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JlanHast Teopus SBIICTCS Pa3HOBHUJIHOCTBIO TEOPUU CTPYH. B Hell BBOAATCA TpH
JOTIOJIHUTENBHBIX N3MEPEHUsI, MHUMAasi YaCTh CBOUCTB ITpoCTpaHcTBa. [Ipnuem npu
Iepexofe K KBAHTOBOM M KIIACCUYECKOM MEXAHUKE BIIMSHUE MHHMMOW YacTH
IIPOCTpaHCTBa cokpauaercs. Ho MHMMas 4acTe pa3Mepa U Macchl YaCTHUL] BaKyyMa
yKa3bIBaeT Ha KoJieOaHHWE YAaCTHUIIBI C aMIUTUTYJ0M, paBHOW MHHMOM 4YacTH, YTO
COOTBETCTBYET Teopuu CTpyH. HO naHHas Teopus ONMMCBIBAET YaCTULIBI, pa3MEPOM
MEHBIIIE 2JIEMEHTAPHBIX YaCTHULl, YTO HE MOXKET CAENaTh Teopus CTpyH. lIpu 3TOoM
ObUIa yuT€Ha MHUMas KHHEMaTU4ecKasl BSI3KOCTb BaKyyma, U JUlsl €€ OObSICHEHUS
ObUIM TIOCTPOEHBI YACTHUIBl BaKyyMa OTHOCUTEJIBHO OJHOW U3 OCHOBHBIX
AIIEMEHTApHBIX YacTUI] — »dJekTpoHa. Ho wmakcumym sHeprum QoToHa mpu
UCIIOJIb30BaHUU JIEKTPOHA Halllel 00JacTH MPOCTPAHCTBA HE YJOBJIETBOPSIET BCEU
DHEPIUU KOCMUYECKOI0 U3JIy4EHUS JJIIEKTPOMArHUTHOT O I1OJIS 3JIEKTPOHOM B aTOME.
Bo3mosken peakuii ciydaii 00pa3oBaHus HEYCTOMYMBOW CUCTEMBI YACTHUIIA MACCHI
IInanka wu aHTHuyacTHLa Maccel IlmaHka, aHamorumuHo oOpa3zyrolielcs nape
ANIEKTPOH-TIO3UTPOH. [loaToMy (HOTOHBI € OONBLION 3HEpPrUel OYEHb PEAKOE
oOpa3oBaHMe, yacTULbl Macchl [1naHka ObICTPO U3IIydatOT SHEPTHIO U pacaiatoTCs.
Ho npu cOnmkeHun 4YacTulbl U aHTUYAcTHIBI Macchl [ImaHka Ha O4eHb Majoe
paccTosiHue, OIMKCHIBAEMOE DJHEPTUEH IUIOJsA, 3TO YCTOMYMBOE OOpa3oBaHHE.
HalineHo kakum yacTuaM COOTBETCTBYIOT IapameTpsl [lllaHKa, 1 Kakue CBOMCTBA
onuchiBalOT. HaiimeHo u mnpumeHeHue macchl [lnaHka, NEWCTBUTENBHO TAaKHE
YacTHLIA U aHTUYACTHLIA CYHIECTBYIOT B OIIPEEICHHON 00J1acTH IpocTpaHcTBa. s
ONMCaHUs MHMMOW KMHEMATHYECKOW BSA3KOCTH BAKyyMa IIPOM3OILIEN IIEPEXOJ B

KOMIUIEKCHOE MPOCTPAHCTBO, H00ABMIIOCH €Ille TP MHHUMBIX u3Mepenus. Ho npu
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3TOM Ha COOTHOLIECHUS KBAaHTOBOM MEXAHUKM 3TO MHHMMOE IIPOCTPAHCTBO HE
CKas3plBacTCsA. Bce kak B TEOpHM CTPYH, HOBBIE NPOCTPAHCTBEHHBIE H3MEPEHUS
CYLIECTBYIOT, HO Ha YPAaBHEHUS KBAHTOBOW M KIIACCHYECKOM MEXAHUKU OTH
U3MEPEHHUs He BIUAOT. OTMEdy, YTO YACTULIBI BAKyyMa IIOMOTAKOT IOJy4YUTh HOBBIE
pelmeHnss KBAHTOBOM MEXAHWKH, OINMCBHIBAIOT PEIICHHE YPAaBHEHUN KBAaHTOBOU

MexaHuku [4], [5].

OnumeM 4acThnbl BaKyymMa Kak HENPEPBIBHYIO Cpedy, IOIUMHSIOIIYOCS
ypaBHeHuto HaBbe — Ctokca. [ Mmoznenu pa3peskeHHOro raza ¢ Majoi CKOPOCTBIO
JNBW)KEHUS, MOJCIMPYIOLIEN CBOMCTBA BaKyyMa, CIIpaBeInBo ypaBHeHue Haspe -

Croxkca.
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[IprueM KuHEMaTHYECKas BA3KOCTh BAKyyMa CYUTAEM PABHOU
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[Ipy 3TOM CKOpOCTH TIIOTOKAa MEJBYANIIMX YaCTHL BaKyyMa paBHA
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HOKa)KeM, 4YTO CKOPOCTb 4YacCTUIlbl, OIIMCbIBACMAsA 3aKOHOM JIBUKCHUSA
HrroTona A KUAKOCTHU, HCIIOCPCACTBCHHO CBiA3dHA C BOJIHOBOM (I)YHKHHCﬁ,
OIMCBhIBAEMON KBAaHTOBOM MEXAaHUKOM. HOI[CT&BI/IM 9TO 3HAYCHHUC CKOPOCTU B

ypaBHeHue HaBbe — CTokca
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Ine wunTerpan OepeTcs BIONb JMHMM TOKa uacTull Bakyyma Vdt=dx,,
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YMHOXHUM Ha Maccy my/ , NIEPEHECEM BTOPOWM 4IEH B MPaBYK YacTh, MOJYyYUM
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T.e. 1 CKOPOCTH YaCTUL BaKyyMa MoJiydeHO ypaBHeHue lllpennnrepa, npuuem

BOJTHOBas (DYHKIIMST OSTOTO YpaBHEHUS CBS3aHHA CO CKOPOCTBIO YAaCTHII

ih
cooTHomeHueM V; =——VIny umm y = cexp(i J' mV ,dx,/h) , TA€ IIOTCHIIHAI PaBCH
m
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JIOKAJILHOU TIOCKOM BOJIHEI

W = \/_exp [—i(EAt —p,Ar)/R][1+0(r —1,)’].
Ota dopmyia sBiseTcs penieHueM ypaBHeHus [lIpeaunrepa B OKPECTHOCTH TOYKU

Iy U IIpH NTOJCTAHOBKE i B 3TOM BUJE B ypaBHeHue lllpennnrepa
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Brerauciaum CKOpPOCTB CpCAbI B aTOMC BOAOpOaa
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I[J'I?I BBIYHUCJICHUA II0TOKa CpPCJibl HAJA0 YMHOXWUTb CKOPOCTb Ha IUIOTHOCTDb

BCPOATHOCTHU
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Torma 0cOGEHHOCTH CKOPOCTH yCTpaHSIETCsl U 00pa3zyeTcsl HEMpPEephIBHBIA MOTOK.

AHaJIOTUYHOE BBIPAXKEHUE JJIsSl YTJIIOBOU CKOPOCTH
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Oco6eHHOCTh MOTOKAa yHHUTOXKaeTcs. [Ipy n3MeHeHnn KBaHTOBOIO YHCiIa CKOPOCTh
U3MEHSETCS MEJJIEHHO, a BOJHOBAs (pyHKLUS OBICTPO. DTO MPUBOJIUT K TOMY, YTO
BO3HHMKAET CUHTYJISIPHOCTh U 00pa3yeTcsl KBAHT 3JIEKTPOMAarHUTHOW SHEPIHH.

C MareMaTH4ecKON CTPOroCThIO JI0OKa3aHo, 4To ypaBHeHHe lllpenunrepa

SBJISIETCS YAaCTHBIM CJy4yae cpefbl, onucbiBaeMoil ypaBHeHneMm Habbe-CTokca c

KUHEMATUYECKOM BS3KOCTBIO V = l2— MHuMmass KUHEMaTH4YeCKasi BI3KOCTH
m

IIPUBOJUT K KOMIUIEKCHOMY 3HAQUYE€HHUIO CKOPOCTH, KOMIUIEKCHOM Macce H
KOMIUIEKCHOMY pa3Mepy, YacTHL Cpenabl, ONMMChIBAEMBIX YypaBHeHHMEeM Hasbe-

Crokca.

B o01ieM cityvae Hazi0 U3y4ath Cpeay ¢ STUMHU CBOMCTBAMM, U CBOMCTBA ATOU
cpedbl SIBISIOTCS 0000IIEHHEM CBOWCTB KBaHTOBOW MexaHuku. Ho B Tom TO u
COCTOMT BCSI IPEJNECTh CBOMCTB YACTHUI] BAKYYMa, UTO OHU OMHUCHIBAIOTCS IO 3aKOHAM
KJIACCUYECKOM (PU3MKM B KOMIUIEKCHOM IMpocTpaHcTtBe. M Toibko mocie
YCPEIHEHUSI KJIACCHUYECKHX 4YacTUL BaKyyMa B KOMIUIEKCHOM HIPOCTPAHCTBE
MOSIBJIAKOTCA KBAHTOBBIE CBOMCTBA. DTO MOATBEPKAACTCS ONKMCAHUEM HMX CBOMCTB

YPaBHCHUCM Hasne-Ctokca IIpu MHHUMON KMHEMATHYE€CKOM BSI3KOCTH.

Kunematnueckoil BSI3KOCTHM Bakyyma V, MOJydeHHOM u3 mpeamnosioxeHus (1)

COOTBETCTBYET (hopmyIia

voi—Ac/3, ()

2my

r7ie MOJYy4aeTcs, YyTo AJMHA CBOOOJHOrO mpobera A BbIpaKaeTcs uyepe3 maccy

YacTHUIIbl BaKkyyMa (KMHEMaTH4eCKasl BSI3KOCTh raza paBHa v = cA/3). Ilpu stom

OKQXXETCs, YTO BBIYMCIICHHAs Jajee MO TEKCTy Macca 4acTULbl BaKyymMa paBHa
_ . —98

m, =5.04-10"¢g

3ih
2myc ’
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4dTO ITO3BOJIACT OLCHUTL AJIMHY CBO6OI[HOI‘O np06era, KOTOpad 6y,IICT OoIpcacicHa

59
no macce uvactuusl, papHa Bemmumae A = 9.09 -10™ c¢m .| Bakyym sBnsercs
pa3pexEeHHbIM Ta30M C OOJIBIION JJIMHOM CBOOOJHOrO Mmpobera U MHUMOM

KHHEMATUYECKON BI3KOCTBIO.

OTMeTHM, 4TO BUPTYaJIbHbIC YACTHUIIBI BAKyyMa HE OMPEACIISIIOT KUHEMATHUYECKUE
CBOMCTBa BakyymMa B CHJIy CBSI3aHHOTO COCTOfHMs. B ciyyae ux cBOOOJHOIO
COCTOSIHUSI CKOPOCTh U KOHLIEHTpALKs 3TUX YaCTHUI] Majla, U OHU HE y4acCTBYIOT B
KMHEMAaTUYECKON BA3KOCTH BaKyyMma M B INIOTHOCTH BakyyMa. S y»ke HE TOBOPIO O

TOM, YTO OHHN HC MOT'YT I'pPYIIITUPOBATHLCA B 3JICMCHTAPHBIC YaCTUIIBI U I10JIA.

IIpy »TOM cCpema ¢ JAMHAMHYECKOM BA3KOCTHIO U= _,'f;ﬂ oOnanaer
m

OEeCKOHEYHOU SHepruell M OECKOHEYHOH CKOPOCTBHIO B3aUMOJICHCTBUS, COTJIACHO
bopmyne

me*
2n*(h—2miul p,)’

_ _ 2 _ 2
E =howo=mc” - =mcy.

Ota ¢dopmMyna crpaBeAsiuBa HE TOJBKO Ui aTroMa BOJOPOJAA, 3aBHCHMOCTh
SHEPrUH M YaCTOThI 00PAaTHO MPOMOPIHMOHAIBHO MOCTOsIHHOM [Imanka — 310 o01iee

CBOMCTBO 3aPSKCHHBIX MATCPHUAJIBHBIX TCJI, YTO CIACAYCT U3 COO6p&)KCHPIﬁ

pasMepHOCTH. HacTulbl BaKyyMa Y OBIETBOPSIOT YCIOBUIO 4 = Py Ho yacTHLBI
2m

BaKyyMa C TIPOTHUBOIOJOXHBIM 3HAKOM MHUMOW €IWHULBI YAOBIETBOPSIOT
YCIIOBUIO OECKOHEYHOCTH DHEPIrUU U OECKOHEYHOCTU CKOPOCTH BO3MylleHus. HA
caMoM jiesie 6ECKOHEYHOCTH SHEPTHHU M CKOPOCTU BO3MYIIEHUSI HE CYIIECTBYET U
OHHM MMEIOT OY€Hb OOJIBIIYIO PHEPTUI0 U CKOpOCTh. He mapom pearupyromue Ha
YacTUIbl BaKyyMma >KMBOTHbIE O0JIaJalOT yAUBUTEIBHBIM u4yTheM. Kpome Toro,
BO3MYIICHHE KBAHTOBOW CHUCTEMbl MTHOBEHHO IIepeAaeTcss Ha OoJbIlne
paccTostHus. Ho crpynnupoBaBIIMCh YaCTHIBI BaKyyma TEPSIIOT 3TU CBOMCTBA, TaK
KaK y HHX MEHSETCS IUIOTHOCTh. BO3HHMKAaeT wuies BOCIOIb30BaTbCA ATUM

CBOICTBOM YacTHUIl BaKyyMa JUIsl Iepeaadu HHPOpPMAaIIH.
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910 IMPUBCACT K HOBBIM CBOMCTBaM qacTull BaKyyMa, O6p&30BaHHBIM n3
JUIIOJEL, COCTOAIICTO M3 YaCTUIBI M aHTHU4YaCTHUIIBI. qaCTI/IHa BaKyyMa 6y,Z[CT

UMETbCS HE CKOMIICHCHUPOBAaHHBI OTPHUILATENIbHBINA 3apsii, W yObIBaHHWE MO

earg m

H3JIydYCHHUA IMOTCHHOMAJIa YaCTUIbl KakK A1 4acTull BaKyyMma,

2y
O6pa3OBaHHI)IX N3 4aCTUObl 1 aHTUYAaCTUIIbI HHaHKa, HMCHOIIUX KOPOTKOC BpPCMs
JKHN3HU. Taxxe 6y,IICT N3MEHATBHCA u HaIllPpAKCHHOCTD N3JIYYCHHOTO
IIEKTPOMArHUTHOTO MoJjs. YacTuubl Bakyyma He OyAyT JIOKaJM30BaHbl BHYTpU
MaJioro O6T)CM3,, a 6YI[YT MMETH cj1a00€e BIMAHKAE U HAa OSCKOHEYHOCTH. A TakK Kak

qaCTull BaKyyMa OYCHb MHOI'0O, HO OHH PACIIOJIOKCHBI XdOTHYCCKH HX BIIMSAHHUC

e\/ﬁargmm e

2 WIN

OO0IBIION JJIMHC BOJIHBI H3JIYUYCHUSA HMCCM q)OpMy.TIy JJIA CTATHYCCKOI'O IT0JIA

OyIeT onpeaensaTbes IpYU MaJiol JyIMHE BOJIHBI u3nnydenus. [Ipu

eNagmy _ € gacrun BakyyMa, 0GpasylolIuX JIeMEHTAPHYI0 YaCTHILY.

27r r

[IposicHsieTca ¥ pU3MYECKUI CMbICT MHUMOM 4acTu Macchl. OH PaBeH argm,, = 27

N
JBYM @M, JICJICHHbIM Ha BEJIMYMHY KOJMYECTBA JUIIOJEH - YaCTUI[ BaKyyma,
0o0pa3ylolux JaHHYK 4YacTUIly. 3HAUUT O0O0pa3oBaHME MHHMMOW YacTH MaccChl

CBA3aHO C MHUMBIM 3apsiI0M YacTUIbl. KoJIMyecTBo yacTull Bakyyma, 00pa3yrommx

m  27h/ A
JAaHHYI0 CUCTEMY paBHO N, =—=——— ¥ I CTATUYECKOI'O IIOJISI 3TO MaJias
m m.c
V4 V4

BCJIMYMHA, 3aBUCAIIAA OT JJIMHBbI BOJIHBI U3JTYUCHMU .

Ho MHUMasl KHMHCMAaTHYCCKas BA3KOCTb BaKyyMa paBHa

10 =27

YRTES 9.09-10%¢m? /sec - MHHMasi BSA3KOCTh BaKyymMa paBHa

v=in/(2m,) =i

U= pyV:9.09-104°L, yTO OOJBIIE BSI3KOCTH TBepjoro tena. ['7e BelruunHa
cm Sec

p, =10 2 ¢ /em”® TUIOTHOCTB BakyyMma. BsizkocTh sxenesa mpu Temmeparype 30°C

paBHa 4 =14-10" —% , cM. [2], cTp.37. MHHMasl BSI3KOCTh BaKyyMa 00YCIIOBJI€HA
cm SeC

HC CTOJIKHOBCHHAMMU MOJICKYJI, 4 BpalICHUCM YaCTUIl BaKyyMa U, CJIICTOBATCIIBHO, HC



CKa3bIBAETCSl HA BS3KHE B KJIACCHUYECKOM CMBICIIE CBOMCTBA CpCIbl, a OIIKUCBIBACT
CBOMCTBA TCJa, ITIO3TOMY U B 3HAYCHHUU KHHEMAaTHYECKON BSI3KOCTHU HCIIOJIB3YCTCA
MaccCa T€la. TpeHHe Ipu 3TOM HMECT BIICKTPUUICCKOC TIIPOUCXOKICHUC U

orpezesnseT NPOBOAUMOCTb CPEAbI IPU UCTIOIB30BaHUU (a30BOM CKOPOCTHU CBETA.

Bprauciaum YIIpPYrue CBOMCTBA 3BYKOBLIX BOJIH B BAKYYMC, KOTOPBIC Ha CAMOM

ACJIC ABJIAOTCA 9JICKTPOMAIrHUTHBIMMU. Ero MOAYJIb IOnra paBCH

n’ el E, hp!” 2.86-10";n=1
En=p”4 2 2:pn4 2 250U T /e= 3 4, >
iy m,m., P, 2m,m,"c [1.19-10";n — o0
Cow U, J1-6.1-10"";n=1 e m
¢ Jlvur [1-3510%n 50 1 ompe? " p)”
y - hp!” 3 7.73-10%;n =1 ¢, ou, 1-836-10"";n =1
" 2m,mlic (0208n >0 ¢ flyy? (02040 > ’
I 1
62 eZ 1 E-I-E
— n n+l .« — 7
=l i, =mpy i L)
2 2
o Ip  =exp! [2nln(2ntl)ln4_7r2 (p+1/2) 2+7r(p+1/2)[ln(2n+l)_ 2 I
m. "y 2n+1) n“(2n+1)ln4 n(2n+1) n (2n+1)In4

b= nin4 [2nln(2n+1) _1/2
V3 2n+1

IIpudyem omnpeznesneHa CKOPOCTh JJIEKTPOMAarHUTHBIX BOJH B Bakyyme. OnHa
HEOTPAaHUYEHHO TPUOIIIKAETCS K CKOpocTh cBeTa. [lomyuunscs HeoXuIaHHBINA
pe3yJIbTaT, CKOPOCTh AJIEKTPOMArHWTHOM BOJIHBI C Y4YaCTHEM B 00pasyrouieil
AJIEKTPOHA, MPU PaHre MYJBTHUIONSA, CTPEMAIIEMCS K OECKOHEYHOCTH, OKa3ajlach
PAaBHOM OJHOM IISITOM CKOPOCTH CBETA. JTO TOBOPUT O TOM, YTO Yy DJIEMEHTOB
Tabnuipl MeHeneeBa HauuMHasg C I[JIaBHOTO KBAaHTOBOTO Yucia, paBHoro 20
OTHOCHUTENbHASA CKOPOCTh CBETAa HAYMHAET YMEHBIIATHCS B LIECTOM 3HAKE IMOCIIE
3ansatol. Ho anemeHnToB Tabnuusl MeHeneeBa npu INIaBHOM KBAaHTOBOM YHCIIE,
paBHOM 20, He cymecTByeT. HO MpOTOH MMEET paHr 4acTul] BaKyyma, paBHbIN 2.

[Ipy 5TOM MakCcUMallbHAsi CKOPOCTh CPEAbl B IPOTOHE PABHA IIPU MCIIOJIb30BaHUU



o C u
CBOMCTB 4aCTHI] BaKyyMma B (U3MUECKUX Mporeccax ——2 = —2— = (0.802;u,, =1.34.

¢ J1+ug,

Ha camom pnene ompejneneHa yeTblpexMepHasi CKOpocTh u =0.25. TpexmepHas

CKOpPOCTH paBHa L 0802 =0.194.

¢ Al+u’

Breruuciaum AUDJICKTPHUICCKYIO IMPOHUIACMOCTDL JJICMCHTAPHBLIX YaCTHI[ 110

cBoiicTBaM yacTHil Bakyyma. OHa onpenensercs mo gpopmyse

e-1 47Ne’
e+2 3m(o] -’ —ivw)

[Ipuuem mnpaBast yacTh paBeHcTBa MeHblne 1. IlpeoOpasyem sty dopmyny amns

qaCTUIl BaKyyMa

2 2 2.2
e—-1 47Ne Iy/ry 47Nc“r, >>l;l_y:c r,

€+2_3m7(a)§—a)2—iva))_3(a)§—a)2—iva)) m, &

N, — 0’ —ive)
47ch2ry

e=-2

OrpoMHasi KOHIIEHTpAIMsl YacTUIl BaKyyMa, CBs3aHHAas C Majoil Maccod 4acTuil
BaKyyMa TPHUBOAMT K OTPHUIATENBHOW JUANIEKTPUUECKOW MPOHMUIIAEMOCTU
AJIEMEHTAPHBIX 4YaCTUIl. 3aluIleM YCJIOBUE pPABHOBECHUS YAaCTHUI[ BakyymMa B
AJIEMEHTAPHBIX YaCTUIAX MPU MPUIOKEHUH TMOJOXKUTENbHOTO HampsikeHus. [Ipu
OTPULIATETILHOM HaNpsDKEHUW TepBasi Mapa W CJICAYIOIIME Mapbl CMEHAT 3HAaK U
ypaBHeHue Oyner Hew3MeHHBbIM. Eciam mone Oymer cosmaHo cdepuyeckoe, TO
AIIEKTPOHBI TOKE OYAYT pa3pyiiarbes. B ciydae moaoxuTenbHON JUAIEKTPUIECKON

npoHUIIaeMOCTH ) (PeKTa pazpylIeHus HIeMEHTApHON YacTHUIIbI HE HAOII0AaeTcs.

2 2
e e

——2+—2+€8E0 =0
nooon

e’ e’

—2——2—€€E0 =0
noon

YPaBHeHI/Ie paBHOBECHUA o6mee AJI1 TOJIOKUTCIIBHBIX M OTPUHATCIIbHBIX YaCTHIL,

OTKy1a HoJIy4aem ypaBHEHUE r=n-0. [Toyyaem PaBEHCTBO
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1 1

—_— ) =1 (——
J1+&EE,r; e ’ J1-2E,r) /e

MPOHHUIACMOCTDL ITOJIOKHUTCIIbHAA BCINMYMHA

0 =r,( -1). B cnydae eciu OUdIEKTpUUYECKas

MCHBIIC 1, 1 0COOCHHOCTHU HE

&c+2
BO3HHUKAIOT, T.C. O6paBOBaHI/IC ,I[HSHCKTPH‘ICCKOﬁ IMPOHUIIACMOCTHU n3
DJIEMEHTAPHBIX YaCTHI] 0COOEHHOCTH HE BO3HUKAIOT. HO B clly4ae 4acTHIl BaKyyMma,

AUBJICKTPUYICCKAA IIPOHUIACMOCTL pPAaBHA -2 M OCOOCHHOCTH BO3HHUKAIOT. HpI/I

yCIOBUH E, = IUI paBHOBECHUS] CHUCTEMBI HEOOXOIUMO OECKOHEUHO

29
2

YBEIIMYUBATH PA3HOCTb PACCTOSHUM MEXY YaCTULIAMU BaAKyyMa. T.€. 3JIEMEHTApHAs
yacTuna paspymaercs. IIpm 3ToM yacTHLBI IUIOTHO yIAKOBaHbI UM PACCTOSHHE
MEXJIy HHUMHM DPaBHO YABOCHHOMY ILUIEYy JUIIOIS U HUMEEM COOTHOLICHUE

5121, =4E> /e=A4l’ /rz;m_iglly8 =7.79-10""cm.  MuHUMaNbHBIH  paHT  YaCTHII

BdaKyyMa, paBCH TJIaBHOMY KBAHTOBOMY YHCIY, KOTOPOC HMMCCT MAKCUMAJIIBHOC

3HAYCHHUC, PABHOC 8. HpI/I‘{CM MAaKCHUMAJIbBHOC KOJIMYCCTBO 3HCPIUU Ha 1 I'paMM

2
e

BEIICCTBA PABHO CZ:ZI :; c*=1.16-10"erg/g=1.16-10" j/g. HazoBem
m

y8e' Ve 78e

9TOT HapamMeTp MHNpPCACIbHBIM, IO aHAJIOTHU C npez[eanoﬁ CKOPOCTBbIO T'OpPCHUA

r

e

C, = 5] c=114c. [IpenenpHass CKOPOCTb TOpPEHHsI Uil NPOTOHOB pAaBHA

78e

r
C = 5 £ —c=234c T.e. CBOOOMHBIC JIEKTPOHBI OYAYT TOPETh B MEPBYIO OYEPE/b.

78p

JIJ1s1 ee BBIYMCIICHUS HY)KHO BMECTO MACChI DJIEKTPOHA MOICTAaBUTh MacCy POTOHA,
U3MEHHTCS IJICUO0 A0S U PAJIyC IPOTOHA. DHEPrUsi aTOMHOTO B3pbIBA HA OMH
rpaMM Macchl, T.€. KBaJpaT CKOPOCTU TOpeHws, paBeH U’ =8.1-10" j/ g;U =0.0302¢
U DHEPrus TEepMOSAEpPHOM OOMOBI Ha €QUHUIY MaccChl, T.€. KBaJpaT CKOPOCTH
rOpeHus, paBHBIH U’ =7.05-10" j/g;U =88.56c. Ilomydaercs, 4TO TpH B3pPHIBE
TEpPMOSIIEpHON OOMOBI  DJIEKTPOHBI HAXOASTCS HA TpaHUIE pa3pyLICHUs.
Paspymienne  9M€KTpOHOB — TpUBEAET K  HEOOpaTHUMBIM  TOCIEICTBHIM

TEPMOSIIEPHOTO B3pbIBa M paspylleHuto armocdepbl 3emnu. Peakuus Oyner
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4C.z, 4r.cz,

JUIATBCS 7 = = cM. [1]. IIpu cymectByromen
UJI-U?/C? U\21, \1-U2, I1.c?

MOIITHOCTH SJICPHOTO B3pbIBa TepMosiIepHast peakmus JUTAJIACH
41167,

T =8.177, =16.34s;7, =25 . ATOMHBI}A B3pPBIB MO 3TOU

J7.0541-7.05-107 /1.16-10"
xe (opmyne MOMWKEH mIIUThCA 1 =159007,=15.9s;7,=10"s. Y Hero npyras

NOCTOsIHHAsI BpeMeHU. CBeueHHe OTHEHHOro 1apa JUIMTCS nopsnaka 16 cekyHn, B
o0oux ciydasx. Ho tepmosiiepHblii B3pbIB HE OJJHOPOJHBIM U COAEPKUT SHEPTUIO
Ha €JUHUILY MAacChl ropa3fo OOJBIIYIO, TIOATOMY 3HAMEHATEIb 3TOrO BBIPAXKEHUS
OJMM30K K HYNIO, U TEPMOSJIEpHAsl peakuus UIMUTCA JUINTEIbHOE BpeMs, Ooblie
16¢cek.. OTO MpUBENO K PA3MBILUICHUSAM, YTO PEAKLMS TOPEHUS MOXKET JJIUTHCS
oeckoHeuHoe Bpems. Ho MoHsTHE BpEMEHH peakUuy OTHOCUTEIBHOE, 3TO BpEMs
SPKOTO CBEUYEHMs, He Ooiiee Toro. CyliecTByeT Macca HapaMeTpoB, OMUCHIBAIOIINX
SIepHBIA B3pbIB. S BhIIEIWNI caMblil Opocaromuiicss B onucanuu. Ho 4To TOYHO,
€CJIM DHEPIUs TEPMOSAIEPHOIO B3pbIBA HA €AMHUILY MACChI, T.€. KBAAPAT CKOPOCTH
TOPEHMSI, COBIAJET C MPEAEIBHON, TO peaklus OyIeT JJINThC OECKOHEUHOE BpeMs
u Bca atMmocepa 3emnn Oyner ropeTs. BO3HHMKHET camomonaaep:KMBaromascs
TEPMOsIZIEpHAsl peaklusi, KOoTopas OyIeT NpoJouKaThbes, MOKAa BCE CBOOOJIHBIE
AJIEKTPOHBI HE cropar. [Ipudyem sHeprus TepMOsSIEpPHOrO B3pbIBA, UM CKOPOCTH

TOPEHMS, COOTBETCTBYIOIIAS MTPEAEIBHON CKOpPOCTH roperus U =C, =114c TpyaHO
JOCTHXXMMas ¥ MOXKHO TOJIbKO K Hel npubmmkarsca. Ecnm Bemosnsercs U =C,,

TO CTOPAT U IPOTOHBI, T.C. CIrOPAT BCC 3JICMCHTEIL Ta6J'II/II_II)I MeHz[eHeeBa. YuuteiBas

CKOPOCTb TOPEHUS IPOTOHOB, PEAKIIUsS OyAET IITUTCA

SCeCpTo 4Ceffr0
T= = =
U\C2+C2\1-U*/14C2~U* 14C2 U\1-U*/C:

eff
2C.C
=——_=202.6,C,<C,, <C,

=10.177, =20.34s;
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BblunciuM  eme OJHO CBOMCTBO 3J€MEHTapHbIX vacTull. Okas3aioch, 4YTO
OCTAaTOYHOE HAMNpPSKEHUE MATHUTHOIO IOJIA B JJEMEHTAPHBIX YAaCTULAX HMMEET
orpoMHoe 3HaudeHue. [loacuuTaeM OTHOILIEHHE HHEPruM MAarHUTHOIO TOJIA K
DHEPrUu TEMIIEpPaATyphl, cM. [2], [3]

x—MB— eh Z_yi_
kT 2myc r, kT

910 peaKkuus OI(HOﬁ YaCTHUllbl BaKyyMa Ha MAarHumTHOC IIOJIC. Fz(e BbIYM CJINJIN

o o eh /
MarHuTHBIM MOMEHT OJHOU YaCTHUIbI BaKyyma Pyt HCIIONB3YS 3aPSl g = e[|~ H
mc

p
Maccy m,. OAHOM 4acTuipl Bakyyma. Ilpnm 5TOM HCHONB3yeTCs TeMmeparypa

4yacTHIl Bakyyma. B pesynbrare mnosydarcs IapaMeTpbl YacTHL BaKyyMa.

2.2

OrHourenne —— = —"- cm. [2]. [Tosryunm orpoMHOe 3HaYEHHE BENTUYNHBI X YaCTHLL

I’I”I}, e

BaKyyMa, HaXOOsAINXCA B BHCMCHTapHOﬁ qaCTHUIIC.

OmnuiieM BBIBOJ KOJUYECTBEHHOUM Teopun deppomareTusma Beiicca cM. [3]
§79. B MarHMTHOM IOJI€ BO3MOKHBI TOJBKO JIBa HAIMPABICHHUS MAarHUTHOTO
MOMEHTa, TMAapajuleIbHO TMOJI0 W aHTUIAPAJUIENbHO. 3HAYUT  HMEEM
N, =Cexpk);N, =Cexptx). T'me semmumnsl N,,/=12  xonuenrparms
AJIEMEHTAPHBIX YaCTHUILl, OPUEHTUPOBAHHBIX IO TOJIK0 U aHTUNAPAJUIEIBHBIX IOJIO.
Hopmuposounas KOHCTaHTa C ONPECIIUTCS u3 yCIOBUSA
N=N, + N, =(Jexpk)+expEx)]. Jng HaMarHUUMBaHUA CAMHHIEI 00beMa

noJiyyaem

— — [
I=(N, - Ny)M = NM SR = XD _ gy Nem (e
exp(x) + exp(—x) 2m ¢\ r,
YacTuibl BakyyMa B OJJEMEHTApHBIX YacTHUIAX HMEIOT OOJbLIOC 3HAUYCHHUE
napamMeTpa X U 1noJy4acTcs CI)OpMYJ'Ia HAaCbIIMICHUA MAardHuTHOI'O ITIOJA AJISA 4aCTHI

BaKyyMa B 3JICMCHTAPHBIX YaCTULIAX C OTPOMHBIM MAaIrHUTHBIM IIOJICM



;- _ Nen |1, _ ph | Ty :3m4c3
’ 2m,c\r, 2m,\m, 4’
divB = ph = ph

O6pa3yeTc;1 MarHuTHBIN MOHOIIOJIb, C OTPOMHBIM OCTATOYHBIM MAIHUTHBIM II0JICM,
KOTOPOT'O TaK O0JITO HCKAJIN (1)I/IBI/IKI/I, " OKa3aJIOCh, YTO 3JICMCHTAPHBIC YaCTUIIBI €T0

obpasytor. Jlns mojacuera moas  AIEMEHTApHOW YaCTHUIIBI, HAIO IOJIE YaCTHIIhI

BaKyyMa yMHOKHTb Ha BEIMUUHY (m,, /m)’'*, TIOTydnuM

leB = dl‘vjx = ph = h 5()(:1 — xl() )5()(:2 - xg )5(.X3 - X;)) =
2m mr, 2 mr,

1

137emb;!
=0, =4,6(x, = x)3(x, =x])3(x, =) )sq, =31 =[(

2mﬁ

2 L

)k e ]k+1
2

Pl

2
e
2

mc

1
k+1
137emy,
L
k+1

Bennunna Q, okaszanach paBHOM ILIOTHOCTH 3apsifa, a BEIMYMHA ¢, =

2m
HMEET pa3sMEPHOCTH 3apsiaia, rae BEINYNHA k sto paHT MYJIbTHUIIOJIS, WJIM TJIaBHOE
KBAHTOBOC 4YHCIIO. KHaCCI/I‘ICCKI/Iﬁ npeaci il BCIIMYUMHBI MATHUTHOTO 3apsia

137e
2

OOoIbIION paHr MYJIbTHUIIONA WU 00JBIIOC TJIABHOE KBAHTOBOE YHCIIO q, =

DTOT MOHONOJb HE CO31aCT MArHUTHOC II0JIC, TAK KaK AP0 aTOMa HCIIOABHIKHOC

cm q.,.m, em Em

e . e

V= ,H = 5 = : = <. HOHC ;mpa KIIACCHUUYCCKOC.
137mp 2-137r m, 2r m, 2m

p

Hcnonp3yercs [ CKOPOCTU IBUKEHUS BO3MYIICHUS CPEAHUN KBaJApaT dTOU
CKOPOCTH, KOTOpPBIA pPaBEH CKOPOCTH CBeTa. Bakyym COCTOMT W3 [HUMOJIEH,

00pa30BaHHBIX YaCTHUIEH U aHTUYACTHIIEH ¢ Maccol [1maHka.

[Ipu 3TOM 3Ta yacTulla HE CTa0UIIbHA, KaK U MO3UTPOHUH, YTO CIEAYET U3
€ro OMHUCaHMUs KaK BOJOPOJIONOJOOHON CUCTEMBI, COCTOSIICH U3 DJIEKTPOHA U €0

aHTUYaCTULBI, MO3UuTpoHa. Ho mpu sHeprum yactunsl ¢ Maccou Ilnanka, paBHOU

77 o
4.54-10"'erg, sra wyacTMna SABIAETCA CTAOMIBHOM. Ta OSHEPrUsS YaCTHIIBI
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COOTBCTCTBYCT COJIMKCHHIO JaCTuibl MW AaHTHUYAaCTHOBI MacCChbl I[Inanka wu

00pa30BaHMIO AHUTIOJS.

[Tpu >TOM 3Heprust 3TOW YACTHUIBI U3MEHUTCS, OMpENeNssich mo Gopmyie

2
e’l, /[r — (r,V)/c]’ BMECTO BETMYMHBI € /F, Cle/IOBATENbHO, BOMHOBas QyHKIMs

ATOM YaCTHUII UBMEHUTCS U, Cy[sl IO YHEPTUM MOKOS 3TOM YaCTHUIIbI, OHA B 3TOM
cily4ae sABisieTcsl cTa0mibHOU yactuuen. [Ipu 3ToM BosiHOBasg (GyHKIHS Bakyyma
Oyner NpeACTaBlIATh OJHY 4YACTHUIly C Majoll Maccoil, OmNpeaerIeHHON U3

JaNbHEAKMX onucanuii. BO3MOXKeH npeesbHblii nepexo npu ycnosuu [, — 0, B

OTJIMIHNC OT SHCPTHUU IJICKTPOHA, Y KOTOPOI'o paanyC KOHCUYCH.

HcToyrnkoM Macchl YaCTUIBI M aHTUYACTHUIILI ¢ Maccoil [ ltanka aBisieTcs ero

3JIeKTpUYECKas SHEPIus, paBHasd myc’ =e’/ Ty

IIpenmnonaraercs, 4To 3a OCHOBY TEOPHUH YACTHUI] BAKyyMa B3sITa DJIEMEHTAapHAs
4acTula, OJJIEKTpOH. Ho OH He ONnuChIBaeT IOJHBIM CIEKTP U3Iy4CHUs
JJIEKTPOMAarHUTHBIX BOJIH. CymecTByrOT KOCMHYECKOE U3JIly4cHUe
AIIEKTPOMArHUTHBIX BOJH, ()OTOHBI KOTOPHIX HMMEIOT BHEPruto 102.8. s
OINMCaHMs TaKUX DHEPrUd HAJO0 UCIIOIb30BAaTh BMECTO MACCHI DJIEKTPOHA, HAIEU

obnactu mpocTtpaHcTBa, Maccy [lmanka. Torga MakcumanbHash SHEprus paBHA

mpze4 mpzcz 5427 2
= = 5 =13.6-1.1-10 /0.9/4137=1.42-10"2B. Ilapametpsl Ilnanka

E 2
4t 4137

U3BECTHBI C TOYHOCTBIO 10 KO3 (uUIMEHTa NpONopLUUOHAIBHOCTH. [IpaBuibHOE
3Ha4YEeHUE NMOCTOAHHOMU [ [nanka Hano pasnenuTs Ha KOpeHs u3 137. B ciyyae teopun
4acTUI] BaKyyMa HaJ0 BMECTO MAacChl JJIEKTPOHA MCIOJIb30BaTh Maccy Ilnanka.

Torma macca 2JIEKTpOHA CpaBHAETCS C 3apsAIOM DJIEKTPOHA B OJMHAKOBBIX
€AUHULIAX mP,«/szfhc/ 137=e w Oyayr wurpatb CYLIECTBEHHYIO PpOJb

T'paBUTAOIMOHHOC II0JIC B MHKPOMHUPCEC. CYH_ICCTByeT qacTuoa M aHTH4YacThuha C

maccoi [agka.
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CymecTByeT u Jpyroe oOOCHOBaHHE HEOOXOAMMOCTH Iepexoja K Maccam
[TImanka cm. [10]. JleficTByromas cuia cO CTOPOHBI spa Ha YAaCTUIIBI BaKyyMa,
oOpa3syromue 3JIeKTpoH, O00bIe COOCTBEHHONW CHJIBI YaCTHIIBI BaKyyma B Clydae
€ClIi WCIMOJh30BaTh B YACTHIIAX BaKyyMa MacCy JJIEKTpOHA W MEHbIIE, €CIU
UCIONIb30BaTh Maccy Ilmanka. Ecnm ucmosb3oBaTh 3JIEKTPOH W TO3UTPOH B
KayeCcTBE YACTHUIIBI BaKyyma, TO IOJA JCHCTBHEM sjipa CBOWCTBA JJIEKTPOHA

HU3MCHATCA U CIICKTP aTOMaA BOJA0pOda 6yz[eT HCKaXXCH.

Ilo mMepe yMmeHbIIEHHS MOTEHUHAIBHOW JHEPIUM HTOM YacCTULBI, YacTULA U
aHTH4acThia ¢ Maccoil Ilnanka cOmmKaroTCsA Ha pacCTOSHUE MEHBLIE MX pajnyca
¥p, KOMIICHCUPYS 3apsifibl, 00pa3ys Aumnoib. [lo MopsaKy BEIMUYUHBI, 3Ty CBSI3b

MO>KHO 3aIIMCaTh B BUJIC m}/cz = ezly /r g2 . DHeprus 3TOro IUIOJIS ONPEIENACTCS 10

bopmyie

[Ipu 5TOM BOJTHOBBIE (PYHKITMH 3apsAI0B MIEPECEKAIOTCS, HO MEXAY UX LIEHTPaMU

CCTb PACCTOAHHUC 17 . HpI/I PaCcCMOTPCHUUN BBaHMOHCﬁCTBHH ITOJIOKUTCIILHOT'O

3apsaa € OUIIOJICM, 3apiad KOTOpPOro J3KBUBAJICHTCH OTpULOATCIBHOMY, H

MPUTATUBACTCA K ITOJIOKHUTCIBHOMY 3apsaay U UMCEEM HCPABCHCTBO Vg_ >Vg+, T.C.

BCIIMYWHA OHCPIrUU B HpaBOﬁ YaCTH  pPAaBCHCTBA  ITIOJIOKHUTCIIbHA. HpI/I

BBaHMOHeﬁCTBHH C OTpUIATCIIbHBIM 3apsAA0M, AWUIIOJIb CTAHOBUTCS ITOJIOKHUTCIICH,

NPUOIMIKACTCSA K OTPULIATEILHOMY 3apsily, M 3HAUHUT, UMCEM HEPABEHCTBO 7, >, .

r.—r /
2 2 1 1 2 g+ g— 2 V4
moe - =elU, =e’ (—-——)=e ————=e —

g Tes Fo Tt Ty

)
HpI/I 9TOM SHCPIuA JUIIOJIA OTPHUIATCIIbHA, TaAK KAK CIIPAaBCAJINBO mvc2 —e? L =0

T

[
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Bennuuny r, =7, HazoBeM 00pasyromyM paguycom aunonsd. B ciydae atoma

BOJIOpOAa 0O0pasyloUIuii pagnyc COCTOUT M3 JABYX pPa3HbIX AWUIOJEH, JUIIOJNS,

oOpasytomiero Maccoil [lmanka m numons oOpas3yrollero 4acTHI[AMU Bakyyma C
maccor Ilnanka. Cpennuit 5bQEeKTHBHBIN paguyc QU0 PABEH r, =, [ra, , TOE Gy

ato paauyc bopa. I[lo o6pasytoumemy paguycy [AUMONS — ONPEEIsIOTCs

s pekTHUBHBIE CBOKCTBA YacTHI] BakyyMa 1o gopmyiam (7),(9).

OOBACHUTD BBEACHHE OOPA3yIOIIEro paguyca YacTUIBl BaKyyMa MOXHO
cienyromuM obpaszom. dopmyna Uil NOTEHIMATIa MYJIbTHUIOJBHOIO MOMEHTa

AMEET BU

271k

Uel

k k+1

P (cosy).

[Tpu ycnoBuu k =0 3Ta popMyIia ONMUCHIBAET AIEKTPOMArHUTHOE B3aUMOICHCTBUE

qacTHUObl W aHTHU4YaCTHIBI. Ona sBnseTcs 4YiIeHaAMU Pas3JIOKCHUA IMOTCHIMAIA

ﬁ ZO L Reosy).

(I’OpMy.TIa JJIs1 BBaHMOHCﬁCTBHH ABYX OAMHAKOBBIX MYHBTHHOHCﬁ NMCCT BHU

27k
e’l
Uy :_Rk+1 \/Pk (cos ;) F,(cos z,)
0

B cnyuae yactuilbl BakyyMa B aTOME OKPYKHOCTb, B KOTOPOW PaCIOI0XKEHBI 3TH
yIJIbl I€NUTCA Ha k 4dactel. [Inmomanp KakaoW 4acTH COCTABISACT 1/k* IUIOMIAIA
cheprl. Mtoro mmeem 3HEPru0 B3aUMOJEHCTBYIOLIMX YACTHUIl Bakyyma Haao

YMHOXXUTh Ha BEJIWYUHY 1/k*. 3HAa4YuUT, HMMEEM 3HayeHUE MoTeHuuana (

JB(cos 1) P, (c0s ) =ki2)

Breruuciaum CpCAHCC 3HAYCHUC MACChl YaCTHUIl BAKyyMad, YUYHUTbBIBAsA BCCOBYIO

(GYHKITUIO KaXI0W YaCTHIIBI JIJIs1 TPOM3BOJIBHOTO TIPOU3BOIAIIETO paanyca
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x
. 2
e’l* m;,kcz mPl(_l'Dydk/’DPl) ¢

szém__ 2 - i
1

[ 4k
10° — (=ip 7/ k/pPl)

—_ 2 = — 2 =
Ulc mPl; ( lpj/dk/pPl) pe ,

=107"(3.398 - 2.434i)

OTKyzaa MOKHO BBIYUCIUTh pa3Mep CyMMAapHbIX YaCTULl BAKyyMa

1 1

k

0

ezl
/17 =Z me’k’r

k=1

i e’ Z‘O: (-ip,d, /ppz)2 4
=1

2 2
7,( mec” o mc

2
=2 _107%(1.808 — 1.827i)cm
mc

FI[C OHCPTIUA Uk COOTBCTCTBYCT HOJIM SHCPTUU IJICKTPOHA B IIOJIC AApPad aTOMaA.

[Tpuyem 3TO cnpaBeAJIMBO HE TOJIBKO I JIEKTPOHOB B BAKyyMY, 3TO OOIIHNA

KOA(PGUIIUEHT, YUUTHIBAIOIINH OJII0 YACTUIl BaKyyMa C PaHTOM k

Onucanue  MyJIbTUNONS € OPUOTMKEHHOM  MOTEHUMUATBLHOM  SHEprui

ezlf e2 l

7 \k
W:E(Cl_) , MOXHO IIpEICTaBUTb, KaK BEIMYHUHY 3apsiana e,/(,/a,)"
0

QJICKTpPOHA, BpallArOUmICTOCA B IIOJIC AApa € TCM IXKC 3apsAaoM. Pa,III/ch rBa

COOTBETCTBYIOIIMY paauycy bopa, moJydeHHBIN pelIeHneM I aToOMa BOJOPOJa €

TaKUM 3apsAIoM e, /a,) a1npa U 3IIEKTPOHA, paBeH
h2 m a m
ry = — = ( =137%r, (-2 —% . OrKky#aa OSHeprus 4YacTHIIBI
mpe’ m, mpe’ " me Ly m,
2 27k 2
e el m, mc

BAKyyMa, paBHa rae ucnons3dyem (popmymy (10)

Kry, 137K,k m, 137k

I

k+1 9
i=—2ry+, rre oO0pasyrommii paguyc DJIEKTPOHOB B aTOME BOJIOPONa paBeH
m, e
7k
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CpeIHEMY TIE€OMETPUYECKOMY MEXAy paguycoM bopa d; U 3IEKTpUYECKUM

1
paguycoMm maccel Ilnanka 7p, , T.€. r, = (agry)*.

HOTCHHI/IaHBHaH OHCPIUA OUIIOJIA C BPpAITAOIUMCH ITINICUOM OIIPCACIIACTCA I10

bopmyre

E = \/ezlexp(ie)ezlexp(—ie) _e?l

r2 r2 r2
[TpencTapisis yroil B 9KCIIOHCHIIMAILHON (hOpMe MOTYyIUM SHEPTHIO TATIOJS.

OHpeI[eHI/IM pasMCp MYJIbTHUIIOJIA. HaHpH)KeHHOCTB IMoJII MYJIBTHUIIONA YaCTHUIIbI

—(k+1)el
BaKyymMa paBHa :W. DJeKTpOMarHUTHAsl Macca MYJBTHIIONS paBHA
Vi
m c’ :T 8—4727"2dr . 3HaUEHKE DJICKTPOMATHUTHOM MacChl JJIEKTPOHA
o 8
= (k41 e
me’ =] ;(H)ﬁ[(;ﬁ LAY = 2iA(r +id) = A dr =
REDEEA 1 N 2i) . CONT
2 Qk + D)+ 2k +2)r+i)*  Qk+3)r+id) "
e+ 1 1 e’ (k+1I}

— + =
24 2k +1 k+1 2k+3 2(4) 2k + D2k +3)

3HaueHue C-)JICKTpOMaFHPITHOﬁ MacCChl 4aCTUIIbI BAKyyMa MHUMOC, KaK 3TO CJIICAYCT

u3 popmyisl (6). [Ipu 3TOM pasmep yacTuibl Bakyyma orpezaensercs no Gopmyie

ezl;{k(k'i‘l) L . rkﬂl;(k-i-l) L .
/11( — : ]2k+1/l:[ 4 ]2k+l/l (4)
2m ¢’ (2k +1)(2k +3) 202k +1)(2k +3)

Pa3mep vacTuibl BaKyyMa KOMIUIEKCHBIN, YTO O3HAYaeT KoJieOaHUE WM BpAILlEHHE
C AMIUIMTYIOW, PaBHOM MHHUMOM 4acTu paszmepa. [lomydeH HOBBIM pe3yJbTar,
JIEKTPOMArHUTHBIN pa3Mep 4aCTHUIBI BAKYYMa 3aBUCUT OT HOBOM KOHCTAHTBI, IJIeYa

MYIJIbTHUIIOJIA.
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I'ne xommnekcHas BenuuuHa [, cumraerca mo Qopmyne (9), ¥ chpasennuBa

1
Gopmyna nns obpasyromen r, = (ayry)* !, TA€ BMECTO @, UCIIOJB3YETCS BEIMYUHA

pannyca bopa, wim pammyc KBapka, uiau paauyc wmaccel I[lmanka. Moxer
ONPENETATHCSA PAJINYCOM YaCTHIlA WK aHTHYacThla. [Ipu ynpoiieHun BeIpaxeHust

JUTSl painiyca YacTUILIbl UCTIOb30Banack popmyna (4). [Ipu ycnosuu k =0 nomyyaem

2
o e
pajyC PaBHBIH ~———. Mopynb 3TOro pajinyca MeHbIIe IPaHUIIbl IPUMEHUMOCTH
Pl

DJIEKTPOAUHAMUKHI s yactual, ¢ maccou Ilmanmka. Ho B komiuiekcHoU

2
Mp,C

IIJIOCKOCTH 3JICKTPOAHMHAMHUKA OCTACTCsA CHpaBeI[HI/IBOf/'I, 0COOEHHOCTh IIoTCHOMaIa

YCTpaHSETCs.

Ceuenue O6p&30B3BIHCﬁCH JaCTHUObI BaAKyyMa B CUCTEMC ICHTPA HHCPLIUN
Impu O6paBOBaHI/II/I AUIIOJIA, CO CPCAHUM PACCTOAHUCM MCKAY YaCTULIAMU, PABHBIM

BCINYHUHC l}, , COCTOAIICTO K3 4YaCcTHObl M aAHTH4YAaCTHUIBI C maccou Ilnanka

«pammycar r, =13510>%m, paBHO 110 TIOPSIAKY BEIMYHHbI

o=r4.

O cedyeHue oOpa3oBaHUs TMapbl YacTUIlA aHTHYACTHIA ¢ Maccor [lmanka B Bume
MyJIBTUNIONSA. B KBaHTOBOW MeXaHWKE HCIOJIb3yeTcs BenudnHa 3()(PEeKTHBHOTO
CE€UCHUsl do , KOTOPOE 3aBUCUT OT YIJIOB, SHEPTUM MACChl U MPOYUX CBOMCTBAX
gacturl. [IpomnTerpupoBanHoe 3HaueHWe OS(OPEKTUBHOTO  CEUEHUS IS
AJIEMEHTAPHBIX YAaCTULL SIBJIIETCA OAHUM YMCIIOM B HE PEISATUBUCTCKOM Cllydae, a He

dbynaknuei. Tak MOTHOE CeYEHUE YIPYTroTro PacCesTHUS PAaBHO
4 & .
a:k—zz (21 +1)sin’ &,
1=0

HapHI/IaJILHOC CCUCHHUC pACCCAHUA IPCACTABIIICTCA KAXKABIM YJICHOM ATOM CYMMEI.
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B YIABTPAPCIIATUBUCTCKOM CJIYHAC ITOABJICTCA 3aBUCHMOCTL CCUCHUA OT

OHCPIrUK B CJIydac JJICMCHTAPHBIX YaCTHII. MHUMBIN pPa3MCp 4aCTHLl BaKyyMa,

MHOT'O OOJIBIINHI TIIeUa MYJIbTHUIIOJIA l;k HHUBCIIHUPYCT AUIIOJIBHBIC 1 MYJIBTUIIOJIbHBIC

CBOMCTBa 4YacTHI] BaKyyMa, IpeBpallas HUX B [IAPUKH C MHUMBIM paguyCcoOM,
XapaKkTEepU3yOIIUX MX KoJjeOuomuecss cBoicTBa. B ciyudae uactuil BakyyMa,
KOMIUIEKCHOE 3HAUY€HUE CEUYEHMsI OINMCHIBACT KOJIEOMIOIIYIOCS BEJIWYUHY, YTO
CBOICTBEHHO YacTUIIaM BakKyyMa W HE OTpPaK€HHO B 3(()EKTHBHOM CEYEHUU
JIEMEHTAPHBIX YacTHLl. TeopuM ONHCHIBAIOIIEH CEYEHHE PACCESIHUS YaCTHULL
BaKyyMa HE CYILECTBYET, MO3TOMY HCIIOJNb3yeM IEepBOE MPUOIMKEHHE B BHUJEC
KOMIUIEKCHOTO pa3Mepa, KOTopoe paboTaeT B Cllydae HEPENATUBUCTCKUX YACTHII.
Ho sTo mepBoe npuOiIMkeHHe SBISETCS JOCTATOYHBIM JUUISl ONMCAHUS CBOWCTB
YaCTHIl BAaKyyMa II0 KJIACCUYECKUM 3aKOHAM B KOMIUIEKCHOM ITPOCTPAHCTBE CM.

KOMMEHTApUH Ha CTp. 5.

PenstuBucrckas (I)OpMYJIa pacCeiHuA 3JICKTPOHOB U IIO3UTPOHOB Ha JJICKTPOHC

NMCCT BU/J

2
e

2
mc

2 4 2 2 2,\2 4 3 p2c2 4
dG:rznzc(g tpc) - + 1+ dQ,r, =
¢ 4picte? [sin4 @ sin* 6 (82 +p202) ( sin’ 49)] ¢

HpI/I PEIATUBHUCTCKUX CKOPOCTAX IJIOMIA/Ib CCUCHUSA PACCCAHNA CTPCMHUTCA K MaJiou
BCIIMYUHE, TaK KaK HMCCTCA IHUCIICPCUSA CKOPOCTH. HpI/I MaJIbIX CKOPOCTAX
CTPCMUTCA K OOIBIION BCJIMYMHC, TaK KaK HWMCCTCA JHUCICPCUA CKOPOCTH.
Cpez[HeKBaz(paTHque OTKJIOHCHHUC CKOPOCTH, 3TO MHHMAA YaCTb CKOPOCTH.
NMeeTcss KOMIJIEKCHOE 3(1)(1)CKTI/IBHOC SHAUYCHUC paanuycCa 3JICKTPOHA4, KOTOPOC
coBIIagacT C BBIYMCJICHHBIM KOMIIJICKCHBIM PaanyCOM 3JICKTPOHA (4) H KOTOPOC
COOTBCTCTBYCT YCPCIAHCHUIO (I)OpMy.TIBI M1 CCUYCHUA PACCCAHUA B KOMIIJICKCHOM
IMPOCTPAHCTBC. vy UMITyJIbCa MHHMOC CPCIHCKBAAPATHUYHOC OTKJIOHCHHE MIC,

mict4e?

c de/me* =1.

YYMUTBIBAsE MOJYJIb UMITYJIbCA, IIOJIYYUM _[

mc

4g
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[apamerpsr [,  ompememutcs w3 ¢opmynst  (8),  mapamerp

2
r, = ° ~=1.35-10"*¢m , IPUYEM OTU TMApPaMETPhl BBIYMCICHBI B CIly4ae MacChl
m._=c
w

ITnanka. B sTom ciyuwae m,, =m,,; paBHo macce Ilnanka.

2

Iapamerpst [, onpenenurcs u3 dopmyist (9), napamerp r, = me —, IPHYEM

KUC

9THU IApaMCTPbl BBIYUCIICHBI B CJIy4dac 3JICKTPOH, HOBHTpOHHOﬁ Imaphl. B sTtom

Cllydae M, =M, PaBHO MACCE DIIEKTPOHA WIIU MTO3UTPOHA.

3HayeHUEe KOHIEHTPALUU OIpEesieM TIOCI€ BBIYUCICHUS MAacChl YaCTHIIbI
Bakyyma m, . Kpome TOro, Hy)XHO OHPEJICIUTb PACCTOSHUS MEXIY YaCTHLCH U
aHTMYacTHIEd ¢ Mmaccod Ilmamka B cocTaBe wyacTulbl Bakyyma [,

9HCKTpOMaFHHTHBIﬁ paanyc MacCCHhI IInanka PaBCH 3HA4YCHHIO

=r, =h/13Tmpc =1, /N137.

Tw

_ 1 _ m},kC _ m},kC _ p},
420 6\27AiN

2 m.
_ dk (},ykJrll;c ) 2k+1 i e

_ k+D) o
4 = 6ﬁﬁ[2(2k+1)(2k+3)] i, =62r

n

Otkyna umeeM

k
2k+1 m

( C ) 2k 7k =] (5)
_pylhdk I,T

HpI/I 9TOM MOKHO OIIPCACIUTb MACCY YaCTUIbI BaKyyMad, M 3HAYUT

BEJIMYMHY pa3Mepa MyJIbTUIIONS, 00pa3yIoIEro YacTUIly BaKkyyma

m.c’=e'll [r" (6)

Ioxcrassist B (6) 3HAYCHHE [, TMOTyYMM BEIMYUHY MACCHI YaCTHIIBI BaKyyMa m,
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.42 1
137ip r'c™d, —
.3, ho1/2 vy k4
m =(=ip r>d, —) " (- )=
Yk vy k., o2
4
3 172, BT4GE, ﬁ %+ﬁ Ry
_(_ . A A — _ —}7 k
=( 137lp;/rymPldk) ( z ) mPl( lp;/dk/pPl) (RyOk) (7)
em

R N 2, _, _ |16 _ | he _137¢°
Ppr ="p1" 1" em =" p1€ Ty Tipr T 13703’m” B 137G”0PL_ hG?2

OTMeTHM 4YTO MJIOTHOCTh BaKyyMa BXOJIUT B ()OPMYJIbI C OTPULIATEILHON MHUMOMN
EAVHMIICH. DTO O3HA4aeT, 4TO IUIOTHOCTh BAaKyyMa - 3TO CPEIHEKBAIPaTUYHOE
OTKJIOHEHHE TUIOTHOCTH IPHU CPEAHEM HYJIEBOM 3Ha4€HHHU. [ [1OTHOCTH Bakyyma He

MOCTOSTHHAS, a KOJIEONETCsl OTHOCUTENBHO HYyJIeBOTro 3HaueHus. [lpu ycnoBuu £ =1

¢daza maccel dYacTUIBI BaKyymMa paBHa argm, ==37/8. llpu ycnoBuu

CYMMHPOBaHHUSI C BECOM JACTHI] BaKyyMa MOJTydaeM
> —Im(/m

1/ mz=2 1/ mﬁk2;¥=2.414. D10 3HaueHHWe (a3bl YACTHUIBI BaKyyma
pan Re(l/my)

oOecreunBaeT OTHOIIIEHHE MHUMOM U IeWCTBUTEIBHON YaCTH MacChl paBHOE 2.414,
IIPU DKCIEPUMEHTAIBHOM 3HaueHuu 2.55. [IpuuemM OCHOBHOM BKJIaJ B CYMMAapHYIO

Maccy BHOCHUT YacTUIa BaKyyMa 00pa3yrolas TUIoib.

Macca JaCcTUbl BAdKyyMad KOMIUICKCHAA, 9YTO OIIMCbIBACT TCMHYIO OSHCPIrHUIO H

TCMHYIO MaTCpPHUIO.

Kak nmposiBUIIM 3KCIEPUMEHTHI C BBIYUCICHUEM MACC AJIEMEHTAPHBIX YaCTHUIl U
MAarHUTHBIX MOMEHTOB 3JIEMEHTAPHBIX YACTHUI[ YACTHUIbl BaKyyMa HUMEIOT Pa3HYyIO
Maccy B BaKyyMe M B cpezie 3JeMeHTapHbIX yactuil cM. [11], [12]. Kak okazanocs,
IJIOTHOCTh BaKyyMa, BXOJsIas B MacCy W pa3Mep 4YacTUIl BaKyyma paBHa

o, =1.8148-10"°g/cm’ W 9Ta BemuunHa OOJIbIIE KPUTHYCCKON IUIOTHOCTH BaKyyMa
p, = 10 g/cm’, 3HAUNT KPUBU3HA MMPOCTPAHCTBA MOJIOKHUTEIBHAS M CIPABE/IIMBA

3aKphITas MOZAENb BCeleHHOM.

I110THOCTE Bakyyma B IIEPBOM IMOPSAJIKE MAJIOCTH MEHSETCS IO 3aKOHY
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2 2
2n[ln(2n+12)+1]1n4+7z (3p+1/2) N
(2n+1) n’(2n+1)

+l,27r(p+l/2) 1+ln(22n+l)+11n4]}
2n+1 n"(2n+1)

P, ! P =eXpi—

Ho BHYTPH 3JICMCHTAPHBIX HACTHUI[ MACChI 7/ INNIOTHOCTb BAKyyMa HAJ10 3aMCHUTH

2 1

2
e e
-) ——17", rae BenuunHa

Ha IUIOTHOCTh MaTePHAIbHBIX YaCTHIl p, = ——;7,. =[(
mc” mpycC

m
l"mq
q nojryneiias. MarsuTHBIA MOMEHT QJICMCHTAPHBIX 9aCTUIl TPABUIJIBHO CHUTACTCA C

TaKoOM MIOTHOCTHIO cM. [12].

Ho u3meHeHne Maccel 4acTHI] BaKyyMa IMPOUCXOAUT OJJHOBPEMEHHO C U3MEHEHUEM
pasMepa 4YacThll Bakyyma. Tak YTO 3TO HM3MEHEHHE Ha CBA3b C KBaHTOBOM
MEXaHUKOW He BAUAIOT. OT 3TUX W3MEHEHUU 3aBHUCIT (HOPMYJIBI, HCTIOIB3YIOIINAE

7100 TOJIBKO Maccy, JIMOO TOIBKO pa3Mep YacTHIl BAKyyMa.

Ho kak oOecrneunBaercss mnpeoOiajaHue TEMHOM MaTepud Haja TEMHON
’HEpruerd m HaobopoT. B3zanmMozeiicTBue AUMNOJISA ¢ MYJIBTHIONEM OMNpPENeseTcs
paBeHcTBOoM  Mymy, exXpl@ +ig,) =mm[cos@ +¢,)+ising +¢,)]. Muumas gacTs
B3aMMOJCHCTBHUS KoMIeHcupyercs. Ecmu B gaHHOM o0nacTd mpOCTpaHCTBA

<@, >=0, 10 npeo0amaeT TeMHas MaTepus MM, COSH W Chiia B3aUMOJACHCTBUS
TIOJIOKUTENbHASA, pealu3yerca rpasuranus. Bciu cnpasemmBo <@, >=/2 10

Hpeo6naﬂaeT TEMHas dDHeprus —+mm, Sin(ﬂl Y CUJIa B3aUMOJICMCTBUS OTPULIATEIIbHAS,

PCAIN3YCTCA aHTUT'PABUTALIUA. CooTHOIIIeHHUE MCIKAY HUMHU COXPAHACTCA.

YacTtuiel Bakyyma 00J1ajal0T BCEMH CBOMCTBAMU TEMHOM SHEPTUM U TEMHOU
maTepuu. VX TIOTHOCTH B CBOOOJHOM IIPOCTPAHCTBE MOCTOSIHHA. DTO CBSI3aHO C
TE€M, YTO YacTHULBl BakyymMa IpU OOJBIIMX PACCTOSHHUIAX MEXKIYy HUMHU
paCTAJIKUBAIOTCA M3-3a MHHMMOM Maccel. lIpu MasbIX pacCTOSHHUAX MEKILY
JTUTIOJSIMA, MEKly HUMU JIEUCTBYIOT JIEKTPUUYECKUE CUIIbL. | paHuIia onpenensercs
m;G _ ezly exp(-r/a,)

2 3
r r

N3 paBCHCTBA . FpaHHque pacCTodHnC, HaYMHAasA C KOTOPOIo
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I'paBUTAIMOHHBIC CHJIbI 6y,ZIYT OoJIbIIIe SJICKTPOMAIrHUTHBIX CHJI

6217 czry2
=a,ln
2
e e’l,
a,m,Gln 5

aym,G

r=a,ln =169.5a,. OTO HOBBIA pe3ynbTaT, B

2
m,Ga, In

dbopMyiy BOLUIM HOBBIE KOHCTAHTBL 1oy 5rom KOHIEHTPAIS YACTHII BAKYyMa

paBHa

n=F _ P (8)

11

mp, (_ipydk /lopz)E o

FI[C L THNIOTHOCTb CHUCTCMBbI M3 JJICMCHTAPHBLIX YaCTHUI], HAIIPpUMCP, IIJIOTHOCTDH

mp,
3
0

o 3
JqaCTUullbl C MaCCOU IInanka B atome paBHa p = 4 , rae mp, Macca HHaHKa, aO

paanyc Bopa ¢ maccou Ilmanka. MHumas 4acTtb KOHIOCHTPAIWKU OIIMCBIBACT C€C
KoJicOaHHEe U B CyYMMC pPaBHA HYJIIO, TaK KaK UMCCTCA KOMIIJICKCHO-COIIPS’KCHHBIC

YJICHBI.

HpI/I 9TOM BCJIMYHHA pa3MCpa OUIIOJIA paBHA

2 2
L= c )1+i m, _ o omy cny )2—1k _
. 1 . . 2
—p,ihd, ST p,ihr,d, —p,ihr, d,
Y
137ip,r'c’d, -+t
:’”y(_ ;27 k)zk 4 _ . (9)

1 1

R
— (= Ay 32 — o2
=r,(-ip,d, | pp) E, =p,ryc’E, =€/,

Bennunna pazMepa yactuil Bakyyma paBHa

1 1

A, = r, (d, /6\/57[)1/2(—ip7dk /pPl)z(zku) 4k(2k+1) g

Nmeem CICAYIOIHNEC 3HAYCHUA IIapaMCTPOB

|-

24—
1 2 2 1 1 1 k+1
c b M, cmy, cmy 2% ) w2 Ry.k 2
) =r(ip,d/ pp) (=)
R;/Ok

~ p,itd, wh o —pir,d, - p,ilr}d,

v
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Knaccrnueckuii npeen Macchl U pasMepa 3J€MEHTapHbIX YACTHLL PAaBEH

1
3

2 1/2 _ » 2
_=( 137zpyryoompldoo) _mPl( zp}/doo/pPl)
}m

82 €2

lyw o T 2T 2

’° m__c¢” mc
lk

BhIunciInM BennuuHy ——, k > 1, koTopas notpeGyercs B JabHEHIIEM, H KOTOPAs

m
#

ABJISIETCS. NEMCTBUTENBHON BelnunHOM. CBOMCTBA Macchl U pa3Mepa MOTYT OBITh
ONpEIEIeHbl C TOYHOCTBIO JO MHOMHTENSA, HO HCIOJIb3yeMbIE€ B KBaHTOBOWU

MexaHuke napamerpsl (10) He 3aBUCIT OT 3TOTO MHOKUTEJS.

Zk csz+l I"k lk

7k /4 4 Pl
s A (10)

m, e Mmp — Mp

3
MunnmanpHas Macca 4acTHI BaKyyma PaBHA m,, = m Pl (_ip;/dl /p Pl)4 =5.06-10"¢g

3
_137¢°

MunuManbHeId  pa3sMep paBeH [, :lPl(_ipyd /pPl)4 =3.67-10" cm; p,, =

1
3

MuHuMansHOE Bpems i =tp (—ipydl /p Pl ) 4-123-10"*5.2mn napamMeTpbl MOKHO
MPUHATH KAK MUHUMaJIbHOE 3HAUYCHUE, NN KaK KBAaHT MAacCChl, pa3Mepa U BpEMCHHU.

Brrunciaum cymmapHblii MOMEHT YacTHIl BAKyyMa, BBESl CyMMapHbI MOMEHT
- KBAaHTOBO€ YHWCIIO. YpaBHEHUE OajaHca CHUJI M MOMEHTOB MpPU CyMMapHOM
KBaHTOBOM YMCJIC JIBI’KEHMM YacTHIl BaKyyma B aTOM€ IpU 0Opa30BaHUU MacChl

ITnanka. OHO UMeEET BU

m}lsz Ze2 l;{

R R \R,

m
m VR =y j(j +1) /—”‘
Mp
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OTKy,IIa BBIPpAKCHUC IS CKOPOCTHU IIOJIY4acM, pPa3ACIIMB OTH JBd YPABHCHUA

ket

Ze? m o1t 7. Laa > *REYR., /R k
y— ‘e' Pl ;/1; _ 'e'c \/mszykkH(Ry'k /R;/Ok) k /R;l;k; - 7k ( ykz 70k)
MNJG+D \meRy i j(j+1) Moy e
OTKyza NojydaeM BBIPRKEHHE JJI8 KBAHTOBOM oOpasyromieil macchl Ilnanka B
aToOME, IIO0ACTaBUB 3HAYCHUC CKOpOCTI/I MacCChbl HHaHKa B aToOM€, COCTOAILICM H3
qaCTUIbI 51 AHTNYACTHUIIbI MacCChI HHaHKa
k. k k.. k k.. k k. k
Vzhz(]‘*‘g)(]"‘g'”) h2(1+5)(1+5+1) h(]+5)(]+5+1) 7}(]“'5)(]"'*"'1)

2
R,
7 zZ:ce*m,, 4-137*Z%*m,, 4-137Z%cm,, 4-13772*3137

. OT0 00pa3oBaHue HE CTAOMIIBHOE, HO MYJIBTUIIONL OOPa30BaHHbIN U3 ATUX YaCTHI]
crabuneH. [l sapa umeeM Ipyroe 3Ha4€HHE KBAaHTOBOM 0Opa3yrolleil HyKJIOHOB
k k
137ry(j+5)(j+5+1)
e 47°137

SJICMCHTAPHBIX YaCTHUIL

R

Hroro HMEEM JJIA CBA3aHHOI'O COCTOAHUA

l+i k+1
)2 4k(R17k )T
R

70k

My =M py (Zip.,d) 1P py
1 1 k+1

L g
Ly =r,(=ip,d, /ppl)zk w (_yk) e
R;/Ok

Ecnu mponecc mponucxoanuT HE B aTOMC, a4 B CBO6OI[HOM IMPOCTPAHCTBC TO MMECCM

j =0 ¥ OCTaeTcs CIIUH YacCTULIbl BaKyyMa, cpeiHee apudmerudeckoe mexay 0 u 1,

KOTOPBIX MMEETCSI & B MYJBTHIIOJNE paHra k. KoaudecTBOo yacTull Bakyyma B
AJIIEMEHTApPHOM YacTULE CUHMTAaeTcss 0e3 ydyera KBAHTOBOW monpaBku. llpu
OJIMHAKOBOM MEXaHU3M€ B3aWMOJEHCTBHS YaCTULIBI BAKyyMa B SIIp€ aTOMa UMEIOT
SHEPTHUIO B 1377 /4 pa3 00JbIIYyI0, YeM YaCTUIBl BaKyyMa, 00pa3ylolne 3JIeKTPOH.
OTO CBOMCTBO TakK Ha3bIBAEMBIX SJAEPHBIX CHJI, IO MOEMY MHEHHUIO, HeE
OTJIMYAIOIIMXCS OT B3aUMOJICHCTBUS B aToMe. DTO €IUHOE IEKTPOMAarHUTHOE,
3BYKOBO€ M T'PAaBUTALIMOHHOE I0JI€, OMHUCHIBAEMOE OJAMHAKOBBIMU YPAaBHEHUSIMH,

TOJIBKO 3apsJbl UMCIHOT PAa3HOC 3HAYCHMHC. Bce BBaHMOHeﬁCTBHH IMOCTPOCHLI Ha
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CBOMCTBax JacTul BaKyyMa, HMCHOT OAMHAKOBYIO IIpHUPOAY U OIIMCBIBAKOTCA
OJAHNHAKOBBIMHU q)OpMYJIaMI/I, TOJIBKO MacCCa 4YaCTHUILl BdKyyMa B pPA3HBIX CpCaax

pa3Had U OTIIN4YACTCA Ha KBAHTOBBIM MHO>KHUTE]Ib.

[ToTenumanbpHas 6e3pa3MepHas SHEPTUs YACTHUI] BaKyyMa paBHA

272
e’l N r,,d )r,,d
Us—7F—F = exp(—nzrkp/ao)(k”’ LT "):

mocr; (R, /R,,) (N Yo
B mezlylly” (r,,d, )(r,,d,)
- 3/2 eXp( n rkp 0) 6 -

m}/llm}/lc ry (R}jn ;/On) r/{p

2 1/2
mc’r, (R /R r,,d )r
__ ¥ ( ;4112 70n) eXp(—I’lzl"kp 0) ( kp )( kp k)
e l"kp

HpI/I‘ICM NOTCHIMAJIbHAS SHEPTUs 4aCTHUIl BaKyyMa B sJpe atomMa B 137 -1836 /2 pa3

OombIIas YeM MMOTCHIOUAJIbHAA SQHCPT U YaCTHILl BaAKyyMa 3JICKTPOHA B aTOMC.

HOKa)KeM, qTO0 TCJIO HC  MCHOBLITBIBACT  COIPOTUBJIICHUA B CpCAC C

g ho 137G
KHHEMATHUCCKOH  BA3KOCTBIO (- -+ m
m

). YpaBHeHue OanaHca cCul,

NEUCTBYIOIIMX ~ HAa  JBUTAIOLIYIOCS  TOYKY,  OOpa3oBaBIIyIOCS U3

SJICKTPOMArHuTHOI'O IOJIA, UMCHOT BUL

V2= l'(i 137Gm)d_V
2m
_h 137Gm 137Gm I . 1. fi 137Gm 1 1.1 1.
v+ 25T [ S Wl 1 =2 )\/(———)<—+—>
m V-V m

OTtkyna cnenyet dhopmymna sl OTPEETCHUST UMITYJIbCa ISl MACCUBHBIX TN U

JIJIST TE€JI ¢ MaJIol Maccou

2
mV ——(l 2137m) hk(l+ 2m

1-V?/c¢> Ax my, Mg

)

s ompezneneHus: MpUpAIIEHUST KOOPAWHATHI, HEOOXOAMMO 3aMETUTh, YTO

JaCTHUIIbI OOHOBJISIFOTCS ¢ KOMIITOHOBCKOM YacTOTOM WM B HHTCPBAJIC MCIKIY
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OOHOBJICHHSIMH JaCTHUIbI BaKyyMa IBUT'AIOTCS CO CKOPOCTBIO CBCTA B BAKYYMC CM.

[13].

B npennaraemoii ctaThe mosiyueHa Kak OKa3anioch NMpUOIMKeHHast (GopMyia
JUISL MAacChl 3JIEMEHTApHOM dactulbl. OHa BeIpakaeTcs yepe3 napamerpsl [lnaHka,
JICJICHHBIE HA KBAJPATHBIA KOpPEeHb M3 137 M 3aBUCUT OT MaccChl YacTHI] BaKyyMa,
3aBUCAIIME OT paHra MyJbTUIOJA F, IPUYEM KaKIbId MYJIBTHIIONb 3TO YaCTHULA

Bakyyma. BeiBoa popmyssl anis macceel yactuibl cm. [11].

1+1/2nQn

0

el ped )t 1408 TP O
"\ om: 16 "N16-1374s*n*m2, " 16-137*s*n*
25510 Mag,n=4;p =2 0
_ Rfe . ,,_(2n+1)’  1n-30 3
=30.511M56,n =56;p =53 ;Q, —T‘pw—lo 3.5622/cm
938M»r6,n =82; p =81

AHU30TPONUIO MPOCTPAHCTBA B JAaHHOU (opMyJie yUT€Ha, IIOITOMY HCIIOJIb30BATh

’ (R,r)

- I
= P (cos y),cos y =———— HEIb34,
Ror|~ X g beospeosy="p

yCpeaHeHne 1o yriy B ¢opmyiie

OyZAeT JOMONMHUTENBHBIA yueT anu3otponuu. KorepeHTHas KOMIIOHEHTa (QYHKIIUU

V2n+1

Jlexxanapa P, (1) JIJIS BCEX YaCTHII.

(DOpMy.Ha AJIs1 MACChI 4aCTHIIbI BaKyyMa UMCCT BU ]

" p Am :

P n. _

- e pdn Ppr) P =" p ! py
2

]2n-+l

(n+1)

4, = 6\5”[2(2;1 121+ 3)

YacTuiisl Bakyyma o0pa3yloT MYJIbTUIONb paHra 4. He xax ol yacTuile Bakyyma
COOTBETCTBYET JJIEMEHTapHas d4actuua. Ho Kaxaoh »IEeMEHTapHOM YacTHULe

COOTBCTCTBYCT HaCTHIIA BAKyyMa.
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[Ipu »TOM Macca BepxHero kBapka ¢ panroM 61 paBaa 2.01M»3B, npu
CYHIECTBYIOIMX AaHHBIX 2.15 = 0.15M>3B, a HIkHero ¢ panrom 64 paBHa 4.56 MaB,
IIPU CYLIECTBYIOIMX NaHHBIX 4.7 = (0.2M»3B, 04apOBaHHBIN «C» KBAPK UMEET MACCY
1233MbB, nipu panre 83 npu CymIECTBYIOIINUX AaHHBIX 1275 £ 25MbB, cTpaHHBIN
«S» KBapK umeer maccy 92M»B, nipu panre 75 1pu CyIIECTBYIOIIUX JAaHHBIX 95 +
SMbsB, Ton KBapk «t» umeet Maccy 168.613B, npu panre 101 npu cymecTByOmMX
nanubix 173 = 1.313B, Bottom «b» kBapk umeet maccy 4216M»aB, npu panre 89

Mpu cyuecTByomuX aaHHbix 4180 = 30MbnB.

TeOpeTI/I‘-IeCKI/Ie 3HAYCHHUA MACC 3JICMCHTAPHBIX YaCTHUIl IMTOCTPOCHLI C IIJIOTHOCTBIO

3

0_302/671/1 .

BaKyyMa p}m =3.562-1

HOCTpOI/IM Ta6HI/I]_Iy BBIYMCJICHHBIX MACC JJICMCHTAPHBLIX YaCTHI, JJIA
OoNpCACIICHUA MACCBhI IOJIYYCHHOI'O 4YHCJia HCIIOJBb3YCTCA MOAYJIb KOMILICKCHOM

MacCCHI.

I[JI}I KaXXIO0Tro 3HAaYCHUA paHra HMCCTCA Ha60p BBIYHMCJIICHHBIX MAacCC, 3aBUCAIINX OT

KBAaHTOBOI'O YHUCJIA p € [0,], KOTOPOC ONIPEACIILAEM KaK BEJINYHNHY

nin4d [nIn(2n+1)
= / -1/2. 1
=7 2n+1 (1

ILHH IMOBBIICHUA TOYHOCTU OIIPCACIICHUSA BKCHepHMeHTaHBHOfI MaCChbl BBOAHNTCA

MHOXHTEIIb A=0.815155 Ha KOTOpPbIA HAI0 YMHOXWTb, WU PA3IACIUThH
AJIEKTPOMArHUTHYI0 Maccy. [Ipu yuere BHyTpeHHEH 4acTH HaJl0 YMHOXUTh HA OTOT
MHOKUTENb, IPU BHENIHEM I10JIE€ 3JIEMEHTAPHON YaCTULbI HAJIO PA3JCIUTh HA 3TOT
MHOXUTeNb. KoHCcTanTa A =0.815155 crnpaBeayivBa Uil JJIEKTPOHA U MIPOTOHA, IS
JPYrUX 4YacTUI] OHA HECKOJIBKO OTINYACTCsd, IIO3TOMY IIOJYYHIIMCH HE COBCEM

TOYHBIC HI/I(I)pBI AJA MaCC 3JICMCHTAPHBIX YaCTHII.

DAEKTPUICCKUN TTOTSHITUAN SJIEMEHTAPHON YaCTHUIIBI ONIPEACIIATCS 10 hopMyIie
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0

(p:_iz [c, —c,exp(=kr*)/ D" €3> ke, = const

ar - k-1 -1

k
Z [c, —c, exp(—kr )]/Z c, ——22 ke, exp(—kr )/Z ¢,
k-1 k-1

2.2
ar k-1 a i

DneKTpoOMarHuTHas Macca ornpezensieTcs no Gopmyine

2 2 2

e e
E*r’dra’® = ridra’ =—:a =
a

7
m, C

e.m.

4 4

3
o
(S
Il
— —— 8
— Sy 8
{
Q
~

YrtoObI Macca OblIa BHCKTpOMaFHHTHOﬁ HOJIDKHO BBITIOJIHATHCA PaBCHCTBO

E*ridra’

0
CS ey —epexp(—krHY ¢, -2 izz ke, exp(—kr )/Z c,
k-1 k-

2 2
ar a k-1

HpI/I HCBBLIINIOJIHCHHUH 3TOI'0 YCJIOBHA MacCCa BHeMeHTapHOﬁ qaCTHUIbl HC ABJISACTCA
BHCKTpOMaFHHTHOﬁ, a Hapaagy C BHCKTPOMaFHI/ITHOP'I Maccou HNMCCT

AOIIOJIHUTCIIBHOC IIPOUCXOKIACHHUC MACCHI.

bouta cocraBnena Mathcad mporpamma mo BBIYHCIEHUIO MAacChl 3JIEMEHTApHOM
YAaCTULBI C YYE€TOM BHYTPEHHEro mojis. Beuucmsics koagpduuueHt A,

OHPCZIGHHIOHH/Iﬁ JOJIO G)J'ICKTpOMaFHI/ITH()ﬁ MacCChI B O6ﬂleﬁ MacCC€ 4HaCTHUIIbI
A= I E*r*dr

= %Z —cpexp(—kr*)]/ Y ¢, =2 keyexp(=kr?) /D ¢,
k-1 k-1 k-1 k-1

r

BKCHepI/IMeHTaHBHaH MacCa CBiA3aHa C BHCKTpOMaFHHTHOﬁ COOTHOIICHHUEM

2
e
M=—=\Am, im=im, =A=—. IlpuueM HCIONb30BaHHE KBaAPATHOTO KOPHS,
a
JEJIEHHOT0 M YMHOXEHHOTO HA MHOXMWTENIb MNP Pa3HbIX 3HAYCHUSX
AIIEKTPOMAarHUTHOM MAaccChl, HE M3MEHUT OTHOLIEHHE MacChl MPOTOHA K Macce
AJIEKTPOHA, a TOJIbKO U3MEHHUT Maccy MPOTOHA U AJIEKTpoHa. KBajpaTHbIl KOpEHb

U3 OTHOIICHUM Macc - 3TO CAWHCTBCHHOC 3HAYCHHC IIPABUJIbHO OIIPCACIIAIOIICC
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OTHOIICHUC MACC IIPOTOHA H JJICKTPOHA MW KaAXAYIO M3 MACC B OTACIBHOCTH.

BbIluncianB 31eKTpOMarHuTHYIO Maccy m WU m,,

n

110 aJITOPUTMY Mpe/jIaraéMoM B

cTaThe, MO (QopMylsie OIpeAeNieM 3KCIEPUMEHTAIbHYI0 Maccy, MpUYeM Hajao

BbIOpAaTh M3 [JBYX 3HAYEHUN SKCHEPUMEHTAIBHONW MAcChl HCTHHHYIO Maccy.

Oxka3anochk JyIs 2JIEKTPOHA C IPOTOHOM ATOT KO3 (DHUITMEHT paBeH JA =0815155.

I[JI}I APYrux 494acTvil OH UMCCT HpI/I6J'II/I31/ITCJ'IBHO Takoe ke 3HaueHue. CTeneHb

KodpuImeHTa psaa, peanusyromas 3TOT HmapaMerp Ui 3JIEeKTPOHa M MPOTOHA

1
kS

:5=3,.,00 paBHa s=4.8. Ko>sdppuuuent /1 €[0.7916,0.90162]. Jns apyrux

C

YacTHI] UMEETCs Jpyras cTeneHb koddduimenta psga. Ho umeercs u agpyrue psijbl,
peanu3yromue 3TO Ke 3HaUCHHUE ITapaMeTpa V2 =0.815155 , T.€. TOTEHIIUAJI BOJIM3U
LIEHTpa YaCTULBI HA PACCTOSIHUA KOMIITOHOBCKOW JUIMHBI BOJIHBI Y OJMHAKOBOIO

CopTa JICMCHTAPHBIX YaCTULl OTJINYACTCA.

Jlis ycTpaHeHUs TEpenoJHeHHs] MPUXOTUTCS Npuberatb K CHelHalbHBIM

CpeICcTBaM, CYMMHUPOBATH JIOTapru(MbI OOJNBIITUX BETUUHH.

[To nannow hopmye (1) BeuKcIeHO 3HAYEHUE KBAHTOBOI'O YUCIIA P, Hanbosee

OJIM3KO€ K IIEJION YacTH.

N 4 10 56 71 82 92
P | 1.967 | 7.014 | 52.99 | 69.051 | 81.015 | 92.005

qaCTI/IHBI ¢ OJIM3KUM K HCJIIOMY YHUCIY P ABJIAIOTCA OOJIIOKUBYIIUMHU U JII HUX
S3HAYCHUC KBAHTOBBLIX YHCCI OIIPCACIICHO. I[J'I?I OCTAJIbHBIX YaCTHUL 3HA4YCHHC

KBAHTOBBIX YHUCCJI PABHO HpI/I6JII/IBI/ITCJILHO.

Omubka JaHHOM ammpokcUMaluu Konebnercs B npenenax 4-9% . OnpeneneHna
Macca JJEKTPOHHOT'O HEUTPUHO, KaK YacTHUIbl C OOJBIIUM BPEMEHEM >KH3HH.
Bpruucnena macca U MaCCHMBHOW IMAPHOW YACTULBI, UMEIOLIEH TE€ XK€ KBAHTOBBIE

YuClia, YTO U NapHas 4acTUIla MaJIOi Macchl mM = m}, /137 .
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Yactuma | DKCIIEpUMEHT Panr Teopuss | BayrpeH. | MaccuBHHasA
Macca, MaB MybT. Macca, | 1a,BHEIIH yacTula
MbB HET MbB
DneKkTpoH 0.51099 56 0.5109 Ha 2.129e42
DIL.HEUTP. - 10 4.5-6.8e-7 1.6e48-2.4e48
Muon: u 105.7 74 105.57 Hert 1.03e40
Pion: #° 135 75 138.7 Her 7.841e39
Kaon: K 497 81 474.5 a 2.292e39
Eta: 7’ 548 80 543.4 Her 2.02e39
Rho: p' 770 81 714 Her 1.523e39
Proton 938.28 82 938.28 Her 1.159¢39
Phi: ¢ 1020 84 1076 a 1.011e39
Xi: B° 1315 83 1233 Her 8.823e38
Tau 1777 84 1620 Her 6.715e38
D: D° 1864 86 1858 a 5.853e38
Lambda: 2281 85 2128.5 Her 5.11e38
A
Jpsi: J/¥ 3096 86 3209 Ha 3.38e38
B: B’ 5279 90 5540 a 1.963e38
Upsilon: 9460 92 9566 Jla 1.137e38
Y

[TpuBeny acUMOTOTUKY (POPMYJIbI CBSI3U IJIOTHOCTH BaKyyMa U OTKJIOHEHUS

An

paHra 4acTUI| BaKyyMa HpH OOIBIIOM paHre p, /p, =4 "0 exp(_l.ﬂ+22ﬂp %).

MHuMasi 3KCIOHEHTa moJIydacTCsa M3 ydcTa MHHUMOM CAMHUIBI B MacCC€ 4YaCTHI]

BaKkyyMa. BennunHa n sBIsieTCsS 1EI0M, HO B IAHHOM CITy4ae pacCMaTpPUBAETCs 3Ta
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BEJIMYMHA KAK HEIPEpPbIBHASA, ONKCHIBAIOLIAs HENPEPHIBHOC M3MEHEHUE CBOMCTB
BaKyyMa. DTO MaT€MaTUYECKHI IIPUEM HCIIOIb30BAaHUS PEIICHUS B LIENBIX YUCIAX
C TIOMOIIbIO HempepbIiBHOTO pemieHus. [lomyunm nuddepennuansnoe ypaBHeHHE,
pasiiaras SKCIIOHEHTY B P

dp(n) ~ In4 _l,iz+27zp
p(n)dn 1+0.5/n 2n’

Pemenunem storo ,III/I(I)(I)CPCHHI/IB,JIBHOFO YpPaBHCHUA ABJIACTCA 3HAYCHUC IIJIOTHOCTH

T+2mp

P, ! Py =exp{-[n—0.5In(2n+1)]In4—i }

Toraa HOMOJHUTENBHBIN YJICH, YYUTHIBAIOIINN U3MEHEHUE CBOVMCTB BaKyyMa paBeH

1
— In(2n +1) . T+ 2mp _A
/ 1+0~5/n4n =eX —11’14—1— :4 /1o
0/ P2) L n(2n+1)

_In(Zn+1) iy n(p+1/2)
2n+1 n(2n+1)In4

An_ =

o0

Toraa Moyb U3MEHEHUS TIOTHOCTH CUCTEMBI OTIpeAeIseTcs mo hopmyie

An

- T+ 2 An 2nIn(2n +1) 7 (p+1/2)°
/p, =4 703 exp(—i —)=exp{—— 4 -—————""—+
Py Por T )= e ) T n’(2n+1)Ind

§ 7P @it 2
n(2Zn+1) n (2n+1)In4
2 2
Cexp( 2D, (P HVD w(p+1/2) In@n D) 2
(2n+1) n*(2n+1)In4"  n2n+1) n (2n+1)In4

Il

[Ipu BBIUKMCIEHMN MOJYJISI KOMIUIEKCHOTO PEILCHUS, HA0 U3BJICUYb KBaJpPATHBIM
KOpeHb U3 Oe3pazMepHO MHUMOM dYacTH. [IMOTHOCTH BakyyMmMa cOBMagaer ¢

IJIOTHOCTBIO Ha OECKOHEYHOCTH paHra, B TOYKax, YJOBJICTBOPAIOOINUX

nin4 [2nln(2n+1) o
COOTHOLICHUIO p = Y —1/2, ny1st 4ero JeHCTBUTENbHYIO 4acTh (ha3bl
n

T

HAJI0 MPUPABHATH HYIIIO.
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HOTCHHI/IaHBHa}I OHCpIrUiA aroMa BOAOpOAa  CHUHTACTCA  IIO q)OpMYJIC

e’ m rm,c’ Fpym,c’ m,c’
U, =- ;kkl c=-_L_t = A - —= . [Ipu BBIBOOE GdopMyIbl a7
kfag™ m, kay” kZa, 1377k
lk 2rk+1
TIOTEHIMAILHON SHEPTUHM 3JIEKTPOHA B aTOME UCIIOJIb30Banach popmyina - = —=
m},k e
e e2 h2
U OIpeJereHre 00pa3yromie Ty = (agrpl)k”;rp, =———3a, = U CYHTAIOCh
mp,C mpe

KOJINYECTBO B3aMMOJICMCTBUM B MOTEHUHAlE sAapa. Ho 3TOT BbIBOA SHepruu

9JICKTPOHA B aTOMC HEC CIIpaBCJIMB, CM. JAJICC 110 TCKCTY.

HOTCHHI/IaHBHaH OHCPIUA qacTun BaKyyMa paBHa
k 2 k+1 2
Lye” m, r, m,c

U, = = . CormacHO TeopeMe BHpHAla CBSI3b MEKIY

T2 pk+l T 2 pkel
kK*R™ m, k°R
MOTCHIMAJIBHOW, KWHETUYECKOM DHEpPrue ¢ TMOJHOW DSHEpPruerd paBHA

Use2 o2 perse " p K+l
n+2 —k+1 n+2 k-1

E,n=—(k+1). Jlunionp 4yacTull Bakyyma

k =1 oOpasyeT Malyro OTpUIIaTEeNIbHYIO MTOJIHYI0, COOCTBEHHYIO 3HEepruto. B ciyyae
k >1 oOpa3yercs MOJOXHUTETbHAS TMOJHAs COOCTBEHHAsl PHEPTUs, CpaBHUMAs I10
BEJINYMHE C KWHETUYECKON 3HEPTUEH, U OTPULIATENIbHAS TOTEHIMAJIbHAS SHEPTHUS.
Tak kak B 3TOM cily4yae MoJIHas COOCTBEHHAsI YHEPTUsl MOJOXKUTEIbHAS, YACTHUIIbI
HAXOATCS B CBOOOITHOM COCTOSIHUH, U TOJIBKO JIUIOJH B CBsI3aHHOM cocTostHuH. Ho
TaK KaK MOTEHUMAaJbHAsl HEPrys YacTUI] BaKyyMa OTpULATEIbHAs, OHU MOTYT

O6pa?>OBBIBaTB CBA3aHHOC COCTOsSHUC.

Brerauciaum OHCPIruro sapa aroMa BOAOpPOAa € MOMOIIBKO MACChbl KBAPKOB.

Ona paBHa

k 2 k+1 2 2 2 1
l.e” 2m 2r, m,c 2r,m c 2m c —
_ 7k u 7k _ Pl _ u . _ k f+1 . _

Uy =~ 2 k+l - 2 _k+l 2 - 2 ’ryk—(rorPl) Ty = Tpy

k~a,” m, k*a, k*a, k

Tak kak AApOo aromMa TBEPOAOC O6paBOBaHI/IC qaCTUIl BAaKyyMd, B OTJIIMYHMU OT

ra3006pa3Horo COCTOAHUMA 3JICKTPOHA B aTOMC, HAAO0 HUCIIOJIB30BATh COOTHOIICHHC

=" W He Hucnonb3oBaTh paauyc bopa maccel [lnanka. KonmuectBo
b



35

B3aMMOJICHCTBUI MEXK]ly YaCTULAMHM BaKyyMa HaJ0 YMHOXXHUThb Ha JIBa, TaK KaK B
AJIpe aTOMa UMEETCS B3aUMOJEHCTBUE MEXIY IEPBOM U BTOPOU YaCTULIEH BaKyyMa
M MEXIy BTOPOM M NEPBOM YACTHUIIEH. AHAIOTMYHBIC BBIYMCICHHS MOXHO

npojenath W U1 HIDKHEro KBapka. B pesynapTare mjis OPOTOHA MOJIYYUM
NOTEHIIHAIbHYIO0 dHepruto 2(2m, +m0,)c2 =2(2-3+6)Mev=24Mev, a nyis HeHTpoHA
2(2m, +m,)c* =2(2-6+3)Mev=30Mev npu MaKCUMaIbHOI 3HEprUH HyKIoHa 30Mev

oM. [6]§117.

[Ipy MCHOIB30BaHUU CBOMCTB YacTUI[ BaKyyMa OYEHb 4YacTO HEOOXOAMMO
npuderate K MHTEpHOJSIIUU. HaxoauTes 3HaueHue paHra MyJIbTHIONSA, KOTOPBIA
MOKET UMETh JCHCTBUTEIBHOE HE 1IeJI0€ 3HaueHue. T.e. ObITh 00pa30BaHHBIM U3

COCEHUX YaCTHI] BaKyyMa.

BBC,IICM BKCHOHCHHI/IaHBHHﬁ MHOJXHTCIIb Y OQOHCPIrH 9aCTUIl BAKyyMa

2

me 2 2.2 2_2 2.2 mec
E(r)y=——=¢e’l jexp(-a,r)/K,r" =—mc’r, exp(-a,r)/ K,r =—Wexp(—anr)
m, r
I,
1 2
[Ipy 3TOM y YacTUIl BaKyyMa MMEEM COOTHOIICHUE m¢=?ry cM. opmyy

71

10 _ € a2l B y

(10) u umeem , = — ;% = —. Benuunna paguyca /' HOpMHPOBaHA Ha Pagiyc
mc mc

bopa, nmeem 11 NOTEHIMAIBHON SHEPTUU

n_.

2
mc” exp(—a r a, ..
- p( — );exp(—an)=1——2 ;lim o, =n’
137 r n- oo

E(r)=

a, =n’[1-exp(a,)]=n"[1-exp(-n’)]

[Ipu 5TOM MOKa3aTe b KCIIOHEHTHI Y IJIeYa YaCTUIBI BaAKyyMa OIMpPEACISETCS 110
dopmyne —/, exp(-a,r).

1 2 2

L : —a )—1 mc
E(rrdr=— "< exp—a r dr:mec exp( 05”) =——" (11
! ") ! 137 SXPCANAr =1 a 137 4D
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HpI/I HHTCTPUPOBAHUUN OT HYJIA OO 6CCKOHC‘{HOCTI/I, ACUMIITOTHYCCKOC BBIPAKCHUC

AJI1 TIOKAa3aTeJIsl SKCIIOHCHTBI IICPCXOAUT B TOYHOC 3HAUCHUC

0 0 2 2
E(r)dr =— < exp(—nr)dr = ——2eC . 12
'! (r) '!- 137° P ) 137°n’® (12)

OTOT pe3yJbTaT ABJIACTCA IMOATBCPIKIACHUCM CBOMCTB KBAaHTOBOM MCXaHHKH, B

HCTO HC BOIIIJIM HOBBIC KOHCTAHTHI.

OOmiasi Teopuss OTHOCUTENIBHOCTH IIOCTPOEHA ISl MakKpoOTeld, SBISIOLIUXCS
COBOKYITHOCTBIO YaCTHUIl BAKyyMa, U OHHM BpAIIAIOTCA C MHUMOM CKOPOCTBIO U
NOCTYIATEJIbHO JBHXKYTCS C JEHCTBUTEIBHOM CKOPOCThIO. OmpenenuM KBaapat
KOMIUIEKCHOM KOOPAMHATHI MaTEPUaAIbHBIX YaCTHL], U3 KOTOPBIX COCTOUT BaKyyM,

JBUTAIOLIMXCS C MOCTYNATEIbHOM CKOPOCTBIO Vs =1,., 3, HOMEP 4YaCTUIIBL.
[Tpu 5TOM yacTHIIBI BaKyyMa OyIyT BpalaThCsl ¢ IEPEMEHHON MHUMOW CKOPOCTHIO
iw,, (t,X,..,x3).  CuduraeM, 4YTO CKOpPOCTH 4YaCTHI] BaKyyMa pPaBHOMEPHO
pacmpesielieHpl B MaJoM 00beMe, MpUYEM CKOPOCTb BpallleHUs paBHA
Wy, =Wy, (,X,....,X;) W HMEETCI CKOPOCTb IOCTYIATEIbHOIO JIBHKCHUS

Vg =V5(t), mocrynarenpHOe NBHKEHHE MAIOr0 O0beMa MNPAMOJMHEHHO |

3aBUCUT TOJIBKO OT BPCMCHH

N 3
ds>= Y > [it,dAw, +1,dAV,; 1 [(2N) =
a,f=—N s=1
SN A Aw dAV;
Z (1O « ¢, dx* L tdt+ Lt dt)? [(2N) =
3 aA 8A
- W, OAW, £2)[(2N)dx* dx' +
—N s=1
S ditw, dAV OAW’ OA
3 Z iAw, S e VZ We T 2 \dxt cdt (2N) +
@, BN sl cdt Ox cOt
NS dAYV, OiAw’ dAV OAW,
B N2 .2 a B 2 2 7.2
+ —) "t +2 t dt=/(2N) =
[,ZNZ (o or e 0L ) JJedi” I2N)

3 (13)
== hydx*dx* +Z By dx* cdt + hy,c’dt’

k=1
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2 3
h h
KOHCTaHTa tq = = 4 ATO MOCTOSHHAs KBAHTOBOM MEXaHUKH. T.e.

me’c 137m,e

noyiyqaem (opMyily MHBApUAHTHOTO MHTEpBasia 0OIIel TEOPUU OTHOCUTEIBLHOCTU
B CUCTEME€ KOOPJIMHAT, IJIe CPENHSIS JOKadbHAasl CKOPOCTh YAaCTUI] BaKyyMa paBHa

HYJIIO.

i 23: OAW!, 8Awa £ I2N)

a=N s=1 8x
5 OAw. OAw; ’ (14)
-3y B o

a=—N s=1 ox*

Opu 3TOM KO3(PQPUIIMEHT NMPU BPEMEHHONW KOMIIOHEHTE METPHUECKOrO TEH30pa

paBeH

oW “)2t2/(2N) (15)

2 > ( ’3>2z2/(2N>— Z > (

B==N s=1 a=—-N s=1

Y, ow, Y, ow,

b

a=—N ax a=—N 8t
HMCCM, HCIIOJIb3YySA KHHCTUYCCKYIO U ITOTCHINAJIbHYIO S9HCPIUi0 CUCTCMbI

3 iAW’ 2U  (iMw)* +2U /' m 2GM
g, =Y (0 2 (AW +2U/m __q, 2GM,

=  Ar mc c rc ,

=—(+r,/r),r,=2GM/c?

2 m_ (AV
AV) +2U/m] exp[ ,( ) 1AV =
2m c?

B

‘,

[\)
o'—.

=1-2GM /(rc’ Yy=1=r/r
I'ne M , macca yacTuLIbl, CO3AIONIEN TPABUTALIMOHHOE MOJIE.

Tak Kak MOTEHUMAN TPABUTAIMOHHOIO  OMpEAENSIeTCs]  OTHOUICHUEM
IPAaBUTALMOHHOTO  paguyca K pacCTOSHUIO [0 IEeHTpa, o0pa3yrolero
IPaBUTAIIMOHHOE T0JIE U 3HAYMT MaJl, MJIOTHOCTh YacTHUI[ BaKyymMa B KOCMOCE

NOCTOsIHHAs. MeTpuueckuil TeH30p oOpa3yeTcs 3a CUET pa3HOU CKOPOCTHU BpallleHUs
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YacTUI[ BaKyymMa IIpM IIOCTOSSHHOM IIOTHOCTH. MOXKHO cKas3aTh, 4TO
IpaBUTAIIMOHHOE TI0JIe 00pa3yercs 3a CYeT TUAPOJUHAMUYECKOIO JBUKEHUS
YaCcTUIL BAKyyMa C MOCTOSIHHOW IJIOTHOCTHIO. [Ipy pasHOM rpagueHTe CKOpPOCTH
BpallleHUs] YacTHUI[ BakyyMa oOpasyeTcs Iepemnaj IaBjeHUsi, KOTOPbIA cO3/1aeT
rpaBUTALMOHHYIO cuiy. CUTyalus aHaJIOrMYHa HAXOXKJICHHIO MOABOIHOMN JIOJKH
noja Bojoil. ToJabKO MIOTHOCTH Cpelbl MEHbIIE, a CKOPOCTh yacTull Oosbiie. K
CO’aJICHUIO0, HEBO3MOYKHO CO3[aTh IUIOTHOCTh TE€JA, MEHBIIE IUIOTHOCTU CPEIBI.
Bo3MOXXHO JBWKEHHWE C WCIONIB30BAaHWEM KpPBUIBEB, HO OOKOCh CBOHCTBA
METPUYECKOT0 TEH30pa HE COOTBETCTBYIOT THIPOJAMHAMUYECKOMY TEUYEHUIO.
[TnoTHOCTH cpeapl Majia, Ipu OOJBITION CKOPOCTH YacTHI] BakyyMa. K coxkanenuto,
IpU MaJIOW MJIOTHOCTA M CPAaBHUTEIHHO OOJIBIION CKOPOCTH YaCTHI, MOJETHI B
ctparocpepe HeBO3MOXkHBI. [logbeMHass cuiia omnpeaensercss MPOU3BEICHUEM
TJIOTHOCTH CPENIbl, KBaJpaTa CKOPOCTH Teina Ha KOA((HUIMEHT MOIbEMHON CHIIBI,
KOTOPBIN 3aBUCUT OT CBOMCTB KpbLia. [laxe mpu IBUKEHUH 00BEKTA CO CKOPOCTHIO
CBETa, B CUJIy MaJIOil INIOTHOCTH CPeJibl MOAbeMHas criia Majna. Ho pensatuBrucTckuii
3¢h(}HEKT TPUBOAUT K YMEHBIIEHUIO TUIOTHOCTH Tena cM. [7]§133, u Bo3MOKHOMY
MOSIBJICHUIO BBITAIKMBaroUel cwibl. Ho B ciydae ynapHbBIX BOJH INPU JIBUKEHUU
CaMoJIeTa, TOXKE€ HMEETCS BBITAIKMBAONIAA CHJIA, TaK KakK IUIOTHOCTh Tena
YMEHBILIAETCS U3-3a PEISATUBUCTCKOTO 3HAMEHATeNsl ¢ (a30BOi CKOPOCTHIO 3BYKA.
JleTynku ee He 3aMEUarOT B CJIEICTBUU MAJIOM IUIOTHOCTH Bo3ayxa. Ho B ciyuae

BaKyyMa CHJIa MPUTSDKEHUS MPEKpaTUTCS M OyJeT 3aMeHEHa BbITAJKUBAIOIICH

I oV
cunoii. [lepeman nmaBnmeHus ompezaensercss mo (opmyse Ap:—pc2(g)2 At}, TAE

IrPaMEHT CKOPOCTH BEJIMK B CHJy BpAIIEHUS YACTUL BaKyyMa CO CpEIHEU

CKOPOCTbIO, PAaBHOM CKOpPOCTH cBeTa. JTa (GopMmysia COOTBETCTBYET ypPaBHEHUIO

COCTOSIHMS B Bakyyme Ap = —wee” em. [8]3.2.4, HO 10OaBsAETCSI HOBBIA MHOKHUTEb.
Yactuupl Bakyyma, oOOpasylollde€ TpPaBUTALMOHHOE II0J€, pPEarupyrT Ha
IPABUTALMOHHOE MOJIE, UX PEAKLUs Ha 3IEKTPUUECKOe MoJie Mana cM. [9]. I'paauent
noJisk M0 Mepe NPUOTMKEHUSI K MPUTITUBAIOIIEMY Ty PAacTeT W MOTEHIMA 1O

MOZYJIIO pacTeT. ['paBUTAlIMOHHOE MOJIE OTPAHMYEHO MAKCHUMAJIBHOU CKOPOCTBIO
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CBCTA, 'paIUCHT CKOPOCTH HC MOKCET PaCTHU 0 OCCKOHEYHOCTH. BBIpa)KaCTC}I 9TO B
CO3AaHHOM YaCTHUIAMH BaKyyMa MCTPHUICCKOM TCH30PC. Oco0EHHOCTEIO IIIOTHOCTH

qaCTHUIl BaKyyMa O6J'IaI[aI-OT YCPHBIC OBIPHI.

Ha camom ACJIC NACAIBHBIC YaCTUIIbI, OITUCBIBAIOIINEC I'PABUTAIITMOHHOC I10JIC
B [9] - 3TO MOs ommOKa. 51 uCcIojabp30Baj MaCCy JJICKTpOHA, a HaAO0 HUCIIO0JIb30BaTh

maccy IInanka. Torga B pa3neneHHbIx Ha KopeHb U3 137 eaqunnnax [lnanka nmeem
Gnt, /e’ =1 U MOCTPOCHHBIC MACANBHBIC YACTUIBI HMEIOT MHOXKHTEIb PABHBIH 1.
DTO JeNaeT uX COBMAIAIONIMMH C YaCTUI[AMU BaKyyMa, TOCTPOCHHBIMU C TOMOIIIBIO
MHUPOBBIX KOHCTaHT. Toraa co3faB CHJIBHOE 3JEKTPOMATrHUTHOE IOJIE€ HA JajbHEN
rpaHulle TeJla PacHpsIMUM T'PAJAUEHT CKOPOCTU BpaIEHUS YacTHUIl BaKyyMa, U TEJO
OyZeT BBITAJIKUBATHCS W3 T'PABUTAIMOHHOIO TOJA. MeTpuueckuil TeH30p OyneT
paBeH TeH3opy ['anuies, u rpaBUTalMs CBeOETCA K Hyr0. Eciau mmeeM Teno B
dbopme cdepbl, TO HEOOXOAMMO, YTOOBI €r0 TMOTCHIMAJ PABHSJICA MOTCHITHATY
IPaBUTALMOHHOIO Tena, T.e. GmM R =q’ /7, e UCIIOJIb3YETCS PACCTOSIHUE MEXKITY
NPUTATUBAIOIIMM LEHTPOM R, ero macca M, 3apsil ¢, YHUYTOXKAIOLIUN

IpaBUTALMIO. 3apsi] ISl TPEOI0JICHUSI IPUTSHKEHU 3eMIIM TeJIoM paauyca 1 meTpa

paBeH q = JmgRr =+10°980-6.3-10°? =7.86-10°e0.CC. Tlpu 3apsine 3emin

3.10e0.crc . Ilpm >TOM HampshkeHME Ha TOBEPXHOCTH Tejda PaBHO

E =6.17-10"¢0.CI'C =2.06-10"7 B/ m , 4TO BBI30BET MP000i1 B aTMOChepe 3eMu.
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