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Bcerynienne

. u mpedan A cepdue moe momy, 4moboi
uceaedosams u UCHBMAMb MYIPOCMbIO 6CeE,
ymo deaaemcesa nod nebom: Mo magicesoe
sanamue dan Boz chmam uenroseueckum,
YMOObL OHU YNPAHCHANUCH 6 HEM.

Exkmesmact

Ananu3 KuHEMaTUKU Peaklpii ¢ y4aCTHeM 3JIeMEHTAPHBIX YACTHI
s1JIep — OCHOBA OCHOB B (pusuke smeMeHTapHbix dactuil. C Hero HadnHa-
ercs 00CyzKIeHne TOUTH JII0O0T0 BOmpoca; 0e3 Hero pakTUIeCKH HEeBO3-
MOYKHO HE TOJIHKO MOJIYUUTh (DU3NIECKUN PE3YIHTAT IKCIEPUMEHTA, HO
naxke sicHO cOPMYJIUPOBATH MPEAMET 00CY:KaeHus. Bompockr pensaTu-
BUCTCKOW KMHEMATUKN HEYACTO CTAHOBATCS UCKIIOUYUTETHHON TEMOU MO-
Horpadmii, HO BeCbMa JaCTO PACCESTHBI B OPUTMHAIBHBIX CTATHAX.

ToBopst 0 KMHEMATHKE B MUpPE IEMEHTAPHBIX YACTHUIL U AP, MOKHO
MIOHUMATh €€ B Y3KOM CMBICJIEe, KaK aHAJN3 CJIEICTBUI CTPOTUX 3aKOHOB
COXPAHEHUS YHEPTUU-UMITYIHLCA U JIOPEHTeBoit nuBapuanTuoctu. [lomy-
HeHHBbIE TIPU 3TOM Pe3yJIbTAThI ABIAIOTCA TOTHBIMMA.

3aKOH COXpaHEHHUsI yIJIOBOI'O MOMEHTA TaKKe SIBJISETCS CTPOIHM, a
3/TEMEHTApPHBIE JACTUTIBI U AIpa, KaK MPABUIO, 001aaf0T BHYTPEHHUM
YTJIOBBIM MOMEHTOM (CTIUHOM ). Pe3y/IbTaTs, MoIydaeMble KaK CIeICTBUS
3aKOHA COXPAHEHUs YTJIOBOTO MOMEHTA, TAKyKe ABJISIOTCA TOYHBIMH W
He 3aBUCAT OT Mojeseil. [loaToMy BMOIHE AOMYCTUMO MOHUMAThH KIHE-
MaTHUKY 3J€eMEHTAPHBIX YACTHUIl B IMUPOKOM CMBICTE, KaK JUCIHUILIAHY,
paccMaTpUBAIONIYIO CJIEICTBUASA CTPOTO BBLITOJTHAIONIAXCA 3aKOHOB, OCHO-
BAHHBIX HA TOYHBLIX CUMMeTpHUsX Hamero mupa. OIHako, Kak IpaBuio,
BOMPOCHI, CBSA3aHHBIE CO CIMUHOM, B 3TOM KypCe He PaCcCMaTPUBAIOTCH.
Mubivu ciioBaMu, CAYUTAETCA, ITO COCTOSHUE YACTHUIL MOJTHOCTHIO Xapak-



TEPU3YETCsT TOJBKO UX 4-MMITyIbCOM U Maccoit. Bmecre ¢ Tem, B psijie ciy-
4aeB, HANPUMED, MpU OOCYKICHUN TPEXYACTHIHBIX PACNAJI0B YACTHUII,
BCE JKe TPUJETCS BCIOMHUHATH O JPYIUX KBAHTOBBIX YHCIAX, OMPEJe-
JISTIOIIIAX COCTOSTHUST JACTHUIl, U UCXOIUTH U3 PACITUPEHHOTO TTOHUMAHWS
KUHEMATUKH.

[TockombKy 3TOT KypC aIpecoBaH CTYAEHTAM CTApIINX KypCOB YHU-
BEPCUTETOB, MOIPA3YMEBACTCS, YTO OCHOBHBIE MPECTABICHUS CIIEITUATb-
HOW TEOPUU OTHOCUTETHHOCTH U (DUBUKH HJTEMEHTAPHBIX YACTHUI] YUTA-
TEJII0 W3BECTHBI. B 9acTHOCTHM, €My JOJIKHBI OBITH XOPOIIO 3HAKOMBI
TaKWe MOHATHUsI, KAK YeTBIPEXMEPHOE TTPOCTPAHCTBO COOBITHIA, 4-BEKTOD
SHEPTUU-UMITYJIHCA JACTHUIIBI, TTPeobpa3oBanus JIOpeHa a TakKe MOoHs-
THE O PEeATHBUCTCKUX WHBapuaHtax. IIpeamosiaraercs TakyKe 3HAKOM-
CTBO € OCHOBAMHU KBAHTOBOI MEXaHUKHU U MPEJICTABICHUSIMU O KOOPIH-
HATHOM M MMIIYJILCHOM MpPOCTpaHcTBaX. Takme BOmpPOChl (PUIOCOPCKO-
O XapakTepa, KaK CMBICT MOHATHS (DU3UIECKOTO MPOCTPAHCTBA, B KO-
TOPOM TIPOUCXOAAT (PUBMIECKUE COOBITUS, CMBICJI TTOHATUI BPEMEHU U
MPOCTPAHCTBEHHBIX KOOP/IUHAT, PABHO KaK U CIIOCOOOB apudMeTu3anuu
npocrpascTBa (OnpeseseHus IPOCTPAHCTBEHHBIX U BPEMEHHON KOOP/IU-
Har dbusndeckux cobbiTHii) 3/1ech He 00CYKAAI0TCs, TAK KAK OHU He OT-

HOCATCA K TTpeaMeTy KUHEMATUKU HU B Y3KOM, HU B IMUPOKOM CMBICJIE.
X 3k Xk

PeKOMeH,E[yEMI)Ie KHHUTHU 1 CTaTbM IIO KNMHeEMaTHUKe " (1)I/IBI/IKe
JIeMEeHTapHbIX YaCTWHuIl.

Kuurn A.M.Banguna, B.M.Tonbmanckoro, B.M.MakcumeHnko wu
N.JI.Pozenrans [1], [.M.Konsuiosa [2], E.Bokmmura n K.Kasuru [3],
B.N.Tonbnanckoro, FO.IT.Huknrnna n N.JI.Posenrans [4] nasHO yixe
CTaJIN HACTOJHHBIMHA CITPABOYHUKAMH JIIOOOTO (hpU3WKa, pabOTAONIEr0 B
dusnKe 3TeMEHTAPHBIX JACTHUI] U PEIITUBUCTCKON dmepHoil ¢pusnke. B
HUX PACCMOTPEHBI PA3HBIE ACHEKTHI PEISITUBUCTCKON KUHEMATHKHU SJIe-
MEHTAPHBIX TPOIECCOB, W BCE YeThIpe KHUTU, UMest MHOTO ODIIero, B3a-
UMHO JOTOJHSAIOT APYT Apyra. B 3TOM psmy BBIIEISIETCS TPEKpacHast
kuaura [\M.KonbimoBa cBOMM KUBBIM W TIOITUYHBIM CTHJIEM M3JTOKEHUST
U B 9aCTHOCTH — SIPKOM XapaKTEePUCTUKON TPEIMETa KUHEMATHKHA.

Kunra IT.K.Pamesckoro [5] none3na naunHaomuM Gu3ukaM BO MHO-
IPUX OTHOIIEHUSIX: KaK /ISl yIIyOIeHUS TOHUMAHUSI CIIEIUATLHOM TeOPUN
OTHOCHTEJILHOCTH, TAK U B KAUECTBE BBEJCHUS B OOIIYIO TEOPUIO OTHOCH-
TesibHOCTH. MOXKeT TIOKa3aThCsl, UTO OHA HE MMEET MPSIMOTO OTHOTIEHUST
B COOCTBEHHO KMHEMATHKE, HO 3TO — TOJIHBKO HA TEPBBIil B3TJISII.



Crarbsa JI.B.Oxyus [6], rae obcyxaaercsa busudeckuii CMbICII IOHS-
THS MAacCChl YaCTHUIbI, OYEHb BAYKHA JIJIsi OHUMAHUS TPUHIUITHATIBHON
Da3HUIIbI MEXK/Iy MOHATUEM SHepruu (KOMIOHEHTbI 4-BEKTOPA IHEPIHu-
UMITYJIHCA) U UHBAPUAHTHOW BEJIMIMHON, CBA3AHHOM ¢ 9TUM 4-BEKTOPOM:
€ro CKaJIIpHOTO TMPOU3BEIEHUsT HA, CAMOTO ce0st, KOTOPOE MMEET CMBICIT
KBaJpaTa ero ” IIWHbI’ B YeThIPEXMEPHOM ITPOCTPAHCTBE W 0003HATAET-
ca xax m?. K cokaennio, B IOCIeHIe JCATIICTH /18 BeTHIHHBL M
BOIIIEST B OOMXO/T, COBEPIIIEHHO HEIIPABUILHDIN 1 (PU3MIECKU OECCMBICTICH-
HBII TepMUH " MHBApUAHTHAS MACCA” . DTOT TEPMUH TOIPA3YMEBAET, 4TO
KpoMe ”"MHBApUAHTHO! Macchl” eCTh U He WHBapuaHTHas Macca. Ho Beanb
TAKOTO TOHATHS HET!

Crarbsa P.@eiinmana [7] mana B ciucke obuieil aureparypbl moroMy,
9TO B HEil OYEHb SICHO M3JI0KEHbI OCHOBBI TIAPTOHHOW KAPTUHBI B3AUMO-
TTeCTBUSI IaCTHUIIL.

X 3k Xk

B kypce jexnnii Mo ocHOBaAM KWHEMATHKHU JIEMEHTAPHBIX TTPOIECCOB
JIIsl CTY/IEHTOB, CIEIUATU3UPYIOMUXCS B 007acTu (DU3UKU dTeMEeHTap-
HBIX Y9aCTHIL U S/IePHON (DU3UKHU, TPE/ICTABIACTCS YMECTHBIM JAaTh HEKO-
TOPBIE PEKOMEH/IAIINY TI0 JINTEPATYPE, BBOJAIIEH B 9Ty 061aCTh (DU3UKH.
CoOoTBeTCTBYIOMINT CITUCOK /TAH B XPOHOJOTHIECKOM TTOPSIIKE.

3maxomcrBO ¢ kHuramu [§] — [12] BecbMa MOIE3HO, XOTH OHU BO MHO-
IUX aCleKTaxX y¥Ke JOBOJHHO CTAPOMOIHBI (OCOOEHHO, KOTJa PeUb HUIeT
06 06CYKIEHUN MOJIeTel 3JeMEHTAPHBIX MPOIECCOB WA O YHCJIEHHBIX
3HaYeHUAX PYHIAMEHTAIbHBIX K (PEHOMEHOJIOMMYECKUX [IOCTOSHHBIX ).
Bwmecre ¢ Tem, B HUX JOCTATOYHO JETATHHO OOCYIKIAETCS PSIJT BAYKHBIX
BOITPOCOB, KOTOPBIE B COBPEMEHHBIX KHUTAX OOBITHO MPOITYCKAIOTCS Kak
00IeN3BECTHBIE, XOTS HAYUHAIONINM (DU3UKAM 3HAKOMCTBO C HUMU HEO0-
XOJUMO It IOHUMAHUS MPOUCXOXKICHUSA U (PUIHIECKOTO CMBICIA MHO-
PUX COBPEMEHHBIX TEPMUHOB WU MOJIETEH.

Kunru [16] - [25] gator xopoiiee BBefeHne U 001Iee IPEICTABICHIE O
COBpPEMEHHON (PU3UKE 3IEMEHTAPHBIX YACTHI] ¥ UCITOIB3YyEeMOIl B Heil Tep-
muHOsTorun. Kuwru [9], [10], [13], [15] BBOAST unTaTess B Kpyr MOHSATHIA,
el W anmapara COBPEMEHHOW Teopnun (PU3UKN YACTHUIL, UMesT PASHBIN
YPOBEHDb CIOKHOCTH. PaziudHble acneKThl COBPEMEHHOM (DU3UKHU die-
MEHTAPHBIX YACTHUIl, KIACCH(MDUIMPOBAHHDBIE [0 THILY B3aWMOIEHCTBUI,
o6cysKIaloTcst Takyke B KHurax [14]- [19].

Marepuam mocobust CrpynmupoBaH MO TEMATHYECKOMY MTPHHITAILY.
[Ipunsaroe paszmesenne Ha 9acTH, COOTBETCTBYIONINE OJHON Tape JeK-
[Uii, T0CTATOYHO YCIOBHO: OObEM OTIAENBHON dacT He 00S3aTebHO CO-
OTBETCTBYET 0 BPEMEHHU YEThIPEM AKAJIEeMUIECKUM YacaM, €CITU B HUX



HE BBIJIEJIEHO BpeMsi Ha pa3bop 3aad 1Mo Teme Kypca.

IlepBasi, BBOmHASI, YACTH TIO CBOEMY COAEPIKAHUIO OJMIKE BCETO K
0YEpKY COCTOsiHUST (DU3UKHU YACTHIL U AJ€PHON (DU3MKY B KOHIE NEPBOi
JeKa bl 21-r0 CTONETHS ¢ aKIEHTOM Ha, 00JIACTH MTPOMEKYTOUHBIX SHEP-
ruii. Ee ocHOBHOe mpenHa3zHavYeHWe — JATh CTYIEHTY-CTAPIIEKYPCHUKY
MUHUMAJIHLHOE TTPEJICTABIEHUE O TOM KpyTe ueil u mpobsemM, ¢ KOTOPBIM
eMy, BO3MOXKHO, TIPEJICTOUT BCTPETUTHCS MPU BCTYILIEHUU B CAMOCTOS-
TEJIbHYI0 HAYYHYIO YKU3Hb U B KAKOM KOHTEKCTe eMy (BO3MOXKHO) IIpH-
JIeTCsT TPUMEHSATh CBOW 3HAHUS PEJIITUBUCTCKON KMHEMATHUKMI.

Briosine oueBuaHO, UTO TeMATUKA ITON YacTu HAanboIee CyOLEeKTHBHA,
U OTPAYKAET HAYUIHBIE WHTEPECHI aBTOPA B MEPBYI0 0YEPEIb.

O cbopHukax 3a/1a4 1m0 (pU3UKe JIeMEeHTAPHBIX YACTUIL U
aaepHoili dusmKe.

YAuBUTEIBHO, HO OKA3BIBAETCS, UTO COBPEMEHHOTO CIICIHATIU3UPO-
BAHHOTO OT/IEIBHOTO 33/IA9HUKA 110 OCHOBAM DETATHBUCTCKOI KMHEMa-
TUKH MPAKTUIECKN HET, XOTd BO BCEX PEKOMEHIOBAHHBIX KHUTAX 110 KH-
HeMaTWKe eCTh 3a71a49W W yIIPayKHEHNsl MTPAKTHYECKN KO BCEM UX TJIaBaM.
To e caMoe MOXKHO CKa3aTh I O OTHOIIEHHIO K COOPHUKAM 3aJat IO
dbwswke simpa W YACTHIL, XOTS BCE YKe €CTh HECKOJHKO WHTEPECHBIX 3a-
JIAYHIKOB JIOBOJIBHO TOYTEHHOTO Bo3pacTa [26]-[27].

[IpeacraBngercs yMECTHBIM JATHh B OTAEABHOM Pas3zene noabopKy He
CJIMIIKOM CJIOZKHBIX 3389 U YIPAXKHEHUH MMEHHO 110 MATePUAaLy Kypca.
OHU COCTABISIOT €10 HEOTHEMJIEMYIO YaCTh W CTPYITUPOBAHBI B COOTBET-
CTBUH C TeMaMu JieKInii. Bee ¥e 117151 cCepbhe3HBbIX YParKHEHWH 1 TPeHH-
POBKH BECbMA, MOJIE3HO HE OTPAHUIMBATHCSA TOJIBKO MU, & HCIOIb30BATh

emie u marepuas uz kuur [1, 2, 3, 4].
* % %

CoraalrieHus o eJInHNITax HSMQPEHI/Iﬁ u 0003HAYEHUAX.

3/1eCh MPUHATHI OOLIYHBIE 1151 (DU3UKH SJTEMEHTAPHBIX TACTHI COTIa-
IIEHUST O TOM, 9TO SHEPTUU YACTHIL U3MEPAIOTCA B ['9B, mMmmynbcer — B
I'sB/c, maccot — B 3B /c?, yroiet — B paananax. CKOPOCTH 9acTHIL H3Me-
PAIOTCS B €IMHUIIAX CKOPOCTU CBETa (TO €CTh, CKOPOCTH CBETA B MYCTOTE
npusgaTa 3a 1).

Kak mpapuno, Bce HEMHBAPMAHTHBLIE BEJWYUHBI, B3ATHIE B CHCTEME
[EHTPA MACC, OTMEYAOTCs 3Be37049koil . OOo3HAYEHUST TPEXMEPHBIX
BEKTOPOB TAIOTCS YKUPHBIM TTPUMTOM, OOO3HAUEHWS YETHIPEXMEPHBIX
BEKTOPOB OOBIMHO JAHBI 3aTJIABHBIMU OyKBAMHU B KyPCUBHOM mpudTe.
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Jlekimm 1 m 2



I'nmaBa 1

BBenenne

Kunemarndeckune coObITHS B (PUBUKE IJTEMEHTAPHBIX YACTHUIL U SIIEP TTPO-
HUCXOJAT B 9€TBIPEXMEPHOM HMMITYJILCHOM TpocTpancTBe. OHO sBIsieTcst
JIOCTATOYHO OPTaHU30BAHHBIM MHOYKECTBOM, MMEIOIINM BITOJIHE OMpee-
JIEHHBIE T€OMETPUYEeCKue CBOWcTBA. [loI0KeHre KaXK A0l TOYKHA B ITOM
MPOCTPAHCTBE MOYKET OBITH OXaPAKTEPU30BAHO YETHIPEXMEDHBIM PAJIAYC-
BEKTOPOM P, IPOBEIEHHBIM B HEE U3 HAYAJIA CUCTEMbI KOODIUHAT; KOOP-
JIMHATHI KOHIA 9TOTO BEKTOPA W €CTh KOOPAMHATHI TOYKH.

Kaxknas Touka wMITyIbCHOTO MPOCTPAHCTBA COOTBETCTBYET COCTOS-
HUIO JIBUZKEHUS HEKOTOPOII peaslbHOU YaCTUIBI ¢ ONMPEAeSIeHHON Maccoit
m. Ilpu w3MeHeHUU ee COCTOSTHUS IBUMKEHUS YACTUIA OKA3HIBAETCS B
JIPYTOi TOYKE MMITYJIbCHOTO TPOCTPAHCTBA, OJIHAKO P ITOM HUKAK HE
n3MeHsgeTcs ’ amuHa’ COOTBETCTBYIONMEro eii 4-BekTopa. HbpiMEu ciioBa-
MU, COCTOAHUA JIBUKEHUA PEaJbHON HaCTUIbl C ONPEJEJEeHHON MacCou
M 3aCeIAI0T B Y€THIPEXMEPHOM WMITYJIHCHOM MPOCTPAHCTBE HEKOTOPYIO
TUTIePTIOBEPXHOCTD, OMpeessseMylo yeaosuem P2 = const = m?2.

Koopannarsr konta 4-sekTopa P onpeeaioTcss BeTUINHON KUHETH-
4eckoil suepruu yactuipl (1) u ee NPUBBIYHBIM TPEXMEPHBIM BEKTOPOM
ummynbca p. OJHAKO TONMBKO B HAYAJE MPOIILIONO BEKA CTAJIO MOHSAT-
HBIM, 9TO TOpa370 0oJiee BAXKHON XapaKTEPUCTUKON, YeM KUHETUIECKAs
SHeprus, spiasercd cymma F = T + m, Ha3bIBaeMas TOJHON dHepruei
YACTUIILI, WU — KPATKO — dHeprueit. IMenno E u p ABISIOTCS KOMITO-
mentamu 4-sekropa P, a ero ” aimHa” OIpPeIesieTcsd MacCOil YaCTUIIbL:

732 = E2 — p2 = m2 (1.1)
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JL71s1 peasibHBIX YaCTHIL, KOTOPbIE MOI'YT OBbITh 3aPErnCTPUPOBAHBI Jie-
TEKTOPOM, IOJIHAs SHEPrUs BCEra IMOJIOKUTeIbHA, a ycaosue (1.1) Bee-
r/1a BbInosiHseTcs. TakuM 00pa3oM, COCTOSIHUS PEATbHOM YaCTUIIBI C MaC-
CO¥ M B UMITYJILCHOM TTPOCTPAHCTBE 3AMTOTHSIOT THIIEPITOBEPXHOCTD, BhI-
neneHnyio aByMa yeaopuavu: P2 =m?2 u E > m.

Kaxkwne ObI cOOBITHS B3ANMOJICHCTBUS YACTHUI] HU TMTPOUCXOIUIIHN, OHU
HPOUCXOJAT TaK, YTO COXPAHAETCH He TOJIbKO IPUBBIYHBIN IOJHbII
TPEXMEepHBIl UMILYJIbC, HO U moJsiHas Heprus. Ilosromy coxpansiercs u
” namHa” BEKTOpA TOTHOTO 4-MMITyIhCa

2

2
n N n N
oPi=> P, (DR = (D P - (1.2)
i=1 j=1 i=1 j=1

rie P; ecTh 4-UMITYIbC i-# 9aCTUTIBI HATATHHOTO COCTOSHHUS, 7 €CTh IUCTIO
JaCTHI, B HAYATLHOM COCTOAHWH, N — YHUCIO YACTHUIL ITOCTE B3aNMOJIeii-
crBust (OHO He 00s3aTeIbHO paBHO n), P; (P;) — 4-NMIyIbC OTAENBHOMN
HaCTHUIIHI COOTBETCTBYIOIIETO COCTOSTHUS.

NMmenno ananms ciaeacTBUil 3TOro 3aKOHA ABJIAETCA OCHOBHOH 3aJ1a-
qeil peaATUBUCTCKON KMHEMATUKN 3JIeMEeHTAPHBIX ITPOIECCOB.

* %k Xk

CorIacHO CHenmanbHON TEOPUH OTHOCHTETLHOCTH, 3aKOHBI TIPHPOIHI
OJIMHAKOBEI BO BCEX WHEPIUATIBLHBIX CHCTEMAX OTCYeTA. B MpUMeHeHWH
K KHHEMATHKE 3TO O3HAYAET, UTO 7T ONMICAHNSA KHHEMATHIECKIX COObI-
THiT HeOOXOIUMO, BO-TIEPBBIX, 3HATH 3aKOHBI IIPe0OPa30BAHIA KOMIOHEHT
4-PMIyIbCA IPU TIepexofe OT OJHOH CHCTeMBI OTCYeTa K JAPYTOH, U BO-
BTOPBIX, HEOOXOIUMO CTPEMHATLCS K OMHCAHHIO ITHX COOBITHI B TepMEHAX
TAKUX TIePEMEHHEIX, KOTOPHIe He M3MEHSIOTCSA TIPH TIePexoe OT OIHOM
cHCTeMBbI OTCYeTa K APYToif (Takwe TepeMeRHble Ha3bIBAIOTCS JOPEHTI-
HHBAPHAHTHBIMHE; IIPH 0OCYKIEHHH BOIPOCOB KNHEMATHKH HX UACTO Ha-
3BIBAIOT [IPOCTO ”MHBAPUAHTHI ).

HamoMHEM 37eMeHTapHBIEe CBORCTBA 4-BEKTOPOB, O, KOTOPLIMHE HO-
HIMAaEeTCs COBOKYMHOCTE ueThipex Besmumn A%, Al A2, A3 ucnmiToipa-
IOIMIIX TIPY MPeoOPa30BAHUAX HUETHLIPEXMEPHBIX KOODIWHAT M3MEHEHHS
cornacuo npeobpasosanuam Jlopenya [9]. TIpuHATO 3aNMUCHIBATH TAKy1O
coBokynHocTh Kak A*, p = 0,1,2,3 nmu A = (A, A, A% A%) wm
A= (AO,A). Ksaapar sesmuunbl A (anajaor KBajpara MOJIyJis HPU-
BBIYHOTO TPEXMEPHOTO BEKTOPA) ONpPeIeNsaeTcs KakK

A2 = (A (A1) (a2)" - (a7)?
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B saBumcHMOCTH OT 3HaKa BelmumHbl A2 MHOXKECTBO 4-BeKTOPOB
pacmernyisercs Ha 3 Knacca: npu A2 > (0 oHM TIpUHATIEKAT KIacCy
BPEMEHH-TI0JI00HBIX 4-BeKTOPOB, Kiaace 4-BekTopos ¢ A? < 0 HasbiBa-
eTcA TPOCTPAHCTBEHHO-TIONOOHBIM, 8 4-BeKTOPHI, A1 KOTopeix A2 = 0,
COCTaBJISAIOT KJIACC U30TPOIMHBIX 4-BEKTOPOB. DTa KjIacCupUKAIUS PEIsi-
TUBUCTCKU WHBAPUAHTHA. CBOOOIHO JBUKYIIUECST YACTHUIIHI C HEHYJIEBOM
MAaCCOU UMEIOT BPEMEHU-TIOOOHBIN BEKTOD 4-UMITy/IbCa, a YACTHUIIBI C HY-
JIEBO# Maccoit — uzorponubiit. O6cystcdan Kunemamury Guauveckus npo-
UYECCo8, IKCNEPUMEHMAMOP uMeem Jeno, KaK Npasuso0, ¢ PEasbHbLMU Ya-
CULAMU, TLOIMOMY COOMBEMCMBYIOULUE 4-UMTYACHL PUSUNECKUT pPe-
ANLHBIT 4ACTUY, BPEMEHU-TL0000HL UAU USOMPONHHL (€CTTH MACCA YACTH-
bl HyseBagd, Kak y ¢porona). Iy BUPTyalbHBbIX YACTHIL UX 4-UMILYJIbC
MOXKeT MPUHAJIIEXKATH JTI000MY U3 KJIACCOB.

B nanbmeiiniem 06CyKI€HIE BOTIPOCOB KUHEMATUKH JIEMEHTAPHBIX
MPOIIECCOB MOAPA3YMEBAETCH, YTO PEUb UJET O MACCUBHBIX YacTUIax (Ha-
npuMep, mpu 00CYKICHUN 4-CKOPOCTH); CIIEIUAILHBIE Cydan KUHEeMa-
TUKHU C ydacTreM (POTOHOB OrOBAPUBAIOTCS OTAEBHO.

Banuch Buga AF  COOTBETCTBYET T. H. KOHMPABAPUAHMHOMY 4-
BekTOpy A. Eciu onpenennTs HOBbBIH 4-BEKTOP ¢ KOMIIOHEHTAMHE

Ag=A", A =—-A', Ay=-A%, A3=-A4A° (1.3)
2
U 3aIICcaTh UX Kak A, To Beqmammy A° MOKHO mepenmcaTh B popme

4
A% = Z AFA, = APAg + AYA; + A% Ay + A% A3,
n=0
YTO MPUHATO 3aMUChIBATL MPOCTO Kak AMA,, omyckas 3HaK CyMMUPO-
BaHWS, HO TOAPA3YMEBAs, UTO 1O COBMAIAIONINM MHIEKCAM, BCTPEUAIO-
IIIUMCS ¥ BBEPXY, U BHU3Y, TPOU3BOIUTCS CYyMMHUPOBAHUE.

MoxKHO yOeIuThCsI, ITO 3aKOH MPEOoOPA3OBAHMS KOBAPUAHMHOZ0 BEK-
topa A, mouru takoii xe, Kak B ¢opmynax (1.8, 1.11), ornuaascs ToIb-
KO 3HAKOM [' B HUX, MPOTHBOMOJIOXKHBIM 110 OTHONIEHWIO K 3HAKY [ B
dbopmysax mpeodpa3oBaHUS I KOHTPABAPUAHTHOTO BeKTOpa, A .

Ckansproe mpou3Beienne nByx 4-sekTopos A u B onpemensercs Kak

A-B = AB=A'B, = A,B" =
AgBY 4+ A\ B' + A;B? + A3B® = AgBY — AB . (1.4)
MoxKHO J1erko yOeanThCs HEeOCPEICTBEHHBIM BBIYHCIEHHEM, ITO BeJIHh-
quna (A - B) peficTBUTEIbHO HHBAPUAHTHA OTHOCUTEJILHO 1Peodpa3oBa-

uwnit Jlopenta, T. e. ABIAETCA CKAJIIPOM B TTPOCTPAHCTBE ONPEIETECHHBIX
3/1eCh 4-BEKTOPOB.
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Baxxuyto posib B MCUNCTEHNN YE€THIPEX-BEKTOPOB HUTPAET MEMPUE-
cxutli mensop g"” = g, A0 CHX TOP He BCTPeYaBIIUHCA 371eCh, HO C
KOTOPBIM TP YTEHUHM PEKOMEHIOBAHHON JTUTEPATYPHI UUTATEIh Helpe-
MeHHO BeTperutcd. [lomo3peBas, 9To YuTaTenb ¢ HUM yKe 3HAKOM U
TMTOMHS#, 9TO ~JIydIle TMO3IHO, YeM HUKOTIA” , HATTOMHUM U O HEM.

Merpuveckuii TeH30p gHY TIpEICTABIIETCS B BUJE MATPUITHI

1 0 0 0
. 0 -1 0 0 _
9="(9"") = (gw) = 0 0 -1 0 =g L (1.5)
0 0 0 -1

C ero moMoIb0 MOKHO, HATIPUMED, TIEPEBOINTH KOHTPABAPUAHTHBIE
4-BeKTOpPHI B KOBAPUAHTHBIE U HAODOPOT:

AL = gAY, Al =g'"A, . (1.6)

(311€Ch MCTIOMB30BAHO JAHHOE BBINIE COTJIAIIEHUE O CyMMUPOBAHUM T10-
Bropstomuxcs unaekcos.) CKajigpHoe npousBeieHue AByX 4-BEKTOPOB C
TIOMOIITBIO 3TOTO TEH30PA 3AMUCHIBAETCS OY€HDb MTPOCTO:

(AB) = At'g,, B . (1.7)

ITouemy Temzop ¢gM¥ HasbIBaeTCs ~’MeTpUIEeCKHM' , JTIOOOMBITCTBYIO-
il YuTaresib MOXKeT y3HATH U3 JIMTEPATYPbI, HApUMep, u3 Kuuru [5].

Bonee momgpobroe paccMoTpenne CBOWCTB 4-BeKTOPOB MOYKHO HaTH,
B YACTHOCTH, B KHUTaX [5, 9] W MHOIUX JpPyrux.

* 3k Xk

Nrak, komnonentbl 4-ekropa P = (E,p) npu mnepexoje OT OmHOI
CUCTEMBI OTCUETa K JPYTOil NCTIBITHIBAOT peobpa3oBanus Jlopenra. Ha-
CTaJIa TIOPa UX HATIOMHUTh.

ITycth B Kako#-TO cucTeMe OTcYeTa S YaCTUIA UMEET UMIYILC P U
suepruto E. Ilycrs apyras cucrema orcuera S’ ABUAKETCS OTHOCHTETHHO
S co ckopocThio B Tak, KaK moka3ano Ha pucyrke 1.1.

Torma mMmynbe p’ u sHeprug E/ 370l Ke 9aCTUIBL B CHCTEME OTCIeTa,
S’ 6ymyT cea3anbl ¢ p m E B cucteme S COOTHOMMEHUAMA

E' = vE-Tp|,

py = p —TE, (1.8)
pL = pi,

p = (p/J_707pT|>7
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Puc. 1.1. Illtpuxosannas cucrema ABUIKETCA OTHOCHTETHHO HENITPUXOBAH-
Hoit co ckopocThio B. CooTBeTCTBEHHO, ccTeMa S OTHOCHTETHHO CHCTEMEI S’
JBHKETCS CO CKOPOCTHIO — 3.

rie pj u p[l — KOMITOHEHTHI COOTBETCTBYIOIINX WMITYJIHCOB, TTAPAJIETh-
HBIE BEKTOPY cKopoctu 3 (BIOJIb KOTOPOI HAIIPABJIEHBI, HAPUMED, OCH
Z u Z' cucreM KOOPIMHAT 0OEUX CHCTEM OTCUETa), P U p’| — KOMIIOHEH-
TBI 3TUX HUMITYTbCOB, TEPIEHIUKYTAPHBIE BEKTOPY cKopoctu 3 (BHOTHL
3TOro HepleH UKy iapa HalpasjeHbl, HanpuMep, ocu X 1 X ' IpUHATLIX
HAMHU CHCTEM KOODJIMHAT), & BEJTAYUHBL Y U [ eCTh

oLt po_B (1.9)

31ech 11 TPOM3BEJEHUS Y3 UCIONb30BAHO yJadHOe 0OO03HAYEeHUe
I’ u3 kuuru I'U.Konsuiosa [2], Giarogaps KotopoMy npeobpasoBaHue
Jlopenna (1.8) 3anucbiBaercs B JIerko 3anoMmunaonieiics dpopme.

Ecnu wactuna B cucreme orcuera S WMeEET UMIYJIbC P U SHEPTHUIO
E, To ee cucTeMa TOKOS JBUKETCA OTHOCUTEIHLHO S-CHCTEMBI ¢ TOW Ke
CKOPOCTBIO, 9TO U ITa YACTUNA, & UMEHHO:

= — ’y:—7 sz'ﬁ:_' (1.10)
ITpeo6pazosanmne (1.8) MOKHO 3amucaTh st 106010 4-BekTopa A =

(A% A) = (AY AL A% A3) = (A% A, Ay, AL). To ecth, npn nepexoze

U3 HEITPUXOBAHHO# cucTeMbl S (puc. 1.1) B IITPUXOBAHHYIO €r0 KOMIIO-
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HEHTBHI TPEOOPAZYIOTCH COTTIACHO

1
AT = (A% pAP) = A0 TAP . A=A = ———
7 (A% = BAY) =~ Ly
A% = A% AP = (4% - BAY) =A% T A (1.11)

B marpuuHoii 3ammcu 3TO TPeoOpPA30BAHME BBITJISIUT CJIELY FOIIAM
obpazom:

A0 Yy 0 0 -T yu
Al 0 1.0 0 Al
=l o 01 o 2 (1.12)
A3 - 0 0 ~« A3

[IpumedaTe o, 9TO ecu BeecTH 4-Bektop! G = (7,T), nmeromuii
croiictBo G2 = 42 — T2 = 1, 10 dopmymasr (1.11) MOKHO Tepenucarh B
BUIC

G, A=A, A% =42,
3 71 3 0
(4 (A ) = - (A rA ) L (113)

AY =
AP

2=

X k Xk

B coBpemenmoit puznke 9acTrI] XapaKTEPUCTUKH X B3aUMOIEHCTBHIIA
OMHCHIBAIOTCs, KAK IPABUJIO, B TEDMUHAX JIOPEHI-MHBAPUAHTHBIX KIHEe-
MaTudeckux nmepeMeHHbix. O HUX pedusb noiiger mo3xke. [upoko ynorpeo-
JISTFOTCS TaKzKe 6€3pa3MepHbIe IEPEMEHHBIE, OTHON U3 KOTOPBIX SBJISETCS
6viempoma (W OTHOCUTEIbHASA OBICTPOTA; PAHEe 71 HEee UCTIOIb30BAT-
cs TepMuH runepckopocts [2]). Hanomuum ee onpezenenue.

Kak wu3Bectno, eciiu cienars ABa MOCIEIOBATEIHHBIX TPEOOPA30Ba-
uus Buza (1.11) ¢ napamerpamu $1 u B2 Py yCIOBUM, 9TO HAIPABJICHUS
JIBUKEHUSA CUCTeM OTcuera S7 u S mapaieabHbl (0003HAUEHUS 376Ch
OYEBUIHBI ), TO IOy YeHHDIH PE3Y/IbTAT OYIET SKBUBAJEHTEH OJTHOMY MPEe-
0OpaA3OBAHUIO C TTAPAMETPOM (33 BIOJH TOTO K€ HAIIPABJICHUSI:

_ Bt b
1+ 6162

I ®axruueckn, 4-sexrop G = (v,T') ecth He 4TO WHOE, KaK 4-CKOPOCTH. DTO TIO-
HATHE OYIeT PACCMOTPEHO MO3XKe.

B3 Y3="1-v2 - (1+p1-P2) =71 -7+IT1-Ty, (1.14)
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YTO MOKHO NEPENNCATh B CAMMETPAYHOM BHJIE KaK
v3=71-72+I1-Te, T3=T1y+nl2. (1.15)
Oupenesnum 6vicmpomy 1 (WK rUNEPCKOPOCTH) CONJIACHO
g =tanhn, v=coshn, I'=0(.v =sinhn; (1.16)

HOCJIE TOTO HETPYIHO YOeauThes, uro coorHomenus (1.15) B Tepmunax
OBICTPOT O3HAYAIOT, UTO
N3 =Mn1+n2 . (1.17)

Wubivu cioBaMu, npu napaitesvrusls 0pyz opyzy npeobpa3osaHusT
Jopenua bvicmpomol cKAGIDLEAIOMCA.

Bosee mogpobHoe obCyKIeHre 3TOi TIepeMeHHON OymeT mpoBeIeHO
MO37Ke; MOYKHO TaKyKe OOpaTHThLCS 3a JeTalsiMi K PEKOMEHIOBAHHBIM
KHHUT'aM IIO KI/IHeMaTI/IKQQ. Bﬂer BazKHO IIOAYEPKHYTH UMEHHO 3TO c801i-
cmeo addumueHocmu Oblempom PU NAPATIETbHBIX MTPeobPA30BAHUIX
Jlopentia.

Marpuunast 3ammch mpeobpazosanus (1.12) mpm wcmosgn30BaHUN
OBICTPOTHI 7] BBITJISIIUT CJAEAYIOMNUM 00pa30oM:

A0 coshn 0 0 —sinhpy A0
Al 0 10 0 Al
A2 = 0 01 0 . A2 (1.18)
A'3 —sinhn 0 0 coshyp A3

Haxkowner, n3 coorromennii (1.16), (1.18) craHoBHTCA TTOYTH OYEBHI-
HBIM, 9TO PACCMOTPEHHBIE 3/eCh peobpa3oBanns Jlopenna dbakTuiaecku
eCTh HEe YTO WHOe, KaK MpeobpasoBaHus BpalleHus: B 4-MEPHOM IPO-
crpancrse. [losBienne runepboandeckux (byHKIHUH BBI3BAHO TEM, UTO
3TO TPOCTPAHCTBO HE ABJAETCS eBKIANAOBLIM. OmaHAKO Gosee moapobHOe
00CyKIeHMEe ITUX BOIIPOCOB BBIXOJUT 38 PAMKH JAHHOTO KYyPCa.

206 omnpesesenuu GLICTPOTHI Jist (DOTOHOB - CM. [2].
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I'nmaBa 2

Kiaccudukanusa Berseii

PpU3NKN JaCTHI]

2.1 ®Pusuka 3j1IeMeHTAaPHBIX YaCTUI] B I[€JIOM.

B camom mmpokom cwmbicsie, Gpu3MKa IJIEMEHTAPHBIX YACTHUIL IPU3BAHA
OTBETHUTH HA BOIPOCHI THUIA ~’KAK YCTPOEH HAI MUP U MOYEMYy OH TaKOB,
KaKNUM MBI €ro ceroans nabmomaem?”

Bojlee KOHKPETHO — KAKOBA CTPYKTYPA 3JIEMEHTAPHBIX YACTHUIL, KAK
OHU B3aMMOIEHCTBYIOT APYT C APYTOM, IOYEMY OHU UMEIOT Ty WUJIA WHYIO
Maccy, 9To Takoe ’(pu3nuecknii BakKyym”’, BCe JIM TUIBI YACTUI U WX
B3auMMOJEHCTBUN HaM W3BECTHBI U T. II.7

IToucku oTrBeTOB HA 3TH, M MHOTHE [IPYTHE BOMPOCHI, B 3aABUCUMOCTH
OT WX XapakTepa WIyT B pa3HbIX HampasaeHusX. COOTBETCTBEHHO, UC-
MOJIB3YIOTCS PA3HBbIE (YACTO MOXOYXKHUE) METOIbI IKCIEPUMEHTATHLHOTO 1
TEOPETUIECKOTO MCCIICTOBAHUS.

Hanpumep, MbI 3HaEM 0 4-X THIAX B3AMMOEHCTBHIT: TPaBUTAIIAOH-
HOM, cJIAGOM, 3JIEKTPOMATHUTHOM U CHJIbHOM. B du3uke snemen-
TapPHBIX YACTUI[ BHUMAHUE KOHIIEHTPUPOBAJIOCH, 0 HEJABHETO BPEMEHH,
TOJIHKO HA TTOCJIEIHUX TPEX.

Haubosee OHATHBIM U W3yYE€HHBIM CETOMHS MPEICTABISAETCS JJIEK-
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TPOMATHUTHOE B3aUMOJEHCTBUE. 3/1€Ch eCTh Teopus (KBAHTOBAS JJIEK-
TPOJMHAMUKA ), [IO3BOJILAIOIIA MHOIOE paccuuTarhb. Ho ecTb u HepemeH-
HbBIE BOIIPOCHI.

JlOBOIBLHO XOPOIITO TOHATO €jab0e B3anmMOjeHcTBHe. YiKe MOHSITHO,
YTO OHO TECHO CBA3AHO C 3JEKTPOMATHUTHBLIM (TEOPUS 3JIEKTPOCTIAB0ro
B3aUMO/IEHCTBUSI, OCHOBOTIOJIOXKHUKAMY KOTOPOoii cranmu CrtuBen Baitw-
Gepr u A6ayc Casam). Ho HepereHHbIX BOIIPOCOB MHOI'O U 3/I€Ch.

lopazmo xyxke moHATO CHUIBHOE B3aWMOIEHCTBUE JJIEMEHTAPHBIX da-
crull. 37eCh MHOTOTO He YIAeTCSd PACCUYUTATH W3 MEPBBIX TPUHITUTIOR” .
Teoperudeckoe onucanve sIBJIEHUN B CUIHHOM CTereHN (DEHOMEHOIOTHIe-
CKOe; KOJIMIeCTBEHHBIE PACUYEThI TPEOYIOT 3HAHWS OOJIBITIONO KOJTMIeCTRa
[IapaMeTpoB, U3BJIEKAEMbIX U3 IKCIEPUMEHTATHHBIX JTAHHBIX.

DKCIEPUMEHTBI, B KOTOPBIX BHUMAHNE KOHIIEHTPUPYETCS Ha BIOPAH-
HOM OTJETbHOM THIIE B3aUMOJEHCTBHil, MO CBOe# MeToanke u HabOpy
anmapaTrypbl WHOTIA OTJIMYAIOTCS BEChMa CHIBHO. TO YKe caMoe MOXKHO
CKa3aTh U O TEOPETUUECKUX METOIAX.

Bwmecte ¢ Tem, sKcriepuMeHTAIBHBIE U TEOPETUIECKUE METOIbI HCCIIe-
JIOBAHUI MOYKHO TO/IPA3/IEIATh HA PA3INYHbIE HANPABJICHUS MO IMIPU-
3HaKy XapaKTepHBIX HCCIEAYEeMBIX paccTogHuii Oosee miam Mme-
Hee HE3aBUCHMO OT THUTA B3aMMOJEHCTBYA. Jlerde BCero MOKHO yBUIETH
9TO HA MPUMEpPE CPABHEHUS JJIEKTPOMATHUTHBIX U CUJILHBIX B3AMMOIET-
creuii. OOIUM JIJIs HUX SBJISIETCS TO, YTO JIEMEHTAPHBIE YACTUIIBI SIB-
JIAIOTCS KBAHTOBOMEXAHWYECKUMU OOBEKTaMU W IO CBOEH mpupoje o0-
JIafaloT BOMHOBBIME cBoiicTBaMu. COOTBETCTBEHHO, WX JAeOpoilneBckas
JIJINHA, BOJIHBI OTIPEIEISIET MACIITA0 PACCTOAHUM, KOTOPhIE MOTYT OBITH
CYIIECTBEHHBI MTPU UX B3aUMOJIEHCTBUN.

Ho 310 He 03HaYAET, UTO YEM BBINIE UMITYJIHC YACTUIIBI, TEM MEHBITHE
paccrosaug OymyT ”nporrynbiBarbes’ . I[IpaBunbiee ObLTO OBI CKA3aTh,
9TO TEM MEHBIINNE PACCTOSIHNUSA MOTYT ~TIPOIIYIbIBATHCA : HATIPUMED, B
9KCIIEPUMEHTAX 110 PACCESHUIO YACTHIL OMPEIAEIAIONIYI0 POIb UI'PAET He
HAYAJIBHBIA UMIYIbC (WM JJIMHA BOJHBI YaCTUI, B HAYATHHOM COCTOSI-
HUM) caM 1o cebe, a BeJIMYnHa, €ro u3Menenus npu paccesaun. (Maryn-
TUBHO 9TO TOHSTHO, €CJIU BCIIOMHUTH COOTHOIIEHUE HEOPEIeIeHHOCTEMH
Teitzenbepra.)

1 onsarh, mcciiemoBanms mMPOIECCOB, MPOUCXOIANINX HA MAJBIX HJIH
GosbImux (MO CPABHEHUIO C PA3MEPAMU YACTHUI) PACCTOSHUAX TPEOYIOT
PA3HBIX IKCIEPUMEHTAIBHBIX U TEOPETUIECKUX TOIXOIOB ¥ METOIOB.

Hakomerr, mOCKOIBKY B MOJABJISIONIEM OOJIHINTMHCTBE SKCIIEPUMEHTOB
B dbu3KKe IeMEHTAPHBIX YaCTUL, Pedb UIET O paccesHuu (yupyrom uiu
JKe C POXKJIEHUEM JIDYIMX YaCTHUll, T. €. HEYIPYroM), TO MOJIHAS IHEPIus
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B CHUCTEME LIEHTPA MACC CTAJKUBAIOIIMXCA 9acTUll (MM UMILYJIbC OIHOM
u3 Hux (CHApgA]a) B CUCTEME HOKOs JAPYroii (MUILeHH), T. €. JAJIUHA BOJI-
Hbl CHAPSA/IA) ABJISAETCA TE€M IIPOCTHIM KOJUYECTBEHHBIM APAMETPOM, 110
KOTOPOMY TaKIKe Pa3/IeNSIIOTC METOIBI U TIOIXOIBI, TPUMEHSIEMBIE B T€O-
PETHYECKUX W SKCTEPUMEHTATBHBIX NCCIETOBAHUSIX.

Ha »sroii (smeprerudeckoii) KaaccupUKAIUU CTOUT OCTAHOBUTH-
ca moxpobree. Korma ycrpamBaercs cTonkHOBeHume ~cHapama’ ¢ 4-
AMITyTBCOM Pproj U 7 MUIIEHN” ¢ 4-IMIYTECOM Piyrg, TOTHBINR 4-NMITyTBC
Piot ITOM CHCTEMBI €CTh

Ptot - Pproj + Ptarg , T.e.
(Etot7 ptot) = (Eproj + Eta7'g7pp7'oj + ptarg) ) (21)

7 B34B BCe BEJNYWHBI B CUCTEME TIEHTPA MACC CTAJTKUBAIOIINXCS YaCTHUII
(4TOOBI TIOMYEPKHYTH 3TO, OHU TIOMEYEHBI 3BE3/09KOI1 ), IMeeM:

_ * * _ * * * * _
Prot = (Etota ptot) - (Eproj + targ> (pproj + Piarg = O)) . (22)
TTockombKy KBaJApaT 4-MMIy/IbCa €CTh PENSTHBUCTCKHNA MHBAPHUAHT, TO
[IPH MOKOsIIeHcs B 1a00PATOPHOlN CHCTeMe MUIIEHH (Piqrg = 0) HMeeM

* * \2
Pt20t = (Eft,Piot)” = (Eproj + Etargs Pproj)
* * 2
= (Bhoj + Eiarg)” - (2.3)

KBagpar mosiHOTO 4-MMITyJIbCa ABYX CTAJIKWBAOIIUXCH dYa-
CTUIIL, UMEInil (pU3nIecKuil CMBICJ KBaJpaTa IMOJTHON SHePrun
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B CHCTeMe UX IIeHTpa Macc, UurpaeT Ba>HYIO pPOJIb B KUHeMaTu-
9geCKHuX pacvueTax U OJid Hero IIPpUHIATO ClIiellnajJibHOe obo3Haue-
HHUEe S:

§ = P2y = M2y + Mg + 2Mtarg - Boroj = (Elo; + Efang)” - (2.4)

proj targ

3aech packpbita cko0Ka (Eproj + Etarg, ppmj)2 U YUTEHO, 9TO JJIsT CBO-
Gomroit wactumpl B2 —p? = m? (6ykBoit m obo3HaueHa Macca 9acTHIIb ).

BeanunHa s BXOOUT B YHCJIO BeCbMa IMIMPOKO MCIIOJIb3yeMBbIX
B (busmKe YacTHUI] PEJIATUBUCTCKY MHBAPUAHTHLIX IIepeMeHHbBIX
(nasbiBaeMbIx nepemenubiMu Manjgenbcrama).

Eciin BCTIOMHUTE OTIpe/IesieHre TIopora peakimn (cM. Hanpumvep [25]),
TO CTAHET SICHO, 9TO BEJINYUHA S JJIS TUTIOTETUYECKON PeAKIIN THTIA @ +
b — X c poxaenueM HEKOTOPO#H YacTuilbl X ompeaessieT MaKCUMaIbHO
BO3MOKHYIO MACCY TAKOH YACTHUIIBL: OHA HEe MOXKeT OBbITh BhIme /5. (Kax
M3BECTHO, HA MOpOTe Heympyroi peakmun thma a + b — ¢+ d + X Bce
YACTHUIIBI B KOHEYHOM COCTOSTHUW TIOKOAMCA 6 CUCTNEME UEHMPA MACC:
BCs TIONTHAsS SHeprust B, TparnTcs Ha Macchl POYKIEHHBIX YaCTHII).
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2.2 DHeprermdeckue od6JacTu: caemmpuka.

Jlaxke Gersiblii B3TJIsi/] Ha OJHY U3 BaXKHEMIINX XapaKTePUCTHK B3auMO-
JeficTBus gacrul (MIOJHOE CedeHue PacCesHus) B3ATYIO B 3aBUCUMOCTHU
OT SHEPTHUH CTAJKUBAIONINXCS YACTHIL, TIO3BOJISIET 3aMETUTh, YTO B 00J1a-
CTH HEpruil CHAPSAJIA BbIIIE MOPOra HEYIPYTOCTH (MUIIEHDL CUATAEM MO~
KOAIIEHCs B Tab0paTOPHOM CUCTEME 0TCUYETa), & UMEHHO — OT HECKOJIbKUX
corer MaB 1o mecarka ['sB, B3anmomeiicTBusA 371eMEeHTaAPHBIX TACTHIL 34,
cuer " AIepHBIX CUT’ UMEIOT XapaKTep, OTINIHBIN OT TOTO, KOTOPBIA OHI
HMMEIOT IIPY MEHbIIUX 3HEePrUsX WK IIPH JOCTATOYHO OOJIbIINX SHEPIUAX
(ry1e BO3MOKHO POKJICHUE MO0 OOJIBIIOr0 YUC/Ia JAPYTUX YACTHUIL, JTUOO
POXKJIEHUE BEChMa, TAMKEIIBIX TACTHIL).

2.2.1 3aBUCUMOCTH CEYEHUIT pacCeaHUs OT SHEPTUMN.

JeiicTBUTENIbHO, W3 MAHHBIX O TIOJTHBIX CEUEHUSX PACCESTHUST TaCTHIT
(puc. 2.1-2.6), B3aTbix JubO B 3aBUCUMOCTH OT UMIIYJIbCA CHADS/IA B
nabopaTopHOil cucreme orcueTa (J.c.), MU0 OT /S — MOMHON dHEpPTUH
B CHCTEME TEeHTpa Macc (C.I.M.) BUIHO, YTO MPU MAJBIX JHEPTUSX OHU
TJIABHO U JIOBOJILHO OBICTPO YMEHBIAIOTCS € €€ POCTOM, a TP OOIBHITTNX
— HaobOPOT, MJIABHO PACTYT, XOTS U IOCTATOYHO MEJIEHHO.

B obsiacT mpoOMeKyTOUYHbBIX dHEPruii (MMIIYJIbChI CHAPsIA JIeXKAT B
unrepsaie 0.2-10 I'sB/c) noBeeHne NOMHBIX CeUeHNUIT PACCEAHNS COBCEM
HWHOE: BUJIHBI XOPOIIIO 3aMeTHbBIE KOJIEOAHWS BETMIUHBI CEUeHUT, TOXOKIE
Ha PEe30HAHCHbIE KPUBBIE, TPUYEM BEJINYNHA, (DOPMA M UNCIO TAKUX KO-
1eb6aHuit PA3TUIHBI 718 PA3JIATHBIX Tap CTATKWBAIONINXCS YacTuIl. B
mesioM, 3To HanoMuHaeT 3¢ dexkt Pam3ayspa B aroMHO# (pu3nke, HABOI
Ha TOJ03PEHNE O CXOACTBE MpUYInH 3TuX 3dderTon. U meiicTBuTEHHO,
JIOBOJIBHO TTyGOKOE CXOJCTBO B caMoM jefie ecth. OpHako atu Koieba-
HUST BEJIMYUHBI CEUEHUIN MPOSABIISIOTCS TIPU PA3HBIX SHEPTUAX CHAPSIOB,
B 3aBUCHMOCTH OT X Tuma (6apHOHbI, TMOHBI, KaoHbl). [losToMy rpa-
HHUIBI 00JIACTH, T/I€ CeYeHNsT PACCESTHUST HEPETYJISTPHBI, eINHBIM 00pa3oM
OTIPEJIEIUTH HA SHEPreTHIecKoil mkane TpyaHo. CoBceM mHAs CUTyATIWsT
BOBHUMKAET, €CJIM ITU JKe CeUYEeHUs TPEJICTABIATH B 3aBUCHMOCTH OT OBICT-
POTHI CHApPsIA, KaK 9TO CIIETAHO0 B CJEIyoNeM maparpade.
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2.2.2 TIlosHble cedyeHNd B 3aBUCUMOCTH OT OBICTPOTHI.

Paccemorpum cedennsi B3anMoeicTBAs 9aCTHUIL, IPE/ICTABIEHHBIE HA PU-
cynkax 2.1-2.5 B 3aBUCUMOCTH OT OBICTPOTHI CHAPsAAA (CYUTasi, YTO MU-
IMIeHb HAXOJUTCS B TIOKOE OTHOCHTEIHHO J1ab0paTOPHOM CHCTEMBI OTCYe-
ta). [osyuennbe pe3yabTaThl MOKA3aHbI Ha pUc. 2.7.

—r———7 . n+p

. I
* PP

= Kp

- Kp

Bl % o0 20 4"metec s 000 oo

0 1 2 3 4 5

n
<-nuclear
physics transition region QCD->

Puc. 2.7. BaBUCHMOCTH HOJHBIX CeYeHHl 0T OBICTPOTHI 1) CHapsAa (1o
A.A Banuny).

W3 sroro pucynka BUAHO, 9TO CHJIbHAS, PE3OHAHCHO-TIOT00HASA 3aBU-
CHMOCTD CEeYeHUl B3aUMOIEHCTBUs PA3HBIX YACTUIL UMEET MECTO TOJHKO
npu OGBICTPOTE COOTBETCTBYIOIMINX CHAPSA/IOB, JIeXKaliell B OJJHOM U TOM
ke mHTepBaJsie oT 1 m0 3 eaUHUIL HE3ABUCUMO OT COPTA CHAPSIA.
ITpu 6osee BBICOKUX OBICTPOTAX CEUYEHUST MEHSIOTCS TIJIABHO W MeJIeH-
HO, TIpU ObICTPOTax MeHee 1 — MIABHO, HO JIOBOJIBHO ObicTpo. CXomceTBO
[TOBEJICHUS CEYEHUl PACCesdsHUs PA3JIUIHBIX YACTHUI 37€Ch BUIHO MHOTO
Jrydine, 9eM Ha pucyHkax 2.1-2.6, rae onn 6bLIN TOKA3AHBI B 3aBUCAMO-
CTH OT TIOJTHOM SHEPTUM B CUCTEME IEHTPA MACC WJIM UMITYJIHCA CHAPSIA
B JIaDOpATOPHOIl crcTeMe.

Jlpyras Oe3pa3mMepHasi, PeIITUBUCTCKA WHBAPUAHTHAS MTEPEMEHHAST,
OJIM3KO CBsI3aHHAasl ¢ OBICTPOTOM, ObLia mpeyioxkena A .M. Banauabiv npu
M3YYIEHNN SIBJCHUS ~’ KYMYAITUBHOTO” POXKICHU JacTuIl. J[isa mapsl gac-
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Tim, 1 u 2 OH BBes mepeMentyio bia = —(u; — ug)?, rae u;—4-ckopocTn'.

Cunras yactuiry 1 CHAPAIOM, & 9ACTUILY 2 MUIIEHBIO, MOYKHO BHIYHACIHTh
KBaJpar pazHocru 4-ckopocreii cuapsiia (projectile) u mutnenu (target),
T. €. byp, U YBUAETD, ITO B CUCTEME MOKOSI MUIIEHN 7y, = 1+ by, /2. Ilepe-
MEHHYIO by, MOYKHO TaK’Ke CBsI3aTh ¢ OBICTpOTOl cHapsma (cuM. (1.16)).

2.3 Ocob0eHHOCTU PpAa3HBIX 3YHEPreTUYeCKUX

oOJ1acTeii.

Urak, roBopst 0 (pusnKe 3TEeMEHTAPHBIX JACTUIL, MOXKHO BBIICIUTD TPH
XapaKTepPHBIX 00JTaCTH IHEPTHl, B KOTOPBIX KAaK MPEIMET, TaK U IKCIIe-
pPUMEHTAJIbHBIE U TEOPETUUECKNEe METOIbI UCCIIEIOBAHNS 3aMETHO Pa3JIu-
qarorcs. menno:

e HU3KKE dHepruu (HUKEe 10pOora POXKJIEHUs [UOHOB, KAK Jierdaii-
HIUX JPOHOB), IJI€ PA3HOCTD ObICTPOT CHAPSAIA M MUIIEHH 3aMETHO
MeHbIe 1; 310 60JIee-MeHee XOpOIIO ONpeIe/IeHHass TPAHNIIA;

® IPOMEKYTOUHBIE (IEPEXOIHBIE, WJIN PE3OHAHCHBIC) SHEPTUN: BHIIIE
nopora 06pa3oBaHus ME30HOB ([IMOHOB, IIPEXKJE BCErO), HO HUKE
[IOPOra POXKIAEHHUST YaCTUIl, COAEPIKAIINX TAXKEIIbIEe KBADKA BTOPOIO
U TPEThero MoKOJIeHuil; 9Ta (BepXHsisd) IPAHUIIA JOBOJIBHO YCIOBHA,
HO B TEPMMUHAX OBICTPOTHI 9TO 0OJIACTH TE€X IHEPTH, TIe PA3HOCTH
OLICTPOT CHADSA/IA W MUIIEHU JIEXKUT B uHTEpBase or 1 10 (3-4).

® BHICOKWE JHEPIUU: BCE, 9YTO BBIIIE BEPXHEHl TI'PAHUIIBI IEPEeX0/I-
HOM ObmacTu. 37ech PA3HOCTH OBICTPOT CHAPSIA W MUIIEHH 0O-
see (3-4) n moxker GbITh 3aMerHO Bbime. (Moxker GbITh, B HeaTe-
KOM OyayImeM B 3TOi 00JIACTH MOSIBUTCS HOBBINA DA3IeIUTETHHBII
"Masik” ; KOTOPBIM MOYKET CTATh, HATIPUMED, TIOPOT POKIEHUS 00-
30ona Xwurrca.)

2.3.1 ®uszuka HU3KUX IHEPTUii.

B sToit obmactr GU3MKK YACTUIL XOPOIIO OMPEILTEHO TOHATHE TOTEH-
A B3aMMOJEHCTBUsI, PEIATUBUCTCKEE 3(PPEKTHl UMET XapaKTep
MOTPABOK, CYIIECTBYET MHOMKECTBO (PEHOMEHOJOTUIECKUX KOHCTAHT HO

! Tomsitie 4-cropocTu GymeT HOAPOGHEe 0OCYKIEHO TMO3IKE.
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pa3paboTaHbl JOCTATOYHO TOYHbBIE (B Psjie CJIydaeB) METObl PACYETOB.
MarmuHnble BBIYUCIEHNUS, HEOOXOIUMBIE [IJI TEOPETHYECKUX PACUETOB,
HePeJIKO J0JITue U CJIOYKHBIE.

OKCIIEPUMEHTAIBHBIE YCTAHOBKU I U3MEPEHW B 3TOM 00jacTh
SHEPTH OOBIYHO JTOCTATOYHO MPOCTHIE; JKUBHEHHBIN MTUKJT IKCIEPUMEH-
TOB (Mes—yCTaHOBKA—U3MEPEHUA—>PE3YIHTAT) OTHOCUTEIHHO KOPOT-
Kuii (€ro xapakTepHas JJIUTeJbHOCTb UCYUCIIAeTCs Mecsamu). Vvenno
[IO9TOMY B 3TOI 00JIACTH MHOTOE [IeJIA€TCs B YHUBEPCUTETAX WJIM UCCTIe-
JOBATETHCKUX WHCTUTYTAX TTPU YHUBEPCUTETAX.

2.3.2 Pusuka BbICOKHX dHEPIruii.

XapakTrepHbie 0COOEHHOCTH (DU3NKU BBICOKUX SHEPTHii: mpeodamaer de-
HOMEHOJIOTUYIECKOE WM JAYKe KAUYECTBEHHOE OTMCAHUE SIBJIEHUN, YUCIIO
KAHAJIOB HEYNPYIUX PEeaKinii OYeHb BEJIMKO, PEAKIIUU OTJIUYAIOTCS BbI-
COKO¥ MHOXKECTBEHHOCTHIO JACTHUI] B KOHEYHOM COCTOSHUU.

CyImecTByerT MHOMKECTBO TEOPETHYECKUX MOJEedl OJHUX U TeX IKe
SABJIEHUH, CTEMEHb Pa30poca HAJIEKHOCTU TEOPETUUECKUX MPEICKABAHMIMA
OYeHb BeIUKa (OT TOYHBIX JI0 COBCEM HEONPEJIEICHHBIX ). Teopus mocTo-
SHHO HYKJIAeTcsd B MOfACKa3Kax' (3a9acTyi0 Ka4eCTBEHHOTO XapaKTe-
pa) OT SKCIEPUMEHTA JIJisi CHATHUS HEOIPEIeJIEHHOCTEN 1 0TOOpa KU3He-
criocobubix Mogeseii. K caactbio, yxke co3mana equHasi cXeMma OIMUCAHUS
u cucreMaru3anuu HabaogaeMbix (hbakToB U ABJICHUI (31eKTpocaabast
reopust, CranmapTHas MOJIENb). Keapk-napmonnas Kapmuha CAILHBIX
B3aMMO/IEHCTBUI JAeT OCHOBY JIJIs QHAJIN3a W WHTEPITPETAINNA IKCIIEPH-
MEHTAJIbHBIX JAHHBIX. B 3TOI KapTUHE IPU PACCMOTPEHUU BHYTPEHHEN
CTPYKTYPBI 3JIEMEHTAPHBIX YACTUI[ BMECTO WX BOJHOBOW (DyHKIUU HUC-
[OJIb3YETCsl OHITHE CMPYKMYPHBLT PYHKUU.

Braromapst cBOMCTBY acHMITOTHYECKONH CBOOOIBI KBAHTOBOM XPOMO-
munavuku (KX/T), pa aBieHuii, TpouCXOAIINX Mpy OOJIBINTNX MePeIaH-
HBIX UMITYJIbCAX, JOIYCKAET KOJTMIECTBEHHBIN AHAIN3 U WHTEPIPETAINIO
HaOMIOAEHUT METOJAMU TEOPUN BO3MYIIEHMIA.

Bwmecre ¢ Tem, sKCmepHMEHTHI B 3TOi 007aCTH TPEOYIOT OOJIBIMTHX
3aTpar Kak BPEMEHHU, TaK W MATEPHATbHBIX PECYPCOB U TMO3TOMY TO-
K€ HyXKIATCA B ’TOACKA3KaX’ OT TEOPWH s BBIOOpA MEpCIEeKTUB-
HBIX U aKTYAJbHBIX HAMPABIEHUI MCCIEIOBAHUN. DKCIEPUMEHTAILHBIE
YCTAHOBKHU OOBIYHO CJIOZKHbIE U JIOPOrUE, UMEIOT JIJIMHHBIA (J1ecsaToK Jer
uin 6oJiee) KUBHEHHBIN UK, CO3AAI0TCA U OOCIIy KUBAIOTCs GOJIbIIUME
KOJUTEKTHBAMU. Ul 3KCTIEPUMEHTATOPDI, M TEOPETUKU MPEITOUUTAIOT IO~
JIy4aTh KaueCTBEHHBIE PE3y/IbTaThl, 0COOEHHO — HE YKJIAIBIBAIOIINECS B
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CJIOZKMBIIYIOCH KApTUHY.
XapaxkTepHbIME 9€PTAMU UCCJIEIOBAHUI B 9TOM 0OJIACTH B [TOCJIETHAE
JIECATUIIETUS ABJISIETCA TO, YTO HanboJiee ApKre SKCIePUMEeHTATbHbBIE Pe-
3yAbTATHl UMEIOT, KaK TPAaBUJI0, BHICOKYIO CTATUCTUYECKYIO M CUCTEMa-
TUYECKYI0 TOYHOCTh, & pa3pabOTAaHHBIE IS IKCIEPUMEHTOB B (DU3NKE
BBICOKUX IHEPTUl METOIBI U YCTPONCTBA JTOBOJIHHO OBICTPO HAXOIAT IITH-
POKOe TIpUMEHEHHe B CAMBIX PA3HBIX ODJIACTAX YEJIOBEYECKON JIesITe b=
HOCTH, (IPUYEM HE TOJBLKO B HAyKe, TEXHUKE M IIPOMBIIILICHHOCTH).

2.3.3 ®usuka nmepexoaHOIl 06JacTH IHEPruii.

B nepexonoit obacTu SHEPT Uil CTAIKABAIOTCS U COCYIIECTBYIOT JIBA OC-
HOBHBIX THUIA TEOPETUYECKUX TMOJIXO/IOB U /IBA A3bIKA!

e SI3LIK TOTEHIMAJIOB, TPECTABJIEHNE O TIOTEHIINATLHOM PACCeTHUN
U BOJHOBBIX (DYHKIUAX COCTABHBIX OOBHEKTOB (sII€p WJIU 3JIeMEH-
TapHbIX Yacruil). Takoil moaxos XapakTepeH Ipu SKCTPALOJIAIUI
u3 00JacTH HU3KUX dHEPruil B 00J1aCTh MPOMEXKYTOUHBIX IHEPIHUil
BOJIN3U ee HUKHEN rpaHuilbl. [Ipu 5TOM NOHATHE MOTEHINAIA Te-
psIeT CTPOTOCTh U ”pPasMbIBaeTCs” .

e 3wk nuarpamm Deitnmana, 3HGEKTUBHBIE ME30H-HYKJIOHHBIE TTO-
JIEBBIE TEOPUH C (DEHOMEHOJIOTUIECKUME (POPMMDAKTOPAMU U IMIIH-
pudeckuMu KoHCTaHTamu. [Ipu sxcTpamossimm u3 06J1acTu BBICO-
KUX YHEPruil B MEPEXOAHy0 0071aCTh BOIM3N €€ BEPXHEN I'DAHUIIBI
CTPYKTYPHBIMHU 3JIEMEHTAMU TIPU AHAIN3E IJIEMEHTAPHBIX YaCTHUIL
ABJIAIOTCA ~KOHCTUTYEHTHBIE” KBApPKW, OTJIUYHBIE OT ~TOKOBBIX
KBapKOB W TJIIOOHOB KBAPK-TTAPTOHHON KApPTUHBI MPOIECCOB TTPHU
BBICOKUX JHEPTUAX.

Takast TBONCTBEHHOCTH OOYCJIOBJIEHA TEM, UTO MPU MPOMEXKYTOTHBIX
(nepexosHbIX) Heprugx Heb3sa npooauTh KX pacuerst meromamu
TEOPUU BO3MYIIEHUI: XapaKTepHble KOHCTAHTBI CBA3U B KBAHTOBOM XPO-
MOJIMHAMUKE PACTYT C POCTOM XapaKTEPHBIX PACCTOSHUI. DTO CBOKCTBO
KX/I na3wBar0T CBONCTBOM KOHPATUHMEHMA; OHO OTPAYKAET TOT IKCIIE-
PUMEHTAIBHBIN (DAKT, YTO B CBOOOTHOM COCTOSTHUN KBAPKU HE HADJIIOIA-
torcsi. IMEHHO TPUYNHBI U MEXaHU3M KOH(DAWHMEHTA, B HACTOSIIIEE BPEMsT
SABJISAIOTCS OCHOBHBIME TTpoOieMamMu (DU3NKHU YACTHUIL U sifep B MEePEXo/I-
HOIT 00J1aCTH YHEPTHIi.

JlonomHUTEIbHAST TPYIHOCTH MPU TEOPETHIECKOM AHAJIN3E sIBJICHUIMA
B pacCMaTpUBAEMOi 0OJIACTH SHEPTHl CBA3aHA C TEM, UTO 371eCh PeJISITH-
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BrucTCKUE 3D DEKTHI yIKe CyIMEeCTBEHHBI, HO B KHHEMATHIECKUX PACIeTax,
Jlazke B IPUOJIMKEHHbBIX, HeJib3s npenebperars Maccamu u (10poit) Jaxe
SHEPrUsIMU CBSI3M YACTHUIL B SIJIEPHBIX CHCTEMAaX.

OKCIIEPUMEHTHI B TEPEXOTHON 00JIACTH He TaK CJIOXKHBI U JJTUTETHHBI,
KaK B 00JIACTU BBICOKWX JHEPTHil, HO BCE YKe TPeOyIOT 3aMeTHO 00JIb-
MUX 3aTPaT KaK BPEMEHU, TaK W MaTEPUAIHHBIX PECYPCOB, YeM MpU
HU3KHUX SHEPTUAX U [MOITOMY TOXKE HYKIAIOTCS B ~TMOACKa3Kax~ OT Teo-
puu st BBIOOPA TMEPCHEKTUBHBIX W AKTYAJTbHBIX HAMPABIEHUN HCCTe-
noBauuii. COOTBETCTBYIOIINE SKCITIEPUMEHTAIBHBIE YCTAHOBKH YMEPEHHO
CJIOYKHBIE U JJOPOTHE, HO UX YKU3HEHHBII IIUKJT BCE YKE M3MEPSIeTCS TOTaMu
(a me mecsarkamu jiet). CaumkoM GOJIBITHE KOJLUIEKTUBBI CHEIUATUCTOR
JIUTs CO3/IaHUsT U ODCITyKUBAHUS ITUX YCTAHOBOK HE TPEOYIOTCS.

2.4 IIpeamer coBpeMeHHOII (pU3UKNI

MMPOMEXKYTOYHBIX dHEPTUIA.

B nociennue 2-3 gecarusierrsi MpOUCXO/INIIA TOCTEEHHAS CMEHA TeMa-
TUKW UCCJIEIOBAHUI B 001acTu (DU3UKN TTPOMEKYTOUHBIX SHEPTHil, B pe-
3yJIbTaTe Yero CMEHU/ICA ee TpeaMeT. BmecTo ” oxoTh! 3a pe3onancamu’”,
akTyaapbHOi B 60—70-e TOIBI, KOrJa OCHOBHASI MacCa SKCIEPUMEHTAIb-
HBIX W TEOPETUYECKUX PAOOT ObLIa MOCBAIIEHA B3AMMOIEHCTBUAM JJie-
MEHTAPHBIX 4YacTull (HyKJOHOB C HYKJOHAMHM, ME30HOB C HYKJIOHAMHU),
BHUMAaHUE (DU3UKOB MMEPEMECTUIOCH HA TTPOOJIEMBI B3AUMOIEHCTBUS Ua-
CTHIL C SIIPAMU U TTPOOJIEMBI TTPOSIBJIEHUST KBAPKOBBIX CTETIEHEH CBOOOIbI
B sanpax. [Ipon3onuio cOmuKkenne TeM, CAUTABIIUXCS ~ IuCTOi (Pu3uKOit
9/TEMEHTAPHBIX YACTUIL’ U~ IUCTOM ssaepHoil (pusnkoit” ; ssaeprast pusnka
”Borma” B 06/1aCTh TPOMEXKYTOUHBIX SHEPTUH U CTATIO BO3MOYKHBIM IO~
BOPUTH O siIepHO (DU3NKE MTPOMEKYTOUHBIX IHEPTUIl WU PEIATUBUCT-
cKOil smepHoii dbusuke (mpasza, MOCAEJIHUNE TEPMUH MOC/E YCKOPEHUS
sanep B IIEPH u 3anycka xostaiinepa RHIC B BpykxeiiBene Brirouaer
B cebs u saaephyto (bU3MKy BLICOKUX SHEPIHii).

IIpobremarnka smepHO (PU3NKU MPOMEXKYTOIHBIX dHEPTrHUil chop-
MUPOBAIACh KAK MPHU ABUXKEHUU W3 00JACTH HU3KUX dHEpPruit K Oosee
BBICOKUM TIPU PEIeHnN TTPOOIeM TPAIUIINOHHON siaepHOi (hU3NKM, TaK
U TIpU JIBUYKEHWM OT (DUBUKU B3aWMOIEHCTBUS 3JIEMEHTAPHBIX YaACTHUIL
JIPYT € APYTOM K PACCMOTPEHWIO WX B3aWMMOJIEHCTBUA C sdapamu. Bosib-
Y10 POJIb 3/1eCh chirpan ycrnex teopun Liaybepa-CureHko B onmcanuu
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B3aMMOJIEHCTBUS YACTHIL C SITTPAMHU.

OcHoBHble Hanpapyenus (IPeAMeT) COBPEMEHHBIX UCCJIEI0BAHUI 110
duznKe MTPOMEKYTOUHBIX HEPTUil MOKHO MPEACTABUTD CJEIYONIM 00-
pa3oM (IBUTAsICh OT TPOOJIEM TPAJUIUOHHON sepHON (DU3UKHU K MPO-
GiemMam (BDU3UKE YACTUIL B Y3KOM CMBICTIE).

e CrpykTypa sa1ep u siiepHas Marepus (HyKJIOHHA):

— Pacnpenenenue BemectBa B sgpax (IPOTOHOB, HEHATPO-
HOB); PacCHpeie/ieHue 3JIEKTPUIECKOrO 3apsajia; pacupeese-
HIE TEKTPUIECKUX TOKOB.

— Mexanu3Mbl BO30OYKICHUS SAIEPHBIX ypoBHEi. OyHKIINM OT-
KJIWKa HA PA3HbIE TATHI BO3OYKICHNI PA3SHBIMYA TPOOHNKAMY
(cesiekTUBHOE BO30Y2K/IEHUE 5EPHBIX YPOBHEIT).

— CBoiicTBa siIEPHON MATEPUN NMPU BHICOKUX TIJIOTHOCTSIX BEIIE-
CTBa, BHICOKMX Temmeparypax u T. a1. Co3manne ycaoBuii miist
00pa3oBaHus ¥ UCCIEI0BAHUs CBORCTB ODapuoHHOli (He 0bs3a-
TeJIbHO HYKJIOHHOI) Marepun (00OralieHHON Me30HAMU U a/i-
DOHHBIMU DE30HAHCAMH B TOM 4HUCJIE). Y DABHEHUE COCTOSIHUS
6apuoHHON MaTepun, ee (pa3bl U (PA30BHIE MEPEXOIHI.

e "Dk30Tnueckue’ siapa, B TOM YHUCJIE — S/Ipa C MPOTSKEHHONH HYyK-
JIOHHO# 000JIOUKOIT; TUTIEP-AIPA; sIIPA C BO30OYKIEHHBIMUA HYKJIO-
Hamu (HampuMmep, sapa ¢ A-Bo30YXKICHUAMHI) WU Me30HaMu (7)-
SIPA); CUCTEMbI, IOIPAHUYHBIE MEXK/y ATOMAMU U si/IpaMu: [1y0o-
KO CBsi3aHHbIe K -KJIACTEPBI U T. II.

o [IposiBneHus HEHYKJIOHHBIX CTEIEHeH CBOOOIbI s/IEPHOI MaTepuw,
B T. 9. KBAPK-TJIIOOHHBIX. OTKIUK $IEPHOTO BEIECTBA HA BHICOKHUE
BO30OYKIE€HUsI, TTPOSIBJIEHUsT BHYTPEHHEH CTPYKTYDPBhI YACTHIL TTPU
MAaJIbIX PACCTOSTHUAX MEYKLy HUMU.

o fnepuble cuybl mpu 7 cpeaHnx” W 7 MaJbIX” PACCTOTHUSX MEKTY
HyKJ0oHaAMU. MHOTOHYKJIOHHBIE CHJIBL U WX TPUPOIA.

o PenaruBucTcKue cocraBHbIE CHCTEMBI U IpoOJeMa HX TeopeTHde-
CKOTO ONHUCAHUS. DKCIEPUMEHTATbHbIE METOIbL I HOJXOIbI K U3Y-
YeHUIO CTPYKTYPHI Ahep IPHU MAajbIX, IO CPABHEHUIO C Pa3sMepoM
HyKsoHa (~ 0.8 ®M), PACCTOSTHNUAX MEXKIY HUMH.

e CpoiicTBa YacTHIl 1 PE3OHAHCOB B SJIEPHOIN Cpele.
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e Mexanusmbl poxenus dactul, (Me30HOB, GADMOHOB) HA CBA3AH-
HBIX HYKJIOHAX; KOJJIEKTUBHBIE (B IMUPOKOM U y3KOM CMBICTE) SB-
JICHUA.

e MexaHm3MBbl POXKICHUA JACTUI BOJTU3U UX TTOPOTOB.

e ll3yuenume B3amMoeHCTBUSA HECTAOUIBHBIX YACTUI] IPA MAJBIX OT-
HOCUTEJIbHBIX JHEPIUsX C JPYIUMU (CTAOUILHBIME) YACTUIAMU U
AIPaAMU TyTEeM aHAJIN3a B3aUMOIECHCTBUS B KOHEYHOM COCTOSHUHT
BOJIN3U TTOPOTOB WX POYKICHUS.

® CHeKTpOCKOHI/IH JIEMEHTAPHBIX YaCTUIL; IK3OTUICCKHUE TACTUIIDBI.

e 3a/aul METPOIOTUIECKOrO XapaKTepa (OMpe/IeeHne UHCTeHHBIX
3HageHnil (PeHOMEHOIOrMIECKUX KOHCTAHT, HEOOXOAMMBIX KaK JJIs
TPAIMIMOHHON aAnepHOil (bu3ukn, Tak u ia GU3NKK BBICOKHX
SHEPruii).

2.4.1 3auem yckopsaTh gapa?’

Otser Ha 3TOT BOMpOC HeomHO3HAUeH. OH 3aBUCHT OT TOTO, U3 KAKOH
00J1acTH HEPTUl HAYNHAETCS IBUYKEHWE B MEPEXOIHYI0 001acTh. Ecan
BXO/IUTHh B Hee U3 OOJACTU BBICOKUX YHEPIHUil, TO MOXKHO CKa3aTh, 9TO
YCKODEHHE sfep JAeT BO3MOXKHOCTH TOCTABUTH W PEIIATh TAKUE BOIPO-
CbI, KOTOPBIE paHee BOOOINE HE PACCMATPUBAIUCH. HeKOTOpble 3 HUX
obcy)matrcst B paszaese 2.4.2.

Ecnu ke nckaTh OTBET HA 3TOT BOIMPOC, OTTAJKHUBASICH OT TPODOJIE-
MaTHUKU, XapaKTEPHOU i 00JIACTH HU3KUX SHEPTHil u mpobjeM Tpa-
JIUIHOHHON siIepHOit (pU3uKM, T. €. IBUrasiCh U3 0DJACTH HU3KUX IHEP-
rui, TO 3TOM CIy4dae OPOCAIOTCS B TIa3a HOBbIE HHCTPYMEHTAIbHBIE BO3-
MOXKHOCTH, KOTOPBIE YCKOPEHUE SJIEP JAET I PEIeHUs TPATUITHOHHBIX
npobsieM. DTU BO3MOKHOCTHA BO3HUKAIOT OJIATOIaps CIELYIOMUM 00CTO-
ATETHCTBAM.

Bo-niepBoix, 6maromapst peaaTuBUCTCKOMY 3dderTy ” pacTaxKennsa’
BPEMEHU, MPOIECChl BHYTPEHHErO [BUXKEHUs] KOHCTHTYEHTOB B $IJI-
pax u pacnaja pPeNdTUBUCTCKUX HECTabUIbHbIX syiep (B 9acTHO-
CTH, THIEp-A7ep), HaOMoJaeMble U3 JIAOOPATOPHOI CHCTEMbI OTCUeTa,
73amesiorcs’. B gacTHOCTH, 32 BpeMsi YKU3HU HECTAOWIBLHOTO SIAPA
To B CODCTBEHHOI CHCTEMe OTCYeTa, B YCTAHOBKE OHO TPOJIETAET TYTh
MopsaKa Y/3¢Ty, BIOJTHE MAKPOCKOMUIECKUN U JOCTATOYHO JIETKO U3Me-
psembrii. apiMu ciioBaMu, BpeMsi KU3HU KOHBEPTUPYETCsl B MPOilIeH-
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HBIH TyTh. B cymaocTH, 3T0T ke 3h}eKT TeKUT KaK B OCHOBE KBapPK-
IAPTOHHON KAPTUHBI B3AUMO/IEACTBUS JACTHUIl, TAK U B OCHOBE (pparmMeH-
TAIUOHHOTO METO/1a U3y YeHUs CTPYKTYPbI JIETKUX si/IeP, KPATKOe 00Cy K-
JIeHre KOTOPOTrO OYIeT JTaHO TO3Ke.

Bo-BTOpBIX, TE YaCTUIIBI, KOTOPHIE TTOSBUINCH TIPU B3aAUMOIEHCTBUN
PENIATUBUCTCKOTO AApa A ¢ MUIIEHBIO b W ObLIN 7~ MeaJIeHHbIMI” B CH-
cTeMe TOKOsI 3TOTO $/IPa, OKA3BIBAIOTCS BIIOJHE PEIATUBUCTCKUMY B Jia-
O6opaToOpHOil cucTeMe, YTO B Psje CAyd4aeB CYIIECTBEHHO ODJierdaer mx
9KCIIEpUMEHTAIbHOE HADIIoAeHre. IHBIMU C/TOBAME, HEKOTOPBIE KAHAJIBI
peaknwmii Tuna b + A ropasmo ymobOHee n3ydarh B T. H. ' UHBEPCHOHN’ Ku-
HEMATHUKe, KOTJa CHAPSIIOM SBJIsIeTCS sapo A, yem B ”mpsamoii”, Korma
CHAPSJIOM SIBJISETCA dacTuiia b. 910 ObIBAET OCOOEHHO BAXKHO TIPU U3Y-
YEeHUU KJIACCA SBJIEHUI, 3AMPEIEeHHbIX 3AKOHAMU COXPAHEHUsS YHEPIHUH-
UMITYJIbCA Jijisd CTOJKHOBEHUH dYacTuna+ (CBOOOAHDIA HYKJIOH), TO €CTh
JUTST T. H. TIOJTIOPOTOBBIX PEAKIUI MJIM KyMYJISITUBHBIX PEAKIIHIA.

Wrak, yckopeHue siiep OTKPHIBAET HOBBIE METOINYECKUE BO3MOKHO-
CTH B CJIEAYIONMINX HAMPABICHUSX:

® UCCIIe/0BaHus CTPYKTYDbI sep (Jerdaifiiiux B nepByio O4epe/n)
U [POfIBJICHUIl HEHYKJIOHHBIX CTeneHeil cBoboabl guep (31ech 9KC-
IyaTUPYeTCsd PEIATUBUCTCKOE ~ pacrskenue” BPEMEHH);

e cpoiicTBa runep-saep (KOHBepcUs " BpeMs KU3HU — [POIIEeHHbII
nyTs”);

® UCCIeJOBaHNE KYMYJIATUBHBIX U TTOATTOPOTOBBIX HBJIeHHfI;

e 1101CK 3(PHEKTOB MHOTOHYKJIOHHBIX (TPEXUYaCTUUHBIX) CUJI B &TOM-
HBIX STpax.

Kpowme TOro, mydku yCKOPEHHBIX TSXKEIBIX MOHOB HEOOXOMUMBI IS
perenns TakuxX 33729, KaK

e TIOJIyUeHNE HEHTPOHHBIX MTYYKOB U Iy YKOB ”9K30Tn4ecKux” aaep (B
HepByIo ouepe b — BOJIM3U Ipanull 061acTi CTabUILHOCTH ) & TAKKe
SA/Iep C MPOTOHHBIM WJIM HEHATPOHHBIM TAJIO JJid UCCJIEIOBAHUS WX
CBOWCTB;

® [PUKJIAJHBIE UCCIENOBaHus (paJualuoHHas CTOHKOCTb MHUKDPO-
9JIEKTPOHUKH, PaJnoOU0IOrus, acTpOhU3NICCKUE TPUIOKEHU).

Haxkomerr, psa TpaJuIiimoHHBIX 3a0a4 (PU3UKNA YACTHUIL B MTEPEXOIHOI
obyacTi OO BOOOIIE HEBO3MOXKHBI 03 MCITOIL30BAHNS My YKOB JIETKUX
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anep, MO0 TPH BBIMOTHEHNM U3MEPEHWH B ~HHBEPCHONH KHHEMATHUKE
JIerde MoJiIA0TCs HKCIEPUMEHTATbHOMY perteHuio. K HUM OTHOCSTCH,
HANpuMep,

® U3yYCHHE MEXaHU3MOB POKJICHUSA B CBOWCTB & IPOHHBIX PE3OHAHCOB
(A, PoriepoBCcKuii pe30HAHC, ME3OHHBIE PE3OHAHCHI) TIPU BAPUAIUN
KBAHTOBBIX YHUCEJI HAYAIHHBIX COCTOAHUI (3TO ObLIO PEeATH30BAHO
npu usydenun peaknuii tuna (*He,t), (d,d'), (a,a));

® U3y4YeHue CBOWCTB QJIEMEHTAPHBIX YaCTHUIl 1 aJJPOHHBIX PE3OHAHCOB
B A7epHO# cpeme. 31ech 0CODEHHO MOIe3Ha " HBepCHAs KUHEMa-
THUKA, YTO JOBOJHHO OUEBMUIHO: BEIb JIJIsi HAOJIIOACHWS CUTHAJA O
BJUSIHAN CPEJIbI HA CBOWCTBA MOSIBUBINNXCSA B HEil IaCTUIL HEOOXO-
AUMO CO3JaTh YCJIOBHUA, IIPU KOTOPDLIX 3TH YaCTHUIbI JOCTATOYIHO
JIOJITO TIPEOBIBAIOT B SIAEPHOM OKPYZKEHWUH, T.€. JBUXKYTCA TOCTa-
TOYHO " MeIJIEHHO” OTHOCUTETHHO CPEJIBI.

2.4.2 Pusnka peJATUBUCTCKUX TAXKEJbIX NOHOB.

Usyuenue cunbuo B3anmoeiictsyormeii aapornoit (KX /1) marepun cra-
HOBUTCSI TJIABHBIM MPEIMETOM HUCCJIEIOBAHUSA B (DU3UKE TIZKETIBIX HOHOB
BBICOKHMX DHEPTHii, 9TO OTPaXKAeTCs B OOIeil TeHIEHITUN TTOCTeTHUX e~
cATUNETHH K YHU(PUKAIITA TPOTPAMM HCCIETOBAHUN B (PU3UKE IACTHUIL U
B siIEpHOI (hU3UKE.

IIpexkme Bcero, 3TO TOApPa3yMeBAeT MOHUMAHUE JUATPAMM COCTOSI-
uuii (pazoBbIX guArpaMm) AIepHOil MaTepUd U YCTAHOBJIEHUS TDAHUIIL,
paszensomux pasuble dasbl (T. €. IpaHull, TJe IPOUCXOAAT (ha3oBbie
[epexo/ibl — €CJIM OHU BOODIIE HPOUCXOJIT, YTO [OKA HE yCTAHOBJIEHO).

CorsiacHO COBPEMEHHbBIM TEOPETUYECKHUM IIPE/ICTABICHUIM, OXKUIAeT-
Csl, 9TO CYINECTBYIOT CJEIYIOIINEe Pa3JIndHbe (ha3bl CUIBHO B3AMMOIET-
creyromero KX/ BermecTBa: agpOHHOE BEINECTBO, TLIOTHOE OAPUOHHOE
BEIeCTBO, KBAPK-TVIIOOHHAS I1a3Ma. BO3MOXKHO, ecTh U Apyrue (has3bl.

IIpu HEU3KUX IHEPTUAX UCCTETYETC OOBITHAA AAepHAS MATEPHUs IPH
HOPMaJIbHOI (MJIM HU3KOM) [JIOTHOCTSAX U €€ YPABHEHHE COCTOSHHUS.

HawmHuoro mMenbIre nccsesoBana 061acTh GOJBIIIX MIIOTHOCTEH ¥/ nin
BBICOKUX TeMmreparyp. VMeHHO 3Ta 00JIacTh MOYKET OBITh TMPOIILYaHa
C TIOMOIIBI0 TSAXKEJIBIX MOHOB BBICOKUX dHEpruii. Ocob0 MHTPUTYOIIEH
TEeMOI CeroJiHs siBJIsIeTCS BOIPOC O TOM, CYIIECTBYET JIM KPUTUIECKAHd
TOYKA HA JuarpaMMe COCTOAHUUA CUJIbHO B3aUMOJEUCTBYIOLIEH aJpOH-
woii (KX/I) marepun (cMm. puc. 2.8), OHa M OHA, €CTh JIK HEYTO BPOJIE
TPOITHOM TOYKHU HA (DA3OBOI AUATpAMME.
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OBounonus 6GapuoHHOl (APOHHOIT) MAaTEPUU MOXKET 3aKAHYUBATHCS
Ha CTAIMM MOABIEHHSA ~ apOMATHU3WPOBAHHOIO” OAPMOHHOTO BEIIECTBA,
00OraIeHHOr0 TUIIEPOHAMY U CTPAHHBIMEA ME30HAMHU. 3J1€Ch CTOUT OT-
METUTB, YTO CTAOUIU3UPYIONIAs POJIb CTPAHHOCTH B SIEPHON Marepun
CErOIHS SBJISETCS OHON 13 HANOOJIee MHTEPECHBIX W He CJIUIITKOM UCCTIe-
JIOBAHHBIX TEM; sIDKUil TPUMEDP AT HEHTPOHOM3OBITOUHBIE JIerdaiiIime
rUmep-s/pa.

[naBubIil, AOCTYIHBIN HBIHE METOJ IKCIEPUMEHTAIHHOIO U3y UCHUS
cunbHO B3anmoeiicTeyomeit KX /I matepun — ee 06pa3oBaHue B IPOIEC-
cax Heympyroro paccesiuusi simep. MOKHO BBIIEINTH TPYU XapaKTEpHBIE
CTa/Iu¥ Pa3BUTHUS TAKUX MPOIECCOB BO Bpemenu (cm. puc. 2.10):

1. obpaszoBanue cuabHO B3amMojeiicTByiomeil aaponnoit (KX/I) ma-
TepuH,

2. ee 3BoMONUs (HATPUMED, OT TOPSYEro U TJIOTHOTO COCTOSTHUS K
Pa3pPERKEHHOMY U XOJIOJHOMY, TJI€ YK€ MOTYT TOSBUTHCS aPOHbI),

3. agponmsarmsa KBapkoB 1 Koumencarms KX/ marepun B aapoHHYIO
U/Wid SIEPHYI0 MATEPUIO.

WAPR 0 VOLIT SCENCE smwsdaceoag o

Puc. 2.8. dromonmus npeacrasnennii o ha3oroii qmarpaMme st CUIHHO B3a-
umogerictBytomeit KX /I marepun. Bpeska ciieBa BBepXy — IpeICTaBJIEHHE T€O-
perukamu dazosoit auarpammbl B 2004 Toy; Bpe3ka cIpaBa BBEPXY — Ta JKe
auarpamMa B Koure 2005 roga; OCHOBHOU PUCYHOK — OJUH U3 BAPUAHTOB OXKU-
maemoii dpazosoii mmarpammbl B cepequae 2005 roga. AbGcmmcca: ancraa 6apu-
OHHAf TUIOTHOCTH, OpAMHATA: TemrepaTypa cucrembl (MaB).
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Temperature T [MeV]

)Wryon density n/ ng
~ n,=0.16 fm=3

Compact Stars (

Puc. 2.9. Bromonnsa npeacrasnennii o pa3oBoil quarpaMmMe /IS CUILHO B3au-
mopetictytomieit KX/I marepun: pe3yabpTaThl pacyeToB Ha pelreTkax /s da-
3oBoit guarpammsl (ocenb 2009 r.). AGcnucca: uncrast 6GapHOHHAS ILIOTHOCTH
B OTHOCHUTEJILHBIX €IMHNIAX, OPJAMHATA: TeMIepaTypa cucremsl B M3B.

IIpu cmene craauii BO3MOXKHBI pa3ndnbe (ha3oBbie mepexoasl. Tak Ha-
npuMep, MHOTHE TEOPETUYECKHre MO/IETH, BKJII0Yasi BbIYUCJIEHUS] HA Pe-
HIETKE, yKa3bIBAIOT, 4TO B 061aCTU SHEpruil (B cucTeMe LeHTPa Macc, B
pacuere Ha HyK/I0H) /SNy = 4 + 9 I'sB 114 cronkHoBenwuii, Hanpumep,
Au-Au wim U-U, MoKeT HAXOAUTHCSA KPUTHUECKASA TOUKA.

OO6rmeit 17151 BCeX 3TUX CTaINi OCOOEHHOCTHIO ABIAETCS TO, UTO TPH
TEOPETUIECKOM DACCMOTPEHUN KAaXKIOW M3 HUX C HEM30EKHOCTHIO MPH-
XOIUTCS UMETh Je/T0 ¢ mpobaeMaMu HemepTypbaTuBHOTO XapakTepa. B
PA3HBIX TUIAX PEAKIUI MPUXOIUTCS UMETh JI€JI0 C PA3HBIMU ACIEKTaMU
3TUX TPEX CTATUM.

Hampumep, B 11060M HEympyroM pacCesHUU, POKIEHWE YACTHIL
MPOUCXOIUT B PA3JIMIHOM OKPYKEHWW. B CTOJKHOBEHWSX ~YaCTUIA-
qactuna”’ 00pa30BaHWe HOBBIX YACTHUIL MPOUCXOINT B OOJIACTH, MOTPY-
JKEHHOM B (pu3muecKuit BAKyyM, TOT/1a KAK B SAPO-SIEPHBIX CTOJKHOBE-
HUSAX OHO MPOUCXOIUT B O0JIACTHAX, MOIPYKEHHBIX B CHJIHHO B3AMMO/IEIi-
cryiomyio KXJI cpeny (rme, KCraru, HEKOTOPbIE CIIOHTAHHO HADYIIEH-
HBbIE CUMMETPUM MOTYT OKa3aThCs BOCCTAHOBJIeHHbIMH). [TosTOoMy m3mMe-
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Puc. 2.10. Bosmoxublii crienapuil 3BOJIONMN CHJIBHO B3aUMOJIEHCTBYIOMEH
KX/I MaTepnn Tpu CTOTKHOBEHWN PEIATUBUCTCKUX TYKETBIX MOHOB. 3a Ha-
4Yas0 OTCYeTa BpeMeHu (IPOM3BOJIBHO) IPUHST MOMEHT, KOT/IA JIMHUSL, COeIU-
HAIOMAsA IEHTPHl MacC CTATKUBAIOIIUXCA d/1ep HepIeHIUKyIgpHa JUHIH, Ha
KOTOPO# JIeKUT UMTIYIHC OJHOTO W3 AAep; HAvalI0 OTCUETa TPOCTPAHCTBEH-
HBEIX KOOPAHWHAT COBIAJAET ¢ KOOPAMHATAMHI TOYKH HAMOOIBIIEr0 COMIMKeHIs
CTATKUBAIOIAXCS A7ep (7151 CHMMETPUIHOTO CTOJTKHOBEHUS (OIMHAKOBBIE 51]1-
pa) OHA COBMAJAET ¢ KOOPIWHATAMHI MEHTPA MACC CUCTEMBI JBYX SEp).

HEHWe CBONHCTB YACTHIl B CUJILHO B3aMMO/ICHCTBYIONIEN Cpee CTAHOBUTCS
B HACTOSIIEE BpeMa "Topsadei” TeMoii: B XOJIOIHON U Topsveil, TIJIOTHOW 1
pa3perkeHHol MaTepun MOTYT OBITH PA3HBIMKU KaK CTPYKTYpPHbIE (PYyHK-
MU YACTUILl, TAK U CHEKTPbI YACTHI U/ UK IUPUHBI DE30HAHCOB; aJIPO-
HU3alMs KBAPKOB (paccMaTpuBaeMas B repMuHax pyHKuuii pparmenta-
un) Ha KOHe4HO craauu sposmonnn KX/ BemecTsa Takyke TPOUCXOIUT
B PA3IMYHOM OKPYKEHWUU, U T. JI. U T. TI.

Baskuasi 0COOEHHOCTD, TPUCYIAs UMEHHO CTOJKHOBEHUSM DPEJISATH-
BUCTCKHX TsI?KEJIBIX NOHOB CBA3aHA C TEM, 9TO M3-3a BBICOKOTO SJEKTPH-
9eCKOTO 3apsifia s/Iep MPOIECChl B3ANMOIEHCTBUA Ha KBAPKOBOM YPOBHE
Pa3BITPBIBAIOTCSA B TPUCYTCTBUHU CUIHLHEHITNX IJTEKTPOMATHUTHBIX TTO-
neit. TeopeTndeckne OTEHKN MOKA3BIBAIOT, HATTPUMED, UTO TIPU CTOJKHO-
BEHUAX DPEIATUBUCTCKUX TAXKEIBIX MOHOB MOTYT TOSBIATHCA CUTLHEH-
nme MarauTHbie nosd (puc. 2.11), Ha HECKOJILKO TIOPSAIKOB IIPEBOCXO/1si-
e MArHUTHBIE MOJIsT ACTPOMPU3NIECKIX 0OHEKTOB.

ITosTomy BIOTHE BO3MOKHO, UTO K HMEPEUNCTEHHBIM BBIIIE CTAIHIM
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PAa3BUTHS BO BpDEMEHHU [IPOIIECCOB HEYIPYTOro B3AUMOIECHCTBUS sijep Cie-
ayer m06aBUTH CTAMIO ’ PEIBAPUTETHHON OATOTOBKHA AMePHOM MaTe-
puu K coBCTBEHHO cuiibHOMY B3ammojelicrsuio (puc. 2.10), Ha KOTOPOi
MPOTOHHAS W HEWTPOHHAS COCTABJISIONINE KAXKIOTO U3 S/ep, YIaCTBY-
IOIUX B CTOJIKHOBEHUW, PA3eNAiorcs (U3-3a KyJOHOBCKOTO PACTAJIKU-
BaHUSA) U MOJAPUIYIOTCHA (U3-3a TOSBJICHUS CBEPXCUIBHBIX MATHUTHBIX
noJsieil U pasHOro 3HAKa MAIHUTHBIX MOMEHTOB HEHTPOHOB U IPOTOHOB).
Kaxkue a3 perTbr MOTYT BO3ZHHUKATDH IIPU 9TOM Ha HAYATLHONW cTagun 00-
pazoBanusa cuabHO B3ammoeiicTBytomeir KX/ marepun, paBHO Kak u
MIPU €€ IBOJIIOINY B TPUCYTCTBUN CBEPXCUIBHBIX 3JIEKTPOMATHUTHBIX TTO-
Jieit, oka HesicHO. BoJiee TOTO, JAIeKO HE OYEBMIHO, UTO 3IECh MpPUMe-
HUMBI TPATUIMOHHBIE TIEPTYPOATHBHBIE TOIXObI K PACCMOTPEHUIO DJIEK-
TPOMATHUTHBIX B3auMoelicTBuii (cM. B 310l cBa3u Kuury [21]).

Comparison of magnetic fields

The Earths magnetic field 0.6 Gauss

A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

B The strongest man-made fields 10" Gauss
: ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss
http://solomon.as.utexas.edu/~duncan/magnetar.html

Heavy ion collisions: the strongest magnetic

field ever achieved in the laboratory

Off central Gold-Gold Collisions at 100 GeV per nucleon

eB(t=02fm) = 10°~10* MeV>~10" Gauss

from D.Kharzeev (Nov. 5-6, 2008, in Dubna, “NICA round table™ 3)

Puc. 2.11. XapakTepuble HAMPAKEHHOCTH MAaTHATHOTO TOJISA B TIPUPOIHBIX
00'beKTaX.
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1970°

1986’

Wi}

1996’

2008’

2015’

Relativistic lon Facilities
from Synchrophasotron and AGS to NICA and FAIR
Over the last 30 years a lot of efforts have been made to provide the conditions for
searching for new states of strongly interacting matter under extreme conditions.

Synchrophasotron: E.;, ~ 4.2 AGeV (Vs =3 GeV)
1971 - 1999, ploneer experiments in the field of relativistic
nuclear physics.

-\.

AGS: Eu, ~ 11 AGeV (V5= 5 GaV)
18986 — 1992, study of compressed baryonic matter.

SPS: Ey — 158 AGeV (v sunw = 18 GeV)
1986- up to now,
study of compressed baryonic matter.

RHIC: sy = 200 GeV (E.. ~ 80000 AGeV )
1986 - up to now,

! LHC: Vsun = 5520 AGeV (Ew, ~ 6.1-107 AGeV)
2008 - planned

SIS 300 (FAIR): Ew, — 34 AGeY NICA: /Sy, = 9 GeV (Ey, ~ 40 AGeV),
(¥s uw = 8.5 GeV), full performance will be reached in 2013,
full performance will be reached in 2015, search for the mixed phase of strongly
study of compressed baryonic matter. interacting matter.

Puc. 2.12. MncrpymenTst 1ist peasTUBECTCKO gepHoit dusuku (wmm dbusu-
KW PEATUBUCTCKUX TsKeIbrx noHoB): ot Curxpodazorpona OUAUN no LHC
(IEPH), HUKA (OUAN), FAIR (GSI).

T. 0. rmaBHBIE TEMBI UCCIETOBAHUI B 0OTACTH TAKETBIX HOHOB BBICO-
KWX 9HEPTUI B HACTOAIIEEe BPEMS TTPEJICTABJISIOTCS CJIETYIONITMA:

® TICCJIEIOBAHUE CBOMCTB /IPOHOB B S/IEPHON U TIJIOTHOW OapUOHHOI
(azponmnoit) cpere,

e OoTpeJesIeHe YPaBHEHUS COCTOSHUS aIPOHHON MaTEepUH,

e TONCK (Pa30BBLIX TIepexoa0B 1 BO3MOKHOM KX I-kpuTnueckoit Tou-
K1 (WM TOYEK ),
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e cBoiicTBa g1epHOil (aAPOHHOI) MATEPUH IPU BBICOKUX [LJIOTHOCTSX
BeIeCcTBa U SHEPIHUH,

® [0MCK BO3MOKHBIX CHI'HAJIOB JeKOH(balHMeHTa U /Wi BOCCTAHOB-
JIeHUdA KUPaJbHON CUMMETDPUH,

® JCCJIeJOBaHUE SJIEKTPOANHAMHUYICCKUX SABJIEHUN B CBEPXCUJIbHBIX
JIEKTPOMATHUTHBIX TIOJIAX, BOSHUKAIOIINUX ITPU CTOJIKHOBEHUAX TA-
ZKEJIBIX d1ep.

MOKHO ¢ YBEPEHHOCTHIO YTBEPKIATH, UTO SKCTIEPUMEHTATHHOE N3Y-
qeHue B A7IPO-I/IePHBIX CTOJKHOBEHUAX TOpsaYeil 1 TJIOTHOM, CUILHO B3a-
MMOJEHCTBYIONEH MaTePUN C IMOWCKOM CHTHAJIOB O CMEIAaHHOW da3e u
KPUTHYECKOIT Touke (mim Toukax) Oymer B OuuKaiiiiue JecaTUIeTUs
[JIABHBIM CTPATETHIECKUM HAMPABIEHUEM B (DU3NKE TAXKEIBIX NOHOB BbI-
COKWX Hepruil u (pu3uKe 3JEeMEHTAPHBIX YACTHII.

OTO HAMpaBJIEHNE €CTECTBEHHBIM 00pPa30M BBIPOCJIO U3 WCCJIETIOBA-
uuii, nadarbix B OMAN eme na Cunxpodazorpone (puc. 2.12) u npo-
JOJIZKAIONINXCA B JIPDYTUX IIEHTPax.
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I'maBa 3

Kunemaruka peaxknmii:

IepBasi BCTpeva

OCHOBHO#T MeTO/, U3yUeHusi CBONCTB U B3aMMOAEHCTBUN SJIEMEHTAPHBIX
YACTHUIL W SIZIEp — WCCIIEIOBAHNE DEAKINH NX DACCesTHUsT /WM pacra-
na. Kak mpaBujo, mpu CTOJIKHOBEHUU JTOCTATOYHO IHEPTUUHBIX TACTHUIL
MPOUCXOIUT POKICHHUE IPYTUX, TAK UTO YACTUIIHI HAYAILHOTO (10 CTOJK-
HOBEHUSsl, UJIU PEAKIIUN) U KOHEYHOro (II0CJ/Ie PeaKIuK) COCTOSHUN MOryT
pazmuyarbes. CylecTBeHHAsT PA3HUIA MEXKYy HAYATBHBIM ¥ KOHEYHBIM
COCTOSTHUSIME COCTOUT B TOM, 9TO 3IKCIEPUMEHTATOD 0 ONPEIeJTeHHON
CTEIEeHN KOHTPOJUPYET U MOXKET YIPABJIATh HAYAILHBIM COCTOSAHUEM (B
TOM, 9TO KACAETCs KUHEMATHKHU, TPAKTUYECKH TTOJTHOCTHIO), TOT/IA KaK
caM HaOOp KOHEYHBIX YACTHUI], PABHO KaK M WX KBAHTOBOMEXAHUYECKUE
COCTOSTHUST, ONPEIENSIIOTCA XapaKTePOM U JTUHAMUKON PEAKITHH.

Paccmorpum peaknuio B3anMoIeCTBUS JABYX 9aCTHIL a 1 b, 0 KOTOPO#
U3BECTHO, 9TO B KOHEYHOM COCTOSHUU OOS3aTEIHHO WMEIOTCS YaCTUIHI
¢ u d (KOTOpble MOTYT ObITh 3apPErMCTPUPOBAHBI) W TPYIIA YACTHIL, O
KOTOPBIX HUYEr0 HE W3BECTHO KPOME TOrO, UTO 3T I'PYMNNa YHOCHUT C
co00it KaKyI0-TO 9aCTh TOJHBIX UMITYIbCa U dHeprun. [Ias obo3nadeHust
TAKUX PEAKIUI MPUHATO UCIOJB30BATH PAa3HbIe (hOPMbI 3AITUCH:

a+b—c+d+ X, wm ba,c)dX nwm b(a,c) . (3.1)
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IlepBoe obo3HadeHne TUMUIHO 71 (DU3UKK TEMEHTAPHBIX TACTHIL
BBICOKMX dHepruii. Bropoe tunuaHo a7 snepHoi (Gu3uKn uin (PU3NKH
HU3KHUX U POMEXKYTOIHBIX SHepruii. OHO B psijie ciydaeB bomee nadOp-
MAaTHUBHO; B CKOOKAX OOBITHO YKA3BIBAIOTCS: 0 3ATSTON - CHAPSI, TTOCJIE
3aMATON — PErUCTPUPYEMBbIE SKCIIEPUMEHTATOPOM YACTHIIBI; TEPE] CKOO-
KOIi YKa3bIBAETCS YACTHUIIA-MUIIEHb, TOCJIe CKOOKN — HEPETUCTPUPYEMbIe
YACTHUIIBI, O KOTOPBIX, TEM HE MEHEee M3BECTHO, 9TO OHUM €CTh B KOHEYHOM
cocrosianu. CumBosoM X OOBIYHO OO03HAYAIOT HEPETUCTPUPYEMYIO CH-
CTEMY HEM3BECTHOTO YMCJIA YACTUIL HEM3BECTHOTO COPTA, KOTOPAS YHOCUT
MOTHBIH 4-uMmysibe Py . B arom ciydae Py HA3BIBAETCS HEJOCTAOULUM
UMNYAbCOM, & BennanHa My = \/73_)2( Ha3bIBaETCA Hedocmarou,et Mac-
coti: Begb Px HAXOMUTCH U3 3aKOHA COXPAHEHUS SHEPTUHU-UMITYJIHCA, & HE
U3 MPAMOrO U3MepeHus 4-UMITyIbCOB BXOJSINUX B 3TY CHCTEMY YaCTHII.

3.1 Kiraccudukarusa peaknuii paccessHUS.

Yupyroe paccessHue. JTO - TPOCTENTTIAsS PEAKITNST PACCESTHUST W 9acT-
HBIH caydaii T. H. 6unaprol (T. K. U B HAYAILHOM, U B KOHEYHOM CO-
CTOSIHMU UMEIOTCS JIUIIb 2 YacTullpl) peakiyu. [Ipu ynpyrom paccesunuu
B Pe3yJsibTaTe CTOJKHOBEHUS MEHSIOTCH TOJIHBKO UMITYJIBChI M COCTOSHUS
NOJIAPU3AIMN YACTHUIL, HO BCE JIPYIHE XapaKTEePUCTUKHU (Macca, THUI) He
mensores. Oarako B GMHAPHOM HEYIPYTO# PeaKInyu MacChl ¥ THTBI Y-
CTHI[ B KOHEYHOM COCTOSIHUYM MHBIE, YeM B HAYAJILHOM (XOTS OBI 71 OJI-
Hoit u3 uacrun). KBasuynpyroe paccesinue. Tepmun npumensercs K
citydaro paccesnus ’6oJiee 31eMeHTapHON” 9acTulpl Ha COCTABHOM (T. e.
”MeHee dIeMeHTapHONR” , HalpuMe]p, paccessHre TPOTOHOB MM TTHOHOB Ha,
A7pax), KOrjla KUHEMATHKA paccesius OJu3Ka K KUHEMaTUKe yIpyTro-
IO PaCCesHUs TAKOW K€ YACTHUILI-CHAPAIA HA CBOOONHON (HE CBS3aH-
HOIl B si/Ipe-MUIIIEHN) YaCTUIE-KOHCTUTYEHTE MUIIEHW; DK 9TOM KOHeY-
HOE COCTOSIHUE si/IPA-MUINEHU He 00s3aTeIbHO COBIIAIAET C HAYATbHBIM:
OHO MOKeT IMepeiTH B O/HO U3 CBOWX COCTOSHUN JUCKPETHOrO, KBAa3W-
JINCKPETHOTO WJIM HEMPEpPLIBHOTO CHeKTpa. Peaknun Ha siapax ¢ pokK-
JIEHUEeM TaCTUIl TaKyKe YacTO Ha3BIBAIOTCS K6a3UC60000HbLMU, €CITN NX
KHHeMaTHKa OJN3Ka K KWHEMaTHKe aHAJIOTWYIHONW PeakInyu Ha CBOOOI-
HO#l YaCTHUIE-KOHCTUTYEHTEe MUIIeHu. TakuMm 0Opa30M, OCHOBHOE OTJIH-
qre KBa3UyNPYTUX PEAKIWI OT UCTUHHO yIPYTuX 0OyCJIOBJIEHO TEM, 9TO
CHaps/JI PACCEUBAETCs HE HA NOKosIelcs (B J1. ¢.) cBOOOJHON MUIIIEHH, a
Ha JBWXKYyIEeica (u3-3a (pepMu-IBUKEHNUS KOHCTUTYEHTOB B COCTABHOI
cucreme). I[Tpu 370M HEOOXOIMMO MOMHUTD, YTO MACCa CBOOOIHOTO KOH-
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CTUTYeHTa OTJIMYHA OT ero Macchl (Tounee — esmaunbl m? = B2 — p?),
KOIJIa OH HAXOAWTCHA B cOCTaBe Oojiee CJIOYKHOW CHUCTEMbI B CBA3AHHOM
cocrogamnu. [TosToMy mHOTIA MOYXKHO 6€pumsd B TO, YTO XapaKTEPUCTUKU
?3/IeMeHTapHOTO” B3aMMOIAEHCTBUS MOYKHO U3BJI€Yh U3 JAHHBIX O KBA3U-
YIOPYTOM PACCESTHUU, & WHOT/IA - HET: HAJIO CIENUaIbHO UCCIIEI0BATD, KO-
raa adbdexramu ceasu B aape (1. . hbepMu-IBuKenneM ”31eMeHTapHoi”
MUIIEHN) WM BJIUSHUEM OKDYZKAIOIIEeH Cpejibl Ha €ro CBOHCTBA MOXKHO
npeHebpedsb.

®parmeHTanms sfaep (Mam dactuiy). DTO CENHANbHBIT W T0C-
TATOYHO WHTEPECHBIN TUI CTOJKHOBEHHUI C MEPEXOIOM SIpa-MUIIEHN B
COCTOSTHUSI KBA3W-IUCKPETHOTO THUIA; BO3MOYKHO TAKIKE DOXKJEHWE Ua-
crut. IHTEeHCUBHO M3y9aroTCs Pa3Hble KJIACCHI PEAKIINIT ITOTO THTA, Ha-
npuMep, T. H. MOJTHOE Pa3PYIIeHue f1pa-MUIIeHN, KO 0CBODOK IAI0T-
cs BCe HYKJIOHBI, HJIU T. H. ~MyJbTH(dparMeHTamms’ , KOTaa 00pa3yoTcs
MHOYKECTBO JIETKUX si/1ep-pparMenTos, u T. 1. OTaesH0e MECTO 3aHUMa-
et ¢dparmenraimsa Jerkux sep (Hanpumep, gefirpona). OHa Mo3BosgeT
u3BJIedb UHGOPMAIMIO O BOJTHOBBIX (DYHKIMAX CBIA3AHHBIX COCTOSHUMN
Jjerdaimux siep. B ciaydae 3/:eMeHTapHBIX JaCTHUIl K ITOMY K€ KJIaCCy
OTHOCSIT TIPOTIECCHI C POXK/IEHUEM YACTHIL, IPUYEM Te U3 00PAZ0BABIITUXCS
YACTUIL, OBICTPOTHI KOTOPBIX OJM3KK K OBICTPOTE CHAPSIIA WU MUIIEHH,
Ha3bBaOT 7 pparmenTamMu”’ CHAPSIIA WX MUIIEHW COOTBETCTBEHHO.

MHo>kecTBEHHOE POXKIEHUE YACTUIL[. ITOT TEPMUH OOBITHO TTPHU-
MEHSIETCH K HEYIPYTUM PEaKIUusM MPU JOCTATOYHO BHICOKUX YHEPIHUSIX,
KOTJIA YUCJI0 POXKIEHHBIX YACTHI] JOBOJBHO BEJMKO: HAMHOTO OOJIbIIE,
deM 2 wian 3. B 3ToM caydae 9ucIo mepeMeHHbIX, XapaKTePU3yIONNX CO-
OBITHE, CJUIITKOM BEJINKO JJIsi TOTO, YTOOBI MOXKHO OBIJIO OBI JeTaJIbHO
MPOAHAIN3NPOBATH BCIO KUHEMATUKY PEAKIINN WA JIayKe 3aperucTpu-
pPOBATH BCE YaCTHUIBI KOHEIHOro cocrosiius. C apyroif cTOpoHbl, KAk U
B CTATUCTUYECKON MEXAHWKE HAIPUMED, MOSABIISETCS BO3MOYXKHOCTD IIPH-
MEHUTHh CTATUCTUIECKUE MOAXOMbl ¥ HAWTHU CIEIUu(PUIECKUE [IJIs TAKUX
peaxknuii 3aKOHOMEPHOCTH.

VHKIII03UBHBIE U 9KCKJTIO3UBHBIE TUIBI 9KCIIEPUMEHTOB. Tep-
MUH TOSBUJICH TMPYU U3YYE€HUU MPOIECCOB MHOXKECTBEHHOTO DOXKJICHUSA.
Kiacc 9KCKITIOBMBHBIX 9KCIIEPUMEHTOB COJEPXKUT TAKUE OIBITHI, B KO-
TOPBIX PETUCTPUPYIOTCH BCE YACTUIBI-IPOAYKTHI DEAKIINY B €€ KOHETHOM
COCTOSTHUH, XOTSI HE 00s13aTEILHO, 9TOOBI OBLITN N3MEPEHBI BCE KITHEMATH-
JeCKHe XapaKTepucTuku Bcex dacTui]. COOTBETCTBEHHO, K MHKJIFO3UB-
HOMY THUITY OTHOCST TaKWe YKCIEPUMEHTHI, B KOTOPBIX PETUCTPUPYETCs
HECKOJIbKO (OObIYHO OJIHA-/IBE), HO HE€ BCE YaCTHUIIbI-IPOIYKTbI Peak-
[IA7; 3aTO UX KNHEMATHIECKUE XaPAKTEPUCTUKU U3MEPAIOTCS HACTOIHKO
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MTOJTHO, HACKOJILKO 9TO BOOOIIE BO3MOXKHO. B 001acT TPOMEKYTOTHBIX
U BBICOKUX YHEPTHI OCHOBHAS YACTh IKCIEPUMEHTOB TIOCIETHUX JIECATH-
JIeTUil OTHOCUTCSA K WHKIIO3UBHOMY THITY.

JIerko BUIETH, YTO B IKCIEPUMEHTAX WHKJIIO3UBHOTO THUIIA PETUCTPU-
pPyeTcst HeKOTOPBIit HAOOP JIEMEHTAPHBIX PEAKIIHI, TOTIA KaK B 9KCKJTIO-
3UBHBIX YKCIIEPUMEHTAX BBIIEISIETCS OJHA W TOJBKO O/IHA SJIEMEHTAPHAS
peakius. Tem He MeHee, YKOPEHUITUCH KAPTOHHBIE BHIPAYKEHNU ST, KOTOPBIE
He CJeayeT TOHNMATD OyKBAMbHO: ~ MHKIIO3WBHAS WK~ IKCKIIO3UBHAS
PeaKIuu.

3.2 HauaabHBIE CBeJleHus 0 KNHEMAaTHUKe.

3.2.1 Ilepemennnie MangeabcTama.

Kpowme yrxe paccMOTpeHHOM paHee mepeMeHHON S, IMEIOIEH CMbICT KBAJI-
paTta MOJIHOW SHEPTUHU B CUCTEMe LIEHTPA MacC Peakluu, OJIHOU U3 BaxK-
HEUINX mepeMeHHbIX B (DU3NKE JACTUI] ABJISETCH epeMeHHas t, Ha3bl-
BaeMast KBaIpaTOM MEPeJaHHOTO 4-uMmy/bca. B ciaydae OMHAPHBIX peak-
Uil €CTh U TPEThs TepEMEHHAsT, OOBITHO 0003HAUAEMAs KAK U; TPONKa
3TUX TEPEMEHHBIX, S, t, % B3ATasg BMECTe, M3BECTHA KaK NepeMeHHbLe
Mandesvcmanma.

YtobbI sicHee MpeICTaBUTh cede X (PU3NIECKUI CMBICTT, PACCMOTPHUM
OMHAPHYIO PEAKITUIO

a+b—c+d, wmm ba,c)d (3.2)

YACTHBIM CJIYIAEeM KOTOPOW SIBJISIETCS YIPYTOe pACCesiHUe, KOTIA JACTH-
IIbl ¢ 1 d TOZKJECTBEHHbI YaCTUIlaM Ha4YaJIBHOI'O COCTOAHHUA a U b, HO
UMeIOT, BOOOITE TOBOPSA, APYTHe UMIYIbChI U IHEPTHH, JOIMYyCTUMbIE 3a-
KOHOM COXPaHEeHUs dHEPTUU-UMITyIbca. [Iycts P; — 4-uMmyabc oaHO 13
YACTHUI] PEAKIIUU YIPYTOro paccesaus tuma (3.2) . NuBapuanTaas Beju-
qnna s = (P, + Pb)2 = (P.+ Pd)2 y¥Ke OBbLIa pACCMOTPEHA; ee INCIICH-
HOE 3HAUEHHE He 3aBHCHUT OT CHCTeMBbI OTCUETa.

JIpyroii "HBAPUAHT, TO €CTh HE 3ABUCAIIAS OT BHIOOPA CHCTEMBI OT-
cuera Benmumna, ecth ¢ = (P, — P.)?. Oua maspaercs keadpamom
nepedannozo om wacmuyse a cucmeme (b + d) J-umnyavca. Oqenu-
HO, 9TO C PaABHBIM YCIIEXOM €€ MOXKHO WHTEPIPEeTHPOBATHL KaK KBaJl-
paT MepeJAHHOro OT YacTub! b cucreMe (a + ¢) 4-IMIyIbea, TOCKOIbLKY
t=(Pa—Pe)* = (Po—Pa).
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Tpernii MHBAPUAHT, KOTOPBIA MOXKHO HOCTPOUTHL U3 Py, Py, Pe, Py
2 2
ectb u = (Py—Pa)” = (Py — P.)”; Apyrux HETPUBHANLHBIX WHBAPU-
aHTOB M1 OMHAPHONW peakmnuu HeT. Bosee Toro, mmia OWHAPHOI peak-
1 (3.2) mazke 3TH TPU WHBAPUAHTA HE SABJIAIOTCS HE3ABUCHMbBIMU:

s+t+u=m2+mi+m2+m3. (3.3)

BaumarenpHO BriIsiieBIINCH B ONIpeiesieHns mepeMeHubrx Manmgeab-
cTaMa, HeTPY/JIHO 3aMeTUTh, YTO BCE OHU BBITEKAIOT U3 3aKOHA COXPaHe-
HUS SHEPTUU-UMITYJIHCA!

Pa+Pb:Pc+Pd-

BozBens 0be yacTtu 3TOr0 ypaBHEHUS B KBAAPAT MOJIYYAM WHBAPUAHT S.
Ilepenecs P, B mpaByio 9acTb, a P, B J€BYIO U BO3BeAsd 00e 4acTu MOTy-
YEHHOTO yPaBHEHWS B KBAJpAaT, MOJydYnM WHBapuaHt t. Hakowmer, ecin
BMeCTO Pp, mepeHneceM B MPaBYIO 9acCTh Pg,, a BMeCTO P, B JIEBYIO YaCTh
nepeHeceM Py u 3aTeM BO3BeJEM 00e 9acTh MOJyYeHHOrO YPABHEHUS B
KBAJPAT, TO TOJIYINM WHBAPUAHT u. Ipyrue momobHbIe mpeodbpa3oBaHust
yPaBHEHUS, TPEJACTABIAIONIEr0 3AKOH COXPAHEeHUs 4-MMITyIbca, C mepe-
HOCOM TOJIHKO OJTHOTO 4-BEKTOPA U3 KAKON-TO YACTH B JIPYTYIO, OCTABST B
OJTHOII M3 YacTeil TOJBKO OMUH 4-BEKTOP U TTOCJ/IE BO3BEJIEHNS B KBAIpAT B
Heil mogBUTCSA (PUKCUPOBAHHOE YUCIO (T. €. " TPUBUAIBHDIA” WHBAPUAHT),
paBHOE KBaJAPATy MACCHI COOTBETCTBYIOMIEH YACTHIIHI .

C' mouxu 3penus wucmoll Kunemamuky, A0byo peaxyuro a + b —
14+ 243+ ... 4+ n 6cezda MOH#CHO PACCMAMPUBAMDL KAk OUHAPHYIO
peakyuro (3.2), npedcmaeaas cebe, wanpumep, cucmemy uz (n — 1)
MACTUY, KOHEUHO20 COCTMOANUA KAK HEKYI 00MY “aCmuyy, HAnpumep,
(243+...4n) = X, ¢ afpermuenoi maccots M7y, = M5 = (37, Pi)’.
OTO HETPUBUAJILHBIN WHBAPUAHT, T. K. €r0 3HaUYeHne He(UKCUPOBAHO U
3aBUCHT OT COPTa YACTHI] B cucteme X M UX 4-UMITyIHCOB.

Yrto6bI MOYYBCTBOBATL (PUBUUECKUH CMBICT MepeMeHHoi Manmemb-
crama t, obparuMcs K yOpyroMmy DaccesHuio, Korjga B peakuuu (3.2)
Mg = Me, My = Mg. IIOCKOIBKY BEJIUYUHA ¢ JIOPEHI-WHBAPUAHTHA, BbI-
YHUCIMM €€ B CUCTEME TIeHTpa Mace peakimu (3.2) (31o ymo6HO, TaK KakK B
C.II.M. a0COJIIOTHAS BEJIMYUHA UMITYJIHCOB YaCTUIL (U 3HAUUT, UX SHEPTUH)
pH yIPyTOM PACCESTHAU HE MEHSIETCS, 4 MEHSAIOTCS TOJBKO HATIPABICHIS
HMITY/IbCOB KOHEYHBIX YACTHI] TI0 OTHOIIEHWIO K HAIPABJICHUIO UMITY/Thb-
COB HAYAJIbHBIX). [IJI yIPOIeHs BBIKIAIOK, KOTJAa 3TO Oyaer yao0HO,
OyJleM CUUTATH, YTO YTJIbI PACCestius 1 HEBEJUKU (UTO HE OrPAHUYUBAET
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OBILIHOCTY PACCy2K/eHuit), Tak 4To npudiuxkenue sind =~ ¢ gocrarod-
HO Xopotiee. BenuduHbl, B3dTble B C.IL.M., KaK BCerga Oyg1eM MoMedarh
cumvBosiom *. Umeem:

= (Pa—P.)’ = (E; —E}) = (py - p2)" =
=—2(p")* +2( p" )?cos¥” = -2(| p" )" (1 —cos¥") =
—4(|p" | sin¥7/2)" > — (| p; | 97)* > —(p1)” . (3-4)

(31ech CTOMT HATIOMHHUTBH, YTO TOMEPEYHBIH NMITYIbC P ~ P’ - ¥* He
MEHSeTCs TTPY TIepexoie 3 JabopaTOpHOil CHCTEMBI B C.II.M., TIO3TOMY B
nocieHeM paseHcTBe (GopMysbl (3.4) MOXKHO He yKas3bIBaTh CHMBOJ *.)

13 dhopmysst (3.4) Buaso, uro mis 6Gunaphoil peakiuu (3.2) nepeMen-
Hag Manzgenbcrama | ¢ | ecTb He 4TO MHOE, KAK KBAJPAT MEPEJIAHHOIO
MOMEPEeIHOTO UMITYJILCA W OHA CBA3aHa € yTIOM paccesuaus . Bemowm-
HUB 3HAMEHUTOE KBAHTOBOMEXAHWIECKOE COOTHOIIEHNE HEOTPEICICHHO-
ctu [eii3enbepra, JErko yBUAETh, 9TO 8eAUNUHA T TAPAKMEPUSYEm cme-
NeEHDB NPOCMPAHCNEEHHO20 PA3PEUweHUA demaneti cmpyrmyps, 00sexma,
HA KOMOPOM NPOUZOULAD PACCEAHUE, 6 €20 NONEPEUHOM CEUEHUU: UEM
soiwe | t |, mem boaee meaxue cmpyrkmypHoe HeOOHOPOOHOCTU MO2YM
Obimb 3aMeEUeHDL.

[IpramHLBI, TO KOTOPBIM NepeMenHblie ManaenbcraMa HAIIA TTHPO-
qajiree npuMeHeHne B (GpU3NKe JaCTUIl, CTAHYT SICHBI TT03/IHEE; BIPOYEM,
HAMEK HA HUX MOYKHO YBH/IETH, €CJTM BCIIOMHUTH KyPC ONTHKHU, 4 UMEHHO
— paszaen Judparyui.

V3 ONTUKM W3BECTHO, 9TO YTJIOBAS 3aBUCUMOCTH AMILIUTYIBI CBETO-
BOIi BOJIHBI, UCIIBITABINEH AU paKkIinio Ha aOCOJTIOTHO YEePHOM IUCKE pa-
auyca R, maercs BhIpazKeHueMm

R RE

3naech Ji-dbyukims Beccensi. mest B Buay (3.4), 3amennm 2k sin /2 Ha
v/ —1 1 mosynm

Rk

V=i Ji (RV=t) . (3.6)
BCHOMHI/IB, YTO MHTEHCUBHOCTH CBETa ONpPEIeIdeTCd KBaJApaTOM aMILJIN-
TYABI, BUIUM, ITO

[~

R%k?
Tt

~ P~ J? (RV=1) | (3.7)

dQ*
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a mockonbky d)* = dpdcos¥* = dp2k?dcosV* /2k? = dodt/2k? (cm.
(3.4)), To u3 (3.7) HEMEJIEHHO BUIUM, 9TO
R2k2
—t

do k? do 9
— =~ ~ Ji (RV-t) . 3.8

==~ ] E (RV=1) (3.8)
Ilepeiins OT yrioB K MaHIEIHCTAMOBCKON TIepeMeHHOi ¢, moayaum aud-
dbepennunanbuoe cevenue do/dt ns nudpPaKIUMOHHOIO PACCesiHus CBETa

Ha abCOJTIOTHO YEPHOM JHCKE

2
‘fl_‘t’ N % 2 (RVTT) (3.9)

WNubivu cioBamu, 3aBUCUMOCTD AuddepeHInTnaaibHOTo cedeHnd
(ynpyroro) paccesiHusI OT KBaJpaTa MepPeJaHHOTO 4-HMITyJIbca
nMeeT yHUBEPCAJbHBIA XapaKTep, He3aBHCUMO OT HaYaJIbHOUN
sHepruu (1 TOro, B KAKOI CUCTEME OTCYETA ITO CEUCHUE PACCMATPUBACT-
Csl); ero BEJIMYMHA OLPEIE/ISeTCs TOJIBKO MOIEPEYHbIM PA3MEPOM JUCKA,
HA KOTOPOM TTPOUCXOIUT AUMPAKIUA. DTO HE TaK, €CIU cedenne Gepercs
B 3aBHCHMOCTH OT yria paccesuus (cm. (3.5)).

[TockombKy B MUKPOMHUpPE BCE §I/Ipa U JeMEeHTapHble 9acTHIIhl 00J1a-
JTaf0T BOJHOBBIMHU CBOMCTBAMH, a J100ast BOJIHA HA TPensITcTBAN nnudpa-
TUPYET, TO U B MUDE siJI€P, U B MUPE JIEMEHTAPHBIX YACTHUIL CYIIECTBY-
er siBjienue AudpaKIuu, a CJIeI0BATEIbHO, MOXKHO OXKUIATh, 9TO TIPE/I-
crapienue auddepeHImaIbHbIX CEYeHUN yIPYyTroro PacCesHus dIeMeH-
TapHBIX JACTHUI[ B 3aBUCUMOCTHU OT Tiepemennoii Mannenncrama t Oymer
UMETh TaKUe JKe XapaKTepHble ocobennocTn, kKax u (3.9). U sto neiicreu-
TEJIbHO UMEET MECTO OBbITh.

3.2.2 TIloporu peakimii.

3aKOHBI COXpaHEHHA 3HEPTuU W MMIIYyJIbCa U3BECTHBLI BCEM, KTO KOIJda-
b0 YYIHRJICA B IIKOJIE U IIOJHAJICA BbIII€ YPDOBHA HaYaJIbHBIX KI[aCCOBl.

3BecTHO TakKe, ITO OH MOXKET ObITh 3ammcaH B hopme
Pinit == Pfinal , T. €. (Einita pznzt) - (Efinal7pfinal)) 3 (310)

rjie Pipir — NOJHBI 4-UMITYJIEC HAYATILHOTO, & P finql — KOHEUHOTO COCTOS-
Hnit, £/ n p — MOJTHbIE SHEPTUS U UMITYJIHC COOTBETCTBYIONTUX COCTOSTHMIA.

I Tlo xpaitueit Mepe OHE JOJYKHBI GBLIU GbI GBITH W3BECTHEI.
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M3BecTHO TakKe, 9TO KBAAPAT MOJHOM SHEPIUU B CUCTEME IIEHTPA MACC,
T. €. BeJIUYNHA

s = ('Pim;t)Q = (Pfinal)2 . (311)

He 3aBUCHUT OT CHCTEMbI OTCYETa (3TO yzKe He Pa3 MOAYePKUBAJIOCH).

Juist cucreMbl U3 HECKOJbKUX (HAIPUMED, 1) YACTHUL] YACTO UCIOJb-
3yercd (TOXKe yzKe yHOMAHYTOe) HOoHATHE IPPermueHnoti maccol, onpeie-
JIEHHO€e KaK

n 2
My =P = (D P = (3.12)
=1

n 2 n 2 n 2
ZEZ — sz 2 Zml )
i=1 i=1 i=1

rJe M; — MACChl 3TUX YACTHUIl. ECau n paBHO 9UCIy YACTUI] HAYAILHOTO
(MM KOHEYHOTO) COCTOAHMUSL, TO § U M2, . coBnasaor.
C yuerom coornomienus (3.12) oueBuIHO, 4TO JJisd PACCMATPUBAEMO

peaknun b(a, c)dX (cum. (3.1))

5> Spnin = max{(ma + mb)2 , (me+mg+ MX)Q} , (3.13)

OJ€ Spmin — MUHEMATBHOE 3HAYEHUE BEJIUYWHBI S, IPU KOTOPOM DPEaK-
mus (3.1) erme pasperrena 3aKOHOM COXPAHEHUsT IHEPTUU-UMITYIbca. OHO
9ACTO HA3BIBAETCHA MPOCTO nopozom peakyuy (3.1). dcHo, aro ans no-
CTHKEHMsI [I0POra PEAKIIUU JHEPrus cHapsja (B JaHHOM Ciydae - da-
CTHIIbL @) JIOJKHA ObITh HE MEHbIIE HEKOTOPOIO 3HAYEHUSs, JTOCTATOUHO-
ro Jyig BblnOJHeHus yciaoBuii (3.13). Dra sHeprus Ha3bIBAETCH NOPO20-
6011 aHepzuetl; OOBIYHO MPU FTOM UMEIOT B BUILY KUHETHUECKYIO SHEPTHUIO
Tinresh = Eihresh — Mq. Hamomuanm, uro obosnadenue 1 0OBIYHO WC-
MOJIL3YeTC s JIJIsl KHHETUYIECKOH sneprun, a obosunaduenve £ — mjist mOJHON
sueprur E = T + m (ecjiu uHOE HE OrOBOPEHO CHEIUATBHO).

Kunemaruka Ha Imopore.

Paccmorpum KuHeMaTuKy peakinu 2 — 3 (puc. 3.1).

Bosbpmewm, s mpumepa, HEYNPYTYIO PEaKIINI0 MPOTOH-TTPOTOHHOTO
paccestHust ¢ POJKIEHNEM Me30Ha, T. €. PEAKIINIO PP — PP+ Meson, u Bbl-
YUCIUM [IJIg Hee TMOPOTrOBYI0 KUHETHIECKYTO SHEPTUIO Tipresh TPOTOHOB
a TakxKe BeJIWYNHBI ¢ HA TOpOre, UMesi B BUIY Hepeaadn 4-uMITyIbca OT
cuapgana (projectile) Kk Me30HY WaM K OJHOMY W3 MPOTOHOB KOHEYHOTO
COCTOAHUA.
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a M) 1

(M)
(m) 2
(M) X
b M)

Puc. 3.1. Kunemaruueckas auarpaMma Jjis peakiiuu pp — pp + mMeson Kak
YACTHOTO CJIydas PEeAKITN! Tuma 2 — 3.

g naxoxaerust Tipresh AOCTATOYIHO BCIOMHUTDH OMPEIETEHNE TI0-
poTa ¥ BEIYUCIUTH BEJIUYUHY S B JTAO0OPATOPHOM CUCTEME OTCUETA U B CH-
cTeMe TIEHTPa MacC, TTOMHS O TOM, 9TO § €CTh WHBAPUAHT OTHOCUTEIHHO
JIOPEHTIEBBIX Tpeobpa3oBanuii. B pe3yabrare HETPYIHO MOTYIUTD CIIETY-
FOTIUE BHIPAYKEHUS:

m
Tthresh = 2m (]. —+ m) ,
tpop = (Pu—P1)>=-mM, (3.14)
tp—)’rneson = (Pa — P2)2 = ]\42 . (1 — 2. %)

Mozkno 0606mmThs 3T (GOPMYILI Ha Ciaydail peakuuii tuma pA —
p+ A’ +meson, tme A’ - He 06a3aTEIHHO HEKOTOPAS CBA3AHHAS CUCTEMA
(¢ TOUKHU 3peHus KUHEMATUKU, TPUHIUNUAAILHON PA3HUIILI MEYXKILY pac-
CMATPUBAEMBIMU YaCTHBIMU CIIyYasdMn HeT). FJI&BHOQ - OCBO60,HI/ITBC5I oT
MPETIONIOKEH s, ITO MaCCa MUIIEHN b Takas ke, KaK CHapsIa U ITO Ja-
cruna 3 uMeer Ty Ke maccy, yro u dactuna 1. asimu cioBamu, Oymem
CYNTATh, YTO BCE YACTUIIHI, KPOME @ U 1, yIaCTBYIOIINE B TIpOIlecce TUTIa
n300parKeHHOro Ha puc. 3.1, UMeI0T pasHble Macchl. B pesyibrare jJerko
yBUIETH, 9TO

es Mx Mx
Tth7 esh - M . o
projectile x+ Mtarg Mproj. + 2 ’
My = Ms+my— Murg, My =M, . (3.15)

Orciofa BUAHO, 9TO 4eM OOJIbINEe MACCA MUIIEHH, TeM MEHbIIe TO-
por peakiuu (IIpU OPOYUX PABHBIX ycjoBusX). Benumauny My MOKHO
HA3BaTh, UCIOJIb3Ys JKAPrOH, ~POXKIEHHOH” (uam ” MONOTHUTEIHLHON )
Maccoii (M. Takike puc. 3.2).
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BosbmMem gacTHBIN caydait poKAeHUS B pp-B3anMOIECHCTBAN ME30Ha,
(uu TPYIIBL ME30HOB) B accoluanuu ¢ 6apuoHOM (CIOJa OTHOCATCS pe-
akiuu Tuna pp — p+ A + K1), obosznauus maccy yacruupt 3 (6apuona)
gyepe3 My, a Macchl Me30HOB (Me30Ha) uepe3 m;, ¢ = 1, .... Toraa MOKHO
YBUIETh, 9TO

— MP 2 2
S VA VS Sl {(MY +Zmz) Mp] ., (3.16)

Zmi MY
tp%mesons = Mg . |:1 - Mp 1+ vp s (317)
MY Zml
tp%Y == MI? . |:1 - vp <1 + Mp >:| 5 (318)

rae tpaq, (@ = p,Y, meson) ecTb KBaApaT HePeIAHHOTO MEXKIy CHApsI-
JIOM ¥ dacTuneil @ 4-uMnyabca (CM. Takxke puc. 3.3).

13 dbopmyi (3.14)-(3.18) BumHO, uro uem ”Tsakenee” POKICHHAS CU-
cremMa, TeM Bbiie (Mo MOAy/0) nepenadn 4-ummnyabca. OOBIYHO cunTa-
ercs, 4TO TpH BeJuuuHe mepegaun Bbime ~ 1 [3B?/c? B mexanmsme
B3aMMOJIEHCTBUS YACTHUI] HEOOXOIUM yUeT KBAPKOBBIX CTereHeil CBOOOIbI
9/TEMEHTAPHBIX JaCTUIl. 1. 0. M3ydeHue peakiinii BOM3u mopora He obsi-
3aTe/IbHO O3HA4YaeT paboTy B OOJACTH HEBLICOKUX dHEpruii. (3amernm,
YTO HW Ha OJHOM M3 YyCKOPHUTEseH, paboTaBIuX 70 3amycka Bosabimoro
Anponnoro Komnaiinepa (LHC), me 6bL1 JOCTUTHYT TIOPOT OOPA30BAHMS
603ona Xurrca (ecau on cymecrsyer). VubivMu ciioBamu, pu3nKa CBepX-
BbICOKUX (II0 MEPKAM HPOILIOr0 BeKa) sHepruil Obuia Jaxke He OKOJIONO-
POTOBOii, a TIOANOPOroBoii (hU3UKOI B HEKOTOPOM CMBICJIE. )

Ob6macTs ”BOM3M TIOpOTa” B ClIydae pp pacCesTHUs:

(2M + Mx)? < spp < (2M + Mx +my)* . (3.19)

"Tloamoporosas” obaacTs ajs caydas pA paccesuus (cMm. puc. 3.2)
€CTh 30Ha MEXKIy TpaHUIaMu 00JacTell, KHHEeMATHYECKU Pa3perrneH-
HBIX I HYKJIOH-HYKJIOHHOTO (4epHas KpuUBas Ha PUC. 3.2) U HYKJIOH-
snepHoro (HampuMep, NPOTOH-JAEATPOHHOTO WJIU IIPOTOH-YIJIEPOIHOIO
HeylpYyrux B3auMoJeicTBuii Ha puc. 3.2):

Mx Mx

4M? (1 + W) . <1 + W) <Gy < (2M + Mx)? . (3.20)
targ

[MTupuna ”moanoporosoit” obmacTu:

M M
thresh ~ thresh __ X
Spp — Spp = 2M . MX . (1 + m) . <]. — Mt(”.g) . (321)
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Moporu, AocTUKMMbIE Ha YCKOPUTENAX NPOTOHOB
(npomexxymoyHble aHepauu)
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KMHEeTM4ecKas aHeprus nyyka npotoHos (B n.c.), T ., (3B

kin’
Puc. 3.2. Jocryn k noporam poxenus gactui] 8 pp, pd u p 2C B3aumoneii-
crBusix. AGcumcca: sabopaTopHasi KMHETHYECKasl SHEPIUsl TMPOTOHHOIO ITyd-
ka (11s my9KoB szep (IedTPOHOB W T. I.) 9TO COOTBETCTBYET KHHETHIECKON
SHEPTUW sA7ipa, B3ATOH B pacdeTe HA OAWH HYKJIOH). BompmmMm BepTHKaIb-
HBIMH CTPEJIKAMU YKa3aHbl MaKCUMAaJIbHBIE KHHETHIECKUE SHEPIUU MPOTOHOB
nnst yekopurenss COSY (cnesa) u Hyknorpona (cupasa). Manbie crpenku Haz
0CBIO abCIUCC YKA3BIBAIOT TIOJIOKEHUS CIA0BIX JIETOJSPU3YIOINX PE30HAHCOB
B Hykusorpone muist osisspusosannoro d myuka (cm. pagory [100]). Crnpasa or
KDUBBIX - KHHEMATHYICCKW Da3PEIIeHHble O0TACTH /I POXKICHUS JTOTOJTHA-
TeIbHOI Macchl (TIpeBbIIIeHne Hal CyMMON MAacC MPOTOHA-CHADSIA U MUIIe-
HU, B3ATOI KaK MaTepHaIbHAsd TOYKA); €€ BEJMUMHA OTJIOKEHA HA OCH OD/IH-
HAT; 00JIACTH CJIeBA OT YKA3aHHBIX KPUBBIX 3AMPENICHBl 3AKOHOM COXDAHEHUS
SHEPIUU-UMITYJIbCA.

[ToamoporoBeie peakiuu UHTEPECHBI TEM, YTO B HUX MOYKHO IMPOIILY-
maTh Kak 3pdexTsr pepMu-IBuKeHNsT HYKJIOHOB B SApax, Tak u 3¢ dek-
ThbI, 06YCJIOBJIEHHbIE MHOIOHYKJIOHHBIMU (TECHBIMU) KOPPEJIIUIMU, [0
CKOJIbKY TaKhe Peakiii KHHEMATHIECKH BO3MOXKHbBI TOJTHKO €CJIH MAacca
" wmurienn” GOJIBINIE MACChl CBOOOTHOTO HYKJOHA. [ pybO TOBOPSI, BO B3a-
UMOJIEHCTBIM HEOOXOIUMO ydacTue 00jiee 0HOTO HYKJIOHA (CPaBHUTE CO
CTATUCTUYIECKUM OMMUCAHUEM TJIOTHOTO ra3a, KOraa HeOOXOAUMO YUUThI-
BaTb HE TOJIBKO HAPHbIE, HO ¥ TPONHHbBIE CTOJKHOBEHUs aTOMOB (a M. 6. u
6oJiee BBICOKON KPATHOCTH).
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4-momentum transfers at thresholds
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4-momentum transfer, GeV 2t
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kin'

Puc. 3.3. Tlepepauu 4-uMiynbca Ipu pOXKIEHUN YaCTHUIL Ha [IOPOTe B PP B3a-

MMOJIEHCTBUAX.

3.2.3 OrTHOCHUTEbHAA CKOPOCTb.

B mpeapraymeit neximn ObLIO BBEICHO MOHATHE ObLCMPOMb, U YIIOMUAHA-
JIOCh TIOHSAITHE 4-CKOPOCMU YaCcTHIBI ¢ Maccoit m: u = P/m, roe P —
4-uMTIYIHC YaCTUIILI. BepHeMcst K 9TUM TIOHSTHAM CHOBA.

PaccmorpuM gBe cucteMmel orcueta S n S’, mpudem cucrema S’
JIBUXKETCS OTHOCUTEJILHO S ¢ 4-cKOpocThio u = (7y,y3) napaJuieabHo ocu

Z, 1 e B=(0,0,0). Kak Bcerma, 5 =v/c,y=1/y/1 -2, c=1.

Puc. 3.4. IllTpuxoBaHHas cUCTEMa ABUKETCA OTHOCUTEIHHO HEITPUXO-
BaHHO{T €O CKOPOCThIO 3 (Mapasie bHbIH mepeHoc).

B Yactu I yxxe HATOMHHAIOCH, 9TO TIPH JIOPEHIIEBOM Tpeobpa3oBa-
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HWU U3 HEIMTPUXOBAHHO cucTembr S (puc. 3.4) B IMITPUXOBAHHYIO, KOM-
nonentst 4-sektopa A = (A% A) = (A% A, A2 A3) = (A A, Ay, AL)
npeobpasylorcs corsiacHo ypasaenusm (1.11):

AT = (A -pA) AT =AY, p=-
A7 = A A= (8 pA%) =

Ny

Bricmpoma € (wam TUTEPCKOPOCTD) ObLna onpenenena B (hopMmy-
se (1.16):
B =tanh¢ , v =-cosh¢, [-+=sinh¢;

u 6bu10 mokazano (dpopmymna (1.17), 9T0 MpU ABYX MOCIETOBATENIHLHBIX
nepexonax u3 cucremer S B S’ m 3arem B S, korna cucrema S’ nBu-
JKETCS OTHOCUTETBHO S’/ TOXKe mapaJlIe/libHO OCH Z, TIPUYIeM CKOPOCTh
cucrembr S’ ecth 31 (B3sita B cucreme S), a cucremsl orcuera S ecth
B2 (ecmu ona B3arta B S’ u B3 ecam ona B3aTa B S), TO B TEpMHUHAX
OBICTPOT:

=6+,

T. €. TIPU TIOC/IETOBATEILHO MPUMEHEHHBIX MapasaeTbHBIX APYT JAPYTY
npeobpazoBanusgx Jlopenia 6bICTPOTHI CKIIAIBIBAIOTCS, YTO HE NMEeT Me-
cra Jans ckopocreil [3;. COOTBETCTBEHHO, €ClU HEKOTOpas (PU3nIecKast
BEJINYWMHA, TTPEJICTABIEHA B 3aBUCHUMOCTUA OT OBICTPOTHI, TO (OpMA ITOMH
3aBUCUMOCTH HE 3aBUCHT OT TOTO, B3STa, JIM OHA B CUCTEME TIEHTPA Macc
peaxknuu, uian B 1ab0PATOPHOI CUCTEeME, UJIU KAKOW-1n00 Ipyroii cucre-
MBI OTCYeTA.

OkasbIBaeTCsA, 9TO € TOMOIIMBIO MOHATUS 4-CKOPOCTH MOYKHO He
TOJBKO 3amucarh obiee mnpeobpasosanue Jlopenma B ymoOHOM juis
MPAKTUIECKOTO TPUMEHEHWsT BUJE, HO U OMPEIe/INTh PEeISTUBUCTCKU-
WHBAPMAHTHBIM 00Pa30M TMOHSATHE OTHOCHTEIBbHON ckopocth [30] (3mech
U Jlajiee, ecJii HHOe He OTOBOPEHO CIEIUAJIbHO, Pedb UIAeT O MACCHBHBIX
YaCTUIAX).

B camowm meme, oTHOCHTETbHAS CKOPOCTD YACTUIL 1 ¥ 2 W B HEpEss-
TUBUCTCKOM CJIydae OMPEIETsIeTcs KaK CKOPOCTh, HAMPUMED, YaCTUIIHI
1, mabmomaemMoit n3 cucTeMbl TOKOS JacTuilbl 2. EcrecTBento, Tak ke
OTIPEIEISAIETCST OTHOCUTEIHbHAA 4-CKOPOCTh U B PEIATUBUCTCKOM CJIydae,
MIPUYEM $sICHO, YTO PAa3HOCTH 4-CKOpPOCTe# 1] U Uz HE ecThb 4- CKOPOCTb,
T. K. IO OIIpeJIeIeHUI0 4-CKOPOCTU ee KBaJIpart, T. e. u, ut , paBen eju-
mune: u, u” = 1. IlycTs cucrema mokosg gacTumpl 2 OymeT S’ a B uc-
XOIHOM cucTeme S HAIM YACTUIBI UMeTn 4-CKOPOCTH U1 U U . JIerko
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yOeuThCs, 9TO 4-CKOPOCTH JACTHUIIHI | B CHCTEME TIOKOS IACTHIILI 2, T. €.
OTHOCHTEJIbHAA 4-CKOPOCTH %12 , €CTh:

uly = (u1-uy)

uf + ufy

3.22
1+ ug ( )

ui2 u; —uz-

(crout ormeruth, uto U = E1/mi =y, uy = p1/m1 =718, u T. 1.).

Mozkno ybeaurbesi, 4To obmeMm ciydae i 4-sekropa A, mpeobpa-
3yemoro m3 cuctembl S B S/, KOTIa MTPUXOBAHHASA CUCTEMA, IBUKETCS
OTHOCHUTEJIBHO S ¢ 4-CKOPOCTHIO U, ipeobpasosanue (1.11) MoxkHO 3amu-
caTh B BUIE:

A0 = (u-A) (3.23)
AOJFAI 0

Al = A-u
1+ud

(3.24)

(Takas 3amich BO MHOTHX CIy4asX BeChbMa yI00HA; HATPUMED, UMEH-
HO OHA WCTOJB3YEeTCS B CTAHIAPTHON OMOIMOTEKE TTPOrPAMMHBIX MOTY-
seit ITEPHa mia npeobpasosanuii Jlopenta. )

3.2.4 UuBapumaHTHI U 3HEPruu (UMILYJIbCHI) YACTUII,.

Ilepemennas Mangenbcrama s uMeer, Kak y2Ke TOBOPUIIOCH, CMBICT [TOJI-
HOIl SHEPIUHU B CHUCTEMe IEeHTPa MacC CTAJKUBAIONINXCH YaCTHUIl, TO €CTh

s=(Pa+P)’ = (E +Ef), (3.25)

rjle 3BE3JI09YKa B BEPXHEM HHJEKCE, KAK BCETIa, OMEYaeT KHHeMATHIe-
CKHe BeJMYUHBI B CHCTEME [eHTpa Macc. Kpome Toro, B cucreme MeHTpa
mMacce p; = —p;. Bemomunas, 9To m? = E? — p?, a Takue, 4TO

B =5 - EL (3.26)

IOCTIe BO3BEIEHNA B KBAAPAT 00EMX UacTeil mMeeM:

2 9
E? —miimi=stE? 2B 5 = E;:'Hﬂ;%. (3.27)
S

Nmnynbe p* Kaxk ol U3 9acTull ¢ u b B CHCTEMe IEHTPa MAaCC:

2 2\ 2
p2=E2 m2=E% _md= (%) —m2,  (3.28)
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YTO ITOCJI€ 9€CTHOI'O BBIIIOJTHEHHA BCEX onepaum‘/‘l, OPpUBOJUT K BbIPpazKe-
HUTO

. A\L/2 (s,m2,m3)

p =
2\/s ’
rme A (s, m2, mg) —3HAMEHWTas KHHeMATu4IecKas (DyHKIINST, HA3BIBAEMast
qacro mpeyzoavnoli gynryuet. [louars npoucxoxpenue (wiu amumo-

A02U10) ITOTO TEPMUHA JIEFKO TOMY, KTO HOMHUT IIKOJBHYIO (DOPMYJLY
Tepona s miomaam TpeyroabHUKA:

(3.29)

A(a,b,c) = a® +b* + ¢* — 2ab — 2bc — 2ac . (3.30)

Ectb paznbie popmbl 3ammcu 3Toit (PyHKIUH, UX JErKO MOJIYIUTh CaMO-
CTOsTENIbHO, HO puBeaenHas B (3.30) — waubosiee cummerpudnas. Jacro
BCTPEYAETCH U CJEAYIONIAs 3AMNUCD:

Ma,b,c) = (a—b—c)* — dbe . (3.31)

Herpyano ybeaurbces, 94To uMILyJIbC p* aeficTBuresed (Kak U JOJIXKHO
OBITH B KHHEMATHIECKH DA3PEIIEHHON 007IaCTH), €CIl /S > m, + my
(cpaBauTe ¢ (3.13)!), Tak Kak TOJBLKO IIPU 3TOM YCJOBUU TPEYIrOJbHAs
byHKIMS HEOTPUIIATETHHA.

Yro uzmenurcss B orHorennn dhopmyn (3.29) win (3.27), ecim s
OMHAPHOM peakIuu OyIeT MOCTABJIEH BOMPOC 00 MMITYIbCAX U JHEPTUAX
JIByX YACTHI[ KOHEYHOTO cOCTOstHusA ¢ U d? JIerko morajarhesi, 9T0 pOB-
HBIM CYETOM — HUYEro, KPOMe 3aMeHbI MAacCC My, My HA MACCHI M U M.
Ho pasuuia, Bce ke, moxker Obith. Menno: u3 (3.29) caemyer, 4yro npu
yIpyroMm paccesuun a + b — a’ + b’ uMmiyanc B IeHTpe Macc peakiiuu
HE U3MEHSIeTCs, HO MOYKET TIOBEPHYThCsS HA HEKOTOPBINA YTOJI PACCesHUs
. TToCKOMBbKY 3/1€Ch pedb WIeT O OMHAPHOW PEAKIINU, BCe HAINA BEKTO-
PBI JIeZKaT B OMHOIT U TO# ke miockocTa (pf pﬁ), rae p — momepedHbrit
(T. €. nepIeH MK YISPHBINA HAIPABJIECHUIO HAYAJIBHOIO UMILYJILCA CHAPIIA
B JI.C.) UMIIYJIbC B C.M, & P]| ~ IPOJOMBHEIL MMIYILC PACCEAHHON qacTh-
1pl(HapaIe/IbHbI WM aHTUIAPAJLIE/bHBIA HAIIPABJIEHUIO HAYAJIBHOIO
UMITYJIbCA CHAPAJA B JI.C.). B 910l m10CKOCTH KOHEI BeKTOpa p* Oyaer
JIeXKATh HA OKPYKHOCTH pajuyca p*.

Ecnu xe ciayunnach Heynpyras OuHapHas peakuus (m. # mg Win
myp # Mg, WIK BbINOJHEHbl 002 yCJIOBUSA) U HAYAJIbHAS SHEPIUs BbIIIE
COOTBETCTBYIOIIETO MOPOra, TO B C.I.M. AMILYJIbC YACTHUIL KOHEIHOTO CO-
CTOsTHUS OyJIeT Ha OKPYYKHOCTU IPYTOTO PAIAYCa Prin <P (poBHO Ha,
HOpore JAHHON PeakIuu 3Ta OKPYKHOCTH BBIPOKIACTCI B TOUKY ).
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3.2.5 DJuauncomj MMMNYJIbCOB U €r0 MPUMEHEHHE.

Nrax, dopmyna (3.29) onpeensier aa miockocTu (pf pﬁ) CPAHUILYy KIHE-
MaTHYECKU PA3PEIIeHHON 00JIaCTH 3HAYEHUH UMITYIHCOB YACTUIL KOHEU-
HOTO cOCTOsTHUS. [IOCKOIBKY, ¢ TOUKM 3PEHUs] KHHEMaTHKH, JII00ast peak-
sl MOYKET OBITH CBEJEHA K OMHADHOH (T. €. BHUMAHWE UCC/IEJI0BATE IS
COCPEJIOTAYNBAETCS HA OJHON M3 HUX, HAIPUMED, ¢, & MPOYUEe PPYIIIUPY-
0TCS B CUCTEMY € HEKOTOPBIM MOJHBIM 4-UMIyabcoM Py u addekTus-
Hoit (e dbukcupoBannoit!) Maccoit m?2 = P?), TO 3-NMITYJIbC BBLIEIEHHOIH
UCCJIEIOBATEIEM YACTHUIII ¢ TOJIYKEH BCETIA ObITh BHYTPU WJIMA HA TPa-
HUIE 9TOW KWHeMaTH4IecKu paspernennoit obmactu. Kak OyayT BBITIIsA-
JIeTh TPAHUIIBI PA3PEIIEHHON 3aKOHAMU COXpAaHEHUsi OOJACTH, eCid Ha
HUX nocMoTpuM u3 Jaboparophoii cucrembl? (B cucreme menrpa macce
9Ta IPAHUIA, KAK TOJIBKO 4TO ObLIO BbIACHEHO, cdepa).

$cno, uTo napamerpsl npeobpasosanuii JIopenna (v u 3) mis nepexo-
Jla U3 CUCTEMBI [IEHTPa Macc B JIAOOPATOPHYIO (UM aHTHIA00PATOPHYIO)
TOXKE MOYKHO BBIPA3WUTH Yepe3 WHBAPUAHTHI. [leficTBUTENBHO, CKOPOCTD
C.I.M. €CTh

2 2 2
Pa . 2m s—ms+mp /s

Bc’rn = m ~ T y Yem = 2mb\/§ ~ 2—771[, .

(3.32)

Wrak, Mbl 3HaeM Temepb CKOPOCTH CHCTEMBI IEHTPA MacCC OTHOCHU-
TEJILHO JTADOPATOPHO CHCTEMBI U 3HAEM UMITYJIbC YACTUIIBI ¢ KOHETHOTO
COCTOSTHUST PEAKIMU. 3HAEM TaK¥Ke, YTO BEKTOP UMITY/IbCA YACTUIIBI C B
CHCTeMe IEHTPA MACC JIEKUT HA OKPYZKHOCTH PAJMyCa P}, & 3HATCHAE
p}m MOZKHO BbIYUCJIUTH COrJIacHo (3.29), MoJCTaBUB PABUJIbHBIE 3HA-
qenus macc. IIpuvem HanpaBieHne UMITYIbCA CHAPS/IA 3a HAIPABJIEHUE
ocu z (cucremMa HEHTPa MACC, OYEBH/IHO, JABUIKETCs APAJLIEIbHO STOMY
HATPABJIEHUIO). SHAYUT, ITOOBI HAWTH UMITYJIHC YACTHUIILI C B JIAOOPATOD-
HOl cucTemMe HaJ0 BCEro JIUIb CIeIaTh npeobpas3oBanue JIoperta mis
NPodoavHOT KOMIOHEHTBL UMITYTbCA P, TAK KaK NONePeuHas KOMIOHEH-
Ta ITOrO UMITYJIbCA COXPAHSETCs MPU MPEO0OPAZOBAHUY U3 CUCTEMBI TEH-
Tpa Macc B JaDOPATOPHYIO. 3aMETUB, UTO B C.I[.M. TPAHUIA Pa3PEeIeH-
HOIl KMHEMATUKOM 00JaCTH ecTh cdepa, a MpoIoIbHOe Mpeobpa3oBaHne
Jlopenta nedopMupyer TOJbKO 0HY (MIPOJOIBHYIO) OCh KOODIUHAT, BU-
JIAM, 9TO TIpU Takoil jedopMainn (Tepexoie B J1ab0paTOPHYIO CHCTEMY
orcuera) cdepa NepexojuT B JITUICOU/L.

B urore nonyuaem, 9To B 1aOOpATOPHOI CHCTEME OTCIETA KOHEIT BEK-
TOpPA UMITYJIbCA P, YACTUIBI ¢ OKAXKETCS JIEYKAIUM HA HEKOTOPOM 3JI-
Jurcounjie, MpuIeM BO3MOYKHO, UYTO 3TOT SJIIUTICOU/T BHIPOJAUTCS B TOU-
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KY, €CJI 3HAYCHHE S OKAsKETCA PABHBIM MOPOTY PACCMATPUBAEMON peak-
1w, b0 ke OyIeT nexkaTh Ha TPaHMIe KHHEMATUICCKH Pa3pPEeIeHHOM
obsiacTu (TOXKE JIMICOUE, HO MAKCUMATIBHO BO3MOXKHOIO pasMepa),
€CJIM HAITA, PEaKInsl €CTh MPOCTO yIPYyTroe paccesiHue.

SlcHo, 9TO MaJIas MOIyOCh SJLIUNCON 1A YT ONpPeIeaThCs BETHI-
HO#t p}. Ocramock HANTH ero OOJIBIIYIO MOJIYOCh U TOJIOXKEHUE IEHTPA.
3aMernm, 9TO OpHEHTAIMS BEKTOPA MONEPEYHOrO MMILYJIbCa P HeCy-
MIECTBEHHA, a CYIIECTBeHHBIMU IEPEMEHHBIMEU ABJAIOTCA €r0 MOILYJIb H
MPOJONBHBIIN UMTyahe. [lo3TOMY HamTy 3a7ady MOYKHO PACCMATPHUBATH
Ha JIBYMEpHOH TIIOCKOCTH (P ,p,) W BMECTO SJIIMICOUIA UMETh JIEJI0 C
SJIUTICOM WMITYIHCOB. Jlamee 6yIer ucnoab30BaH UMEHHO 3TOT TePMWH.

Benomunas npeobpasosanus JlopeHna, nveem (31ech p* = pk):

pL = pl
Pz = chpz + fYC'rnBc’rnE* (333)
E = YemE" +YemBempy

npuyeMm

B e

Bropoe coorrorenne n3 (3.33) MOXKHO II€PENUCaTh B BH/IE:

1
* *
p, = Pz — ﬁcmE ) (335)
Yem
Hocae 9ero, mojacraBuB 310 B (3.34) BMecTe ¢ TEPBBIM U3 COOTHOIIE-
Huii (3.33), JIErKO 10JIyYUTh KCKOMOE yDaBHEHUE JIIUICA HA JABY MEPHOIT

miockoctn (p,p;):
* 2 2
Py p. — H
i _ = 1 -
( P > + < B > ) (3.36)

A=p", B=9mp", H=%mPemE" . (3.37)

Kak Buzno u3 (3.35)-(3.37), medbopmanus okpyxRHoctH (3.34) BbI-
MJISIAT TaK: B TPOJOJILHOM HATIPABJIEHNH OHA PACTATUBACTCS B Yo DA3,
He MeHssl TOTIEPEYHBIX PA3MepOB, a €e MEHTD CIBUraeTcst Ha BeJTUIuHY
’YC’"LﬁC’"LE* -

31ech He 060HTHCH 6€3 TIOBTOPEHH: MHOTHE KOHKPETHBIE JeTaln Ki-
HEMATHKKM KOHKPETHOH PEAKIY ONMPEIEJIAIOTCA TEM, KAKOBBI MACCHI Ha-
YaNbHBIX W KOHEUHBIX YACTUI] ¥ KAKOB 3aMac HAuYaJIbHON sHeprun. I1o-
poGHOe 06CyKIeHNe ITHX BOTPOCOB MOXKHO HalTH B KHurax [1, 2, 3, 4].

rae:
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O1HAKO eCTh OJIUH BAaYKHBIM MOMEHT, KOTOPbII HEOOXOIMMO PACCMOTPETD,
a MMeHHO: KjaccuduKanus BO3MOKHBIX 7tuncos (3.36). Ona Becbma
BaKHA TIPY TLTAHUPOBAHUN SKCIIEPUMEHTOB WU 00CYKICHUN UX PEe3yITb-
TaToB. Ee 3HaHne O3BOJIsIET KaK IKCIIEPUMEHTATOPAM, TAK 1 TEOPETHKAM
n36eKaTh TPyObIX TPOMAXOB.

O060o3HAUMM CKOPOCTH HAIEH YACTHUIBI, B3ATYIO B CHCTEME IIEHTPA
mace, depes * = p*/E*. PaccMoTpuM J1Ba BO3MOMKHBIX HAIPABJICHUS
MMILYJIbCA PACCMATPUBAEMOIl YacTHIBI B C.IL.M.: Korja p* = (p} =
0,pf = —p*) u xorma p* = (p} = 0,p; = p*). Iocne mpeobpazoBa-
HUS B JJADOPATOPHYIO CUCTEMY TOJIY IHM:

P1 = (07’}/cmE* (ch - 6*)) , P2 = ( "ch (ch +B )) . (338)

4
A o
|/ ./
\

Ijl:lll

max

Puc. 3.5. Knaccudukarus 371UICOB UMITYIHCOB.

OdeBnHO, 9TO P U P2 €CTh MUHUMATBHBIA Dpjy U MAKCHMATBHBII
Drmag UMILYJIBCHI 9aCTHIBI B Ta00PATOPHOI CHCTEME, TPUYEM eCTh 3 BO3-
MOXKHBIX ciiydast (puc. 3.5):

1. Bem < B*: B maboparopHOil cucTeMe HAIIPABJICHUE UMITYJIbCA Prin
YACTHUIIBI TIPOTUBOMOJIOXKHO HATIPABJICHUIO UMITYJIHCA CHAPAIA (T. €.
9aCcTUIA B JI.C. JeTuT “Hazax’ , moj, yriaoMm 180°);
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2. Bem = B*: Pmin = 0, T. €. 9aCTUIA OKA3BIBAETCS B IMIOKOE OTHOCH-
TEJIbHO J1a00PATOPHON CUCTEMBI;

3. Bem > [*: B 1ab0paTOPHON CHCTEMEe HAPABICHUE UMITYIbCA Pnin
YACTUIBL COBIAAET C HAIPABJIEHUEM UMIIY/IbCa CHapsa (T. e. da-
CTHIIA B JI.C. JIeTUT ”BHEpes , 1o yraom 0°).

Kak Bugno u3 puc. 3.5, BO BTOPOM # TPETbeM CJIydasX CyIIecTByeT
OTpaHUYEHNE Ha MaKCAMAJIbHBIN yros Mexay uMmnyjabCoOM YaCTUIbl U
HATPABJIEHUEM OCH Z J1a00OPATOPHOI CUCTEMbI OTCUETA: B CJIyUae 2) 3TOT
yroa ue 6osee 90°, a B caygae 3) menbie 90°, mpuueM Jjis JH000TO yriia
0 < 0,4 €CTH IBA BOBMOYKHDBIX 3HAUEHNST UMITYTbCA TACTHIIDI.

Boipasum, Hanpumep, SHEPTUIO B C.IL.M. U€pe3 TPOIOIbHBIN UMITYIHC
7 DHEPTHUIO B J.C., T. €. BBINHUIIEM COOTHOIIEHHE, OOPATHOE TOCIEIHEMY
BBIparkeHuio n3 (3.33):

E* = _chﬁcmp cos ) + ’Yc’mE y Pz = pCOSQ . (339)

OHO MOMOKET HAM CBA3ATH MOJYJb JAGOPATOPHOTO UMITYJIBCA, T. €. Be-
JIMYWHY P, ¢ MHBAPMAHTAMH W YTJIOM DACCESTHUS, 9TO B CBOI0 OYEPEIThH
nomoraer NmoHsTh puc. 3.5. B camom nerne, n3 (3.39) nmeem:

1/2

E” + Bc’m’Yc’mp cosf = Yem (p2 + m2) (340)

DTO COOTHOIIIEHNE MOYKHO PACCMATPUBATEH Kak ypasHeHwe st p(6).

Pemmerme MOYKHO 3ammcaTh B cemyiomem pue (pt obosnavaer apa
perenus ypasaenus (3.40)):

* *2 % . 1/2
+ — m - BC’rn'y cost + (ﬁ 27 ‘- Bg’rnfyg’rn Sll’l2 9)

41
P Yem (1 — B2, cos? 0) (3.41)
WK, 9YTO TO K€ CaMOe,
N cosf (g* + \/5)
=p*. 3.42
p p fch (1 - Bz’m COS2 9) 7 ( )
*2 %2 2 2 2
*2 B Y — PemVem S 0
D=1++2, (1 —yg ) tan® 0 = S g (343
rie
* ﬁc’m
g = 5 (3.44)
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Herpyamo nomyunts dopumyiier u g sueprun B = /(pF)2 + m?2.
Ormerum, aro D = 0 orBevaer ciaydaro g* = 1, unu * = [y, TOrIa
pT = p~. Ilpu g* < 1 Besimuuna p~ (Momyib umiyibeall) okazbiBaeTcs
OTPUIATETBHON, T. €. HePU3UIECKOH, U CMBICT UMEET TOJBKO PEIIeHHUE
pt. Ilpu g* > 1 oba pemenusa, p~ u p+ uMeroT cMbIca. MOKHO MOKa-
3aTh, 9TO B 9TOM CIyYae MAKCUMAJILHBIH BO3MOXKHBINA yTOJI PACCETHUS
OIPEJENAeTCA COOTHOIEHUEM
* Q% *
SNy = 20— (3.45)
’YCT"A/BCTVL g * fyCTfL

Haxkomner, M0o2KHO cBA3aTh U yIJIBL pACCEIHHU B C.ILM. U B J1aDOpaTOp-
)
Hoii cucteme. OTBeT UMeeT BUI
sin 6*
tanf = — - (3.46)
Yem (cos 0% + g*)

3.2.6 IIpencraBieHme 0 KyMYJSTUBHBIX IPOIECCAX.

PaccmorpuM  KMHEMATWKY pOXKJEHWST OJHOTO THOHA B  HYKJIOH-
HYKJIOHHOM ¥ HYKJIOH-JIEATPOHHOM HEYIPYTOM DPaCCEsTHUMN.

Ha pucynke 3.6 moka3aHbl MpeIeabHBIE JIIATCHI UMITYJIHCOB TTHOHA,
I peakiyii ero poxaenus B NN u dN B3aumozeiicrBusx (1leHTpPbI CO-
OTBETCTBYIONIUX 3JIUIICOB IIOKA3aHbI CUHEN u KpacHoil Toukamu). ITos-
HBIA WMITYJIbC THOHA P = +/pP% + p3, T1e pr U pr — NpOAOIbHas (Ha
HATPABJICHUE UMITYJIbCA CHAPAA) U MONepeYHas KOMIOHEHTBI. DTU 3JI-
JIUTICHI OPPAHUYUBAIOT (M3-38 COXPAHEHUS SHEPIUU-UMITYJIHCA) BO3MOK-
HbIE 3HAYEHUsI UMITYJIbCA MUOHA, POYKIEHHOIO B YKA3AHHBIX PEAKITUAX.
TemubIM 1mBETOM MOKa3aHA 00/IACTD, PA3PEIleHHAas KHHEMATUKON peak-
o p+p — p+p+ 0. CeeTyio-cepbiM 1IBETOM BbIJesieHa O0IACTb,
HEJIOCTYIHAS B 9TOW pPEAKINW, HO Pa3perneHHas KHHEMATUKON JIJIs pe-
akiun d+p — d+p+7°, Korma neiiTpon KunemaTudeckn ” paboTaer” Kak
eJIMHOE TIEJI0e, T. €. KaK TovyedHas (6eccTpyKTypHas) 4acTuia ¢ Maccoil
OKOJIO IBYX MAacC HyKJOHA. POKIeHue MroHA C UMITYJIbCOM, MMPUHATIe-
JKAIMUM 9TO# 06J1aCTH, COOTBETCTBYeT KYMYJIATUBHOMY POXKJIEHUIO.

Urax, mos KymMyJISSTUBHOM peakiiueii, B ee IPOCTEHIIEM oIrpe-
JeJIEeHUN, IOHUMAETCHd POXKIEHNEe YacTUIl, B KHHEMaTu9eCKou 06-
JIacTHu, 3aIPEIeHHON 3aKOHAMU COXPAHEHUS YHEePTrUunu-uMITYJIbCa
JIJI ¢CBOOOAHBIX ’dYacTUIla-dyacTUIla’ CTOJKHOBEHUIA.

Hamnpuwmep, mpu cTOIKHOBEHUYN 9aCTHUIL C sIIPAMY WA SIZIEP C SAPAMUA,
OJT KYMYJISTUBHBIM POYKICHUEM MOHWUMAIOT POXKIECHUE YACTHUI] B KIHE-
MaTHYECKOH 00J1aCTH, 3aTPeIeHHo 171 ¢cBOOOIHBIX N N-CTOJTKHOBEHMIA.
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Tuin= 3.5 GeV/nucleon

Puc. 3.6. Ilpumep 5/IMIcOB MMITYIBCOB THOHA uist peakumit p(p,m)X n
p(d,7)X. O6nacTh BHyTPH MEHBNIErO JIIAICA — PAa3PENIeHHAS I TTHOHA,
poxaernHoro B peaknuu p(p, 7)X (0ba mykmona - ceobommbie). I'pannia 6o/b-
mero sywIca coorsercTeyer peaknuu p(d, )X, Korga AefiTpoH paccMaTpu-
BaeTcsd Kak ' MarepuasbHas To4dKa” , a 3 dekTuBHasg Macca CUCTeMbl X MHHU-
MaJThHO BO3MOXKHAA (TIOC/IE yIeTa BCeX 3aKOHOB COXPAHEHUS U TPABUI OTOOPA).
0O61aCTh UMITYIHCOB BHE HOJIBIITET0 SJITUATICA — aOCOTIOTHO 3AITPENeHa, JIJIsT TIV-
OHA, BCJIEJICTBUE 3aKOHOB COXPAHEHUs SHEPTUH U UMILY/Ibca. Mexk iy BHenrHum
¥ BHYTDPEHHUM 3JUIATICAMU — KyMyJ/IsTUBHAs 00JIaCTh, HEOCTYITHAS I pe-
axmun p(p, 7) X BCJIEICTBUE TEX Ke 3aKOHOB COXPAHEHWs YHEPIUN W UMILYJIHCA.
Onmako, OHA KHHEMATHIECKH TOCTyNHA s peaknmu p(d, m)X.

(Buech mog, 7 cBOGOAHBIMU” TIOHUMAIOTCS CTOJKHOBEHUS ITUX YACTUIL B
nycrore.)

B pamkax mpuHATOrO ONpeneseHus, PeaKIuu MOJATOPOrOBOTO POK-
JICHUS YACTUIL HA SIAPAX ABJAIOTCH KyMYJISATUBHBIMU (HATIPUMED, JTI00ast
HEYTIPYTast PEaKIns TMPYU TAKUX IHEPTUAX MydKa, KOT/Ia OHA MOMATAET B
006J1aCTh MeKJ/1y KPUBBIMU, IOMEYEHHbIME MeTKaMu p u d Ha puc. 3.2).

3.2.7 pyrue "moporu” Heynpyrux peakIiuii.

CHoOBa BepHeMCsi K TeMe WHBAPUAHTOB W TOPOIOB, HO yiKe IOl WHBIM
yroM 3pennda. PaccMOTpuM CHOBa peakIuio Tuma 2 — 2, KOraa, HAIpH-
Mep, TpYU pacCcessHuu ~BIepes’ YacTUIA-MUIIEHb PEBPAIIAETCI B JIPY-
r'y10, ¢ bosibieii Mmaccoit. C TOYKU 3peHnst KWHEMATUKHU JTO MPOIECC THUTIA,
w+m — pu+ M, toe p — macca cHapsaa, m — macca murrenn, M — macca
YaCTUIBI, B KOTOPYIO TOCJIE PACCESTHUS TPEBPATUIACH YACTUIA-MUIIEHbD.
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Vmest B Buy MaTepuas MpeablIylax Pas3aesnos, JETKO JTOTaIaThCs,
YTO €CJIU JTaXKe SHEPIUsl CHAPSIA MHOTO BBINIE OOBIYHOTO MOPOTa TAKOH
peakInm, Bce Ke eCTh APYroit "mopor”, a MMeHHO: meperada 4-uMImyabea
B TaKOil PEAKIIUM JIOJKHA OBITH (MO MOJYJII0) HE HUKE HEKOTOPOH MO-
POTOBOI BESTMUIWHBI | Ly | (HATTOMHMM, 9TO ISt YOPYTOTO pACCestHUS
TaKasd BEJIMYMHA TOXKE €CTh U YUCJIEHHO OHA paBHa Hys0). Halimure co-
OTBETCTBYIONLYIO hopMyJly camMocToaTe bHO (3anaua 20).
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Yacte 111

Jlekmum 5 u 6



I'naBa 4

I'nybokoneynpyroe

paccesiHUE

4.1 IlaproHHasgd MoO/ieJib: IMEePBOe€ 3HAKOM-

CTBO.

OcHOBHBIE HJIeW MAPTOHHON KAPTUHBI B3aUMOJEHCTBUS ATIPOHOB BBICO-
KX 9HEPruil IpeKpacHO U3TOXKEHbI B HEOOBINON ctathe Puuapma Deii-
HMaHna, omybaukoBanuoii B 1969 rouy [7].

CornacHo 3TON KapTWHE, MOYKHO HA MTHOBEHUE MPEJICTABUTL Ce-
0e KaykKIblii W3 B3aWMOJEHCTBYIOINUX APYT C APYTOM AJPOHOB B BUIE
”obmaka” COCTABIAIONINX KaXKIbIH M3 aIpPOHOB YaCTHYEK, ~MapTOHOB,
He B3aUMOJEHCTBYIONNX MEXKIy CODOit, MMEIONNX MAJIbIA MOMePeIHbIH
uMIyabCe (IPUYeM IIJIOTHOCTb BEPOSATHOCTH KAaKOMY-TO U3 HapPTOHOB
WMETh 3HAUYEeHNEe MOMEePEeYHOro MMMIyIbca p; <K p; COOTBETCTBYET HOP-
MaJIbHOMY PACIIPEIC/ICHUIO CO CPEAHUM 3HauenueM (), HO Py 9TOM KayK-
JbIT OTAEAbHBIN NAPTOH C TJIOTHOCTHIO BEPOATHOCTH F(x) HECeT J10JII0
Z OT moJHOro mMmmysbca ajgpona Py. Umenno camblit mennenubiii (Ha-
upumep, B J1abOPAaTOPHOIl CUCTEME OTCYeTa), T.e UMEIOIIUil caMoe Majioe
3HaYEHNe X, TAPTOH B3aUMOJIEHCTBYET ¢ MUIIEHBIO (TOYHEE, CAMBIM ME/I-
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JIBHHBIM [APTOHOM aJipoHa-Mutiienn). Takum 06pa3oM, cedeHne B3auMo-
JefCTBUSA IBYX aIPOHOB OIPEJIeseTcs KaK CedeHneM B3anMOJeiCTBU
3TUX CAMBIX MeJJIEHHBIX MapTOHOB JIPYT C JPYTOM, TaK W pacupeiese-
HUEM TMAPTOHOB IO BEJIUYWHE T, 33JaBAEMBIX CTPYKTYPHOI (byHKINEH
F(z). ”O6nako” mapToOHOB KOT€PEHTHO, U €CJIN B3aMMOJIEHCTBIE C MUITIe-
HBIO HE TTPOU3OIILIO, T. €. HA aMILIUTYIbI, HU (Da3bl TAPTOHHBIX BOJH HE
U3MEHUINCH, TO KOTEPEHTHAS CYMMAa 3TUX BOJIH MO-TTPEKHEMY MTPEICTaB-
ngeT coboit mcxomHbIi aapon. Ecan ke ciyannoch B3auMoAeificTBIe, TO
HadJaIbHAs COTJIACOBAHHOCTD (ha3 U aMILIUTY/I pa3pyInaercs u ~ 0bako”
pacchImaeTcs Ha YaCTUIIHI KOHETHOTO COCTOSHIUS: BHAYAJIE — HA TTAPTOHBI,
KOTOPBIE 3aTeM CTaHOBATCA afponamu (” aapoHu3yiorcsa” ), TOIXBATHIBAs
JpYyTHe MapTOHBI, HEJOCTAIOINE 7Sl TPEBPAIEHUS B TOJTHOIIEHHBIH a/I-
POH, U3 BaKyyMHBIX (DIYKTYaIuii.

MoOXKHO TPOBECTH AHAJIOTHIO MEXKIY TMAPTOHHON KapPTHHOW B3aWMO-
JeHCTBUS 9acTUIl U (pparMeHTanueil saep, KOraa JOMUHUPYET MOJI0C-
HOIT Mexanu3Mm, HanpuMep (puc. 4.1). Pacnpeesenue HyKJIOHOB B s/pe
[0 UMITyJibcaM (MJIM 110 BEJIMYUHE ) ONPeIesisieTcsl BOJHOBOM dbyHKImedt
anpa U(z).

OHaKO, B IPUMEHEHUH TAKON KAPTUHBI K CJIYYalo siep BO3HUKAET
TPYIHOCTH, CBA3aHHAS C OTTUCAHUEM COCTABHON PEIITUBUCTCKON CHUCTe-
MBI: HEOOXOIMMO PEIUTh MPODJIEMY PEIITUBU3AINN BOJTHOBON (hOYHKIINN
(HEpeNIATUBUCTCKOTO TOHATHSA) OTHOCUTEIHHOTO JBUKEHUS HYKJIOHOB B
sAIpe. DTy TPYAHOCTH MOXKHO, IO HEKOTOPOH CTerneHu, 000WTH, eC/Id 10~
HepedHblil UMIYJIbC HYKJIOHOB KOHEYHOIO COCTOsHWs HEBeIUK (TodHee,
JBUZKEHNE B TIOTIEPEYHOM HATTPABJIEHUHN MOYKHO CIUTATH HEPETATUBUCT-
ckuM, T. e. p| /M < 1, rme M — macca HYKJIOHA), WHBIMU CJIOBaMHI, KOTIA
nporecc (pparMeHTAINN UMEET TIOUTH KOJIJINHEAPHY 0 KUHEMATHUKY .

4.2 IloHdaTne o KBAHTOBOI MeXaHMKE HAa CBe-

TOBOM (PPOHTE.

OnuH ¥3 MOAXOJ0B K PEIICHUIO MPOOJEMbl DElATHBU3AINE BOJIHOBOM
dbyHKIK ocHOBaH Ha T. H. dPOpMaAJIU3Me AUHAMUKYN HAa CBETOBOM
dponTe, mpemioxkentom JTnpakom [35]. Dror dbopmannsm Hadams WH-
TEHCUBHO Pa3BUBaThCs TTocsie paboTsl BaijinbGepra [36]. B cratbsx n 06-
3opax [36] - [43] paccmoTpenbl 00nEe BOIPOCHI ITON TEXHUKU U JAHBI
[OIPOOHBIE CCBHLIKHU Ha OCHOBOIOJIATAIOIIHIE CTATHH 110 €€ KJIIOYEBbIM ITPO-
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/ F(x)

P =x; Py

Py ampon

|

B3auMozleicTBUe

a) w(p)

/

Py aapo

P =x; Py

MHULUEHb /r

B3anMopeicTEne
6)

Puc. 4.1. ®parmenTaris aapoHOB
(a) unu pensrusucrckux suep (6)
B MAPTOHHOH (CIEKTATOPHOI) Kap-
THHE COOTBETCTBEHHO. Ilomeped-

Puc. 4.2. ®parmenrarnusa pesaTu-
BUCTCKUX JEHTPOHOB B MAPTOHHOU
KapTUHE U OCHOBHAA UJIeS PEeIATh-
BUCTCKOIl MWHAMUKN HA CBETOBOM

HBIIl WMITyJIbC MTAPTOHOB CUMTAET- (PPOHTE.

€S MaJIbIM, B3aUMOJIEHCTBIEM TIap-
TOHOB (OIHOTO W TOTO ¥Ke aJpPOHA)
MeXKIy cODO MOXKHO TIpeHedpedn.

oemam. HeoOX0auMO OTMETHTD, 9TO TEPBBIM, KTO 3310JIT0 J0 MOSBJIE-
Hust paboTe! Jlupaka ykas3as Ha BO3MOKHOCTH OTIMCAHUS DJIEMEHTAPHBIX
[IPOIIECCOB B IIEPEMEHHBIX CBETOBOro ¢GppoHTa, 6611 B.A.DOK.

ITostcruM OCHOBHYTO HIET0 3TOTO (hopMaTn3Ma Ha TIPUMEpPE CBOOOIHOIT
YaCTUIBL, ABUZKYIIElicd B HAnpaBJjieHuu ocu Z B iockoctu (¢, © = 0, y =
0, z) Tak, 9TO B MOMeHT BpemeHn ¢ = () ee KOOPANHATA B MTPOCTPAHCTBE-
Bpemenn ecthb (0,0,0,0). MupoBast inHNs 3TON YACTHIIBI W300PAYKAETCS
Ha miockoctu (t,z) upamMoil Jmnued (cM. puc. 4.2), sexaiueii BHyTpU
CBETOBOI'0 KOHYCa, M300PaKEHHOTO Ha puc. 4.2 AByMs NPSAMbIMU, UITy-
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mmu oz yroiamu +45° k ocu Z. Kak u3BectHo, uem OJmKe CKOPOCTH
TAKOM YACTUIIBI K CKOPOCTH CBeTa, TeM OJIMKe ee MUpPOBasi JTUHUS K CO-
OTBETCTBYIOIIEH IPAHUIE CBETOBOTO KOHYCA, U HA0DOPOT: KOT/Ia YaCcTHIA
MOKOUTCS, €¢ MUPOBas JIMHUS COBMAIAET C OChI0 BPEMEHHU ¢, TO €CTh MU-
pOBast JINHUS HEPEJSTUBUCTCKON YaCTUIILI OJIM3KA K OCH t.

Ecan cocrosiame ¢ (t1, z1) gacTuipt (ee BoaHOBast DYHKINST) W3BECTHO
B MOMEHT BpeMenu ¢ = t1, T0 ee cocrosuue 1(ta, 22) B MOMEHT BpeMe-
HU { = {2 MOXKHO MOJIYYHUTH, MOAEUCTBOBAB ONEPATOPOM 3BOJIOLUUA HA
Y (t1, 21); s GECKOHEYHO MAaJIbIX WHTEPBAJIOB BpeMeHu At = to — tq
9TOT OMEPATOP IBOJIOIUU CBOAUTCSA K TAMUJILTOHHUAHY COOTBETCTBYIO-
mel cucreMbl. JIpyrumMu CJIOBAMU, TAMUJIBTOHUAH TMEPEBOIUT COCTOS-
uue ¥ (t,z1), 3aganHoe Ha B 4-MEPHOM HPOCTPAHCTBE-BPEMEHU HA, T'HU-
neproBepxHocru t = t1 B cocrosiue ¥ (t + At, z2) HA IUNEPIOBEPXHOCTH
to = t1 + At. Korna cucrema ABUZKETCS BIOJb OCA Z HEPEJIITUBUCTCKIM
06pazoM, ee MUPOBas JIMHWUA ~MPUKIMaeTcss” | K OCH BpeMeHH.

Tenepn OHATHO, UTO JJIs YALTPAPEIITUBUCTCKOMN CUCTEMbI, MUPOBAs
JIMHUA KOTOPOi " npuzKaTa’ K CBETOBOMY KOHYCY 2, SBOJIOIUIO COCTOS-
HUSI CHCTEMBI MOYKHO PACCMATPUBATD 110 AHAJIOTHH C HEPEJISITUBUCTCKUM
clydaeM, TIPUHSB HAIPABJIEHHE COOTBETCTBYIONIEH 0Opa3ytomeil cBero-
BOTO KOHyca 3a och Bpemern. OGO3HAUNM 9T HOBBIe KOOPAWHATHI (T, &)
BMecTO (t,z) (puc. 4.2) Kak

T:L(t—&-z);fzi(t—z) (4.1)
V2 V2

IT. Tupaxk [35] nokazai, 4ro onucaHus JUHAMUKY CUCTEMbI B [IEDEMEH-
HbIX (t,1) U (T, p) HOJHOCTHIO SKBUBAJIEHTHBI IPU YCJIOBUU, YTO MAMUIIb-
TOHUAH CHCTEMbI IIPABUIBHO 3AIHCAH B COOTBETCTBYIOIIUX IEPEMEHHBIX.
(31ech OGBIYHBIE TIPOCTPAHCTBEHHBIE KOOPAWHATHI (X, Y, 2) 0BO3HAUEHBI
Kak BEKTOp I = (z,T] ), & COOTBETCTBYIOIINE HOBbIE KOODIMHATHI — KaK
BekTop p = (§,r).) B 9acTHOCTH, TAMWIBTOHNAH CBOOOTHO JIBUKYIIEi-

¢Sl HePeNATHBACTCKOM 9aCTUIIbI

=2 (4.2)

JUIS yIIbTPAPENATHBACTCKON 9ACTHIBI B HOBBIX KOODAMHATAX IIPUMET BUJL
(mampumep, cM. [36])

2 2

pi +m 1
== n=—=(FE+p.). 4.3
oy 1= 5 E) (4.3)

L' To €eCTh, YIOJI MeXK/Iy MUPOBOH JIMHUEH U OChI0 BpEeMEHU OYeHb MaJl.
2 To ecThb, TeIepsb YroJ MeXKIy MHPOBOH JuHHMel 1 06pasyiolell CBeTOBOTO KOHYCA,
OY€eHb MaJl.

H
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Ananorus mexay (4.2) u (4.3) oueBuana (crour oOpATHTH BHUMAHUE
HA OTPE/Ie/IeHNe BEJTMYUHBL 1) U CPABHUTH €r0 ¢ ONpee/ieHueM ObICTPO-
Tb1). JIpyrumu cjioBaMu, i ONUCAHUS YIbTPAPEIATUBUCTCKON CUCTEMbI
MOYKHO TIOJTh30BAThCS BCEM AallMapaToM HEPEeIATHBUCTCKONW KBAHTOBON
MeXaHWKH °, ec/IM TOIBKO TIoTiepedHbIe (TT0 OTHOTIeHHIO K HampPaBICHTIO
JIBUYKEHUS CUCTEMbI B 1I€JIOM ) UMITYJIbChI HEBEIUKY (HEPEIATUBUCTCKIE).
NmenHO 3TUM U OOBICHAETCS MPUBIEKATETBHOCTh JTUHAMUKH HA CBe-
TOBOM (ponTe. J[OMOTHUTEIbHBIM TPUITHBIM MOMEHTOM SIBIISIETCS TO,
4910 (IIPU YKA3AHHLIX BBIMIE YCIOBUAX) BO3MOXKHA, MPEKHASA, U3BECTHAS
U3 HEPEJIITUBUCTCKON KBAHTOBOM MEXAHUKY, KJIACCU(DUKAIINST COCTOSTHUN
COCTaBHON CHUCTEMBI 1O COOCTBEHHBIM 3HAYEHWSIM OMEPATOPa YTIIOBOTO
MomeHnTa. Jleso B TOM, 9TO OmEpaTop yrjOBOTO MOMEHTA B HOBBIX KO-
opJuHATAX CBETOBOTrO (bpOHTA, BOOOIIE TOBOPsI, TEPSET CBOIO MPOCTYIO
HEPeTATHBHCTCKYT0 dopMy; TOMbKO mpu p /p < 1 oHa mouTH TOYHO
BOCCTAHABJINBAETCS.

Boee monpobroe u riryboKoe paccMOTpeHwe BOITPOCOB OTHCAHUS De-
JISTUBUCTCKUX COCTABHBIX CUCTEM B JUHAMHUKE HA CBETOBOM (DPOHTE BbI-
XOJUT 33 PAMKHU ITHX JIEKIUI; [/ TEPBOHAYATHLHOIO 3HAKOMCTBA C HU-
MU CJe/lyeT 0OpATUThCS K COOTBETCTBYIOIIEH JIUTEPATYPE U CCHLIKAM B
Hux: [35]-[40], a Takxe [43, 44] u [55]).

4.3 JleliTpOoH: OCHOBHBIE CBOMCTBA.

HeliTtepuii, 1 COOTBETCTBEHHO, €r0 AAPO — AEATPOH — OBLIH OTKPBITHI
B 1932 1. FOpu, Bpuksesae u Mopdu. Kparkuit 0630p ucropuu OTKpbi-
THUA U ONPeJeJIeHUdA CBOUCTB JIerYailnnx g/1ep, BKadad JeiTPpoH, J1aH B
kuure [32].

CuwuH fefiTpora ObLT OMTpesiesieH B Pe3yIbTaTe aHAIN3a CBEPXTOHKOTO
pacIerieHus JUHWI CIIeKTpa aToMOB jieiitepus. s onpenesenns mar-
HATHOTO MOMEHTA JAeATPOHA OBbLIT UCIOJIH30BAH METO/ MOJIEKYJISIPDHOTO U
ATOMHOIO [YyYKOB (JIeXKAIIUE B OCHOBE METOJIOB MOJISPU3AIUY [IPOTOHOB,
JIeHTPOHOB U MHOTHUX JIPYTUX CTAOUILHBIX sifep). [lepBbie nu3aMepenus Obi-
JIV C7IeTIaHBI BCKOPE TIOCIIe OTKPBITHS Jeiirepnst — y:ke B B 1933 1. [33] (Dc-
repmant u [llrepu; 1934 r. Pabu, Kesutor u 3axapuac); 3HaK MArHUTHOTO
MoMmeHTa Brepsbie 6bu1 onpeiesaen B 1936 r. (Kesuior, Pabu u Saxapu-
ac, CM. yKa3aHHyIo CCBLIKY ). Benmanaa MarauTHOro MoMenTa? meiirpomna

3 Heo6x0quM0 KOPPEKTHOE 00pAIeHre ¢ FaMIIbTOHIMAHOM B HOBBIX ITEPEMEHHBIX.
4 Maumepsiercs B anepHLIX MarHeToHaxX uy = 3.15254166(28) x 10~ MsB/Tecna.
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(g = 0.85742 - un) okazanach OJU3KON K CyMMe MAarHUTHBIX MOMEHTOB
uefitpona (fn, = —1.9130428 - un) u mporona (u, = 2.79284739 - un):
fd = fp + fin. IIOCKOMBKY CTIMH JefITpOHA paBeH eIWHUIe, 3TOT (aKT
yKa3bIBaeT Ha TO, YTO HYKJIOHBI B JIEHTPOHE HAXOIATCS, B OCHOBHOM, B
CUMMETPUYHOM TPUILIETHOM COCTOSHUY (OTHOCUTENIbHBIH OpOUTAILHBII
MoMeHT paseH mymio). Orciona, uz-3a npunnuna Ilaymu, ciemyer, 94To
U30CHUH JIEHTPOHA PaBEH HYJIIO.

BesycrennocTs NOUCKOB POK/ICHIA ITMOHOB B peakimu d4d — o+
(wmn d(d, an®)) u Tor daxT, aTo

_ olpptd—=mt4t)
T o(p+d— a0 43 He)

2, (4.4)

(BMecTe ¢ npenoioKenueM 00 U30CKAIAPHOCTH alb(ha-JacTulbl U U30-
crimre 1/2 [71st TPUTOHA M Tesnsi-3) TaKyKe TOBOPST 00 M30CKAISTPHOCTH
JeUTpoHa.

Ksaapymnompubrit MomenT jgeiiTpora ObL1 Briepsbie u3Meped B 1939 1.
meroaoMm MostekyaspHoro nyuka (Kessor, Pabu, Pamzaii u 3axapu-
ac [34]); ero orsmdme or HyJs TOBOPUT O HECHePUUHOCMU JeHTPOHA
U, CJIeI0BATENIHHO, O MPUCYTCTBUN [D-COCTOSIHNS B €10 BOJIHOBOI (DYyHK-
uu (IPUMECH COCTOSTHUS C OTHOCUTEILHBIM OPOUTAILHBIM MOMEHTOM 2
B BOJIHOBOI (DYHKITMU JIEHTPOHA).

4.4 Pas3Baj geiiTpoHa Kak MojieJib (pparMeH-

TaIIU aJIPOHOB.

J1o mosiBJIeHUs Ty 9KOB PEIATUBACTCKUAX JEHTPOHOB C UMITYJThCAME OKOJIO
10 T'sB/c peakuus pa3Baja IefTpOHA NCTOIH30BAIACE TIPW CPABHUTEIh-
Ho Hu3KKX (Menee 1 I'9B) kuHeTHUeCKUX SHEPTUAX U AHATUZUPOBAJIACD,
Kak IIPaBUJIO, B TEDMUHAX KBAa3UYIIPYTOr'O PaCCeaHNd, HEPEJIATUBUCTCKO-
O ONUCAHUA CTPYKTYPBI JIENTPOHA U IOJIY-PEeIATUBUCTCKOIO TOIX0/Ia K
aHaInu3y KHHEMATUKHU. BbLIN 3aMeYeHbl HEKOTOPbIE OTKJIOHEHUs OT TEO-
PEeTUYeCcKNX PACYeTOB JJIA CEYEeHWUil, HO B IEJOM 3KCIEePUMEHTAJbHBIE
JIAHHBIE COOTBETCTBOBAINA TEOPETUUECKUM OKUIaHuAM. [Ipr aToMm m3me-
peHns, Kak MPaBHUjO, HE KACAJINUCH TMOJIAPU3AINOHHBIX XapaKTEPUCTUK
3TON peakIuu.

HoBbiM u m1070TBOPHBIM OKA3aJICsi TOXOM, OCHOBAHHBIN, C OJIHOM
CTOPOHBI, Ha WJIee TAKOTO CIOCODa NCTTOTHL30BAHIS PEAKIINN pa3BaJIa Jaeii-
TPOHA, B KOTOPOM 3SKCIIEPUMEHTAIBHBIE YCIOBUS W3MEpPEHUil OJIM3Ku K
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pld, )X pld, p)d

() ()

o M =My = elastic backward scattering
o2 My < Mgp <2 My +m, = "cold” breakup
o Mypr>2 My 4+ m, = "hot” breakup

Puc. 4.3. IIpocreiimue (noJocHble) auarpaMmbl Jjis IIPOLIECCOB Pa3Ba-
ga (dbparmenranuu) AeHTPOHOB HA NPOTOHAX U YIPYIOrO PacCEesHusi
d(p, d)p "nazan” B cam. Kiacendwkanusi XapakKTepHBIX KHHEMATH-
Jecknx obsracTeii: ympyroe obpaTHOe paccesiHne, pas3Baj JedTpoHa 6e3
00pa3oBaHus APYTUX YACTUIL, PA3BAJ AEHTPOHA C BO3SMOKHOCTBHIO POK-
JIEHWs IPYTUX TACTHIL.

YCJIOBHUSIM NMPUMEHUMOCTH MapPTOHHOW KapTUHBI B3ANMOJEHCTBUASA Ya-
CTUIl BBICOKMX dHEPruii, a ¢ JIPyroi, Ha ujiee IPOBe/IeHNd aHaIn3a I10-
JIYIEHHBIX TaHHBIX B PAMKAX T. H. J/UHAMUKYN HA CBeTOBOM (DPOHTE
(cm. paborer [46, 47, 48]).

CyTh 3T0r0 moaxoa (B MpeIesbHO YIIPOIIEHHOM BUJIE) MOYXKHO TIOSIC-
HUTH C TIOMOIIBIO MOJIIOCHBIX JUarpaMM, n300pazKeHHbIX HA puc. 4.3.

Brauase paccmorpum auarpaMmy, MpeICTaBAEHHYIO B JIEBOH 4acTu
puc. 4.3, anaau3upys ee B ayxe mapronHoit kaprunbl Peitamana. Vmen-
HO: IPAMEM, YUTO AeHTPOH-CHAPAJ COCTOUT BCErO JIAMIb U3 ABYX Map-
TonoB (Hyk/oHOB). [To amajorum ¢ MApTOHHONW KAPTHHON, KaxKIbIid U3
3TUX HYKJIOHOB-IIAPTOHOB IIEPEHOCUT HEKOTOPYIO JIOJII0 TIOJTHOT'O UMITYIb-
ca JleiTpoHa U pacupejiejieHue 0 UMILy/IbcaM IapTOHOB OIpe/leIaeTcd,
B COOTBETCTBUN C KBAHTOBOI MEXaHUKOM, KBAAPATOM BOJTHOBOI (PyHK-
Uu JIefTpoHa B MMILYJIbCHOM TIPEJICTABJICHUN (BEPXHsS BEPIITUHA PAC-
CMaTpUBAEMOli auarpammbl). Pa3saji JefTpoHa MPOUCXOIUT TOTIA, KO-
I3 OJIUH M3 HYKJOHOB JEHTpOoHA (CaMmblii MEIICHHDIH B JI.C.) B3aUMO-
JIeHCTBYET C MOKOSIIEHCS B JI.C. MUIIEHBIO. JIPyToil HyK/TOH 3TOTO B3au-
MozeiicTBrs 7 He 3aMedaeT”, BLICTYIIass B POJIH MACCHBHOIO HAOJIIOIATE-
st — 7 criekraropa”’ . COOTBETCTBEHHO, €0 UMITYJIBC, W3MEDEHHBIH B JI.C.,
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OCTaEeTCH TEeM, KAKAM ITOT HYKJIOH-TIAPTOH 00181471, HAXOSCh B COCTaBe
HagaabHOrO Jefitporna. Ecim orobparh Takme coOLITHSA, KOTAa TOIeped-
HbIE UMILYJIbChl HYKJIOHOB-IIAPTOHOB HEBEJIUKH (B COOTBETCTBHUU C OCHOB-
HBIM TMOJIOXKEHUEM TTAPTOHHOH KAPTUHBI), TO €CTh CIIEKTATOD BBLIETAET
”Briepen’, TO pacmpesesiene Mo YHOCUMOMY UM TTPOJIOTLHOMY MMTITYTh-
cy OyZer ompenessThCs KBAJAPATOM BOJHOBON (DYHKIMM JeHTpOHA, €c-
JIE 9TOT UMIYJIbC GOJIbIIE TIOJOBUHBI MUMITYJIbCa JAeATpOHA B J.C. (dTO
O3HAYAET, 9TO B3AUMOIECHCTBYIONIWI C MUIIEHBIO HYKJIOH-IAPTOH OoJiee
ME/IJIEHHBIN B JI.C., €M CIEKTATOD, B TOJHOM COOTBETCTBUM C MMapTOH-
HOIT KapTunoii). Tak Kak JEATPOH PENSATUBUCTCKUN 1 PACCMATPUBACTCS
ero (¢gpparMeHTanysa B 7 KOJINHEAPHONW KWHEMATHKE, IS BLIYUCICHUST
CEYCHU U TOJIPU3ANMOHHBIX XaPAKTEPUCTUK PEAKIINH CJIEIyeT UCIIOJIb-
30BaTh, KaK Hambosee aJeKBATHBIN, (DOPMATIN3M JUHAMUKH HA CBETOBOM
dporte. B aTom ciydae amekBaTHON 3a7ade KHHEMATHIECKON ITepeMeH-
HOl CTAHOBUTCS TIEPEMEHHAsi CBETOBOTO (hpOHTA

P + Espect
ao=—=——

4.5
pa+ Eq (4:5)

r71e ||, Espect — NPOJIOTBHBIE UMITYTBC U HOTHAS SHEPTUA CIEKTATOPA, a
pd, Eq — umiysbe u sueprus AefdTpona-cHapsiia (Bce BEJMYUHDBI B3ATh
B JTA0OPATOPHOIl cucTemMe OTcUeTa).

®opmMau3M JUHAMUKNA HA CBETOBOM (DPOHTE TO3BOJISIET UCIOJIb30-
BaTh B PACCMATPUBAEMON 3a/1a9e MOHATHE O HEPESITUBUCTCKONW BOJIHO-
Boit ¢pyukInn meirpora. Ho 3mech me 06oiiTrch 63 X0Tst OBI e1e 0IHO-
ro (monosiHuTEIbHOrO) HpeanooxKenus. QOHO KacaeTcs BOIPOCA O CBA3M
MEXKIy U3MEPSIEMBIMUA B SKCIIEPUMEHTE KMHEMATUYECKUMU BeJIMIMHAMA
(P, PL) M apryMeHTOM BOIHOBOH (DYyHKIMY B MMITYTLCHOM MpeICTaBIe-
HUU — OTHOCUTEIHHBIM UMITYJIHCOM HYKJIOHOB B JefiTpoHe k.

B kBanTOBOiI MexaHWKe Ha CBETOBOM (PPOHTE ITO IMPEIIOJTOKEHNE
HA3BIBAETCS TIPEIIONOKEHNEM O’ MUHUMATbHON pengrususanuun’ . CyTh
ero cocrout B ToM, uro (1) ¢ aprymenTom k BOJIHOBOW (DYHKIMU B UM-
MyJIbCHOM TIPEICTABJIEHUN OTOYKIECTBIISETCS BEJITUINHA

=——L———m>, (4.6)

(rie NPUHATO, YTO HYKJIOHOM-CIIEKTATOPOM sIBJISETCS IIPOTOH), a (DYyHK-
[IUOHAIbHAS 3aBUCUMOCTDH BOJTHOBOW (DYHKIUMHU OT k OCTAaeTCs TAaKOH Ke,
KaK B HEpeIsTUBUCTCKONW KBAaHTOBOH MexaHwke; (2) crnmWHOBasi CTPYK-
Typa U KjaccuuKaIus M0 OpOUTATLHOMY YTJIOBOMY MOMEHTY IJIs pe-
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JIATUBU30BAHHON BOJIHOBOH (dyHKmmu npu p; ~ ( Takas ke, KAK U B
HePeIATHBUCTCKON KBAHTOBOI MeXaHUKe °.

B cxeme ”MmHUMATBLHOW peNATHBU3ANMHA MEpEMeHHas k uMeer
CMBICT " BHYTPEHHETO UMITY/IhCA HYKJIOHA B JIEHTPOHE” ; B 3aBUCUMOCTH
oT « oHa MeHsercs oT 0 70 0o, KaK M OTHOCUTENHHBIH WUMTYILC HYK-
JIOHOB B HEPEJATUBUCTCKON KBAHTOBON MexaHnKe. Benannbr KBapaTa
[IEPEJAHHOTO OT JAeHTPOHA K MPOTOHY 4-MMIysIbca ¢t U KBaIpaTa Pa3HO-
ctu 4-cKOpOCTEil JAedTpOHa W MPOTOHA TAKXKE MOXKHO BBIPA3UTH Yepe3
epeMeHHyI0 CBETOBOTO (bPOHTA (v

L —140-a) (@)212%; by =2(1 - 0) (@>2

2
my my my

Crieyer OTMETUTD, 9TO B M3JIArAeMOii CXeMe BO-TIEPBbIX, MPeHebperaeTcs
sueprueil csasu geiirpona (okosio 2.2 MsB), u Bo-BrOpbIX - pasnueil
Mace HeHTPOHA W IPOTOHA. TeM He MeHee, HCIOML3YIOTCA 0003HAYCHHSA
My U My, 9TOOBL IBHO YKA3ATh, O KHHEMATUIECKUX XaPAKTEPUCTHKAX
KAKOTO M3 HyKJIOHOB UIET Pedb.

BriosiHe BO3MOKHBIM SABISETCA APYTOE MPEINONIOKEHNe, & WMEHHO:
OTOKJICCTBJICHHE TIEPEMEHHON A ¢ MOZYJIeM BEKTOPa MMITY/IbCa IIPOTOHA-
CIIEKTATOPA, B3ATOTO B CUCTEME NOKOsA JeiTpoHa-cHapsiaa q. Omma-
KO HAOJIOIATE/Ib, MPUHUMAIONINN TAKOEe OTOXKJIECTBJICHUE, HEMEIJICH-
HO CTAJIKMBAETCA C TIAPAJOKCOM: BEIWUNHA MAKCUMAIBHO BO3MOMKHO-
ro 3HAYEHUS WMIYJIbCA TPOTOHA-CIIEKTATOPA, B3ATOTO B CHCTEME TIO-
KOsl eATPOHA-CHAPS/IA, OTPAHIYIEHa (CM. Jajee) 3aKOHAME COXPAHEHUS
SHEPIUH-MMILYIbCA BETHIUHON

3
q < Qmaz = ZmN

(my — Macca HyKJIOHA), TOTJa KAK OTHOCUTEJIbHBIA UMIYJIbC HYKJIOHOB
B JI€ATPOHE, COIJIACHO HEPEJIATUBUCTCKON KBAHTOBOU MeXaHUKe, He Orpa-
HUYEH U MOYXKeT MeHAThCst oT 0 10 oo. EcTh u apyrue TpymgHOCTH, HEME -
JIBHHO BO3HWKAIOIIME MpPU TMPUHATHH 3TOTO MpeanooxKenus. [Tosromy
JnajbHelee 00CyKIeHne B 3TOM naparpade mpoBOINUTCS HA OCHOBE TH-
OTE3bI O " MUHUMATBHON PeIaTuBu3aum’ .

IIpumas rumore3y ”MUHUMANILHON PEAATHBU3ANNN TOJYIUM, 9ITO
JUIST IBUIKYINErOCs OTHOCUTEIBHO JADOPATOPHON CHCTEMBI JIEWTPOHA C

5 Jlesio B TOM, 9TO B PEISATHBUCTCKOII TEOPHH BOTIPOC O PA3EIEHUH OMEPATOPOR
CIIUHA U OPOUTAIBLHOTO YIVIOBOTO MOMEHTA HETPUBHAJIEH. B AWHAMHKE HA CBETOBOM
dpomHTE 3TO OTparkAETCS B TOM, ITO T. H. OIepaTop npeobpazosanuss Mesoma pasex
eITMHIYHOMY OIE€PATOPY TOJIBKO TOTa, Koraa p | = 0. 9T0 06CTOATeThCTBO 3a0bIBATH
HE CJIeyeT.
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PENATUBUCTCKAM UMIIYTILCOM Pg > My, TTOTHOCTD BEPOSITHOCTH OOHA-
PYKWUTh B HEM HYKJIOH C BHYTPEHHUM MMITYJIHCOM Kk TIPSIMO MTPOMOPIIAO-
HAJIbHA BEJTUIUHE

1 mp+pi dp
4(1—-a) a(l—a) E,’

‘wrel (k>|2 d3k = ‘wnrl (k>|2 . (47)

re Ve (k) — pensTuBuzoBanHas BONHOBAs DYHKINS THTPOHA, Uy (K)
— ero HepeNTATUBUCTCKAS BOJHOBASA (DYHKIMSA. 31eCh MHOXKUTENIN B TTPa-
Boii actu dopmyst (4.7) mocae [P, (k))° ecrs me 4o nHOE, KaK sIKO-
6uan mepexoma or mepemenubX (ky, ky k.) k mepemeHHBIM (D, Py Dz),
rJIe P €CTh BEKTOP MMITYIhCa MPOTOHA-CIIEKTATOPA, B JI.C.

Ecam 661 TOBeIeHMe MHBAPUAHTHOTO CEYEHWsT peaknnu (hparMenTa-
UK JeHTPOHA B TIPOTOHBI (¢ HEOOIBINM MOMEPEYHBIM MMITYIHCOM) Ha
IPOU3BOJIBHON MUILIEHU B 3aBUCUMOCTHU OT UMIIyJIbca (pparmenta (poTo-
HA) [HOJHOCTBIO OLPEIEIAIOCH Obl IUArPAMMOIL, IPEJICTABICHHON B JIEBOT
gyacru puc. 4.3, T0 ero MOzKHO 66110 6bI (HPUBIUIKEHHO) 3AIUCATH B BU/JIE

o
pd—ﬁ ~ O (Sn,t)(n,targ) X
11-a) Val-a

X

W}nrl (k)‘Q : : R(nvd) ) (4'8)

TNIE O(n,targ) €CTH CEYEHWE B3aWMONEHCTBUST MEJJIEHHOTO HeHTpOHA-
mapToHa C MUIIEHLIO (OTBeanomee HUZKHEH BepInHE HA JIEBOU Juarpam-
Me puc. 4.3)), a

1/2 2 2
A2 (55, M2, 0o m3)

/\1/2 (Sd, Mt2

arg?

R(n,d) = (4.9)

my)
ecTh OTHOTIeHne MENTepOBCKNX TIOTOKOB JIJIsT CTOJKHOBEHWI Jefi-
TPOHA W HEWTPOHA-TMAPTOHA € MUIIEHbIO. KEro mnpmHATO Ha3BIBATH
" kunemaruaeckuM dakropom”. OH obecrieunBaer obpallieHue cedeHust
B HY/Ib HA KHHEMATHYIECKON IPAHUTIE a TAKXKEe YIUTHIBACT TOT (PAKT, ITO
B MHOXKWTENb O(y, tqrg) BXOANT, KPOME KBaJIpaTa MATPUIHOTO SJIEMEHTA
B3aMMOJIEHCTBUS MeJIJIEHHOTO HeATpOHa-TTapTOHa ¢ MuiieHbio, Mémrme-
POBCKHiI1 TIOTOK HEHTPOHA-TIAPTOHA. JTOT MOTOK JJI CBOOOTHOTO HEii-
TPOHA WHOH, 4eM JJId HEUTPOHA B COCTaBe AEUTPOHA, YTO CJIeJlyeT IPHU-
HATH BO BHUMAaHNE TIPU UCIOJIb30BAHUU B pacdeTax IKCHEPUMEHTATHLHO
U3BECTHOTO CEYCHUA O (5, targ)- DaccMmaTpubas suarpammy Ty-Jloy B pas-
nesie VI, MbI ermie pa3 BeTpeTum oTHomeHne Tumna R (n, d).
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Dopmyna (4.8) npubsukenHas; ecau Obl paccMarpuBaeMas JIuUa-
rpamma puc. 4.3 Opwia Obl €IMHCTBEHHO BO3MOXKHOH, TO B Kade-
CTBE O(N, targ) C/1€0BANO Obl OpaTh MOJHOE CEYeHUE B3auMOJeHCTBUSA
HeHTPOHA-TIAPTOHA € MHUIIEHLIO ofj’\f’ targ)- OHAKO yuer riayGepoBCcKix
nepepacceanuii (T. €. YaCTHU JIONOJHUTEJIbHBIX JUATPAMM) TPUBOIUT K
TOMY, UTO BMECTO ofONﬁ targ) CTTEAYET GpaTh of}{ﬁltm,g): HOJTHOE CeHUeHue
HEyTIPYroro B3anMojIeiicTeusa (KOTOpoe MPUMEPHO B 2 pa3a MEHbIIE), eC-
a1 TosbKO addexTuBHast macca Mesp (M. puc. 4.3) 3aMeTHO BBIIIE CyM-
MBI Macc Mumienn u Heifrpona. Ecmm Bemmamna M pp O6au3Ka K cymme
MacC MUINEHU W HEHTPOHA, TO €CTh B KOHEYHOM COCTOSTHUM HE MOYKET
OBITH JTayKe OJIHOTO TTHOHA, TO BMECTO of}{f’lmw) ciaeayer OpaTh cedeHue
YIPYTOro paccestHus (mosHoe); ecu ke M, ;p COBIATAET € Maccoil efi-
TPOHA, TO JIEBAsT IUATPAMMA puc. 4.3 MPEBPAIIAETCI B TPABYIO THATPAM-
My Ha 9TOM K€ PUCYHKe, COOTBETCTBYIOIILYIO JUATPAMME OTHOHYKJIOH-
HOTO OOMEHa JjIs YIPYTOTO PacCesHusa AeHTPOHA MPOTOHOM ~Ha3am’ B
C.ILM., T. €. peakiwn p(d, p )d mpu 6* = 180°. B aTom mipeiesie yKe Helb3s
YOPOIIIEHHO TOJIb30BATHCA TAKONH MHTErPAJIbHON XapaKTEepUCTUKOM, Kak
O(N, targ) W19 HEYKHEIl BEPITUHBI PAaCCMaTPUBAEMOl IuarpaMMbI, TeM 60-
Jiee, 9TO OHA CTAHOBUTCS HEOTIUIMMON OT BepxHeil Bepiiuabl u audde-
DEHIMAJIBLHOE CeYEeHUe CTAHOBUTCS MPONOPIMOHATBHBIM |, (k)]

Takum 06pa3om, B peakiuu Pa3Bajia AeATPOHA MOXKHO BBIIEIUTH 3
XapaKTEPHBIX 00JIACTH, B KOTOPBIX JIETAJIBHOE MOBEJICHNE NHBAPUAHTHBIX
nuddepeHImaIbHbIX CeUeHUN U MOJIAPU3ANUOHHBIX XapaKTEPUCTUK Pe-
AKIUU MOXKET OBbITh PA3JIUIHBIM, HO TeM He MEHEe CBS3aHHBIM C MOBe-
JIeHreM BOJTHOBOM (DyHKINK AefiTpoHa B 3aBucuMocTu ot k. Kpome Toro
BU/IHO, 9TO MOXKET UMETh MECTO JOCTATOYHO TECHAs CBA3b MEXKY Peak-
nueit pparMeHTanuu J1eiTpOHa B KOJJIUHEAPHON KUHEMATHKE U YIIPYTUM
paccegHueM JefHTpoHa MPOTOHOM ~Ha3ad B C.I.M.

OOimee moBeIeHIIE MTHBAPUAHTHOTO CeYeHUsT (pparMeHTanuu aeiTpo-
HA B TPOTOHBI ¢ BBLIETOM (parmMenta noj yriaom 0° 1m0 OTHOIIEHUIO
K HUMIYJIbCY IefTpoHa-CHapsaa mokaszano Ha puc. 4.4. B menowm, omo
MOYKET OBITH WHTEPIPETUPOBAHO HA OCHOBE W3JIOXKEHHOM CXEMBI U pac-
cuntano coriacuo dpopmyse (4.8) ¢ UCIONB30BAHUEM U3BECTHBIX BOJIHO-
BoIxX byHKIWMI gefiTpora (quHuEM Ha pucyHke 4.4), XOTs Mpu BeJIUIUHAX
k ~ 200 — 500 M»sB/c sKcuepumMenT u Teopusi PACXOAATCs JazKe ecju
YUUTHIBAIOTCH BO3MOXKHbBIE JIONOJHUTEbHBIE (K PACCMOTPEHHBIM PO~
creiffiinuM guarpamMmam) u 6oJiee CJIOKHbIE MeXaHUu3Mbl (bparMeHTalluH.
B obmacti Mambix | ky [< 100 MaB/c cevenme MakcnMambio u bopumyiia
(4.8) maer ero HeNJIOX0e OMUCAHUE, KOTOPOE MOYKHO €IIe YLy YU Th, €CJII
yudectb KyjaoHosckue sddexror [51].
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Puc. 4.4. uBapuantHoe cedenne (pparMeHTANUH Ha TPOTOHHON MUIIIEe-
HU JEATPOHA B MPOTOHBI C BLLIETOM (parMenta noj, yrioM 0° mo oTHO-
HICHHUIO K UMITY/IbCY JeHTPOHA-CHAPSAIA B 3aBHCUMOCTH OT IIPOJOJBHOIO
UMITYy/IbCA K, ONMPEIETEHHOTO B TEKCTE. DKCIEPUMEHTATBLHBIE JAHHBIE TTO-
JIy9eHbl B ONbITax, mposeieHHbix B Jlyore n Cakise (cm. Hampumep [45],
[47, 48] u cCcbuIKM B 3TUX CTATbAX). JIMHUM — PE3yJIbTAThl PA3JIUIHBIX
TEOPETUIECKUX PACYETOB KAK B MIPOCTEHINeH KapTUHE HAa OCHOBE (POPMY-
bt (4.8) (0603HAYEHBI KAK KBA3U-UMITYJIbCHOE Tpubmmkenne, qIA) Tak u
BKJIAJIOB JPYTUX BO3MOXKHBIX MEXaHH3MOB. B 3THX pacdeTax HCIOIb30-
BaHbI BOJTHOBBIE (DYHKIMX JIEATPOHA, HOTy9eHHbIE Ha OCHOBE COBPEMEH-
HBIX HYKJIOH-HYKJIOHHBIX moreHimanos (ITapukckoro [49] u Huiimeren-

ckoro [50]).

CrenamHplii HAOPOCOK KAPTHUHBI (pparMeHTannm JeiHTpoHa B KOJLIHU-
HeapHOU KMHEMATUKE B CUJILHOW CTENEeHU CXEeMATWYeH; €€ JTeTAJTU3AIINI0
MOXKHO HAWTW B OPUTHHAJBHBIX CTATHAX, HO MOAPOOHOE OOCY¥KIeHue
9TOI TeMbl BLIXOJIMUT 3a PAMKH KypCa 10 OCHOBAM KMHeMaTuKu. BuoJine
JIOCTATOYHO OBLIO IPOCIEIUTh, KAKMM OOpa30M OCHOBHBLIE YEPThI Iap-
TOHHOM KapTUHA B3aUMOJIEHCTBUS YaCTUIL MOXKHO (PU3UUECKU CMOIEIH-
poBaTh peaknuaMu ¢hparMeHTanuy 11pa, (B JAHHOM CIydae — JIeHTpOoHa).
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[Tone3no mpoBecTn KuHEMATHYECKUI aHAJIN3 BEPXHEH BEPITUHBI Jie-
BO# muarpaMMbl puc. 4.3, T/ OAUH U3 HYyKJIOHOB J€HTPOHA BLICTYIAET B
PO maccuBHOTO HabOmaTens — ” cmekraropa’” .

BrimosauM ero B cuctemMe MOKOs IeHTPOHA U HAWAEM OTHOCUTEThHBIH
UMITYJIbC HEWTpOHA (T. €. UMILYJIbC, B3ATBIA B CHUCTEME MOKOs TPOTOHA~
CIIEKTATOPA). DHEPTUEH CBA3U HYKJIOHOB B JICATPOHE IPEeHEOPEsKeM U3-3a
ee MaJOCTH, PABHO KakK W pas3Huieil macc mporona u Heiirpona. Coxpa-
HHM, OJHAKO, 00O3HAYEHNA My U My, 9TOOBI IMETh BO3MOMKHOCTD Pas-
JINYaTh 3TH JACTHUIIHI.

B cucreme noxos nefirpona 4-mmmynsc nporona ects Pp = (E,, q),

_ 2 2 — 24 2 — 2
E, = \/merq = \/mp+q , oae ¢ =| q |* 1 m, — Macca nporona.
Torma 4-ummynsce mefirpona, ogesugno, P, = (Mq — E,, — q), abdexk-
THBHAs Macca cucreMbl (HefiTpoH-+1poTon) ecth (P, + Pp)? = M3, rae
My — macca gefiTrpona.

C mpyroii CTOPOHBI, SHEPTUW TIPOTOHA W HEHTPOHA B CUCTEME IIEHTPA
MacC HeHTPOHA U MPOTOHA €CTh (CM. TIPEIbLIYIIIE JICKIIN ):

M3 +m? = [(Ma = B,)* — ¢?]
= 2M,

:Ep7

Md2 + [(Md *Ep)2 7(]2} 7771% u s
En = 2Md = d— Lp,

_ (22 2\1/2y
QCm*(epfmp) )*Qa
TO €CTh, CUCTEMA IEeHTPa MacC (HEHTPOH+IPOTOH) JEHCTBUTEIHHO COB-
najgaeT ¢ CUCTEMOM TTOKOA TeUTpoHa.

Haiinem Temeph OTHOCHTETBLHBIN UMITY/THC HEHTPOHA. [T 9TOT0 Hy K-
HO U3 CHCTEMbI HEeHTPa MAcCC (IIPOTOH-HEATPOH), WM CUCTEMbI HOKOs
JEeNTpOHA, NEePEUTH B CUCTEMY MOKOA IPOTOHA.

4-CKOPOCTD 9TOI CHCTEMBI €CTh, OUEBHUIHO, Uy, = (E,/my , q/my); To-
r1a npeobpa3oBaHue BLINOJHUTD MPOCTO (CM. MATEPUAT MPEIBILY X
JIeK Iy ):

E, + Erel
l l
E:Le = (Pn . uP) ) qze =Pn —Up- ﬁ (410)
p
HOCJIe HECJIOZKHBIX BBILII/ICJIQHI/II‘/“I7 JIETKO TIOJIYYUTh!:
M, M,
l d d
P;e = (m—pEp — mp, — qm—p> . (411)
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Ecaun rTemepp morpeboBaTh, YTOOBI HEHTPOH OBLT ~“HAa MAaCCOBOIt
nosepxHocTu”, T. e. aTobbr PL¢ = m2, To nerko 0GHADYKHTH, 9TO OT-
HOCUTETBHBI UMIYJIBC HEATPOHA PABEH HY/I0. DTO COOTBETCTBYET CH-
Tyanuu, KOrja JefTpOoH pa3BaJnuBaeTcsa Ha cucTeMy (HEHTPOH-+IPOTOH)
U Kaxk bl u3 dhparMenTos HeceT (B J1a0OPATOPHOI CHCTEME OTCYUeTa)
MOJIOBUHY UMITYJIHCA JIEUTPOHA, KOTIA JeHTPOH JBUIKETCS OTHOCUTETHHO
TabOPATOPHON CHCTEMBI.

Oanaxo ectb u apyroe yciaosue: P2 > (. BoszmozkHa cieayronias Ha-
risaHas (HO HecTporas) ero TpakToBKa: mpu P2 = () JeHTpoH BApPYT
Kak Oyaro Obl "moserdas’ Ha BEJWYWHY 1M,, TPEBPATUBIINCH B TAPY
U3 TTPOTOHA C UMIYJIBCOM (ipgy W (DUKTUBHON YACTUIIHI HYJIEBONH MACCHI
C UMILYIbCOM —(yqz- VIHBIMU CJIOBAMU, [IOYTH BCsl IHEPTHsI, 3AMACEH-
Hasi B Macce HeWTPOHA, KAKUM-TO O0OPAa30M MPEBPATUIACH B KHHETHIE-
CKYTO SHEPIHUIO MPOTOHA-’ cIleKTaTopa’” , HO 3aKOHBI COXPAHEHUS SHEPTUN
W UMTIy/Ihbca He Hapymuauch. [lostomy yenosue P2 > () umeeT abCOMIOT-
HBIIl XapaKTep B TOM CMBICJIE, UTO €CJIUM OHO HAPYIIAETCs, TO TOBOPHUTH O
MIPOTOHE-CIEKTATOPE HEBO3MOXKHO: JIJIs MOy YeHUs] UMITYIbCA § > (maz,
eMy HY’KHO ’3a9epIHyTh’ JOTOJHUTETHHYIO SHEPTUI0 U3 MUIIEHH.

VYenosue P2 > 0 Baeder 3a coboit HHTEpeCHOE OrpAHUYCHUE HA BEJH-
YUHY OTHOCUTEIHLHOTO MMITYJIhCA:

S (4.12)

qSQmam:4

DTO O3HAYAET, UTO U3MEpsieMblii B J1aO0PATOPHON CHCTEME HUMILYJIbC
IPOTOHA-CIIEKTATOPA MOXKHO JIMIIL HPUOJIUKEHHO, pu ¢ <K 3/4mp,
TPAKTOBATh KAK MEPY OTHOCUTEHLHOIO UMITY/IbCA HYKJIOHOB B JAefTPOHE
710 ero pas3Baja’; Mo Mepe MpUOINKEHNsT K TOW IPAHUIE TaKash TPAK-
TOBKa, BCe OoJiee n DOJIee COMHUTENbHA, & BOJIM3M HEE W BOBCE HEBEPHA.
Bosnukaer Bompoc: a siByisiercs i BOOOIIE N3MEPUMBIM UMITYJILCHOE Pac-
npejiesieHre HyKJIOHOB B CBA3aHHOI cucreMme (HeHTPOH+IIPOTOH), 3a/1a-
BaeMoe, COTJIACHO HEPeJIATUBUCTCKON KBAHTOBOW MEXAHUKE, KBAIPATOM
MOJIYJIsI BOJTHOBOM (DYHKIIUU AEHTPOHA B UMITYIHCHOM TTPEICTABICHUH !

Berrimie Oblta M3/105K€Ha TOUKA 3PEHWS, COTTIACHO KOTOPOif Ha 3TOT BO-
MPOC MOXKHO [TaTh YTBEPAUTEHHBIN OTBET, €CJIU TOJHKO PACCMATPUBATE
337249y B paMKaX ~KBAaHTOBOW MEXaHWKH HA CBETOBOM (ppoHTE”.
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4.5 KwuHeMmaTnka riiybOKOHeynmpyToro pacce-

AHNSA.

O6bruno, Koraa ropopsar o " riybokoneynpyrom” paccesuuu (I'HP), noz-
Pa3yMeBaloT HEyIPYroe paccesiiie JenTOHA Ha aJIpOHHON CHCTeMe, TIPU-
YeM TaKOe, KOTJIa PErUCTPUPYEMbIil B KOHETHOM COCTOSIHUY JIETITOH UMEET
3aMETHO MEHBIIYIO IHEPTUIO, YeM HavaIbHbIH. B npubaukenun ogaodo-
TOHHOTO OOMEHA TaKOii MPOIIECC TIPEICTABIAETCS JuarpaMmmoii puc. (4.5).

/

k

P, M W

Puc. 4.5. Kunemarndeckne nepeMeHHbIe [IJIsT OMMMCAHUS TJIYOOKOHEYTIPY-
roro paccesiHus JelToHa HyKJIOHOM. Benuuunnt k, k' — 4-UMITy/ILCBI Ha-
YaJIbHOI'O U KOHEYHOI'O JIENTOHOB, P — 4-uMmy/bc HyKJIOHa ¢ Maccoi M,
W — macca cucrembr X, nogydausineii ormady. ObMennBaeMast 9aCcTUTA
— dboron mmm npomeskyTounstii 60301 (v, W, Z); on mepenocut K myk-
J0Hy 4-mMmynse q = k — k.

Crangaprusivu nepemennbivua THP apnsiorea Q2, v, x Bj, y. Hosc-
HUM 3TU TIEPEMEHHBIE U PACCMOTPUM WHTEPBAJIBI UX U3MEHEHUS.

e Iloreps sHeprum JENTOHOM B CHCTEME MOKOs HYKJIOHA (I03TOMY
E, E' — sneprus HadajbHOTO U KOHEYHOIO JIEHTOHOB GepyTcs B
CHCTEME TIOKOST HYKJIOHA):

q-P

=FE-FE'">0. 4.1
- >0 (4.13)

V=

e Kgaapar nepegaun 4-ummysibca:
Q*=—-¢*=2(FE'—kk') —m] —m}, >0; (4.14)
€C/I MacCaM¥ JIEITOHOB MOYKHO TIpeHeOpednh, TO

Q* ~4EFE'sin? (9/2) , (4.15)
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rie ¥ — yroJi paccesiius jgenToHa (110 OTHOIIEHUIO K HALIPABJIEHUIO
[aJA0IIero JIENTOHA-CHAPsIa). BUAHO, 9TO ¢ TOYHOCTBIO /10 3HAKA
nepeMenHasg Q2 ecTb MaHJIE/ILCTAMOBCKAA IepeMeHHasd t; obpaT-
HEIH TI0 OTHOIIEHUIO K t BRIOOP 3HAKA BEJWIMHLI ()2 06YCIOBICH
UCTOPUYUECKUMU TIPUINHAMHU.

Q2
T= g (4.16)

9Ta BEJIUYWHA B TAPTOHHON MOJIETN MUMEET CMBIC IO UMITYIbCA,
HYKJIOHA, TIEPEHOCUMAasT TTAaPTOHOM.

q-P v
kP E°
B CcucremMe 1ImoKo«A HyKI[OHa 9Ta BeJIMYMHA UMeEeT CMbBICJI JOJIN aHep—
IUH, TTOTEPSHHON JIEITOHOM TPHU paccesnuu. V3 ee ompemeneHust
BI/I,HHO7 9TO 3TO I/IHBapI/IaHTHaH HepeMeHHaH.

y (4.17)

e Ksampar adpdexkTuBHON Macchl cucreMmbr X :
W?=(P+q)° =M +2Mv—Q*. (4.18)

e Haxomerr, BaxKHO# mepeMeHHON ABISIETCS

Q2

_:c_y

s=(k+P) +M?>+m}=M>+m}+2ME, (4.19)

TO €CTh, KBAAPAT IOJHON SHEPTUU JIENTOHA M HYKJIOHA B CHCTEME HX
nenrpa macc. (Ilocieanee paBeHCTBO BBIMTUCAHO B JI.C.)

Ectb emmie onHa mepeMentas, KOTOPYIO UCHOJb3YIOT, KOTJIa BMECTE C
PACCETHHBIM JIEMTOHOM PETHCTPUPYETCS AIPOH h, BXOIAINI B aIpOHHYIO
cucremy ¢ adbdexrusnoii maccoit W B koneunom cocrosiruu (puc. 4.5):

B
2

z (4.20)
Bnecs Ej, — nonuast sueprus perucrpupyemoro agpoua. (Ilepenaua suep-
UM v aJIPOHHOI cucTeMe onpeiesena Boiie.) CMbICI IepeMeHHoil 2 0de-
BH/JIEH: 9TO JI0JIsl [IePEJAHHOI SHEPIUH, YHECEHHAs] PETUCTPUPYEMBIM a/T-
POHOM KOHEYHOTO COCTOSTHUSL.
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4.5.1 Pusuuyeckuili CMbICJ 7.

IpencraBum cebe, B pamMKaxX MApPTOHHONH KAPTHUHBI, YTO BUPTYAJIbHBIN
6030H (POTOH) MOTTIOTUIICS MAPTOHOM, MMEIOIIEM JOJI0 X) MOJHOrO 4-
UMITYJIbCA HYKJIOHA (PacCMOTpEHHE TPOBEIEM Ha CBETOBOM (pOHTE B
MpOoCTeilieM BapUaHTe: T. H. CUCTEME DECKOHEYHOTO HUMITYJIHCA, B KOTO-
poit JlenToH-cHAPs uMeeT GECKOHEYHO GOJIBLION UMILYJILC).

Torma KBaapar MOTHON SHEPIUU B CHCTEME IEHTPA MacC BUPTYAb-
HOro 6030Ha M ITOTO MAPTOHA PABEH

(xp P + Q) = x§P2+q2+2xpP~q = x§M2+q2+2xpP-q =m?, (4.21)
rae m? — macca maprora. Ecam oHa MHOTO MEHBITe MPOYNX KUHeMaTH-

YECKHUX BEJIMYNH, XaPAKTEPHBIX J/Is 341891, TO €10 MOXKHO IPEHEOPedh
(paBHO KaK ¥ Maccoil HyKJIOHA), U B KOHe4yHOM urore u3 (4.21) umeem

¢ Q@
2
q¢ +2x,P-q=0,710 €ctb T), = ——= = 4.22
b ’ PP 2uM (4.22)
[1e BUIHO, 9TO T, B dhopmyre (4.21) ecTs me uT0 HHOe, Kak  u3 (4.16).
Ipu ananmze rmybOKOHEYIPYTOrO PACCESAHUSI JIEMITOHOB 3Ty TEPEMEHHY 0
Ha3bIBAIOT " BhepKeHOBCKMit 7, WIN TBjorken = TB-

Kunemarudecku pas3perennbie 00JaCTH U3MEHEHUS [MePEMEHHBIX
T'HP cxemaruduecku n306parkensr Ha puc. 4.6.

2 2
e -
2Mv
x<1: inelastic
x=1: elastic
=M * (target-nucleon)

x>1: cumulative
x=1/2 (target-nucleus
but x for eN)

x=1/4

My

Puc. 4.6. O6nactu m3MeHEHUs] KWHEMATHUECKUX TEPEMEHHBIX. 3/1eCh
2Mv = Q?/x.

84



4.5.2 O HEKOTOPBIX TEPMHHAX.

DddexkruBnaa macca. Oupeenenne ”3ddekTUBHON Macchl” B pas-
HBIX 007aCTIX (PU3UKU JeJaeTcCs pa3sandubiM obpasom. Hampumep, ecTn
nousaTue 3¢ deKTUBHON Macchl” HOCUTENEH 3apsaaa, ynoTpeOnuTe1bHOe B
du3uKe TBEPIOTO TEJIA U, B YACTHOCTH, B (DU3UKE MOJIYITPOBOIHUKOB. B
Gu3zMKe YACTUIL ITO MOHATHE TOXKE CYIECTBYET, TPUIEM OHO OMPEIETeHO
BIIOJIHE OJIHO3HAYHO (10 TOIi OPBI, IOKA PeUb He UIeT 06 JIeMEeHTAPHBIX
YACTUIAX B sIEPHOI cpesie): 3D DEKTUBHON MACCOi CUCTEMBI 7, T€TEKTH-
PYEMBbIX YaCTHIl HA3bIBaeTCs (U, 10 cepeaunbl 90-X rof0B HA3BIBAIACD )
BeTMInHa M2 =00 P;)?, riae P; — 4-uMIyJIbC i-ii 3aperucTpUpOBaH-
HOW YaCTHUIIBI, BCE N YACTUIL OBLIN 3aPEruCTPUPOBAHBL, WICHTUDUITHPO-
BaHbI, & UX 4-UMIYIHC U3MEPEH. DTO TOHITHE OBbLIO BBEJIEHO eIIe Ha 3ape
sanepHoit GpU3nKu U GUIUKKU YACTUI; OHO HCIOJB30BAIOCH JTOCTATOYHO
10r0 663 KaKuX-au00 3aTPYIHEHUN WM HEOTHO3HAYHBIX TPAKTOBOK. B
MOCJIeTHAE JECATUIETHS OHO, TIOYEMY-TO, CTAJO0 3aMEIAThCsT OECCMbIC-
JIEHHBIM T€PMHUHOM ~’MHBapHaHTHAsT Macca’ .

Henocraromag macca. Kak u sadpdexruBHasg macca, 3TO MOHs-
THE WCIOJIb30BAIOCH (€3 KAKUX-TH00 3aTPYAHEHUN WIIH HEOTHOZHATHBIX
TPAKTOBOK JIOCTATOYHO JOJITO W MPOJIOJIYKAET UCTOIB30BATHCS B TOM K€
snadennn moubHe. OHO ToX0XKe Ha MOoHATHE 3(PPEKTUBHON MACCHI, HO
MPUMEHSIETCS TOTJA, KOTJA HE BCE YACTUIBI KOHEYHOTO COCTOSTHUST Pe-
PUCTPUPYIOTC (MJIM HE BCe UX MMILYJIbChl u3Mepsitorcs). Oupenenenue
HEZOCTAIOMEH MacChl BEIIAAUT Tak: M2, . = (Pheam + Prarg — Y Pi)%
rae P; uMeeT TOT YK€ CMBICI, YTO U BBINE, & Pheam, Ptarg €CTh 4-
UMITYJILCHI CHAPSAAa W MuIlieHn. HbIMEH C/IOBAMHU, 3TO HE YTO WHOE,
kak 3p@dEeKTUBHAsS MACCA CUCTEMBI HE 3apPerucTPUPOBAHHBIX WU
HeHaOJIomaeMbIx dacrul. MoxHO paccmarpuBaTh ee (B KUHEMATH-
Ke) KaK Maccy HEKOTOPOi (PUKTUBHOIN YaCTHUIIbI C MOJHBIM 4-UMITYJIHCOM

Pmiss = Pbeam + Ptarg - Zn Pz
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YHactes 1V

Jlekmum 7 8



I'maBa 5

Ilepemennbie aJist
" MHKJIIO3NBHBIX

N3MepeHnmn

5.1 Ilepemennasa PeitHMaHA Tp.

IIycts mpu paccesinum g9acTuil a, b mocsae ux B3auMOI€HCTBUS PErucTpu-
pyeTcs J9acTHIia ¢, a OCTAJIbHBIE TTPOJIYKTHI PEAKITNN He PETUCTPUPYIOTCSA
(cucrema X), TO €CTh MPOBOJATCH WHKJIIO3UBHBIE U3MEPEHUs DEAKIUN

a+b—c+X. (5.1)

Yro6bl He 3arpoMOKAATh (DOPMYIIbL, O/ 4-UMITYIbCOM (UM KOMIIO-
HEHTAMHU ero, TO €CTh SHEPIrUeil U 3-UMIIyJIbCOM) PEruCTPUPYEMOii YacTu-
upt Oyznem noaumars (FE.,p.), onyckag unjekc ¢ . B ciayuae obparienus
K CHCTEME IIEHTPA MACC PEAKINH, KaK BCEra, COOTBETCTBYIOIINE HEWH-
BapUAHTHBIE BEJIMYWHBI Oy/IeM TTOMedYaTh CHMBOJIOM *.

Kunemarndaeckyio o6JacTh BO3MOXKHBIX 3HAYEHUIH WMILYJIBCA DEru-
CTPUPYEMOH FACTHUIIHI MOYKHO JIEPKO OTPE/ICTUTh, TTOTL3YICH (DOPMYTIaMu
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JUid "Kpyra uMIiysibcoB” (ecsiu pedb ujer O CUCTeMe IEeHTPa Macc) Wi
" 3smaica uMitysibcos” (eciu pedb uier o Jioboil Apyroil cucreme orcue-
Ta, HAIIPUMED, J]ADOPATOPHOIT), PACCMOTPEHHbIMU paHee. B gacrHocTH,
MPOIOJIBHBINA UMIIYIEC PETUCTPUPYEMOM TaCTUIIBI MOYKET JIEKATH B TIPe-
Jenax

Dimin = —[Eo2e —m? —p12]"" <0 < =
= (B2, -m?-p]? (5.2)
rme
0<pl <p", (m?+p12)"* < B* < B}, =

o 5+m2 7m§(,min . (5 3)
= NG : .
3ECh MY  min — MHHAMAJBHOE JOIycTuMOe 3HadeHnue sddexrunnoit
MAaCChl cUCTeMbL X , PABHOE CyMMe MACC BXOJSIIMX B Hee YacTull, (MMeercs
B BHU/LY, JOMYCTUMOE 3aKOHAMY COXPAaHEHWS KBAHTOBBIX UUCEJ JIJIA Pac-
cMarpuBaeMoii peakiun). Eciu rpaduuecku npeacTaBuTh KPyT UMITY b
COB, TO pﬁ MPUHAJIEKUT XOP/IE KPYTra, MPOBEIEHHON TePIeH INKYISIPHO
€T0 BePTHKATBHOMY JHAMETPY Ha PACCTOSHUM P’ OT TOPH30HTAIBLHOTO
J[raMeTpa, & TPAHUIIBI U3MEHEHU S pTl OTPEeIeIAI0TCS KPATHIMHU TOYKAMU
sroit xopael. B maboparoproii cucreme, rie KPyr UMITYJILCOB IIPeBpaIlia-
ercs B 3JIJIUTIC UMITY/THCOB, BeJTMYNHA p|| NPUHAJIEKAT XOPJIe 3JIIUTICA,
POBeJEHHOI MepreHINKYIAPHO ero MaJloi MOJyoCcH Ha PacCTOAHUM P’
OT GONBINON OCH, & TPAHUIBI U3MEHEHHs p|| ONPEJeNIAOTCS KpaitHuMu
TOYKAMU ITON XOpabl (M. puc. 5.1, SJUIMIC UMIYJIbCOB Jjisi PeaKIUu
p(p,m)X). T. 0. skcrpemasibibie (MAKCUMAIBHOE U MUHUMAJIBHOE) BO3-
MOYKHBIE 3HAYEHNS p|| 471 peaknun (5.1) onpesenaioTes KpaiHumMu Tod-
KaMu GOJILITON OCH TOTO JUIUTICA (CM. mpuMmep Ha puc. 5.1, rouku A, B
u C JiJig COOTBETCTBYIOIINX MTPOIIECCOB).
BcenovuuBs 0 nmapronnoi#t KapTuHe B3amMOIEHCTBUSA aPOHOB, MOXKHO
3aI003PUTh, YTO WHBAPUAHTHAA Oe3pa3MepHasi mepeMeHHasd

*
_ Py
Tp = —(/—

: (5.4)

*
p [| max

MOZKeT OBITH XOPOIIEll IepeMeHHOM /171 aHATH3a JAHHBIX HHKJIIO3UBHBIX
nu3mepennit peakuuit Tuna (5.1). OWBIT MOKa3aJ, 9TO Tak OHO U ecTh. Ile-
pemennast (5.4) Ha3bIBALTCS PeliHMAHOBCKOT CKeTAUH2060T NEPEMEHHOT.
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p_L ,GeV/c

Tiin= 3.5 GeV/nucleon

Puc. 5.1. Qnmunc nmnynbcos nmona B 1ab0paTOpHOi cucTeme s peakimit
p(p, ™)X u p(d, 7) X, o6cyxnennsiii B Hactu II. O61acTh BHYTPU MEHBIIETO 3JI-
JIUTICA Pa3PeIIena i TMOHA, POk IeHHoro B peaknuu p(p, 7)X (06a mykmona
- cBoGoaubie). ['pannna Gosrbinero ssutuica cooreercreyer peakmun p(d, 7)X,
KOT/a JIEHTPOH PACCMATPUBAETCS KaK ~MareprasbHas To4Uka”, a 3¢hderTns-
Had Macca cucteMbl X MUHUMAIBHO BO3MOXKHAA (TIOCJE y9eTa BCeX 3aKOHOB
COXPAHEHWs W TIPABHUJI OTOOpA TIO KBAHTOBBIM wuciaMm). O6IacTh UMITYTHCOB
BHE GOJIBIIErO /LIUTICA — abCOTIOTHO 3aIlpeniena g MTHOHA BCIeJICTBHAE 3a-
KOHOB COXPAHEHUs SHEPTUN W UMITYThCa. MeKy BHENTHUM W BHY TPEHHUM .-
surcaMu — KyMyJasTHBHas” 00JIacTh, HeJoCTymHas Juist peakiwn p(p,m)X
BCJIEZICTBHUE TEX K€ 3aKOHOB COXPAHEHUs! SHEPTUH U UMITYJThCA.

fcuo, uro mpu ananmse audepeHInaibHbIX PACTPeIeIeHn, TPOUHTE-
TPUPOBAHHBIX T10 TIOMEPETHOMY UMITYJIIbCY, TIOI P T‘ max CTEIIYeT TIOHNMaTh
9KCTPEMAJILHOE 3HAUEHUE MTPOJIOJIHLHOTO UMITYJIbCa (HATIPUMED, COOTBET-
crBylomee Touke B Ha puc. 5.1). Kpome Toro, B napronHoit kapruxe
QeiinMana CIUTACTCS, 9TO MOMEPEYHDIN UMITYIHC TADTOHOB HEBEJUK, TO
€CTh UX UMITYJIbCHOE PACIIPEIEIEHIE B IpOHe " PUKATO” K OCH abCImCC
puc. 5.1, 910 1aeT HEKOTOPOE JIOMOJHUTETHFHOE OMPABIAHNE TAKOMY pe-
LENTy ONpe/IeJIeHUs p ﬁ s

B numreparype wacrto ymorpeOsioT W Apyroe OmpeesieHne Tp, a

UMEHHO: «

op=2-L (5.5)

Vs
npakTudecku cosnazamoiee ¢ (5.4), Korga s HaMHOro OOJIbIle 3HAYEHUT
BCEX MACC, BXOJAMNX B onpeeneane (5.2), pABHO KaK W 3HAYMEHUT MOTIe-
peuroro nmmyisca p . Onpenenenne (5.4) npeacrasisercs Gojee TOU-
HBIM ITPU KOHEYHBIX SHEPTUAX WJIN TP paboTe BOIN3N KHHEMATHIECKIX
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TPAHUIl PACCMATPUBAEMOTO IpoIiecca (HO BCe Ke IIPU HEBBICOKUX P , ec-
JI 118 MAKCUMAJIBHOTO 3HAYEHUs TPOIOTBHOTO UMITYJIHCA TPUHUMAETCS
€ro KCTPeMasibHAs BEJUUUHA).

5.2 BwicTpoTa m niceBaobwsICcTpOTA.

Mozxuo ybemuThest, uTo ompenesnennas B Jactu I 6e3pasmepnas mepe-
MEeHHasl, Ha3bIBaeMas OBICTPOTOM, MOXKET OBITH BhIPAXKEHa, depe3 dHep-
U U MUMITYJIbCHI PECUCTPUPYEMOI JaCTUIIBI TaK:

1 E.+p.
= —In (e Pe .
0 Qn(Ec_pcy (5.6)

a IIpoaoJIbHadA 6bICTpOTa KaK

1 E.+p¢
e long = =In | —— | . 5.7
Ne, long 9 D(Ecpc| ( )

[Tepemenubie, COOTBETCTBYIONINE TUHAMUKE HA CBETOBOM (DpOHTE, B
UMTTYJIBCHOM TTPOCTPAHCTBE MOYKHO BBIDA3WUTh Yepe3 depe3 MMITYIbChl 1
SHEPTUHU B C.II.M.:

py=E"+pj, pL=E"-pj, (5.8)

OTKYy/Ia BUJIHO, YTO

1 *
long = 5 In (g :) - (5.9

Takum 00pa3oM, CyIIECTBEHHBIMA KUHEMATHUYECKUME TEPEMEHHbBI-
My i aHanu3a peakuuilt Tuna (5.1), aBiagiorcs napel (P, Tp) Win
(PL ;s Mong). ONHAKO 3HATEHUS IIPEIETOB U3MEHEHHsI OJHOI U3 IepeMeH-
HBIX B YKQ3aHHBIX TIAPAX 3aBUCAT OT 3HAUEHUI IPYTOM TEPEMEHHOM. ITO
UHTYUTUBHO SICHO M3 PACCMOTpEHusi puc. 5.1; moapobHee 310 06CY K ICHO
B kHWre [4]. Tam e geTanbHO PAcCMOTPEHA elrle OIHa, YaCTO YIOTPeOis-
eMasi TIPU BBICOKUX YHEPTUAX MePEMeHHAs], & UMEHHO - MCEeBI00BICTPO-
Ta. Ee npakTudeckas [eHHOCTh B TOM, 9TO HU3MEPATH MCEBI0OBICTPOTY
mporre, 4eM ObICTPOTY: He HY>KHO U3MEPSITh BETUIHMHBI UMITYJTbCOB, PAB-
HO KaK W HeT 0CODO0i HEOOXOIUMOCTH UIEHTH(DUITNPOBATH YACTHUIIHI, YTO-
OBl TPABUIILHO BHIYUCIISATH UX dHEPrun. JIeJI0 B TOM, UTO I U3MEPEHUsT
ICeBA0OBICTPOTHI TOCTATOTHO U3MEPUTDH yTo f BbLieTa JacTurbl. [Ipu
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9TOM TICEBIOOBICTPOTA MIOYUTH Be3d€ OCTATOUHO OJTU3KA K MPOAOTLHOMI

OBICTpOTE.
Brauasne 3amernm, 910
E+ 1
Mong = In (—p|> ~ —In (— tan9> ,
m 2
2 _ 2 2 %%
mi = pyt+tmg=pip_, (5.10)

(BemuuuMHA M) HA3BIBAETCHA ~MOMEPEYHONH MACCOi”), €C/IU BBINOTHEHDBI
yCIIOBUA:

1. yrom BbLI€TA MHOIO MeHbIe 1 HO HE CJIUIIKOM MAaJI:

M<ep<; (5.11)
p

2. HOHepequIfI UMITYJIBC MHOTO MEHBITE TTPOJO0JIBHOTO!
pL < |pyl; (5.12)
3. UMITYJIBCHI BEJIUKU TIO CPAaBHEHUIO C MaCCaMU:
p>my . (5.13)
Ecm HecKoBKO 0C1abuTh MepBoe yCIOBHE, TO €CTh JOMyCTUTh, 9TO
% <9<1, (5.14)

TO MOXKHO YBHU/IETh, YTO

1 1+ cosf 0
on ~ =1 — | = -1 t - . 1
Mhong 2 n(l—cos@) n{an (2)] (5.15)

[Tocrearee MpubAMIKEHHOE PABEHCTB B 9TOW (hOPMYJIe MCITOIb3yeTCst
KaK OMpejiesienne TCeBI00bICTPOTRI, TO3BOISIONIEE OTPAHNIUTLCS U3Me-
PEHUusIMU YTJIOB BBLIETA YACTHUIL B JAOOPATOPHON CrCTEeMe:

Npseudo = — 1N [tan <§>} . (5.16)

Creyer 3aMeTUTh, U4TO B PA3HBIX pabOTaX MO M3YUYEHUIO TPOIECCOB
MHOKECTBEHHOTO POKJICHWS YACTHUI] B MHKIIO3UBHON MOCTAHOBKE IKCITE-
PUMEHTOB TIPW BBICOKWX SHEPTHUAX HEPEIKO MCIOML3YIOTCS CIIErKa pas-
HbIE Orpe/iesienus nceBa00bcTpoThl (cM. Hanpumep [4]). [Tosromy nebec-
HOJIE3HO BHUMATE/ILHO CICIUTD 33 TeM, KAKOE UMEHHO OIIPEJICTCHHE TICEB-
JITOOBICTPOTHI UCTIONBL3YETCA B TOM MM MHOI paboTe, XOTs BCe TAKUE OTpe-
JIETIEHUST OTTATKUBAIOTCA OT YTJIOB BBLIETA, PETUCTPUPYEMOil J9aCTHUIHI.
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BesycnoBHo, HEOOXOAUMO TIOMHUTD O PA3THYINN MEXK/IY MCEBI0OBICT-
poTOit M HacTOsIE OBICTPOTOH.

Hakower, Hesib3s HEe CKa3aTh U O TOM, 4TO (yCTyIas JIABJICHUIO XKap-
rOHA) TMPOIOJIbHYIO OBICTPOTY MHOTA TAKYKE HAZBIBAIOT MPOCTO OBICTPO-
Toit (cM. mpumepst B [4]).

Pucynok 5.1 moMoraer MoOHSITh, TIOYEMY TEepEMEHHAsT TICeBI00BICTPO-
THI B CBOE BpPeMsl CTaJa NOMyasapHoit. JleficTBUTEIbHO, TAPTOHHAS KAPTH-
HA HEYIIPYTOTO B3aMMOJIEHCTBUS TTOIPA3YMEBAET, YTO PYU BHICOKUX SHEP-
TUSAX CPEJIHUE MOMePEUHBIe MMITYTHCHI BTOPUYIHBIX TACTHI] TIOYTH HE PAaC-
TYT C POCTOM HAYAILHO 3HEprun (UM PacTyT JOCTATOYHO MEJJICHHO).
Wubivu citoBaMu, 06J1aCTh BHYTPH Pa3PEIeHHoOT0 KHHEMATHKON 3JITHTICa,
”3acensgerca’ JacTUIaMKA HEPABHOMEPHO: OHU KOHIEHTPHUPYIOTCS BOJIH-
3U ocu abCIUCC B JAOBOMBHO y3KO# mosoce. C pOCTOM SHEPTHUH IJLIUATIC
PACIIUPSIETCsT, HO YACTUIIBI OCTAIOTCS MOYTH B TOM ¥Ke TOJI0Ce: pacipee-
JIEHWE TIO TIOTIEPEYHOMY UMITYJIBCY TIPH (PUKCHPOBAHHON OBICTPOTE TTOUTH
He MEHSIeTCsI, ¥ KOTJIa TIOTIePETHbIH MMITY/THC YaCTHIIHI MHOTO MEHbITIE ee
[OJTHOTO UMILYJIBCA, PACIPEIEIeHHEe TI0 MTPOIOJIbHOMY UMITYJIbCY CTAHO-
BuTcs (HpuUbJIMIKEHHO) PACIPEIEICHUEM 110 YIJIy BbLIETa YACTHUILL. DTO
03HAYAET, YTO XapaKTep pacipe/ieaenus: COObITHI BHYTPH JIIUIICA HE 3a-
BucuT (Wu c1ab0 3aBUCUT) OT ero abCOTIOTHBIX PA3MEPOB: BAYKHO JIUIIIH
OTHOCHUTEJILHOE PACCTOSTHIE TOYKH, M300paskaiorieil coobITre, OT MEeHTPa
sjumurica (Kpyra B C.ILM.).

5.3 CBg3b OBICTPOTHI U IEPEMEHHOI X .

B onpenenenusx (5.4) deitnMaHOBCKOI I€peMEHHO#T 1 1IPOA0JIbHOMN GbICT-
porer (5.7) dburypupyer oauH U TOT K€ MPOJOILHBIA UMILYILC PETU-
crpupyemoii gactunsl ¢. OTCIOa CIeayeT, 9To 3TH TIePEMEHHBIE CBABAHBI
MeXK Ty COOO0M. DTy CBA3L HETPYAHO yCTAHOBUTD:

Sh(n: long)
= — 909 1
a3 Sh( *maz) (5 7)

77c7 long

Mozkuo ybenurbest, uro B6au3u | xp |~ 0 npogosbhas GbICTPOTA TOXKE
mana: | n7 .., |~ 0, HO B 3T0f, T. H. "HEHTPaTHHON” 0OMACTH, TAHHBII
KOHEUHbBIH (DUKCHPOBAHHBIN HHTEPBAT AZF € POCTOM SHEPTUU CTOJTKHO-
Berus (/s) 0TOOpaskaeTes Ha PACTYIH C /S HHTEPBAJ GBICTPOTHT (CM.
wanpumep, [4]). Mubivu cioBamu, GeicTpora ”pacTsirnBaer” MEeHTPAIh-

HYIO 00JIACTh [0 CPABHEHUIO C | Tp |.

92



B6au3u kuHEMATHYECKUX TPAHUI], MOYKHO TEpPEnucarhb CBiA3b Tp C
onicTpoToit B apyroi ¢opme. B camom menme, paccMOTpuM BbIpasKe-

HUAA JJIsT HEX B CHCTEMe TEeHTPa MacC BOMM3M TPAaHUILI Tp <~ 1 u

% ¥ AT
nlong ~ nlong

* max * max * *
e X A N

* *mar __ —
nlong - nlong - 9 n Eék mazr | pc*HmaJ; Eé‘ — p:” =
*maxr __ * max * *
B P Fetbe (5.18)
2 E: _ pc*H E: max pc*‘imou

[TockombKy camMu 9TH TepeMeHHbIe OOBIMHO MTPUMEHSTIOTCST B 00JIaCTH
BBICOKIX YHEPTUil W, KaK MPaBUJIO, NIPU AHAJU3E HEYIPYTUX MPOIECCOB
C JOBOJIBHO BBICOKOM MHOXKECTBEHHOCTBIO, MOYKHO CUYNUTATH Ef > Me.
DTO BIIOJIHE OMPABJAAHO BOU3N KUHEMATHIECKUX MPeIeioB. IIpuHas 3mo
npubmxkenue, u3 (5.18) umeem

E* maxr __ * max 2 *
c P P

* _pErmar o " p .
L R N
m2
*max * max ~ * max C *maxr __
Be mmei™ = pe {1 g emarys | ZPel
2
mC
= — _ 5.19
2(p:\|mam>2 ’ ( )
2 2
m m
E:=ply = ply| 1+~ P2 =553
c el cll 2(ch>2 el 2(pc\|)27

MIOCKOJIbKY BOJIM3W IPAHNUIG | 5 |~ 1 MepHeHanKyISapHBIi UMIYILC P |
*

MHOTO MEHBIIE TTPOJIOILHOTO P -
B pesyabrare, mpuxonum K (£opMyne

*
*MaAT ~ ch

nl*ong - nlong ~ In ‘W’ = ln(| TR |) ) (520)

cll

KOTOPYIO y/100Hee BbIIUCATH B OKOHYaTEeIbHOI (opme [4]

Q

* * max
exp (nlong - nlong ) , TR > 0 5

— €xXp (‘ 77l*ong ‘ 777?0:7571) , TR < 0. (521)

TR

%

TF
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I'maBa 6

JIByx4yacTu4HbIE€ paciiaabl

3 yke n310KeHHOr0 MAaTEPHUAJIA T0JKHO OBITH BIIOJTHE O9€BUIHBIM, 9TO
JIByX9aCTUYIHbIE PEAKIUU TUTA ¢+ b — ¢+ d 1 AByX9acTUYIHbIE PACIIA b
tumna 0 — 142 KuHeMaTndecKn 3KBUBAJIEHTHBI, €CJIN pevh UJIeT O KOHed-
HBIX COCTOSTHUSIX 9TUX MPOIECCoB. JleficTBUTe IhHO, OMHAPHYIO PEAKITHIO
MOYKHO MBICJIEHHO TIDEJICTaBuTh cebe Kak ”ciansiune” cucremsl (a + b) B
HEKYTO MpOMeKyTOuHy0 wactuiy 0 ¢ maccoit My = /s, KoTopasi 1BuU-
2KETCH OTHOCUTEIHHO J1AO0PATOPHOM CUCTEMBI KOOPIUHAT CO CKOPOCTHIO
nenTpa Macc cucrembl (a + b), umeer 4-uMnysibe pg = pa + py (puc. 6.1)
u 3aTeM pacragaerca Ha c =1 n d = 2.

Puc. 6.1. Kunemarugeckue auarpamMbl OuHapHON peakmuu a + b — ¢ + d
(cnmesa) m pacmama 0 — 1+ 2 (crpasa).

ITosTOMy JIETKO OTBETHTL HA BOIPOC O TOM, Y€MYy DAaBHBI JHEPIUU U
UMIIYJIbCHI IPOAYKTOB pacliaja B CHCTeMe NOKOA JacTHHbI (: Hy>KHBbIE
dopmyier yxe obcyzxaanucs. Caegyer TOIbKO 3aMEHUTH B HUX BEJIHIH-
ny s Ha ME. To e camMoe MOYKHO CKa3aTh 1 TI0 OTHONICHUIO K SHEPTHAM
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U UMIYJIbCAM YaCTUI-TIPOYKTOB PACIIA/IA, B3ATHIM B J1a00PATOPHOI CH-
cTeMe, TJie PACTIaIA0NIAACT JACTUIIA IBUKETCS ¢ HEKOTOPBIM UMITYTbCOM
Po. Tem He MeHee, 1MOJIE3HO CHENMATIBHO PACCMOTPETH HEKOTOPBIE YACT-
HBIE CJyYal KHHEMATUKH JIBYXYACTUIHBIX PACIAJIOB.

6.1 HepeaatuBucrckuii cayd4aii (pacmag B

cUCTeMe MOKOsI).

Vmest B Bu/ly HEPETISATUBUCTCKUI CJIy9ail, UCIOJIb3YeM MOHATHE KUHETH-
qeckoit aueprun 1 gactun. HepengruBucTckuii ciydail peaan3yercs, KO-
rJIa Macca pacrajarorieiics dacTuiibl, My, JTATH HEHAMHOTO TIPEBBITIIAET
CYMMY MAacc TPOJIyKTOB pacrnajia. B aToM ciyuae ToBOpAT 06 9Hep206bi-
desenuu Ty pu pacmaje:

To = My —my —ma , (6.1)

KOTOPOE MHOTO MEeHbIIe Macchl M.
Ucnons3ys dbopMysibl TPEabIIyIUX JIEKIU ¢ 3ameHoit s — My
HETPYIHO YBUJIETH, UTO

2 2 2
Mg + m7 —mj

B =

! 2My

(Mo —my)* — m3

T = Ef—m1= =

1 1 1 2M,

m
= Toﬁ2 + O (T2 /M) (6.2)
0
mi

Ty = E—mo~Ty— .

2 2 2 OMO

Wubivu cioBaMu, SHEPTUN PACTIATHBIX YACTHUIIL, TOUEPITHYTHIE U3 TIOJTHOTO
SHEPTOBbI/IE/IEHNUsI, 0OPATHO MPOTOPIIUOHATBHBI UX MaCCaM:

Tl* o mo

TQ* ma

fcno, aro B pacnaze 0 — 142, paccmorpennom B cucreme mokos My,
BEJIMYWHBI UMITYJICOB MPOIYKTOB PACIIAAa HE 3aBUCAT OT WX HAIIPABIIE-
HUsI ¥ PABHBI
2m1 mso

Y= ——=Ty . 6.3
P M, 0 (6.3)
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Temepn paccMmorpum pacmass ”Ha mery”’ n oOpaTuM BHUMAHHWE Ha 3a-
BHCHUMOCTH UMITYTHCA PACTIATHON YaCTUIIBI OT yIJia €€ BBLIETA.

6.2 VYrJibl BbLIETA.

Urak, mycrs ” pogurensbekas” dactuna 0 umeer 4-umnyinc Py = (Ey , po)
(BbiGepeM Hanpas/eHue Ocu Z CUCTEMbI KOODIUHAT 110 HAIPABJIEHUTO M-
nynbca po)- [ocse ee pacnaga 4acTuna-mpoayKT 1 uMeeT HeKOTOPBIi 4-
nmvmyase Py = (B, p1). Hox yriom BeiIeTa pacnaaHoi 4acTuibl 6yaem
MOHUMATH YTOJ MEXKIy P U HampasjaenueM ocu Z. Urobwl ero HaiiTu,
Bbraucaum unBapuant (P - P1) B cucreme Mmokos pacnajamoiieiics da-
CTHIBL U B J1aOOPATOPHOi cucreme:

(Po - P1) = EoEr — pop1 = EoE1 — pop1 cos By = EGET . (6.4)

[TockoMbKY 9HEPTHS U UMITYIHC PACTIQIAIONIEHCS YaCTUIIHI M3BECTHHI,
a 9HEPTHS PACMIATHON JACTHUILI CBA3AHA C €€ UMITY/IHLCOM B MacCcoii, TO co-
ornorierue (6.4) MOXKHO CYMTATH YPABHEHUEM, CBA3BIBAIOIIUM UMIIYIIbC
pAacTaTHOM YaCTHIIRI ¢ ee YIJIOM BbLIeTa. Perrmas 3To ypaBHEHNE UMeeM:

o MQEipr COSQl + EO\/ D1

6.5
h E2 — p? cos? 6, ’ (65)
rIe
Dy = MZp;? — miptsin® 6, . (6.6)
Pemenue (6.5) cymecrsyer, eciau

M *
sin, < —2P2L (6.7)

mi po

ITonesno nmopasmbicanTb HaJL 3TOH (hopMysioii, "noBepreB” ee B pyKax.
b)

1. f\fT? ’;—(1] > 1. Torga BO3MOKHBI T06bIE 3HAYEeHHs yTia Bbliera (oT 0°

210 180°), T. e. yroJ BbLIeTa HUKAK HE OPAHUYEH.

2. Mopy < 1. B sTom caydae, OU€BUIHO, €CTh OTPAHUYUEHNE HA, YTOJI
my po ’ ’
poitera. B 2021 — 1 10 on He MOXKeT 6bITh Gombie 90°, ecin

mi1 pPo
Ke %—;’ z—[l) < 1, TO ecTh MaKCHMAJIHHO BO3MOXKHBI (IIpe1ebHbIil)

yToJI BBLIETA!

M. * * Q%
01, max = arcsin <—0&> = arcsin (% b1 ) (6.8)
Y080




IIpoananm3upyem 3TH BAPUAHTHI (PE3YTBTATHI MOJE3HO CPABHUTD C
marepuasom naparpada 3.2.5).

1. Ecmu pacnagnas gactuna ”merkas’ , HampuMep — (POTOH WU Heil-
TpUHO (T. €. ee Macca CTPEMUTCH K HYJIIO UM CTPOrO PaBHA €My ),
TO YTOJI BbLIETA TAKOW YaCTHUIILI HE OrpaHuyeH (KpoMe KaK YIrJIoM
180°, pasymeercs). To ecTh, 6e3maccoBas paciaaHas YacTUIa BCe-
I8 MOYKET BBLIETETh B HATIPABJIEHWN, TTPOTHBOTIOIOKHOM HATIPAB-
JIEHUTIO UMITYTTHCA PACTATAIONIEHCT JACTUITBI.

2. Ecnu pacnaj mpOUCXOIUT HA YACTHUIIBI, UMEIOIINE HEHYIEBYIO Mac-
Cy, TO TIPH JTI0OOM COOTHOIIEHUN MexK 1y My u mq W, COOTBETCTBEH-
HO, I000M (HO, pazymeercs, (PUKCUPOBAHHOM!) SHEPrOBLIIEICHUN
To, Bcera Haiiaercsa Takoii (GOJIBIION) UMITYJILC Py PACTIATAIOIIEH-
Cs 9ACTWIIBI, 9TO TPOIYKTHI pACTaga OyayT WMETh MpereTbHbII
yroa BbuieTa. JIis 9Toro Hy>KHO, 9TOOBI BBITOTHAIOCH YCIOBHE

Po>pi- 0 0By > 1B (6.9)

my

Wubivu cioBamMu, Mpu JOCTATOYHO OOJIBIITOM HAYATHHOM WMITYITh-
ce PaCHaIaloIeiicss JaCTUIlbl BCE MPOAYKTHI €€ PACMaIa yIeTa-
1ot "Buepen”. 3pech ymecrna nmrara w3 kauru Konbuiosa [2]:
?TIpwauma 3TOT0 — MPEBOCXOICTBO B CKOPOCTH PACIIAIAIONIEHCS Ta~
CTHIIBI HAJl CKOPOCTBIO PACIIaIHON, B3ATON B CUCTEME TTIOKOA Pacia-
naroreiica. /lake ecan pacraaHasg JacTHIA JIETUT “Hasala B CH-
cTeMe TIOKOsT PACTIAIOINIeHCs, TTOCIeIHsIS JIETUT ~Briepea’ CTOJh
CTPEMUTENIHBHO, 9TO MPOAYKTY PACIAIa HIIEro GOJbINe HE OCTaeT-
csl J1e1aTh, Kak Toxe Jjerers " suepen”.” Tpu srom u3 (6.9) BumHo,
9TO YeM Jierde MPOAYKT PACHaia, TeM BBIIE UMITYJIbC Pg, TPUA KO-
TOPOM TIOSIBJISIETCST TIPEIEJIBHBII YTOJI.

3. B Towm e crydae pacrajia Ha 9aCTHIIBI, TMEIONTNe HEHYIEBYIO Mac-
Cy, Tpu JIto0OM COOTHOTIIEHUN Mexk 1y My 1 my U, COOTBETCTBEHHO,
J1000M (DUKCHPOBAHHOM UMIYJILCE Py, MHOTOE 3aBUCHT OT SHEPTO-
BBIZIETIEHUS: €CJIU OHO TAKOBO, YTO BBIMIOJTHIETCS YCIOBHE

mi
3 - — .1
P < Po MO ) (6 O)

TO MPOAYKTHI PACHaa OyIyT UMeTh TPeae/bHbII yroJl BbLIETA.
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6.3 VYruabl pazJjeTa.

Pacemorpum Teneps apyryio Temy, a UMEHHO — BOIPOC 00 yriiax pa3jiera
paCIa HBIX YACTHUIL BCE B TOM Ke JAByXdJacTuIHOM pacrmage 0 — 1 + 2,
MOHUMast TIOfL, yryIoM pasiiera ¢ (FE1) yron MexIay MMIyIbcaMyu P1 W Pa
MpU SHEPTUHU PACTAAHON dacTuisl 1 pasHoit Fp. Pa3obparbcst B 3TOM
BOIPOCE MTOMOZKET JJLIUTIC UMITYJILCOB JIJIS PACTIAIHBIX YacTull (puc. 6.2).

U, >0,%, U,>0,*
0% » %7 Y% 14}

A

Puc. 6.2. Qmmmncer nMmymbcoB paciaHBIX 9aCTHUIL U TOACHEHUE K OTIPEIeTe-
HUIO yriia passera (CeBa); crpaBa — CBI3b MEXKIY YIVIOM PA3jieTa M MMITYIb-
COM pacmajHo# gacTumpt [2].

Onarn BOCTIOJIb3yeMCdA MHBAPpUAHTAMU, Ha 3TOT pa3 CJAEAYIOIMUMN:

DN | =

(PL+Py)? = PS¢ =< (M§—mi—m3) . (6.11)

~—

U3 nepsoro ypasuenus ¢popmysist (6.11) J€rko oIy YuTh, BHITOTHUB BO3-
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Be€eHHe B KBa/JpaT U BCEe OCTAJIbHOE, ITO

E\E> — ¢?
pip2 ’

cosy = (6.12)

Ocrajoch Tenepsb BIpa3uTh Fy U py vepe3 Fy; mocje HeoOXOIUMBIX Bbi-
KJIAJTOK TIOJTYUWM:

Ey (Eo — Er) — ¢
VET - m%\/(EO — E1)’ —m3

npuYeM mpeeabHble 3HadeHns F, 09eBUIHO, OTBEYAIOT BBIJIETY YaCTH-
upl 1 B cucreme mokost 0 "Hazan” (E1 min) 1 "BHepen” (E1 max). Coot-
BETCTBEHHO,

, (6.13)

cosy =

EoET F popi
1 0P1
El,’rnin/maw - 5 El , min S El S El,mam . (614)
My

Bosbmoit mpakTudeckuii nHTEpEC UMeeT CIyvail pacnaua Ha aBa Bho-
toua. CraproBas OT BhIucaHubix B popmyse (6.11) naBapuanToOB U 3a-
Medas, 9To

2

My
2(1 —cosv) ’

MO2KHO CPa3y yBUJEThb, 9TO YroJ passiera (POTOHOB HE MOXKET ObITH PaB-
HBIM HYJIIO, & 32T€M BBIPA3UTH IHEPrUU (DOTOHOB Yepe3 MACCy paciajia-
fo1eiica YacTUIIbl U ee SHEePIHIO:

E\Es = (6.15)

Ey E2 M
Fi=—=+|———F—F—— 6.16
T 4 2(1—cosv)’ (6.16)
Ey E2 M
Ey = — —_ - 6.17
> 2 :!:\/4 2(1—cosv) ’ (6.17)

OTKY/Ia BUHO, YTO HAUMEHBIIUH yTOJ PA3jiera OTBEYAeT CUMMETPUIHON
KOHMUTyparnm, Koraa

. 7/1mm> My 1
sin| —— | = — = — 6.18
( 2 Ey 7o (6.18)
wm
cos <¢rgm) =0, (6.19)
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[TOCKOJIBKY 3TO COOTBETCTBYET OOPAIEHUIO B HYJIb MOAKOPEHHOTO BhIPa-

skerns B (6.16) u (6.17):

2 Mg
=0 _ ) 2
4 2(1—cosv) (6.20)

Caencrrusi coorHommenwit (6.16)-(6.20):

1. ¢ pocToM 3HEPrUN PACIaJAIONIENCsS YJACTHIIHI YTOII PA3JIETa PACTa-
HBIX JACTHUIL YMEHbITIAeTCS;

2. W3MepeHne BeJINYNHBI MUHUMAJBHOTO YTJIa PA3JIeTa JaeT BO3MOK-
HOCTH OO W3MEPHUTH IHEPTUIO PACTIAIAIONMIEIC 9acTHIBI (ecam ee
Macca u3BecTHa) Jaubo mMaccy (ecju U3BECTHA ee IHEepPIrusi).

100



I'maBa 7

HpI/IMeHeHI/IH KNHEMATUKNAN

(cenuaJibHbIE CJIyYan)

7.1 Kpurepnii

Apwmentepoca-IlogonsHcKoro.

Korna dpuzuka snemMeHTapHbIX YACTHUIL 111e TOTBKO MOsIBIIACH U BIIEPBBIE
ObLTH OOHAPYKEHBI YACTHUIBI C HOBBIM KBAHTOBBIM YHCIOM — CTPAHHO-
CTBI0O — WHCTPYMEHTAPUI JIJIsi PECUCTPAIUE YaCTHUIL ObLT JTOBOJBHO CKY-
ner. MHOTHe n3 COBPEMEHHBIX JeTEKTOPOB YaCTHII eIe He OBLIN n300pe-
TEHBI. DJIEKTPOHHBIE METOIbI PETUCTPAINY YACTHUIL eI11e He ObIIIN MUPOKO
yIOTPEeOUTENbHBI, TeM 0OJiee, ITO U MPUOOPOB /1T PETUCTPAIIMHA U (-
POBO# 0OPAOOTKN IMEKTPOHHBIX CHTHAIOB OBLTO HE TaK YK W MHOTO, a
Te, 9TO OBLIN, HE MOTJIA OOECIeInTh MOTPEOHOCTH SKCIEPUMEHTA.

N3BecTHO OomHAKO, YTO "TOMbL HA BBIIYMKH XWUTpPA” W HEIOCTATOK
WHCTPYMEHTOB BOCTIOJIHSIJICS WHTEJIJIEKTOM W W300peTaTe/bHOCTHIO (hu-
3ukoB. OWH W3 MPUMEPOB TAKO#W M300pPETATETHHOCTH TaeT KPUTEPHIi,
M300pETEHHDIN TSI AHAIN3a COOBITHH PACTIaa HEATPATHHBIX CTPAHHBIX
gactui;: K3-me30n08 u AP-runepona, pacna jalonmxcst Ipenmy mecTBeH-
HO Ha TTapy 3apsi?KEeHHBIX JACTHUII.
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Mpumep: npeuTudpukauyua A B THP mwooHoB Ha npoToHax
(axcnepumentT COMPASS)

PRELIMINARY
ne ]

- @%1.0 Gev¥ic?

Othop cobbiTmii: 01

¢ Mepeuunas BepiiHua — B MHIICHH

« Bropusunas Bepmuna — He dunke, uer
35 e o1 neperuHoii (2>35 cm wim
D>6 G,y , rne D - paccroanue).

0.05-

=1

1 -0.5 1] 0.5 1
o

Puc. 7.1. Unenrudukanus cobsrruii ¢ poxaernem A’ A° u K2 wacrun me-
ToZOM aHasmM3a amarpamMbel Apmenrtepoca-Ilomonsiackoro [56] B riyGokome-
YIPYTrOM paccessHuu MIOOHOB Ha mporoHax B skcnepumente COMPASS. V; —
nepBuvHaA BepumHa (B3aMMOAEHCTBIE MIOOHA C IPOTOHOM), Vo — BTOpHIHAS
BepmHa (MM BepmImHA pacmaga V O-gacTuirsr); ToKa3aHa TOTOMOTHs COObI-
tus ¢ pacnagom A° wim A°. Bugssl xapakrepHbie ”apKu”, COOTBETCTBYIOLIME
cobbrtasiv ¢ poxaenmem u pacmagom A’ A® u K2 wacrwm, TIpu ot6ope coGeI-
THil, BKJIIOYEHHBIX B 3Ty IMarpamMmy, TpeboBasIoCh, ITOOLI HATPABJIEHHE TTOJI-
Horo nMiyibca VO 7 Buikn” COBIAIANIO ¢ HAIIPABIEHIEM [PSIMON (myBKTHpHAS
JIMHWSA ), COeTUHATONIEl BepmuHbl Vi 1 Va, T. €. yros 6 MexKIy TUMH HATIPAB/Ie-
HUSMHU J0JIZKEH ObITh OJIM30K K HYJII0O B HEKOTOPBIX IIPEIesiax, OMPeIeIaeMblX
YTJI0BOM TOYHOCTBHIO M3MEPeHNH.

B skcmepuMenTax mo M3y9YeHUI0 CBONCTB CTPAHHBIX YACTHI HYKHO
OBLIO pasgenuth cobbiTus pacnana K 2-mezonoe u A-wactun B yenosn-
X, KOTJA U3MEPEHBI UMIYJIbCHI TTPOIYKTOB PACIaIa, HO CAMHU TU MPO-
JIYKThI HE PACTIO3HAHBI (HATIPUMED, U3BECTHBI BEJIMUNHA U 3HAK 3apAJIa,
HO He Macchl). Tomosorust COOBITHI pACTIaIa STUX YACTHUIL JTOBOJHHO TPO-
cTa: TOCe PACaia ecTh JIBe W TOJHKO JIBE MPOTUBOIOJJIOXKHO 3aPArKeH-
Hble YACTHIBL: NpU pacnajge K 370 — MOJO0KHUTENBHO W OTPHIATETHHO
3apsyKEeHHBIE T-Me30HBI, a npu pacmage A — mpoTon m orpunmaTesnHO
3apsiykeHHblil muoH. O TakWX COOBITHUSX MPUHATO OBLIO TOBOPUTH, UTO
oHM mMeroT Tomosormio Tuna VO VBuiKK’, a 0 pachaBiieiics qacTuIe —
kak o V0-uacrure.
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st perenusi 9TO# 3aa4n, KOTAA U3MEPEHBI TOJBKO 3aPSIbl U UM-
Oyabehl dacTut, obpasytomux VO 7punxy”, Ilogongmckumit m Apmente-
poc [56] npemioxkuau B 1954 101y UBLANIHBIA U MOIIHbIA KpUTEPHIi.

[Ipumenenme 3TOr0 KpUTEPUS OCHOBAHO HA KUHEMATHYIECKOM aHAIN3e
coberrst pacraga VO0-gacTHIBI B TepMUHAX MOy TOTIepedHoro (1o
OTHOTITEHMIO K HANpaBIEHNIO JBVKeHNs VO -9acTHIhl) UMITYabCa p; 1
HEKOTOPO# Ge3pa3MepHoil mepeMeHHOM

_ P —Pp
=2 L
pr, +pr

XapakTepusyolieil aCUMMETPUI0 MEXK/1y IPOJOJIbHBIMU (10 OTHOIIEHUIO
K TOMY K€ HATIPABJICHHUIO) NMITYThCAMH TOJIOKATETbHO (pf) U oTpuma-
TeJIHHO (pz) 3apsyKeHHEIX vactur] u3 1ol VO "suaxn”. T. 0. KaKI0My
coOLITHIO pactaaa VO-qacTuIbl MOYKHO COTIOCTABUTL HEKOTOPYIO TOUKY
Ha [JI0CKOCTU (Qv,py).

Temeps crmemyer BCIOMHHTDL OO SJUIHINCE MMIYILCOB. Ilpm aByxda-
CTUYIHOM pacnajie Vy B ee cucTeMe MmoKOsi UMITYJIbChl MPOITYKTOB pacia-
Jla OMHAKOBBI. Kcim oHa pacmajach Tak, 9TO B TOH CHCTEME OTCUETA
yTOJT BBLIETA TIPOIYKTOB pacnaaa pasen 90°, To mpu nepexoze B Jabopa-
TOPHYIO CUCTEMY MOTIEPEUHBIN UMITYJIHC PACIAIHBIX YaCTUIL OYIET PaBEH
UMITYJTBCY PACHAIHBIX YACTHUI[ B cucTeMe MmoKosi. FKciu ke gactuna Vj
pacmangach Tak, 9TO MPOAyKThl BbLaeTesau mox yriaom 0° mam 180° B ee
CUCTEME TIOKOSI, TO BEJUYUHBI UMITYJIHCOB MOJIOKUTEILHON PaCa HON
YaCTHILI U OTPUIATEILHON PACTaIHON JacTHIIHI B JTAOOPATOPHONH CHCTe-
Me OYIyT OTPEIeNIATHCSA COOTBETCTBYIOIIUMU SJLTUTICAMU UMITYJIHCOB; STH
SJLTAICHL OYIyT PA3HBIMUA U OTHOCUTHCS K PA3HBIM THIAM B Kiaaccudu-
KAIIUU JTAIICOB UMITYJIbCOB, €CJIU PACHATHBIE YACTUIIBI UMEIOT PA3HBIE
Macchl (IPOTOH U IIUMOH) U, COOTBETCTBEHHO, PA3HbIE CKOPOCTU B CHUCTE-
me okosa Vp. Ecim ke pacnajmble 4aCTUIBI OIUHAKOBBI (JBa MHOHA),
TO ¥ COOTBETCTBYIOIINE 3JLIUICHI OYIyT ONMHAKOBBI. [103TOMY pasHocTsh
MPOJIOJBHBIX UMITYJTbCOB PACHa HBIX 9acTHIl B JTabOpaTOpPHON crcTeme
OyJer pasHas, KaK ¥ BeJIMYMHA IIONEPEIHOrO UMILYJIbCca (OmpeeisemMas
SHEPrOBbIIEJIEHUEM IIPU PACHIAJIE) LIS CJIyYaeB, Koraa Vy ecTb Hefirpasib-
HbIil KaoH mian A -tunepon. B pesymbrare, pacmpeeenve cOOBITHI HA,
MJIOCKOCTH (v — pt) MOJZKHO OBITH PA3HBIM 711 pa3Horo tuna Vj.

Heiicreurensro (cm. [56] n puc. 7.1): Ha maockocTw (v, pt) cOObITHS
K? pacnaza nourn BCIOy 3aCeNIsioT COBEPIIEHHO JAPYTYIO 00IACTD, 1eM
cobutus pacnaga A, nepecekasich (B myjeasne) TOILKO B OJHOM TOUKe.
N3-3a KOHEYHOW TOYHOCTU M3MEPEHUH UMITYIHCOB T4 TOUYKA TTPEBpaIia-
eTcd B HEKOTOPYIO 00JIaCTh (BIPOYEM, OHA JOCTATOYHO HEBEJINKA).
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7.2 Poxnenme yactui '6e3 ormaun’.

B mocsieinee Bpemst oxkuBUIICS MHTEPEC K MPOOJIEeMe BIUAHUS OKPY2Ka-
IOIIEel a1epHOI cpebl Ha CBONCTBA HAXOIAAIINXCA B HEW 3JeMEHTAPHBIX
YJACTUII, B MIEPBYIO 0YepeIb — ME30HOB.

ITpoGmema sTa He HOBA: HEATPOH B COCTABE ATOMHBIX SAep CTaOWMJIeH,
BpeMs KW3HU A-THUTMEepOoHA 3aBUCUT OT aTOMHOTO HOMEPA TUIED-Sapa,
A-uzobapuble BO30yKIeHus aTOMHbBIX gep [58] ommyaiorcs no cBoum
XapakTepucrukaM (II0JIOKEHUI0 MAKCUMyMa, PE30HAHCHOIO [HUKA U €ro
mmpube) or A-pe3oHanca, BO30YKIA€MOrO IIPU B3aUMOJIEHCTBUM DJie-
MEHTapPHBIX YacTull B myctore. OQHAKO TIO OTHOIIEHUIO K ME30HAM OJl-
HO3HAYHOTO OTBETA O CTEMEHU BJIUSHUS sIIEPHOI CpeIbl HA UX CBOHCTBA
[IOKAa HET.

OueBuHOE yCIOBUE, BBINOJHEHHE KOTOPOTO SKCIEPUMEHTATOPDI
JIOJKHBL obecrieunTb (wid HpUbIM3UTHLCA, HACKOJIBKO BO3MOXKHO, K
HEeMY), COCTOUT B TOM, YTO HCC/IEAyeMas JaCTUIA JIOJKHA HAXOJAUTH-
Cs B AJIEPHOM OKDPYZKEHHU KaK MOYKHO JOJbIe (B Uiease - BCIO CBOIO
7 ku3Hb” ). HBIMU CJIOBAMU, B UIEATHLHOM CJIyYae OHA HAXOIUTCA B MO-
KO€ OTHOCHUTEIHHO SIEPHOI CPEeIbl, TO €CThb, B PEAKIUU POXKJICHUs OHA
He JI0JIZKHA TIOJIyYUTh UMILYJILC (OTHOCUTEJILHO ITOH CPe/ibl). DTO KUHE-
MaTHUYIECKOE YCJIOBUE HA3BIBAETCS YCJIOBUEM ~OE30TIAUHOCTH .

BazkuocTs obecnieuenust ycaopus ”6e30TIaqHON” KHHEMATHKHU BIIEP-
Boie ormerwna Ilogropernkuii [60] B mpuMeHeHnn K mpobieme THmep-siaep
U CO3JIaHusl YCJOBUH i ux obpaszoBanusa. OH OTMETHI, 9YTO B PEAKIINT
K+ p — m+ A, rie uporon mokourcst B J1abopaToOpHO cucTeMe, MpU
umIyabce KaoHoB 0kos10 530 MsB /¢ A-runepon poxKaaercs HOKOAIM-
ca B 1aboparopur (T.e. OTHOCUTEIHHO MPOTOHA-MUIICHN). DTa HAXOIKA
CTUMYIMPOBAJIA TIEJI0€ HATIPABJIEHNE UCCJIEIOBAHUS TUTIEP-A/IED C TIOMO-
mkio Takoit (K, 7)-peakinm, a HaliIeHHOe UM 3HAYEHNE NMTTYJIhCA KAOHOB
CTaJI0 HA3BIBATHCA ~MATHIECKUM UMITYTHCOM” 7Tt 9TON PeaKIiii.

Qu3ndecKyo NPUYNUHY, IO KOTOPOH B PAe CIy9aeB BO3MOXKHO BbI-
MOJTHEHWE YCJIOBUsT ~0e30THaYHON’ KUHEMATUKHU, JIETKO YBUIETH, Pac-
CMOTPEB 3JLIUIIC UMITYJIHCOB JJIsi PETUCTPUPYEMOIl YaCTUIIBI U BCITIOMHUB
KkJ1accupUKAIUIO SJLTUTICOB UMITYILCOB, paccMmorpennyio B Hacru I1. TTo-
CJ1e 3TOTO HeTPYIHO MPOeaTh HeOOXOAUMbIE PACUETHI JI/I HAXOXK ICHU s
TeX 3HAYEHWI UMITYJIbCA IIy9Ka, IPU KOTOPBIX OHU BBIMOTHSIOTCS.

JleiicTBUTEILHO, PACCMOTPUM HEYIPYLyI0 peakiuio tuma b + A —
¢+ A" + d, rme b—uacruna nyuka (cuapsan), A-MuineHsb (saapo), c—
WHTEPECYIOIasi HAC JACTUIA, d—BBIOUTHIN U3 SApa-MUIIEHN (DPArMeHT,
A’ ecTh IAPO-OCTATOK, MPAKTHIECKN OCTAIOIIUICS B TIOKOE B J1a60PaTOpP-
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Hoit cucreme (ciekrarop). Eciin uMinysibe mydKa TakoB, 9TO BBIIOJIHSET-
cs ycaoBue ”06e30TIaqHOCTH 7Tt JaCTHITBI ¢, TO OHA TaKzKe OyIeT ocTa-
BaTLCA B IIOKOE B JI.C. 1 Aapa-ocrarka A’. B 310l KapTuHe 31eMeHTapHOM
peaxIyeil poXkKIeHUs ¢ JIJIs KHHEMATUIECKUX PACUETOB sABJIAeTCs (KBa3u-
cBOGOHOE) B3auMoIeiicTBue cHapsia ¢ pparMenToM d, BXOASIMM B CO-
craB sapa-murinenu. [ 3TOW-TO peakiuu U HyKHO HAWTH, TPU KaKOM
UMITYJIbCE CHAPS/IA YACTHUIA ¢ MOXKET He MMOJIYYUTh UMITYJIHCA OTIAYH.

KomugecTBerno, ycmosue ”6€30TIa9HOCTH O3HATAET, ITO TSI PAC-
CMaTPUBAEMOI YACTHUIIBI € €€ UMITYJIHC PABEH HYJII0, TO €CTh B COOTHOIIIE-
Hrn (3.38) nmeem

P = (ch_7ch) =
= (Ov’chE: (Bem — 6:)) =(0,0) wm Bep = B;k ) (7.1)

WHBIMU CJIOBAMHU, CKOPOCTH PACCMATPUBAEMOM UACTUIILI, B3ATAS B IEH-
Tpe MacC PeakIuu, PaBHA CKOPOCTH ITOTO IEHTPA MACC, B3ATOH B J1abo-
paropmoit cucreme. Ilpu 3TOM POKIEHHAS JACTHUIA BhLIETAECT ~HA3a1 B
cuCTeMe TEHTPA MacC.

Paccmorpenne snnca uMITysIbCOB JIJTsi 9aCTUIIBI ¢ TIO3BOJISIET TTPE/I-
CTABUTH KAYECTBEHHYIO KAPTUHY IBOJIONNN KUHEMATUKY C W3MEHEHUEM
UMITYJIBCA CHAPSIIA, HAYWMHAsST OT TIOpOTa peakiwu. JleficTBuTeIbHO, HA,
[opore BCE YYACTHUKHU PEAKINH B €€ KOHEYHOM COCTOSIHUU TOKOSTCSH B
[IEHTPE MACC, JBUTAACH B J1AO0PATOPHOI CHCTEME BMECTE, B HAIIPABJIEHUN
"Brepen”. Bmecto simmnca poBHO Ha MOPOre MMEEM Ha OCH P || TOUKY:
neuTp Oymyiero sjunca (cM. nanpumep puc. 3.6). C yseqnuenuem um-
MyJIbCA CHAPSIA OHU IPUOOPETAIOT BCE OOJIBINII UMITYJIHC B IIEHTPE MACC:
MOSABJISAETCS SJUIUIIC, €0 TOJIYOCH PACTYT & IEHTP, BOOOIIE TOBOPs, C/IBU-
raeTcs MO OCH P.|| B cOOTBeTCTBHE ¢ dopmyramu (3.36) u (3.37). dror
SJUTUIIC TIPU MMITYJIbCAX CHApPsA a BOJU3U MOPOra PEAKIUHA OTHOCUTCH K
KJIaccy, MOKa3aHHOMY B HUXKHEH JacTH PUCYHKa 3.5.

Ecnu macca 9acTuifpl ¢ TakoBa, 9TO B CUCTEME IIEHTPA MACC ee CKO-
pocThb (3 HHKOL/IA He MOXKeT IMPEB30UTU CKOPOCTH CaMOil CHCTEMBI IEH-
Tpa Macc, TO ee JJLIUIC UMILYTHCOB TaK W OCTAHETCS B TOM K€ KJIacCe U
ycaoBue ”’6e30TaaHOCTH HUKOTIA He OyIeT BBIMOIHeHO. Tak mponcxo-
JIUT, HATIPUMED, JIJIsT PEAKITUHU TUTIA P+ P — PP+ Meson, eCjid POk IaeTCs
ME30H C MaCCOW M > My.

Ecnu xe macca 9acTunbl ¢ TaKOBa, UTO yCJIOBUE ~0e30TIaIHOCTH
MO2KET OBITH BBIITOJTHEHO, TO B MOMEHT €0 BBITIOJHEHUST JLTUIIC UMITY b=
COB YACTHUIIBI ¢ KOCHETCs OCH P | W C POCTOM MMITYJIbCA CHAPsIA MepeiiIer
B KJIACC JLIUIICOB, N300PAKEHHBIX B BEPXHEH JacTu PUCYyHKA 3.5.
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Puc. 7.3. 3asucumocts MUHUMAITE-
HOTO UMIIY/IbCA PErUCTPUPYEMOTO
mezona (1, w, ' (Toweumas mwHWs) T
¢ (mTpUxXOBas MMHUA)), POKICHHO-
ro B HEYIPYroM pacCesHUM Ha IPo-
TOHHON MWIIEHU, OT UMITYJIbCA, TIyH-
ka (apyrue 0GO3HAYEHUS TE Ke, ITO
Ha puc. 7.2).

Puc. 7.4. 3aBucumocTs MUHUMAIIH-
HOI'O HMILyJIbCa PETrHUCTPUPYEMOTO
Me30Ha (Te Ke, 9TO Ha puc. 7.2),
POXIEHHOTO B HEYIPYTOM pacces-
HUAW Ha JelTepueBoil MATIEeHN, OT UM-
Tyabca MyYKa, KOT/1a TeMTPOH CINTa-
eTcd MaTepuaTbHON TOIKOI.
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OueBUAHO, YTO JIMIIb MaJjasg YaCTb YaCTUIl C, POXKIEHHBIX [IPU HM-
myIbCe MydKa, COOTBETCTBYIOIIEM YCJIOBHIO ~0E30TIaIHON’ KHHEMATH-
KH, JeHCTBUTENBHO OyIeT MOYTH B MOKOE OTHOCHTEILHO siIpa-OCTaTKa
A’; 370 Ta X 9aCTh, KOTOpasd B IEHTPe MAacC " 3JeMEHTAPHOH” peakInu
KBa3UCBOOOIHOTO POXKJEHUS IBUYKETCS B C.IL.M. B 33JIHIOI0 TOIycdepy
BOm3u yria 180°. OcHOBHAsT 9aCTh POXKIECHHBIX YACTHUI] OyIeT WMETh
OOJTBIIION UMITYTBC.

MutuManbHO BO3MOKHBIA UMITYIBC YACTULDBL C ((min ), JECKO HAATH
u3 coorHormenns (7.1):

Ha pwuc. 7.2 maubl 3aBUCUMOCTH (ypiy, OT UMITYJIBCA, MIYUYKA JIJIST PEAK-
il p (K, A)7 (iwrpux-nyHkrupuas junusg), p (m,7)p (TOHKAs CILIOMHASL
sunug) u p (p,w)pp (Kupuas cusomnas junud). Buano, Kak u oxuua-
JIOCh, 9TO Y€M TsiyKeJiee ME30H, TeM OOJIbIIe UMILYJIbC IIy9Ka, OTBEYarO-
Ui BBITIOJTHEHUIO YCIO0BUS ~6€30TIaqHOl” KUHEMATHK.

Ha puc. 7.3 mansl anamornvsbie rpaduku s peakiwit p (m,n)p
p (p,w)pp, p(p,d)pp u p(p,n)pp. Buauo, uro B pp paccedanuu s Mac-
CHBHBIX M€30HOB (7)) U @), Macca KOTOPBIX OOJIbIIE MACCHI IPOTOHA, UX
POKJIEHUE C HYIEBBbIM JTaDOPATOPHBIM UMITYJIHCOM HEBO3MOXKHO.

[TockoMbKY CKOPOCTH MEHTPA, MACC TTPH (DUKCUPOBAHHOM THITE YACTHII
MyYKa W UX UMITYJIbCE OMPEIeIseTCsl MacCoil MUIIEHHU, TO €€ YBEeJIMIeHne
YMEHBITAET CKOPOCTh IEHTPA MACC U JAYKE JIJIsl TIKEJIBIX ME30OHOB MOTYT
OTKPBITHCST BO3MOXKHOCTH ~ 6e30Taa9HOr0” obpazoBamnus. B 3ToM MOXKHO
yOeuThC U aHATTUTUYECKH, B Mpejesie OONbINNX S, U YUCJEHHBIM Pac-
qeroMm. Hampumep, B3sB B Ka4eCTBE YACTUILI-MUIIEHU ITEATPOH W CUH-
Tas ero MaTepuaibHONl TOYKOi (B KOTOPOi CKOHIIEHTPUPOBAHA BCA €TI0
MAacca), BUIUM, 9TO JIJI TAKEJIBIX ME30HOB MOABJSIOTCA ~Marundeckue”
UMIyIbChl (puc. 7.4). DTOT npesies HaXOAUTC Ha KUHEMATUYECKOil rpa-
auie (cM. B KadecTse npumMepa puc. 3.6, rpanuia GOJIbIIEro SJUTHICA).
Busso Takike, 9T0 MpU KyMYJISITUBHOM POXKIEHUH BO3MOXKHO JTOCTUIKE-
Hue ycaosuga ”6e3oraaanoct” s ME30OHOB TsaxKesee nporona (1 u ¢)
MpU OTHOCUTEIHLHO HEBBICOKUX JTAO0PATOPHBIX UMITYJIHCAX.

W3 pucynkos 7.5, 7.6, 7.7 MOXKHO yBHUIETb, KaK MEHSIOTCS JIU-
HUU MUHUMAJIBHOTO UMITYTBCA C POCTOM HMITYJIbCA My9Ka TPU PA3HBIX
?kodpdurmenTax KyMyAITUBHOCTH , T. €. Ha PA3HBIX PACCTOSHUIX OT
TPAHUIBI MAKCUMAJIHHO BO3MOYKHOW 0OJIACTH, PA3PENIeHHON KIHEMATH-
KOt /17151 CBOOOHBIX CTOJKHOBEHUH ” CHAPAL — HYKJIOH” (CM. ONATh-TaKu
npumep puc. 3.6, Ha 3TOT pa3 — IPAHUIIA MEHBIIETO 3JLIUTICA).
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CpaBHeHUe cKOpocTeli cucTeMbl IeHTpa Macc.
U POKIECHHOU YaCTUIBI

B Yactu II mansr popMyabl A1 HAXOXKIEHUS UMITYIbCA U SHEPTHH
JaCTHIBI ¢, POXKIAEHHON B peakmuu b +t — ¢ + X; 3mech b — gacTuma-
CHapsAI, t — MWTIEHD C MaCCOH Myqrg, TTOKOAIIASACT B JaOOPATOPHOI C-
creme, X — HeHab/I0aeMas cucTeMa ¢ Maccoit M (memocrarommas Macca):

e sEmEoME N2 (s w2 M)
c 2\/5 y Pe = 2\/5 .

Tawm ke ObIIO YIIOMSHYTO, YTO B TIPEeesie BHICOKUX SHEPTUil CKOPOCTH

[IEHTPA MACC TAeTCs TPUOINKEHHOM (HhOPMYIIOit
~ 2mta7'g
ﬁcm ~1 - .
s

Bcemomuns, uro 8% = p*/E* u paccMOTpeB Tpeiesl BHICOKUX SHEPTHi
JIIS 9TOI BEJIMYUHBI, HETPYAHO YOEIUTHCS, YTO

2 2 2
ﬁ: - Bc’rn ~ E X (mtarg - mc) .
9Ty (bOpMyI[y MOZKHO IIepenucaTrb B APYIrOM BHIE:

 2Marg - (Miarg +1mc) <1 - >

%
BC 6cm - S mtarg

Takum obpa3oM, ecjin Macca PeruCTPUPYEeMOii 9acTHIIHI OOJIBITIE Mac-
Cbl MWUINEHU, 3HAK PA3HOCTU CKOPOCTEH OTPHUIATE/bHBIH, TO eCTb Ta-
KOIf JKe, KaK W Ha [OPOre, 9TO O3HAYAET HEBO3MOXKHOCTDH BBITIOJTHEHUS
ycIoBus KuHeMaTuku ' 6e3 oraaun” . st 0OpaTHOTO Caydast BUIHO, 9TO
3HAK PA3HOCTHU CKOPOCTEH TMPHU BHICOKUX JHEPTUSAX MOJIOKUTETHHBIH, T.€.
pY HEKOTOPOM 3HAYEHUN UMITYIbCA, CHAPSIA MTPOUCXOINT CMEHa, 3HAKA.
VImenHO mpu 3TOM 3HAYEHUN ¥ BBITOTHSIETCS YCIOBHE ~ 0e30TIauHOCTH .

7.3 OcobeHHOCTM KUHEMATHKU Opu (puKcu-

POBaHHOM YTJI€E.

Tak mHaspBaeMasa ”KuHeMaTHKa (PUKCUPOBAHHOIO yIIa~ YacTo BCTpeda-
ercst Ha mpakTuke. B 3ToM ciiydae ciefyer uMeTh B BUJLY, 9TO KHHEMA-
TUYECKWe TTepeMeHHbIe, XapaKTepu3yIoline PoIecc HeyPYToro paccesi-
HUsI, MOTYT OKa3aThCs KOPPEIUPOBAHHBIMU, XOTsS BOOOIIE TOBOPsI, OHU
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TAKOBBIMH HE SABJIAIOTCS U3HAYATBHO. [LOSCHUM CKa3aHHOE MPUMEPOM
HeyIpyroro paccesuus AeiTponoB nporonamu ~srepen’ (Ha yrou 0°).

g.4 I
o(d.d X

« ]
8 ]
. i
N> ]
v —=1.6 | B
© ]
+ ]
_3-6 I L T T T T 0 I 0 AU O I BV O AU I U O O ||7
0.9 1.4 1.9 2.4 2.9

Missing Mass, GeV

Puc. 7.8. Koppenamus (Mx —t) na mpumepe peaxtmu (d,d’) ¢ peructparnmeii
paccesuroro nedirpona mox yriaom 0°. JImanu wa 1n0ckOCTH (Mimiss,t) coor-
BETCTBYIOT M3MEHEHUIO TIepeJaHHOi MUTIeHN 3HepTun () pnu (PUKCUPOBAHHOM
3HAYEHWN yTJIa BBLIETA peructpupyemoro meiirpona. Kpussie 1, 2, 3, 4 mans
JUISl IMITYJIbCOB fiefiTporHoro myuka 3.73 I'sB/c, 4.495 I'sB/c, 5.532 I'sB/c
n 9.0 I'sB/c coorsercrBenno. Toukm Ha KPUBBIX PACHONIOKeHBI ¢ marom 100

M5B no sesmmamne Q [57].

ITpu paccesnuu Ha dbuKcUpoBaHHbI yros (B JAHHOM IIPUMEPE —
”Brepen” ) KBaApar nepejanoro 4-uMmnysbca t u ”Hegocraonas Mmacca”
M x ompemensiioTcss OMHON W TOH K€ BeJTUUINHOI: mepeTanHoil sHepruei
Q = Ey — E4 (3necy Ey - navanbHas sueprus nydka, F;' -sueprus
PACCEHHOTO JIEHTPOHA):

Q=FEy—E); t=Q*—(po—pd)" ;
M3 =(Q+ Mtarg)2 — (po — pd/)2 . (7.3)

OT0 O3HAYAET, YTO MEHsS MePeJaHHYI0 IHEPIHIO, IKCIEPUMEHTATOD
OJIHOBPEMEHHO W3MEHsieT W BeJINUNHY t, W BEJWYHHY '~ HeJoCTarommed
maceol” My (cm. puc. 7.8).

7.4 KuHeMaTukKa KBa3myHnpyroro paccesHus.

Kak yxe ynomunanoch B Hactn II, roBops 0 KBa3uynpyrom paccessHum

b

UMEIOT B BUIY paccesHue ’0oJiee 3JIeMEHTAPHON’ YaCTUII HA, COCTAB-
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x99

HOit (T. e. ”MeHee 3j1eMeHTapHON” , HAIPUMED, PACCesHUE IPOTOHOB UK
[MOHOB HA /IPax), KOrJla KHHEMATHKA PaccesHus OJIn3Ka K KHHEMATHKE
YIPYIroro paccesiius Takoil ke 4acTUlbl-CHaps,1a Ha cBOOOHO# (He CBsi-
3aHHON B MUINEHM) YACTUIE-KOHCTUTYEHTE Muinenu. KoHedHoe cocTo-
SHUE YACTUIBI-MUIIEHN (HATIPUMEpP, aTOMa WM A1pa) He 00sA3aTe/bHO
COBTIQIAET C HAYAJILHBIM. Bojiee TOTO, MCHBITABIIIN OTAAYy KOHCTUTY-
€HT OOBIYHO BBLIETAET U3 YACTUIBI-MUIIEHN.

Wrak, ocCHOBHOE OTJIMYNEe KBA3UYIPYTUX PEAKIIUI OT UCTHHHO YIIPY-
rux OOYCJIOBJIEHO TeM, YTO CHAPSI PACCEUBACTCSA He Ha TOKodeiica (B
JI.C.) CBODOJIHOI YaCTHUIIe-MUIIIEHH, & HA JIBUKYIIEHCSa u3-3a (HepMUeBCKo-
rO JBUKEHWST KOHCTUTYEHTOB B CBSI3aHHOM cucteme. Bojee Toro, Oymyun
CBA3aHHON B 0oJiee CJIOKHOW CHUCTeMe, YaCTHIA-MUIIEHb UMEeT MAacCy
m2, g = E? — P? OTIMYHYIO OT MAcChl COOTBETCTBYIONIEH CBOGOAHOM
YaCTUIbL. BhITEKaommne 0TCio/Ia CIeICTBUS PA3HOOOPA3HBL; YaCTh U3 HUX
MOXKHO YBUJETH W3 JIBYX MPUMEPOB: PACCESHUS PEISITUBUCTCKUX DJIEK-
TPOHOB Ha 3JIEKTPOHAX, CBA3AHHBIX B aToMe [94] n peakiuy BO36Y K IeHUsT
A u306ap B aapax (cm. o630p [58]).

Kunemaruaeckyio mauarpammy Jjis PacCMaTPUBAEMBIX TPUMEPOB
MOXKHO TIPE/ICTABUTH B OOIIEM BHJI€ TaK, KaK MOKA3aHO HA pucC. 7.9.

‘%jeded

(A-1)

Recail'

Puc. 7.9. Obmasa kunemaTudeckad auarpaMa s KBa3uylIpyroro pacces-
HIAS CHapAna € 4-UMIyJIbCOM Ppro; HA KOHCTHTYEHTE COCTABHON Mwumienn A
¢ 4-umnynbcom Pior. Paccesnnas gacTuna-cHapsi mocjae pacCcesaHus yHOCUT
4-mmrynbC Petect, BBIONTBIN KOHCTUTYEHT npuobperaer 4-mMmiynbe Pejected,
4-MMTTYJThC OCTABINENHCS TTOC/IE BBLIETa KOHCTUTYEHTA (He 00a3aTeIhHO CBI3aH-
woit) cucrembl (A — 1) 0603Ha9€H KaK Precoil. CBA3AHHBIA B 9acTUIE-MATICHA
KOHCTUTYEHT JI0 PACCESTHUS Ha HEM CHApsIa uMeeT 4-uMIryanc Py .
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[Mpu kBa3uynpyrom paccessHum 3JIEKTPOHA HA aTOMe CUCTeMO A sB-
JISIETCST ATOM, KOHCTUTYEHTOM — CBSI3AHHBIN B HEM 3JIEKTPOH, BHIOUTOMN 13
aroMa JacTuleil sBIgeTcs TOXKe SJIEKTPOH, a cucreMoii ormadu (A — 1)
— noH (BOOOIIE TOBOPSI, BO3OY K ICHHDIIA ).

ITpn Bo3Gy:kmennn A m3obap B sapax B peakuuu tuna A(p,n) nin
A(®He,t) cocrasroii cuctemoii A apasercs sapo ¢ A HyKJIOHAMH, BHIOH-
TOI yacTuieil sBjsgercd, HanpuMmep, A nsobapa, a siepHas CACTEMA U3
(A—1) HyKJIOHOB YHOCUT 4-UMITYIBC OTHAYYU Precoil (IIPU 9TOM HEBAXKHO,
BCE JIW 9TU HYKJIOHBI CBA3AHBI MU TOJHKO YACTh U3 HUX, WU YK€ B HEl
BOOOIIE HET CBA3AHHDBIX sIIEPHBIX (DPArMEHTOR).

[TockombKY peakiins paccCMaTPUBAETCS B CHCTEMe OTCYeTa, T/Ie MU-
menkb nokoutcs (mabopartopuas cucrema), Prar = (Ma ,0).

KBasuynpyroe paccedHue 3JIeKTPOHA HAa BHYTPHUATOMHOM
JIEKTPOHE PACcCMATPUBAIOCh B pabore [94] B cBs3u ¢ npobiemoil uzme-
peHus noJiapu3anuu (ToJsSpUMETPHUN) MY IKOB PEJITUBUCTCKUX TTOISAPHU-
30BAHHBIX JIEKTPOHOB.

[Mpu uzmMepeHun NOAAPUIANMY [Ty IKA HEOOXOAUMO 3HATH AHATUIUPY-
OIIYI0 CIOCOOHOCTH BHIOPAHHOM JIJTsT OJISIPUMETPA PEAKITUN ¥ U3MEPATH
JIEBO-TTPABYIO0 ACUMMETPHUIO PACCESHUs, MPUYIEM BAaYKHO 00ECneduTh ar-
MapaTypHYIO CUMMETpHuio nojspumerpa. OObIYHO 3Ta aHAJIUIUDYIONIA
CTIOCOOHOCTH 3aBUCUT OT yriia paccesnns. [Ipn mocTpoernn moaspumMer-
pa CTPEeMSTCS MAKCUMHU3UPOBATH BEJIMUNUHY, TPOMOPIHOHAIBHYIO TTPO-
M3BEJEHUI0 KBAJIpaTa aHATU3UPYIOMEH crocobHOoCTH Ha auddepeHIu-
AJIbHOE CeYeHMe: OHA, OMPeJIeIsieT TOYHOCTh U3MEPEHUI 1, COOTBETCTBEH-
HO, WX JJIUTEJIHHOCTD, HEOOXOIUMYIO JJIs TOJyUYeHUs] HYKHON TOYHOCTH
3HAHUS CTETeHN TOJISIPU3AINHT TTyYKa. B criy pasnoro xapakTepa yrJio-
BOI 3aBuCcHMOCTH qU(DHEPEHINATHHOTO CEUeHUsT U AHAJIMIUPYIOMIE CIto-
COOHOCTH, COOTBETCTBYIOIIEE MPOU3BEICHUE MMEET, KAK MPABUIIO, OJUH
MAaKCUMYM IPHU OIPEICTIEHHOM yTJIe PACCESHUsT B CUCTEME IEHTPA MAaCC.
TToaToMy BOIIPOCHI O BOZMOYKHOM CHCTEMATUYECKOM OTJIMYUHU YTJIOB MIPU
KBA3UYTPYTOM PACCESTHUU U AHAJIOTHIHOM PACCETHUN TAKUX YK€ CBOOOJI-
HBIX YACTHIl, 8 TaKyKe O CTEMeHW ~PasMbITUSA’ YIJa PACCeSTHUS BHYT-
DEHHUM JIBUKEHHEM CBI3aHHOTO B MUIIEHH KOHCTHTYEHTA, JOCTATOYHO
BayKHBI. VIMEHHO 9THM BOIPOCAM TOCBSAIIEHA CTaThs [94].

KunemaTtuka KBa3suymnpyroro poxkjaeumnd A-m3obapbl Ha $/1-
pe. B s7oit peaknum Py ecTh 4-UMTyJIbC BHYTPHUAIECPHOTO HYKJIOHA,
Pejected — 4-mMmynne poxaennoit A-m3obapwer. Ilepegannbnii mpu cTOMK-
HOBEHUW OT CHApsAIa cucreMe (Muienb+ A-u306apa) 4eThbIpex-uMITyIbC
paBeH Piranst = (v, Ap), e v — mepeqanHas SHeprus (U SHEPrus,
cOpolienHas CHAPsAOM [IPU HEYIPYroM paccesnuu), Ap — nepeJaHHblii
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3-uMiysibe (OObIUHBINA TPEXMEPHBIH BEKTOD).
Yerblpex-uMIyIbC HYKJIOHA, CBA3aHHOrO B sape A, paBen Py =
Prar — Precoil; €0 KOMIIOHEHTHI B JTaDOPATOPHON CHCTEME €CTh

PN = (EN 5 pf) = (Mtar - Erecoil7 7pf) =
= (Mtar - Mrecoil - Trecoil ) _pf> ) (74)

rae Py — TPEXMEpHBIH WMOYNbC (HEePMU-IBHIKECHHS HYKJIOHA-
KOHCTATYyeHTa B Aape-Mumenn A, M, ccoii — Macca TOKOS CUCTEeMBI-
ocratka n3 (A — 1) HYRIOHOB, Trccoii — €€ KHHETHYECKAs IHEPTHS.
OO6BIYHO ANPO-MHUIIEHD JOCTATOYHO TAXKEIOe IO CPABHEHHUIO ¢ Iepea-
veif sHeprum (B J1.C.) W MOITOMY JBUKEHUE CUCTEMBI-OCTATKA MOXKHO C
XOpOIIeil TOUHOCTBIO CYUTAThH HEPEIATUBUCTCKUM, TO €CTh

P
2Mrecoil ’

Ecnu cocras cucrembi-ocrarka (A — 1) usBecred, To macca 3TOi cu-
CTEMbI TAKIKE M3BECTHA, DABHO KAK M3BECTHA W IHEP2UA OMOICACHUS, €'

Trecoil ~

(7.5)

—€s = Mtar - (Mrecoil + mN) , MN — €5 = Mtar - Mrecoil ) (76)

rIe mpy eCTh Macca CBOOOMHOTO HYKJIOHA. BooOIme roBopsi, cucrema-
OCTATOK MOYKeT OBITh M CBSI3aHHBIM siIpoM n3 (A — 1) HYKJIOHOB B KAKOM-
TO M3 €ro BO3MOXKHBIX COCTOAHUI, U CHCTEMON U3 HECKONBKHUX AIE€PHBIX
dparmenTos. Eciu cocTosHIE CHCTEMBI-OCTATKA PETUCTPAPYETCA B KOH-
KPETHOM 3KCIIEPUMEHTAILHOM U3MEPEHHUH, TO BCE BEJIMYHUHLL B (POPMYJIE
(7.6) oTHOCATCSA K ITOMY COCTOSTHUIO.

Ecnu cucrema-ocrarok we upentudunupyercsa, 7o B dhopmyse (7.6)
HY?KHO IIPOBECTH YCPEIHEHHE IO BCEMY CIIEKTPY COCTOSHWI CHCTEMbI-
OCTaTKa C y9eTOM BEPOATHOCTEH €€ KOHEUHBIX COCTOAHUIA; B 3TOM CIIydae
B dopmysie (7.6) mox €5 ciemyer mOHUMATH CPedHIOl0 IHEPeut0 omaene-
HUA, & Myecoiy KAK YCPEIHEHHYIO MACCY OCTATKA.

Bugno, uTo Macca mj; CBS3aHHOTO B d]pe HYKJOHA, Ha KOTOPOM
MPOU3OIILIA PEAKIUA T. H. K6a3UC600001020 Poscdenus (Uit 6bibu6aHus)
uciyinennoii (ejected) yacTuiipt (B paccMaTpUBaeMOM CJIydae — u300apbl)
OIIPENENACTCA BEIMIUHON KBaaApaTa ero 4-mMIryabca Py

Mar
mi? =Py = (my — ¢’ : p%, (7.7)

Mtar—’rnN—i-es
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U OTJINYAETCs OT MACCHI CBOOOIHOTO HYKJIOHA; 3TO OTJINYUE OMPEIeIAeTCs
Pa3HOCTHIO

Miar

2 2 tar 2 2

PN—mN:—QmNes—Mi-pf—&—es , (7.8)
tar—mpy+es

KOTOpasg XapaKTepu3yeT T. H. ’BEJUYNHY CXOJa C MacCOBOit

noBepxHOCTH JJIsi TOTO HYKJIOHA. Eciau ucmymenHoil (BbiouToil) da-
crunell ABAgeTCs HyKJIOH, TO 9Ta PA3HOCTH OyIeT ONpe/IesiTh BeJIuIuHy
[MOYEPIHYTON y CHAPSAIA SHEPIUU, HEOOXOIUMOM i TOro, YTOObI TAKOe
BBIOMBAHUE MOTJIO MMETh MecTO. VI3 mpPOBEIeHHOr0 PACCMOTPEHUs Cjie-
JIyeT TaK¥Ke, 9TO KHHEMATUKA TAKOTO KBA3UYIPYTOro BHIOWBAHUS OyIeT
"pazmbita’ m3-3a (HEepMUEBCKOrO JIBUKEHUsS BHYTPUSIEPHOTO HYKJIOHA,
(KOT/a, YK€ COCTOSTHUE CUCTEMBI-OCTATKA HE PErUCTPUPYETC, 100aBIIAeT-
Csl JIONOJIHUTEIbHOE PA3MbITHE U3-33 PACIIPE/IEJICHUS 110 BEJUUUHE € ).

Macca ucnymennoit (BoouToit) JacTuIbl Mejected ONPEIENIETCS Be-
auauHOlM P2 KOTOpast eCTh He YTO WHOE, KaK

ejected?
Pc?jected = w%‘ = (PN + Pt'r‘ansf)2 - (V + En, Ap + pf)2 ) (79)
YTO MOXKHO 3anucCcaTh B BUIE
W = t4 (my —e)? 42w (my —e) —
P}
- (Mtar + V) - 2pf : Ap . (710)

Mtur — MmN + €5

3aech t — MaHIEIbCTAMOBCKAs IepeMeHHas (KBaJApaT MepeJlaHHoro OT
cuapgana 4-ummysbea). 3 1mocae Hero COOTHOIMIEHNs BUHO, YTO €CTh
eIre OJMH WCTOYHUK PA3MBIBAHUS KUHEMATHKY KBA3WCBOOOIHOTO BHIOU-
BAHUsI: YTOJI MEXK/IY TIePEJIaHHBIM 3-UMIYIbCOM U 3-UMITYJIHCOM (hepMu-
€BCKOTO JIBUZKEHWS HYKJIOHA, HA KOTOPOM TPOU3O0IILIA PEAKITUS.

B ciyuae kBasuynpyroro BbiOuBaHus CTabUIbHON YacTUIlbl (HYKJIIO-
HA), BeIWUNHA Wp (DUKCUPOBAHA W PABHA, OYEBUIHO, MACCE BBIOUTOM
gacruipl. QOIHAKO B CIydae, KOTJa 9Ta YaCTUIA — PE3OHAHC (HApUMED
A-1306apa), ecThb eIe OJ[Ha MHTEPECHAS KUHEMATHIECKAsT OCOOEHHOCTD.

Henpra-n3obapa gABISETCS MTPUMEPOM IBYXYIACTHIHOTO OpeiiT-
BUI'HEPOBCKOTO pe3oHanca R; B 3TOM ciydae pazinyarorcs ~ Oeryinas
Macca” wis W ero ’pes3oHaHCHAA Macca’ wg, & CeUeHHe PEAKINN COIep-
KUT MHOXKUTETh, OTBEYAIOIIUI TPOMUIII0 PE3OHAHCHON JIMHUN C YI€TOM
ee mmpnabl I'g pacnana Ha cucremy wacrun (1 4 2):

FR(R*)1+2)

5 :
(wi —wiy)” +wiTh/4

(7.11)
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?Berymasa macca” wio aBasgerca 3pHEKTUBHONR MaCCOil CHCTEMbI JaCTHI]
(1 +2), npuyem 06€e ITUX YACTUIBI HAXOMATCH HA CBOUX MACCOBBIX I10-
Bepxuoctax. [lapamerp mupunbl pesonanca, I'g (R — 1+ 2), conepxkur,
B ob1em ciay4ae, dakrop (q/ qO)QZH. Own BBOAWTCS B CIy9ae pe30HAHCA C
HEHYJIEBbIM OPOUTATBLHBIM MOMEHTOM JBUKEHNS 9ACTHIL 1 1 2 B cucreme
UX HEHTPA MACC I y9eTa BIUSHUSA NEeHTPODEKHOrO baphepa Ha BEPO-
sarHocTb pacnaga R — (1+2) pesonanca. 3aech ¢ — umiyiibe dacruil 1 u
2 B cucremMe WX TeHTpa Mace mpu addekTuBHON Macce cucrembr (1 + 2)
PaBHOI w2, & go — TPU PE3OHAHCHOU Macce wy.

B paccmaTpuBaeMoii 346Ch peaknnuu KBa3uCBOOOIHOTO POKICHUS Pe-
30HAaHCA 00€ YACTHUIIBI, BXOJANINE B HAYAIBLHOE COCTOSTHUE PE3OHUPYFOIIEH
cucrembl (1 + 2), HaXOndATCs BHE CBOMX MAaCCOBBIX ITOBEPXHOCTEN:
W BHYTPUAICPHBINA HYKJOH ¢ 4-WMITyIHCOM Pr, U BUPTYAIbHAS YaCTH-
na ¢ 4-uMIynascoM Prgns f, TEPeIaBaeMast OT CHAPSIA K 9TOMY HYKJIOHY
(puc. 7.9). TloaToMy BOZHUKAET BOIPOC O TOM, TPABUJILHO JI OTOK IECTB-
JIATH W12, BBIUACIAEMYIO JIJI 9acTul 1 M 2 HA WX MAaCCOBBIX MOBEPX-
HOCTSIX, C Wp, KOTJA 3TH YACTUIBI HE HAXOAATCS HA CBOMX MAaCCOBBIX
nosepxuocTax? (IToxoxkuit Bompoc obcyKaancsa tak:ke B pabore [59]).

OxKa3bIBAETCA, UTO HENb3s TOCTYJUPOBATH PABEHCTBO Wiz = WF.
Hy»kHO0 meiicTBOBATEL COTJIACHO CIEIYIONEMY AJITOPUTMY:

1. 3Has wp, HAHTH KBajgpaT "mmmyinca’ ¢f2 wactunpr 1 (BHYTpH-
SZIEPHOTO HYKJIOHA, HATIPUMED) B CHCTEME IEHTPa MacC 4acTull 1

U 2, IpUHUMAasd BO BHUMAHWE, 9YTO BUPTYAJbHAA YACTUINA 2 TIepe-

9 ) 2 .

HOCUT 4-UMTIYyTbC Piransy W KBAAPAT ee "MaCChl’ paBeH Ptmmf,
37ech BayKHO TaKyKe WMeTh B BUIY, 9TO BeamdanHa ¢} 2 He obs3ana

OBITH TIOJIOKUTETHHO OIIPE/IeTEHHOM:

A (w%, m}*\,2 , t)

2
4wy,

*2
q =

; (7.12)

2. BBIYUCIUTD BEJIUUNHY /S12, T. €. TIOJTHYIO SHEPTUIO B CUCTEME IICH-
Tpa Macc TOH ke (BUPTYalnbHOI) 4YacTullpl 2 U peajibHOil (T. e.
HaXO/IAIIeiicd Ha MACCOBON MOBEPXHOCTH) YaCTUIBL 1 ¢ UMITYJIbCOM
G5 B 3TOil cuCTeME;

3. OTOXK/IECTBUTH Ty BeJIUIHHY C ~Oeryimeii” Maccoit pe30HaHCa, T. €.
NPUPABHATD W12 = /312, €CH BBIIOJHEHO yenoue B2 = ¢f2 +
mi > m3,.

Bennunna EY 27" WMeeT CMBICJI KBAIpaTa TOJHOM SHEPTUU peasibHON 1a-
cTuIlbl 1 B cHCTEME MEeHTpa MacC 3TOH YaCTUIBI U YACTUILL 2 (BUPTYAJIb-
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Hoit). Ee merpyano naiiti; Hanmpumep, pu KBa3sucBOOOIHOM DOXKJICHUY
A-uzobapel gactureii 1 aBiasgercs HyKJIOH U JIJisi HEro

(w% —t+ m}*\,2)2

2
4wy,

B3 = + (my —my?) . (7.13)

re mi? — Macca BHyTpHsIepHOro Hykiona (cm. dopmymy (7.7)).
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YHactp V

Jlektimm 9 m 10



I'maBa 8

Ceuenusi peakmuii

paccestHUs

OCHOBHBIM 3KCIEPUMEHTATBLHBIM METOJAOM H3y4eHUsl B3auMojeicTBuil
3JIEMEHTAPHBIX YACTHIL U siIep cO BpemMeH Pe3epdopa ABjseTcss ux pac-
cestHMe IpyT Ha ApyTe'. MHdopManms o cBOMCTBAX YACTHIL U UX B3aUMO-
JeHCTBUI M3BIEKAETCS, B TIEPBYIO OUEPEIb, U3 JAHHBIX O BEPOSITHOCTAX
TeX WA APYTUX MPOIECCOB, MPOUCXOAAIINX IPU CTOJKHOBEHUU ITUX Y-
CTHUI[. DT BEPOSATHOCTD, B CBOIO 0YEPE/Ib, OMPEJIEIIeTCs] BETUIHHOMN T. H.
" OTepeIHOro cedeHnsa’ JAHHOW PeaKIlnh, CBA3AHHOTO HEIMOCPEICTBEeH-
HO ¢ KBaJIPATOM MOJIYJIS aMIIIUTYIBI €€ BEPOATHOCTH U~ pazMepoM” Toii
obsactu B T. H. ”$a30BOM MPOCTpaHCTBE”, B KOTOPO MOTYT OKa3aTh-
Cd KOHEYHBIE MPOAYKTHI Peakiuu. ['paHuipl 9Toi 061acTu OIHO3HAY-
HO OIPEJIEAIOTC 3aKOHAME COXPAHEHWS SHEPIUU-UMITYIbCA, T. €. KU-
HEMATUKOW paccMarpuBaeMoil peaxnuu. HekoTropbie 30HBI B pa3pereH-
HO¥ 06JIACTH MOTYT OKa3aThCsl HEJAOCTYMHBIMY, 00pa3ysi ”KasepHbI” [2]
(uu HAOOOPOT, MPEANOYTUTENLHBIMA, T. €. '30HAMU KOHIEHTpaIuu’
w7 arTpakropaMu’) I KOHEYHBIX TPOJAYKTOB M3-3a 3aIpPETOB UJIH
Apyrux TpebOBaHWi, HAKJ/IAIBIBAEMBIX HA KOHEYHBIE COCTOSHUS 3aKO-
HAMM COXPAHEHMsI KBAHTOBBIX YMCe] (CHMHA, Y€THOCTU, U3OCIUHA) UK

I B kiaccuueckoit (pu3mKe 3TOT METO/ IIHPOKO HCIOIB30BAJICS BO MHOTHX JUCITH-
IJIMHAX 3aJI0JIT0 10 TOSIBJIEHUSI ATOMHON M sAepHON (DU3UKH.
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cnenacrBusaMu cratuctuku @epyu i Boze-Qiinmreiina u T. 1. Bee sto
TOXKE SABJISIETCH MIPEIMETOM PACCMOTPEHUS KUHEMATUKH.

Ilepen obcyzxmenreM 3TUX W MOAOOHBIX UM BOIIPOCOB, TIPEICTABISIET-
Csl €CTECTBEHHBIM BHAYAJ e HAMOMHUTH, UTO TAKOE TTOTIEPEYHOE CeueHue
PEAKINY U KaK 3Ta BEJIMUNHA N3MEPSIeTCS SKCIIEPUMEHTAILHO. J1J1s 9TOTO
B34T NPUMED TIOJHBIX CEUEHU pACcesnus (IHEPrO3aBUCUMOCT KOTOPBIX
6buia nokasana B Yacru I) u yueneHo BuuManue psijy Jeraseil, He4acro
YIOMWHAEMBIX B y4eOHUKAX W CIIENHUATbHBIX 0030Pax, HO BaYKHBIX LI
3HAKOMCTBA C METOINKOIT M3MepeHUit.

8.1 Ceuenus peakmmii.

8.1.1 Omnpenesienne cedeHNs pacCedHUS.

Hamnomunwm onpesesnenue nonepedHoro cedenus: paccesaust. [lycts cras-
KHBAIOTCS JBA Iy9IKA YACTUI] C ITIOTHOCTSMH Mg, N U CKOPOCTSMH Vg,
vy (He obs3aTesIbHO KoJIMHEapHbIMU). B cucreme nokos gacrul, b cko-
POCTBb YaCTHIL ¢ €CTh 1152; Jlajiee TPOCTO Vyel. ducao cmoarroseruti dv
B o0beme dV 3a Bpemsi dt eCTh, OYEBUIHO,

dv =npdV ng - Ve - dt - o, (8.1)

L€ T — NONEPEUHOE CEUEHUE PACCEANHUA.

Nuapivu cnoBamu: B TPYOKe JTHHON Vpejdt MMEETCS Ng - Ve - dt Ta-
cTun mydka a. ILnomans, nepeKpreiTasd B 3TOR TpyOKe 9acTUIAMU MHAIIIe-
o b, paBHa Ny - 0. 371€Ch CMBICT KOI(DDUIMEHTa TPOMOPINOHATILHOCTH
0 JIETKO TIOHSITH HA MPUMEPE CTOJKHOBEHUH KJIACCHYECKUX MATEPUAIIH-
HBIX TOYEK (YaCTUIbl COPTa @) ¢ abBCOTIOTHO TBEPABIMY MapaMu (4acTu-
bl copra b): BCe 4acTulpl COPTa @, MOIABIIUE B IEPEKPHITYIO IAPAMU
0061aCTh, HEIPEMEHHO HCIBITAIOT CTOJKHOBEHUS C HUMHU. B pesyabrare,
JUIS YUCJIa CTOJKHOBeHWI mosydauM ¢dhopmyry (8.1). B takom paccyx-
JICHUU mpeziiojiaraeTcs, 9YTo MJIOTHOCTh YACTHIL, HACTOJIBKO MaJia, u4To
TPOMHBIMU CTOJIKHOBEHUSIMYU U COYIAPEHUAMU 6O0JIee BHICOKONW KPATHO-
CTH, PABHO KaK U S9KPAHUPOBKOI YacTUIIAMU IydKA (UM MUILEHU) APYT
IpyTra MOXKHO npeneOpedsb. Ecam peds uaer o CTOMKHOBEHHAX YACTHII C
AIpaMn, 00 3TOM IIPEIIOIOKEHAN IOJE3HO BCIIOMAHATD, KOIIa PACCMOT-
peHUe BEIeTCS Ha YPOBHE B3aUMOIEHCTBUSA YACTHIL MYyUKa C HYKJIOHAMU
sA/Ipa, HAmpuMep, B pamkax mojaenu Liayoepa—Curenko.
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J10 3TOr0 MOMEHTA HESIBHO CYMTAIOCH, YTO CKOPOCTH YACTHI], HEBEJIH-
KU ¥ BCE BETUIWHBI SABIAIOTCS HEPEJSITUBUCTCKUME. 3aMEHUM BpeMs  Ha
ct, vae ¢ - ckopoctb cBeta B nycrore. Ha nepsbiii B3, dhopmya (8.1)
Mo ceoemy BuIy bakTuuecku He n3MeHuTCsA. OIHAKO CMBIC HEKOTOPHIX
BEJINYWH Temepb MOXKHO U3MEHUTH TaK, 4TO 3Ta (opMmysa Oymaer crpa-
BEIJINBA W B PEJIATUBUCTCKOM CJIy4ae. 371eCh MOMOYKET UCIOJIb30BaAHNE
HOoHATUA 4-CKOopocTu, oOCyKIeHHOe B pasiese 3.2.3.

VaurbiBas, 9T0 YHCIO CTOJKHOBEHUI JIOTKHO OCTABATHCS WHBAPU-
AHTHBIM, MOXKHO y0eIUThCsA, 4TO 3anuch (hopmyssl (8.1) B BUIe

dv = ngo) AVl | ug | -cdt-o (8.2)

ClIpaBeaJINBa U B PEJIATUBUCTCKOM, U B HEPEJIATUBUCTCKOM CJIydae. B
9T0i1 hopMyJIe IIIOTHOCTH TTOMeUeHbI HHIAEKCOM (0) 4TOOBI IO [IEPKHYTh,
4910 OHM 6epyTCd B CHCTEME MOKOsi COOTBETCTBYIOMIUX YacTull (IOJIe3HO
IIOMHUTDL, 9YTO IITOTHOCTb YaCTHUI[ €CTb HUX YUCJIO0 B €IWHHUIE O6'beMa).
CyuiecrBennoe usmenenue B (opmyie (8.2) cOCTOUT B TOM, 4TO BeJU-
YrHa Ugp €CTh IIPOCTPAHCTBEHHadA KOMIIOHEHTA OTHOCUTEJILHON 4-
CKOPOCTHU YacTull a n b

B smreparype cymectByoT apyrue, 6ojee TpaauIlnoOHHBE, (hOPMBI
3aluCH, B KOTOPBIX €IUHCTBO HEPETIATUBUCTCKON U PEIITUBUCTCKON 3a-
IIHNCHU BBIPDazKEHUA JJjid TUCIa CTOJTIKHOBEHU YBHUIETH CJIOXKHEE. Peﬂﬂ-
tuBucTCKOE 0000Imenne (hopmybl (8.1) 0OBIYHO AETaeTCs ¢ TOMOIIBHIO
BBeICHUA TIOHATUA T. H. MéﬂﬂepOBCKOFO MHBAPUAHTHOT'O TIOTOKa, KOTO-
PBbIii, ecyiv MPUBJIEYh MOHITAE OTHOCUTEIHHON 4-CKOPOCTH, MOXKET OBIThH
3aIMCaH KaK

InvFlur = \/((Pa Py’ —m2ZmE =mamy- | g | (8.3)

(Buech P; — 4-umirysibC 9acTuupl ¢, m; — ee Macca. )

MénmepoBcKuii MHBAPUAHTHDIN MOTOK MOYKHO TPEICTABATL B WHOIL
dopme, UCIIOIB3Y S TOTHKO HHBAPUAHT Sup, — KBAJIPAT MOJTHON SHEPTUN B
CHCTeMe TIEHTpa Macc 4acTuil a u b u onpezenenne (3.29) TpeyrosbHO

dbyHrIUN:
InoFluz = + - A2 2,mp) = p*\/Sab 8.4
nvFlur = N (sab,ma,mb) =p*/Sap » (8.4)
rje p* ecTb UMIYIbC YaCTHUIBL @ WK b B UX CHCTeMe IeHTPa Macc; AJId
HOJIy9eHUs TOCAETHEr0 PABEHCTBA MCIOJIB30BaHO cooTHOIIEHHE (3.29).

Dopwmyia (8.4) npuroaUTCsa B JaIbHEAIIEM, & TOCIEIHEE PABEHCTBO B HEil
0COGEHHO YI00HO MpH PACCMOTPEHUH IKCIEPUMEHTOB Ha KOJLIaiimepax,
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KOTJa JTAOOPATOPHBIA MMITYJILC YACTHUIL KAXKIOTO M3 CTATKHBAIOIIIXCSH
BCTPEYHBIX 1y4KOB (pu yrie Berpedn 0°) ectb mpocTo p*.

8.1.2 Kak u3mepaTh monepedHbie CeYeHus !

OTser wa 3TOT BOmMpOC npocT: B (hopmyaax (8.1) unu (8.2) cupsrano ue
TOJILKO OMpeJiesieHre CeUeHusT PACCesTHNsI, HO W MJIesT METO/IA €ro dKCIe-
puUMeHTATLHOrO m3Mepenns. JleficTBuTeIbHO, TyCTh MUIEHb b B Tabopa-
TOPHOM CHCTeMe OTCYIeTa MOKOUTCA. Torma nl(jo) dV =p-1-dS-Na/A ectn
YUCJI0 YACTHIL MUTIIEHN B TPYOKe JINHOM [ ¢ TonepednbimM cedennem d.S,
an cdt | Wap | — 9uciio yacrun mydka, ynaBimux Ha €JUHUILY ILIONIAIN
murenu 3a spemsi dt. OOBIYHO TONEpevHOe CeYeHre Ty IKa MEHbIIe MU-
mieHu (T. K. MUIIEHb, KAK IIPABUJIO, IIOJHOCTHIO I€PEXBATHIBAET IIYYOK );
MMO3TOMY MHOYKHUTEH dS MOXKHO MepedpPOCUTh B YaCTh, OTHOCAIIYIOCS K
nyuky. Torma 3a Bpemsi T 0OydYeHVsT MUIIEHH MTYYKOM C TTOTEPEUHBIM
paszMepoMm S YHCI0 CTOJKHOBEHWI, 3aPErUCTPUPOBAHHBIX JIETEKTOPOM,
OymeT paBHO

N
v = U-pltw.g-At—A-{|uab|-c/det-n2}:
arg

Ny I
= 0-pligrg- —— =0 Neyer 8.5
Pltarg Atarg p cycl ( )
rie Neyey — UHCIO IUKIOB yckopurens 3a Bpemsa 1, § — "duty

factor" (CKBaykKHOCTH), T —IJIUTEILHOCTh UMITYJIhCA W3JIyUeHust, | — dunc-
JIO YACTHIL B UMITYJIbCE M3IYUeHNs . DTy (DOPMYITY MOYKHO TIEPErcaTh B
WHOM BWJIE, BBEJS TIOHATHE c8emMUMOCmu L
1/:0~L,L:pltarg~jiv—A~£~5~Ncyd. (8.6)
targ T

B dopmyne (8.6) cBeruMocTh 3anucaHa Juid  cjydas  T.  H.
” 9KCIIEPUMEHTOB € HENOABHUKHOW MUIIEHbI0” (MUIIEHb HOKOUTC B Jia-
6oparopuoii cucreme). OJHAKO 3TO HNOHATHE YAIIE UCIOJIb3YeTCs s
9KCTIEPUMEHTOB Ha KOJITaiiiepax, KOria BCTPEYAIOTCS B MyYKa TaCTHIl
M MeXKJIy HUMH TPOUCXOAT CTOJTKHOBEeHUs. Bum bOpMyIbl mist cBeTH-
MOCTH B 3TOM CJIydae WHOM.

JlasbIiie Bce 3aBUCUT OT TOrO, KAK JIETEKTOD PECUCTPUPYET caM (DaKT
CTOJIKHOBEHMSI M KAKOro THIIA CTOJKHOBeHHs OH "yMmeer'"pacnosnaBaThb.
3Hast CBETMMOCTD W MOJCIYAUTAB YNCJIO 3aPErMCTPUPOBAHHBIX CTOJTKHOBE-
HUiI Hy>KHOTO THIA, JIETKO HAWTH CeYeHNe COOTBETCTBYIOIIUX PEAKITNM.
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O,ZLHa 13 BAXKHbBIX 3KCIIEPUMEHTAJIBbHO Ha6JTIO,ZLaQMbIX XapaKTEePUCTUK
peaknuii paccestHusl — MOJHOE CETEHUE PACCESHUS, KOTOPOE OIPeIETsAeT
BEPOSITHOCTH TOTO, UTO MPOU30HIeT Kakoe ObI TO HM OBLIO B3anMOJIeii-
CTBHE CHApAIa W MUIIEHUW: yIPYyroe paccesHue, HEYIpyroe B3anmMoJIeii-
CTBHE C BO30YIKIEHUEM JTF000H 13 B3aNMOIEHCTBY IOIIUX YACTHIL, HEYTIPY-
roe paccesuue (C POKJICHUEM JIIOOOrO UUCIA YACTHIl, JOMYCTUMOTO 3a-
KOHAMU COXPAHEHUsI ¥ BO3MOXKHOTO [IPU JIAHHO SHEPruu CHAPSAIA).

8.2 O06001menHas cxeMa M3MepPEHUIA.

YT00bI TOHATH, KAK MOYKHO M3MEDPUTH TOJHOE CEYEHNE PACCESTHUS, Hali-
JIeM CHadvaJIa OTBET Ha cjeayiomuit Bompoc. IlycTsh mapaaneabHbIit Mo-
HOXPOMATUYECKHUil IIy4YOK IaJaeT HOPMAJIbHO Ha IJIOCKONAPAIIETbHYIO
IJIACTUHKY TOJIIWHBI & IO HANpaBeHuio mydka. KakoBa BepogTHOCTH
Py(x) Toro, 4ro yacTuia mydka Ipoiier Yyepe3 BeIecTBO [LIACTUHKU He
UCIIBITAB HU OJHOTO CTOJKHOBEHWS CO CTPYKTYDHBIMU €IUHUIAMU (Ha-
npuMep, siipaMu aTOMOB) €€ BeIecTBa?

OueBWIHO, YTO YNUCIIO PACCEWBAIOIINX sIIE€P HA MyTH MYUYKA, B3ATOE
HA €JIMHUILY ILIOMIA/IH [IJIACTUHKY (YUCJIO PACCEUBAIOIIUX IEHTPOB), €CTh

Na
Ncenters (.’17) =T p M
r7e p— IJIOTHOCTH BEIEeCTBA IIacTuHKu, M — MOJEKyIapHbBIA BeC ee Be-
mecTBa, N4 — 9UCI0 ABOraipo, Ny,e; — 9UCJIO0 ATOMOB, COAEPIKAIINX ITU
Aapa, B MOJEKYJIe BermecTBa Mutiienu. [Ipn momnom cevennn paccesaHust
Otot CYMMapHas TJIOMIAIh, TIEPEKPhITAsd PACCEUBAIOIINMHI TIEHTPAMU Ha,
nyTH my9dKa, ecTb Neenters() - Otor. VIHTEHCHBHOCTD TiyuKa I, TO €cTh
9HUCIO IACTUIL, TATAIONINX HA MWINEHb B €IWHUILy BPEMEHH, W3BECTHA.
UuTeHcuBHOCTD TyYKa, MPOIIEIIIero depe3 IIACTUHKY, He MCILITAB HU
OJIHOIO B3aUMOJIEHCTBYsA, ecThb, oueBuaHO, I(x) = Iy - Po(x). Haiinem ee,
TIPOBEISA CJIEIYIONIee PACCY K ICHUE.

VBeudauM TONNUHY TIACTUHKN HA OECKOHEYHO MAJIYIO BEJIMUNHY d.
To, ¥T0 M TOCTE ATOr0 KaKasg-TO W3 YACTHUIL MyIKA MO-TIPEKHEMY He HC-
OBITATa HA OJHOTO CTOJKHOBEHHS, O3HAYAET, ITO CJAYIUTIOCH COOBITHE,
COCTOAINEE U3 IBYX CJEMYIONUX MOCTeI0BATEIHHBIX JACTHBIX COOBITHIA:
(1) He ObLIO HU OJHOTO CTOJKHOBEHUS MPU TIPOXOKICHUN CI0A T, (2) He
OBIJI0O HU OJHOTO CTOJKHOBEHWS TPH TTPOXOXKICHUN T0OABOYHOTO CIIOS
dx. BeposiTHOCTH MepPBOTrO YacTHOrO cobbiTHs ecth Py(z). Kakosa xe

X Nmol » (87)
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BEPOSATHOCTL BTOPOr0 4acTHOro cobbiTua? QueBuHO, YTO pa3 Coil Hec-
KOHEYHO TOHOK, TO MOI'YT GLIThH TOJILKO 2 B3AUMOUCKIIOUAIONUX UCXO/IA!
OO0 HUYMETO He CIy9uTCs (BEPOSTHOCTD Yero U HaJI0 HA#TH), b0 Ciry-
YUTCS OJJHO CTOJKHOBEHWE, BEPOSTHOCTh 9€r0 eCTh Neenters(dT) - ot B
COOTBETCTBUU C ONpee/lenneM cedenns paccesuusa. CyMMma BepOsSTHO-
creit 3TUx cobbITHii ecTh 1, a 3HaunT, Po(dr) = 1 — Neenters(dx) - otor.
To ectn,

Py(x+dx) = Py(z) - Po(dx) = Py(z)(1 —dz-p- % ‘Mol * Otot) - (8.8)

Ho 10 o3magaer, ato

dPo(SC) NA

“dr = —PO(CU) P ﬂ * Mol * Otot - (8-9)
O6miee permenne SToro ypasHEeHUsT XOPOIO W3BECTHO; BCTTOMUHAS OYe-

BUzIHOE TpannyHoe ycaosue Py(0) = 1 (T. e. mpu Hy/IeBO# TOJIIMHE TTIa-

CTUHKHY C BEPOATHOCTHIO 1 paccesinust He Oy/1eT), TPUXOIUM K 3HAKOMOMY

u3 onTuky (M APYrUX PA3JIEsIOB KJIACCUIeCKON (DUBUKM) 3aKOHY:

N
PO(I') — e_w'p'WA'nvnol‘o'tot — e_w'o'tot‘ncenters , (8‘10)

TJIE Neenters— TACTO PACCEMBAIONINX MEHTPOB HA €MHMUILY TOJIIAHDI TLTa-
cruaku. COOTBETCTBEHHO,

I(x) =1 - Py(x) = In - exp(—2 - Otot * Neenters) - (8.11)

®opmysia (8.11) JIeKUT B OCHOBE OJHOTO U3 MTUPOKO PACIPOCTPAHEH-
HBIX CTIOCOOOB SKCMIEPUMEHTAILHOTO N3MEPEHNU s TIOJTHBIX CEUeHU paccest-
uust. B 3ToM crocobe cpaBHUBAIOTCS WHTEHCUBHOCTH MAIAIONIETO My YKa U
MydKa, IPOIIEJIIEro Yepes3 IIACTUHKY-MAIIeHs 6e3 B3anMoaeiicTBU.
Takoit MeTO/ HA3BIBAETC TPAHCMUCCUOHHBIM. Peanmn30BarTh ero B pe-
abHOM MWpE He TaK YK M MPOCTO, OCOOEHHO €C/IN PEUDb WJIET O TOUHBIX
U3MEpPEHUsX: MyYKN HUKOTIa He OBIBAIOT WICAJIBHBIMU, COCIUTATL YUCTIO
yTaBIUAX Ha MUIIEHh YACTUI] HE BCETJA JIETKO, M TOTO CJIOYKHEE Opeie-
JINTh, TPOIILIA JIN JACTHIA YePE3 MUIIEHb 03 B3auMOJEHCTBHS NN 7Ke
ono umesio Mecro. ObobIIeHHAST CXeMa U3MEPEHUl MOJHBIX CeYeHUH pac-
cedHUs MeTOIOM m3Mepennst koadduimenta Tpancmuccnn R(z) (8.12)
rokazana Ha puc. 8.1.
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MpMroToBNEHWE MyYka, D

noacyet yncnaM Moacuet umcna N(I, Q)

MULWEHb
MUWLEHb
> 1 H s, Q)
AyYOK
AeTexTop

Puc. 8.1. O6o6mennas cxema W3MEpEHWIt TIOMHBIX CEUEeHUIT TPAHCMHUCCHOHHBIM
MeTomoM (BBEPXY) W THUIMYHAA CXEMa PEAJbHOrO SKCIEPUMEHTA B YCJIOBUAX
”xopomieii reomerpun” (BHU3Y ).

8.3 TpaHCcMUCCUOHHBIIA METO: JAETAJIN.

B sTOM MeToze 0OCHOBHAA SKCIEPUMEHTANbHAL IPOOIeMa — HAXOXKICHHIE
MHTEHCHBHOCTH HepacCedHHOro myJka. adopManysa o Bemaune mos-
HOTO CEUEHUS PACCESTHUS CKPBITA B K0afiduuenme mpancmuccun R:
I(z) _ N(2)
R(.’E) = = = eXp(—x * Otot * ncenters) 5 (812)
I M
riae N(x) = I(z) Tmeasurs M = Io-Tineasurs Tmeasur — BDEMS U3MEDEHUS.
[naBHDBIE TPYAHOCTH, OCOOEHHO CYIIECTBEHHBLIE NPU CTPEMJICHHAU I0-
CTHYb MaJIbIX (IPOLEHTHI UJIU JIOJIH IIPOLHEHTOB OT U3MEPAEMOil BeJInyu-
HBI) CUCTEMATHYECKUX MOrPEITHOCTE, CBA3aHbBI C T€M, UTO:

1. MyYKW Bcerja MMEIOT KOHEYHDLIe JUHEHHbIe pasMepbl B Momeped-
HOM CEYEHWM; OHU TaK’Ke BCErJa MMEIOT KOHEUHYIO (HEHYyJIEBYIO)
YIJIOBYIO PACXOIUMOCTD;

2. NpUMEHSAEMbIE JETEeKTOPhI OMPEIEIAIOT MO3UIUKA (KOOPJIUHATHI)
WM yIJIbl ¢ KOHEYHOIT TOYHOCTHIO;

3. kpome BemiecTBa Muiienu ectb ¢onosoe” (OKpyzkaroiiee ee) Be-
IeCTBO: OKHA MOHOIIPOBOJIOB, BEIIECTBO JeTeKTOPOB, PErUCTPUpPY-
IOIUX PACCEAHHDBIE (M MAJAIONINE HA MUIIEHD) YaCTUIILI U T. JI.;
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4. mo6oit merextop me obmamaer 100% 3dpdekTuBHOCTBHIO perucrpa-
[MU; OJJHAKO, €€ HAJIO 3HATHh (M3MEPUTH) U yUeCTb.

5. IlepBbie nBa U3 NpUBEIEHHBIX BHIIIE OOCTOSATEIHCTB HEM30EKHO 3a-
CTaBASIOT TPOBOJIUTH M3MEPEHUs BCErJla BHYTPU HEKOTOPOTO Te-
JtecHoro yriia ) BOIU3U HYJIEBOTO yIia paccesuusi. [loapobmee 310
OymeT 0OCY KIEHO JAIBINe, HO BAYKHO TIOIIEPKHYTh YIKe 3/1€Ch, UTO
B UTOTr€ BO3HUKAECT HeO6XO,HI/IMOCTb TPOBEICHUA SKCTPATIOJIATINN K
HYJIEBOMY YIJIy PacCesHusi. 3aKOH IKCTPAIMOJISIUE JOIKEeH ObITH
000CHOBaH, a caMa TPOIELYyPa IKCTPATIOIAIUN — YIKE TIO ITOH TPH-
YnHEe — TaKzKe MPUBHOCUT B PE3YJIbTaT I/I3MepeHI/Iﬁ JOTIOJTHUTEJIh-
HBIC TIOTPENTHOCTHU: KaK CTATUCTUYECKUNE, TaK U CUCTEMaTUYECKHE.

Wrax, paccMOTpUM YTPOIIEHHYIO CXEMY W3MEPEHUH, TOKA3aHHYIO Ha,
puc. 8.1. Byznem cuntarh MUIIEHL ' TOHKOI, T. €. BEPOSITHOCTBHIO A7epP-
HOTO paCCesTHrsl KPATHOCTHU BBIMIE 1 MOXKHO MpeHeOpedh MO CPABHEHUTIO
C IPyTUMH HCTOYHMKAMU TmorpernHocteii. KomndecrBenno, 3To o3naga-
eT, 4TO MOKa3aresb SKCIOHeHThl B (opmysie (8.12) man (cMm. Takxke 3a-
naun 58-54 B Yacru X). Bygem mpeanosararh, 94To IMydoK aKCHAJIHLHO
CUMMETPUYEH, €r0 JUHEHHBIE pa3Mephl B MOMEPEYHOM CEYEHUN MAaJIbl 1
YTJIOBas PACXOJUMOCTh TAKKE HEBEJIUKA (TO €CTh, TONEPEYHbIE PA3MEDDI
mydKa B paiioHe MUIIEHN W Ha BBIXOJE W3 dKCIEPUMEHTATLHON yCTaHOB-
KM [0YTH He paziudaiorcs). Hakonen, npuMeM Ha BpeMsi, 4TO 4acTUIIA
CUMTaEeTCs ”He PACcCCesTHHOW , eCIM OHa 3apPEeTNCTPUPOBAHA, IETEKTOPOM 1,
MEPEKPBHIBAIOIINM HEKOTOPBIA TeeCHbIH yro €;.

B stux mpeamnosoxkenusax, (cMm. Takxke 3amady 58 Hactu X), uucsio
JaCTHIL, 3aPETUCTPUPOBAHHBIX JIETEKTOPOM, MTEPEKPHIBAIOIITNM TETECHbBIH
yro ) oce MUIIEHN, B OTCYTCTBHU MHOTOKPATHOTO KYJTOHOBCKOTO pac-
CesTHUsT MOYKHO 3aIUCATh KaK

Q
d
N@,Q) = N(@0) 4+ N(@0) -2 neontors - / a0’ =
0
— M . e_o'tot‘x‘ncenters |:1+
Q
do
+ T Neenters A a9’ dQ/ (813)

Ecnu xe renecusiit yron Q0 8 dopmyne (8.13) Boibpan cToib Ma-
JIBIM, 9TO JIa’K€ MHOTOKPATHOE KYJIOHOBCKOE (MOJILEPOBCKOE) PACCETHIE
MOYKET BBIBECTH W3 HErO TPOXOJAIIYI0 9e€pe3 MUIIeHb JACTHUILY, TO ITa
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dopmysia npuMer WHON BU/I:

0
N(x,Q) = M - g Ttor ¥ Neenters {/ f(0")sinf'do’ +
0

0 pdm
+x - ncenters/ / F@e"- (;ZQU/(H’ —0")dQ" dQ"| . (8.14)
0o Jo
Baech moj f(f) noHuMaercs maIOTHOCTb BEPOSTHOCTU TOTO, YTO YACTHUIIA,
HE UCIBITABINAS HUKAKOTO sIIEPHOTO PACCESTHUSI, OKAYKETCS 3apPerucTpu-
poBaHHOiT pu yriie § B WHTEpBaJie TesecHbIX yriios (2, Q+dQ); nanee 6y-
JleM Ha3bIBATH ee ~ammaparypHoil dpyukiueir”. OHa MOXKeET BKIIOYATH B
cebst 3 PEKTH MOILEPOBCKOTO PACCEAHNA?, AlIAPATYDPHOE YIIIOBOE Pa3-
perierne, 3hdEKTh KOHETHBIX THHEHHBIX U YTJIOBBIX TAPAMETPOB Iy 9Ka.
Ilon, o6o3nauennamvu 0 u '/ mMOHUMAETCS, YTO TMOCIEIOBATEILHOE Jeii-
CTBUE MOJLEPOBCKOTO pacCesHus Ha yroa 6 m amepHoro paccesnns Ha,
yrox 6’ — 6" ocrapuT wacTuiy B TexecHOM yrie ¢ pactBopoum 6. Koneu-
HO, 3716Ch BCIOJY TIOKA MO/IPA3yMEBAETCsS, YTO TOMEPEIHbIH pa3Mep mydKa
OECKOHETHO MAJ M ero PacXOoJUMOCTh TaKzKe OecKOHeIHO Masa. MoxKHO
MOIU(PHUITUPOBATE ITY (POPMYITY TaK, 9TOOBI BKIIOYUTD U YIET PAa3MepPOB
PeAJIbHOTO TyYKa, HO JIJIsi TTOHUMAHUS OCHOBHBIX MOMEHTOB PEaJIN3aIluN
TPAHCMUCCUOHHOTO METOJa 3TH JETAJU HECYNIECTBEHHBI (OIHAKO, MpH
BBINOJIHEHUY KOHKPETHOIO SKCIEPUMEHTA O HUX HEJIb3s 3a0bIBATD).
®opmyana (8.14) qocTaTouHO peajucTudHa HECMOTPs Ha TO, 9TO B HEil
HE YYTEHO MpHUCyTcTBHE (GOHOBOTO BemecTBa. OHA MO3BOJISET MTPOBECTH
00Cy K IeHre BOMTPOCOB O BHIOOPE BETMIMHBI 3aXBATHIBAEMBIX CIETIYNKAMU
YTJIOBBIX WHTEPBAJIOB U MPOOJIEMBI SKCTPATIOIATINN.

ITepBoe BaxkHOE /I MPaKTUKHU cienctsue (opmyisr (8.14): meros
onpasaH, eciu audepeHraTbHOe CeYeHre 3aBUCHT OT yIrjia MHOTO
MejieHHee, YeM annaparyphas dbyuaxius f(6), To ecrb, cymecrByer 06-
Jacth yrios 6 > Og, rae do/dS) erme mOCTATOYHO BEIWKO W MEHSIETCs C
u3MeHeHueM yria 3axsara () na puc. 8.1), HO nepsbiii uaTErpaa B Ghop-
mysie (8.14) yke pasen 1. B npoTuBHOM Ci1ydae, 4TOObI H3MEPUTD TTOJTHOE
cevueHne paccesHus, HeoOXOMMO 3HATh TaKyKe U mMoBeeHue auddepen-
[MHAJTBHOTO CEYEHUS.

2 To ecTh, MHOTOKPATHOTO KYJIOHOBCKOTO PACCESHIT, TEOPH KOTOPOTO ObIa Jana
Mousbep, CM. yHUBEPCUTETCKHE KYypPChl O IPOXOXKIEHHH 3apsrKEeHHBIX YaCTHI| depe3
BEIECTBO, a Tak»ke 0030per [62].
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8.4 XapaKTepHble obOJlacTu YTIJIOB pacced-

HN4A.

IIpoBenentoe obcy K eHme yKe MO3BOJISAET BBIICIUTD NEPEYI0 TapaKmep-
HYI0 00AGCMY Y2008 PACCEAHUA, COBEPITEHHO HEIPUTOIHYIO /I HAXOXK-
JIeHUs TIOJTHOTO CEeYeHUsi SAAePHOrO PacCesiHus: 3TO 00JaCTh OY€Hb Ma-
JIBIX YTJIOB, TJI€ OTKJIOHEHWE YACTUIIBI TIOC/IE TTPOXOXKICHUS CJIOS Belle-
CTBa OT ee TMEePBOHAYATHLHOTO HATIPABIEHUST 00YCAOBAEHO PACCEAHUEM HA
INEKMPOHAT MHO2UT AMOMOE IM020 BEUWLELCMEA: M. H. MHO2OKPAMIHBLM
KYAOHOBCKUM PacCeAsHUeM. XaPAKTEPHDBIN TPOCTPAHCTBEHHBIH YTOJI MHO-
TOKPATHOTO PacCCesinus, KAK U3BECTHO, eCTh

13.6 MeV x x
Omotiecre = V2———— 2+, /— - |1 +0.038 -1 — , 8.15
: v2 Bep © V Xo [ - H(XOH (8.15)

rue p, ¢ u z ectb umiysbe (B MaB/c), ckopocTb 1 3apsi/i 4acTHIlbl COOT-
BETCTBEHHO, & 1 X — TOJIIUHA CJIOS BEIECTBA U €r0 PATUAIINOHHAS JIJTH-
Ha. ITpu yeaax paccesnus 0 > (3 + 4) Omolicre yotce npeobaadaem xpam-
HOE U 00HOKPAMHOE KYAOHOBCKOE PACCEAHUE “ACTNUUDL HA AIPAT GAMO-
Mmo6 sewecmea. nddepentnanbioe cedenne KyJTOHOBCKOTO PACCESTHUS
CITAJIAaeT ¢ JAJTBHEHIINM POCTOM yTJIa MHOTO ObIcTpee, dem auddepen-
[UaJIbHOE CeYeHME siJIEPHOrO paccesHus (10 KpaiiHell Mepe B paccesHuu
3apsIyKEHHBIX YaCTHUIL TPOTOHAMH U JIEPKUMU sIIPAME), 8 UMEHHO — PO~
noprmonanbuo | ¢ |72, u npu TuMMUHLIX (HampUMep, B PACCesTHUHU THO-
HOB TpoToHam™) 3Hadernax t ~ 1073 T9B%¢c~2 cTaHOBUTCS CPABHIMBIM €
MOCTIEHUM. DTa 00IACTh HABBIBAECTCA 004ACMBI0 KYAOH-A0EPHOT unmep-
pepernyuu. Tlpu ganpHedeM yBeIMYEeHUN YIJIa PACCesHUE TPOUCKXO/UAT
MPAKTUYECKU IETUKOM 3a CYeT CHJIBHOrO Blammosneiictsus. IlosTomy
MUHUMaJIbHasi BeJIMYMHA TejiecHoTo yriia (2 (B cxeme puc. 8.1 on
ompejiesisieTcsi pa3MepoM CcaMoOro Majioro JAeTeKTopa) J0JIKHA
BBIOHpaThCd TaK, YTOOBI 06JIacTH KYJIOH-ddepHOI mHTepdepeH-
AN U MHOTOKPATHOTO KYJIOHOBCKOTO paccesdHUs ObLIN BHYTPHU
9TOTO TEJEeCHOTO yTIJa.

OsHako, Ha BETWUMHY TEJIECHOTO yTia {) CYIIEeCTBYET W OrpaHutde-
HHUE CBepXy. DTO CBS3aHO C TEM, UTO MPH JOCTATOUHO OOJIBITON Tepe-
Jade | t | B paccestHUM HAUMHAIOT " UyBCTBOBATHCSA” JETAM BHYTDeHHe!
CTPYKTYDPbI PACCEUBAIOIIEr0 OOBLEKTA (sApa MM YaCTUIIbL), TOCKOJIbKY
MIPOCTPAHCTBEHHOE DPA3peIeHre B MOMEPETHOM HANpaBIeHUn 0OPATHO
MPOTIOPIIMOHAILHO TIEPETAHHOMY TIOTIEPETHOMY WMITYJIhCy. 3-3a 3TOrO
MEHSAIOTCS] MEXaAHU3MBI PACCESTHUSA, XapAKTep YIJIOBOH 3aBUCUMOCTH T1h-
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depeHnraIbHOTO CeYeHns PACCesiHuUs, W, COOTBETCTBEHHO, YCIOKHAETCS
3aBUCUMOCTD IIAPIMAJIbHBIX MHTErPAJIbHBIX cedenuii” (BTOPOii djeH B
KBaJIPATHBIX CKOOKaX B BbIpazkeHn# (8.13)). D10 0coBeHHO XOPOIIO BHI-
HO Ha TpPUMeEpe YIPYTOro pacCesHus YacTHIl U JIETKAX sdep Ha s/Ipax
(puc. 8.4). ITosToMy 1151 KOPPEKTHOM SKCTPANOJANUY K ~HyjIeBoMy” yT-
JIy paccestHust HaJI0 UMeTh OOJIbITTe N3MEPEHNt TapIHaIbHbIX HHTErPaIb-
HbIX cedenuii (T. e. mepeiitu, dpakruuecku, yxke K usmeperusm audde-
PEHIMAJILHBIX CeYeHuii paccesHus), a 9T0 yKe Jpyras 3ajada, Jjis KO-
TOPOIT TPAHCMUCCUOHHAA cXeMa, puc. 8.1 HempuroaHa.

daldi, wBITHB! doldi, wéiTsB?
TN
10!

\ | 23,578 il

0,5 T2, 10
M, 2741198 \
" (R

“,
) ]

10 1
L R 1Y

10 151

BT TR s SRR | Y Y T N N
T 4 6 8 014 005 15 225 3 33

-1, TB? -, B

Puc. 8.2. Mudbpakuuonnoe ynpyroe paccesnue mpoToHOB (CJI€Ba) U AHTUIPO-
ToHoB (crpasa), [79].

Wraxk, maanupyst TPAHCMUCCHOHHBIE U3MEPEHUs TOJHBIX CeYeHUi
cleyer BbIOMpDATH WHTEPBAJ YIJIOB BHE OOJACTH KYJIOH-sIIEPHOM WH-
repdepeHnuu ¢ OJHON CTOPOHBI, HO OCTABATHLCA B Mpeaeiax T. H.
” mudppakmoHHOTO KOoHyca” ¢ Apyroii (puc. 8.2-8.4).

Ob6actb audpakIMOHHOro KOHYCa OTBEYAELT YIJIaM PacCesdHus (M
nepenadam | t |) OT caMbIX MaJbIX (HAYMHAs C TeX, TJe KyJIOHOBCKHEe
3B DEKTHI yKe HECYIECTBEHHBI) 10 00J1aCTH MepBOro AudpaKkIMOHHOTO
MUHAMYMa B U PEPeHITHATLHBIX CeUCHUIX.

Tenepb, moHUMAsT, YTO TAKOE MOMEPEUHOE CEUECHUE PACCESTHUS U KAK
OHO M3MEPSIETCsT, MOYKHO TIePEHTH K PACCMOTPEHHIO €r0 CBSI3U C MATPHY-
HBIM 3JIEMEHTOM TOW WJIM WHOU peaKIni.
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Puc. 8.3. Indpakumonnoe ynpyroe paccesaue mpOTOHOB eme pa3 (u3 pabo-
o1 [80]).
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B =17.90:8/c

do/ds2, 1bnfemepaid

A
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Ge.mr 2920 \
Puc. 2. JInddbopoROAATEHEe CONENEA YDYTOTO DACCETHEA TPO- 162 L 1
Tomos pa Aapax *9°Pb (E,=1 I'ss), **Ca m “*Ca (E,=1,044 I'ss) 5 n N
T 160 "(Epe104 Isa). DHCHGDHMOHTAZ®HAE AREHNE (TOTK 0p5 o ®S 020
Bantia ma pador |% % ). Wpuewe — TeopEA. BepXBAR mEana I— ﬁ%z
JEnOB — ust *%Pb, MIDKEAR — AR OCTANLENX AROD

Puc. 8.4. Cnesa: muddepennmmaapane cedennst ympyroro andpakInoHHOTO
paccesiaus IPOTOHOB ¢ Tkin ~ 1 ['SB Ha gapax oT KUCJI0POIA 0 CBUHILA, TaH-
ueie [T [81]. Cnpasa: auddepennnanbabie cedeHus yupyroro audpakim-
OHHOTO PACCESTHUST PEJITTUBHUCTCKUX sifiep rens-4 Ha sapax aJIOMIHWS; JaH-

uple OVIAN [82].
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I'maBa 9

Ceuennus u ¢pa30Bblili 00beM

B npeapiaytieit riiaBe 00CyKIATOCH TIOHITHE MOTIEPEIHOIO CEYEHUST Pe-
AKIIUU U OJTHA U3 MOMYJISIPHBIX CXEM ero M3MEPeHUs B IKCIEPUMEHTAX TI0
paccestHnio. BbLIO yIOMSIHYTO, 9TO CeYeHre HEKOTOPOl PEAKINY CBI3a-
HO HENOCPEJICTBEHHO C KBAIPATOM MOJIYJIsI AMILIUTYIbI €€ BEPOSITHOCTU
U pa3mMepoM 06J1acTu B T. H. 7 (Ha30BOM MPOCTPAHCTBE” | B KOTOPO# MOTYT
0KAa3aThCsl KOHEYHBbIE TPOLYKThI peakiuu. OOCyauM 3/1eCh 3Ty CBS3b.

9.1 CeyeHud U MaTpPUIlA PACCETHUS.

IIpu BBUUCICHUSAX BEPOATHOCTEH TIEPEXOJOB B €IWHUILY BPEMEHU WC-
TIOJIB3YETCA TIOHATHUE MAaTPUIBI DaCCeAHUdA, UJIN ;S’—MZ)JTpI/IIH)I7 CBA3bIBa-
fomeit HavanbHble (|i >) u KoHeuHble (|f >) COCTOSIHWS YaCTHI] B Pac-
cmarpuBaemMoM mporecce. OHa ONPEIENAETCS TaK, 9TO KBAJAPAT MOJLYJIst
ee MATPUIHOTO JIEMEHTA OMPEIEIsieT BEPOSITHOCTh O0OHAPYKEHHS OIpe-
JCJIEHHOIO KOHEYIHOI'O COCTOAHHUA IIOCJIE€ TOr0, KaK IIPOU3O0IIIO0 B3aHMO-
nelicteue. 9ICHO, YTO MATPUYHBIE JIEMEHTHI S -MATPHUIIBI MOTYT OBITH
HEHYJIEBHIMU TOJIBKO TOTJda, KOTJda TIOJTHBIN 4—I/IMHy.HBC KOHEYHOTI'O COCTO-
AR Py paBeH MOTHOMY 4-WMIyTbCY HA9ATbHOTO COCTOAHMA Pj, T. e.
BLIINIOTHACTCA 3aKOH COXPaHEHUA IHEPTrUuUu-uMIIyJIbCa. 9TO HeO6XO,HI/IMoe
(HO, OYEBH/IHO, HE JIOCTATOYHOE) YCJIOBHUE.

[MousaTue S-maTpuibl pacCCMaTPUBAJIOCH €IMe B KypCe KBAHTOBOM Me-
XaHUKU, TTO3TOMY OTPAHUYIUMCA 34ECh KPATKUM HANTOMUHAHUEM OCHOB-
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HBIX MOMEHTOB B II0JIyY€HUU CBA3U MEXK/Y cedeHueM ([MOTHbIM uiu aud-
depennmnanbubiM) peakuuu < f| < |[i > U MATPUUHBIM SIEMEHTOM <
f|S]i >. Boigenum d-dbyHnkimo coxpanenus 4-UMIyJIbCa B OLPEIeIeHIN
MaTPUIHOTO JEMEHTA W TIePENuIeM ero depe3 ”MaTrpuily nepexoma” T':

< fIS)i>=6;.i+i(2m) 6 (Pi—Py) - N- < fIT|i > , (9.1)

riae N — HOpMUPOBOYHBIN MHOYKUTEIb, KOTOPBIH ABJIsSeTCs, (DAKTUIECKH,
MPOW3BEIEHNEM W3 HOPMHUPOBOYHBIX MHOYKUTEIEH BOJTHOBBIX (DYHKIIHAH
KaxK/J0il U3 4YacTull, y4acTBYIONIMX B PeAKIuu (T.e 9acTUll U HAYAJIb-
HOrO, U KOHeYHOro cocrosuuii). Jdasnee Gygem caurarb, 4TO HaYAJIbHbBIE
YACTUIBL HE UMEIOT CIUHA (9TO YIPOCTUT 3aUCh (POPMYJI), & HA4AJIbHbBIE
7 KOHEYHBIE COCTOSTHUS He TOXKIECTBEHHBI.

BeposiTHOCTE Tiepexo/ia B eINHUILY BPEMEHN W3 COCTOSTHUS |i > B CO-
crosinue |f > cBsi3aHa ¢ KBaIPATOM MOJYJIsT MATPUYHOTO SJI€MEHTA:

oW :
~ =@ PPy NPV < [T > P, (92)

rae V' - HOPpMHUPOBOYHBIA 00beM, a NpU MOJaydYeHur Bbipazkenus (9.2)
OBIJIO MCTTOTH30BAHO COOTHOIIEHNE

2 1 v eiPT Vit
P =) s [ a 5P, 03)

re ofHa aeabra-QyHKIMS OblIa 3aMEeHEeHA HHTErPAJIOM 110 HOPMUPOBOY-
HOMY O0beMy U TOJTHOMY BPEMEHU B3aMMOIEHCTBUSA.

Bcemommnag, Kak B MpeabIayIeit JeKITNNu OTPeIessiioCh YACIO CTOK-
HOBEHW# HYKHOTO THUTIA, BUINM, YTO JIjId TIOJYUYeHUs CeYeHUs PaccMaT-
PHUBaeMOit peakIuu HAJ0 pa3aeanTh 0W /5t Ha MOTOK TTaJAIOIINX YaCTHIL
7 MIPOCYMMHUPOBATDH 1O BCEM KOHEUHBIM COCTOSHUAM PACCMATPHUBAEMOTO
nepexojia, 9TO TacT

o= L~(27r)4 > NP x

flux
final states

<6 (Pa = mp)0(En.g) 0 (Pi=Pp)- | < fITIi> ", (9.4)

rae P, , j — 4-UMIIyIbC n-if 9aCTUIBI KOHEUHOTO COCTOSIHUS |f > (TO €CTb,
Pr =23, Pn,f), 1 yaTeHO TAKIKE TO OOCTOATEIHCTBO, YTO BCE PEIUCTPH-
pyeMble 9aCTUIbI HAXOIATCSA HA MACCOBOM MOBEPXHOCTH, T. €. Py, f = m2,
MpUYeM TIOJTHAs SHEPTUs N-if YaCTHIB MOJI0KUTeNbHA (TT09TOMY B (9.4)

NOABUIIACH TeTa-(DYHKITHA).
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IMorok masaromux vacruy, (HanpuMep, B34Tblii B CUCTEME IOKOs
YACTUIBI-MUILEHN ), IPU HOPMUPOBKE BOJIHOBBIX QyHKIM "Ha 0Hy 4a-
CTHILy B HOPMHPOBOYHOM OObEMe”, paBeH MPOCTO OTHOIIEHUI0 OTHOCH-
TeJILHOM CKOPOCTH HAYAJbLHBIX YACTHUI] HA BEIUIWHY HOPMHUPOBOTHOTO
obwema: flux = vo/V; nosromy (9.4) npurnMaer Buj

V2 s )
o=—-@2m" Y |N]x

Vo
final states

X6 (P2 f—m2)0(En g)-0(Pi—Pyp)-| < fITli>[*, (9.5)

I7le OTHOCUTEIbHAS CKOPOCTh Uy y2Ke 00CY?K/Ia1ach PAHBIIE U MOITOMY
ee JIeTKO BBbINNCATH:

Eo |Pal _ [Pal i

u = =
‘ ab‘ YaV0 My Ea Mg My

TO €CTh, npousseaenue (cM. onpeaenenue seauausnbl InvFlux B (8.3))
E,Epvg = mgmp|ug| = InvFlux (9.6)

ectb waBapuanT. OTCIOa BUIHO, 9TO €CJTH BbIOPATH HOPMUPOBOYHBIH
MHOXKUTEh I HAYAIbHBIX YacTul a (1 b) B BUIE

1
N, = 7 (9.7)
V.- E,
To (9.5) npumer Bus
1
o = @0 Y NP SRl m})0(Ba )
a=b Y0 final states
8(Pi=Pp)-| < SITIi > *, (9:8)

rme Ny — COAEPKUT HOPMUPOBOYHBIE MHOYKUTENIW TOJILKO JJIsT JaCTHII
KOHEUHOTO cocTosiHust. OOCyIMM 3TO BBIpAYKEHUE.

o Ilos cymMMOii 10 KOHEYHBIM COCTOSIHUSIM TI0/IPA3YMEBAETCS:
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— CyMMa IIO BCe€M CIIMHOBBIM COCTOAHUAM;

— HUHTETPUPOBAHUE TIO 4—I/IMHyJIbC&M YaCTHUI, KOHEYHOTO COCTOA-
HUAA.

e [Ipu wHTErpMpOBAHUN TIO BCEM 4-MMITyIHCAM WMEETCS B BULY WH-
BApPUAHTHBIN 3JIeMeHT 00hema, d473n7 f3 OHAKO Ha caMoM JeJe, B
CHJTY TOTO, YTO COOTBETCTBYIOIIAA JACTUIIA HAXOANTCA Ha MACCOBOM
HOBEPXHOCTH (TO €CTh, 7772“ = m2) 1 ee SHEPrUsA MOJOKUTETLHA,

WHTErpUPOBAHWE HA, JeJIe WIET TO THIEPIOBEPXHOCTH, BBIIEIAE-

Moii genbra-dynknpeii. [103ToMy BMECTO YeThIpex MepeMeHHbIX B

WUMTTYJIHLCHOM TIPOCTPAHCTRE TOJIBKO TPH ABJIAIOTCS HE3ABUCHMBIM.

B sroM J1erko y6euThes, BBITOMHAB HHTErPHPOBAHUE 110 SHEPIHN

(s (9.15)).

e Tenepb CTAHOBUTCsS NOHATHBIM, MOYEMY B 3HAMEHATEE HOPMHUPO-
BOYHOTO MHOXKHUTENS B (9.7) MOABIACTCSA SHEPIUSL.

C yderom ckazanuoro, Bbipazkerue (9.8) MOXKHO nepenucarTh Kaxk

1 dql dqn
- - Ny
7 Ea Eb UO Z / / 2En |

spin

5| PatPi— 3P| < ATl > P (9.9)

j=1l,n

3 Kypca KBaAHTOBOH MEXaHWKM M3BECTHO, YTO 3JeMeHT obbema d°p B
3 .
MMITYJILCHOM TPOCTPAHCTBE BKJIIOUAET <V/ (2m) ) d®p cocrosmmii, 1 MO

HUM TOXKE TIOJpa3yMeBaeTcs cymmuposanue. [loatomy

1 4 vV / /dcu Addn 7 19
c = ———-2nm) | —= . N
B 7\ @ ; 26, 25,
5| PatPo— D Pi| I <fITIi> [, (9.10)
Jj=1,n

DakTHIECKY, HOPMUPOBKA OJHOYACTUYHBIX COCTOAHHI y7Ke BbIOpa-
Ha (C TOYHOCTBIO 70 MHONKHTesel Tuna (27)%) Tak, 9T0 HOPMUPOBOU-
ubiil 06bem B (9.10) cokpalaercs ¢ COOTBETCTBYOMIUM 3HAMEHATEIEM,
cipstanaeiM B | N |2, B utore npuxoauu k dpopue, re HOpMUPOBOTHOTO
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0bbeMa, KaK U HOPMUPOBOYHOTO MHOXKUTES, Y7KE HET:

1 4 1 dqi  dan
= — .20 —— o =R
7T Empun (2@3“8;/ / 2E, 2E,
S| PatPo— D Pi| I <fITIi> . (9.11)

j=1,n

Bo3MOXKHBI ¥ ApyTHE COTIANIeHns O HOPMUPOBKAX OJHOIACTHIHBIX
COCTOSIHHI: OT ITOTO 3aBUCHUT JUIIb (POPMA BLIPAZKEHUS, CBA3BIBAIOIIE-
rO MATPUYHBIA SJ€MEHT PEaKINW C CEYeHHWEeM, HO He CaMO UHNCIIeHHOe
suadenne cevennsi. Ocraercst o6cyauTh cmbica dopmynsr (9.11).

9.2 Ilongarue o ¢pazoBoM 0OBEME.

ToBopst 0 COCTOSTHUU CUCTEMBI N YACTHUI], MBI 33JaeM UX 4-WMITyJIbChI.
IIpocTpaHCTBOM COCTOSTHWMIT pACcCMATPUBAEMOI CHCTEMBI OKA3bIBAETCS,
T. 0., UMITYJIbCHOE TIPOCTPAHCTBO. DJIEMEHT 00bEeMa, 4-MUMITYILCHOTO TTPO-
CTPAHCTBA JJIsl CUCTEMBI 1 9aCTHIL (€10 TaKKe HA3BIBAIOT (fas06biM Npo-
CMPAHCMBEOM JIJIst ITOH CUCTEMBI) €CTh:

dR,, = d*P1d*Ps....d* P, (9.12)

Becw mocTymnHbIi paccMaTpruBaeMbIM 9aCTHIIAM 00beM 3TOro (pa3oBo-
T'O TIPOCTPAHCTBA MOYKHO HA3BATH UHME2PaAoM cocmoanut. O He GecKo-
HeueH, MOCKOJILKY (1) MoJHast SHEPTUSA CUCTEMBI 1 4aCTHIL (DUKCUPOBAHA;
(2) 4-umnysbe Kaxk A0 u3 dacTull umeer (PUKCUPOBaHHYTO ” IuHy” | Tak
kak P? = E? — p? = m?, (roBop4T, 4TO BCe 9TU YaCTUIILI HAXOJIATCS Ha
” maccoBoii moepxHoctu” ). Urobbl y4ecTsb 3T 06CTOATENbCTBA, SJIEMEHT
da3oBoro obbemMa HaIo0 3aMnucaTh B BUJIE

dR, =[] d*Pis (P} —m?)6* (D Pi=Pu| .,  (9.13)
1 1

rae P, — MOJHbINH 4-UMTy/IHC HAIEH CUCTEMBI 1. JACTHII.

BeposiTHOCTh TIpEOBIBAHUS HAIMEH CHUCTEMBI B TOW WM WHOU sueii-
ke (a30BOr0 MPOCTPAHCTBA OMPEIEISIETCS KBAIPATOM MOJIYJIST AMTLIH-
TYJIbl TIEpeXo/ia U3 HA4YaJIbHOI'O COCTOAHUA B MHTEpecylolee HaC KOHeY-
noe (M?): ymnoxkus ero Ha smement dbazoBoro obbema dR,,, mosydaem
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BeposgTHOCTH dW TOrO, 9TO cucrtema OyJIeT B COOTBETCTBYIOIIEM COCTOS-
HUU:

dW = M?-I[ d*Pis (P} —m?)6* (D Pi—=Pu ) | (9.14)
1 1

U MOCJIe MHTEIPUPOBAHUS [I0 MACCOBON U 9HEPIeTUIECKON TTOBEPXHOCTSIM
(MX TIepecedYeHuno) U y4era HOPMUPOBOUYHBIX (DAKTOPOB, MOYKHO MOJIY-
YUTH TTOJIHYIO BEPOSITHOCTH PACTaa Ha JAHHBIE YACTUIIBI WM TMOJIHOE
cedenne COOTBETCTBYIOIIErO MPOIecca, Kak 3TO ObLIO CAeIaH0 B MPEehl-
aymeM paszene (em. (9.11)).

Eciiu ke 3adukcuposars suepruio Fy (Wiu MOJYJIb UMILYJILCA) OJHOM
U3 9aCTHI], HATIPUMED, YaCTHUIIBI 1, U TPOUHTErPUPOBATD 110 BCEM OCTAb-
HBIM TlepeMeHHBbIM, TO dR,, MOXKHO TpencraBuTh B Bune F(F1)dE;, tae
F(E4y) ects "muomans” cedenns ”dusnyeckoit” wactn $hasoBoro mpo-
CTPAHCTBA TJIOCKOCTHIO Fy = const; 3170 OyeT MIOTHOCTH BEPOSTHOCTH
qactune 1 nvmers suepruto Fy. Ilporme roBopst, 3T0 He UTO WHOE, KaK
SHEPreTUYeCKUil CIeKTP J4acTUIbl 1.

PaccMoTpuM (TUNIOTETUYECKUI, HO B PAJIE YACTHBIX CJIyYAeB BIOJIHE
peasibHbBIi) caydaii, Korja KBaJpaT MaTPUYHOIO 3J€MeHTa peak-
UM HEe 3aBUCUT OT UMITYJIBCOB YaCTHI], UHLIMU CJIOBAMU, KOTIA
BEPOSITHOCTH TOTO, ITO CHCTEMa OKayKeTCs B KaKOH-TO sueiike (Hpa3oBo-
IO MPOCTPAHCTBA, HE 3ABUCUT OT MOJIOXKEHUsT ITOH sueiiku B (azoBom
npocrpancTie. Torjga BepoOATHOCTH MMETh T€ MW WHBIE YNCIIEH-
HBI€ XapaKTEePUCTUKHN CHUCTEMbI MPOMOPIMOHATIbHA 00'beMy TOM
obnacTu (bazoBOro MpocTpaHcTBa, e 3T XapaKTEePUCTUKU MO-
ryT HaGJIIOMaThCd B IpuHIUNe. Hanpuvep, moiHas BEpOSITHOCTH Pe-
AKINN WIH PACIAIa OYIeT TPOTOPIHOHATBHA TOJTHOMY (a30BOMY 00be-
MY, JOCTYIIHOMY JiJisl JIAHHOM PeaKiuu/pacnaia Ipu JaHHBIX HAYAIbHbIX
ycioBusix. To ecTh, B 3TOM ciydae MOJCYET BEPOSITHOCTEN CBOANUTCS K
BoraucaeHnio Gha30Boro 06beMa, To eCcTh — KnHemaTuke [2]!

Nrax, nmycts M? = 1 (unmu HeKOTOPOit KOHCTaHTe, KOTOPYIO MOYKHO
HOJIOKUTH PABHOI 1, 4TO PABHOCUIIBHO U3MEHEHUIO €JMHUIL U3MEPEHHUS ).
Torna dopmyna (9.13) onpenensier ssement dhazosoro obbema. DTo -
4-MepHBIH CKaJIApP, 3aBUCAIINN TOJIBKO OT 4-UMMYIHCOB, ¥ TOTOMY W OH,
" WHTErpaJj OT HEro, He 3aBUCAT OT CUCTeMbl oTcueTa. Bosee Toro, mo-
cJle MTHTErPUPOBAHNS O BCeM P; OH MOYKET 3aBUCETh TOJIHLKO OT TIOJTHOTO
4-MMIIyJIbCA CUCTEMbI M TEX MHBAPUAHTOB (CKAJIAPOB), KOTOPBIE OCTAHYT-
Cs1 TIOCJIE TAKOTO MHTErPUPOBAHUA. DTO OZHAYAELT, UTO TOTHBIN (DA3OBBIH
00beM [TOJIZKEH 3aBUCETh TOJBKO OT MACC YACTHUI[ W TOJTHON MACCHI CH-
crembl (MM TIEPEMEHHOI ).
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3aMeTnB, 9TO M3 YETHIPEX KOMIIOHEHTOB KaxKJI0r0 P; TONBKO 3 sB-
JISIOTCsl HE3ABUCUMBIMHE (T. K. YACTHIIbI HAXOAATCS HA MACCOBOIi OBEPX-
HOCTH), MOXKHO yOoparb d-pyukuuu u3 (9.13), npouHTerpupoBaB 1o YeT-
BEPTOif KOMIIOHEHTE:

[apio 2 - m2) = [ ot (52 -9 - mi) =[S£ 019

rJIe 7S Mepexo/ia K MOCTEIHeMy PABeHCTBY B 9TOH (opmyse HAI0 uc-
MMOJIH30BATH M3BECTHOE CBOMCTBO J-DYHKITIHN.

B pesynbrare, snement $ha3oBoro oobema u3 dhopmbl (9.13) npunu-
maet (opmy (y¥Ke B IPOCTPAHCTBE 3-MMILYJIbCOB)

anﬁf_ﬁi';:(;(a) pzn;pi 5 EZIE . (9.16)

i=1
Baskno ormerurs (cMm. takzke kaury Broknunra u Kasgurn [3]):

1. B popmyse (9.16) uMmysibC KazKa0# 4aCTUIBI MOKHO OpaTh B CBO-
eif ocoboii cucreme orcyera, MPOCJTEUB 3a Te€M, YTOOBI Bce
UMIYJIbChI U YHEPTUU B apryMeHTax J-PyHKIuil 6b1IM 11e-
pecunTaHbl K OJHOU M TOi ke (HO Ge3pas3yIMYHO, K KaKOil
“MeHHO!) cucreme orcyera;

2. ssement dazosoro obbema, soinucannbiii B (9.16), ocraercs unsa-
PHAHTHBIM.

Nrax, (ha3oBblii 06beM CHCTEMBI 1, JACTHI] €CTh '

/Hdpl 5@ P—iﬂ . (9.17)
1=1

Boraucium ero s cucreMbl u3 aByx dacrul (cM. [2]), nepeiis, ais
ya06CTBa, B CUCTeMY UX IIEHTPa Macc:

Ry = 'p1 dp2 6 (p1+p2)d (Ey + By —V/5) . (9.18)
2F, 2E

IIpounTerpuposas 1o ps ¢ y4eroMm O-(pyHKIMN, IOy IAM:

o ar ( )
R / Fy+ +m3 9.19
2= ) B apraeg PP VRTE RS ) (019)

I 31ech, A1 IPOCTOTHI, CAETAHO Hepeobo3HAUEHIe HHTerpaia Ho (ha3oBoMy 06b-
eMYy: OIYyIIeHbl MHOXKUTEJIN CO CTECIIEeHAMNU 27T.
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Bocnonb3yemcss  cepudeckoil  CHCTeMOil  KoopamHAT: d°p; =
p2dpidpd cos §, rae (HATOMHUM, 9TO BBIYUCTIEHHE JEJATCS B CHCTEMe
HeHTpa Macc napbl dactuil 1 u 2!) Bce HanpaBiieHus BEKTOPa Pi PaB-
HOBEPOSITHBI, T. €. YTOJ ¢ MEHSeTcss paBHOBEpOsATHO oT 0 10 2w, cosf
MEHSIETCSI PABHOBEPOSATHO OT —1 710 +1 v mHTErpupoBaHME TIO HUM JIAET
npocTo (hakTop 47.

WNurerpupoBanure 1O p; TOXKE JErkO BBIMOJHUTDL Onarojgaps -
GYHKIINNA: B cCAMOM JIeTIe,

pidpy = mEdE,

Ey = \/E}—m}+m3,
r = Ei+\/E}—m?+m3—/s;

FidE E
1dEq —ag (14 1 _
VE} —mi+m3 Ef —mi +m3
S
dE 2 \/_2 7
Ef —mi+m;
VET = nZ Tl
dE, = i \/n;l+m2~dx,

d.’IJ dE1 +

(9.20)

TO €CTh,
p2dp1L;5 <E1 + p2 +m2 _ \/g) —
TN oy 1 2
B 1 1 E? —m? 4+ m3
2E1 2\/E? —m? + m2 Vs

11)14—\1/g ~dxd (x) (9.21)

TJie p1 — UMITYJIbC YacTHUIbl 1 B cHCcTeMe TeHTpa Mace; KaK N3BEeCTHO, 3TO

s— (my+m9)2y/s — (m1 —ms)?

b1 ~dxd (z) =

B, = ——1_ 72 (9.22)



Temepn naTErpan mo dr Gepercs mpocTo; ¢ yderom (akTopa 47 or
HHTErPUPOBAHUS 110 yTJIAM, TIOJIYyIaeM, 9TO [ CACTEMbI U3 JIBYX YACTHUI]

apt AV (s, m2, m2
Ry(s) = % = (25 1ms) (9.23)

e BOCCTAHOBJICHO TPAJUIIMOHHOE OGO3HAMEHHUE [JTsT UMITYJTBCA B CUCTEME
LEHTPa MACC P}; UCHONB30BAHA TaKKe TPAJUIMOHHAS KHHEMATHYeCKAS
dbynxmusa \(a, b, c) = a? + b% + ¢ — 2ab — 2ac — 2bc.

B6m3u mopora peakiym, TAe /S Maao OTINYAETCS OT CYMMBI MaCe
YACTHUI, KOHEUTHOTO COCTOsTHUSA, (ha30BbIii 06heM pacter oT Hyas (KOTO-
PBIii IMEET MECTO, KOTJA /S PaBeH TMOPOTOBOMY 3HAYEHWIO) KAK

Ra(s) ~\/ Vs — (m1 +m2) = Ve, (9:24)
(ompejiesienue TIEPEMEHHOH € CM. Jajiee), a B YJIbTPapPEIATUBUCTCKOM
npegesie (Korga BCEMU MACCaAMU MOYKHO TIpeHeOpedn )

RY(s) = = . (9.25)

[\

Jlaa cucteMbl U3 Tpex JacTHIl:

Rs(s) = 1s 2 \/2 (s2,8,m7) AL/2 (s2,m3,m3) ; (9.26)

2 /(\/Em1)2 dss
(m2+m3)2 52

U B yJIbTPapeIaTUBUCTCKOM mpeene (m; — 0)

71_2

3aMeTuM, 9TO B 9TOM TpeJiee
Ry (s) «
= =—5. 9.28
RyG) 4 929

OxaspIiBaeTCs, 9TO B ODOIIEM CJIydae 71 YaCTHIl B YIbTPAPEIITUBUCT-
CKOM TIpejiesie

R (s) = % s (9.29)

Ha nmpakTuke wacto OBIBAET OYEHDH TOJE3HBIM 3HATH HEPEIATUBUCT-
CKMii TIpeiesl BhIpayKeHuit 11 (pa3oBoro o6heMa, CUCTeM U3 HeCKOJILKUX
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qactut. lesmo B TOM, 9TO 3TOT Tpeaes BO3HUKAET TIPU PACCMOTPEHUH
peaKIuyu POKICHUS CHCTEMbI M3 1 FGACTHI] 80AU3U €€ MOPO2a. Sihresh,

KOrja § = Mﬁ ™~ Sihresh. LIPH 3TOM TOJIE3HO HCIOIB30BATH O0DO3HA-
YeHWEe € = /S — \/Sihresh: BEJIUUUHY € 9acTO HA3BIBAIOT MPOCTO

” IpeBBINIIEHUEM HaJl TIOPOTOM .

B ofrmiem ciaydae n 9acTHIl HEPEJSITUBUCTCKUH TPEIe MOXKHO ITO-
JIy4uTh TOJbKO npubuzkenno (nmoapoduee cm. B kuure [L1.Konbuiosa);
COOTBETCTBYIOIIEE BHIPAYKEHUE UMEET BU/T

T ¢ M ) D) R
O Te ) (9:30)

Jlaa cucteMbl U3 TpexX YacTHIl HEPEJIATUBUCTCKUN TIpemes BhITJISINAT
TaK:
. 2
3 1/2 3
s (m1m2m3)
nr — . —
Ry"(e) = — )3/2 ' \/E*Zml -
=1

(m1 + mo + ms3

3 1/2
_ T (mmams) g2 (9.31)

(my + ma +m3)*?

B wactaocTH, nna peaknuit Tuna p+p — p+p+ V, rme V - meson,

3

1/2
e T m my 9
R =— P . St 9.32

5'() (2myp + my) <2mp + mv> c ( )

JIlpyrumu cJoBaMu, TIpU POKIEHUM B TAKON PEAKIINU PA3HBIX ME30-
HoB V4 u Vo BOaM3M ux moporos, orHomieHue Gpa3oBbix 00beMOB (mpu
O/IMHAKOBOM IIPEBBIIIEHUY HAaJl COOTBETCTBYIOIIUMU [IOPOraMu!) ecrhb

Ry (V1) _ <mv1>1/2 . <2mp + mvg>3/2

RE" (g5 Va) mya 2my, + my

(9.33)

PekyppeHTHOEe cooTHoIIeHUEe O (ha30BBIX 00bEMOB.

U3 dopmynnt (9.17) u puc. 10.12 MOXKHO 3aKIIOIUTD, 9TO (HA30BBIl 06
eM Jist i -9aCTUIHON CHCTEMBI MOXKHO BBIPA3UTh depe3 (a3orblii 06beMm
CHCTEMBI ¢ MEHBIINM 9YUCIOM dacTull. JleficTBUTENbHO, TaKHE COOTHO-
[IeHUs CymecTByior (cM. Kauru [2, 3]). OHu JOCTATOYHO CJIOXKHBI, Y9TO
MOXKHO 3aMETHTh yrKe W3 BBIYMCJEHWH JIsi TPeXIacTHIHOTO (ha3oBoro
obbeMa.
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IIpumeps! U3 KCIIepUMeHTA.

PaccMoTpum peaknuio POXKIACHUS 7)-ME30HA B IPOTOH-TIPOTOHHBIX B3aH-
MOJZIEHCTBUSAX BOJIM3W MOpPOTa, 3aaBITUCh BOMTPOCOM O TOM, KaK TIOBJIA-
sieT B3aMMOJIECTBHE YaCTHI] B KOHEYHOM COCTOSTHUW (JIByX TPOTOHOB W
9Ta-Me30Ha,) HA SHEPTETHIECKYIO 3aBUCHMOCTD [OJIHOTO CeUEHHsT ITOil pe-
akiuu (ongarb-raku — BOJIM3M 1I0pora).

2.25

n
N
5

[
N
5}

n
]
(N]

(m,,)* [ GeVirc* |
It
L8]

22 ""-\\‘ 'f__.-"

2'192.19 22 221 222 223 224 225

(M, [ GeVZic? |

Puc. 9.1. Crntomnas xpubasg: rpaHuia KHHEMATHYECKH pa3pelenHoil 06/1acTi
it
JI7ISE CUCTEMBI ppr) TIpH /s = 2433.8 M3B (ma abcrucce u opAMHATE OTIOKEHBI
kBagparbl 3PHEKTUBHBIX MACC AP HYKJIOH-ME30H B KOHEYHOM PP1) COCTOsI-
uun). [lomaerii Ga3oBeiii 06beM ecTh TIoma b (DUTYPBI, OTPAHMIEHHON STOM
2
. . _ a2 2 2
3aMKHYyTOH KpuBoii, T. e. marerpan Vps = i= [ [dmi ,dm;,, . Iyskrupras
KpUBasl - BUJ TAKOH JKe TPAHWIIBI B CJIyYae, eCJIi Obl TIPOTOH U 7)-Me30H ObLITH
Ger Ha 2 M3B ”jerue”, uem Kaxkblil U3 HUX B IycTOTE, CM. [65].

Ha sToT BOTIpOC KMHEMATHKA MOYKET JIaTh OTBET, 1O KpaiiHeil Mmepe —
KaveCTBEeHHDI.

HeiicTBUTETHHO, IPEACTABAM Cebe, ITO JacTUIhI, 0OPA30BABIINCH B
pe3yabTaTe B3auMOIEHCTBUS, TIOSIBIINCH BMECTE C MOTEHITHATIAME, 00ec-
MEeYUBAIOIINMEI UX B3anuMoeicTBre Mexx 1y coboii. [lokumas obmacTs B3a-
UMOJIEHCTBUSA, OHU (YaCTUIIBI) O0JIQIAI0T U HEKOTOPO MOTEHIUAILHO
SHEprueil, Koropas b0 yBeJIUIUBAET, JIMOO YMEHbIIAET X KHUHEeTHJe-
CKYIO HEPIHUIO, B 3aBUCHUMOCTHA OT TOI'O, KAKOB XapaKTep IIOTEHIINAJIA:
NPUTAUBATEIbHBIA WU OTTAIKABATEIbHBIN.

B ciiyuae moTenImasia MpuUTSIKEHUsI, OHU MOTYT 00pa30BaTHCS B TEX
sgaeiikax (Ga30BOro MPOCTPAHCTBA, KOTOPBIE HEIOCTYITHBI 71 HE B3aUMO-
JeHCTBYIOINX YACTUIL, W 3aTeM ~BTAHYTHI B3aUMOJECHCTBHEM B KOHEU-
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2.26

NN
L] (3%
E-Y [4,]

N
N
[

-seooooo0D@B -
ceesesoEODODDOD -

1o
)
(]

2 2, 4
(mpn) [ GeViic™ ]

2.21

22 22 221 222 223 224 225 226

(mpn}2 [ GeVa/c* |

Puc. 9.2. Boraucnennoe pacnpenenenmne coObTHii B (Pa3soBOM MPOCTPAHCTRE
ISl CHCTEMBI Pp1) TIPU MpPEeBbIIeHnn Ha g moporom € = 16 MsB, uckaxkennoe
S—BOJIHOBBIM TPOTOH-TIPOTOHHBIM BSaHMOﬂeﬁCTBHeM B KOHEYHOM COCTOAHHUU.
ILnomamn kBaAPATOB TPOTOPIMOHAIBHBI YUCTY COOBITUI B COOTBETCTBYIOMIEH
ob6nacru. HauGombumit kBaapar coorsercrsyer 260 cobbrrusm. Cum. [65].

HOM COCTOSIHUH B Ty 00JIACTH, KOTOPasi IHEPTETUYIECKU PA3PEIeHa. ITO
9KBHUBAJEHTHO ~ YBETHUIEHUIO” ITOCTYIHOrO (a30oBOro obbeMa u BeIeT K
poCTy ceueHus peaxiuu (eciu Obl MATPUIHBIN 3JIEMEHT JeHCTBUTEIHHO
He 3aBUCE]T Obl OT KHHEMATHYECKUX MEPEMEHHBIX ).

B ciyuae norennuaia OTTaIKUBAHUS, YACTHITH TOJXKHBI 00PA30BATH-
¢ B MeHbImeit 0061acTu (hazoBOro MPOCTPAHCTBA, TAK KaK MOKUIAsS 00-
JIaCTh B3aMMOJIEHCTBUsI, OHU TPUOOPETYT JOMOJHUTETHHYIO KUHETHYe-
CKyI0 Hepruio. TakuM 00pa3oM, CedeHne peaKIuu J0JIKHO YMEHBITTUTh-
ca (u3-3a 3ddekTuBHO MeHbinero ($hazoBoro 06bLEMa) 1Mo CPABHEHUIO C
CeYeHMeM IS YACTUIL, He UCIBITHIBAIOIINX B3ANMOJIEHCTBUS B KOHETHOM
COCTOSTHUH.

9T KadeCTBEHHBbIE PACCYKJIEHWsT WLIIOCTpupyorcs puc. 9.1; Ha
puc. 9.2 mokazaHo, KaK Mepepacpe/iessieTcs = 3aceIeHHOCTh (ha30BOro
06beMa, 3-33 B3aMMOJIEHCTBIS B KOHETHOM COCTOSHU.

2 MBI BepHeMCH K BOIIPOCY O 3aCETeHHOCTH COOBITUSMHE Pa3HBIX o61acTei hazoBoro
MIPOCTPAHCTBA M032Ke, IpHU 06Cy)aennn auarpamm Jlamumna.
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I'masa 10

Jlmarpammbl Jlaanna n

Yy-Jloy

B meynpyrux peaxkiusix paccessHHs W B PeaklusiX paclaja ¢ 9UCIOM
YACTHUI[ B KOHEYHOM COCTOSTHUM OOJIBINE IBYX, JTAJEKO He BCIO WHMOP-
MaIMo 00 UX MEXaHU3MaX MOYKHO M3BJEYL TOJLKO M3 OJHOYACTUUHBLIX
CIIEKTPOB (T. €. pacnpeeeHuii COOBITHI B 3aBUCUMOCTH OT KHHEMATUYIE-
CKUX TI€pEeMEHHbIX ). Bosbuiag yacTs BaxkHO# uH(OpPMaLUu COAEPKUTCH
B KOPPEJIMPOBAHHBIX PACIIPEIE/IEHUIX, TO €CTh PACIPEIEIEHUIX 110 Ki-
HEMATHIECKUM TePEeMEeHHbIM IBYX nian ODosee gactuil. Hanbosee narmis-
HBII ¥ TIPOCTOM TMPUMED JAI0T PEAKIINK ¢ TPEeMs JYaCTUIIAMUA B KOHETHOM
COCTOSTHWH, PACCMATPUBAEMBIE 31€Ch.

10.1 TpexuyacTnuHble KOHEYHBLIE COCTOSHUSI.

10.1.1 Pacmamg 1 — 3.

Pacmag P — 1 + 2 + 3, rae Bce 9acTUIbl — OECCIIMHOBBIE, ONPEIeIaeT-
¢ BCEro JIUITb JBYMS HE3aBUCUMBIMU KUHEMATHIECKUM TTEPEMEHHBIMH.
JeficTBUTENIbHO, 3 BEKTOPA KOHEYHOTO COCTOSTHUSA (9 MEePEMEHHDIX), CBS-
3aHBbI YETHIPHMS YPABHEHUSIME COXPAHEHUS SHEPTUU-UMITYyIhca. T. K. Bce
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Puc. 10.1. Kumemarnaeckas muarpaMMa I PacHafa OTHON YaCTHIBI C 4-
nmmynbcom P wa tpu (¢ 4-mvmynabcavu Pi, Pa, P3 cooTBeTCTBEHHO). VLImio-
CTPUPYETCS OTIPEIEIEHNE TTEPEMEHHBIX §1 7 S2 (KBaapaTs! 3¢ dexTmBHBIX Mace
cucrem (1+2) m (24 3), min, SKBUBATIEHTHO, KBAJIPATOB TIOJHBIX SHEPTHUii CO-
OTBETCTBYIOMWX TIAp YACTHI] B UX CHCTEMAaX MEHTPA MACC STUX Tap).

YACTHUIBI — OECCITMHOBBIE, TO HAYAJIHHOE COCTOSHIE U30TPOITHO B CUCTEME
[MOKOS HAYAJIbHON JacTUIlbl P 1 KOHEYHOE COCTOsIHUE HE MOYKET 3aBUCETH
or Tex yriioB (3 HEe3aBUCUMbBIX IIEPEMEHHBIX ), KOTOPBIE OLHUCHIBAIOT OPU-
EHTAINIO0 JACTUIBI Kak 1eaoro. [loartomy octatorcs TombKo 9 —4 — 3 = 2
MepeMeHHbIe, KOTOPhIE MOXKHO CUUTATH HE3ABUCUMBIME. X MOKHO BBI-
Omparh U3 cOOOparkeHwit yao0CTBa, TPEANOYnTas JTHO0 WHBAPUAHTHbBIE,
00 HEMHBAPUAHTHBIE TIEPEMEHHBIE.

NuBapuanTHbIE TIepeMeHHbIe. J[106as napa HHBAPUAHTOB U3 TIPU-
BesierHoro B (10.1) cnmcka Moxker GbITH BHIOpAHA JI7Is1 KHHEMATHIECKOTO
omucanus pacnaga P — 1+ 2+ 3 (cm. puc. 10.1; s B ciyuae pacnaga
peasibHOI 9aCTUIbl €CTh KBAJIPAT €€ MaCChl):

si2 = s1=(PL+P2)?=(P—Ps)°
S93 = 9= (Pa+P3)’ =(P—P) (10.1)
s3 = s3=(Ps+P1)’ =(P—P)°
Ot MHBAPUAHTHI CBA3AHBI YCJIOBUEM:
$1+ 82+ 83 =s+mi +m3+mj . (10.2)

10.1.2 Jduarpamwmsbl lanaura.

g peakiuu P — 1+ 2 + 3 auarpammy Januna B miockocru (1, Sa)
MOYKHO OTIPEJIEINTh KaK 00JACTh, B KOTOPOil YNCICHHBIC 3HAYEHUST STHX
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[ePEMEHHBIX Pa3PelleHbl 3AKOHAMYU COXPAHEHUs SHEPrUU-UMITYJIbCa (Ta-
KYI0 00J1aCTh HA3bIBAIOT (PU3NIECKOI).

B 6omee obmem cmbicie mon, gumarpavmmoi Jlamuna monmmaror ¢u-
3UYECKYI0 00JIACTH B JIIOOBIX TAKWX MEPEMEHHBIX, KOTOPHIE CBSA3AHBI C
$1 M $o JuHEHHO (T. €. AKOOMAH Tepexo]a K COOTBETCTBYIOIINM Iepe-
MEHHBIM MOCTOSIHEH). JTO MOIYT OBITh, HAIIpUMeED, T0bast mapa (s;, s;);
mobas mapa (B, EY); mobas napa xunermieckux suepruit (13, Tj),
(i = 1,2,3).

Vpasuenue, onpeensioliee rpaaully guarpammbl Jaaumna (T. e. rpa-
uuny dusnueckoii obaacru aya nepexona P — 142+3), MOXKHO BHIBECTH
"Hanpsimyo” [3].

Paccvorpum dazosbrit o0bem

= (10.3)

d*p;
/H p53 —p1—P2—P3)0 (Vs — Er — B — E3)

IIpounrerpupyem -gpyukuun. Ilockonbky (pa3oBbiii 00bLeM UHBApU-
AHTEH, MOYXKHO PACIOPSIUTHCS BHIOOPOM MEPEMEHHBIX U3 COOOpAYKEHU
yI0OCTBA BBHIYUCTIEHU.

Boibepem cucremy TOKOs pacmaaioieiicss 9acTuiibl ¥ TPOUHTETPU-

pPyeM 1o pa:
d3py d®ps

Ry(s) = [ LB s /o B _Ey—E 104

3(s) /8E1E2E3 (Vs — B~ By~ Bs) (104)

rae (omyckaeM, s KDATKOCTH, 3BE3/I0YKH, YKA3BIBAIOIINE HA CHCTEMY
MOKOsI PACTIAJAIONIEHC 9ACTUIIBI, UJTH, 9TO TO K€ CAMOE, CUCTEMY HEHTPA
macc (1+42+3)):

E% =| p1+Pps |2 +m§ :pf +p§ + 2p1 p3 cos B3 + m% . (10.5)

BekTopsr uMmmyascoB p; u p3 Oymem Oparh B MOJSPHON CHUCTEME KOOP-
JIMHAT, TO €CTb, 3amuineM dop; d>ps Tax:

Eprd’ps = pidpydQ pidps dQs =
= plEldEldglp;gE;ng;gdCOS913d§03 ; (106)
rae yribt Q3 = (cos 613, ¢3) OIMUCHIBAIOT OPUEHTALIUIO BEKTOPA UMILY/IHCA
9aCTUIBI 3 OTHOCUTEIBHO P1, & YIJIbI (] — OPUEHTAIMIO UMITY/IbCA Ya-

cTunpbl 1 OTHOCUTEIHHO HEKOTOPOH OCH, TIOKA ee He crenuuIupys u He
uHTEerpuUpy 10 2 U 3 (OHU MOHATOGATCS TO3KE).
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JIist MHTerpupoBaHus 10 COS 013 HCIOAb3yeM d-(DYHKIUIO ¢ SHEePIrusi-
mu, TaK Kak dFs/dcosbi3 = p1 ps/Es. B pesyabrare:

1
Rs(s) = 3 /dEldEgdﬁldap;»,@ (1 —cos®13) . (10.7)

31ech © — QyHKINA OrpaHTIMBAET COS 013 ero HU3NIECKUMU 3HATEHW -

Mu. 3HaueHus cos 13 = +1 coorBeTCTBYIOT TpaHuIe (hpusndeckoil obsa-

cru Ha tuockoctn (Ey , Es), To ecTh, TpanuIie quarpamMvbl Jainra.
Tenepb MOXKHO HalTH ypaBHEeHHE I'DAHULbLL. Ero MOXKHO IOJy4UTb

3 (10.5):
(Vs =By~ By)" =B} —m} + B3 —mj +
+ 2[(B2—m?) (B2 —m2)]"* +m2, (10.8)
WJIN, 9TO TO YK€ CaMoe,

(Vs — E1 — E3)2 =|p1 £p3 > +m3 . (10.9)

Mozkuo npeo6pasosarsb dopmyry (10.8), Bo3Beas B KBajpar obe ee
YaCTH, HO NIPH 3TOM Oy/IyT HOTEPSAHBI CBEJICHUA 00 OTHOCUTEIHHBIX 3HA-
KaX MMIIY/JIbCOB; TEM HE MEHee:

4 (B} —mi) (B5 —mj) =
— [5+2E) B3 —2/5(Ey + Es) +m? —m3 +m3]” . (10.10)

IMepemennbie By u F3 IUHEHHO CBA3aHBI ¢ $1 U So (4TOOBI yOEIUTHCS
B 9TOM, JIOCTATOYHO PACKPBITH onpenesenns (10.1)). drxobuan nepexo-
na 0 (Ey, Ea) /0 (s1,82) pasen 1/4s. Ecav Tenephb mepeiiTn B ypaBHEeHUN
(10.7) K mepeMeHHbIM $1 U So U IPOUHTEIPUPOBATH 110 TEJIECHOMY YLy
d€); (B paccmarpuBaeMoM pacnajie HeT BbleaeHHoi ocu!), nonyuus 47, a
TaKKe y4eCTh, 9TO U3MEHEHNE (3 O3HAYAET BCErO JIUIIb BPAIIEHUE [TOJI-
HOIl KOHMUIYpAIMU UMITYJIHCOB OTHOCUTEIHHO HEKOTOPOil ocu (3HAUMT,
UHTErPUPOBAHUE TI0 ITON MEPEMEHHON ACT BCEro JIUMIb 27 ), TO MPHUIEM
K BBIPAYKEHUIO

71.2

Rs(s) = 1s / ds1 ds2© (—G(s1, 82,8, m7, m3,m3)) , (10.11)

re G(s1,82,5,m3,m3, m3) — nekoropas byHKIUsA, 3aBUCATIAA TOJBKO
OT KMHEMATHUECKUX MapaMeTPOB Pachaa U OTIHIHAS OT HY/IS BHYTPH

TpaHUIBl anarpamMmbl Jlaania.
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Eciiu ke npogesarsb 1o xe camoe ¢ unrerpasiom B (10.7), ro nosyuum

R3(s) = n? / dEy dE3© (1 — cos® 0y3) . (10.12)

N3 (10.11) mam (10.12) BugHO, YTO BHYTPW AmarpamMbl Jlamin-
[[a MJIOTHOCTH paclpeaeieHusT BEPOATHOCTU WMETh 3HAYEHUS
HE3aBUCUMbBIX II€PEMEHHBIX (S1, S2), WJM, KAK [PUHATO BbIPAXKATHCSH,
”pacmpeseiienne mo ¢pa3zoBomMy o6beMy” ecTh KOHCTAHTA:

d2R3 2 . d2R3 71'2

Ry _ 10.13
dE,dEs " 7 dsidsy  4s’ (10.13)

npu (puKcupoBaHHOM S. VHbIMU c/lOBaMHU, BCe BapHaldld PacIpee-
JIEHUsI TJIOTHOCTH COObITHI (KOrJa Kazkioe coObiTve paciaja orobpa-
yKaeTcd B guarpamme Jlamniia TOYKOM, MOJIOKeHWe KOTOPOH 3aaeTCst
KoHUTyparyeil UMITyJILCOB W SHEPTUil PACTAIHBIX YACTHUI[ B ITOM CO-
ObITHN) 00YCIOBJICHBI IUHAMUKOMN, JUKTYIONIEH 3aBUCAMOCTD MATPUIHO-
ro JIeMEHTa PACHaia OT UMILYIHCOB (MJIM SHEPruii) PACIaJHbIX YaCTHUIL,
a He ero KMHeMATHKOW (B y3KOM CMBIC/IE). DTO OJHO N3 BaXKHENIINX
cBolicTB auarpammbr Jlamuia.

Hakouer, u3 ypasuenus (10.8) MOXKHO yBUIETD €Ille OHO MOJIE3HOE
COOTHOITIEHNE: Ha TPaHWIEe Auarpammbl Janmina

A(pi.ps.p3) =0. (10.14)

10.1.3 CuaemnuanbHbie cay4dau aumarpamm Jlamaura.

Bce maccsr OJINHaKOBBDI.

Pacemorpum cobertue pacnaga P — 1 4 2 4+ 3 B cucreme moKosi pacia-
nparorneiicss gacruibl. Bygem xapakrepuzoBaTh COObITHE KHHETUICCKUMU
smepruaMu dactuil: 1; = F; —m. Maccy pacmamaromneiicst 9acTHIbl 000~
3HaMUM KakK My = /5. O4YeBUIHO, UTO BBITIOIHACTCS YCIOBUE

T1+T2+T3:\/573m:Q, (10.15)

rae @ — suepropoigenenue npu pacnage. Coornormenue (10.15) manovu-
HaeT O MPOCTOI TeopeMe U3 MKOJIHHOTO Kypca reOMeTPUH Ha TITIOCKOCTH,
KaCaoIeicst CBOWCTB PABHOCTOPOHHUX TPEYTONLHUKOB: M5 000 TOY-
KU BHYTPHU TaKOTO TPEYTOJIbHUKA CyMMa ee paccrostuuii (1. e. Ty, To, T3)
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JI0 CTOPOH TPeyTroJibHUKA PaBHA ero BbicoTe (T. €. ()). DTO 103BOJIsIeT BBe-
cru Ha wiockocru (17, Te) Jjsi paccMaTPUBAEMOTO PACHALA TPEYroJib-
HYI0 CHCTEMY KOOPIMHAT, UTO JIEIaeT CUMMETPHUIO auarpammbl Jammmna
asHO#t (cM. puc. 10.2). SameTum, 9T0 151 GUHAPHBIX PEAKIIHii, AHAIU3H-
PYEeMbIX B TEpMUHAX TepeMeHHbIx Mamgenbcrama s, ¢ 1 U, TOXKe MOKHO
UCTIOIHb30BAThH TPEYTOJNLHYIO CUCTEMY KOODJIUHAT, TAK KAK T MEPEMEH-
HBIE YIOBJIETBOPSIOT cooTHOMeHuo (3.3), anamornanomy (10.15).

Ay Ay

Az Ag

A-’J L —A A A-’! AZ

Puc. 10.2. Oupeznenenue TpeyroibHOI cHCTeMBI KOOPAMHAT I AAArPAMMBI
Jlammma B TepMUHAX KMHETWYECKUX YHEPTHil (BBEPXY CJIEBA) W TPAHWIIL JHA-
rpaMmbl [Ja/mna B HEPEJIATUBUCTCKOM Ciiydae: (a) JUis pacnajia Ha TPU TOXK-
JIeCTBEHHBIE YacTunbl (crpasa BBepxy), (b) mms pacmama ma Tpm €acTHIm,
MacChl KOTOPBIX CooTHOCATC Kak 4:1:1 (cmesa Bum3y) mmm (c) 7:4:1 (cmpa-
Ba BHH3Y). Takue COOTHOUIEHHS MACC COOTBETCTBYIOT, HAIIDUMED, PACHaaM
n — 3w, n' — nrT u aEEUTHAATIAR Pp — 1'nT cooTBeTcTBenHO [70].

B kaxk10i TOUKe BHYTPH TPEYTOTBLHUKA BBITOTHAETCS 3aKOH COXPa-
Henns sHeprun. JIsa HAXO0KIEHUS TPAHUIT (PU3WIECKOH 00TaCTH YI00HO
BBECTU HOBBIE KOOPAUHATHI. VIMEHHO:

1. HAYAJIO0 CHUCTEMBI KOOpAWHAT TIOMECTUM B IIEHTD TPEYTOJIbHUKA
(TO‘IK& T1 = Tg = T3 = Q/g),

2. OyzmeM OTCUNTHIBATH OT HErO MOJSIPHBIE KOODIUHATHI (T, ©).
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MokHO yoenuThes, 9To:

T, = %(1—1—7%0590) ,

T, = %[1—1—7“005 <np+ 2%)} , (10.16)
_ @ _

T3 = 3 {1+rcos <<p 3 ﬂ

IMoxcrasus HoBBIe KOOpauHATHL B ypasHenue (10.8) s rpanuipt
nuarpaMvbt Jlamuna mosryanm:

2e Q
1+ 7’2+IET'SCOS-3 :1’ r=—-s, E=—. 10.17
(1+2) v 22 vs o 1A

24 5y
mi, mi,|

n— 3

miy

g4
miy

Pp— 3y N

g

mi miy

Pwuc. 10.3. Inarpamvibr /Tamuna B pesaTHBUCTCKOM Caydae. [loka3anbl Te ke
@arpaMMbl, 9YTO U Ha IIPEBLIYIEeM PUCYHKe, HO B IpyTrux TepmuHax. O603Ha-
YeHue 5mfj O3HAYAET MPEBBINeHNe KBAIpaTa (M HEeKTUBHON MaCCHI mfj cucre-
Mer wacTur (i 4+ ) Haj ee MUHUMAIIBHO JOMyCTUMBIM 3HadenueM (m; + m;)>.
Pacmam: n — 3, peaxmmm: pp — 3, pp — n'ny (pabora [70]).

Bemnuuna € — ommocumenvroe snepzosevidesenue — IOJTHOCTHIO Xa-
paKTepu3yeT KPUBYIO, 3aJAIOIYI0 TPAHUILY AuarpamMMbl Jlannia.
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B ciayuae HEpaBHBIX MACC TOYKE MOMKHO NMPEJICTABIATH AUATPAMMY
Jlanmna B TPEyroabHOR cucTeMe KOOPJIWHAT, HO CTEIEeHb €€ CHMMETPHN
Gyaer unoit (cM. puc. 10.2, HUXKHUE AUAIPAMMBI).

Ipencrapmenne muarpamv Jlaawma B TTEPEeMEHHBIX S1, Sg JAHO HA
puc. 10.3 u puc. 10.4 (kBaapar addekTnBHOI Macch! cuctembl (14-2) ecTh
He YTO WHOE, KaK $1, a Jyist (2+ 3) CHCTEMBI TO JKe BEPHO TIO OTHOIIEHUTO
K 82).

S % 52
2! m; oI 0 s 0
(\[§ -m,) _(:6 0 41 — é m, — é 0
0 0 0
myls |
2
m; I
mZ m,s s's, mimis S S S 8

Puc. 10.4. Ouarpammer lamuma s 0COOBIX KOMOWHAITMI MacC HaCTWII-
MIPOJTyKTOB PACIIA/IA, KOT/Ia MACCHI IBYX U3 TPEX YACTHIL UJIA BCEX TPEX TaCTHI]
paBHBL HyJIIO [3].

10.1.4 Koudurypanmum wunMmyJbCOB HA JguarpaMme

anumna.

VYpasuenue (10.8) s rpanunbl guarpammbl Jlanuia gaBJisercs JI0mnod-
HUTEIbHBIM ([I0 OTHOIIEHUIO K 3AKOHY COXPAHEHUs SHEPIUU-UMILY/IHCA)
YCJOBMEM Ha HATTPABJICHUS W BETMUYUHBI TPEXMEPHBIX UMITYIHCOB YaCTHII
KOHEYHOTO COCTOsTHUs. PacCMOTpUM €ro CJIe/ICTBHUS, BHIOPAB CUCTEMY TTO-
KOsI PACTIQIAIONIEHCs YacTUIBl (T. €. IEHTP MACC MPOAYKTOB PACTIAIA).

JIOBOIBHO OYEBUIHO, UTO Ha TPAHUIE AuarpaMmbl Jlamnia BeKTOpbI
UMITYJIbCOB P1, P2, P3 KOJLIMHEAPHbBI, OJHAKO PA3JTUYHbI UX BEJTUIUHBI U
HaIPaBJIEHHS: BEKTOPHI HEKOTOPBIX UMITYTHCOB MOTYT OBITH TAPAJIIE/Th-
HBI WK aHTUNapaieabHbl. Puc. 10.5 moMoraer moHATh, KaK MEHAIOTCS
KOH(UTYPAITUU UMITYIHCOB KOHEUHBIX YACTHI] TIPY JIBUYKEHUN BIO0JIb IPa-
HATIBI MO0 BHYTPH JHATPAMMGBI.

Tpu xapakTepHbIX TOYKU HA TPAHUIIE m/larpaMMbI Jlanuma orBedaoT
MUHUMAJIbHBIM 3HaquHﬂM 3P PEKTUBHBIX MacC m12 = (P1 + 772) =

(m1 + m2)?, m3; = (P2 + P3)? = (ma +m3)?> umiy = (P + 733) =

150



(m1 + m3)?; na pucynke 10.5 onn oboznadenn Kak Ay, Ag, Az. Yenosue
MUHHMAJIBHOCTH KBaApaTa 3hMEKTUBHON MACCHl 03HAYAET, ITO CKOPOCTH
YACTHUIL PACCMATPUBAEMON TTAPHl PABHBI, NX HAIIPABJIECHHUS COBIAIAOT, a
BEJINYUHBI UMITYJICOB OTHOCATCS Kak p1/p2 = my/meo.

Jlpyrme Tpu XapaKTepHBIE TOUYKM HA 3TOI TPAHWIE OTBEYAIOT MaK-
CUMAbHBIM 3HAYeHUAM WHBAPHAHTOB Mmiy = (y/s — m3)?) u T. 1.; onm
obo3HaveHsl Kak By, By, B3 Ha TOM ke pUCyHKe. B 3Tux Toukax HAIIpaB-
JIEHWS] UMITYJTbCOB COOTBETCTBYIOMINX YACTHI] APBI TPOTUBONOIOKHBI, &
TPeThs YACTHUIIA UMEET HYJEBYI0 KHHETHUECKYIO SHEPTHIO.

$23

e @

Puc. 10.5. Konduryparmmm BeKTOPOB MMITYJIHCOB YaCTHI-TTPOAYKTOB PaCTIa-
J1a Ha rpaHunax auarpammbl Jamna (MMIy/IbChl PACCMATPUBAIOTCA B 0OmIei
cucreme menTpa macc). Toukm Bi, B2, B3 0TBE9a0T MaKCHMAJIHHBIM 3HATE-
HEAM KBAIparoB 3h(EKTUBHBIX MAcC Mmis, m3s, mis; Toukm Ay, A, As -
MUHAMATHHBIM 3HAMEHUAM ITUX BeJuawH [3].

10.2 Jwmarpammbr Jlagmiia w CUMMETPUM:

npuMepHbI.

Vike He pa3 TOBOPUIIOCH O TOM, UTO €CJIN OBl MATPUUHBINH 3JEMEHT peak-
MU HE 3aBUCEJI OT KHHEMATHIECKUX TTEPEMEHHBIX, TO PACIPEIETIEHIE CO-
ObrTuii Ha auarpamme danuna (wiu, 06001menHo, B (Hha3oBOM NPOCTPAH-
CTBE /il YaCTUL KOHEYHOIO COCTOsIHUS ) ObLIO Obl HOCTOsIHHBIM (cM. dhop-
mysy (10.13)). OTk/OHEHHST OT PABHOMEPHOTO pacipeenenus B (ha3o-
BOM TIPOCTPAHCTBE CBSI3aHBI C JUHAMUKON PEAKIINN, & TAKIKE C JeiCTBUEM
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3aKOHOB COXpaHeHus (IUCKPeTHbIMU cumMerpusivu). IIpumepom moxer
ciay)uTth pabora npunnuna llaynm, ecim B KOHEYHOM COCTOSIHUU €CTh
mapa TOXKIECTBEHHBIX dacTuil-dpepmuonoB. Hekoropsie cieacTBus auc-
KPETHBIX CUMMETPHUIl B MPUMEHEHNN K auarpammvam Jlanuma B JeTanssx
OymyT paccmorpensl B Hactu VII, ma mpumepe pacnpemeseHus TIoT-
HOCTH COOBITHII Ha auarpammve Jlanwia mpu pacrage Me30HOB pa3sHoro
CIIMHA U YeTHOCTH HA TPU MHOHA.

B sTom pazmene mamiocTpupyercs ucnosb3oBanue guarpamm lasu-
Ia B aHAJIN3€e KCIMEPUMEHTATLHBIX JAHHBIX HA MPUMEpPe aHHUTUISIIINN
OCTAHOBUBIINXCA AHTUITPOTOHOB C TTPOTOHAMM.

x10*

=ip? wi?

2000 000 400 1 ]
3.1 Su 1,1 5 0
o 1 E 150 16
e 3 o 14
1500 -~
200 o 4; 2
uln wlm w2, T !;ﬁ’ .-% 10
5 iy ; vty 0 E
o Azt 1000 - 8
'Si.:is1 'I.:!S1 i
E 1500 et ¥ i
El &l
1000 o L_/l 500 - :
2t " s % J i L I He
W w0 s =, W0 W 100 500 1000 1500 2000
e ke Paavi') e %10

MeVic]

Pwuc. 10.6. Inarpavver JTammna 11 aHHATAISAIAR QHTATIPOTOHOB B TTApy Ka-

OHOB M TIMOH: PP — K*¥Kgn™. Mumens: xumxuii Bomopos. CrpaBa: peasbHbIe
nmannbie u3 sxcepumenta Crystal Barrel. CreBa: pesyiabrarsl MOje iMpoBanust
pacrpenenenuit Ha auarpamme Jlaania 1pu pa3HbIX BO3MOXKHBIX S-BOJTHOBBIX
KOMTIOHEHTaxX (yKa3aHbl B TPABOM BEPXHEM YTJIy KasKIOW AMArpaMMBbl) BOJI-
HOBOU QyHKIMKM TPOTOHMS (ATOMO-TIOO6HOM CBA3aHHON cucTembl pp). Bumamo,
wro anmmrmrsms B (K KsnT) waer us >3S; cocrosmms (paGora [70]).

CpaBHeHME C IKCIEPUMEHTATLHBIMYU JTAHHBIMU OKHUIAEMOTO BUIA
pacnpenenenus coObITuil Ha auarpamme Jlanuma npu ydere 3aKOHOB CO-
XpaHeHUsI YeTHOCTU, U30CITUHA U YIJIOBOTO MOMEHTA TIO3BOJISET, KaK BU/I-
HO n3 prcyHKa 10.6, ciesaTh BHIBOJBI O KBAHTOBBIX Yncyaax (Pp) chcre-
MBI, aHHUTUJIUDYIONIEH B TPU Me30HA.

NudopmaruBHas MOIIH U HATJIAIHOCT AuarpamMmbr Jlaimia mo cpas-
HEHWIO C PaCIpeeeHusIMU, MPOUHTErPUPOBAHHBIME IO OJHON W3 He3a-
BUCUMBIX KHHEMATHYECKUX TIE€PEMEHHBIX, BUJTHA W3 CPABHEHHUS PUCYH-

koB 10.7 u 10.8.
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Puc. 10.7. Pacupenenenns no sdpdexkrusapivm Maccam (T. €. IPOEKIUU COOT-
BETCTBYIOMUX quarpamm /laamma) 1y aHHATA AN QaHTATTPOTOHOB B ME30HbI
TIPU PA3IUIHBIX TIOTHOCTSX BOOPOIHON Mutenn. CrieBa: aHHUTHIATIAS OCTa-
HOBUBIIIIXCST QHTUIIPOTOHOB B w1 7w 7° cucremy. B mentpe: pp — KT K~ 7%
cupaBa: pp — K *KerT. LH - KUJIKOBOIOpOaHaa Mumenb, NP - ra3zoBas
BOJOPO/IHAS. MUIIEHB MTPU HOPMATHHOM JaByieHnd, LP - razoBas BOmOPOIHAs
MMUIIEHb TIPU HU3KOM jasjennn (pabora [70]).
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m? (ﬂin°) (GeV*/c*)

m? (nEn®) (Gevi/ch)

0 05 1 1.5 2 25 3
m? (n*n7)  (GeV?/c?)

m? (wiﬂn) (GeV?/c*)

pzl|
0 05 1 1.5 2 25 3
m? (n*n7)  (GeV?/c*)

Puc. 10.8. Tuarpammsr Jamnuna s peakipn pp — 71 7~ 70 ¢ ocraHoBuB-
NIAMUCA AHTHIIPOTOHAME ITPU PA3HBIX IIOTHOCTAX BOJOPOAHON Mmumienu: (a)
xuakwit Bogopos; (b) razo06pasHbIii BOZOPOI TPW HOPMAJTbHBIX TABICHAN T
TemmepaType; (€) BOIOPO IPU MOHMKEHHOM /1aByeanu. QOH BBIYTEH, TOIPAaB-
KM HA aKCEMTAHC YyCTAHOBKM He BBeIeHbl. O1HO cOOBITHE M300parkaeTcs By Mst
TOYKAMU, KaxKaas — ¢ Becom 1/2 (pabora [68]).



Puc. 10.8 crenyer cpaBuuBarh ¢ puc. 10.7; BUAHO, 9TO AMarpaMma
Janmma necpaBuenso sicuee. Hanpumep, oHa mo3BosisieT JIerko YBUIETD,
YTO ¢ U3MEHEHUEM IIJIOTHOCTH MUIIEHU MEHSIOTCs KBAHTOBbIE Y4ucjia (P p)
CUCTEMBI, COCTABJIAONINE aHCAMOJIb €€ HAYAIbHBIX COCTOSTHUN TTPU AHHU-
TUJIAIIAY AHTUTTPOTOHA € TTPOTOHOM B TPU ME30HA.

10.3 Jumarpamma Yy u Jloy.

3mech ymecrna mmrara n3 keurn [2] (erp. 332): "Korga gacTurpr Bo3-
HUKAIOT B pesy/bTaTe pacnaja, deprar auarpammy Jdamuna. Korga onn
BO3HUKAIOT IPU COyJapeHuy JByX 4acTHll, npuberaior K juarpaMmmam
Uy-Jloy mmu Ban-Xosa” !,

t;

Puc. 10.9. Kunemarnaeckas muarpamma myist peakmmn 2 — 3. O6o3nauenns
OYEBH/THBI; UILTIOCTPUPYETCA ONPEJIE/IEHNE TIEPEMEHHBIX t1 U t2 (KBaapPATHI TIe-
PETAHHBIX 4-WMITyIbCOB).

B peaknuax tuna a +b — 1 4+ 2 + 3 HaUaIbHOE COCTOSTHUE WMEeT
B CHCTEMe TeHTpa MacC BBIJIEJIEHHOE HaIpaBJIeHHe, 3aJaHHOEe MMTTYITh-
COM TIAJIAIOIIEro My4YKa P, = —Pp. OOINee 9ucio mepeMeHHbIX, Xapak-
TepU3yIONuX KOHEYHOEe COCTOsTHUE, PABHO H; B CiIiydae OECCIIMHOBBLIX Ya-
ctul, Takux nepemMeHbix 4 (cm. puc. 10.9). TTosromy mpu mocTpoeHuu
JuarpaMMm THUIIa TeX, 9YTO PAaCCMOTPEHBI BBINIE, TPUXOJUTCA UMHTETPUPO-
BATh O OCTAJILHBIM TTEPEMEHHBIM JU00 BO BCeM (pa3oBoM oObeme, b0
B KaKHX-TO MHTEpPBaJIaX.

1 HOBH;[HMOMy, CTOUT YTOYHUTH 3TO BBICKA3bIBAHWE B TOM, YUTO K JUarpamMmMmam
Yy-Jloy nnu Ban-XoBa cerogusa o6pamarTcs TOJTBKO IPU aHAJNA3€e IPOIECCOB C HEBBI-
COKUMHU MHOXKECTBEHHOCTSIMHU KOHEYHBIX COCTOSHUI.
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OcraBuM B CTOPOHE BCE, YTO CBA3aHO CO CIIUHOM (B TOM YUCJIE — IIepe-
MEHHbIe, XapaKTePU3yIolle OPUEHTAIIUN CIIUHOB). PaccMoTpuM OCHOB-
Hble THBAPUAHTHI, ONpeeIeHne KOTOPBIX MosACHAeTca quarpaMmoii 10.9.

2

s = sap=(Pa+Py) = (Pr+P2+P3)" ,

s1 = si2=(PL+Pe)’ = (Pa+Pp—P3)°,

s2 = syy=(Pa+Ps)’=(Pa+Po—P1)°,  (10.18)
t1 = tar=Pa—P1) =PatPs—P)°,

ty = tiz=(Pp—Ps3)° = (PrL+Py—Pa)°

B nmomosiHenne K 3TUM WHBAPUAHTAM, MOYKHO OTPEIE/IUTh eIlle TATh,
CBSI3aB MEYKJIy COOOH He COCeIHWe YACTUIIB, ITH WHBAPUAHTHI MOYKHO
BbIPA3UTh 4epe3 Macchl yacruil u uaBapuanTsl u3 (10.18). O6o3nauenus
JUId HUX yA00HO JaBaTh 10 TOMY ke npunnuiy, yro u B (10.18); sTo
UHBAPUAHTBI a2, Ly, tas, tp1, S13 (cM. [3]).

Haxoner, Bce ckamsapuble mpomssenennst tmma (P; - Pj), i,j =
a,b,1,2,3 MOYKHO TO>KE€ BHIPA3UTH Uepe3 MACCHI YACTUI] U OCHOBHBIE WH-
BapuanThl n3 (10.18).

OO6BIYHO, TIPOIECCHI € YUCIOM YACTHIL B KOHEYHOM COCTOSHUU GoJtee
JIByX KHHEMATUYIeCKU AHATU3UPYIOTCA MeTo10M (bakTopusaruu ¢pa3oBo-
ro obbeMa, TO €CTh MOC/IeI0BATEIHHBIM PA30MEHNEM TTPOIIECCa 2 — N Ha,
noxnporeccw! (2 = (n—1), (1 — 2)) u . 1. (Takas nporeaypa moapooHo
pasob6pana B kuure [.J1.Konbsuiosa [2]). s peakumii tuma 2 — 3 310
o3Hadaer pasbuenne Ha 2 — 21 1 — 2.

st onpesiesienHocTu paccMorpuM Takoe pasbuenue npouecca (10.9):
a+b—14+X, X — 2+ 3, rae cucrema X nmeer 3¢bdEKTUBHYIO MacCy
\/s2. B aTom ciyuae gyt 1-1o MOAponecca OCHOBHBIMU KHHEMATHIECKH-
MU TIEPEMEHHBIME CTAHOBATCS £ (KBAAPAT TEPEJAHHOTO IPU POKICHUY
cucrembl X UYETBIPEXUMIIYJIbCA) U KBaApaT 3(HDEKTUBHON MACChI 3TOM
CHCTEMBI S3.

Ha mnockocru (t1 , $2) 061acTb, rjue peakiusg KAHEMAaTUIeCKU pa3pe-
mena, Oyzer (Kak U B clydae guarpaMubl Jlajimia) orpaHudeHa HeKo-
TOPOIt 3aMKHYTOM KpuBoii. [Ipeacrapienue pacupegeennii (PpU3UIeCKux
COOBITHI HA HTOH MJIOCKOCTU, HAMTOMUHAOIIEE PACIPEIeIeHNs HA Iha-
rpamMe Jlanuia, HazeBaior AuarpamMoii dy-Jloy.
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S2

+ (s -m,)?

t1,c0s0;.=-1 /

t7,c0805.=+1

2
—- (my+mjy)
S2

t4

Pwuc. 10.10. Tnarpamva Yy-Jloy; mpumep gan masa ciay4as, korga t1 = (mg —

m1)? nexur e dusmaeckoi obmactu [3).

10.3.1 TI'pasunsl u ¢a3oBasg IJIOTHOCTD.

Haittu ypaBHeHme rpaHuibl (PU3NIECKON 00acTh 11 AuarpaMMbl dy-
JIoy MOKHO MPUMEPHO TaK Ke, KaK 3TO ObLIO MPOJETAHO [Tl THATDAM-
Mbr Jlanuta.

Crapryem ¢ BbIpayKeHUs /I TPEXIACTHIHOTO (ha30BOr0 00beMa:

d®*p1 &®ps dps
Ry(s) = 5% (D + Pb — P1 — P2 — p3) - 10.19
3(s) / 2F, 28, 2F; (Pa +pb —P1 — P2 — P3) ( )

Ncmons3yeM TOXK1€CTBO:

1—/6182/—54 p23—p2—p3> 5 (10.20)

rie E3; = p3; + s2. Berasus 3o Toxkaectso B (10.19), momyumm:

d3p1 d3p23 4
Ry = /dSQ{/ oF, 2E236 (Pa + Db — P1 — D23) ¢ X
d3pa dPps 4
5 (1as — Dy — 10.21
{/ 2F, 2F; (p23 D2 p3) ) ( )

9TO O3HATAET
R3(s) = /d82R2 (s;m7, s2) Ro (s23m3, m3) . (10.22)
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Mozkuo y6eaurbes, uro (10.22) nerko 3anucarb B hopme

1 o A2 (55 m2. m2
Rs / dy / dty dss (s2,m3, m3) / dQS™ . (10.23)
0

:8\/§P; 882
) S2
(\!;'m1)2
10 (Mmy+my)?
|t

10
(mg-my )?

Puc. 10.11. Tuarpamma Yy-Jloy; npumep man Jyist ciaydas, Korga t1 = (mq —
m1)2 snexut B pusuaeckoit obmactu; my = mz = m1 = 1 (T. . BCe BeJUIMHBI
W3MEpAIOTCS B eIMHUIIAX MACCHl MUTIEHU Myp); Ms = b, m3 = 2, s = 60 (u3
kauru [3]).

Qu3ndeckyo 00JIaCTh I PEAKINU Mg + My — My + /S MOYKHO
HalTH TakK:

® BLIMIUTIIEM BBIPAYKEHUA A7 Sg M t1 B C.II.M.;

° HOTpe6yeM BBIINIOJTHEHUA yCJIOBHUA
m2+m3§\/52§\/§—m1 ) ‘COSQ;IK ‘Sl (1024)

OTUMH YCIOBUSMU OIPEJIENSIIOTCS TPAHUIBI 00JACTH WHTErPUPOBa-
ausg B (10.23). Omycrus moapobHOCTH (MX MOXKHO Hajité B [3]), BbIIU-
meM KOHEYHBIH PEe3y/IbTaT i TPaHUIbl (GU3MIECKOl 061aCTH B 1PO-
mecce 2 — 3:

53: = 5+m% —
1
B m[(ﬂmi—mf) (m2+mi—t1)] ¥
= % [Am (s,m2,mp) A!/? (t1,m3,m§)} . (10.25)
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Baxmo ormeTnTh, 9TO KOTJa TOYKA C¢ (PUKCHPOBAHHBIM 3HATECHHEM
So, M300PAKATIOIIAT KOHEUHOE COOBITHE WM TPYIIIY COOBITHH C TAHHBIMA
KMHEMATHIeCKUME TIapaMeTpaMu, JBUKETCs TOMepeK aumarpaMmMbl dy-
Jloy, BesmumHa ¢1 IUHEHHO MEHSAETCS C M3MEHEeHueM Kocuuyca 07, .

Bazknoe cpoiictBo quarpammbl Uy-Jloy cocrout B TOM, 9TO haszoBast
MJIOTHOCTh Ha HEW He 3aBUCUT OT 11, HO 3aBUCUT OT Sz U PABHA

d®R5 B 71'_2 A\L/2 (52, m%,m%) (10.26)
dsadty  4sy A2 (s,mZ,m?) '

Ocramoch orMeruTb, 9To Ha muarpammve dy-Jloy dusuydeckas o6-
JIACTh Ha TUIOCKOCTH (t1, S2) Pa3MeIeHa TakK, YTO OJHOBPEMEHHO BbI-
TOJIHSIIOTCS B YCJIOBUSI:

A(s,82,m2) >0, (s, m2,m3) >0, (10.27)

10.3.2 ®a30Bag HNJIOTHOCTH U OTHOIIIEHWE IIOTOKOB.

CpasuuBas ¢dopmyny (10.26) ¢ dbopmymoii (10.13) mua dbasosoii maoT-
HOCTH B auarpamme /lanniia, MOKHO 3aMETUThH OTPEJIEIEHHOE CXOJICTBO
MexKy HuMu: 1epBblit MuOKuTEAb B (10.26) coorBercTBYeT mpaBoil ya-
ctu opmyiibt (10.13), rue s 3amensercs Ha so (Kak Oyaro Obl peakiius
a+b — 1+2+3 6bL1a o6pamena Bo BpeMeHH: B peaknmio 2+3 — 1+a-+b;
npu TaKOM OOPAIEHUH §1 TIePexXOauT B t1). BTopoii MuoxkuTens B dhop-
mysie (10.26) BBINISANT KaK OTHOINIEHHE MHBAPHAHTHBIX (MELIepoBCKux )
MTOTOKOB BO BXOJIHOM KaHaJje @ + b M mapiuaabHOM BBIXOJHOM KaHAJe
2 4 3, TO eCTh, UMEET CMBICI TOH JOJIM MOTOKA YACTHI] BO BXOTHOM Ka-
HaJje, KOTOpas J0CTajIach BO3HUKINEN B peakiuu cucreme 2 + 3. [Toxo-
JKee OTHOIIeHne yxke Berpedanock B Jactu 111 npu o6cy Xk nennn peaknnm
dparmenTammn geiiTpona ”Brepen’ Kak MOJETN (pparMeHTaIn aIpoHOB
B mapTorHoi KapruHe (dopmyna (4.9)). OkasbiBaeTcs, 9To 3TO CXOICTBO
HE CTOJIb YK U CJAy4alHO.

JleiicrBuTenpHO, BepHeMcsa K JeBoil auarpamme puc. 4.3. Coorser-
CTBYIOIIWI €1 MATPUYHBINA 3JIEMEHT BKJIIOYAET MHOXKUATEIU, COOTBETCTBY-
IOTIMe BEPXHE BEPIITUHE, MPOMararopy HedTpoHa u HUXKHell Bepinnae. B
KBaJIpaTe MOJYJs 3TOTO MATPUIHOTO 3JIEMEHTA CBI3AHHBIN € BepXHeH
BepimHOil akrop naercs dhopmysoii (4.7); npomararop meifirpoHa Ja-
er dgaxrtop (1 — a)~! npm paccMoTpennu 3amauM B IMHAMUKE Ha CBE-
toBoM bpoHTe (TOuHee, B npesene GECKOHEYHOrOo UMIY/IbCa JIefiTpoHa-
cuapgana). Ocraerca paccMoOTpeTh (HAKTOP, CBA3AHHBIA CO B3AUMOJIEH-
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CTBHEM HelTPOHA ¢ MUIleHbIo (HUuKHss Bepiuuna). [Ipu orcyrerBuu Teo-
puH, TIO3BOJISIIONIEH BHIYUCTIATD 3TOT (PAKTOP ~ W3 MEPBHIX MPUHIIUIIOB” ,
MOKHO MONBITATHCSA BHIMJIEHATD XOTS OBI €r0 3aBUCHMOCTb OT KHHEMATH-
YECKUX MEPEMEHHBIX, OTKA3aBIIACH OT CTPOTOTO BBIYUCIEHUS abCOTIOT-
HOIl BEJINYMHBI CEUEHUS B CTAHJAPHBIX €IUHUNAX (MIIIMOAPHAX).

O6Gparnm BHWUMAaHWE Ha TO, YTO €CJIW PACCMATPHUBATH TOJIBKO BEp-
HIMHY B3auMoJielicTBus HefiTpona ¢ mutiennio (n + Target), wiu, cokpa-
mienno, (n1'), To IPU UHKJIIO3UBHOMN [IOCTAHOBKE IKCIIEPUMEHTa (KOr/Ia 110
BCEM BO3MOYKHBIM KOHEUHBIM COCTOSTHUAM TOCTIE TAKOTO B3auMOICHCTRIS
MPOM3BOINTCSA CyMMHWPOBAHNE W WHTETPUPOBAHUE TIO BCEMY Pa3PEIIeH-
HOMY (ha30BOMY MPOCTPAHCTRBY ), €€ MOYKHO ObLIO ObI CBA3ATH € MOJHBIM
ceuyennem (nT') paccesnus 1o dopmyse (9.11) ¢ ygerom dopmyast (9.6),
3ammcas ee B 0OODIIEHHOM BHJE KaK

o= Zﬁnal states fPhaseVolume | < f‘T‘nT > |2
InvFlux(nT) '

(10.28)

B 370it (hbopmysie qucauTe s Kak pa3 u COOTBETCTBYET (haKTOPY, CBsI-
3aHHOMY C 0OCy»Kaaemoit BepimmHoi. Ecau Ob1 B Heit Mbl nMmean OBl 1e-
JIO CO CBOOOJIHBIM PEAJIbHBIM HEHTPOHOM, TO TO CEYEHHWE MOYKHO OBLIO
OBI B3ATh HEIIOCPEICTBEHHO U3 W3BECTHBIX IKCIEPUMEHTAIHHBIX JTAHHBIX.
ITpu srom muHBapuaHTHBINH TOTOK InvFlux(nT) caenoBano GbI Takxke
Oparb 1 cucteMbl (60600 PearbHbili HETMPOH + MUUWEHD).

Ho B paccmarpuBaemMom ciiydae HEHTPOH MepeIaeTcss OT JIefiTpoHa-
cuapsiaa. Boobiie roBopsi, OH J1aXke He HAXOIUTCA HA MAaCCOBOH MOBEPX-
nocru. (IIpaBaa, npu ucnoONb30BaHMKM TEXHUKU CBETOBOrO (GpOHTA U, B
YACTHOCTH, TPEIeIa OECKOHEUYHOTO WMITY/IhCA, €r0 MOYKHO CYUTATh Ha-
XOJSANIMMCSH HA MaCCOBOI TIOBEPXHOCTH, UTO ¥ MPE/INOIATAeTCA ajee. )
IMosTomy, Bo-miepBbIX, BKIa (n1) BEPUIMHBI HE MOJHOCTHIO COOTBET-
cTByer nojgHoMy cedenuio (n1') paccesHus: U3 HEro CJeyeT UCKIIOYUThH
BKJIaJI yIPyroro paccesinus (1o kpaiineii mepe actb). Bo-BTopsbix, sta
BepiinHa He O0S3aTeTbHO B TOYHOCTH TaKas Ke, KaK /i PAaCCesHust
CBODOTHOTO PEASIHHOTO HEHTpOHA. Bripodem, eciin MOCTE€IHUM Pa3JIHIH-
eM TIpeHedpedh, TO C YIETOM BCErO yiKe CKA3aHHOTO, MOYKHO BOCIIOJIb30-
Barbcs opmylioit (10.28), HO B3sTh UHBAPUAHTHBINA IOTOK /1715l CUCTEMbI
(nepedasaemuiii Hempon + muwens):

> | < STInT > [ =
PhaseVolume

final states

= Oine(nT) X InvFlux(niranssT) - (10.29)
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Temeps u3BecTHBI Bce (aKTOPDI, ONPEAeIdione cedenne (pparmen-
Talyu JIeUTPOHA COTJIACHO auarpamMe puc. 4.3 B ONUCAHHON KapTHHE,
u ayg nosydenus opmysbl (4.8) ocraercs CHOBa BOCIOJIL30BATHCS
(10.28), B34B UHBAPUAHTHBII TIOTOK JJisl CUCTEMbI (Jetmpon+muens),
to ecth InvFlux(dT). B nomydennoit mocse 3moro Hbopmysie MosBATCS
OTHOITIEHNE

InvFluz(niransfT) AL/2 (sn,MtQarg,m%)
InvFlux(dT) A2 (sq, M2,.,,m32)

arg’

(10.30)

R(n,d) =

W3 mpuBeieHHOTO TPpUMepa U CPaBHEHUS TIOTIOCHOM TUarpamMMbl s
peakimn (pparMeHTaIny JIeATPOHA ¢ OOIeil KHHeMaTHIecKOi ararpam-
moit puc. 10.9 uinu 1. 1. ” nepeBoM nmiryabcos” puc. 10.12 HATISAIHO BUI-
HbL [IPOMCXOXK/IEHUE U CMBICI BTOPOro Muoxkutess B (popmyse (10.26):
YaCcTh HAYAJIHLHOTO TTOTOKA YACTHIL ¢ U b YHOCUTCS JacTureit 1, a ocraib-
Has TPUXOINUTCA Ha JIOI0 " TTPOMEKYTOUHON CUCTEMBI, TPEBPAIITAIONIEH-
cd 3aTeM B 4dacTunbl 2 u 3. Bequuuny 3Toi 10M OmpesesisieT BTOPOt

muOXKUTETH B (hopmyse (10.26).

.
Xab XZ
b 3

Puc. 10.12. Tuarpamma ”mepesa MMIy/IbcOB”: KMHEMATHUYECKOH DPeAyKITHU
PeaKIny POXKIIEHUS HECKOJbKUX YaCTHUI K II0CTeJ0BATETHHOCTUA PeaKITHit
TUIA ABYXYACTUYHOTO PACHaIa. JacTUIBI HAYAILHOTO COCTOSHUS a u b
” 00 beIMHAIOTCS” B TIPOMEKYTOUHOE COCTOsSIHUE Xop € MACCOi 4/S, KOTOpoe
3aTeM pacrajaeTcs Ha JacTuily 1 m ncemovacTuiy Xo ¢ Maccoii /s2, B CBOIO
odepenh PACHIAIONIYIOCS Ha KOHeWHBle dacTuinsl 2 m 3. KaxaoMmy u3 moce-
MOBATEJIbHBIX ABYXYIACTUIHBIX PACIAI0B OCTYIIEH ABYXIACTUIHBIN (Ha30BHIi
obbem Ry. CoOTBETCTBEHHO, MOCPEACTBOM TIOA00HON peyKIuu MoIHbIN (da-
30BBII 00bEM MHOTOYACTUUHOM peakmmu a + b — 1+ 2 + 3 + ... MoxkeT OBITH
BBIPAKEH Yepe3 MHTErpajbl OT COOTBETCTBYIONINX IBYXYACTUIHBIX (DA3OBBIX
00HEMOB.
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Yacte VII

Jlekmimm 13 m 14



I'nmasa 11

Jlmarpammbl Jlaanna n

ANCKPETHbIE CUMMETPUN

11.1 CumMmmeTrpuu m pacnpejesjieHne COObITIiIA

Ha guarpamMme Jlaauia.

Jlo cux mop B 00CyKaeHusx gpa3zoBoro oobema, quarpamm Jamuma u Hy-
JIoy MaTpUYHBIH 3JIEMEHT peakiuu cauTaics Koucrantoit. Obcykaenne
OBLIO COCPEIOTOYEHO HA YUCTO KUHEMATHIECKUX (PAKTOPAX, BIUSIIONIAX
HA BeJIMUNHY ceueHuil u Ha (HPOPMY PaCTpeIeIeHni M0 KUHEMATHIECKUM
nepeMeHHbIM. [IPUIIIIo BpeMst BEpHYTHCSA K MATPUYHOMY 3JIEMEHTY, KOTO-
PBIit OIpeiesisieTcsi He TOJBKO JUHAMUKON PacCMaTPUBAEMOTO MPOTIECCa,
HO ¥ 3aKOHAMU COXPAHEHUsI CYIIECTBEHHBIX I HETO KBAHTOBBIX YHCE.

Paccmorpum, Kak TPOSBIAAIOTCS 9TH 3aKOHBI B CTPYKTYPE MATPUIHO-
ro ajleMenTa u B (popMe pachpenenennii coobituil B quarpavmve Jlasuia
Ha TPUMEpe Pachaga HeHTpaJbHOTO M30CKAISIPHOTO Me3oHa M B Tpu
mona: M — 77~ 70, Marpudunstii seMeHT pachaa 0603HAMIM KaK
<3r | T | M >= M, (pi,E;i), vie unjgekc o nomedaer CIMHOBBIE
COCTOSTHUSI PACIAIAIONIErOCS ME30HA U MPUHUMAET TOJTHKO OJHO 3HAYe-
Hue 1, ecu CuH ME30HA PABEH HyJI0 (TOrJa Mpo 3TOT UHJIEKC MOYKHO
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3abbIThb), Tpu 3uavenus (-1, 0, 1) — ecau cniun me3ona pasen 1 u t. 1. 3a-
MEeTHM, UTO JJId pacCMaTPUBaeMoOro cirydada guarpaMmma Jlanuma
B TpeyroJyibHbix Koopaunatax (Eq , Es , F3) CHMMeTpUYHA 1 BIIUCAHA B
PABHOCTOPOHHUII TPEYTOJBHUK C BBICOTOI, ONpeIeasaeMOil SHEPTrOBbIIe-
jienneM mipu pacnaze (cm. pasgen 10.1.3).

[TockOMBKY YeTHOCTH CUMUTAETCS COXPAHSIONIENHCs, TaK KaK pacmaJ
UAeT 3a CYeT CUJIbHOI'O B3aMMO/JIEUCTBUA, U ITOCKOJIbKY IIHOHBI - IICEBJIO-
CKaJldpHbIEe YaCTHUIbI, TO MATPUYHBIN 3JI€MEHT JI0JI?KEH Y/I0BIeTBOPATH
YCJIOBUIO

M, (=pi, Ei) = (=1)PuMa (i, Ei) (11.1)

rjie Py — BHYTpEHHSIST 9eTHOCTD PACIAIAOIIErOCS Me30Ha.

Wrak, w3ocnma HAYAIBHOrO COCTOsiHUs paBen Hymio: I;, = 0. I30-
CIIUH KOHEYHOTO COCTOSIHUSI TOXKE JIOJIPKEeH ObITh paBeH Hyso. MoKHO
MOKa3aTh (MOJIb3YACH 3aKOHAMY CJIOYKEHUS YTJIOBBIX MOMEHTOB, TOCKO/Ib-
Ky JJIsl U30CIUHA OHUM TaKUe YK€, KAK U JJIs YIJIOBOMO MOMEHTA), UTO
TPEXTNOHHOE COCTOSTHWE C HYJIEBBIM TOJHBIM W30CITHHOM MOYKET OBITh

OpeacTaB/JI€eHO 9epe3 IMMHOHHbIE COCTOAHUA TaK12

1
[37,0> = — [\w+,770,77_>—|—|7r0,7r_,77+>+
V6
+ |7, ot 7> — ot o, 1% > —
e LT S = I i S b (11.2)

Buamo, 9T0 KOHEUHOE TPEXTTHOHHOE COCTOSTHHE C HYJIEBBIM TTOJTHBIM
U30CIHHOM AHTUCUMMETPUYHO TPU MePECTAHOBKE JIOOBIX ABYX
nuoHoB. D1u jsa yciaosusd, (11.1) u (11.2), npuBoasaT K BechbMa BaxK-
HBIM CJIEJICTBUSIM JIJIsi MATPUYHOTO 3JIEMEHTA U, COOTBETCTBEHHO, JIJIsi
pacmpeiesiennsi COObITHIT Ha auarpammve Jlanmra.

JeficTBUTENIbHO, TONHBI MaTpudHbIH sgement < 3w | T | M >
JOJIKeH ObITh CKaJaapoM. B Hero BXOIAWT, OYEBHIHO, BOJHOBAA (DYHK-
Iysl paciagaoierocs Mesona M (cKasgp, eciu 3T0 CKaIgPHbI Me30H,
[ICEBIOCKATISAP — €CJIH 9TO MCEBIOCKAISPHBINA ME30H, BEKTOP — €CJIH 9TOT
ME30H BEKTOPHBIN U T. JI.) U BEJIMUNHBI, XapaKTEePU3YIONUE TPEXITHOHHOE
KOHEYHOE COCTOSTHWE; 9TO SHEPTUH ME30HOB U /WM UX UMIYIbCHI, CKOM-
OGUHUPOBAHHBIE TAK, YTOOBI Toce yMHOKeHust M., (p; , E;) Ha BOTHOBYTO
dbyHKIIIO Me30HA M TOMYYnIaCh CKATSPHAS BEJIUYUHA.

L Cwm. rnaBy 15, paszen 15.2.
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11.1.1 Pacmag me3oHa co cuuaoM 0 Ha TpH IIHMOHA.

B srom ciyuae marpuunblit snement M (p; , E;) n0s2keH ObITh CKaIgp-
HOM (DYHKIMEH SHEPTHI ME30HOB KOHEUYHOTO COCTOSTHUSI, TTPUYEM TAKOM,
ITOOBI BRITTOIHSAIOCH YCIOBWE AHTHCHMMETPUYHOCTH TTPU TIEPECTAHOBKAX
JII00OH TTaphI TMMOHOB, caemyomniee n3 (11.2). Yike MOITOMY SICHO, UTO 9Ta
CcKaJIsApHAsA (PYHKIUS HE MOYXKET ObITh KOHCTAHTOM W JIOJI’KHA 3aBUCETH
OT SHEPruil MEe30HOB. JICHO TakkKe, YTO MATPUYHBIA IJTEMEHT OJIZKEH
3aHynathed npu By = Fo, win E3 = Ey, wim Fy = Fs, TO ecTh, Ha IHa-
rpamme Jlannia miIoTHOCTh COOBITHIT TOTZKHA 3aHYISATHCS BIOJIb JINHHUII,
OTBEYAIONINX ITUM YCIOBHSIM.

Hanbomee obmieit dpyHKImMEH, yIOBIETBOPAIONIEH BCEM OMHUCAHHBIM
3/1€Ch YCIIOBUSAM, SBJISAETCSH

M (pl 5 E1> = (E1 — E2> (EQ — E3) (E3 — E1> . f (E1 7E2 7f?g) ; (113)

rie byukuns f (Ey, Fy, F3) cMuMMeTpUYHA TTPU MIEPECTAHOBKE JIIOOBIX
JIByX ee apryMeHTOB. IIpu paBeHCTBe JIIOOBIX JBYX €€ apryMeHTOB OHA
JIOJIZKHA OCTABATHCs KOHEUHOI (BO BCAKOM CJIy4ae, e/ OHA M PACXOIUT-
Cs, TO MeJIJIEHHEE, YeM CTPEMUTCH K HYJII0 PA3HOCTH ITHUX JKe apryMeH-
toB). IIpeanonoxkum, 4ro sra QyHKIUS MEHIETCH Tak €j1abdo Mpu JIBU-
JKEHUU 10 guarpamme Jlajura TOYKM, COOTBETCTBYIOIIEH KOHKPETHOM
KOH(UTYPAIUU IHEPTUN YACTHUI] KOHEYHOTO COCTOSHUS, UTO €€ MOYKHO
CYUTATH MPAKTUIECKY TOCTOsTHHO. Torma Best 3aBUCUMOCTD MATPUIHOTO
3JIEMEHTA OT KHHEMATHIEeCKUX TapaMETPOB Oy/IeT OIPeIe/IAThCA IEPBBIM
muo)knTenem B (11.3).

Ecnu reneps nepeiitTu oT 3HEPrUil K MOJIAPHBIM KOOPIUHATAM T° U (O
(cm. maparpad 10.1.3), TO MIOTHOCTL BEPOATHOCTH Ha guarpamme la-
JINTIA OKAYKeTCsT TaKO¥i:

d c.m.
pd—S = const - (E1 — E2>2 (E2 — E3)2 (E3 — E1)2 =
= const - r0sin? ¢ . (11.4)

Orciofa BUAHO, 9TO IJIOTHOCTH COOBITHI MaKCHMaIbHA BOIM3N Ipa-
HUIBL AuarpamMbl Jamuia, nprdeM abCOMIOTHBIE MAKCHMYMBI [LIOTHO-
CTH HAXOJATCH B TOUKax nw /6, n = 1,3, ..11 (6 Touex). Ha mmansax nw/6,
n =0,2,..10 muoTHOCTH TOYEK paBHa HymO (cM. puc. 11.1).

Bamernm, uro Bu (11.3) o3HaUaeT, 9TO MATPUYHBIH 3JIEMEHT WHBA-
PHUAHTEH TIPW OTPAKEHWSIX, W T. 0. YeTHOCTh HAIero Me3oHa M 10/KHa
ObiTh orpunaTesbHoi B cuiy (11.1).
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MoxkHO OBLTO OBI TPEANONOKUThH, ITO UCTHHHO CKAJTAPHBIA Me30H
BCe K€ MOXKeT pacrnacrbcs Ha 3 nuona. Ho B 3ToM ciydae, ¢ ydaerom
[CEBIOCKATISAPHOCTH TTMOHOB U TOTO (haKTa, U4TO MOJHBI MOMEHT KOHEY-
HOTO COCTOSTHUS JOJIKEH ObITh HyJIeBbIM (K00 B HAUAIHLHOM COCTOSTHUH OT
PaBEeH HYJIIO M0 TPENOJI0KEHUI0), MATPUIHDIH 3JIEMEHT HAJI0 ObLIO ObI
MOCTPOUTH U3 TICEBIOCKAJSPHON KOMOWHAIIMH TPEX WMITYJIhCOB. Takast
KOMOWHAIMS CYIIECTBYET; HAIPUMED, 3TO JETEPMUHAHT U3 KOMIIOHEHT
BCeX Tpex mMIyibcoB. HO cymMMa Bcex MMITYyJbCOB B CHCTEME IEHTPA
Macc paBHa HYJIIO W 3TOT JAETEPMUHAHT TOYKIECTBEHHO OOparaercs B
HyJb! DTO 03HAYAET, UTO M3-3a COXPAHEHUS YETHOCTU CKaJSTpHAasI
gacTuia (¢ 9eTHOCTBhIO +1) He MOYKeT pacnacTbCsl HA TPU [UOHA.

11.1.2 Pacmaja BEKTOPHOTO M€30HA HA TPU MHOHA.

B sTom caydae nonHbIi yrIoBOH MOMEHT B HAYATBHOM COCTOSTHUU PABEH
1, a 4eTHOCTHh HAYAIBHOTO COCTOAHUS paBHa —1.

B cuny (11.1) u BekTOpHOrO XapakTepa BOJHOBON (DyHKIUM Me30HA
M, MaTPUYHBIH JIEMEHT JOJIXKEH OBbIThH TICeBIOBEKTOPOM. Takoii mceBmo-
BEKTOP, aHTUCUMMETPUYHBIN TIPU MEPECTAHOBKAX Maphl MTHOHOB, MOYKET
OBITH TIOCTPOEH; KOMOWHAIIWS

M=[pi xp2+p2xp3+p3sxXpi1]-f, pr+p2+p3=0, (11.5)

YIOBJIETBOPSIET BCEM MOCTABJIEHHBIM yCJa0BHUAM; DyHKIMsA [ — CKaIAPHA
W CUMMETDPHYHA TIPU MepecTaHOBKaxX apryMeHTOB. BTopoe cooTHoIeHne
B (11.5) mo3BOJISIET TIEpENNCATh MEPBOe B BUJIE

M=3f-[p1 xp2] . (11.6)

ILnoTHoCTL CcOOBITHIT Ha mauarpamme Jlamuma OyaeT OIMpeaensaThCs
KBaJpaTOM 3TONO MATPUYHOTO 3JEMEHTa, W ONsdTh, ecau (GyHKuus f
MPAKTUYECKH KOHCTAHTA B PA3PEIIeHHOW KUHEMATHKOW O0JIACTH JTHa-
rpamMmbl Jlasinma, TO MOYKHO TTOKa3aTh, 9TO

d c.m )\ 7 ) 2 ) ?
—ZS - = consti(p1 52 p3) , (11.7)
YTO B MOJISTPHBIX KOOPINHATAX CBOAWTCS K BBIPAKEHUIO
dpe.m. 2e 9 2e 3
——=const [l - |1+ —-— | 1" — ——5717cos(3p)| , (11.8
ds (1—¢) (2-¢)’ 3e)] - (19)



rje Benn4uHa £ onpenenera B (10.17).

Mozkuo ormeruts ciepyiomee: (1) dyHkiusa B KBaAPaTHBIX CKOOKAaX
KaK pa3 Ta, 9To Olpejeiser Tpanuily auarpammer Jamuia B ciydae pac-
Ma/ia Ha TPU JACTHUIHI OJIMHAKOBOI MACCHI; YCIOBHE TPAHUIIBI €CTh PABEH-
CTBO HYJIO 3TOi hyHKIMHU (CM. TpeabiayIme Jekiuu). To ecTh, Ha rpa-
HUIE ararpaMmMbl Jlaaniia mioTHOCTh BepOsiTHOCTH 00pAIaeTcst B Hylh
Il paccMaTpuBaemMoro ciyd4as. (2) MakcumyM mI10THOCTH BEPOITHOCTH
jpocruraercd B nenrpe auarpammbl Jamuna. (3) Ha rpanune auarpam-
™Mbl Jlaaniia IMITyIbehbl 9acTUIl JINO0 PABHBI HYJIIIO, JTHOO0 KOJJINHEAPHBT —
orkyna Toxke (6e3 obparenus k (11.8)) ciemyer, 9To MIOTHOCTH BEPOST-
HOCTH 0OpAIaeTCs B HYJIb Ha TpanuIle auarpammvbr Jaaumna. Ha puc. 11.1
BCE TO HADJISIHO BUJIHO.

11.1.3 Pacmaja nceBJIOBEKTOPHOTO ME€30HA HA TPU MU-

OHa.

B sTOoM cilydae mOJIHBI MOMEHT B HA4aJdbHOM COCTOSHHMU paBeH 1, a
YETHOCTH HAYAIBHOIO COCTOAHUSA +1.

B cuny (11.1) u nceBaoBeKTOPHOro xapakrepa BOJIHOBOM (byHKIMU
Me30Ha M, MATPUYHBIH 3JIEMEHT JOJIKeH ObITh BEKTOPOM. Paccyxkaas
MPUMEPHO TaK K€, KaK B TPEIBIAYIIAX CIy9asx, MOKHO MMPUATH K BbI-
BOJLy O TOM, 9TO MATPUYHBIN 3JIEMEHT, AHTHCUMMETPHYHBIA 1O HmepecTa-
HOBKaM IIapbl ME30HOB, JIOJIZKEH NMETh BUJL

M= f-[E1 (P2 — P3) + E2 (P3 — P1) + B3 (P1 — P2)] - (11.9)

HpI/IHHB BO BHUMAaHWE 3aKOHBI COXPaHEHUA SHEPTUU U UMITYJIBCA, 3TO
BbIpazKeHne MOXKHO TTPUBECTU K BUILY

M:f [pl (M—3E2>—p2 (M—3E1>] ; (1110)

OTKyJia BUJHO Cpasy, 9TO B IEHTPe auarpaMmMbl Jlanuna mioTHOCTh Be-
pogdTHOCTH Obpaiiaercs B HyJib (Tak Kak B 310l Touke By = Fy = FE3 =
M /3). Kpowme Toro, n3 (11.9) Bugno, uro Ha rpanuie quarpaMmb Jasm-
1A B TOYKAX, IJIE P1 = P2, WIA Py = P3, WIA P1 = P3 TWIOTHOCTEH BEPO-
ATHOCTU TaKzKe o0pamaercsd B Hyjb (T. K. 3aHYJIS€TCS MATPUYHBIA J1e-
MeHT). 3aT0 B T€X TOUYKAX, TJe P1 = —P2, WU P2 = —P3, UWIKH P = —Ps,
IJIOTHOCTH BEPOATHOCTU Makcumasibha (cm. puc. 10.5 u puc. 11.1).
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Ecsm iepeitTu K moIspHBIM KOOPIMHATAM, KAK U B JABYX [IPEIBLIY IIAX
cJIydagx, TO MOXKHO IOy YUTh:

dpe.m.
dsS

2
= const {1 —5—_rcos (34,9)] r? . (11.11)
S

Ncesdvsenmapril HEson

Tpexmepﬂme KapTUHBI pacnpeneneﬂnﬁ NJAOTHOCTH BEPOATHOCTH

Puc. 11.1. Juarpamver Jammma qis pacmaga ma Tpu muoma 07, 17 m 17

Me30HOB [8].
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11.2 Kaaccudukanua auarpamm Jlaaura.

DaKTUIECKH, B IPEILIAYINEM pa3aese ObLIN PaCCMOTPEHBI 0COObIe TOY-
KA W JUHUMA Ha guarpamve Jlamuna ajisi TPeXMUOHHOTO pacraja
M30CKAJIIPHOTO ME30HA, CBA3aHHBIE C KBAHTOBBIMU YHCIAMU HAYAJTIHHOTO
M KOHEYHOTO cOCTOsTHuT. Bece OTKIIOHEHUST OT M30TPOMHOTO PaCIpe/iese-
HUsT COOBITHIT Ha auarpamme Jlanmia, CBI3aHHBIE UMEHHO C JTUHAMUKON
peakInm, OCTAJIUCH CIPATAHLI B CKamsgpHOoit ¢pyukmuu f. Hampumep, B
Heit ” cnpaTranbl’ PEe30HAHCHI, KOTOPBIE MOTJIH OBbI OBITH B CHCTEME JIBYX
[THOHOB.

TONBKO
370
ul=3

=0 =1 I=2 =1,
M

w
50
So
|
+
:!
A
o

QIR
A3

S[COCCES
¢CSeeeQ
QKA

Puc. 11.2. Knaccudurammusa muarpamy Janmma A pacmafa Ha TPH IHOHA
Pa3/IMIHBIX ME30HOB [2].

Knaccndukarmio ocoObIX TOUEK U JIUHAHM Ha auarpamMve Jaauma gist
TPEXTIMOHHBIX PACTAI0B ME30HOB C PA3JINIHLIMU KBAHTOBBLIMU TUCIAMU
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MOXKHO HaiiTu, Hanpumep, B kuure [2] (puc. 11.2). Banperiennbie mis
COOBITHIT 00JIACTH TIOKA3AHBI YKUPHBIMU JTUHUAMU WU TOYKAMU; TaM, TJ1€
OHU TIEPECEKAIOTCsI, BOBHUKAIOT HOJIee CUITbHBIE 3alPEThI.

[Tomo6HBIE CXEMBI YaCTO TPUMEHSIIOT JJIs OMpPEIesIeHns] KBAHTOBBIX
YHCel PE30HAHCOB (B PACCMOTPEHHBIX 3/I€Ch CYYaax B POJIM TaKOrO Pe-
30HAHCA BBICTYNAJT ME30H M), MOCKOIBKY KaXKJIOH OTIEIHHON KOMOUHA-
MU KBAHTOBBIX guces u3ocnuua I, couaa J u gernocrtu P, T. e. Habopy
(I JP), orBedaer cBos, T0CTATOMHO XapaKTepHast, KOH(DHUTY Al 3ampe-
IMEeHHBIX objacTeil Ha auarpamMe Jlannia.

IIpu obcyxpennn quarpamm Jlamuna B Hacru VI, ormedansoch omHO
U3 ee BAXKHEHIMX CBONWCTB: MOCTOAHCTBO (ha30Boil mIoTHOCTH (pacmpe-
JlesieHust COObITHI), eC/ii KBaJPAT MATPUYHOIO SJIEMEHTA DEAKIUU He
3aBUCUT OT MOJIOKEHWsT COOBITHSI BHYTPU DPA3PEIIEHHOTO KHHEMATUKON
(B y3roM cmbicsie) dazoBoro oobema. ToNbKO 4TO PACCMOTPEHHbBIE PU-
MepBbI TTOKA3BIBAIOT, BO-TIEPBBIX, UTO ITO Y¥KE HE TAK, €CJAU KUHEMATHKA,
MOHMMAETCS B TITUPOKOM CMBICJIE, ¥ BO-BTOPBIX, YTO 3aKOHBI COXPAHEHUST
JIMCKPETHBIX KBAHTOBBIX YHUCEJ MO3BOJISIOT OMPEIETUTh 00U Xapak-
Tep 3aBUCUMOCTH KBAJIPATa MATPUIHOTO DJEMEHTA PEAKIUU OT KUHe-
MATHYECKUX MepeMeHHbIX. KOHKPEeTHBIN XapaKkTep TaKO#W 3aBUCHMOCTH
OTIPEJIEJISIETCS YKe TUHAMUIECKUMY MEXQHU3MaMU PEAKITUH.
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I'maBa 12

JKcnepuMeHTAIbHAS

dbusnka u MoJgeJupoBaHue

B macrostiee BpeMsa KOMIOBIOTEPHOE MOIeTHPOBAHEE IKCIIepHMeHTa cTa-

JIO PYyTUHHBIM U HEOOXOIUMBIM ITAIIOM €r0 MOJIOTOBKHU, OCOOEHHO B TeX
cilydasix, KOrJIa MOJHbIA UK (DU3MYECKOro dKCrnepumeHTa (IpoeKTu-
pOBaHMe W CO3/IaHNe YCTAaHOBKM, MPOBEIEHNE M3MepeHui, oopaboTKa u
aHaIM3 JAHHDBIX, MOJIydYeHue u mybaukanusa (pU3NUECKUX pPe3yIbTaTOB )
3aHUMAET TOIBI W JAXKE JIECATKU JIET.

Kak 66110 BUIHO U3 paccMOTpeHus TOHATHI (pa30BOTO 0ObEMA U Ha-
rpammbl Jamuna, oqua u3 Hanbosee pacnpoCTPAHEHHBIX TPUEMOB MOJIe-
JINPOBAHUS PEAKITUHU B3aUMOIENCTBUST YACTUIL, COCTOUT B TOM, UTOOBI JIJIs1
OTIPEIEJICHHOTO KUHEMATUYECKOTO COCTOSHUS HAYAIBHBIX YaCTHILL (ITyd-
Ka U MUIIEHHU) CIyYIaiiHbIM 00pa30M ONpPEIeIUTh KUHEMATUYIECKUE Ma-
paMeTphbl T€X YACTUI] KOHEIHOIO COCTOSHUS, KOTOPhIE HHTEPECYIOT KC-
nepumenTaropa. IIpu 3ToM J0/KHBI OBITH BBITOJTHEHBI BCE M3BECTHHIE
3aKOHbI COXPaHeHusl (IHEPIUU-UMILY/IHCA, KBAHTOBbIX YMCEJ U T. II.). 3a-
TEeM MPOCJIEKUBAETCA UX ~ Cyab0a” B IKCIEPUMEHTAIHHON YCTAHOBKE.

Mogenupyembie COOBITHS B3aWMMOJEHCTBUS IO CBOMM KHHEMATHYE-
CKUM TIapaMeTpaM pacipeiesieHbl B (pa30BOM IPOCTPAHCTBE PEAKIINU
(Hactb 9) 110 HEKOTOPOMY 3aKOHY M IIPH MOJEIMPOBAHUU HEOOXOIAUMO

L OuuM W3 MHOHEPOB U SHTY3HACTOB 3TOr0 MeTona 6si1 I.U.Komsuios [2].
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obecrneyuTsb JOCTATOYHO MJIOTHOE 3aMOJTHEHNE PA3PEIeHHON KUHEeMATH-
Koii obusiactu aszosoro npocrpancrsa (daszosbiii 06bem). B npocreiiem
ciydae (HapuMmep, KOrja OTBJIEKAIOTCS OT JUHAMUKU PEAKIIUH), MOJIe-
JIUpyemMble COOBITHS JOJIZKHBI OBITH PABHOMEPHO PACIpPEIesIeHbI 0 Ina-
rpamme Jlasimna win, jist MHOTOYACTUYHBIX PEAKITHIA, TT0 MHOTOMEPHOMY
dazosomy o06bemy. Bo mHOrHX ciyuasx Takoit momxon omnpaaan. Om-
HaKO, HEPeaKo TpedyeTcss yIecTh HAIW4due ~MycToT’, Win ~KaBepH’ B
dazoBom mpocrpancrse [2], NPUUUHBI MOSBJIEHUST KOTOPBIX OYEBUIHBL,
a HEKOTOPBIE TPUMEPHI yKe ObLIN paccMOTpeHbl. Kak ydecTh Hajudne
atux "KapepH’ Hanbomaee 3P(MEKTUBHBIM, B CMBICIE CKOPOCTH BLIYNC-
Jtiennii, obpaszom? MHbIME coBaMu, Kak 00ECTEYNTh PO3BITPHIIT COOBI-
TUH MOJETUPYEMON PeAKIuu HauboIee SKOHOMHBIM 00Pa30M, TOJBKO B
KUHEMaTU4ecKu (B [IMPOKOM CMBICJIE) pa3perieHHoil obiactu Gha3zoBoro
npocrpancrea? Ha 3Tor Bompoc He Bcerja mpocTo OTBETUTH, U TIOITOMY
MIPEICTABJISETCS TMOJIE3HBIM TTO3HAKOMUTH HAYNHAIOIINX UCCIIeI0BaTE el
C HEKOTOPBLIMHU MPAKTUYECKUMU MPUEMAMU, TIOMOTAIONMME (uju 00Jier-
YAIONMMU ) HAXOXK/ICHUE OTBETa HA HErO.

OnbIT TOKA3BIBAET, YTO TPUXO/S B COBPEMEHHBIE KOJLJIEKTUBBI IKCITe-
PUMEHTATOPOB, PAOOTAIONTUX B (DUIUKE HJTEMEHTAPHBIX YACTHIL U SJIED,
GUBUKU-HOBUYKN HEPEIKO ~M300peTA0T BEJOCUTIE , KOTIa BKIIFOYAIOT-
Cs B MOJEJIUPOBAHNE YKCIepuMenTa. [IponcxoauT 3To moToMy, 9TO COOT-
BETCTBYIOIIEH yaeOHON JTUTepaTyphl HEMHOTO U OHA TPYIHOIOCTYITHA,
(kak, Hampumep, xopoiiee Bejenue B ~a30yKy” mozesuposanus [71]).
DTO 0OCTOATENHCTBO W MOCTYKUIO MOTHBOM JIJIi BKJIIOYEHUST KPATKO-
ro o0CyXIeHus: CrocOO0B TEHEPAINY CJIYYAMHBIX COOBITHI 10 3apaHee
3a/JAHHOMY 3aKOHY PACIpEIeIeHNs B KypC OCHOB KHHEMATUKW 3JIEMEH-
TapHbIX TporeccoB. O6cyzKaenmne onupaercst Ha padory [71].

12.1 IlceBpocay4aiiible 4uca.

B ocnoBe nogaBsionero OOIBITMHCTBA T€HEPATOPOB YHUCEJI, PACIIPeie-
JIEHHBIX TI0 HEKOTOPOMY, 3apaHee 3aJaHHOMY 3aKOHY, JIEKUT TeHepPaTOp
pPaBHOMEDHO pacrpeielieHHbIX Ha otpe3ke (0, 1) caydaitHbIx dnces.

I'maBuBIE OCOOEHHOCTH GOJTBIIMHCTBA TAKUX TEHEPATOPOB COCTOSAT B
CTIeTY IOIIEM:

1. TemepaTopbl HCMOIB3YIOT XOPOIIO ONPE/IEIEHHbIE AJITOPUTMBI, IO
KOTOPBIM CO3JaeTCs MOC/Ie0BATeIbHOCTD YHUCE, IJie KazK0e Cile-
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JyTOIee 9UCI0 MOMyYaeTcsa U3 Tpeabiayero. HagambHoe 9mcso
XOPOIIO OINpPEIETIEHO.

DTO 03HAYAET, YTO MPU HECKOJIbKUX MOCIEI0BATETHHBIX 3aIyCKaX
3a/layy TeHepalliy, M0JIb30BaTelb IIPOXOINUT Yepe3 Ty Ke CaMylo
110CJIeJOBATEIbHOCTD CIyYalHbIX YHMCEsI, eCJIn KaXKJIbli pa3 Hauu-
HaeT TeHepaIuio Yuces ¢ caMoro Hadaja.

2. CrapToBOE YHCTIO MOYKET 3aBUCETH OT THUIA KOMIIBIOTEPA, TAK UTO
pa3Hble KOMIILIOTEPbI Oy/1yT reHepupoBaTh Pa3/INnyHbIe IOC/IE0Ba-
TEJIbHOCTH CJIyYaiHbIX 4dncesl. B KOHKDeTHbIX pean3aiusix rpa-
nugable 3uadenns 0 n 1 MoryT 1mbo BKIIOYATHCS, JINOO HE BKITIO-
4aThCA BO MHOYKECTBO T€HEPUPYEMBIX YHCE.

3. HazBanue u KOHKPETHBI AJITOPUTM KOHKPETHOT'O T€HEPATOPA, CIIy-
YaiflHbIX YUCes, PABHOMEDHO pacupejeseHtbix Ha orpeske (0, 1),
3aBUCAT OT TPUMEHSIEMON TPOTPAMMHOM U ANMAPATHON TIIAT(HOPM.

dcHo, 9TO Cco3maBaeMble TAKHMM O0pa30M CaydaiiHble ducaa ’He

BIIOJTHE CJYYafHBI”, XOTS OBl M3-3a KOHEYHON JJINHBI MANTHHHOTO CJIO-
Ba. [loaTomy onm HazbiBaiOTCSA mceBAocay4daiitHbiMu. OTCOIA CIeTy-
eT TakyKe, YTO T'eHepupyeMble UNC/Ia MOBTOPAIOTCA C HEKOTOPBIM KBa-
sunepuoom. Eciu aiuaa reHepupyeMoil mocieI0BATeTbHOCTH MEHbIIe
9TOr0 KBA3UIIEPHUO/IA, TO PACIIPE/Ie/IeHNe TeHePUPYEMbIX drces OyIeT /10-
CTATOYHO OJM3KUM K PABHOMEPHOMY, & CaMW Yncja OyayT He3aBUCHMbI
B CTATHUCTUYECKOM CMbICTe. BaKHO 3HATh, KaKOB INEPUOJ TeHepa-
Topa Ha BalleM KoMIibloTepe. Ha mpaxkTuke, mosbh30BaTeNh BCETA
JIOJKeH PadoTaTh C MOCIEIOBATEHBHOCTSAMU, JAJIUHA KOTOPBIX HAMHOTO
MeHbIIIe TIeproa rereparopa. ToJIbKO TOrIa MOKHO OBbITh YBEPEHHBIM B
TOM, YTO YHCJIa JEHCTBUTEIbHO CJIYyYaiiHbl B CTATUCTUYECKOM CMBbICIIE.

12.2 T'enepamnus coObITHIT IO 33/JAHHOMY 3a-

KOHY.

TTonpo6mHO, M ¢ OONBITUM KOJTUYECTBOM YaCTO BCTPEUYAIOIINXCS Ha TTPaK-
THKe TIPIMEPOB M aJrOPUTMOB, 9T BOMPOCHI M3JIOXKEHBI B padore[71].
IIpocreiime npuMepsl, PACCMOTPEHHbBIE 31€Ch, B3IThl UIMEHHO OTTYA.
O/ 1HO# U3 TUIMWYHBIX U 9aCTO BCTPEYAIOIIMXCS 38134 B IIPOLECCE MO-
JeTMpOBaHUs dKcnepuMenTa merogom Mourte-Kapso sBisiercst mpo0iie-
Ma TeHepaluu CIyYaifHON BEJMYWHBI T, PACHpedeSIeHHON Ha MHTepBaJe
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[A, B] no 3anannoMy (HanpumMep, SKCIEPUMEHTATHLHO U3MEPEHHOMY ) 3a-
kony f(x) (3mech f(x) — MIOTHOCTH BEPOATHOCTH).

OueBuHO, 9TO yI00HEE BCEro UMETh TaKOM reHepaTop, KOTOPBIH BbI-
JlaeT Hy»KHOe CJIyYaifHOe YMCJIO Yallle BCEro TaM, TJIe MJIOTHOCTH BEPO-
ATHOCTH MakcuMaJibHa. Hanbosee 3 exTrBHAS UIest PEIeHns TTOCTAB-
JIEHHOIT 337291 OCHOBAHA UMEHHO HA 3TOI 3ApaBOii MBICIN M COCTOUT B
CTIeJTY IOTIEM.

Pasnesum unrepsan [A, B] na N noabiHTepBasioB; 0003HAYMM KOHEIL
MOJIBIHTEpPBATIA ¢ KakK T;; To = A ; xy = B. Beposrnocth TOrO, 9TO 2
MPUHAIEXKUT TOJBIHTEPBAIY ¢ ecTh AW, ~ f(x;) - (x; — x;_1), TOoUHee:

N
AWi:/f(x)dx ; ZAWizl. (12.1)
i=1

Pacmiosioxkum (mocsieqoBarenbHo) Bee uncaa AW, Ha uHTEp-
BaJie [0, 1] (IOCKOJIBKY BEPOSTHOCTH €CTh HEOTPHIATETILHOE UUCIIO, He
npesocxongiiee 1 mo onpenesnennio). QOUeBUIHO, UTO €CIU PABHOMEPHO
pPaCIpeSeIEHHOE CIIy9aifHOE 9HCI0 W, TEHEPUPYEMOE COOTBETCTBYOMIEH
crangapTHoOl nporpammoii (yciosro nazosem ee RANF) nonanaer B un-
TepBas j (T.e yaosiaersopser ycnosuo AW, < w < AWj), To coorser-
CTBYIOIIeE 3HATEHNE CIIyYaiiHOi BemanHbl & ecTh &, (nin (z;+x;-1)/2,
YTO KayKeTCs [l MHOTUX MPEIIOUTUTE/bHee). DTO U €CTh CyTh UJIEH,
KOTOPYIO JIETKO 3aIpOrpaMMHUPOBAT.

Jpyroii, HEpEIKO UCIOMB3YEMBbIi CITOCO0, COCTOUT B TOM, ITOOBI IPH-
UCATH COOBITUIO C BBIAIEHUEM YUCIA X, TEHEPIPOBAHHOTO MPOTPAMMOM
RANF? | gec w(x), HO 3TO — Kak MpaBuIo — HeyJI06HO, TeM GoJee, uTo
OCHOBHAs YaCTh MAIIUHHOTO BPEMEHU YHIET HA TeHEPAIUIO YUCE BIAJIH
oT MakcuMyMa (MaKCUMyMOB) pacrpesesenns. Kpome Toro, BOZHUKAET
Macca APYyTuX HEYJIO0OCTB, €CJN MCIONb3YIOTCS KPUTEPUN OTOOpa COObI-
TH 1O T€M WM WHBIM NPHU3HAKAM M HEOOXOIMMO CPABHUBATH BBIXO/IBI
cobbITHil TIOCIE TaKUX OTOOPOB.

Nrak, ocHOBHAS WJIesl — TEHEPUPOBATH PABHOMEPHO PACTIPEICTICHHOE
CJIydaiiHOe YUC/IO Y € TOCIELYIOIINM HAXOXK ICHUEM TPeOyeMoro 4nucia &
0 IPABUITY

T B
y= [ f(z")dz'; fl@da' =1. (12.2)
[rews ]

2 TIpuMem [Jisi OIIPEeeeHHOCTH, YTO T€HePATOpP CAYUAMHBIX THCEN, PABHOMEPHO
pacnpejesenubix Ha orpeske (0, 1), HA3BIBAETCS MMEHHO TaK.
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MOKHO TIOCTYTIUTH U [O-JPYTOMY: HAWTH TAKYI0 HOBYIO TIEPEMEHHY IO
¢ = g(x), uro ¢'(z) = f(z). B srom cuyuae d§ = ¢'(z)dz = f(z)dz,
rie Beauuuna & pacupejesiena pasiomepro na unarepsade [0, 1]. Iomy-
quB £ ¢ momoIbio reneparopa RANF, #eobxoanMo pemnTh ypasHeHne
g(x) = & st Toro, 9TOOBI MONYUNTH 3HAYEHNE TIEPEMEHHOI &, pacrpeie-
JIEHHO# COTJIACHO 33JAHHON TIJIOTHOCTH BEPOSTHOCTU. DTOT METOJI HOCUT
Ha3BaHUE MeTOo/Ia 06paTHOrO Mpeobpa3oBaHUA.

IIpumep 1: skcmoHeHIHMAJIbHOE pacmpegesieHue. [Ipousio-
CTPUPYEM TOJILKO YTO CKa3aHHoe. IIycTh pacmpesesenye mIoOTHOCTH Be-
positrocTr umeet Bug exp (—x/ Xy), tae Xo ecth Hekas koncranTa. Hamo
MOCTPOUTH TEHEPATOD, JAOIINI BaM CJIydaifHOe YuCIIO, PACITIPEIETIeHHOe
110 3TOMY 3aKOHY M MOJACIUTATH, CKOTBKO dnces u3 Ny ”BLIOPOITEHHBIX
reHepaToOpPOM OKarKeTCsT DOJbIe 3apaHee 3aIaHHOTO X, qz -

Wcnonb3yem meTom obparHOro nmpeodbpasosannsd. meem:

1 1
¢ = ffoe*z/xod:c; E= 770/671 [Xody! =1 — e~/ X0
0

r = —Xo-ln(1—¢). (12.3)
Tenepb AJITOPUTM BBITJIAOUT TaK:

-- Naumnmanmzanus; NO - monHOe YmcCIio
TeHepupyeMbx unceis, X0 - mapaMeTp pacIpeleleHusd,
Xmax - 3amaHHag rparmuna, Nout - MCKOMOe KOIMYECTBO
"BHOpOmWEHHHX'" T'eHepaTopoM dYHCell, IpeB3ollelunx Xmax.
Nout=0
-- Hawamo mwkya mo i ot 1 mo NO
ksi=RANF(1) ; ksi - paBHOMEpHO pacClpeelieHHOe CIy4YalHoe YHUCIO
x=-X0*Alog(1.-ksi)
Ecmz (x.ge.Xmax) Nout=1+Nout
-- Komen mukna mo i or 1 mo NO
BuBom Nout
-- KOHEL ITPOTPAMMH

Ilpumep 2: HOpMaJibHOe pacnpegeaenue. lluorma ObiBaer
TOJIE3HBIM, [J4 PpEeIeHnud 3aJa91d TeHepalun CHy‘{&ﬁHbIX YHucesl B
7 omHOMEPHOM” MHOYKECTBE, PACCMOTPETH 33/1a9y B 00AbUWLEM TUCTE W3-
MepeHHii, YeM B M3HAYAILHOI ee dopMyauposke”. IIpobiema renepamnun

3 CrmeayeT OTMETHTB, YTO 3TO — OJUH U3 MOITHBIX IPHEMOB DEIIeHHI CAMBIX Pa3-
HOOOpa3HBIX POOJIEM, B TOM YHCJIE — H300PETATEIHCKUX.
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HOPMAaJIbHO paclpeeJJeHHOI0 CIyJaiiHOTO UUCIa ABASIETCSI MPeBOC-
XOJHOW MJLTIOCTPALeil JIeHCTBEHHOCTH TOTO IIPUEMa.

Wrax, mycTh HAAO0 MOMYIATDH CAyYalHOE UHUCI0, PACIPEICTEHHOE 10
HOPMAaJTbHOMY 3aKOHY €O cpeHuM 3HadenneM X = () u mapaMeTpoMm JIuc-
nepcun o = 1 (3TU JABA JOMOJHATENHHBIX YCIOBHS HUKAK HE ODAHUYIU-
BaIOT OOIHOCTU PACCMOTPEHH), T. €. CAYIAHOE YUCIIO T PACTIPEIEICHO
COTJIACHO TJIOTHOCTU BEPOATHOCTHU

! exp (—x?/2) . (12.4)
V2
Briiigem B npocrpancrBo guces 6osee BbICOKOil pazmepHoctu (”u3
JIMHUM HA IJIOCKOCTH”) M PACCMOTPUM 3ajady Ha miockoctu (x,y), rie
Yy — TOXKE CJIydaliHOe YUCII0, PACIPEIETICHHOE TI0 TOMY YK€ 3aKOHY, 4TO T,
HO CTAaTHCTUYecKU HeszaBucuMoe oT Hero?. Torma BepoaTHOCTL UMETh
napy umncen x u y B uHTepBate (z,r + dr;y,y + dy) ecrhb

1
AWy = gexp (f(x2 + y2)/2) dedy =
1
= gexp(pr/Q)pdpdcp =dW,, . (12.5)

MoKHO TTPOMHTETrPUPOBATDH TIO MEPEMEHHON (0 U MOJYUYUTD CJIETYIO-
mmee pachpeieieHue s CIyvailHON BeJIMYNHBL p:

AW, = exp (—p”/2)pdp = W, = exp (—p*/2); (12.6)

Kax Bummo, ncnonb30BaH HMEHHO METOT ’ 00pAaTHOTO MpeodpPa3oBaHnA”
W, nexut B enunuaaoMm uurepsate (0,1). PassirpoiBas Benuaumy W,
M0 PABHOMEPHOMY 3aKOHY B 9TOM WHTEPBAJE, HAXOIUM CJIyYaiiHbIe Be-
JINYWHBL T U Y-

P = —2In(W,)
x = p-cos(p) (12.7)
y = p-sin(p)

rle ¢ TakyKe PABHOMEPHO pacrpejesnenHas B uHrepsaie (0,27) Besnn-
unHa. B uTore, mojgydaemM ABa HOPMAJIbHO PACTPEIECTEHHBIX CITyIaiHBIX
YUCTA T U Y, BMECTO OJIHOTO, KAK 9TO TpeHOoBaIOCh BHaUYaAE!

4 SToT AJITOPUTM U3BECTEH CTOJIb JaBHO U MIUPOKO, YTO TPYAHO JTaZKe HANTH CCHII-
K1 Ha ero aBTOPOB.
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SaKJIIYeHle



I'nmasa 13

IlepcnekTuBbI 1aepHOIt

bU3NKN cpeJTHNX dHEPruii

13.1 Hamwu ”"opraHbl 9yBCTB’ .

Paboras ¢ obbekTaMun MUKPOMUPA SKCIEPUMEHTATODP HE MOKET HabJIro-
JIaTh WX HEMOCPEICTBEHHO, C MOMOIIBI0 CBOMX OPraHOB 4YyBCTB. Bosee
TOrO, TPOBO/IA HADJIOAEHNE (M3MEPEHne) IKCIEPUMEHTATOD Hen30e:KHO
U3MEHsIeT COCTOsiHMe HADII0aaeMoro oobekTa. O u3 HanboIee SpKuX
NPUMEPOB 3TOMY — PEruCTpalnus HedTpaabHbIX dactul, (hOTOHOB, Heii-
TPUHO, B PsiJIe CIIyYaeB — HETPOHOB): U3MePeHUue OObIYHO BbINOJIHACTCS
TOJIHLKO B OJTHON MTPOCTPAHCTBEHHO-BPEMEHHOM TOYKE U 3aPEruCTPUPOBAB
JaCTHILy KCIEPUMEHTATOp ee Mub0 " yHHITOXKAeT” , MO0 paauKaTbHO
MEHSIET ee COCTOsIHUE NBUKeHus. [109TOMYy 3apsiKeHHbIE YACTUIIBI PETH-
CTPUPOBAThH U OMO3HABATH JIETde, YeM HeATpabHBIE.

B cambix ob1ux uepTax, Npu perucTPalui 3apssKeHHbIX TaCTHIL IKC-
[IyaTUPYIOTCS ABJEHUsI, BO3SHUKAIOIINE BCJIEJICTBHE BO3MYIIEHUS ATO-
MOB WU MOJIEKYJT CEHCOPHOM CPEeJIbI 3JEKTPUIECKUM TOJEeM JIBUKYIIe-
rocst 3apsizia, KOTOPBIM 00IaaeT JACTUTIA. DTO IJTEKTPUIECKOE TT0JIe BO3-
Oy KJaeT WM UOHU3UPYET ATOMBI (MOJIEKYJIbI) CPEJIbl, PACIIONOKEHHBIE
BOJIN3U TPAEKTOPUHU YACTUIIBI. TO, ITO MPOUCKXOIUT JTaJIee, 3aBUCUT YIKe
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OT KOHKPETHOIO THIIA JIETEKTOPA U €r0 CEHCOPHOI CPEe/IbI.
Takum obpazom, B J000M AETEKTOPE MOKHO BBIIETUTDL HECKOTHKO
97IEMEHTOB:

1. CeHCOpHYIO Cpey, B KOTOPOii BOJIM3N TPAEKTOPUHU UACTHUITHI BO3HU-
KaeT BO3MYIIIeHNE ee aTOMOB WJIM MOJIEKYJT;

2. TPAHCIOPTHYIO Cpemy, OOECIeYnBAIOIIYI0 TPAHCTIOPTUPOBKY CHT-
HaIa O BO3MYINEHHN K PErUCTPUPYIONEMY 3JIeMeHTy. B HeKoTo-
PBIX IeTeKTOopax OHa OTCYTCTBYET, HAIIPUMEDP — B IY3BIPLKOBBIX
KaMepax, Kamepax Bunbcora mwian B (POTOIMYIBCUAX; B APYIUX —
MOYKET COBIAJAThL C CEHCOPHOI cpemoii (Hampumep, pabouas ra-
30Bast CMECh Ta30Pa3PATHLIX JETEKTOPOB) MO0 COCTOATH U3 pas-
HBIX Cpe€Jl, BKJIIOY9ad CEHCOPHYIO (CHI/IHTI/II[I[HHI/IOHHbIe CYeTYUuKU C
paSHOO6pa3HbIMI/I CBETOBOJAaMH, CHUHTU/IIATAOHHBIE CHETYUKHU CO
CMECTUTEJIAMUA CIIEKTPa, YePEHKOBCKHE CICTIUKHU U T. IL.).

3. Perucrpupytommii 3jement, mnpeobpasyromnuii MmepBOHAYATBHDIN
CUTHAJI O BO3MYIIEHUU B HEKOTOPOE MAKPOCKOIUYIECKOE BO3MYIIE-
HUE JIPyTrOro BUIA, MOJJIAOINEeCss OOHAPYKEHWIO U Hu(pPOBOi 00-
paborke. DTO moOCIEAHEE MOKET OBITH HEOTHOPOIHOCTHIO B CPEIE
(my3bIpek mapa, ecju CEeHCOPHAas CPeJia — KUJKOCTh, KalejbKa —
ecii cpefia — map, 3epHO cepebpa B (DOTOIMYIBCHU TTOCTE TTPOSB-
JIGHU$), WU 3JIEKTPUUECKUM curaagoM (ot doromerekropa uin
OT 3JIEKTPUUYECKOTO PA3Psiia), CBETOBBIM CUTHAJIOM (OT 3JIEKTPH-
YECKON MCKPBI UM CTPUMEPA) U T. JI.

4. Hakonwuresnb, rje Xxpanurcs nHMOPMAIIUs O IPOCTPAHCTBEHHOM 10~
JIOXKEHWH PErUCTPUPYIONIETrO JEMEHTA U O XapaKTepe CUTHAA, UM
3apeructpupoBanroro. Hakomurems wHGOPMAINM MOMKET COBIIa-
JIaTh C CEHCOPHOl cpemoii (n3MenusIneiics mocue o6paboTKu, Kak
dorosmynbeust) wim He coBNaIATh ¢ Heil (HampuMep: (OTOIIEHKA
— B CJIydYae My3bIPHKOBBIX KaMep, maMsaTh MudpoBoro ¢horoarrma-
para, Crenuaau3npoOBAHHBIE JTEKTPOHHBIE MOJTY/TH, KOMIIbIOTEpHAS
HamATh U T. J.)

[Mocrynusmas or merekTopos mHMOpMaIUs 00pabaThIBAETCS TaJIee
C TIeJIbI0 HambOJIee TOJTHON PEKOHCTPYKIINKA COOBITHS B CHUCTEME JIETEK-
TOPOB U W3BJIeYeHUs (pu3nudecKoil nHdOPMAIUU. JTOT STAM B COBPEMEH-
HBIX IKCIEPUMEHTAX JIOCTATOYHO JIJINTEIHHBIA U TPYI0eMKHUil, COBEPIIIEH-
HO HEMBICIUMBIA 6€3 MCIOMb30BAHMS COBPEMEHHON KOMITBIOTEPHON TexX-
HUKHU, JOCTATOYHO U3OMIPEHHOTO MPOTPAMMHOTO WHCTPYMEHTAPHUS U BbI-
YUCTUTETHHBIX TTPOIIEIYP.
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Koopaunarubie nerekTopbl (rOJOCKONbBI, MTPOINOPIUOHAILHBIE WU
npeticoBbIe KaMepbl, MOJIYIPOBOJIHUKOBBIE T€TEKTOPDI, IPAHYINPOBAH-
Hble KAJIOPUMETPBI U T. JI.) B HEPBYI0 OYEPEb COOOIIAIOT HAM O TOM,
rJie TpOoILIa YacTula (Kak MpaBuiio, 3apsxkentnas). Ho 4ro6sl ono3Harh
YACTUILY, OTIPEICJINE €€ aTPUOYThI, HYKHA JOMOJHUTEIbHAS UH(MOPMa-
st 0 Heir. J[Jist 3apsAKEeHHBIX YACTHI] TOJIYIUTh 3TU CBEIEHUS He CJIUIII-
koM cioxkHO. Ilo cymiecTBy, HyKHBI Yachl, JuHelWKa u MarauT. Vno-
raa nosesed cBoeoOpasublil ”rToukuiil” u/uim roscThil” KajgopuMmerp
¢ ?Tepmomerpom” JIjisi U3MEpEHUs TOTJIOIEHHON B HeM (Kajopumerpe)
SHEPTUH; COBMECTHBIN aHAJIN3 TOKA3AHUN STUX MPUOOPOB TIO3BOJISIET YBe-
PEHHO OTOXKIECTBUTH 3aPETUCTPUPOBAHHYIO 3aPSKEHHYIO TACTHUILY.

B camowm nene, B ” ToHKOM KamopumeTpe” m3MepseTcs yaeabHOe SHep-
roBblesienre (HAIIPUMED — MOHU3AILMOHHBIE [OTEPU: [0 BEJIMYUHE [0~
SABUBIIETOCSH JIEKTPUIECKOrO CUTHAJIA WU 0 SAPKOCTU BCIBIIIKH CBe-
Ta), 9TO TO3BOJISET ONPEIETUTh 3apsAJ] JaCTUIBI (3HAS €€ CKOPOCTD);
B 7TONICTOM” KaJOPUMETpEe M3MEPSETCS TOJHAS JHEPTUs ITON YacTu-
1IbI; KOMOMHUPY$ MOy 9eHHbIE JJAHHBIE SKCIIEPUMEHTATOD B COCTOSHUH, B
OTPEeIeJIEHHBIX CIIy9asaX, HAUTA MACCy YaCTHUIIDI.

Nmes nuneiiky, MArHAT ¥ 9aChl, MOYKHO YBEPEHHO U3MEPUTH HE TOJIb-
KO UMITYJIbC, HO U MACCy YACTHI[ €IUHUIHOTO 3apsiaa, & J00ABUB K HUM
” POHKMIA KaJ0puMerp” - MOJHOCTHIO ONO3HAThL YacTuily. (JIuHedkoii us-
MepseTcsl MPOWJIEHHBIH TYTh W YroJ OTKJIOHEHUs TPAEKTOPUU OT Ha-
9aIbHOTO HAPABJIEHUS B MArHUTE, YACHI JTAI0T BO3MOYKHOCTH M3MEPUTH
CKOPOCTb, HAIIPABJIEHNE OTKJIOHEHUsI TPAEKTOPUHU B MATHUTE TOBOPUT O
3HAKE 3apsIa & BEJIMYNHA YTOTO OTKJIOHEHWS — O BEJIUYNHE UMITYJIBCA;
KOMOWHUDPYS 9Ty UHMOPMAIUIO MOYKHO BBIYUCIUTH MACCY, 3HASA 3apsi).

Hanpumep, korma usMepsiercs spems nposiera (7) 6a3wt L (iu6o npu-
MEPHO OHOU U TOil Ke [Jisi BCEX PEruCTPUPYEMbIX JaCTHUIl, TUOO m3Me-
psAEMOIi JIJIsi KayK 0¥ 4aCTHUIlbl OTJEJbHO), HETPYAHO YBUIETh, YTO 3HAL
UMITYJIbC U BPEMsi MIPOJIeTa MOXKHO BBIYUCIUTD MACCY 1M 3aPErUCTPUPO-
BAHHOU YaCTHIIBI:

c 2
m=np- (Z'T) 1, (13.1)
TJie ¢ - CKOPOCTh CBeTa.

JlanHubie HUYKe PUCYHKU TMOSCHSIOT TTPUHITUTT OTIPEIEIEHUsT MACChI Ya-
CTHIL TI0 HE3ABUCUMBIM M3MEPEHUSM WX UMITYJIHCA ¥ BPEMEHU MTPOJIETa.

O HAKO U3MepeHre BPEeMeHU YacaMy He BCerja 0DecreduBaeT Hy K-
HYIO0 TOYHOCTH BBIYUCIEHUS MACChl 9acTuribl. K cuacrhio, mopoit mocra-
TOYHO yCTAHOBUTH TOJBKO (PAKT TOrO, YTO CKOPOCTH JAHHON HACTUIIHI
60JIbIE HEKOTOPOil (DUKCUPOBAHHON BEJIMYMHBI (JIJIA ITOTO MOYKHO HC-
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Puc. 13.1. Koppensuus mexay spe- Puc. 13.2. Te xe ganabie - 110-
MeHeM Tposiera Ha (ukcupoBaHHO#  ce mpumenenus ¢opmymst (13.1). Ha
6ase M MMILYJILCOM /IS TIOJIOYKUTEb- BEePXHEH HAaHeJu — KOPPeJIslus MexK-
HO 3apsiyKEeHHBIX JacTul [72]. Jly MMITyJIbCOM ¥ Besmannoit 1/5 [72].

nosb3oBarh 3¢ dexr Basuiosa-Yepenkosa), 4roGbl 0OJHO3HAUHO €€ UeH-
rudpunupoBarb. COBpeMeHHbIE YePEHKOBCKUE CYETUUKU MMO3BOJISIOT W3-
MEPHUTH JIazKe WHTEHCUBHOCTH YEPEHKOBCKOTO UBJIYYEHUSA U €r0 YIIOBOE
pacrpesiesieue st OT/IEIbLHOM YacTHIIb, 9TO 00Jerdaer 3a/1a4dy UieH-
TUDUKAIIAN.

Ucronb3yst pa3iandne B TUTIE B3aUMOJEHCTBUS JIETTTOHOB M aIPOHOB
U, COOTBETCTBEHHO, B BEJUYMHE CEUCHUH B3aMMOIEHCTBUsI, IKCIIEPUMEH-
TATOPBI OTJIEISIOT MIOOHBI U JIEKTPOHBI OT MUOHOB, HANPUMED: Y HUX
pasHasi TPOHUKAOIIAS CIOCOOHOCTD, & CAMHU MPOIECCHI TIOTEPh YHEPTUN
Ha MOHU3AINIO PA3BUBAIOTCS PA3INYIHBIM o0pas3oM. [losTomy, nHanpumvep
MPU BBICOKUX YHEPTUSX, MOCJE JTOCTATOYHO ~TOJICTOTO” (DUIBTPA pPeru-
CTPUPYIOTCS, KAK [PABIIO, MIOOHBI WM HEUTPUHO, HO HE MuoHbl. O1HA-
KO, 3TOT TPUHIIUI Pa3/eeHns MIOOHOB U MUOHOB He yHuBepcasen. [Ipu
MPOMEKYTOYHBIX IHEPIUAX, KOT/IA CKOPOCTU YACTHUI] TAKOBBI, YTO MU-
HAMYM MOHW3AIMOHHBIX MOTEPH ellie He JOCTUTHYT, 33/a49a pa3/ieeHns
MIOOHOB M aJIpOHOB (THOHOB) He CTOJIb TIPOCTA.
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Puc. 13.3. Koppensamnus Mexay BBIYHCIEHHOH MacCOil perucTpupyeMmoii da-
crurst (d-ma 13.1) u ee ummysscom, u3 paborst [73]. Xopomio BuaHO, Kak ¢
POCTOM UMITY/IbCa TaJaeT pa3penieHre M0 BHIYUCIeHHOH Macce.

Hakomer, 3aKOHBI COXpaHEeHUs (3JIEKTPUIECKOTO 3apsAia, 0apUOHHOTO
YHCJIa, CTPAHHOCTH W T. 11.) U aHAJIN3 KUHEMATUKU PEAKIIUU MO3BOJISIOT
JIOCTATOYHO YBEPEHHO OMO3HATH HECTAOWIBHBIE JACTHUILI 1O WH(MOPMa-
[IUHU O 3aPEruCTPUPOBAHHBIX MPOAYyKTaxX pacnajga. OHu ke MPUMEHAIOTCS
JIJTsl pACO3HABAHUS KOHKPETHON PeaKITni.

Bechb aror HaGop nmpuemMoB U METOJIOB — PE3YILTAT MHOIHX JIET Me-
TOAUYECKUX UCCAEIOBAHUN, pa3pabOTOK HOBBIX MPUOOPOB U PA3BUTHUS
texHosioruu. 1 Ha060pOT, PA3BUTHE TEXHOJOTHH TTOCTOSHHO CTUMYJIUPY-
eTcst TOTPEOHOCTIAMEU SKCIIEPUMEHTA, TOCKOIbKY KaXKJIbIi CyIeCTBEHHO
HOBBII 9KCIIEPUMEHT TPeOyeT TaKMX HOBBIX KAYECTB JETEKTOPOB MU HO-
BBIX MATEPHUAJIOB, KOTOPBIE €Ile He CYIIEeCTBYIOT UJIH €Il He JOCTUTHY ThI
B MacCOBOM Tpon3BojcTBe. [1oasapu3annonubie SKCIePUMEHTHI — HAnb0-
Jiee SIpKWii TpuMep 00beIUHEHUS U MCIOIb30BAHNS B OTHON 3a1a4e hu-
3UYECKUX SIBJIEHWI M3 CAMBIX PA3HBIX 00JacTell hpus3mkn: aToMHON, dhu-
3UKM TBEPOTrO TeIa, PATUOTEXHUKU, (PU3UKU FACTUIl, (PU3UKH HU3KUX
TEMIIEPATYD, TEPMOJIUHAMUKHA U T. .

B coBpemenHoit 3KCIIepUMEHTATBHON (DU3NKE YACTHI] UCITIOTB3YIOTCS
KOMTLJIEKCHI IETEKTOPOB, COBCEM HETTOXOXKHUE TTO CJIOXKHOCTHU HA, YCTAHOBKU
Pesepdopaa (xorst 110 npuHImny paboThl JETEKTOPOB U HAOOPY METOIU-
YEeCKUX [PUEMOB M3MepeHuil cXoicTBO ecThb). OQHAKO BaXKHO U TO, YTO
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OT MOKA3aHUU JIETEKTOPOB [0 (DUBUUECKUX XAPAKTEPUCTUK, TOIJIeXKa-
IIUX U3MEPEHWT0, HAJO €Il yMEeTh MPABUIbHO 0#Tu. Be3 coBpeMeHHbIx
BBIUHUCIATEIHHBIX METOJOB U CPEJICTB 3TO HEBO3MOYKHO.

Tecnast cBA3b TEXHOJOTUN C METOIUKOIN SKCTIEPUMEHTA OYEHBH XOPO-
IO BUJIHA HA TIPUMEPE IBOJIIONUHN Ta30PA3PAIHBIX JTETEKTOPOB OT CUET-
guka [eiirepa 10 coBpeMenHbIx ~Bpemga-npoeknuonnbix kamep” (TPC,
uiu ”time projection chambers”).

z Yy

WICKTPONEI HOHHIAWHOHHOTO
caeaa, apeiigyoume K anoay

._- -,--

/,///Z’.

.v' ’IIIII \
cencopHbie

NMPOBOI0MKEN

LA TR lll!l Ihi) CHMTHIBAHNA
Puc. 13.4. [Ipuanunuanbaas cxema BPeMsA-IIPOEKIIMOHHON KaMepPhI.

ITpunnun paborsr gerekropa TPC nosicusiercsa wa puc. 13.4. ITo
CyTH JeJa, BpeMI-TTPOEeKINOHHAs KaMepa He 9TO WHOe, KaK CHHTEe3 KJlac-
CUYECKON MOHU3AIMOHHOI KaMephbl ¢ CETKON U NPONOPIUOHAIBHON KaMe-
pot. Ho ee nosiByienue cTasio BO3MOXKHBIM UMEHHO OJ1arogaps COBPeMeH-
HOM MMIyJILCHOM 3JIEKTPOHUKE.

OT HOHM3AIMOHHON KaMepPhl ATOT JIETEKTOD YHACIEIOBAI ApeiidOBhIii
00beM U CETKY, 3JEKTPOCTATUYIECKU DPA3IEJIAIONIYI0 IpeiihOBhIil 00beM
u 30y perucrparuu curtasna (puc. 13.4). DiIeKTPOHbI MOHU3AIMOHHO-
ro cJefia, BO3HUKIINE BJOJb TPAEKTOPUU MPOIIE/IIell 3apsaKeHHoi Ja-
CTHIIBI, IpeiipyIoT K ceTke ¢ MOCTOSHHON CKOPOCTHIO, BEJIMYNHA KOTO-
pOii OmpenesisieTCs HATPSIYKEHHOCTHIO 3JIEKTPUIECKOTO MO B Japeiido-
BOM 00'be€ME U CBOWCTBAMY HAIMOJIHSIOIIETO 3TOT 00heM ra3a. TO BpeMst
U3MEPSAETCs, Y4TO MO3BOJIET OIPEAETUTb IPOJOIbHYI0 (BAOJIb JIEKTPU-
YECKOIO I0J151) KOOPAUHATY BbIODAHHON TOYKU TPEKa.

[Ipoiias ceTky 97€KTPOHBI TONAIAIOT B 30HY peructpanuu. Kak mpa-
BUJIO, 9T 30HA SABJISIETCS MPOMOPINOHATBLHON Kamepoit. Pazuuiia Mexy
Pa3HBIMKA BapUAHTAMHU BPEMA-TTPOEKIIMOHHBIX KaMep JIUIh B TOM, KakK
OPTaHW30BAHO W3MepeHne 00enX KOOPIWMHAT MPOEKINKA TPEKA HA IJIOC-
KOCTb PETUCTPAIAN.

B mammom mpumepe 3To memaercs caemayiomumM obpaszom. B 30me pe-
TUCTPAIMY HATSIHYTHI, KAK W B TPOTIOPITMOHAIHHON KaMepe, CeHCOPHBIE
MPOBOJIOYKHU. DJIEKTPOCTATHIECKOE TIOJIe, OYIyIN TPAKTHIECKN OTHOPOI-
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HBIM y CETKHU, KOHLIIEHTPUPYETCs y IPOBOJIOYEK (KAK U B IPOIIOPIHOHAI b
Hoit kamepe). TToaromy 2JIeKTPOHBI B 30HE J€HiCTBUS JaHHON CEHCOPHOI
MIPOBOJIOKH COOMPAIOTCS K Heil u BOM3W Hee PA3BUBAETCS IIPOMOPIIHO-
HaIBHBIN pa3psa. [Ipu 5TOM HA paCIOIOKEHHONW BOJIN3U 30HBI PA3PIIa
MJIOMIA/IKE PErUCTPAIINN HABOIUTCS CUTHAJ, KOTOPBI M PErUCTPUPYET-
csa. Tem cambiM, IO HOMEPY TLIOIIAIKNA PETUCTPAINH, OTIPEIEIAIOTCI KO-
opauHathl (z,y) 006JACTH TPEKa, COPOEIMPOBAHHOIO Ha IJIOCKOCTb CEH-
COPHBIX TPOBOJIOK. AMILTUTY/Ja CUTHAJA MPOTOPIMOHATBEHA KOJTHIECTBY
COOpPAHHBIX C TPEKA B Ty 30HY 3JEKTPOHOB, TO €CTh, BEJIUYNHE NOHU-
3aIMOHHBIX TIOTEPHh HA ITOM yYACTKE TPEKA. Bpemsi TOSIBJIEHUsT CUTHA~
Jla C JTAHHOW TIJIOIMIAIKU OMPEIeIseT TPOI0JIbHYI0 KOODIUHATY ~IEHTPA
TAXKECTH COOTBETCTBYIOINIEr0 yJ9acTKa TpeKa. Besd momydeHHas B COBO-
KyIHOCTH WHMOPMAIIUS TO3BOJISIET HE TOJIHKO PEKOHCTPYUPOBATH TPEK,
HO W TPOBECTHU UIACHTU(DUKAIUIO YACTHUIIHI, CO3IABINEH NOHMIATTUOHHDII
CJIeJl, UCIOJIB3YsT N3MEPEHHYI0 BEJTUUYNHY YIEIbHBIX HOHM3AINOHHBIX TTO-
Tepb (KOHEYHO, €C/TM 3Ta YaCTHUIIA UMEET CKOPOCTh HUYKE TOM, 9TO COOT-
BETCTBYET MUHUMAJBHBIM IIOTEPSAM HA MOHU3AIMIO).

Ha puc. 13.5 nokazano peKOHCTPYUPOBAHHOE PeabHOe COObITHE B3a-
uMoIeiicTBUs POTOHOB C TPOTOHAMH B HKCIIEPUMEHTE HA (POTOHHOM ITyd-
Ke 3JIeKTpOHHOro cunxporpona (SPring-8, dmnonus). Ycranoska LEPS
HA 9TOM TydYKe CO3/aHa 1Mo mHumaruse Gbu3nkon VcciremoBaTe»CKoro
nentpa sepuoit pusuku (RCNP) yuusepcurera Ocaxu.

ITnockocrs perucrpanuu (puc. 13.5) Buana Ha nepsom miane. Ha
Hell BUAHDBI MPOEKITNKA TPEKOB Ha ITY IIOCKOCTD. lIpuMbIKatommii K Heil
IUJIWHIPUYECKUH 00beM 0003HavuaeT 00JaCTh PACTOI0KEHNST KUIKOBO-
JIOPOIHOM MUITIEHH, BCTABJIsEMOil BO BHyTpeHHIOW mosiocth TPC. Pas-
Mep OTJIEJILHBIX 3JIEMEHTOB TPeKa B TNIOCKOCTH (Z, i) OTPeesieTcs pas-
MEpOM pPerucTpupyiomieil sueiiku, a OTTeHOK (CTeleHb 3aTeMHEeHuUs1) OT-
ParKaeT BeJIMYWHY aMILIATYIbl CUTHAJIA, 3aPETUCTPUPOBAHHOIO sTIEHKOM
(ueM GoOJIbIIE BJIEKTPOHOB COOPAHO A4YEHKOM, TeM OOJblle aMIIUTYa
CUI'HAJIA ¥ OTTEHOK 00JIee TeMHDI).

Mo>KHO CpaBHUTH BPEMSI-ITPOEKIIMOHHYIO U TTY3bIPHKOBYIO KaMephl. B
[PUHIAIE, OHU TOX0XkKu. VI B TOM, U B APyroM mpudope PerucTpupyercs
MOHW3AIMOHHBIN CJIE]T 3aPAZKEHHON 9aCTHUIIbL: 00 depe3 00pa30BaHHBIE
BJOJIb HErO IIy3bIPbKH, JU00 MPAMOINl PEerucTparmeil 3J1eKTPOHOB STOTO
crega. OQHAKO pa3HUIIA MEXKy HUMU OYeBHIHA. BarkHeiimue mpe-
umyitecrsa TPC — ynpasisemocts (undopmarys CIUTHIBACTCS TOJb-
KO TIPY TMOSIBJIEHWY TPUTTEPHOTO CUTHAJIA, TOTJA KAK My3bIPhKOBAS Ka-
Mepa cpabaTblBaeT OIWH Pa3 B HECKOJIbKO CEKYHJ HE3aBUCHMO OT TO-
ro, CJIy9uJIOCh JIM HY’KHOe COObITHE WU HeT), ObicrpojeiicTBue (eciau B
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Puc. 13.5. Ilpumep coObiTus, 3aperucTpupOBAHHOTO BO BpPeEMs-
MPOeKIMOHHOM Kamepe ycranosku LEPS, co3mannoil mjist uayyenus B3a-
umMoseiicTBusi (DOTOHOB BBICOKOIN SHEPTWM C MPOTOHAMU, JTEUTPOHAMU U
anpamu. B 7anHOM cirydae u3ydasiuch yp B3aUMOI€HCTBUS.

My3bIPHKOBOI KaMepe OKa3aoch B MOMEHT cpabaThiBaHus Oojiee mecsaT-
Ka MYyYKOBBIX YACTHI], TO PA300pPaAThCS B 3aPErUCTPUPOBAHHON KapTUHE
00bIYHO HEBO3MOXKHO), Torya Kak TPC cnocobua paborarh npakTuye-
CKU HEMPEPBHIBHO, MpuYeM MpubOp MOXKHO MOCTPOUTH TakK, YTOOBI OH 3a-
IPYKAJICS TONBKO MpoayKTaMu Blanmoeiictsus. Hakoner, creaku TPC
UMEIOT MAJIYI0 PAIUAIMOHHYIO TOJIIUHY U MOITOMY 3TOT PUOOP MOKET
OBITH OKPYYKEH JIPYTUMU JETEKTOPAMU, PADOTasT COBMECTHO C HUMH, TOT-
JTa KaK CTEHKW TY3BIPHKOBBIX KaMep CJIUIMIKOM ~ TOJICThIE” /I 9TOTO.

C apyroit cTOpPOHBI, HA CErOHSAIIHUN IeHb TPOCTPAHCTBEHHOE Pa3-
pemerne TPC ycerynaer pasperieHnuio my3bpbKOBbIX Kamep. B mepByio
odepesih, 3TO 00YCIOBIEHO YKOHOMHUKOI: YNCIOM KAaHAJIOB PErnCTPAIINT
U UX CTOUMOCTBIO.

CoBpemeHHbIe JeTeKTOPhI YaCTHUI] PACCMOTPEHBI JOBOJIHHO MOIPOOHO
B KHure [74].
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13.2 Dbuawmxkaiilline mnmepcneKTUBbI COBPEMEH-

HOU (PUBUKU PEJISTUBUCTCKUX HAJIEP.

B nocnennue aBa necatusnerus B siaepHO# (pu3MKe, B3ATOW B IEJIOM,
MPOUBOILTH CUTbHbIE U3MEHEHUS B HANPABICHUAX HCCIEIOBAHUNA. DTO
BbI3BAHO KAK BHEIIHUMU HPUYMHAMU (B IEPBYIO O4Yepe/lb — U3MEHEHU-
AMW B TEXHOJIOTHSIX, HA KOTOPHIE OMHPAETCS WHCTPYMEHTAJbHAs 0a3a
SKCIIEPUMEHTAIBHON A/1epHOil (DUBUKY), TaK U BHYTPEHHUMU, CBSI3aHHBI-
MU C PACHIUPEHUEM HAIIMX 3HAHUIN O siIpaxX W JIEMEHTAPHBIX JaCTUIAX.
Ha nepsblii 71aH, TOTECHUB TPOGIEMY CYIIECTBOBAHUA ~ CTAOHIBHBIX |
CBEPXTSIKEJIBIX siJIep, MOCTABIEHHYIO GoJiee COPOKa JieT TOMY Ha3asl u
PEIIeHHY0 COBCEM HEIABHO, BBIMLIM 33Ja49M, CBI3aHHBIE CO CBOMCTBa-
MU CHJILHO B3aUMOJICHCTBYIONIEH MarTepuu (3TO He 00S3aTeIbHO Belle-
CTBO, COCTABJIEHHOE TOJHKO M3 HYKJIOHOB) MPH HOPMAJBHBIX U BBHICO-
KHX IJIOTHOCTAX, " HOPMAJIBHON 1 BBICOKOIT TeMmeparypax. MHbIMI C1o-
BaMu, U3y4deHue CUiIbHO B3ammogeiicrBytomeil aaponnoit (KX/I) mare-
DU CTAHOBUTCS IJIABHBIM MIPEIMETOM UCCIE0OBAHUSA B (DUIUKE TAKETBIX
MOHOB CPEIHUX W BBICOKWX YHEPTHil, YTO OTPAYKAETCS B OOIIEH TeHIeH-
AU TTOCJIETHUX JTECATUIETU K YHU(DUKAINT TTPOTPAMM UCCJIeIOBAHUI B
dusnke 9acTUIl U B A1epHON (DU3NKe TP PEIATUBUCTCKUX JHEPTUIX.

[naBubIil, JOCTYNHBIA HBIHE METOJ SKCIEPUMEHTATBHOTO W3y YeHUs]
cunbHO B3ammogeiicTByomeit KXJI marepun — paccesuune samep. Ilpu
9TOM MOXKHO BBIIEJIUTH TpU XapakTepubie cramum: (1) oOpasoBamue
(poxkenue) Takoii Marepun, (2) ee 3BosoNus (HAIPUMED, OT TOPAIETO
U TJIOTHOTO COCTOSIHUSI K PA3PEKEHHOMY ¥ XOJIOIHOMY, TI€ y¥Ke MOTYT
HOABUTLC aApOHbBI) (3) HOsBJEHUE PErMCTPUPYEMBIX B SKCIEPUMEHTE
aJPOHOB (aAPOHU3AIM) U KOHJIEHCAIUs B aJIPOHHYIO UK AJEPHYI0 Ma-
repuio (puc. 13.6).

O6rmmeit 11 3TrxX cTaanii 0COOEHHOCTHIO STBJISETCS TO, YTO Ha KarK-
JIOfl W3 HUX TPUXOJUTCS C HEM30EKHOCTHIO UMETh JeJI0 C TpodeMaMu
HEerepTypObATUBHOrO XapakTepa. B pasHbIX THIAX PEAKIUN TPUXOIUTCS
HUMETH JIEJIO ¢ PA3HBIMHU ACIEKTaMu 9TUX Tpex craauii. Hanpumep, B Jtio-
6OM HEYIIPYTOM PACCETHUN POYKICHUE YACTUIL IPOUCXOJUT B PASTUIHOM
OKPYYKEHUHU: B CTOJKHOBEHHUAX ~UACTUINA-IACTUIA’ 00PA30BAHNE HOBBIX
YACTUIL MPOUCXOIUT B 00JIACTH, TIOTPYKEHHOI B (DU3UIECKUN BAKYYM, TO-
IJ1a KaK B sAPO-AI€PHBIX CTOJKHOBEHUSX OHO MPOUCXOIUT B OOJACTSX,
HOrpy*KeHHbIX B cuiibHO B3aumozeiicreyomyo KX/I cpeny (rae, kcraru,

1 Komeuno, ctabuiabHbIX B MacmTabe XapaKTEPHOTO BPEMEHH DeaKI[uif, MIyIInx
BCJIEJICTBUE CUJIbHBIX B3aUMOJIEICTBUIA.
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Puc. 13.6. Tlomynsapuoe mpeacraBieHue 0OpPA30BAaHUS CHIHLHO B3au-
mogeiictyiomeit KXJI marepun mpu CTOJTKHOBEHUU PEIATUBUCTCKIX
sanep (ABUKYTCs HOYTH [0 CBETOBOMY KOHYCY) HA MPOCTPAHCTBEHHO-
BPEMEHHOH JjuarpaMme. 3a HA4ajo OTCYeTa BpeMeHu (IIPOM3BOJILHO)
MPUHAT MOMEHT, KOTJIA JWHUSA, COCINHAIONAS HEHTPHI MACC CTATKWBA-
IOIUXCSA 1P TEPIEeHAUKYIAPHA JTMHAN, Ha KOTOPOH JIEXKUT WMITYJIhC
OJIHOTO U3 SI/IEP; HAYATIO OTCYETA MPOCTPAHCTBEHHBIX KOOPJMHAT COBIIA-
JIAeT ¢ KOOPAWHATAMW TOYKU HANOOIBINEro COMNKEHNs CTATKNBAIOITX-
¢ anep (g CUMMETPUYHOIO CTOJKHOBEHUs (OJMHAKOBBIE si/IPA) OHA
COBIIAJIAET C KOOPAMHATAMU IIEHTPA MACC CUCTEMbI JIBYX s€ep).

HEKOTOPbIE CIOHTAHHO HAPYIIEHHbIE CUMMETPUU MOTYT OKA3aTbCS BOC-
cTanoBJsieHHbIME ). [I09TOMY M3MeHeHue CBONCTB YacTHIl B CPEJIe CTAHO-
BUTCs B HACTOSIIIEE BpeMs ~Topsadel” TeMoil (MOryT GbITh PA3HBIMU B XO-
JOAHON M ropsAdveil, MIOTHON M pa3perKeHHOI MaTepnn KaK CTPYKTYPHBIE
dbyHKIMN YacTHI, TAK W CMIEKTPHl YACTHI] U /WM TUPHHBI PE30HAHCOB);
aJpoHu3anusa KBapkos (GyHKmu GpparMeHTaiyumn) Ha KOHEYHOH craauu
sposrortun KX /I BermecTBa TakzKe MPOUCXOIUT B PA3THIHOM OKPYKEHNH,
U T J. W T. I

Nsyuenue cunbuo B3aumoseiictsyomeit agponnoii (KXJT) marepun
NPEK/IE BCEro TOPa3yMEBAET YCTAHOBJIEHUE JUarpaMmM coctosaumii (da-

187



30BBIX JIMArPAMM) s/IEPHON MATEPUK U HAXOXKJIEHUE IPAHHUL, PA3IEIIAIO-
mux pasubie (aspl (T. €. IPaHul, e IPOUCXoAdT (Pa30BbIE EPEXO/Ibl —
ecJi OHH BOODIIE IPOUCXOJIST).

CoriacHO COBPEMEHHBIM TEOPETUYECKUM MPEICTABIEHUSIM OYKUIACT-
Csl, 9TO CYIIECTBYIOT CJAEAYIOIINEe Pa3JIndHbe (ha3bl CUIBHO B3AMMOIEI-
creyromero KX/ BermecTBa: agpOHHOE BEINECTBO, TLIOTHOE OAPUOHHOE
BeIeCTBO, KBAPK-IJIIOOHHAA 1J1a3Ma. BriosiHe BO3MOXKHO, 9TO €CThb U JPy-
rue ¢as3bl.

[Tpu HU3KUX SHEPTUAX UCCIETYETCsT OOBIYHAS SAepHAsT MATEPUsT TIPU
HOPMaJIbHOI (MM HU3KOM) TLIOTHOCTH M ee ypasHeHue cocrosuus. Ha-
MHOTO Xy¥Ke NCCIIeI0BaHa 061aCTh OOJBIUX TIOTHOCTEH 1/ MJIH BRICOKAX
remmepatyp. IMeHHo 9Ta 06,1aCTh MOXKET ObITH MPOIILYIIAHA C TTOMOIIHIO
TSAKEJIbIX MOHOB BBHICOKUX JHEPIHUil.

Ocobo HHTPUTYIOIIEH TeMOil CeroHs ABIAETCS BOTPOC O TOM, CyIIie-
CTBYET JIX XOTsI ObI OJHA KPUTUYECKAST TOUKA, HA JUATPAMME COCTOSTHU
CUJILHO B3amMoeiicTyiomei aapornoit (KX/T) marepun.

Jpyroii, e MeHee HHTEPECHBIH, BOIPOC OOYCTOBIEH TEM, ITO YBOJIIO-
ud ropa4eil u ma0THON aJIpOHHOU MaTEePUU MOKET 3aKAHYMBATHCA CTa-
aueit ” apoMaTu3upOBaHHON” OAPHMOHHON MaTepuu, 0OOTAIEHHON THIe-
poHAMU U CTpaHHbIMU Me30oHAMU. CTabuIn3UpyIOIIasi pOJIb CTPAHHOCTH
B S/IEPHOI MATEPUU CETOIHS SIBJISETCS OIHOM M3 HanbOJIee MHTEPECHBIX
U HE CJIUIIKOM HCCIEIOBAHHBIX TEM; DKW MpUMep AT HEeHTPOHOU3-
OBITOYHDIE JIErYaIINe TUIIeDP-sIPa.

Hakomer, BecbmMa mWHTEpEeCeH MW BOIMPOC O HAYAJBHON cramunm pop-
MUPOBaHUA CUJILHO B3anumoeiicTryiomeit KX /I marepun, rae 3aMeTHYIO
POJIb MOTYT UTPAThH JEKTPOMATHUTHBIE B3AUMOJEHCTBUSA (M3-3a BBHICO-
KOT'O 3apsi/ia CTAJKUBAIONINXCS SIep W HATUYIUS MATHUTHBIX MOMEHTOB Y
HYKJIOHOB, KaK U Y KOHCTUTYEHTHBIX KBApKOB). ITo Teopernyueckum oreH-
KaM, HAMPSAKEHHOCTH MATHUTHOTO TI0JIs1, HATIPUMED, B 00JIACTH CTOJIKHO-
BEHUs A]pa C sIPOM, MOTYT JOCTUIATh UyJOBUIIHBIX BeJUYUH (HA Ha-
Py TOPSAJIKOB BBIIIE, YeM Ha MOBEPXHOCTU T. H. MATHETAPOB): TOPSIKA
10'7 raycc. 9TO MOMKET TIPUBOIUTH K WHTEPECHEHIITIM U HEOYKHJAHHBIM
HabmogaeMbeiM 3 deKTamM, a IPOCTPAHCTBEHHO-BPEMEHHYO THATPAMMY
puc. 13.6 MoxkeT OBITD, CIEAYET TPEJACTABIATH TAK, KAK ObLIO TTOKA3aHO
Ha puc. 2.10.

Wrak, sKkCIepuMeHTaIbHOE U3YYEeHNE B sIIPO-SIIEPHBIX CTOJKHOBEHU-
AX TOpsAYeil U MIIOTHOMN, CMJIBHO B3aNMOIEUCTBYIONIEH MaTepUN € TTONCKOM
CUTHAJIOB O CMEITaHHOW (pa3e M KPUTHUECKON TOUYKe OyIaeT B OvmKaii-
1ee [IeCATU/IeTHE TJIABHBIM CTPATErMYeCKUM HAIlpaBjieHueM B (DU3NKe
TsKeJIbIX HOHOB BBICOKMX Hepruil. [loaToMmy MOKHO 0KMIATH, 9TO KaK
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CeroJiHsi, Tak W B OJmKaiiiiee BpeMsi, pa3BUTHe A1epHON (busuku cpeji-
HUX SHEPruil B MeI0M OyIeT onpesensaThes paboTaMu HaJL CJIe Ty FOIHMI
IpOOIEeMAMH.

e CBoiicTBa siiepHOI MAaTEpUn PH BHICOKUX IJIOTHOCTSAX, YPABHEHUE
cocrogaus. [IposiBnenns HEHYKJIOHHBIX CTEIeHeil CBODO/IbI siep-
HOII MaTepuu, B TOM YUC/IEe — KBAPK-IJIIOOHHBIX.

e [lonck aszoBBIX MEPEXOIOB W BO3MOXKHON KPUTUIECKON TOUKH
Ha $a30Boil AuarpaMMe CUJIBHO B3aWMOIEHCTBYIOIIEH aIpOHHOMN
mareprn. [TOMCK BO3MOXKHBIX CHIHAJIOB JeKOHMaliHMeHTa ¥ /nin
BOCCTAHOBJIEHUsI KUPAJIbHON cuMmmerpuu. MHOrHmE Teoperwdeckue
Mozenn, BKaodasd KXJI-BoramcieHus Ha peIreTke, yKa3bIBAIoT,
4910 B Obsjacrtu dHepruil (B cucTeMe IEeHTpa Macc, B pacueTre Ha
HYKIOH) /SNy = 4 — 9 I'sB nna cronkuoBenwuit, mampumep,
Au — Au unu U — U, MOKET HAXOJUTHCA KPUTUIECKAsi TOUKa, (TI0
KpaiiHeii Mepe - O/IHa) /11 CUJIbHOB3ANMOICHCTBYIOIIEH KBAHTOBO-
XPOMOIUHAMUYIECKON MATEPUH.

e (CBoiicTBa 371€MEHTAPHBIX YACTUI] U PE3OHAHCOB B SIEPHOM Cpe/Ie.

e OTKIUK sIIEPHOTO BEIECTBA HA BBICOKHE BO30YIKIEHWS, MPOSB-
JIeHNd BHYTPEHHEH CTPYKTYPbl YaCTHUI] IIPU MaJjlbIX PACCTOAHUAX
MEeK/1y HUMU.

e "Dk3ornyeckue”’ gapa, B TOM YHUCJIE C HPOTAXKEHHON HEHTPOHHOI
(nm mpoToHHO) 060709KOM U THTep-Aapa [61].

e PeiaTuBUCTCKHE COCTABHBLIE CUCTEMBI U HpO6JIeM& nxX TeopeTrmye-
CKOr'O OnmuCaHud.

e Cpen BOMPOCOB, XapaKTEPHBIX I TPATUIIUOHHON siaepHOi dhu-
3UKU (CTPYKTYpa A1ep U sfepHas MaTepus) BHUMAHUE UCCIeI0Ba-
Tesiell COCpeJOTOYEHO Cero/IHs Ha CJIeAyIONUX HallPaBJIeHUAX:

— H3yuenne mMexaHw3MOB OOPA30BAHMA CBEPXTHANKEBIX Sep U
CBOMCTB 3THUX d1ep.

— Pacupenenenue BemecrBa B saapax (MIPOTOHOB, HEATPOHOB);
cemeKTUBHOE BO30YyIKIeHWE YPOBHEH; pacipeaenennsa 3apsi-
JIOB, pacIipejie/leHusi TOKOB.

— Mexanu3mbl BO30YKIEHUS SAEPHBIX ypoBHENH. OyHKIINU OT-
KJINKA HA Pa3HbIe TUITHI BO30YXK/IEHUN PA3HBIMU ITPOOHUKAMU.
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e Snepmble cuabl TpU ’cpeaHUX’ W 7 ManbIX” PACCTOSHUSIX MEKITy
HYKJIOHAMH. MEXaHU3MbI POXKJEHUs 4acTull (ME30HOB, OAPUOHOB),
KOJJIEKTUBHBIE (B IIUPOKOM U Y3KOM CMBICJIE) sIBJICHUS.

L[] CHeKTpOCKOHI/IH JIEMEHTAPHBIX YaCTHUIL; 3IK30TUICCKHUE YaCTUIIDLI.

o MHOroHyKJ/IOHHBIE B3aUMOAEHCTBUS U MHOTOHYKJIOHHBIE (B IIEPBYIO
ouepesib — TPEXHYKJIOHHBIE) CHJIbIL.

e MexaHn3Mbl pOXKIEHNUS YaCTHIL BOJIU3N WX TOpOroB. MeTrposornye-
CKUe 3371a9” OTpeiesieHust (heHOMEHOTOTUIECKUX KOHCTAHT, HE00-
XOOUMBIX KaK [IJIS TPAIWIMOHHON AAepHOi (DU3NKM, TaK W JIJIst
(GUBUKN BBICOKUX IHEPTHUIA.

HOJIS[pI/IBaI_[I/IOHHbIe ABJI€EHUA TIPU CPEeJHUX IHEeprudax.

Cob6cTBeHHbBI MOMEHT KOJIMYECTBA, ABUKEHMs JacTUll U gaep (CImH)
SABJISIETCS OTHON M3 WX BAKHENUX (DyHIAMEHTAJIHHBIX XapPAKTEPUCTHK,
TAKUX K€, KAK MaCCa, 3apsi/l, Ye€THOCTD, W3OCIHH, CTPAHHOCTD U T. 1. Fc-
i OBI HYKJIOHBI M 9JIEKTPOHBI HE UMEJIH CIIMHA, He ObLITO ObI, HaIpuMep,
CJIOZKHBIX ATOMHBIX sIJIED U ATOMOB (JJOCTATOYHO BCIOMHUTD O [IPUHIIUIIE
IMaynu u crarucrukax ®epmu u Boze-Diinmreiina). He uckioueno, 1ro
UMEHHO sIBJIEHUsI, O0YCIOBJIEHHBIE CIIITHOM 3JIEKTPOHOB U sIIED, UMEJIN U
UMEIOT PeraroInee 3HAUYEHUe N1 3aPOKICHUS W CYIIeCTBOBAHMS JKU3HU.

Jlonroe Bpemsi B (pu3UKe YACTHUIL TIOISIPUBANUOHHBIM SIBJICHUSM Y€~
JISLIOCH MHOTO MEHBIIIe BHUMAHHUS, 9€M B B ATOMHOI (pU3MKe U ONTHKE:
KaK MO CyObEKTUBHBIM, TAK U 0 BIIOJHE OObEKTUBHBIM MPUYHHAM. DTa
cuUTyanus KapAInHAJIHLHO W3MEHUJIACh B KOHIE TMPOILIOro Beka. Oxasa-
JIOCh, YTO TIPU BBICOKUX IHEPTUAX MOJIPU3ANnOHHBIE 3(DDEKTH He uc-
9€3a10T W HE MAJIbI, ¥ OJHON U3 IEHTPAJBHBIX TTPOOIeM (DU3UKHU JaACTHUIL
craja T. H. TpobieMa CIUHOBOTO KPHU3UCA, TO €CTh, MOUCK OTBeTa Ha
BOIIPOC O TPOUCXOKJICHUN CITUHA HYKJIOHOB.

Permmaroryto poib B TOM, 9TO U 9KCIIEPUMEHTATOPBI, ¥ TEOPETUKH 00-
PATUINCH K MHTEHCUBHOMY W3y YUEHUIO TIOJISIPU3AIMOHHBIX sIBJIEHUI B (DU~
3UKe YACTHI] U SAepHON (bu3nke CpemHuX SHEPTUl CHITPAJ TPOrPecc B
TEXHOJIOTUAX TPUTOTOBJIEHUSI MOJISIPU30BAHHDBIX ITYYKOB U MOJISIPU30BAH-
HBIX Mumreneii. menno:

° Bnaro;napﬂ METOIUYECKUM U TeXHUYCCKHM JOCTHZKEHUAM B (1)1/131/1-
Ké 1 TEXHUKE NCTOTYHUKOB IIOJIAPU30BAHHDBIX 9aCTHIL CTaJIO BO3MOZK-
HBIM UMETH BBICOKME MHTEHCUBHOCTU W BBICOKHE CTEIIEHUN TTOJIAPU-
3alun MyYIKOB.
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e IIporpecc B TeOpuu U MPAKTUKE IKCILTyATAIUU yYCKOPUTETEH Tam
BO3MOXKHOCTb CO3/]aBATh YCKOPUTEIM HOBOIO HOKOJIeHUs (C JKecT-
KOt (POKYCUPOBKOIA, SJIEKTPOHHBIM UJIH CTOXACTHIECKIM OXJIAZK e~
HUEM TIyYKa) ¥ YCKOPATH MOJIAPU30BAHHBIE YACTHUILI 10 BHICOKUX
SHEPTHil, MPEOIOJeBast JENOIIPU3YIONINe PE30HAHCHI OJaromaps
n300PETEHNIO CITIOCOOOB COXPAHEHUS MOJISTPU3AINN BO BPEMS YCKO-
penus (npumep: ”cubupckue 3meiiku” ). Bouin uzobperenbl 1moJis-
PU30BAHHBIE BHYTPEHHUE MUIIEHU C HAKOMUTETHHBIMEA TPYOKAMU,
MMO3BOJIMBIIHE CYIIECTBEHHO MOBBICUTH CBETUMOCTD JIJTIsT TIOJISIPU3a-
IIHOHHBIX SKCTIEPUMEHTOR.

e II300perenne crmocobOB ”3aMOPO3KM CrHA” B MUIIEHAX W HAXOXK-
JEHUE HOBBIX MaTepPUaJIOB IJIA TMOJAPU30BAHHBIX MUITIeHEeH TTO3BO-
JIAJIA CTPOUTD IMOJTAPU30BaHHBIE MUIIIECHN 6OJIbIHI/IX pPa3MepoB C BbI-
COKOli CTENEeHBIO MOIAPU3AIIA PA0OYIETO BEMIECTBA.

B urore, ” ynenbubIil Bec” ncciem0BaHUA MOMIAPU3ATNOHHBIX sIBJICHUIT
DU CPEJIHAX W BBICOKUX SHEPTHUAX CYIIECTBEHHO BBIPOC 1O CPABHEHUIO
C YPOBHEM IIECTUIECATHIX-CEMUIECITHIX TOJOB MPOILIOrO Beka. Takwne
MCCJIEIOBAHMUS COCTABISIOT BTOPOE, MHTEHCHBHO PAa3BUBAIOIIEECS, CTPA-
TErnvIecKoe HAMpaBjeHne B (pU3NKe YACTUIl U AIePHON (DU3MKE CPEITHUX
SHEPruii.

13.3 3akJrouyeHue.

Ects memano mpobiem yHIAMEHTATBLHON BAyKHOCTHU, COCTABJISIOIINX
npeaver (bU3NKU CpeaHuX (WM TEePexXOIHbIX, MPOMEKYTOYHBIX) SHEp-
ruii. B skcnepuMenTaIbHBIX PAOOTAX AKIEHT CMECTUJICH HA MPENu3nOH-
Hble (KAK B CMBICJIE CTATUCTUYECKON, TAK U CUCTEMATUIECKON TOYHOCTH )
JIaHHBIE, OCOOEHHO TIPU YHEPrusix BOJU3U MOPOTOB POKICHUS IACTHII.

Ha 6smzkaiiimue 1Ba-Tpu JeCATUIETHS TJIABHBIM CTPATETMIECKUM Ha-
MPABJIEHUEM B s1/I€PHOM (DU3UKE CTAHOBUTCS (DU3NKA TIYKEJIBIX HOHOB BhI-
COKWX YHEPTHHl U HKCIEPUMEHTAILHOE U3YUEHUE B A/IPO-5IEPHBIX CTOJIK-
HOBEHUAX TOpdYeil, MJIOTHOI, CUIbHO B3aMMOJEHCTBYIOIIEH MaTepuu, C
ITOMCKOM CHUTHAJIOB O (DA30BbLIX IIEPexX0/1aX, CMeInanuoi (ase, kpurmde-
CKO#1 TOUKe (MJIM TOYKAaX).

Uccnemopanusi B 00IaCTH TPOMEXKYTOUHBIX SHEPTUI UMEIOT U MEHEe
dyHIaMenTaIbHOE, HO HUIYTH HEe MeHee BayKHOe 3HAYEeHNe /7Tt 00IecTBa
TAK¥XKe U B IPYTUX OTHOIIEHUSAX. 371€Ch 3aC/IyKUBAIOT BHUMAHUS:
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e Pabornl mpukIamIHOrO XapakTepa s HyKI (PU3UKH BBICOKUX
U CBEPXBBICOKUX HHEPruil: KaauOpOBKa JETEKTOPOB W JIPYIHUX
ycrpoiicts. (Crona MOXKHO OTHECTH, HAIIPUMED, KAJIUOPOBKY I10Jisi-
pPUMETPOB, Pa3pabOTKy U METOINIECKHUE UCCTIETOBAHNS I€TEKTOPOB
YACTHUI[ U T. JI.).

e Tloucku myreil perreHus TPOOJEMBI TPAHCMYTAIUA 3JIEMEHTOR
(mpobyiemMa, mepepaboTKU PaJIUOAKTUBHBIX OTXOJOB): 37€Ch HAJIM-
1O JBAa aCleKTa: INPUKJIATHONW U (ByHIAMEHTAIbHbIA (MeXaHU3MbL
paciieneHus giep).

o [Ipumenenue sAepHBIX U TPOTOHHBIX IIYYKOB B OMOJIOTAN U Meu-
IHEe, B TOM YHCJe — JIJId PAJUANMOHHON Teparu.

[TepcriekTuBbl pa3BuTHs 3TUX BeTBell (DUNKU sIPA W GACTHUIL TIEITU-
KOM OTpEeJeSIAI0TCS HAJIUYINEeM W COCTOSHUEM DPAa3BUTHA ee MHCTPYMeH-
TaJILHOM Ga3bl: YCKOPUTEIeH U IeTeKTOPOB (BKII0Yas 3JIEMEHTHYIO 6a3y
JUTS 3JIEKTPOHUKHU PErUCTPAINN, KOMIBIOTEPHYIO 6a3y W MpOrpaMMHBIN
UHCTPYMEHTAPUil JJIsl AaHAJIU3a JAHHBIX U BbIYUCICHUIA).

(DyH,HaMeHTaJIbHaﬂ HayKa: Hy>KHa JI1 OHa OGI_'L[ecTBy u zaueMm?

VIuBUTENIHHO, HO JI0 CUX TOP MPOI0JIXKAETCA CTPAHHAS JIUCKYCCHUS
0 TOM, HY’KHA JI HAIEMY POCCHICKOMY OOIecTBy (hyHIAMEHTATbLHAS
HayKa, XOTs BIOJHE JOCTATOYHO OLJISJIEThCA B COOCTBEHHOM >KUJIHIIE,
C/IeJIaB 9TO BHUMATEIHHO U BIYMYUBO, 9TOOBI OTBETUTH HA STOT BOIIPOC
YTBEPIUTETHHO.

Onnako, 00cy»1as mo00HBIE TEMBI CETOJIHSI, HEJIb3sT HE KOCHYThCS
BOIIPOCOB U O TOM, KaK IOHUMAaTh ' MHTepHAIMOHAILHOCTL Hayku?! B Ka-
KOM OTHOILIeHUH (Ml CMbIC/IE) OHA JefCTBUTEIbHO UHTEPHAIIMOHAIbHA,
U B KAKOM CMbICTIE OHA Bee Ke HamnmoHanbHa?! Kak mHTepHanmoHATEHOE
U HAIMOHAJILHOE COOTHOCATCS MEXKIY CODOI, B KAKOW TTPOITOPIIHH !

ITockonbKy ”HeT mTpoOpoKa B CBOEM OTeYeCTBE’, W POCCUACKUE
MEHEeJIZKEPbI-YITPABJIEHIIBI /IO CUX TOP 00J1ee CKIOHHBI TPUCTYIIHBATHCS K
BBICKA3BIBAHUAM KOHKYDEHTOB HAIIEH CTPAHBL U CJIEJOBATH UX COBETAM U
perenTam, He¥Kejn PEeKOMEHIAINSIM CBOMX COOCTBEHHDBIX CIEIUATUCTOB,
HEJIUITHE OOPATUTh BHUMAHUE HA TO, UTO 3TH KOHKYPEHTHI TOBOPAT O
COOTHOIIIEHNY WHTEPHAIIMOHAJHHOTO W HAIMOHAJIHLHOTO BO BHYTpPEHHENH
MMOJTUTHKE CBOUX CTPAH MO OTHOIIEHUIO K (hyHIAMEHTATBHON HayKe.
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Bot omHa BechMa IpuMetdaTe bHAS TUTATA 2:

7 ... MbI cunTaeM BaxKHBIM WHBECTHPOBATH CPEJACTBA B (DyHIAMEH-
TaJIbHbIE HAYKW, TOCKOJIbKY OHU JAI0T TEXHUKY U TEXHOJIOI'HH, BAXKHBIE
I HaIeil S9KOHOMUKH.

Taxk 49TO MBI He BO3paykaem MPOTUB TAKUX WHBeCTHImii. Ham KoH-
rpecc Meapo MOJAep:KUBAET HAYKY, a mpe3nuaeHT B mocaannu O moso-
JKEHUU CTPAHbI’ B HBIHEITHEM TOJY BBIABUHYJ HECKOJHKO HOBLIX HAyd-
HbBIX WHUATIAATUB.

Mps1 cunTaem, 9TO JOJKHBI COXPAHSTh TEXHOJIOTHIECKOE JTUIEPCTBO.
Komeuno, pesyaprarsl hyHIAMEHTATBHBIX WCCIEIOBAHUN ODIIEIOCTYTI-
HBI 171 BCeX cTpaH. Ho d9TOoOBI MOJB30BaThCs IJIOAAMHU TAKWX
nccJieIoBaHMWil, HeobXoaMMo BKJaAbIBAaTh cpeacTBa B mHdOpa-
crpyktypy HUOKP, B moJAroToBKYy KBAJIU(MPUIIUPOBAHHBIX Ka-
PoOB, BO BHeJipeHUe pa3paboToK dyHIaMeHTaJIbHOW HayKH. ....

Ee onna nurara (u3 peun npesugenta @panuuu H. Capkosu Ha o1-
kpoitun 35-it Mexk ynapo/iuoit koudeperun mo hpu3nKe BHICOKUX IHEP-
ruit (1. H. Pogecrepckoit), cocrossieiicsa B [lapuzke B mone 2010 rozna):

”Crpana, KoTopasi He JaeT IVIaBHbIA mpuopurtet yHIaMeH-
TAJIbHBIM HUCCJIETOBAHUAM, JOMYCKAEeT UCTOPUYECKYIO OIINOKY.”

Ota (hopMyIa MOJHOCTHIO COTIACYETCS CO CKa3aHHBIM EKKje3macToMm.

2 26.05.2006 UTAP-TACC, cooGmenwue o soicTymrennn B C.-IlerepGypre Torgam-
mero cosernuka mpesugenta CIITA no nayke, HadanapHuKa Yrpasienus Bemoro goma
10 HAYYHO-TEXHUYECKO# mosmruke JI>xkona MapOyprepa.
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I'nmasa 14

Nucrpymenrtajabiag d0as3a

PU3UKN JACTUIL U sIaep

JIto0ObIe FKCIIepuMeHTAIBHBIE UCCIE0BAHNS HEBO3MOKHBI 03 /1efiCTBYTO-
el U Pa3BUBAOIIENHCS HHCTPYMEHTAIbHON 6a3bl. s dbusukn s1emen-
TapPHBIX YACTUI[ 3TO — B TIEPBYIO OUYEPEIh — YCKOPUTEIN YACTUIL U SANIED,
OCHAITIEHHBIE COOTBETCTBYIOIINMY IKCIEPUMEHTATHHBIMY YCTAHOBKAMU.
Kak npaBusio, BpemMsi )Ku3Hu yckopuresieii 60IbIe BpeMeHr KU3HU yCTa-

HOBOK XOTsI ObI MOTOMY, 9TO YCTAHOBKHU CO3JAIOTCS JJIs PElIeHusT KOH-
KPETHBIX 33/1a4, TOI/IA KAK YCKOPUTEH € CAMOrO HAYAIA CO3IAI0OTCS JIJTst
pEeITeHrst MHOTUX 33129, B TOM YHCJIE€ U TeX, O BO3MOKHOCTH MOCTAHOB-
KU KOTOPBIX MPU MPOEKTUPOBAHUU MAIIWHBI JayKe He MPeIo/araaoch.
IMosToMy oveHb BaXKHO Ha dTale MPOEKTUPOBAHUS 0DECIEYUTh YCKOPH-
TeTbHON YCTAHOBKE TO, ITO HA3BIBAECTCA ~MOTEHIMAIOM /I OTKPBITHIL .
3mech TPedyeTCss U CMENOCTh, U JATbHOBUIHOCTD, U YOEXK IEHHOCTD TeX,
KTO MPOEKTUPYET YCKOPHUTEJIHHYI) YCTAHOBKY. DTO TeM 0OOjiee BayKHO,
YTO MPABOTA WU HEMPABOTA MPOEKTUPOBINUKA, BHISICHIETCS TOJBKO Ue-
pe3 IOCTATOYHO OOJIBINTOE BPEMsi, KOT/Ia U3MEHUTh MPUHATHIE PEIIeHUsT
y2Ke HeBO3MOXKHO. JIpyroii MOMEHT, KOTOPbIil BCerJa MpucyTCTByeT Mpu
BBIOOPE MIABHBIX TAPAMETPOB YCKOPHUTEsi O0YCIOBJIEH T€M, 9TO B HAyKe
BO MHOTHUX CJIyYasX BO3HUKAIOT TAKNE BOMPOCHI, KOTA BHIOOP MPaBUJIb-
HOTO OTBETa OIPEEISIeTCs TIIYOMHON 3HAHWS TPEJIMeTa, a He MHEHUEM
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OOMBIUHCTBA. KaK TOBOPAT B TAKHUX CIAYUIAAX,  BOIMPOCHI HCTHHBI TOJIOCO-
BaHWEM He PEIIaioTcs”: MHEHHE TOJBKO OJHOTO sIBJISIETCS TTPABUIbHDIM,
a MHEHHE BCEX OCTAJTbHBIX MOXKET OKa3aTbcs 3abyxkaeaueM. [Ipumepon
9TOMY B UCTOPUWH HAYKH JOCTATOYHO. B 9TOM CMBIC/IE HAYKA HE TEeMOKPa-
TUYHA, HO OHA YK€ U He COCJIOBHA W HE ABTOPUTAPHA: UCTUHA OTKPHIBAETCS
J1060MYy, KTO JIJIst 9TOTO JOCTATOYHO MIyOOKO TTPOHUK B CYTh HCCIIEye-
MOTO TpeJiMeTa. ITUM-TO OHA U MPEeKpacHa.

Kak yke roBOpHuI0CH, MOYKHO TOBOPUTH O (pU3UKe BHICOKUX YHEPTHIA,
€CJIV IHEPTHs TMy9IKa JaCTHIL, TAJAI0NINX Ha TOKOSIIYIOCsT B Jab0paTo-
puu muiienb, Boiie 10-20 I'9B (6osee-menee yciosuo). OcHOBY UHCTDY-
MEHTAIbHOI 6a3bI SKCIIEPUMEHTOB B 3TOH 00TaCTH SHEPTUH COCTABIISIIOT
YCKOPUTEN 3JIEKTPOHOB W MIPOTOHOB.

Vexkopurean ajist GU3NKA BHICOKUX SHEPTUI MTOAPA3IESTIOTCS Ha, 1B,
OOJIBIUX KJIACCA. BO-TIEPBBIX, 9TO YCKOPUTEIN CO BCTPEIHBIMY My IKAMU
(kosu1aiiziepsl), KOTOPbIE B CBOIO 0Yepe/ib ObIBAIOT JIBYX TUIIOB: CUMMET-
puunble (KOrJa CO3JAI0TCs JBA BCTPEUHBIX MyYKa YACTHUL, OJHON U TOi
JKe MaCChl U SHEPTUK) U HECUMMeTPUYHbIe (KOrIa 00 SHEPIUK BCTPeYda-
IOIIUXCST TTYYKOB PA3HbIe, MO0 MACCHI YACTHUIL TMYyYKa, CYIIECTBEHHO pa3-
JITIaoTCst). BO-BTOPBIX, 3TO YCKOPUTEIM € MyYKAMU, HAMPABJISEMbIMI
HA TOKOAIINECs B JIAOOPATOpUM MUMIeHu (T. H. ”yCKOPUTEJU Il IKC-
[EePUMEHTOB C HeloABUKHON MuiieHbio” ). Eciiu npunsars Bo BHUMaHUE
TUIl OPOUTHI IIyYKA B YCKOPUTEJE, TO TOBOPAT O JIMHEHHBIX (yCKOpse-
MBI TTY9OK JIBMIKETCS TI0 TIPAMOM JIMHNT) M MAKINIeCKIX ! yCKOPATETAX
(B mux opbuTa MydYKa — 3aMKHYTas JIHHUS, TPUOJUKEHHO HATTOMUHA-
IOIAsT OKPY’KHOCTh WJIN OTPE3KW OKPY’KHOCTHU, COEIUHEHHBIE OTPEe3Ka-
MU 1pgMbIX). Kak 1paBusio, CoBpeMeHHbIE YCKOPUTEIH BBICOKUX IHED-
ruit — mukandeckne. He Tak maBHO HAYAIOCh 0OCYKIEHME MTPOEKTA HO-
BOI'O YCKODHUTEJs JJIs BBICOKUX SHEPTHil, KOTOPbINl M3HAYAIBHO MPOEK-
TUPYeTCA KaK JUHEHHBIH W JOTKEeH MpuiiT Ha cMeny ~Boabmomy aj-
pornomy Kosnaitnepy” (LHC). DT0T HOBBIN MPOEKT TOIyYNsT HA3BAHUE
" Mezkynapoubiii uneiinbiii koutaiigep” (ILC).

OaHa 3 ocobeHHOCTeH KOMaiiIepoB, KOTOPYI0 HEYaCTO OTMEYAtoT
B JINTEPATYPE, COCTOUT B TOM, UTO IKCIIEPUMEHTAIbHBIE YCTAHOBKYU WH-
TErpupOBAHBI B YCKOPUTEIb U CTPOATCS TMPAKTUIECKH OJHOBPEMEHHO C
HuM. [To3TOMY OHUM CO3AIOTCS KAK MHOTOIIE/IEBBIE W WX HEJIETKO MOJIH-
dummpoBarh. Korga BO3MOXKHOCTH YCTAHOBOK MCYEPIBIBAIOTCS, 3aKaH-
YUBAET CBOIO YKU3Hb U CaM KOJLIAMIep.

[naBuas ocobeHHOCTH KOJIANIEPA C TOYKU 3PEHUST KHHEMATHKHU CO-

2297

I 31ecy TepMuE ”nuKIMYecKuit” ABIAETCH KATLKOH € aHITHICKOTO cycle.
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CTOUT B TOM, YTO KCIEpUMEHTATOD (HabII0AaTe b) HAXOAUTCA B CUCTE-
Me OTCYeTa, HEMOABUKHON OTHOCUTETHHO TIEHTPA MACC CTATKIUBAIOIIIXCS
vacrul (ecjau KoJUIaiaep OTHOCUTCH K T. H. ” CUMMETPUIHOMY” THUILY, T. €.
YCTPAWBAETCs CTOJIKHOBEHWE YACTHUIL OJMHAKOBOTO THUTIA W OJUHAKOBOM,
B C.IL.M., 3Heprun). [10CcKoIbKY 1a60paATOPHOl CUCTEMO 0OTCYeTa BCeraa
CUUTAETCS Ta, T7e SKCIEPUMEHTAIbHAS YCTAHOBKA HAXOIUTCS B TOKOE, TO
B 9KCIIEPUMEHTAX HA CUMMETPUYHBIX KOJLIaiiaepax JaboparopHas cucre-
Ma U CHCTeMa IEHTPA MACC COBIIAIAOT.

[IycTh sHEprusi OHOrO M3 CTAJKWBAIOIMIMXCS MYYKOB KOJIIAMIepa
paBHa E* u mycTh OHA MHOTO OOJIBINTE MACCHI YACTHUI] COOTBETCTBY FOIIAX
nyukos. Torma nepemennas Manjgenbcrama § (KBAIPAT MOTHON SHEPTUY
B CHCTeMe TeHTPa Macc)ecThb s ~ 4E*2. I Toro, 4To0bI MOJYHUTh Ta-
KOE YK€ 3HAYEHUE S B CTOJKHOBEHUHU TeX K€ JaCTHIl, HO B KMHEMATHKE,
rie B 1ab0paToOpHOIl cucTeMe TOIbKO OfHa U3 Hux (7 cHapsa’) yecKopeHa,
a npyras (" Murens” ) TTOKOUTCsT (TaKne IKCIMEPUMEHTHI B MOCIIETHee Bpe-
M Ha3BIBAIOT IKCTIEPUMEHTAMHU ¢~ HeToIBUKHON” MUTIeHbI0? ), HyKHO
UMETDb SHEPTUIO Fpegrm YCKOPEHHOTO MyYKa,

s E*Q
Epeam ~ =2 , (14.1)
2mta7'get Mtarget

Kak cuemyer u3 coornomenus (2.4). Takum o6pazom, [uisd JOCTUKEHUS
OJHOTO M TOTO YK€ 3HAYEHHS S B ONBITAX C ~ (PUKCUPOBAHHONW MUIIEHBIO
HyxeHn B 2E* /mm,.get 00J1ee MOIIHBIM YCKOPUTEb, YeM B KOJIIAaep-
HbIX ombItax. C Apyroit CTOPOHBI, JjIsi KOJIJIANIEPHBIX JKCIEPUMEHTOB
dakTrueckn HyXKHBI JBA WIEHTUYHbIX yCKOpUTEs (eciu paccMaTpu-
BaThb CUMMeTPUYHbIH Kosuiaiiaep). Ipyroe obcrogrenscrBo, paboTaroliee
He B I0JIb3Y KOJIIAiIepa, CBA3AHO C MOHATHEM CE8eMUMOCTMU, & UMEH-
HO: B ONBITaX ¢ " (DUKCUPOBAHHON’ MUIMEHBIO JOCTATOYHO JIETKO YBEJIH-
YUBATH CBETUMOCTH TPOCTHIM YBEJIUYEHUEM TOJIIUHBI MUIITEHU, TOTIA
KaK JIOCTUKEHVE BBICOKOUW CBETUMOCTH B KOJLIalIepax 0OecrednBaeTcs
3a CYeT OYeHb TOYHOTO CBECHUS IYYKOB B TOYKE BCTPEYU U yMEHbIIIe-
HUs UX TOMEPEYHBIX PA3MEPOB IPU YBEIUYCHUN HHTEHCUBHOCTH Iy 9KOB.
Texundeckoe perieHne 3TON 337a9U JOBOJBHO CI0XKHO. ECTh u TpeThe
00CTOATETHLCTBO: OMHU 0bacT (ha30BOTO MPOCTPAHCTBA PEAKIINI IKC-
MEPUMEHTATOPAM JIerde UCCJIEIOBATH MPU BBIMTOJTHEHUN KOJIIANIEPHBIX
9KCIIEPUMEHTOB, JIpyrue, Ha00OPOT, B IKCIIEPUMEHTAX C HEIOABUKHBIMA
MurtteHsaMu. VIMEeHHO M03TOMY HEPA3yMHO OrPAHUYIUBATHCS TOJIBKO DKC-

nepuMeHTaMu OJHOI'O U3 3THUX THUIIOB.

2 B aHTI0S3LIYHOM MHTEpAType HCHoab3yeTcs Tepyun ”fixed target experiments”.
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IToHaTHE cBEeTHMOCTH.

OHa U3 BasKHEHIINX XapaKTEPUCTHK JHOOOr0 YCKOPUTENIsl — MHTEHCHB-
HOCTH My4YKa, TaK KAK OHA ONpPEIe/isIeT JaCTOTy TOABIeHus (B €IUHU-
Iy BPEMEHM) UCCIIEAYeMbIX coObITHil. B mociennue aecaTuieTus craja
TOTMYJIAPHON JIpyrast XapaKTepPUCTUKa, ~’MHTErpaJILHOTO” THTa, & WMEH-
HO — cBeTUMoOCTh. OHa yno6HA /1 KOJIARIEPOB, HO MOJE3HA W [T
yckopureneit ” ¢ ¢pukcupoBanuoit mumennio”. B mocaeamnem ciyaae cse-
TUMOCTH OTPEIEISIeTCS WHTEHCUBHOCTHIO U 7 (hakTOpOM 3amnosHeHus”
("duty factor”), T. e. JIUTEJIHLHOCTHIO UMITYJIbCA M3JTy9ICHUS U TOJIIH-
Hoit Mutenu (cMm. dopmyiy (8.7)):

L:Nnuclé-5:1.%;&6.022-1023xnmolzg . (142)
rae Nyue— 9UCTO SAep-MHUIIeHeH B OJHOM CM? Ha TyTH mydka, I— wmc-
JIO 9ACTHI| B UMITyJIbce u3jaydenus, d— ~dakrop sanonnenus’ (”duty
factor”): § = 7/T (37ech T— MIUTENLHOCTh WMIYJIbca W3aydenus, T—
[epUOo/I IOBTOPEHUs ITUX UMILYJIbCOB (BCE — B CEKYHJax)); [— ToJmuHa
vumiern (B €M), p— IMIOTHOCTH BemecTBa Mumienu (B r/cm®), A— mome-
KYJISIDHBI BEC BEIECTBA MUIIEHH (B I'/MOJb), Nyo — YUCIO ATOMOB,
COTIEPIKAIIIX SITPA-MUIIEHN B MOJIEKY/IE BEIeCTBA MUIIEHU, N— IHCIIO
COOBITHIT UCCIIEAYEMOrO MPOLECCa B €IUHUIY BpEMEHH (CEK), 0— €ro mno-
NEePEeIHOe CeIeHNe.

Ouenka BbIXOza UCCeyeMbix cobbituii cornacuo (14.2) Bepua s
OYeHb TOHKMX MHUIIEHEHl, KOrJa HOrIomeHneM acrull (ILy YKOBbIX U /uiu
PEruCTPUPYEMbIX) MOKHO NpeHeOpedb. OObIYHO yUeT MyJIbTUILITKATHB-
HOIl TIOMPAaBKY HA TIOTJIONIEHNE JIETALTCST OTAETBHO, U JIayKe TOTIa, KOTIa
ona 3amerna, dpopmysa (14.2) ucnonb3yercs mjis TpUOIUKEHHON ObICT-
POil OEHKM BBIXOJIA MCCIEAYEMbIX COOBITHI, HAIPHUMED, TIPU TLIAHUPO-
BAHWU SKCIEPUMEHTa. EIe 0JHO OYeBUIHOE MPEJIONOKEHNE, CKPBITOE
B dopmyse (14.2), 3aKmI09aeTcsa B TOM, 9TO MUIIEHb MOJHOCTHIO TEPe-
XBaTBHIBAET MYYOK, T. €. €€ MOMEePEIHOE CEUYCHNE HE MEHBITE TOTePETHOrO
pasmepa TydJKa.

Pasmeprocmv ceemumocmu — 1/(cm?- cex); mostomy ee obpaTHas
BETMYMHA JAET 3HAYEHUE CEYEHHsl, IPU KOTOPOM HYZKHBIE COOBITHS ITO-
sapagores ¢ gacroroii 1 i (1. e. onun pas B cexynuy). B Ta6u. 14.1
JTAHBI XapaKTEPHBIE CBETUMOCTH TIPU PA3HBIX WHTEHCUBHOCTAX TTy9KA,
MaJA0IIEro Ha, MUIIEeHb TOJIMNHOM 1 cM mpu daxTope § = 1.

VHTEeHCMBHOCT TydYKa 9acTo mpuBogaT B pA mma mA; momesno
[OMHUTH, 9TO I 00H03apA0HbLE wacmuy, TOK B 1 pA coorBercrByer
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Tabauna 14.1. CeruMmocTy Ay MuineHeil Toamuaoi 1 M upu § = 1.

Bemectso | p, v/cm? | A | L(I=105/cex) | o(1 Tm)
Ho 0.0708 2 4.2-10% 24 MKOH
(>xuK.)
CH, 0.92-0.95 | 14 4.02-10%8 25 MKGH
(yrmepon)
Al 2.7 27 6.02-10%8 17 MKGH
Pb 11.35 | 207 3.3-10%8 33 MKOH

~ 6.25-10'2 ~ 27-10'2 gacrun/cexk. Hao6opor: marencusnocts B 1012 4a-
cruil/cek coorercrByer Toky &2 0.16 pA ~ % HA.

14.1 VYckopurequ i @(U3NKA BBICOKUX

SHEPTuUii.

BoabmmuHCTBO AEHCTBYIONNX YCKOPUTEIEH /I BHICOKUX SHEPTUH HAXO-
nurcs Bue Poccun. Hekoropbie u3 Hux (KoJuiaitepbl) yrnoMsiHy Thl B KHU-
re [25], B wacTHOCTH:

(1) acummerpuuHbIil (31€KTPOH /O3UTPOH )-IIPOTOHHBIH KoJLIaiinep
HERA (Tepmanus, s6susu Fambypra, nearp DESY) ¢ sueprugmu myu-
KOB, cooTBercTBeHHO, 27.5 I9B/c x 920 I'sB/c; monsipuzoBaHHbIe 71K~
TPOHBI/TTO3UTPOHBI TaKKe OblIn HocTyTHBI. CBOK pPaboTy OH 3aKOHYHII.

(2) CuMMeTpudHbIii [IPOTOH-AHTUITPOTOHHBIH KOJIIaiaep
TEVATRON (®HVYJI, CHIA ¢ sueprusvu myukos 1 TaB/c x 1 TsB/c).

(3) CummeTpuYHBIH TPOTOH-TIPOTOHHBIH U AAPO-AIePHBIA KOJLIAiIep
LHC (IIEPH, IlIpeituapus; 7 ToB/c x 7 TsB/c. Hauan cBoto pabory B
2009 romy.
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HeficTByromiue B HACTOsAIIEE BPeMs KOJIIANIEPhI APYTUX HEHTPOB:

ACUMMETPHUYIHBIA TEKTPOH-TO3UTPOHHLIN Kommmaitmep PEP-IT ¢
nyukamun 9 I3B/c (e7) x 3.1 I'sB/c (e') m cBernmocThio
1033 em—2¢™ !, paboraer B Crandopae (SLAC, CIIIA);

ACUMMETPUYIHBIA 3JeKTPOH-TTO3UTPOHHbIH Komnaiinep KEKB B
Snormm ¢ myuakamu 8 'sB/c (e7) x 3.5 I9B/c (et) m cBernmo-
crbio 1034 em—2¢71;

B Uuncruryre dusuku soicokux suepruii ([lekun, Kwuraii), npe-
KPacHO paboTaer 3JIeKTPOH-TIO3UTPOHHBIN KOJLIAMAEp ¢ dHEeprueit
myuKoB 10 2.8 x 2.8 ['sB u cserumoctsio 10 103 e~
anpo-aaepubiit kosuiaitnep RHIC B Bpykxeiisene (CIIIA), cno-
coben Takxke paborarb ¢ mydkamu nporoHos (250 I'sB/c x 250
I'B/c) u aeiiTpoHoB, B TOM YuC/Ie NOJSAPU30BAHHBIX (IIOJISIPU30-
BAHHBIE TIPOTOHBI U TOJIAPU30BAHHBIE JEHTPOHDI ).

M3 mukamdecknx yckopureseil, naxoxammxcsa BHe Poccun, Hy>KHO
TaKKe YIIOMAHYTh:

SPS, KOTOpPH®Iit He TOTBKO CIYKHUT MPOMEKYTOIHBIM YCKOPUTETEM
B cocraBe Komitekca LHC, HO u ermie HEKOTOPOE BpeMsi TTPOIOJIZKUT
CBOIO PAbOTy B KAY€CTBE CAMOCTOATETHHOIO YCKOPUTES ITPOTOHOB
¢ MakcuMaIbHBIM uMItyibecoM 10 400 I'9B /¢ (nnm siaep ¢ rakum xe
HOJIHBIM UMITYJIbCOM); CXeMa yCKopuTenbHoro kommiekca [TEPH
nokasana Ha puc. 14.1;

HAYABIINN CBOIO paboTy MpoToHHbIH yckopuTeab JPARC B dnorun
¢ myukamu 10 50 I'sB/c;

paboratommii ¢ 1960 roma yckopuresns AGS (33 T'sB/c, Bpykxeii-
Ben, CIITA).
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CERN Accelerators
(not to scale)

ISOLDB Isotope Separator OnLine DEvice Gran Sasso (T)

PSB: Proton Synchrotron Booster 730 km

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy Ion Ring Radelf LEY, PS Dévison, CERN, 62,0996
CNGS: Cern Neutrinos to Gran Sasso R

-mm--n—-nnn_nq-,sl.mr..-n
D, Manglaeid, PS5 Div, CERN, 23.05.01

Puc. 14.1. Yckopurenbubrii kommieke IIEPH. O6mas cxema.
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B Poccun nmsa pusuky BBICOKMX SHEPIHH MOKa eIme paboTaioT aBa
YCKOPUTEIIS:

e nporounbiii cuaxporpon B U®BY (IIporsuno, sueprusg mydka 10
70 I'sB/c (cm. puc. 14.2). Ou 3anymen B 1967 roxy. Bosee noapo6-
Hy10 nHMOPMAINIO 00 YCKOPUTEIE U er0 UCTOPUY MOYKHO HANUTH HA,
caiite I®BD.

e DJIeKTPOH-TIO3UTPOHHBIH Kojtaiizep BIOTII-4M (UAD wm. Byx-
kepa B HoBocubupceke; 6 T'9B/c x 6 I'9B/c. Komnaitnep BIIII-4
zamyted 14 nosopsa 1979 1., 8 1992 roay ou 6611 MOIEPHU3UPOBAH
B BOIIII-4M. (Puc. 14.3).

OcHoOBHbIe nNapameTpbl

MakcumansHas aHeprus 76 [aB
SHEPrUs NHKEKLMK 1.32 [aB
MHTEeHCUBHOCTDL My4ka NPOTOHOB B UMNYNbCe 1.7x1013
YactoTa NnoBTOPEHWs MMNYNbCOB 0.11Tu
MepumeTp opbuThl 1483.63 m
Paguyc KpuBU3HLI OpbUTLI B MarHMTHOM Bnoke| 194.12 m
Yucno marHUTHeIX Bnokos 120
Yucno cynepnepuogoB MarHMTHOW CTPYKTYpbI 12
MpupocT aHeprum 3a obopoT 170 kaB
YacTtoTa yCKOpAOLWEro HanpsxeHns 5.5-6.1 My,
OnutenbHoCTb LMKNa ~9 cek
MHaykuma mardmTHoro nons 0.355 klc
OnuteneHocTb NNaTo 2 cek
Mopsiaok hoKyCcHMpOBKN FODO
BetaTpoHHasa 4yacToTa 9.75-9.85
KpaTHOCTb YCKOpeHust 30
Kputnyeckas aHeprus 8aB
Paamepbl rmagkoin BakyymMHON Kamepbl 200x100 mm2

Puc. 14.2. Ocuonbie nmapamerpst yckopurens Y-70 8 UGB, ITporsuso.
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Electron-Positron Facility VEPP-4M http:/vepp4-pult1.inp.nsk.sw~vepp4iveppar

Electron-Positron Facility VEPP-4M

The VEPP-4M faciiity is an electron-positron coflider of the State Research Center, Budker Institute
of Nuclear Physics, Siberian Branch of Russian Academy of Science, Novosibirsk.

Mj& Recent view

See VEPP-4 status o
to get current status (beam current, energy, etc.) Some photos of VEPP-4M facility

Date of Commissioning

The VEPP-4M is the updated facility of that having been operated during the period from 1979 to 1985. It's
updating was undertaken for an increase in its luminosity and for the change of its detector. The booster storage
ring VEPP-3 was put into operation again in 1986 and the VEPP-4M was really commissioned in 1992,

The Most Important Subjects of Work

¢ Physics of Y-meson resonances

Two-photon physics

Generation of high energy beams of gamma-quanta

Electro- and photo-nuclear physics

The use of synchrotron radiation (SR) in research and applications

The Main Technical Parameters of the Facility
VEPP-4M is the only one in Russia collider with the high energy beams of electrons and positrons.

The VEPP-4M accelerator facility consists of the electron-positron collider VEPP-4M at an energy up to 6000
MeV, a synchrotron at an energy of 350 MeV, and linear accelerator which enables the obtaining of 7 MeV
electrons or positrons. Both the storage ring VEPP-3 and the VEPP-4M collider are used in experimental
studies. These installations have rooms specially equipped for the operation with SR beams. At the VEPP-4M
there is the ROKK-1M ir 1 (Backward Scattered Compton Quanta), producing the polarized tagged
gamma-quanta within the energy range from 50 to 1600 MeV, obtained with the method of the backward
Compton scattering of the laser light on the VEPP-4M electron beam.

Puc. 14.3. BOIIII-4M: obmpe cBemeHms.
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14.2 TIMukjan4deckKue yCKOPUTEJIN JJid (pU3UKU

mepexoaHol obJiacTu.

B sToMm pazzene KpaTko XapaKTepU3y0TCsa YCKOPUTEn /11t (PU3UKHU [TPO-
MEKYTOYHBIX SHEPIuii, AeficrByionme B Poccun; XapakTepucTuka yeko-
puTeseil 3TOro Kaacca B JPYrUX CTpaHax JaHa BbIOOPOIHO. OTOGpaHbI
TOJIBKO T€ MEHCTBYIOIINE MAIWHBI, KOTOPBIE JAIOT I SKCIIEPUMEHTA~
TOPOB MEPBUYHBIE MYYKH YCKOPEHHBIX MPOTOHOB W SIep. YCKOPUTEIN
97IEKTPOHOB WJIM MO3UTPOHOB 37IeCh HE PACCMATPUBAIOTCS.

[MpumegarenbHo, 9TO B MOCHEIHUE JIECATUICTAS] BO3HUK 3aMETHBII
”nepekoc” B CTOPOHY yCKOPUTEJIeli JIEIITOHOB (3JIEKTPOHOB U MO3UTPO-
HOB), €CJIi 00CYKJATH TOJIBKO YCKOPUTEN JIJIs TPOMEKYTOUHBIX SHEP-
ruii. DTOM TEHIEHIIUM HE BUIHO MOKA TOJBKO B [epmanun: Habop ycKo-
PUTEJIBHBIX MAIIWH B TOW CTpaHe OoJiee-MeHee cOATAaHCHPOBAH.

Yem mmpe CreKTp AOCTYIMHBIX IKCIEPUMEHTATOPAM CHAPSIOB, TE€M
JIyIie; Hy»KHbI KaK YCKOPUTENN SJEKTPOHOB M MO3UTPOHOB, TAK U aJl-
ponHbIe (C Iy4YKaMu g/ep, IPOTOHOB, HEHTPOHOB U BTOPUYHBIMU 1Ly YKa-
MU Me30HOB). UTOOBI YOEAUTHLCA, UTO OANAHC MEKLY MAIlMHAME 000UX
KJIACCOB HEOOXOINM, JOCTATOYHO 3a]aThCs MTPOCTHIM BOMTPOCOM: & MHOTO
Jit Obl Mbl 3HAJIM O sJAEPHBIX CUJIaX (U HYKJIOH-HYKJIOHHOM IIOTEHIUa-
Jie B Y4aCTHOCTH), €c/iu Obl SKCIEPUMEHTbI [IPOBOAMUIUCL Obl TOJLKO (1
UCKJIIOYUTEIHHO) HA YCKOPUTEIAX DJIEKTPOHOB?

14.2.1 [eiicrByromue B Poccun yckopuresu.

OcHoBHo#t 6a30it AmepHOil (hU3UKN TPOMEKYTOUHBIX dHepruii B Poccun
ocraercs Ooweannuenunrit Uncturyr Anepunix Uccmenonanuit B lyore
(OUN), ocuoannbiii B 1956 romy.

VYckopureabHbI KoMiuieKe JI®BY OUSAN.

o 2003 roma yckopuTeabHbINH KOMIIEKC Jlaboparopun (hU3MKH BBHICO-
kux suepruii (JI®BI um. Bekcnepa-Bananna) O6bwemunentoro MHern-
ryta dAnepunix WccaemoBanuii coctost u3 nByx yckopureseit: Cuaxpo-
dazorpona (crapeilinuii 1 eMHCTBEHHBI B MUPe U3 T€X YyCKOPUTEJEil ¢
" markoii” GhoKycupoBkoii, Koropblie npopaborasnu nouru 50 ser) u Hyk-
Jiorpona — mepsoro B EBporie feiicTByoIero cBepxmpoBOIsIero CHHXPO-

TPOHA C YKECTKOH (POKYCUPOBKOIA, TOCTPOEHHOTO B CAMBIE TSKEJIBIE JIJIsT
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poccuiickoit Hayku rogpl. MOoKHO CKa3aThb, 9TO OH OBLT BBEIEH B CTPOIi
CKOpee BOIIPEKHU T'OCIIO/ICTBOBABIIEH B T€ BPEeMeHAa MOJUTUKE B 00JIacTh
HAYKK U KyJIbTypbl, yeM ”6arogaps...” (cm. [99] u Tabi.14.2).

Tabauma 14.2. Texuuueckune xapakTepucTuku yckopureseii JIOBD

ITapamerp Cunxpoda3zorpon Hyxsorpon
Makc. KuHeTnudecKas SHeprus

Tinaz TpoTOHOB, 9B 9 12
Maxkc. KuH. 9HepTus siaep

¢ Z/A=1/2; Thas, [9B/A 4 6
Yacrora nosropenus (1/T)

IIMKJIOB /CeK 0.1 0.1 +1.0
JImTenbHOCTh BBIBO/IA

("pacrskka’) T, cex 0.5 z0 10
DakTop 3amnonHenus () 0.05 Jo ~1
Baxkyywm, Topp 1076 +107" 10719 =10~
TToTpebasemast momuocTsh, MB 8 1.5
Makc. nosre B aunosnax, T 1.1 2.0
Ilepumerp, m 207.1 251.5
KommdecTBo cBepXmpoBOI.

JIUTIONeH, TIIT. 96
KommdecTBo cBepXmpoBOI.

KBaJIpyToJeit, TIT. 64
Aneprypa aunoseit, Mmm 110
Ob6mas oxnaykgaeMast Macca, T ~80
MorHocTh reimeBbIx

oxwmxkuteneit npu 4.5°K, kB 2x1.6

Kowmmexe JI®BD nmeer 10BoIbHO GoraThiit HAO0OP yCKOPSEMbIX TTyH-
KOB, BKJIIOUas TOJIIPU30OBAHHBIE YUK JEHTPOHOB, TTPOTOHOB M HEHTPO-
HOB. OCOBEHHOCTHIO HTOTO YCKOPUTETHHOTO KOMILIEKCA ABJISETCS HAJIV-
que MOJIAPU30BAHHON IPOTOHHON UJIA JIEHTPOHHON MUIIIEHHU, KOTOPAasd MO-
KeT OBITh HCIIOJIb30BAHA [IJIsi SKCIIEPUMEHTOB KAK HA HEMOJISPU30BaH-
HBIX, TAK U HA TOJISIPU3OBAHHBIX MydKaX. Tak0oe COYETAaHWE Yy HBIHEII-
HUX YCKOPHUTEIbHBIX KOMTIJIEKCOB BCTPEYAETCST JTOBOJLHO peako. Ha
puc.14.6 mpescTaBieHa yHPOIIEHHAS CXeMa KOMILJIEKCA W ero MyvKOB,
a B Tab6s1.14.3 npuBoauTCs mEpevYeHb yCKOPAEMbIX dacTull u siaep. Vu-
TEHCUBHOCTH Ty4KOB HyKioTpoHa B HACTOdAIIee BPEMsi COOTBETCTBYIOT
craguu [; cragusa II Tpebyer co3mamms OycTepa-HAKOMUTEIs, MOITOMY
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Tabsmmna 14.3. IIpekuue u MpoeKTHbIE WHTEHCUBHOCTH MYyYKOB YCKOPH-
TesbHOTO KoMTiiekca JIOBD (wacTuil/uuKi); 3HAKOM * OTMEUeHbI KBa-
3UMOHOXPOMATHYECKHAE BLIBEICHHBIC IIYyYKH HYKJIOHOB, IOJyYaeMble N3
BBIBEICHHBIX JEATPOHHLIX IIyYKOB IOCTE peakiymu passana d — p. Jdan-
HblE, IOMEYEHHbIE 3HAKOM (*) — HHTEHCUBHOCTD, OXKHUIaeMas IOCJIe BBOIA

B IKCIIJIyaTallli0 HOBOTO MCTOYHUKA TTOJIAPU3OBAHHBIX MOHOB.

IIyvox Cunxpo- Hyxmorpon | Hykmorpon +
dbazorpon (I Oycrep (II)
P 4-1012 1011 1013
n 1010 5-108 10t
d 1012 5-1010 1013
dpor (1—-5)-10% | 2-100 (¥) 21010 (%)
“Ppol ~2-10° ~ 108 ~ 108
*Npol ~ 106 ~ 108 ~ 108
‘He 2-10%
‘He 5-10' 5-10° 2-10'2
"Li 2-10° 21010 5-10'2
2c 10° 7-10° 2-10'2
160 5-107
20Ne 104 2-108 5-10°
X Mg 5-10° 3-108 5-10
288 3-10%
10Ar 3-107 2-10°
56Fe 1011
65Zn 5-10'
84Kr 2-107 5-10'0
QGMO 1010
11980 2108
BlXe 107 2108
181Ta 108
38U 3-10° 108

B Tab/uIe JaHbl OXkugaeMbe (pacuerHbie) 3uadenusa. B uosope 2002 r.
OBLIO YCIIEITHO OCYIIECTBIEHO YCKOPEHUE TOIIPU30BAHHBIX TeHTPOHOB B
HyxioTpore u Ha BBIBEIEHHOM U3 HETO MTYYKE TIOJISAPU30BAHHBIX JEHTPO-
HOB OBLTH TPOBEIEHDI (PU3MIECKUE IKCIIEPUMEHTHI.

B nacrosinee spemst Hadanach pabora Hal HOBbIM poekTom OV AN:
CO3JIaHMEM KOJLTAlepa JIJisd Ta¥KeIbIX noHOB Ha 0ase Hykmorpona (mpo-
ekt HUUKA). KouTypst 3T0ro npoekTa JaHbl B pasziene 2.4.2.
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Moporu, AoCTKMMbIE Ha YCKOPUTENAX NPOTOHOB

(npomexxymoyHble sHepauu)
T T T T T
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KMHeTuYecKast 9Heprus nyyka npotoHos (B n.c.), T, , [3B

kin’
Puc. 14.4. Toctyn k moporam poxKIeHus 9acTut B pp, pd u p 2C B3amMomeii-
crBusix. A6crmcca: 1ab0paTopHast KHHETUYIEeCKasl SHEPTUsl IPOTOHHOTO MYYKa
(mra anep (mEATPOHOB W T. I.) 3TO COOTBETCTBYET KMHETUHYECKOH SHEPrum Ha
onuH HyKJIOH). CTPEJIKM HAJ[ OChI0 abCIUCC YKA3bIBAIOT IMOJIOKEHUs CIa0bIxX
JIEToJIIPU3YIONIUX PE30HAHCOB B HyKJIOTpOHE 15l TIOJIIPU30BAHHOTO d IIyuKa
(cm. paGory [100]). dpyrue mgeranu sToro pucyHka noscusiorcs B Jacru II.

4-momentum transfers at thresholds
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Puc. 14.5. Tlepegaun 4-ummyanca TP POSKIEHUN YaCTHI] Ha TTIOPOTE B pp B3a-
nmomeicTBuaX. I pyrue meraam 3Toro pucyHka noscugiorcea B Jactu I1.
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INJECTOR

Internal target & setup
for first experiments
&t MUCLOTRON

WUCLOTROMN

Experimental Hall 205

e = Ligueried
xcu-taon| El=<]
_F

Puc. 14.7. Dnement HykporpoHa (IUMOJLHBIA MarHUT Ha MEpEJIHEM
[JIaHe) B KOXKYyXe TeILIoBoi u3ossanuu Ha (one maruura Cunxpodaso-
TPOHA.

208



Cunxponukiaorpod I[INAP (Tarunna).

Nudopmanmro o ITNAD - TTerepbyprekom Uncruryre A neproit @usukn,
U ero TPOTOHHOM YCKOpUTese (MaKC. KHHETHYECKAs SHEPIUs MPOTOHOB
oko10 1 I'sB) mokmo naiitn na caiite IINAD (cum. [101] n mepeunciennsre
TaM K€ CTATHHU); TaM ¥Ke TPUBOJIUTCI KPATKUN Ouepk ucTopuu (hpusnku
qactur, B [INAD. [Tapamerpsbl yCKOPUTENS U BBIBEICHHBIX Ty IKOB JAHBI

B Tab6m.14.4 u Tabn.14.4-14.6.

Tabmuma 14.4. Bakueiimune nmapameTpsl cHHEXpOuKIoTpona [TNAD.

ITapamerp Suauenne
JInameTp mMOTI0COB, M 6.85
3a30p MexIy MOTI0CAMU, CM 50

Maxc. mosie Ha pajmyce BBIBOIA 1.78 T
AmnmTyna yeKOPSIIOIMEero moJist 8 kB
HacToTa MOBTOpEeHUS 40-60 I'g
YHacTora B yckopaommx daekrpogax | 30-13 Mri
Maxkc. ycropsiiorniee HAIIPSAZKEHNTEe 500 kB
UurencusHocTh BHyTpeHnero my4dka | 3uA
DddexTUBHOCTL BHIBOIA 30%
”@axTop 3anoHenus” 50%
Bakyywm 10~ Topp
O6mmnii Bec 8000 Tonn

Tabmuma 14.5. ITapamerpst nporonubix ny4dkos B [TUAD.

Iy4ox, Twin, I'sB | AT/T, % | Unrenc.,1/cex
Haznagenne
IIPOTOHBI 1 1 < 6-10"2

OCHOBHO# p-TIy90K

TPOTOHBI 1 1 108

MemunuHCKHUH My490K,

ToTepedHbIil pazvep 3-5 mm?

IPOTOHBI 1 1071 108
CrekTpoMerpudecKuil my oK

TTPOTOHBI 1 1 10%°
Bropoit p-rygok
¢ ¢hokycoM B 3aj1€ YyCKOPUTEIST
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Tabmuna 14.6. [Tapamerpst Bropuynbix myydkos [TNAD.

Yacrunst | Umvmynse, | Ap/p, % WNurenc., TIpumevanme
MsB/c 1/cex
AxpomaTnaeckmii
mt 450 6 106 pexuM
m 450 6 3-10°
Axpomarnueckuit
T 250 2.5-12 | 3-10°—1.6-107 PeKIM
o 250 2.5-12 3-10° — 10°
ut 29 12 3-10%
Paznenennnie
ut 175 10 3-10° Iy 9KHA
W 160 10 9.10*
Tabsmna 14.7. Hedirpornsrit myqox TTNAD.
Tkin Nurencusnocrs | Jmurenbrocts, | Hacrora,
1/cex HCEK I
1072 5B - 100 MsB 3-10" 10 50

B onbrTax, BRIMOIHEHHBIX HA 3TOM yCKOpUTEe, OBLIO OUY€Hb MOIp00-
HO U3Y4YEHO PacCesgHre MPOTOHOB HA OOJBIIOM 9YHCIIE SA/I€D U MOy YeHO
MHOTO TPEIU3NOHHBIX JAHHBIX 00 YIPYrOM W HEYIPYTOM DPACCETHUU C
BO30OYIKIEHUEM SITEPHBIX YPOBHEH, CTPYKTYpPE saep U pacipeIe/IeHun
MJIOTHOCTH $/IEPHOTO BEIECTBA B PA3JIUIHBIX SAPaAX. 3/16Ch CYIIEeCTBEH-
HYIO POJIb CBhITPAJI YAAYHBINA BBIOOP SHEPTHH YCKOPUTEJS BO BPEMS €ro
npoekTupoBanus (yckopuresb 3amyiied B 1967 r. u BbIIes B 9KCILIyaTa-
HUOHHBIA pexkuM B anpesie 1970 1.): npu KMHETUYIECKOI dHEpruu 0KoJio 1
B miig ananusa JaHHBIX 0O yIPYroMy U Heynpyromy (¢ Bo3OyzKieHu-
eM SJIepHBIX YPOBHEIl) pacCestHust XOPOIIIO MTPUMEHUMA, TEOPUST PACCETHUST
Inay6epa-Curenko.

VYekopureas UTOD (Mocksa).

DTOT YCKOPUTETH OTHOCUTCS K KJIACCY CHHXPOTPOHOB € YKECTKOM HOKY-
cupoekoii. On 011 ocTpoen B Mockse, B UTO®, kak MpOTOTUTI-MOIETH
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70-I'sBuoro yckopurens UPBY (IIporBuno) u crocober ycKopaTh Mpo-
toubl 110 dHeprun 10 ['9B, 7. e. paboraer mpakTUYeCKu B TOM K€ Jna-
na3one, 910 U yckopureabubiii kommieke JIOBY OUAN. TIpororubrii
MyYOK WCIOJIB3yeTCss KaK caM Mo cebe, TaK W I TeHEPAINH ITyYKOB
BTOPUYHBLIX YacTull, (Me30HOB). Ou3nueckas MporpamMMma UCC/IeI0BaHU
HA 3TOM YCKOpWTEsE BKJIOYAET B ceds OOJIBINOE YUCIO IKCIEPUMEHTOR
0 s/IepHON (DU3KMKE MTPOMEKYTOUHBIX IHEPTUN ¢ AKIIEHTOM Ha, UCCJIEI0-
BaHUSA KyMYISTUBHBIX IPOIECCOB U MOAIOPOTrOBOIO POKICHUS KAOHOB U
AHTUTIPOTOHOB. B 9TOM HampaBjeHnn ObLIO MOy 9€HO MHOTO WHTEPECHBIX
U BayKHBIX PE3YJIHLTATOB.

[lepeuyncaeHHBIME  MATIMHAMHA WCYIEPIHIBACTCA CIMUCOK QIPOHHBIX
yYCKOpHUTENeH Ha MPOMEXKYTOYHbIe SHeprun, JeiicTByonux B Poccun.

14.2.2 leiicTByromue BHe Poccunm yckopuresn.

VYekopureas COSY (FOumx, Tepmanus).

Vexkoputrens COSY B FOsmxe — coBpeMeHHAsT MAIWHA, C 3JIEKTPOHHBIM
OXJIAKIeHUEeM Tyuka. Ero MakcuMasibHast MPOEKTHAS SHEPTUs TTPOTOHOB
(kunernueckas ) 6buta 2.5 I'9B. B nacrosiiee Bpemsi oHa J10BeJeHa 10
2.83 I'sB, 4ro HEMHOrO BBIIIE TIOPOTa POXKJIEHUS (-ME30HOB B MPOTOH-
MPOTOHHBIX CTOJTKHOBEHUAX. YCKOPUTETH CIOCOGEH YCKOPATH JTEHTPOHDI
a TakKe 00eCrednTh YCKOPEHUE TIOJSTPU30BAHHBIX TTPOTOHOB. OCHOBHBIE
MPOEKTHBIE TmapaMeTphbl danbl B Tabm.14.8; 6ommee meranbHas nHdOpMa-
s O MPOEKTE ITOTO YCKOPUTES MOYKET ObITh HaliieHa, HAIPUMED, B
noksazie [102] u Ha caiire 10 yKazsaHHOMY TaM ¥Ke ajpecy. DKCIePUMeH-
TAJbHBIE YCTAHOBKY OPUEHTHPOBAHBI, B OCHOBHOM, HA PABOTY ¢ BHYTPEH-
HUMHW MUITIEHSIMHU, B TOM YHUCJE — CTPYWHBLIMU MUITIEHSIMHU C ATOMHBIMU
MydKaMU MOJIIPU30BAHHBIX MPOTOHOB ¥ Jseiirponos. UudpacTpykTypa
BBLIBEJICHHBIX 11y YKOB HEJIOCTATOUHO PA3BUTa (HATPUMED, 1O CPABHEHUIO C
ON AN niu ¢ mpeBOCXOIHBIM, HO YIKe JTABHO JIEMOHTHPOBAHHDBIM, YCKOPHU-
resiem CATYPH-II, cm. pazaen 14.2.3), kak MOXKHO Buzerhb u3 puc.14.8.
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Tabmuna 14.8. Ocuosabie napamerpbt yckopurenas COSY

ITapamerp SunaveHus
Pmaz 3.30 I'sB/c
pactual 3.65 I'sB/c
op/p 0.5-1074
NnaTencuBHOCTD
YCKOPEHHOI'O ITydIKa 2-10%
WNurencuBnocts

BBIBEJICHHOTO TTyYKa
(Pe30HAHCHBIN BBIBO) 5-10% 1/cek
NurencusnocTsb

BBIBEIEHHOTO TTyYKa

(MeIeHHBIH BBIBOJ) 2-10% 1 /cex
duty cycle, 02-1
BHYTPEHHUI IIy90K (3aBUCUT OT HKCIIEPUMEHTA)

~ 1 (MEKpPOCTPYKTypa)

duty cycle, 0.99
BbIBEJICHHBII 11y 90K (3aBUCUT OT HKCIIEPUMEHTA)
CBETHMOCTh
(BHYTD. My4OK) 1028 + 103* 1/(cm? cex)

pa3Mep BBIBEJEHHOI'O IIyYKa

(ImupuHA HA MOTYBBICOTE) 0.5%0.5 mm

212




_Forschungszentrum Jiilich

Puc. 14.8. O6mas cxema yckopurens COSY.
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Vcekopurenbnsbiii kommiteke GSI/FAIR.

Dror yckopuTeabHbI KoMILIeKe Haxoaurces BOosu3u Japmmranra (Fep-
MaHWsl ); OH MpeJHA3HAUECH 71 UCCICIOBAHMN PeaKIuii B3auMoeiicTBus
TSIYKEJIBIX WOHOB PEJIATHBUCTCKUX SHEPTHi. Ero HBIHEITHSS MpOrpaMma,
UCCaeI0BaHUN C(DOPMUPOBAIACH TIO/T 3AMETHBIM BJIUSHUEM HAYYHOI TPO-
rpammvbl QU yemy cnocobeTBOBAIO HaBHEE COTPYIHUYIECTBO Lepma-
nun ¢ OUAN.

Tabanna 14.9. TIpoekTHBIe TTapamMeTphl MydkoB Komriekca SIS100/300.

IIporpamma Makc. Wurenc. Cpenmn. Crpyk-
Typa
SHeprus 3a UK/ || MHTEHC. HMILY/IbCA
Myuxu pagmo- | 0.4 + 1.5 GeV/u | 5- 10" 3-10" /cex | < 60 mc
AKTUBHBIX BCE 3JI-TBIL 110 JTs 60T IION (maxor. )
WOHOB ypaHa OTIBITOB duty cycle
Ha HAKO- || JIJIsT BHEIH.
nuTese MUIIeHei
Anrunporonst | 29 IB/c 4-10" ~ 25 mC
TTnoTHas 1o 34 I'sB/u 2-10%/cex | memm.
anepHas U BOJIBIIION BBIBOJI
MaTepus duty cycle
Pusnka TOHBI 1-10" 100-50 nc
IIJTA3MBI 0.4-1TIsB/u (dbuxkc.
MUIIEHN )
Aromuasn HOHBI 109 /cex MeJIT.
dusuka 1-10TsB/u 60JTb 11O BBIBOT,
duty cycle

Kowmrteke cocrout u3 aAByX ycKOpuTeseidl W HAKOIUTEIHHOTO KOJIhb-
na (UNILAC, SIS u ESR), npeiHa3sHAYEHHBIX [/ YCKOPEHUS TAZKEIIBIX
HOHOB, CO3J[aHUs IIyYKOB HECTAOUIbHBIX (PaJMOAKTUBHBIX) sIJIEP W HC-
ciaeaoBaHmil uxX B3anMoaeicTeuii. O MPOEKTHBIX MapaMeTpax HbIHEIITHETO
KOMILIIEKCA MOXKHO Haditu undopmaiumio B padorax [103].

B nacrosiee BpemMs KOMILTIEKC CIIOCOOEH YCKOPATH S/1pa BILIOTH 10
28U no makcuManmbHON KuHeTuueckoii sneprun ~ 2 ['sB/nykion (wmm
~ 4 I'sB gnga nporonos). HTencuBnocTsh orpanundeta 3ddekramMu mpo-
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Research Communities at FAIR

e

4 SIS 100/300

\x\.‘ o Nuclear Matter Physics with

FADES | 35-45 GeV/u HI beams, x1000
HESR
Rare | sotope .
» Y /] Production t
Hadron Physics #® Z = e -
with antiprotons | —— et [ Antiproton
of 0- 15 GeV / Production
g Target
Plasma Physics:  x600 - AR Nuclear Structure & Astrophysics
higher target energy RESR with rare isotope beams, x10 000
density 600kJg and excellent cooling
Special Features: ]
« 50ns Bunched beams - "
« Electron cooling of secondary beams a—= High EM Field (HI) _
« SC magnets fast ramping Fundgmgwtal Studies (HI & p)
« Parallel operation pen Applications (HI)

e

Puc. 14.9. Cymectyiomuii yckopnureabublit kKommieke GSI mokaszan cie-
Ba B CEPOM OTTEHKE; OH BKJIOUaeT juHeinsrit yckopureasr UNILAC, Ta-
JKeJOUOoHHbIH cuaxporpon SIS18, cemaparop dparmenroB FRS u nako-
[UTEJIBHOE KOJBLLO i 3KkcunepumenTos ESR. B TemHoMm orrenke mo-
Ka3aHbl OyIylIUe 3JEMEHThI: CUHXPOTPOH JJIsl TSAKeJIbIX MOHOB (IBOIi-
Hoe Kosibro) SIS100/300, HakomurenbHbe KOMbIA (715 BBICOKUX IHEP-
rutt HESR, konbiio cobupanus CR, Koabo mis sjaepHbix hparMeHToB
NESR), ceepxuposoagammii cenaparop dparmentos Super-FRS u me-
rekropubie cranuuun (PANDA, CBM) misa skcunepumenrtos. Kowmiuiekce
UNILAC/SIS18 Boicrynaer B posu utzkekropa s SIS100/300. Bpes-

KU TTOACHAIOT HA3HAYEHUE OTAC/IBHBIX 3JIEMEHTOB KOMIIJIEKCA.

CTPAHCTBEHHOTO 3apsijia MydJKa, BIUSIONNMA HA JUHAMUKY YCKODEHWS
(ns amep Heowa 3T 3HPEKTH yKE CYIIECTBEHHBI TPU WHTEHCUBHOCTH
oko10 4 - 100 wacrum/muk). " Pactaxka” myuka - ot 0.02 cex 110 4 cexk,
SHEPIUWH BBIBEIEHHBIX mMydkoB — or 100 MsB/A no 2 I'sB/A. ESR (c
9JIEKTPOHHBIM OXJIazKienueM) obecnedusaer myuku siaep or C' jgo U ¢
sueprusmu 10 0.8 I'9B/A.

B 2002 r. mauato MpPOEKTUPOBAHWE HOBOTO OYAYIIErO KPYITHOTO
YCKOPUTEIHLHO-UHCTPYMEHTAILHOTO KoMmriekca FAIR. B wem akTurHO
ygacTByIOT (pusuky u uHkenepbl Poccun u OUMAN.
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Tabnuna 14.10. Baxueiimue mapamMerpbl CHHXPOTPOHOB ¥ HAKOIUTEJIEH

¢ OXJIAYKIEHWEM TIy9Ka, OyAyIero Hosoro komrekca FAIR.

Kombio Ilepu- Ok Maxc. Ocoben-
MeTp, M | Crocob- || sHeprus HOCTHU
HOCTB,
Twm
CHHXPOTPOH 1083.6 100 2.7 IsB/u U | Cxarme
SIS100. CTyCTKa
Bricrporukit. 29 I'sB mporonsr | mo 60 mc
MarHUTHI pab. BakyyM
2T,4T/c 5-10712
Mbap
Cunxporpon 1083.6 | 2300 34 TsB/u U”T | Menyn.
SIS300. BBIBOJL
IInkJI. CBEPXTPOB. C BBICOKMM
cosf MaruuTHI duty cycle,
6T,1T/c pab. BakyyM
5102
Mbap
Koubro—- 212 13 740 MsB/u, Axkcenrramc
xosutekTop CR. A/q=2.7;3T3B | muap
BricTpoe cToxact. AHTHUIPOTOHBI 240 x 240
OXJTaXK IEeHIe mm-mrad,
PAIMOAKTUBHBIX Ap/p =
MOHOB H D, +3.1072
Mace-
CHEKTPOMET] It
KOPOTKOXKHUBYIIHAX
sanep
Haxkor. KoJIb110 245 13 740 M»sB/u, Brictpoe
RESR. A/q=2.7;3T5B | (1 T/c)
Haxkormurenue p AHTHUIIPOTOHBI 3aMe IeHIe
10CJIe TIPE/IB. KODOTKOXKUB.
OXJIAZK TCHWS sanep
B CR
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Tabaumna 14.11. Baxueiinme mapamMeTpbl CHHXPOTPOHOB ¥ HAKOMUTE EH
¢ oXJIazKJIeHueM mydka Oymymero kommiekca FAIR (npomoskenue).

Hosoe 222 | 13 || 740 M»sB/u, DIEKTPOHHOE OXJIAYK ]I,
9KCIIEPUMEH- A/q=2.7; 3 I'sB | p/axTuBHBIX HOHOB
TaJbHOE HAKOIL. nyukoMm e 1o 450 KaB,
kousibiio NESR AHTUIIPOTOHBI PEIU3UOHH. MACC-

CIIEKTPOMETD; HAKOILI.
M CTOXACTUY. OXJIAXKI. P,
ONBITHI HAa BHYTD.
MUIIEHAX C aTOMaMU 1
3JIEKTPOHAMHA, PacCesHune
3JEKTPOHOB AJPaMMU.

Haxormm. 574 | 50 14 T'sB anTu- CroxacTrnd. OXJIazKIeHUe
KOJTBITO JJTS TIPOTOHBI p no 14 T'sB, snexkTpon-
BBICOKUX dHEpP- HOEe OXJIAXKICHUe
rmit HESR p o 9 I'sB

Huknorpou Nucrturyra um. Iayna Ileppepa (IlIBelinapus).

B Uncruryre um. Mayna Mleppepa (PSI) ectb HECKOIBKO MAIIUH, KOTO-
PbIE UCTIOIB3YIOTCS M1 TPUKJIATHBIX UCCIEIOBAHUN WIH s11epHOM hu3u-
KU HU3KHUX SHEPruii, HO CEKTOPHBIN CUJILHOTOYHBII IUKJIOTPOH B OCHOB-
HOM OBITT HAIETEH Ha 33Ja9d (PU3UKU FGACTHI] U AJIePHON (PU3UKH TPO-
MEXKYTOUHBIX dHepruil (BO/u3u HUXKHEH rpaHulpl 310l obsactu). DTo
MPOTOHHBIN YCKOPUTEb C BO3MOKHOCTHIO YCKOPEHUS MOJIAPUI0BAHHBIX
NPOTOHOB. BbICOKAS MHTEHCUBHOCTH TIPOTOHHOTO My4Ka (GOJIBINON TOK)
[IO3BOJIAET Oy YaTh JTOCTATOYHO MHTEHCUBHbBIE HEATPOHHBIE W THOHHBIE
ny4dku (II09TOMY ero OTHOCAT TakzKe K ~Mme3onubiM (abpukam”). B Ha-
crosiee BpeMs PA0OTHI HA ITOM MAIWHE OPUEHTUPOBAHBI, TJIABHBIM 00-
pa3oM, Ha TMPUKJIAIHbIE UCCIETOBAHIS.

OcHOBHBIE TTApAMETPHI MAITUHBI MOYKHO HAWTH, HATIPUMED, B CIIpa-
Bounnke [104]; HekoTOphIe W3 HUX manbl B Tabm.14.12.

%3k k

Ilepeuncientbie B 5TOM pa3jese yCKOPUTEIN I AJAPOHHON (u3nkn
MTPOMEXKYTOUHBIX IHEPTU PACTIOIOKEHDBI B eBpoteiickoit wactn Erpaszuii-
CKOr'O0 KOHTHHEHTa. B 3TOM crmcke HeT mosgBuBHIINXCs HepaBHO B Kurae
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Tabmuna 14.12. Baxwueitmue napamerpbt yckopuress PSI.

ITapameTp Suauenue
Oueprus unxkeknun (MsB) 72
Maxkc. sneprus BuiBegeHHoro nyuka (MsB) 595

CreneHb MOHOXPOMATHYHOCTH BBIBEIEHHOTO TydKa | 2%

Makc. ToK BBIBEIEHHOT'O IIYYIKa

(KBA3UIIOCTOSAHHBIIN, MUJITHAMIIED) 1.5

Makc. ”HTEHCHBHOCTh BBIBEJECHHOTO MyYKa, 9.4-10% /cex
JIuTebHOCTh CTyCcTKa ~1 mcek
JmuTebHOCTh UHTEPBAJIA MEXK/TYy CIYCTKAMMU 19.75 Hcek
YacToTa B YyCKOPSIONIUX JIEKTPOIAX 50.63 Mrix,

AHAJIOTUYHBIX YCKOPUTEJIEH; HE OXapaKTepU30BAHBI TAKIYKE U MAIIUHBI,
cyuiecrByonye (MM BCTYHAIONME B YUCIO JseficTByomux) B Snonuu
(kpome nukJoTpoHa YHuBepcurera r. Ocaku, cM. najee).

Vekoputeau aJpOHOB € MAKCHMAJbHBIMU SHEPIUAMEH Bbime 1
5B /HyKI0H HA APYTUX KOHTWHEHTAX JIMOO OTCYTCTBYIOT, NGO MpeKpa-
T paboTy B KAUECTBE CAMOCTOSITEIHHOTO MCTOYHUKA, AIPOHHBIX TTyd-
KOB MPOMEXKYTOUYHBIX JHEPTHH JJIsd MUCCAeNOBAHUN 1O (DYHIAMEHTATIb-
Hoit dusuke (kak B CIITA, rae nporonnbiii yckopuresanb xa 800 MsB B
Jloc-Anamoce ucnonb3yercs Tenepb UCKIIOYUTETBHO I UCCIe0BAHNN
0 BOEHHOI TemaTuke; B BpykxeiiBenckoit Hanmronaibuoit JTaboparopun
vamuia AGS paboTaeT Kak WHMKEKTOP Ui KOJIIalIepa pesIsiTUBUCT-
ckux Taxenbix nonos RHIC).

Koasuesoit nukigorporn B RCNP (Yuusepcurer Ocakn).

Sror yckopuTesb [105] mMoXoxk HA CEKTOPHBIN IMUKIOTPOH B Buiumrene
(Mucruryr um. Iayna Hleppepa, Hlseiinapus), Ho oraudaercsa Gosee
BBICOKOI CTEMEHbI0 MOHOXPOMATHYIHOCTH Iy9YKa MU3-3a 0OJIee COBPEeMEH-
Hoit ycxopsitorieit BH cucrempr. OH €rmocobeH yCKOpSATh MPOTOHBI, Aeti-
Tpousl, aapa SHe 1 a-9acTHIEI, a TaK¥Ke JAPYTHe JeTKHue NOHLI 0 SHep-
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Tabauna 14.13. Baskueiiuie mapamMeTpbl KOJIbIIEBOTO ITUKJIOTPOHA, YHU-
Bepcurera Ocakn

[TapameTp SuauenHue
Yucsio ceKTOpoB MarHmuTa, 6

3a30p MeXKIy TOTI0CAMI 6 cm

Maxkc. mosne 1.75 T
Pagnyc nmxexkmn 2 M

Paanyc BoiBoma 4 M

O6mwmit Bec 2200 ToHH
Yacrora B yCKOPSIONUX 3JIEKTPO/IAX 30-52 Mrg
Makxkc. yckopsiiolee HaPsAKEeHne 500 kB

BY momuocts 250 KBt /pesonarop
Yucsio pe3oHaTopos 3
JIOTOTHUTENIHLHBINH PEe30HATOD ”Flat-top”
Yacrora ”Flat-top” pesonaropa 90 — 156 Mr1g
Cpenree paccTosinne MeX Iy crycrkamu | ~ 60HC
"IHupuna” (o) crycrka BO BpeMeHN 0.35 mc

ruit (kurermaecknx) 400, 200, 510, 400 u 400-Q2/A MsB cooTseTcTBeH-
HO. VIHTEHCUBHOCTDL BBIBEIEHHBIX MYyYKOB — 10 1 A — orpanudena Tpe6o-
BAHWSIMHI PAIAANIMOHHOI OGe3onacHocTn. CrucTeMa WHKEKTOPOB 00eCTI Y-
BAaeT BO3MOXKHOCTDH YyCKOPEHHUS OJIAPU30BAHHBIX IIPOTOHOB, JEATPOHOB 1
anep 3 He ¢ BapbupyeMoii OpHeHTaIHEl TT0/IAPU3AINE BIBEJICHHOTO Iy Y-
Ka. DTa MallXHA XOPOILO IPUCIOCODIEHA sl IPOBEICHUs] SKCIEPUMEH-
TOB TIO A7AePOil (PU3NKE, PABHO KAK U OIBITOB IO POXKICHUIO TTHOHOB BOJIH-
3W MOPOTa, BKJIIOYasa KYMYJIATUBHYIO (/118 MTHOHOOOPa30BaHusA) OOIACTD.
OcobEeHHOCTh YCKOPUTETHHO-UHCTPY MEHTAIHLHOTO KOMILIEKCA, TTPUBJIEKA-
0IIasl SKCIEPUMEHTATOPOB: BBICOKOE KA4YeCTBO BbBIBEJIEHHBIX IIyYKOB U
OTJIMYHbBIE CIEKTPOMETPLI.
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S npo uHCTPpYMEHTATBHON 0A3bI HTOrO KOMILIEKCA COCTOUT U3 BPEMSsI-
MPOJIETHOTO HEHTPOHHOTO CIIEKTPOMETPA U JABYX BBICOKOKAYECTBEHHBIX
criekrpomerpos 3apsizkennbix dactul] (Grand Raiden u Cnexrpomerp c
Bonbmum Akcenraricom — LAS), koTropsie MoryT paborarh BMECTE Kak
JIByXTIeueBas ycraHoBKa. OCHOBHBIE XapAKTEPUCTUKY MAITHHBI U CIIEK-
TpomeTpoB mipuBenensbl B Tao.14.13, 14.14. Crnekrpomerp Grand Raiden
UMEeT B CBOEM COCTABE TAKYKe JUMOJIbHBI MATHUT JIJIsl BPAIECHUS CIIV-
HA, 9TO TO3BOJISIET U3MEPSATH MapaMeTpbl BPAIIEHUS CIIUHA BTOPUIHBIX
vactuil. Kaxkapiit u3 CeKTpoMeTpoB uMeeT B (POKAJIBLHOM MIOCKOCTH Je-
TEKTOP C ApeiipOBBIMU KAMEPAMU ¥ TIOJSPUMETPOM IJIsl U3MEPEHUs M0~
JITPU3AIAA BTOPUIHBIX YACTHII.

Tabmuma 14.14. Baxkueitimue mapamMeTpbl CHEKTPOMETPHUIECKOTO KOM-

miekca Grand Raiden—LAS.

TTapamerp Grand Raiden | LAS
Cpenuii pajnyc TPAEKTOPUU B 3 M 1.75 m
AHA/IUBUPYIOMIEM MarHUTE

IlosHerit yros oTKIOHEHNS 162° 70°
Jlnamason yrioB pacCessHust —5° = —90° —10° — —135°
B TOPU30HT. ILJIOCKOCTH

Makc. 3nauenue B - p 5.5 Tm 3.2 Tm
3axBaT 110 UMILY/IbCY 5% 30%
T'opusont. yBemmaenne -0.42 -0.40
Beprtuk. yBenmmuenune -0.42 -0.40
Maxc. paspemenne o nMyascy | 37076 4980
Maxkc. paspernienne Mo SHEPTUN 1/20000

(mo 1.1 T'sB/c nporonos)

Oo6muit Bec 600 TonH 150 Tonu

B TOM K€ 3HEPreTMvecKOM IuANa30He, UTO W yCKOPHTETb HEHTPA
RCNP, paboraer yckopurens B FOAP.
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14.2.3 VYckopurejin HEJABHETO ITPOIILIOTO.

Kommteke CELSIUS (VYuncasa, ITIBerust).

DtoT yckopuresb, Kak u COSY, umen cucremy 37eKTPOHHOTO OXJIAYK e~
Hus mmyvka. CBEJEHHS O €ro OCHOBHBIX NMapaMeTpax MOKHO HaiTh B
paborax [106] u B Tab:1.14.15. Yckopurens 6bu1 paccauran Ha pabory
UCKTIOYATETHHO ¢ BHYTPEHHUMH MUINCHAMHU. B HacTosAlIee BpeMs €ro
paboTa 3aKOHYEHA, YCKOPUTE/Ib U €r0 YCTAHOBKY JEMOHTUPOBAHBL; OHA
3 uux (WASA) nepebaswposana B Tepmanuto, Ha kommieke COSY n
HPOJIONKAET IKCILTYATHPOBATHCH TaM.

Tabauna 14.15. Bakueiimue dusndeckne MapaMeTpbl YCKOPUTE IS
CELSIUS

ITapameTp C oxyaxkennem | Bes oxuaxeHus
172" (mporomnr), MaB 550 1360

Ap/p 2.1074 2.1072
Murencusnocts (mporomsr) | 100 10!

Paswmep myduka B 061acTH

BHyTpPeHHell MUIITeHn

(ropms. xBepr.) 2x1 MM 5X2.5 MM

Vekopurens Hanpmonanenoit JIlaGoparopun CATYPH (Cakuae).

B 1958 1. B anepuo-dusuyeckom nenrpe Cakie (B6au3u [lapuxka) 66110
3aBEPINEHO CTPOUTENHCTBO M HAYAIACH PErysipHasi paboTa MpOTOHHOTO
YCKOPUTEJIsI, CTABIITEro 0a30BOi yCTAHOBKOH 00pa30BAHHOM K TOMY Bpe-
menn Harmonansuoit Jlaboparopun CATYPH (LNS).

B 1978 romy, nBaanaTh JET CIyCTsi, 3TOT YCKOPUTEH OBLIT PEKOHCTPY-
upoBaH, ocHaleHn oycrepom-uakormureseM MUMAC, BBeIeHBI B 9KCILIY-
aTaIUI0 HOBbIE UCTOYHUKHU WOHOB, BKJIIOYas UCTOYHUKH MOJISIPU30BAH-
HBIX gacTuIl (MPOTOHOB, AEHTPOHOB U Ajep °Li). PeKoHCTpyHpOBaHHbII
yekopurens Obin HazBan CATYPH-II, Gbin ocHallien mpeBOCXOTHBIMU
(A1 TOrO BpEMEHM) CIEKTPOMETPAMH, 9TO TO3BOJIUIO BBIMOIHATL Ha
HeM TiepBOKJIaccHbIe nccaenoBanns. [Tocae 1992 roga cTaso BO3SMOKHBIM
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YCKOPATH TAXKeJble dA/1pa, ¢ OTHOIIEHUEM 3apAja K aTOMHOMY HOMepY

ZJA > 0.22.

Tabanma 14.16. Inanazon suepruit myuxkos yckopurens CATYPH-II

Z/A | min Ty /A, | max T /A,
M>sB/A MsB/A

1 100 2950
2/3 46 1746
1/2 26 1169
0.4 16.7 839
0.3 94 532
0.25 6.5 392

Kpome mydkoB HEmonsapu30BaHHbIX dacTull 1 aaep (cm. Tadma. 14.16,
14.17), yckopuresb 103B0JIsI IPOBOAUTH SKCIEPUMEHTDI C Iy YKAMU 110~
JISPU30BAHHBIX NPOTOHOB (¢ nongpusanueil 10 90%), noJgpU30BaHHBIX
JedTpoHOB (IpuyYeM WX BeKTOpHas mojsapusanus Obuia 10 60%, a Ten-
3opuast — 710 90%) u MOAPU30BAHHBIX sAep JUTHA-6 (C UHTEHCUBHOCTHIO
10 100 wactun/mukn). JAnTebHOCTh UMITY/ThCa H3/IyUeHHs MOTJIa, Bhbi-
ouparbesa or 100 mummucekyss 10 1 CeKyH/IbI, TEPUO/T TTIOBTOPEHUS UM-
yJIbCOB M3JIyYeHust ObLl (IPH MAKCUMAJIbHON SHEPIUM MydKa) OKoso 4.5
CeKyH/I.

Ha CATYPH-II 6511 uccienoBad psai METOJIO0B TepecedeHus Jemos-
PUBYIOIINX PE30HAHCOB, CO3MAHBI KBA3MMOHOXPOMATHIECKHE Ty IKHU Heli-
TPOHOB, JIJIsi 9ero HCHOJb30BAIACH Peakius pazBana d — n. ITH pe-
3y/IbTATHI HAILIU IPUMEHEeHEe Ha APYTUX AEHCTBYIONUX YCKOPUTEIIX.

Kowmrmreke nmesr xopomio pa3suryio nHGPACTPYKTYPY BBIBEIEHHBIX
MYYKOB, OCHAINEHHBIX BHICOKOKAYECTBEHHBIMI MHOTOIEIEBHIMU CIIEKTPO-
MeTpaMu U MOJISPU30BaAHHOM Muriernio. Bee ato caenano LNS mpusiexa-
TEJILbHBIM MEKIyHAPOJIHBIM IIEHTPOM HCCJIeIOBAHMI B 0OgacTu Ghusnkn
YaCTUI[ U /ep MPU NPOMEXKYTOYHBIX HEPrusix. BO MHOTUX OTHOIIEHU-
SX 9Ta MAIMHA U ee WHCTPyMeHTapuil npesocxoaunu yckopureab COSY
(mocTaTOUHO CPABHUTL WX MapamMerpsbl), obecrneunBas pusukam GOJILIITE
BO3MOYKHOCTE 17151 9KCTiepuMeHToB. 3a 20 jieT ee paboThI OBITIO TOJTyYe-
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HO HEMAJIO MEePBOKJIACCHBIX (PUBUIECKUX U METOTUIECKUX PEe3YTbTATOB
(cM. cbopuuk [107]).

K coxxanenunio, MOTEHITHAT 9TOTO YCKOPHUTEs HEe ObLT pPeann30BaH B
mosHoit Mepe: B mekabpe 1997 roma, depes 20 jieT mocse TPEBPAICHUST
CATYPH-1 8 CATYPH-II, o 6bLI OCTAHOBJEH. DTO HEJAJIHLHOBUIHOE
perrenre ObLIO MPUHSTO HA OCHOBE HE CTOJBKO HAYYHBIX, CKOJBHKO ITO-
JUTAYECKUX TPUYINH. B HacTOsIee BpeMs aIPOHHBIX YCKOPUTEIEH s
IPOMEXKYTOYHBIX M BbICOKUX dHepruii Bo Opaniuu (1a u B Apyrux es-
porneiickux crpanax, Kpome Poccun, lepmanun u Ilseiinapun) Her.

Tabnuna 14.17. Uarencusuoctu myukos yckopurens CATYPH-II (ua-
CTHIL/ UK )

Yactumnpsr | Hemonapuzosanmbie | [longapuzopanmbie
P 7-10 2-10%
d 5-10% 310

‘He 4-10M
‘He 4-10M
120 109
14y 109

150 2108
ONe 2-108
WOAr 108
84Kr 2-105 (307)
84Kr 8-10° (261)
128X e 2.5-10°

14.3 IIpoekT Kommnaiinepa HUKA B ONAN.

Uccremosarennekyio nporpavmmy OUAN B obmactu ¢usukn gacTtui u
ATOMHBIX I7Iep MTPOMEXKYTOUHBIX dHepTuit Ha 2010-2017 roasr maanupy-
€TCST COCPEIOTOUNTH BOKPYT CJEMYIONINX TTPOOIeM:

e IIpomymnbiBanue pa3HbIx 00JaCTeN TUMArPAMMBI COCTOSTHUST [IJIsT TO-
pad4eil U IIOTHOW aJIpOHHONM MaTepuu, & UMEHHO:
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— monck (PasoBBIX TMEPEXOIOB:

x KXJI marepun B azponnyio u (”apoMaTu3upoBaHuyio”)
OapUOHHYIO MaTEPUIO,

* TIEPEXOJIbl THUMA ~JKUIKOCTh-TyMan” (B TOM dHCIE, HA
TOC/IeIHEN CTAJAUK IBOJIONNAN CUJIBHO B3aUMOJIEHCTBY-
omeir KXJI marepum, TO ecTh Ha CTaaAWM AIPOHN3A-
11K / KOHJICHCAIIUN ).

— Tlouck cmemanuoii ¢hassbl 1 KPUTUUECKONW TOYKY (UM TOYEK):
CYIIECTBYIOT JIX OHU?

e CpoiicTBa 9K30THYECKUX /1D (B TOM YuC/ie HOHUMAHUE [TPUPOIbI
CTaOMTU3UPYIONIEH POM CTPAHHOCTH, BHEJAPEHHON B ANEPHYIO Ma-
TEPUIO; CBOWCTBA IUIlepP-sAep ).

e [louck u mcciieoBaHMe CUTHAJIOB O HAPYIIEHUSX (DYHIAMEHTAIb-
HBIX CUMMETPUH TPU CTOJKHOBEHUAX PEIATUBUCTCKUX TIKETBIX
MOHOB.

e llccietoBanust TOJMSPUBAINOHHBIX (3aBUCSIINX OT CIIUHA) SIBJIEHW
B PEaKIUAX B3aNMOACHCTBIA HYKJIOHOB W JIeTYaNIINX A/1ep MEXKIy
€000t 1 ¢ ATOMHBIME AAPaME (OT JIETKHUX JI0 TAXKEJIbIX).

it ocyIecTBII€HAST 9TOM TPOrPAMMBI HEOOXOIUMbI HOBBIE WHCTPY-
MeHTBI, U B Ommkaiimue 5-6 ger 8 OUAN mnanupyercs co3marh HO-
BBIil YCKOPUTEIbHDBIN KOMILIEKC s (DU3UKHA PETATUBUCTCKUX TIKETHIX
MOHOB, BKJIOUaIONmii B cebs HyKIOTpOH, HAKOMHUTEIb-KOJIIANIED Ts-
wenbix nonos HUKA u cooTBETCTBYIOININE COBPEMEHHBIE MHOTOIIEIEBHIE
JIETEKTOPBDL.

Komnnaiinep Oymer cocraBien m3 ABYX KOJIEII CO CBEPXIIPOBOISAIIN-
MJ MArHATaMU C MAKCHMAaJbHOW MArHUTHON 2kecTkocThio 45 Twm u me-
pumerpom > 340 M; MakcuMaJbHOE MOje B gumnojsx oymer ~ 2.0 T.
B wmacrosiee BpemMsi paccMaTpUBAETCA CXEMa C JABYMS TOYKAMU TIE€pe-
CeYEeHUs MYYKOB; B STUX TOUYKAX OYIyT PACIOJIONKEHBI JeTeKTOphl MPD
(MﬂoroueneBOf/i JIeTEKTOP JJ1d UCCIIeJOBAHUN TOpAYeil U IIJIOTHON CUJIBHO
saaumozeiicrytomieii KXJI marepun) u SPD (nerekrop s usyuenus
HOJIAPUBALMOHHBIX BJICHUIA).

Kowmmneke Hyknorpoun-HUKA mossken obecniednTs:

1. mpoBesieHMe IKCTEPUMEHTOB 10 (hu3MKe sIIPO-SIEPHBIX  B3a-
UMOJIEHCTBUIT B WHTEpBaJe KHHETUUECKUX HSHEPTUil MyYKOB
1+4.6 T'sB/Hyk/10H (¢ BO3MOKHOCTBIO PA CTOTKHOBEHHIA);
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2. pabory ¢ [OJAPU30BAHHBIMU IIyYKAMH IIPOTOHOB  ([IPOTOH-
IPOTOHHBIE CTOJKHOBEHUS ) B 00JIACTU KUHETHYECKUX SHEPrUil 11y d-

k0B 5+12.3 ['sB (¢ BosmozkrOCTBIO P! A cTOMKHOBEHMI);

3. pabory € HOJSPU30OBAHHBIMU IIyYKAMU JIEATPOHOB (M BO3MOXKHO-
crpio dTA CTONKHOBEeHWMIT) B WHTEpBAJe KHHETHUECKWX SHEpTHif
nyukon 2--5.7 I'9B /HyKIoH.

[IpenycmarpuBaercss cCOXpaHeHHE BO3MOYKHOCTH TPOBEIEHUS IKCITE-
PUMEHTOB C TIYYKAMU, BBIBEIEHHBIMU n3 HyKIOTpOHA B IKCIEPUMEH-
TaJabHbBIA 3aJ1 Ha HenojaBuKHbie (B Jab. cUCTEMe) MUIIEHH, PABHO Kak
U C BHYTPEHHMMH MUIIEHAMU B KoJibliax HykioTpoHa u Kostaiiaepa.

PaGora koJtaiiiepa mianupyercs npu GuKCUpoBanHoii sueprun (6e3
YCKOPEHUd TydKa B KOJIbIAX): OHa OyJer onpenesathes HykaoTpoHoM.

Baskueiimmeit 1mennpio co3manus KoJtaiimepa SBISETCS Obecrevdernne
9KCIIEPUMEHTOB 11y YKaMU PeJIATUBUCTCKUX TsIKeJIbIX HOHOB Tuia Au, Pb
win U ¢ kunerudeckumu sueprusamvu B obsactu 1+4.5 I'5B /Hykion npu
ceetumoctn e menee 11027 em™2-¢c™1 (npu Ty, ~ 3.5 T3B/myxmon). B
MIPOTOH-SIIEPHON MOe PA0OTHI OXKUTAETCS TTPUMEPHO TAKOM YK€ YPOBEHB
CBETUMOCTH.

[Ipu pabore ¢ mydkamu MOJISIPUIOBAHHBIX TTPOTOHOB W JIEHTPOHOB
YCKOPHUTEILHBINA KOMILIEKC JIOJ2KEeH 00eCIIeYnTh YPOBEHb CBETUMOCTH HE
ke 1-1030 ecm~2-¢~! Bo BeeM mmanmpyeMoM auamasone sgepruit. Heo6-
XOJIMMOCTD MCIOJIH30BAHUST OyCTEpa MJIsi TOJIYUEeHUsT MyYKa MOJIAPU30-
BAHHBIX MPOTOHOB aHAJM3UpYyeTcs. [lJisi MOJydeHunss MydKa MOJISAPU30-
BAHHBIX JIEHTPOHOB SIBHOW HEOOXOINMOCTH UCIOJIB30BAThH OyCTED HET.

Bropudsble 1y 4Ky 00/ISPU30BAHHBIX IPOTOHOB U HERTPOHOB /1151 9KC-
[IEPUMEHTOB Ha IMOKOSIIMXCS MHUIIEHIX MOIYT ObITH IIOJIyYeHbI U3 IIyd-
Ka [OJISIPU30BAHHLIX JIEATPOHOB, €C/IM KCIOIb30BATh PEAKIIMIO Pa3Baa
JeUTpoHa.

JL1st cCOXpaHeHusT MOJIIPU3AIUN NPOMOHHVLE TTyIKOB BO BPEMS YCKO-
penus B Hykjiorpone u npopefennst ©3MePeHnii 0CIe UX HAKOILIEHUS B
KoJLTaiifiepe, nIpeayCMaTpUuBaeTcst YCTAHOBKA COOTBETCTBYIOMIErO 000Py-
JIOBaHUsI B KOJIbIAX 3TuxX Mamui. [IpobieMbl nepecederust Jenoisipusy-
IOIUX pe30HaHCOB B HyKI0TpOHE 151 MEHTPOHHBIX Ty IKOB TTPAKTHIECKN
HeT, T. K. JIJIT JefiTPOHOB B HEM HET PE30HAHCOB ~HEWIeaTbhbHOCTH .
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I'maBa 15

Jlng ai0003HaTEeaAbHbIX

15.1 IIpeoGpa3oBaHusS CUCTEM KOOPIUHAT.

O6cyaum 371€eCh BOTPOC O MPeoOpa30BaAHUSIX KOMIIOHEHT TIOJISTPU3AIIAN U
MOJISTPU3AIMOHHBIX COCTOSHUI IPU MTPEOOPA3OBAHUIX CHCTEM KOODMHAT,
crnenyst pabore [88].

ITepen Tem Kak paccMaTpuBaTh MPEOOPA3OBAHWSA CITUHOBBIX COCTOSI-
HU IPYU BPAIIEHUSAX CUCTEMBI KOOPIUHAT C HAYAJIOM B TOUKe O, HATIOM-
HUM, 9TO MTPOUCXOIUT TIPHU ITOM C KOMIIOHEHTAMHU OOBITHOTO TPEXMEPHOTO
BEKTODA.

Bynem obo3nauarb depes3 r 0ObIUHOE Pusuueckoe epauleHue: yITBep-
JKJIEHKE, YTO HEeKWIl IIPeJIMEeT UCIBLITHIBAET, HAIPUMep, Bpaiienue 1 (),
rie 6 MoNOXKUTEIEH, 03HAYAET, YTO STOT MpeaMer (hU3NIECKU TBUTAET-
cs BOKpyr ocu OZ Ha yroy f Tak ke, KaK BPAIAETCS MPAaBBIA BUHT,
BBUHYHUBAIOIMICA B Hanpasseauu ocu OZ.

O603naunm depe3 A" pe3yabTaT OMEpAlud BPAIEHWs, TPOU3BEICH-
HOPO HaJI JAHHBIM TPEXMEpPHBIM BeKTOpoM A. 3aMernm, 910 MOYKHO
JbO TOBEPHYTH OOBEKT, HE MEHSIST CUCTEMbI KOODIWHAT, JTUOO TMOBEP-
HYTb CHCTEMY KOOPIWHAT, He Tporasi o0bekT. [loka pednb uiaeT TOJIBKO
00 OTHOM-€IMHCTBEHHOM OOBLEKTEe B IOJI€ HAINEero 3PEHUsi, STO OIHO U
TO 7Ke, XOTs WHOTIA 3TU JBa Caydas Pa3andaioT, TOBOPs 00 ’aKTUBHON”
n ”maccuBHOW’ wmHTEepIperanun npeodpa3opanud. Korga ke pedb uaer
00 OObeKTe HAIlero BHUMAHUS B OKPYZKEHUU JIPYTHUX, TO ITU JIBE WH-
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reprperaiuu npeobpasosanus ("akrupHas” u ”naccuBHas” ) HAYUHAIOT
pazIMYaTbhC .
Kowmnonentst A} moBepayToro BekTopa A’ CBSI3aHBI C KOMIOHEHTAMUI

A; MCXOTHOTO BEKTOpa A JUHEHHBIM COOTHOIIIEHUEM
T __
Aj = Ry - A (15.1)

B KOTOpOM 3 X 3 MaTpuna R ¢ sanementamu IR;;, 09€BUIHO, 3aBUCUT OT 7.
Ecsm 3amucars KOMIOHEHTHI A; B BUsIe BEKTOP-CTOIONA, TO B MATPUIHBIX
oboznavenndx coorHomienne (15.1) Oyaer BHINIALETH KAk

A"=R-A. (15.2)
Hanpuwmep, ecnu r = r,(0) (Bpammenue ua yroia § Bokpyr ocu Y'), T0

cos(d) 0 sin(0)
Rlry(0)] = 0 1 0 (15.3)
—sin(@) 0 cos(0)

Kax mpasuio, 0OBITHO HCIONMB3yeTCss HAOOP TpeX OPTOTOHATbLHBIX €1H-
HUYHBIX OA3MCHBIX BEKTOPOB €(;), HAIPABJEHHBIX BJOJIb TPEX KOOD/IH-
HATHBIX Oceil. Ec/ii moBopaunBaeTcs O/ U3 HUX, CKasKeM, €;), TO KOM-
TIOHEHTHI BEKTODA €, OyayT CBA3aHBI C KOMIOHEHTAMH €(j) B COOTBET-
creun ¢ (15.1). Ho MOXKHO MpeicTaBuTh e(j) B BHJIE JIMHEIHOH KOMOUHA-

LUK €(;) ¥ YBUJETh, Y9TO
eljy = Rij ey = (R") ;- eq) (15.4)

rae RT ects Tpancronmposannas marpuma R. (Hamommm, 910 MaTpuia
spamennii R oproronampras: RTR = RRT = 1.)

IMoguepkuem, uro B (15.1) s npeobpazoBanus KOOpAUHAT (DUIYPH-
pyer R, a qyis npeobpasosanus opros (B dbopmysie (15.4)) — rpancronu-
POBAHHAS MATPWIIA 3TOTO BPAIICHWS.

O06cynmM BOTIPOC O TOM, KaK CBSA3AHBI MEYKTY COOOM OMTMUCAHNUST OTHOTO
n TOTO ke (PU3NIECKOTO 0OHEKTA, KOTOPHIE TAI0T PA3HbIE HAOIIOZATEN,
UCTONMB3YIOIIHE PA3HBIE KOOPIAHATHBIE CUCTEMBI (3716Ch PEUb UIET TIOKA
TOJILKO O BPAINEHUAX, T. €. UCIOIB3YEeMble CHCTEMBI KOOPIUHAT Pa3JIid-
YAFOTCS TOJTBKO TEM, UTO OHU MOBEPHYTHI OTHOCHUTETBHO IPYT APYTA).

I Cpasrute ” nokanpuoe” u ”raobanbaoe” KaauOGpoBOYHOE IPeobpa3oBaHme B CIIY-
9ae 3JIEKTPOMATrHUTHOIO II0JIsA, HAIIpUMep.
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Ilycts A ecthb urcuposartviii BEKTOP, KOMIIOHEHTBI KOTOPOTO B CHUCTE-
me S nabmoznarens O ects Aj. To ectn,

A=) Aj-ep - (15.5)
J

ITycts O' — mabarogarens, NCIONB3YIOMMii cucTeMy orcdera S”, oBep-
HYTYIO OTHOCUTEIHHO S BpamieHueM r. KCTeCTBeHHO, YTO OH UCHOJIb3yeT
CcBOM DA3MCHBIE BEKTOPA, eE’l) " JI719 HETO

A=) (A)sr e - (15.6)
l

To ectb, ¢ yuerom (15.4),
(Ai)sr = Rij (7”_1) . Aj 5 (157)
/e NCTIOIHb30BAHO COOTHOTIEHHE
R ™' =R(r"") . (15.8)

VHLIMT CIIOBAMY, €CIIN CUCTEMA OMCHEema NOGOPANUSLEMCA 6PALLE-
HUEM T', TO KOMIOHEHTDLI (PUKCUPOSAHHO20 6€KMOpa, HABII0IAeMOro B CU-
cremax S” u S, cazaunt yepes R(r~!), B orauume or (15.1).

JI1st CIMHOPOB CTIMHA S PACCMOTPEHWE TTPOBOIUTCA B MOJHON AHAJIO-
'MW C TPOBEIECHHBIM BBIMIE 7151 OOBITHBIX TPEXMEPHBIX BEKTOPOB. VIMeH-
HO, BBOAATCA (25 + 1) 6a3UCHBIX CIUHOPA, 7)(;,,) CACIYIOMIETO BUIA:

1 0 0
0 1 0
Ns) = y N(s—1) = y ey Ti(—s) = ) (159)
0 0 0
0 0 1

KOTOPBIE TTPEJICTABISIIOT COOCTBEHHBIE COCTOSTHUS OTepaTopa § M CITUHOP
00IIIero BUIA 3aIUCHIBACTCSA B BUIE

Yucaa x,, umeror cmbics ”komonent” ciunopa Y. Ilo anagoruu ¢ (15.7),
KOMIIOHEHTBI 3TOTO CIIMHOPA B MOBEPHYTON CUCTEME OTCUETA (X )sr CBs-
3aHBI C €r0 KOMIIOHEHTAMH Xy, CAELYIOIUM OOpa30M:

(Xi)g- =D5;(r ) (P 1) x5 (15.11)
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rae matpuisl D4 (r~1) apastores marpunamu (254 1)-MepHOTO IpecTaB-
nenus Tpynmsl Bpamenmnii 7. (Onn, kKak u3secTHo, yautapus: DID = 1.)
ITo ananorun ¢ (15.4), as 6azucabix corHOpoB (7 opToB”):

77("”) = ’D'E:?'m : n(vn’) (1512)

OTO ypaBHEHNE MOYKHO MCTOJKOBATH TAK: COCTOSTHUE, OMUCHIBAEMOE Ha-
omonarenem O B cucteme S Kak 1)(,,), OMUCbiBaeTca nabmogareaem O,
paboTaroIIuM B IIOBEPHY TOMH OTHOCUTEILHO S CHCTeMe KOOPAUHAT, CyIep-
MO3UIIAEH COCTOSHMIA nfm,), BLIOPAHHBIX UM B KauyecTBe OA3UCHBIX.
Mubivu ciopamu: Korga Habsogarens O B cucremMe orcdera S BUIAT
YACTHUILY CIIMHA § B COCTOSTHUHM |sm >, HabmogaTens O, ubeil cucreMoit
oTcyera siBjisiercst ST, moJyueHHas w3 .S BpaIlleHWeM 7, BUIUT COCTOSTHUE

YaCTULBL KAK |Sm > gr, TJ1e
|sm >gr= Dr(,?m(r_l) lsm’ > . (15.13)

OnsrTh, 10 aHAJIOIMH C PACCMOTPEHHBIM paHee CJy4aeM TPEeXMEpPHO-
0 OOBITHOTO BEKTOPA, MOYKHO TOBOPHUTH 00 aKkmMuU6HOM TIpeodpa3oBaAHUN
(Bparenvn) cocrosiuust |sm > B |sm >", u cpapuuBas ¢ (15.4), nonnmars
|sm >" Kak BEKTOD COCTOSIHWS, 38 TAHHBII

|sm >"= Dr(,?m(r) Slsm! > (15.14)

YTO MOYKHO 3aIIMCATH HEMHOTO B IPYTOM BHJIE, KAK 9TO NPUHATO B KBAH-
TOBOII MexXaHMKe, a UMEHHO, BBecTu oneparop U(r), npeicraBisiomuii
BpAIIICHUE T W JICHCTBYIOMMI TPAMO Ha BEKTOP COCTOSTHUS:

[sm >"=U(r)|sm > . (15.15)
OTcioma BUIHO, 9TO

DY) (1) =< sm/|U(r)|sm > (15.16)

u Boipazkenue (15.13) npuobperaer Bus
lsm >gr=U (r™ 1) [sm > . (15.17)

Heckonvko npumenanui o cneyugdure cayuwas cnuna 1/2.
1) Marpunsr Ilayau o ¢ OXHON CTOPOHBI, MPEICTABISIOT KOMIOHEHTDI
oTmepaTopa CHUHA 57, a ¢ APYTOH — 00pasyloT Oasmc A7d Pa3ToKeHNSd
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2 X 2 3pMUTOBBIX MaTpuil. s ciydas 6osee BRICOKOTO CIIMHA § HAnOO-
nee obIas 3PMUTOBA MATpHIA xapakTepusyercs (2s + 1)? BemecTsen-
HBIMU TTApAMETPaMU, U HADOP TPeX MaTpull S;, AHAJOTUIHBIX MATPUIIAM
ITaynu, HuKaK HE MOMKET JaTh 0A3UC JJIT TAKOTO PA3JIOYKEHW.

2) JIByXKOMIOHEHTHDIH CIUHOD Y HamnboJjee OOINEro BUIA MOXKET OBITh
OXapaKTePU30BAH YETHIPbMSI BEIIECTBEHHBIMU MMapaMeTpaMu, U3 KOTO-
PBIX OJWMH, MPEACTABIAONMNI o0y a3y, HecymecTseH. Ecan 3Tor
CIIMHOP HOPMUPOBAH HA €JIUHUILY, TO OCTAIOTCS JIBA HE3ABUCHMbBIX BeIle-
CTBEHHBIX TIapamerpa. To ecTh, 6e3 moTepu OOITHOCTH MOYXKHO 3aIUCATh

cos (0/2) e1¢/2
( sm(w//zz))ew/a ) : (15.18)

Ecan Teneph BBIYUCIUTEL BEKTOP MOJApU3aIUu P, , onpeleseHHbI
Kak

+

Py =(oy) =x"oX, (15.19)

TO OKazKeTCd, ITO

Py = (sinbcos¢, sinfsing, cost) , Pi =1. (15.20)

BekTop Px NMpUHATO HA3BIBATH BEKTOPOM TIOTAPUIAIINN JIJIT COCTOSTHUH
x- Ero 3nanmne moHOCTHIO XapaKTePU3yeT 3TU COCTOSTHUS.

3) B cayuae 6os1ee BHICOKUX CIHUHOB MOJIAPU3AIMOHHBIN BEKTOP JJisl CO-
CTOSIHUS Y OIPEJIeIAeTCs Kak

Py =X, (15.21)

HO TeIepPDb HeJJOCTATOUHO 3HATH TPU KOMIIOHEHTHI Py, ITOOLI 3apUKCHPO-
Bath [2(2s 4+ 1) — 2] He3aBucnmbIx mapamerpa (2s+ 1)-MepHoro cnmHopa
X-

Haxonen, marpunsl S;, IPeICTABIAIONNAE CIHHOBLIE OIEPATOPHL S;
JIIsL CIIMHA S TPeoOpa3yioTcs IPU BPAIIeHUAX KaK BEKTOP, TO eCTh

D (1) S, DT (r) = Ryj (r™) S; . (15.22)

4) IOns ciimna 1/2 coorrormenne (15.22) XOpOIIo W3BECTHO B CBOEit SKBHU-
BAJICHTHOI1, HO HECKOJIHLKO O0JIee TTpOoCTOoit (hopMe, CBA3LIBAIOIICH OKM/Ia-
emble (CpeHue) 3HAUeHus B cucTeMe S” ¢ COOTBETCTBYIONMMU CPEIHUMU
B S:

<O'7;>S,. = Rij (7”‘71) <O’j> . (1523)
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Cnun u cnupasbHOCMB 8 PEAAMUBUCTNCKOM CAYYAE.

B pensgTuBuCTCKON TEOpUM YaCTHIIE COTOCTABJISIETCS] HHBAPUAHTHOE
CIIMHOBOE KBAHTOBOE YUCJIO S. HO TOBKO B ciIydae, KOria 4acTUIia moko-
UTCsI, MOXKHO YKa3aTh COOTBETCTBYIOMINI HAOOP CIHHOBBIX OMEPATOPOB
§ m Jtajiee IeWCTBOBATH TAK, YTOOBI UCTIOJIB30BATH OOBITHBIN (DOPMATIH3M
HEePeJISITUBUCTCKON KBAHTOBON MexaHwku. MoyKHO mokasaTh, 4TO JIei-
creue BekTopa Ilaymm-JIro6aHcKOro Ha COCTOsHUS B CHCTEME MOKOs KaK
pa3 Te JKe CaMBbIe, 9TO U Y OIEPATOPOB YIIOBOTO MOMEHTA, .J;, TAK UTO BCe
CBOICTBA HEPEJIITUBUCTCKOTO CITUHA OTHOCUTETHHO BPAIIEHUN COXPAHS-
IOTCST ¥ JIJIsT TIOKOSATIENCST TaCcTUIIbI.

[TosToMy A1t 9ACTHUIBI B TIOKOE YI00HO 3a(DUKCHPOBATEH CUCTEMY OT-
cyera ¥ jiajee Kiaaccu(pUIUPOBATH €€ COCTOSHUST B TOYHOCTH TaK IKe,
KaK B HEPEISITUBUCTCKOM CJIydae, T. €. UCHOIb3ysi COOCTBEHHBIE COCTO-
AHAA |85, > omepaTopos 2 u §,. OaHAKO, /i JBUAKYIIEHCA JaCTHITHI
kaccuUKAIUs COCTOSHUI HE TaK OYEBUIHA.

CraHgapTHBIN TOIXO0 K MOJIYYEeHUI0 COCTOSHUN TTPOU3BOIBHOTO M-
MyJIbCa COCTOUT B TOM, 9TODBI MOJEHCTBOBATH HA COCTOSIHUS TOKOS CO-
oTBercTBYIOUM JlopeHtesbim mpeodbpazosanuemM. PaccMoTpuMm 1pyroit,
6osiee pUBMIHBIN, HO SKBUBAJEHTHBIN CITOCOO pEIIeHusa ITOi mTpoOIeMbI.
ITpumerum TOT )Ke cocob paccyKaeHuil, 9To ObIT UCITOIB30BAH TOJIHKO
9TO, TPU PACCMOTPEHUN TTPEOOPA3OBAHMI BPAIIEHUSI.

O6o3HaunM TIPOM3BOJILHOE (u3ndecKoe npeodbpasoBanne Jlopemma
Kak [ n OymeMm mo-TipeskHeMy 00O03HAYaTh (PU3UTIECKOe BpaIleHne Kak T,
a ugnctele JlopeHneBsl MpeoOpasoBaHua BAOTH OCeif KOODAWHAT Kak [,
j=x,y,z.

Hamo ormeTuTsh, 9TO mMOCIEI0BATENIHHOCTD TPEOOPA30BAHUN BaYKHA.
Hampuwmep, eciu cHagasia moBepHyTh CUCTEMY S BOKPYT €€ OCH i Ha yTOJI
0 (nazoBem mostyuennyio cucremy S’), a 3arem caesnarb 9ucTo JIopenneso
npeobpa3oBanue B HOBYIO cucremy S’ IBATAONLYIOCS CO CKOPOCTBIO U
BJIOTb OCH Z cucteMbl S’ To noHoe npeobpasoanne u3 S B S” MOXKHO
MPEICTABUTH KAK

S = 8" =1,(v)r,(0)S . (15.24)

Yucto Jlopenmeso npeobpa3oBanne B IPOU3BOILHOM HAMPABIECHUU 000-
3Havaercd Kak [(v), rje, [0 COIJIAIIEHHUIO,

Lv)=[r ' (V)] "L (v)r(v) . (15.25)

3aech 7 (V) ecTh BpaleHne BOKPYT €(;) X V TaKoe, 9TO OHO TIOBODPatH-
BaeT OCb Z Ha HAIPABJICHHE V, a [r‘l (v)] ecThb 00OpaTHOE K HEMY, HO
MPUJIOKEHHOE K ~yObICTpeHHoi” cucreme.
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Ecnu na 4-sexrop A nozeiictBoBarh (puzmdeckum JIOpEHIIEBbIM MTpe-
obpaszoBanueM [, TO OHO Ipeobpa3yer ITOT BEKTOP B HOBBIH BexTop Al
Kowmmnonentsr Al cBazanbl ¢ koMIoneHTaMu BeKTOpa A COracHo

Al = A (DA, (15.26)
rie 4 x 4 marpuna A 3aBucut or [. Korma 3To mpocTo BpaleHne, nMeem:

0 0 O

A(r) = (15.27)

R )

O OO

rae R — marpuna, onpegenennas B (15.1). Ecau xe [ ecrb uucroe Jlo-
penteBo npeobpazosanue ("6ycr”) K CKOPOCTH U BJIOJIb OCH Z, TO

coshu 0 0 sinhu
0 1 0 0

Ape=| 0 oY 0. (15.28)
sinhu 0 0 coshu

rae coshu = 1/v/1 — v? wiam tanhu = v.

Tenepb OTpaHIYAMCS CIy9IaeM YaCTHI] HEHYJIEeBOH Macchl>. Bo3bMeM
HEKOTOPYIO CUCTEMY OTCYeTa, S 4, B KOTOPOH YacTuia A Macchl m MOKOUT-
Csl ¥ HAXOJINTCS B COCTOSTHUM |8, s, >. ITycrs O — Habiomareb, IBUKY-
IIATCST CO CKOPOCTHIO —V OTHOCHTETHHO S 4. Bo3bMeMm v = p/4/p? + m?2,
rje P eCTh HEKOTOPbIH (MTPOM3BOBHBIH) UMIy/IbC. Torma HabII0IaTeb
O, raaasmumii Ha A, KOTOpas MOKOUTCS B S 4, YBUAUT YACTUILY, JTBUKY-
IYIOCA ¢ UMIYIbCOM P. I103TOMYy, ONUCHIBAsi €€ COCTOSHUE, OH TOMETHT
9TO COCTOSIHUE METKOW P, T. €. Kak |p... >. OJQHAKO 0YEBHIHO, YTO C
nabmogarenem O CBI3aHO OECKOHEYHO MHOTO CHUCTEM OTCYeTa S, W BCe
OHM JBUKYTCS CO CKOPOCTHIO —V OTHOCUTENHLHO S 4. Ecim oguy u3 s1o-
ro 6ECKOHEYHOTO0 MHOYKECTBA CHCTEM OTCYETa TMOMETHM Kak Si, TO Bce
OCTaJIbHBIE MOTYT OBITH MOJIy49€HbI U3 S1 HEKOTOPHIM BPAIIEHUEM S KaK
JKECTKOTO Tejia BOKPYT p. fcHo, 4ro Bce HAGIIOMATENH, CBA3AHHBIE C
STUMHU CHCTEMAMU, OY/IyT BUJAETH YACTUILY JBUTAIOMIEHCS C OJHUM ¥ TE€M
JKe UMITYJILCOM P, HO B PA3HBIX CIMHOBLIX COCTOSTHUAX, TAK KaK WX CH-
CTEMBI OTCYETa TTOBEPHYTHI OTHOCUTEIHHO APYT ApyTa. T. 0. ” cnuHoBHIE”

2 HamoMHMM, 9TO PacCMaTPHBAEMbie 37€Ch BOMPOCHI XOPOIIO M3JI0YKEHB B JIATE-
paType u s Gojiee UCIePIBIBAIONIET0 UX PACCMOTPEHUS CTOUT OGPATUTBCS K COOT-
BETCTBYIOIUM MOHOrpadusm mam 0630py [88].
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METKH, 3aJAI0IIe COCTOsTHUE JIBUXKeHusT A, TOMKHBI 3aBUCETH OT TOrO,
KaKyi0 CHCTeMy OTcudera BbiOpan nabmomarens O. DTOT BBIOOD ABJIfA-
eTcst TPeIMETOM HeKOToporo cornatmerus. CymecTByioT deée 0cHo8HbLT
KOHGEHUUU, & TMEHHO:

a) Kanonuueckui ewbop. 3mech O BHIOMPAET CBOIO CHCTEMY OTCYETa
S Tak, 9TO OHA TOJyudaercs w3 Sy wucmowm JIOpeHmeBbIM mpe-
obpasosanuem [(—v) kak B (15.25). B srom ciaydae oH momedaer
COCTOsSIHUE JIBUZKEHHUsI, KOTOPOE OH BUJUT, KaK |p, S, >.

6) 7 Cnupassronil’ 6vi00p.

ITycrs p nmeer nonsipabie yribt (6, ¢). Torma wabmogareas O BIOHpa-
€T CBOIO CHCTEMY OTCYeTa CJEAYIONNM 00pa30M: /it Hadasa OH JeIaeT
npeobpasoBanue B cucremy S’, IBUAKYILYIOCS CO CKOPOCTHIO

v = |pl/Vp? +m?

B HATIPABJICHUW, TIPOTHBOTIOIOKHOM HATTPABICHNIO OCH Z CACTEMBI A 4.

BaTeM HAOIIOJATENb BBIIOMHAET Takoe npeobpasosanue S’, 9To6bI
nosyuuTh umiyiabe A cosnazaiomum ¢ p = (p, 0, ¢). Ipocreiimee Bpa-
ImeHne Jyist 3TOoro — cHavasa Ha yron (—6) Bokpyr ocu OY’, 3arem Ha
yroa (—¢) Bokpyr HOBO#t Z-ocu — OZ" | T0 ecTh, MoIHOE Tpeodpa3oBaHne
ecTh

Sa— S =r0(=¢)ry (=0);(v)Sa (15.29)

3aMeTuM, 4TO ecjM MCIO0Jb30BaTh 0bbiuHOe obozuadenue r(q, 3,7)
JUT BPAIEHni HA SUIePOBbI yIIibl v, 3,7, T. €.

(o, B,77) =1 (V)T (B)rz(a) , (15.30)

TO

S =7r"1(4,6,0)17(v)S4 . (15.31)

Ecnu cocrosiue A B cucreme mokosi S4 ecrb |P;s, s, = A >, nge p =
(m, 000), To O, ucroab3yst cucremy S, BUIUT COCTOSTHUE |; S, S, = A >g,
KOTOpOe OH 0603HAYAET KaK |p; A >, T.e cocTOsiHNE |p; A > onpedessemcs
KakK

[p; A >=|p;s,s. = A >g (15.32)

a cucrema S onpesenena pbime. Maremarnyeckas CBs3b MEXKJLy J€BO 1
npasoii gacramu (15.32) nana uuxe. Jaee B 9roM pasjesie, ecjiu He Oro-
BOPEHO TPOTUBOIOJIOKHOE, OYIyT UCIOIH30BATHCS UMEHHO CNUPAAbHBLE
COCMOANUA, TAK KaK B 3TOM ciaydae dhopmanusm mpomie. OgHako npu
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EBINONHEHUU IKCNEPUMEHNOE U NPEICNABACHUY, OGHHLT UCTIONLSYEMCA,
KaK NPasu0, UMEHHO KaGHOHUYECKUT 6a3UC, KOT1a HAIIPABJICHUS CIIMTHOB
JIAIOTCA TAK, YTO 3TO UMEHHO Te HAIPABJICHHs, KOTOPBIE TOJTyYalOTCA B
cucTeMe TIOKOS TIPY TIEPExoIe B Hee N3 J1ab0paTOpHON CUCTEMBI YUCTIbLM
JlopennesbiM peobpasosanuem tuma (15.25).

Qusuneckuli CMBICA CUPAALHBLIT COCTNOANUT.

VYpasuenus (15.31,15.32) ocobeHHo nos€3HbI il nOHUMaHus (DU3u-
YECKOrO CMBICTIA CIIMPANBHBIX COCTOAHMI. B camom gene, mycTh B CH-
creme S MBI TOBOPUM O TOM, YTO YACTHIA A WMEET COCTOSHWE IBUYKE-
HWsI, OTBEYAloIee BeKTOpy cocrosinust |p; A >. Torma, cormacho (15.31)
u (15.32), ecm 91y YacTHIy HAOGIIOIATEH W3 CHCTEMBI S 4, CBSI3aHHOM ¢ S
gepes (15.31):

Sa=1ly()r(s0,0)8, (15.33)

TO OHA OyIeT BUIHA MOKOATIEHCS CO CIIMHOBOI KOMIIOHEHTOM S, = \. By-
JIeM HA3bIBATh TAKyI0, BBIJIEJIEHHYIO M3 BCEX BO3MOXKHBIX, CUCTEMY OT-
cuera g A 7 cnupaavroti cucmemoti nokos” .

ITpeo6pazosanue (15.33) yacro 0603HAYAIOT CHEIUATBHBIM 06PA30M,
OIpeIeNss CHeIUaIbHbIi oneparop h(p):

h(p) = L (v)r (4,0,0) . (15.34)

Hpyroii ciocob onpenenuts h(p), daine BcTpedaoomuiics B aurepa-
Type, COCTOUT B TOM, UYTOOBI BCce Tpebyemble TTpeodpa3oBaHus OTHOCHTD
K OIHOM W TO# Ke, YHHKAJIBbHOM, cCucTeMe oTcueTa. B 3TOM caydae, Kak
MOYKHO yOeInThCs,

h(p) =7(¢,0,0)1.(v) . (15.35)

7 OTCyTCTBHE ~IITPUXOB” ¥ METOK OCEeil sIBJSIETCS CYIIEeCTBEHHBIM.
TTo nocrpoenwio, oneparop h(p), AeficTByst Ha 4-BeKTOD P, MEPEBOANT
ero B p. Tenepb, B HOBBIX 0DO3HAYUEHUSX,

S=h"'p)Sa, (15.36)
u B nosHoit ananoruu ¢ (15.17),
|p; A >=[D; s, 8. = A >s=Ulh(p)]|D; 8,8 = A > (15.37)

rae U ecTh omeparop, COOTBETCTBYIOMMiT JIOPEHTIeBY Mpeo6pa3oBaHuIo
h(p).

O6braHO, paccMaTpuBasi COUPATHHBIE COCTOSTHUS, BEKTOP COCTOSHUS
|p, A > onpedeasrom mocpencreom (15.37), 07HAKO TIPOBEIEHHBIE 3/IECH
PACCYKIEHUS TTO3BOJIAIOT MPOSCHUTH CMBICT ~MeTKu .
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Aeticmeaue Jlopenuyesvix npeobpasosanutl Ha CNUPANbHBLE COCTNOAHLA.
IIpu obcyKaeHnn KCIePUMEHTATBHBIX JAHHBIX 3aTaCTYI0 HEOOXOINMO
paccMaTpuBaTh JTAHHYIO (DU3UUECKYIO0 CUTYAIMIO B PA3HBIX CUCTEMAX OT-
cuera, a IMEHHO, B JJADOPATOPHOiT cucTeme u cucrteme IenTpa macc. I1o-
9TOMY HAJO MOHATH, KAK CIUPAJbHBIE COCTOSTHUS U3MEHSIIOTCS TIPU Jeti-
cTBUU mpeobOpasoBanuii Jlopenma. 910 HEOOXOIUMO TAKKe W JJIs TOTO,
9100BI Pa306PATHCs B CIErkKa 3aTyMAaHUBAIOMIEH CyTh JIe/a TEPMUHOIIO-
ruu (TomacoBckas npeneccusi, Burneposo BpailieHue u T. 1i.)

Orpanwammcst 371eCh PACCMOTPEHMEM YACTHIL C HEHYJIEBOW MAaCCOii.
ITycts B mamuoit cucreme orcyera S Habmogarens O Buaut dactuiy A
JIBUXKYIIEHCS ¢ UMIYILCOM P W CIUPATBLHOCTBIO A, T. €. OH TOBOPUT O
COCTOSHUU [P, A >.

IIycrs S' — cucrema orcyeTa, HOMydYeHHAS B Pe3yabTaTe JeHCTBUS
Jlopennesa npeobpazosanus | va S. IloctaBum Bompoc: kKak HabJIOIa-
tesn O GygeT onucHIBATE JABMIKEHTE YacCTUILl A?

ITo amamornu co cirydaem spamenus (cM. (15.17)), mabmomgarens O,
Oy/IeT ONMUCBHIBATH COCTOSTHUE KAK

P A>a=U("")[p.A> , (15.38)

rie U(l) — oneparop, coBepinaormuii mpeobpasosanne JlopeHna [.

O6o3naanm depe3 p’ BEKTOp MMIYJIbCA, MTPUMTUCHIBACMBIH HAOIIOIA-
retem O! wacrune A. Ero xommonentst p'!' aBiasiorcs, 04eBugIHO, KOM-
norenTamu p, kak ux suaut O' (em. (15.7)):

P = (Pmu)gt = M (1Y) Do (15.39)

O[eBnIHO, MBI JIOJTPKHBI OBLTH OBI 0KUIATH, ITO [P, A >gq= [p/, N >,
rae p’ maercs Boipazkenuem (15.39), Ho uro ectb tpu 3rom N7 Urobbl
OTBETHUTH HA 3TOT BOIIPOC, UCIOIB3Y OIPEJEJCHAEe CIAPATbHBIX COCTO-
suamii (15.37) sanumem:

Ul Y p,A>=U "N UhP)] D> . (15.40)

Vmuozxus 06e uactu sroro ypasuenus na U [h(p')| Ut [h(p')] = 1, rue
h(p’) ecTs Takoe cnmpambHOE TPEOOPA30BAHUE, KOTOPOE HyZKHO, ITOOBI
MOJIyYUTh COCTOsTHME |p’, A >:

Ip", A >=U [h(p')]

DS (15.41)
nosyuum, B urore, u3 (15.40):

U p,A>=U[h(p) R

B> (15.42)
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rme R ecTb
R=U " () U (") U [h(p)] = U [h~ (0)1h(p)] . (15.43)

13 seipazkenus (15.43) BUAHO, YTO MOCIEI0BATEILHOCTD (DU3UUECKIX
oneparmit, ” cnpaTanabix”’ B U, €CTh He UTO WHOE, KaK BpallleHue, He3a-
BHCHMO OT TOTO, KAKUM SIBJISETCST [. DTO TPOIIE BCETO YBUIETH, PACCMOT-
pes jneiicTsue onepatopos h~1(p’)l~th(p) na 4-sextop p = (m,0,0,0,).
JeficTBUTETLHO:

a) h(p):p—p
b) I':p—p
& ) p b

To ectb, mocaenosarenbuocts (a),(b),(c) maer p — p u u3 BUmA P ACHO,
9TO TOJIBKO BPAIEHNE MOXKET UMETh Takoe cBoicTBO. [losromy R mpes-
CTaBJISIET BpAIlEHUE HE3ABUCUMO OT TOrO, Kakoe y Hac [. Obo3HaduM 310
dbusmueckoe Bparmenne vepes (1, p):

r(l,p) = h = (p)) *h(p) . (15.44)

Ero naspBaror ” BuraepoBbIiM mOBOPOTOM CIIUPATLHOCTH s TIpeobpa-
3oBanus | oceti, npuBoasiiero p Kk p’ (3To He TO xKe caMoe, YTO HA3bIBA-
ercsa " BurnepoBbiM 10BOPOTOM” ;| Pa3biICHAEMBIM HUZKE).

N3 (15.14) u (15.15) u3BecTHO, KaK BpallieHne mpeodpasyer cocTosi-
HUS JJIs1 TOKosIelicss gactuiipl. [losTomy

RIp, A >= D) [r (1, p)]

b, > (15.45)

U 1ockoabKy Dy/y ecTh uucia, nojacrasias 3mo B (15.42), (15.38) u
(15.41) mpUXOIMM K COOTHOITIEHUTO

P A>g = DAL U (D)) b N >=
DL [r (1,p)] [P, N > (15.46)

9TO U eCTh TO COOTHOIIEHNE, KOTOPOE TPEOOBAIOCH JIJIsi CBSI3U MEYK Ty
OIHICAHNEM COCTOSIHUS IBMZKeHWst dacTunsl B cucreMax S' u S. B srom
BHJIE OHO CIIpaBeIuBO it jioboro Jlopennesa npeodpazoBanus u3 S B
S!. TIpwamna TOro0, 9TO |p, A > g1 U |p’, N > CBA3AHLI BPATIEHHEM COCTOHT
B TOM, YTO COUpajbHAasl CUCTEMAa MOKOsl YaCTUIlbI, JOCTUTaeMast u3
S He Ta, KoTOpas gocturaercs us S'!
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Cneyuanrvrve cayvwau ” Bueneposa nosopoma cnupasvnocmu” .
Yucroe Bpaiienne oceii. C TOYKN 3peHMsT IKCIEPUMEHTA, CITy 9aii, KO-
ria [ ecTh IPOCTOe BpallieHne OTHOCUTETBHO OCH Y, OJINH U3 0CO00 BarK-
HBIX. MOXKHO TTOKa3aTh, 9To B 9ToM caydae r(I,p) = 1, To ecTh HUKa-
xoro " Burueposa moopota crnupajbHocTu’ Her. Takum obpas3om, ecin

l = Ty(ﬁ)a pP= (p7970) n p/ = (p79 _ﬁ70)7 TO
P, A>— [p A > . (15.47)

B wacTHOM CiIydae, KOrJa p HAIPABJIEH IO OCH BPAIICHUS, HAJO IOJb-
30BaThCst BMecTO (15.47) BBIparkeHneM

Ip, A >— exp [—iaJ - p/|p|} Ip, A >=e " }p, A > . (15.48)

ITpeobpa3oBaHue U3 CUCTEMBI IIEHTPa Macc B JIJAGOPATOPHYIO CH-
cTeMy. DTOT CiIydail HA MPAKTHKE sIBIsIeTCsl Hanbosee BayKHbIM. [Ipu-
MeM obosnauennsi: A + B — ... + K + ... u "Hazopem jaboparopHOil”
cucremoii (j1.c.) Ty, B KoTopoii B mokoutcsa. Bymem cuntarh Takike, 9To
HATPABJICHUS OCEH B JI.C. U CHCTEME HMEHTPA MACC (C.I.M.) MapaJslIeIbHbI
JIPYT APYTY.

Paccmorpum, 171 IPOCTOTHL, 9ACTUILY MACCHI 1M, POXKJICHHYIO B C.I1.M.
npu asuMmyTanabHoM yrie ¢ = 0, T. e. B miockoctu X Z, TaK 9TO ee hM-
MyJIbC U YHEPTHUS B C.II.M. U JI.C. €CTh, COOTBETCTBEHHO,

p=(p,0,0),E; pr=(pr,01,0),EL . (15.49)
13 (15.35) rorma nmeem:

h(p) =ry(0)l=(v) 5 h(pr) =ry(0L)l=(vL) (15.50)

IJIe U ¥ U7, €CTh CKOPOCTH YACTHUIIHI B C.II.M. U JI.C. COOTBETCTBEHHO.

Ocb Z Bcerna BeIOMpaeTcs BIOJIb HAPABJIEHUS HAYATBLHOTO Iy IKa —
KakK B C.I.M., TaK 1 B J.C. [loaTOMy mpeoOpa3oBanue u3 C.IL.M. CHCTEMBI
orcuera S B Ji.Cc. cuctemy Sy coorBercTByeT OycTy” S BHOIL OTpHIA-
TeILHOTO HATPABJIECHNUS OCH Z CO CKOPOCThIO Bcns, The Boas €CTh CKO-
POCTH C.I[.M. CHCTEMbI KaK OHA BUIHA W3 JI.C. VIHBIMU CJIOBAMU, CIIAyeT
neiicrBoBarh Ha S oneparopom I 1 (Bcons), 406l noayunTh S

[Ipu Takom uactHom BbIGOpe | B (15.44), 1. €. | = 17 (Bonr), umeem
p’ = py, u moromy Bpamenue (I, p) =7 [lz_l(ﬂCM), p] MOXKHO XapaKTe-
PHU30BATH TOJBKO OJHUM MapaMeTpoM — OJHUM yTiaoMm w (yrsom Buka).

Urax, y nac 6yzger

r(w) =h~" (pr) L (Boa)h (p) (15.51)
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O4eBuaHO, YTO MaKOE BPAIIEHUE €CTh MPOCTO MOBOPOT BOKPYT OCH
Y. Cawmpbriit mpocToit crmocob 3TO yBHUIETH - TOCMOTPETDH IIar 3a IIarom,
KaK [0cJes0BaTebHoCTh onepaimii (15.51) nelicrByer Ha eiuHUYHbIE
BEKTOPHI €(,) = (0010) m e,y = (0100) B mampapmennn oceii Y u X
coOTBeTCTBEeRHO. OYeBMIHO, UTO MPU JIEHCTBAN Ha €(,) OH HEe MEHAETCS.
ITosromy 7(w) = ry(w), ¥ YLOJ w MPOIIE BCErO BBIUUCIUTH, TOCMOTPEB
Ha Pe3ysibTaT NpeobpasoBaHus, COBEPIIAEMOro HaJ €.,y = (0100). Bri-
IOJIHUB HOC/Ie0BATeTLHOCTD (15.51) Hax e(,) motydaem:

ey = {0,cosfcosfr +yonsinfsinfy,
m
0, 5 (sin@cosbr, — you costin@L)}
Bumm, 410 npu TaKOM HPEOOPAZOBAHHE €(y) JCHCTBHTEILHO HCIIbI-

TBIBAET BPAIIEHNE OTHOCUTEIHHO OCH Y HA YTOJ W, U 3TOT YTOJI MOMKHO
HaHTH 13 COOTHOIIEHMNM

cosw = cosbcoslr + yopsinfsinfy (15.52)
sihnw = % (sinf cos €, — yonr cosfsindy)
1

YoM = .
V1= B2

Takum obpaszom, MpU TPEOOPA3OBAHUHN U3 C.II.M. B JI.C. JJI JACTHITHI
C HyJIeBBIM a3UMYTAJbHLIM YIJIOM UMEEM:

[P, A > DY) [y ()] [, N >= d5y(@)lpr, N > . (15.53)

OTrmernM, 9TO ecanm paboTaTh B MPOCTPAHCTRBE 4-CKOPOCTEi, MMero-
mem (HeeBKUAOBY!) reomerpuio JIo0aueBcKOro, TO yroj w MOXKHO He
TOJIBKO IIPDEICTABUTHL AOCTATOYHO HAJIAJHO, HO WM BIIOJTHE IIPOCTO BBI-
quenuth (eM. [88] mwium [90, 91, 92]). BoiBoa coorBercrByiomux dhopmyn
MOXKHO HaWTHU B YKa3aHHbIX pa6OTaX, HO [OJId IIOJIHOTBI M3JIO2KEHUA OHU
JaHbl Huzke. IIpu 9TOM HCMONB3YIOTCS coenyonve onpenenenns (p u E
— UMIYJIBC U SHEPTUA LIE)JCTI/ILU)I)BI

tanh(u) = % ; tanh(ur) = Z,—L ; tanh(ucwm) = Bewm -
L

.sinw _ s.in9L _ .sin9 7 (15.54)
sinh uc s sinhuw  sinhup,

3 Cp. c onpeesienem GHICTPOTHI, JAHHBIM paHee.
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e (paKTUIeCKH MCIOIB3YeTCs COOTHOIeHne pr, sinfy, = psinf, u
coshucps = coshucoshuy, — sinhusinhur, cosw . (15.55)

HeeBKIMA0OBOCTH MPOCTPAHCTBA CKOPOCTEHN TPUBOIUT K Hepa-
BeHCTBY w < (0 —0L): 6 nepeaamusucmerom cayuae 6viao Ove w =
(0 —0L).

Hacramo Bpemst paccMoTpersh Oosiee oOIMHil cirydaii, Korga JacTUra
K wucmyckaercss ¢ UMIYJIbCOM P B C.IL.M. [IPH a3UMYyTAJIbHOM yrje ¢ B
ob6enx (c.I.M. u Ji.c.) cucremMax. MoxKHO yOeIUThCsS, 9TO U B 9TOM CIydae
BuruepoB MOBOPOT CIEPAIBHOCTH GYIET JABATHCS OMEPATOPOM Ty (w) U
He Oyner 3aBHUCETH OT .

Becbma gacto BeTpedaromuiics Ha TPAKTHKE CIydail — OMHapHAas pe-
aknuss A+ B — C' + D. O6o3uauanm yroy paccesinus dactuiibl C' B JI.C.
uepes 07, a yroJ BbLIETa YaCTUIbI oTaaun D B Ji.c. yepe3 Og. Torma yroa
W MOYKHO BBIUUCIUTE, UCTIOJIB3Y S CJIEAYIONINE TTOJIe3HbIE (DOPMYJIBL:

coswe = cosfcoslr +yoprsinfsindy =

E 2 E2 _ 2 E2
_ <p_B> (_c) cost;, + MeEc —mcEp
rc) \EB mppcpéEn

. mgc . .
sinwe = E—{sm00050LffyCMcosHsmf)L} =
c

_ mgBouyerm ., (mc) (pB) .
= ——————ginf=(— ) (— )sinf

PIé mp pc

coswp = —cosfcosfr+ yopsinfsinlr = (15.56)

E 2 E2 _ 2 E2
- () (o
pp) \ EB mppppHEB

. _ mpBemyem ., (mp\ (pPB .
simwp = ——————3sinf=|— — | sinfg

PLD mp PD

rie 0 ecth yroJ paccesaus 9acTuilbl C' B C.IL.M.
s ciaygas ynpyroro paccesinus, KOrja mp = mp W mag = Mg,
yrosa Buka ocobenno mpocr:

wp = 91{ 5 (1557)

a B CIy4ae PacCesHus TOXKICCTBEHHBIX YaCTHIl (HANPUMED, pp), KOTJa
ma = mp, ele IpoIIe:
we =0, . (15.58)
Hakonerr, MOXXHO yOeIUTHCsI, 9TO TIPU YJIHTPAPETATUBACTCKUX SHEP-
rusx yroj Buka 0c — 0, korma s — oo.
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15.2 37 cucrema ¢ n3ocrnuaoM 0.

Pacemorpum cocrosinue ¢ Tpemsi MHOHAMU C TOYKHU 3PEHUS H3OCIUHA.
Heobxoanmo mostyauts cocrosgame ¢ mosiHbM n3ocnuaom I = 0 u3 tpex
COCTOAHMI TUTIA

[ I=1,,=1> = |7 >
[ I=1,I,=0> = |7°> (15.59)
|[I=1,,=-1> = |7 >

Bosbmewm crHagana napy nuonos. Cocrosinue u3 ABYX TMHOHOB MOXKET
nMmeTh osiHbIH n3ocnua I = 0,1, 2. Jlasee 3T0 COCTOSTHUE CKIATHIBACTCS
C TpeThbUM IMHOHOM B COCTOAHHE C TIOJHBIM M30CITUHOM 0. I/ICHOJH:ByeM
TpaBUJIa CJIOZKEHUA YTJIOBBIX MOMEHTOB IJId COCTOSTHUM C M3OCTTUHOM 1:

1
|1,1> = E[|7r+7ro>f\7r07r+>]z|ﬂ+>
1
[1,0> = S [lx*e > = |77 >] =0 > (1560
1
11, -1> = —[[a’7 >—|a 2> =" >,
V2

MN3ockangapHoe coCTosTHIE TTaphl MHOHOB:

1
10,0>=—=[|nt7 >+ a7t >—|a’x">] . (15.61)

V2
T. 0. namo cioxursh cocrostaus | IT > ¢ | 7 > Tak, 9TOOBI MOTYIUTD
M30CKAJIAPHOE COCTOSTHIE TpeX MoHoB. OUeBMIHO, 9TO HyKHOE HaM CO-
CTOFHUE €CTh
1

|0,0>:ﬁ[|ﬂ+ﬂ_>+|ﬂ_ﬂ+>—\HOWO>] . (15.62)

Honcrapnss B (15.62) seipaskenns us (15.60), momyanv (11.2) 4.

MozKkeT BO3HWKHYTH BOMPOC: & MOYEMY JIJIsi COCTOSTHUS IBYX MHOHOB
MBI orpanuumianck (15.60)7

OTBeT OYeBWIEH: CKIIAIBIBAST IBA TMOHHBIX W30CITHHOBBIX COCTOSTHHS
MO2KHO TTOJIy9UThb COCTOsiHUs ¢ mOaHbIM n3ocnuaom 0, 1,2, Ho 3arem ux
HYZKHO CHOBA CJIOKUTD C MUOHOM, T. €. m30BeKTopom. Cknaapmsan 0 u 1,

4 TIpoBepbTe TOCTEIHEE YTBEPIK ICHHE.
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MOy IUM TPEXTTHOHHOE COCTOSHUE C MOJHBIM U30CIUHOM 1, KOTOpOe Hac
cefivac me unarepecyer. CKIa/ipiBas COCTOSHUE TAPBI THOHOB € MOJHBIM
M30CIUHOM 2 € MHOHOM, CHOBA TMOJIYyYUM HE TO, 9TO HYKHO, a UMEHHO,
37 - COCTOSIHUSA € TOJTHBIM m30ocTUHOM 1, 2 m 3. TOIbKO M30BEKTOPHOE
COCTOSTHWE TIaphl TTHOHOB MOXKET J1aTh, MPHU CJIOKEHUHW C OJHOTMHOHHBIM
COCTOSTHUEM, TPEXTHOHHOE COCTOSHHUE C TMOJHBIM n3ocimuHoM 0.

15.3 CummMmerpumn peuieHmii.

Besakuii 3akon coxpaneHus CBS3aH C IPOSBIEHUEM KaKOH-Tub0 CUMMeT-
pun. EcTh pa3audHbie BUIBI CUMMETPUN, HAMPUMED — MPOSBIISIONINE-
cs B ypaBHeHUsX aBrKeHusi. OHU 1OCTATOYHO TPUBBIYHBI. O THAKO €CTh
KJIACC CUMMETPUIi, KOTOPBIM HEYACTO y/IEIIeTCd BHUMAHNE B YI€OHUKAX.
D10 — TaK Ha3bIBAEMbIe ~CUMMETPHUU pereHuii” ypaBHEHUN IBUKEHUS.
Jlemo B Tom, 9TO s1000€ pelleHne ypaBHEHUil IBUKeHUs TpeOyeT pac-
CMOTPEHUS OMpPEJIEJIEHHBIX IPAHUIHBIX YCIOBUN U CUMMETPHUS PEIIeHUsT
He 00s13aTeJIHHO B TOYHOCTHU COBIAIAET C CUMMETpUEH YPABHEHUST NMEH-
HO M3-33 TPAHUYHBIX YCJIOBUIA.

CyrmecTByer mpeKpacHbIil mpuMep, WLTIOCTPUPYIONIUI HEKOTOPbIE
acriekTel cummerpun perreruii’. OH TOMOTaeT TakKe MOHATH, 9TO
OOBIYHO WMEETCSI B BUJIY MO/ ~CIOHTAHHBIM HAapyIIeHneM”’ KaKON-11b0
CUMMETDUH.

PaccmorpuM Tak HasbiBaeMywo ’3agady o derhipex ropomax” [97].
Iycrs gernipe ropona (A, B, C, D) paciosiozKeHbl B yryax KBajpara co
croponoit 2 ex. Tpedyercss coOeIMHUTD WX YKEJIE3HON TOPOroit HanMeHb-
meit BO3MOXKHOM JTMHBI TaK, ITOOBI IO HEfl MOXKHO OBLIO OBl TPOeXaTh
u3 Jr000T0 OJHOTO TOPO/IA B JIFOOOH IPYTOii.

3aJavya uMeeT CUMMETPHIO KBaJpara (BpalleHue BOKPYT HEHTpa Ha,
/2 Win Ha T OCTaBJIsIeT PACHOIOXKEHUE FOPOJIOB Ha, [IJIOCKOCTU HEM3MEH-
HbIM), U (II0 HEPBOMY BIIEYATJICHUIO) PEIIEHUE TOXKE JAOJZKHO UMETh ITY
CHMMeTpUIo, Hampumep, kKak Ha puc. 15.1. Jlimna Keme3H0I0p0KHOTO
MMyTH 3]1eCh paBHA, OYEBUIHO, 4v/2 ~ 5.66 e1. IT1o sBHO MEHBIIIe, YeM
B permennn puc. 15.2, rae aauna mytn pasua 6 ea. Kpome Toro, Bapu-
aHT puc. 15.2 mMeeT He BCe CTENEHW CUMMETPUM, UTO y KBaJpaTa: OH
nepexoauT caMm B cebs [IPU BPAIEHUU He Ha 71/2, a Ha T.

C apyroit croOpoHbI, 008 BO3MOYKHBIX DEIIEHUs SIBJISIIOTCS TPEIeThb-
HBIMU CJIy9asiMU OJHOTO W TOTO K€ BAPUAHTA, MTOKA3AHHOTO HUXKE: MIPU
¢ = m/4 umeem BapmaHT, TTOKa3aHHLIN Ha puc. 15.1, mpu ¢ = 0 — Bapwu-
anT puc. 15.2. Ho Hy:KHO TPOBEPUTD, JIEHCTBUTEILHO 1 puc. 15.3 maer
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Puc. 15.1. Ognnr u3 mampammsaio- Puc. 15.2. Bropoii BO3MOXKHBIN, HO
MWUXCS BAPUAHTOB TPOKJIAAKU JAOPO-  ABHO He KPATUANTINi, BAPUAHT MPO-
I'U. KJIaJK1 JIOPOTH.

Puc. 15.3. O6o011enne mpeaplayux BAPUAHTOB IPOKIAIKNA JOPOIH.

perenve 3agaun (T. €. MOJHASA JJIMHA JOPOTH B 3TOM BAPUAHTE MUHU-
MaJIbHa). DTO JIETKO CIENATH, OTTAJIKUBAACH OT OOIIEro BApUAHTA.
OueBuHO, YTO LOJIHAS JJIMHA JOPOrUd PaBHA
4

L(yp) = cos g +2(1—tangp) . (15.63)
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MuauMyM 3TOr0 GYHKITHOHATIA HAXOAUTCS CTAHIAPTHBIM CIIOCOOOM:

oL  4si -2
O (cos ) 6

TO €CTh BAPUAHT, M300paYKEHHBIN Ha pUCYyHKe 15.3, maeT perrenne mocTas-
JieHHol 3amaun mpn ¢ = /6. Ho 3to pernenne ve ob6iagaer cnvMmerpredi
HACXOMHON 3a1a4n!

Bwmecte ¢ Tem, naiizennoe perrenue Bce K€ CHMMETPUYHO OTHOCH-
TEJIbHO HEKOTOPOI'O IMOJMHOYKECTBA TPYIIbl CUMMETPUU KBAJPaTa, a
WMEHHO, TTOBOPOTOB HA YTOJI 7.

Briosime o4eBMIHO, YTO [JAHHOE PEITEHNE HE eIMHCTBEHHOE: eCJIN
B3SITh YK€ yrKe HaiileHHOe W TOBEpHYTh €ro Ha ¢ = 7/2, TO TOy-
YUM Jpyroe perieHue (JUIMHa MyTH Ta Ke caMas U HO-IPEKHEMY MU-
HuMaiibia). To ecTb, 6ce mHosicecmeo pewenutl COXpaHIeT CUMMETDPUIO
UCXOIHON 3aa4u, HO OT/E/JIbHOE PEIeHNe - HET; BCE PEIeHWs MOYKHO
MOJIyYNUTh U3 OJIHOTO, HANJIEHHOIO KAKUM-TO OOpa30M, MPUMEHEHUEM K
HEMY TIPE0OPA30BAHNUI, OCTABJISIONINX KBAIPAT HEU3MEHHBIM. DTO U €CTh
IpPOSIBJIEHHE T. H. ” CKPBITON CUMMeTpun’ — KOTJIa CHMMETPHsT PEIIeHUs
HUKEe CHUMMETPUU 3aa9d, HO MHOYKECTBO BCEX DEIeHUll WMeeT TPYIIILY
CUMMeTpUM 331299,

Hakomerr, Kak TOJBKO C/I€JIaH BHIOOP U3 ABYX PEIIEHU, TAIOUX MU-
HUMAJIBHYIO JJIUHY JOPOTH, U IOPOTa OKA3aJIaCh MOCTPOEHHOMN, HCXOTHAS
CAMMETPHS 33Ia9H PA3PYIIAETCA U JadbHeHIas ~ Ku3Hb” paccMaTpPUBa-
eMO# CHCTEeMBbI TIPOXOIUT MIPU MEHbBINEH CTeNneHrn CUMMETPUU. DTO U IM0-
HAMAETCA MO ~ CIOHTAHHBIM HAPYIIeHWEeM’ CHMMETPHN; CIIOHTAHHOCTD
- B TOM, KaKO€ MMEHHO U3 JBYX pemenuii Oeperca. (Opuu u3 cambix
U3BECTHBIX TTPUMEPOB ~ CIIOHTAHHOTO” BBIOOpA - Bypumamos mpumep 06
0CJIe U JIBYX BsI3aHKAX CEHA.)

Ecnu B paccmoTpennoil 3a/1a4e OTKaYKeMCs OT yCJIOBUSI CUMMETPUY-
HOTO PACIOJIOKEHUS TOPOJIOB W PA3PEIUM UM OBITH PACIIOJJIOKEHHBIMU
KaK yroJiHo, (T. . He 00s93aTe/IbHO CUMMETPUYHO) TO MOJLYYUM MPOBIeMYy,
n3BecTHyIo Kak 3aga4a [lraitnepa” wiam ”3amada o Kkpardaiineit cetn” .

MoskHO yOeauThCsi, YTO JE€PEBO, TPEICTABIISIONEe KPATIANIITYIO
CeTb, UMEEeT CJIeYIOIIre TJIABHBIE CBOWCTBA:

1. u3 KaXKJ0H PasBUIKU BBIXOJAT POBHO TPHU OTPE3KA, KarXKJblE B
U3 KOTOPhIX 00paszytor yroa B 120°;

2. m3 KaxKJI0TO TOPOJa BBIXOJUT OJINH, ABA WU TPHU OTPe3Ka, IpIdeM
€CJTM BBIXOJIUT JIBA, TO YTOJI MeXKJIy HUMU He MeHbIe 120°, a ecan
Tpu - TO poBHO 120°;
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3. HUKaKWe OTPe3KU Kpardaiiiieii cern He 00pa3yioT 3aMKHYTYIO JIO-
MaHYyI0;

4. Yuca0 pa3BUIIOK MO KpaiHeil Mepe Ha JIBe MEHbIIe YUCIa TOPOIOB.

IToapobree 06 sTrom Kpyre mnpobsem cm. B 0630pe A.M.Basiauna u
A.A Banguna [98], a Takke - B tekusax [97].

15.4 "WuBapuaHTHag macca’?

B 1mko/ibHBIX yueOHUKax (fa U B Apyrux, 60Jee Cephe3HbIX KHUTAX ) MOYK-
HO MHOTA TPOYECTh, IYTO ~MACCA TeJa 3aBUCUT OT €ro CKOPOCTH’ , WIIH
HaiiTH 3a7a4uu TUma 4yemy paBHA macca (orona, ecau ero sueprus 10
M5sB” u 1. m. O Tom, nmodemy mojOOHBIE YTBEPKIEHUS HEPABUJIbHBI,
ckazano B crarse JI.B.Okyus [6].

BeccmbicmennocTs TepMuna ” MHBapUaAHTHAS Macca’ MOYKHO YBUIETH
HETIOCPEICTBEHHO U3 CJIEIYIONIEro HabIoaeHns. I3BecTHO, 9TO 4-BEKTOD
suepruu-umiyibca P = (E, p), umeer 4 KOMIIOHEHTbI, IPUYEM IHEPIUs —
OJIHA W3 HUX, U 9TA KOMIIOHEHTA IPeodpPa3yeTcs npu JIOPEHIIEBLIX BPAaIle-
HUSAX B UMTYJILCHOM TTpocTpaHcTBe. " Mepoit aauubl” 4-BeKTopa P aBid-
erca ckaaap P2 = m?: KBaJpaT MacChl YaCTHIBI; OHA He MEHSETCS MpH
TAKUX Bpalenuax (T. e. naBapuanTHa no onpeaenenuo!) Coorsercraen-

x99

HO, pa3 He CYIeCTByeT ~HEeMHBAPHAHTHOW MACChI, HE MMEET CMbICA
TOBOPHUTH W 00 "MHBapHAHTHON Macce.

HocToiiHo coKameHns, 9T0 JaxKe B TAKOW MOJNE3HOW KHHre Kak [3],
CHCTEMATHIECKU YHOTPeOIAeTCsl GECCMBICTIEHHOE (& CIIeI0BATEIbHO, 6ec-
MOJIE3HOE) BhIpaskeHune ” MHBApUaHTHAA Macca” . B HeKOTOpoM pojie Takoe

BbIpaKeHHe Jarke BpeJHO, TaK KaK UCKaxKaeT CyTb Jea.
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YHactp X

3aJaun U ynpaxKHeHUsd



I'maBa 16

3aJlauu 1 yIIPaXXHeHUd 110

TeMe Kypca

16.1 Bsenenue.

Her unoro myTtu no-aacrosiiiemMy yCBOUTH OCHOBBI KUHEMATUKHU, T€M OO-
Jiee PeJIATUBUCTCKOW, KPOME PellleHnsi KHHeMaTHIecKux 3a1a4. Bo Muo-
TUX CIydasx BeCchbMa MOJIE3HO He OTPAHNYUBATHLCSA TOJBKO TOJIyYEeHUEM
dbopMys, a TPOIEIBIBATH YUCIEHHBIE OIMEHKU. TOJBKO TakK MOYKHO J10-
CTUYb JOCTATOYHON IS YCHENTHON PabOThl JIEMKOCTH MTOHUMAHUS YCJIO-
BHUil KOHKPETHOTO HCCIETOBAHUsI, €r0 OCOOEHHOCTEH, BOZMOXKHOCTEM, a
3a01HO — n36eKaTh rPyObIX MPOMAXOB, MOTYIIUX CBECTH HA HET MHOTO-
JerHue ycuius paboraromux BMecte KoJuier. OIHOBPEMEHHO, yIpaykHe-
HUSI B PEIeHNN KHHEMATUIECKUX 331a4 CYIIECTBEHHO O0JIErYat0T TOHY-
MaHme cTaTeil B XKypHajlaX W MPUBEIEHHBIX B HUX PE3YJIbTATOB JIPYTUX
nccaegoBaTeneii.

Bo Bcex kaurax mo KuHeMaTwKe, PEKOMEH/IOBAHHBIX B CIIHCKE JIHTE-
paTyphl, €CTh 33/I1a9¥ U YIPAKHEHW MTPAKTUIECKH KO BCeM riaBam. Vx
CTOUT PeraTh: He 00s3aTeIHHO BCE, HO XOTs ObI HEKOTOPBIe. OTBETHI HA,
HUX BCErJa MOXKHO HAWTHU JIMOO B UTUPYEMBIX B KHUTE CTAThAX, MO0 B
CaMOM TEKCTE, TJIe 3TH OTBETHI OBIBAIOT HEIJIOXO 3aMACKUPOBAHBI.
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VauBuTeIbHO, HO MOYTH HEBO3MOKHO HANTHA COBPEMEHHbIN CIIeIraTb-
HBII 3a/Ia9HKUK 10 KUHEMaTuke ([a U He TOJIbKO [0 KMHEMATUKE, eCJIu
roBoputb 0 (dusuke sapa u gacrui)! ITosromy 3anaunuku, yKazaHHbie B
PEKOMEHIOBAHHOM CIHUCKE JINTEPATYPHI, OTHOCUTETHHO TTOYTEHHOTO BO3-
pacra. [IpaBma, cTap 3aJavHUK WIM HET — HE TaK YK U BAYKHO.

C 1pyroii CTOPOHBI, OTCYTCTBUE CIENUATHLHOTO 3aJAYHUKA TTPUBO-
AT K HEOOXOIMMOCTU CAMOCTOSATEJHHOTO MOAOOPA 33/a9 W yIparkHe-
uuit. OHu, KaK TPABUIIO, B3ATHI U3 NPAKTUKY WM U3 JPYTUX KHUT. DTU
3aJa49n SIBISIOTCSI HEOTHEMJIEMON YacThiO JTAHHOTO Kypca KUHEMATHUKU
3JIEMEHTAPHBIX MPOIECCOB U CTPYMITUPOBAHBI, B OCHOBHOM, TTO TEMaM JIEK-
nuii. [IpakTudeckn Bce OHU OOSI3ATENIHLHBI IS PEITeHUsT U He CJIUTITKOM
coxkubl. JI71s cepbe3HbIX yIPaXKHEHUN U TPEHUPOBKY BEChMA MTOJIE3HO HE
OIPAHUYUBATHCS TOJIBKO UMU, a 00paIlaThCs Takzke K kauram [1, 2, 3, 4].

16.2 HWuBapumaHTHI U CUCTEMBI KOOPIMHAT.

1. [dnga 6unapuoii peakuuu a + b — ¢ + d gokaxure dbopmymry (3.3)
s+t+u:mi+m2+m3+m3 .

2. BeipasuTe 9HEPruio 9acTunpt b 9epe3 MHBAPUAHT § U MACChl IACTHII,

nosyuus opmysty, anasoruduyio (3.27).

3. IlepeuncinTe xapakTepHbIE KAYECTBEHHbIE OCOOEHHOCTH TU(DpaKITH-
OHHOT'O PACCESTHUsI, BHITEKAIOIINE U3 BhIpaykeHus M1 auddepeHimaib-
HOTO CEYUEHNs YIIPYTOTO PACCeTHus Ha aOCOTIOTHO IePHOM ITape PaImyca

R (dopmyast (3.6)-(3.8), unu, B urore, dhopmyna (3.9)):

do TR?
— ~ — - J2 (RV-1)
i~ = )
a UMEHHO:
1. xapakrep 3aBucnmocty do/dt ot | t | mpn bUKCHpOBaHHOM HAYAB-
HOIi SHEPruu CHAPHA/IA,

2. xapakrep 3apucumocty do/dt OT HaYaIbHON SHEPIUU CHAPSA A [IPU
dukcuposannoii Besquuuse |t |,

3. xapakTrep 3apucumocru do /dt or paguyca mapa-muiiedu 1pu GuK-
CUPOBAHHOIT HAYAJILHOU HEPrUuu CHAPAIA,
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4. nonygure unpubiamzkennyio dbopmyiny s do/dt upu  Masbix

R\/|t].

4. Besegure dhopmyny, CBa3bBARIMY0 uddepeHInaibHOe CeUeHIe
paccesiHusi, PeICTABJICHHOE B 3aBUCUMOCTHU OT yTJjia paccesuus 0% B cu-
cTeMe IEHTPa Macce, ¢ TOH Ke BEJIMYMHON, NPeJICTaBJIEHHOU B 3aBUCUMO-
cru or | t | (o ecrb, cBsxkure do/dQ* u do/dt). Paccmorpure 2 ciydas:
a) B CHCTEME LEHTPA MacC paccesHue 00J1a[aeT AKCUAIbHON CUMMeTDH-
eit (0Ch CUMMETPUH - HAMPABJICHUE UMITYJIHCA YACTHUIILI B CUCTEME IeH-
Tpa macc), 6) aKCHaJIbHON CUMMETpUur HET (UTO BO3MOYKHO, HATIPUMED, B
CIy4ae MOMSPU30BAHHBIX YaCTHUI, KOI/Ia CIIMH OJHOW W3 HUX IEPIICH M-
KYJISIDEH ILJIOCKOCTH PEAKIIUHN).

5. [TorpoGyiiTe caMOCTOSATETHHO TPOSICHUTE CMBICT MAHIEJIHCTAMOBCKOM
MEePEeMEHHOM U, PACCYIKIAs TPUMEPHO TaK K€, KaK TPU 00CY K ICHWUN TIe-
peMeHHOI T.

6. PaccmorpuTe kunemMaTuky Ha nopore peakiuu a+b — 14+2+3 B 1a00-
PaTOPHOIT crCTeMe, IPUHAB MACCy CHAPSIA @ PABHOMN Mypro; = M a Mac-
cy mutenn b pasHoit Myqg- (Bemuuuny Mx = Mz +ms — Mg MOXKHO
Ha3BaTh ”poxaenHoil” maccoii). IIposepbre dbopmyny (3.15) ans nopo-
roBoii suepruu u BoiBeure dbopmyibt (3.16), (3.17), (3.18) g kBaapara
epeIanHoro K gacTuriaM 1, 2, 3 4-uMmyabca B 9aCTHOM CIydae peakIinm
POXKJIEHUS B pp-B3auMozeiicTBun Me30Ha (ME30HOB) B accoluanuu ¢ 6a-
puonowm (crofa oTHOCATCs peakuun Tuma pp — p + A + K1), oGozmauns
maccy gacrunpl 3 (6aproHa) depe3 My a me3ona (MM ME30HOB) Yepe3

Zmi.

7. 1) Tlokaxkure, 9TO /i PeAKIuu (POTOPOKICHUSA P-ME30HA HA MOKO-
SIEMCS TPOTOHE (T. €. PeakIuu ¥y +p — ¢+ p ) J1aBOPATOPHBIH UMITYJILC
POXKJEHHOTO (-Me30Ha (B NPUOIMKEHUU PABEHCTBA MACC IPOTOHA U (-
Me30Ha: My, ~ My = M) Ha mopore paBeH IPUMEPHO

%~Mz750 MsB/c .

2) Kax 6y/1eT BBINIAIETh Ha TOPOre YTIJIOBOE PACTIPEICICHUE POXK ICHHBIX
¢-me3onoB? Ilog KakuUM yrjioM B J.C. TTO OTHOIIEHWIO K HAMPABJIEHUIO
nmmyanca (poronHa OyayT OHNM BHIIETAThH?!

8. 3amauy 7 mose3HO 0DOOIMUTEH Ha CAydail TPOW3BOJILHON OUHAPHON
peaknuu poropoxkaenus v+ p — M+ p, rae 60300 M umeer maccy M u

248



KBaHTOBbIE ynciia (hoToHa (HAPUMED, ITO BEKTOPHbBINA Me30H). [Iporon-
MUIIIeHb C Maccoil m nokourcs B jaboparopHoil cucreme. Haitnure: 1)
HOPOrOBYIO 9HEPruio suepruio ¢horona B J1abOPATOPHOI cucTeMe, 2) um-
myJibc 6030HA B JTAOOPATOPHOI CUCTEME Ha, TIOPOTE.

9. IlycTp Ha mokogmuiics B 1abOpPATOPHON CHCTEME MPOTOH HAJETAET
dorou ¢ sueprueil F v TpOUCXOIUT HEYTIPYTAS PEAKITHsT C POKICHUEM Ta-
CTHI[ TAK, 9TO B KOHEUHOM COCTOsTHUY HET (oToHOB (oTomnorionenue).
(Koneuno, HEKOTOPBIE U3 POKICHHBIX YACTHIL MOTYT 3aTEM PACIaIAThCA
¢ ucmyckanueM (hbOTOHOB, HO 3T (POTOHBI BTOPUYHBIE, & HE MOSIBUBIIIAECS
B akrTe B3aumoeiictBusa GhoroHa ¢ nporonom, T. e. e “upsambie”.) Ka-
KOBa MakcuUMaJibHas 3DMEKTUBHAS MACCA CUCTEMbl YACTHUI] B KOHETHOM
COCTOSTHUH !

10. [Ipu amanm3e MaHHBIX, HAKOILUIEHHBIX B IKCIEPUMEHTE 10 (HOTO-
POXKJIEHUIO ¢ Me30HOB B peakimn p(y,d)X ¢ WCIoIb30BaHNEM MTyYKa
" medeHbrx” (POTOHOB, ACTTUPAHT MOTBITAJICA OTBETUTH HA BOMTPOC O KOJIH-
YeCTBE 3aPErnCTPUPOBAHHBIX CIYUAEB ITON PEAKIUHU TIPY PA3HBIX SHEP-
rusx (DOTOHOB U TTOTY YW PACIIPE/IeIeHNs, IOKA3aHHbIe HA pucyake 16.1.
Ha ero muxmeit mamenn mokasaHo pacupeaenenne 1mno 3pQeKTuBHONR Mac-
ce napol K-me3zonoB. [luk B 9TOM pacnpeeneHnu OTBEYAET KAOHHBIM
mapam oT pacnaga ¢ — KTK~. Ha Bepxueit nanesm pucynka 16.1 mo-
Ka3aHO pacipeneaenne COObITU B 3aBUCUMOCTH OT 3Heprun (poroHa. Ac-
MUPAHT CIETIAJ YTBEPKICHUE, UTO COOBITUSI B 3TOM PACIPEICTICHUN Te
2Ke caMble, 9TO U B pacupeneseHnn mo 3(pPeKTUBHON Macce KAOHHOM ma-
pbl. Bepro 1 370 yrBepxkaeane? Uro MOXKeET BbI3BATH COMHEHHE B €ro
UCTUHHOCTHU?

11. IIpeacTraBbTe B SBHOM BUJE HEDPENATUBUCTCKUI NPEET COOTHOIIE-
Huit (3.22) (1. e. mpegen f <K 1, vy~ 1):

ufy = (u1-ug)

0., .0
Uuj + Ujy
0
14 uy

uj2 u; —uz-

(NB u? = El/ml =71, U1 = pl/ml = ’}/1,61 n T. ,ZL.).

12. Ilepemennas MamngennrcTama § ©UMeeT, KaK U3BECTHO, CMBIC TTOJTHOM
SHEPIUM B CHCTEME IEHTPA MACC CTAJKHBAIONINXCA IACTHUIL, TO €CTh

s=(Pa+P)’ = (E +Ef)?,
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. 1. i1 JTCHU S BITAN TI KTUBHOU M mapbl -Me30HOB
Puc. 16.1. Pacmopenene cob o ahde oit Macce ma €30HO
¥ 110 3Hepruu (GHOTOHOB MMydUKa, MOTYyIEHHDbIE MPU aHAJM3E TAHHBIX MO0 (HOTO-
POXKIEHUIO ME30HOB Ha MPOTOHAX. B 9KCIEepUMEHTe MCIOIb30BAIACh KUTKO-
BOJIOPO/THAS MWINEHb B IIy9YKe ~MeYeHBIX (OTOHOB.

I7e 3Be3/I09Ka B BEPXHEM HMHIEKCE, KAK BCEr/a, IOMedaeT KHHeMaTmde-
CKUe BEJINYUHBI B CUCTEME IEHTpa Macc peakiuu. [losydanre hopMysbt,
BhIpaskaromue E; u £} depe3 nHBApUAHT S W MaCcChl YaCTHIL.

13. (a) Hoayuwnre dopmyny (3.29) mas wmmyabca dacTui a u b B
cucreme niearpa macc. (b) Iomyuure ananoruunyio Gopmyity Jjsd um-
yJbca CHapsija (4acTULa @) B CUCTEME IOKOs dacTullbl b (1aboparop-
Hag cucrema). Kakoii npakrudeckuil BbIBOJ Bbl Obl CleIajd U3 CPaB-
Henus noydeHHoil Bamu dopmyabt ¢ dopmynoit (3.29)7 Ilposepbre
9TOT BBIBOJ, Tepeiifs B ”aHTHIA00PATOPHYIO® CHCTEMY, WU CHCTEMY
MOKOSI YaCTHIIbI ¢, U BBIYUCIUB B Hell UMITYJIbC dacTuibl b. Hanomuna-
nue. " @yukuus rpeyrosbuuka’ A (z,y, z) onpejesnena Kak A (x,y,z) =
2242 422 — 2wy — 2wz — 2z = (x —y — 2)° — dyz.

14. BeiBequre dopmysbr (3.32), BbIpazkaiomiuge CKOpocTb (M ramMma-
dakTop) cucTeMBl MEHTpA MACC Yepe3 WHBAPUAHTHI U MACCHI TACTHIL.
Bropbie gactu 91ux (HOPMYI JIErKO TOJLYUUTh B mpesesie 6obimx (1o
CPABHEHWIO C MACCaM¥) 3HAYEeHWHT S.
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15. duga paccesnus a +b — a’ 4+ b’ wactun oxunakosbix mMace (m, =
™My, = M) CPABHUTE CKOPOCTH CUCTEMbI IIEHTPA MACC Sy, (OTHOCHTEIHHO
nabOPATOPHOM CUCTEMBI, T/Ie 9ACTHIA b IOKOUTCS) CO CKOPOCTHIO YaCTH-
el a (unm b) B* B cucTEMe HEHTPa MAaCC.

16. B peaxkmnu a + b — ¢ + d Komelr BeKTOpa, M300parkaioliero Ja-
GOPATOPHBIl UMIYIbC YACTUNBI €, HA ILUIOCKOCTH (pg,py = 0,p.) (och
Z HanpaBjieHa [0 UMILYJIbCY IIydKa) JIeKUT Ha dJumnce (1. H. ”3suune
ummnyabcoB” ). TlokazkuTe, 4To IKCTpeMaIbHbIE 3HAYEHUS JTa00PATOPHOrO
UMITYJIHCA 9aCTHUIIbI ¢ 3a1at0Tcs popmynamu (3.38), rae 8* ecTb CKOPOCTH
YACTUIIBI C B CUCTEME IEHTPA, MacC:

P1 = (07 Ov'ycmE* (ﬁcm - B*D , P2 = (07 07’YC’NLE* (BC'm + ﬁ*)) .

17. Iposenure Kunemarudeckuii ananu3 peaxiuu n(K,7m)A u naiire
OTBETBI HA CJIEIYIOMIAE BOIPOCHL:

e UMeeT JIM OHA TOPOT B PU3WIECKOH 00TACTH SHEPTUil U KAKOB OH;

e eciu K-Me30H MMeeT UMILYJIbC P (pa3yMeercs, BbIiIe 10pora) To
KAaKOBbI BEJTMYUHBI MUHUMAIHHO BO3MOYKHOTO ¥ MAKCUMAJIBHO BO3-
MOYKHOTO UMTTYIbcOB A-rumnepona?

e Mosker I B 9TOI peaxImm w-Me30H BhLIeTeTh ~Ha3ad B Jabopa-
TOPHO# cucTemMe oTrcueTa’

e Moxer jin B 9TO# peakiuu A-TUepoH BbLIETeTh Ha3aa B J1abo-
paToOpHOil cucreme orcaera’?

e Ilocrpoiite rpaduk 3aBUCHMOCTH MUHAMAJIBHO BO3MOYKHOTO HM-
nyabca A-runepoHa oT UMIyIbCca P .

18. 3uasi, aro

pL = pl
Pz = chpz + fYC'rnBc’rnE*
E - ’chE* + "chﬂcmp: 5

CBSIZKWATE YTOJI BBLIIETA YACTHUIIBL ¢ B JADOPATOPHOI CUCTEME OTCYETA C €e
YIJIOM BBLJIETa B CHCTeMe IIeHTPa MacC U JIOKaXKUTe, YTO

t 0 sin 0* * ﬁcm
anf = , _ Pem
Yem (cOs 0% + g*) g B*
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19. Beipasus, Hampumep, SHEPIUI0 YACTUIBL € B C.IL.M. Y€PE3 MPOI0IIb-
HBI UMITYyJIbC W SHEPTHUIO B Ja0OPATOPHON CHCTEME, MOYKHO IOJIYYHUTh
ypaBHEHUE, OIPeesIAioNee BeJUInHy UMITYIbCA ITOM JaCTUIBI B J1abo-
pPaTOPHOIT cUCTEMe OTCYETa B 3aBUCUMOCTH OT YTJIa ee BhLIeTa, T. €. HalTh

dbyurimo p(h):

B+ 6cm7cmp(7089 = Yem (p2 + m2)1/2

Pemmnre 310 ypasuenne (cum. (3.40)).

20. [Ina burapHO HEYNIPYTOi peaknuu Tuna (i + m — u—+ M, tne p —

Macca cHapsga, m — macca mwuinenu, M — macca 9acTuiibl, B KOTOPYIO
MOCJIe PACCESTHUS TPEBPATUIACH YACTUIIA-MUIIEHD, BhIBEIUTE (hOPMYIIY
I tyin, CIATAA, 9TO S > m? (mi — MACCBhI YaCTHII, YIACTBYIOIINX B
peakiyu).

16.3 3agaum K JeknugaMm 5 u 6.

21. (a) Iokaxkure, yTo BeKTOPHI 1, m, n, onpenenennnie B (16.1), nomap-
HO OPTOTOHAJBHBI JAPYT K JAPYTY. BBINOTHATE aHATOTMYHYIO NPOBEPKY
U1 OPTOB, ONPEJIEIEHHbIX coraacuo dhopmysnam (16.3).

L k. k. B oL (16.1)
ks + kil ks — ki ki x Kyl

rie k; u Ky ecTb eiuHuYHbIE BEKTOPDI, HAIIPABJICHHbIE BJIOJIb HMILYIbCOB
HAYATBHON M PACCeTHHOW YaCTHUIl, COOTBETCTBEHHO. BekTopsl 1, m u n,
onpeeennbie B (16.1), yI0BIETBOPSIOT COOTHOIIECHUSIM

l=mxn, m=nxl, n=1xm. (16.2)

CyIecTByer TakKe JIpyroe onpejesenne Da3ucHbIX OPTOB

= ST e S g R (16.3)
‘kf—‘rki’ ’ki—kf’ k; x kf
ITpu TaKoOM OMpeIeIeHNH OHH Y/IOBJIETBOPSIIOT COOTHOIIEHUSM
l=nxm, m=nxl, n=mx1. (16.4)

(b) TIposepbre dbopmyast (16.2) u (16.4).

252



(c) Kakue u3 31ux AByX TPOEK OPTOB COOTBETCTBYIOT IPABOBUHTOBOI CHi-
creme koopamHaT? Ecmm TOMbKO 0/1HA, TO KAKOH CHCTEME COOTBETCTBYET
Jpyrasi Tpouka?

22. O0bsicHUTE, TIOYEMY B CBSI3U C HEC(HEPUIHOCTHIO JEATPOHA TOBOPAT
TOJBKO O [-COCTOSTHUY B HEPEIATUBUCTCKON BOJHOBOI (hyHKINU meii-
TPOHA.

23. B "crnekraToprHom” mexanm3Mme (pparMeHTAIun JeHTPpOHA MTPEIo-
JlaraeTcs, YTO OCHOBHOW BKJIAJT B aMIJINTY/Iy PEAKINN JAeT JeBas aua-
rpamMa puc. 4.3.

(a) PaccmorpuTe KuHEMATHKY BEpIIUHBI ~ pa3Basia’ JefiTpoHa Ha CUCTe-
My " TIPOTOH-+HEATPOH” B CHCTEME TOKOSA JeHTPOHA M MOIyInTe (PopMy-
ay ((4.11)). Haiigure oTHOCHTEBHBII UMITYIHC HEATPOHA (T. €. UMILYJILC,
B3ATbI B CHCTEME TIOKOS TIPOTOHA-CIIEKTATOPA) B CJIy4ae, KOTIa HeHTpOH
HAXOJUTCS ~Ha MAaCCOBON MOBEPXHOCTU , T. €. BBIMOJHAECTCA COOTHOIIIE-
une E2 — q2 = m?2.

(6) Tlokazkure, uto yciaosue: P2 > () Bieder 3a coboii orpanndenue (4.12)
HA BEJUYWHY OTHOCHTETHLHOTO MMITYJIbCA:

3
QSZmN-

24. [ma yopyroro paccesnns tuma 1 + 2 — 1/ + 2/ maiinure cBa3b
J1aBOPATOPHOTO yTJIa PACCEAHUA ¢ YIJIOM PACCEAHUA B CHCTEME HEHTPa
Mace. Bomummre hopMyity, CBA3BIBAIOILYIO0 TAHTEHCHI TUX YIJIOB (UjIu
yTJla paccestius B JI.C. C MOJIOBUHHBIM yTJIOM PACCESHUSA B C.ILM.).

25. Peakmms n(K,m)A ¢ Hadama 1960-x rogoB, mocse MOSBICHUS CTa-
Tbu [60], MUPOKO UCHOIB3YETCs B SKCIEPUMEHTAX 0 U3YUYEHUIO TUIeD-
qanep, 6aaromaps 0COOEHHOCTH ee KMHEMATWKHW, BIEPBLIE 3aMEUEHHBIM
M.N.Tloaropenkmm.

Nmenno: mpu onpeie/IeHHOM 3HAYeHNN JTJab0PATOPHOTO UMITYIbCa, K -
Me30Ha, 00pa3oBaBIasics A-4acTuia OKa3bIBAETCs TOKOsIIeics B 1abo-
paropmoit cucreme. Haiimure 370 ” Marndeckoe” 3HadUeHNe UMITYIbCa K -
Me3oHa. [Ipoananu3upyitTe momaydenHyo ootmryo hopmyny. B peakmumsax
KAKOTO THUIA MOTYT OBIThH MOJO0HBIE OCOOEHHOCTH !

26. Paccmorpure peaximio (pbOTOPOXKIEHUS ME30Ha, Ha, TIOKOAIIEMCST B
J1a60paTOPHOli cucreMe HyKJOHE (Maccy HyKJjoHa obo3nadum kak M):
v+ N — M + N. Onpenenure, npu Kakoit sueprun dborona £, (u mpu
KaKOM COOTHOIIEHUM MEYKJy MAaccaMu Me30Ha M U HYKJIOHA) ME30H B
9TOI peakIuu MOKET OKA3aThCs TIOKOSIIUMCS B JIAOOPATOPHH.
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16.4 3amaum K JeKnugaMm 7 u 8.

27. Jokazkute, 910 3P (PEeKTUBHAST MACCA TPYIIIHI (POTOHOB, JETSIINX B
oauoM Hanpassenuu, pasaa wyso. (I.V/.Konbuios)

28. J/lokaskuTe, 9TO €CIU B KAKOH-HUOYIb OIHOW CHCTEME OTCYeTA Ha-
TIpaBJICHUA OBUXKEHUA OBYX (bOTOHOB COBIIQJAI0T, TO OHU COBIIAJAI0OT B
soboit apyroit cucreme orcuera. (I.V.Konbios)

29. Ina pacunaga 0 — 1+ 2 gactunst 0 ¢ maccoit My #Ha gactunst 1 u 2
C MaCCaMu 111 U My COOTBETCTBEHHO, BBIMUANIUATE (DOPMYJIBI JJIsT TTOJTHBIX
smepruii gactur 1 n 2, X KUHETUYECKUX SHEPTHil, & TaKyKe OTHOTIICHWST
9TUX KUHETUYECKUX SHEPTHIA.

30. Ilycts mMmeeTcsa B TabOPATOPHOI cucTemMe ” pOAUTENbCKAA’ TaACTH-
na 0 ¢ 4-ummyascom Py = (Ep,po) (BeiGepeM HampaBieHue ocu Z 1o
HATPABJICHUIO UMITYJILCA Po), U MYCTh OHA PACIIQIAETCs C BLLIETOM PAC-
nazaHoi vactunsl 1 ¢ 4-ummyascom Py = (Eq,p1). oz yriaom Bhizera
9TOM pacmagHoil YacTuipl OyaeM TOHUMATH YO MeXKIy Pi W HAIPaB-
nerreM ocu Z. YToOBI ero HaWTH, JOCTATOYHO BBIYUCIATH WHBAPHUAHT
(Po - P1) B cucTeMe TIOKOST PACTIaIAIONIEHCS YaCTHIIBI U B 1aG0OPaTOPHO
cucreme:

(Po - P1) = EoEr — pop1 = EoE1 — pop1 costh = EGET .

ITocKOIbKY 3HEPTUS W MMITYJILC PACIAIAIONMEHCa IaCTHIBI N3BECT-
HBI, & 9HEPrHUsl PACIAAHON JACTHUIBI CBA3AHA C €€ UMITYJIBCOM M MAaCCOii,
TO cooTHOIEHNEe (6.4) MOXKHO CYMTATH yDABHEHHUEM, CBA3BIBAIOIINM M-
MyJIBC PACTAIHON YACTHIIBI C ee YTJIOM Bblera. [lokaxkure, 4To NCKOMOe
perienne ypasHenus (6.4) maercs dbopmynavnu (6.5) u (6.6):

_ M()Eikpo COS 91 + E()\/ D1
E2 — p? cos? 0,

P1

)
rie
_Ag2,%2 2,2 2
Dy = Myp1~ — mipgsin© 0 .

31. lnga pacnaga 1 — 243 npu yCJIOBUM, UTO MACCHI YaCTHUTL 2 1 3 PABHBI
mymo (mpumep: pacran 70 Ha mBa BHOTOHA) BLIBEIWTE COOTHOTTEHTE

. o3 m
sin — =

2 2y Eq g
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U IOKaXKUTE C €r0 IOMOIIbIO, YTO MUHUMAJIBHBIH yIOI pasiera 155" mo-
Jydaercs, Korja 0o = 03 (cummerpuunbie ycioBus). demy paBeH CHHYC

sroro muHEMaIbHOro yriaa? (Cm. rakxke 3azady 34.)

32. MoKHO cBs3aTh € YIJIOM BBLIIETA PACTATHON JaCTUIIBI U €e dHEp-
I'UIo; HafiIuTe 3TO BhIpaXKeHue caMu u cpasautTe ¢ dhopmysoii (23) r. 11
(maparpad 2) B xuure I'..Konsuiora [2].

33. Ilox yrnowm pasnera ¥ (Ep) pacnagaubix yacrui B paciage 0 — 142
”Ha qery”, KOTma B TaOOPATOPHOIT crucTeMe 4-MMITy/IbC PACIIAIATONIEHCs
gacrunpl pasen (Ey, po), OyleM HOHUMATH yroJl MezK/ly UMILYJIbCAMU Pi
7 P2 TIPU SHEPTUN PACTAIHON JacTUIbl 1 paBHON F1.

[IpomenaiiTe caMOCTOSTENHHO BBIKIAIKY, TPUBOISINE K (hOpPMyIam

(6.12)-(6.14):

npuueM npejefbHble 3Hadenus Fq, 04eBUIHO, OTBEYAIOT BLLIETY YacTH-
upt 1 B cucreme nokost 0 "Hazan” (B min) 1 "Breper” (Eq max). Coor-
BETCTBEHHO,

EoEY F popi
El,min/mam = T ) El,min S El S El,maw .
0

34. Ilponomxkas anann3 pacnaga 0 — 1+ 2 "wa jery”, B ciydae, KOTa
pacnaabie dactuiibl — $hoToHbL, BhiBeauTe dopmyibt (6.16) u (6.17):

E E? M}
EBp=24, ) =0___"0

2 4 2(1—cost)

B E? M?

2 4 2(1—cosv)

Ipoananuzupyiire 311 (GOPMYIIBL: BCIKHE JIU YIJIbI PAa3ieTa pa3pernenbr?
Kak maiiTy MUHMMAJIbHBIA yTro pasiera’

35. Ina ynpyroro paccesnus tuma 1 + 2 — 1/ + 2/ naiimgure cBA3b
J1a00PaATOPHOTO YTJIa PACCESHUS C YTJIOM PACCESTHUS B CHCTEME IEHTPA
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mace. Bomummre GopMyity, CBA3BIBAIOILY0 TAHIEHCHL TUX YIJIOB (UiH
yrjia paccesiHus B JI.C. C [OJOBUHHBIM yIJIOM PACCESHUS B C.ILM.).

36. 1) IIycrs paccmarpuBaercs peakuus a + 1 — ¢+ X, umeromas 1mo-
pOT TIPM HEHYJIEBOM UMITYJIbCE CHAPAAA @ C HEHYJIEBOU MacCOii, KOTOPBIi
MagaeT Ha MOKOAIIYIOCA B JI. ¢. MurieHb 1. Hacrtuma ¢ perucrpupyer-
csd, a cucrema X MMeeT MUHMMAJIbLHO BO3MOXKHYIO Maccy M (negocraio-
1yt mMaccy) u He perucrpupyercs. Jlaiite anajiuTuueckuii BbIBOJ COOT-
HOIIIEHUA MEXKJy MacCCOW MUINEHU U MaCCOU PErucTPUpyeMoOil YaCTHUIIBI,
MIPU BBITIOJHEHUN KOTOPOTO BCET/IA CYIIECTBYET TAKOE 3HAYECHUE UMITY Th-
ca CHapsaa, 9To ycaoBue ”6e30TIauHOCTH BINOMHACTCA (T. €. UMITYJIhC
YACTHUIBI ¢ B JI. €. paBed Hymo). 2) CrnpaseiuBo i 3TO COOTHOIIEHUE,
eciu cHaps ABagercs GOTOHOM?

16.5 ®dDa3oBbIil 00BLEM.

37. IIponemnaiiTe CaMOCTOSTENBHO BLIKJIAKY, JAIONIYIO HOCTETHeE pa-
BeHCTBO hopmyabl (9.15):

d>p;
4D 5 (P2 —m2) = | dPoidE: § (E2 — p2 — m2) — i
/dm(g m?) /dpszzé(Ez p; —m}) /QEZ,

38. ITokaxkure, 9TO

(a) BOMM3M MOPOTA PEAKIHHU, TIE /S MATO OTIUIAETCS OT CYMMBI MACC
YACTUL, KOHEYHOIO COCTOsiHMsA, (Pa30BbIil 0ObeM pacrer oT Hy/d (KOTO-
pBIii IMeeT MecTo, KOTJa /S PABEH TIOPOTOBOMY 3HAYEHUIO Sthresh) TAK,
Kak mokasano B dbopmyie (9.24):

Ra(s) ~ /s — (m1 +ma) = e,

r7e € = \/S — \/Sthresh HA3BIBAETCs ”IPEBBIIEHNEM HaJI TOPOToM” ;
(6) B yJABTPApENATHBUCTCKOM mpefene (KOTJa BCeMH MacCaMu MOYXKHO
nperebpeun), cupaseausa Gopmyia (9.25):

0

Ry (s) =

0o |
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39. Paccmorpure peakiyu () n+p - M +du (b)) n+p - M +
n + p BOaM3M mopora poxaenus mezona M B nux. Cpasaure (azopbie
obbempr atux peaxmmit (R u RY) NpM OMHAKOBOM HPEBBLITTEHUH HAJ
COOTBETCTBYIOIIUMHE [TOPOTAMU, ITOJIYYUB B HEPEIATUBUCTCKOM IpEJIese
BBIpayKeHwe Jist oTHOIeHnst RS/ Rg.

40. Pacnaa A -4acTuipr MOXKeT WATH Kak Mo KaHairy A — p+ 7, Tak u
no xauaay A — n + 9. Buruncaure ornomenue $ha3oBhIX 06HEMOB I
PACITa/IOB TT0 STUM KaHaJaM.

41. OObsicHUTEe XapakTep pachupeneseHus: coObTuil HA puc. 16.2 u
puc. 16.3, B3aTHIX U3 cTaThn [66]:

1. Tlouemy Ha J€BOit MaHeN €CTh OJMH M30JUPOBAHHDINA ~ OCTPOBOK”
OTIETEHHBIA He3aCeTeHHON 00/1acThi0 OT OOJACTH, OrPAHUIEHHOIT
"rpebHeM” ¢ BBICOKOI KOHIIEHTPalueil coObITHii?

2. Tlouemy Ha MpaBoii MaHEJN €CTh OOJACTH C OUEHb HU3KON KOHIIEH-
Tpanueil coobITuii?

3. Co0ObITHs KaKOro THUIA TPYHIUPYIOTCS B 7 OCTPOBOK” B (hbopme 3J1-
aurca’

4. Tloyemy 3TOT OCTPOBOK TIOTPYKEH B 00OJIACTH, 3aCETHHYIO COOBITH-
?
AMMA !

5. Kakue npuunabl morsiim 661 00yCIOBUTD HU3KYIO KOHIIEHTDAIUIO
COOBITHIT BO3JIE JIMHUY P = Po?

6. Kakue dpusugaeckue ocobeHHOCTH, TOMUMO IEPEYUCIEHHBIX, BbI 3a-
METHIU HA PACHPEIeeHIN, TIOKA3AHHOM Ha, MMPABON maHen?

42. Tlouemy na nuarpamme Apmenrepoca-Ilogomnstckoro (cm. puc. 7.1)
g VO —aacTuie, pacnagalonieiics Ha, IBe 3apAyKeHHBIX YaCTHIL, PACTIPE-
JemeHns coOBITH OT pachaia KaoHOB 1 oT pacmaga A° me TomrbKo nMeroT
Pa3HbBINA XapaKTep, HO U PA3HbIE 3HAYEHUS] MAKCUMAJIBHOTO ITOIEPETHOTIO
HAMILYJIbCA?

16.6 3amaum K jgeknugaMm 11 u 12.
43. JIokaxKuTe TeopeMmy O TOM, 9TO st JII0O0 TOYKH BHYTPHU PABHO-

CTOPOHHETO TPEYTOJIbHUKa CyMMa ee p&CCTOHHI/Iﬁ J0 CTOPOH 3TOTO Tpe-
YTOJIbHUKA PaBHa €r0 BBICOTE.
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Puc. 16.2. Janusie u3 [66] mo pe- Puc. 16.3. Jannse u3 [66]. Pac-
AKIMU HEYIPYTOro PP B3AUMOJEH- TIPEJETCHNE O MMITYJILCAM IIPOTO-
creus. Pacnpeesienve mo WMIysib- HOB st COOBITHIT € permcrparmei
cam nuoHa (och abCuuce) B COBIA- HE MeHee 2-X IPOTOHOB B COBIIAJIE-
JIEHAW C TSDKENION MOMOKHUTENbHO HuAX. 110 ocam abenuce u opamaar
3apsPKEeHHO JaCcTHIEH; ee NMITYJIbC OTJIOKEHBI UMITYJILCHI KaXKJI0T0 W3
OTJIOZKEH TI0 OCH OP/IWHAT. NPOTOHOB.

44. JIna Tpexdactudnoro pacmaga P — 1 4+ 2 + 3 BBegem ciemyio-
e nepemennbie: ()3 = (cosb13, ¢3), KOTOPbIE ONUCLIBAIOT OPUEHTALIUIO
BEKTOPA MMITYThCA YACTUIBI 3 OTHOCHTENLHO P1, W )] — OPHEHTAINIO
UMTTYJIHCA FACTAILI 1 OTHOCHTETHRHO HEKOTOPOi TTPOU3BOILHON och. T1o-
KaxkuTe, uTo crnpaseusa dhopmyna (10.6):

d*p1 d®p3 = pidp1 d pidps dQs = p1 E1dE1dps BsdEsd cos 013dps

a i TPexIacTHIHOro Gha3oBoro 0GbeMa MOKHO U B CAMOM JIeJIe HATIU-
carb Bbipazkerue (10.7)
1
Rs(s) = 3 /dEldEg,dQldapg O (1 = cos® b13)

3nech © — dyHKIHMS OrpaHUIUBAET cos 13 ero PU3MIECKUMU 3HAUEHU-
saMu. 3Hadenus cosfis = +1 coorBercTByOT rpanuiie GuznIeckoi 06-
gactu Ha mwiockocru (Ei, Es), o ecrb rpanune auarpammbl Jasuna.

45. Touyuure ypasuenue (10.8), onpesensiomniee rpaHULbl TUATPAMMbI
Jamuma:

(V5 — By — B3)® = B2—m2+ E2—m2+[(E2 — m2) (EZ — m2)]"/*+m2 ,
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KOTOpOe MOXKHO nepenucarhb u B (opme (10.9)

2
(Vs — By — E3)” =[ p1 £ps3 |> +m3 .

46. ITokaxknre, 9yT0 Ha Tpanune guarpammbl Jammma (cm. (10.14))

A(p?.p3.p3) =0.

47. Paccmorpute peaknuio tuna a+b — 1+ 2+ 3. Ee kunemarndeckast
amarpaMMa npejictaBiaera Ha puc. 10.9.

st peaknuu 3TOrO THUMA TOJYIUTE CAMOCTOSATETHHO BCe (DOPMYIIbI
JJI UHBAPUAHTOB tg2, tho, ta3, tp1, S13 ¥ CKAJSIPHBIX TPOU3BEICHUIT TUTIA
P; P;. Yxazanuble ”HBAPUAHTLI OTIPeJIeJIUTE 10 aHaJOTUH € ONpeIesIeH!-
avn (10.18).

16.7 3amaum K JjgeknuaMm 13 u 14.

48. Kax u3BeCTHO, MJIOTHOCTH TIJIOTHOCTH COOBITHI HA quarpamme lasm-
1A OTIPeIEeNITeTCS KBAAPATOM MATPUIHOTO JIEMEHTA PEAKIINN, KOTOPbI
COOEPZKHUT YUCTO KHHEMATUYIECKYIO 9aCTh U 9aCTh, 3aBUCAIIYIO OT JUHA-
mukHd (Mexanusma) peakiuu (pacnaza). g pacnajia BEKTOPHOrO Me30-
Ha Ha TPU IMHOHA IMOKAXKUTE, YTO €CJIN 3Ta (3&BI/ICHHL&H oT ,HI/IH&MI/IKI/I)
YaCTh HE 3aBHCHUT, TEM HE MEHee, OT KMHEMATUYICCKUX TMEePEeMEHHbIX, TO
MJIOTHOCTH COOBITHIT HA nuarpamme Jlanmma onpeaesnsercs hopMyraMu
(11.7) u (11.8):

dpc:m. A (p% ) p% 7p§)

—— =const ——= |

dsS 4

YTO B MOJIAPHBIX KOOpAWHATAX CBOAUTCA K BBIPDAZKEHUIO

dpe.m. 2e 9 2e 3
—— =const |1 — |14+ — | " — —— r” cos(3 ,
ds (1-¢) (2—-¢)’ (3¢)

T[e BEJINYUHA £ ONIPEIejIeHa PAHBbINE U y2Ke 3HaKOMa.

49. Toayuure camocTosTesbHO Bhipazkenue (11.11) 1y nI0THOCTH CO-
onrTuit Ha aparpamme Jlasuia mpu pacraje 1nceBI0BeKTOPHOrO Me30Ha,
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Ha TPU IHUOHA.

dcm
%:const 172—5

r cos (3p)| r* .

50. Hamummure cBOIO mporpaMMy reHeparini HOPMAaJIbHO PaCIpeIeeH-
HOTO CIYYaifHOTO 4YHCIa W MPOBEPHhTE, UTO MOJIYUEHHOE PACIpeIeTeHne
JIeCTBUTEIHHO COBIAIAET ¢ HOPMAJIbHBIM 3akoHOM N (0, 1).

51. O606mMTE TPUBEIEHHBIE B pa3aene 12.2 riassr 12 hopMysibt u Batry
IpPOrpaMMy Tak, 9TOOBI OHA TEHEPUPOBAIA CIIy YAl HBIE YNCTIA, PACIPEIe-
siennbie 1o 3akony N (X, o).

52. O6parure saumanue ua -1y (12.6): npusenentoe B Heil pacmupe-
JleJieHne N7 BeJUYWHBI p HA3bIBAeTCS pacnpedeseruem Panes. PaxTu-
4ecKH, 3TO pacipe/ieieHne 0 PaCCTOAHUIO OT HadaJja KOOPJIUHAT HEKO-
TOPOI CIIy4allHOW TOYKM Ha IJOCKOCTU IPU YCJIOBUM, YTO KarxKJad U3
JEKapPTOBBIX KOOP/IMHAT 3TOH TOYKHU paclpesesieHa HOPMaJIbHO CO CPeJi-
unM 3uadenneM 0 n equHUIHON auctepceneii. IlycTs Tenmeps mapameTp o
He pasen 1. [l Takoro pacmpeenennst:

1. Haiinure manboJiee BEPOATHOE 3HAYUEHUE p, KOTJA ITA BEIUINHA
pacmpeiesiena 1mo 3akony Pamed.

2. Haiioure cpennee 3HaveHme p.
3. Haiimmre cpenHee 3HAYEHIE p2.

4. O6o06muTe 3Ty 3amady u TOayunTe 0000IIeHne 3aKoHA Pajes
(12.6), paccmoTpeB citydaii, Korja JeKapTOBbl KOOPIUHATHI (I, Y)
CJIYYafHON TOYKM HA IJIOCKOCTU PACIpPeIeeHbl HOPMAJJIbHO, HO C
HEHYJIEBbIMU CPEJIHUMU: KOOPJHMHATA X PACIpPeie/ieHa 10 3aKOHY
N, (Xo,0), a xoopaunara y — no 3axouy N, (Yp,0), Xo # 0, Yy # 0.

53. Ilycrs Ha mumockoctw (X, YY) BOKpYT Hauasia KOOPAWHAT CJIyYaifHbIM
o6pa3oM pa3bpocaHbl TOUYKK ¢ KOOpAWHATAMH (&, ), TPAYEM KOODIWHA-
TBI & W Y HE3ABUCUMBI U PACTIPEIETIEHBI TT0 HOPMAJIBLHOMY 3aKOHY € OIH-
HAKOBOI1 qucnepcueii o u cpeaunm 3uadenuneM (. Kakoso pacupenenenune
9TUX TOYEK [0 PACCTOSHUIO 7 OT Hadaja kKoopaunar! Kakoso nHanbosee
BEpOsITHOE 3HAUYEHUE 1, CpegHee 3Hauenune < r > U CpeJHEKBaIPATUIHOE

s3Havenne v < r2 >7
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54. OrBeTbTe HA TH JKe BOPOCHI [IJTsl Cydast, KOTJIa TOYKH PABHOMEPHO
pacmpe/iesieHbl Ha TOU Ke IJIOCKOCTH BHYTPH Kpyra paauyca R.

55. IlycTh 1BE HE3ABUCHMBIC CIIyTalHbIC BEIMIUHDBI T U i PACTIPEICTCHBI
(kaxkast) mo 3akony Bpeiita-Burtepa ¢ oJHUM U T€M ¥Ke MapaMeTpoOM
MUPUHBT [
r2/4

(20— 2)* +T2/4
IJIe 2 = T WIW Z = Y COOTBETCTBEHHO, W HEHTPHI PACTPEICTCHTH HAXO0-
JATCA B HyJIE€ OCeH COOTBETCTBYIONMX KOOPAMHAT (T. €. Zg = yo = 0).

Haiinure u npoananusupyiite ypapuenue nis ”nuauii yposasa” (T. e.
HOCTOsIHHOIO 3HAYEHUs) JIBYMEPHOro pacupeienenus W(z,y) stux ciy-
JafiHbIX BEJIWYWH Ha TJIOCKOCTH. [laiiTe rpaduyeckoe TpeacTaBIeHne
9TUX JIMHWI TIPU HECKOJBKUX 3HAYEHUAX mapamerpa p (mampumep, 0.1,
0.3, 0.5, 0.8), omnpeIeIeHHOro KaK

w(z) ~ (16.5)

W (z,y) = const;
W(IE, y)mam

Pi =

Moxkmo math rpadudeckoe mnpeacTapaenne, noaydernrnoe Morte-Kapio
MEeTOIOM PO3BITPHINIA ITUX CAYUANHBIX BEJIMUYWH B COOTBETCTBUW C 3a-
JIAHHBIM PACTIPEIEIEHUEM.

16.8 Pa3snuble 3aga4n.

56. Ectp 4 roposa, pacmoioKeHHBIX B BEPIIMHAX KBAAPATa CO CTOPO-
Hoit 2 enuHUIBI. HyKHO COEOUHUTDL WX KETE3HON JTOPOTOH TaK, ITOOBI
u3 J1I000T0 TOPOIA MOXKHO OBLIO OBI TTpOEXaTh B JIOOOI Apyroii, u npu
3TOM TIOJTHAS JJINHA YKEeJe3HOH Joporo Oblia Ol MUHUMAJIHLHO BO3MOK-
Hoit. HackoibKo KOpoue 3Ta MUHUMAJbHAS JjuHa (ecau OHa JefcTBU-
TeJIbHO KOPOYEe) CyMMBbI JIUTMH JUArOHAJICH JTAHHOrO KBaapara?’

57. II3BecTHO, 9TO HYKJIOH COCTOUT U3 TPEX KOHCTUTYEHTHBIX KBAPKOB.
[mr00HbBI CBA3BIBAIOT WX HATIOAO0WE YIPYTUX CTPYH TaK, UTO YeM TAJTb-
e pacxoIATcda KBapKHW, TeM CUJIbHee TJII0OHHAsS CTPYHA TMPEnsITCTBYET
sromy. UnbiMu cioBaMu, 3amacennas B [IIOOHHON CTPYHE SHEPTHUS MPO-
HOPIUOHAJIbHA ee JyiuHe (B IPUHIIUIE, I0YTH HUYEro /i JAHHON 3a/1a49u
He U3MEHUTCH, eCIU OHa IIPONOPIHMOHAIbHA JJINHE, BO3BEJEHHON B HEKO-
TOPYIO HEHYJIEBYIO MOJIOKUTEIHLHYIO CTEEHb ).
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Puc. 16.4. Bapuant xondurypanuun Puc. 16.5. Bropoii Bo3amoxHbIl Ba-
KBapKOB U TJIIOOHHBIX CTPYH B HyK- PHaHT KOH(MUTYpaImi KBapKOB W
soe. IIBeTHbIC KBaPKI: KPYKKH Pa3- TIIOOHHBIX CTIPYH. lIpmMedaTemnbHo,
HOrO OTTeHKa. KDPy»OK B IeHTpe: HTO B 3TOM BapHaHTe KayKIbIi KBapK
TpexrmoonHas ceash. Crupasm - ad- cBA3aH cpa3y € ABYMS TJIIOOHHBIMU
bexTuBHLIC TTIOOHHBIE CTPYHEL. CTPyHaMIL.

Paanyc nykiona n3secren: npumepro 0.8 @u. 3 coobpaskeruii cum-
Merpuu (JIerkKue KBapKu u U d JIJIg TJIIOOHOB HEPA3IUYUMBI U UX MACCHI
OJIMHAKOBBI) sICHO, 4T (1) 381849y MOXKHO PACCMATPUBATH HA, TLIOCKOCTH,
TaK KaK vepe3 3 TOUYKU MOYKHO ITPOBECTHU OHY, U TOJTHKO OJHY IJIOCKOCTb,
u (2) paccrogHug MKy KBapKaMu OJUHAKOBbI. Takum 06pa3om, KBap-
KU HAaXOJATCH B BEPIINHAX PABHOCTOPOHHEIO TPEYTOJIbHUKA.

B nacrositiiee Bpems cuntaercst, 9TO BKJIAT 3D MEKTUBHBIX TITFOOHHBIX
CTPYH B MAcCy HYKJIOHA COCTABJIsieT MOYTH 2/3 ero Macchl.

Puc. 16.4-16.5 yka3piBaioT Takke Ha TO, YTO OPOUTATHHBIA MOMEHT
KOJINYECTBA [IBUYKEHNSA KBAPKOB U TUIIOOHHBIX CTPYH MOYKET JAaBAThH 3a-
METHBIA BKJIAJ B TOJHBIA CIOWH HYKJIOHA, TAK KAK HU OJHA BEPIITUHA
TPEYTOJIHLHUKOB He BBIJEJEHA W CHUCTeMa 00J1aJaeT BpalaTesbHOi crM-
Merpueil (mpeacraBbre cebe 3TH TPEYTOIbHUKY BPAIIAIONIMUCS ).

Kakoit n3 pucynkos 16.4-16.5 ageKBaTHO OTpayKaeT CTPYKTYPY HYK-
JIOHA, TO €CTb, COOTBETCTBYET HAWMHU3IIEH SHEPIUH TPEXKBAPKOBOTO CO-
crosiaus? OBocHy#HTE CBOIT BHIOOD.

58. Ilycth mapasienbHbIi MOHOXPOMATHYECKWH MyYOK TaJaeT HOp-
MaJIbHO Ha TIJIOCKOTAPAIETHHYIO MIACTUHKY TOJIIUHBI X TI0 HAMPaB-
JIEHUIO TTyYKa.

1. Haitaure BepositHOCTh Py () TOrO, 9TO YacTHIA MyYKa UCITBITAET
PoBHO k > 0 CTOTKHOBEHWIA.

262



2. Ilpu kakoii TOJIMHE WIACTUHKYA BEPOATHOCTb P () Makcumasb-
na? Yemy paBHa 9Ta MaKCUMaJbHAs BEPOATHOCTD !

3. Haiignre BepoaTHOCTD Pscqtt () TOTO, 9TO YaCTHIA TTyYKA WCTIHITA-
eT XOTs OBI OJHO CTOJKHOBEHHE.

59. XapaxTepHblil TPOCTPAHCTBEHHBIHN YT0JI MHOTOKPATHOTO PACCesTHUS,
KaK U3BECTHO, eCTh

13.6 MeV T T
emoiere: 22—z — |1 . -1 - s 16.
’ V2 G ,/XO [+0038 n(Xoﬂ (16.6)

rue p, ¢f u z ectb ummnyibe (B MsB/c), ckopocTh u 3apsij 4acTHIlbL
COOTBETCTBEHHO, X U X( — TOJIIMAHA CJI0S BEIECTBA | €r0 PaaualliOHHAL
JUTHHA.

TTouemy B mpuBemenHO# 31ech (opmyse (16.6) mocraBieH MHOXKH-

Tens /27

60. Ilycts B naGopaTopHOii cucTeMe CTAJTKUBAIOTCS JBA PEJISITUBUCT-
CKUX siIpa C OJUHAKOBOM dHeprueil Ha HyKJIOH; 3apsi/bl siep, COOTBET-
CTBEHHO, Z1 U Z3, aTommble HoMepa A; m Ay. Maccsr agep B ['aB/c?
OIIEHWUTE C YUETOM CPEIHE SHEPTUN CBI3U Ha HYKJIOH. OIEHNTE BETIMIH-
HY HAMPSKEHHOCTH MATHUTHOTO MOJISA, BO3HUKAIOIIETO MTPU MAKCHMAJIb-
HOM COJIMKEHUU s/1ep NpH ~ KacarejabHOM” CTOJIKHOBeHUU (IPUIIEIIbHbII
napaMerp COoyJapeHus BO3bMHUTE PDABHBIM CyMMe PajuycoB siep). daii-
T€ YUCTEHHYTO ONEHKY HANPSIKEHHOCTH MATHUTHOTO TOJS B TAyCCax JIJist
CTIEIYIOIINUX CJIYYIAER:

1. croskuosenue suep Au ¢ Au (sapa 3070T1a);

2. cronkuosenue anep Cu ¢ Cu (aapa meam);

3. cronkuoBenue anep d ¢ Au (aapa geiitepus ¢ 3070TOM);
4. CTOJIKHOBEHHE IIPOTOHOB C IPOTOHAMU.

B KaxkIOM W3 3TUX CIAyYaeB CIOenaiiTe OUEHKW TPW CIEIyIONIX IBYX
3HAYEHUAX TIOJTHOM SHEPIUU KaXKJIOTO U3 AIeP B pacdeTe Ha OJUH HYKIOH:
(a) 10 T'sB; (6) 1 ToB. Ouenure xapakrepHoe BpeMsi PEObIBAHUS €D
B TAKOM HH/IyIUPOBAHHOM MATHUTHOM IIOJIE JJIs 9THX K€ CJIy9aes.

61. Ouenure yacrory (B ') mpeneccun crimHa TPOTOHA W HEHTPOHA B
BBIYHUCJEHHBIX BAMW MATHUTHBIX TTOJIAX.
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62. CrenaiiTe 9UCICHHYIO ONEHKY SHEPTUH B3aUMOJEHCTBHA MPOTOHA
U HEHTPOHA C BHEIHUM HOCTOSHHBIM MATHUTHBIM II0JI€M HAPSIKEHHO-
crpio 1017 Tayce. OTeer faiiTe B eIMHUIAX, XAPAKTEPHBIX /TS 1ePHOM
dusukn, T. e. B M3B.

63. BCOMHUB, 9TO OIHOMMEHHBIE SJIEKTPUYECKHE 3apsIbl OTTATKNBA-
IOTCSI, OLIEHNTE YNCIEHHO BEJIWYWHY SHEPTHH SJEKTPUYECKOTO B3aMMO-
JIeHiCTBUS, BBITATKUBAIOIIETO MPOTOHBI M3 CTATKUBAIOIINXCS S/1ep [IPU UX
COMMKEHNN Ha TaKOe HAMMEHbBIIee BO3ZMOXKHOE PACCTOSHUE, KOD/IA CHITh-
HOe B3amMoJeiicTBIe MeXIy HuMHU eime orcyrcTByer. OlieHKy mafite B
eJIMHAUIIAX, XaPAKTEPHBIX st siepHoit dbusukn, T. e. B M3B. Ouennre
(B emmrnnax OM) BEJMYUHY DPACCTOSTHUS HAMOOJBINEro cOMnKeHns 6e3
BKJIIOUEHUS CUJIBHOTO B3aMMOJEHCTBUSA st CTOJIKHOBEHHS JBYX #71€p
30710Ta APYT € APYTOM.
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Pacno3znaBanme coObITHII B JI€TEKTO-

16.9

pax.

64. JlaiiTe OTBETHI HA BOIIPOCHI, TIOCTABJICHHBIE HA PUCYHKAX:

LHMHITIIOLO() BHHRHOETIrONIN €20 dVeN 2% HOMEL TLHhAI'OU BHI'0I3) 190 01190 HIF OH¥.OA "0T

&(DdL 2 ‘DdL £90) 2do142197 wonnawadaod a direy LoLe 190 FITBICIIE MEY

1IN HLE LLHARLI0 HIrIOW (BHidonc ‘erBdes NeHE) 19MHLIEh dHNEY

cormosnodu 991 0L

,OHHAMEOXIHOA I J0HMOKEOH 012 0H0MEN H A1) LOLE TLHARLI0 T0W 0L

*HOTID XHNBL

sunarason Annsudu o1{nisodog 321rogHEH JLHKOLTIA] 19317 HIC HPHERLIO MIHLIEh BE OL|
LBIAID 010LE «IL0HAIh» THINILY BILIBHAW AWIhO[]

XHH BT BILo1AEaron WiadoLod ‘HHNdIL JLHE0ERH (19170 LOLC BXHERLI0 BIIHLIRH BE 0L,
MHLIBR €M HOIMEN D

ormosuodn orh H goMadL en miarsey (uuadanc “erydes Mene) onndardaney atuAsndaryedexQ
NHLIER HO0MhAN BrBdes MERE anIRTdI0 ‘ORI LIIhEN JLHMHNQ jormosHodu 9291 0L,

6
8
‘L
0

s
k.
€

1 BOITOPOTHOM

Puc. 16.6. Perucrpanus coburruii: npumep. ®oTo ¢ my3bpbKOBO

KaMepsl mmHoi (1o myuxy) 1 .
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IIID LOLE
(ovad1 woure eH BHLI900D ‘unidone ‘ersdes Mene) oHHIELIIREN dLnAeudoryedexQ
(OHBHEITE 9LIT0 LONOW OHO Woh M JHLIT00) BE 0LE 0L
“wa1rd 1ore aruAendaryedexQ
*OHHAHLIILEM dLumuQ jodred wole e ormosHodu oLp

it. Ta ke mMy3BIPHKOBas Ka-

i: IpUMep BTOPO

Puc. 16.7. Perucrpamnus cobuiTu

Mepa.
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Puc. 16.8. Perucrpanus cobbiruii: npumep Tperuit. IIpornanosas 1my3bIpbKo-
Bas KaMepa ¢ 3-Ms TaHTAJIOBBIMU MJIACTHHAMU-MATIeHsIMU. HafianTe Ha CHIM-
Ke JIe/TbTa~31eKTPOHbI, JATUIEBCKUE 3IeKTPOH-TIO3UTPOHHbIE TTapbl. [lombiTaii-
Tech pa3/eMTh, Ha IV1a3, TPEKHU 3apArKeHHBIX YacTHIL ¢ 3apaaoM 1 u ¢ 6osee
BBICOKWM 3apsa0M. Pa3meanTe BTOPUTHBIE TPEKN Ha TPEKW MOJIOKUTEIHHO 3a-
PSIKEHHDBIX M OTPHUIATETHHO 3aPAKEHHBIX JaCTHUIL.
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I'maBa 17

CoBeThbl, YKa3aHus,

pelnieHmnst

3amava 1. Bas ompesesienne MaHIeIbCTAMOBCKUAX MEPEMEHHbBIX, UMe-

eM:
s = (Pa+Pp)’=m2+mi+2P,Py,
t = (Pa—P)’=m2+m?—2P,P,.,
u = (Pa—Pa)’=m2+mj—2P.Pa,

(&
stt+tu = Y mi+2P5(Py—Pe—Pa)+2m;
i=a
a 1ocjie y4yera 3aKOHa COXPaHeHUs MOJIHOro 4-umiynsca P, + Py = Pe +
Py win P, = —Py + P, + P4, BCIOMHUB TIpU 3TOM, 4T0 P2 = m2,
npuxoauM K dbopumysie (3.3).

3agaua 3. JludpdeperHmaabHoe ceueHne paccessuusa Ha abCOTIOTHO dep-
HOM mapuke paguyca R, 3anucanuoe B (popme

2
do T 2 (rvT)

dt —1
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® He 3aBUCHT OT HAYaJIbHON 3HEPrWU U OT TOrO, B KAKOU CHCTeMe
0TCYEeTa OHO BBIYUC/IACTCH;

e yMeeT MakcuMyM mpu ¢ = (0, MEHUMYMBI DA 3HAYEHUAX | TaKuX,
aro Ry/—t = Z;, rne Z; ectn i—it nynb dynkiuu Beccens Ji(z),
T. e. ipu t; = —(Z;/R)? u BTOpUYHbIE MAKCUMyMBI MKy HUMM,
BBICOTA KOTOPBHIX yOBIBAET € POCTOM | t |;

e Bricora meproro mMakcuMyma (T. e. Besnunna cedenns do/dt(0)))
CBA3AHA C TIOJTHBIM CEICHNEM PACCESTHUS W OTPEIETISCTCA DAY COM
R mapuka;

e "Tlapamerp naksiona” nudpakiMOHHOro KOHyca (1epBoro audpak-
UOHHOIO Makcumywma), oupesenennsiit kKak d (In (do/dt)) /dt(t =
0), TaksKe CBS3aH C TOJHBIM CEYEHHEM DACCESHUSA, ONPEIeIseTcs
pazmycom R Imapuka W He 3aBWCHT OT HAYAJILHOW SHeprun (U cu-
CTEMBI OTCYeTa).

YT0o6h! MOAYYINTh NpHOINKeHHY0 hbopMmyay 1uist do/dt mpu Masbix
R\/m (a TakzKe NOHATH NPOMCXOXKJeHUE TepMuta ~ (udpPaKIMOHHbIL
KOHYC" ), HEOOXOMMO BCIIOMHUTDH HEKOTOPBIE ACUMITOTUYECKIE CBORCTBA
dyukmnnit Beccens.

1. IIpencrasienue B Buie psiia:

am _1)k 2N\ 2
B S s ()

2\ o (—22/4)k
- (5) 2 : kf4) 'Fon+}k+-n '

Im(2)

Benomunas, uto e® = > o o ¥ /k! nerko ysugers, uro

o 1 ) J1(21’) —22/2
-t kZ:O ! (k+ 1) x € N

i {(kimzﬂ 3

k=

(o]

- =+0 (2 . (17.1)
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2. Ilomoxenune myneit byaknmit Jo u J; MOXKHO HAATH C TTOMOIIBIO (HDOP-
MY.JT:

T, 1 0.050661 0.053041

= _— = —_— = — 4 — 1 =5
Jo(z,) =0 = — =gt (4n71)3+0([n 17%),
Z 1 0.151982  0.015399
Z,) = =4 —0 (4n+1]7%) .
N(Za) =0 = —= =nti-—rme T O ([4n+1]7)

IMepsbie nynu dbyuxiuu Ji () npuBeIeHbl HUKE:
Zo=0; Z1~2233w; Zy~3238mw; J3z~4.241xw

Bosspamascs k ¢dopmynam (3.8) (mag 49ero HaJo ML 3aMEHUTH
r = kYR = R\/—t) nonydaem cBA3b MEKIy TOTOKEHHEM HEPBOTO
I paAKIUOHHOTO MUHUMYMa B TU(DepeHnuaIbHOM CeIeHuNn YIPyroro
PACCESTHAS W TTOJHBIM CEYEHUEM PACCeTHUS:

4.9867% 309

- b
R? Otot

r1 = k1R ~2.2337; (k:191)2 ~

309

Otot

|t |1 (k01)? ~

(17.2)

IIpenesn manbix | t |. U3 dopmyn (3.9) u (17.1) moxkuHO cpasy
HOJIyYUTh 3HAMEHUTYIO IapaMerpusanuio JuddepeHnuaibHbIX cedennii
YIIPYTOro paccesHus, O IPOUCXOXKIEHUI KOTOPOil yzke B 70-e rojbl Majio
KTO MOMHIT; TOBUIAMOMY, BIEPBIE 3TOT Mpee/l U 3Ty TapaMeTpU3aInio
B dusnke vacrui paccmorpen C. Benennkuii (padora [75]) B 1956 romy:

2 P4
o=l e s (17.3)
do T do R* 020 _R2.
Gow e e Ty

TMocseree 3 BhIparkeHwil B 1enouke paBeHcTB (17.4) 6bLI0, MOBHU-
JIMMOMY BIIepBbIe, BBeZeHO B (u3uky uacrur, B pabore [76] B.I. T'pu-
muaa 1 U.C. CanrtoBa B 1957 T. U UCTOJIB30BAHO [IJIsT OIEHKHU PAJUYCA
B3aMMO/IEHICTBUS YACTHUI] U3 IKCIEPUMEHTAIbHBIX JAHHBIX. VIMEHHO ¢ Tex
IOp CTaJsIa OOIEIPUHATON dTa MapaMerpu3anus aud epeHnaabHbIX ce-
YEHUIl yIpyroro pacCesiHus MPU BBICOKUX JHEPTUAX B IudPAKINOHHON
30HE U TMOSBUJICA TEPMUH ~ TapaMerp HaKJI0HA JudPaKIInOHHOTO KOHyca
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b. B Mmomenu paccesnusa Ha abCOMIOTHO Y€PHOM IMAPUKE C PE3KUM KpPaeMm
9TO HE YTO WHOE, KaK
b= R_2 _ Otot
4 8
K zamaue 5. Paccmorpure ympyroe paccesnne ”Ha3an B IEHTPE Mace,

cuurasa ¥* BenunHoil oTKIoHeHnd oT 180°.

(17.5)

Bagaua 6. a) Boisegem dopmyiy

s M M
T;ﬁ;je;c}%zle = MX+M X : (mp7‘0j- + 2X) ) MX = Mp7'0j+m2_Mta7'g .
targ

ITo onpe/ieeHIIO IIOPOTa PEAKITN UMEEeM:
Sthresh = (Pproj + ptarg>2 = (Mproj + Mtarg + MX)2 5 (176)

rme Mx ectb ”poKeHHAs Macca’, T. €. U30BITOK MaCChl KOHETHOH CH-
CTEMBI TIO0 CPABHEHUIO C CYyMMOW MACC HAYANbHBIX 9acTuIl. VIMEeHHO B Hee
U npeBpaTHiIach (Ha Mopore) KUHETHYECKAs SHEPrUs HAYAIbHOIO COCTO
AHUA. BBIYUCINM BEIWUUHY Siprcshn B JTaOOPATOPHON CHCTEME OTCYETA,
(MUIIIEHb TOKOWTCS), T. €. PACKPOEM BBLIPAYKEHUE JIJIs KBAJIPATA TIOJHOTO
4-UMITyTHCA HAYATTLHOTO COCTOSTHUST:

2 2
Sthresh = Mproj + Mtarg +2 (Tthresh + Mproj) Mtarg )

rae yxe ydIreHo, IT0 Pproj = (T4 Mproj) ,Pproj) 4 Piarg =
(Miarg, Ptarg = 0). PackpoiBast ckobku camoif mpasoit actu GbOpMyIIbL
(17.6) u npUpaBHSB IIOJIyY€HHOE BLIPAYKEHUE K BBIPDAYKEHUIO IJIs Sthresh
B JIaADOPATOPHON CUCTEME, TIOCTIE HECTOXKHBIX aaredpandeckux mpeobpa-
30BAHUI TIOJyIUM UCKOMYIO (DOPMYITY.

b) Boranciaum BeIHUUHY tp_ymeson HA MOPOTE PEAKIUH TUIA PP —
p+Y + meson (bopmymsr (3.16)-(3.18)).

ITo ompenenenuto, ty—meson = (Pa — P,,wson)Q, TIe YaCTHUIA @ - TIPO-
ToH (Maccy mporoHa obo3HaunM Kak My, ), actura Y - 6apuon (MoxKeT
ObITh CO CTPAHHOCTHIO, HO JIJIS BBIKJIAIOK ITO HECYIIECTBEHHO) C Mac-
coii My, Maccy Me30HHOH cHucTeMbl (3TO He 00SI3aTesIbHO OJMH Me30H)
0003HAYUM KAK M.

IIpoemem BBIUMCTIEHUSA B cHCTeMe IeHTpa Macc. Torma 4-mMmysine
ME30HHO! cucTeMbl (paccMaTpuBaeM KUHEMATUKy Ha 1opore!) Preson =

(m, 0), u

* * 2
tp—Hneson = (Pa - 73meson)2 = (Ea - m, pa) =
= M}+m’—-2E;-m, (17.7)
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rue B} - sHeprud IIy9IKOBOI'O IPOTOHA B CUCTEME LEHTPa Mace, Pg - €ro
umiyabe (B TOM Ke cucreme, ecrectBeHHO). IToCKOIbKY paccMarpuBa-
€M PEeaKITNIo C ABYMS MPOTOHAMH B HAYATLHOM COCTOSHHH, TO MOJIHAS
SHEPrus B CHCTEMe IIeHTPA MacC eCThb, oueBUAHO, 2E. OHa xe, ¢ 1py-
TO# CTOPOHBI, COTJIACHO OMPEJIETIEHUIO MAaHIEThCTAMOBCKOM TePEMEHHOM
s, €cTh /s, m 3HauwT, B = \/5/2. TIocKOMbKY 3a/1a98 paCCMATPUBAECTCS
Ha Topore, To

1 1
E;ZE\/EZE(MP+MY+TR)
IMoncrasus noyuennoe Bbipazkenue B dbopmyny (17.7), nocie HeGOIL-

II0# AJITeOPANIECKON BBIKIAIKN TTPUXOINM K UCKOMOM (hopmyie:

m MY
tp—)'rneson = Mg . I:l - ﬁp <1 + ﬁp>:|

JleficTBysi aHAJOTUIHBIM 00PA30M, HETPYIHO HANTH (DOPMYJIBI I
KBaIPATOB 4-UMTY/THCOB, MEPEJIAHHBIX OT Map ~ MyYKOBBINA MPOTOH — pac-
CesTHHBIN MPOTOH” WU ’ IIyYKOBBIH TTPOTOH — OGapuon Y 7.

Bagaua 7. Ykazanus K MepBoMy IMyHKTY 3aja49u: 1) UCIOIB3Y#HTE Onpe-
JIeJIeHNE TIOPOTa, PEAKIINN U BBIYUCIUTE HEPrut0 (POTOHA Efy’”'“h B Ja-
GOpaTOPHOii cHCTeMe Ha TIOPOre pacCMaTPUBAEMOil peakimu; 2) Haiiaure
CKOPOCTD ¢y, CHCTEMBI [IEHTPA MACC TIPH Egh’““h; 3) 3Hag SHEPruio u
HUMITYJIBC POKJIEHHOTO ()-ME30HA B CUCTEMeE IeHTPA MACC, HAWIUTE OTBET
HA [TOCTABJIEHHBIN BOMPOC, BBHIMOJIHUB JIOPEHIIEBCKOE TTPEo0OPa30oBaHme U3
C.II.M. B JI.C. JIJIT UMTIYJTIbCca ¢p-Me30Ha. [locse oTBeTa HA BOTPOCH! IEPBOTO
MYHKTa 3314491, YKa3aHUd /I MONUCKA OTBETa Ha BOIMPOCHI €e BTOPOTO
MYHKTa HE TPEeOYIOTC .

3amaua 8.
JleficTBys Tak ke, KAK U TPU PEIeHNN 33 a49u 7, HO YIUTHIBAsI, 9TO
M # m, HETPYIHO YBUIETH, UTO TOPOrOBast Heprus (hOTOHA B JI.C. €CTh

M
Ethr =M-(1 i )
v (1 57)

,ZLaJIee MOZKHO BOCIIOJIB30BaThCA COOTHOINECHUAMMN

Bom = P tot Yo = Eiot
cm T ) cm T )
Etot Mtot
rie Fiyoy = Fy 4+ m ecTb momHag mabopaTopHas 3HEPrusd, TPH KO-

TOpOil mponcxoauT peakims, My, €CTh MOJHAs Macca CUCTeMbl (CHa-
PSAI-+MWIIEHB), TO €CTh, TPOCTO /S, & Diot = Dy + Dtarg = P~ €CTH
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MOJIHBIH UMITYJTBC B 9TON peaknuu. 3Has dHepruto hpOTOHA B JI.C. HA MO-
pore u TIOMHs 00 OIpejie/IeHnH TIOPOTa PEAKITNN, HETPYIHO YBUAETh, 9TO
HUCKOMBIN UMITYJIbC HO30HA B JI.C. PABEH

1+ X2
M ,thr 2
; - M. 2m
Piay | 1t

IIpoBepbTe, uTO B wacTHOM cay4dae M = m 3TOT OTBET COBTAIAET C
OTBETOM 3aJa49H 7.

3amaua 9. Ykazanue: UCIOIb3YiTe pe3yabTaThl, MOJYIEHHBIE TTPU Pe-
IMeHnN 3a,1a91 8.

3agaua 10. Ykazanus:

1. BOCTIOTBL3YHTECH PE3YIbTATAMU PEIIEHUs 33734 7- 9 U MpoBephTe,
eCcTb Jii Ha BepxHell manenn pucynka 16.1 cobbiTus, OTHECEeHHbIE
ACTUPAHTOM K pacCMaTPUBAEMOI PEAKINHN, KOTOPbIe HAXOIATCS B
3amperenHoi ee KHHeMATHKOW 001acTH;

2. CpaBHHUTE XapaKTep pacipeesenns: COObITHi Mo ueprun (hOTOHOB
B obsmactu E, < 2 I'sB ¢ mosegenneM, OXKIIaeMBIM U3 OOIIETO Xa-
pakTepa SHEPreTHIECKON 3aBUCUMOCTH CEUYEHHUI OKOJIOTIOPOTOBOTO
POXKIeHUs /I peakiuii Tuna 2 — 2.

Bamaua 11. Bomumem coorHomenus (3.22) aisg HePeIsTHBUCTCKOTO
coydas f << 1, v~ 1:

0
ujp = (ur-uz)
0 0
Uj + Ujy
0
14+ ug

Uiz u; —uz-

B stom carygae uf &~ 1 uu ~ 1, T. e. 3HAMeHATEH BO BTOPOii CTPOYKe
dopmyibr (3.22) pasen 2. PaccMorpum 4uciuTesib, TO €CTh, BHIYUCIUM
cKasapHoe TpomsBenenue uly = (u1, ug) = ul - uy — (ug-ug) = 1 —
(B, -B5) =~ 1, u B uTore MOJyUaeM HEDPEJATUBUCTCKYIO (hOpMysy s
OTHOCHUTENBHON TPeXMEepPHOU CKOPOCTH:

Uj2 = U] — U2 .

3agaua 13. Boipasum mabopaTOpHBIH UMITYILC CHAPSAIA U€pe3 WHBA-
puanTbl (ananoruuno dpopmysie (3.29)). Buavase Bbinuiem BbIparkeHue
JUIST MAHIEIHCTAMOBCKOM § B JJADOPATOPHOI cucTeme:

s = (Po+Pp)> =m2+mj+2E,my ;
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TO €CTb,

s—mZ—m3
Ep=2"Ta”T
me

AGcomoTHas BeIUYUHA KMIIYJIbCA YACTHUILI CBA3aHA C BEJIUYUHON ee
sueprun: p° = E? — m?; mOICTaBUB B 9TO COOTHOIIEHUE BBIPAZKEHHYIO
Jepe3 § SHEPTHIO CHAPSIA W TPOJEJaB MPOCThIe aJredpanvdecKue BbI-
KJIQKH, TTOJTYyIaeM:

1/2 2 2
AV (S,ma,mb)
Pa =
2my

9TO U TpeOOBATOCH HANTH.

3agaua 14. Beisegem dbopmysnt (3.32):

2 2 2
Pa 2mj s—mas+mp /s

6Cm - 7Ea + - ~ - S ) ’YC’ITL - 2mb\/§ ~ 2mb N

Cnioco6 1. Jlopennesckuit raMma-(hakTop, MO ONPEIEIEHUI0, eCTh OT-
HOIIIEHUE [OJIHOM SHEPIUM YACTHIbI (MM CUCTEeMbI YacTull) K ee s3ddex-
TUBHOM Macce (s ¢BOOGOJHON YACTUIIBI 3TO MPOCTO MACCA YACTHUIIDI).
Tammva-hakTop Jjig CUCTEMBI IIEHTPa Mace (B J1ab. CUCTEME) eCThb, T.O.

. E, +myp
’707"‘ - \/E b

TaK KaK TOJIHAS SHEPTHs HAYAJIHLHOTO COCTOSHUSA ecTh E, + my, a 3db-
dexTUBHAA Macca HAYANILHOTO COCTOSHUS €CTh HE WTO WHOE, KaK +/S.
Boipaxkenue qna F, depe3 Bequduny § ObLIO TOIYYEHO B MPEAbIIy e
zagade. Mcnomb3ys Ty GOpMymy, moIydaeM:

2 2
_Tnu._’"l‘b
e I U

Yem = me\/§ 2mb\/§ )

9TO B Hpejiene s 3> m2, § 3> m?, KOrja B YHCIATeNe MOKHO IPeHeOpeds
BTOPBIM 4ICHOB B CKOOKAX, JAET HCKOMOE BBIPAXKEHUE

_s—mi+mp /s
em = me\/g N2mb'

SamMeuas masee, 9To

1
Halvier
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a TaK¥Ke UCHOJb3Ysl MAJOCTh BETWIUHBI My /+/S < 1, JE€rKo moayInuTh
HCKOMYTO POPMYIY IS Bem:

2
Bc’rn:piazl_2ﬂ .
E,+myp S

Cnocob 2. Ilo ompememennio JOpEeHIIEBCKOTO PaKTopa (3, OH €CTh He
49TO MHOE, KAK OTHOIIEHUE TIOJHOrO MMITY/IbCA YACTHUILI (MU CUCTEMbI
9aCTUI) K ee MoJHoi sueprun. [loHas SHEPrus HAYATLHOTO COCTOSHUS
ectb Ey + mp U COOTBETCTBYIONIEE BHIPAYKEHUE YIKE BBIMUCAHO BBIIIE.
Tonublit UMITYIBC HAYATBLHOTO COCTOSAHUS B JTaDOPATOPHON cHCTEMe pa-
BEH p,. BbIpakeHnue Jijisi HEro 4epe3 MepeMeHHY0 § MOIYUYEHO B MPEeIbi-
nyieit 3amgade. Takum ob6pasom,

B A\1/2 (s, m2, mg)

a
Bem =

17.8
s—m2+mi ( )

W OCTAeTCs TOIBKO YIeCTh, 9TO § 3> m2, s > m3. Jlast 31oro obpaTnmMes
K onpenenennio (byHKINU A, 3ATTUIIEM €€ B BHUJIE:
2\ 1/2
2 2 2 2
my +my (ma - mb)
+ 5 ,

Al/Q(s,mZ,mg):s 1-2 S S

U Pa3JI02KUM B pAJI KB/ IPATHBIIl KOPEHb, yAepKUBad TOJIBKO YJIeHBI 11ep-
BOIO MOPsIJIKA 10 Beauuune 1/s:

2 2
/2 (5, m2, m3) ~ s (1 _ m)
S

AmnanornaHo nocrynum co 3Hamenaresem B (17.8):

2 2
1 _ 1 -~ 1 14 mg — mj
s—m2+mi (1 _ mi;mi) s s
CobpaB 00a BBIpAYKEHUsT BMECTE, TTOJIyIUM HCKOMOE BBIPAYKEHUE:

B cm =

Jlamee HETPY/IHO HANTHU BBIPAYKEHUE I Ve, MOIB3YACH CBAZBIO MEKLY
ramMmmMa-(pakKTOpoOM U CKOPOCTHIO [3.
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3amava 15. U3 3agaqu 13 yke u3BecTHO, 9TO

A2 (s m2 . m2 s—m2 —m? s —m2 +m?
Pa = ( — b) , By = < b , Eo+my = < b,
2my 2my 2my

TMoacraiss sty Boipazkenus B Gopmy.ry (CM. IpeabLLyILyIO 3a4a4y) 11
CKOPOCTH [IBUKEHUS CUCTEMBI [IEHTPA MACC OTHOCUTETHHO JTA00PATOPHON
CACTEMBI IMeeM, C yIeTOM Mg = My = M

Pa B A\1/2 (s,mQ,m2)

E,+mpy S

B cm =

Jl1s CKOPOCTHU YACTHUIBI ¢ OTHOCUTEIHHO CHCTEMbI IIEHTPA MACC, TO eCTh

JJ1dd BEJIUNYNHDBI
*

R
ﬁa_E*7

MOJICTABAM BBIPAYKEHUs IS WMIYJIhCA W SHEPTUH, MOJydaeMble Yepes3
uaBapranThl (M. dopmyist (3.27) u (3.29)), ¢ ygeroMm mg = my = m
MeeM:

APt
“o R s ’
TO €CTh: ﬂ
ﬁcm = B; njim g; = C—Zl =1
Ba

Wubivu cioBaMu, IJId paccedHUd ABYX YACTHUIl OANHAKOBOW Mac-
ChbI, CKOPOCTh [IBU>KE€HHUSA II€HTpPa MacC OTHOCUTEJIhHO Jiabopa-
TOpHO cucTeMbl (TIe 0JHA U3 HUX HOKOWTCS) PaBHA CKOPOCTH
OJHOM W3 3TUX YaACTHUIL B CHCTEMe I[eHTpa Macc.

3agaua 16. B cucreme menTpa mMacc Jab0paTopHas CHCTEMa TBUKET-
Csl CO CKOPOCTBIO — B¢, (3HAK -7 03HAYAET, UTO HAIPABJIEHUE CKOPOCTH
JIabOPATOPHO CUCTEMBI B C.I[.M. TPOTHUBOIMOJIOXKHO HAIIPABJIEHUIO CKOPO-
cTH C.I1.M. B JabopaTopHoii cucteme). Torga UMITyIbC paccMaTpUBaeMoil
YACTUIBI B JTAOOPATOPHON CUCTEME €CTh, COTJIACHO MPABIIAM JIOPEHIIEBA
IpeodpPaA3OBAHNA,

Pz = Yem (BemE" +p%) , PL=0.

Ho torga | p, | ectb MOJy/ib HOJHOrO UMITY/IbCA PACCMATPUBAEMOI Ya-
cTunpn, a 3uaunT | p, |=| 8% | -E*. Orcona nveem

Pz = '707nE* (ﬁcm + B*> , PL = 0 3
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ec/Ii HallpaBJ/IeHue JBUKEHUS PacCMaTPUBAEMOM 4aCTHUIIbl COBIAJIAET C
HAPAaBJIEHUEM JIBUKEHUs CUCTEMbI IIEHTPA MacC B JTa00OPATOPHOII cucTe-
Me oTcueTa, u

Pz = ’chE* (ch - 6*) , PL = 0 5

€CJIN 9aCTHUIla ABUZKETCA B IIPOTUBOIIOJIOZKHOM HalIDaBJICHUH.

Bamauya 18. OueBuHO, 9TO JTAOOPATOPHBINA Yroa paccesnus 6 MOXKHO
HAWTH U3 COOTHOIIEHUS

|pJ_\ pL

Pz Pz

tan 6 =

C nmpyroit cTOPOHEI, 09eBUIHO, YTO P =p| =p*sinf* nup) =p*cosfh™.
Vcnonb3ys perierne MpeablayIned 3a1a9u, Jerko YBUAETh, UTO

Pz = ’Yc’rnE* (BC'NL —‘rﬁ*COSQ*) 5 p* = B*E* .

Cobupasi Bce BMECTE B BBIDAYKEHUHU JIJTsT TAHTEHCA, YTJIa PACCESTHUS, TIO-
JiydaeMm TpedyeMoe BhIparyKeHue:

tan 0 sin@* «  Bem
anf = , = .
Yem (9" +cos07) " T T B
K zamaue 19: pemuth ypasuenue (3.40)
1/2

E* + Bc’ranc’rnp cost) = Yem (p2 + m2)

[MocTynast crangapTHBIM CIIOCOOOM, TO €CTh, BO3BOId 00€ YaCTH 3TOTO
YPaBHEHUS B KBaJpaT W 3aMeHwB E* wHa m~y*, momydnwm:
,Y* ,.Y* 2
p? (1 — B2 cos? 9) — 2pMBem—— cos O + m? (1 — —) =0.

cm 2
Yem

’YC’"L

Paccvorpum gerepmuaanT 4D 3TOTO ypaBHEHUS:

P A2 32 v 2 2 2 72
4D = 4m*f;,, —— cos 6—4(1—p2,cos’0) -m 1——1,
cm ,‘YC'I'VL

U TIpeodpa3yemM ero, PaCKpbIB CKOOKYM UM TTPUBE/IST TIOIOOHBIE UJIEHBI. JTO
Jlacr:

cm

_ * 2
D =m? | B> 60529+771]

cm
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Tenepb Boinecem daxrop 1/92, U3 KBaJpaTHBIX CKOGOK, a TaK¥Ke HC-
[OJIb3yeM COOTHOIIEHUS

cos?f4sin®f =1, y*? —1=~*2p*2.

B pesyabrare wero, mocsie HEOOJIBIUX MPEOOPAZOBAHUI, TTOTYIAEM BhI-

pakenne
2

2 m * * :
4D = 4—— [v*2B*% —~2, 82, sin’ 0] . (17.9)
cm
Temepb HETPYTHO 3aMWCATH DEIIEHWE WCXOJHOTO ypaBHeHHsl B (hopme

(cpasauTe ¢ (3.41))

* * * . 1/2
pizﬂ,ﬁmﬂ cosf + [y*23*2 — A2 fmsm29] /
Yem 1—p52, cos?6

K 3amaue 20. PaccmoTpum OWMHAPHYIO HEYNPYTYIO PEAKIHIO THTA
w+m — p+ M, roe p — macca caapsizia, m — macca mutrenu, M — macca
YACTHUIIBI, B KOTOPYIO II0CJI€ PACCESHUS [IPEBPATHIACH YACTUIA-MHIIEHb.
ByneMm nmomedaTs BeJIMYWHBI, OTHOCAIIMECHd K JacTHUIIAM C Mac-
camu [i, m u M, sTumMn >ke OyKBaMu KakK HU>KHUMM WHIEKCAMMU.
To ecTn, 4-MMITyIHC TACTHIEI TyIKA C MAcCOM ( 0003HAHM Kak P, 4-
FIMITYJIBC PACCESTHHOM YaCTHIIBI C 9TOI ¥Ke Maccoii obo3naunm kak P’ n
T. J1.
ITo onpenenenuio mepeMeHHOM t UMeeM:

2 2
t=P,—P'W) = Pm—Pu) =2u>-2P,P', ,
4TO B CHCTEMe IEeHTpa MacC MOKHO 3ammucaTh Kak
t=2u% -2 (E;E’; fp;p': cos ")

3mech 0* - yron paccesHus B cCTEME MEHTPA MACC. DTO TMO3BOJISIET BbI-
pa3uTh cos * depe3 nHBaAPUAHTHI:

t—2u® +2EE",
2pip’),

cosf* =

)

a ycioBue | cosf* |< 1 HakjIaapIBaeT OTPAHWYEHWs HA JIOMYCTHMbIE
SHAYEHWST MAHIEIHCTAMOBCKUX TIEPEMEHHBIX (B JOMOJHEHUE K JIPYTHM
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orpanudenusm). [Ipenenbubie 3nadenus cosf* ecrb +1 u —1; um coor-

BETCTBYIOT IpeJeIbHLIe JOIMyCTAMbIE 3HAYCHN BeauduHbl t. O4eBuIHo,

YTO MUHUMAJIBHOE 3HAYEHUE | by | OTBeuaeT cos§* = 41 (mocrarouno

yOeINTHCS B 9TOM JIJIsi YIIPYTOTO PACCESHNST, KOTAA | trin |= 0).
[Monoxkwus cos §* = 41, nomygaem ypaBHEHUE A Ly

tmin = 20> = 2EXE" +2ptp”, . (17.10)

Buano, uTo KBaJIpaT mepemanHoro 4-uMmynbca t CBA3aH, IS HEYTPY-
IUX Peakiuii, He TOJBKO C repeadeii IONepevHoro UMIyibca (Kak 1o
ObLIO JJisl YIPYrOro paccesinus), HO W C mepefadeii IPOJO0JIbHOIO UM-
My/IbCa W TIEPEXOJIOM YaCTH KUHETUYECKON IHEPTUN B JTOMOTHUTETHLHYIO
MacCy BTOPUIHOM 9aCTHITHI. MUHNMATHHOE 3HAYEHUE Ty, OTIPEICTSTETCS
Ternepb MUHUMAJIBHO HEOOXOIUMO IS peaIrm3allni PACCMATPUBAEMON
peaknuu nepenadeil mpoJ0IbHOTO UMITYIBCA W COOTBETCTBYIONIEH Tepe-
Jadeil sSHepruu.

Teneps BMECTO SHEPTUHU U UMITYJIHCOB B CHCTEME IIEHTPA MACC MOXKHO
MOJICTABUTH WX BbIpaykeHnus uepe3 nasapuantebl (cM. Yacts 11):

t'rnin - 2,U/2 - % |:(3 + ,U/2 — m2) (S + /,L2 — MQ) —

AL/2 (s,uz,m2) AL/2 (s,u27M2)} ) (17.11)

CrenaHbl IOYTH BCE HYXKHBIE 3arOTOBKH IS MTOJIYUYEeHUs] OTBETA HA TIO-
CTaBJIEHHBIN B 331a4e BOmpoc. OCTajoch TOJBKO PACCMOTPETH TIPEIEST
s> m?. OkasbIBaeTCsl, UTO JJisl STOTO YA0OHO BBECTHU CJIEJYIONINE TIapa-
MEeTDBI:

Iz mp Iz Mp

5 - = e — —
KT2E,  s—p2—m? wM 2E',  s—p*—M?

Heticreurensuo: pacemorpum A2 (s, u2,m?). Hombsyscs onpenerenn-
eM (PYHKIUNA A, JIETKO YBHUIAETH, ITO

1/2
\L/2 (S’qu’m2) } /

{(57#2 7m2)2 — 42

= (s—p2-m?) (1-4e2, )" =

nm

(s—p>=m?) (1-2¢e2,, —2¢h,, + O (5,,) ;

nm nm

aHasormIHOe pasnoxkenne nomydaerca ana A2 (s, p?, M?). Ocraerca
MOJCTABUTE TIOYUEHHDLIE PA3JIOYKEHNS B BHIPAYKECHUE NIJIA Ly U TIEIAH-
THYHO TMTPOBECTH MPOCTHIE, HO TPOMO3IKUE, BBIK/IAIKN.
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Oxnako, MOXKHO craproBarh npaMo ot dbopmysbl (17.10). IIpu sTom
OPUTOIUTCA PA3TOXKEHUE

1 1
(1+2)/% = Lt o= §x2+ (17.12)
Bragase 3amernm, 910
« s+ pt—M? M? —m?
E = =F - 17.13
® 2\/s ® 2/s ( )
U TI03TOMY
M? —m?
* *x * 2 *
EE, =E,"—E, ——F+—. (17.14)

2y/s

. 2 2
Teneps 3aiiMeMCs IPOU3BEICHIEM p:p’:. ITockombKy p’; =F ’: — 2,
TO MOACTaBaAA ciona ' ; u3 (17.13) umeem, mocjie HEOGOMBINON BBHIKIAI-
KHU:

7+—
P2 NG P2 4s

Takum obpazom, IpoOU3BEICHAE p;p’ ; ecTh

1/2
o[ B w1 (2 om)?]Y
p,J/:p,J/ 17 : - .

1

1/2
PN * 2 EZ, MZ*mZ 1 (M27m2)2
pip’ ;=) —L - :

it s pi2  4s

Hacrazno spems ucrnonb3oBarh dbopmyiry (17.12):
p*p/* _ p*2 171E: .M27m2+ 1 (MQ_mQ)

wl u 2p;2 NG 2p;2 ds

1p;4 + 2 (MQ _ m2)2

z ——

8 pg;

1B, (M2 —m2)?

dprt 4s\/s

Pazwocts EXE') — prp’, monywaem, ncromssyst dopumysr (17.14) n

(17.15), a Taxxe dbopmyry p,; = /2 (s, w2, m2) /24/s:

2

+

- - (17.15)

2

‘ 1 p? (M27m2)
* 1/ * _ 2
EuE pwPplP oy = M +§ sp;;?u
2
1M2 (MQ_mZ)
2
= - 17.16
W S X my) T (710



Honcrasnss ELE', —prp’, u3 (17.16) B dopmyny (17.10), B npeaerne
s> m?, koria MaccaMu B DyHKIUU A\ yKe MOXKHO TIpeHedpedb, pUXo-
JIUM K UCKOMOMY De3yJibTaTy:

+o (17.17)

K zamaue 21.
(6) Ilycrs Gasuchas cucremMa OPTOB B LHEHTPE MACC ONPEIEJIeHA CO-
riacHo dopmynam (16.1):

_ Ktk k-l ki X Ky
ky + k| ky — k|’ e, < k|’

rme k; n k f €CTb eJUHWYHbIE BEKTOPBI, HATIPABJIEHHbBIE BIOTb UMITYIb-
COB HAYAJLHON M PACCEAHHON YaCTHUIl, COOTBETCTBEHHO (pa3yMeercs, B
CHCTEMeE IIEHTPA Macc).

Heobxomumo ybeanThest B TOM, 9TO BeKTOpa 1, m u n y1oBIeTBOPSIOT
COOTHOIIICHUAM:

l=mxn, m=nxl, n=1xm.
IIpoBemem BBIKIAAKY /I TPOBEPKHU TOTO, UYTO 1 = m X n.

k;—k; ki xkr kyx[k xk;—k x[k xk
mxn— X x kp o kyx[ki x k] X [ki x kil

X =
ks —ki| * [ki < ky [k =k - [ki < Ky

PaccMorpum  9mcsuTeNb; BOCHONB3yeMcst MpaBuiaoM a X [b xc] =
b (ac) — c (ab):

kf X [ki X kf] = ki (kf kf) 7kf (kf ki) = ki 7kf cos y
k,‘ X [k1 X kf] = kl (kz kf) — kf (kz kz) = kl cosf — kf s
krx[k; x kf] — k; x [k x ky] = (k; +ky) (1 —cosf) ,

rie 6 - yrom MexKIy eIuHIIHBIMEA BeKTopamu Ky n k.
Tenepb paccMOTPUM 3HAMEHATEJIb:

0
ks —ki| - [ki x ky| =sinfy/2 (1 — cos) :26085(1 —cos¥) ,
TO €CTh,
_ kitky
~ 2cos0/2

mXxXn

281



OHako, ‘kf + ki’ = /2 (1 +cosf) =2cosf/2, T0 ecTb, OKOHUATEIILHO,

kiJrkf
mxn—=-———=

kp+ki|

Ananoruynbiv 06pa3om, 6e3 0coObIX 3aTPyAHEHUI, 1eIal0TCsA BBIKIAIKI
JIJTsI TIPOBEPKU OCTABIIUXCS COOTHOIIEHIA.

K 3agaue 23. Buauaje NOKasKuUTe, YTO CIIPaBeIuBO Bhipaykenue (4.11)

) M, M
o (M, )
mp mp

U3 mero cremyer, uto ecam Pre = m?2, T0 OTHOCHTENbHBLIH HMITYThC
HEHTPOHA DPABEH HYJI0. DTO COOTBETCTBYET CUTYAIHMH, KOTJAA JEHTPOH
Pa3BAJIMBAETCS HA CUCTEMY HEWTPOH-+TPOTOH U KaXKIbIH 13 (hparMeHTOB
Hecer (B 1a00PATOPHOIL CHCTeMe 0TCYeTa) MOJOBUHY UMITY/IHCA JeHTPOHA
(ecsin JeHTPOH JIBUKETCS OTHOCUTEJILHO J1IAOOPATOPHOIT CUCTEMBI).

Barewm pemure orHOCUTEbHO ¢ ypashenue P2 = 0. He 3abyabre, uto
B PacCcMaTpPUBAEMON KHHEMATHIECKON MOJENH JeATPOH BCErIa OCTAeTCs
HA MACCOBOil IOBEPXHOCTH, TO ecTh P37 = (P, + Pn)? = M3!

K 3amaue 25. BommummuTe ypaBHEHUS 3aKOHA COXPAHEHUS SHEPIUU U
TPEXMEPHOIO UMILYJIbca. Y YTUTE yCIOBUE, 9TO B JIAOOPATOPHOI cucTeMe
orcuera A-runepon nokourcs (”yciaosue 6e30Taa9HOCTH” ): ITO OMOKET
PEIINTh BBIINCAHHLIE YPABHEHUS OTHOCUTEILHO SHeprun K -Me30HA:

2

2
mi —ms; ma — My

Ex =

2(mp — my) 2

IoacraBnas YUCIEHHbIE 3HAYEHUS MACC 9YACTHI, HETPYJIHO MOJLY9IHTH
3HAYEHNE Marundeckoro nmmyibca (okomo 530 MsB/c).

K sanmave 26. JleficTBysi Tak ke, Kak TPH DEIIEHNN TPEAbIAYIE 3a-
JIAYH, TIOJIY UM
m-(2M —m)

2(M —m)

W3 ycnoBusi HEOTPUIIATESIHHOCTH SHEPrUd HEMEJJIEHHO BUIAM, 9YTO
”yenoBue 6e3ormadnoctn” nan Cycaosue Iloaropenkoro” moxker peasu-
30BaThC TOJIHKO Mpu m < M, TO ecTh, Macca POXKIAEHHOTO (HhOTOHOM
MEe30Ha, HE JIOJIPKHA TTPEBOCXOIUTH MACCY TIOTJIOTHUBINEH (hOTOH MUIIEHH.

E, =
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K szamaue 27. Coser: Buimmmiure onpejenerue 3hdeKTUuBHON Macchl
rpymmnsl gactun,. He 3a0yabre, 910 nMeeTe 1e0 ¢ pOTOHAMM.

K zagaue 28. CoBer: mocMoTpuTe €I1le pa3 HA PEIIeHne MPEeIbITy e
3aIadu.

K sapmaue 31. Ilpokoncyabrupyiirecs y I'M1.Konbuiosa [2] (ru. II, na-
parpad 4, nocie dhopmyibt (29)).

K zagauam 33-34. 3amernm, uTo:
(P1+P2)’ =5,

(cM. 6.11), a TakzKe ONMPEEINM:

DN | =

2 _ 2 2 2
q = (MO —mj fm2)

U3 dhopmynst (6.11) J1erko yBUAETh, BHIOJHUB BO3BEICHUE B KBAAPAT U
Bce ocrasibhoe, uro (6.12) Ha camom Jiene cupasemuBo. Teneps ocraercs
TOJIBKO BBIpA3uTh Fo U po uepe3 FEy. Jlamee, B ciydae 3aTpyaHeHunit,
npokoucyabrupyiitech y I'.MI.Kombuiora [2] (ra1. 11, maparpad 4).

K 3agaue 41. [Ipu nmoncke oTBeTa Ha TEPBHIN BOTIPOC TOM 3a0a49H, CHA-
Jaja HalauTe OTBET Ha OCHOBHOM BOMPOC O "Mmienn” MeXkKIy OCTPOBKOM
7 0OTACTBIO, OTPAHMYIEHHON “TpedbHeM”, a YK 3aTeM HOompoOyiiTe HaiiTh
obbsicHenne ' rpedHo” .

Ecnu Bam TpyaHO TIpEo0sieTh BO3HUKIIUE MPU TMOUCKAX OTBETA, 3a-
TPYJAHEHWs, MOUIINATE OTBETHI B OPUTUHAIHHON CTAThE.

K zamauam 48-49. IIpokoucynbrupyiitecs y I. Henena [8]

K szapmaue 56. Dra 3amada (cm. maparpad 15.3, B3sras u3 nexmwit [97], —
JacTHBIH caydait T. 0. ”3amaun [ Taiinepa”, nam ”3ama4um o KpaTJaiirei
cetn”. B meransx ¢ Heil MOYKHO TTO3HAKOMHUTHCS B cTaThe E.AGakymoBa
u ap. "Kparuaiinme ceru” (;kypuan ”Ksant”). Psas nosie3nsix Ha npak-
THUKE TeOpeM, CBA3aHHBIX C 3aJa4deil 0 KpaTdauineil ceTu, MOKHO HaNTH
B YIOMAHYTOIl CTaThbe.

K 3amaue 57. [IpaBuibHBII OTBET HA 3TOT BOMPOC MOKa3aH Ha puc. 16.4.
OH HeMe JIEHHO CJe/yerT U3 TeopeM, cBs3anubix ¢ 3amaqeil [lraitnepa.
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KX/I pacuerst na pemierke (6e3 o6pailienus K 3TUM TEOPEMAaM) €ro 1o/l
TBEPIKIAIOT.

K zagade 59. O6parnTe BHUMaHWE HA YNCICHHBIH KOdpdumment 13.6

M5B B uncanresne. UToObI yBUIETH OTBET HA MOCTABIEHHBIN B 3a/1a1€ BO-
npoc, 06paThTech, HAIPUMED, K CTPABOYHWKY O CBOCTBaxX yactui, [29)].

284



YHacts XI

Pekomengyemasi

JINTEpaTypa



I'maBa 18

Kuurm m cratbm oO1iero

xapakrTepa



Jluteparypa Ko BceMy

KypcCy

PeKOMEH,Z[yeMbIe KHHUTHU I1I0 KMHEeMaTuKe 3JIeMeHTapHbIX YaCTHI]

[1]

2]

3]

4]

[5]

[6]
7]

A.M.Banguu, B.U.Toabpauckuii, B.M.MakcumMmeHKO,
299

N.J1.Po3euTrann, " KuHemaTuka aaepHbIX peakmuii’, n3m. 2,
Arovuzgar, M., 1968.

T'N.KonbuioB, 7"OcHOBbI KHHEMAaTUKN PE30HAHCOB'
”Hayxa”, M., 1970.

E.Brokaunar, K.Kagautum, “KuHemaTumka 3j1eMeHTapHBIX
gactury’, nep. ¢ anri. nozx pea. .M. Konsuiosa, ” Mup”, M., 1975.

B.A.Toabaanckwmii, FO.I1.Hukurwum, N.J1.Po3enrajb,
?"KuHeMaTn4uecKnue MeToAbl B (PU3UKE BBICOKUX SHEPTruii’,
M., "Hayxa”, ri1. pen. ¢b.-m. gureparypsi, M. 1987.

II.K.Pamepckuii, ”PumanoBa reomeTpusi U TEH30pPHBIA aHau3”,
uzga. 3-e, "Hayka”, riaBu. pen. pusumko-mareMaTndeckoii gurepa-

Typsl, M., 1967.
L.B.Okun, hep-ph/0602037

OcHOBHBIE WU TMAPTOHHOW KAPTUHBI B3AMMOIEHCTBUS aIPOHOB
BBICOKUX dHEpruii ObLu chopmyiupoBanbl B czkarom Buje (1969 1)
B 3namenuToit cratbe ”Very high energy collisions of hadrons”,
R.P.Feynman, Phys. Rev. Lett. (1969) v.23 p.1415.

287



8]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

PeKOMeH,E[yEMI)Ie KHWUT'HA IIO (1)I/IBI/IKe qacTuIy

I Yennen, ”®wuswka 3JeMEHTAPHLIX YACTHUIl , Tep. C aHTJI.
I'.B. Edumona, mox pen. P.M. Pwoimauna, "Hayka”, I'maBu. pes.
dusuko-maremaruydeckoii mureparypor, M. 1966.

JI.IO.Jlannay wu  E.M.JIudpmmn, "Teopua mnons”. Cepus:
JI.A.JTannay u E.M.JTudmmun, ” Teoperudeckas dusuka’, Tom II.
"Hayka”, I'maBH. pen. (pusnko-mMaTeMaTudeckoit sureparypsi, M.
1967.

B.B.Bepecrenkmwmii, E.M.JIudrmur, JLIL.IInTaeBckmii,
"PengruBucrckas KBaHTOBasg Teopusi’, dacth 1. Cepus:
JI.A.JJaunay u E.M./Iudmm, ” Teoperndeckas dusuka”, Tom IV.
"Hayxka”, I'maBu. pen. puU3NKO-MaTEMATHIECKON JuTepaTyphi, M.

1968.

C.lazuopoBud, "®uzuka 3II€MEHTAPHBIX YaCTUI] , M[€p. C
anrn.  A.J[.CyxanoBa, M., ”Hayka”, D[naBu. pen. ¢usuko-
MaTeMaTu4Iecko# mureparypbl, M. 1969.

P. Baun-Croitn, ” @yHaaMeHTaIbHBIE B3AUMOIECHCTBUS U ATOMHOE
sanpo”, mep. ¢ aura. mox pen. U.C.IMMamupo, "Mwup”, M., 1976.

Jlx./I.Boepken, C.d.Opemnn, ”PengTuBrucTCKasd KBAHTO-
Bag teopus”’, T.1 wm 2, mep. ¢ amrn. B.0.Kepbukosa (r.1),
N.M.Hapogenkoro (1.2) mox pex. B.B.Bepecrenkoro, M.,
"Hayxa”, I'maBH. pen. ¢u3MKoO-MaTeMaTHIecKOil JHTEpaTypPHI,

1978.

® . Kmoys, "Ksapku u maptousl”, nep. ¢ anra. [I.B.Burmana mox
pea. H.H.Hukomaesa, M., ”Mup”, 1982.

X.IIunbkyn, ”®u3nka pPeIaTUBHCTCKAX YaCTUIl , Tep. ¢ AaHTJI.
.U Nsanuuka mox pex. I.M. Ipemuna, M., ”Mup”, 1983.

JI.LB. Oxyub, ”®usuka snemenrapubix dwactur’, M., "Hayka”,
I'naBu. pen. dpusuko-maremaTuydeckoii sureparypoi, 1984.

@ Xenszen, A.Maprun, "Ksapkum wu Jentonb’, mep. ¢ af-
. A.Jl.Kapsaxku, I'.B.I'puropsna, H.JI.Tep-Ucaaksna nom pes.
A IT. Amarynu, M., "Mwup”, 1987.

@ .Kommurnc, @.Bykcbaym, ” Crabbie B3anMo/IefCTBUS JENTOHOB |
kBapkoB”, mep. ¢ anri. A.B.Bepkosa, M., Queproaromusgar, 1987.

288



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

T.9pukcon, B.Baiize, “Ilwonst wu sagpa”, mep. ¢ aHII.
B.M.Konsibacosa, K.B.Ilporacoa mnox pexn. U.C.IMManupo,
M., "Hayxa”, I'maBH. pen. pu3nKo-MaTeMaTHIeCKON TUTEPATYPHI,
1991.

I .Ilepkunc, "Beenenne B GhU3NKy BBICOKUX dHEpruil”, m3m. 3-e,
nep. ¢ anri. A.B.Bepkosa nox, pea. B.A.oaromenna, M., Quep-
roaromu3aar, 1991; cymecTByer TakyKe IOMOJHEHHOE U mepepado-
TaHHOe 4-e M3aHne 3TOH KHUTH.

N.M.Tepuos, ”Bsenenne B U3UKY CIOUHA PEIATUBUCTCKUX
b)

gactur’, MI'Y, 1997.

A JTro6umos, 1. Kumr, ”Beenenue B 9KCIIEPUMEHTAIBHYIO (DU3UKY
gactur’, u3z. 2-e, M., ®usmaraut, 2001.

M.E.Ileckun, /1.B.Illpemep, ”"Bsemenne B KBAHTOBYIO TEOPHUIO
monsa”, mep. ¢ amria. A.B.Bepkosa mox pexn. A.A.Benasuna,
Hayuno-uza. mentp “Perynspruas m XaoTwdeckas IWHaAMHUKA,
Mxkesck, 2001 1.

C.Baiiubepr, " KBauroBas Teopust mojist”, T.1 u 2, iep. ¢ aHrJI.; O
pea. B.U.ZKykosckoro, M., ” @uzmaraur”, 2003-2004.

.M. Kanuronos, ” Beesenune B busuky sapa u 9actuil’ , u3j. 3-e,
M.: KomKnura, 2006.

PekomeHnyembie cOOpHUKHT 33124

A Kaman, ”3Bamaun 1o $pu3HKe 3JIEMEHTAPHBLIX YaCTHI] , Tep. C
anrn. K.ILITasnosa, A.Jd.Cyxanosa mnon pea. FO.M.IIIupokosa,
"Hayka”, ['n. pex. dus.-mar. sureparypst, M., 1968.

JI.I.I'peuko u ap., ”COOpHUK 33729 IO TEOPETUIECKOI n3uke”’
’ ’
” Boicrast H_IKOJIa”, M., 1972.

Jx.Kponun, I.I'punbepr, B.Tenerau, "Coopuuk 3amad no ¢u-
3uke ¢ pemenusMu’, nep. ¢ anria. [.B.JJawmmgana mom pe.
IT.A Kpymuunkoro, 3. 2-e, ” Atomuzgar”, M., 1975.

289



I'maBa 19

Jlureparypa K oTJe/IbHbBIM

TEMaM

Kak npasuiio, 3/1€ch He IPUBOIATCA CCBLIKA Ha VIHTepHeT-caiiThl, Tak
KaK OHU MOTYT OKA3aThCsl YCTAPEBIIMMH MO0 MHOTUM TIpUYUHAM (CyIIe-
CTBYIOIIIAE CAUTHI PEOPTAHUBYIOTCS, TIEPECTAIOT MOIEPKUBATHCS U T. 1.).
IIpeanourenue OTIAETCA TEM MaTepuajaM, KOTOPbIe CYIIECTBYIOT B T1e-
YATHOM BHJIE U UX MOXKHO HAHTH B GHOIMOTEKAX (B TOM 9HCIE — B SJIEK-
TPOHHBIX). VICKITIOUEHNEe COCTABMSIOT CCBLTKA HA CTATHU, BIIEPBLIE OIy6-
JIMKOBAaHHbBIE B apxXuBe 3JeKTPoHHbIX npenpuntos (http://xxx.lanl.gov/
win http://ru.arxiv.org/).
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