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IIPEINCJIOBUE

Wsyuenne cTrpoeHns u SBOIONUN 3BE3M ABIACTCI BaXKHEMIIEN KIaCCUIECKON da-
CTBHIO ACTPOHOMUM.

Ha xaxnom sTame passuTus Gu3nku Teopus 3Be3n 000rallaiachk HOBHIMEU (Gu-
3UYECKUMU TPUHIUTAME. T eopus TATOTEeHUs, TEPMOINHAMUYIECKAsA TEOPUI YpaB-
HEHUS COCTOSHUS T'a30B, TEOPUA TEILIOBOTO M3IYUYEHNUs, JYIUCTOTO U KOHBEKTUB-
HOTO TEPEHOCA SHEPTUU — TAKOB MEPBBIA KPYT QU3MYECKUX 3HAHUN, UCIOIB30-
BAHHBIN K HaYaJIy BeKa MPU IOCTPOCHNN TEOPUN 3Be3Ml. JTHU 3HAHUS MOMOIHATNCH
U B MATBLHEHUIIEM B CBI3W C KBAHTOBOW TeOpUel aTOMOB M MOHOB W yTOUHEHUEM
UX ONMTUYECKUX CBOWCTB, a TaKikKe Teopuel BBIPOKIEHHOTO 3IeKTPOHHOTO Tasa.
MNmaBubIM HOBIIecTBOM XX B. OBLIO MOHUMAHWE MCTOYHUKA SHEPTUU 3BE3I, CBI-
3aHHOE ¢ Pa3BUTHEM AOePHON GU3NKU. 3a 5TUM CIIedyeT cO3maHue ObIell TeOpun
OTHOCUTETBHOCTH U BBIACHEHUE €€ aCTPOHOMUYECKUX CIIEICTBUH.

Opmaxo He QuU3mKa, a caMa aCTPOHOMUSA, MMEHHO HaOIoOgaTelTbHas acTPO-
HOMUSI, SBUIACh TJIABHBIM MCTOYHHKOM HAIIUX CBEOEHUN o 3Be3max. llobemmoe
MIECTBUE aCTPOHOMHUN HAYAJIOCh € M3yYeHHUsS COTHedHOH cucTembl. Ompenenenme
aCTPOHOMHUYECKON E€OWHWUIBI, T.e. paccTosHma oT 3eman mo ComHIa, Hamo BO3-
MOXKHOCTB ONPEOEINTh MacCy W CBETUMOCTH 3TON OMMXKaWIeld K HaM 3BE3IH.
Bcxope Obumn onmpeneneHsl pacCTOSHUS OO0 OPYTHUX 3BE3MI, UTO MO3BOJIMIO HANTH
X TapaMeTphl. BOMBITYIO POMIB CHITPANIO U3YUEHNE MBOMHBIX 3BE3.

CoBpeMenHas aCTPOHOMESA OCOOEHHO 3amHTepecOBaHa OYPHBIMU KaTacTpodu-
YeCKUMU TPOIECCAMU B3PBIBA 3Be3 U MOTYUAIOITIMUCS TPU STOM HEHTPOHHBIMU
3Be3MaMU U KOJTATICHPOBABIIUME TelaMU — YEePHBIME ObIpaMu. PeHTTeHOBCKTE
TeJIeCKOIBI, BEIBEIEHHBIE 3a IPenelbl aTMOoCepPhl, 0OHADPYKBLIN 3BE3ObI, KOTOPHIE
B PEHTTEHOBCKOM QUAIA30HE M3IYYIAl0T YHEPTUN B COTHU THICIY pa3 OOJIbIe, YeM
Comnnne Bo Bcex mumamasoHax. Eire panee Obin oOHapyKEHBI PAgUONyIbCaPhl ——
BPAIIAIOIINECS C OTPOMHON CKOPOCTBIO HENTPOHHBIE 3BE3IHI.

TaxoBBl B HECKOJIBKHUX CJIOBaX IPEOMET, KOTOPOMY IOCBAINEHA 5Ta KHHATA, W
Te pusnUecKme uOen, KOTOPBIE MPUBIEKAIOTCA K OOBICHEHTIO aCTPOHOMUYECKUX
HabOIIOOEeHUN.

O 3Besmax cymmecTByeT OrpoMHas TATEpaTypa, OT HOMYIAPHBIX CTATel 1 KHUT
(qumaﬂ 13 KOTOpPBIX, 0 Hamemy MmHeHUio, “®umsnxa 3sesn” C.A.Kammanma, M.,



“Hayxa”, 1977) mo cmenmanm3supoBaHHBIX 0030pOB, IyOIHKY€MBIX, HAIDEIMED, B
“Annual Review of Astronomy and Astrophysica”.

Kaxoe MecTo, Kakyio 3KOIOrIYecKyIo HUITY 3aHEMaeT IpemyiaraeMas KHura!

ABTopsI HOCTaBIIN IEpen cOOON 3amady yICHEHNS BaKHEMIINX KadeC TBEHHBIX
0COOEHHOCTEN U CBOICTB IPOLECCOB, IPOTEKAIOMINX B 3Be30aX, 3a0ady yICHEHII
CYLIHOCTH PU3MIECKUX TEOPHUH, YIPABILOMNX >TuME IporeccaMu. CoBpeMeHHas
TEOpHUs B 3HAUUTENBHON Mepe ONUPaeTcs Ha TOYHBIE PACYEThI, TPOU3BOLUMBIE
¢ TOMOIIBK) 3IEKTPOHHO-BBRIUNCIUTEIBHBIX MalllnH. [Ipu 5ToM aHaIuTHUeCKue
PEIIEHNs Yy TPAYNBAIOT CBOE 3HAUEHUE, HO OCTACTCA U YCUIUBAECTCI TOTPEOHOCTH
B KaUeCTBEHHOM MOHUMAHWEM MCXOOHBIX OCHOB W PE3YIIBTATOB pacdeToB. MeHHO
AKIEHT Ha KAYeCTBEHHYIO KapPTUHY SBICHUN OTINYAET HAILY KHUTY OT OIU3KOMN
K Hell To cofepkaHuio 3amedaTenbHoll MoHorpaduu . A. dpank-Kamenenxoro
“@usuueckue mponeccsl BHyTpu 3Be3n” (M., ®msmarrus, 1959). Kpome Toro,
B HAIllell KHUTE 3aTParuBaeTcsa PAm NpobiaeM, Kas3aBIMNXCs HeaKTyaabHbBIME 20
mer Hazal (Takux kak >b@ekTH o0Llell TeOPUN OTHOCUTENLHOCTH I HeITPUHHELE
IPOLECCH B aCTPOMU3UKE).

Kuura B mepByio ouepens nmpeqHasHadueHa i CTYICHTOB CTAPIINX KYPCOB du-
3udecKux GaKyIbTeTOB, CHENUATN3IPYIOMIXCS H0 acTpoHomun. OHa 1 BOSHIKIIA
Ha OCHOBE JICKIIUIl, 90TaeMbIX onHuM u3 aBTopoB (91. B. BenpnoBuuem) crymerTam
IV 1 V xypcoB acTporoMuIYeckoro ormeneHns pusndeckoro paxyibrera Mockos-
ckoro yuuBepcureTa. PoOpMarIbHO, COrIAacHO Yy4eOHBIM ITaHAM, 3TU CTYOEHTEHL
3HAIOT OOJIBLIYIO YacTh QU3MIECKUX 3aKOHOB, M3IaracMbIX B kHure. Qmaako me-
MarOTUYECKUN OIBIT MOKA3BIBAET, UTO OFPOMHYIO POIIb UT'PAET PACCMOTPEHUE 00-
IINX 3aKOHOB UMEHHO B CBS3H C KOHKPETHBIME 3afadaMu. C 3TOM HEeTbio MOIEe3HO
U MOBTOPHUTH M3BECTHOE, OOpalllas BHUMAHUE Ha T€ MOMEHTHI OOIIET0, KOTOPBIE
MOHAIOOATCA B PACCMATPUBAEMBIX YAaCTHBIX 3afadaX. 1akKol NPUHINI HOJIOKEH
B OCHOBY U3JIOKCHUS.

M=uorue Bompochl 0CTAINCh HE3aTPOHY THIMI; HanbojIee BaKHBIMU I3 HIX SBJLI-
IOTCS, BEPOSITHO, Teopus KoiebGaHuil 3Be3n (B ¢Ba3u ¢ medenmamu) u mpobiema
B3PBIBOB CBEPXHOBHIX. HeoOxommMmyo mHGOpMAINIO IO 3THM BOIPOCAM, TaK K€
KaK U IO PALY OPYTUX, OTHOCAIIUXCS K GU3UKe 3Be3I, YNTATEIb MOXKET HAlTH B
YIOMSHYTOM BEIIlle cOOpHUKe 0030DOB.

Mgur 6maromapum pemaxTopa kauru 1. E. openuka, ubs pabora cmocobeTBO-
Bajla yIy4YIIeHU®O comepkanus Kauru. Mur Takxe Gmarogapum C. A. Jlam3una u
M. M. PomanoBy 3a moMoIs B 0QOPMIIEHIE PYKOIUCH.



I'maBa 1. DJIEMEHTBHI HBIOTOHOBCKOM
TEOPUN TAT'OTEHWUSA

B ocHOBe Teopum cTpoeHHA U SBOIIONUU 3BE3I JIEKUT TEOpUd TATOTeHHA. B Ha-
CTofAIllee BpeMs M3BECTHO, YTO 3aKOH TATOTeHUs, oTKPHITHII Huoronom B XVII
B., HEIIPUMEHNUM B CHJIBHBIX T'DaBHTAIMOHHBLIX ITOJIAX, I COBPEMEHHOI Teopueil,
ONUCHIBAIOMIEN IPaBETAINOHHOE B3aUMOOCICTBHIE, ABAIETCA ODIIas Teopus OTHO-
curensroctu (OTO), cosgarmas A.Diamreitnom B 1916 r. Onmako B mpenene
c1abbIX TPaBUTAIMOHHBIX IOJEH TEOPHUsS TATOTEHHUS DUHINTENHa CBOOUTCA K Te-
opun tarorenns HproToHAa.

HaubGomee nmpocToil XapakTepuCTUKON IPaBUTAIMOHHOTO OIS ABIISETCI Mak-
CUMaJIbHAsA CKOPOCTh OBUKEHUA, KOTOPYIO MOTYT HOCTUYL YaCTHUIBI, CBOOOIHO
magas u3 “6eCKOHEeIHOCTH B 5TOM Iojie. [IJig rpaBUTalOHHOTO OIS 3EeMIIH CKO-
pocTh cBOGOmHOTO HmameHus y moBepxHocTm mocturaeT 11 xm/c, mua Conana m
IPYTUX OOBIYHBIX 3BE3M 3Ta BEIWUYMHA MOPAOKa COTEH U maxe Thicad kKM/c. Tem
He MeHee I OOBIYHBIX 3Be3 OHa COCTaBISeT Maayl 4acTh CKOPOCTH CBETa C
(k TOMy Xe IONpaBKH Ha PENATHBHCTCKHE 5POEKTH, KaK IPaBUIO, IPOLOPIU-
oHanbHEL v2/c?). B 3TOM cMBICIE FDaBHTAIMOHHEIE MO 3BE3[ ABIAIOTCA Clla-
ObIME (HEPENTITHBUCTCKUMHE), I TEOPUS TATOTeHNs HBIOTOHA IS 5THX 0GBEKTOB
€ DOCTaTOYHON CTENEeHbI0 TOYHOCTH BIIOJIHE TIPUTONHA. B maabHE’IeM, KOToa Mbl
mepeineM K M3yYeHNI0 KOHEUHEBIX (a3 3BOIONNUN 3BE31I, Mbl BCTPETHUMCI ¢ HeGec-
HBIMI TeJaMi — HEeATPOHHBIMHI 3Be3daMH W OCOOEHHO UePHBIME IBIPAMH, ML
KOTOPHIX ¥ ~ ¢, U TOJIHOE OMUCaHWEe UX CBOMCTB BO3MOXKHO C IIOMOIIIBIO TOIBKO

OTO.

§ 1.1. DOHeprus B3aUMOAEMCTBUA, CUJIbI, YCKOPEHUS, MOCTOSHHAA TH-
roTeHNs, OTJINYMe I'PAaBUTANNOHHOIO B3aMOAEeNCTBUSA OT IPY-
rux TUIOB
B3aMOAeNCTBUSA

BHepl"I/DI I'PaBATAONOHHOT'O BBaHMOHGﬁCTBMﬂ MEXOY OBYMS TOYCYHBIMU MaCCaMU,
YOQJICHHBIMHA Ha PaCCTOSHUE T2,
Gm1 my

U12:_

12



NmernO TaKYyIO IIO BEJIMYUHE 3HEPIUIO HYZXKHO 3aTPaTUTh, YOaJIAd Ha OecKoHed-
HOCTB OOHY MacCCy OT ,D;perfI, €CJIN HaYaJIbHOE PAaCCTOAHNE MEXKAY MaCCaMU PaBHO
12. FpaBI/ITa,III/IOHHa,ﬂ cujla, ,HeﬁCTBy:EOH.Iaﬂ CO CTOPOHBL BTOpOfI TJaCTHUOBL Ha IIEeP-
BYIO,

= T_"12 Gm1m2

12 19 7"%2

[To BTopomy 3axomy HrloTOHa ycKopeHUme mepBOro Tena

R
Fi, F12 sz

o
b = — = ——

2
mi 2 Tq9

OTMeTnM, 94TO BeIUUMHA YCKOPEHHUS HE 3aBHCUT OT MACCHI 1y, T.€. TPaBU-
TAIMOHHOE TIOJI€ COBEPIIEHHO OOUHAKOBO OENCTBYET Ha Pa3IddHBIE Tela. B 3ToM
KOPEHHOE OTJINYNEe IPABUTANNOHHOTO B3aUMOIEHCTBUSL OT OPYTUX TUIOB YHUBED-
CAJIbHBIX B3auMOAelcTBuil. B HBIOTOHOBCKON TeOpHUN Cuita TATOTEHUS 3aBHCUT OT
PACIOIOKEHNS Tell B AaHHBI MOMEHT, KOHEUHAs CKOPOCTbH (paBHas ¢) Hepemnadn
TPABUTAIMOHHOIO B3aUMONEHUCTBHUS HE YIHTBIBACTCA.

Besne B stux dpopmynax purypupyer kosdpdunuerT G — KOHCTAHTA IPABU-
TamoRHOrO B3amMomeiicTsua, G = 6,7 - 107% c’/r - ¢? (= 1/(15 - 106)). C
O9€Hb OOIBIION TOYHOCTHIO M3BECTHO, UTO CHJIa B3aHMOOCHCTBHA MEXKIY OBYMSI

TOYEIHBIMU MaCCaMU IIPOIOPIOUOHAJIBHA T'_2

— 3TO MOATBEPEITACTCA HabIIOme-

HIAMI OBUKEHNI IaHET COMHEYHOU cucTeMmbl. Bemmunay (G MOXKHO ONpeennThb

Tombko mabopaTopHeM myTem (omslT Kasemmmma). Townocts ompenenenus G

ropasfo MeHbIe, UYeM OOIBIIMHCTBA APYTHUX (GU3MUECKUX KOHCTAHT, 3TO 00y-

CJIOBJIEHO MaJIOCTBIO TPaBUTAIIOHHOTO B3amMomeiicTeusa. CormacHo m3MepeHmsIM
M.Y.Carurosa ("AIIT) 1978 r. G = 6.6745 £ 0.0008 cm®/r-c?.

CpaBHEM 3JI€KTpOCTaTHIECKOE I TPaBATAINOHHOE B3aUIMONENCTBIA OBYX da-

CTHUI — 3JeKTPOHA U IPOTOHA :

U, = _Gmpme’ U= _e_7

r r

Up Gmpme

U‘B.TI 62

I/ITELK, B aTOMHBIX MacIITabax POJIb I'PaBUTallIW HUYTOZXKHA. OJIHELKO HECMO-

~ 107391

TP Ha MAJIYIO BEINUYUHY CUJI TATOTEHUS, B OOIBIINX aCTPOHOMUYECKAX MACIITA-
Gax (IIaHETBI, 3BE3OBI, TATAKTUKW, CKOIUICHUS TallaKTHK) ABUXKEHNIE MaTePHN
OIIPENeIseT s TIaBHBIM 00pa30M I'PAaBUTAIMOHHBIM B3anMoneiicTBueM. s smek-
TPOMATHUTHOTO B3aUMONEHCTBUSI XapaKTePHO HAJIHYUE 3apPIOOB PAa3HBIX 3HAKOB
(mmtoc m MuHyC). DIeKTpHUecKoe Hole, KOTOPOe CO3HAeTCs HEKOTOPBIM DPacIpe-
IeJleHreM 3apsOoB, DeHCTBYET Ha 3apanbl TakK, YTOOBl HENTPAIN30BaTh HAUaIb-
HBIN 3apiam, W U3-33 3JIEKTPOHEUTPATIBHOCTH POIb 3IEKTPOCTATUIECKUX CHI B
607bIIMX MaciITabaX Majda. | paBUTAIMOHHOE TOJEe ONWHAKOBBEIM 0Opa3oM Ipu-
TATUBAET BCE PA3INYHblE TUMNBl YACTUI — YACTHIL U JakKe aHTHIACTHUIEL (HeT



aHTUIpaBATanuu!), I CUTa STOrO NPUTIKEHNS IPOLOPIUOHAIBHA Macce Tell, Ho-
3TOMY IpH Iepexone K OolbmuM MacHITabaM I'PaBHTAlHOHHOE B3aIMONEHCTBUE
aBigeTcs onpenensioruM. ONbIT MOKa3BIBAaET, UTO YACTHUIBL ¢ OTPHUIATEIHLHON
MacCoHll He CyIecTBYIOT. B cOBpeMeHHON KBAHTOBOI TEOPUU IO IPENNOIIOXKE-
HHE O CYIIIeCTBOBAHUHU TaKHX YACTHI] CO3NAII0 OBI CyIIeCTBEHHBIC TPYIHOCTH.

§ 1.2. BekTopHoe moJsie yckopeHmii, Teopema ['aycca, rpaBuTanmoH-
HBLIl MOTEeHNUAJ, YPaBHEHUE
IIyaccona

BseneMm noHsaTIE BEKTOPHOTO O YCKOPEHUI @, CO3MaBa€MBIX TPaBUTHUPY IOIITIMMI
renamu. OgHa ToyewHas Macca m CO3OaeT IOJe YCKOPEHU :
7 Gm
ia=—-——
ror?
OxpyxumM Maccy m DpOH3BOIBHOH 3aMKHYTOH IOBEPXHOCTBIO (puc.l) m BB
YNCIUM TOTOK IO d depe3 MOBEPXHOCTD S :

7ds = aCOSHdS:—/G—TCOSGdS:
r
S S S

Gm cos 8 r?

— | —————dQ = —47nGm.

r2cos 6
S

3mecs § — yron Mexny d mw HOpMasbio K oBepxHOCcTH 5. Baxkuo ormeTuTs, uTo
TOJHBIA HOTOK OKAa3aJICA HE3aBUCIIIINM OT GOPMBI IOBEPXHOCTH.

Ecnu umeercs meckonbko macc my, mo, ms, ..., TO TOJE d ABISIETCS CYIEP-
MO3UIUEN monent dy, dg, ..., CO3MABAEMBIX STUMU MaCCAME

— - - —
a=day+ay+as+ ...

Ucnons3ys 5To CBOMCTBO I'paBUTAIU-
OHHOTO IIOJIL U OKPYyZXKas IIOBEPXHO-
CTBIO S HECKOIBKO MAaccC, JIETKO IOJIy-
9HUTh

—

idS = —4rGM,
S
rome M = mq +mqe +ms+ ...

Moxno yb6emmThcs, YTO Macca,
paclmooXkeHHas BHE 3aMKHYTOHW IIO-

BEPXHOCTHA S, HEC Oa€eT BKJIada B

_Sf(_ids. Puc. 1:



Taxum 06pa3zsoM, MTOMHBIA TOTOK
BEKTOPHOTO IHOJA d PaBEeH

—

ad

—47rG(m1 +my+ms+ .. .),
S

IpUYeM B CyMMY BXOOAT TOJBKO T€ MAacChl, KOTOpPHIE JEXKAT BHYTPH 5. ITO
ONIOXKEHNe Ha3bIBaeTcs TeopeMoit ['aycca.

[Ipumenum teopemy Taycca x chepuueckomy cmoro. Ilycts § — chepa pa-
mmyca r, Texkalllag BHYTpH 3Toro ciod. Torma 47r? - a = 0, T.x. BEyTpH S HeT
macc. CremoBaTenbHo, BHYTpH chepudeckoro cioa' a = 0. OxpyxuM Temepb

chepuuecKu-CuMMEeTPUIHY 0 KoHGUrypannio Maccel M moBepxuocTbio S. Torma
a-4mr? = —47GM n a = —GM/r*. Urax, chepudeckn-cuMMeTpUaHas KOHMH-
rypanns Co3maeT IoJIe, SKBUBAJICHTHOE IO TOYEYHON MaCChl, COCPEIOTOICHHON
B ee LEeHTpe.

Hsist masoro obbema V' MOXKHO HammcaThb

1 . 4 Gm
L gde = _ETEm
V/a S vV o

rae mHTerpai 6epeTces no HOBEPXHOCTH obbeMa V, a m — Macca, 3aK/IIOYeHHas B
sToM obweme. B mpenerne npu V' — 0 otromenue m/V ecTsb mokanbHas WIOTHOTH
p, TaK UTO TOIYIUM

div @ = —4nG p.

Coemaem cremyromuil Imar — BBeOeM HOTEHIHATI TPABUTAIUOHHOTO IO CO-
[JIACHO yCIIOBHIO:

"

i = —grad ¢.

DTo Bcerma MOXKHO CIETaTh, TaK KaK TPABATAIMOHHOE IOJIE KOHCEPBAaTUBHO: BCE-
5

roma f d dl=0, T.e. rot @ = 0, a >To U 0O3HaYaeT BO3MOKHOCTh BBEICHUS TIOTEHIIN-

anma. Temeps nMmeem

div @ = —div grad ¢ = —Ap = —47G p,

nJIn

Ap = 4nG p.

Msr nmomyunnn ypasaenue [lyaccoHa — OCHOBHOe ypaBHEHHE TEOPUU MOTEH-
nuaia. Huddepernuansustil oneparop divgrad = A Ha3pBaoT Jamiacua€oM. B
OeKapTOBBIX KOOpOUHATAX

d*o % N 0%

Ap = 0r?  Oy? 022

Mpu »>Tom ncnosibzyem ToT GaxT, 4TO MO CUMMETPUN @ MOKET GBITH HATIPABIEHO TOJHKO
o paguycy. K sannTudeckol OJIOCTH 3TO A0Ka3aTeThCTBO HETPUMEHIMO.



B chepuuecknx xoopauraTax (r, 6, )

19 ,0¢ 1 3] dp 1 9%
Ay = g 4 -
v r2 ar ar tzm g r2sin 8 98 sin oo + r2sin? A Da?

18,29
rZ 8r or’?
KOTOPBIX OCTAeTCA B ypaBHeHI/II/I HyaCCOHa IIJIsT cq)epmqecmxl CI/IMMeTpI/ITIHOI/I 3a-

4mr? 4mr oy
Oa'dIl. OT-IGBI/IJIHO 9710 or — 5TO IIOTOK IIOJIA YCKOpeHI/I

Herpynso noraTs, oTkyma 6epercsa Takon Bun ais A. Pacemorpum unen

8 28;,0
ar
o 2 — 4nr?6r. P 6 -
00BEM MEXKIY C(pepaMI/I mr-or. a30eJInB pa3HOCTB IIOTOKOB CL Ha O ’BeM, IIO

ayaaem Ap = Li7"2 ‘gf dcHo, 9TO B 3amade ¢ NUIUHOIPAIECCKON CUMMETpHUEN n3
10,0

Tex XKe coo6pa>KeH1m nomyanm Ap = 2r 5k (r — DUWIMHAPUYECKUH pammyc).

Nrax, nnsg chepudecKn—CIMMETPUIHOTO PACIPENEIEHNS IO THOCTI

pamuyca r. Pa3HocTh MOTOKOB d uwepes chepsl r u r + Or paBHa 47r5r

1 d dap
—— =4 . 1.1
zdrr dr mGp (1.1)

§ 1.3. Codepuuyecku-cuMMeTpPUYHBIE TOJIA TATOTEHUS, MOJIHAA U TEKY-
I1asg Macchl 3Be3], SMJIePOBHI U JIarpaHXKeBbl KOOPAMHATHI

Paccmorpum TomKUi chepudeckuin ¢Ion ¢ pammycoM r, TOMIUHON 6 <& r U Io-
BEpXHOCTHOI mioTHOCTBIO p [r/cm?]. Haiimem cmmy mpUTAXKEHHS CO CTOPOHBI
cheprl, XOTOpas OEHCTBYET Ha MPOOHYIO YAaCTUNY €OUHUYHON MAacChl, TIOMEIIEeH-
HYIO B Kakoi-mubo Touke A BayTpu cdepnl. I3 puc.2 HarnagHO BUMHO, ITO CUITBI
TIPUTSIKEHUSI OBYX 3JIEMEHTOB MacC, BRIPE3aHHBIX Ha cdepe TemecHBIM yriaoM df),
OOUHAKOBEI II0 BeJIMYNHE I IPOTUBOIOIOKHEL IO HalpaBieHuio. bosee Gnm3kuit x
Touke A seMeHT dmy IMeeT MEHBIIYIO MacCy, U CUIa MPUTSIKEHNS, CO30aBacMast
uM B TOuke A,

dm;  GudS, G pdQ

2 = 7
ry T cos 6

dFlzG

Tax xKax mpaBasg 9acTh 3TOTO BBIPAKEHUS 3aBUCAT JIAITH OT BEINITHBI TEIIECHOTO
yraa df) m cos #, KoTopble OOUHAKOBHI I dmq U dmgy, TO CO CTOPOHBI dmg
meiicTByeT paBHag mo BenuuuHe cuna dFy = —dF;. Taxum obpasom, mobas
mapa y4acTKOB cephl BHYTPU OBOMHOTO KOHYCa df) maeT MOMHYIO CUITY, PAaBHYIO
HYITIO0, U TpobHasg JaCTUIa BHYTPHU CHEephl He UCHBITHIBACT CUILI U YCKOPEHNI.
DTOT pesynbTAT OCTaeTCA B CHIe U A CHepbl KOHEUHOH TONIIUHEEL (6 ~ ).

Teneps pacnomoxuM Hamry OpobHY®o gactumy BHe chepsr (puc. 3). Cma,
IEefCTBYIONIad Ha YaCTHIy B 3TOM CIydae, paBHA

GM
F=- (1.2)
r2
U HaIpaBleHa K HeHTPYy cbhepol. 3meck M — monmmas macca chepuueckoit obo-
Joukm, ¥ — paccTosHme oT A mo meHTpa chepwl. HampaBiaeHHOCTH K IEHTPY

10



Y ]

Q,

Puc. 2: Puc. 3:

chepsl OYeBHOHA W3 CHMMETPHHU 3a0adl, a TO UTO, HeHCTBHE TaKoe XKe, KaK OT
TOYETHOU MacCChl, IOMEIIEHHON B IeHTPe, MOXKHO IOIYYINTH IPOCTHIM HHTEIPH-
pOBaHHEM.

Paccmorpum 3Besnmy pammyca R ¢ mepeMeHHOH IUIOTHOCTBIO p(r) I mONHOM

MacCCon
R

M =4xn [ p(r) ridr.
0

[Tonmuas cuna, meficTByMOIas Ha IpOOHYIO dacTuly mpu r > R paBHa

M
F = —G \
2
HO BHyTpH 3Be3nsl (r < R)
o _Gm(r) .
2

r
Benmuuny m(r) = 4w f p(q)g*dq oberarO HasBIBaIOT Tekymuell Maccoil. Bennauna
0

m(r) €CTECTBEHHO MOSABIISLETCA IPU PACCMOTPEHNN PABHOBECUS 3Be3[I.

Pemenne mecTammorapHbIX 3amad CKaTUS 3BE3M, KaK U JTFOOBIX THAPOOUHAME-
YeCKUX 3a0ad, MOKHO MTPOBOOUTE ABYMs crocobamu. Beibupas B kauecTBe HE3aBU-
CUMBIX TIEPEMEHHBIX KOOPONHATY I U BpeMs t, MOKHO PacCMaTPUBATh M3MEHEHUS
PM3UIECKUX BETMINH (H.HOTHOCTI/I, OaBIICHUS 1 T.JI.) B KaKOW-mubO QUKCUPOBaH-
HOW TOYKE TPOCTPAHCTBA (3171.Hep013 nonxon). Ho gacto 6eiBaeT ymobHO ciennTs 3a
TIOBeIeHNEM BBIOPDAHHBIX 3apaHee JaCTHUIl BEIIECTBA (narpamKeB HOJ:LXOJ:L), B 3TOM
clIydae He3aBUCUMBIMU IepeMEHHBIMU ABISIOTCS HadallbHbIE KOOPIMHATHI ro(to)
u BpeM4 t, a KOOpOMHATA f'(t) aBiusgeTcs GYHKIUER ry. Jlarpanxes mooxomn darre
BCETO OCYIIIECTBIISETCS B 3amadax, o0IagaloluX KaKOW-TnOo CUMMETPUEN OBU-
JKEHUN, HaTIpUMep, Ipu chepuIecKn-CAMMETPUIHOM PACIITHPEHNT (I/I.]'II/I C}KaTI/II/I)
3Be3mBl. 3adaluM B HAUYAJIbHBII MOMEHT B KaueCTBe JarPaHKeBOH KOODIMHATHI
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paccTosHUE A0 MeHTPa 3Be3abl 1. Chepa ¢ pammycoM 1y COOEPKUT BIOITHE OIPe-
IeJIEHHYIO 9aCTh MacCHl 3Be30bl M (7o), BeIn4IuHa KOTOPOI IpU chePUIecKuX IBH-
KEHNAX He MEHIeTCA cO BpeMeHeM. B sToM ciydae Tekyiras Macca m(r) MoxeT
OBITH BBIOpaHA B Ka4eCTBE HE3ABUCUMOI (JarpaHKeBOR) KOOPAUHATEHI.
PaccMmoTpuM HECKOIBKO IPUMEPOB:
1. ITap paguyca R umeeT mocTosH-
HYIO INIOTHOCTH p = const. OueBunso,
4TO pemenue ypasHeHus (1.1) mveet q)

BUI
© = kr? + const.

HO,ZICT&BHE)I 9TO pEUICHIE B YPaBHCHUE

(1.1), momyanm

21~ 2
Ap = 6k = 4nGp ijr + const
u HaWmeM, 94TO
ot Puc. 4:

P = ?G pr’+ const (r < R).
Crapyxu, mpu r > R, mmeem ¢ = —GM/r. 3rauernue const Haxomum u3 ycroBms
HEIIPEPBIBHOCTH NOTeHnuWana npu r = R (cm. puc. 4) (mpomsBomHEE Ipm 5ToM
CIIUBAIOTCA aBTOMATHIECKH):

GM 2
- = —WG p r?| 4+ const.
g3 R
Yuarem, uro M = 4?’TpR?’, U HOJIYIUM
2m 9 9 GM (3 1r?
L,9=?Gpr —QWGpRz—T 5T IR (mpu r < R).

2. Tenmeps mpeomomIOKIM, 4TO

p(r) = b (r — R)

(6(r — R) — menbra-dyrknus Hupaka), T.e. p=0mpu r < Rur > R, a macca

o0

M =4r /p(r)rzdr = 4muR?.
0

OueBunHO, 9TO {1 UMEET CMBICT HOBEPXHOCTHON INIOTHOCTH (Pa3MEpPHOCTD [u] =
r/cm?). Tlockomsky a = dp/dr = 0 BEyTpu chepnr R, acHO, uTo ¢ = const mpm
r < R. Cumapyxu mo-mpexsuemy ¢ = —GM/r. Cmuas norennuan npu r = R,
noxyuuM (puc. 5)

_GM
_ R -
L GM

r

12



Puc. 5: Puc. 6:

Mer BunuM, ato B 5TOM ciydae dp/dr umeet paspss (puc. 6). Moxso nokasars,
YTO 3TOT Pe3yiIbTaT COBEPIIEHHO OOLINMN: KOHEYHAsd Macca, COCPENOTOUYEHHAs B
OECKOHEYHO TOHKOM CJIO€ C KOHEYHOH IIOBEPXHOCTBIO, HaeT pPa3phIB HOPMAaJILHON
IPOU3BONHON IOTEHIINAJIA!

dp dp
—| — —| =4nrGp.
dn|, dn]|, e
3. Hamo: p = —GM/r. Yemy pasuo Ap? HemocpemcTeennoe BEIUHCICHTE

IPOU3BOOHEIX HaeT HYJIb BE3O€, 3a NCKJITIOUYCHUEM TOYKHN T" = 0. B camom aerie

I 1 9*r~! _ 2x? — y? — 22
r /$2+y2+22’ Ox? - ($2+y2+22)5/2’

u nerkxo ybemumcs, uTo Ap = 0, kpome x = y = z = (), roe UMeeM HeOIpeneseH-

rocTs (/0.
Errte mporrie B maEHOM ciIydae BBIUHCIEHNE B chepUIECKNX KOOpOnHaTax. s
/ _ 1 8 208¢ _
NOTeHIMATA, He 3aBHCAIEro or yria Ag = 2’22 u noncrasmas ¢ = 1/r,

caoBa nmonyunMm Ap = 0. Opaako HempaBuibHO OBLIO OBl OTBEYATH, YTO Be3me
A(1/r) = 0. Taxoit oTBeT He BepeH, Tak kKak NOTOK dp/dr wepes moGyo mo-
BEPXHOCTD, OKPYKAIOIIYI0 HAYall0 KOOPAUHAT, OTINYEH OT Hyis 1 paBer 4dmGM.
[IpaBuneHubIT OTBET:

Ap = 4m Gmbs(r).

Bmecs 63(7") — TpexmepHas menbra-dyaknus Jupaka. Taxum obpasomM, oTBeuas,
uro Ay = 0, HyXKHO mOGaBUTH: Be3le, KPOMe Havdajla KOOPAUHAT, TOe BTOPBIE
IPOU3BONHEIE OT ¢ CTPEMATCI K OECKOHETHOCTH.

4. PaccMoTpuM Temephb 00N caydail chepuuecKn-cIMMETPUIHOTO pacIpe-
nenerns niotHOCTHU p(r). Oupenennmm, Kax paHbIIE, TEKYIYIO MACCy

r

m(r) = 471'/ p(q)q’dq .

0

13



WNuTerpupys ypasuernne Ilyaccora, nociaenoBaTenbHO MO YUM

d ¢ r 1
o(r) —/ Ld dq / m /Gm =
dq q
_ Gm(q)|” / Gdm(q) _ Gm(r) G/ dm(q)
q |, q r q
CMBIC.TI IIOJIYICEHHOI'O BBIPDAXKECHUA OIS SO JICTKO IIOHATD. HepBbeI qJjIeH — 5TO

IOoTeHInal chepuIecKn-CUMMEeTPUYHON MacCChl, PACIOJIOXKEHHON BHYTPH Cchepsl
panmyca r. Bropoil wieH sBnseTcs cyMMON MOTEHINAIOB OT BHEIIHUX CIIOEB.
C y4erom cooTHOmeHUs Aia m(r) 3amUmIeM BBIPAXkKEHUE U4 NOTEHIHAIA B

BUIE
r R

p(r) = —4r G %/P(q)q2dq+ /p(q)qdq

B nocnenmem mHTerpase Mbl 3aMEHIIN BepXHUI mpemen oo Ha R, mpenmomaras,
yro mpu r > R nnotHOCTH p = 0.

§ 1.4. DHeprusa rpaBUTANNOHHOTO B3aUMOJEMCTBUI

Meur Bumenu, 4TO SHEPrUsS TPaBATANKOHHOTO B3aumMmomencTBus U oiis OByX Macc

my iy paBra U = —9Mm2  Ha cnyuait N TodeuHBIX Mace BRIpaxkeHme mus U

0000ITTaeTCS CAEOYIONINM 00Pa3oM:

- i _ Gmimy

Tik

HpI/I TaKOM OIIpenerIceHnn U KaXOad IIapa m,;, M BXOOUT B CYMMY TOJIBKO OINH

N
=y

T
i£k ik

9TO, OYE€BUIOHO, IIPEOCTABIIIET coboi l"paBPITa]'.'[PIOHHbeI IIOTEHITNAT, COSHaBaeMHﬁ

pa3. Beemem Benuuuny

B k-TOHI TOYKE BCEMHU OCTAJIHBIME MaCCaMI. Tenepb IJIS U MOZKHO HaIIICaTb

1 N
IS
k=1
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Kosdpdunument % NOABUJICA BCJIEOCTBHE TOTO, YTO KaXKIas Iapa TOYEK BXOTHUT
B CyMMY IBa pa3a. JTO BBEIpaXkKeHHE JErKo 00OOIINTh Ha CIIydall HeIpepbIBHON

CPEIBL:
U= ! @ dm = L pp dV
2 2
(no ompeneneHuio dm = p dV).

s TogeuHbIX Mace HeOGXOOUMO OBLIIO OTOPACHIBATH YHEPIUIO CAMOLENCTBASL,
OrOBapUBas MPABWIO CYMMHUPOBAaHUA. B CIUIOIIHON cpeme caMomelcTBUE HE yUH-
TeiBaeTca aBroMarundecku. [lo nopanky Benuuuusr dV ~ (dr)3, I caMOOelCTBHE
snemenTa dV ecThb G(pdV)z/d'r ~ (dT')S, T.e. BeJIMYnHa H60sIee BBICOKOTO MOPSIOKa,
YeM SHEPTHS B3aUMOOENCTBUSA C OCTATBHBIMEI MaCCAMU, KOTOPAsS ~ (cl'r)3.

Ncnonb3yem Teneps BeIpakeHne @ miisd cHepraecKu—CIMMETPIYHOTO PACIPe-
meneHus p(r) M BBIMECINM TPaBATAlUOHHYIO SHeprmio. meem:

¢ [ [ dm(q)

G _m_ [dm(q)

U—2/&n ' . (1.3)
0

STO BBEIDaXKEHNE MOXKHO 3HAUYUTEJIBHO YIIPDOCTUTH. BBeJIeM BCIIOMOT'aTEIBHY IO CI)YHK—

R
nuio f(m) = [ dTm. Ouesunuo, f(M) = 0 u xpome >TOro

M M

M
/fWJMHwﬁW— mdf = — [ mdf.

0 0

Nmeem Traxxe df = —dm/q.
Taxum o6paszoM, HHTerpal OT MePBOrO WileHa B BhIpaxkeHuN (3.3) paBeH uHH-
Terpaygy oT BTOPOTO, I OKOHYATETbHO HOTYyTInM

M

v—_g [mdm
r(m)

DT0 BEIpakKeHWE MPOIIE TOMYUIATh WHBIM IMIyTeM, PacCMaTpuBast, KaKyl paboTy
COBEPIIAIOT TPABUTAIMOHHBIE CUIBI PN HAPAIIWBAHUN TaHHOM KOHOUTYpAIUn
MOCTIENOBATEIBHBIMI cI0AME. [lycTh Macca m ¢ paguycoM r yiKe U3TOTOBJIECHA.
[MpubaBum k >Toll Macce HOBHIN chepuueckuin cimoit dm. Torma coBepmenHas

Gmdm

paboTa, oueBunHO, paBHa dU = u 1.0. B pesyasTaTe momyunm

M
U:—G/M,
r
0
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§ 1.5. JlaBieHue rasa. Y paBHeHUEe paBHOBecUS
3Be3/bL

st 3Be30BI, HAXOMSIIENCS B PABHOBECUN, CIJIa TPABUTALMOHHOTO TIPUTIKEHIS,
MENCTBYIOMIAs Ha KaKou-TO0 3JIeMEeHT Macchl dm, MOMKHA OBITH CKOMIEHCHPO-
BaHa PABHOW NO BeIWYWHE U IPOTUBONOJIOKHON IO HampaBieHmio cuioi. Taxas
YPaBHOBEIIUBAIOIIAas I'PaBUTAIINIO CUJIa B 3Be30aX 00y CIOBIIeHA NaBICHIEM Bellle-
cTBa (TOYHee, IPAIUEHTOM IABJICHU ).

B obmem ciayuae maBimenme P SBiseTCs BeIHYHHON, MO3BOJISIOIIEH ONUCATH
CHILY, DENCTBYIOMIYIO Ha BBIOEIEHHBIN B XKUOKOCTH WK raze o0beM V' mpou3BoIb-
HOH (POPMBI CO CTOPOHBI OKPYZKAIOIIIEr0 ero BellleCTBa, KaK HHTeTPaJl IO pa3mesid-
IOIIEN TOBEPXHOCTH

F=— [ PdsS, (1.4)
S

rae gaBiaeHne P 3aBUCHT TOIBKO OT COCTOSHUS BEIIECTBA Ha STON MOBEPXHOCTH.
i

Bexrop dS = 7dS (i — HopMaib K 37I€MEHTY NOBEPXHOCTH d.S) HaIpaBlieH B

130601 TOUKe Hapy XKy OT HOBEPXHOCTH, H03ToMY B (1.4) mepen mHTErpazoM cTOUT

smak Mumyc. 13 (1.4) crenyer pasmepsocTs masiaenns |P) = nms/cu”.

I KunkocTu, B KOTOPOi maBieHue ogHoponHo (P = const), nmeem oueBum-
HOe BBIpajK€HUe OJI CUJIBbL, OENCTBYIOMIEN Ha 3aMKHYTYIO IIOBEPXHOCTD: F =0.
[IycTs Temeps maBieHme HeomHOPOOHO. B oblleM ciydae B Majloll OKPECTHOCTH
HEKOTOPON TOYKH, PACKIaAbIBas B P, MOKHO 3aIlICATh:

P = Py + "'V P + r;ri(BTOpble IPOU3BONHEE) + - - - . (1.5)

Moncrasnas (1.5) 8 (1.4), HafimeM, 9TO ¢ TOYHOCTBHIO [0 BEIUIUH BTOPOTO HOPSIKA
MaJIOCTHU CHjIa, OefcTByoTas Ha o0beM dV, orpaHnYeHHBIN MOBEPXHOCTHIO d.S,
paBHa dFp = —VPdV, T.e. cuna maBmeHus gBiageTcs 0O0BEMHON CUION — OHA
mponopiuoHanbHa dV u HampaBieHa u3 00IacTH GONBINETO HABICHUS B 0OIACTh
menbmero. Macca oobema dV paBra dm = p dV. Cuna rpaBETanmOHHOTO TIpH-
TSAKEHUs, KOTOpas ABIAETCA MaCCOBON CHIION, paBHA dﬁg = —Vedm.

B paBHOBecHm Oy HEBPAITAIOIIENCS 3BE3IbI 3THU IBE CUJIBI JOJIKHBI KOMIIEH-
CUpPOBATH OAPYT OPYra, T.e.

dF = =V dm — VPV = 0

OKOH‘I&TGJIBHO YCIIOBIE MEXaHNYECKOIO PaBHOBECHUA 3aIllICBIBACTCA B BUOE

1
—VP 4+ Ve =0.
p
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s chepraeckn—CuMME TPIIHBIX 3BE31T
(Pr).dQ yPaBHEHUE FEAPOCTATHIECKOTO PABHO-
2 BECHS IMeeT BIUI
1dP  Gm(r)

[aBneHne Ha 60KOBbIE CTEHKU ; dr + r2 = 0. (1'6)
CO3[a€eT pajvanbHylo cuny

Fr = 2PrdrdQ Cuma rpaBUTALMOHHOTO IPHUTIKE-
HUA HalpaBleHa K IEHTPY 3BE3MHL

Puc. 7:

IIPOIIOPpONOHAJIBHA — VP, T.€. IJIAd IIOOOCPXKAHUIA PABHOBECHUA 3BE30bI OaBJICHUE

ypaBHOBeHII/IB'dIOLT_Iaﬂ CllJIa OaBJICHUS

MOIKHO ¢ HEOOXOMIMOCTHIO MOHOTOHHO PACTHU OT MOBEPXHOCTHU K HEHTPY 3BE3IIHL.

Bripenum BEY Tpu 3Be3nbl eqUHIYHEL quanEapuaeckuil ooseM (dV = dSdr =
lem?,dr =1 em,dS =1 eM?) Tak, 9T0OBI OCHOBAHNS NUINHIPA OBLIN IEPIEHIN-
KyJApHBL panuycy. g Takoro obbema cuiia, o0y CIOBICHHAS MaBI€HUEM, PaBHA
—% [mum/cm®]. Beimemum Temeps mapoBoil CEKTOP ¢ PaCTBOPOM TEIECHOTO YIJIa
d) (cm. puc. 7). Kasamock 0bl, HOCKOIBKY CHIa DABICHNSI Ha BHEIIHIOK IOBEDX-

HOCTBH HIApPOBOI'O CEKTOpa paBHA T2PdQ, TO PEe3yIbTHUPYIOIIA] CHUJIa TaBJIECHNI,
ﬂeﬁCTByIOLuaﬂ Ha eOUHNUYHBIA 00BbeM 3>TOro CEKTopa, paBHA —r% % (T2P). He 6y—
meT nu bosiee IPaBUJIBHBIM IIOACTABIIATH 3TO BHIPpAXKEHHE B (1.6) BMECTO BeJIU-
P9
dr °
CEKTOP, MBI HE YU/IU OaBJICHUE HA OOKOBEBIE IMOBEPXHOCTH CEKTOpPa, 4TO JaeT noba-
2
TL; %. C YyYEeTOM IIOCJIEOHErO MBI OIATH IIPUXOOUM
dP

K BBIPAXKXEHUIO OJIA CHJIBL T'a30BOTO OaBJICHUA ~

B ofmem ciydae HEM30TPOMHOTO DABICHUS CIEAYET MPUMEHATH BhIPAKEHUE
1 d(T‘z.PM) n Pg@ dT‘Z
r2 dr r2 dr’

roe P, 7é Pyy. Ilns oOBIYHBIX Ta30BBIX 3BE3I MaBJeHNE W30TPOMHO — BBITIOTHS-
arP
dr *
[Ipenmonoxum, 9T0 HaM U3BECTHO ypaBHeHHe cocTosHus B Bume P = P (p),

YUHBl — OxaswBaerca mer. [Ipu BeIBome cuiibl, mefcTBYIOMIEN Ha MIApOBOR

BOYHYIO CHIIy BIOIb PagHlyca

F, =

ercq 3akoH llackansa: P, = Py u F, = —

T.e. HaBJeHUE IBISeTCS GYHKIUEN TONBKO MIOTHOCTU. 3aNaluMCcs 3HAUCHUSIMI
B merHTpe p. 1 P, (r = 0). Torma mveem cucremy AByX OOBIKHOBEHHBIX mudde-
PEHINAILHLIX YPaBHEHUHN IEPBOTO MOPAOKA!

1dP dp  Gm(r)

i — 1.
p dp dr r? (17)
d
d—T: = 4mp r?, (1.8)

peltas KOTOpYIO, TOIYyYaeM paclpeesieHne IIOTHOCTU U OaBIEHUA BIOTbL Paln-
yca.

PaceMoTpuM acuMmTOTHUECKOE IOBeNeHNE pelleHus B meHTpe (r — () u Ha
kpato 3Be3nsl (r — R). IIpu r — 0 momyunum

47

3
m%?ch,

17



P=P —kr*=P.— 2?WG,oczrz,

P\ 'on
p=pe—Fkr? = pc - g—p < Grer’,
T.e. B uentpe dP/dr = 0 u dp/dr = 0.
Ha xparo 3Be3nsr umeem rn = M u, ueTerpupys ypaBHeHne paBHoBecus (1.7),
HOJTy IUM
dP  GM
il
s Toro 9ToOBI 3Be3ma MMeNa ONpeNeleHHYIO BHEINHIO TDAHNIIY, MHTETPAT
[ dP/p momxen cxommrbcs mpu p — 0. Hampumep, mnsa msoTepmmdeckoil aT-
Mochepsl P~ pT (T = const) mHTerpaax pacXomUTCA, T.e. M30T€PMUIECKASL

-+ const.

aTMOochepa HoIKHa OBITH GECKOHEUHA.

Ecaun maBnmenme sBusercs cremeHHon ¢yHKIuenl mmotaoctu P = K pY, To
HEOOXONUMBIM (HO HE JOCTATOYHBIM ) yCIIOBIEM KOHEYHOCTH ATMOCHEPHL ABIAETCA
~v > 1. B sTom ciyuae

GM

r

P~ At
N3 ycnosus p — 0 mpu r — R nmomyunm A + % =0mu

- 1 1 M(R—r) L
Pl ~M(-—=) ~ ——= Te.p~(R—1r)
r R R?
BONMU3M kpas 3Be3mbl. g 9acTHOrO, HO BCTPEYAIOIIETOCA UAacTO CIIydas y =
4/3 (p ~ T3, P ~ pT ~ p*/3), momyumm p ~ (R —r)’ mpu r — R.

[Ipu ompemenenHOM ypaBHEHUU CO-
crosHus P(p) He Bcerma MOXKHO pe-
IIATH 3a8a9y IJI OAHHOH Macchl (Mo-
KeT OKa3aThbCSI, UYTO pEIIeHud s
BRIODAHHOM MAacChl BOOOIIEe He Cy-
mectsyer). OmHako, 3amaBajgch IeH-
TPAIBHOH IUIOTHOCTBIO ., MOXKHO
HalTu HaOOpP pemeHnt ¢ pa3nud-
HBIMH MacCCaMW, T.e. MOCTPOUTH KPU-
Byilo M(p.) (pmc. 8). Iocme storo

YK€ BUIOHO, KaKIE€ DPEIMICHUA COOTBET-

CTBYIOT ,E[aHHOfI MacCce, IIPU KaKnUX MacC-

CaX CyIIECTBYIOT PEIIEHHS (T.€. COCTO-
SHUS PaBHOBECU:) U T.II.
Puc. 8: Taxoit xe mogxom TPUMEHUM U B
OTO. KauecTBeHHO BCce ocTaeTcCs IIO-
IpeXHEMY: PellleHre MOKHO HaXOONTh, THTETPUPYSI OT MEeHTPa, TaK KaK BHEITHUE
CJIOM HE CO3Mai0T yCKOPEHN.
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§ 1.6. OcHOBBI TepMOAMHAMUKU 3Be3 I

Orpannummcs caydaeM XUMIUYECKU OTHOPOOHOM 3Be3mbl. OmHON U3 caMbIX Bak-
HBIX TepMOIUHAMUYECKUX GYHKIIUN BEIIECTBa ABIIETCA YIeTbHAS TEIIoBas SHEP-
rug E. Hycts E m3BecTHa Kak GYHKIUS ymembHOTO obbeMa v = 1/p [cv?/r] m
ymensroll suTponun S : E = E(v, 5).

ITo I 3akomy Tepmomuuamuxu dE = —Pdv 4+ T'dS. Tlostomy, smas E(v,S),
MOXKHO HallTU U ApyTue TepMoAuHaMudeckue Beandussl. Hanpumep,

0F oF
P==% T35
v S v
[Ipw 3amamsOll TemmepaType T mHOTHA mpm pacdeTax yOOOHO MOIb30BATHCHT
cBOoGOmEON SHEepruent cuctembl F = E — TS

dF = —Pdv — SdT.

Taxum obpasom, F' = F(v,T). OgHako Opu HcCleqoBaHIE MEXAHIIECKOH yCTOM-
YUBOCTH PABHOBECHON 3Be3Mbl BaikHO 3HaTH F(v,S), Tak Kak IPOIECCH Temo-
IIPOBOMHOCTH B 3B€3[€ OU€HD MEIJIEHHBIE I IO3TOMY IIyJIbCAINN IPOUCXOIIT 8 ua-
faTuuecku, T.€. ¢ COXpaHEHHEM SHTPOINH, HO He TEMIEPATYPHL.
Beemem emme omHY BaXHYIO TEPMOOUHAMUYECKYIO (QYHKINIO — 3HTAIBINIO
H=F+ Pv
dH =TdS + vdP.

Ecan »suHTpomma duxcupoBaHa, TO
dH|g =vdP = %. Ncnonb3ysa sTo co-
OTHOIIIECHNE, 3aluIleM yCIOBIE PaBHO- H
BECHS 3BE3IBI —% VP -V =08sBune
—V(H+¢) = 0. HNrak, nna u3ss-

Tponmueckux 3Be3n (S = const) ycio- r
Bue paBHOBecus ecTb H + ¢ = const

mo 3Besgme. Ha xpato P = 0, p =

0, H = 0, mosTtomy const = —%. B

BryTpnu 3Be3mBl SHTaIBIHS ABIAETCS
“sepKanbHEIM OTpaxeHmeM ¢ (pmc.

Kakos ¢pusmueckuit cMbICa COOTHO-

mernus H 4+ ¢ = const? Bossmenm 1 Puc. 9:

' XOJTIOMHOTO BEITeCTBa Ha 6€CKOHETHO-

CTH U TIOMECTHUM €rO B 3Be3[ly Ha PacCTOSHUE T OT IeHTpa. PaboTa rpaBuTamm-
OHHOTO OIS IIPU 5TOM paBHA (). YTOGHE 5TOT rpaMM HaXOOUICA B PAaBHOBECHN
C BEIIECTBOM 3BE3IBI, €T0 HEOOXOOUMO HarpeTh IO TeMIepaTyphbl OKPYKalollei
cpenst T'(r), mpunats 06beM v(r), T.e. coBepumuts pabory E(T,v). Kpome storo,
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HeoOXonmMo TpoussecTu paboTy Puv, 0cBobOXKIas TOIOCTh 00BEMa v, B KOTOPYIO
MBI oMecTHM Hamr 3jeMenT. WTak, nonwas pabora pasua ¢ + £+ Pv = + H.
YcmoBue ¢ + H = const roBopuT o ToM, 94TO 3aTpadeHHas paboTa He 3aBHCUT OT
MeCTa, B KOTOPOM MBI Pa3MeIllaeM SJIEMEHT BeEIlleCTBa.

BmecTo Toro, uTobbr 6paTh 3J€MEHT BellecTBa Ha O€CKOHEYHOCTH, Mbl MOKEM
B3ATh €r0o B OPYyroM MecTe 3Be3nbl. lorma ycmoBume H 4 ¢ = 0 o3Hagaer, 4TO
nonHada paboTa IPHU MEpEeCTAHOBKE OBYX 3JIEMEHTOB paBHa HYJIO, T.€. H33HTPO-
nuyeckas 3Be3a HaXOOUTCS B 0e3pa3sIndHOM PaBHOBECHU OTHOCHTETBHO TaKHX
epecTaHOBOK.

§ 1.7. BapuanuoHHBIII TPUHINI

B xmmuuecku omaOpOmHOI 3Besme He-
00s3aTeIPHO IEPEHOCUTH BEIEeCTBO: K
TeM Xe pe3yiIbTaTaM OTHOCHTEIBHO
YCTORYUBOCTU MOXKHO IPHUUTH, IIPO-
CTO U3MEHIA paclpenesieHne BelecTBa
p(r), He MeHAs HPH 3TOM B3aUM-

P

HOTO pacmomoxkerus cioes (pume. 10).
MoxHO yTBepEKIOaTh, 4TO €CIU PaB-
HOBECHE 3Be3[bl CJIeTKa HapYIIUTh,

TO SHEPruda Ipu 3TOM HE U3MECHUTCA.

Tounas GopMyIHPOBKa 3TOrO yTBEp-
KOEHUSI: YCIOBHE SKCTPEMyMa ITOIHON

Puc. 10:

SHEPIrUU 3BE30bL g COBITagaeT C YCIIO-
BUEM PaBHOBECHUA.

PaccmarpuBaeM 3Besmy ¢ IPOM3BOIBHBIM pacIpeleneHneM SHTpomun S(r).
M

[Monuas sueprus 3Be3nsr £ CKITagbIBA€TCSA U3 TEIIOBON SHepTUn () = f E(v,S)dm
0

M
n rpaBuTanuonHof sHeprun U = — [ GT"‘ dm:
0
M M
m
E= [ Ev,S)dm -G | —dm.
r
0 0

Haiinem ycnosue skcTpemyma £, ICIOMB3YS M B KadeCTBE TaTPaHKEBON KOOPIA-
HaTHL. Pacmpenenenne IIOTHOCTH TOTHOCTBIO OMPeNeIeHo, eClIn 3aaaHa hyHKINI
p(m). Bymem BapbupoBaTh r(m), T.e. CMeIATh OTOEIbHEE CIOU, CINTAs SHTPO-
nuto S(m) GUKCHPOBAHHOM, IPU >TOM Y Hac GYAYT ONpENENeHBl BADHALUNE I BCEX
OCTamBHLIX BeamamH. Mameen:

M M
6U=—G/mdm6 ! =G/%f5r;
r
0 0
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dr d (4r

dm = 4rr® pdr = pd 5 7)), modTOMy v = | o7
M M
Torma 6Q = [ (%’Z)Sév dm = — [ P% (5‘;—”7'3) dm. WaTerpupys mo 9acTaMm c
0 0

yuaeTtoM Toro, uaro r(0) = 0, P(M) = 0, nomyuum

T oP T oP T oP
5Q:/5 4—7TT‘3 —dm:/47rr25r7d,m:/£—5rd,m.
3 om dmr?p Or p Or
0 0
B pesynsTare
T P G
65:/dm LOP, Gm) s,

p Or r?

Ecnu € skerpemansro, o € = 0 mpu mr06eIX 6 (M), CIeNOBATEIBHO, U3 SKCTDE-
MaIbHOCTH & CIenyeT ypaBHEHUE PAaBHOBECUS

18P_ Gm

T2

p Or T

Yem mosnesen BapuanuonHslil npusmun! OkasslBaeTCs, YTO € TOMOIIBIO 5TOTO
IPUHINIA UCCIEN0BATH YCTONUNBOCTH MHOTO TIPOITE, UeM HUCTIOIb3YS YpaBHEHNE
paBHOBecusA. B 5TOM MOXHO yOEOUTHCS CIAETYIOMNM 06pa3oM. 3aluileM BEIpakKe-

Hue O HOJIHONI SHEPruu 3Be30bI, HEC IPEOINOIarasd PaBEHCTBa HYJIIO CKOpOCTefI
OBIXKEHNA BeEIIEeCTBaA 3BE3OBIL:

M 2
5:/ B, 8) = "™ 4+ | g,
r 2
roe U4 — CKOPOCTH 3JIEMEHTa MacCCHI. OquI/IJIHO, 9TO PpaBHOBECHOE DPaCCTOSIHUE
(koTOpOe Bcerma COOTBETCTBYET SKCTPEMYMY SHEPIUU) OyOeT YCTORUNBEIM, €CIIH
SKCTPEMYM ABIACTCI MUHUMYMOM. I[efICTBHTe.HBHO, TOTOa 13 HETO HE MOXKeT BO3-
HUKHYTh HIKAKOe IPYroe cOCTosfHue, Hi ¢ u = 0 (Ho mpyruM r(m)), Hu TeM Gomee
C U2 > 0 CHGHOB&TGHBHO, NCCJICOOBAHIIC YCTOﬁqHBOCTH CBOONTCA K HaXOZKIOCHWUIO
VCIIOBHIL, P KOTOPBIX BTOpasd BapHanua >Hepruu 62E > 0.
HOMI/IMO NCCJICOOBAHIIA YCTOﬁqHBOCTH BapHaHHOHHBIﬁ IIPUHITNAII IIO3BOJIIET Ha-
XOOUTH NPUOINKEHHBIE PEIIEHNI OIS CTPYKTYPHI 3BE3IbL.

§ 1.8. Teopema Bupuasa

[Ipenmonoxum, uTo ypaBHeHHNe cocTosHus cTenennoe: P = KpY. Torga yonensHas
TemmoBas sHeprus E = %p”"l = J%lv_(v_l). Mz 3HaeM, 4TO B paBHOBECHHN

6& = 0 mpu mpoussonsroit 6r(m). Ilycts ér = ar (Ja| < 1). Takoe BosMyIreHne
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OIINCBhIBaET HOJIO6H06 (FOMOHOFI/I‘IGCKOG) PaCHIIPEHNE UJIN CXKAaTHUE 3BE3OEI. TOI‘JI'd

v' = (14 3a)v, 6U = —al, 6Q = —3(y — 1)a). CuenoBarensHo,

6 = =3(y—1)a@Q — alU =0,

OTKyOa

Q:_

1

3(7—1)U

(3TO COOTHOIIICHNE 1 Ha3bIBAlOT TeOpeMOf/i BI/IpI/Ia.T.[a>. ,H.T.[}I OOHOATOMHOI'O ra3a C

’yzguMeeMQ:—%,S:%:—Q.
@ \ 1 y=2
\_le 3
\B
\
\

S~ B

Puc. 11:

Teneps nonoxum 1’ = [(Br, mpuuem
He Gynem cuntats |3 — 1| Manoi Beman-
YWHOI, a MCXOMHOE COCTOAHUE — pPaB-
HoBecHBIM. Q6o3maunm uepes Uy u )
COOTBETCTBYIOIIE BEINIMHBIYHEPI U
ucxomHoit Momenu. Torma mocie mpe-
obpasoBarus U = %Ul, Q = Jg(i—_l)Ql
(ons cTemeHHOTO YpaBHEHHS COCTOS-
mng). Ecmm v = 2, 10 Q = 31—2621
Kax BuIrgouT B 5TOM ciaydae Kpu-
Bas E(fF)?

THUKa OIIpEOCIICTC S BEJIMNYMHON I-J7 IIpnr

I[lpu 3 — oo acummrTo-

f — 0 — Bemmummoit Q@ (pumc. 11).
Homywaem, urto mpn 7 = 5/3 xpusas
UMEEeT ONUH U TOIBKO ONUH MUHUMYM,
T.€. PAaBHOBECUE YCTOMUMBO.

[Monyuum Teopemy Bupmama OPY-

TUM CIOCOGOM U3 YpaBHEHHS PABHOBECHS, IPUYEM 3aBHCEMOCTE P(p) MoxkeT GEITH
npon3BonbHON. (Brlme nmpu BEIBome TeopeMEl BUpHalla U3 BapUANNOHHOTO IPUH-
numna 3aBUCEMOCTh P = Kp” GBlTa CyInecTBeHHA). Y MHOXHUM ypaBHEHIE PaBHO-

Becus (1.6) ma 7

rdP_Gm

pdr 1

u TpOUHTErpupyem mo dm:

[ = [ o= = [ arprar =

r

p dr

p dr

— —4n PP + 3/P47Tr2dr = 3/PdV,

/ Gmdm
r

=3/PdV

TeopeMa BEpHajla IpU Ipom3BonbHOM P(p).



[Ipu cTemeHHOM ypaBHEHHM COCTOSHUS, Hcmonb3ys P = (y — 1)E p, umeem
yxe m3BecTHoe cooTHomernne U = —3(y — 1)Q.

B meficTBUTENBHOCTH ypaBHEHHE COCTOSHUS He CTEIEHHOE, HO IJIA MHOTHX
OLICHOK IIOJIE3HO 3HATh CBOMCTBA 3BE3M C TAKUM ypaBHEHUEM cOCTosHus. s cre-
[IEHHOTO yPaBHEHUS COCTOAHUA HMeeTCs Homobue, T.e. JOCTATOYHO PEIIUTH 3a-
Mady NPU OAHHOM 7 IJIS OMHOTO 3HAUEHUS p., YTOOBI HANTU (PYyHKINOHAIBHYIO
saBucumocts M(p.) u R(p.). B cucremy ypaBreHnit

1dP Gm dm ;
I e
BXOOAT paBMeprIe KOHCTaHTBEI

0= 25 1= ()" =

cz \ced o

[MosTromy, kombuuupys G, K, p. B pa3sIuUHBIX CTEIEHIX, MOKHO MOIYyINTH Maccy,
pamuyc W OpyTHUe XapaKTEPUCTUKU 3BE3OBI. JTY 3adady MOXKHO PelmuTh ¢dop-
MaJIbHO, COCTABIASL CHCTEMY YPABHEHUH THUIIA

Rl = o' = [GF [K]Y [p] = w17

a=1,06=0,6=0, Te.

3t +(3y—-1)y—3z=1,

—z+(1=7)y+2z=0,
—2x — 2y = 0;

OTKyma & = —3, Yy = 5, 2 = L=, T.e. R~ (K/G)Zp.* .

Bonee HaTJIAOHO 3Ta CBA3B IMOIIYYaeTCA C IIOMOIIBIO HMOPAOKOBBIX OLCHOK:

GM? M
P~

o P. = Kp.

pc:ﬁ7

CMBIC.TI IIEPBOTO COOTHOIMIEHNUA JICTKO IIOHATH, €CJIN BCIIOMHUTH, 9TO CHJIa IIPDUTI-

JKEHNA MeXKOYy OBYMS IIOJTOBUHKAMU 3BE30bI ~~
GM?
R*
IMeEM BBIDaXKEHUE IJIA R, a NCKJIIOYad R, HaXO0OM

GM?
R2 a JaBJICHNE (CI/I.TI?L Ha €OUHUITY

Wcknouas u3 >Ttux Beipaxennin M,

IJIOIIAIN, IPOIOPIIUOHATILHON Rz) ~

P. 2/3 - a3 GM2/3 7—14/3
pf/g ~ GM ~ I‘pc ’ Pc ™~ K .

Homuepxuem, uro Bun xpussix M(p.) u R(p.) 3aBuCHT 0T Ge3pasMepHOI Be-
JINYUHEL Y, T.€e. KPUBBIE OJII PA3HBIX Y He IONOOHEL.
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Tnasa 2. AHAJIMTUYECKAS TEOPUSI TIOJIUTPOII-
HBIX IITAPOB (TEOPUSI TEMHA-PUTTEPA—
SMIOEHA)

§ 2.1. YpaBHeHHe DMIOeHA

B sroit rmaBe Mbl 6ymeM n3ydaTh paBHOBECHBIE KOHQUIYPAIUN 3BE3[I, MOMUNHSIIO-
IIUXCS CTENEHHOMY (HOIHTPOIHOMY ) YPABHEHHIO COCTOSHUS

P=Kp =Kp'tn,

rme 7 — MoKas3aTelb, N — HHOEKC NOMUTponsl. UHTepec x 3TOMYy ypaBHEHHIIO
COCTOAHUS BO3HUK €Ille B IPOIIJIOM BeKe, KOTa OyMaJjll, ITO BCe 3Be3Obl IOJIHO-
CTBIO KOHBeKTUBHEL. [[pu 5TOM MOXKHO IpennoOIOKUTE, YTO SHTPONNS HOCTOSHHA.
NuTerpupys TepMonuHaMuueckne paBeHCTBaA

11 1
dE = —Pdv = Kp'*= —dp = Kp~'"Fwdp,
p

IOJIyYaeM BHIpaJKeHUe OIS BHYy TPEHHEN SHEPTUN

.1 P

E=nKp» =n—.
p

O TCIOOA SHTAJIBIINS

P P
H=FE+Pv=E+—=(n+1)—.
p p
B CIIy49a€ IOCaIbHOTO ral3a I/I3B(3,CTHO7 qTOo (CU — TEILIIOEMKOCTBb, R — Tra30Bad
HOCTOSIHH?LE)
» RT P RT o
E:F—T, P=p— wm —=—, E=2
Iz Iz P B R p
Ins omHOATOMHOTO Ta3a
3 3
Cb==R mw n—=-

To xe MOXHO BBIYHCIUTH U [JII MHOTOATOMHBIX T'a30B, HO 3TOT CIydall He-
WHTEPECeH: cefuac MBI 3HaeM O 3Be3naX HecKolbko bombine, weM 100 met Haszam.
Beenem mepemennyio © Taxum o6pazoM, ITOORL

p=20", P=FK\*z@"
_xer P

T.e. IMeeM £ _ , — = K)\e©® u H= (n+ l)I&")\%@.
Pc Pe P
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I[.]'I}E[ naoeaJIbHOIO ra3a C HOCTOAHHON TEIIOEMKOCTBIO BEJINYNHA @ IIPOIIOpPIONIO-
HaJIbHa TEMIIEpATypPeE. BO3LM6M YCJIOBHE PABHOBECHUA B BHOEC

¢ + H = const

u momeiicTByeM Ha Hero omepatopoM A. Jlammacman ¢ ects 471 Gp, T.e. Ap =
47 G AO", a mammacmar H ects (n 4+ 1)KAY/"AO | u ypaszenne paBHOBecHs 3a-
OUIIETCS B BUIE

dr GAO™ + (n + l)K/\l/"AG) =0.

Bymem ympoirats nomydeHHOE COOTHOLIEHUE, W3MEHSS MACIITad, T.e. BBOMIS
mepeMeHHyIo £ gepes cooTHommenune r = af,

(n+1)K\/"

dm GAO" + = AO=0,
«

1.9 ¢2 9
&2 9S> €

Bribepem a Tak, aTobsr 47 G A = (n+ 1)[&")\1/”/0z2. Torma ypaBHeHnE paBHO-
BECHUJ 3AIUIIETCA B BUE

roe Ag =

1 d do®
Ac®O4+0O"=0, mwm — —E—40"=0.
¢ ’ € de > de
Taxum obpaszoMm, Tpum DaHHOM 7N
ypaBHEHUE PABHOBECHUSI OOHO € TO
JKe IS 3Be3m JII000M Macchl. Permras e

YpaBHEHUE IIPDU TPAaHUYHBIX YCJIIOBUIAX

0(0) =1, % . = 0 (T.e. monoxus 14
=0

A = p.), TOIYYNM MOHOTOHHOE yOBIBa-
Hue O oT emmHUNE k Hymo (puc. 12).
Bnauenne ¢, roe O(&) = 0, aBagercs
rpasunei 3Be3nwl. [[MOTHOCTS p, mpoO-

nopuuoHanbHas O") mpm n > 1 coa-
maeT 6onee kpyTo, gem O. Mur yxe mo- E E
Ka3belBaau B § 1.5, 94TO mpu cTenmeHHOM 1
YPABHEHUU COCTOSHUSA Ha KPAK) 3BE3IbI
p~ (R—r)/0=1. Ho~y =1+ 1/n,
Te. p ~ (R—r)" ~ 0" Tostomy
O ~ (& —¢) u Bommsu € = ¢ BenmumHa O IPOXOOUT HYNIb ¢ KOHEUHON IPOU3-
BomHOM, x0Ta O “cremerca” (mpu n > 1), T.e. HOOXOOUT K HYNIO, Kacasich OCH
abcriucc.

Puc. 12:

SlcHO, UTO Mg 3Be3Nn ¢ PA3NIMYHBIMU p. U K KpuBbIE ¢ OOUHAKOBBIMU 7 IIO-
mobubI. JlocTaTOYHO 3HATH TOJIBKO OOHY GYHKIIHIO @(§ ). HomuepkaeM BaKHOCTH

KOHEYHOT'O YCJIOBUSA % = 0 OﬁpaTHoe %‘ ?é 0 03HaYaJIO OBl KOHEYHBIN
= 1E=0 = 1E=0

CKaYOK YCKOPEHUS B IEHTPE (T.€. 0COOEHHOCTS ).
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Heckombko aBTOPOB B POIIIOM BEKE YHCICHHO TPOMHTErPUPOBAIIN YPABHEHTE
IUIS PA3IUYHBIX 7. B wacTHOCTH, OMOeH moixyumn Tabnunsl 0, (£) ¢ Gombimoi
TOYHOCTBIO. 3HAUEHNEe 3TUX BHIYNCIEHUN Temeph HEBEINKO, TaK KaK PacdeT pe-
AJIBHBIX 3BE€3[I IPOBOOUTCA € yIeTOM Pu3ndecKux GhakTOPOB, COBEPIIEHHO HE yUU-
THIBAEMBIX B MOIUTPOIHOH TeOPHU (HECTENeHHOE yPAaBHEHUE COCTOSHIUS; UCTUH-
Has CBA3b P U p HOIydaeTcsa U3 pacCMOTPEHNUA BCEX MPOIECCOB, BKIIOUAs IEPEHOC
u3IydeHns, spepHble peaknun). OnHAKO U1 KaueC TBEHHBIX ICCIIEIOBAHUI pelle-
HUEe ypaBHEHHN JMIeHa BEChbMa TOJEe3HO. Hampumep, ¢ TMOMOIIBIO MO TPOIHON
MOZETN JIETKO MOKa3aTh HEBO3MOKHOCTH CYIIIECTBOBAHMS CBEPXMACCHBHBIX 3BE3]I.
D710 BaxkHO M TPOBIEMBI KBa3apOB.

§ 2.2. OcHoBHBIe MTapaMeTPHI MOJIUTPONEI

[Ipu mammOM & pammyc 3Be3mer R = oy,

1 1/2
a = [(TL + 1)Kpr [4n G] .

&
Beenenm Gespasmepryo Bemmangy (g = [ ©7¢2d€. Torma Macca 3Be3nbL
0

R
M = 47T/pr2dr = 4na® pepuy,
0

OTCIOOA JIETKO TOIYYATh TOYHYIO CBI3b MEKIY MEHTPATBHON MIIOTHOCTHIO U MacC-
COIL 3BE3OBI

M\ i G Fp=
=\ = (4m)Fm [ = S —
P <Tr> iR (n—{—l)[x’

Ilns maBreHUs 3Be3ObI B NEHTDE UMeeM
P, = piGM*? p*3 tme py = (47)'3)(n + 1),uf/3.

Bamernm, uro P. (mpm mammwix M, p.) He 3aBucuT oT K. DTOT pesymbrar
€CTECTBEHEH, €CIIN BCIIOMHUTE, UTO

GM2 2/3 4/3

Ho pacIpenesicHue OaBJIICHUA IIO 3BE30¢ 3aBUCUT OT N, IIOSTOMY BBIDAaXKCHUE OJIA

P, comepXUT CTPYKTYPHBI MHOKHUTENDb pq(n). BBemeMm emre muoxuTens R(n)
TakuM 0Opa3oM, ITOORI

R = Ry(n)[K" G~ M'—"]"/C™",
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Tabauna 1:

6.90 | 2.02 | 54.2 |0.364 | 0.075 —
1497 | 1.80 | 622 |0.315 | — | 0.0517
oo | 1.73 00 0.269 0

n SENZ! PC/PCp Y41 I Rl(n)
0 2.4514.90 | 1.00 | 0.806 | 0.400 | 0.602
0.5] 2.75(3.79 | 1.84 |0.638 — 0.832
1 3.14 | 3.14 | 3.29 | 0.542 | 0.261 | 1.253
1.5 3.65 271 | 599 |0.478|0.205| 2.35

2 4351241 | 11.4 |0.431 | 0.1535 | 7.53

25| 536|219 | 23.4 |0.394 | 0.112 186

3

4

)

B psane ciyuaes (HanmpuMep, B 3aadaX BPAIleHNS ) BaXkeH MOMEHT HHEPIUN 3Be3MbL,
BBRIpaKEHUE IS KOTOPOTO 3alUIIEM B BUOE

I=IMR°.

B Tabnume 1 MBI mpUBOOUM 3HaUeHUS BBEIEHHBIX HaMU CTPYKTYPHBIX BETUYNH
IU1 Hanbollee BaXKHBIX 3HaueHnil n. Bemme (§ 1.7; 1.8) 6bLnin BBeneHB! BRIpaKeHNS
IIJISL TIOJTHOM, TPAaBUTAMOHHON U TEIJIOBON SHepruil 3Be3abl. HTEerpupys >Tu BhI-
PaXkeHUs OIS TOMUTPOIHBIX IIAPOB, MOXKHO MOIYIATE CIEOYIOITINEe COOTHOIICHS:

3-nGM' 3 GM

’ ~ 5—n R’
n GM?

Q_5—n R

O,E[HaKO ecTh Dosee I/I35H_T_IHBII7I CcIIoCcoO BBEIBOOA 3THUX BBIpa)KeHI/IfI C HUCIIOIB30-

BaHNEM COOBpakeHIH PasMepHOCTH U BapHAIHOHHOTO IPHUHIINIA.
Banumem Bhipazkenue anas nonHou suepruu £ B Bune £ = —aGM? /R, roe a

1—mn
3apaHee He U3BECTHO, I NMONCTABUM 3aBucuMOCTb R(M), Torma & ~ GM* 5=n ~

5—mn

5—n

27N o _ 5—n —n_l _ 5—n &
GM5= nmn B nuddepermuanproil popme d& = z=—-GM3 dM = =" 57 dM.
3mece d€ ecTh pa3sHOCTH HHEPIUil ABYX PABHOBECHBIX 3BE3I, MACChl KOTOPBIX pa3-
auuatores Ha dM.

Ho mar moxenm n3mernts &, nobasnsas maccy dM Ha moBepXHOCTH 3Be3msl (T.€.

GM
npu P = 0). Torma d€ = —%5= dM, Tax xax BHyTPeHHSsS SHePrus KyCKa DaBHA
HYJII0, I HI3MEHIIaCh TOJIBKO IPaBATAMOHHad SHeprud. [lomyuenHas KoHGUTrypa-
uns M + dM me sBaseTcs paBHOBeCHOH. TeMm He MEHee COTTTACHO BapHAIIMOHHOMY

OPUHINATY ¢ TOYHOCTBIO mo (dM)? m3aMmeHenme sHeprum 3Be3mbl GE3pa3IndHO K
p Yy p p

TOMY, KaKIM 00pa3oM MeHSeTcs Macca 3Besgnl. llostomy d&; = dE,, oTkyna
5—n & GM ¢ 3—n GM?
— =——— 1u = — —_—
3—n M R 5—n R
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C mpyroil ¢TOpOHEI, IO TeOpeMe BUpUATIA @—_1=2

U 37
3—n ,— 3
c=Q+U=""p=""2¢.
3 n
Taxum obpazom,
n GM? 3 GM?
Q 5—n R’ 5—n R

§ 2.3. UYacTHBIe ciydYau MOJIUTPOMNHBEIX MOAEJIei

1. n = 5. Kax BugHO u3 BBIIle IpUBENeHHON TabIUUEL, IpU 1 = ) Oe3pa3MepHBIT

pamnuyc & — oo. U3 popmyn mma £, (), U BumaO, 9TO KOHEUHBIE 3HAUCHIL

SHEePTUH 3BE3IbI COBMECTUMEL ¢ KOHEYHON Maccoll Tonbko mpu R — oo. Pemenns

ypaBHEHUs JMOEHA € n > D BooOIIe TepsioT OOBIYHBIA GU3HIECKUN CMBICII.
Cnyuail n = 5 uMeeT aHATIUTUYECKOE PEIICHUE BUOA

O=(1+6/3)7"" & = .

Jlerko mpoBepuThH, 9TO HMOIHAS Macca 3Be3Obl KOHeYHa. B camowm mene, npu & —
o0

00 © ~ 1/¢, a Berpaxenne nnsa Maccst M ~ py ~ [ ©° 2 d€ cxonures Ha BepxHeM

0
o0

npenene. Honmsnt MomerT nrepnnu [ ~ [ ©° &' dé ~1Iné — oo, mo I/MR*> — 0,

0
TaK KaK OCHOBHai 9aCThb MacCChl COCPEOOTOYECHA B IMIEHTPE.
2. n=1. ,Z[.TISI OaBJICHUSA B 3TOM CIIy4a€e IMeeT MECTO COOTHOIICHUE

P =K

u, cnegoBatenbHo, p~ O u H ~ E~T ~ P/p ~ 0. Taxum obpaszom, momyaaem
JTUHETHOEe ypaBHEHUE

1 d ,do L0
£2.d¢” dE -
OIHO U3 PEIIEeHNT KOTOPOTO, YAOBIETBOPIIOIIee IPAHNYHEIM yCIOBIUAM, IMeeT B
sin &
0= : i
un obpalmaeTca B HyIb mpu & = T.
B cuny mummeiiHOCTH 3amaum pamumyc
3Be3nel R He 3aBucuT oT Maccel. [lpnm 3
magHoM K Benmwummbl F u H mpo- C3
HOPUUOHAJIBHEL p, U B OOUH OOBEM n_l
MOKHO BIOXKUTH (paBHOBeCHO!) pasHoe D
C2

0 R r

Puc. 13:



KOJIMYECTBO BEIIECTBa. lpu yBenumue-
HOU MacCChl PACTET TOJIBKO IEHTPAIb-
Has INIOTHOCTSH p, (puc. 13).
3amaua. Ilomyumre sTOT pesymnb-
TAT U3 Pa3MEPHOCTHBIX COOOPAKEHU.
YdTuTe mpm 3TOM, YTO Pa3sMEPHOCTH
K 3aBucuT oT mHIOEKCA N.
3. n = 0 — HecxkuMaemas KUII-
kocTthb. Popmanpro mpm n — 0 u3
ypaBuerns cocrosauns P = Kp't'/" cnemyer, uro mamble msMeHeHmS p maioT
Gombinue u3meneHus P. DTo maeT HaMm mpaBO OTOXKOECTBAATH ciydail n = ()
€ HECKUMaeMON OTHOPONHOW KUOKOCTBIO p = const = p.. Tax xax TemmoBas
sueprus F paBHa paboTe, 3aTpavueHHON Ha CKaTUe MAHHOTO Ta30BOTO o0BEMa, B

cnydae HecxkuMmaeMmon xunkoctu E = 0 u, cnegoBarensuo, () = 0. DTo BuOHO
n GM?

n w3 dopmyner Q = =~ “z— nuaa n = 0. Iommas smeprus £, oueBUIHO, paBHA
rpaBuTanuoHHon U.
4. n = 3. Cnyuait n = 3 aBageTcs Hanmbollee WHTEPECHBIM U DU3NYECKN

BaxHBIM. Kak MBI yBHOUM HUXKe, OH OCYIIECTBIILETCA U B O€IBIX KapiIUKaX, I
B GompImmx ropsumx 3Besmax, roe P = ¢/3, P ~ p*? (3mecy ¢ — mmoTmOCTH
sHepruu [3pr/cm?]). U maxe nna Conuna mHamGonee GIU3KH K PeasbHOCTH IOJA-
TPOIHBIE MOOENN ¢ N = 3.

B uwem ocobernocTs 3TOTO cniyuas? Bo-mepBrix, Teopus MOIUTPONHBIX MIAPOB
IpHU DAHHOM yPaBHEHHH cocTosHUs (mpu manHoM K) n mamzon Macce M He mo-
3BOJIIET BHIUUCIUTE Paguyc 3Be3ngsl. KpoMe Toro, nomuas sHeprus 3sesmsl & = 0,
Te. U =—-Q.

[Mouemy sTo mpoucxonut? Pacemorpum mopsnkossie onenku. TemmoBas sHep-
rus Q mpu n = 3 mo mopanky pasHa Q ~ MP/p ~ MKp'/®. IIna rpasuTammon-
HOlt sHeprum Becerma nmeem U ~ —GM?*/R ~ —GM2/(M/p)1/3. [Monras smeprus
£ = Q+U. OueBunmo, uro mis pasusix M sueprug £ no pasgoMy 3aBucut ot p'/>
(pmc. 14). B moboMm ciydae 3aBUCHMOCTD $(p1/3) nuuetinasg. Q4ueBunHO, 9TO NpH
€ > 0 cumcrema IpE MAaJBIX BO3MYIIEHHSAX HA9HET pasneTaTbes (€ cTpeMmTes
YMEHBIHUTECA), a pu & < ( OymeT HEOrPAHWYEHHO CEKUMATHCH (KOIIAICHpPO-
BaTb). PaBHOBecme Bo3MOxkHO Tonbko mpu £ = 0, mms 5TOro ciiydas mMeeTcs
TOIBKO OOHO OMPENETICHHOE 3HAUCHNE MACChI:

e 3/2
KM = GM® — M ~ &
G
TO‘IHOG Bpra}KeHI/Ie
4/11 I{ 3/2 .

Taxum O6_’pEL30M7 PaBHOBECHAA MOOEJIb C Nl = 3 numeeT TPH BaXHBIX CBOHCTBA:
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1) paBHOBeCHE BO3MOKHO TOJIBKO IPU OZHOM OIPENENICHHOM 3HAYCHNH MaCChL
(ecnmn K ¢uxcuposano), 2) nonsas sueprus € = 0, 3) paguyc 3Be3nsl R Moxker
OBITH JTIOOBIM, T.€. paBHOBeCHE Oe3pa3yImIHOoE.

n<3

0 1/3 \\
ra) \
P N n>3
U=p"
M>M,, R\
\
\
Puc. 14: Puc. 15:

Paccmorpum xpatko, kak BemeT cebs momHas SHeprus & B 3aBHCHMOCTH OT
mnotHocTn npu n 2 3 (pume. 15). B cmywae n < 3 HaGop KpUBBIX IS pa3HBIX
MaCC UMeeT MUHEMYM, a Ipu n > 3 MakcumyM. QueBUgHO, 9T0 TOUYKH 8378/3 =0
SBIISIOTCS TOJIOKEHUSIMU PABHOBECHUS, HO TIPU 1 < 3 TO PABHOBECHE YCTONUUBO,

a Ipu n > J HeyCTOHYINBO.

§ 2.4. Teopusa 6eJabIX KapJIUKOB

W3 mabmoneHnil m3BeCTHO, 9TO MACCHL OENIBIX KapJINKOB MOPSOKA COJIHETHON, HO
Pa3MepBL COCTABIIAIOT JINIIb COTYO 9acTh COITHEYHOTO PAInyca (1 qaxke MeHbIIE),
T.e. bernble KapIuKu TPeOcTaBISIOT COOOHM 3BE€3IBI ¢ YePE3BRIYATTHO OOIBITON IOT-
HOCTBIO BemiecTBa p ~ 10°-10Y r/cm®. B raxom cocTosHmu OGBIYHBIE ATOMBI
Pa3pyLIalOTCs, a BELIECTBO COCTOUT U3 sIOEep U CBOOOMHBIX 3JIEKTPOHOB, KOTOPHIE
nogunHoTCss cratuctuke Pepmu—Iupaxa.

[lomyunm ypaBHEHUmE COCTOSHUS OJII BEIECTBA OENIBIX KapPIIUKOB.

B uMIyIbCHOM IIPOCTPAHCTBE YUCIO KIETOK (cocTosauil) B 1 cm® pasrO dn =
d3p/(27rh)3, rme (27T7i)3 — obbem omHOll kneTkm ((asoBoil sueitku). CormacHo
cratuke Pepymn—dupaka B ODHOM COCTOSHIU MOKET HAXOOUTHCS TOJIBKO ONUH
3JIEKTPOH, U IOJHOE YICIIO IeKTPOHOB [V, 3aKkIioueHHOe B a30BoM obbeme V), =
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Pr
f 4 pde = 4% p:, C y9€TOM CIIMHa PaBHO
0

2
N=—-=V,.
(27rh)

3meck pp — rparmunsil uMoyiasc Pepmu, Britie kKoToporo mpu I = () Bce ypoBHE
cBoOomHBI. Tax, 4ncmo 37IeKTPOHOB B OOHOM KyOMUeCKOM CaHTUMETPE

2 47‘("3 1

(2r h)® 3 3m2h3

Y mobHO BEIpaXaTh pp B €OUHUIIAX M.C, BBOOS Oe3pasMepHEBIN mapaMeTp T =
3

MmeC o

gﬂ; }.33 x®. TlapameTp ¥ ABIfeTCS MepOH pPeIATUBU3IMA:

npu ¢ < 1 31€eKTpPOHBI HEPENATUBUCTCKUE, IPA T > 1 yIbTpaperaiTHBACTCKUE.

Kaxoin mnorrOCTH BEIMIECTBa COOTBETCTBYET ,E[aHHBIfI x? O603Han/IM uepes e

pp/mec. Torma N =

MOJIEKYJIIPHBIA Bec Ha ONUH 3JIEKTPOH, T.€. CPEOHEe YICJIO HYKJIOHOB Ha ONUH
3IIEKTPOH (,ue = 1 mna Bomopoma, pe = 2 mig ‘Hey, u pe = 2,2 mis 56F626).
Torma p = pe - 1,6 - 107N = . - 10°2° [r/em?]. Orcroma cremyer, aro npn
p < pte - 10% v/em® mmeem x < 1, T.e. pr < MmC, U BTEKTPOHBI HEPETATUBUCTCKHE.
Opu p > pe - 10° v/em®, pp > mec.

s Bomopoma « = 0,1 ocymecrBusercs npu mnotaoctu p = 1000 r/CM3 (,mm
PFeys 310 coorBercTByeT p = 2200 r/cm®). PepMu-3HEPrUsa SIEKTPOHOB B HTUX
yenosuax Er = p? /2m. = 5-107%m.c* = 2500 5B, 9T0 B mecaTku pa3 IpeBLIIIaeT
SHEPIUIO CBA3U 3JEKTPOHOB aToMa Bomopoma (Ecs = 13,6 3B). Taxum obpasom,
mpu x > 0,1 yXe MOKHO HOIB30BAThCSI TEOPUEN BEIPOXKIEHHOTO 3JIEKTPOHHOTO

rasa.
Pacemorpum mepenstuBucTckyio obmacts 0,1 < = < 1. Cpenuss smeprus
_ 2 _
ar 3 _ 3 3 P 2
3MEKTPOHOB B Imape ¢ obwemom — pp pasHa F = ¢ Fy S oy T Bo~oat

5 5/3
bl

I[aB.TIeHI/Ie P ~ pE ~ T o~ P T.€. XOJIOOHOE HEPEIIATUBUCTCKOE BEIIIECTBO

IpencTaBiIgeT coOON ra3, MOTUNHSIONINECS YPaBHEHNIO COCTOSHUL C Y = O / 3:
P = Kp°/3,

Crarucruka ®epmu (mpurnun [Taymun) onpenenser korcTanTy. ng uneamsHOrO
(mexBaHTOBOrO) rasa K MoxeT OBITBH mM0OBIM. Ecan oxmaxmaTs ropsdmit ras mo
remuepaTypsl I' = 0, To K mmer He B HyIb, & CTPEMUTCSI K OLNPENEIEHHOMY
upeneny. PepMu-gBUKEHNTE 3IIEK TPOHOB UT'PAET POIb TEMIEPATYPHL.

3 anaua. [lonyunre TounyIO DOPMYILYy OIS DAaBIEHUS BBIPOXKIEHHOTO He-
penaTuBmcTcroro raza P = 10%%2° spr/cv® u maitnurte Bhipaxenne maa K uepes
byHIaMeHTaIbHBIE KOHCTAHTEL.

Benomunas obmmme ¢gopMybl, BRIBEOEHHBIE 1S TOIUTPONHBIX KOHPUTYPAIIil,
mveeM (n = 1,5):

M ~ :ES/Z, R~ $—1/2 ~ M_1/3.

31



[Ipusenem XxapakTepUCTUKU TUMUYHOTO GETIOTO KapInKa, COCTOAIIETO U3 TeTUs
(e = 2) ¢ maccoit M = 0,25My = 0,5-10% r; p. = 2,5-10° r/em?®, p =
4-10*r/em®, R=1,4-10° o

CTporo roBops, mosIydYeHHbIE BBIIIE PE3YILTATHI OTHOCATCI K aDCOIIOTHO XO-
JIOMHOMY BeILIECTBY. BeriecTBO 6ebIX KapInKoB, KOTOPBIE Mbl HAOIIOMAaeM, IMEIOT
oTnuuHyo oT Hyus TeMmueparypy (omm cersar!). Ho remmeparypa maxe B He-
CKOITBKO MIJITMOHOB TPAIyCOB MaJla TI0 CPABHEHUIO ¢ XapaK TEPHON (hepMu-3Hepruei
snexTpoHoB (kT < Ey). IlosTomy TemnoBoe nBHKeHHE IIa3Mbl He CYIIECTBEHHO
OpHU pacdeTe PaBHOBECHS W yCTONYUBOCTHU GENTBIX KapJIUKOB, XOTS IJIS pacdeTa
X OXJIAXKIEHWS OHO BaJKHO.

C yBenmuenmeMm Macchl H6EI0TO KapiInKa PacTeT &, U TPU HEKOTOPOIl BEJTMIIHE
M x oxasbiBaeTCa GOTBINE €NEHNUIIH, SJIEK TPOHHBIN a3 OKa3bIBACTCS PETITUBHUCT-
ckuM. MIMIynibe 57IeKTpoHa CBA3a €O CKOPOCTBIO W3BECTHBIM COOTHOIIEHUEM

a SHEPruga 3JIEKTPOHaA

E, = \/(mec2)2 + p?c? — m.c? = mct(V1 + 22 = 1).

IIpu maneix z, korma /1 + 22 ~ 1 + ”'"2—2, MONIYUNM YKe U3BECTHYIO GOPMYITY
yx? B p?
2 2m,.

E, =m.c

Ipu z > 1 (ocTaBmss TOIBKO DIIABHBII WIEH B PA3/IOKEHNN) SHEPTUSL OLHOTO
snekTpora B = m.c’r, crenoBaTensHO, SHEPrus emeHus Macchl B o~ x ~ p'/3,
a masnenne P ~ pE ~ z* ~ p*/3.

Taxum o6pa3oM, yIbTPapeTITHUBHCTCKUN BBIPOXKIEHHBIH 3I€KTPOHHBIA a3
HONUHUHIETCS YPaBHEHHUIO COCTOSHUA ¢ HoKazaTerdeM ¥ = 4/3 (HHIEKC TOMUTPONLL
n =3).

Hawm yike m3BecTHO (CM. BEIIIE), 9TO OPH N = 3 PAaBHOBECHOE COCTOSHEE BO3-
MOXKHO TOJIBKO IIPU ONHOH OompeneneHHon Macce. 11 BEIpOKIEHHOTO PeIITUBICT-
cxoro BemecTBa (2.1) maeT 5To 3HaYEHHE MacCHL

3,75
MCh = 2 M@.

e

s pre = 2, Moy, = 1,44 Mg, IIna Bcex IpOMERYTOUHBIX CITydaeB HMEIOTCA
TOYHBIE YUCIICHHBIE pacdeTsl (puc. 16).

N rak, ojsa xomomHOTO BelecTBa pe-
IIeHUe CyIIecTByeT ToubKo npu M < M
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MCh (MCh — Ha3BIBAIOT YaHIpPace-
KapPOBCKHM IIpenesioM Maccer). W3 Ha-
OTIOIeHNN MBI 3HaeM, UTO €CThb TOops-
qme 3Be3OblI C MacCOHU, HoIbIeit MCh'
B pesyabTate 3BOMIONUN IpH OCTHIBa-
HIW TaKWUX 3Be3[ HOIKHA IPOUCXOOUTH
HOTeps YCTONIMBOCTH B KOILTAIC (OBI-
CTPOE CIKATHE) 3BE3MBL.

B #pooTOHOBCKOI Teopum Gomee
KECTKoe ypaBHEHHE COCTOSHUS (Ha-
IpuMep, OTTAIKHBAHUE SOEP) MOLIIO
6Bl cmacTm 3Be3my oT kommamca. Om-
Hako B OTO mpm moboMm ypaBHeHUN

COCTOSAHUA PEIATUBUCTCKUE BQ)(I)GKTLI BCE€TOa IIPUBOOAT K HGYCTOfI‘II/IBOCTI/I n HE-

OTPaHUYEHHOMY KOJIJIAIICY.

Monyunwm, cnenys E.Connurepy, BhIpakeHue i NPeOeTbHON MacChl GEI0TO
KapJIuKa depe3 yHIaMeHTaIbHbe GU3HIeCKe BeIHUNHB My, h, ¢, G, uin, opy-
TUMH CTIOBaMU, HallleM IpeieIbHOe THCI0 HYKITOHOB N (o}, , 1714 KOTOPBIX FPaBUTa~
IUs YPABHOBEIIUBACTCA AABIEHUEM BEIDOKIEHHBIX 371eKTPoHOB. Mmeem My =

mP‘NCh'

N3 xouctanT G, my,, h I ¢ MOKHO COCTaBHTH TOJIBKO ONHO Oe3pa3sMepHOe
: 2 -38 . o 2
TUCTIO: Gmp/hc ~ (0,710 (aHaIOr MOCTOAHHON TOHKOH CTPYKTYpHL €°/hc).

Ilo onpenenennio Ny, Gespasmepro 1

MCh = mPNCh = my

Kax manitu o? Bocmoms3yeMmcs O 5TOTO ypaBHEHUEM COCTOSHUS YIbTPapemd-
THBHCTCKOTO BEIlECTBa U HAlleM HMOCTOSHHYI0 K (IpHGIMKeHHO)

E, =cp =chn'’®, P = nE, = chn*/, p = myn,

ch
EVER

T.e. P = chh/sp“/?’ n K =
p

p

- 3/2 ’d
s nommrponst n = 3 Beime mul noxyaunu M ~ (K/G) /2 Moncrasnas K,

nmMeeM

312R3/2

= G3/2m3 Mp
p

M

:mP

OKOH‘IELTG.TIBHO

Mey, ~ mp(10°%)*%, Ny, ~ 10°7.

Taxoe 60IBIIOE YUCIIO O6YCJ'IOB.TI6HO T€eM, YTO KOHCTaHTa I'PaBUTAIIMUOHHOTO B3a-

I/IMOJIefICTBI/Iﬂ MaJIa.

Gm
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§ 2.5. Topsauue 3Be3abI

Teneps paccMOTpPUM OpPYTOR TPEOeTbHEIN CIyYail, B KOTOPOM I'IaBHYIO POJIb UTPAeT
[aBIIeHNe M3y UYeHN.
HanmoMHUM ypaBHEHUE COCTOSHUS OIS MOEaIbHOTO T'asa

RT
P =—0/p,
7
30€eChb U — MOJ'.[GKyJ'I)IprIfI BE€C BEIIICCTBa, T.€. BCJIMYNHA, KOTOpad IIOKA3BIBaECT,

CKOTIBKO €UHUI, ATOMHOTO BeCa IPUXOAUTCI Ha ONHY 9acTHHy (oTamdafiTe f1 OT
pe!). Hampumep, py = 1/2, 50 prey = 1, 1 [iHes = 4/3, peme = 2 u r.m. llpm BRICO-
KUX TeMIepaTypax, KOTQa Ta3 HOTHOCTHI0 NOHU30BAH U SBIISETCS OTHOATOMHBIM,
TEIIOBas SHEPTHs TPaMMa BEIeCTBa PaBHA

C mpyroft ¢TOpOHEL, P BBICOKUX TEMIEpPATypax B TEPMOOWHAMUIKE 3BE3IBI BCE
GOTBIIYIO POIb HAUNHACT UTPATh HaBJeHUe u3aydeHus. g m3nydeHums, Haxo-
ISIIErocs B TEPMOATHAMEYIECKOM PABHOBECHHN (ILTAHKOBCKOTO U3JIy9YEHNS ), ILITOT-
HOCTB SHEPIUU ONHO3HAYHO ONPENENIeTCs TeMIepaTypoll (cM. Huxe § 3.3)

g, = 7,56 - 107" T* = aT* spr/cm®.
Iapnerue mpu 5TOM
P, =¢,/3=2,52-10""" T* 5pr/cm®.

B mabopaTopHBIX yCIOBIAX U3MEHSIIOT HE IJIOTHOCTS &,, & MOTOK JIyIHCTOR YHEp-
ruu g (ITowemy?), KOTOPEIT CBA3aH € &, TPOCTON 3aBECHMOCTBIO

q=¢.c/d

(IlonyunTe xo3dpdunuent 1/4 B stoit dopmyne.) Taxum obpasom, ¢ = 5,67 -
107°T* = oT* (3axor Crepana—Bomsumana). Ilo dopmyne DitHmTeiina mwioT-
HOCTB MaCChl U3ITy YCHUS

pr =&,/ v/em’.

Nmeercs mupokas 061acTh acTpOPU3NIECKUX yCIOBUM, KOT oA OaBICHUE U HEP-
IUs U3IYYeHUd U BellecTBa CPaBHUMBI, HO IINIOTHOCTB MaCChl U3JIyUeHUA MHOTO
MeHBIIle IIIOTHOCTH MACChl BEIIECTBA (P, < pr,). BBIIHIIEM Temepsb BhIpaikeHNS
OJIs IIOJTHOTO NAaBICHUS BEIlleCTBa U U3IYUCHUSI

T T4 2107 T
P:R p+a :8,3 0°Tp
I 3 I

+2,5-10—15T*.
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Pacemorpum Momenb 3Be3mbl, B KOTOPOH CBA3b MEXKIY INIOTHOCTBIO M TEMIIE-
paTypoil maeTcsa ¢popmyIon

T = 7',01/3,

rIie T — NOCTOSHHBIN MHOXuTeIb. Torma naBnerue BettecTBa P, ~ pT' ~ p4/ 3
maBjeHne u3aydenus P, ~ T4 ~ p4/ 3, T.€. B TAKOW MOIEJIN OTHOIICHUE TaBIICHUI
U3IyYeHUs U BeIeCTBa MOCTOSHHO TO 3Be3e 1

8,3 . 107Tp4/3
M

OTmernm, uTo B 5TOM ciiyudae sHTponus S Mersercs (Kax? Pacrer unu mamaer

P= (1431072 pur?).

Hapyxy?). Beemem Benuuuny
y=r1°/3-10"3y,

TOTOa

P — 27 7 i 1015 ILL—4/3y[1 _I_ y3]p4/3.

[MapameTp y umeeT mpocToit cmuic: y° = P, /Py,
Takum obpazom, P = K;p*/?, m MBI mMmeeM yixe 3HAKOMOe HaM ypaBHEHHE
monuTponsl 7 = 3. MbI 3HaeM, 4TO B 5TOM ClIydae paBHOBECHE BO3MOKHO TOIBKO

IpHU ONHOM 3HadeHnn Macchl. [loncrasnas K B dopmymy (2.1), nomyamm
-2 3 3/2
M = 19Mop[y(1+y7)] "

Ucnons3ys 53Ty dopMyay, MOKHO OLUEHUTH POIIb MABITHUS U3JIYUYeHUS IS 3BE3ObI
ImaHHON Macchl (cM. Tabi. 2, B koTropoi npuaaTo 4 = 0,5).

Ta6.m/1ua 2: Poct OaBJICHUAI B 3aBHCUIMOCTHI OT MaCCHhI 3BE30bI (,u = 0.5)
y 005] 01 07 1 2 10
M/M, 085 ] 24 | 70 | 2155800 | 7.6 - 107
1-3=P/(P,+P,) | 107*[107°[025] 0.5 | 0.89 | 0.999

N3 Tabnuusr 2 BumHO, UTO 3Be3ma ¢ Maccon 215 Mg gBmgeTcs rpaHUYHON
(y = 1). Kax noxaszan A.DnouerToH, 0y 3Be3n ¢ Maccoll mopanka 1 Mg poas
MaBJIeHNS W3IydeHUs npeHeOpexmuma, a mias 3Besg ¢ M ~ 100 My masmenue
U3JIyYEeHNs SBIAETCA JOMUHUPYIOIITIM.

[IpumennM TeopeMy Bupmasia K MOCTPOEHHON Beiine Momeian. C yueToM m3iry-
YEeHHS TEIJIOBas YHEPTUs 3BE3[Ibl

Q= /<3R p+3P>dV.

IIo TeopeMe BUpPHUaJla I'PaBUTAIUMOHHAI SHEPTUA 3BE3ObL

U:—3/PdV:—/< RTP—|—3P>dV
7
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IMonuas sueprug 3Be3nel & = Q + U

—_ [ 2
& 2MPV’

T.€. 3B€30a I'PAaBUTAIUOHHO CBA3aHa, HO 3Ta CBA3b PaBHa TOJIBKO TON OoJIe S3Hep-
I'mm, KOTOpas OIpene/IsseTCs BEIIIEeCTBOM

mosTomy mpu 3 — 0 & — mano. B 5Toit Momenun Mbl HCKYCCTBEHHO BBEITH TOIIN-
Tpomy n = 3, HO SHTPONHUs He MOCTOSHHA IO 3Besne (ecnm S = const mo 3Besge,
rompu n = 3, & = 0). IomuepkHeMm pasHHIy MexIOy HmokasaTeleM aAnabaThI
v u mokazateneMm moauTponsl 1 + 1/n. BossMeM omHOATOMHBII HEPETATUBUCT-

5/3 TlycTs pacupemenenne SHTPOLIH

ckmit raz (y = 5/3), mns xoroporo P ~ e5p
0 3Beslle OUMpemeTseTca 3aBICEMOCTBIO €7 ~ p®, TOTHa maBJeHWe U MIOTHOCTD
CBSI3aHBI COOTHOIICHTEM
P~ pg"'a.

CrpykTypa 3Be3Osl GyIeT OmpeneSTCs MoKasaTeleM IOIUTPOIH! (3mechk 5/34+a =
1+ 1/n), a ycTONYHBOCTD 3aBHCUT OT HOKa3aTells aguabaThl, T.e. OT YIPYTOCTH
BelllecTBa (B Hamreil Momenu v = 5/3).

3a cueT pacmpemeneHnsa SHTPONIH MBI MOXKEM IOIYYIATE YCTONUNBYIO 3BE3MY,
HampuMmep, ¢ n = 4. B paccMmarpumBaemoll BhIle Momeam n = 3, HO HOTHAS
SHEepPTud 3TOH 3Be3Obl He pPaBHATACh HYIIO, TaK KaK MOOETh HEM33HTPONNTHA.
YceTofamBoCTE 3Be30BI ONpenenseTca He pacOpeneldeHneM BeIllecTBa, a TeM, Kak

OHO BefeT cebs IpU CKaTuu (T.€. €ro yupyrocThio!).

I'masa 3. IIEPEHOC MU3JIYUHEHNA B 3BE3ITAX

§ 3.1. Beenenue

B mpempimymimx rimaBax mM3ydasoch MeXaHHYeCKOe PAaBHOBeCHe 3Be3n Oe3 ydera
IIPOLIECCOB BBIOEJIEHUS HEPIUM B HeOpaxX 3Be3Obl U mepeHoca ee Hapyxky. Ceil-
Jac, He paccMaTpHUBasd IOKa NCTOYHUKN SHEPIUNU, BBIOEIAIOMeca BOIN3N IeHTPa
3Be30bl, 0OpaTUMCA K IpolleccaM IlepeHoca SHePIUH U3 Hedp 3Be3Ibl K ee IOBepX-
HOCTH. B 3aBumcEmMOCTE OT QU3HYECKUX YCIOBHH STOT HEPEHOC OCYIIECTBIIIETCS
mu6o m3mydeHueM (GhboToHaME), IHGO SIEKTPOHHON TEIIONPOBOLHOCTBIO, JIHGO
KOHBeknueil. B GonpmmHCTBE cilydaeB OIS HOPMAJIBHBIX 3Be3[ IEPEHOC HHEP-
IUH OCYIIECTBISETC JIyYUCTON TEeNIONPOBONHOCTBIO (IVIMHA CBOGOMHOTO IIPO-
Gera GOTOHOB MHOTO Gonbne npobera 31eKTpoHoB ). Tumnanas 3Be3na (Hanpumep,
Conrne) co ceerumocTsio 4 - 10%° spr/c morepsra 6ul 3amac TemwoBoil sHeprun ()
3a Bpems mopamka 2 - 107 mer. C Opyroif cTOPOHBI, CBOGOOHEIN GOTOH IpOIeTaeT
paccTosHue, paBHoe panuycy Commira 3a 2 ¢, T.e.,eciu OBl 3Be3a OBLITa MIPO3pavHA
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OTHOCUTENTBHO U3ITy4YeHHs, OHa MTHOBEHHO OBbI MOTEPSIIa 3aIachkl CBOEH TEITOBOI
sHeprHum.’

Takum 006pasoM, MEPEHOC TEIIOBOI HEPTUU — 5TO He IBUKEHHE (POTOHOB
IO IPSIMOH, a MeIJIEHHOe IPOCAYNBaHue dHeprun HapyxKy. CpemHsas ckopocTs mo-
CTYNATEIbHOTO OBUKEHUS HOTOHOB COCTABIIAET HUUITOXKHYIO OO OT CKOPOCTH
cBeTa ¢. bBosee Toro, GOTOHBI HE COXPAHAIOT CBOKI “HHOUBUOYAJIBHOCTH , T.€.
IPHU CTOMKHOBEHHSX C BEIIECTBOM (HPOTOHBI POKTAIOTCA W YHHUTOKAIOTC.

MennerrOCTD poLEecca BHIXOOMA SHEPTUN Hapy Ky ObIerdaeT perenne 3agadqn
JTYyYHCTOTO TEPEHOCa. B TaKuX yClIOBHSIX MOKHO BBECTHU TIOHATHE JOKATBHOTO TEP-
MOOWHAMIYECKOTO PABHOBECH.

B m3onmmpoBamHOM coCyme MOKET OCYIIECTBAATCS TTOTHOE TEPMOITHAMIYECKOE
paBHOBecHe, T.e. TaKoe COCTOAHUE, MPU KOTOPOM ITH000M GU3HUecKuil mporece
CTPOTO YpPaBHOBEIIEH O6paTHBIM. B yCIOBUAX TEPEHOCA SHEPTHUN TOTHOE PaBHOBE-
cHe HEBO3MOKHO, TaK KaK MOTOK SHEPTUU CHU3Y BBEPX HE PAaBEH MOTOKY, IIYIIEMY
cBepxy BHEU3. Ha caMoll TOBEPXHOCTH 3Be30BI GOTOHEI JIETAT TOIBKO HAPYKY, T.€.
TaM TepMOOUHAMUYECKOE PABHOBECUE CUIIBHO HapYIIAeTC .

BuyTpnu 3Be3mbl MOTOKYW MOYTHU PABHBL U YCIOBUSA MAJI0 OTJIMYAIOTCS OT TIOJI-
HOTO TEPMOOUHAMHUIECKOTO paBHOBecHus. [lo3ToOMy MBI OymeM cY4uTaTh majee, 4TO
B KaXK[OOH TOYKE OCYIIECTBIIIETCS IOMHOE TEePMOOMHAMIYECKOe paBHOBecme: 1)
PaBHOBECHE MEXKIy M3JIyI€HHEM U BEIIECTBOM; 2) PAaBHOBECHE BEIIECTBa (Bce pac-
npeneneHns GoIbIMaHOBCKHE H T.1.). Huxe OymeT maHa OmEHKa TOTO, ¢ KaKOI
TOYHOCTBIO OCYIIECTBIAETCA 5TO IPUOIHKEHNE.

§ 3.2. OcHOBHBIE NOHATUS TEOPUU PABHOBECHOTO U3JIyUYeHUS

[Iycts n — awmeno GoToHOB B KiaeTKe Pa30BOrO TPOCTPAHCTBA, T.€. THCIO 3al0-
HeHUsA, KOoTopoe Gespasmepro. g “smmka” maHHOTO 00BEMa MOXKHO TOBOPUTH
0 uncie cocTosHuN. Ecan cocTosHul MHOTO, TO YHCIIO YPOBHERN B obbeMe V u B
IMITyThCHOM obbeme d°p ecThb

V d3p/(27rh)3.
Torma mIOTHOCTH YuCTa GOTOHOB

2 Solem™
N = W nd’p| ], (3.1)

0

rae KoO3QOUIUEHT 2 YUNTHIBAET OBa BO3MOXKHBIX COCTOSHUSA C PA3HBIMU TOIAPU-
3QIIUSIMU.

2Ha caMOM [ejle TeIIOBas DHEPIHs GOJIBIINHCTBA 3B€3l[ COCPENOTOYCHa B BEIeCTBE, HO B
[peAIIoJIOKeHnH abCOIIOTHON IPO3PAYHOCTH 0TGOD YHEPI UK U3JIY YeHUEM IIPOMCXOAUT 33 BpeMs
-10
~ 10 C.
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R
N3BecTrO, 9TO MMIYTBC GOTOHA P CBA3aH ¢ BOTHOBBIM BEKTOPOM k GOpMYIOn
He Bporitns
R
p = hk.
Honcrasnas sTo BEIpaxeHme B ¢opMyry (3.1), momyumm 6onee HarIsmHOE
BBEIpasKeHUe g IIIOTHOCTH Yncia (hOTOHOB

N = 2/nd3k/(27r)3.

Hockoneky |k| = 27 /A, oueBnmra pasmeprocts N ~ 1/XA3 ~ cm™ m, kpome TorO,
ncuyeszaeT noctosHHas [lmaHka h, xoTopas ObLTa BaXKHa TONBKO HPHU MOACUETE
YHUCIa COCTOSHUM.

B chepuueckoit cucteme KoopamHaT

&’p = p*dpdQ (p=|p)).

B cnyuae chepuueckoit cummerpun f dQ)=4r u

1 o0
N = /npzdp,
0

m2h3

roe n — QYHKIOUI TOIBKO OT p: n = n(p).
[Tockonbky sHEprus omaOro GOTOHA

Eppn=hw=hv =cp,

TO IIOTHOCTH SHEPTUN H3IydeHns ((HhOTOHHOTO rasa)

o0

__°C 3
& = 573 /np dp.

0

Kpome nmmoTHOCTH 5HEPrUE £, BaKHON XapaKTePUCTUKON ABII€TCS CIEKTPaTh-
Has MHTeHCHBHOCTH manyuenus F, ([F,] = spr/cm® cT'merep) — Benmumumna, Ko-
TOpas TpHU OTCYTCTBUHU HOTJIOMICHAS WA PACCEMBAHNS HE 3aBUCHT OT PACCTOAHUS
mo uctounnka. I3 mabmonernit Becerma moxydaerca F,, a B GU3nKy mema BXOOAT
YUCIIO 3aIOTHEHUS 7.

[Momyunm cBsa3p mexny F, u n:

2¢ 5 dp 2np’c  2nhv

Fl,:i’n,’ —Ccp =
ernp L dv T T oan? T N

(mpu sToM MBI Hcmonb3oBanu, uto dp/dv = 2wh/c). F, mMeer cMBICI 5Heprum,

IpoXonmAIteit Yepes MOMamkKy A’ B eIeHHIy BpeMeHH B eIeHNTHOM HHTepBaJe
wqacToT, mostomy [F,] = spr/cm? ¢ Tm.
B o6mem caywae (1 mpm 0TCY TCTBEE paBHOBECHS) CBA3Bb Mexny €, u F,, maercs
dbopmymon
1
er=— | F,dvdQ.

[
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§ 3.3. Kuneruka d¢otonoB u popmysa Ilimanka

PaccmoTpum Temeps, xak MeHseTCs QYHKIUS pacupeneIeHns GOTOHOB € yUIETOM
UX B3aUMONENCTBUSA C BelllecTBOM. llycTh mMeeTcs cpema u3 aTOMOB, KOTOpPBIE
MOT'YyT HaXOOUTHLCSI TOJBKO B OBYX COCTOSHUIX — B OCHOBHOM U BO30YKIEHHOM,
U pasHOCTH MeXIy S>TUMHU yPOBHAME paBHa hv, U mycTh uMeeTcs N aToMoB/cm” B
ocHOBHOM cocTosHuu u N* — B Bo30yxmeraoM. Torma KuHeTHYeCKOe ypaBHEHTE
OIS IUCIA 3AIOIHEHHA MOJKHO 3allICATh B BHIE

dn

E:Nw—nNac, (3.2)

TOe NePBBI UiICH B IPABOH YAaCTH YUUTHIBACT yBeJWUCHHE UHCIa KBAHTOB B pe-
3yJIbTaTe UX HCIYCKAHNI BO30YXKICHHBIMI ATOMaMH ¢ BEPOATHOCTBIO W, a BTOPOU
4jIeH — yMeHbIIEHHUe 1 TPU TMOTJIOMIEHNT IX HeBO30Y K ICHHBIME aTOMaMI, 0 [cM?
— ceuenne Bo30OyxmeHusa. /I3 kBaHTOBON MeXaHUKHU U3BECTHO, UTO BEPOATHOCTH
HOTJIOIIEHNS. 0 ¢ TOXKAECTBEHHO PaBHA BEPOATHOCTH UCILYCKaHUS w (TaK KaK Ips-
MOI M OOpaTHBEII IPOLECCHl ONUCHIBAIOTCH OOHAM MaTPHYHBIM 3JIEMEHTOM). B
KIHETHIeCKOM ypaBHeHHN (3.2) HCIycKaHUe KBAHTOB OMPENeeTCs TOIBKO CBOI-
CTBAMIU BeIecTBa U ero cocrtosauneM. OOHAKO CYIIeCTByeT BBIHYKICHHOE, WUIIN
WHIOYIUPOBAHHOE, HCIYCKAHUE: BEPOITHOCTD UCIYCKAHUS KBAHTOB B KaKOE-TO CO-
CTOSHIE IPOIOPINOHAIBHO UNCIYy KBAHTOB, yKe MMEIOIINXCI B 5TOM COCTOSHUM.
Kax roBoput Teopus (I OIBIT), HOTHAS BEPOITHOCTD UCIYCKAaHNA ecTh w(1+4n), n
C yYeTOM BBIHYXKIEHHOTO M3JIyYeHNI KHHETHYIECKOe YpaBHEHNE 3aIINIIeTCsI B BIIE

v =w[N*(14+n)— Nn] =w[N"—n(N — N")].
dt

Ormernm, wro mpu N* > N BO3MOKEH 9KCIOHCHINAIBHEIN POCT IIOTHOCTH U3y -
weHns (MasepHBII 30deKT). A B acTpodU3NIECKUX yCIOBUAX TaKasd HEPaBHOBEC-
Hasg CUTyalls MOXeT BCTPEYaThCA TOIBKO B Ta30BBIX TYMAHHOCTAX (MCTOYHUKN
OH u T.1.).

B ycmoBuax JI0KaIBHOTO TEPMOOUHAMHUYECKOTO PABHOBECHS, KOTOPOE OCYIIe-
CTBIIAETCS BHYTPHU 3BE31I, HIUETO TONOOHOTO OGBITH HEe MOXKET, TaK KaK Paclpere-
JIeHWEe aTOMOB TIO SHEPTHUAM OHHUCHIBaeTCs dopmyronn Bompumana:

N* = Ne PIFT,

[Mockonsxy E = hv

d_n — W] —hv/kT n(1 e—hu/kT)].
dt
B paBmoBecun
dn 0
— =0mu
dt



1

nNn = ——fp7"7T
chv/kT _ 1’

sTo popmyma [lnanxka.
Jlerko ybemuThes, 9TO paBHOBECHE yCTONYUBO. SAIUINeM ypaBHEHNUE KUHE-
THUKN B BHUOE

dx
= a — bx.
dt
d
Beemem y = = — a/b, Torma d—‘; = —by, u oflIllee pelleHne eCcTh
a
r=—+ ke

b Y
x = a/b — >To paBHOBECHOE peImeHnue, a obIiee PEIIeHNe OMICHIBACT MPUOIHKe-
HHUe K HeEMY, 9YTO U JOKAa3bIBA€T yCTONYUBOCTb.
Pacemorpum npenensubie ciaygan popmynst [Inanka.

1. Poaeti — Huwcuncoscrag obaacms. v = hv/kT <« 1. Ucnonwsys pasmo-

xeume € = 1 + x + ..., HONyYUM /I YUCTA 3aIOTHEHUA: 1 = % = % > 1,
a OJsg mHTeHcuBHocTH [, = 2’;\};“ = 2/(“—2T Kax BummMm, B mocmemnee BhIpaie-
2kT

HHUE ImocToAHHaf llmaHKa He BXOOHUT. CDopMyna F, = BVE IIEPBOHAYAJIBHO OblLiIa

HOJIyYeHa B KIIaCCHIECKON Teopun. KomebaHns 571eK TPOMAarHUTHOTO MO MOKHO
IPEeaCTaBUTh HaGOPOM OCIUIIATOPOB, KaXKIbII U3 KOTOPHIX uMeeT sHepruio k7.
Acro, uro popmyna Panes — [xuHCca HempuMeHHMa OPH MaJBIX A H3-3a pac-
xomumoctu urTerpata [ F,dv (ynaerpadmoneroBas xaTacTpoda). Kpome Toro,
npu hv/kT > 1 oma He cormacyerca ¢ omeitom. Ho mpum hv/kT > 1 cremyer
HCTOB30BaTh APYTOE MpeneabHoe pajokerue hopmyns [Inanka.

2.Bunoscrag obaacmn: hv[kT > 1, n = e~m/*T

umeeT Bun popmyinsl boabmmana. Ee Mbr nomyunnu 6v1, ecnu 6b1 mpeHeOperan

< 1. DTo pacupeneneHne

B KMHETUYECCKOM YPAaBHCHUU HMHAOYIUPOBAHHBIM HN3JIYy4YC€HUEM (TaK Kak n << ].)
Tounoe BEIpaXKE€HNE OJIAd IIJIOTHOCTU SHEPTUU

o0 o0

¢ p>dp

cp =
m2h3 | err — 1

C

m2h3

Er = np’dp =

KT\' ¢ [ 2%
=|— ¢ /:n ’ = 7,56 - 107°T* 5pr/cnm®.

c m2h3 et — 1

3,71er HICIIONB30BaH TaOINYHBIN THTErpadJl:

o0
x3dx at

—— = — ~6,49.
e —1 15 ’
0
MaxcumyM QYHKIIUU pacOpeneleHus >HepTUH [0 YacTOTe MPUXOOUTCI Ha T ~

2,7, r.e. hv =2,7kT.
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Bameuanne. Ormerum, uto dopmyna Bunma ouens ymobHa mias npubnuxes-
HOT'O BBIYICJIEHUS NHTETPAIBHBIX BeIndunH B Teopunu usdnydenus. Hanpumep, mpu

- 3
BBIYICIICHAN TIOTHOM HEPIUH TOYHOE BBIpaxkeHHe [ :zf“{ MOZKHO 3aMEHUTH IpU-
6rmxeHHBIM mETerpanoM | e “z’dz. B sToM ciydae Tmax = 3, a HHTerpai
o0
fe_“’m?’dm = 3! = 6 (cpaBHmMTEe ¢ TouHBIM 3HaueHmeM 7'/15 = 6,49). Bunos-
0

CKoOe HpI/I6JII/I}KeHI/Ie ABJIAETCA IEPBBIM YJIICHOM B Pa3JIOKECHUU q)y}IK]_[I/II/I IInanxka:

]' _ -z ]‘ _—x+—21+—3x+
er—1 C T—ew © TO T
u 3
/u:/e_x.r3dx—}—/e_zxde;c—{—---:
e — 1
1

24 " 31
DTO BBIpakKeHWE HATJLAOHO OEMOHCTPHUPYET POJIb OCTAIBHBIX UIEHOB, KOTOPHIE
AT BKJIAI OKOJIO 7.

Ncnonp3ys BuHOBCKOE NpUOIMKEHNE, JIETKO BEIUUCINTD, KaKasl OOJIL SHEPIHUH
U3IIyJaeTcs B O0MACTH 9acTOT OOMBIINX HEKOTOPBIX. Hampumep,

x >3, hv>3kT —60%

>4, hv>4kT — 40%

x>10, hv > 10kT — 6%.

OTMeTnM, 94TO HECMOTPS Ha SKCIOHEHIINABHBI MHOKUTEIEL CYIIECTBEHHAS
nomns sHeprun (6%) msnyuaercs mpu x > 10.

Panee B xumHeTHUECKOM ypaBHEHUN %’; = N*w(l + n) — Nocn, w = oc¢, ME
MpeNIoIaraii, YTO W — BEPOITHOCTD MepPexoma ¢ OMHOTO YPOBHA Ha Apyroil. B
IEfCTBATENBHOCTH YPOBHHE HMECIOT HEKOTOPYIO IIMPHUHY (Pa3MbITHL), I IOTIHASL
BEPOATHOCTH Tepexofa ompenenseTcs maTerpaiom (Pasmeprocts [W] = ¢! B
otamuane oT [w] = cm® - ¢71)

Z /J(l/, Q, r)p*dpdQ,

r=1,2

W . C
~ (27h)?

rmoe E YYUTBIBACT OBa BO3MOZKHBIX COCTOSHUA IOJIAPU3ALIAN. Pacqu CEYCHUA
T:],?

o (kmaccugecknit, Tu60 KBAHTOBOMEXAHUYIECKHN) HaeT GOPMYILy

(W/2)?
(w—wo)? + (W/2)?

0 = Omax (dbopmyma Jloperna).

HO,E[CT&B.TISIE[ 3TO BbIPaXKE€HUE B MHTETrpaJl IJId .[/.V7 KOTOprfI 3aIlIuIreM B BUOe
! d
W = F a (1/) v,
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HOTYYUM, UTO Tmax = A2 /.
PaccmoTpuM mpuuuHBl pasMbITOCTH ypOBHeR. B HymeBoM mpubnmkeHUu 1o
KBAHTOBOI T€OPUU BO3MOKHBI TOJIIBKO CTPOLO OIPeIesIeHHbIE YSHEPTeTUYECKUE Y POBHI.

B cnemyromem npubinkeHnn MOABISETCS BO3SMOKHOCTD IEPEXOIOB MEXK Iy SHepre-
THYECKUMI COCTOSHIAMI aTOMa, I B CIJIY HECTAIMOHAPHOCTH COCTOSHUAN yPOBHI
SHEPIUU OKA3bIBAIOTCS Pa3MBITBIME — [0 IPUHIUILY HEOIPEIEJIeHHOCTH Ha BEJIN-
unay AE ~ hW. Ucnyckaemble KBaHTH GyOyT UMETh Pa3MBITOCTh Topsaaka W

O 9acToTe.

BepoaTrocTn pacnama MOryT OBITH pasHbIMEU. Hampumep: mepexom ¢ ypOBHS
2P B 0CHOBHOE COCTOSHEE aTOMa BOIOpoma IpoucexonuT 3a 1,6-107% ¢, B To Bpemsa
kax B jquEEE B 21 cm 3a 10° mer. BaxmO, 9TO mpm 3TOM m3MEHAETCH TOTBKO
IIEpUHA O, IPONOPIUOHATbHAL W, HO Beera Omay = A*/m (pme. 17).

Bce 5T0 BepHO miIsS OMHOTO M307H-
POBAHHOTO aToMa. B meilcTBUTETbHO-

0)

CTH aTOMBI B3auMOmeRcTBYIOT. B pe-

______ O =MTT

AJILHOM Ta3e CyIIeCTBYET P IPUINH,

II0 KOTOPBIM CHEKTpaJIbHBIE JINHUN
pacmupsaioTCa: CTOIKHOBECHHUSA TaCTHII, %O-max _____
momnmiep-3bdexT, mrapk-sddext. [Ipn
5TOM MOXKET CIYYIHUTBCA, UTO Omax

okaxeTcs MeHbire. Hampumep, m3- W W
3a pommiep-addexkTa HOIKEH CcoXpa-

HATHCA UHTETPa fadw U Omax CHI- Puc. 17:

KaeTcs.

CremyeT MOMHUTb, UTO €CTECTBEHHAS BHICOTA CEUCHUS Omayx = A% /T coOXpams-
€TCsl, eCIII HeT Pa3MBIBAIOIINX €r0 MEXaHN3MOB. B KauecTBe mpuMepa MOXKHO pac-
cmoTpers sddext MeccGayspa. Ecnn npuaars coorBeTcTByomue Mepsl (rpy6o
TOBOPS, 3aKPENNTH aTOMBL B KPHCTAIIHNIECKON PeIleTKe ), TO MOKHO HaOIIOoaTh
PE30HAHCHBIE JUHNN Y- U3Ty<IeHns Amep, IPH 5TOM CedeHne Kak pa3 paBHO A /m.

§ 3.4. Topmo3sHoe M3/IydeHUE 3apAIOB

Bapsan (57eKTPoOH), OABUKYINUIACS PABHOMEPHO U IPIMOIMHENHO, OUEBHIHO, HIU-
Yero He W3IydaeT (YTOOBI B 5TOM yOeOUTHCHA, HOCTATOUHO IEPEHTH B CUCTEMY
oTcueTa, The OH mokontTcs). M3 xmaccuueckoll 5IeKTPONUHAMUKE H3BECTHO, ITO
KOJIMYeCTBO >HEPIHUHU, W3JIy9aeMON 3apAloM B €IEHUIY BPEMEHW, ONpenesIseTCs

€ro yCKOPEHUEM:
Q= g i 2
33
[MomuepxueMm, uTo 5Ta GopMyTa OTHOCUTCI K OODHOMY 3apiamy. Ecim yckopsioTcs
IIBa JKECTKO CBA3AHHBIX 3JIE€KTPOHA, TO () BospacTaeT B 4 pasa (Tak kKak () ~ 62).

Takum 06pasoM, HEIB3S IPOCTO CYMMUPOBATH () OT Pa3iInYHBIX 3apSOOB.
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Huxe Mbl Oymem paccMaTpUBaTh U3IIyUeHIE €K TPOHA MPHU Y CKOPEHIH €10 BO
BHEIITHEM 3JIEK TPUYECKOM MOJIe, CKaZkeM, B KYJIOHOBCKOM IIOJIe MOHA. Brmamm smek-
TPOH OBMKETCS IPAKTUYECKH C MOCTOSHHON CKOPOCTBIO. ¥ CKOpEHHE 3JIEKTPOHA
MaKCHMaJIbHO IIPU MPOJIeTe Ha MUHIMAJIBHOM PacCTOSHUEN OT moHa. QueBumHO,
IpU 5TOM MaKCUMalbHO U m3nydernue. Hac OymeT mHTEpecoBaTh U CHEKTPaIbHEIN
cocTaB usnydenus (), ~ €2$12, /c®, rme &, — dyphe-KOMIOHEHTa YCKOPEHNA.

Baiimemcs U3MyUeHeM IIUHHBIX BOIH. @yphe-KOMIOHEHTA YCKOPEHUS

Ecan |t.ut| <1 (JI.TII/IHHBIG BOHHH)
&, = [ #dt = Az,

T.€. LZ:"l, PaBHO U3MEHECHHNIO CKOPOCTHU 3a BpeMd IIOJIeTa U HE 3aBUCUT OT V. TOI",E[&
Ipu OOHOM CTOJIKHOBEHIHU B €OCHUYHOM HMHTEPBAJEC TaCTOT U3JIYYaCTCA SHEPIrUuig

opr] 4 (A 53

Qu F—H 3 63

[MomuepkreM ertie pa3, 9TO 3TO BRIPaKEHNE CIPABEIJINBO TOIBKO Ipu w < 1/7, roe
T — IJINTENbLHOCTH COGBITHS (CTONKHOBEHN) (paccMaTpUBaeM AINHHEIE BOIIHEL).

3ameTum, 4TO pa3mMEpPHOCTH B dopmyre (3.3) m3mernmack Ha ¢ Mo cpaBHEHNIO
) p p v pMYy p

C Pa3sMEpPHOCTHIO () [”%r , TaK KaK MEI [IePeIIN CHadalla Ha €NeHNYIHBIN NHTep-
BaJI 9aCTOT U, KPOME TOT'O, pacCMaTPUBAEM SHEPTUIO, N3IYUEHHYIO HE B CEKYHIY,
a 3a Bce BpeMs IIPoJIeTa.

Jlerxo momcunTaTh M3MEHEHUE UM-
IyJIbCa 3JIEKTPOHA, IPOJIETAIOIIETO B
TIOJIE MOHA, MEPBOHAYAIBHO MMEIOIIETO

CKOPOCTB ¥ U TMPUIETbHBIN TapameTp b

(pmc. 18):

Ze* b
b—j o= Fdt = A(mv) = A (mz),
OTKyIa

Puc. 18: Ze?

Az =

mbv’
[IycTs Ha MOH ¢ GECKOHEYHOCTH MadaeT MYydOoK 3JEKTPOHOB €O CKOPOCTBIO v
un maoTHOCTRI0 N, Yepes kombno miomansio 2mbdb 0okono momda moHa ITPOXO-
muT N v2wbdb 57k TPOHOB B ceKyHOy. KaXOBIll 13 HUX B €OeHUYHOM HHTEPBAJIe

3

qacTtoT m3nydaer (Q,. Ecmm B 1 cm® maxomurces Nz MOHOB, TO TMOMHBIT MOTOK
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SHEPTUH, U3JIyYaeMbIll B €IEHUIy BPEMEHN, OY€BUIHO, PABeH HMHTErpaily (Iora-
pubMHIIECKUI MHOKHUTEND OILY CKAaeM)
o0

2 2 2 6
g, = [ A N Ny~ £ NN
0

C C m-v

W3 xBaHTOBOW MEXaHUKHW WM3BECTHO, YTO KBAHT YaCTOTOH I MOXKET MOIYyYUTh
TOTBKO 3MEKTPOH, IMEIOIINil SHepruio 6ombine mv?,. [2 = hy. Tlostomy B momHOe

BRIpaXKEHUE BOUOET MHOXKUTEND e—hv/kT

I = 327 (27 m 12 NN, Z%b o spr

3 3kT m2 3 cvdel'm

(dbopmyma Topmosaoro mnu f f-usmyduenus). B sToll dopmyne yaTeHO, 9TO 57I€K-
TPOHBI IMEIOT MaKCBEJNIOBCKOE PacIIpeneeHne 0 CKOPOCTAM ¢ TemmepaTypoi T .
Kak Bumum, uncio kBanToB ¢ hr > kT 5KCHOHEHIIMAIBHO Majio. JTO CBA3AHO C
TeM, 9TO GOIbIINE KBAHTHI U3Ty4YalOTCa 3ICKTPOHAMHI ¢ GOIBIIIMHI SHEPTUAMIA,
COCPENOTOYEHHBIMI B “XBOCTe” MaKCBEJIOBCKOTO PACIPEIECTCHU.

[Ipr mamrOM OOBeMHOM KO>(dunuente .J, m3MeHeHme WHTeHCUBHOCTH F), B
IPO3PadHOll cpene, OYeBUIHO, ONPENeIIeTcs ypaBHEHIEeM

dF, _ J,
dr  4r’

roe r — KOOpOUHaTa BOOJIBb IPOU3BOJIBHOTO HAIIPABIICHUL 72. Hp03paquH7I NCTOY-

(nV EF,) =

HUK ( MaJIbl HOTJIOIEHNE U HHIYUPOBAHHOE U3IIy9eHNE) DAaeT ONHY U TY JKe OCBe-
IIEHHOCTD B TIO00N TOUKE cPePHI ¢ PAORYCOM MHOTO OOIBIIE Pa3MePOB NCTOYHIKA
HE3aBUCHMO OT GOPMBI HCTOUYHUKA. B 06IlIeM cIydae ¢ y4eToM WHIYIIUPOBAHHOTO
U3IyYeHUd U IOTJIOIICHUA HM3MEHEHUE MHTEHCUBHOCTU BOOIb ONpeNeleHHOTO Ha-
IpaBlIeHUS BBIpaXaeTCa ypaBHEHUEM

dr, J, J,
=—+ —n—a,F,,
dx 47 4w
-1
Toe a, [CM ] — KO3 GUINEHT IOTIOMICHN.
[Ipn TOTHOM TEPMOOMHAMIYECKOM DaBHOBeCUH 1 = —pm—, F, = F,qq ~

ekT —1

dz
U3IIyYeHns BellecTBa J, K ero Ko3QpPUIueHTy HOIJIOMIEHHS 4, €CTh YHUBEPCaIb-

Haz ¢ymknusa v u T (3axor Kupxroda):

hv
3/ (eW — 1) , v — . [omywaeM, 4TO OTHOIICHIE OOBEMHOTO K03GbMUIIEHTa,

J,/a, = 8m hv? e“g_iy"/CQ.

Takum obpasom, ecnu BoruuciaeHo .J,, TO @, HAXOOUTCSA 3JIEMEHTAPHO, W IS
cBobonaO-cBOGOnHEIX ( f f)-mepexonoB momywaem

L
4 27 2 e8Z2°NyN,  3,7-10*Z*NyzN,

a,, = —

3\3kTm hem v3 3T

[em™].
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O6bemeHuM B mpaBoil 94acTH YPaBHEHUS IEPEHOCA UIEHBI, OTBEYAIOINE UHIY-
[IPOBAHHOMY W3JIyYEHUIO U IOTJIOIIEHNIO, TaK KaK 00a OHU IIPONOPIMOHATILHEL
HEU3BECTHON (QYHKIUH KOOPOUHAT — HHTEHCUBHOCTH M3IydeHus F, (mockombky
n ~ F,). B unene unnynupoBarsoro ucnyckanus .J,n /4w Beipasum .J, depes ko-
5GGUIMEHT MOTIIOMIEHAS d,,, TOTOa TpaBasd 9aCTh IPAMET BH/I i—;—al,(l—e_ Z_;) F,.

Orcroma BUOHO, 9TO BEIHY KICHHOE UCITY CKaHIE MOKHO TPAKTOBATH KaK HEKOE
YMEHBIIIEHUE TOTJIOMIEHNS: YaCTh KBAHTOB KaK OBl TIOTJIOIMIAETCSA W TYT K€ UCITY C-
KAeTCS ¢ TOH 2Ke 9acTOTOM I B TOM e HAIIPABJICHHH ¢ BepoaTHOCTHIo ¢~ "/KT | dy-
3UYECKN TaKWe akThl HUKaK ce0s He TMPOABIAIOT U UX MOKHO BOOOIIE UCKITIOUNTD
13 PacCMOTPEHU, BBOMS

12 hy

a, = a, (1 — e7*7).

YpaBHEHHE MEPEHOCA IPUHIMAET BHI
dF, ],
= .,
dz 4 v

n BBaHMOHeﬁCTBHe U3JIYYCHUSA C BEIIECTBOM MOXKHO IPEOCTaBUTh TaK, KaK 6y,E[TO

CYIIECTBYyeT TOJIBKO CIOHTAHHOE HCIyCKaHNe I 3¢PdeKk THBHOE IOTJIOIEHNE, OIN-
CBIBaeMoe KO3(DOUIIEHTOM a,.

KosdhdunuerT mcTUHHOTO MOTJIOMeHnd a, ~ v~ >, Ho npu hv < kT sddex-

THBHOE IIOTJIOIITCHUE Cl;, ~ I/_Z I B PaBHOBECHUU >5TO OaeT pBHeﬁ—HX{HHCOBCKYIO

dopmymy nna mHTeHCHBHOCTH Foq ~ a‘]—;’ ~ v? (kosddunuenT usnydenns [, npm
" Jv 1
hv < kT daxtuueckn moctosser). Mcmompsys 3axon Kupxroda & = alF, o,

3aIIuIIIEeM B O6]'.T_'[6M ClIy4d9a€ YpaBHEHUE TIEPEHOCa B BUOE

dF,
dz

BTO YPaBHCHHUE 3allUCaHO OJIA KOOPOMHATEI, H3M6HﬂIOLT.I€fIC5I BOOJIb JIYyYa 3pe-

=al, (Fyeq— F.).

uusg. 13 mero BumuO, uTO, ecnm npu x = 0 F, = 0, To cHauama, Ipu MaJIBIX
x < 1/d,, F, ctpemurca x F, oq manenno: F, = a/ F, cqv, a 3aTem mpn = > 1/d,
OBICTPO yCTaHABIUBAaeTCs paBHOBecue, mpu kortopoMm F, = F, .. Ecam pas-
MepBI I3y qaloero obmaka (cnos) rg MeHbmme 1/al,, To OHO ABIIETCS ONTUIECKH
TOHKIM W WHTEHCHBHOCTH €r0 M3JIyYeHHWs BCETAAa MEHBINE DAaBHOBECHOH B al,xg
pa3. IlomHBI TOTOK SHEPTHUHU, M3IydaeMOl TaKUMHU OOJTakKaMU, TPOHOPIIOHATIEH
F = fF,,dl/ =z, fa:,Fl, eqdv. BBemem cpenHuit K03POUNUEHT MOTIOIECHNS

_ fa:,Fl,eqdy
B [ Fyeqdv

a

TOToa

F =azxoF,.

CpeﬂHHfI KOF)(p(pI/IIII/IeHT IIOTJIOIIICHU A OJIA TOPMO3HOTO MeXaHU3Ma, O4YeBUOHO, Pa-
BEH

NP,NZ

~24 72
afg=6,5-107"2 T

[CM_I].
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COOTBGTCTBYIOLT_Iaﬂ CpeOoHAA OJINHA CB060JIHOFO Hp066]."'d CpOTOHa

7/2

1
lyj=—=1,5-10"———
=y Z2N,Ny

[cm].

[Ipwaem, ecnm maa3Ma CONEPEUT CMECh MOHOB € 3apamaMu Z; U aATOMHBIMEI MaC-
camu A;, To
X, Z;
A; 7
(3

N.=6-10"p

X7}

2 _ 23

roe X; — BecoBad OOJIA JaHHOIO HMOHA.
Paccvorpum mpomece  ycraHOBIIE-

HUS PABHOBECHSA MEXKIY BEIECTBOM U E

U3IyYeHUeM OJIS3 OODHOPOOHOW Heorpa- v beHKEV'_ﬂ_ MnaHka

HUYEHHOH Cpenbl, B KOTOPOH B Hadailb- // \\
HbII MOoMeHT t = () m3mydeHme OT- Vs

CYyTCTBOBAJIO, a BEIIECTBO OBIIO MIHO- // \
BEHHO HarpeTo OO0 TeMIepaTypsl 1j. \

OTIGBI/IJIHO, YTO IpexKOe BCETO 3TO paB-

HOBECHE YCTAHOBHTCS Ha HHU3KHX da-
croTax, Tak Kak a, ~ 1/v°. C Teue-
HIEM BPEMEHH DaBHOBecUe OyIEeT yCTa- b

nc. 19:

HABJINBAThCA IPU OONBIINX 3HAUCHUAX
v (cM. puc. 19).

§ 3.5. PaccesHue usjrydeHus Ha CBOGONHBLIX 3JIEKTPOHAX

PaccmoTpum mBukeHme 53meKTpoHa B IIOCKOW 3I€KTPOMArHUTHON BomHe: F, =
Ey cos wt, pacnpocTpaHSOeics BOOIb OCH 2. Y PaBHEHNE OBUKEHUS 3JIEK TPOHA!

mix = eEy coswt,

U HEprud, n3jlydacMas TaKIM dJIeK TPOHOM,

Q=

2 ¢*i? 2 ¢'Ef cos’ wt
33 3

c 3 m2c3

CBonx MCTOYHUKOB 5HEpPruU y 5JeKTpoHa HeT. PaxTudueckm OH mepemsiydaeT
(paccemBaer) 5HEPIHIO MANAOIIEH 3IeKTPOMATHUTHON BONHBI B OPYTUX Halpa-
BJIEHUAX, TaK 9TO

Q = Woaor [BpI‘/C],
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roe W [3pr/CCM2] — TOTOK TMafaioiell YHEPTUn:

E? + H? Eg cos? wt
=c

W:C )
8 47

I CcedeHue pacCCeTHU I

4
8
UTZQZS—7r ‘ :—WTS[CMZ]

|74 3 m2ct 3

3HaMeHuTas dopmyta Tomcona. Bernunna
ro = e*/me?* =2,8-107"% e

Ha3BIBAETCS KJIACCHIECKUM PAIIyCOM 3JIEKTPOHA.

[Ipu mpeobramatommeil PoIN 31K TPOHHOIO PacCesHus (IPOLECCHl IOTIOMIEHNS
U3IIyUeHUs HECYIeCTBEHHB) M3MeHeHNe MHTEHCHBHOCTH F), B MOHOXpOMaTHde-
CKOM IIy4uKe (POTOHOB, OUCBUOHO, PABHO

dF,
dx

= —O'TNBFI,.

MoxHo BBecTH KOo3ddUnneHT “noriomerns” P TOMCOHOBCKOM PACCESHAN (XOTS
PEabHO MOTJIOIEHNS SHEPIUN U HET):

1
ar = orN. = — e,
lr
rIe OJuHa mpobera
1 2,5
lp = — = —— [em].
ar p

WNuTerpupys ypasuenue mis F,,, momydaem

pdz

F,= Fye‘f 25pe

2 o
T.e. 2,5 r/cM’ BomopomHOW mmasmel (g = 1) ymembmator F, B € pa3s 3a cuer
3IEKTPOHHOTO PaCCesHUL.
B acTpodusuke 06BIIHO NOMB3YIOTCS HE KOYPPUIUEHTOM HOTIIOIEHAS A7, Ay,
a TaK HA3BIBAEMOHN HEIPO3PATHOCTHIO

Ky = ay/p [em® /).
Taxum 06pa3oM, HEIPO3PAUHOCTH 3a CUET PACCESHUS
wr = 0,4, [ev®/r].

3 anmawu 1. Jana Bomoponuas (Z = 1) mmasMa co 3HAUeHHIME IIOTHOCTH
p = 1076 107*, 1 r/cm®, Temmeparypoit T = 108, 3-10°, 10° K. Ina = =
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hv/kT = 1072, 107", 1, 5, 20 mafitu v, A, K4, k7. B nepemennsx lgT — lgp
HallTH KPUBYIO, Ha KOTOPO# K = Kr. llogcuuraiire J,.

2. IlycTe B kax OOl TOYKE 3BE3MOBI IFIOTHOCTH U TEMIEPATYPa CBI3AHBL COOT-
nomenneM p = coust - T, rie const 3apanee me mssectra. (Torma P ~ T* ~ pt/3,
T.e. mEAEKC HoauTponsl n = 3.) Ilag 9mcTo BONOPOMHBIX MOZENER 3Be3f ¢ Mac-
casmu M = 1, 10, 1005 n meETpambELX mIoTHOCTER p. = 100, 1 m 1072 r/cn®
HaliTu pamuyc R, TemmepaTypy B neratpe 1. u nonayoo saepruio &.

3. IlycTs pacmpeneneHne MIOTHOCTH MO 3BE3A€ ONPENENISETCI 3aBUCUMOCTBIO
p=pell =
v g

MycTs sHeprus enennmns: Maccs E cBazana ¢ p cooTromenmsv: a) B = Ap'/3
b) E = Ap'/%. (Kaxoe mpu stom P = P(p)?)

[Ipu Tex xe pacmpemeneHusSX MWIOTHOCTU HAllTH cBA3b Mexkny M u A u3 ycmio-

(r/R)*)’, tme g = 1, 2, 3. HaiiTu rpaBUTanNOERYIO SHEPTHIO 3BE3IHI
K,, T.e. maiitn K.

BUSI MUHUMYMa HOJHON >Heprun £.

I'nmasa 4. TEOPWUY ITEPEHOCA (ITPOOOJI2KEHWE)

§ 4.1. TlepeHoc M3TydyeHUS MPU paccesTHUU

B Hpe,[[bl,[[y]’.'l’.'[eﬁ TIaBe OBITIO IIOJIYYIECHO YpaBHECHNE OJId N3MEHCHNA MHTCHCUBHOCTHI
IIPU TOMCOHOBCKOM PaCCESHNU

dF, 2
:_%TPFIH J'f”r‘:()aél/,ule %
dx r

Taxum 06pa30M, UHTEHCUBHOCTb U3IYYEHHUS YOAJEHHOTO TOYEYHOTO MCTOYHUKA
OpHU MPOXOKICHUN Yepe3 PacCemBaloIyio cpeny yMmeHbImaeTcs. OmHako BHYTpH
3Be3[] B YCIIOBUAX JIOKAJIBHOTO TepMomuHaMudeckoro paseoBecus (JITP) usmyue-
HHUe WOeT cO BCeX HallpaBlIEHWH, TaK YTO XOTH 9acTh JIydYell YXOOUT ¢ DAHHOTO
HaIpaBJICHUA 3a CUET PAcCCesHH, 3a CUeT TOTO JKe PACCEeSHUS MPUXOOAT JTYUM C
Opyrux HampasieHuil. [TosToMy ypaBHeHNe epeHOCA MOKHO 3alUCAaTh B BUE (IIO-
CKOTBKY 9acTOTa IpH paccesHun He msMeHsercs)(CedeHne paccesHms cumTaeM
He 3aBUCAIINM OT yTja, TaK KaK TOMCOHOBCKOE C€UeHUe PACCeSHNS CHMMETPUYTHO
OTHOCHTENBHO paccesHus Ha yrnel 7 1 m — O 1 0(0) = o(m — 0). Iosromy B
TeOpHUU HEePEHOCA €T0 MOKHO 3aMEeHHTh Ha 0 = const. )

dF,
y —Fsepp+ <F,(0)> 3p,
T
roe <F,(0©)> — ycpenHeHHas IO yTIIy HHTEHCHBHOCTH H3ILYYCHHS.

Hac nmHTepecyeT IMOTOK SHEePrUl N3JIYyYCHNUA. HOCKO.TH:Ky IIOJIHOT'O TepMOOUHA~
MIYECKOTO paBHOBECUI HET, B Ka)KI[OfI TOYKe JOJI2KHa OBITH 3aBUCUMOCTD Fl, oT
HallpaBJI€CHUA (aHI/I3OTpOHI/Iﬂ>. O,E[HaKO 3Ta aHU30TPOINUA BHYTPHU 3B€30bI MaJla, 1
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[PU YCPEMHEHUN IO BCEM HAIIPABICHUSIM MBI Oy UM BEIUYUHY , MATIO OTINIHY O
OT PaBHOBECHOH,

<F,(0)>=F, .
B ycaoBuax JITP TemmepaTypa mmasMel cOOTBETCTBYeT TeMIepaType £, cq 1 F) o
ABIIAETCA B cepPUIECKON 3Be3ne QyHKIMER TOIBKO paaumyca

Fyea=Fueqlr).

[TosToMy mpu paccesHHU ypaBHEHHE MEPEHOCA UMEET TOT K€ BUI, YTO U IPH
TOTJIOIIICHN N :

dF,
dz

Pasunma 3axmowaercsa B obmactu npuMmeHmMocTHu. s TOPMO3HBIX IIPOIECCOB
IOCTATOYHO TOJIBKO paBHOBecHA IIJIA3MBI, a M3JIYyY€HHNE MoxeT OBITH CylIlle-

= prty (Fyeq — F)). (4.1)

CTBEHHO HEPaBHOBECHEIM U ypaBHerue dF),/dr = ps(F), .q— F, ) npumennmo naxe
BOMu3M kpas 3Be3nnl. s paccesHums m3mydeHne OOMKHO OBITH HOYTU PABHOBEC-
HBIM, IIO3TOMY y Kpas 3Be3Obl, TOe CUIbHA aHU30TPONUSI M3JIyYeHUI, YPaBHEHUE
(4.1) menpumernmo. Urak, BEyTpH 3Be30EL

dF,
dz

- p%tot(Fu eq — Fl/>7 (42)

roe
Mot = Hfp + .

B mpyrux ycmoBusx MOryT UrpaTh poib U OPYTHE MEXAHU3MBI HEIPO3PATHO-
CTHU, HO 5TU OCTAIOTCSI BaKHBIM.

Kax pemrats ypasrenme mepesoca (4.2)? B ycmouax JITP mpemmaraercs
CIHEOYIONINT METOI TMOCIEIOBATENBHBIX IPUOINKEHNI.

l-e mpubnuxenune: F, = F, .4(z) (B onTuueckn Torkon mnasme F, < F, o).

2-e mpubIUKeHNe: HAEeM MaJible OTKJIOHEHUSA OT MOJIHOTO TePMONMHAMUYIE-

cxoro pasHoBecus. [loncraBnss F, .q(7) B neByto wacts (4.2), nMeem BOOIB Tyda

7
¢ KOOPOAWHATOR

Fu: veq —

Benuuuna [ = 1/5p, oueBunno, ecThb
IUIHHA ¢BOGOMHOTO mpobera KBaHTa hu.
Opennmomaras, 9to F,eq = Fyeq(),
nMeeM

aFue
Foeqlz +a)=F,eq(z) +a 87(1.

Conocrasinsga 5Tu gBe GOPMYIIbI, MBI
BunuM, ato F,(z) ects F, o B TOUKE,

“orcraromen” oT T Ha IJITHY CBOOOI-
BOrO TIpobera dorora (cM. puc. 20):

F, = F, eq(z —1).

Puc. 20:
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§ 4.2. KosdbdpunuenT TemsionpoBoaHocTu. PoccesranmoBo cpeaHee

3aiiMeMcs BaXHOW MJIs TEOPUU 3Be3[ 3alaveil — OmpemenuM Ko>hdhuineHT Te-
ILJIOIPOBOTHOCT.

F, oq aBNI€TCA GYHKIHMEN TOIBKO TemmepaTypsl. llycTs TemnepaTypa MeHs-
eTcs BOOMb KoopauHatH z, T = T'(z), x — mro6as ock B IPOCTpaHCTBe, 1 O —
yron mexny ocamu (z, x). Torma

dFyeq(z) _ dF, dT _dF, dT

dr  dT dx ~ dT d=

T.e. dF), oq/dz 3aBucHT OT yria O, m Mg WHTEHCHBHOCTH MMEEM COOTHOIICHUE

dT dF,
F (0, z) = F, () —1 - 7

cos 0.

HOJICTII/ITaeM THOJTHBIA TOTOK SHEPruum, HpOI/IHTerI/IpOBaHHBIfI IIO BCEM YaCTOTaM.
IIo COO6pa)KeHI/IﬂM CIMMETPHUHU IIOTOK HAIIPAaBJIEH BIOOJIb OCH Z:

H, = /Fl, cos © dQ dv [spr/c em’].

NuTerpan mo df) GepeTcs mo BceM yriam, T.e. TMONHBIA MOTOK €CTh PAa3sHOCTH
TIOTOKOB CJIeBa HallpaBoO U cipaBa HaseBo. [lomcraBum F,, B BhIpaxenue mus H,:

dT dF, . .
H, = /FyeqCOSGCleV— . ll,Tq cos? O dQ dv.

Besnme mmxe O6ymem mumcats F,, nmorumas monm >tuMm F, ... Ilepoiil umen B
IpPaBOil YaCTU ypPaBHEHUS TOCJIE MWHTErPUPOBaHUA 10 df) obpailaeTcsas B HOMb, a
BO BTOPOM 3aBHCUMOCTH cos® @ mact 47/3. B mTore momHBI TOTOK paBeH

dT 4w dF,
H=———|[1,—dy,
dz 3 dT
IIe BeanumHa X f 1, % dy maserBaeTca KO3OPUIUEHTOM JIYIUCTON TEITIOIPO-
3 V4T Yy p
BOOHOCTH (HaHOMHI/IM, 4TO B 00IIIeEM ciIydae K03GDUINEHTOM TeIIONPOBOOTHOCTH

Ha3bIBACTCA BEJIUYUHA, CTOAIAA IIPHA VT) ?)aHI/IHIeM BBIDAXKECHUE OIS Hz B TOM
XKe Bupaoe, 94To 1 B KIHETUYECKON TE€OPUH I'a30B. Panee mur OIIpeOEININ IIJIOTHOCTD
U3IYYCHUA B Ka)KJIOfI TOYKE KaK

4[
Ep = T/Fl,dl/.
c

dFl,d _ d ce,
ar T AT 4n
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Beemem cpemuioro mnmuay mpobera

v dr

dF, :
o7 dv

l dF”d
T K%

BTEL BCJIMYNHA HA3SBIBACTCA POCCEIaHOOBBEIM CPECIOIHUIM. TOI‘JIEL

dT 47 ¢ de cdTl
Hz = - [ 055 ~ = -1 055 o .
dz "3 4r 4T foss 3 dz

Urax, H = —DVT, rne D = ¢l/3 — xosdpdunuent nuddy3un Takoil ke, Kak
B KMHETUYECKOW TEOPUHU Ta30B. ['NMaBHBIA BKJIal B POCCETAHIOBO CpeOHEE MAioT
KBaHTHL ¢ dHepruell hv ~ 4kT', T.e. OCHOBHYIO POIIb B IEPEHOCE SHEPIUU UTPAIOT
KBAHTHI C OOIBIION YHEPrHUEn.

B onTuueckn TomcTOM Tese ¢ HCTOYHUKOM TEIlIa BHY TPU BO3HUKAET IPALUEHT
TeMIepaTyphl, I IOTOK TeILIa OIpenesIeTCs 30HaMu Ipo3padrocTtu. Onruaeckn
TOHKHI TOpAdYuil cioil m3iayvaeT (mo 3akony Kmpxroda) To xe, 9To oH morio-
man Obl TIpu BHeIHeM oOaydeHun. Taxum ob6pa3oM, GOIbIIE BCETO TAKOH CIION
u3IydaeT TaM, IOe BeJInKa HEIPO3PAadHOCTDh, HAIIPUMeED B JIMHUSIX.

ITpuwmepsn. l. Ilycrs uMeeTcs TOIBKO TOMCOHOBCKOE PacCesHUE, T.e.
[ = 1/3pp. Yemy paBHO lRyss? OueBnnno, lpyss = [, Tak xak [ He 3aBUCAT OT V.

2. IlycTh HEmpO3paduHOCTH T, 3a-

OaHa B Bume TpebeHKN (pI/IC. 21) C b
mIuHON 3y6buoB b — a, b > a m
IMIPUHON 3yOIOB, PABHOM PacCTOI-
HUIO MEXIOy HEMHU. Torma, O4eBHIHO, Kv
lRoss =~ 1/2ap, T.e. B 3aladax IIe-
PEHOCA WM3IYYeHUs BeCh MOTOK IOCTY- a — A

maeT B “OKHaX OOIBIIEN MTpPO3pavHO-
ctn” (oTBer He 3aBucutT ot b!). B 3a- U
madax 00 M3IyYeHUN ONTUYECKH TOH-

KOW IJTa3MBL BCE ONPENENsIeTCS BEpPX- Puc. 21

yIIKaMu TPeOEHKH, TOe BEIUKO IOTIIO-

IITeHNEe U BETNKO M3IydeHNue.

B nepBoM npuGanxernn Takas rpeGeHKa (TOMBKO ¢ PA3INTHON MIPUHOM 3y6-
OB U IIPOMEXKYTKOB) MOKET HIMHTHPOBATE yUeT MOIJIOIEHNS B INHUAX IPH IIe-
peHoCce M3ITyUIeHn .

3. Haiimem [p,ss mmst TopMosHOTO TIOTNOIEHus. Umeem

3

I, ~ T —Y

1 — o—hv/kT"

Beenem x = hv/kT, Torma

ZUNT7/2$367, F,~13 ——
et —1 et —1
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dF, vt e’ e
v 2 4

A SV L. S—
T " T (1) (e 1)

WNuTerpupys u BhIMUCHIBasS YUCIEHHBIE KOAGDOUINEHTHI, TOTYIUM

7-10%%p X, Z? X, Z;
i = T Z A T4,
— dopmyaa Kpamepca.
Kak u pambue,
H = __° Ve,.
3¢

OxassiBaercs, 9To s¢fp = 3¢, upu hv/kT = 6, T.e. 53bEK TUBHEIN IEPEHOC TEIa
OCYIIIECTBIIAETCS KBAHTAME OOBIION SHEPTUN. JTO OOBICHIETCS TEM, UTO MaK-

cumyMm BecoBoit dyukuuu dF), /dT mpuxomurcs Ha T & 4, U, KPOME TOTO, TEM, UTO

!/

! o
vy @ @, YOBIBAE€T C JaCTOTOM.

ycpenusaeTcs 1/a

BaMeTHM, 9T0 B GOPMYILY I HEIPO3PAdHOCTH BXOOHT oTHomenme p/T7/2,
C mpyroil CTOpOHBI, Kak Mbl MOKa3anu pasee, p/T> ~ P,/ P, npuuem 53T0 OTHO-
IIIEHIE OIPENesIeTCI Maccoil 3Be3nel. TakuMm o6pasoM, B mepBOM NPUOINKEHNN,
nperebperas pasnmuaneM T7/? u T°, momydun, 9T0 > IPONOPLIOHAIBHA P,/ P, un
TOXKE OMHO3ZHAYHO 3aBUCHT OT MACChl 3BE3IHI.

Ecnu B menmpospausocTH BaKHBI 00a MEXaHU3MA, TO XRoss 7 >ff + ¢ (He
3abBIBaiiTe, uTo ycpenuseM [, = 1/(3¢, + 3¢1)). B xauecTBe ynpamxuenuns noncum-

TallTe B 5TOM CIYYa€ HRoss- MOKHO MOKa3aTh, 4TO

HRoss — 1 f(P/T7/2>

He mapo mpeyBennumBaTh TOYHOCTH BCEX STHX PAacdeToB. Bee, 4TO MBI TOBO-
PHIN, CIPABEIINBO OIS BOOOPOIHON IIJIA3MBbI, HO OJIS PEAJIBHOTO 3BE3OHOTO BeIlle-
CTBa CYIIIECTBEHHA POJIb TAKEIBIX 371eMeHTOB. Hanmpumep, misg xemeza SHeEPrus
cBa31 nocnenuunx K-3mexTpoHOB mopanka 9 k5B m cTeneHs mOHM3ANNM €To MeHS-
eTcsa ¢ raybmuon. Bee oxasbiBaeTcs ropasmo crmoxHein. Heobxogumo yuuTHIBATH
MHOTHE IIPOLECCHI: CBOOOMHO-CBSI3aHHEIE, CBA3aHHO-CBA3aHHBIE (IMHNE) U Op. B
5TOU KHUTE JaeTcCd JIMIIb oOIIas ¢m3mueckas KapTHHA, oblllee IIpencTaBlIeHUE, a
He TOYHBIE MeTOnbl pacdeTa. OOUH BOIPOC O TEIIONPOBOSHOCTH, PACCMaTPUBA-
€MBIfl B COBPEMEHHBIX CTAThIX, MOKET OBITH IIPEOMETOM Leoro Kypca. Hactos-
U KyPC HO3BOJINT HadaTh YTeHNE OPUTMHAIBHBIX CTaTell, HO HUKAK He 3aMEHUT
ux.

§ 4.3. IloBenmeHue p u T B6M3M MOBEPXHOCTU ropAdeil 3Be3HI

3&BI/ICI/IMOCTB p n T OT panlmycCa OIPpEOEIACTCa YPAaBHCHUAMIL:
1) dP __ _Gm(r)

dr r2

p — YPaBHEHHe THOPOCTATHUKH,
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¢ _ 2 ¢ der _ _ 2
2) L(r) = —4nr 52, ‘- — YPaBHEHIE TEMIONPOBONHOCTH, T L(r) = H,4nr
— CBETHMOCTbD, T.e. IIOJHBII IOTOK >HEPTHUH depe3 cdepy pammyca r. Takx Kak

PT = Sr/g, IIEPEIININEM IIOCIIEOIHEEC YPABHEHIE B BIIIC

dP,  xpL(r)

dr cdmr?

Ecnu 6Bl smepHas SHeEprus KaKmol €IeHWUIIHI MACChl 3BE3IbI & (apr / T- C) BBI-

Ienanach OOUHAKOBO, TaK 4To ¢ = const mo 3Besme u L(r) = ¢ m(r), 1o MBI
HOJTy9uiIn OBI, ITO

dP. e

dP ~ cGAr’
[Tockonbky mpuOIMAKEHHO

»x = (P, P), (4.3)

MBI TOJIY9HUM DEIleHNe, HOI0KNIB, HallpIMeED,
P,/P = const.

Hecxonbko mecsaTKoB eT Ha3am, KOTOa Majio 3HAIN OO MCTOUYHUKAX SOepHON
SHEPrHUHU, acTPOGU3NKN 3aHIMAJINCH 33dadaMH IIONOOHOTO poIa, OOHAKO Celdac
ATO IPEeOCTaBAIeT YUCTO UCTOPUUECKUH HHTEPEC.

B6nusu moBepxuoctn 3Bespst m(r) = M, L(r) = L — monmas cBeTHMOCTB
3BE3MIbI 1
dP, »L
dP ~— cG4nr M’

3TO Xopolree TpubInKeHIe IOTOMY, YTO IOCTOSHHO BBIIEJIEHNE SHEPIUNA £, a IO-
ToMYy, 4TO y moBepxHocTtu M —m < M.
Opur =R P, =0, P=0u P, = const - P. 13 (4.3) momyunm > = const, a

U3 YPaBHCHUA T'IOPOCTATUKNA

dP  d(pT .

dr = dr) conshrp
mveem T = const - (R —r). W3 P,/P = const crenyer p ~ T% = const(R — r)°.
Takum 06pa3oM, HE3aBHCHMO OT TOTO, KaK PACIPENENIeHEl NCTOYHUKH SIEPHOI
SHEpPTUN BOMU3M IMEHTPa 3BE3MHl, CIeLyeT aCUMITOTHIECKOe pacupenencane 1 u
p BONIU3U NMOBEPXHOCTH. 3aMeTHM TOIBKO, 4To Ha kpato I # 0, a T — T.yy.
[Mosromy mamm acumnroruku BepHbl npu I > Tosy, roe Topy onpenensercs co-
OTHOILICHTEM

_ 4 p2
L=4rno T R,

T.e. He B aTMocdepe U He B KOPOHE.
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§ 4.4. Kpurudeckas 30 INHT TOHOBCKAas CBETUMOCTD

W3 ycnoBus P > P, cnemyet, 4To ‘%| > ‘% . Boobr11te roBops, He Bcerma MOXKHO
nuddepeHINpPOBaThL HEPABEHCTBA, HO B JAHHOM CIydae HETPYOHO YOenouThCI, ITO

BCE€ B IIOpAIKE. Tenepb O49EBUOHO, 9TO

< 47TGMC.

L

ped

Camast MaleHbKast HEIPO3PATHOCTH — 370 3¢ = 0,4 cm?/r. TlosTomy cBeTEMOCTE
3Be3OBI He MOXKeT HUKOTAA HpeBBIMIaTh Beqmunny 41 GMc/0,4, T.e.

M
L<6,3-10'M =3-10"Ly ( — | = L,
M@

L. — BenuuuHa, HazblBaeMas SOOUHTI TOHOBCKUM MIPENEIOM CBETUMOCTI.
Ormermm, uto mna Commma Lo /Mg = 2 spr/rc, T.e. BhmenseTcs >HEPrum
MPUMEPHO CTOIBKO K€, CKOIBKO MPU THUEHUN OMABIINX JILCTHEB, U OOIBIIAL CBE-
THUMOCTB ONPENeIseTCs TOIBKO OOIBIION Maccoll, HO Bce paBHO Lg < L.
[MogcunTaem >AOMHET TOHOBCKHI IPEOETT eIrle OOHUM TpocThiM cnocobom. [lycTs
Ha HEKOTOPOM PACCTOSHUN OT 3BE3IBI CO CBETUMOCTBIO L mMeeT s OMUH 3JIeK TPOH.
Morox manyuenns H wepes 1 cm? paBen

L
H = = [ hvcos®-p(v, ©)dO dv,
4m r?
rae ¢ — 9UCI0 KBAHTOB B €NWHOTHOM HHTEPBAJE YaCTOT, IPOJETAIOMINX dEPes

1 em? B mampasnernu © 3a OmHY CeKyHIY.

[Ipu cTOTKHOBEHUN ¢ 3IEKTPOHOM ONUH KBAHT OTHAaeT UMIYILC hv/c, u cuna,
IEfCTBYIOMIAs Ha 3IeKTPOH CO CTOPOHEL M3IyUeHNs (MMIIYIbC, IepedaBaeMblil B
eIUHUIY BPeMeHN ),

f:/h—y cosO - pordOdv.
c

Hanpaelimuit pacdeT mpocT. Tak Kax o7 He 3aBHCHT OT YacTOTHI, a WHOIUKA-
TPHUCCa PaCCEIHNI XOTI U 3aBUCHUT OT yIJla, HO TaKOBa, YTO BEPOATHOCTH pacce-
aHus Ha yron m — 0, momydnm

f:%H (4.4)

Taxum obpasoM, Ipu HomcueTe He BaXKHO pacIpenerleHne GYHKIUT ( IO yIIy.
Onuu u ToT Xe pesynbTar (4.4) HOTYIUTCS U BHYTPU 3BE3IHL, TLE ( HOUTH CHM-
METPUYHO, I BHE 3Be3Ibl, Ille KBAaHTHI JIETAT B Y3KOM TejecHOM yrie. lIpupas-
HUBasl 3TO BBEIpAaXKeHUe I [ cuile IPUTIKeHUs, NelCTBYIOEN Ha OOUH IPOTOH,
TIOJIY IHM

c L _Gijp

2

H =

f=

ag
(&

c 4mr? r

54



Mer momcraBmiam mg,, TAak KaK CHIa OPUTAKEHHS IPOTOHOB MHOTO GOJIbIIE
CHJIBL 3JIEKTPOHOB. B CTalMOHAPHON KapTHUHE BO3HUKAET SJIEKTPOCTATUUIECKOE
HoJjie, yOepKUBAIoOIee 3JIeKTPOHBL. TakuM o0pa3soM, y 3Be3Obl BOSHUKAET 3api.
(Beruucnure BemmuuHy u 3HAK 3TOTO 3apsfa.)

Nrak,

< GMmyc

or

L = L.

§ 4.5. YcTOMYMBOCTBL TEMJIOBOTO MOTOKA

Pacemorpum mpoctyro 3amagy. IlycTs nmeroTcs nBe mIacTHHEL ¢ 3aJaHHBIME T€M-
nepaTypamu 17 u T, BelecTBO MeXIy HUMU C TEIUIONPOBOOHOCTHIO D) 3aBucs-
et ot T (cm. puc. 22). B cTanumoHapHBIX yCIOBHAX YCTAHOBUTCS HOTOK THIA

dT
H=-D—.
dx
[IycTs B xaxoM-To mmamasoHe TemmepaTyp D ymamer mo myns. Kax msmerntcs
H?

OtBer “H = 0”7 meBepen. B cranmonapuoit xapture H = const

T
[ DdT
H=1
L1 — T2
/1 |
A |
o
I |
\ ! I
\ [ 1
S— | =
LT, T, T, T X
Puc. 22: Puc. 23:
[MosToMy, ecnu mpu HeKOTOPHIX TeMmepaTypax D = 0 (Touree, oueHb Maso), TO
Ty
Hemuoro ymessmutcs | DdT, H cooTBEeTCTBEHHO ymameT, HO He oGpaTHTCA B
T
Hyab. Baxwuo, uro VT momcrpontces tak, uro H = const, nossurcs ckagox T

(cm. pme. 23). Ipyroe meno, ecnu s3amats D xax QyHKOWIO T; B 5TOM Cllydae
TOTOK MOT OBl I 0OOPATUTHCSI B HYIb, TaK KaK B 3TOM CIIydae

T, - T,

H="1_"2
[hde

Te.umpu D — 0u H — 0.
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§ 4.6. KouBexknus

YpaBHEHUST paBHOBECUS IMO3BOIAIOT UCCIENOBATH YCTONYMBOCTDH 3BE3IBI OTHOCH-
TeIbHO CKATUI UIHN PACIIIpeHus Oe3 MepecTaHOBKU cJoeB. U3 BapHalllOHHOTO
IPUHINIA MBI 3Ha€M, UTO Tpu ¥ > 4/3 sHeprug mMeeT MUHUMYM, 3B€30a yCTOM-
YNBa OTHOCUTEIBLHO TaKUX Bo3MylueHui. Crenyomuil BOIpoc — yCTONYNBA TN
OHa OTHOCHUTEBHO IMepPecTaHOBKU cIoeB. Chepuueckn- CHMMETPUIHBIME JBUKE-
HUAMHI B IpefejlaX THOPOOMHAMUKH HEBO3MOXKHO II€PECTaBHUTBH CJIOH BeEIIECTBa:
nossiaoTcs 6eckoreunsle P, p. [losTomy meobxomumer Gosee CIOXKHBIE OBHUKE-
HIUA.

Pacemorpum, mHanpumep, paBHOBe-
Cue OBYX HECKUMAEMBIX KUIKOCTEN

¢ pPasIUYHON NIOTHOCTBIO (Boma
pTYTH), puc. 24. CuTyamus, B KOTOPOI

H,O Hg

Hg H,O bommee TsKemas KUOKOCTH HAXOOUTCS
CBEPXY, MOXKET OBITh YCTOMYUBOM OT-

yCTON4YMBO HEeyCTOMN4YNBO HOCUTETBHO TIIOCKUX OBUKEHWHN, HO,
paccMaTpuBasg Oojlee IIMPOKHHI Kiacc

Puc. 24: BO3MYIIIEHUN, HAIPUMEDP OMPOKUIBIBA-

HUe, IOy YIM BBIUTPBINI SHeprun. 1a-
KM oOpa3oM, KapTHHa yCTOMYNBa TOJIBKO TOTOA, KOTIa CHU3Y HaXOomUTcI Ooiee
TsXKenas KIOKOCTD.

3 amaaal. IIpoBepbTe 5TO METOMOM MAIIBIX BO3MYIICHUI.

3 amaaa 2 Ipoeepsre, uTo m B ciayuae chepuaecku-CUMMETPUIHOTO
pacCIpeneneHnss HeCKOIbKO HECKUMAEMBIX KUOKOCTEH Pa3HOU IIOTHOCTHU TPaBH-
tanuonsas sHeprus G [ mdm/r MEEIManbHA, KOToa BHYTpHU 6omee MIOTHAI He-
CKUMaeMas KUOKOCTh.

B 3Besmax miaoTHOCTB mamaeT ¢ BHICOTOM. DTO ellle HE 3HAUYNUT, UTO OHU 00S-
3aTeTbHO YCTONYNBEI OTHOCUTENILHO MEPECTAHOBOK cJIoeB. [I1g oTBeTa Ha BOmpoc
00 YCTOMYMBOCTH MBI HOJKHBI IPUBECTH OBa PA3HBIX 3JIEMEHTA K OOUHAKOBOMY
MaBIIEHNUIO U CPABHUTH UX IJIOTHOCTHU. ECiu mpu 5TOM IIOTHOCTS MOTHATOTO Hile-
MEHTa OKayKeTCs MEeHBIIE, TO TaKoe paclpeneeHne MIOTHOCTH HeycTolunBo. Pac-
CMOTPHUM, HaIpUMeED, OMHOATOMHBIN Ta3:

p = e—aS/’R PB/S,
rme S — sHTponusa, R — yHUBepcallbHas Ta30Bas MOCTOSHHaS. KCam mBa Sie-
MEHTa IPUBECTH K OOWHAKOBOMY IABIICHUIO, TO, OYEBUIHO, MEPOH IIIOTHOCTH, &
3HAUUT U BEAUYUHOW, OT KOTOPOHW 3aBUCUT KPUTEPUH yCTORNIUBOCTHU, OYOET HH-
Tpomus S 5Tux 31eMeHTOB. [Ipu agmabaTuueckux CMEIEHnIX SHTPOMUSI COXpa-
HAETCS U paclpefeneHne OymeT yCTOWUYUBEIM, KOTHa S pacTeT ¢ BBICOTOM, Tak
KaK IpPHU 3TOM TONHABIIUHICSI >IEMEHT OKakKeTcCsd TAXKelee OKPYKAIOIero rasa.
Taxum obpasom, mpu dS/dr > 0 xordurypanus ycroiuusa, npu dS/dr < 0 —
HeycTON4YnBa. B wacTHOCTH, m30TepMuUecKkas aTMocdepa Bcerma yCTORUNBa, HO
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anumabatuaeckoe pacupenenerne (dS/dr = 0) HaxomuTCsa Ha TpaHE yCTONYHBO-
CTH.
O6bruro S = S(T, P), T.e. 0 yCTORIMBOCTH HEOOXOMUIMO

is _ (95\ aT , (05Y ap _
dr oT )  dr OP ) dr ’

Orcroma nomywaeM ycIoBue Ha TPaOUEHT TeMIEPATy P

as dP
aT| _ (57) 1 4 dT
d?" (aS/aT)P d?" anuab
HpI/I AJaHHOM YPaBHEHUU COCTOAHUA TeEMIIEpaTypa OOJIXKHa IIadaTh HE CIUIIMTKOM

6eICTPO, He ObIcTpee ammabaTuueckoro rpamuenta |dT/dr| B mpoTusmHOM

annab’
ClIy4a€ 3aM€Ha CJIOEB 3HEPreTUYEeCKU BBITOOHA. Haumenrsiee spauenue a,E[I/Ia6a—
TUYECKUNI T'Paou€eHT OOCTUTaEeT B obrmacTu HNOHU3aIIMN — BCA 3HEPrusd naeT Ha
MOHN3AIIIIO. O6LI‘IHO 5TH 00JIaCTU KOHBEKTUBHO HGYCTOfITII/IBbI.

B O6JIaCTI/I7 rOoe JIYy9uCTOE PaBHOBE-

cue maer dS/dr < 0, BosHmKaeT He-

YCTORYUBOCTD, HMO3TOMY 3aOady IpH- S
XOOUTCS permaTh B OBa mpueMa. CHa-

|
«~23HTponus

TaJla IIPEOIIONIOXKUIM, YTO KOHBEKIINN

I *eeeapert” npv Ny4NCcTOM
HET, PEIINM 330ady O JIYUIUCTOM IIe- A |, hNepeHoce
peHoce 1 HalmeM paBHOBECHOE pacIpe- O6ﬂYaC_Tb R r
meneHne. B pe3ymbraTe momydmM pac- KOHBEKLNU

npenenerne >utponun S(r). B obma-

cTax, e S pacTeT ¢ PamlyCoM, pele- Pmc. 25:

HIEe YCTOMYMBO, HO TaM, TIe S mamaer,

HYZXKHO CKOHCTPYHPOBATBh HOBOE peIleHne ¢ KOHBEKTHBHBIM II€PEHOCOM >HEPIUN
(cm. puc. 25). B obmactn xoBeknuu nmpaxtudeckn S = const.

Bremnsas koHBekTHBHas 30Ha HabmomaeTcs Ha OIMKaliel K HaM 3Be3me —
Comune. Hanmume 570l 30HBI IPUBOOUT K PNy 3aMedYaTelbHBIX sBieHuil. [lo-
SABIIAIOUTNNCS B Pe3ylIbTaTe KOHBEKIINHN MeXaHNYeCKNN MOTOK SHePIUU HarpeBaeT
KOPOHY 10 TeMmmepaTypsl nopaaka 10° K u mpmBomuT k HCTedeHMIO COTHEUHOTO
BeTpa. B3anMmomeicTBIE KOHBEKIINN U BPAILECHUS IPUBOAUT K TeHEPAINN MaTrHUT-
HOTO TOJIs, 06Pa30BaHNIO IaTeH U ak TuBHOCTU COMHIIA. D TU UHTEPECHBIE SIBICHML
COCTABIISIIOT IPEOMET OTIOETBHON HAYKU — (QU3UKHU COJTHEYHOH aKTUBHOCTH, KO-
TOpas BBIXOOUT 3a PaMKW Halero kypca. HyxXHO Tonbko noMHUTH, uto ComHne
— caMas OOBIYHas M OYEHb CIOKOWHas 3Be3ma. Ha mnpyrumx 3Be3max MOTYT mpOHC-
XOOUTH TONOOHBIE SBMIEHUS WU ellle Gosee MoIHble. [lo-BunmmMoMy, HEKOTOpPHIE
U3 HUX MBI HaGIIODaeM B BHIE BCIBIIIEK KaPIMKOBBIX 3Be3l (aHAJIOTHMYHBIX XPO-
MocdepHBIM BenbimkaM Ha ColHIe), HO GONBIINHCTBO U3 HOX HOKA HENOCTYIIHEL
HamuM npubopaM. Pa3Butune HabmomeHUi, HalpuMep, PEHTTEHOBCKON acTPOHO-
MU CKOPO CHeTaeT 5THU IPOOIeMbl HaCYITHBIME OIS GU3UKU 3BE3.
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I'mapa 5. AIJEPHBIE PEAKIIUN

§ 5.1. CapoiicTBa SAepHBIX CIJI

B ocrOBe Teopum smepHBIX peakmumil jrexkaT MPEOCTABICHUS O SOePHBIX CHIIAX,
SIEPHBIX B3aMMOOENCTBUAX. Huke MBI maamM TOT HEOOXOOUMBIN MUHUMYM 3Ha-
HUW O AOEPHBIX IPEBPAIEHUIX, KOTOPHIA MO3BOINT NaTh IPENCTaBIeHUE O TOM,
YTO XKe MPOUCXOOUT B IMeHTPATILHBIX 00JIaCTIX 3BE3IHL.

[To cpaBHEHUIO € OCTAIBLHBIMI U3BECTHRIMI B PU3NKe B3aNMOOEHCTBUSIMH SI€D-
HBIE SBIISIIOTCS Hambojlee CUIBHBIMU. XapaKTepHas SHEpPrus gmepHBIX cui ~10-
20 M>B/myxmon. Oun 6ombime rpasuTanuonEex B 10%Y pas, smexTpomaramTaBIX
B ~100 pa3. dmepHBle CHIBL SIBIIOTCSI KOPOTKONEHCTBYIOIINMHA, WX IOTEHIIIAT
nponopruoraier ¢ “"/r. rome p ~ 10 cm™!) T.e. Ha GOIBIIMX PACCTOAHUAX
(r > 1/p = 107'% cM) oHm yOBIBAIOT SKCHOHEHIWAIBHO OBICTPO, HO Ha MAaJIbIX
panmycax IpeobIamaloT Hafl BCEMH OCTAIBHBIME (cM. puc. 26).

B macrosimee BpeMs HemsBecTHO,

Kak BemeT cebs TOTeHNmanT SOepHOTO

q) B3aUMONENCTBUS Ha MAaJBIX PacCTOf-
Hugax nopu r — 0: 1mubo OH BBIXO-

:--s.\_\(!)a- ﬁg%{.ﬂﬁ;ﬁc"”“ OUT Ha KOHCTAHTY, Tu60 BOOOITIE CUIBI

¢;{ T e - TPUTAKEHNSI CMEHSIOTCS OTTalIKUBa-
g?}"m\\\ aueM. OpmHaxo u3-3a IPUHINIIA He:
33%&03 \ OIPEOENICHHOCTH, B IOTCHINAIbHONU
_\ ¢5{' ﬂg%:ﬁﬁan SIMBI BOJIN3H HYJIS HE OY€Hb CYIIeCTBEH

OJis pacdeTa CBA3AHHBIX COCTOSHUIN.

Hampumep, B aTome Bomopoma BOIU3H

Puc. 26: aOpa KyJIOHOBCKUN IOTEHIINA (Ne/r)

nopsaaxa 10° B, HO ocHOBHOW (caMBbIil
HU3KUIT) yPOBEHDb UMeeT SHepruio ¢Bs3u Beero 13,6 5B. Bonee Huskux yposreti (co-
OTBETCTBYIOLINX MEHBIINM PACCTOSHUAM MEKIY 57T€KTPOHOM U IPOTOHOM) HET B
CUJIy TPUHIUNA HEONPEOEeTeHHOCTH. [J03TOMY meTann moBEeOeHns TOTeHInATa Ha
OYEHBb MAJIBIX PACCTOSHUIX HEBAKHBI.

S mepHEBIe CHIIBI OMUHAKOBEIM 00pa30M OECTBYIOT Kak Ha TPOTOHEI, Tak M HA
HEHTPOHBI. JTO CBOICTBO ANEPHBIX CUJI HA3BIBAETCSA M30TOMUYIECKON MHBAPUAHT-
HOCTBIO. 30TONMMueckas MHBApUAHTHOCTE OTHOCUTCS K CHJIAM, HO BaXKHO YUNTHI-
BaTh ellle U npuenun [laymm, cormacHo KOTOPOMY [BE ONUHAKOBBLIE TACTUILL (IBa
IPOTOHA UNN [Ba HEUTPOHA) HE MOTYT HAXOOUTHCS B OMHOM U TOM XK€ COCTOSHIH.

§ 5.2. IIpocreiiinue npuMepsl

1. dnpo, cocTosinee U3 IPOTOHA U HEMTPOHA —— OEATEPHIL:

pn = 2D Econan = 2, 2 M»B.
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Opburansroro neuxernus get ([ = (), HO CHUHBL p U 1 TapAJUIEIBHEL, CILH AOPA
s = 1 u momusiit MmoMeHT J = 1. DHeprusa cBasu 2,2 M»>B orrocuTensro HeBenuka,
T.€. COCTOSHIE OUeHb MeKoe, 2D — pEIX7ad cIcTeMa.

MoryT nu GBITH B TAaKOM COCTOSHUE OBa IpoToHa He mun npa mefiTpora (mu-
refiTpon)? B onslTax Takux smep He Haunu. M 3To HeymuBuTensHO. B meitTpome
[ = 0 u CIEHBI HapajIeNbHBI, T.e. OBEe Pa3Hble YaCTHIBL (p U N) HAXOOATCA B
OIHOM HTOM e COCTOSHUN, HO [BE TOXKACCTBEHHBIE YacTHUIEL (ABa GepMUOHa —
IBa MPOTOHA WIN OBa HEHTPOHA) B TAKOE COCTOSHUE YIOKHTH Hemb3s. Moxno
6eL10 GBI OOpPA30BaThH AOPO U3 OBYX ToxOecTBeHHBIX dacTur ¢ [ # 0. Ho srto
03HAYAJIO0 OBl MPOJIET OMHOW YaCTHUIBI OKOJIO APYTOH Ha HEKOTOPOM IIPUIETBHOM
pacctosaun. [Ipu s3TOM cpemHee paccTOsSHUE MEXKIY HYKIOHAMHI yBEINUUBACTCL
U sOepHbIe CIUILL OcaabeBatoT. ECTh elte omHa BO3MOKHOCTE: B3ATh SOPO U3 IBYX
HykyioHOB ¢ [ = 0 u s = 0, T.e. ¢ anTHUmapaenbHbiMu ciuHamu. QmHako 3a-
BUCHMOCTE SIOEPHBIX CHJI OT COWHOB TaKOBa, UTO OHU CIJIbHEE, KOTZa CIUHEI
mapalielbHE U clabee B OOpATHOM CiIydae. B ciydae OBYX HYKIIOHOB (KOTIa
SHePTUs CBA3M OCHOBHOTO YPOBHA mpu s = 1 HeBemmka — 2,2 MsB) sro mpuso-
IUT K TOMY, UYTO CBA3AHHBIX COCTOSHUN C aHTUNAPATIICTIBHBIMA CIIMTHAMI BOOOIIIE
Her. He Hamo mymars, 9TO 3TO €CTh Pe3ynbTaT KaKOTO-HUOYOb OTTAIKUBAHUS.
Ha camom mese 3TO elme OmHO IPOSBIIEHWE IPUHINIA HEONPEOETEHHOCTH: IS
CYILIECTBOBAHUS CBA3AHHBIX COCTOSHUI HEOOXOOWMO HOCTATOYHO CHIBHOE B3am-
mozeiicTBue. ccmenoBarne paccesHUs HEHTPOHOB Ha NPOTOHAX W IPOTOHOB Ha
IPOTOHAX IOKA3BIBAIOT, UTO B COCTOSHUU § = () OHH IPUTATUBAIOTCS, HO HE MO-
CTATOYHO CUJIBHO.

2. Tpuruit (°T); pnn, Il =0, s = 1/2, npuueM cOUHBI HEATPOHOB aHTHIAPAT-
menbHbl. JHeprus cBsasu E., = 8,48 M»sB, 1.e. Takyio sHepruo Hy KHO 3aTPATUTh,
4TOOBI Pa3bUTh AOPO TPUTUS HA TPU IACTUIHL.

3. Temmii-3 (*He); ppn, | = 0, s = 1/2. 3pech aHTHIApaTIeIbHbl CHTHbL
npoTonoB, Ecg = 7,72 M»B. B npubnnxenun nsoronndeckoil HHBAPUAHTHOCTHI
saepruu ceas3u ° T u *He 6p11m 6bI paBHLL, HO B CICMYIOMIEM OIPUOINAKCHNIT BINIET
KyJIOHOBCKasf SHEPTHA OTTAJIKHBaHHAMEKITY TBYMS IPOTOHaME B ~He, mo3TOMY
3He me Tax cmiabpHO CBA3aH.

4. Temuii—4 (*He); ppnn, | =0, s =0, E. = 28,3 M>B.

Ecnu ects gBa copra wacTum, TO MakKCHMAaTIbHO MOXKHO UCHOIB30BaTh 4 da-
cTUIBl, YTOOBL CKOHCTPYUPOBaTh aapo ¢ [ = 0 u s = 0. UTobsr oTOpBaTH OOUH HY-
KJIOH, HY2KHO 3aTpaTUTh 5Hepruio mopsaaxa 20 MsB= (28 — 8) MsB. Taxum o6pa-
30M, 5Ta CHCTeMa UPEe3BBIYANHO CUJIBHO CBA3aHa. [lockonbky obomouka [ = ()
sanonrera, aapo ‘He amamormuso XmMmdecknm 61aTOpONHBIM TazaM, THPTHOCTH
KOTOPBIX O0BACHIETCS 3AMOITHEHHOCTBIO 3JIEKTPOHHBIX 000I0UEK.

5. O6pazosarme amep "He, °Li B cBA3aHHOM cOCTOSHWE HeBo3MoxHO. Om-
Hako ects °He ¢ E, = 0,6 MsB u *He ¢ E., = 3,0M»sB. (CymecrsoBanue
“He mssecTro masuO, "He mpemckasan omauM u3 aBTopos B 1960 r. u mmmsb mo-
cie 5Toro oTKpHT Ha onbiTe (cM. A.Ml.Bass, B..T'onsnarckuit, B.3.Tonsn6epr,
91.B.3enpnoBuu. Jlerkue u mpoMexyTOUHBIE SOpa BOIU3U TPAHUI] HYKJIOHHON CTa-
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6umprocTH. M., “Hayka”. 1972).) DTu sopa ycTORYUBEL OTHOCHTEIBHO CUIBHOTO
B3aIMOEHCTBUA (OTHOCHTENBHO paclafa Ha COCTABHBIE YaCTH).

Ecan HeT cmenumanbHBIX IPUYNH U €CIN XBaTaeT SHEPTUHU, TO SOePHBIE PEAK-
IIIH, COCTOAIINE B IIePeCTaHOBKE N I p, UAYT C cedeHmeM o ~ 7r? ~ 10726 —
10724 c?.

Hanpuwmep, peaxrun

2D—I—ZD—>3He—|—n,
D+D 3T +p

CBOOATCS K SHEPreTHUecKu Gojlee BBITOMHON IePEerpynnupoBKe HYKIOHOB. [Ipm
5TOM HHUKaKHe OPyrue B3aUMONENCTBUS HE YIaCTBYIOT H 3amada (QakTHIECKH
SBILIETCS KIIACCUIECKON 3agadell O CTOIKHOBeHNN mapukoB. CedeHne Taxoro mpo-
necca TOpsIKa KBaApaTa pamumyca “mapukos” (B mamHOM ciydae r &~ 10712 cm).
B apepuoit dusnke npuHATa eneHnna cevenns 1 6apm = 10724 ca?.

Korma roBopaT, 9To SOpo HEKOTOPOTO 37eMeHTa, Hampumep °He, He cyIme-
CTBYET, TO 5TO O3HAYAET, UYTO BPEMS CYIIIECTBOBAHIS TAKOTO 3JIEMEHTa He OOIIbIIe
BPEMEHNU HposieTa YacTuisl yepes aapo = 1071 ¢m/10% em/c = 10722 ¢. CxopocTs
10° c¢m/c coorBeTcTByeT sHeprum B Heckombko M»sB, a momyuaroimeecs Bpems

10722 ¢ ecTh XapaKkTepHOE BpeMs AOepPHOTO B3aMMONEHCTBH.

§ 5.3. YueT 3JIeKTPOMarHMTHOT'O B3aMMOIEMCTBUSA YACTUI]

DIEKTPOMATHUTHOE B3aUMOMEHCTBUE UTPAECT POIIb HMONPABKHA K AOCPHBIM CHIAM
— MBI BEOenn 3To Ha npuMepe “He m *T. Ipyroit 6omee cuabHBIN TpEMED: SIPO
8He — cBa3aHO, HO ¢ 3aMEHON OBYX HEHTPOHOB Ha [Ba MPOTOHA, HE CYIIECTBYET
u3-3a KyJOHOBCKOTO oTTankuBanus. C yuerom mpunnuna [laynu maunbomee xoM-
MAKTHO MOXKHO YJIOXKHT SOPO € PABHBIM UHUCJIOM IPOTOHOB U HEWTPOHOB, HO M3-
3a KYJIOHOBCKOTO OTTAJIKUBAHUS BBITOOHee OpaTh HECKOIBKO OOJIbIIE HEHTPOHOB.
Hanpuwmep, ;TU cocroutT u3 146 mHeiiTpoHOB U 92 IPOTOHOB, T.€. HEUTPOHOB B 1,5
pasa 6omnpmte. Ilo sToifl ke mpuumHe TaXKenbIe SOpa HEYCTONYUBEL OTHOCHTEIHHO
TeJIeHns.
Bes xymoHOBCKOTO OTTalKUBaHUSA

IBe “smepHBIE KAl CTPEMIIACH OBl &
crurcsa. O6beMHEBIE SHEPTUE TIPU 3TOM MbB
AYKIOH |

MPOCTO CKITAOBIBAIOTCS, a TTOBEPXHOCT-
Hasg — YMEHBIAeTCsI, TaK KaK II0-
BEPXHOCTEL OOJBIMON KAl MEHBIIE
CYMMBI TIOBEPXHOCTEH MOBYX MAaJThIX.
Ommaxo, BcmegcTBmEe TOTO 4TO KYJIO-

O o N
[edks)

0 40 80 120 160 200 A

HOBCKHE CHJIBI CIaOaloT IO CTeleH- Puc. 27

HOMY 3aKOHY, a SOEpPHBIE — IO 3KCIIO-

HEHITHATIBHOMY, B KPYIHEIX KalliLIX (fapa ¢ 6ombInM Z) gajmekue IPOTOHBL yKe He
OPUTATUBAIOTCA OPYT K OPYTY 3a CIET SOEPHBIX CUI, & TOIBKO OT TAJIKUBAIOTCS 32
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cueT KyToHOBCKTX. TaxmM o6pa3oM, KyJIOHOBCKasS SHEPTHA He OUeHb CyIIIeCTBeHHA
B JIETKWX fAOpaxX U BaxkKHa B TAKEIBIX, BCICACTBHE U€TO AIPa ¢ IPOMEXK Y TOTHBIMIE
smaueruamu Z (Fe) maubonee npouno cessansr (cM. puc. 27).

KonuuecTBenHbIE MONpPaBKU K SHEPTUU — 3TO ONHA CTOPOHa mena. pyroi
BaXXHBII acCleKT ydeTa 3I€KTPOMArHUTHBIX B3aIMONEHCTBUII — 3TO IIPOIECCHI
POXKIIEHNA U MOTJIOMIEHNS GOTOHOB:

ptn—"Dtr,
2D—|—p—>3He—|—7.

Peaxrmua ?D + ?D — 3T + p u momo6HEIE efi HAIOMIHAIOT UTPY B KYOHKHN — OHH
CBOOATCS IIPOCTO K HePErPYNNUPOBKE HYKIOHOB. 30€Ch K€ MPOUCXONUT HEUYTO HO-
Boe — pOXKIeHHe YacTul (dboroHa He GbLIO, HOTOM OH pomuics). M3-3a 3akoHa
COXpaHeHUs >Heprum peakrus p + n — 2D + v He MoxeT mnTu 6e3 mcmycka-
Hust ¢poToHa. [IpuTsaxerne mpoToHa K HEHTPOHY BCErOa €CTh, HO €CIU HYKIIOHBI
COMUKAIOTCI U He POXKITAIOT HUKAKOH YaCTULBI, TO 3HEPTUI COXPAHIETCI U OHU
00OSI3aHBI PA3IEeTETHCS.

Teneps B ceuenne B3anmoneiicTBus p+n = D+ BoimeT BEpOITHOCTS POKIE-
HUA BOTOHOB, T.e. MOABILETCA MHOKUTETDb ¢ /he = 1/137. Pacemorpmm mponecce
poxIeHNs (POTOHOB Ha IpUMepe KIaCCUIEeCKOTO OCHUIIITOpa. g xomebmore-
rocs 3apina e 3HepTHud, BRIIENJIONIaica B eNeHUITy BpeMEHN,

3pT e, efrtwt
Ql—|=z2=—F%—
c c c
Bpemsa mzmydenus ogHOTOo KBaHTa hew
hw

a BepOATHOCTH 3>Toro mpomecca W ~ 1/t, Takum obpaszom, paBHa

1 Q e? r?
V=i he A2

t he

(3mecs A = ¢/w).
ITo mOpANKY BEIMYMHEL 5TO BEIPaKeHHe TOTUTCA OIS TI060H CHCTEeMBl I BepO-
ATHOCTH AICPHEIX IPEBPAICHIH ¢ yIeTOM 3IeKTPOMATHITHOTO B3AMMOICHCTBIA

e? /r\?
~w— =

Wew ()\) '

s mpocToil meperpynmupoBku BepoaTHocTh W ~ 1/t ~ w. Temeps BxOmAT
6espasmepuble Bemmauasr ¢?/he — cuma B3amMonetictsus u (r/))? — oTHOmenme
IJTOITA N “aHTEHHBI K KBAApPaTy MJIMHBLI BOJIHBL. JDTO BEPHO MPU AUMOTBHBIX KO-
nebannax. Ecnn xonebanus nMeoT ApYryio MyIbTHIONBHOCTE, TO BXOOAT Gosee
BEICOKUE CTemeHn (1'/A).
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3 ama g a. UsBecTHO cewenne peaxmunm n + p — D + v,

const
o =——=0,3 6apu
v
mpn v = 2,7 - 10° cm/c (TaKa}I CKOPOCTH COOTBETCTBYET CKOPOCTH HENTPOHOB

IpU KOMHATHOI TeMmepaType). I[Ipu BEIcoKoll TeMmepaType, KOTIa €CTh hOTOHEL
¢ sHepruen 6ombime 2,2 MsB, oueBunno, OymeT nponcxonuTh 1 0OpaTHBIA IPOLIECE
doTonucconuanun OeHTepus, n K3MeHEeHnE KOHIIEHTPAlll JeHTePHS CO BpeMEHEM
ONHUCHIBAETCS yPaBHEHUEM

d[D

D) ool - £(1) (D).
smeck [D] — xommertpanus D, f(T') — mexoropas dyrknus. B Tepmonumammae-
CKOM PaBHOBECHT % =0m

% = F(T) exp(—2,2M5B/kT) .
Hatitu ¢yuknun f(T'), F(T) u ceuerue doronucconnanun DefiTepus B 3aBUCH-
MOCTH OT TEMIEpPaTyPHI.

(Y x a 3 a8 u e nperebpeds enmunneil 8 popmyne Ilmanka, T.e. canTars

(e”’ — 1)_1 ~ e_’”).

§ 5.4. Cmnab6oe B3auMonenicTBue

Tunuusslii TpuMep €I1abOTO B3aUMOOENCTBUSI — IpEBpaIlleHne HENTPOHA B IPO-
TOH € UCIIyCKAHUEM SJIEKTPOHA U aHTUHEHTPUHO V:

n—pt+e +uv.

BsanmopeiicTBue Ha3BIBaeTCa cmabbIM U3-3a MaJIOl CKOPOCTH pachama. Bpems
KU3HU CBOOGOMHOTO HeRTpOoHa nopsanka 10 mua. Beime Mbr paccMaTpuBanu peak-
mUu ¢ XapakTepHbIME BpeMmeramu 10722 ¢ mmg umcTo amepHOTO B3amMOmelicTBIS
u 107'% ¢ ¢ ygacTueMm 3meKTPOMarHITHOTO B3aUMONEHCTBHUSA, T.€. C UCIHYyCKaHIeM
~—KBaHTOB.

[MomuepxkHeM, UTO TPU CTaOBIX B3aUMONENCTBUAX, KaK U TPHU >TEKTPOMArHUT-
HBIX, PEAKINN UAYT ¢ POKIEHUEM HOBBIX YaCTHIl, T.€. YACIO YaCTUIl HE COXPaHI-
erca. Hu B xoeM ciydae Helb3S CYNTaTh, 9YTO €~ U U “cuAdaT’ B HEHTPOHE, UTO
HEATPOH e€CTh CBI3aHHAsi CHCTEMa U3 IPOTOHA U 3JIEKTPOHa. HelTPoH Tak xKe site-
MeHTapeH, Kak I IpoToH . YacTumsl meficTBUTEIBHO POEKTAIOTC. 3Iech MOKHO
IIPOBECTH AHOJIOTUIO CO 3BYKOM: KOCHEMCS CTPYHBI — POXKOAIOTCA (POHOHBI.

3CJO]".J'[ﬂ(‘,I—IO COBpeMeHHOﬁ Teopun HeﬁTpOHBI, IIPOTOHBI N BCE [Ipyrue CWHBHOB3&HMOﬂeﬁCTBy—
oaue yacTtTu bl COCTO T W3  Bap OB JHa O Ha usn4yec M Tpo ecca B 3Be3ga TO He
C a3bIBaeTcC
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B PEaKIMAX TaKOI'O POOda MOZKHO IIEPEHOCUTD 9aCTUNY CIIDaBa HAJIEBO U CJIEBA
HallIpaBO (C 003aTEeNbHON 3aMEHON YaCTHUIOBI Ha aHTI/IT-IELCTI/IIIY)Z

e +n pHv,

v+n p+e .,
p n+e +v.

Yem oTamuaeTcs aHTUHEATPUHO U OoT HenTpuHo v?! g v m v Macca TOKOS
m = 0, sapan ¢ = 0 u, xazanock Obl, pasnuumit Mexmay HuMu HeT. OQTianmua-
IOTCS OHU IO TUIY PEaklnil, B KOTOPBIX y4acTBYIOT. Hampumep, BOmm3m peax-
TOpa SKCIEPUMEHTAIBHO HaOIIOOATACh PEAKIUI U + p — n + € 1 HEeT peakiun
v+n — p+ e, Tak KaK PeaKTop maeT TOIBKO aHTHHeATpuHO. Ecnu 661 5T va-
cTUNB GBIIIN TOXKOECTBEHHBI (Kak GOTOH U aHTU(GOTOH ), TO HIYTO HE MEIIaso Obl
Oy YUTh peaknuio v+n — p+e~ . Tax xe no Tuny peaxnuit OBLIO OTKPBITO, ITO
HEUTPHHO OBIBalOT OBYX COPTOB: HEHTPUHO 3JIEKTPOHHOE IV U HEHTPUHO MIOOHHOE
v,. locmenHne y49acTBYIOT B peakKIuax TUIA

p—{—ILL_—)n—}—VH,

roe u- — MIO-Me30H".

Crenyommuii BaxXHBII MOMEHT CIa0BIX B3aMMOOCHCTBHN: KaK MOHIMaTh Peak-
mmoo p — n + ¢ + v? Bems mpotor crabmnen. Mul mucaam peakmum TOIBKO
C YyYETOM 3aKOHOB COXPAHEHHS 3apiamoB. Ho HYKHO Takke yIOOBICTBOPHUTH €Ile
n 3aKOHYy coxpaHeHms sHeprum. OmHako coxpaHeHHe 3apsama — abCOTIOTHO, a Ha
SHEPTHUIO CHCTEMBI MOXKHO BO3IEHCTBOBATEH M3BHE.

Macca meiTpoHa paBHA

m, =M +0,78 MsB =m, + m.+ 0,78 MaB ,

rme M — wmacca aToMa Bomopoma

Cps E(Clz) Ny, (acHo, HTO M = m,+ m., moCKOIBKY

i SHEPTHUEN CBA3U SIEKTPOHA B ATOME BO-

nopoma ~13,6 5B MoxHO mpeHEOpeUs ).

ECB(n) . ECB(p) [MosTomy peaknus p — n +e + v

(e 1V) P B cBOGOmHOM cOCTOSHUEM UAOTH HE MO-

n / KeT — He XBaTaeT dHeprun. Ho Bo3b-

MEM CBSA3aHHBIE N U P B CHCTEMAX:

B2 4 212 4y (em

Puc. 28: puc.28). o spepabiM cmmam 2 onw-

HAKOBO B3aUMOINENCTBYYeT Kak C P, Tak

nocJsjiegHoue rogabl OT pbITa enie  oJiee T ejJla YacTu a, nmoao Ha mn 0 CBOUM CBOW-

cTBaM O-BUUMOMY, €CTh W eIlle OAWH TUIl HEUTPUHO , OTJaNYarImunICc oT mn mn
COOTBETCTBYIOIIEE €My IIogo HO n OApO Hee CM
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U ¢ 1, HO KyJIOHOBCKOE OTTAJIKUBAHUE YMEHBITACT SHEPTUIO CBI3u MpoToHa. CBa-
3aHHBIA B AIpe 2 TPOTOH P o ng OKa3alca “Tsaxenee” CBA3AHOIO HEHTPOHA, IIO-

5TOMY MOXKET UOTHU PEeaKInsI 3,13 +e +v, e

pond_)nond‘l'e +v.

CrabunbHOCTH TPOTOHA W HECTAOUIBHOCTH HENTPOHA B HEKOTOPOM CMBICIIE
VCIOBHBI, TaK KaK B CBSI3aHHOM COCTOSHHUU CTaOUMIBHBIM MOXKET OKa3aThCs Hell-
TPOH, a He IPOTOH.

TloitmeT mm peakumug p+e — n+ v? Bems m, > my + m. u HeUTPOH
MONIKEH pacHanaThca. B cuIy 5Toro HepaBeHCTBa peaklus He MOWOeT HU B aTOME
BOMOpONa, HN B IIa3Me MaJoif MIOTHOCTH W TeMIepaTypsl: p < 107 I‘/CMB, T <
10° K. Omraxo peakmms moiimeT aubo B coydae, KOTa HEHTPOH CHIBHO CBA3aH,
60 KOTIOa 3IeKTPOH IMeeT GOTBIIVIO AHePrmio. THINIHb TpuMep: | e4 e =
"Li+ v, mefirpon B Li kpenko cBs3an. BoIbimas SHEPIHUS SIEK TPOHOB MOKET OBITH
obycmoBneHa mubO BRICOKON TeMIEPaTYpPOl, TuO0 WX BRIPOXKAECHUEM TPU OOIBITON
mwroTHOCTH. Hampumep, B BBIPOXKIEHHOM Ta3€e MPU BBICOKOM MAaBICHUU DEAKIU
p+ e — n+4 v umer npu depmu-s3Heprunm saexTpoHoB F; > 0,78 M>B. B
5TOM CIydae 5Ta peakius HOCUT HaszBaHWUE DPEaKINN HeHTPOHM3AINN BellleCTBa
— TJIaBHBIA MOMEHT B TE€OPUH MYIbCAPOB M HEATPOHHBIX 3BE3.

Taxue peakiuu MOTIu OBI UATH U B TOPSUEN MTa3Me, KOTIa SHEPTUSL 3JIEKTPO-
HOB JOCTATOYHO BBICOKA: HO TaM eCTh Homee 3hdeKTUBHBIE PEAKIINN ¢ UCIYCKa-
HIEeM ~y-KBAHTOB, KOTOPBIE OBICTPO OTHHMAIOT 3HEPruio ¥ 371eKTpoHOB. [losTomy
B Pa3pekXeHHOU IIa3Me HEHTPOHU3Anus IpeHeOpexnMa u3-3a ¢I1aboCTH B3auMO-
neticrBuia. K Tomy ke HENTpOH pacmamaeTcs oOpaTHO Ha IPOTOH U 3JIEKTPOH (¢
obpasoBarmeM /). VIHTepecHO 3aMeTHTB, ITO B TOH XK€ TOpsAdedl IIasMe, KOIOa
BBIXO[ U3JIyY€HHS U3 CHCTEMBI 3aTPyNHEH (6obinas HeIpo3paYHOCTh BEIeCTBA),
IPOIECCHL ¢71ab0TO B3aUMONENCTBUS ¢ 0OOpa30BaHIEM HEUTPOHA U UX PACIATOM MO-
myT 5GGhEeKTUBHO OTBOAUTH SHEPIHUIO Yepe3 UCIyCKaHUe U U U (Tak Ha3blBacMBbIE
YPKa-IIPOLECCH, M.  7.4).

Crabble B3auMOmEcTBUS HA3BIBAIOTCS YETHIPEXDEPMUOHHBIME, TaK Kak B Pe-
AKIIIAX YYACTBYIOT 4 dhepMu-uacTHIbL co cnmHoM s = 1/2.

BepostHOCTE B3anmMompeBpallieHns 9acTUIl 3a cYeT CIaboro B3auMOOENCTBIS
IO AHAJIOTUHU € TEOPUEN 3IeKTPOMATrHUTHOTO U3TYUeHNs 3alNChIBAETCA B BUIE

_2m ,dAN
W=—|H|"—= ¢ \
h dE
roe dN/dE — 4mcio KOHEYHBIX COCTOAHWUN Ha €OWHUYHBIN WHTEpPBasl >HEDPLHN,
a H' — MaTpUUHBII 57€MeHT FraMIIbTOHNAaHA B3aUMONEHCTBISA, OIPeIeIaiomIni,

TakuM 06pPa30M, KOMIUIEKCHYIO aMIUINTYIY BEPOATHOCTHU IIpolecca. B mpocreii-
el Teopuu CIadbIX B3aUMOOENCTBUHN MOTATaiOT, ITO

H/:g v nd )

p €

64



rae ¢ — HOCTOSHHAA CIab0r0 B3aUMONCHCTBUA, & p, p, e, » — BOIHOBEIE
¢dyHKIUN Yactun. B 5T0 BEIpakeHne HEOOXOOUMO HMONCTABIATH — HJIH (comps-
KEHHYIO BOJIHOBYIO GOYHKINIO) COOTBETCTBEHHO TOMY, YHHUTOXKAETCS WIN POXKIa-
eTcs YacTuna. Beipaxernne H' Hammcano Mg pacmafa HEUTPOHA 1 — P+ €~ + Ve,

IO3TOMY MBI IIHIIEM BonnoBas ¢ymkmus meiiTpuro , mumimercs Oe3

p? e’
3BE3[OYKH, TaK KaK POXKOCHUNE aHTUHEHTPUHO Ve SKBUBAJICHTHO YHUYTOKEHUIO
Ve. Baxnbrl MomeHT — pasmepHOCTH ¢g. Tak kax pasmeprocTs [H| = spr, a
f d =1, 1e. [ ] = CM_3/2, To [g] = apr - em®. Bamermm, uTo KoHCTaHTA
3MEKTPOMArHUTHOTO B3ammonericTBus e¢?/he = 1/137 6espasmepna. B cucteme

qucnerno g = 1,4 - 107 spr - em®. 3mas ¢ (13 omelTa), MOXKHO Ompe-
IEJUTh BEPOATHOCTD pacmama n — p + e~ + v. IlycTh sHEprum BBIOEIMIOCH
MHOTO, TOTIa 3JIEKTPOH € — PEeIITUBUCTCKUN, I M, HEe NOIXKHA BXOOUTH B OT-
BeT. BeposaTaocts W mpomopumonanbHa KBampaTy MaTPUUHOTO 3JIEMEHTA, T.€.
mpomnopnuoHatbHa ¢, Heobxommmo momobpaTh Takyio KOMOMHAIMIO cTeneHein F,

h m ¢, 9T06B MOTYUUTE pasMepHOCTH [W] = ¢

W~ g2E" ™ &

24n+m=20
1004+2n+4+2m+p=0
—4—-2n—-2m—p=-—1,

oTkyman =5, m = —7, p= —6.
Tounas GopMyna nmeeT BUI

1 _q2E5
603 RTS8
roe Ko3hGunueHT 1/ 6073 TIOJIYy4Y€H U3 KOHKPETHOI'O pacYeTa.

3 amaua l. Pacemorpum peaxnmo

e +p—on+tv.

[Tycts smeprus smextpomoB H5MsB < . < 100M»sB. Torma nmporor u Hei-
TPOH MOXKHO CYHTATH MOKOAIIAMHUCA. [JOCTPOMTH MO Pa3’MEPHOCTH BBIPAKEHUE
ona ofem?]:

o(E) ~ g’E"h"cP .

3 amaua 2 HaiiTu BepoITHOCTh HEHTPOHW3AIUU B BHIPOKIEHHOM Ta3ze
PETATUBUCTCKUX 3IEKTPOHOB

(Ep — moporoBas 5HEPrus HEHTPOHU3ALNH).
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§ 5.5. IepHBIe peakliuy B 3Be3IaxX

DUHIITENHOBCKOE COOTHOIIEHNE MEXIY MacCOil U SHeprueil BelecTBa F = mec?

MOKA3bIBAET, UTO AIEPHBIE PEAKINN MOTYT ObIThH MCTOYHUKOM SHEPTHUU 3Be3m. B
CaMOM IieJle, Macca IeTHIPEX IMPOTOHOB GOMIBINE MACCHl aopa remus: 4m, > m .,
u ob6pa3oBaHUEe TOCTEOHETO B Pe3yIbTaTe CIUAHUA YeTHIPEX MPOTOHOB MOTOKHO
IPOUCXOOUTH ¢ OTPOMHIBIM BBIOEJICHUEM SHEPTUU, PABHBIM PA3HOCTH MAaCChl —
nedpexty macc AE = (4m, — m .)c*. Ommako monroe BpeMs [0 HOABICHUS
KBAQHTOBOI MEXAHUKH Ka3aJloCh, YTO TeMIepaTypa BeIlecTBa B LEHTPE 3BE3MHI,
T ~ GM/(RR) ~ 1 k5B, cnumkom Huska. 11 npeomoneHns KyIoHOBCKOTO OT-
TAJIKUBAHUA IPU CTOJKHOBEHHN OBYX IPOTOHOB HeOOXOOMMa SHEpPrus mopsanka 1

M>5B. IIpu MakcBeIIOBCKOM pacupeneeHnn ¢ TeMuepaTypoi ~1 k5B sHepruent B
1 M5B obnamaer mosis gacTuir ~ exp (— %) ~ 1000 ~ 1()—430 (OTMeTHM,

gto B Commne Bcero 10°7 wacTuim, T.e. KIacCHYecKas BePOSTHOCTH B3amMOIEH-
CTBHS OBYyX HPOTOHOB HUYTOXKHa). €M He MeHee OOMH M3 OCHOBaTelell TeopHu
BHY TPEHHETO CTPOEeHn 3830 A. DIUHT TOH, MEPBBIl YKa3aBIIUil Ha BO3MOKHOCTH
peaxtmu H — *He, me cmaBamcs, Korma eMy yKa3bIBall Ha MalIyio BEepOATHOCTH
n3-3a HEIOCTATOYHO BBICOKON TeMIepaTyphl, m ToBopmi: “IlommmTe-ka MecTo mo-
ropsuee!”.

C pasBuTumeM KBaHTOBOW MEXaHWKU CTajl0 ACHO, YTO JDOUHTTOH mpas! Bepo-
ATHOCTD AHEPHBIX PEaKINil YBeIUunBaeTCa GIaromapsa MOmbapbepHOMY MEPEXOMY
(TyHenbHEIN 5bdexT).

O1meHnM CKOPOCTH AMEPHBIX PEAKIUil ¢ YIETOM 3aKOHOB KBAaHTOBON MEXaHUKMH.
Hamomunm m3sectroe cootromenne e Bpoitns, cBsasbiBatoliee OJIMHY BOJIHBL A
(BommoBOEe umcno k = 27/A\) m mMuynsc wactunsl p: k = p/h. Buxenuto c

. €&
IMITYTECOM P COOTBETCTBYET BOMHOBasS GYHKIHA €' — e mmm ¢~ Jpdr
p ABgeTca GyHKnued xoopmmHatT. ag wacTHm ¢ Maccoll MOKOS 1M UMIIYJIbC P

Haﬁ,ﬂ[eM I3 3aKOHa COXPaHCHUA SHEPIrUHU

, ecIn

p/2m)=E. =E —-U=E-U.

Orcoma

p= 2m(Ey—-U).
I nByX wacTuin ¢ 3apagaMu Zi, Zy SHEPTrus OTTAIKIBAHIL

U = 212262/7' .

B xnaccmueckoit mexanuke wactuna ¢ sHeprueil F npm DocTuKeHHWN TOYKHU T,
roe p = 0, T.e. 1y = Z,7Z,/F, noBopaunBaeT u OBUKETCA B OOPATHYIO CTODOHY.
B xBamToBOI Teopum mpum r < ry p = 2m(U — Ey), u B BOIHOBYIO (DyHKITHIO
YaCTULBI, UOYIIER ¢ 6ECKOHYHOCTH, BOROET MHOXKUTEND

1
1 f — dr
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T.e. CYIIIECTBYET KOHEUHas BEPOITHOCTH ~e MIPOXOKICHUSA da-
CTUIBI B 001aCTh 1 < 7 (CM. puc. 29).
Paccvorpum naTerpan

r1 T 5
2 U—Eodr:Q/\/Qm @—EO dr =
T
0

o r dr
= 27‘1 2mE0 — =1 —".
T I8
0
Mycrs
L8] - 1 -
™ dr 1
x=r/r, —=1—= ——1dzx.
r r x
IIpu x — 0 mombIHTerpajabHOE BEIpaKeHWEe —  , OOHAKO MHTErPajl CXOOUTCA:

1 T
——1ldr=—.
T v 2
0

OTMeTuM, 94TO CXOOUMOCTH HHTErpaja TO3BOIAET HaM BECTH HHTETPUPOBAHUE
OT HYNA, a He OT PaAWyca SOEPHOTO B3aUMONEHCTHSA Ty, KOTOPBI COCTABIIET
~1073r;. ScHo, uTo Taxoe npubIUKeHNE (3aMeHa ry — () HacT MUIb HeGOIBIION
HOTMPABOYHBIN MHOXKUTETh.

[Ipu TOYHOM BBIYUCIECHUN BEPOATHOCTH Mepell SKCIOHEHTOH eCTh eIlle CTeme-
HBEIe MHOXKUTENIN, KOTOphle MBI He yunThIBaeM. I;14 Hac ceffdac BaxkHA TOIBKO
5KCTIOHEHTA.

Orax, 2?(0)=e~ ,rme

_ V2171 Z2¢ | me?

¥
hC EO
Brime IpenmnoyiarajaoCk, YTO OOHO U3 AOEP IIOKOUTCA (m2 = ) Ha camom nere
IpU pacdeTe B CUCTEME ITIEHTPa MaCC BMECTO m cJaenyeT, Kak O6I>I‘IHO, IIOOCTAaBUTH
— _mim3
IIPUBEOCHHYIO MacCCy U = my my TOI‘,E[&

B 217, 7,62 pe? B 27, Z,e?
L he EO N h’UO ’

TIe vg — OTHOCUTENbHAs CKOPOCTH YacTHUI[ Ha GeckoHeuHocTu. B Takom Bume
BEIHA 6e3pa3sMepHOCTD ¢ (aHAJIOTHTIHO 62/(73,c)).
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E E,/T

E0 min Eo

uc. 29: uc. 30:

Mzr IIOJIVINJIN BEPOATHOCT HOJI6&p €PHOTO cOMMKeHna JaCTHIl C ,HaHHOfI

o - — 2m2 72 72e
sueprueir Ey: ~ e ,rme A = - —2m, (A1, A — aTOMHBIE MaCcCHI

Amep).  TEIIOBOM paBHOBecuH (mpu TeMmepaType I') KOINYIecTBO YaCcTHIL C SHEP

rueit Fy IponopuuoHaa HO e~ T U MOJIHAsS BEPOITHOCT

w n~ o He = — + 2 .
0
OyukI o ( 0) MeeT M H MYM IIp HEKOTOPOM 3Ha4dYeH 0 (CM. p c. )
9eB OHO, 9TO obmacT M H MyMa OacCT JIABHBIN BKJIa B HTE€ paJl, TaK Kak
B 5TOH TOYKE MeeT OCTpI:IfI MaKC MYM. BI[9 CJIECH € TaK X HTE€ pPaJIOB
IIPpOBOL TCA METOOOM II€EpEBAJla. Ha4daJla HaXoOo M 3KCTpEeMyM
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