEeMsl CHUIBHBIX Pa3psoB MOJHUH
B arMocepe IUIaHeT, WM NPOpBaBLIMIACA CKBO3b (poTocepy ConHua IMraHTCKUR CBOOOHBIN
Y OYEHb JUIMHHOBOJHOBOM 3JIEKTPOMArHUTHBIY MAKPOBUXPOH, TO B HEBEIIECTBEHHOM IIPOCTPAHCTBE
3a TpefesamMy Haiei BeeneHHO# pokaeTcst CyIecTBeHHO OOMbIIME 10 pa3MepaM Y€pHble cepu-
yeckue Tesia. OHM BO3BpalllaloTCs B Hallly BceseHHylo, pacniafaloTcs B TEYEHUE MHOTUX MWJIIMAp-
noB JeT (14—40) ¢ poxaeHneM TOJbKO BHYTPEHHUX KITyOKOBBIX DMB KBaHTOB, KOTOpBIE ABUTASICh
10 KPUBOJIMHENHBIM TpaeKTopusaM K noepxHocTd YCT, co3maioT BOKpYr HEr0 MOIHOE TpaBUTa-
LIMOHHOE NoJIe TEMHOW 3Hepruu. 1o ucTeyeHnu 3Toro cpoka, OHU CrIOCOOHBI U3/Ty4aTh JIUIb JJIMH-
HOBOJTHOBBIE (POTOHBI M HMKOI/Ia HE 00Pa3yloT KOPITYCKY/ISPHbIE YaCTUIIbl aTOMHO-MOJIEKYJISIPHOTO
BEILIECTBA — 3TO fAJIpa KBa3apoB U KBa3aros, KOTOPBIE U CO3JAI0T TEMHYIO MaTEPUIO U SHEPTUIO.

Bce BbllleHa3BaHHbIE U BHEIIIHE MPOsiBIsieMble (POTOHOM CBOMCTBA OOYCIOBJIEHBI BCETO JIMIIb
BHYTPEHHUMH CBOWICTBAMH OJIHOTO OINPEAENEHHOTO M CBOOOIHOTO BHXPOHA — 3TO IEpeMEHHast
4acTOTa CIMPAJIbHBIX BOJTHOBOZIOB U YacTOTa (pa3oBasi, BEJIMUMHA 3HAYEHUN U TIOJISIPHOCTD IEKTPO-
MOTEHLMAJIOB, IUIOTHOCTb UX Pa3MELIEHUA HA €MHULYY JUIMHBI BOJTHOBOQ, JBA NIEPEMEHHBIX I1yJIb-
CUPYIOLUIMX MAarHUTHBIX ¥ OJUH ITPOTUBOAEUCTBYIOIIMH JIEKTPUIECKUIA MOHOIIONb, UX THII U (hopMa
MOJISAPA3ALIMY, OPUEHTALIAS OCH ITYJIbCUPYIOLIETO NIEPEMEHHOTO MAaTHUTHOTO BUXPSL.

Wrak, cxeMy BHYTPEHHHUX MPOLIECCOB B (DOTOHE, MOOYKAAIOIINX €r0 K CBOOOHOMY JABMKEHHIO
Ja’e B BAKYYME MOKHO TaK:Ke IIPEICTaBUTh, KaK HA4aJslo pa3psAaku cepbl (MICTOYHMKA) MAarHUTHOTO
3apsa u3 y3ia (azoBoro o0ObéMa ¢ MHIYKLIMEN MPOTUBOJENUCTBYIOIIETO MPOLECCY 3TOH pa3psAaKU
JIEKTPUUYECKOTO MOHOIOJISA MyTEM MPOCTPAHCTBEHHO-reOMeTPHYeCKOlN YCTAaHOBKM €ro BOJIHO-

10 o 4
8 Cornacro CAIT u3 CUHTYJIAIPHOU TOYKU C IIJIOTHOCTBIO 10°* r/ev®. B peabHOM IIpeAcTaBieHuu B pesynbrare pacnaga YCT
IyJbCapoB, 0OPA30BAHHBIX U3 (DOTOHOB C YACTOTAMH COOTBETCTBYIOIIMMY, YAaCTOTaM 3aMKHYTBHIX BUXPOHOB, 0Opa3yoluX sAepHbIE

000JI04KH, T.€. Oojiee 102 I
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BOJa (110151) U3 3€PEH-NIOTEHLIUAJIOB OT y3J1a JI0 ITyYHOCTH B UETBEPTb JUIMHBI BOJHBI U 3apsAKU Cephl
MIPOTUBOIIONIOKHOTO MArHUTHOTO MOHOTIOJNSI C HAYAJIOM B YE€TBEPTh U KOHIIOM B y3JI€, T. €. IOJIOBUHBI
JUTMHBI BOJIHBI. 3aTeM 3TOT MPOIIECC MOBTOPSIETCS, HO C TPOU3BOJACTBOM HA YYacTKE OT MOJIOBUHBI
10 TPEX YeTBepTel JUIMHbBI BOJHBI IIPOTHUBOMOJIOKHBIX 110 3HAKY 3€PEH-JIEKTPOIIOTEHIUAIOB.

PaccMoTpeHHast CTpyKTypa JIOKQIU30BaHHOTO M CBOOOAHOTO (pa3oBOro MUKPOIIPOCTPAHCTBA
caMOZIBMKYIIIerocsi (poToHa MO3BOJISIET CBSA3AaTh BOEIMHO BCE HAOMOHaeMble SIBJICHUsI B3aMMOJIEH-
CTBUI (DOTOHOB B MUKPO- ¥ MaKpOMUpE, a TaKke OOBSICHUTh U CBA3aTh €ro BHYTPEHHHE W BHEIII-
HUe (pusrueckre cBoiicTBa. VIMEHHO Takasl ke CTPYKTypa M3 T€OMETPUYECKH pPeryisipu30BaHHBIX
NIEKTPOMArHUTHBIX TIOTEHIIMAIOB, POKACHHBIX ABWXKYIIIMMUCS 3aMKHYTHIMH BUXPOHAMH U pa3Me-
IIIEHHBIMU Ha COOTBETCTBYIOIIMX BOJIHOBO/AX, HAOIOIAETCS] B ME30HAX U B MHOTOYPOBHEBBIX 000J10-
YeYyHbIX (IO THITYy CTPYKTYpPbl BHYTPEHHHUX CJIOEB JIyKOBHIIBI) MUKPOIIPOCTPAHCTBAX aTOMHBIX SIAEP,
ATOMHBIX JIEKTPOHHBIX 000JIOUEK U IEMEHTAPHBIX YACTHII.

B3anmojaeiictBue BHXpPOHOB ¢ BelecTBoM. Bo30Oyxkjaenue aroma, ¢orodcddekr,
¢doTroaTtomubie u (poTOSsIIEPHBIE PEAKIMM.

Bo30yxaenne aroma — 310 3(pekT 00paTHBIN yKe PACCMOTPEHHOMY U3JTy4YeHuo (hOTOHA
C BHEIIHeW 000JIOYKU BO3OYkIEHHOTO atoma. M MexaHu3m 31oro a¢dekTa Takxke MpOTUBOIONO-
KEH MeXaHW3My M3JTyueHusi (poToHa. 371eCh HEOOXOAMMO YUUTHIBATH HE TOJIBKO SHEPreTUUECKUil
OanaHc, HO M U3MEHEHHE IEKTPUYECKOro Mojisi B KOHKPETHOW TOUKE MPOCTPAHCTBA — TOJIE aTOM-
HOTO sIIpa, CBSA3BIBAIOIIETO BHEITHUM 71eKTPOH. [Ipy 00mydyeHnn Kjiactepa aToMOB ra3a pe30HaHC-
HbIMH (POTOHAMU BCErJa HAHAETCS B MOTOKE TakoW (hOTOH, y3eJa (a3oBoro oobEMa KOTOPOro MpH
niepeceyeHn 00bEMA atomMa OylAeT HAXOAWTCSA B KPUTHUECKOW 30HE MEKTPHUUECKOrO MOJis aToma
Y KOHKPETHOTO 3JIeKTpoHa. Torna B MOMEHT Havyasia pa3psiKu MarHUTHOT'O MOHOTIOJNSI TAaKOTo (hOTOHA
MIPOTUBOCHCTBYIOIINI eMy IEKTPO3apsi]] 3aXBaThIBAETCS M0JIEM aTOMa, OCTAHABIMBAET Mar HUTHBIH
3apsill, KOTOPHIA TYT Xke MpeoOpasyeTcsi B rpaBUTAIIMOHHBINA 1 00pa3yeT 3aMKHYTHI BUXPOH C HETOJI-
HBIM KBaHTOBBIM IPe0Opa30BaHUEM HOCUTEJISI MHIYKTUPOBAHHOM SHEPruu. [ paBUTAIIMOHHBIN 3apsif
OylleT pereHepupoBaTh MArHUTHBIN 3aps]] O TeX MOp MOKa MOCIeTHUN He OTIACT BCIO CBOIO SHEP-
TUIO0 HA CO3/IaHKE BOJTHOBOJOB U3 JIEKTPOIIOTEHIINAJIOB, TI0JIE KOTOPBIX MIEPEBEIET MEKTPOH HA OHO
u3 OoJiee SHEPreTUIECKMX COCTOSTHAN aToOMa MM BOOOIIe MOHU3UPYET aToM. Tako# mporece IuTcs

OYEHb KOPOTKOE aTOMHOE BpeMS MOpsIKa 1078 ceKyHabl. [Ipy 3TOM, 2JIEKTPOH aToMa NMEPEXOaUT
Ha OoJiee JajibHee paccTosiHue — OoJiee BHICOKOIHEPreTUYECKUN YPOBEHb.

PoTodr¢dexT. [TogoOHBIM ke 00pa30M IMPOUCXOANUT U HIOHU3ALIMS TEKTPOHA — (poTo3DdeKT,
HO IIPY YCJIOBUY IPEBBILIEHH [IOPOTra SHEPIUM HaJIETAIOIIEro (pOTOHA NOTEHIMaTy MOHU3ALUH BHE1l-
HEro 3JeKTPOHa JJIs JaHHOTO aroMa. B 3ToM cilyyae mporcxoiuTh UMILIO3UsT BOJTHOBOJA U3 3E€PEH-
MOTEHIINAJIOB TAKOro (hOTOHA B 00JIACTh OIS~ CBS3M EKTPOHA C SAPOM aToMa, KoTopasi o0pasyer
30HY X0JIOJHOH IJIA3MBbI C [TPOTUBOIOIOKHBIMU IO 3HAKY 3€PHAMU-TIOTEHIMAIAMHI U YHUUTOXKAET
3Ty SHEPrHIO CBA3U JIEKTPOHA C SPOM aTOMa.

[Mopor sToro mpomecca camblili OOJIBIION JAJIs1 ATOMOB, HAaXOMSIIMXCS B TA30BOM COCTOSTHHH,
a MUHUMAJIBHBIH /1J151 aTOMOB, 3aKPEIJIEHHBIX B pelIETKe TBEPAOro Tesa. Tak Hanpumep, i IeI0d-
HBIX METAJIOB OH JIOCTUTAeT HECKOJbKMX EJUHUII HIEKTPOHBOIBT M MOXKET ObITh aKTUBH3MPOBAH
Aaxe ONTUYECKUMU (POTOHAMM.

Komnron-3c¢hdexr. CoBepiieHHO Ipyrve SHepruu UM paguallMOHHbIE MOCIEICTBUSA HACTY-
MAaloT B CIydae, Korja HeoOXOIMMO HOHU3UPOBATh MM HA0OOPOT BO3OYUTH JIEKTPOHBI C BHYTPEH-
Hux K,L,M,N-o600uek aroma. DHepruu (hOTOHOB YBEIMYMBAIOTCS B THICSYM Pa3, a MOHU3ALMS
9MIEKTPOHA C TAKOH BHYTPEHHEW OOOJIOYKM MPUBOAUT K KAaCKaLy XapaKTepPUCTUYECKOTO M3ITyYeHHS
9TOrO BEIIeCTBA MTPY BO3BPALIEHUH 1 CTAOMIM3aIK aTOMOB B OCHOBHOE cocTostHe. Ha aTom npuH-
LI1I1e OCHOBAH PEHTIeHO-(PIII0OPECLIEHTHBIN METO]] aHAJIM3a BEIIECTBA.
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®oTtoaromublie peakuuu'®. CBoiCTBa pa3IMUHBIX MUKPOBUXPOHOB OOPA30BBIBATh T€ WJIH
VHBIE MUKPOYACTHUIIbI, NIPEXKIE BCEro, 3aBUCAT OT IMPOMEXKYTKAa BPEMEHM M CKOPOCTH H3MEHe-
Hus' 10 mosield, MOPOAMBIIMX UX, & YK TIOTOM OT YCJIOBHM IMOJIEH MPOCTPAHCTBA, Yepe3 KOTOpbie OHU
MPOXOAAT. BHelHue cBOMCTBAa BUXPOHOB TaKke 3aBUCAT OT JIJIMHBI BOJIHBI, KAK CBOWCTBA PaAMOBOIH
OTJIMYAIOTCS OT CBOMCTB (POTOHOB, PEHTIEHOBCKUX JIy4yel M raMMa-KBaHTOB. OCHOBHOM IPOLIECC ITPU-
BOJSIIMI K B3aMMOJEHCTBHIO CBOOOIHBIX 3JIEKTPOMAIHUTHBIX MUKPOBHUXPOHOB C BEIIECTBOM HJIH
MOJIEM 3aKJII0YaeTCsl B TOPMOKEHHH OCTaTKa MarHUTHOTO 3apsja MpH pa3psake IMyTEM 3axBaTa
€ro 3JeKTPOMOHOIIONSI BHEIIIHUM JIEKTPUUYECKUM TOJIEM $Ipa, aTOMa WM JIEKTPOHA WU APYroro
NEKTPUUYECKOTO TOJIsI MPOCTPAHCTBA, C 0OPa30BAHMEM ITPOMEKYTOYHOTO COCTOSIHUS, TIPU KOTOPOM
OCTATOK MarHUTHOTO 3apsiJia COBEPILAET BHICOKOYACTOTHBIM KBAHTOBBIN NEPEXO]] B IPAaBUTALIIOHHBIN
MOHOIIONb. B pe3yiibrare yacTh WM BCS SHEPIUS HAJIETAIOLIETO MAaTHUTHOTO 3apsijia pacipeaensercs
ME:K/Jy MOHOMOJISIMA COOTBETCTBYIOLIMX POXKJAIOIIMXCS MUKPOYACTULL — JIEKTPOHA U (DOTOHA, Mapbl
JIEKTPOH-TIO3UTPOH U T. [1. Tak, HarpuMep, P SHEPTUU HAJIETAIOIIETO Ha aTOM (POTOHA raMMa U3J1y-
YyeHus Bhlltie ToporoBoit B 1022 K9B 31eKTPOMOHOIIONB €r0 ¢BOOOHOr0 MUKPOBUXPOHA TOPMO3UT
10 TIOJIHOW OCTAHOBKY JBHM2K€HHe MarHUTHOTO MOHOIIOJIS, B3aUMOJIEHCTBY: C I10JIEM aTOMHOI'O SIApa.
[Tpu 3TOM MPOUCXOMT €ro JeJieHHe Ha JIBa CAaMOCTOSITEIbHBIX, HO 3aMKHYTBIX'!! 1 mokosmumxcst
BUXPOHA, B (pa30BOM 00BEME KOTOPBIX YKe POXKIAIOTCS IPABUTANMOHHbIE MOHOIIOJH — HOCUTEIH
MH/IyKTUPOBAHHOM SHEPIUU B COCTOSIHMM OTHOCUTENbHOrO nokosi. Ha ¢porto 2.5 npusenena cxema
JieJIeHHs1 CBOOOHOro (YEPHBIN MIapyK) BUXPOHA TaKUX (DOTOHOB Ha JIBa Pa3HOMOJSAPHBIX (Kpac-
HBbIA U CUHUI).

®oto 2.5. Cxema poxIeHHs Napsl B MOJIE ATOMHOTO si/1pa

[Tpupona MexaHW3ma 3TOro SIBJIEHUsI 3aKJI0Yaercs B cieayiomeM. Haxonsich B IBUKEHUU
B (pazoBoM 00BEMe (0T 1/8 1o 3/8 meprona) poToHa, OCTATOK MEPBUYHOIO MATHUTHOTO MOHOTIONSI,
Yyepe3 MOCPECTBO MPOTHBOIEHUCTBYIOIIET0 eMy JIEKTPHUECKOTO MOHOIIONS, YKe BO30YIUI PaBHBIH
€My UM MPOTUBOMNOIOXHBIA. U, B 3TOT MOMEHT, BHeIlIHee MOoJie OTPULIATEILHOTO JEKTPUYECKOTO
MOHOTIOJISI BUXPOHA B3aMMOJIEHCTBYET C CUJIbHBIM TIOJIEM aTOMHOTO sijipa ''? — IpOMCXOOUT ero CUJTb-

109 http://www.youtube.com/watch?v=1xIeFZVtINI. X5IC wactb 2 POTOATOMHBIC 1 (poTosinepHble peakiuu.

1o Bpemst xu3HM aTOMHBIX BO30YKIEHHBIX COCTOSTHMI MM BPeMsl Tepexo/ja XapaKTepu3yeTcsl BEJMINHON 10 %¢,a SIEPHBIX —
1072, y MOJIHUH 3TO BpeMsI IOCTUTaeT AeCATKOB MUJUTUCEKYH], Y «TsDKENMbIX» CBY ecsaTky MIKOCEKYH/I M MOIIIHBIX TOKOB B Ilepe-
MEHHBIX UMITYJIbCAX.

" Takum 00pa3oM pokJaeTcst Macca ¥ HHEPTHOCTD d1eMeHTapHbIX yactull B CH.

12 Jlaanei?mIee CBOGO}IHOG JABW)KEHUE MUKPOBUXPOHA MPEKPAILIACTCA NEKTPUIECKUM ITI0JIEM Aapa, T.€. SHCKTPI/I‘ICCKI/lﬁ MOHO-

T10JIb BUXpPOHa B3aHMO)1€ﬁCTBleT C 3TUM I1OJIEM.
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HOC IPUTAKECHUEC, TOPMOKECHUE U OCTAHOBKA MAaIrHUTHBIX MOHOHOJIGI';I, MNoJiApu3anus, paspbiB U A€Je-
HHe (Pa30Boro 06bEMa MUKPOBUXPOHA. DIEKTPUUSCKUN U MAarHUTHBIA MOHOIIONA 9TOTO BUXPOHA
MOJSAPU3YIOTCS ¥ TOPMO3ATCA B JABUKEHUM OT CKOPOCTH CBETA 10 NOJHON OCTAHOBKH U HCYe-
3a10T 13 (a30BOro 00bEMa. B MOMEHT TOPMOKeHHUsI TIOJISIPU30BAHHBIN MAarHUTHBIA MOHOIIONb YK
HE MOXET CYIIECTBOBaTh, TAKKE Pa3psiKaTbCs M MPONOJIKATh MTPEIbIIYIINI IPOLIECC MHIAYKIMH IIPO-
THBOIMOJIO)KHOTO MOHOTIOJSA, TIO3TOMY IIPOUCXOIUT MPOTHBOAEHCTBHE STOMY IPOIIEeCCy, MOI0OHOe
AEWCTBHIO JIEKTPUIECKOTO MOHOTIOJIS ITPH €ro pa3psiie B CBOOOIHOM JBIKEHUU. TO MPOTHUBOAENH-
CTBHE — KBAaHTOBBII NE€pexo]] KOHAEHCAMeN ABUKYILENCs MPOIOJIbHO CO CKOPOCTBIO CBETAa Mare-
puu B (popMe MarHUTHOIO 3apsi/ia B €€ MOKOSIIIUIICS aHAJIOT, T. €. B MaTepHIO B COCTOSIHUM TIOKOSI
B (popMe rpaBUTAIIMOHHOTO MOHOIIONS B 3aMKHYTOM 0ObEME HOBOM YaCTHIIBI, XapaKTepU3YIOIIEHCs
MAacCOi, T. €. IEMEHTapHbII aKT NHTerpanu-KOHAeHCAMU SHEPTruM B COCTOsIHUE NOKOs1. Bpems
TaKOro KBaHTOBOI'O INEpexofia OIpeaesseTcs AeJIeHUEM JJIMHbI BOJTHOBOAA JIEKTPOHA HAa CKOPOCTh

CBETA U COCTABJIACT BCIIMYUHY IOPAIOKaA 10_20 CEKYH/BbI. HpI/I 9TOM, OKOHYAHHUE 3apAdKU I'paBUTA-
OMOHHOIO MOHOIIOJIA COBINAAACT C TIOJTHOM OCTaHOBKOM ITTOCJIE TOPMOXCHUA. CBOﬁO,[IHO-IIOCTyIIa-
TEJbHO€ IBNXCHHNE BUXPOHA CO CKOPOCTBIO CBETA 3aMEHAECTCA POXKICHUEM [IBYX MMOKOAIMXCA Ir'pa-
BUTAlIlMOHHBIX MOHOIIOJIEH.

I/ITaK, CBOﬁOﬂHOe CaMOJIBUKEHHEC OJHOI'O MArHUTHOT'O MOHOIIOJIAA CO CKOPOCTBIO CBETA MEPEXO-
JUT B IBA HE3aBUCUMBbIX C(l)epI/I‘ICCKI/IX 3apsAa rpaBUTallMOHHOIO MOHOIIOJIA B 3aMKHYTBIX 00BbEMaxX
9JICKTPOHA U IIO3UTPOHA. B pmanHom ClIydya€ HCTOYHUKAMMU ITPOU3BOACTBA JIECMEHTAPHBIX I'PaBUTA-
OMOHHBIX MOHOITOJIEN SIBJIIETCA KBAHTOBDBIN nmepexo MarHuTHOro MOHOIIOJA ITPU €0 TOPMOXKEHUN
OT CBETOBOM CKOPOCTHU ABUKEHUA O MOJTHON ocTaHOBKHU. Takoi HOCHUTEIIb HH,HYKTI/IPOBaHHOfI 9HEP-
MU B COCTOSIHUM OTHOCHTEJILHOIO ITOKOSI CIIOCOOEH pu cBOeN paspAaKe Ha paCCTOAHUUN YETBEPTU
JJIMHBbI BOJTHBI UHAYKTUPOBATD U 3aPAKATh aHAJIOTMYHBIA HUCUYC3HYBLIEMY MarHUTHBIA MOHOIIOJIb, T.

€. pereHepupoBaTh B 3aMKHYTOM 00bEME IEKTPOHA Ha BPEMs BCETO JIMIIb B 10—2% ¢ anasor nep-
BUYHOT'O MarHUTHOT'O 3apsiia, HO C OTJIMYHBIMHU OT TIEPBUYHOTO CBOMCTBAMH — OH CIIOCOOEH TOJIbKO
3apsKaThCs pa3psiiKOi IPaBUTALIMOHHOTO MOHOMOJIA, T. €. IPOU3BOJUTDH HETOJHOE KBAHTOBOE Ipe-
oOpa3oBaHKe CBOEH HEPTUU WM CO31aBaTh KAHOHMUYECKUI BOJTHOBO, C TIOJYIEIbIM CIMHOM MUK-
POYACTHIIBI ¢ MACCOW. DTa KAHOHMYECKAsl PEaKIvs SABJSETCS KJIUYOM OOBeTUHEHUs TeOpUid, 00b-
eIUHSIOIMX BCEe TEOPHH JIEMEHTAPHbBIX YaCTHI] C TEOPUSIMU I'PABUTALIVH.

PoxnéHHble TakuM 00pa3oM 3/IeMEHTApHBIE I'PABUTAIIMOHHBIE MOHOIIONM, Pa3psiKasCh yKe
B 3AMKHYTOM OOBEME, CIIOCOOHBI TOJNIBKO 3apsizKaTb-pereHepupoBaTh MOISPU30BAHHBIE OJIHO-
MMEHHBIE MAarHUTHBIE MOHONOIXA M Pa3BEPTHIBATL (IIPU Pa3psiKe) B 9TOM 3aMKHYTOM IPOCTpaH-
CTBE UCTOPHIO CBOETO POXK/IEHHS B 3€pHAX-IPaBIOTEHIMAIAX. 3aMKHYTHII BOJTHOBOJ U3 9TUX 3€PEH
BO BHEIITHEM IMPOCTPAHCTBE MHAYKTUPYET I'PaBUTALMOHHOE ToJie!'!® MpOTHMBOMOJIOKHOE MO 3HAKY
aKTMBHOMY LIEHTPAJIbHOMY TOJIIO TAroTeHus1 3emuin. Ilporecc neproguyecky MoBTOPSIETCS C BBICO-

KO 4acTOTOH MopsijKa 10%° I'y, 1o TeNepb YK€ BMECTO JIEKTPHYECKOr0 MOHOIIONS, C yYaCTHEM
1 4yepe3 MOCPEe]CTBO 3apsAAKU-Pa3psAAKY IPABUTAIMOHHOIO MOHOIOIS. Terneps OCHOBHBIM MOKO-
SAIMAMCSI HOCHTeJIeM KBaHTa WH/IYKTUPOBAHHON SHEPIUM SABJISETCSA T'PABUTALIMOHHBIII MOHOMOIb.
Tak o6pasyercsi craOrIbHAsI OAHOMONSIPHAS] KAHOHMYECKast (popMa 3aMKHYTON 000JIOYKH MUKpOYa-
CTHII C MAaCCOI 1 MOTyLeIbIM CIMHOM h/2 — HeronHas KBaHTOBask 3aBEPLIEHHOCTb TPe00pa3oBaHus
MarHUTHOM HEPruu co cOPOCOM OCTaTKa Ipefesa €€ HAKOIUIEH!SI B TPABUTALIMOHHBII MOHOIOJIb, T.
e. maccy anekTpoHa B cucteMe CU. B pe3yabrare 3T0r0 npotecca B rojie arToMHOIO siipa iBa POTH-
BOIIOJIOJKHBIX M MOJISIPU30BAHHBIX MArHUTHBIX MOHOMOJIS CO3/1AI0T 3aMKHYTbIe 0OBEMBI IBYX CAMBIX
JIETKMX NMEKTPUYECKH 3aPSKEHHBIX CTAOUIIbHBIX M IPOTUBOIOIOKHBIX MUK POYACTHLL, OOaAAI0INX
caMoOil MUHMMAJIBHOW Maccoil M MOJyLEIbIM CIMHOM. DHEprus Matepuu B (popMe OJJHOTO LIEJIOro
MarHUTHOTO 3apsjia, KaK HOCHTENs] COPOLIEHHOr0 KBaHTa MHAYKTMPOBAHHOW SHEPrUM M MCTOY-

13 710 noJe SJIEMEHTAPHOI'O I'PaBUTALIMOHHOIO 3aps/jia OIMCAaHO B nepBoﬁ TJIaB€ KHUT'U.
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HHUKA CBOOOJHOr0 BHKEHHSI CO CKOPOCTBHIO CBETAa — MEPEXOAWT B SHEPrHi0 JABYX JPYTUX
B (popme 3apsAI0B COCTOSIHUSI MOKOSI — IPABUTAIIMOHHBIX MOHOIMONeN. Ternepb HOCUTENSIMU TOKOSI-
HIeNCs MHAYKTUPOBAHHOM SHEPrUM SIBJISIIOTCS IPABUTAIIMOHHBIE MOHOMOIU. DTOT MPOIECC Mepexo-
JUT B TIOCJIEIOBATENIbHBIN B3aUMHO-TIEPUOJUYECKHI C TAKOM YaCTOTOM, YTO MPU IKCIEPUMEHTATTb-
HoW peructpanuu u3MepsioT B CU uiilb BeJIMUMHBL JIEKTPUYECKOT0 3apsijia, 3apsijia Macchl, CIMHA
¥ aHOMaJILHOr0O MarHUTHOTO MoMeHTa. Kak Oynmer moka3aHO [asibilie, TPaBUTAIMOHHBIA 3apsi
CIOCOOeH POXKAAThCs HE TOJBKO MPU KBAHTOBBIX MIEPEX0iaX MArHUTHOTO 3apsijia, HO MOXET U CaMo-
CTOSITEJIBHO MHAYKTUPOBATHCS TaKXke, KAK U MArHUTHBIN 3apsijl, HO TOJILKO HE U3MEHEHUEM 3JIeK-
TPUUYECKOTO TIOJIsA, T. €. COCTOSIHMEM JIBUKEHUSI JIEKTPUUYECKOTO 3apsija B JEKTPUUECKOM TIOJIe,
a U3MEHEHUEM COCTOSIHUSI MEXaHWUYECKOTrO ABMKEHUS 3apsiia MAaCChl WJIM CUCTEMOM Macc B I'paBU-
TAIMOHHOM TIOJIe, HAlpUMep, MEXaHUYECKUI yaap Mo MOBEPXHOCTU TBEPAOIO Tejla POXKIAET 3BYK,
a B3pBIB MOPOKAAET MOIIHYI0 MEXaHMYECKYI0 yIapHYI0 BOJIHY. MexX/ly HUMU BCerja CyIIeCTBYIOT
B3aMMHbIE KBAHTOBBIE MIEPEXO/Ibl, KaK, HAITPUMeEp, B JIEKTPOHE U T. JI.

Wtak oqguHHAAIATOE CBOMCTBO CBOOOJHOTO 3aII0POrOBOTO 3JE€KTPOHHOI'0 MUKPOBUXPOHA —
3axBaT €ro JIEKTPOMOHOIIONS U JieJieHHe Ha JIBa CAaMOCTOSITEJIbHBIX TOJISIPHBIX U MPOTUBOMONIOXK-
HBIX BHXPOHA, CIIOCOOHBIX CO3/1aBaTh 3aMKHYTHIN (Da3oBbIii OOBEM OTHOMOMSPHON SMEKTPUICCKU
3apsKEHHON MUKPOYACTHUIIB cO criiHOM 1/2. Takoi mponecc BO3MOXKEH JIMIIb B CBSI3U C TE€M, UTO
JBVDKEHUE U3MEHHBIIUXCS U MOJISIPU30BAHHBIX MOHOMOJIEH B 9THX 3aMKHYTHIX 00BEMAX TIPOUCXOINT
0e3 MHIYKLMHK BCTPEYHOTO MOHOIIONS, HO C CAMOMHYKIIMEH caMoro ce0si uepe3 OCpeacTBO pas-
PAAKYA BHOBb POXJIEHHOTO I'PABUTAIMOHHOTO MOHOIIOJNSI — 3TO JIBE€HAAI[ATO€ CBOWCTBO 3aMKHYTOTO
MUKpPOBHUXpOHA. Takum 00pa3oM, MepeMeHHBI 110 BeJITMYNHEe MArHUTHBIM MOHOIIONb OJTHOTO 3HAKa
MOJET CyIIIECTBOBAThH HE TOJILKO B 30HE MHAYKIIUH, HO U B 3aMKHYTOM OOBEME IEKTPOHA U IPYTUX
3apsIKEHHBIX OJJHOTIOJISIPHO JIeMEHTAPHBIX YaCTUIaX. DJIEKTPUUECKUIA MOHOIIOb BO3HUKAET BCer/a,
KakK MPOTUBOJIENICTBYE pPa3Psi/IKe MarHUTHOTO 3apsija. [ paBUTallMOHHBIA MOHOIIONb MHAYKTUPYETCS
TOJIbKO B 3aMKHYTBIX BUXPOHAX, KaK MPOTUBOACUCTBIE U3MEHEHHUI0 CKOPOCTU B LIEHTPOCTPEMHU-
TEJILHOM JIBUKEHUHU-BPAIIEHUH MAarHUTHOTO 3apsijia IPU €ro TOPMOXKEHUHN BO BPEMS 3apsIKU U KaK
cOpOC HAKOIIJICHHOW SHEPrYH MTPU HETTOJTHOM KBaHTOBOM MTPeoOpa30BaHUK MAarHUTHOTO MOHOIIOJS.

Takum 00pa3om, U3MEHEeHUE JIEKTPUIECKOrO OIS TOPOKIAeT MATHUTHBI MOHOTIONb BCEraa
JBUKYIIUICS CO CKOPOCTHIO CBETA, 2 U3MEHEHUE ITOM CKOPOCTH BCEr[a MOPOXKIAET I'PaBUTAIIMOH-
HBIIA MOHOTIOJIb, B TO K€ BPeMs1 U3MEHEHNe-yMEeHbIIIEHUE BEIMYMHb 3HAYEeHHsI MarHUTHOTO 3apsifa
MPUBOAUT K MHIYKIUHU JIEKTPUUYECKOTO MOHOIOJISI, TPOTUBOACUCTBYIOIIETO 3TOMY U3MEHEHUIO —
9TO TpUaJa MOHOIIOJIEH XapaKTepU3yeT MEXaHNU3M 3aKOHA COXPAHEHUsI SHEPIMU UHYKTUPOBAHHOTO
HOCHUTEJISI B 3aMKHYTBIX cucTeMax. CTpYKTypa reoMeTpUUeCcKOro YJIOKEeHHUs CIUpaJieit U3 3€peHrpaB-
MOTEHIMAJIOB TIPY 3apsi/IKe Ha MOBEPXHOCTU COOTBETCTBYIOLIUX cdpep, sIBJsIETCS MOJHBIM aHAJO-
rom crpykrype (Poto 2.1) mMarHuTHOroO 3apsiga — cpepa ¢ MaKCMMaJIbHBIMU 3HAYEHUSIMU 3EPEH-
I'PaBIOTEHIIMAJIOB HAXOAUTCS B 1ieHTpe. OTInyre ero CBOMCTB OT CBOMCTB MarHUTHOIO MOHOIIOJIS
3aKJIIOYAIOTCS JIUIIb B TOM, YTO OH BCETJa POXK/IACTCSA U CBSI3aH C TeM 3aMKHYTHIM (Da30BBIM 00BE-
MOM MUKPOYACTHUIIBI, B KOTOPOM HaXOAUTCs (TPHMHAIIATOE CBOKCTBO), a MPHU pa3psijike UHAYKTHU-
pYeT MOJSIPU30BaHHBI MArHUTHBIN MOHOIIOJb TOTO K€ 3HAKa Ha yAAJICHUH Y€TBEPTU JUIMHBI BOJTHBI
OT CBOEr0 HaYaJIbHOTO MECTOIOJIOKEHU 1. BOJTHOBO/ M3 IpaBNOTEHIIMAJIOB, CO3JJAaHHBIN MTPU pa3psiIke
B 3aMKHYTBIX BOJIHOBOJAX Pa3HOIO J¥iaMeTpa BO BHEIIHEM MPOCTPAHCTBE MHAYKTHpYeT !4 Mmaccy
nokost yactuiipl. [Ipy 3TOM, MarHUTHBI MOHOIOJIb BCETJa IBUKETCS TOJBKO Ha 3apsiKy K IIeH-
TPy NOBEPXHOCTH MOJTycepbl 3aMKHYTOTO BOJTHOBO/A. DJIEKTPUUYECKUI MOHOIIONb B 3TOM IPOLIECCE
He BO30yK1aeTcs. TO YeTHIPHAAIATOE CBOMCTBO 3aMKHYTOIO MUK POBUXPOHA — KBAHTOBBIN ITepe-
XOJl HEPTrUU U3 UCTOUYHUKA JIBUKEHHUA B JIpyryio popmy B BUjie HCTOUHUKA MOKOS, T. €. UHIYK-

14 " YK€ 31€Ch Ha/J0 OTMETUTD, YTO MUKPOCKOITMYECKUE YPABHEHUA Makxcgesia HeOGXO}lI/IMO HE TOJIBKO Jej1aTb CAMMETPUYHBIMU,
HO JOIIOJIHUTh HHZIyKLIPIeﬁ I'paBUTALIMOHHOI'O MOHOIIOIA B HEKOTOPLIX ClIydyadX U C y‘{éTOM TJTAHKOBCKOM MacChl.
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L1151 MACChl MUKPOYACTHIIbI BO BHEIIIHEM ITPOCTPAHCTBE C IOMOIIIBIO BHYTPEHHETO BOJTHOBOJA U3 YCTa-
HOBJICHHBIX 3€PEHT PaBIIOTEHINATIOB.

Urtak, riiaBHoe, Npy pa3psKe U JBHKEHUU 1O OKPYKHOCTU CO CKOPOCTBIO BBIIIE CKOPOCTH
CBETa MarHUTHBII MOHOTIONb B CBOOOJHOM MUKPOBUXPOHE MHAYLIMPYET MPOTUBOACHCTBYIOMIUI MPO-
1IECCY YMEeHBbIIEeHHUsI ero 3apsiaa 1eKTPUISCKUI MOHOMOJb, a TP TOPMOKEHUH U YMEHbIIeHUH
CKOPOCTH JIO MOJTHOW OCTAHOBKH OH ITPEBPAIIIAeTCs B CBOM MOKOSIIMICS aHAJIOT — T'PaBUTAIIMOHHBIN
MOHOIIOJIb.

PoTossaepHbIe peakuu JErkuMu (poToHAMHU. AHAJIOTUYHO C YK€ pACCMOTPEHHBIM IIPO-
1eccoM (POTOATOMHBIX PEAKIMI C UCITyCKaHWEM MUK POUYACTHUL, TPOMCXOOUT npouecc I'mranrckoro
pe30HaHca Mpu NOPOroBbix Heprusix goroHoB ot 10 go 25 M»3B, Koraa JjiMHA BOJIHBI CTAHOBUTCS
CPaBHUMOM € IMAMETPOM $I/Ipa, YTO MPUBOAUT TAKKE K U3TYUYECHUIO Pa3TMYHBIX MUKPOYACTHII.

MuorocgoToHHAsI HOHU3AIUSA AaTOMOB.

Bonee koHKpeTHO mpeacTaBiieHbl skcniepuMeHTaibHble pe3ynbpraThl F0. 1. Paiizepa. B atoit
padore!'> mpuBe€H 0630p padOT, BEISBICHBI KOHKPETHBIC U OOIIUE 3aKOHOMEPHOCTH SIBJICHUSI MHO-
rohoTOHHON HMOHM3anUH aToMOB . [loka3aHo, 4TO B pe3y/ibTaTe MHTEHCUBHON MOHUW3AIMMU ra3a
MOJl JIeMICTBMEM 3JIEKTPOMArHUTHBIX I0JIe ONTHYECKHX 4YacToT (hOTOHOB Jjlazepa co3JaBa-
Jlach HCKPA B COCTOSIHME I1J1a3Mbl. MeXaHU3M pOXKJIEHUs UCKPBI B JIyue Jia3epa 40 CUX MOp JOCTO-
BepHO HensBecTeH. [Ipon3BenéH aHaam3 poXkIeHUs UCKPBI, KaK MHIMKATOPA MOPOTOB IEKTPUYECKOM
HaNpsHKEHHOCTH, BO3HUKAIIIeH B (pa3oBbix 00bEMax (hotoHOB CBY 1 ONTUYECKUX C ITTMHOW BOJTHBI
694 HMm.

DNEKTPOHBI YBEIMYMBAIOT TMOJHYIO SHEPTUIO B Pe3y/IbTaTé MHOTOKBAHTOBOTI'O TOIJIONICHMS,
T. €. IIPY OIHOBPEMEHHOM TOIVIOIEHUN CPa3y HECKOJIBKUX (POTOHOB.

OHOKBaHTOBBIN MPOLIECC NOHM3ALMH B CIIy4ae YacTOT BUIMMOIO JUarla30Ha HEBO3MOKEH.
[ToTeHumapl MOHU3ALMK aTOMOB B HECKOJIBKO Pa3 MPEBBIIAIOT SHEPIHI0 (DOTOHA.

Duepruss (QoroHa pyoOMHOBOro Jjasepa paBHa 1,78 5B, a MOHM3AIMOHHBIN TOTEH-
uuai aproa paseH 15,8 3B, T. e. 11 pa3BUTHSA JIEKTPOHHON JIAaBUHBI, NEPEXOJALIECH B IUIA3My
UCKpBI TpedyeTcst n=9 (OTOHOB.

OObIYHO MHOTO(POTOHHBIE TIPOLIECCHl MAJIOBEPOSTHBI, HO CKOPOCTh MX PE3KO TOBBINIA-
eTCsl IPY yBEIMYEHNH MJIOTHOCTH MOTOKA (POTOHOB B JIyue Jazepa, YTo U HAOMI0AeTCsl B IKCIIe-
pumente. lJIMHA BOJHBI M3JTyYeHHs] pyOMHOBOTO Jlazepa paBHa 694 HM, KOTOPBIN IPOU3BOIUT CBeE-

TOBBIE MMITYJILCHI JJTUTEIBHOCTBIO OKOJIO 3 Mc, oOecrieunBas IOTHOCTb aHepruu 20 — 40 I[)K/CMZ.
YacroTa ciieioBaHKsI MMITYJILCOB PyOMHOBOTO Jia3epa coctamiisieT oObrgHo 1 ', MloHwzarmst npu
JAHHBIX YCJIOBHSIX MPOUCXOAUT, €CIM MHTEHCUBHOCTb M3JIyUEHMs MPEBHIIIAET HEKOTOPYI0 BechMa
PE3KO BBIPAKEHHYIO TIOPOTOBYIO BeIMUMHY. Kak 1mokasasnu ombIThl, JJ1s1 IPOOOst Ta30B HYXKHBI OYEHb
BBICOKHE MHTEHCUBHOCTH. Ecii, Kak 9TO 4acTo /1eNaloT, XapakTepru30BaTh MHTEHCUBHOCTh U3Ty4YeHUSs
HAMPsKEHHOCTBIO JIEKTPUYECKOTO T0JIs1 B CBETOBOM BOJIHE, TO TIOPOTOBbIE TMOJIS1 UMEIOT MOPSIIOK

10°= 107 B/em (B 3aBUCMMOCTH OT poJia U JIaBJIeHUsI ras3a).

Mmuorodgoronnas nonn3anusi atoMubix ssaep UK u CBU-goronamu.

DKcIepuMeHTalIbHbIE JOCTOBEpPHBIE Pe3YJIbTaThl, IpoBenEHHbIEe B peakTopax M. M. ConuHa,
A. B. Bauaena, C. B. Anamenko, JI. UI. Ypynkoesa, K. Illoynnepca, A. ®. Kinanos, a Takxke B Oojee
3000 pador o Bcemy mupy, Bkmodass peaktop E-CAT A. Poccu u HaumHas ¢ pador Kepspana
B HavaJle MPOLUIOro BeKa, MO3BOJISIIOT CIejIaTh 3aK/JII4YeHne O TOM, HU3KO9HEPreTuIecKue saep-
Hple peakuuu cuHTe3a (LENR) atoMHBIX sep uayT ¢ MOMOIIbI0O MHOTO(POTOHHON MOHM3AMHU
aTOMOB H NOCJeAYIONIell Je3NHTerpamuu sijiep ¢ yyacTueM MarHMTHBIX MOHOIIOJIel MHKPO-
BHXPOHOB HOBBIX «TSIZKEJIbIX» (POTOHOB 10 MEXaHU3MaM, U3JI0KEHHBIX B COOTBETCTBYIOIIMX Pa3-
nmenax kauru —2.2.1, 2.2.2, 2.4, 2.6, a takxe 3.3, 3.4 u 3.5.

1510, 1. Paiizep. [TpoGoii n HarpeBaHKe ra3oB Moj AeicTBreM JiasepHoro jty4ya. YOH, Tom 87, Bbin. 12, 1965, centsadps, crp.30
—ol.
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doTosiiepHble peaKIUH PE30HAHCHO-«TSKEJBIMH» (POTOHAMHU. PaccMOTpeHHbIE BbIIIE
(bOTOHBI, MOy YEeHHBIE TIPU 3Ty YeHUH BO30YKIEHHBIX aTOMOB WU JI€P, HA30BEM «JIETKUMM» (DOTO-
HaMH, TOJIbKO TaKUM (POTOHAM CBOMCTBEHHO OIpe/Ie/ICHHE UX SHEPTUHU Yepe3 IPOU3BEIECHUE YaCTOThI
u nocrosiHHOM [Tnanka. K ux uuciy ciemyer oTHeCTM 1 MHOTO(POTOHHOE JIa3epHOe U3JIyuyeHue
BBICOKHMX IIJIOTHOCTEH TIOTOKa (DOTOHOB MHTEHCHUBHOTO JIyya Jia3epa, MO3BOJISIONIee «CKJIeUBaTh» 10
OJIHOBPEMEHHO BO3JICHCTBYIOLIME HU3KOIHEpreThyeckue (bOTOHbl B OMH BBICOKOIHEPreTUYECKUN
oton. [Insa nemoHcTpauuu yuyensie coequHuan S00 yactur cBeTa U3 MH(PPaKPACHOTO JUara3oHa
B OJJMH PEHTI€HOBCKUI (DOTOH.

B nipupone BeenenHoii BcTpevaroTcsi M TAKME pa3oBble MTPOLECCH, HATPUMED, NIEKTPUUECKHE
pas3psiasl aTMOC(EPHBIX MOJIHUM, NPU KOTOPBIX CMH(A3HO 3a OYEHb KOPOTKHUI MPOMEXKYTOK Bpe-

MeH nopsiaka 10712 ceKyH/IbI 1 B OYeHb MAIOM JIOKAJM30BAHHOM OGbEMe B MMITY.IbCHO-IIepe-
MEHHOM 3JIEKTPUYECKOM T0JIe HOJIBIINX TOKOB U HANPSDKEHUI POXKAAIOTCS MHTEHCUBHBIE TIOTOKU
HOBBbIE «TSKEJIBIX» (POTOHOB 10 MHOTO(DOTOHHBIM MEXaHN3MaM CJMSIHHSA MarHUTHBIX MOHOIIO-
el ¢ MaKCUMaJIbHO BO3MOKHOM TUIOTHOCTBIO YIAKOBKH 3EPEH-TMOTEHIIMAIOB KaK Ha CaMUX CIHpa-
751X, hopMupyIoMX cepy TOro 3apsia, Tak U Ha3BaHHBIX CIIUPAJIEH, BIUIOTHYIO MTPUMBIKAIOIIUX
apyr k apyry (¢oto 2.6). Ha3oBéM Takue 3/1eKTpOMarHUTHbIE (DOTOHBI «TSIKEJBIMH», 4 HCTOY-
HHKH [TPOU3BOJICTBA TAKUX (DOTOHOB, T.€. « TAMKENBIX» MATHUTHBIX MOHOIOJIEH, BBIAEIUM B OTIEb-
HBI KJ1acc 1 OyJIeM UX paccMaTpUBaTh OTIEIBHO B ClIeAyIoIel r1aBe 3 31oil Kuuru. OTciona ciemyoT
Y HOBBIE MEXaHM3MBbI B3aMMOJEHCTBHSI: — C TIOMOIIBIO CIIMSTHUSI BPAILAIONIMXCS HA BOJTHOBOZIAX Mar-
HHUTHBIX MOHOIOJIE! OTHOTO 3HaKa, ITOPOKAAIOIIHIX «TSKEIbIe» (POTOHBI, — C TOMOLIbIO HHTEp(De-
peHIMY 3€PeH-NOTeHIMAJIO0B BOJIHOBO/IOB, IPUBOJAIIMX K UX YCUJIEHHUIO-CIIMSHUIO OHOTIO 3HAKA
WJTY B3AMMHOMY YHUYTOXEHHIO TPOTUBOIOJIOKHBIX 3HAKOB B 30HE XOJIOAHON 0€3MacCOBOM IJIa3MBl, —
C TIOMOIIBIO NEPeHOCa-IPOHIUKHOBEHHSI 3apsijia SHEPIUU MAarHUTHOTO MOHOIIONS B TITyOMHY MaTepuu
BEIIECTBA IyTEM MMIUIO3MH 10 BOIHOBOLLY JIake B aTOMHOE s1/1p0. Pe30HAHCHO- « TSIZKEJBIi » MOHO-
nosb BuxpoHa CBY wim MK nanasona (B ero (pa3oBoM 00bEMe HAXOOUTCS OYeHb OOJIBIIIOE KOTYe-
CTBO aTOMOB), [TPOXO/Is Uepe3 KJlacTep BELECTBA, TAK:KE TPOM3BOAUT BOJIHOBO/BI U CIIOCOOEH NOHU-
3MPOBaTh XOJIOAHOK 0€3MacCOBOM TIA3MON HE TOJIBKO IEKTPOHBI BHEIIIHUX M BHYTPEHHHUX 000JI0YeK
aTOMOB, JJOTIOJTHUTENBHO BO30YkKJasi MX, HO M TAKMM KaCKaJHBIM MEXaHU3MOM 3aIlyCTUTh MeXa-
HU3Mbl HFOHU3ALMH YaCTHI BHEITHUX 000JIOUEK aTOMHBIX Si/iep.

®oto 2.6. JIérkue atoMHble U «TskENbIe» CBY — (hoTOHBI

PaccmoTpenHsIi npoliece kacaercsi (pOpMUPOBAHKSA JIMIIb OJJHOT0 aTOMHOT'O MUKPOBUXPOHA
dotoHa. A, Harrpumep, B padoTtax B. B. ABpamMeHKO 1oKa3aHo poxieHre MOIITHOTO MOTOKAa (pOTOHOB

116 gy B., ®promunr C., ['onosuH I'. 1 coaBT. MHOrohoTOHHOE TOMCOHOBCKOE paccesiHie BICOKOro nopsiaka. J/Nature Photonics.
Volume 11, pages514—520 (2017)
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Ha rPpaHMIIe pa3pbiBa CIUPATIA HUTU OOBIYHOM OBITOBO JIAMIThl HAKAIMBAHMUSI, TIPYA MTUTAHUU OTHUM
MIPOBOJIOM, BKJTIOUEHHOM B CXeMY, pa3pabOTaHHOW TUM aBTOPOM. B 3THX 3KcIepuMeHTax 1o OgHO-
MIPOBOIHON Tlepeaye SHEPTUu TopsAT KaK MCHPABHBIE JIAMIIBI, TaK W MEPErOPEBIe — 3TO MPOIIEeCcC
nepeHoca 3apsja JeKTPUYeCcKUM NOTEeHI[UAJTI0M MarHUTHBIMU MOHOTIOJISIMH.

Bemnbiku ceta, mpeaBapsionpie arMochepHbIil pa3psii 0OBIYHON MOJTHUY, WM TPH BKJTIOYE-
HUM BWIKU B PO3ETKY, AJISl MUTAHUS MPHOOpa ¢ MoTpediaeHreM Toka Oojiee OfHOrO amrepa — 3TO
00J1aKO NMEKTPUIECKOro 3(prpa, YIpaBisseMOro MOTOKOM BUXPOHOB C IIUPOKUM CIEKTPOM YaCTOTHI
BIUIOTh JI0 ONTHYEeCKUX. [Ipu 3TOM ciemyeT CpaBHUTh CXOACTBO M3JIyYEeHHs MOTOKAa (POTOHOB MPH
BO30YKJEHIM KJIacTepa Iuia3Mbl (M3MEHEHHE IEKTPUYECKOro MoJisi B aTOMax IUIa3Mbl — OMHO(O-
TOHHBI MEXaHW3M M3JTyYeHHsI Ha OIMH aTOM) C U3Ty4YeHHEM MOTOKA (DOTOHOB (BCIIBIIIKH) B TIIy0O-
KOM BakyyMme 0e3 aTOMOB U IJ1a3Mbl BOJIM3HU 3JIEKTPOAA, HA KOTOPOM MPOUCXOAUT MUKOCEKYHHOE
MMITYJIbCHOE BBICOKOBOJIBTHOE M3MEHEHMe TIOTeHIMaa. B 3Tom citydae umeercst 001acThb 3aposkie-
HUS TIOTOKa MAarHUTHBIX MOHOIIOJIEN pa3HOM YacTOThI, KOTOPOE MOXKHO JIETEKTUPOBATH IO BCIIBIIIKE
MOIIIHOTO MOTOKA IEKTPUIECKOro 3prpa v (POTOHOB B ONTUYECKOM Juanazone. OTciofa BHIBO/, YTO
BO BCEX CITyYasix, KOria B KaKOK-TO 00JIaCTH MPOCTPAHCTBA HAYMHAET MTHOBEHHO (CKOPOCTh H3Me-
HEHUsI) U3MEHSAThCS MEKTPUUECKOe TOoJe, BCera POKIAOTCS CMH(pa3Hble MArHUTHbIE MOHOTIOJH
3a CUET SHEPrUH €ro U3MEHEHH 1, KOTOPbIe CIOCOOHBI IEPEHOCUTH COOTBETCTBYIOIINH IEKTPUIECKHUI
3(pup U3 OHOM €ro TOUYKU B JIPYTyIO.

Ecmu okpyxatomee 007acTh BCIBIIIKK MPOCTPAHCTBO CONCPIKUT aTOMBI, a SHEPrusl 3apsiaa
MarHUTHOTO U COOTBETCTBYIOILIETO JIEKTPHUUECKOTO MOHOIIONEH COM3MepruMa Wi OOJIbIIIe SHEPTrUr
3apsiia aTOMHOTO sIpa, TO MPOUCXOAUT WM PE30HAHCHOE TOIJIONIEHUE 3TOro (POTOHA C MIEPEBOAOM
aroMa B OIHO W3 BO30YXAEHHBIX COCTOSTHUM, WJIM MOHU3AIMS CBSI3aHHOTO B aTOME JIEKTPOHA, WU
MIPOMCXOIUT POXKAeHHE Tap !’ aeMeHTapHBIX YaCTHUI] — IEKTPOHOB U MO3UTPOHOB, MIOOHOB.

"Taxénbie' PoTOHBI

[Ipu B3auMOAENCTBUM aTOMOB C PE30HAHCHBIMU M PE30HAHCHO-«TskEnpiMu» CBY wnum
WK ¢oroHaMy BO3MOXKHO MX YAaCTUYHOE TOIJIOIIEHHE C BO30OYKICHMEM MEXaHUYeCKHX KoseOa-
TeJIbHO-BpAIlaTeJIbHBIX YPOBHEN (yBeIMYEHUE TeMIIepaTypbl aTOMOB), HOHU3AIMS YACTHUI] BHEIITHUX
000JI0YEeK aTOMOB M aTOMHBIX sIIep C BbIJEJIEHHEM COOTBETCTBYIOIECH SAEPHON SHEprur. YacToThl
Takux (POTOHOB HaxoAATcs B u3BecTHOM MK-nnana3one. Heprus ke «TSKENbIX» (POTOHOB OIpe/ie-
JISIeTCs1 y)Ke BeJIMYMHON MarHUTHBIX 3apsi/IOB, 2 He IIPOM3BE/ICHUEM YaCcTOThI HA OCTosHHYIo [Tnanka.

BricokosHEpreTMYecKuil TMraHTCKHUIA COTHEYHBI MaKPOBUXPOH crienidudecku '8 Bzanmoneit-
ctByeT c miazmoit CoslHIIa — B MOMEHT €ro BbIXOjIa Yepe3 MOBEPXHOCTh (hoToCchephl ero MeKTPOMO-
HOIIOJIb 3aXBaThIBaeT Kjactep (potocdepsl, KOTOPHIM Yepe3 MrHOBEHHE Oy/IeT BHIOPOIIEH McUYe3alo-
M 3JIeKTPOMOHOIIONeM 13 ero (ha30Boro 00beéMa, 1 oopasyeT B (potochepe mapy Operib — «u€pHoe
MATHO» U Oesioe MATHO Haj HUM. Takue 3apsaapl 3aMedeHb (poto 2.7) Ha moBepxHocTr ComHIIA —
HAa30BEM UX «CBEPXTSAKEIBIMU» (POTOHAMHU.

17 [1] PO)K,IICHI/IG Tap 3JIEMEHTAPHBIX YaCTUILl TAKUX KaK JIEKTPOH-TIO3UTPOH U Mapbl IPOTHUBOIIOJIOKHBIX MIOOHOB — 9TO Xapak-

TepHble (POTOATOMHBIE PEAKIIHIL.

118 310 3aMeueHO B BHIGPOCAX COMHEUHOM MUIA3MBI — IEKTPOMOHOIIONb MAKPOBUXPOHA 3aXBATHBACT KIIACTED IIA3MBI (hOTOChEpE,
a yepe3 HEKOTOPOe BPeMs «BBITIEBBIBAET» €TI0 U3 CBOETo (ha30BOro 00bEMa, CO3aBasi IIPU ITOM XapaKTePHYIO0 KAPTUHY — Napbl TEMHBIX
Y CBETIBIX IISITEH.
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Poro 2.7. Knacrep porocepbl, 3aXBa4EHHBI TUTAHTCKUM runepmoHononeM u Ilapel «uép-
HBIX U OeNbIX» TATEH (CrpaBa).

LENR. ViMeHHO Takoil MeTO[ MO3BOJSET MPU OTHOCUTEIbHO HEOOJBILION YacToTe (POTOHOB
(BY, CBY, KBY u UK puana3oH), HO O4€Hb BbICOKOM IUIOTHOCTU 3€PEH-MOTEHIIMATIOB Ha BOJHO-
BOJaX, C IOMOILBIO UX U3JIyYEHHUs CIELMATIbHBIMU MAarHETpOHaMu MHULMUPoBaTh 3¢pdextsr CBY
OBITOBOM MUKPOBOJIHOBOI MeYM — BUXPEBbIE TOKU, U TMIIEP3BYK, a TAKKE YK€ IIMPOKO U3BECTHbIE
HU3KosHepretuueckue'!? sanepueie peakimu (LENR) ¢ mpou3BoacTBOM JIOMONHUTENBHON SHEPTUU
(TEIUIOBOM WJIM JIEKTPUYECKOM) 3a CYET (POTOMOHM3ALMM YaCTUL, BXOASAIIMX B COCTAB BHELIHMX
SIIEPHBIX 000JIOYEK TSKENBIX 37eMeHTOB. IIpu 3TOM, HEOOXOAMMO OTMETHTh AHAJIOTHIO MOBE/ICHHUS
B3aUMOJEVCTBHUS JIETKMX (DOTOHOB C BHEIIHUMU JE€KTPOHAMH B aTOME C «TSIKENBIMUA» (POTOHAMM,
KOTOpbIE TAKUM ke 00pa30M MOHU3UPYIOT YACTULBI C BHEIIIHMX 000JI0UEK aTOMHBIX S/IED.

PaccmotpenHast cTpykTypa'?’ 1 MeXaHU3M POKIEHHUS JIETKUX U «TSKETBIX» (POTOHOB SIBJISETCS
KJIIOUOM OTKPbITUSI TallHbI MACChI, 3apsiJia, ClIMHA, TPABUTALIMN, UTHEPTHOCTH, JIEKTPOTOKA, TBEPHO-
CTH, BA3KOCTU U IpYTUX (PU3NYECKUX CBOMCTB Pa3IMUHbIX CPEll, MEXaHU3Ma IEKTPOCONPOTUBIICHUS
U Apyrux (pyHAAMEHTAJIbHBIX SBJIEHUN IPUPOABl B MUKPO- U MaKpOMHUPE aTOMHO-MOJIEKYJISIPHBIX
BelIeCTB, B ToM uncie 1 LENR peakuuii B aTOMHO-MOJIEKY/IIPHBIX arperaTHbIX COCTOSIHUM MaTepUH.

2.2. MUKpPOBHXPOHBI

[TpocrpancTBa BakyyMa KocMoca BeelleHHOM po/ICHBI TPaBUTAIMOHHBIMHE TTOJISIMU, CTSTHYThI
B OJTHO LIeJTO€ XOJIOHOM 6€3MacCOBOM IJIa3MOK M 3aII0OTHEHBI CBETOM, a TaKKe IPYTUM BeCchbMa IITUpO-
KMM MHOTrooOpa3ueM MOTOKOB YaCTHII, MUK POYACTHII, ICKTPOMArHUTHBIX BOJIH, 3BE3/1aMH, KBa3a-
pamMu, ImyJIbcapaMu, IIaHETaMH, CKOTUIEHUEeM TaJIakTUK U T. 1. OJHaKO 3BYKOBBIM BOJTHAM HET MeCTa
B KOCMOCE — MM JIJISI CYIIIECTBOBAHMSI HY’)KHa BeIlIeCTBEHHAsI aTOMHO-MOJIeKy/IsipHas cpena. [Toatomy
OHU KUBYT ¥ CYIIECTBYIOT JIWIIHh Ha 3BE3/IaX U IUIaHeTax. B 9ToM pasgiesnie U paccMOTpPEHBI JIeKTPO-
MarHUTHbIE ¥ MEXaHUYECKUE MUK POBUX POHBI, MTOPOXKIAIOIINE TAKHE BOJTHBI 1 MUK POYACTHUIIHI.

2.2.1. DjeKTpOMarHuTHbIe MUKPOBHUXPOHbBI

W3 otkpsiToit uTeparypsl co BpemeH 1. K. MakcBeiia U3BECTHO, UTO «MAZHUMHbILL MOHONOAb
MOJICHO Npeocmasumy, KAk OmMoeabHoO 635iMblii NOAIOC OAUHHO20 U MOHK020 NOCMOSHHO20 MAZHUMA.
O0nako y 06b1MHO20 MAZHUMA 6C€20a 084 NOAKOCA, MO eClb OH Aeasemcs ounonem. Ecau paspezamo

11 . .
9 SHCpFI/IH MaTepu, 3aK/JIIOYEHHAsd B KBAHTE MArHUTHOI'O «TAKEJIOro» 3apsla, NPEBOCXOAUT SHEPIUI0 MOHU3AIMN YaCTUL]
C BHEIIHUX 000JI0YeK aTOMHOIO Aaapa, MMO3TOMY Ha3bIBaTh TaKUE SANCPHBIE PEAKIIMN HU3KOIHEPIETUIECKUMHN MOKHO JIMIIb YCJIOBHO
B CUJTY UCTOpUU UX OTKPBITUA.
120 10 COBOKYITHOCTbD 9JIEKTPOCTATUKH U ITUHAMUKH MarHATHBIX MOHOIIOJIEH.
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MAZHUM HA 08e 4acmu, mo Y Kaxcool e2o uacmu no-npedxcHemy O0yoem osa noaoca. Bce n3BecT-
HBIE 91eMeHmMapHble YACMULbl, 00NA0AIOUUE INEKIMPOMAZHUMHBIM NONEM, S8ASIIOMCST MATHUTHBIMU
aunionsmu. Cgpopmyauposarnvte /1. K. Makceeanom ypaeHenust KAaccuueckol 31eKmpoOuHamMuKi
C8513bIBAIOM INEKIMPUUECKOE U MAZHUMHOE NOAE C OBUNCEHUEM 3APSIHCEHHBIX UACUY. MU YpAGHEHUS
ROUMU CUMMEMPUUHBL OMHOCUMENLHO INEKMPUMecmsa u mazHemusma. OHu mozym 6vims coenambl
NOAHOCIBIO CUMMEMPUUHBIMU, €CAlL 8 OONONHEHUEe K INEKMPUUECKOMY 3apsi0y U MOKY 68eCHIU HEKULL
MAZHUMHBLL 3apsi0 U MazHumubli mox. 00 smom Makceean ykaszviean ews€ 6 1873 2. Takum odpazom
MOJCHO co30amb cucmemy ypasreHuli Makceenna ¢ yuemom CyleCTBOBAHUS MAZHUMHBIX 3aPSO008.

Cywecmeyroujue Kaaccuueckue YypasHeHus: Ompaxcarom mom ¢oakm, 4mo 0O0bIMHO MAzHUNHbLE
3apsi0vl He HAOMIOAAKTCSA. Ecau maznummble 3apsidbl CYIIECTBYIOT, MO CYU4eCMBOBAHUE MAZHUNL-
HbIX MOKO8 NPUBeOém K nonpaekam ypasrenuti Maxceenna, Komopole MOXCHO HAONO0AMb HA MAK-
POCKONUMECKUX MACUMADAX.

Tocne Makceeana (1873 e.), cnauana I1. Kiopu (1894 2.), A. Ilyanxape (1896 2.), a 3amem
uIl. Jlupax (1931 2.) cozoanu keanmosyro meopuio 3aumo0eiicmausi INeKmpuueckozo 3apsod ¢ maz-
HUMHBIM 3aPSIOOM, KOMOPAsi NPUMEHUMA NPU YCAOBUU 3HAMEHUIMO20 OUPAKOBCKO20 KBAHMOBAHUSL.
U3 Hezo credyem, umo MazHUmHbIL 3apsi0 4acmuybl 00NHCeH OblMb KPAMeH 31eMeHIMApPHOMY Mae-
HUMHOMY 3apsioy.

B 1974 2. [loasixoe u T. Xoogbm meopemuuecku onpeoeaunu 3Ha4eHue UCKOMOU MAaccobl maz-

HUMH020 Moronoas eeauuunoii ¢ M 1076 I'se.

B Hacmosiee apemsi MazHUmMHbLL MOHONOAbL CMAN 00SI3AMENbHBIM NPUNONHCEHUEM BCeX 00BeOU-
HUMEAbHBIX meopuli. Abenes MOHONONL He UMeem CMpo2ux 02paHuveHuli Ha maccy. Buecme ¢ mem,
Heabenes MOHONONb Modcem umems maccy oocmynuyro LHC.

~ 2000 -2004 2z2. — skcnepumenmwl, nocmaeneHuvle epynnoi uz Oklahoma University,
TEVATRON, p p-cmoakHo8eHusl.

(Al) Inl=1, M> 285 I'3B; Inl=2, M> 355 I3B

(Be) Inl=3, M> 325 I3B; Inl=6, M> 420 5B

— 2005 2. — npsimble noucku maznumuslx monononeii (epynna CDF Run2), mexanuzm /Ipenna-
Ana.

M> 360 3B, s=1/2

— 2005 2. — npsamvie noucku Ha yckopumene HERA, e + p — cmoakHoeenusi, Macca MOHOMOJIS
M> 140 I'3B.

~ 2005 2. — epynna 6 cocmase 0. Kypoukun, H. Cauynxesuu, /]. Illénkoswiii, C. Anyw onpede-
AUAU NPeDenbl MACCbl COBPEMEHHO20 CIAMYCA MAZHUMHBIX MOHONOAEL U NEPCREKMUBLL UX NOUCKA
Ha ycmanoeke ATLAS, nymém obpazoearus napel MOHONOAL — AHMUMOHONONL 08YMS. (DOMOHAMU.

— 2010 2 BAK. lenbio sxkcnepumenta MOEDAL sBnsiercss npsiMoi MOMCK MAarHUTHOTO
MOHOIOJISI C MACCOW — TMIOTETHUYECKOW YaCTHIIBl C MAarHUTHBIM 3apsijIoM, a TaKKe BBICOKOMOHU-
3MPOBAHHBIX CTAOMJIBPHBIX MAacCHMBHBIX 4acTull (SMP), mpejicka3aHHBIX TEOPUSIMH, BBIXOISAIIMMU
3a pamku CrangaptHor monemu. MoEDAL (Monopole and Exotics Detector At the LHC) — cenp-
Masl KCIIepUMeHTalbHasA ycTaHoBKa Ha Bonbiom agponHom komnariaepe B CERN. Hukakux cre-
JIOB MAarHUTHBIX MOHOIIOJIEW C MacCO-9Heprue BIUIoTh 10 6 ToB 1 MarHuTHBIM 3apsAAOM BIUIOTh
10 5 IMPAaKOBCKUX €IMHMII OOHAPYKEHO He ObUIO, BOMPOC UX CYIIECTBOBAHUS OCTAJICS OTKPHITHIM
Ha 2010 rog.

— Tpu mocneaHue MOMBITKU'?! HANTH MOHOIIONU TIPY TIOMOIIY TOIOOHBIX JIOBYIIEK — B 2012,
2013 u 2015 rogax — 3akoHYMJIMCh Heyaaye. HecMOTpsi Ha MOBBILIEHHE YyBCTBUTEIBHOCTH JIETEK-
TOPOB M yIBOeHHe MOITHOCTH camoro BAK, ¢usukam Tak U He yaajioch OTHICKaTh HUKAKUX CJIeJIOB
OJIHOTIOJIIOCHBIX MATHUTHBIX YACTHII, YTO PE3KO CY3UJIO MOJIe MX BOZMOXHBIX TIOMCKOB.

121 https://cerncourier.com/a/moedal-becomes-the-lhcs-magnificent-seventh/
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Crnenyet, ofJHaKO, 3aMETUTh, UYTO MTOUCKM MAarHUTHBIX MOHOIIOJIEH HAMEPEHHO BEeIyT TOJHKO
IO ero SIKOOBI UMEIOIIEHCs Macce 1 ero BRICOKOM MOHU3UPYIOIIEH CIIOCOOHOCTH, CYITIECTBEHHO Ipe-
BOCXOJISIIIUMU ITU TapaMeTpsl y ekTpoHa. [laxe [Iupak He cUHMTAJ, YTO MATHUTHBI MOHOIIOJb
MOeT UMeTh Maccy. EIé pa3 HanmoMHUM, 4YTO Macchl B IPUPOIe HET BOOOIIEe, U B YACTHOCTH, HET
e€ ¥ y aJieMeHTapHBIX YacTull. KpoMe Toro, MarHNTHbIi MOHOIOJIb BUXPOHA SIBJISICTCS] BHXPEBOH
0e3MaccoBOM YaCTUIICH, CYIIECTBYIOIIEH JIUIIIb B COCTOSIHUM TOTIEPEYHOTO BPAIIEHUsI CO CBEpXCBe-
TOBOU CKOPOCTBIO IT0 OTHOIIIEHUIO €T0 MPOJOJILHOTO ABVKEHU I CO CKOPOCTHIO CBETA — €r0 HOPMaJIbHOE
COCTOSTHHIE 3TO TIPOJOIbHOE IBUKEHNE YBEIMIMBAIONIETOCS TOPA HA YeTBEPTH JJTMHBI BOJHBI CO CKO-
POCTBIO CBETa C MArHUTHBIM MOHOTIOJIEM, B KAUeCTBE UICTOYHMKA, BparaomMcs B HéEM. OH He cyIie-
CTBYET B COCTOSTHUM TIOKOSI, a TIPH CHMKEHUH CKOPOCTU CTAaHOBUTCSI TPABUTAIIMOHHBIM MOHOIIOJIEM.
OH Bcer/ia MpUCYTCTBYET B BUXPOHE B Mape ¢ MPOTUBOAEHCTBYIONIIM MY JIEKTPOMOHOIIONIEM, KOTO-
PBIii criocoOeH B3aMMOJICHCTBOBATH C BHEIITHUMHU JICKTPUISCKUMU ITOJISIMU aTOMOB BEIIECTBA U CHU-
KaTh CKOPOCTh BMKCHUSI BUXPOHA, IIPU KOTOPOH MPOUCXOIUT KOHAEHCAI[HS MATHUTHON MaTepUH
B IPaBUTAIMOHHYI0. MarHUTHBI MOHOIIONG [lMpaka 1 BUXPOHA C YKa3aHHBIMU CBOMCTBAMH eIlié
HE pa3y He HCKAJIH.

3aKOHBI BUXPEBBIX TMOJIeH CYIIECTBEHHO C TOYHOCTHIO HA0OOPOT OTIMYAIOTCS OT TMOJed Cra-
[IMOHAPHBIX MCTOYHWKOB. Tak, Hampumep, MPOTUBOMOJIOKHBIE TOTI0CA CTAIIMOHAPHOTO MOCTOSTH-
HOr0 MarHWTa MPUTITUBAIOTCS OPYT K JAPYTY, @ OIWHAKOBBIC OTTAIKUBAOTCA. Y BUXPEBHIX IMOJIEH
BcE€ Ha0O0poT. Tak, HarpuMep, eclii U3 KOCMOca CO CITyTHUKA HAOMI0AATh TP OJIM3KO PACTIONOKEH-
HBIX TOPHAJIO OJHOTO HAITPABJICHUsI BPAIICHH s, TO PAHO WUJIH TIO3THO OHU OOBETUHSIOTCS-CIIMBAIOTCS
B ouH. To ke camoe TIPOMCXOINT MPU YCKOPEHUM 3apSKEHHBIX YaCTHUI] B YCKOPHUTEIISIX, Y KOTOPBIX
C POCTOM KMHETHUYECKON SHEPTruu pacTeéT He Macca, a 3apsaa ['IMM ux sHepruu B popme Ge3mac-
COBBIX MATHUTHBIX MOHOTIOJIEI.

OpHako MofIeTMPOBaHUE U TEXHUYECKHUE MOMBITKYA CO3JaHNsI MATHUTHBIX MOHOIIOJIEH TPOIOJI-
xatotcst. Tak 31 suBaps 2014 roga komanna ¢usukoB u3 CIHA n OuaasHAMM crenanu coooine-
HHUE O CO3/IaHMM BUXPEBOI0 MarHUTHOTO MOHOIIOJIS ITPU MOMOIIM KOHAeHcaTa bo3e-DiHiTeiHa.

Cyuwecmsosarue MazHUMHO20 MOHONOASL C ONPEOeNEHHBIM 3APA0OM 00BACHUNO0 Dbl HAONOOAE-
MYIO 8 NPUPOOEe KPAMHOCHb INEKMPUUECKUX 3aPs008 uacmuy, 3apsoy 3nekmpoHra. OOHAKo npu Smom,
NPUULAOCL Obl 00BACHAMb, NOUEMY 8 C80I0 OUEPEOL MAZHUMHbBIE MOHONOAU UMEIOM KEAHMOBAHHbIE
MazHummble 3apsobl.

3akonbl Kaaccuueckoli INeKmpoOUHAMUKU OONYCKAIOM CYULECMB08AHUE YACTIUY, C OOHUM Mae-
HUMHBIM NOAIOCOM U 0arom OAsi HUX ONPeOenéHHble YPABHEHUS NOASL U YPABHEHUS. OBUNMCEHUS. ImuU
3aKOHblL He CO0ePIHCam HUKAKUX 3anpemos, 8 CUNY KOMOPLIX MAZHUMHble MOHONOAU He Mo2au Obl
cyuecmeosamo.

B obwem cayuae, no muenuio I1. Jupaxa, mazHummblii MOHONOAL, KAK PE3YAbMAm «OUHAMUYE-
CK020 83AUMOOECMBUS» He OONNHCEH UMEMb MPAOUUUOHHOU MACCHI NOKOSL.

«Ecau maznumuvie MOHONOAU 2eHEPUPYIOMCSL BbICOKOIHEPUMHBIMU KOCMUMECKUMU AYUAMU,
HENPepuIBHO NAOAUUMU HA 3eMA0, MO OHU O0AHCHBI 6CIMPEUAmnbCsi ROBCHOOY HA 3eMHOLL NOBEPXHO-
cmu. Hx uckanu, Ho He Hawiay. Ocmaémcsi OmKpblmsblM 80NPOC, CEA3AHO AU MO C MeEM, UMo Mae-
HUMHbIE MOHONOU OUEHb PEOKO PONHCOAIOMCSL, UNU JHCe OHU BOBCE HE CYULECTBYIOND».

HawnOonee cepbE3HBIX pe3ysbTaToB B Teopud (hepMUOHHBIX MAarHUTHBIX MOHOIIOJIEH, pPa3BU-
Basl W/IeV BBIIIEYKa3aHHBIX aBTOPOB, AocTur JK. Jlomak (Ppanrmms, padotsl B iepuop 1987—2005).
Kak nmokaszaHo B KpaTko MpUBEIEHHOM 0030pe, HeYJIOBUMbI MAHUTHBI MOHOIIOJb YT B COCTOSI-
HUM CTAaTHYECKOr0 CYIIeCTBOBaHMS, B KAKOM CYIIIECTBYIOT 3JIeKTPOH U MOo3uTpoH. Ho ornpenenenue
CaMOM CYTH MarHUTHOW MaTepuy 3aKJII0YaeTcsl B TOM, YTO ITO BpallaTeIbHO-TIOCTYMATeIbHO JBU-
XKyIasicsi MPO0JbHO CO CKOPOCTBIO CBETa CYOCTaHIIMSI SHEPTHU. DTO 3HAYUT, YTO TAKUM 00pa3oM
OIpe/IeIEHHBIA MAarHUTHBIN MOHOIIONb JTOJDKEH WM MOXET HAaXOMUThCS C MOCTOSTHHOW BETUYUHOM
3aps/ia B COCTOSIHUM MOKOSI, KaK MOTYT HAXOIUTCS B TAKOM K€ COCTOSIHUM JIEKTPOH MJIU TTO3UTPOH.
Ho 351ekTpoH, Kak 1 O3UTPOH 00IaJal0T Maccoil, HaXoasCh B TIOKoe. MarHuTHasi CyOCTaHIIMS Mac-
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cort He oOnamaer. C omHou ctopoHsl, [1. [lupak MpeanoNokua OTCYTCTBHE MACChl TIOKOSI Y MarHUT-
HOT'O 3apsia. A ¢ Ipyroi CTOPOHbI, 3TO MPEAIONIOKEHUE TPOTUBOPEUUT PE3YNIbTaTaM JTUTEIBHOTO
9KCTIEPUMEHTAIBHOTO MOMCKA 3TOM YacTHUIIbl Oe3 MacChl B COCTOSIHUM MOKOs1. Toraa oueBUIHO Apy-
roe MperosioKeHne, YTO MArHUTHBI MOHOIOJb, KaK YacTuIa 6€3 Macchl, I0JKHA BCEra HAXOAUTCS
TOJIBKO B COCTOSTHUM ITPOJOJIBHOTO ABUKEHHSI CO CKOPOCTBIO CBETA, UTO B IPUPOJE U HAOIIOAAETCS —
camMoaBMKyIHecs1 (DOTOHBI BCer/ia ABUKYTCS CO CKOPOCTBIO cBeTa. [IpyruMu cjioBaMu MpPeAIoso-
xenus 1. Jupaka o 6e3MaccOBOCTM M TOCTOSTHHOM 3apsijie B COCTOSIHUM TOKOSI OTHOM M TOH Ke
YaCTUIIH OJHOBPEMEHHO [TPOTUBOpeYar APYT APYTry, UTo U yKasbiBaeT Ha ooy I1. Tupaka. [Tpu-
MEPHO TO € CaMOe MOXHO YTBEp:KAaTh U O NIOMCKaX MAacChl HEUTPUHO.

Takoi MoHOTIONB UIITYT yxke Oonee 80 jieT, ¢ Tex nop Kak [onb [lupak orpenesnu ero OCHOBHbIC
CBOJNCTBA!

— TOYEYHBIN UICTOYHUK paJvaIbHOrO MarHUTHOT'O MOJIs

— B HUXKHEM IIPpEACJIC MOKET HNOCTUTdTh IINIAHKOBCKUX MPEAC/IOB JIMHBI, T. €. 10_33 CM

u wacrotsi 10% Iy

— B TEOPUH B3aUMOJEHCTBHI IEKTPHUUECKOTO M MAaTHUTHOT'O 3aps1/I0B Macca MOKOsl MArHUTHOTO
3apsja He MpecKa3biBaslach

— MArHUTHBIA MOHOMNOJb SIBJsIeTCS CTAa0OWIbHON YacTHIell 1 He MOXKeT HCYEe3HYTh
J10 TeX MOp, MOKAa He BCTPETUTCSI ¢ IPYTUM MOHONOJeM, HMEIOIIIMM PaBHBIH 10 BeJUYHHe
U IPOTUBOMOJIOKHBIN N0 3HAKY MATHUTHBIN 3apsij

— JII0OO0N MarHUTHBIN 3apsi]] KBAHTOBAH

— MUHUMAJTbHBIN MarHUTHBIN 3apsi B 137/2 pa3 Gomblie 3apsaa JIeKTPOHA

— MarHUTHBIA MOTOK OT TaKMX 3apsIOB TaKkKe KBAHTOBAH.

WNtak, MarHUTHBIX 3apsAaoB ¢ yka3aHHbMU [1. /IupakoM cBOWCTBaMM HeT B MPUPOJE, a €CTb
MarHuTHasE HHAYKIUSA W CIIMH MUKPOYACTHII, OPOXKAAeMble IBUKYILEHcss MaTepueil. 1 nepBbM
MPETEeH/ICHTOM Ha MPUPOLY MAaTepUH JIEMEHTAPHBIX YaCTHUI] SIBJISETCS] CaMOJIBH)KCHUE NepeMeH-
HOr'0 MAarHUTHOTO MOHOIIO0JISI, KAK I€PBUYHOI MPUYHHBI.

[Ipu dopmupoBannu camoaBUAKYIIErocss (a3oBOr0 MPOCTPAHCTBA (POTOHA, COCTOSIIIETO
U3 BOJIHOBOJA JIEKTPONOTEHIIMAIOB-3EPEH, YIOKEHHBIX HAa TIOBEPXHOCTU JIBYX CONPHUKACAIOIINXCS
cep MpuYacTHa HEeKasl MyJIbCUPYIOIIasi MArHUTHBIM M POTUBOAEHCTBYIOIIMM JIEKTPUIECKUM T0JIe-
BBIM TOKOM, CAMOJBHKYIIAsICSI BUXPEBasl MEPEMEHHAs YacTUIa C JTUAUPYOIIUMA MArHUTHBIMH
CBOICTBaMU U OECKOHEUHOH SHEPruei, Con3MepuMon it (GOTOHOB C BpeMeHeM KU3HH Hareit Bee-
JIEHHOM.

B ommume oT CTaMOHAPHOIO MAarHUTHOrO MOHOMOJA JlMpaka, oOHapyXEHHBI B 30HE
MH/1yKLMH BUXPEBOU IEPEMEHHBIN 10 3HAKy U BEJIMUMHE MarHUTHBII MOHONOJIb Y CBSI3aHHBIN C HUM
npu opmupoBanun a3zoBoro o0beémMa (HoToHa CBOOOIHBI BUXPOH — GO30HHBIH MArHUTHBIN
OMII0JIb, HECKOJIBKO OTIIMYAETCSI OT CBOEr0 3HAMEHHTOI0 aHAJIOra CBOMMH YKe 3aperCTPHPOBAH-
HBIMU CBOMCTBaMHU, OIPEEIEHHBIMU B TIPEbIIYIIEM pa3jierie.

Buxpon 00pa3zoBaH cieayonmmM 00pa3oMm:

— B aroMe C TMOTEHIIUAJIbHBIM JIEKTPUUYECKUM TI0JIeM '2? 3JIEKTPOH MEepPEeXOOUT ¢ OOOJIIOUKH,
Ha KOTOPOW OH HAXOOWTCSl B COCTOSTHUM BO3OYK/IEHHUsI, HA OCHOBHYIO OOOJIOUKY, T. €. JBHUKeHHE
YaCTUIIB — BO BPEMsI 3TOTO JBUKEHHS JIEKTPOHA €ro MoJjie HAYMHAET U3MEHSTh MOTEHIMAIbHOE
NEKTPUUECKOE TOJIE A, B Pe3y/bTaTe JJOKAJIbHOE MOJIe 30HB HHAYKIMH, COCTOSIIIEee N3 MHOKECTBA
3epEH-2JIEKTPOIOTEHIINAIIOB, BOJIM3U IEKTPOHA HAYMHAET U3MEHSITHCS, T. €. KaK/10€ 3epHO U3MEHsI-
eTCsl TI0-CBOEMY JI0 OMpeeEHHOrO 3HaYeHHS MEKTPUUYECKOro MOTEHIMANA, & BOT CKOPOCTh U3Me-
HEHUs1 Y BCEX OMHAKOBA — CKOPOCTb PacIipOCTPaHEHUs CTATHUECKOTO MEKTPUIECKOrO MOJIs OT CTa-
[IMOHAPHOT'O MCTOYHUKA,

122 NEKTPOCTATUYECKUIT IUIIONb AP U IEKTPOHA BO3OYKIEHHOTO aToMa.
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— TaKkoe W3MEHEHHE MOTEHIMAIa-3épHa POKAAeT MarHUTHBIA MOHOIOJIb, KOTOPBI CBOWUM
POCTOM MPOTHBOACUCTBYET 3TOMY M3MEHEHHIO, YeM OOJIbIIIe CKOPOCTh Mepexo/a, TeM MEHbIIIe Cpe/l-
HUI 3(p(DEKTUBHBINA paJilyc MArHUTHOTO MOHOIIONS ¥ OOJIbIIIe MJIOTHOCTh MArHUTHBIX 3€peH ((hoTo
2.1),

— 3aTeM MpolecC ABHKEHMsI JIEKTPOHA Ha OCHOBHYIO 000JIOUKY MPEKpaIliaeTcsi — aTOM Tiepe-
XOAUT U3 BO30YKIEHHOTO B OCHOBHOE COCTOSTHHE M STUM OIpe/esisieT MPOMEXYTOK BPpeMeHH KBaH-
TOBaHUsI MUKPOMOHOTIONIEH, T. €. OOpbIB TOKA JIBU)KEHUST YaCTHUIIbI,

— cHH(]a3HO MHOKECTBO 3€pEH YKa3aHHOTO 00BbEMA JIOKAJIBHOTO TOJIsl, 00Pa30BaBIIMX TaKUe
MUK POMOHOMNONU, (DOPMUPYIOT CyMMAaPHBIH JIOKATbHBIA BUXPEBOW MAarHUTHBIN MOTOK MOTEHIUAJIOB;
€CJIM CyMMAapHbI MArHUTHBIN TTOTOK MOTEHIMAJIOB IOCTUTaeT MUHUMAJIBHOTO MOpOra, To 00pasyeTcs
MUHUMAJIbHBIA MArHUTHBIN CAaMOJIBUKYIIUICS BUXPEBOW MOHOIIOJb M BUXPOH B 30HE U3JIyUEHHUS,

— Omaronaps a¢pdekry AapoHoBa-boma BBereHa ocodast poib IEKTPOMArHUTHBIX MOTEHITA-
JIOB B (pM3HMKE KBAHTOBBIX SIBJICHU,

— MHMHUMAJIbHBIA MarHUTHBIA TIOTOK, OOHAPYKEHHBI KCIIEPUMEHTAIBHO, COCTAaBJISICT BEJHU-

anny 2,068x10~"° B6,

— KaK TOJIbKO 2JIEKTPOH B aTOME 3aHsUI OCHOBHYIO OOOJIOUKY, MOTEHIMAbl IEPECTald U3Me-
HSATBCS] U MAarHUTHBIA MOHOTIONG 2} CTal HCTOYHUKOM JBU KEeHUSI-H3MeHEeHHsI, CAMOJIBIIKYIIIMCS
BUXPOHOM — BbIJIETEJT U3 30HbI U3JIyYEHHS CO CKOPOCTBIO CBETA, B CIIy4ae KBAHTOBOM 3aBEPIIEHHOCTH
€ro CTpPyKTYpbl,

— Jajiee 3TOT MarHUTHBIN 3apsjl, pa3pskasch B PeKUME CaMOIBHMKEHHS, CTPOUT BOJTHOBO[
Tpeka (oto 2.2) nukeHuss (pOTOHA — MUKPOBUXPOH KBAHTYET 3€PHA-NIOTEHIMAJIBI T€OMETpUYE-
CKM (PMKCUPOBaHHbIE B TPOCTPAHCTBE, IIPH STOM 3apsi]l MOHOIIONS YMEHbIIAETCS OT MAKCUMAJIbHOTO
IO MUHAMAJIBLHOTro2,

— O/IHOBPEMEHHO C HaYyaJIOM JIBUKEHUsI MAarHUTHOTO MOHOIIONS POXJIAeTCs IPOTUBOJEHUCTBY-
IOLIMI €ro pa3psAaKe MEKTPUUECKUI MOHOIIONb, Yepe3 MOCPEACTBO KOTOPOro UAET ero nepesapsaka
Ha TIPOTHUBOIIOJIOKHBINA — MOHOIIONB '%° coBepIIaeT KAHOHMYECKOE CIMPAJIEBUIHOE IBWKEHHE C Tiepe-
MEHHOM 4acTOTOM, 0OpaTHO MPOIMOPLIMOHATIBHOM €€ JUaMeTpy U MPSIMO MPOINOPLUOHATIBHO BEIMYKHE
Y CKOPOCTH U3MEHEHUs1 IEPBUYHOIO MOTEHIIMalIa; BpallleHue LIeHTpa cepbl IPOUCXOIUT IO pajiu-
YCY-BEKTOPY MEPEMEHHOTO JIEKTPOMOHOIOJ.

Co3snanue camonsrkyierocs (asoBoro oobéMa (oToHa UAET ClIeIyIOIUM 00pa3oM:

— BHavasne'?® ¢a3zoBoro o0bEéMa (POTOHA YMEHBIIAIIMACS MO BEIWYMHE MAKCUMAaJbHBIN
T0 3apsJly MarHUTHBII MOHOIOJIb, Pa3psikasch, MHAYKTUPYET IPOTUBOAEHCTBYIOIMI €r0 yMeHbIlIe-
HMIO JIEKTPUYECKMI1 MOHOMOJIb ¥ TPOM3BOAUT BOJTHOBOJ, U3 3€PEH-2JIEKTPONOTEHIMAJIOB, BPAILAsCh
IO CIIUPAJISIM YBEIMYMBAIOLIETocs AUaMeTpa,

— CUHXPOHHO ITPOTUBOAEUCTBYIOIIUI €MY 3JIEKTPUYECKHUI MOHOIIONb Ha 1/4 neprona MHAYKTH-
pyeT yBeIMYMBAIOIIMICS M0 BEJIMUMHE BTOPUUHBIA IPOTUBOIOIOKHBII 110 3HAKY MarHUTHbIA MOHO-
T0Jb,

—BTOuKax 1/8 n 3/8 neprona nonBosHbl hpazoBoro 00bEMa poToHa, 06a MarHUTHBIX MOHOTION ST
MMEIOT O/IMHAKOBYIO BEJIMYMHY, HO ITPOTHUBOIIOJIOKHBIE 3HAKH,

123 MarHuTHBII MOHOIIOJNb 3TO HE BUXPOH, a OJHa U3 €r0 BUXPEBLIX KOMIIOHEHT, a BOT €ro CBO6OHHO€ ABHKECHHUE C BHXpeBOﬁ
I/IH,HyKLII/Ieﬁ SJIEKTPUUECKOI'O MOHOIIOJIA, U «CKEJIET» U3 JIEKTPOIIOTEHIINAJIOB — 3TO U €CThb BUXPOH.

124 Peanbho OH cO3MAET B MpolECcCe 3APSAKH CHAYATA 3EPHA-TIOTEHIMAIIE, COOTBETCTBYIOIIME CBOSMY BHEIIHEMY AUAaMeTpy,
a 3aTeM LeHTpY cepbl, OTOM HaUMHAETCS MPOLIECC PA3PSAIKH €ro 3apsi]] YMEHbIIAETCs U OIIATh OH MMEET 3apsijl, COOTBETCTBYIOLINIA

MOTeHIMaam Oorbliei cepsl.

125 JlokazaTenpcTBOM BpaleH!sI MArHUTHOTO MOHOIONSI BOKPYT 3IEKTPUUECKOro sBsieTcst KoHyc A. ITyankape (1896 r.).

126 Ecnu Hayath OTCUET BPEMEHU B MOMEHT Pa3psAAKU MArHUTHOI'O MOHOIIOJIA.
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—Ha 1/4 nepuona'?’ mepBUYHBINA MOHOIIONb IOJIHOCTBIO ICUE3aET, B3aMeH eMy B Touke 1/2 nepu-
0712 MOSIBJISIETCS] U HAUMHAET pa3psiKaTbCsl BTOPUYHBIN MOHOMOJIb TOW € BEJIMYHMHBI, YTO U NIEPBUY-
HBI, HO IIPOTUBOIIOJNIOKHBIN 10 3HAKY,

— Ha cJieAyolIel oIBOJIHE (POTOHA, POUCXOAUT TO KE CAMOE, YTO U Ha IEPBOMA, TOJILKO MPOTH-
BOIOJIOKHBI MOHOIOJIb IIPOU3BOUT 3€pHA-MIOTEHLIMAIIBI IIPOTUBOIIOJIOKHOM T10 3HAKY HOJISIPHOCTH,

— MOJIHBIY NIEPUO]] BOJIHOBOTO JBM>KEHVSI MATHUTHOT'O MOHOIIOJ S B OJHY JIJIMHBI BOJIHBI (DOTOHA,
XapaKTepU3yIOIIMIACSA CIIMHOM YacTUIBl B OJHY MOCTOsIHHYIO [1naHka, orpenesnser nojiHyo KBaHTO-
BYIO 3aBEPIIEHHOCTh BOTHOBOT'O Mepexo/ia BUXPEBOM MaTepUH — 3TO BpeMsI B YeThIpe pa3a Oosbliee
BpPEMEHH Tepexo/a MEKTPOHa U3 BO30YKAEHHOTO B OCHOBHOE COCTOSTHHE.

XapaxkTepHasi 0cOOeHHOCTh AapoHoBa — boma paccestHUs — ICUe3HOBEHUE PACCesTHHOU BOJTHBI,
€CJIM MarHUTHBIM TOTOK B COJIEHOW/E PaBEH LIEJIOMY YKMCITY KBAaHTOB MOTOKA. YCJIOBUE OTCYTCTBUS
AapoHoBa — boma paccesiHuSs coBIaJaeT ¢ yclaoBUMEeM KBaHTOBaHMS JlMpaka 1Jisi MarHUTHBIX 3apsi-
noB. I1. A. M. Tupak B 1931 romy co3gan KBaHTOBYIO TEOPHIO B3aMMOJIEUCTBUS JIEKTPUIECKOTO
3aps/a JMEKTPOHA C €ro0 MarHUTHBIM 3apsiioM, KOTOpasl NMpUMEHUMa NMpU YCJIOBUM KBAaHTOBAHUS
Jvpaka, T.e. OTHOIIEHHE MPOU3BEICHUS JIEMEHTAPHOTO IEKTPUUYECKOTO 3apsija Ha €ero MarHuT-
HBII 3apsifl K TPOM3BEJCHUI0 MOCTOSTHHOM [11aHKa Ha CKOPOCTh CBETa JIOMKHO OBITh PABHO 1LIEIOMY
HaTypajgbHOMY uuciy. OTciofa, MarHUTHBIN 3apsiji YacTUIl JOJKeH ObITh KpaTeH 3JeMeHTap-
HOMY MarHMTHOMY 3apsily paBHOMY OTHOLIEHUIO ITPOU3BeNEHUs OCTossHHOM [11aHka Ha cKopocThb
CBETa K IEKTPUIECKOMY 3apsily 1eKTpoHa. [IpuMedatenbHo oOpaTHOE yTBEpXKIEHHE: CYIIeCTBOBA-
HUE MarHUTHOT'O 3aps/ia He IPOTUBOPEUUT CTAaHJAPTHON KBAaHTOBOI MEXaHUKE TOJIbKO B TOM Cllyvae,
€CJIM MEKTPUYECKUE 3apsiibl BCEX YacTHUIl KBaHTYIOTCS. Takum 00pa3oM, CyIieCTBOBaHHUE MAarHUT-
HBIX MOHOTIOJEH 0OBSICHUIIO OBbl HAOMIONAEMYIO Ha OITBITe KPATHOCTH JIEKTPUIECKUX 3aps/I0B YACTHII
BEJIMUYMHE 3aps/ia JEKTPOHA.

Tak poxgaeTcs oAWH NepUoA JUIMHBI BOMHBI KBaHTa (pa3oBOro oObéMa (PpoToHa, B KOTOPOM
CBOOO/HBIN IEPBUYHBIN MUKPOBHUX POH, ITPEBPAIIASCh HA TIOJIBOJHE B 3ePKAIBHBIH, OMATh TpaHC(Op-
MUPYETCsl B U3HAYTbHBIN. B OECKOHEUHOM JIBM)KEHUM B TIPOCTPAHCTBE BeeneHHOW pokIaeTcs Tpek
¢orona — ¢oto 2.4.

OTcioga MOXHO OMpeieIuTh MUHUMATBHO BO3MOXKHBIM M HETOISIPU30BAaHHBIA CBOOOIHbII
BHXPOH B NPOCTPAHCTBe, KAK CAMOJABHKYIIMIICS 3JIeMEHTAPHbINI MAarHUTHO-3JIEeKTPUYe-
CKHIi BUXPEBOIl MUKPOOOHEM € MyJIbCHUPYIOLUMH i B3aHMOCBSI3aHHBIMH B HEM BUXPeBbIMH
MarHUTHbIMHU M 3JeKTPHYeCKHMH TOKaMH, B KOTOPOM MOOYepeJHO MEHSIOTCS MarHuT-
Hble MOHOIIOJIM HA NMPOTHBONOJO0KHbIE, OJIH U3 KOTOPBIX NPOU3BOJAUT reOMeTPU30BaH-
Hble 3épHa-NOTEeHIUAJbI TOJbLKO Ha IepBoil 1/4 Bo1HOBOa, a BTOPO NPOTHB OI0JIOKHBIN
eMy TakK’ke NPOU3BOANT MOTEHIHAJbI, HO TOJbKO Ha BTOpPoil 1/4 BOJIHOBOJA IOJIBOJIHBI
U NIPOTHBOIOJIO’KHOIO 3HAKA.

UYucnenno B cucteme CH 3HaueHue KBaHTa JEUCTBUS B MUKPOMUPE MOKHO OIPEIEIUTh IIOCTO-
sHHoi [Inanka. B coBpemMeHHOM npezcTaBieHuu nocrosiHHas [lnanka — 3to mepa, kotopas otTaesser
KJIACCUYECKYIO (PU3KMKY OT KBAaHTOBOM MPH YCJIOBUH, YTO OTHOLIEHHUE JIEHICTBUS CUCTEMBI K peLyLH-
poOBaHHOU MocTostHHOW [TnaHka MHOro OoJbliie eMuHUIILL. JIeHCTBUTENILHO, eCid HEKOTOpasi BeJu-
YKMHA, Ha3bIBaeMasi KBAHTOM JICUCTBUS M XapaKTepu3yIoliast MoOyio (PU3MUECKYIO CHCTEMY — KBaHTO-
BOE TI0JI€ WJTK YacCTHILy, KBaHT, — MHOTO O0JIbIIIe, YeM rnoctosiHHas [Ianka, To crucTemMa OnvchBaeTcs
KJIACCMYECKMMH 3aKOHAMM, a €CJIM MHOTO MEHbIIIe, TO KBaHTOBbIMU. 1. [lupak, npeanonaras mocro-
SIHCTBO 3apsi/ia 3J1eMeHTaPHOIr0 MarHUTHOIO MOHOIIOJIS, OINpeJesisil NoCTosiHHYo0 [1nanka npous-
B€ICHUEM MMHHMAJBbHOIO 3JeKTPHYECKOro 3apsia HA MAarHUTHBIN, YKa3bIBasi HA UX SBHYIO
CBSI3b BO B3alIMO/1€MICTBHSAX.

127 Ha OKPY)KHOCTH MUHMMAJIBHOTO paJnyca BOJIM3U STON TOUKH HAXOHATCA MAKCHMAJIBHBIE 110 a0COMIOTHOMY 3HAYEHHMIO JIeK-
TPONOTEHLIUAIBI.
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[ocrosinnas [Mnanka, ¢purypupymomas B BHIPakeHUU JIs1 CIEKTPAIbHON TUVIOTHOCTH MOIIIHO-
CTH M3JIy4eHus1 aOCOMIOTHO YEPHOTo Tesa, KoTopoe Obuto nomydeno um B 1900 romy asst paBHOBecC-
HOU TJIOTHOCTH U3JTyUeHUs1, OTIpeie/isieT MUHUMAJIbHOE JEUCTBUE B OMPeAeSIEHHON (ha3e 3aMKHYTOM
CUCTEMBl U PaBHA YABOEHHOMY NPOU3BEJEHHI0 JJIEeKTPHYECKOro 3apsija dJeKTPOHa (CIUH
KOTOPOTO MOJYLIENbIA) Ha BEJIMYMHY €M0 MAarHUTHOTO MOHOMOJIs1. Pa3mepHOCTh M BeMyMHA Mar-
HutHOro MoHonouns (B-c) — (Bebep), ornpenensiemMasi uepe3 MUHUMAIBHBI MAarHUTHBIA TIOTOK TPH
ero paspsake B cucteme CU; pazmepHoCTh anekTpuueckoro 3apsaaa (A-c) — (Kynon), equauiia snek-
Tpruyeckoro 3apsaa B cucreme CU. DHeprus ajeMeHTapHbIX YacTUl] ONPEAEsAeTcs: IPOU3BeIeHUEM
noctosiHHOM [1nanka Ha yactoTy MarHuTHOro MoHonosns. Ilocrosinnas Ilnanka sBinsercs koagdu-
LMEHTOM MPONOPLMOHAIBHOCTH MEX/Y SHEprueil u yactotor. Vicropuuecku MexaHu4yecKkue Besu-

YMHBI U3MEPSIOTCS B APyrux enquHuiiax (Kr-m/c, Ik, Ix-c), 4em COOTBETCTBYIOIIME BOJIHOBBIE (M

L, 6e3pasmepHsbie eiHUILIB (pasbl). [ToctossHHas [TaHka Urpaet posb U epeBoxIHOro Koaddu-

LIMEHTA, CBSA3BIBAIOILIETO 3TU JABE CUCTEMBI €IMHUI] — KBAaHTOBYIO U cuctemy CU.
Ortcloga 1 MakcUMaJsibHasi SHEPIUsl TAKUX CTPYKTYPHPOBAHHBIX YaCTHIL ONPEIENISIeTCS MaK-

9 o % o 4
CUMaJIbHOU TINTAHKOBCKOU YaCTOTOU MAIrHUTHBIX MOHOIIOJICH TTOPAAKA 10 3 I'm. A IJIOTHOCTD 9Hep-
I'MM 33 CYET MAKCUMAaJILHOIO YILUIOTHEHUSA BEPCH- MAarguTonoTeHIaJI0B B MArHuTHOM MOHOIIOJIE

CTAHOBHUTCSI MAKCUMAJIbHOI Ha TUTAHKOBCKOM umHe 1072 cM — 910 npeAes UX II0THOCTH. DTO MST-
HaJLaToe CBOICTBO BUXPOHA — (DyHIAMEHTAJIbHOE CBOMCTBO 3TOr0 KOHKPETHOTO KBaHTa, CO3/a-
IOLETO KOHKPETHBIN CIIHH MUKPOYACTHUIIBl M XapaKTEPU3YIOIIEro (pU3MUECKUil CMbICI TIOCTOSIHHOM
[Tnanka, T.e. KBaHTAa YHEePrul HAaHMeHbIIero aToMHOro aeicreus. [locrosnHas [1nanka onpe-
JeJIieT TPAHMIly MEX1y MaKpOMUPOM, II€ IEMCTBYIOT 3aKOHBI MeXaHUKU HbloTOHA, 1 MUKPOMUPOM,
i€ AEUCTBYIOT 3aKOHbI KBAHTOBOM MEXAHUKHU.

BuxpoH MoxeT HaXoauThes B (popMe CBOOOHO CYIIECTBYIOIINX KBAHTOBAHHBIX MArHUTHBIX
BUXpel, BCera IBIKYIIMXCS BpalaTeIbHO-TIOCTYAaTeIbHBIM 00pa3oM CO CKOPOCTBIO CBETa C Mac-
COM paBHOM HyJI0. B ciiyyae TopMOXeHHs U MOJTHOM OCTAHOBKH, BCSl SHEPIUs 3apsijia 3TOr0 BUXPS
MEPEXOAUT B MACCy €ro MOKOSIIErocs aHajlora — FpaBUTALlMOHHbBIA MOHOIIONb. A TaK KaK OH, B CHITY
CBOEH JIMHAMUYHO-BUXPEBOW CTPYKType B CBOOOJHOM IPOCTPAHCTBE, BCEI/A CBSA3aH C CO3JaHUEM
3€pEeH-MIOTEHLMAJIOB JIEKTPUYECKUX BOTHOBOJOB, TO KBaHTOBaHue [1. /lupaka o1HO3HAYHO yKa3bl-
BaeT Ha MPUYACTHOCTh STUX CBOOOIHBIX U B3aMMHO-OPTOTOHAJIBHBIX BUXPEW ¢ MUHUMAJIBHBIM pa3-

MEpPOM 10 108 cm s CO3JJAHUKM MUKPOYACTHII C [IEJIBIMU U TOTYLIENIBIMEA CTUHAMH. TakuM 06pazom,
MHUKPOBUXPOH — 9TO CHHHOOOPAa3yIolee «Cep/ie» MEMEHTAPHBIX YaCTHUI], CO3JAaHHBIX HM.

CoOcTBeHHO M0J1eBYI0 (hOpMY BUXPOHA 3apErUCTPUPOBATh TEXHUUECKH HEBO3MOKHO B CBSI3U
C OTCYTCTBUEM COOTBETCTBYIOIIMX IO OBICTPOINEHCTBUIO JIETEKTOPOB. [103TOMY, B HacTOsIIee BpeMs,
PErUCTPUPYIOT JIUIIb JIeMEeHTApPHbIE YACTHIbI, UM MIOCTPOCHHbBIE, U B (ha30BOM 00bEME KOTOPBIX
OHU JIBUXKYTCSI.

Hekotopble BHeNIHME M BHYTPEHHHE CBOWCTBA CBOOOJHBIX BUXPOHOB YK€ PacCMOTPEHBI
B MIpebIIyIIeM pa3jienie B caeaylolieil MpUuYUHHO-CIIeICTBEHHON CBS3M:

— MapaMeTpbl, OTPAXKAIINE KOHKPETHbIE BHYTPEHHHE CBOMCTBA BUXPOHOB, POXKJAIOT OYEHb
KOHKPETHYIO JIEMEHTapHYIO YacTHILy,

—9Ta YacTUIIA MPOSIBIISET MPU B3aUMOJICHCTBUY C MOJISIMUA MAaTePUU OKPY:KAIOILEH Cpe/ibl OUYeHb
XapaKTEePHBIE TOJILKO €/ MpUcyIue (pU3MIYECKUe CBOMCTBA, HA3bIBAEMBIE 3/16Ch BHEIITHUMHU,

— Ha OCHOBAHUM 3TUX CBOICTB OHA UAEHTU(UIIUPYETCs KaK, Hanpumep, (POTOH UK JIEKTPOH.

PoxnieHne ¢BOOOHOT0 BHXpPOHA MPOUCXOAWUT Ha rpaHuiie (1/8—1/6 1IMHBI BOJTHBI) 30HBI
VHAYKLMU C 30HOU U3TyYEeHHU S OKOJIO CTATMOHAPHOTO UCTOYHUKA, BOKPYT KOTOPOTO MEHSIeTCS JJIEK-
TpUYECKOE MOJIe.

Pa3zmMepsl akTMBHOrO 00bEMa MHUKPOBHXPOHA B YETHIpE pa3a MEHbIIE JUIMHBI BOJHBI (ha3o-
BOTO IMPOCTPAHCTBA ONTUYECKOro (POTOHA WK PAJOBOJIHBL, MJIM raMMa-KBaHTa. MUHUMAaJIbHBIE pa3-
Mepbl €r0 MarHUTHOTO MOHOIIOJSI MOTYT TOCTUTraTh MJIAHKOBCKUX 3HAYEHUN JUIMHBI, & MaKCUMAJTb-
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Hble HEOTPAHUYEHHBI U MOTYT JOCTUTaTh 3HAYEHUI SHepruu, oueHeHHbIe [lonsakoBeM 1 T. XoodTom
U ke OoJblIe, CyIIeCTBYIONIHE P U3TydYeHny runepgotoHoB Ha CosHile.

Kanonunueckoe JBMXeHHWE MarHUTHOI'O MOHOIIOJS, CO3JAI0IIEr0 KOHKPETHBIN BOJIHOBOJ, MUK-
POYACTHLIBI, OTIpENIEIIIET €€ CIHMH. Y 3aMKHYTBIX YaCTHLl TUIA JEKTPOHA 3TOT CIMH MONYLIEbIN.
VY HuX Kakapli MOJIpU30BaHHbII MOHOIOJb ABUKETCS B CBOEM MHAMBUYAJIBHOM «JJOMHUKE> — [103U-
TPOH WM M1eKTpoH. Tlomycdepbl 3aMKHYTBIX BOJTHOBOAOB 3THX YaCTHI] OXBAYEHbl BUPTYAJIbHBIM
IIPOTEKTOPHBIM MarHUTHBIM TosieM. KpoMe Toro, 3aMKHYTBII BHEILIHUI BOJTHOBOJL JI€KTPONOTEH-
LMAJIOB UHAYKTUPYET B MPOCTPAHCTBE IEKTPUUYECKOE M0JIe (BUPTYaIbHBIN JEKTPUUECKUN 3apsil
Y T€OMETPUYECKYIO MPOCTPAHCTBEHHYIO CTPYKTYPY), Kak eciu Obl 3T0 moJje Obuto chOpMHUPOBAHO
MOCTOSIHHBIM TOYEYHBIM U OECCTPYKTYPHBIM TOUEUHBIM MCTOYHUKOM B ITPOCTPAHCTBE. DTO MIECT-
HAJLATOe CBOWCTBO 3aMKHYTBIX MOJISPHBIX MUKPOBUXPOHOB.

Sueprus B 1022 K3B sgBIs€TCA TEM MUHIUMAJIBHBIM TIOPOTroM 28, CBBIIIIe KOTOPOTrO UIYT (POTO-
aTOMHBIE PEaKIMHU, B Pe3yJIbTaTe KOTOPHIX 00pa3yloTCsl 3aMKHYThI€ OHOIONSIPHbIE BUXPOHBI JIEK-
TPOHOB, MO3WTPOHOB WJIM MIOOHOB. Jl0 3TOW SHEpruu, B OOIIEM cily4yae, MO OOPa30BBIBATHCS
TOJIKO OWTOJNISIpHbIE CBOOOIHbIE MHUKPOBUXPOHBI, T. €. O030HHBIE BUXPOHHI B (ha30BOM 0OBEME
KOTOPBIX MYJILCUPYIOT /IBa NEPEMEHHBIX IMPOTUBOMOJIOKHBIX MAarHUTHBIX U OJUH JIEKTPUUYECKUI
MoHonob. [Ipy SHeprusix MHOro OOJbllie IEPBOrO MOpOra CTaOHJIbHBbIE BOTHOBOIBI MOJOOHbIE
3NIEKTPOHY OOJIbIIIE HE CO3/IAI0TCS, ITO €AMHCTBEHHASI PE30HAHCHASI YaCTOTA HA MMOBEPXHOCTU 3eMJIH.

BuxpoHsl (hOTOHOB ¢ CyIieCTBeHHO OoJiee BBICOKOM SHEeprueii CriocOOHBI CO3/1aBaTh MIPU OIpe-
JEIEHHBIX YCJIOBHSX 3aMKHYThle HecTaOMIbHBIe Tonycdepudeckue (cruH 1/2) MUKpOIpOCTpaH-
CTBa MIOOHOB, a TaKXke 3aMKHYTbIe chepbl-000/109KkH (criH () siIepHBIX BOJTHOBOJIOB HEHMTPATbHBIX
U 3apsKEHHBIX ME30HOB, a TAKKE APYTUX JIEMEHTAPHbIX YACTHUI] C IOMOIIBIO MOJISIPU30BAHHBIX Mar-
HUTHBIX 3apsIJIOB SIIEPHOM YaCTOTHI — Me€30HHbIe MArHUTHbIE 3aps/Ibl SIIEPHBIX 000JI0YEK AaTOMHBIX
sanep. ITo ceMHaAaToe CBOVCTBO sI/IePHBIX 3aMKHYTBIX MUKPOBUXPOHOB.

Nwmetotcst u qpyrve pe3oHaHCHBIE YacTOTHI SIIEPHBIX (DOTOHOB, MPH KOTOPBIX MOTYT 00beAu-
HATCSl C MOMOILBI0 PA3JIUYHBIX PE30HAHCHBIX MMKPOBUXPOHOB BJIOKEHHBIE JPYr B JIpyra MHO-
roo00JI0YEYHBIE CTPYKTYpPbl MHUKPOYACTHIl — 3TO MHOTOYHUCJICHHbIE SIAPA XUMHUYECKHX 3JIeMEH-
TOB. DTO BOCEMHAJALATOE CBOICTBO ME30HHBIX 3aMKHYTBIX SIEPHBIX BUXPOHOB. Tak, Harpumep,
HECKOJIbKO TaKMX BHUXPOHOB, 0Opasylolux aeOpoiyieBckre (OTOHBI OT IBMIKYIIMXCS BCTPEUYHBIX
IIyYKOB 3JIEKTPOHOB B KoJUlaijiepe ¢ 3Heprue Boime 1 [SB co cTporo omnpenesneHHbIM SHepre-
THUYECKUM CIIEKTPOM TPHU ONpEIeNICHHBIX YCIOBUSX CIIOCOOHBI OOpa3OBBIBATH BJIOMKEHHbIE JIPyT
B Jpyra (pa3oBble 0OEMBI 3aMKHYTBIX BOJTHOBOZIOB-000JI10U€eK (KaK BHYTPEHHHE CJIOW JTYKOBHIIBI).
Takue pe30HaHCHO 3aMKHYTbI€ BOJTHOBO/IbI, COAEpIKAIIMe B ceOe ABUKYIIMECS K CBOUM IMOTIOCAM
COOTBETCTBYIOIIME MAarHUTHbBIE TIPOTUBOIMOJIOKHbIE 3apsifibl, CHOCOOHBI CTAOMIIBHO COCYIIIECTBOBATD
B (hopMe 00BEMOB-MHK POIIPOCTPAHCTB HEMTPOHOB, TIPOTOHOB U IPYTHX sIeP XUMHUECKHX JIEMEH-
ToB. HaunHas ¢ 3T0ll OPOroBoil SHEPTUM sIEPHbIE MUKPOBUXPOHBI, TTOJYYHMB IIPU ONPEAETEHHBIX
B3aMMOJICUCTBUSX KOHKPETHBIN THI TOJISIPHOCTH, TIOJISIPU3ALUKA U YacTOTY, CIIOCOOHBI TaKKe CBO-
601HO 00pa3oBaTh chepuvecKue, AJUTUITHIECKIE 1 TIoNychepruuecKie 3aMKHYThIe TIPOCTPAHCTBA,
Kak CBOOOIHBIE OUTIONISIPHbIE BUXPOHBI 00Pa3yloT aHAJIOTUYHbIE BOJTHOBOIK CBOOOIHOr0 (hOTOHA.
B sinpax 3Be31 1 Ha MX IOBEPXHOCTH, & TAKKE B MAHTHUHM MOJIOZIBIX TUIAHET B TIOJOOHBIX YCJIOBHSIX UJIET
MIPOM3BOJICTBO sIJIEP CXOXKHUX M0 CTPYKTYpe HEUTPOHY, HO ¥ Oojiee TSKENbIX. [1pr 9TOM, BUXPOHBI MX
oOpasylolye, a UMEHHO UX YHCIIO, TIONISIpU3alius, TOMSPHOCTh U 4acTOTa, B 3aMKHYTOM MHOT0000-
JIOYEYHOM ITPOCTPAHCTBE, ONPENEISIOT TaKKe BHELIHE IPOsiBIIsieMble cBOiicTBa 3THX sAaep B CU, kak
Macca, CpoK KHW3HH, 3apsijl, CIIUH U pa3mep cepbl, 3aHuMaeMon 3tuMu siagpamu. [upokuil nuana-

2 4
30H 4YacToT, HaunHadg oT 10 3 I'm mo mnankoBckux (10 3 '), Gomblrioe pazHooOpasue opm u cre-
TMIeHU TIOJISIPU3AIUY, BIUIOTH JIO JIEJICHUs U CJIOKEHUS SHEPTUU U CIHMHA, IeJIHUE Pa3HbIX U CIUsTHNE

128 B npupoae npu onpeﬂenéHme YyCJIOBUAX MOT'YT 06pa3OBbIBaTbCH 1 00Jiee HU3KOYACTOTHbIE CBO6OZ[HLI€ 1 3aMKHYTBIE HECTA-
OMJIBHBIE T10-JIEBBIE KOJUIEKTUBHBIE MaKpOBUXPOHBI B (pOpMe JIMAEpOB JIMTHEHHBIX 1 HIapOBBIX MOJTHUA.
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OJJMHAKOBBIX MOHOMOJIEN, KOHIIEHTPUYECKUI 3aXBaT U CJHsIHNE C(DepUIECKUX 1IEHTPOB Pe30HAHC-
HBIX BUXPOHOB, BbICOKAsl IJIACTUYHOCTb BO B3aMMOJEUCTBUSAX — BCE 3TO HAJEJSET MUKPOBUXPOHBI
TAKMMHU K€ CBOWCTBAMH IPU CTPOUTENILCTBE IMMPOKOTO Pa3HOOOPa3Usi MUKPOYACTUI] MUpo31aHus,
KakuMu oonanaoT Mosekyisl JJHK rpu BepammBaHuy )KUBBIX KJIETOK (pIIopsl U (payHBI.

Cnaoble B3aumoeiicTBusi. VIMEHHO XapakTep CHHXPOHHM3alMM JBIKeHUA'” U B3aMO-
AENCTBHSI MUKPOBUXPOHOB BHYTPEHHUX C BUXPOHAMH BHEUTHHUX OOOJIOYEK JIEMEHTAPHBIX YaCTHII,
a BHEIIHUX — C OKPY’KAIOILMMHU TOJISIMU, ONIPEAENISAET UX CPOK KU3HU, MEXAHU3M U MPUPOLY OAHOTO
13 (PyHJAMEHTAIbHBIX B3aUMOJICHCTBHN — CJ1a0bIX B3aUMO1efICTBHI , T. €. TIOCJIe/I0BaTe/IbHAS CUH-
XPOHHOCTb JIBUKEHMSI MAarHMTHBIX 3aps/I0B, PACHOJIOKEHHBIX B IIEHTPE SApa, C ABUKEHUEM Mar-
HUTHBIX 3apsAJOB BHEIIHUX OOOJIOYEK, MPUBOAUT K CTAOMJIBHOCTU €r0 MACChbl, ACCUHXPOHHOCTb —
K pacrnaay. B ciyyae OTCyTCTBHS 3alTUpaOIIUX W TOISPU3YIOIIUX (MEKTPUUECKUX) WM CTaOWITHU-
3UpYIOUIMX (HAlpUMep, OBEPXHOCTh HEUTPOHHOM 3BE€3/Ibl — MOANUTKA IJIOTHOCTU 3acesIeHus 3€p-
HaMM-MIOTEHLMAJIAMH BCEX BOJIHOBOJIOB) MOJIEN PAHO WJIM MO3/IHO BUXPOH MOKHUIAET CO3/IaHHbIA UM
BOJIHOBO/], CTPOUT HOBBII, COOTBETCTBYIOIIUI HOBBIM YCJIOBUSIM. DTUM B HEM JIOCTUTaeTCsl SHEpre-
TUYECKUU OaslaHC ¥ HOBasl CTaOWJIbHAS JKU3HB. TakuM 00pa3oM, MeXaHW3M CJa0bIX B3amMOo/iei-
CTBHI1 ONpe/esisieTcsl mapameTpamMu, CBOMCTBaMU, CUHXPOHHOCTBIO B3aUMOJICUCTBUM ABUKYITUXCS
B MUKPOUYACTUIIaX MHKPOBHXPOHOB U JIOCTaTOYHOM HACBHIIIEHHOCTBIO MX BOJIHOBOJOB IOTEHI[HA-
JIaMH. DTO 1eBSITHAALATOE CBOICTBO SIEPHBIX BUXPOHOB.

Ortciona BbITeKaeT 0OOCHOBaHKE MPOU3BOICTBA SIIEPHON SHEPTUHM HE TOJIBKO 3a CUET jeJie-
HusA ' (9KCIUTO3UM) TSIKENBIX aTOMHBIX SJIEP, HO M 32 CUET JIETKO PEryJIMPyeMOro BEIHYKIEHHOTO pac-
najga Takux saep'?!, myTém oGnydyeHus pe30HAHCHBIMHU TSIKEIBIMI» BUXPOHAMH C MOCTIETYIONIEN
MOHM3ALIMeld MUKPOYACTHII, COCTABIISIIONINX BHENIHUE sIepHbIe 000JOUKU. 3aTeM — MepecTporKa
SIIEPHOTO OKPYKeHMsI PELIETKU TBEPIAOIO Tell, T. €. aKTMBU3alMs LIEMHON peakUuuu 1Mo KacKa/-
HOI1 MOOYEPEIHON MOHMBAIIUY ITUX YACTHUII IyTEM KYMYJISITUBHON UMILIO3UM BOJTHOBOJIOB U3 3€PEH-
MOTEHIIMAJIOB B 00J1aCTh MMoJIel MX CBSA3U. TloCHenytonmmii CHHTE3 TSKENBIX U CBEPXTSIKENBIX sIIep
XMMUYECKUX JIEMEHTOB YXKE B S/IEPHO-ME30HHOM I11a3Me OKPYKEeHUsI UIET C TPOU3BOACTBOM SHEP-
T'MU B IECSAATKU Pa3 MPEBILLIAIOIIEH SHEPTUIO JEJIEHUS S/Iep.

Ntak, 3aMKHYTBINl BUXPOH — 3TO NOJISIPU30BaHHBI MAarHUTHBI MOHOIIOJb, ITYJIbCUPYIOIINANA
MarHUTHBIM, IEKTPUYECKUM M T'PaBUTALIMOHHBIM BHUXPEBBIMHM MOJISIMU IEPEMEHHBIN 3apsi, OJHA
u3 opM MaTepuu, NOKOSIIUIHCA MUKPOOOBEM BUXPEBBIX MOJIEH — UCTOYHUK MACChl, UHIYKTHPY-
IOLUI, C TOMOLIBIO UM CO3JJAHHBIX BOJIHOBOJOB, EKTPUYECKUI 3apsij, CIIMH, MAacCy U MarHUTHBIN
MOMeHT. OH SIBJISIeTCs] CIMHOOPA3YIOIIUM «CEPALIEM» Y JIEMEHTAPHBIX YaCTHIl ¥ «MO3IOM» TBOpE-
HUSI TOH WIA UHOM MHUKPOYACTHUIIBL, T. €. JIEKTPOHA, MIOOHA WJIM Me30Ha U T. 1. B To ke Bpems
CBOOOHBIN aTOMHBIN BUXPOH — ITO 3apsiJl, «KBAHT IBUKCHUS», (PU3HIECKHH CMBICJ TTOCTOSH-
Ho# [TnaHka, poautesneM KOTOPOro sIBJIsSeTCsl 001acTh M3MEHEHMsI IEKTPUUECKOro MoJisi B aTOMe
wm ero sapa. CB00OAHbINA BUXPOH, T. €. BAXPEBOW MarHUTHBIA OUIONb B OTJMYKE OT JIEKTPU-
YECKOro JUIOJIs, HE CYLLIECTBYET B COCTOSIHUM TOKOSI U HE UMEET IOCTOSIHHBIX MACChl U JIeKTpUYe-
ckoro 3apsiaa. [Ipu sToM 3¢ppeKTUBHBIN pa3Mep MarHUTHOTO 3apsija BUXPOHA MOXET U3MEHSIThCS
B IIMPOKHUX MpefieNiax U JOCTUraTh Kak MUHUMAJIBHBIX 3HAUEHWII Ha MHOTO JECSTUYHBIX MOPSAKOB
MEHbIIIe CaMO¥ BO30YKAEHHOW MUKPOYACTHUIIBI, €r0 M3yJaloliel, TaK U JOCTUraTh MaKCUMAJIbHBIX
3HAYEHUI1, 3aPUKCUPOBAHHBIX B XpoMocdepe Ha noBepxHocTy CosHIa.

I'naBHOE BHellIHEe CBOWCTBO, IPOSBISAEMOE 3alIOPOrOBHIMUA 3aMKHYTBHIMHM MUKPOBUXPOHAMU
B [IPUPOJIE — ITO CO3JJaHUE JIOJTOKUBYIIUX «JOMUKOB» U3 CBEPXTEKYUMX MUK POBOJTHOBOIOB U3 3€PEH
JIEKTPO- U TPABIOTEHLIMAIOB, U3 KOTOPBIX MOCTPOEH BECh ATOMHO-MOJIEKY/ISIPHBI MUp ILJIAHET,

129 XapaKTep JABWXEHUA BUXPOHOB B 3aMKHYTBIX BOJTHOBOJAX B KOPHE OTIIMYAETCA OT UX JBUKEHUA B CBO6OZ[HOM TMPOCTPAHCTBE.

130 Nenenve Taxébix s7iep MAET 3a CYET PacIaKOBKY M HOBOH MEepeNakoBKM BHYTPEHHHX 000I04eK ¢ 00pa30BaHNEM MPUMEPHO

JIBYX OIMHAKOBBIX OCKOJIKOB, TJIE SIPOM «KOHIEHCAIIMU» OJHOTO U3 OCKOJIKOB SIBJISIETCS 3aXBaYE€HHbBIA HEUTPOH.
131 [Mpupona mienpo MOTPyAMIach B CBOMX IOA3EMHBIX J1a0OPaTOpHsIX, CO3aBasi TSKEbIe aTOMHbIC siipa Y BKJIA/bIBasi B HUX
OrPOMHYIO SHEprHIO TIPY CHHTE3€, TeM CaMbIM aKKyMYJIMPYsI €€ B HECMETHBIX KOJIMYECTBAaX — KOMIIPECCHUST SHEPrHu.
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3BE3]1 U TaJlakTUK, a Takxke Bcs ¢iiopa U payHa Ha 3emiie. DIEKTPOMarHUTHbIE MUKPOBHXPOHBI —
3TO IIPUPOZIHOE SIBJIEHUE, paHEE HEN3BECTHOE B HAYYHOM JIUTepaType, HO UMEHHO 3TU IEPBOYACTHLIBI
MyTEM CaMOCTPYKTYpPHUPOBAHUsI IOCTPOUJIM BECh MaTepUasIbHBI MUp Halel BeeneHHou B Tex pop-
Max, KOTOpBIE MOJIHOCTBIO COOTBETCTBOBAIM YCJOBHMSM MX MECTOHAXOXIEHHUS, T. €. OKOJIO siJep
3BE3/1 U B MAHTUH 3€MJIM POXKJIAINCh OJHU YACTHILIbl, a HA €€ MOBEPXHOCTH — T€, KOTOPhIE YKe
omnucaHsl Tadnuuer MeHesneesa.

HcTouHMK «TsKENBIX» BUXPOHOB — 3T0 sApo YCT, akTUBHBIC aHTEHHBI, MOJTHUU, BO30YXK/ICH-
HBIe JUIIONU M JpyTrue pa3HOOOpa3Hble TEXHUYECKUe yCTpoicTBa Thna marerpoHoB CBY meueid,
PaccMOTpeHBI B TpeThel IiiaBe 3Toi KHUTU. CBOOOIHBIE «TSIKEbIE» BUXPOHBI B (pOpME TEKTPO-
MarHUTHBIX KBQaHTOB CIIOCOOHBI IPOU3BOIUTH BUXPEBbIe TOKH '*2. Takue ke BUXPOHbI OTBETCTBEHHBI
32 KBAHTOBBIN JIOKAJIbHBII IEPEHOC EKTPUUECKOTO 3apsa B IPOBOJHUKAX, B ra3ax U B KUIKOCTSX.
Bcs paguonokarus, TeneBuaeHe, JabHsIsl KOCMUYECKasi CBSI3b U JT00ast Ipyrast CBsi3b 00yCIIOBJIEHA
CaMOZIBUKYIIMMHCS CBOOOIHBIMH BUXPOHaMHU U T. 1. OnHako Heooxoaumo pasimmyats CBY aTom-
HBIX (DOTOHOB OT TaKUX XK€ M0 YaCTOTe «TAMKENBIX» (DOTOHOB, KOTOPBIE YKe CIIOCOOHBI TPUBOAUTD
K LENR u3MeHeHusAM NepBUYHOIO XMMUYECKOTO COCTaBa KJIACTEPA AaTOMHO-MOJIEKYJISIPHOTO Bellle-
CTBa. DTO pa3IMuMe 3aKJII0YAETCs B TOM, UTO B [TOCJIEAHEM CIIy4yae UCIOJIb3yeMble (DOTOHBI IOy YEHBI
MIPY OYEHb OOJIbIINX TOKAX U HAMTPSIKEHHUSIX B OY€Hb KOPOTKOM (DPOHTE JIEKTPUYECKOTO MMITYJIbCA,
T. €. UMEIOT MAKCUMaJIBHO BO3MOKHYIO INIOTHOCTD 3€PEH-IIOTEHLIMAJIOB HA €IMHUILY IJTMHBI U IOBEPX-
HOCTH BOJTHOBOJIOB. JIpyrumMu cioBaMu, OHHM OOJIafaioT ropasjio OOoJbIlei SHeprueii, YeM Mnpon3Be-
JE€HUE UX YacTOThl Ha OCTOsIHHYIO I Tnanka.

HeonHokpaTHble MOMBITKA KCCAEJOBAHMS OYEHb 3araJJOYHOrO JUAla30Ha 4acTOT (PPOHTOB

BBICOKOBOJIBHBIX UMITYJIbCOB 10°—10" Iy, MOPOXKJAIOIIMX B EKTPUUECKUX Pa3pAgax IKTOHbBI MU
3apsiioBble KJacTepbl npusomum aBTopoB I'. A. Mecsaua n K. Iloynnepca k co3gaHuio gaxke
HOBBIX TEXHUUECKHMX OTpacieil — pa3paboTke MOIIHBIX cretuaibHbix CBU-reHepaTtopos.

IlepexoqHOl MOMEHT MOTOKOB S/IEPHBIX MHKPOBUXPOHOB B Ty WM MHYI0O MHUKPOYACTHUILY
B Hacrosiee Bpems B CAII onpenensercs «oOpa3oBaHUEM CTPyil». DTH CTPYH SIBJAIOTCS MPOAYK-
TaMU [PEBPALLEHNS B a/IpOHBI, IKOObI, KBapKa WM [MTI00HA. MccenoBanus cTpyi B CTOJIKHOBEHUSX
(S1Ipo-s1ApO) MOKA3aJIo0, YTO OHU, B OCHOBHOM, COCTOAIT U3 OOJIee IONTOXKUBYILHX JT-ME30HOB C SHEp-
T'Mel B CUCTEME ITOKOA KiacTepa Anpo-aapo nopsaaka 150 Mss. Hartpumep, BO BpeMs 9KCIEpUMEHTa
Ha koyuaiiaepe B bpykxeinsene 2001 roga perucrpupoBacs cneurduueckuii 3(peKT, Ha3BaHHbII
nooaenenuem cmpyu. Korja craJkuBaiorcsl 1Ba HOHA B OOBIUHBIX YCJIOBUSIX, OHM JAIOT JAB€ CTPyU
YaCTHUL, PACCENBAIOIMXCS B IPOTUBOMNOJIOKHBIX HarpasieHusaX. Ho B akcniepuMeHTe Mo CTOJIKHOBE-
HMIO si7iep 30710Ta B BpykxaiiBeHe JaTuuky BpeMeHaMu (PMKCUPOBAJIM HAJIMUKE TOJIBKO OJYHOM CTPYH.
Bbutn nocraBiieHbl KOHTPOJIBHBIE SKCTIEPUMEHTHI (1HBapb — MapT 2003 roga), B Xo[e KOTOPBIX HOHBI
30JI0Ta CTAJIKUBAJIUCH C ropaszio Oosee JerKMMU HOHAMU JiefiTepusl.

XOTsl 9HEprusl MOHOB 30JI0Ta OCTaBAJIACh TAKOH e, KaK M B OCHOBHBIX 9KCIIEPMMEHTaX, COBO-
KYITHOW SHEpPriy CTOJKHOBEHHS OBUIO YK€ HEOCTaTOYHO, YTOOBI MOJYYMTh KBAPK-IJIIOOHHYIO
wiasmy. Hanpotus, «masienbkuit» NEATPOH MPOXOAUT Yepe3 «00abuioe» sipo 30510Ta «NOO0OHO
nyae», Kak yepes MycTOTy, He HarpeBasi M He CkuMas ero. S1apo 3omota'?? ocraercst B cBoeM 00ObIU-
HOM COCTOSIHMH, TO €CTh COCTaBJIEHHBIM SIKOOBI U3 ITPUBBIYHBIX POTOHOB 1 HENTPOHOB. V3 3TOTO
CJIe/lyeT, YTO MPOTOH-HENTPOHHASI MOJIENb S/Ipa «Xpomaem» yxe Ha 00e HOTH, a ONpe/eeHne
KBapK-IJIIOOHHOH MJIa3Mbl (Ceiiyac 3TOT TEPMUH 3aMEHEH Ha KBAaPK-IJTIIOOHHYI0 MAaTEpUIO) U €€ KOH-
KPETHOE 9KCIEPUMEHTAJILHOE NTOATBEPKACHHUE 10 CUX IIOp He MOJIy4eHbl. bonee Toro, 1 MexaHusm

132 Bux peBhle TOKH HAIILTH ITMPOKOE IIPHMEHEH e I PA3orpeBa THIIHA B MAKPOBOHOBBIX [IEUaX, 4 TAKKE B IIPOMBIIILICHHOCTH
111 pa3orpeBa JO BHICOKUX TeMIepaTyp TBEPABIX METAJULIMYECKUX 00pa3LoB.

133 SAnpo 30/10Ta COCTOUT HE U3 IIPOTOHOB-HENTPOHOB, & U3 AJEPHBIX 000IOUEK, Pa3MEP KOTOPBIX TOPA3JI0 MEHbIIIE pa3Mepa Jei-
TPOHa.
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reHepay Macchl'34, B TOM 4uclie 'y HyKJIOHOB, C IOMOIIBI0 O030HOB XUITCA TaKkKe He MOATBep-
KIEH OoJiee IOCTOBEPHO, UeM To «npedcmas.aernue» Ha BAKe B IIEPHe 04.07.12. CrenoBateibHO,
CrangaptHasi MOJie/b SJIEMEHTAPHBIX YaCTHUI] HEe ONPABIbIBACT CEPBhE3HBIX HA/ICK/ HA MEXaHU3M
POKIICHUS] MAacChl — MeXxaHu3M d(ppeKTa MPOSBICHUS MACCHl Y MUKPOYACTHII.

Hepaspymiaoimmx THIOB JETEKTOPOB HE CYIIECTBYET, I09TOMY TOCIIe PErUCTPalliK CTPYKTypa
MepPBOHAYAJIbHOW YaCTULIbl ITponajaeT. Tak, HapuMep, NepBOHAYAJIbHBIN (POTOH MOCIIE B3aUMOJIEH-
CTBHSI C aKTUBHBIM BEILIECTBOM JICTEKTOpA MpeBpamaercsi B (hOTOIEKTPOH, WM OCBOOOIUBIIHIACS
MIEKTPOH ¥ U3MEHEHHBIN (DOTOH, MM BOOOIIE 00pa3yeTcs napa JeKTPOH-TIO3UTPOH WM Mapa pas-
HOTIOJISIPHBIX MIOOHOB. A CBSI3aHO 3TO C TeM, YTO OBICTPOJEHCTBUE Ipoliecca 0Opa30BaHMs HOBOW

YaCTULBI BUXPOHOM (102 ¢) Ha MHOTO JIECATHYHBIX TIOPSIKOB OOJIBIIIE MTPOIIECCa PETUCT ALK STHX
YaCTHULL JIIOOBIMU CBEPXObICTPOIEHCTBYIOIIMMUA COBPEMEHHBIMHU JIETEKTOPAMH.

J1s1 u3ydeHus1 Bo30yKIEHHBIX KJIACTEPOB siJiep M CTPYil B pocTpaHcTBe Hanbosee 3pdek-
TUBHBI U HaIJIAHbBl TPEKOBbIE JETEKTOPbl YACTHII, TO3BOJISIONINE PETUCTPUPOBATh MHOKECTBEHHOE
POX/IEHHE YaCTULL B YCIOBUSX 47T-T€OMETPUM — ITy3bIpbKOBBIE KaMepbl M HEKOTOpble Apyrue. OqHako

no ObicTpozeiicTBuio (1—5 x 10> ¢) oHH HaseKo YCTYMAaloT BpeMeHH 00pa30BaHUsI MUK POYACTHII
BUXPOHAMH — BAIATH JECATHYHBIX MMOPSIIKOB.

BHeniHee oTpuiaTenbHOE MEKTPUIECKOE MoJIe 3aMKHYTOI'0 MUK POBHXPOHA CBOOOIHOTO Tell-
JIOBOTO JIEKTPOHA HAa MOBEPXHOCTU 3eMJIM TIPU 3axXBaTe JIEKTPUUYECKUM IOJIEM sipa aToma CIo-
COOHO B COOTBETCTBMM C 3aKOHOM Je Bpoilsisi mepectpavBaTh CBOW BOJHOBOA B YacTh OJHOU
U3 aTOMAapHbIX cepruyeckux 000TOUeK C COOTBETCTBYIOIIUM pa3sMepoM M mpuHImnom [laymm —
Ha30BEM HX Je0poiijieBCKUMHU AaTOMHBIMI MUKPOBUXPOHaMU. BoJiee BbICOKOYaCTOTHBIE 3aMKHY ThIE
BUXPOHBI TIPY COOTBETCTBYIOIINX YCJIOBUSIX CIIOCOOHBI CO3[]aBaTh Mapbl MUKPOUYACTHI] IIPOTHBOIO-
JIOKHBIX TIO JIEKTPUIECKOMY 3apsiIy BOJHOBOZIOB, OOpa3yIOIIMX siIepHbIE 0O0JIOUKU CO CTPYKTYPOit
THIIA [TU-HOJb U K-HOJb Me30HOB. CTPYKTypa 3TUX YaCTHUI] aHAJOTMYHA MIOOHAM C TIOJTYIIEJIbIM CITH-
HOM. DTO JBaAIATO€ CBOICTBO ATOMHBIX, SIEPHBIX 3AMKHYTHIX U OIHOMOJISPHBIX BUXPOHOB, ITPU-
HaJIeKAIHX SJIEKTPOHY, MIOOHAM WJIM SIIEPHBIM YACTUIIaM, 00pa3yIoIUX 0O0OUYKH aTOMHBIX SIAEp.

CnvH-BpallleHre MHUKPOUYACTHIIBl XapaKTepU3yeTCsl COCTOSTHMEM TMOJSPU3AlUM MarHUTHOTO
MOHOIIOJISI B MUKPOYACTHUIIE, T. €. €r0 CIIOCOOHOCTBIO K MPOLECCY Pa3psAAKH-3apSIKUA WIN TOJBKO
3apsiike, T. €. €ro CroCOOHOCTBIO K NMOJHOMY WIM HENMOJHOMY KBaHTOBOMY NpeoOpa30OBaHMIO
MHIYKTUPOBAHHOTO KBAaHTA YHEPrHM OT 3HAKA IUTIOC K 3HAKy MUHYC Ul COXPaHEHHS CpeIHEew.
Ecnu MarHUTHBIA MOHOIIONb UHIYKTHPYET POTUBOIOJIIOKHBIN Yepe3 MOCPEACTBO EKTPUIECKOro,
TO MPOUCXOAUT MOJHOE KBAHTOBOBOJTHOBOE MTPEe0Opa30BaHKe IEKTPOMAarHUTHON (hOPMbI MaTepHH,
Y CMUMH paBeH enuHuIle — (pOTOHBI. EcM MarHUTHBIA MOHOIIONb WHIYKTUPYET BMECTO MPOTHBOIIO-
JIO’KHOTO TOJIBKO I'PABUTAIIMOHHBIA MOHOIOJb, KOTOPBIM Pa3psiKasich OMSATh BO30YXKIAET BCTPEUHBIH
AHAJIOTMYHBIA MArHUTHBIA MOHOIIOJb, T. €. IIPOUCXO/IUT HEMOJIHOEe KBAaHTOBO-BOJTHOBOE Mpeodpa3o-
BaHME IEKTPOMArHUTHON SHEPIUH, U CITUH TaKOW YaCTHIIbl PaBeH MOJOBUHE MOCTOsTHHOM [1nanka —
3TO NIEKTPOH, MIOOH WJIU SIIEPHBIE YaCTUIIBI, BXOASIINE B COCTAB Map SAEPHBIX 000JIOYEK.

OaHYM U3 MPOAYKTOB MUKPOBHXPOHA, KaK (PU3MYECKOTr0 CBOMCTBA MUKPOYACTHUIIBI, TTPOSIB-
nsiemoro B cucteme CU B popme e€ 3apsima Macchl WM JEKTPHYECKOro 3apsjaal®, camonsu-
JKEHUE BpAIllEeHUeM MarHUTHOTO MOHOIMOJISI B HEW MOXHO Ha3BaTh 3apsiioM JABHKEHHSI-CIIMHOM.
Takum 00pazoM, CHIMH, Macca ¥ JeKTPHUYECKHIl 3apsi/i YaCTHII — 3TO 3apsiibl*® COOTBETCTBYIO-
IIIEr0 COCTOSTHHSI MaTepHU U MPU3HAKY HAJIMYMS MUKPOBUXPOHOB B JIEMEHTAPHOHN YacTHUIle C yué-
TOM POJMTETHCKOW POJIU U TIEPBOMPHUMHHOCTH BCETO CYIIIEro MarHUTHBIX 3apsiaoB. [1pu aTom, Macca
Y NIEKTPUUECKUI 3apsi]l YACTHIIBI SIBJISIOTCS MPU3HAKaMHU 3aMKHYTBIX BOTHOBOJIOB. [Ipuuém mep-

134 Macch1 BoOGIIE HeT B MpUpoIe.

1 o o
3 He 3a6wiBas Ipr 3TOM B IPUYUHHO-CJIICACTBEHHOU CBA3U, UYTO MaccCa U IJIEKTPUICCKUU 3apAl] — ITO CICACTBUE NBUKEHUS
BUXPOHA B 3TOM JacTUulE, HAIIpUMEp, JIEKTPOH.

136 l_[pI/I 9TOM HCOGXO)II/IMO Yy4uTHIBATH B HpH‘{HHHO—Cﬂe}ICTBeHHOﬁ CBA3U pO)II/ITeJ'[bCKI/Iﬁ TMPUOPUTET BUXPOHOB.
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Basi UHIYKTUPYETCS] BO BHEIIIHEM ITPOCTPAHCTBE MYJIbCUPYIOIIMMU KBaHTaMU 3EpEH-TPaBIOTEHLIMA-
JIOB BHYTPEeHHEero BOJTHOBOJIA U TIPE/ICTaBIIsIET COOOH (hopMy SHEPTUH B BUjIE 3apsi/ia MacChl NOKOSI,
a BTOPOU — MyJIbCUPYIOIIMMU KBaHTAaMH 3€PEH-JIEKTPOIIOTEHIIMAJIOB BHEIIHET 0 BOJIHOBO/A.

Jpyroii HeMaJIOBa)KHOM XapaKTEPUCTUKON BUXPOHA SIBJISIETCS BEJMYMHA IUIOTHOCTH 3aIlol-
HEHUs 3¢pHAMU-TIOTEHIMAJIAMU CIIMpPaJied BOJTHOBOIOB, KOHEYHOTO BPEMEHH M3JTy4YeHUsl U pa3Mep
00J1acTH M3JTyYeHUsI ero MOPOAMBIIMMU, CBSI3aHHBIE C SHEPrUeH, YaCcTOTON CIHMpaield, M YacTOTOr
MyJIbCALMI TPOTUBOIONOKHBIX MATHUTHBIX 3aps/I0B — MarHUTHBIX MOHoIONeN. CKOpPOCTh U3MeHe-
HUS1 IEPBUYHOTIO MOJIsI BJIMSIET JIMIIb HA YacTOTY 3TOro BUXpoHa. Cuia Toka M BeJIMUMHA Hallpsike-
HUS1 TIPY TAKOM U3MEHEHUHU T0JIS CTAHOBATCS PEIIAIONIMMU B CO3AHUM BECa «TSKECTU» MarHUTHBIX
3apsA0B — IJIOTHOCTHU 3€PEH-NIOTEHIMAJIOB Ha €IMHMILY IOBEPXHOCTH BOJIHOBOIOB. B ciyuyae ¢oto-
HOB, NPOMCXOUT Pa30BO€ IMPOU3BOACTBO OMOPHBIX NMEKTPONOTEHIMATIOB HA OTKPBITHIX U OECKO-
HEYHO JJIMHHBIX BOJIHOBOJAX B KOCMUYECKOM IPOCTPAHCTBE.

[Tponykramu camMOIBUKEHUS] PE30OHAHCHBIX BUXPOHOB B 3AMKHYTBIX BOJTHOBOAAX SIBJISIIOTCS
BCE M3BECTHBIE CTAOMJIbHBIE M PAIUOAKTUBHBIE MUKPOYACTHUIIBI, B TOM YHCIIE JIEKTPOHBI, IPOTOHBI,
HEUTPOHBI, BCE aTOMbl U ATOMHBIE spa XUMHUYECKUX JIEMEHTOB, UX W30TOIbl U BCE M3BECTHbIC
3JIEMEHTapHbIE YaCTULIBl. DTU MPOLYKTHI MOTYYaIOTCS IOCPEICTBOM MTPOU3BOJCTBA IEKTPUUECKUX
Y TPaBUTALMOHHBIX TIOTEHIIMAIOB-3epeH ¥/, reoMeTprueckn pa3MenaeMbiX Ha 3aMKHYTHIX ITyJIbCH-
PYIOIIUX BOJIHOBOAAX (Pa30BhIX OOBEMOB MUKPOYACTHUI] C TIOMYIEIBIM CITUHOM.

B oTkpbITOI TUTEpaType, U naxe B nmociaeqHux padorax JK. Jlomaka, He UMeeTcs TeOpeTH-
YEeCKUX ypaBHEHHWH, ONMMCHIBAOIIMX POXKJIEHWE BUXPOHOB, MX CBSI3b C AEOPOMIEBCKUMU KBaHTAMU
1 UX OECKOHEYHO JOJTYIO KU3Hb B KOCMUYECKOM IMPOCTPAHCTBE, CAMOIBIKEHUE, B3aUMOJIEHCTBUS
1 oOpa3oBaHMe BCeX eMeHTapHbIX yacTHil. C MOMOIIbI0 MaKPOCKOMUYECKUX ypaBHeHMH Makc-
Besuia — Gapanes win (K1) ypaBHenuii Jupaka HEBO3ZMOKHO 3TO BHIIOJHUTD, TaK KaK OHU OMHU-
CBIBAIOT WJIA PACIPOCTPAHEHHE MaKPOCKOIMYECKUX IEKTPOMArHUTHBIX BOJIH B Cpelie, WM B HUX
3apaHee 3aJI0KE€HO OTCYTCTBUE MEPEMEHHBIX MarHUTHBIX U JIEKTPUUECKUX MoHononed. Her B Hux
Y MHIYKIIMU BEKTOPHOTO TPABUTAIIMOHHOTO MOHOIIOJISI — OCHOBHOTO YpaBHEHHMS AJisi OObEeJUHEHNU S
BCEX TEOPUI JIEMEHTAPHBIX YACTHIL] C TEOPUSIMU TATOTEHUS.

CB00OAHBII MUKPOBUXPOH 3TO €JMHCTBEHHAS JOJITOXKUBYIIAsI U CAMOABUXKYIIasicss Oe3mac-
COBasi BUXPEBO-TI0JIEBAs YACTHIIA, HE UMEIOIIasl TIOCTOSIHHOTO IEKTPUUYECKOro 3apsja, a ero rnepe-
MEHHBIH 110 BEJIMYMHE MarHUTHBIA MOHOIIONb ITPYA CBOEM TIOJIHOM UCYE3HOBEHUH B (Da30BOM 00BEME,
MEPUOANYECKU BO3POXKAASICh, MEHSIET €LE U CBOW 3HAK. DTHU NEPBOYACTULBI (POPMUPYIOT CTPYKTYPbI
(a3oBbIX 0OOBEMOB (DOTOHOB U APYTUX EKTPOMATHUTHBIX KBAHTOB B BEIIECTBEHHOM HJIM HEBelle-
CTBEHHOM IIPOCTPAHCTBE.

3aMKHYTble MUKPOBUXPOHBI CTPOSIT CTPYKTYpbI (Da30BBIX OOBEMOB CTAOMUJIBHBIX ATOMOB
Y aTOMHBIX SII€p XMMUYECKUX JIEMEHTOB, IEKTPOHOB U APYIUX KOPOTKO U JOJITOKUBYIIMX U CBO-
OOIHBIX 7IEMEHTAPHBIX YacTHil. OIHUM CIOBOM MUKPOBUXPOHBI — 3TO EPBOYACTHIILI BCETO Mate-
puanpHoro mupa Bceenennoit. [lpu MK-4yacrorax, korga B ¢pa3oBoM 00BEME BUXPOHA TOSIBIISAETCS
OOJBIIIOE KOJMYECTBO HEUTPATBbHBIX aTOMOB WJIM MOHOB, MX SHEPrusi CrocoOHa MmpeoOpa3oBbIBATh
TMOCJIE/IHUE TP YCIOBUU AOCTATOYHOM IJIOTHOCTY MOTEHUMAJIOB Ha €AMHUILLY JJIMHBI BOTHOBOJA.

[NosicHnM HEKOTOpbIE CBOMCTBA MUKPOBUXPOHOB 00JIee HATJISHO B AMHAMUKE UX JBHKEHHUSI.

Ha ¢oro 2.8 mokazansl yeTsipe'*® (ha3bl MTHOBEHHOTO CYIIIECTBOBAaHMSI CBOOOIHOTO BUXPOHA
(BUXpOH-OMIIONB) — pa3psii MEPBUYHOTO MATHUTHOTO MOHOIMOJSI U 3apsi/i MPOTHBOMOIOXHOTO
MOHOIIOJISI B COCTaBE MIPOU3BEIEHHBIX BUXPEN BOTHOBOAOB MOJIOKUTEIbHBIX M OTPULIATEIbHBIX JIEK-
TPOMOTEHIMAJIOB, a TaKe€ BHEUIHUX ITPOTEKTOPHBIX MArHUTHBIX MOJEN.

137

3 3epHO-TIOTEHINAT CTh «KHPIUI» OeCCTPYKTYPHOTO MUKPOIPOCTPAHCTBA C MUHUMAJIBHO BO3MOXKHBIM Pa3sMepoM, 3apsbkeH-
HOTO OIpe/IeJIEHHBIM ITOTEHIMAIOM (KOJIMIECTBEHHO M KaYeCTBEHHO OIpeIeIEHHBIM [[BETOM) U OTpaHITYEHHOTO TOHKOM IJIEHKOM HeBe-
IIECTBEHHOTO MTPOCTPAHCTBA.

138 To nie, B Hauase u KOHIE V4 JUIMHBI BOJHBI — 3aPSIKU U Pa3psAAKU.
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®oro 2.8. CxeMbl BUXpOHa — pa3psi/l €ro NEPBUYHOIO MOHOMOJISI HA YETBEPTU U 3apsiji MPOTH-
BOIMOJIOXKHOTO Ha IMOJIBOJIHE

Ha a10i1 cxeme He Moka3aHO JUHAMUYECKU U3MEHSIONIeecss BUXPEBOE IMOJIe EKTPUIECKOTO
MOHOIIONSI BUXPOHA, BO3HUKAIOIIEE MPU Pa3psiIKe MEPBUYHOIO MarHUTHOrO MoHoross. Ero mone
MaKCMMaJbHO B MOMEHT Hauajla pa3psOKyd M U3MEHsSIeTCs 10 PaauycCy, MEpreHAUKYIsIPHOM OCU
BuxpoHa. [Tokazansl cepornogoOHble MarHUTHBIE MOHOTIOJNH, MarHUTHBIE BUX PEBBIEC 3apsi/Ibl, CTPYK-
TYpBl KOTOPBIX MpeicTaBaeHbl Ha poTo 2. 1. MeHbImii ciieBa (3eJI€HbIN) HAYMHAET ITPOIIECC Pa3PsIKH
C IPOU3BOACTBOM IOJIOKUTEJIBHBIX JIEKTPOIOTEHIIMAJIOB U Y€PE3 YETBEPTh JUIMHBI BOJIHbI, YBEJINYU-
BasiCh B pa3Mepax, MOJTHOCTHIO Hcue3aeT u3 pa3oBoro 0onwéMa. [TpoTHBOIEHCTBYIOIINI ITPOIIECCY pa3-
PAIKY JIEKTPUYECKUI MOHOIIONb MHAYLIUPYET B HaYasle YeTBEPTH JIJIMHbI BOJIHBI TPOTUBOMOIOKHBIN
MOHOTIOJTB (OOJBIINI CIIpaBa, 3eJIEHBIN ), KOTOPBIH, 3apsiKasiCh yKe Ha y3Jie TIOJIOBUHBI JIJTMHBI BOJHBI
MMEET TOT K€ pa3Mep U 3apsif, YTo U nepBUUHBIN. [Ipy 3apsiike oH Takke IPOU3BOAUT EKTPOIIOTEH-
IMaJIbl, KaK ¥ IEPBUYHBIN, HO IPyTroro 3HaKa. VTak, BUX pOH-OUIIOINb TUTIOC IIPOU3BOIUT TPH pa3psiIKe
TOJIOKUTENIbHBIE MOTEHIIUABI U UHIYKTUPYET EKTPUUECKUN MOHOIIONb, @ €r0 MPOTUBOMOIOKHBIN
MPOIYKT — BUXPOH-OUIIONh MUHYC TIPH 3apsijike IPOU3BOOUT oTpuliatesbHble. [1o ¢hopme BeTpeu-
HBII MArHUTHBIA MOHOIIONb (CXeMa CIpaBa) MHIAYKTUPYETCs TPOTUBOAEHCTBYIOIUM IEKTPUUYECKUM
MOHOIIOJIEM, HAITPABJIEHHBIM HABCTpeUy JIEHCTBYIOLIEMY (CXeMa CJieBa), KOTOPbIN U SIBJISIETCS UCTOY-
HUKOM POXJEHHUS CIIUPATIM W3MEHSIIOIUXCS TONOKUTENBHBIX JIeKTporoTeHIaioB. Och BUXPOHA
MIPOXOUT Yepe3 IEHTPHI '2°00IbIIOro 1 Majaoro chepornoaoOHbIX MOHOIIOJEH, SIBJISIETCS TIOCTOSTHHO
OPUEHTUPOBAHHOMN B MPOCTPAHCTBE U CIY’KUT OCHOBHBIM MApaMETPOM, XapaKTepU3YIOLIUM IOJISPU-
3armio (pOToHa.

[TpoTrBONONOXHBIE O 3HAKY MAarHUTHbIE MOHOIIONM HUKOI/IA HE COEAMHSIOTCS BMECTE, OHU
BCEI/la pasjiesieHbl B IIPOCTPAHCTBE YETBEPTHIO JUIMHBI BOJIHBL. VX Bcerga B IBMKEHUU pasfiensieT
pa3opBaHHAasI CIIUPAJIb 3€PEH-IEKTPOIIOTEHLIMAJIOB U ABUKYILUIICS JIEKTPUUYECKUI MOHOIIONb He3a-
BHCHMO OT BEJIMUMHBI MAarHUTHBIX 3apsinoB. Ecmm cMoTpeTh cHapyku ¢azoBoro oobéma poToHa
Ha HEro, TO OH COBEpIIAeT MOCTYyMaTeIbHO-BpalaTe/IbHOE IBUKEHHUE M0 CIUPATU C MEPEMEHHBIM
pamycoM. ITOroBeIM pe3yabpTaToM 3TOro mpoliecca OyeT pa3MelieHre-KOHISHCAITUS TIOJIOKUTEb-
HBIX WM OTPUILIATENBHBIX JEKTPUUECKUX MMOTEHIIMAIOB, CTALIMOHAPHO (PUKCUPOBAHHBIX Ha IIIHYpe-
TpeKe BOJHOBOJIOB, PACIHOJIOKEHHBIX HA MOBEPXHOCTH Yepenyloluxcsi cep Ha TpeKe ABUKEHUS
(otoHa, kak 310 MokazaHo Ha oto 2.4.

Ha doro 2.9 npezcrapneHa cxema JMHAMUKYN CO3/IaHUS CBOOOTHBIM BUXPOHOM CITUPAJTH JJIEK-
TPOMOTEHIMAJIOB BOJTHOBO/IA M ITEPEMEHHBIX BUX PEBbIX MArHUTHBIX TIoyIel '“C hoToHa B hazoBOM 00b-
éme (romybas cepa) Ha ITOJTBOJTHBL.

1 ..
3 B atux HEHTpax UACT MPOU3BOACTBO COOTBETCTBYIOIIMNX IJIEKTPOIIOTEHIINAJIOB.

140 TopouaHbIX My/IBTUIIONEH, aHAIIOMNb TPOCTEHNILINIA, HaYa IbHBIM.
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®oto 2.9. VI3MeHeHrsI MarHUTHOTO TIOJIsI B (Da30BOM OOBEME TTOJTBOJIHBI

B ¢a3zoBoM 006BEMeE Ha MOIBOHBI MTPY CAMOABIKEHNH MAarHUTHOTO 3apsijia HETPEPHIBHO MPO-
VCXOOUT U3MEHEHHWE MarHUTHOIO MOJisi OT MOHOIIOJBHOIO (CleBa) OJHOrO 3HAaKa 4epe3 CUMMeET-
PUYHOE AMIIONBHOE (ITOCPENMHE) K APYroMy MOHOIIOJIBHOMY (CITpaBa), HO gpyroro 3Haka. Ha ¢oro
2.9 cpenHAA NO3ULKSA JEMOHCTPUPYET MIHOBEHHOE COCTOSIHUE CHMMETPHYHOIO0 JHII0JA (PO30-
BBII IBYXIIOIOCHBIN TOPOKT) ITPH TOJIOKEHNH 1/8 IepBUYHOrO MOHOJIS OT Hadasta (ha3oBoro o0bEMa,
a BTOPUYHOI'O MOHOIIOJISI HA COOTBETCTBYIOILIEM PAaCCTOSHUM B 3/8 1MHBI BOJHBEL. Bo Bcex apyrux
MOJIOKEHHSIX T10JIe MEK/Ty MOHOIONSIMU OyIeT aCHMMEeTPUYHBIM IHII0JeM. A B MOMEHT ITOIX0/1a
NEPBUYHOTO MOHOIIONSI K YETBEPTH JJIMHBI BOJIHBI BHEIITHEE MAarHUTHOE T0JIe OyJeT EMKOM OIpe-
AENATCS TOJIEM MOJHOCTBIO 3aPsKEHHOTO MPOTUBOMNOJI0KHOTO MOHONOJIA. [71aBHOI 0COOEHHOCTHIO
B3aMMOJICHCTBHUS IByX HPOTHBOIONIOKHBIX MOHOIOJEN SIBJISIETCS TO, YTO OHM HHKOTrAA He cOmu-
XKalOTCA Ha PacCTOSIHME MEHblllee YETBEPTU JJIMHBI BOJIHBI, @ IPOCTPAHCTBO MEXIY ABYMs IOJIO-
CaMH, NIOMEYEHHOE PO30BBIM TOPOMUAOM, HE COIEPKHUT OCEBOTO MarHUTHOro nois. B stom mpo-
CTPAHCTBE IPUCYTCTBYET JIMILIb HAYaJI0 HEJOCTPOEHHON BTOPMYHBIM MOHOIIOJIEM CITMPAJI BOJIHOBOAA
3JIEKTPOIIOTEHIINAJIOB MTPOTHUBOIOIOKHOIO 3HAKA. AKTUBHBIA 00BEM BUXPOHA pa3MEPOM B YETBEPTh
JJIMHBI BOJIHBI BCEIZla COEPXKUT MEPBUYHBINA Pa3psKaIOIIMIICS MOHOIONb, TPOTUBOAEHCTBYIOIIUIA
3TOMY IPOLIECCY IEKTPUUYECKUII MOHOIIO/b, UM MHAYKTHPOBAHHBII BTOPUYHBI MATHUTHBI MOHO-
T0JIb ¥ YaCTh CIIMPAJIA BOJTHOBO/IA, YCTAHOBJIEHHOM YXKe 3JIEKTPUYECKUM MOHOIOJIEM, KaK 3TO IEMOH-
crpupyercs kagpoM (poto 2.10) cMMMETPUYHOrO COCTOSIHHASI MArHUTHOTO JUIONS B XpoMmocdepe
Connua. IIpu nepexone Ha BTOPYIO 4YacTb IOJBOJHBI BUXPOH CMEHSIET ce0sl Ha 3epKaJlbHBIM, MpU
3TOM NEPBUYHBIII MArHUTHBII MOHOIOJIb UCUE3AET, @ BO3POAMBIIMICS BTOPOM NPOAOJIKAET JABUKE-
HUE U TIOBTOPSIET CO3JaHUE BOJTHOBO/IA CAMOJIBUIKYILIETrocs (pOTOHA C 2JIEKTPONOTEHIMAIaMU, HO ITPO-
TUBOIMOJIOKHOH MOJISPHOCTH.

PaccmorpenHOe BMKEeHHE M M3MEHEHUE EKTPUIECKOTO M MArHUTHOTO TOJIel B CBOOOTHOM
BUXPOHE Ha OJHO! JIJIMHE BOJHBI HOCUT 3aKOHYEHHBIN IOJIHBIN KBAaHTOBBIN NEpexo[] JeKTpoMar-
HUTHOM MaTepyM B BOJTHOBOM ITPOLIECCE ITPU COXPAHEHUU CPEAHEN SHEPTUH, UTO U ONpeJiesIsieT CIIUH
¢oroHa. B quHamuke, Mo Mepe npoaBMKeHNs 4! BUXpOHA 1O BOIHOBOLY (POTOHA, B TIPOCTPAHCTBE
OCTAIOTCS JIMIIb COOTBETCTBYIOIIUE JIEKTPONOTEHIIAAIIEBL, T. €. «CKeIeT» BonHoBoga. [IporekTopHoOe
MarHUTHOE MoJIe IPOTUBOAEUCTBHA MOKET BOSHUKHYTh B TOUKE JIMIIb B CJIy4ae U3MEHEHUS reOMeT-
PU3ALMH WIN BEJTMUMHBI 3TUX J1€KTPONOTEHIMAJIOB B IPOCTPAHCTBE.

PoxieHneM cToib yCTOMUMBBIX KOJIEOATEIbHBIX COCTOSTHUI, KAKUMM SIBJISIIOTCS BUXPOHBI, ITPHU-
pona o0s13aHa B3aMMHOW OOIIHOCTH M pa3HuIe B (OPMUPOBAHWM CTANMOHAPHBIX M BHUXpe-
BBIX IEKTPUYECKMX M MAarHUTHHIX 1oJIel B mpocTpaHcTBe. [locTosiHHBIE CBOOO/IHBIE 1eMeHTap-
HbIE JIEKTPUYECKHUE 3apsfbl, HAIpUMep, B (hOpMe JIEKTPOHOB, 10 CBOWCTBAM CUJIBHO OTJIMYAIOTCS

4! Maranrsbrii u MEKTPUYECKUI MOJIEBOM TOK COOTBETCTBYIOIMX MOHOIOJIEH.
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OT CBOOOHBIX JIEMEHTAPHBIX MyTLCUPYIOIIUX MarHUTHBIX M3 MOHOIIONSI B AMIIONb 3apsiIoB, o0pa-
syoimux (a3oBblii 00bEM (POTOHA, W TIPEXkJIe BCEro TeM, YTO OHU MOTYT CYIIECTBOBATh TOJBKO
B IBMXEHUHN CO CKOPOCTBIO CBETA. HOSTOMy CUJIOBBIE JINHUMA MArHUTHBIX TOJIEN HUKOrJa HE IIpe-
PHIBAIOTCS M 3aMBIKAIOTCSI TOJIBKO Ha ceOsi. BuxpeBble MarHUTHBIE TIOJIST BCEI/Ia BO3HUKAIOT C U3Me-
HCHHUEM 3SJICKTPUUCCKUX MoJel U He CyHECTBYIOT B COCTOAHUH IIOKOA, a JIMIIb B COCTOSHUUN
BpalaTCJIbHO-TIOCTYNIATE/IbHOI'O U CIIMPAJIbHO-PAAUAIIBHOTO ABUKCHUA. B ormimume ot BUXPEBBIX,
VH/IKIIMOHHbIE MarHUTHBIE TIOJIsI, TIOPOXJaEMbIe JIEKTPUIECKUMU KaTYIIKaMHU-COIEHONJAMH, CIIO-
COOHBI JIMIIIb CO3/1aBaTh MEPEMEHHbBIE TOJSI IEKTPOMOHOIIONEH BUXPOHOB. BuxpeBbie sneKkTpude-
CKHeE TOJISl — JIEKTPUIECKME MOHOTIONH, TaKKe OTJIMYAIOTCS OT MOJEH CTAIMOHAPHBIX UCTOYHUKOB.
3JI€KTPI/I‘I€CKI/IC NOoTCHUHMAJIbI Ha CIIMPAJIbHBIX BOJIHOBOAAX CYHICCTBYIOT B COCTOAHHMU OTHOCUTECJIb-
HOTI'O IMOKOA, YTO IMPUBOAUT K BUXPEBBIM TOKaAM q)yKO B CIIJIOIIHBIX TBép}lbIX cpenax, rae UMeErTCA
cBOOOIHBIE 3apsaabl. KpoMe Toro, a1eKTporoTeHIMabl U TPaBNOTEHIMAIBI-3EpHA 142 Ha BOTHOBO/IAX
SIBJISIIOTCS OTOPOH IBWKEHUsI BUXPOHOB, CTPOUTEIbHON MaTepHaJbHOH 0a30i 00pa3oBaHUs 3Jie-
MEHTApHBIX YaCTHII, MOJIEKYJI, TBEPAOTO BEIIECTBA U T. [I.

CTporo reoMeTpr30BaHHAsI COBOKYIMHOCTb 3JEKTPUYECKUX MOTEHIMAIOB, pa3MENIEHHBIX
Ha BOJIHOBOAAX B COCTOSIHUM OTHOCHTENIBHOTO TMOKOSI B MeTajlslax 0Opa3yeT BUXpPEBble TOKH. DTO
sIBJICHUE HA TPAKTHKE MCHOIb3YIOT IJIsl TIepeAavr IEeKTPOIHEPTUH MO MEKTPUUECKUM MTPOBOIAM,
HO OHO MOKET IIPUHOCUTD U Bpe[l. B CIJIOMIHBIX MArHUTONIPOBO/AAX MOIIHBIX TPaHC(OPMATOPOB UAYT
OOJIbIIINE IMOTEPH IJICKTPOIHECPIru Ha BUXPEBLIC TOKH. HOSTOMy, C OEJIbIO CHUKCHHA 3THUX IOTEPD,
MAardMTOIpoOBOAbI ACIA0OT HE CIVIOIIHBIMU, a Ha60pHI)IMI/I N3 TOHKHUX ITIJIAaCTHUH.

MarHuTHble MHUKpO3apsiibll B COCTOSIHUM TIOKOSI HE CYIIECTBYIOT M TIOCTOSIHHOTO 3apsiga
HE MMEIOT — 3T0 HCTOYHUKH IBH2KEHHSI CO CKOPOCTHIO CBETa M M3MEHEHHs MaTepuy, 3apsijabl
JBHZKeHMsI, CIIMHOOPA3yIoIHe MepBOYaCTUIIb, OIHA U3 (POPM XpaHEHUsI BUXPEBOU SHEPruM MaTe-
UM, MOPOKAAIOIIEH SMEKTPUUYECKUI 3apsil M MacCy MUKPOYACTUIl. B MOCTOSHHOM MarHUTHOM TOJie
NEKTPOH JBMIKETCS IO CIUPAJM M 3TO MOKHO Ha3BaTh JIMIIb PETUCTPALIUEN €ro IEeKTPUIECKOro
3apsja ¢ OYeHb MaJIeHbKOW Maccoi. U B To ke BpeMsi ero MOCTOSIHHBIN MO 3HAKY MArHUTHBIA MOHO-

T0JIb [TOCTOSIHHO MYJIbCUPYET € YaCTOTOW OKOJIO 10% Ty B ero 3aMKHYTOM (pa30BOM 00BbEME, pereHe-
PUpYEMBIil TPAaBUTALIMOHHBIM MOHOIIOJIEM, M 00pa3yeT aHOMaJIbHbII MAarHUTHBIII MOMEHT JIEKTPOHa,
OOYCJIOBJIGHHBIN €r0 CIIMHOM U €ro pa3MepoM CTPYKTYphl — BpallleHHe U JBWKEHHE MarHUTHOTO
3apsa. TOT NEPUOANYECKUI MTPOLIECC KBAHTOBBIX IEPEXOJOB MATHUTHOTO MOHOMOJIS1 B IPaBUTALIU-
OHHBII POXKAAET €ro Maccy, MEKTPUUECKUH 3apsj, CIIMH, AHOMaJIbHBIII MarHUTHBI MOMEHT U IPO-
CTPAHCTBEHHYIO CTPYKTYpY.

Wrtak, MarHUTHBIA 3apsi/i B CBOOOJHOM BHXPOHE BCEr/a JABMKETCS BpallaTesbHO M IMOCTY-
NaTeJbHO CO CKOPOCTBIO CBETA M BCErJa COBEPIUAET Mepe3apsKy Ha MPOTHUBOIIONOKHBIN, TOITOMY
3aperucTpUpOBaTh €ro He MPEACTaBIseTCS BO3MOKHBIM, TaK KaK OH HE B3aUMOJEHUCTBYET HU C Bellle-
CTBOM, HU ¢ 1ojieM. Ero napameTpsl ¥ CBOMCTBA MPAKTUYECKH MOJTHOCTBIO UCKITIOYAIOT MPOLIECC Mpsi-
MOT'0 JETEKTUPOBAHUS TON NEPEMEHHOI YacTHLIBl — Ha YETBEPTH JIIMHBI BOJIHBI OH paccenBaeTcCs
B IIyYHOCTHY BOJIHOBOJIA JIO HYJISl, B JIOKQJIM3ALMK y3J1a BOJTHOBOJIA JBMIKETCS BpalIaTeJIbHO CO CKO-
POCTBIO BBIILIE CKOPOCTH CBETA, 3aTEM MEHSIET 3HaK Ha IPOTUBOMOJIOKHBIN U T. . MOXKHO CKa3aTh, YTO
B (pa30BOM 00BEME BUXPOHA MEX/Ty JBYMs Y3/IaMHU Ha MOJIBOJTHE CYIIIECTBYET IepeMeHHAast JUIOJb-
Hasi MarHUTHasi 4acTuLa, HO TOJIbKO y KOTOPOM BeCh 3aps/i C OIHUM 3HAKOM IEpETeKaeT B JIPyroi
C MPOTHUBOIOJIOKHBIM 3HAKOM 4epe3 MOCPEACTBO MEPEMEHHOIO IEKTPUYECKOro MoHonosns. B atom
CJIy4ae paccTOsIHUE MEX/1y LIEHTpaMH 0O0MX 3apsi0B BCETa COOTBETCTBYET YETBEPTH [IMHbBI BOJIHBI.
B y3max 3Toro BuxpoHa akTHBHOTO (hpa3oBoro oobémMa Beeraa OyaeT HaXOIUTCS TONBKO OfIMH TMOJHO
3apsiKEHHbI MATHUTHBIN 3apsiji C OJHUM 3HAKOM.

142 an BpalaTeJIbHO-IIOCTYIIATEJIbHOM WJIU TOJIBKO BpalliaT€JIbHOM ABHUXKEHHUU I'MPOCKOIIOB TaKHUE I'PABIIOTEHLUAJIBI ABIAIOTCA
Ol'lOpOﬁ ITOCTOAHHOI'O HAIIpaBJICHUA OCU BpalllCHUA.
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CoBepIIieHHO B JPYrOM COCTOSTHUM MarHUTHBIN 3apsi]] (COCTOSIHUM C OHUM 3HAKOM 3apsija '3,
HO MepEeMEHHOTO 3HAUeHHsI BEJTMUMHBI 3apsiia) HAXOAUTCS B 3aMKHYTOM BHXPOHE 3JIEKTPOHA. 371eCh
OH BCer/ia JBIKETCS CO CKOPOCTBIO CBETA TOJIbKO Ha 3apsIIKY U IOCTUTaeT e€ MPe/Ie/IbHOW BeJTMUNHBI
B y3Jie, T/ie JleflaeT KBAaHTOBBIH MEepexoj B COCTOSIHUE MOKOsI (CBOMCTBEHHO TOJIBKO ISl BUXPEBBIX
3apsiioB), T. €. B TPABUTAIIMOHHBIA MOHOIIOJb, KOTOPBIN TIOTOMY U SIBJISIETCS IO CTPYKTYPE U CBOM-
CTBaM €ro IOJIHOW KOTMEH, HO B COCTOSIHUM TIOKOSI — QHTUTIOJ SHEPI'UY MAaTEPUH MarHUTHOTO 3apsija.
COOTBETCTBEHHO M TO3BOJIUTENILHOE JBHKEHHE (POTOHA TOJNBKO OE3BIHEPIMOHHOE, A Y IEKTPOoHA —
KrHeTnveckoe. OTcioa MeKTPUIECKUH 3apsi/l JIeKTPOHA TIOCTOSIHEH M BCET/ia SIBJISIETCS] TIPOU3BO/I-
HBIM OT MarHMTHOTO BCEI/a MIEPEeMEHHOrO 3apsjia, KOTOPBIA MPU €ro MPOU3BOACTBE POXKAAET ellé
Y TEOMETPUYECKH NMPOCTPAHCTBEHHYIO CTPYKTYDY.

MarHuTHBII MOHOIIONb TaKkKe HEYJOBHUM M TAaMHCTBEHEH, KaK MCTOPUYECKUI MHOTOBEKOBOM
U npoTtuBOpeurBblil 3¢up. OnHako, ecau 3¢pup Mojer TATOTeHUs, JMEKTPOCTATUKYA U MarHeTu3Ma
(usnyecku nposiBsieT ceds yepe3 coOTBeTcTByommue 3akoHbl HeloToHa, Kynona u buo-Casapa, To
3aperucTpUpoOBaTh M MOWMATh PEaTbHBI MarHUTHBIN MOHOIIONb BOOOIIE Hesb3sl. CJI0XHOCTh OOHa-
pykeHus '** MarHUTHBIX MOHOTIOJIEH, KaKk 0e3MacCOBBIX BUXPEBBIX MYJILCUPYIOIIHX 3apsAI0B, U UICH-
TU(UKALIMS UX CBOWCTB MACKUPYETCsI CBOMCTBAMH TEX IEMEHTAPHBIX YACTHI] WM 3aPSIIOBBIX Ia30-
BBIX KJIACTEPOB, (pa3oBble 0OBEMBI KOTOPBIX OHH CTPOST WM MPEe0OpasyioT, CBEPXTEKYUMM 00pa3oM
ABUXYTCS B HUX 110 BOJTHOBOJAM M OOHOBJISIIOT MX, MOJJICPKUBAIOT M )KUBYT TaM JOCTATOYHO JOJITO.

Jlpyrasi CIIOXHOCTDb 3aKJII0YaeTcsl He TOJBKO B TOM, YTO BCE IEMEHTApHBIE YaCTUIIBI (Kpome
HEWTPUHO) COIEPXKAT ITH BUXPOHBI, & B TOM, UTO OHHU HE JAI0T OOHAPYXUBATh ceOsl B COOCTBEHHOM
BHUJIE B TOM pa3Mepe U 3a TO BpeMsi, KOTOPOe COBPEMEHHBIE IETEKTOPhI CIIOCOOHBI PErUCTPUPOBAThH
caMble KOPOTKOKMBYIIHE dMIeMeHTapHble YacTulipl. [1oaToMy Te (hOpMBI «JOMHUKOB» WU Crieldu-
YEeCKHX KJIACTepOB, KOTOPhIE OHM CO3JAI0T HA TIOBEPXHOCTU 3eMJIM, U PETUCTPUPYIOT yke B hopme
TEX WJIM MHBIX 3apaHee N3BECTHBIX MUKPOYACTHIl, 9KTOHOB I'. A. Mecsa nim 3apsiIoBbIX KJa-
crepoB K. Illoynaaepca.

MOXHO 3aperucTpupoBaTh Juilb BUXPOH. CyThb crioco0a 3ak/ovaeTcsi B TOM, YTO MarHUT-
HBIl MOHOTIOJb — 3TO JIMIIIb OJJHa COCTaBHAsI YaCTh CBOOOJHOr0 BHXPOHA, B KOTOPOM CYIIIECTBYET
emé M ero HeoTbeMJyieMasi YacTh, BO3HMKAIOIIAs BCETAa MPH pa3psaKe — IeKTPUIECKUN MOHOIIONb
Y BOJTHOBOJI, 2 B 3AMKHYTOM — BMECTO JIEKTPUUYECKOTO €€ U TPABUTAIIMOHHBII MOHOIIOJTb, BO3HU-
KaIOIIMH B OTHOCUTEJILHOM TIOKOE TOJIBKO TTPY 3apsiJIKe, 1 J1Ba BOJIHOBOJA U3 JIEKTPONOTEHIINATIOB
(MeKTpUYECKUI1 3apsi]l) U IPAaBUIIOTEHIMAJIOB (3apsi Macchl). DIEKTPUYECKUI MOHOMOJIb BUXPOHA
MOJET OBITh 3aXBaUYeH TOJIEM aTOMHOT'O SI/Ipa, & €ro aHaJIor «Tshkénoro» Buxpona CBY nuanazona —
3apsAI0OM Kiactepa' 1mia3Mbl ¢ COOTBETCTBYIOIIMMHU TapameTpamu. [ paBUTAIIMOHHBIA MOHOIIONb
MPOSIBIISIET ceOsi HHEPTHOCTHIO NOBeIeHN 1. BOIMHOBOIBI Tak:ke JONOMHSIOT 9(h(PEeKTh HATMUMS Mar-
HUTHBIX Y I'PABUTALIMOHHBIX MOHOIIOJIEH. B TakMX yCIOBUSIX BUXPOH U3MEHSIET He TOJIBKO CBOU BHYT-
PEHHIE U SHEPreTUIECKUe MmapamMeTpbl, HO M CIIOCOOEH ¢ 3aTpaTamMu COOCTBEHHOM SHEpruu npeodpa-
30BBIBATh BEIIECTBO M B3aMMOEHCTBOBATH C BHEITHUMHU TOJISIMHU:

— JIeNTUTCS TIOTIONIaM, 00pasysl ABE MPOTUBOIIONOKHBIE IEMEHTAPHBIE YACTHIIBI, TAKUE KaK JJIeK-
TPOH | MO3UTPOH WU Napy MIOOHOB

— IpuoOpeTaeT AMEKTPUUESCKUI 3apsi ¢ 00pa30BaHUEM 3apsIIOBBIX KJIACTEPOB 49,

143 B rakom cocrosHmm CYIIECTBYIOT BCE YACTHUIIBI C TIOTYIIEIBIM CITITHOM, B TOM YHCJIE U SIIEPHBIE YaCTHUIIBI, 00Pa3yoIHe 000IOUKH
siaep, Kak ¥ 0O0IOYKY aTOMOB U3 JIEKTPOHOB.

144 MaruuTasiit MoHonons T1. Hupaka Haxoautcs B oucke ¢ 1931 r. u 10 cux nop sIBJAsETCs aKTyaJIbHOW TEMOW HCCIIeA0BAHUI
GOJIBIIMX HALMOHAJIBHBIX MTPpoeKToB. Tem He MeHee, Gombion 3acayrou JI. 1. Vpyrkoesa, C.B.Anamenko u M.W.ConvHa ecTb BBIsIB-
JIeHVe U TIepBasi MOMbITKA JIOCTYITHOW HAEHTU(UKALIMA MarHUTHBIX MoHomnoseil CBY auanasona —10° - 10" I,

145 Kmacrep K. Iloynnepca n3 MOHOB aTOMHOH IIa3MBI 00JIaflaeT yXke HEKOTOPOH MAacCOH TMOKOs, a MO3TOMY JIeKTPUUECKUH
MOHOIIOJIb, KECTKO CBS3AHHBIN C MAarHUTHBIM, CTAHOBUTCSI HHEPTHBIM U BU3YaJIbHO HAOMIOZAeM, UTO M HAOMONAeTCsl IPaKTHIECKH —
BY u CBY u3imyueHne XOpoIIo IMOMIOMASTCsI TUIa3MOM, CTPYKTYPHPYs MOCIIEJHIO MOAY/ISAINeN HOBOW (hOPMBI 1 CBOFICTB.

146 3apsanossle kiactepsl K. [oynnepca, 5 narentoB CIIIA NeNeS 018 180—5 148 461 3a 1991—92 rogsl ¥ COOTBETCTBYIOILME
cratbil ¥ MoHorpacuu ot 1987 roza.
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— nproOpeTaeT Maccy 3aXBaU€HHOTO KJlacTepa IJ1a3Mbl,

— npeodpaszyeT reOMETPHUECKH TOT KJIAcTep TUIa3MBbl,

T. €. MOIYJIUPYET ero hopmy

— npeodpasyer pusnueckn xumuueckuii coctaB (LENR) 3axBaueHHOro Kiacrepa Iia3Mbl
Y HarpeBaeT ero runep3ByKoM

— €ro BOJIHOBOJbI CITIOCOOHBI BO3OYAUTH WJIM MOHU3MPOBATh aTOMbI M MX SI/Ipa, a B BEIECTBE
BO30YIUTh BUXPEBbIE TOKU.

W BOT nocie 3Toro yxe OH U MOXET ObITh 3apErMCTPUPOBAH TIO JBMKEHHIO U B3aUMOJICHCTBUIO
C OKPYKAIOIIMM BEIIECTBOM U TMOJISIMHU, & TAKKe 10 MOAYJISIHH TU1a3Mbl (Da30BbIM 00BEMOM MOHO-
nosiei. A ecim macca ria3MBbl JKECTKO CBsI3aHa, HAIPUMED, C PeETKON TBEPIOro Teja, TO OH OyaeT
IUIEHEH U ero PerucTpupyioT Mo MPOLYKTaM €ro B3auMOICUCTBHUSI C OOOJIOUKAMH SIJIEp PEIISTKH.
OnHaKO 3TOT METOJ MOXET ObITh TPUMEHEH JIUIIb JJIs1 PErHCTpallii MarHUTHBIX MoHononeidn CBY
JMana3oHa ¢ BBICOKOM IJIOTHOCTBIO 3apsIKH.

Ecnmu perucrpupyercsi HHEPTHOCTB MOBEACHUS, T. €. MAcca J€MEHTAPHOW YaCTULIbl — 3TO
3HAQUUT PETUCTPUPYETCS U BUXPOH €€ CO3AIOLIUII.

Merton peructpaiyy 31€KTPOHHBIX BUXPOHOB SIBJISIETCS TAKKE KOCBEHHbIM. OH 3aKJII0YaeTCs
B TOM, YTO OTPULIATEJIbHBIN JIEKTPUUECKUII MOHOIOJIb — 3apsiji IOPOrOBOr0 BUXPOHA raMMa-KBaHTa
c sHepruei Boiie 1022 K3B MoxkeT B3aMMOIeICTBOBATh C CIIbHBIM JIOKAJIbHBIM CTAI[MIOHAPHBIM JIEK-
TPUYECKUM TI0JIEM aTOMHOTO sipa ¢ 00pa30BaHUEM IMap MUKPOYACTHUI] 1 TAKHUM 00pa3oM MposiB-
JATH ceOsl.

MarnutHsle MOHONOJIM B BUXPOHAX KECTKO CBSI3aHBI C JEKTPUUECKUMU. DIIEKTPUUYECKHE
MOHOIIOJIM BUXPOHOB, BOZHHUKAIOIIME TOJIKO MY pa3psiJIKe MarHUTHBIX, CIIOCOOHBI 3aXBaThIBATHCS
U YIEpKUBaTbCs aTOMHO-MOJIEKYJISIPHOH (ITOryiomeHne (POTOHOB) U IUIA3MOW PELIETKH TBEPAOTO
TeJla, 3aCTaBJIsAsi MAarHUTHBIE MOHOIIONM «BMOPAKMBATbCS» B HEE M PacXoJOBaTh BCIO OCTaBIIYIOCS
B HUX SHEPruio Ha BUXPEBbIE TOKHU, OOJUPKY MEKTPOHOB C ATOMHBIX 000JI04eK U (poTo3(PeKT 3apsi-
JKEHHBIX YaCTHI] C BHEIIHUX 000JIOUEK siIep TUIIAa ME30HOB.

CusoBble JIMHUU 3JIEKTPUYECKOTO MMOJisi CTAMOHAPHBIX HMCTOYHMKOB (oto 2.1 crpaBa)
COEMHSIIOT MMPOTHUBOIOJIOKHBIE 3apsiibl U CIIOCOOHBI MPEPHIBATHCS, HAYMHAIOTCS U OKAaHYMBAIOTCS
Ha [NOBEPXHOCTHU 3aMKHYTBIX KOHTYPOB 3apsJJ0B, UM HA 3aMKHYTBIX METAJUTMYECKUX TTOBEPXHOCTSIX.
CuoBble TMHUY CTAIIOHAPHOTO MarHUTHOTO MOJISI B OCHOBHBIX MAaKPOIPOCTPAHCTBEHHBIX MOJISX
HeTIpepbIBHBI M JOCTATOYHO MPOHMIIATENbHBI !, Bcerna MMEIT HarpapiieHUe JIEBOTO WM MPaBOro
BHHTA 10 OTHOILIEHUIO K TEM JIEKTPOTOKAM MX BbI3BABLIMM — BCETAA KOJBLEBbIE, JUTUIITUYECKUE U T.
1., 3AMbIKAIOTCSI TOJILKO Ha ce0s1 1 HUKOT/Ia He MPEephIBAIOTCS.

CBoOO/IHBIE BUXPEBBIE TOJSI BCErlla B3aMMOCBSI3aHbI B MYJbCUPOBAHHOM IBMKEHHUU ITyTEM
M3MEHEHHUs CBOEW CTPYKTYpHI (3apsaKa-paspsaka, KojaeOaTeabHbIi 0OBEMHBINA MPOIECC — TOYKA-
cepa) npu clienyonien apxuTeKType:

— MPpY U3MEHEHUH 3HAUYEHUI JIUIIb B OJHOI TOUKE IMPOCTPAHCTBA MOTEHIIMAA-3€PHA JIEKTPU-
YeCKOro MoJIsi, BCerJja BO3HUKAET KBAHT 3apsiia 00BEMHOM 47T crimpaib-cepsl U3 3epeH — MOTeHIIH-
aJIOB MarHUTHOTO MOJIs1, YIUIOTHSIIOIMIICS K LIEHTPY, B KOTOPOM pa3MEILEeHO 3TO 3€pHO, U C HaIlpaB-
JIEHUEM CHJIbl IPOTUBOJEUCTBUS TOU, KOTOpask U3MEHSET ITOT M3HAYAJIbHBII JIEKTPONOTEHIMAT,

— IIpY Hayaje JBMKEHUS WIM CMEUIEHUsl 3TOrO 3JIeKTPOIOTEHIIMANa-3¢pHA BO3HUKAET CIH-
PaTb-IITMHIP OOBEMHBIX MATHUTHBIX TIOTEHIIMAJIOB-3EPEH, KOTOPI CBOMM BOZHUKHOBEHUEM ITPO-
TUBOJZICMICTBYET TOM CUJIe, KOTOpas Havyajia MepeMellarh 3TOT JEKTPOINOTEHIIAA,

— IIpY IPOJIBUKEHUN U U3MEHEHUU 3€PeH-JIEKTPONIOTEHIMAJIOB 110 CITUPAJIH, BOKPYT KakK10TO
BUTKA CIIMPAJIM BO3HUKAET OPTOrOHAJIbHBIM BUTOK CIMPAJIM MArHUTHBIX MOTEHIMAJTIOB-3EPEH, Ipe-
MATCTBYIOIIMI 3TOMY [TPOIBUKEHHIO UM U3MEHEHHUIO.

147 MarHutHbie MOHOTION poxoaAT CBO60HHO CO CKOPOCTBIO CBETA CKBO3b METAJIJI, HAIIPUMEDP, CKBO3b CEPACUYHUKU Tpchcbop—
MaTtopoB, HaBOAA B HUX BUXPEBLIE TOKU, CUJIOBBIC JIMHUU U JOIOJIHUTEIbHYIO UHAYKIUIO.
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D10 moAaTBepKAAeTCS cienylomuM. Eciu conocTaBuTh JENUCTBUE BUXPEU IEKTPHUUECKOTO
Y MarHUTHOTO MOHOTIOJIEW B OKPYKaIoIIeM Hac MaTepraibHOM MHUPE, TO 9TO ISHCTBO /17151 MATHUTHBIX
6oJiee MposSIBUMO, UeM IS eKTpuieckux. Yem 310 BbI3BaHO? BO-1iepBbIX, MUHUMAJIbHBIA MarHUT-
HBIH 3apsa B 137/2 pa3 6oJ1bllle MUHUMAJILHOTO SJIEKTPUYECKOro 3apsiaa. Bo-BTOpbIX, Ha 3TO, B YacT-
HOCTH, YKa3bIBa€T COIOCTAaBJIEHUE MATHUTHOM MPOHUIIAEMOCTH BaKyyma U JIEKTPUUYECKON MTPOHU-
LIaeMOCTH BakyyMa B cucteme eauHul ['aycca. VI3BecTHO, YTO MarHMTHas MPOHUIIAEMOCTb BaKyyMma,

KOTOpasl XapaKTepU3yeT MarHUTHBIE CBOWICTBA 9TOM cpepl, paBHa 1,257 x 10— ru/m, a JIEKTpUYe-
CKasl MPOHMLIAEMOCTb BaKyyMa, KOTOpasi B CBOI0 oUYepeb XapaKTepu3yeT J1eKTPUUECKUe CBOICTBA

cpenpl, paBHa 8,85 x 10712 ¢/™m. B cucreme equnui; CI'C dapaga 1 reHpy BbIpakaloTcs Yepes eau-

HULy JUIMHBL, 2 UMEHHO: 1(p=9 x 10° M, a 1ru=10" M, Torja B 6e3pa3MepHbIX eJUHUIIAX MAarHUTHAS
npoHuuaemMocTs paBHa 12,57, a anekrpuueckas — 0,08. VIx cootHomenue paBHo 157. D10 3HAUMT,
YTO B OJHOU U3 TOYEK U3MEHSIONIErOCs EKTPUIECKOTO MO OT CTAMOHAPHOTO UCTOYHUKA (hOPMU-
pyeTcsi MarHUTHBIN 3apsi]i 0OBEMHON chepoit UM HUWJIMHAPOM BOKPYT STOM ABMIKYILEHCS WA U3Me-
HSIOIIEICS TOUKU — LIEHTPa, U MPOTUBOAEHCTBYET CUJIe ABUTAIOIIEH WM U3MEHSIONIeN STOT MOTeH-
[[UAJI-3€PHO.

OOHOMMEHHBIE CTALMOHAPHBIE 3IEKTPUYECKHE 3apsAdbl C MAaCCOM OTTAJIKMBAIOTCS JpYr
OT Jpyra, MPOTUBOIOJIOKHBIE — MIPUTATUBAIOTCS. Y CTAllMOHAPHBIX MAarHUTOB KJIACTEPOB BelleCTBa
3TOT IMPOLIECC AHATIOTHUYEH.

CranuoHapHbIe MM0J1s TpaBUTALMK, JIEKTPUYECTBA M MAarHETU3MA MOJYUHAIOTCSA 3aKkoHaM Heblo-
ToHa, Kynona u buo-CaBapa, BBI3BIBAIOT PaJvallbHO-LEHTPATIbHOE IMOCTYNATEIbHOE IBUKEHHE
MaTtepud. DTH TOJsl PACHPOCTPAHSIOTCA Onarofaps CTAIMOHAPHON MHAYKIUH OT MCTOYHUKOB
COOTBETCTBYIOLIUX 3apsiIOB PAAUATBHO OT UX LIEHTPOB CO CKOPOCTHIO BO MHOTO pa3 MpPEBbIIIAIONIeH
CKOPOCTb CBETa.

BuxpeBast HHIYKIMSI HOCUTENIEH 3aps/ia — 3TO SBJIEHUE B KOPHE OTVIMYAETCS OT CTAlHOHAP-
HOI MHAYKIIUHM 110 cBoel (pusndeckoit mpupoe. CaMoABHKeHUE MAaTHUTHOTO MOHOIIOJ ST BbI3bIBAET
eIé MOMHUMO U3MEHEHU S BEJTMUMHBI €r0 3apsijia elié U MHIYKIIMIO JIEKTPUIECKOr0 MOHOMOS, KOTO-
pblil B CBOIO OYepellb, MHAYKTUPYET el€ OAUH MArHUTHBII MOHOIIOJb, HO YK€ MPOTUBOMOIOKHBIN
0 3HAKy MEPBUYHOMY — HEM30€XHOCTh MHBEPCHH IOJTI0Ca. A 4TO camMoe IJTaBHOE, CBOOOHBbII
MUKPOBUXPOH (POTOHA MaTEPUAJIbHO C MOMOIIIBIO 3€PEH-IEKTPOIIOTEHIIMAIOB Pa3BEPTHIBAET B MPO-
CTPAHCTBE MCTOPHUIO M3MEHEHHUS IEKTPUYECKOrO MO B TOYKE CBOETO POXKACHUSA. ITOT 3P PeKT
¢ CBY noneM ucnosnp3yeTcs B pe30HaTOPax yCKOPUTEJIEHN 3apsKeHHbIX YaCTHLL, 3aMEH SISl TOCTOSIH-
HOE MIEKTPUYECKOe TOJIe /i1 YCKOPEHHU s IEKTPOHOB WIIU MPOTOHOB.

[Tonsspu30BaHHBI MAaKCUMAJIBHO 3apSKEHHBIM MArHUTHBIM MOHOIOJb 3aMKHYTOI0 MHUKPO-
BUXPOHA JieJlaeT BCerJja KBaHTOBbII Mepexo/l B rPaBUTALMOHHbIN MOHOI0JIb, KOTOPbIil M NIPOSIB-
JsieT Ha 3emJe ero 3apsig Mmaccbl B CU. B cB0OO0IHOM BUXPOHE 9TOr0 mpoliecca He MPOUCXOIUT,
a KOT/1a OH BBIHYKJIEHHO TOPMO3UTCS Yepe3 MOCPEACTBO CBOEH HEOTHEMJIEMO TTOJIOBUHBI (JIEKTPU-
YECKMI MOHOIIOJIb) — TOJIBKO TOT/IA BCSI SHEPrHs 3TOr0 UCTOYHUKA ABHKEHUA U3 BUXPEBOU (POPMBI
MEPeXoUT B IHEPrUI0 MOKOSI — IPABUTAIMOHHBIA MOHOMOJIb. DTOT MPOIecC 00OpaThM, T. €. YCKO-
PEHHO-3aMe/IJIeHHOE JIBVKEHHE sIIep aTOMOB, aTOMOB U MOJIEKYJI B COOCTBEHHOW Cpelie MHIIyKTH-
pyeT BuxpoHbl. Harpumep, JiefieHne ypaHa ¢ BHIOPOCOM OCKOJIKOB, XUMUYECKHE B3PBIBBI KJIACTEPOB
BEIIECTB C BHIOPOCOM MOJIEKYJISIPHBIX OCKOJIKOB, JIEKTPOPA3PsA B KUIKOCTH C B3PBIBHBIM JIBUKE-
HHUEM K JIeKTPO/IaM MO PU30BAHHBIX YACTHIL U T. [I. BuXxpeBble 371eKTpOMarHUTHBIE TOJIST BBI3bIBAIOT
MEXaHUYECKOe BpallleHWe WU CIUPATbHO-paraibHOE JIBUKCHUE MaTepud M HA000POT — TaKoe
JIBIKEHHE MaTepUH BbI3bIBAET BUXPEBYIO MHAYKIIMIO BCEX TPEX BUXPEBBIX NOJIEH (TpUaia MOHOIO-
Jieit), MPOTUBOEHCTBYIOLINM CHJIAM, BbI3BIBAIOIIMX 3TO IBUKEHUE.
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Ecinu npoTuBOIONIOXKHBIE CTAlIMIOHAPHBIE 3apsiibl PUTATUBAIOTCS M COSAUHSIOTCS, TO Y Mar-
HUTHBIX BUXPEBBIX 3apsJoB BCE HA0OOPOT!*S: OMHOMMEHHBIE OOBEIUHSIOTCS, CIMBAIOTCA U KOH-
LEHTPUPYIOTCS, a MPOTHBOMOJIO0KHbIe HUKOIZIA He coeJUHSITCA. [lepeMeHHble /IeKTpuiecKkre
MOHOMOJIU (TOKH) B CBOOOHBIX BUXPOHAX MHIAYKTHPYIOT BOOOIIE HE POACTBEHHbIE €i OISl — Mar-
HUTHBIE MOHOTIONH. A B 3aMKHYTBIX BUXPOHAX IPOMCXOUT ITPOLIECC HE POICTBEHHBII 1 MATHUTHOMY
C MHIYKIMEN MacChl — POXKAECHUE BEKTOPHOTO IPABHTAMOHHOIO MOHOMOJsI. Takas pasHMLa
MeX/y CBOIICTBAMH BHUXPEBBIX U CTAlIMOHAPHBIX T0JIEN TPOSBIAETCS U B TOM (PaKTe, YTO B OKPY-
JKaloIIeM HaC MUpe OOHAPYKUBAeTCsl SHEPrusi B (hOpMe TOJIBKO MEKTPUUECKU 3aPsKEHHBIX YACTHI
Y YaCTHII C MACCOM MOKOSI ¥ CIIMHOM, HO He OOHApyXKMBAaeTCs SHEprusi B (hopMe YacTHIl CO cTaTH4de-
CKMMM MarHUTHBIMU 3apsAaMu. MarHUTHBII MOHOIIONb SIBJISIETCSI CaM UCTOUHUKOM CaMOJIBUKEHMS,
T. €. OObEMHBIN MAsITHUK KOJIeOaHWd 3apsaaKu cepsl (MCTOUHMK) U e€ Pa3psAaAKH C POKICHUEM
emeé U CIUpaIbHOrO BOTHOBOAA (TI0Jie) M3 MeKTpornoTeHanoB. Kpome Toro, mo0oe n3MeHeHne
paHee YCTaHOBJIEHHOW I€OMETPUYECKOIN PeryIsipHOCTH NEKTPUUECKUX MOTEHLIUAIOB B IPOCTPaH-
CTBE BEJIEeT K IMOSIBJICHUI0 BTOPUYHOTO MAarHUTHOTO TOJsI (MM 0OpaTHBIA 3(ppeKT — pokaeHne mar-
HUTHOT'O MOHOIIOJIST), KOTOPOE CBOMM JIEUCTBHEM MTPOTUBOJCUCTBYET MPUYKMHE, BBI3BABILIEHN 3TO MEp-
BUYHOE M3MEHEHHe, T. €. MarHUTHOE Tojie 00afaeT eme M NMPOTEeKTOPHLIMH CBOWCTBAMH s
reOMETPHUYECKON CTAOMIM3ALINH TIEKTPUIECKUX MMOTEHIINAIOB. BaskHO MU 5TOM OTMETHTh, YTO TPH
OIpEJEEHHBIX YCJIOBUSX CUCTEMHOIO Kpy4yeHus 1/4 1JIMHbI BOJHBI TAKMX MOTEHIIMAJIOB BOJTHOBO/A,
MIPOMCXOIUT OOPATHBIH MPOLIECC — MPOLIECC POXKIEHUSI MATHUTHOT'O MOHOIIONS, 3apsjaa cdepsl Bpa-
I1ATEeJIbHO-TIOCTYNATEbHBIM JBUKEHNEM.

[ToaTomMy B MUKpOMUPE Y JIEMEHTAPHBIX YACTUL UMEIOTCS JIEeKTPHYeCKHI 3apsij C 10CTO-
SIHHBIM 3HaYE€HUEM, I'PaBUTALIMOHHBIN 3apsi/i C IOCTOSIHHOW MacCOM — 3apsi/i [TOKOs, a TaKKe KOHKPET-
HBII 3aps/1 BpameHus: — cnuH. Oo1iee 1711 MUKPO M MaKpOMHPA TOJIEH-TIPOCTPAHCTB CTAIlMOHAP-
HBIX ¥ BUXPEBBIX UCTOUHMKOB — 3TO HA0OP CaMbIX MaJbIX IO pa3MepaM KOPITYCKYJT ONpeeIEHHbIX,
Kak OecCTPYKTypHbIE KBaHTHI MPOCTPAHCTBA, BEJMUYMHA KOTOPHIX MHOTO MEHbIIE TIAHKOBCKOTO
pa3mepa.

Jlpyroii BecbMa CyIIECTBEHHONW OCOOCHHOCTHIO B3aMMOCBSI3aHHBIX BUXPEBBIX TMOJIEH SIBIISIETCS
POKICHUE OKOJIO IBUXKYIIETOCSI UCTOYHUKA «IITyObl» U3 AeOpOMIeBCKUX (DOTOHOB.

Pe3yabTaThl 9KCIEPUMEHTOB HAa yckopuTeJisix. CoBMecTHasi padoTa SHEPruy 3aMKHY-
TBHIX U CBOOOJHBIX MUKPOBHXPOHOB YCKOPEHHBIX BCTPEUHBIX IMyYKOB OOJiee BBHICOKOIHEpreTuye-
CKHUX 3JIEKTPOHOB B KOJIIaiiIepax MPUBOJUT K KBAHTOBOW KOHJIEHCAIIUY TaKOW COBMECTHOW MarHuT-
HOW HEpruu yxe B popMe aJpOHOB. DHEPrus, MOSYUYEHHAs] IKCIIEPUMEHTAIBHO JJI1 YCKOPEHHBIX
JIEKTPOHOB Ha JIMHEMHBIX YCKOPUTENSIX, JOoCTUraeT BeauurHsl 1 TaB. DHeprus, a He Macca 3JeK-
TPOHA, MOXKET YBEJIMUMBATHCS TOJILKO BEIMYMHON U YACIIOM MarHUTHBIX MOHOIIONEW B IIEPEMEHHBIX
MEKTPUUECKUX TIONISIX, T.€. YUCIOM KBAHTOBAHHBIX KOHIIEHTPUUYECKUX 00O0JI0YEK, CHHXPOHU30BAH-
HBIX BO BPEMEHH IPOLIecca ¢ SHEPruel KpaTHOM U MPONOPLMOHAIBHOM YaCTOTe pa3HbIX MarHUTHBIX
MOHOIIOJNIEW. DTO U MPUBOAUT K POKAECHUIO aJPOHOB.

TakuM cBOMCTBOM 00/1a/1AI0T MarHUTHBIE MOHOTIONIM MUK POBUXPOHOB, POKIEHHBIE OKOJIO IBU-
KYILIUXCS] BBICOKOSHEPreTuyeckux 31eKTpoHoB B CBY-pe3oHaropax, KOTOpbIE CO3JalOTCs B KOJI-
naiipepax. Tak, Hanpumep, Koyutaiaep'® mpeacTaBisn coboll CMHXpOTpPOoH ¢ mepumerpoM 105 M
Ha sHepruio 10 1,5 I'9B, Ha MOMEHT 3armycKka 3T0 ObUI CaMblii BBICOKOSHEPIeTUYHBIN KOJUTAlAep.
C 1969 no 1978 ronma Ha KoJutaiiaepe ObUIO TPOBEJCHO JIBAa TIOKOJIEHUs SKCIICPUMEHTOB (JIETEK-
topsl Gamma-Gamma, Mu-Pion, Boson, BCF u MEA, Gamma-Gamma?2, Barion-Antibarion).
B 1990 romgy ObUI0 perieHO BHOBb MCIIONB30BATh HAKOMUTENb IJIs1 SKCIIEPUMEHTOB CO BCTPEYHBIMU
ny4ykamu. Ha 3ToT pa3 Ha konbIio Obul ycraHosseH eauHcTBeHHbIN getektop FENICE, nensio koTo-

14 ..
8 3,HGCI> P€Yb UOET HE O MATHUTHBIX TTOTI0CAX ITOCTOAHHBIX MATHATOB, & O MArHUTHBIX BUXPEBBIX 3apAaax, KOTOPBIEC CYIECTBYIOT
TOJIBKO B IBUKEHUU CO CKOPOCTBIO CBETA — MEXaHUUYECKUI aHAJIOT CIIMSIHKE B OIWH HECKOJIbKHX TOPHAI0 B aTMocq)epe.

1499 ADONE - 3JEKTPOH-TIO3UTPOHHBIN KoJUaiinep, padorasimii B 1969—1993 roxax B naboparopuu INFN, dpackaru, Utanusi.
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poro ObUla PEerucTpanysi pokaAeHUs HeHTPOH-aHTUHENTPOHHBIX Nap B JJEKTPOH-NO3UTPOH-
HBIX CTOJIKHOBEHHSIX.

B 1964 r. Obut 3amymieH cambiii 6ombinoil B EBporie cmHxpoTpon nadoparopun DESY
(Deutsches Electronen Synchrotron, I'amOypr) ¢ MakcMMaJbHOW SHEprUei IyuyKa 3JIeKTPOHOB
7,5 I'3B.

CunHxpoda3zoTpoH — 3T0 HandoJIee COBPEMEHHBIN IIMKJIMYHbBIA PE30HAHCHBIA YCKOPHUTEIH MTPO-
TOHOB, TIO3BOJISIOIIMI MOTYYUTh SHEPTUH B HECKOJIBKO ThicsTd [9B. TIpoTOH yckopsieTcsi B OHOM WK
HECKOJIbKUX MTPOMEXYTKaX, pacloNIOKeHHBIX Ha opOuTe. CKOPOCTH YCKOPEHHBIX KOPITYCKYJIMPOBaH-
HBIX YaCTHI] TUIMA JIEKTPOHOB U MIPOTOHOB, KaK YCTAHOBJIEHO KCIIEPUMEHTAILHO, HE MOTYT MIPEBbI-
I1aTh CKOPOCTh cBeTa. OTHAKO B OTJIMYME OT JIEKTPOHOB, JIIsI KOTOPBIX CKOPOCTh OJIM3KA K CKOPOCTH
cBeTa yxe rnpu HeOosnbion sHeprun (v=0,98c npu E=2 M3B, a nipu suepruu Boiie 100 M3B, a51ek-
TPOH MPEBPAIIAETCS B MIOOH U T.JI.), CKOPOCTb IIPOTOHOB CTAHOBUTCS TOCTOSTHHOW JIMIIIb ITPY TOPa3/io
oonbimx 3HaYeHusx sHeprun (v = 0,98c npu E=4 IB). IlepBas mammHa Takoro Tvra — KOCMOT-
poH Ha 3 I'3B (Bypkxeiisen, CIIIA) Obi1 3amymieH B 1952r. Ha cunxpoga3oTpoHe ¢ MakCMMaIbHOM
SHepruei mpotoHoB 6,3 3B, nonyunBmmm Ha3Banue 6eBaTpoH (bepkim, CIIIA), ObLT OTKPHIT aHTH-
nipotoH (HoOeneBckas nmpemus, 1955r.) u antuHenTpod (1956r.). B 1965r. 6bu10 NOTyYeHO TIepBoe
AHTHSAPO-aHTUIEUTPOH, KaK CBSI3aHHOE COCTOSIHUE aHTUHEWTPOHA M aHTUIIpoToHA. Ha cuHxpoTpoHe
B CepryxoBe ¢ MakCMMaJIbHOM Heprueu npotoHoB 76 3B, 3anymenHoM B 1967r., OTKPBITH A1pa
anturenus-3 (1969—1970 r.) u aututpurus (1974r.).

SAnpo anturenus-3 Brepsbie Hadmonanock B 1970 romy rpynmoit 0. 1. TTpokorkruHa Ha mpo-
ToHHOM cuHXpoTpoHe Y-70 B UPBD (ITporBuno, CepriyxoB). [Ipotonst ¢ sxeprueit 70 5B 60om-
OapAMpOBAIM ATIOMUHUEBYIO MUIIIEHb. VIcronb30Baiach UISHTU(UKAIMS 0OPa30BABIIMXCS YaCTHI

1o 3apsany u ckopocru. M3 2,4 x 101 MPOIIEAIMX YEPE3 YCTAaHOBKY YacTHUL[ yAAJIOCh BBIIEINTH
IATh AAep aHTUrenus-3. OTKpbITHE aHTUTeNs OblJI0 BHECEHO B I OCYyIapCTBEHHBII peecTp OTKPbITHIA
CCCP nox Nel104 ¢ npuopurerom ot 28 auBapsa 1970 r.

A 1A u3ydyeHUs SNEKTPOMArHUTHOM CTPYKTYpbl NMPOTOHA M HEWTpoHa Xoduiraarepy
B 1961 rony norpeGoBasics MOTOK JIEKTPOHOB C 3Hepruei 1o 1 I'3B.

B3IIK (LEP) Bxogui1 B COCTaB YCKOPUTEIBHOIO KOMIUIEKCA HAYYHO-UCCIIEA0BATEILCKOTO LIEH-
Tpa EBponenckoro cosera saaepHbix uccienoBaHui (¢pp. Conseil Européen pour la Recherche
Nucléaire, CERN). O 6bL1 pa3mellieH B KOJIbLEBOM TOHHEJE JUIMHHON 26,659 KM, KOTOPBIN MPOXO-
aui Ha riryoune ot 50-tu 10 175-1 MeTpoB (B 3aBUCUMOCTH OT pesibea MECTHOCTH), Ha TEPPUTOPUM

Hsevinapru u @panumu. BATK mianupoBasics kak gpadpuka Z°-6030H0B 1 MaLMHA I POXIEHUSA
nap W ¥ W ~ 6030HOB.

C 1989-ro no 1995-ii rox BAIIK padotan B pexnme (hadpuKu Z°-6030H0B, a B JaTbHEAIIIEM —
KaK MaIllvHa JUisi pokieHus nap W+W-0030HOB, ITpUYeM SHEPrusl CTAIKUBAIOIINXCS e+e- MyYKOB
MIOCTOSIHHO yBeJIMuMBajach. Pekopn 61 ycranosiieH B KoHiie 2000-ro rofa Bo BpeMsi orcka 0030Ha
Xwurrca u coctaBwi 208 I5B B cucteme 1ieHTpa mMacc CTaJIKMBaOIIUXCsl yactuil. st yckopeHus
ITyYKOB JI0 HOMUHAJIBHBIX SHEPIUil B OCHOBHOM KOJIblIE UCIIOJIb30Baack BY yckopsiomas cucrema
Ha ocHoBe CBY-pe3oHaTopoB.

AHanoruuHble KCIeprMeHThl ObUTH TipoBeAeHbl Ha komnaizepe BIIII-2000. Baxuei-
mmmu  goctkeHusmMu 2014 roga Yuensii CoBer UAP mpusHas cienyiomye pesysibTaTbl: —
«Bnepevie 60u3u nopoza peaxkuyuu u3mepeHo ceueHue pOXHCOeHUsl HellmpOoH-AHMUHEUmMPOH-
HbIX Nap 6 31eKMpOoH-NO3UMPOHHOU AHHUUASUUU. IKCREPUMEHIN bINOAHEH HA Koaaalldepe
B3IIII-2000 ¢ oemexmopom CH/I».

MexaHu3M poO:KIeHHe U3 TEKTPOHOB HEUTPOHOB-aHTUHEUTPOHOB 10 CHX MOP HEM3BECTEH.
Bo Bpemsi ycKOpeHUs 3JIeKTPOHOB-TIO3UTPOHOB M3MEHSETCS] BOKPYT HUX JIEKTPUYECKOE T0JIe, YTO
MOPO’K/IAET JOTIOJHUTEIBHOE YKCIIO BHEITHMX CMHXPOHHBIX MArHUTHBIX MOHOIIOJEH, KOTOPBIE COB-
MECTHO C BHYTPEHHHUMH MOHOIIOISIMA M3MEHSIOT CTPYKTYpY MOTOKA M CaM 3JIEKTPOH Ha MEPBOM
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9Tarie B MIOOH, 3aTe€M B YAaCTHIIBI THNA Tay-JIenToH. [103TOMy B 001aCTH CTOJIKHOBEHHMS, B KOTOPOU
00pa3yoTCs IEHTPATLHON (POKYCHPOBKOUM 3aMKHYTBIE 000JI0YEUHbIe CTPYKTYpPBHl ME30HOB U a/IpO-
HOB, BJIO)KEHHBIE JPYT B APYyra, Kak MaTPEMIKUA U3 TAKMX BUXPOHOB C PA3HOM YACTOTOM MAarHUTHBIX
MOHOIIOJIEH, CO CTPYKTYPOH THIIA 7T M K ME30HOB, HO U ¢ TAKMM HaOOPOM BHYTPEHHHX CBOKCTB siep-
HBIX BUXPOHOB, KOTOpPbIE CIIOCOOHBI C(hOPMUPOBATh U CTPYKTYPHI aHTHUYACTUI. OTCI0/Ia TIOTyJaeTcs
BBIBOJI, YTO B 00JIACTU-00BEME CTAJIKMBAIOIIUXCS MyYKOB JIEKTPOHOB, e 0OpasyeTcst cBoeoOpas-
Hasl s1/IEPHO-Me30HHAsA IJ1a3Ma, UMeeTCs HAOOp TAKMX BUXPOHOB, KOTOPBIC SIBJISTIOTCS 3PKATbHBIM
OTpakeHUEM YKe PacCCMOTpPeHHBbIX. Takue BUXPOHBI, HAIIPUMED, CIIOCOOHBI YKe CTPOUTDH «IOMHK>
Y JIJI1 aHTUYACTHII, HATPUMED Tapbl MPOTOH-AHTUIPOTOH.

Komnnaiinep BII1I1-2000 B HOBocuOupckoM MHCTHTYTE siepHOM (PU3UKY BHIBEJEH Ha IPOEKT-
HYIO SHEPrUi0 U JIOCTHUT MOPOra, IMocje KOTOPOro CTOJKHOBEHUs YaCTHIl B HEM HAYMHAIOT POXKJIATh
AHTUOAPHOHBI — AHTHYACTHIIHI MPOTOHOB ¥ HEMTPOHOB, COOOIIACT YUSHBI CEKpeTapb MHCTUTYTA
Anexceil Bacunbes: «Zocmuenyma makcumaneHas npoekmuas snepeus koraaiioepa — 1000 meza-
INEKMPOHBONLIN HA NYUOK, YO O3HAUAET CYMMApHYIo sHepeuro cmoaxkrosenuii 2000 mezasnekmpom-
sonvm. IIpotiden nopoz snepeuu 1870 meza’snexmponsorvm — nopoz poxicoOeHus: 6apuoH-aHmuoapu-
OHHbIX nap. Mol goukcupyem 00 2 mulcsiu pOHCOeHUIl 8 CeKYHOY 8 KancOou mouke (CMoNKHOBEHUlL),
OHU PE2UCMPUPYIOMCSL».

«OO0Ha U3 OCHOBHBIX 3a0aU HOB8020 KOANANOEPA — C MAKCUMANBLHO BbICOKOL MOYHOCbIO U3Me-
pumv napamempol AHHULUAAUUU 3NEKMPOH-NOSUMPOHHOLL NAPbl 8 AOPOHBL — ME30HBL U OAPUOHDBL».
«BHYympennee cmpoerue npomoroé u HelmpoHo8 00 cux nop usyueHo He 0o KoHua. Mx cmpoerue
00 CUX NOp O4EHb NNOXO UZBECMHO — KAK pacnpedeneH 3apsio, KAK PAcnpeoener MOMEHN 6HYmpU
IMUX cOCMagHvlx uacmuy. H3eecmuo, U3 uez0 OHU COCMOAM, HO KAK 3MO MAam pacnpeoeneto,
U3BECHO O4eHb NA0XO0. DMOom KoAnaoep 61semcsi CamblM YOOOHBIM UHCIMPYMEHMOM ONsl U3yue-
Hus». «/lemekmopul nepedaiom OauHble, KOMOpPble NO3BOASION UCCAE008aNTb, 8 YACIHOCMU, KAKUe
uacmuybl 00pasyromcs npu INeKMpPOH-NOUMPOHHBIX AHHUUASYUSX, U UBMEPSIMb BEPOSIMHOCTb
obpazosanus cucmem uacmuy, (ceuenue npoyeccos). K npumepy, npu cmoaknosenuu e+e— mozym
00pazoeamvCsi 086a NUOHA, UM 08A KAOHA U NUOH, UMY 084 HEUMPoHa u m. 0. Mbl Modcem Haba00amo
HECKONbKO 0eCSIMKO8 PA3AUMHBIX NPOUECcos npu sHepeusx 0o 2 1’38 u naanupyem uzmepumse ceuerue
0151 Kaxic0020 U3 HUX. Imu OanHwle OYOym OUeHb 8AHCHBL 0151 BbIMUCACHUS MEOPEMUUECKO20 3HAUEHUS
AHOMANBLHOZ0 MAZHUMHO20 MOMEHMA MIOOHA», — TOBOPHT Jmutpuil IllemskuH.

OTU KcrepuMeHThl U (POTOH-(POTOHHBIE B3aMMOJCHCTBUS B KOJUIaijiepax, pOXkKAEHHBIE
OT BCTPEYHBIX IMYYKOB 3JIEKTPOHOB U MO3UTPOHOB ¢ 3sHepruend 190—207 3B, co3gaioT uesbiid
OyKeT Map 3JIeKTPOHOB, MIOOHOB, YaCTHII THTIA Tay-JIENTOHOB, a TAK)Xe ME30HOB, IIPOTOH-AHTUITPOTOH
U T. 1. DTO 0OYCIIOBJIEHO TEM, UTO TI0 MEpE YCKOPEHUSI CTYCTKA YaCTHUI] C MPUOMKEHHEM UX CKOPOCTH
K CKOPOCTH CBeTa, JIaJIbHEelIIee yBeIMIeHUe SHEPIUH MPUBOIUT JIMIIL K YBETMUCHUIO BHYTPEHHE!
SHEPruu UX YHUCIIOM U SHEPrue MarHUTHBIX MOHOTIONeH ['9MM, yacTuIipl MEHSIIOT CBOIO CTPYKTYPY
0 THUIY 3JIEKTPOH TpeBpalaeTcs B MIOOH, a KOPOTKO JKUBYIIUE PACMaaloTCsl, TIOMOMHSSA TOT ke
YCKOPSIEMBII CT'YCTOK MPOAYKTAMH PaCiaia MPAaKTHYECKH! TEX e CaMBIX YACTHI] — JICKTPOHOB, MIOO-
HOB, YaCTHII THIA Tay-JIeTITOHOB.

[Tpu BBICOKO# KOHIICHTPAIIMU 3aMKHYTBIX BUXPOHOB VX BHEIITHHE ITOJISI MOHYXJA0T K B3a-
MMHOMY CIIUSIHUIO — (DOKYCHPOBKE ¥ KOHIIEHTPUIECKOMY OOBEIUHEHUIO B IIEHTPAIbHO-000JI04eY-
HBIE CTPYKTYpPbl U3 ME30HOB THUIIA MPOTOHOB-aHTUIIPOTOHOB, HEUTPOHOB-aHTHHENTPOHOB, AEUTPO-
HOB-aHTUAECUTPOHOB JI0 aHTUTPUTHS. DTO O3HAYALT, YTO MUKPOCKOIIMUECKUE BUXPEBbIC MarHUTHbIC
MOHOIIOJI KBAHTOBAHBI M0 YaCTOTE MyJIbCAII.

OpMHaKOBbIE 10 3HAKY BUXPEBbIE MarHUTHbIE MOHOMONU CIIOCOOHBI CHHXPOHHO 00'beH-
HATHCS C COCEIHUMU C TIOMOIIIBIO CBOMX TIOJIE KaK 10 BEPTUKAJIH, TaK U 0 TOPU3OHTAIIH, a C MPO-
THUBOIOJOKHBIMI HEe COCMHSIOTCS HHKOTAa. DTO — JBAANATh MePBO€ CBOWCTBO BUXPOHOB
1 TOXE BeChbMa CYITIeCTBEHHOE, TaK Kak MPOTHBOPEYHT Tpeackasanusm teopuu [1. lupaka o tom,
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YTO MOHOMOJIb MOXET UCYE3HYTh TOJIBKO B TOM CIIydyae, €I BCTPETUT MPOTUBOIIOJIOKHBINA M COETU-
HUTCS C HUM.

PeanbHo, 0qUH CBOOOJAHBIII MArHUTHBII MOHONOJb B BUXPOHE MOKET HCYE3HYTb,
JIMIIb IPeBPATHBIINCH B IPOTHBOMOJOKHBII NPHU pa3psijiKe, NPoiijs Yepe3 MPOMeKyT04-
HbII 3Tan qunoJs. [Tycts 310 OyaeT ABaAUATh BTOPHIM CBOWCTBOM MAarHUTHBIX MOHOIIONEH —
HMHBEPCHS TIOJTIOCOB.

Opnnako Hambosnee 3(P¢EeKTHBHBI IKCIIEPUMEHTH B KOHJAE€HCHPOBAHHOMN cpele — BOJA,
MeTaLT. DNIEKTPUIECKUI UMITYJIbCHBINA B3pbIB MPoBoJiodek C. AJTaMEHKO MOPOKAAI0T BECh U HOBBIIA
Ha0Op XMMHUYECKUX JIEMEHTOB Tabnuipl MeHieneesa.

CBOOOIHBIN BUXPOH — 3TO MArHUTHBIN My ILCUPYIOIIUI 00BEMHO 3apsif, T. €. KoJieOaH!sI Mar-
HUTHOTO TIOJIEBOTO TOKA MPH TIepe3apsiike OT OAHOTO K IPyroMy uepe3 MOCPEACTBO IEKTPUIECKOTO
MOHOIIOJISI C TMO3UIMOHHONW CMEHOM 3HaKa ¥ MPEeBPAIeHUEeM pa3psiKaloIIerocss MOHOIOMS B IPOTH-
BOIOJIOXKHBIN 3apsiKAIOIIUIACS.

[Ipu uccnenoBaHUM pacCMOTPEHHBIX MPOLIECCOB B3aUMO/IEHCTBUI MPOTUBOIIOIOKHBIX BUXPO-
HOB YCTAHOBJIEHO, YTO MUHUMAJIbHOE PacCTosiHUE B 1/4 MJTMHBI BOJIHBI, HA KOTOPOE MOTYT MpUOIIH-
3UTHCSI BUPTYaJIbHbIE IIEHTPbI IIPOTHUBOMOJIOKHBIX U ITYTbCUPYIOIIMX MarHUTHBIX MOHOIIONEH, BCeraa
ObLJIO JIMIIIb 3aMOTHEHO HEAOCTPOSHHOH YacThio crivpaii BoiHOBOAA (PoTo 2.9), MHAYKTUPOBAHHBIX
3apsUKAIOLIMMCS] MATHUTHBIM MOHOTIOJIEM. DTO TOATBEPKAAETCS M IKCIIEPUMEHTAIIBHO BUJIEO ChEM-
kamu'> (poto 2.10) marauTHOTO AUIIONA B Xpomocdepe CoiHIila — MapoBast MOJTHUSI.

W3 3THX BU/IEO MaTepUAIOB CJIEyeT, YTO 00JacTh OCU MEXIY ABYMsI MArHUTHBIMHA MOHOIIO-
JIMH (CBSI3AHHBIN C MPOTUBOIOJIOKHBIMU KJIACTEPAaMU MOHOB MaKPOBUXPOH) HE CONEPIKHUT CHIIO-
BBIX JIMHUM, TaM BUIHBI JIMIITb OJJHA BUXPEBBIC MEKTPUUECKUE TOKM HAa YaCTH HEJOCTPOSHHOM CITH-
panu, T. €. BUJHA JIMIIb JBMKYIIAsCS M BO30YXAEHHAs MaTepusi, a BUXPEBbIE MOJISI MarHUTHOTO
ABYXIIOIOCHOTO TOpoHJa (Ha BUJIEO ChEMKE MAarHUTHBIE CHJIOBBIE JIMHUM BUHBI Onarogapsi HEBU-
AUMBIM CIIAPAJISIM JBMKEHHS] BOKPYT HUX JIEKTPOHOB) U JIEKTPUUECKHE OCTAIOTCSI HEBUAUMBIMH.
Takoli cBA3aHHBIN C Maccoil TIasMbl XpoMochepsl MakpoBUXpoH'>! ((oto 2.10) unm 3apsaoBbIid
kiacrep K. Ioynaepca — 6Unosib MOKHO OOHApyKUTh TOJbKO Ha CONHIIE, TaK KaK €ro JeKTpH-
YEeCKUI MOHOMOJb 3aXBaYeH-«BMOPOXEH» MEKTPUUYECKUM OOBEMHBIM 3apsOM MOHU3UPOBAHHOM
aTOMHOM TIJIa3MOM U Oy/IeT HaXOMUTCS B HEH JI0 TeX MOp MOKa He U3PACXOAYIOT BCIO CBOIO SHEPTHI0
00a MarHUTHBIX 3apsia Yepe3 rPaBUTALIMOHHBIA Ha BUXPEBbIE TOKY U SIIEPHBIE MTPEBPAIEHHS TIPO-
TOHOB B OoJiee TSOKETbIE siApa, HAIpUMep, siipa TelTus, IUTHUsI, KJIbLIUs WIH Kene3a. Mex1y moTeH-
[[ajlaMy BOJTHOBOJA TEKYT BUXPEBbIe MOHHBIE TOKU TAKOW CHJIBI, YTO BCIO CITUPAIb EKTPOIIOTEH-
[I1AJI0B MOKHO YBHJETh JIMIIb MTPY 3aTyXaHUU CBeYEeHUs (DIIOKKYIIBI Ha TIOBepXHOCTH (hoTochephl
(¢poto 2.11) Connua.

150
59 DubM « Our secrets Suny, 2-51 YACTb, MATHETH3M, asTop gokrop Ken Lang.

51310 Beero mumm «BMOPOKEHHBIW» Clie]] U3 BO30YKAEHHBIX YaCTHUII TUIa3MBbl.
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®ot0 2.10. MarHutHbIi A4MOJL B XpoMocdepe

®oto 2.11. BuxpeBble TOKM BAOJIb BOJIHOBOJA

90



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

[Ipu sTOM Criemyer pa3nuuarh CAMSHUE OJMHAKOBBIX BUXPEBBIX MAarHUTHBIX MOHOMOJIEH
OT OTTAJIKMBAHUs OJUHAKOBBIX IOTIOCOB CTAIIMOHAPHBIX MAarHUTOB U MPHUTSATUBAHUS TTPOTUBOIIO-
JIO’KHBIX TOTIOCOB CTATUYECKUX MArHUTHBIX TMOJIEH.

Maiikn dapaneii nepsvim onpedeaun, umo MazHumHsle NOASL HENPEPLIBHO BPAUAIOMCS. MO
O3Hauaen, Ymo MAazHemu3m — 3mo ouHamuueckoe none 2. OOHaKo on OMKpvLA U credyroulee:

Dnexmpuueckue noasi CO8CEM He OBUNCYMCS; UnMOoObl 08U2AMbCSL 8nepeo, UM mpedyemcst OUHA-
MUUecKoe OBUNCEHUE MAZHUMHOLL BONHbI.

Cnedosamenvho, mazHemusm — 3mo OUHAMUMECKASL CUAA, YMO O3HAYAEm «NOoAe, HAX0O0SU4eecsl
8 OBUIICEHULL».

[TpocThiM TIOMeITIeHHEM MTPOBOJIOKH HaJl CEBEPHBIM WJIM I0)KHBIM TOIIOCOM JIIOOOTO MarHura,
B HEWl reHepupyeTcs AMEKTPUIECKUNA TOK.

Dapadeii omxpela, umo, 08U2dsACL 8 NPOCMPAHCIEE, 6Ce MAZHUMHbIE NOAS BPAUAIOMCSL.
Tlosmomy 6aaz00aps cnUpanesUOHOMY OBUINCEHUIO Ce8EP-102, MONMCHO 8C€20A NOAYUUMb HENPEPbIBHO
gpawaroueecs: MazHUMHoe none Mexcoy O08YMsi MAZHUMAMU CMamopa, NOCKOAbKY OOUH MAzHUm
OYOem cesepHbIM NONOCOM, A OPY2Oli — HOHCHBIM.

Tlocmosnnblli MazHum HegeposmHO 001206e4eH U OYOem UCHYCKAMb MAZHemU3M Ceblle
1.000 nem 6e3 maneiiuux, 3HAUUMBIX NPUSHAKOE nomepU. Bul modceme noayuame u3 Hezo cnMoabKo
INEKMPUUECBa, CKONbKO XOMmume, HO YMpym MHo2ue NOKOAEHUs, Npexcoe Uem OH NPOOeMOHCIpPU-
pyem xomv maneliuuli npusHax usHoca. Huxmo nuxkoeoa He 3a6omumcs o 3ameHe cmamaopog 8 31eK-
MPOMAZHUMHOM MOMOpe.

Cospemennas meopusi, 00vACHAIOUAS HAMAZHUMUBAHUE MEMANNA, MAKO8A — MAZHUMHASL SHeEP-
2usl, meopemuvecku HAKANAUBAOWASACS 8 MdAzHUme co OHsl €20 CO30aHUsl, NPOCMO hepeoaemcs
memanny. OOHAKO nocae 3mMoeo cam MazHum He CmManoeumcs caadee, uem pavvuie! Bol modiceme
HAMAZHUMUMb CMOALKO 00BEKNO08, CKONbKO XOmume, U npeocmagnsienicsl, Ymo MazHum He noogep-
2aemcs HUKaKomy 8030eiicmeuio.

Jl1s1 osner cTallMOHApHBIX UCTOYHUKOB JIEMCTBYIOT Apyrue (pu3nueckue 3aKOHbl UX (popMu-
poBanust. OHM HEe IPUMEHHUMBI 1JIs CBOOOJHBIX BUXPEBBIX TOJIEH B CHITY Pa3MYHON (PU3MUECKOM
MPUPOIBl MHAYKIMY MOTEHIMAIOB — PAa3JIMUeH MEXaHW3M WHAYKIIMW CTAllMOHAPHBIX U BUXPEBBIX
nosiew (rmasa 1).

Pa3imynble 10 4YactoTe, TUIY MOJSPHOCTH U CTETIEHW TOJSPU3ALMU sICPHbIE BUXPOHBI,
3aKJIIOYEHHBIE B T€ WM MHBbIE 000JIOYKMA MHUKPOUYACTHIL (/IeMEHTApHBIE YaCTUIIbI, aTOMHbBIE sIIpa),
JBUTAsICh B HUX BHYTPH siipa Ha cOnmkenue, (POKYCUpPYIOTCs CHavas1a BHEIIHUMU JIEKTPUIECKUMU
MOJISIMUA COOTBETCTBYIOIIMX BOJTHOBOJIOB, & 3aTeM IMPOUCXOOUT 3aXBaT U B3aMMOJEWUCTBUE MarHUT-
HBIX MOHOIIOJIEH, B pe3yJibTaTe KOTOPOTO M3MEHSIOTCS MapaMeTpbl B3aMMOICHUCTBYIONIMX BUXPOHOB
Y COOTBETCTBEHHO MEHSIOTCSI CAMH YaCTHUIIBI, COMIEpKaIlFie HECKOIBKO SEPHBIX BUXPOHOB. DTO —
MEXAHU3M CJA0BIX B3AaHMOJEHCTBHII.

Heuto ananornvyHoe NmpoOUCXOOUT CHAPYKU TMPU B3aUMOJEWCTBUSX CBOOOTHBIX BHXPOHOB
C aTOMHBIMH U siiepHbIMHU. Tak, HapuMep, MPOUCXOIUT B3aUMOEHCTBHUE (POTOHA CO CBOOOM-
HBIMH JIEKTPOHAMHU, AaTOMHBIMHU JIEKTPOHAMY WJIA AaTOMHBIMH SIAPAMU TOH WJTH HTHOW CPeJibl — KOMII-
ToH-3¢pekT, poroadhdekT, map odpazopanue u T. 1. OUeHb MOIHO IKCIIEPUMEHTAILHO UCCIIEIOBAHBI
B3aMMOJICUCTBUSI CBOOOHBIX ATOMHBIX BUXPOHOB, 00pa3yOIIMX raMMa-KBaHTbI C PA3IMYHON SHEp-
T'el, ¢ BeIeCTBOM, aToMaMu U sigpamu >3, AHasior (hoToaTOMHBIX peakiuil v otoaddekty umeer
MecTO U B (DOTOSIEPHBIX peakiusx ¢ (poTopokaeHneM Me30HOB. Hanbonee MHTEpecHbIE pe3yiib-
TaThl, B 3TOM HaIPaBJICHUH, MOJTyYeHbl B MOCIEAHNE TOIbI MPU OONYyUYEHUU SIAEp MyYKaMH Me30-

152
52 Ecii MArHATHOE TIONIE — 3TO AUHAMIYECKOE T10J1¢, TO npeanonoxenue Teoperrka I1. [fupaka o ToM, 9TO €ro MOHOMOJb UMEET
TIOCTOSIHHBIH 3apsiJi, IPOTUBOPEUNT IKcriepumeHTatopy M. ®apaneio.

153 Tax, HalpuMep, XOPOLIO M3y4eH IMraHTCKUI Pe30HAHC s/ep ¢ raMMa-KBaHTaMU ¢ SHeprueit 1o 25 Mas u 6onee 110 2,5 I'38,
U Kak C/IeICTBUE, PAacllaKoBKa BHYTPEHHUX 000JIOueK — (hOTOs/IEpHBIE peakiuy ¢ (POTOPOXKIEHUEM ME30HOB-ITHOHOB TIPU MOpore
B 150 M»3B. CeueHune B3aMMOJIEHICTBH S ITyYKOB ITMOHOB C SIIPaMU MO CpaBHEHMIO ¢ (hOTOsIIepHBIMU peakumsamu B 137 pa3 Gonblite.
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HOB. U B HacTosiliee BpeMsi B TAKMX SKCIIEPUMEHTAIBHBIX pad0Tax yke cepbE3HO MpopadaThBaeTCs
BOIPOC O BXOXK/IEHUU B MOZAEJb SApa CTPYKTYp THIAa HEHMTPAJbHBIX U 3apSA’KEHHbIX TT-ME30HOB.
Kak u cTpykTypa aTOMHBIX 000/I04eK 0Opa30BaHa U3 CBSI3aHHBIX BUXPOHOB-3JIEKTPOHOB, TaK U BHYT-
PEHHSI CTPYKTypa siipa COCTOMT M3 OUMOJISIPHBIX OOOJIOYEK, BJIOXEHHBIX APYT B JIpyra 3aMKHY-
THIX BUXPOHOB THIIA OTHOOOOIOUEYHON CTPYKTYphl HEMTPAJBHBIX Jt-Me30HOB. BHelHue 060104KH
sanep, Kak 3anuparoime oT pachaga BHyTPeHHHE, 00pa30BaHbl yKe 3apsizKeHHbIMH JT-Me30HAMU
0 THITY JIEKTPOHHBIX aTOMHBIX 000JIOUEK.

ITepBble uccnenoBanusi CRBOMCTB (POTOHOB HAUMHAIIKMCH C M3yUEHUsI BOTHOBBIX CBOKCTB B OINTH-
YECKOM M PajMo jauana3oHax. [JJ0CTaTOuHO MOSHO M3y4yeHbl U B3aUMOIEHCTBUS 3aMKHYTBIX 3Jie-
MEHTApHBIX BUXPOHOB, 0OPa3yIONIMX JIEKTPOHBI, TIO3UTPOHBI, MIOOHBI M ME30HBI, ITPOTOHBI, HEH-
TPOHBI U JIpyTUe IEMEHTApHbIE YAaCTULIbl, C aTOMHO-MOJIEKYJISIPHBIM BEIIECTBOM U €r0 aTOMHBIMU
sApaMy. 3a 3TU SIBJIEHUS] OTBETCTBEHHBI — JIETKUE aTOMHO-5IEpHblE MUKPOBHMXPOHBI. A 32 Takue
CBOICTBA, KaKHe TMPOSIBISAIOT SKCIIEPUMEHTAIBHO OOHapykeHHble IKTOHBI Mecsia . A., 3aps-
noBbie kaacrepbl K. Iloynaepca, «cTrpanHoe» msaydenue JI. U. VpynkoeBa, anekrpomar-
HUTHBIE «CHAPSIAbI» U «BOJHBI», MOJyYEHHBIE 110 TEXHOJIOTMU B3PbIBO-MArHUTHBIX T€HEPATOPOB
MK-1 u MK-2 Caxaposa A. [I., y)xe OTBEUalOT «TAMKEIbIe» MAKPOBHXPOHBI.

[Mpouecc LENR'>* uymm XomnogHbiid pacniag-CUHTE3 TSKENBIX sIep U3ydalICsl OUeHb MHOTUMH
aBTropamu, B ToM umcie K. Mloynnepcom, M. U. Comunbim, A. B. Bauaessim, C. B. Anamenko,
JI. Y. Ypyuxkoesbim, A. ®@. KinagoeeiM. CyTh €ro CBOIUTCS K MOMJIOIIEHUIO TIJIa3MOM PELIETKU TBEP-
JOr0 WX KUAKUMH TeJIaMH XOPOLLIO IPOHUKAIOIMX B HEE U MoriomaeMsix «Tsikenbix» MK nu CBY-
(bOTOHOB 10 ONTHUYECKOTO CHEKTPa C TaHAeM-IIPeoOpa3oBaHUEM UX B MEXaHHMYECKHE MIIeP3BYKO-
BbI€ ¥ TETUIOBbIE MUKPOBUXPOHBL. OIHAKO MUKPOCKOITUYECKOTO OOBSICHEHNsI HaOMIONaeMbIM siep-
HBIM MPEBPALIECHUSIM HU OJIHA U3 STUX HAYYHBIX TPYII HE PUBOANT.

DKCNepUMEHTAIbHBIM TIOATBEPIKICHUEM O00Opa30BaHMsI CBOOOJHBIX MAarHUTHBIX MOHOIIONEH
BBICOKOW TUIOTHOCTH 3apsiiKu iekTpornoreHmasamu CBY guanazoHa u UX MOCIEQYIOIEro JABU-
KEHUsI C 0Opa30BaHMEM TpeKa JEKTPOMArHUTHOTO KBAHTA SIBJISIETCS] OOHAPYKEHHOE « CTPAHHOEe>»
u3IydeHre (TaHaeM Mpeodpa3oBaHUe B TEIUIO), MHTEHCUBHO-MOIIHBIA MOTOK KOTOPOTO OCBOOOK-
JaeTcsi P B3pbIBE TUTAHOBBIX (POJIBr!'> B KUAKOCTSX, & TAKKE CJACIbl TAKOTO U3ITYUYEHHS B KUIAKOM
UPKOHUHM, oOpazyiomuecs B siaepHoM peaktope M. . Conuna. B 3Tux xe padorax Oblia npon3Be-
J€Ha M JI0CTyIHas WACHTU(UKALMSA 3TOr0 U3JIyYeHUs TI0 €r0 B3auMOJIEHCTBUIO C MAKPO- U MUKPO-
MarHUTHbIMU NoIsIMU. [1o yTBEpkIEHUI0 aBTOPOB « CTPAHHOE U3JIy4eHHe» — 3TO MOTOK Pa3jiny-
HOTO poJla MAarHUTHBIX MOHOMOJIell. B aTnx padorax npuseneHsl MUKpogoTorpacdun crienon
3TOr0 «CTPAHHOTO U3JIy4eHMsI», 3APETUCTPUPOBAHHBIX C MOMOILLBIO SIEPHBIX (DOTOIMYJIbCUI — ITO
JIByMepHbI€ cJebl pa3pe3a 00bEMHOIO BOJTHOBOJA, OCTABJICHHOTO «TsIKENBIMU» (horoHamu MK-
AMarna3zoHa'*3MeKTPOMAarHUTHBIX BOJH, T. €. QHAJIOT TaKOrO «CTPAHHOIO H3JIyYeHHs» C JUIMHOU
BosiHBI B 20 MkM. Kak crano Tenepp M3BECTHO, BAOJb JEKTPONOTEHIIMATIOB U I'PaBIOTEHIMAJIOB
Ha BOJIHOBOJAX MAYT CHJIbHbIE BUXPEBbIE TOKH, BbI3bIBAsl MOHM3ALMIO U siIePHbIE CTPYKTYpPHBbIE
M3MEHEHHUs B CpeJle paclpoCTpaHeHusl, B JaHHOM IIpUMepe, B (pOTOIMYJILCUU, UM B PACIUIABIIEH-
HOM IIUPKOHMU. XapaKTepHbIM KAYECTBOM ITHX CJIEIOB, OTJIMYAIOLIUX UX OT U3BECTHBIX CJIEJIOB Pa3-
JIMYHBIX JIEMEHTAPHBIX YACTUILL B TAKKX JETEKTOPAX, SABJISAETCS CTpOrasi NEpUOIUYHOCTb U BbICOKAs

CTENeHb MOHU3ALIMY, T. €. IJIMHA BOJHBI (POTOHOB U (poHOHOB nopsaka 20 MM (1,5 x 10* I'T).
«CTpaHHOCTb» TAKOTO M3MYYEHHUs U 3aKJTI0YAETCS B TOM, UTO ITO «TsI:KEéJble» KBaAaHTbI DMB
U Ir'Unep3BYyKa.

154 http://www.youtube.com/watch?v=WDDMIJyOAmTc www.youtube.com/watch?v=R2j8dLcvrog, XonoqHslil sOepHBIA CUH-
Te3 yactu 1—4.

155 Vpyukoes JI. . u np. 2000—2007 r.r. B xypHaine «[Ipuknannas pusuka», PUAH, «Kypuarosckuii uacTuTy»,M. U. CoMuH,
Snepusrii peaktop. 1994—2002 r.r. u Ap.

156 B nannom cllyyae 4actoTa (POTOHa COCTaBJISAET BEIUUUHY 108 T n npuHanIexuT auanazony MK-usmyuenus c tanzeMom
B TEMJIOBON MEXaHUUECKHIA BOJTHOBOJ, BUXPEBBIX TOKOB THIIEP3BYKA.
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VcranoBka (¢poto 2.12), cozgannas B Maruutoropcke nzooperareneM A. B. BauaeBbim pado-
TaJla Ha TIPOTSIKEHUH 1ecTH JieT. JJoObIBaTh HepTh U3 BOMBI, 2 30JI0TO U3 CBUHIIA TIHITATIOCh HE OTHO
MOKOJICHUE YYEHBIX. BOT BCero HeCKOIbKO 1U(p: U3 OHOrO KybomeTpa BOIb! (MIJIM OTHON TOHHBI)
nonyyaercsi 214 kr xesne3a, 20 Kr MapraHua v Bblesnsiercs 3,2 MeraBaTT-4yaca JieKTposHepruu. Kak
nofcuuTai A. B. Bauaes, Ha peakIfio X0JIOJHOTO sSIEPHOTO CUHTE3a OH U3PACXOJ0BAJ 5 KUJIOBATT,
a Ha BbIXOfIe MOMyuma 25 KuioBatT. [TomyueHHbIN cepblil MOPOIIOK MEePeruviaBuiid B TEMHO-CEPYIO
[WIMHAPUYECKYI0 OOJIBaHKY, HO TOJIBKO PACIWIATh € WM Jake TolapanaTh He ylIaBajioch HUKa-
KVMH HHCTpYMeHTaMHu. Pa3pe3ars O0JIBaHKY CMOTJIH JIUIIH JIEKTPO-UCK POBBIM METOOM. XOJIOAHBIN
SIIEPHBIN CUHTE3 MO3BOJISIET B JIIOOBIX KOJIMYECTBAX MOJMy4YaTh HE TOINBKO BOJb(paM, MIATUHY WJIH,
CKakeM, peHuid, kotopblid B 10 pa3 noposxe 3050ta. MOXHO CHHTE3MpPOBATh JOOBIE JIEMEHTHI Tab-
muupl MeHgeneeBa, B TOM 4YUCIIE €€ HE OTKPBIThie. BCE 3TO CTasIo JMIIb MOBOIOM ISl 3aBUCTH
Y TPaBJIY, NIPUBEJIIEH ero K UH(pAPKTY U CMEPTH.
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®oto 2.12. Pa3psaanas sueiika peakTopa, e€ ria3MOou 1 1 ABVKeHUS (DITIOUIOB B HEM.

UccnenoBannss LENR A. B. BauaeBbiM nokazaiiv, 4to AJ1s1 MOJIyYeHU S KaxkI0T0 1IEJIEeBOro JJie-
MEHTa CYIIECTBYET ONTUMAJIbHBIN TOK cradunu3auuu. Hanpumep, aias Zn — 30 A/ MM, s Al —

18,5 A/MMZ, g Fe — 222 A/ MM2, mra Cu—25 A/ MM, VIMenHO Takue KaJTMOPOBOYHBIE TIJIOTHO-
CTH TOKOB JIJIsI KOHKPETHON BOJHOM MPOTOYHO-pa3psAAHON ssueiiku (poTo 2.12) B coueTaHuu ¢ 3ieK-
TPOHHOU CXeMOW MHAYKTUBHOIO THIA Pa3psiia B TAKOM PEaKTOpe 3apsi’Kal0T 3aMKHYTbIe MAarHUT-
HbIE 1 IPaBUTALMOHHbIE MOHOIIOJH C BHICOKOH IJIOTHOCTBIO 3aCEIEHHOCTU 3€PHAMU-TIOTEHIIUATIOB €70
CIIMpaJIbHBIX TIOTychep, KOTOphIe PH pPa3psiJiKe yxke CIIOCOOHB HOHM3UPOBATH BHENITHHE O00TOUKU
sIep MyTEM UMILIO3MOHHOTO KYMYJISITUBHOT'O BHEJPEHUSI BOJIHOBOJIA U3 3EPEH-3JIEKTPONIOTEHINAJIOB
WM TPABIOTEHIIMAJIOB, yXe IOCTATOUYHOTO JTsT OCTaOIeHHsI CBA3el YacTull, 0Opa3yoIIuX BHEITHUE
000504Ky sifep. B aTux mccnenoBanusax ocodoe BHUMaHHUE TPUIABATIOCh TAKKe PeKrMaM paOOThI
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YCTAaHOBKM «DHEProHUBa-2» MPH MPOU3BOACTBE MEKTPUUECKON SHEPIUU U TepepaboTKe KUIKUX
PaIMOAKTUBHBIX OTXOAOB ¢ aTOMHBIX ADC MmyTéM nepeBoja ux B HEPAAUOAKTUBHBIE IIUJIAMBI.

A, Hanipumep, B 3kcriepuMenTax C. B. AgaMeHKO MMKOHAHOCEKYHTHBIE 17 «TSIKENbIe» BUXPOHBI
yXke CIIOCOOHBI POJIUTh CAMOPOAOK U3 YHCTOrO kene3a auaMeTpoM 100 MUKpPOH B EPBUYHON MaT-
pulie aHoJa, MyTEM HMOHU3AIMU BUXPEBBIM TOJIEM MaKPOBHUXPOHA YACTUIl C BHEIIHUX O0OOJOYEK
saep Meau. I pyrumu clioBamMu, IPOUCXOIUT MOHU3AIMS 3apsDKEHHBIX YaCTHUI] C BHEIIHUX 000JI0UEK
s7iep Meu 10 00pa30BaHus B CTaOUIBHOM (0€3 paJIuOaKTUBHOCTH IIPOTOHHOMW, HEUTPOHHOM, TaMMa-
Jy4eil) COCTOSIHUM aTOMOB KeJie3a B (pa30BOM 0OBEME TBEPIOTO TeJia C Pa3MEPHOCTHIO TIOJTBOIHBI
3TOro pe3oHaHCHOro (oToHa ¢ AyTMHOM BOIHBI B 100 MukpoH. Takoi rpoliecc MOKHO Ha3BaTh siiep-
HbIM (poTO3(PEKTOM 3apsKEHHBIX YaCTHUI] C BHEIMHUX 000JI0YEK siep Menu. MexaHu3M MOHM3a-
[IMM HUYEeM He OTIMYaeTCs OT aTOMHOro (otodddekra BHEIIHEro JeKTPOHA, HO HEBO3MOKeH
JIETKMMU aTOMHBIMU (POTOHAMM TOM K€ YacToThl. B 3TOM mpolecce pe3oHaHCHbIE «TskEnbie» CBY
(oTOHBI U (DOHOHBI, CO3JAOIINECS MOIIHBIMA MAarHUTHBIMH 3apsgaMd U C(POKYCHMPOBAHHBIE €rO
JIEKTPOMOHOMOJISIMU B TIEHTP Tosychephl aHO/a, CIIOCOOHBI B30PBaTh MEKTPOI U3HYTPH BHUXpe-
BBIMH TOKaMH BJI0JTb BOJTHOBOJIOB M3 9JIEKTPOIIOTEHIINAJIOB M I'PABIOTEHIIMAJIOB. [lepe Hauaaiom BUX-
PEBBIX TOKOB UJIET CBEPXOBICTPHIN SIIEPHBIN TOK — pacaKOBKa-(hOTOMOHM3AIIHS TTOTOKA 3apsKEHHBIX
YaCTUI[ BHEIIHUX 000JIOYEK aTOMHBIX SIIEp, a TAKKe UX PE30HAHCHOE B3aMMOJEHCTBHE C OKPYKAlo-
MU SAPaMU, TTPeoOpa3yoIIUX TIePBOHAYATIBHBIN COCTAB s7ep TBEPHAOUN PEIIETKH B SIIEPHO-ME30H-
HyI0 TU1a3My. OCBOOOKIEHHBIC «TSKETBIMIU» MAarHUTHBIMU 3apsaMH 3T PE30HAHCHBIC YaCTHIIbI
U3 SIIepHO-ME30HHOM IUIa3Mbl aKTUBHO OCEJAI0T Ha ONMM3NeKANMX sSApax Medu ¢ 0Opa3oBaHHEM
syep MUHKA, 4To U HaOmomaercs B omnbiTax BeicTpenax C. B. Amamenko (¢oro 2.13).

B ommume ot I'urantckoro pe3oHaHca Ha siipax, OH SIKOOBI sIBJISIeTCSI HUI3KO9HepreTuye-
CKHM U MMOATBEPKIAET YIACTHUE «TSIKETBIX» MAaTHUTHBIX 3aPSIIOB B TAKOM MPOLIECCe. DTU «TsKETIbIe»
otons! cozpaTcs BOmM3u anoaa paspsaaom B 500 KB ¢ ppoHTOM MMITyIIbCa 10 OTHOM HAHOCEKYH/IbI
u TokoM cBbimie 10 Ka. Yactotel, (popmupyiomnye (hpoHTH TAKMX UMITYJILCOB, HAXOAATCS B Maria-

some 10'2- 10" ', a mI0THOCTH KJIacTepa 3€peH-MOTEHIUAJIOB, TPUBHOCUMOTO MArHUTHBIM WJTU
rpaBUTANMOHHBIM MOHOIIOJIEM BO BHEIIHIOW OOOJIOUKY SIIEp MEJIM YK€ CTAHOBUTCS I0CTATOYHBIM
JU1s1 MOHM3alMU JacTull e€ 3anonHsaommux. Haunnaa ¢ 2000 roga npoBeieHbl THICSYM SKCIEPUMEH-
TOB («BBICTPEJIOB» ) HA IMJIMHAPUYECKUX aHOAAX MUJLJTMMETPOBOTO AUAMETPA, B KAk IOM U3 KOTOPBIX
MIPOMCXOIUT B3PbIB MPOBOJIOYKU-AHOAA, T. €. €€ BHYTPEHHE! YacTH, a B MPOAYKTaX B3pbIBA HAXOJUTCS
MPAKTUYECKH BCsI CTaOMIIbHAS YacTh Tabuiibl MeHeneeBa, NpuyéM B MaKPOCKOIMYECKUX KOTUYe-
CTBaX, a TAKXKe eIlE Tskenble, CBepXTskenble aapa 10 1000 aTOMHBIX €qUHUI] U OTPHLATEJbHO
3apsKEHHBIE s1Apa (siAepHO-MOHHBIE peakuuu, KiagoB A. @.).

CTaOrIbHOCTh MUKPOYACTHUIIBI, VI €€ pacriaji, epro MoTypachaga JIeMeHTAPHBIX YaCTHI
orpenensieTcss COOTBETCTBUEM (DOPMbI M MApaMeTPOB UX BOJHOBOJOB, OOPa30BaHHBIX BHEIIHUM
BUXPOHOM, BEJIMYMHE 3aMMPAIOIIETO CTAIIMOHAPHOTO MIEKTPUUYECKOro MOl U CpeJHel KpHUBU3HE
OKpyxkamomux nosieit. Tak, HanpuMep, U3BECTHBIN HU3KOIHEPreTUUecKuil OeTa-pacnaj B CBA3aHHOE
COCTOSIHME 2JIeKTPOHA B aTOMe Ha CBOOOAHYI0 0OOJIOUKY COKpallaeT Mepuoj noiypacnaaa. A eciu
CBOOOJIHBI BCE JIEKTPOHHBIE 000JI0UKH %8 Kak B ciryuyae peHust Re-187, mepuo nonmypacnaia cokpa-

maercs 10 33 et Bmecto 4,3 x 10'% sier wis HEUTPaJILHOTO aToMa. BUXPOH B HOBBIX YCJIOBUSIX OKPY-
KAIOIIMX TOJIEH, B TOM YMCJIe CHJIbHBIX TPABUTAIIMIOHHBIX, BCET/Ia CTPOMT HOBBIM COOTBETCTBYIOIIHIA
BOJTHOBO[I, U3MEHSISICh U BbUJIETast U3 CTAPOro — 000CHOBAHUE MEXaHNU3Ma CJIa0bIX B3aUMOJICHUCTBUH.

Hawubornee rpanino3nbie o 00bEMY SKCIIEpUMEHTATbHBIE UCCIIEIOBAHUSI HOBBIX CBOMCTB 3apsi-
noBbix KjactepoB niposeaensl K. Iloynaepcom (oto 2.13) ¢ 1987 rona. 3aech MarHuTHbIE U JJ1EK-

157

57 Bonee TOYHO, OOPBIB TOKA KJIACTepa IEKTPOHOB BOJIM3HU aHO/A NP UMITyJIbce HapacTaHus HanpspkeHus 10 500 KB B Baky-
YMHOH Kamepe MOXKET CO3[aBaTh IMIMPOKHI CIIEKTP BUXPOHOB BILIOTH JI0 ONTUYECKUX ¥ MaKCUMYMOM IUIOTHOCTH TIOTOKa (DOTOHOB
¢ mmHO BOaHBI 20—50 MKM.

158 310 JOCTUTAETCsI IOJTHOKM OOAMPKO# BCEX aTOMHBIX JIEKTPOHOB -CTETIeHb ITOTHOW MOHHM3ALIUH.

94



A. A. Magpun. «Ilons u Buxponsl. CTpyKTypsl MUpo3anus Beenennoit. Tperbe usnanue»

TpUYECKHE NNEPEMEHHBIE 3aps/ibl BUXPOHOB 3aXBaThIBAIOT U3 NOHM3UPOBAHHOIO ra3a KJjacTepbl MOHOB
Y 3JIEKTPOHOB, IPHOOPETAIOT MaCCy, xBMOPAKHBAIOT» MarHUTHBIN 3apsiji B 3TOT Kjacrtep, mpe-
Bpallasi €ro B MapOBYI0 MOJHHIO U ITPUJAIOT UM HOBBIE CBOKCTBA, T. € CBOVCTBA 3apsiAOBbIX KJa-
crepoB. Kak 1 B KAHOHMYeCKOM CJlyyae reHepali aTOMHBIX MUKPOBUXPOHOB IIYTEM H3MEHe-
HUS1 IEKTPUUYECKOTO MOJIs PU ABH2KEHHH aTOMHOIO 3JIEKTPOHA B OCHOBHOE COCTOSIHUE, HA3BaHHBIE
BUXPOHBI CO3/JJaBAJIMCh MePeIHIM (PPOHTOM BHICOKOBOJILTHOTO OTPULATEIbHOI0 3JIEKTPUYECKOr0
MMITYJIbCA TMKOCEKYHJHOM JITUTEJIBHOCTH, KOTOPBIM MO/IaBAJICS HA KaTo[, pa3MEILEHHBIN B BaKyyM-
HOM CcTeKJISTHHOH TpyOKe (¢poTo 2.13) ¢ octatounsiM !> pa3pekeHHbIM ra3oM JI0 €AWHHI] MIJUIAMET-
POB PTYTHOTO CTOJNOA.

ABTOp ompeziensieT MoTyYeHHble TAKMM 00pa3oM 3apsiA0Bble KJIacTepbl, KaK OCHLIAPYIO-
e cepruyeckrue MOHOIIONM, WM KaK J1€KTPOHHbIE TJ1a3MOM/Ibl C AUCKPETHBIMU YPOBHSIMU SHEP-
WY, WM KaK COJTMTOHBI — JIEKTPOMArHUTHBIE KOHTEHHEPHI, Iperidpyroliye B rTyOOKOM OTEHITUAITb-
HOU sIMe.

EV CIRCUIT

cathode glass tube anode scope
e 9 N /
- — ]
—= — 0
input 5 \ load '
5 resistor ground plane resistor ﬁ
>
-2 KV . ground
! A
[ — §
( - L"'-;.-‘
= \G=55
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®oto 2.13. Peakrop 3apsinoBbix kiactepos K. [lloynnepca (BBepxy) u peaktop C. B. AnameHko
(BHU3Y)

K. [loynaepc NpousBEN U3MEPEHUS U BBIYMCIINII KOHKPETHBIE ITapaMeTphl 3apsI0BbIX KJlacTe-
poB. PazMep HaOMmogaeMbix eJMHUYHBIX KJIACTepOB (CBA3aHHBIX BUXPOHOB) 0K0JI0 0.1 MkM '%°, a komm-

o 11 o
YCCTBO IJIEKTPOHOB, YIITAKOBAHHbIX B TAKOU KJIACTEP, COCTABJIACT 10 8_ 10 HITYK. HEU'ICC, 3apA40BbIN
KJIacTep HPI/IO6PCT8.CT SHAYUTCJIbHYI0 MACCY, 3aXBATbIBad U3 OKPYKAOLIETO IMPOCTPAHCTBA ATOMBI

BEIICCTBA B BUAC ITOJIOKUTEIBbHBIX MOHOB, B KaAXJI0OM I10 103 - 106 aTOMOB. HBI/IFaSICI) B IJICKTpHUYC-
CKOM I10JIe 3TOH TPYOKHU M JOCTHUIast aHOZA, 9TU 3apsA0BbIe KJIacTephl IIPOM3BOIIIIM SIICPHBIE pEak-
LMY C U3MEHEHUEM NIEPBUYHOIO XUMHAUYECKOTO cocTaBa 1eKTpoaos — LENR.

159 Ecnu takom UMITYJIbC HAIIPSAKEHUA ITOAaBaTh B BAKYYME, KaK 3TO ACJIACTCA NMTPU peain3alilun ,Ha.HbHefI KOCMHYECKON CBA3H, TO
HOCJIC,HHI/II?I IMIPO3paYv€H AJisi BAXPOHOB.

160 A s HAHOCEKYH/IHBIX UMITyJIbCOB, Kak y C. B. Afgamenko, atot pasmep coctapiseT 100 Mkm.
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B peakTope AnamMeHKO OOpBIB TOKa B BAKYYMHOM IPOMEKYTKE aHAJIOTHUEH CXeMe POKICHUS
9KTOHOB ['. A. Mecana. Kak tenieps yke HaIEKHO YCTAaHOBJIEHO B TAKMX YCJIOBUAX POKAAETCS IOTOK
«TSIKENBIX» MArHUTHBIX 3apsIOB, a B MPOLECCE IBUKEHUS YK€ BUXPOHOB CO CKOPOCTBIO CBETa MX
3JIEKTPUYECKHE MOHOIIOJIN OPUEHTUPYIOT (POKYCHPOBKY COIJIACHO YKa3aHHBIM Ha (hoTO 2.13 CHUIOBBIM
JIMHUSM TIOJISI B TOUKY MX KOHIIeHTpauuu. [lon nerictBremM yBeJaIn4eHHO! IJIOTHOCTH BUXPEBOT'O TOKA

BIIOJIb BOJIHOBOAOB OT 10° 1o 10% A/em? IIPOMCXOAMT B3PbIB MTPOBOJIOUKM aHOAA. OUYEBUIHO, YTO
Ha CJIef1aX BOJHOBOJOB HaXOAT TaKoe pa3sHOOOpa3ue HOBBIX sIIep.

IlepBbIM 3KCIEPUMEHTATIbHBIM TOATBEPKACHUEM BO3JEUCTBUSI CBOOOIHBIX PE30OHAHCHBIX
BUXPOHOB!®! Ha mepuop nosypacnaja pagvoOHYKJIUIOB SABJISIETCS OOTyUYeHHE «CTPAaHHBIM H3JTyue-
HHEM» YPaHOBOI'O pacTBopa. Kpome Toro, u3iryyaemslil Ip1 MOILHOM 3JIEKTPOB3pbIBE (DOJIbIU MOTOK
«CTPaHHBIX YaCTHIl» MOXET B3aMMOJIEHCTBOBATh C MATHUTHBIM IIOJIEM fiApa Kejle3a M TeM CaMbIM
U3MEHATH €r0 3(p(EeKTUBHOE 3HAUEHUE Ha sAapax xeje3a Fe-57 Ha Bennuuny B 400 9, yto onpene-
JISIeT ero MarHUTHYI0 CTpyKTYypy. I1pu B3pbiBe THTaHOBBIX (poiibr B peaktope JI. Y. Vpylkoesa B xu-
KOCTH TIOIYTHO TMOTOK «CTPAHHOTO H3JIy4eHHsI» U3MEHsIET U30TOITHO-SI/IEPHBIA COCTaB TIepBOHA-
YaJIbHO YYaCTBYIOIIMX aTOMOB. ABTOPBI ONPENESIOT 9TO B3aUMOIEMCTBUE KAK MArHUTO-sZiePHOe,
a TIpY OIPE/IENIEHHBIX YCIOBUSIX, 3TO U3JTyUEHHUE ellE CIOCOOHO BIUATh M Ha paciaj] M30TOIOB, U3Me-
HsASl IPY 9TOM NIepUOJ, TIOJTypacraa HEKOTOPBIX PAJAMOAKTUBHBIX S/EP, T. €. BAMATh HAa KOHCTAHTY
CKOPOCTH CJIa0bIX B3aMMOJICHCTBUI.

C TOuUKM 3peHus PeaJbHOIO NPEACTABIECHUS, B 9TUX MPOLECCaX NPOUCXOOUT MOCIEA0BATENb-
Has (poTosIepHas PACAKOBKA-MOHMU3ALMS YACTHIL] C BHEIIHUX 000JI0UeK sApa BHEAAPEHHBIMU B HUX
BOJTHOBOJIOB PE30HAHCHBIX MArHUTHBIX MOHOMOJIEN — «TSKENTBIMU» (DOTOHAMU C JUIMHON BOJIHBI 20
—50—100—200 mukpoH. [IpuBHOCUMBIN B 00/IaCTh MEKTPUUYECKOrO OIS aTOMa WM siIpa Kiia-
cTep 3€peH-NOTEHMAIOB BOJIHOBOAA CBOOOJHBIX MJIM 3aMKHYTBHIX BUXPOHOB M3MEHSET ero 30HOW
XOJIOJHOM 0e3MacCOBOM I1a3MBl, UTO U TPUBOAUT K MOHU3ALMY WM BO30YKICHUIO YACTUL BHELTHUX
000JIOUeK Si/Iep U MEKTPOHOB aTOMHBIX 000JI0YeK. DTOT MPOLECC S/IEPHBIN, a 3HAYUT CBEPXOBICT-

pblii 1072 CEKYH[bl, ¥ B 3aMKHYTBIX BUXPOHAX ITPOUCXOAUT B MOMEHT 3apsIKM MarHUTHOI'O 3aps/ia
C IPOU3BOJCTBOM BOJIHOBOJIA JIEKTPONOTEHIMAI0B. OnpeeM 3T0 CBOMCTBO — PaCIaKOBKa-UOHU-
3a1isl MUKPOYACTHUI] BHEITHUX 000NIOYEK aTOMHBIX siep KPUCTAUTMUEKON PEIIETKY TBEPAOTO Tesa
«TAKETBIMU» PE3OHAHCHBIMU MarHUTHBIMU MOHOIIOJISIMA MaKPOBUXPOHOB, KaK JABaJAUATh TPeThe.

B ciyuae TersoBBIX 3HEPruil, BUXPOHBI JBMKYIIUXCS SJEKTPOHOB IPHU PEKOMOMHALIUM
C MOHaMU 00pa3yloT TaKke BJIOXKEHHbIE JeO0poiljeBCKHe aTOMHbIE 3aMKHYThIE BOJTHOBOIBI-000-
JIOUKH, HO yXkK€ Pa3MepoM JITMHBI BOJHBI HA MSATh JECATHYHBIX TOPSIKOB OOJMBIIE — T. €. 0O0JOUKH

aTOMOB CO CPEOHHAM Pa3MEpOM 10— cm. B CUJTy OOJIBIION PAacCHpPOCTPAHEHHOCTH TAKUX BHXPO-
HOB Ha30BEM MX aTOMHBIMH. OIHAKO BO3MOXHO 3TO JIMLIb B YCJIOBUAX, KOTOPbIE UMEIOT MECTO
Ha TIOBEpXHOCTU 3emMir. B ycrnoBusX MaHTHM, ITyOOKO B HeApax Halleil IUIAHEeTH, I1e JAABJICHUS
JOCTUTAIOT 4 MWIJIMOHOB aTtMocep, Temneparypa 1 moTHocTs coorBeTcTBeHHO 5000 n 12 000 kr/

M, KaK [I0Ka3bIBAIOT TCONOTMUECKHE NCCICIOBAHMS MEXAHN3MA BOSHUKHOBEHHS 1 ABHKEHNS TUTIO-
MOB 92K TIOBEpXHOCTM 3eMJIM OT TPAaHMIIBI SIApa C MAHTHEH, a TaKKe MPOUCXOXKAECHHE HEKOTOPBIX
MOPOJI 1 MUHEPAJIOB, HAXOISAIIUXCS B IPUITOBEPXHOCTHOM KOHTHHEHTAJIbHOM KOpe, BUXPOHBI 00pa-
3yI0T UHbIE MUKPOYACTHIIBI U C UHBIMK CBOWCTBaMU. [la M caMu U3BECTHBIE HAM TPOIIECCHl PAjIUO-
AKTUBHOTO M3JTyUCHHUS M PAClajia CTAHOBSTCS JIPYTMMH B CBSI3M C OTCYTCTBUEM CBOOOJIHOTO TPO-
CTPAHCTBA B MAHTHH JIJIS1 CO3JIAHUS TeX WM MHBIX MUKpodacTull. [Ipr 5TOM OObIYHBIE XUMHUECKUE
PEaKIMy 3aMEHSIOTCSI OYeHb MOXOKMMHU, HO SIIEPHBIMU U SIICPHO-XMMHUUECKUMHU MPEBPAILICHUSMH,
10 TUITy MIOOHHOTO KaTajmu3a ¢ 0Opa3oBaHMEM MIOOHHBIX aTOMOB WJIM Me30aTtoMoB. bonee Toro,

161 o

6 Ypyukoes JI. U. ¢ corpynaukamu, 2000—2007 r. r. DT0 U3ly4eHUe MarHUTHBIX MakpoMoHonoseid CBY yactoT, KoJeKTUB-
Hoe 1 3((peKTUBHOE BO3JEHCTBIE KOTOPBIX C OOJBIION INIOTHOCTHIO MTOTOKA HA TSIKEJIbIEe aTOMBI, 3aKPEIUIEHHBIX B KPUCTAIINIECKOM
pemmérke TBEPAOTo Tea, MPUBOIUT MX B COCTOSTHUE SIAEPHON TPaHCMYTAIIWN.

162 [Tombl, BCIUIBIBAIOIINE W3 Anpa 3eMIIi — BEIIECTBO HE XMMHYECKOTO COCTaBa.
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W3BECTHO, UTO TaKHUE sSIBJICHUSI HU3KOYHEPreTHYecKoil Tpancopmanim'®® saep XMMAIeCKrX 51e-
MEHTOB He MMEIOT B HACTOSIIIIMI MOMEHT B OTKPBITOM JIUTEpaType yOeqUTeTbHBIX OOBbSICHEHHI B paM-
kax CAIL

C TouKH 3peHusi peajbHOro NpeacTaBIeHus1, AJ1s 00bsICHEeHUs IBHKEHUS THX ILTI0-
MOB, a TaK:Ke siIepPHBIX NpeBpalleHuil NPy 00pPa30BaHUHM MECTOPOK/eHUI MOJU0IeHa,
ypaHa B rPaHUTAaX, TPaHUTa N3 06a3aJbTOB U T. [1., HE00X0AUMO NPUMEHSTH He NPOTOH-Heli-
TPOHHYIO MOJeJIb s7pa, a 000J0YeYHYI0 HA OCHOBE CTPYKTYP THIIA Me30HOB U MIOOHOB,
€03/1aBaeMbIX 3aMKHYThIMH MUKPOBHUXPOHAMH.

K npyrum cBoiicTBaM BUXpOHA OTHOCSITCSI €70 OECKOHEYHOE BpeMsI JKM3HU B BaKyyMe KOCMOca
Y OrpaHMUYEHUE CKOPOCTH MPSMOIMHEHHOTO PaCIpOCTPaHEHHUsI TIPE/IENIOM CKOPOCTHU CBETa, 00YCIIOB-
JIEHHOE ero COOCTBEHHBIM BpallieHreM 1o crivpaii. IMeHHO m103ToMY CKOPOCTh CBeTa He 3aBH-
CUT OT CKOPOCTH JIBHKE€HHsI NCTOYHHKA H3JIy4eHHUsI.

fepHble 1 aTOMHBbIE 3aMKHYTbI€ BUXPOHBI C MACCOW UMEIOT BUJL JBMKEHH S 110 3aMKHYThIM
BOJIHOBOJIAaM B KOPHE OT/JIMYHBINA OT JBMKEHHS ONTHYECKUX CBOOOJHBIX MUKPOBHUXPOHOB MO BOJI-
HOBOZIaM (POTOHOB M OYEHb AUCKPETHHIN CHEKTP KOHKPETHBIX PE30HAHCHBIX YaCTOT, MPH KOTOPBIX
BO3MOXHO 00pa3oBaHMe ¥ CTAOMIILHO JONITast )KU3Hb aTOMOB, SI/Iep XUMHUECKHX IEMEHTOB U K-
TPOHOB, T. €. CTAOWJIBHBIX MUK pouacTHil. MakpoBuxponsl CBY auamna3zoHa ¢ CylecTBeHHBIM 3Haue-
HHEM MarHUTHOTO 3apsifia, B OTJIMYHME OT BBICOKOYACTOTHBIX ONTHUYECKUX U IPYTHX KECTKMX KBAaHTOB,
MIPY TIPOXOKJICHUH Yepe3 BEIIeCTBO UMEIOT B CBOEM (ha30BOM 0OBEME OUYEHBb OOJIBIIIOE KOJIMYECTBO
aTOMOB M MOJIEKYJI, @ IO9TOMY CIIOCOOHBI MX BO3OYIUTh UM JJaKe HOHU3UPOBATh, & TAKKE YACTUIHO
pacrnakoBaTh BHEIIHME 000JIOUKHA HEKOTOPBIX aTOMHBIX sIIEp.

Yacrora oOpalieHrii MarHUTHOTO MOHOTOJISI 10 CIHUpaisiM, 00pa3yoiux (a3oBbiid 00bEM
aTOMHOTO (POTOHA WJIM 3aMKHYTOI MUKPOYACTULIbl 3aBUCUT OT TMaMeTpa cpepsl U CKOPOCTU U3Me-
HEHUS TI0J1s1, B KOTOPOM 3aPOJMJICS] 3TOT MOHOIIONb SHEpruu. YacToTa CMEHBbI NMOJIIPHOCTY MOHOIIOJN S
Ha [POTUBOIIONOKHBIA MIPU €ro pa3psAKe onpeesiseT MoJOBUHY UIMHY BOJHbBI KBaHTa. Ero snHep-
I'vsl YUCJCHHO paBHA MocTosiHHOM [Tnanka, nenéHHon Ha 25 u Bpemsi (hOpMUPOBAHUS KBAaHTA JJIEK-
TPOMArHUTHOT'O MOJIS UJIM BpeMs ero u3iydyeHus. KocBeHHO, ero BHEIIHUE CBOWMCTBA MPOSIBIISIOTCS
BO BCEX 3JIEMEHTApHBIX YacTULaX B BUJAE CIMHA, MACChI, 3apsI0B, a TAKKe B XapaKTEPHBIX SAAep-
HBIX B3aMMOJEUCTBUSAX U T. 1. Pa3zMep u Macca MUKpOUYACTUI] HAIIPSIMYIO CBSI3aHA C YHUCIIOM BUXPO-
HOB B HEll ¥ 3HAUEHUEM BEeJIMUMHBI MX SHEPruu. Bce n3BecTHbIe B3aMMOJENCTBISI MUKPOYACTHUI] 00Y-
CJIOBJIEHbI CBOWICTBAMH BHXPOHOB M TeX (pa30BbIX 0OBEMOB, KOTOPhIE OHU MOCTPOWIIM U B KOTOPBIX
camu KUBYT. [Ipy pa3niuHbIX B3aUMOJEHUCTBUSX OHU BEIyT ceOsl BeCbMa IJIACTUYHO, 00'beJHHSASCH
C IpyTMMH BUXPOHAMH 10 BEPTUKAJIM ¥ TOPUZOHTAITH, ITyTEM 3aXBATHBIX U (POKYCUPYIOIIUX BHEIITHUX
MarHUTHBIX 10JIe ¢ 00pa30BaHMEM KOHIIEHTPUYECKH BJIOKEHHBIX IPYT B IPyra 3aMKHYTHIX BOJTHOBO-
0B, 0Opa30BaHHBIX Pa3HBIMU T10 SHEPTUU PE30HAHCHBIMU BUXpOHaMU. OHU JIETKO U3MEHSIOT (popMy
BOJTHOBOJIOB U3 3aMKHYTBIX B CBOOO/IHbI€ B OTCYTCTBHE BHEIITHUX 3aMMPAIOIIMX MOJIel, Hapumep,
AHHUTWIAIUU MUKpodacTull. Yl mpu 3TOM Tak ke JIErKO MEHSIOT CBOM BHYTPEHHUE [TapaMeTphbl TaKKE,
KaK THII MOJISIPHOCTH, HAIpaBJieHUe OCU BPAILICHHsI, TUIT TIOJISIPU3ALIIH U 9acTOTy Kosebanuid. Pop-
MUPYs BOITHOBOJ, (POTOHA MIPU CBOEM JIBUKEHUU-pa3psifie, CBOOOAHBII MarHUTHBI MOHOIIOJb BECh
CBOM 3aps/] Ha 1/4 1yiMHBI BOJIHBI [TPEBPAILIAET KOHEHCALIMEH SHEPTUU B 3€PHA-3JIEKTPOIIOTEHLINAIIBI
Y TIPOTHBOMOJIOKHBIA MArHUTHBI MOHONIONB. B TO Bpemsi, Kak 3aMKHYTbII MarHUTHBIII MOHOIIOJIb
B CBOEM JIBUKEHMU-3apsi/ie B JIEMEHTApHON YacTULIEe, Mcue3asi Ha MIHOBEHME, IpeBpallaeTcs B rpa-
BUTAIIMOHHBIN 3apsifl SHeprur. Tak MPOUCXOIUT 3aMeHa CBOOOJHOTO ABMKEHUSI MAarHUTHOTO MOHO-
T0J1s1 Ha 3aMKHYTOE JBUKEHHE C POKIeHneM Macchl. Ml Ha000poT, 3aMeHa KHHETHYECKOTO JABUKEHU S
MacCOBOW YacCTHUIIBI Ha CBOOOIHOE JIBUKEHHE (DOTOHOB CO CKOPOCTBIO CBETa — MOTOK BBICOKOIHEP-
TeTUYECKUX EKTPOHOB MPU TOPMOKEHUU-TIOTJIOIEHUY HEMOIBM)KHON MUIIEHBIO U3 TSKENBIX dJie-
MEHTOB F€HEPUPYET MOTOK PEHTTEHOBCKUX JIy4deH.

163 TpancMmyTauuu saep XUMUYecKuxX ieMeHToB, B. @. Banakupes, B. B. Kpbivckwuii, (2003 r.), I'apee ®. A. (2005 r.).
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Takum o6pa3zomM, CBOOOTHBIE OUITOJISIPHBIE BUXPOHBI 00pa3yIoT CTaOUIbHBIE (DOTOHBI AEKTPO-
MarHUTHBIX KBAHTOB CO CIIMHOM PaBHBIM euHULIE. BUxpoHbl poToHOB ¢ 3Hepruen Boime 1022 KB
CIIOCOOHBI 3aXBATHIBATHCS TIOJIEM aTOMHOTO sipa U JeJUTCSI Ha JBa TOJSPHBIX 3aMKHYTBIX
Y TIPOTUBOIOJIIOKHBIX BUXPOHA, KOTOPBIE POXKIAOT CTAOWJIbHBIE JIEKTPOH M TO3UTPOH CO CITU-
HoM 1/2. Bonee BpICOKOYacTOTHbIE (POTOHBI B IOJIE SIIpa CO3AAIT 3aMKHYTbI€ OJHOIOJSIPHbIE
BUXPOHBI, HO TIPOU3BOJISIIINE yXKe HECTAOUIIbHBIE MIOOHBI CO ciiHOM 1/2. TIpy aHHUTWIISILIMK TIPOTH-
BOIIOJIOJKHBIX YaCTHUII, B YaCTHOCTH, ITPOTOHOB M AHTUIIPOTOHOB !, IOSABISIIOTCS KOPOTKOKHUBYIIHE
HEWTpaIbHbIE U 3apsKEHHBIE ME30HBI C IEJIOUMCIEHHBIM CITMTHOM, OOOJIOUYKH KOTOPBIX COCTABJICHBI
13 MPOTUBOIOJIOKHBIX 3aPSKEHHBIX YacTul co cruHOM 1/2. HeckonbKo pa3HbIX 10 4acToTe pe3o-
HAHCHO-3aMKHYTBIX OHMIOJISIPHBIX SIIEPHBIX OOOJIOUEK MPH OIMPEAEIEHHBIX YCIOBUSIX MPOSIBIISIIOT
CIOCOOHOCTh K KOHIIEHTPUYECKOMY CJIMSIHHIO C 00pa30BaHMEM BJIOXEHHBIX B APYT Apyra OUMossip-
HBIX 000JI0UeK HEUTPOHOB U AHTMHEUTPOHOB, POTOHOB Y AHTUITPOTOHOB M IPYTHUX SI/IEP U3BECTHBIX
XUMHMYECKHUX IeMEHTOB. Pa3HooOpasie BUXPOHOB Takoe ke, KaKoBO pa3HooOpasue (popm aToMHO-
MOJIEKYJISIPHOTO BEILLECTBA.

BuxpoHbl MOTyT pOXIaThCsl HE TOJIBKO B NMEPEMEHHOM 3JIEKTPUUYECKOM I0JIE CTALMOHAPHBIX
3apsiioB, KOTJa OAWH U3 3apsJOB HAUMHAET JBMKEHHE Ha COMIKEHHe. DTOT MPOLECC BO3MOXEH
Y B [IEPEMEHHOM MarHMTHOM I10JIe B MOMEHT pa3ps/IKi Yepe3 MOCPEICTBO NMEPBUYHO POKIEHHOTO
anekTpomMoHonons. Kpome Toro, ecny umeloTcst yClIoBUs UIUTENILBHOTO BPAaleHUsl HENTPAIbHOIO
WJIA MarHUTO-3apsKEHHOTo KjacTepa (ra30Boro, JKUAKOro, TBEPAOro WM (pas3bl arperaTHOro COCTo-
ssaust Matepun B popme YCT) marepun BOKpYr COOCTBEHHOM U CTAIIMOHAPHOW OCH, TO BOKPYT HETo
POXIAeTCsl YIopsiI0UeHHAs! KBAaHTOBAs «IIy0a» U3 COOCTBEHHBIX KBA3MCTAIIMOHAPHBIX MOHOIIONEH
BCEX TPEX BUIOB — MEKTPUUECKOr0, MAHUTHOTO U IPAaBUTAIMOHHOTO. OIHAKO STH MOHOMOH OYIyT
KECTKO CBSI3aHBI C UICTOUHUKOM, U MTOTOMY Ha3BaHbl CBA3aHHBIMH C MACCO MAaKPOBUXPOHAMH.
ITOT mporiecc 0OHAPYKEeH MPH BPAICHUH KJIaCTEPOB TBEPABIX TeJ, MATHUTHBIX TeJ, a TAKXKe MPH
BpallleHuu siaep my/bcapoB. B nocneanem ciaydae sapa YCT poxaaloT cBs3aHHbIE NEPEMEHHBIE
rUNepPBUXPOHBI, KOTOPblE AHAJIOTUYHO 3aMKHYTBIM BHUXPOHaM!%, criocOOHBI pOkIaTh (MHBEPCHS
MarHUTHBIX MOJIIOCOB 3BE3/] M aKTUBHBIX IUIAHET ) IEPEMEHHbIE TPOTUBOIIONOKHbIE MAarHUTHBIE MOHO-
TI0JIH, Ha MIEPEXOIHBIX YUACTKaX JAWIONU U KBAJIPYIOJIH, a TAaKKe JOIOIHUTEIIbHBIE BEKTOPHBIE Tpa-
BUTALIMOHHBIE U JIEKTPUYECKHE MOHOIMOJH.

WTak, sneKTpoMarHUTHBIE BUXPOHBI — 3T0 MHUKPOBHXPOHbI, MAKPOBUXPOHBI U THIep-
BUXPOHBI, B CBOOOJHOM, 3aMKHYTOH WJIM CBA3aHHOU (hOpMe, SHEPreTUIEeCKH JIETKIe aTOMHbIE WN
«TSIKEIBIE», OTATOLEHHBIE TUIOTHOCTBIO 3¢ PEH-TTOTEHIIMAJIOB UX BOJTHOBOJIOB, CO CTMHOM IOJIHOM WJTN
YaCTUYHO-KBAHTOBOM 3aBEPIIEHHOCTHIO BOJIHOBBIX MPOIECCOB. MarHuTHbIE 3apsibl B CBOOOJHBIX
BUXPOHAX MPEBPAILAIOTCS MPU pa3psiIKe B IPOTUBOIIOIOKHBIE YEPE3 MOCPEICTBO IPOTUBOJECHUCTBY-
IOIIMX UM NIEKTPUUECKUX MoHormonel. [locnennue crocoOHbI, B3aMMOJEHCTBYS C BHEITHUM 3JIeK-
TPUYECKUM IIOJIEM, 3aTOPMO3UTh M OCTAHOBUTh MarHUTHBIN C KBAHTOBBIM IIEPEXO/IOM €r0 B I'PaBU-
TAlMOHHBI MOHOIOJIb, 0OPAa30BaB TEM CaMBIM Tapy 3aMKHYTHIX M IPOTHBOIOJIOKHBIX BHXPOHOB
TOM WJIM MHOU KOPITYCKYJISIPHOM MUKPOYACTULIBI C TIOJYLIEIBIM CIIMHOM. B aTOMHBIX MMKPOBHXPO-
HAaX 3TOT MpoLECC OTpaxaeT (PU3MUECKUil cMbICT NOCTOSIHHON [Tnanka. MarHuTHbIE 3aps/ibl SHEP-
MM B HUX MOTYT UMETh IUMPOKUI Mana3oH OT JIEMEHTapHOIO /10 MAaKCUMAJIbHBIX IJIAHKOBCKUX
3HAYEHUI BeJUYMHBI SHeprun. « Tspkensie» BuxpoHsl oT CBY no MK-auanazona npu B3aumonen-
CTBUM C BEIIECTBOM CIIOCOOHBI CO3/1aBaTh CBSI3aHHO-3aMKHYTbIe MUKPOBUXPOHBI'® — B ux (pazo-
BBIX 00BbEMaX HaXOAUTCS OONBINOE KOJTMYECTBO ATOMHOMOJIEKYJISIPHOTO BelllecTBa. BUXPOHBI MOTYT
B3aMMOJIEVICTBOBATh C BHEIIHUMMU JIEKTPUUYECKMMU U TPaBUTALIMOHHBIMU TOJISIMU, a TaKkKe C IJ1a3-

164 .
IMpu Tako¥ aHHUTUIISILIMK TaK>Ke UIET MOCIe0BaTe bHAs PACHAKOBKA BHEIIIHUX 000JIOUEK MPOTOHOB C MOMOLIBIO 30HBI XOJIOfI-
HOM I1JIa3MBbl.
1 .
95 OmMuMe CBS3AHHBIX ¢ MACCO BUXPOHOB OT 3aMKHYTHIX MHUKPOBHXPOHOB 3aKJIIOYAETCSI B TOM, YTO OHU CIIOCOOHBI TaKkKe
MOPOX/IATh €MIE U MOIITHOE MEPEMEHHOE IEKTPUIECKOE TTOJIE.

16 Mo tumy 3apsaosbix knactepos K. Iloynepca.
98



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

MOW aTOMHO-MOJIEKY/IIPHOTO BELLIECTBA BO BCEX €€ arperaTHbIX COCTOSIHUAX, BUIOU3MEHSACH, Harpe-
Basl U U3MEHSIS aTOMHBIN U SEPHbIA COCTaB OKPYKAIOLIETO BEIIECTBA.

2.2.2 Mexanu4ecKue MUKPOBUXPOHBI

Tannem-nepexon IMB-3Byk B BemecTBe. SIpneHue TemioBoro 3¢gdekra'®’ mpu Bo3aei-
crBur uHdpakpacHoro ' (MK) uzmyyeHus Ha BelecTBO ObLIO BIIepBbie OOHApYKeHO YuibsimoM [ ep-
iesneM, a yxe B 1868 romy BosnbliMaH rokasas, 4To TErIoBOe JBMKEHUE eCTh PA3HOBUHOCTh MeXa-
HHYECKOT0 [IBH)KEHHSI aTOMOB. DTO NMPSAMOM TpPoIiecC, a 0OpaTHbIE IMPOIECChl HA3bIBAIOTCS
COHOJIIOMIHecHeHInel, n3JjaydenneM DMB npu HarpeBaHuu KJ1acTepoB TBEPABIX TEN U JpyTrHe.

910 3ekTsl NpsAMoro mpeodpa3oBaHUs IHEPruM EKTPOMATHUTHBIX MHUKPOBUXPOHOB
B TeMIepaTypy KJacTepa BellecTBa — B MeXaHH4YecKoe KoJieOaTesbHO-BpalllaTeIbHOe JIBUXKe-
Hue'%” MOJIeKyJT MJTH aTOMOB BEILECTBA ITyTEM BO3ICHCTBYS BUXPEBHIMA TOKAMH B UX BOJTHOBOJIAX,
T. €. B MeXaHn4deckoe "*IBixeHne MUK poJacTHil, o0naganmmx Maccor. Kak criencreue, poxaeHve

rUrnep3ByKa (IpaBUTALMOHHBIN TOK) C YACTOTAMH OT 10° no 10" Iy, 1. e. motok (poHOHOB U poTO-
noB. Yacrore 10° ' B BO3/yX€E TP HOPMAJIBHOM aTMOC(EPHOM JaBJIEHUH M KOMHATHOM TeMIlepa-

Type COOTBETCTBYET JUIMHA BOJIHBI TMIIEP3ByKa 3,4-107° e mwm 340 HM, T. €. 9Ta JUIMHA OZHOTO
MOPSIIKA C JUTMHOM CBOOOTHOTO Mpodera MOJIeKyJT B BO3/IyXe MPH STUX YCIOBUsX. [IOCKOIBbKY yrpy-
T'i€ BOJIHBI MOFYT paCHpOCTpaHHTbCﬂ B pryFOﬁ cpene TOJIBKO HpI/I YCJIOBI/II/I, YTO OJIMHBI OTUX BOJIH
3aMeTHO OOJIbIIIE TMHBI CBOOOIHOTO Mpodera B ra3ax (Mju OOJIbIIie MeKaTOMHBIX PACCTOSTHUM B KU/
KOCTSIX U TBEPIBIX TeJlax), TO B BO3/yXE M ra3ax Mpy HOPMaJbHOM aTMOC(EPHOM aBJIeHUH TUTIEP-
3ByKOBbI€ BOJIHBI HE paCHpOCTpaHHIOTCH. B KHUIOKOCTAX 3aTyX21HI/I€ FI/IHCpE}BYKa OYEHb BECJIMKO U JaJIb-
HOCTb pacrnpocTpaHeHust Masia. CpaBHUTEIBHO XOPOIIMMU IPOBOJHUKAMU TMIEP3BYKa SIBJISIOTCS
TBEP/BIE TEJIa B BUJIE MOHOKPUCTAILIOB. Tak, HArpuMmep, Jake B MOHOKPHCTAJLIE KBapiia, OTIMYal0-

IIeMCsl MaJIbIM 3aTyXaHHeM YIPyrux BOJIH, Ha yactote 1,5- 10° T MIPOJOJIbHAS TUIIEP3BYKOBasi BOJIHA,
pacrpocTpaHsIoIasics: BAOIb OCH KPUCTaJUIA, IIPU KOMHATHOW TeMIepaType OcaadsieTcsl 1o aMILIv-
TyJ€ B IBa pa3a [Py MIPOXOKIEHUN PACCTOSIHUS BCETo B OAMH caHTUMETp. OTHAKO UMEIOTCS IIPOBOJI-
HUKM IMIIep3BYyKa Jy4lle KBapla, B KOTOPbIX 3aTyXaHUe I'MIIep3ByKa 3HAYMTEILHO MEHBIIIE.
OcoOeHHOCTh 3TOr0O SIBJIEHMsI 3aKJI0YaeTcss B TOM, 4YTO 3aXBAaU€HHBIA MpU MOIJIOILE-
HUK'!"! B 11a3Me MarHUTHBIH 3apsijl, TPeoOpa30BaHHbIN B IPABUTAIIMOHHBIN, MOKET COBEPIIATD MUJI-
JIMOH KOJIeOaTeIbHBIX MTPEeBpAIeHHH B TpaB3apsijl 10 MOJHOTO UCTOILIEeHHs cBoeli sHeprun. CooTBeT-
CTBEHHO, BHOBb POKJIAIOLIUICS TpaB3apsi/i COBEpIIaeT MILIMOH Pa3psiioB ¢ 00pa30BaHMUEM HOBBIX
BOJIHOBOJIOB, 110 KOTOPBIM TEKYT BUXPEBblE TOKM, OOpa3ylollle HOBblE KBAHTHI 3BYKa-TMIIEP3BYyKa.
CrepoBatebHO OAMH TOJIBKO NMOromEHHbI MK-poToH crioco6eH poanuTh MUUTMOH KBaHTOB TUIIEp-
3ByKa — 3TO UCTOUHMK I'MIIEP3BYKa, TPEKH KOTOPHIX M PETUCTPUPYIOTCA B IMYJIbCUSAX ((POTO TPEKOB).
1ot ke 3¢pexT nemoncTpupyercs u 1. XarurcoHom. Kpome Toro, 310 siBlI€HHE MOXHO paccMaTpy-
BaThb U KaK «OOPBIB TOKa», T. €. KBAHTOBbIN TaHJEMHBII 1€PEX0/] MarHUTHOT'O TOKa SHEPTUu (pOTOHOB
B I'PaBUTALIMIOHHBII TOK T'MIEP3BYKa C IEPEHOCOM SHEPTUU B BECh 00OBEM Cpejibl IyTEM pacipocTpa-
HeHus 3ByKa. TakuM 0O6pa3oM B oTiiMume OT (hOTOATOMHBIX PEAKIMi C POXKIEHUEM IEMEHTAPHBIX
I'PaBUTALMOHHBIX 3apsIOB MAacChl MEKTPOHA U MO3UTPOHA, UM Ha CMEHY NMPHUXOIAT (POTO3BYKO-

167 yaemuerve yMEHBLIICHHE, T.¢. U3MEHEHHE TEMIIEPaTyphl KJIacTepa BEIeCTBa.

168 NudpaxpacHoe m3nyderue (A> 0,7 Mkm) — 46% oT 00IIIel CONMHEYHOW MHTEHCUBHOCTU. BivikHss MH(DpakpacHast o0nacTh —
ato 0,7 MKM — 2,5 MKM. Ha 3TOT iMana3oH criekTpa IpUXOIUTCs TOYTH MTOJIOBMHA MHTEHCUBHOCTH COTHEYHOTO W3JTyYeHUsI.

169 3101 TPOLIECC OMpefeNsieT ONHY U3 YacTell BHyTPeHHel SHepruy BeliecTBa B (hopMe BpalaTe/ibHO-KoIeOaTeIbHON SHePrum
aTOMOB U MOJIEKYII.

170 Mexannueckoe MOKanbHOE JABUKEHUE ATOMOB B BONHOBOJAX — 9TO KMHETHYECKOE W BpallarenbHoe ABIKEHHE Kiactepa
TMOABIKHBIX MaCC MUKPOYACTHL] TOPOKIAET MEXaHUUECKHE BOJIHBI e Bpoiiis, T.e. TUIep3ByK, T.e. MEXaHHYECKHE MUKPOBUXPOHBI.

7 1o MeXaHHU3My 3axBara oporoporo ¢hoToHa ¢ sHeprueii 6onee 1022 KB ¢ poxkACHUEM Mapbl IPABUTALIMOHHBIX YaCTHUIL JIEK-
TPOH-TIO3UTPOH.
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BblI€ PEAKIIUY, DTO IPOUCXOIUT C YBEJIIMUEHUEM JJIMHBI BOJHBI TAJAIOIIUX Ha BEIIECTBO JIEKTpOMar-
HUTHBIX, HO OYEHb «TSKEIBIX» BUXPOHOB, T. € HACTYIAET HEMPEPHIBHOCTb MIEPEHOCA SHEPTUU He3a-
BUCHMO OT 00pbiBa noToka MK-(oTOHOB B MOTOK 3BYKOBBIX (DOHOHOB. B TakoMm Tanaem-mporiecce
POXIAIOTCS TUIOTHBIE BOJTHOBOBI U3 JIEKTPOMOTEHIIMAIOB, CHOCOOHBIE MOHU3UPOBATH IEKTPOHBI —
JE3UHTEr palsi aTOMOB, a TaKKe IJIOTHBIE BOJTHOBO/IBI U3 I'PABIOTEHIMAIIOB, CIIOCOOHBIE HOHU3UPO-
BaTh YaCTHUIIbI MAcChl, COCTABJISIONIMX OOOJIOUKM aTOMHBIX SiIEp — A€3UHTEr palus saep.

[Touemy nmenHo 310T 1Mana3zoH (MK) MarHuTHBIX 3aps1/10B U3 BCETO U3BECTHOTO criekTpa DMB
oKazaJicsl cTosb 3 (PEKTUBHBIM MPU B3aUMOJEWCTBUM C BEILIECTBOM B KOHAEHCUPOBAHHOM COCTOSI-
HUM? ITO OCHOBHOU BOITPOC JJTs1 OObSCHEHU I TAKUX PE30OHAHCHBIX TEM B COBPEMEHHON KCIIEPUMEH-
TayibHOU (pusuke, kak LENR, pasnuunble mpoTOTUITBI TPaBUTOJIETOB U NMOABEM KameHHbIX 100 ToH-
HBIX OJIOKOB Ipu cTporTenbeTBe B Erunte, Tudete u nqpyrux pernonax 3emin, yerpoiicts [. Kum,
peaktopa A. ®. Kitafoa, a Takke B OMou3uKe Mpu pa3pyIiaoiieM Bo3IeHCTBIA Ha MO3T YeJloBeKa
TUTNIep3BYKa (COJTHEUHBIN yaap) M JIeBUTAMM THOETCKMX MOHaxoB. OTBET Ha 3TOT BOMPOC BeChMa
MPOCT — Pe30HAHCHOE coBMajieHue JyiHbl BOJIHBI DMB ot 1 10 1000 MUKpPOH ¢ pa3Mepom TemIiepa-
TYPHOU JITUHBI CBOOOIHOTO MpoOera aroMoB (TIOJBHKHBIE YACTHUIIBI C MACCOM MOKOsT) BOJIM3H T10JI0-
’KEHHS1 PABHOBECUSI B KOHJIEHCUPOBAaHHOM COCTOSIHUM U, KaK CJIE[CTBUE, POXKICHUE KBAaHTOBBIX I'pa-
BUTALIMOHHBIX TOKOB. DTO JAET B PyKU UHKEHEPOB JONOIHUTEIbHBIA MHCTPYMEHT 1Sl YIIPaBJICHUS
PE30HAHCOM 3TOrO Mpoliecca MyTEM MPUMEHEHUS! «TSKeJbIX» (DOTOHOB U (POHOHOB TMITEP3BYKA JIJIsI
M3MEHEHHsI TIEPBUYHOTO XMMHUYECKOrO COCTaBa 3a CUET Je3MHTErpalluyl BelecTBa'’?, a Takke pac-
KAa4yKH1 Y1 NOJISPU3ALIMH [TpoLiecca ISl BCEro KJlacTepa aTOMHO-MOJIEKY/ISIPHOTO BEILECTBa /1S cO3/a-
HUSI 000JI0UEYHOTO aHTUTPABUTAITMOHHOTO WM CYNEPrpaBUTAIIMOHHOTO 3apsijia BOKPYT 3aMKHYTOM
noBepxHocTy kinacrepa Merogamu . Kwmy, [I. Xaruncona u npyrux. Takoe MmexaHM4eCKOe JIBUKeE-
HUE B BELIECTBE XapaKTEPU3YyeT ero TeMIeparypy U B3aUMOJEUCTBHE (POHOHOB C €r0 IEKTPOHAMU
MPOBOIUMOCTH B TBEpAOM Teiie. OOpaTHbIN 3(PPEKT N3MEHEHUsI COCTOSIHUS — HarpeBaHUe KjacTe-
POB BEIIECTBA, MOJIEKYJIbI KOTOPBIX HAUMHAIOT JBUIaThCsl O0OJiee MHTEHCHBHO, Ye€M MPH HOPMAJIbHBIX

YCIIOBHSIX, TIPUBOJIKT K M3IyUEHHIO EKTPOMATHATHEIX (POTOHOB B 5T0M ke MK-auanasone 3 x10 1! -
3 x 10" Iy, T. €. ¢ WIMHOI BOIHBI OT OZHOTO MWLIMMETpPA /10 OJHOTO MUKPOHA, 3aXBaThiBasl MpU

3TOM, OT 10’ i (o) 10* aToMHBIX 0SB B KHJIKOCTU WIH TBEPAOM Tesie. Bo3aMoskeH u Tpetuil apdext —
OXJIaXIEHUE BELIECTBA B '€HEPATOpax MpPU MPOU3BOACTBE JEKTPUUECTBA B YCTPOUCTBAX . I'pas,
C. ®noiipga u JI. Cepna, HO TOKa CO CTPAHHBIM U MTPOTUBOMNOJIOKHBIM CBOWCTBOM IPU KOPOTKOM
3aMbIKaHUU HE TUIABUTh MECTO KOHTAKTA, a MpeBpallaTh ero B MHed. AHaIOrM4HbIN 3¢ dekT Hadmo-
naercs u B apdekte [lenbThe, B KOTOPOM MpU Mepexojie KOHTAKTA JIEKTPOHBI POBOIMMOCTH cOpa-
CHIBAIOT M30BITOUHYIO SHEPIHI0 KOJeOaTeIbHO-BpalaTeIbHbIM JIBHKEHUSAM aTOMOB B KPUCTaJLTAYe-
CKOM pelIETKe MPOBOJHKKA, HArPeBasi €ro WM OXJIax/Jasi, MOMIoas 3Ty SHEPruio.

Uccnenyst moroku MukpoBosiHOBoro usnyuenusi, H. Teciia HaTonkHyscs Ha ero cBoeoOpasHoe
OuoJIOrnYecKkoe U TeMIiepaTypHoe Bo3aencTBre. Tak m3o0peraresb co3qall 3aMedaTesIbHbIi Meau-
LIMHCKUI TpuOOp JAJIs1 MpOrpeBa HapyKHbIX U BHYTPEHHUX OPraHoOB, OCHOBaHHBIN Ha YBY-mertoze
nedyenus. [Ipyroit SKkCepruMeHT ¢ MarHeTpoHoM y Tecsbl He ObLT CTOJb YCHEIIHBIM — CBEPXMOIII-
HOE€ MUKPOBOJTHOBOE M3JTyY€HHUE BbI3BAJI0 MHOTOUMCJIEHHbIE «PaJUOJIOKAIIMOHHBIE TPABMbI» Y IKH-
naxa. CerofHs 3To XOpPOLIO U3BECTHOE MOPAKEHUE OPraHM3Ma, MONABILEro Mo JIy4 PaIuosIoKaTopa,
C BHYTPEHHUMHU OKOTaMU Pa3HOM cTerieHu. BoeHHbIe MeJMKH Jake HayYHIHCh OOPOTHCS C JaHHBIM
3a00s1eBaHNeM, HO JIO CHX [OP MaJIO YTO U3BECTHO O PEaKIIMM MO3Ta YeJ0BeKa Ha TaHAeM Ipeodpa3o-
BaHUe «TsLKENbIX» (poToHOB MK -nrana3zoHa B runep3ByK U yKe ero BO3/IeHCTBUE Ha KJIETKHU TOJIOBBI.

Hexkotopble 1ose3Hbie maru B 3TOM HalpaBlIeHUH, TOC/Ie OTKPBITUSl « CTPAHHOTO H3Jyve-
Hus1» YpyukoeBa u ConuHa, ObuH TTpoOBeneHb B KypuaTroBCKOM MHCTUTYTE. DKCIEPUMEHTATBHOE
otkpbitie A. B. BauaeBbiM B 1996 romy HOBOTO BH/Ia XOJOAHOTO TUIA3MOM/IA, CIIOCOOHOTO K Tiepe-

172 A. . Knazios. TTatert Pd Ne2054604, 1996 roz. «Crioco6 nosty4eHus sueprumn», A. ®@. Kianos, «KaBurtanmonnas gectpykuus
Marepumn».

100



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

paboTke BemecTBa Ha siiepHoM ypoBHe (LENR), mpuBesio K cO3AaHMI0 TEXHOIOTUN «DHEPrOHUBa».
ITOT NpOoLECC HYKJIEOCUHTE3Aa COITPOBOkAaeTcsl MOIIHbIM BU-u3nyuyennm Ha yposHe 10—100 MIw.
[Tpoenenue B 2006 rogy sxcnepumeHToB B KypuaToBckoM uHcTUTyTE (. MOCKBa) 10 TaKO# Tex-
HOJIOTUH C TIOIOOHBIMU TUIA3MEHHBIMUA CUCTEMaMHM BBISIBIJIM TaKKe M3TydYeHHe HEU3BECTHOW paHee
MIPUPOJIbl — «CTPAHHOE U3JTyUeHHEe». ITO U3TyUYE€HUE BO BpeMs1 TOPEHM I TUIa3MOUA OCTaBIISIET XapaK-
TEpHbIE TPEKU Ha SIEPHBIX SMYJIbCUAX U MOMJIEKUT JATbHEUIIEMY UCCIIEJOBAHUIO Ha MPEIMET BO3-
AefcTBHS HAa OMOJIOTMYeCKre OOBEKTHI.

®oto 2.14. Tpeku runep3Byka U3 TOUKM MOMIOIEHNUA KBaHTa BY-u3nydyeHus ¢ poxaeHreM
I'SM]], n3nyyvaromero runep3Byk.

K ennHomy MHeHu1o o npupoze (poto 2.14) noydeHHbIX TPEKOB CHELUATMCThI HE MPUIILIH.
Bb110 BRICKA3aHO MPEATIONIOKEHHE, YTO TO HATOMUHAET TPEKH KOCMUYECKUX YacTHLL, (PUKCUPYEMBIX
Ha BBICOKOTOpPbE, OIHAKO, 3[1€Ch HAPYILLIAETCs IPAaBUJIO COXPAHEHU I MOMEHTA KOJIMUECTBA ABUKEHHUS:
CyMMa JUTMH TPEKOB MOCJIe BETBJIEHUSI JOJKHA ObITh MEHbIIIE IJIMHBI HICXOJHOTO Tpeka. Bompoc kiac-
cu(pUKaIK BUIOB M3JIyYeHUs, BOSHUKAIOIIMX BXOJE MCCIEyeMOro Mpolecca — 3T0 3ajada saep-
Hoi1 pusmku. OTcioza cienyer, 4to padoTa yCTAaHOBKY MPH BCeX ee JOCTOMHCTBAX MOKeT HMeTh
HeraTuBHOE MOCJeJCTBHE ISl JUI| ee 00CayKHBAOIMX. ECTh TaHHBIE O TOM, YTO U3JTyueHue
TUIa3MBI TIPH HEKOTOPBIX PEKMMaX TOPEHUsI MOTYT BJIMATh HA OMOIOrnYecKre OOBEKTHI, KaK CTUMY-
JIMPYIOIINM, TaK Y MOJABJISIOIIIM 00pa3oM.

I'opeHne aTOMHO-MOJIEKYJISIDHOTO BellecTBa, KaK pacnaj-cHHTe3, KaK NPOU3BOJ-
CTBO SHEpPrum.

JlpeBecuna npencrasisieT coOOi NPOAYKT (POTOCHHTE3a U P CKUTAaHUM HE HapyIIaeT OasaHe
COIepKaHUs YITIEKUCIIOro raza. ['opeHue IpeBecuHbl — XuMUUYeckuid ipouiecc. i BOSHUKHOBEHUS
ropeHusi HeoOXOIMM BO3/yX U Terio. [Iporiecc ropeHnst mpoTeKaeT B JBa JTara:

* [1€PBbIA — BO3rOPaHKE UM CAMOBO3TOPAHUE; ® BTOPOW — IUNIAMEHHOE TOPEHUE WY TIICHHE.

IToBeneHne qpeBecUHbI ITPU 3TOM IPOXOAUT HECKOJIBKO CTAANN:

 npu HarpeBaHun A0 105°C w3 papeBecuMHBl HcHapsieTcsl BOJA; ® NPU  HarpeBaHUU
10 150°C u3 1peBecuHBI yIAISIOTCS OCTATKH BJIATY M HAYMHAETCS PA3JIOXKEHUE U BbIIEJICHUE ra3000-
Pa3HBIX IPOLYKTOB; ® py HarpeBaHuu 270—280°C HaumHaeTcs S5K30TepMUYECKast peaklys C BblIe-
JIeHWEeM TeIlIa, T.€. CO3/IaHbl YCJIOBHS Il CAMONOAEPKaHNsI HEOOXOAMMOM TeMITepaTyphl,

* [IPY KOTOPOM MJIET pasiioKeHHe APEBECHHBI C 00pa30BaHUEM IJIAMEHH U IAJIbHEHIIINM TTOBBI-
IIIEHUEM TEMIIEPaTyphl;

» ipu Temneparype 450°C u Gonee rIaMeHHOE TOpeHHUe TIEPEXOIUT B OeCIsIaMeHHOE TOpeHHe
yris (Tienue) ¢ temneparypoit o 900°C.
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[Tpu nocTyruieHny BO3yXa OHO CropaeT, 00pasysl YIJIEKUCIIbINA Ta3 ¥ BOISHBIE MTAPHI, TPU OTCYT-
CTBUM KHCJIOpOJA JEPEBO pa3pyllaercsi, IpeBpalasch B APEBECHBI yrojb U BbIIEISAS MIPU STOM
TOpIOYME Ia3bl.

HpeBecuna camoBociuiamensiercs pu temrieparype cbitiie 330°C. [Ipu gyutensHOM Harpe-
BaHUM TeMIIEpaTypa CaMOBO3IOpaHKsl 3HAYUTENIbHO CHUkaeTcsl. Harpumep, camoBo3ropanue pese-
cuHbl Habmonaock U nipu 166°C yepes 20 yac. DTo sABIEHUE HEOOXOAUMO YIUTHIBATH MPU Pa3Meltie-
HUM JEPEBSIHHBIX KOHCTPYKIMIA BOJIM3M HarpeBaeMbIX MPEAMETOB (OTOMHUTENBHBIX MTPUOOPOB, TPYO,
IOBIMOXOIOB U T.I1.). JOMKHBI OBITH OOECIIEYeHBl TaKUe YCIOBUS MU3OJISAIMU OT HArpeBaHUsl, YTOObI
YCTaHOBUBIIIASICS, TUTEIBHO JEUCTBYIOINIAs TeMiieparypa He rnpesbiiaia S0°C.

lopenueM razoB Ha3bpIBaeTCs OBICTpasi XMMUYECKasl PEaKIysl COEIUHEHHS TOPIOYUX KOMIIO-
HEHTOB C KMCJIOPOJOM, COITPOBOXKIAIOIIAsICS MHTEHCUBHBIM BbIIEJIEHUEM TEIlIa U PE3KUM IOBBbIILIE-
HueM Temmneparypbl. [Ipy 3ToM IpeBpallieHre UCXOIHBIX BEIIECTB B KOHEUHbIE TIPOLYKThI ITPOUCXO-
JWT HE B OJIUH aKT, a Yepe3 psAl CTaAuN ¢ 00pa30BaHMEM IPOMEKYTOUHBIX XMMUYECKH aKTUBHBIX
YaCTUII-aTOMOB U PAJMKAJIOB, TEHEPUPYEMBIX CaAMOW peakiMeld. DTU YacTHUIIbl JIETKO BCTYMAIOT
B COEJIMHEHUsI C ICXOIHBIMU BELIECTBAMU U MEX/1y COOOM, MPUBOAS K 00pa30BaHMIO KOHEUHBIX MTPO-
AYKTOB M HOBBIX aKTMBHBIX YaCTHI], CIOCOOHBIX TIOBTOPSATH TY K€ LleTb peakiwii. Hapacraioree camo-
IIPOU3BOJILHOE T€HEPUPOBAHUE AKTUBHBIX YaCTUI] IPUBOIUT K PA3rOHY XMMUUYECKOM peakuK U BOC-
MPUHUMAETCS KaK B3PbIB BCEH pearupyomieil cMecu.

HawnOoree moiHO W3y4YeHHO! U3 IIENMHBIX PeaKIUii SIBJISIeTCS peaKivsi B3aUMOJICHCTBUS BOJIO-
pona ¢ KUCIOpOoAOM. 3apoXkJeHUE TIeTH MPU 3TOM PEeaklMy CBSI3aHO ¢ 0Opa30BaHMEM ATOMAPHOTO
BOJIOpOza. B urore eqMHUYHOrO 1MKJ1a POUCXOAUT BCTYIUIEHHUE B PEAKIIMIO OJJHOTO aTOMa BOIOPOAA
Y TIPUBOIUT K 0OPA30BaHUIO MOCIEAYIONIMX TPEX aTOMOB BOIOPO/A, KAk IbIi U3 KOTOPBIX MOKET JINOO
JaTh HAYaJI0 HOBOW CEpPUM MPEBPAICHUI, TUO0 MPEeBPaTUTHCS B CTAOMIIBHYIO MOJIEKYITy MU CTOJK-
HOBEHMHU C TAKOM K€ YaCTUIICH.

Takum oOpa3zoM, o0Ias cxema MPOM3BOJICTBA SHEPIUM MeXaHHYECKHX U JIeKTPOMAarHuT-
HBIX BUXPOHOB JE3MHTErpallMel-uHTerpalmeil aToOMHO-MOJIEKY/IIPHOTO BellecTBa Cliefylomas —
MIOPOTOBBIH pacraj] CTaOMIBHOTO BEIIECTBA C POXKJICHUEM aKTHBHBIX PAAMKAJIOB M UX YMHOXEHUE —
CHHTE3 HOBOTO CTaOMJIBHOTO BEIECTBA B BO30YKAEHHOM COCTOSIHUY — CHATHE BO30YKICHHSI MEXaHH-
YecKUM (pOokJIeHHe KomeOaTeIbHO-BpallaTeIbHbIX COCTOSIHUIM aTOMOB 1 MOJIEKYJT ITyTEM MOBBIIICHHU ST
TEMIIEPATYPbl) UM JIEKTPOMArHUTHBIM ITyTEM (u3nyueHue VK nim MUK pOBOITHOBBIX (POTOHOB), T.€.
MOPOXKJEHUEM MeXaHMYeCKHUX WU 3JeKTPOMArHUTHBIX BUXPOHOB C MOCEIYIOUIMM UX 3aXBa-
TOM WJIA OOIIMM OTIpeeIeHUEM — pactial-CUHTES.

Mexanu3m Bo31eliCTBHSI HCTOYHHKOB, NIPUBOJSAIIMX BO BpAILLEHUE aTOMBI U MOJIEKYJIbI
Ha BOJIHOBOZIAX, KOTOpPbIE 00pa3yloT HeomqHOpoaHocTH B BeriectBe, B CAIl Hem3BecteH. OnHako
JOCTaTOYHO M3Yy4eH M omnucad Ha npotrsbkeruu Oonee 300 ner or HelotoHa 1o Peness u Manpeins-
mrama 3pgekT 1Bera romyooro He6a U KPacHbIX 30pb — 3TO HEOTHOPOIHOCTH BO3/AyXa, MeJlbyuaii-
M€ pa3pexeHrs U YIUIOTHEHHsI, 00pasyIolrecs: B pe3yJsibTaTe XaOTUIECKOTO TETIOBOTO JABKEHUS
MoJIeKyJ1 Bo3ayxa. Eciu, BeneacTBue 31oro, pazmepsl HEOQHOPOJHOCTEN, BO3HUKAIOIIMUX B PE3YJib-
TaTe TAKOTO JIBMKCHUSI, MEHbIIIE IJTMHBI CBETOBBIX BOJIH, TO pacCenBaThCsl OYIyT MPEUMYIIECTBEHHO
BOJIHBI, COOTBETCTBYIOIIME (PUOJIETOBOW U CUHEW YaCTH CIEKTpa JHEBHOTO CBETA.

N3 aHanu3a pe30HAHCHBIX TEIUIOBBIX, MEKTPUUYECKUX U SOEPHBIX I(P(PEKTOB, BOSHUKAIOIIUX
IIPU ITPOXOKACHUU JIETKUX U «TSKENBIX» MUKPOBUXpPOHOB MK -13ydyeHns yepes BemecTBo cienyer,
410 (pr3rUecKuM MexaHn3mMoM (POTOH-(POHOHOTO TTPeodpa30BaHUS MOTJIONIEHUS SHEPruu (PoTo-
HOB BO BpallatesibHO-K0J1e0aTeIbHYI0 SHEPTUI0 aTOMOB SIBJISIETCSI TOPMOKEHHE JI0 TIOJTHOM OCTAaHOBKH
MarHUTHBIX 3apsiIOB MUKPOBUXPOHOB MO TUITY (POTOATOMHBIX PEaKIMid, MPUBOISAIIMX B COOTBET-
CTBYIOILIEE MEXaHUYECKOE JIBUKEHHUE (BUXPEBbIE TOKH) IEKTPOHBI, ATOMBI M MOJIEKYJIbl HA €0 BOJI-
HoBOJax. Pa3zmep BOJTHOBOIOB OXBATHIBAET CIIMPAJIbHBIE CJIOM ITOTO KJIACTEPA C KOJIMYECTBOM aTOMOB

4 o o
or 10* 10 10”. 3axBaueHHbIii MATHUTHBIA 3aps]] 0Opa3yeT napy 3aMKHYTO-CBSI3aHHBIX KBa3UYaCTHUL
¢ (popMoii BOJIHOBOZIOB MOJIYLIEJIOTO CIIMHA, KaK y 3JeKTpoHa. Jlasbllle HauMHAETCs MpoLecc nepe-
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na4y OECKOHEYHOW SHEPTMU MArHUTHOTO 3apsia B TIOBBIILIEHUE TEMIIEpaTypbl BOTHOBOJA U3 aTOMOB
u Monekys1. Kakum oOpa3zom? Paspsikaercsi rpaBUTAIIMOHHBIN 3apsif], 00pa3yeTcsi BOJTHOBOL U3 I'PaB-
MOTEHIMAJIOB M CHHXPOHHO MAET 3apsiIka MarHUTHOTO 3apsiia OT YETBEPTH JUIMHBI BOJHBI B y3€Jl.
B sTOM neproguecku moBTOpsieMOM poliecce 00pa3yloTCs JBa BOJIHOBOAA U3 AJIEKTPOIIOTEHITUAIOB
Y T'PaBIOTEHIIMAJIOB, M0 KOTOPBIM YCTPEMJISIIOTCS BUXPEBbIe TOKU. BUXpeBble TOKM U3 1EKTPOHOB
BBI3BIBAIOT JIEKTPUUYECKUE TOKHU, & BUXPEBbIE TOKH M3 aTOMOB YBEJIMUYHMBAIOT JIOKAIBHYIO TeMIlepa-
TYpy B BOJIHOBOJE M OJHOBPEMEHHO (TaH/EM) POXKIAIOT MPOTUBOIOIOKHBIHN MO 3HAKY I'PaBUTALU-
OHHBIII MOHOIIOJIb HA HOBOM MECTe, OTCTOSIIIIEM OT MPEbIIYIIEro Ha YeTBEPTh JJIMHBI BOJHBI — TaK
POXAaeTcsl KBAHT IMIlep3ByKa. MarHUTHBIA 3apsi] IPU TaKUX KoJieOaHUsX yXke ouyeHb ObicTpo!’
pacxofyeT CBOIO SHEPIHUI0, MOCTENIEHHO yYBEIMYKMBasi CBOU pasMep B auaMerpe. CBOMM JBHKEHUEM
oT 1/4 BOMHOBOA B Y3/l OH «CTPYyraer» CTPYKTYpPy aTOMOB M WX SiA€p, MOHU3UPYS JIEKTPOHBI
Y U3MEHsISl XMMUYECKHI COCTaB, a TPABUTAIIMOHHBII MOHOIIONb YBEJIMYMBAET TEMIIEPATypy aTOMOB
Y C TIOMOIIIBI0 HOBOTO KBaHTa 3BYKa MIEPEHOCHT €€ BO BCE YTOJNKM KJIacTepa C 3aMKHYTOW TMOBEPXHO-
CThI0. MarHUTHBIE MOHOIIOJIM HA3BAaHHBIX MUKPOBHUXPOHOB IPOXOAT y3JIbl BOJTHOBOJOB, I/Ie 3apsij
MaKCHMaJIeH, a pa3Mep MOKET OBbITh TOpa3/io MeHbIIIe 1ake pa3Mepa aTOMHBIX sijiep. | paBuTalmoH-
HbIe MOHOTIOJM 9TUX KBAa3WYACTHI] yKe CITIOCOOHBI PACKPYUMBATh U OT/EIbHBIE ATOMBI, HOHU3UPOBATh
UX U UX aTOMHBIE sIApa, YBEJMUMBAS B LIEJIOM BHYTPEHHIOI SHEPruio, JIMHEWHbIe 1 00bEMHbIE pa3-
Mephbl KJlacTepa BellecTBa. Biosib cO3JaHHBIX MU BOJHOBOJOB BO3HMKAIOT BUXPEBBIE JIEKTpHUE-
CKHE Y TPaBUTAIIMOHHBIE TOKH, & TAK)KE U3MEHSIETCS ero MepBUYHBINA XUMUYECKHIA cocTaB. pyrumu
CJIOBAaMH, YBEJIMUCHUE BHYTPEHHEHW SHEPrUH BEIIeCTBA MPOMCXOAUT 3a CUET MPUBHECEHUS SHEp-
T'MH NIEKTPOMArHUTHBIMU MUK POBHXPOHAMH ITyTEM BpamiaTeJbHO-CTPYHHON uMmuio3un '’ coot-
BETCTBYIOIIMX BOJIHOBOJIOB, KOTOPbIE BOBJIEKAIOT aTOMBI BO BpalllaTeIbHO-KOJIeOaTeIbHOE JIBUKECHUE
Y TaKUM 00pa30M TMOBHIIIAIOT TeMriepaTypy. M3MeHeHre NepBUYHOTrO XMMHUECKOTO COCTaBa MPOUC-
XOJIUT 32 CYET MIPOHMKHOBEHMS BOJTHOBOJIOB B 0OJIACTh aTOMHOTO SIIpa U MOHU3AIMU YACTHIL C €ro
BHEITHEH 000JI0UKM 30HOU XOJIOJHOI IJT1a3MBbI C MOC/IEAYIONIMM OCeJaHUEeM TUX YacCTHUI] HA COCe/I-
HUX MEPBUYHBIX sApaxX U3 yKe 00pa30BaBILEHCsI 30HBI s1IePHO-Me30HHOM I1a3MBl.

Bbicokasi MHHTEHCHBHOCTD U3JTy4YeHUs] HU3KOIHepreTuyeckux (1—2 3B) (pOTOHOB MJIM YJIb-
TPa3BYKOBBIX (DOHOHOB B JIOKQJIbHBIX 00BEMAX MHUKPOCTPYKTYP, 3aBHCSAIIAsl U3BHE OT MapamMeTpoB
(¢poHT 1 popma umMysbCa, HAMPsSKEHNE, MIOTHOCTh MTOTOKA Iy4YKa Jia3epa, TOK, MOIIHOCTD YiIb-
TPa3BYKa) EKTPUYECKHUX, JIA3EPHBIX WM 3BYKOBBIX MMITYJIbCOB, TIOJABAEMbIX B KOH/ICHCHPOBAH-
HOW cpezie (BoAa, TBEPAOE TeJO), COCOOHA MOPOKIATh MHOTO(POTOHHBIE U MHOTO(POHOHHbIE
KacKa/IHble Mpouecchl BO30YXKICHHUS aTOMOB U JIe3UHTerparumio Bemectsa. CyTb STHUX MPOILIECCOB
3aKJII0YAETCS] B CHHXPOHHOM JIOKAJIBHOM CJMSTHUHU BPAIIAOIIUXCS MATHUTHBIX WM TPABUTAIIMOH-
HBIX O€3MaCCOBBIX MOHOIIOJIEN Ha BOTHOBO/IAX OJJHOTO 3HAaKa OTJEbHBIX (DOTOHOB MM (POHOHOB B UX
cymmapHoMm (a3oBoM 0O0BEME, a B cIydae ux rnoromnieHus — B (pa3oBbix o0béMax [OM]] (vu
APYTUX MYJIbTHIIONEH ) 3aMKHYTBIX 3JIEKTPOMArHUTHBIX MJIM MEXaHUYECKMX BUXPOHOB. B pe3ynbrare
MHOTOKPATHBIX ITPOLIECCOB CJMSIHUSI POXKIAIOTCH « TSXKEbIe» (hOTOHBI 1 (DOHOHBI, KOTOPBIC BHAYAJIE
3amycKaioT BO30YKAEeHHEe-MOHN3AIMI0 aTOMOB, 2 TOCJIe MX BHICBEUMBAHUY JIOTIOJTHUTEIBHBIX TTOTO-
KOB PE30HAHCHBIX (DOTOHOB, 3aIyCKAIOT ¥ MEXaHU3MbI MOPOTOBBIX BO30YkKICHUI-MOHU3ALIUI aTOM-
HBIX siiep. Takve kacka/JHbIe TPoIecCh BO30YK/1e HUSI-HOHU3AMI aTOMOB I0CJ€e/10BATeJIbLHO
3aIyCKaloT TIOPOrOBble MEXaHW3Mbl paclaja-cuHTe3a siiep B KOHASHCUPOBAHHOW cpeze. 371ech
yXke aTOMHbIE TIPOLIECCH BO3OYKIEHUS U U3TyUYeHHUs, JOTOHUTEIBHO POXKIEHHBIX KOPOTKOAel-
CTBYIOIINX [TOTOKOB M3JIyYEHUS «IOIKHTAI0T» JIOKAJbHO IMOPOTOBBIN pachay siiepHbIX 000I0YeK,
MIPUBOASIIIUI K OBICTPOMY CUHTE3y HOBBIX SIIEP XUMHUYECKUX JIEMEHTOB.

173 A He Kak B KOCMIIECKOM ¢otoHe 14MUIIMApAOB JIET.

174 Dt0T MpoLuecc, B ONOJTHEHUE YK€ U3BECTHOI'O POXKACHUA MACCHI Y IJIEKTPOHA, ABJIACTCA ele OHUM U3 UCTOUHUKOB pous-
BOJCTBA 3BYKOBBIX I'DAaBUTALITMOHHBIX MOHOTIOJIEH.
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IIpumep o6paTHOro oHOH-(OTOHHOTO B3aMMOJIEHCTBHUS THIIEP3BYKA CO CBETOM 3aKJII0va-
ercsl B U3BMEHEHUHM ToKa3zaress rnpejgomieHuss DMB non neiicTBreM pe30HaHCHOM BOJIHBI — AUppak-
IMsl CBeTa Ha yJabTpasByke. Takum oOpa3oM CyIIeCTBYeT MpsMble U OOpaTHble MarHUTO-TPaBH-
TAllMOHHBIE KBAHTOBbIE MEPEXOJbl PE30HAHCHBIX B3aMMOJECUCTBUI MEXKAY JI€KTPOMArHUTHBIMHU
1 MeXaHN4eCKHMMH MUKpoBUXpoHamu. OmnpesenuM Takue Mepexoisl Kak JBaanarh 4eTBéproe
CBOMCTBO JIEKTPOMAarHUTHBIX BUXPOHOB. OTClofia CieyeT, YTO IPaBUTALIMOHHBIE MOHOIOIN — 3TO
Takasi (popMa MaTepuu (MM IIPOCTO MOCT), Yepe3 KOTOPYIO TPOUCXOIAT KBAHTOBBIE MIEPEXObl cOpoca
WM 3apsAKU SHEPTUH U3 JIEKTPOMArHUTHBIX BUXPOHOB B MEXaHWYeCKue W HaoOopoT. Ilpu sTom
Ha3BaHHbIE BUXPOHBI UTPAIOT POJIb HOCHTeJIel KBAaHTOB MHAYKTHPOBAHHOM SHepruu — BoiH Jlyu ne
Bpoiins, MmexaHn4ecKuX U 3J1eKTPOMAarHUTHBIX.

[TonBenem BaxxHBIN UTOT — K3MEHEHNe BHYTPEeHHeH YHePrud 0JHOTr0 aTOMa NOPoK/aaeT
WJIH NIOTJI0IaeT (pOTOH, a ”3MeHeHHe BHYTPeHHeH SHePriuu KoJIeKTHBA aTOMOB KJacTepa
BellecTBa MOPOXK/AaeT WM MOIVIoNaeT KBAHThI 3ByKa — MeXaHN4YecKHe MIKPOBHXPOHBI.

Ecnu 3TOT KOJUIEKTUB aTOMOB 0 Macce MPEeBOCXOAUT 3HAYEHHE TIJIAaHKOBCKOM Macchl (2,2 X

10°1), 10 I'PaBUTALMOHHBIE B3aUMOJEUCTBUS, T. €. MHIYKLUSA MEXaHUYECKUX BUXPOHOB, U HA3BaH-
Hble KBaHTOBBIE SIBJICHUS] HAUMHAIOT MIPEBAIMPOBATh HAJ| MEKTPOMArHUTHBIMU. K Takum m3mMeHe-
HHUSIM MOXET IPUBOAUTH ObICTpOE NoryiomeHre suepriuv K-n3myyenns BernecTBoM, MeXaHMUEeCKUH
yZap, MeKTPUUECKUIA pa3psill, JOKAJIbHBI TEPMUUYECKUI HarpeB KjacTepa BellecTBa, JAETOHALUs
Y B3PbIB XUMMUYECKOTO WJIM sJEpHOrO 3apsjaa u T. A. Hanpumep, TerioBoil HarpeB Kjactepa Kpu-
cTajula TBEPIOIO TeJla, YBEJMUMBAET CPeJHEE MEKATOMHOE PAaCCTOSIHAE B 9TOM KJlacTepe U MOPOXK-
JaeT Takue SIBJICHHs, KaK yBEIMYeHHe ero 00bEMa 1 TeIUIONPOBOJHOCTh, KOTOPOE OCYIIECTBIISIETCS
1ocpesicTBOM (DOHOHOB, CIIOCOOHBIX € TIOMOILBIO BUXPEBBIX TOKOB aTOMOB, BO3HUKAIOIIMX Ha BOJI-
HOBOZIaX U3 OMOPHBIX I'PaBMOTEHLUAJIOB MOC/IE pa3psAa I'PABUTALMIOHHOIO MOHOMOJISA, IEPEHOCUTD
SHEPruI0 COCTOSIHMSA ' HarpeBa OT OJHOTO KJjacTepa K JIpyromy. IIpu 3ToM I1aBHYI0 posb Urpaet
IJIMHA CBOOOIHOTO IMpo0era MpHy MOCTyIaTeIbHO-BpallaTeIbHbIX KoneOaHusaX aToMa BOJIM3HU MOJIO-
JKEHUs PaBHOBECHUs. DTO SIBJICHUE U €CTh CaMO€ JIEMEHTapHOe U CaMOe BBICOKOYACTOTHOE MPOSIB-
JIeHUe 3BYyKa, T. €. TMIEp3BYKa, TaK KaK ero BEepXHss IPaHUIA UTMHBI BOJHBI MOXET OBITh TOJIBKO

OoJIbIlIe YIBOGHHOTO MEKAaTOMHOI'O PACCTOSTHUSI M COOTBETCTBYET YacTOTE 10" Iy [Ipu sTOM Cre-
AyeT OTMETUTh, YTO aMILUIMTYJa KOoJeOaHUI aTOMOB CYIIECTBEHHO MEHbBIIE UX MEKaTOMHOTO pac-
crostHAs. O0aCTh 3BYKOBBIX YacTOT CHU3Y HEOrpaHUYEHHA — B TIPUPOJIE BCTPevaloTCs: MH(Pa3BYKO-
BbIC KOJIe6aHI/IH C YaCTOTOM B COTHIE U THICSIUHBIE AO0JIU repu. YacTOTHBIA AraIia3oH r’mrep3ByKOBBIX
BOJIH UMEET OTPaHUYEHHM 1, BbI3BAHHOE aTOMHBIM U MOJIEKYJISIPHBIM CTPOEHHEM cpejibl. B razax anuHa
BOJIHBI MOET OBITh TOJILKO OOJIBIIE AJTMHBI CBOOOJHOTO Mpodera Monekys. [loatomy BepxHsisi rpa-

HULIA TUIIEP3BYKA B rase 10°T 1.

OCHOBHOE CBOWCTBO 3BYKa (TPaBUTAIIMOHHOTO TOKA), PaCHpPOCTPAHSIOIIErocsi B KaKOW-JMO0
cpeje BellecTBa — 3TO MEPEHOC SHepruu!’® 3ByKoBOi BOJIHBI B (hOpMe TPaBUTALIMOHHOIO 3apsiia
yepes MOCPeICTBO MeXaHMYeCKOI'0 COCTOSIHUSI AaTOMOB — 3TO MOCJIe10BaTeJbHbII Mpoliecc, orpe-
JeJISIOINI CKOPOCTh paclpoCTpaHeHus 3ByKa B JaHHOM cpefie. BHavane 3apoxgaercs: rpaBUTAlM-
OHHBII MOHOMONB!”” TIpU cOpOCe SHEPTUM KJIACTEPOM BEIIECTBA. 3aTeM 3TOT MOHOIMOJb pa3psika-
eTcsl MoJIOOHO MAarHUTHOMY ¢ 0Opa30BaHMUEM BOJIHOBOZIA M3 OTIOPHBIX T'PaBIOTEHIMAIOB. [locie dero
10 3TOMY BOJIHOBOJY YCTPEMIISIIOTCS MUKPOYACTHUIIBI C MACCOM, CO3/IaBasi BUXPEBbIE TOKHU, KOTOPbIE
Y 3apsDKalOT HOBBIM I'PAaBUTAIIMOHHBIA MOHOMOJb, HO C MPOTHBOIONOKHBIM 3apsiioM U Ha HOBOM

5
175 Quenn BakHO — MEPEHOC COCTOSMSA KOPIYCKYJIAPHOTO BEIIECTRA C TOMOIIIBIO MEXaHMYECKHX BOITH M3 OTHOTO PErHOHa B APY-
roil. DTOT nporecc HEOOXOAUMO YUUTBIBATh IIPU UCCIIEAOBAHUM «/IbIP» HA MOBEPXHOCTU 3eMJIH, 00YCIOBICHHBIX IEPEHOCOM COCTOS-
HMs MaTePUU U3 MAHTUM K MOBEPXHOCTU KOPBI IyTEM MOIIHBIX MEXaHUUYECKUX BUXPOHOB, POKIAEMBIX B3DbIBOM.
176 3neck nmeetcs BBITY pasmadHBie OPMBI SHEPIHH, OGYCIOBICHHbIE COCTOSHIEM BELIECTBEHHOM MATEPHU HCTOUHHKA, B TOM
Yuclie MeXaHUYeCKOe U MarHUTHOE JaBJIeHKE, IVIOTHOCTb, TEMIIEpaTypa, CIIuH U T. 1.
177 310 HOCHTENb M HCTOUHMK 3apsana Maccel B CH ¢ pa3HBIMU 3HaKaMu.
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MecTte. 3aMeThM, 4to B DMB nepeHoc sHepruy NpoucxXoauT 3a CUET CaMOABHKEHHsI TIEPEMEHHOTO
MarHUTHOTO 3apsi/ia He UMEIOILEro Macchl C OMOPOM Ha 31€KTPONIOTEHIIUAIIBI.

Kak npoucxoanT 3TOT NepeHoC WM KaK NPONUCX0AUT CAaMOABHKeHUe 3ByKa, T. €. rpa-
BHTAMOHHOI0 TOKAa B cpefe?

371ech yke YyMECTHO 3aMETUTh, YTO UCTOUYHMKA CaMOJBMKEHUS, TIOPOXKAAIOLIETO CTPYKTYPBI
MEXaHMYeCKOro KBaHTa'!’® 3ByKOBBIX BOJIH, KaK M MexaHu3Mma ero camopaBuxkenus B CAIl, aBropom
B OTKPHITOM JIUTEpaType JaHHBIX HE OOHAPYKEHO, KaK 3TO IMOJOXKEHHE CYIIECTBYET U CO CTPYKTY-
PO¥ JIEKTPOMArHUTHOTO (poToHa. [IpyrumMu cjioBaMu, Ha MUKPOCKOIIMYECKOM YPOBHE (PU3NYECKUI
MEXaHW3M paclpOCTPaHEHHUs 3ByKa HeHM3BeCTeH. 3aKOHbI pacClpOCTPaHEHH sl 3BYKOBBIX BOJIH OITpe-
J€JIEHBI JIMIIb HA OCHOBE SKCIIEPUMEHTAJIBHBIX JAHHBIX U HOCAT, UCKJIIOYUTENIBHO MaTeMaTH4eCKU
(peHOMEHOIOTMYECKUT XapaKTep.

HcTouHnkamMu KBaHTOB 3BYKa MOTYT ObITh, KaK U IPU pOKAEHNH (POTOHOB, OBICTpOE H3Me-
HEHHe SHEepreTUYecKOro COCTOSIHUSI aTOMOB, B JaHHOM CJIy4ae, MEXaHUYECKOIO COCTOSIHUSL KOJI-
JIEKTHBA aTOMOB, OOpasyIoOlIMX CBA3aHHYI0 CHCTeMY Macc. MeXaHu3M pacrnpOCTpaHeHUs 3ByKa
B cpelie — 3apsAJKa [OTOKA IPABHTAIMOHHBIX MOHOIIONEHN C MOCHENYIOIEeH UX pa3psAIKon U Nepu-
OIMYECKMM TIOBTOPEHUEM 3TOTO Iporiecca, 00pasyolyM rpaBUTAIIMOHHbINA TOK B Hell. 13 aHanmza
BozericTBus K-u3mydyeHus Ha aToMbl, UCCIEJOBaHUI MEXaHWU3Ma JIeKTPOrUIPaBIMYECKOro pas-
paga JI. A. FOTkrHa, MEXaHUYECKOTO yaapa 1o TBEPAOMY TeJly, JETOHAIMU U MOCJIeYIOIEro B3pbiBa
WJIM KaKOro-JImO0 WHOTO JIOKAJIbHOTO BO3MYIIIEHHUSI, CJEAYET, YTO BCETAa BBIHYKAE€HHOE M3MeHe-
HUE COCTOSIHMS IMOCTYINATeJIbHO-BpAIllaTeIbHOTO JBUKEHMS KJlacTepa BEILeCTBa JaXe Ha Ipejee
IJTMHBI CBOOOTHOTO MTpo0era aToMOB IPU KoJieOaTeIbHO-BpalaTeIbHOM JIBHKEHUH UX OKOJIO TOJIO-
KEHHS1 paBHOBECHS B BEILIECTBE MHIYKTUPYET 47T-NIOTOK I'PABUTAIMOHHBIX MOHONOJEH BOKPYr
TOYKH JeTOHAIUH. DTO AaHAJIOI MHIYKIIMM MAarHUTHOTO MOHOIIOJSL B M3MEHSIOIEMCS JIEKTPU-
YECKOM I0JIe, T. €. B MEXaHUYECKH BO3MYIIEHHOM NPOCTPAHCTBE-MOJIe TOKOSAIIEHCS aTOMHO-
MOJIEKYJIIPHOU cpebl. Takoe MpOCTpaHCTBO-Cpeia JOIKHO COCTOSATh U3 MOABUKHBIX MUKPOUYACTHUI]
C Maccoil — aToMbl, MOJIEKYJIbl, NOHBI, IEKTPOHBI U T. 1. Hampumep, npu mMexaHu4eckoMm ynape
IO KJIacTepy TBEPAOIO TeJia, T. €. B CBA3aHHOW CHCTEME Mace, B €ro MPOCTPAHCTBE NMPUXOIAT B BU-
KEHHE aTOMbl, COXpaHsisl CBOE MHEPTHOE COCTOSIHME MOKOSl. DTO ABUKEHUE CIOKHOE U COCTOMUT
U3 MEXaHMYECKHMX KoJieOaTebHO-BPAIATeIbHBIX JABMKEHUN aTOMOB OKOJIO TIOJIOKEHUsI PaBHOBE-
CHSl U UX BBIHYKJEHO-BO3MYILUEHHOIO JETOHMPOBAHMS IMYTEM yaapa MOCTYNATeJIbHOTO JABUKEHUS
U3 COCTOSIHMSI MHEPTHOro mokos. Takoe cuH(pazHoe 1eOpoilieBckoe ABHKEHNEe KOJUIEKTHBA aTo-
MOB IIPUBOJUT K 3apsike MUKPOC(EP-UCTOYHUKOB U3 CHMpasell IPaBIOTEHIMAIOB (IPaBUTALIIOH-
HBIX MOHOINOJIEH), T. €. HOCHTeJeH KBAHTOB MHAYKTUPOBAHHON SHEPTHMM — KJIACTEPOB BUXPEBBIX
noneit. CuBasich B OJJH, OHU YK€ 00pa3yloT KBAHTOBO pa3pelI€HHBI CYMMApHBIN I'PaBUTALIMOH-
HBII 3apsizt co cTPYKTYpoit (poTo 2.1) mogoOHOM CTPYKTYpe MarHUTHOrO MoHonojs. asee ciemyer
pas3psiika TOro0 MOHOIIOJS B IIPOCTPAHCTBE KJIacTepa C MPOM3BOJACTBOM BOJIHOBOJOB-TIONS U3 ONOP-
HBIX TPABIOTEHIIMATIOB — C TOTO0 MOMEHTA HAUMHAETCS KU3Hb MeXaHN4eCKOro MUKPOBUXPOHA
WIN UAET IPaBUTAIMOHHBIN TOK (TPaBUTAlIOHHBIE BOJIHBI) . [locne yero, B1oab» HUX CUH(pA3HO
BO3HUKAIOT BUXPEBbIE TOKU aTOMOB, KOTOPbIE KBAHTOBAHO NEPEHOCAT COOTBETCTBYIOILIYIO SHEPTHUIO
MaTepuy Ha IMO3BOJICHHOM JJTMHE CBOOOIHOTO Mpodera B pa3nyHoi popMe (J1aBjieHue, TUIOTHOCTb,
TEMIIEPATypPy, MAarHUTHOE COCTOSTHHUE U T. [I.) ¥ OHM K€ PEreHepUPYIOT-3apsKaloT HOBBIN KOJIJIEKTUB,
HO ITPOTUBOIOJMIOKHBIX 0 3HaKy I'PaBMOHONOJIEN Briepeu Ha 1/4 1yiMHBI BOJIHBI M HA HOBOM MECTE.
[Tpu 3TOM CKOPOCTH pacnpOoCTpaHEHMS 3BYKa yxke OIpeeisieTcs MPOIOIbHON COCTABIISIONIe BUH-
TOBOTO JIBUKEHUS aTOMOB BJI0JIb [IOTEHIIMAJIOB BOJTHOBOJA M COM3MEPUMA C UX TEIVIOBOM CKOPOCTHIO.
CuHasHoe 1BUKEHNE aTOMOB MPUBOAMT K CO3/IaHUIO (PPOHTA 3BYKOBOHM BOJIHBL. DTO U €CTb OTBET
Ha BOIPOC — 3a4eM Hy’KHa CpeJia [Uisl paclpoCTpaHeHUs 3ByKa U 4eM OOYCJIOBJIEHa CKOPOCTh 3BYKa
B Hel? [1pu pacnipocTpaHeHuy 3ByKa B cpeie MHYKTHPOBAHHbIE [PABMOHOIIOIM MEHSIOTCS 110 3HAKY

178 SneMeHTaprle TNPOABJIEHN A MEXAaHUYECKHUX KBAHTOB — 3TO q)OHOHl)I " POTOHBI.
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MOCJIeAYIOIIMMH BUXPEBBIMUA TOKaMH MUKPOYACTHIL BAOJb MMOTEHIINAJIOB BOJTHOBOJOB — 3THUM 00ec-
MIEYNBACTCS MOJTHOE KBAHTOBOE MPe0Opa30BaHe WHIYKTUPOBAHHON B TPABMOHOIIOJNE SHEPTUH TPH
COXpPaHEHUM CpeJHE, ITUM OTIIMYAETCS MEXaHU3M (POPMHUPOBAHUSI CKOPOCTH 3ByKa OT CKOPOCTHU
cBeTa (DOTOHOB, TUM OTJIMYAETCSI CBOOOIHBIN MEXaHMUECKHIA MUKPOBUXPOH OT JIEKTPOMArHUT-
HOTO.

JlokaJipHBIE TEPMUYECKHUE KOJIEOaHM I aTOMOB KPUCTAJIJIa BBI3BIBAIOT paclipocTpaHEeHHe B Bellle-
CTBE CHCTEMbl 3BYKOBBIX BOJIH, KBAaHTAMH KOTOpPBIX ABJAIOTCSA (POHOHBI. POHOHBI W UX B3au-
MOJIEUCTBUS C NEKTPOHAMHU UTpaloT (PyHAAMEHTAJIbHYIO pOJb B COBPEMEHHBIX IpEICTaBICHUSIX
1o (pU3MKe CBEPXIPOBOIHUKOB, IIPOLIECCAX TEIUIONPOBOJHOCTH, MPOLIECCAX PACCESTHUS B TBEPIBIX
Tejax. 3aKOHbl paclpoCTpaHeH!s BOJIH — JU¢paKiMs, UHTep(epeHLts, OTpakeHne, IpeIoMIeHre
OJJMHAKOBBI U JJIs1 JIEKTPOMAarHUTHBIX BOJIH U JJis 3ByKa. O/IHAKO €CTh OT/IMYUSl B ONOPHBIX
MOTEHLIMaJIaX Ha BOJHOBOJAX U CKOPOCTSX paclpoCTpaHEHMs 3ByKa M CBETa. DJIEKTPOMAarHUWTHbIE
BUXPOHBI YCTaHABJIMBAIOT JIEKTPUUECKUE MOTEHLIMAIIbl, KOTOPbIE BBI3BIBAIOT BUXPEBBIE NIEKTpUYE-
CKHE TOKU B ITPOBOJHUKAX, & MEXaHUUYECKUE — I'PABUTALIMOHHBIE TOTEHLIMAJIBI, KOTOPBIE BI3bIBAIOT
BUXPEBBIE I'PABUTALIMOHHBIE TOKA MUK POYACTHUL] C MACCOU U (POPMUPYIOT TEM CaMbIM (PPOHTHI JaBJie-
HUS1 M CKOPOCTH UX JBUKEHUS, a TAKXkKe, B HEKOTOPbIX CTy4asiX, — BAXPEBbIE TOKM MOHOB U JIEKTPO-
HoB. [loaToMy npu pacripocTpaHeHUH 3BYKOBOW BOJIHBI ITPOMCXOIUT CJIEAYyIOIIee: — Ha PACCTOSIHUN
B TIOJIBOJIHBI aMIUIUTY/IHOE 3HAYEHUE JTaBIEHUS U3 MOJIOKUTEIbHOIO CTAHOBUTCS] OTPULIATENIbHBIM, T.
€. pa3Hulla JaBJIEHUH B JBYX TOYKaX, OTCTOSIIMX APYT OT Jpyra Ha MOJBOJIHBI IIyTH PaclpoCTpaHe-
HUS1 BOJIHBI, ITPEBBILIAET B [IBA pa3a.

— J1aBJIEHUE, OKa3bIBAEMOE Ha YaCTULIbI CPEbI IPU PACIIPOCTPAHEHUY BOJIHBI, SIBJISIETCS PE3YJIb-
TaTOM JAEWCTBUS BUXPEBBIX TOKOB BJIOJIb NOTEHIIMAJIOB BOJIHOBOJA.

— nipoder yactui'”’ cpespl, y4acTBYIOIIMX B BUXPEBBIX TOKaX IMPU Mepeadye SHEPruy BOIHBI
1 9JIEKTPUYECKOTO 3apsi/ia, He MPEBbIIIAeT [UTMHBI KX CBOOOIHOTO Mpodera B cpejie MU JaHHbIX YCIIo-
BUSIX.

Ha ocHOBaHuM 3TOro MOXHO cliesiaTh 3aKJI0YEHUE O TOM, YTO NP NEPEHOCEe SHEPTUM 3ByKa
MIPOMCXOIUT MOJIHOE KBAHTOBOE MIPe0Opa30BaHKe SHEPTUU BUXPEBOM MAaTEPUK MUKPOYACTHI] C Mac-
COM B 3THX BOJIHOBBIX IIPOLIECCAX, T. €. JAHHBI MEXaHUIECKUI MUKPOBUXPOH SIBJISIETCS CBOOOHBIM
CO CIIMHOM PaBHBIM €IMHMIIE, 110 AHAJIOTVM ABUKEHUS U MIEPEHOCA SHEPTUU (POTOHOM.

AKycTHueckass KapuTanusi (00paTHbIi mpoiecc). DTOT MPoIecc BO3HUKAET P MTPOXOK-
JEHVHU B BOJIE 3BYKOBOI BOJIHBI OOJIBIIION MHTEHCUBHOCTHU. B HacTosiiee BpeMs akycTUYecKast KaBu-
Talysl, KOTOpas yallle Ha3bIBaeTCs YJIbTPa3BYKOBOW KaBUTALIMEW, IIMPOKO UCIIONIb3YETCS] B HAYUHBIX
U MPaKTUYECKUX LENsAX ISl YCKOPEHUs pa3IMYHbIX TEXHOJIOTMYECKUX IporeccoB. OfHAKO 3TOT
THUI KaBUTALMM HEJOCTATOYEH ISl MHULIMMPOBAHUS siIepHbIX peakuuil. CortacHO (pyHIaMeHTaIb-
HOH paboTHI MO YJABTPA3BYKOBOH JecTpykimu Matepun A. ®. Knagosa i MHULIMUPOBaHUS siaep-
HBIX peakiuii Heooxoaumo B 10 pa3 MOBBICHTh MHTEHCUBHOCTh M3JIyYEeHHs 3ByKa, MO CPABHEHMIO
¢ 0OBIYHOM Y/IBTPa3BYKOBOH armaparypoii. Kpome Toro, HeoOX0IMMO 3aMEHUTh COBPEMEHHBIE MTPe/l-
CTaBJICHUSI O MEXaHU3Me KaBUTAIIMOHHOTO BO3/IEHCTBHS Ha OOBEKT, KOTOPBIE He TIO3BOJISIOT 0OBsIC-
HUTb SKCNIEpUMEHTaIbHbIE pe3ynbTaThl (Kiagos A. @.), mosydeHHbIe TTPU UCTIONB30BAHUN YJIbTPa-
3BYKa CBEPXBBICOKOW MHTEHCUBHOCTU. B TaKuX YCJIOBUSIX EPBUYHBINA Ia30BbIH My3bIPEK pa3MepaMu
B HECKOJIKO MUKPOH, BO30YKIaeMbIil aKyCTHYECKUMU KOJIEOaHUSAMH B C(HepUIECKOM CTEKJITHHOM
coCylle U MMEIOIIMI BHAYaJle HE COBCEM IPaBUJIbHYIO cpepudeckyio (hopMy, UCITyCKaeT CBETOBbIE
MMIYJIbCbl CTOJIb UHTEHCUBHbIE, YTO OHU BHUJHBI HEBOOPYKEHHBIM INIa30M. JIMTEIBHOCTh TaKOTO
MMITYJIbCA SIBJISIETCS PEKOPAHO KOpoTkoil M coctaiser or 10—50 nc no 100—300 nc, u 3aBu-
CHUT OT KOHIIEHTPALMM PACTBOPEHHOI'O Ta3a U aMIUIATY/Ibl 3BYKOBOI'O JIaBJIEHUS, CIIEKTP U3Ty4YeHUs
CILIOIITHOM, 6€3 BBIPaXKEHHBIX XapaKTEPUCTUUECKUX JIMHUI U TIOJIOC, pa3Mep CBETsAIIeics oonacTu
ucyesaouiee Masl U coctapisieT MeHee 1 MukpoHa. [Ipiuem BCIIBIIIKY MPOUCXOAST B OCHOBHOM IIpU

179 Yacrui, KOJT66J'HOH_II/IXCH OKOJIO CBOETI'O ITOJIOKEHUA PaBHOBECHU .
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riepexofie OT IMy3bIpbKa OOJIBIIIETO AMaMeTpa B )KUJIKOCTH K HaMMEHbIleMy quamerpy. KaBuranmon-
HBIA My3BbIPEK, POKAAIOIIMICSA U CXJIOMbIBAIOIIMIICS MUUIMOHBI pa3 B CEKYH/Y, F€HEpUPYET JIUIIb
YCPEIHEHHBIY COHOJIOMHMHECIeHTHBIN CBET. SIpKOCTh COHOIIOMUHECIIEHTHOTI'O CBETA PE3KO YBe-
JIMYUBAETCS IPY OXJIAKAEHUM Bozibl. Ha mocnennen craqum ckatusi KaBUTALMOHHOTO ITy3bIpPbKa €ro
CTEHKH Pa3BUBAIOT CKOPOCTh 10 1—1,5 km/c, 4TO COM3MEPUMO CO CKOPOCTBIO 3BYKa B TAHHOM KU/~
KOCTH.

MexaHu3M KaBUTANMHU 1 COHOJIOMHHECHEHIMU — 3TO KBAaHTOBbIE NIEPEXO/ibl HOCUTENEN
VHIyKTUPOBAHHOM SHEPIvX OT TPABUTAIIMIOHHBIX K MATHUTHBIM 3apsijiaM B 00pa30BaBIIMXCSI 3aMKHY-
THIX MAaKpPOBHUXPOHAX KBa3W4acTUll — cdepa My3bIpbKa. DTO €IE OAUH NpUMEpP Hapsly ¢ reHepa-
uueit MK-n3nyyeHrs HarpeTbiMu TeJlaMy — SIBJIEHUE COHOMIOMUHECLIEHIINH, T. €. CBEYEHHUE KUAKOCTU
T0]1 IEVICTBUEM KOJIeOaHU B ITy3bIpbKe, B KOTOPOW IMPOMCXOAUT Niepeada SHEPrur U3 aKyCTHYECKOM
BOJIHBI B 3JIEKTPOMAarHUTHbIE (POTOHBI, T. €. HEMPEPHIBHOCTh TOKA SHEPIUM HE3aBUCUMO OT (DOPMBI €€
MIpEepbIBaHUS — EKTPUYECKUM 3apsIOM B BelIeCTBE AJis1 (POTOHA WJIM MEXaHUYECKUM I'paBUTALM-
OHHBIM 3apsIZIOM B Y3JI€ CTOSTUeH 3ByKOBOH BOJTHBI. MeXxaHi3M 00pa30BaHMs TAKOTO My IbCHPYIOIIETO
IMy3bIpbKa 3aKJiroyaercs B cienyomeM. [Ipu npoxoxkaeHn pe30HaHCHOTO 3BYKOBOI'O KBaHTa 4epes
BOJlY IPaBUTALIMOHHBIN 3aps1]] MEXaHUUYECKOTO BUXPOHA IIPOU3BOAUT BOJHOBO/, U3 IPAaBIOTEHLIMAIIOB,
KOTOPBII IPU BCTPeYEe C aHAJIOTMYHBIM BCTPEYHBIM BOJIHOBOJOM OTPAaKEHHOM OT CTEHKH APYIoro
AHAJIOTMYHOIO KBAaHTA 3BYKA POXKJIAEeT KABUTALMOHHBIN My3bIPEK, KOTOPBII CIIEAYET pacCMaTpUBaTh,
KaK MaKpOYacTHIly THIA CBSI3aHHOM Napbl JIEKTPOH-TIO3UTPOH. DTa apa BUXPOHOB HAYMHAET I1yJIb-
CUpOBAaTh U3MEHsISl TEOMETPUUECKUE U (pU3MUYECKUE NTapaMeTphl IVIEHKU My3blpbKa. [Tporecc anao-
TMYEH POXIECHUIO IIAphl B TIOJIE ATOMHOTO $i/ipa — POXKJIEHNUE 3aMKHYTBIX JIEKTPOMAarHUTHBIX MUKPO-
BUXPOHOB B peXHME MPOTUBOJABJIEHUS, T.€. JMEKTPUUECKUI MOHOIIOIb BUXPOHA- JIEKTPUUECKOE
rosie aroMa. B KaBUTaIlMOHHOM Iy3bIpbKE IPOTUBOJABIIEHUE — 3TO JIaBJIEHUE JIByX BCTPEUHBIX Y3JIOB
BOJIHOBOJOB. ['paBUTALIMOHHBIII MOHOIIOb 3aMKHYTOI'O MEXaHUYECKOTO BUXPOHA BBIHYKIEHHO IIpU
yKa3aHHBIX yCJIOBUSIX (OOpaTHBIN MPOIIECC) COBEPIIAET KBAHTOBBIN MEPEXO M MPU pa3psaKe pok-
JAaeT MarHUTHBIN 3apsil. 34eCh POJib JEKTPUUECKOIO MOHOMOIS JIEKTPOMAarHUTHOTO MUKPOBHUX POHA
¥ TI0JIs1 aTOMHOT O siipa 6epyT Ha ceOs1 JIOKaIbHbIE 3BYKOBOE JIaBJIeHHe (TIJIOTHOCTD) M BCTPEYaloIeecs
Ha ero IMyTH JIOKAJIbHOE BCTPEYHOE MPOTUBOaBJIeHHE. B 0MHOM cityuyae 310 rpeGHOM BUHT, B APYTOM —
cTostyasi 3ByKOBasi BoJHa. B 0Opa3oBaBiieMcst KaBUTAITMOHHOM ITy3bIpbKe TP pa3psiike TpaBUTAIM-
OHHOI'O MOHOIOJISI BJIOJIb €r0 BOJIHOBOJIOB HAUYMHAIOT IYJIbCUPOBATh BUXPEBBIE TOKU, KOTOPBIE ITEpe-
IPEeBAIOT TUIEHKY CJIOSI )KUAKOCTH U 00pas3yloT My3bIpEK, MOBEPXHOCTh pasfesia MEXIY KUIAKOCTHIO
Y Ta30M — UH/IMKATOP 3aKUIMaHUs KUAKOCTU. DTOT ke MPOLIECC 3apsiKaeT M MATHUTHBIA MOHOIIOJNb —
AMaMeTp IMy3blpbKa YMEHBIIAETCS U CTAHOBUTCSI COBCEM HEBUIUMBIM B MOMEHT, KOIJla MarHUTHBIN
3apsj 1OCTUraeT MaKCUMaJIbHOM BEJIMYMHBL. A NIEpe/i TEM KaK COBEPIIMTH KBAHTOBBIM NEpeXoj B Ipa-
BUTAIIIOHHBIN 3apsi]l, MATHUTHBIA yCTIEBAET MPH YCTAHOBKE Ha BOJTHOBOJE B KUAKOCTH CaMbIX 0OJIb-
IIMX 10 3HAYEHHUIO IEKTPONIOTEHIIUAJIOB BO30OY/IUTh M HOHU3MPOBATH ATOMBI, IO KOTOPHIM 3aTE€M U YT
BUXPEBBIE JIEKTPUUECKUE U TPABUTALIMOHHBIE TOKH, TIOPOKAAIOLINE KABUTALIMOHHYIO 9PO3HIO B TBEP-
aom metaie. [lepexons B OCHOBHOE COCTOsTHME aTOMbI U3JTy4aloT cBeToBble pOTOHBI. MTak, Buxpe-
BbI€ TOKH BJIOJIb TPABIOTEHIIMAIOB HArPEBAIOT U 00Pa3yIOT My3bIPEK JIOKAIBHOTO TEpPerpeBa, a BUX-
peBbIE TOKHM BJOJIb IEKTPONOTEHIMAJIOB YMEHBINAIOT €ro B JUAMETPe U U3JIy4yaloT CBET — MPOLIECC

ITyJIbCALIUY IEPUOANYECKUI C PECYPCOM OT 10° 10 10" 1K II0B, 3aBECHMBIiA OT 3HAYCHNUS! BETUUUHbI
IPaBUTALIMOHHOIO WJIM MarHUTHOTro 3apsza. [lo cymectBy — 310 nponecc poxIeHUs 3aMKHYTBIM
MEXaHUYECKUM BUXPOHOM KOPITYCKYJISIPHOW KBa3WYaCTHIbI C O'PaHUYEHHbIM BO3PAacTOM, MOJ00-
HBIIl CTPYKTYpe IIAapOBOil MOJHUHU WY Mape 3JeKTPOH-TO3UTPOH.

B3anmopeiicTBHe cBeTa CO 3BYKOM (M HA00OPOT) UCHOJIb3YeTCs B COBPEMEHHOMW ONTHKE,
OITO3JIEKTPOHUKE, JIA3EPHON TEXHUKE JJIs1 YIIPaBJIeHUs] KOTEPEHTHBIM CBETOBBIM M3JIy4eHHEM. AKY-
CTOOINTHYECKHE YCTPOMCTBA MO3BOJISAIOT YIPABIATh aMIUIMTYHOM, YacTOTOM, MOJspU3aliveil, crek-
TPaJbHBIM COCTAaBOM CBETOBOI'O CUTHaJa M HAallpaBJIE€HHEM PpaclpOCTPAHEHUsl CBETOBOIO Jyya.
V3 npukiIagHeIX acleKTOB aKyCTOONTHYECKMX 3((EKTOB MPAKTHUUECKOE INPUMEHEHHUE HMMEIOT
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crcTeMbl 00padoTKM MH(POPMAIIY, TJIe aKyCTOONTHUYECKUE YCTPONCTBA UCIONIB3YIOTCS ISl 00pa-
601k CBY-curHasoB B peajbHOM MaciiTabe BpeMeHH!.

@DOHOHBI U POTOHBI — JIEMEHTAPHBIE BHICOKOYACTOTHBIE MPOSBICHUSI MEXaHUYECKUX BUXPO-
HOB. PU3MUYECKUIl CMBICT MOSIBIEHUSI POTOHOB COOTBETCTBYET IMOSIBJIEHWIO BUXPEBOTO JBUKEHUS
MUKPOKJIACTEPA B CBEPXITPOBOASIIEH KUAKOCTU. DHEPreTHUECKUIA CIIEKTP JIEMEHTAPHBIX BO30YK-
JEHUI B KUJIKOM T'eJIMM MMeeT JUHENHYI0 3aBHCUMOCTb B HayaJbHOM 4YacTu. JIOKaJbHbI MUHU-
MyM SHEPruv COOTBETCTBYET TeM-Tieparype okoso 8,6 K. DnemeHTapHbIe BO30YXK/IeHUS JUHEHHOT
YaCTH CIIEKTPa COOTBETCTBYIOT POXKICHUIO (DOHOHOB, a BO30OYKAEHUS B 00JIaCTH, OJTM3KON K MUHU-
MyMYy — POXJeHUIO poTOHOB!®’. OHM TECHO CBSI3aHBI B3aMMHBIMU KBAaHTOBBIMU SHEPreTUUYCCKUMMU
NepexoAaMu C 3JEKTPOMarHUTHBIMU (DOTOHAMU U 3JIEKTPOHAMU cpe/ibl. POHOHBI B3aMMOIEHCTBYIOT
HE TOJIbKO JIPYT C APYroM, HO U C JPYIrMMM KBa3WYaCTULIAMM, KaK C JIEKTPOHAMH IPOBOJUMOCTHU
B METaJUlax U MOJyIIPOBOJHMKAX, TAK U C MArHOHAMU B MarHUTO-YNOPSIIOYEHHBIX cpefax. Mcmycka-
HUE U NOMJIOIIEHNE (POHOHOB 3JIEKTPOHAMH — OCHOBHOW MEXaHU3M JIEKTPUUYECKOTO COMPOTUBIICHUS
METAJUIOB U TIOJYTIPOBOJHUKOB.

Takum 0Opa3om, MexaHUYECKHe (TEryIOBble M 3BYKOBBIE) MHUKPOBHXPOHBI — 3TO MPOLYKTHI
HAIpaBJICHHOTO TOCTYMNATEIbHO-BPALIATEILHOTO ABHKEHUSI aTOMOB U MOJIEKYJ, (popMHpYIO-
IHUX IPABUTAIMOHHBbIE TOKH B cpefie. YCTaHOBJIEHHOE CBOWCTBO BBIBOAUT 3akoH JIyu nie bpoitns
Ha Ka4eCTBEHHO HOBBIII MeXaHHYEeCKHH yYpOBEHb — B YKa3aHHOM COCTOSIHUM KOHYCHO-BUHTOBOH
KJIacTep ABWXKYIIMXCS MHUKPOYACTHIl CIIOCOOEH 3apsikaTh IPABUTANMOHHBIH MOHOIONb (MCTOY-
HUK), KOTOPBII MpU pa3psijike cO3JaET BOTHOBO (110J1€) U3 rpaBrnoTeHnuanos. [1o sTomy BonHOBOLY
B CJIe/Iylolllee MTHOBEHME HAUMHAETCSl BUHTOBOE JIBMKEHHE KBaHTa OJIM3/IEKAIMX aTOMOB — BUXpe-
BO¥ IPAaBUTAIMOHHBIN TOK, KOTOPBI B CBOI0 OY€pEb OIATh 3apsKaeT IPaBUTALIMOHHBIN 3apsi],
HO C MTPOTHBOIIOJNIOKHBIM 3HAKOM. Tak poxJaeTcs TerioBasi WK 3BYKOBasl BOJIHA, T. €. CBOOO/IHBIC
MeXaHU4eCKue 1eOpONIEBCKIE BOJHBI.

2.3. DeKTPOH — NO3UTPOH

Ckaodicu mHe, umo maxoe 31eKmpoH, U s 00BCHIO mebe 8CE OCMANbHOe.
William Thomson

DNIEeKTPOH, KaKk 3aMKHYTOe€, a TI03TOMY MHEPTHOE U CTAOUIbHOE MUK POIIPOCTPAHCTBO € Mac-
Coii, 00NaaeT CTPyKTypoy, BHYTPEHHUMH M BHEIMHUMH (DPU3MUECKUMH cBoWicTBaMu. Ero kommro-

HOBCKasi AnvHa'®! BoMHBI cocTapisier BenuuuHy 2,4 X 10710 cm. HebpoitneBckas'®2yimHa BOJTHBI
9NIEKTpPOHA B atome (T. €. pa3Mep cdepudeckord 00IacTH, B KOTOPOH MEKTPOH, Oyay4H CBs3aH
NEKTPUUECKUM TIOJIEM SIApa, yKe MepecTaéT CyIecTBOBAaTh CO CBOMCTBAMH CBOOOJHOTO JIEKTPOHA)

B HOPMAJIbHBIX YCJIIOBHUAX peKOM6I/IHaI_II/IOHHOFO TEIJIOBOI'O PABHOBECHA COCTABJIACT BEIIMYNHY 10—

7 —8 . o
— 107" cM a B yc/ioBUSIX BaKyymMa KOCMOCa B 0OJIACTAX € TEMIIEpaTypoit OJIM3KON K aOCOIOTHOMY

_ _ 4 .

Hy/I0 npuomkaeres K 107> — 107 em. Takum 06pasoM, BHICOKO BO30YKIEHHbIE COCTOSIHUS ATO-

MOB, UMEIOIIHE HA TIOBEPXHOCTH 3eMJIM OUeHb KOPOTKOE BpeMsl JKM3HHU, B IITyOMHAX KOCMOCa TpaK-

TAYECKU CTAOWIbHEI.

180 st marnsasocty, MoxHO MIPUBECTH B TIPUMEP COCTOSTHUE YacTull B MaHTHU 3emiu. Eciu BhICOKast TeMreparypa aTOMHO-

MOJICKYJISIPHOTO KJlacTepa 00yC/IOBJIeHa TIOCTYNATe/IbHO-BPAIATEIbHBIMU KOJIEOAaHUSIMH aTOMOB U MOJIEKYJI, TO B MAaHTUM 3eMJIM HET
HEeOOXOAMMOTO IPOCTPAHCTBA HU U1l 00pa30BaHMsI aTOMOB, HU [UIsl 0Opa30BaHUs TaKUX KoseOaHuid. [T09ToMy SHeprust 4acTuil Tam
Mpe/ICTaBJIeHa TONBKO B (popMe BpallleHHil — POTOHOB.

181 310 pasmep oGnacti, Kora YacTHIA NepecTaéT IPOSIBIATH ce0sl KAK MATepUAIbHAS TOUKA, U B TAKUX B3AUMOJCHCTBHSX YiKe
HAYMHAIOT [TPOSIBJISITHCSI HEKOTOPBIE CTPYKTYPHBIE CBOKCTBA.

182 dopmasbHOE OmpesiesieHre KOMIITOHOBCKOH U 1eOpOMIEBCKOH JUTHBI BOJIHBI OJMHAKOBO, HO B TIEPBOM CJIy4ae UCIIONIb3YeTCs
CKOPOCTb CBETA, B3aUMOJEHCTBYIOLINX rAMMa-KBaHTOB C JIEKTPOHAMH, a BO BTOPOM — peaibHasi CKOPOCTb JIBHKEHUS IEKTPOHA OTHO-
CHTEJIBHO SIpa NP KOTOPOi BO3MOKHO (pOPMHUPOBAHKE aToMA.
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V anektpona B cucteMe CH camasi MUHMMaJIbHO BO3MOKHAs Macca-3HEprysi ”HEPTHOTO MOKOS
(511 K3B) 00ycioBiieHa orpaHuYeHueM CBOOOJHOTrO JBMKEHUS HOCUTENIS HHIYKTUPOBAHHOU SHEP-
ruid ['SMM B paMKax ero 3aMKHYTOW CTPYKTYpbl BOJHOBOJOB ((poto 2.15). B pesysnbrare 3T0r0
CBOOOJHBIN KJIACTEp IPaBUTAIIMOHHBIX 3€PEH-TIOTEHINAIOB N3 OOHOBJIEHHOTO BOJIHOBO/IA JIEKTPOHA,
B3aUMOJICUCTBYS C TIOJIEM TATOTEHUsI 3eMJTH ¢ 0Opa30BaHMEM XOJIOIHOM TUIA3MBbl, TPOSIBIISIET CUJIO-
Bbl€ JIMHUY TPUTSKEHUE. DNEKTPOH CTAHOBUTCS HENPEPHIBHO CBS3aHHBIM C IOJIEM TATOTEHMS, T.€.
VHEPTEH.

o " 2
VlcTouHMKOM ITyJIbCalivid U3Ty4€HHs BHELIHETO I10J1s1 ¢ 4acTOTOM okosio 10 Oy YeTBEPTh-BOJI-
HOBOJIOB 2JIEKTPOHOB SIBJISIETCSl T'PAaBU3JIEKTPOMArHMTHbIN MOHONoab (IDMM) c¢ pasmepom

—20
cepnr 10
—1
9/IEKTPOHA B COCTOSIHIM T0KOst cocTaisier Benmanay 1,2 x 10710 em, a ero BonHoBoJ cymmecTBeHHO

IIPEBOCXOIUT pa3Mepbl aTOMHOTO s7pa. Ero crabmiibHOe Mo BO3pacTy »KM3HU MUK POIPOCTPAHCTBO
MMeEET MOJTYLEJIbIM CIIMH U OTpULaTesbHbli B cucteme CU (IO3UTPOH — MOJIOKUTENIBHBIN) 3apsf 1,6 X

cM. DddekTuBHbI pazMep Ga3oBoro oObEMa YETBEPTh-BOIHOBOJOB CBOOOIHOTO

10! K, a Taxse cOGCTBEHHBII MATHUTHBI MOMEHT, paBHbIi MarHeToHy bopa.

DNEKTPOHBI POKIAIOTCS B MIPUPOJE, C OHON CTOPOHBI, IPY 00pa30BaHUH 3aPSIKEHHBIX aTOM-
HBIX SiIep XMMUYECKUX JIEMEHTOB, IyTEM paclia/la HEeUTPaJIbHbIX sIEP TUIIA HEUTPOHA, B ITpoLieccax
OeTa-pacnazia siiep aTOMOB XUMHUYECKHUX JIEMEHTOB, IIPU Pacrajie HeUTPOHA U APYTUX HECTaOWIIb-
HBIX JIEMEHTapHBIX YacTull. A ¢ Jpyroil CTOPOHBI, IIPY B3aUMOAENUCTBUYU (POTOHOB C aTOMHO-MOJIe-
KYJISIPHBIM BEILIECTBOM B Pa3JIMUHBIX arperaTHhIX COCTOSTHUAX — (hoTO3(GEKT U nap — oOpa3oBaHue.

CBoiicTBa CTPYKTYpbI JIEKTPOHA, KPOME HAa3BaHHBIX SIBJIEHUI, MOTYT TaK e JIOINOJIHUTh pac-
najipl KOPOTKOKUBYIIKX IEMEHTApHBIX YAaCTHII, TAKMX KaK MIOOH, a TaKKe BeChbMa 3arajo4yHble
siBNIeHus1 Oeta-pacnana KodanbTra-60, HeUTPOHA M HEKOTOPBIX IPYTHX YacTull. B aTHX nmpeBpareHusx
OPUEHTUPOBAHHBIE 10 CIIMHY BHEIIIHUM MArHUTHBIM I10JIEM pacnaJaloliyecs SApa U3J1ydaioT B OOHY
CTOPOHY OOJIbIIIE JIEKTPOHOB, YEM B JPYTyIO. DTO ke sBJIeHHe HAOMIONAECTCS Uy aHTUIACTHULL. DKC-
MIepUMEHTBI, BHITIOJTHEHHBIE B 9TOM HarpasiieHuH ¢ 1956 no 1964 MupoBbIM Hay4YHBIM COOOITIECTBOM,
MOKA3aJIM O HAJIMYUM Y IEKTPOHOB, MO3UTPOHOB U JPYTrMX MHUKPOYACTULL CJIOKHOM JIEBO U MPaBO
BpallaTeIbHON CTPYKTYPHI.

JomnonuutensHas WHGOPMAIHS TIO CTPYKTYpe EKTPOHA MOXET ObITh TMOMy4YeHa U3 OTBETa
Ha BOIIPOC O €ro JEKTPUYECKOM 3apsiie M Macce MOKOosl. [JJOCTOBEPHO yCTaHOBJIEHO, UTO JIEKTPH-
YecKHe 3apsabl pa3fesbHO CYHIECTBYIOT B JABYX BHJAX — IOJIOKUTENIbHbIE U oTpularenbHbie. [1pu
3TOM Pa3HOMMEHHBIE 3apsi/ibl IPUTATMBAIOTCS, & OTHOUMEHHBIE OTTAJIKUBAIOTCS. B KBaHTOBOM 3J1€K-
TPOAMHAMUKE MOHATHS 3HaKa 3apsiJa He CYLECTBYET, a MO3UTPOH OIUCHIBAETCS KAK JIEKTPOH, JBU-
XKyIIUACS 00PaTHO BO BpeMEHH.

BHemHee nposiBieHre cBOMCTB (DOPMBI M pa3Mepa BOJTHOBOJOB JIEKTPOHA C BpAlLAIOIIUMCS
MOJISIPHBIM MarHUTHBIM MOHOIIOJIEM 3aBUCUT OT CKOPOCTH €TO JIBUKEHUS U COCTOSIHUS CTENEHU CBO-
601pI (CBSA3aH B aTOME WJIM MOJTHOCTBIO CBOOO/IEH) — 3TO €T0 CIUH, JEKTPUIECKUN 3apsill, TeOMETPH-
YyecKasi CTPYKTypa C ONpe/ieNIEHHBIMHA pa3MepamMy M MHAYKTUpyemasi Macca '83 (B TepMUHaX CUCTEMBI
CU wm CI'C), a Takxke OECKOHEUHO J0JIT0e BpeMsl )KU3HHU.

BHyTpeHHue cBOICTBA /IEKTPOHA, OTBETCTBEHHBIE 32 ITU BHEIIHHUE MTPOSIBIICHM I, 00YCIIOBJICHbI
MpoLieccaMt, MPOUCXOSIIMMHI B PE30HAHCHOM IOJIIPHOM BUXPOHE, B KOTOPOM MarHUTHBIA MOHO-
T0JIb IEPUOANYECKH U BCETIa ABUKETCS-BKPYUMBaeTCs (MMILIO3Us OceBasi) B OJHOM HallpaBJIeHUN
B CTOPOHY K LIEHTPY [TOBEPXHOCTH NOIycepsl, IAe ucue3asi, 3apskaeT rPaBUTALMOHHbBII MOHOIIOJb.
[Tocnennui, paspsikasich (BHYTPEHHssI CIIUPaJb Pa3psiKU IPaBUTALMIOHHOTO MOHOIIOJNS, TTOKa3aH-
Hast Ha oTo 2.15) B 1osie BOJIHOBOAA (BHEIIHSISI CIUPAJIh), OMATh PEreHepUpYyeT ero — UHAYKTUPYET
Y 3apspKaeT MarHUTHBIA MOHONOJb HA YAAJIEHUWU YETBEPTH [UIMHBI BOJHBL, U TaK UAYT IyJbCalluu
YeTBEPTh-BOTHOBOJOB ' DMM 10 6€CKOHEUHOCTH.

183 Wu coOCTBEHHbIH BeKTOpHBIﬁ FpaBHTaL[PIOHHbIﬁ MOHOIIOJIb — FpaBI/ITaI_II/IOHHHﬁ 3apan.
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®oto 2.15. Cxema sneKTpoHa, 0003HaYEeHHAS NIEKTPO (CHHUMM) M TPABIOTEHIMATIAMH (Kpac-
HBIMH) ero BotHOBoAa [['DMM u cTpyKTypa 0TOpachiBaeMoro KOHTYpa U3 3¢ peH-TOTEeHIINAJIOB, KOTO-
pbiil (POPMHPYET €r0 BHEIIHEE MOJIE.

Hpyrumu cioBamu, OECCTPYKTYpHOW TOUEYHOW MACCHBHOW MAaccChl 3JIEKTPOH HE HMEeT,
a MMeeT BHYTPEHHMI BOJHOBOJ, ONpPENEIEHHBIX Pa3MEpOB U3 3E€pEH-TPaBIOTEHLIMANIOB, KOTOPHIH
IIPY BHICOKOYACTOTHOM OOHOBJICHWH, CO3JAET BHEIIHEE TPaBUTALIIOHHOE TI0JIe U KOTOPOe, B3aMO-
IEHCTBYS C LIEHTPAJIbHBIM I'PABUTAIIMOHHBIM TI0JIEM 3eMJIH, TPOSIBIISIET €ro COOCTBEHHYI0 Maccy.
TOYHO Tak’ke BHEITHUI BOJTHOBOJ, M3 3JIEKTPONOTEHIMAJIOB (POPMUPYET OTpULIATENIbHBIN BUPTYyallb-
HBII 2JIeKTPUYECKUN 3apsi/l JEKTPOHA U €r0 MEKTPOCTATUYECKOE TIOJIE.

JL1s1 Harm s THOCTH MTPOMJLTIOCTPHPYEM CKa3aHHOe rpauuecKuMH cxeMamu (ha3zoBoro oobEMa
3JIEKTPOHA U €70 BO3MOXKHBIX COCTOSIHH.

Ha s710i1 cxeme He yka3aHa CTPYKTypa JAMHAMHUKHU MEPEMEHHBIX I'DaBUTALMOHHOIO M Mar-
HUTHOT'O 3aps/IOB, a TaKke MX BHEIIHUX MOJed, KakK ABYX (pOpM SHEpPruy UCTOYHUKOB JABHUKEHUS
B 3aMKHYTOM IIPOCTPAHCTBE.

Ha ¢oto 2.16 nokazaHa ynpoui€HHasi cxema Ipolecca WHAYKIMU-pereHepalyy nospu3o-
BAaHHOTO MarHUTHOTO MOHOTIONS (YEPHBIH IAPHK) B 3aMKHYTOM 00BEME JIEKTPOHA ITPOCTPAHCTBEH-
HOI pa3psAKON IPaBUTAIIMOHHOIO MOHOIMOJSA (3€/€HbIe MIAPUKU HAa KPAaCHOM BHYTPEHHEM BOJI-
HOBOJIe). B cBO0OIHOM BuxpoHe (poTOHA 3apsijika MAarHUTHOTO MOHOIIOJSI HAXOOUTCS B (DyHKIIMH
MIPOTUBOAEICTBYIOILETO MPEABIAYILEMY JIEKTPUYECKOr0 MOHOMONA. B 3aMKHYTOM BHXPOHE 3JIEK-
TpoHa 3Ta (PyHKIMS BO3Jaraercs Ha TPaBUTALMOHHBIN MOHONONMb. OOIee 11si 000uX — 3apsiaKa
MarHUTHOTO MOHOMOJISI TIPOMCXOOUT Oe3 BO30YKIeHUsI BTOPUYHBIX noneld. Pa3psiaka rpaButarm-
OHHOT'O MOHOMOJIS1 — 3TO €r0 BpalllaTeJIbHOE IBMKEHHUE ( CIIUH) 110 BHYTPEHHEN KpacHOM CIMpaJIH, T.
€. IBUKEHHE CIIMPAJILHOTO 3eJIEHOTr0 Topa. Bo BpeMs 3Toro IBMKEHUS POUCXOAUT pa3BEPTKa-ycTa-
HOBKA CBOMIX kK€ 3€pEH-TIOTEHIINaIOB Ha BHYTPEHHEM BOJHOBOJE OT OOJBIIEro O MEHbINEro, KOTo-
pble MpU JIOCTHKEHUU 3aMKHYTOCTU ITOBEPXHOCTH 3JIEKTPOHA BO BHEIIHEM IPOCTPAHCTBE, Kak
OT CTallMOHAPHOTO MCTOYHMKA, IPOSIBIIAIOT CHAPYKU MAcCCy U JEeKTPHYECKHI 3apsi/l JeKTPOHA.
CrpyKTypa 3HaueHUii HOTEHIMAIOB Chepbl T'PABUTALIMIOHHOT'O MOHOIIOJ S, aHAJIOTUYHA MATHUTHOMY —
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Oonblel cpepe CmpaIbHBIX BOJTHOBOAOB M3 3€PEH COOTBETCTBYIOT MEHBIIE 3HAUSHHUSI 110 a0COITIOT-
HOH BeJIMYMHE, 2 MEHbIIeH — HaOOJbIIINe 3HAYeHHsI TTOTeHIMaIoB. [1oaToMy, KOrja rpaBUTalMOH-
HBI MOHOTIONb Pa3psIUIICS, ero HanOobIast cpepa B STOT MOMEHT HAXOAUTCS B TOUKE BOJIHOBOAA
C MaKCHMaJIbHOM ITyYHOCTbIO, OTKY/1a HAUMHAJI CBOIO 3apsIKY U JBHKEHHUE BHOBb MHYKTHPOBAHHBIN
MarHUTHBIA MOHOTIONB Chepoit OOJBINIETro paguyca, a B IaHHBI MOMEHT 3aKaHUMBAET CBOIO 3apPSIKY
cepoit MEeHBILIEro JuaMeTpa (IoJI0KEeHUEe, YEPHBIH apuK Ha (poto 2.16). UTak, pa3pskasch U3 LeH-
TPaJbHOW TOYKHU PACIOJIOKEHUs 3€JIEHON c(epbl, IPaBUTALMOHHBII MOHOMNOJb CO3/1aET BOJIHOBOLL
13 3€pEeH-NIOTEHMAJIOB (Macca), U 3apsikKaeT MarHUTHBII MOHOIIONb. BOIHOBON 13 3€peH-TpaBOTEH-
LMAJIOB U CO3JAET MOCTOSIHHOE BHEIIIHEE IPaBUTALMOHHOE T10JIE — MAacCy MOKOSI JIEKTPOHA.

®oro 2.16. Cxema nporiecca pereHepalyy MarHiTHOI'O MOHOTION S TPABUTAIIMOHHBIM

Wrtak, nepen MOMEHTOM HCUE3HOBEHUsI c(pepbl 3apskKE€HHOro A0 MAaKCUMyMa MarHUTHOIO
MOHOIOJISI T'PABUTALMOHHBI MOHOIIONb TOXE MOYTH 3apAAuics A0 CBOEI0 MaKCMMAJIBHOIO 3Haue-
His. CyMMapHble BHEIIHKE JIOKAJIBHBIE TOJIS 97IEKTPOHA (POPMHPYIOTCS ITpY OOHOBJIEHUH BOJHOBO-
J0B U3 3€pEH-NOTEHIMAJIOB Mar HUTHBIM-T'PaBUTALIMOHHBIM MOHOIOJIEM.

PoxieHne 21eKTpOHOB U MO3UTPOHOB BO3MOKHO HE TOJIBKO C TIOMOLBIO (POTOHOB B I10JIE aTOM-
HOTo s7pa. B OCHOBHOM, 3T 4YacTHLIbl MOABJISIOTCS B pe3ysbTaTe paciiajla aTOMHBIX U HEUTpallb-
HBIX sI[Iep B aHAJOTMYHOM I10JIe, B TOM 4ucjie Mpu pacnaje HelnTpoHoB (doto 2.17). B satom ciy-
Yae IeKTPOHbI 00pa3yIoTCs B pe3yJibTate MOCIEeAyOIHMX PaciaioB BHEIHel 000I0UKHY, COCTOSIIIEN
U3 JBYX MPOTUBOIMOJIOKHO-3aPSKEHHBIX 3aMKHYTHIX 000JI0YEK-BOJTHOBO/IOB YACTHUI] CO CTPYKTYpPOH
THIIA MIOOHOB, B TI0JIe siipa. BHENHss 00010uKa HEHTPOHA COCTOUT M3 MAaphbl B3aMMO/IEHCTBYIOIINX
YacTuIl, 0Opa3yIoMX COCTABHYIO YacTHIly TUIa HelTpaJabLHOro Me3oHa. [1pu pacnazie HeiiTpoHa,
OTpHLIATeNIbHASI YacTh 3TOM Mapbl OTOPAchIBAeTCS W 00pasyeT MPOMEKYTOUHYIO0 YacTHILy, KOTOpast
HecTaOMIbHA M pacraiaeTcsi ¢ 00pa3oBaHUEM JIEKTPOHA M AaHTHHENTPHHO (4acTh BOIHOBOJ CTa-
poii BHEIIHEH 00OJOUKM Oe3 MAarHMUTHOTO 3apsia). A Tak Kak ero 4acrora yxe (JacTb SHEpruu
UJIET HA BbLIET JBUKEHMs AaHTUHEHUTPHUHO) CYILECTBEHHO MEHbIIIE MaTePUHCKOTO BUXPOHA, TO OH
CTPOUT HOBYIO 0007104Ky. Tereps 3Ta 000109Ka-BOIHOBO/ MPEACTABISAET cO00H Momycdepy eK-
TPOHA, COOTBETCTBYIOLIYIO CBOEH (DOPMOI HOBBIM IIApaMETPaM IOJISAPHOTO 1I0YepHEro BUXpoHa. [1pu
3TOM, paguyc BoJIHOBOAA nonycdepsl (poto 2.17) anekTpoHa yBEIMYMUBAETCSA HA TPU AECATUYHBIX

MOpS/IKA TI0 CPABHEHMIO C BHYTPEHHUMH 00OJIOUKaMU MTPOTOHA M cOCTaBiisieT BemuuHy 1,2 x 107

10 em.
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®oro 2.17. Pacniaj HeWTpoHa

Wrak, myascanuu 'SMM, kak B3auMHasl HenpepblBHAsA U NEpUOJUYECKas MHAYKLUS-pere-
Hepauus AByX MOHOIIOJNEN B 3aMKHYTOM BOJIHOBOJE, HOCUT OECKOHEUHBIII BO BPEMEHM IPOLIECC,
BBI3BAHHBIN CXOASIIMMCS BPallleHHMeM U YBEJIMYMBAIOLIMMCSA 3HA4€HHeM MAarHUTHOTO MOHOIOJS
[0 COMPaJM BOJHOBOAA 3E€PEH-IIEKTPONOTEHIMAIOB (popMe monycgepsl, B LIEHTPE MOBEPXHO-
CTU KOTOpPOM OH MCYE€3aeT, 3apsikas U Mepexonss B cepy rpaBUTALIMOHHOIO MoHomnoss. B atoi
TOYKE, Nepel, TEM KaK NPOM30MAET TAKOM KBAHTOBBIM MEPEXO[, KOHLEHTPUPYIOTCSA OJHA B OHOW
JBE M3MEHsIMeEC cepbl-3apsAA0B MaKCUMAJIBHBIX 3HAUEHUH 3TUX MoHononed. Cxemy mpouec-
COB B (pa30BOM 3aMKHYTOM OObEME IEKTPOHA MOKHO TaKke IMPEACTaBUTh, KaK MEepUOAnYecKas
3apsiika crepbl MArHUTHOIO 3aps/ia Ha IyTH CO3/1aHUS UM BHEITHETO NPOCTPAHCTBEHHOI0 YeT-
BEPThb-BOJHOBO/IA IEKTPONOTEHIIMAJIOB M OIHOBPEMEHHAs 3apsika c(pepbl BTOPUYHOIO I'paBUTaLIU-
OHHOI'O MOHOMNOJIAA. 3aTeM OIIATH ClIeAyeT pa3psaka ccepsl BpalleHMeM I'PaBUTALIMOHHOIO 3apsaja
C TIOCTPOEHUEM MPOCTPAHCTBEHHOI0 BHYTPEHHEIO BOJIHOBO/A IPAaBIOTEHLIMAJIOB U ONATH TOCIIE-
AyloIel MHAYKUUM MarHMTHOTO 3apsijla — 5TO OCHOBHOM 3aKOH NPHPOABI JJisl TPAaBUMAarHuT-
HOI'0 OTHOIIEHHUSA, KaK JJI1 MUKPOYACTHLl, TaK U IS S/Iep IJIaHET, 3BE3]] U FAJIAKTUK.

3épHa-MoTeHIIMalbl — 3TO COOTBETCTBEHHO 3apsiKEHHbIE OECCTPYKTypHbIE MHMKPOOOH-

€MBI-3€pHA TUCKPETHOTO MPOCTPAHCTBA C 3(P(EKTUBHBIM Pa3MEPOM MHOTO MEHBIITUM 1072810~

33 CM M IBETOM, XapaKTEPUSYIOIIUM CTAaTUYECKOE I10JI€ 3apAKCHHOIO IJEKTPUIECKOro, Marour-

HOT'0 WIY ITPABUTAMOHHOI0 UCTOYHUKA.

JI71s1 HarISITHOCTU MPOMJLTIOCTPUPYEM CKa3aHHOE IpapuyecKuMH cxeMaMu (ha3oBOro o0bEMa
JIEKTPOHA U MO3UTPOHA, €r0 BO3MOKHBIX cocTossHui. Ha ®oto 2.5 npuBeseHbl CXeMbl POKAECHUSA
JIEKTPOHA U TO3UTPOHA, €r0 IEKTPUUYECKUX MOTEHLUAIOB-3€pEH Ha BOJHOBOAAX WM MAarHUTHOTO
nons. CTpyKTypa pa3smellleHUs TPaBUTALMOHHBIX MOTEHLIUAJIOB B cpepe IPaBUTALIMIOHHOTO MOHO-
T10J151 3aIIOJTHSIETCA B ITOJIHOM aHAJIOTUH, KaK U B c(pepe MarHUTHOro MoHonoss. [Ipon3soacreo BHelI-
HEro MoJsi JIEKTPUUYECKOrO 3apsijia MEKTPOHA MPOU3BOIUTCS OOHOBJIEHMEM KOHTYpa BOJHOBOAA
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N3 JICKTPUYCCKUX 3ép€H-HOT€HHI/IaHOB MAardiuTHbBIM MOHOIIOJIEM, IIPU KOTOPOM CTaprﬁ BOJIHOBOJ

OTOpachIBaeTCsl B POCTPAHCTBO. DTOT MPOLIECC MPOUCXOIUT C YaCTOTON 10%° Ty m POK/IaeT BHell-
Hee EKTPUUYECKOe ToJIe MeKTpoHa. Takum ke 06pa3oM MPOUCXOIUT CO3/IaHME Ero BHEITHEro Tpa-
BUTALIMOHHOIO M0JIsI, KOTOPOE B3aUMOJIEHCTBYS C MOJIEM TATOTEHUS 3eMII, IPOSBIISET y MEKTPOHA
CBOICTBA 3apsiia MacChl.

Takum 00pa3zom, nposiBieHre 3pdeKTa ITeKTPUIECKOro 3apsjia 1 3apsaja Macchl dJIeK-
TPOHa OOYCJIOBJIEHO M3JIyYEHHEM IyJIbCUPYIOIUX KJIACTEPOB YETBEPTh-BOIHOBOIOB U3 JIEKTpHYE-
CKHMX Y I'PaBUTALMOHHBIX 3€PEH-MOTEHIMAJIOB B (hopMe cnmpaJiei, 1 OOHOBJISEMbIX JABMKYIIMMCS
BCerJa Ha 3apsAAKy B OJIHOM HalpaBJIEHUH MOJISIPHBIM MarHUTHBIM MOHOIOJIEM. TOYEUHBIX B COCTO-
SIHUM TIOKOS1 U OECCTPYKTYPHBIX PA3HOIOMSIPHBIX MEKTPUUECKUX U MATHUTHBIX 3apsI/IOB, KaK OHOM
u3 (hOpM CyIIeCTBYIOLIEH MaTepiK — HET B IIPHPOJE, KaK HET U OECCTPYKTYPHBIX T'PABUTALIMOHHBIX
3aps1IOB.

CaepxcBeToBOE BpallieHue (3apsaKa) ¢ MEePeMEHHbIM LIEHTPOCTPEMUTENBHBIM YCKOPEHUEM
MarHMTHOTO 3apsjia 10 BOJIHOBOAY B 3aMKHYTOM (pa30BOM IIPOCTPAHCTBE JIEKTPOHA UHAYKTHUPYET
B HEM OIIpe/IeJIeHHbIe MHEPTHBIE CBOICTBA, ITPUCYILIEe BCEM MEXaHUYECKUM T'MPOCKOIAM — 3TO U €CTh
HHEPTHOCTb, OCh 1 IPAaBUTALIMOHHAsI Macca NMOKOsA. VICTOUHMK MHIYKLIMHY BEKTOPHOI I'paBUTALIMOH-
HOH Macchl — 9TO BPALIAIOLIMIACSA MarHUTHbIA MOHOMOJb 0€3 Macchl — HCTOYHHK 3apsiia SHePruu.
B nenrpe nomycdepbl BOJIHOBOAA MarHUTHBIN MOHOIOJTb MCYE3AET, HO MOSABJIAETCS MOJIHOCTBIO 3apsi-
JKEHHBI IPaBUTALIMOHHBIA MOHOIIOJb.

CoOCTBEHHBIN HENOJIHO-KBAHTOBBII MEPEX0jl MarHUTHOIO 3apsjaa B (a30BOM 0O0BEME 3JEK-
TPOHA MPOSIBJISIET BHELIIHEE CBOMCTBO HA3bIBAEMOE CIIMHOM, T. €. HETOJIHYIO €IMHUILY 3apsaaa JeK-
TPOMarHUTHOTO KoJieOaTeIbHO-BpallaTeJIbHOTO JIBH KeHHUs1. [1oIsIpHBI BUXPOH IEKTPOHA CBOUM
(pepMHOHHBIM MarHUTHBIM MOHOIOJEM (POPMHUPYET MOJOBUHY TAaKOro 3apsja, T. €. MOJOBHHY
nocrostHHOM [Tnanka. CIiuH MOXHO OIPe/IeNIuTh elE€ KaK MaJIeHbKUIl MarHUT ¢ ABYMSI IOJIIOCaMH.
Torna 3/1IeKTPOH MOXKHO MPeJCTaBUTh KaK NMEPUOIUYECKOE BPAIIATEIbHO-ITOCTYNATEIbHOE IBUKEHUE
MarHUTHOTO MOHOMOJIS1 B OIHOM HalpaBJIEeHUH 10 CXOASIIENCS B OJHY TOUYKY CIIMPAJIU, YTO U SKBU-
BaJICHTHO TAKOMY 3JIeMeHTapPHOMY MarHuTy. BHelllHee a/ieKTprueckoe 1oje, 00pa3oBaHHOE IyJIb-
CUPYIOILIMMHU 3EPHAMU-TIOTEHIIAaJIaMi BHEIIIHETO BOJHOBO/IA, CHAPYKU BOCIIPUHMMAETCS, KakK I10J1e
JIEKTPUUYECKOTO 3apsAa, pa3MELIEHHOro B LIEHTpe Mosycdepsl Moj BOIHOBOAAMM, XOTS Ha CaMOM
ieie ero Tam HeT.

Bo3HukaeT BOnpoc: — mo4yeMy 3JeKTPHYECKHIl 3apsa/] 3JeKTPOHA U IPOTOHA O/IMHA-
KOB H IPOTHBOII0JIOKEH, HECMOTPSI HAa TAKYI0 00JIBIIYIO PA3HHILY B pa3Mepax BOJHOBOI0B?

ITO CBA3aHO C MIOTHOCTBIO Pa3MellleHUs] 3€PEH-TIOTEHIMAIOB Ha COOTBETCTBYIOIIEH MOJTy-
cepe. CyMMapHBIi MOTOK-KJIACTEP-KBAHT TOTEHLMAJIOB-3EPEH Ha TMOBEPXHOCTH MOIychepbl
MoOOro pagryca OT BUPTYaJbHOTO 3apsia, pa3MEemEHHOrO B LIEHTPE IOBEPXHOCTU ITUX nomycdep
IJ1s1 STUX MUKPOYACTUL], Be3/]Ie OJMHAKOB U COOTBETCTBYET MUHHMAJIbHO BO3MOXHOMY U PaBHOMY
3apsily J€KTPOHA WM MO3UTPOHA.

OO6pa3oBaHre aTOMOB BOIOPOZA CTAHOBUTCSI BO3MOKHBIM TOJIBKO TOT/a, KOT/a JeOpOiIeBCKIe
Ppa3Mepsbl AJIMHBI BOJTHBI BTOPUYHBIX MUKPOBUXPOHOB CTAHOBSATCS OAMHAKOBBIMHU, KaK 151 JIEKTPOHA,
TaK U Jy1s IpoToHa. [1pu JBHKEHNS JIeKTpOHA ero BOJHOBOJ, CTAHOBUTCS M3JTyJaTeIbHOW aHTEHHOM
IJ1s1 IPUTSKEHUST POTOHOB. [Ipy TEIUIOBBIX CKOPOCTAX MPOUCXOAAT PEKOMOMHALMM C IIPOTOHOM,

¥ BOJTHOBOJI JIEKTPOHA MPEBpaIaeTcst B YaCTh AaTOMHOW OOOJIOUKH C JJTHHOM BOJTHBI 107*-10"%cm
1 oOpasyeT OHY U3 pa3pelieHHbIX 000J0YeK OOIIEH CHCTEMBI, T. €. 3AMKHYTOr0 ¥ BO30YkKJIEHHOTO
MUKPOIPOCTpaHCTBa aToma, oTo 2.18. ITO 0UeHb CIIOKHBIN TOPOTOBBIH MPOIecc, 00YCIOBICHHBIMH,
KaK M B CJIydae pOXkKJICHHsI Maphbl B TIOJIe aTOMHOTO $1/1pa, MPOLIECCOM TOPMOKEHH S COOTBETCTBYIOIIETO
MarHUTHOTO 3apsiia B AeOpOMIEBCKOM BTOPMYHOM MHUKPOBHUXPOHE C 00Opa30BaHMEM I'PaBHUTALIMOH-
HOTO 3apsi/ia TIOKOsI ¥ TIOCTIEAYIONIETO CAUSIHUS C QHATIOTMYHBIM I'PABUTAIMOHHBIM MOHOIIOJIEM TTPO-
TOHA TIPY POKAECHUM HOBOM MUKPOYACTHUIIBI — aToMa. [Ipr 3TOM IMpOUCXOOUT M3MEHEHUe pa3mepa
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1 (hOpMBI BOJTHOBOJIOB 3JIEKTPOHA Ha TAHHOM SHEPreTUIECKON 000JI0UKe aTOMa — OOBIYHO BCET/Ia BO3-
OyxéuHoil. [Tepexon B OCHOBHOE COCTOSIHUE aTOMa COTPOBOK/IAETCs BCeria u3iyueHueM (hoToHa.

®oto 2.18. CBA3aHHBIN C AIPOM TEKTPOH — aTOMHAst 000JI0UKa IMPOTOHA

Tak nns ra3mel Bopopofa, Haxopseics: B atMocdepe ComHIla, ero 3J1eKTPOHbl HAXOAATCS

YK€ B TAKOM CBSI3aHHOM COCTOSHMM Jake Ipu Temmeparypax ot 2200° C mo 50002 C, a B xonoze
Y BaKyyMe KOCMOca pUI0eproBCKUIA aTOM BOIOPO/IA C «h» paBHBIM wiH Hosiee 100 MOKET cyIecTBo-
BaTh Takke OECKOHEYHO JJOJITO, KaK M aTOM BOJIOPO/Ia C «N» PABHBIM €IMHUIIE HA TOBEPXHOCTH 3eMJIH.
STa NpuYMHa MPENSATCTBYET, HAPSLY C HA3BAHHBIM OapbepHBIM Je(PULIMTOM SHEPrUH, 3aXBaTy TOrO
3JIEKTPOHA IPOTOHOM — 3TO (pyHJaMeHTaJIbHOE sIBJIEHNE, B pe3yJbTaTe KOTOPOro oOpa3oBajvcCh
BCE aTOMHO-MOJIEKY/ISIPHOE BEIECTBO HA MOBEPXHOCTU 3eMin. OHaKO OOpaTHBIN MpPOLIECC CTAaHO-
BUTCS BCE 7K€ BO3MOXKHBIM, HO TOJIBKO J/Is1 MIOOHOB, Y KOTOPBIX 3TOT pa3Mep COU3MEPUM C BHELIHUMU
000JI0YKaMH1 TPOTOHA.

OTcroaa ciielyeT HEMAJIOBAKHBII BbIBOJ — OTCYTCTBHE HEOOXOHUMOCTH NpPHUBJeYe-
HHUSI MEXaHH3MA OPONTANILHOTO IBUKEHNS SJEKTPOHOB B aTOMaX BOKPYT siJiep.

U 31ech camblii IVIaBHBIIA BBIBO/I O TOM, YTO IPOU3BO/ICTBO aTOMHO-MOJIEKYJISIDHOTO
BellecTBa NPOMCXOIUT TOJBKO B CHJIbHBIX IPABUTAMOHHBIX MOsICaX IIAHET, a He B KOC-
MHYeCKOM BaKyyMe BJAJIH OT TArOTEINX HCTOYHUKOB.

N3MeHeHHs NBHKEHHUs, CTPYKTYPhI H SHEPIrUuN JIEKTPOHA NPH YBeJUYEeHHH CKOPO-
CTH Ha YCKOPHTeJISIX U KoJUIaliepax.

B3IIK (LEP) BXoaui B cocTaB yCKOPUTEJILHOTO KOMITJIEKCA HAyYHO-UCCIIEA0BATEIbCKOIO 1IEH-
Tpa EBporneiickoro cosera saaepHbix ucciaenosanuii (Conseil Européen pour la Recherche Nucléaire,
CERN). OH 6b11 pa3MeliieH B KOJIbIIEBOM TOHHeNIe JJTMHHOM 26,659 KM, KOTOPBIN MPOXOWII Ha TITy-
oune ot 50-tu 10 175-u MeTpoB (B 3aBUCUMOCTHU OT pesibeha MECTHOCTH), Ha Tepputopun LlIBeii-
uapuu 1 @pannuu. BIIIK mianuposacs kak (adpuka Z0-0030HOB M MalllMHA [Is1 pOXKIEHUS Map
W+W-06030H0B. B nepBble rogpl akcrutyaraumu LEP, a cymMmapHasi SHeprusi CTaJKMBAIOIIUXCS €
+e- My4YKOB B CUCTEMe IIeHTpa Macc Obljla MoJ00paHa TaKUM 00pa3oM, YTOOBI IPUMEPHO PABHATHCS

macce Z'-6030Ha. B 310M cllydae, BCJICACTBUE Pe30HAHCHOTO 3(h(heKTa, BEPOSITHOCTh POXKJICHUS TaH-
HOW YaCTHIIbl BO3PACTAET B THICSYM Pa3 MO CPABHEHUIO C BEPOSTHOCTHIO €€ POXKICHUS Ha SHEPrUsiX

B JIBa WIU JIaXe JeCATh pa3 OONBINMX, YeM Macca Z°. [Tapet W+W- 6030HOB MOTYT CO3/1aBaThCsl

MIPY SHEPTUH MPUMEPHO B [1BA pa3a OOJBINEH, YeM SHEprusi pe30HaHCHOTO POXKICHHS Z"-6030Ha.
Macchl HEUTPaJIBHOTO U 3aPSKEHHBIX TIEPEHOCUYMKOB JIEKTPOCIA00r0 B3aUMOJIEHUCTBUSI TIPUMEPHO
paBHBI, HO Mapsl W-0030HOB poskaaTcst HepezoHaHcHO. C 1989-ro mo 1995-i1 ron BIIIK padotan

B pexknMe (hadprku 7°-6030H0B, a B JaJIbHEIIIEM — KAK MALIMHA VLS poxaenus nap W+W-06030-
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HOB, ITPUYEM SHEPTrHsl CTATKUBAIOIIUXCS €+e- IyYKOB MOCTOSIHHO YBeJIMUMBaiach. Pekopn ObL1 ycra-
HoBJIeH B KoHile 2000-ro rofa Bo BpeMsi nmorcka 603oHa Xurrca u coctapui 208 9B B crcteme 11eH-
Tpa MacC CTAJIKUBAIOIIUXCS YACTUIL. DTO OCYIIECTBIISIOCH B MOC/eIHEM Kojiblie Kosaiaepa BAIIK
IyTEM OCHOBHOTO YCKOpeHUs e+e- 1y4dkoB ¢ 20 I'3B 1o 104 ['3B u nonyyeHuu B HEHTpe Macc SHep-

ruu 208 B npu ceetumocTn 9,73x10°! em-2¢-1.

JI1s1 yCKOpeHHs My4KOB O HOMUHAJIBHBIX SHEPIUil B OCHOBHOM KOJIbLIE MCIIONIB30Baach BY
ycKopsolmas cucrteMa. YacTuilbl ¢ pa3sHbIMM 3HaKaMy 3apsoB YCKOPSIIOTCS MOSTAITHO B pa3HbIX
(pazax IEKTPOMArHUTHOTO TOJISI B CTOsTYeil 1 Ha Oerymeil BOJIHE, U POCTPAHCTBEHHO Pa3BeCHbI
B KOJIbLIE.

Cgepxnposoasiue (CII) pezoHaropsl padoTaau Ha yactote 352 MI'u. Yactuisl npoxoasT
3a30p pe30HaTOPa B HAPACTAIOIIEM JIEKTPUUYECKOM I10J1e, YTO 0OeCTIeunBaeT yCKOpeHe 1 aBTo(hasu-
poBKy yactull. AKTuBHas aauHa kaxjaoro CII pesonaropa cocrasisna 1,7 M (4TO COOTBETCTBOBAJIO
ayM JuinHaM BosiH BY nosnist). BU cucrema pacnonaranach Ha JUIMHHBIX NPSIMBIX YYacCTKaxX KOJbIIA
koyutanzepa. ¥ komaingepa BIIIK (LEP) makcumanbsHOE yckopsolee KpyroBoe HalpsiKEHUE PaBHO
3560 MB.

Briots 10 HacTosiiero BpeMeHu pacuér !#* yBenuueHunst SHepriuy JeKTPOHOB 3a CUET UX pas-
TOHA B IEKTPUYECKOM nosie uAET no popmysnam CTO A. DiiHIITENHA, T.€. PENIATUBUCTCKUN 3(PdEKT
3aBUCUMOCTU MacChl YaCTUIIbl OT CKOPOCTU. DTO rpydas omMOKa BbI3BaHA TEM, YTO B NIPUPOIE HET
HUKAKOW MAcChl — HU Maccel NOKOs1, HA penatuBucTckor Maccel B CTO. A ¢pusnyeckue npouecchl
YBEJIMUEHUS Macchl JAIOTCA JIMIIb HA BEpy MaTeMaTHdeckumu dopmynamu JlopeHia, He numes
nof;, coO00M HUKAKOro (hbU3MUYECKOro 0O0CHOBAHMS, B TOM YHCJIE ONpPEAEIeHUsI MacChl, Kak (pusnde-
CKOM1 Kareropuu. TakuM oOpa3oM, HapylIaeTcss OCHOBHOM KJIACCUYECKUI MPUHIIMI MO3HAHUS 3aKO-
HOB IPUPO/Ibl HA OCHOBE IKCIIEPUMEHTOB, a HE U3 MaTeMaThku 1o ['exemo.

PeasbHO yBeNMUYeHUE CKOPOCTHU JIBMKEHHS JIEKTPUUECKH 3apsKEHHOHN 4YacTUIlbl ¢ e€ co0-
CTBEHHBIM I10JIEM BO BHELIHEM I10JI€ JAPYroro MCTOYHMKA C IOJIEM MPOTUBOINOJIOKHOIO MO UIET
no3tarHo (oto 2.19) 1 0YeHb CIOKHBIM 00pa3oM:

— BHayaJle 3JIeKTPOH YCKOPSIETCs CHJION MPUTSKEHUs OISl JPYroro UCTOUYHMKA ¢ IPOTUBOIIO-
JIOKHBIM 3HAKOM MyTEM aHHUTWJISILIAY YaCTHIL TIOJIsI B 0OPa30BaBIIMXCsI 30HAX XOJIOAHON Oe3macco-
BOM IJ1a3Mbl (CHJIOBBIE JIMHUM TOJIs) JO mpeAea cBeToBoi ckopoctu (v- 0,98—0,99c¢, npu E- 2—
4 M»3B),

— TaKOM MPOLIECC ¢ yBeTMYEHUEM 3apsija COOCTBEHHOM SHEPrUH IEKTPOHA IIPOMCXOIUT IIIABHO
BIUIOTH /IO TIEPBOTO KBAaHTOBOT'O MEPEX0/ia B MIDOH, Y KOTOPOTO yXe COOCTBEHHOE I'PaBUTALIMOHHOE
nosie B 207 pa3 Oosbllie, YeM y 3JIEKTPOHA, MOSBISAETCS HECTAOWIBHOCTh CTPYKTYpPbl C IIEPUOAOM

nonypacrnaga B 2,2 x 10 6 CEKYH/Ibl, 3TOT 3apsi/l YBEJIMUUBAETCS 34 CUET YBEJIMUYECHUS YACTOTHI MYJIb-
caly MarHUTHOro MoHoroins I 9MM,

— 3aTeM MOI0OHbIe MPOIIECCHl TOBTOPSIOTCS U C MIOOHOM, BIUIOTh 10 POXKICHUS YaCTHUI] THIA
Tay-JIeTITOHOB,

— TaK MOPOXKIAI0TCS HECTAOUITBHBIE 3apsKEHHbBIE YACTHUIIBI C COOCTBEHHBIM ITOJIEM U TIOTYTIEIbIM
CIIMHOM, KOTOpBbIE BMECTE CO CBOMMM IMPOIYKTaMU pacraga U PerucTpupyloTcs B IeTEKTOpax,

— B TOYKAX CTOJIKHOBEHHS C MUIIIEHBIO MJIH MTPOAYKTaMHU BCTPEUHOTO ITyYKa

184 C. 1. Kyznenos, I'. H. Iyakun, B.H.3a6aes. YCKOPUTEJIU 3APSIKEHHBIX YACTHLI. r. Tomck. U3narenscrBo Tomckoro
nonuTexHu4yeckoro yHusepcutera 2011, crp. 45.
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®orto 2.19. CTONKHOBEHHE MOJIE-MUKPOITPOCTPAHCTB JIENITOHOB M OO30HOB B IJIOCKOCTH YEp-
HOU JINHUM.

MPOTUBOIIOJIOKHOTO 3HAKA 3apsjia B KOJUIalepax MPOMCXOAST B3aUMOICHUCTBUS YeT-
BEPTh-BOJIHOBOJIOB COOCTBEHHOTO U3JTyueHUsi O030HOB U JIEITOHOB ¢ 0OPa30BaHUEM 30H XOJIOTHOM
©e3MacCcOBO IJ1a3Mbl, B KOTOPOU U TIOPOXKJAIOTCS HEUTPOHBI, IPOTOHBI-AaHTUITPOTOHBI ITyTEM OCEBOM
UMILIO3UY, TIEPEXOASAIIEH CIyCTKaMU B LICHTPAJIbHYI0 UMIUIO3HIO, TJIe ¥ IIPOUCXOIUT YIOPSIIOYeHHAST
LEHTpaIbHAsE KOHJEGHCAIMS Pa3HbIX MarHUTHBIX MOHOIIOJIEH B COOTBETCTBYIOLIME Mapbl 000JIOYEK,
00pa3ysi LIEHTPAJIbHYIO CTPYKTYPY HEHTPOH-aHTUHEHATPOH.

Ntak, moHas sHeprus CKJIaJbIBAeTCS U3 SHEPIUU JBUKEeHUsI, TIepelaHHON YacTHIle YCKO-
psieMBbIM BHEIITHMM TIePEeMEHHBIM JIEKTPUYECKUM T0JIEM B 3JIeKTpoHBOsbTax (3B, KaB, M3B, ['3B)
Y BHYTPeHHel SHepruu py KBaHTOBOM IepEX0/ie B MIOOH, a PACUET ¥ U3MEHEHUEe BHYTPEHHe! SHep-
'Y 3apsKEHHOM OJHOKOHTYPHOM YacTHIIbl UIET 1o popmysie [Tnanka, T.e. mpon3BeneHueM ero hyH-
JaMEHTAJIbHOM KOHCTaHThl HA YACTOTY U3JIyYeHUs] YeTBEPTh-BOJTHOBOIOB MAarHUTHBIM MOHOIMOJIEM
["™SMM. Yckopssch B 9MEKTPUIECKOM I10JIe, NEKTPOH MOITAIHO MPEBPAIIAETCS B MIOOH, YaCTUIIBI
TUIMA Tay-JeNTOH, U T.I., & IPU BCTPEUHBIX COYJAPEHUIX C aHAJIOTMYHBIMU MPOAYKTAMU YCKOPEH-
HBIX IIO3UTPOHOB MyTEM OCEBOI MMILIO3UH, TIEPEXOMIAIIEH CIyCTKaMH B IEHTPAJIbHYI0 UMILIO3HIO (—
B YACTHIIbI TUTA ME3OHOB), U POXK/IAIOTCSI HEMTPOHBbI, MPOTOHBI-AHTUIIPOTOHBDI.

C pocTOM HEpruu 3JeKTPOoHa MPOUCXOAAT MPOLECCH 0OpPaTHBIE NIepexony Bo30yKIEHHOTO
aTroMa B OCHOBHOE, T.€. YKOPAuMBAeTCsl JUIMHA YETBEPTh BOJIHOBO/A, YBEIMYMBAETCS YaCTOTa IyJIb-
cali MarHUTHOro MoHonoisd B ' 9MM.

[Tpu perucrpaiyu MpoOayKTOB CTOJIKHOBEHUS CIIEyeT YUUTHIBAThH MIEPUOJ MOTypacaga Mioo-
HOB, Tay-JICITOHOB, ME30HOB, KOTOphIE B CBOIO OUYepellb CMa3bIBAIOT KAPTUHY B JIETEKTOPAX, Peru-
cTpaiyel ux MPONyKTOB pacriajia — TeX e JEKTPOHOB, (POTOHOB M MHOTHUX JIPYTHX.

AHHUTIISIIUSA 3JIEeKTPOHA B MO3HTPOoHA (PoTo 2.20) NponcXoauT CJaeAyIIuM oopa-
30M.
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®oto 2.20. AHHUTUIALMA Tapbl JEKTPOH-NIO3UTPOH

Oxnax/ieHHbIe CBOOOIHBIE MEKTPOH U MO3UTPOH, (POKYCUPYSCh BHEIITHUMU IEKTPUUECKUMU
MOJISIMU, COMMKAIOTCS] U COEIMHSIOTCSI CBOMMU BOJTHOBOAAMU, B3aMMHO HEUTPATU3Ys XOJIOAHOM 6e3-
MaCCOBOH IIa3MOI MPOTUBOIIOJIOKHO 3apsi’KEHHbIE 3€PHA-TIOTEHIIMATIB BOJTHOBOJIOB, T. €. 3alUpPalo-
1ue MeKTpuyeckue noss. Odpazyercs: MPOMeEKYTOYHOE COCTOSTHHE, HA3bIBAEMOE Mapa-TMo3UTPOHUI
CO CIIMHOM PaBHBIM HYJIIO. JTO COCTOSIHUE UMeEET (popMy (pa30BOIo MPOCTPAHCTBA JT-HOJIb ME30HA
(CTIMH paBeH HYJIO), HOTOMY pacnajl UJeT B OCHOBHOM I10 KaHATy UCITYCKaHUSI IByX KBAaHTOB C SHEP-
rueit 511 Ko. nu ngpyrumu cioBamu, 0OCBOOOIUBIIIMECS] MOHOIIONHU, BbUIETas! U3 MUKPOMPOCTPaH-
CTBa MPOMEXKYTOYHOTO COCTOSIHUSI CO CTPYKTYpPOM THIIA JT-HOJIb ME30HA, (DOPMUPYIOT CBOOOHbIE
(pazoBbIE MTPOCTPAHCTBA ABYX CAMOIBUKYIIUXCS (POTOHOB C 4aCTOTOM MEPBUYHBIX BUXPOHOB JIEK-
TPOHA U MO3UTPOHA — JT€eMEHTAPHBIN aKT /Ie3UHTEerPalii YHePruu Nokos B popmy JBHKe-
HHSI CO CKOPOCTBIO CBeTa.

B Takom mporiecce mpOTUBOIOJIOKHBIE IO 3HAKY MOHOIIOKM OCBOOOKIAIOTCS OT 3aMMPAIOIINX
MX 3aMKHYTBIX KOHTYPOB JIEKTPUYECKUX TOJIel U CTAHOBATCSI CBOOOJHbIMMU. cue3aeT 3aMKHyTOE
JBVKEHUE TPaBUTAIIMOHHOTO MOHOTIONS U CMEHSIETCs Ha CBOOOJHOE IBUKEHHNE BUXPOHA.

2.4. M1ooHbI

MioOHBI — 3TO MPOMEKYTOUYHBIE COCTOSIHUSI PACMAJAIOIIUXCA MHUKPOUYACTUII, BXOASIIAX
B COCTaB SIEPHBIX 000sI0ueK. MiooHB! nMeloT B cucteme CU aneKkTpudeckuid 3apsi co cruHoM h/2,

BpEMs KU3HU 2,2 X 10 %cu Maccy B ~207 pa3 O6osbliie Macchl OKOsI JIEKTPOHa, T. €. 105,66 M3B.
CTpyKTypa ¥ MeXaHU3M MHIYKLIMM MAacChl aHAJIOTUYEH MpoleccaM, MPOUCXOAIIMX B IEKTPOHE.
AOCOIIIOTHOE 3HAUEHUE MEKTPUUECKOrO 3apsija COOTBETCTBYET 3apsiy JIEKTPOHA U MO3UTPOHA.
CTpyKTypbl MUKPOUYACTHII TUIIA JIEKTPOHA U MIOOHA — 3TO OCHOBHBIE CTPYKTYPBI, 0Opasyloriye 000-
JIOUKU aTOMOB U siJiep, CIIOCOOHbIE yXke, B OTIMYME OT ME30HOB, CYIIECTBOBATH CAMOCTOSITENIBHO

117



A. A. Mlagpun. «Ilons u Buxponsl. CTpyKTyphl Mupo3nanus Beenennoii. Tperbe m3manue»

OT CBsi3eHl B sijipe co cnvHOM 1/2 Gosee anmTeNbHOE BpeMs. B mpolieccax pacnaga MIOOHOB POXK-
JAI0TCSI EKTPOHBI, TO3UTPOHBI M COTMPOBOXKJAIOIIHE €r0 COOTBETCTBYIOIINE HEUTPUHO U AaHTUHEH-
TpuHO. KOMIITOHOBCKasI 1/TMHA BOJTHBI MIOOHOB B 207 pa3 MeHbllle, YeM Yy 1eKTPOHOB, HO B 10 pa3
OoblIie YeM y HeUTpoHOB. [leOpoiiieBcKas IIMHa BOTHBI TETUIOBBIX MIOOHOB COM3MEpUMa C aHaJIO-
T'MYHBIM [TAPAMETPOM BHEIIHUX 000JIOUYEK TETJIOBBIX IIPOTOHOB, IIO3TOMY IPOLIECC 3aXBaTa MU MIOO-
HOB MJIET JIETKO ¢ 00pa30BaHMEM MaJbIX M0 pa3Mepy Me30aTOMOB, OTJIMYHBIX IO CBOMCTBaM OT aTo-
MOB BOAOPOJA.

OCHOBHBIMH MCTOYHUKAMH ITPOU3BOICTBA MIOOHOB B IPUPOJIE SIBJISIIOTCS MTPOLIECCHI, KOTOPHIE
MIPOMCXOIAT MPU CTOJKHOBEHHSIX COJHEUHBIX MPOTOHOB C SIAPAMU aTOMOB T'a30B, HAOJHSIONIMX
arMocdepy. MexaHu3M MPpOU3BOICTBA — HOHU3AIMS SIEPHBIX YACTHIL (THIA ME30HOB), 00pa3yoIInX
00O0JIOUKHY sifiep aTOMOB U MOCNIENYIONIUIA UX pacnaj B 0oJiee A0IrOKUBYIIIE YACTHUIIB C TEM Ke CIH-
HOM, T. €. B MIOOHBI CO 3HAKOM ILTIOC ¥ MHUHYC. [Ipyrue nporecchl, NpuBOIsIIYE, B KOHEUHOM UTOTE,
K MIOOHaM — 3TO POXAEHUS Nap — MIOOHOB (DOTOHAMU BBICOKMX SHEPrHil B BEPXHUX CJIOSIX aTMO-
cepsl, a Takke B MAaHTUM 3eMJIM TIpH pacniaje saep. Ha ypoBHE MOpsi MIOOHBI 00pa3yloT OCHOB-
HYI0 KOMITOHEHTY 70 80% OT BCeX 4acTUI] KOCMUYECKOTO U3Ty4eHusi. MIOOHBI perucTpUpyIoT B II1y-
OVHE MOIITHBIX CJIOEB KOHTUHEHTATbHOM MMOBEPXHOCTH 3eMJIH. B Mo13eMHBIX SKCIIepIMEHTaX MIOOHBI
PETUCTPUPYIOTCS Ha TIIyOWHE B HECKOJIBKO KMJIOMETpOB. Haxozsich B TUIOTHBIX CJIOSIX TPYHTOB KOH-
THUHEHTOB, MIOOHBI 3aXBaTBIBAIOTCS SIIPAMU aTOMOB Ha BO30YXIEHHBIE OPOUTH ME30ATOMOB, 3aTeM
cleqyeT KacKaaHbli nepexon Ha K-000/104Ky 3TOro Me3oaToma u Mocneayonmi saepHbli 3aXBaT
MIOOHA, TTPUBOASIINI K COOTBETCTBYIOIIECH SIEPHON peakiuy. DKCIepUMEHTAIbHbIEC TaHHbIE TTOKa-
3bIBAIOT, YTO BO BCEX M3BECTHBIX B3AMMOAEHCTBHIX MIOOHBI MPOSIBIISIOT ceOs1 TaKKe KaK EKTPOHbI
Y TIO3UTPOHBI, OTJIMYASICh OT HUX JIMIIb Maccoil. [1o 3To mpuYrMHe MIOOHBI MOXHO paccMaTpHBATh
KaK «TsDKeJIble» IEKTPOHbI, KOTOPhIE 3aMEHSIOT TOC/IeTHUX TPH 00pa30BaHUM MIOOHHBIX BEIIECTB
Y MUHEpAJIOB B IUIOTHBIX CJIOSIX MAHTHUM, TJie MPAKTHYECKH OTCYTCTBYET CBOOOIHOE MPOCTPAHCTBO
Y BCSIKOE TIOCTYIATEIbHO-KOIe0aTeIbHOE IBMKEHHE SIIEP AaTOMOB. DHEPreTUYeCcKH TeTIOBOE MPOSIB-
JIeHWEe TaKUX MPOIIECCOB BBIPAKAETCS JIMIIL BpaleHueM (poKIeHUEM POTOHOB) BOKPYT COOCTBEH-
Ho och. [ToaToMy pacriaji HeUTpaIbHBIX SAEP U HEUTPOHOB MIIET ¢ 00pa30BaHUEM 3apsIKEHHBIX ISP
¥ MIOOHOB. DJIEKTPOHBI, UMeIye pazmep B 207 pa3 Oolibilie MIOOHOB, He CIIOCOOHBI 00pa30BaThCs
B YCJIOBHSIX JIa)Ke BEPXHEH MaHTHH.

JL71s1 MiccnieJOBaHM M KOH/IEHCMPOBAHHOTO COCTOSTHUS BEIIIECTBA C MOMOIIIBI0 MIOOHOB 1 ME30HOB
MOCTPOEHBI ME30HHbIE (DAOPUKH-YCKOPUTENH TSI TTOTYYSHHU s MTyYKOB BHICOKOM MHTEHCHBHOCTH.

CBO¥iCTBa MIOOHOB JJOCTATOYHO TTOJTHO M3YUYeHbI, 2 B OCOOEHHOCTH TP MCCICIOBAHUSIX SIBJIE-
HUII MIOOHHOTO KaTaJau3a'®>, T. e. XOIOoAHOTO CHHTE3a sep U30TOMOB BOIOPO/A MPH KATATM3HOM
y4YacTHM OTPHUIIATEIbHBIX MIOOHOB C 0Opa30BaHWEM HEWTPOHOB M M30TOIOB T'eNusl, M BbIICTICHUEM
3HAUMTENIbHOW SHepruu 17,6 M3B, a 3a Bpemsl :)ku3HU MIOOHA — 2,5 I'3B. dusnueckas KapTuHa MIOOH-
HOTO KaTalu3a SIIEPHBIX PEaKIMi — MPAaKTHYECKH 3HAYMMOTO (PU3MUYECKOTrO SIBJICHUSI XOJIOAHOTO
SIIEPHOTO CHHTE3a — BBIIJISITUT OYeHb ITPOCTO U COCTOUT B ciefylorieM. Haxoasimuiicsi B BOIOPOTHOM
cpene, cofeprkaniei sapa U30TOIbI JEUTePHs ¥ TPUTH S, CBOOOIHBIN MIOOH 0Opa3yeT CHavas1a MIOOH-
HBII aTOM, a 3aTeM ¥ Me30MOJIEKYISIpHBIA HOH. To ecTh B 3TOM Iporiecce oOpa3yeTcsi CHauaIa Me30-
aTOMHBIM TPUTOH, a 3aTeEM ME30MOJIEKY/ISIpHBIN JerTepuil-TputheBblid noH. Ha ¢oto 2.21 (BBepxy)
SIIPO TPUTHSI, COETUHSISICH C MIOOHOM (PAaCIIOJIOKEH TOCEepearHE ), IPEeBpaIaeTCcsl B ME30aTOM, pas-
Mepbl KOTOPOTO B CeMb pa3 Oosbliie ero siapa. Jlanee B3auMoeHCTBYIOT 1Ba IIPOTUBOIOIOKHBIX K-
TPUYECKUX 3apsia MIOOHA U JierTpona (oo 2.21, BHU3Y). Me30oaToM NOMIOIIaeT CBOMM 00BEMOM
OYeHb MaJICHbKOE TI0 CPAaBHEHHIO C HUM SIIPO JEeWTpoHa. SAnpa TputHs u AedTpoHa OObeTUHSIOTCS
TaKMM 00pa30M, YTO HAYMHAIOT B3aMMOJICHICTBOBATh MX BHEITHUE BUXPOHBL. Meky STUMHU BUXPO-
HaMU UJET COOTBETCTBYIONIAS sIEpHAsI pEaKlvsl CUHTE3a, T. €. CJMSIHUE MarHUTHOTO MOHOIIONS
BHEIITHEW 000IOUKH TPUTHS C MATHUTHBIM MOHOIIOJIEM BHEIIHEH 000JI0UKY jieiTeprs (TOCPeICTBOM

185 Xononmbiit sIepHbIii cuHTe3 yacThb 1.https://www.youtube.com/watch?v=R2j8dLcvrog
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Y 3aKOHAMU CJIUSTHUSI MOHOTIONIEH OJTHOTO 3HaKa) ¢ BoijieieHueM 17,6 MaB 1 00pa3oBaHUEM MTPOIYK-
TOB peakiuu B hopme ajbda-yacTuisl 1 HelTpoHa. [Ipu 3ToM mpoucxomuT ocBOOOKICHHUE MIOOHA
Y IIeMOYKa OMMCAHHBIX MPEBpAIeHUi MOBTOPsIeTCs 0 MOMEHTa pacraga MiooHa. Kak mpoBepeHo
MPAKTUKOM, YMCIIO TAKUX aKTOB MOXET 0XOnuTh 10 150 ¢ BblieJIeHHEM CyMMApHOI SHEPTUU OKOJIO
2500 MaB. OnmHaKo OCHOBHas MPoOGJeMa MPUMEHEHHUs] TaKOro IMpoliecca CBsA3aHa C UCTOYHUKOM
MIOOHOB. [17151 cO3AaHM s HEOOXOIMMBIX MIOOHOB M UX pa0OYHX MapamMeTpOB HEOOXOAUMBI YCTAHOBKH
COM3MEpHUMBIE 10 SHEPro3arparaM C BHIpadaThIBAEMON B TOM IpoLIecce.

¢ v

®oto 2.21. 3axBaT 30HTUKOM BOJIHOBOJIAa MIOOHA (TIOCEpe/IMHE) sijipa TpUTHS (cieBa) ¢ 00pa3o-
BaHMEM HENTPaIbHOTO Me30aToMa TPUTOHA, KOTOPBIH 3aTeM 3aXBaThIBAET JEUTPOH (CIPaBa) C poxke-
HUEM JCUTEPUI-TPUTUEBOTO ME30MOJIEKY/IIPHOTO MOHA (BHU3Y ClieBa B BO30YXKJIEHHOM COCTOSTHUM )
Y C TOCJIEAYIOIINM BBUIETOM MTPOAYKTOB PEaKIIUY — HEUTPOHA (BHU3Y CIIpaBa) U ajib(a-yacTUIIBL.

Permienue 1ol mpo6JiemMbI 3¢ ObLIO HalIEHO B MOCIIEHUE TO/IBI B PAMKaX MUOHEPCKHUX padoT
1o xosionHoMy sinepHoMy cuHTe3y (LENR). [Tostomy u npakTrueckuil UHTepec K MIDOHHOMY Kara-
JIU3y TUKTYETCs JIEFKOCTBIO TIONyYeHUsI SIIEPHBIX YACTHUI[ CO CTPYKTYPOH MIOOHOB B TaKOM IIPO-
1iecce, CloCOOHBIX B KOH/ICHCUPOBAHHBIX cpefiax (KUIKOCTh, METAJUT) Ha CHICIIUAIbHBIX IEKTPOpas-
PSITHBIX YCTAaHOBKAX MPOU3BOAUTDH TEIUIOBYIO U IEKTPUUECKYI0 SHepruio. M 310 peanbHO chenath
naxe Ha ycraHoBke'®” A. B. BauaeBa «DHepronusa-2» u peakrope C. B. Anamenko. ViMmeHHO B yciio-
BUSIX paOOThI 3THX YCTAHOBOK POXKIACTCS JIOCTATOUYHBIN TIOTOK B PeKUME MOHU3AIMK YaCTHII-CTPYK-
Typ THIIa MIOOHOB, BXOISIIKMX B COCTAaB SIIEPHBIX 0OOJIOYEK CO CTPYKTYPOW ME30HOB, TIA3MOUJIOM
B IIPOTEKAIOIIEM MOTOKE BOIbl (KOHBEPTOP) WM B KPUCTAJUTMUECKOW pPeIéTKe MeIu aHoma Aja-
MeHKo. [Ipy oueH»r HU3KHX 3Hepro3arparax UAyT sJICPHbIC PEaklliK, HO He C POXKICHUEM HEUTpO-
HOB!88 11 renmst, a ¢ poXIEHUEM sifiep JPYTUX CTAOMIBHBIX XUMUYECKUX JIEMEHTOB B TOM UHCIIE JeHi-
Tepusi U TPUTHUS B BOJIE.

186 X omomsbrit SIIEPHBIN cUHTE3 YacTh 2.https://www.youtube.com/my_videos?o=U&ar=2
187 paGora yeraHoBKM npeacTaBieHa B Cle/Lyloweil ase, B pasaene «KiaKocTi».

188 Tak kak B CTPYKTYpPY 000JI0YEK aTOMHBIX ANEP HE BXOAAT ITPOTOHBI 1 HeﬁTpOHbl, OHU MMEIOT CTPYKTYPY TUIla HeﬁTpaﬂbeIX
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STOT MpOLIECC AaHATOTMYEH MOHU3AINH JIEKTPOHOB C aTOMHBIX 00O0JIOUEK.

[MpumeHeHne peanbHBIX OOBEMHBIX CTPYKTYP MIOOHA, ME30OHOB, siiep TPUTHS M JeUTepus
BO MHOIOM YHPOIIAET NMOHMMaHue (PU3MUYECKUX MPOLECCOB XOJIOAHOTO siIEPHOro cuHTe3a (¢poto-
3 PeKT-KyMyISATUBHAS UMIUIO3K '%%) 1 AeneHust TSKENbIX saep (3apokIeHUe HOBOTO siApa BHYTPU
OOJIBIIIOTO CTAPOTO U €T0 BhIJIET-B3PBIB-IKCILIO3NS, ICJIEHUE CTAPOTO).

®da30BOE MPOCTPAHCTBO MIOOHA AHAJIOTMYHO CTPYKTYPE JIEKTPOHA, HO BO MHOI'O pa3 MEHBbIIIE
€ro 0 pa3Mepam.

®oro 2.22. Cxema pacnaja MIOOHa

IToaromy pacnag M0OHOB ((poTO 2.22) NPOUCXOAUT YEPE3 MPOMEKYTOUYHOE COCTOSITHUE C TIOITY-
LIEJIBIM CIMHOM. MIOOHBI NP pacnaje MpeBPALIATCA B COOTBETCTBYIOIIME M0 3HAKy YacTULy —
JIEKTPOH WUJIM MO3UTPOH C COMPOBOXIEHUEM BbUIETA JIByX COOTBETCTBYIOLIMX HEUTPUHO. B cooT-
BETCTBUU C yMEHbIIIEHUEM BHYTPEHHEH Hepruu, y 00pa3oBaBIIeiics MPOMEXYTOUHON YaCTHULIbl YBe-
JIMUUBAETCS paguyc nosycepbl BOJIHOBOJA €€ (Pa30BOr0 MUKPOIPOCTPAHCTBA. «3aMOPOKEHHBIE»
CMUpaJibHbIE BOJIHOBO/IBI OBIBIIIETO MIOOHA YK€ O€3 BUXPOHA CTAHOBSATCS] MIOOHHBIM HETPUHO (QHTH-
HEUTPUHO) — IO KpallHEW Mepe, Ha BpEMS pacliajla UX MOXKHO CUMTaTh KOMIAKTU(PULIMPOBAaHHBIMU
YacTULIAMHU, KOTOPbIE, OTOMpPasi COOTBETCTBYIOIIYIO JIOTI0 KHHETUUECKOW SHEPryU, OKUAAIOT MECTO
pacnaga. HoBast mpomMeskyTouHast yacTuLia HeCTaOMJIbHA U paciiajaeTcsl, €€ BUXPOH MOKUIAET CO3/1aH-
Hoe (ha30BOE MPOCTPAHCTBO, KOTOPOE NPEBPALIAETCS B IEKTPOHHOE AHTUHEUTPUHO (HEUTPHHO).
BeuieTeBIIMiA B 2IEKTPUUYECKOE T10J1€ YACTULBI ITPOMEKYTOUHOI'O COCTOSIHUSA 3allepThlii MarHUTHBIN
MOHONOJIb (POPMUPYET yke PE3OHAHCHO-CTaOMIbHOE (ha30BOE MPOCTPAHCTBO IEKTPOHA (MM MO3U-

ME30HOB, COCTABJICHHBIX U3 3aPSAKEHHBIX U ITPOTUBOIIOJIOKHBIX YaCTUILL TUIIa MIOOHOB.

189 TepMUHBI «3KCILUIO3MS M MMILIO3NS» BBHLY CBOEHi IPOCTOTHI MOHMMAHMS CMBIC/IA M HALISAHOCTH (PUBHYECKUX MPOLIECCOB
3anMMcTBOBaHbI M3 padot B. IllayGeprepa.
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TPOHA), OTJAaBas U3JIUIIHIO SHEPIUI0 B KWHETUYECKOW (pOpME NIEKTPOHHOMY aHTUHENTPUHO (HEl-
TPHHO).

Macca NoKosi MIOOHa, KaK M y JIEKTPOHA W TMO3UTPOHA, MPOSIBISIETCS T'PABIOTEHIMATAMU
OTOPOIIIEHHBIX BOJHOBOJIOB, CO3/IaHHBIM BHOBb IPH Pa3psi/ike IPAaBUTALIMOHHOTO MOHOIIONS. 3apsi-
’KaeTcsi TPaBMOHONOJb BpAIaTeSIbHBIM JBMKEHHEM TOJSIPHOTO MarHUTHOTO MOHOIIONS K IIEH-
TPY-TOJIOCY MOycdephl MEKTPONOTEHIIMATIOB BOJIHOBOIA CO CIIMHOM 1/2.

MIOOHBI B CBSI3aHHOM COCTOSIHUM, KaK U JIEKTPOHBI B aTOMaX, MOT'YT BXOAAUTh B COCTAaB aTOMHO-
SIIEPHBIX 000JIOUEK ME30aTOMOB.

MiooHHbIe KoOJIaiepbl 3aHUMAIOT MPOMEKYTOYHOE MONOKEHUE MEXIY JIeKTPOHHBIMU
Y TIPOTOHHBIMU, U CUUTAIOTCS] OYEHb MEPCTIEKTUBHBIMU B MCCIIEIOBAHUN CBOWCTB O030HOB XUITCA.
ITo3TOMY 1 HaYaJIOCh TPOEKTUPOBAHUE, M CO3/JaHUE MIOOHHBIX KOJLTaiepoB. B Takux kosutaiiaepax
OJIHOM U3 TPYIHOCTEH MOJyYEeHUs BHICOKOM CBETUMOCTH SIBJISIETCSI HATMUKME 0eTaTPOHHbIX Koeda-
HUIA, KOTOPbIE IPUBOAST K OTKJIOHEHUIO YaCTHII OT PABHOBECHOW OPOUTHI M PACIIUPEHHUIO ITyuKa. [1pu
CO3JJaHUM TAaKMX YCKOPHTEJe! UK KOJIJTalIepOB MIOOHOB IJIABHBIMH MPOOJIEMaMH SIBJISIIOTCS: pacce-
sIHAE, HE MOHOXPOMATHYHOCTh ITyYKOB MIOOHOB, OBICTPBIN pacnaj yCKOpseMbIX yacTuil. Bpems
KU3HU l+[L- TIPH JIOCBETOBOM CKOPOCTH COCTaBIISIET 2,2 MKC — 3TO TOXe IpodsieMa Jiisi CO3/IaHuUs
MIOOHHOT'O KOJIJTaiijiepa. YIIMHEHUIO )KU3HU MIOOHOB SIKOOBI crIOCOOCTBYET 3(h(PeKT yBeTMUESHHU S UX
BpPEMEHU XM3HU Ha PeJSITHBHCTCKHX cKopocTsx. [To pacuéram CTO npu KUHETHUYECKOW SHEPTUH
1o 57 I'B Bpems KU3HU yBeJWuMBaercs ¢ T = 2,2 Mkc 1o t = 1,19 c. OaHako, BO-NIepBbIX, IKCIE-
PUMEHTAJILHO 3TOT 3(PEKT peaan30BaTh HE YAACTCS BCIEACTBUE yKe UMEIOLIENCS IPAKTUKY CO3/a-

HUs Tay-JenToHAa (BpeMs Ku3HM 2,9 X 1013 CeKYH/IbI), KOTOPasi U YKa3bIBaeT OTCYTCTBUE MeXa-
HU3Ma YBEJIMYEHUS1 BPEMEHU KU3HU MIOOHA. A BO-BTOPBIX, 8pEMEHU, KAK U MACCbl B TIPUPOJE HET
BOOOIIIE, a €CTh MPEBPAIIEHH S YACTHII C YBEJIMUYCHUEM X BHyTpeHHel sHeprun. OTciona, 1o pacué-
tam CAII MIOOHBI JOJKHBI OBITH MOy YeHbl, C(OOPMUPOBAHBI B ITyYOK-CTYCTOK M YCKOPEHBI 10 KOHEY-
HOU SHEpruy MeHbIIIEe YeM 3a HECKOJIBKO MIUIMCEKYH (B sabopaTtopHoi cucteme otcyera). [lpu
STOM OHH YCHEIOT C/IENATh JI0 THICSYH U Oosiee 0OOPOTOB B KOJIbIIE HAKOITUTEIS TIepe]] CBOUM pacria-
noMm. Tak 1 3TO Ha PaKTHKE — MOKaXeT paboTa MIOOHHBIX KOJUIAAEPOB.

A peaybHO npoucxogut cregymouee. Korga ckopocTb MIOOHOB ITOUYTH JIOCTUIA€T CKOPOCTH
CBETa, JAJIbHENIINI pa3rOH YacTULl CTAHOBUTCS HEBO3MOXKEH, HO HAYMHAET PACTU UX MACCa-BHYT-
peHHss sHeprus. [lepBuuHas yacTuia MeHseTCsl, YTO U3MEHSIET U €€ BHYTPEHHHUE [TapaMeTpbl, B TOM
YHCIIe U 8peMst KU3HU, KaK, HalIpUMep, y Tay-JIeNTOHA. A MOJIHAsl SHEPrus CKJIabIBaeTCsl U3 IHeP-
U JBUKEHUs, IEPEeJaHHON YaCTHIIE YCKOPSEMbIM BHELTHUM IIEPEMEHHbBIM JIEKTPUUECKUM I0JIEM
B 37eKTpoHBObTax (3B, KaB, M3B, ['3B) 1 BHyTpeHHell Heprum npu KBaHTOBOM Iepexoe Npu
1784 M>3B B 3apsKEHHBIH Tay-JISIITOH, ME30H WM O030H, a Pacu€T U M3MEHEeHNEe BHYTPEHHEN SHEp-
MU 3apsKEHHON OJJHOKOHTYPHOM dacTuilbl UAET 1o ¢dopmyie [liaHka, T.e. mpou3BeaeHHEM ero
(pyHIaMEHTaIPHOI KOHCTAHTBl HA YaCTOTY M3JyYEeHHUs YETBEPTh-BOJIHOBOJOB MArHUTHBIM MOHOIIO-
naem I'SMM. [Ipu CTOMTKHOBEHMSIX MOSIBJISETCS BOSMOXKHOCTh OObEIMHEHHSI OMHOKOHTYPHBIX MPO-

THUBOIIOJIOKHBIX YaCTUILL C MOJYLEJIbIM CIIMHOM B YaCTHUIIbI C LIEJIBIM CIIMHOM, THII4 J'EO-MCSOHLI, ZO—
603OHBI, 3apAKEHHBIE TT-ME30HHI, W-603OHBI, 1 6e3MaccOBBIE OO30HHI. yCKOp}IHCL B 9JICKTPUYICCKOM
MOJIE, MIOOH, KdK U 3JICKTPOH, IMO3TAITHO ITPEBPAILIACTCA B 3apH)KCHHbeI Tay-JICIITOH, a IIPpU BCTPEYHbIX
COyJapEHUAX (CyMMapHaH CKOPOCTb = ABYM CKOPOCTAM CBeTa) C aHAJIOTUYHBIMU MMPOAYKTAMU
YCKOPE€HHbIX MIOOHOB HYTéM oceBon HUMILIIO3UHU, nepexo;lﬂmeﬁ CI'yCTKaMU B LEHTPAJIbHYI0O UMILIO-
3UI0, U POXAAIOTCA, ooJiee TKENbIE ME30HHI, OO030HBI U MMPOAYKTHI pacliaaa.

2.5. Tay-nentoH

Tay-JienToH BO3MJIABISAET TPEThE MOKOJIEHUE B CEMENCTBE JIEITOHOB U CAMBIN TSKEJIbIN U3 HUX
(MIEeKTpOH, MIOOH U T-JIenToH) — 1784 M»3B, Takxe 00nasaeT MoaymeIbiM CITMHOM, 3apsi/ioM 3JIeK-

TPOHA, BpEMEHEM KU3HU 2,9 X 107 cu XapaKTEPHBIM SAEPHBIM Pa3MeEPOM 107! cm B coorser-
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crBuu ¢ CAIL. KonuecTBo MoKoJIeHHI JISTITOHOB IMTOKa He 00BSICHEHO B paMKax CYITIECTBYIOIIUX TO-
puii. Ha poto 2.23 npuBeeHa cxema BOJIHOBOIOB (pa30BOT0 MPOCTPAHCTBA T-JIENTOHA.

®ur. 2.23 CpaBHeHHE CXEMbI M pa3Mepa YeTBEPTh-BOJIHOBOIOB JIEKTPOHA (CJIeBa), MIOOHA
(mocpenvHe) U Tay-JIENITOHA (Crpasa).

Cornacno CAII, 31eKTpOH, MIOOH M Tay-JIENITOH — 3TO TOYEYHbIE YACTUIIA, Y HUX HET BHYT-
peHHel CTpYKTyphl. CyIIeCTBYET «IErKUi» aHAJIOT MIOOHA — JIEKTPOH, M «TSKEJbIi» aHAJIOT — Tay-
nentoH. Tay-yienToH ObLT MOMy4YeH UCKYCCTBEHHO B 1975 romy Ha 3/eKTpOH-TIO3UTPOHHOM Ha KOJI-
naiinepe SPEAR B HarmonasbHo# yckoputenbHoi 1adoparopun SLAC (Ctandopa, CIITA) M. Iep-
JIOM C cOTpyIHHMKaMu. Tay-JIenToHbl 00pa30BBIBATIMCH B KOJTAlIepe MPH YCKOPEHUH JIEKTPOHOB
JI0 CyMMapHoO# 3Hepruent 2—3,5 [3B.

OpHako, Kak coo0IaeT aBTop ITUX JICTITOHOB: «PodicoeHie may-1enmonos 0emekmop 3agux-
CUpO8AMb He MO2, MAK KAK OHU U3-3d KOPOMKO020 6PeMEHU IHCUZHU DPACNAddAUCh NOOAUZ0CMU
om mecma poxcoeHus, He donemes 00 Hezo. [losmomy oOHapyscums may-1enmoH MONCHO ObLAO
MOABLKO NO 3APAHCEHHBIM NPOOYKMAM €20 PACnadd — MIOOHAM, 3NEKMPOHAM U OPYeUM>.

ITpu yckopenuu B koynainepe SPEAR, korga ckOpocTh 3IEKTPOHOB TIOUYTH JOCTHUTAET CKO-
POCTHU CBeTa, JAJbHEHNIIIUI Pa3rOH YaCTULl CTAHOBUTCSI HEBO3MOXKEH, HO HAYMHAET PacTu UX Macca-
BHYTpPeHHsIs1 SHeprus. [lonHas sHeprus CKagbplBaeTCsi U3 SHEPruu ABHKEHUsl, NepeaHHON
YaCTHIIE YCKOPSIEMbIM BHEUTHUM NIEPEMEHHBIM JIEKTPUUECKUM I10JIeM B 2J1eKTpoHBOJIbTax (3B, KaB,
M>g, ['3B) 1 BHyTpeHHel 3Heprun. [Ipu noctrxeHuu 3toii sHepruu 6osee 106 M3B 3/IeKTPOH Ipe-
BpaIllaeTCsl B 3apsKEHHBIA MIOOH, a Pacu€T M U3MEHEeHHEe BHYTPEHHEH SHepruu 3apsikeHHOW OJIHO-
KOHTYPHOH vacTulibl UAET no popmysie Ilnanka, T.e. npousBeneHreM ero (pyHaaMeHTaIbHON KOH-
CTaHTBI HA YaCTOTYy U3JTy4YEHUsI YETBEPTh-BOJTHOBOJOB MarHUTHBIM MOHOMNOIeM [ DOMM.

Cy1uecTBeHHbIe TOTEPY SHEPTUU JIEITOHOB IPOUCXOAST Ha U3JTyYeHUe CUHX POTPOHHOTO U3JTy-
YEeHHUs IPU MCKPHUBJIEHUH TPAEKTOPUU JBUKEHHUSI IIyYKOB B MAarHUTHOM 110Jie. B JIMHEHHbIX yCKO-
putensax 3Toro 3¢ deKxra He MPOUCXOAUT. YCKOPSSCH B JIEKTPUIECKOM ToJie 10 SHeprun 3,5 — 4 9B
MIOOH, KaK W 3JIEKTPOH, TIOSTAITHO MpeBpaInaercs B 0ojiee SHEPreTHUeCKUid Tay-JIeNTOH CO CTPYK-
TYpOM, XapaKTEPHOU 111 OMHOKOHTYPHBIX YACTHUIIL C MOMYIIENbIM CIIUHOM, pazMepoM ' 9MM okoso

102 ¢, ¢ YacToToit My/IbCaluil OKoJo 2,6 X 10*Tun pa3MepoM YEeTBEPTh-BOJIHOBOJA OKOJIO 3 X

105 em.
MexaHu3Mm npeBpameHusl.
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[Ipu nBYkEeHNM JIEKTPOHA B COCTAaBE CI'YCTKA B IEPEMEHHOM JIEKTPUYECKOM I10JIE BOKPYT €T0
['SMM uHIYKTUPYIOTCSI CUHXPOHHbIE C(hepbl MAarHUTHBIX MOHOIOJIEH, KOTOPBIE 3aTEM CIIMBAIOTCS
ApYr C APYyroM W MarHUTHBIM MoHormoseM ['9MM anekTpoHa, yBeqnunBasi ero 3HaueHue, 4acToTy
KOJIeOaHMIA, yMEHBINAIOT €ro pa3Mep U pa3Mep YeTBEPTh BOJIHOBOIOB ero u3nydeHus. Jlocruras coot-
BETCTBYIOLIMX [TApaMETPOB MIOOHA, JIEKTPOH MPEBPAILAETCS B MIOOH. AHAJIOTMYHBIN MTPOLIECC IPO-
HCXOJIUT C MIOOHOM — OH IIPEBPAILAETCS B TAYy-JIENITOH — OYEHb KOPOTKOKUBYIIHIA, KOTOPBIN ITPU pac-
najie Mopok/AaeT JUBEHb IPOJYKTOB, B TOM UHMCJIE U MIOOH.

[Ipu nBMKEeHUMM B yCKOpHTENle, KOTAa CKOPOCTh 3JEKTPOHOB IOYTH [JOCTUIAae€T CKOPOCTU
CBETa, JAJbHEHMIINI Pa3rOH YacTULl OMNPE/ENseTCsl CKOPOCTBIO PACIPOCTPAHEHUS YCKOPSEMbIM
MepeMEeHHbIM JIEKTPUYECKUM TI0JIeM, KOTOpOe MMeeT BO MHOTo pa3 OOJbIIyI0 BEJIMYMHY 3Ha-
yeHusi ckopoctu ceera. [louemy? A moroMy 4Yro 3TM [JBa Mpoliecca MMEIT pasHylo MpH-
poay 1o cBoeit pusmueckoii cytu. CKOpocTh CBeTa, Kak ObUIO YKe pacCCMOTPEHO B pazzene 2.1 —3t1o
CYTb IIONIEPEeYHOr0 BpallleHU-pa3psiku cpepsbl 3apsija SHEPTMM MArHUTHOTO MOHOIIONS oNpe/ie-
JIEHHOT0 paaMyca Ha [UIMHY YeTBEPTh BOJIHOBO/A JIMHBI BOJIHB POJOJbHOIO 1BUXEHNS (POTOHA,
KOTOpasi ¥ MPOSIBJISIET ONPEAEIEHHYI0 HHEPTHOCTh M OTPAaHMYHBAIOT [IBUKEHHE (DOTOHA CKOPO-
CTbIO cBeTa. MeXaHu3M pacnpoCTpaHEeHUs! MOTEHIMAJIOB JIEKTPUUYECKOrO MOJS OT METALTMYECKUX
NIEKTPOJIOB COBCEM JIPYrOiMl M 3aKJII0YAETCS B IJEKTPOCTATHYECKOM OTTAIKMBAHMU U BHIOpOCE
HAapyKy B 30HY MHIYKIIMU OJHOMMEHHBIX IEKTPUUECKUX Oe3MaCCOBBIX 3€PEH-TIOTEHIINAJIOB pa3-
HBIX IO 3HAYEHMIO, BHOBb NIPUXOAAIIMX OT UCTOYHMKA MEPEMEHHOrO HarpsikeHus. CKOpocTh pac-
MIPOCTPAHEHU S MEKTPUIECKOro MOoJIsl, KaK 30HAa MHAYKIIUH BOKPYT 000N palMOaHTeHHBI CIIOCO0-
CTBYET POKJIEHHIO M HAKOIJIEHWIO MArHUTHBIX MOHOIIOJIEN (DOTOHOB B 30HEe M3JIy4YeHMs U 3aBHUCHUT
IIpesk/ie BCEro OT MOTEeHINAJIA [IepeaBaeMoro HanpsikeHus. [10aToMy cKopocTh pacripocTpaHeHus
EKTPUUECKUX TOJIEH, KaK M JEKTPOCTATUIECKUX TOJIeld, BO MHOTO pa3 OoJbllle CKOPOCTU CBETa
Y Kak ykaszbiBas Tecna B ero ciyvae paBHa 471 240 km/cek. Y 3/IeKTPOHOB, TIOC/Ie MPEOI0IeHHUSI CKO-
POCTH CBETa MPU SHEPrUsix cBbillle 2—4 M3B HAUMHAET PacTU UX MAcCa-BHYTPEHHSISI JHePrus —
NPOIECC «YTsKeJeHUs» MAarHUTHOTO MOHOIIOJISI 3JIeKTpoHa. [lonHas sHeprus ckiaabBaeTcs
U3 SHEPruyu JABHKeHMs, [IEPEJAAHHON YaCTULIE YCKOPSAEMbIM BHEUIHUM IepeMeHHbIM 3JIeKTpU-
YECKUM TI0JIEM B 371eKTpoHBOJbTax (3B, K3B, M3B, [9B) 1 BHyTpeHHell 3Heprum rnpu KBaHTO-
BOM Iiepexozie npu 3Hepruu csbiiie 106 M3B B 3apsikeHHBI MIOOH, U 3aTEM IIPU SHEPIUU CBBILIE
1784 M>3B — B Tay-JIeNITOH, 2 PACUET ¥ U3MEHEHNE BHYTPEHHEW SHEPIUU 3apsIKEHHOU OJTHOKOHTYP-
HOU vactulibl UaET no dopmysie [lnanka, T.e. mpousBeaeHreM ero (pyHaaMeHTAILHON KOHCTAHTHI
Ha YacTOTY U3JTy4Y€HUsl YETBEPTh-BOJIHOBOIOB BPAILIAIOIIMMCS MarHUTHBIM MOHoIoneM ' 9MM.

BeiBoa. Dot mpouecc cieayer paccmarpuath kak TJIABHBIV, npu B3amvoseii-
CTBUM BBICOKOPHEPIeTMUECKMX KOCMMUYECKMX YacTHI] U IpEeBpAIlEHUSAX 3JEeKTPOHOB, NPOTO-
HOB 1 HOHOB Ha YCKOPUTEJISIX WM B Iy4Kax JIEKTPOPa3psA0B, I/ M0 CYIIECTBY IPOUCXOAAT « yTSI-
’KeJIeHHe» COCTaBJISIONINX siAepHble 0005104KH napbl [ 9MM no MexaHu3my CJOMSTHUSI OTMHAKOBBIX
M0 3HAKY MarHUTHBIX MOHOIIOJIEH, MPUBOIANIMX K YBEIUYEHUIO YaCTOTHl MX BUOpAIMA. DTOT Ke
MEXaHU3M OIpejiesisieT mpouecchl poxaeHus Tskenoun (1,0) u ceepxTskenoit Boasl (To0) B amek-
Tpopa3psAax B Bojie B peakrope BauaeBa 1 He MyTéM NMpHCOeJMHEHUs1 HEUTPOHOB (AelTOHN3a-
Us1), 2 <yTSKeJeHueM» sIEpHbIX 000JI0YeK MTPOTOHA. DTOT K& MEXaHU3M OIpPEAEsieT B JIEKTPO-
B3pBIBaX pa30OMKHYTON MpoBosioukd C. AJaMEHKO pOXJIAEHHE U CTPYKTYpY HOBBIX aTOMHBIX sJEp
BILIOTH 10 4250 a.e. maccel B CU.

B nacrosiiiee Bpemsi HanOosee npocTeiM U 6osee 3pHEKTUBHBIM METOIOM CUMTAETCS yCKOpe-
HUS1 JIEKTPOHOB C SHEpruen 35 MerassieKTPOHBOJIBT C IIOMOLIBIO JIA3EPHBIX UMITYJILCOB M BOJTHOBOZA
C IVRJIEKTPUUYECKUM MOKPHITHEM CTEHOK. YueHble'*’ He3HAUnTeIbHO YBETMYWIIA UCXOIHYI0 SHEPTUI0

190 Xu66epn, M.T., Xum, AJL, Jleiik, [I.C. u 0p. YckopeHue pensiTUBUCTCKUX ITy4YKOB C TIOMOLIBIO JIA3EPHBIX Te€ParepLoBbIX
umInynbcoB. Nat. Pomonura 14, 755—759 (2020). https://doi.org/10.1038/541566-020-0674-1
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JIEKTPOHOB, HO 32 CYET KpaiiHe KOPOTKOTO Y4acTKa BO3/IEHCTBUS JOCTHUIJIM TEMIIa YCKOPEHHUsI B 1Ba
Meras/ieKTpoHBoJIbTa Ha MeTp. OnHako Mopran Xu66epn (Morgan Hibberd) n3 Manuectepckoro
YHUBEPCUTETA U €0 KOJIJICTHU UCIIOJIb30BaJIA MOIHHbIﬁ Jla3zep AJid npsAMOro BO3HCﬁCTBHH Ha JICTA-
IIM€ CKBO3b €r'0 JIy4 IEKTPOHBL. B 3TOM MeTozie 3apsiKeHHbIE YaCTUIIbI HATIPSIMYIO B3aUMOICHCTBYIOT
¢ (hOTOHAMH MEKTPOMATHUTHOTO TIOJIsI, KOTOPbIE TIOPOXkKIAET Jla3ep, MpUoOpeTast TeM CaMbiM SHEp-
rvi0. IToT 3(PPEKT MOKHO MPOULTIOCTPUPOBATH HArMsIAHO poto 2.24.

®oro 2.24. Uznyyaemblii (DOTOH B COCTOSIHUM aKTUBHOM (ha3bl JABUKEHHUS M INEpe3apsaKu
MarHMUTHOTO MOHOIIOJNS Ha IOJIBOJIHE BOJIHOBOZA PAa3BEPHYTOrO MIEKTPUUYECKOIO BUXPEBOrO MOJIA
13 /IEKTPONOTEHIAJIOB C JIOKaIbHbIMU 3HaueHusIMU B potoHe U1, U2=0 u U3=- U1. Buusy Bxons-
LU 3JIEKTPOH B (POTOH, YCKOPSIEMBII UM JJO MIOOHA U Tay-jienToHa. CuHUM mapuku Bokpyr [9MM
YaCTHI] — 3TO UHIYKTUPYEMbIE BOKPYT HUX JBMKEHUEM MarHUTHbIE MOHOIIOJM MUKPOBUXPOHOB.

Hns yckopenus mydkoB B koyutaiiiepe SPEAR 10 HOMUHAIbHBIX SHEPrUil B OCHOBHOM KOJIbLIE
KCIIOJIb30BAJIaCh BbICOKOUYAcToTHasA (BY) yckopsomas cucrema. Yactuipl ¢ pa3HbIMM 3HAKAMH
3aps/I0B YCKOPAIOTCS B pa3HbIx pazax anekrpomarHutHOoro CBY-nosisi mosTanHo B CTallMOHAPHOW
1 Ha OeryIiei BOJIHe ¥ MPOCTPAHCTBEHHO Pa3Be/IeHbl B KOJIbIIE.

A, Hanpumep, B BIIIK ceepxnpoponsime (CIT) pesonatopsl padotanu Ha yactote 352 MI .
YacTuripl mpoxoAsT 3a30p pPe30HATOpa B HAPACTAIONIEM JIEKTPUUYECKOM TI0Jie, YTO 0OecreyrBaeT
YCKOpeHHue U aBTo(pa3upoBKy yacTull. AKTHBHas JuyinHa Kaxaoro CII pesonaropa cocrasisia 1,7 m
(4T0 COOTBETCTBOBAJIO 1BYM juiiHaM BosiH BY nosnst). BY cucrema pacnonarayiace Ha JJIMHHBIX TTPsi-
MBIX y4yacTKax Kojsblia koyutaiaepa. ¥ komnaiaepa bAIK (LEP) makcumanbHOe yckopsioiee Kpy-
ropoe HarpsikeHue 3560 MB.

Srarnbl IpeBpaleHni YaCTHULL:

— npu 3Hepruu E yckopsiemoro anektpona 0,5 MaB, ero wmacca-snepruss m = 2mg, a npu E =
10 MsB m = 28m,,

— BHavaJsie IeKTPOH YCKOPSIETCsI CUJION ! IPUTSKEHH ST SIEKTPUYECKOro MO JI0 Tpejesa CBe-
ToBOM ckopocTH (v- 0,98—0,99¢, npu E- 2—4 M»3B),

— TaKOH MPOLIECC MPOUCXOIUT IUIABHO BIUIOTH /10 3Hepruu Boiie 106 M3B, 10 nepBoro KBaH-
TOBOT'O MEPeXofia B MIOOH, Y KOTOPOTO YK€ COOCTBEHHOE TPaBUTAIIMOHHOE TOJie (Mdacca-Heprusi)
B 207 pa3 Gosbllie, 4eM y MIeKTPOHa, TOSBISETCS HeCTAOMIBHOCTD CTPYKTYPBI C IEPUOAOM MOy pac-

maga B 2,2 X 10—° CEKYH/bl, IIPH pacna/ie OIATh MOPOKAATCSA IJNEKTPOHBI,

191 30H0ii X0101HOM Ge3MACCOBOI TUIA3MBI, KOTOpasl yHUUTOKAET MPOCTPAHCTBO-TIONE, TIOITOMY NPOTHBOIOJIOKHBIE HICTOUHUKU
COMMIKAIOTCS, IMUTUDYs CHITY TIPUTSIKESHUS.
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— 3aTeM NOIOOHBIE TIPOLIECCH TIOBTOPSIIOTCSA U C MIOOHOM, BIUIOTH JI0 POXKICHUS 3apsiKEHHBIX
BBICOKO9HEPreTHUECKHX Tay-JIEITOHOB U CBOMM BPEMEHEM XKU3HU, IIPU Pacrafie KOTOPBIX OISITh POK-
JAI0TCS MIOOHBI,

— TaK NOPOJKIAIOTCS] HECTAOMIIbHbIE 3aPSKEHHBIE YACTHIIBI C COOCTBEHHBIM IT0OJIEM U ITOTYIIEIBIM
CIIMHOM, KOTOpbIE BMECTE CO CBOMMHU MPOAYKTAMH pacriajia U PerucTpupyorcsi B IETEKTOpax.

OcHOBHBIE KaHAJIBl pacraja Tay-JenToHa MPOUCXOISAT C MPEeBpallieHUeM B COOTBETCTBYIOIIHUIA
10 3apsily MIOOH, MIOOHHOE aHTMHEUTPUHO U T-HEUTPUHO, WX FJIEKTPOH, JIEKTPOHHOE aHTUHEH-
TPUHO ¥ T-HeUTprHO. Bonee 50% pacnaoB MPUXOAWTCS HA KaHAJ TpeBpaIlieHuil ¢ 00pa3oBaHueM
JIETKMX aJPOHOB — IBYX KAOHOB W1 5—O6 N-Me30HOB, KOTOPbIE B CBOIO 0O4Yepeab oNnsTh pac-
NAJaK0TCSI HA MIOOHBI U 3JIEKTPOHBI.

Ortciona criemyer, 4YTo CTPYKTypHBIA COCTaB MPOAYKTOB ITyYKOB CTIKHUBAIOIIMXCS TMap Mpo-
THBOIOJIOKHO 3aPSKEHHBIX T-JIEITOHOB COIEPXKUT OMMOJSIPHbIE 000JOUKU, KOTOPBIE MPU pacrajie
MIPEBPAIIAIOTCS B KAOHBI, TT-ME30HbI 1 TIOJISIPHBIE BUXPOHBI, a 3aTeM JIajiee pacIiaJaloTCsl B MIOOHBI HJTH
JIEKTPOHBI Yepe3 MPOMEKYTOYHOE COCTOSIHUE C MOMYLEJbIM cIMHOM. OCTOB BOJTHOBOAA U3 3EPEH-
MOTEHIMAIOB ObIBIIETO (ha30BOTO MPOCTPAHCTBA T-JIENTOHA CTAHOBUTCS T-HEUTPUHO M YHOCHT TIPH-
YUTAIOUIYIOCS €My MEPEMEHHYI0O KUHETUUECKYIO JOJII0 SHEPTUU C MECTa pacnaja.

B nHacrosimee BpeMs pusuku IUaHUpYOT npoBepuTh CranpaptHyio Mopens, usydas pac-
najpl Tay-JIENTOHOB. DTH YaCTUIBI — POACTBEHHHUKH JIEKTPOHOB, KOTOPbIE UMEIOT TAKOM Ke 3apsif
1 BoOOIIIe MHOTO OOIIETro, KPOME MdacChbl, KOTOpasi y Tay-JISNTOHOB B 3 ThIcsuu pa3 Ooblie. MiMeHHO
B IIpOIIecce UX pacraga MOXKHO YBUJIETh ITPOLIECCHI, KOTOPbIE HA3bIBAIOT HOBOM (pu3ukon. OHa pu-
3BaHa OOBSCHUTH MTPOUCXOKICHUE MACCHl, TEMHON MaTepHU U SHEPTHH.

2.6. Me30HBI

Me3onsl (poTo 2.25) — 3T0 IPOMEKYTOUHBIE COCTOSTHUSI PAaCTaIAloNIUXCsl 000I0YeK, 00pasy-
IOIIMX BHYTPEHHME U BHEIITHUE OOOJIOUKM aTOMHBIX siaep. OCHOBHOM MCTOUHMK STUX ME30HOB BEpX-
HUE CJIOM aTMOC(Eepsl, C AApaMU aTOMOB 'a3a KOTOPOW CTAJIKMBAIOTCA KOCMUUYECKUE U COJTHEUHBIE
npotoHsl. Ilpoliecc Mpon3BOACTBa ME30HOB — 3TO MOHMU3ALMS LIEJIBIX KJIACTEPOB aTOMHBIX s1ep, T.
€. sAepHBIX 000I0YeK, MITHOBEHHO pacriaJaloluxcs B Oojee JOJro KUBYIIME MOJOOHbBIE YaCTHIIbI
C TEM e CIIMHOM, T. €. B Me30Hbl. Bpems, KoTopoe 3aTpaurBaeTcsl Ha epexoy] TaKUX MUK pPOUYaCTHIL
K M€30HaM OT MOMEHTa B3aUMOJIEHUCTBUS IO UX POXKAEHUS, SABJIETCA CYryO0o siIepHbIM U OLIEHUBa-

eTCsl TIOPAIKOM 1072 CEeKYH/Ibl. 32 TaKkoe BpeMs 3aperrucTpUpoBaTh UCTUHHYIO YAaCTHILy, €€ CTPYK-
TYpY U APYyIre NapaMeTpbl COBEPLUIEHHO HEBO3MOKHO.
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. |Macca, CNMH-YeTHOCTE,
Heaproseii Bpema wmnaHm [cex)
HacTuua T Mc2 R M30CMNWH OcHOBHEBIE MOOE pacnaga
(M38B) 3 Ip(1)
|n+,rt- ud,di 139.57 [2.610-8 0-(1) e+, V-
il ud-dd 13498 8.4-10-17 0-(1) 27
|x+,x- us, st 494 1.2-10-8 ’t}{lﬂ} Vi, V=, R0
<11 0 m+m=, m0m0
. - 0-(1/2
Ko, ko ds,sd 498 o 10_3 Kg {}:1}‘:2:
3.2'107% K uev,‘.rtp:ujﬂu,trntr*ir'
n ui+dd, s [547 1.2 k3B 0-(0) 24, 3", i ntn
r' u E'fdaf L) 958 rlZﬂ MaB ﬂ'{ﬂ] -rl-ﬂ:+ T : Dﬂ n ﬂ:l:l “I:ITF
+ — =

P APl 770 151 MaB 1-(1) o

F-"D uu = dd

w ’umda 782 ’:14 M3B 1-(0) nren0

& 55 1020 4.4 MaB 1-(0) K+K-, re+re-n0

Dt cd,dt 1869 1.1-10-12 0-(1/2) } K + Apyrve 4acTmuk,
D0,DO ’cﬁ, = 1865  4.2-10-13 r}{uz} e + apyrve, |+ apyrue

DS kS, sC 1969 4.7-10-13 0-(0) K + apyrme

+ = e -(1/2) DiO+ap, D*+ap
L_F‘_D :%b%} 5279  [1.6:10-12 { ’n

B".B b r]-{lfz] v+ap, D++ap, D*+ap
Iy c© 3097 F? KaB 1-(0) AnPOHbI, e+e-, [tp-

Y r, b 9460 (53 kabB 1-(0) T4T—, e+e—, -

®ot0 2.25. Tabnuia MeE30HOB

Henasno Komnabopauus LHCb BAKa omyonukoBasia pe3ysbTaTsl UccleoBaHus paciaia B-

Me30Ha Ha TPOKKY aapoHOB: \», . U K. [laHHbIE COBEPUIEHHO OJHO3HAYHO CBUIETEILCTBYIOT
B TIOJIB3Y TOTO, YTO B MpoLIecce pacraga Ha KOPOTKOe BpeMs MOSIBIJIACH U Pacrajiach «BOIMIOIIE
9K30THYECKast» dactuiia Z (4430). D1a yactuiia — HeOOBIYHBIM ME30H, HE BITMCHIBAIOIIUICS B CTaH-
JapTHBIE PAMKH U COCTOSIIIMI KaK MUHIMYM M3 IBYX KBapK !*2-aHTHKBapKoBbIX nap. Ero cymecTso-

192 o
92 Keapk — (yHzaMenTanbHas dactaua B CTAHZAPTHOA MOJCNH, OONANAIOMIAA SMEKTPHUECKAM 3apAIoM, KPaTHEIM ef3,
1 He HaOmolaeMas B CBOOOJHOM COCTOSIHUM, HO BXOJIAIIIAS B COCTAB aIPOHOB (CHJIBHO B3aMMOJEHCTBYIOIMX YACTHII, TAKAX KaK IIPO-
TOHBI M HEHTPOHBI). KBapKH sABIAIOTCS GECCTPYKTYPHBIMH, TOYSYHBIMH YACTHL[AMU; TO ITPOBEPEHO BILIOThH JI0 MacITada NpUMEpHO

1016 ¢, uro npumepHo B 20 THICSY pa3 MeHbIle pa3Mepa MPOTOHa.
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BaHMe ObUIO U3BECTHO U PaHbIIIe, HO TOJIBKO Cevac CTaJI0 OKOHYATENIbHO JOKA3aHO, YTO 3TO peallb-
Had 3Kk30Tnueckad yactuna. Co cinos U. MBanosa'®? mo merogam ucciienosanuii Ha BAKe:

«bepym u cmanxusarom uacmuypl, npu 3MOM OHU PAZAEMAIOMCSL, MOHCEN POHCOAMBCSL UIMO-
Mo Ho8oe. IMom cnocob NPEeKPAcHo padomaem, ecu bl Xomume Y3Hamsv, HanpuMep, Kakast 3Hepeus
cuoum eom 6 samux Keapkax. menHo 6 keapkax, NOMomy umo OHU HeCYn OCHOBHYIO YACHb IHEPIUL.
Ho, K cootcaneruro, 3mo He nomozaem y3Hams npo CMpyKmypy 0onaxa 2ar0oHo8. Beob amo ne npocmo
KaKas-mo nAOMHOCb 2A100H08 — MO HOB8AsL CMPYKMYpa, KOmopas Kak 6yomo cama CKOHOeHCUpo-
8a.14Cb U BOZHUKNA».

[To aTomMy noBofy ecTh OIHO OYeHb cepbé3Hoe 3amedyanue — HU B [IEPHe, nu B CILIA, Hu
B P®, vu B Anonun u naxe B [lanare mep u stasionoB B [aprke moka emé He JaHO BOOOIIIE orpe-
nenenue cyocraniyu suepruu B CAIl, Tem 6onee B MaTeMaTHYeCKHX KBapKax.

CornacHo CAII kBapkoBasi MOJeJIb CTPOSHHSI aJPOHOB BBIIJISIAUT OYEHb «npocmo». bepem
KBapKu, KOMOMHHPYEM HX TaK, YTOOBI MIX CYMMAapHBIN IIBETOBOM 3apsijl — XapaKTepUCTHKa, odec-
MIeYMBAIONIAs] CUJIbHOE B3aMMOIEHCTBHE MEXIy KBapKaMH, — CKOMIIEHCUPOBAJICS, U TOI/IA OJKEH
TMIOJTyYMTHCSI BIIOJIHE KU3HECTIOCOOHBIN aApoH. MUHUMAIBHBIMHU /17151 KOMIIEHCAIMH 1IBETA SIBJISIOTCS
KOMOMHAIIMY U3 TPEX KBAPKOB UM KBAPK-aHTUKBAPKOBBIE Maphl. TeopeTuyecku MOKHO COOPYAUTD
u OoJiee CIOXHBIe OeclBeTHbIe KOMOWHAIIMK, HAIIPUMEp IIECTUKBAPKOBBIE, IEHTAKBAPKU (YEThIpe
KBapKa M OJIMH aHTUKBApK ), TETPAKBapKH (JIBa KBapKa U JBa aHTUKBapKa) U Tak jajee (dporo 2.26).

[ 4

c) Z (3900)

=
=]
e
°
=
o
o

PoTto 2.26. KBapkoBOe YCTPOICTBO NHU-ME30HA, IPOTOHA W IPEINONAraeéMblii KBapKOBbIN
cocraB yactuiibl Z. (3900) — oqHoro u3 kanauaaroB B TerpakBapku. ®oto u3 crarbu E. Swanson,

2013. New Particle Hints at Four-Quark Matter

Takue agpoHbI, HE BIOMCHIBAIOIIMECS B MUHUMAJIBHYIO CXEMY, HA3bIBAIOTCS IK30MUUECKUMU .
C TOYKM 3peHHs1 HAMBHOM KBapKOBOW MOJIENU BCE 3TU KOMOMHAIIMY TOXe UMEIOT IPaBO Ha CyIe-
crBoBanue. [Ipo6iemMa B TOM, UTO B SKCTIEPUMEHTE UX HET — & TOUHEE, He ObUIO Ha MTPOTSKEHUU OYEHb
noiroro BpeMeHu. Eciii HaCUJTbHO B3STh U COEJUHUTH BMECTE IIECTh KBAPKOB (HAIIpuMep, KoMOUHA-
1o uuuudd) ¢ TPaBUILHBIMY 1IBETAMU, TO OHU PACIIPENENSITCS TIO ABYM MPOTOHAM, a HE 0Opa3yioT
ofvH OoMbIIoN aapoH. Eciy moMecTuTh BMecCTe /1Ba KBapKa U Ba aHTUKBAPKa, TO OHU MPOCTO cpop-
MUPYIOT /IBa ME30HA, KOTOPBIE pasJieTSITCs APYT OT Apyra. [loyemy npupona orpaHU4UBAETCs TOJIBKO
MUHUMAaJIbHBIMU HA0OpaMK KBapKOB M HACTOJIBKO «HE JIIOOUT» MHOTOKBAPKOBBIE COCTOSIHUS — OJJHA

13 [IaBHBIX 3arajIok 31oro pasaena ¢pusuku. Tot ¢axT, uro Z (4430) pacnagaercs Ha Y» U T, O3HA-
YaeT, YTO 9TO 3apspkeHHast yactuna. ToTr (hakT, YTO OH pacrmagaercsl OU4eHb ObICTPO, O3HAYAET, YTO
pacrmaj et 3a CUeT CUJIbHOTO B3aUMOCHCTBH S, @ OHO He MEHSIET THI KBapKOB. [1oaToMy ecii B 3TOM
MPOILIeCCe CAEIUTD 3a OTACIbHBIMUA KBapKaMu, OHa OQHO3HAYHO TOBOPUT O TOM, UTO Z, (4430) He BIIH-

193 https://elementy.ru/novosti_nauki/432233
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chbIBaeTCsl B KBapK-aHTUKBApKOBYIO cxeMy. MccnenoBanus ceyeHnii B3aMMOJEWCTBUI ITyUKOB JIEK-
TpoHOB oOnacty sHepruil E ~ 9 3B npuBenmn kK OTKPHITHIO HOBOTO CEMEWCTBA YACTHII, UMEIOIIUX
B CBOEM COCTaBe OISITh HOBBIH b-kBapk. B 1977 romy ObUTH OTKPHITH HEUTpaIbHBIE Y -Me30HbI (UTICH-
JIOH-ME30HbI) ¢ Maccamu B quanazone 9.5 — 11 I3B - Y (9460), Y (10580), Y (11020). Hecmotps
Ha OosbInyo Maccy Y (9460) uven manyio mupuHy pacrnana ['~53 k3B, T.e. HaOmoAamach CUTYyarus
aHasornyHas ¢ J/1)-Me30HOM. Y-Me30HBI SIBJISIOTCS CBS3aHHBIMU COCTOSITHUSIMU KBapKoB b u oOna-
JIAI0T CKPBITON KpacoTor (KBaHTOBOe 4Kcio b (beauty, bottomness)). Maccy b-kBapka MOXKHO oO11e-
HUTh Kak nojioBuHy Maccel Y (9460) 1.e. 4700 M3B, b-KBapk siBnisietcst TskeabM aHaiorom d u s
KBapKoB. b-KBapk mopoxaaer HoBoe CeMENCTBO aipOHOB, UMEIOIMX B CBOEM COCTaBe TOT KBAapK
i auTukBapk. KEKB— yckoputens, penctapsionuii coO0i HeCUMMETPHUYHBIN 31EKTPOH-TI03H-
TPOHHBIY KOJJTalAep. DHeprus mydka MeKTpoHoB § 3B, no3utpoHoB — 3.5 5B, uTo 9KBUBaJIEHTHO
SHEpruM CTAIKMBAIOIIMXCS IMyYKOB B cucTeMe 1ieHTpa Macc 10.58 I'3B. Dt1a sHeprus cooTBETCTBYET
sHepruu oOpazoBaHusl Y (4S) -UICHIOH Me30Ha. YCKOPEHHUE SMEKTPOHOB U MO3UTPOHOB MPOUCXO-
1uT B ofHOM TyHHeste 1imHon 3016 metpos. Ycekoputens KEKB nmeer pekopaHyio cBETUMOCTD /11t
JIEKTPOH-TIO3UTPOHHBIX KoJutaiaepos L = 2.11-10** em%¢ !, uro nossomsier HoyJars B OOJIb-
1IOM KOJIMYECTBE ME30HBI, UMEoIIME B CBOEM cocTtaBe b-kBapku. Ha yckopurene KEKB nonyueno
OOJBIIIOE KOJTMYECTBO CTAHAAPTHBIX ME30HOB, COCTOSIMX U3 (. OHAKO Hapsiay ¢ 9TMM HaOmona-
Joch 0OpazoBaHue okojo 10 pa3MUyYHBIX S9K30TUUECKUX ME30HOB, COCTOSIIIIMX U3 JIByX KBApK-aHTH-
KBapKOBBIX Tap. B yacTHocTH HaOmonammch HerTpasibHble coctostHus X (3872) u 'Y (4260), numero-
1IMe KBapKOBBIM COCTaB (cu), U 3apsukeHHoe coctosiHue Z (4430), umeroniee KBapKOBbIM COCTaB (cu).
B 2011 r. B KEKB Obls1 OTKPBITBI HOBbIE 9K30THUECKKE ME30HBI, HA3BaHHBIE Zyp. Zp-ME30HbI UMEIOT
B CBOEM COCTaBe b-KBapKH U SIBJISIOTCS 3apshkeHHbIMU YyacTuliamu. [losTomy cornacHo yTBepxke-
HUIO aBTOPOB B UX COCTaB MOMHUMO b-KBapKOB JIOJKHA BXOIUTDH €IIE€ OJJHA KBapK-aHTUKBAPKOBAasl
napa. CocrostHust 6buM Ha3BaHbl Zy, (10610) u Zy, (10650) B cOOTBETCTBUY ¢ MX Maccamu. B pe3ysib-

Tate €'e — aHHUTWIALMKE 00pa3yloTCs b 9K30THUECKMi Me30H Zp, U 7T — ME30H. Zp,-ME30H 3aTeM

pacnajaeTcsi Ha 7 -Me30H M Y-Me30H. Y-Me30H JIeTeKTUpYeTcs 10 ero KaHaay pacnaga Ha p'u —
napy. [Tosy4yeHHble YeThIPeXKBAPKOBbIE COCTOSIHUSI ME30HOB IIPEACTABIISIOT HECOMHEHHBIN UHTEPEC.
Opanako B HacTosiee BpeMsi CyllieCTBOBaHN e YK30THUYECKUX YeThIPEeXKBAPKOBBIX COCTOSI-
HHl ME€30HOB JI0CTOBEPHO He YCTAHOBJIEHO U HYK/A€TCsI B MOATBEP KIeHUU B IPYTUX IKC-
nepuMeHTax. CymecTByeT 1 iBa Thna W-0030HOB — € JIEKTprUeCcKUM 3apsiioM +1 u —1 (B eauHu-

11ax 37eMeHTapHOro 3apsaaa); W asnserca antuyacruueii ana W . Z-6030H (W1u 7 ) ANMEKTPUYECKU
HEWTpaJieH U SIBJISIETCS] aHTUYaCTULer caMm Juist cebs. Bee Tpu yacTHilbl OYeHb KOPOTKOXKHUBYILIHUE,

0—25

CO Cp€AHMM BPEMCHEM KU3HU OKOJIO 3-1 CEKYyHI. D1 G030HBI — TAKETOBECHI Cpeau 2JIEMCH-

TapHbIX YacTull — ¢ maccoil B 80,4 u 91,2 I'3B, cOOTBETCTBEHHO. Wr—uz’ -yactuipl nout B 100 pa3
TsIKeJiee IPOTOHA M OJIM3KU K Macce aTOMOB PyOUAMs U TEXHEIMsI COOTBETCTBEHHO. Macca 3Tux 6030-
HOB OUY€Hb Ba)KHA [JIs1 IOHUMAaHUs1 c1ab0ro B3aMMOJIEHCTBYSA, IOCKOJIbKY OrPAaHMUMBAET PANyC AeH-
CTBUSI CJIA00T0 B3aUMOZIECHCTBH 1. DIEKTPOMArHUTHBIE CUJTbI, HATPOTUB, UMEIOT OECKOHEUHBIH pauyc
AENCTBUS, TIOTOMY UYTO MX OO30H-TIepeHOCUMK ((pOTOH) He MMmeeT macchl. Bce Tpu Tuma GO30HOB

nMeloT criH 1. I/ICHYCKaHI/IC W+— nma W -0030Ha MOXKET JTMOO IIOBBICUTD, JIM0O MOHU3UTH JIEK-

TPUYECKUN 3apsi/i UCITyCKAIOIIEN YaCTULbl Ha | eIMHUIy U U3MEHUTD CIIMH Ha | eauHuLy. 7°-6oson
HE MOXET MEHSITh HU 9JIEKTPUYECKUH 3apsi]], HU JII0OOM Ipyroit 3apsii — TONBKO CIIMH U UMITyJbC. Tot
dakt, yto W— 1 Z-0030HbI UMEIOT Maccy, B TO BpeMsi Kak (DOTOH Macchl HE UMEET, ObLT IJIABHBIM
MPENSATCTBUEM ISl Pa3BUTHS TEOPUU IEKTPOCIA00ro B3aMMOAEHCTBHS.

Me30HbI y4acTBYIOT BO BCEX U3BECTHBIX THMIIAX B3auMopehcTBuil. I103TOMy HMX CTpYKTYpHBIN
COCTaB B OCHOBHOM IIPEJCTaBJIEH YaCTULIAMU B COCTOSIHMM C LIEJIOYMCIEHHbIM criiHoM. Ha ¢poto
2.27 npuBeAeHbl CXeMbl MTHOBEHHBIX CTPYKTYpP (pa30BBIX 3aMKHYTHIX 00BEMOB ME30HOB. B anHa-
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MUKE BHKCHUSI MATHUTHBIX 3aPSAI0B, 00pa3yoIIiX Me30HB B CBOOOTHOM ITPOCTPAHCTBE, BOBMOKHO
camoe IUPOKOe MHOrooOpasue Takux (hopm, 3aBUCUMBIX OT TOJICH OKPYKEHUSI.

®ot0 2.27. Cxembl T — ME30OHOB U CTPYKTYPbI KX BOJTHOBOJOB

n° — HelTpaJdbHble Me30HbI (oro 2.27 cneBa), 3apsizKeHHbIE IUIIOC U MUHYC ME30HBI
(To3uIMY cripaBa) HECTAOWIIBHBI M UIMEIOT CIIMH PaBHBIA HYJTIO.

HeiiTpajbHbie Me30HbI ¢ Maccoid 134,98 M3B — 3T0 TPOMEkKyTOYHOE COCTOSTHUE 3aMKHYThIX
pacraalonmxcsi 000I0ueK siaep, 0Opa3oBaHHBIE MApaMy MEPEXOAHBIX SIEPHBIX U MPOTHBOIIONOXK-
HBIX 10 3HAKy MarHUTHBIX MOHOIOJIEH, KOTOpPBIE YK€ HECIIOCOOHBI CO3/1aBaTh JaXe HeCTaOMJIbHbIE
YACTULIBI C OJTYLEJIBIM CIIMHOM. DTH MOHOIOJIM aHAJIOTMYHBI TEM, KOTOPbIE CO3/1AI0T YACTHLIBI CO CITU-
HOM 1/2 — 31€KTPOHBI, MO3UTPOHBI M MIOOHBI, HO CTAOMJIBHO CYIIIECTBOBATh MOTYT TOJIBKO B COCTAaBE
SIIEPHBIX 000JIOYEK aTOMOB, 3aMePTHIX OT paciiajga 3apsKeHHbIMU Me30HAMHU
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KoHen 03HakoMuUTEJIbHOT0 (pparmMeHra.

Texkcr npenocrasinen OO0 «JIutpec».

IIpounTaiiTe 3Ty KHUTY LIEJIMKOM, KYIMB II0OJHYIO JIETaJIbHYIO Bepcuio Ha JluTpec.

BesomnacHo onnatuTh KHUTY MOKHO OaHKOBCKOM Kaprtoit Visa, MasterCard, Maestro, co cuera
MOOWIIBHOTO TenepoHa, C TUIaTeKHOro tepMuHana, B catone MTC wm Cesi3Hoii, yepes PayPal,
WebMoney, fAunekc.densru, QIWI Komesnek, 60HyCHbIME KapTaMu WX APYTUM YIOOHBIM Bam crio-
coOom.
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