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Abstract.

N3 gero cocrout 3apsj, Macca, no4emy 3apsj IPpOTOHA ¢ KBAPKAaMHU TaKOM ke, KaK U 3apsi
no3UTpoHa 6e3 kBapkoB? B uem ux equHcTBO M paznuuue? M3 4ero cOCTOUT 3EKTPUIECKOE T0JIe, U3 YeTo
COCTOUT MAarHUTHOE T0JI€, ¥ IOYEMY JUHAMMKA OJTHOTO MOJIsl UHAYLHUpYeT Apyroe nosue? Yro Takoe
IpaBUTALIMOHHOE TOJIE U KaK Macca co3faeT rpaBuranuo? YTo Takoe TeMHas Macca U, YTO TaKOe TEMHast
saeprus? [loyemy u kak u3 sHEprun nosiisiercs macca? Kak Bce 3To opMupyeT eTuHbIN GU3NIeCKuit
BAaKyyM MaTepHaJIbHOro Mupa? 371ech CliejaHa MMONbITKA OTBETUTh HA ATH U M10I00HBIE BOIIPOCHI.
Berynnenue.

HcxonHble 0JI0KEHUS.
N30pannble cBOICTBA.
B riybunax ¢gusndeckoro Bakyyma

gk wNE

MexranakTH4ecKkuii anmnapar 6e3 TOTIMBHBIX IBUTaTENIEH.
1.Bcrynnenue

Ectb YAUBUTCIIBHBIC CBOMCTBA MaTEMATUKH MOJCIIMPOBATH U PaACCUUTBIBATH (1)I/IBI/I‘IGCKI/Ie CBOMCTBaA
Marepuu. ['oBopsT, uTo 361K [Ipupoibl — 3TO MaremaTrnka. MaTemaTuka OMUCHIBAET (DU3UYECKUE OTIBITHI,
o0o011aeT u nmpeackasbiBaeT pusnueckue cBoiictsa. Ho ect Bompocs! (pu3HKH, Ha KOTOPbIE Y MaTEMaTUKU
HeT oTBeTOoB. CoBpeMeHHas (pu3nKa ymupaeTcs BO MHOXKECTBO MpooiieM, (haKTOB, KOTOPHIEC BBIXOIAT 3a
pPaMKu €€ TCOPECTUICCKUX HpC}ICTaBHeHHﬁ. Camn TCOPECTUUCCKHUE MOACIIN U q)YH}IaMeHTaJ'IBHI)Ie
MIPECTaBICHUS BO MHOTOM MTPOTHBOPEUYNBEL. Hampumep, ckazaiu, 4To 1mose Xurrca co3/1aeT Maccy YacTHII.
dopManbHO, 5TO MOKHO TOHATH U Ha KJIACCHYECKOM YpoBHE, m = V2V (dactoTa ompemensercs
K03 PHUITMEHTOM )KECTKOCTH M MacCcoii), Kak kKojebanusi B 00bEMe mosst Xurrca (dHeprus 6030Ha B MOJIETH
Cnonrannoro Hapymenust CuMMmeTpun), KOTOpbIE B3STHI 32 OCHOBY Hierd. Ho kak «macca mosst Xurrcay
CO3/a€eT CUITy TPaBUTAIIMIOHHOTO MPUTSHKEHUS IBYX Macc, cka3aTh 3a0buiu. OTBeTa HeT. MaremaTuka
oTtBevaeT Ha Borpoc KAK? ®wusuka orBedaer Ha Boripoc [IOUYEMY? Mu1 Oyziem uckaTh pusndeckue
MPUYKHBL. DTO OYEHb BakKHO. Hampumep, 4To Takoe SHEPrusi, 4TO TaKOE Macca U IMepAKEeHTHble CBONCTBA
Macchbl, 4TO TaKO€ 3apsill, KaKk Macca CO3/1aeT 'PaBUTALINIO, YTO TAaKOE CHUJIa TPaBUTAIIMM U TaK Jaiee

3n1eck Mbl 00paTUM BHUMaHHE, YTO MaTeMaTHUECKUE MOJIEIH cO3atoTcs B EBKINI0BOM
aKCHOMATHKE TOYEK («...He UMEIONINX YacTe»), IMHUHN («...[TUHBI 0€3 IIUPUHBD)), CHCTEMbI YUCEIl PABHBIX
1o ananoruu eauHu. Ckaxem, Mbl roBopuM 0 10 s16110KaX, K KOTOPHIM MPUOABIIIH €l1ie 5 sI07I0K, U Mbl
roBopuM o 15 s1610kax, Kak paBHBIX IO aHAJIOTHH 00K, TO €cTh euHULl. HO MBI HE TOBOPHM O TOM, YTO
KaXK70€ 0JI0KO OTIr4aeTcs ot Apyroro sionoka. B [Ipupozge Het 15 oquHakoBeIX 070K (€AUHULT). ITO
3HAYUT, YTO TaKas ONEpalrs CI0KEHUS, COOTBETCTBYET JACUCTBUTEIHHOCTH TOJIBKO B MPUOIMKEHHON
dopme. C apyroit CTOPOHBIL, €CIIM MBI TOJIOKHUIU Ha cToJI 3 s10J10Ka, a TOTOM 3abpayu 0JHO sI0JI0KO, TO
ocraercs 2 s0noka. O6paTUM BHUMAaHHE, YTO MbI 3a0paju TO S0JI0K0, KOTOPOE MBI MOJIOXKUIIK Ha cToil. Bee
peanbHO. U 9Ta onepanusi BHIYUTAHUS YHCEN COOTBETCTBYET (PU3NUECKON NeCTBUTENBHOCTH. Kak BUIuM,
JlaKe MPOCThIE IEUCTBUS C MPOCTHIMU YHUCIAMU HE BCErAa COOTBETCTBYIOT cBoMcTBaM IIpupoaHbix
coObITHii. MHOXecTBO EBKIIMIOBBIX TOUEK B OJHOM TOYKE, 3TO TOUKA HIIM MX MHOKECTBO? MHOXKECTBO
EBKIIMIOBBIX TUHUI B OJTHOU «JUTHHE 0€3 MIMPUHBD), 3TO JTUHUS HJIH UX MHOKEeCTBO? OTBETHI HA TaKHe
Bompocsl EBknKioBas akcuomaTtrka He qaeT. Ho MMeHHO 3Ta akcMoMaTuKa, eCTh Halled TEXHOJIOTHeN
TEOPHl B IPOCTpaHCTBE-BpEMEHU. PaHee Mbl paccMaTpuBalld MHYIO TEXHOJOTHIO TEOPUN JUHAMUYHOTO
MPOCTPAHCTBA-MaTEPUH, B KOTOPOM TEXHOJIOTHs Teopuid B EBKINIOBON aKCMOMATHUKE, €CTh MPEIECIbHBIM,
YJacTHBIN ciry4ail. [Ipu 3TOM AMHAMUYHOE BO BPEMEHHU MIPOCTPAHCTBO (B JFO00W CUCTEME KOOPAUHAT), ITO
(dbopma MaTepuu, TTIABHBIM CBOHCTBOM KOTOPO# €CTh ABMKEHUE. IHBIMU ClIOBaMU, THHAMUYHOE
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IIPOCTPAHCTBO-MATEPUs — 3TO OJIHO U TO *ke. 11 MMEHHO M03TOMY MaTeMaTHUYECKHE CBOMCTBA IIPOCTPAaHCTBA-
BPEMEHHU COOTBETCTBYIOT (PM3MUECKUM CBOWCTBAM MaTepuu. BOT mouemy cBOWCTBa MaTepUU HAITMCAHbI
3aKOHaMU MaTE€MAaTUKHU.
2.Mlcxo/1HbIE TTOJIOKEHMUS.
YroObl HE UCKATh B Pa3IMYHBIX HCTOYHUKAX, HATOMHUM 3/1€Ch OCHOBHBIE TTOJIOKEHUS, HE0OX0IUMBIE

JUISL TaJIbHEUIIErO MPEeACTABICHUS.

UYewm TexHONIOTHS TEOPU B EBKIINI0BOM aKCUMOMATUKE OTJIIMYAETCS OT TEXHOJIOTUU TEOPUHM €UHOTO
U JUHAMMYHOTO MpocTpaHcTBa-Marepun? OTBET B caMuX EBKIMAOBBIX akCHOMaX CUCTEMBI YMCEI PaBHbIX
10 aHAJIOTUU EANHUII, TOUYKHU («...HE UMEIOIINX YacTei») U JIMHUH («...[UTHHBI 0e3 mupuHbD»). Cpa3y Bompoc,
CKOJIBKO IIPSAAMBIX JIMHUHI IIPOXOJUT YEPE3 TOUKY BHE APYIOU NPSMOM U NapaJljIeNbHbl €. ['0BOPAT, 4TO OHA
npsiMasi JIMHUSA, HO 3TO «...JJIMHA 0€3 LIMPUHBI», B KOTOPOH UX MHOKECTBO. AKCHMOMBI He padoTatot. Toraa
BBOJISIT IPUHIUI HEOIIPEIETIEHHOCTH IMHUM- TpaeKkTopuu kBaHTa. 1o dakry, u mo EBknnoBeIM akcuomam,
4yepe3 TOUKY BHE MPSMOU MPOXOJAUT MHOKECTBO MPSAMBIX JIMHUN MAPATIIETbHBIX UCXOIHOU MPSIMON JIMHUU.
[Ipu sTOM CBOMCTBA MapAIIIEIBHOCTH, 3TO CBOKMCTBA H30TPOIIUN MTPOCTPAHCTBA, EBKIMIOBOTO B TaHHOM
cilydae, Korja B JJI000M HampaBiIeHUH MOKHO IIPOBECTH MapajliebHble TUHUU. Takas TeXHOJIOTHUS
EBKJINI0BOM aKCMOMATHUKH B TEOPUSIX €T OTIUYHBIE pe3yJbTaThl Kilaccuueckoi (u3uku. Ho B KBaHTOBBIX
TEOPUSX C PUHLHAIIOM HEONPEIEIEHHOCTH, Mbl IMEEM TOJIBKO IKCTPEMAJIbHBIE NI BEPOSITHOCTHBIE
(bukcupyeMble CBOWCTBAa MaTEPUU.

Mp1 paccMaTpuBaiIl CBOMCTBA AMHAMUYHOTO MPOCTPAHCTBA-MAaTEPUH ¢ COOCTBEHHOM aKCMOMAaTHKOM
(xak (hakTaMu, He TPeOYIOIINX JOKa3aTeIbCTB) B KOTOpoi EBKIIMI0BAs akcMoMaTHKa, a paBHO U €€
TEXHOJIOT U, €CTh YaCTHBIN citydail. HanomHuMm.

M3oTporHbie CBOMCTBA MPSAMBIX apauieabHbIX (||) THHHA-TpacKTOpHii, 1aroT EBKinmIoBoe
MIPOCTPAHCTBO C HYJIEBBIM (¢ = 0) yrjoMm mapajieIbHOCTH.

Puc. 1. lunaMuuHO€E IPOCTPAHCTBO-MATEPUSI.
ITpu sTOM, yepe3 Touky O, BHe styya (AC — ©0), mpoXoauT TOJIbKO OJHa psaMas tuHus (0X), He

nepecekaroras ucxo bl npsaMoit 1yd (AC — o0). PakT peabHOCTH B TOM, YTO MPU JBUKEHUH BJIOJIb

(AC — o0) Ha GECKOHEYHOCTb, B Mpeienax JUHAMUYHOTO (¢ # const) yria napaiielbHOCTH, BCET/1a €CTh
JMHAMUYHBIN Ty4OK MPsIMBIX JIMHUH B (X—) AMHAMHYHOM HOJ€e, ¢ HeHyneBbIM (¢ # 0) yriom
napajieIbHOCTH, U He nepecekaronmx Jyd (AC — o0) Ha 6ecKkOHEUYHOCTH. Pedub 0 MHOXKECTBE MPSIMBIX
JMHUH, Tpoxoaamux yepe3 Touky O, BHe npsMoii (AC — ©0) u napasuienbHbIX HeXoqHoMY J1ydy (AC — o0).
310 «uMHa 0e3 MHUPUHBD B EBKIMIOBOM akcHOMAaTHKE, ¢ IPUHIIUIIOM HEONpeaeIeHHOCTH (X—) JTMHUU-
TpaekTopuu. B ocsax (XYZ), kak Buaum, EBKiioBoe npocTpaHcTBO TepsieT cMbIci. Ero mpocto Her.



Takoe qunamuuHoe (¢ # const) NPOCTPAaHCTBO-MATEPHsI UMEET CBOM F€OMETPHUECKUE (PAKThI, KaK
aKCHOMBI, He TpeOYIOIIHe JOKAa3aTeIbCTB.
AKCHOMBI IMHAMHYHOTO IPOCTPAHCTBA-MATEPUU
1. HenyneBoii, tuHaMu4HbIA yron nmapauieabHocTu (¢ # 0) # const), my4yka napaieabHbIX
NPSIMBIX, OTpeaesnsieT oproroHanbueie mois (X—) L (Y—) mapamienbHbIX TUHHNA - TPAEKTOPUH, Kak
M30TPOIIHBIX CBOMCTB, IPOCTPAHCTBA-MATEPHH.
2. Hynesoii yron napamiensHoctd (@ = 0), maet «1uHy 03 IUPUHBD C HYJIEBBIM WIH HEHYICBBIM

Yo . paarycoM chepbl-TOUKH «HE UMEIoIeH yacTei» B EBKIIMIOBON aKkCHOMATHKE.

3. [Ty4ok mapaiebHBIX MPSMBIX C HYJIEBBIM YIiIoM napaiensHocTd (¢ = 0), «oauHaKOBO
PacroJIOKEHHBIM KO BCEM CBOMM TOYKaM», AA€T MHOYKECTBO MPSAMBIX JIUHUN B OJTHOH «0€3 MIMPUHBI»
EBKin10BOM NpAMOiL JIMHUY.

4. Bayrpennue (X —), (Y—) u Baemnue (X +), (Y +) nounst munuii-rpaexropuii HenyneBoit X, # 0 wiu
Yy # 0 matepuanbHoii chepri-Touku, oopaszyrotr Henenmumyro O6macts Jlokanuzanuu H Oﬂ(X i)
H OH(Y i) JUHAMHYHOTO MPOCTPAHCTBa-MaTEPUH.

5. B equubix nmonsax (X+ = Y—), (Y+ = X—) oproroHanpHbIX IuHUI-Tpaekropuii(X—) L (Y—) Her

JIBYX OJIMHAKOBBIX CEP-TOUEK U TMHUN-TPACKTOPHIA.

NN

6. IlocaenoBarenbHocTh Hemenmumeix O6nacreit Jlokanusanuu (X i), (Y i), (X i) 10 paguycy
Xo# 0 wm Yy # 0 chepbl-TOUKH HA OJJHOW JTUHUU-TPACKTOPUH J1aeT /! CXOAMMOCTD, a Ha PA3IMYHBIX
TPACKTOPUAX 7 CXOOUMOCTE.
7. Kaxnoit Henenumoit O6nactu JIokanu3anuu mpocTpaHCTBa-MaTepUU COOTBETCTBYET €IUHUIIA
Bcex ee Kpurtepuer Domonuu — KO, B emuaom (X+ = Y —), (Y+ = X—) npoctpaHcTBe-MaTepun Ha
m—n cXxoauMOCTX,

HOJT = K3(X-=Y +)K3(Y-= X +)=1 HOJT = K3(m)K3(n)=1

B CHCTEME YMCEJ PaBHBIX 110 aHAJIIOTUN EAMHHILI.
8. ®uxkcanus yrna(@ # 0) = const) wm (¢ = 0)nyuka OpsAMBIX apaJUIEIbHBIX JIUHUIA,
MPOCTPAHCTBA-MaTEPUH, Cpa3y aeT 5-i nmocrynar EBkinaa u akcCMoMy NapajieabHOCTH.

JIrobast Touka (PUKCHUPOBAHHBIX IHHUN-TPACKTOPHIA, IPECTABICHA JOKAILHBIMHU 0a3MCHBIM BEKTOpaAMHU
. i j k

i+ i+ 2k, € =2i+22j+ 2k, (Kopu,c. 508),

¢ pyHnameHTansHbIM TeH30poM €;(x™) * e (x™) = g (x™), u Tononorueit (x™ = XYZ) B EBkingosom

MPOCTPAHCTBE. DTH 0A3UCHBIC BEKTOPBI BCETIa MOYKHO MPECTABUTh B BUJIC IPOCTPAHCTBA CKOPOCTEH B

BeKTOpHOM Buje: €; = v;(x™), et = vi(x™), ¢ nuueitnpIMu KoMmoHeHTaMu (X! = ¢, *t), (X =c, *t)

HpOCTpaHCTBa-BpeMeHH, Torjaa umeeM: v;(x™) * v, (x™) = (v?) = I, 06bIUHBII HOTEHIMAT HIPOCTPAHCTBA-

MaTepuu, Kak HeKOe YCKOpeHHue Ha [uinHe. To ecTh, PUMaHOBO IPOCTPAHCTBO, 3TO (PUKCHPOBAHHOE

(¢ # 0 = const) cocrosHue reoaesnyeckor (x5 = const) nuuun guHaMUIHOTO (@ # const)

npoctpancTBa-marepuu (x° # const). To ectb, PUMaHOBO IIPOCTPAHCTBO, 3TO (PUKCHPOBAHHOE

(@ # 0 = const) cocrosiHMEe reoie3nyecKoit (x° = const) TMHUM AUHAMHUYHOTO (@ # const)

MpoCTpaHcTBa-mMaTepun (x° # const). Takoil MaTeMaTuku PuMaHoBOro nmpoctpaHcTBa g, (x° # const), ¢

MepEeMEHHOM reoIe3ndecKoit, eme HeT. Het u reomerpun EBKIINIOBOI HecTalOHAPHO# chephl, HET

reoMeTpuH npocrpancTa JlobaueBckoro, ¢ mepeMeHHBIMH aCUMIITOTaMU THIIep001. YacTHBIM cllydyaeM
Y2 _ (N(EY)

o Yo

npocTpancTBo reomerpun JlobaueBckoro (Maremaruueckas sHIKIoNe M 1.5, ¢.439). EcTb nAeBATH

OTIMYUTEIbHBIX IPU3HAKOB reomeTpun JlobaueBckoro ot reomerpun EBkinna (puc. 1.2).

PumanoBoro npoctpaHcTa: e; =

OTPHULATEIILHOU KPUBU3HBI (K =— ) (CmupHnOB T.1, ¢.186) PumanoBa npocTpaHCTBa, €CTh



3TO NIMHUA

Puc. 1.2 M3oTponHas quHaMMKa.

OpHuM U3 npusHakoB reomerpun JlobaueBckoro, eCcTb cymma 0’ <Ya< 1800) YIJI0B TPEYrOJIbHUKA, B
OTJIMYHE OT EBKJIMIOBOM UX MPOCKIHH (D, @ = 1800) Ha MI0CKOCTh. PaBHbIC Ttomanu S; = S,
TPEYroJIBLHUKOB, B PaBHBIX YTJIaX MapajICIbBHOCTH (P = (P, MyYKa NapaJIEIbHBIX TPSAMBIX JTUHUHN, JAIOT
MIPOEKTUBHO — MOJIOOHBIE TPEYTOJbHUKU B EBKIINIOBO TJIOCKOCTH C PaBHBIMU yIJIaMH B BEPIITUHAX.
OxkpyxHOCTh B EBKIIMIOBOM IJIOCKOCTH, 3TO JIMHUA B reoMmeTpun JlobaueBckoro. 3neck EBkinuaoBas
«UTMHHA 0€3 IUPUHBI»— 3TO paanyc Kpyra B reomeTpun JlobaueBckoro. Yem Oolibiiie paanyc, TeM JJIMHHEE
«JIMHUSA». Takue OKpyKHOCTH B MOBEpXHOCTH EBKIINI0BOM chepbl, 3T0 MHOKECTBO MPSIMBIX JTUHUHN BO
Bcenennoii. B mamewm cinyuae, EBknunoBas chepa emie n quaamuana. Kak M0oXKHO co3/1aBaTh TEOPUH
«bosbmoro B3peiBay nnu «uukiandeckoit Beenennoin» B Takoit cepe? OTBET — HUKAK. ITO HU O YEM.
Hyneoii pamyc Takoro kpyra (r = 0), TOBOPUT O TOM, YTO TaKOTO Kpyra HET, ¥ HET TaKUX JTMHHIA. DTO
pasroBOp HH O YeM, X ITPOCTO HET. DTO K BOTIPOCAM CHHTYISIPHOCTH C UX OECKOHEYHBIMU KPUTEPUSIMU U
HEBO3MOKHOCTSIMU. VX HET HU B MaTeMaTuke, HU B [Ipupoje. ITo yxke Ipyras TEXHOJIOTUS CAMUX TEOPHUIA.
Takoii maremaTiku PumaHoBOTO pocTpaHcTBa g (x° # const), ¢ MepeMEeHHOH T'e0/Ie3MYeCKOH, eIIe HeT.
Her u reomerpun EBxinmoBoit HecTarmoHapHo chepsl, HET TeOMETpUH MpocTpancTBa JlobaueBckoro, ¢
MEPEeMEHHBIMHU aCHMITTOTaMH THIep00J1. ITH opToroHaibHbie (X—) L (Y —) IUHUU-TpAaECKTOPUU, HMEIOT
BHYTPH JMHAMUYHBIE c(hepbl, HeCTaMoOHapHOTO EBKIMI0BOTO MpocTpaHcTBa (¢ # const). U atu

(X—) 1 (Y—) nuHHAU-TpACKTOPHH, HIMEIOT COOCTBEHHBIC TIOJISI €AUMHOTO U (( # const) TMHAMUYHOTO

(X+ =Y-), (Y+ = X—) npocrpancTBa-mMarepuu. B eBximaoBoii cetke ocert (X;) L (Y;), MbI ero He BUAMM,
U TIpeicTaBUT He MoxeM. U 31o yxe npyras (¢ # const) TEXHOJIOTHS MATEMaTHIECKUX U (PU3UICCKUX
TEOpHH, B KOTOPOH cyliecTBYyoImas TexHojorusi EBkimunoBoii akcnomaruku (¢ = 0) wim (¢ = const)
PumanoBoro npoctpaHcTBa — 3TO MpeIebHbBIN 1 YaCTHBIN Cllydyal, COOTBETCTBEHHO. [Ipu 3TOM BCce
Kputepun DBomonun GopMupyroTcs eauabM o6pazom B MEoromepaom WN=K*™NTN npocrpancTse
CKOPOCTEI, MHOTOMEPHOTO IPOCTPAHCTBA-BPEMEHHU.
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Puc.2. Kputepun OBomronuu B IpOCTPAHCTBE-BPEMEHH.



3necw mna (N=1), V= K*"T? - ckopocts, W? =I1 -notennuan, I1>= F -cuna. VIX mpoekiiuy Ha KOOPIMHATHOE
(K) mim Bpemennoe (T) mpoctpancTBo-Bpems narot: 3apsa [IK=q(Y+ =X -) B

anekTpo( Y+ =X -)MaruutHeIX nossx, niam Maccy [IK=m(X+=Y-) B rpaBut (X+=Y-) MaccoBbIX M1OJIAIX,
_m _IOK _ 1 _ o 2 2
TOT/1a TUIOTHOCTH (p = STV ) , aTO0 KBajapar yactotsl, 3Hepruto E=I1°K, umnynsc (p=I1-T),
neitcteue (h=I1°KT), u 1.1., emunoro HOJI= (X+=Y-) ( Y+ =X -) =1, npocTpaHcTBa- MaTEpUH.

3.136pannbie cBOMCTBA

I'maBHOE CBOICTBO MaTepuu — IBkeHue. [loaroMy cBoiicTBa Takoro (¢ # const) TMHAMHYHOTO
MPOCTPAHCTBA, MBI COOTHOCHM CO CBOMCTBaMH MaTepHH. 10 0HO U TO ke. Ono (X+ =Y —), (Y+ = X—)
enuHoe, auckpetHoe ¢ (X1) u (Y1) Hepenmmmbivmu O6nactsmu Jlokanu3anuu, KOTOPBIE MBI COOTHOCHM C
HE/ICTMMBIMH KBaHTaMH MPOCTPAHCTBAa-MaTepuu B Buje: npotoHa (Xt = p), snekrpona (Y+ = e),
neiitpuno (Xt =v,), (Xt = v,) u poronos (Y+ =vy,) (Yt =y). U3z (m) cxomamoctn (X+) u (Y1)
TaKWX KBaHTOB, CJIEIyeT UX IOCIEI0BATEIHLHOCTh B BHJIE:
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puc. 3.1 HenenuMmble KBaHTBI IPOCTPAaHCTBA-MaTEPUH.
«remubii potom» (Y+ = y,), BHeceH mus HenpepsiBHOCTH eauHoro (X+ =Y-) (Y+ =X -) mpocTpaHcTBa-

marepuu. Takue snexTpo(Y+ =X -)MarHuTHBIC TOJIT UMEIOT JUHAMUKY ypaBHeHH MakcBesa:
AE(Y+)

C * T'OtYB(X —) = T'OtyH(X —) = ng + AE(Y-I—),
OH(X- 0B(X—
rotyE(Y +) = ﬂh% _ _ ;T ).

Junamuka E (Y +)31eKTprdecKoro moJist MOpoXk/aeT HHAYKTHBHOE MarHuTHOe B(X—) moste, 1 HaoGopoT.
Hanpumep, 3apskeHHBIN map B IBMKYILIEMCS BaroHe, MarHUTHOTO MOJIs He uMeeT. Ho komnac Ha neppoHe
MOKa)XeT MArHUTHOE T0JIe. DTO OMBIT DpcTena, Habmroaasmii (X —) MarHuTHOE moJie nBrxkymuxcs (Y +)
3JIEKTPOHOB TOKA MPOBOJIHHUKA.

W enuHbIM 00pa3oM BBIBOATCS TaKKE K€ YPaBHEHUS TUHAMUKHU rpaBUT(X+=Y-) MacCOBBIX MOJICH:

3G (X+)
cxrotyM(Y =) = rotyN(Y —) = &, * 7 + 1+ G(X+)
AN (Y- aM(y—
MYz s N(Y=) Toty GRH) = —prp v 220 = =20

Junamuka G (X+) rpaBUTAIMOHHOTO TOJS MOPOXKAAeT UHAYKTUBHOE MaccoBoe M (Y —) moze, u
Ha000pPOT. AHAJIOTUYHO, NpH ABMKeHUHU (X+) Macc (3Be3]1), HOPOKIAIOTCS B MHIYKIIHMH MaccoBbie (Y —)
nons. 3/eCh yMECTHO OCTAaHOBHThCS Ha BeeM m3BecTHOM (opmyne (E = mc?), Ha KOTOPOM 0CTAHOBUMCS
noapoOuHee. Terno ¢ HenyneBoi (m # 0) maccoii, usnmyyaet cet ¢ sHeprueii ( L) B cucreme (X, Yo, Zg, Cto)
KOOpJUHAT, ¢ 3akoHOM coxpaHenust sueprun: (Ey = E; + L) , 10 u nocne uznyuenus. J{ns 31oit jxe Macchl,
1 ATO KITI04YeBOi MOMeHT (Macca (m # 0) He MeHsiercsi), B apyroit (xq,Y;,Z1,Ct;) cucTreMe KOOpJUHAT,

v2 . .
3aKOH CoXpaHeHus sHepruu ¢ (y = |1 — =) npeobpasoanusivu Jloperua, DiiHiTeiin sanucan B Buje

(Ho = Hy + L/y). Beiunras ux paznuity, DUHIITEHH NOTyqnI:
1 1
(Ho —Eo) = (H; —Ey) + L(; —1),mm (Ho —Eo) = (H; —Ey) = L(; -1),

C otneneHueM pa3HUIBI SHEPrun u3nydeHus. O6e nHepIHaTbHbIe CHCTEMBI KOOPAMHAT ABUXKYTCS, HO
(x1,¥1,21, Cty) IBUKETCS CO CKOPOCTHIO (V) OTHOCUTENBHO (X, Vo, Zg, Cto). VI HOHATHO, YTO CUHUI U
KpacHBIM CBET MMEET pa3HUILy SHEPrHuil, KOTOPYIO U 3amucan DUHIITEeHH B ypaBHeHUN. CaMo ypaBHEHHE
DOHHIITENH 3anucal Kak pa3HUIly KHHETHUECKUX YHEPTUH B IEPBOM PA3JI0KEHHH.



L v? AL, v?
(Ko — K1) =2 (5-), wH AK = ()~

Sz

AL o < 2
3nech (— = Am) MHOXHUTEIb, IMEET CBOMCTBA MACChI «JIy4yHCTOM dHeprum», unu: AL = Amc*. Oty
c

(GOopMyIly HHTEPIIPETUPOBAIN O-Pa3HOMY. DHEPIUI0 aHHUTUIAIMU E = moc? Macchl OKOs, WIIK:

E? o
my? = prie p?/c? , B peIATUBUCTCKOM IMHAMUKE. 3/16Ch Macca ¢ HyJIeBBIM UMITyiIbcoM (p = 0) , umeeT

sHepruto: E = myc?, a nynepas macca gpotona: (m, = 0), umeer uMmyJbsc 1 3Hepruio E = p = ¢. Ho
DHHIITEHH BBIBEN APYTOi 3aKOH «IyducTol sHeprun» (AL = Amc?), ¢ MaccoBbIME CBOMCTBaMH. DTO He
sHeprus GpoToHa, u 510 He sHeprust (AE = Amc?) nedekta Macc HyKIOHOB sIpa aToMa. DUHINTEHH
YBUJEI TO, YETO He yBHUIeN HUKTO. [1o106HO ABMIKyIIEMYyCs 3apsily, ¢ MHAYKIUEH MarHUTHOTO MOJIs
ypaBHEeHHI MakcBesuia, IBHKyIascs Mmacca (macca (m # 0) He MEHSeTCs), HHIYIUPYET MAaCCOBYIO
suepruro (AL = Amc?), kotopyio u Hamen DiiHmrelin. Hanpumep, 3apsokennas cdepa BHyTpH
JBIDKYIIETOCs BaroHa (3apsii (q # 0) He MeHsieTces ), HE UMeeT MarHUTHOTO Noist. Ho kommac Ha rieppose,
MOKaXET MarHUTHOE T0Jie cephl B IBUKYIIEMCs BaroHe. IMEHHO Takoe MHAYKTUBHOE MarHuTHOE TOJIe, OT
JBUKYIIMXCS DJIEKTPOHOB TOKA MPOBOIHKKA, 0OHapyxui Opcten. [lorom Obun onbiTel Papanes,
MHIYKIWH BUXPEBBIX JIEKTPUUECKUX MOJIEH B IEPEMEHHOM MarHUTHOM I10J1€, 3aKOHbI UHIYKIIUU U
CaMOMHJIyKIIMM U ypaBHeHus1 MaxkcBema. [1o aHanorum MHIyKTUBHOW SHEPTUU MarHUTHOTO MOJIS OT
JBUKYIIETOCS 3apsiia, DUHIITEHH BbIBEN (OPMYIy HHIYKTUBHOM, «JIy4UCTOI» SHEPIUU MACCOBBIX MOJIEH,
OT IBMKYIIMXCS HEHYNEBBIX Macc (Macca (m # 0) He MeHsieTcs), 3B€3]] B TaJlaKTUKaX B TOM 4ucie. 1
3/Iech DWHINTEWH BBIIIEN 32 paMKi EBkinmoBoii (¢ = 0) akcHOMaTHKH MTPOCTPAaHCTBa-BpeMeHHU. B
aKCHOMax JIMHAMUYHOTO MPOCTPAHCTBa- Matepun (¢ # const), peds ujaet 00 uHayKTuBHBIX m(Y —)
MAaCCOBBIX IOJISIX, B [IOJHOM aHAJIOTHH C YpaBHEHUsIMH MakcBesuta. Bot uto yBuaen DUHIITENH, 1 HUKTO
JIPYTOM.

Heroton npencrasun popmyiy, Ho He ckazan, [IOYEMY Bo3HuKaeT cuiia rpaBUTalliy. 3aMychiBast

ypaBHeHue O6meit Teopun OTHOCUTENBHOCTH, DUHIITEHH Opall TPaBUTAIIMO HHBIHM MMOTEHIIMAT HYJIEBON
MAacChI: E—z =c? B BI/IILG% =Gv*’(X+) = 8:—4(;
npeacrasnerre 06 O6meit Teopun OTHOCUTETHHOCTH DUHINITEHHA COCTOUT B TOM, UTO CUMTACTCSI, B
YpaBHEHHUH Tpe/ICTaBIeHa HEHYJIeBask Macca, Kak ICTOYHUK UCKPUBJICHUS TPOCTPAHCTBA-BPEMEHH, KaK
MCTOYHHK TpaBuTanuu. B ypaBaennn O6mei Teopur OTHOCHTETEHOCTH DUHINTEHHA, KaK MAaTEMaTHIECKOM

HUCTHHBI B JHHAMHUYHOM ITPOCTPAHCTBC-MAaTCPUHN B IIOJTHOM BHUIC:
8nG

Ry — %Rgik - %Agik =" Ti -
HeT Maccel: (M = 0), B KJTaCCHYECKOM €€ MOHMMaHNK. B MaremaTHueckoil UCTHHE, 3TO Pa3HUIA
PENATUBUCTCKON JUHAMHUKH B IBYX (DMKCHUPOBAHHBIX TOYKAX PUMAHOBOTO IMPOCTPAHCTBA, OJJHA U3 KOTOPBIX
npuBoAMTCs K EBKIMIOBO# cepe, BO BHelIHeM, He ctarioHapHoM (A # 0) EBkinmoBoM mpocTpaHcTBe-
BpeMeHH. B ¢usndeckoii uctune, B ypaBHeHnn Oomei Teopur OTHOCUTETLHOCTH, DUHINTEHA, B €IUHBIX
Kputepusx DBomironun, «3amuta» popmynia (3akoH) HeroToHa:

T, TeH3opa sHeprun-uMityibca. JloxHoe

2 2
_ 4 _ 4 2 2 _ A2y ET_ KT 2 2 _ o2
E =c*K, P—cT,(ci—ck—Acik)—p—z— Tz =C9), Acf, = Gv*(X+) #0
ACZ _ c*c*k? _ G(CZKy=m1)(C2Ky=m2) _ Gmim, ACZ _ Gmim, ACZ CZ _ F
ik = cacerz T c2(c2T2=K?2) = 22 ! ik = 2z ! ik -

Kak Buaum, B ypaBHenuu O6meit Teopun OTHOCUTEIbHOCTH DUHINITENHA, CUJIa TATOTEHUS ACHCTBYET B
TI0JIAX C HyJIEBOii Maccoii. UnTaeTcs: pa3HuIa MacCcOBBIX MOTOKOB Aci, (Y —) BO BHEIIHEM MOTEHIHATBLHOM
none rpaputanuu ¢2(X+), ¢ ux [IpuHIMIOM DKBHBAJIEHTHOCTH, Aa€T cuily. OIpeaenuMcs B TOM, KaK
pabotaet Takoi moaxoxa. Harpumep, mis Conuna u 3emmn (M = 2 * 1033g) u (m = 5.97 * 10%7 g),

MOoJIYy4YuM

G=6.67%10"8)(M=2+1033 .
(U, = ( Rl 492( Tol3 ) = 8.917 % 1012) rpaBUTALMOHHBIM MOTEHIIMAT HA PACCTOSIHUM JI0 3€MJIU U
=1. *

_ (6=6.67%10"8)(m=5.97x1027)

U, PR = 6.25 * 10! | noTennuan camoii 3eman. Toraa
(AU = U; — U, = 8917 * 1012 — 6.25 * 10 = 8.67 * 10'2) , wm (AU = 8.29 = 10'2) , nonmyunm:
AU = 876 - _ WK _ UP(UK=m)® _ Mm AU _ 8mG Mm _ _8nG_ Mm _ GMm

- (C4=U2=F)( ik = Tgzrz T T gerz e MM 5 = T T (AUNNZ) T2 T (AUxT2/V2)/8T



AU*T? _ 8.29%1012x(365.25+24%3600=31557600)2
8nvZ 82

GMm
COOTBETCTBYET KBapaTy paccrosHus (R? = 2.24 = 10%°) or 3emum no Connna, mmm F = —7 » 3aKOHY

= 2.3%10%° , ut0

0e3 TemHubIX Macc. OCTalloCh MOCYNUTATh

Hrrorona. Takoii moaxoa cooTBeTCTBYeT peaibHOCTH. CkaxkeM 0oJibllie, MIMEHHO U3 ypaBHeHHs OO1iei
Teopun OTHOCUTENBHOCTH DUHIITEHA, BEIBOAITCSA B MAaTEMaTUUECKON UCTUHE, YpPaBHEHUS! KBAHTOBOM
rpasutanuu. Ha cioBax, peub 0 IMHAMUKE KBAHTOBOTO MPaBUTALMOHHOTO MOTeHIUana Ac?,, Ha
pacxojsimieics (1o cnupaim) AJIMHE BOJIHBI KBaHTa. VX MaTemaTudeckoe npeacTaBieHue Aci, = K * G(X +):

OGosnaunm (Ae,, = 2ie,), Ty = (g)l A (g) = (g)l 29 (g) = 24T}, , B BHJE TEH30PA

srepruu (€) — (P) ummynbca ¢ BosHOBO# dyHKImel (Y). OTcroa cieayeT ypaBHEHHUE:
3 3

1
Rik - EReiAeJm = K (;)L A (;)Jm Z0)15¢
1 1
Rie(X+) = 20 (S Rejec(X+) + KTy (V=) 1 Rye(X+) = 2 (Rgue(X+) + KTy (Y -) ).
2
DTO ypaBHEHHE KBAHTOBOTO [ paBUTAIMOHHOTO TIOTEHIMAIA C PA3MEPHOCTHIO [:—2] HOTEHIHANA
(Il = vZ) ucnuaom (21). B ckoOKkax 3TOro ypaBHeHUs, 4acTh ypapHeHus O6mei Teopuu
OTHOCHUTENILHOCTH B BUJIe oTeHIransHoro [1(X+) moss rpaBuranuu. B teopun mosist (CMUPHOB, T.2,
¢.361), yckopenune maccoBbix (Y —) tpaekropuii B (X +) mone rpasuraiuu equaoro (Y —) = (X +)
[POCTPAaHCTBAa-MATEPUH TIPEICTABIICHO JUBEPTEHIMEN BEKTOPHOTO MOJIS:
. K K K
divRy (Y-) [T_Z] =G(X+) [T_Z]’ ¢ yckoperueM G (X +) [T_Z] 1/1

K K K
G(X+) [T_Z] = grad,I1(X +) [T_Z] = grad,I1(X +) * cosgy [T_Z]
Coortnomenne G(X+) = grad;I1(X +) pasaocunsro G, = Z—z; Gy = Z—g; G, = Z—i; pEICTaBICHHUIO.
3nmeck mostHbIH quddepenmuan: G,dx + Gydy + G,dz = dIl. OH uMeeT UHTETPUPYIOIIHA MHOKHTEITh
cemeiictBa nosepxnocteit [I((M) = C; 5 3., ¢ Toukoil M, OpTOroHaJIbHBIX K BEKTOPHBIM JIMHHSAM HOJISA
maccoBbix (Y —) tpaekropuii B (X +) mose rpasutaimu. 3aeck e;(Y—) L e, (X—). Orcrona ciemyer

KBA3UIIOTCHIIUAJIBHOC I10JIC:
2
tr(Gudx + Gydy + G,dz) =dnl[S], w6 +) =2 gradnx+) []
T

3aech ty = N A KBa3UINOTEHIMAIBHOTO 1oJisd. Bpemst t = nT, 370 n- KOJIWYECTBO NEpHOI0B T
KBaHTOBOM auHaMuku. U n = t1 # 0. OTcroaa ciaenyroT KBa3UIMOTEHIIUAIbHbIE IOBEPXHOCTH w = 21/t
KBaHTOBBIX I'PaBUTALMOHHBIX I0JIEH ¢ epruoioM T U yCKOpEeHUeM:

GX+) = %gradln(x %]

6x ) [15] = £ (gradn(Rgu) (€05 0y ay = O [ 1] + (grad(T)

B MOACIIAX, 9TO BBIITIAAWT IIPUMCPHO TaK:

/ = (J-) i !
' ‘| ~ Gxgt)_ « ’
v ! - | 1
e %’j_r '- / LfXyZ)

puc. 3.2 KBaHTOBBIE rpaBUTALIMOHHBIE MOJIS.



OTo0 PuKcUpyemMoe B ceUeHHUH, BEIOpaHHOe HamnpapieHne Hopmanu n L [, ClioskeHHe BceX TAKUX
. K .
KBaHTOBBIX MOJIell MHOKECTBA KBAHTOB 1oty G(X +) [T_Z] J1000ii Macchl, popmupyet 061y I0

NOTEHIHAJBbHYI0 «SIMY» €e TPAaBUTALIMOHHOTIO I0JIsl, I/I€ YK€ AEHCTBYET ypaBHEHHE DUHILTEIHA, C
«3alIMTON» B ypaBHEHUU GopMyiioii (3akoHOM) HeloToHa. B AnHaMHYHOM IpoCTpaHCTBE-MaTepUH, PeUb

K .
uzeT o auHamuke roty G(X +) [T_Z] nosieit Ha 3aMKHYTBHIX TotyM (Y —) TpaekTopusx. 31ecCh -JIMHMS BIOJIb
KBa3H MOTECHIIUAILHBIX MOBEPXHOCTEH PUMAHOBOTO MPOCTPAHCTBA, ¢ HopManbio n L [. IlpenensHbIi yromn
napauiensHocT MaccoBbix (Y —) tpaekropwuii B (X +) mosie rpaBUTAINy, Jae€T TPABUTAIIMOHHYFO

_ t
koHCTaHTy (COS2@(X—)yax = G = 6.67 * 1078). 3necp ty = — =T, NOPAZIOK KBA3H NOTEHIMAIbHBIX
"~ 137.0367°

GXH) [55] = £7(G + grad,Rgu (X +) + a + grad, Ty (Y ) |55].

noBepxHocTe, U (cosQ(Y —)yax = @

. [k .
3t0 o0I1I€e ypaBHEHUE KBAHTOBOTO I'paBUT (X+ = Y-) MaccoBOTO TOJIS Y)KE YCKOPeHHUid [T_Z]’ Y BOJIHOBOM

Y — dynkuueit, a Taxxe T- nepuogom quaaMuku ksanta A(X +), co cmaom (1), (2¢). Tlons yckopeHuii,
KaK U3BECTHO, 3TO YK€ CHJIOBbIC TOJIs. MICX0/s U3 3TOTr0, pacCMaTpUBAaOTCS MOJICIH MTPOIYKTOB
AQHHUTWISAIIUH TPOTOHA M JIEKTPOHA B BH/IC:

3 v —
. 1 /"' P B=Th> T
/ Q }( o ’{! > _77\\*\‘ ks )
H er [ 7["\{'3: N

{ . = ’ ; +

) ‘.'\-:' Vo (X-=Y+) = }/ 4{ ; /) \ p

' " (X-=p) : (Y-=¢€) o )
MOoAeNb NPOTOHA MOleNb INeKTPOHa aTOM BO}J,OpO,IJ,a

puc. 3.3 Mojenu npolyKTOB aHHUTUJISILIMY IPOTOHA U 3JIEKTPOHA
B euHOM npoctpanctBe-marepun (X+=p*) = (Y—=y{)(X+=v;)(Y—= y{) nporona u snekrpona
(Y+=e")=X-—=v)(Y+=y*)(X— = v;). B mpocreiimeii Mogean aroMa BOJOPOIa HET OOMEHHBIX
¢oToHOB B 251eKTpo( Y+ =X -)MarHuTHOM B3aWMOJICHCTBUH OPOUTAIILHOTO AIEKTPOHA U TPOTOHA S,
1106010 atoma B ToM urcie. Daekrpor (Y+= e™) usznyuaer oomennsiii (Y—= y*1) doron, Ho nporon ne
MOKeT u3nydath oomennslii (Y—= y*) goron. IIpoToH B sape aroMa He u3aydaeT 0OMeHHbIN GoToH. U
eI1Ie BOIPOC, OYEeMy OpOHUTAIBHBIC JIEKTPOHBI aTOMa HE OTTAIKUBAIOTCS BO B3aUMOJICHCTBHHU JIPYT C
JPYroM, €CIIM OHU MPHUTATHUBAIOTCS BO B3aMMO/ICHCTBUH C TIPOTOHAMU sIpa. 31eCh IBHOE poTHBOpedne. B
MPEJICTABICHHBIX MOJICIISIX HET TAKUX MPOOJIEM ¥ IPOTHBOPEUHii. [[Ba CBOOOIHBIX 3JIEKTPOHA OYAyT
OTTAJIKMBATHCS(2), HAXOAUTHCS HAa DKBUIIOTCHIIMAIBHBIX OpOUTax atomMa(0) UM CIeI0BATh APYT 32 JPYroM
B 0HOpOAHOM 3j1ekTpudeckoM E(Y+) mose (B), B IpeACTaBICHHBIX MOJCIISX:

a)

Puc.3.4. pa3nuuHble COCTOSHUS 3JEKTPOHOB.
[Ipu onpeneneHHbIX YCIOBUSX, 3JEKTPOHbI TPOBOIHUKA, IPH HATUYUH B HEM JIEKTPUUYECKOTO MOJIS,, MOTYT
CJIeZIOBATh JIPYT 3a APYIOMH, U JJaKe «CKJIEUBATHCS APYT € APYroM, MOJOOHO MarHUTaM.
DNEeKTPOH U3IydaeT U noriomaeT GotoH: (e <> ¥ ). X cKopocTH CBsI3aHbI COOTHOIIEHHUEM:
(ve = a * ¢). To4HO Tak CBA3aHbI CKOPOCTH GoTOHA (Y © Y, ) M yKe(V, © & * V), ) CBEPXCBETOBOTO
¢dorona. OHM CBsI3aHBI KpaCHBIMM JMHUSAMH Ha puc.3. Kak Takoe Bo3moxxkHo? [IpencraBum 6osee neTanbHO
MO/I€Nb JEKTPOHA.



]

Puc.3.5. Mmonenb anekTpoHa.
Dnexktpon umeet hopmy Topa, ¢ (¥) potoHom BHyTpH. Hemeammple 31eKTPOHBI OTTATKHBAIOTCS

saemHumy E (Y +) nonsmu anextpudeckux 3apsnos. Ects 3akon KyioHna takoro B3anMoIeHCTBUSE:

2 h T 2 h(w=ac
F=q—=2, =-, t=-, F=q—=¥,
r? t r v r2 r2
2 -10)?2
q (4.8056%10710) 1 v
a=—=——"—"—=0.00728 = — wm: (v = ac), roe: a =-=cos

he 3.1647+10~17 137’ ( ), a1 c (ov)
[TocrostHHAast TOHKOM CTPYKTYpHI( @) 3nekTpudeckoro (Y + = e) mous 3apsina, MpencTaBisieT co00i KOCHHYC
yTJia mapauieTbHOCTH COS((y) MacCOBBIX Tpaekropwii (Y — = e) siekrpoHa. MbI TOHMMaeM, 9TO JTMHAMUKA
anektpudeckoro (Y+ = e) momns mopoxaaer B MHAYKIHA BuxpeBoe B(X—) mMarHuTHOE moste, CoTiiacHO

QE(Y+ .

ypaBHeHHsAM MakcBemia: ¢ *x rotyB(X —) = & ;—T) . Y ciuHOBBIE cBOMCTBA 3iIeKTpoHa B B (X—)

MarHuTHOM TOJI€, 3/1eCh BeCbMa OUEBUIHBI. DJIEKTPOH U3TydaeT U noruoimaer ¢otoH. Ho rmaBHOe cocTOUT
B TOM, YTO IIPOCTPAHCTBO CKOPOCTEN MACCOBBIX TPACKTOPHUH AJIEKTPOHA, UMEET BHYTPH AIIEKTPOHA, C OKOJIO
HYJIEBBIM YTJIOM HapauieabHocTd (¢ = 0), mpenenbHyo CKOpocTh (oToHa (BUPTyanbHOTO oToHa). To
€CThb CKOPOCTB CBeTa (V, = @ * C) BHYTPH DIIEKTPOHA, U3Tydaromero GoToH. Mpl TOBOPHM O BUPTYaJIbHBIX
(hoTOHAX Ka)KJ0TO 3JIEKTPOHA, B MPEACTABICHHBIX MOJIENIAX B TOM 4Hciie. TakoBbI (PaKThl.

B nuaamuunOM (Y — ) mpocTpaHCTBE-MaTepyH, 3alUIIEM U3TyYCHUE UK MOTJIONICHUE YIEKTPOHOM
(Y=—=¢e) & (Y= = y) dorona. 1 Touno Tak, mpocTpaHcTBo ckopocteit (Y— = y) MaccoBbIX
TpaeKkTopuil GOTOHA, HMEET BHYTPH (POTOHA, C OKOJIO HyJIeBbIM (¢ =~ () yrioM napajuieqbHOCTH,
MPEJeITbHYI0 CKOPOCTh cBepxcBeToBOro (v = 137 * ¢) ¢oTona. iHaue roBops, eciiv CyIecTByeT QOTOH,
TO 1O (hakTy, BHYTpU (POTOHA UMEET MECTO CBEPXCBETOBOE IIPOCTPAHCTBO CKOPOCTEH, U OOBIYHBIN (POTOH
(Y+ = y = ¢) MOKeT u3Iydarh WM HOTJIomars yxe ceepxcsetoBoit (Y + = y,) doron. ITo 00bI4HBIM
dopmynam CrienuanbHoii Teopun OTHOCHTENBEHOCTH DiiHINTEHHA, 11t poToHa (Y+ = ¥), cKOpoCTh
cBepxcBeToBoro orona (Y + = y,), Oymer MMETh TaKyto K€ CKOPOCTh CBETA:

__utv v = c+137xc __ c(1+137) __
1+ 1+255C T (14137)
c [

OGHapYXUTh CBEPXCBETOBBIC (POTOHBI MOXKHO (puKcUpys yBenuuenue ummyiabca (E =p * (1+ a) *c)
00brubbIX (Y = ) GoTOHOB 11060# SHEPrUH, KOTOPbIE MOTIONMAT cBepxcBeroBsie (Y + = y,) boToHHL,
U3 KBAHTOB (P4/€,) S/Ipa raakTUKK. 37€Ch MBI HCXOMM U3 TOTO, YTO B CIEKTpe (pHUC. 3) HEACTUMBIX
KBAaHTOB MPOCTPAaHCTBa-MaTepuH, KBaHThI(Y+ = e,) sapa 3Be3/1bl U3IydatoT(Y += e) 0ObIYHbIE AIEKTPOHHI,
KOTOpBIE B CBOIO o4epenpb u3inydaroT(¥Y £ = y) dotonsl. [IpuHIMnm oOMEHHOTO B3aUMOJICHCTBUS 3/1eCh HEe
pabotaer. Torza Bompoc — 4To B JEMCTBUTENILHOCTH (2 HE B MOJIENIAX «OOMEHA MSYUKOM») IIPOUCXOIUT.
Jlnst nannbix skcnepuMenta m(p) = 938,28MeV, G = 6,67 * 1078. m, = 0,511 MeV ,

(mv# = 0,27 MeV), u npocteimux npeodpazoBaHUil, MbI IOJIYYHJIU pacUeTHBIE JaHHbBIE:

(X =) = cos?py = (\/E)Z =G , (ﬂ)(Y—) =cosQy =a = L

K 137,036



_ F=n* _[m’r? _ m ] _ Ov=my _
m==mn [ Yy (Y/Kz)] - (;_;g) ,  OTKyZa 2my = Gmy
__F=II> _ [m?1? _ 1 _ Nx=my 9
= [ x (X/Kz)] B @9 OTKy/a Zmy == my
(<2 /\/2) * TIK * (< /v/2) =%+ m(e)/2 = m(v,) = 1,36 * 10" MeV W <2 my/2 = my
JG/Z+ K +[G/2 = G + ™2 = m(yy) = 3,13 « 10MeV wm Gmy/2 =my

m(y) = @ —9,1+10°MeV .
C 1pyroii CTOPOHBI, JUIsl JUTHHBI BOJIHEI IpoToHa A, = 2,1 * 10™'*cm, ero uacrora
ye) = i = 1,4286 » 10?*T'u, popmupyerest yacToToii (Yo ) KBAHTOB, ¢ Maccoit 2(my+)c? = Gh(v,+).

Gh(v_+). +10—8x +10-27 % 1024
1r = 5’62 % 1026MeV , IJIN (my(',") — ZCVZO _ 667x10 1,05;;1(())20 1,4286x102% 5,58 10-32p = 3,13 10-5MeV

AHANOrMYHO 11 31ekTpoHa A, = 3,86 * 10~ cm, ero wacrora (v,;) = Ai = 7,77 * 10%°T'n

dbopmupyetcs gactoToi (V, ) KBAHTOB, C MacCcoi 2(rrlvg)c2 = azh(v(vg), rae a(Y =) = KOHCTaHTA,

137,036

a?h(Viys)  1#1,0545%10727+7,77+1020
ZC(ZV"’ = (’137 03652 oo = 2424 10732r = 1,36 * 10~>MeV, s maccol
, *2 %9

HeiTpuHo. Takue coBIageHus He MOTYT ObITE CirydaiiHbiMu. CMoTpuM Jasbiie. Junamuka (Y— = e™)
MaccOBOTO T0JIsI DIIEKTPOHA OPOKIAeT ero snekrpuueckoe (Y+ = e™) mone ¢ snekrpo (Y+ = X—)
MAarHATHOM AMHAMHMKOM, KaK YK€ 3apsiA0BOro nojs. TouHo Takas JUHAMHUKA MOJIEH IPOTOHA, C YKa3aHHBIMU
MaccoBbIMH ToJsiMH. OTressist mektpo (Y + = X—)MarauTHbIe 1ot oT MaccoBbIX moeit (Y — = X+)
MTOJTYYUM UX 3apsiibl:

nosyqaem: (m,-) =

XHX+H)=F-)n (’((*Y)—f’)”) =1=Y H({Y -); Y+=X-) = ”‘8% , T

(X+=vg /2)(V2*G) (X+=vg /2)
- (}(’—=V2) - = qe(Y+)
m®,)/2)(V2 * 6)(m(v.)/2 136 * 1075)2 x/2 % 6,67 * 1078
qe — ( ( e)/ )( )( ( e)/ ) — ( ) — — 4‘,8 % 10_10CI-.CE
m(y) 4%9,07 %10

Y +H)=&X)n ”(*;—(_Y)” =1=X+HX-); ¥Y+=X-) = % , WITH:
Y=y (a2)(Y—=v7F
Wb Omd) = gy (4= X ),

_ (m@)/2)(@?/2)(m(ys)/2)  (313%107°/2)* 4.8 + 10-1°CICE

= ms) T 2%137,0362% 136+ 105

Takue coBmaieHus TOXKe HE MOTYT OBITh CIIy9allHBIMH. Takue 00CTOATEIbCTBA JAIOT OCHOBAHUS
TOBOPHUTH O IPYTUX MOJEIISAX U APYrux (He OOMEHHOTO XapaKTepa) MpUHIIKMIAaxX B3auMoaecTBus. [lyrem
npeoOpa3oBaHMii BCET/1a MOYKHO MPUNTH K APYroi MoAenu Gpundeckoro Gaxra, HO yKe ¢ APYTUMU
MPUYKMHAMU B IPYTUX CBA3SX. Takue MOJETN MaTeMaTudeckue, HO Bompoc, Tie uctuna? Hanpumep, (+)
3apsij] MPOTOHA B KBapKax U (+) 3apsi MO3UTpoHa 0e3 KBapKOB. ITO PyHAAMEHTAIHHOE TPOTUBOPEUHE.
O6e Mmoaenu paboTaroT, HO pusnUecKkue MpUUKHBI TepsitoTcs. Het otBera Ha Bomnpoc, [IOUEMY Tak?
KBapK-TII0OHHBIE [IOJIS IIPOTOHA, IPH €ro aHHUriIsuud (p*)+(p’), I0IDKHBI IIEPEXOAUTH B KBAHTOBBIE MOJIS
¢dboTonoB. Ho Takoii npouenyps! HeT. [lodemy, Kyqa U Kak nc4e3aroT KBapKU MIPH pacmaiax - Me30Ha,
BOMPOC OTKPBITHIN. J{uarpammer DeitHmaHa paboTalOT 1a, HO MPOTOH HE U3Ty4aeT (POTOH B 3apsA0BOM
B3aUMO/ICHCTBUM C IEKTPOHOM aTOMa. JTO Bellb ()yHIaMEHTAIbHBIE OCHOBBI BCEX aTOMHBIX CTPYKTYD,
ctpoenus Bemecta. [IOYEMY tak — oTBerta HeT. 3neck Oyaem otBedars, [IOUEMY uacTuia numeer
MMEHHO TaKHe MPOIYKTHI pacrnaja Uiy aHHUTUIISIIIMKA HEeJIeIMMBIX KBAHTOB. byneM McXoauTh U3 00MImx
npencrapinennii Y (X) = e*@h(X) ypaBHenus Jlupaka, korja Y = e?®(X+) IMHAMHYHOE 1OJIE KBAHTa

X+)=ch (y%) X H)cosp(X —) =1, cosp(X =) =G, wiu (Y +) = ch (;—0) (Y +)cosp(Y =) =1,

1

cosp(Y =) = —— = a.I'ne (cosp # 0) B oboux ciydasix. B maccoBbix mowsix m(Y—= X+) , 6ynem Opars
M3MepeHHYI0 Maccy U pacueTHoe Bpems (T) pacnajaa yactuil. M3 caMbIx 00MIMX MpeCTaBICHU:
n? n2r?

K. K
=Y = e TH(F)(E)lexp(—z), C €IMHUYHBIM 3apsiioM q(X—=Y +) = 1, U CKOPOCTH CcBeTa
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(IIK=q=1)

Ga (

K

¢ = 1 B caMOM KBaHTe, IIpocTpaHcTBa-marepud m =T =c = 1)exp(—z), rae

= % =X(MeV) u z= (H"i’;—i[;) = Y(MeV)B muHamuaHOM, runepbouueckoM e*X) mpocrpancrse
ypaBHeHnus dupaka. 14 G = 6,67« 1078, a = L v, =0,27 MeV, ¥, = 3,13 x1075MeV, v, = 1,36 * 1075 MeV,

137.036
Y =91 %10 °MeV
CIEKTP Macc B COOTBETCTBUU € MPOAYKTAMM pacnajia (aHHUTISIIIAN)
CraduiabHble YaCTUIBI C TIPOYKTaMU aHHUTWIAMH B enquHoM (Y += X1) npoctpaHcTBe-MaTepuu:

(Xt=p) = (V== 1) (X+= v ) (V== y,) = (22— %) = 938,275 MeV ;

(V4=e) = (X—=v)(V+= P)(X—=v,) = (2 + L) = 0,511 MeV ;
HeCTa0MJIbHBIE YACTHIbI Y)KE B COOTBETCTBHH C IIPOLYKTAMH U BpeMeHeM pacraia. Ga = 4.8673 x 1071

T=2.176%x10"°
(=) = (X—= )V += X ~=7,) = L2 D e (v, + ¢ + 220 = 1,1751) = 105,66 MeV,

O0603HaYuM 3]1€Ch U Jaliee B pacyeTax MoJYePKHYTHIM mpmbTOM, (k = 1,1751) nokasarens exp(). On

vechl

MMOKa3bIBaeT 0COOCHHOCTH (PparMeHTaluu JUHAMUIHOTO T0Jis exp(a(X)), B ypaBHeHuu Jupaxka.

T=2.76586+%10"8
(Y+=n%) = (V4= W(X-=1v,) = T2 D eyp (p+ v,chi) = 139,57 MeV, (z* = 1,59173)
+10-17 2
X—=7°) = (Y+=71,)Y+=7,) = %exp (22) = 134,98 Mev, (r° = 4,025599)
o0y 0 0 — 70 (T=5.172+10719) ﬁ_w _
(X== 1% = (X+= )Y DIX+= 1) DK += 1) = o222 T exp (5=~ 122) = 547,853 Mev

(X—=1°) = (Y—= 1" (X+= 1) (Y—= 1*) = %exp (2n* + %0) — 547,853 MeV
Y=k = (V4= W(x—=7) = T2 o2 (w+v,) = 493,67 MeV

(Y+=K*) = (Y+=1")(X—=n°) = %{?“mexp (ﬂ + nO/z) = 493,67 MeV . K~ = 3,16535
(Y—=K?) = (X+= %) (X+= 1) = %{;“’ﬂo)exp (2n° 1) = 497,67 Mev ,

(X—=K?) = (Y —= n)(X+=v,)(Y—=¢F) = W exp (n +eT+ 2”@) 497,67 MeV |
(X—=KP) = (—= %) (= v,) (Y —= pF) = 20 o (n__ - ? + 2vu> = 497,67 MeV ,

«10-24 +

X-=p%) = (+=n")(¥+=n) = T2 oy (%(1 +-2) = 77549 Mev ;
%1024 0 tWa-

(X+=p*) = X+ = 1) (Y= = 7+) = % exp (% _%‘11)> = 775,4 MeV :

0
exp (ap+ + %) = 1189,37 MeV/ ,

AHaHOFHqHO aJI[POHBI
(YE=n) = (X—=v,)(Y+= e)(X—=p) = (T =878,77) exp (7= + =~ pVG ) = 938,57 MeV ,
* 1
(X+= %) = (X4+=pH)(Y—=17") = %exp(a}ﬁ +17/2) = 111568 MeV,  A° = 7,642837
a0 _ L _ (T=1.5625+10"1) i _ 0 _
(Y+=A°) = (Y+= n)(X—= 1) = —( -~ exp (an + sz) = 1115,68 MeV, A’ = 8,153
T=8.22%10"
(== %) = (4= p*)(r4=n0) = L2200
(r= 81*5(;1 11)
X—=Z)=Y+=n)Y+=nt) = Wexp(cxn +nt) =1189,37 MeV,
+10-10
X—=Z)=F+=n)Y+=n") = %exp(sxn+n+) = 1189,37 MeV ,
(X—=3°) = (V4= AO)(Y4+= y) = O ) oxp (B00) = 1192,64 MeV . A = 7,642837,
- +10-10
- %exp(&—rﬁ\/&) — 1314,86 MeV,  A° = 8,153, E° = 7,809,
(T=1.3917*10_1°)
G
(T=8.018a*10_11)

exp(A® + m~/2) = 1321,71 MeV, A° = 7,642837, E~ = 8,43869,

(X—=07) = (Y+= A)(Y+=K~) =
X-=0)=Y+=E0Y+=n") =
(Y—=07) = ({+= E)(r+=n0) = L7 ) (3= 4 n0/ch2) = 167245 MeV , E- = 8,275,

ECTI) u ,[[pyl“I/Ie METOAbI paC‘leTa CHeKTpa MacCcC, HO 3Ta JOIrn4eccCKas KOHCprKHI/IH nacT paC‘{eT

CIICKTpa MacC C MUHUMAJIbHBIMU ITaApaMCTPaMU. HcxomupiMu napamMeTpamu 371CChb, €CTh TOJIBKO IMPOAYKTBI
pacmnana. OTta MOJCIIb CIIC HECOBCPIICHHA, HO 3ACCH HET npo6neM n HpOTI/IBOpC‘-II/Iﬁ CTaHﬂapTHOﬁ Mogpemnu.

exp( A — K~/2) = 1672,45 MeV, A° =7,642837, K~ = 3,16535
= £10~11
2073107 ) exp(8° + m7) = 1672,45 MeV, E° = 7,809,
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2

o Gmy X“my
31eCch yMECTHO OTMETHTB, 4TO M3 COOTHOMIEHHUIE: My = —=, My = ——, CIEAYIOT X
G(Oczmy)
npeoOpasoBanus B BUIE: My = TZ , Wi (z =G «?/4) = 8.88 * 1073). TouHo Tak moyry4yaem
(o)
my = ——*= . mwm (z = G x*/4) = 8.88 x 107*%). [lonus1it pacuer cnextpa Macc B 0J1;, n 0J]; yposmsx

(u3HYECKOTO BaKyyMa, IMEET OJIMHAKOBBIN pe3ylbTar B 000uX pacuerax (zp = vq), (ze = y;) ¥ TaK jmanee.
U yke u3 3TX 00CTOSITENBLCTB, CISAYIOT OTBETHI HA BOIIPOCHI, U3 YETO COCTOUT MAarHUTHOE I0JIe TPOTOHA U
3JIEKTPUYECKOE NoJie 31eKTpona. s nporona (X+= p*) = (Y—=y)(X+=v;)(Y—=y{), rue umeem
kBautel (Y+=y) = X—=v{)(Y+=y; ") (X— = v{), ero p(X -) nmose, popMupyercs nonsamMu
(X =) = 2(Y+= y{) xBanros, kotopsie B cBoeM (Y+ = yg) none, comepxar (X— = v;) kBauThI, B
enuHoM (Y+ = X—) npocrpancTBe-marepud. IHbIMH ciioBamMH, MarHuTHOE 1ioJie p(X -) mpoToHa,
(bopmupyroT BUXpeBbIe (110 ypaBHeHHsAM) Tpackropuu (X — = v;*) kBanros. IIpoToH 31€Ch, UMeeT Gopmy
TOpa. AHATOTHYHO TSI 3JICKTPOHA.

SMEPOXEHTHbIE CBOWCTBA MACCHI
B camom obuwem sunge, B (X—); none BceneHHon, Ha (M — n) CXOAMMOCTAX B KBaHTOBOW cucTemMe
KoopamHaTt eamHoro (X+=Y F) npoctpaHcTBa-matepuu, B oTanume ot 31ektpo (Y+= X—) marHuTHbIx
nonew, maccosble (Y— = X) nona umeroT BblAeneHHble CBOMCTBA B COOCTBEHHbIX KpuTepusax dsontoumm
(sHeprva, UMNynbC...). U3 NPOCTbIX COOTHOLLEHW PENATUBUCTCKON ANHAMUKM, HAaNPUMEp: m = ——

2 4
1-=
2
EZ p2

m?c? — (m?v? = p?) = myc?, unn m2c* — p?c?) = myc?, S~ Z=m
Ons Hynesoi maccbl nokos (my = 0), Mbl FOBOPUAM O «ay4ncTo sHeprumn» (E = pc)umnynbca B AaHHOM
cnyyae (p = Ft) cunbl rpaBuTaLmm B NONAX C HY/NIeBOW Maccoit. Tenepb, YTO TaKOe IHepPrua B MpUHLMNE,
ansa nobon popmbl eamHoro (X+= Y F) npoctpaHcTea-maTepumm. B e4MHbIX KpUTEPUAX IBONIOLLMM,
sHeprua (E = IT?K = I1,KT1,), ato coctoaHue asyx noteHuuanos (11,11, = F) Ha pacctoanum (K) u
CNocobHbIX BbINONHATL paboTty (A = FK). 9To n3BecTHble Kiaccuyeckne npeacrasieHns. Ho Kak us
3Hepruun NoayyaeTca macca, 3To BONpoc. M 34ech CyLwecTByOT HECKO/IbKO 3MEPAMKEHTHbIX CBOWCTB.

m,
1l.Hanpumep, m = \/% npu pasroHe npotoHa m, = p(X+), Mmbl roBoprM 06 yBENNYEHUN €O MACCOBOTO
1-Z
2
(o

cnegyroT n3seCtHble COOTHOWEHUA!

(X+)nons, c HeM3meHHoM KoHcTaHTOM B3anmogeiictena G(X —) = cos?@, (X—).

(X¢)

PucyHok 3.5. lMHamnKa maccoBbIX NoAen
Mpu coyaapeHnax BCTPEYHbIX NPOTOHOB B KOAMaaepax, NpoToH 3ameansertca (v, — v;) n «cbpacbisaeT
nunwHee» maccosoe none (X+ = Y —) Ha maccoByto TpaekTopuio B pu3nMyeckom Bakyyme. 3aecb
NPOABAAIOTCA MHEPLMOHHbIE CBOWCTBA B BUAE Macchl yxe (Y —) KBaHTa, C ero pacnagom B CNeKTp macc.
2. BTopoi, y»e pacCMOTPEHHbIN cyvaih MHAYKLMM MACCOBbIX NOAEN, KOTOPbIA NpeACcTaBUA SUHLUTENH.
MonobHO MHAYKUMM MarHUTHOrO NONA NPU NepemeLLeHn 3apaaa, IMHLWTENH BbiBen GOpmyy, 3aKOH
MHAYKLMK maccoBow (Y —) TpaeKTopuu npu nepemeLteHnn rpaBuTaumoHHoro (X+)nonsa HeHynesbIx Mmacc,
3Be3/, B ra/lakTUKax B TOM Yncae. 37O 3aKOH.
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3. ,El,anee Mbl TOBOPWU/IN O KBAHTOBbIX KBa3nNoTeHUWMA/IbHbIX TPaBUTAUMOHHOM NOJ1€ NMPOTOHA
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Pucynox. 3.6. KBaHTOBBIE TPaBUTAIMOHHBIE TIOJISL.
¢ maccoBbiMU (Y —) TpaeKTOPUAMM SNEKTPOHHbIX OPOUT anelt aToMOB € U3BECTHLIMUW MNPUHLMNAMMU
HeonpeaeneHHOCTeN N BOJIHOBbIX QYHKLMIA B HUX. 34eCb peluaeTca Npobaembl OTTaIKMBAHUA MHOMECTBA
O[MHAKOBO 3apAXKEHHbIX 3/IEKTPOHOB Ha opbuTax ogHoro atoma. M 3gecb TpyAHO NpeAcTaBUTb OOMEeHHbIN
XapaKTep 3apAf0BOro B3aMMOAENCTBUA Kak OPOUTANbHBIX 9/1EKTPOHOB MeX Ay COHOW, TaK U 3/1eKTPOHOB C
MPOTOHaMM AApa aToMa.
4. Mbl roBopunu n o gedektax macc kBaHtos (X +)(X +) = (Y —) CunbHoro Bsaumoaencremsa HyKI0HOB
agpa (Y—=p/n)wm (Y— = 2n),rae (E = a *p = 6,85 MeV) MuHMManbHas yaenbHas 3Heprys CBasm
HYK/IOHOB Afpa. Huxke 31Ol 3Heprumn Aapo ecnm n GopmupyeTca, TO TONbKO Ha nepuog pacnaga. 3T1o
Pa3HMLLA MacC HYK/I0Ha BHe AApa U B AApe, B BUAE SHEPrnM CBA3N HYKIOHOB Aapa. OHa paccunTbiBaeTcA No
M3BECTHbIM NpoLueaypam.
5. Ha npeactaBneHHOM pUCYHKe KBAaHTOBOT'O TPAaBUTAIIMOHHOTO TOJIs, Mbl pacCMaTPUBAI BBIBOT
ypaBHEHU KBAaHTOBOTO T'PaBUTAIIMOHHOTO 1OJIs U3 ypaBHeHUs: O6mieit Teopun OTHOCUTEIBHOCTH
DWHIITeHHA B TI000H CUCTEME KOOPIMHAT, KaK CIIeACTBHE. MBI TOBOPHIIM O TPaBUTAIIMOHHOM I10JIe
MPUTSKEHUA ¢ criioil HproToHa 1 HylleBOM Maccoi 3TOro nojsi. MHOXECTBO TaKUX KBAaHTOBBIX
IPaBUTALIMOHHBIX MOJIeH, GOPMUPYET «ITOTCHIHATIBHYIO AMY» 00IEro IpaBUTAIMOHHOTO MOJIS JII000i
Macchl, KpUBHU3HA KOTOPOTO OMpPEENsieTCs TEH30POM SHEPrUH-UMITySIbca ypaBHeHus: O6meit Teopuu
OtHocuTenpbHOCTH DifHIITEHHA. Bee paboTaer.
®dusznueckuM GaKToOM ecTh 3apsIOBbIil H30NOTEeHIMAN TPoToHa p(X—= Y+)e u 2yeKkTpoHa B aTOMe

BOJIOpoJia ¢ cooTHomeHneM macc (p/e = 1836). 1o aHanoruu Mbl TOBOPUM O 3apsIOBOM M30MOTEHIIHATIC

Vy(X—=Y+)yp, uve(X—= Y+)y, cybaromos, ¢ cooTHomenueM mace (v, /vy ~ 8642) u (v./y =~ 1500)
COOTBETCTBEHHO. IIpu 3TOM, Cybartombl (V,/Yo) YAEPKUBAIOTCS TPABUTALMOHHBIM OJIEM ILIAHET, a
cybaTomsl (V,/Y) yAepKUBAIOTCS TPaBUTAI[MOHHBIM TI0JIEM 3Be3/l. DTO CIIEyeT U3 PACUETOB aTOMHBIX
ctpykryp (p/e), cydbatomos manet(py/e1)(p/e)(V,/vo), 38€31

(P2/€2)(P1/€1) (/) (V) ¥o) (Ve /¥), msiey = 2v,/a® = 102GeV), e, = 2p/a’ = 35.2TeV) ,

HO/N =e; *3,13 %y, =1, uHOJIl = e, * 3,13 xy = 1. A Takxke s p; = %e = 15,3TeV,n
p1(X—=Y +)e; «TsOKeNbIX aTOMOB» BHYTPH CaMHX 3Be€3/1. ECIM CyIIecTByIOT KBaHTHI

(my =pp) =20 = (153 TeV) u (my = e;) = 2("”;—2’"”) = (35,24 TeV),
TO 1M01I00HO reHepanuu KBanTamu (p,/nq) sapa 3emiau ﬂnep (Zap1 = 238p* = 238U) ypana, p* = n,c
TIOCIIEIYIONMM PAcaioM B CIIEKTP aTOMOB, KBaHTHl p; = — = 3,06 * 10°TeV, u (p,/n,), (p; = n,)
anpa ConHua (3B€3/1bl), TEHEPUPYIOT Spa «3BE3IHOTO ypaHa», (2ap; = 290p; = ?°°U*), cux
3K30TEPMHUYHBIM PACIIAJIOM B CIIEKTD «3BE3IHBIX» aTOMOB (1 /e{) B TBEp/IOii IOBEPXHOCTHU 3BE3IbI
(Counrrra) 6e3 B3auMO/ICUCTBHIA ¢ 0OBIYHBIMU aToMaMu (p* /e ™) BOJOpoIa U CIIEKTpa aTOMOB.
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TouHO Tak pPacCUUTHIBACTCA MAaCCa KBAHTOB sAApa IJIAHCT:

__y _ 2(my=e”) _ 2(0511 MeV) _
(my =p1) = i; T 667+10-8 153 TeV

[Tpu 5TOM, UMEIOT MECTO YAUBUTEIbHBIE COOTHOIICHUS UX MACC:
HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E-9) =1
HOJI = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78E—-17) =1
3nech Mbl roBopuM 0 Hepenmmmpix Obmactsix Jlokanuzanuyu AMHAMUYHOTO MTPOCTpaHCcTBa-Matepuu. U 3To
TOBOPHUT O TOM, YTO S,IPO 3BE3/IbI, @ PABHO M 3BE3/Ibl, HAXOAATCS B SHEPIreTUYECKOM YPOBHE (PH3UIECKOTO
BaKyyMa Ha YpOBHE HU3Ty49aeMbIX UMU OObIYHBIX (¥) hoToHOB. Torna To4HO Tak, sSAPO TaJaKTHK, & PaBHO U
CaMH TaJIAKTHKH, HAXOAATCS B SHEPIETHYECKOM YPOBHE (PM3NIECKOTO BaKyyMa Ha YPOBHE U3ITy4aeMbIX HMH
YK€ CBEpXCBETOBBIX (¥,) (POTOHOB.
Hcxons U3 3TUX pacyeToB, TOYHO TaKylo MOAENb UMEET AMHAMUYHOE NPOCTPAHCTBO-MaTepUs

$OTOHa, HO yKe C APYrMMM NapameTpPammn CBEPXCBETOBbIX CKOPOCTEMN.

Puc.3.6. AMHaMUYHOE NPOCTPaHCTBO-MaTepma GpoToHa

M TOYHO TaK, NPOCTPAHCTBO CKOPOCTEN MACCOBbIX TPAEKTOPUIN GOTOHA, MMeeT BHYTPM POTOHa, C
OKOJ10 HY/IEBBIM YI/IOM NapasienbHOCTU, NpeaesibHY0 CKOpocTb cBepxceeToBoro (v, = 137 * ¢) doToHa.
CropocTb $doToHa () ecTb npoeKumeit ckopoct (v, = 137¢ = y,). MHaue roBops, BHYTPpM GOTOHA Mbl
MMeeM CBEPXCBETOBYHO CKOpocTb doToHa (v, = 137c¢). BaxkHo To, 4to 00bIuHbIi (Y+ = Yy = ¢) doToH
MOJKET M3J1y4aTh U [OTJIONIATh yKe CBEPXCBETOBOM GoToH (Y + = y,) TOUHO TaK, Kak OOBIYHBII 3JIEKTPOH
moxeT (Y+ = e) usnyuars 00b14HbI GoToH (Y+ = ¥). U uicTrouHrKOM OOBIYHBIX (DOTOHOB SIBIISFOTCS
3Be3/Ibl. A MCTOYHHKOM CBEPXCBETOBBIX (DOTOHOB, SBISIFOTCS «TSKEIbIe» (€,)3TICKTPOHBI SIpa TATAKTHKH.
OOHapyKUTh CBEPXCBETOBBIC (POTOHBI MOXKHO (pUKCHpys yBenudeHue umnyibca:(E = p * (1 + a) * c)
00b1uHbIX (Y+ = y) poToHOB 11060 SHEPrHM, KOTOPBIE TIOIOmaKT cBepxcBeroBbie (Y + = y,) ¢oToHsI,
U3 KBAaHTOB (p,/e,) siApa raJakTUKd. ['0BOps O pyrux MOJeNsaxX He OOMEHHOTO XapakTepa U MPUHIINIIAX
B3aMMOJICHCTBHS, MBI MOYKEM TOBOPHUTEL CTPYKTYPHOM (opme 3apsukeHHbIX (Y- = p*/n) 1 HEUTpaIbHBIX

(Y- =2n) kBanToB CuiibHOTO B3aumoneiictust sapa B ux exuHoM (Y+ = X+) npocTpaHCTBe-MaTepuH.
OHU CBS3aHEI HU31y4aloT KBaHT B3aUMOJCUCTBUA (2a *p =~ 2 * (%) * 938,28 = 13,7MeV), C yI[eJILHoﬁ
sHepruent cessu (Ey, = 6,9MeV) HyknoHoB sapa. s MakCUManbHON yeNbHOM SHEPTHEN CBS3H

(Ey, = 8,5MeV), uznyyaembplii kBanT cBsi3u CunbHoro Bsanmoneiictsus B sape pasen (E ~ 17MeV). On
ObLT OOHApY)KEH B OKCIIEpUMEHTE, Kak (akt. Takue 3apsukennsie (Y- = p*/n) u Helitpanbhsie (Y- =2n)
kBaHThl CunpHOTO B3aumoneiicTBus sapa, IMEIOT YPOBHU U 000JIOUKH B AJpe, KaK MPUIHHA
¢dopmMupoBaHus ypoBHEN 1 000JI0UEK IIEKTPOHOB aTOMa.

W3 akcroM Takoro AMHAMUYHOTO (¢ # const) MpOCTpaHCTBA-MATEPHH, KAK TEOMETPUUECKUX
(baxTOB He TPEOYIOLIUX A0KA3aTENbCTB, (M — n) cxoauMoctu, popmupytorcs HenenumbiMu Obnactsamu
Jlokanu3zanuu kak HepenuMbIX (X+) u (Y+) KBaHTOB JMHAMHUYHOTO MPOCTpaHCTBa-MaTepuu. Henennmele
kBaHTel (Xt =p), (Yx=e) X x=v,), Y £=v,), XE=v.), (Y= y), bopmupyror OJI —
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nepByro O6macts ux Jlokammszamuu. Touno tak popmupyrorest OJIz , OJIz - Obnactu Jlokanuzamnum
HEACIIMMBIX KBAHTOB.

| or | on, " o 1 |—— 9%

puc. 3.4 KkBaHTOBas cucTEMa KOOPAUHAT

Brigenum HeoOXoauMBbIe 3/1eCh (GaKThl. DIEKTPOH U3TydaeT U norjomiaet Goton: (e « y ). Ux ckopoctn
CBsI3aHBI COOTHOIIEHUEM: (V, = a * ¢). TOYHO Tak cBs3aHBI CKOPOCTH PoTOHA (Y © Y, ) U YKe
CBEPXCBETOBOTO PoTOHA(V), <> & * V), ). OHHU CBA3AHBI KPACHBIMH JIMHUAMHK Ha puc.4. [TocnenosareabHOCTH
U3JTyYCHHS U MOTJIONICHUS HEeJICTTMMBIX (CTaOMIIbHBIX) KBAHTOB, B TAKOI KBAHTOBOW CHCTEME KOOP/MHAT:

..(ps 2 p6), (s 2 i), (i 2 pz), Pz > PF) .-
C COOTBETCTBYIOIIUM siipoM atoma: (p*/e™) BemecTBa 0ObruHOTO atoma, (p; /e;) anTuBemiecTsa sapa
«3BE31HOTO atoMay, (pf /e; ) BelecTBa sapa ranaktuky, (pg /ed )anTuseniectsa sapa KBasapa u »,
(pa /eg )BelmecTBa sAIpa «KBa3apHOW raJakTUKKW». Jlajblle, HCXOIUM U3 TOTO, UTO KBAaHT (p;;) BEIIECTBA
(Y—=p;/n] = e;;) Aapa miaHeT H3ITy4aeT KBaHT

223591

(ef; =2+ ax*(p;f = 1,532E7 MeV)) = 223591MeV, wm: o328 el =2383xp
Maccy a7pa ypaHa, KBaHTa «aHTuBemectsa» M(e}) = M(238,3 * p) = 238U , anpa ypana. Taxoe
«anTuBemectBo» (ef = 238U = Y—) ecTb HeycTOHYMBBIM, U pacHafaeTcs 5K30TEPMHYHO B CHEKTD
aTOMOB, B si/ipe Tu1aHeT. Takue pacueTsl corjacyroTces ¢ HabmogaeMbIMu (hakTaMu.

B cBepxceeroBoM yposHe w;(a N (y = ¢)) ¢usudeckoro Bakyyma, Takue (p; /€5 ) 3Be3/Ibl ce0s He
nposssoT. Jansiie, peds uaer o semectse (p7 — py) aapa (Y— = pi/nd = e}X) «uepubix cdhepy,
BOKDPYT KOTOPBIX, B MX I10JI€ TPABUTALMH, (POPMUPYIOTCS LIAPOBBIE CKOILIEHUS 3BE3/1. AHAJIOTHYHO Jallee,
peub uaet 00 U3IydEHHAX BEMECTBOM aHTUBEILECTBA U HaobopoT: (pd = ps), (ps — p7) , (pF = 7)),
(p1 = V) . OGuias mocne0BaTENLHOCTS UMEET BUI: Pg , D7 » Do» Ps, Pi» P3» Pz, P1 D VE Ve o

Haneme: HOJM = M(e, = 1,15E16 )(k = 3.13)M(y, = 2,78 E — 17 ) = 1. Dtu kBauthl (ps/e€s)
sA7Ipa ralakTHK OKPY/KEHBI H3JIy4aeMBIMH 110 OTIAEILHOCTU KBaHTaMu (P, /e,) Aapa 3Be3l, U €CTh IIPUUMHOM
ux popmuposanus. Takue spa ralakTHK, B yPAaBHEHUSAX KBAHTOBOM IPaBUTALIUK, HMEKOT, CIIUPAIIbHBIE
pyKaBa MaccoBBbIX TpaekTopuii, yxke: v;(y, = a~1c) = 137 # ¢, B cCBepXCBETOBOM IIPOCTPAHCTBE

ckopocTeii. Hrke sneprun cBeToBbIX poTOHOB (1), = 137 * C) B hpU3MIECKOM BaKyyMe, FaJIaKTUKH Ce0s He

MPOSBIISIIOT. BHE ranakTuk, peyb UIeT 0 KBaHTax sapa Mera 38e3n (Y— = ps /ng = ec) . OHn
IEHEPUPYIOT MHOXKECTBO KBAHTOB (€5 = 2 * @ * p; = e}, = 290pS) snpa ranakTuk. AHAIOTHYHO JaJI€e.
Baxxno 10, uto 00b14HBIN QoTOH (Y+ = y) MOXKET U3Ny4yaTh U MOTJIONIATh yKE CBEPXCBETOBOM
doron (Y + = y,) TouHo Tak, kKak u 5mekTpoH (Y+ = e) usinydaer o6brunsiii poron (Y+ = y).
HcTounnkoM 0OBIYHBIX (POTOHOB SIBJISIFOTCS 3B€3/Ibl. A HCTOYHUKOM CBEPXCBETOBBIX ()OTOHOB, SBISIOTCS
«TSKEIbIeY AIEKTPOHBI Apa FAIaKTUKH.
HOJI = M(e, = 3,524 E7 )(k =3.13)M(y =9,07E—-9) =1
HOJI = M(e, = 1,15E16 )(k =3.13)M(y, = 2,78E—-17) =1

[Mpugem, mis porona (Y+ = y), ckopocts cBepxcBeToBoro Gotona (Y + = y,) Oyner UMeTh Takyro ke

c+137xc c(1+137)
CKOPOCTb CBETa: W = —y37icee = 1) ¢ . Oty cBs3u ykasansl Ha puc.4. [To cyru, peus o
2
(o

«TIOTPY)KEHUM» KBAaHTOB sJ[pa 3B€3]1 M FAJIAKTHK, B COOTBETCTBYIOIIME YPOBHU (pU3NUEeCcKOro Bakyyma. Kak
BHJIUM, KBAaHTBI ]Ipa FAIAKTHK «IIOTPYKEHBD» B CBEPXCBETOBOE IIPOCTPAHCTBO CKOPOCTEH. 3aia4a COCTOUT
B [IOMCKE TaKUX ()OTOHOB B HAIIPABIICHHUH si/Ipa TalaKTUKU, KaK UICTOYHUKA CBEPXCBETOBBIX (DOTOHOB

(Y + =y,). Hanpumep, opOUTAIBHBIN SIEKTPOH BOJIOPOIa U3TydaeT POTOH MPHU €ro Mepexo/ie ¢ OAHOM
op6utsl Ha pyryto. [lonsTHO. Tak BOT, u3iTydaeMble (POTOHBI, C OAUHAKOBBIX OPOUT AIIEKTPOHOB BOJOPOIa
B HAIIPABJICHUU HA ApO ['alakTUKH, U B IEPIIEHIUKYJIIPHOM OT siipa [ alakTUKK HallpaBIE€HUU, MOTYT
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uMeTh Takyo: E = p * ¢ * (1 + a), pa3Huiy sHepruil. Pemaromee c10Bo 37eCh CKaXKyT IPOOHBIE
9KCIEPUMEHTHI.

Taxoe jxe peraroiiee cI0Bo, Ja1yT TPOOHBIE SKCIIEPUMEHTHI IO OOHAPYKEHHUIO KBa3UITOTEHIINATBHBIX,
KBAHTOBBIX I'PaBUTAIIMOHHBIX TOJIEH YCKOPEHUI.

oL ‘o

n=d, T Xr i)
' (v-) M ™
s /f/é_]‘—hj St .
n=3 ¢ ] .
,’ (X+) -
2 =S — e (X ﬂ\_. St
#%‘ -: _
— "------'- T""\-\ -
X-)

1 [ ‘_--_-_:—":]

puc. 3.5 KBaHTOBbIE I'PaBUTALIIOHHBIE MOJIS
CyTb 3KcIiepuMeHTa B TOM, 4T00 IPOMYCTUTH (POTOH Jia3epa 4epe3 KBAHTOBBIE I'PABUTALIMOHHBIE MOJIS
yckopenuit, Hanpumep: (X+= p) - npotoHa, (X+= %a) - vacTuisl, sapa remus. ITo yPOBHH MACCOBBIX
G(X+ =Y-) tpaekTopuii 37ekTpoHHbIX (Y- =¢’) OpOUT aToma.

4.B rny6uHax (pu3HUecKoro Bakyyma

[Tono6no JlexapToBOiA, JH000# Ipyroit CUCTEMBI KOOPAWMHAT B EBKIIMIOBOM aKCHOMATHKH, YK€ MOXKHO
MPEJCTaBIATh KBAHTOBYIO CHCTEMY KOOpAMHAT Ha (M) 1 (n) CXOAUMOCTSX MPOCTPAaHCTBA-MATEPUH, TOUKH
KOTOPOi1 €cTh HeJleMMbIe KBAHTHI, B TIOJTHOM BU/IE .

puc.4.1 kBaHTOBas cucTeMa KOOPAUHAT
VYike B Takoi KBAaHTOBOM cucTeMe KOOPAMHAT, MOKHO paccMaTpUBaTh CBOWCTBA MPOCTPAHCTBA-
Matepun BeenenHoii, Buaumoi u HeBuaumMoit st poroHos u Heiltpuno (OJ1;) ypoBHsA. Mbl TOBOpHUM 0O
BUJIUMOM paciupenu, puxkcupyemoro (Y +=y = c¢) potonamu (OJ1;) ypoBHs HEEIUMBIX KBAHTOB
IPOCTPAHCTBA-MATEPUH (P, €,Vy, Yo, Ve, V) B KBAHTOBOH cucTeME KoOpauHaT. Terneps npeacTaBum
HeJIeTMMBbIe KBAaHTBI IPOCTpaHCTBa-MatepuH, B Buae 0J1;; (m) ux (m) cxogumocru.
OJI; ...0JI5 ...(p3 e3 pye; P11 = 0J1,)(p, e,Vy, Yo, Ve, ¥ = OJ1,) (V¥4 VoY Va¥s = OJl) ...0JI_;0JI_, ... OJI;

ITpu sTOM, ckopocTb anekTpoHna (0J1;) ypoBus: (W = (a = é) xc,umt (w = a®¥=Y x c. Teopus

OTHOCHTENHLHOCTH DUHIIITEIHA U KBAHTOBAS PCIATUBUCTCKAA JUHAMUKA, JOIYCKAOT CBEPXCBCTOBLIC

CKOpPOCTH B MPOCTPAHCTBE-BPEMEHH.
a7 c+Nc Ey a11NC+C
Wy =—=c Wy =———=c, mia aq; =ay, =1.
Y ™ 14cxNc/c? ! Y " a,,+Nc/c > A 11 22
3nech (T a;; V) ay, T) =1 xocuHycsl yritoB napamwiensHOCTH B Bie: COS(@y) * cos(py) = 1. Toraa
ckopocTH cy6hoToHOB (¥; ) husmueckoro Bakyyma paBHbl: (w; = a"N="172-) x ¢) cBepXCBETOBBIM
ckopocTam B (0J];) ypoBHsAX (u3MdIecKoro Bakyyma. AHAJIOTHYHO NpocTpaHcTBo ckopoctei B (0J15)

ypoBHsx B Buge: (w; = a(*N=123-) x ) npu ycnosun npenensusix (w; * w; = atNex a™Ne =11 = ¢?)
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MOTEHIMAJIOB B nocTynarax DiHmrerHa st (0J1;)ypoBHa. B Takux jke NOTEHIMANaX pacCYUTHIBACTCS U
CIIEKTp Macc HeJIeMMMbIX KBAHTOB BCell KBaHTOBOI cuctembl koopauHat 0J1;;(m) na (m) cxoaumoctw,

2

ananmoruuHo pacueram macc m(X+=7Y —) = K, (0J1,) yposus. my = G% , My = = ;ny
tabnuna 1.
KBanThl siapa 2a*p,=N*p,, N | (X¥) =p*; (MeV) (Y1) = e (MeV)
P27 =2e%/G e27=2ps/ o
P27 =2,7 E111 MeV | e7=1,489 E108
OJl+11 MeV
o Excaksazap 20* pa =290p3; 14 | p 26 =2ex/G €26=2 Poa/ o
p 2 =7,9E107 MeV | exs=9,1 E103 MeV
2a* p,. =238p1, P 25 =2e2/G e25=2 P/ o
p 25 = 3,96 E103 e25= 2,6 E100 MeV
MeV
CynepkBaszapH. ® | 2a* p., =25p,, 13 | p* 24 =2e23/G e24=2p2/d
Tanaxr. 1 pona P2a =2,4E99 MeV | e2a=1,32 E96 MeV
OJI+10 | yepHBIX chep 20 * py, =290p,, p* 23 =2e2/G e23=2pa/ o
p*23 = 7,01 E98 MeV | e3=8,1 E91 MeV
O cymepKBasap 2a*p, =238ps, | 12 | p 2 =2exn IG €2=2 P/ o
1 pona D22 =3,5E91 MeV | ex2=2,34 ES8 MeV
200% p3, =25p3, P21 =2ex/G €21=2 Pro/ o
p 21 =2,16 E87 MeV | ex1=1,17 E84
OJI +g MeV
eeCynepkBasapH | 2¢ * pi =290p;, | 11 | P"20 =2e19/G e20=2pis/ o’
. Tanaxkr. 2 pona P20 =6,226 E83 e0=7,2 E79 MeV
MeV
JepHBIX chep 2a* ply, =238pr, p* 19 =2e18/G e19=2p17/ o’
P19 = 3,13 E79 MeV | e19=2,08 E76
MeV
OOCyNepKBasaphl | 2¢ * p.. =25p/, 10 | p 18 =2e17/G e18=2pis/ o
2 poma p1s =1,9 E75MeV | es= 1,04 ET2
OJl+7 MeV
2a* pr, =290p;, p 17 =2e16/G e17=2pis/ o
p 17 =5,53 E71 MeV | e17=6,38 E67
MeV
®Meras3Be3/HbIe 2a*pl=238p, | 9 P16 =2e15/G e16=2 P1a/ o
TaJIaKTUKA p'1e =2,78 E67 MeV | e1s=1,84 E64
MeV
yepHbIe Cepsl 20% pl, =25p,, P15 =2e14/G e15=2pis/ o
p*is =1,7 E63MeV | e;5=9,26 ES9
OJl+6 MeV
O MerasBe3/Ibl 2a*p,=291p;, | 8 |P 1 =2e IG e14=2 P12/ o?
p 14 =4,91 ES9 MeV | e1s=5,67 E55
MeV
CynepIuiaHeTs 20* py =238p,, P13 =2e12/G e13=2pu/ o’
p 13 =2,46 ES5 MeV | e13=1,64 E5S2 MeV
® KBa3apHBIX 2% pi =25p;, 7 |p'12 =2e11/G e12=2pio/ o?
raJjakTuK 1pona p'12 =151 E51 MeV | e;p= 8,22 E47 MeV
OJl+s | uepHBIX chep 20* p}, =290p,, p* 11 =2e10/G e11=2pg/ 02
p'11 = 4,36 E47 MeV | e;1=5,03 E43 MeV
O KBazapbl 2a*p, =238p; 6 |p 10 =2e/G e10=2ps/ 0’
1 pona p 10 =2,19 E43 MeV | e10=1,45 E40 MeV
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20[*‘}1;1’;:25108+ P9 =26 /G eg=2p7/a2
P9 =1,34 E39 MeV | ey=7,3 E35 MeV
OJI+4 | e® kBa3apHbBIX 2a* pi =290p; 5 | p's =2e7/G es=2ps/a
rajJlakKTuK 2pojia p's =3,87 E35 MeV | eg=4,47 E31 MeV
4epHbIX chep 2a* pi =238p, p*7 =26 /G e7=2ps/a
p7 =1,94 E31 MeV |e7=13 E28 MeV
0O KBa3apsl 2a*p, =25p; 4 |pes =265/G e*s =2ps/o?
2 poxa p's =1,19 E27 MeV |e"s =6,48 E23
MeV
OJl+3 | MexranakTiueck | 2g * p: =290 p; Ps =2e4/G es=2p3/a
WX YEepHBIX cdep ps =3,447 E23 es = 3,97 E19
MeV MeV
® 3BE3HBIX 2a* pi=238p,; 3 |pT4=2e3/G e 4=2p2/a?
laakTuk pTs4 =17 EI9MeV |e 4=115E+16
MeV
lamakTudaeckux 2a* pi =25p, ps =26 /G e3=2p1/0?
4epHBIX cdep ] p*3 =1,057 E15 e 3=5,755E11
OJI+2 MeV MeV
O 3Be3sl 2a* p; =290p, 2 |p2 =2e1/G e2=2p/o?
p 2 =3,05 ELl MeV | e;= 3,524 E7 MeV
TTnaHeTs! 2a* p; =238p° p1=2e/G e1=2vyu/o?
p1 =1532E7 MeV |e;=10178 MeV
2a*p" =25v, 1 |p"=2v/G e =2ve/
p" = 938,28 MeV e =0,511 MeV
OJI+1 | ypoBEHb 0%y, =292v,; vu=0a? e /2 vo=G p/2
vy =0,271 MeV yo =3,13*10°MeV
0 |ve=a%/2 Y =Gvyu/2
ve =1,36*10° M eV | 7' =9.07*10°MeV
duzmyecknii v1 =0 yo /2 v1=G Ve /2
BaKyyM v1=8,3*101° M eV Y1 = 45%1018 M
OJlo YPOBHS eV
-1 vi1=0?y/2 v2=Gv1/2
v2=2.4*1018 MeV | 7,=278*10" M
eV
vs =02 y1 /2 v3=Gv2/2
v3=1.2*10Y MeV |vy3=8,05*10" M
eV
dusznyeckuit -2 Va =02 y2 /2 Ya=Gv3/2
BaKyyM va=7.4*102% MeV |y4=4,03*10"®M
OJI -1 | ypoBHs eV
Vs =0 y3 /2 vs =G va[2
v5=2.14*10® M eV |ys5 =2.47%10% M
eV
-3 Ve =0 ya /2 Y6 =G vs /2
v6=1.07*10® M eV |y6=7,13*10%M
eV
dusnueckuit v7 =02 y5 /2 v7=Gve /2
BaKyyM v7=6,57*10%* M eV Y7 = 3,58*10°% M
OJI 2 | ypoBHs eV
-1 vg =0 Y6 /2 18 =G v7/2
vg=1.897*10%" MeV | y5=2.2*10*" M eV
Vo =02 Y7 /2 vo=Gvg /2

v9=9.5%10% M eV
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¥9 = 6,33*10% M
eV
dusnueckuit -2 vio =02 vg /2 v10= G vg /2
BaKyyM v10=5,8*10" M eV Y10 = 3,2*104° M
OJI 3 | ypoBHs eV
Vi1 =a2 v /2 v11 =G v10 /2
v11 =1.685*10%° M y11 = 1.9*10% M
eV eV
-3 vz =02 Y10 /2 y12=Gv11 /2
v12 =8.46%10°* M eV | y12 =5,62*10°" M
eV
duznueckuit v13 =02 y11 /2 v13=Gv12 /2
BaKyyM v13 =5.2%10% M eV | y13=2,8*10" M
OJI 4 ypoBHs eV
-4 Vi4 -0 Y13 /2 Y14 = Gviz/2
v14 =1.5%10%" M eV | y12=1.7%10% M
eV
Vi5 -0 Y10 /2 vi5= G v14/2
v15 =7,5%10% MeV | y15=5%10% MeV
Du3nyeCcKui -1 V16 =02 Y14 /2 v16 = G vi5 /2
BaKyyM vie =4.6%107° MeV |y16=25%10" M
OJI -5 ypoBHs eV
v17 =02 15 /2 v17 =G v16 /2
v17 =1.33*107% MeV | y17= 1,5%107" M
eV
-2 vis =0 y16 /2 vi8 =G v17 12
v1g =6.7 *107® M eV | yis = 4,43*10% M
eV
duznyecknii V19 =02 y17 /2 Y19 = G v1g /2
BaKyyM vig =4.1*10%8 M eV | y10=2.2*10% M
OJI 6 ypoBHs eV
-3 V2o =0 Y18 /2 v20 =G v19 /2
v20 =1.18*10% M eV | y20=1,36*10% M
eV
v21 =02 Y19 /2 Y21= G v20 /2
v21 =5.9*10%° M eV | y21=3.94*10%" M
eV
dusnyeckuit -4 V22 =02 Y20 12 v22 = G v21 /2
BaKyyM vz =3.6*10% M eV | y22=1.975*10%" M
OJI 7 ypoBHs eV
V23 =02 Y21 12 v23 =G v22 /2
v23 =1.05*%10%" M eV | 23 =1,2*101" M
eV
-4 voa =02 Y22 12 Y24 = G v23 [2
v24 =5.26*10192 M Y24 = 3.494*1071%
eV M eV

Ho B atmocdepe 3emin, BO3MOXKHBI (PUKCALIMU YACTUIL C SHEPTHEH p, =

HOJI = Wj(eZ6) *w;(2q) = (@Pw,) * (a7 B3w,) = wg =

HOJI=9,1 E103 *(3,14=L/d)*3.494*10%=1,

e>= 3,524 E13 eV, xak MUHUMYM.

m, =1

305 E15 eV winun
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®parMmenTanusa GuU3NYECKOro BaKyyma.
NHTepeceH GaKT porKAeHUs SNEKTPOH-NO3UTPOHHOM Napbl BbICOKO3HEPreTMYeckum ¢oToHOM. ITO
¢daKT. B gaHHOM cnyyae MOXKHO NpeacTaBUTb MOAENb ANHAMUKN NPOCTPAHCTBA-MaTeEPMK 3TOro NpoLiecca.

(Y-=e%)

Vo)
f%/

(- =¥+

T
(¥-=Y) T ——
puc. 4.1 poskaeHue 3/IEKTPOH-NO3UTPOHHOM Napbl
Tak, BbicokoaHepretnyeckunit (Y— = y) ¢otoH, poxkaaeT anektpoH (e~ et) nosutpoHHyto napy B none
(X+ = p™) CunbHoro Bsaumogeiicteua (X+ = p*) npotoHa aapa. dHeprus Takoro potoHa. Kak
M3BECTHO, J,0/MKHa b6biTb pasHoM (E = 2 * 0,511 MeV). B exunbix Kputepusx DBONONNM, BCIKas KBAHTOBAsI

o . E .
motHocTh (P = V?) NpecTaBIsSeTcs CUMMETPHEN IByX KBAHTOB C YaCTOTOH (V = E) u sHeprueit (E = hv)

3NIEKTPOHA M MIO3UTPOHA, B TAHHOM ciydae. TOYHO TaK, Mbl TOBOPMM O TeHepaliuu KBaHTamu (p; /1) sapa

2380U) angpa ypana, (p* & n), ¢ mocieayIOMUM pacraaoM B

CHeKTp aToMOB. 3 paccCMOTpEHHBIX CBOMCTB (PM3NYECKOTO BaKyyMa, Mbl TOBOPUM, UTO U3 «IHA

3emun kBauTOB(2a0p; = (Y —) = 238p™ =

(hM3UYIECKOTO BaKyyMa» O€CKOHEUYHO OOJIBIITUX MIOTHOCTEH (p;(X—) — 00) NWHAMHYHOTO MPOCTPAHCTBA-
Matepuu BceneHnHoi:

_ (RX=)— rn(X=)-0\ _ _ (n(¥=)—>0 Ry(Y=) —» o\ _
(X i)” = p} (p}}(X—) 5 0>Vi (pl(X—) N OO) = 1, (Y i)]l - e]' <pj(y_) N OO)VL <PL(Y—) N 0) = 1!

«BBINANAKOTY KBaHTHI (X +); nmpoMexyTounbix miotHocteld (0 < p; (X —) < o), BIWIOTH 10
KPYITHOMAcITaOHbIX KBaHTOB (X 1), IMHAMHYHOTO IPOCTPAHCTBA-MaTEPHH. MBI TOBOPUM O KBAHTAX sIpa
KBa3apoB (X+ = pg), kBaHTOB (Xt = p5) MEKralakTHYECKUX «UEPHBIX cepy», kBaHToB (X+ = p,) sapa
rajJakTuK, KBaHTOB (Xt = p3) ranakTHUECKUX «4epHBIX cep», KBaHTOB (X + = p,) sAapa 3Be3x,
MOPOXKIAEMBIX (PU3NYECKUM BaKyyMOM OECKOHEYHO OOJIBIINX INIOTHOCTEH (p;(X—) — o). U yxe Takue
KPYITHOMACIITaOHbIE KBAHTHI U3IIy4arOT ¥ TEHEPUPYIOT APYrHe KBAHTHI IPOCTPAHCTBAa-MaTepuu BeeneHHoH.

V3Ke Kak CIIe[ICTBUE TaKHUX 00CTOATENILCTB, MOKHO TOBOPUTH O TOM, 4TO (p1/M) KBAHTHI sApa
IUIaHeT, 3eMIIM B TOM YHCJIE, TEHEPUPYIOT KBauThl (2ap; = 238p*t = %38U) anpa ypana, (p* = n), c
MOCJIEIYIOIUM PaclaoM B CIIEKTP aTOMOB B 9K30TEPMHUYHBIX PEAKIHIX pachasa.

Takum oOpaszom, pusndeckuii Bakyym MexIy oObeKTaMu BeeneHHOH, 3T0 MHOTOYpOBHEBOE
MPOCTPAHCTBO CKOPOCTEH, B KOTOPOM (DOTOH MMEET COOCTBEHHYIO CKOPOCTh. DOTOH HE MOKET IPOHUKHYTh
B CBEPXCBETOBOE IMPOCTPAHCTBO CKOPOCTEH, M OH HE MOKET 3aMeUINThCA. 11 MBI TOBOpUM O TOM
00CTOSITENIbCTBE, YTO CIYCTOK SHEPruH MaccoBbix (Y —) TpaekTopwii, MOKET pparMeHTHPOBATH B
¢u3nueckom Bakyyme BeeneHHOI B HelenmuMble KBaHTHI TPOCTPAHCTBA-MaTEPHH, C ONIPEAETICHHONH Macco,
¢ u3BecTHOM opmynoit (E = mc?) DitHurelina.

B kiaccuueckoii peIsiTHBHCTCKON auHamuke: R? — c?t? = Z—z = R? — ¢?t?, mpocTpaHcTBa-
BPEMEHH CaMO MPOCTPAHCTBO-BPEMS MCTIBIThIBAET yckopenue: b%(R 1% — b%c?(t N2 = (¢* =F).B

K K? .
enuHbIX Kputepusx, (b = ﬁ) (R=K)= 7z = II, MBI TOBOPHM 0 MOTEHIMAIE B IPOCTPAHCTBE CKOPOCTEid
(g = ?) BEKTOPHOTO MPOCTPAHCTBA B J1000# e(x™) cucreme koopauuar, rae Il = gy (x™)
¢byHameHTaBHBIN TeH30p PumanoBoro mpocrpancTsa. Torya B 00IIeM ciydae UMeeM:
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Mf — M3 = (M (X+) = MY =) (X=) + 1T, * (Y+)) = (AH1(X+f Y-)D ! QAILX-=Y+) 1=F
Ota cuna Ha BceM paguyce (R = K) Buaumoii cdepsl equnoro (X+= Y +) npocrpancrBa-marepuu
Bcenennoit, naet (temuyto) sHepruto (U = FK) nunamuku Beenennoit, B rpaBut (X+= Y —) MaccoBbIX U
B anekTpo (Y+ = X —) MarHuTHBIX 101X [103TOMYy, 3TO SHEprus pesTHBUCTCKOM TMHAMUKY BeelleHHOI.

(2 —M3)K = (I, — MK, + II,) = (All)(X+=Y—=) | K(AIl,)(X—=Y+) T=FK =U
B uem ee npupomna? Ha paguyce (R = K) nunamuano# cdepsl BeelleHHOM ecTh 0IHOBpEMEHHAsE THHAMUKA
enunoro (X+= Y+) npoctpancrBa-matepun. PaccmarpuBasi AMHAMUKY MTOTEHIIHAIOB B TPABUT MAaCCOBBIX
(X+=Y-) nonsx, xak yxke uszBectno,(I1; —I1,) = g, (1) — 9k (2) # 0, peus 06 ypaBHEHHU
«rpaBuTalum» Rj, — %R ik — %/1 Ggix = kTy, Ob6meit Teopun OTHOCUTENBHOCTH, B JI000I cucteme
gi (x™ # const) xoopauHar, u B pasmmunbx ypoBHsix currymiproctd i Ol husnueckoro Bakyyma
Bceit Beenennoit. [Ipu sTom: (Rl-k - %Rgik = All; = kT, + %Agik) (X+=Y—), kxpome KpUBU3HBI
HPOCTPAaHCTBa-MaTEPUH BbI3BAaHHOMN TeH30poM (kT;j )3HEPTUH-UMITYIIECA, MBI TOBOPUM M O THHAMHUKE

— g2
(T»)2 — H )’
HOJI = (T; - »)(t; » 0) = 1, Becenennas ucuesaer Bo Bpemenu (t; —» 0), Ha OECKOHEUHBIX pagrycax

(bU3NIECKOTO BaKyyMma: %A(gik = 4ma® x p), rae m3 (a(t) » o) u (p =

) o t
(a(t) = ), c mapamerpom Xaboma (H = %) uHpsronHoM (a = ¢T * ch Z—T) Mo1eTi. MBI TOBOPHM O
chepe (x™ =X, Y, Z, ct # const) HecTaIMOHAPHOTO EBKIMIOBOTO MPOCTPAHCTBA-BPEMEHH, B BUJIC:

(x™=XY,Zct) * {(ch i:(f;—z(;_;) (X+=Y —) * cospx(X— = Y+) = 1} . I'paauent Takoro (AIl,)
0—1o -

MOTEHITNAaJIa, TOXKE H3BECTHO, JIa€T YpaBHEHUS KBAHTOBOW I'PaBUTALNU ¢ HHAYKTHUBHBIMU M (Y —)
(CKPBITHIMH) MAaCCOBBIMH TIOJSIMH B IPaBUTAIIMOHHOM moJie. Peus uaer 06 (Al ~Ty,) 4 (X+=Y-)

E=N?K\ (E=N°K K? _ N N
SHepruu-ummynsce Ty, = > > = — = (II), rpaBur (X+= Y—) maccoBsIX noneil Bceit
p=I“T i p=I“T k T

BceneHHoi, ¢ yMEHBIIICHHEM TJIOTHOCTH MaccoBBIX (Y —) TpaeKTopHii B INTAHKOBCKHUX MacIITadax.
(Ki~)3 1
K = 070 = (Gom = (o > 0 L) (K = Vi (X +=Y=) = (o LV D= V),
(R;) * (R; = 1,616 x 10733sm) = 1, (R;)) = 6,2 10%2sm (p;(Y=) = 0).
B KBaHTOBOJ rpaBUTAlMH, Mbl TOBOPUM O JMHaMuKe kBaHToB: e(Y—); - y(Y—); B OJI;, u OJ;
YPOBHSX (PU3NYECKOTO Bakyyma Ha (m) cxoauMmocTu Bcer Beenennoii. B eaunbix Kputepusx DBorOIHH

[POCTPAHCTBAa-MaTEePHH, TUIOTHOCTh (p = — = — = V*), IaeT C = Ty
=)=

13 T2 OKOJIO HYJICBEIC ITapaMETPhI

MIHOBEHHOTO «B3phiBa» Geckoneuno dombmoi (p(Y—); = — 00) TUIOTHOCTH JMHAMHUYHBIX MacC B

T(Y-),?
(Y+ = X—), none Bcenennoii. [Ipu 6eckoneuHO MabIX (T(Y—)] ; — 0) nepuonax 1MHAMMKH, B
nuHamMu4HOM npoctpanctee-marepun: HOJ = (T(Y—); —» 0) * (t(Y+= X—); > ) = 1,8 (X—), noxe
Beenennoii, npoucxoaut 6€CKOHEYHO MHOTO coObITHH, (t(Y+= X—); — ) B «CKaTOM BPEMEHW», Ha
ypoBHE V;/V;

KBAHTOB M C HAYaJIOM OTCYETA (T(Y -); = 1) * (t(Y+= X-) = 1) = 1 BpemeHH (t(X =), = 1)). U3
akcuom HOJI=K3(m =) *K3(n =i) = 1, umm (p(Y += X—); = 0)(p(X—); — o0) = 1, enunoro
MPOCTPAHCTBa-MaTepUK HauyayibHOW BceneHHo#, kBanThI(p(X—= Y+); — o0) poxaarorcs cpa3y. U yxe B
takoM (p(X+=7Y—); - 0) ¢dusznyeckoM Bakyyme pOXKAAIOTCS NU3HAYAIBHO KBAHTHI

(y(Y=); = (p(Y—); = 0) c okos0 HyIeBOI MaccOBOM MIOTHOCTHIO. VI MBI TOBOpUM O paauyce chepsl
HECTallMOHAPHOTO EBKJIN0BOrO pacmupsiomerocs npocrpanctsa, R(X—); — oo, Ha (m) cxomumocTu, 1
r(X=); = 0, Ha (n) CXOXMMOCTH, TO €CTh CBEPXCBETOBBIMH ckopocTsamu: (w; = a("N="1-2-) xc) '
(OJI;) ypoBHSX (pU3MUECKOTO BaKyyMa.

B akcromax quxHamudHOTo npoctpanctBa-matepun HOJI = KI3(m = j) * K3(n = i) = 1, cymectBytor
Henemamere O6nactu Jloxammsamuu: (X 1) ;; = p;(X™)v;(X™) u (Y 1)j; = ¢;(Y™)y;(Y™) cocTosmus
KBAHTOB, C B3auMHO optoroHanbeiMu (X™) L (Y™) cucremamu KOOpAMHAT. DTO 3HAYUT, YTO €CITH €CTh
(Y— = ej), T0 Beeraa ecth (Y— = y;) KBaHTbL. AHAJIOTUYHO (X— = pj) u (X— = v;) xBanrtel. O1crona
CIeyeT KBajpatudHas GopMa IMHAMUKK dHepruu kBaHToB: (AE? = h2A(p = v?) .
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puc.4.2 k TMHaMUKe pocTpaHcTBa-Marepun BeeneHHoi
Yewm Goupiie paauyc AuHaMUIHON chepbl(r — R) Tem MeHbIe KpuBu3Ha(Ad, — Ag) MpocTpaHCTBa-
MaTepuM U Hao0OPOT, B COOTBETCTBHU co cBoiictBamu HOJI = (rd,) = (RA,) = 1, camoro mpocTpaHcTBa-
marepun. 3xece: A(X —) = (r - R)tg o(X—) u A(Y =) = (r - R)tg ¢(Y—), coorBercTBeHHO. TOUHO
tak, cootHomenus miotHocteit HOJ = (pole) = (pgdp) = 1, Ipu HEM3MEHHBIX TOTEHIHANAX OIS, M
TOo4HO Takue cBoicTBa (T) - meproia TMHAMHUKA KBAaHTOB | (t) — MX OTHOCHUTEIFHOTO BPEMEHH COOBITHH,
HOJI = (Tyto,) = (tyT) = 1 . Ha Geckoneuno 6onpmux paauycax, Beenennas ucuesaer Bo Bpemenu (t)
Y TUIOTHOCThH TIPOCTPAHCTBA-MAaTEPHU CBOJIUTCS K HYIIO (P, ), BO Beex cirydasx. OOparHas KapTHHA B
TUTIEPOOTMYECKUX CBOMCTBAX, MPOUCXOANUT B TIIyOUHAxX ¢u3ndeckoro Bakyyma Beenennoit. Takoe
COCTOSTHHE TMHAMUYHOTO TIPOCTPAaHCTBA-MaTePUH IPEICTABICHO KBAHTAMHU:
XD =p, <R1(X_) - oo>w (Ti(X:) - 0) —1, )= ( U(Y_) -0 )Vi (Ri(Y:) - oo) 4

pj(X=) -0 pi(X—) = pj(Y=) - pi(Y—=) -0
CaoiictBa quHaMuuHbIX cep (r = R) B IPOCTPAHCTBE CKOPOCTEIA:
(W] (X-)=a"c - 0)(;(X =) = a™¥ * ¢ > ©) = 1: UMEIOT MECTO COOTHOUICHHUS:
HOJI = (R;(X—) » ©)(4;(X—) » 0) =1, HOJI = (r;(X—) > 0)(Li(X—) > ») =1, u
(Wj(Y )=aVc->0)w(Y-)=aVNxc-omw) =1

HOJ = (Ry(Y=) > ®)(4(Y=) > 0) =1, HOJM = (r;(Y=) - 0)(A;(Y—) > ) =1.

Beienennsie cocTosiHUS (U3MYECKOTO BaKyyMa, 33/1al0T MOJJAILHOCTh CBOWCTB BEIIECTBA,
HarpuMep, IPOTOHA, HIICKTPOHA M AHTUBEIECTBA COOTBETCTBEHHO. KBaHTHI IPOCTpaHCTBAa-MaTepHH UMEIOT
CBOMCTBA M3JIy4aTh U HOIomaTh. D1aekTpoH (Yt = e) uznyuaer u noryomaet (Y £= y) ¢oton. [loatomy
MBI MOKEM I'OBOPHTH, 4T0 (Y= = €;) KBaHThI 60JIe€ BHICOKOH IIOTHOCTU MacCoBbIX p (¥ —) nouei,
TIOCIIEI0BATENBHO H3Iy4aloT KBaHThl (Y= e;_,) MeHbIIei mioTHoCcTH, 1 fanee (Y= y) KBaHTbI
n3nydaroT (Y+= y;_5 ....Yi_2) KBaHTHI B IIOJHYIO IIyOHMHY (pU3NYECKOTO BaKyyMa, C OKOJIO HYJIEBOI
mwio0THOCThI0. Hao60poT, kBaHThI (X+= p) Gosee BHICOKON TNIOTHOCTH MaccoBhIX p (X —) moseit
TIOTJIOIIAKOTCSA HOCIEN0BATENBHO KBanTaMu (X += pj,,) MeHbIued mioTHocTy. I[1pu 3T0M, PpopMupyrores
ycnosus: pj(X—) - o, u R;j(X—) — o, HOBOrO IMKIa JMHAMKUKK Beenennoi. Pasnudnble mioTHocTH
(Peo) 1 (po) B pasmuunbX (Y— = X+); u (X— =Y +) nonsax, 1ar0T pasHUIly IITOTHOCTEH

AE? o o
(A(p = v?) # 0). Umenno sra (Ap = h—Ez) pa3HHIIA IUIOTHOCTEHN, €CTh MPUUYNHON U3TydeHUs U (MIIN)

MIOTJIOIIEHUS SHEPTUM KBAHTOB ITPOCTPAHCTBa-MaTepru. Mbl TOBOPUM O KBAaHTOBOM (HE McCUe3aromiei)
JTMHAMUKe
(Rj(X=) = ) = (Ri(X=) = 0) u (Ry(Y—) = @) - (R;(Y—) = 0)
IIPOCTPAHCTBAa-MaTEepHH, B KBAHTOBOM (1M — n) cucremMe KOOpAWHAT. APryMEHTOM TaKOH AWHAMMKH, €CTh
«remMHas sHeprus» pacmupenus (R;(Y—) — o) npoctpanctBa-marepun. Takas TMHAMUKA YCKOPEHUIL:
(b=pR), (p;(X =) = 0)(R;(X—) =) = HOJL, u (pi(¥ =) = 0)(R,(Y~) - ) = HOJI
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KBAaHTOB IMHAMUYHOTO MPOCTPAHCTBA-MATEPUH, ONIPEACTISIETCS U IMEET CBOMCTBO, IMPHHIINIIA
HeonpeneneHHocTy. Muade roops, B otux (X +);; u (Y £)j; yposusax R;(X—) , R;(Y—) dusmueckoro
BaKyyMa, CBOMCTBa JIt0OOM TOUKH, 3TO CBOMCTBA MPOCTpaHCTBAa-MaTepuu Beel Beenennoit. 9to
MIPOCTPAHCTBO CKOPOCTEH, B KoTopoM (popmupyrorcs Bce Kpurepun IBosonnn marepun. HazoBem ux
®ounoreiMu Kpurepusymu DBOTIONIH 3apsaI0BbIX U MaccoBbIX (X —); u (Y —); Tpaektopwuii, ¢ X
KBAaHTOBOM JHamuKoit. 1 yxe Ha stoM (p;(X =) = 0), (p;(Y =) = 0) dowe, T0 ects: (p = v?) , naer
nuHaMuKa JlomuHMpyromux, 10X Kpurepues DBoJoluy, B MHOTOMEPHOM IIPOCTPAHCTBE CKOPOCTEN, B
cropony yBeauuenus 4actot (T p =T v?), a paBHO M INIOTHOCTEH KBAHTOB JMHAMUYHOTO POCTPAHCTBA-
MaTepuH Ha UX (M) CXOIUMOCTH.

C npyroii CTOpOHBI, TaK€ CBOKWCTBA JAIOT KBAHTOBYIO 3aITyTaHHOCThH BCETO TUHAMUYHOTO
npocTpaHcTBa-Marepuu BeeneHHoM B 11€10M. Mbl roBopuM 00 0JTHOBPEMEHHOM U IPOTUBOIOIOAKHON
nuHamuke mo0six Kpurepues Dpomonnu Ha 6eckoneunbix Rj(X—) , R;(Y—) pagmycax cdep-Todex B
Ka)X/IOM YpOoBHE (M — n) cX0AUMOCTH (PU3UIECKOTO BaKyyMma. J{Jisi MOHMMaHUS, 3TO TIOAOOHO CKaTepTH Ha
CTOJIe, T]IE «IeXKaT, CKakeM, JiIBa 00bekTa A n B» Ha 1o0BIX paccTOSTHUAX. ECIH «OTSHYTH 32 CKaTepTh)
(poHOBOTO KBAaHTA MPOCTPAHCTBA-MATEPHH), TO OOBEKTHI A U B C MPOTHBOIIOIIOKHBIMU CBOHCTBAMHU

(cxaxxem, BotHOBOU (yHKINH i = ./ (+Y (—y ) xBaHTOB (M) CXOIUMOCTH ), OyIIyT MEHATHCS
OJTHOBPEMEHHO Ha JIF0ObIX paccTosiHusX. [Ipu 3ToM 00beKT A He B3aumoielicTByeT ¢ o0bekToMm B. U 310

MIPOUCXOTUT BO BceX (M — 1) ypoBHsIX cpep-ToUeK MpOCTpaHCTBAa-MaTepHH Beel BeeneHHO.

B 06mieii KapTHHE, MBI IMEEM TUHAMUKY KBaHTOB (m) cxomumoctr (T v?2) , B omHOM cdepe-Touke,
Ho yke (n) cxomumoctr (1 v2) chep-Todek Beeil BeeneHHOM, ¢ yka3aHHOM KBAHTOBOM 3aITyTaHHOCTBIO
MIPUHIIMTIOM HEOTPEACICHHOCTH B KaXKIOM (1M — n) ypoBHE (PHU3MUECKOTO BakyyMma. M Takas 1uHaMHKa
COIPOBOXKIACTCSI U3MYUCHUSIMU («B3PhIBAMH») KBAHTOB (Yiz e]-) o (YX=7Yyi_5 ....Vi_22) , B IOJNHYIO
rIIyONHY (U3UYECKOTO BaKyyMa, C IMOCIIEAYIONIEH TeHepaieid CTpYKTYPHBIX OpM, 10T00HBIX TeHEepaluu
anpa (Y+=e}) = 238p™ ypana, ¢ ero pacnazoM B CrieKTp aroMoB. M 3TO MPOMCXOJUT ITOBCEMECTHO.

MBI FOBOPHM O CBEPXCBETOBOM MpocTpancTBe ckopocteit (w; = a("N="1"2-) x ¢) | y;(Y—) doToHOB
AY )2
T(Y=)j—
pammuycax R(X—); — oo, «Ha qHe» (Qu3HUecKoro Bakyyma, B Kaxaoi ero touke r(X—); = 0, Ha (n)
CXOAUMOCTSX, Beenennas «ucuesaer» Bo BpeMenn: t = (n - 0) * T(Y—); = 0.«Ha ane» Gpusznueckoro
Bakyyma, B (0J1;) ypoBHsIX, MBI He MOXeM (hUKCUpoBaTh coObITUsI hoToHOM Y; (Y —) ¢ mepromgom

(OJ1;) ypoBHS, ¢ UX MEPHOJIOM TUHAMHUKH C = , T(Y=); = 0. DT0 3HAYHT, YTO HA OECKOHEUHBIX

munamuku T (Y —); — oo. [Ipu stom Besikas mnotHocTh: (p(V—); = — 00) TMHAMHYHBIX Macc,

1
T(Y-),*
«mamaer B riryouny (p(Y—); — 0) ¢usuveckoro Bakyyma(0J1;) ypoBHeid, Ha (1) CXOIUMOCTH B KaXJI0H
TOUKE MPOCTpaHCTBa-MaTepuu Beel (R(X—); — ) Bceenennoii. CaMu Macchl

e(Y—); = (X+ = p;)(X+ = pj), UMEIOT CTPYKTYpHYIO POPMY «UEPHBIX CHEP» C «LKETAMU»

e(Y=); - y;(Y—) pacnanos. Y Bcsakuii pa3 MaeT reHepanus 2a(X+ = pj) = e(Y—),_1 KBaHTOB B
MaccoBbIX TpaekTopusix. [Ipu 3ToM coznmaercs apdekt «pacmupsromieiics BeeneHHoi» ¢ adpdexTom
nepsu4Horo (T(Y—); —» 0) «boabmoro B3peisa». IIpu 5T0M ckopocts cBeta, ¥ (Y —) dorona (0J1;)

YPOBHSI, OCTAaeTCsl HEU3MEHHOH B JII0O0OM YpOBHE (PU3MUECKOTO BaKyyMa:
A(Y=);—00 _AY=)>0  A(X-);-0

C=—"T""=C¢C =
T(X-);—0

T(Y=);—> T T(Y-);o0 ¢

JAna y(Y—) ¢otonoB (0OJ1;) ypoBHs, «I1ageHE» B OKOJIO

HyneBble mIoTHOCTH Mace (p(Y—); = — 0), ¢ yckopennem G(X +) [Tiz] =vx*H [TEZ] ,

T(Y-)"

rae (H) ¢uxcupyemas xoncranra Xa66ma: H = % . Anuna BonHel Y (Y —) GOTOHOB yBeNIUYUBAETCS, IPU
«TIaJIEHUH B OKOJIO HYJIEBYIO INIOTHOCTY Ha MPEAENbHbIX paguycax (R(X—); — oo) Beenennoi, B
npenensHoi rmyoune ¢pusndeckoro (r(X—); — 0) Bakyyma. Otu «penukroBsle y (Y —) dotons» (0J1;)
YPOBHsI (KpacHOTO 1IBETa Ha PUCYHKE) BUAAT B SKCIIEpUMEHTaxX. J{anbiie Mbl FTOBOPUM O CBEPXCBETOBBIX
¥i(Y—) doronax.

MaremaTHueCKO HCTHHOM €CTh TO, YTO Ha OECKOHEUHBIX Paliycax BCEro MpOCTPaHCTBA-MaTEPHH
Beenennoii (Rj(X—) — ) ¢ ee maccoBbiMu (4;(Y—) — ©0) TpaekTOpusMH, INIOTHOCTh MATEPUH
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(pj(X=) = 0), (p;(Y—) — 0), ctpemurcs k ny;mo. B moboii Touke cdepsr R;j(X—) — oo Beenennoi,
JCHCTBHUTEINIbHA HE JIOKAIBHOCTH (OJJHOBPEMEHHOCTb) IMHAMUKY MHOYKECTBA, BRIOPAHHBIX B CHMMETPUSIX,
TOYEK, Ha ypoBHE (X—= Y+); oOHEPrui 21eKTPOMArHUTHOTO MOJIS PU3MIECKOTO BaKyyMa.

CoOcTBeHHOE BpeMs IMHAMUKH (t) cBoauTcs K Hy: 0 B akcromax HOJI=(t;(Y+) — 0)(T;(Y—) — o0)=1,
JIMHAMHYHOTO IIPOCTPAHCTBA-MaTepHy, Kak 1 auHamuka (b = (R;(X—) — ) (p;(X—) - 0) = const)
yekopenus (b = (4;(Y =) - o) (p;(Y —) = 0) = const) maccoBbIix Tpackropuii. MHade roBops,
MaTeMaTU4YeCKOi UCTUHOM €CTh UCUC3HOBEHHE MACCOBOM TNIOTHOCTH AUHAMUYHOTO POCTPAHCTBA-MATEPUH
Ha OeCKOHEYHOCTIX, 1 Beenennas ucyesaer Bo Bpemenu t;(Y+ = X—) — 0, c HEU3MEHHBIM YCKOPEHHUEM
(b = const) Bcero npoctpanctBa-marepun. C apyroii cropossl, (1;(X—) — 0) umeer mecto (p;(X—) = )
u Havano (4;(Y—) = 0), (p;j(Y—) — o), Takoro («B3psiBa»), «mruosennoro» T;(Y—) — 0 nepuoza
nuHaMuku Beenennoit. [Ipu aTom, Mbl nmeeM:
1.Dneprus usnydenns u (uim) norsomenus AE? = A2Ap, KBaHTOB MPOCTPAHCTBA-MATEPUH, B U3BECTHOM
Ham Buge: E = mc? ,wm E = hv ,rae m = v?V, u Tak ganee, Ho yxe Ha OJI;(m — n) crekrpe
KBAaHTOBOM CHCTEMBI KOOPAMHAT MPOCTpaHCTBa-MaTepun Bcelt Beenennoit. Peus nyuer 006 usinydeHun
(Poo (Y— = €j) = po(Y— = ;) MaccoBbIX, 1 (pe, (X— = p;j) = po(X— = V;) 3apam0BHIX IIONEH.
2.Mmeem Beerna BuxpeByto: rotyB(X —) urotyM(Y —) munamuky kBautoB (X+) u (Y1) B erOM
npoctpanctBe — Matepun (X—=Y+), (Y—=X+).
3.Cama nuHamuka (Ap) TUIOTHOCTEH, HIET MO MPUYMHE «CTYMEHYATOr0 (KBAHTOBOTO) TIPOBAJIay TUIOTHOCTEH
(P ), B «OECKOHEUHYIO TTYCTOTY» (Pos = Po)-
4.Coueranue miorHocreit: p(X —)p(Y =) = 1, sro Henenumas O6nacts JIokanu3auy eJMHOTO 1
JIMHaMHUYHOTO TipocTpancTBa — Marepun (X—= Y+) , (Y—= X+) . Kanrosas qunamuka p(X —) moss
(X 1), Bcerna nopoxpaer p(X+ =Y —) mone, a kpautosas quuamuka p(Y —) mons (Y +), Bcerma
nopoxpaer p(Y+ = X —) moue.
5.Uznyuenne p(Y —) u nornomenue p(X —) miotHocTeld (oo = Pg), IPOUCXOAUT OJTHOBPEMEHHO C HX
kBaHToBOM auHamukoit p(Y =) - p(Y+ =X -)up(X =) - p(X+ =Y —). D10 MHOrOCTYIEHYATHIA U
MHOTOYPOBHEBBIH mpouecc B kBautoBoi 0J1;; (" — n) cucreme KOOpAUHAT.

6. Hano yunThiBaTh, npu 310oM, Mactutadsl (r = 10733sm)(R = 1033sm) = 1, Takoif IMHAMHMKH Ka’KI0T0
Takoro (RA = 1), (rA = 1) xBanra ux 0JI;;(m — n) cnekrpa. IT0 JIMHA BOJIHBI (Y +)xBanToB

(A,(Y =) =103sm)(A;(Y+ =X —) = 10733sm) = 1 IUHAMUYHOIO IPOCTPAHCTBA-MATEPHH B (PH3HUECKOM

Bakyyme Bceenennoi

KBaHTOBasi TMHAMUKA IPOCTPAHCTBA-MaTepuu BeelleHHOH B KBAHTOBOM CHCTEME KOOP/IMHAT, B
nepuoJ paclupenus BeenenHol 00ycioBieHa IEPBUYHBIM «IIPOBANOM» IIOTHOCTEH p; (Y— = ej) B
okoJ10 HyaeBbie MaccoBbie | (p;(Y— =y;) =~ 0) muotHOCTH (hr3HUecKoro Bakyyma. B akcnomax
JMHAMUYHOTO MPOCTPAHCTBA-MaTEPUU:

5.MexrajJakTuuecKuii annapar 0e3 TONJIMBHBIX ABUTaTeJ €. https:/vixra.org/abs/2302.0022

Ou3nUecKoil peaTbHOCTBIO SIBIISCTCS PA3IMYHOE MPOCTPAHCTBO cKopocTelt Conaia u 3emii. bes Beskux
TOTUTMBHBIX JIBUTATENICH 3eMIIs JICTUT B IPOCTPAHCTBE (PU3NUECKOTO BaKyyMa cO CKOpPOCThiO 30 KM/c, a
CoJtHIIE CO CKOPOCTBIO MOpsiKa 265 kM/c . Peub UIeT o rJIaBHOM CBOWMCTBE MPOCTPAHCTBA-MATEPUN —
nsxennu. Ilotok mace (Y—), anmapara cospaercs nonsamu (Y—=y;) = (X+ = p;)(X+ = p;) CunpHoro u
I'paBuTanoHHOro B3aumoaelicTB1s SJHEPrETUUECKHUX KBAHTOB(X+ = pq), (Xt = py),... (X£ = p; ypoBHEeH
0JI; He/leMMBIX KBaHTOB POCTPAHCTBA-MaTeEPHH (PU3MYECKOTO BaKyyMa, CBSA3aHHBIX MEXKYy COOOH aTHMM
ke (X+) mossimu Ha (X —) TPACKTOPUSIX MOAYJIs, Oe3 BHEIIHETO NCTOYHHKA YHEPTUHL.

Puc.10.1. Mexrajakruueckuii annapart 0e3 TOIJIMBHBIX IBUTaTeJICH.
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[TocnenoBarenbHO BKIIOUYAs MpocTpaHcTBO ckopocreit (Y —),, (X—), ammapara B pa3inyHbBIX
YPOBHSIX CHHTYJISIPHOCTH (PU3MYECKOTO BaKyyma, anmapar BBIXOAUT 10 PaJAUaIbHOM TPACKTOPUU C YPOBHS
CHHTYJISIPHOCTH (PM3MUYECKOTO BaKyyMa KBaHTa (X+ ) MpOCTpaHCTBA-MaTEPUH IUIAHETHI, IPOCTPAHCTBA-
marepuu (Y + ) 3Be3/bl, IPOCTPAHCTBA-MATEPUU (X £ ) TAIIAKTUKH, IPOCTpaHCTBAa-MaTepuu (Y + )CKOIIEHUS
rajlakKTHK, K IPYTUM CKOIIJICHUSIM U TaJlakTUKaM B 1oJie BeceneHHo#, ¢ 00paTHBIMU BKIIOUSHHUSIMU TTPU
BO3BpATe HA IUIAHETY CBOECH WIN JPYIOU rajJaKTUKH.

Takum oOpa3om, co3aaBaTh MaccoBbIe MONSI(Y — = ¥;) 4, IPOCTPAHCTBA CKOPOCTEH, HEOOXOTUMO
nossvu (Y —)4 = (X +=p j) + (X+ = p;) «TSOKENBIX» KBAHTOB KaK «paboyero BEIECTBA», 3aMKHYTBIX
Ha (X—) TpacKTOpHUU «KOJbIa» anmapara, B ycioBusx HOJI = (e]-)(k) (y:) = 1 Hepenumoit O6nactu
Jlokanu3auuu. JTo yCIIOBUS B KBAHTOBOM cHCTEME KOOPAMHAT, KOTJa KBaHT (e]-) HE IPOSIBIISIET ce0sl HUXKE
ypoBHs 3Hepruii (y;) KBAHTOB HU3UUECKOTO BaKyyMa. DTH YPOBHH COOTBETCTBYIOT:

HOJI = M(ey)(k = 3.13)m(y, ) = 1 HOJ = VGM(p,)(k = 1.8)Vem(v, ) =1
HOJI = M(e; )(k =3.13)m(y) =1 HOJT = VGM(p, )(k = 1.7)VGm(v,) = 1
HOJT = M(e3 )(k = 3.86)m(y; ) =1 HOJl = VGM(ps )(k = 17)VGem(v, ) = 1
HOJI = M(ey )(k =3.13)m(y, ) =1 HOJT = VGM(p, )(k = 1.8)0VGem(v, ) =1
HOJI = M(es )(k = 3.15)m(y; ) =1 HOJI = VGM(ps )(k = 1.8)WGm(v; ) =1
HOJI = M(es )(k = 3.9)m(y, ) =1 HOJT = VGM(ps )(k = 1890WGm(v, ) =1
HOJI = M(ez ) (k = 3.14)m(y,, ) =1 HOJT = VGM(pys )(k = 1,8)0VGm(vys ) = 1

MBa1 roBopum o kBaHTOBOH cucteme koopaunar OJ1; (m — n)s npoctpancTse-mMarepun BeeneHHoi,
B kaxx0M OJI; i OJI; ypoBHe nmeroT mecto Tpu (X—= Y+) 3apanoseix u asa (Y —= X+) MaccoBbIX
u30n0TeHIMana. M B 5T0l KBaHTOBOM CUCTEME KOOPJMHAT, IPEJCTABIICHBI «TKENBIE» (pj/€j) KBaHThI,
Kbl U3 KOTOPBIX UMEET CBOIO «TJTYOMHY» SHEPIeTHUECKUX YpOBHEH (V4 /y;) KBAHTOB (PU3UUYECKOTO
Bakyyma. IIpencraBum ux B Buae mojeneit takux Rj;(m) Henemumbix OGnacTeli mpocTpaHcTBa — MaTepUn
Bcenennoit.

‘ -Rjj (m)

12808 %W%W%

‘ ‘>cn1 | on; ’i(}n 1 4~>— Ony - on, (m)

OJ'I 2

Puc.4.3. cnexrp HepenmMbIX KBAaHTOB
OT10 Hekas cdepa B IPOCTPAHCTBE-MATEPHH, B LEHTPE KOTOPOH «TsKeNbIe» (pj/€ej) KBaHThI, KOTOPbIE
OTIPENIENISAIOT «HU3», U «BBEPX» M0 PAANYCY, 10 YPOBHA (V;/y;) KBAHTOB (PM3MUECKOTO BaKyyma
IIPOCTpaHCTBE-MaTepuu BeenenHo, st 106010 mogo0HOoT0 00beKTa BHYTPH 3TOM cepbl. ITo chepsl

BOprr IIJIaHCTHI, 3BC31bI, F'aJIAKTHUKH, KBa3apa. e . Ha HpI/IMCpC KBAHTOB:
HONX £ =pf) = Y—=eN)(X+=v;)(¥—=¢") = 2"“3 =153 TeV ,
HOMI(Y + =¢e;) = X—=p ) (Y+=e")(X—=p~) = —2 = 35,24 TeV ,
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peub UIET O CUHTE3€ BEIIECTBA (X + = pf), HA BCTPEUHBIX ITy4KaX (e*e* — p{) HO3UTPOHOB C BUPTYaIbHBIMU
KBaHTaMH (v, ), ¥ (Y £ = e; ) Ha BCTPCUHBIX Iy4KaxX (p~p~ — e, ) AHTUIIPOTOHOB IMO3UTPOHOB C BUPTYaIbHBIMH
KBaHTaMH (e"), MOJOOHBIX 3TEKTPOHY (e~ = v, y*v;) . MBI MOXKEM TOBOPUTH U O TIOCIIEOBATEIIHHOM CHHTE3E
«TSKENBIX» (pj/e;) KBAaHTOB, IMEHHO BemecTna (X+ = p;r), st (Y—) 4, (X—), ammapara, B OTJICTBHBIX
nporieccax. (... < [« e [« p3 < B v (... < p7 < B <@l < ef < pi < e') cunrtesa. CyecTBEHHO TO,
YTO AIIEKTPOH (e~) U3IIydaeT U moriomaet (GoToH (y+), HO OH HEe MOKET M3JIy4aTh U MOTJIOMATh «TEMHBIN
$OTOH (yo). DTOT «TEMHBII» (POTOH UYIACTCS U MOTIIONIACTCS «TSDKEITBIMY dJIEKTPOHOM (e1) — (yo ).
To4HO Tak «TsDKETbIi» TPOToH (p,) — (Vu ) M3JIy4aeT ¥ MOTJIOMAET MIOOHHOE HEHTPHHO. JTO HEBHIMMBIE
KBaHTHI, HC B3aUMO/ICHCTBYIONUE, M HEKOHTaKTHBIC ¢ kBaHTaMu (PEJ@N) aToMoB TaOmuIlel MeHaeneena.
MpbI X HE MOKEM HU BUICTh, HU GUKCHPOBaTh. HO 3TH HEBHIMMBIC KBAaHTHI (CHHHI I[BET B YKa3aHHBIX
MOCJICJIOBATEILHOCTSX ) MIMEIOT 3aps0BBIC H30TIOTCHIINAIBI U MOTYT (DOPMHPOBATH HE BHIUMBIC HaM
Crpykrypabie ®opMbl, TOJOOHBIX OOBIYHBIM (p*/e”) aromMam. DTO: CTPYKTYPHI (Vu /yo) (p,/eD) ... Tax
MBI OCBaWBaeM TOCIIEI0BATEIBHO, TIOTEHITHAIIEI S/Ipa IUIAHET, SIpa 3BE3]I, S/Ipa TATAKTHK U spa KBa3apoB.
Ho mns (Y—) 4 anmapata, MbI MOXeM OPMHUPOBATEH TOJBKO KOHTAKTHBIC HAM KBaHTHI SJIpa TATAKTHK U
KBaHTHI BelecTBa siyipa kBazapos. M cam ammapat (Y —) 4 , TOCIIEIOBATENFHO «IIOTPYKASTCS» B
¢dusnueckuii BakyyM, kak: HOJI = (e, )(k)( v, ) = 1, HOJI = (eg )(k)( y4 ) = 1, cCBEpXCBETOBOTO
(y, =137 xc¢ ), u (y, = 1372 * ¢ ) mpocTpaHCTBaA CKOPOCTEH. DTO BIOJIHE AOIMyCTHMbIE B ClielUaabHON
WY — c+Nc a;1Nc+c
1+c*Nc/c? a,,+Nc/c
a;; = cos(p = 0), a1 = a,, = 1, yrnax napayuiensHoct. Cam (Y —)4 amapar qBwKeTcs B yKazaHHOU chepe
MPOCTPaHCTBa-MaTepry BeeeHHOM, B pa3IMYHBIX YPOBHAX QU3NIecKOro Bakyyma. CTOUT OTMETUTH, U4TO
00BEM MPOCTPAHCTBA-MATEPUH 3BE3/IbI, IIOTPYKESH» B TIPOCTPAHCTBO CKopocTel (y = ¢ ), 00bheM ralaKkTHK,
«ITOTPY)KEH» B MPOCTPAHCTBO CKOpocTel (y, = 137 * ¢ ), 00beM KBa3apOB «IOTPYKESH» B MMPOCTPAHCTBO
(ya = 1377 % ¢ ) yKe cBepXCBeTOBBIX ckopocteid. [Ipencrasnennsiii (Y —), amapaT IBWKETCS B YKa3aHHOM
cepe, B mpocTpancTBe ckopoctei (y, = 137 = ¢ ) sapa ranaktuku, win (y, = 1372 * ¢ ) sapa KBasapa.
Bormpoc, kak cebst 4yBCTBYET 3KHMaXK B LICHTPAJIILHOM KarCylie almapara, B CBEpXCBETOBOM MPOCTPAHCTBE
ckopocreit? TouHo Tak, kak 3emilsi, HaXoAsCh B chepe mpocTpaHcTBa-MaTepuu 3Be3/bl, CoslHIa, HEe
qyBCTBYET 265 kM/c ckopoctu ABrkeHus ConHia (uutail annaparta) B IpOCTPaHCTBE-MaTepuu | anakTHKY.
Karncyna ¢ sxumaxkem, 3akpeita Matepuaiom u moysimu (Y —)4 amapara. Kancyna nepexoauT B Ipyroi
(0J1); ypoBens. B ykazannbix cepax R;;(m) Hemenmmbix Obnacteld, cdhepsl IPOCTPaHCTBA — MATEPHH,
ckopocTH pje;(m) KBaHTOB w;(p;e;) * v;(v;y;) = c? motomy, uto (w; = a*V ) (v; = a ™V xc) = ¢2. W otH
ckopoctu (N=j=1,2,3...), w;(pje;) = (a = E)HV * ¢ — 0, B camoM 1ieHTpe (Y— ), amapara. Takue cBolicTBa
MIPOCTPAHCTBE-MaTEPHH.

= ¢, u B KBanToBoii Wy = = ¢, Teopnn OTHOCUTENBLHOCTH B EBKIIMIOBBIX

+
o p o
Tenepb paccMoTpM peasbHble PU3HUYECKHE CBOMCTBA KBaHTa (Y —= —) CunpHoro B3aumoneiictBus

obbranoro siapa 0J1;(p, e,v,, v, y) ypoBHs dusndeckoro Bakyyma. Ero maccossie (Y —) Tpaekropun
dopmupyrorcs rpasut (X+ = Y—) mMaccoBbIMu 1oJisiMu IBYX TPoToHOB (X+ = p)(X+=p) = (Y —), B

tx*p _ 938,28 MeV
931,5MeV  137,036%931,5 MeV

aTOMHBIX €qUHHUIIAX MacChl: (Y —= = 0,0073aem), IJIs1 OPOTOHA C Maccou

m(* 5C)

m(p) = laem + maem = 1,0073 aem. [Ipu 3TOM, MBI IOHUMAEM, YTO laem = =1.6604x10"%"kg u

sueprust E(laem) = mc? = 1.6604 = 10727 x (2,997924 = 108)° » (1[x = 6.2422 = 10'%eV) = 931.5MeV . Mb1
) am(y-)
roBOpUM 00 MHIyKTHBHOM MaccoBoM (Y —), B ypaBHEHHHU JTUHAMHKH: rot,G(X+) = — . Touno Tak

hopmupyroTCsi MaccoBbie(Y —) 4 TPACKTOPHH aMIapaTa, «TshKenbiMm» kBaHTaMu (Y —= Np/), , Ha (X—)
TPAEKTOPHUSAX 3aMKHYTOT'O KOJIbI[A, B PA3JIMYHBIX YPOBHAX (PU3NYECKOTO BaKyyMa, B CBEPXCBETOBOM
IIPOCTPAHCTBE CKOpOCTEl. (X— ) TPAEKTOPUH 3aMKHYTOT'O KOJIbLIA, IO CYTH, BUXPEBOE M0JIE€ YpaBHEHUN

o OB(X—
JTMHAMUKU: 1oty G(X+) = M(Y , TOJIOOHBIX MHAYKIIMH MAarHUTHOTO IMOJISt KaTyIIKH 1oty E(Y +) = — B;)T( ),

Takux (X —) «BHUTKOB KaTYI_HKI/I» B (Y ) 4 allllaparte, MOXKHO ACJIAaTh HECKOJIBKO UIA YBCINYCHUS IIJIIOTHOCTU

_ omM(r-) m= 1<3/
p(Y — = maccoBbIX (Y—), TpaekTopuii anmapaTta. M3 cOOTHOIIEHUM J1s1 KBAHTOB,
A

TZ
TJ(X—:PJ)—WO, ;LJ(X_:PJ)_)OO,quGOHLmeMacca (X==p
A’J(X_:p.f)

(p_j = Z(Ej—l)/G) (e_j—l)

s) KBaHTa, (hopMupyemas

KBaHTaMH , TEM 0oJIbIIIE , TEM 0oJIbIIIE ANaMCTp D «KOJbLA»
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(E=TI’K ) X-XE=TT’K,(X+)=HOJ(X+=p,)

, IMCIOT MECTO

TK (XK, L (X+)=HOJI(X+=p),)

arnrapara. [l cooTHOEeHUM
TE(X-)y E(X+)=HOJI(Xt=p,)

COOTHOIIICHUS , WK , Kak "

Tm=TK ) X-)(m=TIK,) ¥ (X+)= HOJI(X+=p,

JJI Macce ) . Bca macca CoOCpeaoTOYCHA B

(X==p)=F+=¢, )T+=e¢,,) DJIEKTPUYCCKUMU ITOJIIMU MaCCOBBIX

m(X—-= pj) =2m(Y-= e

(X==2)) nose, dopmMupyemoro
1)/G) . 3HAYUT HOCTATOYHO B

A’(Y_'-:e_]f]) :;
, 3HaTb JJINHY BOJIHBI A(Y_ = eJ*l )

(X==p))

(Y-=e,,) TPAeKTOPHIA, B BUJE MACCOBBIX IOJIEH,

HOM=A(Y+=e, JA(Y—-=¢, ) =1

CO3JaHHBbIX KBaHTax

9TOOBI BBIYHUCIIUTH TOPSIIOK KBAHTOB N(e,) , opMupyIOIINX TPAEKTOPHIO KBAHTOB «paboyero

MX-= p‘/) =A(Y+= ej—l)

BCIICCTBaA». HaanMep, €CJIN JJIsd , HEOOXOIUMO «KOJIBI[0Y JuaMeTpa

D 24(X==p,) D=10m 1orya AX==p,)=15m=AY+=¢,1) T4 ecrs, nmeer mecTo uTHHa KBaHTA
(z=3)

AY-=¢e,,) - 6,67*10 " cu

AY+=e, ) . 9TO COOTBETCTBYET COOTHOILIEHUAM
AY-=e,,)=6,67*107cu=2m*a" (A, =3.3%10" cx)
#1073 -
In(2*107) 10,82_22

In(e =1/137)  -4.92 . Torna (N, =3) COOTBETCTBYET MOPAIKY KBAHTOB

, OTKY/Ia o =2%10" g (/=1 raer

N =log, 2*107° =

3y —_—pt
(" Fc)=W(e,) pabouero BeliecTBa (X==p, ), B «KoJIbIIe» ¢ nuameTpom 10M. Takue «koybla» AaroT

_ +
Mexranaktudyeckuil anmapar. CKOpPOCTh MEXIajJaKTHUECKOTo anmnapara ¢ TaKuM (X==p;) «pabounm

HOTT = m(e,)*m(y,) =1

BEILIECTBOMY, B YPOBHE CHHTYIISIPHOCTH
VY-=y,)=a'*c=~

, COCTaBIIIET

% — oy 1 e
137%¢  Nng semmoro Bpemeny B 10 stet, MoxHo mponerers (= 107em ™o *c)rm

pun (7 =10%365,25%24%*3600*137*3%10° =13*10" kn =8,8*10"a.e = 425.80% T ¢ory, pamy
ranakTuky (30 KIK), anmapat npoJieTuT npuMepHo 3a 705 net. [ sxumnaka Takoro arrapara, COOCTBEHHOE

T =a(7052em) =5,14ner
(p))

, BPEMs YPOBHS CHHTYJISPHOCTH (72),
A(X—= p;) Tt (NJ =4)

BpEMs COCTABJIACT
, TEM OoJIbIIIE JJIMHaA €ro «BOJIHBI»

KBAHTOB BCIICCTBA (X_ - pg) A1pa KBa3apa, MMCHO MECTO (NJ’]
2rxa(A)=A(Y-=¢e,,,)=628%(1/137)' *3.3*10°cu=8,14*10"" cm

1 1
AY-=e,,) 814*%10cm

Yewm OoJibllle Macca KBaHTa
=3)
. Tornga u3 cooTHOIIEHUS

, 1 BBIYUCIISIEM

=1,23*10"cm=A(X—=p])
. OTO cocTaBiIsgeT

AY+=e, )=

% 4 9 _ —_=pt
1’2 107 em~10"kn = 8’2 a.e. AUaMETP SAApa BHETAJIAKTUYCCKOTI'O KBa3apa ¢ KBaHTaMH (X Ps ) sapa.

— % —
«Paboyee BerecTBO» TaKMX HOIT =m(e,)*m(y,) =1 , KBAHTOB JAI0T IIOJIETHI YK€ BHE rajlaKTUK BO
Bcenennoii. 3a 10 et 3eMHOTO BpEMEHHM MOKHO TPOJIETETh BO BeeneHHOM,

— o2 _ 18
(r=102em*(V'(y,) =0~ *c) =1,78*10 "rcu , i 188000 cBeToBBIX J€T. 3a cOOCTBEHHOE BpeMs B

p— 2 _ =
ammapare t=0"(101em) yoy 4 qaca 40 MUHYT. DTO BpeMms JUis Y==7,) KBAaHTOB, B MEXTaJTaKTUYECKOM
YPOBHE CHHTYJISIPHOCTH (PU3NYECKOTO BaKyyMa.
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3AKVIIOYEHHUE

B crarbe npencraBieHa HOBast TEXHOJIOTHs CAMUX T€OpHil. B ee 0CHOBE aKCHOMBI JUHAMUYHOTO
IIPOCTPaHCTBA-MaTEPUH, IPEEIBHBIM (YACTHBIM) CIIy4aeM KOTOPBIX €CTh TEXHOJIOTUS TEOPUN B
EBKIMI0OBOM aKCHOMAaTHUKE M CUCTEME YHCell. B paMKax akCHOM JTMHAMHWYHOTO IIPOCTPAaHCTBA-MAaTepUU
BBITIOJIHAETCS PACUETHI 3apsja U Macc MPOTOHA U JIEKTPOHA, CIIEKTPA MACC 3JIEMEHTAPHBIX YaCTHIL,

JIMaIa3oH JIOIMYCTUMBIX MAcC 3BE3/I, A/pa TalaKTUK, «IepHBIX cep», KBa3apoB, sIpa KBa3apHBIX aJIAKTHK.

HpeI[CTaBJIeHI)I HpI/IHHI/IHI)I n paCLIéTI)I 1 MCK3BEC3IHOI'O 1 MCXKTAJIAKTUYCCKOT'O annapaTa 663 TOIIJIMBHBIX
JIBUTATEJIEH.
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