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Ilpenuciosue

HmeloTcs XOpollke ¥ 10CTATOYHO MOJHbIE YUeOHHUKH MO CTATUCTHUECKOH
¢usuke. CMbICT TOTO U3JAHUS, IPEXKJAE BCEro, B KOMIAKTHOM H3JI0XKEeHHH
Marepuasa. JTo y4eOHHK [0 TEOPeTUYEeCKOH (pU3MKe, NpelHA3HAUEHHbIH, B
NepByIo ouepe/lb, CTYAeHTaM — 3KCIepUMeHTaTopaM.

EcTb HECKOJIbKO METOAWYECKHX BOMPOCOB, OTHOCHTENbHO KOTOPHIX 4 3a-
TPYIHWJICS Obl yKa3aTh JIHTePAaTypPHbIH HCTOYHHUK, MOXKeT ObiTb, €ro W He
cyuiecTByeT. B moco6uM 10 HEKOTOPOH CTeNeHH COXPAHHWJCA CTHJb JeK-
I[HH, B YACTHOCTU, OPUEHTALIUS HA CTYIEHTOB (pu3uueckoro pakyabreta HI'Y.
Brpouem, oT/inuus OT CTaHZAPTHLIX NporpaMM HeBesukH. [logpasymesaercs,
4TO B KypCe «MOJIeKY/spHas (pU3UKa» CTYAEHT MO3HAKOMUJICST ¢ OCHOBHBIMH
MOHATUSAMH TePMOJAMHAMHUKU, MAKCBEJJIOBCKUM paclpefesneHHeM MO CKOpO-
CTSIM MOJIEKYJI B rase, MMeeT IpeJCTaBjeHHe O TaKHUX SIBJEHUSX, KaK AH-
(by3us, BS3KOCTb, TEIVIONPOBOAHOCTb. M3 3aHATHH B KOMIBIOTEDHOM Npak-
THKyMe «MogpenrnpoBanne pU3UUECKUX BJAEHHH» CTYIEHT 3HAKOM C 3afauel
0 CJAy4aHHbIX OJYXKIAHHSIX, 3HAeT O (PAKTHUECKOU HeOOpPAaTUMOCTH [BUXKe-
HUA CHCTeMbl abCOJIOTHO YINPYTHX LIAPOB HA HAeaJbHOM OUAbApAe. ITO,
noxKaJjayH, elMHCTBEHHAss 0COOEHHOCTb JIEKIMH, CB3aHHAs MOKA UTO TOJBKO
¢ HoBocubupckum yHuBepcuTeToM. 31eCh Ke OyIeT YMECTHO 3aMeTUTh, UTO
KYpC cTaTUCTHUYECKOH ¢u3nuku npoposxaercs B HI'Y omuH cemectp, a KoJH-
YeCTBO CEMHHApOB PAaBHO KOJUYECTBY JeKIHMH. Kypc KBAaHTOBOH MeXaHUKH
B HI'YV mnpoxomutcs mapassesnbHO, MO3TOMY, HAMpHUMeEp, 3ajayd O Tapa- u
OPTOBOAOPOLE CTAHOBSATCS AOCTYIHBI, KOIa MaTePHas O TEIJIOEMKOCTH Uie-
aJIbHBIX ra30B OCTajCs fajeko mos3aau. C TOUKY 3peHHs] OCBOEHUS MaTepHaJa
CTYZEHTAaMH, BO3BpAT K CJjerka 3abbliToil TeMe — JeJIo XOopollee.

L HOpMAJIbHOTO YCBOEHHST MaTepuasa Jydlle BCEero MPOXOAUTb HOP-
MaJIbHBIH 1IMKJ 3aHSITHH, BKJIOUAKONIME MOCEIeHne JeKI Ui, paboTy Ha ce-
MHHApax U CBOEBPEMEHHYIO CHady «3anaHuil». [TosicHIO CBOKO MBICJbL IpUMe-
poM. CKaxkeM, Ha JIEKLUMH PacCKa3blBAETCs, KAK HAUTYU aBTOKOPPEJSILHOHHYIO
dyHxuuo 3apsinoB B RC-uenouke. Ha cemmunape pemnatorcs 3azaun o6 as-
TOKOPPEJISILMOHHON (DYHKUMM TOKOB B TOH ke Lenouke (HeCKOabKO Oojee
«XHTpasi»), o ApoboBom 3dekre. B 3agaHnu — 3agaya o mIyMax B LEMH C
COMPOTHBJEHUSIMH, HMEIOIIMMH pPasHble TeMIepaTyphl, HJIU B KAKOH-TO LEMH
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nocnoxHee. [losyuaercs psig «CTyneHeK», He OU€Hb MIPOCTBIX, HO B OOLIEM-
TO JOCTYNHHIX. Takum obpasoMm, ofpaiiasch K HENPOCTOH TeMe pas NaTh,
MOXKHO €e XODOLIO OCBOWTh, He Tepsis K HeH MHTepeca.

3a ocHOBY MOCOOHUs ObLT B3SIT KOHCIIEKT JIEKLIUH, 3a[IMCAHHBIA CTYAEHTOM
A. BacuabeBbiM. BripoueM, TeKCT 3aMeTHO Tepejiesiat, a 00beM «JIeKIHH» He-
cKosibKo BeIpoc. Ilpexknie Bcero, no6aBieHbl 3aiauH, TpefHA3HAUEHHBIE AJI5
pelleHHsi HA ceMHHApax, HekoTopele — ¢ pemenusivu. (Ilogpasymesaercs,
YTO [IOCTAHOBKA W pellleHHe 3a/ad CONPOBOXKAAIOTCS KOMMEHTApHSIMH Mpe-
nofaBatessi.) PasyMmeeTcs, TpHBeAeHHBIH Habop 3aiad JUIIb YACTHUHO Te-
PeKpbIBaeTCsl C TeM, KOTOPBIH HCIOJb3YIT npenonasarend. Kpome rtoro, B
TEKCT BKJIOYEHbl BOIIPOCH, KOTOPbIE UUTAJHCh B OAHH TOAlbl M HE YUTANUCH
B ApyTHE.

B sekuusx 3aTpoHYTbl TaK»Ke BOIPOCHI, OTHOCSMIHeCs K (DU3HUeCKOU
kuHeTuke. [lockonbky 00beM 3THX TJaB HeBeJHUK, Helesecoo0pasHo Oblio
BBIHOCHTb YIIOMUHAHHE O HUX B 3aIJlaBHe KHHIH.

§l GmaronapeH CBOMM KOJlJIeraM M CTyHEHTaM, CHeJaBLIMM MHOMKECTBO
LIeHHbIX 3aMeyaHUH 110 [OBOAY Ie€PBOr0 POTANPUHTHOIO U3AAHUS JIeKLHH.



YAcTh 1

Craructuueckas ¢pusuka

1. CraTtucTuueckue pacmnpeneneHus

CraTHcTHYecKas (1)1/131/11&3 U3ydaeT MakKpOCKOMUYECKHE CBOHCTBA TeJ,
OCHOBbIBAasICb HA MUKPOCKOITMYECKHUX.

Kak u B 3amauax TepMOIHHAMHKH, Mbl OyleM paccMaTpUBAaTh AOCTATOY-
HO MeJJIeHHble, PABHOBECHbIE TTPOLIECCHI.

Jlio6ble TepMoaMHaMUUECKHe CBOMCTBA BelllecTBa (B KauecTBe IIpUMepa
BblOepeM ras) MOXXHO ONpPeeNUThb, €CJIM Mbl 3Ha€M €ro ypaBHEHHEe COCTOSTHHS
P = P(T,V) n rennoemkocts Cy = Cy (T, V). g 3TOro 10CTaTOYHO HC-
110J/1b30BATb H3BECTHOE U3 TEPMOAMHAMUKM COOTHOLIeHHe dF = T'dS — PdV .

3asucumoctd P(T,V) n Cy (T, V) MoryTt ObiTb B3SITHL U3 OIbITA JHGO
paccuuTaHbl. PacueT UX K €CTb OfHA U3 3aJay CTATHCTHUECKOH (hU3UKH.

Jpyrue 3amaun CTaTUCTHYECKOH (pU3UKKU — OlpenesieHre (pYHKIHUHA pac-
npeneseHus, uyueHue GayKTyauui ¥ T. I

1.1. CratucTUYECKNH BEC COCTOSHUSA

Mpl paccmaTpuBaeM CHCTEMBI, COAeprKallMe OUYE€Hb MHOTO YaCTHIL
(8 1 cm® rasa ~ 10" moseky.s1) ¥ UMelOIMe TO3TOMY OUeHb MHOTO CTemeHel
CcBOOOIDL.

J1s1 Hauasna 3aliMeMcsl 3aMKHYTBIMH CHCTEMaMU.

Bynem passmuuath pasuble crnocoGbl OMHCAHHS CUCTEMBI: MUKPOCKOMMYE-
CKOEe M MaKPOCKOITHUECKOe OTTUCAHUSI.

HauHem ¢ MHKPOCKOMHUECKOro OmucaHusi. Ecau O6bl MOXKHO OBLIO CUM-
TaTh CUCTEMY HJ/€aJbHO H30JHPOBAHHOH, TO MOXKHO OBLIO Obl MPHUHSAThH, YTO
OHA HAXOTUTCS B CTALMOHAPHOM KBAHTOBOM COCTOSIHUU. Takoe cocTosiHHE
3a72eTCsl OTPOMHBIM KOJTMUECTBOM KBAHTOBBIX UMCEJ, PABHLIM UUCJY CTele-
Hell cBoGOIBL. (B cyyae MPpUMEHHMOCTH KJIACCHUECKON MEXAHUKH COCTOSHUE
3a12eTCsT KOOPAMHATAMM ¥ KOMIIOHEHTAMM HMITYJIbCa KaXKI0H YaCTHIIbL.) DTO
O4YeHb 'DOMO3LKOe OMHCAHWE, KOTOPOe He MOMKeT ObITb CHEeJaHO peasbHO U
He MOrJo 6bl OBITh HCIOJb30BaHO. BosHOBas (QpyHKLHSA TAKOrO COCTOSHUSA
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¥ = Ypi(q), rie g 0603HaUaeT COBOKYITHOCTb KOOPAMHAT CHCTeMbl, B —
HEPTHI0 COCTOSIHUS, a k — OCTajbHble KBaHTOBblE UMC/4, CTOJb YK€ TPO-
MO31Ka U HeyHNoOHa.

Maxkpockonnyeckoe OlMCaHHe COCTOMT B TOM, UTO CUCTEMA XapaKTepu-
3yeTCsl HEKOTOPBIM He CJUIIKOM GOJBIIMM YUCJAOM MMapaMeTpoB. DTO MOTYT
ObITh, HANIPUMEp, JHEPTUsS] CHCTEMBI, ee 00beM, Temmnepatrypa. Moxer ObITh,
Harpumep, U (OYHKLHUS paclpeseseHus JIOTHOCTH rasa Mo BbiCOTe, KOTOpas
OTpeneNsieTCs, CKaXKeM, ThICSYel 3HaUeHHH MJIOTHOCTH NPU PA3HBIX BBICOTAX
(4TO BCe ellle OUEHDb MaJIO MO CPABHEHHIO C UHCJOM CTeneHel cBodonsl). Oue-
BUJIHO, MAKPOCKOITMYECKOE ONHUCAHUE COCTOSIHUSL SIBJsieTCs] GoJiee «rpyBbiM»,
HO MMEHHO TaK COCTOSIHUE CHCTEMBI 3a[aeTCs PEasbHO.

Kaxnoe mMaxkpococTosiHie MOXeT OBbITb PeajM30BaHO C MOMOIIBI MHO-
JKECTBA PA3HbIX MUKPOCOCTOSIHUM.

CratuctryeckuM BecoM I' MaKPOCOCTOSIHHST HA3bIBAETCS KOJIUYECTBO MH-
KPOCOCTOSIHHE, KOTOpblE OTBEYal0T 3TOMy MakpococtosHuw. I' = ['(E, z),
rae E — 5Heprusi, x — 0CTa/bHble MaKPOCKOIIHYeCKHe rapameTphbi..

ABCOIOTHO 3aMKHYThIX CHCTEM He CYIUECTBYET, KAKOe-TO BHEIIHee BJIH-
SIHHE BCErAa €CTb. eM He MeHee MOXHO NMPUHSATb, UTO B3aUMOACHCTBHE C
OKPY?KAIOIWMHU TeJIAMH JOCTATOYHO MAJIO, YTOOLl CYUTATH IHEPTUIO Olpeje-
JIEHHOH C BBICOKOU CTeneHbio ToYHOCTH. OIHAKO CUHTATh, UTO paccMaTpuBa-
eMasl CUCTeMa HaXOMUTCs B ONpPeJeJeHHOM CTALMOHAPHOM MUKPOCOCTOSHHUH,
Hesb3sl. BosHoBast hyHKLHS GOJbLIOH CUCTEMDbI, BKJIOYAIOIEH KaK paccMar-
pPHUBAaeMYK «3aMKHYTYIO», TaK U OKPYXKaIOLIMe Tesa, 3aBUCUT TakKXe W OT
KOODJMHAT YaCTHI[ OKpyxXaouwmx tea Q: ¢ = 1¥(q,Q,t). Cama xe mo cebe
«3aMKHyTast» CHCTeMa NPOCTO He HMeeT BOJHOBOH (DyHKUMKZ. BeposiTHOCTD
TOTO, YTO OHA HaxoguTcsi B cocrosinuu (K, k), paBua

2

[ ¥ stata. 0,114

B ofuiem cayyae y Hac 10BOJIBHO MaJIo CBeJleHHH 00 3THX BeposATHOCTAX. Hu-
ke OyfleT NMPUHATO TPOCTelllee MPEANoNoXKeHUe, 4TO 3a JOCTATOUHO 60Jb-
o€ BPeMsi IPOUCXONHUT TOJIHOE «IepeMelIBAHHE» BCEX MUKPOCOCTOSIHUM.

1Peqb UICT BCE BPeMd O CHCTEMaX, KOTOPbIC MOAACPKHBAKTCA B 3aJdHHBIX YCJOBUAX N0-
CTaTOYHO AOJT0 W YCIeJH HpI/IIL/'I’I‘I/I K PaBHOBECHOMY COCTOSAHHIO. HpI/I 3TOM, eCTeCTBeHHO, IIoA-
pasymeBaeTcs, 4TO CHCTEMbl OTPAaHHWYEHBl B MPOCTPAHCTBE, TAK 4YTO 3HepFeTI/ILIeCKI/I§] CIEKTP
ﬂHCerTHbIﬁ. B CJayyae NpUMEeHUMOCTH KJACCUUECKOH MeXaHUKH MMOACYeT UUCsa COCTOSTHUI po-
H3BOAMTCH C HMCIIOJAb30BAHWEM KBA3HKJIACCHYCCKOrO HpH@ﬂH)KeHHH.

2COCTOFIHI/Ie TaKOH CHCTEMBI OMHCBIBAETCS Mampuueﬁ nAOmMHOCMUL. 3HAKOMCTBO C ManHU,eﬁ]
[JIOTHOCTHA MBI OTVIOXKHM A0 MMOCJICAHEro pasziesa Kypcea, rie ee ipiMeHeHre cTaHeT HE0OX0IUMO.
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1.2. MukpokaHOHHYECKOE pacrpeaeieHne

Mpl mpumeM pasee, UTO OJs1 3aMKHYTOH CHCTEMBl BCE MHUKDPOCOCTOSI-
HHUA C 33IL3HHOI;'I aHeereﬁ paBHOBepOHTHbIl. 3AT0 YTBepXKACHUE MOXKHO pac-
CMATPHUBaTh KaK OCHOBHOH MOCTYJAT CTAaTHUCTHUECKOH (PU3HKH. Ero MoxHO
0BOCHOBBIBATh TEOPETHUECKH (B HCKJUHTENbHBIX CIYYASX 3TO YAAETCS),
a MOXHO TPOBEPsiTh, CPAaBHUBAS C IKCIEPUMEHTOM Gojiee WM MeHee OT/a-
JICHHBIE CJeACTBUA I3TOrO YTBEPXKIACHUA. SKCHepI/IMeHT NOATBEpPXKAAeT ero.
Takoe pacrmpeneseriie BepOSITHOCTEH COCTOSIHUH HAa3bIBAKOT MUKDPOKAHOHU-
weckum®.

3ameuaTesibHO, YTO ITOT MOCTY/NAT OKA3bIBAETCS UaCTO CMNPABEAJHB U
JJI1 CUCTEM C MaJiblM YUCJIOM YAaCTHILL (HélI'[pI/IMep7 AJIsT KOMIIbIOTEPHOTIO rasa,
COCTOSIIIETO M3 HECKOMBKHX IIapoB). PasyMeercsi, mpu 5TOM peub MOXET
HJATHU TOJbKO 06 YCPeAHEHHOM 32 3HAUMTENbHOE BPeMSs paclpelesieHrH.

MoxHO 3anncaTb MUKPOKAHOHHYECKOe paclpeeseHne OJs 3aMKHYTOH
CHUCTEMBI TAKUM 00pa3oM:

| 1/)T mpu Ey € (E,E+AE),
Wk = 0 npu Ey & (E,E+AE),

T. €. BEPOSTHOCTb TOT'O, YTO CHCTEMa HaXOAUTCS B JIOOOM M3 MHKDPOCOCTOS-
Hu# ¢ sHepruell Ey, nexariedl B uuTepBate ot E 1o E 4+ AFE, pasna 1/

Ecau BbiOpate AE mopsiaka HEPTHH MOJEKYJbl, TO 3TOro HoJsee 4yeM
JOCTATOUHO AJIS1 HAWIMX LeJsell, MO0 MaKPOCKONMUYECKYIO CUCTeMY, JHeprus
KOTOPOH 3apUKCHPOBAHA M C XyAIIeH OTHOCHTEJBbHON TOYHOCThIO, YeM 1/N,
rie N — YUCIO MOJEKYJ, MOXKHO CUUTATh 3aMKHYTOH.

Eciu NpUHSTB, UTO TOYHOCTb, C KOTOPOH OIpeesisieTCs SHeprusi Mu-
KPOCOCTOSIHUS, He Bbillle, ueM AF, To 3TO e pachpejeeHle BepoITHOCTEH
MOXKHO TTE€penucaTh Tak:

w(E, k) = AS(E — E)

(3mecb A — HOPMHPOBOYHAST TTOCTOSTHHAST).

Ecau cuctema kaaccuueckas, TO, COTNIACHO MHKPOKaHOHUYECKOMY pac-
npefeseHUI0, BePOsITHOCTb dw TOro0, YTO CHCTEMa OKAaXeTCs B ONpelesaecHHOH
obJacTu (pa30BOTO MPOCTPAHCTBA dpdq, paBHA

dw = A'6(H(q,p) — E)dpdq, tme dpdq=dp;...dpsdq ...dqgs,

Takoi noaxoa npuayman JI. Boasuman.

2Muoraa pedb A0KHA MATH O COCTOSHUSIX HE TOJIBKO C 3aJaHHOH SHEpPruefl, HO, HaNpUMep,
U ¢ 33JaHHHIM MOMEHTOM HMIIYJIbCa, — €CJH PACCMATPUBAeTCSl CUCTEMa, A/ KOTOPOH MOMEHT
MMIYJIBCA 33BEAOMO SIBJISIETCSl MHTErPAJIOM JABHIXKEHHS, CKaXKeM, ras BHYTPH Maako# cdepsl.
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s — uncao creneHeld cBobomel, H(q,p) — ramuasronuan cucremsl. {Bepo-
STHOCTh peajyH3al[i¥ OJHOTO KBAHTOBOTO COCTOSIHHS YMHOXEHA HA YMCJIO0
KBAHTOBBIX COCTOSTHHH B yKa3aHHOH 00/1aCTH (pa30BOr0O MPOCTPAHCTBA, KOTO-
poe, COrIaCHO KBA3HKJIACCUYECKOMY IPUOJIMKEHUIO, paBHO dpdq/(27h)*.)

OOGBIUHO YHCJIO COCTOSTHUU OueHb OLICTPO PaCTET C dHepruei.

PaccMoTpum mpuMep — uieanbHb# ras, conepxkamuin N yactuu. B mpo-
CTPAHCTBE MMITY/JbCOB Pig,Ply,---,PN- TOUKH C 3a[aHHOH 3Heprued E =
=" p?/2m nexat na chepe paauyca v2mE. Yucao cocTossHuiE ompenens-
ercs miomanbio cdeper’. [lostomy I' ox EGN-1)/2,

Bpemst ycTaHOBJ/IEHHST paBHOBECHS (HA3bIBAEMOE BpeMeHeM PesaKCauiil)
ObIBAET OOBIYHO AOBOJNBHO BeJHKO. CHCTEMA MOMKET HAXOAUTHCS B HEMOJHOM
paBHOBecHH (MPH KOTOPOM, CKaXKeM, TeMIepaTyphl pasHbX ee dacTeil pas-
Jauunbl). Takasi BO3MOXHOCTh 0OeCleurBaeTCsl TEM, YTO BpeMsi pejaxcalnu
K TAKOMY 4QCMU4YHOMY PABHOBECHIO TOpas3fio MeHblle. UacTHUHOe paBHOBe-
CHe CUCTEMBI MOXKHO XapaKTepU30BaTh 3HAUEHHSIMU KAKHX-TO MApaMeTPOB .

BakxHO noguepKHyTb, UTO pa3/jvyue B BeJIUYHHE CTATHCTHUECKHUX BECOB
IJs COCTOSIHUH, OJIM3KUX K PAaBHOBECHIO U JAJEeKHX OT HETO, HACTOJNbKO Be-
JIUKO, YTO (PAKTHUECKU IIPOLECC YCTAHOBJIECHUS PABHOBECHS (KOTOPBIE MOMKHO
OIMUCBHIBATb KaK M3MEHeHHe MapaMeTpoB ) WIET MOUTH BCe BPeMsl B CTOPO-
Hy BospacTanus Bejuuunsl I'(z). B kouue koHios peanusyetcs’ nandosee
BEPOSITHOE COCTOSIHHE.

3agaun®.

I. Haditn cymmy sHepruit MieajbHOro rasa moj IOPIIHEM B CTOSILIEM Bep-
THKaJbHO LUJMHIPE U MOTEHUMAJbHON SHEPIUU HOPIIHS.

Hatitu TemmoeMKoCcTh cTosM0a aTMOChHEpPHI.
Hafitu BEICOTY 1leHTpa TsxKecTH cTO6a aTMOCHEpPH.

2. W3 cocyna orkadaH Bo3ayx. [IpuOTKpbIB HA KOPOTKOE BpeMsl KpaH, CO-
CYI 3aMOJIHSIOT aTMOC(epHBIM BO3TyxoM. Kako# 6yneT TeMmnepaTypa Bo-

ITounee, an9 onpesesenus 4ucaa COCTOSHHIA HYKHO B KauecTBe 00bEMa B MMIIYJbCHOM
[POCTPAHCTBE B3ATh 00bEM cepUyeckoro caosi Majioi Toamuuel o< AFE. Hanee (B KoHIe
pazneqa 5.1) MBI ellle BepHEMCS K ONpesiesieHrio I i MoKaXkeM, 4TO 3aBUCHMOCTb 0T AFE (pakTi-

YECKH OTCYTCTBYET, a I' = AE% VN Brpodem, ele panblue Mbl YBHANM, UTO 9TO YTOUHEHHE
npu 6oablMX N HeCylleCTBeHHO.

Bce-Taku Majible OTKJOHEHHS OT CAMOTO BePOSTHOTO COCTOSHHS BOSMOXKHH. TeopHs Takux
OTKJAOHeHH# (Daykryannit) 6yaer pacCMaTPHBATBCS MO3KE.

331ech, B MOpAAKe MCKJIOUEHHS, PUBEJEHH 3a]auH, He OTHOCSLIHECS HEMOCPEICTBEHHO K
TeMe JIeKIHH, HO NoJIe3Hble [/ «BOCCTAHOBJEHHs (hOPMBI», T.K. KO€-YTO M3 Kypca MOJEKYJsp-
HOW (PM3HKH HY>KHO BCIIOMHHTb.
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LIeJIIero B COCY BO3AyXa, €CJM TEIIOOOMEH CO CTEHKAMM COCyaa He
ycreBaeT npousodtd. Kakum OyneT naBjeHHe BO3AyXa B COCYAe, KO-
I7la TEMIEpaTypa ero 3a cueT TeIoo6MeHa CpaBHAETCs C TeMIIepaTypol
aTMoc(hepHOro Bo3ayxa?

CpaBHI/ITb TEIJIOCMKOCTb MIapHKa, JexXallero Ha CToJe, ¢ TeJIOeMKO-
CTbIO TAKOro 2kKe HlapHuKa, MOABEUICEHHOr0 3a BEPXHIOIO TOUKY.

Orser. TemnoeMkoCcTb B 060MX CJlydasiX OfHA U Ta XKe.

. Kongencarop eMkocTu % 3arojiHEH AWIJNEKTPUKOM, AHUIJIEKTpHUYecKas
NPOHHIAEMOCTb KOTOPOTO 3aBHCUT OT TemmepaTypbl: £(7T'). OguH pas
KOHJIEHCATOp NMPUCOeNUHEH K UCTOUHUKY Hamnpsizkenus U, a npyroil pas
— 3apsiKeH U OTKJIIOUeH OT UcToyHuKa. HallTu pasHocTb 3HaueHUH Ten-
JIOEMKOCTH KOHJEHCATOpa B 3TUX JBYX CJAyYasx, cg — CU.

Haiitu nuanekTpryeckyio MPOHHLAEMOCTb ra3a CBOOOAHBIX NUIIONEH B
npejeJsie BHICOKMX TeMIepaTyp.

KonpeHcaTtop 3amosiHeH AU3JEKTPUKOM, AJs KoToporo ¢ = 1+ A/T.
HalitTu sHepruio KoHzeHcaTopa, 3apsiKeHHOTro A0 HamnpsikeHus U.

Tonkass nuzsexTpuyeckas MJIaCTUHKA HAXOLUTCS B GOJIbLIOM IJIOCKOM
KoHzeHcarope. KongeHncatop MensieHHO 3apsikaioT, Tak UYTO B HEM BO3-
HUKaeT 3JjexkTpudeckoe none &. Ha ckonbko M3MeHUTCS TeMmepartypa
IJIACTHHKH, €CJIH CUMTATh €€ TelJIOU30JUPOBaHHOU? JHajekTprUecKas
MPOHHUIAEMOCTb MIACTHHKH paBHa €(T), TEIIOEMKOCTh B pacueTe Ha
enuHuIly oobemMa — ¥. VM3MeHeHUe TeMmepaTypbl MOXKHO CUMTATh Ma-
JIBIM.

PaCCMOTpeTb CJay4daH, Korja njaacTUuHKa pacnoJozxKeHa rnapaJJ/esbHO IJj1a-
CTHHAM KOHJEHCaTopa U NepneHAUuKYJIAPHO UM.

KOH/:LeﬂcaTop 3aII0JIHEH AU3JIEKTPUKOM, IJIST KOTOPOro
D = (¢(T) + a(T)E*)E.

CKOJIBKO TeMJia BBIIEJIHTCS MPU U30TEPMHUUECKON 3apsiike KOHIEHCATO-
pa? Ha cKo/sbKO U3MEHUTCSI TeMIlepaTypa KOHAEHCATOPa, €CJAH CYUTATh
€ro Temou30JUpOoBaHHbIM? TerioeMKOCTb KOHAEHCATOPA 4 HOCTATOUHO
BeJuKa. (M3MeHeHue TeMnepaTypbl MOXHO CUHTATh MAJIbIM.)

. JusnexTpruecKuy mwap HaXOOUTCs B GOJIBIIOM IJIOCKOM KOHIEHCATOpe.
KoHpeHcaTop MenJjieHHO 3apsKaiT, TaK UTO B HeM BO3HHKAET 3JeK-
Tpuueckoe mode &. Ha ckolbKo M3MEHHTCS TeMIlepaTypa liapa, eciu
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CYHTATb €ro TeIVIOH30JHPOBaHHLIM? JlM3/eKTpHuecKas MPOHHULAEMOCTD
mapa pasHa £(7), TeNJ0EeMKOCTb B pacueTe Ha eJMHUILy oObeMa — €.
HM3Menenne TeMmepaTypel MOXKHO CUHTATh MaJibIM.

9. Ha#itn ¢opmy sHepreTHUeckoro cChnekTpa 3/eKTPOHOB HpHu (-pacnane
atomuoro anpa (YA —%*'4 4+ e+ ), cuntas, uTo BCe KBAHTOBHIE COCTO-
SIHUS1 CUCTeMbl 3JIeKTPOH+AHTUHEATPHHO [IPH 3a[AaHHOM HUX CYyMMapHOU
3HepruM (€. + 5 = F) pasBHoBepoATHb!. DHeprueil 0T1a4U Afpa MOXKXHO
npeHe6peyb.

1.3. duTponus u Temmeparypa

Craructrueckudl Bec I o4eHb CHUJIBHO MEHSIETCS C 3HEprueH, MO3TOMY
ynobHee paccMatpuBath BennuuHy S = InI’, KoTopas uM3MeHseTcs ropasno
6oJiee miaBHO. DyneMm HasbiBaTh 3Ty BeJUUMHY 3HTpomnueid. Brocjenctsuu
OKaXKeTcsl, UTO TO Ta cCaMmasi SHTPOINHUS, KOTOPAsi ONpelessieTcsl B TepMOLHU-
HaMHKe.

Ecqu cucteMa COCTOHT M3 HECKOJNBKHUX UacTel, B3aUMONEHCTBHE MeX-
1y KOTODbIMH MOXKHO He INPUMHHMMAThb BO BHMMAaHMe, TO CTaTHCTHYECKHH BecC
CHCTEMBbl PaBeH NPOU3BEJEHHUIO CTaTUCTHUECKUX BECOB ee yacTel:

D(Ey 4 Ez,z1,x2) = T1(Ey, 21) - Ta(Fa, 22).

DuTponus
S=8+8, S =Inly, Sy=InTy

OKA3BIBAETCS BEJHUMHON aJIUTUBHOM, UTO COCTABJMSET €Ille OfHO YA0GCTBO
IIPY UCIOJIb30BAHHH €€ BMECTO CTATUCTHYECKOTrO Beca.

[To Mepe TpUOMHKEHUST OT YACTHUHOTO PABHOBECHS, XapaKTepH3yeMo-
ro 3HAaYeHHSIMU MApaMeTPOB X, K MOJHOMY Bejuuuubl [' u S BospacTaior,
a B PABHOBECHOM COCTOSIHUM HMEIOT MaKCUMYM, KaK GyHkuud z. [Tapamerp
NPHHHUMAET 3HAUYEHHME, onpefeseMoe yeaosuem 95/0x = 0.

PaccMOTpUM CUCTEMY, COCTOSNIYIO H3 JBYX uUacTel, MEXIY KOTOPHIMH
€CTb TEIIOBOH KOHTAaKT. Posib mapamerpa x UrpaeTr HEprusi OIHOH U3 ya-
credt Fy. Dueprusi Bropod uyacth Ey = E — Ei npd 3TOM He SIBJSIETCS
HE3aBHCHMBIM MapaMeTPOM. DHTPOMHS CUCTEMBI [IPU 3aJaHHOM 3HAUEHUHU [y
(T.e. IpH YACTHUHOM PABHOBECHH)

S(E, E1) = S1(E1) + S2(E2).

1370 npenosiokenne CIpaBeIUBO C BBICOKOH CTeNeHbI0 TOUHOCTH. Pasymeercs, mpuuuHa
3TOr0 He B YNIOMHHABLIEMCS BEILLE «[lepeMeliHBaHN», @ B 0CO0eHHOCTAX J-pacnaja. Jta 3anaqa
NpHBeZieHa 3/IeCh Kak NpUMep 3(PQeKTHBHOrO UCNOJIb30BAHUS BAXKHOIO JJISI HAC NPeNCTaBJAeHHS
0 CTaTHCTHYECKOM Bece.
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DHeprusi MepefaeTcst OT OAHOH CHCTEMbI K APYTOd MOCPenCTBOM TEIJIo-
obmMeHa:
dE, = 0Q = —dE>.

85
YcsioBUe paBHOBeCHS 3B — 0 maet

95, 0% 98 05
8E1 3E1 - 8E1 aEQ T

Beoaum 0603HaueHue
o 0S; 19
187, - 8—&, 1= 9
W TOoJIyyaeM ycJoBHe paBHOBecus (1 = (.
N3meHenve nmapamerpa E7 o3HauaeT B pacCMaTpHBAEMOM CJydae mepe-
Jady TelJia OT OFHOW 4acTH cUCTeMbl K ApPYyrod. OCyLIecTB/IsIeTCs] Mepexon
K COCTOSHUIO ¢ GOJIbIIeH SHTPONHEH cUcTeMbl, T.€e. dS = 0:

051 0S5
E
9E d 1+ 9,

Ecau 81 > (2, 10 6Q > 0, ecan 1 < P2, To 6@ < 0, T.e. TemwIo nepenaer-
Csl K TOH YacTH CHCTeMbl, Y KOTOPOi 0oJiblie BesinduHa 3. Takum o6pazom,
COOTHOLLIEHHe BeJU4YUH B 15 pasHbIX yacTell ompepeJisieT HampaBJeHHe I0-
TOKOB TeIlja, 4 PABHOBECHIO OTBeYaeT PaBeHCTBO 3HaueHu# 3. FimeHHO Takyio
pOJIb, KAaK M3BECTHO, Mrpaer Temiepatypa (ToJbKO GOJbLIMM 3HAYEHHSIM [3
COOTBETCTBYIOT MeHbline 3HaueHust T)).

Yenoeue 81(E1) = Bo(E — E1) onpefesiet 3HaueHus saHeprufl B = Eyg
u Es = o, oTBeuUamwlIe PaBHOBECHIO.

Kak BblpakaeTcsi mpH yCJIOBUHM PABHOBECHUS] IHTPOIUS MOJHON CUCTEMBI
yepes SHTPOMHH ee yacTel? CTaTHCTHUECKUU BeC COCTOSHUSA C dHepruei F

ds = ——dEs = (1 — $2)0Q > (1

=Y Ti(E1)T2(E - Ey), (2)

B,

re CYMMHPOBAHHE BeJIeTCSl 10 BCEM CYIIECTBEHHO Pa3/WYHBIM 3HAYeHHU-
am Fj. Uncso ciaraeMbix MOXKHO OLeHUTb Kak E/AFE, rie AE — TouHOCTD
onpenesnenus suepruu. Basis E/AE ~ N, Mbl, CKOpee BCEro, HeCKOJbKO 3a-
BHIIIIaeM YMCJI0 caaraeMbix. Cymma B mpaBoil yacTu (2) JeXUT B mpefenax,
KOTOpPBIE BHIPAXKAIOTCS depe3 HauboJblllee ClaraeMoe:

[y (E10)T2(Ean) < T(E) < 1(E10)l'2(Eap).

AEF
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DHTPOIKS Ke 0Ka3blBaeTcs B Ipejesax
Sl(El()) + SQ(E20> < S(E) < Sl(El()) =+ SQ(E20> +1In (&) .

[Ipenebperas ciaraeMbiM ~ In N, noJyuaeMm OKOHUATENbHO
S(E) = S1(E10) + S2(Eao)-

PaCCMOTpeHHbIIZ HaMU TpPOLeCC YCTAHOBJECHHsA TEIIJIOBOTO pPaBHOBECHUSA
MEXAYy 4acTAMU CUCTEMBI ABJACTCA, KAK TOBOPAT, HCPABHOBECHLIM. PaBno-
BECHBIH (MHOTIA TOBOPSIT KBASUCMAUUOHAPHBLL, 0OpamuMbLil) TPOLECC Ha-
rpeBaHus HUJIA OXJaXAEHHUA 4acCTUu «l» cHCTeMBbI MOXKHO IIpoBEeCTU, MEAJCHHO
HarpeBas WJH OXJaxKJAas COCTOSALLYIO C HeH B TEMJIOBOM KOHTAKTe YacTb «2»,
HallpuMep, 3a CyYeT coBepliaeMOH Han Hel padoTel. CKOPOCTLIO TAKOroO Mpo-
Hecca MOXHO ymnpaBJadATb, MOXHO H o6pamaTb €ro BCIATb (B OTJAUYHEe OT
CKOPOCTH M HAIpaBJE€HUs TpOLEecca YCTAHOBJIEHUS PABHOBECHS). DHEpPrusd,
nojyuyaemas npu 3tom uacthio «l», dE; = dSi/f1, npencrasisier coGoi
TEIJIOTY U BbIPAXKAeTCs B TePMOAMHaMuKe Kak 0@ = T1dS:.

EcTecTBeHHO OTOXKIECTBHUTH BBElEHHBIE BbIlle BeJnuuHbl S U 1/0 ¢
TepPMOIMHAMUYECKUMH SHTPOIHEH U TeMIepaTypoiil.

Uro6bl yOenquThCsl B IPABUJILHOCTH UMEHHO TAKOTO BbIOOPA CBSI3H MEXIY
BesiMunHaMu B u T', pacCMOTPHUM NpUMep — KWAeabHbIH ra3. [l uaeanbHoro
rasa

3N 3N 1 95 3N 3
F—AEQ,S—7IHE+SO, ?—a—E—E, E—§NT

(S0 = In A ne zaBucur ot 3Hepruu). Mrak, mjst naeanbHOro rasa omnpezpese-
HHE TEMIIepPaTypbl TOATBEPKAAETCS, U 3TOTO yXKe, B MPUHIUIE, A0CTATOYHO.

Eunle oanH mpumep: COBOKYMHOCTh N OAMHAKOBHIX «BYXYPOBHEBBIX»
yactul. PakTHUECKH peub HIET O TAKOM CJIydyae, KOr4a MOXKHO BbIIEJNHTb
CTeNeHH CBOOGO/IB YACTHLL, OTBEYAIOIIHEe Tape YPOBHEH 3HEPTHH U caado CBs-
3aHHbBIE C OCTAJbHBIMU CTENEHSIMH CBOOOMBI TeJja, TAK YTO MEPEXO] K paBHO-
BECHIO AJISI OAHHX JIMIIb 3TUX CTeleHed CBOOOABl MPOHUCXOIUT Topasio Obl-
CTpee, 4eM YCTaHOBJ/IEHHE IOJHOTrO paBHOBecHs. MMeHHO Takoe dacTHuHOe

1310 Temneparypa, n3MepeHHas B SHEPreTHIECKUX eIHHUILAX; A/ MEpexoia K TeMIepaTy-
pe T, BEIpaXXeHHOH B rpajycax, Hy»KHO BO Bcex (popmynax caenats sameny 1" — kpT, rae kg —
noctosinnas Boabumana (kg = 1,38 - 10723 [x/K= (1/11600)5B/K), u BBeCTH pasMepHyl0
sutponuio: S = kgS. S usmepsiercs B [x/K.

YesioBre paBHOBeCHS MPH TEIVIOBOM KOHTaKTe W Halpab/jeHHe MOTOKa TeroThl MOXKHO OBIIO
Obl 3271aBaTh, OOBSIBUB «TeMIepaTypoi» J00YI0 MOHOTOHHO YOBIBAIOLIYIO (DYHKIIHIO BeJUUUHBL (.
Ira QyHKINS A0NKHA, 09EBHAHO, OBITh YHHWBEPCANBHOH A1 BCEX Ted.
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paBHOBecHe Mbl U paccMaTtpuBaeM. K Takomy c/aydamw OTHOCHMTCSI, B YACTHO-
CTH, paspeXXeHHbIH ra3 (JHOO «pacTBOP» B TBEPIOM TeJie WJIH B XHIKOCTH)
YacTUL, CO CIIHHOM %, HAXOAAIIHHACA B MarHUTHOM MOJIE.

[lpumem ypoBHM 3Hepruu yactuu paBHbiMU O u €. IlycTb cucteMa umeer
sHepruto E. L = E/ nopuuil aHepruu pacnpefensiores Mexay N dacTrua-
MU. UHcao ¢cnocoboB, KAKMMH 9TO MOXKHO ClleqlaTh, U ONpeAessieT CTaTHCTH-

YeCKHUH BeC: A
r=Ck=——+—"__  S=Ihl. 3
NT LN -L)Y )
Wwmes B Buny, 4to yucaa N u L oueHb Oodbline, 6yaeM Aajee MOJIb30BAThCS
npuOAKEeHHON dopmyoh % In L! = In L. CBs3b TeMmepaTypsl ¢ sHepruel

CUCTEMBL OlIpeAe/IsieTCsl paBeHCTBOM

lgﬁglil N 411 N-L
T 0B 0L L(N—-L) & L
Orcrona I
L eyr
N—L ° “)

L — yucno yacTull Ha BEePXHEM YPOBHE, N —L — na HUXKHEM, TAK UTO Mbl
NoJay4YuJu U3BECTHOEC COOTHOLICHHE BoabiMaHa.

0.5
C/N

1 e/T

Puc. 1. TensoemMKocTb A1BYXYyPOBHEBOM CUCTEMBI.
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Halinem sHepruio u TemnoeMKoCTb PacCMaTPUBAEMOH CHCTEMbl YACTHLL:

Ne
eE/T+1’
dE N-ef/T g2

@ Ty T

E=cL =

TenioemkocTb obpaliaeTcsi B HyJAb KakK [P MaJjblX TeMIlepaTypax

(«B obpaleHHH» CJAMUIIKOM MaJjble HOPLUK SHEPTUH), TAK U [IPU OYeHb OO0JIb-

mux (HaceJeHHOCTH O0OMX YpOBHeH yike cpaBHsamuch). llpu T ~ 0,42¢
TEIJIOEMKOCTb AOCTHTaeT MakcuMasbHoro 3Hauenust C' = 0,44 N (puc. 1).

Ecin  MOXHO He y4yWTHIBaTb

T CBA3b C JPYTHMH CTeNeHsAMH cBo6o-

Ibl, TO TpPUEMJIeMbl M OTpPHLATEJb-

Hble 3HaueHHsi Temmepatypsll. Bax-

HBbIH TpUMep peanus3aludd OTpHLA-

rop X01. TeJbHHIX TeMmrepaTyp — WHBepcHas
3aCeJEeHHOCTb YPOBHEH SHEpPruH B Jia-
8 sepe.

[Ipy KOHTaKTe ¢ TEPMOCTATOM
CHCTeMa C OTPULATEJbHOU TeMmIepa-
TYpoO# OTHAeT TemIo, a TeMIeparypa
ee TOHUXKAeTCs (pacTeT Mo MOAYJIIO),
I0OKa HE CPABHSIETCS1 C TeMIIepaTypoil

Puc. 2. Tesio ¢ oTpHLATENBHOE a6COMOT- TepMoCTaTa, MPOHsA dyepe3 3HAUCHHE
HOM TeMmepartypoi ropsuee Mo60ro Te1a 7 _

¥ = —00. TakuM 06pasomM, cuctema ¢
C MOJOXHUTEJBbHOU (HpI/I KOHTaKTe Iepe- OTpI/ILLaTeJIbHOIl/JI TeMHepaTypOﬁ NOJIK-
JlaeT eMy Teo).

Ha PACCMATPHBATHCS HE KAK «XOJOM-
Hasi», a, HaoOOpoT, Kak Gojee rops-
yasi, uem Jqwboe teno ¢ T > 0. [Ipu TakoM «OCTBIBAHHH» Tesa C HCXOMHON
OTPHIIATENbHOE TeMmepaTypol BeanunHa 3 = 1/T usMeHsietcss 6e3 CKauKoB
(cM. puc. 2).

3aMeTuM, 4TO B TeOPUH UH(POPMALIUU HCIIOJb3YETCs [TOHSITHE, POACTBEH-
HO€ TOHSITHIO SHTPONHH, & UMEHHO KOAUYeCmB80 UHGOpMAauuL, onpenese-
Moe Kak I = —log, w, rie w — BEepOSTHOCTb J@aHHOro coobieHusi. B mpo-
CTedIIeM cJyuyae, KOTJAa HeT HUKAKOW MpPeIBAPUTENbHOH MHPOpPMALHH, 3a-
nuch AJAHHOH L 6MTOB (IBOMUHBIX pa3psiioB) MOxeT cojepxkath G = 2F

1310 crsizano ¢ metHnuuHLIM noBefenueM (GyHKIEH [(E): npu GoJbIINX 3HAUEHHAX SHED-
THH CTAaTUCTHUeCKHH Bec (3) — y6uBamomas GyHruus F. ITo, B CBOIO ouepesb, 00yCJI0BACHO
TeM (PaKTOM, UTO SHEPrHsl PACCMATPHBAEMON CHCTEMBl HACTHL, orpaHnueHa: K < Ne.
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pa3JIMUHBIX COOOIIEHUH, BEPOSITHOCTD ONPEAeIeHHOro coobmenus w = 1/G,
a KOJN4YecTBO MH(OpPMalWH B KOHKpeTHOM coobmieHuun I = —logow = L
PaBHO KOJUYECTBY OMTOB B €ro 3amMCH. DJH30CTb MOHATHH «3HTPONUS» U
«KOJIMUeCTBO MH(OpMAaLUHU» [103BOJSIET MOHSITb, MeXKIY MPOYMM, MEXaHH3M
pOCTa 3HTPOINHH 3aMKHYTOH CHCTEMBI, B KOTOpPOH «paBoTaer» nemMoH Maxc-
BeJ1J1a.

3amauu.

1. Hemouka cocTouT U3 N 3BeHbeB JJUHBI a. Kaxkaoe 3BeHO MOXKET CBO-
6OIHO TOBOPAUYMBATLCS, OPUEHTHPYSICh MO WJH HPOTHB ocH x. OmuH
KOHeL[ LeNo4yKK 3aKkpervieH, K Ipyromy nopsetieH rpy3 f. Haiitu 3a-
BUCUMOCTb CPEIHETO 3HAUEHUS AJHHBI LIEMOUKH OT TeMmepaTyphl. (1o
IPUMHUTHBHAS MOJEJb MOJeKYJbl Kaydyyka. OHa «y/jaBinBaer» HeoOblU-
HYIO 3aBUCHMOCTb AJMHbBI MOJIEKYJ OT TEMIEPATYPHI.)

s pesauHsbl <6_V) < 0. HaliTu 3HaK BeJUUMHBI (6_T) .
oT /) p oV/g
2. Hnst cucTeMsl, cocTostuel u3 6oaboro yucsaa N 01UHAKOBBIX TAPMOHH-
YeCKUX OCUUNSATOPOB, HAUTU CTATUCTUUECKUH BeC COCTOSIHHA C 3Hep-
riet £ = Lhw (0TCUET 3HEPTHH — OT YPOBHS HYJEBbIX KoseGaHH).

HaiiTi 3aBUCHMOCTb TEIJIOEMKOCTH CHCTEMbI OT TEMIIEPaTypbl.
— L 2/ h2 -
Omser. I' =Cy, 1y, C/N =2°/sh”x, re o = hw/2T.

1.4. PaGora npu 1OCTOSIHHOM 3HTPOIUH

Hamu 6B1710 TIOTyUeHO TTepBOe cjaraeMoe B COOTHOIIEHHUH
dE=TdS — PdV.

Tenepb 3alimemcst MOJy4eHHEM BTOPOTO.

M&1 paccmatpriBaeM Teso, HaxXoOAsAIEeCs B 3alaHHOM 00beMe U B KAKHX-
TO 3aJaHHBIX BHENIHHX MOJsAX. BeauunHaMmu moJgei, pasmepoM u GopMoii 3a-
JAHHOTO 00beMa, MOXET ObITb, KAKUMU-TO ellle apaMeTpamMmy OIPeaeIsioTCs
YPOBHU 3HEPTHH Tesa W €ro KBaHTOBble cOCTOsIHUS. OO03HAYMM A OAMH U3
3THX mapameTpoB. Mbl GyleM HasbiBaTh ero 060OIIEHHOH TepMOIMHAMUYE-
cKoll koopauHatoi. MameHeHue napameTpa A MPUBOAMT K M3MEHEHUIO YPOB-
HeH 3Hepruu. Bennuuny

0E,

N’
MOKHO PACCMATPHUBATh KaK JeMEHTapHYI0 paboTy, COBEPIIAEMYIO HAM TEJOM,
HaXOMSAIIUMCS B N-M COCTOSIHHH, TP U3MEHEHHH KOOPAMHATH A, a A, — Kak

dE, = A,d\, toe A, =
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COOTBETCTBYIOLLYIO 3TON KOOpAUHATe 0000MmeHHy 0 cuy. s tena, Haxomns-
I1erocs B COCTOSIHWH TE€PMOAMHAMHUECKOTO PABHOBECHS, CpejlHee 3HAYeHHe
0000IIEHHOH CUJIBI OTIpPeNle/IIeTCs, €CTECTBEHHO, KaK

A=(Ap) = wph,.

[lycTb Tes0 TEmI0U30IMPOBAHO U BHEIIIHEE BO3NECHCTBHE HA HErO CBOAHTCS K
MaJoMy H3MeHeHH d)\ mapametrpa A. MaMeHeHUe HEepruu tena

dE = danEn = ZdwnEn + andEn.

WmMesi B BHAY, UTO pacrpelesieHHe BEPOSTHOCTEH MHKPOKaHOHHYECKOE, IMO-
aydaem Y dw,E, = EY dw, = 0, T.k. > w, = 1. Bropas xe cymma
NPEACTaBIseTCS B BULE »  WnpdEy =Y wyAnd\ = Ad\. Pesysbrar poBHbIM
CYETOM TaKOH, KaK OblI Obl IPH MOCTOSIHHBIX 3HAYEHUSIX Wy, YEMY OTBEYAET
NOCTOSIHHOE 3HaueHHe cTaThcTHuecKoro Beca I' u auTponuu S = logl'.

[TocTOSIHCTBO SHTPONHH B MpOLECCe CBSI3AHO C TE€M, YTO BbIIOJHEHbI
YCJIOBHS paBHOBeCHs. [Ipy H3MEHEHUH A YDPOBHU SHEPrur PasHbIX COCTOSHUH
H3MEHSIIOTCS MO-PA3HOMY — KaKHe-TO BO3pacTaloT, Apyrue — yOeiBaioT. Pac-
npeeseHHe XKe 110 COCTOSIHUSIM OCTAeTCsi MUKPOKAHOHHYECKMM — COIVIACHO
HalleMy MPefNON0KEHHIO NPOLECC MPOUCXOAUT AOCTATOYHO MEIJIEHHO, UTO-
OBl yCHeBaso MPOUCXOANTb HEOOXOAMMOE /ISl 3TOTO NepepaclipeieneHte 1o
COCTOSIHUSIM.

Hanpumep, mpu ckKaTHW rasa B LUUJIHHAPE C MOPLIHEM' H3-3a CTOJK-
HOBEHHMH C JABHXKYIUMMCS MOPIIHEM PacTyT TOJAbKO KOMIIOHEHTBI CKOPOCTH
MOJIEKYJI, TIapaJiiesibHble 0CH LuiauHapa. OfHAKO TYT XK€ MPOUCXOAUT OOMeH
SHeprue# B pesysbrare CTOJKHOBeHMH. MOXKHO cKasartbh mjsi yaobeTsa pac-
CYXJEHHUH, YTO BO3pACTaeT TeMIepPaTypa MPOAOJBLHOTO MO OTHOUIEHHIO K OCH
IMJIMHAPA IBUXKEHUS, 8 BCE] 3a TeM — U nonepeuHoro. [lopuiens ABuKeTCs
JOCTATOYHO MEMJIEHHO, 4TOO 06 3TH TeMIepaTyphl OCTABAIUCH PABHBL APYT
JPYTY, UTo U obecrneunBaeT MocTosiHCTBO dHTponuu. (CornacHo (1) us pas-
nena 1.3 dS = 0 npu B = [B2.) UITak, Mbl MOJYyUUJIH OCHOBHOE COOTHOIIECHHE
TEPMOAUHAMUKH

1

d(E) = TdS + Ad).

Ecnv paccmaTpuBaeTcst HECKOJIBKO [TAPAMETPOB, TO B BRIPAXKEHHH 1715 paboThl
MX BKJaJbl CYMMHPYIOTCSI.

UMt iMeem B By pacnipefesieHHe Mo COCTOSHUSM BCETO rasa B MUAHHADE, a He OTASBHBIX
MosieKys1. CKaXkeM, COCTOSIHHSI, OTBeyalollte JBHKEHHUIO MOJIEKYJ IPeUMYyLeCTBEHHO BIOJb OCH
OHJAWHADA WK MONEPEK — NPH OAHOH W TOH XKe MOJNHOH HEPTUH rasa.
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Jlerko 1poseputh, 4to npu A = V = L3 1151 rasa o6o6LieHHasi cuJa
g—f = —P, e P — naBJenue.

IMIpumep 1. Uneanbubiél ras, cocrosiiuél 3 N UYacTHIL, HAXOIHUTCHA B
noje Tsikectd. Ilycts A = Nmg. DHeprusi OHOU UYaCTHLBI MOXeT ObIThb
pa3buTa Ha [Ba CJaraeMbiX:

e=¢c1 t+é&g,
TIe €] He 3aBUCUT OT ¢, A €, = MYGZmax = %mg{z) — BKJazbl B 9HEPTUIO

YaCTUIbI OT TOPU3OHTAJBHOIO B BEPTHKAJbHOTO ILBI/I)KGHI/IHI.

88272 &, 2

23
/ — % e

r o (oY%
N g m dg 3 mg

:%@(anZ(sL—i—@)):
anz zmax:NZan Zn) = (2).

I/ITaK, 0000IIIeHHas CUJla eCTb BBICOTA [IEHTpa TAXKECTH crosba rasa.

IIpumep 2. Taz yacTull co CMMHAMH % B MarHUTHOM MoJe. DHeprus
OIIHOH 4aCTHUUbl € = — i, ¢, Te MPOeKLHs MOMEHTA Ha MAarHUTHOe noje J¢
MOXKET [IPHHHMATb 3HAUEHHs Ji, = 4 (4 — MATHUTHBIE MOMEHT YACTHLL).

Queprus N yacTul

E==> p.# =—pu(Ny — N)).A,

Boiuncanm A:

rie Ny u Ny = N — Ny — KOJIMUecTBa YacTHL, CIIMHbL KOTOPbIX OPUEHTHPO-
BaHbl 10 MAarHUTHOMY TOJIIO M MPOTHUB Hero. IIoCTOSIHCTBO CTATHCTHUECKOTO

N
Beca I' = C'y' (1 sHTpomuK) 03HAUAET MOCTOSIHCTBO BeauukH Ny u ). Tlo-
5TOMY 0000IIeHHAs TePMOIHHAMHUECKAs CHJa, COOTBETCTBYIOIAS BeJUUHUHE
MAarHUTHOTO MOJs1, eCTh
oFE
0

rae M — MarHUTHBIH MOMEHT CHCTEMBI.

—u(Ny = N) = —(A),

"Wenonbsys KBasWKJaccHIeckoe MpaBuJo KeanToBanus, § p.dz = 2rfi(ny + 3/4) (v or-
OpaceiBasi HeCYLUECTBEHHYIO 31ech A00aBKy 3/4) nosyuaem

Zmax

vV2m(e, — mgz)dz = mhn, = - \/ mzf,{azz
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Hatizem saBucumocTs HamarHuueHHocty M = .4 /V ot Temmeparypsi.
['a3 MarHUTHBIX JUIIOJNEH OTJIMYAETCS OT JBYXYDOBHEBOH CHCTEMBI, PACCMOT-
PEeHHOH MpeJBIAYIIeM pasjiesie, TOJbKO HauasoM oTcyeTa sHepruu. Ilostomy
Ny __—2u|T 5
~ =€ ()

Ny

W HaMarHW4eHHOCTh

Np eh /T _ g=nH/T Np | p#
= —th——.

M==L

V. erd/T ye—nX|T Y T ©

Maruutnas BOCIIDHUMYHUBOCTDb

XZ((‘?M)‘ :Nug.
94) | .y VT

I10 ahpdexT, Ha3biBaeMbll napaMaruetTusmom Ilaysu.

3ameuare/bHOH OCOGEHHOCTBIO CHCTEMbl CIIMHOB SIBJSIETCS] TOT (haKT,
4TO MU3MEHEHHEe BeJUUHUHBl MATHUTHOTO T10JIs1 TP COXPAHEHWH HACEJIEHHOCTEH
YPOBHeH paBHOCHJ/IBHO H3MEHEHUIO TEMIIEPATyphl CHCTEMBI, XOTS Obl HUKAKO-
ro o6MeHa SHeprued MekIy CIIMHAMM W He IPOMCXOAMJo. MOXKHO cKasaTb,
YTO IPU U3MEHEHUM BeJHYHUHbl OJHOPOIHOIO MATHUTHOTO IOJS Pesakcauus
B cUCTeMe CIHHOB MPOUCXOJMT MIHOBEHHO!.

Ha B3aumoneldcTBHH ¢ TAKOH CHUCTEMOH CIIMHOB, OXJAXIAIOLIENHCS TIPU
YMEHbIIeHHH MarHUTHOTO I10Jsl, OCHOBAH, B YaCTHOCTH, METOJ, OXJaXKAeHUS
BEIleCTBa, COAEPIKALIETO MAapaMarHUTHYIO MPUMECH.

V3MeHHB 10CTATOYHO OBICTPO HAMpPAaBJAEHHE MOJsT HA MPOTHBOMOJ0KHOE
(HO BCe-TakW He CJIHIIKOM ObICTPO, YTOOBI HE CKa3aJuChb BUXPEBble TOKH),
MOXKHO TIONYUHTb H OTPUIATENBHYIO TEMIEPaTypy.

Bce 9T0 BO3MOXHO MOTOMY, UTO BPEMsi BHIDABHUBAHUS TEMIIEpATyp CHU-
CTeMbl CITHHOB (SIePHBIX) H ABUKEHMsT AaTOMOB (HA3bIBAEMOE BPEMEHEM CITHH-
pEeIeTOYHOH pesakcalyu) ObiBaeT oueHb BEJUKO (0 AeCSATKOB MUHYT).

[Tpu OTHOCUTENBHO MeIJEHHOM U3MEHEHWU MArHUTHOTO MOJIsi IPOUCXO-
JUT cpa3y ke oOMeH 3Hepruel ¢ ABUXKeHHeM aToMoB. [Ipu HbicTpoM — Takoi
0oOMeH He YCIeBaeT MPOUCXOAUTh. [103TOMY 3HTPOMHUS He U3MEHSeTCs JUGO
MpH Npoliecce OLICTPOM MO OTHOIIEHHUIO K BpeMeHH CMUH-PelIeTOUHOH pesiaK-
caluu, Jubo MpH MeIJeHHOM.

B nanbHeiileM HaM MpPeJCTOMT PacCMaTpUBATL MaKPOCKOMHUECKHE CO-
CTOSIHUS Tesa, HAXOASIIETOCS B KOHTAKTE ¢ JIPYyTUMHM TeJaMH, TaK UTO SHEp-
TUsI €ro He SIBJSIETCSl CTPOro omnpesesneHHoi. OnpeneseHnde SHTPOIMU TeJa,

1H]Q)I/I H3MEHEHHH HalpaBJeHHWA MAarHUTHOTIO MOJ NPOUCXOAAT ropasno foJiee CJAOXKHBIE SIB-
JICHWA,
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S = InT'(E), MOXHO BUAOW3MEHUTb TAK, YTOOBl OHO [OTHJIOCH H [JIS 3TOrO

cayydasi. INoactasum I' = 1/wy, © S = —Inwy, rie wy — BEPOATHOCTb OA-
HOro (J060r0) COCTOSIHHS JIsi 3aMKHYTOTO Tedsia ¢ sHepruedt E. Onpenenum
tenepb HTponuio Kak S = —(lnw) = — > wilnwy, roe cymmuposaHue

MPOU3BOJUTCS MO BCEM MUKPOCKOMUUECKHUM cocrostuusim!. Jlna Tena ¢ puk-
CHPOBAHHOM 3HEprHedl BCce 3HAYEHHs BEPOATHOCTEH AOCTYMHBIX COCTOSAHUUI
OOVHAKOBEI, TAK YTO YCpPeAHEHHEe HHWYEero He MeHsIeT U ONpefesieHHe COBIA-
naetT ¢ mpexHUM. (Mbl npuHnMaeM, uto wy Inwy = 0 npu wg, = 0.)

1.5. Kanonunueckoe pacnpeaejeHne

HyCTb TEJ0 HaXOAUTCA B TEPMOCTATE U MOXKET 0OMEeHHBATLCS C TEP-
MOCTATOM 3Hepruedl TOMbKO myTeMm mepenadu temna. (Paboty wnckiwodaem,
[IOIOKHKB B TpocTedineM caydae V' = const.) [loctaBuM Bompoc: KakoBa
BEpPOATHOCTb w(|k)) TOro, 4TO TEJO OKa)keTcs B 3aJ@HHOM MHKDOCOCTOS-
Huu |k)?

O6o3Haunm 3Hepruio tesa E, sHepruto tepmocrara — Ey. Teso u Tep-
MocTaT 00pasyloT 3aMkHyTyI0 cucteMy. Ee sneprus Enon = Eo + E ocra-
eTCsl TOCTOSIHHOM, T.e. paclipefesieHre 10 COCTOSHUSIM AJIs 3TOU 3aMKHYTON
CUCTEMbl MUKpOKaHOHHYeCKoe. CTaTHCTHYECKUH BeC 3TOH 3aMKHYTOH CHCTe-
Mbl €CTb 'nonn(Enosn), @ BEPOSITHOCTb Peanus3aldi KaXKAOrO H3 COCTOSHUH
¢ aHeprued Epgny paBHa w = 1/Topy. Uncao cOCTOSHUN 3aMKHYTOH CHCTe-
Mbl B TOM CJydae, KOIjJa TeJO HaxXOAUTCS B OfHOM OIIpefie/leHHOM MHKpPO-
COCTOSIHHHM |k), €CTh MPOCTO CTATHCTUUECKHH BeC TepMOCTaTd sl 9HEPTHH
Ey = Eony — E. Tloyunnu oTBeT:

w(|k>) = FO(EHOJIH - E)U]

OTMeTUM, UTO C POCTOM 3IHEPrHH E BepPOSTHOCTb PEAH3ALHH COCTOSTHHS
yOblBaeT. YIOOHO DPa3JioKUTb MO OTHOCUTEJbHO MaJjiod BejquWduHe I, HO He
CTATHCTUYECKHH Bec, Tak Kak [(F) — CJOHIIKOM OLICTPO HU3MEHSIOLLAsCs
(DYHKLIHS, 2 IHTPOIUIO:

w(|k)) = wlo(Enoas — E) = weSoEnoan—E)

EaSO(EHOJIH) E_2 8280
9Ey 2 OFg

E E2

Ty 2T3Cvo

SO(EHOJIH - E) - SO(EHOJIH) - +...=

- SO (EHOJIH) -

1Y menno Takoe onpesiesieHHe SHTPOMUU OBLIO faHO DBosblMaHOM (XOTS 6YKBAABHO MOA0O-
HOPl (DOPMYJIEI OH He MHcad).
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3,!1er HCIIOJAb30BaHbl PAaBEHCTBA

01 1 /oT 1 1

OET T2 \0E }, T2 Cy'
Cyo — TeIJIOeMKOCTb TepMOCTaTa, OHa MPOMOPLHOHAJNbHA UMCJIY YACTHLL B
TEPMOCTATe, T.€. OUeHb BEJHMKA, O3TOMY MOC/AEqHEE ClaraeMoe MOXKHO OT-
O6pOCUTD.

Torna B passioxkeHun Sy 3aBUCUMOCTb OT E 0CTaeTCsl TOJNBKO BO BTOPOM
cJ1araeMoM W /Il BEPOSITHOCTH IOJydaeTcs

1
w(|k)) = 7€ B/To,

3pecs Z = Y e B#/To (cymma mo BceM MMKPOCOCTOSHMSIM Tesa) — HOp-
MHPOBOUHBIA MHOXKHUTE/b, KOTOPBIH HOCHT HA3BAHUE CMAMUCMULECKAA CYM-
ma'. 3ameuatesbHO, UTO B MTOTE €IMHCTBEHHbIM MapaMeTPOM, XapaKTepusy-
IOLIMM TEPMOCTAT, OKa3aslach ero TeMreparypa. DTo KAHOHHYECKOe paclipe-
nesenne. Ero xe HasweiBawoT pacnpenenenvem [n66ca. Bonpoc paccmoTpen.
Hanee o6osnauaeM w(|k)) = wg.

Jlpyroii BOmpoc: KakoBa BEPOSITHOCTb TOIO, YTO T€JIO HMeeT IHepruio E?

OTBeT: BepPOSITHOCTb peau3aluy OLHOTO COCTOSIHUS C 3Heprueil £ Hauo
YMHOXHTb Ha YMCJIO COCTOSIHUE ¢ 3TOH sHepruedt I'(F):

1 1
W(E) =D(E) - wy =T(E) - e /T = — S0/,

3necs T'(E) pesko pacTeT ¢ aHeprued (ec/u paccMaTpHBaeMoe TeJ0 He CAUIII-
KOM MaJs0), a w o< e 2/T0 pesko y6biBaer.

Oyuxuusa W(E) «cocpenorodeHa» B o4eHb y3KoM nuke. [lostomy sHep-
TUsi Tejla C MOAABJSAIONIEH BEPOATHOCTBIO («IIOYTH BCEr[id») OKA3LIBAETCS B
npegesax 3toro nuka. C BHICOKOH TOUHOCTbIO MOXKHO CUMTATh, UTO HAUGOJIee
BEPOSITHOE 3HAYEHHE SHEPTUH COBMAJAET C €€ CPEJHHM 3HAYEHHEM, a FHep-
THs TeJd ToUTH Beerna pasHa E = (F). UyTb HHUXKe Mbl OMPEIEIHM IIHPUHY
YKA3aHHOTO [THKA.

OkasblBaeTcsi, 4TO CTATUCTUUECKAST CyMMa

7 = Ze—Ek/T - Z e PEx

acTo MCnoab3yioT aproHHEe BEIPAKEHHS «CTATBEC,«CTATCYMMA»,
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olpeesisieT BCe TepMOAMHAMHYeCKUe CBOUCTBA Tesa. B yacTHOCTH, cpefHee
3HaYeHUe SHEPrUU Teja B TEPMOCTATE

07
—% . 5 = % - ZEnefﬁE" = ZEnwn = {E);

T
2an:Tzian, TaK Kak dﬁ:—%.

Bocnosibsyemest craructudeckoit cymmo#t Z (1) mist BBIYUCIEHHUST MOJY-
LIMPHHBL PACIpenesieH st BepositHocTed o sHeprusim AE = /{((E — (E))?):

1 022 1 S )
7 o = 7 2l Pt = k) =

1 922 1 (0z\°
Z 03 72 \ 98
aE)y 010z 18°Z i<82>2

9B  9BzoB ZopE 72\ 9B

(AE)%) = (B%) — (B)* =

B urore
AE) _ o dE) g
dﬁ oT

Tak kax TemnoeMKOCTb Teja OOBIYHO IPOMOPUHOHANbHA unucay N co-
craBasiomux ero atomoB Cy o< N, 10 AE o /N, Tak uto AE/E
1/\/N <& 1. PacripepesieHre BepOSITHOCTEH Pa3/IMUHBIX 3HAYEHHH IHEPrUU
W(E), nedcTBUTENbHO, UMEET 04eHb OCTPHIH MakchMyM. TakoBa xe oleHKa
COOTBETCTBYIOIIErO OTKJOHEHHS 3HAUEHUs TeMIepaTyphl Teja OT Haubogee
BepositHoro: AT/T 1/\/N — (bAyRTyalnuu TeMmepaTypsl TeM OOJIbIIE, UeM
MEHbIIIe TeJIO.

DHTPOMHS Tesd B TepMOCTaTe onpefensercs Kak S = —{lnwy,):

—EB,/T o En/T
anlnwn— Z 7 n( 7 ):
E
:—an (———1 Z) <T—>+an.

(AE)?) =

Orcroona
—TlnZ=(E)-T8§=F(T,\).
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310 cBOOGOAHASI SHEPrHsi, IPUUEM BblpaXKeHHasl uepe3 TeMIepaTypy U TepMo-
JUHAMHYECKHEe KOOPAUHATHL A,
[Iposepum, 4TO MOJMHBIE AUQHEpeHIUAN

oF oOF
paBen —SdT + Ad\.
oF 0 olnmz F E

oF _ 6an Ea()/

o Tan T ZaAZe

T —E,)T 1 0k, C)En OFE,
DI ( Tan ) = 2y o) M

Mbl HatM, TaKUM 06pa3oM, BTOPOH Crocod pellieH st 3a1a4y Olpeele-
HUS TEPMOJMHAMHUYECKUX CBOMCTB CUCTEMBI [I0 €€ SIHEPreTHYECKOMY CIIEKTPY.
DTo €rnocol, NpUMeHsIeMbIH Yallle, YeM MOACUET CTATUCTUUECKOro Beca.

Uewm pasnuualoTcs ABa oTBeTa? PellleHre, OCHOBAHHOE HA MHUKPOKAHOHU-
4eCKOM pacrpepesienuy, onpenenser S(E, \), a Ha kaHoHudeckom — F'(T, \).
Ecau MoxHO mpeHeGpeub GayKTyaluHsIMH, TO 00a pelleHHs TPUBOASAT K Of-
HHM U T€M e YPaBHEHUSIM COCTOSIHHUS, TETJIOEMKOCTH H T. JI., PA3HHIA TOJMb-
KO B ynoGcTBe BhluucjeHni. TyT, KaK HNPaBHJIO, BHIUTPHIBAET KAHOHHUYECKOE
pacrpejeneHue.

B HekoTOpoM CMbIC/IE 3ajlaua CTATHCTHYECKOH (DU3MKKM — ONpejeseHne
MAaKPOCKOITHUYECKHX CBOACTB CHCTEMBI [0 MHKPOCKOITHYECKUM — pelueHa (aa-
XKe JIByMs criocobamu). B nambHefiniem octaioTes yacTHbie (M camble MHTe-
pecHbIe) 3aJauH.

JList ABYyX HE3aBHCHUMBIX T€JI, HAXOMSIIIUXCS B OLHOM TepMocTare u Gop-
MaJibHO OOBEMHEHHbIX B OHO, CTATCYMMa PaBHA MPOM3BENCHMIO UX CTAT-
CYMM, a CBOOOJHAS HEPTUST — CYMME MX CBOOOMHBIX IHEPTHH.

Ec/iy MBICJEHHO Pa3fe/inTb 3aMKHYTOE TeJ0 HA OTHOCHUTEJNbHO Malble,
HO BCe ellle MAaKPOCKOIMHYECKHe YaCTH, TO AJISI KAXKIOM M3 HUX OCTajbHast
4acTh TeJsa OyleT UrpaTh POJib TEPMOCTATA, U MPH ITOM He OUEHBb-TO BaXKHO,
CTPOro (HPUKCHPOBAHA IHEPTHUST HTOTO TEPMOCTATA UM YYyTh-4yTh DIYKTYHDPY-
eT: TEPMOCTAT B PACIPENEJIEHUN «IIPEACTABJIEH» TOJBKO TeMIeparypoi, a ee
(hAYKTYyalund 04eHb MaJibl,— QJIyKTYalud TEMIIEPATY bl JI000H Ma/IoH YacTH,
KaK MBI 3HaeM, Topa3zno Hogbie. TepMmoarHaMudecKue ke (pYHKLHHU TeJa Mo-
JIY9aloTCsl CYMMHUPOBaHMEM BKJIAJOB OT OTHEJbHBIX 4acTefd. B Toll mepe, B
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KaKOH 3TH YCJIOBMUS BBIINOJHEHBl, KAHOHWYECKHH NTOAXOA AACT IMpPaBHJIbHbBIE
TepMOJMHAMHYeCKHe CBOMCTBA U A/ TeMJOH30JAHPOBAHHON CHCTEMBI! .

Kanonuueckoe pacmpesiesieHre Mo COCTOSTHUSIM MOXKET OTHOCHTBCS W K
MaJblM, Jake MHKPOCKOIIMYECKHUM «TeslaM», BIJIOTb JO OTAENbHbIX MOJeKYJI.
Pasymeercsi, TepMOfiHAMHUYECKHE BEJUYHHBI 11 MUKPOCKOMTUYECKHX TeJI He
MOryT OBITh BBeJleHBl. BrpouyeM, Kak MOXKHO BHJETh M3 MPHUBEAEHHBIX BhILIE
IIPMMEPOB, MHOTJA MMeeT CMBICJ BBOAWTB, HANpHMep, TElJ0EMKOCTb B pac-
yete Ha oy yactuuy, ¢ = C/N (C' — TemtoeMkocTb N 4acTul).

[lpuBenem mpuMep BBIYUCAEHHS CTATUCTHYECKOH cyMMBbL. IIycTh «Teno»
B TepMOCTaTe — 3TO COBOKYMHOCTb [N YaCTHLL, KaxAash U3 KOTOPbIX MOXeT
HAXOAUTbCS B OIHOM M3 ABYX COCTOSIHUH — C 9HEprHsiMU €1 U £2. Kaxkayio
M3 YaCTHIl MOXHO pacCMaTpHBaTh KaK HE3aBHCHMYIO OT BCEX OCTaJbHBIX U
3anycartb AJIs1 Hee CTaTUCTHUYECKYI CyMMY: 2 = e—e/T 4 g==2/T Has N
4aCcTHL, CTAaTUCTHYecKass cymMMa — IpousBefeHde N CTaTCyMM OTHEJbHBIX
yactui: Z = 2V,

Cpofonnas sHeprus

F= -TlZ= NTlnz= NTln(e /T 4 ¢=22/T),

Terepb MOXXHO ObLJIO OBl BHIPA3HTb SHTPOIHKIO, IHEPTHIO, TEILIOEMKOCTh CU-
CTEeMbl, HO 3TH BEeJHYMHbl Mbl yXe HAaXONHJH, UCIOJb3YsI MHKPOKAHOHHYE-
ckoe pacnpefienenre. OnpeiesleHHOe YIPOIIEHHe TI0 CPABHEHHIO ¢ PacueTOM
JIJIs 3aMKHYTOH CHCTEMbI IOCTHTAETCS 34 CUET TOTO, YTO HHEPTUS CHCTEMBL B
TEPMOCTATEe MOXKET IIPUHUMATh BCE BO3MOXKHbIE 3HAUYEHHSI.

ITonesuo MIpeaCTaBUTh ce6e, KdK CTaTUCTHUeCKad CyMMa CUCTEMbI N ya-
CTHLL ompefensieTcs 6e3 pasOuenus ee Ha N He3aBUCHMBIX yacTel. dHeprus

N
tena B = 3 @, rue sHeprus i-it no cuery wactuub £9 Moxer npuHH-
i=1
MaTh J000e U3 ABYX 3HAYEHUH €1 UIH £9. CTATUCTUYECKYIO CYMMY MOXHO
IPEACTABUTbL B BHIE

Z — (6751/T +67€2/T)(6761/T + e*Ez/T) . (6761/T + 6762/T)’

rie Kaxzpas ckobka oTBeyaeT OOHOM M3 uyacTuu. JleificTBHUTEbHO, OTKPHI-
Basi CKOOKH, Mbl (paKTUUECKH OyzieM mepeOHpaTh BCe BO3MOXKHBIE COCTOSIHHS
KaXJ0H U3 4acTHlLL.

MorkHO TpeacTaBUTh CTATHCTHUECKYIO CYMMY U CpefiHee 3HaYeHHe JIo-
6oif BeJTMUMHbL B BeChbMa KOMIAKTHOM Bije. [IycTs [ — raMHAbTOHHAH Tesa,

Mosxe OyleT NOKAa3aHo, 4To (WIYKTyallUd 00beMOB OT/JeJNbHBIX YacTed He MOBJUSIOT Ha
(MJAYKTyalH BX TeMnepaTyp.
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MIOMEIEHHOTO B TepMocTaT, By, U ¥ni = |nk) — ero coGcTBeHHbIE 3HAYEHUS

U coGCTBeHHble (PYHKIHUU. 3aMEeTHM, 4TO B H He BKJIOYEHO B3aUMOJEHCTBHE
TeJa ¢ TEPMOCTATOM.
CTaTHCTHYECKYIO CYMMY TeJia MOXKHO 3amucaTth B BUIE

Z = Z(nk|e‘ﬁ/T|nk> =5p (e_H/T) ,

a cpeiHee 3HaueHHe KaKOH-JMO0 BeJHUMHbl A, OTHOCSILIEHACS K ITOMY TeJy,
B BUIE

(A4) = > (nkl Ae™ T/ Tnk) /2 — Sp (4p),

rne pA:efff/T/Z'

Onepatop p Ha3bIBAIOT CMAMUCMUYECKUM ONEepamopoM.

CofOcTBeHHble 3HAYeHHS] TaMHJbTOHHMAHA NPAKTUYECKH BCErAa BBIPO-
x)JaeHHble. [lpuBeieHHBIE BBIpAaXKEHHS] HE 3aBHUCSIT OT TOro, Kakoil Habop
byHKuMH |nk) OyaeT BbIOpaH. DTO MO3BOJSET, MEXKAY MPOUHM, BbLIOHDATH
3T (YHKUHK HauboJiee YIOOHBIMH MJIS KOHKPETHOTO pacyeTra.

Ho He caenyer aymatbh, 4TO MMess KOMMAKTHYIO 3aMHChb AJs CPeLHHX
3HAYeHUH BeJMYMH, HAM OCTAeTCs TOJNBKO BKJIOYHTH (B CBOEH TOJOBE) «BbI-
UHCJIUTEJbHYIO MaLMHY».

[TycTs, HampuMep, paccMaTpPUBaEMOe «TeJIO» MPEACTABAAET Co00H map ¢
Kamne/bKo# Boabl. Torna nosHoe ycpenHeHHe, MOAPA3yMeBaeMoe B IIPUBEIEH-
HbIX (bopMmysax, 03Hauaso Obl paBHOMEDHOE «Pa3Ma3blBaHHe» KalleJbK{ I10
BceMy oObeMy. JLas 3amau, KOTOpEe MOIVIM Obl ObIThH HaM HHTepecHB (CKa-
JKeM, Ofpefie/leHle PABHOBECHOTO 3HAUEHHs] IVIOTHOCTH KalesbKH), T0A00H0e
yCpeoHeHNe COBEPLIEHHO HEeNpHeMJIEMO.

Ewe npumep, ¢ KOTOPHIM Mbl BCTPETUMCSl Jajee, — BO3HUKHOBEHHE
CTIOHTAHHOW HAMAarHHYEeHHOCTH B CHCTeMe B3aUMOJEHCTBYIOIINUX APYT C ApPY-
rOM MArHUTHBIX MOMEHTOB B OTCYTCTBHe BHeILHero noJs. Hanpasnenue Bo3-
HUKAIOLIEr0 MOMEHTA MOXKET ObITb JIOObIM, MIO3TOMY CpeldHee 3HAUEHHEe ero
paBHo Hyqio. [Iprem, Mo3BoJSIONMN HAWTH BEJUUKMHY CIIOHTAHHOTO MOMEH-
Ta, COCTOUT B TOM, UTOObI «BKJIOUHTb» C1a00e BHELIHee [10Je, (PUKCUPYIoIIee
HalpaBJjeHHe MOMEHTa, a 3aTeM YCTPEMHUTb 3TO I1I0JIE K HYJIO.

3anauu.

1. Ha#iTn TemioeMKOCTb IBYXYPOBHEBOH CHCTEMBI C CHIBHO BHIPOXKIEHHBIM
BEPXHHM YPOBHEM.
Otser: C/N = (¢/T)%e/T=¢/(ex/T=¢ — 1)2, tne ¢ = logyg, g — xpat-
HOCTb BBIPOXKAEHHST BEPXHETO ypoBHs. MaKCHMYM TEIJIOEMKOCTH NPH
T ~ /¢, umpuna «muka» 0T ~ /(2 (puc. 3).
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Puc. 3. TennoeMKOCTb CHCTEMBI C CHJBHO BBIPOKIACHHBIM BEPXHUM YDPOBHEM.

2. Tas naxoautcsi B 00beMe V, B MaJjIoi 4acTH KOTOPOTO Vi MMeeTcs «Io-
TeHUUanbHas sima» rayounsl —Up. Halitu tennoemkocTs rasa.

1.6. Ycpennenue nmo BpeMeHHU U IO aHCAMOJIIO

OG6puHO B KBAHTOBOH MeXaHHMKe IMOJ CPeAHHM 3HAUeHHEM KAaKOH-HUOYIb
BeJIMYHMHbl IOHUMAIOT «CpPejilHee 110 aHCaMOJII0», ToJaras, 4To Mcciaeryercs,
CKaykeM, MHJIJIHOH OJHHAKOBBIX aTOMOB, MOCTABJEHHbIX B OJUHAKOBbLIE YCJIO-
BHS, — «aHCaMO/b». AHAMOTHUHYIO CHUTYallMI0 MOXHO MMETb B BHAY, €CJH
UJEeT peub, HAIIPUMEP, O paclpelesieHUHd MOJIEKYJ raza Mo CKOPOCTSM.

OnHako 1/ MaKpOCKOIMUECKOH CHUCTEMBI, CKa)KeM, raza B KaKOM-TO
6aJJIoHe, TOA0GHOE PACCYKIEHHE OKA3bIBAETCH MOAUEPKHYTO PUTOPUUECKHM,
ancaMO6/b OIHHAKOBHIX GA/JIOHOB C Ia30M SIBJISETCS «TOJBKO MBICJEHHO BO3-
MOKHbIM». TeM He MeHee B CTAaTHCTHUECKOW (pU3UKe Mbl NIPAKTHYECKH BCe-
ria moipasyMeBaeM ycpelHeHHe mo aHcam6uo. PeasbHo ke HabJropaeTcs
00BIUHO cpefHee MO BpeMeHH'. MOXHO M J0Ka3aTh, YTO HAXOAHMbIE HAMH
CPelHUEe COBMANANT CO CPEAHUMH IO BPEMEHH?

[MonbITKYU M0KAa3aTh 3TO AJs 3aMKHYTOM CUCTEMBI, OMHCHIBAEMOH KJ/ac-
CHYECKOH MEXaHUKOU, OCHOBaHbI HA TPENCTABJACHUH, UTO TOUKA B 23-MEPHOM

"WnTepecHrii NpHMep YCPeAHEHHs MO aHCAMOMIO MPEACTABAAETCS B IKCNEPHMEHTAX Ha
YCKOPUTeJISIX €O BCTpeuHbIMH Myukamu. CrycTku, cofiepxauue ~ 1010 uactun, craikusaiores
MUJJIMOHE Pa3 B cekyHAy. IIpu 9TOM COCTOsSHWe rasa 94acTWIl B KaXK[AOM H3 CTYCTKOB MOXK-
HO (C HEKOTOPEIMH OTOBOPKaMM) CUHTaThb PaBHOBecHBIM. HabnronaeMble siBIeHUs (QUKCHPYIOTCS
JETEKTOPOM NPH KaXKOM CTOJKHOBEHHHM, a 3aTeM YCPEAHAITCA MO aHCAMOJII0 CTONKHOBEHWH,
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IPOCTPAHCTBE KAHOHHUYECKUX MEPEMEHHBIX (HATIPUMED, KOOPAUHAT U UMITYJIb-
COB), M300pakailas COCTOSIHUE CUCTeMBl (S — YHCJIO CTemeHed CBoOO-
Jibl), 06OUAET BCIO TMOBEPXHOCTb MOCTOSIHHOM HEPTUU U PABHOMEPHO «3a-
HOJHUT» ee. DTO TaK Ha3blBaemasi IProfndeckasi rurnoTesa, KOTOpoi Korma-
To yaensju Gosblioe BHUMaHHe. OnHAKO BpeMs, 3a KOTOPOE 3TO MOIJIO OBl
TPOU30HTH, 3aBEOMO CTOJb BEJHWKO, UTO BO MHOTO a3 MpPEBHIIAET BO3-
MoxkHOCTH HabmmoneHus: (1 Bospact Beesennoit). ([las MaTeMaTHUECKUX KC-
clefloBaHUH 3amaua 06 apeoduurocmu TOW WM HWHOH CHCTEMBI OCTAeTCs
MPHUBJEKATEJBHOH. )

B cBSI3M C 3TUM HYXKHO OTMETHUTb, UTO ObLIO Obl HEMPAaBUJIbHO AYMAaTh,
YTO MPUHSATOE HAMHU 32 HCXOMHOE MHKPOKAHOHUUECKOE paclpefiesieHHe onpe-
JieJISieT peasibHO HabJIoIaeMylo 4acTOTy MOBTOPEHUSI TeX WJU MHBIX MHKPO-
CKOMUYECKUX COCTOsIHMU. BrpouyeM, cXomHbIM 00pa3oM OOCTOUT AEJNO WU B
3ajla4ax Teopuu BeposiTHOCTed. Mbl, He KoseOJsiCh, CKaXKeM, YTO BEpOsiT-
HOCTh THICAYEKPATHOTO MOAPS/ BHIMANEHHS «OpJa» NMpU OPOCAHUHM MOHETHI
cocrapaser 1/21990 Ho noHuMaTh 3Ty BEPOATHOCTb KAaK 4acTOTY MOBTOPEHHUSI
3alAHHOTO COOBLITHS OblI0 Gbl GECCMBICJEHHO, T. K. TAKOe COOLITHE He IIpo-
H30HAET HU pasdy 3a pasyMHoe BpeMmsi. Tak xe 0OCTOMT AeJ10 W ¢ KAHOHHYe-
CKHUM paclipefieleHHeM: Mbl He CTECHSIeMCSl PaclpoCTPaHSTh paclipeiesieHre
['66ca no cKoJb YyrogHo GOJIbIIMX IHEPTHH, MOHMMAs!, YTO BKJan 06JjacTH
GONBIINX 9HEPTHH NpeHeGPEXKUMO MaJl KakK JJIs peajJbHO HabJI0AaeMoro pac-
npeneseHust, Tak W [Ijs pacuera (Hampumep, AJsi pacyeTa CTATHCTHUECKOM
CYMMBI).

CKopee BCEro, yIOMSIHyTOE BbIllle CBeleHHe MUKPOKAHOHHUECKOTO pac-
IpefeieHnsT K KAHOHMYECKOMY — [JIsi MaJjblX 4acTed 3aMKHYTOH cHCTe-
Mbl — I[IOKa3biBAET, HA KAKOM MYTH MOXKHO OXMIATh YCIIELIHOrO [A0Ka-
3aTeNbCTBa. 3a JOCTATOUHO MaJjblii MPOMEXYTOK BpeMeHu ([/s rasa —
3a BpPeMSI HECKOJbKUX CBOOOAHBIX MPOOETrOB MOJIEKYJIb) YCTAHABJIHBAET-
C5l paBHOBeCHE B KaXKIOH M3 MaJiblX 4acTell CHCTeMbl, ¥ Takasi BbiOOpKa
COCTOSIHMH OKa3bIBAETCS JOCTATOUHO TMPEJCTABUTENbHONH AN BCed 60Jb-
mol cucteMmbl. [loxkany#, gydmie OvI0 OBl BECTH peub He O «JI0Kasa-
TeJbLCTBE», a 00 ONpelesieHUU YCJIOBHH, NMPU KOTOPBIX MOXKHO HaGaI01aTh
3aMeTHBEe OTKJIOHEHHS OT HAXOMHWMBIX B CTaTUCTHYECKOH (PHU3UKe 3aKo-
HOMEPHOCTEH.

Ectp MHOrO paboT, MOCBSIIEHHBIX 3TOMY KPyTy Bompocos. He Bripabo-
TaHa Jaxke 6e3yc/JOBHO MPHHHMAaeMasi BCEMU MOCTaHOBKA 3aaaud. Brnpouem,
MpaBUJ/bHAs MOCTAHOBKA 3a/1aul O3HadaJsa Ovl, MO-BUANMOMY, 6oJiee TI0J0BHU-
Hbl peleHusi. Bosiee B 3TOM Kypce Mbl ITOYTH He OyIeM KacaThCs BOIPOCOB
000CHOBAHHUS CTATHCTUUECKOH (PU3HKH.
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2. BoabnMaHOBCKWH UAeadbHBIN ras

By;[eM paccMaTpuBaTh ra3 B TepMOCTATe, MPpUUEM TaKOﬁ, UTO COCTOAHUE
OILHOﬁ MOJIEKYJIbl HUKaK He€ BJHSAET Ha COCTOAHHE APYTHUX.
1o O3HavaeT, Ipexae BCero, MaJgaoCTb BSaI/IMOILeI;'ICTBI/IFIZ NMoTeHOHaAb-

Had aHeprus B3aHMOﬂeﬁCTBHH MOJICKYJIbI C OKPY2XKAWIWUMHK MaJa B CPABHECHUA

¢ KHHETHUECKOH dHepruedt Mosekymbl: (u(r; — ra)) < <m2”2> — 9TO OIpefe-

JleHue udeanrbHoz20 2a3a.

Bo3M0XXHO Tak»Xe B3aMMHOE BJIMSIHHE 4YacTHL, CBA3AHHOE C UX TOXKIEe-
cTBeHHOCTbI0. Hanpumep, ussected npuniun [laynu, «3anpeianiimi> 1sym
9JIEKTPOHAM 3aHUMAaThb OJHO U TO K€ KBAHTOBOC COCTOSAHHUE. HOI[O6HO€ BJINA-
HHe 6y,116T HECYLUIeCTBEHHbIM, €CJHM KOJUYECTBO KBAHTOBbLIX COCTOﬂHI/If/’I, B KO-
TOPBIX MOTYT pPeajJbHO HAXOAUTLCA MOJICKYJbI rasa, BO MHOT'O pas npeBbIIIacT
UHUCJIO MOJICKYJI.

I'a3, yIOBIETBOPSIIOLIMIH 3TOMY YCJIOBHIO, HA3bIBACTCS 6OAbUYMAHOBCKUM.
Uuc/10 KBAHTOBBIX COCTOSTHHH ornpeaeadaeTcs ¢ MOMOIIbIO KBA3UKAACCHUYECKO-
ro MPHUOJMKEHHS YePe3 XapaKTePHbIH, THIHUHBIA HUMIYIbC MOJIEKYIbl Pyap;
p>2<ap/2m ~ T

Vpgap

@nny >

rae N — YHCJI0 YaCTHll, WU

V(mT)3/?
73

Takum o0pa3om, peub HAET O HOCTATOUHO TOPsiueM H PaA3PEXKEHHOM Tasze.
Jlnsg oObIUHBIX Ta30B 3TO YCJAOBHE MPaKTUUYECKW BCeraa BMoJHeHo. [lpu
OXJIAXKAEHUH U CXKATHU paHblile, YeM OHO HAPYLIMTCSH, CHJIBHO HAapyLIaeTcs
YCJIOBHE HIEaNbHOCTH.

D10 XKe ycJA0BHE MOXKHO MDENCTaBHTh elle B BUAE a° > )\fap, rie
Axap = 27h/Pxap — XapaxTepHasi /sl MOJEKYJH JJIMHA BOJHBL jge Dpoii-
as, a = (V/N)l/3 — CpejiHee pacCcTOsiHUe MeXAy MosekynaMmu. PacctosHus
MEeXJy MOJIEKY/JaMH BEJHMKH TI0 CPABHEHHIO ¢ HX JJIMHOH BOMHBIL Jie Bpoitas,
MOKHO OBbLJIO Obl MOCTPOUTb BOJIHOBBIE MAKETHI OTAEJNbHBIX MOJEKYJ, KOTOPbIE
He MepeKpPbIBATUCh Obl (TIOKA He CTOJMKHYJUCH U HE «PACIJIBLIUCHS).

> N.

2.1. Pacnpenenenne MakcBesia

Ecnn Takod ras HaXoaUTCsA B PABHOBECHOM COCTOAHUU, TO OUEHb MPOCTO
3anucaTb q)yHKLll/IlO pacnpeneJsieHus 110 COCTOAHUAM AJISA OTACJbHBIX MOJIEKYJ
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raza. JlocTaTOuHO paccMaTpHBaTh OTAENbHYIO MOJEKYNY KaK «TeJso», Haxo-
JiSilleecss B TepMOCTaTe, COCTOSIIEM M3 OCTa/bHBIX. BeposiTHOCTE TOro, 4TO
MOJIEKYJ1a HAXOAUTCA B ONpPEeJCHHOM KBAHTOBOM COCTOSIHHM C 3Heprued g,
paBHa

1 _
w=—e"*T,
z
rie z — CTaTHCTHYeCKas CyMMa, B3fiTasi [0 BCEM COCTOSIHUSIM MOJIEKY-

ael. Takoe pacrpesnesieHre MPUHSTO HA3blBaTh pacrpeneneHueM DosbLmaHa.
(B nanbHeliiem BeJMUKHBI, OTHOCSIIMECS K OAHON dacTHlle, Mbl GyaeM 060-
3HauaTh MaJbIMH OyKBaMu.) MOXKHO BBECTH TaKXKe CPefHee YHCJIO MOJIEKYJ
(n;) B COCTOSIHHH |¢) C dHeprueil £; (ero Ha3bIBAIOT TAKKE COCOHUM HUCAOM
3anoanerus). CoraacHo pacrnpenesennio Makcsesa B paBHOBECHOM COCTO-
SHHY

1
(n;) = —e~e/T,
z

DHeprus MOJIEKY/bl BCErja pas3fesseTcs Ha CYMMYy KHHETHUECKOH U
KaKux-TO 100aBOK (BpalleHHe, KoseGaHHsl U T.I.), a paclpenejeHue — Ha
IIpOM3BefieHHe paclpefesleHHH 10 KMHeTHYeCKOH 3Hepruu W 1o nodaBKaM.
[TosToMy pacnpenenenre N0 KHHETHUYECKON SHEPIUH OKA3bIBAETCS HE3aBUCH-
MBbIM ¥ MMeeT BHI, H3BEeCTHbIH Kak pacnpesesneHue Makcsena:

1 2 dVd3p
— ——p/2mT 2T %P
dw = e (@rh)®’

rie dVd®p/(2mh)® — KoJMYeCTBO paccMaTpPUBAEMbIX COCTOSIHME C JAHHOM
snepruell (uncao aueek (pazoBoro npocTpaHcTBa). CTaTUCTHUECKAS CyMMa

3

14 2 VvV 7 2 mT 3/2
__ " [P /2mT g3, _ —p2/2mT _
: (27h)3 /6 & (2mh)3 / © dpe V(Zﬂi?) '

— O

Ecau ectb BHewHee noje U(r), To 3Heprus
2
mu
e=——+U(r)
2
-U(r)/T B .
¥ B BEPOSITHOCTH MOSIBJSETCS MHOXKHUTENb € (pacnpenenenne Hoablg

MaHa), a TIPHU BbIYHUCJIEHHWHU Z MHOXKHTEJb V 3amensietcs: Ha

/ —UM/T g
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DTOT BBIBOA MOMKHO ClieslaTh, OMHPAsiChb HAa KJACCHUECKOEe pacipejeJie-
nue w o< e P)/T TlokaxeM, Kak MOMKHO MOMYYHTh 3TO pacrpesieseHue,
CTapTys OoT KBaHTOBOTO. OTpaHUYHMCS OfIHOMEPHBIM CJIydaeM, /I KOTOPOTO
y Hac ecTb roToBble (POPMYJIBl KBA3UKJIACCHUECKOTO MPHUOIHKEHUSI.

BeposiTHOCTb 0OGHAPYKUTb YacTHI B UHTepBafe (x,x + dx) paBHa

1
dw = an\wn(xﬂzdm, rie  wp =w(e,) = ;e‘E"/T.
n

B kBasukjaaccuueckoM MpubOAHKEeHUH HOPMHUPOBAHHAS BOJIHOBAS (PYHKLIHS

z/;n\/%sin(%/pdx), v = %[en—U(m)}.

[Tocne ycpenHeHus Mo OBICTPLIM OCLUJJISALUSIM

w
[n|? = —.
v

Ot cymmupoBanusi o n (¢ dn = 1) mepeiigeM cHayaja K CyMMHPOBAHHIO 11O
den, = hwdn: e Z . de,, i
Tokm

a zareM — no dp = d—iﬂ (p — cornacHo ypaBHeHHIO [aMH/abTOHA — MM-
nyabc). B pamkax KBasHKIACCHYECKOTO MPUOJIUKEHHST CYMMHPOBaHHE MOXK-
HO 3aMeHHTb UHTerpupoBaHueM. [Ipu 3ToM Gyaem UMETh B BULY, YTO OLHOMY
3HA4YeHHUI0 £, U T COOTBETCTBYIOT ABa 3HAYEHUS p — PA3HBIX 3HAKOB. ByILEM
CYHUTATb, YTO UHTETrPUPOBaHHE ITPOBOAUTCSH IO BCEM 3HAYEHUAM P, U I[TO3TOMY
pasfesuM HHTerpaj Ha 2:

dpdx 2

do = [ule@m By, cwp -2+ U (1)

CraTcyMMa BHIYHC/SETCS MTyTEM WHTETPUPOBAHUSA MO BCEM 3HAUEHHUSAM T H P,
KaK H OblJIO CKa3aHO BbILIIE.

Eciv MOXHO TOBOPUTb C HOCTATOYHOH TOYHOCTbIO OO OTHOBPEMEHHO
onpeaeNeHHbIX o U p (pasymeeTcs, B paMKax COOTHOIIEHUs HEOMPeAeSeHHO-
cTei), TO Mbl IPUXOAUM K KJACCHYECKOMY PaCIpefeIeHHI0

1 —c@p)rdpds. @)

dw —
v z 2mh

3aMeTnM, 4TO KOHKPeTHbH BuA (DYHKUHHU w(€) B STOM BLIBOAE HE UIpaJ
POJIH.
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Puc. 4. Hanmoctpauus npouecca yCpeiHeHHsl, NPUBOAALIEr0 K pacrpefeseHHIo
Bosnbumana. Cienbl WApUKOB, ABHTAKILMXCS M0 HAKAOHHOMY OWUJBADIHOMY CTOJY,
NIOCTAaBJIEHDl Yepe3 paBHbIE NPOMEXYTKH BpeMeHH. CjieBa — 338 KOPOTKHMH MHTEpBAJ
BpeMeHH. M/ y4acTKa TPaeKTOPHH HauboJee BEPOSITHO HaGJIOfeHHe IapHKa BOIU-
3H BeplIKHBl napabosbl. CnpaBa — Mocje MHOTMX CTOJKHOBEHHH IIAPUKOB ADPYT C
APYroM: BO3HHKaeT GOJBIMAHOBCKOE PACIIpe/e/IeHHE IO BBICOTE.

B panHom ciyuae ycpeaHeHHe MOXKHO TPEACTaBIATH cefe KaK pesyib-
TaT MOCJEN0BATENbHOTO BbIMOJHEHHS] KBAHTOBOTO H CTATHCTHUECKOTO YCpe-
HeHuil. Bosee Toro, B mpolecce ABUKEHHsS HECKOJbKUX OYeHb CJab0 B3au-
MOJEHCTBYIOIIHX YACTHIL MOXHO Hab/I0OaTh Takue ycpenHeHnus. MimocTtpa-
LMed 3TOr0 MOXKET CJIYXKHUTb PUcC. 4, HA KOTOPOM IPeLCTABJEHbl TPAEKTOPHH
IIAPUKOB, JABUXKYIIMXCS 110 HAKJOHHOMY OHJbAPAHOMY cTOJy (pasymeercs,
5TO KOMITbIOTEpHAst Mofiesib). TOUKH, H3006paXKaloue MOJMOXKEHUS eHTPOB
IIaDHKOB, BbIBEIIEHBl HA 9KPAH UepPe3 PaBHbIE MPOMEKYTKHU BPEMEHH, TaK 4TO
KOHIEHTPALMUS UX OKA3bIBAETCS IPOIMOPLIMOHAbHA BEPOSITHOCTH OOHAPY KU Th
waprK BOJM3H AAHHOH ToukH, T.e. [1h(r)|?.

K Bompocy o (hbYHKUMH pachpefesieHust 4aCTHLl MPH HAJUYMH [0CTa-
TOYHO MJIABHO M3MEHSIIOIIErocs: BHEIIHero mojst U(r) MOMXKHO MOAOUTH H
no-npyromy. PasofbeM MBICJEHHO MPOCTPAHCTBO HA YYACTKH, B [penesax
KaXX[IOTO0 M3 KOTOPbIX MOXHO CUMTATh MMOJ€ MPUOJHZHTENBHO TOCTOSTHHBIM.
Kaxzabiii ¥3 TaKHX y4aCTKOB MOXXHO PacCMaTPUBATb KaK TeJIO, HAXOMSIIIe-
ecss B KOHTaKTe ¢ coceqHuUMH. Torma MOXKHO OyleT CMOTpeTh Ha 3HAUYECHHS
U(r) Ha KaX[IOM M3 Y4aCTKOB KaK Ha Hayasio OTCYeTa dHepruu (Ha IToMm
yuacTke). DTOr0 IOCTATOYHO, uTOOBl 3amucaTb pacnpepesnedust (1),(2). Ta-
KO TOAXOA K BBIBOAY pacrpeseserus DojibliMana oTBeddeT YCJIOBUSM, KO-
roa AjadHa cBoGonHOro mpodera MoJeKyJa Majia B CPAaBHEHHH C MacIiiTadoMm
HEOLHOPOLHOCTEH.
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Ecnu »xe mosie He IMJIaBHOE, TO paclpeneseHue GyIeT COBCEM MHBIM.
Hanpuwmep, ans 3/eKTPOHOB B MEPEMEHHOM MEPUOAMUYECKOM [OJ€ BHYTPH
KpUCTaJ/Ja BO3JEHCTBHE MOJs MPUBEAET, KAK Mbl 3HaeM, K MOABJCHHIO 3a-
IPEIIeHHbIX 30H U T.II.

OTMeTHM, HaKOHEIl, UTO JJIs PaclpelesieHHsl MO COCTOSHHUAM MOJEKYJ
BIOJIHE MPUMEHUMO TpeJcTaBeHre 00 «aHcaMb/ies TeJ, 0 KOTOPOM IIIJId peub
B IPEBIAYINEM pas3iesie, MOCKOJIbKY 3TH «Teja» (MOJNEKYJIbl) SIBASTIOTCS MH-
KpOCKomnYecKuMu. HecOMHEHHO, BEJIMUUHbL, OTHOCAIIUECS K OTACABHBIM MO-
Jekyaam (Hampumep, CpeaHsis SHEepPTus, CPeAHss BeJHUYMHA OTHOCHTE/bHOH
CKOPOCTH MOJIEKYJ Y T.II.), MOTYT ObiTh HaHIEHBI KaK MyTeM YCPEIHEHHUS 10
aHcamO6J110, TaK W yCPEAHEHHEM M0 BPeMeHHU (4eM Mbl He 3aHUMaeMcs).

Pacnpenenenre Makcgessa MoXKeT ObIThb MOJYUEHO TaKXKe Kak Caei-
CTBHUE KapTHHbI CTOJKHOBEHH# yacTul (CM. 3agady 2 K pasmenay 16).

3amauu.

1. Ckosbxo Boaw ucmaputes npu 20°C 3a 1 ¢ ¢ 1 cM? ee noBepxHOCTH,

061yBaeMoil cyxuM Bo3ayxoM? JlapjeHue HachlleHHbIX mapos npu 20°C
paBHO 18 MM pT. CT.

Kaxko# motok Temsa no/keH Obl ObLI MOABOAUTHCS K MOBEPXHOCTH, UTO-
6bl 06eCNEeUNTh TAKYI0 CKOPOCTb UCHAPEHHUSA?

2. IlycTb BeposiTHOCTb CTOJIKHOBEHHH MOJIEKYJ MAaKCBeJJIOBCKOrO rasa
OIpeJe/IsAeTCsl CeHeHUeM CTOJIKHOBEHHS, 3aBUCSLUHUM OT HX OTHOCHTE/b-
HOi ckopoctu: o = ao(l + vE/v2,,). Halith yacToTy CTOJKHOBEHHH M
CpelHIOK IJIHHY CBOOOLHOrO mpobera MoJeKydl.

3. OueHuTb KoJguuecTBO N MOJIEKYJ B ayJHTOPHH C KMHETHYECKOH 3Hep-
ruel He MeHee gg 1Jd £9=1, 2, 3,4 5B (cornacHo pacnpenenenuio Maxc-
BeJiia). Jas cayuasi, Korga okaxercs N < 1, OLEHHTb BpeMs, CITyCTs
KOTOpO€ MOSIBUTCS XOTs Obl OJHA MOJIEKYJa C TaKOU IHEpTHeH.

2.2. TepmoanHaMuyeckue (PyHKIMY HAeAJbHOIO Ta3a

Halinem cratuctrueckyio cymMMy OfHOATOMHOTO rasa, [AJsl MOJeKyJ KO-
TOPOTO 3HEPrHsl — TOJNBKO KHHeTHUecKas sHeprud. [Ipy ee BoUUCIEHHH MOX-
HO PUMEHHTb TaKHe XKe CO00parkeHUs], KaK MPU BEIUUCJEHNUH AJIs1 1By XypPOB-
HeBbix yacTul. OT TOro, 4TO B HaLIeM CJydae YPOBHEH He 1Ba, a 6ECKOHEUHO
MHOTO, JeJ0 He MEeHSeTCsl, MOCKOJbKY CTaTUCTHYecKas CyMMa Z rasa, co-
crosiliero U3 N 4yacTull, MOXKeT OBITb BbIPayKeHa Uepe3 CTATCYMMY z OJHOH
YaCTHLBL
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HeobxonnMo TOJBKO MPUHSTH BO BHHUMAaHHUE elle OJHO COOOpaxKeHUe.
B kBaHTOBOH MeXaHHWKe eCTh MPHHIMN TOXIECTBEHHOCTH uactull. CocTo-
STHHUS, KOTOPBIE OTJAUUAIOTCS OfHO OT JPYrOrO TOJBKO TeM, UYTO JBe TaKHe
YACTHLbl OOMEHSIJIMCh CBOUMUM KOOPIMHATAMM, HA CAMOM fieJie — IPOCTO Ofl-
Ho coctosine!. Ecan mbl samumem Z = 2V, To TOXAeCTBEHHOCTh YACTHUIL
rasa He GyneT yuteHa. ToT (pakT, YTO YHCJO YACTUIL MAJO MO CPABHEHHUIO C
UHCJIOM 3aHSITBIX UMM siueek (Pa30BOTO MPOCTPAHCTBA, 03HAYAET, YTO BCe 4a-
CTHUIbl OKA3LIBAIOTCS B PA3HBIX COCTOSIHUSX, JI0Oasi MepecTaHOBKA YACTHIL —
6ynb OHM pa3JUUMMBI — MPHUBOAMNA Obl K HOBOMY cocTosiHhio. [losTomy
YUeT TOXKIECTBEHHOCTH CBOAMTCS B JaHHOM cjydae K Tomy, uto 2V caemyer
pasfleluTh Ha YUCJO BO3MOXKHBIX MepecTanoBok: Z = z¥ /NI Jlaa N! npu
N > 1 BocnoJabayemcs opmysaoit CTHpJUHTA:

N~ (g)N\/ﬁ

CsoGonHasi sHeprus?

N 3/2
z NTln eV (mT)

F=-TIn N! = — W

OTcrofa Haxo#sATCSl ypaBHEHHE COCTOSIHUSI H SHTPOIIHUSI:

OF NT

P:——:—

v v
OF Vo3 3 m 5
= Nl 3 NmT e SN (L) L 2N
S==37 ny TNl g n(zwh2)+2

OTMeTrM, YTO SHTPOIHUS OINPeeseHa MOJHOCTbIO, a HE C TOYHOCTBIO [0 MPO-
13BOJIbHOH nocTosiHHOU. [lepexon 77 — 0 B 3TuX (hopmyJsax He MpeayCcMOT-
peH, ras nepectas 66l ObITh GOMBIMAHOBCKUM (a ellle paHblile — HaeaJbHbIM).
Tennoemkocts Cy = 3N.
Eciy 6bl Mbl He y4JIH TOXKIECTBEHHOCTb 4acTHL, TO 3aBUCHMOCTbL OT
o0beMa U uucaa 4yacTHll Oblyia Obl TapajiokcanbHOH — cBoBOAHAS SHEPTUS He
6bl7a Obl ATAUTUBHOH MPU 0ObEeIMHEHHH HECKOJbKHX 0OBEMOB ra3a B OIHUH.

'Boanosere (yHKIMY TOKACCTBOHHHX wacTun, W(ry,re,...) u W(rs,r1,...) oTBEHaloT
OIIHOMY H TOMY e COCTOSIHHIO. TOMKIECTBEHHBIMH SIBJSIOTCS BCE JEKTPOHBI, BCe NIPOTOHHL, BCe
ATOMBI OJHOTO BELIECTBA, HAXONSLHECS B OJHOM M TOM Ke KBAHTOBOM COCTOSHHM (CKaMEM, B
OCHOBHOM). B mepecTaHOBKaX IOMXKHBI y4ACTBOBATh BCE KOOPAHHATH, BKJIOUAs CIHHOBHE.

2Cnaraemoe ~ In N 04eHb Majo 0 CPABHEHHIO CO CaraeMbIMH ~ N H BCETla MOXKeT GLITh
0TOPOLLEHO.
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AroT mapangokc oTMeTia eme [H66¢. 3ameuaTesbHO, UTO OH yragaj (3amoJro
JIO OTKPHITHS KBAHTOBOM MEXAHUKH), YTO B BBIPAXKEHHE Z HYXKHO T004BJATH
MHOXHTeb 1/N1.

3agaua.

Kakoil Bkaj B CTATHCTHYECKYI0 CyMMy aTOMapHOTO BOJOPOAA AAlOT
M3BECTHbIE YPOBHM SHepruu aroma sogopoma (e, = —(1/2n2)(e?/ap),
gn = n?)? Kak 3aBucHT pasmep aToma BOJOPOAA OT €ro IJIABHOTO KBaH-
TOBOTO 4Mc/a?

2.3. TenjoeMKOCTb JBYyXaTOMHOTO Ta3a

YDPOBHH 3HEPTHH MOJIEKYJIbl MOXKHO OLIEHHTh, YUUTBIBAS, UTO Macca 3Jek-
TPOHA MaJa [0 CPaBHEHWIO C Maccoll uoHa, m/M ~ 10~%. Jlns snexTpoHoB
B MOJIeKyJle IPUMEHUMO aduabamuueckoe npubiumncerue. PaccMaTpuBas ux
JIBUKEHHe, MOKHO CUMTATb MOHBI HEMOJABHKHBIMU. B UTOre ypOBHU 3HEprun
3JIEKTPOHOB OyIyT 3aBUCETb OT PACCTOSIHUH MeXJy HOHAMH.

u(r)

Puc. 5. Jueprust B3anMOLEHACTBHUS aTOMOB B MOJIEKYJe B 3aBUCHMOCTH OT PACCTOSIHHUS
MeXKAy HUMH.



36 YaCTh 1

B3anmozpeficTBHe HMOHOB B MOJIEKYJ/e CKJAABIBAETCS] H3 HX 3JEKTPOCTA-
THUECKOTO B3AaHMOJIEHCTBHSI U HEPTHH 3JEKTPOHOB. DTa CyMMa [Js Maphl
HOHOB UMeeT BHJI TOTEHIIUAJbHOH MBI, IPUYEM e€ IVIyOUHa W UIMPHHA OTpe-
JESIIOTCST YPOBHSIMH 3HEPTHH 3JIeKTPOHOB (puc 5). JlJst o1eHoK ymoOHO uc-
Mo/b30BaTh aTOMHbIE eMHHIbI: AAuMHa — ap ~ 1078 cm; sHeprua — g9 =
= ¢?/ap ~ 30 3B. (HaumenoBauus eMHHUI[ THNA «aTOMHAS €AUHULA AJIHHB>
¥ T.1. Mbl gajee omyckaem). ['pyGasi OueHKA CBOOMTCS K TOMY, YTO PABHO-
BECHOE PACCTOSTHHE MEXJY aToMaMu ro ~ 1 ¥ rayOuHa saMbl ug ~ 1.

Komnatnas temnepatypa 7'~ 1/40 3B ~ 1072 < ug.

[pencrasum u(r) BO6aU3U MUHHHMYMA (r = rg + &, T K Tg) B BUIe

u” (7o) 22

u(r) = ulro) + “=

BBenem KO3((pHULHUEHT KECTKOCTH CBs3H B MoJsiekyne k = u’(rg) ~ 1 u
OLEHUM uacToTy Kojebanuil (M — npuBefieHHas Macca):

o1 I
w=4]—= ~—— ~ 1072
M M

Mowent unepipn Mosekyab [ = Mrg ~ 101,
DHeprus MOMEKyMbl CK/IaiblBACTCS M3 3JeKTPOHHOH (g9 = u(ro))!, Ko-

NeGaTesIbHOM, BpALIATe/IbHOH® U IOCTYIaTebHOM:
1 R+ 1 2
)+ H L 2

= h - .
€=¢o+ w(n—l—2 i oM

JL1st €9 PasHOCTb MEXY YPOBHAMH ~ 1; 15 Kosebauuii ~ M1/, nis

BparieHua ~ M1, mocTymaTesbHoe ABHXKEHHE HMeeT MPAKTHUECKH Hempe-
DBIBHBIH CITEKTP.

BepositHOCTb peanu3auuu COCTOSTHUSI MOJIEKYJIBL W X €
€5l Ha NMPOHU3BeJIeHHE BePOSTHOCTEH.

—&/T paz6upaer-

13neprus mucconMauyy pasHa sg — fiw/2.

2MEI CYHTaeM, YTO CyMMAapHLIe 3HAYEHHS CIHHOBOTO M OPOHTANLHOTO MOMEHTOB 3JEKTPO-
HOB B MOJIEKyJe PaBHB HYJ0. JlJ19 MHOTHX MOJeKys 3TO crpaBefnnBo. Ecam ke 3T0 yc/aoBue
He BBINOJIHEHO, TO MOXKHO MPEeACTaBJSTh cefe BpallleHHe MOJIEKY/bl KaK BpalleHHe TaHTesH C
BCTPOEHHBIM B Hee MPOCKONoM. B aTom caydae BpallaresbHeie YPOBHHM, BOOGLLE OBOPS, HHBIE,
HO 3aBHCHMOCTH OT BpalllaTeJbHBIX KBAHTOBBIX YHCEJ CBOAHUTCS K INPUBENEHHOH B TEKCTE MJS
BBICOKO BO30Y>KAEHHBIX ypOBHeH. BrICOKOTEMNEpATYPHBI Npejes TEMNOeMKOCTH TOT Xe.

Kpome Toro, Ajsi MOJIEKYJ, COCTOSIIMX M3 OJIMHAKOBHIX aToMoB (Hampumep, Ha, O2), mpo-

ABJATCS 0COOEHHOCTH, CBA3aHHBIE ¢ TOXKAECTBEHHOCTBIO f/lep. DTOT BONPOC MBI 3aTparMBaem
TOJIBKO B 3ajaue 4.
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[locTynare/nbHOe NBMXKEHHEe He OTJIHYaeTcs OT TOTO, YTO eCThb JJIsS Of-
HOATOMHOTO rasa. BxJajibl B 9HEPTUIO M TEIIOEMKOCTh F = %NT; cy =
=Cy/N =3/2.

BkJiaz BpallaTe/bHOTO ABMKEHUs [IPY KOMHATHOU TeMIlepaType Cylie-
creeHed. KBaut BpamateapHoi suepruu h?/21 ~ k% /2My,r, tie My, —
npuBenennas macca. Jlasa sonopona b2 /21 = 85,4°K, anis ipyrux MoJeKys1 —

3aMeTHO MeHblle. Haxonum sHepruo B pacueTe Ha OAHY MOJIEKYJHY:
>

dln 2y
Zrot = Z(Ql + ]')eihzl(Hl)/QlTv Erot = 7%.
=0

CyMMupoBaHHe MOXKHO (POPMaJbHO PACIPOCTPAHUTh M0 OECKOHEUHOCTH,
6oJibIIHe 3HaueHus [ BCe paBHO BKJajaa JaBaTh He OyAyT.

1.21
Crnt/N

1t

0.8f

0.6

0.4}

0.2

0 1 2 3 4 T)T,, 5

Puc. 6. BpaH.[aTeJIbHaH TEIJIOEMKOCTb B 3aBUCHMOCTH OT TeMIIe€PaTyPHI. YUHUTEIBAET-
cs1 2,3,...,7 BpamatesbHbBIX ypoBHel. TemmepaTypa usMepeHa B eguHUUAX Trot =
=h?/2I.

Jlerko u306pasuTh crot(T) € yUETOM HECKONBKHX YpOBHeH (puc. 6).
Ilpu T < h?/2I cyliecTBeHHbl TOJNbKO 1BAa HHXKHMX YPOBHSI, C IOBbILIEHH-
€M TeMIIEPATYPbl «BKJIIOYAKOTCS» U CJeayoliue. YKe TPU YPOBHS ¢ XOpOIleH
TOUHOCTBIO BOCTIPOM3BOAAT 3aBUCUMOCTh BMIOTh 10 1 ~ fi2/2I; npu sTOM
HabsogaeTcs MaKCUMyM. MexXaHu3M ero BO3HUKHOBEHUS MOJ10OeH MeXaHu3-
My BO3HMKHOBEHMSI MAKCUMyMa [Jisl TEIJIOEMKOCTH JByXYPOBHEBOU CUCTEMBbI
(cM. pasznmen 1.3).
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Ipu T > h?/2] MOXKHO CyMMHpPOBaHKe 3aMEHHTb HHTErPHPOBAHHEM:
oo

2IT
Zrot = /dl(2l 4 1)67521(l+1)/21T _ S
0
0ln 2,
Erot = T2aTt =T, ¢pot = L.

Bknan konebaHnii B TEMJI0OEMKOCTh CYIIECTBEHEH HAUUHAS C TEMIIEPATYP
T ~ fw ~ 1000K. Ilpu BBIUKCAEHHH CTAaTHCTHUECKOH CYMMBI CyMMHDYeEM
TeOMeTPHYECKYIO IIPOrPeCCHIO:

C  hw(n1/2)/T e /2T
zvibzze :1_e—hw/T’
n=1
Olnz  hw huw hw | hw

S LR o B L BN Nt
oT ~ 2 T eir—_1- 3 Map

hw\> | o hw
cmb—<ﬁ> sh 3T

KonebatenbHasi TEMI0eMKOCTh BO3pacTae€T MOHOTOHHO OT Hyns mpu T' < hw
IO Cyip = 1 npu T > hw, npuuem B 0CHOBHOM — B obyiactu T ~ hw.

D/eKTPOHHBIe BO3OYXKIEHUS] HMEIOT BeJHYMHY, CPABHUMYIO C HEpru-
el MUCCOLMAaLUM MOJIEKYJbl; «Pa30pPBAHHOE» COCTOSHHE MOJEKYNbl HMEET
HECKOJIbKO OOJIBLIYIO HEPTHIO, YeM BO3OYKAEHHOE, U ropasao GoJbILUi cTa-
TucTHueckuil Bec'. [TosTomy B o6nacTd TemmepaTyp, Tie MOIVIH Obl HATh
BKJaJl B TEIMJOEMKOCTb 3JIEKTPOHHLIC BOS6y}KILeHI/I9{, ras OKa3blBACTCA YXKe
OUCCOUMKPOBABLIMM.

Hrak, cymMapHasi TEIJIOEMKOCTb ABYXaTOMHOTO T'a3a PacTeT «CTYNeHb-
kaMu» oT ¢y = 5 npu T < h?/I no cy = 5 npu T < hw u, HakoHel, 10
cy = % — [0 TeMIlepatyp, NPy KOTOPbIX MPOUCXOAUT AUCCOLHALIUS.

TemnnoeMKOCTbL MHOTMOATOMHBIX Ta30B TaKKe CKJIaABIBaeTCA H3 BKJAA0B
MOCTYyNaTeJIbHOTO ABHXKEHHWA, BpAlIeHUA H KoJIe0aHui. le/l BBICOKHX TEeM-
neparypax MPOSIBASIOTCS NO0OaBKH, OGYC/IOBJEHHbIE, HANpPHMeEp, B3AHMHBIM
BJAWSHHUEM KoJeOaHull U BpalleHUsT MOJIEKYI.

HpI/I Bb[UUCJCHHH CTATCYMMBI MOJICKY/JIbI, COJ_'Lep)KaHleI;'I OIMHAKOBbBIC ATO-
Mbl, HY2KHO TaK2Ke NMPUHHUMAaTb BO BHUMAaHHE HX TOXKIECTBEHHOCTD. B yacrt-
HOCTH, [IPH BBICOKHX TeMIlepaTypax AeJj0 CBOAWUTCS K TOMY, YTO HYXKHO pas-
JACJHUTb CTaTCYMMY Ha YHCJO BO3MOXKHBIX IMEPECTAHOBOK, CBOAAUINXCA K ITO-
BOPOTaM (Ha3bIBAEMOE 4UCAOM CUMMEmpPuu);, Ijst IByXaTOMHOH MOJIEKYJIbI,

2
Epip =T

'BeroMENMM 0 IBYXYPOBHEBOE CHCTEME € CHJBHO BLIPOKIGHHLIM BEDXHHM YDOBHEM, CM.
3ajauy K pasgeay 1.5.
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COCTOSIINEN H3 ONMHAKOBBIX aTOMOB, 3TO YHCJIO PABHO 2. Ha rennoemkocThb
9TO He MNOBJIUAET, HO OKaxKeTCd CYUIEeCTBEHHO AJ5 OnpeaeJeHUud YCJ'IOBI/Iﬁ
XHUMHWYECKOro paBHOBECHSA.

3amauu.

1. M306pa3uth cxematudeckn «crymeHbku» B 3asucumoctu C(T) mis
BOASHOTO Iapa, YIJEKHCJIoro rasa (MoJsiekysa JHHeHHas)), 3T/eHa
(CoHg — nBe mupamunsl CHs, coemuHeHHBle BepIIHHAMH — aToMa-
MH YIJIEPO#A; NMPU MaJblX JHEPTHsIX OJHO M3 HOPMaJjbHBIX KoJeGaHHH
¥MeeT BHI KPYyTHJbHBIX Koje6aHuH BOKpyr ocu C — C, mpu mnoBbllie-
HHMH SHEPrHH KPYTHJ/bHBIE KOJe0aHHs CMEHSIIOTCS BpalleHHeM BOKPYT
TOU 2Ke OCH).

2. HaiiTu mompaBku K TEIJIOEMKOCTM NBYXaTOMHOIO rasza, O8YCJOBJEH-
Hble aHFapMOHWYECKHMU IOMNMpPaBKaMU K 3HEPTHUH BSaI/IMOI[eIL/'ICTBHH aTo-
MOB B Mosekysie: 0U = —az® + fBzt, e a = —u(r9)/6, B =
=ulV(rg)/24, z =1 —ro.

3. Ha#itu nameHeHve MOMeHTa HWHEPUKUU MOJIEKYJIbl, BbISBBAHHOE €€ «TellJ0-
BbIM pacClIdpeHUueM».

4. Bopopoz, UMeBLIMH KOMHATHYK TeMIepaTypy, ObICTPO OXJaLHJAM [0
temneparypsl Ty < Tror = h/2I, TaK 4TO COOTHOLIEHKE YUCEN MOJIEKYJI
OpPTO- U MapaBOJOPOAa OCTAJOCh paBHO 3:1. 3aTeM MPOHCXOAMUT Mepe-
XOJl K COOTHOLIEHHIO, PABHOBECHOMY IpU HU3KOH TeMmepaTtype. KakoBa
OymeT B UTOTe TeMIlepaTypa BOAOPOAA, €CJH MPUHSITh, YTO OH TEIJIO-
H30JHPOBAaH H 00bEM €ro HewaMeHeH? (YpaBHeHUE MPUAETCS pellaTh
YUCJIEHHO.)

2.4. OtcyTcTBHE MarHeTu3Ma KJacCHYE€CKOro rasa.
Jduamarnerusm Jlanpay

PaCCMOTpI/IM ras 3apsg»KeHHbIX YaCTHII, HaXO)lFIHlI/II;'ICFI B COCTOSIHHUH paB-
HOBeCHUA B HEKOTOPOM obbeMe. CraTHcTHUECKAS CyMMa HaCTUIbI

z= /e_H(p’r)/Td3pd3r.

FamunbTOHUAH HaCTUI bl B MATHUTHOM IIOJIC

H:ﬁ(png)erU(r).
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Cre/slaeM 3aMeHy MepPEMEHHBIX:
e
P=p—-A.
¢
[Tpu sTOM cTaTHCTHYeCKasi CyMMa IPUHUMAET BHJ

s = /e—Pz/ZmT—U(r)/TdSPdST

W He 3aBUCHUT OT MarHUTHOTrO noJsis. BMecTe ¢ Hell He 3aBUCAT OT HAJIUYHS T10-
JIl 1 TepMoJiMHaMHUecKue pyHKIMU. Kiaccuueckui ras 3apsaKeHHbBIX YaCTHLL
He SIBJISIETCS] MArHETHKOM. D10 Teopema bopa — BaH-JleBeH.

Ecnn xe yuecTb OTVIMUKE OT KJIACCUUECKOTO MPUOMHKEHHS — AUCKpeT-
HOCTb YPOBHEH 3HEPruu AJsi JBHXXEHUS [ONepeK MarHUTHOrO MoJs, — TO
MarHUTHble CBOHCTBA MOSIBJSIIOTCS.

HanmoMHuM, YTO YPOBHM 9HEPrHH 3apsKeHHOH 4acTHIBl B OXHOPOIAHOM
MarHHTHOM [oJie 7, HalpaBJAeHHOM BJIOJb OCH Z, PABHEL

1 et
Envpz=2pz +hw< 2)7rﬂe w=%7 7’L=0,l,2,...,

M MMEIT KPAaTHOCTb BbIDOXKIEHHs, He 3aBucsimyto oT n.' Ilostomy Braan
B CTaTUCTUYECKYIO CYMMY JABHXXEHHS B HaNpaBJeHHH, NEPHeHAUKYAIPHOM
MarHHTHOMY I10J110, paBeH

> hw 1 g eh
ZLgE;eXp[ T (”*2)}2gmujf/T)’ e R e
n=0

[pu T > ps# noayuaem, z; = gT'/2us, 4To DOJKHO COBIALATH
C KJACCHYECKUM 3HaueHWEeM, M, B YaCTHOCTH, HE JO/XKHO 3aBHCETh OT J&.
[lostomy g = g€, rie § ot € He 3aBUCHUT.

3aBucsiui o1 H BKJan B CBOOOAHYIO HEprui rasa u3 N 4acTull
paBeH

Fo = -NT -2,
shéz
4 MarHUTHBLIH MOMEHT
aF‘%ﬂ 1 nit
M= =NT [ — - Ectn2
G =T (5 - ).

'KpaTHoCTb BHPOX/IEHUS ONpeNeJAeTcs UHCAOM BO3MOKHEIX CMOCOBOB TIOMECTHTb HEHTP
OpOHTHI B MOMEPEHYHON MJIOCKOCTH, BEJIWUHHA XKe 1 ONpefesieT pajuyc OpOHTHI.
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Ipu T > ps# nonydaem M = —Np?s# /3T. Kak H cefioBaio 0XHAaTh,
B npesese T — 00 MarHUTHBIE MOMeHT obpamiaercss B HyJdb. OnHAKO Hal-
JieHHas 3/echb BeJMuMHa A comocTaBHMa ¢ HaUAeHHBIM paHee 3(M(HeKTOM
HOJISIPU3aLLIUH CIIMHOB.

D10 AMaMarHeTusM, obHapyxeHHbH Jlanpay. DTOT AMaMarHeTH3M Ha %
KOoMIeHcHpyeT napaMaruetuaMm Ilaynu 175 ¢cBo60AHO ABHUKYIIMXCS 3JEKTPO-
HoB. Tax »xe 06CTOUT AeJI0 U AJISl Cyyast, KOTJa 3JeKTPOHHBIN ra3 NoAYHHS-
eTcs He pacnpefesneHuio boJablimMana, a pacnpenenennio Pepmu.

3anaua.

BosbumaHoBCKHH ras 3apsiKeHHbIX 4acTHUL Haxomutcss B noje U =
= %meTZ ¥ TIOCTOSIHHOM OIHOPOJIHOM MAarHMTHOM IoJie, HalpaBjJeHHOM
no ocu z. [IpeHebperasi B3anMoneHCTBHEM 3apsIIOB MexAy coOoH, HalTH
MarHUTHbIH MOMEHT rasa. BelpasuTh MarHUTHYIO BOCIIPUMMYKMBOCTD IIPH

T < hwwnpu T > hw.

3. BoJubmoe KaHOHUYeCKoe pacrnpenenenne I'm6o6ca

3.1. HekoTtopble ycioBus paBHOBeCHUSI

[TycTb Tesi0 B TepmMocTaTe HMeeT TeMIlepaTypy TepPMOCTATa, HO HAXOIMT-
¢Sl IOHavaJy caMo Mo cefe B HepaBHOBECHOM COCTOSIHHH (XapaKTepu3yeMoM
KaKUM-TO T1apaMeTpPOM X), a 3aTeM MEePEXOAHT K PABHOBECHOMY COCTOSIHHIO.
[Ipu TakoM mepexome nO/KHA BO3pacTaThb MOJHAS IHTPOIMUS 3aMKHYTOH CH-
CTEMBl — TeJa ¥ TepMocCTaTa:

Snom = SO + S; ASnonH Z 0.

D10 ycaoBUe HEYAOOHO 1151 pacyeToB, TaK Kak JIJI €r0 UCMO/Ab30BAHHS HAL0
Obl710 Obl 3HATH SHTPOMHUIO TepMocTaTa. Vcmonb3ys TOT akT, 4TO B TedeHue
BCETO MPOIECca YCTaHOBJEHHS! PAaBHOBECHS TEPMOCTAT NpebbiBaeT B paBHO-
BECHOM COCTOSIHUH, MOXKHO MPeoOpa3oBaTh 3TO YCJAOBHE K TAKOMY BHAY, UTO
B Hero OyeT BXOAHUTb TOJbKO TEMIIEPATypa TEPMOCTATA.

[IpoucxomuT o6MeH TEMIOTOR MEXIY TEJOM H TEPMOCTATOM:

AE =35Q = —AEy,

MpPHUYEM COCTOSTHUE TEPMOCTATa OCTAETCS PABHOBECHBIM, TAK UTO M3MeHeHHe
€r0 YHTPOIUH PABHO
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OTCHOAa
AE TyAS — AE A(E - TyS)
A NoAH = A —— e =
St 5 T Ty To
Tb

Urax, AF(Ty,V,z) < 0 npu Ty = const, V = const: ec/d TeJ0 HAXOAHTCS
B TepPMOCTAaTe M Hal HHUM He coBepiiaercss padota, TO NPOYMe MAKPOCKO-
IMYyecKue MapameTpsl, ONpelessolIe COCTOSHHE Tesa, NMPUXOLAT K TaKHUM
3HAUEHUSM, MPH KOTOPHIX CBOGOAHAS SHEPrHsi MUHUMAJbHA.

PaccMoTpuM ellle ofHy 3agady: TepMOCTAT SIBJSETCS ONHOBPEMEHHO H
6apoCcTaToOM, TeJIO MOMKET H3MEeHATb 00beM — HAHTH YCJOBHUS PABHOBECHS.
MozkHo 6bl710 OBl PELIUTb €€ MOUTH TakK e, Kak neppylo. IlpogemoHcTpupy-
eM JIpyro# cnoco®, CXOAHBIH ¢ PACCYXKAEHUSIMU MPH BBIBOAE KAHOHMUYECKOTO
pacrpenesieHus.

BeposiTHOCTD Onpene/ieHHOTO KBAHTOBOTO COCTOSIHUS Teqa, IIPU KOTOPOM
ero o6beM paBeH V, a sHeprus E ompenensercss CTaTHCTHYECKUM BECOM
COCTOSIHWH TepMocTara:

W, = Lo(Ernoms — E, Vions — V) o eS0(Bnons—E, Vioms—V)
Caoan (Eno, Viioan)

Pazsiaraem sHTPONHIO TepMoCTaTa

E BV
SO = SO(EHO.HH7 V:wma) - TO - ;—0 +
(Mcmosib3oBaii  paBeHCTBO (g%g)E = %’, KOoTOpoe caenyetr us dE =

=TdS — PdV.) Torna

W(E’ V) o 6S+So e esf(E+POV)/T0 _ ef(EJrPoV*TUS)/TO‘

Ortciona cjaenyeT, UTO B COCTOSIHHH paBHOBecusi BennuuHa E + PyV — TpS
uMeeT MUHUMYM. Becmomuum notenuuasn ['m66ea:

®(T,P,z) = E+ PV —TS.

YcnoBue paBHOBeCHS

0
—P(Ty, P, = 0.
8.T ( 0 07$> 0
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PaccmoTpum Teneps 3agady 0 paBHOBECHH ABYX TeJ, KOTOpble MOTYT 00-
MEHHBATbCSl APYT ¢ APYrOM YacTHIAMH (MoJeRynamu). [IpH KakoM yCnoBHH
6yneT cobJiofaThCsl AMHAMUUeCKOe PaBHOBECHE — PABEHCTBO MPHUXO/Aa U YXO-
Ia 4aCTULL OT OAHOTO TeJa K Apyromy? Bymem cuurtaTb AJsi ONpeiesIeHHOCTH,
yTo 00a Teja HAxXOASTCA B TepMocTaTe U 00beMbl UX (uKcHpoBaHbl. Ila-
paMeTpOM, 3aJal0LIUM YacTUUHOE PABHOBECHE, B 9TOM CJIydae eCTeCTBEHHO
CUMTATb YUCJO YacTHll /N1 B OfHOM TeJjle, U3MEHeHHS YHCces 4acTHll B 000uX
TeJax CBS3aHBl JpYr ¢ JapyroM: dNo = —dNj. B Takux ycnoBHsX NOJKHA
ObITh MHHHUMAJbBHOH cyMMapHas cBoOomHast sHeprus F = Fy(T,Vi, Ny) +
+ F(T,Vs,N2) mo oTHOweHuO K BapbupoBaHui Np: dF/dNy = 0. D10
yCJOBHE JaeT

oF
M1 = M2, TAE W= a—N
™V

— XUMHYECKUH MOTEHLHAN TeJa.

XUMHYECKHH MOTEHLHAJ 110 OTHOLIEHHIO K 0OMeHaM YacTHLAMH Hrpaer
pOJIb, AHAJOTMYHYIO POJIM TeMIlepaTypbl MO OTHOLIEHUIO K OOMEHY TellJIoM:
HalnpaBJjeHHe MOTOKA YaCTHIL — OT Tesa ¢ 00JbLIMM XUMHYECKUM MOTEHLH-
aJloM K TeJly C MEHbLIHM.

C yuyeToM 3aBUCHUMOCTH CBOOOJHON 3HEPrUM OT YMCJIA YACTHL, MOJHBIH
Juddepernuuan ee dF = —SdT— PdV +udN. Tlepetins k notennuany ['mo6-
ca, ®(T,P) = F + PV = Ny(T, P),! nonyunm d® = —SdT + VdP + pdN.
[Ipn nuddeperunposanun no N nomyunm p = @(T, P), T. €. XUMHUeCKUH
NOTEeHIHa A — 3TO MoTeHUHa] [M66ca B pacueTe Ha OfHY YACTHILY, IpHUEM OH
He 3aBUCHT OT KOJMYeCTBA BEILECTBA (SIBJSIETCS, KAK FOBOPSIT, MHTEHCHBHOM
mepeMeHHol). B 9TOM OTHOIUIEHHH OH TOXE CXOX C TEMIIepaTypoil.

3.2. BoJablioe KAHOHUYECKOE pacIpeaeeHue

[Tyctb Teso, Haxonsileecs B TEPMOCTATe, MOXKeT OOMEHUBATHCA C HUM
HE TOJBKO TEMJIOM, HO U YaCTHIAMH. 3a/laua COCTOUT B TOM, UTOOK HaHTH Be-
POSITHOCTb TOTO, UTO TeJIO COLEPXKUT 33JaHHOe Yuca0 yacTul, N W HaXoauT-
Csl TIPH 9TOM B OIIPee/IEHHOM COCTOSIHUU k (9Heprusi KoToporo pasHa En g).
O6beM ke Tesa npeanonaraeTcss GUKCUPoBaHHBIM. CxeMa pellleHUs 3aa4u
Takasl »Ke, KaK INpH BbIBOZE KAHOHMYECKOrO pacrpeneseHusi. BeposiTHoCTb
OTIpeesisieTCs] CTaTUCTUYECKUM BECOM TepMOCTaTa:

WN k= AeSO(EHOJIH*EN,k,,NHOJIH*N).

13Ller NOAPASYMEBAETCs, UTO BCE HACTHLBI TeJa OAWHAKOBBI, HANPUMED, BCEC HACTHLBI —
MOJIEKYJIBI BOJBI.
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PasjioxkeHye BeJUUHHBL, CTOSIIEH B TOKA3ATEJE, [0 OTHOCHTENBHO MaJbiM F
u N naet!

SO - SD(EHOJIH) l'IOJIH) —— N.

Torna pacnpenesnenve BepOSITHOCTH

Zy
T

Il
T

1
. (/JN*EN‘)‘,)/T
WNk = F€ )
Q

rie () — boavwas cmamcymma:

Q _ io: e;AN/TzefEN‘k/T'
N=0

[TosiyueHHOe pacnpenesieHre Ha3blBAETCS OOAbULUM KAHOHUUECKUM pachpe-
denenuenm Tub6ca’.
BeeneM HOBYIO BeJIMUUHY

Q=-TIhQ.

DTo HOBHIH moTeHuHan. Mcenenyem ero:

c)u Z TNy Jem /T = Z“’NkN—_< )
=Y 2

Kak IpHU BbIYUCJICHHH F, rne A= nmapaMeTp B BBHIPAXKCHHHU IJid 3HEPruu,

o0 T UN —ENn  (uN—Ewn.)/T
a—T:—an—f-@ZZT'eu N, =

(A),

0+ u(N) - (B)

= —InQ+ (W) — (B)) = =T

"Wenonbsyem coothowenne dE = TdS — PdV + udN, otkyaa (aN)EV*_“/T
2]ln9 CHCTEME C [E€DeMeHHBIM UHMCJOM UYACTHI CTATHCTHUECKHMH omepatop p =

pN — N —H
=exp(

HHUA KOTOPOTO paBHBI YHUC/AaM YaCTHIL.

H
)/Q, rae Q = Sp(exp(T)), a N — oneparop, CoGCTBEHHBIE 3HaUe-
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C npyrodl CTOPOHBI, 110 ONPeeJEeHHIO IHTPOIUH:

N —Eng. Q-+ p(N)Y —(E)
— = 1 = —1 2 =
S E wlnw E w(—InQ + T ) T )
o0
4TO COBMAfAeT ¢ Zor.

B urore
dQ} = —8dT + AdX — Ndp.

Cormocrapssig ¢ PaBeHCTBOM
dF = —SdT + AdX + pdN,

3akiouaem, 4yto 2 = F — uN. Jlanpay xoTes BBeCTH AJisi moteHuuasna §)
Ha3BaHWe — BepXOBHbIH moTeHuHas. OnHako pegaktTop KHUrH «Crarucruue-
ckas (usuka» He nozsoaua storo!. [Motennuan Tu66ca ® = Ny = F + PV.
Jlna onHoponHo#t cpennl 2 = F — uN = —PV.

PaccmoTpum Tesio B TepmocTare, KOTOpPOe HUMeeT (PUKCHPOBAHHbLIA 00b-
eM 1 MOXeT OOMEHHBATLCS ¢ TEPMOCTATOM YACTHLAMH, HO 3HaYeHUE KAKOro-
TO MapaMeTpa I, XapaKTepUSYIOIET0 ero BHYTPEHHEE COCTOsIHUE, He DABHO
paBHOBECHOMY. BeposiTHOCTb 9TOrO COCTOSIHHUS, TIPH YCJIOBUH, UTO YACTHYHOE
paBHOBECHE TeJsla, KOTOPOMY OTBeUaeT ONpefie/eHHOe 3HaYeHHe apameTpa z,
JOCTHraeTcsl O4eHb OBICTPO MO CPAaBHEHHIO CO BPEMEHEM, 3a KOTOpoe J0-
CTUraeTCsl PABHOBECHE C TEPMOCTATOM IO OTHOLUEHHIO K TEIIOOOMEHY H K
0oOMeHY YacTUIAMHU,

E — ugN QV, Ty, ug,
W(x)(xexp <S—i> _ ( 0, MO 17)

- . 1
=) = e T 1)

B onucaHHBIX yCIOBHSX PAaBHOBECHE IOCTHTAETCSl TMPU YCJIOBHH MUHUMYyMa
Q-noreHuuada.

3.3. duTponuA MAeaTbHOTO Ta3a B HEPABHOBECHOM COCTOSIHUH

MUuKpOCKOTHYECKOE COCTOSIHHE Fa3a MOXKHO 3a/aTh, yKasaB, B KaKHX
KBAHTOBBIX COCTOSIHUSIX MMEIOTCSI YaCTHIbl, 4 B KakuXx — HeT. OGbenuHuM
«Ou3Kue» (Mo SHEPTHH, 110 POCTPAHCTBEHHOH JIOKAIU3ALKHE U T. I1.) KBAHTO-
Bble COCTOSIHHS B TPYIIBI, KAXKAAsi U3 KOTOPBIX COAEPXKUT MHOTO COCTOSTHUN
(G; > 1). Habop uucen gactuy N; B KaXKIOH H3 TaKUX TPYII OMpeaessier

1Coobuenue JI. JI. Jlanaay na Jekuun no crardusuke B MTY (1956 r.).
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MaKpPOCKOTIUYECKOe COCTOSIHHE ra3a, BOoOIlle roBopsi, JajeKoe OT paBHOBE-
cusi. Uuesao cnoco6oB, KOTOPHIMA MOXKHO pacnpefeuth NV; dactul mo Gj
COCTOSIHHSIM, 3TO CTATUCTUYECKHH Bec 4-H rpymnmel cocrosuuii, [';. Crartu-
CTHYeCKHe Beca Pa3HbIX I'PYMI COCTOSHUHU He 3aBHUCAT OPYT OT APYTa, Io-
5TOMY CTATHCTHYECKHH Bec cocTosinus Bcero rasa I' = [[T;, a surpomnus
S=Inl'=> InT;.

Hns 6oabumMaHoBekoro rasa N; < G;. llostomy npu nomcyere AL,
MOXKHO YUUTHIBATH TOJBKO T€ MHUKPOCOCTOSIHHSI, KOTAa B KBAaHTOBOE COCTO-
SHHe Nomnajgaet He Gojiee OMHOH UYACTHIBL. YUHUTBIBAs TaKxKe, YTO YACTHUILBI
cjenyeT CYMTATh HePA3JIUMUUMBbIMHU, TOJIYYaeM

Gy

N;
b= 6 N - @

Hanee,

Gi(Gi—1) ... (Gi—N;+1) G
Nl SN

Mpul cuuTaem, 4TO TPYIMMbl COCTOSHUE HACTONBKO BeMUKH, uto N; > 1. Hc-

10Jb30BaB paBeHcTBO In L~ Lln(L/e) (mast L > 1), nosydaem

G
S:ZNilneN—i. (3)

T =

Y0610 BBECTH CPEiHEE YLUCAO 3ANOAHEHUS B JAHHOM TPYIITe COCTOSIHHE

S = ZGflln— (4)

B uacTHOCTH, 4J1s1 TOCTYIIATEbHOTO JABHKEHHST MOKHO BLIGPATh B Kade-
CTBe TPYIIIbl COCTOSIHUH COCTOSIHUST YaCTHLL B (husuueck BeCKOHEUHO MAAOM
obbeMe (ha30BOro MPOCTPAHCTBA (T.e. cofepkalleM GOMbLIOE YUCAO KBaH-
TOBBIX cOCTOAHHH G; = d3pdV /(27h)3), Tak 4TO BKJAJ NOCTYNATENbHOTO
IBHKEHUS B SHTPOIHIO

3
Snoct. = /f(l' P —L pdV )]

"F@p) @nhy

PaccmoTpum ras, npeactaBasomni coboil 3aMKHYTYIO cucTeMy. PaBHo-
BECHOMY COCTOSIHMIO I'a3a B TaKOM CJIydae OTBeYaeT MaKCHMaJ/bHOE 3HaUeHHe
SHTPOIHUH, OIpefessieMoe NPU yCaoBusx »  N; = N, > e;N; = E, uiu

Z Gifi=N, Z Gifiei = E. (6)
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JlJs1 onpefieieHHst SKCTPeMyMa BOCIOJAb3yeMcsl MeTogoM JlarpaHika:
0 e
=7 Gi(filn— —af; — Bfie;) =0, (7)
oy 2 Cilliln )
OTKYyZa

f]. — e~ Be; (8)

Muoxurenu Jlarpanxka MOXHO BbIpasuTh uepes N u E u3 ypaBHeHuit (6).
Cmepica ux oueBuged: —a = pu/T, f=1/T.

4. XumMHnuecKkoe paBHOBecHe

4.1. CreneHp MOHM3AIMH rasa

B kauectBe nmpumepa, 3ajamoLiero ¥ o0MLKH MeTOM, PACCMOTPUM 3anauy:
HalTH, KaKas 10Jis aTOMOB ra3a HOHHU3UPOBAaHA IIPH LAHHOH TeMIleparype.
[Tpoueccy HOHUZAUUM U AHUCCOLMALMU MOXKHO PACCMaTpPHBATh Kak pe-

AKLIKIO

H A AT te. (1)

OGo3HauMM uKca aTOMOB, HOHOB U 3JIeKTPOHOB N 4, N 4+, N¢; ABa co-
OTHOILIEHHS] OUEBY HbI:

Na+ = Ng; Ng+ Nyr = N (2)

(3nech Ny — 4HCJI0 aTOMOB ellle He MOHU3MPOBAHHOTO rasa).

Eme ogHO COOTHOIIEHHE ONpenesieTcs YCJIOBHEM MUHUMYMa CBOOOAHOM
sHeprud. CTaTHCTHUECKAs CyMMa CMECH Ta30B, COCTABJEHHBIX HEHUTpPAJbHBI-
MU aTOMaMH, HOHAMH U 3JEKTPOHAMH,

Z =2 Lpt - Ze, (3)

Na Na+ Ne

zZ z X z., ¢
Za="A Zy="4A 7 =", (4)

N,V NtV o!

3nech
3/2
mAT —coa/T
ZA = AV e -e S0Ast (5)
g ( 2mh? >

MHuoXuTeNb g4 MOKA3BIBAET KOJHUECTBO BO3MOXKHBIX CITHHOBHIX COCTOS-

p2

HUii, B YACTHOCTH G+ = 2,9 = 4, ge = 2. DHeprus atomMa £ 4 = ST

+€04,
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€04 — DHEPTHUsl MOKOSIIIErocsl atoMa. AHAJOTHYHbI BbIPAXKEHHUS st Z 4+
U Z.. OO6paTHM CIelHajbHO BHUMAHHE Ha TIOSIBJEHUE ITOCETHETO MHOXKUTE-
a5 B (D), HeOOXOAMMOrO /sl COTJIACOBAHUS HAYA/a OTCUETA SHEPTUU pasJidu-
HOTO BHJA «aTOMOB», BCTYIAILIMX BO B3AUMOJEHCTBUE. JHEPTHST HOHU3ALHMH

I = oA+ + €0e — £0A-

CpoboniHast HEPrUsl CMeCH
F=-TInZ =Fs+ Fs+ + Fe.

[lpumem, 4TO ra3 HAXOAMUTCH B TEPMOCTATE H HMEET 3aJaHHBIH 00beM,
Besn4yUHYy ke N, OyIeM CuuTaTh BapbHpPYyeMbIM [apaMeTpoM U HoTpebyeMm
BBHIIIOJTHEHHST YCJIOBUSA 8‘9—]\12 = 0. Ilpn sTOM HYXHO Y4YUTHIBaTh, 4T0 dN, =
=dNa+ = —dN4

oF, 0
—=———(TInZ%z,) =
oN. ~ o, (nZe)
0 z
= —TaNe (Nelnze —InN.!) = —~T(—Inz, +InN.) = Tln <Fee> )
Urak, TpeTbe COOTHOLIEHKE /ISl ONPeIe/IeH sl YMCeN YAaCTULL KOMITOHEHT CMe-
cu Np+Ne 2k ze
NA ZA '
BBess cTeneHb HOHU3ALUU (v = NA‘,‘J, MOJYIHUM
3/2
o’ = vV (meT gatTe (eqa++e0c—e0a)/T
1« NO 2h? gA

Sra 3apgaua Oblja perieHa HHAUACKUM puaukom Caxa. MHoOXKUTEb

oy Y (meT s
No \ 27h2 ga

IOJ/KEH ObITb OuYeHb OOJIbLIMM, 4YTOObl ra3 Obla OOJbLMAHOBCKHUM, U ellle
60J1bI1Ie, YTOOB MOXKHO OBbLIO TOBOPHTH 00 MOHH3aNMH. TakuMm o6pasoMm,

(¥2

= G(T)e_I/T.
l1-«a
AHanu3Hpys 9Ty 3aBUCHMOCTb, MOXKHO 3aMETHTh, YTO MOHH3AIHsA POUCXO-
IWT TIPY SHEPTHUsiX, 3HAUUTEJNbHO MEHbIIKX, YeM MOTeHU a  HoHuzauny. Jei-
cTBUTeJbHO, o = 1 mpu Ty = I/In G(Tp). O6bruno In G(Tp) > 1, nostomy
To < I. Tlox 3HakoM Jorapudma ¢ XOpolieli TOYHOCTBIO MOXKHO 3aMEHHTh
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Ty va I. MHTepBas Temmepatyp, B KOTOPOM IPOUCXOAUT MEPEXOH OT MaJjoi
MOHM3AlMK K TOYTH MOJHOH, ouennsaetcst kak 67 = I/[InG(I)]? < Ty u
OK43BIBAETCSl OUeHb Y3KHM.

MOXHO KauecTBEHHO NOCMOTPETb Ha YAaCTHYHO MOHHW3WPOBAHHBIA ras,
KaK Ha COBOKYITHOCTh JIByXYPOBHEBBIX CUCTEM: JIEKTPOH MOXKET HAXOIUTHCS
Jub0 B CBSI3aHHOM COCTOSIHWH, JIUOO B CBOOOMHOM — ¢ sHeprued I u oueHb
GosbLIoi KpaTHOCTbIO BhipoxaeHHsT G(T).

3aBUCHMOCTb TETMJIOEMKOCTH OT TEMIEPATYPhl COMEPKHT OUeHb Y3KHH
MUK B 00aacTu HoHuzauuu. ONHUM M3 NPOSIBJEHHH 9TOU NMOBHIIIEHHOH Tem-
JIOEMKOCTH SIBJISIOTCST KOHBEKTHBHBIe mpouecchl Ha CoJHUe, BUAMMBIE Kak
rpaHyasuus ero moBepxHoCTH (Mmaciitab rpanya mopsaka 1000 km). DTu
MPOLECCHl BO3HUKAIOT H3-33 HaJHUUsl OOJBIINX 3HAUEHHUH cp B 00/1aCTH BHI-
COKOTO IpajideHTa TeMIepaTyphl.

4.2, 3akoH JEeHCTBYIOIUX MacC

[epexoaum K obiieMy caydaio.

PaccMoTpum XxuMudeckyo peakuuio A; + As+... = As+...; 370 ypas-
HeHHe MOXHO 3amucath Tak: » v;A; = 0, rie v; — cmexuomempuueckue
Koaguuuermot. JInsa § Ng aKTOB peakIMK KOJWUECTBA YUaCTBYIOIIUX B HEH
MOJIEKYJ U3MeHsloTess Ha ON; = —v;0Ng. Ecau npouecc uiaeT mpu mnocto-
SIHHBIX 3HaueHUsX ofbeMa W TeMIepaTypbl, TO CBOGOLHAST SHEPTHSI CMecH
F =F(T,V,N1, Ny, ...) u3MeHsIeTCs IPH 3TOM Ha

oF
OF = dN ——0N, 6NOZVZ = —5NOZUZM
3)1er i = BN — XUMHYECKUH MOTeHIMaJ BelleCcTBa A

Yeqosue paBHoBecHsi 6F = 0 CBOAUTCS K PaBEHCTBY

Ecniu o xomnoHeHTax p€akuruu MO2XHO TOBOPUTb KakK 06 HaeaJbHbIX

razax, to F = ZF (T V, N;). Tor;la

v
- T2t Nz =-TIn N + oi(T).

Ycsi0BYe PABHOBECHST B TAKOM CJIyuae MPUHHMAET BUL
N\
7TZVZ <ln—?) =0, wnm H(V) = Ky (1),

%

Yvied/T
rne KV(T) =€ — KOHCMAHMQa XUMUUHECKOZ0 PABHOBECUA.
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Ecau BBecTM mapuuasibHOe naBjeHue P, = %, TO MOXKHO 3alucaThb
XUMHUYECKHH MOTEHIHAJ B BHJIE

V
Wi = —Tlnﬁ +@i(T) =TI P + xi(T),

a yCJIOBU€ DaBHOBECHs NPEACTABHUTb B BUIE

i —>vixi/T
H(Pi)’” =Kp(T), tne Kp(T)=ce 7 _

i

[TosyueHHOe ypaBHEHHE HA3bIBAETCS 3aKOHOM AEHCTBYIOLIMX Macc.
3anuieM, HaKkoOHEl, YCJAOBME PABHOBECHS 4Yepe3 KOHLEHTPALHU ¢; =
= N;/N, rne N = > N;:

[[(c)” = Ko(T), rtne K (T)= pxriemzivna/T,

2

3aBHCHMOCTb yCJIOBUSI paBHOBecHst OT o6beMa (Mad K. — OT AaBJeHUs)
BO3HUKAET, €CJH MOJHOE YHCJIO YaCTUL| B JIEBOH UaCTH YpaBHEHHs pPeaKlHH
He PaBHO YMCJY YaCTHL — B IIPaBOH.

BermoMHEM peakuuio HOHM3aUMH. [l HOHHM3aLMU aToMa J0CTATOYHO
CTOJNIKHOBEHHUS ABYX YAaCTHL, a AJs1 PEeKOMOUHALMH HeOOXOAMMO TPOHHOE
CTOJIKHOBEHHE (TPeTbsi 4acTHLA YHECeT SHEpruio, BblLAEJNsEMYIO Npu obpa-
30BaHMM aToMa). HeM MeHbLIe KOHLEHTPALHs CMECH, TEM MEHbILIE BO3MOXK-
HOCTh TPOHHBIX CTOJKHOBEHHE. 3aBUCHMOCTb KOHCTAHTHI PEAKIMH OT JaB-
JIEHUSI JIETKO TIOJYYaeTCsl MPUPABHHBAHHEM CKOPOCMEL peaxuyuti — ducesn
06pa3yoIKXCsl B IMHULY BPEMEHH MOJIEKYJ — [JIsl PeAKUUH, WAYIIMX, CO-
[JIaCHO YPaBHEHHIO, «HATIPABO» M «HAJEBO».

[Mogxon K M3y4eHUIO PeakUui C MOMOIUBI YPABHEHHH, BbIPaXKAKILIHX
CKOPOCTH PeaKUMi, MO3BOJISET HE TOJNBKO MOJYYMTh PABHOBECHOE COCTOSI-
HHe, HO U H3y4aTh Mpolecce npubirmkenus K Hemy. Kak mpaBuso, B mporecce
U3MEHEHHUs] BEIIECTB UMEETCsl «Y3KOe MECTO», CBSI3AHHOE ¢ HEOBXOAMMOCTbIO
IPEOAOJIEHHST HEKOTOPOro MoTeHUHanbHoro 6apeepa AU, mpeonosiets KOTO-
PBIE yAeTCsl JIUIIb YaCTHIAM W3 «XBOCTa» PACIPENESeHHs [0 SHEPrusM.
B uTore CKopoCThb peakuUHH 3aBHCHUT OT Temmepatypel Kak exp (—AU/T)
(zakon Appennyca). MHOU oKa3biBae€TCS 3aBHCHMOCTb OT TEMIEPATYPhl CKO-
POCTH peakIMH TEPMOSAEPHOTO CHHTE3d, B MPOLECCE KOTOPOH AEHTOHBI Mpo-
XOHSAT TOJ KYJOHOBCKMM OapbepoM OJaromapsi TyHHeNIbHOMY 3(deKTy.

BaxHyio poJib UrpalT TAKKE PEAKLHH, MPOUCXOISIIIME C MOCTOSTHHBIM
nobaBseneM ¥ ynajsenueMm BeriecTB. (Tak MPOTEKAIOT Peakidd B YKUBBIX



4. XMMHUUECKOE PABHOBECHE 51

opraHusMax.) Mel 3TOT OYeHb HHTEPECHBIH, HO OYeHb OOLIMPHBIA BOIPOC
0CTaBJsgeM B CTOPOHeE.

OTMeTHM TakxXe, YTO M3BECTHBI OTHOCHTENBHO IIPOCTHIE PEaKlUH, B KO-
TOpBIX TIPUOJIHIKEHNE K PAaBHOBECHIO TIPOUCXOANUT IyTeM KoJebanuii. Haubo-
Jiee N3y4eHHOH siBJsieTcsl peakuusi, oTkpeitast b. I1. BesoycoBeim 1 uccneno-
BaHHas (Gosee mecaTH geT cmycTs) A. M. 2KaboTHHCKUM.

3amauu.

I. Ha#iTn 3aBHCHUMOCTb CTENEHU AWCCOIHALUN JBYyXaTOMHOIO rasa oT TeM-
nepaTypbl IpY 33JJaHHOM O0beMe.

2. Tlpumech sinep nekiTepusi B ecTecTBeHHOM Bogopose cocrasiser 0.015%.
Ha#itTu oTHomeHnue koHueHTpauui mMosekysa HD u Do.

4.3. Tennosoy acpheKT peaKuuu

B npotiecce XumMuuecKol peakIiK BbISASIETCS UK MOTJIONIAETCS TEIO0.
Kak ero paccunrars? KosndecTBo Tema (aJs onpeneseHHOCTH paccMaTprBa-
eM Mpouece, MPOTEeKAILIUK MTPH MOCTOSIHHOM 00beMe U 3aJaHHOM 3HAUEHHH
TeMIepaTypbl) PABHO H3MEHEHHIO SHepruH cMeck! 6Qy = 0F u MoxkeT BHITh
BbIPAXKEHO uepe3 H3MeHeHHe CBOOOIHOH IHEPruH, a B KOHEUHOM Cuere —

uepe3 «KOHCTAHTY» XMMHYeCKOH peakuuu. YuyuTblBas, uto K = —T%%%,
3amuiieM
50 T2 0 oF
v=—1"7=7.
or T

I[J'IH U3MeHeHUdA CBO60}1HOﬁ 9HEPruu MMeem
v
0F = —6No Y wvipti = —6No Y _v; (T In -t %) ;

0
Qv = —T25N08—T In Ky .

H3meHeHve ycJOBUI PaBHOBeCHSI C TEMIEPATYPOH Pas3/iMuHO IJI51 Te€X peak-
LUH, B KOTOPBIX TEMJO BBIAEAAETCH, U TeX, B KOTOPBIX — MOIJOIAETCS.

B ciyuae, ecqii MOXHO CUMTATb IMOCTOSIHHBIMH TeIJIOEMKOCTH T'a30B,
3a724a O BblJeJIEHUH Telljla PellaeTcs] elle MPOIle: IHePTHUsl BhlpaXKaeTcs Kak

E =Y NieviT +=0:),

IPeaKuI/m — 3TO HepaBHOBeCHbIﬁ nponecc. H3meHenue SHTPONKH CMECHU M[PH YKa3aHHBIX

yeaosuax dS > %.




52 Yacts 1

TaK 4TO
dQ = —6Ny Z vi(eviT + 20;).

Ecnn peakuusi mponcxomuT He NpH MOCTOSIHHOM oObeMe, a MPH NOCTOSIHHOM
JIaBJICHUH, TO BBHIJE/ISEMOE TEII0 ONpPEeAeaseTcs NPUPOCTOM IHTAJbIHH.

3anaua.

Beipasuts temnoemkoctd Cy v Cp 4aCTUYHO MOHUSHPOBAHHOH MJIA3MBb
uepe3 ee crenedb HoHudauuu oT'). Hapucosarb rpadukn Cy(T) n
Cp(T). (Cunras 3aBucuMocTb o(T") H3BECTHOH.)

5. O KOoMNBIOTEPHOM MOJEJIUPOBAHUHU

OOGBIYHO B CTATUCTHYECKOH (H3MKe Mbl MMeeM [eJo C CHCTeMaMH, CO-
CTOSILIAMU U3 OTPOMHOTO 4Kc/a yacTul. [1o3ToMy KOMNBIOTEPHOE MOAENUPO-
BaHME TaKUX CUCTEM — JeJI0 JajeKo He TpuBHasibHoe. HeobxopumblM sTamnom
SIBJISIETCS] OCO3HAHHE Pe3y/IbTaTOB, IOHHMAaHHe TOr0, HACKOJbKO MOJeJb OT-
pakaeT (PU3NUECKYIO PeabHOCTb.

OnvH M3 OYEBHAHBIX CIOCOGOB MOAEJHPOBAHHS — METOJA MOJEKYJMSApP-
Hol nrHaMuku. Co3aeTCsi B KOMIIBIOTEPE CUCTEMA B3aHMOLEHCTBYIOILUX Ya-
ctull. EcTecTBeHHO, YTO J/1 yuyeTa B3aUMOAEHCTBUS KaXAOH M3 4acTUll ¢
KaXKJ0H U3 OCTaJbHBIX TPeOyeTcsl OrpOMHbIH 00beM BbIUMCAEHHH. Pacuersl
IPUXOAUTCS YIPOLLaTh, IO9TOMY B TOHKMX CJydasix HeuszOexkeH BOIIPOC, YTO
IPUHAANEKUT MOJENUPYEMOH CHCTEME, a UTO — MoAenu. Tem He MeHee, 3TOT
MOMXOJ SIBJASETCS OJHUM M3 BeChbMa pe3y/JbTaTUBHBIX. [IpHMep mpumeHeHUS
METOAA MOJIEKYJSIPHOH AMHAMHUKM — PAacCMATPUBAEMbIH HHXKe ra3 LIapoB.
XOoTs y Hac OH BBIIVISIAWUT KaK UUCTO yueOHBIH, eCThb HEMAJO HayYHBIX pabdoT,
OCHOBAHHBIX Ha HCCJE0BAHUU TAKOro rasa.

OCHOBHBIE K€ MeTOIbl BKJIOYAIT CYIIECTBEHHO CTATHCTHUECKOE MOfe-
JIUPOBAHUE, OOBIUHO C UCIOJb30BAHHEM IATYMKOB CIAY4alHBbIX ydces. O HUX
HeMHOro OyfleT CKasaHo jaJee.

5.1. 3ajaua 0 KOMNBIOTEPHOM Ta3e OMIBSAPIHBIX MIAPOB

B mpaktukymMe «MopenupoBanre (PU3HUECKHX SIBJEHHH» (Ha MepBOM
KypCe) M3ydascst IBYMepHBIHA ra3 aGCcoOTHO ynpyrux wapos. [lpu aBuxe-
HHUH 11aPOB COXPAHAETCS IHEPrUs
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JLJ1s1 IOCTaTOUHO TPOCTOPHOTO OUJIbsIpAA paclpeiesieHHsI B IPOCTPAHCTBE U B
HMITyJIbCHOM NPOCTPAHCTBE MOXKHO CUMTATh HE3aBHCHUMBIMH. B HMIysnbcHOM
NPOCTPAHCTBE JBHIXKEHHE NMPOHUCXOAUT Ha cdepe, a TOUHee — B CJI0€ Ma-
JIOW TOJIIIMHEL, ONpefesiieMOH HEeTOUHOCThIO B coxpaHeHuu E. [ns xoMmbio-
TEepPHOro rasa UIapoB 3Ta HETOUHOCTb ONpeJe/seTCs OKPYIVIEHHEM 3HAYeHHUS
sHeprud OF v oueHb Mana % ~ 10_8).

O6beM 3TOrO CJI0SI paBeH

TN(E)=T(} e<E)-T(> e<E—06E)=

= An(EN — (B = 6E)N) =~ ANNENT15E.

(MHoOXxUTeb, OTBEYAIOLIMI ABHKEHHUIO B OOBIYHOM IIPOCTPAHCTBE, BKJIIOUEH
B AN)

Urobel HaUTU pacnpefieseHre MO HEPrHaM JJs OJHOro lapa, Oynem
LeHCTBOBATh TaK 2Ke, KaK IIPH BbIBoJe pacnpeneneHus [n66ca. 3apaem sHep-
THIO OQHOM YACTHULBL € U HaXOAHM (Pa30BbIE 00beM, 3aNOJHseMblH MIPU [BH-
xennu Bcex (N — 1) ocTa/bHBIX:

Iy _1(E—¢)=B(E —¢)N™2

(B — MHOXWTeJb, HE 3aBUCSIIKHA OT ¢). BbimucanHbld ha3oBbiil 06beM ©
OIpeneJisieT BEePOSITHOCTb COCTOSIHUSI BbIAEJAEHHOTO Iapa. Ecjn ydecTs elie,
4TO A5 OJHOTO LIapa 374eMeHT (ha3oBoro o6beMa NponopLroHaneH d2p o« de,
TO MOJIy4aeM paclpefiesieHue BePOSITHOCTEH M0 IHEPrUu

dw = % (1 — %)]H de (1)

(mocTosiHHAs ompejiesieHa YCJI0BUEM HOPMUPOBKH). [Ipud MaJjibix 3HAueHHAX
N pacmpenesneHue COBCEM He IMOXOXe Ha MaKCBeJJIOBCKoe. KommbioTepHbIi
HKCIIEPHMEHT IMOJIHOCTHIO MOATBEPXKAAET HAILIM BHIKJALKH.
Jna mapsl mapoB paclpefie/ieHHe B IUIOCKOCTH Py, Py, — PaBHOMEPHO
3ATMOJHEHHBIH KPYT.
Ecmu e < E, 10
N -1

dw = Te_E(N_z)/Eda,

o _ _E
5TO GO/IbLMAHOBCKOE pacnpesesienne ¢ Temnepatypoi T’ = .

[lycTb nBa OOMHAKOBLIX LIapa ABHKYTCS B KyOe. OcTaHOBUMCS CHauasa
Ha TaKOM 0co60M cJiiyuae, KOT/la OHU JIBUKYTCS CHMMETPHUHO OTHOCHTEJBHO
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uentpa Ky6a. B sTom cayuae u3 ycaoBuil p1 + p2 = 0, p7 + p3 = 2mE
C/Ie/lyeT, UTO B HMITYJIbCHOM MPOCTPAHCTBE WX KOOPAMHATHL 3ATOJHSIOT IMO-
BepXHOCTh cepbl p2 = mE. Ha puc. 7a Mbl BUAUM MPOEKIHIO TOYEK, DAB-
HOMEPHO Pa36pPOCaHHbIX 110 [IOBEPXHOCTH Cephl, HA IVIOCKOCTb (Pa, Py)-

By

Py

p.l: pT

Puc. 7. Pacnpezenenus: no UMIyJ/bcaM /s LIApoB B KyOe: @ — mapa LIapoB, LIapkl
JABHXKYTCH CHMMETPHUHO, TaK uTo p1 + p2 = 0, b — mnapa wmapos, A06aBOUHOTO
HHTerpaja ABHXKEHHs HeT, ¢ — LIeCTb LIapoB.

Ha puc. 7b npexncraBnen ofMUH caydyall JBHXKEHHS Mapbl L1apOB —
TNPOEKLHs Ha IJIOCKOCTb (D, Py) TOUEK, DABHOMEPHO pa3OdpOCaHHBIX IO 0-
BEPXHOCTH D-MEpPHOU Cpepbl B 6-MEPHOM MPOCTPAHCTBE.

Ha puc. 7 ¢ npeacTaB/eH pe3yabTaT MOAENHPOBAHUS JIBHKEHUS AEBATH
LIAPOB 110 MJIOCKOMY OUJIbsSIpAY (COOTBETCTBYIOLIME ABHKEHHUIO B Ky6e IIecTH
APOB C TOH XKe CpeHeH SHepruel, 4To U B CydasiX @ U b) — NpoeKuus
Ha TJIOCKOCTb (Py,Py) TOUEK, PABHOMEPHO PA3OPOCAHHBIX MO MOBEPXHOCTH
17-mepHo#t cdeppl. C yBeJHUEHHEM UHKCJA [IAPOB MPOUCXOAHT MEPeXoi K
pacrpeneseHuo Makcsessna. Puc. 7 ¢ npy 3TOM NMPaKTUYECKH HE U3MEHHT-
csl, TOJIBKO TOSIBUTCS OTJIHUHBIM OT HYJSl, HO BecbMa cJab0 BbIPa’KeHHBIH
«XBOCT», Ha PUCYHKe BCe PABHO He MOMeIAIIHHCS.

Jisi HACTOSILEr0 ra3a HeTOUHOCTb ONpelesieHWs] 3Hepruu 0L XoTs W
Mana, TeM He MeHee, E/E > 1/N. [losTomy Bbpaxkenue aas I'y(E) mpe-
obpasyeM He IyTeM pasJioKeHHs Mo 0 F, a HHaue:

IN(E)=T(} e<E)-T(D) e<E—6E)=

N SENY N —2EN N
:ANE 1-— 1_E %ANE (1—6 E )%ANE .

DT0 03HAuaeT, UTO 0OBEM CJIOSI C BBICOKOH CTENEHbI TOYHOCTH COBMAAAET C
o6bemoM IN-MepHOTro mapa u (a3oBell 06beM MepecTaeT 3aBUCETh OT TOJ-
IIMHBl 9HEPTETHUECKOTO CJIOS.
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3anauu.

I. Hafitn pacnpeneneHnue Mo <«BBICO-
Te» IIAPOB HA HAKJOHHOM OUJIbSIp-
Jle, TIPUHKAMAs, YTO pa3Mephl 11apoB
HEBEJMKH M YTO IIapbl B CBOEM JIBU-
JKEHHUH He IOCTHUTAKT BepxXHero 6op-
THKA.

P i

2. Eciu nomecTdTh mapy LIapoB Ha
PaBHBIX PACCTOSIHUSIX OT IPOTHBO-
TMOJIOXKHBIX CTEHOK W 3a[aTh MM Ta-
KHe HayajbHble CKOPOCTH, YTOObI
66110 p1o+p2:=0 (a [py1| # [py2l),
TO pacopefeseHde B  IUIOCKOCTH
(Pz,py) OKa3blBaeTCS AHH3OTPOII-
ueiM (puc. 8)'. Haiitu 310 pacmpe-
JeJieHue.

Puc. 8. PacnpeneneHue mo UMNYJb-
caM [/ [IBUXKEHHS Mapbl [IapoB
Ha MJIOCKOM OHJIBbSIPAE HPH YCJIOBHH
Pzl + Pz2 = 0.

Pemenne.

CBs3biBalONlee CKOPOCTY WIAPOB YCJAOBHE HE HapyllaeTcsd HH MPH UX
CTOJKHOBEHHUAX APYT C APYTOM, HU TPH CTOJKHOBEHHSIX HX CO CTEHKAMH.
C y4eTOM 3TOTO IOMOJHUTEJSbHOrO 3aKOHA COXpaHeHUs (PYHKLUs pacrpene-
JIEHUS] MOXKeT ObITb 3allMCaHa B BUJE

dw — AS p1x+ +p2x+p2?f

om T om T om T2 E ) §(p1z + pox)dp1odpiydpagdpay .

[locnie HHTErpUPOBAHUS N0 Pa, MOJYyUaEM

2

. pi, D3

dw=As Pz y 7w v p dp1dp1ydpoy
m 2m  2m

— B IIPOCTPAHCTBE (P1g, P1y, P2y) PABHOMEPHO 3aOMHAETCS TOBEPXHOCTD 3/1-
JIUTICOU 1A

A By

mE ' 2mE ' 2mE
CIUIIOCHYTOTO B HaIllPaBJEHUM OCH P1g.

1310 sBsIeHIe 0BHAPYXUIA, BLEIIONHAS PaBOTY B MPAKTHKyMe «MofeipoBatues, CTyIeHTKa
O. Mlyperruna.
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[locsie MHTErpUPOBAHHS MO P2y, MOJYYaeM HPOEKLHIO ITOTO IJIUICOUIA
Ha MJIOCKOCTb (P1g,P1y) — BHYTPEHHSS YaCTh JIIHICA, 3aMOJHEHHE KOTO-
pOTO PE3KO pacTeT Mo Mepe MPUOIHXKEHHS K ero KouTypy. Hopmuposanuoe
pacipeje/ieHue
dpxdpy

dw = .
QW\/mE@mE —2p3 —pi)

3ameTuM, 4TO MOAOOHOE XKe YCAOBHE BOZHUKAET, eC/IH OUIbAPL, IO KOTOPOMY
IBUKYTCS LIAPHI, «CKJAEHTb», 00pa30BaB UMJAHHAD. V] B 3TOM ciydae uame-
Hsietcst GyHKUMs pacrpenesierus (IIPH HaJMYMKH MHOTHX [IAPOB, PA3yMeeTcs,
HHaue).

5.2. CraTucTuyeckoe MojeJHpOBaHUE

KonnuecTBO COCTOSIHME — CTAaTHUCTHUECKUH Bec — J000H HHTepec-
HOH CHCTeMbl OUeHb BEeJIMKO M HeHOCTYIIHO 1Jis IIOJIHOTO IHepebopa ¢ IOMO-
iblo KoMMbloTepa. [T03ToMy A/ MOAENUPOBAHHS HCIIOMb3YIOT MeTo MoHTe-
Kapao.

Kak MoxHO 6bl10 OBl MOJEJNHPOBATb paclpeieseHre 0 COCTOSHUAM B
tTepMmocTate? HauneM ¢ oueBHaHOro, HO He 3hdekTHBHOrO MeToaa. Bribepem
npocto# npuMep. IlycTb B TepMocTaTe HAXOAUTCA CHCTEMA B3aMMOAEHCTBY-
IOIMX APYT ¢ ApyroM uacTui. OmnpenesuTb COCTOSIHME B HAIleM IIpHMepe
3HAUMT 3aJaTb KOOpAMHATH Bcex yacTul. Bynmem MopmennpoBaTh cocTosiHHe
CHCTEMBI TIPY JaHHOU TeMIepaType.

AJrOPUTM COCTOMT B TOM, YTO COCTOSIHHSI CHCTEMBI BBIOMPAIOTCS CJIY-
yalHBIM 00pasoM, a 3aTeM NPUHUMAIOTCS C ONpeLeseHHOH BepOsiTHOCTBLIO
Uy otopaceiBaiotcd. Jlas 3TOTO 0CTATOYHO HAUTU 3HEPTHIO CHCTEMBI B BHI-
6paHHOM cocTosiHuH E, Boiuucauts w = exp(—FE/T) u, BuGpaB ciaydaiitoe
ypesio ¢ =random B npemenax (0,1), MpUHATH COCTOSIHHE, eCan r < w,
H OTBEPrHYTb B MPOTHUBHOM cJjydae. JIerko cooOpasuTh, UTO MPUHUMAEMbIe
cocTosiHUs 6yIyT MOAYHHSATLCS pacnpeneneHuto [ud6ea. [lpu Takom Momenu-
POBAHWM MOXKHO ObLIO Obl HAXOOUTb CPeiHee 3HAUEHHEe YHEPTHH, TeII0eM-
KOCTb H T.II.

OnHako nepe6path MogoGHBIM 00Pa3oM BCE COCTOSIHUSI OOBIYHO He MOf
CUJIy CaMOMy MOIIHOMY KommbioTepy. IlpencraBum ceGe, Hampumep, «Kpu-
ctani», cocrosimuil Bcero u3 1000 «uacTtuily, Kaxkjaas U3 KOTOPBIX MOXKET
HAXOJAUTbCS B OHOM W3 JIBYX COCTOSHHH. YUWCJO pasHBIX COCTOSHHH «KpH-
cranna» pasHo 21090 =~ 1000 Eciu Ha pacuerhl, cBi3aHHBIE C KasKiAbIM
COCTOSIHMEM, TPATUTh X0Ts OBl 1 He, moTpebyeTcs BpeMs, BO MHOTO pa3 mpe-
BOCXOJIsAIlee BO3pacT BeeseHHOMN.
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OGBIUHO UCITONB3YIOT GoJiee 3((HEKTHBHBIE aJTOPHTMbI {(€CTECTBEHHO, H
MeHee TOUHBblE, B HajexHble). OIMH U3 paclpocTpaHeHHbIX COCOGOB Moje-
JIMDOBAHMS HOCHT Ha3BaHHe — MeToq Mutpomnoanca.

Anroputm takos. CHauana «pa3fpachiBaeM» 9aCTHIb 110 0OBEMY CJIy-
yalHbIM 00pa3oM. 3aTeM HauHeM U3MEHSITb KOOPAHHATH OTAEJbHBIX YACTHIL,
coobpasysich yxKe ¢ TeMIepaTypod TepMocrtarta. J{ig aToro sajafiuM ofaHoOH
M3 YaCTHIL CAYyYaUHBIM 00pa3oM «IpoGHOe» cMelneHre (MOKHO «IIEBeJHTb»
H [I0 HECKOJBKO 4acTHIL cpasy). [loncunTaem, KaKk USMEHHTCS MPH 9TOM dHEP-
rus Bced cuctembl, £ — E + AFE. Tlocae 3Toro onpeaesum, IpUHATh 3TO
CMeLIeHHe UM OTBEPrHYTh.

Ecin AE < 0, To cMmelienue npuHuMaetcs, ecan xe AF > 0, To npu-
HHMAETCs TOMBKO ¢ BeposiTHOCThI0 w = exp(—AFE/T). IlogobubiM 06paszom,
HEOIHOKPATHO LIEeBeJst KXYl YacTHULY, AOCTUraeM B KOHLE KOHLOB HeKO-
TOPOTO PABHOBECHUSI.

Kaknm okaxercss 310 paBHOBecHe? BrifepeM nBa COCTOSHHUSI CUCTEMBI
(A n B), pasHocTb WX 3Hepruit o6o3naunm AEsp = Ep — E4 > 0. [lycts
3a oueHb GoJbIIOE BpeMs cucrema nodbiBasia N4 pa3 B coctosiHun A 1 Np
pa3 — B COCTOSIHMH B. B paBHOBecuH 4nc/o mepexofoB U3 A B B J0/MKHO
ObITh PABHO YHUCJY OOpaTHHIX mepexomoB B — A:

NaWas_p= NpWp_4.

CoryiacHo onucaHHOMY anroput™My Wa_.p = exp(—AEsp/T), Wp_a =1,
MO3TOMY COOTHOLIEHHE YacTOT MpPeGbIBAHHS CUCTEMbl B COCTOSHUAX A U B
OKa3blBAETCS OTBEYAIILMM pacrpenenenuro [m66ca,

Ng [ Es—Ea
N, &P T ’

4yTO U TpedyeTcs.
Uwncso pasHbIX METOJIOB U MX BapHalui Beauko. Ha aTom octaHoBUMCS.

6. 3akon HepHcrta

[lpu yMeHbIIeHNH TeMIepaTypbl YMeHbIIAeTCs CTATUCTHUECKUH Bec Co-
CTOSIHUSL TeJa, YMEHbIUAETCS U IHTPONHUs. ECTEeCTBEHHO OXUAATb, YTO HPU
T = 0 Gygmer ofpamarbcst B HyJdb M IHTPONHSA. JTO YTBEPXKAEHUE HA3bl-
BAIOT WHOTJA TPETbHM HadajoM TepmopuHamMuku. Ero otkpein Hepuer. On
aHaJM3HPOBAJ, KAKUM 00Pa30M MOXKHO COTJIAcOBATb 3HAUEHHS IHTPOIUHU 15
BEILECTB, MOJy4YaeMblX Pa3HbIMU MTyTSMU B XHMUUECKHX PeaKUHSAX, B PA3HBIX
(ba30BbIX COCTOSTHUSX.
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C TOUKM 3pEeHHsT CTATHCTHYECKOTO MOAXOMA, NOKA3aTENbCTBO TEOPEMbI
«S|r=0 = 0» cBOAMTCH K 3aMEUaHHIO, YTO CHUCTEMA MPH aGCOMIOTHOM HYJE
nornajaeT B OCHOBHOE cocTostHue, U moatoMy ' = 1. OaHako HyXHO UMETh B
BH/LY, UTO HUMKHEE COCTOSIHHE MOXKET ObITb BbIPOKIEHHBIM. Torma sHTPOmHs
OKasbiBaeTCs He paBHOU HyJ0. Taxk OyneT, HaMpUMep, /I CUCTEMbl HEB3aH-
MojieHcTBYIOIUX cnuHOB (S = N In 2).

BeiGop Hauasa oTcueTa SHTPOMKK BCE-TAKK SIBJISIETCS 10 HEKOTOPOH CTe-
MeHH YCJAOBHBIM. Ec/iH MBI UMeeM 1610 CO CMeChI0 U30TOIOB, He e/as MOMbl-
TOK Pa3JIe/IUTh UX, TO MOXKHO MPHHSATH 3a HYJb 3HTPONHUIO cMecu npu T = 0.
Ecnu »e CyniecTBeHHbI TPOLECCH, B KOTOPbIX H30TOMHBIA COCTAB N3MEHSIeT-
¢, To (mpu T' = 0) sHTpoNUA cMecH GOMbIIEe CYMMbL 3HTPOMUH pas3ieJeHHBIX
H30TOIOB.

Ecnu Bce TemmepaTypbl B 3afaue BeJMKH MO CPaBHEHHIO C HHTepBaJa-
MU CBEDXTOHKOH CTPYKTYpPbl aTOMOB (Pa3HOCTSIMH 9HEPTHH, 00YCAOBIEHHbBIMH
Pas3/JHUHBIMU OPUEHTAIMSIMU CIIUHOB aTOMHBIX Jiep), TO MOXHO He MPHUHH-
MaTh BO BHHMaHWe CHHHB sinep (Hampumep, B dopmynse Caxa MOJOKHTH
gg =2, gyg+ = 1, 4TO, €CTECTBEHHO, He MOBJMSET Ha PEe3yJ/bTar).

Bce-Taku Ba)kHO 3HaTh He mpocTo mpeden npu T = 0, a noBexeHue
SHTPOIMH TIPH HU3KHX TeMmrepatypax. Beab Temmepatypbl, HU3KHe MO CpaB-
HEHHUIO C TePBbIM BO30YXKAEHHBIM YPOBHEM (Ha yeM W 6a3HpOBasOCh MpHBe-
JIEHHOE BHIIIIE «J0Ka3aTeNbCTBO»), (PAKTHUECKU HETOCTHKUMBL, O TEMJOBbIX
CBOHMCTBAaX TeJ IPH HU3KHUX TeMIepaTypax pa3roBOp BIepeiu.

7. KBaurtosble rassl

HyCTb ras3 dBjadeTcd ujaecaJJbHbIM (HOTeHL[I/IaJIbHOIL/II SHepFI/IeIL/'I BSQI/IMOI[GIL/'I-
CTBUSI €r0 YaCTHIL MOXXHO MpeHe6Gpeub), HO He BhIITOJHEHO YCJIOBHE
3

& > N’

(27wh)3
O6eCHeLII/IBalOLU,ee MaJIOCTb YUHCJA 4aCTHUL B CpaBHeHI/II/I C YHUCJIOM KBAHTOBbIX
COCTOHHI/IIL/'I, KOTOpre JaCTUIbL Cl)aKTI/ILIeCKI/I MOTYT 3aHATb. B TAKOM cJlydae
B3aMMHOe BJHAHHE 4HACTHUI[ BCE paBHO €CTb M OYEHb CYHIECTBCHHOE. OHO
BbI3BAHO TOXKAECTBEHHOCTbKO UHACTHUILL. TaKI/Ie ra3bl HA3bIBAKOT BprO)KI[eHHbI-
MH. B pesysnbrate BMecTo pacmpenesneHdss DosbliMaHa TOSIBASIOTCSH HHBIE
paCHpeﬂeﬂeHHﬂ, O6blLIHO Ha3blBaeMbl€¢ KBaAHTOBBIMH paCHpeILeJ'IeHI/IHMI/I. HpI/I
9TOM COCTOSAHUA CaMHUX YHACTULL MOFyT 6bITb C 60JIbLHOI>1 TOYHOCTbBIO KJaCCH-

yeckumu. [lycts Vil
pxap <

~o
(2mh)3
T€ Pxap — XaPaKTEPHBIH MMITYJIbC YACTHIIBL.

N,
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Ha xBaHTOBOMEXaHMUECKOM SI3bIKE 3TO yCJIOBHE IKBUBAJEHTHO TOMY,
4uTo

Ecau cocTosiHMe KaKAOH yacTHULBI ras3a MpeicTaB/isieT coO0H BOJTHOBOW Ia-
KeT, TO MOYTH BCe 3TH BOJHOBBIE NMaKeThl MEePEKPHIBAIOTCA APYT ¢ APYTOM.

7.1. UpeanbHbiil (pepmu-ras

bynem paccmaTpuBaTh MaeasnbHBIH ras M peliaTh 3aady O BEPOATHOCTU
HaXOXKJIeHHs] YaCTHULBl B BHIOPAHHOM KBAaHTOBOM COCTOSIHHU (C 3HepTHed &).
Mbl 6yzem paccMaTpyBaTh ras, 4acCTHLbl KOTOPOTO UMEIOT MOJIYLeJbli CIIHH
(pepMHOHBI) K AN KOTOPBIX, CJAENOBATENBHO, CIpaBed nB NpuHUUN [laynn:
B OJHOH KBaHTOBOH guelike (ha30oBOro MPOCTPAHCTBA HE MOXKET ObITh G0Jblie
OJHOM 4aCTHLUbl C 3aaHHOH MoJsipU3auuen.

0.5

H €

Puc. 9. ®yukuus pacnpenenenust Pepmu — Jupaka f(g). (CpefiHee UUCIO 3aTOJHE-
HHS KBAHTOBOTO COCTOSIHHSI B 3aBUCHMOCTH OT €r0 SHEPrHH.)

BOCHOJH:ByeMCH pacnpenesieHueM OJid TeJa ¢ NMePeMEHHBIM YHCJIOM Ya-
CTHL[ B TepMOCTaATeE:

1

_ (Np—EnNn)/T

WN,n = € )
Q@
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IIOHHUMas TIO[ «TeJIOM» COBOKYNHOCHb YACMUY, 8 PACCMAMPUBAEMOM COCMO-
AHUU, & TIOA TEPMOCTATOM — OCTaJbHOH ras. Uucsao 4acTHll B 3TOM <«Teje»
N wmoxet 6biTh paBHO O wWau 1, a 3Heprus ero — cooTBeTcTBeHHO paBHa 0
UM €. BepOSITHOCTH 3TUX ABYX COCTOSIHUH «Tesar:

oy = Selume)T

1
Wy = —
q q

9

rie ¢ = 1 + e#=)/T _ gopmupoBouHas KoHcTaHTa. Mrak,

1 1

R T R O

Cpem—[ee YHUCJIO 4YaCTHL B COCTOSIHHUH
<Nn> :w0~0+w1-1:w1 :f(E).

DTo pacmpeneneHme

1

Fe) = (Nn) = ——ym

HageiBaoT pacnpenenedrem Pepmu — dupaka (puc. 9). Popma kpusoit f(e)
3aBHCHUT OT TemmepaTyphl. [Ipu manom T mikpuHa nepexopHol odaactu ~ T
Ecan e#=0)/T < 1, 10 nosyuaeM Go/blIMAHOBCKOE pachpeeeHue:

(Np) = elr=en)/T « 1.

ITosnHoe 4Kc/I0 YacTHULL

_ R _ gVd3p 1
N= fwvenar = [ 58

W3 3Toro paBeHcTBa MOXKeT ObITh HalAeH xuMudeckui norenunasn u(N, V. T).
(MHoXHTeb g COOTBETCTBYET CITHHOBOMY BHIPOKAEHUIO, fajee 1Jsi hepMHu-
rasa OyieM IPUHUMATL g = 2.)

7.2. ®epvu-raz npu T = 0

Crenaem npeamnoJoxkenue, uto I < p, U GopMabHo yeTpeMum 1 — 0.
DTO COOTBeTCTBYeT CcTymeHbke B pacnpenenedun (Np)(e). B mpocrpancrse
MMITY/IbCOB OKA3bIBAIOTCS 3aMOJHEHBI BCe COCTOSIHUSA € p < Py, T€ Py = Pr
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Ha3blBaIOT IPAHUYHBIM, HJIH (PePMHEBCKUM HMITYJIbCOM. Ero MOXKHO BbIpa3uTh
Yyepes KOHIEHTPALHIO YACTHIL:

v 4, s (NN
N = (27Th>3 3 Po» Po = (37[-) h v P

COOTBETCTBYIOLIYI0 TPAHMYHOMY HMMITY/bCY 3HEpPruio p3/2m = e9 = p
HasblBalOT 3Heprueldl Pepmu, NOBEPXHOCTb B HMIYJIbCHOM IIPOCTPAHCTBE
e(p) = p — moBepxHOCTbIO DepMH; NPH MEHBLINX SHEPTUSAX YACTHIL, BCE CO-
CTOSIHHMS 3aMOJIHEHb, TPH OOMbIIUX — ITYCTHL.

Bripasum ellle pas MOJHOe YHCJO YACTHLL:

Po A3
N:A/pzdpz%
0

W SHEPruio

Po
2 5 2
b~ o A Po 3N Do 3
E:A —_— d :_‘_:_‘_:_N N
/2mp P=o9m 5 T 5 ‘2m 5%
0

Takum 06pa3om, cpenHsisi HEPrUsl YACTHULLL AJIST BBIPOKAEHHOTO (hepMHU-ra3a
(e) = 2 eo.

JLast paccMaTpUBaeMOro cjyuasi CTaTHCTHUECKHH BeC paBeH elHHHIIE.
[losromy mpu T =0 u S = 0. Cocuutaem gaBJjieHHe

8E> 2E
T=0

22 _ 2 —5/3
v sy VT

Do ochl/S; o« V3, P(

3aBUCUMOCTb OT 0ObeMa Takas XKe, Kak AJs aguadaTsl OAHOATOMHOIO O0JbLL -
MaHOBCKOTO rasa: pV” = const, v =5/3.

Jlast npuMepa PacCMOTPHM 3JEKTPOHHBIA ras B MeTajie. B cpeaHem Ha
OIIMH ATOM HPUXOAUTCS 1+ 2 «0B00LIECTBAAEMbIX> JIEKTPOHA (HX HA3bIBAIOT
3JMEKTPOHAMH MPOBOAMMOCTH), T. €. KOHLEHTPALHS 3JeKTPOHOB ~ 10%%cM~3
(koHLeHTpauusi MoJieKkys B Boznyxe ~ 1012 cm™3), macca snexTpona MHoro
MeHbIIIE MacChl MOJIEKYJbl rasa. Bce 3TO NPUBOAMT K TOMY, YTO ra3 cra-
HOBHTCS CUJILHO BBIPOXKAEHHBbIM. BrpoueM, U 6e3 UHCAEHHBIX OLEHOK ACHO,
4TO 0GO6ILECTB/IsIEMbIE B MeTaJl/le 3JEKTPOHbl UMEIOT AJMHY BOJIHbI [IOPSAKA
pasMepoB aTOMOB, aTOMbl PACIIOJIOKEHbI «BILIOTHYK», [I03TOMY XapaKTepHas
JJIMHA BOJIHBI TOPAAKA PACCTOAHHUE MEXy 3JEKTPOHAMH.
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TouHee roBopsi, IpH 0OPA30BAHHUH H3 OTHEJbHBIX aTOMOB KPUCTA/IA Me-
TaJjaa BOMHOBblE (DYHKLHH KaXKJIOTO M3 JEKTPOHOB MPOBOAMMOCTH PACIpO-
CTPaHSIOTCS HA BeCh KPUCTAJLI, TaK YTO MOYTH Y BCEX HHUX JJIMHA BOJHBL
BO3PACTaeT W SHEPTHsl 3JMEKTPOHOB YMeHblIaeTcs (B pacuete Ha OOUH 3JeK-
TPOH — Ha 3aMEeTHYIO JOJMI0 BeJHUUHBI £g). Tak BO3HUKAET MEMAALULECKAS
c6:30.

B atomubix eguHuuax: p ~ 1 at. eg. &30 3B > T ~ (1/40) 3B (310
NPUMEPHO KOMHATHas Temnepatypa). JLs onpeaeneHust 1aBJAeHNS MEKTPOH-
HOTO rasa B MeTajjie MOXKHO MPHHSTh €ro TeMNepaTypy PaBHOH HYJIO.

O1ueHnM [aB/eHue 3J1eKTPOHHOrO ra3a B MeTasie:

Ne€0

P, ~ ~ 1 art.en.

[lepefiTn K OOBIYHBIM egUHHULIAM YHOOHO, CPaBHMBAas 3TO HABJEHUE C aT-
MocepHbIM. JIsst Bo3ayxXa NpH KOMHATHOH Temmepatype Piny = Ny T/ V.
[losTomy

P. _ Neto 1022 30
PaTM NaTMT 1019 1/40

~ 10% + 1068.

[oTenumanbHas SHePris B3aHMONEHCTBHS 3JeKTPOHOB JPYT ¢ APyroM €2 /r;
B HauleMm caydae p?/2m ~ h%/(2mr?) ~ e?/r — noTeHuManbHas ¥ KuHe-
TUYECKAasl SHEPTrUsl OJHOTO MOPSIAKA; Ka3al0Ch Obl, He/b3sl CUMTATb r'a3 uie-
asbHbIM. OIHAKO MOXKHO MPENINOJIOXKUTh (M H0Ka3aTb — TOJbKO HE B 3TOM
Kypce), 4To 6oJbliiast 4acTh B3aUMOJAECHCTBUS 3JEKTPOHA C APYTHMH 3JeK-
TPOHAMM W C HOHAMH CBOIMUTCS K B3aUMOAEHCTBUIO €r0 C HEKUM CPeIHHM
IEePUOAHYECKHUM MOJIEM, YTO BELET K MOSBJIEHUIO 3((HEKTUBHOH IHEPrUH U
KBA3HUMITY/IbCa, 4 TAKXKe K MOSBJACHUIO JIBOUHOTO JEKTPUUECKOTO CJI0S Ha
rpaHULEe MeTajla, IPUBOASIILETO K ONpeleeHHON padoTe BbIXOIA.

Ecnn ymeHbiints 06bem B 1000 pas, To KMHeTHYecKasi SHepPrus yBe-
auuutcs B 100 pas, a moTeHuuanbHas — ToJbKO B 10 pas, Tak 4TO yXKe
6e3 COMHEHUS MOMKHO CUHTAThb 3JIEKTPOHHBIM ras uieanbHbiM. [loutn Tak
0OCTOUT [es10 BOJU3M LEHTpa 3eMJIH.

BepreMmcs Kk Bompocy 06 HIeaJbHOCTH 3JEKTPOHHOTO rasa B MeTaJ-
Jie py oObIUHBIX AaBjaeHHsiX. PakTUUEeCKH B Psife SIBJIEHUE (TerI0eMKOCTh
5JIEKTPOHHOTO Ta3a, ero MPOBOAUMOCTb, TEIIONPOBOAHOCTE) MIPHHUMAIOT yua-
CTUE 3JIEKTPOHBI ¢ YHEPrHsIMU, OJU3KUMU K sHepruu PepMu, AJs KOTOPBIX
le — pu| = [p?/2m — pg/2m| =~ (po/m)|p — po| < p. B cBsizu ¢ 3THM HHOrIA
HaXoAAT YHOOHBIM PaccCMaTpUBaTb BMECTO CBOOOIHBIX 3JEKTPOHOB 8036y-
HOenus INeKmporHo20 easa (Keaszuuacmuub, — 3JEKTPOHBI U JIBIPKH) C
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sHepruedl € = vo|p — po|, orcunTeiBaemoi ot yposust Pepmu. [lpu sTom moa-
pasyMmeBaeTCs, uTO 6OJbIAs YaCcTh B3aUMOIEHCTBUS 3JEKTPOHOB C PElIeTKON
W JIPYyT ¢ APYTOM BKJ/IOUE€HA B SHEPTrHI0 OCHOBHOTO COCTOSIHHUS 3J€KTPOHHO-
ro rasa, KOJMYeCTBO jKe BO30YKIEHHH OOCTATOYHO MAaJjo, YTOOB CUHTAThb
ra3 BO3OYXXJIEeHWH OJU3KHUM K HjaeanbHoMy. Ilpu HarpeBaHWM MeTansa Mpo-
UCXOIHUT POXKJAEHUHE UMEHHO TaKWX KBasuuacTwil. B anepeemuueckom croe
ToawnHbl ~ T'/u BOan3u nosepxHoctd PepMu Heprus raza KBA3HUACTHLL
COBMAAAET ¢ KMHETHUYECKOW IHEPTrHel 3/JeKTPOHHOro rasa, OTCUMTAHHOH OT
ee 3HaueHus, B3satoro npu 1 = 0. Bpaau ot nosepxHocTu Pepmu KBasuua-
CTHL NIOYTH HeT. B TO XKe BpeMsi KOHLIEHTpALMsl KBa3WUYaCTHUL BO MHOTO pa3
(mpumepHo B u/T pa3) MeHbllle, YeM KOHILEHTPALUS YACTHII.

[ToaTomy ras kBasuuacTul, O6JU30K K I/IlleaJ'IbHOMyl.

OnuH U3 UTOrOB PACCMOTPEHUS] KBA3UUYACTULL KAK Pa3 W COCTOUT B TOM,
4TO NpUOIUKEHHUE, B KOTOPOM 3JEKTPOHHBIH ra3 CUMTAETCS UIeaJdbHbIM, OKa-
3BIBAETCS JOCTATOYHO XOPOLIHUM.

3amauu.
1. OueHuTb CKOPOCTb NMPOAOJBLHOTO 3ByKa B MeTas1e (v2 = (%—f)), npea-

noJiaragd, 4TO JAdBJE€HHE OIpeaesdeTCsd 3JEKTPOHHBIM Tra3oM, a IMJ0T-
HOCTb — MacCCaMHK HOHOB.

2. HaiiTn oTHOIIeHHe YMCIa KBa3MYACTHL 3JIEKTPOHHOro raza npu 1" <
K UHCJy YACTHIL,

Orser: 3In2 - (T/u), p = povo/2.

3. OueHutb paguyc 6eJIOr0 KapJjuKa, Macca KOTOPOTO IMOpsiika MacChl
Cosnna (1033 1),

4. OueHHTb paguyC HEUTPOHHOW 3Be3[bl, MAcCa KOTOPOH MOPsiiKa MacChl
Coanua.

5. B atomax ¢ GOJBIIMM YUCAOM Z 3JEKTPOHOB GOJbIIAS YacTh M3 HHX
IBHKeTCs] BOIM3U siipa B 00beMe ¢ XapakTepHbIM pasMepom R. B mone-
au Tomaca — PepMu 3TH 3JEKTPOHB PACCMATPHBAIOTCS KaK BBIPOXKJAEH-
HBIJ 3/JE€KTPOHHBIH Ta3, TeMmepaTypa KOToporo paBHa Hy/w. (OnuH-aBa

1YyeT mapHOro B3aMMOXEHCTBHS 3JEKTPOHOB B MeTase (2 TaKxKe aTOMOB — B XKHAKOM
3He) ocyliecTBaeH B TeopHu gepmu-scudxocmu Jlannay.

OKa3pIBAETCsI, UTO JIJISl HEKOTOPBIX SIBNEHUE BKJAJ B3aUMOJEHCTBHS HCUe3aeT, I/ APYTHX —
BUOU3MEHACT PE3YJbTATHI. Ecte u Takne SIBJACHWSA, KOTOPBIC LEJWKOM 00513aHbl CBOWM BO3HHK-
HOBEHHEM B3aUMOJIeHCTBHIO.

Kpome Toro, B3auMOJEHCTBHe 3JEKTPOHOB (Hepe3 MOCPeACTBO KPHCTAMJIHMHYECKOH PELIETKH)
MOKeT NPUBECTH K TOSIBIEHHIO c8epxnpogodumocmy. TeOpHH CBEPXIPOBOAMMOCTH MBI TAKXKeE
HEe KacaeMcsl.



64 YaCTh 1

3JIeKTPOHA ABHUIKYTCH BOJM3W HAPYXKHOH 4YacTH aToMa, re moJe siipa
IOYTH MOJHOCTBIO 9KPaHHPoBaHO. [To3TOMy pasMepsl Bcex aTOMOB GJu3-
KU Apyr K Apyry.) Ilpenebperasi KyJOHOBCKHM B3aUMOAEHCTBHEM 3J€K-
TPOHOB [PYT C APYTOM, OLEHHTb BeJU4YHHY R.

6. HafiTn BKJag CIMHOBBIX MAarHUTHBIX MOMEHTOB B MATHUTHYIO BOCIPH-
HMYKMBOCTb BBIPOXKAEHHOTO 3JeKTPOHHOro rasa. (/s 60/bIMaHOBCKOTO
rasa 3To ObLIO CAEJAHO B KOHIE pasfena 1.4.)

7.3. Boruncnenue unterpana ¢ f(e) npu T € p

B nanpHeiiiem HaM HEOLHOKPATHO MPUIETCS BHIUHUCASATH HHTETPaAJIBL, CO-
AepaKallye Npor3Be/ieHUe IABHO U3MeHsolIeicss PyHKINUH F (¢) Ha (yHK-
MO

1
&)= ——nm—
ele—m)/T 4 ]
— JIMLIb CJIeTKA CTVIAXKEHHYIO «CTYIEHbKY»:

I= | f(e)Z (e)de.
/

[Nokaxkem ynoOHBIA c10COG NPUOJIHKEHHOIO BBIUHCAEHHS TAKOTO HHTErpaJa.
OCHOBHOH BKJIa[] JaeT HHTErPUPOBAHKE C 3aMeHOU f(€) Ha «CTYIIEHbKY»

Iy = /ﬂy(s)ds.

Jo6aBka
I-Iy= | f(e)F(e)de — | (1 — f(£))F (e)de,
u/ 0/

COZEPKUT BKJAAbl «XBOCTa» M «IBIPOK», MpHueM 0062 3TU pacrpeneseHus
COCPENOTOUEHH BOMH3U € = f ¥ MOUTH B TOUHOCTU CHMMeTpHuHbl (puc. 10).

CrnenaeM 3aMeHbl MePEMEHHBIX, TMOAUEPKHBAIOIIHE 3T0: € = u+ +71'x B
IIepBOM HHTerpajte u € = = y — I't — BO BTOPOM:

5 u/T
I_IOZT/ﬁ(,u—i—Tm)da: —T/ f(u—Tx)dac.

er+1 et +1
0
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/
Jo
1t
=l
N

Puc. 10. V3 ¢pysrumy f(g) BBLAEASIEM OCHOBHYIO YaCTh — «CTYIEHbKY». OcTalomuecst
MUKY UMeIOT BbICOTY 1/2, mupuHy U miomanb ~ 7. Ouenka [ — Ip ~ =T F (p —

— T+ TF(p+T)~TF' ().

Tenepy, umes B Buay ycsoBue y >> T, 3aMeHUM IIpejeJl HHTerPUPOBaHUS BO
BTODOM HHTerpaje Ha o0; 9KCIOHEHTa B 3HaMeHatese 00ycJaB/HMBaeT ObiC-
Tpoe yObIBAaHHE MOABIHTErPaNbHON (PYHKIHK ¢ POCTOM T'z, TOITOMY MOXKEM

passioxkuTh Z 1o Tx:

P(u+Ta) = F(u) £ ()T,

o0
d
11 :2T2£/?’(/L)/ e
0

er+ 1

Wnterpan' pasen 72/12, Tak 4TO OKOHYATEIBHO

7f (€)% (e) de—/ﬁZ 62T2§’(u).
0

z2dz

oo maiitn f 1+em’ HAJ0 BBMHCJHTL [ e
0

o0 — 2mi, —2mi, 2wy, oo + 2mi.

(1)

B KOMIJIEKCHOH TMJOCKOCTH M0 nyTn
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7.4. Tena0eMKOCTb BBIPOKACHHOTO JEKTPOHHOIO ra3a

Hannuue 3JeKTPOHHOTO ra3a B MeTajJax HAeT eCTEeCTBeHHOe OObsCHe-
HUe TIPOBOAMMOCTH U BBICOKOH TEIJIOMPOBOAHOCTH. ONHAKO OTCYTCTBHE Ha-
OJII0IAeMOT0 BKJAa[a €ro B TEIVIOEMKOCTb MeTaJslia ObLJI0 3aragoddbiM. Mox-
HO OLLIO OKHAATb TEIIOEMKOCTH ~ 3/2 Ha ssexTpoH. Pasragka — B cBoil-
CTBaX KBAHTOBOTO pacHpefiesieHHUs], PUBOJSAIIEr0 K YMEHbIIEHUID TEII0eM-
KOCTH BO MHOTO pas.

TenaoeMKOCTb MOXKeT ObTh HalzeHa Kak Cy = (g—?)w\,. DHeprust

£ 2V / ed®p
- (2nh)3 ) ele=w/T 41

OKa3bIBAETCS BhIPAXKEHA Uepe3 XUMUUECKHUH MOTEHIIHAJ, TOITOMY HYXKHO elle
HaliTn p(N/V,T) — U3 ypaBHeHHS

N— 2V / d3p
(2rh)3 | ele=m/T 4 1°

Boigenum B dl = 2V d®p/(2mh)? 3aBucuMocTb or suepruu: dI' = B,/zds.
To/nb3ysch BRIBENEHHOH B MpebIAyleM MyHKTe (hopmynoi (1), Haxonum

2 2 B 2B w2 T2

N==%2B 3/2 —T2 _ 42 3/2 1 .
P e s 3 T

2 2 3B/u 2B 52 T2
E—Z2pys?y D222Vl 22 52 9T L)
FOHTT T G 2 5 1 R

Boipasum u3 nepsoro ypasuenust p = u(N,T). das s1oro peuraem ero
METOJIOM TMOCJEI0BATENbHBIX TPUOJUKEHNUH, ToNaras M(O) = go. Janee:

2 T2 2/3 2 2
1 — 1T = 1= 4
a 50( 8 55) 60( 12 2 )’

9 2 T2 5/2 2 2 2 2
E_Bsg/2<1ﬂ—_._2> .(1+5L._2) §N50<1+5L._2)’
5 e €

TennoeMxocTb MaJia, OCHOBHO€ IIOTVIOLIEHHE TeIlJa HIET 3a CUHET 2JIeK-
TPOHOB, HAaXOAAIHXCSH BOJIHU3U MOBEPXHOCTH CDepMI/I. BKJ'IaJ_'L 3JIEKTPOHHOTO
rasa B Te€IJIOEMKOCTb MO2KHO Ha6JIIOlIaTb IIpU HUBKUX TeMIIepaTypax, TakK Kak
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C YMEeHbIIEHUeM TeMITepPaTypbl BKJIaA KPUCTANINIECKOH peeTku Chey o< T2

yObiBaeT ropasao GbicTpee!.

Jlpyro#t crnoco6 pacueTa TeNJ0eMKOCTH — uepes {2-MmoTeH1nasn

QO=-ThQ, Q=) eWN=BIT

rie () — GoJblasi cTaTUCTHUECKass cymMa. [lpu BeiuncaeHud () He SIBJISI-
10TCST (PUKCUPOBAHHBIMH HE TOJBKO HEPrusi »  £xNi, HO M [OJHOE UHCIIO
yacTull y  Nj. DTO MO3BOJISET PacCMaTPUBATh a3 KdK MHOXECTBO HE3aBH-
CUMBIX «TeJl», O KOTOPBHIX IIJIa peub NP BeIBOAE pacnpenesenuss Pepmu —
Jlupaka («Tes0» — COBOKYMHOCTb UaCTHI[ B JdHHOM KBaHTOBOM COCTOSIHUU).
Jls KaXK0ro U3 TaKUX «TeJ» OoMbliias CTaTCyMMa g = 1 +elu=ex)/T g

BCero rasa
Q=]]a
k

Sanuuem §2-moreHuual:

Q=-TY lnge=-TY In(l +eb=s)/T),
k k
CyMMa MO BCEM COCTOSIHUSAM Kk CBOAMTCH K HHTErpasy: ». ... =

=B [/ede... o k
Q= —TB/ VeIn(1 4 W9/,
0

I/IHTerI/IpyeM Mo 4acTdaM
o0
2 e3/2de 2 £k 2
Qz—gB/m:—gzk:m:—gE-
0

(Panee yxe mosyuanu, uto 2 = —PV, a usBectHoe pasenctso PV = %E
MOXKEM HCIMOJb30BATh JJIs1 KOHTPOJS PaBUIbHOCTH BBIUUCJIEHHH.)

4B 5 ,T° 99 _ 2B
0= _22 5/2(q42 22 N=_0 28 3/

7T2
=— (=) =BT
s=—(57),, = FoTVE

08 2 T w2 T
—T(Z=) =—=Bp*?~N="N=.
Cv (aT)V 3 g H 2

Takrm 06pazom, pe3ynbTaThl COBIAJU.

1Y106H0 NoCTPOnTh rpadrKk Cyv /T B 3aBucumoctn ot T2,
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BripoxkeHHBIH (pepMU-Ta3 BCTPEYAETCS B MPUPOTE:

— 3JIEKTPOHHBIH Ta3 B MeTa/l/ax;

— BHYTpU aTtoMa (ecJH aTOM COAEPXKHT MHOTO 3JEKTPOHOB, TO 00/b-
11asi MX 4acTb 00pa3yeT BLIPOKIEHHbIH 3J€KTPOHHBIU Ia3; [Js ero ONUCaHUS
HCTONb3yeTcs Mofiesb Tomaca—Depmu);

— Oenble KapaHKK (3JEKTPOHHBIH ras ynepKHBaeT TaKyl 3Be3dy OT
Ja/bHEHIIIero CKATHS, IAPA «BUCSAT» HA JEKTPOHAX);

— sapa aToMOB (BBIPOXKIEHHbIH ra3, BepHee, CMeChb Ia30B MPOTOHOB U
HEeHTPOHOB);

— HEUTPOHHble 3Be3/bl;

— panHss BcenenHas (B mepBble CEKYHIBI U I0AH CEKYHAB nocae Bonb-
moro B3pbiBa BcesleHHas 3amosiHeHa KBAHTOBLIMU rasaMy (hepMHOHOB U 00-
30HOB).

3anmauu.

1. Ilpu KakoM AaBjeHuu Boaopon OyaeT umeTb miaoTHocTs 10 xr/cm®? Ha
CKOJIBKO U3MEHUTCSI 3TO AaBJeHue, ecau temneparypa ot 300 K nopHu-
metca o 3000K ?

2. Pepmu-ras sasercst caabosbipoxpentsin ((mT)%/2/(2rh)3 > N/V).
HaiiTi nepsyio KBaHTOBYIO MOMPABKY AJIsl aBJEHUs U TerJI0eMKOCTH.

7.5. INonynpoBogHUKHU

B xpuctasie Kaxabli 3/71eKTPOH ABHKETCS B IepHOAMYECKOM MoJe, 06-
Pa30BAHHOM KPHUCTA//IMYeCKOH PelIeTKOH W OCTaJbHBIMH 3JIEKTPOHAMH.

BcnomurM hakThl, U3BeCTHBIE M3 KBAHTOBOH MeXaHUKH.

B sHepreTHyeckoM CrieKTpe 3JIEeKTPOHA eCTb Pa3pelleHHble U 3alpereH-
Hble 30HBI, ypPOBeHb yIOOHO XapaKTepH30BaTh KBA3UUMITY/1bcOM. KosndecTBo
COCTOSIHMH B JIaHHOH 00/1aCTH «(pa3oBOro» MPOCTPAHCTBA BbIPAXKaeTCs ue-
pe3 KBa3WHUMITYJbChl MOAOOHO TOMY, KaK [Jisl CBOOOAHBIX 4ACTHL — 4Yepes
MMITYJIbCHI: Vdip

ar —2-2L
(2rh)3’

rae p — KBa3HUMITYJIbC.

[MonympoBOAHUK — 3TO KPUCTAMJI, B OCHOBHOM COCTOSIHHM KOTODPOTO
5JIEKTPOHBI 3AMOJHSIIOT BCE COCTOSIHMSI Psiia 30H, B APYTUX JKe, OTIEJeH-
HbIX 3aMpELIeHHON 30HOH, 3JeKTpoHoB HeT (puc. 11). B artom oTHomenuu
TMOJYNPOBOHUK TMOJHOCTBIO MofobeH uzoaatopy. OTaAHUHE e COCTOUT B OT-
HOCHTEJIbHO HeGOJIbIIOH [IMPHHE 3aMpelleHHOl 30Hbl. [ToaToMy MpH KOMHAT-
HOH TeMmIleparype 3aMeTHOe KOJMUYECTBO 3JEKTPOHOB MEPEXOANT B BEPXHIOK
30HY.
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(p)

E(‘ou

Eal _\

Puc. 11. 3aBUCHMOCTb 9HEPreTHUECKHUX YPOBHEE MOTYTPOBOAHUKA OT KBA3UHMIIYJIbCA.
YkazaHsl Takke ypoBeHb DepMu U NpHUMecHBIE (LOHOPHBIE H AKLENTOPHEIE) YPOBHH.
Brifop Havana orcueTa SHEPrHH MPOU3BOJEH.

[TocraBum cebe 3amady ONPeNESHTb, CKOJIbKO UMEHHO 3JEKTPOHOB Me-
PEXOMUT B BEPXHIOI 30HY TpH Temmepatype 7.

Duepruu ypoBHEH, 0CBOOGOKAEHHBIX 3JEKTPOHAMU B HHXKHEH 30He U 3a-
HATHIX — B BEepPxXHeH, JexaT BOJIM3H 3anpelleHHoHd 30Hbl. [losTomMy MOXK-
HO OTPAHUYHMTHCSA COCTOSHHSIMU ¢ HeGOJBIIMMY 3HAYEHUAMH KBA3UUMIY/bCa
H SHEPrUAMH, JEXKAIUMH BOJH3U «IIOTOJIKA» HHUMKHEH, PaspelleHHON 30HbI
(HasbiBaeMo# sasenmnolil) U «aHa» BepxHeh (30rbL nposodumocmir). Ilyctb
IIMPHHA 3ampelieHHod 30Hb paBHa A. B moaymnposomnuke A ~ 13B. Mu
paccMaTpHBaeM MOJYMPOBOAHUK TPU KOMHATHOH Temmepatype, T < A. Bu-
fepeM 3a Hadajlo OTCYETA SHEPIUM CepeiuHy 3anpelieHHoH 3oHbl. Torma B
30He TPOBOAHMOCTH SHEPTUs

Scon(p) - A/2 +ce (p)’

rae 06o3HaueHo £.(p) = p?/2m., M. — HEKOTOpas KOHCTaHTA MOPAAKA
Macchl 9/J1EKTPOHA. B BaseHTHOH 30He

€val(p) = —A/2 — ex(p),

rae e,(p) = p?/2mp, my, — xoucranta (Macca AbpKHU, h = hole = abIpKa).
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KoHueHTpauust 3/1eKTPOHOB B 30HE IIPOBOIUMOCTH

_ AJ2+e, —
e [ 1 (Y [ (A2 i

1
e* +1°

(2)
dr’ = dT/V, f(z)=

BanenTtHaa 3oHa mouTH HEeJHUKOM 3alloJIHeHa, KOHIEHTpalusa He3alloJ-
HEHHBIX COCTOHHHﬁ, Ha3bIBA€MbIX abépK[lMLt, TOXKE HEBCJAUKA:

e[t

A/2+¢
_ / FR2Ee 1Y 3)
T
Ecau BBeCTH Ly, = —[t, TO (POPMYJIbl [JI51 3JEKTPOHOB H ABIPOK GymyT

MOYTH OIMHAKOBBI, HO B (PU3UKE MOJYNPOBOAHUKOB MPEANOUHTAIOT HUCIOJb-
30BaTh OJMH XMMHYeCKMi MOTeHLHas] p. YPOBEHb Hepruu, paBHbIH u, Ha-
apiBaroT ypoBHeM Pepmu. [losoxenue ypoBHs PepMu OTHOCUTEIbHO TPAHULL
30H He 3aBHCUT OT BHIOOpa Hauaja OTcueTa 3Hepruu. B paccmartpuBaeMbix
yCJI0BUAX ypoBeHb Pepmu 6/1M30K K CepefrHe 3alperieHHOH 30Hbl

Il <A (4)

(uTo majee cjaenyeT MPOBEPUTH), MOITOMY TIPU TEMIEpPATypax MOPsSAKa KOM-
HATHOH KOHLEHTPALMH 3JEKTPOHOB U IBIPOK HeBeJUKH, f(x) &~ e~ %, TaK 4To
U 3JIEKTPOHBI, U OBIPKKM 06pa3yioT O0JbIMAaHOBCKHE rasdbl. B 3aTom ciayuae
unTerpansl (2), (3) HaM X0OpOILIO 3HAKOMBI:

3/2 3/2
ny — e=a/2)/Tg (MeTNTT 0 —@yzany/my (MR
© 2mh2 ’ 2mh2

3aMeTUM, 4TO

3
172 1/2
me/mh/T

—AJT
27h? )

Nenp — 4

3T0 3aKOH AEUCTBYIOLIMX MacC fJsl peakuuu

e + h = xoJebaHus pelieTKH ((HOHOHBI).
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W3 ycnoBust 3/1eKTPOHEHTPaNbHOCTH N = N, HAXOLUM

3/4
Te =y, = 2(memh)3/4.T3/2 AT, <%> / —apr
mp

(2mh2)3/2

Yposenb @epmu oKa3biBaeTcsl 6JIM30K K CepelHHE 3aNPeleHHON 30HbI:

w= §Tln @,
4 Me
MO3TOMY YCJIOBHE (4) BBIMOJHEHO.

Camasi MHTepecHasi XapaKTePUCTHKA [OJYTIPOBOAHHKA — €ro MPOBOAU-
MocTb. Kak M3BecTHO, OHa paBHa o = ne’T/m, rie T — BpeMs MeXiy CO-
ynapeHusimu (Bpems npobera). BesuunHa 7 cpaBHUTENbHO ¢/1a00 3aBUCHT OT
TEMIIEPATYPBL, 7 — KOHLEHTPALMsI HOCHTEJIEH TOKA (IJEKTPOHOB U AbIPOK),
3aBHUCHUT OT TeMIIepaTypbl OueHb CHJIbHO. PaKTHUECKH 3TO U Olpeenser 3a-
BHCHMOCTb MPOBOAUMOCTH MOMYIIPOBOJHHUKOB OT TeMIepaTypol. B oTnuuune oT
IIPOBOAMMOCTH METaJlJIOB, Yy MOJYNPOBOJHHKOB OHA PacTeT C POCTOM TeMIle-
paTypsl.

OGbUHO B MOMYTIPOBOJHKMKAX OBIBAIOT IPUMECH — AOHOPBL ¥ aKLEMNTOPbI,
KOTOpble TTOCTABJISIOT HJM 3aXBaTbIBAIOT 3J1€KTPOHbl. UeM Bblllle TeMIepaTy-
pa, TeM MeHbIle poJib NpuMeceil. PacCMOTPEHHBI HAMM CJydald YHUCTOTO
NONYTIPOBOJHUKA TPYAHO AOCTHXKUM JiaxKe MPH BHICOKOH TeMIepaType.

3agauu.
I. Hafitu TemioeMKoCTb 3JEeKTPOHOB M AbIPOK B YHCTOM MOJYIPOBOIHHKE.

2. AToM mpuMecH B MOJYNPOBOAHUKE HMEET YPOBEHb JHEPTHU £, =
= —-A/2+ A, < A (rakas mpuMech HasbiBaeTcs axuyenmoproi). Ha
5TOM YPOBHE MOXKET OKa3aThCsl OIHH 3JEKTPOH, IPUUEM OH MOXKET HaX0-
JWTHCS B OJHOM M3 ABYX CIIMHOBBIX COCTOSIHMU. BbIpasuTh BEpPOSTHOCTD
TOTO, YTO JEKTPOH OKAXKETCSI B TAKOM COCTOSIHMH uepe3 XHMUUYECKHH
MOTEHLHAJ 3JIEKTPOHOB.

3. AToM MpHMeCH B MOMYTPOBOAHMKE UMEET YPOBEHb 3HEPrHH £4 = A /2 —
—Ay; Ay < A (Qoropras npumech). ATOM TOHOPHOH MPUMECH, JIUIIEH-
HBEIU 3/1eKTPOHA, OKa3bIBAETCS MOJOXKHUTENbHO 3apsakeHHbIM. [Ipn nocta-
TOYHO GONBIION KOHIEHTPALWK AOHOPHOH MPHUMECH 7ig 3TO MPUBOAHT K
PE3KOMY YMEHBLIEHHI0 KOHLEHTPALUMK ABIPOK (T.K. NPOM3BEIEHHE KOH-
IEHTPAIMH 3JEKTPOHOB U JIBIPOK 3aBHUCUT JIHIIb OT TeMIepatypsl). Hali-
TH KOHLUEHTPALHIO 3/71eKTPOHOB B 30HE MPOBOAMMOCTH B YCJOBHAX, KOTAA
KOHIEHTpALKel NbIPOK B BAJEHTHON 30HEe MOXKHO IpeHebpeub.
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7.6. UpeaabHbi 6o3e-ras

Bo3oHb — 3TO yacTULbl ¢ UesbiMH ciidHamMud S = 0,1, ...

[Ipumeps! BHIpoXKaeHHOTrO 603e-rasa:

— (oToHHBIH Ta3,

— (hoHOHBI — Ta3 KoJgeGaHU KPUCTAIINUECKOH PeleTKH,

— UACTHIH C LeJbIM CIIMHOM B paHHeH BcesnenHol.

B ni06oM KBAaHTOBOM COCTOSIHUHU (k-M) MOXET ObITh JH000€ UHUCIO Ya-
ctul, Ni. MHTepecyomue Hac 3agauyd — OIpefeseHHe BEPOSTHOCTH TOTO,
4TO B JIAHHOM COCTOSIHMH HaxoauTcss Ny uactui, w(Ng), cpeaHero uucia
4acTUll B aHHOM coctosinuu (N ) — Takue Xe, Kak s pepmu-rasa. U pe-
LIAIOTCSl OHH TAKUM 2Ke crocobom. OTinyue COCTOUT TOJBKO B TOM, 4TO Ny
nprHrMaet sHauenus 0,1,2,. ..

Pellenns 3TuX 3ajau NpeaCTaBJAsSIOTCS B TAKOM BHJIE: BEPOATHOCTh

1 o
w(Ng) = aeNk‘("‘E"’)/T, e g = » Nkt
Ni=0

f UrobBl psaj He PacXomuacs Hu
OblJ1a BO3MOXKHOCTb HAWTU 3HAueHUe
XHMUYECKOr0 MOoTeHlMana, obecre-
YUBAIOIIEEe JAaHHOE TMOJHOE UHC/JIO0
YaCTHL, Mbl AOJKHBl MOTPeOOBATD,
YTOOBl ObLIO f < Ejmin. 10TAA MO-
eM IMPOCYMMHPOBATh P U Hald-
TH ¢:

oo 1
— Ny(p—ep)/T -
Q*Ze * ’ T 1—elu—er)/T"
Np=0

CpenHee 3HauyeHne Ng:

) € e}
/ T 0q
<Nk>: E wka:——a—:
Puc. 12. ®yukuus pacnpegeneHus bose — N0 qop
DitHmTeiHa f(€) — cpegHee UYHCIO 3a- , 1
MOMHEHHST KBAHTOBOTO COCTOSIHHSI YaCTH- = T2 lng= ———.
LBl B 603€-rase B 3aBUCHMOCTH OT 3HEp- o elex—m)/T — 1
THH 3TOTO COCTOSIHUSL.
Ito — pacnpeneneane bose -

Atinmrreitna (puc. 12). nasuoe or-
JIM4Me OT pacnpenesenus Bosblumana — GoJibliee 3a[0JHEHHE HU3KUX YPOB-
neil. [lpuunny sgerko mousats. Ecau N uactun pacnpefenedsl o N pasHbiM



7. KBAHTOBBIE T'A3bI 73

suelikam (pa3oBOr0 MPOCTPAHCTBA, TO BKJAJA TAKOTO COCTOSIHUS B obLIee YuC-
JIO COCTOSTHUE caefyeT pasfeuTb Ha N! (BCIOMHUM pacueT CTATHCTUUECKOH
CYMMBI 0OJIbIIMAHOBCKOTO Tasa). Kaxpioe Takoe cOCTOsiHHE J4eT B CTATH-
crnueckuil Bec Bkaag 1/N! Ecin e Bce 3TH 4acCTHLBL OKA3a/JIUCh B OQHOM
sSyeliKe, TO TAKOEe COCTOSIHHE MJET B CUET 3a OJHO.

Papenctso
~1
N = /(N(s))dF,N(s) = (e@—“)/T - 1)
nosponsieT HatH p = p(N, T, V).

7.7. Konpencauusa bo3e — dunmrennna

PaccmarpuBaem upeasbHblii 603e-ra3 ¢ (PUKCUPOBAHHBIM UYHCJOM 4a-
CTHUL.

Yro6bl Habmopath ras, 6JAU3KHH K HIeaJbHOMY, ero HeoOXOLHMO che-
JlaTh pa3peKeHHbIM. B TakoM ciyuae TeMIlepaTypa pacCMaTpUBAEMOr'0 HUXKe
(ha3oBOro mnepexoja OKasblBAeTCs OuUeHb HU3KOH. DKCIEpHUMEHTa/bHOe Ha-
6JI0fleHKe SIBJIEHHH, B OCHOBE KOTOPBIX J1eKaT OIMChIBaeMble HHKe CBOHCTBA
6ose-rasa, B 2001 rogy 6b1o ormMeueHo Hobesesckol npemueid. Mbl He Oy-
JeM KacaTbCsl NMOAPOGHOCTEH 3THX PadoT.

Da30BbIi Mepexos KUIKOTO I'equsi B CBEPXTEKYydee COCTOSIHUE B KAKOU-
TO Mepe TaKzKe CXoJeH ¢ (pa30BbIM [1epeXoioM B 603e-rase, 0 KOTOPOM HOHAET

peub naJjee.
[TosiHoe uucso yacTUL,
N V d®p ~ V(emD)*/? T Vxdx
(27h)3 (p?/2mT—p/T) — 1 272p3 er—1/T 1
0
BBenem B paccmorperre GyHKUMIO by (y):
T aed
zdz
ba(y) :/m7
0
dba oo 0o
(y)f/x“dd 1 /“dd 1
dy dy e*ty —1 do vty —1
0 0

o0

. 1
= —a/x ldl'm aba 1( )
0
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(dra dopmyna ne roguresi mpu a < 1, y = 0.) Oyukuus b,(y) oupeneseHa
npu y > 0' ¥ MOHOTOHHO y6HIBaeT ¢ POCTOM Y.
Uepes 3Ty QYHKIHIO yA0OHO BHIPA3UTh TMOJHOE UHCJIO YACTUIL

V(2mT)*? H 3/2
N = Wbl/z (*f) = AVT®/ bl/Q(y)a ()
rie y = —p/T. IlosydeHHOE PABEHCTBO MOKET CJYXKHTB IJIS1 OIpeleseHust

XMMHUECKOTO TOTEHIIHa/Ma M0 YHCAY YaCTHIL.

[onyuaem ypasuenue by s(y) = N/VAT3/? orkyna onpenensercs v,
a zareM W p = —Ty. [lpu MOHHKEHWH TEMIEpaTypbl MpaBasi 4acTb 3TOTO
ypaBHEHUs BO3pacTaeT W MPH HEKOTOPOE TeMmmepaType Tj AOCTUraeT 3Have-
Hua by/2(0). XuMuueckunit moTeHuKMas cTaHOBUTCA paBeH Hysmio. [lpu Gonee
HU3KHX TeMIlepaTypax ypaBHeHHe He WMeeT peuieHu. Hactuu Gosblie, uem
NPeNyCMOTPEHHbBIX (PYHKLHEH pacrpene/ieH|si «3aHUMAEMbIX MECT».

Uro ke npoucxoaut npu T' — T;? B stoMm cayuae p — —0 U uucio
YaCTHL C HyJaeBo# sHepruelt Ny GopmMasbHO OKa3biBaeTCsT OECKOHEUHBIM:

1 T
py o Ry
3HauuT, BEIOHPAs XMMUYECKHH TTOTEHLHAJ JOCTATOYHO OIH3KHUM K HYJIO, Mbl
MOXKEM MpUAATh BeJuurHe Ny J1060e 3HAUeHHe — BCe UaCTHIB, KOTOPBIM
«HE XBATHJIO MECT», TIONAJal0T B OfHO U TO XK€ KBAHTOBOE COCTOsIHHE ¢ & = (.
(ToBopsiT, 4TO 9TH YaCTHLbBl COCTABJMSIOT KOHOencam.) YpaBHeHue (B) cie-

JyeT Iepenucarhb:

N = AVT®?b, j5(y) + Np.
[Ipu T > T}, B 3TOM ypaBHeHHH caenyet npuHaTh Ng = 0, ¥ TOorga oHo, Kak
y2Ke TOBOPHJIOCH, OnpenessieT xuMuueckui norenurar. [lpu T < T B 3TOM

ypaBHeHUHU caenyeT nojoxutb y = 0. Torna oHo onpenenser Ng.
OTciofa MoJjyyaeM YMCJIO YaCTHLL C HYJEBOH 3Hepruei’:

TN\ 32
Neeo= N |1— <_)

No =

Tk
1 oo o o
ba(0) = /e_”aca(l e T re T4 Nda = Z 1/nott. /x‘”'le_“dx =
0 n=1 0

=T(a+1)¢(a+1).
2PaccyAeHHs OTHOCHTEbHO CKAYKOB CIPABEAJHBEl /IS NIPeiesa
N
N — 00, V — o0, v = const,

OOBIYHO HA3BIBAEMOTO MEPMOOUHAMULECKUM NPedesom.
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DyHKUHA b’1/2( y) mpu y — 0 obpairaercs B 66CKOHEUHOCTb!. DTO MPHBOAUT

K mwiasHomy pocty |u(T)| somusu T = Ty, p/(Tx) = 0.
DHeprus TakxKe JETKO BbIpaXkaeTcs uepes GYHKUHIO bg(y):

oo

5/2 -
E= 277713/@(8 T 1~ AVT Pssa(y) = N
0

T5/2b3/2(y)
T;f/2b1/2(0)

Kpusast Cy(T') B KpuTHUecKoH Touke uMeeT u3aoM. Eciu xe 6oze-ras
HaXO/IUTCS BO BHEIIHEM T0J€, CKAXKEM, B [0JIe TSIXKECTH, TO OyJleT U CKauoK
TEIIOEMKOCTH.

Ilpu Temnepatype Huxe KpuTHuecKoi nasienne P = 2E£ = P(T) ne-
pecTaeT 3aBHCETh OT 00beMa.

Bce 3T0 HAarMmOMHHAeT CBOMCTBA HACHILIEHHOTO [apa, HAXOISILIErocs B
KOHTAKTe C XKHAKOCTbI. [IpH HArpeBaHWHU MPOUCXOAMT HCIAPEHHE XKHIKO-
CTH, UTO BJHSIET HA TEMJOEMKOCTb CHCTEMBI, €CJIH JKE MKHUAKOCTh MOJHOCTBIO
UCIAapUTCs, TEMIOEMKOCTb CPasy »Ke H3MeHseTcs. Bo BHemHeMm nose yacth-
bl KOHIEHCATa MPOCTPAHCTBEHHO BbiIEJEHbl (X CJIOH — «HA [I0Jy»), HO B
pACCMOTPEHHOM CJIy4ae OHM PacIpefeseHBl o BCeMy 00beMy, FOBOPST, 4TO
TNPOHUCXOAUT KOHJIEHCAIUs B UMITYJIbCHOM NIPOCTPAHCTBE.

PaccMoTpeHHOe siBJieHHe Ha3biBaeTCsi KoHAeHcauueid bose — diHiuTeHA.

3agaum.

1. Bose-raz Haxogurcs B 1moJe

U(z) - { fz mpu z >0,

o npu z < 0.

Haiditu temneparypy Ty koHmeHcauud bosze —diiHuiTelina, Terioem-
KocTb nipu 1" < T}, CKaUOK TEMJIOEMKOCTH B TOUKE KOHJEHCAIINH, BEICOTY

0(z
LEHTPA TSKECTH rasa (z) W CKauoK BEeJHUHHBL %
Wrots waitte b1/5(y) mpn y < 1, BBeseM (yHKUMIO bz) = b1/2(22), Koro-
pylo mpH z < 1 MOXHO mpeicrtaButh B Buge b(z) = b(0) + zb/(0), rae b(0) =
o=
= — lim(2b_1/2(2%)); zb_q/2(z%) = [ zdz ; mocae samennl x = z2u? mo-
z—0 0 x( z+z
oo 2 0
AyuaeM b (z - f # =-[— 2du2 — —7. B
b ez g o (w+1)+z2z(u"+1)/2+...

urore bl/g(y) = b1/2( ) SCAVAT
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2. Bose-raz naxogurcs B note U = mw?r?/2. Haiitn temneparypy Ty
KoHJleHcalMu bBose — d#nuITeliHA, TeroeMKocTh npu 17 < Ty U CKavYoK
TENNOEMKOCTH B TOUKe KOH/EHCAIlUH.

3. HaliTy ckauox BeJHUUHbBI 9y B Touke T' = Tj.
ar ),

7.8. T'a3 ¢oronos

Uucno $oToHOB He siBAsieTCs (PUKCUPOBAHHBIM, TaK KaK (DOTOHBI MOTYT
HOABJIATLCH M MCYe3aTb B JIIOOBIX KOsMuecTBaX. MIX KOJMUYECTBO onpeness-
eTcsl YCJIOBHEM, UTO CBOOOHAS SHEPTUS UMeeT MUHUMYM:

_(9EN
Po\ON )y

(lpyroe 000CHOBaHKE TOTO YCJIOBHS — CChIIKA HA YCJIOBHE PABHOBECHS B
peakLUMH M3Jy4eHHs U NOIJIoleH s poToHa atoMoM A+ = A: pg + iy =
= [ha-)

st potonoB p = hk = hw/c; € = hw. Yneno GoToHOB :

AN = 2Vd3k _ Vw?dw .
- (2m)3(ehw/T — 1) T o203 (ehw/T — 1)’

MHOXKHTEJb 2 BO3HHK 3a CUeT pasHbIX nosspusanni. CrnekTpanbHOe pacrpe-
JlefleHue MoJydaeTcss yMHOXKeHueM dN Ha fuw:

V hw3dw

db = 263 (e /T — 1)

— 3TO U3BeCTHOe pacnpenenenue I1anka.
Yucno ¢oTOHOB B 3afaHHOM oObeMe MPU AAHHOU TeMIepartype

N 2V / d*p
(27h)3 | emw/T —1°

YnobHo mepelTH OT P K w W NMPOUHTETPUPOBATH TI0 yIJIaM

v V(T 3793%@
72 \ he er —1
0

(TpyBas ouenka: N ~ V/X3 | e Aap = 27¢/wsap, Mxap ~ 1)
p p p

xap?
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Dueprus HoTOHHOrO rasal

2V hwd3p VT 7m3dx VT

@rh3 | /T -1 72(he)® ] e —1 15(hc)?’

0

Hatizem naBsenue ¢doToHHOro rasa. s OUeHKU MOMKHO HAIlMCATh, KaK
U s Jo6oro raza P ~ nup ~ nhw ~ IJOTHOCTH 2Hepruu. TouHBIA pacueT
nact PV = 1E.

Uro6bl 1M0Ka3aTh 3TO, MPOUHTErPUPYEM MO YIJaM BblpaKeHHe 1Js WM-
nyJabca, MepeaHHOTO €IUHUIE TOUIAAU CTEeHKH B €IUHUILY BpeMeHu (o-
TOHAMU C OmpefeseHHOHN sHeprued £ = cp. Kaxnawiii $oToH mepenaer um-
nyibc Ap = 2pcos@. YUnucao GOTOHOB, MPHIETAIOMUX C ONPEAeJEHHOrO Ha-
npaBaeHus n{e)v,dQd, v, = ccosf. [Ipn 3TOM UHTETPUPYEM TIO TEJIECHOMY
Yy 27, iMes B BUAY, UTO (DOTOHBI MPUJIETAIOT C OfHOH CTOPOHBI CTEHKH:

w/2
/Ap n(e)v,dQ = n(e)2pc / cos® 0 27 sin 0df = %n(s)%’cp,
0

— Tak BosHHKJAA «1/3». (A a7 rasa ¢ sHeprusMU uyacTHIl € = p>/2m u
M30TPOINHON (yHKLMeH pacrpejiesieHUs! MOJOOHBIM ke 00pa3oM IOsIBJsIeT-
cst «2/3».) Buyrpu CosiHua naBieHne (DOTOHHOTO rasa CONOCTABMMO C JAB-
JIEHHEM Ta3a HOHOB M 3JEKTPOHOB.

HamomHuM, 4TO B KauecTBe MOIEJH TOBEPXHOCTH AOCOAIOMHO UEPHOEO
meaq (Tena, MONIOMIAKLIEro JIOG0H YIABUIMHE Ha HEro OTOH) MOXKET ObiTb
NPUHATA AbIPKA, BEAYIAA B 3aMKHYTYIO IOJOCTb C XOPOLIO MOTVIOLIAIMMH
creHkamu. CocTosiHue raza (POTOHOB B TaKOM MOJIOCTH OIMPEIEJSIETCsl TeMIIe-
paTypoit ee creHoKk. CocuMTaeM SHEPTHUIO YIETAILINX Yepe3 AbPKY (POTOHOB,
IHEPrus KaxKaoro U3 KOTOPBIX paBHA €.

/2
2mn(e)ce / cos 0sin0df = n(e)ecr.
0

3HauuT, 3HEpPrus (OTOHOB, YAETAIOIUX C EAUHHUILI MOBEPXHOCTH UYEPHOTO
Teja B eIUHHILY BPEMEHH,
I c FE
4 vV’
1I/IH’[‘QI‘]Q)ZIJI BBIUUCJSAETCH TAKHM 2Ke 06pa30M, KaK INOXOXKHUH HHTerpaJsJ B 3ajade O (bepMI/I-
rage. CM. Takxe 3aauy K 3TOMY pasjieJy.




78 YaCTh 1

Jto 3akoH CredaHa— Bosblumana WanyueHus depHoro tesa. OObIUHO ero
MPENCTABASIOT B BHJE

2k4

Gomies — 567 10~%Br/m’K*

I = 0T4, roe o—
(remmepatypa — B rpamycax KesbBuHa).

Ecqnu abcomoTHO UepHOe TeJ0 HAXOAMTCS B PaBHOBECHH ¢ rasoM ¢o-
TOHOB, TO TAafaoliasi HA €IMHUIY €ro MOBEPXHOCTH 38 €IMHHIY BPEMEHH
SHepTHsi paBHa u3aydyaemod, T.e. I. Teso, morjouiamiiee najamiinee Ha HEro
H3JIy4eHHe JHLIb YaCTHUHO, MOKHO XapaKTePU30BAThb €TO 10eA0ULAMEAbHOL
cnocobrocmero A — poJieli moryioniaeMol sHepruu. Eciu Te0 HaXopuTes B
paBHOBECHH C ra30M (POTOHOB, TO MOTJIOIIAaeMast TesoM Heprusi Al KoMmeH-
CUpyeTCcsl M3JIyuaeMol, Tak UTo U3JyueHHe MPOMOPLUUOHAIBHO MOTIOUIATENb-
Ho#t crmocodHoctu I’ = Al (saxkon Kupxroga).

TennoemkocTb

oF

oT

JlaBjeHre 3aBUCHUT TOJbKO OT TeMIIEPATypbl, MO3TOMY TermnoeMkocTb Cp
MOXKHO CUHMTaTh O€CKOHEUHOH.

Cy = o T3.

3agauu.
l. BBenem ¢pyukiun
o0 o0
zdx xtdx
ety {17 evty — 1

0 0
Jlokaszatb paBeHCTBO fo(y) = ba(y) — ba(2y)/2%. Haiitu cooTHoLIeHHe
MEXy KOHLEHTPALMSIMH 3JeKTPOHOB, IO3UTPOHOB W (DOTOHOB MPHU TEM-
nepatype T > mec® (Takas BbicOKasi TeMIepatypa Oblia B MaJble J0JH

CEKYH/LBI ITOCJa¢e boavuioeo 83pbi8a; B 3TUX YCJAOBUAX MOMKHO MPUHATDH,
YTO KOHUEHTpAUWU 3JEKTPOHOB U MO3UTPOHOB OILI/IHaKOBbI).

2. OueHuTh KOHIEHTpaNuio (oToHoB mnpu Temmeparype 3K (pennkrtosoe
H3JTyYeHHe).

7.9. Tenn0eMKOCTh TBEPAOTO TeJja

Hmeercst B BHAY KpUCTaJJJH4YeCKasli peleTka, O TeIJIOEMKOCTH 3JeK-
TPOHHOTO Tas3a pedb yxKe miJja.
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JlBrkeHHe AaTOMOB OTHOCHTEJNBHO APYT APYra MOKHO pacCMaTpHBaTh
KaK Majble KoJeOaHusl. BcmoMHUM, UTO [/ LEMOYKH aTOMOB GblId 3aBUCH-
MOCTb YacTOT OT HOMepa HOpMaJjbHOTO KoJebaHus. B kpucranie cutyanus
aHaJIoTHYHa.

ATomBI B KpHCTa/Jle MOMKHO MPEACTAaBAATH HAGOPOM OCLHUJNATOPOB C
pasHBIMH uacToTaMu. [IpyW TemmepaTypax, BHICOKHX [0 CPaBHEHHIO ¢ Hau-
GoJiblell U3 3TUX YACTOT, HA KaXKIbli OCLUJJIATOP MPUXOLHUTCS TeIJoeM-
KocTb ¢ =1, #a N atomoB — C' = 3N — 3710 3akoH Hioaoura u Iltu.

[Tpy HUBKHX TeMIepaTypax TEMIOEMKOCTb MafaeT. DUHIITEHH MPUHS,
UTO BCE YACTOThl 3THX OCLHJJISTOPOB OAHMHAaKOBblL. Torna mpu mansx I Ter-
noemrocth C o e 0/T Drenepument naer C' o T2,

Jle6ail mpeanonoKuI, UTO CIEKTP NPUMEPHO TAKOH Ke, KaK AJs KoJje-
6aHUH ympyroro tena, w = uk, TAe k — BOJIHOBOH BeKTOp, ¥ — CKOPOCTb
3ByKa, HEKOTOphIM 00pasoM ycpenHeHHasi (cM. Huke). [losHoe ke uuciIO
HOPMaJ/IbHbIX KoJeGaHHH OblJIO BHIOPAHO PaBHBIM UHCJIY CTerneHeH CBOOOMbI,
uTo ofecreyyBaeT BblIIOJHeHHe B Mogesad 3akoHa Miodgonra v [Itu.

Ilpu HH3KHX TeMIepaTypax OCLMJJISTOPbl C BBICOKHMH 4acTOTaMH He
B030YK1aI0TCsl, [IO3TOMY OrpaHHYEHHEe CIIEKTpa He CKAa3blBaeTCs M MoJyua-
eTcs Takasl e 3aBHCUMOCTb TEIJIOEMKOCTH OT TeMIleparypbl, Kak aJjs ¢o-
ToHHoOrO raza C o< T°.

B npomexxyTouHo#t o6sacti TeMnepatyp Moxens Je6Gas MOXKHO CUMTATD
MUHTEPNONSLMOHHOH.

Yno6HO BBeCTH LUMKJMYECKHe I'DAaHMYHble YCJOBMSI M pacCMaTpUBaTb B
KauecTBe HOPMaJIbHBIX KoJieGaHuK Oeryrine BoJHbL. Hy>KHO yUHTHIBATH, UTO
BO3MOXHBI pa3Hble MOJSPU3ALUH 3BYKOBBIX BOJIH, B H30TPOIHOM Teje —
nponposbhbie (1) u nomnepeunsie (t).

Uneno xKonebanni

Vd3k Virw?dw  3Vwidw
dl’ = — = =
22: (2m)3 Z (27)3u3 2m2u3

[

i=l,t1,t2
e © — CPeHsIsl CKOPOCTb 3ByKa B PELIETKE, KOTOpast ONPEe/sieT s TaK:

3 1 2

ud

ud’
MaKcHMabHYIO YaCTOTY MOMKHO ONPEeIeNHTh M3 YCJIOBHS:

Wm
3V 9 Vwd,
2m2y3 /w dw = onZud 3.
0
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O6b14HO BBOASAT 1e6aeBCKYI0 TeMIepaTypy
N\ 13
Tp = hwy = (67r27> fiu.

Teneps nerko 3anucatb 3HEPruio

Win,

3V 1 1 ,
b= 27T2u3/hw<§+ehw/T—1>w do =

0
, To/T
3VT 110\ 4 3 T
_ o - do=3N |2Tp+T-D (=2
22U / <2+e‘”1)$ v [8 D (Tﬂ
0
rae
3 22dz 1 npn  x < 1

D(x)zﬁ/ez_lz{w‘*/&’)x?' mpu x> 1
0

— ¢yuxuusa Hebas (ee 3HaueHUs] UMeIOTCs B TabaMLAX, YTO HMEJO CMBIC]

JI0 PaClpOCTPAHEHHsT KOMITBIOTEPOB).
Mpn T < Tp E = (9/8)NTp + (37*/5)N(T*/T3),

C = (127 /5)N(T3/T3).

Mpu T >Tp E=3NT, C=3N.

Teopus Jlebas okasasach OueHb y;[aquﬁl.

[lpumepel 3HaueHUH neGaeBCKOH TeMIepaTypbl: OYeHb BbICOKAs — /s
anmaza (I'p=1860K) u nuskaa — paa ceunua (Tp=88 K).

TennoBoe ABHXKeHHE MOXKHO CUHTATh ra3oM (DOHOHOB, KaxKJI0€ HOPMaJlb-
Hoe KoJiebaHue — copT (POHOHOB, Ny — YHCJIO (POHOHOB C BOJIHOBLIM BEKTO-
poM k. OTBJIEKasicb OT BO3MOXKHBIX SIBJIEHHWH, CBSI3aHHBIX C [TOBEPXHOCTHIO,
ynoOHO MPHUHATH IIMKJIWYECKHE TPaHUYHBIE YCJIOBHS AJs KojebaHUU peliet-
ku. Torga kaxkapiii POHOH MOXKHO TPEACTABJSATh cefe KaK OeryIIyo MIOCKYIO
BOJIHY C OMpejeJeHHBIMH MOJsipU3alell 1 BOMHOBBIM BEKTOPOM.

HctunHHb# crieKTp KoJieGaHWH W3BECTEH U3 OMBITOB 110 PacCessHHIO HEH-
TpoHoB. Ilpy Heympyrom paccesiHHUH MPOSIBJASIIOTCS OTHEJbHblE (DOHOHBI, H

"Unorna B Tabamnax aas TOro, 4TOOH MPUBECTH 32BHCHMOCTb TEMJAOEMKOCTH OT TeM-
nepaTypel, ykaseBaloT 3aBucHMocTb Tp(T), mompasymemasi, uto C' = 3N[D(Tp/T) —
= D'(Tp/T)Tp/T].
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3aKOHbl COXPaHEHHsl MO3BOJSIOT IO MOTEPe WMIYJIbCA U IHEPTUU HEHTPO-
HOM Yy3HaThb 3aBHCHMOCTbH 9HEPruu (POHOHA OT ero Kpasuummysabca. CrexTp
OK43aJ/csd He O4YeHb [TOXOXK Ha 1e0aeBCKHH.

B BoipaxeHun sHepruu ectb cjaraemoe 9NTp/8 — Bkjaaj HyJeBbIX
Kosnebanuii. OHo He TposiBasieTcsd B TemaoeMKocTH. OnHaKo B JAPYyrUX sB-
JIeHUsIX (paccesiHMe PEHTTEHOBCKUX Jydel, adpdext Méccbayepa U p.) 9TH
K0JIeGaHUS TOJHOCTBIO MIPOSIBISIIOTCS.

3anmaua.

Hcnonbsysa mMonens Jlebasi, HAHTH CpefHUN KBaapaT OTKJAOHEHHUS aTOMa

OT IIOJIOKEHHSI PABHOBECHS T’2.

Pemenne.

OTkJ/0OHEeHHEe aTOMa, CBSI3aHHOE C OJIHUM M3 HOPMaJbHBIX KoJieGaHUH 7'k,
orpenesisieTCsl yCJI0BUEM

Nmwi(rg) 1 hion (l 1 )

2 )

3 " T 1

(6)

OTKJIOHEHHSI B Pa3HbIX KOJeOaHHSIX MOXKHO CUHTATb HE3aBUCHMbIMH H
N05TOMY 3HaueHusi (ry) AJst pasHbiX K CJI0XKHTB:

Win,

2y _ A (1 1 ___3Vh hw
{r >—/wa <2+€EW/T—1>dF_4Nm7r2u3 /w cth2T dw.
0

(7)

7.10. TennoBoe pacmpeHne TBEPABIX TeJ

la3, Haxomsimuiicss B COCyle, OKa3blBaeT NABJEHUE HAa €ro CTeHKY 3a
CUET Nepefadd UMITYy/Nbca CTEHKE OTPAXKAIOIIMMUCT OT Hee MoJeKkynamu. Ta-
KHMM JKe TIpeJCTaBjseM Mbl cefe MeXaHHW3M BO3HUKHOBEHHS JaBJeHHs (o-
TOHHOro rasa. Hss rasa (POHOHOB Takoe NpelCTaB/JeHHe He TOJUTCS: B rap-
MOHHUECKOM NIPHOIMKEHHH HMIYAbC, TepeHOCHMbI JOHOHOM, paBeH Hyo!.
Tem He MeHee KoJsieGaHUs KPUCTAMIWYECKOH peIIETKH, KOTOPbIE Mbl MOXKEM

"Ecam KprcTans 3akpenen, To Kax/pii aToM KoJeGaerTcst OKO0 CEOero MoJI0KerH s PaBHo-
BecHsi, CpeliHee 3a [IePHOJ 3HaYeHHe CKOPOCTH aToMa (Vi) PaBHO HyJo. VIMIIy/IbC, CBA3AHHbIH C
pononom, (3" m;v;) = 0. B «3aK0oH coxpaHeHunsi» 1Jisl paccesiHnsi, HANPHUMep, HeHTPOHA BXOAWT
KBa3HUMIYJIbC (POHOHA.
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NpeAcTaBasith cebe Kak ra3 (hOHOHOB, OKA3bIBAIOT HA KPUCTAJI jaBJeHUE
U3HYTpU. DTO 3PQEKT, MeJUKOM O0OYCJAOBJECHHBIH OTKJOHEHHEM KOJeGaHu#l
ATOMOB OT FapMOHHUYECKOTO MPUOIHKEHUS. 3aBHCUMOCTb 3TOTO JIdBJIEHUS OT
TEMIIEPATYPbl [IPUBOAMT K TEIJIOBOMY PACLIMPEHHI0 KPHUCTAJIIA.

MexaHu3M BO3HMKHOBEHHs JdBJIEHHS, OOYCAOBAEHHOTO KO/MeOaHUSAMH
KPUCTANIHUECKOH PEIIETKH, MOXKHO MOHSATh ¢ MOMOIIBIO MPOCTOH MOJE/H.

PaccMoTpruM cHauasa JHHEHHYIO LEMOUYKY YaCTHLL, CBSI3aHHbIX TIPYHKUH-
KaM. O603HauMM OTKJIOHeHHe i-# K (i — 1)-H "acTUL OT CBOMX MOJIOXKEHUH
PABHOBECHS] T; W T;—1; NYCTb MOTEHIHANbHAS SHEPTUS COEAUHAIIEH UX NPy~
HKHHKU u(2;, 1) = kx?/2 — bx3 /3, tne x = x; — x;_1 (cm. puc.5). Cuna,
IeHCTBYIOIIAST HA -0 YACTHLY CO CTOPOHbL (i — 1)-d, paBHa f = —% =

k2

= —kx + bx?. Tlyctb uemouka xoae6aercs. CpefiHee 1O BpeMeHH 3HAYeHHE
cudiel (f) = b(x?) u npescTaBageT co00l «/laBaeHUe», 0OYCIOBIECHHOE KOJIe-
Ganusivu. CuuTtast aHraDMOHHYECKOE CJlaraeMoe B MOTEHLHAJIbHOH SHepruu
MaJIofl MOMPaBKOW, MOXKHO BbIPasuThb (z?) uepes sHepruio KosieGaHuil Le-
nouku E: Nk(x?)/2 ~ E/2, rne N — uuc/io 3BeHbeB (CpeiHee 3HAaueHHe
NOTEHUMAIbHOI SHEPIHH PaBHO MoJoBKHe mosHoi) . Ecu kpasi Lenouku He
3aKpervieHsl, ee AJMHa yeeauuutcs Ha N{f)/k = bE/k?.

AHanoruyHoO MOXKHO OLEHHTH JiaBjeHHe (hOHOHHOTO rasa B TPEXMEPHOM
KpHCTaJlle, IPUHSB B KayeCTBe MOAE/IH O0beMHYI0 KyOHUeCKyIo CTPYKTYpY,
NOCTPOEHHYIO M3 TAaKUX XK€ 4YacTHL M NpyxuHOK. [lycTh paBHOBecHOe pac-
CTOSIHHE MEXJY UacTHIaMH PaBHO a. JlaBjeHHe (hOHOHHOTO rasa Pppon =
= (f)/a®. Beanuuny (f) oueHuBaeM Tak xe, KaK 1Jsl JUHEHHOH LENOUYKH,
{f) ~ b{x?) ~ bE/EN, c TeMm T0/JbKO OT/HuKeM, 4To E — 3Heprus Kojeba-
HUE Beero kpuctanna, a N = V/a® — 4nc/io mpy»KMHOK ONHOTO HampaB/eHus
(coBnagarouiee ¢ uncgaom yactuu), V — ofbem kpucramia. Takum obpasom,
Poton ~ (ba/K)(E/V).

KoathduineHTs KeCTKOCTH BhIPaXKaloTCs uepes MOTEHIMAIbHYI SHep-
THIO B3aUMOLEHACTBHS COCENHMX YacTHL k = u >> (a), b = —u >>' (a)/2,
u ipu 31oM? b ~ k/a. B utore Pypon ~ E/V. Takum 06pasom, camasi rpy6ast
OLIEHKA [aBJieHHs rasa (DOHOHOB MPUBOAUT K TAKOH ke dopmyne, Kax JJs
0OBIYHOTO Ta3a U raza POTOHOB.

C pocrom TemrepaTypbl pacteT U Ppron, 3TO U IPUBOLHT K TEIVIOBOMY

B rapMOHHUECKOM MPHOJMKEHHH PABEHCTBO MOXKHO CIUTATb TOUHEIM /151 IEMOUKH ¢ IHK-
JIHYeCKHMH [PaHHYHEIMH YCJOBHSIMH: B TOM CJyd4ae pOjb HOPMaJbHHIX KOJeGAHHH HIpaioT
GeryLie BOJHEL, U JJs1 KAXKAOTO M3 TAKHX KOJEOAHHH CMELLEHHS PASHBIX UACTHIL OTJHYAIOTCS
APYT OT APYra JWLIb CABHIOM 1O (ase.

Tax Aast nomysstpHOro noteruwana Jlennapaa — xorca u(r) = uo [(a/r)12 — 2(a/r)°]
nosnydaeM b = 3k/a.
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paclIMpeHno KprucTtamia. JInHeldHbll Koa(pPULUUEHT TEMJI0BOrO pacllIupeHHs
(paBHBIl 1/3 06BeMHOTO)

1 (ov) _ 1 (9hen
“av\or), wWE\ 0T )

roe K — MOOy/Jb BCECTOPOHHEro CXKAaTHS,

11 (a_V>

K V\oP),
(B MocJaeJHEM pPaBEHCTBE P — BHemnHee faBJeHHEe B 3aKOHE FyKa)l. Taxum
06pa3oM, MmosydaeM OLEHKY

bCphon aE)
~ ——————, 11e Cppon = | T=
3VKka2N phorn (E)T v

— TeIJ0EeMKOCTb KpHCTaJ’I.}'JI/I'—IeCKOﬁ PELIETKH. BeJ’II/I‘-II/IHy

3KV«
TTTC

HasblBalOT napamempom I pronaiizerna. CorjacHo Halled OlLEHKe NapaMeTp
[pronaitseHa v ~ PpponV/E He 3aBUCHT OT Temmepartypsl. B atoMHbIx enu-
HHIAX rpybas oueHka a ~ k ~ b ~ K ~ 1 naer v ~ 1. [lpu temnepatype
Bhite aeGaeckoi C'/V ~ 1, tak uto a ~ 1. [Tockosbky | aT.en.aHepruu ~
27,2 3B =~ 3- 105K, B 06bluHbIX eguHULaX o ~ 3- 106K 1. B kauecrse ca-
MO Tpy6Goii OLIEHKU 3TO MPABU/bHBIN OTBET (AJi1 MHOIMX BEIECTB BeJMUYUHA
Q HECKOJIbKO GOJIBIIIE).

OTMeTHM, YTO B PACCMOTPEHHOH MOJEIM HeT MOMEPEUyHOro 3ByKa.

MoKHO BBIDA3UTh AaBjeHHe rasa (GOHOHOB H 0e3 UCIOJb30BAHHS 3TOH
HECKOJbKO MPUMUTHUBHON Mofeu. CBoOoOnHAsS sHeprust HOHOHHOTO rasa CoB-
nagaer ¢ ero -moTeHUHaNoOM (T.K. XUMUUECKHH TTOTEHIIMAJ PABEH HYJIO) U
MOXKeT ObIThb BbIpaXkeHa uepes GOJbIIYI0 CTATUCTUYECKYIO CYMMY:

—ﬁwa/2

Q H 7hwu/T

1enonb30BaHo COOTHOLIEHHE

(5), =~ (55), (),




84 YaCTh 1

rle ¢ — HOMEep MOJbl KOJeOaHHsI, 33[]aBaeMOH BOJIHOBBIM BEKTOPOM U MOJsi-
puzanuei ((Q BIUUCAAETCS MOAOOHO TOMY, KaK 3TO CASJIAHO AMs (hepMU-rasa
B KOHILIe paszjena 7.4).

F=-ThQ=> (h“’“

_ _ C)wa _ 1 1
Pphon——— —hz a—§+m, (8)

(1— e—hwa/T)> ’

h ong Ow,
3K ” oT oV -’

o=—

3aMeTuM TaKXe, UTo

E= thaw@, C= nzana

[Mpu T' <« T'p BO3OYKJEHHB TOJbKO HU3KOYACTOTHBIE, aKYCTHUECKHE KosebHa-

Qwa _ v¥e rpe 4 = const!, Tak uTo
oV {7 ’
_ g 1 C(T)
“ T 3KV 2T (hwa) = S
Ong
[pu T > Tp umeem (hwg) =1,
oT
_ 1 N O
3K ” ov’

U @, KaK U TEIJIOEMKOCTb, He 3aBUCHUT OT TeMIepaTypbl. B 060KX MpenebHbIX
caydaax napamerp ['pioHalizeHa oxasusae’rcg KOHCTaHTOH, HO pasHOH INpH
BLICOKHX H TIPH HU3KHX TemmepaTypax’. Hanpumep, mma xpucranna NaCl
IIPH HU3KHX TeMIepaTypax v = 0,5, a nIpy KOMHaTHOH — v = 1, 6.

Tounee roBopsi, BeIMUMHA -y ONpPefeJseTcs YCPeIHeHHeM [0 NPOAOJBbHEIM U ONepedHbIM
3BYKOBBIM KOJIeGaHHSIM, i
A . TS
2Jlns fEHEHHOH TENOuKH MPH MUKAHYECKHX TPAHMUHBIX YCJAOBHAX Ws = 1/ - Sin ——
a 2 5 " 2N
BMECTO oo cjefyeT MOACTABHTD Hs ok, e ok _ _bla nonyuaemM (f) =
v NOa’ = Wa 2k ka’
b

=N >~ hwqng, UTO COBIMANAET, €CTECTBEHHO, C Pe3y/bTATOM, MOJYUYEHHBIM B Hauaje pas-
aena.
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B Merannax ecTb elie 3JeKTPOHHBIN ras, AaBJeHHe KOTOPOro OueHb Be-
JIMKO, HO OYeHb cjabo 3aBUCHT OT TeMIIepaTypbl. BiusiHHMe naBneHHS 3J€K-
TPOHHOTO Ta3a Ha KO3()(HUIMEHT TEMIOBOrO paciiupeHus (Kak W Ha Temmio-
€MKOCTb) MOXXHO OOHAPY2KHUThb TOJLKO IIPU HH3KUX TEMIIEPATYpax.

3anaua.

Hafitu BKsian naB/eHHs 3JeKTPOHHOTO Ta3a B KO3(pHIMEHT TENIOBOTO
pacLIMpeHys MeTaJa.

7.11. Cuabl OpUTSIIKEHUS] MEXKAY HEUTPAIbHbBIMA MPOBOIHUKAMU
(cunnt Kasumupa)

CgobGoanast sHeprus rasa (HOTOHOB U ero jAaBJieHHe BBIUHCJSIOTCS Tak
X)e, Kak as raza goHonos (cm. (8)),

Owq
P=—h)» ng ( 5 )
a
rle cpenHee 4ucjao (pOTOHOB MOIBL @

1, 1
27 exp (hwo/T) — 1

Ng =

OJIHAKO 3aBUCHMOCTb COOCTBEHHbBIX UACTOT OT O0beMa OKAa3hiBAETCH HHOM.
B o6veme V = L3, OrPaHUYEHHOM H[easbHO MPOBOASIIHUMM CTEHKAMHU, IJIsI
KaXXJOH MOJbl COOCTBEHHBIX KOJeOaHUH, ONMpeessseMOld BOJHOBBIM BEKTO-

POM H MOJsIpH3aLHMei, yacTota w, x V13, rtak uro (%"‘J/‘l) = —wa/3V.

(B OTJH4YHe OT rasa CbOHOHOB, HeJUHEeHHbIe MOMPaBKW K €Ay OTHOUICHUA HE

HMeT.) DHeprus
) Duep E=Ynohw. )

B pesysbrate Mbl BHOBb MoJyuaem cooTHouienne P = E/3V, Ho Ha aToT pa3s
IHeprusi BKJIIOYaeT B Ce0sl U SHEPrUI0 HYJEBBIX KOJeOAHHH 3JIEKTPOMATHUT-
HOT'O TIOJISI.

Habop wacToT w, BkJIOUaeT B cebs CKOJIb YTOMHO BHICOKHE YACTOTHI,
nostomy Buipakenue (9) npencrasisier co60i pacxXomsIuLyocs cymmy. Briazn
HYJIeBbIX KOJIeOAHHWH B SHEPIUI0 OKA3bIBAeTCsl ECKOHEUHBIM. DTOT PaKT MOX-
HO ObLIO 6Bl pacCMaTPHBAaTh JHOO KaK MPOSBJIEHHE HE3aBEPIIEHHOCTH COBpe-
MEHHOH TeopuH, JUOO KaK CJEACTBUE HEKOPPEKTHOHU IOCTAHOBKH BOIIPOCA.
B uacTtHOCTH, cjleIyeT OTKa3aTbCsl OT MPEACTABJEHHS 00 HAEAJbHO IMPO-
BOAAIIMX CTeHKax. JI/d 3/1eKTPOMarHUTHBIX BOJH BBICOKHX YacTOT CTEHKH
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CTAHOBSITCS] NIPO3PaYHbBIMKU H BeJMYHHA (%“{;) obpaiaercss B HyJAb. TakuM

o6pa3omM, [JIs 1aBJeHHs BOMPOC O PACXOMHMOCTH CHHMAETCS.

OnHako Bompoc 0 GeCKOHEYHOH HEpruu B AAHHOM 00beMe OcTaeTcs.
OnHa M3 BO3MOXKHOCTEH «CITACTH» TEOPHIO — MPU3HATh, YTO B ITOM CJyuae
pedb HJAET O BeJHUHHe, KOTopas He Morja Obl ObITb U3MepeHa (B OTAMYME OT
JaBjeHus) .

Bo3MOXHBIM Ka3a/J0Ch H TAKOE CIIACEHUE OT MOSIBJIEHHST B TEOPUH HEMPH-
STHOM pACXOMHMMOCTH: CMECTHM HauaJjo OTCUETd SHEPTHH 3JeKTPOMarHUTHBIX
KonebGaHull U TNpHMeM, UTO HYJEBBIX KoJeGaHHH BooOIlle He CYIIEeCTBYET.
Taxoit mogxon okasajcsi owub6ouHbIM. HyseBble KosieGaHUs 3JEKTPOMArHUT-
HOTO TOJsl OblIM 0OHAPYXKEHBI 9KCIEPUMEHTAIbHO. [lepBoHAUAIBHO 3TO OBLI
9KCIIEPUMEHT, CBSI3aHHBIH ¢ HAOJIOeHHEM BJIHMSHHS HYNEBBIX KoJeGaHUH Ha
CITEKTPbl aTOMOB («1€eMOOBCKHME cABUT»). HeMHOTO 1M03Ke 17151 POBEPKU pe-
AJbHOCTH HYJIEBBIX KOJeOaHHH 3JEKTPOMArHUTHOTO MOJIsi GbIIO MPeJIOKeHO
HabJ01aTh CUbl, IeHcTByloKe Ha MpoBoAHKK (Kasumup, 1948).

Eciu 3/7€KTPOMarHWTHOE M3JyuyeHHe HAXOmUTCst B 06JacTH MPOCTPaH-
CTBA, BKJIOYAMIIEH POBOASIIHE U AUIJIEKTPUUECKHE TeJa, TO YACTOTHl COO-
CTBEHHBIX KOJ1e0aHHH 3M€KTPOMArHUTHOTO [I0JIS1 3aBUCAT OT (POPMBL U PaCIIO-
JoXKeHus1 3TuX Teq. [lycTe dopma u mosoKeHHe Tesl 3aJAKTCS apaMeTpaMu
A, TaK 4TO wq = we(A). CooTBeTCTBYIOIIAS NapaMeTpy A 0600IIeHHAs CHIa,
JefcTBYyIOAs Ha CPEy CO CTOPOHBI (DOTOHHOTO rasa, paBHa A = — (g—f)T,

Bynem paccMaTpuBaTh 3JE€KTPOMArHUTHOE MOJe B LIEJAH MEXLY MOJY-
IIPOCTPAHCTBOM, 3aIIOJHEHHBIM IPOBOIHUKOM, U IJIOCKHM CJI0€M MPOBOIHHKA,
HaXOMSAUIMMCS OT HETO Ha PacCTOSTHUH [.

JI/151 HUBKKX 4acTOT KoJieGaHUH MOXKHO CUMTATh POBOJHKK HIEaJbHbIM,
a IJIs1 OUeHb BBICOKMX — MPOo3pauHbiM. [/t HUBKHX 4acToT

w(ky,s) = cy/k2 + k2, kZ:% s=1,2,3,..., (10)

rie ki — ABYMEpHBIH BeKTOp (B MIOCKOCTH, TMAapas/esbHON TpaHULE CJ05).
JlaBsieHne 3/7€KTPOMAarHUTHOTO MOJS Ha MOBEPXHOCTh MPOBOJHHUKA

2d%k | i ow(ky,s)

P=-n] G al

n(w)R(w), (11)

s=1

1 Mo3kHO BBLIO GBI CMOTPeTb Ha 3HEPruio HyJNeBbIX KoJeOaHWH KaK Ha UCTOYHHUK 106aBOU-
HOIO TPAaBHTAIIOHHOTO M0/, KOTOPOE BCe-TAKH MOXKET HalaiofaThes. Tak JH 3T0, A0 CHX IOP
He SICHO.

Bo n3bexkanne He10pa3yMeHHH OTMETHM, UTO B COBPEMEHHBIX TEOPHSIX CYLLECTBYIOT O0LLeNpH-
HSATHIE CIOCOOH UCKJI0UATh GeCKOHeUHHe BeJHUUHBL. ONHAKO B MPOMEKYTOUHBIX MOCTPOEHUSIX
«BEeCKOHEUHOCTH» 0CTAlOTCS.
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rie MHOXUTe b R(w) oTpaxkaer ykazaHHbe Bblle CBOMCTBA IPOBOLHHUKA:

) 1 mpu w—0,
R(w){O IpU w — 00,

T.€. 3aBUCHUT OT 4acTOTHl MPUMEPHO TaK XKe, KaK KOI(D(PUIHEHT OTParkKeHHs
ceeta. Ha/lHune 3TOr0 MHOMKMTENS TapaHTHPYeT OTCYTCTBHE PACXOAMMOCTH
NPH BBLICOKHX YaCTOTAX.

B unterpane (11) noacrabum dw/dl = —c?k2/wl (cornacuo (10)):

P=7% [ G, (12)

JlaBfeHre Ha CJIOH CO CTOPOHBI CBOGOAHOTO MOMYMIPOCTPAHCTBA MOXKHO MO-
Jy4yuTh, yerpemus B (12) | K 66CKOHEUHOCTH H Tepelst IPU ITOM OT CYMMH-
pOBaHUS MO § K MHTErpupoBaHuio no dk, = (mw/l)ds. YuursiBas, uro hk, =
= ps, %k, /w = v,, NONyUnM, pasyMeeTcs,

2d%k dk,
Py = / — 5 n(w)v.2p:R(w), (13)
(2m)
v, >0
T.e. y>Ke U3BeCTHOE HaM JaBjeHue (OTOHHOTO rasa.
WHade roBopsi, Mepexon K CBOGOAHOMY MOJYNPOCTPAHCTBY CBOAMTCH K
saMene y_ ... Ha [ds..., IPU 9TOM napameTp [ Mcuesan MU 3aMeHax mepe-

MeHHbIX, TIOLPa3yMeBAIOCh TOJIbKO, YTO OH OYEHb BeJIHK.

PasHocts AP = Py— P onpengeJsieT CHJIY MPUTSIKEHHUSI CJIOST K MOJIYIIPO-
CTPAHCTBY, 3aMOJHEHHOMY MPOBOAHHKOM. [/ najbHEHIIHX pacyeToB yao6-
Ho B uHTerpase (12) mocse wurerpuposanus no yray (d?ky, — 2wk, dk,)
NepeiTH OT MepeMeHHOH k) K mepeMeHHOH w = w(k] , s):

Zs/ W) R(w)dw. (14)

cms/l

OrpaHu4nMCst clydaeM HU3KMX TeMIepatyp, KOra IJs CYIIeCTBEeHHBIX
B 3ajaue 4acTOT MOXKHO paccMaTpHBaThb TOJBKO HyJeBble KoJAeOGaHHS: n =
= 1/2. Ya0BUTH OTIMYME WHTETPAJA

Ozw/@s/R (15)

cms/l



88 YaCTh 1

ot cymmel psiza (14) nossossier dhopmyna Ditsepa — Makaopena:

[ 163 = 570+ 3560+ 1580) = 735O0 + 555500 =
0 5=

OTJIMUHO OT HyJsl TOJIBKO CJIaraeMoe ¢ TpeTbel NMPOU3BONHON, TaK 4TO

w2 he
240 14
HimeHHO 3Ty BeJMUYMHY M H3MepsIM KCIIePUMEHTaNbHO. YCJIOBHE IpUMe-
HMMOCTH TpuBefeHHoro pacdera (I < hws) CBOZUTCS K COOTHOIIEHHIO
T < he/l.

B onHOM M3 HelaBHHX 3KCIEpPUMEHTOB Obljla JOCTUTHYTA TOYHOCTb OKO-
70 5%. Vsmepenust mpoBoausuck mpu | ~ 1 MM, OIHEM H3 IJIABHBIX HC-
TOYHHMKOB OMIMOO0K Oblja TPYAHOCTb MapaJsienbHONH YCTAHOBKU MOBEPXHOCTEH
NPOBOAHHKOB. DTY TPYAHOCTb OOOLIH, IPUIAB OLHOM K3 MOBepXHOCTEH che-
pUUECKYI0 (hOpMy. YUHTHIBAsi, UTO PaAMyC KPUBH3HBL BeJHK, R >> [, MOxkeM
NPHHATH, UTO H3MepseMas CuJja BOJIU3H KaxK/I0H TOUKH NMOBEPXHOCTH MPOIOp-
uronasbHa (I + z)_4, rae z = p2/2R, p — PaccTosiHke BAOJIb MJIOCKOCTH OT
TOUKH HauOOJBIIETO COMMXKEHUS co cepor. Chia NPUTAKEHHS MONYUHTCS
sameno# B (16) Beanuuns [~4 na

AP — (16)

(+p2/2R)% ~ I3

oo
/ 2mpdp 2R
0

Pacuer CHJIbl IPUTSIZKEHUS] MEXKAY MOJYIPOCTPAHCTBAMH, 3ATIOJHEHHbI-
MU [IU9JIEKTPUKAMHE C 3aMaHHBIMU 3HAYCHHUSMU NUJIEKTPUUECKOH MPOHUIA-
eMoCTH, &(w), IPY W3BECTHOM TEMIIEpPaType MOMXKHO HAWUTH B KHurax [4, 5].
EcrtecTBeHHO, 3TO pacyeT 3aMeTHO (oJiee CAOKHbBIH.

8. HeupgeaanHble rassl

8.1. BupuauabHblid Ko3()punmeHT

YueT B3aMMOAEHCTBHSI MOJIEKYJI CYILIIECTBEHHO pa3jndeH 15 CIydasl Ko-
POTKOJAEHCTBYIOIIMX CUJ (/151 HEHTPaJbHBIX MOJIEKYJ TOTEHIIUAJ B3aHMOIeH-
CTBHSI O4€Hb OBICTPO MAAAET C PACCTOSIHUEM MEXAY HUMH) U 1Jis1 AaJbHOAEH-
cTBYOUMX (/5 3apsKeHHBIX 9acTul). MBI HaUMHAEM ¢ KOPOTKOIEHCTBYIO-
MHX.
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BsanmopneticTBre MOJIeKysa YIOOHO IMPEACTABJASTb B BHOE MOTEHUUAA
u(r; —r;) (TeM caMbM MBIl He YYHTHIBAEM B3aHMONEHCTBHSI OAHOBPEMEHHO

TPpeX MOJICKYJ, XUMHUYECKOE HaCbIlIleHHeE. . . ) By;[eM BbIUUCJAATL CTATUCTHUHE-
E

CKYIO CYMMY, a 3aTeM — CBOGOAHYyW 3Heprui: F'= —TInZ,Z = > e T.
Ilnst upeanbHoro rasa Zy, = z¥ /N, rue

4 s
=y [

BsaumoneficTBHe NPUBOAUT K TOMY, UTO UHTEIPUPOBaHUe 110 00beMy He
OyneT TpUBUANbHBIM. Mbl MOKEM [IPEACTABJSATL MOTEHIIHAA B3aHMOLEHCTBHUS

B BUJE
U(ry,ro,...,ry) = Zu(rz —rj).
i<j
O6uiee uucao caaraembix C% = N(N — 1)/2. 3anuwem crarcymmy

Z = Ty Vi/dvldw...vae-%.

N

Takoll 3N-MepHbll HHTErpajJ He YHAeTCS BBIUACAWTb TOUHO 4
CKOJIbKO-HHOYIb PeaJMCTHUECKHX NOTEeHLHA/OB U.

Jns Toro 4TOGH MPEACTABHTH HATVIAAHYIO KapTHHY, YROOHO AJs Ha-
yasa npencTaByasTb cebe Moseky/bl mwapukamu. [lyctb v — oObeM ongHOH
MOJIeKYJIbl. (A BooOLIe-TO, 3TO 00bEM, HA KOTOPBLHA PACIPOCTPAHSIIOTCS] CHJIBL
B3aMMOJIEHCTBHSl ¢ NaHHOH MoJekysoi.) TloTpeSyeM BBIMOJHEHHS CJeayIO-
mero ycaoBusi: Nv < V. D10 NPeANoNoKeHHe AaeT HaM BO3MOXHOCTb He
YUHTBIBATb TPOWHBIE CTOJKHOBEHHS: NPH BbIYHCJIEHUM Hamero 3N-MepHOro
HHTEerpaJia Mbl BbI6paCbIBaeM TOT OTHOCUTEJbHO MaJIbIH BKJIan, KOrga cOan-
JKAIOTCS Cpa3y TPU MOJeKYJbl. Kpome TOTo, MBI He YUMTHIBAEM, YTO MOJIEKYJa
He MO2KeT BIIVIOTHYIO HO,H,Ofi’I‘Id K CTE€HKe cocyna. I/ITaK, BbIYHCJAEM:

1 -1 X u(ra—r;) -+ IZV: u(ri—ry)
Z:ZHH'W/dVN.../dVQe k ./dvle j=2 .

[IpeoGpasyem mocaenHui UHTErpad

/d\/l{T

Ecau nepeasi yactvia He c6aMsKuaach HU C OI[HOIL/'I H3 OCTaJbHBIX, TO CJara-
-2 ul(r1—r;)/T
3

1t

u(ri—r;)

Y

eMoe tHuna (e — 1) obpaTiTcs B HYJb U BKJ&J A4CT TOJAbKO |
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B KBaJpaTHbIX CKOOKAax; B TeX e CJydasix, KOrfa lepBasi 4acThla Iora-
Ja B 06/1aCTh JIEUCTBUSA CHJ CO CTOPOHBI KAKOH-TO M3 OCTAJbHBIX, B CyMMe
Mo j OTJAUYHO OT HYJISI OMHO U3 CJAraeMbiX, IIPUUeM BKJAJBl OT COMUMKEHHUS
¢ J1000H M3 YacTHL OJMHAKOBbI, a BCEro Takux BkJagoB N — 1.

/dVl[l + (N — 1) (e #er)/T _ 1) =V[1— (N —1)2B],

rae 0003HaueHo

B= %/(1 eulrir) /T) dVi ~ 87”

[Mpu BLIUKC/IeHHY UHTerpaja Mo dVe He HYXKHO YUHTHIBATH 0Ojiee KOH(HTY-
panuH, B KOTOPLIX BTOpasd 4YacTUlla C6JII/I>KaJIaCb C HepBOfI, — TakKHue KOH-
(urypanuu OblJIM y2Ke YUTEHbI [IPH BBIYHCJEHUM NIEPBOTro MHTerpasa (cymma
B MoKkasaTeJe HauuHaeTcs ¢ j = 3). [Ipu BBIUMCAEHUU TMOCAEAYIONHX HH-
TErpasioB KoJHYeCTBO YUUTHIBAEMBIX COJNHMKEHME UaCTHIL BCE YMEHbLIAETCH.
Taxum o6pazom, noayuum!

zozu(i ) () (1 o) (o )

Cpobonnas sHeprus

N-1 N-1
2B 2B
F=F,-T E In (1—vj> F,+T <7j) =

7j=1 j=1

B TN’B

=Fn+TN(N-1)==F, —_—
Jl+ ( )V ﬂ+ V

Mbl HalI¥M MEepBYIO MOMPABKY K CTATUCTUYECKOH CyMMe M OCTAHOBHMM-
cst Ha 3ToM. CyIiecTByeT Crnocod MOC/IeI0BaTEbHO TOAYYATh W CJAEAYOIIHe
NOMpaBkHu Mo Majomy mapamerpy Nuv/V, yuuTbiBasi TeM CaMblM TPORHBIE,
YyeTBepHbIE U APYTHe MHOTOUACTHUHbBIE CTOJIKHOBEHHS (CM. Hanpumep, [2, 7]).

MonuepkHeM Bo H3BexkaHHe HeNOPASyMeHWH, UTO [P BEUMCJAEHHH HHTErpanos 1o
dVa, dV3 w T.A. MBIl He YYHTBIBaJHW KOH(QWTYPAIMH, NMPH KOTOPHIX cOMMKAETCS OHOBPEMEH-
HO TPH UM GoJlee MOJIEKYJ; TeM CaMBIM B KaXKJIOM M3 COMHOXHUTeJeH, OJU3KUX K eIHHHUIE, MBI
He yduTHIBaJM nonpasok nopsiaka (B/V)2.,

Ecau 6b MBI B paMKax JajbHEHINHX BBIUUCJEHHH OTKPBIIM CKOOKH, TO MOMJIM Obl GBEITh yBe-
PeHBI TOJBKO B JHHEHHBIX Mo B/V ciaraeMsix, a WX OblJO Obl 3aBEJOMO HENOCTATOUHO AJS
BEIUMC/IEHUS pou3BeleHUs. [IpUHATHIH Xe crnocod pacuera, CBOASILIMUCS K CJOXKEHHIO Jora-
PH(pMOB COMHOXKHTE/IEH, N03BOMSET 00OHTH 3TY TPYAHOCTB.
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JlaBneHue

P:——:P” - = —
oy mT Ty v v

OF BTN? NT (1 BN)
Hailitu 3aBucumocts B(T), 3Has u(r), He OueHb C/I0XKHO, HO MBI pac-
CMOTPHM COBCEM [IPOCTOH BAaPHAHT pacuera.
BBenem xapakTepHbIH pasmep 2rp, PACCTOSHHE MeXAY aTOMaMH, NPH
KoTopoM u(r) = 0. Torna B MOXHO 3amucaTh B BHJE

2ro

1
B = /(1 —e” 47rr2dr = / /
0 27‘0
Beenem o6Go3HaueHue
1 4 4
b= 5 57'(‘(2?“0) =4- 57'(‘7’8,

KOTOPOE UCIOJIb3YeM [JIs1 OLEHKH MepBOro HHrTerpasa (pu r < ro MOTEHLHAN
u(R) odeHb OBICTPO BO3pacTaeT U IKCIOHEHTOH MOXKHO npeHeOpeub). s
pacueta BTOPOTO HHTerpana 6yaeM CUMTaTh, UTO Npu 7 > 2rg, u <K 7.
Pasjaras aKCHOHeHTY, MoJydaem

oo

4 5 a
— [ urfdr=— =.
2T T
2rg
Takum o6pasom, B(T) = b — a/T. Ilpy apyrux BUAAX MOTEHLHUAIa OTIHUHE
3aBucumoct B(T') He odeHb BEJIHKO.
[MoacraBasiem B(T) B BeipaxkeHHe [Jisi CBOOGOMHON SHEPTUM:

N2BT N2Tb N3g
F:FHIL+ :Fnﬂ+ V - V
JlaBaeunune
OF N2Tb N2g NT bN N2g
P=——=P,+— 5 =— |1+ - —; 1
oV 8 V2 V2 vV ( V) V2 (0

spech N2Tb/V? — yBesduenue gasenus 3a cueT 3(peKTUBHOTO yMeHblIle-
nus o6bema, N2a/V? — yMeHblleHue 1aBJEHHS 3a CUET MPUTSIKEHHUS.
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YacTo ypaBHeHHe COCTOSIHMSI IJIOTHOTO ras3a HaxXoAAT YAOOHBIM Ipen-
CTaBJATb B BUJE

l
P=T> By(T) (g) , (1=1,2,..), Bi=1; Bo=B(T);...
l

Gyuxuun Bi(T) Has3blBAOT 8UpUALbHbIMU KOdPPuUuermany. Mbl BbUKC-
JISIIK BTOPOH BHUPHATbHBIH KO3(D(ULHEHT.

8.2. T'a3z Ban-aep-Baaanca. ®a3oBblii nepexon

BzanmozeficTBre MOJeKys rasa BefeT C POCTOM €ro KOHLEHTPALHUH H
yMEHbILIEHHEeM TeMIepaTypbl K KadyeCTBEHHO HOBOMY SIBAEHHIO — (ha3oBOMY
nepexony. BblIO MPeANPHUHSTO MHOTO MOMBITOK MOJYYUTh 9TOT Pe3YJbTAT C
NOMOLIbI0 ©0Jiee TOUHOTO ydeTa B3aWMOAEHCTBHUS, €CTb MHOIO YACTHUHBIX
YCIIeXOB, HECOMHEHHOTr0 pe3yJsbrata HeT. OfHAKO cefuac eaBa Jid MOXKHO CO-
MHEBATbCS, UTO JIEJI0 3€Ch B BHIUHUC/IUTE/BHBIX TPYIHOCTAX, & HE B MPHHLIHK-
nuajbHblX. MHaue roBops, «HayuHasi 0OL1eCTBEHHOCTb» BEPHUT, YTO eCJid Obl
YAAJI0Ch COCYUTAThb CTATHCTHYECKYIO CYMMY TOYHO, TO MEPEX0[ K KHIKOMY
COCTOSIHMIO Obls1 Obl 0OHapyxeH. 1y TaKOH yBepeHHOCTH eCThb OCHOBAHHS,
KacaTbCsl KOTOPLIX Mbl He Oynem.

Topazno Gosee «aemeBbiid» (3aTO YCIEMIHbIA) CHOCOO MOJIYYHTh OIKUCA-
HHMe HeujeasnbHOTO rasa, BKJ/IOUalollee U CKHUXKeHHe, Obll npeanoxeH Ban-
nep-Baasbcom. Eciv cnenars B ypasuenuu (1) sameny (1+bN/V) — 1/(1—
—bN/V), 10 noayuum ypaBHeHue Ban-mep-Baasnbca. Takyw 3ameHy MOXHO
cenats, ecant bN/V < 1. Onnako ypaBHenue Ban-nep-Baasnbca MmoxHo pac-
MPOCTPAHUTD M Ha GOJbIIKE MIOTHOCTH — HA TOM OCHOBAHWH, YTO OHO JAeT
O4eHb pe3Kui pocT masseHus npu V — bN, mosyuaercsi BeeCTBO, BOOOIIe
He cxKuMaeMoe bGosee, ueM 10 o6beMa bN. DTo CrnpaBeluBO I/ XKHUIKOCTH
(B cpaBHeHUH ¢ Ta30M, pa3yMeeTcsi).

[MoanpaBum BhipaXkeHHe aJisi CBOOGOMHON IHEPTUM, 3aMEHHB B HEH BTOPOE
cnaraemoe N26T/V na —NTIn(1—bN/V), nocne 4ero aBTOMaTHUYECKH
nosiBaseTcsl ypaBHeHue Ban-nep-Baagbca

N N2q
p_ NT 7N2a.
V—-Nb V2

3anuireM BblpaKeHHe [JISi SHTPOIHH

oF N
S——a—T—SHR—I—N1n<1—bV>.
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SHeprus 9
3 N-4a

E=F+TS§=_NT-—
5 2 v’

TeNJOECMKOCTb a8
CV =T (3_T>V - CVI/I[L.

PaccmoTpum usotepmy rasa Ban-nep-Baanbca. EcTbh yuacToxk UsoTepmsi,
rie (g—{j)T > 0, uero peasnbHO ObITh He MOXeT. Ec/ii B TaKOM BeLecTBe MOSIB-
JisieTcs (aIyKTyaluusl — BEIIeCTBO B KAKOK-TO 4acTH ofbeMa pacliupHIIOCh, —
TO JaBJIeHHE B 3TOH UaCTH 00beMa INPH TAKOM YCJOBHU JOJKHO BO3DACTH.
A npyrast yacte o6beMa, HA0OOPOT, YMEHbLIAETCSI, U AABJEHHE B HEll Majaer.
B urtore ¢ayxryauus He yOblBaeT, a HEOTPAHUUEHHO PacTeT — MPOUCXOIUT
paccioeHMe Ha (asel. A 15 KaxaAod K3 (a3 OyaeT B WTOTE BLINOJHATHCS
yeaosue (55),. <0.

Ecau ymeHbmath 06beM, 3aHUMaeMbli BELIECTBOM, TO MPH ONpelesieH-
HOH Be/IMUHHe 06beMa MPOUCXOAUT (Pa30BLIH Mepexof — pacc/oeHUe Ha fBe
tasel (map U KuAKocThb). [Ipu 3TOM yC/0BUS paBHOBECHSI TAKOBHE: P = Py,
Hn = [x-

PasenctBo pn(P,T) = ux(P,T) no3posseT HAUTH 3aBHCUMOCTb TEMIle-
paTypsl (pasoBoro mepexofal oT Aapienus. Ha PT-pguarpamve nosydaetcs
KpuBasi pasHosecust paz P(7). Ha PV-guarpamme (puc. 13) moaydaercs
YyUYacTOK H30TepMBl PP = const, Npy nepeMerieHuy No KOTOPOMY H3MeHSI0TCS
KOJHYECTBA YACTHIL B (pasax. DTH KOJUUYECTBA ONMPEAESIOTCS YpaBHEHUAMH

NI1+N>K:N)

ervn + N)KU)K = N7

rae vy (P, T) " vk (P, T) — 00beMbl Mapa U XUAKOCTH B pacyeTe Ha OIHY
YaCTHLY; U3MeHsIT 06beM, Mbl IBUXKEMCS BAOJb MPSMOH, MOKA He «KOHYATCS»
nap WJIH XKUIKOCTb.

PaBeHCTBO XMMHYECKUX TOTEHITHAJIOB HATJISIHO MPEACTABSETCS MPaBU-
Jgom MakcBeJisia, COCTOSILIIEM B TOM, YTO TJIOIAAM MEXIY UCTUHHOU H30Tep-
MOH u KpuBoH BaHn-mep-Baanbca Ha PV-puarpamme QOJXKHBL OBITh OfHHA-
KOBhBI. JI/19 10Ka3aTebCTBA HAL0 MOACUUTATh deP MO 3aMKHYTOMY MyTH,
00pa30BAHHOMY HMCTMHHOH H30TepMO# (MPSIMOM) M KPUBOH. DTOT HHTErpai
KaK pa3 paBeH MHTepecyolleil Hac pasvoctu momaaeit. C npyroit cropo-
HBI, (paKTHUECKH TOJNBKO U OYAET BKJAJ OT WHTErPUPOBAHUS BIOJIb KPHBOK

1TO €CTb 3aBHCHUMOCTbL TeMIlepaTypbl KHIIEHHA OT AABJCHUA. Mu yBepeHsbl, 4To IIpolecc
KHIIEHWS HAM 3HaKOM.
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Ban-nep-Baasbca; cornacHo paseHcTBy d® = —SdT + VdP nosayuyaercs
&, — ®,, YTO paBHO HYJIO, TAK KaK Ha TpaHUIlAaX yuacTKa MHTErpPUPOBaHUS
Q= Npg, P = Ny,  fha = fhg-

[loguepkHewm, 4TO IO CHX IOp IIJa Peub O KOPOTKOLEHCTBYMOIIHX CH-
Jgax. IMeHHO Mo3TOMY CHpaBefJiuB y4eT TOJIbKO MapHBIX B3aUMOJEHCTBHH.
Jlo6aBouHasi 3Heprusi 3TOr0 B3aHMOJIEHCTBHS B pacyeTe Ha OHY YaCTHLLY

E—-FE, Na

N v

NPOMNOPUHOHAAbHA YUCAY CTOJKHOBEHHH YaCTULBI, & MOTOMY — KOHLEHTpa-
LHH.

8.3. Yuer B3amMoelCTBHS B MJa3Me

Kapruna mosyuyaercss HHOH, ec/iM paccMaTpUBaTh JaldbHOAEHCTBRYIONIEe
B3auMozekicTBue (Ky/a0HOBckoe). Mrak, paccMoTpuM 60JbLIMAHOBCKYIO IJ1a3-
My. UToObl M36eXKaTh JUIIHUX OCJAOXKHEHHH, OyJleM pacCMaTpUBATh MOJHO-
CTbI0 MOHHM3HPOBAHHYIO BOLOPOAHYIO Mia3My. (3azaua Oblia pelieHa MepBo-
HaganbHo [leGaem v XioKKeJeMm [Jisi pacTBopa 3Jjektposura.) [loreHunasnb-
Has 3HeprHs B3aUMOJEHCTBUA Mapbl YacTull u = Fe2/r. HyHo yuuTbBaTh
B3aUMOJIeHCTBHE KaXK/J0H YacTHULbl CO MHOTUMH ADYTHMH.

Pacripenesienre yacTull B IIPOCTPAHCTBE U IIPHU yueTe B3aWMOAeHCTBUS
0CTaeTCs OAHOPOAHBIM, O3TOMY 3JEKTPHUECKOE NoJIe B JIIOOOH TOUKE B Cpef-
HeM paBHO Hy/I0. BaauMonelcTBHe yacTUL, BAMSET HAa UX B3aHMHOE PacIo-
JIO)KEHHE: YaCTHLBl C 3apsiJaMH Pa3HblX 3HAKOB OKA3bIBAIOTCS 4allle BCEro
GsuKe pyr K APYTY, a YacTULb! C 3apsilaMd OJHOTO 3HaKa — faJblie. Mbl
6yeM paccMaTpUBaTh (PYHKILHUIO paCIIpeeeH s OMHOCUMENLbHO NOAOHCEHUS
o00HoU u3 wacmuty,. MOXHO NpeaCTaBASATh cebe, UTO CAeNaHHbIe B Pa3Hble MO-
MeHTHl BpeMeHH «CHUMKH» MbI CMelllaeM TakKuM o0pa3oM, YToObl n3bpaHHas
HaMH UacTHIIA KaX/blH pas oOKasbiBasiach B Hauaje KoopauHat!. Torna BOKpyr
Hayasa KOOPAMHAT OyIeT OTJIMUYHOe OT HYJS 3dJeKTpuyeckoe noJje. [Ipexne
BCET0, TO KYJOHOBCKOE MMoJjie caMod u3bpaHHOH uyactuubsl. Ho K Tomy xe
pacrpeseseHre 4acTHIl OTHOCHUTEJBbHO BHIOPAHHOH 3a «LEHTP» OKAa3biBAeTCs
B CPEHEM HEOTHOPOAHO, MOITOMY BO3HHKAET HEKOTOpPOe cpelHee (B yKaszaH-
HOM CMBICJIE) 3JIEKTPHUUECKOE I0J€, CO30aBAEMOe BCEMH YACTULAMH.

Bynem cunrtath, 4TO Ka)kjnas uacTHI@ HAXOMUTCH B 9TOM CPEIHEM IIO-
Jle BceX IPYTUX, UeM W ONpefiesisieTCsl JJIsl Hee BEPOSTHOCTb HAXOOUTHCS Ha

ICo cxonmpM npremom (HO 1/si MPOCTPAHCTBA CKOPOCTEH) MBI yiKe BCTPEHATHCD! pellas
3anady 2 K pasgeny 2.1, MBI JOJXKHBI OBIIM BBOAUTE (DYHKIIHIO paclpejesieHHs N0 CKOPOCTSM
OTHOCHTEJILHOTO [IBH)KEHHSI.
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TOM WJIM MHOM PACCTOSIHUM OT LeHTpa. TakoH momxon, Koraa (yHKLHS pac-
npejesacHUs Y4acTUll U NoJe, CO3JaHHOe 3TUM paclpefie/eHUeM, HaXOAdaTCs
COBMECTHO, HAa3bIBAETCS CaMOCOIVIACOBAHHBIM.

CHayaJsia mpoBefieM OLEHKY 9Hepruu B3auMoneHcTBusl. PaccMoTpum ciy-
uai, KOrjla SHePrus B3auMojeicTBus HeBenuka, T > e2/a, a — xapaktep-
HOE paccTosAHue MeXuy Gavkaidmmumu dactuiamu, Na® = V. Buibepem 3a
LUEeHTD [JI51 OTIpefiesIeHHOCTH TIPOTOH. Bribepem ccepy BOKPYT NMPOTOHA, BHY-
TPH KOTOPOH CyMMapHBIH 3apsii BCEX MPOUMX YacCTHUIl paBeH —e, T.e. Kak
pa3 KOMIIEHCHpyeT 3apsj LeHTpajJbHOro mpotoHa. Paaumyc Takoid cdepsl r
Ha3blBAETCsT PALUYCOM 3KpaHUpoBaHHA. OLeHUM ero:

2 _.2

7,,3(77’066 /rT — nge e /T’T) ~1;
spech ¥ — oueHka oGbema cdepbl, ng — CPeAHss KOHLUEHTPALKS YACTHL
(MPOTOHOB MJIM 3JEKTPOHOB). YUUTHIBasS MajoCTh B3aHMOJAEHCTBHS, pasJara-
eM 3KkCcroHeHTsl 2ngre (€2 /rT) ~ 1, oTkyna

T
P~y —.
noe?

Jlna cpaBHeHUs pajnyca SKPAHHUPOBAHHUSA C PACCTOSHUEM MEXAY UaCTHIIAMH
Hangem

a? 1 ner €2

R

TaK uTO B 9KPAHMPOBAHUM KaXKJAOTO 3apaia yyacTByeT MHOTO YaCTHIL.

BesuuuHa pajauyca SKpaHUPOBAHHS B PACTBOPE 3JEKTPOJIUTA MOPANKA
1073 + 10~* cM, a B HOHOC(hEpe OHa JOCTHraeT HeCKOJIbKHX KH/JIOMETpPOB.

MMes Takylo KauecTBEHHYIO KApTHHY SKPAaHUPOBAHMS, MOMKeM JEerko
HaHTH 106aBOYHYIO SHEPTHIO, MPUXOAAILYIOCS Ha ONHH MPOTOH:

1 5 e2 e2 N1/2|€|3

oU ~ 5" r (nnpowHos — Nanextponos ) 7 ~ =

r T vz

-1
OueHka sHeprun N UacTUIlL
2 3/2(.13
UN—Ne_N_N le] _ A .
r V1/2T1/2 /VT

Haiizem moGaBky K TemnoeMKOCTH (3apaHee ICHO, 4TO n0OaBKa MOJO-
JKUTEJIbHA):

U A
Cy =Cy yp +6Cy, 6Cy = (—) = —.
8 or ),  2vi/2T3/2
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Haiinem no6aBky k pasiennto. QueBUAHO, peobiasaoliee MPUTIKEHUe
YACTHUI[ JIPyT K APYTY MPUBOIUT K YMEHbIeHWI0 AaBjeHHdA. [lyTh pacueta
rakoii: 8Cy — 65 — 6F — 0 P. Pacuer sHTpONuUM:

T
Cy A
Ipesiesibl ONpelessiloTCsl TeM CooOpakeHHeM, YTO MPH BbICOKOH TemIepary-

pe 3¢ deKT 3KPAaHUPOBKHU MPONafaeT. DHTPONHS YMEHbUIHIACh, T. K. BO3HUK
HEKOTOPbIH «IOPAA0K» — KOPPEJSALHUS B PACIOI0KEHHH YaCTHIL.

2 A
B ~ (e8sF A
P =P, +6P, 6P= <—av>T_ ST

Teneps nposesem pacuet 6osiee akkypatho!. anumenm ypasHenue [Tyac-
COHa:
p = —dme Z Zing. (2)
i
(3mech 3apan yacTuibl j-TO copTa 0603HAUEH zje.) DTO ypaBHEHHeE Ompeje-

JIideT IoJie BOKPYT OJIHOU YaCTHIHI. KOHL[eHTpaL[HHI

n; = nioe_# SR (1 - Zi;f) . (3)

Yenosue 9ﬂeKTp0HeﬁTpaﬂbHOCTMI
E N0z — 0.
7

[Mopcrasasiem (3) B ypaBHenue (2):

471'6
ZZ leo<P_% ®-

IMul noayuuM MHOXKHTeNb A. Bes (opManbHOrO BEBOAA MPHHAT TOT (hAKT, UTO B pacdeTe
y4acTByeT (DYHKLHSI PAcrpefe/eHns N0 KOOPAWHATAM OTHOCHTEJbHO OAHOH M3 dacThl. TakoH
BrIBOA (nmpemsoxennuii H.H.Boroawo6osbim) Moxuo Hafit B [1, §79].
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Penienue, y6riBawimee mpu r — oo,

c

p=—e
,

xr

ITpu maqawix r koahduuuent C onpenenseTcs caMoll HeHTPAIbHON YaCTHULIEH:
C = zje.
Pazjoxum noreHuuan

zj€
Y= ———zjex+...
r

Torna no6aBouHasi 3Heprus B3aUMOJAEHCTBUSA
1 zje »
U=_ g ze(go—i) “Njo = —— E 22e?n;o
2 - J r r—0 J 2 - J %
J J

”Z 2 2
U——§ zjenjo,
J

a tak kak » o (VT)"'/2, T0 MOMXHO NOJYYHTb TOUHOE BHIPAXKEHHE IJls
BBEIEHHOr0 Bbllle KoddduuueHta A, a CjleooBaTeNbHO, U [ OCTaJbHbIX
TepMofiMHaMHUecKUX (yHKIME. Benwuuna rp = »~! nasbiBaetca B husuke
m/1a3Mbl 1e6aeBCKUM pafuycoM. (DTO U eCTb PALHYC IKPAHHPOBAHHUS.)

Paccmorpum n100aBKY K naBjaeHuio Ha PV -nuarpamme. 3aru6 BHU3 Kpu-
Bol npu V — 0 1aeT HaMeK Ha BO3MOXKHOCTb PACCJAOEHUS Nua3Mbl HA (Hasbl
(oBpasoBaHue Karesb, 4TO U ObLIO HAHIEHO B IKCIEPUMEHTAX C JJIEKTPOHHO-
IbIPOYHON IIJIA3MOM MOJIYIIPOBOAHMKOB), XOTSI caM pacyeT B 3TOH 06/1acTH
KOHIIEHTpalUi HeBepeH (Tak Kak MOMpaBKa He MaJa).

[TonoGHbIE Ke MOAXOA K ONpeleseHHI0 KOPPeJsiLMi B PacloJOoKeHHsIX
YACTHL, BbI3BAHHBIX WX B3aWMONEHUCTBHUEM, NPUMEHHM U K BBIPOXKAEHHOMY
37eKTpoHHOMY rasy. Hy»kHo suuib mogactaButh on = — (0n/0u) z;e0 BMe-
cto on B (3). OnHako [Js1 MOJHOCTBIO BHIPOXKAEHHOTO €160 HEHAEaJbHOTO
3JIEKTPOHHOTO Ta3a ropasno Oosblinil 3¢¢hekT naet Koppeasuus, o6ycaoB-
JIeHHas TOXAECTBEHHOCTHIO YacTUll. B caydae, xorna HampaBjeHHS CIUHOB
3JEKTPOHOB COBMAAAIOT, MPUHUMI [layau He MO3BOJSET MM HAXOAMTHCH B
OMHOW  TOH e TOuKe mpocTpaHcTBa. Takasi (oTpuLAaTesbHAS]) KOPPESLHs
pacIpoCTpaHsgeTcs Ha PacCTOSTHUS MOPSKA XapaKTePHOH JIJTMHBL BOJHEL.

[MosicHum 31O Heckosbko mofapobGHee. Ecin fBa 3/eKTpoHA ¢ OfMHAKO-
BbIMU MPOEKUHSMH CIIHHA HA OAHY OCb HAXOISITCH B COCTOSIHHSIX C OIpere-
JIEHHBIMH 3HAaYeHHUSIMU UMITy/AbcOB fiky U fiko, TO BOJIHOBasS (DYHKUUS WX MIDH
3aMeHe r1 & r2 JIOJXKHA W3MEHSITh 3HAK:

\Ij(r17r2) x elklrl—‘f-lkzl‘g _ ezkgrl—&-zklrg.
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BepoaTHOCTb TOT0, UTO OAMH 3JEKTOPOH HAXOOUTCS B MaJjoM oOdveme dV)
BOJM3U TOUKH rq, a IPyrod — B MaJjioM o6beMe dVo BOAU3H TOUKH Iy, paBHA

dW o | (ry, r2)[2dVidVa o [1 — cos ((ky — ka)(r1 — 12))]dVidVa.

OnHa ofparuaercsi B HyJb [PH T'] = Pz W OCLMJUIMPYET B MPOCTPAHCTBE C
nepuosom 27/|k; — ka| ~ A,y B Hampaeaennn k; — k. Peub fnomxHa ua-
TH O KOPPEJSIMAX B PACIONOKEHHH KaXK[OTO 3JMEKTPOHA H BCEX OCTaJb-
Hbix. [ToaToMy HEOGXOMMMO MPOBECTH YCPEAHEHHE MO PA3JIMUHBIM 3HAUYEHH-
AM U HampaBjeHusM ky ¥ ko, U 9TO NPHBOAKT K CIVIA2KMBAHMIO OCLUJMALUH
npH |r1 — ra| 2 Axp, B pesy/bTaTe yero KOPpeslus KOOPAMHAT 3JEKTPO-
HOB IIPY TAKUX PACCTOSIHUSIX MeXIYy HUMH Hcue3daeT. Ho munumym dW npu
Ity — 2| S Axep IPH TAKOM ycpeJiHeHHH coxpaHsertcs. Ecau xe Hanpap/ienus
CMUHOB TIPOTUBOMOJIOKHBI, TO 3¢¢eKT oT npuHuuna [layau orcyTcTByer.

Jlnst 371eKTpoHa Axap ~ 1~ 1/3. B uTore sHeprus Kamuoro 3JeKTpo-
Ha yOblBaeT Ha BesanuMHY nopsiaka e2/Ayp. Ilompaska k sHepruu rasal
§E 5y ~ —Ne2nl/3.

3anaua.

OLeHHTb NONpPaBKy K 9HEePruu, 00yCJIOBJIEHHYIO KOppeJsiLuel, Bbl3BaH-
HOU KYJIOHOBCKMM B3aHUMOJEHCTBHEM, JJIl IONHOCTBIO BBHIPOXKAEHHOH
3JIEKTPOHHOH MJ1a3Mbl.

8.4. IIpocTpaHcTBEeHHAad AUCIEPCUS AUIEKTPUYECKON
TMPOHULIAEMOCTH JIa3Mbl (B 2JIEKTPOCTATHUECKUX 3a7auax)

Ecniv B miasmy moMecTUTh 3apsifi, TO YACTHIB TMJIA3Mbl 3KPaHHUPYIOT
€ro. JTo IBJEeHHE PACCMOTPHUM, IPUMEHSIST METOJ] CAMOCOTIACOBAHHOTO TOJS.
[lycThb mIOTHOCTL BHECEHHOTO 3apsiga paBHa p(r). DMeKTPUIeCKH MOTEHLUU-
an onpenessercs ypaBHeHueM [lyaccona

Ap = —4dn(e szz + p),

KOTOpOe NpeodpasyeTcsi, Kak 3TO OBLJIO CJEJaHO B MPeAbAYILEM paziele, K
BULY
Ap — 22p = —4mp.

Monpaska K sHeprum, 00yc/0BACHHAs KOPPeaslMell KOOPAMHAT HACTHIL BCJAGACTBHE HX
TOXKeCTBEHHOCTH, Ha3bBaeTCsl 0OMEHHOM.
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YnobHo nepeiitu K komrnoHeHTam Dypbe
o) = [ e/ @), ple) = [ peer i (2

—k2<pk — %zgok = —4dmwpk
¥ BBECTH [IM3JIEKTPUUECKYIO MPOHHIAEMOCTh
e(k) =14 52 /k?, (4)
TaK 4TO ypaBHEHHE MPUHUMAET BH[
ke(k)px = 4mpr.

B kommonentax @Dypbe CBA3b HANPSIKEHHOCTH JJMEKTPHUECKOTO MOJS
Eyx = ikgk u anekTpuueckoro cMelneHHss Dy CBOIUTCS K COOTHOLIEHHIO
Dy = e(k)Ex. Hast D(r) u E(r) cBa3b 0ka3biBaeTCs HeJOKaNbHOH:

D(r) = E(r) + /f(r,r’)E(r’)dV’.

3agauu.

I. Hatitu sinpo unterpasasuoii cBsisu D u E B nuasme.

Otser. f(r —r') oc v — /|71,

2. HaliTu eMKOCTb MJIOCKOTO KOHJAEHCaTopa, 3aloJHEHHOTO 3JEKTPOJUTOM
B Ka4eCTBE AUBJEKTPHKA.

9. Pa3oBbie nepexoanbl
9.1. ®a3oBbie Nepexoabl MEPBOTO poaa

Ha puc. 13 nzobpaxena uzorepma rasa Bau-nep-Baanbca.

Yuactok 1 — 2 — KUAKOCTb, 2 — 3 — meperperas XHIKOCTb, 6 — 7 —
nap, 5 — 6 — nepeoxJyia>kIcHHbIH nap, 3 —4 —5 — HeyCTONYHBOE COCTOSIHHE,
2 —4 — 6 — XUAKOCTbFIAP.

[lap Ha nyre 5 — 6 siBisieTcst MeTacTabGU/IbHBEIM, 0OPA30BaHHE YKHUIKOH
a3kl 3aTPyAHEHO, TaK Kak i obpa3oBaHUsA Kaljd HeoOXOAHMa MOBepX-
HOCTHAsT SHeprusi (cefiyac Mbl ee HE YUHUTHIBAEM).

[logo6ubiM ke 00pa3zoM 3aTpynHeHO 06pa3oBaHHE Mapa B Meperperoit
JKUJIKOCTH.
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\

v
Puc. 13. Mzorepma rasza Ban-nep-Baanbca. Temneparypa HUXe KPUTHYECKOU.

YeqoBusi paBHoBecusi: P = Py = Pp;

;,LH(P,T) = M)K(Pﬂ T) (D

Ypasuenue (1), ompenensiioiiee CBsi3b TemmepaTypbl (pazoBoro rmepe-

Xo/la ¢ JaBJeHHEeM, KaK Mbl YBUJUM, yHoOHee HCIIONb30BaTh, MPEACTABUB

ero B auddepenunanbuoi gopme. Iponuddepennrpyem paBeHctBo Ay =
(P, T) — px(P,T) = 0 B1osb KpuBoi pasHoBecHs!

dAp OAp  9Ap dP P
T or op ar AT Avp o
OTKYAa AP As o
dT ~ Av’

TemnoTa, MOIBOAMMAS IIPU MEPEXOHe XKUAKOCTh — Map, B pacdeTe Ha
OJIHY YaCTHILY
q=TAs=T(8q — $x) (3)

"Wenonbaosano cootrowenne dy = —sdT + vdP, rie s ¥ v — SHTPONHS ¥ 00beM, NPH-
XOASIIMeCs] Ha OfHY YaCTHLL.
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Ha3bIBAETCS CKPHITOH TEIJIOTOH napoobpasobanusi. OHa paBHA M3MEHEHMIO
SHTAJbIUU TpU (HA30BOM Mepexofie MPU MOCTOSHHOM AaBAeHHH (He sHep-
run!):

q = Aw = wy — wyk.

[Mopcrasus (3) B (2), nonyuum ypaBHenue Knaneiéipona — Knaysuyca:

b _As 4
dT Av  T(vg —vg)

Kpusass P(T) 3akaHuMBaeTCst B TOUKE, [€ KHUAKOCTb [IE€PECTAeT OTJIH-
yatbea ot napa (J1. V1. Mennenees, 1860), HasbiBaeMOM KPUTHUYECKOU TOUKOH,
O6xona 3Ty Touky (Ha PT pauarpamMMe), MOXKHO MEpeHTH OT BOABL K
napy 4 obpaTHo 6e3 paccjoeHus BellecTsa Ha (a3ul. [loBeneHue BelecTBa B
pailoHe KpUTHYEeCKOH TOUKH 3KBHBaJEHTHO (ha30BOMY MEPEXOLy BTOPOTO pojia
(B »TOl Touke 06pallaloTCs B HOJb CKAYKK YAEJAbHBIX 00beMa U SHTPOMUU).

P
T X

T

Puc. 14. Tunuunbele KPUBBIE COCYILIECTBOBAHUS (Pas.

HpI/I HaJW4YHK HECKOJbKHUX (1)33 Ha PT auarpaMme moJaydaeTcsd HWHas
KapTuHa W CyUeCTBYyeT TpOﬁHaﬂ TOYKa, XapaKTepuaylomadacd paBeHCTBOM
XMMHYECKHUX [TOTEHIHAJOB:

(P, T) = px (P, T) = pa (P, T).

D10 1Ba YpaBHEHHd, OnpeaeJadIolmye 1aBJeHHe U TeMIepaTtypy.

!B Ta6annax uanie IpHBOAST TEIIOTY B pacueTe HA eIMHHIY Macchl (ydeabnyio) WM — B
pacuere Ha MOJb (MOAAPHYHD).
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KosnuecTBa yacTull B KaxKI0H U3 (pa3 OMpenessioTCsl YPaBHEHHSIMH

Ny + Ng+ N, =N,
Nuvn + Nyvx + Nyvp = ‘/a
Nueq + Nyex + Nogr = Ea

rae vg(P,T), vk (P, T), v:(P,T) — o6beMbl napa, KUAKOCTH W TBEPLIOTO Be-
lleCTBa B pacueTe Ha ofiHy 4yacTuly, a eq(P,T), ex(P,T) u &,(P,T) — sHep-
THH YacTHLbl B Kaxk10H U3 (pas. Mamenenue nosHoro odbvema V' u sHepruu E
IPUBOANT K U3MEHEHHIO YUCeJ YACTULL B KaXkKAOH U3 (a3, HO MOKA BbIITHCAH-
Had CUCTeMa yPaBHEHHH UMeeT pelleHHe ¢ MOJOKHUTeNAbHbIMU Ny, Ny u Ny,
TeMIIepaTypa W HaBJeHHe OCTAKTCS Hen3dMeHHbl. OT TPOMHOH TOUYKH Herpo-
CTO OTOHUTH IPH MOABOME TEIJIA, IOITOMY TPOHHBIE TOUKH HCIIONb3YIOTCS KaK
9TAJIOHBL TEMIIEPATYPHL.

3amauu.

1. Ha ckombKo cMecTuTes TpoliHas Touka Bomsl (Py = 4.62mMm Hg, Ty =
= 273,15 K') u3-3a Ha/JnduHsi B COCyH€e BO3AyXa MO AaBieHueM | aTm.?

2. Haiitn 3aBHCHMOCTb CKPBHITOH TerioTel (Pa30BOrO Mepexoga OT TeMile-
paTyphl dg/dT. PaccMoTpeTh ciydad HcemapeHus (Hampumep, BOABL MPH
T ~ 100°C) u naaBAeHHs JbJa.

3. Halitu 3aBHCHMOCTb TeMIIEpaTYphl I1aBJAEHUSA JbJAa OT AABJAEHHS Ha Jej
IIPY YCJOBUSX, KOTHA JaBJeHUe 00pPa3yOIeHcs IPH 3TOM BOLbl OKA3bl-
BaeTCsl PABHO aTMOC(EPHOMY.

4. Wmeetcs HacwleHHbIH BoasiHOH nap. Ero o6beM agnabaTuuecku yMeHb-
marT. CTaHeT JH MPU 3TOM Map MePecChIeHHBIM?

5. Halitu pamuyc KpHBH3HBI Kalju BOJbI, HAXOAAUIEHCS B DABHOBECHH C
IIepechIlleHHbIM [TapOM, U MCC/AeI0BaTb YCTOHYMBOCTL TAKOTO PaBHOBE-
cusl.

9.2. dazoBbie epexoasl BTOPOTO poaa

Da30Bble Mepexoibl BTOPOro Pofa CBs3aHbl C H3MEHEHHEM CBOHCTB BHY-
TpeHHeH CHMMeTpHH BelllecTBa. llpumepbl — mepexon B (eppoMarHuTHOe
COCTOSIHHE, B aHTH(EPPOMArHWTHOE, B CBEPXIIPOBOJSLIEE COCTOSIHHE, AJISI
rejidsl — B CBepXTeKyuee; MHOTHe Mepexoibl MeXy KPHUCTANIUYECKHMH MO-
qupuxkanusaMi. [pu gasoBom nepexoae BTOPOTO pojia HET TEMJIOTHL MEPEX0/a,
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HeT cKayka 00beMa, HO eCTb CKAUKH TeMJIOeMKOCTH, KO3 duuueHTa CKUMa-
€MOCTH U T.IL.

9.2.1. Teopus Beiicca

Beficc mocTpous (PeHOMEHOJOTHYECKYI0 TEeOpHI0 (heppoMarHeTrnama,
OCHOBAHHYIO Ha MPOCTOM M eCTECTBEHHOM MpeAnooxeHuu. OHa Xopoulo co-
rJ1acoBaJiach ¢ SKCMEePUMEHTAJbHBIMUA TaHHBIMH, HO KOe-UTO B €€ OCHOBAHUH
0Ka3aJ/10Ch [I0HAYAJy COBEPIUEHHO HElOHSITHBIM.

Marsut CoCTOHT M3 KaKHX-TO 3JEeMEeHTAPHbIX MarHUTHKOB, KOTOPbIE 3a-
CTABJSAIOT APYT APYra OPHEHTUPOBATHCS OMHHAKOBO. DHEPrHsi B MOCTOSHHOM
MArHUTHOM noJjie —u¢’. HamarHuueHHOCTb (MATHUTHBIA MOMEHT €IHHHLBL
o6bema)

N et/T _ o=u/T N wit
Ve e T
(MBI TIOJIaraeM, 4TO 3JIEMEHTAPHble MOMEHTBl — 3TO CIHHBL U OHHM OpHEeH-
TUPOBaHBL JIHOO 110 I0JII0, JUOO MPOTUB I0JIS; ITO CIPABelJIUBO IJIs CIIHHA
3JIeKTPOHOB. Belicc He MoOr 3HaTbh 3TOTO U MpPEIIONAarasj, 4YTo MOMEHTBl MO-
I'yT OPUEHTUPOBATbCS B NPOCTPAHCTBE MPOU3BOJILHO, IO3TOMY B ero padore
BMeCTO H3BECTHOTO HaM BblpaKeHHs1 HAMarHM4eHHOCTH BXOJUJIO JIpyroe, Ha-
seiBaeMoe (yHkiued Jlanxkesena: thy — cthy — 1/y).

Beilicc mpennosoxus, 4TO B BelleCTBE BO3HHUKAET MOAEKYAAPHOE NO-
Ae, TIPONOPUMOHAaNbHOe HAMarHUYeHHOCTH, KOTOpoe cielyeT A00aBUTh K I10-
JI0 S, — UMelollasacsd y»Ke HaMarHU4eHHOCTb OKa3blBA€T BJAUSHUE Ha cels:

M N thy,(if + BM)
—yh T
MOoXHO 0XHIaTh, UTO BeJHYMHA (3 ~ 4w, eCjd BCIOMHMUTb, YTO HAMArHHU-
YEeHHOCTb JaeT BKJAJ B CpelHee AeHCTBYIOLlee HA 3JE€MEHTAPHBIH MOMEHT
noJse.
A reneps nosoxkum S = 0. [losyyaem ypaBueHune

Nup . BMp
=—Lth
v T

M

M

(4)

M3 KOTOPOTO MOXKHO HalTH M. 3ameuaresbHO, YTO B UTOre MOXKET IOJY-
YUThCS U He paBHOe Hymo M.
JJ1s1 aHa/M3a ypaBHeHHUs] YIOOHO BBECTH TTePEMEHHYIO

_ My
=

(5)
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O603HaYUM TaKxKe

N
Ty = /3M27- (6)
Torna ypaBHenue (4) mepenuineTcst B BUAE
T
—y = thy. 7
.Y y ()

(T/Tk)y’ th K

‘Yo Yo % Y

Puc. 15. K rpaduueckomy perenuio ypasuenus (7) npu T < Tk.

Ero yno6Ho ananusupoBatTh rpadudecku (puc. 15). Ilpu T > T} ectb
TOJABKO OAMH KopeHb y = 0, mpu 7' < T} NOABJASIOTCA €lle ABa, 4TO U
03HauaeT MOSIBJEHWE CIOHTAHHOW HamarHudeHHocTd. [lpu T ~ T Oymer
y < 1, Tak 4TO0 MOXHO 3aMeHHTh B (4) thy — y — 3?/3 u moayunts

=0 -4 /3E
Yo Y12 T,

Beauuuna Ty okasajach TemmepaTypoit ¢asoBoro nepexona (Temmepatypoit
Kropu). Ypasuenus (5), (7) sagator 3aBucumocts M(T') B mapamerpuueckom
BUJIE, TO3BOJISIOLIEM CPa3y XKe H300pakaTb COOTBETCTBYIOIIUE rpaduku. He-
CJOYXKHO MPOAaHAMU3HPOBATH pelleHue U mpu . # 0.
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PesysibraThl XOpOIIO COOTBETCTBYIOT 3KCHepUMeHTa bHbIM. OfHAKO Be-
JUUKHA 3, KOTOPYI0 MOXHO TOJYUKTh U3 paBeHCTBa (6), oKazajach HEOXKHU-
JaHHO Goabmiof, 3 ~ 10° + 10%.

Mexnay teMm, ypaBHeHue (6) momyckaeT mpocToe HCToJKOBanue. Beiu-
uuna € = 2N/V ~ p2/a® ~ o ~ 10~* ar. en. onpenenser B3auMonelicTeue
cocesHMX MarHUTHBIX Aunofed (a = (V/N)'/3 — paccrosuue Mexy HUMH).
EcrecTBEHHO 0XKUMIAThb, YTO YIOPSIAOUEHHE PA3PYLIAETCS [IPU TeMIepaTypax,
CPAaBHHUMBIX C dHeprued B3auMojercTBus. Dosbinas BesuuuHa § o3Hadaer,
YTO MeXaHW3M B3aUMOJAEHCTBUS MOMEHTOB KaKOH-TO MHOHU.

Pasragka 6Oblia HaijeHa He3aBucuMo Ppenkesem u 1“211‘/’1:«3ezk16epr01v11 H
COCTOMT B TOM, UTO 32 YIIOPSI0UEHHE CTHHOB B (DEPPOMArHETUKE OTBETCTBEH-
Ha He 3Heprusi B3aUMOAEHCTBHSI MATHUTHBIX AMIOJEH, 8 3JIeKTPOCTATHIECKAs
SHEpPrusi: 3JeKTPOHbI, UMEIOLIYe NapaJJiesbHble CIHHBL, B COMIACHH C MPUH-
uunom [laymu, nBUXYTCS Tak, YTOObl BEPOSTHOCTb WX COJMMKEHHS APYT C
JpyroM Obla MaJsa, I03TOMY MaJso UX 3JEeKTPOCTATHUECKOE B3aUMOJEHCTBHE.,
BoaHuKaeT monpaBka K 9HEPrHH UX JEKTPOCTATHUECKOTO B3aMMONEHCTBUS,
HasbiBaeMas OGMeHHOI1, T0pa3io G0JIbIIast, YeM MATHUTHO® B3aUMOoIeHCTBHe .
(MexaHu3M 3HAKOMBIH, TAKOH 3Ke, KaKOH MPUBOAUT K NpaBHaaM XyHAa B
¢dusrke atomoB. OH yKe YHNOMHHAJCS B CBSI3H C OOMEHHOH SHEepPruedl B Bbl-
POXKIEHHOH T1a3Me.)

Mul coBeplIeHHO He KacaeMcs BOIPOCA O CYLIECTBOBAHUH 0OMENO08, KO-
TOpble BO3HUKAIOT [IOTOMY, YTO B KPYIHOM, MaKpOCKOIMYeCKOM Maciurade
MAarHUTHOE B3aUMOJEHCTBHE CTAHOBUTCS 3HAUYHTENbHBIM. DHEPreTHYeCKH Bbl-
TOJHO, UTOObI MOJS PasHbIX 06JacTedl — AOMEHOB — 3aMblKajuch. [losaToMy
pasHble KYCKH HAMATHMUYMBAIOTCSI B PA3HbIX HAlpasjeHusx. Mel paccmarpu-
BAJIH HAMATHHUYKMBaHKE OTAEJbHOIO IOMEHA.

9.2.2. Mogeas U3unra

PaCCMOTpI/IM MHUKPOCKOMMHYECKY0 MOAEJ/b, NMPUTOAHYIO [J HCCJACAOBa-

Hus eppomMarHeTyka. Jta Mone/]b, HasbiBaeMas Mofesbio Mauura’, oueHb

Ipagora §1. U. ®penkens onybaukoana B mapre 1928 roaa, a padora B. Taiizentepra —
B Mae (B TOM Ke XKypHaJe).

2BrpoueM, IMABHYIO POJb 3€Ch HIPaeT KOCBeHHbili O6Men. DNEKTPOHH, OTBETCTBEHHLIE
34 HaMarHuWdeHwue, HaXOAsTCA B d—COCTOHHHﬂX, PacnoJiIOKeHHBIX B myﬁwHe aTOMOB, W NMOTOMY
IJISL pA3HBIX aTOMOB HX BOJIHOBBIE (DYHKIHH €100 MepeKpeBalOTCs ApyT ¢ Apyrom. OpHako oo-
MEHHas KOppeJdalns BO3HUKACT MEXKAY BHYTPEHHWUMH 3JEKTPOHAMHW W HAPDYXXKHBIMW, HANpuMep,
OTBETCTBEHHBIMU 38 MPOBOAUMOCTL (OGOOLIECTBIEHHEIMU), U YKe KaK CJAEACTBHE — MeXIY
BHYTPEHHWUMH B COCEAHHUX aTOMax. B wrore aTux HENPOCTBIX B3aMMOOTHOLIEHHH Koppeasun-
OHHAsl SHEPrusi MOXKeT B KaKHX-TO CJAydasX HMeTb APYrodl 3HaK, B TAKOM CJydae BeLIeCTBO
OKA3BIBAETCS AHMUDEPPOMASHEMUKOM.

3M3MHT NepBHIM Pelns COOTBETCTBYIOLLYI) OJHOMEPHYIO 3a1ady.
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npocto opmysnupyercs. B KakA0M y3je HeKOTOPOH KPHCTaNJIMYeCKOH pe-
HIETKH HAaXOAWTCS YacTHia co cmuHoM 1/2. PaccmatprBaeTcs mosspusalu-
OHHOe cocTossHHMe Bcex uacThIl. COCTOsSIHHE OfHOH UaCTHIB 3aaeTcs Y/ABO-
eHHOU MpOeKLHel ee CIIMHA HA BBRIOPAHHYIO OCb, 0, = 1. B momenu moxer
ObITh 3alaHO OJHOPOJHOE MAarHWTHOE II0Jie, HallpPaBJeHHOe BAOJb TOH XKe
ocu H.

DHeprus CIMHA ¢ B MATHUTHOM II0JIe paBHa —u¢ 0.

Kpome Toro, ciuHb! B3aUMOAEHCTBYIOT Mek Ly coOoi. [IpumMem, uto ecau
coCeHHe CMUHBI HAMpaBJeHbl OAUHAKOBO (1 Hau ||), TO SHepPrus B3auMo-
NeHCTBHA paBHA HYJIO, @ €C/IM HalpaB/eHbl MPOTUBOMOM0XKHO, To! paBHa .J.

DTO IO HEKOTOPOH CTeNeHH HCKYCCTBEeHHAsl, padMHUPOBAHHAS MOAEJIb,
TEM He MeHee KaueCTBEHHO COOTBETCTBYIOLIAs He TOJbKO (heppOMarHeTuKy,
HO ¥ HEKOTOPBHIM JAPYTHM (PU3NUeCKHM 0ObeKTaM (CyLIecTBYIOT ropasuo 60-
Jiee JeTaNH3HPOBaHHBIE MOJENH U PACUETHI).

3ajaua COCTOHUT B TOM, YTOOBI HAHTH TepMOAUHAMHYECKHe CBOHCTBA Ta-
KOro Maruetuka. BnosiHe poctatouHo HalTH cBOOOAHYIO 9Hepruw. A uHTe-
pecHeHmui Bornpoc — 6yaeT JH y TAaKOro MarHeTHKa MPOMCXOANUTh (ha30BHIH
nepexon. IlonpasymeBaercsi, 4To 4MCJO CIHHOB N OueHb BEJHKO, CKAyOK
MOKeT ObITb TOJNBKO Npu N — 00.

To npubankeHHOe pelIeHKe, KOTOPOE MBI IPUBEIEM, He COLEPKHUT I0Ka-
3aTeJbCTBA CYIIECTBOBAHHS (PA30BOr0O Mepexona, a HaobopOT, TOCTPOEHO HA
NPEATIOJIOXKEHHH O ero CymecTBoBaHHM. OHO OKa3blBAETCSl He CIIPABELJMBO
IpH TeMIlepaTypax, oueHb OJM3KHUX K TeMIepaType Mnepexoia.

[posenem pacuer npu S = 0. O6o3HaunM N UHCAO UACTHI, CO CIH-
HaMH, HalpaBjeHHbIMM BBepX, IN| — BHu3. Mbl OyaemM yduTblBaTb B3au-
MOAEHCTBHE TOJIbKO C OJIMXKAHIIMMU COCENSIMH, YTOObl U30EeKATh UIJIHUIIHEH
rpoMosakocTH. IlycTb ¢ — uucno Samkalinux cocenedl, N = Ny+N| — noa-
HOe umcdo yacTill. A4 = (Ny—N| )y — MarHuTHbIE MoMeHT. [IpuanMas, uto
COCTOSIHME 4aCTHYHO PaBHOBECHOe XapaKTepusyeTcs OfHUM napamerpoM Ny,
BbIpa3uM cBOGOAHYIO 3Hepruto F = F—T'S, a 3ateM Halijem N; U3 yCJA0BHS
MUHUMAJbHOCTH F'.

CraTucTH4eCKHH BeC COCTOSIHUS C (PUKCHPOBAHHBIM Nj

N!

_ N
=0y = NIN|!

— 3TO TOYHOE BblpaXKeHHe. DHEPrUIO JKe MPUAETCS CYUTATh NPUGIHIKEHHO.

ITaMuALTOHMAH CHCTEMBI MOXKHO 3aMuCaTh B BUJE
ol 1
/
H=—ps#t E UiJrZJ E (1 —os07),
i=1 3/

rae cyMMHpOBaHKe no i/ pacnpocTpansieTesi Ha Beex GJrKaiLIKX coceledd 4-ro yana.
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YuTeM, UTO BKJaA B HEPTUIO JAKT TOJBKO COCEAM CO CHUHAMH, Ha-
NpaBJIeHHBIMU B pa3Hble CTOPOHBL. PacCMOTPHM CIHH, HATIPABJAEHHBIH BBEPX.
Y Hero ¢ cocenel, u3 HUX ¢N| /N UMeIOT CIIUH, HANPABJeHHbIH BHU3. 31eCh
MBI B3SIJIM CpelHee 4YUCJI0 TaKHUX Cocezlef/’l M pacueTr cTaj NpUOJIUIKEHHbIM.
Oueprud

U= qNT N L
3anumiemM cBOOOAHYIO HEPrHIO, HMes B BHJY, UTO OHA OIpeaeNseTcs

ofHUM napamerpoM Ni:

J N
F= q—NT(N Nj) —Tln

NN = Nl
YcjioBHe MUHUMYMa CBOOOAHOH 3HepPruu ;TFT =0 naer
qJ N — NT
N —-2N;)—Tlhh— =0;
i 1) —Tln N 0;

OTCloAa INoJiydaeM TPpaHCHEHACHTHOE YpaBHEHHUE!

N (9 A
N P\ NT L)

[lpuBenem ypaBHeHUe K BUAY, yAOOHOMY /s aHanuza. JloGaBUM U BHI-
YTeM eIMHHUIY H MOAEJSUM OfIHO ypaBHEHHE Ha JAPyTroe:

N e ) NN ()
Ny 1

Ny NT pu NT
NT 7Nl — th qJJ%
N AINTu'
Beens qJ o - ﬂ
ToT Np TR av

noJiyuaeM ypaBHEHUeE

T

T—ky = thy.

MEl mpuIIIu K ypaBHEHUIO, KOTOPOE YKe BCTpeuasoch HaM B Teopuu Beificca.
Ono omuchiBaeT nepexo (eppomarHeTuk — napamarsetuk. Ilpubinkenue,
KOTOPO€ Mbl MCIIOJIb30BaJH, Ha3blBAIOT HPUOIHKEHUEM MOJEKYJSIPHOTO M0JIs
(ono xe — npubauxenue bparra— Buabamca).

Kcratu, umes: BeipaxkeHHe 151 CBOGOTHOH HEPTUH, JIETKO YOETUThCH,
uto npu I < T}, UMeHHO He paBHble HYJIO KODHHU Y12 OTBEUAIOT MUHUMYyMY
cBOGOMHOU 3HEPTUH, a HyJeBol — makcumymy (puc. 16).
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F(n)

n

Puc. 16. 3aBucuMocTb CBOGOAHOH SHEPruK OT napamerpa nopsigka n = .4 /(Ny) npu
pasueix Temmneparypax. T/T, = 0,8; 0,85; 0,9; ... 1,15.

Hwmes B BUAy nanbHedniee o6ofiieHue, BBeEM JIJI MarHETHKa Mapa-
metp n = (Ny — N|)/N, HasblBaeMblil napamempom nopsdxa. n = %1 co-
OTBETCTBYeT NOPSiKY, 17 = 0 — GecropsigKy.

PasHble BO3MOXKHbIE 3HAKH Y OTBEYAIOT PA3HBIM OLUHAKOBO BEPOSITHBIM
BO3MOXHOCTSIM CIOHTAHHOU HaMarHUYEHHOCTH — «BBEPX» UJH «BHU3».

CocuHTaeM CKauoK TEIJIOeMKOCTH

A
qJ Niﬂ

= N;Nj; Ny =—*#,
U N T l’ Tal 2

Torna
qJ 2
U:— _— — = - - . —
N )= AN T

Benomuug, uto npu 7> Ty y=0,mpu T < Ty > =3(T, —T)/Ty,
nosyyaem!
3 qJ 3
AC=——. -"N=——N.
T, 4 2

'HecnoKHo Takxke MpeacTaBuTh Tpaduk C(T'), ucnosbsyst 3aBucumoctd T, .# u U or
napamerpa y.
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Harue npu6/u:KeHHOe pelieHde HH B KOEM CJyuae He 03HauaeT J0Ka3aTellb-
CTBa, 4YTO Mofiesb VsuHra mpuBonut K dasoBomy nepexony. Mer noapasyme-
BaJI{, YTO CIHMHBI PACIIOJIOXKEHB! B KPUCTAJNINUECKOH pelieTke. B aTom cayvae
1epexol ecThb.

Ho Bce paccyknenns roguanch 6bl M AJs LUENOYKU CIIMHOB, MPOCTO B
3TOM cJydvae ¢ = 2. BapuaHT 3agauu, KOrja CUHbL BEICTPOEHH! B IENOYKY —
ONHOMepHYI0 3anauy V3uHra, — Mbl peliuM TOUHO U yOearuMmcs, 4To (pasoBoro
nepexoja He BO3HMKAeT.

Haunem co cayuaa ¢ = 0. CocpefoTOYHM CBOE BHHMaHHe HE Ha y3aax
LeNouKY, a Ha CBA3SIX Mexnay y3/aamu. CTapToBaB OT IEPBOro 3Be€Ha, COCTO-
SIHHE BCEX OCTaJIbHBIX MOXKHO 3a/laBaTh, YKasblBasi, HalpaBJ/eH CIHUH Ty.la
JKe, KyJa MpeAblIyIni, nau HeT. Torna Kaxao# CBA3H MOMKHO COMOCTABHUTh
sHepruto O uiu J. CraTucTHdeckasi CymMma

Z =201 +e 1)V,

M BCe Pesy/ibTaThl HAM M3BECTHbI MO ABYXYypoBHeBoH chcteme!. Pasymeercs,
HUKAKHX CKauKOB HeT.

B cayuae S # 0 Tak:ke MOXeM peLIWTb 3ajady A0 KoHua. s Heko-
TOPOTO YIIPOIEHUs pacyeTa 4yThb U3MEHUM yCJoBHe 3anauu. bynem cumnrtarts,
YTO LENouKa 3aMKHYTa B KOJBLO, T.€. BKJIOUHM TaKiXe B3aUMOAEHCTBHE
IOC/IeIHEr0 CIIMHA C MepBbiM (6e3 3Toro peueHde OGbl1o Obl HEMHOTO 00-
Jiee TPOMO3AKHM, HO (akTHuecKu najo Obl TOT ke peaysabrar). Dymem mo-
npekHeMy GpaTh 3a OCHOBY 9Hepruio, COOTHECEHHYIO co ¢Bsidbio. Ho Temeps
CBfI3b HYXKHO XapakKTepHU30BaTb ABYMS MapaMeTpamMyd — OPHUEHTALUMSIMHU CIH-
HOB Ha OOOHX ee KpasiX: 0; U 0jq1. DHEPrUK £uf CIIUHA, HAXOASILErocs
Ha rpaHule JABYX 3BCHLEB, 6y}1€M OTHOCHUTb HAIIOJIOBHHY K OJAHOMY 3BCHY,
HAIOJIOBUHY — K APYromy.

PaCCMOTpI/IM BKJIa4 OOHOTO 3B€Ha B CTATCYyMMY — 3TO MHOXHTeEJb, KO-
TOpBIH MBI 0003HAUMM Ag, 5, -

B 3aBHCMMOCTH OT OpHMeHTAaUM{ CIIMHOB Ha Kpasx 3BEHA MOJydyaeTcs
tabauua (Matpuua) A.

0’¢\0’i+1 1 —1
1 e;}.%/T efJ/T
-1 efJ/T efpjf/T

!MHoxuTenn 2 oTBeuaeT JIBYM BOSMOMKHBIM OPHMEHTANHSM MepBOTO CIMHA M He HIpaer
3aMETHOH POJIN.
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[Ipu BRIYMCJIEHMH CTATCYMMbl HY2KHO y4eCTb BCE BO3MOXXHOCTH OpHeEH-
TallUHd CIUHOB:

Z = E AalazAagasAoth s AU'N—la'NAUNo'l =
o;=x1,..,on==%1

= > (M), =Sp(a")

o1==+1

(s70 caten mpoussenenus Matpuil). UtoGel BossecTu Matpuiy A B N-io cTe-
NMeHb TPUBEAEM ee K AuaroHaibHoMy Biay: A = U~'AU, rie A — anaro-
naawna. Torna AN = U—1ANU.

Martpuua A KMeeT Ha IMArOHAMH COGCTBEHHbIE 3HAYEHHS MATPHLb A.
Iockoabky Sp(AN) = Sp(AN), uckats matpuiy U He Hy»XHO.

Haxonum co6cTBeHHble 3HaueHHa MaTpullbl A:

e ) e~ —0
e T e A
—2Ch#;f /\+l—exp_TJ=O,
—2
/\12—Ch—:|:\/l’12 XpTJ.

Crarcymma
A N
Z =AY 42 =Y 1+<2> ~ AV

(mpu N — 00).
CgoGonHast sHeprusi

F=—-NTln\(T,5,J)

[I03BOJISIET BbIPA3UTh IHEPTHIO, TEMJIOEMKOCTb, HAMATHUYEHHOCTb LENOUKH.
Hu opHa U3 3TUX BeJIMYHH, OUEBUIHO, HE HCIILITHIBAET CKAYKOB.

[Ipuurny oTCyTCTBUS MEpexosa B OTCYTCTBHE MOJS MOXKHO MOHATE. Benb
CTOUT OIHOMY CIIMHY IepeBepHYTbCS, KaK CJIeYIOMIHe BIOJIb LUEeNOYKH IOJ-
HOCTbIO MOTEPSIOT UH(POPMALHIO O TOM, KaKOH ObljIa TPerMyIleCTBEHHAs OpU-
edTaursg. OaHako MOKHO OXKHAATb, YTO B TPEXMEPHOM CJyd4ae, KOTJa ecThb
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MHOTO IIyTeH Nepefadyr Takoi MH(OpPMAaLHH BAOJIb KPUCTAJLIA, OHA HE MoTe-
psetcd. Tak okasplBaeTcsl [a)Ke B JIBYMEPHOM CJyuae.

[lepefinem K paccCMOTPeHHIO ABYMEPHOH 3aia4yd. 3/eCh [IPU OTpe/eseH-
HOH TeMmepaType (a3oBblil Iepexon BO3MOKeH. JTa 3agada Obl1a pelleHa
crporo OHcarepoM M TNpeACTaBHJA TEPBbIH NMpHMep, Korjga (asoBbH mepe-
X0 ObLT MOJAYyYeH TeOpeTHUeCKH (ecTeCTBEHHO, OCOGEHHOCTH B 3aBUCHMO-
CTAX OT TeMIIepaTypbl NOSBJSIOTCS B npejese N — 00 U ONpeessioTes 15
C(T)/N). Peuenne OHcarepa HeOfHOKPATHO YNpPOILaau, B kHurax [1, 7, 11]
€CTb YKe BIIOJIHE JIOCTYNHBIE BepCHH. MBI 1a/luM JHIIb HAMEK HA MYTh pe-
menus (Mbl caenyem kHure [6]).

Hrak, «pewaeM» aByMepHylo 3azauy. bymeMm paccmatpuBaTbh TOJBKO
cayda#t s = 0. Beinesum o6J1acTH ¢ OIMHAKOBO HAINpPaBJEHHBIMH CIIMHAMMU.
B kadecTBe mapamerpa L mpuMeMm AJMHY TPaHUL 3TUX 00JacTell, TOUuHee,
UHCJIO CBsi3el, Jiexkawux Ha rpanuue. Onpenenum L U3 yCJOBUS MUHHMY-
Ma cBoGoaHOH 3sHepruun F = U — T'S. Dueprus onpenesasieTcs, oueBHIHO,
kaK U = JL. YUro6bl HAHTH HTPOIHUIO, TONPOOYeM COCUUTATb, CKOJBbKO eCThb
crnocoGOoB MPOBECTH JIOMaHY0 NJIHHBL L. DTOT pacyer cuesaeM oueHb rpybo,
C SIBHBIM 3aBbIIIEHHeM: 3a0yfeM, UTO TPaHHIA JOJKHA ObITb 3aMKHYTOH U
UTO OHA HEe MOXKET [IPOXOAMTb 10 y2Ke NpoHJeHHOMY IIyTH. Torna Ha Kaxkaom
1iare ecTb TPY NPUBbIYHblE BO3MOXHOCTH — IOHTH NPSIMO, HaJ1eBO WJIH Ha-
npaso. Takum 06pasoM, Bcero Ha L marax noaydaem 3° Bapuantos, oTkyaa
CTATHCTHYECKMI Bec NpM JaHHOH miuHe rpauuubl — I' ~ 3T, surponns —
S = Lln3, a cBobonHast snepruss — F = JL —TLIn3.

Eciu J > T1In3, 1o ectb T < T, = J/In3, 10 paa muaumMmyMa F BHI-
TOAHO, YTOOB! AJTMHA TPaHULbl Oblia ManeHbkod, L — (0, UTO COOTBETCTBYeT
HOPSIAKY.

Eciu T > T, To L — 0o — Gecnopsiiok. DTo ¥ €CTh (ha30BBIU MePexo.
KprTtrueckas temrepatypa, mpu KOTOpoi oH mpoucxoaut, — T ~ J/In 3.

Tounoe 3HaueHue Temmepatypsl nepexoga — T = J/In(1 + v/2).

TpexmMepHas 3anaua Oblja pelieHa Tak: CHauaJja yAajoCh PEHIUTh YeTH-
pPEXMEePHYIO, 3aTeM TTOCTPOUTh TEOPHIO BO3MYIIIEHHH 110 OTKJOHEHHIO pa3Mep-
HocTH 0T 4, dim = 4 — ¢, MOCTPOUTb PA3JOKEHHE 110 € U MOJYYHUTb OTBET,
nosoxkuB € = 1 (padorta BusbcoHa).

Ho 3T0 6biu mocaenHue mtpuxu. 3agaua CUMTANACh OJHOU M3 CaMBIX
3aragoutbix. CJAKHOCTb 3aia4u Obljia 0O0YyCJIOBJIEHA TeM, YTO MPU MPUOIH-
JKEHHHU K TOYKe (pa30BOTO Mepexofa o4eHb OBICTPO BO3PACTAIT PAYKTyaUUHU.
[aBHBIE TPOPBIB B ee pellleHHH CHeNand HOBOCHOMpCKHe (Torma) (pusuku
A. 3. [Tatamunckuit v B. JI. [lokpoBckuil (m03xke U, BEPOSTHO, HE3ABUCHMO
TO X)e caeaan amepukanen JI. Kaganos). Beiia BHIABHHYTa rUIOTE3a MOAO-
6ust (macuimabrol UHBAPUAHMHOCMU, CKelAuHea), COCTOSIas IPUMEPHO
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B cJenyiomeM. Pazo6peM pereTky HAa ONMHAKOBBIE «DJIOKH», KAXKABIH U3 KO-
TOPBIX COIEP’KUT MHOTO CITMHOB. Torna 3ajaua B KAKOM-TO CMBICJIE CBOAUTCS
K TIPEJIBIAYIIEH, TOJBKO POJIb CIUHOB UIPAlOT 3TH GJIOKH. YKpymHeHHe 6Jio-
KOB CHOBA NIPUBOAMT K TOH Ke 3ajaue H T. A. FIMEHHO Takoe «yCTPOHCTBO»
BEIleCcTBa B TOUYKe (ha30BOTO Mepexofia BTOPOTO pojia OBLIO yrajaHo, a 3a-
TeM — J0Ka3aHo. MlHade roBopsi, 3aBUCUMOCTh TEPMOIMHAMHUUECKUX BENHUNH
OT KOOPAMHAT BOJIM3H KPUTHUUECKOH Touku (1.e. npu t = (T — Ty) /T < 1)
HMeeT BUJ

d(Ar) = A" 22 d(r), C(Ar) = A 2¢C(r) mpu t(Ar) = A" 2et(r)  (8)

u T.1. [ToctosinHble Ag, A¢ — TaK Ha3blBaeMble aHOMAJIbHbIE PA3MEPHOCTH.
PakTHUYeCKH pellleHHe 3TOH 3a/auM MOBJEKJO pas3pelieHue 3arafiku ¢a-
30BBIX NEPEXOJI0B BTOPOro pofa. Ml ellle 1ajee KOCHEMCS 3TOTO BOIpoOCa.

9.2.3. Teopusa Jlannay pba3oBbIX epexonoB BTOPOTO pojaa

3agoaro mo Toro JlaHaay mpensioku/ CBOK Teopuio (HazoBoro nepexoia
BTOpOTO pozaa. PaccmatpuBaetcs mpouecc He mpu V' = const, a npu P =
= const u He I, a tepMoprHamuueckui noreHuuan P.

Jlangay moHsis, 4To nmpu (hazoBoM mepexose BTOPOrO Poja MPOUCXONHT
M3MeHeHHe CUMMeTpuu BellecTBa. CKaXKeM, B KAaKOH-TO KPHCTaMJUUECKON
peleTKe aTOMbl HAXOASTCS B LEHTPAX, 00PA30BAHHBIX HEKOTOPLIMH APYTUMHU
aToMaMd Ky©OoB, a IPM HArpeBaHHHW W TEIJIOBOM PaCLUIMPEHHUH, HAUMHAs C
HEKOTOPOH TeMIepaTyphl, SHePreTHUECKU Haubosee HUSKHE TMOJOXKEHUS Ha-
YMHAIOT CMEIAThCsl OT LEHTPOB 3TUX Ky60B. OTKJOHEHHE OT CUMMETPHH
TAKXKe MOXXHO XapakTepu3oBaTb MapameTpoM nopsinka. OrnpejeseHHble ma-
paMeTpbl CHMMETPHH MOXHO YKaszaThb W AJs JAPYTUX (Pa30BhIX [MEPEXOlOB
BTOPOTO PoOia.

Crhesaem NpeosioyKeHHe, 4To noteHuuas [uo66ca uMeer B

(T, P,n) = ®o + AT, P)p? + B(T, P)y* + ...

3aberas Bmepej, 3aMeTHM, YTO HajHude JHMHEHHOrO CJaraeMoro OTBeuaJso
6bl HAJAMUKMIO BHemHero moJsil. [ViaBHOe momyIeHHe, KOTOPOe BIOCAENCTBHH
0Ka3a/I0Ch HENPABUJIBHBIM, COCTOMT B BO3MOXKHOCTU PA3JIONKEHHS MOTEHIIM-
aja [mub6ca B psm, T.e. TPEANOJOKEHHe, UTO Touka 77 = ( He sBAAETCH
ocoboit mast pyukuun O(n). (Keraru, Jlangay npensuges BO3MOKHOCTb, YTO

'Hasnuwe caaraemoro, comepskalliero 13, oTeedano 661 He KPUBOH (Da30BHIX MePeXoNoB Ha
PT-njockocTy, a U30JUpoBaHHON Touke. [logpodHee He GyneM Ha 3TOM OCTAHABJUBATHLCS.
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9TO IOMYIIEHHEe OKaKeTCs HeBepHbiM.) OIHAKO BO MHOTHX CJydasX pesyib-
TaTHl PACUETOB HEMpPaBUJIbHBI TOJIBKO B OUeHb OJU3KOH K (ha30BOMY ITepexony
o6sacTH.

Teopusi Jlangay, 6e3yc/0BHO, 3acCHyKHUBAeT KM3y4YEHUs KaK HEKOTOpOe
6a30BOe OTHOCHTEJNBHO NpocToe mpub/auxkeHHe. EcTb MHOro 3azad ropasuo
6oJlee 3amyTaHHBIX, CKa)KeM, C HECKOJbKHMH B3aHMOCBSI3aHHBIMH MapaMeT-
paMH TMOpsifKa, B KOTOPBIX 0e3 Takoro moaxona Obio Obl HeymoOHO pas-
6upatheal. K ToMy ke 118 MHOTHMX clydyaeB o61acTh MPHMEHMMOCTH 3TOH
TEOpPHUH BeChbMa LINPOKa.

Crenaem ee onuH mar. [losnoxum

A(T, P) = o(T — T}).

YcJioBUe paBHOBeCHs ‘?9—‘71; = 0 paetr Ham

2a(T — T)n + 4Bn* = 0,

otkyaa n = 0 uan n? = a(T), — T)/2B, T.e. ABa NOCJENHAX KOPHA CyIlle-
crBytoT s npu T < Tk.

BkaioudM MarHWTHOe BHelIHee MoJjie h, uTO TMPHBEAET K IOSBJACHUIO
no6aBKH B noteHuuase I'nboca:

(T, P,n) = g + A(T, P)yn* + B(T, P)n* — hn.
yC.HOBI/Ie paBHOBeCI/IH JaCT HaM BECJIMUKHY MOJIA
h = 2a(T — Ty)n + 4Bn®. (9)

[Tosyuaem 3aBucumoctu n(h). Ilpu T > T}, 3aBucumocTb h(1)) MOHOTOHHA H

n(h) onpenessiercs: ogHosHauHo. [Ipu T' < T}, BO3MOXKHBI TPH COCTOSIHUS —

YCTOHUYMBOE PaBHOBECHOE COCTOSIHHE, MeTAaCTaOMJIbHOE U HEeyCTOHUHBOE CO-

crosiHue. (CxonctBo ¢ u3oTepmoil Ban-nep-Baanbcea ve cayualiino.)
OrnpenesiM MarHUTHYO BOCHPUMMYHBOCTD!

_(9n
XY=\ on s

Judppepennunpyem ypasuenue (9) mo h:

on
'Hanpumep, Teopus cepxnposoguMoctd THH3Gypra — JIaHgay, B KOTOPOH NapaMeTp HOpsij-
Ka — (DYHKINS KOOpAMHAT — SIB/ISETCS BECbMa HETPUBHAJBHBIM 0000LIEHHEM 9TOH TEOPHH.

2a(T—Tk)% +12B7n? 1,
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OTKYy[a
1

" 2a(T —Ty) + 12Bn%’

Ipu T < Ty, umeem n* = a(Ty, — T)/2B, oTkyaa
_ 1

AT (T 1)

X

— 3akoH [Isepa Kropmu.

Ipu T > Ty umeem 7 = 0 u x = 1/2a(T — T}). 3aBucumocts x(7T)
COIJIACYeTCsl C KCIePUMEHTOM (IIPY 3HAYEHHSIX TeMIIepPaTypbl OUeHb OJIU3KUX
K T} HaOMI01aI0TCs OTKJIOHEHHS).

Y:Ke B paMKax 3TOH TeOpUM BHIHO, YTO B TOUKe Mepexoja obparia-
I0TCS1 B HYJb BTOpast U TpeTbsi mpousBogHble P(7). BosHukaior Gosbline
GAYKTyalnd. B peanbHBIX CHCTeMax CTAHOBHTCS CYILECTBEHHBIM, UTO 3TH
(JIYKTyallMd pasHble B PasHBIX Toukax. [1oaToMy HeoGXOAMMO BBOAWTHL B
TEePMOAMHAMUYECKUH [TIOTEHLMaJ IPOM3BOLHbIE TapaMeTpa HOPsiiKa 110 Koop-
JIVHATaM H B TO XKe BpeMs YUUThIBATh paykTyauuu. C yueToM 3TOro 00/1acThb
IPUMEHHMOCTH TeOpHH JlaH#ay ompesiesiseTcsl «<U3HYTPU» Hee.

9.2.4. Kpurnueckue MHAEKCHI

TenioemkocTb, napameTp Nopsiika, MarHWTHAas BOCOPUMMUYMBOCTD B 3a-
BUCHUMOCTH OT TEMIIEPATYPbl UMEIOT B KPUTHUECKOH TOuKe 0cobeHHOCTH. [1pu-
HSITO TPEACTABAATh UX 3aBUCUMOCTb OT TEMIEPATyphl BOJIH3U KPUTHUECKOH
TOYKU B BHIE

= npu t > 0,

C x
(=t)™® mpu t <0,
noc (=), (10)
= npu ¢ > 0,
X X

(=)~ mpu t <O.

3necs t = (T — Ty)/T. Tokazatenn a, ', 3,7,y HasblBaOTCS Kpumite-
ckumu undexcamu. (BBOLSTCS KDHTHYECKHE HHAEKCHL eLLle AJIsl Psiga APYTUX
BEJMUMH, HO MBI OTpaHMUMMCS 5TUMH.) KpuTHuecKHe MHIEKCH! JOCTATOYHO
XOPOLLO ONPEAEISIIOTCS] [0 SKCIIEPUMEHTANbHbIM AaHHbIM. K ToMy e OHu
OKa3bIBAIOTCSI IPAKTHYECKH OLHHAKOBBIMH [JIsl MHOTHX Pa3HbIX (PA30BbIX Ie-
PEXOJI0B.
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[vnore3a nopo6usi, 0 KOTOPOH FOBOPUJIOCH B KOHLE pasiena 9.2.2, nos-
BOJIIET YCTAHOBUTbH COOTHOUICHHSI MEXKJY KPUTHUECKMMU HHAekcamu. U3
dopmya (8) us paznena 9.2.2 u (10) npu ¢t < 0 monyuaem

Ac = aly, Ay = —BA;, Ay = A, (1)
CoorHoleHHs 52 52
P i)
=T —, —vy=1 12
C=T3m G (12)
JIAI0T
Ac =AM — 20, Ay =As —2A,,. (13)

(Bxaan Muoxurenss T oTcyTCTBYyeT, T. K. B (12) BOIHM3H KPUTHUECKOH TOUKU
T =~ Ty.) Uz (11), (13) nemenyeHnHo cnenyet

a+28+y=2.

[pu pacuete mo metony Busibcona (ymomsinytomy B 9.2.2) o = 0,08;
6=0,33; v=1,26.

3agaum.
1. TTokasaTb, UTO W3 THIOTE3bl MOAOOHS caeayeT o = o, v = 7.

2. KakoBbl 3HauUeHUs] KDUTHUECKHUX UHIEKCOB B TeopuH JlaHpay?
Ortser.
a=0; 8=1/2; v=1.

10. Paykryauun

10.1. KBasucranuonapusie GpayKTyanun

[Iycts Teno HaxomuTcsl B TepMocTate-6apocTaTe U MOXKET OOMEHHBATh-
Csl C HUM 3Heprued Kak ImyTteMm TersoobMeHa, Tak W coBepliasd padoty. Bae-
JleM B pacCMOTpeHHe [Ba maciuTaba BpemeHu: Aty — OOMEH 3HEPruUM Teso—
tepmocTat, Aty — pesakcauusi B Teje. Mbl OyneM paccMaTpUBaTh Cayual,
KOTJla BpeMs peslakCalUM MaJjo IO CPAaBHEHMIO CO BpeMeHeM 00MeHa MexAy
TeJOM W TepMocTaToM: Ate < Af1. B 3ToM ciryyae uMeeT CMBICJ TOBOPUTD O
COCTOSIHUSIX TeJa, KOTJA OHO He HAXOOUTCSl B PABHOBECHH C TEPMOCTATOM, HO
camo 1o cebe MOXKeT MMeThb OlpejefeHHble 3HAUeHHUs] TepMOAUHAMHUUECKHX
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BesarunH. [Ipu 3TOM TOBOPSIT O KBA3HUCTALMOHAPHBIX (MJIyKTyaUusx (HHOrAA
HX HA3LIBAIOT TEPMOJAHHAMUYECKUMH).

BeposiTHOCTBL COCTOSIHHSI Tejla C ONpefieieHHBIMH 3HaueHusivu F u V
y2ke Obla BbIMCAHa paHbiue (B pasmese 3.1):

W ~ eS(E,V)*(E#’PUV)/TO‘

Jra dopmysa NPUHUMIIHAJIBHO pellaeT 3ajady, u jJajee Mbl OyaeM HPOCTO
noppobHee UCCJAENOBATh (PIAYKTYallUH, YUUTLIBAS, UYTO OHU OKA3BIBAIOTCSH Ma-
JIbIMU.

IlpencraBum E,V,S u gpyrue TepMOAMHAMHUYECKHE IlepeMeHHble Tesa
BBule £ = (E)+AE; V = (V)+ AV u 1. n, ree (E),(V),... —
PaBHOBECHBIE 3HaAUCHHUA. B mnokasaTtese 3KCIOHEHTHI B BbIpaXKE€HHUH [J54 w

uMeeM
ToAS — AE — Ph)AV

(cnaraembie, He saBucsaumue ot AE,AS AV, oTHeceHB K KO3(DPULHUEHTY
NPONOPIMOHANBHOCTH). DTO BEIPAXKEHHE PA3/0KHUM 0 MaJbIM OTKJAOHEHUAM
OT PaBHOBECHBLIX 3HaYEHHUH.
N3 yucna AS,AE u AV BbiGepeM B KauecTBe He3aBUCHMbIX AS u AV,
TaK 4YTO pasfaraTh HyXKHO Tolbko AE((S) + AS, (V) + AV). Unen nepsoro
nopsiiKa
(AS 0 + AV 0 E =TAS — PAYV,
o8 dV) N ’
BeaeacTBre yeqaosui T = Ty, P = Py cokpamiaercs ¢ JUHeHHbIME Mo AS
u AV cjaraeMbiMH, TaK YTO OCTAETCS TOJIBKO YJIEH BTOPOTO MOPSIAKA:

AS3 + AV — 0 2E— - ASi—f—AV 0 (TAS — PAV)
08 ov oS ov '
[Tockonbky
0 0
( S—+AV8V)TAT
! 0 0
(ASE + AV@V) P=AP,
noJsy4aem

(1)

APAV — ATA
W x exp ( v S) .

2To
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Jra gopmyna — ynobHast 3aroToBKa. HezaBUCHMBIMU SIBJASIIOTCST TOJILKO
JiBa mapaMetpa. BuiGepem Temepb B kauecTBe HesaBucumbix AT u AV u
BEIpasuM uepes HUX AS u AP:
08 oS oP opP
AS = —=AT+ ——A AP = —AT+ —A
S A or T eyt
JlomHOKHM HepBoe gpaBHeHne Ha AT, BTopoe — Ha (—AV) u ciaoxnm,

Cv as
3amMedast, 4YTo a_T 7, @ TaKXKe gy = aT (qTo BUIHO U3 paBeHCTBa dF =
= —SdI' — PdV):

Cy oprP

& (ary - (W)T (avy,

Cy 1 (P ,
(HaHOMHI/IM, 4yTO OJ1s yCTOl/I"ll/lBOCTl/I CHUCTEMbl IO OTHOLIEHUIO K paccjioe-

HMIO Ha pasHble (asbl BeJHUMHA (g—"j)T JIOJPKHA OBITh OTPHIATE/bHA.) DTO
MO3BO/AET HAM HAMHCATH!

2
<(AT>2>=g—V, (AV)?) = T(?Z) . (ATAV)Y=0. (2

ASAT — APAV =

OTMeTHM, UTO peub MAET 0 (IYKTyalusX, YCPeAHEHHBIX 3a BpEMS,
6oJIbLIOe TTO0 CPaBHEHHIO ¢ Atfg, BeJHYMHA K€ CPeJHHX KBaipaTHYHLIX OT-
KJIOHEHHH yCpeIHsieTcs 3a BpeMsl, MHOTO GoJbliee Atq.

Jlna pacuera (JayKTyalMH KakoU-in00 BEJUUHHBI MOXKHO BOCIOJb30-
BATbCS MOJYUYEHHBIM Pe3yJIbTaTOM U Pa3JIOXKeHHEeM:

AF(T, V) = afATer{;

[Tocne BO3BefeHUS B KBAApAT, YCPEAHEHWs U TMOACTAHOBKH (2) mosydaem
pesysnbTat. B 4acTHOCTH, TaKUM MyTEM MOXXHO TOJYUYHTh

(857 =Cr. (aPP) =1 (5F) . (asAP) =0 @

(a mporre mOMyUHTb 3TH XKe pesysbrathl 13 Gopmyas (1)).

"HopmuposanHoe BhipaskeHHe

1 6712/2(1273!2/2172
2mab ’

o0
npu atoM (z?) = [ 2?Wdzdy = a?, (%) =0b%, (zy)=0.
o0
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KakoBel duiykTyaunn mno mnopsiaky BeduduHb? Jlusi Temmeparypbi:
AT/T ~ 1/v/N, nns o6vema: AV/V ~ 1/y/N. C ysenuuenuem uucia ua-
cTUL, abCoI0THAS BesMUHHA QAYKTyallHl 00beMa pacTeT, a TeMIEPaTypH —
yMeHbIlIaeTcs.

BcenoMHMM, uTO <‘?9—1;>s = v2 — KBajgpaT CKOPOCTH 3ByKa. YYMTbIBasl,

uto p o< V71 monyuum Ap/p = —AV/V, ((AP)?) = Tpv2/V.

®dnykTyauun OrpaHUYHBAIOT BO3ZMOXKHYIO TOYHOCTb U3MepeHHH. Crpes-
Ka U3MepHTeJNbHOr0 MpUGopa B CBOEM TEIJIOBOM ABHIKEHHH KOJeO/eTCs Cay-
yafiHpiM 00pa3oM. OIHAKO eCTb HEMAJIO NMPHEMOB, MO3BOJSIOLIMUX MTPOBOAUTD
M3MepeHHsl TOpa3io HUXKe yPOBHsT GuIyKTyaLUuil.

10.2. Paykryauuu yucia 4acTull

H3ameHUM KMCXOIHYIO MOCTAHOBKY 3afayH.
[Tycth 06beM (DUKCHPOBAH, a UKCJIO YACTULL B HEM MOXET M3MEHAThCS.
Torna BeposiTHOCTb COCTOSIHUS BellleCTBA B 3TOM 00beMe BblpaxKaeTcs Kak

W eS(E,N)—(E—NMo)/T(J.

DayKTyaluuu PasaUYHbIX BEJMYMH, BKJIOUAs UHCJIO YACTHULL B AaHHOM 0Ob-
eMe, MOKHO [OJIYUHTb, NIPOJeJaB AJIsl HOBbIX [lepeMeHHbIX BbIKJ/IAAKH, 10A00-
Hble TIPOZEJIAHHBIM B HPeAbIAyLIeM pasiese. A MOXKHO W MHA4e, YCTAHOBUB
CBA3b MeXJy ABYMs MOCTAaHOBKaMH 3afaud (npu V = const u npu N =
= const). Yurem, 4To B 00euX 3amayax peub MUAET He O (DU3UUECKOM BMe-
LIATEJNbCTBE B YCTPOUCTBO U JBHKEHHE CUCTEMBI, a TOJBKO O Pa3HbIX CIOCO-
6ax moncueta. [loaTomy B 06eUX MOCTAHOBKAX (DJIYKTYalHUU KOHIEHTPAIHH
JOJIXKHBL OBITH TPOCTO OOHH W Te XKe. PaccMOTpuM IyKTyaUuu KOHLEHTpa-
Luu:

npu V = const u ¢paykryanusx N umeem A(N/V) = AN/V,

npu N = const u daykryauusix V umeem NA(1/V) = —NAV/VZ.

3HauuT, ) ,
WD Ty,
OTKyaa
N?2 [0V
AN =~ (2L} | (ANAT)) =o.
(aN?) =7+ (55) . (aNaT) -0

[IpeoBpasyem 3T0 BhipaXkeHue, Mepeiis K nepeMeHHbIM p, V, T

v oV.T,N) OV, T,N) o(V,T, )
OP ) n

- A(P,T,N)  A(V.T,n) O(P,T,N)
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[lepBui#t siko6uaH paBeH (%—I:) . Jlns BEIUKCAEHNS BTOPOTO BCIIOMHHM pa-
v, T
BEHCTBO v s
dp = —dP — —dT
=N N

W3 KOTOpPOro cJjaenyet

oY _, (ov)y _V
ON)pr 0 \oP)y, " N
2

B wurore, (%)T,N:% (%—g)vqﬁu

ON
(ANY? =T <—) .
op v,T

K stomy pesysnbraTy MOXKHO IIPOCTO NPUUTH KM HEIIOCPEICTBEHHO OT GOJIbILO-
ro KaHOHUYECKOTO paclpesie/ieHts, MpuueM yxke 6e3 orpaHUUeHUs KBa3ucTa-
THYECKHUMH PaIyKTyaUUsIMH.

Hafizem ¢aykTyaund uucsa 4acTul, B K-M KBAHTOBOM COCTOSIHHH
thepMu-Tasa; cpejiHee YHCA0 YaCTHIL

1
{Ni) = ele—m/T 4 1°
Jlerko noayuaem
ON
((ANR)?) = Ta—ﬂ = (Ni)(1 — (Ng)),

TO €CTb NPOHU3BEIEHHE UHCJA YACTHUL HA YHCJO ABIPOK. B oKpecTHOCTH rpa-
HUYHOH SHepPruu (IIPH HU3KKX TEMIepPaTypax) 3TO [MPOU3BELEHHE MOMKET [0-
CTHraTh BeJHUUHBL 1/4.

Ecau paccmotpeth 603e-ra3, TO MOJYYUM

((ANE)?) = (Ne)(1 + (Ng)),
rne 1
(Nk) = ee—m)/T _ 1"

Jns cBeTa mepBoe cjaraeMoe COOTBETCTBYET KOPIYCKYJISPHOH KapTHHe, a
BTOPO€ — BOJIHOBOM.

(ANE)?) = (Ni) + (Ni)*.
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3anaua.
BbipasuTh OTHOCHTENBHYIO BeJAMUUHY (DJIYKTyalul UHTEHCHBHOCTH
JIHEBHOTO CBETa, PACCMaTpHBasi 3JEKTPOMAarHUTHOE MOJe Kak KJacCH-
yeckoe.

Pemenne.
MrHOBeHHOE 3HaUeHHE JIEKTPHUUECKOTO ITOJsT CBETOBOH BOJIHBI CKJa[(bl-
BaeTCs M3 MOJIeH, U3/JyUeHHBIX MHOMKECTBOM aTOMOB:

E:ZEG.

Kaxpoe us cnaraembx E, usmenserca ¢ yactoToli ~ 10%%¢~1, a sa spe-
Ms1, He 6osbiiee 1077 ¢, NOJHOCTBIO H3MEHsIET HaNpaBJeHue U (asy, IpuyeM
HEe3aBUCHMO OT IPYTHX (Mbl pacCMaTpHBaeM HemoJsipu3oBaHHbIi cBeT). WH-
TEHCUBHOCTb CBeTa OnpefessieTcs BeauunHol E2, ycpeaHeHHOH 3a mepHOS.
JIJ1s1 MTHOBEHHOT'O 3HAUEHUSI MOJIsI

ZE2 + 3 EoEycos O = L(E}),

a#b

rae L — 4ucgo cjaraeMbix, (Eg) — cpenHui (Mo pasHbIM aTOMaM) KBajpaT
I0JIST W3JIYYEHHsS] OMHOTO aTOMa, a HAMpPAaBJIEHMS MOJSPU3ALME H3JIy4YeHUH
pasHbIX aTOMOB He3aBUCHMBbIL: (c0sO4p) = 0. st onpenesnerus: GuyKTyauui
WHTEHCUBHOCTH HAM MOHAJ00UTCS BeJUUYHHA

ZE2+ZE Ep cos0p)( ZEQ—FZE E4cos0.q) =

a#b cFd

= ZE4 +Y EIE2+ Y EoByElcosbu+ Y E.Eak:cosbog+
ac azbse ctdAa

Z E,EyE.E;cos0yp cos0pq + 2 Z E2E} cos? 0.
aF#b#cEd az#b
[lepBasd cymma B MpaBOU YacTH CONEPXKUT L cjaraemblX, BTOpas — MHOTO
Goabie: L(L — 1) ~ L?. Tperbsi, ueTBepTas U nsitass CyMMbl 06pallaKTCcs B
HY/b H3-32 COMHOXKHUTeNEH BHAA c0S,p,. TlocenHss, B KOTOPYIO BbIAEJNEHbI

cnaraemsle ¢ ¢ = a, d = b u ¢ = b, d = a, oOkasbiBaeTCsd paBHA BTOPOH
(1. K. {cos® O,3) = 1/2). B urore ((E?)?) = 2L2(E?)?

ar_ VAE - @2
T ®m
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10.3. Paccesnue cBera

[pumep siBsenusi, rae QJIYKTYaLUUH UTPAOT [IABHYKO POJIb — pPacCesiHHe
cBeTa.

Ha o6bem, 3anosHeHHbIH ra3oM WM KHUIKOCTbIO, ajgaet cseT. Boiae-
JIUM 00J1aCTh, pa3Mepbl KOTOPOH MHOrO MeHbIle IJIMHb BOJHBEL CBETa, €e
o6bem V < A2. B mepeMeHHOM 3/1eKTDHYECKOM TMojie BOMHbI E y 3Toro
3J/eMeHTApHOro 06beMa BO3HUKAET NMepeMeHHbIH JUMOJbHBIH MOMEHT:

g —

d=V 1E, d=—w?d. (4)

7s

I/Is.nyquI/Ie JHUTIIOJIA

OnHaKo POHUCXOIUT HHTephepeHLUs [10-

Jiel, W3My4aeMblX H3 PasHBIX MaJIbIX

obbemoB. Ilpy 2TOM mMOUTH HJS Kax- AB —CB = )\/2
JOTr0 Takoro odbema HaHaeTcsi IPYroi,
BKJ1aJl KOTOPOro OKaxeTcsl B IPOTHBOMA-
3e (puc. 17).

[lostomy paccesHusi BooOIie He
JIOJKHO Obl OBITh (TOUHee, MOT Obl OBITh
JIUIIb MOBEPXHOCTHHIN 3(dekT). Ha ca-
MOM [ieJie PacCesiHUe eCTh, U MPOUCXOIUT
OHO 3a cueT (DJIYKTyalUl AH3JEeKTpHUe-
CKOM TIPOHULAeMOCTH (a cienoBaTenbHo, Puc. 17. Cxema, uamocTpupymomas
¥ [MIIOJbHbBIX MOMEHTOB, HHAYLIHPYEMbIX ~ACCTPYKTHBHYIO MHTEP(EPEHLMIO H3-
B pasHblX o6bemax): € = (¢) + Je. Urtak, Jy4eHu#l u3 pasubix oObemos. Ecun
CpelHsisl BeJHYMHA {€) BKJaja B paccesi- Obl He GJIYKTYaLUH, TO BOJIHEI, H3JY-
HUe He JacT. yeHHBIE U3 006eMOB A U B B Hanpas-

[Tostomy B (4) caenyet ciaenath 3a- JeHun AP, racumu OB APYT ApyTa.
MeHY

C

Y
ool

A

A

e—1 be
— —.
A7 47

[Tosnasg MHTEHCUBHOCTD H3JyueHud, UAYUIEero u3 AaHHoro obbema

_ 2V2(55)2w4 5
3 ¢3-1672



122 YaCTh 1

[Iycte muanekTpuyeckas MPOHHLAEMOCTb SIBJSETCS (DYHKLUHEH IJIOTHOCTU

p= % ¥ TeMrepaTypsl. [IpumeM, 4TO 3aBUCUMOCTb £ OT TeMIepaTyphl Hecy-

eCTBEHHA.

0 N
oe(p, T) = *a—pﬁAW
e\ 2 p? ov
2 - — —_— —_— —_—
Vieey = V<3P) vz T<8P>T‘

Beoaum Ko3(ppULHEHT CXKUMaeMOCTH: [ = % (a—V)Tl. Torma HHTEHCUBHOCTD

op
U3JIy4eHUs U3 JaHHOrO o0bema

Vwt (0 \?

roe S = cE?/4w. J10 BepHo aas o6bema V < A3, ®nykTyauuu B pas-
HbIX 00beMax TaKUX Pa3MepOB MPOUCXOAST HE3ABHCHMO, IJI51 PA3HBIX TOYEK
(0e(r1)de(re)) = 0, MO3TOMY CKJIAABIBAIOTCS HHTEHCUBHOCTH M3JYYEHHH H3
pasHbIX MasiblX 00BEMOB. DTO 03Hadaer, 4yTo (Gopmy/a (D) crnpaBemnBa He
TOJBKO [JIs MajblXx 00beMOB, HO WM aJisl JoOeiX. [lpu mpoxoxpeHuu cios
TOJIIMHKL dZ TJIOTHOCTh TMOTOKA 3Hepruu S usMeHsercsa Ha dS = —hSdz.
Otciona S o e~ "*. Beanuuny h HasblBalOT KO3(DDUIUEHTOM IKCTHHKIIHMH.
drot BbiBOL (151 OOIIEro ciayuasi, KOraa AH3JeKTPHUecKas MPOHHLAEMOCTh
3aBHCHT M OT TeMIepaTyphl) ObLI cAenaH DHHIITEHHOM.

Panee paccesinue cBeta Bo3ayxoMm uaydas Pajeir. UtoObl npuiiTi K mo-
JIy4eHHOU UM (hopmyJie, YYTEM, YTO AJISI HEIJIOTHOTO rasa

e =1+4npa,
Te o — MOJAPH3YEMOCTh MOJIeKY/bl. [ToaToMy
de e—1 n?-1

adp  p p

(Z—ZP)Q =4(n -1y,

tax kak n? — 1 ~ 2(n — 1). Torna

~ 2wi(n—1)?
~ 3mpct

OTKyJA

h

1ns teepaoro tena K = 1/ — MOAy/b BCECTOPOHHETO CHKATHS.
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Ilns Bo3nyxa BeJHdMHa h™! WMeeT NOPSIAOK HECKOJIbKMX KMJIOMETPOB.
34aBUCHMOCTbIO BEJHUUHBL /i OT YaCTOTHI OMPEAE/ISETCA CUHUN 1[BeT Heba u
KPacHBIH — 3apH.

Ec/u BBeCTH cedeHMe paccesiHdsl cBeTa Ha MoJekyie o = Stwha? /3¢,
TO B paJeeBckoM cayuae h = (N/V)o Benuuuny h~! MOXHO WHTeprpeTu-
poBaThb KakK IJHHY CBOGOAHOrO Tpoera cBeta. JTO TaK HA3bIBAEMOE HEKO-
repeHTHoe paccesiHue. XoTsl B o6beMe ~ A HaxomuTCsi MHOTO MOJIEKYJ H
paccesiHHble UMH BOJIHBl CKJAA[bIBAIOTCS, UX UHTEP(EpeHIUs], KAK Mbl BU-
M, (haKTHUECKH He TPOSABJAeTCs (/IS PACCESHUs B OMHOPOAHON B CpeiHeM
cpeze).

10.4. Ny6aer Mangeasmrama — bpunaroena

DnyKTyauud [OUJEKTPHYECKOH IMPOHHLAEMOCTH B Pa3HbIX TOUKAX,
He3aBUCHUMble APYT OT JAPYra, MOTYT ObITb IPEACTABJEHbl KAK HAJOXKEHHE
BOJMIH Pas3HOM AJUHBI U YACTOThl CO CJAYYaWHBIMU (paszaMu. IDTH BOJHB —
(DOHOHBI, PACIIPOCTPAHSIIOLIMECS CO CKOPOCTbIO 3ByKa vs. OHU IpencTaBJsi-
10T co60i payKTYyauun gaBjeHusi (KOTOPble, HAIOMHUM, MOTYT MPOUCXOAHTh
HE3aBHCHMO OT (JIYKTyalui sHTponun). OAyKTyalud SHTPOIHHU — 3TO Tell-
JIOBblE BOJIHBI, KOTOPBIE, KAK H3BECTHO, He OEeryT M0 BEILeCTBY, a 3aTyXawT
Ha PACCTOSIHHUH MOPSIAKA JJIMHbI BOJIHBI.

[pu paccesannu cBeTa MOXKHO BBIAENATh B3aUMOJEHCTBHE CBETOBOU BOJI-
Hbl C OmpefieleHHOH BOJMHOH (uarykTyauui. OkasbiBaercs, LJsi 9TOrO A0CTA-
TOYHO BBIOPATb ONpeNeJeHHbIH YroJ OTKJIOHEHHUS paccesiHHoON BosiHbl 6. Ilpu
9TOM MpeKJe BCErO BHIAESJIUTCS HANpaBJeHHE (PPOHTA pacCceuBalollied BOJHBI
(rmogo6Ho TOMY, KaK MpH HaO/IOAeHUU JIYHHOU JOPOXKKK Ha BOAE Mbl Bblie-
JsieM (haKTHYECKH JIMIIb ONpeeseHHble HAlPABJAEHHS BOJMH Ha BOjie); B 060-
KX caydadx N0JI2K€H BbINMOJHATLCA 3aKOH SQpKaJIbHOl"O OTpa)KeHI/IH. KpOMe
TOrO, paSHOCTb X04a BOJIH, paCCGﬂHHbIX COCeAHHUMU MaKCUMYyMaMH MJOTHO-
CTH, IO/KHA ObITh PaBHA [JHHE BOJHbBI CBeTa. JTO TPeGOBAHHE OMpee/sieT
W JUIMHY BOJIHBI YUacTBYIOIIETO B paccessHMH 3ByKa. Bce 3To BmoJHe aHa-
JIOTUYHHO paCCeHHI/IIO peHTI‘eHOBCKHX .nyqeﬁ KpI/ICTaJ'IJIaMI/I, TOJIBKO B HalleM
cJydae pedb UAET He 00 00pa3yrIIUX KPUCTANIUUECKYO PEILIETKY aToMax, a
0 Xd0THYECKU BO3HHUKAIOMIKUX U HCHE3AIKX YIIJIOTHEHHUAX. HOCKOJ’Ibe OHHU
ene u 6eryT, BO3HHKAET CABUT HACTOThI paCCeHHHOFO CBETA.

[Tonaras E o cos(kr — wt), a de o cos(qr — £2t), HOJAy4UM, 4TO

deE o cos(kr — wt) cos(qr — Qt)

x cos((k + q)r — (w + Q)t) + cos((k — g)r — (w — Q)¢).
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Orcropa BHAHO, 4TO 4acToTa W' H
BOJIHOBO# BekTOp k' paccesiHHoro cseta
YJIOBJIETBOPSIOT YPaBHEHUAM

o =wtQ, k=k+taq,

KOTOpble MOXKHO HHTEPTpPeTHPOBAaTh
KaK 3aKOHbl COXPAHEHHS IHEPTHHU U UM-
My/bca MPH MOMIOIIEHHWH HJIM UCITyCKa-
Puc. 18. Msmenenue ummyJibca poToHa HUH GOTOHOM (oHoHa (puc. 18).

PaBHO KBAasHKUMNYJBCY MONJIOLIEHHOro BosHoBoi BEKTOD q)OHOHa o 1mo-
¢poHOHa. PSOKY BeJUUYMHB He IpeBBIIAeT kK,
a yactoTa ero §) = vs,q MHOTO MeHbIlle 4acTOThl cBeTa w = ck/n (n — no-
KasareJb npesomienust). [losromy k' =~ k n ¢ = 2ksin (0/2), Tak uro casur
4acTOTBI pacCesHHOTO Ha TakuX (/yKTyanusx cseta ) = 2nw(v,/c)sin (0/2)
onpefesseTcs yrioM paccesHus.

Paccesinye cBeta Ha TENJIOBBIX BOJIHAX, KOTOPble He 00/1a1a10T 3aMeTHOH
CKOPOCTBIO, IPOUCXOANUT 6e3 U3MEeHEeHHUs YacTOTHI.

TakuM 00pasoM, Py paccesiHUK CBETa TOMUMO HECMEIEHHOH 110 4acTo-
Te JIMHHUM TOSIBJSIeTCS ellle Napa JMHHUH CO cJerka M3MeHeHHBIMH 4acToTa-
MU, HasbiBaeMasi nybaetom Manpgesnbiirama — bpumiaoeda. CoOTHOIIEHNE HX
HMHTEHCUBHOCTEH Olpesie/IieTcsl COOTHOILIeHHeM (PyKTyallMil JaBJeHHs U IH-
TPONUU. AMIINTYA H (a3a 3BYKOBOM BOJIHbI C HAHHBIMH 3HAUYEHHAMH ¢ H )
B BewlecTBe (DJIYKTYUpYylOT. Bpemsi yObiBaHusi (M HapacTaHusi) AMILIHTYIBL
xapakTepusyeTcs KoadULHeHTOM 3aTyxanus 3Byka. CooTHoweHHe 2 = v,q
BBITTOJIHSIETCS JIMIIb C TOYHOCTBIO 1O 3TOTO KO3(pduureHTa. OH U onpenessier
LIHPUHY JIHHUH py6iera.

B TBepaoM Tese, rae BO3MOXKHbI 3BYKOBBIE U CBETOBBIE BOJIHBI C Pa3HBIMH
HOJAPU3ALUSIMH U CKOPOCTSIMH, KOJIMUECTBO CMELIEHHBIX JUHUU MOXKeT OblTh
ropasno 6oJbire. Bee 3T0 Xopomo Had/0#aeTCs HA OTLITE.

MoXXeT BOSHHKHYTh BOMIPOC, MOYEMY CKOPPEJIHPOBAHHBIE B Pa3HBIX TOU-
KaX B Da3Hble MOMEHTbl BpeMeHH (DJIYKTyaUUH B BOJHAX, CKJAbIBAsCh, PHU-
BOASAT K (JIYKTyaUUsiM HE3aBUCHMBIM B Pa3HbIX TOUKAaX OfHOBpeMeHHO. [le-
JIO 37leCh UMEHHO B cayudaliHOCTH a3 pasHeX BoJH. CKaxKeM, HJIYKTyalHnu
Ha TIOBEPXHOCTH TBEPLOrO TeJa, rae (hasbl MajarlIuX U OTPaKEHHBIX BOJH
CKOPPEJHUPOBAHEL, MOTYT HECKOJIbKO OTJIHYAThCS OT (MIYKTYaUHH B riyOHHe
BeLeCTBa.

3anmaua.

HpeILHOJIO)KI/IM, 4TO AU3JCKTPUUYECKasd MPOHUUIAEMOCTb XKHUAKOCTH HJIH
rasa 3aBUCHUT OT IIJIOTHOCTH BEIIECTBA W HE 3aBUCHT OT TeMIEpPaTypHI.
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Ha#itTu oTHOmeHHe HHTeHCHBHOCTU AyOJaera Manpeasmtama — bpuasnio-
€Ha K MOJIHOM WHTEHCUBHOCTH PACCESHHOHU BOJIHBL

OTBerT.

(Ioya + Lu—q)/I = cy/cp (popmyna Jlangay u [liauexa).

10.5. ®aykryanun napaMerpa mopsagka

Mbp1 GyneM paccMatpuBaTh COCTOSIHHE BelllecTBa BOJM3U a3oBoro Ime-
pexoza BTOpOro poxa. bynmem paccmaTpuBaTh BeLIECTBO, KOTOPOE HAXOAUTCS
B HeKOTOpoM oObeMe V 1 MOxkKeT 0OMEeHMBATbCSl HaCTHULAMU C TEPMOCTATOM-
6apoctatoM. CocTosHHE Tesa ONMUChIBAETCA MapaMeTPOM MOpsjKa 7, a pac-
npejeseHHe BePOSITHOCTEH PA3JIMUHbIX 3HAYEHHH 1) —

W(T]) o< e*Q(T,P,y,,'r])/T'

CorsacHo Teopuu Jlannay B6JIM3H TOYKH (pa30BOro mepexona BTOporo poxa 2
NOTEHIMAJ TeJa, KaK U TePMOJMHAMHUECKUH MOTEHLUAJ, IPeJCTABIIAETCS B
BUIE

Q=V¢(T,P,pu,n), tne ¢=atn®+Bn*, t=T—Ty. (6)

PaBHOBecHOE 3HaUeHHe rnapaMeTpa nopgaka ornpenessaeTrcd yCJaoBUeM % =0,

4UTO jaet

2 0 npu t >0,
o = { alt|/2B mpu t<O0. (7

PacripepesneHue BeposiTHOCTeH (IYKTyaUU# ONpenessieTcsi COrJIaCHO
dopmyae (1) us pasuena 3.2:

9 _1 (& 2
W o exp ( T> xexp | —5- o (on)*]. (8)
o
3nech
2 52
on = n—no, % =V —(ﬁ =V (2at + 12Bn3) ~ Valt|. (9)
on 7 n n=n

[To mepe mpubanKeHHs: TeMIepaTypsl K TOuKe (ha30BOTO MePEXoaa BTO-
poTo poAa MHHEMYM §) moTeHnMana Kaxk (yHKIHH MapaMeTpa Mopsjika cTa-
HOBUTCSI Bce ©oJiee MOJOTUM. DTO NOJKHO Oblio Obl IPUBECTH K POCTY Be-
JUYHHBL (PIYKTyalul:

Ty

2
(om) Valt|

(10)
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CorytacHo (6) poct daykTyauuit noyxKeH 6bl OblT OTPAHHUMBATLCS CJa-
raembiM, cogepxxamuM n*. B aecTBHTeNbHOCTH orpaHuueHde 06yCAOBAEHO
TEM, UTO BElIeCTBO CTAHOBHUTCS CYIIECTBEHHO HeOfHOPOoAHKIM. [TlapameTp mo-
psIKa MOXKHO CUATATh (DYHKLHEH KOOPAMHAT, a B {2 MOTeHUMAN L0JIKHO ObITh
BKJIIOUEHO cJlaraeMoe, 3aBUCsLIee OT CTeNeHH HEOAHOPOAHOCTH BEIECTBA:

(T, P,n) = / (T, P.1y) + g(Vn)*]dV. (11

XapakTepHble pasMepbl R o6aacTell HEOTHOPOAHOCTH! OMpeNe/sioT BeHuH-
Hy no6aBounoro caaraemoro: g(Vén)? ~ g(én/R)?. CymecTsenHoe Biu-
SIHME Ha paclpefieieHHe BEpOSITHOCTEH 3TO cJaraemoe OyIeT OKasblBaTh
NpH YCJIOBHH, UTO MO MOPSIKY BEJHUYUHBI OHO CPABHSAETCS C OTKJOHEHHEM
apyrux ciaraembix B (11) ot muxnmasbHoro suauenus ¢(T, P ng + 6n) —
— (T, P,no) ~ alt|(6n)?, 4TO NPUBOAHT K OLEHKe

g\
R~ (L) . (12)
alt|
Huxe Touky nepexona (¢ < 0) HEOZHOPOLHOCTD BELIECTBA MOXKET GbITb
CBsi3aHa C MEPEXONOM OT 00/IacTH, TAe 7 = 7jg, K 06MacTH, Tae 1 = —1)p.

B sToM ciyuae R paeT OUeHKY TOJIIMHBL 06JIaCTH IIepexofa, a BesUuHHa
o ~ g(no/R)*R xapaktepusyer 100aBOYHYIO 3HEPTHIO, CBSA3AHHYIO C HAJK-
YyHeM TPaHHLBl MeXAy 3THMH 00J1acTSIMH (B pacueTe Ha €IMHMIY IJIONIAAH
rpanuuel). MHadye roBopsi, 0 — 310 KOI(PHULKEHT TOBEPXHOCTHOTO HATSKE-
Hus. OueHKa ero

gl )

B

(dkcrepruMeHTHl B Pa3iiMuHBIX XKHUAKOCTIX AT GJIH3KYIO, HO BCE-TAKK APY-
TyIo 3aBUCHMOCTb: o o< [¢[13.)

Bosppammascs K (ayKTyauusiM, Mbl JOJKHBI NPEACTaBJAATL cebe, uTo
TeJsio B 060K MOMeHT pa3brBaercsl Ha obJjacTH pasmepa ~ R, B mpenesnax
KaXKJ0H U3 KOTOPBIX 3HAYEHHs (IYKTyallud MapaMeTpa mopsaaka 61 npubau-
3UTEJIbHO TIOCTOSIHHBL, B PA3JIMUHBIX 3Ke 00/1aCTSAX 3HAUEHUs §7) HE3ABUCHMBI
opyr ot apyra. OueHky (QJyKTyauui napamerpa IOpsifKa MOJY4YHUM, IPHHSAB
B (10) B kauecTBe o6bema Takoh obaactu V ~ R2:

1/2
(ony? ~ AT (14)

"Pasmep R HA3BIBAIOT TaKikKe PANMYCOM KOPPESINH (JYKTYaIHE,
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Takum 06pazom, GIyKTYaLHH BCe-TAKHU YOLIBAIOT 10O Mepe IPUOJIHIKEeHUS
K Touke (a3oBoro mnepexona (KCTaTH, MogoGHAs OlLEHKA BEJHUUHBL QIYKTY-
aluil COpaBe/IiBa KAK BbIlle TEMMEPaTyphl NMEpexofia, TAK H HEXKE Hee).
EcTecTBEeHHO NMPUHATb B KaueCcTBE YCJIOBHUS NPHUMEHHMOCTH Teopuu JlaHnay
cooTHoulenKe (dn)? < 73, 4TO A2eT

1t Tkg?
Tk aB3 '

(15)

1o ycaoBue (HaspiBaeMoe Kputeprem [uH3Gypra — JleBaHoka) 03Hayaer, 4To
Teopud Jlanpay npuMeHHMa JUIIb B HEKOTOPOM OTAAJ€HHH OT TOUYKH Iepe-
xoga. CoraacHo 9TOMY yCJOBHIO OKa3blBaeTCsl, UTO TEOPHS He UMeeT 06/1aCTH
NIPUMEHMMOCTH /151 Iepexoa K CBepxTekyuemy coctosinuio *He, npumennma
NpakTHYeCcKH B 060K GM30CTH OT TOUKH MEPEXoa B CBEPXIIPOBOJASIIEE CO-
CTOSIHUE; 1/1a (Deppo- U aHTU(EPPOMArHETHKOB, KaK MPABUJO, €CTh BIIOJHE
IOCTYIIHAsl AJI 3KCIIepHMeHTa 06JlacTh HelMpUMeHHMOCTH Teopuu JlaHmay
‘t| > 0.17%.

3agauu.

1. OueHuTb CBsI3aHHYIO ¢ QJAYKTYyaLHIMH 100ABKY K TEIIOEMKOCTH BOJIU3H
TOUKH Nepexoja.

Pemenue.
Jo6aBky K €2, 00yC/OBJIeHHYIO (JIYKTYyaLUSIMH 1),

_1(@o% 2

corsacho (9), (14), ouennBaem Kak

T (alt))
93/2 '

[Tonyuasi nanee n06aBKK K IHTPOIUU H TEIJIOEMKOCTH, TuddepeHunpy-
€M TOJIbKO #, COXPaHsisli TeM CaMBIM JIMLIb HAUGOJIbLIHE CJAraeMble.

02 ~ Valt|

— 0 s v a3/21411/2 ) ,3/2
58S = BT(SQ Va2 |t /g% =,

_ 10 so . va3/27,3/241/2
6C'7T8T55 Va>'=/g>2|t] /<.

[Tpu Gosee TiATENBbHOM pacyeTe nosydaeTcs emle Koadhuiuent 1/16m.
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2.

[lonaras, uto B 06JACTH TPaHHUIEl MeXIy 0OMaCTIMHU ¢ 17 = %) napa-
MeTp 7) 3dBUCHT JIMIIb OT OJHOH KOOPAMHATH Z, U HUCIIOJb3yd aHAJNOTHIO
¢ 3alauaM{ aHANUTHYeCKOH MeXaHHKH, HalTH 7)(z) U o.

Pemenne.

3aBUCHMOCTb 1(x) ompefesieTcss YCJIOBUEM MUHUMyMa (DYHKIKOHAA

- 70 lg (%)2 +60n)

4TO MOAOOHO MPUHIMIY HAWMEHbIIEro AeHCTBHs ¢ 3aMeHamu 2S5 — €,
t — x, m — g, —U — ¢. He BoinucbiBasi «ypaBHeHHH IBUXKEHHUS»,
cpasy e samuileM «uHTerpasn sueprun»: g(n'(z))? — ¢ = E. Wnre-
pecyiolleMy Hac cjydaio, Koraa 1 — £y Ipu & — +00, OTBeuaet
E = —¢(no). Takum obpazom,

g0 (2))* = p(n) — d(no). (16)
[oncrasasisa (6), (7), moayuaem
1/2
g—z - <§> (g —n*).

U3 atoro YPaBHEHUA JIETKO HaWTH

5 1/2
g
=nthE, R=|=L .

KoadpduuneHT nMOBepXHOCTHOrO HATSIKEHHUSI COBMAJAET C «IOBEPXHOCT-
HOH» 106aBKOH K moTeHUHady §2:

dx,

D

o= AQ = / 9 (@) + 6(n) — $(no))d.

—00

C yuerom (16)

[ T 1/2(941$1)3/2
7 =2 [ 16 stwlir =28/ [ oty = AT

—o0 —7o
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11. bpoyHoBCKoe aBUIKEeHNE

bBynem paccmarpuBaTh OpOyHOBCKOE JBUXKEHHE, BPEeMEHHO 3a0blB O
(IYKTyalUHsiX. 3aTeM NOCTPOEHHYIO TEOPHIO TIePEeHeceM W Ha pasBuThe (uyk-
TyaUuMil CO BpeMeHeM.

11.1. Koppeasiumonnas ¢yHKIus cKkopoctedl u auddysns

Jlaist GpOYyHOBCKOH 4acTHLBL (paguyca a) ypaBHEHHe ABHKEHHS COLep-
KHUT CHJTy TpeHusi, onpegensemyto dopmynoii Crokcal (f, = —av, a =
= 67na), ¥ 106aBKy f.,, IPeACTABAIONLYI0 COO0OH CaydaliHyIO CHITy, KOTOPas
BO3HHKAET 3a cueT (DJIYKTyalUHid AABJeHHS BHYTPU XKUAKOCTH; AJIS IPOEKLHH
Ha OCb T .
Mty = —avg + focr

(anee nHpeKC x AJs1 KPATKOCTH OMYCKAaeTCsl.)

Jlerko BUAETb, YTO BeJMYMHA T = * — XapakTepHOe BPeMs TOpMOXKe-

HUS LIZICTI/II_LbIQ. ﬂanee MbI 6y]1€M CYHUTATb, 4YTO C.Hy'-laﬁl—lble COCTaBJIdOIIHE
CHJIBI, B3AThHIe B PAa3Hble MOMEHTbI BpeMEHH, CTATUCTUUYECKHU HEe3aBUCHMBI,

(fen(t1) fen(t2)) = 0.

DT0 03HAYAET, MEXKAY NMPOUKM, UTO MBI IPU3HAEM «PAa3HBIMH» MOMEHTHI, OT-
JIUYAIOIIHEeCsT APYT OT JApyra He MeHee, YeM Ha HEKOTOPbIH MHTepBan At.
O Bbibope At 15 pa3HblX YCJIOBHH OymeT pedb BIOCAEACTBUM, BO BCIKOM
cayyae At < 7.

CKOpOCTH OPOYHOBCKUX UACTHIL YAOBJIETBOPSIOT pachpeaeaeHuio Make-

BeJlJia, Mo3TOMYy

T =5

B crauuoHapHbix yeaoBusx B cpendem (v) = 0 (oapasyMeBaeTcs ycpes-
HEHHe 110 MHOMKeCTBY OPOYHOBCKHX uacTHL’). BBemeM KoppessiLMOHHYIO

IEcan uactia ABvKeTCS B Pa3peKEHHOM rase, T0 KO3(PPHULHEHT v ~ nmoa2VT, raie n —
KOHIIEHTPALHs MOJEKYI,mg — Macca MOJEeKY/ae, Vi — ee TemJoBas CKOPOCTb, a — Pajuyc
OGpoyHOBCKOH gacTHLbl. PIYKTYalHK JaBJEHHs CBS3aHEl B 3TOM caydae ¢ QAyKTYaLHsIMH dncaa
MOJIEKYJI, HaJleTaloIMX Ha YacTHIY B eMHUILY BPeMeHH ¢ Pa3HBIX CTOPOH.

Bratouenne B ypaBHeHHs! ABHKEHHs1 ODOYHOBCKOH YACTHIIBI CAYYAMHEIX CHJ CBS3aHO C HMe-
HeM JlaHxeBeHa.
2Ecan CKOPOCTb HACTOJIBKO BeJHKa, UTO CAYUAHHOH COCTABJSIONIEH CHJIB MOXKHO IIpeHe-

Opedb, TO MOJydaeM . v _
: Y o= ——, otkyna v(t) =v(0)e =
T

3To ecTh mepeMHOKaeM 3HAueHHs CKODOCTH OJIHOH W TOH e UACTHIH, B3SITHE B Pas-
Hble MOMEHTBI BPeMeHH, W HaXOAHM CpPejHee apH(MeTHIeCKOe TaKWX MPOU3BEACHHUH M0 MHOTMM
gacTunaM. MOXHO CJeluTb W 3@ OQHOH JIMIIb YacTHLeH, YCpPeAHss MO MHOTHM HHTepBalaM
BPEMEHH, JIOCTaTOYHO JaNeKHM APYT OT Apyra.
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dyHkuuo ckopoctedl (v(ty)v(te)). B crauuoHapHbBX yCa0Busix 3Ta (yHKLMs
3aBUCHUT JIUIIb OT Pa3HOCTH t1 — to. OO03HAUNM ee

p(ts — t2) = (v(t1)v(t2)).
Ecau t1 = t2, TO NOJYYHM IPOCTO CPEAHHH KBAAPAT CKOPOCTH YACTHILBL

o0)= -, ()

€CJH PasHOCTb [t; — to| BesHKa (MO CPaBHEHHIO ¢ T), TO (YHKIHS JOKHA
CTPEeMUTbCS K HY/10. QUEeBHAHO TAKXKe, YTO

(1) = (1), @)

Yrobel HAUTH 3Ty (QYHKLUHIO, JOMHOXKHUM Ha v(f2) ypaBHEHHE ABHUKEHHS,
3alKCcaHHoe JJIT MOMEHTa 1:

d’U(tl) B 1 fm(tl)
it~ T

H MPOU3BENEM yCpeTHEeHHe

d;jlcp(tl —ta) + 99(1517— t2) _ <fm(t;1v(t2)>‘

Hanee paccmoTpum cayuaid, Korga t1 > t2, TO €CTh CKOPOCTb paccMar-
pUBAeTCsT B MOMEHT 10 HeHUCTBHSI cuJjbl. OYeBHIHO, HA BEJIMYUHY CKOPOCTH
B MOMEHT tg MOTYT MOBJIUSTh JIHIIb 3HAYEHHUS CHJBI 0 9TOTO MOMEHTa; I0-
CKOJIBKY 3HAa4YeHHSI CHJ/bl B pa3Hble MOMEHTHl He CKOPpEJHPOBAHBI, KOppeJs-
UMY CKOPOCTH CO 3HAYEHHUSIMU CHJIBL TTOCJI€ MOMEHTA o OBITb HE JOJIKHO:

(fer(t)v(t2)) =0 mpu  ty > to.

M5l mprXonUM K ypaBHEHHIO

de(t) | o)
dt+7'

=0.

Ero pemienue
(1) = @(0)e 7.
C yuertom (1) u (2)
T
— =t/
(t) —e .
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Takum 06pa3om, BpeMs: KOPPEJIsiiK CKOPOCTEN HMEET MOPSI0K BPEMEHH TOp-
MOKEHHS YaCTHIBl T, YTO BIOJHE €CTECTBEHHO.

fcHo, uTo cpenHee 3HauEHHe CMEIIEHUsI YACTUIBI 38 KAKOE-TO BpeMs
paBHo Hyaio. Hafinem cpennnii keampar cmemenus (x2(t)). Bysem cuurars,

uro x(0) = 0, TaK 4TO
t

2(t) = / o(t1)dt.

0

/dtl/dtg ?‘}1 tz /dtl/dtQ@ tl —tg) (3)

Tormoa

ly

Puc. 19. OG6usacte ubTerpupoBanust mo ti, t2 B (3). Paxrtnuecku — 06.saCTh
[t1 — 2] S 7.



132 YaCTh 1

HecsioxKHO BBIYHCJIHUTD 3TOT MHTETPas, He JeJast HHKAKHX NpUOJIMXKe-
HHUH, HO BoJslee MOYUMTEbHBIM U MOJE3HBIM AJs JajbHeHIIero 6yieT nApyroi
nyte. O6aacTe MHTErpupoBaHus — KBaapaT 0 < t1 < t, 0 < t2 < t, HO
(baKTHUECKH TONbIHTErPa/NbHas (PYHKLUHS OTJIMYHA OT HYJIS JULb B Y3KOH
roJioce, TIpUJeramllel K JUaroHany t1 = to ¥ UMeIolleH IUPUHY MOPSAKa T
(puc. 19). Iepeitas 0T UHTErPUPOBAHHS MO to K HHTETPUPOBAHHIO 1O t' =
= t1 —t2, MOXKEM C XOPOIIIEH TOUHOCTBIO MPHUHSITh, UTO HHTEIPUPOBaHUE TIO ¢
NpOBOAUTESA B Mpefienax —oo < t' < 00 (370 NpubanKeHHe OYIET CAHLIKOM
rpy6eimM b 108 ¢ < 7). [omyuaem

T

2—T.
m

(x%(t)) = /tdtl 7dt’<p(t’) =t-

Wrtak, npu t > 7 noayuaem (z2(t)) = 2(T/m)rt = 2Tat = 2Dt /3, rae
D — xoappunment nudpdysun. (v? + 4% + 22) = 2Dt.
[Tonyuum erile KoppeisiuHOHHbIE PYHKLMK CKOPOCTH H YCKOPEHHs

P

(5(02)0(12)) = ot — 1) = ~((t(12) =

To _lt1—to]
= sign(t; — tg)ﬁe" — .

Koppensuuonnas ¢ynxuus (0(t1)v(ts)) — HeueTHass GYHKUUS t1 — to.

[IpuBemeM WIIOCTPALUH, OTHOCSIIUHECS K OPOYHOBCKOMY [IBHXKEHHIO
ocunsisitopa (puc. 20) UroObl moguepKHyTh Cay4alHbIA XapakTep ABHXKe-
HHS$1, OKA3aHbl TPaUKHK J/Is Tapbl OCHHJISTOPOB, ABHXKYIUXCS HE3aBUCHMO
apyr ot ppyra. Ilpn Majnom TpeHUH B MPOLECCe NBHXKEHHUS] MeIJEHHO h3Me-
HSIIOTCST aMILIMTyna ¥ dasza kosebanuil (yeBbld rpaduk). [Ipu GosbiioMm —
JBHXKEHHE Maso MOX0XkKe Ha KosebaHus (mpaBbiii rpaduk). B oboux cayuasx
CpelHsis SHEPTHUs OCUMJJIATOPA OJIHA M Ta XK€, OHA ONpee/seTcs TeMmnepa-
TYpOH.

CormocraBasisi 3aBUCHMOCTH x(t) U {(x(t')xz(t’ + t)), MOXKHO BHAETh, YTO
KOppesAUOHHas (BYHKIHS ONpeleeHHBIM 06pa30oM OTBEUAET 3THM OCOGEH-
HOCTSIM OPOYHOBCKOTO [IBHIKEHMUSI.

3anauu.

|. Hatitn cpennni#i xBajpat cMmelleHHs OpPOYHOBCKOH YacTHIb, BHauaJje
MOKOUBLLENCS, 32 BpeMsl ¢ ~ T.
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v = 0.1w, v = 0.8w,

b=t L=t

Puc. 20. Beepxy — GpPOYHOBCKOE [BIHIXKEHHE OCLMJIATOPA — x(t) (KOMIBIOTEPHOE
Mojeauposanue). BHusy — KoppessiuoHHBIE (DYHKIHHM KOOPAHHATHI OCUHJ/IATOPA,
DACCUUTAHHBIE JJIS TeX XKe YCJIOBHH.

2. Haiitu koppeasauuonusie ¢yuxkuuu {(x(t)z(t’ + 1)), wE )z’ +t)) u
(v )v(t' + 1)), (v = &) Las OCUUIISITOPA C TPEHHEM.

11.2. KoppensauuonHas (DyHKUMS CAYYAUHBIX CHII

JBrXeHHe B MPOCTPAHCTBE UMITY/IbCOB TOUKH, H300pAXKAIOLIEH UMITY/IbC
6pPOYHOBCKOH YaCTHLBl, MOXKHO PacCMaTpPUBaTh KaK CjaydalHble OJyXKIaHUs,
00yc/IOBNEHHBIE KaK CJAYYAaHHBIMM W3MEHEHUSIMH UMITY/JbCa, BHI3BAHHBIMH
(JIYKTYaLHsIMU, TAK W PETYJSIPHBIMH, KOTODbIE SBJSIOTCH Pe3yJbTaToM OeH-
CTBUA CUJIBl TPeHHS. B cTaloHapHOM peXXHMe POCT SHEPTUU 3a cUeT (JIyK-
Tyalu# KOMIIEHCHpYyeTCs TOTePSIMU Ha TPEHHeE.

Bynem npencraBssTh cebe, uTO OChb BpeMeHM pa3dHUTa Ha TaKue HHTep-
BaJibl At, UTO ¢aydaliHble BO3MEHCTBHS Ha OPOYHOBCKYIO YACTHILY B TeYeHHE
PasHBIX WHTEPBAJOB MOXXHO CYMTATh HE3aBUCHUMBIMH, W He 6yIeM paccMar-
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puBath 60Jjlee MeJKMe NPOMEXYTKH Bpemenu. [Ipu 3TOM MBI CudTaeM, uToO
At < 7 (10 ecTb 3a BpeMsi At CKOPOCTb GPOYHOBCKOH YACTHIBl H3MEHSETCS
MaJjo0). VsMenenue umnynbca GpPOYHOBCKOH 4acTUlbl 3a Bpems At cKjajbl-
BaeTCsl U3 [IBYX 4acTei:

p— p+ (Ap) + Apea,

e
(Ap) = —awAt, (Ape) =0.

Yurem Tenepb, YTO B CTALMOHAPHOM peXUMe CpejHee 3HayeHUe KBaipara
HUMITY/1bCa HE U3MEHAeTCH:

P*) — (%) +2()(Ap) + ((Apen)?).

(Cnaraembiv ((Ap))? mbl npeHeGperaeM B cpaBHeHHH ¢ (p)(Ap), nuHelHble
o Ape, caaraeMble o6paInaiTcsi B Hyab mpu ycpeasenuu.) Orcioma moay-
yaeM

((Apes)?) = —2(p){Ap) = 2a(vp) At = 2aTAt.

Tor ¢pakT, uTo KBazpaT nepenaHHoro 3a BpeMs At UMITYJIbCa 0KA3aJcs Mpo-
nopiHoHased At, Jerko MoHsTb, KOTAA Peub HAeT 0 OPOYHOBCKON 4acTHLE,
JBUXKYIIEHCS B pa3pexKeHHOM rase. B aToM ciyuae Mbl JOMKHBI BHIOPATb
MHTepBaJs BpeMeHH Al HacTONbKO GOJbLIHM, 4TOOb 4HCa0 N MOJeKys, Ha-
JIETEBIIMX 32 9TO BPEMA Ha YacTHILy, 6bl10 Beuko: N ~ na’V At > 1. Torna
daykTyauua N, paBHas Mo MOPAAKY BeJuunHbl /N, KaK pas H OKashiBaeTCs
npomnopiuoHaibua vAt!

Cury4ailHblE TPUPOCT UMITYJIbCA YACTHULBI MOXXHO UHTEPIIPETHPOBATD KaK
pe3yJIbTAT HEHCTBUS CAYyYARHOH CHIbL, fon = Apen/At. Bennuuna 310 cn-
Jbl oKasbiBaetcs: o< (1/+v/At), T.e. GopMalbHO ee CJeoBaI0 Obl CUMTATh
6eckoHeuHou npu At — 0. C ofHOE CTOPOHBI, KaK MBI JOTOBOPUJIHCH, Ta-
KOl Iepexofl He NPeAyCMOTpPEH, TaK UTo 3Ta GECKOHEUHOCTh HAC He JIOJXKHA
cMmywatb. C I1pYroil CTOPOHBI, PABEHCTBO

T
(2=

BMECTE € YCA0BUEM {feq(t1)fen(t2)) = 0 mpH t1 # t2 MOXKHO 3amHCaTh Kak

(fen(ts) - fealt;)) = 20T - At

IWenosust N 3> 1 u At < 7 onpefieNISioT HHTEPBAJ, B KOTOPOM MOXKET JIeKaTh BeJHUHHA
At: (1/a?nV) <« At < (m/mo)(1/a?nV).
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¥, paccmarpuBast At Kak GeCKOHEUHO MaJsyK BeJHUYMHY, MPEICTaBHUTb 3TO
pPaBeHCTBO B (popMe

<fCJ'I (tl)fcn(t2)> = ZOCT(S(tl — tg).

JlefiCTBHTEJIBHO,

J2 5 b
iJ
Z: Ay At = /5(t)dt— 1,
J=i t
ecn 0 € (t5,t5,)-

Ternepsb 06cyauM BOMPOC 0 CAYUYAHHBIX CUJIAX B XKUAKOCTY MJIU HE CJIUII-
KOM paspexkeHHOM raze. Hawu oueHku 6ynyT noguepkHyTo rpy6eimu. Dayk-
TyallHK JIABJEeHUs, KAK Mbl 3HAeM, SIBJISIOTCS PE3Y/bTATOM HAMOMXKEHUST MHO-
JKECTBA HECKOPPEJHUPOBAHHBIX BOJIH. Ha GpOyHOBCKYIO UACTHILY MOXKHO CMOT-
peTb KaK Ha <«[IPOGHMK», BBIIEJSIIOMHA M3 HUX UYMUCJAA TAKHE, AJIMHA BOJIHBL
KOTOPHIX OJIM3KA K pasMepy YacTHIBl a. TOMbKO TaKHe BOJHBI CIIOCOGHBL BbI-
3BaTh PA3HOCTb [4BJEHHE Ha PA3HBIX CTOPOHAX YACTUILb, MPUBOASIILYIO K
M3MeHeHUIo ee ummynbca. (Pasymeercsi, 310 «IpOGHUK» FOPA3LO0 MEHee u3-
Gupare/bHbIH, ueM pacceMBaeMblil cBeT.) OUeHKa KOJHYeCTBa KojeGaHHH B
nuanasoHe A ~ a, BO3GY)XJCHHBIX ONHOBPEMeHHO B ofbeMe V ~ a®, maet
Vd3k/(27)® ~ a®k® ~ 1 — uncno KosneGanuii nopsiaka eauHuusl. Orykry-
AUMK JABJIEHUS] MPOUCXOMST C IEPHOIOM tg ~ a/vs (Vs — CKOPOCTb 3BYKA)
¥ TIepefaloT UMIYJbC TONEPEMEHHO <«BIEpel» U «Hasaj», TMOKa BOJHA He
saTyxHeT. B urore wactuua moaydaer umnyanc Apeg ~ a’APty 3a Bpe-
M At ~ T3aryxanus. PIyKTyalus NapieHHs OLEHMBAeTCs Kak (AP)? =
= Tpv?/a®, a Bpems: 3aTyxaHusi 3ByKOBOH BOJMHBL ' Tzaryxauus ~ pa’/m,
OTKy/a ¥ [oJaydaem

(Apen)?)  (a®APto)’
At T3aTyXaHHs

~ naT.

Brpouem, 3Ta e olleHKA MPUBOAKT K YCJAOBHIO At ~ 7 BMECTO MpeiarnoJa-

raserocst At < 7, TaK UTO 3[€Cb OCTAETCS MECTO HJISI HCCJIeIOBAHUS.
[lokaxem erne, KAK MOKHO BeCbMa KPAaTKO MOJyYHUTb (hOpMasibHBIN pe-

3y/NbTaT 3TOTO pasjiesia, He Kacasich «aHATOMHH» BXOAsAIIEH B Hero 6-(pyHK-

1Bpewmst 3aTyXaHus 3BYKOBOH BOJIHBI MOXHO OLEHHTDb KaK OTHOLIEHHE ee SHePrHY B eHHHIIe
ofbema pu? K noTepe SHEPrHM Ha TpeHHe B TOM e ofbeme n(Vu)?; Vu ~ u/A u B urore
T3aTyXaHus ~ p)2/n. Ilns yactuusl pasmepa ~10 MM B Bome (n ~10~2r/c-cm) noayuaem
OLEHKY T3aTyXaHus NO,lMC.
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uuy. KoppensinnoHHyo QyHKLUHIO CAy4aHHbIX CHJI JIETKO BbIPA3UTh, HCIIOJb-
3y ypaBHEHUA ABHIKCHUSA, Uepe3 KOPPeasaIlHOHHYI0 (DYHKIIUIO CKOPOCTEH:

(Fealt1) fen(t2) = (ma% ; a) (ma% . a) olts — 1) =

2
ch( 9 +li+% 1

7_2

_Z 9 b _
Ot10ta T Oty Ot N > exp (—[t1 —12|/7)
=aT exp (_|t1 - t2|/7')aitlsign(t1 — t2) = 2aT5(t1 _ tg)

3aMeTuM, HaKOHell, YTO B MaTeMaTHKe TEPMHH «Teopusi GpPOYHOBCKOrO
JBHKEHUsI» OTHOCHTCSl K CJy4YaHHOMY [BHIKEHUIO, AJIS KOTOPOT'O HHXKHSIS
rpaHHLA BO3MOXHbLIX 3HaueHu#l At npuHsita paBHod Hymwo. Oyukunu v(t),
fea(t) M T.1. OKasbIBAIOTCS B 3TOH TEOPHH HU B ONHOH TOUKe He AH(dEpeH-
UMpyeMbIMU (B OIpelesieHHOM B 3TOH TEOPHH CMBICJIE), & KOPPEJsLUOHHbIE
(DYHKLHMH COBNANAIOT C HAXOAUMbIMH HAMH.

12. 3aBucumocTts (hJayKTyauuil OT BpEMEHU

12.1. PayKkTyanyu B 3J€KTPUYECKHUX LENAX

B kauecTBe mpumepa BesIMYMH, (PJAYKTyaUUH KOTOPbLIX OOBIYHO Habilo-
Jal0TCsl, BO3bMEM TOKH B 3JIEKTPHUECKHX LENsAX. 3a CUeT CAy4alHOro ABHU-
JKEHUS 3apsi/IOB, TPOUCXO/SIIETO BCIEACTBHE B3aUMOACHCTBUS 3JEKTPOHOB C
aTOMaMH Pe3UCTOPa, COBEPIUAIIIMMU TEIJIOBOE JBHMKEHHE, B LENH BO3HUKA-
eT TOK, HMEIOIIUH CJydyaliHble HATIPABAEHHS U BEJHUHUHY, ic,. Halle BCero
0 TOM K€ CaMOM TOBOPSIT, YTO B KOHTYpe BO3HUKaeT cayudabinas I C, &.;.
TenioBble wIyMbl B LENsiX HEOOXOLMMO YUYUTBIBATH MPU TOUHBIX H3MEPEHH-
ax. HauHem ¢ KOHTypa, COMEpXKAIIETO TOJBKO KATYUIKY HHAYKTHBHOCTH U
PE3UCTOP.

YpaBHeHUe ABHKEHUS [J1s1 TOKA UMEET BUJ, OJHOCTbIO TOAOOHBIN ypaB-
HEHHIO IBUXKEHHST OPOYHOBCKOHM YACTHLIBL.

L% = —Ri+ &cq-
DTO cUCTeMa ¢ OHOH CTeMeHbI CBOGOMAB, 4 CPEMHSS YHEPTHS TEMJIOBOTO
JBUXEHHS B MHAYKTUBHOCTH Li2/2 = T'/2. OueBUaHbBIE 3aMEHbI O3BOJIAIOT
cpasy »Ke BBIIHCATh KOPPeNAlHOHHbIE BDYHKIHH CIy4aiHoro Tokal

p(t1 —t2) = (i(t1)i(t2)) = LT exp (—|t1 —t2|/7) 7=L/R

Pagymeetcs, peasbHO yepeaHeHHe NPOBOAATCS MO BPEMEHH,
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u cayuainoi JJC
(E(t1)end (t2)en) = 2RTO(t1 — t2).

B GoJiee CI0KHBIX LENAX CAeA0BaJ0 Obl BBECTH A1 KAXKIOTO COMPOTUBJEHHS
cBolo cayuaiinyo JIC, koTopyio cleayeT CUMTaTh HE3aBUCHUMOH OT OCTasb-
HblX. OnHAaKO 1 pellieHHsl MOJOOHBIX OoJjee WM MeHee CJOXKHBIX 3a1ad
yaoGHee MeTOn, CBsI3aHHbIH ¢ pasaoxendeM Dypbe (0 HEM — TO3KE).

Takol ke, Kaxk AJs 1enel, MOAXOA OKasblBaeTCs CIPABEAJIHB U B OYeHb
o61wem caydae. [IycTe OTK/IOHEHMe OT PaBHOBECHOIO 3HaUYeHHs KaKOU-TO Be-
JIMUMHBI, PaBHOE X, IPUBOLHUT K U3MEHEHHUIO SHTPONHH Ha 0.5 = %yx? Torna
cpennnil kBanpat oaykryauud (z2) = T/~. Bynem cuutath QIyKTyaluuo x
Masof. CKOPOCTb H3MEHEHHs ee CO BPEMEHEM B IIpoliecce pesakcaliy 3aBH-
CUT OT U obpawaercsi B HyJb IIpH & = 0. CoxpaHss B Pas/okKeHUH 3TOU
CKOPOCTH IO Z JIMIIIb JIMHEHHBIH UJieH U BBOAS «CJAYUAHHYIO CUJY», TTOJyUaeM
JJIS1 peJlakKCalliu & ypaBHeHHe

&= —Ax+ for-

Torna MOXHO yTBepKAATb, YTO

(fcn(tl)fcn(t2)> = 2<T)‘/7)5(t1 - t2)'

MoxxHO 0606IMTb 3TOT BEIBOJ M Ha CJIydai, Korna (QayKTyHUpyIONas BeJu-
UKHA He SIBJISIeTCS] HE3aBUCHUMOH OT APYruX. Mbl He OyieM 3TUM 3aHUMATbCS.

12.2. CnekrpaJsibHOe pa3JoxeHHe (DIYKTyauun

Hepenko B ¢usnueckux sagauax, CBA3aHHBIX ¢ (QAYKTyaUusaMmH, ¢ax-
THUECKH HTpaloT 0coOyI0 PoJib OTAe bHble KOMIOHEeHTH DPypbe (JIyKTyauni
(BcoMHMM X0Ts1 Obl 0 paccesiHuu cBeta). CyIIeCTBEHHO 3HAHHE KOMIOHEHT
Dypbe AJ5 TOHWMaHUS SIBJIEHUH B CpeflaX ¢ JUCIEPCHEH, B 3/JeKTPUUECKHX
uensx. [locMoTpuM cHauana, Kak MOXHO OblIO Obl BLLAEAWTD ONPeAeJeHHYIO
CTEKTPAJIbHYIO COCTABMAAIOMYIO (BJAYKTYHpYIoLleH BeauduHbl. OOBIYHBIN CIIO-
co0 — OpraHMu30BaTh BO3JeHCTBHE (DIYKTyalni HA MPrOOpP, BOCIPHUMYHBHIU
K y3KOH obsiacTu criekTpa. Bynem mpenctaBasite mpubop TapMOHHUECKHUM OC-
IHJJIATOPOM C YaCTOTOH w, & UCCIAeAYyeMYI0 (DIYKTYUPYIOMIYIO BEJAUUUHY T
6yleM CUUTATh CHJIOH, BO3MEHCTBYIONIEH HA 3TOT OCUUJJIATOP:

X + WX = z(0).
Orcioga MOXHO Bhipa3uTbh X (t), a 3atem sHepruio ocuusiasitopa. Kaxk us-
BeCTHO, yI00HO 3amucaTh! .
£(t) = X +iwX = ei“t/e_i“’tlm(tl)dtl,

0

TMbI nosiaraem HauasbHYI SHEPrHIO OCHMJJATOPA PABHOH HYJIH.
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OTKYZA HEeprusi, MoJy4eHHast OCLHJ/ISTOPOM,

t t
1 1 .
0P = 5 [dn [ daem 0 n ().
0 0

Cpenusisi mostyuenHast sHeprusi (e(t)) BblpazKkaeTcs uyepe3 KOPPeJsiLHOHHYIO
dynrumio ¢(ty — t2) = (z(t1)z(ta)):

t i
1 .
<g(t)> = 5 /dtl /dtzefzw(hftz)qb(tl _ t2)‘
0 0

Buiuucssia uHTerpas, BeefieM MepeMeHHYIo t' =t —t9 U 3aMETUM, UTO (axk-
THYEeCKU B MHTErpas AaeT BKJAJ JHUIIb Y3Kas MoJaoca BOJIUSH JUHUU t1 = to
(BcriomHUM, KaK OblT BBIUHCJEH CPEIHMH KBagpaT CMeIUeHHsi GPOyHOBCKOM
YACTHIbI)

@u»:%t/dw%mﬁwy

(PesynbTaT nedicTBUTENBHBIH, Tak Kak ¢(t) — QyHKIKS yeTHas.) Takum 06-
pa30M mepelaHHasi B eAMHHMLY BPEMEHH Ha 4acTOTe w JHEPrUsi OKA3bIBAETCSI
nponopuroHasbHa KomrnoneHte Pypbe KOppessiLHOHHON (yHKUHH. Pasjo-
xenue Dypbe KOPPENAUHOHHOR QYHKIMH ONPEeIseT CeKTPaSbHbIH COCTAB
paykryauni. HecnoxHo 6b110 Gbl BUIOH3MEHUTb STOT PACUET AJISI OCLIMJIIIS-
TOpa C TPEHUEM,

X+ 29X + WX = a(t), (1)

¥ y6equThCsl, 4TO OH BO30YKAAETCST A0 YPOBHS ~ €/7.

Urobbl 1poBecTd pazioxkeHde Dypbe GAYKTYHPYIOILLEH IepeMeHHOM
x(t), OrpaHUYNM BpeMsl HAOMIONEHUS HHTEPBAIOM —t,, < t < t,, (UMes
B BHJY, UTO f,, MOXHO OpaTh CKOJb YTOXHO GoabnM)..

) tm
o dw ,
z(t) = /xwe “"t%; Ty = /ac(t)e“”tdt.
—o0 —tm

TMoXHO faTh TPyOylo OLUEHKY Z.. IIpH 3TOM Hai0 HMeTb B BHAY, 4TO BKJaj B HHTe-
rpaj OT MHTEpPBAsa MOPSAKA BPEMEHH KOPPEJSHHA T HMeeT nopsaok x(t)/w (nim z(t)r —
IS 4aCTOTHI, 6/M3Ko# K uactore z(t) ), @ BKJI4Lbl OT Pa3HBIX UHTEPBAJIOB TAKOH IJIHHBI B3a-
MUMHO HeKorepeHTHBbl ((a3a koiebaHHsi 3a BpeMsl T NOJHOCTbIO cOuBaercs). Ilostomy Bkaa-
Ibl OT MHOTUX (~ 2im/T) WHTEPBAJOB CKJIAJBIBAIOTCS, KAK DU CAYYaBHBIX GJyXKIaHUSX:
@l ~ (2(8) /)2t 7.



12. 3ABUMCHMMOCTb ®JYKTYALIMA OT BPEMEHU 139

PaccMoTpum Tenepb cpelHee 3HaUeHHe MPOU3BEIEHNUS KOMIIOHEHT Pypbe

tm tm
(T To) = / dt / o (w(t2)u(ty)) e Hwats,

—tm —lm

Bocnogabayemesi, KaK Mbl 3TO yiKeé HEONHOKDPATHO AeJsaju, TeM (PaKTOM, 4TO
peaJsbHO BKJAl B MHTerpaJ AJeT He BeCb KBaapaT, Ha KOTOPLHIH pacnpocTpa-
HSIeTCS] MHTErPUPOBaHUe, a JIWIIb HEUIUPOKAs MOJ0Ca BOMKU3U ero AUaroHanu
t1 = t2, ¥ BBeIeM BMECTO t2 IEPEMEHHYIO t =t; —ta:

tm 00
<mw1 mw2> = / dtleii(wlewz)tl / dt,¢(t/)€7iw2t/ )
—tm o

Teneps MOKHO MepelTH (HOPMaNBHO K Npeeay t, — oo
<zw1 $w2> = 2775("‘)1 + w2)(m2)w2’

rae AJist KOMIIOHeHTbl Pypbe KOpPPeJsILHOHHON (DyHKLUMK BBELEHO 0603Haue-

Hue oo
%), = / dtp(t)e".

N3 BbIBOA BHAHO, UTO MOSIBJCHHE J-PYHKIMU CBA3AHO MPOCTO C MEPEXOIOM

K HHTETPUPOBAHUIO 1O OECKOHEUHOMY HHTEpBaJ/y BPEMEHH, CPeAHHH KBaf-

paT KoMMoHeHTsl Dypbe H0/KeH OblTh MPOMOPLHOHAJEH 3TOMY MHTEDPBAJY.

Besuuuna xe (x2),, onpesenser CneKTpasbHbIA cOCTaB (QAYKTyalMi.
O6paTtHoe mpeobpazoBanue Pypbe:

o oo

o0) = [ (e 5t =1 e ia

™
—00 0

CBs3b CIEKTpaA «IIyMa» ¢ KOPPeJasSIMOHHON (hyHKIMeH HA3bIBaeTCHd TEOPEMOH

Bunepa — Xunuunal.

"He caeayeT yamBasTbCS 0BOJBHO TPOMKOMY HA3BAHWIO. B MaTeMaTHUIECKOH TeOpHH Gpo-
YHOBCKOTO /JIBHXKeHHs, 0 KOTOPOH LiJa peub B KOHIUe pasfesa 11.2, KOppekTHoe onpeseseHHe
paccMaTpPHBAaeMBIX BEJWHUHH M J0KA3aTe/JbCTBO 3THX COOTHOLUEHWH TpedyeT HEeKOTOPHIX YCHJWH.
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Jlast paccMaTpuBaBLIMXCSl paHee CJAY4YaWHOU cuiibl M cayuainod I/C
(MX VMHOTZA Ha3BIBAIOT JieJbTa-KOPPEIHPOBAHHBIMU) NTOMyYaeEM

(/3o = 20T; (&?), = 2RT.

Takoit cnektp (MOCTOSIHHBIA [JIs BCEX YACTOT) HA3BIBAOT OEJBIM LIYMOM.
ITocnennee paBeHcTBO HasbiBaeTcs (opmynod Hatikeucra.

[Mympl UrpanT NepBOCTENEHHYIO POJIb NPU M3MepeHMsIX, OrpaHUyYMBasl
MX BO3MOXKHYIO TOYHOCTb. Hanpumep, mpu U3MepeHUH aMIIHTY bl BEJHYUHbL
x(t) = To coswt, OMUCHIBAEMOM yPaBHEHHEM

X 429X + WX = 2(t) + for(?) (2)

(T.e. mpu OuUeHb XOpOIIEH HACTPOHKE IO 4acTOTe) aMIUIUTYla <«CHTHA/a»
Xo = 20/2yw, cpeanuii kBaapaT ammanTyabl wyma (X2) = T/w?, Tak uTo
OTHOLIEHHE MOLIHOCTeH «curHan K mymy» X3/(X2) = x3/4v?T. Tpu ouenb
HH3KHX TeMMepaTypax CYLIeCTBEHHBI HyJeBble KojgeGaHHUs OCLUJIATOPA H

hiw hiw
caenyer 3ameHuTb 1’ Ha ) cth 57

WHTepecHO B CBSA3K C 3THM PAaCcCMOTPETh pelleHHe 3a/aui 0 CMEIEeHUY
atoMa B mpolecce KojeGaHUH TBepaoro Tesa (cM. sagady K pasg. 7.9). Bu-
paxenue (7) DaeT OLUEHKY TOYHOCTH, C KOTOPOH MOXKeT ObiTh OIPENe/eHO
TMOJIOXKEHHE TPAaHUIBI TBEPAOTO Teja. B TO e BpeMs Ha MHOTO TODSAKOB
MeHbIlIas BeJUukHa (6) MOKasbiBaeT TPAHUILy TOYHOCTH, C KAKOH Morsa Gbl
ObITh U3MEDPEHa aMIUIMTYIa KojeOaHUH 3TOH IPaHULbl CO CTPOTO ONpeeJeH-
HO# yacToTOH. (MBI He Kacaemcst BOIPOCA, HACKOJIBKO PEAJbHO MPUOIM3UTD-
cqa K 3TOH rpaHvle B KaKOM-TO SKCHepI/IMeHTe.) Ata rpaHula OKasbiBaeTCsd
BO MHOTO Pa3 MEHbIIE pazMepa aToma.

Ectb MHOro cnoco6oB yBeMUHBAaTh TOYHOCTb M3MEPEHHUH, 3TOT BOIPOC
BBIXOAWT 3a Mpeaedbl HAlUlero Kypca.

12.3. IIpumep npumenenus popmyiasi Haniksucra

[loxaxkeMm, KaKk MOXHO HaxOIMUTb TEIJIOBBIE LIYMbl B CJIOMKHBIX LEMNSX,
BbIOpaB OMHAKO MpocTod mpumep. Haitnmem xoppensinuio daykTyaunii sapsga
KOHJIeHCaTopa, 3aMKHYTOTo Ha compotusiaeHne (RC-KOHTYP).

B koutyp cienyer BkioOunTh mymoByio JIC &, nocie 4ero MOXHO
HaiTH ToK I, = &,/Z(w), roe nmnenauc uenu Z(w) = R+ 1/(iwC). 3apsin
KOHJIEHCATOpPA CBSI3aH ¢ TOKOM yeqoBueM I = ¢, q, = I, /(—iw), Tak 4uto

Cé,

b= "1 oRC
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B paBeHncTBe
(Godl) = (£, )ww' C?
ole! = 1T iwRC)(1 + i RC)

3dMEHHUM
(@d,) — 270w+ ) (@),

(66y)  —  2m0(w + W) (E?), = 2n6(w + W)2RT

U OTOPOCHM OOMIKE MHOXHUTeNb 27m0(w + w'), nojoxkus w’ = —w . INocae
3TOTO KOppessiiMoHHAs (PYHKUHMS HAaXOOUTCS C MOMOIIbI0 0O6paTHOTO Mpeod-
pasoBanusg dypee:

oo

(q(thq(t' +t)) = 2RTC? /

—0oQ

eiwtdw
27(1 + iwRC)(1 — iwRC)’

[lpu ¢ > 0 unrerpan ynoGHO BBLIYMCJIHTb, 3aMbIKAsT KOHTYP B KOMILJIEKCHOH
IJIOCKOCTH w TOMYOKPYKHOCTbIO 6eCKOHEUHO GOJILIOrO paanyca, JexKariel B
BepXHel NoNymiIocKocTH. MIHTerpas no sTol MomyokpyXKHOCTH 06paliaeTcs B
HYJIb, TAK YTO KOPpeJsLUUOHHAasl DYHKLMS paBHA BblUeTy B Touke w = i/RC"

(q(t")q(t' +1)) = 2RTC?2mie "/ RC /(2mi 2/ RC) = CTe /HC.
[Ipu ¢t < 0 KOHTYD cs1en0BasIO 6bl 3aMBIKATh B HUXKHEH MOJYIIOCKOCTH. HTaK,
(q(t)q(t +1)) = CTe /RO

— OTBeT MouTH oueBKAHbBIH (yuutsiBas, uto (¢%)/(2C) = T/2).

PeasibHO criekTp IIymMa pe3ucTopa He sIBJSIETCS] GECKOHEUHbIM, KaK [10-
Jydanoch B pacdere. OrpaHH4eHHs] MOTYT BO3HHKATb JIHOO 110 KBAHTOBBIM
MpHUKHAM, JU60 — 4TO Goslee peajbHO — M3-33 MAPA3UTHHIX €MKOCTEH U T. II.

HecnoxHo TakKe pasoOpaTbest ¢ Koppeasuued GayKTyaluil HECKOMb-
KUX Pa3HbIX BEJHUYHH.

3anaua.

DneKkTpUUecKasi lleMb COCTaBJeHa M3 COEAMHEHHBIX IMOC/E0BATEIbHO
(xosbuiom) compotuBieHu# R, Ry, Ro v unpyktusHoctd L. CompoTus-
Jeans R; u Re mopnepXuBaoTcs npu Temmnepatypax 71 u T». Haii-
TH PaBHOBECHYIO TEMIIEpATypy CONPOTHBJeHHA R, MPHHAB, 4TO OOMeH
3Hepruel Mexay 3JeMeHTaMU Lely 00yCJIOBJeH TOIbKO (PIyKTyauusiMu
TOKa.
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JiieMeHTbl (pr3NUECKOU KUHETUKH

Mpl Gynem 3aHMMATbCS TOJbKO OTAEJbHBIMH BOINPOCAMH (PU3UKH Ta30B
¥ (PU3UKH TBEPAOTO Tesa, CTPeMsACh CKOpee MPOUIIOCTPUPOBATh UCHOAb3Y-
eMbIl MaTeMaTHUeCKUH amnmapar, UeM BBISICHATb BCe CyIlIeCTBEHHBIE 0cOGeH-
HOCTH siBjieHUil. DPU3nyeckas KUHeTHKA — 06J1acTb PU3HuKU Gojiee oOLIHPHAS
W pasHooOpas3Hasi, UeM CTaTHCTHUecKas (PH3MKa, KaK Mo 3ajadaM, Tak U To
MeTO/aM HX pelleHHs.

13. YpaBuenne aucpysun

MoxHO onmMchiBaTh JBHMKEHME OPOYHOBCKMX YACTHL HE C [OMOLIbI
yPaBHEHHH ABHXKEHUS THUITMYHOH YACTHIB, a C TOMOIIbI0 (QYHKIUH pacmpe-
nesennsi. Takoi monxon ymoOGeH W BO MHOTMX IPYruX 3ajadax. Mel mpoze-
MOHCTPHPYEM €ro Ha MPOCTOM MPUMepe CaydalHbIX GayKIAHUH.

ByzneM paccmaTpHBaTh TOJBKO JABHXKEHHE BJOJb OCH x. BeibupaeM uH-
TepBas BpeMeHH At MasblM, HO BCe-TAKH ropasfo GOJbIIMM, YeM [IPH H3yUde-
HUHM KOPPENSILHUOHHBIX (DYHKLHKH, B YaCTHOCTH, OyIeM CUMTaThb, 4TO At > T,
tak uto ((Az)?) oc At. Kpome TOro, BO3MOXKHO U PeryaspHOe CMelleHHe
YaCTHIBL (CKAXKEeM, B ToJie TsXKeCTH). BriGpanHast BesuurHa At J0CTATOUHO
BeJIMKa, UTOOBl CKOPOCTh yCIlesa yCTaHOBHTbCS, mo3ToMy (Ax) oc Atl,

[TycTb BepOATHOCTb CMEIEHHs YACTHIBI 328 BpeMst At M3 TOUKHM  Ha
paccroanue Az samaercs ¢yHruped w(Az,z). dto QyHKIMA, He Masas
JIMIIb B Y3KOM HHTEpBaje 3HAaYeHHH AZ U MJIaBHO W3MEHSIOLIAsCS C U3Me-
HenveM 2. DyHKIMA pacnpeneseHUs Mo KOOPAHHATAM B MOMEHT BpeMeHHU
t + At mMoxeT ObITh BblpaxkeHa uepes f(x,t):

flzt+ At) = / flz— Az, t)yw(Az,x — Az)dAx. (1)

W3 ypasnenns mé = —aw + fenys + Mg NoAyuaeM A YCTAHOBHBLUEHCS CKOPOCTH
vapedid ~ mg/a = g, Tak 4to (Az) ~ grAt.

B npakTukyMme «Monenuposanue» Mul 3aiapani Ax = (2*random—1)*h, T. . IpUHAMAIH
w = 1/2h npn Az € (—h,h). OyHKIHS Ke pacnpeieeHns (N0CJe HECKOMBKHX MEPBBIX
waroB At) pacopocTpaHsiiach Ha 06JacTh (—Zm, Tm) C Tm ~ 10h).
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CuuTast, YTO 3aBUCHMOCTb (DYHKLMH PACIPEAE/ICHUsT OT KOOPAMHAT U BpeMme-
HH J0CTATOYHO MJaBHasi, chejaeM pasjoxkenue mo At m Ax (tTam, rue aTo
MOXKHO):

flz,t+ At) = f(z,t) + WAL (2)
flz = Az, t)w(Az,z — Am) = 3)

o 2
= (e (D, ) A (f (A, ) + 5 (A

[Tocne nmopcranoBku (2), (3) B (1) moayuaeM, uto UHTerpupoBaHue no Az
MOXKHO TTPOBOAMTb HE3aBUCHMO OT BUAA (DYHKLHU paCIpeneieHHUs:

(f(z, tyw(Azx, x)).

of(z,t) 0 o2
TR —8$(Af(ﬂ?7t)) 922 (Bf(z,1)), 4)
- Ba) o ((Bep)
x Az
A=T5 P Toar
(Az) = /(A:E) w(Az, z)dAz, ((Az)?) = /(Am)zw(Am,m)dAw.

BesuunHa B npencrasisier co6oil koadduunenT nuddysuu 1 11 OpoyHOB-
CKOTO JIBH)KEHHsS COBIAfaeT ¢ HaBJeHHOH paHee BemuuwmHoH D /3. ¥YpasHe-
HHe (4) MOXHO TNPEACTaBHUTb TaKXKe B BHJE YPaBHEHHUS HEMPEPBIBHOCTH

Of(z,t) n dj(x,t)

ot or 0,
rue
. C)f
Jj=(A- —)f ~ B4~
— IUIOTHOCTbL MMOToKa dacTtull. [losyueHHOe ypaBHeHHE — 3TO YypaBHEHHe

audoyaun. OueBnaHbIM 00pa3oM BbIBOA 0000IIAETCS HA TPeXMEPHBIH CJIy-
yail.

Hepenko BcTpeuarmTcst ciydau, Korga Mogo0HOe »Ke ypaBHEHHE MOXKHO
HOJNYUHTb AJIsl paclpefie/ieHUs] B UMITYyJbCHOM HpocTpaHcTBe. B yacTHoCcTH,
9TO OTHOCHTCH W K JBMIXKEHHIO OPOYHOBCKHMX uacTHIl. OTHOCHUTCH 3TO H K
pacCestHUIO 3apPsKEHHBIX YACTHL, TPOUCXOISIIEMY IPEUMYIIECTBEHHO HA Ma-
Jible yrJibl. [IpUMeHHUTeIbHO K IBHIKEHUIO B UMITYJIbCHOM [IPOCTPAHCTBE TAKOE
ypaBHeHHe HasblBaloT 06bIYHO ypaBHeHHeM Pokkepa - [lnanka.
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3anauu.

. Beipasutbh ko3ppruuuentsl A u B asst caydaiiHbix OayxKIaHUN, U3y4aB-
MIUXCsl B MpakTHKyMe «MonenupoBaHie» (OMUCAHHBIX B 3TOM pasfese
B cHocke) (mosarast At = 1 u (Az) = —b).

2. Tlycts mpu @ = 0 ycTaHOBJEHa HEMPOHMIAeMass CTEHKa, a BEJHYMHbI
A u B nocrosiuble. HaliTn ycranouBlieecs pacnpenenenue f(z) (nas
x > 0).

3. XopolIo CKOMMHMHPOBAHHBIE 3JEKTPOHHBIN MydoK paauyca | MM BHI-
IYCKAIOT B BO3AYX. DHEPrHs 3JieKTPpoHOB 5 MaB. OueHnts nomnepedHsiii
pasMep IyuKka Ha paccTOsiHUHU | M.

14. Kuneruueckoe ypaBHeHHe

Hanee 6ynem paccmarpuBaTh KJacCHueckHe 00BbEKTHl, T. €. ONMCHIBATD
YACTULBI KOOPAMHATON H UMITYAbCOM ([ 3JEKTPOHA B MeTajje — KOOp/IH-
HATOH U KBA3HHMITY/IbCOM).

Y1o6HO HCIOJB30BaTh KAHOHMYeCKHe IepeMeHHble. Ecan gactuubl He
B3aUMOJEHCTBYIOT JAPYT C JAPYroM, TO B Ipolecce JBUXKEHHS HEKOTOPOH
TPYIIBl YacTUL, ¢ OJU3KHUMH 3HaYeHHSMH KOOPAMHAT M UMIMYJIbCOB, COIMac-
HO TeopeMe JIMyBWJ/JISI, COXpPaHSIETCSl 3aHUMAEMbIH ITOH TPYNIIOH HacTHUL
o6bveM B (pa3oBoM npocTpaHcTBe. CiiefoBaTeIbHO, COXPAHSIETCST KOHLEHTpa-
Mg 4acTUL NPH JBHXKEHHU BJOJb TPAEKTOPUU B (Hpa30BOM IMPOCTPAHCTBE
fx(@),p(t),t). Has sroi yHkunu (nanee — Qyuxkyuu pacnpedererniis)
BbIONIHsETCs ypaBHenue o = 0. [loapoGHee,

6)f Ofdr Ofdp
ot " ara opar

U o of o7
ot Vor Yap

roe Vv — CKOpPOCTb yacTuubl, a F — neficTByoinas Ha Hee cuaa. Yepes yHK-
LUIO paclpeneseHNs] MOXKHO BbIPA3UTh KOHLUEHTPALUIO YACTHL, IVIOTHOCTb HX

MOTOKa U Apyrue BeJ'II/I‘-II/IHbIl.

0,

) = / fp.t)dp, j(r,t) = / vz, p, ). 1)

'Ham nomamo6sTca nafee, B YaCTHOCTH, IJIOTHOCTD rasa p(r,t) = mmn, ero CpeiHsas CKo-
pocts B gaHHOH Touke V(r,t) = j/n (3zech m — Macca 4aCTHIH).
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(Hawa ¢ysKkuus pacupenesennst HopMupoBana tak, 4to [ f(r,p,t)d®>pd3r =
=N.)

[MomuepkueM, UTO, BBOAS (PYHKLHUIO pacrpefefeHHs, Mbl MOApa3yMeBa-
JI4, 4TO 3J1eMeHT 06bemMa B (pa30BOM NpocTpaHeTBe d>pdV 10CTaTOUHO BeHK,
9yTOGH B HEM HaXOAWJAOCh MHOTO YACTHII, TaK UTO (PYHKUUS paclpeeseHHs
OKa3bIBAETCS OTHOCUTEJIBHO IMIAfKOH (yHKUHMeH cBoux mepeMeHHBIX. (Hamo-
MHHUM, YTO TIOHSTHE «(PrU3HUeCcKH HEeCKOHeUHO MaJoro» o6beMa 3HAKOMO HaM,
HanpuMmep, 1O 3aayaM 3JeKTPOMHHAMHKH CILIOLIHLIX CPefl; NPpaBaa, TaM 3TO
Obl1 00beM B OOBIUHOM NpocTpaHcTBe.) [TomoGHBIM XKe 00pasoM 3jJeMeHT
BpeMeHH dt B OIpeleseHHOM CMBbIC/Ie TOXKE JOCTAaTOYHO BEJIHK.

PaccMoTpum Bompoc O B3aUMOAEHCTBUM 4acTul, apyr c¢ apyrom. Ilpu
9TOM BayKHO, KAKOBBl CHUJIBl B3aUMONEHCTBHS MEXAYy HUMH — KOPOTKOHAEH-
CTBYyIOLIME (MOJIEKY/ISIPHBIE) WK JajbHOAEACTBYOLUIME (KYJIOHOBCKUE).

Jlnist mepBoro caydasi Hao paccMaTpuBaTh COyIapeHHs, KOTOPble [POUC-
XOIAT OOBIYHO HA MaJjblX PACCTOSIHUSIX, T. €. AJIS1 PaCCMaTpUBAEMbIX 06bEMOB
dV 1 uHTepBaJOB BpeMeHM dt — INpPOCTO B TOUKe M MrHoBeHHO. [loaTomy
YaCTHLIA MOXKeT MTHOBEHHO IONajaTh B 3JeMeHT (pasoBoro obbema WJIH I0-
Kuaath ero. Kunetuueckoe ypaBHeHHe NpHOOPETAET BUA

of of of

— +tv - +F= =1,

ot Or op
rie I — Tak Has3blBAEMbIH urmezpas cmoAKHO8eHULl, 00S3aHHBIH CYLIECTBO-
BaHUeM OJIM3KUM [apHBIM CTOJKHOBEHUSIM.

Kuneruueckoe ypaBHeHUe OblI0 MoJy4yeHo U UccnepoBano JI. Boabuma-
HOM.

Jnisi 1anbHOOEHCTBYIOIIMX CUJI HYXKHO YUYHUTBHIBATH OLHOBPEMEHHOE B3a-
HMOJIEHCTBHE CO MHOTHMHM UaCTHIAMH.

B n1060M cayuae yuet B3auMOneHCTBUS OyeT MPUG/IMKEHHBIM.

B tom cayuae, Koria B3aMMOAEUCTBHE YACTUL, JPYT C APYTOM MOXKHO He
yuuThIBaTh, I = 0, pellleHHe KMHETHYECKOTO YPABHEHUS UMeeT BUJ

f(I',V,t) = fO(r - rU(t)vv - VU(t))’

rae fo(I',V) - f(ravvt)‘t:m
a ro(t) — 3aKOH ABMXKeHHsT dyacTuubl B moje cua F, vo(t) = fo(t).
3anaua.

Ha ycxopuresnsix co BCTpeuHbIMH My4YKaMH CTYCTKH 4acTHL (poKycupy-
wrest B mouke gempeuu (puc. 21). Ipumem, uto npu z = 0 pacnpeze-
JIEHHS YacTHI[ KaXK/IOTO U3 MTyUKOB I10 TIONePeUHEIM KOOPANHATAM X,y U
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10 yriaMm OTKJOHeHHS 6, 6, CKOPOCTH OT OCH 2z I'ayCCOBBI:

N z2 Yy’ ‘9925 913
exp| —— — —— — ——= —

7a9£ca9 = AAD
F@9, 826 202 202 2A2  2A2

)
7r20zoyAwAy
rie N — UHCJIO YacTHI HA €AMHMIY MJHHB My4ka. DymeM cuuTaTh
IYYKH HEOTPAHHUEHHBIMU H OMHOPOAHBIMU B HATPABJEHUH OCH z. Mox-
HO MPUHATH TAKXe, UTO CKOPOCTb UACTHI| paBHA ¢, 4 CYIIECTBEHHBIE B
3agaue yribl 0,0, MaJbl, Tak 4TO v, & C.

z

Puc. 21. ®opma nyyKoB YacTHL BOJHM3H 0OJACTH CTOJKHOBEHHS.

Hatitn dyHxuMio pacrnpeneseHus nmpu z # 0, KOHLEHTPALHK YaCTHL
nyuka n(x,y, z). Hafitu uuc/io coynapeHuH 4acThL BCTPEYHBIX MYYKOB
Ha yuacTke dz 3a BpeMms dt, eC/M CeUeHHe COYNapeHUs PaBHO Ojn. (DTO
cevyeHHe J0CTATOUHO MaJio, UTOOB! He BJAUSATH HA KOHIEHTPAIHIO YaCTHIL
B ITy4Kax.)

BsaumopneficTBHeM YacTHL B ITy4Kax APYT C APYTOM MOXKHO IpeHeOpeub.

Pemenne.

3aBUCHUMOCTb OT BpeMeHH beHKLU/II/I pacnpeneseHuda Ipy CBO60}1HOM

ABHKeHUuM uyactuiu: f(r,v,t) = F(r—vt,v) = Fi(z — clyt,y — clyt, 2 —
—ct,0,,0,). B Haluem ciiyuae 3aBUCHMOCTH OT BPeMeHH HeT. DTO BO3MOXKHO,
ecsl (pYHKUMSA F) 3aBHCHT OT CBOMX apryMeHTOB Uepe3 JHHeHHbE KOMOHHA-

1182870

T — Oyt — 0 (z—ct) =2 — 0z, y —clyt —0,(z —ct) =y — Oy2.

YuuteiBast BUI (GYHKUMY pacrpeneseHus npu z = 0, mojaydaem

20,0y A Ay

f(iE, ya Za 0:67 ey) -
N (0.2 (y—0,2° 06, 6
exp | — — — —
P 207, 207 247

2
20



15. KOJIEBAHUS TIJIA3MBI 147

KoHueHTpauust 4acTul B Iyuke

2 2
n(op2) = [ fdbodt, = - —exp (-2 - L),

T“040y 20 20y
rie
or=o(1+2°/62), 7, ‘75(1 ‘1‘22/55)7 Be = 05/Bq, By = ay/Ay.

Uucno coynapeHHi Ha yuacTke dz 3a BpeMms di

2
dv = ot - 2¢- dz dt/nz(m,y, z)dxdy = % dz dt.

MO0y

Pasymeercsi, HaliieHHble paclipejie/leHHs] CHPABENJIMBBL TOJbKO HA ydacTKe

Mexy (POKYCHPYIOIIMMM MYy4KH JHH3aMH, @ CT'YCTKHM 4YacTHUll He OecKoHeu-
1

HbL .

15. KoJjebaHua nJiaasmsbl

15.1. JlenarmiopoBckue KosaeGaHus

JIBr>KeHHe YacTHLL B IJ1a3Me OueHb MOAPOOHO H3ydyeHO. DTO BaKHBIH
00BEKT MCC/eOBaHHH, OblJIO W NPOBOAMTCS MHOXKECTBO 3KCI€pPHMeHTaJlb-
HbIX pabotr. Bosee Bcero uHTepecHa ropsuas mnasma, B KOTOPOH MapHbIe
B3aUMOAEHCTBUS YACTULl UTPAOT MaJYK poJib. ONpenessouyo poib Urpa-
I0T KOJIJIEKTHBHbIE B3aUMOLEUCTBHSI. Mbl GyeM CUHTATh [JIA3MY [TOJHOCTLIO
HOHH3UDPOBAHHOM.

Jpyroii 06beKT, K KOTOPOMY OTHOCUTCS M3Jlaraemasi Teopus, — 3JeK-
TPOHHAs MJ1a3Ma B MeTassax (M, ¢ MUHUMAJbHBIMU H3MEHEHHUSIMU, B IOJY-
MPOBOAHUKAX).

Mbel pacemoTpum uiIb OTUH BUA KoseGaHWil yacTul B miasme (mias-
MEHHbIE, OHM K€ — JIEHTMIOPOBCKHe). DTO KoJeOaHusi, KOTOpble BO3HHKA-
10T, €CJIM B KaKOW-TO MOMEHT HapyllleHa B3aUMHasi KOMIIeHCAIUsl 3apsiioB B
IIPOCTPAHCTBE. B 3TOM ciyuae B IJIa3Me MOSIBJASIIOTCS 3JEKTPUUECKHE MOJIS,
BbI3bIBAIOLIYE ABHIKEHHE YACTHL, B MEPBYIO OYepelb — 3JEKTPOHOB.

Takue xone6GaHWs 3HAKOMBl M3 KYPCOB 3JEKTPOAUHAMUKHU K (PU3NKH
CTJIOUIHBIX cpefl. MBI yuTeM TeljoBOH pasdpoc CKOPOCTeH 3JeKTPOHOB U
YBUIMM, UTO 3TO NPHUBOLUT K HEKOTOPBLIM KAUeCTBEHHO HOBBIM Pe3yJbTaTaM.

Uns yckoputeas BIIIII-4M, nanpumep, o = 1 MM, oy = 0,03 MM, By = 75 cM, By =
= 5 CM, JJIMHA CTYCTKOB 4acTHIl 0z = 5 €M, (JOKYCHBIE PACCTOSIHUS JIUH3 TOPSIAKA HECKOJbKUX
metpos. N = (No//702) exp (—(z £ ct)?/202).
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JIBUKeHHEeM HOHOB, MacChl KOTOPBIX MHOTO 60Jblle MacChl 3JEKTPO-
HOB, npeHeOperaeM. MoHbl 00pasyioT TOJIbKO HEMOABHMIKHBIE MOJ0KHUTE/b-
HBEIH «(pOH», KOMIEHCUPYIOMNH JIOTHOCTh 3apsia 3JeKTPOHOB B COCTOSIHHU
paBHOBeCHs.

[NpenebperaeM nmapHbeiMu coyaapeHusMu (I = 0) U monyyaeM ypaBHeHHe,
Ha3blBaeMoe B TEOPHH I1a3Mbl ypaBHeHHeM Baacosa:

of , of of
ot "V or op

=0.

DileKTpUUecKoe NoJe oNpenessieTcss ypaBHeHHeM Makcsedia
divE = 4mp.
DyHKUMIO paclpefesneHus 3JeKTPOHOB MOXKHO MPEACTABUTL B BHJE

f=f+df,

rie fo — paBHOBecHasi GpyHKIHMS pacnpenenenus. Ecin B BeipaxeHHe AJs p
TNOACTABHTb PABHOBECHYIO (DYHKUHMIO fy, TO, C YUETOM 3apsia HOHOB, ecTe-
CTBEHHO, MOJMY4UM Hyab. 3Haunut, p = e [ §fd3p. Pasymeercs, 310 cpennee
3HauyeHHe MIOTHOCTH. [loncTaBass ero B ypaBHeHHe MakcBessa, Mbl (paKkTH-
YeCKH OTKA3biBaeMCsl OT UCC/eI0BAHHS sIBJAEHUH B OUeHb MeJKOM MacuiTade,
HoJApa3yMeBaeTcsl, UTo B «pu3nuecky 6€CKOHEYHO MaaoM» obbeMme (Pa30BOro
NPOCTPAHCTBA COMEPKUTCS MHOTO YACTHLIL.

[Tomo6ubIH crioco® ydyeTa B3aUMOACHCTBUS YACTHI], HA3bIBAEMBIH METO-
OOM CaMOCOIVIaCOBAHHOTO IIOJISA, YK€ BCTpedaJiCsd HaM IIPpH ONpeneJ€eHHUH 1o~
NnpaBoOK K TEPMOJUHAMHUYECKHM BEJIWYHUHAM IJAa3MBbI.

M&l paccmatpriBaeM Manoe OTKJOHEHHKE OT paBHOBecHs: § f U E no/xHbI
CYHUTATbCA MaJIbIMHW BeJIMYKMHAMHU, MIPUTOM OAHOIO MOPALKA MaJIOCTH. HpOI/IS-
BeleM JIMHeapu3auruio KHHETHYECKOTO YPABHEHHUA!

9 1)
5f | 08f | L0k
r Jp

ot ) =0

B nocsiegHeMm ciiaraeMoM CTOMT fp, TaK Kak MHOXHTeb E — yxe Mazas
BesiMudHa. Dyznem pemiaTh ypaBHeHue, nosarasi, uto df u E pasfoxeHs B
ubrerpaj Oypoe mo r W t. JLast oraebHbix KoMmoHeHT Pypbe (3HAUKK w H
k mbl omyckaem)

E,6f xed—®t  E | k.
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Bribepem och x mapasenbHyo BekTopy k. Torma

0
—i(w—kvg)of +eE 8;{: = 0.
YpaBHeHue Makcsesna
ikE = 47e / Sfdp.
Haxonum o
( 1
§f = —ieB =22 —— 1
f= e Ope w—kvg’ M
NOACTABJAsIeM B ypaBHeHHe MakcBessia U cokpamiaem Ha E:
4 2 3
| = _Ame” dfo d°p @)

k Ops w — kvg

DT0 ypaBHEHHe HA3bIBAIOT AHCIEPCHOHHBIM. OHO OMpelessieT 3aBHCHMOCTb
w(k).

MOKHO clieaTh MPEANONOKEHHE, KOTOPOE B AalbHEHIIIEM ONpaBlaeTCs,
4TO YaCTOTA U JJIMHA BOJHBL KOJ€OaHUs BEJNHKH, TaK UTO ero (pazoBas CKo-
POCTb MPEBLIIIAET TEIIOBblE CKOPOCTH 3JEKTPOHOB: w/k >> vp. Torma MOXKHO
CHeJIaTh Pas3JoXKeHHe

1 1 kv kv kvg \
— = (+—“+< x) +< ’”) +> (3)
w—kvy, w w w w
[lepBoe u TpeThe cjaraemMoe MpH MOACTaHOBKe B (2) gaamyT HoJb. Bropoe
caaraeMoe JacT MHTErpaJ

0
[ p 5 dpudpydp. — [ pa
Pz

YeTBepTOE — aHAJOTHYHO BTOPOMY —

/ 8f0d3 =—3/fxp2d3 —3n{p;) = —n{p?).

| _ dmne? <1 . k?ﬁ;%)) |

mw?

o0

dp,dp, — / fod®p = —

Pa=—00

B urore
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BBeznem mia3MeHHYO 4acTOTY

4d7rne?

Torma
2

“o
w? = wi + Ek2(v2> ~ Wi+ k2 (v?),
rae k2(v?) — manasi nonpaska. Urak,

k% (v?) .

w:w0+ QWQ

Hauanbnoe Bo3MylleHHe B BHJe HEOJHOPOAHOrO paclpefeseHus 3aps-
Ja KoJebJeTcss ¢ 4acTOTOH wyg. YueT pa3dpoca CKOPOCTed YaCTULL IJIa3Mbl
IPUBOOUT K TOMY, 4TO 06JIaCTb BO3MYLIEHHSl CMeINAeTCs W PacCIl/IblBAETCS
(mono6HO BOMHOBOMY MMaKeTy YaCTHIBI B HEPEJISTHBUCTCKOH KBAHTOBOHM Me-
XaHHKe).

B niasme ecTb ellle MHOTO APYTHX BHAOB KosieGaHUH.

15.2. 3aryxaunue Jlangay

BepHemcst K aucrepCHOHHOMY cooTHoIueHHo. [lon uHTerpasom 3Hame-
Hartesb o0painaercsi B HyJdb OpU v, = w/k. DTO PABEHCTBO COBMAjaeT ¢
YCJOBHEM UYEDEHKOBCKOTO M3JyUeHMs MJasMeHHBIX BOJH 3JjekTpoHoM. Ho B
OAHHOM CJyuyae MOTYT IPOMUCXOAUTb MPOLECCHl, O6paTHble YePeHKOBCKOMY
U3JIYYEHHIO, B PE3yJIbTaTe KOTOPLIX IHEPTHS BOJHbI [IEPefaeTCst 3JEKTPOHAM.

Jlannay nefictBoBan akkypatHee BiacoBa, mocTaBuB 3agady ¢ Haudajb-
HEIMH yeaousmu. Crenas npeodpasoBanue Jlansaca mo BpeMeHH, OH MOHSAJ,
KaK oOpaiaTtbcs ¢ rmomocoM. Mel mpuBeneM cooOpaKeHus, JULIb MOSCHSIO-
mue Gojee cTpordél BhiBox Jlanmay. Bynem cuutaTh, UTO mMoje (BO3MYILe-
HHe) BO3HMKJO W TOCTEMNEHHO HapacTajlo CO BpeMeHeM, T.e. 0f, ' — 0 mpu
t — —oo. [as sToro 3amMeHuM w — w + i€ € — 0. Beruncssisi unterpasn

)
of__dp.
Opz w— %px + i€’

— o0

BBIAENUM JHWIb 100aBKy, AAKMLYI KaueCTBEHHO HOBbIKM pesynbrat. [losoc
JIEXKHT YyTb BBIIE OCH Pr. MOXKHO CMECTHTb €ro Ha OCb, HO NIPH HUHTETpHU-
POBAHHUM HYKHO OyJeT 0OXOAWTH MOMIOC CHU3Y. DTO 3HAUHUT, UTO HALO B3ATh
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NoJIBbIYETA B TOUKe vy = w/k:!

(o5
g [
IS

pe=mw/k

L9 (1, RO axe m o,
k k Opy
P

»=muw/k

Brjiote 10 TOr0 Mecta MOXKHO ObLIO He Ae/AaTh PA3JUUNE MEXKIY HOHHU3HPO-
BAaHHBIM Fa30M U M71a3MOH B MeTaJse. [/ MaKCBEeJJIOBCKOTO paclipeseseHus

gg: = —%. B aTOM ciryyae mosydum
m afO gy
SRyl = Pz ¢ .
k 8Z?x pe=mw/k kT pe=mw/k

2 2/,,2 2 2

w k(v 4re mwn

1:—0<1—|— <2>>—m . exp(— p’”) .
w k 2rmTkTk 2mT ), /i

31ech MPOUHTErPUPOBATIU MO Py U P, U, B CHIY HOPMHPOBKH, MOJYUHJH

eIMHULLY, OCTAETCS BBIUUCINUTL HHTErpas Mo p,. [Ipeobpasyem Bce BMecTe:

- wg KPP mi dmne? e [ m3w?
w2 wi TE3 \omaT P omTk? )’

[IpeoGpasyem mokasaTesb KCIOHEHTHI:

mi? o om e T L3
omTk?  2Tk2 \“° m) 2% 2

1
T T r3’
rp — nebaeBckui paguyc. B urtore
T T w2 1 3

2 2 2 0 .
— P2 /.0 2.
weEwmt e 2 (krp)3 P ( 2k2r%, 2) "

k2 (v?)

w = wqg + Y5
2w0

II/IHaLIe roBOpsi, MBI UCIOJAB3YEM 3/1eCh COOTHOIIEHHE
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rae 1 /7 wo 1 3
=/ -exp|l—=——5 —= |-
TTaV 2R TP\ T2k T 2

[Monyunpimasics Masnast 106aBKa O3HAUAET MOsIBAECHUE MOTJIONIEHHUS, HA3bIBae-
MOTro 3aTyxaHueM JlaHnaay.

KapTuHy B3auMOLEHCTBHUS 3JEKTPOHOB C BOJIHOH YIOGHO NIPELCTABUTD B
CHCTeMe OTCUETa, KOTOpasl ABHXKETCS CO CKOPOCThbIO BOJHB w/k. B atoit cu-
CTeME 3JEeKTPUUECKOe MoJe BOJHBL MPEACTABASET COO0H Psifi MOTEHLHAIbHBIX
M rayOuHbl ¢g ~ E/k. DoJblias uyacTb 3JeKTPOHOB HMEET B 3TOH CH-
CTeMe OTCUETa SHEPrH0 GOJBLIYIO IIYOUHBL IM W ABUKETCS, TEPHOAUUECKH
YCKOpSISiCh U 3aMeIsisiCh. Te e 3JeKTPOHBL, JJIsT KOTOPBIX B 1aBopaTopHOU
CUCTEME Uy A w/k, NOMXHBI KOJIe6aThCsl B MOTEHLHANbHbBIX SIMAX C 4acTo-
Toit Q ~ \/dg >> /m ~ /kE/m. B n1a6opaTopHoii cucTeme Te 3/eKTPo-
HBI, KOTOpHIE CJIErKa ONEpeXaloT BOJHY, OTPaXKaTCs 0T yOeramwlnel 0T HUAX
«CTEHKH», 3aMeJJISIIOTCS U [IepelaloT BOJHE IHEepruio, a 6ojee MelJIeHHble —
OTPaykalTCs OT AOTOHSIOIIEr0 MX Kpasi MOTEeHLHAIbHOH SIMBl H YCKOPSIIOTCS.
Bosiee 6blcTpbiX — MeHblIE: % < 0. B Tako#l xapTHHe noxppasymeBaeTcs,
YTO BOJIHA JAOCTATOYHO caabast, YTOObl BTOPOE OTPaxKEHHeE He YCIEeJI0 ChrpaTh
POJIb, KaK BOJHA yiKe CHbHO 3aTyxHeT!, < 7.

[TycTb CKBO3b M/1a3My MAeT MyuoK 3JekTpoHoB. Torna Ha KpuBod f(py)
JOJIKEH ObITh MAKCHMYM, OTBEYAIOIIMEH CKOPOCTH YaCTHIL ITyUKa, U AJs HeKo-
TOPOrO UHTEPBAJIA CKOPOCTEH OKaXkeTCs % > 0; AJ11 HEKOTOPOTO HHTEpBaNa
3HaueHUH k BMeCTO 3aTyXaHHUs MOSABMASETCS HAapacTaHHWE BOJMH 3a CUET dHEp-
THH TyuKa. DTO NPUMEpP HEeyCTOHUHUBOCTH MJIa3Mbl — SIBJEHHS, MMEIOILEro
IIePBOCTENEHHOEe 3HaueHue aJis paboT MO YHPABJSEMbIM TEPMOSIAEPHBIM pe-
akuuaM (Kak momexa). DTo e siBJeHHe MOXKeT ObITh UCMOAb30BAHO JJIS CO-
30aHUST reHepaTopa KoJebanui (06bIYHO — B TBEPIOTENbHOH IJIa3Me) MPOCTO
IIPY IPOXOXKAEHUH 110 00pasLy HOCTATOUHO CHJbHOIO TOKA.

PaccMOTpeHHOE sBJEHHE ABASETCS MPUMEPOM HEAUCCUITATUBHOTO MOTJI0-
weHust BoJH. [loka coynapeHHsi HeCylIeCTBEHHb, 3aTyXaHUe OlpelessierTcs
«IIePEeKAYKOH» SHEPrUH OT YNOPSIOUEHHOIO BOJHOBOTO ABHXKEHUS K OTHEJb-
HBIM «PE30HAHCHBIM» T'PyMIaM 3/eKTpoHOB. [IpH 3ToM Hekas ymopsaoyeH-
HOCTb TOXKE €CTb, TAK UTO 3T SHEPrUsi MOXKET CHOBA IIPOSIBUTLCSA B KAKUX-TO

TEc/M 310 yC/I0BHe He BHIIOJHEHO, TO 3aTyXaHUe OKA3BIBACTCS DoJee MEJJIEHHBIM U Jlaxe
MOTYT MPONCXOANTE OCIM/JIALHNA WHTEHCHBHOCTH BOJHBI, €CJH yCKOPUBLINECS OBIIO 3JKTPOHBI
OTPaXkarTcs TO OT OAHOTO Kpasl NOTeHUHAAbHOH IMBI, TO OT APYTOro — TO 3aMeAJISHACh, TO YCKO-
pasce. [leproasr KosebaRNH 31eKTPOHOB B MOTEHIWANBHOH SIMEe 3aBUCAT OT UX HEPrHi, N0ITOMY
IPOUCXOMHUT «IlepeMelInBaHke» (pa3 KoJeOaHUH PasTUUHBIX 3JeKTPOHOB, NPH OOJBIIOH aMIJIH-
Ty/e BOJIHBI OCHHMJIAIAN €e WHTeHCHBHOCTH Hcde3atoT. Kosebanusa naasMel B TAKHX YCJIOBUAX
OMUCEIBAIOTCS TAK HA3bIBAEMEIM KBASHJMHEHHBIM NMPHOIMKeHHeM (pasBHTHIM A.A.BeneHOBEIM,
E.IT.Besuxoseim 1 P. 3. Caraeesbim).
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KoJebanusx. [IpuMepom 3TOro Cay:KUT siBJeHHE, HA3BIBAEMOE NAA3MEHHbIM
sxom. IlycTb MOTOK MJIA3MBI MPOXOAHT Yepe3 CEeTOUKY, HAa KOTOPYIO TOAAHO
nepeMeHHoe HampspkeHde. [IpH 3TOM MAOTHOCTbH MOTOKA MOAYJIHPYETCs, HO
Ha HEKOTOPOM PACCTOSIHUM «BHH3» [0 [OTOKY MOAYJISILMSI HCUE3aeT K3-3a
3atyxaHus Jlanpay. [ToMecTum elile HUXKe MO MOTOKY ellle OAHY CETOUKY U
BHOBb TIPOMOAYJHPYEM ILUIOTHOCTH — C HHOH UACTOTOH. DTa MOAYJSAIHUS TO-
JKe 3aTYyXHET, HO elle HHXKe, HA ONpeJeseHHOM PACCTOSHUM «CaMu CO0O0M»
BO3HHUKHYT KoseGaHHs (a ITOTOM Yy — COBCEM 3aTYXHYT).

SIBsienue HesMHENHOrO 3Xa HAOMIONAETCS B CAMBIX pasHHIX cpepax. [po-
CTOH pacyeT sIBJEHHST HEJHHEHHOro 3Xa AJIsi MAKCBEJJIOBCKOro rasa 0es
CTONIKHOBEHHH MOXXHO HalTH, Hampumep, B kHure [4, §45].

OcofeHHO MHPOKO MPUMEHSIETCS CNUHOB0E 9X0 B PAGOTAX, CBSA3AHHBIX
CO CIIHHOBBIM MAPAMATHUTHBIM Pe30HAHCOM. Pa3paboTaHbl CA0KHbIE [OC/Ie-
J0BaTeJbHOCTH CUIHAJOB, IO3BOJSIOLIME B KOHLE KOHLOB BecbMa H30upa-
TeJbHO JEHCTBOBAaTh HA CHCTEMY CIHHOB (HampuMep, Kak Obl «BBIKJIOUATh»
B3aMMOEHCTBYE KAKUX-TO ONpPE/eNeHHbIX MATHUTHBIX MOMEHTOB).

3agauu.

1. HafiTn ananekTpHUecKyio MPOHHUILLAeMOCTb M1a3Mbl £(w, k) mpu w >> kurp
npu ycaosuu k(v) < w.

Pemenne,

[lycTh naasMa HaxoauTcs B 3aekTpuyeckoM moge E oc ekr—iwt My
Ha#jgeM n06aBky K (DYHKLUHH paclpefesieHUst 3JeKTPOHOB, 3aTeM —
IVIOTHOCTb TOKA j = e [ V4 fd®p, BbIPa3MM MPOBOLMMOCTb H, HAKOHeL,
BOCIOJIb3YeMCSl COOTHOIIIEHUEM

e=1+44noi/w. (4)

Hausem co cayuasi, KOrga 3JeKTpUUecKoe roJe napajiebHo k (4 ma-
paJiIeJibHO TOMY 2Ke HampaBjeHuio BhibpaHa ocb ). HMcmoabsys (1)
u (3), momyuaem

—ieE kv, kv, \ 2
R PO
w w

w ”G”apm
. k2<v2>
_ine _
= ~m 1+ 2 E —o0,F.
2 2/,.2
wo k= (v*)
a=1l=-—s{1+—

w W
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st pacnipenenenuss Makcseaaa (v?) = 3T/m.

Jna cayyas E Lk nanpasum ock y Broabs E. Torna

o : dfo  dp ieE [ _fod’p
jE]y:—'LeE/'Uya—l)ym:% m:UtE (5)

Hcnoabsosas (3) u (4), monyuaem

2 27,2
w§ k*{v?)
e =1-2 (14
' w? w?

Mbl He BbIMCHIBaeM 3[€Ch MHHUMYIO 4acTb &, OOYCJOBJIEHHYIO 3aTyXa-
HueM Jlanpay.

2. HaliTu craTHuecKyio MPOAOABHYI0 AHIJEKTPHUECKYIO MPOHHLAEMOCTb
masMel (T.e. IpH ycaoBUH w = 0).

Otser: e(k) = 1 + 5% /k?* cosnanaer ¢ (4) us pasnena 8.4.

3. Tlpu ompenesieHHBIX YCAOBHSX B IJ1a3Me BO3MOXKHBL KOJIe0aHHs, B KOTO-
PBIX 3JIEKTPOHBI H HOHBI JBUXKYTCS C IOYTH OLMHAKOBBLIMH aMILIATYHA-
MH, TaK 4TO JeKTPHYECKOe 110JIe, BOSHUKAIOLIEe TIPH CMEIeHUY HOHOB,
B OueHb GOJbLION Mepe 3KpaHUpyeTcs ajekTpoHaMH. [loatomy uacrora
3TUX KosieGaHHH Mana, w K kve. B To ke Bpemsi ux asosasi cko-
POCTb BeJIMKa 10 CPaBHEHMIO CO CKOPOCTbIO MOHOB!: v; < w/k. Takue
Kosie0aHHUg Ha3blBAIOT HOHHBIM 3BYKOM.

Hatitu 3akon JUCIIEPCHH WOHHOTO 3BYKaA.

4. Haiitu nonepedHyio IU3JeKTPUUECKYIO TPOHULAEMOCTD M1a3Mbl £4(w, K)
npu ycaoBun k(v) > w. PaBHOBecHoe pacmpefiesieHHe 3J€KTPOHOB —
pacnpenenenue @epmu — Jupaka.

16. UHTerpaa cTOJKHOBEHHUH

Terepp paccMoTpum cayuad, KOrna B3aMMOIEHCTBHE YACTHLL MPOHCXO-
JIUT HA MaJIbIX PACCTOSHHUAX (T. €. MPOUCXOMAAT CTONKHOBEHHS YacTull). Mul
Oy/lieM UCMONb30BATh TOT (DAKT, UTO TH PACCTOSHUA (paiuyc AeHCTBHS MO-
JIEKYJISIPHBIX CHJI) 110 TOPSIAKY BEJHUYMHBI COBIAJAIOT C Pa3MEpaMU MOJEKYI,

ITakue ycioBHS peanmusyloTcs, HanpuMep, B MJasMe, HArPEBAEMOH MPOTEKAIOUIMM N0 Hefl
TOKOM: Ilepe/iaya SHEPTHH OT JIETKUX YaCTHUIL K TSXKeJIbIM NIPOUCXOAUT OUeHb MelJIeHHO, I03TOMY
rag 9/JeKTPOHOB HMEET TeMIepaTypy MHOr0 GOJIbLIYIO, YEM ra3 HOHOB.
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T. €. OUeHb MaJibl 10 CPABHEHHIO C PACCTOSIHUSIMH, HA KOTOPBIX CYLIECTBEHHO
U3MeHsAeTcs (DYHKLHS pachnpefeseHus. JTo M03BoJAsSeT BbIOpaTh «OeCKOHeu-
HO MaJjble» 00beM dV W WUHTepBaJd BpeMeHUW dt NOCTATOUHO MaJeHbKHMH,
yToOBl M3MeHeHHe (YHKUMM paclpefeseHHsi B Hpedesnax 3Toro obbeMa
3a 3TO BpeMs MOMKHO ObLJIO He YUHMTHIBaTh, U B TO K€ BpeMs JOCTAaTOUHO
60JMBLUIMMH, YTOOBI MPOLECC CTONKHOBEHHS YaCTHL[ MPOUCXOAHUJ [TONHOCTBIO
BHYTpU oObeMa dV W 3a Bpems df, TaK YTO M3MEHEHMUs] KOOPILHMHAT 4acTHLL
IPH CTOJKHOBEHHH M BPeMsl CTOJNKHOBEHUS MOXKHO ObLIO OBl He YUHUTHIBATh —
B Mpollecce CTOJKHOBEHUS U3MEHSIOTCA TOJbKO MMIyabchl'. KnHeTHUecKoe

ypaBHeHHe:
3f 3f af 7
(% Vor Op ’

rae I — HHTErpaJa CTOJIKHOBEHUH HaCTHIL.

By)leM OIIHUCbIBATDb B3aHMOﬂeﬁCTBH€ HacCcTUll CCHeHHEM pacCesaHud. CHI/IH,
OPHEHTALMIO YACTULL U H3MEHEHHEe UX BHYTPEHHEr0 COCTOSIHUSI YUUTHIBATh He
Oynem.

[To oTnenbHOCTH CalelyeT PACCMOTPETh NMPUXOAAIINE B 3JeMeHT (Da3oBo-
ro o6beMa U yXOISIHe U3 HEro 4acTHLIbI:

)

Iyxon(p) = /w(papl — p/,p')f(r,p, 1) f(r1, p1, )PP dp),  (2)

Lypmeon(P) = / w(p’,p'y — P, p1)f(r, 1) f(r,p 1, ) p1d®p'dPp.  (3)

B (1) caenpyer nogcrasutb I(p) = Inpuxon — Lyxon-

Mb npHEKMMaeM fajiee, 4To MPOUCXOAAT TONbKO YIPYTHe CTOJKHOBEHHUS.
Bxogsiiine B WHTErpaj CTOJKHOBEHHH BEPOSTHOCTH MOIYT ObITb BblpaXKeHb
yepes CeuyeHHe PacCesiHUs:

w(papl - plapll) X

x (;%) Vors (P + P1 — P’ — P'1) 6(e(P) +£(p1) — =(P) —£(P'1)). ()

3mech Vo = |p1 — P|/m — oTHOCHTesbHAsT CKOPOCTh YacTul. Murterpupo-
BaHue J-(PyHKLMIi NpeBpallaeT WHTerpupoBaHue 1o d°p'd3p) B uHTErpupo-
BaHHe [0 yrJaM, ONpeje sIONMM HANpaBJeHne PacCessHHBIX YacTHIL, Tesec-
HBIH yroJl OTBEYAeT HANPABJEHHUIO Vory. (B Takom Buze ypaBHeHue u OblLIO

106 arom yxe rosopusiock B KoHle pasaena 14.1.
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Hamucano bosbumanom.) OpHako HaMm yaoOHee COXPAHHTbL CHUMMETPHUYHYIO
hOopMy 3amHCH. 3aMeTHM, YTO CTOJKHOBEHHS UaCTHUL[ MPeACTaBJeHbl B KH-
HETHYECKOM yDaBHEHHMH TOJbKO CEUEHHEM, CaM JKe MPOIECC CTOJKHOBEHHS
MOKeT ONUCHhIBATbCS KBAHTOBOHM MEXAHUKOH.

JLns MHOTHX 3a/au (PU3UKHU MAa3Mbl B3aUMOJEHCTBUE YACTUL, YYHTHIBA-
eTCcsl C TIOMOIIBIO CaMOCOTJIACOBAHHOTO MOJs, a MapHBIMU CTOJKHOBEHHSIMH
MOKHO Boobule npeHebpeub. Ho ecTb 3amauu, rie MHTErpas CTOJNKHOBEHUH
oKasbiBaeTcs Heobxonum. Hampuwmep, B msnasme, HarpeBaeMoH MPOXOAALIUM
yepes Hee TOKOM, TEMIEPATYPhl 3JeKTPOHHOTO U HOHHOTO Fa30B OKa3blBaloT-
csl PAa3JIHUHBl, 2 BBIPABHUBAHKE 3THX TeMIepaTyp MOkKeT ObiTb 00yCJI0BJIEHO
CTONKHOBEHHSIMM UacTHI. B TakUX ciaydyasix B3aHMOAEHCTBHE 3apsiKeHHBIX
YacTHIl Ha JAJbHHUX PacCTOSTHHUSX YUHUTHIBAETCS C MOMOLIbIO cpelHero (ca-
MOCOIJIACOBAHHOIO) MOJISI, @ HA OJIM3KUX — 4Yepe3 CedeHUe CTOJKHOBEHHH.
CeueHHe CTOJKHOBEHHE 3apsiKeHHbIX udacTul, (pe3epdopLOBCKOE cedeHHe)
OueHb CHJIBHO BO3PACTaeT MPU MAJbIX yIax paccesHHs (OOJbIIUX MPULEIb-
HbIX TlapaMeTpax), NMOITOMY OT[eJsbHble CJaraeMble B WHTErpaje CTOJKHO-
BeHHH pacxonsitcsl. Dosbluas yacTb CTOJNIKHOBEHMH NPOMCXOAUT HA OuUeHb
MaJsble YTJbl, T.€. C OYeHb MaJjbIM H3MEeHEHHEeM HMIyJbca 4acTul, M 60Jib-
LIMMH [IPULEJbHBIMH [1apaMeTpaMH, [IPH KOTOPBIX CYIIEeCTBEHHO CTAHOBUTCS
neGaeBCKOe IKPAHUPOBAHHE. YUWTBIBAs 3TO, JlaHmay mpeobGpazoBas HHTe-
rpaj CTOJKHOBEHHH K (hopMe, Tle PacXOAUMOCTH SIBHO B3aUMHO CKOMIIEH-
cupoBaHbl. Vpest u pesysibrarT CXOHHBI ¢ 3amadedt o nuddysuu (HO ecTh H
pa3/iH4us — WHTerpas CTOJKHOBEHHH OCTaeTCsl HeJIMHeHHBIM MO (pyHKUUSIM
pacrpefieleHHsl B OTJIMUHE OT cjaraeMbiXx B ypaBHeHUd Pokkepa —[1nanka).
[Tonpo6uee 06 3TOM MOXKHO TpouecTs B [2, 4].

3amauu.

1. Tposectu B (2)-(4) uuterpupoBanne mo d°p'd3p), «cHumalwomee»
JenbTa-PyHKUMU. YA06HO MepelTH K HOBBIM MEepeMeHHbIM — CKOPOCTH
LEHTPa MacC Maphl CTAJKHBAIOIMXCH YACTHLL ¥ MX OTHOCHTE/bHOH CKO-
POCTH.

2. TlomyyuTb U3 KHHETHYECKOrO YPaBHEHHS BUJ PABHOBECHOrO pacrpene-
JIEHWSI TI0 CKOPOCTSIM B I'a3e B OTCYTCTBME BHEIIHUX [TOJIEH.

Pemenne.

OyeBHHO, YTO UCKOMOE paclipejieieHre TOJ/KHO OblTh MPOCTPAHCTBEH-
HO OMHOPOAHBIM, (PYHKIHS pachpefesieHuss He 3aBUCHT oT t u r. Ilo-
ckoJbKY Takxke F = 0, mosyuaem I = 0. Pacnpenensue n0/4KHO OBITh
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M30TPOITHBIM, (PYHKLMS PACHPENETEHHUS] MOKET 3aBUCETh TOJBKO OT MO-
NyJas p, T.€. TOJAbKO OT 3Heprur. Yeiosue I = () CBOAKTCH K PaBEHCTBY
f(e)f(er) = f(e')f(e}) npu ycaoBun € + g1 = &’ + £}, unHaue roeops,
fle)f(e1) = F(E), rne E = € + 1. 3anucas 3TO PABEHCTBO B BUIE
log f(e) + log f(E — ) = log F(FE), nponudbepeHIUpyeM ero 1o £

1 ey

fle)  flen)
[TockonbKY 3HAUEHHUSI € U €1 TPOU3BOJIbHBL, 3TO PABEHCTBO 03HAUYAET, YTO
f'(e)/f(e) = =0, rne § — mocTosiHHAs!, He 3aBUCcAILAsA OT £. B uTore
nosyuaem
fle) = e P,

T. €. paclipeneJsieHue MaxkcBenna.

17. YpaBHeHMS TMAPOANHAMUKU

M3 KuHeTHyecKoro ypaBHeHHst MOXKHO [IOJIYYUTb yPaBHEHUS T'HAPOIHHA-
MHKH, OMUCHIBAIONIYE JABHXKEHHE rasa dosee rpy6o, 6e3 siBHOTO ydyeTa OT/IH-
4yusl CKOPOCTEeH MOJIeKyJs raza B KaxKAOH TOuke MPOCTPAHCTBA OT HEKOTOPOH
CpenHed CKOPOCTH.

[TpounterpupyeMm ofe 4yacTH KHHETHUECKOTO YpPaBHEHUS

of , ,of  gof

—_— =71
ot " Var T Yap

3 of 13, _
o d°p. Yutem Ipu 3TOM, UTO ngd p =0, T. K. OH CBOAHUTCS K HHTerpa-
JIy 110 6€CKOHEUHO YAAJeHHOU TOBEPXHOCTH B IIPOCTPAHCTBE UMITYJIbCOB, Ile
(QYHKLHA pacnpeiesenns obpawaercss B Hyab; [ I(r,p,t)d’p = 0 (cmblea

MOC/IeHETO PABEHCTBA B TOM, UTO YKCJ/IO YACTHLL TIPU CTOJIKHOBEHHH COXpa-
usieTcst). B urore mosyuaem

on 0
ot Or

a MocJe YMHOXKEeHHA Ha MacCy 4aCTHUIB —

:O’

ap ..
N + divpV =0,

YpaBHCHHUE HENPEPBIBHOCTH.
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Eciv yMHOXHTb 00€ 4acTH KHHETHYECKOrO YPaBHEHHS] Ha KOMIIOHEH-
Ty HMIVIbCA Do, NPOUHTErPUPOBATh MO d>p M yYeCTb, UTO NPU KAXKAOM
CTOJIKHOBEHHU COXPAHAETCS CYMMapHbIH UMITYJIbC CTaJKHUBAIONIMXCH YACTHIL,
[ pI(r,p,t)d®p = 0, T0 moyunm ypasHenue

Q 6)Haﬁ _

atp‘/a—i— Bzs =0. (D
3nech

Moo = [ pavafds @)

— TeH30p IJIOTHOCTH NOTOKa uMmyJbca. [lycTb cpenHsis ckopocTh rasa pas-
Ha Hy/wo. [IpencraBum ceGe HaxoIsLIyIOCS B rase eAMHUYHYIO IJIOLIALKY,
NepHeHIUKYsPHYI0 ocH zg. Torma BenuuuHy Il,3 MOXKHO MOHHMATb Kak
Q-10 KOMIIOHEHTY CHJIbl, C KOTOPOU ras3, HaXOASALMUCA ¢ ONHOW CTOPOHBL 3TOK
IJOAKH, fedcTByeT Ha Hee. Ecau pacnpeneneHue mo cKOpoCTsIM U30TPOII-
Ho, 10 Ilag = Pdyp, rae P — nasienue rasa. Ecau ke cpepnsist ckopocts V
OTJMYHA OT HYJs, Vv =V + v/, HO U3MeHsieTCsI B [IPOCTPAHCTBE OUEeHb IJIAB-
HO, TO B CHCTeMe oTcueTa, ABHXKYIIEHCS CO CKOpPOCTbio V, paclpejeseHne
10 CKOPOCTSIM v/ MOXKHO CUMTAThb PABHOBECHBIM, B YaCTHOCTH, U30TPOIHBIM.
Torna Ilag = Pdag + pVa Vs, ¥ ypaBHenue (1) cBoAMTCA K ypaBHEHHIO Dii-
Jepa:

oV 0 1

wr + (Va)V = —ﬁgradP.

Ecnn xapakTepHoe paccTosiHHe L, Ha KOTOPOM CpeIHsii CKOPOCTb 3a-
METHO H3MEHSeTCsl, He OueHb BEJIHKO 110 CPABHEHWIO C IJHHOH CBOOOLHOrO
npodera I, To pacrpeneseHue Mo CKOPOCTSIM v/ 0Ka3blBAETCS AHH3OTPOIIHBIM
(T.X. B M30paHHYI0 HAMH TOUKY MOMAJAOT YACTHIB U3 APYTUX TOUEK, T
CpezHsist CKOPOCTh WHast). B cayuae, korma Bce-taku L > [, B TeH30p MOTOKA

OV, 3Vg
HUMITy/bca M00aBJSIOTCS BKJAJbl, POMOPLUUOHANBHEE —2> W ——, OIpeje-
Oxgp O%a
JSI0IIME BA3KOCTh rasa. C yueToM 3THUX BKJaJ0B H3 ypaBHeHHs (1) MOXHO
HoJy4uTb ypaBHeHue Hasbe — Crokca.

Ecnn xe L ~ [, To mepexoi K ypaBHEHHSIM T'MAPOAHHAMUKH HEBO3MO-
>keH. Hanpumep, nsg usydeHus cTpoeHusi (poHTa CHJIBHOH YNAPHOH BOJIHBL
HeoOXOAHMO UCIIOJIb30BATh HE YPaBHEHHS Ta30BOM AMHAMUKM, a KHHeTHYe-
CKO€ ypaBHeHUe.

B nporeccax, nporncxoasimux B naasMe, 0ObUHO CYIIIECTBEHHH 3JEKTPO-
MarHUTHbI€ BOJIHBL C IJIMHOH BOJIHbI, MEHbILEH AJMHBI CBOOOIHOrO Mpobera.
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[lostomy ngsi GOJBIIMHCTBA 3ajad TEOPHUH IJIa3Mbl YIOOHO HCIIOJNb30BATh
KHHETHUECKOE YpaBHEHHUE, a THAPOAMHAMHUYECKOe MPHOJIUKEHHEe — He J0-
CTATOUHO.

18. H-teopema boabnmana

JlBurkeHHe rasa, yAOBJIETBOPSIOIIee KHHETHUECKOMY YDPABHEHHIO, TpH-
BOJMT K BO3PACTAHUIO SHTPOMUU. DTO yTBEPIKJeHHE TPAAUIMOHHO HA3BIBAIOT
H-teopemoit Bonbiimana'.
Teopema.

DHTpomnus rasa

S = /f r,p,t)In —&—d3rd3p
f (r, p,t)
He yObIBaeT CO BpeMeHeM.
Jlokaszamenvcmso npuBeneM s caydas %{; =0uF =0.
CocTaBUM MPOU3BOAHYIO (DYHKIHUHU S
ds of

o _ 3. 13
7t atlnfalralp,

K nmoACTaBuUM %% = I U3 KUHETUUECKOTO YpaBHEHHUA

%:—/Ilnfd?’rdsp
dS . d3 d3 dS d3 ld3 / / / ! pl 1
= rd’pd’p1d°p' dpy - w(p,p1 — P, P)(ff1 — f'f])In f.

SaMeTI/IM, YTO €CJIW MTOMEHATHh KOHEUHbIC H HAaYaJbHbIC HACTHIBI POJIAMHU,

TO OOJIXKHBI TTOJIYYHUTb Ty 2Ke BepOﬂTHOCTbQZ

w(p,p1 — p,pl) = w,p'y = p,P1)

3aMeTUM TakXXe, YTO BEPOSITHOCTb He WU3MEHHUTCSI, €CJM MOMEHSIThb 4a-
CTHIBL MecTaMu: p = p1, p’ & p). DTo o3HauaeT MpoCcToO mepeMeny o0Go3Ha-
yeHni uactuil. Ecau xe chenath Takyio 3aMeHy MepeMeHHBbIX B HHTerpalse,

10w pacemarpusan ¢ynkmmo H = [ f(r,p,t)In f(r, p,t)d3rd>p, xotopas otangaercs
OT SHTPOIHHK SHAKOM M Ha KOHCTaHTY; cM.(5).

2Ceuenne, BXofAilliee B BHPAKeHHe w, MDY 33JaHHOH BeJUUHHE OTHOCHTEIBHOH CKOPOCTH
3@BHCHT TOJIBKO OT YIJa PACCestHUS — YIila MeXy BEKTOpaMH p — p1 # p’ — pj.



160 YACTb 2

TO W3MEHEHHe TOABIHTErPaJbHOH (DYHKIMH CBEAETCS K 3aMEeHe IO 3HAKOM
gorapudma In f — In fi.

[Tocne 3aMeHBl (B UCXOIHOM HHTerpaje) p & p’, p1 &= p} Hy»XHO Oy-
JeT MOCTABHTh TOA 3HAK Jorapudma f' BMECTO f W W3MEHHTb 3HAK MOMbIH-
TerpajbHOTO BHIPAXKEHUS.

Haxonel, 3ameHa (B HCXOMNHOM HHTerpaje) p & pj, p1 = p’ npuBeset
K 3aMeHe [ Mom 3HAKOM Jjorapudma Ha f; U U3MEHEHMIO 3HAKA [OABIHTE-
TpajbHOTO BHIPaXKEHHUS.

Takum o6pa3oM, HaHHOE BBIPAXKEHUE MOXKHO MPEACTABHTH UEThIPbMS
pasuuHbiME crocobamu. CI0KHKB U Pa3Ie/HB Ha YEThIPE, MOJYUYUM

=1 [ U PRy >0,
dt 4 '
12K Kak (z —y)In(z/y) > 0.

Hraxk, ‘;—f > 0. Jlasa pacnpenenenus Makesenna ffi — f'f] = 0. Teope-
Ma AokasaHa. Takum o6pasom, ypaBHeHue BosbimaHa onuceiBaet HeoGpaTH-
Mble npoueccel. Mexay TeM, OHO ObLIO MOJYYEHO W3 YPABHEHUE MEXaHHKH,
o0paTUMbIX N0 BpeMeHH. KoHeuHO, mpUuMHA MOSIBJEHUS HEOOPATUMOCTH B
UCIIO/Ib30BAHUH TOHSITHSI BEPOSITHOCTH PACCEsIHUS], MOAPa3yMeBaloLIel mose-
KYJSIPHBLH xaoc.

dta TeopeMa BbI3Baja OypHYIO pPEaKIMI0 COBPEMeHHUKOB. [losiBU/IHCH
BO3pakeHHsl. YToObl MOHATb UX CEPbE3HOCTb, HAZO UMETh B BHIY, UTO MHO-
rue QPUsKKK (H XHMUKH) CUMTAJNM MOJIEKYJIbI [IJIOAOM (DaHTA3HK, XOTSI H ya06-
HBIM HHCTPYMEHTOM s paccyXaeHu#. HekoTopbIM oCHOBaHHEM M/ 3TOTO
OblJl TIPOBAJI MOMBITOK HAUTH «OOBSICHEHHE» YPABHEHUE 3JIEKTPOANHAMUKH C
MIOMOILIbIO MeXaHHuecKux moaesei. [ToaTomy Bo3pazKkeHus: OblLIKW HAIPaBJEHbI
He MPOCTO MPOTHB ypaBHeHUs1 BojbliMaHa — (aKTHUECKH Pedb 1A O TOM,
4YTO Y CTOPOHHHKOB MOJIEKYJISIPHOM TEOPHMH KOHILbI ¢ KOHLUAMM HE CXOASITCS.
Haubonee cepbesHble Bo3paxkeHHsT ObLIW CBSI3AHBL C Mmeopemoli 8o3spama
[yanxape u ¢ 06pPATUMOCTBIO YPaBHEHHE MeXaHHWKH MO BPEMEHHU.

[Iyankape 6bl1a oKa3aHa Teopema, 4To J00as MexaHHueckas CUCTeMa,
3alaHHasl TaMHJIbTOHMAHOM, He 3aBUCSIIHM SIBHO OT BPEMEHH, W COBeplla-
oiasi (UHUTHOE JBUXKEHHE, PAHO WJIH MO3JAHO TMPHOMU3HTCH KaK YTOMHO
6JIM3KO K HCXOIHOMY COCTOSIHHIO.

Llepmeno 3ameTtn, 94TO, COTJIACHO 3TOH TeOpeMe, NOMKHBL ObLIKU OBl MTPO-
HCXOIUTb HEBUAHHBIE SIBJEHMUS, CKAXKeM, BCe MOJIEKYJIBI Fa3a MOTJIU Obl CAMH
cobo# coBpaThCsl B OfIHOH TOJIOBHHE COCY/IA.

Boavuman orBetns: — BaM mpuaeTcsi CAUILKOM JOJTrO KIATh.

Mt ouenuBanu (3aa. 3 x pasfenay 2.1), 4TO BCEro JiUilb MOSBJECHUS B
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o0beMe ayoUTOPUU B XBOCTE MAKCBEJJIOBCKOTO pacIpelesieHHs MOJEKYJIbl ¢
sHepruel Gogbiie 4 3B npugetcs xaath fonblle Bo3pacta BeeneHHoH.

Jlowmudm' 3aMeTH, 4TO COCTOSIHKE, B KOTOPOM BCE MOJICKYJbl HMe-
Ju Gbl CTPOTO NPOTHUBOIOJOKHBIE CKOPOCTH, CTOJb 2Ke BEepOsiTHO, Kak To,
KOTOpPOTro JoCTUT ra3d. [loaTomy mpu obpalieHny BceX CKOPOCTEH MPOLECCHI
JIOJ>KHBI OBLIM OBl UJTH B 06PaTHOM HalpaBJ/eHHH, U 9TO CTOJb K€ BEPOSITHO,
KaK TIPOLECCHl C POCTOM IHTPOIHH.

boavumar otBeTH: — Obpatute ckopocTd. (OnHaKo B HOPMYIUPOBKY
YTBEDXKIEHHUS O POCTE SHTPOMHH BHEC MOMPABKY: «JHTPONHS PACTET MOUTH
BCErna».)

A BoT 310 (06pPAaTHTL CKOPOCTH) MBl MOXKEM H MPOOOBAaJH — MM KOM-
nbloTepHoro rasa. M 3Haewm, 4yTo ABHXKeHHE BCe paBHO (haKTUUECKH HeoOpaTH-
MO. 3a[aTb HA4aJIbHOE COCTOsSIHHE aBCOJIIOTHO CTPOTrO HEBO3MOXKHO. 3a1aeTcs
«KareJsbKa» B (pa30BOM MPOCTpaHCTBe. B mpoliecce nBuxeHusi, 0COHEHHO TIpU
CTOJIKHOBEHHSIX, 9Ta KamneJjbKa B HEKOTOPBIX HANpaBJAEHHSX CHUJbHO BHITSATH-
BaeTcs (CKMMasicb B APyrux — 1o teopeme JInysusis). Crycrsi Bpems Ka-
TeJIbKa IpeBpalaeTcs B «aMedy», 3anoJaHSIILY0 60blyI0 06/1acTh, IPHYEM
MeXxy LIyTanblaMi HaxoAsATCs TOUKH, NPHILeAIINe U3 APYTUX MeCT (Pa3oBo-
ro npocrpaHcTsa. O6GpaTHB CKOPOCTH, Mbl CHOBA 3a[aeM KalesbKy, KOTopast
JIEXKUT Tellepb IOYTH TOJNbKO HA 3THX UYYXKHMX TOUKAaX, U BblOpaHHas B ee
npefesnax TouKa «IOYTH BCeraa» MOoHAeT B Apyrue ob/aacTH (azoBOro Ipo-
cTpaHcTBa. MIMeHHO oueHb GbICTPHIA POCT PACCTOSIHUS MeXKIy HepBOHaYaslb-
HO OJIM3KUMH TPAeKTOPUSIMHM IIPHUBOAHUT K BO3HMUKHOBEHHIO «MOJIEKYJSIPHOIO
xaocar.

Takyum 06pa3om, B MOJHOCTBHIO OMpPeIeseHHOH NUHAMHUYECKOH CHCTeMe
BO3HHKAET Xa0THYeCKOe JBHXKeHHe. V3yueHue CBSI3AHHBIX C 3THM BOIPOCOB
npescTaB/sieT coO0H akKTUBHO Pa3BHUBAIOILYIO 00/aCTh Ha TpaHUlle PUSHKH U
MaTeMaTHKH.

H. H. Boroao6oB npengoxua (a psia moc/aenoBatesell pa3Buiaun) crocod
noJyveHus: ypaBHeHHs: DosbliMaHa, MO3BOJSIONIME TAKXKe MOJAydYaTh B OMpe-
JIleIEHHOM CMBICJIE B «CJeAyIolne NpubauKeHus». Pagymeercs, mocTpoeHsl
TAKKe BEPCHH ypaBHeHHs DoJibLMaHa 1Jis CMecH ra3oB, YPAaBHEHUs, YUUThI-
BalOIIe HEYIIPYTrUe CTOJKHOBEHHS, BO3MOXKHOE HalUUKe ¥ MOJIEKYJ MOMEHTA
HMITyJbca U T. 1. (M3J0XKeHUe MeToia boromo6oBa MOXKHO HAUTH, HapuMmep,
B KHurax [2, 4, 10]).

MorkeT BOSHHKHYTh BOIPOC, KAK MOTYT MOSIBJISATHCS B PABHOBECHOM CO-

1JTowMuAT GBI CTOPOHHUKOM MOJIEKYJSIPHO-KHHETUUECKO! TEOPUH, OH IPHAYMAJ OIMH W3
nepBHIX cnocofoB onpegesnenns uncaa Asoragpo. OfHaKO B CYLIECTBOBAHHE MOJIEKY/ MOBEPH-
JIM JIMIIb [ocje ONbToB IleppeHa Mo 6POYHOBCKOMY JABHXKEHHIO, MMOJHOCTBIO MOATBEPIHBIIMX
pacders DiHWTeHAA 1 CMOJYXOBCKOrO.
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CTOSIHUM (DJIYKTYALHH, B YACTHOCTH, (DJIYKTYALUUH IHTPOIIMH, E€CJIH SHTPOIHUS
MOXKET TOJIbKO BO3pacTaTb, MPUO/MIKAsCh K PABHOBECHOMY 3HauyeHuw. Ha-
MOMHHM B CBSI3H C 3TUM, UTO BXOAsIIasl B ypaBHeHUe DBojbliMaHa QyHKIHs
f — 370 dyHKUMS pacmpepesieHusi, yCpelHeHHasl 110 (PU3UYECKH OecKOoHeu-
HO Masomy o0beMy. Ee 3Hauenus (cpeaHue unc/a 3amOJHEHHS) TOXE MOTYT
(hJIYKTYUPOBaTh, a 3TO B YpaBHEHUH DoJsbliMaHa He y4TeHO.

19. T'a3 21eKTPOHOB B MeTaJje

19.1. Kuneruueckoe ypasaenue. [Iposogumocts

B coBpeMeHHOH TeopHH MeTaJJIOB pacCMAaTPUBAETCS IBMXKEHHE 3JeK-
TPOHOB B NEPUOIHUECKOM MOTEHIHANE, YTO MPUBOIUT K CJAOKHOH 3aBUCHMO-
CTH PHEPrHH OT KBa3HUMITyJbca. IIpy 3ToM Gosibluast 4acTb B3aHMOLEHCTBUS
MEeXJY 3JeKTDOHAMH MOXKET ObITh OTHECEHA K CaMOCOTIACOBAHHOMY MEpHO-
JIMYEeCKOMY TOJIO, a 3JEeKTPOHBl PACCMATPHUBAIOTCA KaK KBAa3UYACTHIIBL.

Mbl 6ynem paccmarpuBaTbh 3JEKTPOHBL KaK CBOOOHbIE YaCTHLbl, I
KOTOpHIX 3Heprus € = p2/2ml.

ByneMm cumtath, UTO 3JEKTPOHBI B MeTajje YIPYro PaccenBalOTCs Ha
npumecsix. [1pu ynpyrom paccesiHuu Ha NIpUMecsiX paclipeesieHue [0 IHepru-
SIM He MEHsIeTCsl, a MEHSIeTCsl TOJbKO paclipefesieHye N0 yriaM. JT0 3HauuT,
YTO MPOLECCOB YCTAHOBJEHUA pacnpeneneHus PepMu MBI He paccMaTpUBaeM,
CYMTasl, YTO OHH IPOMCXOASIT rOPa3fo MeJieHHee, YeM YUHUTbiBaeMble HaMHU.
Torna unTerpas CTONKHOBEHMH BBIIVIIIUT rOpPa3fo HpoLle:

Iyxon = /w(p - p/)f(ra pat)ds I7

Tnpuxon = /w(p’ —p)f(r,p,t),t)d*p.

Beposthocty w(p — p’),w(p’ — p) comepxar d(e(p) — (p’)), Tak 4ro
(haKTHUECKH B HHTErpaje 0CTAaeTCs TOJAbKO HHTErpHpoBaHue no yraam. Toraa
ypaBHeHHe

of  OF  gOf _ _ /
at+var+Fap— noovf + ng

d
= —noatvf—l—ng/ (d—&) vf(r,p’, t)dsY.
p'—Pp

dO’t
Py

) v f(r,p/, )dPp =
p’'—p

Tnasryio POJIb B KMHETHUCCKHX SBJEHMAX (KaK M B 33/a9aX CTaTHCTHUCCKOH (YM3HKM)
UTPAIOT 3JIeKTPOHbI, HEPTHsl KOTOpbIX OH3Ka K 3Hepruu Pepmu. IloBepxHocTs PepMu MoxKeT
OYeHb OT/INHATBCA OT C(PePHICCKOH M OKa3biBaeTcs, KaK MPaBH/I0, COBEPIIEHHO Pa3IHIHON A5
pasNUYHBIX MeTaJsoB. MHoroe U3 najbHeHIIero COXPaHUTCS U MpH HecepHUeCcKoH MOBepXHO-
ctr Depmu, HO MBI 3TUM BOMPOCOM 3aHWMAThCS He OyaeMm.
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31ech My — KOHLEHTpALHs NPUMeCeH, oy — IOJHOE CeYeHUe YIIPYToro
paccesiHvsl 3JIeKTPOHA HAa MPHUMeCH. 3aruchiBasi HHTErpas CTOJKHOBEHHH, MBI
He yunau npuHuun Ilaynu, KoTOpeldl 0/KeH 3aNPETHUTh TIePEXOAbl B COCTOS-
HUsl, yKe 3aHsaTble. [lokaxeMm, uto yuer npunuuna [laysnu He usmenut Buzpa
WHTErpassa CTOJKHOBEHUH.

BBenem HeHaznonro QyHKIHIO pacrpefeneHHsi, HOPMUPOBAHHYIO, KaK B
3a7a4aX O KBaHTOBBIX rasax, T.e.

_ B3
F= gy = &

Torna cyMmapHbIE MOTOK (— yXOA + MPHUXOA):

—w(p — p)f(p)(1 - f(P)) +wP —p)fP)1 - f(p) =

=w(p - p)-(f(p) — f(P)).

Tak Kaxk BepositHoCcTH w(p — p’) u w(p’ — p) pasubl. Takum oBpaszowm,
npunnun [laynu ofHHAKOBO MOAABJSIET MEPEXOAbl TYAA U 0OpPaTHO U OKA3bi-
BAeTCS «BHE HIPhl»!.
OmnpenenuM TOK, TeKyUIMH B MeTaJjljie MO JeHCTBHEM MOCTOSHHOIO Of-
HOPOIHOTO 3JIEKTPHUECKOTO MOJIsI, KOTOPOE €CTECTBEHHO CUUTATh CAAGLIM.
Bynem paccMaTprBaTh (YHKIHIO paclpeleseHHs Kak W paHblie: f =
= fo+ 6f. UnTerpan cTOJIKHOBEHUH IPEACTABHM B BUAE (T-NPUOIHKEHKE)

i

T

I—

HMHrerpan yxoma uMeeT Kak pa3 TakOM BHI, a AJS MHTerpasa MpHXOAa
— 3TO He OueBHUJHO (M BHINOJHSAETCH He Bcerga). TeM He MeHee, W [/
WHTerpajia Nmpuxoja 3TO BIOCAENCTBUH MOXET OMPAaBAATbCS M ONpaBAaeTCd
MMEHHO B Halllel 3ajaye.

Penienue 3agaun Mbl pazgessieM Ha ABa dTala: CHAYajaa BBIPA3UM IJIOT-
HOCTb TOKa B T-TPUOJMIKEHUU, a 3aTeM IMOKaXKeM CIPaBeJIUBOCTh ITOTO
NpUOIUKEHUS] U BBIPA3UM T 4Yepe3 CeueHHe PacCesTHus.

Bo mMHorux apyrux 3amauax fgake TMepBbIH 3Tall TAKOHW IporpaMMbl Aa-
eT BaXKHble pe3yabTaThl (a BTOPOH — HA0OOPOT, pefiko ObIBAET YCMElleH U
5 hEKTHBEH).

IB cayuae, Korja cedeHHe paccesHMs HA MPUMECH He JONYCKAeT MHBEPCHH, OKA3bBAETCS
w(p — p’) # w(p’ — p) v Bompoc 0 posu mpuHUHNA [laynu AO/KEH PACCMATPHBATHCS
34HOBO.
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Hrak, mycTs ecTh caaboe 3JeKTPpUUecKoe MoJie BAOJIb OCH 2, a PyHKLUS
pacrpeseseHuss He 3aBUCUT HHM OT KOOPJAMHAT, HM OT BpeMeHHM. Torma cuJja
F, = eE,. ¥YpaBHeHue

ofe _ Of
Opa T
Cpasy Ke pasperiaeTcs:
of = *GET%, (1)
Ips
TAK YTO MOXKHO BHIPA3UTh MJIOTHOCTb TOKA:
dfo

’E
== e/&fvzd3p = —e’Br [ v, ——d’p = %/fod?’p =0k,

Opx

rue

2

T

o="21 n=/f0d3p,
m

T — BpeMs peNakcalyd, n — KOHIEHTPAIHs 3/JEKTPOHOB, ¢ — MPOBOIH-
MOCTb.

PesysibTar MrHOBEHHO 0000IIaeTcst Ha CJydyad [E€peMeHHOro MOJIs:
6f, E < e~ Torna % — —iw. [Ipn 3TOM B JIeBOU YacTu ypaBHEHUS MOSIB-
JsteTcst —iwd f, MOITOMY AOCTaTOYHO cAedaTh 3aMeny —of /7 — —d0f (1/7 —
—iw), 10 ectb T — 7/(1 — fwT). 3HAYUT, B IEPEMEHHOM [10JI€ TPOBOAUMOCTb

1’L627'

m(l —iwT)’

Hanee, cornacuo (4) us pasgena 15.2, BoipaxkaeM AU3JEKTPUUECKYIO TIPOHM-
1IAEMOCTb, TT0C/IE UETO MOXKHO TTOJYUHTh BbIpaXKeHHe MOTePh, KOS(DPUIHEHTDL
OTPAXKEHHST [JIsI PA3HBIX MOJSIPU3ALMHA U YACTOT, TOJMILKHY CKMH-CJIOS U T. IL.
— OpUYeM BCe BBIPAXKAETCS Uepe3 OIUH [apaMerp T, KOTOPLIH K TOMY XKe
BXOJUT B CTATHUECKYIO MPOBOAMMOCTb. [/ MemH, HAMpHMep, TaKas COBO-
KYTTHOCTb (QOPMYJT CIIpaBeJIkBa 0 MH(PPAKPACHOTO [Uand30Ha uacTor.

[lepefinem KO BTOpPOi YacTH 3a4a4H.

Y6enumcst, uTO [/ PACCEsIHUS HA MPUMECSX MHTErpaj CTOJKHOBEHHH
NEeACTBUTEbHO MOXKHO MpefcTaBuTh B Bue I = —§f /7. Muterpan cTogk-
HOBEHMH MOKHO 3alHCATh TaK:

do do
I= no/v (—) 5f(pndQY — no/v’ (—) Sf(p)dsY;
Q) aQ/,



19. TA3 SJIEKTPOHOB B METAJLJIE 165

snech p) = p, v’ = v, a nuddepeHIHaTbHOE CeUeHHe PACCESTHUS 3aBHCUT OT
yTJia MeXay p u p’.

Bo Bropom craraemom (Iyxo;) BesqHurHy 0 f(p) MOXHO BBIHECTH M3-TIOJ
3Haka uHTerpaja. C mnepsbiM ciaraeMblM (Jnpuxon) CilOxkHee. IIpeoGpasyem
ero OTAENbHO AJs KOHKpeTHoTro Buaa o f (1):

—€ET’I’Lo’i}/ do v, a‘fon’.
ae ), e

3,!16Cb 3aBUCHMOCTb OT MEPEMEHHDbIX HHTErPUPOBAHKA UMEET BUL

do ;s
/dQ (0)v,dY .

Paso6beM BekTOp p’ Ha ABEe COCTABJSAIIINE — BAOJb BEKTOPa P U MO-
nepex:

p'=p|+p' L =pcosf+p.
Ha Bpemsi uHTerpupoBaHusi BbiGepeM OCb C(HEPUUECKHX KOOPAMHAT BHOJb
Bektopa p. Torna dY = sinOdgdo,

p/J_ = psing(COS (z), sin ¢7 0)

B 9TUX BPEMEHHBIX KOOPAMHATAX. 3aBHCHMBI OT ¢ TOJBKO KOMIOHEHTH p’ |,
W NIpYU HHTETPHUPOBAHUHU TIO 3TOMY YIJIY OHH JAIOT HOJb. [loaTOMY B HHTerpaJe
HocJie MHTETPUPOBAHUSI TIO ¢ OCTAETCSl TOJBKO CJaraeMmoe p’” = pcosd.
BosBpaiiasicb K MCXOAHOE CHCTEMe KOOPAMHAT (CBA3aHHON ¢ HaMpaB/eHHeM
3JEKTPHUECKOTO MOJIS), MOMyUaeM

B dfo do ., B do ,
Lipuxon = —eETnov e /vx cosé)deQ = (5f(p)1mo/ ) cos 8d)’.

Hrax,

%:no-U/Z—g(lchSQ)dQ:no~’UO'tT,
TIe Oy — MPAHCHOPMHOE ceverue; MHOXKATEb (1 — cos#) MPHBOAKT K M0-
JABJIEHHIO BKJAAA PACCESIHHS HA MaJible YIibl (KOTOPOe MaJjlo MEHSIeT TOK) H
NOJYEPKUBALT BKJAJ PaccesiHust Ha GoJjblide yriibl (CHAbHO 0CAAB/ISIOLIEr0
tok). Ecnu mpumecu sapsokennble (KyJOHOBCKME HEHTPH), TO BhIUHCAEHHE
ouw o< [df/0 mact npH Manbix yraax JOrapuhMHUECKYH PaCXOLMMOCTb.
Pesy/ibTaT OKa)KeTcst KOHEYHbIM, €CJAM Y4eCTb OTAMYHE [10JS [PUMECH OT
KYJIOHOBCKOTO, O6YCJIOBJIEHHOE 9KPAHUPOBAHHEM 3apsijia.
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PaccesiHde 3/1eKTPOHOB Ha MPUMECSX, KOTOPOe Mbl PacCMaTpHBaJIH, UT-
paeT TJIaBHYIO POJIb TIPU HU3KHUX TeMMepaTypax (3TO TdK Ha3blBaeMoe 0CTa-
TOUHOe compoTuBaeHue). [IpH BBICOKUX — CYIIECTBEHHO paccesiHue Ha (DOHO-
Hax (Ha Kosebanusx pemeTkH). Yucao GOHOHOB MPU BEICOKMX TEMIIEpATypax
IPONOPLHOHA/BHO T', MO3TOMY U CONPOTUBJ/IEHHE COAEPKHUT caaraeMoe, Ipo-
nopuronanbHoe 71'.

3anmaua.

[To mpoBoOmy, K KOTOPOMY MPUJIOXKEHO MOCTOSIHHOE HAMPSIKEHHE, TeueTt
ToK. Kak M3MEHUTCS TOK, €C/IM MOMECTHTh MPOBOJ B MOCTOSIHHOE Mar-
HUTHOE MOJIe, HalpaBjeHHOe morepek nposofa?® [log KakuMm yriom K
BEKTODPY [JIOTHOCTH TOKa OydeT HANpaBjeH B HPOBOAE BEKTOP HAIPsi-
JKEHHOCTH 3JIeKTPHUeCcKoro moJjsi? (3agada mpo addext Xonana.)

19.2. TenionpoBOgHOCTL ITEKTPOHHOTO rasa

[TycTb B MeTan/ie HMeeTCs TPaIMeHT TEMIIEPATYPLI, pacipese/eHHe TeM-
nepatypsl T'(x). DTo caefyeT MOHUMATh TaK, UTO B KaXKJOH «TOUKe» eCThb
CBOe, JIOKaJbHOE paBHOBecHe M (PYyHKLMS paclpeieseHuss — (epmHeBcKasi,
HO C JIOKAJbHBIMU 3HaYeHUSIMH TeMIepaTypel. Kpome Toro, HempeMeHHO eCThb
OTKJIOHEHHUe (DYHKIUHN pacrpeiesieHHst OT PABHOBECHOMN 3a CUeT BJAHMSHHS «CO-

CeIHUX» TOUEK
f(rvp) = fU +5fa

NpHUYEeM fy 3aBHCUT OT IHEPTHH W TEMIIEPATYphl, a CAE0BATE]bHO, H OT Z,
uepes kombuHauuio z = (¢ — u)/T(x). Bynem rakxe nosarats, 4T0 rpagHdeHT
TEMIIEPaTypPbl MaJl.

NcxonHoe ypaBHEHUE

of of _of  of
ot Vor T ¥ap T T

[lockonbky f He 3aBucut oT BpemeHu u F=0, B seBoil yacTd ypaBHeHUs

OCTaeTcs JUIIb cJjgaraemMoe Umg—i.

L0f _ 8fOT _ _0fe—p T,
HOHCTaBHMBypaBHeHI/Ie 9 — O z 52 T e
ofg e—p dT §f
—y, s — . —
T Pe T dx T
10 _ _of . e=p O _0f . 1 ,0f _ _0fc=u
or — 8z T2 de — Oz T = 0= T
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Orciopa omnpefensiercst 6f1; 0f HMeeT TaKym Ke 3aBUCHMOCTb OT YIVIOB,
KaK W B 3ajJlaue Mpo MPOBOAMMOCTb., 3HAUUT, MOXHO TPOBECTH aHANOTUUHBIE
npeobpa3oBaHus, BHPa3UB OTBET Uepe3 TPAHCIOPTHOE CeYeHue, Tak UTo T —
npubInKeHHe B KHHETHYECKOM YPABHEHHH W B 3a1auye O TEIJIOMPOBOAHOCTH
MOXKHO CUMTATh BIIOJIHE OOOCHOBAHHLIM.

3amumieM mIOTHOCTh MOTOKA TerJia

_ e iy~ T 0T [ 20f0 0
qw—/vméf (e —w)d°p = T do (e—n) ag%dp

Jlerko BUIeTb, 4TO V2

Hero MO2XKHO 3anucaTtb

27 dT 0
G — / (e — 220y

o4 HMHTErpaJjoM MO2KHO 3aME€HHTb Ha U2/3, rnocJje

3mT dx e

31ech
3 — = £ = 3n
d’p = v(e)de, v(e) = AVe, A e

Mubl npuusiu K “HTErpasy BUia

J/ df“ /fo—de

(yuteno, uto F(0) = fo(oo) = 0). [pumenss dopmyay (1) us pasgena 7.2,
HAXOOUM

7{‘2
J==F(p) = 5 T*F"(n). 2)

B nawewm cayuae F(g) o< (¢ — p)?ev(e), nostoMy BK/Ian B WHTErpas
JaCT JIUIIb BTOPOE CaraeMoe, U MpuToM 06a 1udpepeHIHpoBAHNS NOIKHbI

1IVU)I He CTaJIM BBHIIIUCBEIBATH €lle OJHO cJjaraemMoe
af du dT

8 8T dx

oT
7.4) ¥ HeydTeHHOe CJaraeMoe OTJIHYAETCsl OT YUTEHHOTO B TEKCTE MHOXKHTEEM ~ % < 1.

B meranne SHQKTPOHHI)Iﬁ ras BI)IpO)K,[[eHHbIﬁ, I03TOMY BeJIMUHHa i ~ % O4YeHb MaJja (CM.

2Tak kak peub HJET O MepeHOCHMOM Tellje, Halo y4yecTb, uto Q) = T'dS = dFE — pdN =

=d(e — p)dN.
B nporecce TeMIONPOBOAHOCTH NPHHUMAIOT YYaCTHe 3JEKTPOHBl C IHEPIUsIMH, OJIH3KHMH
K dHeprun Depmu, M8 KOTOPHIX € = |e — pu| < p. TIPOMCXOIMT MepeHoC KBASHUACTHIL C

sHepruell €. Kak ¥ B 3ajade 0 TeNJ0eMKOCTH, Mbl IPOBOAMM pacyeT B paMKax KapTHHBI YacTHIL,
OTCUNTHIBAs SHEPrUI0, NEPEHOCHMYI0 3JeKTPOHOM, OT ypoBHA Depmu.
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ObITh TIPUMEHEHBl K NTepBOMY COMHOXHTe0. UTak,

dT 27 w272 2nTr g

= "0 3mT 6 W7 T T3, dn

Muoxutens npu —dT'/dz n ecTb KO9GQHIEEHT TEMIONPOBOAHOCTH 7 =
= m2nTT/3m.
CpaBHuBasi K03(PULKEHT TEMJIONPOBOIHOCTH C MPOBOAUMOCTBIO, MOJY-
yaeMm
x  wT

o 3e2’

DTO COOTHOLIEHHE, HAa3bIBaeMoe 3aKOHOM Buaemana—®panna.
3anauu.
1. BblpasuTb MOTOK Terja 4epe3 CKOPOCTH U HHEPTHM KBa3HUACTHLL.

2. Bbipasuth k03¢ HLUHEHT 3aTyXaHUs MONEPEUHOr0 3BYKa B MeTasle,
00yCJI0BAEHHBIH BA3KOCTBIO 3JE€KTPOHHOTO rasa, MpH YCAOBHH, UTO JJIH-
Ha BOJIHBI 3ByKa MHOT0O 60JibliIe IJIUHbl CBOGOTHOTO rpoera 3JeKTPOHOB

(kvt <« 1), nprueM IVIABHYIO POJib B PACCESTHMH 3JEKTPOHOB UIPAKT
IPUMECH.
Pewenne.

HanpaBum och x mo BoJIHOBOMY BekTopy K 3Byka, ochb y — IO Ha-
MPABJIEHHIO CMeleHHs U BellecTBa B 3BYKOBOH BosiHe. [lpumem, uto
u x expi(kz — wt). YpaBHeHHe, ONpefesolee PACIPOCTPAHEHHE 3BY-

KOBOH BOJIHBI,
0%u 20%u\ Oy, 3
p( 2y pdu)_ T 3)
ot Ox z
rae II,, — KOMIIOHeHTa TeH30pa IJIOTHOCTH IOTOKA UMILYJ/bCa, EPEHO-
CHMOTO 3JIeKTPOHHBIM razoM (cp.(2)), vs — CKOpOCTh 3BYKA.

Hya: - /pyvmdeP- (4)

By,ELEM CYUTATb, YTO COCTOSIHHE 3JIEKTPOHHOI'O rasa 6JIM3KO K JIOKAJbHO
PaBHOBECHOMY:

f=follv—u(z, 1)) +6f. (5)
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YuureiBasi, 4T0 w < kv < 1/7, B JIeBOI 9aCTH KHHETHYECKOTO ypaBHe-

HHSA
o of _ of
ot " ox T T

cJaenyeT COXPAaHUTb TOJbKO BKJaA f(] BO BTOPOM 4YJI€HE, TaK 4YTO

va(ik)(iwu) 20 = %S

T b
Ovy

U2

= —kzwrum/v ’Uya dgp kwrmnugo. (6)

Uz (3) nonyuaem p(w? — v2k?)u = —ikll,,, otkyna'

2 2
w nmuiw?r
k:_+l 7:703
vs 27 5pv

8

~ wrk.

BesnunHa v XapakTepuayeT moTepu sHepruu: |u|? o< exp (—yz).

3. BelpasuTh 7 B mpeablAyLied 3aqade yepes CeueHue.
OrBer:

—=—n0 /—sm 0 dS2.

19.3. Tepmoanekrpuueckune 3¢pheKThI

[Iycte momuMO rpagueHTa TeMIlepaTypbl €CTb M 3JEKTPHUECKOe IOJe,
napaJsiiiesibHOoe OCH Z; KUHeTHUECKOe yPaBHeHHe NIPUBOIUTCS K BUAY

dfo dfo e—p dI'  Of
B e T dm . a

OTKYyJa IJIOTHOCTDb ITOTOKA TeIlia

_r . dr . 20f0 o / 20fo s
U= T d:c/(” 1) 5 Ved P~ eBT (e — w)v; e

W IIJIOTHOCTb TOKa

, 8f0 Te dT’ C)fo
_ 2 2 3 a2 3
Jz = eET/vmagdp T (e u)vxa€dp

UMbl He yunTHIBaNM HEKOTOpHIe CyllecTBeHHbe /8 3aj1au (PH3HKH TEEPIOro Tesa 0BCTos-
TEIBCTBA, HANPHMED, TOT (PAKT, UTO 3aBHCHMOCTD &(P) H3MeHsIeTCst MPH Ae(hOPMALIH BeLLECTBa.
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; dT
[lepBbie ciaraembie B g, U j, HaM yXe U3BeCTHbl (310 —»% - u oF), BTO-

pbie — HoBbIe. OGa OHM BHIPAXKAIOTCH Yepes OJIMH U TOT XKe uHTerpan. Broas
0603HaueHue

8= e/(e — u)vir%d?’p,
nojayyaem
dT
dx
jo = 0cE — ag. (8)
dx

3necs oo = (/7. BeanuuHa [ JIeTKO BbIpaKaeTcst ¢ MOMOILbIO (hopMy-
Jbl (2):

2m2eT? 9
= —(1(&)ev(e))|emp-
6= 20 e)e(e))
[lpuMeM 115 YIPOILIEHHS 3aMHCH, UTO T He 3ABHCUT OT €, U TMOACTABHM U
w2neT?r
B = o
mu

B skcrepuMeHTe 10 U3MEPEHHIO TEIJIONPOBOAHOCTH 00pasell He BKJIO-
4aloT B 3aMKHYTYIO Lienb. ITycTh Ha KoHIIaX ofpasua TeMnepaTyphl paBHE 1}
1 Tb, a ToK paBeH HYJIO, j, = 0. Torna B o6pasue, cormacHo ypasHenHIo (8),
HOSIBJISIETCS] JEKTPUYECKOE T0JIe

dT e
E=0— [
0, Q-2

a Ui TIOTOKA Teljla U3 ypaBHeHus (7) mojydaem

B2\ dTr
—_— - % —_—— _
e To ) du
Kosdduunent npu —dT/dx v Hamo Obuio Obl Ha3biBaTh KOI(DGHULKUEHTOM
TEeIJIONPOBOAHOCTH. Brpouem,
2 T2
> ﬁ— ~ L—,
To 12
TAK 4YTO NONPaBKa K » MaJa.

OnHAaKO TOSIBJIEHHE 3JIEKTPUUECKOTO 110J151, 00YCJOBJIEHHOTO FPAUeHTOM
TeMIlepaTypsl, — HOBOe sBJeHHe. UToOb HabMIOMATh €ro, HYKHO CAEJIAThb
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3aMKHYTYIO Li€llb W3 Pa3HbIX MPOBOAHHUKOB; JJISl KAXAOTO M3 HUX BeJHUM-
Ha () UMeeT CBOI BEJHUHHY, H NMOITOMY [0 IEMU MOUMAET TOK. DTO SIBJEHHUE
HasbiBaeTcs dhpderToM 3eebeka, a BennyrHa () — abCOMIOTHOU AUQdepeH-
LMaJbHOM TEPMO3JIEKTPOIBUXKYIIEH CHJIOH.

DTO sIBJEHHE UCMOJb3yeTCs], HATPUMeED, B TEPMOMETPAX HA OCHOBE Tep-
monap. Ero ucrnosb3oBan kKamuTaH Hemo 1/ MOA3apsiKd aKKyMYyJasTOPOB
«Hayrumycas.

XapakTepHas BeJHUMHA TEPMO3AC A4 MeTaanos — Q ~ 107 8B/K. laa
MONYTIPOBOMHUKOB XapaKTepHasi BeIMUHHA TEPMO3NEKTPOABIKYIIEH CHbl HA
JIBa TMOPSIIKA BbILIE.

B xaxkom-To cMmbic/ie 00paTHOE sIBAEHHE MOJyUaeTcs MPH TPONYCKAHWH
TOKA TI0 KOJIbLY, CTIaHHOMY M3 PasHBIX NTPOBOAHMKOB; JaXe B C/aydae, KOraa
BCE KOJIbLO HAXOIUTCS B TEPMOCTATE, MO MMPOBOAHUKAM MOUAET MOTOK TeIlia:

qg=1j, TI=p/o

(Bemnuunsl 1 HaseiBalOTCS KOa(uuuenTamu [lenbthe). Tox Mo KoabLy HaeT
OMH W TOT Xe, a KoapduuneHTsl [lesbTbe 1151 pasHbIX BELIECTB Pa3JMUHbl,
B pe3y/IbTaTe Ha CIasiX BbIAEJSETCS MJM MOTJIOMIAETCs TelIo. DTO sBJIEHHE
HasbBaeTcs apdekToM [NesnpTbe. Ero nHOrAA HCMOMb3YIOT B XONOAUIBHUKAX.

Pagenctso IT = QT HasbiBaloT COOTHOIIEHHeM KejbBHHA.

O6cyxnaBuirecs: 3¢ deKTbl OblM OTKPLITEL U UCCAEA0BAHBL IKCIIEPUMEH-
Ta/7bHO. ECTh ellle MHOTO pa3iu4HbIX MOAOOHBIX 9(D(HEKTOB U COOTHOLIEHUH,
U eCTb MeTObl X TEOPEeTHYEeCKOTO HCCJIeOBAHKS, OTHOCSIINECS K HEPABHO-
BECHOU TepMOAHHAMUKe.

20. KBaHTOBOE KUHETUYECKOE YpaBHEHUE

[TycTh Teso siBAI€TCS YACTh0 HEKOTOPOU G0JbIIONH 3aMKHYTOH CUCTEMBI,
Ee cocrosinue mMoxker ObiTh 3agaHo BosHOBOM (yukuned W(zx,q), roe x —
KOOPIMHATBEl YACTHL, TeJa, a ¢ — KOOPIHMHATBHl YACTHUL OKPYXKAIIIHX TeJ.
CamMo e mo cebe TeJO, B3aUMOJECHCTBYMOIEe C OKPyXKamwIneH cperol, He
uMeeT COOCTBEHHOH BOJIHOBOH (DYHKIUH.

DyHxuus
p($1,$2,t) :/dqu($1,q)\lj*($2,q), (1)

Ha3blBaeMasi mMampuyel AA0MHOCMU, CONEPKUT B cebe MHDOPMALUID O CO-
CTOSIHHMH TeJla, YCPEeAHEHHYIO [0 cocTosiHKIo cpensl. Hanpumep, p(z, z,t) —
pacrpenesiende no koopanHatam. Cruesas npeoOpasoBaHusi Pypee Mo 1 U
29, MOJYYUM MATPULY IJIOTHOCTH B UMIYJIbCHOM IIPEICTABJEHUH, A4 TEM Ca-
MbIM ¥ pacripefeseHue Mo UMIIYAbCaM.
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Kak Mbl y»Xe HEONHOKPAaTHO MPUHUMAJIH, OyieM CUHTATb, YTO B3AUMO-
JIeHCTBHE CO CPeJIoH CYIIEeCTBEHHO JIMIIb B MPefiejax oueHb OOJbUINX TpoMe-
JKYTKOB BpPEMEHH, a 3a pacCMaTpHBaeMble HAMH WHTEDBaJbl POJIM HE UIPaeT.
Torna MOXKHO NPMHATB!, UTO H3MEHeHHe COCTOSIHUSA Teja CO BpeMeHeM Ompe-
pessiercs onepatopom Iamunbrona H, 1efiCTBYIOMNM TOMBKO HA KOOPIHHATEL
Tesa .

C nomouibio ypasHenus: llpenunrepa ana dyuxunu ¥(z, q) us (1) mo-
Jy4yaem

dp(x1,22,t) 2(

dt h

roe Hy — raMu/IbTOHHaH, AEHCTBYIOMMA Ha KOODAMHATH 1, a Hy — Ha
KOOPIHHATBL To. DTO YpaBHEHHE [IBHKEHHUS [JISI MATPULL TJIOTHOCTH.

MoskHO npHBeCTH OmMUcaHUe COCTOSHHS Tesa K BUAY, OYeHb MOX0XKeMY
Ha KJIACCHYeCKOe OMMCAHHe C NOMOLIbI0 (DYHKLUMH paclpejiesieHus, a ypas-
HeHWe IBHXXKEHHUsST — K BUJAY, [IOXOXKeMYy Ha KHHeTHuecKoe ypaBHeHUe. Hns
5TOTO 3aNHUIIEM MaTPHILY MJOTHOCTH 8 CMEWARHOM npedcmasieruu (ee Ha-
3bIBAIOT TAKXKe KBAHMOBOU (pyHKyuel pacnpederenus, pynxuueil Buere-

ﬁZ_ﬁl)p(wlaa:?vt)a (2)

e he ﬁﬁ dg
= ) ip§ 7S
fz,p,1) /p(x TRk >e o 3)
O6parublil nepexon oT ¢yHKUMK BurHepa K mMaTpule MIOTHOCTH:
_ T1+ T2 ip(x1—x2)/h
p(mlam?at) - f 9 7pat € dp (4)

W3 (4) BuaHO, UTO pacmpesiesieHUe 0 KOOPAUHATAM [TOJIyUAETCS UHTETPUPO-
BaHueM f(z,p,t) no umnyascam: f(z,t) = p(x,z,t) = [ f(z,p,t)dp. oa-
cTaBUB B (3) MATPHIly IUIOTHOCTH B HMITY/JbCHOM Hpe}lCTaBJIeHI/II/I JIETKO 110~
JYYHTb, 4TO pacnpeseseHue o ummnyascam F(p,t) = [ f(z,p,t)dz.
Dyuxuns f(x,p,t) mepexonut B Knaccuqecxyfo byHKUMIO pacrpenesne-
HHS JIUIIb JJIS KBA3HKJIACCHUECKOrO ABHKEHUS yacTull. [IycTh B OKpecTHO-
CTH TOUKH T COCTOSHHE YaCTHIIBI OMTHCHIBAETCS BOJHOBON PyHKIMeH () =
= a(z)e*®? e a(x) u k(z) — QYHKUMH, 3aMETHO U3MEHSIIOLIHECS JHIIb
Ha paccTossHuu | 3> 1/k(xg). OueBUAHO, BEPOSTHOCTD TOTO, YTO YACTHLA Ha-
XOnUTCS BOJIM3H TOUKH 7, paBHa |a(z)|?dz, a naubonee BepoATHOE 3HAYEHHE

IMpl He GymeM 3aHEMAThes (DOPMATBHBIM J0KA3aTelbCTBOM 3Toro (akra. Eme pas moj-
gepKHeM, UTO TeJO OHeHb A0JAT0 B3aWMOAEHCTBOBAJIO CO CPeAOH, TaK HTO MEePexof K MaTpulle
MJIOTHOCTH HeH3OexkeH, HO B TeUeHHe TeX MHTEPBAJOB BPeMEHH, KOTOPEIE MBI pacCMAaTpPHBaeM,
3TUM B3aHUMOJAEHCTBHEM MOXKHO NpeHedpedb.
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UMITyJbCa TPU 3TOM 6Ju3K0 K fik(xo). Marpuua mioTHoCTH

p(xzo — hE/2, w0 + hE/2) ~ |a(zo)|Pe RS, (5)
Ilepexonst kK pynkunn Burnepa, mosyuaem

l

o) = afan) P [ M0 Edg2n  laao) By~ Bb(aa)),
]

rae 0(p — hk(zo)) — dyHkuus, umeomas BOau3M TOYKM p = hk(zo) Max-
CUMYM, IIpUyYeM TeM OoJiee OCTPBIM, YeM 6OJIblle y4acTOK ~ 2[, Ha KOTOPOM
k(x) vuMeeT mouTH NocTosiHHOe 3HaueHHe k(zg). Takum obpasoM, B 3TOM
cayyae GyHKUMIO f(2,p) MOXKHO UHTEPNPETUPOBATb KaK IIOTHOCTb BEPOSAT-
HOCTH TOTO, YTO KOOPIHHATA H UMITYJbC YaCTHLLL NPUOIHIKEHHO OIIpee/IeHbl
OJTHOBPEMEHHO U PaBHBL Z H P.

B uacTHOM ciydae, KOrga COCTOSIHHE YacCTHLbl OMHCHIBAETCST BOJIHOBOH
(YHKLHEH U IPUTOM FayCCOBBIM BOJHOBBIM MAKETOM

W(x) = g 1/4q=1/2 exp(—(z — 9:0)2/2a2 + ipox/h),

¢GyHkUMs BurHepa samaer rayccoBo pacrpejesieHue B IUIOCKOCTH (z,p) C
LIEHTPOM B TOYKe (Zo, Po).

B cayuae, nanekoM OT KBasUKJIaCCHUeCKOro, GyHKuusa f(z,p) Tepser
CXOICTBO C KJIACCHYeCKOH (pyHKLHMel paclpefeseHusl, a N5 KaKUX-TO 3Ha-
YeHUH & U p MOXKeT ObITb U OTPULATEJIbHOH.

Mpbl 3amuiieM ypaBHeHHe IBHXXEHUS AJIS CJydasi, KOTd YacTHIb JBH-
XKyTes BO BHemHeM mone!, tak uto H = p2/2m + U(x).

N3 ypaBuenus (3) ¢ yuetom (2) mosmyuaem

df d& ip€ dp i dg ip€ ( T )
— =] e =— ] = Hy — H
dt ~ ) 2"t h/%e (He = Hh)p(er, @2, 2), ®)
rie "
$12:$$—£, iU:m, h§ = 1 — 2.
' 2 2
BBenem omepartopsl UMITy/IbCca, COOTBETCTBYOIINE = U hE:
5 P1t+po L0 N,
P =" — _jh— — P — Po = —i—.
9 2 337’ n b1 D2 Zag

13anucs Bee BpeMs BemeTcs 71K OHOE CTeMeHH cBOBOMLL [10fPoBHO BHBOA 3TOrO ypasHe-
HHSl M €ro NprMeHeHHsi paccMoTpeHsl B KHHrax [9, 10].
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Torma

j i P

(ﬁ2—ﬁ1):ﬁ( 20,1

— + —(U(x2) = U(z1)). (7)
12 e (U(2) = Ula)

[loncrasasis (7) B (6), MoxkeM epeanpecoBaTh AEHCTBHE IPMUTOBA Olle-
paTopa 7} ¢ MaTPHUIBl IVIOTHOCTH HA KCIIOHEHTY (B PE3y/IbTaTe OH 3aMEeHHUTCS
Ha uHcyIo —p). B uTOre BRJIAJ KHHETHUECKOH SHEPTHH %% BBIHECEM M3-TT0JT

MHTerpasa:

of _ _pof +i/ﬁeép§
ot mox hJ 27
Hakonen, noacrasum B dhopmyay (8) p uz (4):

of _pof
ot mox

i [ o (o= F) -0 (o )| reroe . o

B uvacTHoM cayuae, ecau U(z) uMeeT BUA KBaApATHOTO TPeXuseHa,
ypaBHenue (9) mosHocTbio cBopHTCs K kjaccuueckomy. (Ilpu mokasaresib-
CTBE MOHALO0UTCA 3aMeHa i — a%' Y MHTETPHPOBAHUE [0 YACTSIM.)

Ecnu none U(x) u3MeHsieTcsi oueHb MIaBHO, TO OT (9) HeCJOXKHO ne-
pefiTH K KJIaCCHUeCKOMy npenesy (ciesas pasioxkeHue 1m0 A€ B KBaApaTHbIX
cKobKax).

Ec/ii ke Mbl HAMEPEHb yUeCTh KBAHTOBbIE OCOOEHHOCTH JIBUMXKEHHS, TO
yro6Ho B ypaBHeHuu (9) mepeitti Kk kKoMmnoHeHtam Pypbe moTenunana

dq

Uz) = / qum%. (10)

+U(z2) = U(z1)) =

m

St =

(U(x2) = U(=1))p(1, 72, 1). (8)

Torpa ypasuenue (9) NpUBOAKTCS K BULY

of pof - hq hq dg

=4+ == U |fla,p——=,t)—flz,p+—=,t})| == (11
ot moz 9 ’ 2’ ’ 27 )] 2w

OTMeTHM, 4TO 3TO Ke ypaBHEHHe MOXHO MOHUMAaTh U Kak ypaBHEHHe

C CaMOCOTJIaCOBAHHBIM TIOJIEM, TTPUYEM CPeIHsIS MIOTHOCTDh 3apsija BhIpaxa-

ercs depe3 PyHKUMIO BUrHepa Tak ke, KaK 4epe3 KJIaCCHUECKYIO (HYyHKLHUIO

pacripesesieHUsi. YUWUTBHIBasi 3TO, MOXKHO ObLIO Obl HAWTH OHIJIEKTPUUECKYIO

NPOHHUIIAeMOCTb KBAaHTOBOH IJIa3Mbl U CIIEKTpP €€ KOJIe6aHI/II;'I, HO TYT MBI 34-
KOHYHUM.
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