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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 1

V/IK 539.12.01
BJAONMUP AJIEKCAHOPOBNY ®OK

(K cToneTtuio co gHa poxaeHus)
IO.B.Hoeoxunoes, B.FO.Hoeoxunoe

C HkT-MeTepOyprcknii rocys, PCTBEHHbI YHUBEPCUTET

I H Kp TKuil 0630p H Y4HOU pesrenbHOCTH B gumup Anexkc Hapoud @POK U ee 3H YeHUS
U1 coBpeMeHHOIl ¢m3uku. Bomee mompo6Ho o6cyxn ercs Bk 1 B.A.@ok B p 3BUTHE KB HTOBOM
TEOPHUH HOJISI H TEOPHU TSATOTEHH.

A short review is given on research activity of Vladimir A. Fock and its role in modern physics.
V.Fock’s contribution to the development of quantum field theory and theory of gravity is discussed
in more detail.

BBEJEHUE

Hcnonnunocs 100 ner co aus poxaenus Bn gumup Anekc Haposuu @ox .

Il HH § CT Thsl MOCBSILEH XW3HU U jesTenbHOCTH B.A.@OK U ero BKI Ay
B CO3/1 HHE KB HTOBOH TEOPUH M, OCOOEHHO, METOMOB KB HTOBOM TEOPHUHU IOJIS.
P 3pen 1 comepxut Kp TKUi 0030p H yuHOH jiedarenbHocTH B.A.Dok . Mbl npen-
MoChlT eM oOcyxkneHur p 60T B.A.@OK p 31em1 0 pOJM M TeM THYECKOrOo II-
I pT B COBpeMEHHOH (pu3nKe, YTOOBI p CHIMPUTH KPYr YUT Teled U CHEN Tb
3Ty CT ThIO Oollee MOHSATHOU TeM, KTO p 00T eT B 001 CTH KB HTOBOW (DU3MKH U
TEOPHUH TATOTEHUS.

B pamen x 2 u 3 p cck 3bIB eTcsl Oonee MmoapoOGHO 006 OCHOBHBIX p 60-
T X B.A.®OoK 10 KB HTOBOW TEOpPUH M OOIIEH TEOPUH OTHOCHTEIBbHOCTH, 3
UCKJIIOYEHHEM p OOT MO €03 HUIO U MPUMEHEHHI0 METOI C MOCOINI COB HHOIO
nosist X prpu—Pox .

1. KPATKHI OB30P HAYYHOU JEATEJILHOCTH B.A.®OKA

Ponp M TeM TH4YecKOro mm p T B cOBpeMeHHOI ¢usuke. o cux nop eme
P CIPOCTp HEHO Hemp BIIBHOE IPEACT BJICHHWE O POJM M TeM THYEeCKOro Il -
P T B COBpeMEHHOH (pU3UKE U O TOM CMBICIIE, KOTOPBI IPU 3TOM BKJ ABIB €TCA
B 9TO IIOHSITHE.

O6I>I'-IHO Mpearno r €rcd, 4YTo poJib M TEM THYECCKOIoO Il p T XOTd U B XKH ,
HO BTOPOCTENCHH U CBOAUTCH K KOIUYECTBEHHOMY OITUC HUIO SBIICHUIA; IEepBOE
K€ MECTO BCerJ OTBOMUTCI TeM HIESM, KOTOPbIe TIO3BOJIIIOT IMOHATH SBICHUE K -
yecTBeHHO. Mnes Wiy K pPTHUH sBJIeHHS OOBIYHO (DOpMYIHMpYyeTCsl MPH MOMOIIN
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H IJISIHBIX TIPEJCT BeHWH, 6e3 NpUMeHeHus M TeM Tudeckoro nm p T . T K,
H IIpUMep, KOrJ TOBOPAT O MOJIEeTe CHYTHUK , TO CYUT €TCHd OYEBUIHBIM, 4YTO
3149 M TeM THYECKOTO MII P T 3[ech 3 KJIIY €TCd JIMIIb B TOYHOM OIIpele-
JIEHUH TP €KTOPUU CIIyTHHK C YYETOM BCEX BO3LEHCTBHII — U CHIJIBI TATOTEHUS,
U CONpPOTHBIIEHUSI BO3IYX , B TO BpeMs K K NPUOIM3UTENbHbIA BHI TP €KTOPUH
U X p KTep BJIMSHHS DTUX BO3ICHCTBUI («K YECTBEHHOE OIUC HHE») MOTYT OBITh
MOHATHI 6e3 00p MIeHud K M TeM THKe. W jeificTBUTENbHO, K YECTBEHH Sl K PTUH
MOJET CIYTHUK H M IOHSATH , OH BIOJHE H IIAJH , T K K K H OCHOB HUU
ONMBIT H ONMIOIEHWH W INKOIBHOTO Kypc (PU3MKH MBI XOpPOIIO 3H €M JeHCTBHE
CWJI TATOTEHUS U COIIPOTUBIICHUS BO3AYX .

Ho H rsanHble npeacT BiIeHUS NIPUMEHUMBI 1 JIEKO He Beern . ITox iyii, B HO-
BOW (pU3MKe I K€ TPYIHO H UTH T KyI0 OOJl CTh, IJie OOLIENPHHSITBIC H IJISIHbIC
NPEeNCT BJACHUS M «3Ap BBI» CMBICT NpHBETN OBl K «3Op BBIM» DE3YJIbT T M.
AOCTp KTHOCTh HpEICT BIEHHA — X p KTEpPH S YePT COBPEMEHHBIX (pu3MUe-
CKHX BO33peHHuil. B 3ToM 3 KJII0ou eTcd ogqH U3 MPUYUH HEyJ Y MHOTOYUCIIEHHBIX
NPETEHICHTOB H OOBSICHEHUE SIBJICHUI COBpEeMEHHOW (pu3uKu (IN1 BHBIM 00p -
30M, KB HTOBOM (PU3MKM) C TOUKH 3pEHMS H INISTHBIX HpeiacT BieHuil. M nMeHHO
BCJIEZCTBHE BTOTO OOCTOSTENBCTB B HOBOHM (PU3MKE M TeM THYECKOMY III P Ty
IPUH JUIEXUT pell follee MecTo. B oTinynMe OT HBIOTOHOBCKOM, B COBPEMEHHOI
thusuke ¢ KTHUECKM HEBO3MOXKHO ONMC Th SBJICHHE K YECTBEHHO, HE IOJIb3YICh
M TeM THYECKUM I p TOM. M TeM THYecKue MeTOjbl 0Op 3yI0T OCHOBY COBpE-
MEHHBIX (PH3MYECKUX TEOPHid, A ke (PU3MYeCcKoe TOIKOB HUE OMHMp €TCI H HHX.
Ponp M TeM Tuueckoro mm p T B HOBOH (pM3MKE U, B Y CTHOCTH, B (pH3MKE
BJIEMEHT PHBIX Y CTHL, T KUM OOp 30M, 3H YMTENBHO LIMPE TOH POJIH, KOTOp 4
eMy OOBIYHO NIPHITICHIB eTcd. P 3ymeeTcs, 00CyXa s ®KCIIEpUMEHT JIbHBIE (b KTbI,
y4eHble BIIOJIHE B COCTOSIHMHU JI Th K YECTBEHHOE OOBSICHEHUE «H II JIBI X», HE
00p 11 sick K yp BHeHUsM. OfH KO CJOB U (bp 3bl, ONKUCHIB IOLIHME K PTUHY SIBJIE-
HUS, IO CyHIECTBY, HE YTO MHOE, K K IIEPECK 3 U TOJKOB HME M TEM THYECKOU
Teopuu 3Toro siBneHus. (M3BecTHO, 4TO M TeM THYECKHUH S3bIK — H mbonee CxX -
TBIA U TOYHBIN 93BIK.)

B XH 4 pomp M TeM THYECKHMX METONOB B (DU3MKE BIIEMEHT PHBIX 4 CTHII
BUIH T KX€ M B TOM, YTO C MU OCHOBHBIE IIOHATHSA OK 3bIB IOTCSH IPEAMETOM
M TEM THUYECKOIO UCCIIENOB HUS B TEOPUM BJIEMEHT PHBIX U CTHLI, B TO BpeMs K K
OCHOBHBIE MOHSTHA HBIOTOHOBCKOW (PM3MKU SBISAIOTCA U CTBIO H IIMX H ITISIHBIX
npezacT BiaeHuil. T K, MOHATHE O KOOPAMH T X CIYTHUK II0 OTHOILIEHHUIO K 3emie
BKJIIOY IOTCS H MH B CX€MY H INIIHBIX MPEICT BICHHH, TIOHATHS O BEIWYHH X,
IIPU IIOMOIIM KOTOPBIX OIMCBHIB €TCS [BUXEHUE KB HTOBBIX IIOJEH (H IIpUMED,
«ctonben oK »), COCT BISIOT CYIIECTBEHHYIO Y CTh M TeM THYECKOrO Il P T
KB HTOBOM TEOpUU I10JIA.

P 3BuTHe hu3MKU UIET MO MyTH YCIOXHEHH €€ M TeM THYECKOTo I P T .
KB HTOB 1 Teopus MO IIUPOKO HCIOIB3YeT T KUE P 3Bl M TeM TUKHU, K K
TEOPUIO TPYII, TEOPUI0 OOOOLIEHHBIX (YHKIMH M TEOPHIO OIep TOPOB, U T.I.
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YeMm OcCTp KTHEe M TeM THYECKHH I P T, TeM HEOOBIYHEE U COOTBETCTBYIOIIHE
¢pm3myeckue teoprn. [lo OcTp KTHOCTH MPENCT BICHUA KB HTOB S TEOPHUS ITOJIS
3 HUM €T B COBPEMEHHOW (pu3nKe, 6€3yCIOBHO, MEPBOE MECTO.

Crnenyer OMHUTH, YTO OCTp KTHOCTh M H DISITHOCTh OTHOCHTENBHBL. B C -
MOM JIelle, H [JIIAHOE MPEICT BI€HHE — 3TO MPEICT BIEHHE MOCPEACTBOM IpHU-
BBIYHBIX Mofesicii U mousatuid. Korg K K s-1u60 001 CTh H YKM XOPOIIO H3Y-
YeH , BbIp O TBHIB €TCS CHUCTEM IIPEJCT BJICHHUH, MO3BOJILIONI 1 OOBSICHUTh «H -
DISIHO» BCE SBICHUS B 3TOH 00N ctu. COBEpIIEHHO OYEBHIHO, YTO H TIISIHBIM
MyTeM MOXHO OOBSICHUTH TOJIBKO SIBJICHHUS, HE BBIXOMIIINC 3 P MKH ITPUBBIYHBIX
Teopuil. Ecnu ke HOBble ¢ KThl BBIXOIAT 3 P MKH M3BECTHBIX TEOpHUi, TO Oec-
CMBICJICHHO OOBSCHITh UX C TOYKH 3PEHHUSI CT PBIX MPENCT BICHHA H IVISIHBIM
00p 30M. Torm Hy:XHO CO31 B Th HOBYIO CUCTEMY IPEICT BJICHUI.

MHeHus p 3HBIX JIOAEH 0 H INITHOCTH WM OCTp KTHOCTU OOBSICHEHWH (hu-
3UYECKOT0 SBJICHHS Y CTO OBIB I0T P 3JUYHBI, T K K K YPOBEHb «H IJISTHOCTH»
onpexensgercd 31 HUAMU. Onup §Cb H IIKOJIbBHBIA KypC (PU3MKU U TIOBCEAHEBHBIN
OIIBIT, OOJBIIIMHCTBO JIFOICH MBICITUT CEiY C MPH MOMOIIU MEX HUYECKUX MOJIENIEH.
3H YHUTENbHO MEHBIIIee YHUCIIO JIIojIel MOXET CK 3 Th, YTO OHU H IVISITHO Ipel-
CT BIFIOT ceOe BIIEKTPOM THUTHOE TOJe, W YK€ COBCEM HUYTOXH S JOJTSI MOXET
3 4BUTh, YTO /Il HUX H IVISIHBL KB HTOBbIE NOHATUSI. MeX HUYecKue, KB HTOBbIE
MPEICT BJICHUS W MPENCT BICHUS 00 3JIEKTPOM THUTHOM Tose oOp 3yIoT (K Xmoe
B OTJIEJIBHOCTH) BIOJIHE CTPOMHYIO CHUCTEMY, CHOCOOHYI0O OOBSICHHTH SIBICHHS B
3TOU 0071 cTU. [TOHATH Xe KB HTOBBIE 3 KOHOMEPHOCTH H OCHOBE MEX HHYECKHX
MPEJICT BIEHUIN WIN MPEJICT BIEHUH O I0JIe HEBO3MOXHO T K Xe, K K Helb3d I0-
HSITh 9JIEKTPOM THUTHBIE SIBJIEHHMS IPU MOMOIIM MEX HUYECKUX MOJEJEH.

BecbM moyuuTeNbH XOpOIIO W3BECTH S U3 UCTOPUM (PU3UKU IOIBITK BbI-
BOJI CBOMCTB ®JIEKTPOM THUTHOTIO IOJISI H OCHOBE ME€X HHUYECKUX BO33peHHil. Bo
BpeMsl P 3BUTHUS JIEKTPOM THUTHOM TEOPUM MeX HUK JOCTUINI YyXe W3BEeCTHOMU
3 BEpIICHHOCTH, XOPOIIO OOBSICHS MHOTOUYHCICHHBIC SBJICHHS, MPEACT BICHUS
ee OBbUIM MPHUBBIYHBL, © MHOTHM K 3 JIOCh, YTO U BCE OCT JIbHOE JIOJIKHO YKJI JbI-
B ThCS B p MKH MEX HUYECKHX BO33peHHU. 11 OOBICHEHUS BJIEKTPOM THETH3M
OBUTO BBEIEHO MOHATHE 00 YHWBEpC JIBHOM YIIPYroi cpele, 3 MONHSIOEH Bce Mmy-
CTO€ MPOCTP HCTBO, — MHUPOBOM dcupe. Bce Ten cUUT JUCh MOTPYXEHHBIMHU B
9¢Up U MPOHU3 HHBIMHU IPUPOM. DIEKTPOM THUTHOE TOJIe 1O dTOU MOJAETH JeH-
CTBOB JIO B 3hupe; OHO OBLIO, IO TOT IITHHUM IPEACT BICHUSIM, HE YeM HHBIM, K K
MeX HMYECKHMH H NpsKeHUsIMHU B apupe. CBET p ¢CM TPUB Jicd K K p CHPOCTP -
HEHHe YIpYTux Kojieb Huil B agupe.

C p 3BUTHEM 3JIEKTPOM THUTHOU TEOPHH, C OTKPHITHEM HOBBIX OMBITHBIX (p K-
TOB IPU T KOW TP KTOBKE BO3HHUK JIO Bce OOJbllie TPyAHOCTEU. DpUp MPHXOIH-
JIOCh H JEJISITh C MBIMH NPOTHBOPEYHMBBIMH CBOWCTB MH: OH JOJDKEH OBLT BECTH
cebsd K K TBEpIOE TeNIO MPH OBICTPHIX KOIIeO HUSAX U HE COMPOTHBIATHCH ABUXKE-
HUIO IUT HET; 3(pUp Cp BHUB JICA C XHUIKOCThIO, CO CMOJIOH U T.Q.

B 1 nbHeiieM, B CBSI3U C 9TUMH TPYAHOCTSIMH, CT JIM P CCM TPHUB Th dpUp
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K K 0COOYI0 M Tepu JIbHYIO Cpelly, H JeJICHHYIO CBOWCTB MHU, HE UMEIOIIUMHU HH-
4yero oOIero co cBOWCTB My 0ObIYHBIX Tesl. [Ipenmon r jock TosIpKO, 4TO ®hup
MOXET CITyXHTb CHCTEMOH OTCYET , T.€., YTO MOXHO F'OBOPUTH O CKOPOCTH 3eMJIH
oTHOcHTeNbHO 3up . Ho u T KXue npexnct BieHus 00 apupe oK 3 JIMCh HEYIOBIIe-
TBOpUTEJIbHBIMU. B ombiTe M iKeNbCOH U B IPYrMX ONBIT X OBLIO YCT HOBJIEHO,
YTO HeNb3d ONpeleInTh JBHXEeHHEe 3eMIM OTHOCUTeNbHO 3¢up . IlonsaTtue adup
K K HEKOTOpPOil cyOCT HIMHU moTepsio cMbici. Heserno ObUI0 MBIT Thes OOBICHUTD
BJIEKTPOM THHUTHBIE SBJICHHS TIOCPENCTBOM yIPYTHX CBOWCTB cpefpl (3¢hHp ), KOTO-
p 9 He MoriT OBITh 0OH pyxXeH . [loHATHE 00 3hupe OBUIO MOTHOCTHIO YCTP HEHO
U3 BJIEKTPOM THETH3M B TEOPUH OTHOCUTEIBHOCTH DUHINTEHH , U Ternepb OHO
03H 4 eT He OoJiee YeM MOBTUYECKHA 00p 3 («p JUOBOJIHBI B BUPE» U T..I.).

Ho ecnu mpu moMomm Mex HHYECKHMX MOJieNied W Hemb3s CHeNl Th H IVISA-
HBIM 3JIEKTPOM THHUTHOE I0JIe, TO OTCIO[] BOBCE HE CJIeOyeT, YTO 3JIEKTPOM THHT-
HOE M0JIe HEeOCTYMHO Ul H IJISTHOrO BOCHPHATHS. MBI CMOXEM IpencT BHUTh
cebe H IIISTHO BJIEKTPOM THUTHOE IIOJIe, €CU U3Y4MM MOJPOOHO €ro CBOMCTB
W TIpUBBIKHEM K HUM. K YecTBeHHbIE COOTHOIUEHHMS, BBITEK IOLINE M3 yp BHEHHM
moJsd, ¥ OYOyT X p KTEpU30B Th MOJIE «H IIISIHBIM 00p 30M». MBI MOXeM, H TIpH-
Mep, MPEACT BHUTH BJIEKTPOCT THYECKOE I0JIe MTPU IIOMOLIH JIMHUN H NPSKEHHOCTH
BIEKTPUYECKOTO MO U MOBEPXHOCTEH p BHOTO MOTEHLH JI ; MOXEM H300p 3UTh
M THUTHOE I0JIe TIOCPEICTBOM M THUTHBIX CHJIOBBIX JIUHUH H T.1.

Mpbl BUIeNH, YTO YeM HeoOblYHee 3 KOHOMEPHOCTH NPUPOABI, TeM OGONIBIIYIO
pOJb UIP €T M TeM THYECKHH TMIl p T TEOpUU. B CcO31 HUM €ro I1 BHBIM CTH-
MYJIOM CIyXHT CTpeMJIEeHHEe H HTH T KOe M TeM THdecKoe o(hopMJIeHHUE TEOpHH,
KOTOpPOE H WIYYIIUM OOp 30M OTP X €T MoJIoXeHHe Bemedl. MHOH p 3 mpoxoast
TOABl M [ XK€ JEeCATHIETHs, NMpexne 4yeM (PU3MK M yO eTcsd O3l Th OKOHY Tellb-
HYI0O M TeM THYeCKyI0 (hOPMYTUPOBKY TEOPHHU WM, K K TOBOPST, NPUJ Th TEOPUH
MPOCTOU U W3SIIHBIN BUI.

MHOTO NMepBOH U JIbHBIX HECOBEPLIEHHBIX MOCTPOEHHWH NPH 3TOM OTII [ €T.
Tem Gosee yTUBHTETBHON K XKETCS «KHBYYEeCTb» HEOONIBIIOrO YHCI METOIOB,
p 3p OoT HHBIX emie B H 4 Jie 30-X T00B, — METOJIOB, B KOTOPBIX BTOp M VI -
JIOCh CP 3y X€ CXB THTbh «JIOTHKY» IIPHPOJBI U CPOPMYJIHPOB Th €€ HOBbIE He-
OOBIYHBIC TIOHSTHS.

B.A.®ok u coBpemeHH f ¢u3MK . H yun 4 nedarensHocts B.A.@0K 0XB -
THIB J1 IIUPOKHUI KPYr MpoOiieM TEeOopeTHYeCKOH U M TeM THYECKOH (PHU3MKH,

T KX IMPUKJ AHOW (PU3UKU U M TeM TUKH. [IpHOIMKEHHO MOXKHO BBIIEIUTD Clie-
JyIOLLUe Mepuoabl H yYHOHU HesaTesnbHocTd B.A. Dok :

e KB HTOB 4 Mex HUK ¥ KB HTOB g Teopus momst — 1926-1937 u 1940-
1941 rr.

e OO6mr s Teopus oTHOCUTENbHOCTH — 1938-1941 u 1949-1961 rr.
e M teM THK — 1942-1944 1.
o Tucp xums — 1944-1951 rr.
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e OOcyxJieHHe MTPUHLUIN JIbHBIX BOIIPOCOB KB HTOBOW TEOPUH M TEOPUH OT-
HOCHTENIBHOCTH — BIUIOTH 10 1974 1., p 60T H 1 KHuroi «IIpo6mems! au-
¢p Kuum U p cupoctp HeHud p AUOBOIH» (1970) U H I BTOPbIM U3[ HHEM
kaurd «<H 14 1 KB HTOBOM MeX HUKH» (1973).

W3 »T10i KI CCU(UK MU BbII JJU P OOTHI MO M TeM THYECKO# (pU3MKe U

MIPUKJT THON (pU3UKE, BHINOHEHHBIE B P 3JIUYHBIE TOIBI.

H wubonee 31 yurenen Bk g B.A.®ok B KB HTOBYIO (pu3KKy. OH ObLT OTHUM
U3 CO3Jl TeJlell KB HTOBOW MeX HUKHU U KB HTOBOH TeOpHH Moiid. BoliH 3 mepx 1
H 4 JIO H YYHOU JedTelbHOCTH Monogoro Mok . BrIounBIIUCHE B HEATENBHOCTD
10 TIOCTPOEHUIO KB HTOBOM (PM3UKH HECKOJIBKUMU IOJl MU IO3HEE MEPBOMPOXOA-
ueB ne bpoiua, Teiizentepr , penunrep u dup x , B.A.®ok cymen cp 3y ke
BBIIBUHYTHCSA B YHCJIO BEIYIUX TEOPETHKOB MHP W OTKPBITh MOAXOJBI K HOBBIM
SBJIEHUSM M METONBl P CUET , KOTOPBIE COXp HAIOT 3H ueHHe U ceiiu c. Ero Bu-
JeHue (PU3NYeCKUX SBJICHUI M OMUCHIB IOIIET0 UX M TEM THYECKOTO NI P T C
6 3MCHBIMM MOHSTHSAMH OBUIO YAWBHUTETBHBIM U OIEPEX JIO P 3BUTHE (PU3UKHU H
necatmwietusi. [logxon B.A.®Pok B psige p 60T MOXHO T KXK€ OIHC Th CJIOB MH
¢ Moro B.A., ¢k 3 HHbIMU IO 1IOBOLYy HUp K : «ABTOp CTPOUT TEOPHIO IO Me-
TOOYy «M TE€M THYECKOH THIIOTE3bI»: CIEepB BBOOUTCS M TeM THYECKHH TII P T,

3 TeM I HEro HOABICKMB eTcd (PU3MYECKOe TOJIKOB Hue». HHorg 310 1 Xe
Mell JIO MOMy/IIPHOCTH ero p 60T cpemu TeX, KTO HPUBBIK p OOT Th 1O FOTOBBIM
pelenT M M He MOT BOCIPUHATH HOBOE, BBIXOIILEE 3 P MKHU CT HA PTHBIX UIEH.

Mecrto p 60T B.A.®0oK B COBpeMEeHHOU (DU3UKE Jierde BCero 00bSICHUTD, €CITH
MPOCIEIUTh UCTOPHIO €€ P 3BUTHA.

Tomer 1923-1927 B co3x HUM KB HTOBOM Teopuu ObUTH KpuTHYecKmMH. K
3TOMY BpeMEHH ObII H KOIUIEH JOCT TOYHBIA ®KCHEPHMEHT JIbHBIA M TEpH JI, KO-
TOpbIA He MOr ObITh OOBsICHEH Teopueil bop , ero HNpUHLIUIIOM COOTBETCTBUS
1 000JIOYEYHOI MOJIEJbI0 TOM , IPEACT BICHUSMH O BEPOSTHOCTSX MEPEXOIOB
CHOHT HHOTO ¥ BBIHYXIECHHOTO H3Myd4eHHd DHHIITeHH . AHOM JIbHBIH 3hdeKT
3eeM H , CB3 HHBIA C HEU3BECTHBIM €Il TOIN CIMHOM, BMECTE C SIBICHHIMU,
HNOHATBIMU I03X€e C IMOMOIIBIO NPHHLUII 3 HPET , U Oy JU3MOM 4 CTHL —BOJIH
co371 B JIM (pM3UYECKYIO K PTHHY, TPYAHYIO LI OOBSICHEHUS B P MK X OJHOM Teo-
pun. M 1eficTBUTEIBHO, KB HTOB S TeOpHs ObLT CO31 H IOCJTE TOrO, K K CIIePB
ObUTM H #IeHbI TP KJIIOY K OOBSICHEHUIO OIBITOB — 1y JIU3M, IPUHLIMII 3 TPeT ,
CIHH, 3 TeM OObeOUHEHBl B COBPEMEHHYI0 KB HTOBYIO Teopuio. e Bpoiinp mep-
BbIM NOHAT [1] B 1925 1., 4TO B OCHOBE BELUEH H XOISITCS «BOJIHBI M TEpUU». B
toM Xe roay Il ymu [2] omybnmkoB ;1 npuHnun 3 mpetr , [eitzenbepr [3] ccop-
MyJHpOB J1 M TPHYHYIO MeX HHKY, p 3BHTYI0 B p 60T X Bopn u Hopn u [4]
u Bopu , Hopn v u Teiisen6epr [5]. Wnewn me Bpoiing GBUIM p 3BUTHI U Ipe-
Bp ILUEHBI B BOJIHOBYI0 MeX HUKY LllpemuHrepoM, uyeTbipe cOOOIIEHHsS KOTOPOTO
nmosBUIACH B 1926 1. B XypH Je «Annalen der Physik» [6] mong obmum 3 11 -
BueM «KB HTOB HHe K K mpoOjieM cOOCTBEHHBIX 3H 4eHUil» («Quantisierung als
Eigenwertproblem»).
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B.A.®ok BKJIIOUMIICS B BEJTUKOE KB HTOBOE CTPOUTENHCTBO B 1926 1. [7], cp 3y
Ke 1ocsie noseiaeHus nepoil (u3 dereipex) ¢t Tou B.1lpenunrep . B cT 1hE [7]
Dok 0606mmaer yp BHenue Llpequnrep H ciyd i cuil, 3 BECSIINX OT CKOPOCTH.
OH omyOJMKOB 11 ee MOYTH B TO XK€ BpeMs, KOIN BbIIIET XYPH J CO BTOPBIM
coobmenuem Llpenunrep .

Yp Buenne Kneiin —®ok u ¢ 30Boe mpeodp 30B HHE BOJHOBOI (yHK-
uuu [8,9]. B tom xe 1926 r. B.A.®ok u O.KneitH He3 BUCHMO I 10T (pu3MKe
PETSTUBUCTCKOE BOJTHOBOE Yp BHEHHE — yp BHEHHE JUI 4 CTUIBI co criuHoM 0.
K k Bcern y Dok , 3TO ciiem HO OCHOB TEJIPHO — B IIPHCYTCTBUH BHELIHHX
BIEKTPOM THUTHOTO U TP BUT LIMOHHOTO IOJIeH, MyTeM M3y4eHUS WHB PH HTHBIX
CBOKCTB JEUCTBUS. 3[I€Ch P CCM TPHUB €TCd T KXKe Ip AMeHTHoe (K JIMOpPOBOYHOE)
npeoOp 30B HUE JIEKTPOM THHUTHBIX HOTEHILH JIOB U, BIEPBbIE, COOTBETCTBYIOILEE
¢ 30Boe mpeobp 30B HHE BOMHOBON (PYHKLMM 3 PSXKEHHOH 4 CTUHBL. B 3TOi p -
6ote B.A.Dok ucronp3yeT nepexoy K IpoCTp HCTBY ISTH U3MEPEHHUH C METPUKOIA,
3 BHCSILEH OT 3JIEKTPOM THUTHOTO Moid. DT p 60T , 6e3yclIOBHO, IPEBOCXOIUT
YPOBEHb TEOpPEeTUYECKOH (pU3UKU TOro BpeMeHH. Hex pom MHorue ¢pusuku mpea-
MOWIN CChUT ThCS H OMYOJMKOB HHYyH mo3aHee p 6oty [opmon [10], rae Obuto
MPEVIOKEHO TOJBKO H JIOTHYHOE PEIATHBUCTCKOE yp BHEHHE T CBOOOIHOM U -
crunpl. [lepexon B MITHUMEPHOE MPOCTP HCTBO, HCHONIB30B HHBIM K K POKOM, T K
u Kieitnom, 6601 BriepBsie p ceMotper K my3zoit [11]. Yepes 40-50 net mepexon
K TMPOCTP HCTB M C JOMOJIHUTEIbHBIMU H3MEPEHUSIMH CT J BECbM IOIYNISpEH,
U OIHO U3 H Ip BJIECHUN B T KOM JyXe HOIYy4WIo H 3B Hue mogxon K my3pi—
Kunein .

B 310 X)€ Bpems Oblmu czen Hel Apyrue Oonpiune OTKpbITHS. PepMu mpemio-
xkui [12] ¢T THCTUKY, COBMECTHYIO ¢ npuHuuioM 3 npet Il ymu. dup x cdop-
MYJIUPOB JI NIPUHLMI 3 MPEeT H $3bIKe HTUCUMMETPUYHBIX BOJHOBBIX (PyHKIMIX
[13]. Bopu [14] a1 71 HOBOW Teopuu BEepOSTHOCTHOE HUCTONKOB Hue. ['mmores
Vnenbex u I' ynemur o crnune [15] 6bu1 npusHAT UMK MH. DTOT INEpPBbIA
3T I TOCTPOEHUS KB HTOBOM MeX HHMKH 3 BEpIIWICS OTKphITHEeM IeiizeHOeprom
[16] cooTHOIIEHUIT HEOTIPEeAEIeHHOCTEH.

Ipencr Bienune @ok . B 1927 r. up k [17] co3m €T KB HTOBYIO TEOPUIO
UCITyCK HUS U TOIVIOUIEHHs CBET , KOTOP 51 AMHBIM OOp 30M OIUCHIB €T K K WH-
TepepeHIIMOHHbIE IBICHUSA, T K U MPOLIECCHl UCIYCK HUS U POXICHUS KB HTOB
cBeT . B.A.Dok 3 Meu eT, YTO M TeM THYECKHH I P T ®TOH 3 MeY TeIbHOU Te-
OpUU HE COOTBETCTBYET (PU3MKE ABIEHUd, U B 1928 I. pems r er Apyrylo M TeMm -
TUYECKYI0 OCHOBY TeopuH [18] — To, uro lup K H 3bIB eT [19] npenct BrneHuem
®DoK . DTO NpeJCT BIEHHE Oep TOPOB POXICHHUS M MOINIOIIEHHS B ITIBOEPTOBOM
IPOCTP HCTBE TENEepb UCIOJIB3YETCs MOBCEMECTHO; OHO BXOIMT B J1000i yueOHbIi
Kypc Mo KB HTOBOW MeXx HHMKe. OOH KO pelKH Te€ BTOpBI, KOTOpPbIE MPU 3TOM
yrnomMuH 10T uMsi B.A.@oxk .

Yp BHeHue Iup K B moJjie TATOTEHUS U N P JUleJIbHBIN MepeHoC K K CIo-
€00 3 1 HUA K JIMOpOBO4YHOro B3 MMopeictBua. B 1928 r. Jup K npemioxun
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[20] yp BHeHme s 4 cTuipl co cnuHoMm 1/2. B 1929 r. B p G6ote B.A. ®ok
u .. B wenko [21] ObUTO BBICK 3 HO HpENNONOXEHHe, 9To M Tpumbl dup K
MMEIOT YUCTO T€OMETPUYECKHUIl CMBICI, B Clledytomei p 60Te aTux BTOpOB [21a]
ObITO BBEJCHO MOHATHE 1T P JUIEIBHOIO IepeHoc OucnuHop . CIemyrommMm oI roM
B reomerpu3 1mu teopun dup x Obuto nomyuenune Mokom [22] yp BHeHUS JUist
Y CTHILIBI CO CITIUHOM 1/2 B Ip BUT LIMOHHOM IIOJIE, IEPEXOJIAIIero B yp BHeHUe [du-
p K BIpocTp HCTBe MUHKOBCKOro. O6 9TOM yp BHEHHH rOBODSIT K K 00 yp BHe-
Huu [lup X B Ip BUT LIMOHHOM II0JIe; OHO P CCM TpPHB JIOCh T KXe Beinem [23].
IIpu 1 p nnenbHOM NEPEHOCe CIIMHOP B KOB PH HTHOH IPOU3BOIHOI MOSBIAETCA
JIONIOJTHUTENIBHOE CJI T eMOe, MMEIOIIee CMBICT ®IeKTPOM THUTHOIO MOTEHLH J .
IT p jutenbHBINA HEPEeHOC BHICTYI €T K K croco0 3 1 HUS B3 UMOJEHCTBHS U obec-
NeYeHus K JTMOPOBOYHON UHB PU HTHOCTH B3 MMOICUCTBHUS MEXJY 3 PSKEHHBIMU
U TATOTEIOIUMU TeJl MU. T K S F€OMETPUYECK S UHTEPIIPET LU B3 MUMOACHCTBUA
MMeeT COBEPLICHHO OOIMiI X P KTep W MPWIOXHM KO BCEM BHA M B3 UMOAEH-
ctBus (¢ OeneBoil Wi He OeIeBOi IpyNImoil K JHOPOBOYHBIX IPeodp 30B HUIL).
DT p OGOTHI MOK 3bIB 10T, K K MOSBISIOTCH K JIMOPOBOYHBIE TEOPHH, MPEICT BIIS-
IoIKe coOOW OCHOBY COBPEMEHHOW KB HTOBOH TEOpUH MOJL. 3H YeHHE 3TOro
pe3yibT T ObIIO OCO3H HO IpHMepHO yepe3 50 jer.

Meron X prpu—®@oxk . [locie nocTpoeHus KB HTOBOW M€X HMKHU OIHOM 4 -
CTHLIBI BO BHEINHEM II0JI€ U YCT HOBJIEHHS CT TUCTUYECKHX CBOWUCTB (pyHI MEH-
T JIBHOW MPOOJEMON CT J1 MHOTOJIEKTPOHH s 3 I 4 KB HTOBOW MeX HUKHU U
p cuer ctpoenud ToM . B 1928 r. X prpu [24] caen j nmepBsiil I T K pELICHUIO,
MIOCTPOUB CHUCTEMY C MOCOIJI COB HHBIX yp BHEHMH U1 OJHO®JIEKTPOHHBIX BOJI-
HOBBIX (pyHKIMI. B.A.MDOK MOCT BUI CTPOTrO MHOTORIEKTPOHHYIO 3 | Uy O BOJIHO-
BOW (DyHKLIUM CHUCTEMBI 3JIIEKTPOHOB, NMoguuHAIonielics yp BHeHuto llpenunrep ,
npuHuuny Il ynu u umeroeld 3 1 HHbI MOMEHT KOJIMYECTB JBUXeHud. Ilpu-
OmkeHHoe pelieHue [25] ®TOil 3 o YM B TEPMUH X OJHOBJIEKTPOHHBIX (PYHK-
LUl ¢ TOMOIIBI0 B PU LHOHHOIO MPHUHLMII JI €T C MOCOITI COB HHBIE Yp BHEHHUS
X prpu—®@oK , OTNINY [oHIMecd OT CUCTEeMbl X PTPH H JIMUMEM OOMEHHBIX Ulle-
HOB. B.A.®DoK B cOOCTBEHHBIX p cUeT X [26] u B p cueT x ¢ M.W.Iletp mmens [27]
MoK 3 J1 3¢eKTUBHOCTh T Koro noaxon . Mmenno merox X prpu—®ox [25]
CITy’KMT OCHOBOHM BBIUMCJICHMI B MHOTOY CTHYHBIX 3 1l Y X KB HTOBOH MeX HHUKHU
C MOMEHT CO3/1 HUd IO H CTodllee BpeMsd. MeTox ydyer 11 pHBIX KOppelauui
6611 o3HEe p 3p 60T H B.A.®okom, M.I.Becenoseim 1 M.U.Iletp mens [28].

MmuoroBpemenHou opm au3m Jup kK —Pok —Ilomonsckoro. Ileps s teo-
pud KB HTOBOrO moid mpuH miexut [eizenbepry u I1 ymu [30]. Bt Teopus
BCTPETHJI Chb C PSIOM TPYJHOCTEi, KOTOpHIE, K K BBISCHIJIOCH IO3[HEe, ObUTH TH-
MUYHBI TPU TPUMEHEHUU K HOHUYECKOTro hOpM JIM3M B K JIMOPOBOYHBIX TEO-
pusix. IIpoGneM BBeneHUS PESITUBMCTCKH-UHB PU HTHOTO B3 UMOJEHCTBHS C
3 PSKEHHBIMU Y CTHIl MU U HNPOHCXOXIEHUS KYJIOHOBCKUX CWJI OCT B JI Cb OT-
kpbiToid. Jdup K [31] BblIBUHYA uuero (M NPOWUIIOCTPUPOB J1 €€ B OJHOMEPHOM
CIIyd €), YTO KYJIOHOBCKHE CHJIbI BO3HHMK IOT B Pe3YJbT Te OOMEH CK JISPHBIMH
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KB HT MU. PelTUBUCTCKYIO WHB PU HTHOCTh TEOPHU TPEI I JIOCh 00ECHEeYHTb
BBEJIEHUEM OTIEJIbHOTO BPEMEHM ISl K XKIOOW 3 pskeHHOW 4 crtuupl. ®ok u Ilo-
JOJbCKUU [32] p cCMOTpEsH ciiyd H TPeXMEpPHOro MPOCTP HCTB U HOJIYYWIIH pe-
JIBHBIA KYITOHOBCKHU MoTeHIH JI. X coBmecTH 4 cT Tbd ¢ Hup xoM [29] mpu-
I 7T Teopud 3 KOHYEHHBIH BulI. MHoroBpemeHHoit ¢opm mu3Mm Jup k. —Pox —
ITogonbckoro — 3TO 3Jer HTH 4 PeNATUBUCTCKU-UHB PU HTH I (DOPMYIHUPOBK
KB HTOBO 3JeKTPOIMH MHKH C 3 1 HHBIM YHCJIOM 3 PSIKEHHBIX CIIMHOPHBIX U -
CTULl. 37ech BIEPBblE BBENEHO IMPENCT BIEHHE B3 UMojedcTBud s nond. [lome
MK XI Y CTUL OIUCBHIB IOTCS P 3IE€JIbHBIMU KOOPIMH T MU U BPeMEH MH. DT
TEOpHsI HPENCT BisgeT co0O0i B XXHBIA 5T I B CO3I0 HUU COBPEMEHHOH KB HTOBOI
teopuu nond. Hogeliliee p 3BUTHE MHOTOBPEMEHHOTO (POpPM JIU3M  CBSA3 HO C
umed Mu K. Tomon ru [33] u 0. IBunrep [34].

IIpoctp HerBo DOK . MeTon BTOpHYHOTO KB HTOB HUS ObUT p 3BHUT Jup KoM
[17], I?Iop)l HoMm u IT ymu [35], flopz[ HOM u Buraepom [36]. B HeMm BOJTHOB g
(pyHKLIMS 4 CTHULBI P CCM TPHUB JI Chb B K 4YeCTBE omep Top . Bo3HUK 11 Bompoc o
TOM, B K KOM OTHOLICHUH MOJIYYEHH 5 TEOPHUS COOTHOCHTCS C KB HTOBOW MeX HH-
Koi. OTBeT H ®TOT Bomnpoc Obul 1 H B p 60oTe B.A.®oKk «BTopuyHOE KB HTOB -
HHUE 1 KOH(UTYp HUOHHOE MPOCTP HCTBO» [37]. DTOT OTBET BKIIIOY JI U BBEICHUE
HOBOT'O MOHATHS, KOTOPOE MOJIYYWIO H 3B HUE NpocTp HCTB Dok . B atom mpo-
CTp HCTBE XHUBYT KB HTOBBIE CUCTEMBI C B3 UMOAEUCTBUEM, U3MEHSIOLINM YHUCIIO
9 CTHL. DTO MPOCTP HCTBO YHUBEPC JIBHO, T K K K OHO HE 3 BUCHUT OT KOH-
KPETHOH JIUH MHKH, ONpeNeIeMOil I MIWIbTOHH HOM. Ero 06 CcThi0 MpHUMEeHEeHUs
ABJISETCS BCS KB HTOB § (PU3MK .

CumMeTrpuss TOM BOZOPOI M JAMH MHYECK S cUMMeTpHUsA. X p KTep BbI-
POXJIEHUSI YPOBHEH TOM BONOPOL CBUJAETENIBCTBOB JI O CYLLIECTBOB HUU HEKO-
TOpOH, ellle HeU3BECTHOW CUMMETpHH. MHOIOYHCICHHbIE MOMNBITKH BBIABUTH 3TY
cummMeTpuio Obutn Heyn 4Hbl. B.A.®ok 1ok 3 a1 [38] ¢ moMombi0 H3SIIHOTO
npeoOp 30B HUI, YTO TOM BOHOpOH OO JI €T YeThIPEeXMEPHOH CUMMeTpueil B
HUMITYJTbCHOM TIPOCTP HCTBE. DT CHMMETpPHUS HEOObIYH , T K K K OH CMEIIUB €T
KOOPAMH ThI M MMITYJIBCHI, T.€. MPEACT BIIeT cOOO0M IHH MHYECKYI0O CUMMETPHIO.
Cryctd 25 net 3T p 60T HOCIYyXWI H 9 JIbHBIM TOJTYKOM K OOLIMPHON JesITeNb-
HOCTM U K TMOSBICHHIO COTEH p OOT, MOCBSIIEHHBIX MOJIENSM JIMH MUYECKON
CUMMETPHH, B KOTOPBIX CIIEKTP CHUCTEMBl TeHEpPHpYeTCd TIPYIIONd CHUMMETPUU
[39-41].

Metox codcrBeHHoro BpemeHu ®ok . B.A.®ok [42] cymen H itH T Koe
p cuMpeHue yp BHeHUs [lUp K C BHEIIHUM IOJIEM B MISITAMEPHOE IPOCTP HCTBO,
KOTJ TATOW KOOPOMH T€ MOXHO NPHJ Th CMBICI COOCTBEHHOIO BPEMEHH, TEM C -
MbIM 0OECIIeunB PENIITUBUCTCKYI0O UHB PU HTHOCTh BBIYMCJICHWI H BCeX 9T I X
U eIMHCTBEHHOCTh pemieHud 3 1 yu Komm, T KXe BBIICJICHUS MOSBIISIOLIIXCS
OECKOHEYHOCTEH, T.e. pellii OOHUM M XOM TpHU MPOOJIeMbl. DTOT MeToI depe3
15 met 6511 p 3BUT LlIBUHTepOM [43] U mo3nHee ne Burrom [44]. MeTton ¢ ycnexom
npumensuicss H MOy [45], Boromo6osbiM 1 [IIupkoBsiM [46]. OH CT J1 OCHOBHBIM
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Ccroco0OM peryjsipu3 WA KOHTHUHY JIbHBIX MHTErp JIOB (T.e. CBI3 HHBIX C HUMHU
ompenenureneir). B stoit ke p 6ote B.A.PoK mpemIoXmw1 HOBOE K JHOPOBOY-
HOE YCIIOBHE I TOTEHIH JIOB, KOTOpPOe BCe U Ie NMpUMEHSeTcs B H IW IHH,
0COOEHHO TOTX , KOTA HYXXHO HCITONB30B Th CBOICTB ¢ MOXy JibHOCTH [47,48].

Metox ¢yakuuon jgoB ®ok [49,50]. «Meton (pyHKIMOH JOB» — 3TO
H 3B HHe ObUTO 1 HO ¢ MM B.A. B cBoeil p 6ore [50], oObenuHsIOImIEH C equ-
HOW TOYKH 3pEHHUS €ro TP KTOBKY KB HTOBOH 3JIEKTPOAWH MHUKH, H 4 Tyio B 1928
I. CT Thel, rae ObUIo 4 HO «rpeacT BieHue Dok ». P 3ymeercs, oT Tp KTOBK
B YIPOILIEHHOM BHUIE NPHUMEHMM M K CK JISIPHBIM ME30HHBIM MNojisiM. B Metone
¢pyHKLMOH 710B B.A. BBIIBUI €T H IHEPBbIM IV H UICI O NPOU3BOLIIIEM (PYHK-
LUOH JIe, 3 BHUCALIEM OT BCIIOMOT TENIbHBIX (DyHKLUI, p 3110XKEHUE KOTOPOTO B P
I eT MIUIUTY#bl BeposdTHOocTU. Hjed o mpousBomdieM (PyHKIMOH Ji€ OK 3 JI Cb
BECbM IUIOJOTBOPHOM B HOBEMILEM p 3BUTUM KB HTOBOM TEOpUU I10JI4, [I€ BCIO-
MOT' TeJIbHBIMHU (PYHKIMAMH CIyX T UCTOUHHUKHU (BHEIIHHE TOKH), P 3JI0XEHHE 10
CTETIeHIM KOTOPBIX A eT (pyHKmu [pua . MeTox (pyHKIMOH JIOB OBUT BKITIOUEH B
[pOrp MMy IEPEHOPMUPOBKH [51] . DTOT MeTon OK 3 Jicd UCKIIIOYUTENBHO 3¢h-
(peKTHBHBIM B KB HTOBOW ONTHKE [52] M MPH MOCTPOSHUU TEOPUH OOJ YESHHBIX
y crul [53].

Yp BHeHH:A JBHIKEHHSA M CC B OOIIeil TEOPHMH OTHOCUTEILHOCTH. YD BHe-
HUg DUHINTEHH BKJIIOY IOT K K Yp BHEHUS IOJIA TATOTEHHUd, T K U Yp BHEHUI
JBUXEHUSI M CC. DTOT NMPUHLMUIHN JIbHBIA BBIBOJ ObUT ciell H DHHINTEHHOM C CO-
TpymHUK Mu [54] eme B 1927 ., HO yp BHEHUs [IBMXEHHs He ObUIM IOTYyYEHBI.
DiiHmTelH 1 oK He3 BUCUMO BbIBEJIM yp BHEHUS JBUXEHUS U3 yp BHEHUU DiiH-
IITEHH P 3MUYHBIMU MeTox MU [55,56] B 1938 1 1939 rr. D10 ObLT KpynHEHIIHIA
pe3ysIbT T B P 3BUTHM OOLIEH TEOPHH OTHOCHUTENBHOCTH IOCIIE€ OCHOBOIOI T f0-
nmx p 60T DUHINTEHH .

Jdudp Kumsa. Pe3ynst ThI, nomydeHHble B.A. B 3TOi 00N CTH, WU3ITOXEHBI
B ero kHur x [58-60]. O630p Bk a1 B.A. B mpobGimemy mudp KIuMu cren Ji
B.1.Cmupnos [61]. JI.O.® nnees nutiet [62]: «3xech B.A.Dok co3n J1 MOIIHEH-
[IMe CHMITOTHYECKHE METOIbI, P BHBIX KOTOPBIM B M TeM THYECKOW (hU3UKe He
ObUTO», W MPOAONXK eT: «P 60TH mo mudp Kumu mpogoinx forcsd. WM moutm K X-
I 9 W3 HUX H YAH €TCS CIIOB MH O TOM, YTO BTOp HCITONIb3YeT WUICH U METOIbI,
p 3p 60T HHBIe B.A.®@OKOM».

IIpukn puble 3 1 yd. M TeM THYecK 5 MOLIb M (PU3NYECK S MHTYHLUS ITpe-
gonpenenun ycriex B.A.@ok 1npu ero obp ImeHnd K 3 1 94 M HPHUKJI JHOTO X -
p xtep . Cpean HUX UMEIOT NEPBOCTEIIEHHOE 3H YeHHe ciemyromue. Teopus ocse-
IIeHHOCTH [63,64]: BBeneHBI OCHOBHBIC MOHSATHA M H IHC HBI Yp BHEHUS TEOPUHU
BEKTOPHOT'O CBETOBOTO MOJIS. 3 JIOXKEHBI OCHOBBI COBPEMEHHOMN CBETOTEXHUKHU. Te-
opud K poT X [65]: 1 H M TeM THYECK 5 TEOpHs OIpeleIeHNs COPOTHBICHHS
TOPHBIX MOPOA 1o crocody K poT X . Teopus moseneH g0 T Oiui U rp (HUKOB
JUIS TIOJIB30B TeJEH.
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Kuuru «Teopus mpocTp HCTB , BpeMeHHU U TATOTeHUA» [66, 67] u «H 4 1
KB HTOBOil MeX HHUKH» [68, 69]. Dt kuuru yHuk jpHEL. [lo oObeMy opurm-
H JIbHOTO M TepH 1 (yHI MEHT JIbHOTO X P KTep , CONEpPX INerocs B HUX, OHU
CITEIyI0T HETIOCPEACTBEHHO 3 KHUrod A.DUHINTEHH 1o 0OInel TeoprH OTHOCH-
TenpHOCTH M KHurod IILAM.Jup K 10 KB HTOBOW MeX HHKE. DTH KHUTU OT-
JIUY I0TCS T KX€ TII TEJIBHOCTBIO H JH3 (PU3MYECKOro HCTOJIKOB HHUS TEOPHUH.
B cBa3u ¢ 0co0oii poiibl0 M TeM THYECKOTo I p T B COBPEMEHHOH (pu3nKe
(husnyeckoe HMCTONKOB HUE HOBBIX TEOPUIl BMECTE C BBEJECHHEM OCHOBHBIX IIO-
HATHI TproOpeT 1o (yHI MEHT JIbHOE 3H YeHHe. B ®TOil nedaTebHOCTH MOAXO.
B.A.®oK , p 60T BILEro B 3H YUTEIbHOW MEpe MO METOAY M TeM THYECKOM THIIO-
Te3bl, CYLIIECTBEHHO OTJIMY JICS OT MOAXol (PU3MK , HE BEpSILEero, YTo M TeM THK
ectb 4 cTb [Ipuponsl. M TeM TUYECKMiII Il p T HOBOM TEOPUU P CCM TPUB €TCH
B.A.®okom, kK K ecrmu 661 310 ObuT Bons [Ipupomsl, momrex 01 9 0OBICHEHHIO
IpexJe BCEro B MOHATHAX HOBOW TEOPHH, 3 TEM yXe IepeBOLY H IPUBBIYHBIIA
10 3TOro s3blK. PHU3MKK APYroro THI TIOMBIT JIMCh OBI MpeXae Bcero copmy-
JIUPOB Th CMBICJT HOBOH TEOPUH C MOMOIIBI0 NehOPMUPOB HHBIX MOHATHUI CT POil
TEOPHH, U JIUIIb CITyCTS IIUTENIbHOE BPEMs, WM J XK€ B HOBOM IOKOJIEHUH, BOC-
NPUHATHA Obl HOBYIO TEOPHIO U HOBBIE MOHSATHS K K IIEPBUYHBIE U HE CBOAMMBIE K
CT pbIM MOHATHAM. OTHOCHUTETIBPHOCTD K CPEACTB M H ONIONEHUS — 3TO MOHSTHE
66110 BBeieHO B.A.DOKOM K K YHHMBEpC JIbHOE U IIPEJCT BIsIoIIee co00il OCHOBY
onuc HMA (PU3NYECKMX FBICHUH K K B KB HTOBOIl (pU3MKe, T K U B TEOPHUH OTHO-
CUTEJIBHOCTH.

3 mur H yku. JedrensHocth B.A.QOK 10 HUCTOJKOB HUIO KB HTOBOW Me-
X HHUKH U 00IIel TEOPUH OTHOCUTEIBFHOCTH CITy KT T KXK€ IIUTOM, 3 LWL BIIUM
H YKy OT H II JIOK HEBEXECTBEHHBIX (pUI0cO(OB U NMPUMKHYBUIMX K HUM (PH3H-
KOB, YUHOBHUKOB U JINXUX XYPH JUCTOB. Pax cr teir B.A. H nuc j1, uMed B BUAY
K K p 3 T KUX YHUT Teliell, T KXe BYJIbI pU3 TOPOB H YKH T KOIO XK€ TOJK .
H n oxu H H yKy Hesb3s ObUIO OOXOIUTH MOMY HUEM, T K K K IIpU OTCYTCTBUH
OTIIOP MOIVIU MOCJEA0B Thb IOJUTHYECKHE BBIBOABI — YBOJIBHEHHS, PECTBI.

CoBeTcK 4 H yK IepeXuwl Tpy#HbIe rofsl pernpeccuil 30-X rofos, B KOHIIE
40-x — H y Je 50-X BCTynWwl B HOBYIO IIOJIOCY HUCIIBIT HUMl — BpeMs p 3rpoM
6uosnorun, 60psObI C TEOPHEH OTHOCUTENFHOCTH M KB HTOBOM MEX HHUKOI, C «KOC-
MOTIOJIUTU3MOM». JIBICEHKOBIIMH CT J1 THUIIMYHBIM METOIOM HCTpeOsieHHs J1yd-
el 4 CTH H YKH. YHHYTOXHB COBPEMEHHYI0 OHOIIOTHIO, JIBICEHKOBIIMH CT JI
P cHoi3 Thed IO APYTHM H yK M. Penpeccuu U IBICEHKOBIIMH H HECIH IIOTEPH U
¢puzuk M-TeopeTuk M yHHBepcHTeT . BpUTH pecToB Hbl M 6€3BpPEMEHHO MOrnoIn
M.I1.Bponmreitn, B.P.Bypcu n, B.K.®penepukc, 10.A Kpyrkos. JI.D.I'ypesuu
66U yBOsieH u3 yHuBepcuTeT . C M B.A.@ok B 1938 1. ObT pEecTOB H U OTIIP -
BjIeH B MOCKBYy, HO 0cBOOOX1eH 611 ron pst BMern TenbeTBy [LJI.K muipr.

B.A.®ok KTHUBHO 60pOIICS C JIBICCHKOBIIMHON. Drmocodckre ceMuH phl (hH-
3udecKkoro ¢ KyiapreT B H 4 Jjie 50-X rogo OBUTM OOHUM W3 OINIOTOB OOpBOBI 3
OOILYI0 TEOPHI0 OTHOCUTENIFHOCTH U KB HTOBYIO MEX HUKY.
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1898,

1916

1917
1918
1919

1922

1923

1924

JATBI 2ZKH3HHU BIIAIUMHPA ATEKCAHIPOBHUYA ®OKA

22 nek Opsa pomwics B C.-I[letepbypre B ceMbe HHCIIEKTOP JIECOB, YICHOTO
JecoBox Aunekc HOp Ausiekc HapoBuud Dok .

OxoH4Mn pe npHOE yuusuiie B [leTporp me v nocTynwi H (PU3UKO-M TeM -
THyeckuil ¢ KynpTeT IleTporp AcKOro yHuBEpcuTET . 3 4YHCIIEH 10OpOBOIb-
eM B pTmiuiepuiickoe yuunuine B Ilerporp ne.

BoenHn g cmyx6 H (ponTe.
JeMoOWIN3 1Msl M BO3BD ILEHUE B YHHUBEPCHUTET.

JI 60p ur locyn pcreenHoro omrmyeckoro uHCTUTYT (I'OH). Ak memuk
J.C.PoxnecTBeHCcKuil H Op J1 IpyIIly U3 YiCcI H HOOJIee ycreB IIUX CTy-
JIEeHTOB U 3 uuciauia ux B Wt T [OU K K 1 6GOp HTOB NpH M CTEPCKHX,
4TOOBI MOMOYb UM y4uThcsl. CTHIIEHAWI B TO BpeMsl HE CYLIECTBOB JIO; JI -
60p HTHI TOMYY JIM IPOJOBOJILCTBEHHBIE K PTOUYKHU IepBoid K Teropuu. H -
yuabIM pyKoBomuTelieM B.A.@ox Owpum HOpuit Anekc maposuu KpyTkos,
yuenuk [1.9pengect . Cpenu mexropos: A.H.KpouioB — mpuOmimKkeHHbIe
Bbruucienus, S1.JI.T M pKuH — Teopus onep TOPOB, UHTErP JIbHBIE Yp BHE-
Hus. Cpenu npogeccopoB — A.A.@puam H.

OKOHY HME YHUBEPCUTET , CIUP HT YHUBEPCUTET (OCT BJIEHHBIM IPU YHH-
BEpCHUTETE JJIsl TIOATOTOBKU K MpodeccopcKoMy 3B HHUIO), coTpyaHuk ['OU.

Ileps s ct T4 B «Zs. f. Phys.» [70] (coBmectHO ¢ 10.A.KpyrkoBsm). Co-
Kp weHue Wt ToB Teopernueckoro otaen ['OU, B.A.®ok nmokua er T'OU.

[lepexox u3 cnup HTOB B CCHUCTEHTHI yHUBEpPCUTET . Brixon B cBeT p OOTHI
[0 TEOPUU OCBELIEHHOCTU, B KOTOPOil B.A.DOK 3 JOXHI OCHOBBI TEOPUU
BEKTOPHOTIO CBETOBOIO Mojd. Bi mumup Anekc HOpPOBMY KTHBHO HM3y4 €T
KB HTOBYIO (pu3MKy U p 60Thl Hube Bop , 0 4eM cBHuETENbCTBYET XB -
ne6H s on Bopy, COUMHEHH S UM B 3TO Bpems.

1924-1925 Koncynst HT ['m BHOI reom3maeckoit ooceps topuu (ITO). U3 Boc-

nomuH HUM A.A.Ctox poB [71]: «Ba mgumup Anexkc HIPOBUY OXHUI JI
npueM y aupektop A.A.@puaM H BMeCTe C H 4 JIbBHUKOM BBIYHCIUTENb-
Horo 6ropo ITO, KOTOpoe 3 HUM JIOCh BBIUMCIICHHEM MEIJICHHO CXOJIle-
rocs pap . Bn gumup Anekc HApOBHWY 3 MMHYTBHI OXHA HHS JOK 3 JI, YTO
psan cxogurcs K Hymo. A.A.@puaMm H npuri cuil B.A. T Th KOHCYNBT H-
TOM».

1924-1936 OmHOBpeMEHHO H yYHBIH COTPYTHHK (PU3NKO-TEXHHYECKOTO HHCTH-

TyT , Bo3m1 BisiemMoro A.®.Modde. AKTHBHO y4 CTBYeT B p O0Te TeopeTH-
4eCcKOro CEMHUH P .
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1926

1927

1928

1929

1930

1932

[Ty6nukyer B «Zs. f. Phys.» ct Tbio [7] B p 3BuTHE mepBoid p 6otsl pe-
IOVHTEp 10 KB HTOBOIl Mex HuKe. Brop s ct Tha B.A.®D. B «Zs. f. Phys.»
[9] conepxur yp BHenue Kieiln —®@oK , U3BECTHOE T KX€ K K yp BHEHHE
Kuneitn —Topmon . 3mech T KXe BBeAeHO K JHOPOBOYHOE (Tp JHUEHTHOE)
npeoOp 30B HUE 3JIEKTPOM THHUTHBIX MOTEHIH JIOB M BOJHOBOW (PYHKLUH
3 PAXEHHOHU Y CTHULBI.

ITonyu er crunenauio Pokdenneposckoro oua u otnp Bisgercd B I'epm -
Huo. P 6ot eryM xc Bopu . CoBMecTH s cT Thd [72] ¢ ZOK 3 TENBCTBOM
a1 O TUYECKOW TMIOTe3bl, MPEemIOXKEeHHOH BopHOM.

P 6or «O600uieHue u pelieHre CT TUCTHYECKOoro yp BHeHus Jup kK » [18]
B KOTOPO# 1T HO «IpelcT BiaeHue Pok » (tepmunosorus Jup x [19]) mia
OIep TOPOB POXIEHHI W MOIVIOLIEHHS U BBEIEH IPOMU3BOAAL] S (PYHKLIUS
K K BOJHOB g (PpyHKIHS B TWJIBOEPTOBOM IPOCTp HCTBe. BO3Bp mmieHHe B
[erporp n. [Ipermon B HUE B yHHBEpCUTETE B K YeCTBE JOLEHT . Bo30OHO-
Binenue p 6otel B TOU. I.C. PoXaecTBEeHCKHMI BOCCT H BJIMB €T TEOPETH-
4yecKylo rpynny u npuri m eT B.A.®ok BO3IT BUTH €e. 3 J 4 TPYMIbl —
P CYET CUJI OCLUMIISITOPOB.

I'eomerpu3 1w Teopun Jup K U BBIBOA yp BHeHMs [Jup X B Ip BHUT IMOH-
HoM nosie [21,22]. dyHa MEHT JIbHBIM pe3yabT T: I P JUIEIbHBIA MEpeHOC
ecTh cnoco0 3 1 HUS B3 MMOICWCTBUS MEXIY 3 PSKEHHBIMU M TATOTEIO-
IIMMU TeJl MHU; 3TO MOHSTHE BKJIIOY €T M K JIMOPOBOYHYIO MHB PH HTHOCTb.
H 4 750 nccnenos Huii Mo 3 A Ye MHOTHX Tedl.

Cr 16U «[IpUOTMXEHHBIH cIOCO0 pelreHNs KB HTOBO-MeX HHIUYECKOM 3 I YU
MHOTUX Tei» # «C MOCOINT COB HHOE IMojie ¢ OOMEHOM I H Tpus» [26],
B KOTOPHIX I HO 0000IeHre MeTon X PTPH C BBeJICHHEM OOMECHHBIX Ulie-
HOB — 9TO poxueHue Merong X prpu—Pox .

Brixon B cBeT KHUT «MeX HUK CIUIOIIHBIX cpel» U «H 4 J1a KB HTOBOU Me-
X HUKW». JIeKIMH Mo KB HTOBOH MeX HHUKE OBUTH MEepBBIM KYpCOM, W31 H-
HeiM B CCCP. H y4yHoe mpusH Hue: u30p HUE WIEHOM-KOPPECIIOHICHTOM
AKX meMHM H YK M mpoceccopoM JIeHuHrp jackoro yHusepcuteT . CT ThH C
B.ITogonbckum [32], p 3BUB IomIMe I pe JbHOTO cayd s uzaeto [1.A.M.[du-
p X [31] o TOM, 4TO KyJIOHOBCKOE B3 UMOJEUCTBUE BO3HUK €T B PE3YJIbT Te
0oOMeH cK JIpHbIMHA KB HT MU. C030 HHE MHOTOBPEMEHHOTO (hOpM JIH3M
Hup x —®ok —Ilononeckoro [29]. Cr Ths «BTOpMUYHOE KB HTOB HUE U
KOH(HUIyp LMOHHOE MpOCTp HCTBO» [37], B KOTOpPOii OBLIO BBEIEHO IIPO-
crp HeTBO POK .

1933-1934 IIpomomxenue p OOT MO MHOTOY CTHYHOH 3 J 4Ye, CO3M HHE TPYIIIEI

TOMHBIX P CYETOB U IMyOJMK LMs MEPBBIX p c4eToB coBMecTHO ¢ M.W.IleT-
p mens [26, 27]. OQHOBpPEMEHHO MPOAOIK I0TCS p OOTHI MO MPUKI JHBIM
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1935

1936

1937

1938

1939

1940

1941

npobiieM M M M TeM TH4ecKoil ¢usuke. Beixomur kuur «Teopusi ompe-
JeTIeHNs COTPOTHBICHUS! TOPHBIX HOPOA MO crmocoby K poT X » [65] u
MyOMHUKYIOTCS CT ThH 00 CHMNOTOTHKE OecceneBblX yHKuumi [73].

P cdersl ¢ MOCOIT COB HHOTO IMOJIA ¥ BOJHOBBIX (DYHKLUH V11 TOM JIUTHS
u TomoB THn Oepwiusi coBmectHo ¢ M.M.Ilerp wens [74]. OtkpbiTue
JVUH MUYECKOW CHMMETPUM H TIpHUMepe TOM BOIOPOX B CT The «ATOM
BOJOPOJl U HEEeBKJIHMIOB TeoMeTpus» [38].

[pm3n Hue p 60t mo Metony X pTpu—®PoK : IpUCYXICHUE TPEMUH UMEHU
H.U.Mengenees . B.A.®ok ungopmupyer ¢uzukos CCCP o puckyccuu
DitHmTeiH u bop 1O MPUHOWNM JIHHBIM BOMPOC M KB HTOBOW MeX HUKH
[75, 76]. Ct Tbs «IIpUHIUIM JIPHOE 3H YCHHE MPUOIMXEHHBIX METOIOB B
TeopeTuueckoit usuke» [77].

Cr 1bs1 «CoOCTBEeHHOE BpeMsl B KJT CCHYECKOW M KB HTOBOW MeX HHUKe» [42],
MOCITYXUBII 1 H 4 oM Merona @ok —IIIBuHrep —nue Butr B KB HTOBOII
teopun mond. Ct Ths «MeTox (PYHKIIMIOH JIOB B KB HTOBOH BJICKTPOIUH -
muke» [50], 3 BepIl o1l g co3q HHE METOA (PYHKUHMOH JIOB POK .

Apect B Jlenunrp ne. Joct BieH B MOCKBY K H PKOMY BHYTPEHHUX [l
A.Exo0By, HO ocBOOOXIeH nociie BMenn TeabeTB I1.JI. K muier u A.H.KpsI-
JoB . H 1 710 p 60T 1o 0011eli TeOpUH OTHOCHTEILHOCTH.

Cr 1hs1 «O IBIMXCHNN KOHEYHBIX M CC B OOIIEH TEOPUH OTHOCHTETBHOCTH»
[58], B xoTOopoii B.A.®oK, HE3 BUCUMO OT DHHIUTEHH C COTPYAHUK MH,
peunt 1po6ieMy BBIBOL Yp BHEHWil JBMXKEHHS M CC M3 yp BHEHHH DiH-
wreiiH . M36p Hue neiictBuTenbHbIM wieHoM Ak jemun H yk CCCP.

CT TbU 1O MHOTO3JIEKTPOHHBIM CHUCTEM M:
— METOJl HEeNOJIHOro p 3aeneHus nepeMeHHsix B.A.@ok , M.I'.Becenos
u M.W.Iletp wens [28], B KOTOPOM BIEPBBIE YUUTHIB JIUCh I PHBIE
IUH MUYECKHe KOppelaLuH 3JIeKTPOHOB;

— CBOWCTB CHMMETPUHM KOOPIOWH THOW BOIHOBOH (DYHKIIMH 3JI€KTPOHOB
IIpU 3 I HHOM CYMM PHOM CIIUHE cuUcTeMbl [78].

CT Tbs 10 OOIIEH TEOPUU OTHOCHTEILHOCTH 00 MHTETp J1 X JBMKCHHS IIeH-
TP IBYX KOHeuHbIX M cc [79,80]. DB Ky LHsg BMECTE€ C YHUBEPCHUTETOM B
En 6yry B cBsI31 C H 4 JIOM BOIHBI.

1942-1943 XKwu3nb B B Ky 1md. P 60T B 001 CTH M TeM THYECKOI (PU3UKHU: UC-

CJIeJOB HUE MHTErp JIbHBIX yp BHeHuil [81] u cBoiicTB yHkuuit Jlex nHap
C KOMIIJIEKCHBIM 3H 4YKoM [82].
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1943-1946 Tlepee3n u3 En 6yru B MockBy. P 6or B ®DuU3H4ecKoM HHCTUTYTE

1946

1947

1949

1950

um.I1.JIebeneB Ak memuu H yK. B.A.®@ok 3 HUM eTcs mpoOIeMoit p cIpo-
CTp HEHMS P AMOBOJH BOKPYT 3eMHOro I p . MyH{ MEHT JIbHBIA BKJI I B
TeOpHIo Iu(p KUUU U BBEIXOA MOHOTpP ¢ «Aup Kums p OHOBOIH BOKPYT
3eMHOM noBepxHocTu». Ilpucyxnenue I'ocyn pcTBeHHOM npemuu 1 creneHu
3 H y4Hble p GOTHI IO P CIPOCTp HEHUIO P IMOBOJH. P 3BUTHE MeTon
m p GONMUYECKOro yp BHEHHS B COBMeCTHOW p 6ore ¢ M.A.JleoHTOBUYEM
«Pemenne 3 1 41 0 p CIpOCTp HEHUM BIIEKTPOM THUTHBIX BOJH H [ IIO-
BEPXHOCTBIO 3eMITH 10 METOAY I P OOJMYECKOro yp BHeHHs» [83].

Bo3sp wmenue B JIeHUHIp 1 W MpOjOKeHUE p OOTHI B YHHBEPCHUTETE B K -
YecTBe 3 BeAymollero kK (eapoii reopetudeckoit pusuku. Ilponomxkenue uc-
cle[oB HUM 1o Teopuu audp Kiuu [84].

CosmecTH 5 p 60T co ceomM yuenukoMm H.C.Kpoutoem [85] o cooTHOIIIE-
HHUM HEOIIPEe/IeSICHHOCTE! I ®HEPIUH U BPEMEHH U O 3 KOHE P CII [T .

®dunocodcK g AUCKYCCUs MO BOIPOC M KB HTOBOM MeX HMKH U TEOPUH OT-
HocutenbHOCTH. C.D.@puin BciomuH eT [86]: «bBpu1 MoMeHT, Korm 1o-
JIEeMUK TPUHSUI OYEeHb OCTPBIA X p KTep. [pylmn NpOTHBHHMKOB Teo-
pUM OTHOCHTEIBHOCTH M KB HTOBOM MeX HUKHU MBIT JI Cb IOJY4UTb OCH-
LM JIbHYIO TIOAEPXKKY CBOEH TOUKM 3peHHs. TpeboB JI0Ch olpeneseHHOe
Ip X1 HCKOE MYXeCTBO, 4YTOOBI BBICTYNI Th NpPOTUB HUX. W Bn pumup
AJleKC HZIPOBHY 3TO MYXECTBO NpOSBUI». Be3BpeMeHH g KOHYMH 26-JeT-
Hero H.C.KpbutoB , He3 10/IT0 3 IMUTHBIIETO JOKTOPCKYIO AUCCEPT LU0 T10
CT THCTUYEeCKOH ¢pusuke. B.A.@oK 31 €T U ped KTUPYET MCCIeNOB HUS
H.C.KpsutoB [87] u nuiet ct Thio BMecTe ¢ A.b.Mura nom [88], cokypc-
HukoM u apyrom H.C.Kpeutos .

P 6or «O npuMeHeHUH JIBYXdIIEKTPOHHBIX (DYHKIMI B TEOPUU XUMHUUYECKON
cBs3u» [89], o BII S H Y JIO METOLY T€MHUH JIell B KB HTOBOM XUMHH.

1951-1953 B.A.®ok ynmensgeT MHOTO BpeMeHH p CIIHPEHHUIO BIMSHHS KYpCOB IO

1954

TeopeTudeckoi ¢usuke H usudeckoM ¢ kynprere JII'Y. B 310 Bpems ne-
K HoM ¢ Kyabrer Obu1 C.5.®pum, H K deape TeopeTnuecKoi (puznku,
kpome B.A.®@ok , p 60t au npopeccop M.I'Becenos u ILILIT BuHCKUH,
poueHtsl [.®.JIpyk pes u B.I'Hewsranos, ccucrentsl H0.H.JemxoB u
10.B.HoBoxwuinos. duckyccus ¢ ¢puaocod MU MO BOIPOC M HCTOJIKOB HUS
KB HTOBOH MeX HUKH U TEOPHH OTHOCHTEIBHOCTH NMPOJOIK ercd. B.A.dDok
numeT ¢t Toio «[IpoTHB HeBeXXecTBEHHON KPUTHUKU COBPEMEHHBIX (hu3nye-
ckux teopuit» [90] B xypH 11 «Bompocs! puocodum».

P 60T er H 1 KHMIOW MO TEOPUH TATOTEHHUS, B KOTOPYIO BKJIIOY JIUCh OpH-
TUH JIbHBIE MCCIEI0B HUA STUX JIET, U YUT €T KypC I10 TEOPUUA OTHOCHUTEIIb-
HOCTH U TEOPUH TATOTEHHI H (pu3ndecKoM ¢ KyIbTeTe YHUBEPCHUTET .
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1954

1955

1956

1957

1958

1959

1960

1961

Cr 11 «O6 yp BHeHuu Llpenunrep s Tom remus» [91], B xoTtopoit
I HO TOYHOE pelleHHe ISl TelIHOMONOOHBIX TOMOB B BHIE OECKOHEYHOIO
P , 00 I IOLIEero XOpoluel CXOAUMOCTHIO.

Brixon B cBeT KHUIM «Teopusd IpocTp HCTB , BpEMEHU U TATOTEHUS», B KO-
TOPO# OOBIYH 51 TEOPHUSI OTHOCUTEIBHOCTH, TEOPUS TATOTCHUSI DUHINTEHH U
OpUTHH JIbHBIE ucceqoB HUS B.A.@OK M3 I 0TCS C eIUHOH TOUKH 3pe-
HUS BTOpP , OTP XKEHHOH B 3 1 BUM KHUIH.

ITpucyxnenue nepBoil npemMuu JIEHUHIP ICKOIO YHMBEPCUTET 3 KHUILY
«Teopus npocTp HCTB , BpEMEHU U TATOTEHUS».

[Iponomxenne p 60T MO MHTEPNpPET LMK KB HTOBOM MEX HUKH: CT ThS B
Y®H [92]. Cr 1b4 B «Rev. Mod. Phys.» «Tpu nexuuu 1o Teopun OTHO-
curenpHOCTH» [93]. BhIXonm B cBeT COOpHHK p OOT MO KB HTOBOW TEOPUU
nosd [94] B u3n tensctBe JIeHuHrp nckoro ynuepcuteT . [loesnk B Ko-
MeHr reH u auckyccuu ¢ Hunscom Bopow.

Omny6:mkoB Hue B YOH cr teit H.bop 1o dunocodcknm npobiem M KB H-
ToBOH Mex HUKH [95,96] u 3 Meu Humit B.A.®ok [97]. H36p Hme uHO-
ctp HHBIM wieHoM Hopeexckoro Koponesckoro obuiects B TpoHxeiime.

Bpixon HIMIMHCKOrO M3 HHMS KHUTH 110 TEOPUM TSATOTEHUS B IIEPEeBOjie
H.Kemmep «Theory of Space, Time and Gravitation».

[pucyxnenue JleHnHcKo# npeMun 3 KHUTY «P GOTBI 110 KB HTOBOI TeopHu
nosist». Ilpu K cpepe MOSBIAIOTCA H y4HBIE COTPYIHMKH U CO3M €Tcd OT-
Jen TeopeTudeckoi pusuku. B dncne H y4HBIX coTpynHHKOB B.A.@Dp HKe,
B.1.Oukyp, JI.B.Ilpoxopos, T kxxe B.M.CBunepckuii, U3rH HHBIA ewLle p -
Hee «3 epech» ¢ ¢urocodekoro ¢ Kynprer JIIY. CT TbU O p 3MMYHBIX
KOODAMH THBIX YCIOBUAX B TEOPHU TATOTeHHs [98] DUHIITENH | 9HHINTEH-
HOBCKOH CT THKE B KOH(POPMHOM NpocTp HCTBE [99], H MuC HHbIE NP MOJI-
TOTOBKE BTOPOTO W3/l HH KHUTHU 10 TeOpHH TaroTeHus. [lospieHue Hemel-
KOTO W3]l HUS KHHUIH IO TEOPHUU TATOTEHUS.

Bropoe u3g Hue kHUrH «Teopud HpOCTp HCTB , BPEMEHH U TATOTECHUS».
B.A.®ok noap 3xenseT K enpy Teopetrueckoit puzuku JIIY H aBe — K -
(henpy KB HTOBOI MeX HUKHM U K (pepy KB HTOBOI TEOpHUHU MOJII — U Mepe-
I er ux ceouM ydeHuk M M.I'Becenopy u 10.B.HoBoxwunoBy. B H y4no-
HCCIIEIOB TENbCKOM MHCTHTyTe (rm3uku JII'Y oOp 3yercss otmen TeopeTH-
4ecKoil (pn3uKu, OOBEOUHSIOMMI H YYHYIO JedITelIbHOCTh 00enx K emp.
B.A.®oK CT HOBUTCS PYKOBOIHTENIEM OTAEN TEOPETHUECKOH (PU3UKH.
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1962-1966 I1yGiauK IUs CEpUM CT TEH ¢ M3JI0XCHUEM B3IVISIOB H HCTOJIKOB HUE
KB HTOBOH Me€X HHMKM W (PU3MYECKHE NMPUHLUIBI TEOPUH TATOTEHHS] DH-
mrreitH . B uncne p 6ot «duckyccus ¢ Humscom Bopom» [100] u 6porrtop
«KB HTOB 4 u3uK U cTpoeHue M tepun» [101]. Ba numup Anexkc Hupo-
BUY MOATOT BJIUB €T KHHUTY IO JU(p KIMU U P CIPOCTP HEHHUIO P JUOBOJH
u nyonukyer ee B U3l TenbcTBe «Pergamon Press».

1965 Bropoe HIMICKOE W31 HUE KHUIU IO TEOPUH TATOTCHHUS.
1965 M36p Hue uHOCTp HHBIM WieHoM Il Tckoro KopomeBckoro oOmecTs .

1966 W36p Hue noueTHbM JOKTOpoM [enuiickoro yHuBepcurer . JIeKIuu B MH-
nuiickux yHuBepcuteT X. duckyccuu B I1 prxe.

1967-1968 Ily6muk 1ust 00630pOB CBOUMX p OOT MO KB HTOBOW 3 JI Ye MHOTHX Tel
U MeTony 1 p OOJIMYECKOro yp BHEHHUS B Teopuu audp Kuuu. Bporrop
«Teopust DiHIMITEHH # (HU3UIECK S OTHOCHTEIBHOCTH», MPEIH 3H YEHH 4
I IUpPOKoro Kpyr ¢usukos. [Ipucsoenue 38 Hus ['epos Coum smuctuye-
ckoro Tpyn .

1967 W306p Hue MOYETHBIM AOKTOPOM MUYHT HCKOTO YHHUBEPCHUTET .

1969 TloxrotoBk pycckoro u3n Hus KHUTH «[IpoGrieMsl up KU U p CHpO-
CTp HEHHS 2JIeKTPOM THHUTHBIX BoiH» (1970 r.).

1972 W36p HHe MOYETHBIM JOKTOPOM JIEHIIMICKOrO YHUBEPCUTET .

1973 TlomroroBk BTOpOro W31 HUA KHUTU «H 9 I KB HTOBOI MeX HHUKH».

B mumup Anekc Hiaposuu Dok ckoHdY jics 27 nek Ops 1974 r.
Morun B.A.@OK H XOmUTCS H CelbCKOM KJT jouiie okono Lllyusero ozep
BOmm3u mocenk Ko poso (50 kM ot C.-IletepOypr ).

2. PABOTHI 110 KBAHTOBO# TEOPUH IO

Oobo0menne yp BHenusa Illpenunrep wu yp BHeHue Kireitn —®@ok .
B cBoeii mepBoii p 6oTe MmO KB HTOBOH MeX HUKe [7], KoTopylo Bm mumup
Anexc HAPOBMY OTIIP BWJI B XYpH JI Uepe3 HeNeIo MOCIe TOMYYeHUsS XYpH JI
co ct thel lpenunrep , on 0606w er yp BHeHue Llpexunrep H ciyd ¥ M r-
HHUTHOIO MOJIA U B K YECTBE IPWIOXKEHHS BBIBOIUT (POPMYIY IUISI HOPM JIBHOTO
P clLIeIsieHns ypoBHel B M THUTHOM nosie. Kpome Toro, B 3T0if cT The Bn aumup
Anexc HAPOBMY H XOAUT P CIIEIVICHHE YPOBHEH BOJOPOOHOTO TOM B BJIEKTpH-
yeckoM 1ojie. Bo Bropoit p 6ote [9] B.A.®ok 1 er pensTuBUcTCKOE 00001IeHIE
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yp BHeHud Llpexunrep I 4 CTHLBI B 3J€KTPOM THUTHOM Iojie, T KXe 3 -
MUCHIB €T ero B obmieil Teopun oTHOcuTenbHOCTH. O.Kieitn [8] mybmukyer cBoe
006006mmenue p Hee B.A.@ok , HO cT Thd B.A.@ok ObUT cx H B IeY Th 10 IO-
sBiieHus ¢t o KieliH . 3 Tewm, yxe nocne ct Tbu B.A.®QoK , nosBIgeTcs CT Ths
T'opmoH ¢ peNATUBUCTCKUM Yp BHEHHEM IJIsi CBOOOIHOM U CTHIBI. TeM He MeHee
BO MHOTMX Y4eOHHMK X yp BHEHHE [UISl U CTHLBI CO CIIMHOM HYJIb UMEHYyeTCs He
yp BHeHHeM KieitH —®ok , yp BHeHueM KineitH —IopmoH . OmidapiB §ch H -
3 I, MOXHO OyM Tb, 4TO, OJ1 TOf ps CBOCH HOBU3HE M HECT HI PTHOMY MOJXOIY,
T cT Thd B.A.@ok [9] 6bu1 TpymH mid BocHpuATHS (DU3MK M, NMEBLINM Y3-
Koe 00p 30B Hue. [es0 B TOM, YTO B CT The [9] Hpemt I eTcs He TOJIBKO HOBOE
KB HTOBOE PENISTHBUCTCKOE yp BHEHHUE JUI 4 CTHIbI, HO M PSAI IPYrUX HOBHHOK.
DT CT Thd OTP X J1 T KXe KTHUBHBIN uHTepec Bi muMup Anekc HAPOBUY K
o01eil TeOpuM OTHOCUTEIBHOCTH, €€ BO3MOXHBIM P CIIUPEHUSIM H MHOTOMEpHbIE
MPOCTP HCTB W K €OVHBIM TEOPHSIM Momsd. DT p OOT 3 Med TelIbH He TOJBKO
noiayuenueM yp BHeHHs KieiH —®ok 11d 3 psSXEHHOH 4 CTHLBI B 3JIEKTPO-
M THUTHOM TI0Jie¢ M B MOJ€ TATOTEHHd, HO U TeM, YTO B HEH HCIIONb3YeTCS BBI-
XOI B HPOCTP HCTBO OOJIBIIEro yucia u3MepeHud D > 4, equHOOOp 3HBIA JUIs
KJI CCHYECKOH M KB HTOBOI Teopuil. B 3T0if p 60Te BIiepBbIe YCT H BIUB €TCH 3 -
KOH TIpeoOp 30B HHS BOJIHOBOW (DYHKIIMH 3 PSDKEHHOW U CTHIBI IIPH TP AUEHTHOM
npeoOp 30B HUU.

P ccMmotrpuM ocHOBHBIE ®T mbI 3T0i p 60Thl. B.A.QoK H XOmUT mATHMEp-
HylI0 (hOpMYIHPOBKY 3 KOH JBUXEHHS Y CTHLBl K K B KJI CCHYECKOW, T K U B
KB HTOBOH ¢pus3uke. OH BBOOUT MSATUMEPHOE MPOCTP HCTBO C METPUKOM

2
d02 = Guv dm;tdxl/ - % (Ayd.]?l, + dU)Q,

rne A, — BeKTOPHBIA MMOTEHIH JI, ¥ — JONOJHHUTENbH S KOOPOMH T . MeTpuk
3 BHCHUT OT OTHOLIEHHUS 3 psiil K M cce e/m. B K1 ccuyeckoil (pusuke Tp eKTO-
pUs 3 PSKEHHOM 4 CTHLBI €CTh HyJeB 4 reoje3nyeck g JuHUI do = 0 B T KOM
npoctp HerBe. DyHKIMS NEUCTBUS S, 1 10U 1 T KYI0 TP €KTOPHUIO, UMEET KB -
JIp T Ip JUEHT B ISITUMEPHOM IIPOCTP HCTBE, p BHBI Hymo. [Ipu aTOM OOBIMH 5
tynkums neiicteus W momyd ercd u3 S BbIENICHHEM IOTOJHHUTEIBHONH KOOPIH-
H TBL:

S:Eu—i—W.
c

B XHBIII BBIBOA COCTOMT B TOM, YTO Yp BHEHHUS B ISITUMEPHOH (hOPMYTHUPOBKE
WHB DU HTHBI IO OTHOLICHHUIO K MPeobp 30B HUAM

1
A=A’ +grad f, CID:CID’f—%, u=1u" — f,
c Ot

Kotopsie B.A.@oK H 3BIB €T Ip IUEHTHBIMU [124].



22 HOBOKMIJIOB 10.B., HOBOXKHJIOB B.1O.

KB HTOBBIE 3 KOHOMEPHOCTHU AEUCTBYIOT B TOM X€ IIPOCTP HCTBE C METPUKOH,
4YTO U KJI ccudeckue, 1 B.A.Mok mony4un KB HTOBOE BOIHOBOE yp BHEHHE VIS
Y CTHUIIBI CO CIIMHOM HYJb K K yp BHeHue [I’Anm mMOep 71 BOJTHOBOU (PYHKIMHU 1)
B IIATUMEPHOM IIPOCTP HCTBE:

L9
V—g0z,

[Tepexonst K YETHIPEXMEPHOMY HPOCTP HCTBY M BBIIETSS 3 BUCHMOCTD OT U B
BOJTHOBOW (hyHKIMH U:

, 0¥ , 0°0 L, m2ct 0%
(V=99" ) =24 g o+ (A A = =) F =

Y=y,

I7le 4eThIPeXMEpH 51 BOJHOB 51 (DYHKUHMS ¢ OT w HE 3 BHCHUT, MOIY4 €M Yp BHe-
Hue KneitH —®ox uisl 3 psSKEeHHOW 4 CTHIBI CO CIIUHOM HYINb B HCKPHBICHHOM
npoctp HerBe. POK YCT H BJIMB €T 3 KOH NMPeoOp 30B HUS BOJHOBOW (PYHKLIUH )
NIPU TP JAUEHTHOM NpeoOp 30B HUH:

’

Y =i g

B aroif p 6ote B.A.@0oK TPOSBIINCH X P KTEpHbIC U1 HETO M TeM THYE-
CK 5 MOIIb U (pM3MYECK S MHTYHMLHS, TIO3BOJIMBIINE YT [ Th HMATUMEPHYIO hopMmy-
JIUPOBKY K K COOTBETCTBYIOILYIO (pU3MYECKO 3 1 4Ye.

DTu IBe cT ThU clen Ju UM POK HM3BECTHBIM MUPY TEOPETHYECKOH (DU3MKHU.
OH nonyuun ctunenauio Poxdenneposckoro GoHa isd CT XUPOBKU B [eTTUH-
reie u I1 puxe. B T'errunrene Bi mumup Anexkc HapoBud p 60T 1 ¢ M Kcom
Boprom. Bopr npemtoxmt « au 6 THYECKWil NPUHLUI» B KB HTOBOW MeX HHKE.
B ux coBmectHOU p 60Te [72] mu 6 THYecK g TeopeM OBUT IOK 3 H .

Teopusa uznyyenusa Jup Kk u npeact BieHue ®oxk . B 1926 r. lup x omy-
67MKOB J1 3 Med TenbHylo p 60Ty [17] «KB HTOB $1 TeOpuUs U3Ty4eHUS U TOIIO-
LIEHUS CBeT ». Mg M3ydeHHs MepexofoB MeXIy dHepreTMYeCKHMMHU YpPOBHIMH U
M3MEHEHHs 4Yuces 3 TMOJNHEeHUs [IUp K Mpeil T eT p ¢CM TPUB Th YHCIO CHCTEM
Ns B COCTOSIHUHM S M ¢ 3y ©g K K K HOHWYECKHE MepEeMEeHHBIE.

B nipocTp HeTBe 3THX MepeMeHHBIX [Iup K yCT H BIMB €T yp BHEHHE IS BOJ-
HOBBIX (PYHKIMA K K (PyHKIWH OT 4mcn ng U BpemeHH. B.A.Dok B p 6ote [18],
1928 r., «O6001IeHHe 1 pelIeHre CT TUCTHYECKOro yp BHeHus [Jup K » H 3bIB €T
9TO MPOCTP HCTBO MpOCTp HCTBOM [up K U mepedopMmynupyer teopuio Jup K
B KOMILIEKCHOM THJIbOEPTOBOM IPOCTP HCTBE, CBOHCTBEHHOM KB HTOBOIl TEOPHUH,
13 TeM pemI eT yp BHeHue dup K B oOmieM Bruge. B.A.MDok MoK 3bIB €T, 4TO 1T
thopMyTMpOBKH TEOpUH B TMiILOEPTOBOM IPOCTP HCTBE HEOOXOMMM HHOW BBIOOD
K HOHHYECKHX KOOPAWH T () M uMIyiasc P, HMeHHO

_ h
Qr =1, Pr= ;yrv
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h_
Qr=yr, P = —;ym

IJie Oep TOPbI POXICHHS Y W TOIIOIIEHHS Y CBSI3 HbI C TP KOBCKHUMU IEPEMEH-
HBIMH Ng U ©4 K HOHUYECKHM MPeodp 30B HUEM

(C] 109,

s =e7 ns + 1,

_ i _ 4
yS:,/ns+]_e 7 Os —e 7 Os N,

J— i
Ys = ngeh

i

Us = ﬁ67% :eiﬁmv
Yo = Vi T 1e7E = e77 i

T kum o6p 30M, B.A.®ok mpet r er p 60T Th KOO B MPEACT BICHHUH, T€
oIep TOp POXJICHHUS €CTh ONEp TOP YMHOXEHHS H BCIOMOI TENIbHYI0 (QYHKLIHUIO
Yr, OIEp TOP HOIJIOIIEHWS O3H 4 eT W3MEeHEHHE 3H K U Ju(epeHIrpoB Hue
1o Yy

0
_ a_% ’
700 B MPEJACT BICHHH, TJie ONep TOp IOINIOLIEHHs €CTh Ollep TOP YMHOXEHHS H
Y,,» OIep TOp POXIEHHs O3H 4 eT AupepeHIupoB HUE 110 ¥,

Yr — Yr; Yr —

_ 0
Yr — Yr; Yr — F—-
Yy

IIpn ®TOM Yy = n ecTh omep TOp YUCA Y CTUIL, COOCTBEHH g (DyHKIHS
KOTOPOT'O MMEET BUJ

f(naz):ﬁv

P 370XeHHe BOJHOBOH (DyHKIMM B pocTp HcTBe Jup K MMeeT BUI

0T T ) = 3. blniina,..)

n1,n2,...

= M1z N
Ui 'Y 2

nilv/nal...

Koaurmentst p 3moxenust ¢)(ny,ng, ...) €CTh BOJHOBbIE (DYHKIUH B IPOCTD H-
cte [up x . @opmyinsl, BbiBeeHHbie B.A.®okoMm B 1928 r., SBISIOTCS HbIHE
CT HA PTHBIMH W MOTYT OBITh H HIEHBI B TIOOOM y4eOHHKE MO KB HTOBOW TEOPHH.
K cox menmio, cchuik H @POK 0OBYHO OTCYTCTBYyeT. B m3BecTHO# kHure [19]
Jup K H 3bIB €T I B €MYI0 IMH K PTHHY HpeacT BieHueM Dok .

Dr p 6or He ObUI THOAXB YEH TEOPETHK MM TOTO BPEMEHH, XOTs 1o Oor T-
CTBY MJIell OH YHHK JIbH . Ee HemocpeacTBeHHOE p 3BUTHE OBLIO OCYIIECTBICHO
¢ MuM B.A.@okoM. OH OK 3 J1 Cb IpeIIeCTBEHHHULIEH P H3BECTHBIX METOMOB.
U mpoctp HeTBO POK , M1 MeTOR (PYHKIMOH JI0B POK C POOCTBEHHBIM METONOM
T mm —[I vkoB [107, 108] , u xorepeHtHsle coctossHUs [52, 53] BbIpOCIU B
KOHIIe KOHIIOB M3 3TOi p 60ThI (cM. 0630p [109]).
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KB HTOB # 21€KTpPOAMH MUK H MHOTOBpeMeHHoOW ¢opMm au3m up K —
®oxk —Ilogonbckoro. 'on 1932 GpuT OYEHb IUIOAOTBOPHBIM B TBOPYECTBE
B.A. ®ok . B 3TOM rojy BbILLIK B CBET €ro KHUIM «MeX HUK CIUIOLUHBIX Cpell» U
Kypc nexkumii «<H 4 1 KB HTOBOW MeX HUKH», OB p OOTBHI IO M TeM THYECKOMH
¢puzuke, nBe p OOTH O TeopeMe BUPHU JI , TPU p OOTHI MO KB HTOBOH BIIEKTPO-
IMH MHKe coBMecTHO ¢ B.ITogonbckum, CT BII s KJI ccHyeckoit p 6ot up K ,
®ok u [logoneckoro o MHOroBpeMeHHOM (pOpM JIM3ME B KB HTOBOH 2JIE€KTPOIM-
H MHKE M BEJUKOJIENH s p 00T 10 BTOPMYHOMY KB HTOB HHUIO U KOH(HUIYp LH-
OHHOMY TPOCTpP HCTBY — MpocTp HCTBY POk . B.A.®@ok p 60T eT MHTEHCHUBHO,
NPOIOJIX 51 3 HUM Thcd H MOoJiee KTy JIbHBIMH W TPYAHBIMHU IPOOJIEM MU Teo-
petudeckoit ¢pusuku. Temn p 3BUTHA KB HTOBOH TEOPUH B TE TOIbI MPOAOJIK €T
OBITH BBICOKHM.

KB HTOB s Teopust uznydenus Jup Kk [17] U KB HTOB s BJIEKTPOIUH MUK
Ieizenbepr u I1 ymu [30] comepX u B3 UMOICHCTBHE DIEKTPOH C BIIEKTPO-
M THHUTHBIM HoleM. Bompoc o NpoHCXOXIEHUH KyJIOHOBCKOTO B3 UMOIEWCTBHSA
3 PSIOB OCT B JicS OTKPBHITBIM. He ObUTM T KXe BBISCHEHBI BOIPOCHI TP KTOBKH
JIOMIOJTHUTESIBHOTO YCJIOBUS M PEIATUBUCTCKON MHB PU HTHOCTH TEOPHUHU B IPUCYT-
CTBUM 3 PSCKEHHbIX U cTtul. B H v sre 1932 r. lup K omy6mukos J cT Thio [31], B
KOTOPOW BBIIBHHYI HIEI0, YTO KYJIOHOBCKUII IOTEHIM J1 MEXIY U CTHUL MU BO3HHU-
K €T B Pe3yJabT Te OOMEH CK JIAPHBIMH KB HT MH. JMp K IOSICHIJI CBOIO MICI0 H
IpUMepe ABUXEHHS B OIHOM M3MEpPEHHH, MTOJYYUB JIOT pUIMHUYECKUI NOTEHLH JI.
B kp T1k0i1 3 MeTKe B.A.@ok u Bb.[Togonbckuit [32] HeMeAIeHHO ClieN JIU P CUeT
JUIS TPEXMEPHOTO CIIyY 4, OTp HUYUBILIKMCH CK JIIPHBIM ITOTEHLH JIOM, M MOJYyYHIH
pe JIbHOE KYJIOHOBCKOE B3 MMOJEHCTBUE.

B nmoapo6Hoii p 60oTe «O KB HTOB HHU 3JIEKTPOM THUTHBIX BOJH M B3 HUMO-
JIeicTBur 3 psjoB mo Teopuu dup K » [32], MOCBAIIEHHONH CHCTEM THYECKOMY
n3noxeHuto npobnemer, B.A.@oky u b.IlogonbckoMy NMpUILIOCH MTPEONOJIEB Th
JIOTIOJTHUTESIbHbIE TPYAHOCTU. BO-TIepBBIX, MPH KB HTOB HHUHU 3JIEKTPOM THUTHOIO
HOJI B B KyyMe C ITIOMOIIBI0 K HOHUYECKOro (hOpM JIM3M HUMILYJIbC, CONPSKEHHBII
CK JIIPHOMY IOTEHLM JIy, p BEH HYJ/IO, U, BO-BTOPBIX, YX€ B 3 J| Y€ O B3 UMOJEN-
CTBHU JIBYX 3JIEKTPOHOB C IIOJIEM, B3ATBIX IIPH OJUH KOBBIX BPEMEH X, YTP YHB -
eTcd PeATUBUCTCK g (OpM TEOpHHU.

IepByto TpynHocTs @oK u ITomosbeKuii 0OoLTH, BBeIs B (PyHKIHIO JI Ip HX
ysieH, (PUKCHPYIOIIUHA K JINOPOBKY:

Laiva+tap

2 c
[Ipu »TOM MpOCTp HCTBO COCTOSIHUHM OK 3 JIOCHh IUpe (hu3nuecKoro. JormonHu-
TenbHOe ycioBue Py = 0 H BOJTHOBYIO (PYHKIIMIO 1) BBIIENSIO (PU3NYECKOE MPO-
CTp HCTBO COCTOSIHMI, B KOTOPOM BbINOJIHAIOTCA yp BHeHUS M kcBemwn . T K 4
Tp KTOBK YcJoBud JIopeHII coXp HWI Cb U B coBpeMeHHO# Teopuu. Llutupye-

M 4 teriepb p 60T Depmu [110] B «Rev.Mod.Phys.», 1932 r., B 310 Bpems eme
He ObUT HU3BECTH .
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Brop s TpynHOCTh ObUI TPEOIOTEH , T K K K OHM CIIEJOB JIM 3 MY HUI0
Iup K 0 HEOOXOOMMOCTH IMPUITUCHIB Th P 3HENbHOE BpeMs K KIOMY SJICKTPOHY
U TOJTIO.

DTOT UMKJI UCCIIEIOB HUil ObLT 3 BeplIeH coBMecTHOU p 6oToit Aup x , Dok
u Ilomosnbckoro. B Heil HOB 5 ¢OpM  PENITUBUCTCKOW KB HTOBOH MEX HHKH C
(PUKCUPOB HHBIM YHCJIOM 3 PSDKCHHBIX 4 CTHL ObUI TIPHBEIEH B OKOHY Tellb-
HbIif BuI. B p Gore ObUT JOK 3 H ee ®KBHB JICHTHOCTb Teopuu [eiizeHOepr u
IT ynu. ['m BHBIM 11 TOM Brepexn ObUTO BBEIEHHE MHOTOBPEMEHHOTO (hOpM JIM3M
Y UCIIONB30B HHE MPEICT BICHUS B3 UMOJCHUCTBHS ISl JIEKTPOM THUTHOTO IO
BosiHOBBIE yp BHeHWS U1 OOIIeil BOJTHOBOW (DYHKLWHM CHUCTEMbI U CTHI] M 3JIeK-
TPOM THHTHOTO TOJISI UMEIOT BUL

rae
_ 2 —
Ry = cais - ps + msc™fBs + Es[q)(rs; ts) — Qs - A(I’s, ts)] .
30ech K KO A 9 CTUI ONKUCBIB €TCI COOCTBEHHBIM omep TopoM Iup Kk R, ¢
QJICKTPOM THUTHBIM IIOJIEM, 3 BUCAIIHUM OT KOOPAUH T U BpEMCHU 49 CTHULBI. yp B-

HEHUs 3JIeKTPOAMH MUKU UMEIOT B yp BHEHHH CBOOOIHOTO MOJISI C COOCTBEHHOM
KOOpIUH TOM:

1 -
E=—grad®— - A; H=curl A,
c
1 - 1 -
A(I)*—QCI)ZO; AA*—QAZO
c c

JIOTIONTHUTENbHOE YCTIOBUE TEMeph 3 BHCUT K K OT KOOPAMH T 4 CTHL, T K U OT
KOOpPAUH T TOJN4:

C(r,t)y =0,
e
10D =~ &,
—divA + -2 ST S AKX - X,
C(r,t) = div +cc3't 2 i ( )

A(X) — dynkuus Hopn 1 —I1 ynu:
A(X) = %[(5(7‘ + ct) — §(r — ct)].

B o01eit BorHOBOH (hyHKIMH MHTEPB JIBI MEXIY 4 CTUI] MH JOJIKHBI OBITH MPO-
CTP HCTBEHHONOJZOOHBIMHU B CHITy YCIIOBUSI IPUYHUHHOCTH.

MmuorospemenHoit ¢opm M Jup k —Pox —Ilogomsckoro 66U1 06061ICH
B 1946-1948 rr. He3 Bucumo K.Tomon roii [33] u FO.IIsunrepom [34]. B HoBoOI
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0000OILEHHON TEOpHU U BIEKTPOM THETH3M, M DJIEKTPOHBI C MO3UTPOH MU OIH-
CBIB I0TCS KB HTOBbIMU NoJsiMU. B cpopm nmuszme Tomon ru u IBuHrep K xpoit
TOYKE MPOCTP HCTB COIOCT BIISETCS CBOE BpeMs, COCTOSIHHE 3 JI €TCSl H TIIpo-
CTp HCTBEHHONOJOOHOH MOBEPXHOCTH, IPEJICT BIAIOIIEH cOOON pPEeNsITHBHCTCKH-
WHB DU HTHOE OOOOILIEHHE TPEXMEPHOro MpOCTp HCTB B Ji HHoe Bpems. Mc-
MOJIb30B HUE IMPEJCT BJICHUS B3 MMOJEHCTBUS K K 0000IIEHHS MHOTOBPEMEHHOTO
thopM nu3M  gBNFeTC KIIIOUEBBIM IIYHKTOM IIPU IOCTPOCHUH Teopur TOMOH ru
n IlBunarep . Ecam e 49mcio 3 psEKEHHBIX U CTUI[ OCT €TCS HEM3MEHHBIM, TO
MHOToBpeMeHHOM opM ym3m Jup Kk —Pok —IlogonbcKoro ocT eTcsd OCHOBHBIM
p 60YuM WHCTPYMEHTOM TEOPETHK W B H CToOsiee BpeMs. Ero o6oOiieHue H
He OeseBbl Mo TMN noned SIHr —Muuic BIOJNHE TPUBH JIBHO.

Meroa ¢yaknuon soB @ok . Dror Merox OepeT H 4 JO B cT The 1926 T.
«O6001meHne 1 pemeHne AUp KOBCKOTO CT TUCTUYECKOro yp BHEHuS» [9], B
KOTOpOH ObI10 chopMyTHpPOB HO TpexacT BieHne MoK , rae omep Top poxie-
HUs 0603e-4 CTHI] €CTh OTEep TOP YMHOXEHHS H BCIIOMOT TEJIbHYI0 KOMIUIEKCHYIO
(pyHKIIMIO, OIep TOp MOIJIOLICHUS €CTh (PYHKIIMOH JIbH S MPOU3BOAH I MO 3TON
¢yskimu. B p 6ot x B.A.®ok «O KB HTOBOU 2/IeKTpoauH Muke» [49] u «Me-
ToJ, ()yHKLHOH JIOB B KB HTOBOU 3J€KTpPOIuH MuKe» [50] comepxutca cucrem -
THYECKOE M3JIOXKEHHE M TeM THYECKOTO I P T KB HTOBOH BJIEKTPOAUH MHKH
B ®TOM IIPEACT BIEHHH, KOTJ BOJHOB 5 (DYHKIMS MpEICT BIsIeT coOO0i IMpom3-
BOAALIMHA (DYHKIHOH JI JUId MIUTUTYA BEpPOSTHOCTEN NpU (PUKCHPOB HHOM YHCIIE
4 ctuy. @ KTHYecKu mepB s U3 dTUX p 60T ObLT 3 BEpLIEH Cp 3y Xe Iocie
ct ThU ¢ [Jup koM u [lomonbckum U lonoxeH B HosOpe Toro xe 1932 r. H Teo-
PETHYECKOM CeMHH pe B JIEHHWHIp 1e, HO ee IyOiaWK LU 3 OepX J cb. BTop g
CT Th OTJIMY €TCSl OT NepBOi Oosiee MOAPOOHBIM HM3I0XKEHHEM HIEH O MPOM3BO-
JieM (OyHKIIUOH Jie.

B aTOM MeToze BOJTHOB $1 (DyHKIIMSI TOJIS TIPEJACT BIISieT COOOH MPOU3BOIILIMI
(byHKLMOH 11 € 11 MIUIUTYA BEPOSITHOCTH COCTOSIHUI C ONpEIeNIeHHbIM YHCIIOM

Y CTULI. -
Q=3 9,,

n=0
rae

Q, = %/.../1[}(301...xn)g(ml)...g(mn)dml...dxn,

b(z) — Bemomor TenmbH # yHKImA. Omep Tophl poXkieHus U noryomenus b(k)
u bT (k) umeror Bug
50 -
(k)= ——, b (k)Q = b(k)Q2.
ob(k)
Ck JpHOE TIpousBeieHue IBYX (PyHKUMOH 0B ) u )’ MoxXer ObITh OIpe-
JeJIeHO TIPU MOMOIIM BOTHOBBIX (PYHKLMII B HOAIPOCTP HCTB X C ONPEJIEICHHBIM
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YUCJIOM Y CTHIL

(Q, Q) = Poabh + Z /E(ml...acn)w’(xl...xn)dxl...dacn,
n=1

yciaoBue OpPTOroH JIBHOCTU €CTh
(Q, Q) =0.

3 pAXEHHBIE U CTHLEBI TP KTYIOTCA B JyXe MHOTOBPEMEHHOIO (QOpM JIU3M C
ycnosueM JIopeHI , p ccM TpHUB €MBIM B K 4YECTBE HOIOJHUTEIBHOIO YCJIOBUS H
(pyHKIIMOH J1, KOTOpOe UMEET BHJ CHUCTEMbI IBYX yp BHEHMI NEpBOTO MOPIAK B
(pyHKIIMOH JIbHBIX NMpPOU3BOAHBIX. B.A.DOK H XOOUT pelleHHe 3TOH CHUCTEMBI C
MOMOILBI0 HEYHUT PHOrO Mpeodp 30B HUS (PYHKLUOH JI

¥ = eXQ(B(k)).

Heynur pHoe nmpeoOp 30B HuE yp BHEHHil NMPUBOAUT K MCKJIIOYEHHIO MPOTOJIBHON
U CK JIIpHOI KOMIIOHEHT U MOSBIEHUIO KYJIOHOBCKOIO B3 UMOJEHCTBHS.

Yp BHenne up K B rp BUT nHOHHOM mnoie. [I.AM.Ilup K npemioxun
[20] B 1928 r. pendTUBUCTCKU-UHB PU HTHOE yp BHEHME JUIA 3JIEKTPOH B IUIOC-
KOM TIPOCTpP HCTBE, BKJIIOYHB TEM C MBIM BJIEKTPOHBI B KB HTOBO-MEX HHMYECKOe
ormc Hue. OpH Ko ycriex He ObUT Obl H CTOSIIUM, eciid Obl yp BHeHHe [up K
Hemb3d ObUT0 0OOOIIUTH H CIIyd W BHEIIHETO IP BUT LHMOHHOIO MOJS, T.€. 3 -
nmuc Tb B mpocTp HeTBe Pum H . T koe obOoOmenne 6pu1o0 H #imeHo B 1929 r.
B.A.®okom [22] B p 6oTe «['ecoMeTpu3 mus quip KOBCKOWM TEOPHHU DJIEKTPOH ».

O6o001eHre H TreoMeTpul0 PuM H JOJKHO OTBEY Th JIBYM TPeOOB HHSIM.
Bo-nepBbix, K K U J11000€e yp BHeHHE B OOIIEil TEOPUM OTHOCHUTEIBHOCTHU, YP B-
HEHUE U1 BJIEKTPOH JOJKHO OBITh KOB PU HTHO OTHOCHUTEJIBHO IPOHM3BOJIBHBIX
npeoOp 30B HUil KoopauH T. Bo-BTopsIX, rpymm JlopeHIl , MO CIMHOPHOMY TIpea-
CT BIICHHIO KOTOpPOW NpeoOp 3yeTcsl BOMHOB s (DYHKUIUS BIIEKTPOH , JOJKH OT-
HOCHUTBLCS TOJIBKO K JIOK JIbHOM CUCTEME KOOPAMH T, 3 JI HHOU B K XJIOU TOYKE
IIPOCTP HCTB -BpeMEHM. PelIITUBUCTCKOW UHB pU HTHOCTU Yp BHeHud up K B
IUIOCKOM TPOCTP HCTBE JOJKH COOTBETCTBOB Th UHB PH HTHOCTH OTHOCHUTESIBHO
JIOK JIBHBIX TpeoOp 308 Huil JIopeHn B mpocTp HCTBe PuMm H .

Jlok npHOe Tpeobp 30B Hue JIopeHI 3 A eTcs B JIOK JIBHOM MPSIMOYTOIbHOM
CHCTeMe Oceid, OIHCHIB eMbIX TeTp foi hj (), npuyeM H Np BIEHUS OCel COB-
I I 0T C H Np BJICHUSIMU K C TENbHBIX K YETBIPEM OPTOTOH JIbHBIM CEMEHUCTB M
KpUBBIX @ = 1,...4, mpoxomdumx yepe3 To4ky x. T KuM 0Op 30M, KOMIIOHEHT
TETp bl UMEET 1B HHAEKC , OOUH U3 KOTOPBIX (TPEYECKUil) OTHOCUTCA K CHCTEME
KOOpIMH T, JApYyroil (J THHCKMI1) — K JIOK JIbHOI JIOPEHLIEBCKOH (TETp AHOI)
cucreMe. MeTpuK B TETp JHOU CHCTEME €CTh

9" RGRY, =0, 0 =(1,-1,-1,-1)
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U CBI3 H C METPMKOH ,,,, IPOCTP HCTB PUM H COOTHOLUEHUEM
apb
Guv = nabhuh’u'

IIpu NoK JIbHOM NopeHIeBckoM npeobp 308 Hun Ab () K X1 4 p-KOMIoHeHTa
npeoOp 3yercs He3 BUCHMO:

hg(.]?) = AZ(m)hg(m)’ AZAZ/’nbb’ = Naa’-

BexTop MoxeT GbITh 3 JI H CBOMMH KOMIIOHeHT MU A, (Z) K X B cUCTeMe KOop-
JMH T ¥, T K U B JIOK JbHO# cucteMe Aj. Ouesumno, uto A, = hjA,. Tlpu
I p JUIETIbHOM IIepeHOCe W3MEHEHHEe KOOPIUH THBIX KOMIIOHEHT BEKTOp A, BbI-
p X eTcs yepe3 ckobku Kpuctodens I’f;l,, KOTOpPBIE 3 BUCST TOJIKO OT METPUKH
B IPOCTp HCTBE PuM H g, p:

_ T v A gV
OA, =T, Axda”, T, = {1V},
CooTBeTCTByIOIIIEE U3MEHEHUE TETP JHBIX KOMIIOHEHT €CTh
o b 3¢ c __ ¢
0A), = YapcA7ds®, ds® = hud:c“,

e ds® — TeTp IHbIE KOMIIOHEHTHI OECKOHEYHO M JIOrO CHBHT dr,  Yape —
KoatppuuueHTsl Bp wmeHusd Puuun. CriMHOp 1) X p KTEPHU3YeTCs CBOMMH TP HC-
(hopM LMOHHBIMU CBOWCTB MU IPH JIOPEHLEBCKHUX IPeoOp 30B HUSIX, U ITODTOMY
MOXeT OBITh ONpenesieH TOJIBKO B JIOK JIBHOM JIOPEHIEBCKON cucTeMe. M TpuIlpl
Jup X 7, B JIOK JIBHOH CHCTeMe IOCTOSHHBI M WMEIOT TOT XK€ BHJ, YTO U B
IUIOCKOM TPOCTP HCTBE:

{Ya> 1} = 27ap-

R a
3 BHCAINME OT & M TPULBI 7y, UMEIT BHI Y, (x) = h#fya.
[pup menwe cOUHOP 1) MpPU I P JUICIBHOM MEpeHOCe C TeTp THBIMH KOM-
MMOHEHT MU ds® ecTb

5 = Cluds®b,

e 4 x 4-m Tpunsl C, HOMXHBI OBITH H HIEHBI U3 TPeOOB HMS, YTOOBI OMIHHEH-
Hble KOMOUH 11U E%ﬂ/), 1), y51) MIMeNH OBBIYHBINA CMBICT KOMIIOHEHT BEKTOP

U UHB PU HTOB B KOOpAMH THOU cucreme. Il KOMIUIEKCHOTO CIIMHOpP 9TO Tpe-
60B HHE BbINOTHSACTCS, ecii M Tpuubl C;, UMEIOT BUL

1 . .
Ca = Z’yb’.}/c’ybac + Z(I)a;

T.e., KPOME CIMHOPHON Y CTH, COlepX T T KXe€ 3JIeKTPOM THUTHBIA MOTEHLH JI
®,. WH 4e roBopsi, KOB pH HTH s IPOU3BOJH 51 OT CIIHHOP D71 B H Ip BIeHUN
TETp AHOW OCH a MOXET OBbITh 3 MUC H B BUIE

oy

oY 0V _ 0¥
Os® 0sa @ Ok

DZ#/J = - Cawv
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Cnienos TeNnbHO, KOB PM HTH f NPOM3BOAH 4 OT CIMHOP 10 KoopauH Te D)

ecTh o0
Dyp=-—-T
W = 5o = Tt
rie BeejieHo 0003H yenune I'y, = htC,.
Teneps MOXHO H IHC Tb yp BHeHHe JUp K B Ip BUT LMOHHOM IIOTE, 3 Me-
Hss IPOM3BONHBIE OT CIIMHOP B IUIOCKOM IIPOCTP HCTBE H KOB DH HTHBIE IPO-

HU3BOJHBIC: 1

B.A. ®ok H XOOUT T KXe AEHCTBHE M TEH30p SHEPIUU-UMITYJIbC IS CIIMHOP
B I'P BUT IJMOHHOM IIOJIe, OOJ [ oIIie HeOOXOAUMBIMH CBOWCTB MU 3PMHTOBOCTH
U VHB pU HTHOCTH.

B orcyrcTBHE Ip BUT LIMOHHOTO IMOJ, KOrd Ko3(h(UUUeHTs Puyun p BHBI
HYIO, Yabe = 0, Benuuunbl I'), TpeBp 1 10TC B KOMIIOHEHTBI 2JIEKTPOM THHUT-
HOTO TOTEHLH J . TeM ¢ MBIM IIpUI €TCd TeOMETPHIECKHI CMBICT BKIIIOYEHUIO
MOTEHIM JI B yp BHeHue [up K . 3H YeHHE 3TOTO pe3yabT T CT JIM ITOHUM Thb
3H YMTENBHO Mo3Xe. ECiM MpUMEHHTh DTOT MOAXOM K CIIy4 0 Gonee CIOXHBIX
BHYTPEHHUX CHMMETPHI, OTKPBITHIX Yepe3 HECKOJIBKO AECATKOB JIET, TO MbI IOIY-
YUM B3 MMOJEWCTBUS CIIMHOP C K JIMOPOBOYHBIMHU MOJIIMU THUIT TOJiei SIHr —
Mumnc . T Koe reoMeTpruuecKoe HCTOJIKOB HHE B3 MMOAEHCTBHS MOXET OK 3 ThCS
KJIIOYOM K TeOpusiM Oymymiero.

K x mumer B.A.®ok B 1929 r. [22]: «Bxmouenue B ¢opMmyiny i m p J-
JIENPHOTO MepeHoC 4-MOTeHUH J1 H psay ¢ Koa(uimeHT Mu Puuum, ¢ omHoi
CTOPOHBI, NPUBOJHUT K NPOCTOMY Te€OMETPHYECKOMY OOOCHOB HHIO ITOSIBJICHUS B
BOJIHOBOM Yp BHEHMH BbIP XeHus p,, — (£)®,,, c APyroil CTOPOHBI, MOK 3bIB €T,
YTO 3JIECh B OTJIMYME OT SHHINTEHHOBCKOTrO MOAXOA NOTeHUW bl P, wurp ot
C MOCTOSITENIBHYIO POJIb B T€OMETPHYECKOl K pTHHE MUP U He 00s3 HbI OBITH
(pyHKIIMAME KO3(PULUEHTOB Yqpe»-

Ipoctp HerBo @ok  [37]. DT0 omH w3 H mbojee WU3BECTHBIX p OOT
B.A.®ox . Ee u3BecTHOCTD Cp 3y MOCHE OMyOIMKOB HUS OBUT BBI3B H HE TOJIBKO
TEM, 4TO B Heil ObUIO I HO TEpBOE SICHOE U TOCJIEI0B TEIbHOE U3IIOKEHUE METON
BTOPUYHOTO KB HTOB Hus Hup x [17], ﬁop;( H , Kneiitn u Burnep [35, 36]
B CBS3M C KB HTOBOH MeX HUKOH CHCTEMBI 4 CTHI] B KOH(UIYp LIHOHHOM HpO-
CTp HCTBE, HO M T€M, 4TO /IO TOSIBIIEHHS 3TOH p OOTHI IPEIrNos I JIOCh, YTO METOX
BTOPUYHOTO KB HTOB HMS BBIXOOMT 3 P MKH KB HTOBOW MeX HHKH.

DT KIJI CCHYECK 5 CT Thl MOXET CIYXHTh M CEHY C OCHOBHBIM IOCOOMEM
JUIS U3y4 IOIIMX BTOPUYHOE KB HTOB HHE. IIpocTp HCTBO COCTOSIHMII ¢ Heompese-
JIEHHBIM YHCIIOM Y CTHII, BBEJCHHOE B CT The€, IIOJYYWIO H 3B HHE MPOCTP HCTB
@®ok . 3 0 9M c NepeMeHHBIM YWCIIOM Y CTHIl BCTped I0TcsS BO Bcex OOJ CTAX
KB HTOBOH (DM3UKM — K K B HEPEJSITUBUCTCKOW, T K U B PENSITUBHCTCKOU TEO-
pUM, K K B CIy4 € 3JeKTPOM THUTHOTO MHOJMS WIM TP BUT MU, T K U B CIy4 €
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M CCHUBHBIX U CTHII U IICEBJIOY CTHII; CTOJIb X€& YHUBEPC JIbHO MOHSATHE MPOCTP H-
ctB @ok . P 6ot mpenct BiseT coboil mpekp CHBI 00p 3€ll M TeM THYECKOTO
BUICHUS (PU3NYECKON mpoOieMbl. Pe3ymbT T ObLT MOATOTOBIICH MPEABITYIIMHI
p 6or Mmu B.A.®ok , wMeHHO co3x HueM mpenct BieHns Pok [9] u merox
X prpu—®Pok [25].

B.A.®ok mnpemt r er mpeAcT BUTh BOJHOBYIO (DYHKIIMIO CHUCTEMbI C HEOIpe-
JIEIEHHBIM YUCIIOM Y CTHII B BHIE CTOJIOL

const
Y(z1)
(1, 22) ,

w(m17x2) z/L‘?))

IIe K XI 9 CTPOK OTHOCHUTCS K COCTOSHUIO C OINpPENENIEeHHBIM YHCIOM Y CTHIL:
BEPXHAA CTPOK OTHOCHUTCH K B KyyMy, BTOP g CTPOK — K COCTOSHUIO C OJHOI
4 cTuued u T.1. Bce nepeMeHHble Y CTHLBI 0003H YeHbl CUMBOJIMUECKH IOCPE-
CTBOM x. MHOro4 cTH4HbIe (PYHKIIMM CUMMETPUYHBI B CJIyd € CT THUCTUKM bosze u

HTHCUMMETPUYHBI B ClTyd € cT TUCTUKH Pepmu—[up x . Onep TOpbl poXIEHUS
W TIOIVIOIIEHMS COBUT IOT CTOJIOEIl BHM3 U BBEPX H EAMHMILY; B KyyM YHHYTOX -
eTcd Olep TOPOM IOINIOLIEHHS:

const Y(z)
Y(z1) V2ip(x, 1)
U(z) Y(w1, 72) =1 VB3)(z, 21, 32)

Pz, xe,23) | |
IIpoCTp HCTBO COCTOSHMIA, NMOCTPOEHHOE H CTONOL X POK , H 3BIB €TCS Npo-
crp HeTBoM MPOK . IMEHHO B 9TOM NPOCTP HCTBE P 3BHB €TCS JIMH MHK CHCTEM,
B KOTOprX B3 I/lMO)jléﬁCTBl/IC MOXKET U3BMEHATH YHUCJIO Y CTHUILI.
U3 COOTHOLIEHHUI, KOTOPBIE MCIIOMB3YIOTCS €KEIHEBHO, HO MPOMCXOXKICHHE
KOTOPBIX 3 OBITO, B 3TOi p 0OTe M3MEHEHHE BOJHOBOW (PyHKLIMH BO BPEMEHH
BIIEPBBIE TIPEICT BICHO HPH MOMOIIH YHHT PHOIO OIep TOp :

P(e,t) = S(t)i(e,0),
e TOYKOW 0GO3H YEHBI IEPEMEHHbIE CHCTEMbI, U, COOTBETCTBEHHO, 1I HO BBIDP -
xkenune yepe3 S(t) mi omep top ' MIIbTOH
e 4 . ot 1
1S ()ST(t)=-iS(t) S (t) = EH
U [POM3BOIHOM OT LIPEIMHIEPOBCKOTO OIEP TOP

dL
dt

(o) =S § (OLv(e.t) + L{Lis(o. 0]
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Yro6bl MOHATH C COBPEMEHHOH TOUKM 3pEHHs, H CKOJBbKO ®T (HBIHE MPOCT $)
Belllb OBUT HOBOU, mpuBeneM nosicienne B.A.Mok x a10il hopmyne: «Pe3ympT T
npumenenust ornep Top dL/dt x BomHOBO# (pyHKUHMH 1)(e.t) B LIPEIMHIEPOBCKOM
MIPeACT BJICHUM TONYd €TCS MyTeM BBIOJTHEHMS CICHYIOUIUX ONep IH:

1. Ilpumenenue onep Top L.

2. IlpomonmxeHue BO BpeMEHU H BEJIMUUHY ¢ B OTPHILl TEJIBHOM H TP BJICHUHU.

3. Huddepenuupos Hue 10 t.

4. IponomxeHre BO BpeMEHH H BEJIMYMHY ¢ B MOJOXHUTEIBHOM H TP BICHHN».

CobcTBeHHOE BpeMs B KJI CCHYECKOW M KB HTOBOW Mex HuKe [42]. K u-
opoBk @ok . Llenb p GOTHI COCTOSTT B P 3BUTHH PENISITUBUCTCKH- U K JIHOpPO-
BOYHO-MHB PU HTHOTO KB 3MKJI CCHYECKOTO METO HMHTErPUPOB HMS yp BHEHHUS
Idup x ¢ BHewHUM TojieM. Bo BpeMsi H muc Husg p GOTHI T 1pobiaeM CT -
HOBHWJI Chb KTy JIBHOHW U TEOPHH MO3UTPOHOB 1o [up Ky. BHemHee amexTpo-
M THUTHOE TOJIe WCK X €T 3JIeKTPOHHbIE BOJHOBbIE (DYHKIMH K K I COCTOS-
HUH C TOJIOXHTESIbHBIMU HEPTHSMH, T K M IS JUP KOBCKOTO «IIOAB JI ». [lo-
BTOMY /I X€ B OTCYTCTBHME Y CTHUI] HOSBISIOTCS UHIYLHUPOB HHBIE TOKU M 3 PAMBI
(BUPTY JIbHBIE 3JEKTPOH-TIO3UTPOHHBIE 1T PbI) B B KyyMe, POUCXOOUT MOJSIPU3 -
mud B KyyM . Ilocne oTkpbiTHs no3uTpoH B 1932 r. mpUXoamiIoch MPHU3H B Tb
W pe NIbHOCTh B KyyMHOW MOJIApu3 LuH. BO3HMKI 1po6ieM pensiTHBUCTCKU- U
K JTMOPOBOYHO-MHB PH HTHOH TP KTOBKHM 3TOro 3(M(eKT U OIHO3H YHOTO BbIjIe-
JIEHUS] KOHEYHBIX BBIP XEHHH U3 pe3yJbT TOB BBIYMCIICHUWH, comepX LIMX Oecko-
Heynoctd. K k nok 3 11 Baiickong [113], p cxomuMocTu B npobiaeMe B KyyMHOM
NOJSIPU3 LMK MMEIOT JIOr pudMuueckuii X p Krep. H ubonee mpocroii crioco6
obecrieyeHns] WHB PU HTHOCTH BBIYMCIICHHH COCTOUT B HCIIOJBb30B HUU TOJBKO
WHB DU HTHBIX BeJM4uH. [l yp BHeHms [Jup K ¢ BHEIIHHUM 3JIEKTPOM THUTHBIM
MOJIEM 3TO O3H Y €T YeThIpeXMEpHYI0 (DOPMYJIMPOBKY yp BHEHHs IBHXeHHs Oe3
BBIJIEIEHHOIN POJIM BPEMEHU U HCIOJIb30B HUE TMOTEHLH JIOB, KOTOPBIE OIpEeaes-
I0TCSl OJHO3H YHO II0 K JIMOPOBOYHO-MHB PU HTHBIM H TPSDXKEHHOCTSM Iojd. B
cBoeil p 6ore [42] B.A.@ok mpemt r er T Kylo (opMmynmupoBky. OH BBOAUT B
yp BHeHHe [Ip K coOCTBEHHOE BpeMs M H XOAUT ynoOHOe K JINOPOBOYHOE YCII0-
BHE T MOTEHLM JI . B 1 nmpHEHmeM 3TOT MOAXOA MOMy4YriI p 3BHTHE B p 60T X
[IBunrep [43] u me Burr [44], u B H crosinee BpeMs MeTOJ COOCTBEHHOTO
Bpemenu @oxk —IIIBuHrep —e BUTT mpeacT BisgeT coO0il OCHOBHOM MOAXO0M K
PETSTUBUCTCKH-MHB PH HTHBIM BBIYMCIICHUSM (DYyHKIMH ['pHH ¥ IeTEepMUH HTOB
B KB HTOBOU TeOpHH 1oJisl (CM., H npumep, [114]).

H3zyyenne yp BHeHHd Jup K BTOpOTO MOPSIAK C BHELIHWUM 3JIEKTPOM THHT-
HbIM ToNieM B.A.Dok 3 MeHsieT u3ydyeHueM yp BHeHHsI JUp K ¢ COOCTBEHHbBIM
BpeMeHeM. Bi numup AJiekc HIpOBUY BBOIUT COOCTBEHHOE BpEMsi B K YECTBE JIO-
HOJTHUTETIPHOM TMEepeMEeHHOW H psNy C 4YeThIpbMd KOOPOMH T MU, UMed B BUIY,
MOMHMMO PEJISITUBHCTCKON M K JTMOPOBOYHOH MHB PH HTHOCTH, €Ie M TO 00CTO-
STENCTBO, YTO B IPOCTP HCTBE HEYETHOTO YUCI WM3MEPEHWH (DyHI MEHT JIbHOe
pelleHre ompenessercs eAMHCTBEHHbIM oOp 30M. B ciyd e Xe 4YeTHOro 4mci
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U3MEpEeHHIl CyIecTBYeT OGecurciIeHHOe MHOXECTBO (DyHI MEHT JIbHBIX PELICHHIA;
3TU PEIIeHNS] UMEIOT JIOT pH(PMIUYECKYI0 OCOOEHHOCTH, IprYeM K03(hhHLIUEeHT pH
Jor pucMe orpenessieTcss OAHO3H 4HO. B muMup AsieKc HOpOBWY BBOAWT HOBOE
K JHOPOBOYHOE YCJIOBHE M1 3JIEKTPOM T'HUTHBIX MOTEHUH JIoB A n O:

(r—r’) A —c(t—t")d' =0.

D1 K nMOPOBK MpEANoN T eT OTCYTCTBUE OCOOEHHOCTEN y MOoTeHIHM JoB. B K -
nubposke MOK TIOTEHIM JIbl BBIP X ITCS OJHO3H YHO yepe3 moje. Eciu 06o-
3H YMTb JByMs YepT MU cBepxy ycpenHenme Mexay touk mu (r’ t0) m (r,t),
TIPOU3BEIEHHOE 110 (hopMyIe

_ 1
f= 2/0 e+ (r —%u, t° + (t — t°)u] udu,

TO IMOTCHLM JIbl P BHbBI

A= —%[(r —1r%) x H] - %c(t—?fo)E7

P = —l(r — rO)E )
2
K nubpoBk @oKk ynoOGH IpU W3YYEeHUH C MOJY JIbHBIX IOJIed W HpU P 3-
JIOKEHUH 10 T KUM HOJIsIM. B KB HTOBOI TEOpUU IOJS B 3TOH K JTHUOPOBKE JyXU
® nmnees —IlonoB ormemnsatorcs [47,48].
P 3BuB g Meron cobcTBeHHOTO BpeMeHH, B.A.DOK BH U Jie MMOK 3bIB €T, YTO
B KJI CCHYEeCKOH MeX HHUKEe, TEOPUH OTHOCUTEIBHOCTH OObIYHBIC yp BHeHHS JI -
Ip HX MOXHO IMOJYYUTh T KX€ U3 BUIOU3MEHEHHOTO NEHCTBUSI B MATUMEPHOM
MPOCTP HCTBE T K, YTOOBI JOIOJHUTEIbH I KOOPIUH T KMENl CMBICT COOCTBEH-
HOTO BpeMeHHU. Bi muMup AnleKc HAPOBUY BBOOUT COOCTBEHHOE BpeMs B Yp BHe-
Hue [Iup K BTOpOro mopsak cieayomuM oop 3oM. Ecimu

T e eh
{P2+nf3——;5%—%{E-H)—E%{E-EH@?:0,

e 7' — omep Top asd KHHETHYECKOH HEpPruu

0
T =1ith— P
1 5‘t+e

€cTh yp BHeHHe [lup K BTOPOro MOPSOK B YETBIPEXMEPHOM IIPOCTP HCTBE, TO
3TO yp BHEHHE MOXHO H IIUC Th B BUJC

h?AT =0,

e A — onep TOp BTOPOro MOpPSAK .
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Pemenue Yp BHEHUA MOXHO MCK Tb B BUAE OINPECACICHHOIO UHTEIP JI

\Il:/FdT,
C

B34TOTO IO BCIIOMOT' TEJIbHOIM NepeMEHHON T B HEKOTOPBIX MOCTOSHHBIX Mpeaen X
(W11 110 HEKOTOPOMY KOHTYPY B KOMIUIEKCHOU IUIOCKOCTH) T.
Oynkuug F' ynosneTBopser yp BHEHHIO [JUp K ¢ COOCTBEHHBIM BPEMEHEM T

h? oF

—AF =ih—

2m or’
tynkuuu F u g—f CBS13 Hbl COOTHOLLEHUEM

oOF
Zdr=F
/car 7 ="Flo

rie uHTerp i Gepercs mo T KoMy Koutypy C, H kortopom F|c = 0. B.A.®ok no-
K 3bIB €T, 4TO HOB S IIEPEMEHH 51 UMEET CMbICT COOCTBEHHOTO BpeMeHH. Pemenue
yp BHeHHd Jup K ¢ cOOCTBEHHBIM BpeMEHEM MpeicT BISeTcs B KB 3UKJ CCHYE-
CKOM BHJE, IIle KJI CCHYecKoe AeiicTBHe S YIOBIETBOPSET KJI CCHYECKOMY yp B-
HEHUI0 C COOCTBEHHBIM BpeMeHeM. MIHTerpupoB HHeE 10 COOCTBEHHOMY BpeMEHU
JIOJIXHO OBITh OTJIOXKEHO H KOHEll BhlUUCIIeHUid. Bece p cxomuMmocTu cBousTCS TO-
Il TONBKO K P CXOOMMOCTSIM B MHTETP JI X IO COOCTBEHHOMY BPEMEHH, KOTOpHIC
HE 3 BHUCAT OT K JIMOPOBKM U PENSTUBHCTCKH-MHB DU HTHBI 110 CBOEMY OIIpefe-
JICHHIO.

CuMMmeTpuss TOM BOZOPOA W IUH MHM4YeCKHe IpPynmbl. DJer HTH 4 p -
6or B.A.®ok [40] «ATOM BOIOPOI | HEEBKJIMIOB TEOMETPUS» O CHMMETPHHU
BOZIOPOZIOTIONOOHBIX TOMOB HE TOJIBKO OOBSICHWI CIIyd HHOE BBIPOXKIEHHE TOM-
HBIX YPOBHEH, HO U IOCIYXWI H Y JIOM K K HOBOTO METOJ P CYET TOMHBIX
CBOWCTB, T K M IOUCK T K H 3BIB €MBIX AUH MUYECKMX TPYI WIK IUH MUYECKON
cuMmMmeTpruu. M3BecTHO, 4TO B c(hepHuecKU-CUMMETPUYHOM I0JI€ YPOBHH DHEPIUU
BIIEKTPOH OMPENENATCA JBYMS KB HTOBBIMU YHCI MU — IJI BHBIM KB HTOBBIM
YHUCIIOM U COOCTBEHHBIM 3H UYEHHEM MOMEHT KojudyecTB aABMXeHusI. OmH Ko
YPOBHH ®HEPTMM TOM BOJOPOA 3 BHUCAT TOJIBKO OT IJI BHOTO KB HTOBOTO YHCI .
ITockonbKy BBIPOXAEHHE YPOBHEH CBI3 HO C CUMMETPHEH 3 11 4M, TO BO3HUK €T
BOMpPOC: K KOB T JIOMOJHHUTENbH S CUMMETPHI KYTOHOBCKOIO IOJISl, KOTOP
BBIJIENISIET 3TO I10JIe 110 CP BHEHMIO C JPYTUMU MOJIAMH chepryecKoil cumMmMmeTpuu?
Ot mpobieM o06cyXd 71 cb TeopeTHK MU A0 B.A.DOK ¥ CYHT 71 Ch CIIOXHOHU.
B.A.®ox pemmn ee IpOCTHIM U M3SIIHBIM CHOCOOOM, IZie I BHYIO POJIb WIP JIH
(pusnyecK g UHTYMLMS U M TeM THYECK 51 U300peT TeIbHOCTb.

B.A.®ox 3 nuceB eT yp BHeHHe LllpenuHrep ¢ KyJIOHOBCKOH MOTEHLH JIb-
HOM 9HEpruel B IPOCTP HCTBE UMILYJIbCOB

1 Ze? "/}(pl) ’
— = d
57 ¢(P) / b pP (dp') ,

2m2h



34 HOBOKMIJIOB 10.B., HOBOXKHJIOB B.1O.

[Ie OHO MUMEET BMJ MHTErp JIbHOIO Yp BHEHUd. JIJI TOYEUHOrO CHEKTP CpeiHUui
KB Jp THYHBIA UMITYJIbC €CTb

Po =V —2mkE .

I nee B.A.®oK nepexoiuT B UMIIYJIbCHOM IPOCTP HCTBE K HOBBIM IPSMO-
YrOJIbHBIM KOOPIMH T M H THIEPIUIOCKOCTH, KOTOp s IpEICT BiseT coboil cre-
peorp (hUUECKyI0 MPOEKLHIO III P B YETHIPEXMEPHOM €BKJIMIOBOM MPOCTP HCTBE

&= _2poP_ = sin asin ¥ cos ¢
p; + p? ’
2
= :prQ = sinasindsin ¢,
Py + P
2p0D;
(= ;Lp‘g =sinacosf,
Py +P
X = z);pz = cosa,
p5+p

P Auyc KOTOPOIO P BEH EAMHUIIE:
G+ +x*=1.

Vbl o, 6 u @ gBisoTcs chepuuecKUMU KOOPIMH T MU H TUrepciepe, npudem
YIJIBI SIBJISIIOTCSL OTHOBPEMEHHO OOBIYHBIMU C(PEPUUYECKUMHU YITT MH B TPEXMEPHOM
IIPOCTP HCTBE UMITYJIbCOB. B HOBBIX KOOpOMH T X yp BHenue Illpenunrep mpu-

HUM €T BUI
A U, 0, ¢")
U(a,0,0) = = [ 20 9) gy 1
@00 =55 | Ty )
e
Zme? Zme?

A\ = = .
hpo hv—=2mFE

Oynkuug H runepcepe cBsI3 H € BOTHOBOH (DYHKIMEH B UMITYJIbCHOM HPO-
CTp HCTBE COOTHOIIEHUEM

T 3/2

V3P

Bemmuun  2sin & ecTh UIMH  XOpJBI, COeUHsIONIEH Touku «, 0, u o/, 0, o' n
YEeTHIPEXMEPHOM II pe, T K 9TO

U(a,0,0) = (p5 +p*)*¥(p) -

4sin” § ==’ +-1)+ -+ Kx-x).
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Vp BHenue (1) ecT MHTErp JIbHOE Yp BHEHHE JUIA I POBBIX (PYHKIMH YETHI-
PEXMEPHOro I P .

[Ipenct Bnenue yp BHenud Lllpenunrep B Bume (1) ecTb OCHOBHOM pe3yibT T
p 6oter [40]. OHO HeceT MHOTO B XHOU MH(OPM ITUH.

1. T'pynnm WHB pH HTHOCTH BOJOPOJAONONOOHOIO TOM COBII JI €T C IpYI-
MOW YeTHIPEXMEPHBIX Bp LIEHUH. DTO OOBSICHIET HE3 BHCUMOCTb YPOBHEW dHeEp-
TUU OT 3HUMYT JIBHOTO KB HTOBOTO YMCI U BBOOUT rumepcepudeckue pyHKIun
B P c4eThl T KHX cucteM. POKOBCK $ rpynm 0oco0o Moje3H , KOrn HeoOXOomuMo
YCPEIHATh WIM CyMMHPOB Tb BHYTPU OJHOIO CIIOS C 3 J HHBIM 3H YEHUEM IV B-
HOTO KB HTOBOI'O YHCI .

2. B ciiyd e HenpephIBHOTO CIEKTP BOJOPOIONOAOOHOTO TOM  H JIOTHYH o
TP KTOBK IPHUBOIUT K CUMMETPUHU TIpymmbl JIOpeHIl H IOBEPXHOCTH YEThIpEX-
MEpHOTO THIIepOOIonsI .

3. Or rpynn OTIMY e€Tcd OT KMHEM THUYECKOH TIpYMIBl TeM, 4TO ee Ipe-
0oOp 30B HHS CBS3BIB 0T (DYHKIMHU C P 3IMYHOM dHeprueil £ (Bp INEHUS H Yroi
o). T Kxue rpynmnsl NOMYyYHIH H 3B HHE OUH MHYeCKUX. IIOMCKU AWH MHYECKUX
TPYIII COCT BIFIOT OJHO M3 B XHBIX H NP BJICHUN COBPEMEHHOU (DU3MKHU.

4. B.A.®oK mOK 3 JI, 9TO B HPOCTP HCTBE HUMITYJILCOB BOAOPOIOMOTOOHBIX

TOMOB MMEET MECTO HEEBKJIMJOB TEOMETpHs, HMEHHO reomerpud Pum H ¢ 1no-
CTOSIHHOH IOJIOXUTEIbHOM KPUBHU3HOH B CIIyd € TOYEYHOIO CHEKTP M IeOMEeTpus
JIo6 4eBCKOro ¢ IOCTOSIHHOI OTpUIl TEJIbHOW KPHBU3HOH B CIyd € CIUIOLIHOTO
CHEKTp .

IIpo0GseMbl HCTOIKOB HUA KB HTOBOi Teopuu. B.A.Dox Bcern yuemns 3H -
YUTEJIPHOE BHUM HHE BOIIPOC M HCTOJIKOB HHUS KB HTOBOW Mex HUKH. OH omy6unu-
KoB J1 okosio 30 p 60T, B KOTOPBIX P 3BHUB JI KOINEHT I'€HCKYI0 MHTEPIIPET LU0
KB HTOBOM MeX HHMKH M IOJEMHU3UPOB J CO CTOPOHHUK MH APYIOr0 HUCTONKOB -
HUd. JIMCKycCHM O CMBIC/Ie KB HTOBOM MeX HUKM H Y JIUCh OIHOBPEMEHHO C
ee co3a HueM. TonkoB Hue Bop (KOMEHr IeHCK S MHTEpHpeT L) MOCTENeHHO
NpUOOpET 110 SICHOCTh, HO OCT B JIUCh TPYIHBIE BOIPOCH 3 MKHYTOCTH M HENPO-
tusopeunsoctu Teopun. H ConbeeeBckoM KoHrpecce B 1927 r. 1 BHBIMH OIIO-
HeHT Mu bop 6pumm DiiHmTeiH u Jlopenn. B 1936 r. Ditnmreiin, [logonsckuii n
Pozen BbicTynuim co ¢t Tbed «MOXHO JIM CUUT Tb, YTO KB HTOBO-MEX HMUYECKOE
onuc HUe (PU3NUECKOM pe JIbHOCTU SIBISeTCS MOJMHBIM?»  [75], IPOMOIKUB TeM
¢ MbIM auckyccuio ¢ bopoM. [luckyccun DitHmTeiiH ¢ BopoM umenu ¢yHn MeH-
T JIbHOE 3H YE€HHE B IIOHUM HHUH MPUHIMIIM JIbHBIX BOIIPOCOB KB HTOBOI TEOPHH.
B.A.®ox B ToMm ke 1936 1. omybaMKOB J1 epeBoa AUCKyccur DiHImTeH ¢ BopoM
M H IHC JI BCTYIHUTEIbHYIO CT ThIO [76]. DTO OBUIO H 4 JIOM €ro AeSITeIbHOCTH 110
npo6jeM M TEOpUH MO3H HUsl B (pu3nKe MUKPOMHUpP . Uucino (PU3MKOB, BHECIIMX
BKJI 1 B 3TH BOIPOCHI, HEBEJIUKO M HCUUCISETCd eOUHUIl MU. HJI 3TOro HyXHO
6bUT0 MMETh (PM3MYECKYI0 MHTYMIMIO M M TeM THYecKylo Momp Dok BMecTe ¢
NPUCYIIAMHA €My BHYTPEHHEH IOTPEeOHOCTHIO K JIOTMUECKOW SICHOCTH TEOPHH U
HETIpUATHEM CTUNS PELEeNToB U 3 KJIWH HUM. DT gnedrensHocTh B.A.@ok oK 3 -
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JI Cb BECbM IIOJIE3HOM T KXK€ I TOTO, YTOOBI OIp AUTH KB HTOBYIO MEX HHKY OT
H CKOKOB 4 CTU (pu10coos.

BeicTymneHne NpOTHBHUKOB KOTIEHT I'€HCKOM MHTEpIpeT WU KB HTOBOW Me-
X HHUKH TOK 3BIB JIO, YTO TPYAHOCTH BOCHPHATHS UMH KB HTOBBIX 3 KOHOMEPHO-
cTeil ObUTH BO MHOTOM CBSI3 HBI C €€ HEJIOCT TOYHOM JIOTHYECKOW JeT JIu3 LHeH.

Ba gumup Anexkc HapoBud POK BOCIOMHHI MPOOENbI, OCT BJICHHbIE OOIICH
KoHuenuued gononanurensHoctd Hunbe Bbop . Jlormueckuii H nu3 ok  onup -
eTcs H TPH BBEJCHHBIX UM MOHSITHS:

® JIOHATHUE OTHOCHUTCIIBPHOCTU K CPEACTB M H 6JII'OZ[CHI/I$I;

® BCPOATHOCTDH K K (byHH MCHT JIbHO€ ITOHATHEC, OTHOCAIICECA K OIIMC HUIO B
TCPMUH X;

® I[IOHATHE O MOTEHIM JIbHOM BO3MOXKHOCTH.

ITepBoe n3 »TMX HOHATHI 0000II €T MOHSATHE OTHOCHTEIBHOCTH K CHCTEME OT-
cuer . OHO HEoOXOmMMO, T K K K B OCHOBE KB HTOBOTO OIKC HHSI H XOAUTCS
KT B3 MMOJieiicTBUSl OOBEKT C NPUOOPOM, U, CIIENOB TENbHO, C TOYKH 3PEHUS
KJI CCUYECKON (DU3UKH ONUC HHE MUKPOOOBEKT IPH IOMOIIM BOJIHOBOW (PYHK-
LUK SIBISIETCS «HEe OCONIOTHBIM». B KJI ccMYecKoil (pu3nKe OTHOCHUTEIBHOCTh K
CpelCTB M H OJIOJIEHUS COBIT I €T C OTHOCHUTEIBHOCTBIO K cucTeMe orcueT . [lo-
HATHA (QyHI MEHT JILHOW BEPOSTHOCTH U IOTEHUM JIbHOW BO3MOXHOCTH BO3HH-
K I0OT K K 3 MEH JI IUI COBCKOTO JETEPMHUHM3M U BEPOSTHOCTU KJI CCHYECKOMN
(pu3uKH, OTp X BILIEH HEMONHOTY 3H HUMl 0 cpeHOMeHe. «Ki ccuyeck s» Hemosn-
HOT MOXeT OBbITh HUCKJIIOUYEH YTOYHEHHEM YCIIOBUH, «HENOIHOT » KB HTOBOM
TEOPHUH C TOYKM 3PEHMSI KJI CCHYECKOW TEOpHH HE MOXET OBITh YCTp HEH , T K
K K OH NpPUCYLl KB HTOBOMY OIMC HMIO, ONHp IOMEMYyCd H KT B3 UMOJEM-
ctBusd. KB HTOB 4 Teopusi — 9TO TeopHs MPOrHO30B, B KOTOPO MOHSATHE BEPO-
ATHOCTH MepBUYHO. T KOe OmHc HUE He MPOTUBOPEYUT MPUHIMITY NPUYUHHOCTH.
JeiicTBUTENbHO, TPUHLUI PUYMHHOCTH K K OHO U3 H Y JI H YYHOTO OOBSICHEHUS
HE JIOJIXEH OTOXIECTBIIATHCA C OJHO3H YHOU JETEPMUHHPOB HHOCTBIO KJI CCHYE-
ckoil ¢usuku. B.A.@ok nuwer: «Bce sBieHHd MpoucXomdT B MPOCTP HCTBE U
BpEeMEHHU (Belb HE B IOTYCTOPOHHEM X€ MHUPE OHH IPOHUCXOIAT), 4YTO K C eTcd
MPUYUHHOCTH, TO IPEIMETOM TEOPHH, B 4 CTHOCTH KB HTOBOH MeX HHUKH, K K p 3
U ABNIAETCS OTBHICK HHE NMPUYMHHOM CBA3M MEXJY ABICHUSAMHU; KPOME TOTO, HEellb3s
CMELINB Th INPUYUHHOCTb C OJHO3H YHOH JIeTEPMUHHPOB HHOCTBIO, KOTOP S MO-
XKeT U He UMeTh MecTo» [113].

B.A.®ox H nM3MpyeT SKCHEPUMEHT H J TOMHOI CHUCTEMOH, MOAp 3Aemndd
€r0 H [IB OIBIT : H Y JIbHBINA (MPUTOTOBUTEJIbHBIN) U KOHEYHBIH (IIPOBEPOYHBII).
H 4 npHBIT ONBIT BKIIIOY €T MPUTOTOBIEHUE M CO3/l HHE BHEIIHUX YCIIOBHUMH, KOTO-
pble ONUCHIB I0TCS KJI ccMYecKH. H 4 NbHBIN onbIT 00p ILIeH K OyayleMy, T K K K
BOJIHOB ¢ (DyHKLIHS, OTIIP BJSACH OT J HHBIX, ITOJYYEHHBIX B H 4 JIBHOM OIIBITE,
MO3BOJISIET €Nl Th IPOTHO3BI, OTHOCAIIMECS K IPOBEPOYHOMY ONBITY. BOMHOB 4
(pyHKIMS ONHUCHIB €T MOTEHLM JIbHbIE BO3MOXHOCTU IS PE3y/IbT TOB U3MEPEHUS
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H 1 cuctemoil. COBOKYMHOCTb MOTEHIM JIbHBIX BO3MOXHOCTEH [UIS IPOBEPOYHOIO
OIBIT , BHITEK IOIIMX M3 JI HHOTO H 4 JIBHOTO OIIBIT , €CTh X P KTEPHCTUK COCTO-
SHUS CUCTeMBI. M KCUM JIBHO TOJIH S X p KTEPUCTHK H 3bIB €TCAd COCTOSHHEM
cuctemsl. M3MeHeHue BOIHOBOU (pyHKIMU BO BpeMeHU 1O yp BHeHHIo Lllpenun-
rep oToOp X €T M3MEeHeHHe DTUX HPOrHo30B. [IpoBepoYHBI ONBIT OOp IEH B
npouuioe. B HEM IOTEHUM JIbHBIE BO3MOXHOCTU P 3JIMUHBIX U3MEPEHUU IIPEBP -
Il 10TCd B AEUCTBUTENIBHOCTb. BONHOB g (hyHKLMSI HMeeT (PU3UUECKUN CMBICI
TOJILKO BIUIOTH JO MOMEHT HPOBEPOYHOro onbliT . K K B H 4 JIbBHOM, T K U B
KOHEYHOM OIIBITE€ YCTPOWCTBO U AEiCTBHE NMPHOOP OMKCHIB I0TCS KJI CCHYECKH.
COBOKYIHOCTh H Y JIBHOTO U IPOBEPOYHOIO OMBITOB, MOBTOPEHHBIX MHOIO P 3,
Il €T TOJHBIA, WIM 3 BEPLIEHHBIH, OMbIT, MO3BOJISIOIIMNA Cp BHEHHE C TEOpHUEH.
Kuur B.A.®ox «H 4 71 KB HTOBOM MeX HUKM» (2 W3] HHUE) COIEPXKUT SICHOE
Y CHCTEM THYECKOE M3JI0KEHHE MPUHLUI OTHOCUTENIBHOCTH K CPEJICTB M H OITI0-
JEeHUS IPUMEHNUTENBHO K KB HTOBOM M€X HHUKE, BEPOATHOCTHOIO HCTOJIKOB HHS U
MOHATHA MOTEHLHU JIbHBIX BO3MOXHOCTEN.

3. PABOTDBI B.A.®OKA IO OBIIEN TEOPUU OTHOCHUTEJILHOCTH

JIBUKeHHe KOHEYHBIX M CC B 00IIIeil TeOPHHU OTHOCUTEJIbHOCTH. 3H UYHTEIb-
HOE MECTO B CBOEM H y4yHOM TBopuecTBe B.A.DOK MOCBIATWI TEOPUU TATOTECHHUS.
B cepenune 30-X rooB OCHOBHO# MpoO6JieMOii 0OIeil TeOpUH OTHOCUTEIbHOCTH
ObUT TpoOJIeM BBIBON yp BHEHWI OBIDKCHHS M CC M3 yp BHCHHUU DIHINTEHH .

Yp BHEHMA TATOTEHMS DUHINTEHH /19 METPUKH (,,, B NPUCYTCTBUM M CC
COHEpPX T TEH30p M Tepuu 1),

thl/ - 1guuR = _877-—271—1”1/ )
g c
rae 1@ ecTb MHB PU HT TEH30D KPMBU3HBI BTOPOro p Hr I, HpocTp HCTB ¢
METPUKOH ¢, U Y — HBIOTOHOBCK # IIOCTOAHH o Tarorenus. Tewsop 1), orim-
YeH OT HyId B 00T CTSIX, 3 HAM €MBIX M CC MU, H T KX€ 3 BHCHUT OT METPUKH.
Yp BHeHMd TAroTeHUs DUHIUTEHH KOB PU HTHBI OTHOCUTEIBHO IPOU3BOJIBHOTO
npeoOp 30B HUS KOOPIMH T:
h — x/“,

gydz tdz” = g, datdz”

YTO OTP X €T JAOMYCTUMOCTb JIIOOBIX KOOPAMH THHIX CHCTEM I OIUC HUA
SBJICHUI.

Vp BHeHus DHHINTEHH TNPeACT BISIOT cOOOW HE TOJBKO yp BHEHHs IO,
HO U Yp BHEHUS IBUXEHMd M cC. JIBUXEHHME M CC HENlb3d 3 J Tb IPOU3BOJIb-
HBIM 00p 30M HE3 BHCHMO OT yp BHEHHWH mnoms. JeHCTBHTETBHO, TEH30p M TEpHH
COIEPXUT, B K 4E€CTBE HEM3BECTHBIX (PYHKIIMIA, COCT BIIAIOLINE METPHUYECKOTO TEH-
30p , OT KOTOPbIX 3 BUCIT X P KTEPUCTUKM COCTOSIHUS U JIBUXKEHUS M TEpUMU.
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DTOT BOIPOC MPHUHLMIIK JILHOTO X P KTep ObUT BbISICHEH DHHIITEHHOM U
I'pommepom [55] u Ditamreitnom [56] B 1927 1. OHM p ccM TpUB JM M CCHI
K K OCOOEHHBIE TOYKH IOJS M IIOK 3 JIM, YTO JBMKEHHE 3TUX TOUYEK IOJIKHO
BBITEK Tb U3 yp BHeHUH TaroteHus. B.A.®ok muc i1 B 1939 r. [58]: «Hecmotps
H OIPOMHYI0O B XXHOCTb 3TOTO PE3yJIbT T , OH SBJISAETCH, MO H IIEMy MHEHHIO,
OIHUM M3 TJI BHBIX OOOCHOB HMI OOIIEH TEOPUH OTHOCHTEIBHOCTH — YK 3 HHbIE
JBe p OOThl DUHINTEHH NPOULIM M JI03 MEYSHHBIMH U HE MOJIYYMIN H UIEX ILIero
p 3BuTHS». [IpobieM BHIBOA 3 KOH IBHXEHHS M CC W3 yp BHEHHH DHUHIITEHH
OCT B JI Cb OTKPBITOH.

DUHINTEHH BO3Bp TWICH K dTOil mpobieme yepe3 10 ner. Ilp xrudecku ox-
HOBpeMeHHO B.A.MDoK 3 MeTul1, 4TO CTOJb B XH 51 NpOOJieM elle He pelleH , U
H Y J UCK Th €€ pelleHue. DUHIUTeHH C COTpyIHHK MU (DiHITeiH, WHbensn
u lopm 1 [57]) 1 B.A.Dox [58] He3 BUCHMO pemiu MpobiaeMy p 3THYHBIMA
METOA MH. DUHINTEHH OIyOJIMKOB JI1 CBOIO MEPBYIO p OOTY MO yp BHEHHIO JABHXE-
HUd M cc p Hpiie B.A.@ok — B 1938 r. B.A.®@ok 03H KoMMICA C HEH, OXUI 4
ony6nukoB Husg cBoedd ¢T Thu B KOT®, u H muc i1 106 BleHHE B KOpPpEK-
Type [58].

B.A.®ok p ccM TpHB J1 CHCTEMy M CC OCTPOBHOTO THI K K H mbomee X -
P KTEpHYIO 111 CTPOHOMHMYECKUX 3 I 4. T K 4 CHCTEM MOXET p CCM TPHUB ThCA
K K M30/upoB HH . H OGoNpIINX yI JIEHHSIX OT M CC IPOCTP HCTBO-BpEMs CT -
HOBUTCS €BKJIMIOBBIM, B HEM P 3JIMYHBIC JIeK PTOBBI KOOPAMH ThI CBSI3 HBI Ipe-
00p 30B HusaMmE JlopeHil . P crpeseseHre IUTOTHOCTH B HEOSCHBIX Te X Mpej-
MOJ T eTcsd cpepuuecKu-cuMMeTpUdHbIM. [Ipeanon r ercd T Kxe, 4yTO JIMHEHHbIe
P 3Mepbl TEl BECbM BEJIUKU IO CP BHEHMIO C MX [P BUT LIMOHHBIMH P JUYC MU,
HO B TO XK€ BpPEMs JOCT TOYHO M JIBI IO CP BHEHMIO C MX B3 MMHBIMU P CCTO-
aHusIMUA. CKOPOCTH TelT M JIbl M0 Cp BHEHHUIO CO CKOPOCTBIO CBeT . P crmomoxe-
HHME M JBUXEHHE IUI HeT, T.e. 00Nl CTell, rie TEeH30p M TepuH OTIIMYEH OT HyJIs,
omnpenensaeTcss MeTPUYECKUM TEH30pOM, KOTOPBIHA, B CBOI0 O4Yepelb, ONpeesseTcs
P CIOJIOXEHHEM U JBUXKEHUEM IUT HETHBIX M cc. B.A.POKOM cT BWI Cb 3 I 4
OTIPEETUTh NPUONNAKEHHO METPUYECKHII TEH30p TS CIIyd $1, KOTI HMeeTcs OfH
WM HECKOJIBKO M CC KOHEYHOW BEJIMYHMHBL, U IPH PELIEHUU 9TOW 3 1 4M IO-
MYTHO IOJYYUTb M yp BHEHMd JBIDKEHMS JUII M CC K K YCIIOBHS P 3pELIUMOCTH
yp BHEHHW DUHINTEHH . DT HeNUHEHH S 3 0 4 o0Jyierd ercsi Tem, 4to B CIIy-
Y € OCTPOBHBIX M CC TEH30pP M TEPHUH «M JIOYYBCTBHUTENICH» K METPUKE, U MOXHO
P 3BUTH METOJ NPUONMXKEHHUH, KOTI B MCXOIHOM NPHOIIKEHUH TEH30p M TEpUH
T KOB, K K eci Obl TATOTEHHE HE BO3[EHCTBOB JI0 H Hero. Ilpm pemenun 3 -
Iy B.A.DoK NpUMEHST T KXe «I0JNyoOp THBI» METOA: UCK Th Ul METPUKU
guvy T KM€ 3H YeHHd, KOTOpble, Oylydd NOACT BIEHHI B JIEBYIO 4 CTh Yp BHEHUI
DUHIITEHH , 1 OyT I TEH30p M TEpHUU B IIP BOIl Y CTU BBIP KEHHUS, MOTYILUE
OBITh UCTOJIKOB HHBIMH (DPHU3MIECKH.

B.A.®ok BBIOMp €T KOOPAMH THYIO CHCTEMYy T K, YTOOBI Yp BHEHHMS MO BO3-
MOXHOCTH YIPOCTHJIUCh, C M CHCTEM KOOPAMH T H OONBIIUX P CCTOSHHSIX
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OT M ccC mepexoawn Obl B ek pToBy. T KOMY KPHUTEPHIO YIOBJIETBOPSET I' PMO-
HUYECK S CUCTEM KOODAUH T g, HOMYUHEHH S YCIIOBUIO I' PMOHUYHOCTH

99" = 0. 2)

T kuM 00p 30M, TEH30p M TEpUH OIPEAEISIETCS OJHOBPEMEHHO C METPUKOH U3
yp BHEHMI DHHINTEHH U yCIOBHA I' pMOHMYHOCTH. PelieHne MpeacT BIsUIOCH B
BHUJIE P 3/I0KEHUS 1O 0Op THHIM CTENEHSIM CKOPOCTH CBET .

B cr 1be [58], omybnukoB HHO# B 1939 1., Bn qumup Anekc HIpoBHY MOIYy-
YW yp BHEHUS ABIKCHHUS B MEPBOM, HBIOTOHOBCKOM NMPUOIMXKEHHH K K yCIIOBHE
P 3PELIMMOCTH Yp BHEHHMH DHHIITEHH BO BTOPOM MPUOIMXEHHU. DTOT pe3yibT T
MOATBEPXKI J1 yTBepXKAeHHe DUHINTEHH , COINT CHO KOTOPOMY Yp BHEHHS ABUXKeE-
HUS yXe COAepX Tcd B €ro yp BHEHMAX TAroteHud. oK yCT H BIUB €T T KXe
CB3b MEXJly 3 KOHOM 9KBUB JIECHTHOCTU M CCBl U ®HEPIMU U yp BHEHHSAMH DIH-
mreiH . B guMup Anekc HOpoBHY OTMed eT 0coboe MOMOXKEHHE P CCMOTpPEH-
HOTO UM BTOPOTrO NPUONMXKEHHS U1 METPUYECKOTo TEeH30p K K H HBBICIIETO
MpUOIMXEHNs, B KOTOPOM MOXKHO 3 MeHHTh 000011eHHbIi orep Top I’ A mMGep
eBKJIHIOBBIM omep TopoM [I’An mM6ep . T K s 3 MeH MOXeT ObITh MCTOJKOB H
K K 3 MEH p€ JIbBHOTO PUM HOB IPOCTP HCTB H (PUKTUBHOE €BKJIMIOBO IIPO-
CTp HCTBO, B KOTOPOM II0OJI¢ TATOTEHUS P CCM TPHUB €TC4d B K UYECTBE BHEIIHETO.
Ho B BbICIIHMX NpHOMMXEHNAX MOXOOH 51 3 MEH HEBO3MOXH . Bce cBom Bhrumcie-
Husg B.A.®oK mojapo6GHO U3 T eT B CT The [58].

B p 6ore DitHmreitn , Uudensny u T'opm H [57] nmpobiaem BeiBox  yp B-
HEHUH JABUXEHMS P CCM TPUB JI Cb B MHOH IIOCT HOBKE, BBITEK IOLICH U3 TOYKHU
3peHus DUHIITEH , COIT CHO KOTOPOIl 3JIEMEHT pHbIE U CTHIBI CyTh OCOOCHHbIE
TOYKH TONIsl. B Heill mosydeHsl yp BHEHMS ABMIKEHHS BO BTOPOM INPUOIMIKEHUH,

npoOJsieMbl TEH30p M TEpUM BHYTPH M CC HE CYIIECTBYeT. BbIuucieHus B-
TOpPOB p 6OTHI [57] H CTONBKO CJIOXKHBI, YTO B XYPH JIBHOW CT The JUISI HUX HE
H LUIOCh MECT , U YUT TeJII0 Mpel T JOCh 00p TUThCS K cekper pro MHcTUTyT
B IIpuHCTOHE, Ile Xp HHUTCS MOJH 1 PYKOIUCH.

Bropoe npubmnirkenue K yp BHEHHIM IBHXeHHs 1o Metoqy Pok Obuto 1mo-
aydero B 1940 r. B p 6ore H.M.Ilerposoii [115], crmp HTKH B mumup Anex-
¢ HupoBuY . BoitH 3 gepx 1 nybmuk 1mio cr ThH IletpoBoii 1o 1949 r., HO ee
PEe3y/IbT Thl OBUIM UCIIONB30B HBI U MpUBEAEHbI Bl quMUpoM AJieKC HIPOBHYEM B
ero p 6ore [79], 1941 r. P 3Butme nopxon PoK K yp BHEHHSM IBUXKEHHS CO-
nepxurcd B p 60T X ydeHuKoB B mumup Amekc maposuu [116,117], T xke
B [118,119].

@®yHn MeHT JbH 4 T Thd B.A. @oK 00 yp BHEHMSIX JBMXKEHHS M CC CYILe-
CTBEHHO OXHBWJI MHPOBYIO H YUHYI0 KTHUBHOCTH B OOJI CTH TEOPUH TATOTEHHS
DUWHIITEHH U MOJIOXWI H Y JIO HHTEHCUBHBIM IP BHUT ILHMOHHBIM HCCIIEIOB HHUIM
B CCCP.

B 1 meHeiimem B.A. @ok 00001 er yp BHEHHS OBUXKEHUSI H CIyd U Bp -
Il IOMIMXCSI TeJl, H XOMUT NPHOJIMXEHHOE pEelleHue Yp BHEHMH TATOTEHUS M UC-
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clielyeT CHMOTOTHYECKHH BHI pemieHuil. Ocoboe 3H YeHUe OH MPHI €T BOIPOCY
O CYILLECTBOB HUHU CUCTEMBI KOOPIAHMH T, ONPEIEeNIeMOil OIHO3H YHO C TOYHOCTHIO
1o npeobp 308 Hug Jloper . B.A. @ok crpeMurcs cOpMyIHpPOB Th B TEOPUH
TITOTEHHUS TP BIJIBHYIO M TeM THUYECKYIO IIOCT HOBKY 3 JI Yd, OOECIIEUHB IOIIYIO
€IMHCTBEHHOCTH perieHusd. OH MoK 3bIB €T, YTO B CJIy4 € OCTPOBHOTO P CIOJIOXe-
HHUS M CC T PMOHUYECKHE KOOPIMH ThI IPEJACT BIISIOT COOOM MPUBUIETUPOB HHYIO
cUCTeMY KOOPIMH T, MOJOOHO TOMY, K K MHEPUHM JIbH 51 CUCTEM KOOPJIUH T OK -
3bIB €TCSl NPEUMYLUECTBEHHOH B OTCYTCTBUE TAroTeHud. OH IOK 3bIB €T €IHH-
CTBEHHOCTh I' PMOHMYECKOH CHCTEMBI, X P KTepuyeMod Iud¢epeHUr JIbHbIMU
yp BHeHMAMH (1) U mpefebHBIMU YCIOBUSAMH. YCIOBHE I' PMOHHYHOCTH (2) H 3BbI-
B 10T T KXe ycioBueM jie Jlongep —®oK , [IOCKOJIBKY BIIEPBbIE €0 MOXHO H WTHU
y ne Hougep [116], oK ucyeprbiB I0IIEe U3YYWI €r0 U YK 3 J1 H B XHeHIue
MPUMEHEHUS.

Kuur «Teopuda nmpocTp HCTB , BpeMeHH M TAroTeHus». B mnpeaucioBun
Kk kaure B.A. @ok mwumer: «Pe3yapT Thl 3THX HCCIENOB HUM NPUBEIU H C K
yOeXIIEHHI0 O BO3MOXHOCTH, 10 Kp HHell Mepe il H mbojee B XHOTO KJI CC
¢pu3nyeckux 3 I 4, JOCTHUTHYTh OJHO3H YHOCTH pEIleHHd yp BHEHHUH TATOTEHUS
MyTeM H JIOXCHUS COBMECTHBIX C HUMHU HOTOIHUTEIBHBIX YCTIOBUH. DTO ybexme-
HHUE MOCTYXKUJIO0 OCHOB HHMEM JIIsl HOBOM TOYKM 3PEHHS H BCIO TEOPUIO TATOTECHHUS.
[TosTOMY BO3HUKI TOTPEeOHOCTh B M3IOXEHUH BCEH TEOPUH MPOCTP HCTB , Bpe-
MEHH U TATOTEHHUS C DTOi, BHOBb BHIP OOT HHOIA, TOYKHU 3pPEHUS, YTO U ClIell HO B
9TON KHUTE.

B.A. ®ok npujt et 60JIbIIOe 3H YSHHE SICHOMY el TOTHYECKOMY M3JI0KEHUI0
M TepH J , 4TOo TeM Ooiiee HeOOXOMUMO, T K K K B IOTOHE 3 JOCTYHHOCTHIO B
MMOHUM HUM OOIIeil TeOpHH OTHOCHTETPHOCTH HEKOTOpPHIe BYJIBI PU3 TOPHI H YKU
KEpPTBOB JI1 H YYHOH AOCTOBEPHOCTHbIO. BO MHOTMX MOMYISAPHBIX H3TOXEHHUIX
o0Ieil TeOpUH OTHOCHUTEIBHOCTH KOB PU HTHOCTh CMEIIMB JI Cb C WHB PH HT-
HOCTBIO, BO3MOXHOCTb IPOU3BOJIBHOTO BHIOOP KOOPIMH THOW CHUCTEMBI OTOXIE-
CTBIISUT Chb ¢ (DU3UYECKHUM COACPX HHEeM OOIIeil TeOpUH OTHOCHTETTbHOCTH, OCHOB-
HOU KpUTEpUd H JIMYUS TATOTEHHS — OTJIMYUE OT HYyJSl TEH30p KPUBHU3HBI YET-
BEPTOr0 p HI — YIOMHUH JICS JIMILIb MUMOXOIOM.

B.A. ®oK BK/IIOY €T B KHUT'Y U3JI0XKEHUE U CTHOM TEOPUU OTHOCUTEJIBHOCTU B
MPOU3BOJIBHBIX KOOPAUH T X, UCIIOJB3YEMbIX B OOLLIEH TEOPUH OTHOCHUTEIILHOCTH,
U TIOOYEPKUB €T, UYTO KOB PU HTHOCTh OTHOCHTEIIFHO C MOTO OOIIero mpeodp 30-
B HHS KOOpAUH T ( «OOIIEKOB pU HTHOCTH») €CTh TpeOOB HHE K JII000M TeopHH,

HE TOJIBKO K TeopuH TaroTenus. OOIIEKOB pd HTHOCTh BMECTE C JIOK JIbHOCTBIO
JI TP HXM H TPeICT BT co00il NI BHbIE NPUHIMIBI COBPEMEHHON TEOPHHU.
OcHoBHOU M Tepu J1 KHUTH B.A. @OK U371 T T MHOTOKP THO B CBOUX JIEKIIHSIX
H ¢usndeckoM ¢ kyasrere JII'Y. B.A. ®oK NogyepKkuB €T, 4To (PU3NIECKOi UH-
B P HTHOCTBIO MOTYT OOJ I Th TONBKO pEIICHUS Yp BHEHWHA DWHINTEHH , KOTH
YCTP HEH HEONHO3H YHOCTh B ONPEAEICHUMH KOOPAUH T C NOMOILUBIO JONOIHU-
TEJIbHBIX, KOOPIUH THBIX YCIIOBHMH, COBMECTHBIX C yp BHEHUsIMH DiiHmTeitH . O6-
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IIEKOB pH HTHOCTbH (MM K JIMOPOBOYH Sl MHB PU HTHOCTB) €CTh BceoOiuee Tpe6o-
B HHUe, (PU3MYECK S MHB PH HTHOCTb B TEOPHHU TSATOTEHHUS M K JTMOPOBOYHBIX TEO-
pHSX OTHOCUTCS K A HHOMY pemeHuto. OOIIEKOB pH HTHOCTb €CTh M TeM THYe-
CKOE BBIp KCHHE MPHHLMII OTHOCHTEIBHOCTH K CPeACTB M H Omropenus. ['pynm
(puznuecKoll MHB pH HTHOCTU 3H YMTEJIBHO YXe, YeM IpYyIIl OOLIEKOB PU HTHO-
CTHU: JIOTIOJIHUTEJIbHBIC YCIIOBUSI H pyLI 0T OOIIEKOB pu HTHOCTh. OOLIEKOB pu-

HTHOCTb OTHOCHUTCS K P 3HOMY OIIMC HHIO OJIHOIO M TOIO X€ SIBJIEHUS, B CIyd €
(puzmyeckolt MHB pU HTHOCTHU CYIIECTBYIOT P 3JIMYHBIE O 3UCHI M «COOTBETCTBYIO-
mye gpieHus». VIMeHHO cUMMETpHUsl pellleHHH, JIeX I S B OCHOBE (DU3UYECKON
UHB PH HTHOCTH, X P KTEpU3yeT OCHOBHBIEC YepThl dBleHuil. DTu unen B.A. @ok
UMEIOT BECbM OOLMI X p KTep, U UX HNPUMEHEHHE He Orp HUYUB €TCS TOJIbKO
Teopueil TATOTeHHs U K JTUOPOBOYHBIMU TEOPHSMH. B KHOCTh W3y4eHUS] CUMMET-
PpHUH pelIeHUil U IIONOTBOPHOCTD €€ NPUMEHEHUs B (hU3HKE NPOJEMOHCTPUPOB Ha
AM.b nmmuaeiM 1 A.A.B aouaeM [120].

Kuaur «Teopust mpocTp HCTB , BpEMEHHU U TATOTEHHS» OCHOB H H OIpPOM-
HOM OpHIMH JIbHOM M TepH Jjie. B Hell U3 r 10Tcd He TONBKO (PyHI MEHT JIbHBIE
uccieioB Hus B.A. @ok 1o 06IIeil TeOpUr OTHOCUTENBHOCTH, HO mepep O ThI-
B I0TCS C €IMHOW U OPUTUH JIbHOWM TOYKM 3pEHMs M3BECTHBIE INI BBI, B KOTOPBIX
I ercd Ooiee cCOBEepIICHHbIH BHIBOI U HOBOe ocBerieHue. B.A. ®@ok nonyu et ¢u-
3M4€CKOe TOJIKOB HUE KOOPAUH T, P CCM TPHB S P CHPOCTp HEHHUe (DPOHT CBe-
TOBOH BOMHBI. OH TII TENBHO CJEOUT 3 JIOTMYECKOW CTPOHHOCTBIO M3TIOXEHUS
W MPHUBOJAUT B KHHUIE HOBBIC PE3YJIbT ThI, IOJYYSHHbIE UM TP COOCTBEHHOM HPO-
p © THIB HUM Y CTHOW TEOPUM OTHOCHUTEIIBHOCTH. B 4 CTHOCTH, OH JI €T HOBOE
JOK 3 TEIbCTBO JIMHEHHOCTH MPeoOp 30B HUS, CBS3bIB IOLIETO JBE MHEPIHU JIbHBIC
CHCTEMBI, M HCCIIEyeT BOIIPOC 00 CTPOHOMHYECKOH Oepp MU H OCHOBE HOHS-
THS O MPOCTP HCTBe cKopocTei JIo6 ueBcKoro—iHIITeHH . B KHUre M3/10XeHbI
ucciaenoB Hue o (yHKUuH JI rp HX I CUCTEMBI 3 PSIOB, ONUCHIB OIIEH pens-
THUBUCTCKOE NMPHUOIKEHUE, T KXe OPUIUH JIbHBII BBIBOJ UHTETP JIOB JIBHIKCHUS.

KHur mnocediieH B OCHOBHOM TEOPHU IPOCTP HCTB , BPEMEHU M TATOTEHUA
JUISL OCTPOBHOTIO P CHONOXEHUSI M CC, T.€. Ul U30JIMPOB HHOM CUCTEMBI M CC TUII
Co/THEeYHOU CHCTEMBI, MOTPYXKEHHONH CUMITOTHYECKU B IUIOCKOE MPOCTP HCTBO-
BpeMi. B.A. @okx mon r J, 4TO TEOpUs MPOCTP HCTB , BPEMEHHU U TATOTEHHS B
9TOM CIIyd € HMeeT 3 BEpIUEHHbIH BUI, B TO BpeMd K K M3y4eHHE KOCMOJIOTHU
TOJBKO H 4YMH eTci. M3 96 m p rp ¢oB KHHIM TOJIBKO B JIByX p CCM TPHB -
€Tcd MHOE IPOCTP HCTBO C MHBIM P CIpENENIEHHEM M CC, HMEHHO H30TPOIHOE
MpOCTp HCTBO, MpocTp HCTBO @puam H —J106 4eBCKOro, ¢ p BHOMEPHOM IIIOT-
HOCTBIO M CC.

B ciiyu e ocTpOBHOIO p crpefesieHds M CC U OTCYTCTBUSI BO3EMCTBUIA, MpPHU-
XOISIIMX U3BHE, IPOCTP HCTBO, OyIy4d HEOJAHOPOIHBIM BOJIM3U M CC, CT HOBUTCS
€BKJIMIOBBIM CUMITOTHYECKU. B 3TOM clIyd € CyllecTByeT NPHUBUIETUPOB HH £
CHCTEM KOODIMH T — T PMOHHYECK §, HEepexXoidil s H OECKOHEYHOCTH B T -
JIUJICEBCKYIO W OIPE/IeSIeHH s OJHO3H YHO C TOYHOCTBIO JI0 Mpeodp 30B Hus Jlo-
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peHIl . DTO O3H 4 €T, YTO B CIIy4 € OCTPOBHOIO P CIIOJIOXEHHS M CC BO3MOXH
(puzmyeck 9 OTHOCHTENIBHOCTB: €CITH IPOM3BECTH MpeoOp 30B Hue JlopeHH u
COIIPOBOIUTH €r0 COOTBETCTBYIOIIMM U3MEHEHHEM B P CIOJOXEHHU U JBHXEHUU
M CC, TO METPUYECKHI TEH30p MPUMET CBOU NMEPBOH 4 JIbHBIN BUA. C 9TOH TOUKH
3peHUs] OTHICK HME IPUBHJIETHMPOB HHOM CHUCTEMbI KOOPIMH T, OTBEY IOLICH MpH-
poJie SIBJIeHHMs, IPEACT BIIsieT COOO0# NEepBblid 11 T K IIOHUM HHIO (PH3UYECKOii UHB -
PY HTHOCTH, NMPHUCYLICH 3TOMY SBICHUI0. M TeM THYECKU T K S CUCTEM JOJIXH
BBIIENATHCA JOMOJTHUTEIBHBIMU YCJIOBUSIMH, YCTP HAIOIIMMM HEOIOHO3H YHOCTH B
ONpeeIeHN KOOPAUH T U COBMECTHBIMU C yp BHEHMsAMHU DHHIUTEHH . B.A. ®ok
MUIIET B 3 KJIIOYEHUH K KHHUre: «3H 4YeHHE NPHUBUIETHPOB HHOM CHCTEMBI KO-
OpIMH T 3 KJIIOY €TCd He TOJBKO B TOM, YTO OH — CT HJ PTH 1 U IO3BOJSET
Cp BHHUB Th PEILEHUS, TOyYeHHbIe P 3HBIMH cr1oco6 Mu. CyIecTBOB HUE ITPUBH-
JIETUPOB HHOW CUCTEMBbI UMEET M IPUHLUIM JBbHOE 3H YeHHEe, T K K K OTp X €T
00BEKTHBHBIE CBOMCTB MpPOCTp HCTB ». B.A. @0k He ObUT yOexieH, UYTO Teopus
TATOTeHUs] DUHIITEHH NpuMeHMM B M cliT O X BceneHHO, ee aKCTp MOMALMIO
H T KHe M CIIT ObI OH CYUT JI PUCKOB HHOW. Ho OH muc j1: «3 METUM TOJBKO,
YTO TEOpUS TATOTEHUS DUHINTEHH SBISETCA NPUMEPOM T KOil (pU3MUYECcKOil Teo-
puH, yOemuTeIbHOCTh KOTOPO OCHOB H HE TOJIBKO H €€ COINl CHH C OIIBITOM,
HO U H €€ BHYTPEHHEM COBEPLICHCTBE U M34IIecTBE. B 9TOM oTHOLIEHMH Teopus
DUHIITEWH SBISETCS HENPEB30MICHHON».

IIpunun otHocutensHoctu IlTonemMes—KonepHnk u npuHIUI OTHOCH-
TenbHOCTH I' nuned. B.A. @ox ynenun cp BHEHHIO 3THX NPUHLMUIIOB 3H YHTEIb-
HOE MECTO, BKJIIOUMB 3Ty TeMy B CBOM JOKI Abl H pAAe KOH(EepeHLU U omy-
OJTUKOB B ceMb CT Teil H p 3MHYHBIX s3bIK X [121-123]. H »TOoM mpumepe u3
UCTOpHM H YKH Bi mumup Anekc HOpoBud oOyd J1 HOMY/ISpH3 TOPOB H YKH H
¢puocooB, B YeM COCTOUT P 3IUYUE MEXIY MOHATHUSIMHU KOB PU HTHOCTH U (pU-
3UYECKOW MHB PU HTHOCTH U K K B XHO Y€TKO IPUJl B Th CMBICIT YIIOTPEOJISIeMbIM
MOHSATHAM.

K x ussectHo, IlTonemeii cuut erca BTOpoM T Koro onuc Husg CONHEYHOM
CUCTEMBI, B KOTOPOM HETOJBIXHBIM LIEHTPOM CHCTEMBI fBisgeTcd 3emnd. B cu-
cremMe KonepHnk B K YecTBe HENOIABMUXHOIO HEeHTp BbIOp HO ConHIE, BOKpYr
KOTOpOTrO Bp I IOTCSI 3eMiIs M JApyrue IUT HeThl. [IpMHIMI OTHOCHUTEIBHOCTH
[MTronemes—KomnepHUK ecTh NPU3H HUE TOTO, YTO 00€ BTH CUCTEMBI, K K IeOLeH-
Tpudeck g cucteM Iltonemed, T K u reanoneHrpudeck g cucrem KomepHuk ,
MOTYT OBITh HCIIONIB30B HBI I ONUC HHS OJHOTO W TOTO XK€ SBICHHS, MOaYep-
KUB €M — OJHOIO U TOrO Xe€ 4BJIEHUS, KOTOPOe, B 4 CTHOCTU, MOXKET IMPOHCXO-
IUTh H 3emje. DTOT NPUHIMII CIYXHUT I p HTHEH HENpOTHBOPEYMBOCTH OIUC -
HH4 SIBJICHHUS B P 3HBIX CHCTEM X OTCYET , M Yp BHEHHUS, H IIHC HHbBIE B P 3HBIX
CUCTEM X, JIOJLKHBI YIOBJIETBOPATH €My. T KOe CBOMCTBO yp BHEHMH H 3bIB IOT
KOB pH HTHOCTbIO. ITpuHIMI MMeeT He (hU3HUYECKUI, JIOTMYECKHHA X P KTep.

Ipunnun otHocurensHocTH I' Nunes mpossisgeTcd B TOM, YTO B IByX UHEpLH-

JIBHBIX CHCTEM X OTcYeT ( H NpHUMep, B JIBYX KOp OJIsX), IBUXKYIIUXCS PSIMOJIH-
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HEIHO U p BHOMEPHO IPYr OTHOCHUTENBHO JIPYT , Bce (PU3MUYECKUe MPOIECCHl Mpo-
TeK 10T OIMH KOBBIM OOp 30M, T.€. OTOT NPHUHIUI OTHOCHUTCS K P 3HBIM SBICHHSIM.
[MpuHuun otHOCHTENBHOCTH ' JTMiest TOMycK €T ONbITHYIO MpoBepKy. Corn cHo
3TOMY NPUHLUITY, JTI0O0MY SIBICHHIO BHYTPH OJHOTO KOp OII1 MOXHO COIIOCT BHTb
T KO€ Xe sIBIIEHUEe BHYTPHU APYroro Kop Oiisi. Bo3MOXHOCTH COIOCT BIICHHMS SIBJIE-
HUIl eCTh BO3MOXHOCTh (PM3MYECKON [ NT IMU SBJICHHS K HOBBHIM KOOPIUH T M,
YTO BKJIIOY €T KOB PU HTHOCTh Yp BHEHHH M [ NT IIMI0 H Y JIbHBIX U TNpeaesb-
HBIX YCJIOBHA, T.€. W3MEHeHNe (u3nIecKux ycnosuil. [Ipu aToM ciemyeT mOMHUTD,
YTO 3TH JOMNOIHHUTENIbHBIC YCJIOBHS HE SIBISIOTCS KOB PU HTHBIMH. Pm3nueck 5
UHB PH HTHOCTb CYLLECTBYET, €CJIM BO3MOXH JI OT IH.
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 1

YOK 539.12.01

B.A.®OK — CY[bBA HEKOTOPbIX OTKPbLITUW
JI.B. IIpoxopos

H y4yHO-nccnenoB TeNbCKUA MHCTUTYT GUINKN
C HkT-MeTepbyprckoro rocyn pcTBeHHOro yHusepcutet , C HkT-MNeTtepbypr

I H 00630p HEKOTOpBIX OTKPBHITHH, cieidl HHbIX B.A.DPokoM B 1926—1937 rT. M Wrp ommx
B XKHYI0O pOJIb B COBpeMeHHOi#l ¢usuke. OOCyXl I0TCI K K He3 CIyXeHHO 3 ObiThie p OOTHI (TOXe-
ctB @ok —®@upl , KB HTOB HHE M THHTHOro Notok , Teopuss K mynpi—Krneitn —®ok ), T K u He
BIIOJIHE KOppeKTHO IuTupyembie (yp BHeHue Kieitn —®ox —I'opmoH , k mubposk @Pox ). Mok -
3 H CBA3b MeTofl IsToro m p Merp Dok (MeTox coGCTBEHHOTO BPEMEHM) C COBPEMEHHOH TeopHei
CTPYH M MeMOp H.

A review of some papers by V.A.Fock published in 1926—1937 and playing an important role in
modern physics is given. The papers both unjustly forgotten (the Fock—Fierz identities, quantization
of magnetic flow, the Kaluza—KIlein—Fock theory), and not quite correctly cited (Klein—Fock—
Gordon equation, the Fock gauge) are discussed. Connection between the Fock 5th parameter method
(the proper time method) and the modern theory of strings and membranes is elucidated.

OTKpBITHS, K K W JIIOOW, UMEIOT CBOM CyOpOBI: CY CTJIMBBIE, AP M THYE-
CKHe, Kypbe3Hble. I 3TO He 3 BHCHUT OT H YYHOTO BTOpHTET uX BTOpoB. He-
CKOJIBKO B XHBIX () KTOB, 0OH pyXeHHbIX Bm mummpom Ajekc HaposudeM Po-
KoM B 1926—1937 ron X, CiyX T TOMY IIPUMEPOM.

1. TOXKIECTBA ®OKA—®HUPIIA

B p 6ote [1] B.A.®ox BBe NOHITHE T P JUICNIBHOTO NIEPEHOC CIIMHOP B pH-
M HOBOM IIPOCTp HCTBe M 00001 yp BHeHHe [Jup K H cCiyd i obuieil Teopun
oTHocHTenbHOCTH. OmpenenyB (B COBPEMEHHBIX 0003H YEHHSIX) BEKTOp, CK JISIp U
NICEBIOCK JIAAP:

‘7;t = 1&%”% 5 = 7&#7 P = 1;75"&) (11)
B.A.®oK OTMETUT H JIMYHE TOXIECTB
V74 P2 =5 (1.2)

B 1 spHeiimeM K 3TOMy TOXAECTBY He 0Op I JiMch, OHO ObuTO 3 ObITO. Mexmy
TeM, cooTHoweHue (1.2) ecTb 4 CTHBIM ciyd U ToxaecTB Pupll , UTp OMUX B K-
Hyl0 pojib B coBpeMeHHOW ¢u3uke. B 1937 r. M.®upu, Oymryuyd crnup HTOM
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B.IT ynu, ony6nukoB 11 p 6oty [3], B KOTOPOH YCT HOBWJI CYIECTBOB HHE HO-
CSIIUX €r0 UMS TOXIECTB:

(FuOn)FeOntia) = 1 3 Cut (a0 (BeOtn),  (13)
k

e Vg, ..., g — CIUHOPBI Jup K mojei a,...,d; O o0p 3ylOT NONHBIH H 60p
M tpunt up K : 1, Y., 0 /V2, YuYs, 7Yss 1 OUMX B CHMHOPHBIX OOKI JK X
COOTBETCTBEHHO CK JISIp, BEKTOp, HTHUCUMMETPUYHBIA TEH30p, ICEBIOBEKTOD U
nceBpocK Jisip. Mcronb3yercs CT HA pTHOE MpelcT BieHue M Tpuu Jup K :

0 __ 1 0 i 0 O'i _1
7= ( 0 —1 T o0 y  Opy = 2['7u7'71/]—a (1.4)

. 0 -1
15 =i’y = ( 10 )

tie 0 — Tpu M Tpuisl 11 ymu. Yucnennsie koaduuuentsr C,,j NpUBEIEHBI B
T Onure.

T Omun
ST VI 11T [ AT | pPT
S 1 1 -1 -1 1
\%4 4 -2 0 -2 —4
T -6 0 -2 0 -6
A —4 -2 0 -2 4
P 1 -1 -1 1 1

JleBoie u ctu (1.3) 0603H uensl B T Gnuue uepe3 S, V,T, A, P, up Bbie (c
TepectT BIEHHBIMU CIIMHOP MU )y M 1)g) — depes ST, VT u T Ipusenenn g
T ONUI OTVIMY €TCs OT T KOBOHM p OOTHI [3] Wb 3H K MU B HEKOTOPBIX KIIETK X,
4TO CBSI3 HO C BbIOOpOM KOHKpeTHoro Bua M Tpul Hdup K . Toxnects (1.3)
JOCT TOYHO 4 CTO HCIIOJIB3YIOTCS B COBPEMEHHOM (p13MKe (B U CTHOCTH, B MOJEIISAX
«Benukoro oobenuHenns» ¢ TexHurpeToM [4]). U3 (1.3) u T GnMIBI H XOAUM

V-A=28T-P", V4+A=-VT_AT (1.5)
M, TON T 51 g = ... = tpg (temepp V = V2 = VT & =52 = ST y1p),
nonya em V2 = —A2 u V2 + P? = 52, Tlocnensee TOKIECTBO WICHTHIHO TOX-

nectBy (1.2). T xum 06p 30M, B.A.®@ok 6bUT1 TIEpBBHIM, KTO OOH PyXWIT H JIHYHE
TOXJIECTBEHHBIX COOTHOLIEHUI MEXJy IPOU3BEICHHUAMH YEThIPEX CIIUHOPOB.
Crnenyer OTMETUTb, 4TO TOXAECTB (1.3) TpUBHU JIBHO CIIEQYIOT U3 TOXIECTB
IT ynu
16
> Ay = 40000s,, (1.6)
A=1
H Kotopoe ®Dupn onup scsi. B p 6ote [3] Her cebiku H cT Thio Dok [1].
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2. KBAHT MATHUTHOI'O IIOTOKA MTOPIAHA—®OKA

B He60J1b11101, HO COflepX TeJIbHOU p OoTe [5] BrepBbie ObLT KOPPEKTHO OIpe-
JeTIeH KB HT M THHTHOTO MOTOK ®,. P 60T 3 Meu TelapH CBOEH IpOCTOTOH U
SICHOCTBIO U3JIOKCHHS.

Hpeqa T xoB . 3 yp BHEHUS IBUXKEHHUS Y CTULBI C 3 PSAJIOM € U M CCOH m B
M rHutHOM nojie H (¢ = 1)

mx = e[x, H]

BBITECK €T CJICAYIOIECEC p BEHCTBO!:

mv2

= evH,. (2.1)

3nech R — p AUyC OKPYXHOCTH, IO KOTOPOM OBUXETCS Y CTHL , € CKOPOCTh
V K C TeJIbH K OKPYXXHOCTH; IPEOION T €TCs, YTO M THUTHOE IoJie H NP BJICHO
no ocu z. U3 coornomenus eH, = mv/R uMeeM i HEONPEIEICHHOCTH M I-
uurHoro moinst AH, = Ap,/(eR). Hon r 4, 9to R ~ Az (HeONpemeneHHOCTh
2-KOODIMH ThI), ¥ YYUTBIB s COOTHOIIEHHE HeompeneneHHocte Ap,Ay > h,
NPUXOOUM K HEp BEHCTBY

A= eAxAy’
DroT ciyd I uMeHyeTcs B [5] OBUXKEHHEM MO OKPYXHOCTU M Jjioro p auyc (R~
~ Az). T M xe p 300p H ciiyd i «OOJBLIOrO» P JUYyC OKpyxXHOCTH, R > Ax
(p 3ymMeercs, ¢ TeM Xe pe3ylibT TOM). ABTOPBI OTMEY IOT, YTO M THUTHBIHA ITOTOK

(2.2)

@:/H% 2.3)
HE MOXET GI)ITI) OHpeZ[CJICH C TOYHOCTHIO, HpeBocxoszueﬁ h/e:
hi
AD > — (2.4)
e

(B r yccoBckux emuHun X). K K M3BECTHO, KB HT M THMTHOTO MOTOK B CBEpX-
IPOBOJHKUK X BTOPOrO Poi p BeH fi/e*, e e* — 3 psiI HOCHTENeH CBEpXIpo-
Bomsuiero Tok (e* = 2e) [6]. B.A.®MoK NOHUM J1 B KHOCTh 3TOTO PE3yJbT T U
IIpU CIIy4 € O HeM YIOMHH JI. Mexay TeM, p 6ot [5] ObU1 mipem H 3 OBEHHIO U
B CBSI3M C KB HTOB HHEM M THHTHOIO IIOTOK HE YIIOMHH €TCH.

Or™eTHM, 4TO B [5] OBLUIO MOJYYEHO COOTBETCTBYMOIEE HEp BEHCTBO W JUIS
H NpsKeHHOCTH aJekTprdeckoro noist E. O6 Hep BEHCTB MOXHO OOBEIUHUTDH

B OJHOU hopmyie:
h
> .
AFu > e, w# v, 2.5)

rne Iy, = 0,A, — 0, A, — TeH30p 311EKTPOM THUTHOTO MOJI.
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OTMeTUM T KXe, YTO KB HT M THUTHOTO TIOTOK OIpenenseT 3 psia M THHUT-
HOTO MOHOMONA ¢, T.e. U3 (2.4) cienyer eg > h. Ilozmmee [T.A.M.up x [7,8]
HOJTy4/I O0LIee YCIIOBHE JUTS BJIEKTPHIECKHX M M THUTHBIX 3 psioB (eg = fin/2,
n =1,2,...), H.IBunrep (cM. cT Thi0 B 0. [8]) U3 TpeOOB HUSA PETATHBUCT-
CKOI MHB pU HTHOCTH IpHIIET K YCIOBHIO eg = hn.

3. YPABHEHHUE HIPEIUHIEPA—KJIEMHA—®OKA—TOPJIOHA—...

K x mBectHo [9], D.IlIpeauHrep mepBOH 4 JIbHO H IUC JI PENSTUBUCTCKOE
BOJIHOBOE yp BHeHue («yp BHeHue KiieliH —I'opiioH » ¢ KYJOHOBCKUM IIOTEH-
1y JioM). OHO 6bUIO UM 3 Op KOB HO, T K K K HE BOCIIPOU3BOIMIO TOHKYIO CTPYK-
Typy criekTp ToMm Bomopox . [locie mybrnuk mwm [10], B KoTopod GBUTO 1 HO
CT HI pTHoe (HepemsaTuBUCTCKOe) yp BHeHue lllpemunrep , mosBuiInuch p OGOTHI,
MOCBSLIEHHbIE €r0 PeNsITUBHCTCKOMY obobmienmio [11-14]. Yp BHenus (B cospe-
MEHHbIX 0003H YeHMsIX) (PUIypUPOB JIM B P 3HBIX POPM X:

(O —m?p =0, O=-0?+A, (3.1)
[—(0¢ +iedp)* + A —m?]p =0, (3.2)
[~ (0 +ieA,)? —m* Y =0 (3.3)

WIK B BUIE BBITEK IOIIUX OTCION CT LIMOH PHBIX yp BHeHui (0; — —iE; 3mech
h =c=1). B coe Bpems yp BHeHME (3.1) HEe MOTYYWSIO MPU3H HHA, MOCKOJIBKY
OHO COJIEPKHUT BTOPYIO IIPOU3BOIHYIO 110 BPEMEHH, U MIPUXOAUTCA 3 1 B Tb H U JIb-
HOE 3H YEHHE He TOIBKO BOJHOBOM (PYHKIMH, HO U €e MepBOi MPOU3BOAHON IO
BpeMeHH ¢. OT ¢ 3 BUCHUT M INIOTHOCTD BeposITHOCTH (w ~ i(¢* o — ™)), Benmen-
CTBHE YEro MOCIEHSISI MOXET OK 3 ThCS OTPHILl TEIbHOH B HEKOTOPBIX OOJ CTAX
npoctp HCTB . [lo3naee yp BHeHue (3.1) ObUIO MHTEPIPETHPOB HO K K Yp BHEHHE
ISl CBOOOAHOrO GO30HHOTO MO ¢ M ccoit m [15]. OTMeTuM, YTO B COBpEMEH-
HOW (pHU3MKe MPHU ONUC HUHU IPOLIECCOB P CCeSHMS PEIITUBHUCTCKMX 4 cTtull (3.1)
UCTIONBb3yeTCs U K K yp BHEHHE [T BOJTHOBBIX (DYHKIMH M CCHBHBIX WM Oe3M c-
coBbIX (M = 0) 4 CTUII C LENbIMA CIIMH MU (H IpUMEpP, NUOHOB, (POTOHOB U T.1.).
Vp Buenue (3.1) umeeT T Koi ke (yHI MEHT JIbHBIA X p KTep, K K U yp BHEHHE
Hup K .
XpoHONOTusl TOJyYeHUsl pel KUUSIMH M BBIXOH B cBeT cT Ted [11-14] B

1926 r. T XOB (COOTBETCTBEHHO, MEPB S U BTOP S A Thl — JIEHb, MECSII)

O.Kreiin [11] 28.04 10.07

B.®ok [12] 11.06 28.07

B.®oxk [13] 30.07 02.10

B.I'opron [14]  29.09 29.11.
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HyxHo oTMeTuth, 4To B [12] HEe TOIBKO BBIIMC HO yp BHEHHE, HO U H HIEHBI
pelienys Id JBHXKEHUS 4 CTHLBI B KYJOHOBCKOM IIOJ€ (YCT HOBJIEHO H JIMYHE
TOHKOW CTPYKTYPBI CIIEKTp ), T KX€ B IOCTOSHHBIX M THUTHOM U 9JIEKTPUYECKOM
nosisix (a¢ppextsr 3eem H u LT pK ).

Hcropus yp BHenwmii (3.1)—(3.3) uznoxen B [9]. Llpenunrep nomy4yun pens-
THUBUCTCKOE yp BHEHHE B cepenuHe neK Ops 1925 r. «H pybexe 1925/26 r. oH H -
mp BWI B pea Kuuio «Annalen der Physik» pykomnuch, B KOTOPOW ... PUBOAUIOCH
PETSTUBUCTCKOE BOIIHOBOE yp BHEHHE. ... OfH KO BCero yepe3 HeCKOJbKO JHEH
Ulpemuarep 3 6p 1 pykonwck w3 pen kuuu» ([16], c.43). B ocHoBHO#l p Gote
[10] oH mump yrmoMsHya 06 aToM yp BHeHHH. Tombko B p 6ote [17], m THpOB H-
HO# 21 wmrong™, IlpenuHrep omyGIMKOB J1 PENIITUBUCTCKOE BOJIHOBOE yp BHEHHE
JUII M CCHBHOM 3 PSXEHHOW Y CTULBI B 3JIEKTPOM THUTHOM mone. CT LHMOH pHOe
yp BHeHue, otgeu Iomiee (3.1), muc a JI. ne Bpoitns [18] (desp ap 1925 r1.).
Ho T M peub 11 00 ®/1€KTpOM THUTHOM BOJHOBOW (DYHKIIMH, CCOLMHPOB HHOU
C 9JIEKTPOHOM (T.€. HE MUMEeJNl Cb B BHAY BOJHOB 51 (hyHKLHMS 3JEKTPOH ). B uione
1926 r. [19] ne Bpoiinb onyOIUKOB J1 KOPPEKTHOE PEISITUBUCTCKOE Yp BHEHUE JUIS
9 cTulbl B 2ekTpoM THuUTHOM mose. Torm ke ILLA.M.Oup x [20] (29 mnpens)
H mmc J1 onep Top yp BHenud (3.3), B [21] (26 Bryct ) yp BHenue (3.1) ObuTO
BBIIIIC HO B SIBHOM BHIIE.

T xum 06p 30M, umerHo B p 6ote Kieitn [11] BrepBbie 66110 OIMyOIMKOB HO
PETSTUBUCTCKOE BOJTHOBOE Yp BHEHHWE IS U CTHII C LeIbiM crinHOM. OfiH KO LiesTb
p 6oter [11] 6bU1 ApPYr & — MOCTpOEHHWE S5-MEpHOW TEOPHH TP BHUT IIMOHHOTO U
3JIEKTPOM THHUTHOTO MoJjieil (rmoxpobuee cM. [9]).

B 1 spHelIeM MOSBUWICS LEJIbIA psia p 60T, B KOTOPhIX (PUTYPUPOB JIO 00-
cyXn emoe yp BHeHHe [22-25]. Otmertum, 4yto B [23] (5 uioHI) yp BHEHHE He
CBSI3bIB JIOCh SIBHBIM OOp 30M C KB HTOBOW Teopuei. DTo ObLIO CHET HO TOJBKO
B [24] (okTg0pp). B mocnenyomeMm 1 HHOe yp BHeHHE IMyONHKOB JIOCh I Xe B
XypH I X 3 1927 r. (em. [9]).

W3 BTOpOB HEONyOJIMKOB HHBIX p 60T ynomsHeM B.I1 yiu, KoTopblii p ccMm -
TPUB JI PENIATUBUCTCKOE BOJIHOBOE Yp BHEHHE BecHOW 1926 r. (OHO BOCIpPOU3BO-
qutcst B muchbMe B.I'eiizenbepr [up Ky oT 26 M s [26], nutupyercs mo [9]).
Onn xo II ynu ot Hero otk 3 Jicd. B nuceme k I'.Benruemto ([27], c.333) oH nu-
C JI, YTO «... TIOJIHOCTBIO MOTEPsUl Bepy B IuddepeHun JbHOe yp BHeHue» (3.2)
(B CT UMOH PHOM B pU HTE).

3 kmou eM: yp BHeHue (3.1) u ero 060011eHus ObLUTH MOTyYeHbl MHOTUMH  B-
top Mu. Ho H 3b1B Tb ero yp BHeHueM Kieitn —IopnoH , onyck g umsa Qok , —
HOHCEHC.

*3mech M 1 J1ee yK 3 HbI J ThI IIOCTYIUIEHHs p GOT B pell KIUH.
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4. TEOPUSA KAJTYIBI—KIIEHHA—®OKA.
KAJIMBPOBOYHBII ITPUHITAII

I'n BHBIM B p 6oTe [13], nurrpyemMoii 0ObIYHO B CBsI3U ¢ yp BHeHUeM KieitH —
®ok —T'opmona, 6bUIO He BTO yp BHeHUEe (H IMUC HHOE, KCT TH, M B OOIIEKO-
B pH HTHOM BHze). [T BHbIM ObIIO OOBEOWHEHHE TP BUT LIMOHHOIO M BIIEKTPO-
M THHUTHOIO TOJIEH B P MK X 5-MEPHOTO IPOCTP HCTB -Bp€MEHU. AHHOT LHUS P -
6otsl [13] 1 cut: «BomHoBoe yp BHeHwe Lllpemunrep mpenct BIeHO K K HH-
B pU HTHOe yp BHeHHe JI I ¢, yp BHEHHd JBHXEHHS — K K reojie3uuecKue
B IIITUMEPHOM IIPOCTP HCTBE. JIMIIHUI ISTHI KOOPIMH THBIM II p METP H XO-
JUTCS B TECHOM CBI3M ¢ JMHEWHON nuddepeHun JbHOH (hOPMOI BIEKTpOM I-
HUTHOTO MOTEHUW 11 ». B mepBoil ke cTtpoke B.A.DOK cchll €Tcd H elle He
ormyONTMKOB HHYIO p 60Ty meTepbyprckoro ¢msuk ['enpux M Huens™ u 611 rox -
PUT MOCTETHEro 3 MPEfOCT BIEHHYI0 BO3MOXHOCTh 03H KOMHUTBCS C PYKOIHCHIO
p 6orbl. B.A.@oK T KXe 0OTMeY eT B CHOCKe, YTO Hjiest p OOThI BO3HUKII B P 3rO-
Bope ¢ npoceccopom B.@punepukcom. H KoHel, B mpuMey HUU NPH KOPPEKType
TOBOpHTCH ciiefymomee: «B To Bpems, K K 3T 3 MeTK ObuUl B ey TH, B JIeHuH-
rp e O6bUT monmydeH Tipekp cH g p 6or Ock p Kueitn » [11], «B KoTOpoit

BTOp MpHUOIET K Pe3ylbT T M, B I BHOM COBII J IOIUM C T KOBBIMU J HHOU
3 MeTku. OIH KO, BBHJY B XHOCTH PE3yJIbT TOB, UX BBIBOJ JPYTMM IyTeM (0600-
IIEeHWe H3 I , UCIIOJIb30B HHOTO B MOeil 6ojiee p HHel p 60Te) MOXKET MpPECT -
BIISITh MHTEpeC». B XHOCTh ®THX WIEH CT 7 SICHOW TOJBKO B IOCIEIHHE AECs-
THJIETHS, OTY CTH B CBSI3HM C IIPOrP MMOU CymepcTpyH, O 3upyomeiics H uaesax
MHOTOMEPHS.

Wms B.A.@ok (p BHO K K U ['"M Hzens) B cBsi3U ¢ 0ObeIMHEHUEM TP BUT -
LMY U BJIEKTPOM THETH3M OOBIYHO He YIIOMHH ercd. Mexuy teM, A.DiHINTEH B
nceMe K [JIopenmy (ot 16 desp g 1927 r.) muc x1 ([29], ¢.318): «K xercd, uro
TP BHUT IIMIO U TEOPHI0 M KCBET YJI JIOCh OOBEANHHUTH BIIOJIHE YIOBIETBOPUTEIb-
HBIM 00p 30M B p MK X matuMmepHoil Teopuu (K mympi—Kieitn —®ok )». T -
KO€ KpeLIeHHe NPEICT BIISIETCs JJOCT TOYHO YOEAUTEIbHBIM: TEOPHs IOJKH H 3bl-
B Thcd «Teopuen K nynpi—Kiein —®ox » (i «reopueit K nyns—Kielina—
M npena—®ok »). Cronerue co nHd poxaeHus B.A.Pox — xopoumii MoBox
JUISL BOCCT HOBJIEHUS UCTOPHYECKOMU CIIP BETHBOCTH.

P 6ot [13] comepx n ermmie ogHy (pyHI MEHT JIbHYIO HACI — IPHUHIWII K -
JMOPOBOYHOI MHB PU HTHOCTH. B XKHOCTh ®TOrO HPUHLMUII BBISICHWI Cb TOJBKO
B H ILIM JHU: BCE M3BECTHbIC B3 MMOJIEHCTBUS (TP BUT LHOHHOE, dJIEKTpoCi Ooe,
CHJIbHOE) OOJI ]I IOT CBOMCTBOM K JIMOPOBOYHOW HMHB PH HTHOCTH. DTOT HpPHUH-
LW JIEXUT U B OCHOBE Teopuu cynepcTpyH. C M TEpMHH «K JMOPOBOYH S WH-
B pU HTHOCTh» BocxomuT K p 6ore [30], B KoTOpoif ObUI CHET H TOMBITK

*OH H IIEY T H B TOM Xe Tome [28].
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reOMETPU3 LMK 3JIEKTPOM THUTHOro mojs. [.Beinbp mpenmosn r j, 4ro npu 1 -
P JUIEIbHOM II€PEHOCe BEKTOP B MCKPHUBJIEHHOM IIPOCTP HCTBE MOXET MEHSITHCA
HE TOJIbKO €ro H Np BJI€HUE, HO U UIMH . IIpeamnos r jock T KXe, YTO U3MEHe-
HUe JUIMHBI BEKTOD OIpeiesisieTcss HeKOTOPbIM BEKTOpHbIM 1oneM A, (x). ITycts
ds* = g, (z)daxtdx” — xB ap 1 unreps n , A = A, (x)dx" — 1-¢popm . Io-
CTYJIUPOB JIOCh, YTO TIPU WH(UHUTE3UM JIBHOM I P JUIEIBHOM IEpeHoce

d(ds*) = —A(ds?). 4.1

Torn mnpu mepeHoce H KOHEYHOE P CCTOSHWE U3 TOYKH | B TOUKY 2 BIOJb MyTH
C(12) kB Op T MHTEpPB J1 MEHSIETCsI CIIECOYIOLIUM O0p 30M:

(ds?)y = exp | — / Apda* | (ds?);. (4.2)
c(12)

IMone A,, OTOXIECTBIANOCH C BEKTOPOM-MOTEHIM JIOM 3JIEKTPOM THUTHOTO IOJIS.
Ecmu dA = F,, dz Adx” # 0, To u3MeHeHHe JUTHHBI HHTEPB J1 3 BHUCHT OT IIYTH
1 MMEIOIIErocs »IeKTpoM rHuTHoro noins. [Ipeo6p 308 Hue

A, — A+ 0.f(x), 4.3)

rie [ — NpOM3BOJIBH 1 (PyHKLMS, MCYe3 10Ul 1 H OECKOHEYHOCTH, BJICYET M3Me-
HEHUE UHTEPB JI

ds® — e Tds?, 4.4)

B CBS3M C Y€M OHO M CT JIO MUMEHOB ThCs «K JIMOPOBOUHBIM». Ecim dA = 0
(a7IeKTpOM THHUTHOE moiie oTcyrcTByer, A = df), To

(ds*)2 = exp [f(1) = £(2))(ds")1. (4.5)

I'.Beiinp mocTyaupoB J1 MHB PH HTHOCTh (PU3MUECKUX IPOLIECCOB OTHOCHTEIBHO
0OILIEKOB pU HTHBIX IpeoOp 30B HU W npeobp 30B Huii (4.3). Dopwmyssl (4.4),
(4.5) 03H 4 10T, YTO B TEOpUH, 3 JI B eMoil ycnoBusmu (4.1), (4.2), moHATHE WH-
TEpB J1 (IJIUHBI) TEPSIET CMBICII.

Briepsple  KoppekTHoe K JHOpPOBOYHOE MpeoOp 30B HUE CHOPMYIUPOB I
B.A.®ok [13]:

e
A= 40,00, o) — o (1) v @0
rae ) — BOJHOB 9 (PyHKLMSA, f — NPOU3BOJIbH i (DYHKIMS, € — 9JIEKTpHYE-

ckuil 3 psjn. MMeHHO B T Koil (popMme 3TH npeoOp 30B HUS BOLLIM B (PU3KKY (CM.,
H npumep, [31]), HO 6e3 ccoutok H Dok . Ilocne nossienus p 6oter [13] ux
CT JIU H 3bIB Th T KXe 2p Ouenmuvimu (cM. [32, c.91]; ®@ok roBopuwi o 100 -
BIeHUN K A, «Tp OueHToB»). Ilpui r TempHOe «K JHOPOBOYHOE», OYEBUIHO,
OK 3 JIOCH JIMIIEHHBIM cMbICT . [Ipeobp 30B Husg Tun (4.4) (T.e. peodp 30B HUA
Juv — e_fglw) UMEHYIOTCSI HBIHE Gelile8CKUMU.
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5. METOJI IIAATOI'O NAPAMETPA ®OKA
(METOJI «COBCTBEHHOI'O BPEMEHN»)

OnpuHH 11 ThiO rof Mu nosxe B.A.Dok BepHyscd K UIee ISITOro I p METp
([33,34], c.141). UnTepec K NATUMEPHON TEOPUM YK€ 3H YUTESBHO YMEHBIIUJICH,
HO Dok cymen B3NISIHYTh H Tpo0jeMy ¢ HOBOM TOYKH 3peHus. OH NpUMEHU
TP KTOBKY, OK 3 BILIYIOCH, K K Telepb CT JIO SICHO, HE MeHee IUIOJI0OTBOPHOH, YeM
unes 5-MEpHOro ICEBIOPUM HOB IPOCTP HCTB .

H3yy 9 nBuXeHHE KJI CCHYECKOH 3 PSKEHHOH 9 CTHIBI CO CT HJ PTHBIM
J TP HXU HOM

da
L0 = —m/1 — (dx/dt)2dt + eAH%, 0=0,1,2,3, 2=t (5.1)

B.A.®Dok otMeu €T, UTO IIOIIBITK HepeﬁTH K 4BHO PCJLAITUBUCTCKU-UHB PU HTHOMY
OIIMC HHUIO C IMPUBJICYECHUEM COOCTBEHHOIO BpPEMCHMU:

t
r= [ VI G (5:2)
to

H T JIKUB €Tcd H OYeBHIHOE 3 TpyIHEHHe: 3 I B eMmblil (5.2) m p MeTp He ecTh
He3 BUCHM $1 IIepeMeHH g (OH 3 BHCHUT OT IyTH 4 cTumpl). Ilpemnt r ercs Boc-
TMIOJTB30B THCS APYTHIM JI TP HXH HOM:

~ m dx?
L= 75(3'92 th)dedudt, i = g =t - —2), (53)

[1e 7T — He3 BUCUMBIA MHB pU HTHBIA 1 p Merp. JI rp Hxu H (5.3) momyck et
vHTErp J1 aBuKeHus 2 = const. Ecnm monoxuts 2 = 1, To nm p merp T
COBII /I €T ¢ COOCTBEHHBIM BPEMEHEM PeJIITUBUCTCKON 4 cTHLbl (5.2). Ilpu aTom
KJI CCUYECKHEe Yp BHEHUs JIBMKEHHsS OOOWX JI TP HXU HOB T KXe€ COBH 1 IOT.

C coBpeMeHHOI TOYKHM 3peHHs CYIIECTBO A€l B ciledyomeM. JleiicTue

50 — /L‘)dt - /Loﬂdf - fm/(\/ﬁ— A it)dr = /LdT (5.4)
dr m

UHB PU HTHO OTHOCHTEJBHO pel p Merpu3 uuu 7 — 7 = 7/(7). D10 ecthb Jo-
K JIbBHOE K JTMOpPOBOYHOE MpeoOp 30B HHE, MTOSTOMY PEIIEHHs] Yp BHEHUI ABHXe-
HUs conepx T npoussoit. JI rp wxu H (5.1) oTBed eT BHIOOPY K JIMOPOBKH T = t,
YTO U BeAeT K MOTepe SIBHOM PENITUBUCTCKON WHB PH HTHOCTH.

JI rp uxu H (5.3) yxe He 001 I eT K JTHOPOBOYHOW WHB PH HTHOCTHIO, T.C.
Nepexox K HeMy MOXHO P CCM TPHB Tb K K clloco0 ¢pukc mum K JTuOpoBku. BrI-
Oup ercs OUH MHUYecK s K JuOpoBK [35], MOCKONbKY HedHu3MYecK $ CTereHb
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CBOOOJIbI MOJYMHSIETCS TENeph Yp BHEHHUIO IBHXEHHs BTOPOrO IOPSIIK I10 Bpe-
MeHn. T KuM oOp 30M, COBepII I0TCS CIICAYIOIIHE I TH:
1) dukcupyercs K mu6poBk  (mepexon L — L);
2) TpebyeTcs BhINONHEHHE CBaseil (ycrmosue 2 = 1).

Bce 3TO BBINISIUT OYeHb NMPOGECCHOH JIBHO C COBPEMEHHON TOYKM 3pEHUs,
H 4 Jio GOPMUPOB HHUIO KOTOpOi monoxumu p 60tel [1.I.Beprm 1 u I1.A.M.[Iu-
p X [36,37], BINIOSTHEHHBIE ABYMSI JecATWIETHSIMU To3xe (cM. T kxke [38]). B
P 3VIMYHBIX B U IMAX U B MIPAMEHEHUM K P 3IMYHBIM 3 T 9 M BT UJesd UCIOb-
3yeTcs BIUIOTh 0 H CTOSIIETO BPeMeHH.

5.1. PensatuBuctck f 4 ctun . [lelicTBue, oTBeu omiee J rp HXu Hy (5.3)
npu A, =0, 3 MUCBIB eTcs B BUJE

1 -

S* = -3 /(17'6(7')[672(7')3'52 +m? = /dTL(jc,e), (5.5)
rie e(T) — «OIHOMEpH 5 TeTp X » (einbein). B ppupoB Hue S* mo e u z* 1 er
yp BHEHHS [BUXEHHS CBOOOAHOH 4 CTHIBI (EpBOE M3 HUX — JI TP HXEBCK I
CB43b):

05" 1, 5., 9 05" d, _q.

5—5(6 Xz —m)—O, 51.—#—5(6 JJM)—O. (56)
IIpu 7 = ¢ OHM COBI I IOT ¢ T KOBBIMH, BBITEK IOIIKUMHU U3 J Ip HXU H (5.1)
(mpu A, = 0).

5.2. Ctpyn . HeiictBue mist ctpyHbl H MOy—I0TO momyd ercs U3 OeiCTBUS
JUISl PEIATUBHCTCKOM 9 CTHIIBI «p 3M 3bIB HUEM» M CChI [0 HEKOTOPOU JIMHHU

[39]:
Sng = —’Y/drda\/ (x')? — @222, &= dz —;lx, (5.7
g

dr’
Dle 0 I p METpU3yeT TOUKM CTPyHbI, ¥ = const (p 3MepHOCTb: [Y] = M?). [eii-
crBue (5.7) MHB PH HTHO OTHOCHTENBHO pel p MeTpu3 wud 7 — 7 = 7/(7,0),
o — o =0'(r,0), T.e. OHO K JTMOPOBOYHO-UHB pu HTHO. [leiicTBrE

Sp=—3 /d2“ 9l XEXY (un = 7,u = 0), (5-8)

npemioxenHoe A.llonsgxoseim [40], H joruyHO AeiictBuio (5.5). B pbupos Hue
npoussoauTesd no gv u X+
0Sp 0Sp

557~ 0, = =0. (5.9)

Yp BHeHud (5.9)* KBUB JIEHTHBI yp BHEHMSM, BBITEK IOIMM U3 (5.7). AH jorus
¢ nepexoioM oT (5.4) x (5.5) oueBunH .

*OHu He p cumgpoBbIB I0TCA, T K K K HIXKe (11.5.4) MPUBEIEHBI BBIKI JKH 11 OOIIEro ciayd f.
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5.3. p-0op HbI. B busuke mpenri HKOBCKHMX P CCTOSIHHIA Bce Oosiee B XKHYIO
PO H YHH IOT UTP Th MeMOp Hbl (IByMEpHBbIC OOOOIIEHHS CTPYHBI) H p-Op Hbi
(ee p-mepHble 0000mmenus) [39,41]. Ux neiicTBue 3 1 eTcsd WHTErp JIoM™

S = fc/dmu 9, 9ij = XX, g=detgi, (5.10)
rme X* — KOOpAWH THI B N-MEPHOM IPOCTP HCTBE, (4, ¥ = 1,....,n;i,7 = 1,....,m;
N (+ — ...—),c = const, m = p+ 1. B psupys (5.10) mo X*, HecIoXHO
MOJTyYUTh YP BHEHUS JABUKEHHS
1 .
——0i(v/—99"” 0; X*(u)) = 0. (5.11)

ﬁ

-9
U 3mech mocTyn 10T H JIOTMYHBIM 00p 30M: mepexomir oT S K S:

¢ m 17 v
fi/d uy/—glgV X! X5 + (2 —m)], g=detgi. (5.12)
B peupoB Hie S 1o ¢ u X* 1 eT K cCHYecKHe yp BHEHHS ABHXCHHUS, 9KBUB -
nentHoie (5.11): ~ ~
08 08

Sgii 7 SXH

(met mu cMm. B m.5.4).

5.4. O6o0menue. HemspectHo, K Kue coobp xeHums mpusenn B.A.Qok k
BeIOOpY 71 rp HXU H (5.3). Ilpemct Bigercd mp BOOMOZOOHBIM, YTO 3HECh CHI-
Ip 1 ponb uiesd natumepusi, Kora (5.3) p ccM TpUB eTcd K K «HEPENsITUBUCT-
CKMI mpefies» 5-MEpHOro J1 Ip HXU H (7 — MATHIH IT p MeTp). 3 MeY TeNbHO,
YTO ®T HIed OK 3bIB €TCS INIOJOTBOPHOIl U BO BCEX BBIIIENPUBEAEHHBIX CIyY 4X,
€CJIM B JIOTIOJIHEHHE K N-M3MEepeHusIM 100 BUTh HE OAWH (<IISTHIH») I P MeETp,
HECKOIIPKO, T.€. NMePeTH K MPOCTp HCTBY 1 + [-W3MEPEHHi, B KOTOPOM IBUXET-
cs p-Op H .

B ¢ Mom pmene, B jpomonuenne K X (u),p = 1,...,n BBemem £%(u), a =
=n+1,..,n+1, T.e. p-MepH s MeMOp H aBHXeTCd B (1 + [)-MEPHOM IPOCTp H-
crBe. UIHIyIIMpOB HH g METPUK W IEHCTBHE T KOBBI:

gz*] = gzg’aj + UHVXQ-LXZ' = gl] + Gij Za.j = 1) sy, (513)

S* = fc/dmu —g*, g" =detg;;. (5.14)

*ITepBbiM MeMOp HbI ¢ neiictBreM (5.10) (m = 3, mpocTp HCTBO MMHKOBCKOTO) P CCM TPHB JI
I.LA.M.Jlup K B CBOEii TEOPHHU NPOTAKEHHOrO dJIEKTPoH [42,43].
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P 3n0xum ¢g* 1o crenenam g;;:

* ~ ag* ~ i id
g =g+ ﬁgijJr...:g(lJrg]gijJr...) (dg:gg]dgij). (5.15)
i

Torn wuMeeM NpUOIMXEHHOE BBIP XeHHe i S™:
* M ~ 1 ~17 v Q
S* —c/d "u\/—g(1+ 59 Hu)nuw X5XY5) =S, (5.16)

B poupys (5.16) no ¢¥ u X*, n xonum

68 /=3, 1. o o

557 = —5 (97 (L + Saunuw X3 X 1) = 0w X5X 5] =0, (5.17)
68 c 0 — ;. O
oxr 200V 99 g5 Nn) =0 (5-18)

Wmem pemenns yp BHenuit (5.17) B Buzge
Gij = fu)nu X5 XY,

rie f(u) — HemsBecTH 51 (pyHKuMs. IlojcT Bisis 910 BhIp XeHue B (5.17), H X0-
JIM )
95 (1 + §§klf_1§kz) — 71 =0,
Te. fl=1+m/2f)nu f=(2—m)/2. T xum o6p 30M,
2—-m
5 Gij (5.19)

u yp BHeHus (5.18) npeBp i 10TCS B yp BHEHUd ABUXeHUs p-Op Hbl (5.11), BbI-
TeK fomue u3 aeictsus (5.10). IToger HOBK (5.19) B (5.16) 1 eT

gij =

2—m
2
Slgi=fai; = 7% <ﬁ> /dmuﬁ[gZ]nquf;X,g +(2—=m)], (5.20)
YTO, 3 MCKJIIOUCHHEM He BIMAIOIEro H yp BHEHMS IBMXXEHUS MHOXHTENS Hepen
UHTErp JIOM, COBI 1 eT ¢ jeicTBueM (5.12) (BKJIIOY S CII T eMoe (2 — m); MBI
He 0OCYXI eM 3[eCh CMbICII MHOXHTENS Hepes MHTETp JIOM W ApPyrue TOHKOCTH).
P 3ymeercs, nipu Xell HUH mepexon K (n + [)-MepHOMy HpOCTp HCTBY MOXET P C-
CM TpHB ThCd K K ®BPUCTHYECKUIl IIPUEM, XOTd 3 HHUM, KOHEYHO, CTOMT HEYTO
Gonbiee. Ut K, unes MHoromepusi, BUIBHHYT s B p 00T x K myusi, Kieiin ,
M Hpend, oK , OK 3 J Cb HE TOJIBKO XUBYYEH, HO U IJIONOTBOPHOM.

B 3 xJroyeHHe OTMETHM, YTO Mfes MHB PU HTHOTO I P METp TMIOJie3H U B
CT HI PTHOU KB HTOBOW Teopuu nomnst. T K, LlIBunrep [44] Bocmonb30B Jics €10
IIPU BBIYUCIIEHUH 3((EeKTUBHOIO NEWCTBHUSA B KB HTOBOU 3JE€KTPOJUH MHKE, B
MoHorp ¢uu [46] oH npuUMEHsUT cb IpU u3ydyeHuH monenu biaox —Hopacux .
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6. KAIUBPOBKA ®OKA

B Toii xe p 6ore [33] comepx J1 Cb ellle OfH BENUKOJENH $ ujesl, B XHOCTb
KOTOPOM CT HOBUTCS IIOHATHOM JIMIIb B H CTOodllee BpeMs. Pemn g4 yp BHeHue
Idup K m1d 3IeKTpOH BO BHemmHeM mone, B.A.®Pok ucmonp30B 71 K THOPOBKY

(zt —zf)Au(z) =0, (6.1)
e o — (UKCUPOB HH 4 TOYK . bonee Toro, B [33] BbIKUC HO U pELIEHUE 3TOTO
yp BHEHHS:
1
Au(x) = /s(:c" —x5)Fu (o + s(x — x0))ds. (6.2)
0

31ech 3 CIlyXUB 10T BHUM HHUSI 1B OOCTOSITENBCTB .

6.1. Jlemm Ily HK pe. ®opmyn (6.2) sBisteT coOOi U CTHBIA CIyd W MHTe-
TPUPOB HUS B TEOPUU BHEIIHUX OuddepeHun JbHbIX opm [47]. s m-cdopmbl
W FIMEET MECTO TOXJIECTBO

w = d(Iw) + I(dw), (6.3)

B KOTOPOM OIlep TOp MHTErpupoB HUs I 3 I H p BEHCTBOM

1

m

Tw=> "> (-1)! / dtt™ Ywy, i (tr)xtr[dett A Adatm].. (6.4)
{i} r=1 0

3meck {i} cUMBOIM3MpYeT CyMMHPOB HHE IO BCeM i, k = 1,...,m B mpemen X
1< < ... <ty < n; UHAEKC 7 Y KB P THOH CKOOKH O3H Y €T OTCYTCTBHE
mudpcheperim 1 dx’. B ciyd e 3Be3nHOH 067 CTH 3 MKHYT 4 opM  (dw = 0)
ABasgeTCd TOYHOH (w = df2); 001 cthb S € R™ H 3bIB €TCA 3BE3IHOM, €CIU U3
x € S cnenyer tx € S,0 <t < 1. B aneKkTpoguH MHKE TEH30p H HPSXKEHHO-
creit £, ectp 2-popm F' = F),, dx* A do¥. Onpenenas 1-dopmy A = A, dxH,
umeeM F' = dA, t.e. F — toun g 2-¢opm . CiieioB TenbHO, opmyn B.A.Dok
(6.2) ectp u cTHBIA cayu it opmyn Ily K pe (6.3), (6.4) co CABUHYTBIM H Y -
soMm koopauH T [35,48]: A=1IF, d(IA) =0 (nocnegHee p BeHCTBO (PHKCHPYET
K mubpoBKy). CBa3p K nmuOpoBku PoK ¢ Teopueil BHEMHUX AuU(QEpeHIr Tb-
HBIX (DOPM CBHUJIETENBCTBYET O ee (pyHI MeHT JbHOM X p kTepe. OO0 atoMm Xe
CBHZIETENBCTBYET M TOT () KT, YTO OH IPHMEHHUM M B TEOpUIX C He OeneBoii
K JTUOPOBOYHON IPYIIIION.

6.2. CBa3b ¢ apyruMu K JuOpoBK Mu. H mepsblii B3 K muOpoBk  (6.1)
He K XEeTCs €CTECTBEHHOW: H JIMYME BBIIEJICHHON TOYKH X( B IPOCTP HCTBE H -
PYLI €T Tp HCISIMOHHYI0 UHB DU HTHOCTh TEOpHU. B JeHCTBUTEIBHOCTH TO —
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KJII0Y K ee TTOHUM HHIo. [10106HO BRIOOPY KOOpAWH T, BHIOOP K JIMOPOBKH CBSI3 H
¢ (pU3MKOH 3 I uu.

ITpu x MUOPOBOYHOM (Tp OMEHTHOM) NpeoOp 30B HUH A;L = A,,+0,[f BpboOp
f B Bume [33]

T

1
f= /A,tdx“ = /A,t(x + s(xo — x))(xff — x)ds, (6.5)
0

x

IJle UHTETPUPOB HUE BEIETCS IO MPSAMOH, COeUHSIOMEN TOUYKU T, T, ONpeaenseT
BEKTOP-IIOTEHLH JI A;L, ynosieTBopstonmii ycrnosuio (6.1). IMome 1 ¢ 3 psamom e
npuobper et ¢ KTop

W = eiefd), (6.6)

T.€. CTElleHb CBOOOMBI BJIEKTPOM THUTHOTO TOJIA f OK 3 J1 Cb CCOLMHPOB HHOU C
moJieM ). TeM ¢ MbIM OHO UCKJTIOU €TCH M3 TUH MUKH TOJII A;. Otcron crenyer,
4TO K JTHOpOBK OK SBISETCS €CTECTBEHHOW B 3 JT U X C 3 PSIKEHHBIMU Y CTH-
Il MU: H PYII IOIIMNA TP HCISIMOHHYIO HHB PU HTHOCTh I P METP xg (PUKCUPYET
KOOPAUH ThI M CCHUBHOTO TOYe4HOTro 3 psia . K muOpoBk @POK JIeXUT B OCHOBE
(pr3myecKk B XHBIX K JTHOPOBOK.

(i) K nubposk M kcgenn [35] OA = 0 (p A4 UMOHH S WK KYTOHOBCK S
K mubposk ). [Ipu mepexoze K 9Toi K TUOPOBKE MMoJIe ) Mpeodp 3yeTcs COrT CHO
(6.6), e f = —AT10A, Te.

Y = exp(—ieATT0A)Y. (6.7)

Xopoio uzsectHo [49, §80], yro sKCmOHEHT B (6.7) OMHCBHIB €T KYJIOHOBCKOE
none 3 paa . BcemomuH g BeIp kewume ang sauap  omep Top ANz, y) =
= —(4n|x —y|)™! u unTerpupys B 1OK 3 Tene SKCHOHEHTHI (6.7) MO U CTAM,

H XOIUM ,
—y)A
Y (z) = exp [ie/ %% (). (6.8)

BumHo, 4TO MOK 3 Teh ®KCIIOHEHTHI OTBeY eT K JmopoBke Dok (6.1) B ciyd e,
KOrJ KOHTYp MHTEerpupoB HUMI B (6.5) Oepercd mipu ¢ = ty. DTO CT HOBUTCA ellle
Gollee OYEBUIHBIM, €CIIU MPUHATH BO BHUM HHUE, YTO OIHCHIB IOIIMHA KYTOHOBCKOE
nojie ¢ ktop B (6.7) MOXeT OBITh MPEICT BJICH B BHje OECKOHEYHOIO MPOH3BE-
JIeHHs JIMHEHHBIX DKCIOHEHT C MOK 3 TeJsaMHu TUll (6.5), B KOTOPBIX UHTETPUPO-
B HHUE BEJETCS IO MPSMbBIM M3 TOYKH, IJIe P CIIOJIOXEH 3 psil, 10 OECKOHEYHOCTH
[38,50,51]:

T

N
Hexp fie/A#(yij)dyfj — exp(—ieATI0A), N — cc. (6.9)
4,J

— 00
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WHnekcsl 4, j HyMepyroT IUIOL] KM, MOKPHIB IOIIKe eIUHUYHYI0 cepy, Yepe3 Ko-
TOpBIE MPOXOMAT TpsIMble (3 Pl P CHOJIOXEH B IeHTpe cdepsl, mpu N — oo
IUIOIL KW CTATHB IOTCS B TOYKH).

(i2) Apyeue k aubpogku. [lpu m3ydeHnu mpooOIeMbl HHPP Kp CHBIX P CXOIH-
MOCTE TEpeXoIaT K IoJsaM t)', B KOTOPBIX SKCIOHEHIM JIbHBIA ¢ KTOp UMEeT

Buj [52]

exp z‘e/dt/d:‘xASJM = exp(iey), (6.10)
0

e J, = (epu/Ep)d(x — tp/E,) ects ki ccmdeckuii 1ok (E2 = p? + m?) u
A9 — onep Top:

d3q —iqx iqx
Ag(x): / m[c#(q)e a +c:[(q)eq ] (6.11)

lal<@

Ut K, 3mech ¢ mojieM v CCOUMHMPOB HBI MATKHE (QOTOHBI ¢ 3Heprued w < ().
TeM ¢ MBIM OHH U3bIM IOTCS U3 AWH MUKW 3JIEKTPOM THHUTHOTO IOJI. S-M TpHII ,
OIHUCHIB 0Ll I P CCessHUE KB HTOB mons v = exp(iex)w, cBoGomH oT uHGD -
Kp CHBIX p cxomumoctelt [52,53]. TIok 3 Tenb dKcrmoHeHTH B (6.10) MOXHO mie-
penuc Tb B BUjIE

X = /Aff(npt)ngdt: /Affd:c“, (6.12)
0 np
e n, = p/E, = dx/dt, p> = m> B NOCIEIHEM BBIp XEHUH UHTETPUPYETCS

O TIPSIMOIL, 3 11 B €MOi BEKTOPOM 7. Ilo cymecTBy, ucronb3yeTcd K JTUOPOBK
Pox  uId 1o Aff WU, €CJIM YTOIHO, MOIU(HUUUPOB HH g K JUOpoBK MoK .

Ho TexHuk MArkux (pOTOHOB MPUMEHHM U B CIy4Y € HU3JIy4eHUS XKECTKUX

2 _

toroHOB (w > m), ecnn dHeprust 4 ctHubl E, — oo. B srom ciyd e ny, =

= m? /Eg — 0, |p| — 00, u MBI mpuxogMM K K JHOPOBKE CBETOBOIO KOHYC
A9nt =0, n* =0 (B, > Q> m).

T kuM 06p 30M, K uOpoBK @ok (6.1) yno6H B 3 1 4 X C M CCHUBHBIMU
TOYEYHBIMH Y CTUL[ MH WM C 4 CTHI[ MM BBICOKHX Hepruii (E, >> m), T.e. TOIX ,
KOIJI MOXHO IpeHeOpeub pe KIMell M3IydeHHs H 9 CTHILY.

Bce st ocobenroctr K uOpoBKU DOK , B KHBIE ¢ MH 1O cebe, CT HOBATCS
B XHBIMH BIBOIHE, €CITH y4ecTb, YTO p BeHCTB (6.1), (6.2) coxp HAIOTCI U B
He OeneBbiX Teopusx. Ee mpuMmeHeHme (BO3MOXHO, B MOIU(PUIIIPOB HHOM BHIE)
MO3BOJISIET OMUCHIB Th P CCESHUE IPOHOB BHICOKUX DHEPTHI.
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7. OMHA U3 MMOCIEIHUX ITYBIUKAIIANA B.A.®OKA

B 1971 r. B.A.®ok ony6iMKOB J1 Kp TKYIO 3 MeTKY «Bo3MoxHoe 06001ieHre
MOHATHA (PU3MYECKOro MpocTp HCTB » [54]. CyTb ee CBOOMI Cb K CIEAYIOIIEMY.
ITonsaTne pU3MUECKOro MPOCTP HCTB TECHO CBSI3 HO CO CBOMCTB MU JBHXEHUS
tpusnyeckux Ten, MOCKONBKY TONBKO IO JIBHXEHUIO TEJl MBI CYIMM O CBOWCTB X
npoctp HeTB . H mpumep, p 3MEpHOCTb IPOCTP HCTB  OTOXIECTBIFAETCS C YUCIIOM
CTelneHeil cBoOOBl M TEpH JIbHOH TOUKH. B KB HTOBO# (hr3MKe MOXHO Npearo-
JIOXKHTh, YTO MPOCTEUIINI (pU3MYecKuil 00ObeKT (M TEpH JIbH 51 TOYK ) 00X JI er
CBOKCTB MM dJIeKTPOH . HO y 2JeKTpOH IOMHMO TpeX CTeleHeil CBOOOIbI M -
TEpH JILHOW TOYKHU UMeeTcd eme oqH — chuH. COOTBETCTBYIOL] 4 HE3 BHCUM f
MepeMeHH g CrocOOH TPUHHUM Th JIMING B 3H YeHHs. TO, YTO HepensITHBHCT-
CKHIi 3JIEKTPOH X P KTEpU3yeTcd JHIIb KOOPAUH TOH X U CIIMHOBOU IepeMEHHOI
o = +1 (B eguHuL X F/2), MOQYEPKHUB €T U TOT ¢ KT, YTO BOJHOB 51 (DyHKLIHS

HTUIIEPECT HOBOYH I10 OTHOLLEHUIO KO BCEM UYETBHIPEM IIEPEMEHHBIM:

V(.. Xj, 05} Xk, Ok -..) = =V XEOk; ... X055 ...). (7.1)

[Tocne sroro B.A.®ok 3 Meu er: «IIpuMeHss K I HHOMY CIyd 10 (MOJY JIMBO JO-
MyCK eMoe) KJI CCHYecKoe MPEeANoIoKeHne, YTo (PU3UIecKoe IPOCTP HCTBO OIpe-
JeTIeTCs COBOKYITHOCTBIO TEPEMEHHBIX, OMFCHIB IOIUX CTENEeHH CBOOOIBI TpO-
cTeiiero (pu3M4ecKoro Tea (MMEHyeMOoro OObIYHO M TEpH JIbHOH TOYKOM), MBI
MIPUXOUM K 3 KIJIIOYEHHIO, YTO, €CIIM MBI IIPUMEM 3IJIEKTPOH 3 MpocTeiiee u-
3U4eCKOe TeJI0, MbI JOJKHBI JOMYCTUTh, YTO TOYK B (PU3UYECKOM NPOCTP HCTBE
oTpenemnsaeTcss COBOKYITHOCTBIO YeThIpeX MepeMeHHbIX (T,Yy,z,0). DTo BedeT K
000011IeHHI0 (PU3UIECKOro MpocTp HCTB . OmpeseieHHoe Bhilie 00001meHHoe (hu-
3UYECKOEe MPOCTP HCTBO MOXET OBbITh H 3B HO CIIMHOPHBIM IIPOCTP HCTBOM». U
1 nee: «T kum oOp 30M, BBeJEHHE CIIMHOBOH MEPEeMEHHOM, IOMYyCK IoLiel KOH-
ctpyupoB Hue criuHopoB (allowing the costruction of spinors), cocT BISIET B X-
HBIU I T B U3yYeHUH CBOWCTB IPOCTP HCTB ¥ MOXET P CCM TPHUB ThCI K K 00600-
[IEHHE MMOHATUS (PH3MYECKOTO MPOCTP HCTB ».

K ck 3 HHOMY MOXHO clieql Th OB 3 Me4 HUS.

1. Ocr nock cien Th JMIIb I T, YTOObI IPUHUTH K MOHSITHIO CYNIEPIPOCTP H-
CTB — H u0Oosiee HEOOBIYHOMY M B XXHOMY IIOHSATHIO COBPEMEHHOW (DU3UKH, I10-
SIBUBLLEMYCS, KCT TH, Torg Xe [55,56]. IMeHHO, OCT JI0Ch IOMYCTUTh, UTO HOB 4
CIIMHOB s TiepeMeHH o (0003H 4nM ee ) MPUHUAM €T 3H YeHHS U3 TP CCM HOB-
CKOU JreOphl U TpeoOp 3yeTcd K K CIHHOpP. Torm Toid JOMXKHBI 3 BHCETh OT
ABYX IepeMeHHbIX (z, ), T.e. MbI pUXOaMM K HoHsTHIO cynepronst P(x, 0) [57].

2. P 6ot [54] mpeaBOCXUTHI WAEH T K H 3bIB €MOU HEKOMMYM MUGHOU
eeomempuu [58]. DTO UHTEHCHBHO P 3BHB IoIleecs 0OOOIICHHE KJI CCHYECKOM
TEOMETPUH P CCM TPHUB €T, B U CTHOCTH, MPOCTP HCTB , COCTOSINUE M3 HECKOJb-
KHUX 9K3eMIUTIPOB €BKJIUIOBBIX, WM PAM HOBBIX, HJIM P CCIIOCHHBIX IPOCTP HCTB.
IMocneanue oK 3 NUCH MOJE3HBIMU MpU (POPMYTHPOB HHUU, H MPHUMEpP, MOJIEIU
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B iinbepr —C 1 M [59], mozmenu «Besukoro obwseaunerus» [60]. Ilpu stom
JOCTHUT €TCs TeOMeTpHU3 Iust mmosist Xurre . OOmI s cxeM T KOB .

P cCcMOTPUM IIPOCTP HCTBO, COCTOSILEE U3 ABYX JIUCTOB — MIPOCTP HCTB MUH-
KOBCKOTO. J[[OMyCTUM, 4TO UMEETCS JIOK JIbH s K JIMOPOBOYH s cuMmMeTpus. Torn
VISl HETPUBH JIBHOTO T€OMETPHYECKOro 00BeKT (1, %), ONPENeieHHOro H K X-
oM u3 juctoB (¢ = 1,2; momsa ¥(x,1) u t(x,2) MOIYT UMETb P 3HYI0 [EOMET-
PHYECKYIO TTPUPOLY, CK XeM, H30CK JIIp M W30CIUHOP), MOXHO 3 J Th ONEp LUK
0 p JUIENBHOTO TEPEHOC .

1. TI p nmespHBIA TepeHOC B mpefen X omHoro suct Baoiap mytn C(2,1) =
= C(mg, 1‘1)1

Dz, i) = P(C(2,1); d)(a1, 0). (72)
2. I1 p nnenpHBIA NEpeHOC ¢ OAHOTO JIUCT H JPYroil B I HHOW TOYKE Z:
Ui i) = H(w i, )Y (x,5), i#J, H(wij)=H"(2,4,).  (13)

B mepBoM ClIyd € MOXHO P CCMOTPEThb HEPEHOC B GECKOHEYHO OIIM3KYI0 TOUKY:
P(x +dx,z;i) = 1 +iA,(z,i)dz", (7.4)

rae A, — CB3HOCTb, a7ieMeHT Jnre6phl Jlu Kk nubposouHoit rpymmel. Ilpu x mu-
OpOBOYHBIX NIPEOOpP 30B HUSX IOJIS MEHSIOTCS CJCAYIOIIMM 00p 30M:

l/}I(l‘,i) = U(xvz)w(xvz)v Pl(c(27 1)aZ) = U(x%Z)P(C(Qv 1);i)U_1(x17(i7)75)
Al (2,0) = U, i) Ap(x, i))U~x,0) + iU (2,9)0,U~(x, 1), (7:6)

H'(x,i,§) = U(x,i)H(z,i,7)U " (x, 7). (7.7)
Mon r s H(x,i,7) =1+ B(x,i,j), noay4d em

B'(x,i,§) = Ul(x,i)B(x,i,/))U " (x,§) + Uz, i) (U (z,4) = U~ (x,)) (7.8)

B IIOJIHOW H JIOTHHU C 1peobp 308 HueMm (7.6). Cnemos tesipHo, B(x,14,j) urp er
POJIb CB3HOCTH, 3 [ IOIIEH I P JUICIbHBIA [EPEHOC C OJHOTO JIMCT H IPYrOM.
Teneps MOKHO BBIYUCIEITh «TEH30PbI KPUBU3H». BO3MOXHbBI KOHTYPHI TPEX THIIOB.

1. MH(uHUTE3UM JIbHBIE 3 MKHYTbIE KOHTYPbl H K 3KIOM 3 JIMCTOB; TEH30D
KPUBU3HBI JI €TCS CT HI PTHBIM BBIp XewneMm Fl, (x) = —i[D,(z,i), D, (z,1)],
e ﬁu(x,i) =0, + iflu(ac, i) — KOB pU HTH s TIPOMU3BOJH .

2. YeThIpexyroyibHbIe KOHTYPHI C HH(DHHUTE3NM JIbHBIMU [IEPEHOC MU H K X-
JIOM U3 JIUCTOB U JIByMsSI [IEPEHOC MM C OIHOIO JIMCT H JIPYTOM B TOYK X T W
« + dx. DTo ;1 eT B K YecTBe TEH30p KPUBM3HBI F),fy = DMH(J?, i, 7).

3. H xoHen, «IBYyrojpHblil» KOHTYp B I HHOH TOouke x: 1 — 2 — 1 ;1 eT
Fyg=1—HH™ (H(x,i,i) = 1, nonpobuee cm. [59,60]).
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IMon r s 1 Tp HXM H JMHEWHOH KOMOHMH IMeil KB JIp TOB TpeX THUIIOB KpH-
BH3H, IIOJTyd €M JI Tp HXH H 0030HHOH 4 cti Mojenu Xwurrc . [Ip BunbHOE BbI-
p XeHHe moiyd ercd u Ui ¢epmMuonHoil 4 ctu [59,60]. Ilpoctp HcTBO DOK
¢ mByms et mu (x,+), (x, —) OK 3bIB €TCs MONE3HBIM U pH (OPMYITHPOB HUU
CBEpPXIPOBOIMMOCTH B P MK X HIeil HEKOMMYT THBHOW reomerpuu [61]. T xum
0o0p 30M, u 31ech ugen B.A.DOK NpeaBOCXUTHIM COBPEMEHHOE P 3BHTHE U Ie0-
METpHHU, U (PU3UKHU 3JIEMEHT PHBIX 4 CTHII.

8. SAK/IIOYUTEJIBHBIE 3AMEYAHUS

1. B p 6ore [1] comepx JI Cb ellle OIH B BBICIICH CTEIICHH B XH S Wies: MPH
I p JUICIBHOM ITEPEHOCE CIIMHOP B PUM HOBOM IIPOCTP HCTBE BTOM THYECKH I10-
ABJIAIOCH BEKTOPHOE morne A,, KOTOpoe OTOXIECTBIIOCH C BJIEKTPOM THHTHBIM
noneM. OHO JUIUTUBHO BXOIMIIO B CBS3HOCTB, ONPEAENSIONIYI0 NP BHJIO I P JI-
JIENIPHOTO MEPEHOC CIHMHOP , U IOJ T JIOCH NMPOIOPIMOH JIBHBIM €JUHUYHOU M -
Tpue Jup X . IIpu 3ToM 0K 3BIB JIOCH, UTO TEH30pP H NPSAXKEHHOCTH 3JIEKTPOM TI-
HUTHOTO 1107151 F),,, KOMOMHMpYeTCd C TEH30pOM KpuBU3HB Puuun R, T.e. T KXe
MOXET TP KTOB ThCSl K K TEH30p KpPUBH3HBI. TeM ¢ MBIM JOCTHT JI Cb I€OMETpH-
3 1M 3JIEKTPOM THUTHOTO HOJISl. DTO H MHOTO JIET IPEIBOCXHUTIIIO COBPEMEHHYIO
TP KTOBKY 1onsd A, K K CBI3HOCTH B P CCIOGHHOM (3 PSIOBOM) IIPOCTP HCTBE.

Bonee toro, B [1] comepxk jicd H MEK H BO3MOXHOCTh BBENEHHS IMOJIEH
SAur —Mwuie . B.A.@ox muc 1 ([2], ¢.419): «Ecnu orp HUYHTBCA YETBIPEXPAL-
HBIMH M Tpull Mu [[Iup K ], To KOMMYT THBHOCTG [mong A, ] co BceMu a-M TpH-
Il MU O3H 4 €T MPONOPILMOH JIHOCTH [A,,] enuHuyHOl M Tpune. Ecam xe p cem T1-
PHUB Th M TPHIIBI C GOJIBLIMM YUCTIOM CTPOK M CTOIOLOB, TO M Tpuisl P [1.e. A, ]
He OyayT 0053 TelIbHO MPOMOPLMOH JIBHBIMU €IMHUYHOW M TpHue». [locne cros
«CTONOOB» — CHOCK : «T KHMe M TpHUIIBI MOITIH OBl BOHUKHYTH ITPU HEKOTOPBIX
0000meHnsIx yp BHeHUd Jup K (H mpuMep, H CIIyd U 3 I 4YM OBYX TE)».

B ar0if ke p 60Te OBLIO MOAYEPKHYTO, YTO «... B OTIIMYME OT DUHINTEH-
HOBCKOTO TIOAXON MOTEHLH JBl ¢; [T.e. A,] UIP 0T C MOCTOSTENBHYIO POJb B
TeOMETPUYECKON K PTUHE MHpP U He 0053 HbI ObITh (DYHKIMSAMHU KO3((UIINEHTOB
ikt [cuMBOMIOB Puvum, T.e. CBSI3HOCTH]». sl TOrO BpeMEHH — BECbM OTBET-
CTBEHHOE 3 SBJICHMUE.

2. I'.Beiinb BO BTOPOM U3 HUU CBOEH KHUTU «Teopusd rpymm u KB HTOB $ Me-
X HUK » [62] H 3B 11 yp BHeHHe (3.2) (B CT IIMOH PHOM B pH HTE) «yp BHEHHEM
ne Bpoitnsg». D10 BeI3B J10 HeynosonscTBue peaunrep . B muceme k Beiimo ot
1 mpens 1931 r., 0GOCHOBBIB s CBOMl NMPUOPHUTET, OH, B U CTHOCTH, IHC JI: «5
HHUKOIJI He BO3p X JI IPOTUB TOTO, YTO DTO yYp BHEHHUE CEeWd C OOBIYHO CBSI3bI-
B ercd ¢ uMeHeM [OpmoH , IMOTOMY YTO 3TO OYEHb YHOOHO JIS €ro p 3IMYCHHS
(as a distinction)» ([9], c.1025). IToxoxXe, 3TOT HECKOJIBKO KYPhE3HBIA pPryMEHT
OTp X eT MHeHHe (PU3UYECKOi OOLIECTBEHHOCTH TOTO BPEMEHH.
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3. Teopus S5-mepus mepexwuwt B3IeThl U 0 JeHusd. B 1927 r. A.DiHmTeiiH
cden ee ycmemHo# (cMm. p 30.4). Bonee Toro, B ToM Xe rogy OH OITyOJIMKOB JI H
3Ty TeMy aBe 3 MeTKH [63]. Ho 3mech H umH 1oTcd 3 T Oku. B 3 Med HuE K 060onM
cooOImeHnsIM Ipu KoppekType 4uT eM ([64], c.197): «I'"M Hzens coobumi MHe,
4TO W3JIOKEHHBIE 3/IeCh Pe3yJbT Thl HE HOBBI M cojiepX Tcid B p Oor x Kieiin
[Z. Phys., 1926, 37, 12, 895]. Cp. T kxe p 6oty B.A.®@ok [Z. Phys., 1926, 39,
226]». YausurenbHO TO, 4TO B uckMe K I1.Dpendecty ot 3 cenrsibps 1926 r. DitH-
mrreitH mwc 1 ([29], ¢.318): «Ct 1hg KieitH o4eHp M3AIIH U yOSOWTENBH ...».
[Tocne nosiBnenust yp BHeHus dup x KieliH p 304 poB jics B 5S-MEpHOH TeopuHU.
On BermomuH 7 ([9], ¢.1029): «B To BpeMst 4 MOJI T JI, 4TO He ObLIO IMPUYUH JUIS
9TON MATUMEPHOI TeopuH, U g ee OCT BWI. S| BCIIOMHUH 0, YTO BecHOH 28 rox
nociie Moero Bo3Bp IueHust 3 KemOpmmx I ynu 6su1 B KoneHnr rene u oben J1 ¢
H MH. Y H ¢ ObUT OyTBUIK BHUH , U MBI BBINWIN 3 KOHYHMHY IISITOTO W3MEPEHHSI».

B H crosgmee BpeMs cuTy 1M p AMK JIbHO u3MeHun cb. b.Jle BUTT nok 3 i
([65], ymp.77), 4To B p MK X MHOTOMEPHOH TEOpPHH Tp BHUT IIHI0 MOXHO 00B-
€IMHUTH HE TOJIPKO C 3JIEKTPOM THUTHBIM II0JIEM, HO U ¢ moisaMu AHr —Musuic
(T xxe Briepsbie 00cyxa Bimmucs O.Kieiinom [66]). [Tocennue ieX T B OCHOBE
COBPEMEHHOH (pr3uKu (hyHI MEHT JIbHBIX Iojiedl. Mies MHOromepusi JIeXuT U B
OCHOBE ITPOrp MMbI cynepcTpyH [41] — H ubosee mepcreKTUBHON U3 NMEIOLIMXCS
€IMHBIX TEOPUH.

OT™MeTHM, BIpOYeM, 4TO Moieidb Tun «Besukoro obbemuHeHus» [67-69]
u mozens tun K nyus—Kueitn —®ok npu ee NpsAMOMHEHHOM 00001IeH!n
He BIIOJIHE COIVI CYIOTCS Opyr ¢ ApyroM. Eciiu B mepBoil YMCIO K JIMOPOBOYHBIX
BEKTOPHBIX II0JIel P BHO P 3MEPHOCTH K JIMOPOBOYHOW TPYIIIBL, TO BO BTOPOM
OHO P BHO P 3MEPHOCTH JIONOJHUTEIFHOTO MOANIPOCTP HCTB (T.e. n — 4), rpynm
CHMMETPHH KOTOPOTo MMeeT p 3MepHocTh (n —4)(n — 5)/2. [IpuBeaeHHbIE YHCT
COBIT I FOT JIUIIb NP 72 = 7 (B OEJIEBOM CITy4 € TEOPUH COINI CYIOTCS IPH 1 = H).

4. JI rp uxu Hel (5.3), (5.4) BcTped nuck u p Hee [22]; Gosnee TOro, or-
Med JIOCh, YTO COOTBETCTBYyWOLIMH (5.4) r MWIBTOHM H p BeH Hyaw. OnoH KO B
I JnpHeimeM 3Tu ujaen Kyn poM He p 3BHB JINCh.

5. Bo Bpems H yuHoil KoM HaupoBku B I'epm Huto (1927—1928 1r.) H ce-
MuH pe B ['ertunrene B.A.Dox 1070XuI p 60Ty O P CCeIHMH H KYJIOHOBCKOM
ueHTpe. beito H #geHo TouHOE pelleHne COOTBEeTCTRYIomero yp BHeHus LlpenuH-
rep BN p Oonmmyeckux KoopauH T X. [locne cemun p B.['opnon 3 sBwit, uro um
BBIIIOJTHEH TOYHO T K 51 p OOT M CT Thd yXe OoTHp BlIeH B med Tb ([69], mocTy-
mwi 4 M pr ). oK peur cBoo p 00Ty He MyOnMuKoB Th. [lo31HEE BBIACHUIOCH,
YTO YHOMSHYT 5 CT Thsl ObUI TOCIT H B XYypH JI IIOCJIe CEMMH p , 3 1 4 pemll -
J Ccb B cpepHUYECKHX KOOPIMH T X. B ToM Xe romy Obu1 omyOnukoB H p 6ot
[71] (moctymun 22 ceHTaOpsi) C pelieHreM B 11 p OOIMYECKHX KOOPAMH T X.

N3 mucem ®ok [72]: «8.02.1928 r. ... pemms cTporo 3 1 4y, 0 KOTOpPOW
BopHu ynomuH 11 H nekuuu. Ilomydunocs apyroe, 4eM y Hero, U 51 ¢ HUM OXecCTO-
YeHHO cropwi. 3 1 4 T K s: PesepdopraoBckoe p ccessHUe MO HOBOM KB HTOBOM
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Mex Huke». U 1 jee: «26.02.1928 r. ... donro Bo3uiics ¢ BbIBOAOM (hOPMYJT st
3 J1 44 O CTOJIKHOBEHHU (¥-4 CTHL C TOMOM, O KOTOpoii 4 nuc J1. Ho ¢usmueck g
Y CTh 3 JI YH, T.€. PEUEeNT MOJy4YeHHs U3 MIPEJUHIePOBCKOM BOIHBI UUCT Y CTHIL,
P CCeSHHBIX B | HHOM H IIp BJIEHMHU, MHE JI0 CHUX IIOp He fcH . Bce rosopsr mo-
p 3HOMy, BOpH roBOpUT TO T K, TO 3T K». TpyIHOCTh 3 KJIIOY JI Cb B TOM,
YTO KYJIOHOBCKHI MOTEHIHM JI YOBIB €T CIMIIKOM MEIJICHHO, TI03TOMY II [ IOILYI0
U P CCESHHYIO BOJIHBI HEJIb3s CUUT Th HEBO3MYIIEHHBIMU H CKOJIb YTOJHO 0OJIb-
mux p ccrosHuAX. [Ipomum gecaTwieTHs, Mpexnae 4eM MpobjeM IMOCTPOEHHs
omnep Top p ccesdHHd I MoTeHIM 1 KylnoH NOIydusn —yooBIETBOPHUTENIBHOE
pemenue [52,73]. Pemenue B.A.®ok mpuBeneHo B ero kaure [74].

6. B p 6ore ®ok [75], BemonueHHoit B I'ertunrene (1928 r., moctymmi
12 9HB ps), p CCMOTPEH OCLWUIATOP B M THUTHOM IIojie. Brimmc HO pelieHue,
H HIeHsl ypoBHU sHepruu. JI HO y 0B ron cmyctd [76] p ccM TpUB J1 4 CTHBIU
CITyd il — ABMIKEHHE CBOOOJHOM 4 CTHUIIBI B M THUTHOM I10JIe, IpH4YeM ObUT H HIEeH
JIUING ceKkTp sHepruu. Hu B [76], Hu B yueOHUK X H p 60Ty [75] He ccpln foTcd.
H Hee oOp Twiu BHMUM HHE TOJBKO B HOCIEIHEE BpeMs IPU U3yYeHUH H HOCTPYK-
TYp B TBepHOM Tene (cM., H npumep, Tpymasl 38-if JleTHeill MIKOJBI MIOTA HACKUX
yauepcuretos ([77], ¢.31, 251, 287)). B pe3ynbT Te TEKCT MHOTA BBINIAAUT T K.
B nexmun B.X ucen ([77], ¢.287) nocne opMyitsl s sHepruu u3 p 60T Dok
[75] Eny = h(2n+ |1+ 1)(Q2 + 2w Y2 + Lhlw. (1 w, — ocumiaropy s u
J PMOPOBCK s 4 CTOTBI, [ — OpOHUT JIbHBIH MOMeHT, . = 0, 1,...) uuT em: «I[lpu
KOHEYHBIX IOJIAX [T.e. Ipu nepexofe oT we = 0 K KOHEUHBIM W] YPOBHU DHEPIUU
MEHSIOTCSI T K, YTO 00p 3yIOT YpOBHH, OM3Kue K dHeprusm JI HI y ... B mpenene
CUJIbHBIX MoJied [w, — oo]». KommeHT pum 3gech uznuinu. Koneuno, @ok He
MOT IIPEMIIOIOKUTh, YTO Iepexon B opmyne mia E, ; x npegeny 2 — 0 unu x
Mpefiesly CUIBHBIX IMOJIeil MOXET BBI3B Tb 3 TPYAHEHHS.

7. B p 6ore [78] nomMumo ¢pyHI MEHT JIBHOTO pe3yJbT T — MOJy4YeHHS
yp BHEHHIi JABMXEHUS M3 Yp BHEHWIl DUHINTEHH — ObUI C/IeNl H BBIBOJA O Bbljie-
JIEHHOCTU I' PMOHMYECKUX KOOPIUH T (TepMuH mpemioxeH Mokom). 3xech mpex-
Je Bcero oOp mr er H cebd BHUM HHE pe JIMCTHYHOCTh MOCT HOBKHM 3 1 4u. B
orimyre OT p GOTHl [79], B KOTOPOW HM3yd JIOCh OBHXEHHE TOYSYHBIX Y cTHL (O-
00p 3HBIX 0coOeHHOoCTei), DOKOM pelt J1 Cb 3 J U JABUXEHUS MPOTIKEHHBIX TEI.
M Tepu JIbH g TOYK — OOBEKT, UyX/IbIi TEOPHHU TATOTEHHUS; IMEHHO 3TO 00CTOSI-
TENBCTBO MOOYIIo Iup K 3 HATHCS TEOpHEH MPOTIKEHHOTO dIIeKTpoH [42,43].
OH cuut 7 [43], 4TO «C (PU3NYECKON TOUKH 3pEHUS T0JIe DUHIITEHH » HE MOXET
UMETh «...TOYEYHBIX CHHTYIIpHOCTeil. K X1 o 4 CTHIl MOMIXH WMETh KOHEUHbIH
p 3Mep, He MeHblIUd p auyc LB pummibg ».

B coBpeMeHHOI MOHOTp (hUUECKOH JNUTEep Type BBIIENEHHOCTh I' PMOHHYE-
CKHX KOOPIMH T, IOPOAMBIIYIO CTOJBKO CIOPOB, MOJ T IOT YeM-TO C MO co0oii
P 3yMerLuMcs, UHOTI [ Xe He ccbll sick H @ok (cM., H npumep, ([80], ¢.177),
I7ie MPOCTO KOHCT THpyeTcs: «OcoOeHHO yIOOHBI YCIIOBUSI I' PMOHMYHOCTH KOOp-
JIUH T»).
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Hpyroii B XHbIi BbIBOJ, cie’1 HHbIM B.A.@okom [81], K ¢ eTcsl MOHATUS «OT-
HOCHUTETBHOCTh» B 001ell Teopun otHocuTenbHOCTH (OTO) U cenwn JTBHOH Teo-
pun otHocutenbHOCTH (CTO). POK 006p TWII BHUM HHE H TO, YTO CJIOBO «OTHOCH-
TEIFHOCTh» HMMEET COBEPIICHHO P 3HBIA CMBICT B 3THX Teopusx. H coBpeMeHHOM
SI3bIKE YK 3 HHOE p 37uuue (hOpMyIUpyeTcs MPOCTO: UHB PU HTHOCTb TEOPUH OT-
HOCHUTEJIBHO Mpeodp 30B HUii JIopeHIl BeleT K CYIIECTBOB HHUIO 3 KOHOB COXp He-
HUS, HHB PU HTHOCTb K€ OTHOCHUTEJBHO OOIIEKOB PU HTHBIX IpeoOp 30B HUH —
K cBa3aM. IloguepkuB Hue B.A.DOKOM 3TOro 0YeBUOHOIO (p KT BBI3BIB JIO OT-
PUII TEBHYIO, HHOTA TMPSAMO-T KU OOJE3HEHHYI0 pe KIUI0 HEKOTOPBIX (PH3UKOB
(eMm. ([82], ¢.192, 194): «Bce usBectHbie ¢usuku B CoerckoM Coro3se ... ObUTH
npoTuB akcnepumMeHToB(!) Pok . ... Bce ¢pusuku, ybM UMEH XOTh YTO-TO 3H U T
B MUp€, €IWHOAYIIHO BBICTYMWIM B 3 mUTY(?) DiHIITENHH » ). OOH KO H y4HBIE
WCTUHBI HE YCT H BJMB 10T rojiocop HueM. Konen cnop M nosioxun E.Burnep.
B HobGenesckoii mekuun oH nmomaepkHyn ([83], ¢.52): «... s, p 3menss B3IISIBI
®oK , He cunT 10 peodp 30B HUS KPUBOIMHEWHBIX KOOPAUH T OOIIEH TEOPUH OT-
HOCHUTEJIBHOCTU NPeoOp 30B HUSMH CUMMETpUH...». BUTHEp H 3bIB JI JIOK JIbHBIC
K JubpoBouHbie mpeodp 308 Hus (K K B OTO) Oun muueckumu, 1700 JbHBIC
npeodp 308 HuA (K K B CTO) — 2eomempuueckumu.

8. BoBog cooTHowienus (2.2) 18 M THUTHOTO MOJIA M MOJYyY€HUE MUHU-
M JIBHOTO 3H 4eHud (2.4) IUid M THUTHOTO MOTOK («( KCOH I7IOp)1 H —®DoK »)
MPUMEPHO M3 TeX Xe coo0p XEeHUH MPOIOIK JICI CIYCTS JecITWIeTHS (CM., H -
npumep, [84]).

9. CympObl 00CYXI BIIMXCH BbIIE p OOT OK 3 JIUCh OOJNBIINEH Y CTHIO HE
OYeHb CU CTIMBBIMHU. P 3ymeeTcs, B TedyeHue p 30up emoro gecaruetns B.A. @ok
OImyOJTUKOB J1 U Apyrue p OOThI, KOTOpPBIE MOMYIMIN BceoOIee MpH3H HUE: METON
X prpu—®Pok , npoctp HcTBO Dok , MeTon (pyHKIMOH j10B POK , IPENCT Bie-
Hue Pok , cummerpud ToM Bojopod 10 Doxy, yp BHeHue up K B IIPOCTP H-
ctBe Pum H u ap. Ho MMEHHO MO3TOMY MMEeT CMBICI BCIIOMHHTH O p 0OT X,
BOILICIIINX B OOMXON COBpEeMEHHOU (PU3UKH, HO YTP THBIIHX, €CIIH MOXHO T K
BBID 3UTHCS, «POIOBOE HUMSI».

10. Ho x Xe ¢ XOpoIIO W3BECTHBIMU p OOT MH HPOHUCXOMIT yIUBHUTEIHHbIC
Bemu. [lorcTHHE HEKIOTHYECK s UCTOPUS CBA3 H ¢ K JiOpoBkoit @ok . OH
HEOJHOKDP THO MEPEOTKPHIB JI Chb U K XIBIA P 3 MOJY4Y JT HOBOE WM.

IIsunrep B cBoeii kaure ([85], ¢.342) 0 71 ee mompobHOE WU3NOXKEHHUE, HE CO-
cn Bumch H Dok . B npenucioBun oH otmetun: «IIpu H MUC HUM KHHUIU S HE
CT P JIC A B Th IO XOLY U3IOXEHUS ... MCTOPUYECKHE KOMMEHT PUU CO CChUI-
K MU H TO, KTO, YTO M KOTH CJeJ JI MepBbiM». [Jid 3TOro MOMUMO MPUYUHBI
JINYHOTO CBOWCTB «... UMeeTcd W Oojiee BeCK s MPHYMH . ... €CJIH Obl p 3BUTHE
HOBOT'O MOAXOJl COMPOBOXJ JIOCh MOCTOSHHBIMU CCBUTK MU H T P T, KOTOPBIi
MPEAToN T eTCd YCT PEeBIINM, 3TO CIUIIKOM P cceuB JI0 Obl BHEM Hue».(!). Ilo-
ciie 3Toro K JuOpoBK  (6.1) cT 1 uMeHOB Thesd K mOpoBkoit @oxk —IIIBuHTEp
[86], IBunarep —®Pok u 1 ke K Jubposkoi [IIsunrep ([87], c.115). I nee, B
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p Gote [88] oH (purypupyer moja UMeHeM «K JTMOPOBKU (PUKCHPOB HHOH TOUKH»,

B cT The [48] ycnosue (6.1) npu x¢p = 0 H 3bIB JIOCh «K JMOpoBKOi Ily HK -
pe». OmH Ko OH ObUT NEpeoTKpHIT emie p Hplie B CT Thix [89,90], T Kk 4ro
B 0030pe [91] nMeHyeTcd «MyJIbTHUIONSPHONH K JMHOpPOBKOM», p 6oThl [89,90]
KB JH(UIUPYIOTCA K K IMHOHEPCKUeE.

BripoueMm, 0Xu Th CIp BEVIUBOCTH B BOIIPOC X NPHOPUTETOB U CBSI3 HHOI C
HUMH TEPMHHOJIOTHH (T.€. C OOLICNPUHATHIM NPU3H HUEM DTHUX MPUOPHUTETOB) —
IIeN0, MOo-BUAMMOMY, Oe3H gexHoe. H 1o mom r Tb, 3TH MpoOsIeMsl CyIIeCTBOB JIN
Beern . P cck 3bB 10T cnenywoowyto uctoputo. K x mspectHo, U.bepuymnu yuun
M pku3 [JlonuT jd McuMcieHno 6ECKOHEYHO M JIbIX. B 4 CTHOCTH, OH OTKpBUI
eMy IIp BWJIO p 3pELICHUs HeolnpeaeaeHHOCTel. JIOMUT JIb MOJeTUIICS CBOMMH 3H -
HUSMU C IPYTUMH M TeM THK MM, [TOCJIE€ YEero 3TO NP BUIIO CT JIU CBA3BIB Th C €T0
umeHeM («rp Bwio Jlomut ng»). BepHymmu 661 HemoBoeH. OH p 30CT JI IACHM
B KOTOPBIX YK 3bIB J H CBOH NPHOPUTET M OTMEY JI, YTO 3TO HE SAWHCTBEHHBIN
crocob penieHus 3 A 4, YTO eMy U3BECTHO €Ile U JIpyroe np BHIIO, K KOBOE OH H
BOCIIPOM3BOAWJI H CTP HHIl X CBOHMX IIOCT HHUU. B pe3ynpT Te 3T0 HOBOE Ip BUIIO
CT JIU IMEHOB Th «BTOPBIM IIp BWJIOM JIOMHUT JIs».

ABTOop mryboko 61 rox pen B.B.Hecrepenko m B.®D.OcurioBy 3 1eHHbIE
3 M€Y HUS.
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NMHEPUWANBHBLIE CUCTEMbI M OBLLNI NPUHLMN

OTHOCUTEJIbHOCTWN B TEOPUU TATOTEHNA
A.A. Jloeynos, M.A. Mecmeupuweunu

NHCTUTYT PU3NKN BLICOKNX 3Hepruii, 142284, r. MpoTBMHO MOCKOBCKOI 0611.

K cmonemuro co Ona poxoenus Kk O0emux
Bn oumup Anexc moposuu @ok

IMonpo6Ho o6cyxna Tcs hyHn MeHT jbHBIe p 60ThI B.A.®oK 10 Teopuu Tsarotenus. ITok 3 Ho,
YTO €r0 OCHOBHBIE (DH3UYECKHe HPEICT BICHHS H XONAT OTP XEHHE B PeIATHBUCTCKOH TEODHHU P BHU-
T LIUM, B KOTOPOH Ip BUT LIMOHHOE I10JI€, K K M BCE APYyrHe IOJis, P CCM TPUB €TCS B IPOCTP HCTBE
MUHKOBCKOTO.

The fundamental works by V.A.Fock on gravitation theory are discussed in detail. It is also
shown that his basic physical ideas are represented in the relativistic theory of gravitation where the
gravitational field is treated in Minkowski space as any other fields.

B H crosuiem 0630pe MbI XOTesH Obl OTI Th JI Hb [IyOOKOTO YB XEHHs KpPYII-
HellneMy ydeHOMy — K JeMuky B.A.MDoky, BHeciieMy BbLI IOLIMICS BKJI I B
TEOPETHYECKYI0 U M TeM THYECKYI0 (PU3UKYy. MBI OCT HOBHMCS TOIBKO H p 6o-
T X B.A.®oK 10 Teopuu TArOTEHH U TOYHO BOCIIPOM3BE/IEM €r0 OCHOBHBIE OJIO0-
KEHHs Y BBIBOIbI O H WOOJIee MPUHIMITK JIbHBIM MPOOIEM M TEOPUH TIATOTEHHS,
B CO3]l HME KOTOPOil OH BHEC HeoLeHUMBIH BKI 1. B.A.@ok cTpeMusnics p CKpbITh
(husnyeckue NpencT BIEHUS O TATOTEHHH, CKPBITBIE ITOJ, MOKPOBOM (hOPM JIBHO-

6cTp KTHOTO T p T 0061mei Teopun otHocuTeabHOCTH (OTO). DTO emy B 3H -
YUTENBHON CTENEHH Y[ JIOCh, OOH KO IPH 3TOM OH BBIIIEN 3 IpeJesibl dUHIITEH-
HOBCKOU OOIlell TeOpUH OTHOCUTEIBHOCTH. B.A.DOK CUUT 1 HEOOXOMUMBIM (ISt
OCTPOBHBIX CUCTEM) K cUCTeMe Yp BHeHMH ['Minbbepr —DiiHIuTeiH 100 BUTSH ele
I PMOHUYECKHE YCIIOBUS B JIeK PTOBBIX (I JIMIEEBBIX) KOOPIUH T X. BBeneHue ne-
K PTOBBIX KOOPIUH T (0 KTHYECKH O3H Y JIO BBEJIEHHE B TEOPUIO TATOTEHHS HHEP-
LM JIbHBIX CHCTEM KOOPAWH T, 9TO M 0OecHeyrB JI0 OCOMIOTHBIA X P KTep yCKO-
penud. Crtporo roops, OTO DitHmTedtH u Teopus Tiarotenuss B.A.®ok —
P 3IMYHBIE TEOPHU. DTO OOCTOATENHCTBO 0c000 oTMeu J1 JI.MHbenba, KoTopslit
muc J: «Tem ¢ MbiM i oK BBIOOP I' PMOHUYECKOTO KOOPAWH THOTO YCJIOBHS
CT HOBHTCS HEKOTOPBIM (DyHI MEHT JIbHBIM 3 KOHOM IPUPOJBI, U3MEHAIOIUM C M
X p KTep 3HHIITEHHOBCKOW OOIIE TeOpHHn OTHOCHTEIBHOCTH W HPEBP I IOIIUM
ee B TEOPUIO TP BUT LIMOHHOTO MOJS, CIP BEAIMBYI TOJBKO B HMHEPLH JIBHBIX
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CHCTEM X KOOpAMH T». OfH KO H C MOM JieJie BBEIEHHE WHEPIH JIbHBIX CUCTEM
KOOPAMH T B TEOPHUIO TATOTEHHS C HEOOXOAUMOCTHIO TpeOyeT KOPEeHHOTO OTXOH OT
BCEil KOHIEIINH OOIIei TEeOPHUH OTHOCHUTEIbHOCTH. HO H 3TOM MBI OCT HOBHMCS
mo3gaee. OOp TUMcs Temeph HemocpencTBeHHO K p 6ot M [1] u [2]. Ipexne
BCEr0 OCT HOBMMCS H TIPHHLMIIE OTHOCHTEJIBHOCTH, 0€3 MOHUM HHUSI CYTH KOTO-
POro HEBO3MOXKHO OCMBICTIHTD, YTO T UTCS 3 CIIOB MU «OOII SI OTHOCHTEITBHOCTh>.
B.A.@ok 1 11 npesienpHO SCHYI0 (OPMYTUPOBKY IPUHIMIT OTHOCUTEIbHOCTH. T K,
oH muc 1 ([1], c. 242): «¥Ycm Hosum menepy, umo NoHUM emca 6 Gopmyau-
POGKe NPUHYUN  OMHOCUMENbHOCIU NOO D GHOND Guem cucmem omcuem . [ee
cucmemvt omcuem (x) u (') MOKHO H 36 Mb QuUIUHECKU P 6HOND GHbLMIU, €CAU
6 HUX AGJICHUA NPOMEK 10m OOUH K08biM 00p 30m. Ilocneonee o3u 4 em, umo
ecau 803MOKEH NPOYECC, ONUCHIE eMblil 8 KOOPOUH M X T QYHKYUAMU

©1(2), 02(2) v on (), (49.%03)

MO GO3MONKEH U OPY20il NPOYECC, KOMOPbIli ONUCHE emcA 6 koopoun m x (')
memu e ¢ MblMU GYHKYUAMU

01(x"), 2 (T ) e on (), (49.704)

u 06p muo, ecakomy npoyeccy euo (49.04) 6o eémopoii cucmeme coomeem-
cmeyem 603Moxknwlit npoyecc eud  (49.%03) ¢ nepeoui cucmeme». W n nee oH
NOMYEPKHYNT: «T Kum 06p 30M, NPUHYUN OMHOCUMENbHOCIU eChib YMEepKOeHUe
0 CYWecmeos HUuu COOMEENCMEEHHbIX NPOYECCO8 6 CUCHEM X OmcHem onpeode-
JIEHHO20 KJI CC , K KOGble CUCIEMbL NPU3H HOMCA @ DIMOM CJIY4 € P 6HOND GHbIMU.
H3 smoeo onpedenenua ACHO, 4mMo K K C Mblii NPUHYUN OMHOCUMENLHOCIU, M K
U D GHOND GUe O8YX CUCIEM OMCHYem , NPeOCm 6JIAIM NOHAMUA Qu3uuecKue, u
ymeepskoeHue, umo mo u Opyzoe umeem Mecmo, 3 Kawu em  cebe onpeoesieHHy
Qusuueckyro eunomesy, He AGNAEMCA NPOCMO YCIOEHBIM».

H 43pke Teopuu MONS NPHHIUN OTHOCHTEILHOCTH MOXKHO cOpMyIHpO-
B Th T K: YP BHEHHUS MOJIF, ONNCHIB H0IIHe (PpU3HIECKHe MPOIECChl, AOJKHBI
ObITb ()OPMHUHB PU HTHBI OTHOCHTEJIHHO IPeodp 30B HuUil JlopeHI oT oxHOI
I' JIATIEEBO CHCTEMbI KOOPIUH T T K JPYIOi cHcTeMe T’

HNmeHHO T Koe SCHOe MOHMM HHue (PU3NYECKOM CYTU NMPUHIMII OTHOCHUTENb-
HOCTH H SBWIOCH W1 B.A.OK HUCXOOHBIM MOIIOXEHHEM I KPUTHYECKOT0 H -
JIN3 TIOHATHUS «OOIIel OTHOCHUTEIbHOCTH». B aToii cBa3u oH muc 1 ([1], c. 17):
«Tepmun «obwy A meopua OMHOCUMENLHOCU» UNU «OOUWUIL NPUHYUN OMHOCU-
meavHoCmu»  ynompebaiemca (npexoe 6cez0 ¢ MuM DUHWMEUHOM) ewe U 6
CMbICIe YCIIOBHO20 H UMEHO8 HUA ONA Meopuu mA2omeHuA. Yke OCHO6H A D -
o6om Dinwmetin no meopuu mazomenua (1916 2.) 03 an enen «OcHo8bL 00-
el meopuyu OMHOCUMENbHOCMU». Dmo euje Oonbule 3 NYMble em 0eNo, M K K K
C06 M «O0WUIl» U <OMHOCUMEbHBIIL» NPUO emCA 30eChb HEeCBOUCMEEHHbII UM
cmoicn. T K, NOCKONBLKY 6 meopuu mA20MmeHus NPOCmp HCMEO Npeonon 2 emca
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HEOOHOPOOHBIM, — OMHOCUMENbHOCMb C6A3 H € OOHOPOOHOCMIbIO, MO 6bIX00UM,
umo 6 obueli Mmeopuu OMHOCUMESILHOCIU Hem, 6000ue 2060pPA, HUK KOU OMHOCU-
MeJbHOCMU».

W o nmee on ormeu a1 ([1], c. 244): «Ilockoavky H ubo LU A GOZMOKH A
OOHOPOOHOCMb GbIP K emcA npeobp 306 Huamu Jlopeuy , 6onee obue2o npuH-
YUn OMHOCUMENbHOCMU, YeM NMOM, KOMOPUIL P CCM MPU8 emca 6 00biuHOU me-
opuu omHocumesbHocmu, Ovims He moxkem. Tem 6onee He moxem Ovimb 00uje2o
NPUHYUN  OMHOCUMEAbHOCIUY, K K (PU3uuecko20 NpuHyun , KOmopwii umes Obl
MeCmO NO OMHOWLEHUIO K NPOU3BOJIbHLIM cucmem M omcuem . Ymobul yACHUMb
cebe smom ¢ km, HEOOXOOUMO HEMKO P 3AUd Mb MeKOY PU3UHEeCKUM NPUHYU-
NOM, YMEEPKO I0OUWUM CYWEeCME08 HUe COOMBEENCMECHHIX AGNEHULL 8 D 3HbIX CU-
cmem X omcuem , U NPOCMbIM Mpebo6 HUuem Koe pu HMHOCMU YP GHEHULl npu
nepexooe om OOHOU CUCHeMbL omcuem K Opyeoul. ACHo, Ymo u3 npuHyun OmHo-
CUMENbHOCU bIMEK €M KO8 pU HMHOCMb YP 6HEHUll, HO 00p MHOe He umeem
Mecm ! KO8 pU HMHOCMb Oudepenyu JbHbIX YP GHEHUIl 603MOXKH U MO20 , KO-
20 NPUHYUN OMHOCUMENILHOCIU He 6binoaHAemcA». [IyboKoe IOHUM HHE OCHOB
tpuznueckoii Teopuu nossonmwio B.A.Doky cien Th OnHO3H 4HBIH BbIBOA: «O0-
U MPUHIUI OTHOCUTENBHOCTH, K K (pM3uyecKHil MPUHLMII, KOTOPbII HMeJl
ObI MeCTO 0 OTHOIIEHHIO K MPON3BOJLHBIM CHCTEM M OTCYET , HEBO3MOKEH».

Ipyrum ¢yHZ MEHT JIBHBIM BOIPOCOM B TEOPHH TATOTEHHS OBUT BOIPOC O
CYIIECTBOB HMU TMPHUBUIETUPOB HHBIX CUCTeM KoopauH T. Ilo »ToMy moBomy
B.A.®ok nuc 1 ([1], c. 473): «Ilo Diitnwmeiiny, HUK KuUX NPUGUNE2UPOE HHBIX
cucmem KOOpOUH m He Cywecmeyem, U CUCmeM KOOPOUH M OCm emcs Heonpe-
O0eneHHol 00 kKoHY . CMOPOHHUKU 9MOU MOUKU 3PEHUA 603600AM DY Heonpeoe-
JIEHHOCMb 6 OOCMOUHCMBO U YCM MPUE 10m 6 Hell 2JIYOOKUIL CMbIC,  UMEHHO
8blp KEHUE HeKoe20 «00uje20 NPUHYUN OMHOCUMENbHOCIIU», 6 CUNLY He20 U 6CA
meopus DiUHumelH H 36 H UM «obueli meopueil omrocumenvHocmu». C m Kou
MOYKOTUL 3DEHUA Mbl CO2JL CUMBCA HUK K HE MOXKEM».

I nee on otmey et ([1], c. 475): «Mbt HeOOHOKP MHO NOOHEPKUSE AU NPUH-
YUnU JIbHOe 3H UEeHUe CYUeCMmE08 HUA NPUGULE2UPOS HHOU KOOPOUH MHOU CU-
CcrmeMmbl, ONpeoeniemMoll ¢ MOYHOCMbl0 00 npeobp 306 Hua Jlopeny . OHo npo-
Aenaemca u 6 caeoyrwuem. Tonwko npusn 6 e2o, MOKHO 2060pUMb O NP GUJb-
HOCmu 2esuoyeHmpuieckoi cucmemv. Konepruk , ¢ mom xe cmvicie, 6 K KOM
2mo 6bl10 603MOKHO 6 Mex Huke Hwvromon . Henpusu Hue ke npuguieeupoé H-
HbIX KOOPOUH MHBIX CUCTEM §e0em K moll mouke 3PeHUA, C02Jl CHO KOMOpoll 2e-
JuoyeHmpuieck A cucmem Konepnux u ceoyenmpuueck a cucmem Ilmonemes
6yomo 6vl p eHonp 6Hul. T K A mouk 3peHus npomusopeuum O HHOMY 6 8§49
ONPEOeNeHUI P GHOND 6UA CUCMEM OMCHem U Npeocm 6JAEMmcA H M Henp -
eunvroit»  (cM. copmyaber (49.%03) u (49.04) — BrOphHI). BbUIBUT S HIEO
O CYLIECTBOB HUM NPUBWIETHPOB HHBIX CUCTEM KoopauH T, B.A.Dok pykoBoa-
CTBOB JIcSI ITyOOKO# (pr3mdIecKol MHTYUIHMEH, TIOCKOIBKY OH SICHO TOHUM JI, YTO
TOJIBKO B BTOM CITy4 € MOXXHO TOBOPHUTh 00 « OCOJIIOTHOCTH yCKOpeHHs». T K, OH
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muc 11 ([1], c. 499): «IIpedenvrbie unu uHvle YCA08UA, X P Kmepusyrwuue npo-
CMp HCMEO 6 YENOM, COBEPUIEHHO HEOOXOOUMbL,  NOIMOMY U NOHAMUE «YCKO-
PeHle O OMHOWEHUIO K NPOCID HCMEY» COXP HAem 6 MOl Ul UHOU (opme
ceéoll cmvica. Ymo k ¢ emcan p ookc M X , mo oH OCHO H, K K U36€CHO, H
D CCMOMpeHUU 8p U 0We20CA KUOK020 meJl , UMEwe20 Gopmy SANUNcoud , u
Heep W tougeeocs, umerueeo gopmy w p . Il p 00kc 603HUK em 30ecb MOJILKO
6 MOM CNYyH e, eCU CHUM Mbv JUUEHHbIM CMbICSL NOHAMUE «8D UWEeHUA NO Om-
HOWEHUIO K NPpOCMpP HCMEY», mo20 Oelcmeumenvio o6 mea (8p w wuweeca
U Heep W oueeca) npeocm GAANMCA P 6HOND GHLIMU, U Cl HOGUMCA HENOHAM-
HbIM, NOUEeMY OOHO U3 HUX UL POSUOHO, Opyzoe — Hem. Ho n p Ookc ucuesz em,
KOJb CKOPO Mbl NPU3H €M 3 KOHHOCMb NOHAMUA <YCKOPEHUA NO OMHOULEHUI) K
npocmp HCMey».

K x xe B.A.®Pok BeOHp €T MPUBWICTHPOB HHBIE CHCTeMbl KoopauH T? [e-
T JU3HUPYS BBIP XeHue Mt terzop RV ([1], mom. I-35), on H xomuT

1 an;w
W= g T el Ty 1
R 27 Ox>0xP + af 0
3nech
1 orv or#  oghv 1 0
]-"IU.V — _ pmoe voe Z Fa FD - __ - _— [/ vo
2 <g 9zo 9 Pza T Dao ) ’ e 83@‘7( 99°°)
(2)
v 1 VA woaf3 ap  Bopu
Los = 5977 (0agor + O5gax = Oxgap) » 10 =g%g™ T, . (3)

Bce a1 BbIp KE€HHS 3 IMUC HbI B [IPOMU3BOJIBHBIX KOOPAWH T X. Ecnu nmeer mecto
yciaoBue I pMOHUYHOCTH

v 1 8 vo
F:f\/—__g%(\/—_gg ) =0, “)

to '™ =0, cnegoB TeabHO, BBIP XEeHUE Il R*Y CyIIEeCTBEHHO YNpPOIL eTCs:

oL 00
27 Qx2dxP
DTUM ¢ MBIM JOCTUT ercsd, K K muc a1 B.A.®ok ([2], c. 382): «..mo oepom-
HOe NPeuMywecmeo, KOmopoe umeem 2 PMOHUYECK A CUCEeM KOOPOUH M nepeo
écemu Opyeumu. eicmeumenvo, 6 2 PMOHUUECKOU cucmeme KOOpOUH m 6 K -
Kooe U3z 0ecAmu yp 6HeHUll MA20MeHUA 6x00am (K K Mbl yke HEOOHOKD MHO
ommeu Ju) 6mopvle NPOU3EOOHBIE MOALKO OM OOHOU KOMNOHEHMbL (PYHO MeH-
m JbHO20 MEH30p , NpuYeM MU 6Mmopbvle NPOU3EOOHBIE 2DYNNUPYIOMCA 6 BUOe
onep mop I n mbep ». N n nee on ormeu et ([2], c. 382): «IIpu nomowu 2 p-
MOHUHECKOU CUCTEMbl KOOPOUH M 6 YD GHEHUAX MA2OMEHUA 00CmU2 eMCA <P 3-
OeJleHue NePeMEHHbIX» 6 OMHOUWEHUU GblCUUX (M.e. 6MOPbIX) NPOU300HbIX. OHO

+ Tl Ty, (5)
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npeocm 6JiAem H JIO2UK C meM, Komopoe 0ocmuz emca 6 3 0 4 X 3AeKmpoou-
H MUKU nymem 66e0eHUA O0eK PMOGbIX KOMNOHEHM 6eKMOPHO20 nomenyu i . B
0eK pmoebiX KOOPOUH M X U3GECHHble YD 6HEHUA OJIA NOMEHYU JIO8 UMEHOM QU0

1 924y i 1 &
AMi=Ggp —4me Ao Ggp = A, ©
oat oo 7

T kKum 00p 30M, K X00€ U3 BMUX YD GHEHULL COOEPKUM MOJIbKO OOHY KOMNO-
HeHmy Ona nomenyu a . Ho ecau nepeitimu om Oek pmoguix K NPOU3GOJIbHbIM
KPUBOSUHEIHHBIM KOOPOUH M M, MO K KO00€ U3 yP 6HEHUl, CEA3b8 oujee NOMeH-
Yu vl ¢ MOKOM, OyOem yxke coOepx mb, 6000uie 2060pA, HE OOHY,  HECKOJIbKO
KPUBOSUHEHHVIX KOMNOHEHN 8€KMOPHO20 nomeHyu i . P 30enenue nepemenHoix
6 YD GHEHUAX MOXHO, Cle008 MEJbHO, D CCM MPUE mMv K K OOHO U3 CEOUCME
0eK pmoeoil KOOPOUH MHOU cUchmeMbl». YCIOBUE T PMOHMYHOCTHU (4) UMeeT Me-
CTO IUISL Ji0ObIX KOOPOUH MHBIX CUCMeM, U YIIPOIIeHHe TeH3op RMY moctur ercs
B JIIOOBIX IPOU3BOJIBHBIX KOOPOMH T X. [l09TOMY NpOBOAUTH I P JUIETb MEXIY
YCIIOBUEM T' PMOHUYHOCTH U BBHIOOPOM €K PTOBBIX KOOPAWUH T B DJIEKTPOIMH -
MUKe He coBceM Ip BoMepHO. Ho B.A.Dox aen er cienyroluil B XXHBIA 11 I OH
¢ KTUYeCcKH 3 NHCHIB €T YCJIOBHS I' PMOHMUYHOCTA B JE€K PTOBBIX (I JIMJIEEBBIX)
KOOpIMH T X, HECMOTPSl H TO, YTO B PUM HOBOM IIPOCTP HCTBE T KUX KOODPIHM-
H T HeT. T K, H mpumep, oH ocobo otMeu er ([1], c. 296): «...coen em 00HO
3 Meu Hue no onpocy 006 OnpeoeneHuu NPAMOU JUHUYU 6 MeOPUU MALOMEHUA.
K k cneoyem onpedenamv npamyrw: K K JAy4 ceem UMU K K NPAMYIO € MOM
E6KIUOOBOM NPOCMP HCHEe, 8 KOMOPOM O€K PHOGbIMU KOOPOUH M MU CAYKAM
2 PMOHUYeCKUe KOOpOUH mul X1, Ta, x3? H M npeocm enaemca eOUHCMEEHHO
np GUNbHbIM émopoe onpeoenenue». T X B Teopun B.A.DOK BO3HUK IOT je-
K PTOBBI KOOpPIMH Thl. @ KTHYecKH, HesBHO POK MMes 1el0 C MPOCTP HCTBOM
MUHKOBCKOIO B T' JIWIEEBBIX KOOPAUH T X, UMEHHO IO ®TOW MPUYUHE y HEro u
MOSIBWIKMCH [TPUBHIIETUPOB HHbIE CUCTEMbI KOOpAMH T. CyTb ies1 , T KUM 00p 30M,
HE TOJIbKO B I' PMOHUYECKHUX YCJIOBUSIX, HO U B TOM, YTO ®TH YCJIOBUS 3 IHCHIB -
I0TCS B JIeK PTOBbIX (T JIIEEBbIX) KOOPIUH T X:
~

W =0, g =V, ®)
z# — QeK pTOBbI KOOPAMH Thl NPOCTp HCTB MuHKOBCKOro. B T xoii ¢opme atu
YCIIOBHS Helb3sl IPUMEHSTD B CIIy4d € KPUBOJIMHEHHBIX KOOPIUH T, H IpuMep ce-
puueckux. C TOYKHU 3peHHS PpUM HOB IIPOCTP HCTB I PMOHMYECKHE YCJIOBUS HE
00I111eKOB pv HTHBL. B.A.DOK 10 3TOMY MOBOILY MHIIET: «YROMAHYMblE OONOJ-
HUumeJsvHvie Yp 6HeHUuA (UMEIOTCA B BUIY I PMOHUYECKHUE YCIIOBUS — BTOPBI) He
ABNANOMCA 04e8UOHO 00wekos pu Hmuuimu». Ho, T K K Kk B.A.®ok ¢ kThue-
CKM, XOTd M HESIBHO, UMEIN [IeJI0 C MPOCTP HCTBOM MUHKOBCKOTO B JIeK PTOBBIX
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(r nueeBbIX) KOOPAUH T X, CUTY LM MU3MEHAeTCs, U T pMOHMYecKue yciaoBus (8)
MOTYT OBITh TIPEACT BIICHHI B OOIEKOB PU HTHOH popme. JIeHCTBUTEIIBHO, €CITH OT
JIEK PTOBBIX KOOPOMH T MPOCTP HCTB MUHKOBCKOTO HEpPEeHTH K HPOU3BOJIBHBIM
KPUBOJIMHEHHBIM KOOPAUH T M ¥, TO yp BHenue (8) mpunum et (cMm. mom. A.10)
OOIIIEKOB PH HTHBIN BUI:

Dug* = 03" (y) + 745 (1)’ (y) =0 . 9)

3nech 7,3 — cumBoibl Kpucroddens npocrp HeTB MHHKOBCKOIO B KOOPAMH -
T X y. Yp BHeHue (9) MoxHO 3 muc Tb (cM. jon. b.14) u B hopme

Oyt = =259’ (v) (10)
roe yepes [1 0003H 4eH omep Top
1 0 0
_ . ~vo _~ . 11
O o0 0z (g 820) (1)

T kuM oOp 30M, 3 MUCh I PMOHUYECKOTO yCJIOBU (8) B ieK PTOBBIX (T JIMJICEBBIX)
KOOPIOMH T X MPOCTP HCTB MHHKOBCKOIO BTOM THYECKH IPHBOAUT K OOIIEKO-
B DU HTHBIM Yp BHEHUSM B IpocTp HcTBe Munkosckoro B ¢opme (9) wim (10).
Otcron cnenyer, 4To yp BHeHH (9) 4BIAIOTCA HE KOOPOMH THBIMU YCIOBHSMU,
MOJIEBBIMU YP BHEHHSIMHU.

B.A.®0K BHIOHD €T KOOPIMH Thl i, YIOBIETBOPAIOLINE YP BHEHUIO

Oyt =0, (10a)

u TpebyeT, YyTOObl pelIeHHEe ITOr0 yYp BHEHUS YIOBIETBOPSUIO €BKJIMIOBOCTH H
0GECKOHEUHOCTH ¥ HEKOTOPHIM JIOTIOIHUTEIbHBIM YCJIOBUSM. DTHM IyTeM OH ¢ K-
TUYECKM H XOOUT AEK PTOBBI KOOPAMH ThI, AT KOTOPHIX CHUMBOJBI Kpucrod-
et 7,5 BCCLA P BHBI HYIIO, I03TOMY yp BHeHHe (10) cBoaures K yp BHEHHIO
(10a). Ho T Kxue KOOpAMH Thl BO3MOXHBI B IPOCTP HCTBE MHHKOBCKOIO, He
B pUM HOBOM IpocTp HcTBe. MIMeHHO 31ech B.A.(POK HEIBHO UCIIONB30B JI IIPO-
CTp HCTBO MUHKOBCKOrO M BBIILIEN 3 P MKH 9HHIITEHOBCKOi 0OIIedl Teopuu
OTHOCUTEJIBHOCTH.

B ciyd e xpuBOIHHENHHBIX KOOpAHH T cuMBoibl Kpucroddemns v, ; (y) or-
JINYHBI OT HYJIS, IO9TOMY YCIIOBHE I PMOHMYHOCTH YX€ Hellb3d 3 IUC Tb B (hopMe
(8), Heobxomumo 3 muceB Tb B ¢opme (9). B.A.Dox He momyd 7 yp BHEHHI
HU B ¢opme (9), HE B opme (10), mosTOMYy C MO MPOCTP HCTBO MUHKOBCKOTO
MIPUCYTCTBOB JIO B €r0 P CCYXIEHUSX M p cueT X HesgBHO. OH mIena K AeK pTo-
BBIM KOOpIMH T M uepe3 perieHus yp BHeHus (10a), ymoBieTBOpSIOLINE HEKO-
TOPBIM JOIOJHUTEIBHBIM yCIOBHAM. OH CTPEMWICS BBECTU NPUBHIETHPOB HHBIE
CHCTEMBI KOODJIMH T, MOAOOHBIE T€M, K KHE MMEIT MECTO B KJI CCHYECKOH Me-
X HUKE U CIIelH JbHOM TEOPUH OTHOCHTENbHOCTH. IMEHHO TONBKO NP H JINYUU
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T KUX CHCTEM KOODJIHH T U MOXHO TOBOpHUTb 00 OcomotHOCTH ycKopeHus. Co-
BEPIICHHO OYEBHAHO, YTO, OCT B Ch B p MK X OOIIEH TEOPHUH OTHOCHUTEIBHOCTH,
T KHX CHCTEM BBECTH Helb3d. B oOmmiell Teopud OTHOCHUTETBHOCTH YCKOpEHHE,
K K U CKOPOCTb, OTHOCUTEIIbHBI, IIOCKOJIBKY OTCYTCTBYET IOHSTHE CHIIbI TATOTE-
Hug. HmenHo Bce 310 B.A.®oK K K (pu3uK M He XoTen npuHATh. OTCion , B
MPUHIIMIIE, MOXHO OBUIO HPUATH K P CCMOTPSHUIO TP BUT IHOHHOIO IMOJSI K K
¢puzuyeckoro nond tun @ p ges—M KCBeUT B MPOCTP HCTBE MMHKOBCKOTO.
H 3ToM Xe myTr MOXHO OBUTO B TEOPHUHU TATOTSHUS COXpP HUTH (DyHI MEHT JIbHBIE
3 KOHbBl M TEPUM — 3 KOHBI COXP HEHHUSl DHEPIUM-UMIIYJIC M MOMEHT KOJYe-
ctB nBuxkeHus. [IeiT sicg nu B.A.@ok p ccM TpuB Th I'P BUT IIMOHHOE IOJNE B
npoctp HeTBe MuuKoBckoro? Her, T Kyl MbICiab OH He p 3aensil. OH muc j1 o6
atoM ([2], c. 409): «MbL ynomur em 30eco 0 Heil MOJKO 8 CEA3U C H ONI00 eMblM
UHO20 CcMpeMIieHUeM (KOmopo2o Mbl OMHIOO0b He P 30e]iAeM) YAOKUMb Meopuio
MA2OMEHUA 8 P MKU €6KAUOOB020 NPOCMP HCME ».

B p 6ote ([2], c. 409) on or™meu n: «IIpu pewenuu yp @Henuii DitHutmerin
Mbl NOJB306 JAUCH KOOPOUH MHOU CUCEMOU, KOMOPYIO Mbl H 3bl6 JIU 2 DMOHUYE-
CKOU, HO KOMOp A 3 CAYKUE em H 36 HUA uHepyu JvHou». K 1 nee OoH nuier
([2], c. 409): «H M K kemcA, 4mo 603MOXHOCMb 68e0eHUA 6 00ujell meopuu
OMHOCUMENILHOCIU OOHO3H UYHbIM 00p 30M ONPEOeNeHHOU UHePYU JbHOU KOOPOU-
H MHOU CUCEeMbL 3 CAYKUE em Obimy ommeuenHol». Ho, K K Mbl yXe OTMeY JIH,
CyTh JieJl HE CTOJbKO B YCIOBUSIX I' PMOHHYHOCTH, TIpeXJ]e BCEro B TOM, 4YTO
9TH YCJIOBUS 3 THCHIB IOTCS B JIEK PTOBBIX (I' JIMJIEEBBIX) KOOPAUH T X, YTO, IO-
CYIIECTBY, U O3H 4 €T UCMOJIb30B HUE UHEPIM JIbHON CUCTEMBI KOOPOUH T B MpPO-
CTp HCTBE MMHKOBCKOIO, NOCKOJIBKY B PUM HOBOM IIPOCTP HCTBE MHEPLM JIbHOU
CUCTeMbI KOOPOMH T B MPUHIIHAIIC HE MOXET ObITh. B MPOU3BONBHBIX KOOPAWH T X
MPOCTP HCTB MMHKOBCKOTO BO3HHK IOT CHJIBI MHEPLUH, 00513 HHbIC MOSIBJICHUIO
cuMBosioB Kpucroddens fygﬁ(y). B r nuneeBbix KOOpAMH T X cuMBOJbl Kpu-
cTo(pcpernss 0Op I I0TCS B HYJIb M CHJIBI MHEPIMU OTCYTCTBYIOT, yp BHeHue (9)
CBOIOUTCA K YCJIOBHUIO I' pPMOHUYHOCTH (8) B €K PTOBBIX KOOpAMH T X. HIMeHHO
H BTOM OCHOB HUU U MOXHO 4 CTHYHO corl cuthcd ¢ B.A.®okom ([1], c. 306):
«IlpoussonvHole npeobp 306 HUA KOOPOUH M, NOCPEOCMEOM KOMOPbIX 6800AMCA
QPukmueHvle NOAA MALOMEHUA, H DYUL 10M YCJOGUA 2 PMOHUHHOCIU U NPeOeNbHble
yeaogua. Ilodmomy MOXKHO cuum mo, Mo 66€0€HUEC 2 PMOHUHECKUX KOOPOUH M
UCKIOY em ce (PUKMUGHbLE NOJLA MALOMEHUA».

Bo-nepBbix, POU3BOIIbHBIE IPEOOP 30B HUS, K K MbI OK 3 Jiu (cM. gom. A),
MpeBp Ul 0T I PMOHUYECKHE YCIOBHUS B IeK PTOBBIX KOOPOWH T X (8) B 00IIEKO-
B pU HTHbIe Yp BHeHus (9). Bo-BTOpBIX, BBIOOD IeK PTOBBIX KOOPIMH T JIEHCTBH-
TEJIBHO MpeBp 1l eT yp BHeHue (9) B (8), mockonbKy cumBosbl Kpucroddens v, 5
B JICK PTOBBIX KOOPOMH T X p BHBI Hymw. OOp IieHHe B HyJb CUMBOJIOB Kpu-
crodesiss B MpOCTp HCTBE MUHKOBCKOTO AEUCTBUTENBHO YCTP HSAET CUIIbI MHEP-
LUH, T.e. UCKJIIOU €T Bce (pUKTHBHBIE NOJs TaroreHus. [ nee B.A.@ok nuuier
([1], ¢. 475): «T Kum 00p 30M, IPHHIINII OTHOCHTEJIbHOCTH, BBIP K €MBIil mpe-
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00p 30B HuaMu JlopeHI , BO3MOKEH U B HEOXHOPOTHOM IPOCTP HCTBE, OOIIHIA
JKe MPUHLHUI OTHOCHTEIbHOCTH HEBO3MOMKEH». ECIN ocT B ThCI B pUM HOBOM
MpoCcTp HCTBe, B obmiei Teopun otHocutenpHOocTH (OTO) mpyroro mpoctp H-
CTB U HET, TO NEPB f Y CThb YTBEPXKIECHUS MPOTHBOPEUUT P BUIBHOMY BBIBOAY
B.A.@oK , 4TO «6 0bweit meopuu OMHOCUMENLHOCMU HEm, 8000uje 2060pA, HU-
K Kou omHocumensHocmu». Ho eciu NpUHATH BO BHUM HHe, 4TO B.A. Dok ¢ k-
TUYECKH MMeJT JIeJIO C JIeK PTOBBIMU (I JIWIEEBBIMU) KOOPAUH T MM MPOCTP HCTB
MUHKOBCKOIO, TO 3TO YTBEPXIEHHE P BUIBHO, IMOCKOJBKY IIEPEXOf OT OXHOMU
WHEPLH JIbHOW CHCTEMBI K JIPYrod OCYIIECTBISETCS ¢ HOMOIIBI0 Ipeodp 30B HUA
Jlopenny . Ho 3To 03H 4 eT, uTo POK B MOUCK X (PU3NUECKOW HCTHUHBI BbIIIENT
3 mpexpenst OTO. Bcee 10 0c060 SICHO BUOHO B PENISITUBUCTCKOW TEOPHU TP -
BUT 1uM [3]. MBI 1 jee MoK XeM H TIpuUMepe IMOMy4eHHs CTPOroro peuieHus
yp BHEHMI TATOTEHUS JUI1 OJNHOW COCPENOTOYEHHOH M CCBI C M (p KT HCIIONB30-
B HHUs cuMBOJOB Kpuctoddens B npoctp HCTBe MUHKOBCKOTO IpU H MUC HUU
I PMOHUYECKHX YCIOBHI B c(pepUueCKUX KOOPAUH T X.
HuTteps 1 B pum HoBoM mpocTp Hetse ([1], ¢. 279) umeer Bun

1
ds® = 2V32dt? — WdUQ, (12)

rae 5
do? = F2d 1 +p*(dO©? + sin? ©dd?). (13)

Wureps 1 B mpoctp HCTBE MMHKOBCKOTO B chepHYecKHUX KOOpAMH T X Oyner
p BeH

A2 = 2d —dr - (dO? + sin® OdD?). (14)
OTcrof  HENOCPEeICTBEHHO CIENyeT
2 2
Yoo=1, yi1=—1, Y2 =—71, y33=—7 sin’O. (15)
Hcnonp3ays Bblp keHue uid cumBoil  Kpuctogdens B npoctp HeTBe MUHKOBCKOTO
Vo = %v”’(%m + 0 Vo — 0o V) (16)
H XOIUM
Vo = — ’;7 Va3 = — r sin® ©, 7, = M = %;
V2, = —sin©@cos O, 73, = ctg O, a7

BCE OCT JIbHbIe CUMBOJIBI Kpuictoddens p BHBI HyIIO.
H ocuoB Hum (17) yp BHeHue (9) a1 v = 1 OpuHUM eT BUJ

2
d* (%) —2FF, (18)
dr
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IIPU 3TOM MBI SBHO HCIIONB30B U cUMBOJBI Kpucroddens %}Zu- BBend HoBylO
[EPEMEHHYIO

dr=Fdr, (19)

yp BHeHue (18) MOXHO 3 mHC Tb B popMme

d ([ ,dr ‘
il |1 =2 20
d’l‘ <p d?‘) T} ( )

HO ®TO K K P 3 M COBII 1 eT ¢ yp BHeHusimu (57.14) p 6otei B.A.@ox ([1],
c. 280). T kum 06p 30M, Dok ¢p KTHYECKH HCIIONB3YeT MPOCTP HCTBO MUHKOB-
CKOro B cpepuueckux KoopauH T X (14), r pmoHuueckoe yciosue (8) — B
JIeK PTOBBHIX (T JIMJIEEBBIX) KOOPAMH T X MPOCTP HCTB MHHKOBCKOIO.

Ms! nonyunnu yp BHeHHe (20) H ocHoBe yp BHeHus B ¢opme (9), Korn mnpu-
LIJIOCH SIBHO HCTIONIB30B Th CUMBOJBI Kpuctogdens mpoctp HCTB MUHKOBCKOTO
B chepuuecKuX KOOpauH T X. TOT Xe pe3yabT T MOXHO IOJYYHUTh, €CIIU UCIIOJIb-
30B Th yp BHeHUe B popme (10). elcTBUTENBHO, VIS IeK PTOBBIX (I' JIMJIEEBBIX)
KOOPIHMH T «y» cuMBOJBI Kpuctoddemns fyiﬁ (y) BCe p BHBI HYITIO, U Yp BHCHHE
(10) mpuHMM €T BUA

_ L9 (0
- A /—g(z) 0zv g 8z0 )

HNmenno 1 kKoe yp BHeHme ucnonbzyeT B.A.®Pok. Criemyer 0cobo HMOTYEPKHYTH,
YTO OHO BO3HHK €T TOJIBKO B TOM CIIy4 €, KOTJ BCE 735 (y) p BHBI HymO. DTO
obcrosrenbcTBO POKOM He ObUTO OTMeueHO. [IpHHUM S BO BHUM HHE BBIp KEHHs
(12) u (13), H xXomUM

DyA

€2y

2 i o
" ) P2 ) p*sin ©
V=9 = i@, g% =Tmsin®, gl = ————,
7 F
§22 — _Fsne, §53:7Si1’l®. (22)

X
B k uectse z” BbiGepem nepemennbie 20 = y* = ct, 7,0,®. H ocHOB HuH
(22), T KXe NPUHUM $ BO BHUM HHE TO OOCTOSTENHCTBO, 4TO yHKIMHU V, F' u

X
p 3 BUCST TONBKO OT 7, yp BHeHME (21) mpuHUM eT opmy

1 0 [(p*oy 1 o (. oy 1 0%y’
19 (p” .9 . -0. (23
FM(F@? e 90 \""%%0 ) T are a2~ B

BseneM HOBYIO NEpEMEHHYIO 7

Fdr=dr,
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TOrg yp BHeHue (23) MPUHUM €T BUA

a(an_y)+ a<. 8_y>+ OV _ . (a4

o\ or ) "sne 90 " 700 ) T snte 002

ITpsiMoit ozcT HOBKOW MOXHO yOEIUThCA, YTO ClIeNyloInue (DyHKIMH:

yl(;;a@aq)) = 7 (r)sin®cos @ ,
y3(r,0,8) = 7 (r)sinOsin®, (25)
yd(;ﬁaGa@) = ;i (7") cos © N

*
YOOBIETBOPSIOT (24), eciu TONBKO 7 (1) SBJSIETCSl PEIIeHHEM yp BHEHHs

d [ ,dr\ .
ar \"ar | =20
T.e. JUISL T MBI OIIATh npuluid K yp BHeHuto (20). Eciu npu nosnydyeHuu yp BHEHUS
(20) u3 yp BHeHuil (9) MpUXOAUTCS MPIMO HCIIOIB30B Th cUMBONIBI Kpucroddens
IpOCTp HCTB MUHKOBCKOIO, TO IPH H XOXIEHUM 3TUX yp BHEHUI U3 yp BHe-
Huit (10) 3TOT (p KT HECKOJIBKO CKPBIT U HPOSBISAETCS TOIBKO H CT IUU BBIBOA
yp BHeHuit (21).
Hnen B.A.®oK 0 CyIIeCTBOB HHM HMHEPLH JIbHBIX CHCTEM KOOPOHH T, 00

OCOIOTHOCTH YCKOPEHHS «OTHOCHTENIBHO IPOCTP HCTB », O HEOOXOIMMOCTH I10-
CTPOEHUS IOJTHOM CUCTEMBI yp BHEHHMH TEOpUHM TATOTEHHS, O (DOPMHMHB pU HT-
HOCTU Yp BHEHUI TEOPUHM TIATOTEHHsS OTHOCHTEJIbHO IpeoOp 30B HUii JlopeHi
TOYHO pe JU3YITCd B penaruBuctckoil Teopun rp But uun (PTT) [3]. Ilpu mo-
crpoeHuu PTI" K K KJI CCUYECKOW TEOpUU I'P BUT LIMOHHOIO IOJISI Mbl MCXOOUIU
U3 CIEeQyIINX O0mMUX (PU3NUECKUX MpPEeCT BICHHUH, BOCXOIIIIMX K TOYKE 3PEHHs
ITy vk pe. IIpocTp HCTBO-BpeMs OTKpPBIB €TCs IIyT€M M3y4EeHUS CBOMCTB U 3 KOHOB
P 3BUTHS M TepH JIbHOTO Mup . IIpocTp HCTBO-BpeMs, K K HEOThEMIIEM 4 CYII-
HOCTb M TEpUH, OTP X eT oOLIKe CBOWCTB , IpUCyIre ToboMy BUIy M Tepun. T -
KMMH OOIIUMH CBOWICTB MU M TEPUH SIBIISIIOTCS UHTETP JIbHBIE 3 KOHBI COXP HEHHs
9HEPTUM-UMITYJIbC W MOMEHT KOJIHMYECTB HIBUXKEHHUd. VIMEHHO OHM U mpenorpe-
JEJTIIN NCEBIOEBKIINIOBY CTPYKTYpPY IIPOCTP HCTB -BPEMEHU K K YHUBEPC JIBHYIO.
XoT4 TCEBIOEBKIUIOB CTPYKTYp HPOCTP HCTB -BPEMEHHM M OTKPBLI Cb ITyTEM
W3Y4YEeHUs IBUXEHUS M TepHH (OCOOEHHO 3JIEKTPOM THETHU3M ), HO B CHJIY YHUBEp-
C JIbHOCTH M HE3 BHCHMOCTH €€ OT (pOpM M TE€pHU OH MOXET P CCM TPHUB ThCH
6CTp KTHO, B OTpPhIBE OT M TEpUM, K K CBOeoOp 3H s peH , H (poHe KOTOpOW
IPOTEK 10T Bce (PU3MYECKUe ABIEeHUS NpUponsl. IIpyu T KOM IMpeAcT BIEHUU ICEB-
JOEBKJIMIOB CTPYKTYp IPOCTP HCTB -BpeMEHH K K OBl MBICIIEHHO HUMEET MECTO U
B OTCYTCTBHE Bceld M TepuH. T KHUM IIyTeM JOCTHI €TCs OTAeTeHHe OOIIUX CBOMCTB
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M TepHH, H LIEAUINX OTP XEHHE B CTPYKTYype NMPOCTP HCTB -BPEMEHH, OT APYTHX
CBOWCTB, IPUCYIIHX [ HHOMY KOHKPETHOMY BUIY M TEpHU.

YHuBepc s1bHO B3 UMOAEHCTBYOLIME 0N (T KUE, H IPUMEP, K K TATOTEHHE),
UMeloIuecd B MPUPOJE, BCErI MOIYT H WTH OTp XEHUE B CTPYKTYpe IpOCTp H-
CTB -BPEMEHH, HO yXe B BHje 3((eKTHBHOIO IIPOCTP HCTB -BpPEMEHH, 00513 HHOTO
H JIMYUIO J HHOTO YHHBEPC JIBHOTO IOJIS.

Hmenno B PTI acdexkTrBHOE pHM HOBO MPOCTP HCTBO C€O31 eTcsi O ro-
I ps CYyLIECTBOB HHUIO YHUBEPC JBHOIO TP BUT LHOHHOIO IONA B IPOCTP HCTBE
MUHKOBCKOTO.

Ecau npeanonoxXurs, 4To NPOCTP HCTBO-BpPeMsA HCKPUBJIEHO M B OTCYTCTBHE
Bcex (hopmM M Tepum, TO, B MPUHLMIE, HEBO3MOKHO € TOYKH 3peHMA GU3NKH
H WTU NPUYHMHY 3TOil HCKPUBJIEHHOCTH, MIOCKOJIBKY 0€3 M TepuHU HeT U (PU3NKH.

B ocnoBy PTI" nonoxeHo npeanosoXeHue, 4TO UCTOUHUKOM TP BUT LIMOH-
HOTO TOJISL SIBJISIETCA COXP HAIOLIMICA TEH30p ®HEPIUHM-UMITYIIBC BCEH M TEpHH,
BKJIIOY 4 M TIp BUT LUOHHOE mose. I'p BUT HUOHHOE MoOJe, K K U BCE Ipyrue
MOJISI M TE€PHH, P 3BUB €TCS B IPOCTp HCTBe MUHKOBCKOro. I'p BUT IIMOHHOE IT0JIe
06n 1 er ciuH MU 2 1 0, U, 4YTO 0OCOOEHHO CYILIECTBEHHO, OHO UMEET M CCY IOKOSI
mg. PUM HOBO IPOCTP HCTBO BO3HHUK €T K K 3(h(heKTMBHOE NPOCTP HCTBO H3-3
JEUCTBHA TP BUT UUOHHOrO nond. CHIlbl HHEPUUU U TP BUT LMH P 3[EJICHBI: OHU
UMeIOT p 3Hylo npupony. IlomH g cucrem yp BHeHmid PTI oOmekoB pu HTH OT-
HOCHTEJILHO TPOU3BOJIbHBIX KOOPIHMH THHIX IPeoOp 30B HUii U (POPMUHB DU HTH
OTHOCHUTEJIbHO TpeoOp 30B Huit JlopeHn . B aTy cucteMy yp BHEHHI Hemocpei-
CTBEHHO BXOJUT METPUYECKUI TEH30p NPOCTP HCTB MUHKOBCKOro. Yp BHEHUS
(9) gBn410TCA CIEACTBUSAMM yp BHEHUI Ip BUT LUOHHOIO NOJId U Yp BHEHUII IBU-
kenus Bewects . B PTI pe nusyercd npuHuun M X — HUHEpUHM JIbH S CUCTEM
KOOpAUH T ONpenesnseTcs p CIpelesieHueM BELIeCTB U IP BUT LIMOHHOTO IOJIA.
B PTT yckopenue umeer OcCONMOTHBIA cMbIci. [Ipu BeruncieHuu ahpekToB Ip -
BuT 1uu B ConmHeuyHo#l cucteMe B yp BHeHMAX PTT (B r nmieeBbIX KOOPIMH T X
WHEPLH JIbHON CHCTEMbI) MOXKHO NpeHeOpeyb BIMSIHHUEM M CCBI I'P BUTOH , U TOT]
NpUONMXKEHH S CHCTEM yp BHEHHI COBH J €T C CUCTEMOH yp BHEHHH, KOTOPYIO
u3yd 1 B.A.Dok.

Pewr 4 a1y cuctemy yp BHeHHi, POK p 3p OOT J1 M3SIIHBIA U 9(hheKTUBHBIN
METOJl H XOXIEHHUs IMOCTHHIOTOHOBCKOTO MPUOIMXEHHs. DTO CT JIO BO3MOXHBIM
671 rox ps yx yHOMY BBIOOpDY B K YeCTBE HE3 BUCHMOHM IEPEMEHHOI IUIOTHOCTH
TeHsop ¢MY, T KXe HCIONb30B HUK I' PMOHMYECKUX YCIOBHH B JIEK PTOBBIX
KOOpPIMH T X. HIMeHHO B CWiIy 3TUX OOCTOSITENBCTB YPE3BbIY HHO YIPOCTHIICH
BECh BBIYMCIIMTENIBHBIA NPOLIECC, MOCKOJbKY YK€ BO BTOPOM HPHOJIMXEHUU U3
BCEX JECATH KOMIIOHEHT gM” OCT J1 Cb TOJIBKO OAH KOMIIOHEHT goo [3]. T-
KO€ H HIEHHOE TEeXHUYECKOe YIPOUIEHHE, OK 3bIB eTcsd, K K 3T0 BUAHO u3 PTT,
MMeeT 1071 co00i (hU3MIECKYI0 OCHOBY: BO-IIEPBBIX, IEPEMEHH 5 " eCTECTBEHHO
BO3HUK eT npu noctpoeHnu PTT, Bo-BTOpsIX, B mepBoM npubmmkennn no G Bce
KOMIIOHEHTHI g, COOTBETCTBYIOIIHME C(HEPUIECKHU-CUMMETPHYHOMY CT THYECKOMY
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TOJTI0, CO3[l B €MOMY T€JIOM M cChl M, ONpeensitoTcs TONbKO eMHCTBEHHON KOM-
noHentoil tenzop Bemects 100 [3], u unTeps 11 3¢hheKTUBHOIO PUM HOB IIPO-
CTp HCTB MMeeT BHJ

2M 2M
ds®> = ¢? (1— QG)dtQ—(l—i— QG) (dx® + dy? + dz?) .
c2r c2r

BimsiHEE M CCBI TP BUTOH CYIIECTBEHHO, KOIJ P IHYC Tell NpUOIMXK eTcs
K p auycy LB pummnsa . B HemHepu JpHOHM cucTeMe KOOPAMH T IpeHeOper Th
M CCOH Ip BUTOH T KXe€ Heb3d. 3 METUM, YTO J Xe ecld (pOopM JIbHO OIyCTUTb
M CCy I'p BUTOH , TO cucteM yp BHeHuil PTT coBn n er ¢ cucteMoil yp BHEHHUH,
KoTopyto u3yd 1 B.A.DoK, TONBKO B T JIMJIEEBBIX KOOPAMH T X HHEPUH JIbHON
CHUCTEMbI, B JII00OM IPyroi cUcTeMe, H MpUMep HEMHEPIH JIbHOM, OHU YXe CyIle-
CTBEHHO OTJIMY I0TCS. DTO MPOUCXOIUT IIOTOMY, YTO CHcTeM yp BHeHUU DOK He
00IIIeKOB pH HTH , TOrg K K cucrteM yp BHeHuii PTI obmekos pu uTH . PTI
M3MEHSEeT IpecT BiIeHusd 06 sBomonny BeeneHHoI u Kot rice. Beenenne M ccol
TP BUTOH KMeeT MpPUHIMIIM JIbHOE 3H YeHHe JUId J HHOH TEOpUH, MOCKOJBKY
TOJIBKO C €€ BBEJICHHEM BO3MOXKHO IOCTPOEHHE TEOPUH, B KOTOPOH I'P BUT LIUOH-
HOE TI0JIE P CCM TPHB €Tcd K K (PU3UUYECKOE I10JIe B IPOCTP HCTBE MHHKOBCKOTO.
IMTonessle mpencT BiIEHUS ¢ HEOOXOAUMOCTBIO TPEOYIOT BBEAECHHS M CChI TP BUTOH
U, K K crnenctsue, B yp BHeHMsAX PTI' mossiseTcd M METpUUYECKUI TEH30p IIPO-
cTp HCTB MuHKOBCKOro. IMeHHO 3TO OOCTOSITEIbCTBO MO3BOJISIET (PUKCUPOB Th
UHEpIH JIbHYI0O CUCTEMY U TeM C MBIM YCT HOBMTH CBSI3b MHEPLH JIBHOM CHCTEMBI
C p cHpe/ieNieHHeM BeLeCTB U IP BUT LMOHHOTO IO, T.€. pe JIM30B Th IPUHLIUI
M X : MHepuu JIbH S CUCTEM OIpeleNaeTcd p CIpeleseHeM M Tepuu. bes Be-
HIECTB HE MOXET CYLIECTBOB Th Ip BHUT LHOHHOE none. H nuune B yp BHEHHAX
PTI" mMerpuuecKkoro TeH3op HpOCTp HCTB MHUHKOBCKOIO IIO3BOJISET OJHO3H Y-
HBIM 00p 30M BBIMMCIIUTH TP BUT LHOHHBIN addekr. Corn cuo PTI' unepum-
JIbHBIE CHUCTEMBI T K Xe€, K K B CIEIM JIbHOW TEOpPUH OTHOCUTETBHOCTU, UMEIOT

OCOJIOTHBIN CMBICIT.

PTT" Bo3Bp 11 er B (pU3MKY HMHEPLM JIbHbIE CHUCTEMbI KOOPIUH T, KOTOpbBIE
66utH oTBeprayThl OTO, T K K K B 9TOH TEOPUH OHH HE CYIIECTBYIOT. DUHINTEHH B
1955 r. uc 1: «Cywecmeennoe docmuskenue oouell meopuu OMHOCUMENbHOCHU
3 K04 emCcA 6 MOM, 4o OH U306 6Ul QU3UKY Om HeoOX0OUMOCMU 6600UMb
«UHEpYU JIbHYH cucmeMy» (ULl «UHepYU JibHble CUcHmeMbvl»)». VIHepIH JbHBbIE
cuctembl B PTI" BO3HUK 10T U3-3 P CCMOTPEHUS I'P BUT LIMOHHOIO MO K K (-
3M4ECKOro MO, P 3BUB IOHIErocd, K K U BCe JPYrue Mojid M TE€PHH, B IIPOCTP H-
cTBe MuHKOBCKOro. b1 rox ps a3ToMy mosro u co3nt ercs 3(hpeKTHBHOE pUM HOBO
MIPOCTP HCTBO MOJIEBOro MpoucxoxieHus. IIpu T KoM Moaxoje MOJHOCTBIO CO-
Xp HIeTCS NEeCATHIl P METPUYECK § IPYNN JABUXEHHS MPOCTP HCTB -BpeMEHH —
rpymn  Ily HK pe. IMEHHO 1O3TOMY B TEOPUU MMEIOT MECTO 3 KOHBI COXP HEHUS
9HEPTUM-UMITYJIEC , MOMEHT KOJIMYECTB [JBHXXEHUS BEIECTB W IP BUT LIMOHHOIO
nond BMecTe B3AThIX. Crienu JIbH S TEOpUsl OTHOCUTEIBHOCTH TOYHO BBINTOJTHIECTCS
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JUIS BceX (PU3MYECKUX IONed, B TOM 4YMClIe U I Ip BUT LUOHHOrO. ITosTomy
CIIOBO «CHENH JIbH s» MOXKHO OBUTO OBl OMYCTUTh M MHC Th MPOCTO — TEOPHUSI
OTHOCHTEJIBHOCTH, TIOHUM $ IO 9TUM (POPMHUHB PH HTHOCTH Yp BHEHHI OTHOCH-
TelbHO TpeoOp 30B Huil Jlopenn . Bonee oOImero mMpuHIUI OTHOCHTENFHOCTH,
9yeM 3TOT, ObITh He MOXeT. IlepeiiieM Termepb K M3y4SHHUIO DBOMIOIMK BceneHHoi
U KON IIC .

Corn cHo PTT opHOpOAH 1 M M30TpONH 5 BeeneHH 4 SBNgeTcd «IIOCKOW» U
P 3BHUB eTCd LUKJIMYECKH OT HEKOTOPOl M KCHUM JIBHOM IIOTHOCTH A0 MUHUM JIb-
HOH U T.4. 1115 oqHOponHO# u3oTponHoi Beenennoii yp BHeHus PTT B r nuneeBbix
KOOPAWH T X WHEPIH JIbHOW CHUCTEMBI IPUHUM IOT BHI

1 dR\*  8rG w 3R*
—— ) ==—p(r)— = (1 - —=—— +2R° 2
(7)) =T (o) oo
1 d®>R 4rG P 1
EW——T(P%—z)—%(“ﬁ)- @7)
3neck G — rp BUT LMOHH $ NOCTOSIHH s, R — M cuit OHbIA ¢ KTOp,
1 [(myc? 2
= — . 2
YT 12 < h ) (28)

U3 yp BHeHus (26) BMIHO, YTO NPU YMEHbLIEHUH R OTPUIl TEJbHBIA WIEH 55 B
Ip BOH 4 CTH yp BHEHHS p CTEeT 10 OCOJIIOTHOH BElIMYUHE ObICTpee, YeM IUIOT-
HOCTD BEIIECTB I P AW LIUOHHO-IOMHH HTHOH cT guu. Ho, T KK KJieB 14 cTh

yp BHeHMd (20) MOMOXHUTENBH , CK THE JOKHO OCT HOBUTHCA IPU HEKOTOPOM

MUHHM JIbBHOM 3H 4YeHUH R,,i,, OTBEY IOIIEM 3H YEHUIO % = 0. Ilpu ysenuue-

HUM R OTpHI TElbHBIN WIEH w B IIp BOH Y CTH Yp BHEHHS CT HOBUTCS OOIbIIe,
4YeM IUIOTHOCTh BELIECTB H CT AWM JOMHUH HTHOCTH HEPEIATHBUCTCKOM M Te-
puH, MO3TOMY B CWIY IOJIOXKMTENbHOH JIEBOM 4 CTU yp BHEHHUs (26) npousoiiier
OCT HOBK P CIIMPEHHUS NpPH 3H YEeHUH Rp,,x, OTBEY IOIIEM 3H YEHHIO % = 0.
T kuM 00Op 30M, OJHOPOIH $I ¥ W3OTPONH s BceJeHH s p 3BUB €TCS LUKJIH-

YeCKM OT HEKOTOPOM M KCHUM JIbHOM IUIOTHOCTH BEUIECTB JI0 MUHUM JIBHOM Pin,

p BHOH
1 2\ 2
Prmin = (mgc) , (29)

167G h

Mg — M CC TP BUTOH , 3 T€M OIATh JIO M KCUM JIbHOW U T.1. OTCION Clledyer,
YTO HMK KOro BoJbIioro B3peIB , B NpUHLUIE, HE MOIIO ObITh. M3 yp BHeHUA
(26) mpu R >> 1 cnenyert, 4TO INIOTHOCTh BELIECTB BO BceneHHOl p BH

() = pe(r) + — (m902>2 (30)
PT) =P\ T Tera \ T )
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3n1ech p.(T) — KpUTHYECK $1 ITIOTHOCTb, OLPEAEIIsieM 51 [OCTOSTHHOU» X 661 H:

 3H(7) 1 dR

pC(T)_W) (T)ZE i (31)

Bxomsun g B yp BHeHue (26) BenmuuuH Ry, MOXET OBITh BBIP KEH 4Yepe3 M K-
CHM JIBHYIO TUIOTHOCTH BellecTB BO BcenenHoii:

1 (mgc?\’
4 9
R 2

maxo 8p ( h ) ’ (32)

rie £ p BHO

1/3

mgc? 10
h

E=17,4-10" | ——F<—
’ (167G)2 pmax ’

(33)

Pmax — ¢ KTUYECKHU SBISETCS UHTETP JIOM JBIXeHus. M3 yp BHeHuit (26) u (27)
MOXHO TOJIyYUTh BBIP KEHHE JUIS I P MeTp 3 MemieHus Bcenennoit ¢(7). H
COBpPEMEHHOH CT IUHM JOMHH HTHOCTH HEPEJIITHBUCTCKOW M TepUH (I BIICHHE p

P BHO HYIIIO)
1 R 1 1 mgc?\”
q(T):_H2'E:§+4H2( " ) ' (34)

Coornomenue (34) 1 €T BO3MOXHOCTb ONPEENUTh M CCy ID BUTOH 174 IO ABYM
H Omiox eMbiM BenmuuuH M H 1 g. OH OK 3bIB €TCS OTp HUYEH CIIEQyIOIUM
HEp BEHCTBOM [4]:

my < 4,5-10"%r . (35)

H ocuo Hun (30) u (35) BUEHO, YTO COBPEMEHH s IUIOTHOCTh p(T) OMNH3K
K KPUTHUYECKOU IUIOTHOCTU p., ONpEIeNnseMoil «nocTosHHoi» X 661 . Otcion
¢ HeoOXOTUMOCTBIO CJIEOyeT CYIIeCTBOB HHE BO BceleHHOIH OONBINON CKpPBITON
M CCHI «TEMHOH M TEpHUH», YTO COINI CYeTCS C COBPEMEHHBIMH H OIIOI TEIbHBIMU
I HHbIMH. Bpems p crmpenuns BeeneHHOM OT M KCHM JTBHOU TUTOTHOCTH Pyax 1O
MHHHM JIBHOU ppnin OTPENENSeTCS B OCHOBHOM CT JMeil JOMHH HTHOCTU HepeJs-
TUBUCTCKOU M Tepuu U p BHO [5]

2 wh
Tmax = \/; ’ mgC2 : (36)

C rtouku 3penust PTT" xp cHoe cMmelieHne NpoHCXOmuT He u3-3 addexkt [om-
Jiep ,  BCIIEACTBHE M3MEHEHUS Ip BUT LHOHHOIO MOJd BO BPEMEHH, IOCKOJBKY
BEIECTBO BceneHHON MOKOMTCA B MHEpPLU JIBHOM cUcTeMe KOOpauH T. HHep-
LM JIBH S cucTeM BbiedeH ¢ Moii [lpuponoii. Crnenyer T KXe OTMETUTh, 4TO, B
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otiuuue ot OTO, corn cHo PTT rp BUT LIMOHHOE TOJIe HE MOXET CYIIEeCTBOB Tb
6e3 mopoxn fomero ero seuiecTs . [1oj BemecTBoM MMeeTcs B BHAY BCS M TepHd,
3 HCKJIIOYEHHWEM TP BHT LHUOHHOTO ITOJIS.
Iepeitnem x p ccmotpenuto Kot 1c . Corn cHo PTT xomn mic HeBO3MOXeH,
MO3TOMY HE MOTYT CYLIECTBOB Th M «4YepHbIe AbIpbl». CHUTY LKA 31eCh K pAau-
H 7pHO omnyd ercst oT OTO, MOCKOIbKY M3-3 H JIMYMS M CCHI TP BHTOH pelle-
uue yp BHenmuit PTI" B 06 ctm, 6mu3koit x cepe 1B pummmiba , CymecTBEeHHO
orny ercs oT pemeHud LB pummsg . Hnsg ceprudeckKu-CUMMETPUYHOIO CT -
TUYECKOIo TeJT HHTEpB J B 3(P(PEeKTUBHOM PUM HOBOM IPOCTP HCTBE UMEET BUJ

ds® = U(2)dt* — V(2)dz? — 2%(d©? + sin® ©dd?). (37)

Ecnu mepeiiTn B CHHXPOHHYIO CHCTEMYy CBOOOZHO M I IOLIMX IPOOHBIX 4 CTHI,
UMEIOUIMX H OEeCKOHEYHOCTH HYJIEBYIO CKOPOCTh, C IIOMOILBIO ITPeoOp 30B HUI

vi-u)]'? vV
=t dz | ——= R=t dz | ——r 38
r +/z[ - } R K lrrer Y
TO MOJYYUM CJICAYIOIIEEC BbIp KCHUEC 1A UHTEPB JI
ds* = dr?* — (1 — U)dR?* — 22(d©? + sin”? ©dd?) . (39)

P mu neH g CKOPOCTb 4 CTHULBI, IT I IOIIEH BIOJIb p Auyc , p BH

dz 1-U
- Vv @0

Inga coepudyecku-CHMMETPUYHOTO CT THYECKOTo Tel  MeTpuyeckue Koaddu-
LUEHThl PUM HOB MPOCTP HCTB HMMEWT B 001 crH, Onu3koil K cchepe LB pi-
IIWIBI , CAEHYIomui BUy [6]:

U(z) = =22 4 qm?M?, V(z) = ——. 41)
z Z— 24
31ech ¢ — HEKOTOp s MOJOXUTEIbH g mocTosHH . I[logct Bmsasg (41) B (40),
moJTyJaeM
dz 1 zZ— 2Zg

— ~— . (42)
dr VamgM z

Orcrol  0YEBMJIHO, YTO H JIMYME M CCBI ID BUTOH 111, IIPUBOAUT K SBJIEHHUIO OT-
T JIKUB HUS U CTHUI BellecTB OT ccpepsl, 6;u3Koii K chepe LB primwisg . Touk
2 = zg aBngercd Toukoi nopopor . Cdep p mumyc 2z = 24 CT HOBUTCH CHHIYIIAD-
HOM, IPUYEM 3Ty OCOOEHHOCTH Helb3S YCTP HUTH BEIOOPOM CHCTEMbI KOOPAUH T.
ITockonbKy BHEIIHEe pellieHHe HEOOXOIMMO CIIMTh ¢ BHYTPESHHUM pEIIeHHEM, TO



86 JIOT'YHOB A.A., MECTBUPUIIIBUJIU M.A.

9TO O3H Y €T, 4TO chep C p JAUYCOM z = 2, HE MOXET H XOIUThCS BHE BELIECTB .
B npoTuBHOM cilyd € HEBO3MOXKHO OBLIO OBl OCYIIECTBUTH CIINB HHUE PEIICHHMI.

C rtouku 3penuss OTO o6wexTol Gonmbmx M cc (M > 3Mg), ecnu nipu BO-
JIIOLMH OHM HE MOTEePSUTH 3H YUTETIBHYI0 4 CTh M CCBI, 00513 TEJIBHO JHOJIKHBI CT Th
«4epHBIMU TIbIp ME». [Ipu cepruecku-cUMMETPUYHON KKpELWH BEIIeCTB H
«4EPHYIO ABIPY» JIMIIb HEOOJBII 5 4 CTh M CChI IIOKOS IT JI IOIIEro BEIECTB MO-
XKeT MATH H U3ITy4eHHe, IOCKOJIBKY K K1 94 CTHLl BELIECTB , T A 5, YHOCHUT BCIO
SHEPIUI0 B «4epHyIo aplpy». C Touku 3peHnst PTI «yepHbIe OpIpbI», B IPUHIHIIE,
HEBO3MOXHBI, II03TOMY OOBEKTHI OONBIINX M CC, BCTpeY IOIIHECs B NMPUPOLE H
H XOIIuecd H 3 KJIIOYMTEIbHOM CT UM 3BOTIOLUH, HE SBJISIOTCS «UE€PHBIMH IbI-
p Mu». BbineneHue sHepruu Npud KKpELMHU BEIIECTB H T KUE OOBEKTHI CBSI3 HO
C I JICHUEM BEIECTB H MOBEPXHOCTbh OOBEKT , T.€. B OTOM CJIyd € ACHCTBYET TOT
K€ MEX HHU3M BbIIEICHHS DHEPTUH, YTO M IPM  KKPELUH BELIECTB H HEHTPOHHYIO
3Be30y. DTO O3H U €T, YTO M NpH C(HEepUIECKU-CUMMETPUYHON KKpPELHH A0JIKHO
OBITh 3H YUTENIPHOE BbIIEIICHHE 3HEpruu. [Ipu 3TOM, KOHEYHO, HEOOXOAUMO YUH-
TBIB Th YMEHbBLICHHE YHOCUMOW BHEPIUU M3-3 KP CHOIO CMEIIEHUs.

CrnenyeT OTMETHTD, YTO MOCKOJBKY 3(h(peKTUBHOE PUM HOBO IPOCTP HCTBO B
PTT Bo3HMK eT H OCHOBE (PpM3MYECKOTO IP BUT LIMOHHOIO MOJISI, KOTOPOE OMHUCHI-
B €Tcsd B IIPOCTP HCTBE MHHKOBCKOIO, TO OTCIO[ CJIELYyeT, YTO OHO MMEET Hpo-
CTYIO TOTIOJIOTHIO U OIIpeJiessieTcs B OOHOU K pre. B Teopuu tsarorenus B.A.dDoxk ,
Il K€ IJI1 OCTPOBHBIX CHUCTeM, (pyHA MEHT JIbH S POJIb YCIOBHS I PMOHUYHOCTH B
JIeK PTOBBIX KOOPOMH T X CKopee ObUT HHTYHUTHUBHO YT 1 H , YeM JIOK 3 H .

Bo-nepBbIX, ycioBUe I' PMOHUYHOCTH BO3HHMKIIO K K TEXHHUECKOE CPEICTBO,
ynpou fomee yp BHeHHsd ['mipbepr —DiiHmTeliH . Ho 3T0 ynporienue poctur -
erTcs B JOOBIX KPHBOJMHEHHBIX KOOPAWH T X PUM HOB THpocTp HCTB . [loyemy
MX HEeoOXOOMMO 3 IMHCHIB Th B JE€K PTOBBIX (I JuiieeBbIX) KoopauH T X? Benp
T KUX KOOPOMH T B PHMM HOBOM HPOCTP HCTBE HET. 3/1eCh IpOSBUI Cb LIy0O-
K 9 ¢usuueck g UHTYyUIMd B.A.DoOK , OCHOB HH S H $SCHOM IOHHM HHH, YTO
yCKOpeHHe OCOIIOTHO, OHO HE MOXET OBITh OTHOCHTENbHBIM. MIMEHHO mosTOMYy
B TeopuH TiaroteHus Pox , Mo Kp HHel Mepe Ul OCTPOBHBIX CHCTEM, BO3HHUKIIN
MPUBUIICTUPOB HHBIE CHUCTEMBI KOOPAMH T, MOJOOHBIE TeM, K KHE MMEIOT MECTO
B CIIeUU JIbHOW Teopuu oTHocuresnbHOCTH. @ kTuuecku B.A.Dok umen peno c
IpOCTP HCTBOM MHHKOBCKOTO B T' JIWJIEEBBIX KOOPAUH T X.

Bo-BTOpBIX, IOUEMy Henb3sl ObUTIO OBI B3ITh BMECTO YCJIOBHHA I' PMOHUYHOCTH
K KHe-nbo Jpyrue ycjloBUS M 3 IMHC Th MX T KXe B €K PTOBBIX KOOPAWH T X?
IToyemy MMEHHO yCIOBHS I PMOHWYHOCTH B JIEK PTOBBIX KOOPAMH T X HpHOOpe-
T 10T B Teopuu TarotreHuss B.A.@ok ¢yHn MeHT jpHyl0 ponb? OHH Beap He
ABJAI0TCS CICACTBUAMH NPUHLUUI H MMEHBIIEro IeiCTBHA, OHU NMPHUBHOCATCS CO
cTopoHsl. HMeHHO mosToMy POK HE CYUHUT J1 I PMOHHYECKHE YCJIOBUS YHHUBEp-
¢ apHBIMH. OH 0c000 OTMEY JI, YTO «2 PMOHUHECKUe KOOPOUH Mibl CYUYeCmEyiom
He 0aa Jbbix p cnpedenenuti M cc». Bee a1o mposgcusercsa B PTI, roe obmmeko-
B pU HTHBIE yp BHEHUS (9) TOYHO CIEAYIOT U3 MPUHIMI H HUMEHBINEro JeHCTBU
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K K nosesble yp BHeHus. OHHM YHUBEPC JIbHBI M CIIP BEIJIMBBI IS JIIOOOTO p C-
IpefieNIeHNs BEIECTB . B 9TOM UX OTJIMYME OT I' PMOHMYECKUX YCIOBUIA, KOTOpPBIE
B.A.®oK npuMeH TOABKO UII OCTPOBHBIX CHUCTEM. Yp BHEHHs (9) HCKIIIOY IOT
U3 TEH30pPHOIO TP BHUT LMOHHOIO IOJIS MPEACT BieHwst co ciuH mMu 1 u 0/ u ocT B-
JA10T Tpenct BiaeHud co ciuH M 2 U 0. B PTT cusisl MHepUUH U TP BUT LUH
P 3HeieHbl, OHU COBEpIIEHHO P 3HOM mpupoasl. CHIIbI MHEPLUH MOXHO YHHUUYTO-
XUTb BBIOOPOM MHEpLM JIbHOW CHUCTEMBbI KOOPAMH T, TOTI K K I'P BUT LMOHHOE
none K K (pU3NUecKyl pe JIbHOCTh HHUKOTH HENb3sl YHHYTOXUTH BBIOODOM CH-
CTeMbl KOOpIWH T. HM3BecTHOe p BEHCTBO MHEPTHOM U TP BUT LUOHHOUM M CC
ABIAETCS MPSIMBIM CIEACTBUEM IPEANONOXEeHHUs, YTO HUCTOYHUKOM TP BUT LIMOH-
HOTO TIOJNIS SIBJISIETCS COXP HAIOIIMICS TEH30p ®HEPTUH-UMITYJIBC BCEH M TepHH,
BKJIIOY § M TP BUT LIMOHHOE Mojie. IMEHHO Mo3TOMy p BEHCTBO MHEPTHOM W TH-
KEJIOH M CcCc He MOXET SIBIISIThCS PryMEHTOM B IOJIb3y OOILIETo NMPHHIMII OTHO-
CHUTENIbHOCTH, MOCKOJIBKY IPUYUH P BEHCTB M CC COBEpPLIEHHO Apyr 5. P 60THI
B.A.®oKx upe3BBIY WHO COOEPXK TENbHBI, 1 IMEHHO €r0 (PU3MYeCKHe MOTOXEHHS,
KOTOpBIE OH 3 KJI [IBIB J1 B OCHOBY T€OPUH TATOTEHMd, H LILIH MOJTHOE OTp XEHUe
B PTT". OnH KO npH 3TOM NPHUIUIOCH HOMTHOCTBIO OTK 3 ThCs OT KoHUenuuu OTO
U BBECTH IPEACT BJICHHE O IP BUT LIMOHHOM IONE K K (PU3MYECKOM II0JIe THII
® p nea — M kcBelm B npocTtp HeTBe MuHkoBckoro. Ilockonbky B.A.Dok
IPU p 3BUTUU TEOPUU TATOTEHHUS COBEPIIMN PSR NPHHLUUIHK JIBHBIX II TOB, KO-
TOpBIC BBIXOAWIN 3 P MKH SHHINTEHHOBCKOH OOIICH TEOPUU OTHOCHUTEIBHOCTH U
yOTyOsIsIi (PU3UYECKYIO CYTh TEOPHH, Mbl COWIN HEOOXOIMMBIM HEOJHOKP THO, B
K XJIOM CJIy4 € 0CO00 MOTUEPKHYTh 3TH OOCTOSTENBCTB .

ABTOpHI BeIp X 10T 61 rox pHocts C.C.I'eprureiiny u B.A.IleTpoBy 3 IieH-
Hble 00CYXIEHHSI.

JlomonHeHue A

3 mumeM r PMOHHYECKOE YCIIOBUE B ICK PTOBBIX (F HI/IHCGBI)IX) KOOpAUH T X:

W =0, §(x) = V99" (x) . (4.1)

3pech x# — neK pPTOBbI KOOPAUH Thl. B €K pTOBBIX (T JIMJIEEBBIX) KOOPOUH T X
NpocTp HCTB MHHKOBCKOTO

v(x) = dety,, = —1. (A.2)
Corl CHO TEH30pPHOMY 3 KOHY IpeoOp 30B HUSI UMeeM
ozt dx¥  §P(y)

= o . 57 . T(y) ,

4 — IPOU3BOJIbHbIE KOOPIUH TBI.

g (x) (4.3)



88 JIOIT'YHOB A.A., MECTBUPUIIIBUJIN M.A.

3 muiem yp BHenue (A.1) B hopme

dy™ 0" (x)

08" () = Ber oy

JIns o IpHEMIIuX BBIYUCIEHUH npuseseM (popMyJibl

o (y)fﬁ.% i 1 — _ 1 ,y/\(y)
of OyaOyP Ox°’ Oy~ —y(y) TAVI

—(v)
IMoxct Brsist (A.3) B ip Byio 4 c1b (A.4), nonydaem

1 ox¥ 0§~ 1 _ foRting
g + af

9.5 (z) = ——o . 9% _
kg () —(y) 9y Oy° )’ 90y

MHOXuTeNb BTOPOIo WIEH 3 MUIleM B hopme

T T L
dyedyP  Oyo Oxz™ Oy*oy® 8y"%"8 -

IMoxct Bisist 310 BoIp XeHue B (A.6), momydaem

- 1 ozx¥ [ 0g° -
0, (0) = —m— 50 (S +2s(i”) =0,
T.c. UIMeeM ) o
~ v xu ~Qo
9ug"" () (y)=0.

= . D,
V) oy

(A.5)

(A.6)

(A.8)

(A.9)

3nece D, — KOB pU HTH $ MPOM3BOIH 51 B MPOCTP HCTBe MuHKOBCKOro. UT K,
H MH YCT HOBIEHO, YTO IUIOTHOCTh TeH30p §“°(y) B MPOM3BONMBHBIX KOOPIMH T X

1 YIOBJIETBOPSIET OOIIEKOB PH HTHOMY YP BHEHHIO

D,g"" = 8,5 (y) + 145 (»)7* () = 0,

(A.10)

€CITi UCXOIHOe I' pMoHHuYeckoe yciaoBue (A.1) 3 muc HO B JieK PTOBBIX (I JIHiIe-

CBI)IX) KOOpAUH T X Z.

Homonnenne b

3 mumem yp BHeHue (A.10) B HecKombKo japyroil copme. [l 3Toi menu,

WCIIONIB30B B ompejienienue g cumMBoin  Kpucroddens:

v 1 vo
a,@(y) - 59 (80490[3 + 8ﬁgaa - aagaﬁ) )

(B.1)
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H HaeMm

~Q, vo o 1 vo o
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It is shown that Fock’s theory of hydrogen atom gives an example of the nonrelativistic Snyder-
like Quantum Geometry (QG).

ITox 3 HO, 4YTO TeOopust Dok TOM BOAOPOA ABIIAETCS IIPUMEPOM HepeﬂﬂTHBHCTCKOﬁ KB HTOBOU
TEeOMETPHUU CH ﬁﬂepOBCKOFO THUIT .

1. INTRODUCTON

Fock’s theory of hydrogen atom [1] is a very bright landmark in the history
of quantum theory. Many physicists trust that the meaning of this theory is much
more general and important than the explanation of the symmetry of one specific
atomic system though very important one. They believe that its actual meaning
still must be understood, that it contains some “signal from the future”, some
features of the true quantum theory of particle interactions. The search for this
more general sense of [1] can only be based on attempts to develop Fock’s idea
in this or in that way, making “experiments” on it, for example, generalizing it to
the case of the relativistic quantum (field) theory. And attempts to interpret [1]
in a new sense take place indeed. Works based on the historical paper [1] have
permanently appeared since the time it was published in 1935, certifying the faith
of the authors in its more profound destination.

In the present paper an attempt has been made to look at Fock’s approach
from the point of view of Quantum Geometry and noncommutative differential
calculus. This work is a development of the article [9].

There are no grounds to transfer the geometric notions derived from the
macroscopic experience to small (microscopic) distances. From the philosophical
point of view this question has been discussed since ancient times. The term

*This work is partly supported by INTAS grant 93-127
**e-mail: < mirkrQthsunl.jinr.dubna.su >
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2/

' apuepos” has been introduced simultaneously with
smallest, indivisible portion of the space.

The suggestions to consider geometry as a subject of quantization naturally
appeared almost simultaneously with quantum theory itself. So, Quantum Geom-
etry (QG) is as old as quantum theory itself. One of the first QG models was
suggested by H.Snyder [2,3]. In this approach usual commuting position operators
were changed for the noncommuting quantities of a concrete form. W.Pauli [3]
stressed that new Snyder’s coordinate operators could be considered as boosts of
the momentum space of constant curvature (De Sitter or Anti De Sitter momen-
tum space). In other words, the Snyder quantization of space-time is based on
the substitution of the pseudo-Euclidean geometry of the momentum space by the
De Sitter geometry.

To be more exact, actually Snyder didn’t use the connection of his quantum
coordinates with generators of the isometry group of the curved momentum space
(see [3]). The idea to consider the momentum space with non-Euclidean geometry
as a cornerstone of the theory with quantum space-time belongs to Yu.A.Golfand
[5] and was developed by I.LE.Tamm [6] and others [7-12].

Such a change of the geometry of the momentum space leads to the modi-
fication of the procedure of extension of the S matrix off the mass shell [11], i.e.,
to the different dynamical description. In fact, the statement on the geometry of
the momentum space off the mass shell is an additional axiom of quantum field
theory (QFT). Actually in the standard QFT, this axiom is accepted without saying.
In the nonrelativistic theory, the extension off the energy shell on the ground of
Schrodinger equation in the momentum space and Lippmann—Schwinger equation
must be considered.

We can think that some background interaction exists, which modifies the
geometry of the momentum space. See in this connection Ref.8. As we have
stressed above, all other axioms are fulfilled, including the standard translation
invariance. The last means that there are relative coordinates (properly defined)
which are the subjects of quantization [11]. In consequence of the change of the
geometry of the p space, the space-time becomes quantum (noncommutative).

We stress that physical meaning of the geometry and topology of the mo-
mentum space has not obtained clear physical interpretation yet. The space-time
groups considered in QFT as the covariance groups are the isometry groups of
space-time.

It is worth mentioning a series of recent papers [14—-16] where it has been
shown that the curved momentum space and the corresponding Snyder-like quan-
tum space naturally arise when considering the 2+1 model of gravity interacting
with the scalar field. (The canonical momenta belong to the hyperboloid in
four-dimensional projective hyperboloid.)

The explicit character of Snyder’s approach to space-time quantization has
a remarkable consequence: we can define the spectrum of a commutative set

atopos” and denotes the
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of operators constructed from aAcH and other generators of the De Sitter group.
As was shown in [11], the formulation of the generalized causality condition
and QFT in terms of the points of this new numerical quantum space-time is as
comprehensive procedure as it is in the usual QFT with the Minkovskian space-
time. In this approach the structure of the singular field-theoretic functions is
entirely reconstructed as compared to the standard QFT, and the corresponding
perturbation theory is free of ultraviolet divergences.

In the present paper, we shall use Fock’s theory of hydrogen atom symme-
try to show that it is in fact the realization of the picture described above in the
nonrelativistic case: The Coulomb field fulfills the role of the background interac-
tion mentioned above, which provides the non-Euclidean geometry of momentum
space. The modified shifts of the last (which are up to some similarity transfor-
mation the Runge—-Lenz vector’s components) can be considered as nonrelativistic
analogs of Snyder’s coordinates (2).

The paper is organized as follows. In Section 2, we consider Snyder’s
theory. In Section 3, we recall briefly the necessary moments of Fock’s theory
of hydrogen atom. Sections 4, 5 are devoted to the analysis of the spectrum
and matrix elements of unitary irreducible representations of the isometry group
of momentum space and the interpretation of the spectrum as quantum space
(QS) is given. It is shown that the Schrodinger equation in QS is a differential-
difference equation with the increment equal to Bohr’s radius. In Section 6, an
introduction to the noncommutative differential calculus with impact to apply it
to the Schrodinger equation in QS is given. Section 7 contains the theory of the
Schrédinger equation in QS as a noncommutative differential equation in QS. In
the last 8th Section an example of integrable case (g-oscillator) of the generalized
Schrodinger equation is given.

2. SNYDER APPROACH

In this approach the usual quantum mechanical coordinate operators

xy ©w=0,1,2 3, g = diag(l, -1, -1, 1), (1)

= ’Lhw,

i.e., the generators of translations of the Minkovski momentum space, are substi-
. A .

tuted by Snyder quantum coordinates x,,, i.e., the generators of De Sitter boosts:

A 0 0 AA 0 A
Zy= ily (mw pua—pél> ) |:x,u7xl/:| = *Zlg M v, (2)

where [y , the “fundamental length”, indicates the scale at which the effects of

QG become appreciable. A plausible candidate for this role is Planck’s length

l — . /ch
Planck — el
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3. FOCK’S THEORY OF HYDROGEN ATOM

The Schrédinger equation for Hydrogen atom (we limit ourselves with the
case of continuum part of spectrum)

2
Hy(7) = E_H W(T) = Bgh(7) = (7)), 3)
i

n2 2 . .
where E), = g_u’ E, = 517’ in the momentum representation takes the form

- h d3p ]?
(pQ—qQ)W):T/%(Q), 4)
m2a =
v-7
where a is the atomic unit of length (Bohr’s radius)
h2
a=—;. 5)
e

Recall that atomic units of energy, momentum and time are correspondingly

et e? B3
ea:'u}/i—27 77(1:%; Ta = (6)

=

Following V.A.Fock [1] we take into account the non-Euclidean geome-
try of momentum space, naturally arising here. For the continuous part of
the energy spectrum it is pseudo-Euclidean 3-dimensional space of negative
curvature (Lobachevsky space). Introducing 4-dimensional projective momenta
P,(p=0,1,2,3) we have

— —2
- 2q0D P +q¢?
P= —2 3 PO = —2 ) q= 2/'LE ) (7)
P —q? P —q?
2 2
Pi—pP =1, (8)
or inverse relation
— q P 2 213() +1
=17 = . 9
p 1 D 1 )

Equation (8) describes the two-sheet hyperboloid (the upper sheet corresponds
to 1 < Py < 4o00; the lower pole, to —oco < Py < —1).
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It is convenient to use the hyperspherical coordinates

—

P=sinha ﬁ, Py = +cosha,

|1

—
n—=

= (sind cos ¢, sin @ sin ¢, cos 9) . (10)

)

7

The volume element in the Lobachevsky space is

3P

dQp = —
Y

= sinh 2arsin dadfdep. (11)

The distance s(P,P’) of two points of the Lobachevsky space (8) is
given by

P—P)?

coshs(P, P') = |1 — % (12)

In terms of P, equation (4) takes the form

r de/
®,.(P) = o, (P, 13
)= 575 | o () (13)

where 5

@, (P) = (p* — ¢*)*(P), r = —. (14)

q
This equation is manifestly invariant under the group of motions of the
Lobachevsky momentum space which is Lorentz group. The generators of the
Lorentz group boosts
A , 0 0
ni= Mg~ Pigpo
up to some similarity transformation coincide with the additional integrals of
motion of the Coulomb problem, i.e., Runge-Lenz invariants. From the other
side their similarity to Snyder coordinates (2) is evident.

15)

4. WAVE FUNCTIONS AND DIFFERENTIAL-DIFFERENCE
SCHRODINGER EQUATION IN QUANTUM SPACE

As was shown by V.A Fock [1] the solutions of the Schrodinger equation in
momentum space (13) are the eigen-functions of the Laplace-Beltrami operator
on the Lobachevsky space (8), or the Casimir operator of the Lorentz group:

-2 1 =2 r°
(x —ﬁ L >@T(P) = <1+ E) (I)T(P), (16)
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where E is the vector of angular momentum operators. The solutions of (16) are
the matrix elements of unitary irreducible (infinite dimensional) representations
of the Lorentz group. For the principal series of unitary representations of the
Lorentz group the parameter r runs over the interval

0<r<oo (17)

which coincides with the physically admissible region of variation (see (14)).
From the other side the interval (17) is the range of variation of the relative
distance in the three-dimensional Euclidean space. Taking these properties of r
into account we interpret the parameter r as the relative distance in the quantum
space [8, 10].

Let us consider the quantities

11—z
1—i%

@,(P) =<7 |P>= Py~ P, , (18)

where )
r=rn., n, =1 (19)
Expression (18) from the one hand is the solution of the equation (16),
from the other hand it is the generating function for the radial solutions of the
Schrédinger equation in the momentum space (13). The expression (18) plays the
role of the plane wave in quantum r space. The radial solutions of the Schrodinger
equation in the momentum space can be obtained from the expansion in spherical
harmonics:

co m=l
<T|P>= 47rz Z b <pla><n|lm><lm|n>  (20)
=0 m=-—1

where p is the dimensionless parameter:

,
p=- (21)
a
and
<lym|n>=<l,m|0,¢ >=Yy,(n), <n|l,m>=Y:(n). (22)

The functions < p,l | a > are the radial wave functions of the Coulomb
problem in the momentum space. They can be obtained also as the Fourier trans-
forms of the radial solutions in configurational space. We present the different

: . . —1-3
representations of < p,! | & > in terms of Legendre functions P (cosha) :
2

, m Tlp+l+1) -1
l = (—i)! P % (cosh 23
<plla>=C0 oqma Taprn L Cosha), (23
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the Gegenbauer functions Cf:qu (cosha) :

<pl|a>=

. +1 .
N 7T sinha\ "2 T(204+2)T(ip—1) ;41
=0\ T5mha < 2 ) RS CIY_ (cosha), (24)

and hypergeometric function 2 F} («, 3;7; 2) :

. I+ .
<ol s (i)t | (e TE_Dlprlt))
’ 2sinha \ 2 T(ip+ 1)L+ 2)

(25)

X2l <iP+l+1aiP+l+1;l+g;sinh2%> =

. +1 .
_ (=i ™ sinha\ "2 T@p+I1+ 1)[ palip—1=1)
\ 2sinha \ 2 L(ip+ 1)L+ 2)

x ol (*ip+l+ 1,1+ 1;2l+2;267asinha) =

(26)

_ 7 _isinhal Tlip+1+41) “
V2 2 L(ip+ 1)I(1+2)

27)

ip+1+1 —ip+1+1 3
X9 Fy (Zp+2+ , Zp—; + ;l+§;—sinh2a).

These different representations are convenient for performing the contraction
limit when we consider in the next section the correspondence with usual (non-
quantum) space limit. The following orthogonality and completeness conditions
for the radial solutions are valid

2 [ d(p—p
—/ sinh?a da < p,l|a><alp,l>= M, (28)
™ Jo P
2 [ 6 (a—of
—/ pPdp <alpl><pl|d >= (.06720(), (29)
T Jo sinh 2«
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and corresponding conditions for the plane waves (18):

]_ L, — — — -
B )3/<7“|P><P|r’> dQP(S(r r’>, (30)
s
]. - — — - g -
@nF )3/<P|7“><’I“|Pl> d5r5<PP’> F. (31)
s

The plane wave in quantum space and its radial part obey the following
equations off the energy shell, i.e., for E, # E, or p # ¢:

€q {cosh <z§) + isinh (zag) — Aiéd’ei% — 1] <?|]3>:

p)  p p p
—Ho<T|P>= Ep <7|P>, 32)
€a [cosh (zg) + i sinh (zg) - Mei% - 1} <pl|a>=
ap) p dp p?
= (ﬁm Ep) <plla>, (33)
where Ep = e, (|Po] —1) = 2e,sinh?§, e, = “n—f is the atomic unit of

energy. The strong argument for the idea that plane wave <?| P> describes the
free motion in the quantum r space is the existence of three more differential-

. A . - = . . . o
difference operators p; for which <7 |P> is the eigenfunction with eigenvalues
equal to the momentum components

A — = —
D;<r|P>=p; <r|P>, (34)

where

A . o A . [cosfcos¢p O sing 0 i
pl—ﬂa{smecosqb(ea Ho) z( p 56 psin@@qﬁ)ea}

A g PR NS cossing & cos¢g O i
Po ﬂa{51n951n¢(e 9 — Ho 7 5 89+psin98¢ e'd

) A ind N
IA73: Mg 4 — CcOs B €% — Ho +i££e‘f>iﬂ (35)
p 00

2
7, = 5~ is the atomic unit of momentum.

It looks now quite natural to make the next step and introduce the interaction
term V (r) into the free differential-difference Schrodinger equation in quantum
space (32). From the usual point of view this corresponds to some perturbations
for the Coulomb potential. We stress that there are even integrable cases for such
differential-difference equations (see [13] and references therein).
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5. CONTRACTION

The important requirement to the theory with curved momentum space is
its correspondence with the usual theory. In the physical regime, when we can
neglect the effects of curvature, all relations must go over into the usual ones.
Let us first analyse this problem in the momentum space (7). The vicinities of
the tops of both poles

Py~ +1 (36)

carry the flat geometry. For these regions we are in the regime when the Inénii—
Wigner contraction [17] is an actual approach. For example Snyder’s quantum
coordinate operators (15) go over into usual coordinate operators (1) in these
regions.

The tops of the hyperboloid (8) are:

Ta

Ph=1lorqg=0,iep> ‘T, (37

p

Ta
P

In classical physics the small p-s correspond to great impact parameters. In
this regime the scattered particle slightly feels the Coulomb field. In the case
of the bound states we must consider the orbits corresponding to big values of
principal quantum number 7. In the contraction limit all finite-difference relations
reduce to standard differential relations of Quantum Mechanics. For example the
differential-difference operators of momentum (35) reduce to usual momentum
operators

Py=—-1o0or qg— oo, t.e. ‘E‘ < (38)

ir P ir P ir P

Py e = —inL et = petR, (39)
al'i

and the plane wave (18) converts to usual exponential function:

iz
1—2%

‘Po— Pn,

<?|E>: exp {f (1 + zg) In (PO— ]3717)} ~
(40)
~ exp{— (1 —|—i£) In (1— Fn_; + . )} ~

—

r o iBz
~expyt— Pn, +-—-p e i .
a
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6. NONCOMMUTATIVE DIFFERENTIAL CALCULUS AND
FINITE-DIFFERENCE DERIVATIVES

We start this section with an historical remark. Referring to the second
Snyder’s paper on quantum space (the second paper of [2]) we invite the reader
to convince that his generalization of Maxwell’s equations for the case of QG is
based, in fact, on a version of the noncommutative differential calculus.

Let us show that the finite-difference Schrédinger equation (33) is natu-
rally described in terms of noncommutative differential calculus [18-23]. This
calculus can be naturally and most easily introduced on a ground of the theory of
differential forms as its deformation. We shall limit ourselves with the differential
calculus over the associative algebra A over R or C. In our case the necessity
to consider an algebra over C follows from the form of the finite-difference
Schrodinger equation, containing shifts by the imaginary quantity ¢a. This is
general property of the finite-difference Schrodinger equation (33) corresponding
to the continuous part of the spectrum of hydrogen atom, requiring to consider the
wave functions in the complex p plane. Finite linear combinations of elements of
A and finite products are again elements of A. The multiplication is associative.
A differential calculus on A is a Z-graded associative algebra over C

QA) =D 50" (4), 1)
r=0

Q) =4, Q (A)={0}vr<o0. (42)

The elements of Q" (A) are called r forms. There exist an exterior derivative
operator d which satisfies the following conditions

d>=0 (43)

and
d(ww') = (dw) W' + (1) wdw’, (44)

where w and w’ are r and ' forms, respectively. A is the commutative algebra
generated by the coordinate functions x*, ¢ = 1,...n. In the standard differential
calculus on usual manifolds differentials commute with functions:

(2", da’] =0, i,j=1,..n (45)

in terms of real coordinates z* . For us it is essential that (45) can be generalized
(deformed) in different ways with (41)—(44) still true. Let us consider in more
detail the deformation of (45) of the form

(2", 27] =0, (46)
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"
[:ci, d:cj} = Zda:kC’ijk,
k=1

(47)

where the C%/}, are (complex) constants which are constrained by the requirement

of a consistent differential calculus.
e Let us apply d to (46) and use (47), this gives

d[z', 27] =—[27, da'] + [2', d 2] =

n n
— -3 deh i+ Y et O =,
k=1 k=1
or
CYy = C".
This means in particular
[Jci, dxj] = [xj, da:i] .

The last relation can be proved directly:

2t do?] = (dat) ¥ — 2¥dat =
[ ] = (da')

=d (xixj — xjxi) +aldxt — 2tde? = [xj, dxi] .
—_———
=0
o Taking the commutator of dz’ with (46) we obtain

[[:ci, d:cj], d:ck]

n n
=z {d:ck:cj + Zda:lC’jkl} — {da:kxi + Zda:lC’ikl} —

=1 =1

—da* (:ci:cj — xj:ci) =

{dmkmi + Z dmmCikm} 2+ Z {da:lxi + Z da:mC“m} cik,—
=1 m=1

m=1

{daxkxj + z”: dmejkm} b — z”: {da:lxj + z”: dmejlm} ck,—

m=1 =1 m=1

(48)

(49)

(50)

(5D

(52)
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n
da* (xi:cj — :cj:ci) = Z dz™ (C’“mcjkl - C’jlmC’ikm) =0,
l,m=1

or
Y O, =) 0 Oy, (53)
=1 =1

using (49) the last equation can also be written in a form
n ) )
> ket =o. (54)
1=1

This means that n matrices C* with entries C**; mutually commute.

e Taking the commutator of 2* with (47) also yields (53) and therefore no
additional conditions.

Acting with d on (47) and using the Leibniz rule (44) we obtain the classical
commutation rule

dz'de’ = —dai da’ (55)

for differentials. The equations obtained by commuting x* through these relations
are identically satisfied.

The Hodge * operator (or duality transformation) for the noncommutative
differential forms is introduced by the standard formula

. . 1 . .
% (da't - - da*) = T D e it da e dat(56)

For convenience we shall make difference between right % and left * Hodge
operators. By definition % acts on the forms of the type

> (da’ - datt f(x)), (57)
% acts on the forms of the type
Z (f(z) dz'™ - - - da'™) (58)

in both cases by the standard formula (56). Action of the operator * on the forms

of the type (58) and action of the operator “ on the forms of the type (57) gives
0. Correspondingly we introduce right and left § operations

5=+ d ¥, o=%d ¥ (59)

Let A be the algebra of all functions on C. In what follows we consider
the one-dimensonal case. It is generated by canonical coordinate function of one



FOCK’S THEORY OF HYDROGEN ATOM 103

variable ¥(p) = p. One of the simplest deformations of the ordinary differential
calculus on A is

T
3 dp, (60)

where ¢ (in dimensional units ia) is the step in the finite-difference Schrodinger
equation. To establish the connection between the noncommutative differen-
tial calculus and finite-difference operations (in Schrodinger eq.) is our goal
here. This is a special case of the commutation structure (47) considered above.
Similar relations are encountered when considering the differential calculus on
the lattice [18-23]. Equation (60) can be rewritten in a form

[dp, p] =

i
dp p = (p+ 5) dp , (61)

which can be generalized to the total algebra A as

dp ¥(p) =9 (p + %) dp . (62)

Then we can introduce the generalized derivatives (left and right) correspond-
ing to our deformed differential calculus. For the left derivative we write

db(p) = (9 v(p) dp. (63)

From Leibniz rule (44) we have

(o) ¢(p) = dp (8 ((p) #(p))) = (A(p)) @lp) +vlp) (dp(p)) =

—

—dp (90(0)) (o) +v(0) dp (9 ¥ ()
(64)
after using (62)

A@w(p) 9(p) = dp (8 %(0) (o) +dp (o +3) (8 ¢(p)) . (63)
Now from the commutativity rule (46)

P(x) p(z) = p(x) P(x) (66)

it follows also that equivalent Leibniz rule is valid

—

A(f(@) g@) = do (8 (f(2) 9(x))) = (dg(@)) (@) + g(x) (df(x)) =

=dz (0 9(@)) f@)+dvg(e+3) (0 /().
(67)
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Equalizing (65) and (67) we obtain

(300) [eo+15) - ol)] = (3 60) [0+ 5 - w(a)] . (69
" avl) el _ const, 69)

(p+5) =) elp+3)—wlp)
where const is the same for any function under differentiation. To calculate this
const we choose

¥(p) = p. (70)
This gives
dp=dp(0p) = (9 ) =1 (71)
and .
const = _9r g (72)
(p+s5)—p i

The ultimate expression for the left partial derivative is

5 o) - P8 vl o

2
The expression for the right derivative 5 1 (p) is obtained in a similar way

and has the form 4
o Y(p) —v(p—3)

9 v(p) = (74)

ol

7. NONCOMMUTATIVE DIFFERENTIAL CALCULUS AND
SCHRODINGER EQUATION IN QUANTUM SPACE

In this section we shall apply the noncommutative differential calculus of
previous section to the Schrodinger equation (33). Let us exclude the first
finite-difference radial derivative” from this equation making a substitution
<plla>

5 .

Recall that similar substitution excludes the first radial derivative in the usual
Schrodinger (differential) equation. Taking into account the following rules for

finite-difference operations sinh (zai) and cosh (zaﬁ)
P P

Yi(p) (75)

o
sinhia—pw(p)so(p) =
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) 0 .0 )
= smhza—pw( )coshza—go( )—l—coshza—pw(p) smhza—pgo(p) (76)

o
coshia—pw(p)so(p) =

= coshigw(p) coshig

d d
25 aps&(p) + Sinhia—pw(p) sinhi—(p) (77)

dp

and relations

coshza—p—*p2+1, smhza—p;* L (78)
we obtain
1) .ol
€q [cosh( 3 ) 1(12%) ZO@P;—l—i—V(P)—EP} Yi(p) =
o 1
= eq [2 sinh 2 ( > ela%; +V(p) — Ep:| bip) = (79

— (o o 5+ Vi)~ Br) walo) =
Let us consider the expression
s (s a+ 5 d)vie) =5 (6 +3)dvip) =5 (¥ d¥d+xd%d)u(p) =

—

_ ; (5+5) (3 v0)) o+ do (3 v10))) =

Do ] _ 0
- (? + ;) Kw(pﬂ') —(p) —Y(p+ %) +(p —
+dp (Wﬂ i) = (p) +(p+ %) —p(p— i))

B .0 w2t 0
= -2 <coshza— — 1> Y(p) = —4sinh 595 U(p).
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Using this result we can define left and right momentum operators in the
form

p=—ihxd, p=—ih%d (81)
and free particle momentum operator
A ]_ — —
p=3(P+7), (82)
where D is not a vector but the right momentum operator! So, the first term in

(79) takes the form

A2

1 , 2
P__2 —2my sinh i9 : (83)
2 2u 20p
The centrifugal term in (79) can be written in the form
(r+1) , 1-21
( + ) ez% — )\ -, (84)
p(p +1) pop
where i
- p
2= +1) <1 — —) : (85)
2mo

Ultimately we obtain the Schrodinger equation in quantum space in terms of
noncommutative differential calculus as
A2
p

Hi(p) = | 5=+

1 —2
2 p

X =+ V(p) | o) = Epthi(p). (86)

8. LINEAR OSCILLATOR = g-OSCILLATOR IN QUANTUM SPACE

From the usual point of view the interaction term V'(p) in the differential-
difference Schrodinger equation (32) corresponds to the perturbed Coulomb po-
tential. Let us consider an example of integrable case for the Schrodinger equation
with interaction. We write the ladder operators

i (%) (p) FH(5)

= o g
Ta COS%

87)

-+ iv2 e*%%)z (Sinhi_ag) e:F%(ﬁ)z

T
COS 5 2 Or
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A
D is the noncommutative differential operator of radial momentum introduced in
previous section, w is the frequency, Ao is a parameter of dimension of length:

no =] (88)
w

The ladder operators (87) obey the deformed commutation relation

[a*, a*] =gqga a’ — q*1a+a* =2 (tf1 — q) , (89)

q
which guarantees the exact solubility of this finite-difference problem, ¢ is a
dimensionless quantity, parameter of deformation, which is expressed in terms of
physical parameters:

2
-2 hw _ wh?

g=e 8 =e dca =g aneT, (90)

We introduce the Hamiltonian

IA{= % {a_,a+}q = % {qa"at +q 'aTa"} 91)

obeying deformed commutation relations with ladder operators
A
[ai, H} =+ (¢ —q?)a*, (92)
qF!

which in fact guarantee the integrability, and obtain the energy spectrum

o1 hw
E, = 2e, (eJe—A”*i) — cosh 4—) . (93)

€a

This integrable case can be easily identified with the well-known ¢ oscillator.
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TOPOLOGICAL EFFECTS IN MEDIUM
A.N.Sissakian, O.Yu.Shevchenko; S.B.Solganik™*
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Developing Fock’s ideas, we consider here the topological effects in the gauge field theory. Two
closely related topological phenomena are studied at finite density and temperature. These are chiral
anomaly and the Chern-Simons term. It occurs that the chiral anomaly doesn’t depend on density
and temperature. The Chern—Simons term appearance in even dimensions is studied under two types
of constraints: chiral and usual charges conservation. In odd dimensions, by using different methods,
it is shown that u2 = m? is the crucial point for Chern-Simons at zero temperature. So when
u? < m?, p influence disappears and we get the usual Chern—Simons term. On the other hand, when
u? > m?2, the Chern—Simons term vanishes because of nonzero density of background fermions. The
connection between parity anomalous Chern—Simons in odd dimension and chiral anomaly in even
dimension is established at arbitrary density and temperature. These results hold in any dimension
both in Abelian and in non-Abelian cases.

P 3BuB 1 ugen Mok , MBI p CCM TPHB €M 3/eCh ToHojorndeckne 3heKTsl B TEOPHH K THOpPO-
BOYHBIX I07Ieil. M3yd I0TCS B TECHO CBSI3 HHBIX TOIOJOTMYECKUX 3(P(PEKT INpU KOHEUHBIX INIOTHOCTU
U TeMIep Type. DTO KUD JIbH s HOM JIMS U YepH-C UMOHOBCKHII uieH. OK 3bIB €TCs, YTO KHUp JIbH o

HOM JIMSl HE 3 BHCHUT OT TE€MIEp TYphl M IUIOTHOCTU. I'eHep 1msd yepH-c HMOHOBCKOTO 4ileH M3yd -
eTcs B YETHOMEPHBIX IIPOCTP HCTB X IIPH ABYX THII X CBs3€H, OTp X IOMUX COXp HEHUE KHUp JIBHOTO
1 OOBIYHOTO 3 PsNOB. B HEYEeTHOMEpHBIX INPOCTP HCTB X MPU MCIHOB30B HUM P 3JIMYHBIX METOLOB
TOK 3bIB eTcd, uTo 2 = m? ABIfeTcs KPUTHYECKOH TOYKOfl I YepH-C IMOHOBCKOIO ujieH —TpH
Hy/esoii Temnep Type. T K, B ciyd e, Korn pu? < m?2, y-3 BUCHMOCTh MCHE3 €T M Mbl TOMTYY eM
06bIuHbIT uepH-c iMoHOBCKHil wien. C Ipyroii cTopomsl, Kory g2 > m?, depH-c HMOHOBCKHIl diieH
ucye3 er O/ rox ps HEHYJIeBOH IUTOTHOCTH (POHOBBIX (DEPMHOHOB. YCT H BIIMB €TCS CBSI3b MEXIY
P- HOM JIbHBIM YepH-C HMOHOBCKMM WIEHOM B HEYETHOMEPHBIX M KUp JIbHOM HOM JIMedl B YeTHO-
MEpHBIX IIPOCTP HCTB X IIPU IPOU3BONBHBIX ILIOTHOCTSX U TeMIlep Type. DTH pe3ylbT Thl HMEIOT CUITY
npu M060I P 3MEPHOCTH K K B GelieBOM, T K U B He GElleBOM CITyd siX.

1. INTRODUCTION

Famous Russian theorist V.A. Fock was one of the first physicists who
realized [1] the whole importance of topological phenomenons both in gauge
field theory and in general relativity (which, as is well known, may also be
viewed as a gauge theory). Namely this interesting subject is the topic of our
review article.

*E-mail: shevch@nusun.jinr.ru
**E-mail: solganik@thsunl.jinr.ru
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There is a lot of physical processes where density and temperature play
essential role. These are processes occurred under large density background, for
example, in quark-gluon plasma or in neutron stars. On the other hand, there exist
processes where even negligible density or temperature may give rise to principal
effects. One of the most interesting areas, where density and temperature influence
could be considerable, is the area of topological effects. Here, even negligible
density or temperature could change the topology of the problem as a whole,
what could lead to considerable influence. In particular, here we are interested
in the Chern—Pontriagin and the Chern—Simons secondary characteristic classes.
That corresponds to chiral anomaly in even dimensions and to Chern—Simons
(parity anomaly) in odd dimensions. Both phenomena are very important in
quantum physics. So, chiral anomalies in quantum field theory have certain direct
applications to the decay of 7 into two photons (79 — <), in the understanding
and solution of the U(1) problem and so on. On the other hand, there are many
effects caused by the Chern—Simons secondary characteristic class. These are, for
example, gauge particles mass appearance in quantum field theory, applications
to condense matter physics such as the fractional quantum Hall effect and high
T, superconductivity, possibility of free of metric tensor theory construction, etc.

It must be emphasized that these two phenomena are closely related. As was
shown (at zero density) in [2—4] the trace identities connect even dimensional
anomaly with the odd dimensional Chern—Simons. The main goal of this article
is to consider these anomalous objects at finite density and temperature.

It was shown [5,6] in a conventional zero density and temperature gauge
theory that the Chern—Simons term is generated in the Eulier—Heisenberg effective
action by quantum corrections. Since the chemical potential term %) is
odd under charge conjugation we can expect that it would contribute to P-
and C'P-nonconserving quantity — the Chern—Simons term. As we will see,
this expectation is completely justified. The zero density approach usually is
a good quantum field approximation when the chemical potential is small as
compared with characteristic energy scale of physical processes. Nevertheless,
for investigation of topological effects it is not the case. As we will see below,
even a small density could lead to principal effects.

In the excellent paper by Niemi [2] it was emphasized that the charge density
at © # 0 becomes nontopological object, i.e., contains both topological part
and nontopological one. The charge density at u # 0 (nontopological, neither
parity odd nor parity even object)* in QQE D3 at finite density was calculated and
exploited in [8]. It must be emphasized that in [8] charge density (calculated in
the constant pure magnetic field) contains as well parity odd part corresponding to

*For abbreviation, speaking about parity invariance properties of local objects, we will keep in
mind symmetries of the corresponding action parts.
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the Chern—Simons term, so as parity even part, which can’t be covariantized and
don’t contribute to the mass of the gauge field. Here we are interested in finite
density and temperature influence on covariant parity odd form in action leading
to the gauge field mass generation — the Chern—Simons topological term. Deep
insight on these phenomena at small densities was done in [2,4]. The result for
the Chern—Simons term coefficient in QFE D3 is

th%ﬁ(m — )+ th%ﬁ(m +u)|,

see [4], formulas (10.18). However, to get this result it was heuristically supposed
that at small densities index theorem could still be used and only odd in energy
part of spectral density is responsible for parity nonconserving effect. Because of
this in [4] it had been stressed that the result holds only for small . However,
as we’ll see below this result holds for any values of chemical potential. Thus,
to obtain trustful result at any values of y one has to use transparent and free of
any restrictions on y procedure, which would allow one to perform calculations
with arbitrary non-Abelian background gauge fields.

It was shown at zero chemical potential in [2,4, 5] that the Chern—Simons
term in odd dimensions is connected with chiral anomaly in even dimensions
by trace identities. As we’ll see below generalization of the trace identity on
nonzero density is not trivial. It connects chiral anomaly with the Chern—Simons
term, which has p- and T-dependent coefficient. We will see below that despite
chemical potential and temperature give rise to a coefficient in front of the Chern—
Simons term [9] they don’t influence chiral anomaly [10,11]. Indeed, anomaly is
a short distance phenomenon, which should not be affected by medium (density
and temperature) effects, or more quantitatively, so as the anomaly has ultraviolet
nature, temperature and chemical potential should not give any ultraviolet effect
since distribution functions decrease exponentially with energy in the
ultraviolet limit.

The paper is organized as follows. In section 2 we briefly discuss the intro-
ducing of the chemical potential, chiral chemical potential and temperature to a
theory. Section 3 is devoted to qualitative consideration of chiral anomaly in 2
and 4 dimensions. The rigorous proof of density and temperature independence
of axial anomaly is presented in section 4. Also, it is shown in 2-dimensional
Schwinger model that chiral anomaly is not influenced not only by chemical po-
tential w, but also by Lagrange multiplier s at the constraint of chiral charge
conservation. Section 5 is concerned to the Chern—Simons term in even dimen-
sions and its reduction to odd dimension in high temperature limit. In section 6
we obtain the Chern—Simons term in 3-dimensional theory at finite density and
temperature by use of a few different methods. In section 7 we evaluate Chern—
Simons term in the presence of nonzero temperature and density in 5-dimensional
theory and generalize this result on arbitrary non-Abelian odd-dimensional theory.
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Nonrelativistic consideration is presented in section 8. In section 9 we generalize
trace identity on arbitrary density of background fermions on the basis of the
previous calculations. Section 10 is devoted to concluding remarks.

2. CHEMICAL POTENTIAL

As is well known, chemical potential can be introduced in a theory as La-
grange multiplier at corresponding conservation laws. In nonrelativistic physics
this is conservation of full number of particles. In relativistic quantum field theory
these are conserving charges. The ground state energy can be obtained by use of
variational principle

(" Hy) = min M
under charge conservation constraint for relativistic equilibrium system

(Y*QY) = const, 2)

where H and Q are Hamiltonian and charge operators. Instead, we can use
method of undetermined Lagrange multipliers and seek absolute minimum of
expression

(W (H — pQ)), 3)

where 1 is Lagrange multiplier. Since  commute with the Hamiltonian, (Q) is
conserved.

On the other hand, we can impose another constraint, which implies chiral
charge conservation

(¢*Q5w> = const, 4)

or in Lagrange approach we have

(¥*(H — kQs5)1) = min, (5)

where x arises as Lagrange multiplier at <Q5> = const constraint. Thus, pu
corresponds to nonvanishing fermion density (number of particles minus number
of antiparticles) in background. Meanwhile, « is responsible for conserving
asymmetry in numbers of left- and right-handed background fermions.

It must be emphasized that the formal addition of a chemical potential in
the theory looks like a simple gauge transformation with the gauge function
ut. However, it doesn’t only shift the time component of a vector potential but
also gives corresponding prescription for handling Green’s function poles. The
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correct introduction of a chemical potential redefines the ground state (Fermi
energy), which leads to a new spinor propagator with the correct e prescription
for poles. So, for the free spinor propagator we have (see, for example, [12,13])

]B—l—m
(Po + i€ sgnpg)? — p2 —m?’

G(pip) = ©)
where p = (po+ 1, p). Thus, when 1 = 0 one at once gets the usual e prescription
because of the positivity of pg sgnpg. In the presence of a background Yang—
Mills field we consequently have for the Green function operator (in Minkovski
space)

N 1

G=(nrTr—m)— - , @)
O = ) e =i + ielo + 1) sgn(0)
where 7, = 7, + 1oy , T = pu — gA, ().
In Euclidian metric one has

ZNZf +m

Gpp) = ———> (8)
W) = T

where p = (pg + i, D).

For temperature introduction we will use a standard Matzubara approach valid
for systems in equilibrium. That is Euclidian generating functional with temper-
ature instead of time, and antiperiodic conditions on fermion fields (0, %) =
—(B, &) and periodic for boson ones A(0,Z) = A(8,Z) . Thus, for transfer to
finite temperature case we will use

B
/deHi/ d:co/dD_I:c,
0

dPk ) Z aP—1k
(2m)D ﬁ (2m)D-1

n=—oo

together with pg — w,, = (2n + 1)7/[. Here, the chemical potential also can be
introduced by adding it to a Matzubara frequency py — w, = (2n+ 1)7/8 + iu.

3. CHIRAL ANOMALY. QUALITATIVE CONSIDERATION

First of all let us consider simple but rather intuitive than rigorous derivation
of axial anomaly [14]. Let us start with 2—dimensional right-handed Weyl fermion
theory coupled to a uniform electric field A; = E in the temporal gauge. The
one component right-handed Weyl equation for g = 1/2(1 + 75)1) reads

ir(z) = (—idy — AY)Yr(z). 9)
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The dispersion law is w(P) = P. Corresponding to the classical equation of a
charged particle in the presence of an electric field where P = e, the acceleration
of the right-handed particles in quantum theory is given by w = P = eFE.
The creation rate of the right-handed particles per unit time and unit length is
determined by a charge of the Fermi surface, which distinguishes the filled and
unfilled states. Let the quantization length be L; the density of states per length
L is L/2m and the rate of change of right-handed particle number N is

Ng = L™Y(L/27)& = (e/27)E. (10)

This particle creation is the axial anomaly. Consequently the chiral charge Qg is
not conserved and Qr = Nr = (e/2m)E. It follows from an analogous reasoning
that the annihilation rate of left-handed particles with the dispersion law w = —P
is

Np = —(e/2n)E. (11
Therefore the anomaly for the Dirac particles is
Np — Np = (e/n)E, (12)
which gives Qs = (¢/n)E.

In 4 dimensions we first calculate the energy levels of the right-handed Weyl
fermion in the presence of the applied uniform magnetic field along the third
direction given by

A =Hz' and A* =0 otherwise.
The solution to the equation for two-component right-handed field ¢ of the form
[(0/0t — (P — eA)o] pr(x) =0 (13)
is expressed in terms of a solution of the auxiliary equation
[i0/0t — (P —eA)o][i0/0t + (P —eA)o] P =0 (14)
as
Yr =[i0/0t+ (P — eA)o] . (15)

From Eq. (14) the energy and the P», P5 eigenfunction satisfies an equation of
the harmonic oscillator type

[—(0/0")? + (eH)?*(z' + P2/eH) + (P5)* + eHo| & = w’®,
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where 0 = £1. The energy levels are given by the Landau levels,

W(”,U,Pg) ==+ [eH(2n+1)+(P3)2+€HO'}1/2, (16)
(n=0,1,2,..)
except for the n = 0 and o = —1 mode, where
w(n=0,0=-1,P) =£Ps. (17)

The eigenfunction takes the form
@, (z) = Nno exp(—iPyx? — i P3x?)
exp [—1/2eH (z1 + Py/eH)?| Hy(z1 + P2 /eH)é(0), (18)

with Nno as the normalization constant. Here {(o) denotes the eigenfunctions

of the Pauli spin o3 which can be taken as £(1) = ((1)) and £(—1) = ((1)) The

solution of (14) is obtained by inserting (18) into (15). This leads to the relations
d)gH_l’U:_l) = (Nn+1,a:71/Nn,0':1) %n,0'=1) , n= O7 ].,
and

PE=07="D =0, with w=—Py.

Thus the energy levels of ¥ are (16) and

w(n=0,0 = —1,P3) = Ps. (19)

Next a uniform electric field is turned on along the third direction parallel to
H. As for the zero mode (n = 0,0 = —1) the dispersion law is the same as that
for 2 dimensions and the creation rate of the particles is calculated in a similar
manner. It should be noted that when E varies adiabatically there is no particle
creation in the n = 0 modes. The density of the state per length L is LeH /4rm?
and the creation rate is given by

Np = LY (LeH/4n*)o(n = 0,0 = —1, P3) = (¢?/4n*)EH, (20)

which equals to Qg.
For the left-handed fermions the annihilation rate of the left-handed particles
is

Ni = —(e*/4n?)EH, (21)

which is Q.
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We then have for the Dirac field
Qs = Qr— QL = (¢*/27°)EH, (22)

that is the chiral anomaly.

Now we can easily estimate influence of background density on the anomaly
in this approach. From the above consideration we can see that the anomaly
is proportional to the time derivative of the zero mode energy. Taking into
account that nonzero fermion density influence just reduces to the shift of the
Landau levels on p which doesn’t depend on time, we can conclude that finite
density doesn’t influence the chiral anomaly. The same arguments are just for
the Lagrange multiplier at the axial charge x, the only difference is that x makes
shift for left- and right-handed fermions with opposite sign. So, until yu (k) is
time independent it won’t affect the chiral anomaly. We would like to stress that
here there was made adiabatic approximation, when we turn on electric field. So,
this consideration is just a plot and it needs a strict proof.

4. CHIRAL ANOMALY AT FINITE TEMPERATURE AND DENSITY

4.1. Two Dimensions. Since anomaly term originates from the ultraviolet
divergent part, it is not expected to be changed by the temperature. Indeed, it
was shown in several papers (see [10] and references therein). Moreover, the
same can be said about the influence of background fermion density that has been
checked in the works [11].

To clear understand the nature of anomaly p independence we’ll first consider
the simplest case — 2-dimensional QED by the use of the Schwinger nonpertur-
bative method [16]. Thus, following Schwinger one writes

JH = —ig tr ['y“G(:c,:E/)exp <ig /iﬂ d{“A;A&))} , (23)

where G(z, :L'I) is a propagator satisfying the following equation
~AH (8;” — igAM(x)) G(z, ac/) =d(x — x/). (24)
Further we use Schwinger’s anzats

’

Gle,a’) = Ga.a) exp [ig(o(x) — 6(a))] 25)

where G(z,2) is a free propagator

/

'y“affGO(m, ) =6(x—2).
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Thus, for ¢ we can write v*0,¢ = v*A,. At finite density Go(x,x/) has the
form

2 ’
GOz,2) = /ﬂ eip(z—a) ‘ 4 =
(2m)? p? +ie(po + 1) sgnpo

d’p ’ 1
- 2 gip(r—z ) —
' @l/ @2 p* +ie

—+00 d —+00 d ) ,
-2 &h —pOQ(fﬁo sgnpo) =T )G
2T 2T

. (26)

—oo —o p? +ie

So, beside the usual zero density part yu—dependent one appears. Further, we have
to regularize current by use of symmetrical limit z — z . After some simple
algebra it is clearly seen that all y—dependent terms after taking off the limit will
disappear. Thus, contribution to the current arises from the Schwinger part only,

SO
2 oAV
JH = Zg_ (5#’/ _ 99 )Au

2m 0?
2 a Qv
9" w_ _pa9%0
Jg = Z% (El — &t 7) Al,, (27)

and we get usual anomaly in chiral current

9 9

J' =0, O,JL = i%EWGMAV = ZE*F (28)
It is natural to introduce Lagrange multiplier « at corresponding constraint
to support the conservation of the Q° charge, i.e., the difference of left and
right fermion densities Q;, — Q. Since x and p are Lagrange multipliers at
corresponding conservation laws they, in principle, have to influence some way a
symmetry violation by a quantum corrections, i.e., anomalies. However, the rather
amazing situation occurs. The demand of chiral charge conservation (instead of
the usual charge conservation) on the quantum level doesn’t influence the chiral
anomaly. Really, in 2-dimensions introduction of Lagrange multiplier « at the
chiral charge conservation gives the term x1)y°v%) = k)7 1) in Lagrangian. So,
 affects in the same way as p, i.e., x doesn’t influence the chiral anomaly (it is
also seen in direct calculations, which are similar to presented above for the case
with p). That could be explained due to ultraviolet nature of the chiral anomaly,

while x (1) doesn’t introduce new divergences in the theory.
From the calculations it is clearly seen the principal difference of the chiral
anomaly and Chern—-Simons. The ultraviolet regulator — P exponent — gives
rise to the anomaly, but (as we’ll see below) doesn’t influence Chern—Simons.
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Thus, it is natural that the anomaly doesn’t depend on u, x, and 7' because it
has ultraviolet regularization nature, while neither density nor temperature does
influence ultraviolet behavior of the theory. The general and clear proof of axial
anomaly temperature independence in any even dimension will be presented in
section 9 on the basis of the trace identities.

4.2. Four Dimensions. In [11] direct calculations of axial anomaly at finite
temperature and density in 4-dimensional gauge theory were performed by using
imaginary and real time formalism by Fujikawa method [15]. Here we present
the derivation of the axial anomaly using the elegant Fujikawa procedure. Con-
sidering a system of fermions and gauge bosons in thermodynamical equilibrium
at temperature 7' = 3! and nonzero chemical potential x in the imaginary time
formalism one reads the generating functional of correlation functions

211y, 0] = / DADDEDYDY

B
exp [/ dT/d3l‘ (L(Z,7) + J,A” +m +vq) | (29)
0

where
L(Z,7)=Ly+Lyy +Le+ Lar

represents the effective Lagrangian density of the SU(N) Yang-Mills field A =
= (AJ) coupled to fermion fields ¢ = (¥2), ¢ = (1%) and to Faddeev—Popov
ghost fields ¢ = (ca), € = (Ca). 1= (12), 7= (7j%) and J = (J}) are external
sources. A{;, J), €a, Cq are periodic in 7 with period 3, while %, b2, ne, Nl
are antiperiodic. Upper latin indices and lower Greek ones indicate flavor and
SU(N) internal (color) indices respectively, and j = 1, ..., N2 — 1, the number of
standard SU (N generators (T7). Ly s and L, are standard Lagrangian densities
for Yang—Mills bosons and ghosts, while L5 describes gauge fixing. On the
other hand, one has

Ny
Ly =Y 0" PF,, —m*)"
a=1

(lower color indices being also implicitly contracted), with N; the number of
flavors,

ZD%# =iDr+ pvo
and
Dr =iV°(0/01 + Ay) — (902" + Ay),

where iA4, = g7 Af) and the Wick rotation has been performed in the imaginary
time formalism (zg — 7 = izg, A9 — Ay = —iAg) so that P becomes
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Hermitian. It is considered a chemical potential u® for each flavor (there is no
flavor mixing).

Following Fujikawa [15] we are interested in the chiral transformation of the
fermion fields:

P — explid(Z, )50, P& — % explid (L, T)7s),

which produces a change in the fermion measure DyYDy — CDyYD1), giving
rise to the anomaly factor in the chiral current conservation law, C, which is
the direct finite temperature and density extension of the zero temperature and
density factor appearing in [15]. The chemical potential term is invariant under
the above chiral transformation. Then the only possible finite temperature and
density effects must be contained in C'. In order to display them, let us expand

VUET) =Y and(F,7) , PUET) =Y badn T (T, 7),

@, by, being elements of the Grassmann algebra. On the other hand, ¢¢(Z,7),
which is antiperiodic in 7, is an eigenfunction of the Hermitian operator I)f. , =
=Pr + v, ie., D%,Hd)z = A @%, (A, being real and color indices being

omitted) and it fulfills
/6 5
/ dT/d5x¢g+¢g = .
0

Moreover, it can be Fourier—expanded as

¢z<f,7>:% 3 / @k e R (R, (30)
j=—o0
o, = W.

Then, the measure DD becomes Hn day, Hm db,,,, and by extending directly
the zero temperature and density calculations [15], one finds

B
C =exp [22/ dT/dB:cé(f, T)a(Z, T)] 3D
0

with

a(@, 1) = ZZ¢Z+(5, T)V5P% (T, 7). (32)
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The finite temperature and density anomaly a(Z, T) can be regularized by extend-
ing again Fujikawa’s trick as

Ny
a(@,7) = lim 3 ¥ ér (@ rsexp [-MTPDF )% dn(@ 1), (33)
a=1 n

and by changing the basis vectors to “plane waves” with (30). We remark that

D%, is equivalent to )7 provided that, in the latter, one replaces A4 by As —ip®.

This replacement leaves F),, invariant (F,, = 0,4, — 9,A, + [A,, A,]): notice

that p is constant and [p®,T7] = 0 for a = 1...N¢, j = 1...N? — 1. One obtains
a(®7) = Ny lim i (35 {71 1Ew}) g

; fM—>oo VsV pv 8M2ﬂ

2 ] P M2
where the trace tr runs over both internal and + matrices indices.
The infinite series on the right-hand side of (34) displays what is, quite likely,
the most important difference between the actual finite temperature and density

case and the zero temperature and density one treated in [15]. We recall the
following formula valid for any M:

o0 2 00 0 0\ 2
% Z exp {M”Tm@nﬂ)ﬂ :[ %exp l (%) ] (35)

; (34)

n=-—o00 o

A simple derivation of (35) can be found in [25].
By using (35) in (34) and taking the trace over the + matrices, we arrive at
the final formula:

N 1
a(@, 1) = —16;2 tr (ae””pAFpAFm,) , (36)

where the trace now runs only over internal indices. We can see that there are
no finite temperature and density corrections to the chiral anomaly, as we have
expected from the previous considerations.

5. CHERN-SIMONS IN EVEN DIMENSIONAL THEORY

It will be natural to introduce in Lagrangian the classical conservation law
— the conservation of the Q° charge, i.e., the difference of left and right fermion
densities Q7 — Qr. Thus the Lagrangian with constraint on )5 has the form

L= é trFF + (z‘é —gA+ z‘m%5) . (37)
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Thus, if we will deal with such a Lagrangian we must get theory in which Q°-
charge is conserved. To get effective action only background field dependent
we have to take over di dv) integration. There are two ways to do it: one can
calculate straight forward by using the perturbation theory and get the effective
action, another one is proper time method. Certainly, we have to take into
account that at high temperatures dimensional reduction takes place. Thus, for
example, vacuum polarization tensor in reduced — 3-dimensional — theory can
be written as

() = (950" — pipy) T (9?) + ieijrp™ 1P (p?) + pip; 1 (%), (38)

The part of the vacuum polarization tensor containing Levi—Chivita tensor
ie;jrp"TI?) (p?) gives rise to the Chern—Simons term.

It is convenient to rewrite Lagrangian in more appropriate form using pro-
jection operators

1 _ . N _ . .
L= aFF+4; (i@ _gA+ i/vyo) V1 + I (z’& —gA- imo) YR, (39)

where we haveused I = P, + P_, =P, — P_, P, = 12—”5, P = 1*—270

So, now we can evaluate J;, and Jgr separately. One can easily see that the
Lagrangian we have got is absolutely analogous to finite temperature and density
Lagrangian with left(right)-handed fermions which was considered in [17] using
perturbative expansion.

Thus we can immediately write the answer for Jy, and Jg currents

K

123 +)—
J| ()

(L/R) —

AW [A], (40)

where W[A] is the Chern—Simons term. And consequently for full current and
chiral current we’ll get correspondingly

JH =0, (41)
Jb = 2%5W[A]. (42)

It is also possible to obtain Chern—Simons at zero temperature for £ # 0 with
clear physical sense (see, for example, [18] where chiral fermions are considered at
finite density and [14] where Weyl particles are considered). In the 2-dimensional
Schwinger model there is chiral anomaly

1
), = = . (43)

It could be derived by using the picture of energy levels crossing, see for example
[14,19]. Here, we will exploit this method for consideration of the Chern—Simons
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term. Thus we will consider the Schwinger model (37) on a ring with periodic
for A,, and antiperiodic for ) boundary conditions

Alx = —L/2,t) = A(x = L/2,t),
(o= —L/2,t) = —p(w = L/2,1) (44)

Thus, fields A and ¢ could be expanded in Fourier modes exp(ikx2m/L) for
bosons and exp(i[k + 1/2]x27 /L) for fermions. The Lagrangian (37) is invariant
under local gauge transformations:

Y — e @t AL A+ 0,a(,t).

It is easily seen that due to local gauge transformations, we can put all modes
of A; to be zero except for the zero-mode. Thus, we can consider A; to be
z-independent. There exists another type of gauge transformations (large gauge
transformations)

where n is an integer number. Nevertheless, this gauge is not periodic, it satisfies
condition (44). Really, da/Ox = const and Oa/0t = 0, thus periodicity of A,
is conserved, the same is also true for 7). So, we can consider the model on
the circle [0,27/L]. Further, we use adiabatic approximation, putting that A
is independent of time (to a slight time dependence we will turn on later), and
that Ap = 0. This adiabatic approximation is quite natural from the physical
point of view, see for example elegant consideration by Shifman [19]. We now
calculate number density of real left(right) fermions ny,z[A;] and fermionic
energy density €7,/ z[A1], assuming that number density ny,/ at Ay = 0 is fixed.
Note that system with fixed ny/r can be prepared by inserting fermions into the
box, which is initially empty.
It is straightforward to calculate the fermionic spectrum at A; # 0,

P
EL/R:%(IMFNCS) . k=0,41,42 ... , (45)
where
1 1
NCS = — Aldx (46)
21

is the Chern—-Simons number in (1+1) dimensions. As the gauge field changes
from zero to some fixed A, [N¢s| levels of left-handed fermions cross zero
from above and the same number of right-handed fermionic levels cross zero
from below. This means that [N¢g| left-handed fermions fill the negative energy
levels in the Dirac sea, see Fig.1, and the same number of right-handed fermions
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leave it. We would like to stress, that in this physical clear picture it is essential
to use the adiabatic approximation. The number densities for left(right)-handed
fermions are

ny/rlAi] =nf g Frnes + O(L™1), (47)
where ncs = Neg/L is the average Chern—Simons density.

E (left) E (right)
A A

S
=

N\
ny

Fig. 1. Behaviour of the left(right)-handed fermionic levels

Note that equation (47) is essentially the integral form of the anomaly equa-
tion (43). The average energy density of real fermions is

NY /2
9 L/R/ T o ) _2
EL/RZE Z Ek=§(ncs$nCs) —I—O(L ) (48)
[Nes]+1

We can introduce chemical potential for left(right)-handed fermions in a
standard way

aEL/R
= 49
HL/R oL (49)
and we obtain
pr/r = T(nL/R F nCs)- (50)

Introducing the standard Legendre transform

Errlin/rs A1l = Erjr F o rNL/r (51)
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we find

AFE = (pr — pr)Nes, (52)

so, for the case when pup = pur = p we’ll get energy unchanged. On the other
hand, for chiral fermions [18] sign of term pur will change and

AFE = —2,LLNcs. (53)

If we impose conservation of the left- and right-handed fermions (with Lagrangian
multiple x) instead of separate conservation of left (right)-fermions, we’ll get

AE = —QKNcs. (54)

Thus, the same result arises both for chiral fermions at finite density, and for
usual fermions under conservation of chiral charge. One should notice that here
there were used two approximations. The first one is time independence of Ay,
the second is adiabatic approximation. Nevertheless, this consideration is valuable
due to construction of clear physical picture of the phenomenon.

The Chern—-Simons term appearance in even dimensional theory could be
shown in simple and clear way. The only thing we need for it is temperature
and density independence of chiral anomaly (see previous sections). From the
definition one has

ol.
Wff = /dD:c(Jg). (55)

Since axial anomaly doesn’t depend on k, effective action contains the term
proportional to anomalous ()5 charge with k as a coefficient. The same is for a
chiral theory, there effective action contains the term proportional to anomalous
@ charge with 1 as a coefficient, see for example [17,18,20]. So, we have

AIeff = —Ii/d$0W[A] (56)
in conventional gauge theory and
AT = —p / dzoW[A] (57)
in the chiral theory. Here W[A] is the Chern—Simons term. Thus we get Chern—
Simons with Lagrange multiplier as a coefficient.
It is well known that at nonzero temperature in 3 — 0 limit the dimensional

reduction effect occurs. So, extra ¢t-dependence of Chern—Simons term in (56)
disappears and Chern—-Simons can be treated as a mass term in 3-dimensional
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theory with ix/T coefficient (the same for chiral theory with p, see [17]). For
anomalous parts of effective action we have

Alsp = —inBWIA] ,  AISGF = —ipBWI[A] (58)

(&

in conventional and chiral gauge theories correspondingly. The only problem
arises in treating Chern—Simons as a mass term is that the coefficient is imaginary,
see discussions on the theme in [17,20]. The other problem is that the coefficient
is not the integer function, see discussions in conclusion. One can notice, that
results (56), (57) and (58) hold in arbitrary even dimension. Let us stress, that
we don’t need any complicated calculations to obtain (56)—(58). The only thing
we need is the knowledge of chiral anomaly independence on u, x, and 3.

This result also can be derived by use of the proper-time method. Chiral
current reads as follows

’7 ].
B — _jgtr |~PAH = —4qgtr |yo4H =
J5 ig r[’w G(:v,:ﬂ)} ig r[’w iﬁ—gAﬁw‘W%}
1
= —ig tr |y* . (59
g r['y iﬁ—g’75/4+70!€} (59)

The propagator has the following form
0
Glaa) = [i9-9° Al (1) [ arU(es'sm), (60)
—00

where U (z, z' 7) is the evolution operator in a proper time. The propagator after
substitution of the evolution operator can be rewritten as

xT 4 ,
Glz,2') = exp <z‘m5 / , d@Aﬂ) / (‘;f; "G p), (61)

where G(p) has the form

. O dr 1 i
G(p) = —md/ —ijz exp(—§ trln [E ch(gFT)] —

~ip(gF) ™" th(gFr)p) [1*7" (th(gF )™ p’~ ¥]
exp (ig75auyF"”r) , (62)

where ay = ¢™%/*/(27)4/2, Substituting expression for the propagator in (59),
we will get for the chiral current

0 .
dr 1 1
Jg = gaq [m m exp (5 trln |:E Ch(gFT):|>
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/ (;lT]; exp (—ip(gF) ™" th(gF7)p) p”

tr [(7“757“ [th(gFT)]" — A*~4*g™) exp (igy‘%awF’“’Tﬂ . (63)
Taking into account that p integration is at finite density and temperature, i.e.,

integral in pg is changed on sum, and extracting the Levi—Chivita tensor containing
part (it is really simple, if one takes traces in covariant form) we obtain

1 92 dr - m »62m2 * 0
JE = S?ﬁ — Z(—l) mexp (i~ sh(Bmek) *FH°. (64)
m=1
To regulate this expression we use dimensional regularization, which can be
expressed in terms of generalized Riemann zeta functions. Also, we take high
temperature limit, i.e., 3 — 0, and finally get
g2

JH = ik *FHO, 65
5 Zli2ﬂ_2 ( )

6. CHERN-SIMONS IN THREE-DIMENSIONAL THEORY

6.1. Constant Magnetic Field. Let us first consider a (2+1)-dimensional
Abelian theory in the external constant magnetic field. We will evaluate fermion
density by performing the direct summation over Landau levels. As a starting
point, we will use the formulae for fermion number at finite density and temper-
ature [2]

- 0(\n)
N = ~3 Z sgn(An) + zn: [exp(*ﬂ(ﬂ —An)) +1 )

n

_ 0(—Xn) } _
exp(_ﬁ()\n - M)) + 1
1 1 —oo 1
=3 Z ths Bl =) = 3 ) sgn(p — An)- (66)

Landau levels in the constant magnetic field have the form [21]

Ao = —msgn(eB) An = £+4/2n|eB| + m?, (67)

where n=1,2, ... It is also necessary to take into account in (66) the degeneracy
of Landau levels. Namely, the number of degenerate states for each Landau level
is |eB|/2m per unit area. Even now we can see that only zero modes (because of
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sgn(eB)) could contribute to the parity odd quantity. So, for zero temperature,
by using the identity

sgn(a — b) + sgn(a +b) = 2 sgn(a)f(|a| — [b]),
one gets for zero modes

eB eB
LB o g -m sem(e) = 2L sanup(lul — m) +

4
L o) senm)d(m] — ), (68)

and for nonzero modes

1|€B| 2 2
3o Z sgn(p — +/2nleB| +m?) + sgn(u + v/2nleB| + m?) =

n=1
o0

B
|e | sen(u Z (l¢] — v/2nleB| +m?).  (69)

Combining contributions of all modes we get for fermion density

oo

_ leB| 2

p= sgn(u);G <|u| —+/2nleB|+m ) +

1]eB] leB B

2 B ol — )+ 32 senm)p(im] — 1) =
_ |eB] p?—m*l 1

==, seu(u) | Int B | T2 0(|ul — |ml) +

+ 2 g — ). 70)
1 seu(m)o(im| — |ul)-

Here we see that zero modes contribute both to parity odd and to parity even
part, while nonzero modes contribute to the parity even part only (note that under
parity transformation B — —B). Thus, fermion density contains both Chern—
Simons part and parity even part. At finite temperature it is also possible to get
Chern—Simons. Substituting zero modes into (66) one gets

leB| 1

N() o

th 6 (u+m sgn(eB))} =

_[eB] sh(p) sh(gm) }
dm | ch(Bu) + cu(Bm) ch(Byr) + ch(Bm)
so, excluding parity odd part, one gets for Chern-Simons at finite temperature
and density
eB sh(Bm) _eB 1

In (B + h(pm) ~ an PTG dpm)

+ sgn(eB) (71)

cs = (72)
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So, the result coincides with the result for Chern—Simons term coefficient by
Niemi and Semenoff [4] obtained for small

thyB0m — ) + thyfm + )
It is obviously the limit to zero temperature. The lack of this method is that it
works only for Abelian and constant field case.

This result at zero temperature can be obtained using the Schwinger proper—
time method. Consider (2+ 1)-dimensional theory in the Abelian case and choose
background field in the form

AP = §xl,F”“, FYF = const.

To obtain the Chern—Simons term in this case, it is necessary to consider the
background current

0Sers

0A,

rather than the effective action itself. This is because the Chern—-Simons term
formally vanishes for such the choice of A* but its variation with respect to A*
produces a nonvanishing current. So, consider

(") =

() = =ig tr [y Gla,a))] 73)
where N
G(ch') = exp (—ig// dCuA”(C)) <a:|é|x'> (74)
Let us rewrite Green function (7) in a more appropriate form
A . 0((po + ) sgn(po)) | O(=(po + 1) sgn(po))
= — . 75
¢=0F m)[ ()2 —m? +ie (@)% —m? — e } (75)

Now, we use the well-known integral representation of denominators

1 o0
— = :Fi/ ds e*tos,
a=£10 0

which corresponds to introducing the “proper—time” s into the calculation of the
Eulier-Heisenberg Lagrangian by the Schwinger method [22]. We obtain

G =i(yi —m) AOO ds[fexp (is [(fm -m +zeD
0((po + 1) sgn(po)) +
+eXp(—i5 ()2 —m? — ie])H( (po + 11) sgn(po )} (76)
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For simplicity, we restrict ourselves only to the magnetic field case, where Ay =
0, [0, ,] = 0. Then we easily can factorize the time dependent part of Green
function

3
G(a:,x)_/d ip(e=a’) —
(2m)3
d? 57— d ) ’
[ g et [, i -

By using the obvious relation

1
(v7)* = (po + 1)* = 7* + 590 I (78)
one gets
’ dpo d2 ~ /Oo
G ;= — d
@)y = =i [ Pz om—m) [ ds
is(pa—m?) —is® JisgaF/2 _ p(_
e e e 0(—(po + 1) sgn(po))
( (is(B5—m?) (—isF? isgoF/2 + eis(B3—m?) gisF? eingF/Q)] . (79)

Here the first term corresponds to the usual p—independent case and there are
two additional u—dependent terms. In the calculation of the current the following
trace arises:

“h%ﬁ—méwﬂﬂ=%WWm@Tw+
vV Ivp *

' F F
+2 sin(g|*F|s)
CJE] "

sin(g[*Fs),

where *F* = e F,5/2 and |*F| = +/B2 — E2. Since we are interested in
calculation of the parity odd part ( Chern—Simons term) it is enough to consider
only terms proportional to the dual strength tensor *F'*. On the other hand the
term 27¥g"* cos (g|*F'|s) at v = 0 (see expression for the trace, we take in mind
that here there is only magnetic field) also gives nonzero contribution to the
current JO [8]

0 |9 | @ —m? 1
<]‘even* 27‘( <I t|: 2|gB| :|+ ) (|M| |m|) (80)

This part of current is parity invariant because under parity B — —B. It is clear
that this parity even object does contribute neither to the parity anomaly nor to
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the mass of the gauge field. Moreover, this term has been obtained [8] in the
pure magnetic background and scalar magnetic field occurs in the argument’s
denominator of the cumbersome function — integer part. So, the parity even
term seems to be “noncovariantizable”, i.e., it can’t be converted in covariant
form in effective action. For a pity, in papers [8] charge density consisting
of both parity odd and parity even parts is dubbed Chern—Simons, what leads to
misunderstanding. The main goal of this article is to explore the parity anomalous
topological Chern—Simons term in the effective action at finite density. So, just
the term proportional to the dual strength tensor *F'* will be considered. The
relevant part of the current reads

2 o] . *
w _ 9 (4 d=p / d 2im*FH -
Vs = = [am [ e [ astm—sin (ol Ply

[ P07 e — g(—(po + 1) sgn(po))
(eis(ﬁgfwﬁ) efisﬁ=2 _ efis(ﬁgfwﬁ) eisﬁ’2)‘| ) (81)

Evaluating integral over spatial momentum we derive
2 +oo 0
woo_ g *T is ﬁ27m2
JCS——47T2mF / dpo/ ds[e(0 ) —
—o00 0

—9«4%s@ﬂpw)(e“@?”*>+-e%“ﬁ-m“m)] (82)

Thus, we have got besides the usual Chern—Simons part [6], also the p—dependent
one. It is easy to calculate it by use of the formula

o is(@®—m? i 1
/ ds e™@ —m7) — 7 (5(392 —m?) + —777)
0

m x2 —m?
and we get eventually

m92

Jos = WE*FH [1—0(=(m + p) sgn(m)) — 0(—(m — p) sgn(m))]
%ﬂﬁﬁ§Wﬂ (83)

Let us now discuss the non-Abelian case. Then A" = T,AF and current
reads )
(JE) = —ig tr [v“TaG(m,x )

’
r—T
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It is well known [6,23] that there exist only two types of the constant background
fields. The first is the ”Abelian” type (it is easy to see that the self—interaction
f abcAf AY disappears under that choice of the background field)

1
Al = g, P, (84)

where 7, is an arbitrary constant vector in the color space, F** = const. The
second is the pure “non-Abelian” type

A" = const. (85)

Here the derivative terms (Abelian part) vanish from the strength tensor and it
contains only the self—interaction part F/ = g f “bCAZLAZ. It is clear that to catch
the Abelian part of the Chern—Simons term we should consider the background
field (84), whereas for the non-Abelian (derivative noncontaining, cubic in A)
part we have to use the case (85).

Calculations in the ”Abelian” case reduces to the previous analysis, except
the trivial adding of the color indices in the formula (83):

2

m g
JHE = ——0(m? — )L FH. 86

In the case (85) all calculations are similar. The only difference is that the origin
of term o, F'*¥ in (78) is not the linearity A in = (as in Abelian case) but the

pure non-Abelian A* = const. Here term o, F'*¥ in (78) becomes quadratic in
A and we have

p_ Mg 209 s o 48
Jh = —6( u)4g tr [T,A*A”] . (87)

¢ Iml a
Combining formulas (86) and (87) and integrating over field A# we obtain even-

tually

m
STPy = W@(m2 — ) TWA], (88)

where W[A] is the Chern—Simons term
92 3, pro 2
W[A] = 8? d’xe tr Ful/Aoc — ggAHAVAa .

It may seem that covariant notation is rather artificial. However, it helps us to
extract the Levi—Chivita tensor containing part of action, i.e., parity anomalous
Chern—Simons term.
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6.2. Arbitrary External Field. One can see that the methods we have
used above for calculation of the Chern—Simons term are noncovariant. Indeed,
both of them use the constant magnetic background. Therefore, here we will use
completely covariant approach, which allows an arbitrary initial field configuration
and non-Abelian fields. We will employ the perturbative expansion at once in the
non-Abelian case.

Let us first consider non-Abelian 3-dimensional gauge theory. The only
graphs whose P-odd parts contribute to the parity anomalous Chern—Simons term
are shown in Fig. 2.

b\j‘ﬁ)\

Q
i~

Fig. 2. Graphs whose P-odd parts contribute to the Chern—Simons term in non-Abelian 3D
gauge theory

Thus, the part of effective action containing the Chern—Simons term looks as

155 =5 [ Ao [ e amn o)

P
% / Ap(w) /p i e A, (p) Aa ()T (p, 1), (89)
where polarization operator and vertices have a standard form
(p) = ¢ /k tr [y"S(p + ks 1)y S (ks )]
e pr) = g¢° /k tr (VS (p + 7+ ks )y S(r + k; )y S (ks p)] 5 (90)

here, under integration we understand

/mz‘lﬁdxo/df and /k%n_ioo/%

First consider the second order term (Fig. 2, graph (a)). It is well known that the
only object giving us the possibility of constructing P- and 7T-odd form in action
is Levi—Chivita tensor*. Thus, we will drop all terms noncontaining Levi—Chivita

*In three dimensions it arises as a trace of three -y matrices (Pauli matrices).
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tensor. Signal for the mass generation ( Chern—Simons term) is II*¥ (p? = 0) # 0.
So we get
" = g? / (7i2me‘“’apa)~;. 1)
X (k2 + m2)2

After some simple algebra one obtains

d2k 1
% = —i2mg2e**p, / =
e Py 55 E

n=-—oo + m2)
. ] 1 1
= —i2mge" pq 3 Z ot e (92)
n=—oo n

where w,, = (2n + 1)7/8 + ip. Performing summation we get

2
g 1
I = j=—el"*p, th . 93
e M) T B T ) ©y
It is easily seen that at § — oo limit we’ll get zero temperature result [9]
2
™ = |m| e pad(m? — 1?). (94)
In the same manner handling the third order contribution (Fig. 2b) one gets
j d2k k:2
Iwve  — _29 Ze,uua Z / m +m ) —
B = (k2 + m2)
= —i2mgierr® / (95)
P e e
and further all calculations are identical to the second order
g° 1
[I*7e = §=—eM"“ th(Bm . 96
47 & )1 + ch(Bu)/ ch(Bm) (96)
Substituting (93), (96) in the effective action (89) we get eventually
1 g° / 3
IS5 = th(Bm = [ d°zet"®
<7t = M) G e 8
2
tr <AM8,,AQ - ggAMAl,Aa) . 97)

Thus, we get Chern—-Simons term with temperature and density dependent
coefficient.
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7. CHERN-SIMONS TERM IN ARBITRARY ODD DIMENSION

Let’s now consider 5-dimensional gauge theory. Here the Levi—Chivita tensor
is 5-dimensional e#**#7 and the relevant graphs are shown in Fig. 3.

R

NN
NN

e

a b c

Fig. 3. Graphs whose P-odd parts contribute to the Chern—-Simons term in non-Abelian
5D theory

The part of effective action containing the Chern—Simons term reads

1 —iz T va
G =5 [ A [ oA A o
T p,r

Ao [ A () A () A 6 )
T p,T

s

1
4
]. —ix r+5
= / Au(2) / e PETEED 4, (p) Ay (r) Ag(s) Ay (s)
x D,
XHuuaﬁ’y (p7 T7 57 q) (98)

All calculations are similar to 3-dimensional case. First consider third order
contribution (Fig. 3a)

e (p,r) = g° / tr [y S(p+ 7+ ku)y" S+ k;p)y* Sk )] (99)
k
Taking into account that trace of five v matrices in 5-dimensions is

v, a3 }:42‘61“/&5/17

tr [y*y"y* PP

we extract the parity odd part of the vertices

51 d'k 1
e — 3° i4 prafo ) — 100
93 n_zoo/ Gy T e (00
or in more transparent way
. —+oo 4
. ) d*k 1
o = idmg3e" ¥ por,— / = =
B n;oo (2m)" (w2 + k2 +m?)3
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i X -1
= idmg3e" P p r.— - 101
idmg’e Par ﬂnzz—oo 6InZ o2 2 (101)
Evaluating summation one comes to
" = i th(fm) ! 9" uwasey, (102)
1+ ch(Bu)/ ch(Bm) 1672 “
In the same way operating graphs (b) and (c) (Fig. 3) one will obtain
1% = i th(fm) ! 9" o (103)
=1 m < 56 So
1+ ch(Bp)/ ch(Bm) 8n2
and
1 g°
IT#72AY = j th(Bm) ehvabo, (104)

1+ ch(Bu)/ ch(Bm) 1672

Substituting (102)—(104) in the effective action (98) we get the final result for
Chern—Simons in 5-dimensional theory

IS5 = th(Bm) ! g / ey
eff 1+ ch(Bu)/ ch(Bm) 4872 J,

3 3
tr (AH(‘LAQaﬁ,A7 + 5940 AV Aads Ay + ggQAHAVAaAgA,y) . (105)

It is remarkable that all parity odd contributions are finite both in 3-dimen-
sional and in 5-dimensional cases. Thus, all values in the effective action are
renormalized in a standard way, i.e., the renormalizations are determined by
conventional (parity even) parts of vertices.

From the above direct calculations it is clearly seen that the chemical potential
and temperature-dependent coefficient is the same for all parity odd parts of
diagrams and doesn’t depend on space dimension. So, the influence of finite
density and temperature on the Chern—Simons term generation is the same in any
odd dimension:

1 B—oo M 2_ 2

T+ ch(Bp)/ ch(@my " AL — qopfm” = w)mWiA),
(106)

where W[A] is the Chern—Simons secondary characteristic class in any odd di-

mension. Since only the lowest orders of perturbative series contribute to the

Chern—Simons term at finite density and temperature (the same situation is well

known at zero density), the result obtained by using formally perturbative tech-

nique appears to be nonperturbative. Thus, the u- and T'-dependent Chern—Simons

ISP = th(Bm)
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term coefficient reveals the amazing property of universality. Namely, it does de-
pend on neither dimension of the theory nor Abelian or non-Abelian gauge theory
is studied.

The arbitrariness of p gives us the possibility to see Chern—Simons coefficient
behaviour at any masses. It is very interesting that ;2 = m? is the crucial point
for Chern—Simons at zero temperature. Indeed, it is clearly seen from (106) that
when 1?2 < m?2, p influence disappears and we get the usual Chern—Simons term

IS = aWIA].

On the other hand, when /ﬂ > m?2, the situation is absolutely different. One can
see that here the Chern—Simons term disappears because of nonzero density of
background fermions. We would like to emphasize the important massless case
m = 0 considered in many papers, see for example [4,6,24]. Here even negligible
density or temperature, which always take place in any physical processes, leads
to vanishing of the parity anomaly. Let us stress again that we nowhere have used
any restrictions on u. Thus we not only confirm result of [4] for Chern—Simons
in QE D3 at small density, but also expand it on arbitrary p, non-Abelian case
and arbitrary odd dimension.

8. NONRELATIVISTIC CONSIDERATION

Here, we will show that in nonrelativistic case there is no Chern—Simons term,
there is only pseudo Chern—Simons, which is even under parity transformation. It
is also presented the possibility of getting mixed Chern—Simons term in nontrivial
external field.

First, we would like to notice that there are two approaches in fermion number
definition. The first one is (see for example [32])

1
(Qon =2 Fomm 1 (107)

n

and a normal ordering is performed at the given value of the chemical potential
. (This normal ordering is suppressed here since it is inessential to the present
discussion.) The other definition (see [2]) is related to the above by

(@ = (V) + 56 (0), (108)

where (7 is the Riemann ( function related to the even part of the spectral density
of the Hamiltonian H

)= [ N o (V) + prr (=N A (109)
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So, the difference in the definitions is given by a  and p independent con-
stant, (5 (0). Indeed, one can easily check that at the operator level, these two
definitions are related as

1 1
Q=N+ ; [dofrr @@} . N=3 [do[st @], awo
As we have seen above, the fermion number density has the following form
1 1 —oo 1
N = 5; th38(n = An) Aos P sgn(i — An). (111)

Landau levels in the relativistic case are

Ao = —msgn(eB) An = £4/2n|eB| + m2, (112)

where n = 1,2, ... . On the other hand, in the nonrelativistic case energy levels
have the form

1
)\,Lz(n+§)Q, (113)
where () = |eB|/m cyclotron frequency, n = 0,1, 2,...
As we have seen above in the relativistic case fermion density has the form

2

_|eB] pu?—m 1
N = 2 g (1w [ 2] ) ot — o +

B
+ 5 sen(m)0(|m| — [u)). (114)

Thus we can see that in the relativistic case there is especial zero mode, the only
mode which contributes to parity-odd part of fermion number. On the contrary,
in the nonrelativistic case there is no special zero mode, all modes contribute to
the parity even part only. Thus, we have at zero temperature

_ |eB] 1 _ |eB| um 1
Q=" 27;9 L (n+2)Q =5 Int |eB|+2 . (115)

One can see that fermion number in the nonrelativistic case is parity even (B —
— B under parity). Therefore, it does not give rise to the parity-odd Chern—Simons
term in action. Instead of being variational derivative of the true Chern—Simons,
fermion number is the derivative of the pseudo Chern—Simons [26]

)
(Q) = mlpseudocs- (116)
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In the same manner it is possible to get fermion number with temperature
introduced. For example, such calculations were done in [27], there was used
another method. There the pseudo- Chern—Simons term coefficient has the form

0 = 23 (exp B — ) +1)7 -

n

1 g 5 (1
- 2 1)sech” [ =B(\, — . 117
S S Cn+ st (500~ ) ) (1)
It is clearly seen that this expression can be rewritten in the way
1 1
ne == [ -
! 77; expﬁ()\TL_M)+1
— Bon . (118)
exp B(An — p) + exp(—B(An — 1)) + 2
After taking 8 — oo limit one gets
1
e = =N " 0(u— M), 119
r=- an (1= An) (119)

that coincides with the above calculations.

Another paper is [26]. There was also considered chemical potential influence
on fermion number in nonrelativistic case. In this section we treat a nonrelativistic
electron gas confined to a plane. We expect that some new qualitative features
arise from the fact that in this case the spin degree of freedom is not enslaved
by the dynamics. We continue to use a relativistic notation with 0, = (0, V,
O" = (99, —V), where V is the gradient operator, and A* = (A%, A).

Let us consider the Lagrangian

3
£:\IIT(i80+,U—Hp)\I/+b\I/T%\II (120)

which governs the dynamics of the Pauli spinor field ¥, with Grassmann com-
ponents 1 and 1| describing the electrons with spin-T and |. The role of
the chemical potential x and the spin source b is the same as in the previous
calculation. The Pauli Hamiltonian

1 . 9 o?
Hp = —(iV +¢eA)* — goup— B + e Ay, (121)
2m 2

with ug = e/2m — the Bohr magneton and gy — the electron g-factor, contains
a Zeeman term which couples the electron spins to the background magnetic field.
Usually this term is omitted. The reason is that in realistic systems the g factor
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is much larger than two, the value for a free electron. In strong magnetic fields
relevant to the QHE the energy levels of spin-| electrons are too high and cannot
be occupied; the system is spin polarized, and the electron spin is irrelevant to
the problem. Setting again A = A! = 0, A? = Bz!, one finds as eigenvalues

for Hp

eB 1 eB

u(n‘i’—)*—szﬁ:, (122)
m 2 m

with Sy = i% for spin-T and spin-| electrons, respectively. We note that in the
nonrelativistic limit, corresponding to taking m — +o0, the relativistic Landau

levels reduce to

En,:t =

leB| 1 eB
Ey, — const + — (n 4 =) — —
+ cons — (n 2)

where we omitted the negative energy levels which have no meaning in this limit.
The main difference with (122) stems from the fact that there the spin degree of
freedom is considered as an independent quantity, not enslaved by the dynamics
as is the case in the relativistic problem.

The induced fermion number density and spin density may be obtained in a
similar calculation as in the preceding section. From the effective action,

o (123)

b .
Sep = —i trln(idy — Hp + p + 505), (124)

one obtains
leB| < /dkzo b
Log=121% —{1 ko — E, 2
N or &) omi n(ko = Bt +ptg)+

b
+In(ko = En— + 41— 3)|. (125)

The resulting value of the induced fermion number density is

p= "~ (Ny+N_), (126)

mu+ 1
Ni=|—F—+4 = 127
+ [|eB| +2], 127)
and B
e
pr =p+ —>Sx (128)
m

their effective chemical potentials. The square brackets denote again the integer-
part function. Implicit in this framework is the assumption that, just like in
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the relativistic case, the chemical potential lies between two Landau levels. The
induced fermion number density (126) is related to a Chern—Simons term in the
effective action, with a coefficient

0= sgn(eB)%(NJr + N_). (129)

Because of the presence of the sgn(eB) factor, which changes sign under a parity
transformation, this Chern—Simons term is invariant under such transformations.
The induced spin density turns out to be independent of N, viz.
eB
= —. 130
$= - (130)
This follows from the symmetry in the spectrum E,,+1 + = E,, _ (eB > 0), or
E.+ = E,y1— (eB < 0). The magnetic moment, M can be obtained from
(130) by multiplying s with twice the Bohr magneton, pp. This leads to the
text-book result for the magnetic spin susceptibility xp

oM e?
XP_(?B " drm

with v5p(0) = m/(27) the density of states per spin degree of freedom in two
space dimensions.

At zero field, p reduces to the standard fermion number density in two space
dimensions p — pm/m = k&/(2m), where kr denotes the Fermi momentum. A
single fluxon carries according to (130) a spin Sg = % and, since for small fields

= 2ug vap(0), (131)

_pm JeBl (132)
T 27

also one unit of fermion charge. That is, in the nonrelativistic electron gas the
fluxon may be thought of as a fermion in that it has both the spin and charge of
a fermion. However, the close connection between spin of a fluxon and induced
Chern—Simons term for arbitrary fields that we found in the relativistic case is
lost. This can be traced back to the fact that in the nonrelativistic case the electron
spin is an independent degree of freedom. In the next section we point out that
the spin of the fluxon does not derive from the ordinary Chern—Simons term,
but from the so-called mixed Chern—Simons term. Such a term is absent in the
relativistic case.

To see how the spin contribution (131) to the magnetic susceptibility com-
pares to the orbital contribution we evaluate the kg-integral in the effective action
(125) with b = 0 to obtain

B oo
Eeﬁ = % Z Z(N - En,c)a(,u - En,c)' (133)

n=0¢==+
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The summation over n is easily carried out with the result for small fields

1 9 (eB)?]  p?m | (eB)? 5
ﬁeﬂ_ﬂ;{’%m_ im ]_ 2+ S (20— 1 (139

where o = % and p+ is given by (128). The first term in the right-hand side of

(134), which is independent of the magnetic field, is the free particle contribution

2 2 2 2
wem d°k [k k
=2 — —pull -— . 135
o / (2m)2 (Zm ”) (“ om (135)
The second term yields the low-field susceptibility
x = (=1)*""'2p v5p(0) [(20)* — 1)] . (136)

Equation (136) shows that the ratio of orbital to spin contribution to x is different
from the three-dimensional case. Also, whereas a 3D electron gas is paramagnetic
(x > 0) because of the dominance of the spin contribution, the 2D gas is not
magnetic (x = 0) at small fields since the orbital and spin contributions to x
cancel.

8.1. Mixed Chern-Simons Term. As we have seen above, in the non-
relativistic case there are no true Chern—Simons terms. Now, we will present
consideration of this problem in nontrivial background field.

In this section we investigate the origin of the induced spin density (130) we
found in the nonrelativistic electron gas. To this end we slightly generalize the
theory (120) and consider the Lagrangian

1 a
L=0idy—eAo+p— —(iV+eA)?| U+ B vl w. (137
2m m 2

It differs from (120) in that the spin source term is omitted, and in that the
magnetic field in the Zeeman term is allowed to point in any direction in some
internal space labelled by latin indices a,b,c = 1,2,3. As a result also the spin
will have components in this space. It is convenient to consider a magnetic field
whose direction in the internal space varies in space-time. We set

B%(z) = Bn®(x), (138)

with n® a unit vector in the internal space. The gauge potential A, appearing in
the first term of (137) still gives eijaiAj = B. Equation (138) allows us to make
the decomposition

U(z) = S(x)x(x); ST5=1, (139)

with S(z) a local SU(2) matrix which satisfies

o-n(z) = S(z)o>ST(z). (140)
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In terms of these new variables the Lagrangian (137) becomes

1 B .
£=x"idy — edo — Vo + 11— —(iV + A + V)2 | x + c—xTody, (141)
2m 2m
where the 2 x 2 matrix V), = —iS7(9,,59) represents an element of the SU(2)

algebra, which can be written in terms of (twice) the generators ¢ as
Vi =V;o" (142)

In this way the theory takes formally the form of a gauge theory with gauge
potential V. In terms of the new fields the spin density operator,

) o
i =vw

143
5 ¥ (143)
becomes [29]
b
“ yo’ 1 oL
Jo = Ravx ?X = —ERaba—VOb- (144)
In deriving the first equation we employed the identity
ST(0)0*S(0) = Rap(0)o?, (145)

which relates the SU(2) matrices in the j = 1 representation, S(f) = exp(6-0),
to those in the adjoint representation (j = 1), R(6) = exp(if - J*Y). The matrix
elements of the generators in the latter representation are (J[;‘dj)bc = —1€gbe-

The projection of the spin density j§ onto the spin quantization axis, i.e. the
direction n® of the applied magnetic field [29],

__loL
Jo = 28‘/2)57

n- (146)
only involves the spin gauge field Vu3' So when calculating the induced spin
density s = (n - jo) we may set the fields Vul and VH2 equal to zero and consider
the simpler theory

) : 1 . :
L= ;XZ [180 —eAy+pe = 5 -(iV + eA)?| X, (147)
where the effective chemical potentials for the spin-T and spin-| electrons are
given in (128) and eA¥ = eA, £ V. Both components x; and x| induce a
Chern-Simons term, so that in total we have

62

ECS - 56“1/)\ (9+A:ayAi> + G,A;&,A;\) (148)

6, +0_
_ %ew(emuaym + VB, VE) + e(0y — 0_)e" V30, Ay,
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where the last term involving two different vector potentials is a mixed Chern—
Simons term. The coefficients are given by

1
01 = —sgn(eB)Ny, (149)
2w

assuming that |eB| > %|eij5‘iVj3|, so that the sign of eB is not changed by spin
gauge contributions. The integers N1 are the number of filled Landau levels for
spin-1 and spin-| electrons given by (127). Since Ny — N_ = sgn(eB), we
obtain for the induced spin density s precisely the result (130) we found in the
preceding section,

1 6£eg eB

— i) = = = 1
# = ndo) 2 vy vazg 4w (130

The present derivation clearly shows that the induced spin in the nonrelativistic
electron gas originates not from the standard Chern—Simons term, but from the
mixed Chern—Simons term involving the electromagnetic and spin gauge potential.

The first term in (148) is a standard Chern—-Simons term, the combination
04 +0_ precisely reproduces the result (129) and is related to the induced fermion
number density (126).

9. TRACE IDENTITY

As was shown in [2—-4] the trace identities connect the Chern—-Simons term
and chiral anomaly. These identities may be derived for Hamiltonians of the form

m D
H[D+ _m] (151)

Here m is a constant; D, a differential operator of the form D = iP;0; + Q(z);
and D, the hermitian conjugate of D. The P; are constant matrices that satisfy
PiJerJerJrPZ- = 20;; and PZ-PJ‘Jr JrP]-P,L-Jr = 20;; and Q(z) includes all background
fields. It is assumed that these background fields are static, so

H = Hy 4+ mI'® = il;0; + K (z) + mI'®, (152)
where
|0 P; {10 10 Q(x)

here I' matrices satisfy the Euclidian Dirac algebra and the operator H, anticommu-
tes with I'°. As a consequence H? = HZ + m? > m? and all eigenvalues of H

u

onlt] o]

} = \T (154)
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satisfy A2 > m?2. Using (151) we obtain the first-order equations
Dtu=(\+m)v, Dv=(\—m)u (155)
and by iterating, we find

DD u= (\* — m?)u, (156)

DT Dv = (A —m?)v. (157)

If u is a solution of (156) with eigenvalue \> — m? = x # 0, then D" is a
solution of (157) with the same eigenvalue y. However, if u is a zero mode of
D7, in general it is not a zero mode of D. Every solution of (156) or (157)
yields two solutions of (154) if A # £+m and one if A = +m, and consequently
the Dirac problem (154) is equivalent to (156), (157).

The fermion number operator has the form (for discussion on fermion number
definition see beginning of section 8)

1

N =3 /da: (U (z), ¥(z)] . (158)

At the time ¢ = 0 the second quantized fermion field operator can be expanded as
U(z) = bpwn(x) + Y dion(z) + /dk (brwr(z) + b b)), (159)
n n

where w,, (z) and ¢, (x) are the positive and negative energy bound state solutions
of the eigenvalue equation

Hpyy = Apihn, (160)

and wy(x) and ¢y (x) are the positive and negative energy continuum solutions.
Thus, the fermion number operator can be rewritten as follows

1
N = No— Snu, (161)

where we have defined

No = [bfby —dfda] + /dk (b b — df ],

n

na =Y sgn(Ag). (162)

k
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The summation extends over both the discrete and continuum portions of the
spectrum, and if a continuum spectrum is present, we rather write as

Ng = /d/\pH()\) sgn(A). (163)

Here pp () is the spectral density function of the Hamiltonian H, and we may
express it in terms of its even and odd parts:

1 1
pr(A) = 5 lpr(A) + pu (=N + 5 [pr(A) = pr(=A)] = H(A) + 01 (A). (164)
If we substitute it in (163) we obtain

i = / Ao (A) sgn()) (165)

since only the odd part of pg(A) can contribute to ng. So, ny yields the differ-
ence in the number of positive and negative energy eigenstates of the Hamiltonian
H, and thus it is a measure of its spectral asymmetry. However, the sum is not
absolutely convergent and it needs to be regulated: the Atiyah—Patodi—Singer n
invariant of the Hamiltonian H is defined by

nu(s) = sgn(Me)[A° = /dAaH(A) sgn(A)|A| 7. (166)
k
For a large class of Hamiltonians the residue at s = 0 vanishes, and we assume
that s = 0 is a regular point of 1y (s), so we can define

Ny = ;LH(l) nu(s) = zk: sgn(\g) = /d)\UH()\) sgn(N). (167)

We shall now show how the spectral density pg () of the Hamiltonian (151)
can be represented in terms of the spectral densities ppp+ (x) and pp+p(x) of the
operators DDT and D D, respectively. For this we first consider the following
Stieltjes transformation of the even part of pg(A):

> 1 o 1
- =9 . 1
/ Apu(N) A2+ 22 / A7 (A) A2+ 22 (168)

—o0 |m|

Here 22 is an arbitrary complex number which does not belong to the spectrum
of H. Introducing the coordinate representation we obtain

o0

1 1
1

Im|

1
-/ dm( oDty 2T “‘<x'm'w>>

1
= /dx (ppp+(X) + pp+p(X)) I F(m?+2?%).  (169)
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Comparing (168) with (169) we conclude that
TH(A) = [l (ppp+ (A = m?) + pp+p(A* —m?)) . (170)

Similarly, we find a representation for the odd part of pg(\) by considering

o0 A H
2 —_— = _—
/| dhog (M) pvpn /da: tr(ac|H2 e |)

m|

— [ o ((tnlel o) — el )
N o DD rmzy 2" "D Dymzy 2”7
m
= / dx (ppp+(x) — Pp+p (X))

We conclude that the odd spectral density, which contributes to (167), is given
by

— 2 2

ou(A) =msgn(A) [ppp+ (A —m?) — pp+p(A* —m?)] . (172)

Since the fermion number is essentially a Mellin transformation of the odd
spectral density, we find the following spectral representation for the fermion
number

N =m [ a\[pop (O )~ ppsp (3 - m?)] =
0

Y . X [PDD+ (X) - PD+D(X)] ﬁ =
= D dwGm? + w?), (173)
™ Jo

where G(m? + w?) is defined by (171). We shall now show how the axial
anomaly is connected with fermion number. First notice that

m m

t — t =
r<x|DD++m2+w2|y> r<{L‘|D+D+m2+w2|y>
. om
Further, we get
m m
t Ie—r-—— =i—t Ie 175
r(z| H2+w2|y> i— tr{z| H()H.Uly), (175)
where 0 = vVm? + w?. Let’s now consider
. 1 1 )
tr(x|iT¢9,T° T Ti0;|y) =
1“<$|Z H() + 0 H() + ’iO’Z |y>
1
=2i0t Ie t K - K Ie . 176
i (el )+ o (1K) = K@l ) ) (176)
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Combining (175) and (176) we then obtain the following trace identity

i tr(all* 19) = 5310+ 0] tr{aliTT* ) +

H() +ZO’ H() +ZO’

ot (1K) - K@l o). a7

Notice that (177) has the structure of the standard axial anomaly equation for the
Dirac operator Hy + io. Thus, when we take x — y limit we need to discuss
two cases:

First, if the space dimension D is odd the second term on the right-hand side
of (177) vanishes, since there are no axial anomaly in this case, and the only
contribution to fermion number gives the first term (boundary term).

Second, if the space dimension D is even, the second term on the right-hand
side of (177) gives the axial anomaly, and taking in mind (173) we get for fermion
number

o

1 m i e

1
H() + 0

|x>) . a78)

here Tp is the Pontryagin index of the background gauge fields that arises from
the space integral of anomaly term. There is also boundary term, which vanishes
for a trivial gauge background.

Let us consider 2-dimensional case, for the Hamiltonian

d
Hy = —io? — + o' é(x). (179)
dx
Since this Hamiltonian can be interpreted as a one-dimensional Dirac oper-

ator, and since there are no anomalies in one dimension, the fermion number is
given by

I e g o1
N=—-— deL/ dx— tr{z|iT' T ——|z) =
27 Jo m2+w? J_  dx Hy +io
1 [ m 1
= — _— t _— —_
27 Jo wm2+w2[ r{oolo H()+ialoo>
1
— tr(—oo|ot —— | — } 180
r{—oo|o H()er| o) (180)

where we have used the representation I'' = ¢® and T'* = ¢® of the Dirac algebra.
We assume that the soliton field ¢(x) has the asymptotes ¢(£oo) = ¢+. Taking
in mind that
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1
= tr(£ + =
(ool —030 — ¢(x) —io203vm? +w2| )
o(x
2tr<ioo|62—¢2(x)(—)m2—w2|:|:oo>
. T dk 1

— 9 ar _ , 181
(z)i/_oo 2T k2 4+ 2 + m2 + w? (18D)

we find for fermion number

N = ,i [arctan [¢—+] — arctan [(Z)__H . (182)
2w m m

This result [4,31] is obtained without the use of any specific soliton profile.
However, at the presence of nonzero density (u), fermion number depends not
only on asymptotic properties of soliton profile, but also it depends on the local
properties of the soliton profile such as the width of the soliton [32].

The result for fermion number at the presence of density and temperature can
be found in [32]. There was studied the Hamiltonian [33]

d
Hy = 0*— +o'é(z) + o€ (183)
dr
This Hamiltonian has the following positive- and negative-energy continuum so-

lutions and a bound state solution (assuming a soliton profile which has only one
bound state)

" B [ [(aE + €)/2aE])" ?uy, }
R = [2aE(aE + €)]Y2(8, + d)uy |’
ws _ N() |: gxp[if d$/¢($/)] :| , (184)

where Ny is a normalization factor, & = +1 distinguishes positive and negative
energy solutions. In the ground state the soliton charge is defined as

o= [ &Y e -Aw). (185)

where p$(x) and p?(z) are the fermion number density at a point z in the presence
and absence of the soliton, due to occupied state i.

The generalization of (185) to finite pz and 7 is straightforward since we have
a noninteracting sea of fermions

Q(u,T) = / T > o5 @) = pd(@)] nei — p), (186)
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where n(e— p) = [exp[B(e — p)] + 1] " is the Fermi distribution function. Thus,
substitution of p yields

Q- / Z/ M i g2 — )

a==%1

(O |uj]? + 2ur )71
* Z / [ daE(aF +€)

a==%1

n(aE — p) +nle—p). (187)

The square bracket in the second term of the above expression can be simplified
further using (9 |uf|? + 2|ux|?¢)|2=F%° = 2. For T'= 0 and p = 0 the first term
is easily evaluated using the completeness properties of uy. But for finite p we
have to choose a soliton profile. So, we take ¢(z) = ¢g th(¢pox), for which the

eigenfunctions uj (x) are known exactly [33] to be

_ . thoox — (ik/ o)

up(z) = — exp(ikz) [ 1+ (1% /d0) ] . (188)
Substitution of the uy in (187) yields
dk n(aE — p)
SIS o O L
azil 27T k2 + ¢2
< dk n(aE — p)

+260 2, / 2n BB+ T (159

a==%1

In particular, this integrals can be evaluated exactly for zero temperature and
finite p to get [32]

Q(1,0) = — sgn(p)Qole) — ()G (krp,€) + 0(—p)G(kp, —¢) (190)
for || > m, where
Qole) = —%tan_1 [%} )
- ¢)0tan[%tan_1(kp/m)]}
)

s m+e€
kF:(N2*m2)1/2 ’ m:(¢3+€212

As we have seen above, the boundary term is dependent on soliton profile at
finite density. Thus, the generalization of the trace identities on finite density and
temperature is hardly possible because of nontopological part of it.

At finite temperature and zero density trace identity still holds and one has
for fermion number [2,4]
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1 ¥ m
Nyg=—Sy "
(s 253 Z m? + w2
— 0o

1
dx(anomaly) + /dxé)i tr{x|il;I¢ . 191
(/ (anomaly) (] H+m>> (191

Now we’ll prove that chiral anomaly doesn’t depend on temperature at any
even dimension. The second term at left-hand side of (191) is a surface term,
which doesn’t contribute to topological part of the trace identity [2,4]. So, we
won’t consider nontopological part of the trace identity, i.e., nontopological part
of fermion density and surface term. Thus for topological part trace identity takes
the form

+oo
. 1 m
topological __
(N R (/ dx(anomaly)) | .

The result for left-hand side of Eq. (192) we know in arbitrary odd dimension.
Really, from (106) we have

cs topological Mcfjs”
N = (N)topolosical — _ &JJ 193
By using the fact that
—+oo
1 m 1 sh(pm)
- == 194
5,2 S em? AT+ chiom) oy

one can see that the only possibility to reconcile left and right sides of Eq. (192) is
to put temperature independence of anomaly. Thus, we proof that axial anomaly
doesn’t depend on temperature in any even-dimensional theory.

Moreover, now we can generalize trace identity on arbitrary finite density.
Really, taking in mind (106) and (193) one can see

1
1+ ch(Bp)/ ch(Bm)

(NG5, =~ th(sm)

/dx (anomaly) , (195)
where (N )gsu — odd part of fermion number in D-dimensional theory at finite
density and temperature, (anomaly) — axial anomaly in (D — 1)-dimensional
theory. On the other hand, as we have seen above, the anomaly doesn’t depend
on 4 in 2- and 4-dimensions and doesn’t depend on 7" in any even-dimensional
theory. Our comprehension of the problem allows us to generalize these on arbi-
trary even dimension. Indeed, anomaly is the result of ultraviolet regularization,
while o and 7" don’t effect on ultraviolet behavior of a theory. Taking in mind
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(195) and that at finite density
+o00 1

m 1
e~ 1 M TR )

1
5 (196)

n=-—

we can identify (N >;3°I;°1°gical and (N)G5. So, we get generalized on finite
density trace identity

+oo
i 1 m
CS _ /antopological _
(N)SS, = <N>[30,I;O ogical _ 35 ; e (/ dx(anomaly)) . (197

Let us take, for example, 3-dimensions. We know that chiral anomaly in
2-dimensions has the form

2. € i
/d v € Fy, (198)

substituting this in (197) we’ll get for fermion number

cs _ € 1 o ij
(NG = 152 th(Bm)7 T eh (B (o) /d 2V Fyy. (199)

Covariantizing fermion number we get for the Chern—Simons term in action

CS _ 1 i o
Iy = th(om) g s 167TL et (A, Fpa).  (200)

Really, we’ve seen that only zero modes contribute to P-odd part in contrast
to P-even part which is contributed by all modes. Therefore, index theorem and
trace identities hold only for parity odd part of fermion number. Thus, the main
result of this section is Eq. (197) which connects the Chern—Simons term and
chiral anomaly in arbitrary-dimensional theory at finite density and temperature.

10. CONCLUSIONS

Thus, there is obtained finite temperature and density influence on the Chern—
Simons term generation in any odd-dimensional theory both for Abelian, and for
non-Abelian case. It is very interesting that u? = m? is the crucial point for
Chern—Simons at zero temperature. Indeed, it is clearly seen from (106) that
when p12 < m?, u influence disappears and we get the usual Chern—Simons term
I stf = 7W/[A]. On the other hand, when p? > m?, the Chern-Simons term
disappears because of nonzero density of background fermions. The coefficient
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at the Chern—Simons term is the same in any odd dimension. It must be stressed
that at m = 0 even negligible density or temperature, which always take place in
any physical processes, lead to vanishing of the parity anomaly.

It is shown that the chiral anomaly is not influenced by medium effects such
as chemical potential and temperature in any even-dimensional theory. Moreover,
even if we introduce conservation of chiral charge on quantum level, the chiral
anomaly arises and isn’t affected.

The appearance of the Chern—Simons number in even-dimensional theories
is discussed under two types of constraints. So, it is shown both for conserved
charge, i.e., finite density of the background fermions, and for conserved ax-
ial charge what corresponds to conservation of the left(right)-handed fermions
asymmetry in the background.

The topological part of the trace identity is generalized on finite density.
Thus, the connection between the Chern—Simons term and chiral anomaly at
finite density and temperature is obtained in arbitrary dimensional theory.

In conclusion we would like to touch the problem, which has attracted re-
cently a wide interest [34,35]. This is gauge invariance of the effective action
under large gauge transformations. Really, the Chern-Simons term coefficient
has to be "topologically quantized” for gauge invariance of the effective action
under large gauge transformations. But as we have seen above (56), (57), (58),
even in nonperturbative calculations of Chern—Simons in even dimensions (due
to existence of the chiral anomaly), it gets chemical potential (temperature) as
a coefficient, which is not an integer function. This fact is hardly understand-
able. One can treat these that density or temperature just break invariance under
large gauge transformations, leaving action invariant under local ones. On the
other hand, one can hope that the whole effective action will be gauge invari-
ant [34,35]. But, for example, essentially nonperturbative and simple calculations
in one dimension [34] do not give understandable contradiction between fermion
number and effective action. That is the fermion number here is not a functional
derivative of the effective action, what is very strange.

The amazing fact is that at zero temperature and finite density the Chern—
Simons term coefficient does not break gauge invariance. Indeed, theta function
gives us 0 or 1 as the coefficient, and we have two topological domains p? > m?
and p? < m? connected by large gauge transformations.

Thus, this area is yet an open field for research.
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 1

YK 539.12;539.123.17

O MPUHUMMAX N dUSNYECKON NPOrPAMME

~~-KOJTANAEPOB
D.A.Kyp es, M.B.I' nvinckuu;y M.HU.Jlesuyk*

OO6beaAMHEHHbI MHCTUTYT SAEPHbIX UCCNedoB Hui, Oy6H

IMpenct BieHbI HEKOTOpBIE CHEKTHI (PU3HYECKON NPOrp MMBI I BCTPEYHBIX (POTOH-(POTOHHBIX
KoJu1 #iepos. Cpean HUX — IPOLIECCHI C 00p 30B HHUEM TSIKE/bIX BEKTOPHBIX ME30HOB, 6030H XurTC |,
TSKEJIBIX KB PKOB, HHTETp JIbHBIE COOTHOIICHHS MEXIYy CeYeHHsMU (NP BHJI CYMM) JUIL P 3IHYHBIX
TOJISIPHU3 [IMOHHBIX COCTOSIHHM, NpoLecchl oOp 30B HUsL JPOHOB, (DPM3UK IIOMEPOH . DTH BOIPOCHI
U3I0KEeHbl KOHCHEKTUBHO. Ocoboe BHUM HHUE YIENEHO HENUHEHHBIM 3(¢eKT M B 0Op THOM KOMII-
TOHOBCKOM P CCEHHH (DOTOHOB LIMPKYJISPHO IIOJSPU30B HHOM JI 3epPHOU BOJHBI, C(HOKYCHPOB HHOI
H IMydKe YIbTP PEISTHBHCTCKHUX IPOOJIBHO MOMSIPU30B HHBIX 3JIEKTPOHOB. P CCMOTpPEHO T KXe H HU-
Goree 4 cTO BCTpey Ioleecs B JIUTEP Type JIMHEHHOe NPHONIKEHHe B 9TOM MeX HU3Me KOHBEPCHH.
JlocT TOYHOE BHUM HHE YHEICHO ONHC HUIO K JIHOPOBOYHBIX IPOLIECCOB, IPEAT I' eMbIX IS Leleit
MOHHTODPHPOB HHSl — HEHPEPHIBHOTO KOHTPOJS 3 CBETUMOCTBIO yy-KOJUI HIEPOB M CTENEHBIO MOJI-
pu3 MM (DOTOHHBIX IMYy4KOB. [T OTOW LIEJIH P CCMOTPEHBI MPOLECCH 00p 30B HHUS JBYX JIENITOHHBIX
I p B KHHEM THKE y3KHX CTPYH, JIETAIIUX BIOJb OCH IIy4KOB, M IpoLEecC OOp 30B HUS I PbI 3 psi-
JKEHHBIX JICITOHOB WM OO030HOB, JIETAINHUX H OOJbIIHMEe YIIIbL. IIpeacT BIIEHBI pe3yabT ThI YHCIEHHBIX

H JIH30B.

We present some aspects of the physical program of photon-photon colliders. Among them
— the proccesses with creation of heavy vector mesons, Higgs boson, heavy quarks, the integral rela-
tions between the cross sections (sum rules) for different states of polarization, processes of hadron’s
production, the pomeron physics. These questions are considered in the conspective form. The main
attention is paid to the nonlinear effects in the process of backward Compton scattering of the circu-
larly polarized laser beam, focused on the bunch of ultrarelativistic longitudinally polarized electrons.
We consider as well the most popular in the literature the linear approximation in this conversion
mechanism. We consider the calibration processes, which supposed to be used for monitoring pur-
poses — check the luminosity and to measure the degree of polarization of photon beams. For these
aims we consider the processes of two lepton pair creation in the kinematics of jets, moving along
the beams directions and the process of creation a pair of charged leptons or vector bosons, moving
at large angles. We present the results of numerical analysis.

1. BBEJEHHUE

H 4un 4 ¢ xony 80-xX romoB U MO H CTOSIIEE BpeMS B P 3HBIX CTP H X Be-
JyTcs p OOTBI MO MPOEKTHPOB HUIO U p 3p OOTKe (PU3NUECKUX MPOTP MM U ~ye-
U yy-KOIU1 HIepoB. B H crosuiee BpemMs MMEKTCA NPOEKTHI 110 UX CO3[ HMIO B

*HUnucruryr dusukn HAHB, Munck, Benopycens
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CIIA, ®PT, Anonuu. duszndeckue MPOrp MMBbI JUIS 3TUX KOJUT WIEpOB, CO3M H-
HBIE B PE3yNlbT T€ MHOTOJIETHEIO COTPYIAHMYECTB IIPEACT BUTENEH MHOTHX H y4-
HBIX LEHTPOB MO (pU3MKE 4 CTHUI] M BBICOKHX ®HEPIHid, H HOOJIee MOIHO M3JTOXEHBI
B «Conceptual Design Reports» [1-3]. B »Tux mpoektr X (oTOH-(OTOHHBIE U
(pOTOH-27IEKTPOHHBIE IMyYKH HPEINON I' €TCd CO31 B Th H OCHOBE UCIONb30B HUSA
JIMHENHBIX YCKOPHTENIEH CO BCTPEUHBIMU e e ™ -IydK MH.

HccnenoB Hue AByX(pOTOHHBIX NPOLIECCOB vy — X HpencT BisgeT co00i B X-
HBI P 30€/1 COBPEMEHHOM (pu3uKu BhICOKUX sHepruii [4]. Tp muumMoHHO B 3KC-
[IEPUMEHTE OHU M3yY KOTCS H BCTPEYHBIX ¢ -NydK X NpU B3 UMOJEHCTBAM
BUPTY JIBHBIX (DOTOHOB, KOTOpBIE HCIIYCK IOTCA H Y JIBHBIMUA 4 CTHI MH (T.e. B
pe ki ete™ — ete v*y* — eTe”X). Ilpu sToM 0Op 3yercs cuUcTeM U -
ctuy X ¢ MHB pU HTHOW M ccoil W, cedeHHe DTOro mpouecc B NPUOIHXEHHN
®KBHUB JICHTHBIX (POTOHOB MMEET BHN

Ot o Lete-x(8) = dnldngdaw_,X(WQ) , (1
rae dn; — CIEKTPHl U3/Ty4eHUs 3KBUB JIEHTHBIX (DOTOHOB:
o dw; d(—q?) wi  w? o omiw?
dn; = 227G 1y Wi, Wi W) 2
o ow; (—¢?) € 2e2 q2e? 2)

3necy € — sHeprusg B cucteme HeHTp M cc (CLHM) mydk ®neKTpoHOB (IO3HU-
TPOHOB), M — M CC 3JIEKTPOH , w; U ¢; — DHEPrud U 4-MMIYJIbC BUPTY JIBHOTO
toron (i =1,2), W = \/dwiwa.

K COX JICHHIO, BO3MOXHOCTH M3ydeHHs IBYX(hOTOHHBIX MPOLECCOB B ete™-
COyIl PEHUSIX Orp HUYEHBI TeM, 4TO 3(h()eKTHUBHBIE SHEPTMU M OCOOCHHO CBETH-
MOCTH COYJl PEHWIl BUPTY JIbHBIX (DOTOHOB CyIIECTBEHHO HHXKE, YeM B ¢ e~ -Co-
yIo peHugx. IloaToMy mpenct BiseTcs 4Ype3Bbld MHO B XKHOH 3 J U  IOJIyYUTh
IpAMBIe Ye- U y7y-IydKH C BBICOKUMM DHEPIUsIMH M CBeTUMOCTAMH. H T Kux
YCT HOBK X MOXHO ObUTO ObI HE TONIBKO OoJjiee JET JIbHO MCCIEI0B Th Te Xe BO-
IPOCHI, YTO U B COYJ PEHHSAX BHUPTY JIbHBIX (POTOHOB, HO U U3y4 Th COBEPIIEHHO
HOBBIE OOBEKTHI, HEIOCTYITHbBIE ISl U3yUeHUS! APYTUMU METOI MH.

OnHYM M3 H WIYYNIMX METOIOB NOITy4eHUS UHTEHCUBHBIX (DOTOHHBIX ITy4KOB
SIBJISIETCSL MCIIOJIb30B HHUE 00p THOro KoMmnToHOBcKoro p ccesuus (OKP) i 3ep-
HOTO CBET H 3JIEKTPOHHOM ITydyKe JIMHEHHoro yckoputend [5-9]. B kp Tkux
coobmmeHnsix [5] 6bUTO BIIEpBBIE MOK 3 HO, YTO H O 3€ JIMHEHHBIX OJHOINPOJIET-
HBIX YCKOPHTEJIEH CO BCTPEUHBIMH € €™ -ITyuK MH MOXHO PE JIU30B Th BCTPEUHbIE
ye- U 7y7y-IlydKU IPUMEPHO C TEMH XK€ DHEPIUSAMU M CBETUMOCTSAMH, UTO U JUIA HC-
XOIOHBIX ycKoputeseil. HeoOXxomumple U1l 3TOr0 MHTEHCUBHBIE IYYKU Y-KB HTOB
ObUTO MPEIIOKEHO IMOJyd Th MPH P CCEIHUU MOIIHOW JI 3epHOH BCIBIIIKH H
BIEKTPOHHBIX MYYK X 3THUX YCKOPHUTEJEH.

M nble p 3Mephl MyYKOB JTUHEHHBIX KOJUT HAEPOB [ed 0T BO3MOXKHEIM IIOITY-
YeHHe 3H 4YeHUd KOd((UUUEHT KOHBEPCUH (OTHOIIEHHUS YUCII BBICOKOIHEPreTH-
4ecKHX (POTOHOB K YHCIy 971eKTPOHOB) k = N., /N, ~ 1 IpH 9Heprusix J1 3epHOM
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Puc. 1. CxeM mnonyyeHUs BCTPEUYHBIX Ye- U y7y-IIy4KOB

BCIIBIIIKY B HECKOJIBKO JKOYJIEH, T.e. IPU P 3yMHOM BbIOOpE I P METPOB MOXHO
KOHBEPTUPOB Th OOJBIIYIO U CTh BJIEKTPOHOB B (DOTOHBI BHICOKMX DHEPIHI.

CyliecTBeHH s MOHOXPOM TH3 LU (DOTOHHBIX ITy4KOB MOXET OBITH HOCTHI-
HYT 3 CUeT HCIIOIb30B HMS IOJISIPU30B HHBIX IyYKOB CT JIKUB IOIIMXCS 4 CTHII.
Uro K ¢ eTcd MoiIpu3 LIMOHHBIX CBOMCTB ¢ MUX (DOTOHHBIX ITy4KOB, TO OHH OIIpe-
JENSIOTCSl COCTOSIHMEM TOJISIPU3 1IMU H Y JIBHBIX 4 CTHUII, MOTYT OBITh P KTHYECKU
MIOJTHOCTBIO TTOJISIPU30B HHBIMH 110 OCOITIOTHOM BENWYMHE, M, KPOME TOTO, UX 3H K
MOXET perylnupoB ThCs.

JleT 7pHOE OMMC HHE CXEeMbl KOHBEPCHH BJIEKTPOHHOIO IMy4ykK B -y-IIY4OK,
OCHOBHBIE X P KTEPHUCTUKU BCTPEUHBIX <ye- M 7yy-COyA PEHHi, BOIMPOCH (POH U
K JMOPOBKHM CBETMMOCTH, T KX€ HETPHBH JIbHBIE IOJISIPU3 IIMOHHBIE 3(PEKTHI
B T KUX Ye- U yy-COyA PEeHusIX ObUTH MOIpoOHO p ccMoTpensl B [6,7]. Ilo cyrtu
aen , B p 60T x [6,7] ObUIO O HO M3IOXEHHWE COBEPIICHHO HOBOW KOHIIEHIINU
[0 CO31 HUI0 (POTOHHBIX JHUHEHHBIX Koyl HaepoB (PJIK). OH oK 3 1 cb mpu-
BJIEK TEJIbHOW [0 MHOTUM MPUYUH M, IPOJOJIK J OOCYXJ ThCS U P 3BUB ThCS B
MHOTOYHUCIICHHBIX p 60T X apyrux Bropos [10-21]. B [11] nng pe nu3 uum yK -
3 HHOM B [5] cXeMbI IIpeuT T JIOCh UCIIONB30B Th JI 3€p H CBOOOIHBIX BJIEKTPOH X
TOTrO Xe MyYK .

CxeMm pe nu3 muu ¢oToHHBIX Koul Haepos (PK) mok 3 H H puc. 1. [IB
chOKYCHPOB HHBIX BJIEKTPOHHBIX Iy4K JBIKYTCS H BCTpedy JIpyr APYry K TOUKE
B3 mMozieiicTBus O W H P CCTOSHMM NIPUMEpHO 1 cM OT Hee CT JIKHB IOTCH C
thoxycrpoB HHBIM 11 3epHBIM IydkoM B Touke C. B pesymsr Te OKP 1 3ep-
Hble (DOTOHBI MPEBP I IOTCH B My4OK BBICOKODHEPreTHYECKUX (POTOHOB (MMEo-
IIUX 3HEPrHI0, CpP BHUMYIO C ®HEprHedl H 4 JIbHOTO IMYyYK BIEKTPOHOB €), P C-
[POCTP HSIOLWIMXCS ¢ HEGOMBLINM YIIIOBBIM P 30pocoM (MOpsiK M /&) mp KTHYe-
CKH{ BIOJIb H TP BJICHUS ABIDKEHUS H Y JIBHBIX BJIEKTPOHOB, T.e. (hOKYCHPYIOTCS
B TOYKE BCTPEYH, IJIe CT JIKUB IOTCS C MAYIIUM H BCTPEUy SJIEKTPOHHBIM WM T -
KHM Xe y-IIydKOM. DJIEKTPOHBI MPOAOIK IOT ABUI ThCSI K TOYKE BCTpPEUH, MMes
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IIMpOKoe dHepretuueckoe p crpexenenue & = (1 =+ 0,02)e B pe3ynbT Te MHO-
TOKP THOTO KOMIITOHOBCKOTO P CCESHHMS, TMOO OTKJIOHSIOTCS M THUTHBIM ITOJIEM
B ~ 1 Tn oT TOYKH BCTpEYH.

P 3Meper (hOTOHHOTO MyYK B TOYKE BCTPEYM MOTYT Mp KTHYECKH COBH I Th
C P 3Mep MH 3JIEKTPOHHOIO MyUK , [I03TOMY CBETHMOCTH Ye- U 7y7y-CTOIKHOBEHUI
MOXET UMETh T KO Xe MOPSJIOK, K K U «I€OMETPUYECK $» CBETUMOCTbH UCXOIHBIX
ete™-1ydykoB (IIpU 3TOM H JIMYME IIO3UTPOHOB BOBce He 00s3 TenbHO and PK).

Meron nony4yeHus y-KB HTOB BBICOKHX sHepruii ¢ momompio OKP xopomio
n3BecTeH [22], OH UCHOMB30B JICd BO MHOTHX J1 60p Topusx [23]. OmH Ko Koadg-
(puLMEeHT KOHBEPCHHU BJIEKTPOHOB B (DOTOHBI IPH 3TOM OBLT M JI ¥ UMEJT MOPSIIOK:
k~10"7—107°,

®doToHHBIE (T.€. YeU ) JUHEeiHble KO/ inepbl 001 1 10T 60r ThiM (PU3H-
YECKMM MOTEHIU JIOM W PSIOM NPEMMYIIECTB MO CP BHEHHUIO ¢ OOBIYHBIME €1 e -
Ko Hpep mu. OmHO M3 HHX 3 K04 eTcsd B ToM, 4To @K 061 1 10T BBICOKOI
MOHOXPOM THYHOCTBIO. THIIMYHOE P CIpeneleHne CBETUMOCTH 7y7y-CTOJIKHOBEHHUH
MMEeT OCTPhIil MUK BOIM3M M KCUM JIBHO JOCTIDKUMBIX UHB DU HTHBIX M cc W,
CT JIKHB IOMHXCS (POTOHOB ¢ mupuHOi OW,. /W, = 0, 15.

Bcnencteue H nUuMs pe3KOH Ip HUIBI B CHEKTP X CBETHMOCTH 7Y7Y-CTOJIK-
HOBEHHII B 001 CTM M KCHM JIbHBIX MHB PH HTHBIX M CC IIOMCKH P 3JIMYHBIX MOJ
p ci o xurrcoBckoro 60308 (XB) B BHjie y3KMX OAMHOYHBIX PE30H HCOB, H3Me-
pEeHHE ero M cchl ImyTeM CK HUpoB Husl 1o aHepruu B CLIM Mmoryt ObITh Jydiie
nposeneHsl H DJIK, yeM ¢ nmomolp pp- WK eTe~-cronknosenuii [21]. U3me-
penue aByxoroHHON umpussl p cin g XB I'(H — 47) MOXeT OK 3 ThCS IO-
JIE3HBIM IIPU TOMCKE BO3MOXHOIO YETBEPTOrO ITOKOJIEHHS JIENTOHOB M KB PKOB,
MOCKOJIBKY OJ1 TOX psl METIEeBBIM OW IP MM M BCE M CCHBHBIE (I X€ YIBTp -
TSXKeJIble) 3 pSXKEHHbIE Y CTUIBI J 0T BKJI J B 3Ty IIMPHUHY P CII I , €CIH HX
M cc OOyCJIOBIIEH MeX HH3MOM XHITC .

CBETHMOCTb ~yY-KOJIJI HAEPOB MOTEHLH JIbHO BHIILE CBETUMOCTH € ¢~ -CTOJIK-
HoBeHMit. K K MoK 3 HO B p 60Te [16], mia @K cymecTByeT NpUHIUTH JbH S BO3-
MOXKHOCTb MOJTy4eHHs IPEIeTbHbIX CBeTUMOocTel H  yposHe 1034 —103° em~2. ¢!
MDY WCTIONIb30B HHUM OOJ CTH MHB DU HTHBIX M CC BONIM3M MK CBETUMOCTH (2 =
= W,,/2e > 0,65).

CeyeHus pPOXAEHUS 3 PAXEHHBIX I p 4 cTull co cnuHoM O u 1/2 B
Y7Y-CTONIKHOBEHUSAX TIPEBBII 0T COOTBETCTBYIOLIUE CEYEHHS B €1 e~ -CTOJIKHOBE-
HUSX TIPUMEPHO B 5 p 3 (cM. puc. 2); 11 poxxaeHus n p W -Me30HOB 3TOT ¢ KTOp
I ke Gompiie, oH p BeH mpuMmepHO 10-20. CemoB TeNbHO, CT THCTHK COOBITHIA
TOTO K€ MOPSAJK , YTO M JIOCTHXUM S H e’ e -KO/Ul #jlep X, MOXET ObITh JJOCTHI-
HYT H yY-KOJJI #Iep X HpH CBETUMOCTSIX, K K MHHUMYM, B ISTh P 3 MEHBIIUX.
Kpome Toro, ot ceueHusi yObIB 0T C POCTOM DHEPIHU 3H YHMTEJIBHO MeIJICHHEe,
yeM H ete”-Komn Himepe (cm. puc. 2). K K Bhepsble Mok 3 HO B p Gote [21],

H JIOTWYH 1 CHUTY LM MMEeT MecTo M Ipu oOp 30B HMM 0030H XHUITC B 7y7-
CTOJIKHOBEHHSIX.
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Puic. 2. Cp BHeHHe ceyeHMii 06p 30B HUS 3 PSKEHHBIX I P U CTUI B e’ €™ - U 77y~ CTOJK-

HoBermax. Omnu mvetoT sua [14]: o = (ma?/M?)fy(X), tne p = S (ck nsp), p = F
(pepmuon), p = W (W-6030m81); M — M cc 4 cruusl; X = Wpp/4M?

@DOTOHHBIE KOJUT HIAEepHI MPENOCT BJISIOT H WITYYLIyI0 BO3MOXHOCTD [UIS U3yue-
Husl t-KB PKOB. [Ipu 9HEPrusix, JOCT TOYHO JI JIEKHX OT MOPOr POXIEHHS ti-11 p,
Y-KOIUT #ephl MO3BOMAT TIOMyd Th mpuMepHo 10° ¢t-n p B rox [2]. TpomykTe!
ux p cm g Oyayr cin 60 nepekphiB ThCsl, U, T KUM 00p 30M, MOXHO OyIeT u3y4 Tb
HEKOTOpbIE PeAKHe P CI Ibl.

DTOT I JIeKO He MOJIHBINA CIIUCOK AOCTOMHCTB U npeumyiects MJIK apngercd
MepeYyHeM OYeHb CHUIIBHBIX PIYMEHTOB B IIONIb3Y CO31 HUS Ye- U Yy-KO/LT HIepos.
OTMeTHM, 4TO OHOH U3 C MBIX IJT BHBIX L€l TPOEKTHPYEMBIX 7y7y-KOJUT HIepoB
SBIISETCS PelleHNne KIII0ueBoi mpobiemsl ¢T HI pTHOU Monenu (CM) — oTKpsiTHE
U W3y4CHHE CBOMCTB 6030H XWITC .

B nepBoM p 3z1ene 0630p p ccMaTpUB €TCSl CXeM KOHBEPCHH JI 3epHBIX (o-
TOHOB. [Ipy 3TOM M3yd ercsl BIWSHWE HEJTMHEHHBIX 3((EKTOB H CIEKTPHI, I10-
JISIpU3 LIMOHHBIE X P KTEPHCTHKH P CCESHHBIX (DOTOHOB M 3JIEKTPOHOB, T KXe€
CBETUMOCTH "y7y-CTOIIKHOBEHHH.

Bo BTOpOM p 3/1€7M€ Kp TKO p CCM TPUB I0TCS OCHOBHBIE CIEKThl (pu3nye-
CKOH mporp MMbI (pOTOH-(POTOHHBIX KOJUT HIEpPOB.

B TperbeM p 3merne UCCIIEAYyIOTCS MPOLIECChl, KOTOPbIE MOTYT OBITh HCIIOJb-
30B HBI I K JIMOPOBKM CBETHMOCTH YY-KOJJI WIEpOB, T KXe ONpeAeleHHs
CTEIIeH! HONIIpU3 MU (POTOHHBIX My4YKOB. DTO mpouecc oOp 30B HHS JBYX JIeT-
TOHHBIX I1 P OBYMs HOJIIPU30B HHBIMU (DOTOH MU U Iporiecc oOp 30B HHSI OJHOIA
Il PBI TSKEIBIX 3 PSKEHHBIX 0030HOB WM ke (hepMHOHOB.
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2. OBPATHOE KOMIITOHOBCKOE PACCESHHUE JIABEPHBIX
®OTOHOB (IMHEMHBINA U HEJIMHENHBIN CIIYYAHN)

2.1. Kunem T™HK mpormecc ~pe — ~ye. OCHOBHbIE KHMHEM THYECKHE COOT-
HOIICHUS [UTS TIPOLIECC KOMIITTOHOBCKOTO P CCESHHS JI 3€PHOTO CBET H PEJITH-
BUCTCKHX 3JIEKTPOH X ObUTH IMOJydeHbl B [22]:

V(ko) + e (p) = (k) + e (). ©)

OHM COCT BJISIOT NPUHIMITK JIBHYI0 OCHOBY METOA T€HEp LM 7y-KB HTOB BBICO-
kux sHepruii ¢ nmomompio OKP. OcHOBHBIE X P KTEPUCTUKM KOHEUHBIX 3JIEKTPO-
HOB " (DOTOHOB, T KM€ K K ®HEPreTHYecKOe U yITIOBOE p CHpeleseHue, UX MOos-
pu3 LM, T KXe Ipyrue, C HUIMHU CBI3 HHBIE, ONIPEAeNsioTcs AudepeHnn JbHbIM
ceuenuieM mporecc (3). B H crosimee BpeMs B cBsa3u ¢ co3n HueM DJIK HeoO-
XO/IUM TIONIHBIH P CYET IMOJIIPU3 LIMOHHBIX COCTOSHMH K K KOHEYHBIX (POTOHOB,
T K M 3JIeKTPOHOB. DTO, B CBOIO ouepenp, TpeOyeT 3H HUd IuQhepeHn JTbHOTO
ceyeHus mporecc (3) ¢ yuyeToM HOMSpHU3 IMH K K H 4 JIBHBIX, T K U KOHEYHBIX
4 ctull. Briepseie T Koit p cyer 6pu1 poBeneH B p 6ote [24] (1954 r.) B ciyy e,
KOTJ H Y JIbHBIN 2JIEKTPOH MOKOUTCH (cM. T KXe [25,26]). Bosee ueM copok JjieT
H 3 O3 3149 MpeAcT BT YUCTO K JeMUYECKMi MHTepec, HO B H CTosIee
BpeMs (yAUBHUTENIBHO, HO ¢ KT!) OH mepepoc B Upe3BbIY HHO B KHBIA Ip KTHUYE-
ckuii. OTMETHM, YTO APYTUM OCHOBHBIM IIPOLIECC M KB HTOBOH 3JEKTPOAUH MUKH
(KD[I) B aTOM CMBICIIE MTOBE3I0 HE T K CHJIBHO.

[Tpoliecc KOMIITOHOBCKOTO P ccesiHUsl (POTOH H 2JIeKTPOHE B MPOU3BOJIBHOMN
CHCTEME OTCUET W C Y4eTOM IOJISIpU3 LM Y CTUIl P CCM TPHUB JiCd B OOJIBIIOM
KonuyecTBe p 60T. MbI OyleM UCIONB30B Th H HOOJiee ymoOHbIe, H H I B3IJIS,
XOPOIIO W3BECTHBIE (DOPMYIIBI JUII KOMITOHOBCKOIO P CCESHHS, KOTOpble ObUIH
nmoiydeHsl B p 6ot x [6,7]. Ilpu arom Be3ge OymeT HCIONB30B ThCS CHCTEM
€IVMHUIl, B KOTOPOH CKOPOCTb CBET ¢ W MOCTOSHH 4 [lm HK / p BHBI eIUHUILE:
h=c=1.

B 00m cTM KOHBEpCHMHM MPOUCXOIUT P ccesHUEe (POTOHOB C DHEprue
wo ~ 1 B H oanekTpoHe c ®Hepruell € mpH HeOOJBIIOM yINIe BCTPEYH oy
(cMm. puc. 1). Msl OygeM mpeHeOper Tb 3 BUCHMOCTBIO OT 3TOTO YIT1 «vg U CYUHU-
T Thb CTOJIKHOBEHHE JIOOOBBIM. DHEPrUsl KOMITOHOBCKOTO (POTOH W 3 BHUCHT OT
€ro yrn p ccesHUd v MO OTHOLICHUIO K H IIp BICHWIO JIBMXKEHHS H 4 JIbHOTO
BIIEKTPOH  CJICAYIOIIUM 00p 30M:

Wm x m 4(.4}()5
=M= ——e, o= —VT 1, = 7 4
“ 14 (9/90)%° “ cr10 0T ¢ L e= @

7€ Wy — M KCHM JIbH 4 3Heprus (OoTOH , m — M cc 3JeKTpoH . [Ipu aTom
YIJIBI P CCESHMS 3JIEKTPOHOB M (DOTOHOB SIBIISIOTCS YHUK JIbHBIMH (PYHKLUSIMH OT
3HEpruu (PoToH :
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m Wim, T
9y(y) =P /22— 1, Bu(y) = 0, (y) %y Y = 2

Yy 1 e 14z’ )
roe y = w/e — 0e3p 3MepH S DHEPreTHYecK s HEPeMEHH S, Y, — €€ M KCH-
M JbHOe 3H yenue. H npumep, mig € = 250 I9B u wg = 117 3B (HeonuMoBbIi
J 3ep) umeeM: x = 45 u y,, ~ 0, 818. [Ipu 5TOM OKOJI0 MOJIOBUHBI BceX (POTOHOB
JeTUT B MHTEpB J1 yrioB ¥ < Yo =~ 1075 p 1 *, ux sHeprus w > w,,/2. C
pocToM & (TO €CTh C POCTOM Wy JTUOO £€) M KCHM JIbH s SHEPrUsi KOMITOHOBCKOTO
toror w,, T KKe yBenmumB ercs. IIpu ®TOM B 0OJ CTH KOHBEPCHH CT HOBSATCS
BO3MOXHBIMH [pyrue mporeccel [6, 13]. H ubomee B XHBIM W3 HUX SBISETCS
Tpouecc 06p 30B HUSA € e -1 p NMPH CTOJKHOBEHMHM KOMIITOHOBCKUX (POTOHOB C
¢oToH MU TOM Xe J1 3epHOU BomHbBL. [lopor »Toi pe KUUU: wp,wo > m?, T.e.
x =214 V2) ~ 4,828. Bsime s10r0 MOpor (z ~ 8 <+ 20) ceyeHHe poOKIe-
Husg 11 p B 1,5-2 p 3 TpeBbIlll €T ceueHUue KOMITOHOBCKOro p ccesHud [13, 14].
Bcnencteue sT0oro M KCUMyM KO3()(HIMEHT KOHBEPCHU INpU OONBIINX X OTp -
HU4YeH 3H yeHueM 25-35%. Ilo sroii mpuyuHe Oosee MPeamoYTHTENbHO p OOT Th
mpu ¢ = 4,8 (ym ~ 0,828), x0T aroT BeIOOp He OcomoreH. OTMETUM, YTO
0051 cTh Golsiee BBHICOKMX = T KX IpPEJACT BISIET MHTEPEC Wi 3dKCIIEPUMEHTOB,
B KOTOpBIX TpeOyercs npenesbH S MOHOXPOM TH3 LM ~y7y-CTOJIKHOBeHuWil. Hike,
ISl TIOHMM HUS TEHOCHIMH, MBI T KXe OygeM p ccM TpuB Th Oojiee IIHMPOKYIO
001 cTh 2.

B 061 cTu KoHBepcud et e T -1 pbl MOTYT 06p 30B ThCS T KXe HPH CTOJKHO-
BEHUH DIIEKTPOH C JI 3epHBIM (POTOHOM B GeTe-T WTJIepOBCKOM Ipoliecce e+yy —
e+ete”. Omn ko npu < 20 ero cedeHwe Mo Kp HWHEl Mepe H B TOPSIK
MEHbIIIE CeYeHUs] KOMIITOHOBCKOTO p ccesHus [6].

2.2. DHepreTH4yecKkHe CHEKTPbI ()OTOHOB. DHEPreTHYECKHUl CIEKTpP p cce-
saHHBIX (pOTOHOB f(x,y) ompenensiercs: AupepeHI JbHbIM CEIEHHEM MPOLIECC
[6,7]:

1 dO’C 20’() 1

— 20 Ty (1= ) ANre(1 =202 — o) |
oc dy  woc 1—yJr y = Ar(l=r) + AAra( r)(2-y)
(6)

flz,y) =

T Y
r+1’ z(1l—vy)

*MucbcepeHuy IpHOE CeYeHHe HPOLECC B CIyd € HEHONSPU30B HHBIX 4 cTull BOmmsu ¢ = 0
(B H IIp BJIEHMH UMITYJIbC H Y JILHOTO JIEKTPOH ) MMEET O4YeHb OCTPhI MUK [6]:

do.  doe 92
e _ doc(0) (17D—) ,D~z+6,
d, dQ, 92

TO €CThb YIIOBOH P 3Mep OGN CTH BBICOKOH ILUIOTHOCTH (DOTOHOB ompenensercs yriom [6]

19N190/\/23+6.
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Puc. 3. Cnexrper OKP, nocrpoennsie i £ = 4,8 U 3H YeHUIl I p METP MHTEHCHBHOCTH
€% UMPKYIAPHO TMOMAPM30B HHOM SIEKTPOM THUTHOM Bosmbl (17), p BHBIX: ) &2 = 0;
6) €2 =0,3; 6) €2 = 1,0, x K byskumsa oT y = w/e. Junuu I, 2, 3 COOTBETCTBYIOT
CIIeflylollieMy BbIOOpY CHMp JIBHOCTEHl H 4 JIBHOTO 3/1€KTPOH (Ac) U (DOTOH 11 3epHOil
BOJIHBL (A): 1) Ade = 0, A = 1; 2) Ae = 1, A = —1; 3) A\e = 1, A = 1. Jlunusa
4 1 puc. 3,06 oTBed er OOBIYHOMY KOMITOHOBCKOMY P CCESHHMIO B CIIy4 €, KOTJ CIIUHBI
CT JIKMB IOMIUXCSA Y CTHUIl I P JUIETbHBI

e Ac U A — YABOEHH $ CIIP JIBHOCTh H Y JIBHOTO 3JIEKTPOH U CIIHP JIBHOCTD
1 3epHoro ¢oron (A, = 1, A = +1). IlomHoe ceyeHWEe KOMITOHOBCKOTO
npotecc :

Oc =02 + XA 01,
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, 209 4 8 1 8 1
W=—|({1l-==-= |1 HN+-4+—-—F——
e x {( x x2) n(z+ )+2+x 2(3@—1—1)2} ’
20’() 2 5 1 1
=—|[{1+—-|1 1)— = —

S [( +x> nrtl) -5+ Z(m—i—l)Q}’
e olP — cedeHWe VIS HEMOJISPH30B HHBIX Iy4ykoB. B o6m ctm x = 1 <+ 10
ortHouenue |oy/o.] < 0,2, npu x ~ 2,5 BemuuuH o7 = 0, T.e. monHOE

CeueHHe o, CJ1 00 3 BUCHT OT MOJSApU3 LUK (AA.) U M JIO OTJIUY €TCs OT MOJTHOTO
CeYeHMs JUIS HETOJIIPU30B HHBIX MYYKOB.

B oTiim4me OT TONHOTO CeYeHHUsd, DHEPreTHYECKHil CIIEKTP BEChbM  CYIIe-
CTBEHHO 3 BUCHUT OT 3H 4eHHs A\.. [Ipu A\, < 0 umucino H ubosnee XecTKUX
totoHOB (y > x/(x+2)) BO3p CT €T, YHCIO0 MATKHX OTOHOB (¢ y < x/(z+2))
yMeHbIIl eTcs. WHBIMHU CJIOB MU, C POCTOM BeIMYUHBI (—A\.), T K Xe, K K U C
POCTOM &, MPOUCXOMUT D(P(PEKTUBH I «IEPEK YK » MITKUX (DOTOHOB B KECTKHUE.
OCcoOEHHOCTH TOBEICHUS HEPIreTHUECKUX CIEKTPOB B 3 BUCHMOCTH OT ITEPEMEH-
HOIl y = w/e i x = 4,8 B ciyd e, Koryg

1) = A=0,2) =2\ =-1,3) = A\.=1, @)

MpeacT BieHbl H puc. 3, . UM oTBeu 10T uHuu I, 2 u 3 cooTBeTCTBeHHO. Kor
AAe = —1 (CruHBI y CT JIKUB IOMIUXCS 3IEKTPOHOB U (POTOHOB JI 3€PHOM BOJIHBI
I p JUIENBHBI), YHUCIIO XECTKHX (DOTOHOB TOYTH YAB HMB €TCS 10 CP BHEHHIO C
HENOJISIPU30B HHBIM CiIyd eM (cp. KpuBble 2 u I H puc.3, ). DTO NPUBOIUT K
CYILIECTBEHHOMY YJyYIIEHHI0 MOHOXPOM THYHOCTH CIIEKTPOB M YY-COYH PEHHIL.
H obopor, npy HTHII P JUIENBHBIX CIIUH X Y ®JIEKTPOHOB U JI 3epHBIX (DOTOHOB
(A = +1) yucno xectkux GoToHOB yMeHbIl ercd (kpuB 4 3 H puc. 3, ). Co-
OTBETCTBEHHO MOHOXPOM THYHOCTb COYA PEHHUH yXyAll ercs.

OTMeTuM, 4TO TOYKE repeceyeHust JMHUi I, 2, 3 H puc.3, COOTBETCTBYET
31 yenne y = x/(z + 2) = 0,706 w1 x = 4,8. Kpome TOro, B p CCM TpPHB e-
MOM (JIMHEWHOM) NMPHOJIMKEHUH, KOTJ WHTEHCUBHOCTBIO JI 36PHOM BOJIHBI MOXHO
npenebpeub, cnekTpsl OKP, X K 9TO BHIHO M3 pHC.3, , UMEIOT Pe3Kyl0, YETKYIO
rp HULUy (IpH Y, = 0,828), 4TO UMeeT OueHb B XKHOE 3H 4eHHue g nouck Xb
B 7yY-CTOJIKHOBeHUSX [21].

2.3. Ilonspu3 uua KoHeyHbIX (oTOHOB. C MOMOIIBIO MOJIPU30OB HHBIX H -
Y JIbHBIX BJICKTPOHHBIX M JI 3€PHBIX IyYKOB MOTYT OBITH MOJY4E€HBI BHICOKODHEP-
reTyeckue (QOTOHBI P 3MUYHOM moysipu3 nud. O6Iiue (GopMysibl, UCIIOb3yeMble
HIXe I TOJISIPU3 LU p CCeSTHHBIX (DOTOHOB, MPOCYMMHPOB HHBIE IO TTOJISPH-
3 LUSIM KOHEYHBIX 3JIEKTPOHOB, 1 Hbl B [7]. Ilpu aTOM creneHbp LMPKYJISIpHOU
MOJISIPU3 MK KOMITTOHOBCKOTO (POTOH OIpPEAENISIeTCS BBIP KCHUEM

S dexr[l+ (1 —y) A =22+ X1 =2 ((1—y) +1—y)
M) = 1—y)t+1—y—4r(l—7r)+ Merz(l —2r)(2—y) ®)
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f
1 T T

1

0,5

-1 1 L -1 e 1

0 0,2 04 06 0,8 1 0 0,2 04 06 0,8 1
y=olt y=0o/t

Puc. 4. DHepreTnveckue 3 BUCHMOCTH CTelleHH UPKYsipHoii nonsapu3 1 OKP-¢oToHOB,
BhIumCIenHble ad © = 4,8 npu &2 =0, 0,3 ( —6) u &% = 1 (¢) 414 CIIENYIOMHX NOMAPH-
3 LUOHHBIX COCTOSIHHI CT JIKMB IOIMUXCA 4 CTUIL: @) Ae = 0, A =1;6) Ae =1, A = —1;
6) Ae = 1, A = 1. llITpuxoBble IMHAA H PHUC. —6 OTBEY 0T OOBIYHOMY KOMITOHOBCKOMY
P ccesHHIO

3 BHCHMOCTH OT SHEPIMH CTENEeHH LUPKYIIPHOH IMOJSIPU3 LUK )\]; o x = 4,8
NMOK 3 H H pHcC.4, —6 IITPUXOBBIMU JIMHUSIMU (COOTBETCTBYIOIUMHU P CCM TpH-
B €MOMY CJIyd 10 OOBIYHOTO KOMIITOHOBCKOTO p ccesHus). OTMETHM, YTO H TIp -
HHLE CHEeKTp (TIpU TOYHOM P CCESIHUHU H 3 JI), KOTA Y = Y, )\J; = —A. D10
COOTHOIIICHHE SBIISETCS €CTECTBEHHBIM CIIEACTBUEM TPeOOB HUS COXp HEHHMS CIH-

P JIBHOCTH B CITyd € JIOOOBOTO CTOJIKHOBEHMS Y CTHII.

Ecrmm A\ = —1 (ciyy # ¢ H WIyYIeii MOHOXPOM TUYHOCTBIO), TO (DOTOHEI
B 00T CTH Yy ~ Y,, UMEIOT BbICOKYI0, moutu 100% creneHp momsgpu3 mmu. P c-
CesHHbIe (DOTOHBI UMEIOT T KK€ BBICOKYIO CTEIeHb LMPKY/ISIPHON MONIpU3 MU B
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IIMPOKOU 00 CTH DHEPrHid BOIU3U ¥, 1 XK€ B TOM CIyd e, Korg A, = 0. Ot-
METUM, YTO MPU HHU3KHX Y CIHUP JIBHOCTh KOHEYHBIX (POTOHOB )\1; 3 BHCHUT OT A
0YeHb ¢ 60.

BBICOK 4 CTeneHb MUMPKYJISPHON TONSApU3 UM (POTOHOB JOJKH CBHITP Th pe-
I IOIIYIO POJIb B [0/l BJIEHUH (POHOBBIX MPOLIECCOB MPH OOp 30B HUU XMITCOBCKUX
Y CTHII, TOCKOJIBKY cedeHue npoiecc o6p 30B Hus XB B y7y-CTOJIKHOBEHUSIX,
KOTOpBIH P CIT JI €Tcsl TIPeuMyIecTBeHHo H  bb-1 pel, o(yy — H — bb) o
x 1+ Ay1Ay2, B TO Bpemsi K K CEYEHHe IVI BHOIO (DOHOBOIO IpOLECC
o(yy — bb) < 1 — Ay1 A2 [18].

CreneHb JUHEHHON TONAPU3 UM KOMIITOHOBCKHMX (DOTOHOB OIIPENENSETCS
BBIP JKEHHEM

2r’py
1=y +1—y—4r(l—7)+Merz(1 —27)(2 —y) ’

PL =7 C))

rjie p; — CTeleHb JIMHEHHOH MOMSIpU3 KU J1 3epHbIX oTOHOB. (B ciyy e moiaHoi
MOJISIPU3 LMU P; U CIHUP JIBHOCTh A CBS3 HBI COOTHOIIEHHEM pl2 +A2=1)

HutepecHo otMetuTh [14], 4TO MOXHO MOJYYUTh OOJIBIINE 3H YCHHS DLys
BILUIOTH JIO p;, = 1, B CIIyd €, KOIJ AAe = +1, 9TO COOTBETCTBYeT JMHUU 3 H
puc.3,a, KOra YUCIO (POTOHOB C DHEprueil BOIU3N w,, M JIO.

JluHe#H 4 nmosgpu3 1us (POTOHHBIX MTYYKOB MOXET OBITH OYEHb MOJIE3HON IPH
omnpezenieHnd C' P-4eTHOCTH XMITCOBCKUX 4 CTHII, OCKOJIBKY cedeHHe ero oop -
30B HUs 1ByMs1 potoH Mu o(yy — H) o 1 +pi, pi,, s CP = +1 coorser-
CTBEHHO.

P ccmorpensbie Bbile ¢opMysbl i JudepeHuu JIbHBIX CEYEHUid, dHep-
TeTUYECKUX CIEKTPOB, CTENEeHN LUPKyisipHOW momspu3 uuu OKP-coton cmp -
BEIUTMBBl TOJIBKO JUII OJHOKP THOTO KOMIITOHOBCKOTO p ccesHHs. Mexmy Tem
NPU P CCESHHMU JI 3epHOIl BOJHBI C OOJBLION IIOTHOCTBIO (POTOHOB BO3p CT €T
BEPOSITHOCTh MHOTOKP THOTO KOMIITOHOBCKOIO P CCESHHS, KOTOpP S NMPHBOOHUT K
MOJIbEMY DHEPIeTHYECKUX CIIEKTPOB P CCESHHBIX (DOTOHOB B OOJ CTH HU3KHX U
cpenHux sHepruid [14]. Ing monHOro MOmEIMpOB HUSL MHOTOKP THOTO KOMIITO-
HOBCKOTO P CCESHHS HEOOXOAMMO 3H Th IOJSIPU3 LIMIO 3JIEKTPOH B KOHEYHOM
COCTOSIHWH, YTO, OOH KO, He ObUTO caen Ho B [14], HOCKoIbKY He OBUTH M3BECTHBI
¢popMyIIBI, ONUCHIB OIIME U3MEHEHHE MOJISIpU3 LMK 37eKTpoH B mporecce OKP.
Dt npobieM B Clyd €, KOTJ HETHMHEHHBIMU 2(PheKT MU B 007 CTH KOHBEPCHU
MOXHO IMpeHeOpeds, ObT Hex BHO p ccMOTpeH B [27]. MBI T KXe ee p ccMo-
TPUM HMXE, HO HE B JIMHEHHOM NpPUOIMXKEHWH, C YYETOM BIIMSHUS HEJIMHEIHBIX
atpdexroB B OKP, roe aTo omuc HUe Mpenct BIseTcs H M H uboliee YIOOHBIM U
MIOJTHBIM.

2.4. CBeTMMOCTb, MOHOXPOM TH3 ITUf 77Y-CTOJKHOBeHMIl. CBeTuMOCTh L SB-
JISIETCS ONHOM U3 OCHOBHBIX X P KTEPUCTUK YCKOPHTENS CO BCTPEYHBIMH MyYK MHU.



166 KVYPAEB D.A., TAIIBIHCKUI M.B., IEBUYK M.H.

B ciyu er ycCOBCKHX €t e -IIydKOB OH  ONpPEENAETCs CIEAYIONIM BbIP KEHHEM:

N_+N_ -
Loo = 22t (10)
dmooy

rae No— (Ng+) — 9HCIIO 37IEKTPOHOB (IO3UTPOHOB) B IyYKE, ¥ — 9 CTOT CTOJK-
HOBEHUH, 47m0o,0, eCcTh IUIONI Ab MEPEKPHITUS MYYKOB C MOMEPEYHBIMU P 3Me-
p MU 0, U 0y. B nutep Type BenmuuHy L. U CTO H 3BIB 10T «T€OMETPUYECKON
CBETUMOCTBIO» [2,14]. Eciu U3BeCTH CBETHMOCTh YCKOpHTENs L, TO YUCIO COOBI-
THii B eMHALY BpeMeHH N JUIS IIPOLECC ¢ M3BECTHBIM CEUCHHEM 0 OIPEIeIseTcs
creyiommM cootHomennem: N = L o.

Dusuyeckue npoyeccol u mpebos Hua k ceemumocmu. C TOUKA 3peHUs Tpedo-
B HHI K CBETUMOCTH U €€ CIICKTpP JIbHOMY P CIIPEAEICHHIO B ye- U Yy-COYI PEHHAX
MOXHO BBIJIEJTUTH JIBE TPYIIIbI IIpoLieccoB [6,7].

) IIpormecchl, B KOTOPHIX KOHEYHBIE U CTHUIIBI BHUICT IOT H OOJBIINE YIJIHI,
T K YTO IO MPOAYKT M pe KIUH MOXHO BOCCT HOBUTb WHB PH HTHYIO M CCY CH-
crembl. T Kue mpouecchl 0OYCIOBJICHBI B3 UMOICHCTBHSMH H M JIBIX P CCTOS-
Husx. HMx ceuenns nesenmuku: ~ (a/E)%, (a/Mwy)? ~ 10736 = 1073% cm? u
HUMEIOT TUT BHYIO 3 BHCHMOCTH OT ®HEpPruM (MCKII0Y S MOPOroByio 00N cTb). g
UX U3y9eHHUd TpeOyeTcs M KCHUM JIbHO JOCTYIH 5 CBETUMOCTb, MOHOXPOM TH3 -
LM HeoOs3 TEJbH .

6) IIpotecchl, B KOTOPHIX MOJIE3HO UMETh XOPOIIYI0 MOHOXPOM THYHOCTH CO-
yao peruii. T KOBbI, H MpUMEpP, MPOLECCHl, CBA3 HHbIE C B3 UMOIECHCTBUSAMHU H
GOJBIINX P CCTOSHUSIX, CEYEHHs] KOTOPBIX OOJIbIINE, HO OBICTPO I [ 10T C POCTOM
MOTMEPEYHBIX UMITYIbCOB 4 CTUIl. [IOJH s perrcTp LU HPOAYKTOB pe KIIWH, Jie-
TAIMIMX TIOA M JIBIMH YIJI MU, SIBIIIETCS OYEHb CIOXHOM 3 1 ueil. [loaTomy 3mech
HeoOXOOMMO UMETh MOHOXPOM THUYHBIC IyYKH, HO BOBCE HE HYXH BBICOK 5 CBe-
TUMOCTb. JpyruM NPUMEPOM SIBIISIOTCS IPOLECCHI POXJCHHS HOBBIX Y CTHIL C
SIPKO BBIP JKEHHBIM ITOPOTOBBIM IJIH PE30H HCHBIM MoBegeHueM. T K, H mpuMmep, B
pe xuuu vy — WTW ™ Bo3p T HHe cedeHHs JIO0 MOJOBUHbBI CHMIITOTUYECKOTO
3H YeHHS MPOUCXOAUT H HHTEpB Jie Hepruu okoio 10% ot mopor .

K k mok 3 HO B [6, 7], TpeGoB Husa (a) u (6), HEepeUUCIICHHBIC BBIIIE,
MpeabsIBIdeMble K CHEKTp JIbHOW CBETUMOCTH -y7y-KOJUT HAEepOB, MOTYT OBITh
pe JTU30B HBI B CIyd X, KOrm TOYKM KoHBepcrmm C' u B3 umopeiictsus O
(cM. puc.1) coBm x 10T ( ) U p 3HECEHBI B MPOCTP HCTBe (0) COOTBETCTBEHHO.
ITpu aToM 1 Gonee KOMILIEKCHOTO YIYy4ILEHHS MOHOXPOM THYHOCTH -y-IIyYKOB,
€CTECTBEHHO, JOJIXHBI OBITh HCIIOJIB30B HbI MOJSIPU30B HHBIC MYYKH CT JIKHUB FO-
IIUXCS JT 3epHBIX (POTOHOB U JIEKTPOHOB.

B mepBoM ciyd e, KOII 3KeCTKHE Y-KB HTBbI CT JIKUB IOTCS IOPYT C JPYIroM
Cp 3y Xe Iociie KOMOTOHOBCKOI KOHBEPCHH, CIEKTp JIbHOE P CIIpele/ieHHue CBe-
THMOCTH yY-CTOIKHOBEHHI L~~ TI0 HHB PH HTHOM M CCE CT JIKMB IOIMXCA o-
TOHOB W~y = \/4wiwy BHIYKCISAETCH Yepe3 SHEPreTHYECKHE CIEKTPHI (hOTOHOB
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f(z,y) (6) cnenyomum o6p 30Mm:

1 dL’}/’Y /Zm 22 dy
— =2z fm)y fx7_ ) (11)
Lyy dz 2/ (=:9) J( y) y

2=Wyy/26, 052 < 20 = Ym =2/(1 + 1) ,

6o

1 dL +Mm
L dlyy / Flx, 26 f(z,ze™) dy (12)
LP}/P}/ dz —Nm

nEln\/yl/yQ, N <N < ANy T :hl(ym/z)v

e y; = w;/€ — IOJIH DHEPIHil, yHOCHMbIe (POTOH MU, ABHXKYIIUMUCS B IPOTHBO-
MOJIOXHBIX H TP BJIEHUIX 1 U 2; 17 — OBICTPOT ~y7y-CUCTEMBI. 31eCh z U3MEHIETCS
or 0 00 z,, = Wy, /26 = Yy, tae W, — M KCHM JIbHOE 3H Y€HHE UHB DU HTHOMN
M ccol Wy, Wiy = 2wy, 1 orp Huden B 061 et || < In(ym,/z). Otvetum,
uro cpopmyinbl (12) u (11) KBUB JIEHTHBI MEXy COOO.

B ciyu e, xorn Touyku KoHBepcuu U B3 umonelicteus C' U O p 3HECEHBI
Mexay cobodl B mpocTp HCTBe (T.e. p ccrosHume b # 0, cM. puc. 1), p crope-
JieNieHUe CBETUMOCTH I10 MHB DU HTHOH M cce 7yy-cucteMbl Woy, cip BeminBoe
ISl KCH JIbHO-CUMMETPUYHBIX, I YCCOBCKHX ITy4KOB, IPUHUM €T Oojiee CITOKHBIN
Buj [6,7,14]:

dL Ym
T 2L [ He) 2 ) o)%
z 22 [Ym

“exp (_ (@+M_2) M)@ (13)

] Ww. N2
U:pg(ﬂlv(@_l)(w_l),Z:ﬂw)_ b N

- I ee — )
y 22 Yae 2ma?

rne [o(v) — momucunmpos HH s yHKIms Beccens o pryment v,y =e&/m —
JIOpeHI-(p KTOp, 4. — P AUYC 3IEKTPOHHOIO Iy4K B TOYKe B3 mMMopeicTeuil O,
L¢e — reoMeTpuuecK s CBETUMOCTb O 3UCHBIX ee-CTONKHOBEHH, k — Koadu-
UMeHT KoHBepcuH. T KuM oOp 30M, CIIEKTp JIbH 51 CBETUMOCTD y7y-CTOIKHOBEHHIA
3 BHCHUT TOIIBKO OT I P METPOB p, X, AA. U HE 3 BHCUT OT JPYIHX II P METPOB
ycr HOBKU. OueBunHO, 4yTo npu p <K 1 ¢dopmyn (13) nepexoaur B (11), ecnu
y4eCTb, YTO IOJIH S CBETMMOCTbh <y7y-CTOJKHOBEHHI CBSI3 H C TeOMETPHUYECKOM
CBETUMOCTBIO €e-CTOJIKHOBEHHUII CIIeAYIOIUM 00p 30M:
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o, 1,
LYV dz LYY dz
3 T T T T
a
2,5 ]

x=4,8,E2=0

b 02 04 06 08 1
Z=W1‘|/28

Puc. 5. 3 BucuMocTb CIeKTp JIbHOII CBETMMOCTU 7y-CTOJIKHOBEHUH OT UX MHB PU HTHOM
M ccot Wy, 2z = W, /2¢, noctpoenn s gt « = 4,8 () u o = 10 (6). Kpussie I,
2, 3 COOTBETCTBYIOT BBIOOPY HOJISIPU3 LHOHHBIX COCTOSHHU 4 cTuI: 1) Ae = 0, A = 1;
DAde=1LA==-1DA=1 =1

Ly =k? Lee . (14)

CrieKTp JIbHBIE CBETUMOCTH Yy-COY[ PEHUH, p CCUUT HHBbIE 1O popmyrne (11), Ko-
m z=4,8ux =10, npeact BIeHH H PUC.5, U 6 COOTBETCTBEHHO. IIpu aToM
JuHUSM [, 2, 3 H K XIOM W3 ®TUX PUCYHKOB OTBEY €T OAWH KOBBIA BHIOOD MO-
JIIpU3 TUOHHBIX cOCTOSHUU (7) Wid 0OOMX CT JIKWUB IOHIMXCS MydkoB. K K u B
CIIlyd € PHEpPreTHYeCKUX CHEKTpPOB, JUHUAM [, 3 H puc.5, ,6 OTBEY 10T C Mble
HEMOHOXPOM THUYHBIE p crpeaesieHus. TodeyHble JUMHUUM H 3THX PUCYHK X (C
Ae = —1, XXe = —1) UMET X P KTEpHbI MUK BOIM3M z,,. B ciyd e x = 4,8
WYm = 0,828) u x = 10 (y,, = 0,909) KOOPIUH THI MMKOB H PHUC.5, U 6 p BHBI,
cootBercTBeHHO, (0,786, 2,519) u (0,882, 3,689). OueBUAHO, YTO UX BBICOT ,
BMECTE C Hell 1 MOHOXPOM THYHOCTb JKECTKHX YY-CTOJIKHOBEHHH, p CTET C T,
IIMPUH IHKOB, COOTBETCTBEHHO, yMEHbII eTcsl. OTHOIIEHHe CBETMMOCTEH Iph
z =10u x = 4,8 B cuny (14) onpenensgercd OTHOLIEHHEM KB Ip TOB KO-
(pULIEeHTOB KOHBEPCHH, M KCHUM JIbHBIE 3H YEHHUS KOTOPBIX HMXKE U BBILIE MOPOT
poxjenus eTe”-I p p BHBI, cOOTBeTCTBeHHO, k¥ = 0,63 u k = 0,35 [13, 14],
nostomy L~y (z = 10)/Lyy(z = 4,8) = (0,35/0,63)% = 0,3. Onn Ko, K K
HOK 3 HO B [14], MOHOXpOM THYHOCTB cieKTp npu x = 10 B 1,7 p 3 BbllIe, 4eM
npu x = 4, 8.

H puc.6 mok 3 H CHEKTp JIbH S CBETHMOCTb ISl HEMOJNSIPU30B HHBIX
(Ae = 0) ¥ moOIPU30B HHBIX MYy4KOB (C AAe = —1) npu = = 4,8 mig oboux
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dL
dz

s
LYY

Puc. 6. CrieKTp JIbH $I CBETUMOCTb 7y-Y-CTOJIKHOBEHHI K K (DYHKLHMSI HHB PH HTHOM M CCbI
2 2

Wy, 2 = Wy /2e, mis ciyd s, korg 1 p merp p° = (b/vae)” p Ben 0 u 1 (toukn

xonsepcun C' u B3 umogeiictust O COBII I 10T U P 3HECEHSI B IpocTp HCTBe). CIUTONIHbIE

M TOYEUHble KPUBbIE COOTBETCTBYIOT KPUBBIM / M 2 H pHC.3,a

IIy4koB, Korg 1 p MeTp p = 0 u 1. K X BUIHO U3 3TOr0 PUCYHK , IIpu p = 1
CHEKTp JIbHOE P CIIpe/ieSieHHe CUJIBHO I0J BIIEHO B OOJ CTHU M JIBIX U CPEIHUX
UHB PH HTHBIX M CC, TIOJH ¢ IIUPUH TIOJOBHHBI M KCUMyM COCT BJSeT IpU-
MepHO 10% ang nongapuzoB HHOro U 20% i HENOJIIPU30B HHOTO IyYKa.

2.5. Henuneiinble 3¢pdextsr B OKP. [Ipu nocT TOYHON MOLTHOCTH JI 3€pHOIi
BCIIBIIIKYM B OOJI CTM KOHBEPCHU CT HOBSTCS CYLIECTBEHHBIMH IPOLIECCHI, UIYLIHE
3 CYeT OJHOBPEMEHHOIO IOIVIOINEHMS! M3 BOJIHBI HECKOJBKHUX JI 3epHBIX (hOTO-
HOB [28]:

e (p)+ny(ko) — e (@) +k), n>1, (15)

v (k) +sv(ko) — e (py)+e (p),s>1. (16)

Iponeccsr (15) u (16) mpeact BAAIOT cOOON HEMHEHHbIE 0 HHTEHCUBHOCTH OIS
MIPOIIECCHl B3 UMOJEIHCTBUS 3JIEKTPOHOB U (DOTOHOB C TIOJIEM 3JIEKTPOM THUTHOM
BoiHbI (DMB). IlepBblif U3 3THX HENMHEHHBIX MPOLIECCOB MPUBOAUT K P CLIM-
PEHHIO CIIEKTPOB BBICOKOHEPIeTHYECKUX (DOTOHOB, MOSBICHHUIO JOMOTHUTEIbHBIX
IUKOB B CHEKTP X P CCEIHHOIO U3Iy4eHUS 3 CUeT MNOIVIOLIEHUS W3 BOJIHBI He-
CKOJIBKHX JI 3€pHBIX (DOTOHOB, BTOpPOH 3(hheKTUBHO CHUXK €T HMOPOr POXICHUSL
ete™-n p [28]. B3 umoselicTBIE 3/IEKTPOHOB U MO3UTPOHOB C mojieM DMB npu-
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BOAUT K 3(h(heKTUBHOMY YBETMUEHHIO UX M CCBI:
2 2 2 2
m® —mi=m*(1+&),

KOTOpPOEe X P KTEpPU3YETCs I P METPOM MHTEHCHBHOCTH JI 3€pHOM BOHBI &£2:

2,2
2 dra \  e“a
£ =n, = - ; an
2 2
m2wo m
II€e 7. — IUNIOTHOCTb (POTOHOB B BOJIHE, Wy — UX BHEPIMSA, @ — MIUIMTYL KII C-
CHYECKOTO 4-TIOTEHUH JI 3€KTPOM THUTHOH BOJIHBIL, € U M — 3 PAJl U M cC

BNIEKTPOH , ® — TIOCTOSHH $1 TOHKOW CTPYKTyphl. CHCTEM THYECKOE HCCIIEeNOB -
HHE HEIMHEUHbIX OpelT-yHIepoBCKOro U KOMIITOHOBCKOIO IPOLECCOB OBbLIO MPO-
BelleHo B p 6ot x [29,30].

B H crosinee BpeMsi 00JI CTh HEJTUHEWHBIX 3(PQEKTOB, ONpeaeIseM s yCio-
BueM &2 > 1, gBnseTca BechbM KTy JILHOM M TIpeICT BIseT GOJIbIION HHTEpec,
MOCKOJIBKY B HEHl CT HOBSTCS CYIIECTBEHHBIMH IPOLECCHl M3IydEeHUs, UIyLIHe 3
CYET OJHOBPEMEHHOIO MOIJIOLIEHHUS U3 BOJIHBI OOJIBIIOTO KOJIMYECTB (POTOHOB,
UX BEPOSTHOCTHU SBJISIOTCS CYIIECTBEHHO HEMTUHEWHBIMM (PYHKIMAMH H MpPIXeH-
HOCTHU 1OJI. B 3TOi CBsI3M HEOOXOIUMO OTMETUTb, YTO Hell BHO H YCKOpHTEe
SLAC [31] 3 xoHuM Cb cepud aKcniepuMeHToB E-144 no npoBepke npeack 3 HUi
HenmuHeHo KD B 061 ¢t m p MeTp & ~ 1, 9TO CT JIO BO3MOXHBIM 3 CYET
WCTIOJIb30B HHSI CBEPXKOPOTKHX U XKECTKO C(HOKYCHPOB HHBIX JI 3€PHBIX MMITYJIb-
coB. OTMETHM, 4TO MpPU 3TOM OBUT BIIEPBbIE MOCT BJIEH YKCIIEPUMEHT, B KOTOPOM
nporecc poxaeHus et e -1 p 6bUT OCYIIECTBIEH NPU Y4 CTHH TOJIBKO PE JIHBIX
(’KecTKOro KOMIITOHOBCKOTO U JI 3€pHBIX), HE BUPTY JIbHBIX (POTOHOB.

[Mongpu3 1MoOHHBIE SIBJICHUS B MpoLiecce HETMHEHHOro KOMITOHOBCKOIO P C-
cesdHHs ObUTH MOAPOOHO M3ydeHsl B p 60T x [32,33]. Ilpu atom B [32] p ccM -
TPUB JIUCh HeJIMHEITHbIe 3(h(PeKThI B 00JI CTH 3H YEHHH I1 P METP WHTEHCUBHOCTH
BOJIHBI HE TOJIBKO §2 <1,HO M 52 > 1. OT™MeTuM, 4TO YUCIICHHBIH P CUET CIeK-
TPOB M3JTydeHHs TIPH OGONBIINX UHTEHCUBHOCTAX (£2 > 1) GbUT BIIEpBbIE TPOBEIEH
B p 60Te [28], mpu 5TOM MONIIpPHU3 LUHM U CTHUIl HE YIUTHIB JIHCh.

OcHogHble popmyns.. duddepeHir TbHOE ceUeHue Mpolecc Hu3mydeHus ¢o-
TOH 3JIEKTPOHOM B TOJIe UUPKYISIPHO MOISIpU30B HHO DMB B ciyu e, Kora
BCE 4 CTHIIBI, Y4 CTBYIOILIME B pe KIUH, SBISIOTCS CIMP JIBHO MOJISIPU30B HHBIMH,
uMmeer cueaywoumii Bua [32-34]:

2 o0

do. T
T R 1) Z((l FAA) Fin + A(Ae + A0) Fan+
n=1

AN (AP + AeFuan) + AN, Frp) | (18)
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u2
Fln = —4 J3+§2 (2+U+1) (J72L—1+J72L+1_2J'r2L)’
(24 uw)u u
Fyy = §2u7+1 1_2E (21— J2) s
u? U
Fs, = €& (2 1—-2— ) (J?2_, - J? 19
3 § (+u+1)( Un)(nl 1) s (19)
U
Fin = —= (40 +8 Q24w (i + i =270 ),
2
U
Fy, = —4J2 ——,
5 "14+uw
e
u:kok " :2nk0p: nx x:2k0p
k()p/? n m27

(20)

Jn — ¢yukimu beccens n-ro nopsak oOT PrymMeHt z,. [Ipu 3TOM mepeMeHH 5 u
m3Mensetcs B npenen X 0 < u < u,. Bplp XeHue, crosdiuee moja 3H KOM CyMMBbI B
(18), onpenensger BEpOSTHOCTh U3TYYEHHS N-i I PMOHUKM B I10JIe LIUPKYISPHO MO-
Npu30B HHOM DMB B cilyd e, KOTm TONSIpU3 [MUOHHBIE COCTOSHUS H U JIBHOTO W
KOHEYHOTO 3JIEKTPOHOB, T KX€ HCHYIIECHHOTO (DOTOH , SBISIOTCS CITUD JIbHBIMH,
npu aToM A, = +1, A, = +1, A = +£1, V' = £1. OrMeruM, 4TO TEPMUHOM N-i
I' PMOHUKH MPHUHATO H 3bIB Th MOAMPOLECC U3My4eHHUsS (POTOH 3IIEKTPOHOM, MpHU
KOTOPOM M3 BOJIHBI MOTJIOI €TCSl M JI 3epHBIX (POTOHOB.

Ecnu monsgpus mus KOHEYHOTO 3JIEKTPOH HE PETUCTPUpPYETCs, TO, ACHCTBYS
[0 U3BECTHBIM P BWI M, ¢ NoMowpl (18) momydnM BbIp XeHHE I CTEIEeHU
IUPKYSIPHON TOMSIpU3 HUH (POTOH B KOHEYHOM COCTOSHHH )\5:

(oo} oo
M= (AFn+ A Fin)/ Y (Fin+ e Fan ). 1)
n=1 n=1

AH JIOTHIHBIM 00p 30M ¢ TOMOIIEI0 (18) HETPYAHO MOYIUTH BBIP KEHHE IS CTe-
TIeHH TIPOJIONbHO MOMAPH3 IIMH 37eKTPOH B KOHEUHOM cocTosHuu A/ B ciiyu e,
KOIZ IOJISIpH3 LK KOHEYHOTro (DOTOH HE PErHCTPHPYETCS:

)\522()\6 F17L+)\€F5TL+)\F2’!L)/ Z(F17L+>\)\6F2'rz)- (22)
n=1

n=1

B ciyu e m000BOro CTONKHOBEHHS YJABTP PENSITHBUCTCKUX 3JEKTPOHOB ¢ (hOTO-
H MH JI 3epHOIl BOJIHBI ®HEpPreTHYecK s 3 BHCUMOCTb An(depeHIy JIbHOTO ceve-
Hus do./dy OT epeMeHHOl § = w/e , € — DHEPrUs BJIEKTPOHOB, TONYY €TCS U3
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BeIp kenus (18) ¢ momowpio 3 mensl: u — y/(1 — y) [30]. Ilpu sToM u3MeHe-
HHIo TiepeMeHHON v B Tpenel X 0 < u < u, COOTBETCTBYIOT MpEIE/Tbl H3MEHEHHS
nepemenHoi y : 0 <y < y,, 1€

Up, nx _ 2kop  4woe

:1+un_n:c+1+§2’x_ m2  m?2

Yn (23)

BinsiHue HenuHenHbIX 3¢pheKTOB MPUBOAUT K TOMY, YTO M KCHM JIbHO BO3MOXH s
sHeprus (hOTOHOB TEepBOil T PMOHMKH (n = 1, &2 # () yMeHbII eTcs 1O Cp B-
HEHHUI0 C M KCUM JIbHOM 3Hepruei (hoTOHOB, 00p 3YIOIIMXCS B OOBIYHOM KOMIITO-
HOBCKOM p ccesHuu (n = 1,£2 = (), MOCKOJIBKY ISl TIepBOil I' PMOHUKH MMeeM
Yimax =y1 = /(1 + 2+ &%) < 2/(1 + x). DHeprus ke y-KB HTOB, UCITYILEH-
HBIX TIPH NOIVIOIIEHNN HECKOMBKHX (GOTOHOB (1 > 1 4 £2), MpeBBIII eT SHEprHio,
JOCTHXHUMYIO B OOBIYHOM KOMIITTOHOBCKOM P CCESHHH.

[Mpoussoms 3 Meny: u — y/(1 — y) B BeIp Xkenmsx (18), (19), mia mudde-
peHm JpHOro cedenus npouecc OKP B mose OUpKy/IsSpHO MOMSPHU30B HHOM JI -
3ePHOIi BOJIHBI IIOJlydHM P CIIpejeieHHe 110 SHEPrUU KECTKHX Y-KB HTOB Y = w/e
[32-34]:

do. ma? = , ,
Wy - Zamie ;((1 F XA ) Fin + A Ae + AL) Fon+
+)\I()\F3n + )\eF4n) + )\e)\leF5n) ’ (24)
1
Fi, = —4J2+¢ <1y+ m) (J2_ 4+ J2 —2J2),
1 y (1 —yn)
_ e oY 2 12
FQn - g ( 1+y+ 1_y> (1 2yn (1_9) (Jnfl JnJrl) 9
1 y (1 —yn)
! — g2 _ - 9 4 L7 Yn) 2 2
1
Fi, = —dyJ2+¢& <1 +y+ ﬂ) (Ji o+ —2J7),
9 1
F5n = 4Jn 1+ Yy— — )
-y
2ng y < y)(lyn)
tn = ——2 S, = (1 L) T (26)
1+ &2 Yn Yn/) (1—y)?
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OTMETUM OJIHY Ype3BbIU HO B XHYI0 OCOOEHHOCTb, KOTOPOii 001 JI 10T (PpyHK-
uun Fy, (25), onpepenstomne nudgepenun jipHoe cedenue npouecc OKP (24).
[Ipy TOYHOM p ccesdHMM H 3 I, KOTA Y = Yn, 2n = 0, Bce pynkuum [}, npu
n > 1 obp 1y 10TCA B HylTb. DTO O3H 4 €T, YTO TOJIBKO (DOTOHBI MEPBOM I' PMO-
HUKHU MOTYT U3yd ThCS B H NP BJIGHHM ABUXKEHHUS H 4 JIBHOTO IIYYK 3JIEKTPOHOB.
®oToH M OoJiee BHICOKMX I' PMOHHMK T KOE€ IOBEJIeHHE 3 IpelieHo0 TpeOOB HueM
COXp HEHHMS CIHUp JIBHOCTU CHUCTEMBI U CTHUII e + Ny IO B3 UMOJEHCTBUSI U € + ¥
nocsie B3 uMogeiicteus [32]. Benencrsue sToro yriiooe p cupeneseHue (poTOHOB
BBICOKHX I' PMOHHMK CT HOBHTCS OoJsiee IIMPOKMM M B KOHEYHOM CYETE MPUBOIHT
K YMEHbLICHHIO CBETUMOCTH ~y7y-CTOJKHOBeHHUil. Ho 00 aTOM peub moiier HUXe.

Ipu €2 < 1 1 BHEIA BKI 1 B BepOATHOCTH mpouecc (15) 1 10T HECKONBKO
MepBBIX I pMOHKK. B p 6ote [32] GbUIO NpOBeneHO p 3M0XeHHe TudepeHIy Jib-
HOro ce4yeHus (24) g MepBbIX TpeX I PMOHMK IO I P METPY M JIOCTH
A = €2/(1 + £2), npu 3TOM BBINOJNHAIOCH P 3MOXEHHE TOJBKO JUTS (DyHKLIMIA
Beccend, mnd BenuuuH ¥y, (23) UCHOIB30B JIUCh TOYHBIE opMysibl. Huxke Mbl
OyzeM HCTIONB30B Th 3TH P 3JI0XKEHMS IUI YHCIEHHBIX P CYETOB HEPreTHYECKHX
cuektpos (1/0.) do./dy (tne 0, — NOIHOE CedeHHe IPoLece : o, = » =5 ol),
CBETUMOCTH 7y7y-CTOJIKHOBEHUI, CTEIIEHU LUPKYJIIPHOU )\2; (21) u mpoxosBHOIL MO-
napus i A! (22) hOTOHOB M 37TEKTPOHOB B KOHEYHOM COCTOSIHHHL.

B 10 Xe Bpems mpu £2 > 1 GyldeM HCIONB30B Th TOYHbIE BHIP XKeHus (24),
(25). OT™eTuM, 4TO B 3TOM CJIy4 € M KCHUM JIbHO€ YHCI0 (POTOHOB Npyax, MOLIIO-
Il eMOe W3 BOJIHBI, OTIPENEeNIeTcs] U3 YCJIOBUM CXOAUMOCTH psa  (24).

Ob6cyxoenue HeaunelHvlx spgekmos ¢ npoyecce OKP. Tlepeiinem x Gosee
JIeT JIbBHOMY H JIM3y BIMSHUS HEeTUHEUHBIX 2(peKTOB H 3DHEepreTHYeckue Criek-
Tpbl poroHOB B OKP, criekTp JibHYI0 CBETUMOCTh 7y7y-CTOJIKHOBEHHMIl, T KX€ H
MOJSIPU3 IMI0 P CCESTHHBIX (DOTOHOB M 3JIEKTPOHOB. Bce 3Th BOIpOCH CBS3 HEI
Mex1y co0Oi, UMEIOT JOBOJIBHO TOHKHIA X P KTep, UX HENb3sl HE YYUTBHIB Th IIpU
CO31 HUM y7y-KOJIJT H/IEpOB.

1) Pe3yapT ThI YUCTICHHBIX P CYETOB ®HEPreTMYECKUX CHEKTPOB (DOTOHOB MU
r = 4,8 npenct BiaeHbl rp UK MU H puc.3,06 U 3,6, MOCTPOSHHBIMHU, COOTBET-
CTBEHHO, [Vl 3H 4YeHMil I p MeTp uHTeHcuBHOcTH &2, p BHBIX 0,3 u 1. Ilpu
3TOM MOJISIPU3 LMOHHBIE COCTOSHUS Y ®JIEKTPOH | JI 3epHOTO (POTOH BHIOP HEI
T KUMH Xe, K K ¥ B CIyd € OOBIYHOTO KOMITOHOBCKOIO P CCESHHMSI:

DoAe=0,A=122A=1A=-13)2A=1, =1 (27)

H puc.3,6 u 3,6 um otBeyu 10T JuHUM I, 2 U 3 cooTBeTcTBeHHO. KpuB 51 4 H
puc. 3,6 cootsercTByeT £2 = 0, A\, = —1. OH mnpuBeneH s Goee y106HOTO
Cp BHEHMS CIIEKTPOB B JITHEHHOM M HEJIMHEHHOM CITyd SIX.

K K BUIHO M3 9TMX PHUCYHKOB, y4eT HeJMHeHHBIX addekTor (£2 # 0) npu-
BOJAUT K CYIIECTBEHHBIM M3MEHEHHUSM CIIEKTPOB IO CP BHEHHIO CO CIIEKTP MHU B
OOBIYHOM KOMIITOHOBCKOM P ccestHun (€2 = 0). Bo-mepBbiX, OJHOBpEMEHHOE
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MOTJIOIIEHNE W3 BOJIHBI HECKOJBKUX (DOTOHOB MPUBOIMT K P CIIUPEHUIO CIEKT-
POB KECTKHX Y-KB HTOB, IOSIBIICHUIO JONOJHUTEIbHBIX TUKOB, COOTBETCTBYIOLLUX
H3IYIeHUI0O T PMOHHK Oojiee BBICOKOTO MOPSOK . DTO VIIMpEHWEe MPH OTHOM U
TOM Xe I p MeTpe x TeM OoJjblle, yeM OoJbllle WHTEHCHBHOCTh BOMHBEL [lpu
9TOM TP HHUI[ CHEKTP Ymax = Ym Olpemengercsd mo gopmyne (23) mwig y, npu
N = Nmax- 1 K, IpU §2 = 0,3 cnekTp Orp HMUYEH CBEpPXy M KCHUM JIbHbIM 3H -
YEHHEM Ymax ~ 0,917 (Mmax = 3), 1pH €2 = 1 Ymax ~ 0,991, Yumpenue
CIIEKTPOB MPHUBOAUT K YMEHBUIEHHIO BBICOTHI IUK MEPBOM I' PMOHUKHU IO CP B-
HEHHIO C TUKOM B OOBIYHOM P CCESHUW. DTO H INISAHO BHIHO W3 CP BHEHHS IBYX

COOTBETCTBYIOILUX JUHUN 2 U 4 H puc. 3,6.

Bo-BTophiX, ahdeKTUBHOE yTaXeneHue oIeKTpoH m? — m2 =

= m?(1 + £2) NpUBOAUT K CX THIO CTIEKTPOB, T.€. K CABMIY NEPBOil I' PMOHHKH
B CTOPOHY MEHBIIUX 3H 4eHHH Yy (cM. (23)). DTOT cOBUT NMUKOB H puc. 3,6 41
JuHui 2 u 4 coct BiaseT npuMepHo 5%. C yBelM4YeHHeM I p METP I OTHOCH-
TeJIbHOE CXK THE MepBOM I' PMOHUKH yMEHbIN eTcd [32].

IIpu cp BHUTEIBHO HEGOBILIOH MHTEHCUBHOCTH J1 3epHOil BonHbl (£2 = 0, 3)
OCHOBHOIl BKJI 1 B M3My4eHHE 1 0T (DOTOHBI MEPBOIl I' PMOHMKH, BBIXOA (poTO-
HOB JUI T PMOHUK ¢ 1 > 1 He3H umreneH. [Ipu 3H yeHmsax £ ~ 1 ymmpeHue
CHEKTPOB 3 CYET HENHHEHHBIX 3(p(hEKTOB CONPOBOXK €TCS YBETMUEHHEM BEPOST-
HOCTH, BBIXOJ] KeCTKUX (DOTOHOB CT HOBHUTCS Oonee cymecTBeHHbIM. M, H KoHer,
npu GONBLINX MHTEHCHBHOCTAX (£2 > 1) maiydeHHe 3 CYET HEJIMHEHHBIX IIPO-
LIECCOB MHOTO(DOTOHHBIX MOITIOIMIEHUI CT HOBUTCSA CP BHUMBIM C OJHO(OTOHHBIM
U I Xe npeobn a rommM, T.e. mpouecc OKP cT HOBUTCS CyIIeCTBEHHO HETMHEH-
M [30,32].

Bce ck 3 HHOe BbIlIE O MOBEJEHUM DHEPreTUYECKHUX CIIEKTPOB OTHOCUIIOCH
cp 3y Ko BceM TpeM JuHUAIM I, 2 u 3. YTo K C eTcd UX B3 UMHOIO P CIOJO-
XeHHs, TO, K K BUIHO U3 puUC.3,0 U 6, H HOOIee MHTEHCUBHBIE CIIEKTPBI COOT-
BETCTBYIOT CIIy4 10, KOTJ CIUHBI y 9JIEKTPOH H JI 3€pHOr0 ()OTOH I P JUIEIBHBI
(Me = —1), H nMeHee WHTEHCHBHBIE OTBEY IOT HTHUII P JUIEIBHBIM CIIMH M
(Me =1), K X ¥ B cIyd € 0OBIYHOTO KOMIITOHOBCKOTO P CCESHHSI.

OTMeTHM T KXe, YTO P 3HMIL MEXJy CIEKTp MH, NOCTPOSHHBIMH AT Tpex
P CCMOTPEHHBIX CIIyd €B IOJISIPU3 UM 3JIEKTPOH U JI 3€pHOro (POTOH , CTOJIb
CYIIECTBEHH s TPU M JIbIX 3H YEHMAX M p MeTp HHTeHcuBHocTH (£2 = 0,3),
CT HOBHTCS HE3H YUTEIBbHOM IIpH £2 >> 1 (T.e. C POCTOM MHTEHCHBHOCTH JI 3€PHOii
BOJIHBI BIIMSIHUE MOJSPU3 LUK 3 METHO yMeHbII etcd [32]).

2) DHepreTuyecK 4 3 BUCHUMOCTh CTENEHM KPYroBOHM MONSPH3 LIUU KECTKOIOo
OKP-poroH moxk 3 H Ip UK MU H puc.4, —e, IOCTPOSHHBIMU W1 * = 4, 8.
H puc.4, —6 n p Metp unTencusHoctd £2 = 0,3, H puc.4,2 &2 = 1. ]I nee,
BBIOOp TOMSApU3 LW H pHC.4, —6 COOTBETCTBYeT ciyd sMm 1, 2, 3 B (27), npu
3TOM ILITPHUXOBbIE JIMHUHM OTBEY 10T OObIMHOMY p ccesHmio. H puc. 4,2 xpusslie 1,
2, 3 T KXe COOTBETCTBYIOT MOJIIPU3 IIUOHHBIM COCTOSIHUAM (27).
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1 dLy, A dLy,
LW dz LW dz
3 : : : , 3 : : ‘
a 1 0
12,5
]2
11,50 ]
1 1
0,5 A
x=48,0h, =1 4 19 =100, =1
0 L 1 L RSN 0 , ) ) ) B
0 02 04 06 08 1 7 02 04 0,6 0,8 1
z=W, /2 z=W, /2

Puc. 7. CnekTp JIbH S CBETUMOCTH y7y-CTOJIKHOBEHHH K K (DYHKIIMS UHB PH HTHOWU M CCBI
Wy~, z = Wyy/2e, nocrpoen s wist ¢ = 4,8 () u = 10 (6). Jluauu 1-4 coor-
BETCTBYIOT CJIEAYIOIIMM 3H YeHHsAM N p MeTp uuTencusnoctu: 1) €2 = 0, 2) €2 = 0,3,
3) 52 =1, 4 52 = 2. Tlonspu3 LMOHHBIE COCTOSHHUS K XIAOTO U3 CT JIKUB IOLIUXCS
7-IIy4KOB IIOJIy4€HbI IIPU CTOJIKHOBEHUH 3JIEKTPOHOB U (POTOHOB C II P JUIEIBHBIMU CIIHU-
H MH: AMe = —1, 5\5\6 =-1

K K BUIHO u3 puc.4, —6, yd4eT HeJuHelHbIXx 3¢ekToB (£2 # 0) yMeHb-
II eT CTeleHb KPyroBoil MONSpH3 LMK B NEpBOM INuKe. Bk 1 Gosee BBICOKHX
I' PMOHMK NPHUBOAUT K TOSBJICHHUIO JONOJHUTENILHBIX IMMKOB, IPUYEM H TP HUIIE
cnekTp (IpH Y — Ymax)s K K U B CIyd € OOBIYHOTO P CCESHUS, CIIP BEIIMBO
COOTHOILIEHHUE: )\2; = —\. Crenyer, oH KO, 3 METHTh, YTO BBIXOA T KHX (POTOHOB
HE3H YUTENIEH, IOCKOJBbKY CIIEKTPhl Ip KTHYECKH OOpBIB IOTCS NPH 3H YCHHSIX
Y < Ymax (mpu €2 = 1 BepoATHOCTb M3MydeHust GoToHOB ¢ y > 0,973 mp K-
THYECKH P BH HYIIO, XOTSI Ymax ~ 0,991). H ubonee 61 ronpusaTHO B 3TOM
OTHOIIEHHH OK 3bIB €TCS CUTY LU ¢ A\, = —1, KOl BeJIUK MHTEPB JI dHEp-
Uil KeCTKHX 7y-KB HTOB, B KOTOPOM CTEIEHb LMPKY/ISIPHOU MONSIPH3 LU | )\fy |
1p KTHYECKH HE M3MEHseTcs U H ubosee OMM3K K eAMHHUIE.

3) YucneHHble p CUETHI CIIEKTP JIbHON CBETUMOCTH Y-Y-CTOIKHOBEHMUI 0 (pop-
myae (11) B ciayu e, korq Touyk KoHBepcud C' u Todyk BcTpeud O COBI 1 0T,
ObUTH MIPOBEICHBI C MCIIOIh30B HHUEM TU((epeHIId JIBHOTO CeUSHHUs ISl MpoIece
OKP B none uupkynspHo nosispu3oB HHoii DMB (24). Pe3ynbT Thl p cuyeToB
IPEACT BJIEHBI TP (UK MU H PHUC.7, U 6, IOCTPOCHHBIMU VI 11 p MeTp = = 4,8
n x = 10 coorBercTBeHHO. IIpM ®TOM MBI P CCM TPHB JIM MOJISPU3 LIUOHHBIE
COCTOSIHMSI CT JIKUB IOIIUXCS 7y-IIy4KOB, KOTOpbIE NPUTOT BJIMB I0TCS H ubosee
OINTUM JIBHBIM 00p 30M (T.e. A\, = —1, XXe = —1). Jluauu I-4x xH puc.7, ,
T KU H PpUc.7,6 IOCTPOEHBI VI CIELYIOIUX 3H YEHUH II P METP HUHTEHCUBHO-
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1 d 1 do, CTH 1 3epHOi BOnHBL: 1 — &2 = 0;
- ,77‘ 2 N 52 — 073;3 N &-2 — 1;
L, dz > o,dy 5

" 4 — ¢ =2 TIp ¢uku H puc.7,

6 o ' ‘ ‘ U 6 CBUAETENBCTBYIOT O TOM, YTO

CIICKTP JIbHBIM CBETHUMOCTAM IIpU-
Cylld Te Xe 3 KOHOMEPHOCTH, KO-
TOPBIMU O6H O JIM OHEPreTU4YCCKUe
CHEeKTphl (POTOHOB: C POCTOM HH-
TEHCUBHOCTH BBICOT ITHKOB JIUHHI
2—4 COOTBETCTBEHHO YOBIB €T, IIe-
peMerir eTcsi B CTOPOHY Bce Oosee
HU3KHUX HWHB PU HTHBIX M CC. P c-
]  mMpeHHWe CHEeKTPOB CBETUMOCTH IIO
Cp BHCHUIO C JIMHEHHBIM CIIyd €M,
A S SR S H TepBBIH B3NN, HE MMeeT OOJb-
0 0’2 0’4 0’6 0’8 1 IIOTO 3H YCHUI. OHO IPpUBOAUT
y,z=W,I2¢ K MOSIBJICHUIO HEGOJBIIONO 10 III0-

Il W «TPEeyrolbHUK » H puc.7, ,0,

Puc. 8. Dueprermueckuii cnektp (HempepbiB- P CIIOJIOXKEHHOIO BHU3Y, IIP BEE€ Ip -
H g JMHHA) M CIEKTp JIbH 1 CBETHMOCTb HUIIBI CIIEKTD IJIA 52 = 0. KpOMe
’y’y—CTOJ'IKHOBeHI/Iﬁ (TO‘lelIH s J'lI/IHI/ISl) B34ThbI TOrO, CyLLICCTBeHHO MEHYIETCd H -
u3 puc. 3,6 (xpus s 2) upuc.7, (kpus i 3) CO-  gjjoH NMHUIA CBETUMOCTU IO OTHO-

otBeTcTBeHHO. COBII JieHHE MHK HepBOﬁ r p- MIEHHUI0 K OCH 6CL[I/ICC B pe3yib-
MOHUKHU U NIPOB JI B ITOBEACHUU CIIEKTP JIbHOU T Te TOr0 HCYe3 €T Pe3K 4, 4YeT-

CBECTHUMOCTH H ITIAOAHO 00BsCHSIET MNpUInHY I10- o
K g I'p HUIl CHEKTP JIbHOU CBETHU-

SABJIEHUA IIPOB JIOB B CBETUMOCTHU MOCTH, npncym q OGbl‘—[HOMy KOMII-

TOHOBCKOMY P CCEJHHIO, YTO OTpH-
Il TEJIBHO CK 3bIB €TCd H MOHOXPOM THYHOCTH 7yy-CTONKHOBeHHHA. C POCTOM HH-
TEHCHBHOCTH BOJIHBI CIIEKTPHI CBETHMOCTH CT HOBITCS Bce Ooliee IMUPOKUMH 3
CYET MOTbheM HHU3KOPHEPTeTUIECKON U CTH U MOSBIICHHUS AJIMHHOTO XBOCT B 00 -
ctu OOJNBPIIUX WHB PH HTHBIX M cC. Bce ®TH OTpHIl TelTbHbIE MOMEHTHI CK 3bIB -
I0TCSl 3H YMTENIBHO CJ1 Oee C yBEIMYEHHEM I P METp & — BTO BHIHO M3 CP B-
HeHud puc.7/, u 6. Heoxun HHBIM SBigeTCd NOSBJICHUE NPOB JIOB H puC.7, U
0, T.e. IIMKOB, COCTOSLIUX U3 [ByX rop6OB, 0COGEHHO 3 METHBIX Hpu &2 = 1 u
€2 = 2. OuH KO UX IIPOMCXOXIEHHE BECHM IIPOCTO OOBACHAETCA C IIOMOLIBIO
puc.8. H HeM omHOBpEMEHHO MOCTPOCHBI dHEPTETHIYECKHA CIEKTp (POTOHOB U
CIIEKTP JIbH $I CBETUMOCTb JISl CIIy4 $1, Korg « = 4,8, §2 =1, A = —1. Bro
OK 3 JIOCh BO3MOXHBIM OJ1 TOJl Psl TOMY, YTO O0JI CTH M3MEHEHUS DHEPIeTUYEeCKUX
nepeMeHHbIX y = w/e U 2 = Wy /2¢ coBn g 10T: 0 < 4,2 < Ymax. T Kum
0o0p 30M, COBII JieHWE TMPOB . H KPHUBOM CIEKTP JIBHON CBETHIMOCTH C ITUKOM
MEepBOil T PMOHUKU K K P 3 U OOBSICHAET X p KTep MOBedeHUs CBeTUMOCTH. OH
00YCJIOBJIEH BJIMSIHMEM HEJTMHEHHBIX d(eKTOB.

5
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A A
1 . . : . 1
a 6
0,5t ]l 05¢ :
0 0
0,5} 1705} A=1,0=-1 ]
| -1
0 1 1
A
1 1
6 =4
0,5} 1 0,5 ]
0 017>
0,5} 1-05¢ 1
A, =0,%=1 2o
-1 . . -1 . .

0 62 04 06 038 1 0 0,2 04 06 0,8 1
gle=1-y gle=1-y

Puc. 9. 3 BucuMocTh cTeNneHN NMPOJOIBHON MOMSPU3 UM P CCESHHOTO 31eKTPOH B IPO-
necce OKP k x ¢ynkuums ero snepruu ¢’ /e = 1 — y, mocTpoenH s mig x = 4,8, KOrA
1 p merp unTeHcuBHOCTH £2 = 0, 0,3 ( —6) M £ = 1 (2). PUCYHK M —¢ OTBEY eT Clle-
OYIOIIUN BRIOOP MOMSPU3 MHUOHHBIX COCTOSHUN 4 cTHIl: ) Ae = 0, A = 1; 6) A\e = 1,
A= —1;6) A\e = 1, A\ = 1. CwiomHble JUHUL H PHC. —6 COOTBETCIBYIOT £2 = 0,3,
Toyeunble — &2 = O (0GBIYHOMY KOMIITOHOBCKOMY p ccesHuio). KpueeiM /-3 H puc. 2
COOTBETCTBYIOT MOJSPU3 LUOHHBIE COCTOSHUS U CTHIL, T KM€ Xe, K K H PHUC. —6

4) Pe3ynbT Thl p CYETOB 3 BUCUMOCTH CTENEHH IPOAOJBHON MOMSpU3 LUH
P CCesSHHOro ®IeKTpoH (22) or ero sHeprum &'/e = 1 — y B ciIyd e, KOrxn
MOJIAPU3 M KOHEYHOro (POTOH He PEerucTpUpyercs, MpeAcT BIAeHbl H puc.9
i 0 p Metp x = 4,8, Pucynk M 9, —6¢ OTBe4 €T 11 p METP HMHTEHCUBHOCTH
Bonuel €2 = 0,3, puc.9,e — &2 = 1. Kpome Toro, puc.9, —6 COOTBETCTByeT
BeIOOp mosisipu3 i 1-3 B (27), TOYEUHBbIC JIMHUA OTBEY IOT JIMHEHHOMY CITy-
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4 10 B OKP. O603H yeHus KpuBbix /-3 H puC.9,2 B TOYHOCTH HOBTOPSIET BBIOOD
MOJIIPU3 LIMOHHBIX COCTOSHUM Yy CT JIKUB IOIIMXCS Y CTHUL B (27).

IIpexne Bcero, cieayeT OTMETUTh, YTO TOYEYHbIE KPUBBIE H PHC. 9 B TOUHOCTH
BOCITPOU3BOMSAT COOTBETCTBYIOIIME JTUHUA U3 p 00THI [27]. CremoB TelIbHO, I B-
HBII BBIBOZ TOH p OOTHI, 3 KJIIOY IOMIMICS B TOM, YTO HEMOISIPH30B HHBIN BIIEKT-
POH B Pe3yJbT T€ P CCEIHUS H IIOJIHOCTBIO IOJIIPU30B HHOM JI 36pHOM (pOTOHE
MOXET MPUOOPECTH 3H YMTENIbHYIO CTEIIeHb MPOJOJIBHON TOJSIPU3 LUK B 001 CTH
MUHHUM JIbHBIX 3H YEHUI SHEPTHH &', TIOJIHOCTBIO MOATBEPK eTcs. UTO Ke HOBOro
IMPUBHOCAT B 3Ty K PTUHY HeJlUHElHbIe a(phekThl? BHUM TENbHOMY UHT TENIO OT-
BET 3 p HEe OUEBHICH: BMECTO OJHOIO MHMK H pHUC.9, —¢ MOABIAIOTCS TPU, IpU
9TOM BBICOT IEPBOTO MUK , OTBEY IOII S U3IIYyYEHUIO 1-i I PMOHHMKH, YMEHBUI -
ercs o OCOJIOTHOM BEJIMYUHE U CABHUI €Tcd B 001 CTb Oojiee BHICOKHMX DHEpPIHil
P CCesHHOTrO 3JIeKTpOH . IIpy GONBIINX WHTEHCUBHOCTIX BOJIHBI (CM. pHC. 9,2) 1o-
BeJeHHe JIMHUN /-3 BBIIIAUT GoJIee CJIOKHBIM M3-3 MHOTO(OTOHHOCTH ITPOIIECC
n3nydeHusd. Ilpu 3ToM MHUHUM JIbHBIE YHOCHUMBIE HEPIHH CTPEMATCH K HYJII0, B
6K HIell OKPecTHOCTH 3Toii o6m ctu |\/| 6mm3k K cBoeMy M KCHM JIbHOMY
3H YEHHIO, p BHOMY EIUHUIIE.

Buigoowt. Tlponecc OKP sgBnsieTcd OCHOBHBIM HCTOYHUKOM MOTy4yeHHs (POTO-
HOB BBICOKMX DHEPrHi HpH CO3Jl HUM Oynymmx ~ye- W yy-Kown iaepoB. K K Mbl
yXe BUJIETH, HelMUHelHble d(eKThl B HEM CIIOCOOCTBYIOT YBEIUYEHHIO DHEPIUU
p ccesHHbIX (oTOHOB. OfH KO € yBEJIMYEHHEM WHTEHCHBHOCTH JI 3€PHOH BOJIHEI
MPOUCXONUT YXY[AIIEHHE MOHOXPOM THUYHOCTH y7y-CTOJKHOBEHUH M3-3 MONBEM
CHEKTp JIbHOH CBETUMOCTH B 00J1 CTH M JIBIX M CPEJHHUX WHB PU HTHBIX M cc. B
9TOH CBI3UM OTMETUM, YTO B JIUTEP TYpE CYLIECTBYIOT P 3IMYHBIE CIIOCOOBI YMEHb-
IIeHHs] HeUHEHHBIX 2(hhexToB. IIpocTeiimmii cioco6 yMEeHbIIEHHS T P MeTp &2
IPU HEU3MEHHOM KO3((HULHEHTe KOHBEPCUU COCTOUT B YBEIMYEHHU TOJILIUHBI
JI 36pPHOM MUILIEHH IYyTeM OJHOBPEMEHHOIO YBEJIUUYEHMsS IJIMTEIBHOCTH JI 3€pHOI
BCIIBIIIKM W TNIYyOWHBI (pOKyC (pasieeBCKOM JUIMHBI), OAH KO IIPU 3TOM HE00XO-
JUMO yBEJIMYMB Th SHEPIHIO J1 3epHOii Benbimku K K A oc 1/£2 [13,14]. Tpyroit
CHoco6 — BTO p CTATUB HHE IUTMHBI JI 3€PHOM MUILEHU IPH COXP HEHUU ee JU -
metp [17]. TIpu aTom £2 GyaeT yMeHbII Thes IPU HEM3MEHHOM HEPTUM 1T 3€PHOIT
BCTIBIIIKH. DTO MOXHO CIEld Th 3 CYET HEMOHOXPOM THUYHOCTH JI 3€PHOTO U3Iy-
YeHUsd, JI 3epH S MUIIEHb ( KTUUECKH OYAET COCTOSTh U3 HECKOJIBKHUX JI 3€PHBIX
(poKycoB, p CIIOJIOXEHHBIX PSIOM BIOJb MYTU 3JIEKTPOHHOIO MyUkK .

3. ®UBHYECKAS ITIPOTPAMMA ®OTOHHBIX KOJUIAMAEPOB

@DoToHHBIE KO Hepsl OyayT HpeicT BIATh COOOH KOMILIEKCHI, BKIIIOY O-
IME, H Py C JIMHEHHBIME €' e~ -yCKOPHUTEISAMH, Ye- U yy-KOJUT HAEpHl cO Clie-
IYIOIIUMHU 1T p MeTp MU (¢ U L., — 9HEPrus 3JIeKTPOHHOIO My4YK M CBETUMOCTb
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6 30BOro ee-kot uep *) [2,35]:
e X p kmepH A sHepeua ¢omon w =~ 0, 8e.

e 0006 a ceemumocmy L~y (2/Zmax > 0,8) ~ 0,1 Lee ~ 10 + 50 G671
(50 = 500 61 6 nepcnexmuse).

o [Mlupun nuxk ceemumocmu 6 00 CMU Zmax : AWW / wa ~ 0, 15.

o Cpeonaa cnup awHocmb omon < Ay >~ 0,95 ¢ nepemeHHbiM 3H KOM.

o Cmenenv auneiinoi noaspus yuu gomon ~ 35-+80 % npu x = 4,5 + 1.

T xum 00p 30M, OCHOBHOW Il P METP — MHTEIP JIbH % CBETUMOCTh Ly =
= [ Ldt, in HupyeMm SiH 77-KOIUT Hllep X, €CTb BE/IMYMH MOPSIK 100-10% u6—*
B Trofl. DT BENWYWH COOTBETCTBYET YHUCIY pe KLU 0Op 30B HUS JAPOHOB IO-
PSOK JlecATK TIPU K XAOM CTOJIKHOBEHHHM IyYKOB. IIpyrHMHU 1T p METp MU SIBIISI-
I0TCSl HEPrHsd MOHOXPOM THYECKOH 4 CTH crekTp w = 0, 8¢, BBICOK $ CTEIEHb
MOHOXPOM THYHOCTH U TMOJISIPU3 LIUH.

OpnHOI M3 [T BHBIX LENEil MPOEKTHPYEMBIX YY-KOIUT HIEpOB SBISETCS pele-
HHe KiT04eBoil npobsieMbl CM — OTKphITHE M U3ydeHUe CBOMCTB 6030H XHITC .
@K npenocT BIAIOT T KX€ BO3MOXHOCTb, UCIOJb3YS JMHEMHO IOJSPU30B HHbBIE
¢poTOHHBIE MYYKH, OTIMYUTH p cll 1 Xb OT ero KCH JIBHOTO I PTHEP .

N3yyeHune sKCriepuMEHT JIbHBIX I HHbIX, moiydeHHbix H LEP-1, mok 3 Jjo,
yro CM sBinsieTcs Teopuei H OOl eMOro MUp , HO ee MPOBEpPK B JPyrux o0i -
CTIX HeoOXomuM ; H mbojee BEpOsITHOE 3H YeHHe M cChl 0030H  XHITC
My ~ 130 I'sB. AH jorndHoe yTBEpXKIEHHE O TOM, YTO €0 M CC HE MpEBbI-
II eT YOBOGHHYIO M cCy Z-0030H , CllefyeT U3 MO MHUHUM JIBHOTO CyIIEpCHM-
MerpuyHoro p cumpeHus CM (MSSM). U3 pe3ynbT TOB Hell BHO NPOBEIEHHBIX
MpAMBIX 3KCIIEPUMEHTOB 10 Moucky Xb [36] crnexyer, 4To ¢ 95% BEepOATHOCTHIO
HUXKHUIA nipenen M ccbl 6030H0B Xurre B CM ects 89,8 I'sB. Kocsennoe orp -
HUYEHHEe H BEpXHHI mpenen M ccbl XWITC ObUIO Hell BHO YMeHbIIeHo co 169
po 110 I'®B [37] u3 H nAM3 NOPEUU3HOHHBIX JI HHBIX [0 U3MEPEHUIO BIUSHUA
P AM OUOHHBIX 3(p(eKTOB H INUPUHY p cil I Z-0030H .

@DOTOHHBIE KOJUT iIepbl MOTYT OBITh MCIIOJIB30B HBI JUISl U3MEPEHHs JIBYX(o-
ToHHOH mmpuHbl Xb B cinyd e, ecnm ero M cc - My He npesbimn et 500 I['3B.

Peskuit kp it ciektp nbHOU cBetuMocT DK B 0071 CTH M KCHUM JIBHO BO3-
MOXHBIX HMHB PU HTHBIX M CC TO3BOJMT M3y4 Tb P 3IM4HbIe MOjsl p cil 1 Xb
(Y3KMii OIMHOYHBIN PE30H HC) MyTE€M CK HUPOB HMA 1O sHepruu oronos B CLUM
[17,21,35].

*IIpumey Hue: 3  cuer orcyrctBuss H  DOK  Hekoropbix a¢¢eKTOB B3 UMOAEHCTBUIA
(bremsstrahlung) s/1eKTpOHHBIE IIyYyKH JUIS 7yY-KOJUI #IepOB MOIYT MMETb I'OPM3OHT JIBHBI P 3Mep,
3H YMTETBHO MEHBIIMI, YeM B clyd e et e -cTonknosennit. Ecmu st yy- u et e ™ -mydaxos ncnoms-
3yeTcs OIMH M TOT X& MHXEKTOp, TO Lee ~ 2L +,—. B cilyd e creuy JbHOrO MHXEKTOP MOXHO B
npunumne uMeth Lee > 10 +30 L 4, [35].
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Ceuenue o6p 30B Husi Xb B crojkHOBeHUsIX poTOHOB nmeet Bui [18,38]:

42 Mgl
—~ T(H
Tl oy VR EI VR v

o(yy — H) = (1+AiA2),  (28)
e Aq,2 = 1 ecTb crup JIbHOCTU (POTOHOB, S, My, I'y — KB ip T MHB puU HTHOU
M cchl (POTOHOB, M cc u noiH s wupud  Xb coorsercreenno; I'(H — ~7y) —
ero OByX(pOTOHH S LIMPUH P CH X :

Gro®Mp i 27012
I'(H = Y TH NT N2y 2 29
(H —7) 128\/§W3|Z L€} Fyl (29)

onpeniensiem st popmd ktop Mu F;(4m? /M%), KOTOpbIE, B CBOIO OYEPE/D, OTHChI-
B IOTCS METJICBBIMU I Tp MM MU DeiiHM H CO BCeMH 3 PSXKEHHBIMH U CTHI] MU
C M CCO#l m;, 3 PSIIOOM €; M YUCIIOM LBETHBIX COCTOSHUIA NN, Z q ctul B mretie [39].
Jlerkue 49 CTHIBI HE A 0T CYIIECTBEHHOTO BKII J , TIOCKOJBKY KOHCT HT CBSI3H
MPOIOPIMOH JIbH HX M cce, TOrI K K BKJI JI TAXEIbIX M JI Xe Oojiee TsxXe-
JbiX, yeM XB, 4 cruil cymectBeH. T KM 0Op 30M, 3TOT MPOIECC MOXET OBITH
MOJIe3eH MPHU TMOUCKE BO3MOXKHOTO YETBEPTOTO MOKOJIEHUS TSKENbIX JIENTOHOB U
KB pkoB [40].

I'm BHBIM (hOHOM K cHUTH JIy 0 poxaeHnH Xb 1Mo Mex HH3My ¢ oOp 30B HHEM
b-kB pKOB Yy — H — bb siBNISeTCS IPOLECC MX NPIMOTo 06p 30B HUS: 7y — bb.
DTOT (POH, K CY CThIO, MOJ BIEH B K H Jie¢ CO COUp JbHOCThIO 0, B KOTOpOM
06p 3yercst Xb mpu 1ocT TOYHO GONBIIMX dHEprusix b-kB pkos [18]:

do(yy —bb) _ 12ma’ey  B(1-— %) L B=q/1- 4_7”57 J. =0, (30)
dcosf s (1 — B2 cos?0)? s

rie @ — yrona BbUIeT b-KB PK 110 OTHOIIEHHUIO K OcH (POTOHHBIX My4koB B CLIM.

Hwmes B Buny nocrenenHoe ypennueHue sneprun B CLIM my4ukoB 10 BETUYUHBI
nopsagk 2 — 3 TeB, cBI3 HHOE C MOST NHBIM BKJIIOYEHHUEM HOBBIX CEKLUI JIMHEH-
HOTO KOJUT #iep , Mbl OOCyIMM BO3MOXHBIE (DH3MYECKHE IPOLECCH H P 3HBIX
cT qusax. ITOMCK HOBBIX 4 CTHII M HOBBIX THIIOB B3 MMOJEUCTBUI OyleT I BHOU
3 11 4ell H BCeX 3T II X.

H nmepBom ®T me ¢ ®HeprusiMu JIENTOHHBIX Iy4koB B 00m ctu go 2001=B
(LC-200) 11 BHOW 3 & 4eil Oymer momck XbB, eciam ero M cc He TpPEBBIII €T
80 — 150IeB, T KXe m3y4eHHe mpoueccoB ¢ 0Op 30B HHEM TSXENbIX KB PKOB
(bb), MCCTENOB HUE 3 BUCMMOCTHM CEUEHHi OT MONApPU3 UM 4 CTHIL, 00p 30B -
HHE OJMHOYHBIX W/-6030HOB B mpouecce ey — Wy, HUCCIENOB HHE HEKOTOPBIX
CP-H pyll WOUIMX B3 UMOJICHCTBHIA.

CrienylonuM T MOM, OCHOB HHBIM H €€ -KOJWI Hiep X C 9HEPIUEH /10
500TsB (LC-500), mo-BumuMoMy, OyieT ycT HOBK [IJIsl MCCIIEIOB HUS {-KB PKOB.
B aToM 1M 1 30He dHepruii Moxer ObITh pe JiM30B H ¢ Opuk WW-6030HOB ¢
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Puc. 10. Ceuenne npoueccoB CM ¢ 06p 308 HueM Xb B vy- 1 €™ e™ - cronkHOBeHUsX [21]

K K ¢yHkuus M ccel Xb

TIPOU3BOAUTEBHOCTBIO ~ 107 6030HOB B Trofi, rje OyleT BO3MOXHO JET JIbHOE
WCCIIEIOB HHME B3 MMOIEUCTBHHA M p ci goB W-6030HOB. B aT0#l cT mum BO3-
MOXHO H3yJeHHe TIOPOrOBOTO MOBEASHHS MPOLIECC OOp 30B HUSA I PbI tE-KB PKOB
u nouck Xb B 06m ctu M cc g0 400 I»B. TIlpu »Heprusix, NpeBbI HOMIUX
1 TeB, mpenct BISIOT UHTEPEC MPOLIECCHI C MHOXECTBEHHbIM 00p 30B Huem W -
1 Z-06030HOB U TPOSIBIICHUSI CHJIBHBIX B3 WMOIEHCTBHI B XUITCOBCKOM CEKTODE.

IMonu g wupun Xb npu ero m cce 1o 400 I'sB rop 310 MeHblle X p KTEpHOU
UIMPHHBL MK~ CIEKTP JIbHOH CBETHMOCTH <yY-CTONKHOBEHHH (AWnrry /Wrry ~
~ 15%), 109TOMYy CKOPOCTb CUeT COOBITHI Yy — H NPONOPIUOH JIbH IPOM3-
BOJHOW CBETHMMOCTH IO UHB PU HTHOM M cce [21]:

ff dL’Y’Y MH 47‘(21—‘77
AWy Ly M

e

Ny = - —— 1L =00y, o 31)

B p 6ote [21] 6pUI0 BoepBBIe MOK 3 HO, YTO HPHU HCIIONB30B HUHM OOJ CTH IHK
CHIEKTp JIbHOM CcBeTMMOCTH z = Wy~ /2 > 0,65 ¢ m p mMeTpom = = 4,8 u
(dL~y~y /dWay~)(Mp /Ly~) = 7, athexTiBHOE cevenue mpouecc poxaenus Xb
B 7yy-cTonkHOBeHMAX Wit My = 100 < 250 I'sB npeBocxoauT cOOTBETCTBYOLIEE
ceyeHue B e e -CTOJKHOBeHHAX mpuMepHo B 5-30 p 3 (cM. puc. 10). Kpome
YHOMSHYTBIX BBIIIE ITPOOIEM XHITCOBCKOIO CEKTOpP , HIXXE MBI IIEpeurCINM He-
KOTOpbIE CIIEeKThl (PpU3UKH K JTHOpPOBOYHBIX 0030HOB CM W (pU3WKH APOHOB,
UCCIIE/IOB HHE KOTOPBIX H 7ye- U 7y7y-KOJUT ijiep X ObUIO Obl KTY JIbHBIM.
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1. O6w g npobneM MpoBepku 11 p MeTpoB CM ¢ BBICOKOW TOYHOCTHIO.

2. Ilouck oTkyioHeHWH OT mnpeick 3 HUHW CM — nIposiBIEHUH HOM JIbHBIX
B3 MMOJIEHCTBUI O030HOB, JIEX IIMH B UX OCHOBE. DTH B3 UMOJACHCTBHS ONMUCHI-
B 10TCS 9(P(eKTUBHBIMH JI TP HXHM H MM M MOTYT IpOSBIAThCS IPU POXIACHUN
HECKOJIbKUX O030HOB B yy-CTOJIKHOBEHMsIX ¢ dHeprueit 6onee 500 I'aB.

3. Ilouck mnposBIEHUN NP BBIX TOKOB, OTCYTCTByIUX B CM, M TecThl
Ip BO-JIEBO-CUMMETPHUYHBIX Mopesieil. i 9Toii e ynobeH mporece ve — Wy
OIAMHOYHOTO poxjeHus: W-6030H mnpu (HOTOH-3IEKTPOHHBIX CTOJKHOBEHHUSX.

4. ITouck Gosee TsKeMbIX T pTHEPOB W -0030HOB, KOTOpbhIE MOIIIN OB 0OBsIC-
Huth C'P-H pylleHue, NposBIIONIeecs B Hep BEHCTBE LIMPHH P CIT J  IOJIOXH-
TEJILHO W OTPHLL TEJIbHO 3 PSKEHHbIX WV -6030HOB.

5. Tlpenu3uoHHOE U3MEpEeHHe dJIeMeHTOB M Tpuibl Kob smm — M cK B , B
TOM 4YHCJIe B U1 CIyd o, Korn W-0030H H XOOWTCS BHE M CCOBOIl IIOBEPXHOCTH.

6. MiccienoB HHe NpOSBICHUN CHIIBHOTO B3 UMOJIEHCTBHS B XUITCOBCKOM CEK-
Tope B Tmpouecce OOp 30B HHS IPOMOJIBHO MOJNSPH30B HHBIX Z-0030HOB B
¢oTOH-POTOHHBIX B3 MUMOJECHCTBUSIX.

7. Tlpeun3noHHOE M3MepeHHe HMPHHBI U M ccbl W-0030H B p 3HBIX HPO-
ecc X.

3.1. IIpobaems1 cT HA pTHON Momemu. OTKpbiTHEe 6030H XWITC W HCCIIe-
JIOB HHE €ro CBOICTB — H uOoiee B XH s1 MpoOJeM B COBPEMEHHOH (pU3MKe
4 CTHLI.

H ycr noBk x LEP-2 u nponHom kosn inepe LHC MoxeT ObITh IPOCK HU-
poB H 001 cth M cc Boime 80 9B, rme XBb MoxXeT ObITH OTKPHIT JTHOO H HAEKHO
uckimoueH. B ciya e My > 2M, on Moxet ObITh H ¥ieH B npouiecce H — ZZ.
B mo60oM ciiyd e ¢oTOHHbIE KOJIT iiepbl MOTYT OBITh UCIIONIB30B HBI JUISL H3Mepe-
HUs J1ByX(poTOHHOU HIMpuHbl XbB B ciyd e, ecnu ero M cc My He MpeBblll eT
500TeB.

B cayd e, ecim My mopstak  IByX M cc t-KB pK , TO W3MEpEHHE HHTEep-
(hepeHIUK BKIT JIOB B MILUTHTYNY Yy — i ®JIEKTPOM THHTHOTO U PE30H HCHOTO
MPOUCXOXIEeHUS depe3 XB-poMeXyToYHOe COCTOSHIE MOXET I Th HH(OPM L0
o B3 umogeiicteun Xb ¢ t-kB pkoM. IIpu M cce XBb u3 CM, mpesbil omeit
400 I'sB, ero usyuyenue Oyner nepoctynHo H DK BBuimy G6onbiioro oH 0T Npo-
neccoB vy — WW,ZZ [41]. Tem He MeHee H OitofeHHe €ro B 3TOM 001 CTH
OyzmeT curd JioM OO CYIIECTBOB HUSI HEKOTOPBIX OoJiee TSXKENbIX 4 CTHL, JTHO0
HecT HA pTHOro B3 mMmopeicteusd Xb. Cpemut T KMX mporeccoB Mormu Obl ObITh
npouecchkl ¢ 00p 308 HueM aByX Xb*.

Hpyrum Kpyrom mnpobisem siensgercsd pU3uK K JTUOpoBOUHBIX 6030HOB. CTpYyK-
TYp Tpex- U 4YeThipexO030HHOrO B3 MMojeiicTBusl B 71 rp HXu He CM obGecre-
YMB €T Orp HMYEHHE H POCT CEYEHUH IPH BBICOKHX DHEPIUSIX B COOTBETCTBUHU

*A.B HUH, U CTHOE COOOLIEHHUE.
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¢ TpeboB HUAMH YHUT pHOCTH. @ Opuku W-6030HOB C NMPOM3BOAUTENHLHOCTHIO
~ 107 6030HOB B TOJl MOITIU Gbl OBITH J1 6OP TOPUAMH IS U3yYEeHHs B3 MMOJIEH-
cTBHS O030HOB.

Cpenu npobsem omuc HUS B3 UMojedcTBus W -0030HOB MOXKHO OTMETUTD He-
OIHO3H YHOCTH B CII0OCOOE BOCCT HOBJICHHSl YHUT PHOCTH IIPU BBEICHUU HEHYJIe-
BOW IIUPUHBI 0030H — 3[eCh HEOOXOOMMO CTPOUTH TEOPUI0 HECT OWITbHBIX 060-
30HOB C C MOTO H 4 J1 *

Oco0pIit nHTEpEC MpeacT BisIeT nporp MM nposepku CM B pe KIMSX poxnie-
HUA K JUOpoBOYHBIX  0030HOB. JI rp mXm H  TpexOo3zoHHBIX W Wr-
u WW Z-B3 UMOICHCTBHIA B C MOM OOII[EM CITyd € MOXET BKJII0Y Th B ce0s CBSI3H,
OIUCHIB €MbI€ MSITHIO ONEp TOP MU C P 3MEPHOCTHIO 4 W JByMs OIlep TOP MU C
p 3MepHOCThIO 6 [42]:

Lwwv/gwwv = —i [g}f (WIWHVY — WIV,WH) + k,WIW, VI +
A
+ﬁwjuwmvﬂ — gy WIW,(0"V" + 0" VH) +
+gy e PT (W) 8, W,)Vy + R W W,V +
+—:n2V WATMW“VV”A] . (32)
w
3necy V), — mone ¢oron mubo Z-6030H (cooTseTcTBeHHO, V = 7 1ubo

Z), W, — none W~-6030n , Wy, = O,W, — 0,W,, Vi = 0.V, — 0, V,,
VW = %EWPUV”", A 5# B = A(0,B) — (0,A)B. KoHCT HTBI CBS3U gwwv
(puKCHpPOB HBI K K

Jww~ =€, gwwgz = ecosfy.

B ciya e WIWW~—B3 umopeiicTBus IepBbIii WwieH B (32) OTBeY €T «MHHHM JIb-
HOIi» cBsa3u (pu g; = 1). KoadhHUIMEHTbI BTOPOrO M TPETHETO (« HOM JIbHBIX»)
YJIEHOB J1 Tp HXU H (32) CBA3 HBI C M THHUTHBIM [ty M DJEKTPUYECKHUM KB JIpy-
MONBHBIM () MOMEHT MU W-0030H COOTHOIICHUSIMHU

e e
pw = m(lJr"ﬁvJF)w), Qw = %(M = Fy):

Ilepsbie Tpu omep Top B 1 rp HXH He (32) coxp HaoT P- mu C-cummerpun
M0 OTHAETBHOCTH. IB TOCIENHMX OHep TOp H pyW 0T P-4eTHOCTb, HO MHB pH-
HTHBI OTHOCUTENBHO C'-conpsikenust. VX Koa(h(hHIMEHTH CBA3 HBI C BIEKTPHYE-
CKUM JMIOJBHBIM dyy U M THUTHBIM KB JIPYHOJBHBIM (1 MOMeHT MU W-6030H :

e ~ ~ e ~ -
dw = mw (Fy +Ay), Qw = %()‘7 — Fry).

*®.Tk ueB, 4 cTHOe coobienue (cMm. hep-ph/9802307, 9710242).
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06 onep Top ¢ KoappuumeHT MU g U go H pyw ot C-dyetHocTs. OnH KO
IIPH ®TOM OIlep TOp C g, COXp HsieT P-4eTHOCTh,  Omep TOp C gJ H pym er
P-cummerpuio T KM 00p 30M, YTO KOMOMHUPOB HH 51 C' P-4eTHOCTH B MOCTICTHEM
CITyd € COXp HseTcsl.

B p Mk x CM Bepuasl WW~- u WW Z-B3 uMoneicTBuil CTporo orpe-
mensiiorest SU(2)r, x U(1)y K nuGpoBOYHOI MHB pU HTHOCTBIO. B IpeBecHOM
NpUOINXEHUd MOTYT BO3HHMK Thb TOJMbKO C- M T-MHB pH HTHBIE CBSI3H, NpPUYEM
Ky =1, y =0. Cn Oble p 11 OHOHHBIE MONP BKH, O0YCIIOBIIEHHbIE METIEBBIMU
IM TP MM MH C TSKENbIMH 3 PSDKEHHBIMH (DEPMHOH MH, MOTYT I B Tb HEHYyIIe-
BbIE BKJI bl K K B KOHCT HTBl Ky U Ay, T K U B CBs3u, H pyul toume C- u
T-cummerpun. [leT JIbHOE HCCIIENOB HHME I pHOro poxiaeHus W-6030HOB B pe-

kuuax ete”™ — WTW™ [43] u vy — WHTIW ™ [44] coBMecTHO ¢ pe Kuueil
ey — Wv [42] H ypoBHe (ppeKTOB ci1 ObIX p I IIMOHHBIX HONP BOK MPEACT B-
JISIET UHTEPEeC ¢ TOYKH 3PEHHs NMPOBEPKH K JIMOPOBOYHOM CTPYKTYpPBI BJIEKTPOCT -
6011 Teopur M BO3MOXHOCTH H OJIOfeHMS BKJ 1 HOBOM (puzuku BHe p MoK CM.
[Mepeunicnennbie MpoLEcChl BIiEpBble 0OCYXI JIMCh B JI HHOM KOHTEKCTe B p 60-
T X [45].

B ron ps yHur pHbiM cokp meHusM B CM pe kims eTe” — WHTIW ™ ok -
3bIB €TCS OCOOEHHO YyBCTBHTEJIBHOW K OTKJIOHeHMsIM oT CM. OpH Ko u3sieve-
HHE TEOPETUYECKUX OTp HWYEHHWH M3 3TOM pe KLHH 3 TPyAHEHO TeM OOCTOSTElb-
CTBOM, YTO B Hee J 0T BKI A K K Wry-, T K u W Z-cBI3u. AJbTepH THBHBIE
pe ki ey — Wv u vy — WTW ™ obycnosnensl Tonmsko Wy-cazamu. B
MOCJIEIHUIM TIpoIlecC H JPEeBECHOM ypoOBHe, H psay ¢ W W y-BepmiuH Mu, MOXeT
I B Tb BKJI A T KXe BepmuH W Wy, cBI3 HH § cO ciequ(pUIecKuMU 4eThIpex-
6030HHBIMH B3 MMOIECHUCTBUSIMH [46], BO3HMK IOIIMMH BCJIEACTBHE He OelIeBOCTH
SU(2)r, x U(1)y teopuu.

Bxn 1 uersipex6o3onHoil Bepumnsl W W~y nen et mpouecc vy — WHW =
0COOEHHO B XHbBIM B M3MEPEHUSX DJIEKTPOM THUTHBIX B3 MMoueicTBuii W-6030H
[47]. Ecnm p ccM TpuB Thb TOJBKO B3 HUMoAeicTBHs, coxp Hitoume P- u C-
CHMMETPHH, TO B 3TOM CJIyd € JI TP HXHU H 4eTbipex6o3oHHOr0o W W ~~-B3 uMo-
JIEeHUCTBHS BKIIIOY €T B ce0s 1B OIlep TOp C p 3MEpHOCTHIO 6:

yes

6 o av
Ly = g (a0 Fap P (W, - W) 4 a Foy P (WH-W,)L, - (33)
w
rie Fog — TEH30p H NPSXECHHOCTU 3JIEKTPOM THUTHOTO 1o, W, OIHUCHIB €T
W-tpumner 8 SU(2), ap ¥ a. — KOHCT HTHI CBs13U. B chusudeckom 6 3uce
_ 1
(WN . Wl,) — 2(W;TW1/ + EZHZ,/) 5

e ¢y = cos Oyy. Tlepsolit oep Top B 1 Tp HXH He (33) m p MeTpusyer oOMeH
HEWUTp JIBHBIX CK JIIpoB. H OIHOMETIeBOM ypOBHE TSXKENbIe 3 PSKEHHbIE (hepMu-
OHBl MHIYUHMPYIOT 3(eKTHBHBIE YEThIPeXOO30HHBIE CBSI3U, KOTOPbIE A IOT BKJ 1
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B 06 wien Jrp HXu H (33), B TO BpeMsl K K 3 pSDKEHHbIE CK JISIPBI 1 IOT
BKJI [l TONBKO B IIEPBbIil YIEH, COOTBETCTBYIOIIUI «HEUTP JIbHOMY» OIIEp TOpY C
KOHCT HTOW CBA3H ag.

Ceuenue nporecc Yy — WTW ™ p cTeT CHMNTOTHYECKH JIO TOCTOSIHHOTO
3H YeHUd

8ra?
Jasympt(’YY—»WW) ~ 2 ~ 93 H6a
my

KOTOPOE COOTBETCTBYeT poxaeHnio ~ 10° WHW=-n pu x xupie 10 6! un-
TErp NbHOM CBETMMOCTH JIMHEHHOTO yy-Kosul iinep . Cedenme nponecc ete™ —
— WHW ™ 1 1 er ¢ pocTom sHepruu K K s~ 1. Ve npu /s = 500 B ceue-
Hue pe Kuuu vy — WHW ™ poctur er 7716 U H TOPSAIOK HPEBBIII €T CEYEHHE
npouecc ete”™ — WHW—.,

Hcnonp3ys 1monsgpu30B HHble (DOTOHHBIE IyYKH, MOXHO H3yd Th IIpoLecc
vy — WTW™ B3 BUCUMOCTH K K OT CIIUD JIBHOCTEH H 4 JIbHBIX Y-KB HTOB, T K
M OT cnup JbHOCTEH W -6030HOB, ompeiesieMbIx 1Mo ux p cn A M. K K 1ok 3 Ho
B p Gore [44], pe xuua vy — WTW ™ obecneuus er H ubojee TOYHYIO HPO-
Bepky CM. OueHk 4yBCTBUTENbHOCTH pe Kuuil ete™ — WHW ™ mposogun cb
B p Gore [44] mis sHepruu /s = 500 'sB B npennonoxennu £z = 1 u Ay = Ay
B K uecTBe M3MepsieMbIX BENUYUH (C COOTBETCTBYIOIIMMH 3KCIIEPUMEHT JIbHBIMU
OmMOK MH) P CCM TPHB JIHCh IIOJIHOE CEYEHHE, CHUMMETpHS BIEPeld-H 3 I XFB,
OTHOIIIEHUE «in—out» Rjo W OTHOIIEHHE CEYEeHUUN POXICHUS MPOJOJIbHO U TOIe-
pedyHo mosspu30B HHbIX W-GosonoB L/T. B ciyd e pe kumu ey — Wv B K de-
CTBE U3MEPSIEMbIX BEIMYUH P CCM TPUB JIMCh MOJTHOE CEYEHHE, I P METPhl XFpB U
Rio u orHowenue (1/3) Mexny KOH(UIYp LUSIMHU €O 3H 4eHusiMu | J, |=1/2 n
| J. |= 3/2 mist KOMIOHEHTHI IOIHOTO CIIMH  BIOJIb OCH ITydK . B ciiyd e pe Kuuun
vy — WHW™ Kpome MONHOTO CeYeHHsl, CUMMETPUU XFp U oTHomenus L/T
HCCIIeIOB JIOCh T KXXe OTHOIIeHHe 1isi Kouduryp mwuit ¢ | J, |=0wu | J, |= 2.

AH norvunblii  H M3 pe kumid ete” — WYW™, v — WHTW™ u
ey — Wv B p 6ote [48] MoK 3bIB €T, uTO H OyAyUMX JHHEHAHBIX €T e~ -KOuT -
mep X ¢ sHeprueil 500 I'»B moctumxumsl orp Hudenus | 1 — k, |< 0,02 u
—0,04 < Ay < 0,05 npy COBMECTHOM P CCMOTPEHMM BCEX TPEX YK 3 HHBIX pe-

Kyl (B mpeanonoxenun 1 — Kz = Az = 0).

B03MOXHOCTb BBIIETIEHUS BKJT JJOB YETBIPEXOO30HHOTO « HOM JIBHOTO» B3 H-
mogetictust (33) u3 pe kumu vy — WHW ™ mer nbHO m3yd 1 cb B p Gote [47].
ITpexne Bcero, ciemyeT OTMETUTBH, YTO B TO BpeMd K K B CM 00p 30B BiImecd
W -6030HBI BBUIET 10T B OCHOBHOM IIOJ| M JIBIMH YIJI MM K OCH MYYK , « HOM JIb-
Hele» W -0030HBI [ 10T M KCUMyM p cripeseneHus npu ¥,y = 90°. ITlostomy
UCIIOJIb30B HKE 00pe3 HUs IO YIVIy P CCesHHs IT03BOJISIET CYIIECTBEHHO IOJ BUTh
Bk 1 mpoueccos CM B monHoe cedyenue pe Kuuu vy — WHTW ™ u Tem ¢ -
MBIM YITYYIINTb YCIIOBHS [UTS BBIIENICHNSI CUTH J1 4eThIpeXO030HHOTO « HOM JIBHO-
ro» B3 UMOIEUCTBUA (CM. T Onuily). Mcronb30B HHE MOMSPU30B HHBIX (DOTOHOB U
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T 6nun . Biusiaue o0pe3 Hus nmo yry . H ceYeHHe pe KIHH
vy — WHTW~ (8 no)

V8, ToB | oot | cosPyw < 0,8 | cosdyw < 0,6

0,5 71 9,7 3,1
1,0 88 2,9 0,86
2,0 91 0,78 0,22

n3MepeHne nonsapu3 nuu W-6030HOB 06ecreyuB eT BO3MOXKHOCTh HE TOJIBKO JI0-
MOJTHUTENTFHOTO YCWJICHUS CHTH J1 9eThIpex0030HHOTrO B3 mMopeincTus (33), HO
U p 3/IeNIeHUs BKJ OB « HOM JIBHBIX» KOHCT HT CBSI3H Qg U G.

U3 u3MepeHuii MOJHBIX ceyeHuil pe Kuuu vy — WTW ™ ¢ Tounoctsio 3%
(mpu 06pe3 Huu | cos ¥y |< 0,7) MOXHO ZOCTHYD CIIEAYIOIMX OIp HHYCHHil H
KOHCT HTBI G U G B CIIyd € HENOJSIPU30B HHBIX Iy4KOB [47]:

—6,0-1072<ap<3,0-107%2, —-0,1<a.<3,5-1072,

B TO BpeMs K K JUI P 3JIMYHBIX KOH(UTYp LMl MOJIPU30B HHBIX Iy4KOB IIPH TOMI
K€ TOYHOCTU M3MEPEHUIl ce4eHUil MOXHO MOMy4YUTh OTp HUYEHHUS ™

—5,0-107% < a9 <2,0-107%, —0,1<a,<3,6-107% (J.=0),
—2,0-1072<a.<2,0-1072 (J.=2).

CyIIecTBEeHHO JIyqlINe Orp HUYEHHS H KOHCT HTBI « HOM JIBHBIX» YeThIpex06o-
30HHBIX CBs3eil (33) MOXHO JOCTHYB, M3yY s Tpomecc vy — ZZ, B KOTOPOM
otcyTcTByIOT BKI 16l CM H jipeBecHOM ypoBHe. B omHometsieBoM mpubmxeHnn
CM mnpenck 3bIB €T IS CeYeHUH yy — ZZ ypoBeHb ITOYTH H TPU HOPSIK HILKE
1o cp BHeHHIO ¢ 7y — WTW ™, Ho TeM He MeHee gocTwkumblii H ®JIK npu
BBICOKHX ®HEprusaX. Brepsple p cueTsl mporecc <y — ZZ ¢ y4eTOM He TOJBbKO
thepmuonHsIX, HO U W -6030HHBIX IeTens ObLIM mpoBeaeHsl B [41], 3 TeM pe-
3yNIBT ThI ®THUX BBIYMCIICHUI MOJYYWIIN MOATBEpXIeHHE B p 6ot x [49]. B [47]
(6e3 yuer opHonerieBoro ¢poH CM) NPUBOAATCS Orp HUYEHUS JUISI « HOM Jib-
HBIX» KOHCT HT Gg U G, U3 pe KUUH Yy — ZZ NOYTH H TOPSAIOK JIy4lle, 9YeM
wyy — WHw—:

| ap |<4,0-1073, |a.|<7,0-1073

*«3 psKeHHbI» Omep TOp C KOHCT HTOHM CBSI3H ac I €T BKI A B o0e Koucuryp muu J, = 0
u J. = 2, B TO BpeMs K K «HEUTp JIbHBII» ONep TOp ¢ KOHCT HTOW CBS3M ag J €T BKJI 1 TOJBKO B
KoHuryp muu J, = 0.
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JUISL HETIOJIIPU30B HHBIX (DOTOHHBIX IyYKOB U

| ap |<3,0-1073, |a.|<6,0-1072 (J,=0),
la.|<1,0-1072, (J, =2)

IUIsl TIOJSPU30B HHBIX IIyYKOB. DTH OLEHKH OBUIM TOJy4YEHBI B IPEAIIONOXEHHH,
yTo Tpu cBetuMocTd 10 c136_1 u obpes Huu | costyz |< 0,8" perucrpupy-
1oTcss 10 cOOBITHIT ¢ TOMONOTUEH, COOTBETCTBYIOIIEH JIPOHHOMY P CIT Iy OJHOIO
Z-06030H W HEHUTPUHHOMY p CI Iy japyroro. i mojydeHus Gojiee pe JIUCTHYE-
CKHX OLEHOK YYBCTBUTEIBHOCTU pe KUUM 7y — ZZ K CUTH JIy OT 4eTblpex6o-
30HHBIX « HOM JIbHBIX» KOHCT HT CBSI3€H ap U G, HEOOXOMUMO T KX€ KKyp THOE
p ccMmoTrpenue ogHonetsieBoro o CM.

CrieflyeT OTMETHUTb, YTO OTP HUYEHHS H KOHCT HTHl ag U a. M3 ete™-mon
Tpex6030onHOr0 poxaenus, W W =v, ZZ~, Z~7y, H HOBBIX JUHEHHBIX KO Ii-
JIep X OK 3bIB I0TCd H B TMOPSAK XyXe, yeM u3 pe Kimu vy — ZZ [50].
B TO Xe Bpemsi B ¢Te - B3 MMOIEHCTBHSIX MOXHO NPOBOIAUTH MPSAMbIE M3MEPE-
HUA KOHCT HT YeTHIpeXO030HHBIX cBaseil WTW -WTW - WYW~ZZ, ZZZZ
(cM. [50-52]), 4yTO HEOOCTYNHO B ®KCIEPUMEHT X H (poToHHbIX myuk X. Co-
OTBETCTBYIOLIME YETHIPeXOO30HHBIE HOM JIbHbIE B3 MMOICUCTBUS OIUCBHIB IOTCS
J TP HXU HOM, COAEpPX IIMM AB OIEp TOp C P 3MEpPHOCTHIO 4:

L) = 20 |o0(Wou- WHY? 4 go(W,, - W) (WH - W)
[TepBblii (<HEHUTP JIBHBII») OMEP TOP MOXET I P METPU30B Th OOMEH OYEHb TSKe-
JIBIM HEUTpP JIBHBIM CK JISIPOM, B TO BpeMs K K BTOPOH («3 PsSKEHHBIN») onep Top
MOXET COOTBETCTBOB Th TPHILIETY TSKEJbIX CK JspoB. Ciayd i, KON BepIIUH
ZZZZ OTCyTICTBYET, gy = —(., MOXET ObITh 0OYyCJIOBIIEH OOMEH MU TSXKEJIBIMU
BEKTOPHBIMU 4 CTUL MH. OTp HHYEHHS H I P METPHI §o U ¢, U3 30-OTKIOHEHHH
IIPY M3MEPEHUH TOJIHBIX CedeHuil pe Kuuit et e™ — WTW - Z uete™ — ZZZ
obcyx yuchk B p 60te [50].

B ey-Mon x nByxGosoHHoro poxuenus, WTW=e, Zve, ZZe, W™,
W~Zv, H psagy ¢ HOM JIbHBIMH 4eThIpex0030HHbIMU BepuimH Mu WWyy un
Z Z~y, OUCHIB €MBIMHU JT Tp HXH HOM (33), MOXHO T KX€ M3y4d Th BKI Il HO-
M JbHOU BepumHsl WW Z~. T K, B p 60ote [53] ObUI0 p cCMOTPEHO B3 MMOZIEH-
CTBHUE

LO =i

= 4m%/ an Wy - (Wu 'sz)F#Dv (34)

*Dr10 00pe3 HUE, B Y CTHOCTH, MO3BOJsIeT ycTp HUTH (poH CM, OOYCIOBICHHBIH MPOLIECCOM
ey — eZ B TOM CIyd4 €, KOIJl OIMH M3 ®JIEKTPOHOB He ObLT IONHOCTHI0 KOHBEPTUPOB H JI 3€PHBIM
Iy4KOM.
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KOTOpOE CBS3 HO C OIep TOPOM C P 3MEpPHOCTbIO 6, COXp HSIOIIUM CHMMETPHU
U(1)egm,C,Pu SU(2)¢, o H pyur roumm cummerputo SU(2)r x U(1)y. Bsuio
IOK 3 HO, YTO pe Kuuu ey — ZZeu ey — WTW ~e H ubonee 4yBCTBUTENBHBI K
HOM JIbHBIM CBSI3M C KOHCT HT MH Qg U . OTp HUYCHHS H 9TH KOHCT HTHI U3
30-OTKJIOHEHUH TIOJIHBIX CEYEHHH YK 3 HHBIX €7y-MOJ OK 3bIB IOTCS IOYTH H II0-
pAfoK nydine, yeM u3 et e~ -mon [50], u H ¢ KTop 5 Xyxe, uem u3 yy-mon [47].
H wubonee 4yyBCTBUTENBHBIM K HOM JIbHOH KOHCT HTE CBSI3H ., SIBISETCS HPO-
necc ey — W™ Zv. W3 30-0TKIOHEHHWH IOJHBIX CEYEHHH STOH pe KUUH H
JIMHEHHBIX eTe™-Kom iimep X ¢ sHeprumeil 500 I'sB mpu MHTErp JBHOH CBETH-
mocti 10¢p6~ 1 MOXHO JOCTHYD ypOBHS Orp HmdeHmii —1,2 < a, < 0,74. B
p 6ote [54] p ccMotpeno T kxke WW Z~-B3 uMozeiicTBue, 00yCIIOBICHHOE OIle-
p Topom PRV - Wg Z, A, ¢ p 3MEPHOCTHIO 6, KOTOPBIH COXpaHAeT CUMMETPHUU
SU(2)r, x U(1)y u CP, no H pyw er cummerpun C, P u SU(2)c.

CBsi3u yyyZ W y7y7y7y OICYICTBYIOT H jpeBecHoM ypoBHe CM, B p MK X
KOTOpOH mepexonpl 7y — YZ M Yy — <7y BO3HHK IOT B OJHOIETIIEBOM IpH-
OMIDKeHUH, BKIIIOY OINeM K K (hepMHOHHbIE, T K U W -0030HHBIe nIeTin. B p 6o-
T X [55] ok 3 HO, 4TO, 671 ro; ps GonbioMy BKII jy W -6030HHBIX IETeNlb MpU
BBICOKUX 3HEPIUsiX, K K U B CIy4 € Yy — ZZ, Ce4eHHs NPOLECCOB Yy — Y4
U Yy — <y AOCTHT IOT YPOBHS, DOCTYMHOro skcnepuMeHT M H DPK. B oboux
P CCM TpPHB eMBIX IPOLECC X BKJ Ibl (PepPMHUOHHBIX IETEIb AOMHHUPYIOT HILKE
W-nopor , 3 tem OblcTpo 1 I 10T ¢ poctoM dHepruu B CLIM. Bxi met W-
OO30HHBIX TIETeNb H YMH 0T JOMUHUPOB Th HPU /Sc+.- > 250 8B 1 ¢ pocrom
SHEPIUM BBIXOIAT MOYTH H IUT TO. B u cTHOCTH, yXe mpU /St~ = 500 I'sB
ceueHHe Mpolecc 7y — Z+y HoCTHr eT BeauduHbl S50 (PO, 4TO COOTBETCTBYET
BeIxoxy 500 cobpiThii 310 pe Kimu H 10 c136_1 UHTErp JIbHOH cBeTuMmocTH. [Ipu
BHEPIHAX /Sc+e— > 500 9B cT HOBUTCS BO3MOXHbBIM BBIIEIEHUE U3 MPOLECCOB
Yy — ¥Z W 7y — 77y BKI J0B W-0030HHBIX I€Teb, OOYCIOBIEHHBIX TpEX-
u verbipexO6o3ouHbiMu BepwiH MU YWW, ZWW, yvyWW u vZWW. T -
KM 00p 30M, U3ydeHUE NEPeXoloB Yy — yZ M 7Y — <Yy B 9KCIEPUMEHT X
H Oymymux @K mmeer ¢yHz MeHT JbHOE 3H 4YeHHE, IOCKOJbKY 00 Ipomecc
MpencT BISIOT co60if uncto opHonetriesble apdexTsl CM K K nepeHOpMUpyeMoi
He OelleBOU K JIMOPOBOYHOU TEOPUHU.

3.2. Axpons g ¢pusuk wu mpeack 3 Husg KXJI B yy-nmydk X. CTOIKHOBEHUS
BBICOKOSHEPIETUYHBIX (POTOHOB SIBIISIOTCS J1 6Op TOpHel s MPOBEPKH HPeicK -
3 HUH KB HTOBOH XPOMOIMH MHKH, 3JIEKTPOC] OO0 TEOpHH W p 3IMYHBIX P CIIH-
peruit CM. IlockonbKy K XIblif U3 (POTOHOB MOXKET IpPEBp TUTHCI B I Py Td-
Xenbix W-6030HOB, TO NPEIOCT BJSIETCS YHUK JIbH 51 BO3MOXKHOCTb U3Y4d Th IPO-
LeCChl CTOJKHOBeHMH W HHurwisinuu W-603oHoB. [lpu 4 cTHYHON KOHBepcHU
e e~ -Konun iinepoB MMeeTcs BO3MOXHOCTh CO3I HHS (DOTOH-3IEKTPOHHBIX (TIO-
3UTPOHHBIX) KOJIT ¥uepoB. OOH M3 OCHOBHBIX 3 J 4 IO IPOBEPKE HPEACK 3 -
Huit KX]I 1718 T KUX KOJUT WAEepOB — H3y4YeHHE CTPYKTYPHBIX (PyHKLHI (hOTOH .
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B T xux ombIT X MOXeT ObITh MCCIENOB HO K K IIIyOOKOHEYIpPYroe 2J1eKTpPOH-
thoronHoe p ccednue ey — eX, T K M NPOIECC C y4 CTHEM 3 PSIKEHHBIX TOKOB
ey — vX. IuddepeHun gpHOE cedeHHe mpoiecc ey — eX HMeeT BUJ

dOey—ex _ dralE’
dE’'dcos 6 Qy

[(1+ (1 -y F) (z, Q%) — y°F (z,Q%)], (35)

Q> =—¢> =2EE'(1 - cosh), w’=(q+p)’,

22 2 B qp

= fracQ°Q* +w*, y=1— —cos*(0/2) = —.

E kp
T K ke, K K ¥ B Cllyd € e’ e -Kou iiepoB, CTpYKTypH s yskuus F; TpynHo
JOCTHXHUM U U3MEPEeHNs, OCKOJIbKY H JIeXHOe OT/esIeHne OT (POHOB (CK XeM,
P ccesHHE e -IlydK H OCT TOYHOM T 3€) OIp HUYHUB eT O0Jl CTh U3MEHEHHS Y
M JsibiME BenuuH Mu. CTPYKTYpH st pyHKumst Fy Gonee TOCTYNH VTS H3MEPEHMUIA.

H nomHnM, uto Fy B p MK X H UGHOIl KB PKOBOH MOJE/H

2

(6%
B, Q%) = Y062 2aDi(2,Q%), Dia) = 5 S (% + (1 - 2)?)
q

(36)

OOH PYXHB €T H pyLIEHHE CKEHJIMHT YyXe B HU3IIEM MOPSAKE TEOPUH BO3MYILe-
HUil [56]. Yder BeicmIMX NOp4AKOB Teopud Bo3mywleHuid KXJI coxp HfeT x de-
CTBEHHO T KO€ ITOBEJICHHE CTPYKTYPHOU (DYHKIINH:
2 (a/2m) ,
aDI(x, Q%) = ——=e> -
¥ s (Q?) 1
HHTepec NpelCcT BISET 3KCIEPUMEHT JIbHOE onpeneneHue yHkuuu f(z), T K Xe,
K K U BOIIPOCHI Y4E€T 3BOJIOLMU H PYLIEHUS CKEWIMHI B BBICIIUX MOPIAK X TEO-
puu BoamyiueHuit [38,57]. 3 metum, 4TO, U3MEpPss H onbiTe AudepeHun JbHOoe
CEYeHHE, U, B Y CTHOCTH, 3UMYT JIbHBIE KOPPEJSIINH, MOXHO MOIYYHTh JOTIOTHH-
TENbHYIO, TT0 CP BHEHMIO C M3MEPEHHUEM ITOJIHBIX CEYECHH, MH(OPM LHIO:

1

f($)7 Oés(Q2) ~ m (37

do—e'yﬂeaX 2ma? 1 —+ (]_ — y2) ~ N B
= 22 F; Fr — F o
m dxdydQ, Q?2 Ty 2xFpr +&(y)Fr — p(y) Fa cos o, +

+1/2¢(y) Fp cos 2¢,), (38)

e £(y) = 2(1 —y)/[1 + (1 — y)?] — cTenenb NPOAOIBHON TONSAPU3 LUK BUP-
Ty JBHOTO (POTOH , ), TPEICT BISET H Hp BIECHHE JIPOH a B CHCTEME MOKOs
YYy*-4 CTHI, (p, — 3UMYT JIbHBIA YrOJ BOKPYL 7Y*-OCH OTHOCHTEIBHO ILIOC-
KOCTH, COIepX INeH p ccesHHbIA anekTpoH. @yHkumu p(y) u &(y) Omu3ku K
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emuHuLe npd M JbIX y. Ct HE pTHele yHKuuu Fh, Fp mogBATCA MOCie HH-
TerpupoB Hus 1o €),. B 4 cTHOCTH, M3MepeHne < cos2¢p, > I CT Ty Xe HH-
dopM wmio, 4T0 U F;. DKCHEPUMEHT JIBHO JOCTHXKHM s 00N CTh B [EPeMEHHBIX
In(1/x — 1), InQ? (I'sB)? npexnier Biser coboii m p mwienorp v ¢ Q2 < sy
u Q2 , onpenensembiv npefea Mu npumerumoctd KX (Q2. > 5 + 6TsB?).
MUHEM JbHOE 3H ueHHe Vw2 — WHB PH HTHOI M CCBI POXICHHBIX JPOHOB,
B IIPUHIMIIE, P BHO YABOGHHOW M cCe MHOHOB, HO, (b KTHYECKHU, ONperessIeTcs
H OOpPOM CT THUCTHKHU 3KCIEPUMEHT JIbHBIX A HHBIX M npuMeHuMocThio KX]I. Tu-
MMUYHBIE 3H YEHUS anax U Tmin W1 yeT HOBOK LC-200 ectpb 103 B2 u 1073,
IS TMHEHHBIX et e~ -Komn iimepoB (T K Xe, K K U I ey-Koml iigepos) LC-500
10°TeB® u 107°.

K K MBI yXe YINOMHUH JId, B PE3yJIbT T€ CHMITOTHYECKOH CBOOOMBI (DYHK-
uus Fy) (x, Q%) ysenuuns etca ¢ poctom InQ? u npu z — 1. PocT MmummTysl
Y*y — @q npu x — 1 mox BiseTcd 3 CYET M3MYYeHHS IIII0OHOB (IIO-BUIMMOMY,
K K 1/1n(4/(1 — ))), B TO Xe BpeMs IPU M JIbIX Z CJIEAYeT OXKUI Thb pocT Fy
3 cyer oOp 30B HUS KB PK- HTUKB PKOBBIX I p [58]. DTH pe3ysbT Thl, MOJYy-
yeHHble B p MK X KXJI ¢ yyeroM HeJuIUpPYyIOUIMX BKJ JIOB, IOMIEX T 9KCIEPU-
MEHT JIbHOU mpoBepke. Oxun emoe (10 Teopuu) 3H yeHHe Fh/c 11 3H 4YeHuii
< Q? >=1200T5B?, 0,2 < 2 < 0,8 ecTh BeTMUMH TOPsiAK 0,5, MpHYEM Teo-
peTHyecKue OIIMOKHU (3 CYeT HEeONpelesIeHHOCTH B BbIOOpe A) He HpeBbIII 0T
CT THUCTUYECKUX IpPHU IUT HUpPyeMoil uHterp jpHOU cetuMoct LC-200, p BHOM
50016~ ", AH M3 yp BHEHMIl BOJIOIMU Vs Fj nok 3bIB €T CHMITOTHYECKOE
YMEHBIIIEHHE JPOHHOU KOMIIOHEHTHI, TOTJ K K BKJI JI KOMIIOHEHTHI, OTBeY I0-
el ToYedHOMy X P KTepy mnepexof (OTOH B §g-T py, p cTeT ~ InQ?, uro
COITI CYETCS C MMEIOIIMMUCH JI HHBIMH C Q? < 10T »B? [59]. H umn 1omeecd
p cxoxuenne B 061 ctu Q2 < 10°ToB? MoxerT GHITH JET JBHO MPOBEPEHO H
ye-Koju1 uuep X.

B OIBIT X ¢ JETEKTUPOB HHUEM C-KB PK (WM {-KB PK ) MOXHO IPOBEPUTH,
COOTBETCTBYET JIM JICHCTBUTENLHOCTH P CYET UX BKJI 1 B I, OCHOB HHBIA H
OOPHOBCKOW MIUTUTYJle M HHU3IIUX (OIHOIETJIEBBIX) MOMpP BK X K Hell BO Bcei
0001 CTH T < Tmax = Q?/(Q? + 4m?). s Q? = 5,9TB? cp BHeHHe NOK -
3bIB €T P 3yMHOe coml cue ombiT [60] ¢ Beaymum Jior pupMUIECKUM BKJ JOM
KX, npu TOM BKJI JI COOBITHI C ¢-KB PKOM OK 3bIB €TCSl M JIbIM. OTHOCHTEb-
HBII BKJI JI JIPOHHOI KOMIIOHEHTHI B F,) yMEHBII €TCS CHMIITOTHYECKH:

Y2\ — (Y (O2) _ Y 2 as(QQ) dns v 2
FJ(Q7) = [F5(Qp) F2pt(Q0)](7as(Q(2))) + F2pt(Q ), dns >0,
4 dp Q*

F(Q%) (39)

= - In =,
91+4dns 2

TUTS Q(Q) ~ 1T%B? oH Moxer GBITh OIC H H OCHOBE BEKTOPHOU TOMHH HTHO-
cru. Torn , & Xe IpUHUM s BO BHUM HUe ~ 50 % Heolpene/eHHOCTh B HEH, U
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Q? = 100TB? yxe MOXHO ompenenuTs I p MeTp A ¢ TouHOCTBIO 120 MaB
[38]. Mpu goct Touno Gompumx Q% ~ 10,3 T 3B? H 10 IPUHUM Th BO BHUM HHe
oOMeH Z-6030HOM, T KxXe IW-0030HOM B IPOMEXYTOYHOM cocTossHAU. B mocnen-
HEM CIIyd € MBI IMEEM JIeJI0 C MPOLECCOM, MAYIINM 3 CUYeT 3 PSIKEHHBIX TOKOB:
et +~v — v+ X. JIna ey-Konn iiepoB ceyeHuss COOTBETCTBYIOMIMX TIPOLECCOB
M JIBI: HECKOIIbKO JiecITKOB (peMT0O pH, Tora X K juis LC-500 oHo yxke Oymer
NOPSAK TNHUKOO PH , M, T KUM 0Op 30M, MOXHO P CCUHMTBIB Th H HECKOJIBKO ThI-
csid cOOBITHH B TOX B CIyd € NMPHMEHEHHS J1 3epHOH KoHBepcuH. UYTo K C ercd
UCIIOJIb30B HHSI B K 4eCTBe (POTOHHOTO MY4YK «dKBUB JIEHTHBIX» (POTOHOB IpY-
TOro my4yk , TO B CHJIYy HPOTSDKEHHOCTH M HECHUHIYJISIPHOTO X p KT€p CIEKTPOB
9THX (POTOHOB H JIU3 Y-3 BUCHUMOCTU OYIET TPYIHBIM.

3.3. ®u3uk nepudepuyeckux B3 uMmopeicrBuii. ToT ¢ KT, YTO B OCHOB-
HOM TIpoliecce MpeBp LIeHUs (POTOH B KB PK- HTUKB PKOBYIO I Py IHONEpPEYHBIi
UMITYJIBC HE OTP HHUYEH, BeAeT K UHTEPECHBIM CIIEACTBUSAM (OHO U3 HUX YXe yIo-
MUH JI0Ch Bbiie: Fy) ~ In Q?) ang dusuku nepudpepuueckux B3 UMojeicTBuii. B
®TOi1 061 CTH MepeMeHH s BhepkeH  odeHbM 1, (% — yMepeHHO BelUK  (JI0
HECKOJBKHX fecsTKoB [9B2). B 5T0ii 0671 CTH yXe He p 60T €T XecTKOe yopsIo-
YeHHE T10 ITONEPEYHBIM KOMIIOHEHT M CTpPYH, X p KTepHOE Wi ITyOOKOHEyNpPYTHX
nporeccoB. H npotus, 31ech ciefyeT 0XHUA Th UX MOCTETIEHHOTO YBEIWYEHHUS OT
BEJIUYUH MOPSIK \/@ JU1 CTPYH, OCH KOTOPBIX OJIN3KU K H TP BICHUIO JBUXeE-
HUS 3JIEKTPOH . PocT mpomomk ercs BIUIOTH 0 3H YEHUH OBICTPOTHI, OTBEY IOIINX
LEHTPY I TO, U 3 TeM IPOUCXOAUT YMEHBIICHHE X P KTEPHBIX MONEPEYHbIX UM-
MyIbCcOB CTPYH nO BenuyuH nopsak 1I9B [61]. 3pmech BO3HUK €T MHTEPECH
9KCIIEPUMEHT JIbH 4 3 1 4 HCCIEN0B HUS KOPPEALUU MEXIy dHEeprueil CTpyu u
ee TOMepeyHbIM UMITYJIBCOM.

B coOprTrsix ¢ GONBIIMMYI MONIEPEYHBIMHA UMITYJIbC MU KB PK- HTHKB PKOBBIX
I p MOXeT OBITb MCCJIEIOB HO SBJIEHUE ®KP HMPOB HHUS IVIIOOHOB H M JIBIX P C-
CTOSIHUSIX, CBSI3 HHOE C (pM3MKOU KOH( HHMEHT KB pKoB [62]. ITpu oueHb GOb-
X ®HEPIUAX [POHH 4 KOMIIOHEHT (DOTOH IIpefcT BIET co0O0il KOrepeHTHYI0
CyMMY BEKTOPHBIX Me30HOB. [leHCTBUTENBHO [56], BpeMs KOTepeHTHOCTH (POTOH ,
OIIpeJIeIIEMOe U3 yCIIOBUS M JIOCTH PIYMEHT ILIOCKOM BOMHBI €97 qx ~ 1, OK -
3BIB eTCsl I0CT ToYHO Gosbimm ~ (1/M)(s/q?) 1 hopMUpOB HMS COCTOAHMIL
BEKTOPHBIX ME30HOB. BOMNbII 4 JUIMH KOIE€pEeHTHOCTU MEXIy (POTOHOM U IpOMe-
XKYTOUYHBIMUA COCTOSIHUSIMH BEKTOPHBIX ME30HOB MOXET OBbITh HCIIONB30B H K K
OCHOB OIKC HUA JPOHHOTO B3 UMOAEHCTBHS (DOTOHOB IPH M JIBIX IONEPEYHBIX
UMITYJIBC X.

B u cTHOCTH, ®TOT () KT MO3BOJSIET NPHMEHHUTh TeopeMy (p KTOpH3 LM,
OCHOB HHYI0O H THIoTese obmeH nomocoM Ilomep H4yK B mpouecc X ¢ y4 -
— 42 ~
crueM (POTOH Oy = 07, Jopp = 240H6. T XuM 0Op 30M, MOXHO IIPOCIEIUTH
MEJUIEHHbI POCT 0~y C 9HEPIUEH BCIIEACTBHE POCT CEYEHHH (DOTOH-TIPOTOHHOTO
U MIPOTOH-IIPOTOHHOTO p ccessHuil (611 rog ps 0OMEHy TOMEPOHOM).
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HHTepecHpIM sBnsSeTCd KPYr (PU3NYECKHX 3 J Y B <YY-CTOJIKHOBEHHSX, CBS-
3 HHBIX C JBOMHOW nu(p KIMEH, T.e. IEPeXOfOM K XJIOro nu3 (hOTOHOB B OOWH
U3 BEKTOPHBIX ME30HOB 7y — v1v2, v = p, w, ¢, J/¥, T KXKe MpOLEcChH ¢
00p 30B HHEM OTWHOYHBIX Me30HOB 7y — vX. B 001 ctum goct ToyHO 6O0IB-
IIUX Tepel HHBIX MMITYJIbCOB \/—% > A MOXHO BOCIIOJIB30B ThCS BBIYHCIICHHEM
B p MK X Teopuu Bo3Myienuii B KXJI a1 onuc Hus npouecc oOp 30B HUS ABYX
KB PK- HTUKB PKOBBIX I P Yy — ¢Gq§ W 3 T€M HCHOJIb30B Th MIUTUTYIbl UX
MIepEXOl B COCTOSHUS C BEKTOPHBIMU ME30H MH.

B p 60T x [63,64] OK 3 HO, 4TO B PEIXKEBCKOM PeXHUME JOMUHHUPYET OOMeH
JIBYMS IJIIOOH MU B K H JIe P CCEdHUS, IPUYEM CIIp BEUIMB BUJ CEUCHUI

Z—j(w = VV) ~ag()/1°. (40)
B T K H 3bIB eMOli MOJyXeCTKOil KWHEM THKe I Ipouecc o0p 30B HHS ABYX
mesonos M = 7%, n, n', J/V, Aa, po, vy — MM, w? = (P14 —|—p2,y)2 >
> p2 = t| = (py, —pm)? > p?, e p = 0,3 B, MOryT GBITH OIHOBPEMEHHO
WCTIOJIb30B HBI ITOAXOJ MepTypO THBHOM KB HTOBOIM XpOMOAMH MHKHM [61] 1 dpeHO-
MeHosorud oOp 30B HMS CBA3 HHBIX cocTogHMIl. Eciu B HU3IIEM HOpsKe TEOpUU
BO3MYILEHUii CEYEeHHs STUX MPOLECCOB M J1 10T K K w ™%, TO BKJI JI I Tp MM C
O0OMEHOM IIIOOH MM HE I I €T ¢ POCTOM 3Hepruu w. IIpu 8TOM BO3HHK IOT psjibl
Bun 1+ Y07 ¢n2", 2 = (3as/27) Inw?/w? ans x p KTEPHBIX B OIBITE 3H Ye-
Huit: 0,25 < z < 0,5. Ceuenne ans ciayd g oOp 30B HUS [IBYX ICEBIOCK JIIPHBIX
ME30HOB MMeeT BuJ [65]:

do w?\ > 120 (t)
— )| — 2wg = ——=41n2 41
dt (wa ) (w(g)) 3 wo T nz, ( )
e 1 + wo ects marepcent nomeporn B®KII [61], dyskumsa f(w,t) cn 6o
3 BucHT OT w. [l ciyd st o6p 308 Hust AByX J/W-ME30HOB UMeeM, B 4 CTHOCTH

[66],

do(J) T, J)T)

1m0 exp(1621n2) [ ¢y fy 4 Mi
e I In® | —-
1

4 (Tmg(3)2)* \ M ri)
42)

=167%a%(asCF)

3
Cw:Z; fJ/\p:O,38F3B.

T X, and ~yy-Kojul HWuepoB ¢ rogoBoil ceerumoctbio 500 n6 ! i x P KTEpHBIX
ycioBuit peructp wuk wo ~ 15T9B, | t |min= 4T5B?, Opin = 100Mp 1 criemyer
oxun T nopstak 600 cobOsiThit 06p 308 Hus ABYX J/W-Me30HOB. Bk 1 Tpexmio-
OHHOTO COCTOSHHS B K H JIe P ccesHHs (BKJI J OIIEPOH ) MOXET OBITh OTOXIe-
CTBJIEH B IIpoliecC X 0Op 30B HHMSI ICEBIOCK JISSPHBIX U TEH30PHBIX 4 CTHL [64].
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IIpennoxenH g B koHUe 70-X rogoB BO3MOXHOCTh U3y4 Th (pu3uky BDOKII
MIOMEPOH B yy-CTOJIKHOBEHHSX B IIOCIIEAHEE BpeMs NPHBIEK €T OOJbIIoe BHH-
M HHE K K TEOPETHKOB, T K M OKCHEPUMEHT TOpPOB. MBI OTCBUI €M YHT Tensd K
JUTEp Type, MpUBEAeHHOH B [61].

3.4. O0p 30B HHE I P TAKEIbIX KB PKOB B 77-CTONKHOBeHHAX. CedeHue
IpAMOTO K H 1T Yy — 4q, 0gq ~ m(a?/M2) coct Buser ~ 130u6 u ~ 0,13
JUI CIyd s poxnieHust cC U bb cooTBeTcTBeHHO; 0y ~ 7/(a?/m?2)/6 ~ 0,02 .
Ins poxnenus cc u bb B mponecc X H ete™-komn finep X B 0671 CTH 3HEpIHil B
CLM 200 < /sce < 5001B B mpHONMMKEHNN ®KBUB JIEHTHBIX (DOTOHOB CEYCHUSA
HUMEIOT MOPSIIOK HECKOJIBKUX MUKOO pH [67].

JIpyrue Mex HU3MBI POXIEHHUS TSXKEIOH I Pbl, C yd CTHEM ORHOTO WM JBYX
IJIIOOHOB, 3 BUCSAT OT JET JIei MpEeArnosa I eMOro p CIpeleneHHs IJIIOHOB B ¢ho-
ToHe. COINT CHO OLIEHK M, TOJIy4eHHBIM B [67], TN10OH-(DOTOHHBIE BKJI [IbI CP BHH-
B I0TC4 C BKJI JOM MeX HusM JI Ha y — JIudpumn (aByX(OTOHHBIA MEX HH3M)
stk npu /s > 200%B, Tory K K BKJI [ ABYX[JIFOOHHOTO MEX HU3M H MOpS-
JOK MEHbIIIE.

OTHOLIEHNE CeueHuii 0Op 30B HHUs JBYX [-KB PKOB B €T ¢~ - M COOTBETCTBYIO-
IIMX YY-KOJUT Haep X (IIpU UCHOJIB30B HUM 11 3ep C Heprueit potoHos 1,26 3B)
ecth BesmuuH  mopsaak 0,4 + 0,6 mia /s ~ 450 TeB. Tlpeack 3bIB H0OTCH 3H -
YUTEJIbHbIE IOPOTOBBIE SIBJICHUS, HO 00p 30B HUE TONOHHS HE MPOHMCXOIMUT BBUIY
M JIOTO BpeMeHH XU3HH t-KB pK [68].

3.5. Ilonapu3 umoHHbIE 3¢eKThI B ye- U yy-Kou1 haep X. @oToHsI, 00p -
30B HHBIE IIPU Ye-KOHBEPCHUH JI 3€PHOTO My4YK , MOTYT H XOOMUTHCA B P 3TMYHBIX
COCTOSHUSX MONAPU3 LIMHU, TOTJ K K 3KBHUB JICHTHbBIE (DOTOHBI BCEIN JIMHENHHO MO-
JISIPU30B HBI B IUIOCKOCTU OOp 30B HHs. B mociienHeM ciiyd € BO3HHUK IOT TOJBKO
M JIOMHTEPECHBbIE 3UMYT JIbHbIE KOPPEISINH.

1. P ccMOTpUM BO3MOXHOCTh MPOBEPKHU KJI CCHYECKUX IIp BUJI CyMM (POTO-

6copbuym I'ep cumoB — JIpenmn — Xupr (I'IX) [69] B ombIT X MO CTONK-
HOBEHHIO TIOJISIPU30B HHBIX (POTOHHOTO M B3IIEKTPOHHOTO ITydkoB. IIp BHIIO cymm
I'IX BbIBENEHO B NPEINOIOXEHUH OE3BBIYMT TENbHBIX AUCIIEPCUOHHBIX COOTHO-
LIEHUH U4 3 BUCAIIEH OT CIMH Y CTH MIUTUTYABI KOMIITOHOBCKOIO P CCESHUS B
COYeT HUM C HU3KOIHEPreTMYECKUMHU TEOpeM MH g Hee U MMeeT BHI

_ 4m?sa

i =Tl g—2p = [ Ao Acw) = ap(w) ~aa(w). @)

rae s, m, — CIMH U M CC MHUIICHH, op 4(w) — IOJIHOE CEYCHHE KOMITOHOB-
CKOro p ccegHHd (POTOH C 4 CTOTOM w H MHIUEHM I CIyd 4, KOIA CITHHBI
(pOTOH U MHUIIEHU N1 P JUICNbHBI WM HTUI P JUIETbHBI, M, — HOM JIBHBIA M TI-
HUTHBIE MOMEHT muiieHd. B p 6ot x [70-72] uccrenoB HbI MPAMEHEHUS DTOTO
Imp BWI CYMM K JIIOOBIM Tporiecc M Bum ~ya — cd; a,c,d = v,e,w,z, H v
U T.J0. 3/1eCb MBI OTMETHM BEpOSTHYIO CB:3b Ip BWI cymMm IIX ¢ mp BUIOM CyMM
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JUISL CTPYKTYpHOU yHKumu otoH [ dzg”(x) = 0; MHTEpeCHbIe COOTHOLICHHSI
s cedennii ye — Wv, yve — ve, vy — WW, vy — ZZ B GOpHOBCKOM
MPUOSTMKEHNH, B 9 CTHOCTH, TP BIJI CyMM

/ T N (w) ~ 00 (44)
0

otBey romme cinyd 1 g—2 = 0(«), KOTOpble MOXHO P CCM TPUB Th K K TECTOBBIE
cootHomenus i CM. Bred Tisger ux BbimojHeHHe K K B p MK X KOII, T Kk u
B HIBIIUX MOPAAK X Teopuu Bo3mymieHHit CM. Yro xe K ¢ eTcd MoauuK LUt
CM, B Y CTHOCTH TEOpHUH, MPEICK 3bIB IOIIUX He cooTBeTcTByomue CM 3H ue-
HUS KB JIpynosibHOoro MmomenT W-60300 @ = —e(k—\)/m2,, u = ge/2mw =
=e(l+k+ \)/2mw, e? = 4ra (CM oteeu et k = 1, A = 0), TO COOTBETCTBY-
omye uMm 1p Bl cyMmm I'TIX He BBIIOIHAIOTCA:

04271' w 3 a2 w
A ~ L (P I O A D oo, @
o (W) ~ 3y (MW) ’ 8M§V(’C ) (MW)’ w— oo (45)

B onbiT X ¢ LUPKYISIPHO IONSPU30B HHBIMU (POTOHHBIMM IIy4K MM MOLYT
ObITb, T KUM OOp 30M, IPO H JIU3UPOB Hbl OTKJIOHEHMS OT mpeick 3 Huil CM
1711 TpeX- U 4eThIPeXTOYeUHbIX (PyHKIMI I'pUH BEKTOPHBIX ME30OHOB, I D METpU-
3yeMbIx A 1 k — 1 [70].

2. B cnyd e ye-p ccesHHMd C JHMHEHHO MOJSIPU30B HHBIMU (POTOH MM BO3-
HUK I0T 3MMYT JIbHBIE CHUMMETPUM OTHOCHUTEIBHO €ro BEKTOp IOJISIpH3 LU
U IUIOCKOCTH P ccedHMs (OIpeleldiolleil H Ip BlIeHUe JUHEHHOU Monspus Luu
9KBHUB JICHTHBIX (POTOHOB). OHU MMEIOT CKEHIMUHIOBBII X p KTep do/d¢ ~ £(y) X
xQg3H q eg, e &(y) — cTereHb JMHEHHON MOJISPU3 LUK 3KBHB JICHTHOTO (ho-
TOH , ¥y = w/e — ero moms 9Hepruu, & — I p MeTp BbepkeH , e, — 3 pan
KB pK B Ipouecce ye — gge [73].

3. T x Xe, K K U B Cllyd € IOJIIPU30B HHOTO ep-p CCesAHUS, MOXHO BBECTU
cTpyKTypHYyIo hyHKIHMIO g] (7, Q%) HOTOH , KOTOPYIO MOKHO OIPEIETUTD, U3MEPSS

CUMMETPHUIO JIEBO(IIp BO)IOJIAPU30B HHOIO 9JIEKTPOH H LUPKYISPHO IOJIPHU30-
B HHOM (pOTOHE. DT (PyHKUUS, H 43bIKe K pTHUHBI DelHM H , U3Mepsoul 4 p 3-
HOCTb YUCJT JIEBO- U IIp BOIOJIIPU30B HHBIX KB PKOB B (DOTOHE, UYBCTBUTEIBH K
M cce ortoH MumieHd +/|p?| [74]. VMeHHO Wit ee M JIbIX 3H 4YeHHil (Ip BUIO

1 N
cymm I'lTX) nmeem fo drg](xz) =0, Torn K K wis GOJBIIKMX 3H YEHHil M CC IIp -
B0 cymM I'JIX HepuMEHUMO, U 3H YEHHUE MHTEIp JI OIpeleNnseTcs TPeyrolbHOM
o o _ 4
Hom jmeii [ dzg) (z) = Ne(a/7) 3 eg.

4. KAJIMBPOBOYHBIE ITPOIECCHI

OnmuH U3 TIT BHBIX I P METPOB YCKOPUTENS CO BCTPEYHBIMHU ITy9K MU — CBe-
TUMOCTh L, — onpenensiercs cootHomenneM N = Lo, e N — 4uciao coObITHil
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B €[JMHUIy BpEMEHH I Mpoliecc C ceyeHueM o. Ecnu u3BecTeH ¢ JOCT TOYHON
TOYHOCTBIO P CCUHUTBIB MBI MPOLECcC, NMEIOIIHI He CIUIIKOM M JIO€ CeUeHHE O,
®KCHEPUMEHT JIbHO XOPOIIO OTAESTUMBII OT JPYTHX MPOLECCOB M YAOOHBIH W1 pe-
TUCTP WU, TO €ro M3MEpPEeHne MO3BOJIUT HE3 BUCHMBIM OOp 30M OINPENETUThH CBe-
TUMOCTb ycT HOBKM L. T Kue mpouecchl Mbl OylieM H 3bIB Th K JIMOPOBOYHBIMHU.
ITpu »TOM OTH 1 €T HEOOXOIMUMOCTD B JIET JIbHBIX CBEICHUSX O TPYAHOU3MEPUMOM
P CIpelesieHuH IUIOTHOCTH IYYKOB B 00 CTH BCTPEYM, UCIIOIb3YEMOM IIPU TP -
IULIOHHOM OIpENeIeHH CBETMMOCTH. B K decTBe K NMOPOBOYHBIX MPOLIECCOB
JUISL 9NIEKTPOH-TIO3MTPOHHBIX COYl PEHMIT MCIIONB3YETCS YNPYroe et e™-p ccesHue
H M Jjble (Wi OoJbllKe) YIVIbI, OAHOKP THOE WJIM JIBYKP THOE U3JIydeHUE Ipu
ete™-p ccesnun.
Tl BCTPEUHbIX 7Y-MyYKOB, OCTPOEHHBIX H OCHOBE JIMHEHHBIX e e -Kon-
7 #epoB, B K YecTBe K JIMOPOBOYHBIX MOXKHO HCIIOJIB30B Th IPOLECCH 00p 30-
B HUS OBYX Il P 3 PAXKEHHBIX 9 CTHII vy — ete ete™, eTe "y p™ u r.0. Dt
IpOLEeCChl TOCT TOYHO XOPOLIO HM3y4eHbl B jurep Type [75-79]. X p KTepHOi
YepTOil MX SBJISETCS He3 BUCUMOCTD MOJTHBIX CE€UYeHUH OT monHou sHeprun B CLUM
(OTOHOB /S TIPU OCT TOYHO GOMBLINX 3H YEHUSAX /s > 2m,,. CedeHus 9TH 10-
cr TouHo Benuku. T K, ceueHne oOp 30B HUs JBYX e e -1 p coct Biser 6,4 MKO,
ceyeHne oOp 30B HUS MIOOHHOW W 3JIEKTPOHHOH 1 phl 5,67 HO*. IIpomecch ¢
0o0Op 30B HHEM MIOOHOB (CeyeHHe 0Op 30B HHS ABYX MIOOHHBIX II P COCT BIISIET
0,16 HO6), MoO-BUAUMOMY, SIBIISIIOTCS Oojiee yIOOHBIMU M3-3 OTHOCHUTEIBHOW HpO-
CTOTBI PETUCTP LU MIOOHOB B ®KCIEPHMEHTE. DTOT IMPOLECC MBI U P CCMOTPUM
ner nbHO Hike. Ilpu cBeTMMOCTH (DOTOHHBIX MMydkoB Ly ~ 103! em™2 - ¢!
06p 3yercs mopsak 200 M p MIOOHOB M 3JIEKTPOHOB B U C (M, COOTBETCTBEHHO,
10 coOpiTrii B 4 ¢ 0Op 30B HHS I PbI 7T-JIENTOHOB M BJIEKTPOHHOW I PBI M JIB
coObITUS B 4 ¢ 0Op 30B HHS 11 Dbl T-JIENITOHOB M I PbI /-ME30HOB). [isl ueneii
K JMOPOBKH IPEJCT BISIIOT, OOH KO, HHTEpeC He MOJIHbIe CEYSHUs U CIIEKTP JIbHbIE
P cIpeneseHus, WHKIIIO3UBHbIE CeYeHUs B 001 CTH OOJbUIMX (MO Cp BHEHHIO C
M CCOIi) MONEPEeYHbIX UMITYJIbCOB JIENTOHOB. [l Jiee MBI MPEAToN I' eM (DOTOHHBIE
My4YKH HOJISIPU30B HHBIMU. HuXke MbI NpHBeeM 3HEepreTHYecKue p CrpeneeHus,
VHKJTIO3UBHBIE 0 /1~ M pt ™, W apyrve p CrpeieieHus, KOTOpble MOTYT OBITh
moJie3Hsl Jutd onbIT . CeueHue mpoiiecc

Y(k1) +(k2) = pt(p1) + 1~ (p2) + et (ps) + € (pa) (46)

*YTBepXK/IeHHe O He3 BUCHMOCTU CEYeHHil OT $ CIp BEJUIMBO B J JIEKOH CHMITOTHKe. YTOOBI
OLEHHTh COOTBETCTBYIOLUME 3H YECHHS S, MBI P CCMOTPHM OTHOCHTEIIBHYI0 BEIHYHHY IOMpP BOYHBIX
cnr empix: Ao/o = (0(s) — Casympt)/CTasympt = (mi/BGs) In®(s/m2p). Br senumuun cr -
HoBurcs M oit (< 1%) wrst suepruii > 70 IsB.
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B npezesie Gonpmmx sHepruii B CUM dotoHoB /s = +/ (k1 + k2)2 > mi (cMm.
CHOCKY H ¢.195) MOXHO IPEACT BUTb B BUJIE CyMMEI

do = dO'b + da-b; dO’b = daa(pla P2, m;t — D3, P4, me) B (47)

OTBeY I0IIEell KUHEM THYECKHUM CUTY LUAM, KOl MIOOHH 4 IT p JICTUT B H 1Ip -
BJICHUU OJHOI'O U3 (bOTOHHbIX IIy4KOB (3H€KTPOHH 41 p HOPU OTOM JIETUT B IIPO-
THUBOIIOJIOKHOM H IIp BJ'[CHI/II/I)l

_ doydsy doadss . d?q,

do, (48)

51 59 474’
re do; — COOTBETCTBYIOT CEYEHHUI0 0Op 30B HHs I Pbl MIOOHOB p€ JIbHBIM (O-
TOHOM C MMITYJIbCOM ki M BEKTOPOM HOJISIPU3 LIMU €] U BUPTY JIbHBIM (KOTOPBIM
0OMEHMB I0TCS POXIEHHBIE 1T PbI) C MONEPEYHON K H M BJICHUIO ITy9KOB KOMIIO-
HEHTOI MMITyIbC ) W BEKTOPOM MONApH3 IuM (uHeiHoH) q1/ | qu [; /51 =
= +/(p1 +p2)?> — WHB pu HTH 5 M cC 1 pbl MIOOHOB. Bemuuun (doidsy)/s1
MOXKET ObITh BBIP XE€H Yepe3 JONH DHEPIUil T; = 2py;/+/S U IONEPEYHbIE KOM-
MIOHEHTbI UMITYJIbCOB D; | MIOOHOB M I1 p MeTpbl CToKC &3, &1, X P KTepuU3yollue
MOJIIPU3 IIMI0 H 4 JIBHOTO (POTOH :

doid d? d? dxid
dnds _ 202(1 — 22122G) QPM 2p2L2x1 a:22 X
51 (pi, +1?)(py, +p?)

x6@ (p1, +p2, —qu)d(zy + x5 —1); (49)

G = qi Q2+ (Q2 — Q1) +2QuQu1 | (02, + 12) (D2, + 1),
1

plL p2¢

Q= + .
pi, +1*  P3, +p

Bemnunn  (doadsz)/sq monydutcs w3 npuBeseHHOi (49) 3 MeHOil:

dO’QdSQ N d01d51

52 S1

X (P1,2L — P34,,4dL — —q L, My — Me, T1,2 — y1,2,63 — 53;51 - *gl) ,
(50)

e y1 = 2ps0/v/S, Y2 = 2pa0/\/S, P34, — HOJH SHEPIUI U MONEPEUYHbIE K OCH
IYYKOB KOMIIOHEHTBI 3-HMITYJIbCOB BJIEKTPOHOB, &3, &1, — 1 p MeTpbl CTOKC
BTOPOro (pOTOH .
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ITpusenenH s ¢opMyn omnpenenseT NOTHOCTHIO TudepeHLn JIbHOE ceueHHe
mporecc (46). OOp THM BHUM HHEe H TO, 4TO AU(QepeHnr JIbHOe CeYeHHe
HE 3 BHCUT OT KPYroBoil mossipu3 1mu ¢oToHOB. OCHOBBIB SCh H HEl, MOXHO
MOJTy9UTh P 3NMUYHbIE MHKITIO3UBHBIE P cripeneneHus [75].

ITpoBoas UHTErpHPOB HHE MO Iepel HHOMY UMITYJIbCY U () 30BOMY NPOCTP H-
CTBY ®JIEKTPOHHOU I1 PBbI, IOJTYYUM HHKIIIO3MBHOE 10 OOOMM MIOOH M CEUYeHHe:

2a' 6 — 1)dpi d®py dayd
do, = i(1—2x1m2G) (1 + 22 - )2 Pi 2P2 2331 x22
(P1, +p2,)%(PT, +412)(P3, + p?)

61Y

33

X (GE — By — (2F, — Fy)(& cos(2¢,) — & sin(2<pq))) :

TIe ©q — 3UMYT JIbHBIH Yros Mexy BEKTOPOM JIMHEHHOM NOIAPU3 MU BTOPOTO
thoToH © BeKTOpPOM P1, + P2, =q.;

= |CIL| _ Z 2
Fi_Fi(Zme , Fl(Z)—?th(Z-i- z +1), (52)
222 +1
Fry(z) = ———=In(z+V22+1)—1.

V22 +1

]l 7ee MOXHO MOJTY4HTh MHKTIO3MBHOE MO [4~ -ME30HY P CIIpeleIeHHe
dog = —J——7F—; J=Iy+FBX3+F.YX_ +F Y + FY3,  (53)
T

e BeMYMH J B CT pILIEM JIOI pUMUYECKOM MPUOIMKEHUH UMEET BUI

- L2+4L£+3£2 . 21‘1(17%1)

S Pt
(1+p)? (1+p)?

(14 p* —2p%s3) ap:W>>]-v
(54)

m

m ~
L=In—L%, ¢=1In(1+p), £3 =11cos2y; ,%3 = lcos27s ,

Bi = hizeos2mn £ ), 1F = (6)° +(E)°

3necy v; = (pﬁi) — 3UMYT JIBHBII YIOJl MeXjay H Ip BI€HHEM M KCHM JIb-
HOW JMHEHHOHN mongpu3 LUUMU (POTOH ¢ U IOMNEPeYHOH KOMIIOHEHTOH HMMITYJIbC
p~. Tounoe Belp Xenue s J npusenaeHo B [75]. OTMeTuM, 4TO 3 BUCUMOCTH
WHKJTIO3UBHOTO CeYeHHUs! OT I p MeTpoB CTOKC «4yXOro» (OTOH SBJISETCA CIl -
6oit (Fy/Fy =~ F3/F0 <3-1072), Torn K K 3 BHUCHUMOCTb OT MONAPU3 LUU «CBO-
ero» ()OTOH BIIOJNIHE 3 METH , U pd p = 1,2 ¥ @7 = 1/2 BeNUYMH 3 BHCALIMX
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%

- Y = Hpee
60 6(p09 x] = 0)
40t

20

o 2 4 6 8 10 12
_ 2 2
poiplimin/mp

Puc. 11. lons MIOOHOB C P11 > P1Llmin B 3 BUCUMOCTH OT pﬂmin/mi npu x1 = 0 [75]

or cmuH ¢ T eMbix B J goctur et 20 %. Crerw JbHBIA HHTEpPEC MOXET Tpes-
CT BIISITh 10N 6 T KHUX COOBITHIA, KO fi~ BBUIET €T C MMOMEPEYHBIM HMITYJIbCOM,
GOJIBIIMM HEKOTOPOTrO MUHUM JibHOTO. I'p puk aro0it pyukunu 0(pg, x1) = N/D
g p > 1, toe

1
N = ;{[1 —2x1(1 — 21)|(L? + L(40 + 5) 4+ 30> + 80 + 6)+

+2a1 (1 xl)(2L+2£+3)}, (55)

D =175 — 23921 (1 — 21) (56)

npuseged H puc.1l. H puc. 12 npuBeneHsl 3 BUCUMOCTH HEIMOJSIPU30B HHON
v cru cedenns: Fy u orHomenust Fs/Fy ot p = pi /mi OTMeTHM, 4TO CceueHHue
nporecc 00p 30B HUS ABYX €Te -N p WIs pe JIMCTHYECKUX 3H YeHmi p > 1
NpUOIM3UTENFHO BABOE OOMbIIE ceyeHHs] 0Op 30B HUS MIOOHHOW M 3JI€KTPOHHOM
m pol [75].

CreneHb KpyroBoil nonspusz uuu (OoToH &z MOXeT ObITh U3MEpPEH B  3H-
MYT JIbHBIX KOPpPEIALUAX MEPIEHIUKYISPHBIX OCU IIy4KOB (K1) KOMIIOHEHT M-
MyJIBCOB I PBI JICITOHOB, W, K K ObUIO MOK 3 HO B [80], mporcxomuT ot uHTEepde-
PEHLIMH MIUTUTY OOPHOBCKOTO M OAHOMNETJIEBOTO MpUOIMKeHuid. 1 OTHOIIEHHS
BKJI JIOB B CEUEHHE MMeeM

dO'pol

= a(€V AW sin(¢1) + €2 A® sin(¢s)) | (57)

IJle BEIMYMHBI C MHAEKC MU | U 2 OTBeY 10T IT P M, POXACHHBIM, COOTBETCTBEHHO,
toton Mu 1 U 2, 1 — 3UMYT JIbHBIN YToJd MEXIy NMEpIeHINKYIIpHBIMU K OCH



O MPUHIUINAX Y ®U3UYECKOM ITPOTPAMME ~+-KOIIITAMIEPOB 199

100

Y = Huee

L L L

10 12 14°% 2 4 6 8 10 12 14
Pzp%J_/mﬁ

o

Puc. 12. ) 3 Bucumocts Fp, F3 (53) oT momepeyHoro uMmyinbc 4~ -Me30H [75]. 6) 3 -
BHUCHUMOCTh cumMmeTpun F3/Fy = (da! —dol)/ (da! + doz) MHKIIO3MBHOIO CeueHHs
pe xmmu vy — pp"ete” or momepednoro mmmymse p-meson  [75]; da,! (daj) oT-
BeY IOT CIIyd 10, KO H Ip BIEHHE M KCHM JIbHOM MOJISIPH3 MU HEePBOro (POTOH JIEXHT
B IJIOCKOCTH P,,—, k1 (lepHeHmKyIsapHo K Heit)

Iy4KOB KOMITIOHEHT MH 3-HMIy/ibcOB 11 p, 0 < ¢y < 7, & = qio/w1, y =1 —x =
= @20/w1 — MOJTK SHEPIUH KOMIIOHEHT I Pbl, 2 = |q11 |/|q21

z 2z xc T 2%y TYZ
=——— | =Wy——)ln=-2 — In— 4+ ————
2(z2 + y?) (22 (v z ) n d y(z = cyz)In d * (x + yz2)2 %
x? . x? 1 x?
x <—3 — 220 2y = (204 2) (Y - —2))> , (58
z z z z

c=cosp,d =+ y*2? — 2zyzc.

s 31 wennii (z;2) = (0,1;0,9), (10;0,1) Bemmunn oA moctur et +3 %.

CrennuK p CCMOTPEHHBIX BBIIIE MPOLIECCOB B YPE3BBIY HHO M JIBIX yINI X
(< 1073 mg w; = we > 100 I'sB) MEXJIy HUMITYJIbC MH KOMIIOHEHT 00p 30-
B BUIMXCS I P M OCHIO IIy4KOB TpeOyeT CIlelM JIbHOTO YCTPOMCTB IETEeKTOPOB
MIOOHOB, P CIIOJIOXEHHBIX B JIM OT TOYKU CTOJKHOBEHHUS M, MO-BHIUMOMY, HC-
MOJIB30B HUS M THHUTHBIX IOJIEH.

Hpyroii cucremMoii K JTUOPOBOYHBIX IPOLECCOB SBISIOTCS MPOLIECChl 00p 30-
B HUS 1 PBl 3 PSIKEHHBIX OO30HOB WM JIENTOHOB, JeTaumx B CLIM H 6onbmme
yroael [81]. CedeHHs 3TUX MPOLECCOB YOBIB IOT C PHEPIHEN U WUMEIOT IMOPSIOK
Bermunnbl o ~ 1073%2em? /s (TaB2).
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ITpearnonoxuM, 4TO ®KCIEPUMEHT JIBHO JOCTHXUMO IETEKTUPOB HHUE U CTHIL
C YIJIOM BBUIET Y CTHI II0 OTHOLICHHIO K OCH Iy4K o T KuM, 410 |cos¥| < a
(8 CUM d¢oronnsix myukoB). CeueHue oOp 30B HHS JICNTOHHOW M Pbl B DTHX
VCIIOBHSX 3 BHCUT OT TOJNSPU3 HUU (DOTOHHBIX MYYKOB. I CITIYY S COCTOSHHIMA
(pOTOHOB C OMMH KOBBIMH CITUD JIbHOCTAMHU (++) ceyeHue oOp 30B HUS JIENTOHOB
M 110 (~ a?m?/s%), u mbl um npeneGper em. Ceuenue 06p 308 Husg WHW —-n -
PBI MeeT BHUI

++ —
a(YY-=Wrw=-)

g

2ra? 1. 1+ab ab
V(1 +3v%) | =1 5
s B+0)(1+3 )<2n1—ab+1—(ab)2)’ (59)

rne b — ckopocts W-6030H , uHOEKC a 03H 4 eT |cos¥| < a. g cedeHust
06p 308 Hug W W™ ¢oToH MU p 3HOI CIUp JILHOCTH MMeeM

2ra?
+
A P
9 5. ab 9+100%> —3b* . 1+ab
- - - 1
X (6ab—|—(5 b*)(7 — 3b )1—a2b2 5 n—s (60)

Jlnst ceyeHnst oOp 30B HUA JIENTOHOB (DOTOH MU P 3HOW CIIHP JIBHOCTH MMEEM

4ra? (5—b*  1+ab (1-0%)(3 —b?)
s ( 2 "T1—ab ab( L T ))’
(61)

+F
Ta (yy—I1+1-)

e b — CKOpOCTb JICTITOH .

H nomHuM, 4TO 3TU ceyeHHMd H IO YCPEAHUTH IO CIEKTP JIbHBIM CBETHMO-
CTM, KOTOPBIE, B CBOIO OYEPENIb, 3 BUCAT OT MEX HM3M KOHBepcUH. UHCIIeHHO UIst
sHepru 500 < /s (I®B) < 1500 u a = 0,9 ceveHus oO6p 30B HUIA
WHW~-n p ¢GOTOH MH  OJMH KOBOW  CIOHp JIBHOCTH HMET  MOPSIOK
100 16 = 10734 cm2, Torn K K [ Clyd 6 p 3HBIX CIIMP JILHOCTEH 5T  BeJMYHH
mmenserca oT 70 mo 10 6. Dty cedeHns mpencT BieHsl H puc. 13. OtMernM,
YTO ceueHue OOp 30B HUS 11 bl t{-KB PKOB B 9THUX YCJIOBHUSAX MeHsAETCs OT 1 o
0,01 n6.

OTHomleHHe CeYeHUi 9TUX MPOLECCOB [i/y B CIyd € 9 CTUYHO MOJAPH30-
B HHBIX ITy4KOB:

1—-P1 P> o_i:F
R Ta(yy—Iti-) 2 a(Yy=ltiT)
yw = T 1Ixpp EE 1-P P, _*7F ’
Ta(yy—W+w-) 2 Oa(yy—wtw—) T 3 Oa(yy—w+w-)
e P;, P> — creneHu UMpKYJISpHOU MOJSpU3 LM (DOTOHOB, MOXET ObITh HC-

MOJTB30B HO 11 ompeneneHus P, P,. [l onpeneneHns CBETHMOCTH MOXHO HC-
MI0JIb30B Th CKOPOCTb CUET JIENTOHHBIX II P U COOTBETCTBYIOLLEE CEUEHUE (YUCIIU-
TeJb BBIP KEHMs [y ) WIM Ke CKOPOCTh CYET 3 PsXEHHBIX OO30HOB M CEYeHHE,



O MPUHIUINAX YU ®U3UYECKOM ITPOTPAMME ~~-KOJIITAMIEPOB 201

Ryw
T T T I T T T T 1 1 T 1 T l‘f 1 T T

100 ml_/yy S
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N Ty S W (£, 1) -

06— T —

T
7/

~

10—9..L. —
!
1

1012 — - —

500 1000 1500 2000
s, ['>B

Puc. 13. Duepretuyeck s 3 BucuMocth (B CLIM) OTHOILIEHUS CEYeHMH pPOXIEHUS I pbl
nentoHoB W -6030HOB B yy-cTtonkHoBeHUsIX [81]. LTpuxoB 5 (CIUIOMIH $) JTHHUS OT-
BeY €T OJMH KOBOMY (IIPOTHMBOIOJIOKHOMY) 3H Ky CHHp JIbHOCTH (oToH . M cc  6030H
BBIOp H p BHOH W = 80 I'sB. Yrox o6pe3 mus |cos | < 0,9

IIPUBEJICHHOE B 3H MEH Tene BbIp Xenus mis Ry . Ilpudem coorsercrsyiomme
BEJIMYMHBI JTOJIKHBI OBITH P BHBI.

Astopsl 01 ron publ A. BenbkoBy, W. B HoBy 1 M. IOpKoBy 3 cTuMmynupy-
Iolee BIMSHUE U Y4 CTHE B H 4 JIBHOW CT MU H NUC HUA H CTOSIIero o63op ,
T kxxe B. TeapHOBY, MPOUUT BIIEMY PYKOITUCh W CHE BLIEMY psi LIEHHBIX 3 Me-
u Huii, B. Cep6o u W. T'un30ypry 3 mmckyccuu, b. LI iix THaeHOBY 3 mnoMOIIb B
0(hOpPMIIEHUH.
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 1

YK 621.3.038.612

NMPNMEHEHWME BOJIOKOHHO-OMTUYECKUX
CBETOBOAOB B SKCMNEPUMEHTAX MO ®dUN3NKE
BbICOKMX SHEPIN N B YCKOPUTEJIbHOW

TEXHUNKE
H.M.Huxumriox, FO.U.Pom noe

OObeaAMHEHHbI MHCTUTYT SAEPHbIX UCCNedoB HuiA, Oy6H

P ccMoTpeHO coBpeMeHHOE COCTOSHHE BOJIOKOHHO-ONTHYECKHX METOIOB Mepel Yi MH(OpM LHH
B SKCMIEPUMEHT X NO (PMU3MKE BBICOKMX ®HEPIrHil M B YCKOPUTENbHOH TexHuKe. OINHC HBI 11 P METPBI
T KHMX 9JIEMEHTOB ONTOYJIEKTPOHHKH, K K ONTHYECKOE BOJIOKHO, Iepel TYMKM M IPUEMHHKH OITHYe-
CKOTO M3Iy4eHus. IIpuBefeHsl 1 HHbIE, X P KTepU3YIIle M3MEHEHHs 11 P METPOB OINTOBIEeKTPOHUKH
B YC/IOBUSIX XKECTKOH P IM LUH.

P ccMOTpeHBI IpUMEpHI YCIIEIHOTO MPUMEHEH s BOJIOKOHHO-ONTHYECKNX CHCTEM Iepel 4n mud-
pOBOIl M H JIOroBOi MH(OPM LUM JUI KOHTPOJS U YNp BISHUS HOHHBIMM HCTOYHMK MM JIMHEHHBIX
YCKOpHTENEH H ycKopHTenbHOM Komiuiekce JIBD OUSIU.

Modern state of technology of the optical fibers for transmission of information in high-energy
physics experiments and in accelerator technique are considered. Characteristics of the optoelectronic
components such as fibers, transmitters and receivers are given. The data, which describe the change
of characteristics of the optoelectronic components depending on irradiation typical for the expiriments
at LHC are given.

Examples of successful use of digital and analog fiber transmission for data control in ion sources
of the linear accelerator of the Laboratory of High Energy Physic are considered.

K 40-nemuto yckopeuus npomonoe
H cuHxpog 3ompone OUAU

BBEIEHUE

KpymHbie yeniexu B p 3p O0TKE ONTORIEKTPOHHBIX U YUCTO ONTHISCKUX JIOTH-
YEeCKUX DJIEMEHTOB U CPEICTB CBSI3U CO3[ JIU MPEANOChUTKH U1 TOCTPOEHUS ONTU-
YeCKUX TMPOIECCOPOB, NETEKTOPOB HOBOTO THUI M OMNTORJIEKTPOHHBIX YCTPOMCTB
peructp muu U o6p OGOTKU (pu3HuecKoi MH(pOpM HuH. Hcrosp30B HUE B (pu3H-
YeCKUX BDKCIIEPUMEHT X ONTHYECKHX MPUOOPOB W JIMHHUU Iepel Yd J €T MHOTO
MPEUMYIIECTB, B U CTHOCTH, OTII [ €T HEOOXOAUMOCTD B LEMIX p 3BI3KHU, HE Tpe-
OyeTcs 3eMJISIH S IIUH , PE3KO YMEHBII IOTCS P 3MEphI, BEC U CTOMMOCTh K H -



IMTPUMEHEHME BOJIOKOHHO-OIITUYECKHUX CBETOBOJOB 207

J0B niepea uu. Kpome Toro, mossiseTcs BO3MOXHOCTh PETUCTPUPOB Th HETOCpeN-
CTBEHHO «00p 3bI» COOBITHH W CYLIECTBEHHO IOBBILI €TCS TOYHOCTh PETUCTP LIHH
COOBITHIA.

B H crodmiee BpeMs CIOXWIOCh HECKOJIBKO H NP BJICHUH B ®KCIIEPUMEHT X
1o (pU3UKe BBICOKHX HEPIHii, B KOTOPHIX HUCIIOIB3YIOTCS BOJIOKOHHBIE ONTHYECKUE
cseroBoasl (BOC) u ux mogucuk mmu. IIpumenenne cuuHTWLIIIHOHHBIX BOC B
JETEKTOp X 3JIEMEHT PHBIX U CTHI[ P CCMOTpPeHO B 0030p X [1,2]. [ HHbII 0630p
NocBdIIeH Bonpoc M npumeHeHunss BOC i mepen 4u 1 HHBIX B 9KCIIEPUMEH-
T X N0 (PU3NKEe BBHICOKMX DHEPIUil U B YCKOPHUTEIbHOW TexHuke. [lmsg mocTpoe-
HUST BOJIOKOHHO-onTHyeckoi juuuu cBsg3u (BOJIC) momrMo BOC HeOOGXOIUMBI
T KXe IpueMonepes Ue U APYTHe ONTO3IEMEHTHI, X P KTEPUCTHKU KOTOPBIX
P CCMOTpEHBI B . HHOM 0030pe.

BonokoHHO-onTHYECKHE JIMHUY CBS3U MPEACT BISIIOT co00i ogHO M3 H Mbo-
Jlee TIePCHeKTHBHBIX H TP BIEHHH B COBPEMEHHOW ONTO31eKTpoHHMKe. OObIYHBIC
kB puesbie BOC npuMeHsIoTCsl 1 epes Yn CBETOBBIX CHUTH JIOB OT CLIUHTHJLIS-
TopoB K ®DY, KOTOphbIe p CHOJ T IOTCS B T KOM MecCTe, YTOOBI He CK 3bIB JIOCh
BIIMSIHHE€ M THUTHOTO TMOJII H HX X p KTEpUCTHKH. [IMH T KHMX CBi3eil MOXeT
H XOIOWThCA B IIMPOKHUX Tpenel X. B cmekrpomerpe [3], KoTopsiil ObIT p 3p -
60T H eme B KoHUEe 70-X IT., CHOUHTWUISLHOHHBIH TOZOCKOIl H XOAUTCS H
p ccrogauu 1-1,5 M ot ®DY. [Ipyrum B XHBIM H P BIEHUEM B HCIOIb30B HHUU
BOJIC sBnsgercs ycKOpHUTeNbH S TeXHHK . B 1966 r. Obul Teoperuuecku 060-
CHOB H B03MOxHOCTh pe ju3 1uu BOJIC [4], u B 1970 r. BrepBble MOIyYEeHO
HeoOXonuMoe KB pIrieBoe BOJIOKHO [5]. OmbITHbIE 00p 30l CBSI3H, p OOT MoIue
H miuHe BojiHbl 0,85 MKM, Obutn co3m HbeI B 1975 1. [6].

O0630p COCTOMT U3 BBEIECHHUS, JIEBATH P 30ET0B M 3 KIIOYEHHd. B mepBoM
P 3Heiie npUBeNeHbl OCHOBHBIE X p KTepuctuku BOC. Bropoii p 31em1 0630p 1o-
CBSILEH T KUM ONTHYECKUM BJIEMEHT M, K K CBETOAMOIbI, J1 3€pHbIE AUOABI U o-
TONETEKTOpbl. B TpeTbeM p 31er1e 0630p JI Hbl X P KTEPUCTUKH KOMIIOHEHTOB,
onpexensomux H aexHocts BOJIC. B yerBepToM p 31€ie onuc Hbl KOHCTPYKLIUU
M CrIocoObl M3TOTOBJICHUS TIOCTOSIHHBIX M P 3beMHBIX coeanHeHud. [IpuMeHeHmo
MukponuH3 B cucteM X BOJIC mocsien naTelid p 34e1 0630p . M ccoBoe mpu-
menenne BOJIC B Gynyumx skcnepuMent X H LHC onuc Ho B 1iecToM p 3nese
0030p . B cempMoM p 31enie mpuBENeHBI CT HO PThI, p 3p 60T HHbIe Mg BOJIC.
B mocnemHuX OBYX p 37€7 X p CCM TPHB IOTCS BOIIPOCHI p 3p OOTKM M HCIIONB30-
B Huid BOJIC H yckopurensHoM komiuiekce JIBD OUAU.

1. XAPAKTEPUCTHKH BOC

B [7] otMeu 1oTcs cienyromuye nojaoxuTenpHble K yects BOC:

® IIUPOK $ MOJIOC MPOMYCK HUS, YTO SBIISETCS CISACTBHEM BBICOKON U CTOTEHI
nepeja 4w,
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® M JIble P 3MEpBI;
e ci 0oe 3 TyX HHE CHIH JIOB;
® OTCYTCTBHE HEOOXOMMMOCTH B UCIIOJIb30B HUU 3€MJISTHOM IIIUHBI;

® [Ip KTHYECKOE OTCYTCTBHE BJIMSHHS 3JIEKTPOM THUTHOIO IOJIS M B3 UMHOTO
BusiHUA oTAenbHbIX BOC npyr H Jipyr ;

e JM3JIEKTPUUYECKUE CBA3M MEXAy Mepel] TYMK MU M IPUEMHUK MHU;
® BO3MOXKHOCTb P OOTBHI B MYJIBTHUMOJOBOM PEXHME U JIp.

K HemocT TK M MOXHO OTHECTH:

® HEoOXOAMMOCTh B TOYHOM COIVI COB HHMH p 3beMOB U BOC;

e xpynkoctb BOC U CI0XHOCTP PEMOHT M THCTD JIBHBIX CBS3€H;

® TPYIHOCTH C Iepel 4 MU H JIOTOBBIX CHTH JIOB C BBICOKOH TOYHOCTBIO H3-
3 HenuHEHHOcTH X p Krepuctuk BOC n a1eKTpoONTHYECKHX MpHEMOTIe-
pea TYUKOB.

TunuyHell K H N nepea 4Yu A HHBIX COCTOUT U3 JJICKTPOONTHYECKOIO IIpe-
06p 308 Tens (DOIT), BOJIC u 06p THOro npeoOp 30B TeJisi CBETOBBIX CUTH JIOB
B BJICKTPHIECKHE.

ky>k,
ky=ky(1 - 0)
103<8 <1072
Cepneunuk c k,

Obonouxa c k,

IMoxpsiTuE

Puc. 1. Ctpyktyp kpemuuesoro BOC ¢ mom roBsIM HHIEKCOM

H puc. 1 npusenen cxeM crekngHHoro BOC ¢ nmom roeeiM uHaekcoMm [7].
CeprneyHHK BBINOJHEH W3 KPEMHHEBOIO CTEKJI ¢ KO3((UIHEHTOM OTp XKEHHUS
k1, KOTOpBII OKPYXEH CTEKJITHHON 00O0I0YKOM ¢ MEHBIIUM KO3((DUIIHEHTOM OT-
p XeHus ko. DTH JB H IONHEHUS OKPYXEHbl BHelIHeil obosioukoi. [Ipouecc
P CIpOCTp HEHHs CBETOBOTrO CHMTH J Boss BOC wmmocTpupyercs ¢ MOMOLIBIO
puc. 2. YToJ MOJTHOTO OTP KEHHUS ¢ ONPEAENSeTCs U3 BBIP XKEHHs

Sin Pax = k1 COS @ = (n% - n%)l/2 = n1(25)1/2,

rge 0 — KOHCT HT .
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VYron l'IOJ'IHO\FO OTpaXkeHUs ¢,

\
¢7

Puc. 2. P cnpocTtp Henue ceeroBoro qyd B kpemHuesoM BOC

ITonHOe BHyTpeHHee OTp KeHHe UMeeT MECTO H TIp HHIe C BHEIIHeil 0060-
JIOYKOH, M T03TOMY CBETOBOM CHIH JI P CIPOCTP HSETCS BIOJIb LIEHTP JIBHOTO
BOJIOKH . BermmumH sin ¢p,,x gBIAeTca B XHbIM 1 p MeTpoM BOC. IIpu 6omb-
IIOM 3H YEeHHH YIJT ¢ Jlerde BBOAMTH CBETOBOM CHIH JI B TOpel BOJIOKH . Kpome
TOTrO, IMEET MECTO COOTHOILICHHUE, ITO3BOIISIONIEE BHIUUCIATh «HOPM JIM30B HHYIO
9 CTOTY» fH:

fu = 2m(a/N) (k] = k3). (1)

N3 cootHomenus (1) ciemyeT, YTO «HOPM JIM30B HH S 4 CTOT » fy ompere-
qsier nosenerre Mon. T x, mpu 0 < fy < 2,405 BO3MOXH TOJBKO OJH MOI
nepen ud. [Ipu OOMBIIMX 3H YeHHWIX fy HMEeT MECTO MYIBTHMONOB S CHCTEM
nepen uu. g ogaomomoBeix BOC ¢ momr roBeiM uHAEKCOM fy < 2,405,2a =
=10 MM u § = 0,001 = 0,01. IIpu f > 2,405 Bomonr BOC MOXHO miepen BaTh
HECKOIbKO Moja. T Kue BOJOKH H 3bIB I0TCS MyabTEMOnoBbiMH BOC ¢ mormn ro-
BbIM MHAEKcOM. KomuuecTBo mepes B eMbIX MOI M ompejaensgercs popMymioi

m = f?/2.

T k, it BOC npu a = 25 MM, 6 = 0, 01, ucrionpzyemoro mpu A = 840 HM,
f=39um =760 [7].

B XHBIM I p METPOM BOJIOKOHHOI'O CBETOBOJ SBIIIETCS IIMPOKOMNOIOCHOCTbD
(II), xorop 4 omnpexpendercd K K IPOU3BENEHHE IIOJIOCHI IIPOIYCK HHUA H  €ro
mmuHy. OH  OJHO3H YHO CBS3 H ¢ Jucnepcueil (p CIUIBIB HUEM, P CLIMPEHHEM)
ONTMYECKOTO CUTH J1 . B MHOrOMOJI0BBIX cBETOBOM X MOmbl (N = (2--6)10%) p c-
IPOCTP HAKITCA C P 3JIUYHBIMU TIPYNIOBBIMH CKOPOCTSMH, 3 BHCALIMMHU OT YIUI
BO30YXXIEHH, ¥ JOCTHT 10T (DOTONPUEMHHK B P 3HbIE MOMEHTHI BPEMEHH. DTO
U eCTh MEXMOJIOB 4 AucHepcHd. BHyTpuUMonoB 4 aucnepcud X p KTE€pH Ui Of-
HoMoz0BbIX BOC. B MHOTrOMOZIOBBIX CBETOBOJ X MEXMOJOB § AUCHEpPCHS 3H UH-
TEJTbHO MPEBBILI €T BHYTPUMOIOBYIO. B HUX CylecTBEHHO Oci OJieH 3 BUCUMOCTh
JUCHEPCUN OT IIUPUHBI CHEKTP ONTHYECKOro cUrd i [8]. Jlig KB pLueBoro MHo-
romosioBoro BOC (k3 = 1,46; uucnoB s nepryp NA =0,2+0,3):

I =17,0+ 38,0 MI' - kM.
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JIng mepen 4d H JIOTOBBIX CHTH JIOB MOTYT HCIONB30B ThCS BBICOKO HEPTYp-
Hble rp pueHtHsle BOC [9 ] U3 MOJUKOMIIOHEHTHOTO CTEKN , Y KOTOPBIX IOJIH
qUcrepcus p BH 2,5 HC/KM UM 3 TyX HHMeE cocT Biser 6 n1b/KM H IJIMHE BOJHBI
0,85 Mmxm. T Kue CBETOBOABI IO Cp BHEHHIO CO CTYIEHY THIMH OOJ I IOT CyIIe-
CTBEHHO MEHBIIMMH NPSIMBIMH HOTEPSIMH U MOTEPIMH B MUKpousru6 x. OHu ah-
(peKTHBHBI B TeXHUKE (PU3MYECKOrO SKCIEPUMEHT [UIs YIp BJICHHUS YCT HOBK MU
cOop W mepen YM I HHBIX M B JIOK JIBHBIX CETSX.

K k u3BecTHO, 4eM Ooinbliie MEpTyp U M METP CBETOBOIHOI XXWIbI, NPU
COIOCT BUMBIX IIOTEPSX, TEM HUXe TPeOOB HHs K TOYHOCTH M KOHCTPYKLIUH dJie-
MEHTOB COIPSIKEHUS! CBETOBOJl C MCTOYHUKOM U IIPHEMHUKOM H3ITydeHusl. B aToii
CBSI3U TpencT BisieT uHTepec coobmenue [10] o p 3p 6otke BOC ¢ BbicOKOif umc-
soBoit  meptypoit (0,5 + 0,56) THIT «OJUKOMIIOHEHTHOE CTEKJIO-HIOJUMEP» C
notepsimu 50 n1b/kmM H jutrHe BosHbI 0,85 MKkM. CrieyeT OTMETHTD, UTO P 3THMYHbIE
100 BKHM B KB PLEBbIl M TEpH JI CEPILEBHHBI, K K IIp BHJIO, yXyIl IOT p AU LH-
OHHYIO CTOMKOCTb,  IOIMMEpPHBIE OOOJIOYKH CHIX IOT TEMIlep TYpHO-(p 30BYIO
CT OMIBHOCTP M MOPO30CTOHKOCTh CBETOBOJOB. MHUHHM JIbHBIA TEMIlep TYPHBIH
K03 uumeHT (I p MeTp, cBA3 HHbIA ¢ wiMHOH BOC u nok 3 TeneM mpenomiie-
HUS CEepILEBUHBI, M3MEHSIOLUIMIACS P U3MEHEHUU OKPYX IOLIEeH TeMmIiep TYphl U
JIpyrux ¢ KTOpOB) UMEIOT KB PI-KB PLIEBbIe CBETOBOJbI, CBOOOIHO YJIOXEHHbIC B
MOJIMMEPHYI0 TPYOKY C TTOMOIIBIO YIPOYHSIOINX HUTEH, cCPOPMHUPOB HHBIX B K -
GenpHYI0 OCHOBY. B kB pu-nmomumepHsix BOC kB prieB S cepOueBUH H XOIHUTCI
B CXK TOM COCTOSIHWUH, YTO NPHUBOAUT K OCI OJEHUI0 MOPO30CTOHKOCTH.

Myastimonossie BOC ¢ rp amentHoiM uHaeKkcoM. [| mubii Tun BOC mo-
3BOJIAET TEpex B Th CBETOBBIE CHUTH JIBI C IOJIOCOM H TpH MOPSAK OosbIuei,
Hexenu BOC c nmom roseiM uHAeKcOM. OOH KO T KO€ K YeCTBO JAOCTUT eTcsd Iy-
TEM YCIIOXHEHMS TeXHOJOTHUM HU3TOTOBJIEHUS ONTHYECKOro BONOKH . CyTh I HHOM
TEXHOJIOTUU 3 KJII0Y eTCd B TOM, YTO KO3(QUIMEeHT moiHoro orp xeuuss BOC
SBIIETCS IEPEMEHHON BEJIMYMHON B H NP BJICHWUH P IUYC , U OCHOBH $ Ipo0OieM
COCTOMT B TOYHOCTHU H3rOTOBIIeHUs (Oojee IeT JbHO cM. [7]).

Tperbum cymectBeHHbIM 11 p MeTpoM BOC gBnseTcd BETUYMH 3 TyX HHA,
KOTOp ¢ usMepsercd B 1b/KM:

P =10 logl()(Pi/-P())?

rne P; — BXOmH 9 MOINHOCTh U Py — BBIXOAH $ MOIIHOCTh H OJHOM KHIIOMETpe
BOC. [IpoMBILIIEHHOCTBIO OCBOEHBI U M3TOT BIMB 10TCS MHOromonossle BOC amns
OxHero uH(p Kp cHoro v 1 30H 0,8-=-1,6 MKM CO CTYylIeHY ThIM U TP JUEHT-
HBIM NPOGWISAMU TOK 3 TeJs HPEOMICHUS MO CEYeHUI0, T KX OJHOMOJIOBBIE
BOC 6e3 coxp HeHus mosisgpu3 uuu. H OCHOBe KB PLEBBIX CTEKOJ CEPUIHO MPO-
uzpopdarcd BOC, koropsie umeroT MuHuM JibHbIEe otepu 0, 20,5 1b/kM H  [uIHHE
BoJIHBL 1,2+ 1,6 MkMm 1 1o 1,0+ 5,0 ab/km H gnuHe Bonsbl 0, 8 <+ 0,9 MKM,

T KX€ M KCUM JIbHYI0O MeX HMYecKyro Mpo4yHocTh 10 500 xr/mMkm [12].
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H puc. 3 IPpUBEJACHBI H nboJjiee U3BECTHBIE KObI, KOTOPLIC ITPUMEHAIOTCA IJ1d
nepea 4n I_[I/I(prBI)IX curH jioB. H ubosnee H JCKHBIM ABJIACTCA M H‘leCTepCKI/Iﬁ
KO, XOT4d OH UMECT BABOC MCHBIITYIO CKOPOCTbD IIEPEA YU IO Cp BHEHUIO C APYTUMHU
KOI MH.

(03140, 0,0 14130, 0

(11w
LTI O T [0 Croek
(1 1 Tirl [ Rz

M 1 100 1] Mancheser

Puc. 3. Konsl, mpumensiemsie B BOJIC. «Clock» — T KTOBBbIE CHUTH JIbI

P m1 nMOHH 4 CTOMKOCTB ONTHYECKHX JIEMEHTOB. [[/1 9KCIIEPUMEHTOB 110
(puznke BBICOKMX 3HEpruil TpeOyeTcs CO31 HHE P AW HHOHHO CTOMKHX 3JIEKTPOH-
HBIX M ONTHYECKHUX BJIEMEHTOB M CHCTeM. DTH TpeOOB HHs K C I0TCS Tpexie
BCEr0 TeX BKCIIEPUMEHT JIbHBIX YCT HOBOK, KOTOpbIe OYAyT HCIIOJIb30B ThCS H
LHC. K K ONTO37eKTpOHH 5, T K U OOBIYH S PETHCTPUPYIONI S BIEKTPOHUK OY-
IyT P CIION T ThCS HEIOCPEACTBEHHO H JETEKTOp X BOJIM3M HOHOIIPOBOX , Ine
IITOTHOCTh JIPOHOB M HEHTPOHOB MOXET cocT BisATh 10'*  JpoHOB M cTONMBKO Xe
neiirponos H 1 cm? mipu jose 10° I'p B Teuenue 10 jner. B page p 60T mok -
3 HO, YTO MMEET MECTO YXYIIIEHHe X P KTepUCTUK ONTO3IEKTPOHHBIX 3JIEMEHTOB
MO/l BO3JEUCTBUEM OonbInuX 103 p au 1wmu. [lox BozneiictBuem p mu umu BOC
TEMHEIOT, U, K K CJIEACTBUE 3TOTO, MOBBIII €TCS BEMUUH 3 TyX HHsA. OcobeHHO
THI TEJIPHO UCCIEAYIOTCA CBETONUOBI, UCIIONb3yeMBbIE B K YECTBE Iepel TYMKOB
cgeT . [ToaTOMy B ®KCIEpUMEHT X MO (pH3MKe BBHICOKMX BHEPIUil BO3HUK €T Ipo-
6JieM CO31 HUS P I IIMOHHO CTOMKMX ONTHYECKUX BONOKOH M DOII (cM. HUXe).
JIng u3MepeHus p O¥ LUOHHBIX M JAPYIUX MOBPEXICHUN MCIOJb3YIOTCA CIELH JIb-
Hble TprOOpsl — peduekTomeTps [11].

2. OITHYECKHUE BJEMEHTBI U JETEKTOPbBI

Tupokoe npumenenue B cucteM X BOJIC monydusu mosyrnpoBOTHUKOBBIE
HUCTOYHUKU cBeT H rerepocTpykTyp X [13]. Ilo mpuHuuMny AedCTBUS U KOH-
CTPYKTOPCKOMY HCIOJHEHMIO OHHU JAEIATCd H TPU IPYNIbl: HW3Iy4 T CBETO-
JUOJIHbIE TIOBEPXHOCTHBIE U TOPLIEBbIEC; M3y4 TEIU CYIEPIIOMHUHECLIEHTHbIE (IO
I'OCT [14,15]) — cBepXJIIOMUHECIIEHTHBIE) TOPIIEBbIE; U3IyU TEJIU JI 3epHbIE.
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Ceeroauons! [14, 16] mmpoxko npumensitorcsd B cucteM X BOJIC. Onu npu-
BIIEK TENIbHBl M JIBIMUA IOYM MM, BBICOKOH JIMHEWHOCTBIO B TT- MIIEPHOH X p K-
TEPUCTHKHU, M JIOW JIerp N IMeil CBOWCTB, CI OO TeMmIep TypHOIl HecT OWIbHO-
CTBIO, HPOCTOTOH HW3TOTOBJICHUS W WCIIOJB30B HHS, OOJBLIIMM CPOKOM CITyXOBI.
OnH KO u3-3 IIUPOKOH IU Ip MMBI H IIp BIIEHHOCTH y HUX Kp HHe M 11 a¢cex-
TUBHOCTh BBOJ M3JIy4eHUs1 B CBeTOBOJ [17], C yuyeTOM COOTHOILIEHUS P 3MEpOB
TUTONI KU W3JTy4eHHUs] U TOPIl CBETOBOJA OH elne MeHbie [18]. s ee mobliie-
HUS UCHONB3YIOT COIl cyrowue aineMeHTsl [18-20], H npumep, nonychepuueckue
MUKPOJIHMH3bL, BBIIIOTHEHHBIE UHTETP JIBHO C BOJIOKHOM IIyTEM P 30TPEB CBETOBOJ
B IUT 3Me 3JeKTpudeckoro p 3psa [21, 22].

B TOpIEBBIX CBETOMHOA X MOJOCOK ( KTHBHBIH CJIOH) BBIMOJHSETCS OUYEHb
ToHKUM (0,05 MKM), TOpILBI MOKPHIB IOTCS MPOCBETNIAIOIINUM MOKpbITHeM. [lpu
BBICOKHX IUIOTHOCTSIX TOK B TOHKOM ITOJIOCKE CIIOHT HHOE HM3JTy4eHue (X p KTep-
HOE JUId MOBEPXHOCTHBIX U3ITy4 TeJei) YCHINB €TC4, BCJIEICTBUE YETO BO3HUK €T
T K H 3bIB €M § CYNEpJIIOMUHECLEHINS, KOTOP S COINPOBOXI €TCd 3H YHUTEIBHO
Gosiee y3KOil ¥ 'p MMOW H TP BIIEHHOCTH B [ JIbHEH 30HE W, CJIEIOB TENbHO,
Gonblieid 3¢(PeKTUBHOCTHIO BBOI] B CBETOBOJI.

JI 3epHBlE AUOABI UMEIOT P4J MPEUMYLIECTB NEPEN CBETOAHOL MU: BBOOUTCSH
GomnbIlle CBET , YTO TO3BOJISIET CO3/ B Th JIMHUM Mepel YW C MEHbBIINM YHCIOM
MIPOMEXYTOUHBIX YCWIUTEIEH; OHU UMEIOT TOp 3[40 MEHBIIYI0 CHEKTp JIbHYIO LIH-
puHy U Gonee BbicOKOe ObicTpopeiicTBue. [l OOJBIIMHCTB J1 3€pPHBIX JUOMIOB
X p KTEpHO U3Ty4eHUE MOIIHOCTH MOPSAK HECKOIbKUX MWUIUB TT C MOJSIPU3 -
nuel m p JuteabHo KTUBHOMY cjiolo (TE-Monm ) v iy rp MMOUM H Mp BJIEHHOCTHU
(20 x 40°), COOTBETCTBEHHO, B TOPU30HT JIbHOM W BEPTHK JIBHOH IUIOCKOCTSIX.
KII nuonoB H anuHe BoaHbl 1,3 MkM MoxeT npesbil Tb 40% [20]. DddexTus-
HOCTbh BBOJL JI 3€pHOTO H3JIy4€HUS MOXKHO IOBBICUTH C MOMOLIBIO COINT CYIOLIMX
quH3 10 70%. K HemocT TKaM J1 3epHBIX IHOI0B OTHOCSTCA: BBICOK S CTOMMOCTH;
Goree CIIOXHBIA MOy ISTOp U T.1. KpoMme Toro, 1 3epHble AUO/bI UMEIOT H UMEHb-
AN CPOK CIIyKOBI CPeA MOITYIPOBOJHUKOBBIX M3MTyd TeJsei.

Henmuneiinple 2¢eKTl B KTHBHOM 00 CTH WHXEKIHOHHBIX J 3epoB [23—
25] npogBiAOTCS B BUIE HEIMHEHHOCTH M THCTEPE3UC B TT- MIIEPHOH X p K-
TEPUCTUKH, U3MEHEHHs YIJIOBOW JU I'P MMBI H NP BJICHHOCTU U OJIMXHEro MoJs
U3Ty4eHUs TIpU U3MEHEHUH NPSMOro TOK . B pe3ynsT Te aTux sBneHuil athekTHB-
HOCTb BBOJI H3JIy4EHHS B CBETOBOJ CHJIBHO 3 BHCHUT OT PEXHUM p OOTHI J 3ep .
OCHOBHBIMU IIPHYMH MU T KOU 3 BUCHUMOCTH, CAEPXUB IOIIEH UX IIUPOKOE BHE-
JpeHue B (PU3NUECKUI 9KCIIEPUMEHT, SIBJISIOTCS U3MEHEHHUE [T P METPOB BOIIHOBOJ
B IUVIOCKOCTH p-n-TIEpexoj W3-3 Hep BHOMEPHOIO p 30rpeB  KTHBHOH 001 cTH
U, K K CJIEICTBUE, U3MEHEHHE MOJOBOTO COCT B HU3IIy4eHHs, M3OBITOUHBINA IIyM
[24], ck 4yKU M TUH MHYECKO€ P CIIMpeHHue CHeKTp [25], pocT pen KC LUOHHBIX
kone6 Huil. O4eBHOHO, YTO T KM€ HECT OWIBHOCTH MOTYT CHIIBHO BIHATh H X -
P KTEpUCTHKH MOJIYIPOBOAHUKOBOIO JI 3¢p U 9(peKTUBHOCTb BBOA H3ITy4CHHS
B MHOTOMOJIOBBIH M, 0COOEHHO, ONMHOMOJOBBIN CBETOBOMBI. [IpUMEHHUTENIFHO K H -
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JIOTOBBIM CHCTEM M Tepef 4u [26-29] H 3B HHbIE BbILE TPYAHOCTH BBIHYXH IOT
p 3p OOTYMKOB OTA B Th HPEONOYTEHHE J1 3¢p M C IIMPOKHM CIEKTPOM TEHEp -
UM WA CBETOAMON M. [I11sl OOJBIIMHCTB J1 3€PHBIX AMONOB X P KTEPHO H3ITyde-
HHE MOIIHOCTH IOPSAK HECKOJBKUX MIUTUB TT C MOJIIPU3 LUEH I p JUIEIbHO
KTUBHOMY CIIOIO.

®otoneTeKTOphl. POTONETEKTOPHI, UCIIOIB3YyEMbIE TSI CBETOBOAHBIX CHUCTEM,
UMEIOT OomperesieHHble 0COOCHHOCTH: BBICOKYIO UYBCTBUTEIBHOCTH S IIPU M JIOH
WHEPLUUOHHOCTH 7. DTHUM JIbTEPH THBHBIM TPeOOB HUSM B 1U I 30He A = 0, 8+
+0,9 MKM yIOBIETBOPSIOT 06br4HbIe p-n (S = 0,2+ 0,3 A/BTt mpu 7 > 107°+
+107%¢), p-i-n (S =0,35+0,6 A/Bropu 7 < 1078+ 107? ¢) u 1 BuHHBIE (10
0,6 A/Bt ipu 7 > 1072 = 10719 ¢) kpemuuesbie oromronsl. KB HTOBBIH BbI-
X0H P-i-n-(POTOOUOAOB COCT BIsET 85% IMpH CKOPOCTHU Nepe] Yd MH(MOPM LIUU A0
1 T'éur/c [17, 30]. JI BuHHBIE KpeMHUEBbIC (POTOTUOIBI p OOT 0T mpU 0Op THHIX
H npsxeHusx V' = 20 = 400 B (onTuMm JbHOE 3H YeHHE COOTBETCTBYET M KCHU-
M JIBHOI YyBCTBUTEIBHOCTH C Y4eTOM KOD(P(UIIMEHT J1 BUHHOIO YMHOXEHHS IIpU
MUHMM JIbHOM IIyM X [31-33]). B cnekrtp jasHOM au 1 30He 1,06 = 1,6 MKM
MPUMEHSIOT T'epM HHUEBbIe J1 BUHHBIE (hoToanompl. T K, OCBOGHHbIE MPOMBIILICH-
Hocthio JIDM-2 mmeror S = 0,7 A/Btr H miuHe BomHBI A = 1,3 MKM, TIpu
7 = 50 1071° u BHyTpenneM ycunenuu 10 < 30 npu 16 + 25 B.

JI nbHelinlee coBepLIEHCTBOB HUe poTonpueMHUKoB id cucteM BOJIC cg-
3 HO C CO3/1 HMeM TMOPHAHBIX cXeM (BKJIIOY S YCHJIHMTENIb), MMO3BOJISIOIINX PE3KO
MOJIHATh YYBCTBUTENBHOCTh U OBICTPOIEHCTBUE (POTONPHEMHOTO YCTPOWCTB 3
CYeT ONTUMHU3 IIMM €ro MO IIYMOBBIM X P KTEPUCTUK M, TEMHOBOMY TOKY, I1 P -
3UTHBIM eMKOCTSM. Cp BHMTENBHBIM H JIM3 P 37IMYHBIX B P HTOB CXEeM BKJIIOYE-
HUA (POTOTPHEMHHUKOB B BJIIEKTPOHHBIN Tp KT MpHBedeH B p 60T x [34, 35].

ITpOMBIIIIIEHHOCTBIO OCBOEHBI U U3rOT BIIUB IOTCS MHOT'OMOJOBBIE CBETOBOIbI
JUIst OyTKHEero uHpp Kp cHoro au 1 30H 0,8 +0,6 MKM CO CTYIIEHY ThIM Ip JIU-
€HTHBIM IPOQIIEM IOK 3 TeJIsl MPEJIOMJICHHS [0 CeUYeHNI0, T KX€ OJHOMOJOBbIC
CBETOIMO/IBI O3 COXp HEHHUS MOJSApPH3 LIHH.

3. XAPAKTEPUCTHUKHU KOMIIOHEHTOB,
OINPEJEIAIOIINX HAAE2KHOCTD BOJIC

M nbie gu Merppl BOC mopoxa 10T npoOiieMbl NPELU3HOHHOM CTHIKOBKH
BOC wmexny coboii U apyrumu sieMeHT MU. [|jis DTOil Lenu MpUMEHSIOTCs Crie-
LM JIbHBIe TIPUOOPHI U IpHCIIocoOIeHns . B OCHOBHOM HCIIOJIB3YIOTCS B METOX
CTBIKOBKHU: CB PK M CKJIEMB HHE C [OMOIIBIO BIIOKCUIHON CMOJIBI.

Bonpocsl H aexHoctin. H H nexHocts p 6011 BOJIC [36] OK 3BIB IOT BJIH-
SJHHAE 11 p METPBl U X P KTEPUCTUKU H3Iyd TeJlel, ONTHYECKUX COEIUHUTENEH,
ONTUYECKOTO BOJIOKH M (QOTONPHUEMHUK . Il MOIy4eHus ONTHM JIBHOTO COIN -
COB HHUSl M3JIy4 Tesl C ONTHUYECKHM BOJIOKHOM HEOOXOIUMO, 4TOOBI M31y4 Teslb
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OTBeY J psijly TpeOOB HHIA. DTO MpexXae BCero M JI s WU3yd oMl S IIoul JK , CO-
U3MEpHUM 5 C I METPOM BOJIOKH , YTO OOECIICYHB €T BBICOKYIO DHEPIeTHUECKYIO
SPKOCTh MCTOYHUK ; JUTMH BOJIHBI U37y4 TeJs, COOTBETCTBYIOII S MUHUM JIBHOMY
NOIVIOIICHUIO CBET IIPH €ro IPOXOXIECHUH 110 BOJIOKHY; BO3MOXHOCTb IIPOCTON
CTBIKOBKHU H3JIy4 TE€JIA C BOJTOKHOM; COXP HCHUE H3JIY4Y IOMIUX X P KTCPUCTUK B
3 I HHOM U II 30HEC TEMIIEp TYyp U COXP HAEMOCTDb U3JAC/IH: ITPU B03ﬂeﬁCTBHH p 3-
JIMYHBIX MEX HUYECKHUX Cb KTOPOB. OCHOBHBIM IT P METPOM IIpU CTBIKOBKE BBOJ
U3JTy4YeHHS! SIBIISETCS

=[St

e /15 = Sp/S, — KOa(h(UIMEHT BBOL H3ITydeHHs 110 IWIONI JIH;
Qxp /2

pe = [ Qula)sinada/ [ Qu()sinada — xoshduumeHT BBOA H3TydeHHs
0 0

o yriy; Sp — IUIOII JIb MOIEPEYHOr0 CEYEeHUS BOJIOKH ; S, — IUIOLI Ib U3ITYy-
9 oLl IO AKH Juof ; () — CBETOB S 3HEPrHsl; o« — Yroil.

MoIHOCTD U3TydeHHs, BBEACHHOTO B BOJIOKHO, CHJIBHO 3 BHCHUT OT YHCJIOBOM
MIEPTYPhI BOJIOKH :

(NA)*Pycr,

P. = Fy (”+1> Sen

2 SI/ICT

e P, — MOIIHOCTh U3My4eHHs, BBOAUM S B CBETOBOH; Py — MOIIHOCTB, U3-
JIyd eM s MCTOYHHKOM; Fy — KO9(h(PUUMEHT 3 MOJMHEHUs; Sey — IUIOLI Ib Cepi-
LIEBUHBI BOJIOKOHHOTO CBETOBOJ ; Sycr — KTHBH $ IUIOLI b MCTOYHHK ; N —
TOK 3 Tesb U Ip MMbI manydenns; NA = nsina = (n — n?)Y/? — uucnos =
NepTyp ; N1 — KO03(PhUIHUEHT MperoMiieHns] 000JI0YKH BOJIOKH ; Ng — KO3(-
(puLeHT MpeIoMIeHHsT CepALICBUHBI BOJIOKH . 3H uyeHHs [N A OOBIYHO JIeX T B
npenen x 0,15+ 0,50. C yBenmuenuem N A p cTeT aucrepcust i CBETOBOIOB,
YTO Orp HUYMB €T INp KTHYECKU JOCTUXHUMBIE 3H YeHHUS 3((PEeKTHUBHOCTH BBOJ
W3ITy4eHUs! TIPY MCIOJIb30B HUM M KCHM JIbHO BO3MOXHBIX 3H YEHHH n.

ITok 3 Tenmp n I CBETOAMOIOB p BeH eguHune, g a1 3epos u CHI co
BCTPOEHHBIMHU JINH3 MU T MOXET NPHHUM Th 3H 4eHHue 2 + 4, IOCKOJIbKY UHXEK-
LIHOHHBIE JI 3€Pbl UMEIOT CYXEHHbIE AU TP MMBI H Ip BIeHHOCTH. [IOBBICHUTH KO-
atppunment Bony uznydyeHuss CHIl MOXHO T KX€ IyTeM M3MEHEHUS FeOMETpUn
M3Myd Tensd. BBIXOAH s MOIIHOCTH M3JIyd TeJsl COCPENOTOYEH B IyYKe C YINIOo-
BeiMH p 3Mep Mu 120° X 40° (msg AMOZOB ¢ KTHBHOU Kp €BOU IMOBEPXHOCTHIO)
WU COOTBETCTBYET J1 MOEPTOBCKOW I TP MMe H NP BJICHHOCTH (U1 JAMOMIOB C

KTUBHOH IUIOCKOM IIOBEPXHOCTHIO). IloTepu H BBOX U3JIyYyeHUs B ONTHUYECKOE BO-
JIOKHO JIOCTUT IOT 3H YUTEIbHOW BEIMYUHBI, H MIPUMEP, JUI ONTHYECKOI0 BOJIOKH
¢ yucnoBoil neprypoii 0,14 norepu coct BiIAOT oKoo 14 nb s u3nyy tenei ¢
BBOJIOM WU3IIy4eHUs BIOJb p-n-Nepexol (I Kp eBbIX u3ilyd Teneil) u 19 nb g
HOBEPXHOCTHBIX M3Nyd Tejeld. Kp eBble M3Iy4 Tenu IO3BOJAIOT IONyd Th Gosee
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BBICOKYIO 3(h(peKTUBHOCTh CONPSAKEHUS C BOJIOKHOM, YeM AUOJbI C KTHBHOM IUTOC-
KOH MOBEPXHOCTBIO, OMH KO MEHbII s 3(pPeKTUBHOCTh CONPSIKEHHSI C BOIOKHOM
¢ U30BITKOM KOMITCHCHPYETCS MX OoJiee BBICOKOW MOIIHOCTBIO M3aydeHus. H mo-
tepu B BOJIC cymiecTBeHHOE BJIMSIHUE OK 3bIB IOT ONTHYECKUE coequHuTenu [37].
DTH notepu 00YCIOBICHBI IOIYCK MU H HM3TOTOBJICHUE ONTHYECKOro K Oerns (i -
MeTp, MepTyp , CTeNeHb OJHOPOXHOCTH M TEPU J1 ), TOYHOCTBIO BBIP BHUB HUS
CeplIleBHHbl K Oellsi, MOArOTOBKOI CTBIKOBOYHOrO KOHILl K Oend. Ilorepu, oOy-
CIIOBJICHHBIC OTP XKEHHWEM OT TP HHUIIBI MEXIY BOJIOKHOM M BO3IyXOM, OOBIYHO HE
npesbil o1 0,3 1b. IloTepu B ONTHYECKOM BOJIOKHE CYLIECTBEHHO 3 BHCAT OT
YCIIOBUii 9KCIUTy T IMU. I[Ipy MpoKII JIKe onTHYecKoro K Oessl HeOOXOAUMO Y4u-
THIB Th €r0 ME€X HHYECKYIO IPOYHOCTb H P 3pbIB M KPUTHUYECKUIl P JAUYC U3THO
K Oens.

4. PA3BEMHBIE COEIUMHEHUA

IlocTosiHHbIE (Hep 3beMHbIE) ONTHYECKHE cOeIMHeHHA. B BOJIOKOHHO-ONTH-
YeCKUX JIMHUSX CBSI3M B XKHYIO POJIb MIP 0T COEAMHHTENbHBIE DIIEeMEHTHI, obecrie-
4uB IolUe ObICTpOe W H AexHoe cp 1B Hue orpe3koB BOJIC ¢ M JibiMu mote-
psavu. CoemuHEHHE TOJICTHIX XIYTOB (I MeTpoM okomo 0,5 MKM u 6oree) mpoms-
BOJIUTCS BCTBHIK C ITPUMEHEHHEM IOCTUPOBOYHBIX BTYIOK. DT MpoLenyp He Ipen-
CT BIJISIET 3H YUTENBHOH TPYIHOCTH, T K K K HEOOXOAUM S BEJMYMH MEX HUYe-
ckoro joryck (0,1 MKM) Jilerko obGecnieduB eTcs CT HJ PTHOM I p Typou Juist
MeX HUuYecKoi oOp Gortku. [Ipu cousieHeHHU KOHLBI B ONTHYECKUX COSAMHHUTENSIX
HE JOJIKHBI CONPHK C THCS APYTr C OPYTOM, UH Y€ IPH MOBTOPHBIX COEIMHEHHUSX,
BHOp IMSIX WIM yI p X OyIyT BO3HHK Th CKOJBI M Il P NHHBI, CHUX Iomme sg-
thexTuBHOCTD CBA3U. OOH KO 3 30p MEXIYy TOPLl MU HE JOJIXKEH OBITh CIUIIKOM
GONbIINM, YTOOBI CBSI3b HE YMEHBLI J1 Cb W3-3 JU(MP KUHOHHOW P CXOAUMOCTH.
T Kk, i obecriedeHust aup KIMOHHBIX moteph He Bbime 0,2 1B p ccrosHue
MEXIy TOPL MH He JOJKHO HpeBblll Th 10% oM METp CepAueBHHBI XIYT WM
MOHOBOJIOKH , YTO JJIs BOJIOKH Jau MeTpoMm 1 Mk coct Biger 100 MM,  amis
MOHOBOJIOKH C I METPOM CEpALEBUHBI 75 MKM — He MeHee 7 MKkM. [lotepu npu
COEIMHEHHH XTYTOB, K K IP BHIIO, COCT BISOT (2,5-+3,5) 1B U 3 BHCAT OT YKCII
W M METp BOJIOKOH B XIyTe, KOX((UIMEHT 3 IMOJHeHHs! (OTHOLIeHHe OoOLIen
IUTOI ¥ CepALEBHH K IUIOLI OU CEYEHHd BCEro XIyT ) U OT YMCIOBOH Iep-
TYpBI BOJIOKOH. [Iponiecc cp MIMB HUS KIYTOB BECBM TIPOCT M COCTOHMT OOBIYHO B
CKJIEHKE WX TOPLOB B IOCTHPOBOYHON BTYJIKE.

Cp IUB HUE MOHOBOJIOKH 3H YHTENBHO ciioxHee [37, 38]. UToObI oaroro-
BUTh KOHIBI BOJIOKH K COCAMHEHHIO, HEOOXOIUMO YI JIUTh OypepHyI0 M 3 IIUT-
Hyl0 OOOJIOUKH, T KXX€ IMPOM3BECTH H CEUKYy U CK JIBIB HHE BOJIOKH IO H TPYy3-
KOH, 4To obecnedymB €T BBICOKOE K YeCTBO TOpLEBO mosepxHocTH. H mbonee
KPUTHYHBIM I P METPOM IpPU COEAMHEHUH MOHOBOJIOKOH SBJSETCS MOIMEPEeYH 5
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focTUpoBK . HeGombloe monepeyHoe cMelleHHe TOPLOB PE3KO yBEIUYUB €T Ie-
pexoxHble otepu. [Ipu cp MmMB HUM MOHOBOJIOKOH TpeOOB HMS K JOIYCK M elle
6onee yxectod 10Tcd. [ H JIEKHOTO COEIMHEHMS! OTHENBHBIX KYCKOB K Oems
IMPUMEHSETCd CB POYHOE YCTPOMCTBO, MO3BOJISAIOLIEE CB PUB Th ONTUYECKHE BO-
JIOKH C IIOMOILBIO 3JIEKTPUYECKOM ayru. IIpudyeM CBOMCTB CB pPHBIX COEAUHEHMI],
B OTJIMYHE OT KJIEeBBIX, HE YXYIII IOTCI cO BpeMeHeM. Kpome Toro, mpu cB pke
IPOUCXOOUT C MOIOCTUPOBK BOJIOKOH, OOYCIIOBIEHH 9 CHJI MM IOBEPXHOCTHOIO
H TSXEHHS B p CIUT Be. /1 MOBBIIEHN MeX HUYECKON IIPOYHOCTU CB PHOTO CO-
€IMHEHNs BBINOIHAIOTCA cliefyromue onep muu [39, 40]:

— p 60T mpoBoOgWTCA B MepY TK X U IIPU MUHHUM JIBHOM BPEMEHH P 30TPEB
BOJIOKOH;

— KOHIBI BOJIOKOH 3 YHII IOTCA HE MEX HMYECKH, XUMUYECKH, ITyTeM CTp -
BIIUB HHS IIOKPBITUS B TOps4Yeil CEPHOM KHCIIOTE C MPOMBIBKOM B LIETOHE;

— 3 XB T BOJIOKOH IpH O HI Xe IOC/Ie BBIIOJHEHUS CB PHOTO COEAWHEHUS
OCYILIECTBJISIETCS TOJIBKO 3 TIOKPBITHE.

Puc. 4. KoHncTpykuuss nm p T Ui l1€KTPOLYTOBOil CB PKU ONTHUYECKUX BOJIOKOH: 1,2 —
(puKC TOpPBHI ONTUYECKOIO BOJIOKH ; 3 — BOJIb(P MOBBIE 3IEKTPOJbl; 4 — MUKPOCKOIL; 5 —
OIITHYECKOE BOJIOKHO; 6 — IPUBOJ BEPTUK JIBHOTO IepeMELIEeHUs 3JIeKTPOIOB; 7 — IPUBOL
TOPHU30HT JIBHOTO (PUKC TOP ONTHYECKOrO BOJIOKH ; 8 — Py4K YIp BIEHHS MPUBOJ MU

Iyt CB PKHM BOJIOKOHHO-OINTHYECKOrO K Oellsi MCIOIB30B JI Ch ITPOMBIIIIICH-
H g ycT HOBK CB-1 ¢ MOHOKY/IpHBIM MUKpockornoM «MHWP-3», ¢ Mex HHu3MOM
(pUKC MU U IOCTUPOBKU BOJIOKH . [IOArOTOBJIEHHBIE K CB pPKE€ ONTHYECKHE BO-
JIOKH 3 KpemsiioTcs B V-00p 3HBIX K H BK X (pHC. 4) yCTpOWCTB (PUKC UM
CBETOBOJIOB, IIPUYEM P CIOJIOXEHUE TOPLIOB BOJIOKOHHBIX CBETOBOJOB KOHTPOJIH-
pyeTcs o MUKpPOCKOIIOM. MeX HU3MOM IOCTUPOBKU ONTUYECKHE BOJIOKH YCT H -
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BJIUB I0TCSI COOCHO C TOYHOCTBIO 1 MKM. 3 TeM TOpLBI COMIK I0TCS H P CCTOSHUE
20 MxM. [ MOMyd4eHHs YUCTOrO COCIMHEHHWS W YIy4LIeHUs IOCTHPOBKH MEXIY
TOPII MU BOJIOKOHHBIX CBETOBONOB (PHC. 5) BBOOWTCS K IUIS ONTHYECKH IPO3p Y-
HOM cMmecHu, cocrogiieii u3z 50% rauie-
pun u 50% sTUn0BOTO CrUpT . BBeneHue

K IUIM CMECH IT03BOJISIET JOOMThCS ONTH- v

M JIbHOH KOCTHPOBKH BONOKOHHBIX cBero- < 2 Zzzz2) ZZZ -7
BOJOB IO M KCUMyMY CHTH JI OT Tenuii- A

HeoHOoBOro 1 3ep . Ilocne 0CTUPOBKU BO-

JIOKOHHBIE CBETOBOBI COMMXK IOTCIH P C- v

crosuue 10 MKM, W, OIHOBPEMEHHO C 4 TS A
UCI peHHEM CMECHU, OIUT BIISIOTCS TOPLBI i

BOJIOKOH [IYTOBBIM P 3pS0M, BO3HHK IO- A

IIMM  MEXJIy BOJb(P MOBBIMH 3JIEKTPO-

1o mu. ToK p 3psim TIpH UCTT PEHMH CMECH v

p BeH 8 — 10 MA, Bpemd OIUI1 BII€HUS H - 6 (TZZZ 7 2 ﬂ/ 77 7 73
xogurcs B mpegen x 0,2 + 0,3 c. Ot Zi

orep IMsl Mo3BoJisieT u30eX Th 00p 30B -

HHs Ty3bIPHKOB B CPOCTKE BOJIOKOHHBIX

CBETOBOJOB M YMCHBLIMTL BIMAHHE BO3- x

HUK Iomux jedekToB mnpu ckoie BOC ezt Q0 7 7 7Y

topusl BOC mepemernn 10Tcs B MPOAOJIb-
HOM H TP BJEHUM JO B3 UMHOIO COIpPH-
KOCHOBEHMs U CB puB 1oTcs. [Ipu mpose- 0

Co 7 VA A/ A/ |

H K 4ecTBO cB pKH. [locie om BiaeHus X
neHuu cB pku 30H p 3orpes BOC coct -

BIAET 2 — 2,5 U METp BHOJIb K XKIOIO

U3 CB PUB €MbIX BOJIOKOH. T K 4 HIMpHH

30HBI JYTH TOJYy4Y €Tcd MpHU P CCTOSHHUU v

Mexay anektpop mMu 1,51, 8mm,ymes - e \Z Z 7 7 7 » » 7 7 A
Touku anektpon 30° m Toke ayrm 20 MA. A

Bpems ropeHnst myr OK 3bIB €T OCHOB-

HOE BIIMSIHUE H I[IPOYHOCTH CB pHOro mp . Puc. 5. Texxomormieckmit mpomecc
YcT HOBNIEHO, YTO NPU JIUTENIBHOCTU Me- CB PKH CBETOBOIOB: a — H 1 JILHOE CO-

Hee 1 ¢ MPOYHOCTh COEAMHEHHs BOJIOKOH CEO"HHe; 6 — BBejeHne cMecH; ¢ —
o COINKEHUE; ¢ — OILUT BJICHHUE TOPLOB,
pesko cHuX ercd. ONTUM JILHOM crefyer ’ PLOB;
0 — cONMXeHUe U CB PK ; € — OKOHY -
CYUMT Tb IJIUTEIBHOCTh TOPEHHs JIYId IIO-
HUE CB PKHU

psank 3 c.

JInd yBenu4eHus MeX HUYECKOH MPOYHOCTH CB PHOTO COEAWHEHHUS ero yCUIu-
B 10T. YIPOUYHSIOIIUII IIEMEHT U3TOT BJIUB €TCS U3 TOHKON MET JUIMYECKOH I -
CTHHBI, 13 KOTOpOoil hopmupyercst V-o0p 3HbIA 6 HA XHBIH Npodmib, Kya yKI -
IBIB eTCs CB pHOe coequHeHHe. C MOMOIIBI0 CHEelU JIbHOTO MHCTPYMEHT KOHIIBI
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YIPOYHSIOIIETO 3JEMEHT C YIOXEHHBIM BHYTPU CB PHBIM COEIUMHEHHEM (hOpMH-
pyOTCS T KUM 00p 30M, 4TOOBI 0OECTICUNTh H ACKHYI0 (PUKC IMI0 C ITOKPBITHEM
BOJIOKH . 3 TeM 3TO COOpPHO-CB pPHOE COEIMHEHHME YK JABIB €TCS B IOJIOCTb 3 -
IMUATHOHW MeT Jmmdeckoi MyTel [39]. IlocnenHss cBouMu pe3bOOBBIMH 4 CTIMH
H JeXHO (PUKCHUPYeT 3 IIMTHYI 000JI0OuKy K Oessd, oOp 3ys, T KUM OOp 30M,
MEXaHMYECKH IPOYHOE Hep 3bEMHOE COEAMHEHHEe. DKCIEPUMEHT JIbHbIE HCClle-
JIOB HMS HECKOJIBKMX JIECATKOB T KHUX COEIMHEHHI MOK 3 JIM, YTO MOTepU B HHUX
BeCbM M Jibl U cocT BisitoT 0,3 < 1,1 nb.

P 3pemMHble onTHYeCKHe coeqUHeHHA. P 3bpeMHbIe ONTHYECKHE COEIMHEHHS
(OC) SBIAIOTCS HEOTHEMJIEMOM Y CTHIO JIIOOOH BOJIOKOHHO-ONTHYECKON CHCTEMBI
nepen uu wHpopM 1mu. H 30 yenue p 3peMHbIXx OC — obecrneynth MHOTOKpP T-
HbIE COCOMHEHHs BOJIOKOHHO-onThHueckux K Oenmeit (BOK) apyr ¢ apyrom u ¢
ONTOIEKTPOHHBIMUA U ONTUYECKUMH ycTporcTB MU. B [37] onuc Hbl cnenyromue
tunel OC, ucnonb3yeMble B CUCTEM X Iepel Yd A HHBIX H YCKOPHTEIBHOM KOM-
wiekce JI 60p TOpUH BBICOKHX ®HEPIUil: ONHOBOJIOKOHHBIE M MHOTOBOJIOKOHHBIE;
«K 6enp — K Oenb» u «K 0eb — mpubop».

HcxomHbMu I HHBIME 11 p 3p 60TKu KoHCTpyKuuu OC SIBISIOTCS ONTHYE-
CKHE M KOHCTPYKTHBHBIE X P KTEPUCTUKH MOHOBOJIOKOHHOTO K Oems: Ou MeTp
CEepILEeBHHBl U 000JI09eK ONTHYECKOrO BOJIOKH ; YIVIOB S HEpPTyp BOJIOKH ; U -
TP MM H3IIy4 TEJs ONTHYECKOrO BOJIOKH ; JOIIYCTHMOE OTKJIIOHEHHE (hOPMBI cepa-
LEBUHBI U 000JIOUEK ONTHYECKOTO BOJIOKH OT OKPYXHOCTH; KOJTMYECTBO M TEpH-

J W p 3Mephl 3 HIUTHBIX 000JIOUeK onTuyeckoro K Oemns. Kpome Toro, Heobxo-
JIMMO 3H Tb X P KTEpPUCTUKH UCTOYHHK M JETEKTOp U3IIy4eHus, opMmy, p 3Mep
W3Myd IOIIEH MOBEPXHOCTH M P 3MEpHl CBETOUYBCTBUTEIBHOM ILIONI AKM M I -
Ip MMBI U3ydeHus! u npueM . OCHOBHBIM 3JIEMEHTOM, ONPENENISIONINM K 4eCTBO
CBETOBOJIHOM JIMHUM CBSI3H, FBJISIETCS ONTHYECKOe BOJIOKHO. [lepen 4 u3mydeHus
M0 ONTHUYECKOMY K 0o OT mepejl TYMK K IMPHEMHHUKY COIPOBOX €TCS MOTe-
psMu. MICTOYHUKY MOTEPh B COEOMHEHUSIX MOTYT OBITh P 3/€JIEHBI H JBE IPYIIIbL:
MOTEPH M3-3 CBOMCTB BOJIOKOH (COOCTBEHHbIE IIOTEPH) U TOTEPH H3-3 He(eKToB
BO BHEIIHEM COCIMHSIOIIEM MeX Hu3Me (HecoOcTBeHHble MoTepH). CoOCTBEeHHBIE
MOTEPH 3 BUCAT OT cedyeHHs] K Oensd, M Tepu J BOJOKH , NOK 3 TelNs IPeoM-
JIEHUS] U U3MEHEHHs M MeTp 1O JuinHe K Oenst. J{omycTUMble U3MEHEHHs DTHX
MOTEPb ONPEAEAIOTCS H CT AWM U3roToBleHus. HecoOcTBeHHBIE TOTEPH B OCHOB-
HOM 3 BHCST OT HETOUYHOTO COBMEILIECHHUS ONTUYECKUX OCEH, OT P CCTOSHUS M yITI
MEXIY CTHIKYEeMbIMH TOPII MU ONTHYECKOrO BOJIOKH M (DPEHENIEBCKHX MOTEpPh H
OTp XEHHE OT TOPLOB CBETOBONOB. PpeHeNeBCKUE MOTEPH, KOTOPBIE 3 BUCAT OT
YUCTOTHI OOp GOTKHM TOPLIOB CBETOBOIOB, CP BHUTENILHO M JIbl U KOJEOIIOTCS B
npenen x 0,1+ 0,4 ab.

He3n unurensHoe cMelleHHE TOPLIOB ABYX ONTHYECKMX MOHOBOJIOKOH BBI3BI-
B €T pe3koe ypenuuyeHue noteppb [37]. s pocTrkeHus KOd(p(pULUUEHT CBS3H,
p BHOTO 90%, yrom Mexmy OByMsS OCSIMH ONTHYECKHX BOJIOKOH JOJKEH OBITh
MeHbIlle 2°, p CCTOSHHME MEeXAy TOPLl MM HE JOJKHO MpeBbIl Tb 4 MKM [32].



IMPUMEHEHME BOJIOKOHHO-OIITUYECKKUX CBETOBOJOB 219

OceBoe cMelnieHre, p BHoe mojioBuHe au Metp BOC, BbI3bIB eT motepu Oolee
4 nb. T xoii xe 3 30p Mexay Topiy Mu BOC 1 er ocn 6nenne 6 n1b6. B To Xxe
BpeMsl B JKHO, YTOOBI ITOATOTOBJIEHHbIE TOPLBI ONTHYECKHX BOJIOKOH HE K C JIUCh
IPYr APYr , T K K K B IIPOTUBHOM CJIyd € MX MHOTOKP THOE CONPHKOCHOBEHHE
B pe3y/bT Te BUOp LM M YI POB MOXET IPHBECTH K P CK JIBIB HUIO U BO3HHUK-
HOBEHMIO II p NMUH H MoBepxHocTH TopuoB BOC u cHuXeHuo ahpeKTHBHOCTU
onTudeckou ceszm [41, 42].

B xHoit x p krepuctukoii OC gBnsgeTcs yIIOBOE P CIPEAEIECHHE BBIXOI-
IIEr0 M3 HEero CBETOBOTO IIOTOK — TIEPTYp , KOTOP $I ONpEeNsieT CBETOCO00-
Il IOIIYI0 U CBETOIPOIYCK LIy CIIOCOOHOCT — cBeTocuily. Ocoboe 3H 4yeHue
T X p KTepUCTHK wuMeeT npu cTeikoBke BOC ¢ mpHeMHHK MM U HCTOYHH-
K MU U3Iy4eHus. [ MeTp coeqMHSEMBIX CBETOBOIOB ONpelessieT K K P 3MepHl,
T X ¥ KoHCTpyKIMio OC. Crocob BBOA M BBIBOJ H3IIy4EHHS] T KXe OINpenenseT
MHOTHE KOHCTPYKTHBHO-TeXxHOnormdeckue 1m p merpsl OC. OcoGeHHO CITOXKHBIM
SBJISETCS BBOA M KCHUM JIbHOTO KOJIMYECTB CBETOBOM SHEPIMU B ONTHYECKYIO JIH-
HUO. HekorepeHTHOCTh M3My4yeHHS U LIMPOKHUM Yroyl MydkK CBET COBPEMEHHBIX
CBETOBOJIOB 103BOJIAIOT BBOOUTh B BOC BCcero 1-2% o6mieit MomHoctu. Kpome
TOTO, 1M METP IUIOLI U M3JTy4eHHs CBETOBOJOB H MHOTO OOJbINE I METp cede-
HHS ONTHUYECKOTO BOJIOKH , YTO JOMOJHUTEIBHO YBEJIMYHB €T MOTepH B 001 CTH
CTBIKOBKH.

Coenunennie BOC — netexTop M3MydeHHs, H NMPOTHUB, OK 3bIB €TCS IMPOCTHIM,
T K K K P 3Mepbl YyBCTBUTEJILHOM IIONI JIKU (hOTOAMOIOB MO0 P BHBI, JIOO 3H -
YUTENBHO MPEBBII 0T X METP CEepALEBUHBI BOJIOKH , AU Ip MM IpueM oro-
IuopoB mmpe, yeM 1y rp MM uanydeHus BOC. Ilpu coepnHeHNH KOMIIOHEHTOB
JII0OBIM METOIOM OOJBIIOE 3H YeHHE MMEIOT K YeCTBO TOPLEBBIX MOBEPXHOCTEH
ONTUYECKOTo BOJIOKH . [TOATOTOBK MX K MOHT XY COCT BISET €lle OIHY Cepbes-
Hy[0 TIpoOiemy.

OCHOBHO#! MOK 3 Tellb ONTUYECKOr0 COSAMHUTEIS — 3TO BHOCHMBIE IOTEpH.
H gomo OC B BOJIC npuxopsitcsi OCHOBHBIE MOTEPU IIPU €€ COIPSIKEHUU.
VYmensmenHoe 3 Tyx HHe B OC IO3BONSET YBEIWYUB Th CTPOUTENBHYIO IHHY
BOJIOKOHHO-OINTHYECKOro K Oems. g obecriedeHHss HU3KOTO YPOBHS NOTEPh B
BOC mnorpemHocTs M3roTOBIEHHS 3JEMEHTOB TOYHOH IOCTHMPOBKHM BOJIOKOH HeE
JOJKH MPEBBII Th 5 MKM, YTO KOHCTPYKTHUBHO U TEXHOJIOTHYECKH TPYIHO BbI-
noinanTth. Kpome toro, OC mig BOJIC momxHBI 00 I Th CTOMKOCTBIO K MeX -
HUYECKUM BO3IEHCTBHSM, BBIIEPXKHUB Th MHOXECTBO IIMKJIOB COWIEHEHUH — P C-
yieHeHUH 6e3 3H YHUTENbHBIX YCHIMH CO CTOPOHBI orep Top U 0e3 3 METHOro
YXYILIEHUs CBOMCTB, UMETh NELIEBYI0 U H JIEXHYI0 KOHCTPYKLHIO, HE MPEBOCXO-
JIUTH 110 P 3ME€P M M M CCE COOTBETCTBYIOIIME 3IEKTPUUYECKHUE P 3BEMBI.

P 3p 60T HHBIE ONTHYECKUE COCIMHUTENIN COCTOST U3 CIIEAYIOIINX OCHOBHBIX
y3710B: K O€NbH S U CTh, CONEPX II S NMPEL3UOHHBIH H KOHEYHHK, B KOTOPOM
P 3MEIIeHbl COeUHSIeMble ONTHYECKHE BOIOKH ; COCAMHUTEIBH 1 My(JT , comep-
X LI 9 MPEeLU3UOHHbIC 3JIEMEHTHl OPHEHTHPOB HUA U (PUKC UM COECIMHAEMBIX
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BOJIOKOH M COIVI CYIOLIMX 3JIEMEHTOB OINTORJIEKTPOHHBIX NPUOOPOB; NPUOOPH s
9 CTh, COAEPXK WI 5 MPELU3NOHHBI H KOHEYHHK, B KOTOPOM P 3MELIEHBI COII -
CYIOIIIE BJIEMEHTHI.

K 6enbH g v npubOpH s 4 ¢TH U coeauHHUTeNbH 1 Mypr OC HMET KOM-
IUIEKT PM TYPHBIX JIET Jied, 0OecrieyrB IOLIMX 3 KperuieHne 0001049eK BOIOKOHHO-
ONTHYECKUX K Oesieil, T KXe KOPIYCOB ONTORJIEKTPOHHBIX MPUOOPOB U 3 LIUTY
MPEM3UOHHBIX Y37I0B OT BO3IEHCTBHS BHEIIHHMX (p KTOPOB IPH 3KCIUTYy T IuU. B
COCAMHUTENAX TUI «K 0esb — mpubop» COeANHUTENbHYI0 My(hTy HHOTH yHoOHee
KOHCTPYKTUBHO OOBEAMHHUTH C MPUOOPHON Y CTHIO P 3BEM .

[Mpenm3noHHbIe H KOHEYHUKU M DJIEMEHTHI UX OPUEHTHUPOB HUS M (PUKC LMK
SBIAIOTCS H nOonee ciaoxHbMU y31 Mu OC, obecrieynB IOIUMHI TOCTIKEHHE 3 -
I HHBIX BBIXOIHBIX II P METPOB COEIMHEHHMS: MMOTeph ONTHYECKOTO CUTH II , TIepe-
XOOHOTO 3 TyX Hus. I 3 JEJKW BOJOKOHHO-ONTHYECKOro K Oess MCIOJIB30B -
JIUCh H KOHEYHUKH IIITHHAPHYECKOH (POPMBI IBYX TUIIOP 3MEPOB C I METPOM 2,5
u 3,6 MM. @OopM H Tp BISIONIET0O K H JI Ui H KOHEYHUK C AU METPOM 2,5 MM
npuBegeH H puc. 6. M3ruber B X H Jie Ipu 00p OO0TKe OKPYIIIIOTCS, AT I0TCS
IUT BHBIMHU, B HUX HE JOJKHO OBITH BBICTYIIOB BO M30€X HHE ITOBPEXICHUS OITH-
YEeCKOro BOJIOKH MpPU MOHT Xe. H KOHEYHHKH BBINOJHSAIOTCS M3 W3HOCOCTOMKHX
KOPPO30YCTOIYHMBBIX M TepH JIOB (B OCHOBHOM M3 XPOMOCOAEPXK LIMX HEPX BelO-
mux cr Jjeit). TexHonormyeckue Mpouecchl, MpUMeHsieMble TIPH pe3ke K Oens u

Puc. 6. DieMeHTsl OPUEHTHPOB HUSI ONTHYECKOTO BOJIOKH B H KOHEYHHK X C U METPOM
3,6 MM

ya JIeHHH 000JI0YeK, B OCHOBHOM COBII JI I0T C H JIOTMYHBIMH IPOIECC MH VIS
DNMEKTPUUECKUX K Geneil, oaH ko xpynkocts BOC TpeGyeT cO31 HHS CIIEld Jib-
HBIX MPHUCIOCOOIeHH 1 He0OX0MMOro 06opynoB Husd. H ubosbiiue clI0XHOCTH
BO3HHUK OT MPH Y JICHUH 3 HUTHOH 000704k ¢ BOC B Mpeuu3noHHbIX COEIH-
HUTEJISIX.

C Moli TpyIOeMKOIi oriep Iueil sABisieTcss cCOOpK K OeSIbHOH 4 CTH H KOHEY-
HUK . Onruyeckuil K Gellb 3 KPemiseTcss B H Np BJSIOMEM K H Jie H KOHEYHUK
C MOMOIIBIO KJIesl H BIOKCHIHONH OCHOBe. Bpems mojuMmepus LUu T KOToO Kiies,
HeoOXOIUMOe [UTs JOCTHKEHHS TpeOyeMbIX (PU3MKO-MeX HHYECKUX CBOMCTB, MPH-
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MEpHO CYTKH. 3 TeM MpOU3BOAUTCH crenodp 00TK (IUiMgoOBK , MOMHPOBK U
MBbIThe B OCH3WHE M MBIIBHON BOJIE) TOPIIEBOM MOBEPXHOCTH H KOHeyHHK . [Ipe-
L3UOHHBIE JIET TH H nbosiee TPYIOEMKH B U3TOTOBJICHUH, TIO3TOMY KOHCTPYKLIMS
U TexXHomormdeckuil npouecc m3rotoeneHnss OC KomxHBI p 3p 6 THIB ThCA T KUM
00p 30M, YTOOBI KOJIMUECTBO MPELM3UOHHBIX JIeT Jieil ObU10 H MMeHbIIUM. Tpebo-
B HMS K TOYHOCTU COEJUHEHHS OTPEHESIIOTCS, B OCHOBHOM, BETMYMHON JOMyCTH-
MBIX IIOTEPh CUTH JT M U MeTpoM cepaueBuH coenunsembix BOC. B H crosimee
BpeMs H ubonee 4 cto ucnonssyiorcss BOC ¢ o MetpoMm cepaneBuHbl 50 MKM
(KK125/50). O GOMBIIMHCTB CUCTEM Ieped Ui WH(GOPM LU JOMYCTUMBIC TO-
tepu B OC He nomxHbl npessin Th 1,2-2,0 n1B/KM, 4TO COOTBETCTBYET AOIYCTH-
MOMY 3KCLEHTPUCHTETY cepiieBuH coequnsieMbix BOC He 6onee 5—10 MKM.

CyliecTBeHHOE CHIDKEHUE TpeOOB HMH K TOYHOCTH W3TOTOBJICHMSI JET Jieil
u ynpouleHuo KoHcTpykuuu OC B0o3MOXHO npu ucnonb3oB HUM BOC c¢ nonu-
MEpHOU 000JI0YKOi, MMEIOIINX CepaneBuHy u3 kB pu au Merpom 200 m 400
MkM. O Ko mpumeneHmne ontmiyecknx kK Oemeit KI1200 u KI1400 mmsa moctpoe-
HUs mrpokonosnocHbix BOJIC BecbM orp HUYEHO W3-3 OOJBIIOTO 3 TyX HHS B
atux K Oensix 20 + 40 nb/xMm u Gonee Hu3Kkoit H aexnoctd BOK B cucrem x H
BIEKTPO(H3NIECKUX YCT HOBK X.

Hpyroit myTs — ycnoxHeHue KoHcTpykKuun OC 1 H udne KOHTPOJIS ONTHYe-
CKOTO CHTH J1 B Iporecce peryaupoBKu. COOCHOCTh COEIUHSIEMBIX BOJIOKOH 3/1€Ch
JOCTHUT €TCS He 3 CYeT TOYHOCTH M3rotosieHus et et OC, 3 cuer BBEICHUS B
HEro JIOTOJTHUTEIbHBIX JJOCT TOYHO TOYHBIX JIET Jied, 00p 3YIOILUX MeX HHU3M JUIS
PETyIMpPOBKM B3 UMHOTO MOJIOXEHHUSI Ocell BOJOKOH (IOCTHPYEMbIM ONTUYECKUi
coerHUTENb). Mcnonp30B HUE HEHTPUPYOIIUX H Mp Bisiiommx BTynok it OC ¢
KpPYIJIBIMM H KOHEYHHMK MH TI03BOJISIET CHU3UTH TpeOOB HMS K TOYHOCTH IOITyde-
HUS H PYXHOTO M METp H KOHEYHHKOB W BHYTPEHHEro Iu MeTp BTYJoK. [Ipu-
MEHEHHEM [ONOJTHUTESIbHBIX AeT Jieil Ul 3 KpeIUIeHUs BOJIOKH B H KOHEYHHKE
YA JIOCh YBEIUYUTH IU METP H Ip BIFIOIIMX K H JIOB O BEIUYUHBI, HE TpeOyro-
IIei M3TOTOBJIEHHUS CIIENH JIbHOTO MHCTPYMEHT . MICTIOnb30B HHE CTEKIISTHHBIX MH-
KpPOK MHUIIPOB 3H YUTENBHO YIy4Ill €T YCJIOBHS LITH(OBKH U MOIMPOBKH TOPLIOB
H KOHEYHMKOB T1ocjie cOOpKH U ympoln et npouecc coopku K GenpHoi 4 ctu OC.
T kUM 00p 30M, NpPELHU3UOHHbIE CTEKJISTHHbIE MHUKPOK IHMHJUISAPHI SBISIOTCS B X-
HBIM MUKPOONTHYECKHM KoMrnoHeHToM aneMeHToB BOJIC. B pdne ciyd eB MOXHO
UMUTHPOB Th NMPELU3HOHHOE OTBEpCTHE HeoOXoammoro au Metrp (puc. 6). Ilpn
3TOM COOTHOIIEHHE I METPOB POJIMKOB M ONTHYECKOTO BOJIOKH CJIEAyIoLIee: Uls
Tpex ponukoB Dpo; = 6,4700; WIS 4eThIpEX PONMUKOB Dpoy = 2,405, OO
B P HT UCIIOJIb30B HBI B H KOHEUHHK X JU METPOM 3,6 MM, IpudyeM I' 6 pUTEHI
COEIMHUTEIISl C YETHIPbMS POJIMK MU OYIYyT 3H YHMTEJbHO MEHbLIE.

Onn ko npu BeiOope KOHCTpYKUMU OC HEoOXOAUMO YYHUTBIB Th P& JIBHOCTb
W3TOTOBIICHUS! POJTMKOB HYXHOTO AW METp . DTH U JpPYTHe MpPUEMBbl MO3BOJISIOT
CYILIECTBEHHO CHHM3UTH TPeOOB HUS K TOYHOCTH W3TOTOBJICHHS NMPEL3HOHHBIX [e-
T JIedl, ofH Ko ¢ M KoHcTpyKuus OC mpu a3ToM ycrnoxHsercd. Huxe nmpuseneHs!
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Puc. 7. AKTUBHBII p 3bEMHBII COEIUHUTENb C UCIIONB30B HHEM JIIEKTPHIECKOTO P 3bEM
«LEMO»: 1 — xopmyc; 2 — doronuon; 3,4 — TOYKH 2IEeKTPHIECKUX BBOAOB; & —
K nmwueip; 6 — 12 — H KOHEYHHMKH; 7 — KOpIyc NpuOOpHOil 4 cTtH; 8 — OTBepCTHS B
XBOCTOBHKE IJI1 H HEeCeHHs Kies; 9 — BOJIOKOHHO-ONTHYEeCKHil K 6enb; 10 — 3 IMUTHBINA
KeMOpuK; 11 — cBeToonon
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Puc. 8. YHuBepc jbHBINA I0CTUPYEMBIN P 3bEMHBIN COEMHUTEND: 1 — BUWIK ; 2 — XBOCTO-
BUK; 3 —CTEKJITHHBII K ITWULAP; 4, 5 — NosocTh; 6 — 000JI0UK  BOJIOKOHHO-OITHYECKOTO
CBETOBOJ ; 7 — po3eTK ; 8§ — T WK (cukc Top); 9 — ocHOB Hue; 10 — oTBEepcTHE MW
kperienus; 11 — komnoneHTsl BOJIC: cynepiioMuHeCHIEHTHbIH CBETOIUOA WM (POTOIUON

OCHOBHBIE KOHCTPYKTHUBHO-TEXHOJIOTHUECKHe peieHus HecT HI pTHeIX OC, B KO-
topbix BOC cormn cytorcd Mmex Hudecku. H puc. 7 mox 3 H KTHBHBIA p 3bEMHBIN
COEIMHUTEJIh C MOCTOSHHBIM ONTHYECKUM KOHT KTOM [37, 43], BBHIIIOJIHEHHBIA H
6 3¢ CyOMUHH TIOPHOTO BJIEKTPHYECKOTO KO KCH JIbHOTO p 3beM THIl «LEMO».
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Puc. 9. Octupyemblii onTHYeCKUi COeAUHUTENDb «K Oellb — K Oeib»: 1 — XBOCTOBHK; 2 —
BTYJIK 9KCLEHTPHKOB ; 3 — BTYIK (ukcupyon 5; 4 — H KuiH 4 T K ; 5 — KopIyc
TWIb3bl; 6 — 11 Hedb npubop ; 7 — I WK KpenexH f; 8 — K nmwurap; 9 — o6oaouk
BOJIOKOHHO-ONTHYECKOro K Oens; 10 — cBeToBoy,

Puc. 10. Mcnonp30B HUE IOCTHPYEMBIX ONTUYECKHX COEJUHHTEIEH B BHICOKOCKOPOCTHOM
muaun cBa3u (F' = 100 MIm): 1 — m mens KAMAK 2M; 2,4 — xopnyc OC; 3 —
11 3epHbIii 1uox; 5 — (POTONPUEMHUK; 6 — IOCTUPYEM s BTYIK ; 7 — KPBIIIK -(pukc Top
OC; 8 — sneMeHTsl KperuieHus; 9 — H KUIH 4 T UK ; 10 — xBoctoBuk; 11 — BOC

Creikyemsle ¢ BOC KOMIOHEHTH! ocTupyroTcsd B mpouecce MoHT Xk BOJIC mo
MHMHHMYMY TOTEpbh B JIMHUM U 3 TeM ¢ukcupyiorcsd. [Ipu »ToM morepu, BHOCH-
Mble ONTHYECKMM KOHT KTOM, He MpeBbI T 2 OB, p 3beMHOE COCIMHEHUE C
aNIeKTpOHHBIM 06p MiteHHeM BOJIC obecrieynB eTcsl 2IeKTPUYECKUMH BBIBOI MU
p 3BeM .
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Puc. 11. MHOTOKOHT KTHbBI ONTHYECKHH COCOMHUTENh: @ — P 3beM; 6 — P 3bEM B
p 3pese; 1 — xopriyc (mpubOpH 4 4 cTb); 2 — nepennss n Henb Moyt KAMAK; 3,4 —
ONITMYECKHE BJIEMEHTBI; 5 — H30JHMPYIOL] 5 BTYJAK ; 6 — H Ip BIMIOLME WTUDTH; 7 —
y3el KpemmeHus; 8§ — IOCTHPOBOUH f IUT CTHH ; 9 — rpebeHK ; 10 — H KOHEUHUK;
11 — xopnyc (x Genpn s 4 ctp OC); 12 — cukc Trop BOC; 13 — kppuuk ; 14 —
BUHT-(UKC TOP; 15 — a1eMeHT KpemieHus; 16 — K muuisip; 17 — ONTHYECKOe BOJIOKHO

AH JIOTHYHO BBITIOJIHEH MHOTOKOHT KTHBI KTHBHBIH COEAMHMTEND C TOCTO-
STHHBIMH ONTHMYECKUMH KOHT KT MM, HW3TOTOBJIEHHBIH H O 3¢ 3JIeKTPHIECKOro
p 3pem PII-15-15, ¢ Mex HUYecKUM (PUKC TOPOM KTHBHOH U CTH COEIUHUTENS
[37, 44]. YHuBepc JIbHBIN IOCTUPYEMBIH COSAMHUTEND «K Oelnb — mpubop» IMOK -
3 HH puc. 8. CThIKyomuecd 4 CTH COEIMHUTENS I0CTUPYIOTCS B IPOIEcCe MOH-
T X BOJIC no MuHuMyMy NOoTepb B JIMHUU CBA3U. [Ipu 3TOM METOAE CTHIKOBKU
MOTEpPH, BHOCHMBIE COEIWHHTENIEM, MOTYT OBITh yMEHBLIEHBI 1O YPOBHS MEHee
1 nb. TlomoOHOe TexHHMYecKoe pelIeHHe HCIIOIb30B HO U B IOCTHPYEMOM COEIH-
HUTeNne «K 0erlb — K Oenb» (puc. 9). DKCHEHTPUCUTET SKCIIEHTPUKOB COCT BHJI
0,1 MM, 9yTO OGecIeunsIo TOYHOCTh UX YCT HOBKM He Xyxe 1 Mm/rp n. ITorepu
B T KOM coenuHuTese He mpesbim 10T 1,8 1b H cteik. H puc. 10 B Kk yecTBe
NpUMep TOK 3 HO npuMeHeHue cTiupyeMbix OC B BBICOKOCKOPOCTHOM CBETOBO/-
HOM JIMHUM CBSI3U C UCHOJIb30B HUEM MosynpoBoaHukosoro j 3ep WIIITH-102 u
1 BuHHOrO ¢oromuon JIDO-2. H puc. 11 nok 3 H MHOrokoHT KTHbI OC «K -



ITPUMEHEHME BOJIOKOHHO-OIITUYECKHUX CBETOBOJIOB 225

6enb — npubOp», UTOTOBJICHHBII 110 MPUHLUIY M TpUll. MeX HHYecK s OCHOB
npubop COCTOMT M3 OBYX M TPHUIl — IUI CTUH C TOYHO BBHIIOJHEHHBIMH OTBEp-
CTHSIMU IS ONITOBOJIOKOH U ONTHYECKUX KOMITIOHEHTOB. OTBEPCTHS UMEIOT TOYHO
BBIIEPK HHBII II T (M3TOTOBJICHBI B €JUHOM TEXHOJOTHMYECKOM LHUKJIE), ONTHYE-
CKHE KOMIIOHEHTBI COBMEIL[ FOTCSI C MOMOIIBIO IITH(TOB U CIIELH JIbHBIX IPeOEHOK.
OrnTuyeckue MoTepu B T KOM coequHuTese He npesbil T 0,8+ 1,8 1b H KoH-
T KT. Hcnonp3yd Nperu3uoHHbIE H KOHEUYHUKH M 3JIEMEHTBl OPHEHTHUPOB HUS U
¢pukc mun BOC, MOXHO CYIIECTBEHHO YIIPOCTHTH COCAMHUTETH «K Oelb — K -
6emp» (puc.9), oObeANHAS UX B OJHOM KOPIIyCE C IOMOLIBIO COCIMHHUTEIBHOU
mydTsl [39, 44]. Tlotepu He mpesbi 0T 3,0 <+ 5,0 1b. B HekoTopsIx ciayy sx
MIOBOPOTOM H KOHEYHUKOB JPYT OTHOCHTENIBHO IPYr YA €TCd YMEHBIIUTh MOTepU
B JIUHUM CBs3u 10 2,0 + 2,5 nb.

5. IPUMEHEHUE MUKPOJINH3

Jlst oBbIeHus 3((peKTUBHOCTH BBO ONTHYECKOTO U3ITYyUeHHUS OT MOJYIPO-
BOJHUKOBOTO JI 3¢p B MHOIOMOJIOBBII BOJIOKOHHO-ONTHYECKUI CBETOBOA MCIOJIb-
3yI0TCS MUKPOJIMH3Bl. HecMOTps H IpOCTOTY KOHCTPYKLMH MOCIEIHUX, TEXHOIO-
TUsl U3TOTOBJICHUS! 9THX BIEMEHTOB JIOCT TOYHO CIIOXH M TpeOyeT Crenu JIbHOTO
000pymoB HUS I P 30TPEB CBETOBOA B IUT 3Me 3JIeKTpuiecKoro p 3psam  [40].
OnH KO JIOK JTbHBIA P 30TPEB CBETOBOA MO TEMIIEp TYpPhI IUT BICHUS M TEpH JI
H Y4 CTKE P 30TpeB CTEKJ NPUBOAUT K BO3HHUKHOBEHHIO CHJIBHBIX H HpSXe-
HUM, CHUX IOIUX 9KCIUTY T IMOHHBIE X P KTEPUCTHKHU COIVI CYIOIIUX 3JIEMEHTOB,
W3TOTOBIIEHHBIX T KHM CIOCOOOM.
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Puc. 12. KoHcTpyKuus BUIOYHOM Y CTU IOCTUPYEMOTO ONTHYECKOIO COEJUHUTENS U1 MO-
HOBOJIOKOHHOTO K 6ersl ¢ KJIeeBOi MUKPOJIMH30M: 1 — XBOCTOBHK; 2 — H KOHEYHUK; 3 —
H KUOH 5 T #K ; 4 — ¢uKc Top; 5 — 0 3 WId Kilesd; 6 — K MWUIAp CTEKJISHHBIA;, 7 —
MOJIMMepPHOe TOKphITUE; 8 — KB pIeB I 00010YK ; 9 — cepaueBud ; 10 — CTp BIICHHbIHA
y4 cTokK; 11 — KijieeB s MUKPOJIMH3

IIpu co3n HUM CBETOBOAHOIO K H JI Teped Y BUICOCHTH JIOB HCCIEAOB H U
UCTIONB30B H Oolee MpoCT S TEXHOIOTHS U3TOTOBJICHHUS COIVT CYIOLIMX 3JIEMEHTOB
H TOpU X BOJOKOHHOro cseroBoy KK125/50 ¢ ynydiieHHbIMH X p KT€pUCTH-
K Mu. H puc. 12 npuBefieH KOHCTPYKLHUS COITT CYIOLIETo 3JIEMEHT , CMOHTHPO-
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B HHOTO B KopIiyce Imrekep (BWIOUH 51 4 cTh) octupyemoro OC. OcHOBy corn -
CYIOILIETO 3JIEMEHT COCT BJISIET KJIEeB S MUKPOJIMH3 , C(QOPMHUPOB HH S H TOpLE
V4 CTK CBETOBOA C YMCHBIICHHBIM IH METPOM OOOIOYKH. [Id METp MUKPOIUH3BI
COBII J €T C AU METPOM YK 3 HHOIO Y4 CTK CBETOBOA . IlIsl pUI HUS DJIEMEHTY
MeX HHYECKOW MPOYHOCTH, HEOOXOIMMOM JIJIS €ro [ JIbHEHIeH 9KCIUTy T I[HH, CO-
IJ1 CYIOLIUH 3JIeMEHT BKJIEUB €TCS B CTEKJISHHBIA K MUILIIP, CMOHTUPOB HHBII B
puitoyHoii u ctu OC.

n’%
701
0,
n. % 60
a
181 2 50
401
16
301
121
201
1
1
8 /‘\< 10
4 - — . . . . . - .
40 80 120 160 0 20 40 60 80 100 120
L, MKkM L, MKkM

Puc. 13. 3 BucuMoctn >((peKTUBHOCTH BBOA M3Iy4YEHHsS CBETOOHON (a) W JI 3epHOrO
ouon  (6) OT I METp MHUKPOJIMH3BI U OCEBOTO CMEIICHHUS! CBETOAWOA : a4 — CBETONUOM:
1 — 150 mxm; 2 — 40 MxM; 6 — 11 3epHbId jquox: 1 — 55 MkM; 2 — 75 MKM; 3 —
100 MM, 4 — 150 MKM (Toper CBETOBOX 0e3 MHKPOJIHH3bI)

ITpouecc M3roTOBIEHUS COIN CYIOIIETO ®IEMEHT BKIIIOY €T B cebd cremyro-
Iye TEeXHOIOTHYecKue orep Iy [45]: XuMudeckoe Tp BICHHME WIS MOIy4EHHs
BBIOD HHOTO 3H YeHHs I¥ MeTp OOOJIOYKH, CKOJ U (POPMUPOB HHE KJIEEBOH MH-
KPOJMUH3BL. 3 TeM KOHCTPYKLHUS C COIT CYIOIIUM 3JI€MEHTOM MOHTHUpYETCd B BH-
JIOYHYIO 4 CTh IOCTHPYEMOTO ONTUYECKOIO COEIUHMTENSI C MCIOJIb30B HHUEM KJied
H ®INOKCHIHOH OCHOBE.

[Ipu uccnenos Hum appekTUBHOCTU BBOA U3iMydeHus B ceeroBox KK125/50
OT MOJYIPOBOAHUKOBOTO JI 3ep OBUIO OTMEYEHO, YTO M KCHUMYM 3((eKTHBHO-
CTH BBOJA JOCTHUI €Tcd IPU CMEIIEeHUU H37Iyd Tensd U3 (oK JbHOU IJIOCKOCTH B
CTOpOHY MMKponuH3sl (puc. 13). M xcumyMm 3(p¢eKTHBHOCTH NpH IOM 1 HUU
OCHOBHOI1 JONTM CBETOBOTO MOTOK B CEPALIEBHHY CBETOBOJ IOCTHUI €TCd IMyTeM
IOCTUPOB HUA BWIOYHOU 4 cTd [40]. WM3roroBiieHHBIA COIVT CYIOLUUH 3JEMEHT C
YIIy49LIEHHBIMH X P KTEPHUCTHK MU HO3BOJIMII CYIIECTBEHHO YBEIMIHUTH 3(hPeKTHB-
HOCTh BBOJA M3JIyueHH CBETOBO. : 10 70% MOIIHOCTH H3Iy4eHUS OT IMOJYIpO-
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BOJHUKOBOTO JI 3¢p U 10 20% Ipu UCHOJIb30B HUM HEKOTEPEHTHBIX M3JIyd Tesei,
H npumep, cseroogoB UK-mu m 3on (tunm  AJI107, AJI115) no cp BHeHHIO ¢
BBOJIOM M3ITy4eHHUS B IUIOCKHIl TOpPEL] CBETOBOX .

6. OCOBEHHOCTH OIITUYECKHUX CHCTEM IIEPEJIAYH B
DKCIHEPUMEHTAX IO ®U3UKE BBICOKHUX DHEPTUI

B coBpemenHbIX U 0coOeHHO B Oymymmx skcrmepuMeHT X H LHC, roe umc-
JIO K H JIOB PETHCTP WM COCT BISIET HECKOJBKO coTeH Thicsid, BOJIC spisioTes
OCHOBHBIMH CpEJICTB MU Iepel Yd 1 HHBIX K K B H JIOTOBOH, T K U B LU(pO-
BOii (popme. 3nech TpeOyeTcs MIMPOK § MOJIOC MPOMYCK HUSA K H JI , IIOCKOJIBKY
I HHble eMKOCTbio 10 MG iiT/coObITHE, 3 PErHCTPUPOB HHBIE B JETEKTOP X, IO-
cTyn 10T ¢ 4 croToit 40 MI'm u M Joii moTpebisieMoil MoIHOCTRI0. B T 6. 1 mipu-
BEICHBI I HHbIe 00 ONTHYECKUX CHCTEM X CBSI3H, KOTOpbIe OyIyT MCIOJIB30B ThCH
B ycT HOBK X ATLAS u CMS. B 0CHOBHOM IpednouYTeHue OTI €TCS H JIOTOBOMY
croco0y mepes 4 [ HHBIX, OCKOJIBKY T KM€ CHTH Jibl TpeOyeTcs mepei B Th OT
PerucTpUpyoLIel 3JIeKTPOHUKH K TPUITEPHBIM CUCTEM M, KOTOPBIE P CIIOJIOXKEHBI
H p ccrogauu He 6onee 100 mMeTpos.

T 6mmy 1. X p KTepUCTHKHM ONTHYECKHX JUHHIA CBA3HU A 3KcriepumenTtoB H LHC

JetekTop Konmaecrtso Myneru- | Ckopocts nepe- | Hun muu. | Kommgecr- A/l
K H JIOB IUIEKCOP 1 4yu, Méut/c OU 11 30H BO CBsI3el

.0, 3-10° 512 20-40 10- 103 6 - 103 I

ATLAS

Tpex. [I. 16 - 10° 256 40 Mrll 200 60 - 10° A

CMS

IILU 0,5 - 10° 512 1 T6ut/c 10° I

ATLAS

X.AK. 30 - 103 50 Mrl] 5000 30 - 103 A

LK. 50 - 10° 5000 10 15-10% | A/

CMS

HpHMe‘-l HHUE: H.H. — [OJIYIPOBOAHUKOBBIE TPEKOBBIE NETEKTOPLI; TpeK. II — TPEKOBBIE NETEK-

topsl; J.ILH. — nerekrop nepexonHoro usnydenus; 2K.A.K. — XHIKO ProHH g K Mep ;

J.K.JI. — AByXKOOpPAMH THbIE (IMKCENb) JETEKTOPHI

BOJIC p 6ot tor B M rHUTHOM mone 4 T, U MOSTOMY ONTO®JIEMEHTHI He
JIOJIKHBI COIEPX Th MET JUTMYECKUX KOMIIOHEHTOB. B cpemHeM s GOJBIIMHCTB
JETEKTOPOB JIMHEHHOCTh MeHbIle 2%, W IUH MUYECKUUH U 11 30H 7--8 OUT CUMT -
eTCsl BIIOJIHE YHOBJIeTBOpUTEIbHbIM. OIH KO Uil 00p OOTKM 1 HHBIX, PETHCTPUPY-
eMBIX B K JIOPUMETpP X, TpebyeTcsl Oosee BBICOK 5 JIMHEWHOCTh M JUH MHYECKHI
11 1 30H. Kpome Toro, yuutsiB 51 O0JbLIOE YHMCIIO K H JIOB Ieped 4d, Heobxo-
JIMMO TIpEIbsIBUThH BbICOKHE TpeOoB HUS K crommMoctd BOJIC M cOOTBETCTBYIOIINX
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uHTepeiico. P ccM TpuB 10TCs Be 6 30BbIE CXEMBbI ONTUYECKON CBSI3U, KOTOPHIE
OyayT ucmons30B Thes B aKcnepuMeHT X H LHC. Ileps g u Gosee mpocT g cxeMm
6 3upyercss H TPSIMON MOAYISILIMM CBETOBOTO WUIM JI 3€PHOTO JHOI U CBETONpPH-
eMHHUK . Bo BTOpOii cxeme, mpeaH 3H YEHHOW Mg Ieped 4M A HHbIX H OO0Ib-
IIMe P CCTOSHUS, ONTONEpe] TYUK COCTOUT U3 ONTO3IEKTPOHHOTO MOIYJIATOP -
pedriekTop , H TIPHEMHOI CTOpOHE P CIOJOXEH 3IeKTPOONTHYECKHH YCHIH-
TeJlb, COCTOSIIUI U3 MpUEeMoNepea TYUK U ABYX J1 3€PHBIX JHOIOB.
HutencusHble p 3p O00TKHU B ncmoinb3oB HUM BOC mid mepex 4 I HHBIX OT
OBDY H 4 nuck eme B 1993 r. OcHOBH g mpobieM , KOTOp S pem J Cb C I0-
moipio BOC, — 3TO cyliecTBeHHOE yMEHbIIEHHE MOMeX B DKCHEPUMEHT JIbHOU
01 p Type, COCTOALICH U3 OBYX 3JEKTPOCT THUECKHUX H JIU3 TOPOB, BKIIOYECH-
HBIX H coBN jJeHue [46]. CurH jbl iepea B JUCh H P CCTOSHUE 5 M C MTOMOIIIBIO
BOC, umeromiero qu Metp 50/125 MKM U p 60T [OIIET0 B MHOTOMOZOBOM PEXUME.
B [47] omic H H JIOTWYH S CHCTEM Iepel Yd, HO p CCTOSHHE MEXAy OOBeK-
T MH cocT Biger 2 kM. CylecTBeHHOe yBeJTMYEHUE JIMHBI Mepe]] Y JJOCTHTHYTO
3 CYeT UCIOIb30B HMs cBeToauof ¢ amuccuedl H BosHe 1300 M. Curs bl 1o-
CTYI 10T OT JIMBHEBOTO NETEKTOp U YCWIMB I0TC ¢ momouipio ®DY. B T 61. 2
[47] npuBeneHs! Cp BHUTENBHBIE X P KTEPHUCTHKH THITMYHOTO KO KCH JIBHOTO K -
6ens u BOC, ncnonp3yeMoro B I HHOM 3KCHEpUMEHTE.

T 6mmy 2. TunwdHble X P KTEPHCTHKH KO KCH JIBHOTO K 0elisi M MYJIbTHMOJOBOIO
BOC

Tun x Gens Ko kcu nbHbIA K Genb Mynstumonosslii BOC
RG 58 C/U A = 1300 um; 62,5/125 MKM

3 Tyx HHe 174 nb/xm; f = 100 MI'y 10 nb/xm; f = 500 MI'g

Bec 36 KI/KM 1,8 xr/km

u metp 4,95 mm 0,25 mm

B3 umHble OMEXU Bo3moxHbl Her

Borpochl BIusSHUS B3 UMHBIX HEJIMHEHHBIX MOMEX MEXIY MPOAOJIBbHBIMU MO-
I MU MYJbTHUMOIOBBIX MMITYJIbCOB J1 3€PHOTO UCTOYHMK B MHOTOK H JIbHBIX CH-
CTEM X CBSI3M P ccM TpuB 10Tcsi B p O6ote [48]. CyTh sen B TOM, YTO BT He-
JIMHEHHOCTh CYILECTBEHHO BJIUSET H CKOPOCTHBIE X P KTEPUCTHKU ONTHYECKUX
cucteM nepen 4d. [Ipm 3TOM B XHO 3H Th, CKOJBKO JOIOJIHUTENBHBIX MOJ Iie-
pel 4d MOXHO HCIIOJIb30B Th, IPUMEHSS MYJIbTHIUIEKCHbIM pexuM. Kpome Toro,
T KHE HCCJIEIOB HUSl ITO3BOJISIOT Ooliee AET JIbHO IOHSTh HeJIMHEHHbIE ONITHYECKUE
nporeccsl, nporek fomue B BOC.

IIpumenenue BOC nid nepeq 4 I HHBIX B MHOTOK H JIBHBIX JE€TEKTOP X.
Pan uccienoB Huil mocssineH HUCIoib30B HUIO BOC B MHOIOK H JIBHBIX JIETEK-
Top X ycT HOBoK CMS [49-51] m ATLAS [52], roe HeoOxoamMo 0OOecreunuTh
IBYCTOPOHHIOIO Teped 4y I HHBIX U M Jioe moTpebieHne MomHOCTU. LleHTp Ib-
HBIN JETEKTOP COCTOUT U3 MOJYIPOBOAHUKOBBIX M MUKPOIOJIOCKOBBIX T 30H IOJI-
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HEHHBIX JETEKTOPOB, KOTOpPbIE P CIIOJOXEHb BHYTPH COJEHOMA C M THUTHBIM
noneM 4 Tn. O6uiee YMCIO K H JIOB PETHCTp Iuu cocT BiasterT 11 - 108 i mu-
KPOIIOJIOCKOBBIX I' 30H TIO/THEHHBIX JETEKTOPOB U 3 - 108 11 momynpoBoTHIKOBBIX
JeTeKTopoB. T 4 CTb 9IEKTPOHHBIX CUCTEM PETUCTP LMH, KOTOP S P CIIOIOXEH
B 9KCIIEPUMEHT JIbHOM I BWJIbOHE, H Xomurca H p ccrosHuu 100 M ot cybue-
TeKTOpoB. CUTH JT OT K XJIOH MHKPOIOJIOCKH IOJYIPOBOJHUKOBBIX IETEKTOPOB
YCUJIUB €TCS C TIOMOIIBIO 3 PAAOYYBCTBUTEIBHOIO YCHIMTENS C MOCTOSHHOW Bpe-
Mern 50 Hc, cTpobupyercsa ¢ 4 croroil 40 MI'm u cour eTcs ¢ momoripio 128-
p 3pamHOro H jorosoro peructp . H cropone mpuemHuk wnmeercs 256 — 1
MYJIBTUIUIEKCOP, BBIXOI KOTOporo nmoaxmodeH K Bxoxy ALII. Ilockoneky H j0-
TOB $ BEJIMYMH COOTBETCTBYET 6 < 8 OUT M, TO ®(pheKTHBH 51 U CTOT Mepen U
coct Biger 300 Mo6ut/c.

Hcnonb3oB HUE 1 ccUBHOrO peIEeKTUBHOTO MOAYISATOP IO3BOJISET CYILE-
CTBEHHO YMEHBIIHNTh P CCEMB €MyI0O MOIIHOCTh B 00s1 cTu cyonerekTopos. Ilepe-
I IoIllee YCTPOHCTBO COCTOMT W3 JI 3€pPHOTO MCTOYHUK , KOTOPBIA OOMyd €T He-
CKOJIBKO MOJYJIATOPOB, CBETOBOJ , CIUIUTTEp U cBeroauon . [IpuMeHeHue Myiib-
tumonoBoro BOC nmo3BosnsieT UCHOMIb30B Th MEHEee TOYHbIE U JIelIeBble ONTUYECKHe
p 3peMbl. Boree ger JbHO 31eKTpooonTUYECKUi Monyndarop onuc H B [S50]. P 3-
p OOTYMKH CT BWJIM LIEJIBIO CO3Jl HUE MHOTOK H JIBHOTO, P JIM LIHOHHO CTOHKOTO,
C M JI0il moTpebsieMoll MOIIHOCTBIO K H JI IIepel YW H JIOTOBBIX CHTH JIOB. B
OTJINYME OT CBETOAMOMIOB WIH J1 3€PHBIX JIMOIOB, P 3p OOT HHBIH MOIYJIATOP SIBJIS-
eTcs I CCHBHBIM 3eMeHTOM. H puc. 14 npuBenaeH OJ0K-cXeM IpUEMOIepen -
I0IIEro ycTpoiictB . BooOie, K K 310 oTMed eTcs B [54], uHTepdeiickl (onTo-
p 3peMsl) cocT BoT oT 60 1o 90 % cromMocTH onTHYecKoW cB3M. [| HH 4
p 60T mocBdAmeH p 3p OOTKe MHOTOK H JIbHBIX MHTEpP(EilcOB B MHTETP JIBHOM
UCTIOJTHEHUH.

B p Gore [53] omuc H ONTUYECK s CBsI3b, MPEIH 3H YEHH s VI Mepei Yu

H JIOTOBBIX CUTH JIOB OT XHIKO ProHHoro kK jopumerp ycT HOBku ATLAS. ITo-
JIydeH OWH MUYECKHH I¥ 1 30H 12 Our. B 1 jpHeiineM BO3MOXH BepcHs OITH-
YeCKOH CBS3U C AW 11 30HOM BIUTOTH JO 16 Out. P 3p GOT HHBIA MPOTOTHI HMEET
64K H I .

Bonpocel p 14 1MOHHON CTOMKOCTH. B 3KCHepiuMeHT X 1o (pU3MKe BHICO-
KHX DHEepPruii HeOOXOIUMO KCITIOB30B Th P AU IMOHHO cToiikue BOC u aieMeHThI
ontudeckoi cBa3u. P cnonoxenusie BHyTpH getektop DOIluu cruano BOC 6y-
IOYT H XOAUTHCH MO BO3NCICTBUEM p AW LM 110 Kp HHeil Mepe 20 Mp 1 U HelTpo-
HOB C 3Heprueii mopsak MsB, 4To 8KBHMB JIEHTHO MOTOKY HeiirponoB 1014 cm—2.
ITosToMy B H cTOfIIEe BpeMs /I UCIONb30B HUS B K 4eCTBE Iepel TYMKOB TIHI -
TEJIbHO UCCIEAYITCA P AU IIMOHHO CTOMKHE CBETOMUOMBI U JI 3epHBIE AUOMIbI, KO-
Topble OynyT p 60T Tb B T KHX ®KCTPEM JIbHBIX YciIoBHsiX B Tedenue 10 ser. Bo-
o01e roBOpsl, YMEHBILIEHHE CBETOOT] UM C TEUYCHHWEM BPEMEHH H Omon ercd W B
OOBIYHBIX YCIOBHSX, OH KO 3TO BpeMs CIMIIKOM BETHKO M cocT Biser 106 — 107
4 coB. [IpuunHOIi 1erp A LMK CBETOAMOAOB IO BO3AEHCTBUEM CUIIBHOU p U LUU
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Puc. 14. qupreXK H JIbH 4 CUCTEM INE€PEA YU H OCHOBE II CCHUBHOI'O MOAYIIATOP

ABJIFETCS Hep BHOMEpHOE p 3BHUTHE Ae(peKTOB B KPUCT JII X, KOTOPbIE ACHCTBYIOT
K K LEHTPHI s peKoMOuH tuu. [Ipu GONBIIOM yBENMYEHHM OHU BBINISUT K K
TEMHbIE ITOJIOCKH M IO3TOMY H 3bIB IOTCS JepeKT MM IpsAMbIX JUHUH. Boobme
TOBOpSI, MEPBOH Y JIbHBIE AEhEKTHI CBA3 HBI MPEXIE BCEro C BPEAHBIMU IIPHMeE-
CSIMH B MCXOHHOM BerecTse. [I0CKONbKy pe JIbHBIH ®KCHEPUMEHT 110 M3MEPEHHUI0
BPEMEHHU MPOJOKUTEIBHOCTH CBETOAMOIOB HE MOXET MPOJOJK ThCSH CIIUIIKOM
JIONTO, TO BBOAUTCS YCKOPSIOIIUI ¢ KTOp: MOBBII €Tcd TeMIep Typ , B KOTOPOi
H XOIUTCS CBETOIMOJ, U YBEJIMUUB €TCS BEIMYUH MpiIMoro Tok [S5]. B T 6m. 3
MpPUBEOCHBl X p KTEPUCTHKH p OU LHUOHHO CTOWKOro cBetomumox «AAB Hafo»,
KOTOPBIN HCIIONB30B JICS T M3MEPEHUS BpEMEHH XH3HU B ®KCTPEM JIBHBIX YCIIO-
Busix. C 1IeNbl0 BTOM TH3 LUK W3MEPEHHI OOJIBLIOrO KOJUYECTB CBETOIMOIOB

T omun 3. X p KTepUCTHKHM P AM LHOHHO CTOMKHX cBeToAnonoB cepuu «AAB Hafo»

Tun cBeTomuon P/N GCA-90-0174

Brixonnoii Tok u3 BOC | 10 MA, 10-30 MxBT

IIukoB 9 4 croTr 820 M

@pPOHT CUTH JT 4 uc npu 10 MA

Kopmnyc Mert juIM4ecKuil LUIHHIP
L=175 f=25Mm

(mo 448 wT.) p 3p 60T H cK HUpywIWi BToMm T [57]. Ilpuuem H psay co cBe-
TOAWOZ MM HCCIIENOB JIMCh J1 3epHbIe cBeTomuonpl Thi «Vertical Cavity Surface
Emitting Laser Diodes»(VCSEL) (a1 1ee — 1 3epnble auomel). H puc. 15 mpu-
BEJleH TPYII CBETOAMOIOB, CMOHTUPOB HHBIX H Kep MHYECKOil MOIIOXKKeE.
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Puc. 15. @otorp ¢y rpymmsl CBETOAUOA0B, CMOHTUPOB HHBIX H Kep MUYECKOH MOITIOXKe
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Puc. 16. OTHOCHTENBHBIN CBETOBBIXOJ CBETONHO IIOCIe OOIydeHHS IOTOKOM IPOTOHOB
1,6-10* cM™ 2 K K (byHKIMS BPeMEHH B PEXHME TIOCTOSHHOTO TOK

3necy BUAHBI T KXX€ BMOHTHPOB HHBIE CBETOIMH3BI (4€pHBIE TOYKM). TUIHYH 4
KpPUB $, X P KTEPHU3YIOLI S OTHOCUTEJIbHbI CBETOBBIXOJ IOCIE JI03b OOITydYeHHs
1,6 - 10 p/cM? cBeTOmMON , B 3 BHCUMOCTH OT BETHYHHBI MPSIMOTO TOK TIpUBe-
OeH H puc. 16. M3mepeHns oK 3 JiU, YTO TOCKe OOIyIeHUS CBETOBBIXO YMEHb-
LIWICS BCETO H HECKOJIBbKO MPOLEHTOB NHpu Toke cMmemeHuss 10 MA. OmH Ko ¢
yBeJrmdeHueM Tok 10 50 MA H Gimiog eTcst ObICTpOe H IpeB HHE, U B TEUEHHE He-
CKOJIBKMX U COB CBEeTOBbIX0A yMeHbIumics 1o 40%. H puc. 17 npuseneH Kpus g
JUTA IPYroTo CBETONMO , KOTOpHIii 06Tyd Jjics MOTOKOM HeiiTponos 3,2 - 1014, B
3TOM CIIy4 € IIPOXUI HUE UMEEeT MeCTO Npu Toke 10 MA, M BEJIMYUH CBETOBBIXOJ
Bo3p cT eT 10 10 + 60%. OnmH ko ¢ yBenuueHueM Tok oT 10 mo 30 MA 4yepes
1IecThb JIHeW H OIog eTcst oOp THBIN Ipolecc, KOTOPBI YMEHBII €T CBETOBBIXOX
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Puc. 17. OrHOCHUTENbHBIA CBETOBBIXOH IIOCTAE OOITy4eHHs] IOTOKOM HEHUTPOHOB
14 -2
3,2 - 1007 cm

ISIS HeWTpoHHBIH MOTOK, 10M4/cm?

0 1 2 3 4 5 6 7 8 9
100E" e 3 100
E O6ny4yeHne HeNTPOHOM: O6ny4eHne NPOTOHOM:
¥ 90F o . A ABB LEDs (30 MA) @ ABBLEDs (30 mA) 490
= E 4 * ABB pigtail LEDs (20 mA) @ ABB LEDs (50 MA) 3
g 80F e ° #* ABB pigtail LEDs (20 mA)§ 80
o= F . [} o ¥ GEC LEDs (10 mA) 1
e F o 3
m 70F . ° ° o B VCSELs (3 MA) 170
L o p
2 60F .o 4, L ° * 460
I o . | 5
3% 50‘:' ° . ..ol o * &8 —:'50
oo F 4 L4 o <] * @ b
2 a0F SRR T 40
5} E : 3
£ 30F . * *.° o8 330
o E A x o 3
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o 10;’ ' 2 . N i 510
E T T LR LA 3
0 &= P SO S S SR L LI WU Y S B PR I\
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IToTOK MPOTOHOB ¢ 3Heprueit 24 T'sB, 101%/cm?

Puc. 18. 3 BUCHMOCTb CBETOBBIXOA /IS CBETOAMOAOB M JI 3€pHBIX IMOIOB OT 3HEPIUU
00JTydeHNs IPOTOHOB

H 40%. 3 BHCHMOCTb CBETOBBIXOH I CBETOAMOAOB U JI 3€PHBIX JHOIOB B 3 -
BHCHUMOCTH OT TIOTOK Y CTHIl NIpUBEeAeH H puc. 18. 31mech M JEHbKHE TOYKH
0003H Y 10T TepBble U3MEpeHHs! rmocie oOirydeHusl. bosplie CUMBOMBI MOK 3bI-
B IOT OTHOCUTEJIbHbIIH BBIXOJ CBET IIOCJE TOrO, K K Mcye3 eT a(heKT MPOXUr -
Hus. B [56] uccrneaoB H BO3MOXHOCTb HCIIONB30B HUS JI 3€PHBIX CBETOIUOIOB
¢ mpaMoi Mopaynduuel 19 mepen yu I HHBIX B ycT HoBke CMS. C 3T10il nensio
6put BEIOp HEI 100 AMOOB C P 3MUYHBIMU 4 CTOT MM ®MHCCHHU. BbUTH 0TOOp HEI
16 06p 3110B, KOTOpbIE 06JIYY JIMCh GOMBLIMM HOTOKOM HeiiTpoHos 1,1-10 cm—2
npu sHepruu 6 MaB. [losmydeHs! ynoBIeTBOPUTEIbHBIE PE3YIbT THI.
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7. CTAHJIAPTBI 111 MATUCTPAJILHBIX ONITHYECKUX CETEN

II ccuBHble onTHYecKue M TMCTP JU. ONTUYECKHE CUCTEMBI Nepel 9 XO-
POIIO I NTUPYIOTCS T4 Mepel Y A HHBIX OT CT HUMHM K CT HUuH (point-to-point
links). HM3BectHble cBoiicTB BOC M03BONAIOT OTHOCHTEIBHO IMPOCTO P 3MHOX Th
CHUTH JIBl OT MOIIHOIO MCTOYHHMK CBET WIM OOBEOMHATh MX UL Hepex 4d Mo
OJHOMY BOJIOKHY. HekoTopsle mpuMeps! p 3MMYHBIX THUIOB 1'-COeIMHUTENEH MpU-
BefleHbl H puc. 19. Eciau ucnons3oB Tb (UIBTPBL, TO MOXHO NEped B Tb 1| HHbIE
MO OJIHOMY BOJIOKHY OT HECKOJIbKMX K H JIOB Ieped 4d, p OOT IOIUX H P 37IHY-
HBIX 9 CTOT X.

OHOMOI0BOE BOJIOKHO

i v MHOroMo10BO€ BOJIOKHO

—Z

CBapka
DT ;

l'lonynpozspalmoe 3€pKaJio

BosokHo J BosokHo
4
N
— Jlunsel
BosokHo
Puc. 19. P 3nuunble criocoObl 0ObEIUHEHUS CBETOBBIX CHIH JIOB: 1 — CTHIKOBK ; 2 —

OTBETBJICHUC, 3 —cB PK 3 4 — WCIIONIb30B HUE JIUH3

Ontuyeckuii K H 1 (Fiber Channel). IIpoTokon ontudeckoro x H 1 p 3-
p OOT H C LIeNbI0 NOJTy4YeHHs] BBICOKOCKOPOCTHOH AYIJIEKCHOM CBSI3U VI TIepell UM
I HHBIX OJIOK MU MEXIy MpOLEeCcCOp MH U BHELIHUMH YCTPOWCTB MHU. B 1 jbHei-
IIEM 3TOT IPOTOKOJI OBLIT YCOBEPIIEHCTBOB H C LEJIBIO TIEPe]l Y A HHBIX I KT MU
[58, 59]. Ilpu 3TOM OmpeneneHsl NATh ypOBHEH poToKoIoB (crnoeB) F'CO0 — FC4.
P ccMoTpuM H 3H YeHHe K XKIOTO U3 CIIOEB.

Cnoit F'C'O onpenenser (pU3NYecKyl0 Cpeiy, THIIbl COSAMHEHH U CKOPOCTb
nepea Yd MMITYJIbCOB MO OOOMM BOJIOKH M (OIOMH U1 NPSIMOM TIepei Yd U ApY-
roit — 11 06p THOM). CT HI PTHBIMH CKOPOCTIMHU siBIIsitoTCs 132,8; 265,6; 531,25;
u 1062,5 Mour/c. IlprueM B K YecTBe mepen OISl cpebl MOXHO HCIIOIb30B Th
®Kp HUPOB HHBIE CKPYYEHHBIC II PBI IIPOBOIOB, KO KCH JIbHBIC K OEH, OJHOMO-
nosble 1 MHOromonossie BOC.
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Crnoii FFC'1 3 1 eT T KTOBYIO U CTOTY, CII0CO0 JIEKOTUPOB HUA M JIETEKTHUPO-
B HUs omMOOK B Ipolecce nepen 4u I HHbIX. B cioe F'C2 onpeneneH Mex HU3M
nepeq M I HHBIX MEXIy y31 MU ceTd. [Ipu 3TOM UMITyIbCHI MOTYT Mepel B ThCA
K K C IOMOIIbI0 KOMMYT TOPOB, T K M IOCJEIOB TEIBbHO, OT Y31 K y3my. llpu
9TOM BO3MOXHBI TPU MOAbI 0oOcimyxuB Hus. Ilep s Mon oOecrieuuB eT Iepe-
I 4y UHGOPM LuM GONBIIMMHU OJIOK MU ¢ H ubombliel ckopocTbio. Mogusl 2 u 3
NpeqH 3H YeHBI 19 I KETHOTO CIIOocO0  CBSI3H.

P copenenennbnii ontndeckuii untepdeiic [59] (FDDI). P cnpeneneHubrii
ontuyeckuil untepgeiic (POUW) npeaH 3H 4eH A1 BBICOKOCKOPOCTHOM Iepen uu
I HHBIX MO ONTHYECKOMY K H JIy cO CKOpocThio 45 -+ 150 Mowut/c. [I HHblE MOryT
nepea B ThCd K K B JIOK JIBHBIX CETAX, T K U MeXIy OOBEKT MU, P CIOJIOXEH-
HBIMU H OOJIBIIMX IUIOLI J9X. B 30B S pPXWUTEKTyp CT HIO PT BECbM MPOCT .
OH mnpenct BigeT coOON CABOEHHOE KOJBIIO, B ONPEIESICHHBIX TOYK X KOTOPOTO
p cmon T 10Tcd y3bl cetu. [IpudeM B cilyd € MOBpEXAEHMS OTHOTO KOJIBLl BCE
I HHbIE MOTYT IIepel B ThCs IO APYromy Kosbily. CHTH JIbI, TIPOXOJSIIIIE CKBO3b
Y3716l CETH, PETeHEepPHUPYIOTCS C MOMOIIBI0 BJIEKTPOONTHYECKUX ycunuteneit. Ilo-
9TOMY MOTOK JI HHBIX MOXET WIH Iepel B ThCA MO KOJIbILY, WIH KOMMYTHPOB ThCA
K NPUEMHHKY J HHOTO Y31 .

Hcnonp3ys 06 KOnbll ISl Tepeq YW [ HHBIX B OOHOM H TP BIIEHHH, MOXHO
JNOCTHTHYTh cKopoctd mepex un 200 M6ut/c. H3BecTH T KXke MOAU(UK IHA
untepgeiic  FDDI — FDDI-II, ¢ moMompi0 KOTOpPO# nepes 0TcsS pedb U BUIEO-
UHGOPM LU CO CKOpOCThio 6,144 Mb6ur/c.

P cnpenenenn s caBoeHH 1 M ructp ab (IEEE 802,6). P copenmenenn 4
CIBOGHH S M TUCTp JIb, UMEIOII 51 CKOpocTh mepen yu 150 MOut (g omHOTrO
K H JI ), COCTOUT U3 H IIp BICHHBIX B IPOTHBOIOJIOXHBIE CTOPOHBI ONTHYECKHX
M THUCTp Jiedl, MEXIy KOTOPBIMU P CIOJI T IOTCS Y37IbI CeTH. [| HHBIE OT Y31 K Y31y
CEeTH Iepesl I0TCS C MOMOIIBI0 BPEMEHHBIX OKOH, KOTOpPBIE 3 JI I0TCS C IOMOIIBIO
100 JIBHOTO JITOPUTM , ONPENesISIoIIero O4epesHoCcTh CBsI3i. BooOie rosops, ¢
MOMOIIBIO P 3bEMOB P CIPEEIEHHYI0 CABOCHHYIO M THCTp JIb MOXHO IIPEBP THUTh
B KOJIBLIEBYIO.

IoBbimenue ckopoctu nepex 4u. IIpsmoil myTp yBemM4YeHUsS CKOPOCTH Ie-
pea 4u — KCIHONb30B HUe Gojiee OBICTPHIX KOMIIOHEHTOB — IMPUBOIUT K YBEIH-
YEeHUI0 CTOMMOCTH ceTH. K K Mok 3 HOo B [59], MOBBICHTh CKOPOCTH Ieped Yu B
00enx ceTsX MOXHO IIyTeM COOTBETCTBYIOIINX COCAMHEHUH MCXOAHBIX CETeH, T.e.
MyTeM Tp HcpOpM LMH MX B MHOTOK H JIbHBIE KOINbLIEBBIE ceTd. B 1 HHOI p 6oTe
OIMCHIB €TCSI HECKOJIBKO Tomosornii T kux cereil. H puc. 20 B X 4ecTBe npumep
npuseneH Tonosorud Tun  «Shuffle», cocrosi g u3 24 unrepdeiicos u 6 BOJIC.

JIng KOHTPOJIS ONTUYECKUX M THCTpP JIeH HCIOB3YIOTCS CHElHU JIbHBIE TECTO-
BbIE CUCTEMBI [61].

IIpumeHeHue p crpeaesieHHOro onTu4eckoro uHrepdeiic . [TockonbKy ontu-
YeCKHe CETH COHEPX T 2 X 2-KOMMYT TOpPbI, TO OHH HCIONB3YIOTCI B K YECTBE
OBICTPOAEUCTBYIOIUX MOCTPOUTENEH COOBITHI B DKCIEPUMEHT X 10 (PU3HMKE BbI-
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Puc. 20. MHorocss3H0€e KOJbl0, cocTosiiiee U3 24 y3noB ceTu

cokux sHepruil. B [60] npuBeneHs! pe3ynbT Thl MOAESTUPOB HUS OAHOK CK JHOTO
U JBYXK CK JIHOTO TIOCTPOMTENeil COOBITH, UMEIOIMX 10 256 BXOHOB/BBIXOIOB.
He3s Bucumo oT uncin K CK J0B MOJENb UMEET 1 BXOHOB, H K XIbI M3 KOTOPBIX
MOCTYN 10T k-p 3psiaHble ()p TMEHTHI COOBITHI OT TPUITEPHON CHCTEMBI HEPBOTO
YPOBHSA. 3 I 4 MOCTPOUTENS COOBITHA COCTOMT B TOM, 4TOOBI (pp IMEHTHI Of-
HOUMEHHBIX COOBITMH TOCTYN JIM K OJHOMY W3 NPUEMHHMKOB I HHbIX. [Ipuuem
CBSI3M MEXIy Nepei TYUK MH U NMPHUEMHHK MU [ HHBIX MOTYT AWH MHYECKH Me-
HATBCA B K XJIOM T KTe. [locie ycT HOBIEHUS CBA3M BpeMs Iepel 4u (pp TMEHTOB
MOHO TOJI T Th IPONOPIMOH JIBHBIM Beln4uuHe coodmenus. 1ok 3 Ho, 4To mpH
3H yeHnn 1000 KO WT H COOBITHE MPOMYCKH 9 CHOCOOHOCTh OFNHOK CK JHOTO
noctpoutens cobsithii p BH 1200 c06./c. OmH KO BoIpoc 00 KCIOIb30B HHUU
CT HJ PTHBIX CETE€d B K YECTBE IOCTPOMTEJIC COOBITHUI OCT eTCSl OTKPBITBIM B
CBSI3M C T€M, YTO MPOTOKOJIBI CT HJ PTHBIX CeTell OTIMY I0TCS OT NMPOTOKOJIOB,
HEOOXOIMMBIX [UIS Tlepel] UM [ HHbIX B TPUITEPHBIX CHCTEM X.

Yur Temo, HHTEpECylOLleMyCcd CHHXPOHHOW CHCTEMOI ONTHYECKOH CBS3H,
pekoMmenyeM 03H KoMmuThesi ¢ p 6ot mu [58, 59].

8. MIPUMEHEHHE BOJIC B YCKOPUTEJIHbHOM TEXHUKE

Bricokue ypoBHM MMITYJIbCHOTO 3J€KTPOM THUTHOTO M P JU LIUOHHOTO H3IIy-
YEeHUH, BBICOK S P 3HOCTH IMOTEHIM JIOB UCTOYHHKOB OTHOCHTENFHO «3eMIIn» (IO-
psank 750 kB) nen 10T CBETOBOAHBIE CUCTEMBI €IMHCTBEHHO BO3MOXHBIM K H JIOM
nepen 4yd MH(OPM [HUH «ACTOYHHUK — IyJIBT yIp BICHUSI» U 00p THO. B 1 H-
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HOM p 3pese OyIyT Onuc Hbl p 3p OOT HHbIE M BHEJIPEHHBIE CUCTEMbI BOJIOKOHHO-
ONTUYECKUX JIMHUMA CBSA3U H ycKopuTenapbHoM Komiuiekce JIBD OUSU. Cosn Hue
BTOM TH3UPOB HHBIX CHCTEM YIIP BIICHHS! M KOHTPOJS MOHHBIX MCTOYHHKOB JIH-
HEWHBIX YCKOPHTENEeH C HCIIOIb30B HUEM BOJIOKOHHO-ONTHYECKUX JIMHHUN CBSI3H
MO3BOJIWIIO YIYYIIUTh MPOCTP HCTBEHHbIE M BPEMEHHBIE X P KTEPHUCTUKU MOHHBIX
MYYKOB, CYLIECTBEHHO COKP TUTb BpeMs H CTPOMKH MCTOYHHUKOB M YIIPOCTHUTh MX
9KCIUTY T IMI0. M3roTOBJEHH S MHOTOK H JIbH S I p Typ TO3BOJIET Iepe-
I B Tb M ccuBbl uHGopM muu 1o BOJIC, uMerwmux K K I p JUIEJIbHYIO, T K U
MOCIIEIOB TENbHYIO CTPYKTYphl. I p JutenpH S Opr HU3 LU CBETOBOOHBIX K H -
JIOB UCHONb3yeTcd T CO3[ HUS MOHT XHBIX, IIOCIENOB TENbH 9 — JUId BHYTPH-
00BbeKTHBIX ¥ MeX0OBeKTHhIX BOJIC ¢ mpuMeHeHHeM K H JI000p 3YIOIIHUX CUCTEM
«yIUIOTHEHHE — P 3YIUIOTHEHHE» Ieped B eMoil HH(pOpM L.

OO6mue Bompochkl p 3p OOTKH M €031 HHSA KOPOTKOMETP KHBIX (MOHT K-
Hbix) BOJIC cpeaHero ObicTponedicTBUsA 1A 31eKTPOGH3HMIECKHX YCT HOBOK
(D®DY). B cucrem x ymp Brerust DPY ucnonssyercs, K K Mp BWIO, A0 IECATK
u 6osnee ogHok H JbHBIX BOJIC cpennero Opictpomeiictud (0,1-10 MIm). T -
K § MHOTOJIUHEHMH S CTPYKTYp ONTO3JIEKTPOHHBIX K H JIOB CO3J €TCS IyTeM IIpo-
KJI JKU BOJIOKOHHO-ONTHYECKOro K Oeist moBepx orp xuaeHus DY g obecrieye-
HUS CBSI3M MeXIy ONOK MU TII P TYpbl, P CIIOJIOXKEHHBIMH H BBICOKOBOJIBTHOM
TEPMHH JI€ UHXEKTOp , M mynabToM yrp BiaeHusd. K H as1 BOJIC M noit npotd-
XeHHocTH 5 + 10 M meniecooOp 3HO M3rOT BIUB Th ONTHYECKU HEp 3bEMHBIMH.
HckmroueHne cocT BISIOT OTAENBHBIE CIIyd U, KOTJ BBEICHUE B JIMHEHHBIA TP KT
JIOPOTOCTOAIINX ONTHYECKUX COETUHUTENCH TUKTYeTCS YCIOBUSAMM NPHUMEHEHUS
(H mpuMep, NpU MPOXOXKACHUU TPYO, CTEH, BCEBO3MOXHBIX IEPEropoioK U T.I.).
Ouesk adexTuBHOCTH NpuMeHeHHsT KopoTkoMmeTp XkHbIXx BOJIC H DDV no-
K 3BIB €T, 4TO OTK 3 OT UcHonb30B HUS OC B HECKOJIBKO P 3 CHUX €T CTOUMOCTh
K H 1 BOJIC u BMecTe ¢ TeM MOBHIII €T ero H AeXHocTh. CTpemieHue coxp -
HHUTb B COCT BE€ ONTOR®JIEKTPOHHBIX K H JIOB P 3bEMHOCTb KOHCTPYKIIMU IPHUBEIIO
K €031 HHI0 Oojiee JEIIEBbIX U MPOCTHIX « KTHBHBIX» COCAWHHTEICH.

IIpn usrorosnenun MoOHT XHbIX BOJIC ucnosnp3oB j0ch X p KTEpHOE M
«(OTOHHBIX» JIMHUH cBsA3U coueT HUe GaAS-ceroguon , p-n-poToOMOA U MHO-
TOMOJIOBOTO ONTUYECKOTo K 0eris, YTO 00ecIeunB eT HU3KYI0 CTOUMOCTD, BBICOKYIO
JIONTOBEYHOCTh U H JEXHOCTh 3THUX YCTPOMCTB. C TOUKM 3pEHMS yBETUYEHHS I10-
MEX03 IIMUINEHHOCTH ONTHUYECKUX K H JIOB Iepel ud MHpopM muu H DDV mnep-
CHEKTHBEH METOJ IMOCTPOeHHs! (DOTONPUEMHHMKOB C T JIbB HUYECKHUMH CBSI3SIMH,
C HCIIONIB30B HUEM OIlep IIMOHHBIX yCHIHWTesNei. [l MoBBIIeHNs p 3pem Iomei
CHOCOOHOCTH (DOTONPUEMHUK HEOOXOIMMO, YTOOBI CUTH JIbHBIA TOK (POTOH T-
YUK TPEBBIII JI 3H YeHHE BXOJHOIO TOK OIEp LIMOHHOIO YCHIHTENd. DTOMY U
JIpyruM TpeboB HHUSAM, B OCHOBHOM, OTBEY IOT BBICOKOCKOPOCTHBIE OIep LHOHHbIE
YCHJIMTEIIH C TIOJIEBBIMU TP H3MCTOP MM H BXOJE, BKJIIOUEHHBIE 110 CXEMe C OTpH-
Il TeIbHOW OOp THOM CBsI3pI0. POTONPHEMHHUK, MOCTPOEHHBIN IO CXeMe «TOK —
H NpsDKeHHe», UMeeT IPEUMYIIIeCTB Iepe]l BBICOKOUMITE HCHOM CXeMOM BKIII0Ye-
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HUd, T K K K (pOTOAMOA H TPyX €Tcd H M JIblif BXOIHOM UMIIEN HC YCHJIMTENS,
YTO 0OECIeYnB €T ONTUM JIbHBIH, OTHOCHUTEIBHO OBICTpOAEHCTBHS, peXuM (hoTo-
IMOA ¥ P CIIMPSeT MH(MOPM LHOHHYIO IOJIOCY IIPUHUM €MbIX CUTH JIOB.

CylecTBeHHbIM ycriexoM B p 3BUTUM MOHT XHbIX BOJIC ct 1 p 3p 60TK
HOBOT'O W3EJIHsl DJICKTPOHHOM TEXHUKH — «BOJICTPOH », COIEPXK IIEro B K YeCTBE
K H Jl TIepei 4d MH(OPM LUK OTPE30K BOJIOKOHHO-ONTHYECKOTo K Oensi, KOTo-
PBIif ONTHYECKH M MEX HUYECKH HEp 3bEMHO COEOMHEH C OKOHEUYHBIMH yCTPOM-
CTB MH, OJHO M3 KOTOPBIX BBIIONHAET (DYHKIMIO IIPE0Op 30B HUS JIEKTPUYECKOTO
CUTH J B ONTHYECKHH, Jpyroe — mpeoOp 30B HHS BJIEKTPUYECKOTO CHIH J1 B
ontuyecKuil. JIpyruMu CiioB MH, BOJICTPOH — MEX HHUYECKH Hep 3beMHOE yCTpOii-
CTBO, BCE BJIEMEHTHl KOTOPOrO, K K ONTHYECKHE, T K M dJIEKTPOHHOTO oOp Miie-
HUS, UHTETPUPOB HBI B IIPOIIECCE €r0 M3rOTOBJIEHHA. DTO OTIMYME HOCHT HMPHUH-
LU JIBHBIA X p KTep, T K K K BOJCTpoH, B omnuue oT BOJIC, ocH wweHHOH
Pa3beMHBIMH COSAMHUTEIISIMHU, TPEACT BisieT coOoi He H OOp ®IEMEHTOB,  elu-
HbIi ipubop (puc. 21).

Puc. 21. BHeuinuii Bu K 6ebHOTO BOJICTPOH

ITo cp Buenuto ¢ BOJIC, B KOTOpOiIl MCHONB3YIOTCS ONTUYECKHE COEIAUHU-
TEJH, BOJICTPOH OOECTICUMB €T BBIMTPHILI B ®HEPreTHKE CBETOOTH YHM BCIIEACTBUE
JIY4IIMX YCJIOBMI BBOJ H3JIy4eHHUsS B BOJIOKHO U OTCYTCTBHS NOTEPh H P 3bEM-
HBIX COEIUHUTENAX. DTOT BBIUIPBIII MOXET JOCTHT Th 4 <+ 6 1B, 4TO mo3BoOIgeT
CHM3UTH TOK BO30YXIEHHUS M3Tyd Tessl U MOBBICUTh H AEXHOCTh p OOTHI mepen -
I0IEro onThYeckoro Mopynd. Ilp KTHK HcCIons30B HHS BOJCTPOHOB H DDV B
CUCTEME YIP BJIEHUSI MHXEKTOpoM yckopurens [43, 61] monrBepaus  BbICOKHE
9KCIUTYy T IIMOHHBIE X P KTEPUCTUKHU P 3p OOT HHBIX MPUOOPOB.

Amm p Typ MHOrok H JbHbIX HU(ppoBbix BOJIC nag cucrems! ynp Bie-
HUSA U KOHTPOJA MOHHBIX MCTOYHUKOB. AH JIM3 3 Jl 4, pelll eMbIX B IpoIecce

BTOM TH3 IMd D®dY, NOK 3BIB €T, YTO CBETOBOIHBIE CHCTEMBI LielIecO0Op 3HO
CTPOUTH [0 MOAYIBHOMY MPUHIMITY, BBIIEIISI B UX COCT Be M p Typy Iepel uu
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HMITYJIbCOB CUHXPOHHU3 1uU [43, 62—65], COOCTBEHHO MPOrP MMHO- I P THYIO
cucreMy cObop 1 HHbIX [35, 65—69], BCIoMOr TEJIbHYIO U CITyXeOHyl0 HII P Typy
[70, 71], p cluupsOLIyI0 BO3MOXHOCTH MHOTOK H JibHbIX BOJIC. D10 no3sonsger
JUIS K KIOrO M3 NPUMEHEHUH HCIIONb30B Th ONTHM JIBHBII 110 COCT By U KOH(U-
ryp 1My H 6op Mojysei U3 ux (PyHKIHMOH JIbHO MOJHOTO H 60op .

P 3p 6ot Hubie B JIBD OUSU nepBbie MOIy/IbHbIE CHCTEMbI cOOp JI HHBIX
HOHHBIX UCTOYHHKOB [35, 66] MO3BONSIOT KOHTPOJIHPOB Th U OTOOP X Th C IO-
MOIIBI0 LUA(POBEIX UHAWK TOPOB YETBIPE OJHOBPEMEHHO H3MEHSIOIIUXCA II P -
MeTp , T KXe H Omof T (hOpMy HUMIIYJIbCOB C TIOMOIIBIO OCLIIIIONP ¢ : HMOH-
HOTO TOK U 3JIEKTPOHHOro TOK . [lepex 4 ®THX I p METPOB UIET MONEPEMEHHO,
C 4 CTOTOM CHHXPOHUMITY/IbCOB 3 MYCK HCTOYHHK . B TelneMeTpuyecKux CUCTEM X
IIPUMEHseTCd BpeMeHHoe p 37ejIeHue K H JIoB. Konupos HHE H JI0roBoii nHgpop-
M [UH, MOCTYN OIIEl OT ]I TYNKOB MCTOYHMK , MPOM3BOAHTCS criocobom AWM
( MIUTUTYIHO-UMIYJIbCH § Moay/siuus) — BHUM (BpeMsi-UMITyIbCH S MOIYJISILIUS )
C TOCIIEYIOIINUM TpeoOp 30B HHEM €€ B JBOMYHO-AECATHYHBIN KOX B IPHEMHOM
ycrpolictee. B K 4yecTBe KOMMYHHUK LMOHHOWM Cpelbl IIEPE] YU [ HHBIX HCIIOJIb-
3yeTcsl TPEXMETPOBBI KIYTOBBI CBETOBOIHBIA K Oenb [35], B Oonee p HHHX
p 6ot x [66] — x v 1 CBY.

JInd CHHXpOHH3 UM PEXUMOB TEXHOJIOTUYECKHUX CUCTEM HOHHBIX HCTOYHUKOB
p 3p OOT H MHOTOK H JIbHBIH MPOTpP MMHO-YIp BisieMblid T imep [64]. Ilpubop
HCTIOJIB30B JICA B COCT BE€ CHCTEMBbl CHHXPOHM3 LM KPUOTEHHOTO 3JIEKTPOHHO-
sydeBoro noHu3 Top «KPHOH-1» B ce HC X yCKOpeHHd gaep yIiepod U HEOH .
CucteM uTeHHMd MH(OPM LUHU C BBIBOJAOM H AUCIUIEH OCYIIECTBIISNT BHU3Y JIBHBIN
KOHTPOJIb BPEMEHHBIX YCT HOBOK ITyCKOBBIX CHUTH JIOB, II€pel B €MBIX IIO
10-x = mpHOK BOJIC.

Huterp uus xopotkomerp XxHbIX BOJIC H mepBoM 3T Ie BHEAPEHUS H BbI-
COKOBOJIBTHBIX DDV X p KTepuszyeTcd H p IIMB HHUEM YHCI CBETOBOAHBIX K H -
JIoB B 11 p Jutenab. Il p sutensH g opr Hu3 musd K H JioB BOJIC skoHOMHYECKH
ONp B HH C TOYKHU 3PEHUs IMOBBILEHHUS CKOPOCTH Iepel 4d HupoBoil nHpop-
M OMM H M JIble U cpegHue p ccrosHusd. OcoOeHHO H IISTHO 3TOT HMPUHLIMI
OpPr HM3 UM CBETOBOAHBIX K H JIOB ObUI 3 (DUKCHPOB H NPH TNOCTPOCHUH CH-
CTEeM JUCT HIUHMOHHOro ynp BiaeHus u KoHTpois (IYK) ucrounnkos «I[1OJIAPUC
[43] u «dyorn 3M Tpon» yct HoBKH CIIMH [69]. Cucrem [OYK ycT HOBKU
CIIMH p 3meweH B aByx KpedT X KAMAK. OpuH M3 HuUX p CIONOXEH H
MyJIbTE YIP BIEHUS UCTOYHHK , IPYTOM — H BBICOKOBOJIBTHOM TepMHH Jie. CBA3b
MEXJy KPEUT MU OCYLLECTBIISETCS 110 BOCbMH 10-METPOBBIM I P JIJIEJIBHBIM K H -
1 M BOJIC, cnyx muM 11 niepef 4u nupoBoil 1 H joroBoit ungopm mun. H
puc. 22 npuBejieH OJOK-CXeM CHUCTEMBI T€JIeMETPUH, KOTOP $I COCTOUT U3 IBYX
cyOcucTeM: yrp BIISIEMOrO H JIOTOBOTO KOMMYT TOp , T€HEep TOp VIp BISIEMOro
H NPSXKEHUd U [ TYUKOB, P CHOJIOXKEHHBIX H BBICOKOBOJIBTHOM TEPMHH JIe, Te-
HEp TOp JIpeC K H 1 M LU(MPOBOrO 4 CTOTOMEP — H IIyIbTE YIP BICHUS
YCT HOBKOH.
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Puc. 22. CTpyKTypH 5 CXeM CHCTEMBI JUCT HIMOHHOTO ynp BieHus. Ilymer ynp BrneHus:
T — 7 iimep; @K — opMupoB Terap KOM HA YIp BIEHHS PEeXUM MH p 60T HOHHOIO
WUCTOYHHUK C IMyITbTOM AUCT HuuoHHoro ymp sienus (IIIY); TM — OGnoku TeneMeTpuw;
I'C — ycrpoiicTBO OymneKcHO rpoMKoi cBa3u; TM — ycTpoicTBO IpHeM BHIEOCHUTH JI
H TelneMOHUTOp. BricokoBonmbpTHBIA TepmuH 1: K — OIOK mpuBog KT T H H TEeK Tewd;
M — 6ok 3 myck Mopmynsarop nyru; JIIK — pemmdp Top KOM HJ ynp BieHHS BieK-
tpornpuson Mu; TM — Gnoku tenemerpun; I'C — ycTpoiicTBO AYIIIEKCHOM IPOMKOIA CBSI3H;
TK — ycTpoiicTBO nepe; Yd BUAEOCUTH JIOB OT TEIEBU3MOHHON K MEpBI

Onep TOp C MynbT YIp BJIEHHSA JUCT HLUUOHHO YCT H BIMB €T JApec HMH(poOp-
M IIMOHHOTO K H J H BBICOKOBOJBTHOM TEPMUMH JIe¢ U IOJY4 €T €ro TeKyuliee
3H YyeHHe H LU(pPoBoM T 610 4 croToMep . B ycrpoiicTBe MCIIONB30B H IBYX-
npoBoaH ¢ npuemonepen o s BOJIC. ITonoXuTenpHbIM K YeCTBOM T KO Tene-
METPUH SIBJISIIOTCS MPOCTOT U H JIEKHOCTh, HEJOCT TKOM — BBIOOPOYHBIN KOH-
TpOJib MH(OPM LUOHHOTO K H JI , CO3/ IOUIMI OIpejiesieHHble HEeyloOCTB IpH
UCTONBE30B HUM H D®Y 6ombIoro KommdecTs A TYUKOB. Bosee coBepiieHH 5
CBETOBOIH 4 CHCTEM [JUCT HIMOHHOTO U3MEPEHHS I P METPOB MOHHOIO HCTOY-
HHUK C BBIBOJOM MH(OPM LMU H JHCIUIei nocTpoeH H ocHoBe 610koB KAMAK



240 HMKUTIOK H.M., POMAHOB I0.U.

[68]. O cocrout U3 OBYX 4 cTeil (puc. 23): U3MEPUTENbHOMN, H XOIMIIeNcs H

BBICOKOBOJITHOM TEPMUH Jie, U YIp BISIOMIEH, p CIOJOXEHHOW MOA MOTEHIH -
JIOM «3eMJIs» H myiabTe ynp BieHud JIY-20. M3mepuTensH S 4 CTh, p CIIOJIOXEH-
H 9 H BBHICOKOBOJIBTHOM TEPMHUH Jic U P OOT I0II 9 B OKCTPEM JIBHBIX YCIOBHIX
(cusbHBIE JIEKTPOM THUTHBIE MIOMEXU HIUPOKOTO CIEKTP Y CTOT, FeHEepUpyeMble
JEUCTBYIOIIUM 00OpPYIOB HHEM YCKOPHUTEIS M BBICOKHM H mpsixeHuem (750 xB),
nepen Ibl TeMIep Typ, CJIOXH s p Od LIUOHH s OOCT HOBK , M JIOMOIIHBIH HC-
TOYHWK THUT HUA ¥ T.I.), M KCUM JIbHO yrporieH . OH comepXuT HeoOXOmuMbIe
H JIOTOBbIE OJIOKH, IpeoOp 3yIOIKe H JIOTOBBIC CHTH JIBI B UMITYJILCHBIC, UTO I10-
3BOJIIET YIYUIIUTh [TOMEXOYCTOMUHMBOCTb CUCTEMBI U YIPOCTUTH Mepel 4y CUTH -
soB 1o auHuM BOJIC H moTeHIM 11 «3emiid». C Ie7bl0 YMEHBIIEHUS KOJIMYECTB

I P JUICJBHBIX K H JIOB, 00p 30B HHBIX JuHHIMH BOJIC, BBIOp H MMOCJICIOB TElb-
HBIH cI1oco6 ompoc u nepel Yd HHGOPM IIHH C I TYNKOB. DTO crocod HyXI eTcs
B HCIIONIb30B HUM H JIOTOBOTO MYJBTHILIEKCOpP , HO 3 TO HEOOXOIMM TOIIBKO ONUH
OBICTPOAEHCTBYIONIMIA TIPeoOp 30B TENb YIIp BIIEMOro H mpsxenud. KomudecTBo
I p JUIETIBHBIX K H JIOB COKp UI eTcd ¢ 16 no 2 (oauMH Ui I HHBIX U OJUH JJIS
CUHXPOHM3 LIUH).

-
|
|
|
I
I
l
I
|
t B/B tepmunan Jlunus cBsi3u [ynsT ymp. _]

Puc. 23. CTpyKTypH 4 cXeM TeleMeTpHUYECKON CHCTeMbl. BBICOKOBOJBTHBIA TEPMUH JI:
1 — HOpMUPpYIOILIE YCHINTENH; 2 — H JIOTOBbII MYJIBTHILIEKCOP; 3 — HpPeodp 30B Telb
H IpsSXEeHUe — 4 CTOT ; 4 — MOXYAATOp CBeTOANOx ; 10 — onTHYecKuil MpueMHukK; 11 —
cuetynk; OC — onTuyeckwii coeguHHTENb. IlymbT yIp BIEHHS HOHHBIM HCTOYHHKOM:
5 — mpueMHbIl ONTHYECKUI MOMYNb; 6 — 3IEKTPOHHBIA U CTOTOMEp; 7 — LU(POBOI
UHIMK TOP; 8 — YCTPOMCTBO BBIOOp 1 TYUK ; 9 — ONTHYECKMIl Iepe]] TYUK

ITomexo03 muIeHHbIE U(POBbIE CHCTEMBI I P OOTHI B BKCTPEM JBHBIX
ycaoBuax. CBeTOBOAH f CHCTEM CO CTPOMTENbHOM JnHOM S0 M. B pesyist Te
BBIIIOJIHEHUS LMK P OOT IO COBEpIIEHCTBOB HHIO U co3l HUIO K H JoB BOJIC
It p GOTHI B ®KCTPEM JIBHBIX YCJIOBHSX OBUTM CO37 HBI IIOMEXO03 LIHWIIEHHbIE CH-
CTEMBI, X P KTEpHU3YIIIHe K YECTBEHHO MHOW IOIXOA K PEIICHHIO MOCT BICHHOU
3 O YU, 4YTO JOCTUI €TCA MYTEM MCIIOJIb30B HUA p AU LUOHHO CTOHKOIO OINTH-
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YeCKOro BOJIOKH THI KB pu — monumep ¢ au MeTpoM 200 MKM, YHMCIOBON
neprypoit N > 0,2 ¥ IpUMEHEHHEM YHCIIO-UMITYJIBCHOTO KOI C 3 LIUTOH |
MOBTOPEHHUEM. DKCIEPUMEHT JIbHO YCT HOBJIEHO [72], 4TO /Il YCTOMYUBOM p -
6OTHI CHCTEMBI CHHXPOHM3 IIMM (OTHOLIEHHE CHUTH Ji/myM > 10), MHHUM IIbH 5
BEIMYMH CHUTH J1 B mend oTOAMON JOMXH ObITh HE MeHee 5 MKA. s momy-
YeHUs T KOro TOK , MpOTeK IoIero uepes goronuoa-npueMHuk (PII), momHocTh
W3ITy4eHus], 11 J I0Iero H CBETOYYBCTBUTENbHYIO Iuiony AKy PII, nomkH ObITh
6omprme 15 MkBT. OmH KO C y4eToM TemIiep TYpHOU 3 BHCUMOCTH W3IIyd Teld U
HEoOXOoIMMOCTH obOecTieueHns] HOpM JIbHOTO (DYHKIIMOHHPOB HHSI CHCTEMBI B I -
m 30He 263323 K MOIIHOCTh W3TydeHUs] HEOOXOMUMO IOBBICUTH B 1,5-2p 3 .
W3 pocTynmHBIX M3y4 Teneill CBETOAUOL
AJI107b sBnsieTcs HEIOPOTMM KOMILIEKTYIO- P, MBT
UM H37IeNTueM U, O rox psd cBOeil KOHCTPYK- !
MM, YIOOHBIM IJIsI YCT HOBKH B OINTHYECKUH 5001
coequnurend [68]. [Ipu Toke H K yku 100 MA
OH TI03BOJIFET MOJIyd Th ONTUYECKYIO MOIIHOCTD
no 10 mBt. Ilpu ucnonszoB Hun BOC tun
«KB pI — KB pu» aud MerpoM 125/50 MxM u
ceeroguon AJI1076 mortepu npu X CTBIKOBKE 300 +
coct 0T 30 pb. C yyeToM 3THX NOTEPh 200
BBeleHH 1 B BOC onruyeck s MOIIHOCTb CO- 100
cr Bager 10 MkBT, uTo 4BHO HemocT Toyno 1907
UL H JIeXHOH p OOThI cucTeMbl. s mony-
YEeHUs TTOBBIIICHHOW MOIIHOCTH W3ITy9eHHS pe- — —
KUM p OOTHI cBeTOAMON Heobxomumo opcu- I A
poB 7. H puc. 24 1mok 3 H 3 BHCUMOCTb ’
P(I) nns ceeromuon tan  AJI1076 [14, 16] Puc. 24. 3 pucumocts P(Iu) mia
MpU JJTUTENBHOCTA UMIYJbCOB 1 MKC. Bpixog- CBETOMMOA AJI107b npu wmrens-
HOIT K CK JI, COOp HHBIH 110 CXeMe reHep Top — HOCTH HMIYIhCOB 1 MKC
TOK , 00ECIEeYHB €T CBETOBOM MMITYJIbCHBIM TO-
KOM IIUT HUA ¢ MIUIUTYRoil ~ 16 A. Ilpu sToM momycTuM f H Ipy3K OIpele-
JIfeTcd M KCUM JIbHOW TeMIlep Typol p — n-Nepexof CBETOU3IYydY IOIIEro AUOI
(CH) u H rpy304HOI CIIOCOOHOCTBIO KOHT KTHBIX BBIBOJIOB. MUHHMM JIbHBIH HH-
TEpB J1 MEXIy WUMITYJbC MU BO BpeMsl OTp OOTKM M KeT ObUI HPHHAT P BHBIM
100 mMkc. H3Mepenus mok 3 JM, 4TO CTPYKTYp NEPEXol CBETOBOX HE IIpe-
TepHeB 1 HeoOp THMBIX M3MEHEHHMH, H TpeB TOKOBBOJZOB HE CK 3bIB JICS H
p 6ote mpubop . T KxuMm 06p 30M, MOAOUP SI HEOOXOIMMYKO CKB JXKHOCTh, MOXHO
00ecreynTh JOCT TOYHO BBICOKYIO MOIIHOCTb, H OJMH-IB TOPSIK IPEBBILI [0-
11yl0 HOMUH JbHYI0 MoitHOCTh CHUJI. OmH KO UTUTETBHOCTh CBETOBBIX MMITYJIBCOB
orp HuueH ObicTponeiicTueM (oTonpueMHuk . Eciam ¢oToToK ycres er ycT Ho-
BUTBCA 3 3 — 4 Tep» TO T > 3—4 T¢p» TIE Ty — TIOCTOSHH 5 BpEMEHH ¢oro-
npueMHuK . Ilocie M KetupoB HuSI ObUT BBIOp H pexuM p 6ot CUJ ¢ ToKOM

0=1500
400 1 1000

500
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H K YKd 4 A 1pH AIUTENBHOCTH UMITYIbC 3 MKC. Y CTOT ClIefOB HUS UMITYIb-
coB cuHXpoHu3 1uu DDY H xomuted B g1 1 30He 10,1 I'y, urto cooTBeTCcTBYET
HOPM JIbHBIM YCJIOBHAM 3KcIuly T uuu 1 p typsl BOJIC.

ITpu H crpoiike peXnMOB p OOTHI HOHHOTO MCTOYHMK JUISl JIMHEHHOTO yCKO-
putend JIY-20 X p KTEpPHO UCIONB30B HUE CIEAYIOLINX PEryIUPOBOK: TOK M THHUT
UCTOYHUK ; H NpSXEHHE H K Tole; H NpsKeHHe ®KCTP KUUHM HOHOB; H MpsXe-
HHUE 3 psAI JIMHUHU; CKOPOCTh H TeK HHA T 3 ; H IpskeHHe H (POKYCHPYIOIIEM
aNeKTpoAe. PerymupyomnuMy sIeMeHT MM SBISIIOTCS Y37IbI «<MOTOp — J1 60p TOp-
HBIH Tp HCOPM TOp» C MOTEHIMOMETPHYECKMMH I TYMK MU HONoxeHus. s
yIIp BJIGHUS IIECTHI0 «UHTETPHUPOB HHBIMH» T KHUM CIOCOOOM Y371 MH, YCT HOB-
JIEHHBIMH H BBICOKOBOJIBTHOII IIT T¢hopMe, UCIIOIb3yeTCs BOJTOKOHHO-ONTHYECK
JIMHUS CBSI3U C TOCJIEIOB TeIbHOU mepea deit koM Hi [39]. CBeTOBOAHBIN K H 1
yOp BJICHUS BKJIIOY €T B ce0sl 3 [ IOIIYI0 M MCIIOJHUTENBHYIO 4 CTH.

3 1 1om g 9 CTh COCTOMT M3 YCTPOHCTB  BTOM THYECKOTrO BHIOOp K H I
ymp BieHud (ABKY), konpupymomero ycTpoiicTs (Kogep ) U nepel IOLIEro ONTH-
yeckoro moaysist (ITOM) ¢ ontrueckum coequautesneM (OC). KoMMyHHK THOHHOM
cpenoii ceeroBogHoro K H a1 ciayxur BOC KI1200. ABKY npean 3H 4eHO ajst
HOCIIEOB TeJIbHOrO MOAKIIIoYeHNs K H JoB (1 + 14) u ynp BieHus umu. Kogupo-
B HHME KOM HHBI YIIp BJICHUS MIPOM3BOAMTCS KOIEPOM, NPHYEM BBIXOZHOW UHCIIO-
WMITYJIbCHBIA KOJ COTIOCT BJISETCS B y3lIe Cp BHEHHS C KOIOM HpenplIyIieil Imo-
CBUIKH, 3 THC HHOH B PErucTp N MATH yCTpoicTB . Eciu TH KOIBI WIEHTUYHBI,
TO TOCJIE OKOHY HUS TIOCJIEIHErO UMITYJIBC B IT YKe YCTPOWCTBO [l €T P 3pelleHHe
H BB 4y KOM HJBl H BBIXOL.

HcnonHuTensH 44 CTh COCTOUT U3 PUEMHOTO ontuueckoro moayns (ITPOM)
C ONTHYECKUM coeuHuTeNneM Wi nogkmoderns BOC n pexonupyomero ycTpoii-
ctB . [locnenHee p 60T er T KUM OOp 30M, YTO KOM HIHBIA CHUTH JI IOCTYII €T
H IMpHUBOJ pejie TOJIBKO B TOM CIy4 €, €CIM YHCIIO UMITYJIbCOB B MPUHATOH KO-
M HIHOU TOCBUIKE T KO€ Xe, K K U B mpenpiayeil. UsMepeHH s 3¢peKTHBHOCTh
BBOJl M3IIy4eHHs B BOMIOKHO cocT Bun (1£0,1)%, 9ro 6mm3ko K p cuetHoH. [Ipn
MOILHOCTH U3TydeHus ceetopog [1OM, p BHOi1 8§ MBT, MOLIHOCTD M3My4yeHHs H
BbIXOJle KB pi-momumeproro BOC mmunoit 50 M coct B 65 MKBT, 4TO BHONTHE
JOCT TOYHO JUTsl H jexHoil p 6oter BOJIC.

MHoOrok H jJbH 4 IM(POB A IIOMeX03 IIMIIEHH f CBETOBOAH 1 CHCTEM CO
crpouTteabHoi auHoi 630 M [73]. B [60] omc H 19-K H JIBH S CHCTEM CBI3U
¢ GompmumMu crpoutensHbiMA H Mu: 100 + 1000 M. C sT0ii nensio p 3p 60-
T H CUHXPOHHBIH BOJIOKOHHO-ONTHYECKUI MynbTuIiekcop (BOM) ¢ nuknnyeckum
orpocoM. P 60T cucTeMbl OCHOB H H BPEMEHHOM YIUIOTHEHHU LIU(POBBIX CHUI-
H JIOB C IPUMEHEHHEM M HuecTepckoro kof M, cogepxk I1ero MHOpM LUOHHYIO
HIOCJIEIOB TENBHOCTh M CHHXPOCHTH JIBIL.

HeobxonuMocTh B MPUMEHEHNH M HYECTEPCKOTrO KO BO3HUK €T M3-3 0O0Ib-
IIOTO YWCJT HYJIEH WIM eIVHUL B Ilepe] B eMod MH(OPM LM, YTO MOXET NpH-
BECTH K HEONp B HHOMY P CXOHy pecypc OINTHYECKOro Hepel TYMK . DIeKTpU-
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YeCKHe CUTH JIbl, IPEIH 3H YEHHBbIE I Nepel 4u, Mpeodp 3ylTcsd B M HYECTep-
CKMIi KOJ C ITOMOIIBIO I P JIUIEJIBHO-NIOCIENOB TEJIBHOIO PErUCTp U IUp TOP .
B onrtudeckom nepejn TYMKE 3TU CHTH JIBI (DOPMUPYIOT CBETOBBIE UMITYIIBCBHI, BBO-
mumble B BOC mng nepeHoc MH(OpPM LMW H NPHUEMHYIO Y CTh cxeMbl. B onTu-
YeCKOM IPHEMHHUKE CBETOBbIE MMITYIILChI MPEoOp 3YIOTCS B MOCIENOB TETbHOCTb
BIEKTPUYECKUX CUTH JIOB B M HuecTepckoM Koje. [emmugp Top BBUIETSET T K-
TOBBbIE MUMITYJIbCHI U OMTHI MH(OPM LUM Ul 3 NHCU UX B CABUIOBBIH PErHCTP.
[Momy4eHHBIt K Ap 3 MHCHIBAETCS B BBIXOOHOW Oycdhep B MOMEHT NPUXOH CHHXPO-
WMITYJIbC , KOTOPBIH BBIp O THIB €TCsl Jemmndp TOPOM B KOHIE MH(OPM IIMOHHON
MOCJIEIOB TENIbHOCTH.

T kUM 00p 30M, MOXHO BBIIEIHUTH JIBE OCHOBHBIE OCOOCHHOCTH HPOTSIKEH-
Hbeix BOJIC. TlepB s 3 k1104 eTcsi B HEOOXOIUMOCTH HCIONB30B HHSI OJIOK  JUIst
npeoOp 30B HUS I P JUIENBHOTO BXOJHOTO KOJA B IOCJENOB TEIbHBIH, T KXe
KECTKOH MpPUBA3KH (PPOHTOB CUHXPOUMITYIBCOB M HH(OPM LHUOHHBIX K JAPOB H
BXOJIE AEMYIIbTUIUIEKCOP . BTOp S 0COOGEHHOCTh OTHOCHTCS K CXEM M 3JIEKTPOH-
HOTo 00p MIICHHSl U COCTOUT B TOM, YTO B OTCYTCTBHE MH(OPM LHMOHHBIX CJIOB H
MOZYIATOP ONTHUYECKOrO MEepel TYUK 0[] €TCS IMOCIEN0B TEIbHOCTh UMITYJIECOB
C U CTOTOH T KTOBOTO I'€Hep TOp . DTO MO3BOJISET JepX Thb Mepel MMM U MpU-
emHbIii Moy BOJIC B p 604eM COCTOSIHUM U HE IPOITyCTUTbh HH(OPM LIMOHHBIN
p 3pan. B npennoxenHoii cucreMe BOM ¢ Lenbio MOBBIIEHUS TOMEXOYCTOMYH-
BOCTH P€ JIM30B H METOJ NOBTOPHOH nepen 4u MHGOPM LUM, KOTOPBIH KOMIIEH-
CHpyeT K K BO3MOXHbIe cOoM B p OOTE BJIEKTPOHHBIX OJIOKOB CHCTEMBI, T K U
noMexu, H Bogumble B BOC B MMIYJIbCHBIX, P AU IIMOHHBIX M 3JEKTPOM THHT-
HBIX MOJISIX.

Bce mpornecchl CHHXpOHU3 MM NpH ITpueMe ¢ poBoil HHGOPM LU BBINON-
HAIOTCS H YPOBHE P 3p4H0B, T KXe€ H YpOBHE K JpoB. [Ipu a3TOM coxp HieTcs
OCHOBHOI1 ITPUHIIUIT CHHXPOHHOIO METOJ YIUIOTHEHHS: B OTCYTCTBHE UH(OPM LHU-
OHHBIX CJIOB H Tepe] IOIIUI ONTHYECKUI MOMYNb MOCTYI €T MOCIEN0B TEIbHOCTD
UMITYJIBCOB T KTOBOTO TeHep Top (MHGOpPM LUOHHBIM HYIb), K XJIO€ CIOBO H -
YUH eTCd C CHHXPON y3bl. M KCHM JIBHYIO 4 CTOTY CJI€IOB HUS MH(POPM LIMOH-
HBIX CJIOB JUISl JI HHOM CTPYKTYpBl MYJIBTHIUIEKCOP (C IIOBTOPHOH Iepejl 4el HH-
¢hopM 1MM) MOXHO ONpeNeuTh U3 BeIp XeHus [73]:

F = fr/2K(M+1)+m,

e M — ofiee KOJMUYECTBO P 3PSIOB CJIOB , fr — T KTOB s 4 CTOT TIcHe-
P TOp , M — IUTUTENBHOCTh CHHXPOIN y3bl (P BH S YHCIy HEPHOIOB T KTOBOM
g crorl), K = (1,1 + 1,4) — xoadpuumenT 3 o ¢ .

CBeToBOI MOC/IEI0B TeJbHbIII CUHXPOHHBIA K H J cBA3u [74]. Dkcruy-
T OUS CBETOBOAHBIX MMHUM H DY mpeamnon r er p 6oty m p typer BOJIC
C p 3TMYHBIMHM MCTOYHHK MH LU(poBoil MHpopM mun. g OOJBIIMHCTB cpen-
HECKOPOCTHBIX CHUCTEM, CO3Jl B €MBIX I YIp BJICHUS U KOHTpoisd DDY, BecbM
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MEepCHeKTUBHO HCIONIB30B HUE CHHXPOHHOW Iepen 4y A HHbBIX [74], mpu KoTo-
poit mH(pOPM 1M B K H JI CBA3U TEpeJl €TCs M0 OAHOMY CHMBOJIY, COAEPXK ILIEMY
CT PTOBBIA OWT, 1 HHBIE, KOHTPOIBHBIA P 3psid MO YETHOCTH U CTOIOBBIE OWTEHI.
ITpn wcnonp30B HUM BTOTO cHOCOO TMepex Yu [ HHBIX M KCHM JIbH S JUIMH IIe-
pen B emoro cioB 1o K H 1y BOJIC coct Biuser 19 + 20 6ur. CHUHXPOHHU3 LU
nepes IoLei U MPUEeMHOM 4 CTH CHCTEMBl OCYIIECTBIISIETCS OT JIBYX HEe3 BUCHUMBIX
reHep TOPOB CUHXPOMMITYJILCOB, CT OWJIM3MPOB HHBIX KB pueM. BoiOup g4 croty
9THX I€HEP TOPOB 3H YUTEIBHO BBIIIE CKOPOCTHU IEpe] YU J HHBIX, MOXHO JIETKO
CUHXPOHM30B Tb €€ 10 K H JIy K X10ro cumsol . [lepex 4 cuMBONI H 4MH eTcd
cur joM «CT pT» M 3 K HYMB eTcd curH JIoM «CTom».

JJist Opr HU3 IMU CBSI3U «YI JIEHHBIA 00beKT — DBM», T Kxe «DBM —
DBM>» ObUIM M3rOTOBIIEHBI OJIOKH JBYXBOJIOKOHHOH CBETOBOIHOH JIMHUU CBSI3H,
OCYLIECTBIIIIOIIME MPUEM M Iepel 4y LU(MPOBBIX [ HHBIX MEXIy IOByMs IIpHe-
Morepen fomumu yerpoiicte Mu BOJIC. O6meHn mpowmsBogurcs 16-p 3psmHbIMU
CIIOB MU, TIpeoOp 3yeMbIMH U3 I P JUICIBHOTO KOJ B ITOCJIEHOB TEJbHBIA, U H -
060poT (B 3 BUCUMOCTH OT H NP BJeHUS 0OMeH ). ONTO2JIEKTPOHHbIE MOIYIU U
3IIEKTPOHHOE 00OPYIOB HHE CHCTEMBI BBINMONIHEHHBI B ¢T HI pre KAMAK.

B [70, 71, 75, 76] omuc H p 3p OOTK W WCIONB30B HHE BTOM TH3HPOB H-
HOW MOJIYJIBHOM CHCTEMBI YIp BJICHHS M KOHTPOJId HOHHOTO  HCTOYHMK
«Kprnon-C». Cucrem co3gx H H 0 3¢ mepcoH jpHOro Kommeiorep IBM PC u
nByx KpeiToB KAMAK — « KTUBHOIO» U «II CCUBHOTO», P CIIOJIOXEHHbIX H
MyJbTE YIp BJCHUS JHHEHHoro yckoputens JIV-20 u H BBICOKOBOJIBTHOM TePMHU-
H Jle MHXEKTOp YyCKOopuTens, H xopduierocd noi noreHiu jom 700 xB. IlIpo-
Ip MMHOe obecredeHre KOMIBIOTEpP , B3 UMOJAEHCTBYIOIIETO C « KTHUBHBIM Kpeii-
tom» H JIY-20, H muc HO H s3pike [TACKAJIb. OcobeHHOCTh (hYHKIIMOHU-
POB HH CHUCTEMBI KOHTPOJIS MOHHU3 TOP COCTOHT B TOM, YTO OIIPOC I TYHMKOB,
P CIIOIOXEHHBIX MOJ BHICOKOBOJIBTHBIM ITOTEHLH JIOM, BBIIOJHIETCS PETHCTPUPY-
fomed mn p typoit KAMAK, p 60T oimeil mo XecTko 3 T HHOMY JITOPUTMY U
6e3 y4 cTHS KOMIBIOTED .

BBy HEKPUTHYHOCTH CHCTEMbI KOHTPOJS K OBICTPOAEHCTBHIO M B LIENSX
ynpouieHus (hyHKIMOHHPOB HUSL BBEIEH NMPOTP MMHBI peXxuM p OGOTHI ¢ Tl -
p typoit KAMAK. B K dYecTBe KOMMYHHMK ITMOHHOUM Cpesbl JJIs CO3] HUSI K H -
JIOB TMepel Yd WH(OPM IMU «TepMHH JI» — mynbT JIY-20 ucnonszoB H BOC
co crpoutenbHOl umnHONW 50 M. YIp BieHHE UCIOIHUTENBHBIMH YCTPOICTB MU
HOHHOTO MCTOYHHK OCYLIECTBIISIETCA C IOMOIIBI0 MHOTOK H JIBHOTO T HMep , B
kpeiite KAMAK non noreHuu oM «3emist». CTpyKTyp T iMep HpeaycMm T-
puB er p GOTYy MCTOYHHK B JIByX PEXHUM X: B peXHUME H J AKH (C 3 MYCKOM
OT UMHT TOp ) U B PEXHME CHHXPOHHU3 IIMM C LUKJIOM YCKOpHUTend. 3 Jiep-
K HHBIE MMIIYJIbCHI NEpe I0TCId H «IOTEHLH JI» C MOMOLIbI0 MHOTOK H JIBHOTO
BOJIOKOHHO-ONITUYECKOTO MyJbTUIUIEKCOP . OOHMM U3 3 JepX HHBIX HMITYJIbCOB
WHUALMUPYETCS HUKI OMpoc 15 T 7B HUYECKW P 3BSA3 HHBIX J TYHKOB [69] cu-
CTEeM KOHTpOJISl HOHM3 TOp . LMK u3MepeHus BKIIIOY eT B ce0s OLU(POBKY K XK-
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JIOTO W3 I p METPOB U Meped 4y UX IO CBETOBOJHOMY CHHXPOHHOMY K H JIy
cBia3u H mynsT ynp BieHud JIV-20. C nomompio nepcoH nbsHOW DBM 1 HHBIE
NPUBOIITCS K (PU3MYECKUM P 3MEPHOCTSIM W OTOOp X IOTCS H 3Kp HE LBETHOTO
mucried. Kpome oTobp XeHus MHGOPM UM BBIIOIHSAETCS KOHTPOJIb U IpEdy-
MpeXIeHNe JeXYPHOTO IMEPCOH J1 O BBIXOZIE I P METPOB MOHHOTO HUCTOYHHK 3

yCT HOBJIEHHBIEC Tpenensl. HuxHue U BepXHHE Mpeiensl VI BCeX H3MEpeHUi
BEJIMYMH YCT H BIIMB IOTCS ONEpP TOPOM B M JIOTOBOM peXHUME IpH 3 IMycKe Mpo-
TP MMBI THOO CUUTHIB 10TCS U3 ¢ i1 . BOo3MOXeH T KKe MOTHBINH WM 9 CTUYHBINA
OTK 3 OT KOHTPOJS 3H YEHUH W3MepseMbIX BeanmduH. CHCTeM KOHTpPOJIHPYET U
0TOOp X €T CIIedyIOIe BeTMYMHBI: M THUTHOE TI0JIe COJIEHOU (C TOYHOCTBIO 10
5%); B KyyM (MHAUK TOPHBIM PeXHM); KPUOTEHHBIE TEMIIEP TYphl (C TOYHOCTHIO
10 0,2%); neKTpOHHBIN TOK, MOTEHIU J1 K TOJ , p CIpedeseHre MOTEHIM JIOB H

CeKIMIX IpeihoBbIX CTPYKTYp UCTOUHUK (¢ ToyHOCThIO 10 0,1%).

9. TEJJEBU3UOHHAA TEJIEMETPUA HA BBICOKOBOJIbTHOM
YCKOPHUTEIE C UCIIOJIb30BAHUEM AHAJIOI'OBBIX BOJIC

CBeTOBOJHBIE CHCTEMBbI CBS3M VI Mepel UM TeJIeBU3MOHHOM HMH(pOpM MU
H BBICOKOBONBTHBIX DDY mcHoNb3y0TCs I AUCT HUMOHHOTO H OJIOfEHMS H
®Kp HE TEJIEBU3MOHHOIO MOHUTOP YEPHO-OEI0ro WM BETHOTO N300p XEeHHUS MpH
MPOBEICHUN H YYHO-TEXHHYECKHX DKCIHEPUMEHTOB M HEKOHT KTHBIX H3MEpEeHUI
TeleBU3NOHHBIMU MeTon MH. IlepcmekTtuBHocTs npuMmeHeHus BOJIC 1 DDY B
OCHOBHOM OITPEIENIETCS YCIEIIHbIM COYeT HUEM HOCTOMHCTB BOJOKOHHBIX CBETO-
BOJIOB M LIM(POBBIX METOMIOB Iepesl Yi MH(OPM LUH, YTO OOYCIIOBIEHO Cepbe3-
HBIMHU TIPEUMYIIECTB MU IIM(POBBIX CHCTEM CBS3M IEpell H JIOTOBBIMH: BBICOKOM
MOMEXO0YCTOWYMBOCTBI0 K BO3NCHCTBUIO BHEIIHMX IIOMEX M T P TYpPHBIX HCK -
keHuil. OfH KO NMpH H JUYUU UCTOYHUK H JIOTOBOW MH(OPM IIMU HCIIONIB30B -
HHE LU(POBBIX METOIOB MPUBOAUT K CYIIECTBEHHOMY P CIIMPEHHIO Y CTOTHOTO
CHEKTp TMepel B eMOro CHrH 11 . DTO 0COOEHHO MpOSBISETCS NPH KOAWPOB HHUU
IIMPOKOIIOJIOCHBIX CUTH JIOB C OOJIBIIMM JIWH MHYECKMM 1M 1 30HOM. T K, JUIs
nepe] Yd TEJIEBU3MOHHOIO BHIEOCUTH JI C HCIONB30B HUeM Lu¢poBoil MKM-
cuctembl BOJIC HeoOXomuM s IOJIOC TPOMYCK HHs TOMKH ObITh B 8 +— 20 p 3
mpe [3].

YckopuTh p 3p OOTKY CBETOBOAHOIO K H JI  CBSI3M IS IIepel YW BHIACOCHUT-
H JIOB MOXHO, €CjM NOWTH no mytu co3x Husg H jorosoil BOJIC ¢ ucnomnb3o-
B HMEM MOIY/SALMU MO MHTEHCUBHOCTU. T KHe CHUCTEeMBI JleleBne, yeM Lugpo-
BbI€, IIPOILIIE COMPAT I0TCS C OOBIYHBIMU TP KT MU I€pell YM H JIOTOBBIX CUTH JIOB,
T K K K He TpeOyoT BkitoyeHus B K H J cBsizu ALl u LAII. OcobeHHocTsIMu
H JIOTOBOH Iepe]] YM MO Cp BHEHHIO C IU(POBOH sBIIETCS HEOOXOOMMOCTD MO-
JIydeHus! OOJBIIOTO OTHOLIEHHS CHTH JI/IIYM H BBIXOAE NPHUEMHHK W BBICOKOMN
JIMHEWHOCTH X P KTEpUCTHK H3Iy4 Tenls Mo BceMy Tp Kry. Ilpu »TOM CcHMXe-
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HHE HCK KEHUIl MOXeT OBITh MOJIydeHO K K IIyTeM YCT HOBKU H3JIy4 Tejleu c
Jy4UIMMH B TT- MIIEPHBIMH X P KTEPUCTUK MH, T K U COOTBETCTBYIOIIUMHU CX€-
MOTEXHUYECKUMU MeTol MU. Ilpeanocbuik mu yid co3d HUg H joroseix BOJIC
SBIIAIOTCS. COKp INEHHE IOJIOCHI MPOIYCK HHS M HEOOXOOMMOCTH HCIONB30B HHUS
B K H JIe CBA3M: MHOTOMOJOBBIX MHOTOXMWIBHBIX (KTYTOBBIX BOJIOKOHHBIX) CBe-
TOBOJOB C OOJIBLIMM 1M METPOM CBETOBEAYILEro Xryr Oe3 MpUMEHEHUs! COII -
CYIOLINX 3JeMeHTOB [44]; MHOrOMOJOBBIX OJHOXMWJIBHBIX CBETOBOJOB C M JIBIM
I METPOM CBETOBEAYLUEH XWJbl U COINl CYIOLIMMHU 3JIEMEHT MU H Topu X [71].

B [50] ommc H cHCTEM TEIEeBU3HOH-
HOU TelleMeTpUH, M3TOTOBJIEHH 1 H 0 3¢
NPUMEHEHHS NPOMBIIUIEHHON TeJIeBU3UOH-
HOi ycr HOBKM [43] u 6Gnokos BOIJIC,
BBINOHAIOIINX TIepe] 4y BHICOCUTH JIOB
B H JIOTOBOM BHUJIE OT BBICOKOBOJIBTHOTO
TEPMHUH JI H IyJAbT YIp BIEHHA CHUH-
xpo¢ 3oTpoHOM. MH(OpM 1us, Bocnpous-
BOAUM 9 H 9Kp HE TEJIEeMOHHUTOp , MO-
3BOJISIET JEXYPHOMY OIEp TOPY MUCT HIIM-
OHHO KOHTPOJMpPOB Tb p Ooume I p Me-
TpPbI HOACUCTEM HMOHHOTO MCTOYHHK . Op-
HUM M3 B XKHBIX BOIIPOCOB, TPEOYIOIINX
Puc. 25. CTpyKTypH s cXeM p 3Me- CBOErO pelIeHHs IpU p 3p OOTKE TeleBH-
IIEHHs BIIEMEHTOB TENECBU3HOHHOH Te- 3uOHHOM Tenemerpuu H JIY-20, gBiderca
JIEMETPUM H  BBICOKOBOJITHOM TEPMH-  co3[ HHE M JIOT 6 PUTHOTO TEJICMOHUTOP
H JIE HOHHOI'O HCTOYHHUK (0603]—[ YEHUs s p 60TI)I H BBICOKOBOJBTHOM TEPMH-
B TeKCTe) H Jle MOHHOIO MCTOYHHK B IEpUOI H -
CTPOMKH CUCTEMBI B YCIIOBHAX HU3KON OCBELIEHHOCTH M XEeCTKO JINIMUTHPOB HHOTO
npocTp HCTB . Briepsble ObUIO CO31 HO YCTPOMCTBO (hOPMUPOB HHs TEJIEBU3HOH-
Horo m3060p xenusa (YOTH), mozsonsioniee NCronbp30B Th J000H octmmiorp o,
WUMEIOLINI BXOH «Z» IS TEJIEBU3HMOHHOTO M300p XeHus. CTPYKTYpH s CXeM
P 3MELICHUS OCHOBHBIX ®JIEMEHTOB YCTPOWCTB IIpuBedeH H puc. 25. Anm -
P TYP , P 3MELIEHH 5 H BBICOKOBOJIBTHOH T Tchopme, BKJIOY eT B cebs: 1 —
ocuwuiorp ¢; 2 — Tenek mepy; 3 — nepen tuuk BOJIC; 4 — YOTU; 5 —
MUKpOTeNIeMOHUTOp. H mynbTe ynp BileHHS HOHHBIM HCTOYHHKOM P CIOJIOXKEHBI:
6 — npuemnuk BOJIC; 7 — tenemonutop BK50B60. B x H ne mepex uu uH-
thopm 1uu ucnonesyerca 30 m xryrosoit BOC cBa3u (8).

CucteM p 0OT eT cienylmM oOp 30M. AH JIOTOBBIH CHIH JI H3MEpPSeTCs
¢ nomoripio ociuiorp ¢ C8-17 ¢ «im MAThio». TeNeBU3HOHH s K MEp THII
KTTI-39 [43], ycT HOBreHH 4 H p ccrodHud 0,5 M OT ®Kp H IIOCIIEIHEero, BBI-
HOJHAET CYMTBHIB HHE MH(MOPM LUU. BHAEOCHUTH J1 OT Telnek Mepsl MOCTYyN €T H
Bxompl: mepex T4k BOJIC, rae o npeoOp 3yeTcsd B CBETOBOH ITOTOK, MOIYITHPO-
B HHBII 110 MHTEHCHUBHOCTH; 00K Y®TU, HMOAKIIOUEHHOTO K M JIOT 6 PUTHOMY
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ocuusutorp ¢y, KOTOpPBIN UCHOJBb3yeTcs B K 4ECTBE MHUKDPOTEIEMOHUTOP U CIIy-
KHUT JUI1 KOHTPOJISl K YeCTB TEpell B eMOro M300p XKeHHS B YCJIOBHIX HU3KOM
OCBEILEHHOCTH M XECTKO JIMMUTHUPOB HHOTo npoctp HCTB [50]; coronpuemuoro
yerpoiicte BOJIC, p crnomoxeHHOro H — MyiabTe YIOp BIEGHUd JIMHEHHOrO
YCKOPUTEJIS.

H puc. 26 nmpuseneH otorp ¢usi c 9Kp H TEIEMOHUTOP , YCT HOBJIEHHOTO
H IyJabTe yOp BJIEHUS, IPH PErUCTP LMU ABYX MMITYIbCHBIX CHTH JIOB: MMITYJIBC
KOHTPOJIBHOTO H HPSIKEHHS MOAYISTOP M MMITYIbC TOK IyI' UCTOYHHK .

Puc. 26. IMmysbscHbIE CHTH JIBI H 9Kp HE TEIEMOHHTOP

Hcnonp30B HEE TENEBU3UOHHON TENEMETPHU JUIS PETHCTP LM MMITYJIbCHBIX
NPOLIECCOB, NPOUCXOAIINX B MOJCUCTEM X MOHHOTO UCTOYHHK H BBICOKOBOJIBT-
HOM TEPMUH JIe, UMEeeT Psifl MpenMylnecTs: ucronb3os Hue BOJIC B K yecTBe K -
H JI CBS3H B YCJIOBUSX BBICOKOTO YPOBHS 3JIEKTPOM THUTHBIX M HUMIIYJIBCHBIX P -
I{ LIMOHHBIX HOJIeH CHUM €T 3H YUTENIBHYIO 4 CTh 3TUX IIPo0JeM 1 obecredus eT
I JIbB HUYECKYIO P 3BA3KY; pe JIUM3yeTcs Mepel Y CHUTH JIOB B IIMPOKOM Y CTOT-
HOM U I 30HE, T.K. UCIIOJIb3YeMblIil OCLIJIIOP ) MMEET I0JI0CY MPOIYCK HHS OT
0 mo 5 MI; moBhIII €Tcs TOYHOCTh M3MEPEHMS, MOCKOJBKY H TEIEMOHHTOpE
olep TOp U3MepeHHe MPOU3BOAMTCA MO BUAUMOW M CIUT OHOH ceTKe OCUWLIO-
Ip ¢ ; MOBBI eTcd IOMEXOYCTOMYMBOCTb K H JI CBA3H, T.K. CbeM HH(OPM LIHH,
671 rox ps MCIOJNB30B HHUIO OCLIJIIONP (p C «C I MSITBIO», IPOUCXOIUT B I y3€
MEXIy MOIIHBIMH p GOYMMH UMITYJIbC MU MOHHOTO MCTOYHHUK ; OOGECIEUUB eTCH
HeoOxomuM g 1 p TH g rubkocts. Ilpoct 4 3 Mern ocummtorp ¢ C8-17 H
uHTEepQelc CTPEeIOYHbIX NPUOOPOB, MOIKIIOYEHHBIX K COOTBETCTBYIOIIUM [ T4YH-
K M, [I03BOJIIET OCYIIECTBUTh TEIEBU3HOHHbBIA KOHTPOJIb OCHOBHBIX MEIIEHHO H3-
MEHSIOLIUXCA I P METPOB HOHHOTO MCTOYHUK .

DKCIEpUMEHTH! 10 HEKOHT KTHBIM M3MEPEHUSIM TEJIEBU3HOHHBIMHA METON MU
BriepBble npoBomwinch B JIBD OUAN B 1985 r. OHu ObUTH CBS3 HBI C JUCT HIM-
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OHHBIM KOHTpOJIeM p GOYMX I p METPOB BHICOKOBOJITHOTO ycKopuress [54, 56].
C mosyyeHreM HOBOTO OOOpYIOB HHS U p 3BUTHEeM dlieMeHTHOH 6 351 BOJIC atu
p 6ot 66Ul Tpomomkensl. B [71] ommc H 50 M = soros s BOJIC mg mepe-
I 9 BHJICOCHTH JIOB C BHICOKOBOJIBTHOIO TEPMHH J1 HOHHOTO MCTOYHHK JIMHEH-
HOTO YCKOPHUTEJIS C UCIIOIB30B HUEM IMOJIYIPOBOJHUKOBOTO JI 3¢p M ONTHYECKOrO
BOJIOKH C U MeTpoM cepaueBuHbl 50 MkM. s 3¢¢eKTUBHOTO BBOL M3JIyde-
Hus B cBetoBog KK125/50 oT 71 3epHOro OMOA  HCIMOJB30B JIUCh COIJT CYIOIIUE
MukponuH3bl. HemocT Tku, cBoiictBeHHbie H jioroBbiM BOJIC, o0ycrmoBieHs He-
CT OMIBHOCTSMM TIOTEPh B CBETOBOJ X M ONTHYECKMX COCOUHUTENSAX, T KXKe
BO3MOXHBIM H3MEHEHHEM YPOBHS H3Tyd €MOW MOIIHOCTH IepeA TYUK . DTH U
Jpyrue TPYIHOCTH, CBSI3 HHBIE C P 3p OOTKOW M KOHCTPYMPOB HHEM JI HHOU CBe-
TOBOJHOW CHUCTEMbI, MOXHO PEIlUTh, B OCHOBHOM, IIyT€M P LHOH JILHOTO BBIOOP
KOMITOHEHTOB.

CucreM I HEKOHT KTHBIX U3MEPEHUI TEIeBU3UOHHBIMU METOJ MM BKIIIOY -
eT B ce0s: mepen IOUMH ONTHYECKUH MOAYIb ¢ J1 3epHbIM jauonom WJITTH-102
[17], mpuemHBI ONTHYECKHI MOMYIb C reTepoOoTOTP H3UCTOPOM, BOJTOKOHHO-
ONTUYECKYIO JIMHUIO CBSI3U C COM CYIOIIUMHU MUKPOJUH3 MM, Terek Mepy KTII-79
H II3C-M Tpune u tememoHutop. CyIecTBEHHBIM MOMEHTOM, KOTOpPBI HEo0-
XOIUMO YYHTBIB Th IIPH MPOEKTUPOB HUM CHCTEM TEJIEBU3UOHHOU TEIEMETPUM C
UCIIOJIb30B HHEM TBEPHOTENIbHBIX MPHUEMHUKOB M300p KEHUs, SIBISIETCS MX CP B-
HUTEIBHO HU3K 4 P AU LHOHH 1 CTOMKOCTb. JI03 p I LM, BBI3BIB IO g 3 MET-
Hble ToBpexXaeHns B KomMmepueckux [I3C ¢ MOBEpXHOCTHBIM K H JIOM, OLIGHUB -
erca B 103 p 1, cwibH 4 gerp A uus npoucxomut npu 104 p a. CienoB TespHO,
cocrogHue [13C-M TpHLBI MOXET CIyXUTh HHIUK TOPOM BEPXHETO Npefen HO3bl
o0yJeHus.

P 6ot s B 1 HHOM cOCT Be I P TYpbl, NPUKJ JH $I TEIEBU3UOHH 5 YCT -
HOBK KTII-79 «M tpun » [43] npoxoausa NpoBEpKY H P AU LMOHHYIO CTOM-
KoCTh. OTIMYMTENBH I 0COOEHHOCTh 3TOM K Mepbl — HCIOJIb30B HHE B HEH B
K 4YecTBe IpeoOp 30B Telsl «CBET—CHUTH JI» M TPHUIBI HPHOOPOB C 3 PSIOBOI
CBS3bI0 C YHCIIOM 3JIEMEHTOB 288 X 256. B K Mepe pe nusyercd NPUHLMIL C -
MOCK HHUPYEMOH p 3BEpPTKH U OCYLIECTBIISETCS MPOCTP HCTBEHH § JUCKPETH3 LU
MOTEHIIM JIbHOTO pelibep (3 PsIoBOro M300p XeHHs ) K K 110 BEPTUK JIH, T K U 110
ropu3oHT su. [TosToMy K Mep obecneynB €T XEeCTKHH p CTp ¢ (PUKCUPOB HHOU
reomerpueil. HennHeitHble CK XEHUS B K MEpe OTCYTCTBYIOT, TI'€OMETpHUYECKHe
— ONpEeHeNndoTcs] TONbKO OOBEKTUBOM. Pe3ymbT ThI MCHBIT HHH TeleK MEphl B
P I LHMOHHBIX YCJIOBHMAX MOK 3 JIM, YTO 3 METHOH Jerp I LMH, CBA3 HHOU C H -
KoryieHueM 3 psii B cioe auanekTpuk [13C-ctpykTypsl B Teuenue 100 4 coB
H p 6otku H JIY-20 npu ycKOpeHHH IIPOTOHOB, HE O0H pyXeHo. P 3pemr fomr 4
CIOCOOHOCTD CHUCTEMBI TOK 3 H H puc. 27. Ilo TectoBoil T Onume OH COOT-
BeTcTByeT 120—130 TeaeBU3MOHHBIM JIMHUSAM [0 TOPU30HT JIM U BEPTHUK JIM IIpU
OCBEILEHHOCTH 4 JIK.
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Puc. 27. P 3pem 1om1 g cmiocoGHOCTh TENEBH3UOHHONW CUCTEMBI ¢ HcHonb30B HueM BOJIC

10. 3AKJTIOYEHHUE

Bo0710KOHHO-ONITUYECKHUE CHUCTEMBI CBS3U MIUPOKO HMCIOJIB3YIOTCA B SKCIICPU-

MEHT X MO (PU3HMKE BBICOKMX ®HEPrHil M B YCKOPHTENIbHOU TexHHMKe. OHH T KXe
He3 MeHUMBI B Oymymumx skcrmepuMeHT X H LHC. Omuc HHBIE B I HHOM 0030pe
P 3p OOTKM ONTHYECKUX CUCTEM CBSI3U, KOTOPbIE YCIEITHO UCIIONB3YIOTCS H  YCKO-
putenbHOM KoMiuiekce JIBD, Moryr ObITh NMpPUMEHEHBI M B JIPYTMX (PU3HMYECKUX
9KCIIEPUMEHT X.
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The development of the gauge symmetry has resulted in a complete determination of the
Lagrangians for electromagnetic, weak, strong and gravitational interactions and has created
illusions about the construction of «the theory of everything». However, in just the same way
as in classical physics, it became clear that the deductive obtaining of solutions (laws of Nature) is
based not only on the principles of the Lagrangian symmetry. To find unambiguously solutions some
additional conditions are needed without which the solutions of the Lagrange equations are ambigu-
ous. The additional conditions such as hypotheses about the integral symmetries of solutions, the
boundary and initial conditions, the constants entering Lagrangians, and so on are essential so that in
a number of cases it is possible to construct models (solutions, laws of Nature) without the recourse
to the Lagrange method. An example of using such an approach in one of the rapidly developing
domains of modern physics, namely relativistic nuclear physics, is given. An exact mathematical
language of the gauge symmetry is the differential geometry and that of the additional conditions
is the topology, the parameter space properties as a whole. In the present paper the fundamental
contribution of V.A.Fock to the development of the concept of space, the primary concept of physics,
is given.

P 3p 6otk K IMOPOBOYHOI CHMMETPUM NPUBET K MOJTHOMY OIPEENICHNIO JI TP HXH HOB B3 H-
MOJEICTBHS UL 9JIEKTPOM THHUTHBIX, C11 OBIX, CIUIBHBIX M ID BUT LMOHHBIX B3 HMONEHCTBUI U CO3M JI
WUTIO3UU O MOCTPOEHHH «TeOpUH Beero». OOH KO, T K Xe, K K M B KJI CCHYeCKOH (pusuke, CT JI0 ACHO,
YTO B OCHOBE JEAYKTUBHOIO IOJydEHHs PEelIeHHUii (3 KOHOB IPUPOIbI) JIEX T HE TOJbKO IPUHIHMIIBI
CHMMETPHUH JI TP HXHU HOB. JIJI1 OJHO3H YHOTO OIpesie/IeHUs] peleHns HeOOXOMUMbI OONOIHUME IbHbLE
ycaogua, 6€3 KOTOPBIX pelleHds yp BHeHHil JI rp HX HEONHO3H YHbL JIOMONHUTENbHBIE YCIIOBHS:
HPEATIONOXKEHH 0 KOHCT HT X, BXOQSIIUX B JI P HXU Hbl, UHTEIDP JIbHbIE CUMMETPHHU PEIIeHHIl, Kp -
€BblE U H 4 JIbHBIE YCJIOBUA U T.I., CTOJIb CYIIECTBEHHBI, YTO B PAJ€ CIy4 €B MOXHO KOHCTPYHPO-
B Thb MOfeH (pEeIleHHs], 3 KOHBI IIPHPOMBI), HE OMHp GCh H JI TP HXeB Meron. B x uecTse mpumep
TIPUBOJUTCS MCIIONB30B HUE T KOTO TOAXOA B OJHOM M3 H nbosee OypHO p 3BUB IOIIMXCS P 3I€I0B
COBPEMEHHOI (DM3UKH — PeTITUBICTCKOI sjiepHoit (pu3nke. TOUHBIA M TeM THYECKMii A3bIK K MOPO-
BOYHOU CHUMMETpUM — AuchhepeHIH JIbH 5 TEOMETPHsl, TOUYHBIH SA3bIK [ JIOMOTHUTENbHBIX YCIIOBHI
— TOIOJIOTHS!, CBOMCTB IIPOCTP HCTB I P METPOB B LeNoM. B H crosmell cT The oT™Meu erca ¢yHn -
MeHT JbHBIH BKII 1 B.A.®ok B p 3p 60TKY HOHATUS MPOCTP HCTB — IMEPBHYHOIO MOHATUS (DH3UKH.

At the beginning of the ’50s, at an all-union conference, Vladimir Alexan-
drovich Fock presented a large talk on the theory of gravitation. During the
discussion, a very competent physicist said that Fock in his talk gave the well-
known Einstein equations (by implying the absence of novelty). Then Fock
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replied: «I have known your philosophy for a long time: if the equations are
the same, then the theory is also the same». As we presently know, at that time
V.A.Fock was working on a fundamental monograph «The Theory of Space, Time
and Gravitation» [1]. In the preface to the first edition of the book he writes:
«The results of these investigations have led us to the conviction that, at least
for the most important class of physical problems, it is possible to obtain unam-
biguous solutions for the gravitation equations by imposing additional conditions
compatible with them. This idea has underlain a new point of view on the whole
of the theory of gravitation. Therefore, there arises the necessity of formulating
the whole of the theory of space, time and gravitation from this newly elaborated
point of view, which has just been done in this book».

Fock’s point of view on the theory of relativity and the theory of gravitation
was after all generally recognized. Fock stressed that the theory of gravitation
and, generally speaking, any theory cannot be formulated by confining oneself to
the local consideration. It is necessary to consider the «space as a whole», its
global structure, and its topology. Otherwise, it is impossible to formulate the
problem unambiguously. The equations of any field are the equations in partial
derivatives the solutions of which are unambiguous only in the presence of initial,
boundary and limiting conditions.

The laws of Nature are relations between invariants, as far as they should not
be dependent on symmetry transformations. The hypothesis about the symmetry
possessed by a system are axioms determining the state of the system and its
behaviour. Starting from symmetry principles it is possible to derive new laws
of Nature deductively, and not only by observing physical objects or solving
equations. Weyl wrote that as far as he could judge, all a priori ideas in physics
have a symmetry origin. The symmetry of the «space as a whole» essentially
supplements the symmetry and invariance defining the Lagrangian density, and,
in many cases, enables us to construct models (solutions, laws of Nature) starting
from the first principles, not using the Lagrange method.

For a long time, mathematicians have paid attention to the integral invariants
in topology and to the connection between differential geometry and the theory
of surfaces. This trend was initiated by the famous Gauss-Bonnet theorem which
says that the integral of the Gaussian curvature over an entire surface is a topo-
logical invariant and is integer multiple of 27. For a sphere, no matter how
distorted, the integral curvature is 47, for a torus it is zero, while for the «double-
holed torus» it is 47, and so on. The Gaussian curvature is a local parameter.
It can be measured by measuring the angles and the sides of small triangles. For
example, to show the Earth to be round it is not necessary to circumnavigate
the globe and to take photographs from outer space. Eratosphenes did it by
comparing shadows in Alexandria and Syene.

Auxiliary spaces are useful in studying ordinary surfaces and their higher-
dimensional analogs. One example is the space consisting of the tangent planes to
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a surface. Such spaces are called «fiber bundles». The «fibers» are the auxiliary
spaces — the tangent planes. The fiber bundles are an appropriate framework for
gauge theories, developed to deal in a unified way with electromagnetic, weak
and strong interactions.

Noting V.A.Fock’s contribution to contemporary physics it is necessary to
stress (this was also emphasized by Chen Ning Yang, one of the principal archi-
tects of the gauge theory) that the gauge theory is a generalization of «the gauge
symmetry in electromagnetism known from the papers by Fock and Weyl».

In the 1930s and 1940s L.S.Pontrjagin and other mathematicians have found,
without undergoing the influence of physical models, interesting topological in-
variants playing an ever-growing role in modern physics. The integral geometry
makes it possible to study classical solutions for gauge fields. The merging of
the newest areas of mathematics and theoretical physics enables us to hope that
along this way one will succeed in finding methods for obtaining nonperturba-
tive solutions of the Lagrange equations for gauge fields. The nonperturbative
methods in the Standard Model take one of the central places in modern
theoretical physics. Among them of special interest are multiboson processes
in electroweak physics. These phenomena are associated with the violation of the
sum of the baryon (B) and the lepton (L) numbers in the Standard Model [3].
Therefore such processes determine the evolution of (B + L) at high temperature
in the early universe, that is, the origin of the baryons — baryosynthesis. Also
specific calculations show [5] that the processes with (B + L) violation and pro-
duction of many electroweak bosons might be in principle observable in collisions
at energies higher than 18 TeV. The initial and the final states containing many
bosons (many— many scattering) are described by quasi-classical methods with
the use of nontrivial classical solutions of the field theory periodic — instantons.
The (B + L) violation is caused by tunnel transitions between the states with
different topological charges ¢ for the electroweak gauge fields and is described
by the formula:

A(B+ L) =6q.

The peaks of these potential barriers — sphalerons — (the energy F is ordinarily
plotted against ¢) are, in the order of magnitude, equal to m,, /o, ~ 10 TeV,
where m,, is the mass of an intermediate boson, and «, is the electroweak
interaction constant. The treatment of the auxiliary conditions describing the
initial states of multiple interactions with the use of the topological properties
of gauge fields has resulted in fundamental conclusions for elementary particle
physics, cosmology [4] and even for designing a new generation of accelerators
at superhigh energies [6].

In 1931, when solving the one-dimensional Heisenberg model of a ferro-
magnet, Bethe [7] formulated a hypothesis about a wave function of the model.
In 1967 Ch.N.Yang has generalized [8] this hypothesis by imposing on matri-
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ces A(u) and B(v), which occurred in the development of the hypothesis, the
following conditions:

A(u) - Blu+v) - A(v) = B(v) - A(u 4+ v) - B(u). (1)

Many one-dimensional quantum mechanical problems, in which the Bethe
hypothesis is valid, are known. In each case, the consistency condition is Eq. (1),
where the operators A(u) and B(v) and the one-dimensional coordinates v« and
v take different forms in different problems. During the past ten or fifteen years,
a large number of developments in physics and mathematics have led to the con-
clusion that Eq. (1) is a fundamental mathematical structure. Equation (1) has the
generally accepted name — the Yang—Baxter equation.

Ch.N.Yang shows [9] how Eq. (1) affected modern physics and mathematics:

«Physics:

e One-dimensional quantum mechanical problems

e Two-dimensional classical statistical mechanical problems

e Conformal field theory

Mathematics:

e Knot theory, braid theory

e Operator theory

e Kopf algebra

e «Quantum groups»

e Topology of 3-manyfold

e Monodromy of differential equations

There is an explosion of literature on these subjects. In order to find these, one
could consult the three recent review volumes and reprint collections
listed in the footnote™.

Why does the Yang—Baxter equation enter into so many different areas of
mathematics and physics? I believe the answer is that the equation is a kind of
generalization of the structure of the permutation group».

*120 Braid Group, Knot Theory and Statistical mechanics, eds. C.N.Yang and M.L.Ge (World
Scientific, Singapore, 1989); Yang-Baxter Equation in Integrable Systems, ed. M.Jimbo (World
Scientific, Singapore, 1990); Yang—Baxter Equations, Conformal Invariance and Integrability in Sta-
tistical Mechanics and Field Theory, eds. B.Barber and P.Pearce (World Scientific, Singapore, 1990).
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A particular role of the one-dimensional problem is due to the possibility of
establishing a definite order in the particle disposition in a one-dimensional space.

As a hypothesis about the properties of the solutions of statistical physics
N.N. Bogolubov has formulated the correlation depletion principle [10]. The
principle is based on the intuitive idea that the correlation between spatially
separated groups of particles of a macroscopic system practically vanishes. The
correlation depletion principle was successfully applied to the development of the
theory of ferromagnetism, superfluidity and superconductivity. Also it is possible
to formulate the notion of quasi-averages and the properties of the solutions that
afterwards were given the name of spontaneous symmetry breaking.

It is interesting that the well-known attempt of Dirac to formulate a relativistic
theory of dynamical systems [11] led him to the realization that it was possible to
state only the necessary but not the sufficient conditions for this theory to exist. At
the end of his remarkable article, Dirac writes, «Some further condition is needed
to ensure that the interaction between two physical objects becomes small when
the objects become far apart. It is not clear how this condition can be formulated
mathematically». The correlation depletion principle of Bogolubov is formulated
as an asymptotic form of the Green functions as universal (independent of the
specific features of the system) linear forms from averages of the product of
field functions. This principle gives mathematical formulation for the additional
condition of the relativistic theory (Poisson’s brackets) developed by Dirac.

In Refs. 12, 13 the correlation depletion principle is formulated both in relative
4-velocity space and the Lobachevsky space. The application of this principle to
quantum chromodynamics of large distances (or, more precisely, of small relative
velocities), to the description of multiple production processes, and, particularly,
to relativistic nuclear physics was found to be especially productive. In these
areas, the perturbative approach does not work, thus hypotheses of a fundamental
character, i.e., auxiliary conditions, are needed. A collision of relativistic nuclei
results in the production of many particles, and the interaction picture is very
complicated. Both nucleon and quark-gluon degrees of freedom participate in the
same collision. The number of the parameters of the problem is extremely large,
and it is particularly important to discover the invariants [13]. Relativistic nuclear
physics that was born at the beginning of the *70s in Dubna became one of the
most intensively developed areas of high energy physics in many laboratories of
the world.

The discovery of the laws of relativistic nuclear physics is a part of the
general search for the laws describing relativistic multiparticle systems, including
macroscopic systems. These problems were studied by outstanding scientists
of the 20th century. The first studies were devoted to the transport equations
which allowed the formulation of the thermodynamical properties of dilute relati-
vistic multiple systems. The great success of quantum field theory in describing
multiparticle systems on the basis of the Hamiltonian method has not resulted
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however in great progress in the development of the problems of relativistic
nuclear physics. In Refs. 12,13, it is shown that the approach to relativistic
nuclear physics based on the geometry of velocity space and hypotheses about
the asymptotic nature of the laws in this space allows us to put in order an
enormous amount of experimental data and make quantitative predictions. Some
of these predictions make many experiments on huge accelerators unnecessary and
even condemned to failure. The methods of symmetry of the solutions utilized in
these papers are analogous to the methods of the mechanics of continuous media
and consist of the following:

1. The parameters describing the problem — the space defining parameters —
are selected.

2. The symmetry of this space is seen or guessed, and the corresponding
invariants are determined.

3. The laws of Nature are treated as relations between invariants. The math-
ematical language of symmetry — group theory — is especially effective
here.

4. Additional principles — the correlation depletion principles, the interme-
diate asymptotics, the hypothesis of the analyticity of physical laws are
used.

In the case of relativistic nuclear physics, the defining parameters are the cross
sections, quantities derived from them, and the invariant dimensionless intervals

in relative 4-velocity space w; = p;/m;; u) = E;/m;:

Ei-Ex —pi-Pr

bir = —(ui — ug)?® = 2[(w; - up) — 1] = 2 { m; - mp

As far as the energies F; and the momenta p; are linked by the known relation
E? —p?=m2, then (u;)? = (uo)? — (u;)? = 1. Instead of 4-dimensional space
it is possible to introduce 3-dimensional one, with the 4th coordinate expressed
in terms of the other three:

u;):i\/lJru%Jrungug. )

This equation is a two-sheeted hyperboloid. The geometry on the surface of the
hyperboloid is the geometry of 3-dimensional Lobachevsky space, analogous to
the geometry on the surface of a sphere. The interval between points on the
surface of a sphere is given by the cosine of the angle of the great circle, and the
interval on the surface of the hyperboloid is given by the hyperbolic cosine of
the rapidity

1 _E+|p|

=—1In .
2 E-|p|



258 BALDIN A.M.

The relation between the intervals b;; and p;; is of the form:
bir = 2[(ui - ug) — 1] = 2[chpi — 1].

The number of the parameters of b;j, is n(n—1)/2. The most complete description
of the final states of nuclear collisions is connected with the use of triangulation
and the construction of polyhedra in velocity space.

The introduction of the variable N; and Nj; characterizing the effective
numbers of nucleons participating in the collisions of nuclei I and II has proved
very productive. In a wide interval of relative velocities the additional variables
N; and Nj; turned out to be continuous and smooth. The invariant that is
employed to express a large number of the laws of relativistic nuclear physics
has the meaning of the minimal mass

min[m%(u[NI + UUNH)2]1/2 = 2mypll
under the condition of conservation of the 4-momentum:

mour N1 + moug N = E Di.

(2

Here U; and Uj; are the 4-velocities of the nucleus as a whole, mg is the mass of
one nucleon. The introduction of the single self-similarity parameter (invariant)

1
IT= 5\/(U1NI + u N )?

allowed a quantitative description of the cumulative effect, deep-subthreshold,
near-threshold phenomena, and antimatter production in nucleus-nucleus
collisions [14].

The equation

2o _ ClA?(NI) .A?I(NII) - f(10), 3)

where A; and Ajj are the atomic weights of colliding nuclei, C; is the constant,
describes a variety of nuclear reactions as the cross section changes by eight
orders of magnitude. However, to find the limits of the parameter space, where
the description of physical processes on the basis of this model becomes invalid,
some auxiliary work is needed. Of special interest is the prediction [15] on
this basis of the results of projected experiments on presently designed nuclear
colliders. For collider energies the interval between the points I and II is:

(uj ~ugr) = chprpg >> 1.
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The relation between the sides of the Lobachevsky triangle is of the form:

(u;-uk)zu?-u%—ﬁf-ﬁkzchpjk:
=chprir - chpnr — shprm - shpmy - piry - cosOry =
~ chpru(chpmi — shpmi - cosbri) = chpr i - x.

Here xj, is a known light cone variable. At large relative velocities Eq. (2) turns
into the light cone equation which is used in constructing models of high energy
physics in velocity space.

After discovering non-Euclidean geometry Lobachevsky posed the problem
of using it to describe real physical phenomena. The hypothesis that at large
distances the relations between the sides and angles of triangles might satisfy a
new geometry was not confirmed by his analysis of astronomical data.

V.A.Fock demonstrated the validity of the Lobachevsky geometry in relative
velocity space by considering the phenomenon of astronomical aberration [1].
The phenomenon is that in two moving relatively each other frames of reference
the directions to the same star do not coincide, but differ by the magnitude of
aberration. To find this value it is necessary to construct a Lobachevsky triangle
with vertices in the points vi, vo and v = aC, where v; and v, are the velocities
of the bodies to which both the frames are related. Here a is a unit vector in
the direction of the light wave going from the star. In astronomical observations
visible positions of a star are compared for different directions of motion of the
globe along the orbit (annual aberration).

By analyzing the concept of physical space, Fock stresses that this primary
concept is obtained by means of appropriate abstractions of space-time relations
between material processes. The relations are established on the basis of the
hypothesis about applicability of the Euclidean geometry to a real physical space
as well as on the suppositions about the existence of solid bodies and rectilinear
propagation of light.

Thus, the properties of the light and those of solid bodies (distance measure-
ments) play the fundamental part in establishing the geometry of a real physical
space. Another feasible way of determining the location of objects in space,
which in principle differs from triangulation, is radiolocation or radiogeodesy.
However, in any case, the definition of the concept of physical space depends on
precision of measuring procedures. The correspondence of it to the mathematical
concept of space requires some reservations. Fock also notes that the terms «the
space as a whole», «conditions at infinity», and so on, are employed by him in the
mathematical sense admitted in field theory. The space as a whole implies an area
which is large enough for the field induced by a body system to be negligible on
its boundaries. Depending on the character of the problem the dimensions of the
area are very different. A micron compared with the atom may be thought of as
an infinitely large quantity, the light year for the Sun system and billions of light
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years for galaxy accumulation are infinitely large quantities. When formulating
a theory, new generalizations are introduced, as a result of which the law may
become approximate, but this does not diminish its fundamental importance.

Complicated real physical situations require simplified descriptions by means
of symbolic, and even verbal, models based on experimentally testable hypothe-
ses. However the correspondence of the physical space to the mathematical one
appears not only as a result of generalization of experience and measuring pro-
cedures. The correspondence of the velocity space to the Lobachevsky space is
a result of a deduction. More striking example is the introduction by Einstein
of the Riemann space in the theory of gravitation which is of a particularly de-
ductive nature. As Fock notices, this requires that the properties of the «space
as a whole» should be considered. Otherwise, it is impossible to formulate the
problem in an unambiguous manner. V.A.Fock analyses various suppositions
and gives much attention to the theory of a space homogeneous at infinity. He
attaches great importance to the possibility of introducing in this case a privileged
frame of reference determined with an accuracy up to the Lorentz transformation
(harmonic coordinates). All concrete problems of the theory of gravitation are
solved in Ref. 1 in harmonic coordinates.

Special attention should be paid to Fock’s formulation of the Hilbert space
in quantum theory of radiations. In Ref. 16 Fock notices that the mathemati-
cal apparatus of quantum theory of emission and absorption of photons created
by Dirac does not correspond to the physics of this phenomenon and suggests
a mathematical basis of the theory. In his book «The Principles of Quantum
Mechanics» Dirac called it «Fock’s representation». Finally «Fock’s space» sug-
gested for mathematical description of the systems with an interaction Lagrangian
changing the particle number became the generally recognized concept of quan-
tum field theory. It is of far reaching importance in present-day applications of
quantum chromodynamics, in particular, in quark-parton model.
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PE®EPATHI CTATEN, OITYBJIMKOBAHHBIX B BBIITYCKE

VK 539.12.01
Baagumup Anexcanaposuy ok (k cTo1eTHIO €0 THA poxkaeHus). Hoeoxunoe [0.B.,
Hoesoxunosé B.K). ®usuka 31eMEHTapHBIX YaCcTHUIl U aTOMHOTO sipa, 2000, Tom 31, Bbim. 1,
c.5.

Jan xpatkuit 0630p Hay4HOH AesTenpHOCTH Brnanumupa Anexkcannposuda doka u ee
3HA4YeHUs IS COBpEeMEeHHOH (u3mku. bonee mompobHo obcyxknaercs Bkiag B.A.Doxka B
pa3BUTHE KBAHTOBOH TEOPHUHU TIOJIST U TEOPHH TATOTEHHUSI.

Bubnuorp.: 124.

VIIK 539.12.01
B.A.®ox — cyap0a HeKOTOPBIX OTKPbITHH. [Ipoxopos JI.B. ®u3nka >neMEeHTapHBIX Ya-
cTuIl U aToMHOTO s1pa, 2000, Tom 31, BeIn. 1, c.47.

B 0030pe obcyxnatorcst pabotel B.A. ®oka, mepBOCTENEHHAs] BAXXHOCTh KOTOPBIX BbI-
SICHIJIACh JIMIIB B MOCIEAHNE AecaTHwiIeTHss. OTMEUeHO, YTO HAJIHIHEe TOXKAECTBEHHOTO CO-
OTHOLICHHS MEXIY HPOU3BEIACHHUAMH YETHIPEX CIHHOPOB («TokaecTBo Pupua») OGbUIO
BriepBbie ycranosneHo ®oxom (1929), uro o (Bmecte ¢ I1. opsanoM) OTKpELT KBAHTOBA-
Hue MarHUTHOTO moToka (1930) u HezaBucumo ot Kanyus! u Kneitna npennoxun oobenune-
HHE TPABUTALIMOHHOTO M JJIEKTPOMArHUTHOTO IOJICH B paMKax S-MEpHOro MpoCTpaH-
ctBa-BpeMenH (1926). OTmedeHo fanee, YTO OH BIIEPBBIE Al KOPPEKTHYIO (POPMYITUPOBKY
KannOpoBOYHOTO MpeodpazoBanus (1926) u oOpaTui BHIMaHUE Ha BO3SMOXKHOCTH 000011e-
HUS NOHATHS Qu3ndeckoro npoctpancTea (1971, mpocreiimuii npumMep HEKOMMYTaTHUBHON
reomerpun). [lokazana cBsi3b MeTona S-ro napameTpa Poka c COBpeMEeHHOH TeopHel CTpyH
1 MeMOpaH.

Tab6u.1. bubnuorp.: 91.

YK 539.12.01

HuepuunanabHble cHCTeMbI U 00LIUI NPHHIMI OTHOCHTE/ILHOCTH B TEOPHH TSTOTEHUS.
Jloeynoe A.A., Mecmeupuweunu M.A. ®n3uka 371eMEHTApHBIX YacTHI[ U aTOMHOTO sjpa,
2000, Tom 31, BeIm.1, .71.

Hacrosmuii 0630p MOCBAIIEH MaMATH BBIAAIOIIETOCS YYSHOTO HAIIETo BeKa — aKaje-
Mmuka B.A. ®oka, BHECIIEr0 OrPOMHBIN BKJIAJ B TEOPETUUECKYIO H MATEMaTHIECKYIO (BH3H-
Ky. B craree obcyxnatorcs paborsl B.A. doka 1o Teopun TAroTeHHs, IPUYEM OCHOBHOE
BHUMAHHUE YACIACTCA aHAINU3Y Han60nee NPpUHOUIHAJIbHBIX l'[pOGJ'ICM 1 BbBIBOAOB, KOTOPBIC
packpbull (U3MYECKYIO CYIIHOCTh TEOPHHU TATOTEHHs. B pesymbrare 3THX HcciienoBaHUN
B.A. ®oky npunuiocs Beliitu 3a pamku OTO DiHmTelHa. Tak, OH B TEOpUH TATOTEHUS IJIs
3a7a4 OCTPOBHOTO THIIA BBOAWT MHEPIHUAJbHBIE CUCTEMBI OTCUeTa (IPUBHICTHPOBAHHBIC
cucremsl). B Teopun srorenust B.A. ®oka yckopeHue sBisieTcss aOCONMIOTHBIM, a HE OTHO-
cutensHbIM, Kak B OTO. B.A. ®ok cipaBeyIMBO OTPHIIAET CYLIECTBOBAHKE KaKOH-THO0 00-
el OTHOCHUTENIFHOCTH, KpOME TOH, KOTOpast BEIpakaeTcsl B peodpa3oBaHusx Jlopenma.

OTtMmeuaercs, uto uaen B.A. doka o CymecTBOBAaHUH HHEPIUAIBHBIX CHCTEM KOOP/H-
HAaT, 00 aOCOMIIOTHOCTH YCKOPEHHUS, 0 HEOOXOANMOCTH MOCTPOEHUS TIOJHOM CUCTEMBI YPaB-
HECHUIl TEOpHHU TATOTeHHs W (OPMHHBAPHAHTHOCTU ITUX YPaBHEHHH OTHOCHTEIBHO Ipe-
oOpasoBanwuii JlopeHa TouHo peanusopansl B PTT.

Bubmuorp.: 6.
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VK 539.12.01
Teopust ®oka aToMa BOA0POJa U KBAHTOBOe NpocTpancTBO. Mup-Kacumoe P.M. Du-
3HKa 3JIEMEHTAPHBIX YacTUI] U aTOMHOTO sizpa, 2000, Tom 31, BeIm. 1, ¢.91.

B niepBoif wactu paboThl JaH KpaTKUil 0030p TEOPHH KBAHTOBOTO MpocTpaHcTBa CHall-
nepa. B aToii Teopuu KBaHTOBOE MPOCTPAHCTBO KAHOHUYECKH CONPSKEHO HCKPUBICHHOMY
UMITYJIbCHOMY HpocTpaHCTBY. [Ioka3aHO, 4TO KBAaHTOBaHHE MPOCTPAHCTBA UMEET JHUHAMM-
4eCcKOe MIPOUCXOKIACHNE, NCTOYHUKOM €T0 CITY)KHUT HEKOTOPOE B3aUMOAEHCTBUE, MOTU(UIIH-
pyolee rpyIiy H30METPUii IPOCTPAHCTBA UMITYJIbCOB.

Bropas yacTh OCBSILICHA YCTAHOBICHUIO CBA3U MEX 1y Teopueit Poka TMHAMUYECKOH
CHMMETPHH aTOMa BOJOPOAA U KBAHTOBBIM IPOCTPAHCTBOM. JTO MO3BOJISAET MPOSCHUTH (HH-
3MYECKHI CMbICII KOHICTIIIMY KBaHTOBaHMs npocTpaHcTsa. [Tockoibky Teopus Poka cBsza-
Ha C HEeBKJIMJOBOW reOMETpUel HMITYJIbCHOTO IPOCTPAHCTBA, TO KYJOHOBCKOE I10JIE MOXKET
paccMmaTpuBaThCs KaKk MCTOYHHMK KBAaHTOBAaHMS KOH(UTYpPalMOHHOTO MPOCTpaHCTBa (CHAii-
JIEPOBCKOTI'0 THIIA) B HEPEIATHUBUCTCKOM TeOprH. BOJIHOBBIE (DyHKIMHU KYJIOHOBCKOH Ipooite-
MBI B JAHHOM KOHTEKCTE OTBEYAIOT CBOOOJHOMY JIBHXKEHHIO B KBAHTOBOM MPOCTPAHCTBE.

Bubnuorp.: 23.

YK 539.12.01
Tononornueckue 3¢ dextnl B cpene. Cucakan A.H., lllesuenxo O.10., Coneanux C.b.
®dusnKa 3IeMEeHTapHbIX YaCTHI U aTOMHOTO siapa, 2000, Tom 31, Boim. 1, ¢.109.
Hccnenyrores ABa TECHO CBSI3aHHBIX TOIOJIOTUYECKUX O0BEKTa, KUpPAJIbHAsT aHOMAJIUS
U YepH-CaiiMOHOBCKHII WIEH IIPH KOHEYHOH INIOTHOCTH U TeMneparype. KupanabpHas aHoma-
TSI He 3aBUCUT HU OT TEMIIEPaTyphl, HU OT INIOTHOCTH. PaccMoTpeHa renepanus depH-caii-
MOHOBCKTO WICHA B YETHBIX Pa3MEPHOCTAX IIPU YCIOBHU COXPAHEHHsS KHPAIBHOTO WU
OOBIYHOTO 3apsAN0B. B HEUETHBIX pa3sMEPHOCTAX C HCMOIb30BAHUEM PA3THUYHBIX METONOB
M0Ka3aHo, YTO |J2 =m? sBnsercs KPUTHYECKOH Toukoi msa reHepanuu UYepna—CaiimMoHca

npu HyIICBOI71 TeMIIEpaType. TaK, Ipu u2< m2 U-3aBUCUMOCTb MCHC3aCT, U MbI IOJy4acM

OOBIYHBIN YepH-CaliMOHOBCKUH wieH. C Ipyroi CTOPOHBI, IIPH uz >m?

YEPH-CaiMOHOBCKHI
YJICH HCYe3aeT U3-3a HEHYJIECBO! IIOTHOCTH (JOHOBBIX (hepMHUOHOB. YCTaHOBJIEHA CBSA3b Me-
XK1y aHOMaJIMe YeTHOCTH B HEUETHBIX PAa3MEPHOCTAX U KUPAJbHON aHOMaJIMEell B YETHBIX
Pa3MEpHOCTAX NPH IMPOU3BOJIBHBIX INIOTHOCTAX M TeMIepaTrype. DTH pe3yibTaThl ClIpaBe]-
JIUBHI B JII000 pa3MepHOCTH Kak B a0eJIeBOM, Tak U B HeabelIeBOM CIIydasiX.

Wn.3. bubmmorp.: 35.

VK 539.12;539.123.17

O npuHIUNax u GuU3NIecKoii mporpaMme yy-KoutaiinepoB. Kypaes 3D.A., [Tanvin-
ckuit M.B., Jleguyx M.H. ®u3uka 351eMEHTapHBIX YacTUIl M aTOMHOTO sizpa, 2000, Tom 31,
BhIN. 1, c.155.

IIpencraBiaeHbl HEKOTOPHIE ACHEKTHl (PU3UUECKOH NPOTrpaMMBl ISl BCTPEUHBIX (o-
TOHHBIX KoOJLTaiinepoB. Cpean HUX — HPOLECCHl C 0Opa30BaHHUEM TSKEIBIX BEKTOPHBIX
ME30HOB, 0030Ha XWITCA, TSDKEIBIX KBAapKOB, HHTErPaJbHbIE COOTHOIICHUS MEXKIY
cedeHUsAMH (TpaBHiIa CyMM) Ul PAa3iIMYHBIX IOJSPH3ALMOHHBIX COCTOSHHH, NMPOLECCHI
o0Opa3oBaHus apOHOB, (HPU3HKA IIOMEPOHA. DTH BONPOCH! H3JI0KEHBI KOHCIIEKTHBHO.

Ocoboe BHMMaHHE YIEJICHO HEIHHEHHBIM 3(dekrtaMm B 0OpaTHOM KOMIITOHOBCKOM
paccessHAN (POTOHOB IUPKYIISPHO MOISIPU30BAHHOI JIa3epHOI BOIHEI, C(OKYCHPOBAaHHOH Ha
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[y4Ke YJIBTPAPEISITUBUCTCKUX MPOAOJIBLHO MOJISPU30BAHHBIX 3JIEKTPOHOB. PaccMoTpeHo
TaKKe HanboJIee YacTo BCTpeyarolieecs B INTepaType JIMHEHHOe MPUOIIKEHHE B 3TOM Me-
XaHHU3Me KOHBEpCHHU. JI0CTaTOYHOE BHMMAHHE YICJICHO ONMMCAHMIO KaaHMOPOBOYHBIX IIPO-
1IECCOB, Mpe/IaraeMbIX Uil LieIeil MOHUTOPUPOBAaHMsI — HEIPEPbIBHOTO KOHTPOJIS 3 CBE-
THMOCTBIO YY-KOJIIalIepoB U CTENEHbIO NOISpU3aluy (OTOHHBIX MyuKoB. JIJIst 3TOM Lenu
PaccMOTPEHBI MPOoNecchl 00pa3oBaHKs ABYX JIENITOHHEIX ITap B KHHEMAaTHKe y3KUX CTPYyH,
JIETSIIMX BIOJb OCH ITy4YKOB, U POLiecC 00pa3oBaHMs Maphbl 3apsHKCHHBIX JICIITOHOB HIIH 60-
30HOB, JIETALIUX Ha OonbLINe yIIbl. [IpencTaBIeHbl pe3ynbTaThl YUCICHHBIX aHATH30B.
Ta6mn.1. Un.13. bubnuorp.: 81.

YK 621.3.038;612

IIpumeHeHne BOJTOKOHHO-ONITHYECKNX CBETOBOI0B B IKCIIEPHMEHTAX MO (PU3HKE BBICO-
KHX HEepPruii 4 B YCKOpUTeJbHOI Texuuke. Hukumwok H.M., Pomanosg 10.U. dusuka
3JIEMEHTAPHBIX YacTHIl U aToMHoro siapa, 2000, Tom 31, Beim. 1, ¢.206.

PaccMOTpeHO COBpEMEHHOE COCTOSHUE TEXHUKU BOJTOKOHHO-ONTHYECKUX METO/IOB I1e-
penadr HHGOPMAIUH B HKCIIEPUMEHTAX M0 (PU3UKE BHICOKUX YHEPrUi M B yCKOPUTEIHHON
TexHHKe. OMHCaHbI TapaMeTPhl TAKUX IEMEHTOB ONTOICKTPOHHUKH, KaK ONTHIECKOE BO-
JIOKHO, MepelaTINKU U MPUEMHUKH ONTHYECKOTO M3ITydeHus. [IpuBeneHs! TaHHbBIE, HILIIO-
CTPUPYIOIMINE U3MEHEHHUS MTapaMeTPOB ONTOAIEKTPOHUKU B YCIOBHSAX JKECTKON paguaIiii,
XapakTepHoi 11 Oynymux skcnepumentos Ha LHC.

PaccMoTpeHb! MprMepsl YCIEITHOTO IPUMEHEHHUS BOJIOKOHHO-ONTHYECKUX CUCTEM IIe-
penadr muQpoBOH 1 aHAIOTOBOW HH(GOPMALIMH [Tl KOHTPOJIS U yIIPaBIEHHUs HOHHBIX HCTOY-
HUKOB JINHEHHBIX YCKOpPHUTENIEH Ha yCKOPUTEIbHOM KoMIulekce JIBD OUSAU.

Ta6n.3. Un.27. bubmuorp.: 76.

YK 539.71.1

O cuMMeTpHH B cCOBpeMeHHOI (pu3mke (K CTOJIETHIO €O JIHSI POKIEHHSI aKageMHKa
B.A.®oxka). banourn A.M. ®uznka >IeMEHTapHBIX YaCcTUI] © aTOMHOTO s1pa, 2000, Tom 31,
BhIN. 1, ¢.252.

Pa3paboTka kanuOpOBOYHOI CUMMETPHHU MPHBEJa K MOJHOMY OIPECICHUIO JarpaH-
JKHAHOB BSaMMOﬂeﬁCTBHﬂ JJIA DJICKTPOMArHMuTHBIX, CJ'I3.6]>IX, CUJIBHBIX W I'PaBUTAllUOHHBIX
B3aUMOJICHCTBHH M CO3/1aJIa WILTIO3UH O MOCTPOCHUH «TeopuH Bcero». OHAKo, Tak e, KaK
U B KJIACCHYECKOH (hU3HKE, CTAJIO SICHO, YTO B OCHOBE JISAYKTHBHOTO MOJyYCHUS PEIICHAIN
(3aKOHOB IIPUPOJBI) JEKAT HE TOJNBKO NPHHIUIIBI CHMMETPHH JIarpaHkuaHoB. [l ofHO-
3HAYHOTO OMPEENCHUS PEUICHHs] HEeOOXOAUMBI JOMOTHUTEIbHbIE YCIOBHUS, 0€3 KOTOPBIX
peleHus ypaBHeHuH Jlarpanxka HeoqHO3HAYHBI. JIOMONTHUTENbHBIE YCIOBUS: IPEATIOI0KE-
HHs O KOHCTAaHTaxX, BXOAALIMX B JIarpaHXXUaHbl, HHTCIPaJIbHbIC CUMMETPUN pemeHHﬁ, Kpac-
BbI€ M HadaJIbHBIE YCJIOBHS M T.I., CTOJNb CYIIECTBEHHBI, YTO B psJie CIIydaeB MOXKHO
KOHCTPYHPOBAaTh MOJENH (PEIICHHUS, 3aKOHBI IIPHPOJIBI), HE ONMPAsCh Ha JarpaHKEB METOJ.
B kagecTBe mpuMmepa MPUBOAUTCS HCIIOIB30BAHUE TaKOTO ITOAXO/A B OJHOM M3 Hambonee
OypHO pa3BUBAIOIIUXCS PA3EIOB COBPEMEHHOH (QH3UKH — PENSTUBHUCTCKOW sAepHON
¢usuke. TouHbli MaTeMaTHYECKHUil I3bIK KATHOPOBOUHOI cuMMeTpun — AuddepeHIraib-
Hasg reoMeTpusd, a TOYHBIN SI3BIK JUIL JOIIOJTHUTCIIBHBIX yCHOBI/Iﬁ — TOIIoJIoTHuA, CBOIiCTBa
MIPOCTPAHCTBa IapaMeTPOB B IesioM. B HacTosmieil crarbe oTMeuaeTcst (pyHIaMeHTalbHBIN
Bkiag B.A.®oka B pa3paboTKy MOHATHS HPOCTPAHCTBA — IEPBUYHOTO MOHATHS PHU3UKH.

Bubmmorp.: 16.



«DU3UKA DJIEMEHTAPHBIX YACTHUL] 1 ATOMHOI'O AJPA»
2000, TOM 31, BbIII.1

COJIEP)KAHUE

Hoeoxunoe 0.B., Hocosxunoé B.IO.
Baagumup Asnexcanaposuy Pok (K CTOJETHIO CO IHA POXKICHHUS). . o oo oo S

IIpoxopoé JI.B.
B.A. @0k — cynb0a HEKOTOPBIX OTKPBITHH « o« v vvvvenenvnneneneaeas. . 47

Jloeynoe A.A., Mecmeupuweunu M.A.
HuepuuajbHble CHCTEMBI M O0UINil PHHIIMI OTHOCUTEILHOCTH
B TCOPHHU TATOTCHHS « o v oo vvveenencnsoncncncasoscncacansncnsasenssll

Mup-Kacumoe P.M.
Teopust ®oka aToMa BOIOPOAAa M KBAHTOBOE IPOCTPAHCTBO . ¢« v vvvv. .. 91

Cucakan A.H., lleéuenxo O.10., Coneanuk C.b.
Tononornyeckue 3PPEeKTBI B CPEAL ..o vvvvrvrnereeecnrneneenensns.. 109

Kypaee D.A., I'anvinckuit M.B., Jlesuyx M.H.
O npunnunax u Gu3HYeCKoi NporpaMme yy-KoIIaHaepoB. . . .......... 155

Huxumrwoxk H.M., Pomarnoé FO.U.
IIpuMeHeHUEe BOJJOKOHHO-ONTHYECKHX CBETOBO/IOB B IKCIIEPUMEHTAaX
1o ¢u3nKe BHICOKUX JHEPruii U B yCKOPUTEJbHON TEXHUKE . . ... ...... 206

banoun AM.
O cuMMeTpHH B COBPEMEHHOI Qu3nke
(K cTOJIeTHIO CO IHA pokaeHust akageMuka B.A.@oka) ................252



«DU3UKA DJIEMEHTAPHBIX YACTHIL] H ATOMHOI'O A[PA»
2000, TOM 31, BbIII. 1

CONTENTS

Novozhilov Yu.V., Novozhilov V.Yu.

Vladimir A.Fock (Dedicated to the 100th anniversary of the birth).. ..

Prokhorov L.V.

V.A.Fock — the Fate of Some Discoveries ............cciitieeeeennn

Logunov A.A., Mestvirishvili M.A.
Inertial Reference Frames and the General Relativity Principle

in Gravitation Theory........... ..ottt

Mir-Kasimov R.M.

Fock's Theory of Hydrogen Atom and Quantum Space..............

Sissakian A.N., Shevchenko O.Yu., Solganik S.B.

Topological Effectsin Medium ..............coiiiiiiiiiiiinnne.

Kuraev E.A., Galynski M.V., Levchuk M.I.
About Principles and the Physical Program

of Photon-Photon Colliders ........ccoiiitiiiiiiiineerenneeennns

Nikityuk N.M., Romanov Yu.l.
Use of Optical Fibers in High Energy Physic Experiments

and Accelerators ......cciiiiiiii i ittt ittt

Baldin A.M.
On Symmetry in Modern Physics
(Dedicated to the 100th anniversary

of the birth of Academician VA.Fock)............coovviiiieinnns.



K CBEJEHHIO ABTOPOB

B xyprane «®Pu3nka deMeHTapHBIX YaCTUI U aTOMHOTO siapa» (DUA ) meuararorcst 0030pEI 10
aKTyaJbHBIM HPOOIEMaM TEOPETHYCCKOIl M SKCIEPUMEHTAIbHOH (PU3MKU 3IEMEHTapHBIX YACTHI[ U
aTOMHOTO sIpa, IPoGIeMaM CO3JaHUsI HOBBIX YCKOPUTENIBHBIX H OKCIIEPUMEHTAIBHBIX YCTAHOBOK, aB-
TOMAaTH3aIUU 00pabOTKH HKCIEPHMEHTAIbHBIX NaHHBIX. CTaTbU MeYaTaroTCsl Ha PyCCKOM H aHINIUH-
CKOM si3bIKaX. Pefakiys mpocuT aBTOpOB NPU HANPaBJIEHUH CTaThH B II€4aTh PyKOBOACTBOBATHCS U3JI0-
JKEHHBIMH HIKE ITPABUIIAMHU.

1. TexcT cTaThy A0JDKEH OBITH HallE4aTaH Ha MAlIMHKE Yepes3 JiBa MHTEPBasa Ha OJJHOM CTOpOHE
nucTa (00s3aTeIbHO MPEACTABISICTCS IEePBBI MAIIMHOMKCHBIN dK3eMIuLip). 1ot ¢ ogHON CTOPOHBI
JIOJDKHBI OBITH HE yKe 3—4 CM, PYyKONHCHbIC BCTABKH HE JOIYCKAOTCA. DK3EMIUIAP CTaThU JOIKECH
BKJIIOYATh aHHOTALMM M Ha3BaHUE Ha PYCCKOM M aHIVIMIICKOM s3BIKaX, pedepaT Ha PYCCKOM S3bIKe,
VK, cBenenus 06 aBTopax: GaMuins 1 HHUNHAIB! (Ha PyCCKOM U aHIIMHCKOM SI3BIKAX ), Ha3BaHHE UH-
CTUTYTa, azpec U TeneoH. Bee cTpaHUIBl TEKCTa JOIKHBI OBITh MpoHYMepoBaHbl. CTaThs JOJDKHA
OBITH OJIIMCaHA BCEMH aBTOpaMu. TeKCT cTaThbl MOXKET OBITH HalleyaTaH Ha IPUHTEpPE C COOII0CHIHEM
TEX K€ MPABHIL.

2. ®opMynbl ¥ 0003HAUCHNUS TOJDKHEI OBITH BIMCAHEI KPYITHO, YSTKO, OT PyKH TEMHBIMH YSpHH-
namu (MO0 HareyaTaHbl Ha IPUHTEPE U 00s13aTENILHO pa3MedeHbl). JKenaTenbHo HyMepoBaTh TOJIBKO T€
(hopMyIIbl, Ha KOTOPbIE UMEIOTCS CChIIKH B TekcTe. Homep ¢hopMyiisl ykassiBaeTcs crpaBa B KPyIJIbIX
ckobkax. Ocoboe BHIMaHHE CllelyeT 00paTHTh Ha aKKypaTHOE H300paskeHUe HHACKCOB U II0Ka3aTeNnei
CTENCHEH: HIKHUE HHCKCHI OTMEUAIOTCs 3HAKOM TTOHIDKCHHUS N, BEPXHUE — 3HAKOM ITOBbIIICHHs [J;
IITPUXY HEOOXOAUMO YETKO OTIIMYATh OT CAMHHIBI, a SAMHUIY — OT 3amsaToi. Ciienyer, o BO3MOX-
HOCTH, H30eraTb TPOMO3JKHX 0003HAUCHUI U ympomaTs Habop (opMy:n (Hampumep, MPUMEHSS exp,
Ipo0Ob Yepe3 KOCyIo uepTy).

Bo u3bexanue HeropasyMEeHUH H OIIHOOK CIIAyeT AeNaTh ICHOE Pa3INIie MEXTy IPOITHCHBIMU
M CTPOUHBIMH OyKBaMu, ogrHaKoBbIMH 110 HayepTanuto (Vuv, Unu, Wuw,Ouno,Kuk,Sus,Cuc,
Pup,Z v z), nponucHble NOAYEPKHBAIOTCSA ABYMs YepPTaMH CHHU3Y, CTPOYHbIC — ABYMS 4YEepTaMH
cBepxy (S us, C u c). Heobxoaumo nenats 4eTkoe paznuuue Mexay OykBamu e, /, O (60ombmIoif) u o (Ma-
noit) u 0 (Hynem), 1uist yero OykBbel O M 0 OTMEUAIOT JIBYMsI YEPTOUYKAMHU, a HyJIb OCTABJIAIOT 0€3 mox4ep-
kuBaHUs. ['pedeckne OyKBBI MOTUEPKUBAIOTCS KPACHBIM KapaHIAIIOM, BEKTOPHI — CHHHM, JTHOO 3Ha-
KOM cHu3y yepHUIaMu. He pekoMeHyeTcs HCIIoIb30BaTh Alsi 0003HAYCHNUS BETHYUH OYKBbI TOTH-
YECKOT0, PYKOITMCHOTO U JAPYTUX MaJIOyNOTPEOUMBIX B XKYPHAJIBHBIX CTAThAX WIPU(PTOB, OJHAKO €CIN
TaKylo OyKBY Helb3sl 3aMEHHTh OyKBOH JIATHHCKOTO HIIM IPedecKoro andaBuTa, TO €¢ pa3MedaloT Ipo-
CTBIM KapaHJaumoMm (00BOAAT KpyXKKoM). B ciryuae, ecim HanmucaHue MOXKET BbI3BaTh COMHEHHUE, HEOO-
XOIMMO Ha HOJISIX aTh [OSCHEHHUE, Harpumep, { — «a3eray», § — «kcu», k — nar., Kk — pycck.

3. PHCYHKH HPEACTABISIOT HA OTACIBHBIX JIUCTAaX Genoi OyMard MM KaldbKH C yKa3aHHEM Ha
000poTe HOMepa PUCYHKa M Ha3BaHUs cTaTbi. TOHOBEIE (oTOrpaduyl JOIKHBI OBITH NPEACTABICHbI B
JBYX JK3EMILLIpax, Ha 000pOTe KapaHAAIIOM YKa3aTh: «BEpX», «HU3». [padUKu JOMKHBI OBITH TIIA-
TEJIBHO BBINOIHEHBI TYIIBIO WM YEPHBIMH YSPHHUIIAMHU: HE PEKOMEH/IYETCs 3aTrPOMOXKIATh PUCYHOK He-
HYXXHBIMH JIeTaJsIMU: OOJBIIMHCTBO HAJINUCEH BBIHOCHTCS B IIOAINCH, @ HAa PHCYHKE 3aMEHSCTCS
uudpamu nnn Oykamu. JKenarenbHo, 4TOOBI PUCYHKH OBLIH TOTOBBI K IPSIMOMY PENPOAYLHPOBAHHIO.
TMoxnucy k pucyHKaM NpeCTABISAIOTCS HA OTAENbHBIX JIHCTaX.

4. Tabnuubl TOHKHBI OBITH HAllEYaTAHBl HA OTACIBHBIX JUCTAX, KAXKAast TAOIUIA JODKHA UMETh
3arosioBok. CiielyeT yKa3blBaTh €IMHUIbI M3MEPEHUS BEJIMYUH B TaOIMLAX.

5. CnuCcoK TUTepaTypsl IOMEMAeTcsl B KOHIE cTaTbi. CCBHUIKH B TEKCTE JAIOTCSA C YKa3aHHEM HO-
Mepa CChUIKH Ha CTPOKE B KBaJPATHBIX CKOOKaxX. B iuTepaTypHOii cChliIKe ZOKHBI OBITh yKa3aHbI: IS
KHUT — (paMHJINH aBTOPOB, HHUNUAIIB, HA3BaHUE KHUTH, TOPOJI, H3JaTeIbCTBO (MIIH OPraHU3aIHsA), TO]



M3JaHHS, TOM (4acTb, TJ1aBa), MUTHPyeMas CTPaHHI[a, €CIH Hy>KHO; JUIs cTaTeil — (aMuIny aBTopoB,
WHUIHANIBI, Ha3BaHHE XypHAala, Cepus, TOA M3JaHUs, TOM (HOMEp, BBIMYCK, €CIHM 3TO HEOOXOIUMO),
HepBasi CTpaHuIa craTby. Eciii aBTOpOB Gostee MTH, TO yKa3aTh TOJIBKO IEPBbIC TPU GaMUIUH.
Hanpumep:
1.JIe3noB A.H., CaBesabeB M.B.— ['pynmoBbie MeTO/bl HHTEIPUPOBAHUS HEIMHEHHBIX AMHAMM-
yeckux cucteM. M.: Hayka, 1985, ¢.208.
2.I'omen M. — BonHosas ¢yukuus Bere: Ilep. ¢ ¢ppani. M.: Mup, 1987.
3. Turbiner A.V. — Comm. Math. Phys., 1988, v.118, p.467.
4.Ymsepuaze A.I. — DYAS, 1989, 1.20, Bbim.S5, c.1185.
5.Endo I., Kasai S., Harada M. et al. — Hirosima Univ. Preprint, HUPD-8607, 1986.

6. Penakuus noceliaer aBTopy oJjHy KOppeKkTypy. M3MeHeHus U JIOTIOJIHEHHs B TEKCTE U PUCYHKAX
He jpomyckaioTca. KoppekTypa ¢ HOIIHChIO aBTOpa U AaTOH ee MOAMICAHMS TOJDKHA OBITh BHICIAHA B
PENAKIHI0 B MUHUMAJIbHBIHA CPOK.
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BNAOVMUWP AJTIEKCAHOPOBUNY ®OK

(K cToneTtuio co gHa poxaeHus)
IO.B.Hoesoxunoes, B.IO.Hosoxunoe

C HkT-MeTepbyprckuii rocyn, PCTBEHHbI YHUBEPCUTET

BBEAEHWE
KPATKWIN OB30P HAY4YHOW OEATENIbHOCTU B.A.OKA

Ponb M Tem Tmyeckoro nmn p T B COBPEMEHHOWN dpusmke

B.A.dDok 1 coBpeMeHH 51 Gpur3nK
Yp BHeHue Kneiih —®ok n ¢ 30Boe Npeobp 30B HME BOJI-

HOBOW dYyHKUUKM [8,9]

MpeacT BneHne dPok
Yp BHeHue up K B Mofe TAroTeEHUS U N P JIIENbHbIN nepe-

HOC K K cnocob 3 O Hus K NMOPOBOYHOIo B3 MMOAENCTBUS
MeTopn X ptpn—dok

MHoroBpemeHHon ¢opm nuam  Oup Kk —®Pok —logonb-
cKoro

Mpoctp HcTBO PoOK

CI/IMMeTpVIﬂ TOM BOAOpOA W ANH MUYECK 4 cUuMMeTpuda
MeToa cobcTBEHHOrO BpemeHn Pok

MeToa dyHKUMOH noB dPok [49,50]
Yp BHEHUS OBMXEHUS M CC B 0OLIEN TEOpUM OTHOCUTESIb-

HOCTM
Anodp kKumns

Mpukn gHble 3 O 4K
KHurn «Teopust NPOCTP HCTB , BPEMEHU U TAroTeHus» [66,

67] W «H 4 n kB HTOBOM Mex HuKn» [68, 69]
3 WnUT H yKn
O Tbl Xn3Hn Bn gumnp  Anekc Hpoposud DOKA

PABOTbI MO KBAHTOBOW TEOPUW MON4A

0606weHne yp BHeHus LLipeauHrep uyp BHeHune KnenH —
®dok

Teopusa nsnyydeHns Oup Kk v npenct sneHue Ook
KB HTOB 91 9nekTpoAuH MUK U MHOroBpemMeHHon ¢GopMm -

m3am Oup k —®dok —IlloaonbLCKoro
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2 HOBOZMJIOB 10.B., HOBOXWJIOB B.10.

MeTtopn dyHKUMoH noB Pok
Yp BHeHue [lup K B rp BUT LMOHHOM nose
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