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INPEAMNCJIOBUE

B usyuaembix coBpeMeHHOl (bU3MKON MPOIECCaX Peau3yTcs CaMble
Pa3HOOOpA3HBIE YCIOBHUS: OT TEMIIEPATYD MOPSIKA aAOCOTIOTHOTO HYJIsT — 110
TEMIIEPATYP B HEAPAX 3BE3/l, OT TA30BBIX MJIOTHOCTEH — 70 MJIOTHOCTEH,
B JIECSITKY Pa3 MPEBBIMNAIININX MJIOTHOCTh TBEPJOTO Tesa. B ¢Bsi3u ¢ 9TuM
pellieHrne MHOTHUX aKTyaJbHBIX mpobsem dbu3uku Tpedyer Bce OOBIIEro
obbema nHGOPMAIMU O CBOWCTBAX BEINECTBA B PA3JMYHBIX, B TOM YHC]IE
9KCTPEMAJIBHBIX, yCI0BusiX. OIHOBPEMEHHO CYNIECTBEHHO TOBBIIIAIOTCS U
TpebOBaHMsT K TOYHOCTH ITUX JAHHBIX, KOTOPbIE B CBOIO OY€pe/h OMpe-
JIETISIOT HAJIEXKHOCTh U PACYETHYI0 0OOCHOBAHHOCTh MHOTUX YHHUKAJIBHBIX
TEXHUYECKUX YCTPOUCTB U (DU3MUECKUX YCTAHOBOK.

st ommcaHusi CBOMCTB BEIIECTBA B JOCTATOYHO IMUPOKOM JIHAMA30HE
TEeMIIepaTyp W IUIOTHOCTEH, KaK NPAaBUJIO, HEIPUMEHUMBI CPABHUTEIIb-
HO TPOCTBIE MOJZENH, OOBIYHO pPACCMATPHUBAEMble B KypCax TeOpeTHde-
ckoit ¢puzuku. C apyroit CTOPOHBI, TPOBEIEHNUE IKCIEPUMEHTOB C IEJHIO
noIy9eHud MTaHHbIX O CBOMCTBax BEIIECTBA B IKCTPEMAJIBHBIX YCJIOBUAX
OOBIYHO CBA33HO CO 3HAYUTEJbHBIMH TEXHUYECKHMMH TPYIHOCTSMHU U B
psifie CIydaeB OKA3bIBAETCH YPE3BBIYAWHO AOporocrosmmuM. VIMeHHO mOo-
9TOMY BaKHBbI CHCTEMATHYECKHE WCCIEIOBAHUSA 1O pa3paboTke m COBEp-
IIEHCTBOBAHUIO KBAHTOBO-CTATUCTUYECKUX MOJEeil W MeTOJO0B pacyeTa
CBOICTB BeIIeCTBa, CPABHEHUIO PE3YJIBTATOB BBIYUCICHUI C HAOIIOICHIEM
u skcrepuMerToM. COOTBETCTBYIOIIEH JINTEPATYPHI B HACTOSAIIEE BPEMsi
U37aeTcs HeI0CTATOYHO. Ecau pedub ner o Hempo3padHOCTH, OMpPeEsIO-
el JIy9UCTYIO TeIIOMPOBOIHOCTD BEIIIECTBA, IIPY BHICOKUX TEMIIEPATYPaX,
MOXKHO yKa3aTh, Hanpumep, kuury J[.A. ®@panka-Kamenenxoro [109], a
takxke kHury P. Kayswa [134], koropas mOCBsilIeHA METOIAM pacdera
aTOMHBIX CITEKTPOB. VlMmeercs Takke psif crareil © COOPHUKOB KPATKHUX
cOOOITIEeHU ¢ MeXK /Ty HAPOIHBIX KOH(MEpeHIInil, B KOTOPhIX aHAJIHU3UDYIOTCs
HCIIOIb3yeMble TEOPETHIECKUE MOJIENN U TakeThl iporpamm (130, 139, 140,
191, 208]. Ormerum oxuy n3 Hambosee coBepireHHbIX mporpamm OPAL
U CO3JaHHYIO Ha ee OCHOBe acTpOdU3NIECKyI0 OUOINOTEKY KOhduUIneH-
ToB HempospauHoctu [158] (JIuBepMopckasi HaUMOHAIBHAS JAGOPATOPHS
CIITA). Bosnbuiasg pabora mo COBEPIIEHCTBOBAHUIO MOJEJEll BEIecTBa U
[OJIYYEHUIO TabJINIL TerIOpU3NIECKUX CBOMCTB IpoBedeHa rpymmoit T4
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(JToc-Anamocckas nanuonasbaas jgaboparopust CIITA). Pesysbrars 970i
paboThl cucTeMaTH3upoBaHbl B 6anke qaHEbx SESAME [166].

Hesnpto npesaraeMoii KHUTH SIBJISIETCST U3JI0YKEHNe HEKOTOPBIX XOPOIIIO
3apPEKOMEHI0BaBIINX ce6${ Ha IIPpaKTHKE KBAHTOBO-CTATUCTUYECCKHUX MOJIE-
Jiel caMOCOTIaCOBAaHHOrO 10Jis (4acThb 1) 1 MeTo10B pacuera CBOWCTB Belle-
cTBa B 0DJIACTU BBICOKUX TEMIEPATYD B YCIOBUIX JIOKAJTBHOTO TEPMOINHA-
Mu4ueckoro pasrosecus (uactb 1), kpurudeckuii aHajau3 9TUX MOAXOJOB
C MHOTOYHUCJIEHHBIMU MPUMEPAME, WJLTIOCTPUPYIOMUME ) EHEKTUBHOCTD
MPUMEHSIEMBIX MOJEJIeHl U YUCIEHHBIX METO/IOB.

B wactu I m3noxkenne HAYMHAETCSA C JOCTATOYHO IIPOCTOM M B TO IKe
BpEMsi YHUBEPCATLHOM 0606wennoti modeau Tomaca—Depmu 1jist BemecTBa
¢ 3aJaHHOI TeMIepaTypoil u MI0OTHOCTHIO. Ee cmensiior apyrue, Gosee
COBEpIIIEHHbIE MOnEIn: Moduduyuposarnsvie modesu Xapmpu u Xapmpu—
Doka—-Casmepa, a TakkKe peasmusucmceras modesv Xapmpu—DPoxa—Cas-
mepa. B mocstenneii Moien UCIOIb3yeTcs CAMOCOTJIACOBAHHOE TIoJie XapTpH,
npubIUKeHne s JIOKAJbHOTO OOMEHa, yTOUYHSIONee OOMEHHBIN MOTEeH-
nuas Cidrepa, U peIATHBUCTCKUE ypaBHeHus Iupaka st paauabHbBIX
qacreil BOSHOBBIX (hyHKnil. VIHTEpECHO OTMETUTD, YTO PACCMATPUBAEMbIE
MOJIeJTH OBLIN TIEPBOHAYATBLHO C(OPMYJTUPOBAHBI JJisi CBOOOIHOIO aTOMa,
NpU TeMIepaType PaBHOM HyJI0, a 3aTeM ODODIIEHBI HA MPOU3BOJILHBIE
TeMIepaTypPhl U MJIOTHOCTU JJIsi TAK HA3BIBAEMOTO cpeduezo amoma [202],
COOTBETCTBYIOIIErO UOHY CO CPEIHUME YHCIAMU 3AM0JHEHNs. Tak, HAampu-
Mep, 0bobmrenue moaenu Tomaca—Pepmu, npeproxkenHoit B 1926-1928 rr.,
6bL10 BBIMOTHEHO Peitnmanom, Merpomnonucom u Tesepom B padore [138].

Hepe‘{I/ICHeHHbIe KBAaHTOBO-CTaTUCTHYIECCKHWE MOOE/IU, B TOM YHCIIE
Mojiesth XapTpu-DPoka i BelecTBa ¢ 3aJaHHON TeMIIepaTypoil U TI0THO-
CTHI0, MOYKHO MOJYYNUTh HA OCHOBE €IMHOTO BAPHAIMOHHOIO TPUHIINANA —
TpeOOBaHWA MUHAMYMa, OOIBIIIOTO TEPMOIMHAMUIECKOTO MOTEHITHAIA, 3a-
MUCAHHOTO B COOTBETCTBYIOIIEM Mpubvkennn. EiuHblii moaxom mo3Boiser
YBUJIETh UEPAPXUI0 MOJEJIeHl U MPOCIEIUTh TIPE/IeIbl TPUMEHUMOCTH Pa3-
JINYGHBIX MPUOJINKEHUIA.

Perienne cucrem HeMHENHBIX ypaBHEHMI, BOSHUKAIOIINX IPU TOCTPO-
€HUH MOJIesiell CAMOCOTIIACOBAHHOTO TOJIsI, TIOTPEOOBAJIO PA3pabOTKU CIie-
OUaJIbHBIX UTEPAMUOHHBIX METOIOB. B Ka4dyeCTBE€ HA4YaJIbHOI'O HpI/I6J’II/I)K€-
HUSI JJIs1 TTOJIy YeHUs CAMOCOTJIACOBAHHOIO TIOTEHITHAIA OPAJICs TIOTEHIHA,
HalIeHHDBI paHee JJisi MeHee TOYHOW Mojenu. B pe3ymbrare perneHus
ypasuenus IIpénunrepa (nau ypasaenus Jupaka) ¢ Oy Y€HHBIM CAMOCO-
[JIACOBAHHBIM MTOTEHIINAJIOM MOXKET ObITh HAM/IEH SHEPreTUYIECKUl CIIeKTP
KBaHTOBOMEXaHUYIECKON CHCTEMbI, COOTBETCTBYIOIINE BOJTHOBbIE (DYHKIINH,
a TaK¥Ke CPEIHUE YUCJIA 3AMOJHEHUs] JIEKTPOHHBIX COCTOSHUN ¥ Cpeji-
Hslsl cTeneHb noHu3armn BeniectBa. [llupokoe ucnosb3oBanne GU3NIECKUX
npubIUKEHUil B mpolecce ureparuii, ocoboe BHUMaHUe K y3KUM MeCTaM,
TpeOyrommM OOJIBINX 3aTPAT MAITMHHOTO BPEMEHHU, TO3BOJIAJIO TIOCTPOUTD
3¢ deKTUBHBIE U HAIEIKHBIE AJTOPUTMBI. 3aMETHM, 9TO HAJ/IeKHOCTH BBI-
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9UCIUTETBHBIX METO/IOB OCOOEHHO BaXKHA, IIPH TIOJTy YeHrH TabnI Teriodu-
3UYECKUX NAaHHBIX, €CJIN y9I€CThb, YTO PACYETHI MOI'yT IPOBOJIUTHCH B Il]IIpOKOﬁ
obJiacTy TeMIepaTyp U MJIOTHOCTEH JJIsT IPOU3BOJILHBIX BEIIECTB U CMEeCei.

Ha ocnoBe paccmorperubix Moaeneit B gactu 1 mpemgmaraiorcs MeToabr
BBITHCICHUA PA3JIMYIHBIX XapPaKTEPUCTHUK BeEIIEeCTBa — CIIEKTPAJIbHBIX KO-
3¢ dunmenToB norsoeHns GOTOHOB, POCCEIAH/IOBBIX U IIAHKOBCKUX IIPO-
0eroB, ypaBHEHUIT COCTOAHIS — HEOOXOIUMBIX ITPU MTPOBEICHUN CIIOKHBIX
PACUYETOB, OMUCHIBAIOIINUX THIPOJIUHAMUYECKHE MTPOIECCHI ¢ IEPEHOCOM U3-
JlyYeHus B BBICOKOTEMIIEPATYPHOI 1J1a3Me, B YaCTHOCTH, TIPU BO3/I€HCTBUN
MOIITHOTO JIa3€PHOI'0 MU3JIYYCHUA WJIN APYTUX HUCTOYHUKOB ISHEPTUU HA
BeriecTBo. O6beM BBIYUCTUTEIHHON PAbOTh, TpebyIoIeil yuera 60IbIIOro
KOJIMYECTBA, PA3HOOOPA3HBIX 3P (EKTOB, OUYeHb BeJHK. lIpejcraBiieHue o
TOM, HACKOJIbKO CJIO?KHBIMU MOTYT 6bITb TaKOI'O pOoaga pPaCYeThbl, Ja€T I'pa-
UK creKTpaTbHBIX KO3 DUIMEHTOB MOTJIoNeHnsi (OTOHOB B IIaA3Me 30-
nota mpu Temmeparype T = 1 k3B u nuoroctu p = 0,1 v/cm® (eum. puc. 1).

x T T T

10% | .

102 |

10 ¢ E

1 \ . .
0 5 10 15 hw

Puc. 1. Cnekrpanbubiii K03(D(PUIMEHT MOTJIOMEHHus > B CM2/T B 3aBUCHMOCTH OT
suepruu GboTOHOB fiw B K3B 1y mnasmer 3omota (Z =79, T=1 k3B, p=0,1 r/cu?)

ITpn Takux BBICOKMX TEMIEPATyPax MEPEHOC SHEPTUH OCYIIECTBIISETCS
riaBHbIM 0Opa3oMm ¢doronamu. OCHOBHBIME IIPOILECCAME B3aHMOIEHCTBHS
M3y 9YeHns C BEIECTBOM, KOTODBIE TIPH TOM HEOOXOANMO YUIUTHIBATH, 5B-
JISOTCS TorIomIeHre (POTOHOB B CIIEKTPAJBHBIX JHHAAX, (DOTOMOHU3AIINS,
TOPMO3HOE IOMVIOIIEHHE, & TAK?Ke KOMIITOHOBCKOE PacCesHue.

Hecmorpst Ha Masocts mupuH jauHuil (MeHee 1 9B), u3-3a orpomHoro
KOJINYECTBA COCTOSIHUIl MOHOB HHCJIO JIMHUII MOXKET ObITb HACTOJIBLKO Be-
JIMKO, 9YTO TEIJIONPOBOAHOCTD IIIA3MbI B OOJIACTH BBICOKHX TEMIIEPATYD
Oy/IeT ONpeneNAThCs B OCHOBHOM TIOIJIOMIEHHEM (DOTOHOB B CHEKTPATIBHBIX
muHusX. i KaxK a0 JTMHIN HeOOX0AUMO y4ecThb b deKThl pacIieIeH s
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¥ yIIUPEHWs, PACCUUTATH ee MPOduUIb, 00yCIOBIEHHBII B3aNMOIEHCTBU-
€M HMOHa C JJIEKTPOHAMW W JIPYTrUMU MOHAMHW, BBIYUC/IUTH €€ WHTECHCUB-
HOCTb W BEPOSTHOCTh peanu3anuu. /[0CTaTOYHO OYeBUIHO, UTO TOJIHKO
HaJE2KHbI€ KBAHTOBO-CTATUCTUYIECKHUE MOIEJIN, SCb(beKTI/IBHbIe YUCJI€HHBbIC
METOIbI U OBICTPOIAEHCTBYIONNI KOMIBIOTEDP MOTYT MIOMOYb B MOHUMAHUN
OTHOCHUTEILHON DPOJIU PA3INIHBIX 3 DEKTOB MPH U3y IeHUH B3aUMOJIEHCTBUS
W3JIy4eHUs C BEIIECTBOM U JaTh BO3MOXKHOCTBH IIPOBECTH PACUYETHI POCCE-
JIAHJOBBIX TTPOOETrOB B HEOOXOIUMOI 00JIACTH TEMIIEpATyp U ILIOTHOCTEH.

B kHure, B OCHOBHOM, PacCMaTPHUBAETCS BEIIECTBO B COCTOSIHUU JIO-
KaJIbHOTO TEPMOJAMHAMUYIECKOTO paBHOBecusi. HekoTopbie mpobieMbr, CBsi-
3aHHbIE C HEPABHOBECHBIM COCTOAHUEM IIJIA3Mbl U METOAbI MOJIyYC€HUd €€
CBOIICTB, PACCMOTPEHBI B KOHIIE TJIABBI V.

Pacgersr poccenanmoBbix mpoberos mouTu Beerga TpeOyioT IeTaTbHON
nHbOpMaIuu 00 YPOBHAX SHEPIUN U BOJTHOBBIX (DYHKIMAX HOHOB. B TO ke
BpeMsl TP BBIYUCJIEHUU YPABHEHUN COCTOSIHWSI OOBIYHO MOXKHO OTDaHM-
YUTHCSA MOJIEIBIO CPEIHEr0 aTOMAa WM, TOUHee, cpeanero nona. B rimase VI
CPABHUTEJBHO JIETKO MOMy4YeHbI (DOPMYJIBI JJis JABJIEHUs, BHYTPEHHEH
SHEPTUU ¥ SHTPOIMUU BEIIECTBA 110 PATUIHBIM MOJIEJISIM.

Psn Bompocos ob61iero xapakrepa, JOMOTHSIOMUX TPAIUIIUNOHHBIA KyPC
KBAHTOBOW MEXaHWKHW, BBIHECEH B JIONOJHEHWE, B KOTOPOM DpPacCCMaTpH-
BAIOTCsl MCIOJIb3yeMble B OCHOBHOM TEKCT€ METO/bl DEIIeHWs] ypaBHEHUsI
Ipénunrepa u ypasuenus Jlupaka mjisi 9acTUIbI, ABUXKYIIEHCsS B 3a-
JAaHHOM IEHTPaJIbHO-CUMMETPUYIHOM IIOJIE. MBJI&I‘&IOTCH AHaJIUTUYIECKHUeE,
npUOJINKEHHbIE U YUCIEHHBIE METO/bl DEIIeHUs HTUX ypaBHEHUi. XOTs
3TU BOMPOCHI JOCTATOYTHO XOPOMIO U3YY€HBI, aBTOPBI HAJACIOTCA, 9TO YUTA-
TeJd MOXKET IIPHUBJICYb HE TOJBKO HOBH3HA IIPEAJIara€MbIX METOA0B, HO
u ux 3¢p@EKTUBHOCTb B NPUJIOKEHUsIX. Tak, Hampumep, @a3oeviii me-
mMo0d YUCIIEHHOT0 WHTerpupoBanus ypapHenus [Ipéauarepa u ypaBHEHUS
Jupaka B pe3yJsibTaTe WCIOJb30BAHUS COOOPAXKEHUH, CBA3AHHBIX C KBa-
3UKJIACCUYECKUM TPHUOIMKEHUEM, MO3BOJISIET 34 JBe—TPHU UTEPAIUHU Haii-
TH COOCTBEHHBIE 3HAYEHHUsT SHEPTUU C BBICOKOI TOYHOCTHIO. Kpome Toro,
daz0BbIil MeTO OKa3asICsd MAJIO YyBCTBUTEJIHHBIM K BBIOODY HAYAJIHHOIO
IPUOJNKEHUST ¥ TeM CaMbIM HUCKJIIOYUTENbHO HAJEKHBIM U JIOCTATOYHO
9KOHOMMYHBIM IIPU PacCYdeTe CaMOCOIJIaCOBAHHBIX IIOTEHIUAJIOB B IHI/IpOKOﬁ
00JIaCTH TEeMIIEPATYD ¥ IJIOTHOCTEH.

B tex cnyudasx, korga pemenusi ypaBuenuit Illpénunrepa n upaka
MOTYT OBITH HAHIEHBI B AHAJIATHIECKOM BHUIE, PEKOMEH/IYETCS OMUPATHCS
He HA UCCJIeJI0BAHUE CTEIEHHBIX PSIO0B MOCJIEe BBIIEICHNs] aCHMIITOTUKH, a
HAa JOCTATOYHO OOIIMI M BECbMa MPOCTOI CHOCOO MPHUBEIEHUs] UCXOTHBIX
YDABHEHUIl K YPABHEHUAM 2UNEP2EOMEMPUECKO20 TUNG, TTO3BOJIAIONIHIMA
cpa3y mojiydarTb HYKHYIO ACHMIITOTHUKY W BHJ PEIIeHUs B 3aMKHYTOMI
dopme Uepes kaaccuueckue 0pmo2oHANLHBLE NOAUHOMDL.

Ksazukiraccudeckoe nmpubIMKeHre W3/1araeTcsi TAKUM 00pa30M, 9TOObI
€ro MOXKHO OBLIIO JIEFKO TPUMEHSITh He TOJIhKO st ypaBHenus [IIpénnnre-
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pa, HO u 1ya ypaBuenusi Iupaka. s BOMHOBBIX (DyHKIHUI AUCKPETHOTO
CIIEKTPAa [1e71eCO0OPA3HO UCIIOIb30BATH MHTEPIOISIIMOHHY 0 (DopMy 3anucu
KBa3WKJIACCUIECKOTO TpuOamKenust depe3 dyuknuu Beccessi, koropas
obecreunBaeT MOIydeHne pereHnii 0e3 yryioBbiX Touek. [lpu umcienHOM
narerpupoBanun ypapuenus [IIpénunrepa 1j1st BOTHOBBIX (DYHKIIHI HEIpe-
PBIBHOTO CIIEKTpa HaAeH yJOOHBIH CIIOCOO HOPMHUPOBKH, ONMUPAIOIIAHICS
Ha HCIOJIb30BAHNE KBA3UKJIACCHYECKOTO NPUOJIMIKEHHWs B IIEPBOM HyJe
BOJTHOBO# (DyHKIIUU.

B reuenwe psizia JeT aBTOphI KHUTH IPUHUMAJIN AKTUBHOE yIacTHe B pe-
[IEHUY aKTyaJbHOI mpobsieMbl saeproil dbusuku B UHCTUTYTE MPUKIIATHOM
varemarukn uM. M.B. Kengpmmma. Ha ocrHoBe pa3paboTaHHBIX KBAHTOBO-
CTATUCTUIECKUX MO/IEJIeN 1 UTEPAMOHHBIX METO/IOB PEIIeHUsT HEeJTMHEHHBIX
cuUCTEM YypaBHeHWH ObLT CO3MaH KOMILJIEKC TMpOrpaMMm u OaHK JTAHHBIX
THERMOS, KoTOpbIe TO3BOJSIOT NOJy4YaTh TAOWIBI PAJAUANMOHHBIX U
TEPMOJIMHAMUYECKUX CBOMCTB PA3JINYHBIX BEIIECTB B IIUPOKOM [IHANIA30HE
TeMreparyp u miorHocteit. @usnvyeckue MO W BBIYUCIUTEIHHBIE AJl-
rOPUTMBI, UCTOIb3yembie B mporpamve THERMOS u B apyrux MHOrO9YHUC-
JIEHHBIX TPUJIOYKEHUSIX, COCTABJISIIOT OCHOBHOE CO/IEPXKAHUE ITPeyIaraeMoi
qurare o Kauru. [lo mMarepuasaM KHUTH B TEYEHWE Dsi/ia JIET YUTAJUCH
JIEKITUH [IJIsl CTYZEHTOB CTapIIUX KypcoB dusnyueckoro ¢axysabrera Mo-
CKOBCKOT'O T'OCY/IAPCTBEHHOTO YHUBEDPCUTETA.

ABropsl rIybOKO GaromapHbl COTpyaHUKaM MHCTUTYTa TPUKIIAIHON
maremarukn uM. M.B. Kengpimma n Poccnitickoro @enepasbHOTO saepHOTO
[EHTPA, TPUHUMABIIUM HA MPOTSKEHUH MHOTHX JeT paboThl ydacTue B
PEIlleHnH OT/E/IbHBIX BOIPOCOB, MPOBEIEHUN PACYETOB U SKCIIEPUMEHTOB,
0OCYXKIEHUN ¥ WHTEPIPETAINH Oy YeHHBIX pe3yibTaToB. Ham ocobenHno
MPUSATHO OTMETUTH nomots u noauepxkky F0.B. Xapurona, 9.B. 3emnm0-
suua, FO.H. Babaesa, B.H. Kimmosa, A.H. Tuxonosa, A.A. Camapckoro,
IO.A. Pomanosa, B.C. Ummennuka u A.B. 3abpoauna.

Asropbl cepieuHO GIArOMAPHBI CBOMM KOJIIETaM, C KOTOPBIMU BMECTE
paborasu, pemast nopydennyio Nucruryry 3amaay — A.C. Ckopoboraro-
soit, H.H. Kyuywmogoit, FO.JI. Jlepurany, H.®. Burko, B.M. Mapuenko,
H.1. Jleonosoii, B.B. [dparanosy u A.Jl. ComoMsAHHOMN; P TOATOTOBKE
pykonucu K nedaru Ham nomorasu K.B. Usanosa u H.H. ®umus.

Heonennmyoo momoris u MOHUMAHWE MHOTHX TOHKHUX BOIIPOCOB MBI
MOJIyYUJIN B PE3yJIbTaTe MHOTOYHUCIEHHBIX [IUCKYCCHii, MTPOBOIUMbBIX Ha
psze coBermanuii 1 KondepeHuii Mo ypaBHeHUsIM cocTosinust Ha CeBepHOM
Kaskaze B Ilpuanbsbpycke mon pykosoacrsom B.E. @oproBa, a Takxke
Ha 11T u IV MexXayHapOAHBIX COBENIAHUSX 10 HEMpO3padHocTu (opacity),
npoxoausiuM B 1994 r. B Tepmanuu (Tapumar) u 8 1997 r. 8 Ucnanuu
(Manapun) [139, 140]. Iennsle 3amedanns Obiu caenansl Crusom Poysom
(S.J. Rose), Banamewm Pormnan (B.F. Rozsnyai) u Kapmaocom Urnecuacom
(C.A. Iglesias). Mbr Guaromapubl HayuHoMmy pepakropy kKuuru B.C. fpy-
HUHY, TPOYUTABIIEMY DYKOIHCh ¥ BBICKA3ABIIEMY Dsi/i IEHHBIX PEKOMEH-
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nmarwii, a Takxke HO.M. Mopozosy, FO.A. Jauwmosy u FO.®. CmupHOBY 3a
00CyKIeHIEe OTIEIBHBIX IJIAB PYKOIUCH.

IIpeancaoBre He TMOANMMCAHO OTHWUM W3 aBTOPOB KHWTM — Bacuiamem
DBopucosuuem YBapoBbIM, HEOXKHIAHHO CKOHUaBmuMca B 1997 r. Bacu-
suit BopucoBuy YBapoB — IUIaBHBIN Hay4dHBIA COTpyZHUK IHCTHTyTa
npukaagHoi Mmaremaruku uMm. M.B. Kengsima, mpodeccop MockoBckoro
rocygapcreerHoro yausepcutera uM. M.B. Jlomonocosa, saypeat Jlenun-
ckoit npeMun 1962 1., 6bLJI PA3HOCTOPOHHE TAJAHTJIUBBIM U YIUBUTEIHHO
CKPOMHBIM 9€JIOBEKOM. OH yYMeJI HaXOOUTHh OPUTUHAJIBHBIE U B TO 2K€ BpEM L
MIPOCTHIE CIIOCOOBI PEIeH s MHOTUX CJIOXKHBIX 33/1a9 COBPEMEHHOHN (hU3nKu
U MaTeMaTHKH; HEKOTOPBIE U3 HUX COJIEPIKATCS B KHUTE.

Mocxkea, aneapv 2000 e. A.®. Huxugopos, B.I. Hosukos



YACTb I

KBAHTOBO-CTATUCTUYECKUWE MOAEJIN
CAMOCOIJIACOBAHHOTIO IIOJIZA

I'nasa I
OBOBIIIEHHA A MOJIEJIb TOMACA-®EPMU

B BhICOKOTEMIIEpATYPHOI CUIBHO MOHU30BAHHOM IIJIA3ME IJIEKTPOHBI
U WOHBI B3AUMOJIEHCTBYIOT MEXKIy cO0O#l B OCHOBHOM Yepe3 3JeKTPOCTa-
THUYECKOe MPUTSKEHNe W OTTAJKUBAHUE WX 3apsaaoB. [losromy mambosee
BAXXHOI W TIEPBOCTEIIEHHOW 33Jadell IIpW N3Yy4YEeHUN CBOWCTB BeIIeCTBa
HA MHUKDPOYDPOBHE SIBJISIETCS 33/1a9a OIPE/IEJICHUs] 3JIEKTPOCTATHIECKOTO
MOTEHINAA, B TOJ€ KOTOPOrO HAXOMUTCS KarXKIasi JaCTUIA, a TaK¥Ke
onpeze/ieHAe ILJIOTHOCTH 3apsna B J000i Touke. OueBMIHO, 3TH IBe
BEJINYMHBI JOJKHBI ObITH COIJIACOBAHBI APYT C APYTOM, TAK KAK IJIEKTPO-
CTATUYECKOE TI0JIe OIMPEesdeT PACIPEIeTeHNe 3aPsiI0B, KOTOPhIE B CBOIO
oYepenb ABAAIOTCS UCTOYHUKAME TIOJIS.

Ompenenenne cmayuoHapHoLL COCMOAHUT CUCTNEMBL INEKMPOHOS U UO-
HO6 SIBJISIETCSI OYeHb TPYAHON 3amadeil. [Ijisi ee ynpomieHusi MOXKHO BOC-
MOTH30BATHCS TEM, 9TO MACCA IJIEKTPOHOB BO MHOTO Pa3 MEHBIIE MAaCChI
ATOMHBIX sI/IEP, B TO BPeMs KAK HA HUX JEHCTBYIOT CHJIBI OJJHOTO MOPSIIKA.
Benencrsue atoro siapa IBUXKYTCS 3HAYUTETHLHO Me/IJIEHHEe 3JIEKTPOHOB,
W C XOPOIEil CTEmeHbId TOYHOCTU SAPA MO OTHOIIEHUIO K JIEKTPOHAM
MOXKHO CYUTATh (DUKCUPOBAHHBIMU CUJIOBBIMU IeHTpaMu. [Ipu cmermennn
SI7IEP JIEKTPOHBI OBICTPO MEPECTPAUBAIOTCS, TAK YTO MOXKHO PAacCMATpPH-
BaTh PABHOBECHOE COCTOSIHUE CHUCTEMBI JIEKTPOHOB MPU (DUKCHUPOBAHHOM
TIOJIOYKEHUH S7EeP, MOIarasi, 9T0 B JJI0OOM MAKPOCKOIUYIECKH MAJIOM 00beMe
COXPAHSIETCsI IEKTPOHEHTPATBHOCTb.

Bynaem cumrtarh, 9TO pABHOBECHOE COCTOSIHUE CHUCTEMbI JIEKTPOHOB C
YI€TOM WX B3aMMOJIEHCTBUSA C siAPAME M MKy OO0 COOTBETCTBYET HAU-
6oJtee BepOSTHOMY PACIIPEIETICHIIO SJIEKTPOHOB 0 SHEPTUSIM [IPU YCIOBUH,
YTO HOJTHAS YHEPTUsI CUCTEMBI 3JIEKTPOHOB M X ODIIee YHCII0 COXPAHSIOTCS.
[Morennman s mHaudosee BEpOSTHOTO PACIpPEe/IeHnsT SJIEKTPOHOB Oy 1eT
VIOBJETBOPSATH HeJmHEeHHOMY ypasHenwio Ilyaccona, cBs3bIBaioemMy ca-
MOCOTJIACOBAHHBI MMOTEHIINAJ C 3JIEKTPOHHOH MJIOTHOCTHIO.
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§ 1. Mogeap Tomaca—Pepmu JjIsi BelrecTBa
C 3aJaHHOI TeMIepaTypoil U IJIOTHOCTBHIO

1. O craructuke ®epmu—/lupaka /Jjisi CHUCTeMbI B3auMOdeCT-
BYIOIIUX 9acTull. [Ipu BHICOKUX TeMIepaTypax JOCTATOYHO COBEPIIEH-
HO¥ ¥ IIPOCTOM B peain3aluy siBJIsieTcsi 000buw,entas modeav Tomaca—Dep-
mu [138]. B ocroBe 060011eHHO# Moen Tomaca—®epMn JIEXKHUT HCIOIB30-
panmue craructuku Pepvu—/Inpaka m KBa3UKJIACCHIECKOTO TMPUOIMKEHUS
JJISI 9JIEKTPOHOB, T.€. 3JIEKTPOHBI ATOMOB IIPEIIIOJIATAI0TCs HEIPEPBIBHO
pacmpenesieHHbIMA B (PA30BOM MPOCTPAHCTBE B COOTBETCTBUU CO CTATUCTH-
koit ®epmu—/dupaka. Pacopenemnenne @epvr—/lupaka 0ObITHO BBIBOIUTCS
JJISL CIydasi UIeaJbHOIO Ta3a BO BHEIIHEM I10JIe, KOI'/Ia MOYKHO FOBOPUTH 00
YPOBHSX 9HEPIUH £}, OTJAEAbHOIN JacTuipl (cM., Hampumep, [61]). IIpu atom
MIPE/IITOJIATAeTCsl, YTO MOJIHAA YHEPrusi cucreMbl F paBHA CyMMe dHepruii

OT/JeJIbHBIX YaCTHIIL:
E = E Nkf;‘ ks
k

T.6. B3aMMOJIEHCTBUEM JIEKTPOHOB JIPYT C JAPYyroM mpeHebperaercs, Gia-
rojiapsi 4eMy 3HAUeHUsl JHEPIHil JIEKTPOHOB £ HE 3aBUCIT OT YHUCEN
3anonierns Ny . DTH UCXOIHbIE IPEINIOIOKEHUS /111 AaTOMHBIX 3JIEKTPOHOB
HENPUMEHNMBI, TaK KaK, BO-NEPBBIX, HEJb3sl MpeHeOperaTh WX B3aMMO-
,Hef/'ICTBI/IeM ", BO-BTOPDBIX, ITOJIO?KEHHE SHEPreTUICCKUX ypOBHeﬁ ATOMHBIX
3JIEKTPOHOB 3aBUCUT OT HACEJEHHOCTH yPOBHEI.

ITpusenem BoiBOI pacupenenenns: Pepmu—/lupaka, yIuThBAOMAN Ky-
JIOHOBCKOE B3aUMOJIEHCTBIE MEXK Y JIEKTPOHAMHU B TIPUOIUKEHUN CAMOCO-
[JIACOBAHHOTO TOJIsl. ByieM TpemnonaraTh, YTO HAIA CHCTEMA 3aKIF0UeHa,
B HEKOTOPOM (DUKCHUPOBAHHOM OObeme. JIJisi OMHOMEPHOTO Ciydasi, KOTIa
9JIEMEHT TLIOMIAAM (a30BOT0 MPOCTPAHCTBA paBeH dx dp (r — KOOpMHATA,
P — HMIIYJIbC), C TIOMOIIbIO MPABUJIA KBaHTOBaHUsT Bopa—3ommepdernbia
JIETKO TOKAa3aTh, YTO HA OJHO KBAHTOBOE COCTOSIHWE MPUXOIUTCS ILJIO-
maab 27h. Eciu yyecTs Hamwume CIiMHA y 9JI6KTPOHA, IPUBOISAIIEE K YIBO-
€HHUIO YHUCJIa COCTOAHUI, U BOCIOJb30BATHCA ATOMHON CHUCTEMOU €IVHWUI],
(e=1,m =1, h = 1), T0 nocJie ecreCTBEHHOro 000BIEHUsT PE3YJILTATA JIJIs
OJTHOMEPHOTO CJIy4asi HA TPEXMEPHBIH Oy IMM, 9TO B KBA3UKIACCHIECKOM
MPUOJMKEHIN YHUCI0 BO3MOXKHBIX COCTOSTHUH 3JIEKTPOHA, MPUXOISIIEECS
Ha 37eMeHT obbema (a3oBoro mpocTpancTsa di dp, pasHo 2 dFdp/(2m)?
(§ — ummynbc snekrpona, dif = dx dy dz, df = dp,dp,dp.). Dta BeanduHa
COOTBETCTBYET CTATHCTUYECKOMY BECY (i YDPOBHs ¢ 3Heprueii ¢ (k —
COBOKYITHOCTb KBAHTOBBIX YHCEJI, XAPAKTEPU3YIOIIUX COCTOSHHUE).

Ecnu n(7, ) — crenenb 3amojHeHusi PACCMATPUBAEMOrO COCTOSTHUSL, TO
MOJTHOE YHCJIO SJIEKTPOHOB B CUCTEME
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N= // (7, 7) 2‘”;1” (1)
N:/p(r

rae p(7) — MIOTHOCTH 3JEKTPOHOB (TOYHee, uxX KoHueHTpanus). CpasHe-
uue ¢ (1) maer
7.7) 2dp
o) = [ nd5) . )

Haiinem mosHyto sHepruto cucrembl 3nektponos E. Ilycrs V(7)) — mo-
TEHITNAJ, CO3IaBAEMBI 3JIEKTPOHAMI W ATOMHBIMHU SIIPAMHU C 3aPIIOM Z :

C apyroit CTOPOHBI,

V() = Va(F) + Ve ()

(Ve () — norenuuas 31€KTpoHoB, V, (7) — norenuuas aromubix siaep). [lo-
TeHIAJIbHAA SHepFI/IH BBaHMOﬂeﬁCTBHH 3JIeKTpOHOB C aTOMHBIMHA ﬂﬂpaMI/I
U JPYTUMH 3JEKTPOHAMHI

B, = - [ oOWValF)dr+ 5 //’)(’“p ") g di,

HOSTOMy CyMMa KUHETUYIECKON M MOTEeHIUAJIbHOMN 9HEPIrur CUCTEMBI JJIEK-
TPOHOB B HEPEJIATHUBUCTCKOM HpI/I6J'II/I}K€HI/II/I Ja€TCs BbIpazKeHUEM

B= // [——v F)] (7, 5) 2(‘;;‘11’ / / ﬁf ) grai. (3)

B coorBercTBUM C OCHOBHBIM IIPEIIIOIOKEHHEM CTATUCTUYECKON Tep-
MOJMHAMUKHU Oy/I€M MCXOIUTh U3 TOTO, YTO 3AMKHYMAAL CUCTIEMA MOHCEM
HATOOUMBCA € PABHOT BEPOAMHOCTLIO 6 A60M CONYCMUMOM CIMAUUO-
HAPHOM KEAHMOBOM COCTNOAHUU. TaK KAK Mbl CYMTAEM JHEPIUI0 CHCTEMBI
371eKTpoHOB F (bUKCHpPOBAHHON, TO BEPOATHOCTH JAHHOTO KOHKPETHOTO
pacipejiesieHusi 3JIEKTPOHOB OYIEeT IIPOIMOPIMOHABHA YHUCIY CIIOCO0OB,
KOTOPBIMHU PEAJIN3yeTcsi JAHHOE COCTOsiHWE Npu (DUKCUPOBAHHON IIOJIHOM
snepruu F u obiem 9ucie 3J1eKTpoHoB V.

IIycrs S — Jsiorapudm 4dmciaa JAOMYyCTUMBIX COCTOSIHUN CHCTEMBI, T.€.
surponus (58, 160]. Ecau npeanonokuTh, 9T0 MOXKHO TOBOPUTB O COCTOsI-
HUAX OTIEJLHOIO 3JIeKTPOHa B moje V (7), [jis KOTOPbIX B COOTBETCTBUU
¢ npuntunom [laymun Ny < gi, TO Npu 3aJaHHBIX YUCIaX 3amoaHeHus Ny

k!
= JJC) =D I .
— ! !
o S (g = NN
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st mcnonp30Banus 3TOM (HOPMYJIbI HET HEOOXOIMMOCTH IIPEIOIaraTh,
9TO YACTHIIHI HE B3auMOIeHCTBYIOT. JlocTarouro, 4Tobbl BOIM3U paBHOBEC-
HOT'O TIOJIOYKEHUSI [IPY U3MEHEHUHU YUCeJT 3aII0/IHEHUS] 3JIEKTPOHHBIX COCTOsI-
HUT Nk HEe U3MEHAJIOCH KOJNYIECTBO 3TUX COCTOSAHUU U UX CTATUCTUICCKHIE
Beca.

Ucnonb3oanue dopmyssl Crupaunra n! & v/2wn(n/e)” nusa dakro-
puajoB OONMBIINX YKCes, Koraa n > Inn, maer

S=> lgrIngs — (g& — Ni)In(gx — Ni) — NiIn Ny =
k
gk N
= In———— — Nyln———| =
;[gk gr — Ni ‘ gk_Nk]

= ng [nk Inng + (1 —ng) In(1 — ny)]
k

(nr, = Ny /g, — crenenp 3anomaennst cocrostus k). Orcroza B KBa3uKIac-
CHYECKOM NMPHUOIVXKEHNH JJI1 SHTPONUH S MOIydaemM

2 dpf
S:—/ [nInn+ (1—n) 1n(1—n)](27)§’, (4)

rne n = n(7,J), u Mbl OpeanonaraeM, 4To 31eMeHT (Ha30BOro obGbema
dF dp sBJisieTcsi MAaKPOCKOTIMYECKH MAJIBIM, OJHAKO COIEPIKUT JTOCTATOTHO
0OO0JIBIIIOE YKCJIO YACTHII.

Hano naiitu Takue creneHu 3amo/HeHns JIeKTPOHHBIX cocTosHuit (7, ),
[IPU KOTOPBIX BEJIUYNHA, S MAKCUMAJIbHA TIPU 33/IAHHOI MOJTHOMN sHeprun F
¥ Ipu 33JaHHOM o0mmeM uucie 3nekrporos IN. CiaenoBaresbHo, Hanbosee
BEpPOSITHOE pacIpesie/ieHre MOXKHO Halitu, momaras 0S5 = 0 u Bapbupys
BesnnunHbl (7, P) Tpu MOCTOSHHBIX 3HaueHusix E u N. Ytobel cuntarh

Bce Bapuaiuu On(7,p) = On He3aBucHMMbIMHU, OyJeM pemarb 3ajady C
[IOMOIIIBIO BBEIEHNsI HEOTIPEIETIEHHBIX MHOXKUTeel Jlarpamxka A; = —1/6
u Ao = p/6:
1 jZ
5S—§6E+55N:0. (5)

Kax Oyzer sicHO U3 HajbHeHIIero, BeJINYNHA, [t UMEET CMBICII XUMUAYECKOTO
nmoTeHnuaia, a § — TemMrepaTyphbl.
Beraucnum, ucnons3yst (1)—(4), sapuamun 0.5, 0E u N, Bxopsume B (5):

B 1—n)\ 2d7dp
65—//5nln< - > o



§1. Modeav Tomaca—DPepmu daa eewecmsa ¢ 3adannot memnepamypot 19
2dr dp
= // on (vt )> 2 *
// dd-"+ // _,F)dd-":
e =7
2dr dp -
/ 5n< Va (7 )) 2)3 / 6(")|_,__, 7 dF

Tak kak
L p(F) di"] 2dFdp
//5 dd //5”[/ . *'|] @
//6nV (7)=LP Qd”dp
TO

e [ o5 -vo] T

T.e. ;g Bapuanuu 0E B camocorsiacoBanHoM nojsie V() mosiyveHo BbIpa-
JKEeHHe, KOTOpoe (POPMATBLHO COBINAJAET C COOTBETCTBYIOIIUM BBIPAKEHH-
eM I HEB3aMMOACHCTBYIONIMX 3JEKTPOHOB, HAXOISAIIUXCA BO BHELTHEM
nosne V(7).

Hamee, 09e€BUIHO, NMEEM

2drdp
5N = / / on gt

IMoacraBsisa BbpaskeHus il BAPUALMI B yCJI0BUe IKCTpeMyMa (5), oty aum

/ on(F, 7) [ml;” —% <%2—V(F)—,u>] 2(;1%;135:

B cuny npoussonbHoCTH Bapuaiuii 0n (7, ) JOIXKHO BBITOTHATHCS YCIOBHE

1-n 1 /p?
In - —5<7—V(7")—,u>—0,
OTKYy 12
1
n(r,p) = 5 = - (6)
v [PV

Takum 06pa3oM, y9Ier B3auMOAEHCTBUS MEeXK/Ty 3JIeKTPOHAMU ITIPUBOIUT
K pacnpezaenennto Pepmu—/lupaxa (6), €ciu BOCIOIB30BATHCST BBIPAYKEH-
em (4) ayig sHTpONUM. 3aMETUM TaKXkKe, 9TO TpeboBaHMEe MAKCHUMYyMa JH-
Tporuu npu GUKCUPOBAHHOI Heprun F U 3aJaHHOM JHCJIEe 3JIeKTPOHOB [V
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9KBHBAJIEHTHO TPEOOBAHMIO MHUHHMYMa OOJIBIIOrO TEPMOANHAMUYECKOTO
norennuana } = E — S — uN npu 3amansabix pu 6 (cm. (5)).

2. BreiBoj ypaBHeHuda Ilyaccona—®epmu—/Iupaka g aToMHO-
ro moreHnmaJa. Pacnpegenenne (6) u dopmyna (2) mO3BONAIOT HAATH
IJIOTHOCTD 3JIEKTPOHOB:

5 [ty

V106HO ciienaTh 3aMeHy TiepeMeHHoil nHTerpuposanus y = p?/(26), Toraa

TTOJTY IUM
(26)% V() +p
72 Il /2 9 ;

° k
_ Y~ dy
Iy(z) = / 1+exp(y — )
0

p(F) = (7)

— byskuus Pepyn—/lupaxka [163].
3nas Bbipaxkenue st p(7), MOXKHO HOJIyYUTh yPABHEHUE JIJisi OTEH-
umana V(7). JeiicrBurenbro, norennuman V (7) yI0BIeTBOPsieT yPABHEHUIO
IIyaccona
AV = —4r Y Z6(7 - %) + 4mp(F),
i

rue 7; — pajamuyc-BekTop i-ro sapa. Vcnonb3ys (7), nomydaem

AV = —dx 3" Z6(7 - 7) + 2 (201, <M> C®
, s 0
k3

Vpasuenue (8) ¢ rpaHmdHbIME ycjioBusMu i V(7)) mo3Bosiser B
MPUHIIKATIE ONPEJEIUTh CAMOCOTJIACOBAHHBIN MOTEHIUAJ [JIst JI000ro 3a-
JAHHOTO pactosokenus saep. OAHAKO OYEBUIHO, YTO PEIIeHHe TaKOM
3a/laMu HEBO3MOXKHO M ee IOCTAHOBKy Tpebyercss ynpocTutb. OObrino
HAXOIAT cpenuuii morentman V (7) B HeKOTOpO#H obmacTu BOIM3U siapa,
IIOJIOZKEHHE KOTOPOTO NPUHUMAETCS 33 HAYAI0 KOOPAUHAT.

Yrobbl MOMyYnuTh Cpeaauii moreHnuan V (7), NpousBeneM OCpeIHeHHe
norenimaia V (7) no pasaudabiv nojoxkenusam saep. Cpemanuii noreHmmal
6y/1eT C(bepI/I‘{eCKI/I-CI/IMMeTpI/I‘{HbIM, €CJid B HJIaBMeNOTcyTCTByeT BBIICJICH-
Hoe Hanpassenue. Ypasuenue Ilyaccona (8) mua V(r) mpu 0 < 7 < 79
UMeeT BUJL

AV = —47Z6(F) + % (20)3/°1, 5 (W) ; 9)
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Te BeJIUInHA 7o ONPEAEeIdeTCda U3 YCI0OBUA SHGKTpOHeﬁTp&HBHOCTH

To

4 | p(r)yr? dr = 2, (10)
/

p(r) — coorBercrBytomas V(1) cpelHsis mWIOTHOCTD 31€KTPOHOB. U3 ycio-
Bust (10) u ypasaenns (9) ¢ moMoIbi0 TeopeMbl I'aycca MOKHO MOy 9UTH

rpaHuYHOE ycioBue st V (r)

dv

T=To

Kpowme Toro, Tak Kak mOTEHIIHAJ OMPEIEIAeTCs C TOYHOCTHIO /10 TTOCTO-
SHHOT'O CJIaraeMoro, IpuMeM

V(ro) = 0. (12)

B kauecTBe 19, BMECTO TOr0, YTOOBI OIPEEJISITh €r0 U3 YCJIOBUS JIEKTPO-
HefirpanbrocTa (10), €CTECTBEHHO UCIOMB30BATEH CPEIHUIN PAINYC ATOMHO
AYelKU, OnpenesisieMblii U3 yCI0BUs

Zm(roag)’n =1,

3
rne n = pN,/A — gucio sgep B eamHuie obbeMa, T.e. WX KOHIEHT-
pamusa B 1/cm®; p — miorHOCTH BemecTBa B T/cM®; A — aToMHbIH Bec;
N, = 6,022 - 10*® — nocrosunas Asorajgpo; ag = 0,529 - 1078 cm —
aToMHasA eauHUNg, mmHbl. OTCIona

1 /3 A\ A3
- (2 Z) = ). 1
" <47r pNA) ’388<p> 13

Takum 06pa3oM, 00bEM ATOMHON sT9€HKH TPEAINOIAraeTCs PABHBIM
00beMy, IPUXOSIIEMYCs B CDEJHEM HA OJMH ATOM B BEIECTBE C 33 JaHHON
IOTHOCTBIO p. B masbueiimem Bmecro V(r) u p(r) mbl GyaeM UCIOAB30-
BaTh obozHauenusi V (r) u p(r). Kpome Toro, st 3JeKTPOHHON IMJIOTHO-
cru p(r) Gyzer, KAk OPABUJIO, YKA3bIBATHCs 3aBUCUMOCTD OT PACCTOSHUS T

B OTJIMYKE OT ILUIOTHOCTH BELIECTBA, p).

3. ITocranoBka KpaeBoii 3amaum. Ilepexons B (9)—(12) k cde-
PUYECKUM KOOPJIMHATAM, MOIYdYuM Jjisi norenimasia Tomaca—Pepmu V(1)
yDaBHEHUE

e =2enrn, (BUE) 0<r<m) o
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C TPAHUYIHBIMU YCJIOBUAMN

PV (F)eo = Z, V(rg) =0, d‘;ff) =0. (15)

T=To

st perienust ypasHenust (14) 10CTaTOYHO ABYX yCIOBUiA, TPETHE YCIO-
BUE CIIyZKUT JIJId OIPEICJICHUA 3HAYCHU A XUMUYIECKOTrO TOTEHITNAJIA [L. HpI/I
YHCJIEHHOM WHTErpUpOBAHUM ypaBHeHus (14) ymoOHO UCKIIOYHUTH [ U3
npaBoil YacTu ypasHeHust u BMecTo dyHkimu V (1), Koropast npu r = 0
obparraercs B OECKOHEYHOCTD, UCIOIB30BATH OrpaHWIeHHyo mpu 1 — 0
dyukimo. I[Toaromy crenaem 3ameny

V(ir)+p _ @)
0 oo
B PE3yJIbTATe KOTOPOH IIOIyYnM ypaBHEHHEe

2o 4 ®
d = ;\/% 7’]]_/2 (?> (0 <r< 7’0). (16)

dr?

Dyukiys P(r) momKHA yIAOBIETBOPIATH TPAHUYHBIM yCIOBUIM

Z 4 ()
T8 dr r

T=To

YaobHo TakKe OT HE3aBUCHMOW MEPEMEHHOH T TepedTn K Oe3pasmep-
HOIl mepeMeHHOW = = 7/rg, 4r00bl HpU JHOOOIH IIJIOTHOCTH BEIIECTBA
[IPOU3BOIMTHUHTEIPUPOBAHIE YPABHEHUsT HA OJTHOM U TOM YK€ WHTEepBaJie
0 < z < 1. Ilocste 3amMeHbBI TEPEMEHHBIX

o) _ o) v

T T i)
MIPUXOAUM K YPaBHEHUIO

d? 4
% =ax 1) (%) <a = 26 r%) , (17)

C TPAHUYHBIMU YCJIOBUAMN

60)= 2. #1)=e(1). (18)

- 97“0’

Yenosue V(rg) = 0 mo3BosisieT MOC/IE PelleHus! [IOCTABICHHON KPaeBoil
sazaun (17)—(18) maiitn xumudeckuil norenuuas. Nveem

V(ro) +p _ d(a)
0 T
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re. u/0 = ¢(1). Hapsimy ¢ XUMHYECKUM MOTEHIUATIOM [t YAOOHO HCIIOJb-
30BaTh COOTBETCTBYIOINLYIO My 0€3pa3MepHYIO BeJININHY

7)=—§ —¢(1),

KOTOpPasi IPHU BLICOKUX TEMIEPATYPAX IMOJOKUTEIbHA (€C/IH IIOTHOCTD He
CJIMIIIKOM BEJIMKA, cM. puc. 1.6).

4. Ilotenruan Tomaca—®Pepmu Kak periienue ypaBuenusi Ilyac-
COHa, 3aBUCHIIee TOJIBKO OT ABYX IepeMeHHbIX. Ypasaenue (17) ¢
rpaHuYHBIMEA yeaoBusivu (18) pemiaercsi /1jisi BEIECTBA C aTOMHBIM HOMe-
pOM Z W aTOMHBIM BeCcOM A, KOTOpOe HAXOAUTCS B 33/IaHHBIX (DU3MIECKHUX
yCJIOBUAX, Xapakrepusyembix Temneparypoit 7' B k3B (0 = 36,75T) u
IJIOTHOCTBIO p B T'/cM®. OIHAKO HETPY/HO 3aMETUTh, YTO PerieHue 3Toil
3a[a4M ONMpEIeIAercs JUb AByMs Beqmampamu, a = (4v20/7)r2 u
¢(0) = Z/(0r¢), KOTOpBIE YHOOHO BBIPDA3UTH UEPE3 HOBBIE IIEPEMEHHBIE
o =p/(AZ) u 7 = T/Z*/®, urpaiouse poib NPUBEICHHON MIOTHOCTH 1
MIPUBEIEHHON TEeMIIepATyPhI:

7172 ol/3

a=2103—5. 4(0) =0, 0196—

BajaHue BeIWYMH 0 W T onpezenser (GyHKIu ¢(r) u OGe3pasMepHbIi
XUMHUYecKuii moreHmmarn n = —¢(1).

Takum 06pa3oM, ecIu TPOBEIEHBI pacyeThl moreHnuata Tomaca—Depmu
JJisi Hekoroporo BemiectBa (Ajp, Z;) npu temmeparype 11 ¥ IUIOTHOCTH
p1, TO WX MOXKHO HWCIIOJIb30BATh Jjisi apyroro semectBa (Ao, Zs) mpu
Temmeparype T U IIOTHOCTH P, OIPEIEIIEMbIX C IIOMOIIBI0 COOTHOIIIEHUIA

pL P2 Ty _ 13
AZy o AsZy ZM gl

[Ipu sTOM XMMWYECKWE TTOTEHIUAJBI [i7 U [io CBSI3aHBI COOTHOIIEHW-
eM p1/61 = p2/02 = —n. PaccMoTpeHHOE CBOWCTBO aBTOMOJEIBHOCTH
[O3BOJIIET OJIY4aTh HEOOXOAUMbIE JaHHbIE (BHYTPHUATOMHBINA OTEHIUAIL,
BHYTPEHHIOI HEPIHUIO, SHTPOINIO, JABJIEHUE U T.I1.) JJIsI JTF0OOTO BEIECTBA,
€C/Ii TIPeIBAPUTEIHLHO IMPOBEIEHBI PACYeThl JJIsi OJHOTO W3 BEIIeCTB B
JIOCTATOYHO IIHPOKOi 0OIACTH TEMIEPATyp K IIOoTHOCTel [47].

5. OcuosHabie cBoiicTBa pyukimii Pepmu—Aupaka. [js pemre-
uus 3anaun (17)—(18) momnesno 3uHatTh cpoiicTea dyHkumit Pepmu—Iupaka

o0

/ y" dy (k> —1) (19)

1+ exp(y —x)
0
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U YMETH UX BbIYUCTATD. TaK KaK XUMHUIeCKU noTeHOUaJ (4 MOZKET ITPpUHW-
MaTb NOJIOZKUTEJTbHBIE 1 OTPUIATEIbHbIC 3HAYCHUA, TO QPTYMEHT (byHKI_[I/II/I
I (z), kak BumHO u3 (14), MOXKeT MEHSTbCS B MIMPOKUX mpemesax. [1o-
9TOMY HOJIE3HO U3YYUTh aCUMOTOTHYECKOe nosejenue dbyukuuu Iy, () npu
T — Foo.

fy)
1 4
05 \\\ \ .
00 10 20 30 40 50 60 Y
Puc. 1.1. CewmeiictBo Kpussix f(y) = _ npu = = 0, 10, 20, 50

1+ exp(y — z)

a) Iycrs ¢ <« —1. Torga, npenebperas enuHulell B 3HAMEHATEJIE
unTerpaa (19), nosyaum

Iy (z) =~ / e Vykdy =T(k+1) €. (20)
0

CrieroBaTebHO, TPU OOJBIKUX TI0 MOIYJII0 OTPUIATEIbLHBIX 3HAYEHUIX
apryMeHTa

1 T 3 T
Ls(z) = 5\/7?6 o Izpp(z) = Zﬁe . (21)

b) Mycrb x> 1. Tak kax rpaduk HyHKIUNT

1

Hly) = 1+ exp(y — z)

umeer Buz crynenbku (puc. 1.1), To npu dbukcupoBaHHOM 3HaUeHUU T > 1
nMeeM

I () Rﬁ/ykdy= T (22)

2 2
B wacrnocrn, Ij/5(z) &~ 3 232, Iyy(z) = 3x5/2. Takum 06pa3oMm,

dbyuxuust I (z) mocraTouno nmpocro uzobpaxkaercs Ha rpaduke (puc. 1.2).
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I (z)
20 t
15 r

10 1

5 |
k=—-1/2
-3 -2 -1 0 1 2 3 4 =

0
Puc. 1.2. ®ynkuus I (z), k= —1/2,1/2, 3/2

JlanbHeinme YIeHbl PA3I0KEHUsI B ACAMIITOTHYECKUX TIPEICTABIEHNU-
ax (20), (22), a Takzke JOCTATOYHO TOYHbIE TAOIHUIBI B HHTEPIOJISAIUOHHBIE
dbopmysbl ansa serauncaenust Gysxuumit Iy, () MoxkHO Hajitu B cTarbe [131].

B sakitouenue BoiBegem dopmysty auddeperimpoBanus ajisi QyHK-
an I, (x):

T d 1 T.d 1
I'(2)= e == =
(@) /y dx (1+exp(y—w))dy /y dy (1+exp(y—w))dy
0 0
o s kyk—l
k
gy —  —kl._ .
y 1+exp(y—az)0+/1+exp(y—x) k-1(2)
0
Takum obpazowm,
I () =k Ij—1(z). (23)

6. Mo/ieslb TOCTOSIHHOU TJIOTHOCTH CBOGOJHBIX 3JIEKTPOHOB
[IpU BBICOKMX TeMIepaTrypax. Korma KHHeTudIecKkas SHEPrHsi SJIEKTPO-
HOB BEJIMKA 110 CPABHEHHUIO C TIOTEHIMAIBHOH, T.e. V (r)/0 < 1 B Gomnbueit
9aCTU ATOMHOM sT9€fKHU, YTO COOTBETCTBYET JIUOO BHICOKAM TEMIIEPATYPaM,
IJIOTHOCTH BEIECTBa, Mbl nosydaeM u3 (7) JJisi IIOTHOCTH 3JIEKTPOHOB B
aTOMHOI A4elike

3/2
o) ~ p(ro) = B2 1 o) = (24)

B nannoM ciydae pe €CTb, IO CYIIECTBY, IJIOTHOCTH CBOOOIHBIX IJIEK-
TPOHOB, KOTOpPas PAaBHA TMOCTOSHHON IO MPOCTPAHCTBY Bejaumunue. Fciwm
Zy — CpemHUil 3aps] MOHA, TO, OYEBU/IHO,

Zy

Pe = Wmary (25)
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Samerum, uro dopmysa (24) MoxKeT ObITh CIPABEIJIUBA HE TOIBKO IIPU
V(r)/8 <« 1, Ho Tak:Ke U B CjIy4ae BBIPOXKJIEHHOIO 3JIEKTPOHHOIO ra3a,
korga V(r)/6 mocrarouno Benuko, HO npu 31oM V(1) /0 <K —1).

Coruyiacuo (24) u (25) mis cpejiHeii CTENEHU UOHUBAMU (¢ TIOJLY IUM

(
Zy _4m 41 (20)%? _ AT3/% 2
Lya(=n) = 317,5 ——— AN

Z 37 22
(T — Temmeparypa B k3B, p — miaorHocth Bemectsa B r/cm®). 13 (26)
BHUOHO, 9TO Cpe€AHAA CTCIICHb HOHU3AIIUU ABJIACTCA beHKHHeﬁ IIepEMEHHBIX
o=p/(AZ)uT=T/Z*3 re. a=a(o,T).

IIpu n > 1 craructuka ®Pepmu—/lupaka nepexoauT B KJIACCHYECKYIO
cratuctuKy Bombimana. cnombsys acumnrotuky dbyskmmm I 5 (2) mpn
GOBIINX OTPUIATENBHBIX 2 (cM. (21)), Jyist cpesHeil cTeneHr HOHU3AIMN
KJIACCUYECKOHN 1/1eaJIbHON IIJIa3MBbl IIOIYy YUM

Lip(—n)  (26)

AT3/2 B
a=317,5———e".
pZ
Korpa sdgdexkTuBHbI pasMep HWOHHOIO OCTOBA T = r*, BEJIMYHUHY

KOTOPOT'O MOXKHO OIIEHWTH W3 PACIPEeSIeHUsT IJTEKTPOHHON MJIOTHOCTH
(cM. §1 w3 . II, puc. 2.3), MHOrO MeHbIIle PA3MEPOB ATOMHON sTUeHKH,

rV(r)
60
40

20

O 1 2 3 4 5 6 7

Puc. 1.3. Dyukuuu rV(r) no mozmenun Tomaca—PepMu (CILUIOIIHbIE JIMHUK) U B
IpUGIMIKEeHIN TOCTOSHHOM INIOTHOCTH 3J€KTPOHOB (IITPUXOBbIE JIMHUNA) IJIsI 30JI0TA IPU
mwrornoctH p = 1 v/cm® u pasnuunbix 3mauenuax Temmeparypbi T B k9B

yenosue V(r) /6 < 1 MOXKeT BBINOIHATHCS IOYTH BO BCel stueiike. B arom
CIyYae Mbl IIPUXOAUM K MOJeIn MOCTOSHHOH MJIOTHOCTU CBO60,Z[HbIX QJIEK-
tponos. Eii coorsercrByer norennuasn V (), onpenessemblii U3 ypaBHEHH
AV = 47p,, ¢ yeaoBUIMA

av

rV(r) =Zoy, V(ro) = o =0.

r=0 r=ro
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B pesynbrare Haxomum

Zo 3r 1/7\°
Vi)=221-2—+=(=) |. 2
(r) T 27’0+2<7’0> ( 7)

Ha puc. 1.3 npusenensl kpusble 'V (r) Npu pasiuvHbIX 3HAYEHUSIX
TemMneparypbl g noreniuana Tomaca—Pepmu u norennmana (27), a B
Tabsi. 1.1 TpUBEIEHBI COOTBETCTBYIONINE 3HAYCHUS XUMUIECKOTO TTOTEHIIN-
ajia 1, cpeaHero 3apsiza nona Zg (cM. (26)) u 3¢ deKTUBHOrO pauyca NoH-
Horo ocrosa r*. Kak u ciienoBasio oxxugarh, noreHuual (27) u noTeHmual
Tomaca—®epmu Onu3ku npu r > r*, a npu r < r* CHIBHO OTJIMYAIOTCS,
YTO XOPOMIO BUAHO u3 puc. 1.3 u tabdm. 1.1.

Ta6auna 1.1. IlpuBeneHHbI XUMHYECKHH IOTEHIHWAJ] 1), CPeJHUN 3apsAx uoHA Lo,

3¢ deKTUBHBIN paJUyC HOHHOTO OCTOBA 7~ 1m0 Mozenu Tomaca—Pepmu s 30/10Ta IpU

WIOTHOCTH p = 1 r/CM3 ¥ Da3IMYHBIX 3HAYEHUsX Temueparypsl T B k3B (paguyc
aTOMHOH sideiiku ro = 8,08)

T 0,01 0,1 1 10
n 2,78 4,75 6,99 10,1
Zo 3,80 17,1 57,8 77,9
r* 3,63 2,58 0,83 0,11

Mopenp MOCTOAHHON NJIOTHOCTH 3JIEKTPOHOB, KaK BUIHO U3 puc. 1.3,
MOZKET CJIIYZKUTH XOPOINUM HaYaJIbHBIM HpI/I6JII/I}KeHI/IeM OJId MOJEJIN TOMa,—
ca—®epmu, Kak, BIpoUueM, u caMa Mojiesib Tomaca—®epMu pu TOCTPOSHUN
6oJIee COBEPIIEHHBIX KBAHTOBO-CTATHCTUYIECKUX MOJIETIe.

7. Mogaeap Tomaca—Pepmu /iJjisd TeMepaTypbl paBHOI HYJTIO.
Vpasuenue 151 norennuana Tomaca—®Pepmu ipu § — 0, korga 0 < p, T.e.
7 < —1, MOKHO MOJYYUTH C TIOMOINBIO TIPeAeNbHOro nepexoaa u3 (14),
ucrnomb3ys (22):

1 & 4 V() +u)*?
L V) = o (KO (28)
(kax BumHO u3 (28), Temmeparypa § mpH ITOM COKDPAINAETCs). YI0OHO
BBECTH HOBYIO (DYHKIIUIO

Bo(r) =r[V(r)+ul, (29)
YOBJIETBOPSIOINIYIO YPABHEHUIO

®  8V2 3
\/_ = 5 "I)o/

r W = 3 (0 <r< 7’0), (30)
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KOTOpOE HCCIeJ0BaIOCh BO MHOTHX paborax [137, 169, 215]. Ypasuenue
Bua (30) copaBeiuBo NpU GOJIBIIMX OTPULATENHHBIX 3HAYEHUSAX 1), YTO
MOKeT BBIMOJHATLCS He TOJbKO mpu # — 0, HO W TPH JTOCTATOYHO
BBICOKHX TEMIIEPATypPaX B CJIydae CUJIbHBIX CXKATHI, KOTJA SJIEKTPOHbI
MIPEACTABJSIOT cOOOi BBIPOKIECHHBIN (hepMu-ras.

§ 2. MeToabl YNCJIEHHOIO MHTErPUPOBaHUS ypPaBHEHUS
IJist moTeHnnajga Tomaca—Pepmu

1. Mertoa «crpeabbbi». I'pacdbmku JIsrrepa. IIpensapurenbHo
[IPOaHAJIU3UPYEM KAUECTBEHHOE OBeieHue perienus ypasuenus (17) u3 § 1

d? 4
%:aaﬂlp <§> <a:; 2072, 0<:13<1>, (1)
YIOBJIETBOPSIOIIErO TPAHUYHBIM yCIOBUSIM
Z /
0(0) =5 o) =¢'(1). (2)

Tak kak ¢" > 0, To kpuBas ¢(x) na unrepsane 0 < x < 1 HanpaBjeHA BbI-
nyKJI0CThio BHU3. st crygasa n > 0 (n = —¢(1)) umeem ¢(1) = ¢'(1) < 0.

0 0,5 T
Puc. 1.4. Xapaxrepusiii npodbuns dbyskunu ¢(z) (cwombas auHusg), € = 7/ro
u npsaMmas y = —nz. Pacder nposenen anas 3omota: T'=0,1 k3B, p=1 F/CM3

Ecnu yuecrb, uro norenuman V(r) naubonee CHIbLHO MEHSIETCS [PU Ma-
JBIX T ¥ 9TO B To4YKe & = 1 KpuBasi ¢(x) KacaeTcs NpsAMOil y = —nz, TO
HOJIyYUM XapaKTepHbId npoduib ¢(x), KOTOphIil n300parxken Ha puc. 1.4.
ITpu uuciennoM umHTErpupoBaHuu ypasHenus (1) ygo0HO HAYMHATHL CUET
or £ = 1 BJIEBO TpHU 33JaHHOM MPOOHOM 3HAYEHWH 1), 3aTE€M NPOBEPSITH
BBINIOJTHEHNE IPAHWYIHOTO yCioBus ipu & = 0 U B AaJbHeilem, n3MeHsis 1),
BECTH «CTPebOy» [0 nomaganns B «ueinby> ¢(0) = Z/(0rg) ¢ nomorpo
HEKOTOPOTO aJTOPUTMA YMCJIEHHOTO WHTErpUpOBaHus ypapHenus (1).
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Tak kak dyHkuug ¢(x) CUIBLHO MEHSAETCA MPU MAJBIX T, TO JIydIle
BECTH CYET C TIEPEMEHHBIM IIArOM II0 T WK C TIOCTOSHHBIM, HO IO HOBOIA ITe-
PEMEHHOM, HAITPUMED, O TIEPEMEHHOM u = /T, nenawomeil npoduis ¢(u)
6ostee mostoruM. TOIHOCTD BBIYUCIEHMI OyIeT 0DecevYeHa, eCjiu BOCIOIb30-
Barbcst MeTooM Pyrre-Kyrra ¢ aBroMarndecknm BoIOOpoM Imara [12, 96].

IIpu ucnonmb30BaHNM METO/1a, CTPEIHOBI MOKHO TPUMEHATHh MeTo 1 Hbio-
TOHa, ISt HAXOXKIeHus 1) u3 ypasHenus f(n) =Z/(6ro), vae f(n) = ¢(x)|z=o0,
[OJIy9YEHHOE B PE3yJIbTaTeé WHTErpUpOBaHus ypaBHeHus (1) ¢ rpaHuYHBIM
yenosuem ¢(1) = ¢'(1) = —n. Tak xax dbyskuusa F(n) = In f(n) 6auxe
snelinoil Gyukuuu, yem f(n), To OymeM UCXOAUTDH U3 YPABHEHUs

VA
F(n) =In— 3
)=ty 3)
KOTOPOe JIy4llle YJOBJIETBOPSET YCIOBUAM NPUMeHnMOcTH MeToa Heioro-
Ha. [losmy4yaem ciie1ytoInyio HTEPaMOHHY IO CXEMY:

dF Z

F(n®) 4 (n(s+D) _ () 4L —n 2

)+ L e oro

T.€.
In— — F(n)
(s+1) _ (s) fro

n nv + . 4
dF/dn o )

s naxoxnenust dF'/dn M0KHO 0HOBPEMEHHO ¢ ypaBHeHueMm Tomaca—
®epmu (1) pemars ypasuenue s byuxuuu x(z) = 0¢/0n:

a ¢
¢ =gxias () =y =-1. )
IMocse narerpupoBanus ypasrennii (1) u (5) momywaem dF'/dn = x(0)/4(0).
IIpu BBIGOpE HauambHOro npubmmkenus 7' yI06HO BOCIONB30BATHCS
MOJIEJIBIO TIOCTOSHHOM MIOTHOCTH 3J1eKTPOHOB (24), (25) u3 § 1 u mpeamo-
JIOXKeHueM Zy = 7, 9TO JIaeT

3 Z
Ii5(—n) = 2 203 (6)

[pu BoraucIenny HauaIbHOro 3uadenns 7 = 7(%) 3amennm B bopmye (6)
bynxumuro I j5(x) 6ruskoit eit Gynkimeit

T o(x) = \/g{ln [1 n (%)1/3 exp <2§>] }3/2, (7

~—
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-10 -5 0 5 10 15 T
Puc. 1.5. I'paduku dyuxmuii In 1) 5(z) (ctomuas unus) u In fl/Q(x) (mrpuxoBas
JINHHS )

KOTOpasi MpU & — OO0 W T — —O0O0 HMMEET TO K€ ACHMIITOTHIECKOE
nopesienue, 4o u ynxiua I »(z), a npu ¥ = 0 omimvaercs OT Hee
MmenbIe, yem Ha 20% (puc. 1.5). B pesysabrare nmeem

1. = 3 2q¢2
©_Z1pf_2 o _
n 5 In 55 In lexp 3 1] , (8)

_ 3_7r Z Zp
1= 52 202 AT/

(p — maoTHOCTD BemecTBa B r/cM®, T — Temmeparypa B K3B).

rjae
=2,795-107°

®opmysy (8) npu JOCTATOYHO MAJIBIX UJIM JOCTATOYHO GOJIBIINX 3HAYCHY-
AX ¢ MOXKHO YIIPOCTUTb:

3\ 2/3
77(0) ~ — (§q) mpu q > 1,

17(0) ~ In <\2/—;_T> mpu ¢q < 1.

3amerum, 4TO 3HAYEHUE 1), TIOTyYaeMoe 110 dhopmyiie (8), OOBIYHO SIBJISETCSI
HECKOJIbKO 3aHUKEHHBIM 110 CPABHEHUIO C UCTUHHBIM.

Urepanyuu no dbopmyie (4) B HEKOTOPHIX CJIydasiX MOI'YT PACXOAUTHCS,
YTO BO3MOKHO, HAIIPUMED, IIPH OYEHb HU3KUX TEMIIEPATYPAX. ITO OOBIYHO
CBA3AHO C IJIOXUM HAYaJbHBIM NPHOIMKEHUEM IJIs 1) = 17(0). Yr06b1 H0-
OUTHCsT CXOAMMOCTH MTEPAInil, HAPs Ly ¢ MeTonoM HeroToHa nmpumensercs
MeTOJ, JEJICHUS IIOIIOJIAM.
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$(0)
102 N
0 ]
10—2 i
1071 I
107°
-10 0 10 20 n
Puc. 1.6. Beauuuna ¢(0) B 3aBucumocTtu 0T 77 = —@(1) g GUKCHPOBAHHBIX 3HAYEHUH
nmapamerpa a (a = 102,101, ..., 105)
ITpeacrasnenune o 3asucumocru ¢(0) or n = —¢@(1) mator rpaduku

JIarrepa [163], Ha kKOTOPBIX M300parkensl Kpusble y = ¢(0) = f(n) npu pas-
JUIHBIX 3HaYeHnAX Kodbburmenta a = (4v/20/7) 12 (puc. 1.6). Panee stu
rpadbuKH HCIOIB30BATACH [T Oy 9eHHs HAdabHOro npubmkenus (%) .

Bonee GbICTpBIM IO CPABHEHUIO C METOJOM CTPEIBbOBI SIBJISIETCST METOI
IIPOrOHKHY € UTepanusmu [79).

2. JIuHeapuszanusi ypaBHeHusi. PasHocTHasi cxema. Hemnocpe-
CTBEHHO K ypaBHeHuio (1) MeToj MPOrOHKHM NPUMEHUTH HEJIb3s, TAK KaK
OHO SIBJISIETCsSI HEJIMHEHHBIM OTHOCHUTEHHO HEeu3BECTHOW (yHKuuu ().
IMosTomy JsimHeapusyem npasyio yacTb (1):

5 —¢ d
L <§> =1 (%) + % ac I3 (€) |<:q3/z=

=1 (g) + %1—1/2 (%) 9)

(¢(z) — mexoropoe npubruxenne k byukuun ¢(x)). [Iposesem 3ameny
nepemenHoit x=u? m 3amumem ypasHenue (1) B pasHOCTHOM BHje Ha

paBHOMepHOii cetke u; = th (h = 1/N, i = 0,1,2,...,N), ucnous3ys
dbopmymy (9). Tak kak

¢ _1d(1dé _ 1 (&o_1db

da? lo=a:  2udu \2udu) |,_, 4 \duv®> wdu)|,_,’
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TO TOJTy9daeM

1 (Gir1=2¢i+Pic1 iy1— i1 _
4u? h? 2u;h -

= au?ll/g (%) + —a((bz;(m) I_l/g <%> (10)

2 (2

(i=1,2,..,N—1).
SBanuuiem rpanudnbie ycious (2) st pasuoctHoii cxembt (9). Ilpu u = 0

bo = —. (11)

6 To

JI7is mosTydeHusl B PA3HOCTHOM BH/JI€ TPAHUYHOTO yCJIOBUS Npu © = 1

d¢

o=

=2¢(1)

u=1

MOXKHO BOCITOJIb30BaThCs (popmyJioit Teitmopa
1
¢N-1 = PN — dyh+ §¢§Qh2 +0(h%), (12)
rze, B coorsercruu ¢ (2) u (10),
P =20N, ON =20n +4ali2(n) + 2a(dNn — ON)I-1/2(dN).

3amenssa B pasencrsax (10)—(12) ¢; na ¢§s), ¢; Ha ¢£S+1), e § — HO-
Mep HTepalii, IOy IiM COOTBETCTBYIONLYT0 JTHHEHHYIO PA3HOCTHYTO CXeMY
I ¢§S+1) B 3aBHCHMOCTH OT qﬁgs), KOTOPYIO MOYKHO DeIIaTh MeTOIOM
nporosku (cM. [29], a Takxke [95, c. 34]).

3. «IIporonka» ¢ mreparuamu. Ypasrerue (10) umeer Buj

a;yi—1 + by + ciyit1 = d;, (13)

(s+1)

rie y; = ¢, — Heu3BecTHast PYHKIHS,

()
a; =2u;+h, c¢;=2u;—h, b= —4uzl1+ahu2] 1/2<¢’2 >],
2

(®) (s)
d; = 4ah®u 3[2&11/2(“7’ ) ¢y, (‘Zz )]

(i=1,..,N—1; s=0,1,2..).
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0 0,‘2 0,4 0,6 0,‘8 1 0 0,2 0,4 0,6 0,8 z

Puc. 1.7. IIporomka ¢ wurepamusamu. IlocnemoBarenbHble — TPUOJIMXKEHUS

y)(z) = 049 (x) mna s0omora npu moTHOCTH p = 1 T/CM3 M PABTHYHBIX 3HAYEHHIX

Temueparypsl 7' B k9B. C pocroM s 3nadeHus y(s)(a:) YMEHBIIAKTCHA, TPUOINXKAACH K
bynknun y(z) = 0¢(z)

Vpasuenue (13) Gyzem peniarb METOJOM NPOTOHKHU, HOJIArasi
Yit1 = aiyi + i (14)

Koaddunuenrsr a; u fB; Boraucasitoress npu ¢ = N — 1, N — 2, .. 1 mo
dbopmyaM, KOTOpBIE TIOMYYaOTCs B pe3yabTare mojcrtanoBku (14) B (13):

di —ciBi
b; + ¢ '

a;

Qi1 = —3——F/——
b; + c;a;

) ﬁi—l =

Suavenus any_1 U fy_1 ONPEIENSIOTCA U3 TPAHUYHOrO yciaoBus (12):
1

N T o [1 Falois <¢§5))] |
ah? [211/2 ( g\sf)) - ¢§5)I_1/2 <¢1\?)>]
An-1=—

12k 12 [Lalys (o )]
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Tak kak yo = Z/(0r¢) nzsecrHo, To mo dopmyJe (14) mpui = 0,1, ..., N—-1
ToJIydaeM y; = QSES'H).
st mpoBeennst BBIYUCTIEHNH HEOOXOANMO 33/1aTh HAYAIbHOE TPUOJIH-

skenne s ) u ¢(z). B coorsercreunm ¢ (27) u3 § 1 umeem

VA 3 1
O(p)= 2 (12 Z23) _ @
o\ (x) = Bro <1 2x+2x > N\, (15)
rze 1'% onpenenserca mo dbopuyie (8).

CxommMOCTD UTepaImit UTIOCTPUpyeT puc. 1.7, rie npuBeaeHst Tpadu-
ku bynximit 6% (z) (s = 0,1,2,...) mans 30m0ta (Z = 79) OPH IIIOTHOCTH
p = 1r/cv® u paznuunbix 3Hauenusx remneparypbt T B k3B. U3 rpadukos
BUIHO, uTO maxe mpu I = 0, KOTJa HAYAThHOE MPUOIMKEHNE SBIISETCS
JOCTATOYHO IpyObIM, mocie aByx urepaumii dbyskims ¢ (r) Gimska K
pereHnio ¢(x).

§ 3. Mogaeanb Tomaca—®Pepmu AJisi cCMeCH BellecTB

1. ITocraHnoBka 3ama4um. YcJI0BUSI T€PMOJMHAMUYIECKOTO PaB-
HoBecust. OObIYHO B DU3MKE U TEXHUKE PEJIKO IPUXOJUTCS UMETD JeJI0 C
[IPOCTHIMU BEIIECTBAMU, COCTOSIIMMU U3 OJTHOTO jieMeHTa. Tak, HanpuMep,
3BE3/[HOE BEIECTBO CTh CMECh ATOMOB MHOI'MX JIEMEHTOB (OT BOJOPOJIA J10
)kese3a). C Apyroit CTOPOHBI, H3y4asi CBOHCTBA YUCTOrO BEIIECTBA, CIIAyeT
UMeTb B BUY, 9TO JaKe HeOOJIbIlas NIPUMECH MOYKET BECbMA CYIIECTBEHHO
MU3MEHUTH €ro CBOWCTBA — HAIIPHMED, HEIPO3PAIHOCTD.

Paccmorpum cmech u3 N KOMIOHEHT OpU 3aJaHHON Temmeparype 6
U CPEeJHEll IUIOTHOCTU p, NPUYEM IIyCTh MACCOBas JOJsl G-l KOMIOHEHTHI
6yzmer pasua m; (i = 1,2,...,N). Tak xKe, Kak ¥ B Clly4ae OJHOIO
BelecTBa, OyJeM CYMTaTh aTOMHbIE s4Yefiku cdepaMu ¢ pajguycamMu To;,
TaK 4TO 00'beM, IPUXOJSIINNCS Ha OJIHY ATOMHYIO ST9eiKYy i-if KOMIIOHEHTBHI,
pasen v; = (4/3) wrd,.

BBezem mapupasbHyIO IJIOTHOCTH §-if KOMIIOHEHTBI p;, KOTOpasi MOJLy-
Yaercs JeJIeHueM MacChl KOMIIOHEHTBI Ha 00beM, MPUXOISIIMNACH Ha JOITI0
3TOi KOMIOHEHTHI. Tak Kak o0beM cMecH (OH MPOMOPIHOHATIEH Y m;/p)
paBeH cyMMe 00'beMOB, IPUXOSAIIUXCS HA OT/IeJIbHBIE KOMIIOHEHTBI CMECH, TO

1 m;
- Z m; = —.
P T P
Kpowme Toro, B yClIoBHSX TEPMOIMHAMHYECKOTO PABHOBECHS CHCTEM,
HaxomuXcst B 1 Hy3MOHHOM KOHTAKTE, UX XUMUYECKUE TOTEHIIUAJIBI [4;
JIOTZKHBL OBITH paBHBL (CM. [58, rur. IV]).

Takum obpasom, Bbrauciaenue norexnuana Tomaca—Pepvu Vi(r) misa
PA3JIMYHBIX AYEeK CMECH CBOIUTCA K PENICHHI0 CHCTeMbI HeJUHeHHbIX
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nubdepeHpanbHbIX ypaBHennii 2-ro mopsiaka (cm. (14) u (15) u3 §1)

d? _ o .
@qﬁi(x)—aixflﬂ - (1=1,2,...,N) (1)
C TPAHUYHBIMU YCJIOBUIMHE
i(0) = —, &i(1) = — =—=-n
60 =g a =G| =H=
3nech
r di(z)  Vi(r) + p
r=— — )
T0; T 6
AN 40/26
ro; = 1,388 <p_) ;G = T\/_ Tois (2)

A;, Z; — aTOMHBIIl BeC U aTOMHBII HOMEp i-ii KOMIIOHEHTBI. Panycsl ro;
(I/I CBA3aHHBIE C HUMU ITapIHaJIbHbIC IIJIOTHOCTH pz) JOJIZKHBI HO,H6I/IpaTbCH
TaKUM 00pa30M, YTOOBI YI0BJIETBOPSIIMCH COOTHOIIIEHUSI:

N N 1 1
wzmi=2miwi <w=—, w¢=—>, (3)
=1 i=1

p Pi
N o p . .
mi=n=0=—7 (rtpu JTEOOBIX @ U ). 4)

2. Jluneapmusamnusa cucrembl ypaBHeHmii. PaccmarpuBaevas 3a-
Jada siBJISeTCs HeJIWHEIHON KpaeBoil 3amadeii. s ee pemenus mpowns-
BeJIeM JinHeapu3anuoo cucreMbl (1), passaras npasyo dactb (1) BOm3u
pUOJINKEHHOTO PeIleHusT 0 HNePEMEHHBIM ¢;, W; U OUPAHUYIUBACDH JIH-
HeiiHbiMu 4sieHaMu. Ecin B KadecTBe NpUO/IMIKEHHBIX 3HAYEHUI BEJIMYNH
¢; u w; 6paTh WX 3HAYEHUsSI C MPEIBIAYIIeHl UTepalyu, TO B Pe3yJIbTaTe
NIpUJEM K CIeAyIoliell UTepanoHHOi cxeme

(s)
(s) €T
Wi=wW

(s)
1 (s) ¢i\ (D
+ 5 @ I 1y — i — i (5)

(s)
CiD <¢_> | da;

dwi

x

C TPAHUYHBIMU YCJIOBUAMN

(SJ"]-) ZZ Zl d ]. 7 s S
6 (0) = 2oy 2 d/re) G-, (6)
9(3) 0 dwl (s)
Toi W; =wW;
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(s+1 d (s+1) (s+1) .
¢i():_¢l (ZL') =— 10 (7’:1727"‘7N) (7)
=1
(s — HOMep uTepalyn). I/Icnonb3yﬂ COOTHOIIIEHU A
dai . 2 a; d(l/rm) . 1
dw; 3 w;’ dw;  3rojw;’

npeobpasyem (5)—(7) K Bumy

(s) (s+1)  (s) (s) (s)
(st (5 bi 2 w; — w; a; ;i\ [+ (s)
¢ =airl <j) 1+ 3 % + ?Z I ) (j) ( i — ¢i>a
w
(8)
(s+1)  (s)
(s+1) Z; Wi — W
¢ (0) = (:) 1- # ; (9)
0rq; 3w;
(s+1) d (s+1) (s+1) .
o ()= ¢i (0)) =—"n (i=12..N). (10
z=1
(s+1)
B cucremy ypasrenwuii (8)—(10), kpome HensBecTHbIX OyHKIHI ¢; (),
(s+1)

BXOOAT TaKzKe HEHU3BECTHbIC BEJIMYUHBI W; , KOTOPbIC OOJIZKHBI YJIOBJIC-

TBOpATH yciaoBuio (3). Bemuuunbt (asl) u 7('3), BBIPAKAIOTCS 4Yepe3 '&812 B
COOTBETCTBHUH C (2).
3. UrepanmoHHasi cxeMa W MeTOJ IPOroHKH. I3 cBoiicTBa su-
(s+1)
HeitHocTu cucrembl (8)—(10) OTHOCUTEIBHO HEN3BECTHBIX  ); (Z) BBITEKAET
(s+1) (s+1)
BO3MOXKHOCTD BBIIEJIEHHs B SIBHOM BHJE 3aBuUcuMocTd ¢; (x) or w; u
(s+1)
MOCJIE/IYONIEr0 PA3/IEJICHUsT UTEPALUI /I BbIYUCICHNs BeIUIuH  ¢; ()

(s+1) .
u w; . delicrBurensHo, 3anuiieM ypasaerue (8) B Buje

(s) (9
(s+1) s) 2 (%_ w; | (s)
L ¢z =——I 1/2<¢>¢Z ll-ﬁ-gT 0,11311/2((11),
i

rie
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Pemenue ypasuenus Ly = C fi(z) + Co fo(x) MOXKHO npeacTaBuTh B BUE
y = Cry1 + Coys, e Ly, = f1, Lys = fo, Te.

¢i (x) = v (v)+ 1+§ B) u; (). (11)

1
(s+1) (s+1) l 2 (slj;i) — gf):] (s+1)
Wi
(s+1) (s+1)
@ynukuyun  v; () u wu; (z) B coorsercreun ¢ (9)—(11) momKHBL ya0-
BJIETBOPATH CJIEYIOIIUM HEOJAHOPOAHBIM YPABHEHUSAM ¥ IPAHUIHBIM YCI0-
BUSIM:
5)
i

( (s)
1) 1 $i\(s+1) 1) i\ )
Ui —§a¢I_1/2 — v; = —§ai1_1/2 ? ¢i7

X
(s) (s)
(T 1(s) Gi\ (s+1) _ (s) b
u; —§aif_1/2 ) U = ajzli) - )
(12)
(s+1) 3 Z; (s4+1) d (s+1)
vi ) =5—5 v ()= (@)
97’01‘ z=1
(s+1) 1 Z; (s+1) d (s+1)
ui (0)=-3 (:), ui (1) = - ui (z)
97“0i z=1

L (s+1) (s4+1)
Ipannynbie yenosus miust yskuuit u; (z) u v; () npu £ = 1 oueBu-
HBI, & npu £ = 0 MX MOXKHO NOJYyYnTh CaeayonmM obpasom. Tak kak B
cuny (9) u (11)

(51—;-'1)(0) I (%—il) — ’5.52 (S’J_'l) (0) . Z; _ 1 (S;JJ_,'I) — 7(182
' 3 FT ) 3 ’
W; Oro; wj
TO, moJsiarasi 37ech (SIZI)(O) = aZi/(O;’g)i), (8121)(0) = ﬂZi/(Gv('E)i), HAXOIUM
st kKoaddunpentoB o u [ coornomenust o« + 5 = 1, (2/3)8 = —1/3,
koTopble malor « = 3/2, f = —1/2. U3 ypasuenwuii (12) BumnO, 49TO
(s+1) (s+1) (5+1)

u; (x),

+1 +1
Kpaesbre 3amaan (12) mas dysKimit (sui )(:t:) u (svi )(:t:) yI06HO pe-
IIATH METOJIOM NPOTOHKM HA DPABHOMEPHOH mo /T cerke (cm. §2). Tlo-

. (s+1) (s+1) .
cie Bbramcyienusi GyHKuuit  u; (z) u v; (¥) MOXKHO HAWTH BEJUIUHY

(s+1)
(SF) = — ¢; (1), cymmupyst mo i ¢ Becom migz/(sﬁ?)(l) pasenctsa (11)

v; (%) HE 3AaBUCAT OT  W; .
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npu £ = 1 u npuHMMas BO BHHMaHue ycjoBue (3), KOTOpPOe B IpoLecce
I/ITepaHI/Iﬁ 6yﬂeM Tpe6OBaTb BBIIIOJTHEHHBIM IIPW BCEX 3HAYECHUAX S:

(s+1)

N N i
wy, m;+ Y, mi%)i(:f:l)( )
(s+1) =1 =1 u; (1

B _ — OF (13)

w

N

m;
P +1
=1 (s Uu; )(1)

3uas (8—7;1), MOKHO HANTH (SJ;), nosiaras B (11) z = 1:
(s+1) | (s+1)
(s+1) _ 1(s) n+ i (1)

Uj (1)

JlJ1st oty deHusi Ha9aIbHOTO NPUOJINKEHNs, KaK U B CJIy4ae BeIIeCTBa,
COCTOSIIIIETO M3 ATOMOB OZHOIO M TOTO K€ 3JJIEMEHTa, YAOOHO BOCIONb-
30BaThCA MOJEbIO TIOCTOSHHON MJIOTHOCTH CBOOOJIHBIX 3JIEKTPOHOB (CM.
dbopmysr (24), (25) u3 §1) u npeanonoxkenneM Zo; = Z;. 9TO NPUBOIUT
K COOTHOIIEHHIO

3 Zi[A;

w; X 15
4v/2(1,388)3 63/ 1 j5(—m)’ 19)
OTKYJIa ¢ HOMOIIBIO (3) OyuemM uMeTh
3 p D> miZ; /A
I 5(— 16
VN O s 9 S (16)

Ucnonesys (15), (16), a Takxe (7) u (14) u3 § 2, OKOHIATETHHO IOy YaeM

O Zy  dmi
O S miZij A

1 2q?
(?)):§ln%—gln exp\3/ g -1 (17)
g =2,795-10° . L 2™

T miZif A

(0) Z; 3 1 (0)
(z) = 1—Sz+-2°) - 7.
oi(x) = 0(0) ( 2:L'+ 57 ) nx
Toi
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IIpenyioxkeHHBIi AITOPUTM TIO3BOJISET MPOBOAUTD BHIYUCICHUS IIPH JIIO-
OBbIX 3HAYEHUAX TEMIIEPATYPHI U ILIOTHOCTU BEMIECTBA, B YACTHOCTH, MPU
Temreparype papsoit Hymo. Cormacuo (17) npu (GUKCHPOBAHHON ILIOT-

moctu p u T — 0 HavaIbHOE TPUOIMKEHTE (7%) — —00, UTO COpaBeJ-
JMBO M /I MCTHHHOTO 3Havenus 7). Ilpu n < —10 bynkmuo I /5(¢/x)
MO2KHO 3aMEHHUTDH C XOPOHIE€H TOYHOCTBIO €€ aCUMIITOTHUYIECCKUM BbIDA?KEHU-
em I)5(p/z) = 2/3(¢/x)>/?, aro upusomur k bopmynam, bakrHuecKn
cosnagatormum ¢ dopmynamu st T = 0 (em. dopmyay (30) uz §1).
Venosue < —10 MoxknO 3amenuth Gosee wectkum T < 0,001 p?/3
(T — B ¥3B, p — B r/cem®), ecm Bocmosb3oBaThes onenkoit (17) mpu
6onbimux q. Takum o6pas3om, 9TOOBI ¢ TOMOIIBI0 PACCMOTPEHHOTO BBIIIIE
MeTOa BBIYUCIUTH noreHnnas Tomaca—-®Pepmu npu temneparype 1 = 0,
nocraTodso mposectu pacder mpu T = T* = 0,001 p>/® u BemomHETH
COOTBETCTBYIOIIHE TTPEOOPAZOBAHMSI.

MeTos TPOTOHKY C UTEPAIUSIMUA UMEET 2-0ii MOPsIIOK TOYHOCTH MO II1a-
ry h. Ecau 3Toro HegocTaTouHO (HAIpUMED, B C/lydae OYe€Hb MAJbIX MIJIOT-
HOCT€il), MOZKHO HCIIOIBb30BATH CXEMbI 60JIee BLICOKOTO MOPsIIKA TOYHOCTH,
npuMensis MeTon HbIOTOHA 11T HAXOXKIEHUsT XUMHYECKOTO IOTeHIINA-
na [73].

4. ObcyxX/eHue pe3yjbTaToB pacudeToB. [lo urepanunonnoii cxe-
me (13), (14) npoBoaUAKCH PACYETHI B IMUPOKOH 00IACTH TeMIepaTyp u
IJIOTHOCTEH [IJIsI PA3JINIHBIX BEIIECTB U cMeceil. IJist milTiocTpaluu CXoam-

MOCTH ATepalnil MpuBegeM pe3yJIbTaThbl PACYETOB BEJIUINHbBL (787) JJIA CMEeCH
10 anmemenToB ¢ aromubiMu HOMepamu Z = 10,20,...,100 opu m; = A;
(cm. Tabm. 1.2). TIpu m; # A; uTepanuu CXOAWINCH He MeJJIEHHEe, YeM
npu m; = A;. C pocToM TemmepaTypbl YuCI0 UTepanuit 6bICTPO yOBIBAET.
3aMeTuM, 9TO YMCIO UTEPAIUil MPAKTUYECKH HE BO3PACTAET C YBeJu-
YEHMEM YHUCJIA KOMIIOHEHT CMEeCH: OHO OCTAeTCsl TPUMEPHO TeM XKe, 9TO U
JIJIsT CTydas OJJHOKOMITIOHEHTHOTO BEIIECTBA. DTO 0OCTOATEHCTBO SBJISETCS
CYIIECTBEHHBIM JOCTOMHCTBOM HMTEPAIMOHHONW CXEMBI, TaK KaK IJid OJHO-
KOMIIOHEHTHOT'O BEIIeCTBA HET WTepaluii 10 MapliuaabHON IIOTHOCTH pj.
Kak BugHO U3 TabauIbl, MPeIIOKEHHBIN YUCIEHHBIA METO/, TO3BOJIIET
MO/Ty9aTh BHYTPUATOMHBIE TIOTEHIMABI 110 Momenun Tomaca—®Pepvu mpu
MPOU3BOJIbHBIX TEMIIEPATYPaX U IJIOTHOCTSIX JIJIsl BEIIECTBA, COCTOSIIErO
W3 CMECH JII000ro Komm4aecTBa 1eMeHToB. O61aCTh MPUMEHUMOCTH MOETH
Tomaca—®epmu onpenenseTcs MaJoCTbi0 KBAHTOBBIX, OOMEHHBIX U OCITHJI-
JISIIIMOHHBIX MOMPAaBOK K morenmmany V(r) (em. m. 2 u3 §1 o VI). Kak
NIPAaBUJIO, C POCTOM TEMIIEPaTyPhI U IJIOTHOCTH ITONIPABKHA yMEHBIIAIOTCA,
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(s)
Ta6auna 1.2. IlocrenoBarenpHble uTepanun 17 st cMecu u3 10 9;1eMEeHTOB TP HEKO-
TODPBIX 3HAYEHUAX TeMIeparypsl 1’ B K3B u mUI0THOCTH p B I'/cM 3, IOy eHHbBIe METOAOM

IIPOrOHKHU
) 1] 10-3 102 10-1 1 10
0,54991 4,31552 7,79948 11,25669 14,71056
1,19695 4,67097 8,06290 11,37281 14,71547
1,80567 4,98772 8,31204 11,38652 14,71548
2,39004 5,20413 8,56695 11,38660 14,71548
2,96247 5,62701 8,73447 11,38660
1072|  3,53084 6,00593 8,76165
4,09465 6,40929 8,76153
4,61664 6,71097 8,76154
4,96164 6,78590
5,03472 6,78521
5,03344 6,78523
5,03346 6,78523
5,03346
—14,66551 —1,03005 3,12536 6,64434 10,10539
—7,58149 ~0,00109 3,52243 6,85742 10,11872
—3,64227 0,83856 3,91206 6,91850 10,11881
~1,61185 1,55669 4,27765 6,92075 10,11881
1 ~0,54902 2,13822 4,50923 6,92075
—0,14336 2,45274 4,55315
~0,12944 2,49462 4,55316
~0,13091 2,49378 4,55316
~0,13091 2,49378
—308,991 —31,2226 —3,2089 1,88920 5,48475
173,017 ~17,3531 —1,4698 2,32163 5,54920
~118,438 ~11,8071 ~0,6193 2,55149 5,55142
102 111,267 ~11,0669 ~0,4169 2,58634 5,55143
111,561 ~11,0966 —0,4145 2,58669 5,55143
~111,563 ~11,0967 —0,4146 2,58669
111,563 —11,0967 ~0,4146

" UX OTHOCUTEJIbHAA BEJIMYHNHA T€M MEHbIIE, YeM OOoJIbIIIe ATOMHBII HOMED

A JIEMEHTOB, BXOOAIINX B COCTaB CMECH.




I'nasa II

BOJIHOBBIE ®YHKIINU 9JEKTPOHOB
B SAJAHHOM IIOTEHIIAJIE

Cratucruuecknii meron Tomaca—®epmu 3aHMMaeT BaXkKHOE MECTO B
TEOPpHUH MHOT'HUX YaCTHII. 9TOT METO/, I1I03BOJIdeT HpI/I6J'[I/I}KeHHO OIIUCBhIBATH
IIUPOKUN KJIACC MPOCTPAHCTBEHHO HEOTHOPOIHBIX MHOTOJIEKTPOHHBIX CH-
CTeM U UMeeT IIPENMYIIECTBO IPOCTOTHL M YHUBEPCAJIBHOCTH 110 CDABHEHUIO
C 6OJIee TOYHBIMHU KBAaHTOBOMEXaHNYECCKUMU METOIJaMU.

Ecin norennman Tomaca—Pepmu He CIUIIKOM CHIBHO OTIMYAETCH OT
CpeIHero BHYTPHUATOMHOTO ITOTEHIIMAJIA, B BEIIECTBE, YTO CIIPABEIJINBO
IPU JOCTATOYHO BBICOKUX TeMIIepaTypax WU OONBIINX NJIOTHOCTAX, TO,
HCIOJIb3Ys 9TOT MOTEHIINAJ, MOYKHO IOJIYYUTh B OJHOIJIEKTPOHHOM IIPH-
ONMKEHUN YPOSHU IHEP2UU U BOAHOBBIE PYHKUUY ITEKTPOHOB, COOTBET-
CTBYIOIIIE AaTOMY CO CPETHHMH YUCIAMU 3aIOJHEHHsS B INPUOIMKEHUU
Tomaca—@epmu, a TakyKe HaANTH caMu cpedHue “UCAG 3anosrerus. Ta-
KOW TIOZXOJI JIaeT MpocTeiiliiee MpuOIMKeHne cpedHe20 amoma, T.e. WOHA
CO CPEIHUMHU YKCJIAMK 3aII0JIHEHUsI B 3JIEKTPOHENTPAJIbHON cheprIecKoii
aToMHO# staetike. B manbmeiiniem O6yaeT mokKa3aHo, KaK, UCIOAb3YsT BOTHO-
Bble (DYHKINK U YPOBHU IHEPTUU CPEIHETO ATOMA, TPOBOIUTH BHIUUCICHUS
J1JIs1 KOHKPETHBIX HOHOB B IJIa3Me.

§ 1. Onucanue cOCTOSTHUI JIEKTPOHOB
B cpepuUuecKoii aTOMHON sg4deiike

JIjist HaXOXK/IeHUsT BOJTHOBBIX (DYHKIWI U ypOBHeEH dHeprun Oymem pe-
math ypasaenue [IIpéaunrepa

S MY+ U =<, 1)

rue U(r) — noreHnuaibHas SHEPrUus PACCMATPUBAEMOrO JIEKTPOHA, OIIPe-
nensiemas noreanupanoMm Tomaca—®@epwvn. Ilocne pasmenenust mepeMeHHbIX
B cepudeckux KoopauHaTax (CM. JOMOJHEHHUE) MOy IuM

1
97 = 2R (=1)"Vim (9, 0),
rue paguanabias byukuus R(r) = Rey(r) yIoBaeTBopsieT ypaBHEHUIO

(e+1)

—%R” + [U(r) + 572 ] R =¢R, (2)



42 Ta. II. Boanosvie GyHKUUU 34€KMPOHOE 6 360aHHOM NOMEHUUANE

nJIn

R" +2[c — Uy(r)]R = 0.

Hns ceazannbix cocrosuuilt R(r) = Rye(r), e = epe, tmen =n, + 0+ 1 —
[JIABHOE KBAHTOBOE YHCIIO, T, — 4YHCIO HyJeld paauaabHOil (dbyHKIMH
BHyTpH siveiiku (cM. HIzKe 1. 1). Kak Bugno u3 (2), coGCTBEeHHBIE 3HAYEHHS
SHEPTUHU E,,¢ U COOTBETCTBYOIIUE Pajuaibible hynkuuu R,¢(r) onpenesns-
10Tcs QyHKIHe

LL+1)
Ue(r) =U(r) + T2
KOTOpasi BBICTYTIAET B POJIM MOTEHIUATBLHON SHEPTUU IJIisi OJHOMEPHOIO
ypasuenus IIpénunrepa (2).

1. Kunaccudukariusi cOCTOSIHUN 9JI€KTPOHOB B Mpe/iesiaX aToM-
HO#l sdeliku. IlpeaBapuTe/lbHO PACCMOTPUM XapaKTep 3aBUCUMOCTHU
norenrpanbHoit sueprun Uy(r) ot £, nomaras U(r) = =V (r), toe V(r) —
noreniman Tomaca—Pepmu. Ha puc. 2.1 npusenennr dyuakuuu Uy(r) (£ =
= 0,1,2,3) mas 3omora (Z = T79) npu remmeparype T = 0,1 k3B un
nnoraoctu p = 100 r/cm®. Temmeparypa U TJIOTHOCTH BBIODAHBI TAKHM
06pa3oM, 9TOOBI HA PUCYHKE OBLIM MPEICTABIEHBI BCE BO3MOXKHBIE CIIyYan
nosenenust pyHruuu U ((T)*)

Ue(r)

10

-10

-20

-30

0 0,2 0,6 1 1,4 r

Puc. 2.1. Tlorennmanbuas sueprus Uy(r) = Z(f;gl) — V(r) mpu £ = 0,1,2,3 musa

3omota mpu Temneparype T = 0,1 k3B u mioraocTu p = 100 r/cm® (V(r) — nmoTenmuar
Tomaca—Pepmu, pajuyc aTOMHOM sueiiku ro = 1,67)

Jnst ynobersa manbHeitmero ucciaenopanusi Gyuxiuu Uy (r) 3ameHuM
((f+1) Ha (£ +1/2)? B COOTBETCTBHY C HCTOMb3yeMbIM B Mojiesn ToMaca—
DepMu KBA3UKJIACCUUECKUM TIpUb/mKenueM (CM. monosHenue, §4) u BBe-

* rYy
) TIpn YMEHBIIIEHUH TJIOTHOCTH KpuBble Uy(7) Au1st GOJIBIINX 3HAYEHUH T IPAKTHYe-
CKHU CJIMBAIOTCS DU PABIUIHBIX £.
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eM 0003HAYCHUST

y = <é+ %)2 Uy(r) ==V(r)+ 2‘%

OxcrpemyMer byukimu Uy (r) Opu 33JaHHOM Yy TOCTUTAIOTCS IPU 3HA-

YEHWSX T, KOTOPBIE ABJIAIOTCA KOPHSAMH yDABHCHUS %Uy(r) = 0, Te.
d
ypasrenus F(r) =y, rae F(r) = —r e V(r).
r
F
(r) 71
200
150
100
T=0,1
50
T =0,01
0 I

0 1 2 3 4 5 6 7 T
d

Puc. 2.2. ®ynkuua F(r) = —r3 - V(r) ansa 3omota npu miotHOCTH p = 1 T/cM® 1
r

Pa3JIMYHBIX 3HAYEHUAX TeMmiepaTypsl 1’ B k3B

Ipaduru Gyukuumit F(r), KaKk MOKa3bIBAIOT PACUYEThI, MMEIOT, KAK Ipa-
BUJIO, XapaKTEPHbBIN KOMOKOI006pas3ubiil Bug (cMm. puc. 2.2). KopHu ypas-
HeHus F(r) = y ONpenessiioT TOUYKY MOJI0KEHNS MUHIMYMa U MaKCUMyMa
kpusoit Uy(r). 3amernm, 9TO IpU HU3KUX TE€MIEPATYPAaX sl HEKOTOPBIX
3Hauenuil y kpusas Uy(r) MOXkKeT UMETh HECKOJIIBKO MUHUMYMOB U MaKCH-
MyMOB (cM. kpuBywo F(r) npu T = 0,01 k3B na puc. 2.2). [losenenne kpu-
BbIX F'(1) JIerko mOHATH, UCIIOJIb3ys ypaBHenue [lyaccona u rpaHudHbIE yC-
soBud g norenimana Tomaca—Pepmu. ['parnanoe ycsosue ipu r = 0 gaer

F(0) = —rSdii <§>

U3 ypasnenus [Tyaccona (r2V')'=4mr?p(r) u rpasmasoro ycaosus V' (rg) =0
creyer

=0, F'(0)=2

r=0

F(ro) =0, F'(ro) =—4xrdp(ro) ~ —3Zy <0,
rae Zg — CpenHuil 3apsa NOHA.

O6o3HaunM MakcuMasbHOe 3HadeHue F'(r) gepes y*. U3 puc. 2.1 n 2.2
BUIHO, 9TO nipu y < y* ypasHenue F(r) = y MOXKET MMETh HECKOJIBKO
KopHei#t. /1719 XapaKTepHOro ciiy4dasi JIByX KOPHEH MEeHbIIWiH U3 HUX COOT-
BETCTBYyeT MUHHMYMY, a Oombumit — MakcumyMy dyukuun Uy(r). Ecin
y > y*, 1o dbynkiusa Uy(r) moHOTOHHO yObIBaeT (cM. puc. 2.1 mpu £ = 3).
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O y < y* mpu € < gy, tme €, — MaxcumyM byukiuu Uy(r), ypasre-
ure € = Uy(r) umeer nBa unu Gosee KOpHeil. 3aMeTHM, 9TO

de, (0U, 0U,dr 1
dy < 0y o dy r:;y_ 277 >0

(r = 7y — 3Havenue, npu KoTopoM Uy (1) = €,), T.e. C POCTOM Y MAKCUMYM
u MuruMyM byukimn Uy () cOMmKaoTes, 8 BeIHINHa MAKCAMYMa, BO3pa-
craer. Ecm y < y* npu e > g, uy > y* nupu € > Uy(rg) = y/(2r2), T0
ypasaenue € = Uy(r) uMeer B TOYHOCTH OJUH KODEHb.

3uas nosemenme dyukuun Uy (r), MOXKHO HOMYUIHTH IpENCTABICHUE
0 XapaKTepe IBWIKEHUs 3JEKTPOHA BHYTPH ATOMHON SYEfKU, €C/I TpU

sagannom y = (¢ + 1/2)? ma umnrepane 0 < r < T HCCICIOBATH
PaCIIOIO’KEeHNe KOPHE ypaBHEHUSA
e—Uy,(r) =0, (3)

OTIPEIETISIONIUX 00IACTh KIACCHYECKOTO JBUKEHHUST JIEKTPOHA, T.€. 0DJIACTD,
B KOTOpOii € — Uy (1) > 0. BO3MOXKHBI TPH XapaKTEPHBIX CJIydasi.

1) YpaBuenue (3) umeer ot KOPeHb I' = 71, T.€. OJIHY TOYKY IIOBOPOTA.
ObsacTh KJIaCCHYECKOTO JBUZKeHU:s 31eKTpoHa € > Uy(r) pacmpocrpa-
HSIETCSl BILIOTH JIO IPAHMIILI ATOMHOM siYeiiku © = r9. Takue coCTOsIHUSI,
OYEBHIHO, UMEIOT Henpepuiebiti cnekmp snepeud (cM. Hanpumep, puc. 2.1
npu € > 5 gusa £ = 0,1,2,3). CooTBeTCTBYOIINE COCTOSIHUS JIEKTPOHOB
He JIOKAJIM30BAHbI U BO3MOYKHBI IEPEMEIEHNsI TAKUX JIEKTPOHOB U3 OJTHOM
A9EHKHA B OPYTYIO.

2) Vpapuenue (3) umeer 1Ba KOpHSA 71 U Ty (JBe TOYKH MOBOPOTA),
npuueM 1 < ro K rg (eMm. puc. 2.1 npu & < =5 maa £ = 0,1,2). B satom
CITydae IOIy9IaeM CBI3aHHOE COCTOSTHUE, Cnexkmp snepeuti duckpemen, Tpa-
HUYHBIE YCJIOBUSI [IPY 7' = T MOXKHO HE YTOUYHSITh, TAK KaK BOTHOBasI (OyHK-
sl NPeHEOPEsKUMO MaJIa BHE OOJIACTH KJIACCUYECKOTO JIBUZKEHUST TIPU T > To.

3) Ypasuenue (3) umeer aBa uiu 6o/ee KOpHEH, IpruYeM BTOPOil KOPEHb
6JIN30K K T'PaHMIE ATOMHOM sideiiku (cM. puc. 2.1 mpu —1 < € < 3 mst
£ = 2). Takue COCTOSIHUSI MOXKHO OTHECTH K npomescymoywnoti rpynmne. ITo
CYIIECTRY, U3-32 BJIUSHUS COCEJHUX ATOMOB 9HEPIeTHIECKUM CIEKTP TAKUX
9JIEKTPOHOB COCTOUT M3 PsiJIa MOJIOC PA3PENIeHHbIX SHepruii. B HeKOTOpbIX
C/Iydasix PACIONIOKEHNE IOJIOC MOXKHO OIPEIENUTh MyTeM ITOCTAHOBKH
TPAHUYHBIX YCJIOBHUI CIEUaJbHOTO BH/IA, HAIPUMED, B TBEPIOM Teje
CTaBSATCSI HEKOTOPBIE YCIOBHUsI epuoauaHocTu. Hanbosee npocTyo OneHKy
IIOJIOZKEHHA W IMHPUHBI IIOJIOC A€ = &1 — €2 MOXKHO TOJIy49UTb, peuiad
ypasuenue [Ipénunrepa npu 3amanubix n u £ ¢ yeaosusamu Re ¢(rg) = 0
u 4 <R62—M> =0 (cm. [202], a Takxe §1 u3 ri. IV).
dr r r=ro

Takum 00pa3zoM, MBI BHIUM, YTO IJjis HAWOOJEE BAaKHBIX TIEPBOTO U
BTOPOTO CJIy4YaeB BOJTHOBbIE (DYHKIWM M yPOBHH SHEPIHMH MOTYT OBITh
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HalizeHbl B pesyJibrare peinenus ypapuenus [Ipémnunrepa (2) meromamu,
PaCCMOTPEHHBIMY B AOMOJHEHUHU. [[715 COCTOSHUI TPOMEXKY TOYHOM I'PYIIIThI
TpeGyeTcsi IpOBeIeHNE JOTIOJHUTEIBHOTO UCCaenoBanust (cM. HuKe 1. IV,
§1, 2) OmHAKO BO MHOIMX C/lydasX, OCOOEHHO MPH BBICOKMX TEMIIEpa-
TypaX, B COCTOAHUAX HpOMe}KyTO‘IHOI;'I TPpynIibl HAXOJAUTCA OYE€HL MaJIo
3JIEKTPOHOB M yYHUTHIBATH 30HHYIO CTPYKTYPY CIEKTPa B 9TOM CJIydae HeT
HEOOXOIUMOCTH.

Sameuanue. [Ipu pemenun ypasuenus [Ipénunrepa (2) u3 noren-
nuasa Tomaca—®epmu V (r), BooOIIE rOBOPsi, CIoyeT UCKIHOYUTH COOCT-
BEHHYIO 3JIeKTPOCTATHYECKYIO 3SHEPIUI0 PACCMATPUBAEMOIO 3JIEKTPOHA
(«camoneiicTues ). Illosromy B ypasuenuu HIpénunrepa (2) mecro U(r) =
= —V(r) moxxuo Gparh

U6 = -2 -
Z r
(Bkitouena nomnpaska Pepmu—Amanban [130]). OueBuzaHO, YTO TAKOrO
POOa IMOIIPABKH U3MEHAIOT IIOBEJECHHUE IMOTEeHIHaJa IIPDU 7" ~ T'g U BJIUAIOT
HA CIIEKTP JIEKTPOHOB MTPOMEKYTOYHON TPYIIIIbIL.

2. Mogesap aToMa CO CPpeJIHUMHU YucIaMu 3anojiHeHusi. llocie
OIIpe/IeIeHNs] YPOBHEH IHEPTUU 3JIEKTPOHOB € = E£p¢ B IIEHTPAJIBHOM IIOJIE,
xapakrepusyemom norennuaaom Tomaca—Pepmu, MOXKHO HAliTH CpemHUe
YUCJIA 3ATIOJTHEHUST JIEKTPOHHBIX COCTOSIHUMN, HEIIOCPEICTBEHHO UCIOIb3Y T
npuanun [laymu u crarucruky @epmu—/lupaka. [Ipu srom cpennee qmcio
JIEKTPOHOB  Juckpemmozo cnekmpa Npgy B COCTOSHUM C KBAHTOBBIMU
qucjaaMu n, L, m W dHEpruei £,y B IpejesiaX OJHON aTOMHON sSYelKU
onpezensiercs (HOpMyJIOit

2 .
Enee— .U)

()‘-IeBI/I,ELHO7 9TO cpeaHee YUC/I0 JICKTPOHOB C KBAHTOBBIMU YUCJIAMU 1 U /

Nn(im =

1+ exp( W

2(20+1)
Ent — ,u') ’

0
rze 2(2¢ + 1) ecrb creneHb BHIPOXKIEHUS SHEPIETUYIECKOrO YPOBHS Ey¢-

Jljist mojicueTa YuCyIa SMEKTPOHOB HENPEPHIEHO20 CNEKMPA C KBAHTOBbI-
MU 9ucaaMu £, m ¥ HEprueil B uuTeppase (€, + de) B npejenax aTOMHOMR
S9eUKNI BOCTIOJIb3YyEMCA KBa3UKJIACCUKONI AJIA DEHTPAJbHO-CUMMETPUIHOTO
noreHnuana V(r), COrIacHO KOTOPOH YHCIO BO3MOXKHBIX COCTOSHUEN st
9JIEKTPOHA, C KBAHTOBBIMHM YUCIAMU f, M ¥ OIPEJIETEHHON MTpPOeKIueit
CIIMHA, TIPUXOISIIEECS Ha, JIEMEHT 00beMa (ha30BOro IPOCTPAHCTBA dp.¢dr,
B 00JIACTH KJIACCHYECKOTO JIBUXKEHUsI, KaK 3TO caenyer u3 ¢popmyisl bBopa—

L
Nn(i = Z Nn(,’m = (5)
m=—/¢

1 +exp(
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3oMmMepdennaa, paBHoO
1
- dpe’;‘( dr,
™

rie

(+1/2)°|

Det = psf(r) =42+ V('f’) - 22

CyMMupysl IO JBYM BO3MOYKHBIM IIPOEKIMSAM CIHHA, JJIsi CPEeIHEro
YUCTA JIEKTPOHOB ¢ KBAHTOBBIME YHCIaMU £, m U C JHEPTrHUel B HHTEPBAJIe
(e,e + de), Haxopsuxcs B cepudeckoM cioe (r, 7 + dr), B KBA3UKIACCH-
YEeCKOM TIPUOJIMKEHUY TIOJTY 1aeM

1 2 2 ded
—— — dpeedr = ° ;_ = N(e,r)dedr, (6)
1+ exp eﬂw TPl ] 4 exp
rie
2
N(e,r) = p—
Tpee(r) [1+exp GM]

®opmya (6) IPUBOAUT K BHIPAKEHUIO IJisi JJIEKTPOHHOM 1ioTHOCTH p(T)
no mogenu Tomaca—®PepMmu, eciu UCIIONB30BATh KEAZUKAACCURECKOE NPU-
bausicenue (6) dasn 6cer 2AeKMPONO6, BKIKOUYAS COCTOSHUS ITUCKPETHOIO
crekTpa. B ykazanHOM mpubIMKeHUn 1 9UCIa JIEKTPOHOB B cepude-
ckoM cioe (r,r + dr) umeem

drr?p(r) dr = lZ/N(s,r) ds] dr,
tm

T.€.

1 ‘ 2de
=t |22 —l- ™
€ om=—L 0 _ver) Tpee(T) [1+exp 7 ]
2r

B (7) unTErpHpOBaHKE MPOU3BOIUTCS MO OOJACTH KIACCUIECKOTO [IBUIKE-
HUA IJIEKTPOHA

2r2

HpOBO,Z[ﬂ CyMMUPOBaHUE TIO M U 3aMeEHdd CYMMHUPOBaHUE TI0 Z UHTE-
rpupoBanueM 1o y = (£ + 1/2)2, moce mepecTaHOBKH TIOPSAIKA HHTEIDH-

ﬁmﬂ=2F+vwv—@ii@L]za
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POBaHUA TTOJTyYUM

2r2[e4+V (7))

17 de dy
p(r) = — = =
V/( S / VATVl ol

V2 70 \/€+V (26) 3/2/ JTdo
2 b
,u 2m 1+exp<x—w>

1 +exp

T.€.

3/2 ,
plr) = O s (F2). ®

4yTo copragaer ¢ gopmyoi (7) uz §1 . L.

3. ITony4eHue BhIPpAXKE€HUsI AJIsI IJIOTHOCTY JI€KTPOHOB C IIOMO-
MIHI0 KBa3MKJIACCUYECKOTO MPUGIIMXKEHNs JJIsi BOJHOBBIX (DYHK-
mumit.  ®opmysa (8) [ MIOTHOCTU JTEKTPOHOB p(T) MOKET ObITH MOJLY-
YEHA TAKKe HENOCPEJCTBEHHO U3 KBAHTOBOMEXAHUYECKOTO BbIPAYKEHMUS

. 2
p(F)= —————— [Ynem (7)* +
nt— M
nem 14exp ——
(ene<c0(0)
2
+y = [Yeem (7 )2 de,  (9)
£m5>€0(f) 1+exp 0

rae €9 = €o9(f) — rpaHMIA HEMPEpPBIBHOTO CIEKTPA ISl JJIEKTPOHOB C
JAHHBIM £, Vo (F) 1 Yopm(F) — BONHOBBIE (DYHKIMH JAUCKPETHOTO U

HENPEePBbIBHOI'O CIEKTpa:

Yo () =+ Rt()(=1)"Vom (9, 2), etm(7) = 7 Retr) (=1)" Vi (0, 9).

B obmacTu KmaccHueckoro ABUKEHUS IJIsT PAARAIBHBIX JacTeil BOIHO-
BbIX (DYHKIIU BOCIIONB3YEMCsl KBA3UKIACCHIECKUM TPpUOInKeHneM (crpa-
BEJIJIUBBIM, CTPOT'O TOBOPsI, BAIH OT TOYEK TIOBOPOTA):

C . T
Re(r) = p—;(r) sin(6+7) (6= eno);

Rgf(,r) =

C . T
\/ps—jw sin (f—i— Z)
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,
Baecs & = &(r) = [pee(r')dr' (ri — mepBas TO¥Ka MOBOPOTA), & HO-
1

crosiaabie C u Co ONpeNessiioTcs U3 yCAOBU HOPMUPOBKHU. BHe obiactu
KJIACCUYECKOrO JBUMXKEHUs OyIeM IojiaraTh BOJHOBbIE (DYHKIMKM PABHBIMU
HYJIIO.

Ecam 7151 5371eKTpOHOB IUCKPETHOTO CIIEKTPA MOTPEOOBATDH BHITIOTHEHUS

ro
2 _ o
yeaosust [ R2,(r)dr = 1, T0 111 HAXOXKIEHUST HOPMEPOBOYHON IIOCTOSTH-
0

HOM (| B KBa3UKJIACCUYIECKOM TIPUOJIMIKEHUH TIOJIy9aeM PABEHCTBO

T0o T2 T2
1 1+sin2¢(r) C? dr
R? rdrzCQ/ dr%—I/ =1. (10
0/ ne(r) Y pee(r) 2 2 ) pe(r) 10)

JI7is1 9J1eKTPOHOB HENPEPBIBHOIO CIIEKTPa MOTpedyeM Hpu rg — 00
BBITIOJTHEHUS YCTIOBUS

qaro gaer Cy = /2/7 (cm. §3).
IMoxncraBisis KBa3UKIACCHYECKHE BOTHOBBIE (DYHKIUE B (9) U y4InTHIBAS
TeopeMy CJIOXKEHUs J7Isi C(HEePUIECKUX TapMOHUK

20+ 1
> Wem (0,0 = =,
m
oJIy 4aeM
. 1 2(20+1) )
p() = p(r) = ———— Ba()+
dmr? ; 1+expw—u "
(ene<e0(£)) [
T o200+ 1)
+
+> / ——— L B de o (11)
€ oold) 1+ exp 7]

Jlnst IpoBeeHnst CyMMHPOBAHUS MO 7 BOCIOJB3yeMCsl MpaBuiaoM Bopa—
3oMmMepdenbaa

T2

/pgg(T)dT o (n + %) (e =n—0—1), (12)

T1
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n3 KOTOPOro ciaeaxyer
T2

dn, dr
T— = —, 13
de / Dee (T) ( )

T.€.
T2

da/ dr
dn, =
ps(f( )

ITepexons or cymmupoBaHus MO N K CYMMHPOBAHUIO 10 7, U 3aMEHSS
CYMMHUPOBAHHUE TIO 7, HHTETPUPOBAHUEM TIO €, TTOLYIUM

1
pr) = 1— ;2(25 +1) x

o 1 2 Foar
/ _ i / " sin? (§+ E) de +
V) 1+exp € 7Tps(f(r) ps(f(r ) 4

I
7 2
+/ ==h p (r) sinz(f-l-%) de 7,
¢
(0 1+ exp 7 €
T.e.
1 r 1 2
T
p(r) = 2(2¢+1 / — sin? (&€ + =) de
) 47r? 7 ( ) V(r)1+eXp€9M 7 Pee(T) ( 4)

(14)

Ecmm B (14) 3amenuts sin? (€ + 7/4) = (1 + sin2¢)/2 ua 1/2, a 3arem
mepefiTi OT CyMMHUPOBaHHA 110 £ K MHTerpuposanuio o y = (£ + 1/2)2
MIPOU3BECTH €r0 B MEPBYIO OYEPE/Ib, TO B PE3YJIbTATE MOIYIUM BbIDAKEHHE,
cosnazaooriee ¢ (8).

Kak cnenyer w3 seiBoma dopmynsl (14), B mozenun Tomaca—®Pepmun
peHedperaeTcst OCIHUJLISAIUSMEA BOJTHOBBIX (DYHKIUI M, T€M CaMbIM, OC-
IWJLISAIHASIME 97eKTPOHHOI iorHocTH. Meron Tomaca—®epMu OMUCHIBAET
JINNIb yCPeJHEHHOe TOoBefieHne (hU3NIECKUX BEJIMYWH, HE MepeIaBas UX
OCIMJLIATINH, CBS3aHHBIX C 000JOYEYHON CTpyKTypoi. Takum oOpasom,
3JIEKTPOHHAS TIJIOTHOCTH CPEIHEro aroma mo mojean Tomaca—®Pepmvu u ero
MOTEHINAJ B pe3yJbTaTe UCIOJb30BaHUs ypaBHeHusi [lyaccoHa OKa3bIBa-
IOTCSI COTJIACOBAHHBIMU MKy CODOil, O/THAKO TIOJIyY€HHbIE B 9TOM MTOTEH-
nyaJje BOJHOBbIE (DYHKIMHU JEKTPOHOB W BBIYMCJIEHHBIA C WX MOMOIIHIO
MOTEHIUAJ COTJIACOBAHHBIMU He OYIyT.
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Kpowme toro, ormerum, aro momens Tomaca—®Pepvu HENMPaBUIBHO Te-
PEaeT NOBEIEHUE JIEKTPOHHON NJIOTHOCTH B OKPECTHOCTH si/IPA, T.€. IPU
r ~ 0. U3 nosenenus dbyukuun Iy /5[(V (r) + p)/60] npn mManbix r crenyer,
aro p(r) ~ 1/r3/2 = oo pu r — 0 (cM. dbopmyy (8)), XOTs MIOTHOCTD
JIEKTPOHOB JIOJI2KHA CTPEMUTHCS K HEKOTOPOMY KOHEYHOMY 3HaueHuro. B
camoMm ziesie, ipu r = ( BKJIAJ B 9JIEKTPOHHYTO IJIOTHOCTD JIAIOT TOJBKO Te
JIEKTPOHBI, y KOTOPbIX £ = 0:

ZNWJQ )P = Z 2, [Yoo (9, 0) 2,

rjie Cpo — HEKOTOPBIE TOCTOsTHHBIE, OIpeiesisieMble THCIAMU 3aI0THEHUsT
yposueit ¢ £ = 0. Takum 06pa3om, /1Jist JTEKTPOHHOM TJIOTHOCTHU, BBIYUC-
JIEHHO 110 BOSTHOBBIM yHKImAM, nmeeM p(0) < 00 B OTJIMYHE OT MOJIEIN
Tomaca—®@epmu. 3ameTum, 910 3Ta 0COOEHHOCTH MOjean Tomaca—®Pep-
MU TPAKTHIECKH HECYIIECTBEHHA, €CJIH HeT HEeOOXOIUMOCTU BBIYUCIISATH

p(r) npn r ~ 0.

dmrp(r)
100 t T
50 T 1
«— /

0
0 0,2 0,4 0,6 0,8 /v

Puc. 2.3. PajguanbHas SJeKTPOHHAS IIOTHOCTH 47r2p(r) B 3aBHCHMOCTH OT

x = +/r/ro mo momenu Tomaca-®epMu aas 30/10Ta TpU MWIOTHOCTH p = 1 r/cM3 u
pa3/IMYIHbIX 3HadYeHusAX temueparypbl 7 = 1, 10, 100, 1000 3B (crpenkamu moKa3aHO
HaIIpaBJIeHNE M3MEHEHHUs KPUBBIX C DOCTOM TEMIIEPATYDPHI)

Ha rpanune aromHoil syeitku nmpu r = 1o, KaK 3TO Ciaemayer u3 hopmy-
abt (7) w3 § 1 ror. I, umeem p'(r) = 0, 9TO HAXOAUTCA B COTJIACUH C MOJIEIIBIO
TTOCTOSHHON ILJIOTHOCTHI CBO60,Z[HI)IX SJIEKTPOHOB. Ba‘MeTI/IM7 9TO U3 IIOBEIE-
nus p(r) obojiouedHast CTPYKTypa aToOMa He BUJIHA. Bojiee TOYHbIe KBAHTO-
BOMEXaHUIECKHe PacdeThl (Hampumep, mo mozenun Xaprpu—Poka) rakxke
HE IT03BOJLAIOT YBHIETh 000JI0YedHYI0 CTPYKTYpy u3 rpaduka p(r). Ee
MOZKHO yBU/IeTh u3 rpacbuka pagmaibaoit iotaoctu 47r2p(r) (cm. puc. 3.6).

Pacripesiesienre pajnaabHOM MIOTHOCTH 3aeKTpoHos 47r2p(r) B 3a-

BUCUMOCTH OT T = +/T/To, mosnydenunoe 1o ¢dopmyie (7) uz §1 . I
nif 30710Ta TIpu (bUKCHPOBAHHOMN TJIOTHOCTH Bemectsa p = 1 r/cv® u

PA3IUYHBIX 3HAYEHUAX TEMIIEPATYPbI, n300pazkeHo Ha puc. 2.3. Kak BumgHO
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u3 puc. 2.3, MOXKHO HaliTu TOYKy r = r*, B KoTopoii dbynxuusa r2p(r)
MUHUMAJbHA. SHAYEHWE I"* MO3BOJISET CYIUTh 00 3(D(MHEKTUBHOM PaInyce
uoHa: B obslactut r > 7* HAXOSATCs, B OCHOBHOM, CBOOOIHBIE IJIEKTPOHBI
aroma, a mpu r < ¥ — MEKTPOHBI AUCKPETHOTO CIIEKTPA, 00pa3yroIme
noHHBIN ocToB. [l paccmarpuBaemoro ciay4dasd npu 1 = 1 3B Benuuuna
r* =71(0,5)2 ~ 2 a.e.,anpu T = 1 k3B nmeem 7* = r4(0,05)? = 0,02 a.e.
(ro = 8,08 a.e.).

4. Cpenusisi cTelleHb MOHMU3ANMUM BelecTBa. Vcnonb3ysi BHIBO
dbopmybl (8), mopcUATAEM YHCIO TEKTPOHOB HENMPEPBIBHOIO CIIEKTPA Lo,
COJIEPKAIUXCS B OTHOM aToMHOM stuefike. K HempepbIBHOMY CIEKTDPY MbI
Oy/1eM OTHOCHTb COCTOsIHHsI JIEKTPOHOB C OJHON TOYKOil mOBOpOTa (CM.
puc. 2.1). Nmeem

Zo = 7§V — 787,

zM = /dr/ds / 2dy , (15)
ce—p
0 0 pee(r) [1 + exp 9 ]

z :/dr/de/ 2dy g_u]. (16)
0

TP (T) [1 + exp 7

rie

O6nacrb unrerpuposanus B (16) onpenessiercss HepaBeHCTBAMU
0<y<2r?(e+V(r) (0<y<y’), Uyr)<e<e, (€20,
T.€.
0 <y <min{y*, 27’ +V(r)]}, 0<e<eym.
BrpoueM, cyImecTBeHHO He CHUKAast (PU3MYECKOH TOYHOCTH PACYETOB,

J1s Z((,Q) MOKHO MOJIyIHUTh 0GOJiee NPOCTOE BbIParKeHUe, eCIM I 33JaH-
HOro ¢ B Ka4deCTBe HIKHEH IDAHUIBI HEMPEPHIBHOIO CIEKTPA HCHOIB30-
Barh ¢ = y/(2r3). Torna obnacts unrerpuposanus B (16) onpepenurcs
HEPaBEHCTBAMU

0<e<ts, 0<y< 2%+ V()
2rg
T.€. V( )
2 2 —’I“
2roe <y <2r [E-i—V(T)], 0<e< (7,0/7,)2_1’

st cpenHeil cTeneHn MOHU3ALUK BeIIECTBA & = Zg/Z OKOHYATEIBHO
TIOJIY IUM
a=ag— ai,



52 Ta. II. Boanosvie Gynkyuy 3.4exmporos 6 3adantom nomeHuuane

4\/_/ /d 6+V(;~)M:

1+ exp
8\/_ T t2 dt
= r2[V (1) 2dr , (17)
Z 0 1/1+exp [(tz—l)vér) +n
) i/ (r)/[7/r) -1] \/V(T) —“[(ro/r)2 — 1] e —
-z o 1+ exp S o -
_ \g/ [/)]S/idr/ 1’5_2;’;5 T 09)
TO " 0 1+ exp [WT/I’ + n

Baecs B (17) t =+/1+¢/V(r), as (18) t = /1 —[(ro/r)? — 1]e/V(r).
PacueTsl MOKa3bIBAIOT, YTO BEJIMYMHA (1] UIPAET POJIb IONPABKH, T.€.
00bIIHO (p K g. 3aMeTHM, YTO BEJUINHA, Z(()l) (u coorBercrByMOIIEE €l
3HAYEHUE ao) JAaeT YHUCTI0 JIEKTPOHOB B aTOMHOM stdeiike ¢ sHeprueii € > 0.
BuyTpennue unterpainbl B (17) u (18) MOXKHO BBIYHCIATH 1O hOpMy.JIe
Cumncona, a BHemHHE — 1O (POPMyJE TpANenuii, TAK KaK 3HAYCHUS
norenipana V(r) oObIYHO U3BECTHBI HA HEPABHOMEDHOIT CETKE.

o . - .
a=10,9
100 O, 7
0,5
0,3
—2
10 0.1
10*
1076
1078 ’ ’ ’
10°¢ 107* 1072 T
Puc. 2.4. Kpusble NOCTOSHHON CTeNeHW HOHHM3ANMH « = Zo/Z B 3aBHCHMOCTH OT

nepemensbix o = p/(AZ) u T =T/Z*/3
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Bemwuwna «, kak u gpyrue BeamuuHbl B Momenu Tomaca—®Pepwmu,
3aBHCHT TOJBKO OT TPHUBEAEHHOI morHoctn o = p/(AZ) u npuBesneH-
HON TeMmIepaTypbl T = T/Z4/ 3. KpuBble a@ = const Ha IJIOCKOCTH O, T
MpUBEIEHbI HA puc. 2.4.

5. O mompaBkax K mogesiu Tomaca—®epmu. Mogenr Tomaca—
®epvu (TP) HamIA MIUPOKOE TPUMEHEHHUE JJIsI ONIUCAHUS CBOMCTB BBICO-
KOTEMIIepATyPHOI MJIa3MbI B CBS3H C €€ MPOCTOTON ¥ yHUBEPCATHHOCTHIO.
Cpazy nocie dopmyauposasns ocHoB Mogemn T® nna T =0 [215, 137 u
0606mmennoit Mmogenn T® nyst T # 0 [138] Bo3HUK Bonpoc 06 OnpeeIeHnn
obJsiacT ee TPUMEHUMOCTH U CBSI3aHHBIA C 9TUM BONPOC 00 yCOBEpIIEH-
CTBOBaHHW Momean. B 3ToM HampapieHnn B psage paboT elme B MCXOTHON
mogeu it T = 0 6bLIO TPEJIOKEHO YIecTh OOMEHHBbIE U KOPPEeJIsiy-
ounble 3bdextor [136, 218]. Yrounenue o6obmennoit mMozenu TO st
BEIeCTBA C 33JJaHHON TeMnepaTypoil U MJIOTHOCTHIO OBLIO MPOBEIEHO HA
OCHOBE PAa3JIOYKEHUs UCXOTHOTO TAMUJIBTOHUAHA, 110 CTEMEHSIM MOCTOSTHHON
IInauka h. B pesysbrare ObL1a mocrpoeHa Moieab T® ¢ KBAHTOBBIMHU U
oOMeHHBIMHU nonpaBKamu, win Mogens TOIT [52, 53, 47, 48].

Ionpasky §V (r) k norennuany T® B mogenu TO®II MOXKHO BBIPA3UTH
caenytomum obpazom (em. § 1 rur. VI):

V2 1 p(x)) 1
oV (r) = P [7’0)((1')/7’ + 51—1/2 (7) - 51—1/2[¢(1)] —X(l)] ;
(19)
rae & = r/ro, ¢p(x) — pemenne ypasuerns T® (cm. dopmyay (17) u3 §1
1), x(z) — peienue JuHEHHOrO HEOAHOPOIHOIO YPABHEHMS

I ot (42) g 71 (42)]

1 () ()] o

¢ rpaananbivu yetousivu X (0) = 0, x(1) = x/'(1).

Hust yrounenus vomenn 1T®, make B mepBOM MPUOIMKEHUU, yIeTa
KBAHTOBBIX, OOMEHHBIX ¥ KOPPEJISIITUOHHBIX MMOMPABOK OKA3aJI0Ch HEIOCTA~
TOYHO, TAK KAK KPOME DEeryJsiPHBIX MOMPABOK, T.€. MOJyYEHHBIX IIyTeM
pa3JIOXKeHNsI TAMUJIBTOHUAHA B Psf MO cTeneHsM mnocTosiauoi [lnanka i,
CYNIECTBEHHYIO POJIb MOT'YT UTDATh TAK HA3BIBAEMbIE OCIUJLISAIUOHHBIE [T0-
[IPaBKU, CBI3aHHBIE ¢ 000/109eYHbIME Y dherkTamu. VIMeHHO 000/109eIHBIMY
apderTamMu 00bICHIIOTCS OCIHUIIAINE BEJTMYINH HOPMAJIbHON IJIOTHOCTH
PA3JINYHBIX BEIECTB B 3aBHCUMOCTH OT UX aTOMHOrO HOMmepa Z. Hamowm-
HUM, 9TO MpPH TOJIyYEHUH 3JIEKTPOHHOH IJIOTHOCTH 10 Mozenu Tomaca—
®epmu ¢ ToMOIITHIO Bhipazkenus (14) 6pia nposeiena 3amena sin? (E47/4)
Ha 1/2. Ecan Takoit 3aMeHbI He IIPOU3BOIUTH, TO MOXKHO [IPOBECTH [IPUOJII-

X" (z) =
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JKEHHBIN yaerT 000/109e9HbIX 3(hhEKTOB U MONyIuTh aHAJTUTHIECKHE (hHOp-
MYJIBI JJIsI PacdeTa 3JIEKTPOHHOM IJIOTHOCTH, KAYECTBEHHO IIePeIAIOIIIe ee
ocumsuyn [55).

O6sacTh TPUMEHUMOCTH DPACCMOTPEHHBIX MOJIENIel OTpaHMYeHa Ma-
JIOCTHIO MOIPABOK, IMPHUYEM IOJIy4YaeMble B Pe3yJIbTaTe HCIOIb30BaHUS
MO/IeJIeli C TIOMPABKAMU ATOMHbIH TOTEHIINAJ, BOJIHOBbIE (DYHKIUHA U COOT-
BETCTBYIONIAs UM 3JIeKTPOHHAS IJIOTHOCTb OCTAIOTCSI HE COTVIACOBAHHBIMU
Mexkay coboii. Bosee mociieioBaTeIbHBIM TOAX0J0M, HE TPEOYIOIMM Ma-
JIOCTH TIONPABOK U B TO Ke BpeMsl 60Jiee TOYHBIM M HMPOCTBIM, SIBJISIETCS
[I0/IXOJ1, SIBHO YYUTBHIBAIONUIUI 000JI0UEYHYIO0 CTPYKTYPY TOMOB, T.€. OCHO-
BAHHBIN HA BBIYUCIEHUU BOJHOBBIX (DYHKIIWIT JIEKTPOHOB U MIPUMEHEHUN
MO/IeJIel CaMOCOTTIACOBAHHOIO TIOJISI.

§ 2. BouaHoBble (DyHKIIUN JUCKPETHOTO CIIEKTPA

IIpu temmeparype T ~ 1 k3B 3manums norenmmana Tomaca—®Pepmu
MPAKTUYECKU JOCTATOYHO JIJIsi PEIIEHUs] MHOTUX 337129 (DU3WKU BBICOKO-
TeMrieparypHoil miadMbl. OHAKO W MPU HU3KUX TEMIIepaTypax OTIHINe
norennuana Tomaca—Pepmu or norennmana Xaprpu—Poka—Cisrepa, co-
OTBETCTBYIOIIEro O0Jiee COBEPINEHHON (DU3UIECKON MOIE/N, HE CJIUIIKOM
Besnko. [ToaTomy, ncnons3yst norenrmas Tomaca-Pepmu, MOKHO 6€3 60Tb-
[IUX BBIYUCTUTEIBHBIX 3aTPAT JIETKO TOJIYYaTh PA3IMIHbIE XapAKTEePUCTH-
KU BEIeCTBA, UCCIEI0BATH KAYECTBEHHOE MOBEIEHUE ITUX XAPAKTEPUCTUK
B 3aBHCHMOCTH OT TEMIIEpATypbl U IIOTHOCTU U T.i. Kpome Toro, nmoren-
nuas Tomaca-®epMu MPAKTUYECKH BCErJIA CIYXKUT XOPOIINM HAYATHHBIM
npubIHKEeHHEM TPHU MPOBEIEHUH PACYETOB CAMOCOTJIACOBAHHOIO TOJS C
MOMOIIIBIO GOJIee CIIOKHBIX KBAHTOBOMEXaHUIECKUX MOJIEJIEH.

JlJist oty deHusi OHOJIEKTPOHHBIX BOJIHOBBIX (DYHKIMNA HEOOXO0IUMO
periarh ypasuenue [IIpéauarepa ¢ HEKOTOPHIM CAMOCOTIACOBAHHBIM TIEHT-
PAJIbHO-CUMMETPUYHBIM TIOTeHIIuaaoM V (7). Pa3mndHbie METO/IbI pereHmst
ypaBuenus Illpénunrepa — aHaauTHYECKUE, TPUOIMKEHHBIE W YHCICH-
HbIE — PACCMOTPEHBI B JIONOJIHEHUY, TPUBEJEHHOM B KOHIIE KHUTH. B Ha-
crositeM maparpade u3araeTcs IpakTHIecKoe MPUMEHEHUe STHX METO/IOB
¥ aHaau3upyercs ux 3HPEeKTUBHOCTD.

1. Yucnennble MeToqabl pernenusi ypaBHeHusi IIIpémumrepa.
[Ipu npoBeieHrK UTEPAIUil /11T IOy 9€HUST CAMOCOTJIACOBAHHBIX ATOMHBIX
MOTEHIIMAJIOB TPUXOIUTCSI COTHHU, a WHOT/A [aXKe TBHICAYHM pa3 pelaTh
ypasuenue IIpénunrepa ¢ 3ananabiM norexnuaiom V(r). B pesysbrare
3¢ dEKTUBHOCTD METOJ0B HAXOXKIEHUs CAMOCOTJIACOBAHHBIX MOTEHIINAJIOB
B 3HAYUTEJBHOM creneHu onpefessieTcs: 3G@MEKTUBHOCTHI0 METOIA Pelre-
wus ypasuenus [[Ipénunrepa

0e+1)

1 "
—iRnf"r —V(T) + 27“2

Rnl_’ = En(fRn(f (0 <r< 7'O)' (1)
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Ipanuunbie ycious s paguaibaoil dynkuuu Ry, (r) npu r = 0 onpene-
JIAIOTCsl OrpaHuIeHHOCTbIO hyHKmU R, ¢ (1) /r B Hye, uro naer R,,(0)=0.
Ilpu r = 7o B 3aBUCHMOCTH OT (PU3NYECKUX YCIOBUIl M HCIOIb3yEeMBIX
METO/IOB TPAHUYHbIE YCJIOBUS MOI'YT OBITH JIOCTATOYHO PA3HOOOPA3HBIMMU:

Rne(ro) = 0, (Rpe(r)/r)’ ‘ = 0 wiu nepuopuvecKue ycjious (HEKOTO-
T=To

pBIii BADHAHT TAKUX yCJI0BUil paccmorped B § 1 rr. IV).

IIpu perenuu ypasuenust (1) B §2 u §3 Hacrosieil TaBbl B Kade-
crBe norernuasa V(r) GyIer UCrosb30BaThbCs, KAK IIPABUIIO, TIOTEHIUAI
Tomaca—®epmu V (r). PaccmoTpum, mpexkae BCero, 3a1ady HaXOXKIEHUsI
JINCKPETHOTO CIIeKTpa dHepruil ypasHenus (1) ¢ ycjIoBrHeM paBeHCTBA HYJTHO
BOJTHOBOM (DYHKIIMU U €€ MPOU3BOIHON mpu rg — 00. OJHUM U3 MEPBBIX
pacdersl it cBoOboaHOrO aroma nposoaun . Xaprpu erie 6e3 npuMeHe-
Hust Kommbiorepa [150]. Jdas pemenust ypasuenus [Ipéauarepa UCmoab30-
Basics Meros HymepoBa u HEKOTOpast UTEPAIOHHAS CXEMa HAXOXK/IEHHSI
COOCTBEHHBIX 3HAYEHUIT SHEPIUH Enyp (CM. TakKe [141]).

Bonee sddexktuBnbivM siBsiercst gazoendi memod [104, 85|, ocHoBaH-
HBII HA WCIIOJIb30BAHUY KBA3UKJIACCHUIECKOTO MPUOIMKEeHns U 0000IIeHnn
yesoBusi Bopa—3ommepdenbaa. Pa30Bblil METO/T MO3BOJISIET 3a JABE—TPU
uTepanuu HAUTH COOCTBEHHBIE 3HAYEHUSI JHEPTHUU C BBICOKONW TOYHOCTHIO,
OpruY9eM 3TOT METO/ OKa3aJIiCd MaJIO TYBCTBUTE/ILHBIM K BbI60py Ha4aJIbHO-
1o MPUOJINKEHUST U TeM CAMbBIM UCKJIIOYUTEBHO HAJEXKHBIM U JJOCTATOYHO
9KOHOMUYHBIM TIPU PACUETEe CAMOCOTTIACOBAHHBIX TIOTEHIINAJIOB B IIUPOKON
06IaCTH TeMIEpaTyp U IIOTHOCTEH [78].

JlJist cpaBHEHUsI MPUMEHSIIICST TAaKXKe memod obpamunx umepayud [78],
KOTOPBII OKa3aJscs 60siee OBICTPHIM, OJTHAKO, MEHEee HAJIE2KHBIM, TaK KaK JIJIs
HEro TpebyeTcs JOCTATOYHO TOYHOE HadaIbHOE 3HAYEHNE JHEPIUH, YTO He
BCETr/Ia BHITIOJTHUMO TIPU IIPOBEJIEHUU MACCOBBIX PACYETOB.

2. Bomopomaonomob6Hble U KBa3uKJIacCuiecKne BOTHOBbIE (byHK-
. KpOMe MPAMBIX YUCIE€HHBIX METOJOB CYUIECTBYIOT PA3JIMYIHBIE TPU-
GJIMKEHHBIE METO/IbI pellieHust ypaBHerusi (1), onmuparommecst Ha aHAJTUTH-
9eCKOE TPEJICTABJICHIE BOJTHOBBIX (DYHKITHIA.

Hawubosee ynobHBIME ¢ TOYKY 3pEHUs UX JTATHHEHIIEr0 UCIIOIb30BAHUS
SIBJISTFOTCSI 6000p000N0006HLE 80AHOGDIE PYHKUUU

H an

R™(r) = (n—¢-1)!

(n+0)!

e~ /2 2 (), (2)

rae «© = 2Zpr/n, L% (z) — nomuromer Jlareppa, a Besmunna 3 deKkTrB-
HOTO 3apsaia Z,¢ MOAOMPAETCA CIENNATbHBIM 00pa30M, HAIPUMED, MEMO-
dom npobrozo nomenyuara (CM. ZOTONHEHRE, § 3, . 3).

C noMoIIp0 BOAOPOIONOIOOHBIX BOJTHOBBIX (DYHKIHHA JIEMKO BBIYHCIIs-
IOTCA TaKHUE€ BEJIMINHDBI KaK CHUJIbI OCIHHUJIIATOPOB, BEPOATHOCTHU PA3IMIHBIX
PAIUAIMOHHBIX U CTOJIKHOBUTEIHHBIX MTPOIECCOB, APYTHE XaPAKTEPUCTUKI
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aromoB. CoOCTBEHHBbIE 3HAYEHUsI IHEPTUU, COOTBETCTBYIOIIME BOJIHOBON
dyukuuu (2), onpenensorcs no Gpopmysie

022,
Ent = _2_/,22 + Anl’a (3)

rae A,¢ — HNOCTOSHHAs BHEIIHEH SKPAHUPOBKU.

Rye(r) : ' K -

0 005 01 015 02 /i7r

Puc. 2.5. Paananbuble BomHOBble dyHKImMU R, (r) B 3aBEHCEMOCTH OT T = +/r/r0,

BBIYHUCJICHHBIE B BOAOPOJOIOA00HOM NPUO/IMKEHUH (IITPUXOBAs JIMHWS) U IyTEM 9HUC-

JIeHHOTO pentenusi ypaHenust 11Ipénunrepa (criomnast suuust). [IpuBegensr rpaduxku

R, ¢(r) mns raaBHBIX KBAHTOBBIX 4uceld n = 1,2,3,4 u £ = 0 (Koam4ecTBO HyJe# COOT-

BercTByomeil dyHkun paBHo n — 1). Pacuer nposenen B nmorennmase T® s 30i0ta
mpu T =1 k3B, p = 0,1 r/cm?

Ry(r) ; . . .

0 005 01 015 0,2 /7o

Puc. 2.6. BomopononomobHble U 4UC/IE€HHbIE pajuaJbHble MyHKIUU ajisd n = 1,2, 3,4,
£ =0 B morennuase T® gys 3omora npu 7' = 0,01 k3B, p =0,1 r/CM3
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Bomopomomonobubre BosHOBbIE (DYHKIWY U YUCTEHHBIE DEIIeHUsT yPaB-
wennsi [IIpénuurepa c morenmmasom Tomaca-®epmvu, mosydeHHbIE 15
zonota (T = 1 x3B, p = 0,1 r/cm?), npusesenst Ha puc. 2.5. Jlia cokpa-
[EHNsT MeCTa PaJuaIbHble (DYHKIUU PACCMOTPeHbI Julihb mpu £ = 0, Tak
kak npu £ # 0 coBnajienne TpUOINKEHHBIX (DYHKIUN ¢ TOYHBIME TOPA3/I0
aydire. ITpu HUBKUX TeMnepaTypax pe3yabTaTbl MOI'YT ObITh HE HACTOIBKO
xopom (cMm. puc. 2.6), Tak KaK BOIOPOJIONOA00HOEe npubsiukenue pabo-
TaeT JIUIIb TOTJA, KOTJA ATOMHBIN MMOTEHIHAJT OJU30K K KYJOHOBCKOMY
B HEKOTODPOH CYIIECTBEHHOI [1Jisi BOJIHOBOW (yHKIMK 0O0JACTH. YCIOBUE
IIPUMEHUMOCTH BO,Z[OpO,Z[OHO,Z[O6HbIX BOJIHOBBIX (byHKIII/Iﬁ BBIINIOJIHAECTCA TEM
JIydIlle, 9€M BBIIE TEMIEPaTypPa BEleCTBa, OJHAKO B HEKOTOPBIX CIyda-
X, HAIPUMep, /s MepBOi 0O0JTOYUKH, BOJOPOIONOA00HOE TMPUOIMKEHNE
MPUMEHUMO MTPAKTUYIECKH BCETA, 3a UCK/IIOYEHNEM, ObITh MOXKET, CJIyIaeB
3aI0THEHHOM TepBOH 0O0I0UKH 1151 SJIEMEHTOB C MAJIbIM .

Bupouewm, rpadpuyeckoit 61m30cTH TPUOJINIKEHHBIX BOJTHOBBIX (DyHKITHI
K TOYHBIM MOYKET OKa3aThCsl HEJOCTATOYHO. Bojee HaIeKHO O KadecTBe
HpI/I6JII/I)KeHHI)IX (byHKI_[I/Iﬁ MOZKHO CYyJUTH IO TOYHOCTU BBIIIOJTHEHUS YCJI0-
BUi OPTOrOHAJILHOCTH, 110 TIOI'PEITHOCTU BBIYUCICHNSI MATPUIHBIX dJIEMEH-
TOB #U T.II. TaK, HalIpuMep, yCJIOBUA OPTOTOHAJbHOCTU OJHOJIEKTPOHHBIX
BOJIHOBBIX (byHKI_[I/Iﬁ JJId PA3JINIHBIX 3HAYEeHNH TJIABHOTO KBAHTOBOI'O YHC-
72 1 IpU COBHANAIIMNX ¢ NPUBOAAT K paBeHCTBY [ Ry¢(r)Rye(r)dr = 0
(n # n'), KoTopoe s BOXOPOAONOAOOHBIX DYHKIWIA U Zpy F# Zpr¢ BbI-
MOJTHSIETCST JIUIb MpubJInKenHo. [Ipyu pa3nudHbix 3HaYeHUAX £ BOJHOBBIE
GYHKIME OPTOrOHAJBHBI 38 CUET CPEPUIECKUX TAPMOHUK Yo, (9, ¢).

Bosnee tounbie BOTHOBBIE (DYHKIWMM 10 CPABHEHUIO C BOIOPOIOIOI00-
HBIMU JIAET YAYHUWEHHOE KEAZUKAACCUNECKOE NPUOAUNCEHUE, TTOCTPOCHHOE
Ha ocHoBe dynkuuii Beccens (cm. mononnenwe, §4). B cBsasu ¢ srum
KBa3WKJIACCHYECKUE BOJHOBbIE (DYHKIMKU MOTYT HCIOJb30BATHCS B Oojiee
MIIPOKOM WHTEPBaJe TeMreparyp u mioTHocreir. Hamo, onnako, nmers B
BH/ly, YTO KBa3WKJACCHIeCKHe (DYHKINU MeHee YI00HBI 10 CPABHEHUIO C
BOﬂOpOﬂOHOﬂO6HbIMI/I C TOYKU 3PEHUA TTOTyICHUA AaHAJTUTUICCKUX (bOpMyJ'[
JJ1d BBIYHUCJICHUA CeueHuin PaIualIMOHHBIX IIPOIECCOB.

B KBA3UKJIACCUIECKOM HpI/I6JII/I}K€HI/II/I 3HAYECHUEe SHepI‘I/II/I E = 82[ BbI-
YUCJISIETCS U3 YCJIOBUsI KBaHTOBaHust Bopa—3ommepdenbaa (MHIEKC § — OT
AHTJIHIACKOTO cIoBa semiclassical, B mambHERIIIEM MOMKET HCIOIb30BATHCS
takke obosnauenne BKB)

T2

/p(r)drzw(n—@—%), (4)

T1

rie

p(r) =4/2 [E—I—V(r) — w],

272
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r1, r2 — TOYKH mOBOpOTa (p(r1) = p(re) =0, r2 > r1).
Pangunanbabie BOHOBBIE DYHKITMH UMEIOT BUT

C\/?Kug(ﬁ) (»*(r) <0),

R(r) = (6)
\/_\/7 J_1/3 + Jl/g(g)] (p2(7”) Z 0)7

p=p(r), € =¢(r) = ‘ [ sar|,

rie

~ s

T — TOYKa [OBOPOTA, € = €,,,, C' — HOPMUPOBOYHAs IOCTOAHHAA.
Paccmorpum HekoTopble ocobenHocTH npuMenennst dopmya (4)—(6) B

3aBUCUMOCTH OT BBIOOpa TOYKH MOBOpoTa 7. IlycThb

Cl 5 Ky /3(8) (r <m),
R(r)
\/—\/7 [J-1/3(8) + Ji/3(8)] (r <r<ry),
rie
=| [oerar
32— £ [J_1/3(8) + J1/3(6)] (r1 <r <),
R)(r) =
& %Kus(f) (r > 1),
rie

T
= ‘ / p(r’
T2

M) - 2)
Oyukiusa R,/ (r) nmeer ocobeHHOCTD NIPH T = T3, & bynkuua R,/ (1) —
npu r = 7r1. VI3MeHsia 3HAYEHWE SHEPIUM €, MOXKHO IOCTPOUTH KBa3W-
KJIACCHYECKYIO BOJHOBYIO (PyHKUMIO €3 0COOEHHOCTE! IyTeM CIIMBAHMUS
. pll 2 .
dyukuumit RSM) (r) m R;Z) (r) ¥ WX OPOM3BOJHBIX B HEKOTOPOH MPOMEXKY-
TO4YHOHN TOuke r = r* (r1 < r* < rp). OnHAKO IS HOJIyYeHHs] BOJHOBON
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GbyHKIMY, HETPEPHIBHOW BMECTE C IPOU3BOIHOMN, JIyHIlle BOCIOIB30BATHC
Ha uHTEpBase (r1,r2) UHTEPHOIIUE

. fp(r) dr
Ry (r) = [1 = a(M]RY) (r) + a(r)RE) (r), a(r) = 2—rn. ()
[ p(r)dr

T1

31ech K03(hGUIHEHTHI HHTEPIOJSIIN MOI00PAHBI TAKUM 00PA30M, 94TO
B TOYKAaX MOBOPOTA '] W T’y BBITOJHSAIOTCS yCJIOBUsI HEMPEPHIBHOCTU BOJI-
HOBOM (PYHKIIMM U €e HepBOI MPOM3BOIHON. 3aMETHM, 4TO B HEKOTOPOM
UHTEpBaJe dHepruii, nosydennas no ¢opmyse (7) paguanbaas QyHKIUA
He OyIeT UMEeTh W3JIOMOB HE3aBUCUMO OT TOTO, BBITTOJIHSIETCS UJIM HET YCJIO-
BUIE BOpa*SOMMep(l)e;Hb,ELa. [ToaTomy, eciiu M3BECTHBI 3HAYEHUs] YHEPIUH

Gostee TOUYHBIE, UeM €,,,, UX MOXKHO TaK»Ke HCIIOIb30BATh JJIA IIOJTyYeHHsI
BOJIHOBOH dyHKIMK 110 hopmyJie (7).

ITpu mpakTrYecKuX BHIYUCIEHUSIX YI00HO UCIIOIH30BATH TAOIHUIILI (hYHKIHI
Ky/3(8) m J_1/3(8) + Ji/3(§). Kpome Toro, urtobbr msbexxaTh jesienus
Mautbix Besimuant £(r) u p(r) Apyr Ha Apyra B OKPECTHOCTH TOYEK MOBOPOTA,
BOJIHOBYIO byHKIMIO 1pU € ~ 0 MOXKHO IPEJCTABUTH B BUJIE

S

R, (r) = A1 + 4627 (£<0,1) (8)

¢ koadduimentamn A; u Ao, BIYUCIEHHBIME B cooTBeTcTBHH C (6) (Ay =
= £0,955275 A,).

Ilpu T = 1 3B, p = 0,1 r/cm® a1s Becex paccMOTpeHHBIX N u £
KBa3MKJIACCHYECKNE U TOYHBIE BOTHOBbIE (DYHKIMHU HA TpaduKax MpakTh-

Ry(r)

0 0,05 01 0,15 02 /7o

Puc. 2.7. KBasuksaccuueckue u IHUCJI€HHBIE paguaibHble GyHKIuu qiasa n = 1,2,3,4,
£ =0 B norenruane T® asa 3omora npu T = 0,01 k3B, p = 0,1 r/cm3 (cp. ¢ puc. 2.6)
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Tab6auna 2.1. Orinyus npubIUKEHHBIX SHEPruil ypoBHeH § = (£,¢—E€n¢)/Ene-100% oT

TOYHBIX 3HAYEHUH €,y B 9B B norennuane TP ams3omoranpu T = 1 k3B, p =0,11/ cm3.

IIpuBenens! TakKe OTKJIOHEHUS A NPUOIHKEHHBIX BOJTHOBBIX (DYHKIIHI OT IHCIEHHOTO

pemenusi ypasuenus Ipénunrepa (Bemmuuna A = A,, nomydena mno gopmyse (9)
u ymuoxena za 100 %)

€] 5 % A %
n £ Ipéx. o BKB H BKB
1 0 77532 0,01 1,73 0,29 1,95
2 0 16992 —0,03 —0,12 2,68 1,35
2 1 16573 0,05 0,03 1,29 2,67
3 0 7039 —0,07 0,06 4,56 2,08
3 1 6883 0,03 —0,12 3,54 2,02
3 2 6645 0,04 —0,09 1,33 2,35
4 0 3794 —0,09 —0,10 5,20 0,83
4 1 3728 0,04 0,04 3,97 0,73
4 2 3636 0,04 —0,07 1,74 0,75
4 3 3576 0,00 0,03 0,44 1,64
5 0 2336 —0,11 —0,05 5,50 0,88
5 1 2302 0,03 0,06 4,21 0,43
5 2 2257 0,05 —0,09 1,98 1,19
5 3 2228 0,01 —0,04 0,52 0,44
5 4 2220 0,00 0,03 0,10 1,84
6 0 1558 —0,14 0,01 5,65 1,22
6 1 1538 0,02 0,13 4,35 0,86
6 2 1513 0,03 —0,02 2,09 1,10
6 3 1496 0,01 —0,06 0,60 0,36
6 4 1491 0,00 —0,02 0,15 0,53
6 5 1490 0,00 —0,01 0,05 1,89

Tabauna 2.2. Orinunsa npHOJUKEHHBIX dHEPIUd U BOJHOBBIX (DYHKIHH OT TOYHBIX
auist 3omota ipu T = 0,01 k3B, p = 0,1 r/cm® (oBoznauenus cM. B Tabu. 2.1)

|5nl| d A
n £ lIpén. H BKB H BKB
1 0 72242 0,00 1,83 0,31 1,95
2 0 12015 —0,10 0,19 3,71 1,69
2 1 11523 0,09 0,38 1,95 2,93
3 0 2854 —0,59 0,02 11,99 0,57
3 1 2627 0,15 —0,03 11,03 0,72
3 2 2208 1,31 0,00 6,16 1,88
4 0 672,5 —1,48 0,33 27,44 0,56
4 1 576,3 1,46 0,37 27,46 0,56
4 2 401,3 6,47 0,46 27,21 0,59
4 3 169,7 - 1,29 - 1,20
5 0 143,5 - 0,01 - 0,91
5 1 111,4 - 0,12 - 1,06
5 2 59,84 - —0,84 - 1,35
6 0 38,31 - —0,34 - 0,79
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9eCKU COBIAIAIOT. XOPOIIas TOYHOCTh UMEET MECTO W Mpu 00Jiee HU3KHUX
remneparypax (cM. puc. 2.7) B OTJIMYUE OT BOJOPOAONOAOOHBIX (DYHKIIHIA,
KOTOPBIE XOPOIIIO OMHUCHIBAIOT CIIEKTP JIUIIb JJIsi BHYTPEHHUX 0DOJI0YEK C
MaJIbIMU KBAHTOBBIMY UUCTIAMU.

B rmabs. 2.1 u 2.2 npuBeIeHbI OTHOCUTEJbHBIE OMMOKH 0 B IHEPTHU-
X ypOBHE#, TOJIydeHHBbIX B moreHuage T® pa3jiudHbIME METOAMU.
Kpowme Toro, npuBeseHbl cpefiHue KBaJIpaTudHble OTKIOHeHus A = A,y
NpUOTNKEHHBIX BOJHOBBIX (DYHKIUI OT YHCIEHHBIX PEIIeHU, KOTOPBIE
BBIYUCJISITTUCH 110 (hopMyIIe

Bot = | [ [Bul) = Buet)] ", )

rae Rye(r) — coorBercTBYIOMAs KBA3UKIACCHIECKAsT WM BOJOPOIOIOA00-
Hast BonHOBas (yHkuus. Bemmanna A2, cOOTBETCTBYeT KBAIpaTy OTHOCH-
TesbHO# ommOKH, ycpeaHenHoii ¢ secom R2,(r):

To 2

AQ _ / Rn((r) — Rnl](r) R2 (’I“) dr

nt — Rnl (T) nt .
0

Ananu3 pe3yabTaTOB MHOTOYHUCIEHHBIX PACYETOB, JIWIIL MaJiasi 4acTh
KOTOPBIX MPOUJIIIOCTPUPOBAHA, B TabJI. 2.1, 2.2 1 Ha puc. 2.5—2.7, MO3BOIET
cliesiaTh caepyonme BoiBoAbl. [lpu Boicokux remneparypax (T ~ 1 kaB)
BOZIOPOIOITOIOOHBIE BOTHOBBIE (DYHKITUH MPAKTUIECKU COBIAJIAIOT C TOY-
HbiMU (cM. Tab1. 2.1). s BHyTpeHHUX 060/1049eK METOI, TPOOHOTO TIOTEH-
[HaIa JAeT XOPOITUe PE3YIbTATHI TPH JIFOOBIX TEMIIEPATYPAX U TIJIOTHOCTIX
(B TOM gmcIie u gyist cBOGOIHOrO aToma). i BHEIHUX 060I09€eK € YUCIOM
371eKTpoHOB N,y > 1 mpu Temneparypax 1" ~ 0,01 k3B u Hu>Ke peasibHbIe
paguasibHble DYHKIUH JAJTEKHA OT BOAOPOAONoa00HbIX. Bripodem, mys site-
MEHTOB ¢ OosbiuM Z (pu3uIecKass TOYHOCTb BCEX PACCMOTPEHHBIX METO-
noB pertiennsi ypauenust IIpénunrepa mpakTudecku OHA U Ta ¥Ke, KaK
MMOKA3bIBAET CPABHEHWE C COOTBETCTBYIONIMMU YUCJIEHHBIMU PEIIeHUsIMU
ypaBuenust JIupaka: OTJindne MeK/1y PessiTUBHCTCKUMHU M HEPEJIsITUBHUCT-
CKUMHU PAAUATbHBIMU (DYHKIUSIMA 3HATUTEIHHO MPEBBINIAET TOTPEITHOCTh
perenust ypapuenus IIIpénuarepa npubInKEHHBIME METOIAMH.

3. PensaTuBucrckue BosHOBBIE DyHKIMU. 151 3/1€MeHTOB ¢ O0JTb-
muM 7 HeoOXOAUMO YUUTHIBATEH PEIATHBUCTCKEE 3hGMEKTHI U PeliaTh BMeC-
10 ypasHenus [[Ipéaunrepa (1) cucremy ypapHenwuii (cM. qonosHexHwue, § 2):

d

ZF(r) + ZF(r)

2
I alen; +V(r) + = | G(r),

a2

(10)

Va

Law - Zaw

—afene; + V(r)F(r),
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rae F'(r) = Fpi(r) =rf(r) 1 G(r) = Gpe;(r) = rg(r) — TaK Ha3bIBaeMble
cnuHopHbie opburanu Jdupaka; f(r) u g(r) — Gonbmias u Manas paauaib-
HbIe KOMIIOHEHTBI BOHOBO# (byHKIUM, £ — OpOUTAIEHOE KBAHTOBOE YUCIIO,
j = £+ 1/2 — xBaHTOBOE YMCIO MOTHOrO MoMeHTa (j = 1/2 mpu £ = 0);
w==2(j-0)G+1/2)=x(+1/2),umsx=—(—1upu j=L0+1/2u
w=Lupuj=~0—-1/2.

Yucaennvili memod pemenus cucreMbl ypapaeruii (10) MOKHO mocTpo-
UTb, UCIOJIb3Ysi METOBI pellennsi ypaBHenus 1IIpénunrepa, B 9acTHOCTH
dazosbrit meroz (cm. monosnenue, §5). s 3TOro 10CTaATOYHO BOCIIOIL30-
BaThCA 3aMeHoi [152, 222]:

F(r) = vn(r) P(r), G(r) = vx(r)Q(r), (11)

rue
n(r) =« [6 +V(r)+ %] , x(r)=ale+V(r)]. (12)

B pesysbrare must kaxgoit u3 dynkuumit P(r) n Q(r) nomydum ypas-
HeHus, umerorye suz ypasHenust [lIpéaunarepa. Tak, mis dyuakuuu P(r)
HAXOIUM

P" +k*(r)P =0, (13)
3/0\> 10" xn x(x+1)

20 _

R R e

AHaJIOrMYHO 3aIUCHIBAETCA YPaBHEHUE JJisi MAJIOil KOMIIOHEHTHI (1), KO-
TOpOe MOXKHO nostyuuTh u3 (13) myrem 3amenst P(r) — Q(r), n(r) — x(r),
x(r) = n(r), = -

st mosyuenus: 6odopodonodobmuux Pynkyut F(r) = Fﬁj (r)uG(r) =
= wa(r) OyIeM HUCIIOMB30BATH 110 AHAJIOTUY ¢ HEPEJATUBUCTCKUM CJIyda-
eM pertrenust cucreMser (10) ¢ morernuanom V (r) = Zygj /1 — Anej. dddexk-
TUBHBIN 33pAl Zy¢j U NOCTOAHHYIO BHEIIHEH SKPAHUPOBKU A, ¢j HAXOLUM
MEeTOIOM TIPOGHOTO TIOTEHIMAJIA U3 YCIOBUsI MUHUMYMa, DYHKIHOHAIA [84]

ﬂmm:/mmywﬁmﬂﬁm+é%ﬂm (14)
0

opun JONOJHAUTEJTIBHOM yCJIOBUU

/Wm—Vmwﬁm+émﬂm:m (15)
0
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H

B(r) = Fryy(r) = Cogga”e ™ [La L4 (@) + L2751 ()],

~ H

G(Ir) = Gn(j(,r) = Cn(j xye—x/2 [gl xLiV_—;l_3/2(x) + g2 Liy__Jl_l/g(x):I ’

(16)
xr=2ar/a, v= (j+1/2)2—C2, ¢ = aZyj,
a= ¢ ,
Vin—j—1/240)?° +¢
W a ()= —1/2) farn— —1/242)— (7]
"0 (e — v)al /2 F'(n—j—1/2+42v) ’
2 2 —
fi= a% y fo=x—v, g1 = Vfl, g2 =¢.

adn —j—1/2+0) - (v ¢

s j =n —1/2 B bopmynax (16) crenyer nonarars L2 (z) = 0.
YpoBHU 3HEpPTHM 555 ; BBIMUCTAIOTCA TI0 popMmyite (cM. ononHenwe, § 2):

H wa/fﬁ

Enej = — +
ntj 1+ /A2 4+ /1 + /2

An(fja (17)
rue

4—2
G+1/2)+/G+1/22 -

n=n-—

r

Apej = O/TO [Zntfj _ V(r)] [Fri(r) + Gy (r)] dr.

Kak moxuo Buzers u3 ¢opmysn (16), 3aBUCUMOCTb PENATUBUCTCKUX
BOZIOPOJIONOI00HBIX BOJHOBBIX (hyHKIHU OT 3(hhEKTUBHOIO 3apsia siapa
Znej UMEET JIOBOJIBLHO CJIOKHBIN BHJL IO CPAaBHEHUIO C HEPEIATHBUCTCKH-
mu. [Tosromy ucnonb3oBanue i MOMCKA MuHUMyMa dyHKimonana (14)
UTEPAIMOHHOIO MeTO/Ia, aHagoruauoro (7) u3 §3 JA0nosHeHMs!, TIPUBOIUT
K rpomo3nkuMm dopmysam. Ha nmpakTuke oKazaioch y100Hee BBIYUCTIATH
Zn¢j HEMOCPEACTBEHHO W3 YCIOBUA MUHWMYyMa WHTErpajia B NpaBoil da-
cru (14), ucnosns3yst MeTox napabout.
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J(Z)
10°
10?
10!

10°

107 * - - * ) ; '
0 10 20 30 40 50 60 70 Z
Puc. 2.8. 3asucumocts pynknuonana J ot Z = Z,y; B norennuane T® ana somora

mpu T =1 k3B, p = 0,1 r/cm3. TlpuBenens: rpaduKy i ITABHBIX KBAHTOBBIX YHCEJ
n=1,2,3,4,510,{=0uj=1/2

Tabauna 2.3. DddexkrTunHble 3apansl B norennuante TAO s 3omota npu 1" = 1 k3B,
p=0,1r/ cM3, TONTyIeHHBIE METOZOM MPOGHOTO MOTEHIIHATA,

n £ ] Znij ani n L J anj an
1 0 1/2 78,09 | 77,87 5 1 3/2 68,85

2 0 1/2 | 7,91 | 7495 || 5 2 3/2 || 67,57 | 67,40
2 1 1/2 74,66 | 73,45 5 2 5/2 67,46

2 1 3/2 73,65 5 3 5/2 66,57 | 66,53
3 0 1/2 7334 | 722415 3 7/2 || 66,54

3 1 1/2 72,10 | 70,92 5 4 7/2 66,26 | 66,25
3 1 3/2 | 1,17 5 4 9/2 || 66,25

3 2 3/21 6875|6849 || 6 0 1/2 | 69,68 | 68,99
3 2 5/2 68,56 6 1 1/2 68,85 | 68,15
4 0 12| 7154 | 705816 1 3/2 | 6833

4 1 1/2 70,43 | 69,44 6 2 3/2 67,28 | 67,13
4 1 3/2 69,68 6 2 5/2 67,18

4 2 3/21 6805|6783 1|6 3 5/2 | 6648 | 66,45
4 2 5/2 67,91 6 3 7/2 66,46

4 3 5/2 66,65 | 66,61 6 4 7/2 66,23 | 66,23
4 3 7/2 66,63 6 4 9/2 66,23

5 0 1/2 70,42 | 69,62 6 5 9/2 66,17 | 66,17
5 1 1/2 | 6946 | 6865 || 6 5 11/2 || 66,17

Tummanetit Bug byskiyuonana J(Zpej) TP BBICOKAX TeMIIEpaTypax
npuBezieH Ha puc. 2.8, rae pacuer npopoausics s 3os0ta (I = 1 k3B,
p =0,11/cm?). @ynkimonan J npu 3aJaHHLIX N, £, j UMeeT eIUHCTBEeHHBbIi
MHUHUMYM, YTO BCerJa BBIMOJHIETCS MPU BBICOKUX Temmneparypax. Ilpm
YMEHBIIIEHUU TEMIIEPATYPHI it OOJBINNX 3HAYEHUN TJIABHBIX KBAHTOBBIX
YUCeJT 7. BO3MOYKHO MOSIBJIEHHE CTAIMOHAPHBIX YYACTKOB U IMOCJE/LYIOIIee
HCYE3HOBEHNE MUHUMYMA. DTO O3HAYAET, YTO [JIs TAKUX 7. HE CYIIECTBY-
€T BOIOPOIONOI00HOTO COCTOsiHUsA. Pe3ymbrarsl pacieroB 3 deKTUBHBIX
3apAN0B Lpej U ZLpg PA3INIHBIMU METOJAMU IPUBEIEHbI B Tabm. 2.3.
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Fogj(r), Roe(r)

0 0,06 01 015 02  /i7rg

Puc. 2.9. Bonbmme KOMIOHEHTBI Fy¢j(7) DPENATHBHCTCKHX DaJMAJIBHBIX BOJIHO-
BoIX GyHKIuMHA u pemenust ypaHenusi I[lIpéauurepa R, ,(r) (mwrpuxoBas JuHH).
Pacuer nposesen B norenmuase T® s zomora T = 1x3B, p = 0,1 v/cm?

Frj(r)

I 1s1/2 ]

4s1/2

\_/251/2 . .
0 0,06 01 015 0,2 7

Puc. 2.10. Bosnbimre KOMIOHEHTH BOJOPOJONOJOOHBIX PEISTUBUCTCKUAX PAJUAATIBHBIX

BOJIHOBBIX (DYHKIHUE (IITPUXOBAsl JMHUSI) W YUCJAEHHBIE DeIleHHsi ypaBHeHus Jlupaxa

(crutomnas smaus). Ilpuseaens: rpaduKy 1JIs IIABHBIX KBAHTOBBIX 4ucen n = 1,2, 3,4,

¢ = 0, j = 1/2. Pacuer nposeser B morennumase TP s 3omora T = 1x3B,
p=0,1 r/cm®

Gt (r)
0

—0,5
-1
-1,5

-2
-2,5

0 0,05 0,1 0,15 0,2 /r]ro

Puc. 2.11. Manbie koMIOHEHTB Gy ¢;(T) BOZOPOIONONOOHBIX PaAMAIBHBIX (DyHKIHH

(lTpuxoBasi JHMHUSA) U YUCJAEHHBIE DeIleHHs ypaBHeHus Jlupaka (CIUIOIHAs JIMHUS).

Pacuer nposesien B morentuane T® s zomora T = 1x3B, p = 0,1 r/em3,n = 1,2,3,4,
£=0,j=1/2
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CpaBHeHVe PesISITUBUCTCKUX BOJTHOBBIX (DYHKIMH C HEPEISATUBUCTCKHU-
Mu mpoBeneno Ha puc. 2.9. Ha puc. 2.10, 2.11 npoBeseHO cpaBHEHNE BOIO-
POJIOTIONOOHBIX PAINABHBIX (DYHKIUI U TUCIEHHBIX DEIIeHUil ypaHeHUs:
Hupaka. Oramare BoJOPOIONOI00HONO MPUOINKEHHUST OT YUCJIEHHOTO Perrie-
HUs ypaBHeHus /Mpaxka B 3aBUCUMOCTH OT 7 MOXKET HOCATH HEMOHOTOHHBIMA
xapakTep. Hampumep, npu n = 3 oT/indue OT HEPEJsITUBUCTCKON (DyHKIINN
3amerHelt, gem npu n = 1 (cMm. puc. 2.9). Pacuers! Tak:ke mokaszasu, 9TO
poub penstuBucTckux 3¢ dexros npu £ = 0 3aMeTHa, 1axKe 171 OOIbIIUX 1,
YTO CBS3aHO C MMOBEJIEHUEM PessiTUBHCTCKUX dyHKIwmit BOm3u r = 0. [Ipu
yBenudeHuu £ pa3indne B BOJHOBBIX (DYHKIIUSX OBICTPO YMEHBIITAETCS.

Tabauna 2.4. Duepruu yposHei B 3B B morennuane T® nys 3omora npu 1" = 1 k3B,

p=0,11r/ cM®, BEIYHCIIEHHBIE B PA3JIHYHBIX IPHOIMKEHIIX

|5nl1' | Ignll
n £ 7 Jupak H BKB Ipén.
1 0 1/2 85819 85824 87191 77532
2 0 1/2 19314 19317 19406 16992
2 1 1/2 18824 18812 18655 16573
2 1 3/2 16946 16939 16901
3 0 1/2 7755 7756 7784 7039
3 1 1/2 7569 7561 7521 6883
3 1 3/2 7071 7068 7077
3 2 3/2 6814 6811 6810 6645
3 2 5/2 6698 6696 6699
4 0 1/2 4100 4100 4113 3794
4 1 1/2 4022 4017 4001 3728
4 1 3/2 3821 3820 3817
4 2 3/2 3722 3720 3719 3636
4 2 5/2 3674 3672 3669
4 3 5/2 3609 3609 3605 3576
4 3 7/2 3590 3590 3584
5 0 1/2 2493 2493 2497 2336
5 1 1/2 2454 2451 2443 2302
5 1 3/2 2354 2353 2352
5 2 3/2 2305 2304 2303 2257
5 2 5/2 2281 2280 2280
5 3 5/2 2250 2250 2248 2228
5 3 7/2 2240 2240 2237
5 4 7/2 2230 2231 2229 2220
5 4 9/2 2225 2225 2222
6 0 1/2 1649 1649 1651 1558
6 1 1/2 1627 1625 1620 1538
6 1 3/2 1570 1569 1569
6 2 3/2 1542 1542 1541 1513
6 2 5/2 1528 1528 1528
6 3 5/2 1511 1511 1509 1496
6 3 7/2 1505 1505 1505
6 4 7/2 1499 1499 1498 1491
6 4 9/2 1496 1496 1495
6 5 9/2 1495 1495 1494 1490
6 5 11/2 1493 1493 1492
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Tabauna 2.5. Duepruum ypoBHeili B 3B B noremnmane TP gaa 3osmota mpu
T =0,01 3B, p=0,11/ cM3, BEIYHC/IEHHBIE B PA3JIMYHBIX IPHOJIIIKEHISIX

|5ni7' | |5nl |
n £ j Jupak H BKB IIpésn.
1 0 1/2 80522 80534 81885 72242
2 0 1/2 14275 14283 14327 12015
2 1 1/2 13715 13701 13518 11523
2 1 3/2 11883 11871 11887
3 0 1/2 3432 3436 3455 2854
3 1 1/2 3174 3160 3121 2627
3 1 3/2 2771 2766 2760
3 2 3/2 2334 2306 2317 2208
3 2 5/2 2247 2222 2241
4 0 1/2 824,4 821,6 826,4 672,5
4 1 1/2 713,5 694,9 700,2 576,3
4 1 3/2 615,6 605,6 612,1
4 2 3/2 432,9 407,3 427,8 401,3
4 2 5/2 413,4 390,8 410,0
4 3 5/2 176,1 151,7 173,9 169,7
4 3 7/2 172,1 148,2 170,0
5 0 1/2 178,6 172,3 178,3 143,5
5 1 1/2 139,1 125,2 136,6 111,4
5 1 3/2 119,5 110,0 119,1
5 2 3/2 64,22 59,38 64,10 59,84
5 2 5/2 61,64 57,94 61,60
5 3 5/2 15,73 4,06 16,76 15,51
5 3 7/2 15,61 4,06 16,61
6 0 1/2 44,88 50,08 45,36 38,31
6 1 1/2 34,54 49,54 34,36 29,62
6 1 3/2 31,10 45,27 31,19
6 2 3/2 17,39 2,18 17,34 16,60
6 2 5/2 16,94 2,18 16,88

st oy 9eHust peJsITUBUCTCKUX PAAUaIbHBIX (DYHKIHUI B K6a3uKAAC-
CUNECKOM NPUBAUNCEHUY TOCTATOYHO BOCIIONIb30BaThCs hopmytamu (11),
(12) u meromom BKB anis ypasuenus (13). CobGcTBeHHbIE 3HAYEHNS IHEP-
IUH, MOJIyYeHHble DA3JIUYHBIMU METOJAMH, IPHUBEJEHbl B Tabia. 2.4, 2.5.
IIpu paccMaTpuBaeMbIX YCJIOBUAX OTJIMYHS B 3HAYEHUSX JHEPIUHU, IOJY-
YEHHBIX IyTeM YHMCJIEHHOIO PellleHusl ypaBHeHus /Iupaka, 1 morpemntHocT Bo-
JIOPOIONIOA0OHOr0 NPUOINIKEHUS HE IpeBLIaioT 1%, B TO BpeMs Kak peJis-
TUBUCTCKHE 3HAYCHUS OTJIMIAIOTCS OT HEPEIATHBICTCKUX Oosee yem Ha 10%.

[TorpenHocTu pesATUBUCTCKUX BOJHOBBIX (DYHKIMH [7IsT BOJOPO/IOTIO-
J0OHOTO M KBAa3UKJIACCUYECKOrO MPHUOJIMKEHHUI AHAJOTHYHbBI ITOIPEITHO-
crsam qutst ypaBuerusi LIpénunrepa, npusenenasiM B 1ab. 2.1 u 2.2. Cpas-
HeHUe caMmuXx peirtennit ypasHenus LlIpénunrepa u JIupaka B 3TOM ciryyae
TIOKA3bIBAET, UYTO PEIATUBUCTCKHUE IIONPABKU CYIIECTBEHHO IIPEBBIIIAIOT
MOTPENTHOCTH MPUOIMKEHHBIX METOJIOB.
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§ 3. BoaHoBble PYHKIINN HEMPEPHIBHOTO CHEKTPA

1. YpaBHenue IlIpéaunarepa. B uepeasamusucmckom npubausice-
HUU [1JI BBIYUCIEHNUS BOJTHOBOH (DYHKIIMH JEKTPOHA, C 33 JAHHON SHEPIHU-
eil €, IpUHAJJIEXKAIEH HETPEPBIBHOMY CIIEKTPY, TPeOyeTcsi PermTh ypas-
wenwne [Ipéauurepa

1 ((f+1
—r+ v+ CED R 2 e, )
(0<r<rg)

C TPAHUYHBIM YCJIOBUEM Ra[(r)|r20= 0, obecriednBaOMUM OTCYTCTBUE
6EeCKOHETHOCTel Ha HHTEPBAJIe MHTEIPUPOBAHUSI, U C KAKUM-JIN0O0 yCIOBHEM
HOPMHUPOBKHU. B mpakTrdecknx pacderax, BHIOJHIEMbIX B Ipeaeiax cde-
PUYECKOl aTOMHON stueiiku, HOpMUPOBKa, (GyHKIMH Re;(r) 0ObIYHO Ompe-
JeJIsIeTcst W3 ycioBus, uToObl Besmunna R2,(r) drde nasana Bo3sMOKHOE
YUCJIO COCTOSHUE 9JIEKTPOHA B MHTEpBaJie dHepruil (¢,¢ + de), npunajie-
kanmx cpepudeckoMy ot (r,r + dr), Tak 4To

[ B2 ar = wio) @)
0

rye w(€) — NJIOTHOCTH YHCJIA COCTOSHUI JIEKTPOHA C JAHHBIM £ 1 Ompeie-
JIEHHBIM HAIPABJIEHUEM COUHA B cHEPUIecKoil sdeiike, PACCIUTAHHAS HA
€IMHUYHBIA UHTEPBAJ JHEPIHH.

B kBaszukimaccuueckom mpubsmkennu (cM. dpopmyny (14) uz §3 . I)

) . T dr dp
2 _ 2 T ~
RE () dr de = —=sin (e+ 4) drde ~ =L,
(+1/2)
p=palr) =\ 2+ 2v () - LT

YTO COBIIQJAET C YUCJIOM BO3MOXKHBIX COCTOsHMI 3nekTpona (6e3 yuera
CIIUHA), OTHECEHHBIX K COOTBETCTBYIOLIEMY 3JIEMEHTY (DAa30BOro MpOCTPaH-
crBa drdp. Ilpu srom
7o
1 dr L
w(e) ~ — | ——  (F = ey — TOYKA TIOBOPOTA). (3)
™ Dee (r)
f«
IMonyuennoe Bbipaxkenue i w(€) MOXKHO HMCHOJIB30BATH JJisi HOD-
MUPOBKM perieruii ypaBuenus (1) B coorBercrBum ¢ yciosuem (2). Kak
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BUIHO U3 (2), pa3MepHOCTh (DYHKIUI HENPEPHIBHOTO CIEKTPA OTINIAETCH
oT pa3MepHOCTH (DYHKIUH JTUCKPETHOTO CIEKTPa Ha MHOXKHTENb 1/4/z u
IPU UCIOJL30BAHUU BOJHOBBIX (DYHKIMIT HENIPEPLIBHOIO CHEKTpa OOBIMHO
HEOOXOIUMO TPOBOJATH COOTBETCTBYIOIIECE MHTErPUPOBAHNE IO SHEPTHH €.

Dynkiys Re¢(r) B KBA3UKIACCUIECKOM NPUBIMIKEHUH, UCIIOIb3Y IOIIEM
dyukuu Beccessi, umeer Bug (cM. gonosHenue, §4)

L LK) (r <),

7\ [pl

Rs((r) = (4)
1 -
ﬁ\/% [J_1/3(8) + J1/3(6)] (r>7),

= ‘jp(r'

Ucnonw3yst acumnroruky dbynkumit beccens u mHTEPHOIAIUIO B OKPeCT-
HOCTH TOYKM [IOBOPOTA T, popmysty (4) MOKHO IpeCTaBUTH B BUjE, bosee
yA0OHOM TIPY TPOBEIEHUH PACIETOB:

( 1
2w

rie

et (€>0,5r<7),

3

0, 826994
b(r)

2
\ \/Esm(“%) (€>0,5 r >7),

1/6
b(r) = 1,11985 {927 e(r +7) + mm} .

Ilpn ¢ > 7 kBasukgaccuieckne Gynkuun (4) u (5) yaoBIETBOPAIOT
YCJIOBHIO HOPMHUPOBKH (2), (3), Tak Kak

R, (7’) =

“[%

[b(r)(r 4 ] (€ <0,5), (5)

/R dTN/—sm &+ ) 1;}%.

IIpu aTom, ecnu 9 — 00, TO
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9TO COOTBETCTBYET HOPMHUPOBKE, OOBIYHO MPUMEHSIEMOM [Jis BOJIHOBBIX
byHKIME HETPEPHIBHOTO CIEKTPA, UMEIOIUX MPHA T — 00 ACUMITOTUKY

Rsl(r) = \/%Sin (k'f’ + 300) ) (7)

rae k = V/2¢, ¢o — HEKOTOpBIA caBur asbl, ONpENeIAeMblii BHIOM
norexnuata V(r) u 3aBucsmmii or £ ¥ €.

Re(r)

0,2 | 1

0,2 | :

0 | |
0 0,2 0,4 0,6 0,8 \/%

Puc. 2.12. Yucnennoe pemenne ypasaenus 1Ipéaunrepa (CIIIOMHAs JHHAS) U KBA3U-
KJaccuueckoe npubsmmkenue (5) M paJUasbHBIX BOJHOBBIX (DYHKUIHUI HENPEPBIBHOIO
CIEKTpPa B 3aBHCHMOCTH OT & = 4/7/ro (B JAaHHOM Ciy4ae KpHUBbIE COBHIAIM). Pacuer
npoBeieH B noreniuasie T aisa 3omota 7' = 1k3B, p=0,1 r/CM3, e=1363B,£=0

B coorercreuu ¢ (6), (7) mpu 4YUCIEHHOM MHTErPUPOBAHUM ypDaBHE-
tus (1) 0BOJILHO Y4ACTO IPUMEHSIIOT HOPMUPOBKY Ha 0-(DYHKIHIO 110 SHEP-
MU, IPOBEPsisl BHIMOJHEHNE aCUMITOTUKY (7) MPU JOCTATOYHO GOIBININX T
(cm. manpummep, [130]). Ogaako, ucxons u3 (4), ropasno adbdexruBHee
IPOBOJUTH HOPMUPOBKY YMCJIEHHBIX pernenuil ypapuenus (1) yxke npu ma-
JIBIX T, UCIOJIb3Ysl, HAIPUMeD, IPOu3BOAHY0 R.,(r) B IIepBoM Hyue r = r*
dbyuxmmu Ry (r):

dR.
dBee(r) = —0,801952 \/p.¢(r*),
dr r=r* (8)

Re((r*) = 0.

IMorpemnocTs Takoit HOpMupoBKU MenbIine 1% (cm. dbopmyny (29) us §4
gomnonHennst ). CpaBHEHME BOJHOBBIX (DYHKIMI HEMTPEPBIBHOTO CIIEKTPA MIPU
{ = 0wue = 136 3B, NOAYyYEHHBIX PA3TUIHBIMU METOJAMHU, MTPOBEIECHO
Ha puc. 2.12. Kak BuIHO U3 pUCyHKA, B MPAKTUIECKUX PacUeTax BIIOJIHE
MOYKHO MCIOJIb30BaTh (opmynbl (5). 3amerum, 4To ¢ yBeiauueHuem f u
€ TMPUMEHUMOCTH KBAa3UKJIACCUIECKOTO MPUOJINKEHNs CTAHOBUTCH Oosee
OIIPABJIAHHOIA.
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2. Vpasuenue dupaka. Peasmusucmckue paduasvroe Gynrkyuu
[OJIy 9aoT MyTeM pelienus cucreMbl ypauenuit Jupaka (cm. (10) uz §2)
d » 2
%FE(T) + ?FE(T) = |:5 + V(T) + g] GE(T),
9)
d >
e G.(r) — = G:(r) = —ale + V(r)]F.(r)
r T
¢ rpammaabivMu yeaosuamu F(0) = 0, G.(0) = 0, toe F.(r) = Fo;(r),
G:(r) = Gegj(r), 22 = =2(j — £)(j + 1/2). Ay 9uCIE€HHOrO PeIeHNs CU-
crembl (9) IpH 33JAHHOM 3HAYEHWH € MOYXKHO, OY€BUTHO, BOCTIONB30BATHCS
TEMHU K€ METOJAMHU, KOTOPhIE TIPAMEHSIOTCS MTPU IHUCJIEHHOM WHTErPUPO-
BAHUM JIJIsi COCTOSIHUI TUCKPETHOrO CHeKTpa (HampuMep, MeroaoM PyHre—
Kyrra nnu merogom Hywmeposa).
B COOTBETCTEMH € HEPETATHBACTCKAM CIIYIae€M TIOTPEOYEM BBITIOTHEHAST
YCJIOBHSI HODMUPOBKHI
To
[1E20) + Gl dr = ). (10)
0

BripazkeHue zjisi peIsITUBUCTCKON MJIOTHOCTU COCTOSIHU# W(€) MOXKHO
MOJIyYUTh HA OCHOBE KBAa3WKJIACCUYECKOTO MPHUOIMKEHUST st (DYHKIINU

P(r) = \/LﬁFE(r) (n = n(r) = afe + V(r) + 2/a’]) ¢ nomoumpio ypas-

uerus (13) u3 §2, KOoTOpOE TMO3BOJIsIET 3anucarh Bbiparxkenus st F(r)
u G.(r) B Buge, ananornanom (4). IIpu sToM HaJ0 MMETH B BHAY, YTO
IpU T9 — OO YCJIOBHE HOPMHUPOBKH (6) IJIf PENSTHBHCTCKOTO CIIydast
[IEPEXO/IUT B yCJIOBHUE

/ [FL(r)For (1) + G. (1) G (r)] dr = 8(c — ). (1)
0

B coorBercrBun ¢ dopmysamu (7) u (13) u3 §2 KBasuKIACCHYECKOE
npubsnzKenue s GOIbINOH KOMIOHEHTHI F, (1) MOXKHO 3amucarh B BHJE

F.(r) = 1 P(r) = C(n/k)"/? sin (g + %) (r > 7). (12)

Buecs &€ = &(r) = fl_c(r’)dr’, k*(r) = Kk*(r) — 1/(4r?), # — Touka

nosopota (k(7) = 0),
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Ksazuknaccuueckoe npubsuzkenue g Majoii kKommnoneHTbl G (r)
MOXKHO TIOJy4YuTh 10 aHasoruu ¢ (12), wucnonb3ys ypaBHeHue ist
Q(r) = G:(r)/y/X (cm. (13) m3 §2). Oamaxo Jydine HCXOUTH HeTO-
CPEeJICTBEHHO u3 ypaBHenuil (9), yuuTbiBasg, 4TO B KBA3UKJIACCUIECKOM
npubmkenun P'(r) ~ C(k)Y/? cos(€ + 7 /4). Nmeem

r
GE(T) = E [%FE + ?F5:| ~

!

[l_c cos (§+%) + (;—n+;—{> sin (§+ 4)]

~

sl
ol

TO €CThb

k ! s/r)? T
Ge(r)=0\/k2+(n/(sg)+ /r) cos (£+Z—5), (13)

rie
n'/(2n) + x/r
e

Jlyist BoI9uCAEHUs HOPMUPOBOYHO# nocrosiruoii C' 6y aem ucxomutb u3 (11)
U ACUMIITOTHKU PAAMaIbHbIX (MYHKIMHA 1pu r — 00. IIpeaBapuresibHO
MOy 9UM TIOJIE3HOE COOTHOIIEHUE i HOPMUPOBOYHOTO wWHTerpasa. s
9TOr0 YMHOXKHM II€pBOE U3 ypasHenuii cucrembl (9) Ha Go ¥ BblYTEM U3
[OJIy9E€HHOrO TO YK€ CaMO€ ypPaBHEHHe, HO B KOTOPOM € M €' IIOMEHEHbBI
MecTaMu. AHaJIOrMYHO, yMHOXKUM BTOpOE ypaBHenue cucrembl (9) Ha Fii,
3aTeM IIOMEHSEM MECTAMM € W € ¥ BbIYTEM MX ApPYT U3 Apyra. [logydum

tg 6 =

G ; F,. -G, FE/ + = (F Ge — F.G.) = ale — €')G.Ger,
d d >
Fs'aGs - Fs%Gs' - ?(GEFEI GEIF) (6 — & )F Fel

Brrurem Temepb BTOpOE ypaBHEHHWE W3 IIEPBOIO M IPOUHTErPUPYEM
pe3ynbTaT B IpefesiaX OT HyJd A0 HEKOTOPOTO 3HAYEHUA 7'

T

/ [Fe(r) For (') + G (r) G (7)) dr' =
0
1
=— 14
ez -G () = Fa ()G (] (14)
ITorpebyem, uTobbl ipu 1 — 00 coornouierue (14) nepexoauso B ycio-
sue HOpMupOoBKE (11). Acumnrornueckoe nosenenue F.(r) u G.(r) npu
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r — 00 Jierko nostyuntsb u3 (12), (13), yanrbisas, gro V(r) — 0 opu r — oo:

[k .~
F.(r)~C Esm(kr—i—goo),

(15)
G.(r)=C,/ %8 cos(kr + 3o),
rae k = k() = \/2(2 + a2¢), $o — HeKOTOpbLi caBur (asbL.
IMoncrasnss (15) B mpasyio 9acts (14), npu 7 — 00 MoIyduM
[ IF)F () + GG (] dr = s
0
. kel |~ ~, k'e . ~, . ~
x lim —sin(kr+@o)cos(k 'r+Po) — | —=sin(k 'r+Po)cos(kr+@o)| =
r—00 €k ! lk

\/_(6 - sm(%r + o) cos(k'r+Go

\/'_k J_
~e’)

sin(k'r+@o)cos(kr+ o)

sin(k — k")r
m —
r—00 e—¢!

=7é(e —€).

ITokazkeMm Tenephb, 9TO BHIPAsKCHUEM B KBAAPATHBIX CKOOKAX MPU T — 00
MOXKHO mpeHebpednb. [IJIa 3TOro JOCTATOYHO MPOAHAIM3UPOBATH MEpBOe
craraemMoe, TaK KaK BTOPOE CJIATAeMOE COBMAAET ¢ MEPBBIM MOCJIE 3aMEHbBI
k ma k', e na &'. Tlepsoe cinaraeMoe B KBaJIPATHBIX CKOOKAX J1a€T

Vet — Vel

lim —————sin(kr + 3o) cos(k 'r + @) =
T2 \ek!(e — ')

1 Ve'k—Vek! . sin(%—%')r_i_\/s’%—\/s%’

== — im — lim sin | (k+k")r+23o||.
2 ok 7—00 e—¢ '/Ek"(E—E') r—00 [ ]
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B monydennoMm BbIparkeHWW MEPBBIN YJI€H PABEH HYJIO, TAK KAK PABEH
HyJIIO MHOYKHTEJb TIEPE] MTPEIEIOM IPH € = €', a 1o CBOHCTBY O-(pyHKIMAN

f(ehd(e —¢€") = f(e)d(e — €'). Bo Bropom wiene lim sin[(% +Er+ 2¢0]
T—00

MOXKHO MHOJIOKMTb DABHBIM HYJIIO KAaK MPEIE] CUIBHO OCHUJLIUDYIOLIeit

dyukuuu. B urore nmeem

/[Fs(r)Fsl (r) + Ge(r)Ger (r)] dr = %2 (e —¢€'),
0

qt0 ¢ yaerom (11) maer C' = /a/7.
IMoacrasnss nomydenusle KBasukiaccudeckue byukpn F;(r) nu G.(r)
3 (12), (13) B (10) u 3amenss sin® (& + 7/4) u cos?(€ + /4 — §) na 1/2,

nMeeM
T

W(e) ~ O/Oﬂ [1 LB ("I/(zg) ki ”/r)z] dr. (16)

ok

PenaTuBUCTCKIE W HEPEIATHBUCTCKUE DAAuasbHble (DYHKIMH Helpe-
PBIBHOTO CIEKTDA B MIPEJIEIaX ATOMHON sTY€HKH, TOMyYEeHHBbIE [IyTeM YHC-
JIEHHOTO DEIIeHusi COOTBeTCTByomuX ypasHenuit (1) u (9) ¢ 3amaHHOi
JHeprueil €, NpuBeJieHbl HA puc. 2.13.

Fe(r), Ge(r)

i g

0,2

0

—0,2

11

0 0,2 0,4 0,6 0,8 /g

PMC. 2.13. BOJ'IBH.I&H U MaJiad KOMIIOHEHTBI peﬂﬁTHBI/ICTCKHX pa,ILI/Ia.J'IbeIX BOJIHO-
BBIX (DYHKIMH HENpepBIBHOIO CIIEKTPa — YHCJIEHHBIE DpelleHus ypapHeHHs Jlupaxa
(cromHas uHMS), a TAKXKe YUCJIEHHOe pemnenue ypasHenus [Ipéaunrepa (murpuxosas
manus). Pacuer mposenen B morenmmane T® s zomora T = 1k3B, p = 0,1 r/cm?,
e=13693B,£=0,j=1/2

Paccvorpennnie B 1. II MeToabr BBIYHUCTIEHNST OTHOIIEKTPOHHBIX BOJI-
HOBBIX (DYHKIUN [MCKPETHOIO M HEIPEPBIBHOI'O CIIEKTPA MCIIOJIb3YHOTCS
B pacueTax CaMOCOTJIACOBAHHBIX MOTEHIIMAJIOB IS PA3TUYHBIX MOIeseit
BEIECTBA, NP BBIYUCICHUN CEIYCHHWI TMOTJIOMEHUs (POTOHOB W CeUEHUH
JPYTHUX 3IEMEHTaPHbIX MTPOIECCOB B ILIa3Me.

—0,4




I'nasa III

KBAHTOBO-CTATUCTUYECKHWE MOJEJIN
CAMOCOIJIACOBAHHOTIO IT10JIA

B xBanTOBOMEXaHWYECKON CHCTEME MHOTHMX B3aUMOIEHCTBYIOMINX Ya-
CTWI JBUKEHUE JIIOOOH HaCTHIBI CIO0XKHBIM OOPA30M B3aWMOCBS3aHO C
JABUZKEHHUEM BCE€X OCTAJIbHBIX YaCTHIL CUCTEMBI. BCJ'[e,Z[CTBI/Ie 9TOI'0 KazKIad
YaCTHUIa HE HAXOAUTCA B OIPEACIEHHOM COCTOAHHH W HE MOXKET 6bITI>
OIMCAHA C IOMOIIBIO CBOEH OJHOYACTUYHON BOJIHOBOM dyHKmmu. Cocro-
sIHAE CHCTEMbI B IIE€JIOM OIHMCHIBAETCS BOJHOBOI (DyHKIHEH, 3aBUCINEN OT
KOOPDAHMHATHBIX U CIIMHOBBIX IIE€PEMEHHBIX BCEX 9aCTUL CUCTEMBI. I/ICXO,Z[HOG
[IPEIIIOIOKEHUE METOIA CAMOCOIJIACOBAHHOI'O II0JIsi COCTOUT B TOM, YTO 0454
NPUOAUINCEHHO20 ONUCAHUA CUCTNEMbL MOHCHO BEECTNU BOAHOBBLE HYHKUUL
das waotcdoti wacmuuyb, cucmemst. [lpu 31OM B3auMOAeiCcTBUE C APYTUMU
YACTUIAMU T[PUOJIMKEHHO YYWTHIBAETCS] BBEIEHUEM I10JIsl, YCPEIHEHHOIO
II0 ABU?KE€HHUIO OCTAJIbHBIX YaCTHUIL CUCTEMBI C IIOMOIIBIO UX OJHOYACTUYIHBIX
BOJIHOBBIX (byHKImi. OHOYACTUYHBIE BOJHOBBIE (DYHKIIUU TOIKHBI OBITH
COTJIACOBAHHBIMU B TOM CMBICJI€, UTO, C OJIHON CTOPOHBI, OHU SIBJISFOTCS
pemernem ypasuenus llIpémuurepa s OmHON YaCTHUIBI, JBUKYIIEHCS
B CpeJHEeM II0Jie, CO3aBAeMOM JIPYTUMHU YaCTUIAME, & C APYTO# — 3THU
K€ OJHOYACTUYHBIE BOJHOBBIE (DYHKIUU OINPEIEJISIOT CPEJIHHI MOTEHIU-
aJl ToJId, B KOTOPOM JOBUZKYTCA YaCTHUIIBI. TepMI/IH «CaMOCOIJIaCOBaHHOE
mojie» CBsI3aH € TUM corsacoBanueM. [Ipocrteiimuit MeTon BBeIeHUs ca-
MOCOIJIACOBAHHOI'O TI0JIsI, B KOTOPOM OIIPEIEJISIFOTCS HE BOJIHOBBIE (DYHK-
oun, a IIJIOTHOCTH pPacCHIpenei€eHHuAd YaCTUll B IIPOCTPAHCTBE, €CTb METO
Tomaca—®Pepwmu, npenyoxkennsiii JI. Tomacom (1926) u HE3ABUCUMO OT HETO
9. ®epmu (1928). ManbHeifiee pasBUTHE METOAA CAMOCOTIIACOBAHHOTO
TI0JIsI TIPUBEJIO K co3manuto Moaeneit Xaprpu n Xaprpu—Poxka.

Hanuuwne TemmepaTypbl IPUBOIUT K CYIIECTBEHHOMY yCJIOXKHEHUIO 3a-
nauan. [loHsiTHe caMOCOTJIACOBAHHOTO TOJIsT TOJIKHO BKJIIOYATh B Ce0sT dJie-
MEHTBI CTATUCTUKH. TpedyeTcst MIPUHSATH BO BHUMAHUE PACIIPE/IeJIeHIe NO-
HOB TI0 PA3JIAYHBIM COCTOSHUSM C yIETOM WX B3AUMOJIEUCTBUS CO CBOOOTHBIMU
3JIEKTPOHAMH U IPYTUMHU HMOHAMU. B miepBoM npubJinKeHun 370 MPUBOIUT
K TIOHSATHIO cpedHez0 amoma, KOTJA NOH CO CPETHUMHE TUCIAME 3AMI0THEHU ST
PACCMATPUBAELTCS B AeKMPoretimpasvroti chepuneckoti amommoti avetixe.
Cpennuit aToM MOXKHO pacCcMaTpuBaTh Kak B mpubimkennn Tomaca—
®epmu, TaK U B APyruX, 60€e TOYHBIX MPUOTMKEHUSIX TUIIA XAPTPU WU
Xaprpu—Poka u ux MoauduUKaIyii, B TOM YHCIE U PEISITUBUCTCKUX. DTH
U Apyrue KBAaHTOBO-CTATHCTUYECKHE MOENN CAMOCOTJIACOBAHHOIO IIOJIst
IS CPETHErO aTOMa MOXKHO MOJy4YaTh HA OCHOBE €IMHOTO BapPUAIMOHHO-
0 MPHUHIUIA — TPEeOOBAHUS MUHUMYMa OOJBIIOrO TEPMOIMHAMUIECKOTO
MOTEHINAJIA.
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§ 1. KBanToBoMexaHMYeCKOoe YTOUYHEHHE 000DIIEHHOM MOaesn
Tomaca—Pepmu J1s1 JIEKTPOHOB JUCKPETHOTO CHEKTPA

1. CamocoryiacoBanHoe moJie XapTpu /Jijisi CPeJHEero aroma.
Mogenns Tomaca—®Pepmu 1aeT MI0THOCTD IJEKTPOHOB p(T), KOTOpast COoryia-
COBaHA B paMKaX KBAa3UKJIACCHYECKOrO TPUBIUKEHUsI C CO3ABAEMBIM UMU
noretrpanoM V (r). Oaaako BosHOBbIE (DYHKINH, BBIYUCTEHHBIE B TOTEHIAA~
ne Tomaca—®epmu, JAIOT 71€KTPOHHYIO IWIOTHOCTE p(7) = Y No|tha (7)|?,
He COBIIAAMONIYI0 C MCXOAHOM MJIOTHOCTBIO 3JIEKTPOHOB 1O Mozenn TO
(0« — HaBOp KBAHTOBBIX UHCEJI, ONPEIETSIONINX COCTOSHUE 3JIEKTPOHA).
Anasnm3s nposegennbix B § 1 (1. 3) u3 rur. I Beramciienuit mokasas, 910 npH
NOJIyYeHUH 3JIEKTPOHHOM MIOTHOCTH B Mojeu T® Mbl, 10 CylIeCcTBY, UC-
OJIB3YeM JIMIIb NOCTOSIHHYIO0 cocTaBisiontyto ot p(7) = Y. Nu|ta (7)|?,
BBIYUCIICHHYIO IO CPEIHUM YUCJIaM 3alO/THEHUA B KBA3UKJIACCUYIECKOM TIPU-
GJIMKEeHNH, He MepeIaBast OCHUIIIANNA BOTHOBBIX (OYHKIUIA.

[Ipu BBICOKMX TeMmepaTypax BKJIAI OCIUAJUIAIII HAMOOIee CYIeCTBEHEH
JIJIsI SJIEKTPOHOB JMCKPETHOrO CIIEKTPA C MAJBIMU 3HAYECHUSIMHU TJIABHOTO
KBAHTOBOT'O YUCIA N. JIJisi 37IeKTPOHOB ¢ GOMBINIMMU KBAHTOBBIMY YHCIAMU
¥ 3JIEKTPOHOB HEMPEPBIBHOTO CIEKTPA MOXKHO HMCIOTH30BATH KBA3HKIIAC-
cuueckoe TpubnKkerre. B cOOTBETCTBUM € THM NPEACTABUM IJIOTHOCTH
3JIEKTPOHOB B BUJIE ABYX cjlaraeMbix [76, 202|:

p(7) = p1(7) + p2(7), (1)

rie

(@) = 3 Nealba®Z  p@) = 3 Nea)lbal)P

ea<€o £a>€0

Bribopom sueprum gy, urparomeii poab 3hHEKTUBHON TDAHUIBI HEIpe-
PBIBHOTO CIIEKTPA, MOXKHO JOOUTHCS TOTO, YTOOBI B BhIpAXKeHUH st p1 (T)
CYMMUPOBAHUE MPOU3BOJIMIOCH B OCHOBHOM IO T€M COCTOSTHHUSIM JTUCKPET-
HOT'O CITEKTPA, KOTOPHIE OMPEAEIISIIOT OCIUITHPYIONIYIO YaCTh PAIHATLHOM
9JIEKTPOHHO# 1I0THOCTH (CM. HuKe puc. 3.4-3.7). CymMMupoBaHue 110 £, B
BbIDAXKEHUN it P2 (T) MOXKHO 3aMEHUTh MHTErPUPOBAHUEM IO €, KAK ITO
6bLIO cenano npu BeiBoje Mojean Tomaca—®Pepmu B 1. 3 § 1 rur. I1.

Tak Kak MOTEHIIUAJT JIJIsi CPEHEr0 aTOMa €CTECTBEHHO CYUTAThH chepu-
YECKM CUMMETPHUYHBIM, TO, BHIYUCsAsA po(7) B KBA3UKJIACCHYECKOM IIPH-
OJIMKEHUH, TIOTY YUM

. 1 p*dp
p2(F) = p2(r) = = 3 g (2)
™ /1+expp/2—‘9/(r)—ﬂ
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IJle THTeIPUPOBAHEE IPOM3BOAUTCA 10 00IaCTH
p2
o V(r)>eo (p>0).
I110THOCTD 3JIEKTPOHOB JTUCKPETHOTO CIIeKTpa p1 (7 ) Oy1eM BBIYUCIATD
HETIOCPEICTBEHHO MO BOJTHOBBIM (DYHKIIHSIM

. . 1
Ya (’I“ ) = Ynem (T ) = ; an(T)(—l)mYzm (19’ 80)7
rze paauasibaas Gyskiusa Ry, ¢(r) ynosiersopser ypasaenuto IIpénuarepa

0+1)

o2 Rp(r) = eneRne(r). (3)

1

—inf + —V(T) +
3/1ech MbI UCTIOJIb3yeM noTentmal V (), co3qaBaeMblii BCeMU 3JIeKTPOHAMEI
aTOMHOH ST9eWKH, 9TO JOMyCTHUMO Tpu 6osbmux Z. Boobie roBopsi, mpu
pemenun ypasuenust [Ipénunrepa HEOOXOINMO HCKIIOYATH U3 TTOTEHIIW-
ana V(r) Bkaazg paccMarpuBaeMoro sjnekrpona. OqHako, yaobHee yd4ecTb
addexT camoeiicTBUSsI TIO3/Hee MPU YCOBEPIIIEHCTBOBAHUN MOJETN Xap-
Tpu (cM. magee §2, 3).

K cocrosguusm muckperHoro cmekrpa OygeM OTHOCHTH TaKHE COCTO-
SIHWsI, JIJIsT KOTOPBIX KJIacCu4eckasi obiacTh asuxkenus: (r; < r < 73)
[PUHAJIEXKUT ATOMHOM sueiike, npudeM ro K 1o (g — pajauyc aTOMHO
d4efiku, 1 U ro — TOYKM 1MOBOpPOTA). s 9TMX COCTOSHMI BOJHOBas
dyHKIMS HA TpaHWIE ATOMHON sT9efKH JOJKHA ObITh pPEeHEOPEeKNMO
MaJjia, U I0ITOMY €e MOYKHO CUYNUTATh PABHOU HYJIO mpu 1 = 9. OyHKIMSA
R,¢(r) na npomexyTke (r1,r2) umeer n, = n — £ — 1 uwyneit. dusa pi (7)
MOJIy9aeM BbIpasKeHue

2
n= Y =7 (P42 W0 0P

Ent —
nem 1 4 exp = =
(Enl<50)

ITo Teopeme ciioxkenusi misi chepuIeCKUX TAPMOHUK

g 20+ 1

D Y@, 0)Yem(0,9) = = —.

m=—~¢

[TosToMy A7isi TIJIOTHOCTH SJIEKTPOHOB JUCKPETHOTO CIIEKTPA B CpedHeMm
amome TIOIY 9uM
2(2¢+1)

o 1
p1(7) = pi(r) = ) Z NpeR2,(1), Npe= e
ene<eo 1+ exp T

(4)

(cpaBuu ¢ BoiBOmOM dopmyabt (11) u3 §1 rur. II).
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Kak u B mozenu Tomaca—®epmu, 6y mem mosararhb, 9o noreHuuas vV (r)
YIIOBJIETBOPSIET ypaBHEHUIO [lyaccona

1 &2
L& 0V) = axln () + ()] 6
¢ rpaangHbIME ycaoBusmu 1V (r)|,—o = Z, V(ro) = 0. Xummdeckwuii

TIOTEHITHAJT (4 ONIPEJeIAeTCA U3 yCIOBUSA JIEKTPOHEHTPATHHOCTH aTOMHOM

AYeKn
7o

47T/p(r)r2 dr =Z. (6)
0

2. BorumciauresabHbIii agsroputMm.  Ypasrerus (1)—(6) sBasior-
Cs1 JIOCTATOYHO CJIOXKHOM, HEJIMHEHHONW CHCTEeMOU OTHOCUTEIBLHO (DYHKIUM
R,¢(r), suepruit €,y, uucen 3anonsenus Ny, norennuana V(r) u xumu-
YeCKOTO TOTEHIMANa f4. 1109TOMY OHa perajiach MeTojoM ureparuii. B
orsmaue or Mogesn Tomaca—®epmu mozens (1)—(6) mepemaer obosoded-
HYIO CTPYKTypy aroma. Kak u cjie1oBaj0 OXKUIAThH, TPU BBHICOKUX TEMITE-
parypax IUIOTHOCTH 3JIEKTPOHOB p(r) u norennmas V (r) okazamuch caabo
YYBCTBUTEIBHBIMU K M3MeHEHUI0 3B PEKTUBHON IPAHUIIBI HEPEPHIBHOIO
cnekTpa €9. Ha mpakTuke Besimauny €g C/ieyeT BEIOUPATH TAKUM 00Pa30M,
q100bl uucna 3amnoiHerus N,; ObLIM MaJbl [Jisi YPOBHEH C ISHEpruei
Ene > €0 (BOIpOC 0 BBIOODE €, Gosee MOAPOGHO UCCIENOBAH B § 3).

OueBUIHO, 9TO PACCMOTPEHHAST MOJEh CPEIHEr0 aToMa JJisi Bellle-
CTBa C 3aJIaHHON TEMIIEPATyPOil U IJIOTHOCTHIO SIBJISIETCS MOAU(DUKAIEH
mozenu Xaprpu. Mogens (1)—(6) mo3Bossier equHOOOPA3HO MPOBOAUTH
pacdeTsl s 000 TEMIIEPATYPbhI, IIPUYEM, YEM BBIIIE TEMIIEPATYPA, TEM
OBICTPEE CXOJSATCSI UTEPAIMA W TeM MEHbIIe BPEMEHU 3aHUMAeT PaCUer.
JIjist TAYKENbIX BENIECTB, KOTJA CYIIECTBEHHBI PEISITABUCTCKUE TIOMPABKH,
ot ypasuenus IlIpénunarepa ciemyer nmepexoanth K ypaBHeHuio /lupaka
(cM. 1. 4 sToro maparpada, a Takxke IOMONHEHuE, §2).

Bbruuciennsi MOYKHO NPOBOAUTH MO CleAylomeii cxeme. B kadecrse
HAYAJIBHOrO NPUOJIUKEHUs [IJIsi MOTEHIINAJ €CTECTBEHHO HCIOIh30BaTh
norernuan Tomaca—®epMu st 33JaHHON TEMIIEPATYPHI U IJIOTHOCTH
BEIIeCTBA U COOTBETCTBYIOIINI eMy MPUBEJEeHHBIM XUMUIECKUN TOTEHINAJT
n = —u/0. 3arem pemaerca ypasuenue [IIpéaunrepa mis CBI3aHHBIX COC-
TosiHuii (HampuMep Gha30BBIM METOJIOM, CM. JIOTIOJHEHHE, § 5), B pe3ysbTare
Yero ONpeeIsiFOTCs YPOBHU SHEPTUU Epy U PAAUATbHBIE DYyHKIUU R0 (7).

s yTOYHEHWST XUMUIECKOTO MOTEHITHAJIA 1) UCIIOIB3YEM YCJIOBHUE JJIEK-
TPOHEHTPAJILHOCTH aTOMHOI sideiiku (6), 3amucanHoe B BUIE

)
roy= Y —2E) sun [epmar=z @
1+exp (% + 17)

nt
(ene<eq) 0
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rae
32 F 1/2
pa(r) = (20) / v dy =
272 Vir)
o 1+exp y—T+17
_ @02 (V)N (202 70 y'/? dy @)
oz 2\ Tg T o2 V(r) ’
o 1+exply-— 5 +n

¥o = yol(r) =max{0;%}‘

B pesysibrare, ucnonb3ys HaiijeHHoe 3Hadenue 1), ¢ nomompio (4) u (8)
HOJIyYaeM Yucya 3anoiaHenust Nyg, a Takxke p1(r) u pa(r).

F(n)

40 | 1

30 1 1

20 | 1

10 1

0600 —500 —400 —300 —200 —100 7

Puc. 3.1. Q@yukuus F(n) (cMm. ypasuenue (7))

Vpasuenue (7) pemaercs ¢ nomoinbo Merona Heiorona. 3amerum, 9ro
urepaiuu 10 HBIOTOHY TpU HU3KMX TEMIIEpaTypax MOTLYT PACXOAUTHCH,
Tak Kak byHkuusa F(n), crosmas B JeBOH 4acTH ypaBHEHHUsl, UMEET MPU
9TUX YCJIOBUAX yYaCTKH TUIA CTyleHbKu (cM. Hampumep, puc. 3.1, rie
bynxuua F(n) sbranciena as skenesa npu T = 1 3B, p = 0,1 r/cum®).
B 3roMm ciayuae Hapsiay ¢ MeTogoM HbIOTOHA TPUMEHSIETCST METOJI, JIe/IeHUsT
TOTIONIAM: 3TO JIETAETCS TOT/A, KOTJa OodepenHas urepanus no HpioTomy
JlaeT 3HAYEHME 1), JieJKalllee BHE ONPEJIEJIEHHOrO paHee MHTEpBaJja HaXo-
JKJIeHUsT KOpHsi. Kak MOKa3bIBAET MPAKTUKA, METOJ JEJIEHHs TIOTOJIaM,
MPUMEHEHHBIN TaKuM CrocoboM, 3ddeKkTuBHEee METOA CEKYIInX.

3HaHue yrouHeHHO! mioTHOCTH p(1r) = p1(r) + p2(r) HO3BOJISLET BHIYKC-
JIUTH HOBBII MOTEHNHAJ ¢ HOMOIIbI0 ypaBHeHus Ilyaccona (5). B cayuae
cpeanero aroma norenuuan V(7) sapisercs chepudecKu CUMMETPHUYHBIM
u oObIkHOBeHHOE MuddepeHnnanbHoe ypapuenue (5) JIErKO peraeTcs.
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Onnako, Boipazkenue g V(1) Jydine moaydarb, UCXOs U3 U3BECTHOIO
pettenust ypaBuenust Ilyaccona B TpexmMepHOM Cirydae

V() = Z / p(rr'2 dr' dY'
o7 |7F—7

17151 3TOr0 BOCHOJIB3yeMCs PA3JIOKEeHHeM

2s+1

1 — AT e, .,
= -;,l = Z Z S+1 Ysm('l97 (p)Y;m(ﬁ P )7
s=0 me—s >

rae r< =min(r,r'), r~ =max(r,r’). Uarerpuposanue no yriam ¢, ¢’ naer

/Y;m (19,, QOI) dQ/ = 5m0 530 /Ybo (19,, QOI) dQI

DT0 NPUBOJUT K TOMY, YTO B UCXOJHOM cymMMe 1o § u m mjis V (r) ocraercs
JIMIIL OJHO cllaraemoe, coorsercrpytomee s = 0. ITosTomy

70 T To
Z 12 ! ! Z 1
V(T):——47T/M:— — 47 —/r’Qp(r')dr' +/r'p(r’)dr'
r rs T r
0 0 T

(9)
ITocne nonydenust Hoporo motenmwasa V(r) mo dgopmyne (9) urepamnuu
HOBTOPSIFOTCST HEOOXOUMOE YUCTIO PA3.

Mpbr ormicamm npocToit nreparmonnbiii mponece VEFD (1) = AV () (7)),
rge A — HEKOTODBI HeJauHeHHbIH omeparop. IIpu BBICOKHX TeMIepa-
Typax, KOTJa OCHOBHON BKJIQJI B CaMOCOTJIACOBAHHBINA MOTEHIHAT JAeT
LeHTpasbHoe 1oJe sapa (Hanpumep, mig Z = 79 npu T > 0,1 k3B),
IPOCTHIE UTEpALUH ObICTPO cxoasiTcesi. OHAKO IPU HU3KUX TEMIIEpATypax
TaKWe UTEPANNK, KAaK MMPABUIIO, PACXOAATCs. JJist yaydimenusi CXOAuMOCTH
BOCITOJIB3YEMCsI JIMHEHHOW KOMOWHAIMEH MOJIy9Y€HHOTO MOTEHIINAIA C TI0-
TEHIMAJIOM, BBIUHUCIEHHBIM B TIPEIBIAYINEH UTEPAIIN:

VERE) = (1 - V) +adVI() =Va0). (10)

B pacuerax JI. Xaprpu ucnosnb3osanocsk 3aadenne a = 0,3 + 0,5 [110,
ra. 5, §3|. B Hammux pacuerax mapaMerp « BbIOMPAJICS U3 CJIELYIONHUX
coobpazkenuii. HazoBem paccornmacoBanuoctbio A = A(a) Benmanty

Aa) = [Valr) = AVa ()] | _. (1)

rge ¥ = f — TOYKa, B KOTOPOW 3Hadenwe paszHoctu Vi (r) — AV, (r)
MAaKCHMAJIbHO 110 a0COMIOTHON BeJInYnHe.
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Ala)
2t o d
1

0t A _
-1 | L |
—9 |~ 1
-3

o o1 02 03 0,4 0,5 0,6 @

Puc. 3.2. PaccornacoBanHocTs moreHnuana A(q) B 3aBHCHMOCTH OT IapaMeTpa o

nuist 30m0Ta ipu Temieparype T = 0,01 k3B u p = 1 v/cm® (3Be3goukn). MunuMaTbHAS

PacCorIaCOBAaHHOCTD AocTuraercs npu o = 0,320. [lyTem mpoBejeHus: npsaMoii 4epes3

TOYKH (IITPUXOBAs JIMHUSA), COOTBETCTBYIOmme 3HadeHnsM A npu a = 0 u a = 0,75,
nonydaem o = o = 0,323

Pacuers! mokazaiu, 9ro 3aBUCUMOCTb A(q) MMeeT KyCOYHO-TMHEHHbBII
xapakrep (puc. 3.2). Ilpu Hekoropom 3Havenun « = o' Habiogaercs
ckauok A(q), mpuYeM MMEHHO DU ITOM ( UMEET MECTO HAUMEHbINAsi
PACCOrTIACOBAHHOCTD.

Beramcienne Tounoro 3madenms « TpebyeT TPOBEIEHHWS MHOTOYHC-
JICHHBIX OOIIOJTHUTEJIbHBIX PaCY€TOB, HOSTOMy Ha IPAaKTHUKE BMECTO al
yI00HEe MCHOIb30BATh OJM3KOE K HEMY 3HAUCHHE X, MOJYYeHHOE IyTeM
npoBeieHust NPsMOii uepe3 3uadenus A(q) npu o = 0 u HEKOTOPOM @ = @:

a* a

A0) ~ A(0) - A@)

Tak kax BenumunHa A(0) HAM W3BECTHA MO MPEAbIYINEH UTepanyuu, TO
HEODXOMM JIIIb OJIVH JIONOJHUTE/IbHBIM pacder Npu @ = @. JHAYEHUE &
noAGKUPAETCs ONBITHBIM IyTeM (B pacuerax 6110 BbiOpano & = 0,75). Eciu
3HaUEHNe o, oIy YeHHoe 10 popmyie (12), CAUITKOM MAJIO WK CIIUIIKOM
Besnko (Haxomurcst BHe uaTepBadsa [0,1;1]), To o* monaraercs pasubiM 0,1
uau 1 COOTBETCTBEHHO.

B uTore nonyuaem UTEPAIMOHHYIO CXEMY

V(s+1)(7“) =(1- a*)V(s) (r) + a AV () (r), (0,1<a*<1).

(12)

Cx0aUMOCTb UTEpAIUil ONPENEIsIercs MAJOCThI0 BEJUIUHBI PACCOTIACO-
sannoctn |A®)| = |A(a*)| < e. Kak npasuio, tpeGyercs me Gomee 10
uTepamuil [JIs MOJydeHHs HeBa3Ku Menbmred, wem 1075, mpuuem mpm
MOBBIIIEHAN TeMIepaTypbl YHCIO WTepaIyii OLICTPO TaJaer, a 3HAYCHHe
mapaMerpa  mpubIMKAETCS K €IUHUIIE.

3. AHa/Im3 pe3yJIbTATOB pacydeToB JJIs »KeJie3a. PaccMoTpuMm
rpaduKu, IOCTPOEHHBIE B PE3YJIbTaTe BHIYUCIEHUI 1yis xene3a (Z = 26)
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rV(r) | ) ]
20
15

10

0 2 4 6 8 10 7
Puc. 3.3. Iorexnnuasn rV(r) B mogensx Xaprpu (cmiiomHast auaus) u Tomaca—Pepmu
(mTpuxoBas auHus) A xenesa Z = 26, T = 0,1 k3B, p = 0,1 r/cu3

Tabauua 3.1. YpOBHH SHEPruu £,¢ B 3B u umcia 3anosnenuss N, JJIs >Keje3a NpA
T = 0,1 k3B, p = 0,1 v/cM® u Tpex 3HaYeHUAX 3bbEKTHBHON TPAHHUILI HEPEPHIBHOTO
cnekrpa: €9 = —5,5 3B (n = 6,06538), g = —25 3B (n = 6,06537) u eg = —50 3B

(n = 6,06253)
g0 = —5,5 g0 = —25 gg = —50

n 4 Ent Nig Ent N Ent Nig
1 0 —7120,4 2,000 —7120,3 2,000 —7120,2 2,000
2 0| —11268 1,989 ~1126,6 1,989 ~1126,6 1,989
2 1| —10184 5,903 ~1018,2 5,903 ~1018,2 5,903
3 0 —376,92 0,182 —376,74 0,182 —376,73 0,183
3 1| —344,33 0,405 344,15 0,405 344,14 0,406
3 2 —296,34 0,429 —296,16 0,429 —296,14 0,430
4 0 —167,25 0,024 —167,07 0,024 —167,11 0,024
4 1| —154,39 0,064 154,21 0,064 154,25 0,065
4 2 —136,48 0,090 —136,30 0,090 —136,34 0,090
4 3| —129,01 0,117 ~128,83 0,117 ~128,86 0,117
5 0| —80,914 0,010 80,758 0,010 80,839 0,010
5 1 —74,684 0,029 —74,530 0,029 —74,612 0,029
5 2| —66,114 0,045 65,961 0,045 66,043 0,045
5 3| —62,266 0,060 ~62,107 0,060 ~62,185 0,060
5 4 —60,520 0,076 —60,348 0,076 —60,420 0,076
6 0| —38,114 0,007 38,007 0,007

6 1 —34,717 0,020 —34,613 0,020

6 2 —30,036 0,031 —29,936 0,031

6 3| —27,756 0,043 927,651 0,043

6 4 —26,527 0,054 —26,409 0,054

6 5 —25,474 0,066 —25,336 0,066

7 0| —14,918 0,005

7 1 —12,967 0,016

7 2| —10,261 0,026

7 3| —8,78 0,035

7 4| —7,804 0,045

7 5| —6,834 0,055

7 6| —5754 0,064
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mpu T = 0,1 x3B, p = 0,1 r/cm®. Ilpu stom 19 = 11,9, n = 6,058
(n;s = 6,039). Ha puc. 3.3 npoBezneno cpasrernue ¢yukiwmit rV (1), BbI-
YUCTEHHBIX MO TIOTEHIHAJIYy XapTpu W 1Mo moTeHnuaay Tomaca—Pepmu.
W3 cpaBuenus rpadukoB BUIHO, UTO moTeHnnaa Tomaca—DPepmu MoxKeT
C YCIIEXOM MPUMEHSITHCSA B 00JIACTH BBICOKUX TEMIEPATYD ¥, KPOME TOro,
SIBJISIETCST XOPOIIUM HAYAJIbHBIM MPUOJIMIKEHUEM [IJIsi KBAHTOBOMEXaHWYe-
CKUX PACYETOB.

Jlnsi aHa/mM3a BIAWSHUS BHIOOPA TPAHUIIBI HENPEPBIBHOTO CIIEKTPA £
Ha YPOBHU IHEPTUU U YUCTIA 3AIMIOTHEHUA 6bIJII/I IPOBEAEHBI PACYEThI C
yYEeTOM CBSI3aHHBIX COCTOSTHUH /Jisi €9 = —5,5 3B (mpu 3TOM yunTHIBAIOTCS
000JI0YKHM C IJIABHBIMU KBAHTOBBIME YUCIAMU N < 7), & TaK¥XKe JJIst €9 =
=—-259B,n<6ue =-5053B,n <5 (cm. Taba. 3.1).

U3 taba. 3.1 Buana cnabas 3aBucMMOCTb norenimasa V(r) or na-
paMeTpa €9, 9TO TOATBEPIKIAETCSI COBIAJIEHUEM YHCeN 3aroiHeHusi Ny
U GIU30CTbI0 YPOBHEH SHEPTUU E,¢ (OTIMUUS B En¢ ONPEIENSIIOTCS, B

pi(r)

5-10° f ]

0 L N
107 0,2 0,4 0,6 r

Puc. 3.4. IIIOTHOCTH CBSI3AHHBIX JIEKTPOHOB p1(7) B MOmenu XapTpH JJIs Keje3a
(Z =26, T =0,1 3B, p= 0,1 r/cm3; 79 = 11,9)

p2(r)

0,03 )

0,02 ]

0,01 1

0
0 2 4 6 8 10 7

Puc. 3.5. I110THOCTH CBOGOAHBIX JIEKTPOHOB p2(T) B MOAean XapTpH Ui XKeje3a
(Z=26,T = 0,1 x3B, p= 0,1 r/cm3; rog = 11,9, Zo ~ 15)
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OCHOBHOM, TOCTOsiHHBIM casurom). I'paduxu byskuuii 7V (r) mia tpex
YKA3aHHBIX CIy4daeB (PaKTUIECKU HEPAZJIUIUMBI. DTO CBA3AHO C TEM, 9TO
npu n > 4, 910 cooTBeTCTBYET £9 > — 100, cpenaue yncsa 3anonaenus Ny,
OYeHb MAaJibl U3-3a CHJILHON’ MOHU3aIIUuN.

Ha puc. 3.4 u 3.5 npuBe/ieHa MJIOTHOCTb CBA3AHHBIX JIEKTPOHOB p1 (1) 1
IJIOTHOCTH CBOOOMHBIX JIEKTPOHOB ps (). BuHo, uro ocraBmuecs Ha 060-
JIOUKAX 3JIEKTPOHBI PACIIOJIOZKEHBI JOCTATOYHO OJIM3KO K siapy (cM. puc. 3.4).
B T0 xe BpeMsi 37IeKTPOHBI HEIIPEPHIBHOIO CIIEKTPA PABHOMEPHO pacIpe-
JeJIeHbl B IPOCTPAHCTBE OT I'DAHUIIBI ATOMHON s4eiiku ro = 11,9 BmIoTH
10 3HAYEHWH T ~ 2 C ropa3fo MeHbIIeil MUIOTHOCTHIO (CcM. puc. 3.5),
9TO JIONYCKAET UCIOIb30BaHIe MOJIEHU [TOCTOSHHOMN IIJIOTHOCTH JIEKTPOHOB
n7ist po(r) TpU BBICOKMX Temreparypax. Pacupenenenue po(r) (puc. 3.5),

47r?p(r)
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Puc. 3.6. PajuanbHas IWIOTHOCTD 3JIEKTPOHOB 4772 p(T) B 3aBHCUMOCTH OT T = /T /T
B Mozesax Xaprpu (cromnas auaus) U Tomaca—Pepmu (IITPUXOBAsI JIMHHUS ), BEIUUC-
JIEHHAsI 10 CAaMOCOIJIACOBAHHBIM HOTeHunmaJsiaM, Z = 26, T' = 0,1 k3B, p = 0,1 r/CM3
(cpaBru c puc. 3.3)
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Puc. 3.7. PajuanbHas IIOTHOCTD 3JeKTPOHOB 4772 p(T) B 3aBUCHMOCTH OT T = /T /7o
mo Mozemm XapTpH AJA JKejesa mpu TuioTHocTH p = 0,1 T/cM® m pasmmamBIX

Temneparypax: 7' = 10, 20, 50 u 100 3B. Bunso, Kak ¢ pocTOM TeMIepaTypbl HOHU3YETCS
M-060J1049Ka, ¥ OJJHOBPEMEHHO YBEJUYUBAECTCS IJIOTHOCTH CBOOOIHBIX JIEKTPOHOB
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BbIUnCJIeHHOE 10 opmyJie (8), uMeer BOJIU3U HyJisk UHTEIPUPYEMYIO OCO-
GenHocth B coorBercrBuu ¢ Mojenbio Tomaca—®Pepmu (cm. §1 ror. II).
3amMeruM, 9TO 3Ta OCOBEHHOCTH MPAKTUYECKU HE BJIMsiET HA PE3YJIbTAThI
BBIYUCJICHUI.

Ha puc. 3.6 mpusesiena paauaibHast MIOTHOCTD 3MeKTpoHOB 4772 p(T)

kKak GyHKUEsA ¢ = +/T/ro. BunHo, uro mozmens XapTpu 10 CpaBHEHHIO
c mozenbio Tomaca—®epMu nMeeT KadeCTBEHHOE OTJIMYME: OHA IE€Pe/iaeT
OCHMJUISIIIAY PAJAUATHHON MJIOTHOCTU 3JIeKTPOHOB. ['paduk mokasbiBaer,
4TO 000JI0YKA € TJIABHBIM KBAHTOBBIM uucsioM n = 3 npu 1’ = 0,1 k3B npak-
THYECKH He 3al0jHeHa (CM. cpefHue ducia 3anoiHerns Nye B 1abi. 3.1).
JIBa pe3knx MaKCHMyMa COOTBETCTBYIOT IOJIHOCTHIO 3alOJHEHHBIM K- u
L- obosoukam. C MOHMKEHUEM TeMIIEPATYPbI CTeleHb 3anoinenus: M- 060-
JIOYKU YBEJIUIUBAETCS, 9TO BUIHO U3 IPAMUKOB JTEKTPOHHON MJIOTHOCTH
Ha puc. 3.7.

4. PensitTuBUCcTCKasi MoAeJ b XapTpu. [Ipu O0MbITuX 3HAYEHUIX Z
B Mozenu Xaprpu BMmecto ypaBuenusi IlIpémmrrepa ciemyer uCHIOIb30-
Barh ypaBHenue /lupaka. [Ipu 370M 4-KOMIIOHEHTHY O BOJTHOBYO (OYHKIIHIO
3JIEKTPOHA, TIOJIHBII MOMEHT KOTOPOT'O PABEH j, & MPOEKIWs Ha OCh 2 PABHA
M, MOYKHO TIPEJICTABUTH B BHUjE (CM. 1onoOsHeHue, §2):

/ Frej(r)
_C;:Fn%,m—%,%,é % Yz,m_%(ﬁ,go)
' Frgj(r)
am Lnej (1)
Yntjm(F) = (—1)m+1/2 ¢ JFLmtlid—3 T, Yy mr1(9,9)
nljm r)=(— i
FiC) Gt (1) L (9, )
Jt3m—333.3 r (+£1,m—35\"
iCJ Gnej(r)
iZC;:tn%7m+%’%7_% n,,f )/(Z:I:l m+l(19, QO)

31ech BepxHuii 3HaK BbiOupaercs mis £ = j—1/2 w uukanit qus £ = j+1/2.
Buauenus xosdduumenros Knebma-Toprana C;™
m—mg;%,m,
nomnoJinenuu, tabsr. /1.1.
Pamnampuete byukiuu Frei(r) = F(r) u Gpei(r) = G(r) asasaoorcs
pemenusivu ypapaenus Jlupaka ¢ noreruuanom V(r):

IIpUBEICHBI B

LF@)+ ZF)

a lene; +V(r) + G(r),

2
a2

(13)
LG = ZG(r) = ~alen; + VONEE),

o= =2(j — 1)(j +1/2).
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J1J1s1 CBSI3aHHBIX COCTOSHUM JTOJI?KHBI OBITH BBITIOJIHEHBI TPAHUYHBIE YCIOBUS
F(0)=0, G(0)=0, F(ro)=0, G(ro)=0.

JI71el TTOTHOCTH 37IEKTPOHOB AWCKPETHOTO CIIEKTPA TIPH Ep¢j < € IMeEEM

1

Entj — It

0

pi(F) =

[Ynejm (P =

ntim 1 + exp

1
j Xp—— m

Paccmorpum Brtan B py () npu pUKCHPOBAHHBIX KBAHTOBBIX YHCIAX 70, j
nl=j—-1/2:

(7) %) 4 Jj+m 2
> ot (7) e DI Yz,m—%(ﬁa@)| +
m=—j
]—m
Z ‘ Km+ 19 QO)‘ +
m=—j
20 J—m+l1 2
n] Z 2]+2 | +1, m——('ﬂaw)‘
=—jJ
J—I—m—l—l 2

W3MeHuM mHIOEKC CyMMHPOBAaHUS M HAa M + 1 B JBYX NEPBBIX CYMMax B
KaK/I0#1 W3 KBAIPATHBIX CKOOOK:

) _Ey() ]+m+1 2
Z |'¢1nljm T nrJQ Z T 5. ‘YZ m-|—1('l9 (P)‘
m=—j—1
] 2
+Z = ey @0 |+
m=—j

G2 (r) L j—m 2
—L— Z 2512 Yz+1,m+%(19ﬂp)‘ +
Jjtm+1
Z 2 +2 ‘ +1, m+ (19780)
-J

IIpuBenem npesesbl CyMMHUPOBAHHUSA TI0 11 B COOTBETCTBUE C ITapaMeTpaMu

=—j—1
‘2
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cdepraecknx rapMOHHUK — JJIst 9TOTO B MEPBOil CKOOKE OIYCTUM PABHBIE
HYJIIO CJIATaeMbIe, & BO BTOPOi CKOOKe 1006aBuM:

F2,.
3 Woneam (P2 =247 Z”m“\nm+ .9 +

72 =

j 2
+ 2 5 Ym0 |+

m=—j
i iim )
t— > §T;§'K+Lm+lﬁiwﬂ +
m=—j—1 J

]+m+1
Z Vit mey (09)

‘2
i) 27+2

O0benuHsist YIEHB B KaXKI0H M3 KBAJIPATHBIX CKOOOK, ITOJLY YUM

) Fri(r) 2j+1
ZWM,M o= Fues1) 271 Zm,mgw,m%

r? 2'] me=—/
Gryi(r) 2j+1 &
+ === )|V 9,0).
r2 2]+2m2:_[_|1 (-‘rl,mtz( o)l

Kak ¥ B HEPeJISITUBUCTCKOM CJIy9ae, UCIOIb3YeM TEeOPEMY CJIOMKEeHUs,
qaro npu £ = j — 1/2 naer

S [nem ()2 = 25 LB, () + G2, () (14)

472

AmHajloruyHO I0Ka3bIBaETCHA, 9YTO PaBeHCTBO (14) cupaBejiuBo Tak¥XKe B
cayqae £ = j + 1/2. OkoHYATETBHO MOMyYaeM

= 3 3 NagglF2 () + Gl (1)
nlj
rue
27 +1
anj = 1 J gnfj — M
+ exp T

U CyMMHPOBaHHE IIPOBOJUTCA II0 COCTOSHUAM € 9HEpTueit p¢j < o.
@opmyay muis po(r) B PEAATHBUCTCKON MOZEIn XapTpu MOMKHO OCTa-

BUTDH IPE¥KHEN, TAK KaK PETITUBUCTCKHE TTOMPABKH 71T SJIEKTPOHOB HETIpe-

PBIBHOTO CIIEKTpa 0OBIMHO MaJibl. Beraucienue norenimana V (r) mpoBoauTcst
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Tabauna 3.2. YpoBHEH 3Hepruw B 3B u uwcia 3amnosHeHus: i 3oy0ta npu 1T =

= 0,1 x3B, p = 0,1 r/CM3, BBIYHCICHHBIE B PEIATHBUCTCKOM M HEPEJIATUBHUCTCKOM

BapHaHTaxX Mojeau XapTpu. B pensruBucrckoM mogxoge n = 6,830, Zo = 22,99; B
HepeJIATHBUCTCKOM — 1) = 6,822, Zg = 23,11

PensituBucrckuit pacyer HepenstuBuctckuit pacaer

n L J |5nlj| anj Zj anj |5nl| Ny
1 0 1/2 80523 2,000 2,000 73022 2,000
2 0 1/2 14661 2,000 2,000 12639 2,000
2 1 1/2 14054 2,000 6,000 12151 6,000
2 1 3/2 12261 4,000

3 0 1/2 3953,5 2,000 2,000 3435,8 2,000
3 1 1/2 3687,7 2,000 6,000 3211,1 6,000
3 1 3/2 3293,8 4,000

3 2 3/2 2858,4 4,000 10,000 2794,9 10,000
3 2 5/2 2774,5 6,000

4 0 1/2 1279,0 1,995 1,995 1175,4 1,986
4 1 1/2 1163,7 1,984 5,923 1079,3 5,888
4 1 3/2 1100,9 3,939

4 2 3/2 918,77 3,653 9,062 904,68 9,018
4 2 5/2 904,82 5,409

4 3 5/2 677,93 2,920 6,733 675,74 6,756
4 3 7/2 673,85 3,813

5 0 1/2 564,95 0,469 0,469 543,42 0,398
5 1 1/2 519,05 0,325 0,903 503,02 0,854
5 1 3/2 505,31 0,578

5 2 3/2 431,70 0,300 0,738 431,57 0,752
5 2 5/2 428,83 0,438

5 3 5/2 341,74 0,191 0,445 344,04 0,459
5 3 7/2 341,03 0,254

5 4 7/2 265,62 0,121 0,272 268,24 0,282
5 4 9/2 265,46 0,151

6 0 1/2 307,02 0,046 0,046 301,58 0,043
6 1 1/2 285,31 0,037 0,108 281,62 0,107
6 1 3/2 280,91 0,071

6 2 3/2 245,07 0,050 0,124 246,35 0,126
6 2 5/2 244,11 0,074

6 3 5/2 201,36 0,048 0,112 203,20 0,115
6 3 7/2 201,10 0,064

6 4 7/2 163,89 0,044 0,099 165,58 0,102
6 4 9/2 163,81 0,055

6 5 9/2 152,88 0,050 0,110 154,82 0,112
6 5 11/2 152,84 0,060

KaK M B HEPEJSTUBUCTCKONH Momesnu 1o ¢opmyse (9), rae Bkiag B p(r)
OT 3JIEKTPOHOB JIMCKPETHOIO CIEKTpa Bhruuciasiercs no dgpopmyse (15) ¢
ucnosib3oBanueM ypasuenusi lupaka. Ha puc. 3.8 mpusenensr rpadurn
IIOJTHO# 3JIEKTPOHHO# IIJIOTHOCTH [Tl 30710Ta 1pu Temrieparype 7' = 0, 1 k3B
u miaoraoct p = 0,1 T/cM®, BBIYMCIEHHBIE TIO PEJIATHBHCTCKOM U Hepe-
NATUBUCTCKON Momenu Xaprpu. Kak BuamHo m3 rpaduka, BIAUSHHE pe-
JIATUBUCTCKUX 3(P@EKTOB it 9JIEMEHTOB € OOJBIIUM Z MOXKeT OBbITh
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Puc. 3.8. PajguanpHas 3MeKTPOHHAS ILIOTHOCTH 47r2p(r) B 3aBHCHMOCTH OT
x = +/r/ro no momenu Xaptpu g zomota (Z = 79, T = 0,1 k3B, p = 0,1 v/cm3),
BBIYHUCJICHHAS [0 PEIATHBACTCKUM (CIUIONIHAS JIMHUS) U HEPEJISITUBUCTCKUM DA HaJIb-

HBIM (DYHKIUAM (IITPUXOBAS JIMHUS)
CYIIECTBEHHBIM JIJif TIEPBBIX Tpex 06osiouek (cMm. Takxke Tabs. 3.2 s
uncest 3anonHeHus Nye 1 Npgj).

PensituBucrckast Mosenb XapTpu, MoJiydeHHast HAMU Iy TeM MTPOCTEH X
paccyKIeHnil, KOHEYHO, He SIBJISIETCsT IOCTATOYHO CTPOTOil, OHAKO 3T MOJIEIH
O3BOJISIET YI€CTh OCHOBHBIE pessituBrcTcKue addekrsr  (em. [202], [77]).
Ocranuch HeydITEeHHBIMU OOMEHHBIE W KOPPeJIuOHHbIe 3hdeKThl, Opeii-
TOBCKHE ¥ HEKOTOPBIE [IPyTHe PEeISTUBUCTCKUE MONPABKH. 3aAMETHM, 9TO
B OTJINYHE OT CPEIHEr0 aTOMa MPU PACCMOTPEHUU WHIWBUIYAJTbHBIX CO-
CTOSIHU} MOHOB HEOOXOIMMO YUeCTh HEIeHTPATHHO-CUMMETPUIHYIO 9aCTh
MOTEHIUAIA U YyTOIHUTH IDHEKTHI CIUH-OPOUTATHHOIO B3aUMOIEHCTBHUS.
Bomnee crpormii momxom mpu TMOMyYeHWHM KBAHTOBO-CTATUCTHYECKUAX MO-
JeJieil cCaMOCOTJIACOBAHHOTO TOJsSI MOYXKeT OBbITh Peaim30BaH C MOMOIIBIO

BapHAOUOHHBIX IIPUHIUIIOB.

§ 2. MeTtoa camocorjiacoBaHHOTO 1oJisg Xaprpu—Poka
JJisl BeIllecTBa C 33/ITaHHOM TeMIIEpATypPOil M MJIIOTHOCTHIO

1. BapuanuoHHBII OPUHIIAII, OCHOBAHHBIN HA TpeDOBaHUY MU-
HUMYMa GOJIBIIIOTO TEPMOANHAMUYECKOTO oTeHIuaIa. Kak u pa-
Hee, OyIeM IPeIoaraTh, YTO BEIECTBO HAXOINUTCS B yCJIOBUSIX JIOKATBHO-
0 TEPMOIMHAMHUYIECKOTO PABHOBECHUsI, IPUYEM TEMIIEPATyPa JTOCTATOYHO
BBICOKA, TAK YUTO BEIIECTBO IIPEJICTABJsIeT COOOW IIa3My, COCTOSIILYIO U3
3JIEKTPOHOB M MOHOB DPa3jM4HOM KparHocTu. B rnase I jjs mosydenwus
ypasuenuit mogenu Tomaca—®epmu MBI BOCIOIB30BAINCH HAUOOIEE TTPO-
CTBIM BapPHAIIMOHHBIM ITPUHITUIIOM OJIA 3aMKHyTOﬁ CHUCTEMBbI — Tpe6OBaHI/IeM
MakcuMyMa 3HTponuu. Bosee obiee KBAHTOBO-CTATHCTHYECKOE OIMCAHUE
COCTOSTHUSI BEIIEeCTBa TpeOyeT BBEJEHHUs AIapaTa MATPHIIBI ILIOTHOCTH
¥ TPUMEHEHWsI PA3JIUYHBIX CTATUCTUIECKUX TPUOJIMKEHUN; Tak, HAIPU-

Mep, OYeHb YaCTO UCHOIB3YeTCsT MPUOJINKeHne OOJBIIOr0 KAHOHHIECKOTO
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ancambusist [11]. Ha ocHoBe BbIOpanHOrO mpuOIMKeHHst (OPMYIHPYeTcs
BapHUAIMOHHASA 3aa94a.

Cpennee 3nauenne (PpU3MIECKON BeIUdYUHbI F' Ipu 3aJaHHON MaTpuUie
wioTHOocTH W MOXKHO mpeiacTaBuTh B Buie 34, 68|

(F) = Sp(WF), (1)

rae W — cOOTBETCTBYIOIIUI CTATUCTUIECKHI ONEPATOP COCTOSTHUS.

Hawubosnee obmnM Bapram@oOHHBIM [TPUHIAIIOM, KOTOPBI OOBIYHO MpH-
MEHSIETCS B YCJIOBUSIX PABHOBECHUS [IJIsi OOJIBIIIONO0 KAHOHUYIECKOTO aHCAMO-
Jd, ABJAEeTCA TpeOOBaHNE MUHUMYyMa OOJIBIIOTO TEPMOJIUMHAMUYECKOTO 10~
renmmana ) = E — pulN — 6S. TlocienoBaresbHOE IMPOBEIEHUE ITOTO
OPUHIHIIA AJId IIJIa3Mbl CO 3HAYUTEJIbHBIM B3aHMOﬂeﬁCTBHeM MEXKIy 4Ya-
CTHULIAMU MPAKTUYECKN HEBO3MOXKHO, IIO3TOMY HCIOJIB3YIOTCA PA3IUYHBIE
npubsuKeHHbIe moaxoasl. OnHuM n3 Hanbosee pe3yIbTATUBHBIX OKA3AJICs
Mmeron dbyHKIHoHaMA motHocTH [162, 175, 192, 193, 187]. B sT0M MeTOIE
CTPOUTCS HEKOTOPBIN TPUOIMIKEHHBIH PYHKUUOHAA INEKMPOHHOT NAOM-
HOCTU, MMEIONINI CMBICT OOJIBIIION0 TEPMOJUHAMUYECKOTO ITOTEHINAJIA,
9JIEKTPOHOB. 3aTeM PEIAeTCs BapUAIMOHHAS 33a9a HA MUHUMYM JIJIst
9TOr0 (DYHKIIMOHANA, B Pe3yJibTaTe HYero MOYKHO MOJydaTh pa3JInIHbIe
MOJIEJIN JJIsl OIIUCAHUS COCTOSIHUS BEIIECTBA.

Mpb1 OyjseMm onuparbCcsi Ha HECKOJIBKO 0Oojiee OOIIuil BapUAIlMOHHBIN
MIPUHIIAT, HEe TPeOysi, B 9aCTHOCTH, YTOOBI MUHUMU3UPYEMbIH (DYHKIIMOHAJT
3aBHUCEJT TOJHKO OT JIEKTPOHHOU mioTHOCTH. (OCHOBaHWEM JJisi TMPHMe-
HEHUs IPeJJIaraeMoro MeTO/Ia SBJISIETCS TO, YTO C €r0 MOMOIIBIO JIETKO
MO/Ty9ai0TCS W3BECTHBIE YPABHEHUsI, HAIPUMED, YPaBHEHUsI ODOOIIEHHOI
mozenn Tomaca—®@epmu, ypasuenus Xaprpu—Poka /1Jisi CpeIHErO aTOMa U
ypaBuenust Xaprpu—®oka—Ciarepa.

CoBMecTHOE KBAHTOBOMEXAHUYIECKOE PACCMOTPEHUE CHCTEMBI B3aHMO-
JeHCTBYIOIINX MOHOB W 3JIEKTPOHOB IPUBOIUT K HE IIPEOJOJEHHBIM JI0
CUX TOp TPYAHOCTAM, B TOM YHUCJI€ U Ha OCHOBE BAaPUAIMUMOHHBIX METOIO0B.
ITosToMmy 0OBIYHO MCMOMB3yeTCst HOJIee MPOCTON MOAX0/, OCHOBAHHBIN HA
npuMeHeHnn aanabaTudecKoro mpuoamKeHnusi. B agmabaTudecKoM Tpu-
6J'[I/I}K€HI/II/I HUOHBI PACCMATPUBAIOTCA KaK KJIACCUIECKHE YaCTULDBI, IBUZKY-
Iyecss ropas3fo MeJJIeHHee 3JEKTPOHOB, TaK YTO MOXKHO IIPEJIIOJIaraTh,
YTO IPHU KaXKJIOM HOBOM ITOJIO?KEHUU MOHOB JIEKTPOHBI YCIEBAIOT IPHUIATU
B TEPMOJIMHAMWYECKOE PABHOBECHE.

Bynem mpemnonarars, 9To B paBHOBECHU JOCTUTAETCS MUHUMYM (DyHKITHO-
Hasia (), UMEIOIIEro CMBICT OOJIBIIOr0 TEPMOAMHAMHUYECKOTO MOTEHIINAJIA,
9JIEKTPOHOB U OTIPEJIETIEHHOrO B cOOTBeTCTBHIY ¢ (1) cemyromum o6pa3om:

Q=(Q)=Sp [W(Er—uﬁwln’w?)]. 2)

3necs H — raMWIbTOHUAH CUCTEMBI 3JIEKTPOHOB, N — OIepaTop YUCJIa dac-
T, § — Temneparypa, [ — XuMudecKuil norenimalt, W — craructudeckuii
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oneparop, COOTBETCTBYIONIMiT Marpule miorHocTu (pacnpeznenenue ['ub6ca):

H —uN
N exp | ———5—
W = — - (3)
H — uN

0

Ecmm cucrema cocrout m3 N B3aMMOIEHCTBYIOIIUX YACTHUI, TO MPH
y4eTe KOHEYHOH CKOPOCTHU PaCIPOCTPAaHEHUs B3aWMOJIEHCTBUA yrKe KJac-
CHYECKas HEPIHsl 3TOrO B3aMMOJEHCTBHs 3aBUCHT OT BCEH NMPEIUCTOPUU
ABUZKCHUA YaCTHI[, a HE OIIpedeIdeTCd IIOJOXKEHHEM YaCTHI[ B ,Z[a,HHbeI
MOMEHT. O,Z[Ha,KO, €C/JIn OTHOCUTEJIbHBbIE CKOPDOCTH YaCTHUL B CUCTEME Ma-
JIbI [0 CPABHEHMIO CO CKOPOCTBIO CBETA, TO PACHPEIEIeHUE YaCTHI B
[IPOCTPAHCTBE MAaJIO U3MEHSIeTCs 3a BpPEeMsi, HeOOXOIUMOe [Jid Nepenadu
B3aMMOJICHCTBUS MEXKJy YACTHIAMH. B 3TOM CIy4ae ¢ TOYHOCTBIO 10
BeJIMYUH TopAaKa (v/c)? MOXKHO ONpeJeuTh KIACCHYecKyo (byHKIHIO
FaMHHbTOHa KaK (byHKI_[I/IIO TOJIBKO KOOPpZWHAT U UMITYJIbCOB BCEX YaCTUIL
cucrembl. Onieparop FaMI/IJIbTOHa IIPU 3TOM MOXKHO 3aITUCaTh B BHUE

_22777/1 (17 2,---,7”N)+H1,

rae U — moreHnmasbHas SHEPrusi B3AUMOICHCTBUS MEXKIY YaCTUIAMU,
3aBUCAIIAA OT WX B3aMMHOTO PACIONOXKeHHs; Hi — omepaTop, Xapax-
TepPUIyIONni CIUH-OPOUTATIBHOE B3aMMOIEHCTBHE, B3aUMOIEHCTBUE MeXK-
Ay CIIMHAMHU YaCTHUI U YaCThb HOTeHHHaJIbHOﬁ SHEepruu, 3aBHCﬂmeﬁ oT
I/IMHyJIbCOB YaCTUL, 1 YaCTUYHO y“II/ITbIBaIOngf/'I SCb(beKT 3alla3IbIBAHUA.
BsaumoseficTeus, yauThIBaeMble ornepatopoM Hy, umeroT nops ok (v/c)? u
B HepeﬂHTI/IBI/ICTCKOﬁ TEOpuHn MOFyT y“II/ITbIBaTI)Cﬂ II0 TeOpHunu BO3MyHleHHI>’I.

ECJII/I HpeHe6peqb BCEMU CIIMHOBBIMN BBaHMOﬂeﬁCTBHHMH JIEKTPOHOB 1
BCEMH siiepHbIMU 3 dekTaMu (HApuMep, KOHEYHOCTHIO PA3MEPOB U Mac-
Cbl H,Z[pa,), TO B HEPEIIATUBHUCTCKOM HpI/I6JII/I)KeHI/II/I TaMUJIbTOHUAH CUCTEMbL
JIEKTPOHOB 3AMUINETCs B BUE (B ATOMHBIX €JIUHUIAX)

H= Z[——A+U ] 2Z|rz_m (4)

i#j
rae U, (F;) — moreHuuaIbHast SHEPrust 4-T0 SIEKTPOHA ¢ KOOPAMHATAMU T; B
3a/IaHHOM TIOTeHIrae aTOMHBIX f1ep Vo (7), 1.e. Uy (7)) = =V, (7”;) B BbI-

OpaHHOM IPEJCTABICHUN 151 33JAHHOA MATPHIBI IIIOTHOCTH W cpeHee
3HAYEHUE OMEPATOPA QO=H - uN + 01n W BbrMmECIZOTCA IO dopmye

() = Sp(We) = 3w, / ¥ (Q)0T,,(Q)dQ, (5)
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rae wy, = w(E,, N,;) — crarucruveckas BEPOATHOCTH COCTOSIHUS CUCTEMbI
3JIEKTPOHOB C 3aJaHHoM sueprueit K = FE, u uncmom ugactum, N = Ny,
U, (Q) — BomHOBasi DYHKIHUS TAKOTO COCTOsIHUST; () — HAGOD KOODAUHAT
9JIEKTPOHOB ¢;, TIE ¢; BKJIOYAET B ceOsl MPOCTPAHCTBEHHYIO 7; U CIIMHO-
BYIO 0; TIepEMEHHbBIE 3JIEKTPOHA C HOMEpPOM i. lHTerpupoBaHue mo BCeMmy
KOH(MDUIYPAIMOHHOMY mpocTpancTBy ) = {¢;} o3Hauaer wHTErpMpoOBa-
HHE [0 BCEM TIPOCTPAHCTBEHHBIM KOOPIMHATAM 7; U CYMMHPOBAHHUE IO
BCeéM CIIMHOBBIM II€EPEMEHHBbIM J;. Cpe,ZLHee 3Ha4YCHUE J'[IO60ﬁ BEJIMYNHBI
OPY TAKOM TOAXOZE BBIUUC/ISIETCS B JBa TPUEMa: CHAYAJA BbIYUC/ISIETCSI
cpeiHee 3HAQUYEHNE PACCMATPUBAEMON BEJUYUHBI B COCTOAHUM C BOJITHOBOU
dynkuumeii ¥, (Q) upu 3amannbix suepruu E, u uwmcie wactun N,, a
3aTeM MOJIyYeHHbIE 3HAYEHUs YCPEIHSIFOTCS IO PA3JIMYHBIM COCTOSTHUSIM C
BECOM, PABHBIM BEPOATHOCTH W,;, ITUX COCTOSTHUI. 3aMETHM, 9TO PE3YIbTAT
He u3MeHuTcs, ecau BMecto ¥, (Q)) OGymer ucmnonab3oBaHa Jr0bas Apyras
moJiHast cucreMa (OyHKIIHN.
DJIeKTPOHHAS NJIOTHOCTH p(g) TIPU 3TOM OnpezesseTcs 110 (Gopmysie

plq) = Sp (W Z; 5(g; — q)> _

N,
ZEWnZ/“I’n(QhQ% ceqi-1549,4i+15 - - -
n i=1 2

4N, )| dqidgs .. .dgi—1 dgiy1 -..dqn,. (6)

Henbra-byuxuus Jupaka 0(g; —q) = 6y,60(7; —T ) UCHOIB3yeTCs 3/1eCh J1JIsT
TOT0, 9TOOBI YIIPOCTUTD 3AMUCH. [Ipu 3TOM CyMMHUpPOBaHUE ¥ HWHTETPUPOBA-
HUE TIPOBOMUTCS TI0 BCEM MEPEMEHHBIM ¢; (CYMMUPOBAHHUE 110 071,03, - . ., ON
U MHTETPUPOBAHUE TI0 71, T2, ... FN).

2. YpaBHeHHSI CaMOCOIJIACOBAHHOTO TOJI B IPUGJIMKXEHUN
Xaprpu—®Poka. lcnonb3yem B JaIbHEHAIIIEM OJHOYACTUIHOE TTPUOIIFKEHHE,
[IpeJIrosiarasi, 9To Mpu 3aaHHON IHEPTUN U 9UCJIe YACTHUL] BOJTHOBAsT (DyHK-
us cucreMbl ¥ ((Q)) npeacTaBisgercsd B BUIE aHTHCUMMETPU30BAHHON CyM-
MBI IIPOU3BE/IEHH OTHOUACTUYIHBIX BOJHOBBIX (DYHKITUI 1O 3AMIOJTHEHHBIM
cocrosinusiM v; (nerepmunanT CiaTepa B npubsmkenun Xaprpu—Poka):

/(pl/l (ql) ¢V1 (Q2) ¢V1 (q3) s ¢V1 (qN)
wuz (th) wug (CI2) wuz (Q3) N wuz (qN )

1
| PO I (o

wVN (th) %N (CI2) ¢uN (Q3) N '(;[)I/N (qN)
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Cucrema dyukuuii 1, (¢) npenmonaraercs OpTOHOPMHUPOBaHHOI. Boc-
[10JIb30BABIIUCH OPTOIOHAIBLHOCTBIO (YHKIWIT 1, (¢), MOXKHO BBIPA3UTH CPEI-

HEe II0 KOOpAuHaTaM 3HaY€eHHUE NCXOAHOr'O raMHUJIbTOHUAHA H CJIETYIOIIAM
o6paszoMm (cM. masnee 1.3, a Takzxke [110, 107]):

< US> =3 [viio |58 v ds
[0 (@) P92 (¢)* dgdg’
2 Z/ |7 — 7

22 / Vi) (¢ )|1f>\((J_3|¢>\(‘I) dqdq (®)

rjge CyMMHDPOBAHUE MPOBOAUTCS MO TAKUM COCTOSIHUSAM UV U A, KOTOPBIE
comepzkarcs B Boipaxkenuu (7) s Gyukuun ¥(Q).

ITpeanosnokum jajiee, 9TO NMpH HE PABHON HYJIIO TeMIepaTrype Ofl-
HOYaCTUYIHBIE COCTOAHHA V 3aIllOJIHEHbI C HEKOTOPBIMHU BEPOATHOCTAMU
n, (0 < n, < 1), xoropbie BOGIM3M PABHOBECHOIO COCTOSIHMS MOYKHO
puGIMKEHHO cunTaTh He3aBucuMbiMu [54]. Torna mosnHas BepOATHOCTD
3aJIAHHOIO COCTOsIHM ByIeT DABHA IIPOU3BEIEHUIO BEPOATHOCTENH COOTBET-
CTBYIOIIUX OJHOYACTUYHBIX cocTosinmii. Hampumep, BeposTHOCTH W), CO-
CTOSIHMS N, IPU KOTOPOM TIepBbie NV,, COCTOSHUIA 3aII0JHEHBI, & OCTAJIbHBIE
HE 3aI0JHEHbI, ONPEIEIAETCH BhIPAYKEHUEM:

Wy = Ny Ny« My [1 - "”Nn+1] [1 — n,,Nn+2] .. (9)

BaMeTI/IM, YTO IO CMBICTY OIIpeaeeHNA 3HAYCHUA N, ABJIAIOTCA CPEIHUMN
YUCIAME 3AII0JHEHUS OJHOYACTHYHBIX COCTOAHUIM V.

B ykazaHHOM MPUOIMZKEHUM MOYKHO BBIYUCIUTD HEOOXOJAMMBIE HAM CPe/I-
HHE 3Ha4Y€eHHUA OIIEPaTOPOB. TaK, BOCTIOJIb30BAaBIINCh ME€TOOM WHAYKIWH,
MOKHO TIOKa3aTh, 9TO B (opmyiie (2)

Sp(W InW) = an Inw, = Z [nyInn, + (1 —n,)In (1 —n,)]. (10)

v

JleiicTBUTEILHO, I OHOTO OJHOYACTUYHOrO cocTosinus (v = 1) mmeem
ZIB€ BO3MOXKHOCTH: W1 = M [JIs 3aIOTHEHHOTO COCTOSHHS W w2 = 1 — my mis
me3anomaernoro. [Ipu srom dopmyma (10), oueBumno, BepHA.

IIycts ona Gyzaer BepHa s k cocrosiauit (v = 1,2, ... k), Te.

k

Z wp Inw, = Z[n,, Inn, + (1 —n,)In(1 —n,)].

v=1
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Iobasum (k+1)-oe cocrosame. Unc/10 BOSMOXKHBIX COCTOSHUN CUCTEMBI y/TBANBA~
€TCsl, IPUYEeM BePOATHOCTH HOBBIX COCTOSTHUI CJIETy FOIUM 00Pa30M BHIPAZKAIOTCS

gepe3 Wy:

w,(ll) = Npt1Wn, w,(f) = (1 — ng41)wn.

Nmeem
Z w,(ll) In w,(f) + Z w,(f) In w,(f) =
n n

= Z Ne41Wn(Innpp1 + Inwy) + Z(l — Npt1)Wr[In(1 — ngg1) + Inw,] =

n n

= npt1Inng1 + (1 — ngpr) In(1 — ngg1) + Z wp Inw, =
k+1
= Z[n,, Inn, + (1 —n,)In(1 —n,)]

v=1

(MBI BOCIIOJIB30BAIACH T€M, 9TO Y, Wy = 1). Takum 06pa3soM, B COOTBETCTBHU C
MeTom0M MHAyKImH, popmysa (10) BepHa Ipu Mpou3BOIBEHOM k.

Bamerum, uro dpopmysia (10) coBnazaer ¢ GhopMysIoi /jisi SHTPOIUU B
npubsmkennn Tomaca—®epmu ¢ obparabiv 3HakoM (cm. § 1, m. 1 u3 . I).
N3 oproronanbuoctu dbyuKuuii 1, (q) u dopmyn (6) u (9) cremyer, uro

=Y nlu @)l (1)

Ucnonb3ys dopmysst (2), (8), (10), monydaem BbIpazkeHUe JJisi TEPMO-
JUHAMUYIECKOrO MOTEHNUANA ) B OMHOIACTUIHOM NIPUOJIUKEHUY B yKA3AH-

HF
HOM BbIIIIe cMbIcTe (06o3Ha4YMM ero ) ):

- Zm/@(Q) [—%A—VG(F)] by (q) dg +
+ Zn,, //W" 9’ WA ~,)||2 dgdq

Zn,,n)\/ EACIEAC ¢,\( ¥a(q) dgdq’

|7 — 7|

_|_

+92[n,,lnn,,+(1—n,,)ln(1—n,,]—,uZn,, (12)

HF
Haiinem ycnoBusi muaumyma 0 npu npousBosibHbIX 1, (0 < n, <1)
U TIPOU3BOJILHBIX OPTOHOPMUPOBAHHBIX (DYHKIHAX 1)y, (q). YCI0BUSI HOPMU-
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posku [ [, (q)|? dg = 1 u oproronansroctu [ 1%(q)Yx(q) dg = 0 npu X # v
ydaTeM ¢ HOMOHH)IO MHOXKHTeIeH Jlarpamka Ay ). TOI‘,IL& YCJIOBHE MUHHMY-
Ma Q7 MpUMET BHUT

00"+ [Z Aux / U3 (@)¥a(9) dq] =0.
vA

HF
IMoacraBnsia ciona Boipaxkenue (12) mas 0 u 0poBoAs BapbUPOBAaHUE,
MIOJIY YUM

30" +4 [Z Aui / U5 (0)a(q) dq] =Y on, / V5 () Hot (q) dg +
vA v
+ 3, [ vila) Hobi, (@) da + > [ svi@ oo da +
+925n,,ln —uZén,,
+ ) A, Sy ()¥a(q) dg + | ¥;(q)0a(q) dg| =0
S |[ss@n@ans [vwsnwa

rie
N |2 !
B (0)=| ~5A-Va(F) 43 ms %] (o)~
A

Y [BURA ) 13
d =7

(npu nonydenuu (13) B ABOHHBIX CyMMaxX M JBONHBIX MHTErpajiaX B IIPO-
LIECCe BBIYMC/IEHUTT TIPOU3BOAUIINCH 3aMEHBL A HA V, ¢ Ha ¢' U T.01.).

Tak kak Bapmanuu 01, 61}, a TakxKe 0N, HE3ABUCHUMBI, IIOJIydaeM
HF
CIIEIYIOIINE YCIOBUS MUHUMyMa §)

Al/l/
HO"/JV + - Z Aw\lb,\ n wu (Q) = val/ (Q), (14)
Y \#v v
1
ny =n(ey) = e — 1 (15)
1+ exp 7

VYpasuenus (13)—(15) siBasitorcs u3BecTHbIME ypaBHeHusiMu XapTpu—Doka
(X®) ayia BemiecTBa ¢ 33JaHHON TEMIIEPATYPOIl U ILUIOTHOCTHIO, TIOJIYYeH-
ubiMu Many6apoit [171] (em. Takzke [54]).
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Takum obpasoM, s nonydenus ypapuenuii Xaprpu—®oka (13)—(15)
JOCTATOYHO TTOTPEOOBATH MUHMMYMA TEPMOIMHAMUYECKOTO MTOTEHIUAJIA,
0=0"5s OJIHOYACTUIHOM TPUOIMIKEHUN. 3aMETUM, UTO Q""" sammcosa-
ercsi B TEPMUHAX OJHOYACTUIHBIX BOJHOBBIX (DYHKINI U IHCEJT 3AI0JIHe-
HUs U, BOOOIIE TOBOPs, (DyHKIMOHAJIOM JIEKTPOHHOI moTHOCTH p(g) He
SABJISIETCSI.

3. VpasHenusi Xaprpu—®oka mais cBobogHoro mona.” ) Ilpn
TeMIIepaType PAaBHOM HYJIO CPEIHWE 9YHUCIA 3aNOJHEHUS 7, MOTYT IpH-
HuMaTh 3HadeHuss O wiaum 1 B 3aBUCHMMOCTH OT 3HAKa €, — p. Ecau npum
9TOM HMEET MECTO BBIPOXKIEHHE YDOBHEH (SHEpruu €, COBIAJAAIOT s
Pa3JINYHBIX 3HAYEHUIT V), TO HEOOXOIUMO YTOYHITH 3HAYEHUSI N, 1Jisl TOTO,
9TOOBI KOJIMYECTBO JIEKTPOHOB Ha OJIMH aTOM He mpeBbiiaio Z. [Ipexie,
9eM KOHKDETU3UPOBATH KOHMUTYPAIWIO, T.e. HAOOD YUCEJI 3AMOTHEHUS 11,
U OJTHOYACTUYHBIE BOJHOBBIE (PYHKIMH 1, (), MOKAXKEM, KAK BBIYUCIUTH
CpelHee 3HAYEHHWE raMUJIbTOHHAHA (4) € OJHOJETEPMUHAHTHBIME BOJIHO-
Bbivu byuruusavu (7) u BbiBegeM GhOpMyILy, aHAJOrHIHYTO (8).

st BBIMUCIeHNS BKJIAA B CpeIHee 3HAYeHUe raMUIbTOHNAHA, 3aBUCS-
IIEro OT KOOPJMHAT OJHOTO 3JIEKTPOHA, HAIIPUMED, JIJIsI

1 S
Vi= —§A1 - Va(ﬁ),

upezacrasuM ¥(Q) B BUse PA3JIOKEHHsI [0 IEPBOMY CTOJIOLY JeTepMUHAH-
Ta (7):

¥(Q) = 7= Y tula)Falee, . ).

rae ¥, — HEKOTOpbIe JeTePMUHAHTHI Mopsiaka N — 1, cocTaBjeHHbIE U3
OJHOYACTUYHBIX (DYHKIUI, HE 3ABUCAIIUX OT ¢ U HE COIAEPIKAIIUX g -

quTbIBaﬂ, 9TO B CI/IJIy OPTOrOHaJIbHOCTH OJHOYAaCTHYIHBIX (byHKIleI
BBITIOJTHSIETCST YCIOBHE

/\i;(qQ, o aN) Vs(q2, - an) dgs .. dgy = (N — 1)1 8,5, (16)

st MaTpugHoro anementa (¥ | V| ¥) numeem

@1V 9 = 3 [ 6ia) Vi vaan) o a7)

B cuny mezaBucumoctu (17) oT BBIGOpaA JIEKTPOHA IOy YaeM
N
> Vi
i=1

*
)Cogepx(aﬂne n.3 BaxkHO g noHuManus §3 u3 1. V. Ilpu mepBoMm uTeHHH ero
MOKHO IIPOILYCTHUTh.

(®

D=3 [0 |54-%0)] wa 09
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,HJI?{ BBIIUC/ICHUA BKJIA/Ia ABYXIJIEKTPOHHBIX BBaHMOﬂeﬁCTBHﬁ paccMO-

TpI/IM BbBIYUCJIECHUE ManI/IqHOFO QJIEMEHTa OJIA OHepaTOpa
1
‘/12 =TS S -
|71 — 72 |

C nomorpio Teopems Jlammaca mpeacraBuM N - 9aCTHIHYIO BOJTHOBYIO QyHK-
nuio ¥ B BUAE DA3JIOXKEHUs IO JEeTEePMUHAHTAM 2-TO IOPSJIKA, COCTaB-
JIEHHBIM U3 3JIEMEHTOB TEPBBIX MIBYX CTOJIOIOB (7) C OOHOYACTUYHBIMU
BOJIHOBBIMHU (byHKILI/IHMI/I 3aBUCAIINMU OT g1 U (2:

lII( \/_ Z Yo ( Q1 Ya(g2) N

Ya(q) Yplge)
rjae a u 3 mpoberaror Bce 3anoHEHHbIE cocTosiHus (a # (), a dyHKIMN
V¥ 3 IPECTABJIAIOT CO0OI1 IeTepMUHAHTEI opsAaKa [N — 2, He copeprKalnue
OIHOYACTUYHBIX DYHKIUT 1), H 3.

aﬁ(q?n q4, - - ‘7qN)7

st U,p nMeeM COOTHOIIEHUE OPTOrOHAIBHOCTH, aHaIorndHoe (16):

/‘I’Zg(qg,q4, - 4N) /‘I’WJ(QSJM’ o qn)dgzdgs .. .dgn =
= (N —2)!6ayd35. (19)
Yunrssas (19), ajst cpesHero 3sHaueHus: OT oneparopa Vis momydaem

(‘I’|V12|‘I’>=

D Ya(@)| 1 |alar) ¢alee) _
D s(@)| 7o [Yala) vale)| 4902 =
_ [a(q)* |15 (g2)* B
- N( a<6 |:/ |Tl _ 7'2 | dql d(h
/ (@ ¢B|Z1_¢f2(¢|12)¢a(42)dq1 dqg]. (20)

CyMMHMpOBaHME MO PA3JMYHBIM MapaM € yderoM Toro, 4ro (20) He
3aBUCUT OT BHIOODPA MaphI, 1aeT

Z |7 _TJ|

i<j
|'¢Joz | WJB f '9[} (q ¢B(q )'QZJB (Q)¢a( ) ,
(;/ — " dgdg a%/ D dg dq!
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[onmy4uernble q1s1 OMHOYACTAYHBIX W JBYXYACTUIHBIX OMEPATOPOB BbI-
paxenus (18) u (21) mokasbIBAIOT CpaBesIUBOCTb (HOPMYJIbL (8).

IepeiineM Tenepb K pacCMOTPEHUIO HEKOTOPBIX BAPUAHTOB MOJIENN
Xaprpu—DPoxka. s noHa ¢ 3aMKHY TbIME 060I09KaMu, KOraa Ny =2(20+1),
YUCIa 3aloJHeHus N, = 1 JJs BCeX NMPHCYTCTBYIOIIUX ypOBHEH v. B
NPUOJINKEHUH [EHTPAIbLHO-CUMMETPUYHOTO OIS

bu(@) = 24D 1)y 9,0) Xm0, (22)

r
e Xim, (0) — mByxkOMIOHeHTHbIH cruHOp. Kaxknomy v craBurcst B
COOTBETCTBUE HAOOP KBAHTOBBIX 4HMCEN 7, £, M U Mg, NOJTHOCTHIO OIpe-
JIENSAIONMX COCTOsIHAE 3JIeKTpoHa, a ¢ = {r,¥,p,0} onpemensier HabOp
IPOCTPAHCTBEHHBIX U CIUHOBBIX KOODAUHAT. B 9TOM Ciiy4ae ypOBHU HEDP-
MU €, HE 3aBHCAT OT NPOEKIUU OPOUTAIBLHOTO MOMEHTA 1M U MPOEKIUH
CIIMHA Mg (KPATHOCTD BBIPOXKIEHUS ¢, KaXKJIOTO YPOBHs v paBHa 2(2(+1)).

N3 (13), (14) ¢ yuerom (22) MOKHO Oy duTh ypaBHeHus Xaprpu—Poka
JIIS CBODOZHOIO HOHA B OJHOJETEPMUHAHTHOM MPUOJIUKEHUN [EHTPAJIbLHO-
CHUMMeTPHYHOro moJis, nojaras Vo (F) = Z/r. Hus 3Toro mocrarodHo
nposectu unTerpuposanue 1o ¢' B (13), T.e. unrerpuposanue mo ', ¥, ¢’
U CyMMUPOBAHUE [0 CIIMHOBO MepEeMEeHHOi o' ¢ y4eToM CBOHCTBa OPTOro-
HAJIBHOCTY OJHOYACTHYIHBIX (DYHKIHH 1), .

PaccMoTpuM cHadana 9ieH B KBaIPATHBIX CKOOKax u3 (13), orBedarommit
3a KyJIOHOBCKOE B3auMOJeHcTBHE (CM. TakxKe JomnoaHenue, § 1, npumep 3):

Y(T) — an |¢)\(ql)|2 dql —

(1
. 7= 7]

. re 9 N oo

= Z ’Iln/f/m/mrs Z / Z —_— % Rn'(f’ (7“ )dr X
n''m'm/’ o’ sm 2s+1 1«3>

X/ |:Y’€Tm' (ﬂ"(p')n/m/ (ﬁ/’(p')Ys’:ﬁ(ﬁ’@)nm(ﬁ/,w')xgm; (Ul)X%m’s (Jl) dQ/a

rJe 3HaK + II0/Ipa3dyMeBaeT OIePAIUI0 TPAHCIOHUPOBAHUSA U KOMIIJIEKCHOT'O
CONPSAKEHUsL. Y UUTBIBAA, UTO N/ ¢/, = 1 U1 3AMKHYTBIX ODOJIOYEK, U
TMpUHUMas BO BHUMAaHWUE PABEHCTBA

X;ms (0) Xim! (0) = 5msm;7

/ Yor (0,0) Yigms (0,0) Y, (9, 0) d2 =

(20, +1)(205 + 1)
A (205 + 1)

f30 fs’l’ng
CL’10K20 C

limiloms’
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l3m
rIe Cgf’mf’b my, — KO9bbumumenter Knebma-Topaana, nomyaum

Y(’I“) = Z Z 28+1X e, ’l_”(r) (Z’OsO Z:rrLLsm sm(ﬁ 30)

n'f'm'm/ sm

Mbur BBesIM 00603HaUEHUE

o

rs
Xpte(T) =/ﬁRne(r')Rnw(r’)dr’,
>

0
r< = min(r,r’), r~ = max(r,r").

Koad)chuHeHTbI cLm m . OTJ‘II/I'-IHbI oT HyJs Jmmb npu m = 0. Ucnonb3ys
pasencrsa Yoo (U, ¢) = 1/V4x, C z'o 0o = 1 1 yciioBre OPTOrOHAIBLHOCTH

> Chmo = (20 + 1)ds,
ml
[10oJIy Yaem

7') = Z Nn/[/ XS'['JL'[' (7’), rae angl = 2(2[’ + 1)
n't

st OOMEHHOTO YJIeHa,

Xne(r) = ZM/M’W%(Q)

X 7
nMeeM
an( Z N/ ¢'m/m!, X
n'f'm'm/,
x /dr]dn'Rw(r')RM(r'mfm,w',so'mmw',w’)xgm;(a»xém;(a')x

An 7“< * PN (Y (7“) _
XZ 25+ 1 r 8+1Y (19780)1{5771(197¢)Tn/mr(’l97go)xém;(o-)_

m dr Ry (r) [20+1
= (_1) Z ~ T_H_Xm‘f,n’t” (7“) r 2[,+IOKOSOC(stm

n’f'm'm/ sm
X Yo (197 SO)stﬁ (197 (p)émsm’s X%ms (U)
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st mpou3BeIeHNs IBYyX TapMOHUK MMEeT MeCTO pa3joxkenne [24]

Yo (19 ) sm(ﬁ 90

(20 +1)(25 4+ 1)
’ Y‘— '19 .
Z\/ 471'(2(—}-1) CZ OsOO 'm's —m m( 790)

Wcnomnp3ys cBOWCTBO OPTOrOHAJIBHOCTH

_ / /2[ +1
m —¢
E ~(_1) f'm s— mClmsm - (_1) 2(_’_ 1 61’(’ 6mm’

m'm

nepecraBJisa uHAEKCH £'0 u £0 cBepXy BHH3 y OJHOIrO u3 KO3 UIMEHTOB

, 2041
(Cfogo = (=1)%y/ 25,—:_ 1 Cé,()so), U y4uTbIBasg, 9TO BeauuuHa £ — £ + s

JOJIZKHA OBITH ‘{eTHOI/I, oIy 9aeM

o+

/[/ 2
an( Z 4/ (Cf’OOsO) erzt’,n’(f’ (’I“)
n'e s=|t—|

Rnf(r (’I“)
—7‘ .

B pesyabrare ypaBuenumsi Xaprpu—Poka st 3aMKHYTBIX 000I0YEK
MPUHUMAIOT BUJ

1 ((t+1) Z 0
Q@ T T2 Tt nzl: Noer X3pr o (1) | Rue(r) —
o+
/13/ 2
by (C8o 50)” Xnymrer (1) B (r) =
n'e s—|l—l’|

=t Rue(r)+Y_ €ntne Rue(r).  (23)
n'#n

3amMeruM, YTO TpPH BBIOOPE OJHOYACTHYHBIX (DYHKIMHA B Buie (22)
JOCTATOYHO NMOTPEOOBATH OPTOrOHAJIBHOCTU PAIUAJIBHBIX YaCTell ¢ Pa3HbI-
MU N, TAK KAaK 10 IPYTUM KBAHTOBBIM YHCJIAM YCJIOBHE OPTOTOHAJIBHOCTH
BBITIOJTHSIETCS ABTOMATHIECKU. DTO O3HAYAET, YTO HEIUATOHAJIHHBIE MHO-
skureau JlarpaHzKa OTJMYHBL OT HyJist Juib npu £ = £.

JIJ1s HIOHOB ¢ HE3aMKHYTHIMH O0OJOYKAMH BMeCTO (7) OOBIYHO IpHMe-
HSIIOT IIPeJICTaBJIeHNe BOJIHOBOH (DYHKIMU B BHJIE JIMHEHHON KOMOWHAIIMN
JEeTEPMUHAHTOB, OTBEYAIOIIEll ONpeIeJIEHHONH CXeMe CJIOXKEeHUs] MOMEHTOB.
CriokeHre MOMEHTOB MOXKHO MPUOJIMIKEHHO 3aMEHUTH CIIEIUATbHBIM BbI-
OOpOM HEeNEJbIX YHCes 3aMOTHEHUs N,, TAKUX YTO Zm,ms n, = Ny. B
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HanboJiee MPOCTOM TPUOJIMKEHUH CPEeIHell KOH(PUTYPAIUN, COTJIACY IOIEeH-
Cs1 C TIOHSITHEM CPEIHETO ATOMa, MOJIAraeM

an
2020+ 1)

n, =

B 3TOoM npubiukeHny OCTarOTCsl CIIPABEIJIMBLIMYU ypaBHeHUusi XapTpu—Po-
Ka (23) 1151 3aMKHYTBIX 000JI0U€eK, & MOJHAs SHEPIUsl MOHA, OMPEIEIeTCsI
no dopwmye [110, 141]

E= ENnZIn("‘F Zan(an U Huene+ Y, Y, NatNwe Hywe,

nl n'l'>nl
(24)
rie
1d (t+1) Z

I = /an(r) ( 2 ar -3 + T — 7 an(T)dT,

1 2¢
Hpgne = Fg&nl - m Z (Ceo sO) n( né>
s=0
1 sl 2
an,n’(' = Fr?l,n’(’ - 4£—+2 Z (Cg’OO sO) sz(,n’f"
s=[{—1'|

Nurerpanst Cisrepa Fyy i v Gy i BBIMUCIAIOTCS 1O hOpMyIaM

n( n'e = // S+1 Rnt’ T]) Ri/(/ (TQ) d’l“l d’l“g, (25)

7’
GL:L(,n'(’ = // F Rn( (7’1) Rnl(f/ (7’1) Rn(z('I’Q) Rnl(zl (7"‘2) d?"‘l d7"2.
>

§ 3. Moaudunupoannas mojiesb Xaprpu—Poka—CiasTepa

1. KBasukjaccudeckoe MpuOJIM>KeHUE Jijisi OOMEHHOrO B3au-
mogeiictBus. [lpu ducieHHOM pelreHuy CUCTEMBI YpaBHEHUNH XapTpu—
®oka (13)—(15) u3 §2 BO3HUKAIOT ONpPEETEHHBIE TPY/IHOCTH, CB3aHHbBIE
C MHTETPAJIbHBIM YJIEHOM — TOCAeIHUM B TpaBoit yactu (13), KOTOpHIii
obycaossen obmennbivu 3¢ dexramu. Eciu B (13) npenebpedb 0OMEHHBIM
wienom, To u3 (14) monyunm ypasuenue [pénunrepa mus byukuun ¢, (q),
OTIMCHIBAOIIEE [IBUKEHNE JIEKTPOHA B MOJIE sI/IEP U CAMOCOI/IACOBAHHOM
KYJIOHOBCKOM TI0JI€ 3JIEKTPOHOB (Mozesnb Xaprpu, cMm. §1). dsmsscs pe-
[IEHWSIMA YPABHEHUsI C 33JaHHBIM MOTEHIMAJIOM U COOTBETCTBYIOIIUMU
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TPAHUIHBIMYU YCIOBUSME, BOJHOBBbIE (DYHKIMHM B ITOW MOIEIH TIOJYda-
J0TCsl B3aUMHO OPTOTOHAJIbHBIMM, OJHAKO IIPU 3TOM OKa3bIBAETCsH, UYTO B
CaMOCOTJIACOBAHHOE ToJie XapTPHU BKJIIOYEH JIUITHWI KyJOHOBCKHUI BKJIA
OT PacCMaTPUBAEMOTO ITEKTPOHA, TAK Ha3biBaeMoe camomeiicreue. Camo-
J1efiCTBE MOYKHO JIEFKO YCTPAHUTD, €CJIH BbIYECTh U3 CAaMOCOIVIACOBAHHOTO
MOTeHIaNa XapTPHU BKJAJ JAHHOTO 3JIEKTPOHA B COCTOSTHUU C BOJIHOBOM
dyukuueii ¥, (q), Ho BoIHOBBIE (DYHKIMU P ITOM y2Ke He OyIyT B3auMHO
OPTOTOHAJILHBIMHU.

Onupasich Ha KBa3UKJIACCHIECKOE TTPHOIMKEHNE, MOXKHO [TPOBECTH IPH-
OMKeHHbIN yaeT 00MeHHBIX 3((HEKTOB U TEM CAMBIM YTOYHUTDH yPABHEHUS
Mozesnn Xaprpu. Tak Kak B pe3yJbTraTe MOydaercs: eauHbiii 3ddexTus-
HBIl TIOTEHIMAT [JIs BCEX 3JEKTPOHOB, TO COOTBETCTBYIOIIAsi CHUCTEMa
BOJTHOBBIX (byHKIHil Oymer opToroHaabHOU. Briepsoie yuer oOMeHHBIX 3¢-
GbEKTOB B JIOKAJTHHOM MPUOJIMAKEHUH JIJIsi CBOOOIHOTO aTOMA TIPU TEMITEPA-
type T = 0 nposen Cmarep [209]. Iozanee pesymaprarer Cidrepa Obuin
yTouHeHbl B pabore [162] (cM. Takxke [146]), a B paborax [77] u [147]
pPacIpoCTPaHEHbl HA ITPOU3BOJIbHbIE TEMIIEPATYPBHI.

YT1006bI MOTYIUTH € TOMOIIBIO BAPUAITMOHHOTO TTPUHIIATIA TPUOIMKEH-
HOE BbIPaXKeHue [1jisi OOMEHHOTO 4ieHa, Oy/1eM B KadecTBe MPOOHBIX (hyHK-
1uii 1, (q) UCIoab30BaTh HOPMUPOBaHHbBIE pelenus ypasaenus [[Ipénunrepa

(@) = euthula), Ho=—55-V(7), 1)

ONUCHIBAIOIINE IBUKEHNE JIEKTPOHA B MOJIE C HEKOTOPHIM 3P HEKTUBHBIM
norernuanom V(7), yauThiBarImM 06MeH JOKaIbHbIM 00pasoM. Tak Kak

B JAHHOM CJIydae oneparop H.; npeamonaraercs 3pMUTOBBIM, TO MOJIyda-
emas B pesysibrare pemnenus 3anaun (1) cucrema dynkuuit ¥, (q) Gyaer
OPTOTrOHAJILHOM.

BapuanuoHHbIi NPUHIMIT TO3BOJSAET BLIOPATH HAWIYYIIMA BUJI IO-
rernuasna V(7), mag koroporo pemienus ypapuenus (1) 6yayr naunbosee
6si3KM K pemenusiv ypasuenuit Xaprpu—®oxa (13)—(15) u3 §2 [78]. IIpn
9TOM HMMEeT CMBICJI COXPAHUTH BbIpazkenue (15) w3 §2 st onpeneneHust
qucesl 3aI0JHEHUs, Tak Kak 9Ta (opMysia HE 3aBUCHT SIBHO OT BHJA
MPUOIMKEHUS 1711 OOMEHHBIX 3()HEKTOB.

st BBIYUCICHUST OOMEHHOM SHEpruy (CM. MOCIeAHUN YIeH B HPOpMy-
ae (8) u3 §2)

5 _ _é;nm [ [ BQUADED NG 4y

|7 — 7]
[IPEJBAPUTEIHHO IIPOBEJIEM CJIEIYIONINE TPEOOPA3OBAHMS:

1 lp(g,¢)? )
E,=-= [ 2222 444 2
ox 2/ 7 4974, (2)
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rie

p(0:4) =D maby (QU5(d) = n(H.) Y o (0)3(q).

BJiech BBEJIH TaK HA3BIBAEMBIl onepaTop uuces sanonenns n(H.,), cob-
CTBEHHBIE 3HAYEHNUs] KOTOPOTO PABHBI N, & COOCTBEHHBbIE (DYHKIMN COBIIA-
Ja0T ¢ cobersennpvu byHKIuaME oneparopa H.., KOTOpHIA meiicTByer
TONBbKO Ha (ByHKIHMH TepeMeHHOl 7 (cuM. Bbipazkenne (1) ana H.). Bame-
TiM, 9to cornacHo (11) u3 §2 nmeem p(q) = p(q,q’)

q¢'=
Cucrema yukuuit ¥, (q) aBjasercs: NOJIHOMN, TIOITOMY

D 0(@)3(d) =g — ¢') = dogr O(F — )

U, CJIe0BATEJIbHO, IPeIosaras, 4To oneparop H He neiicTByeT Ha CIIMHO-
BBIE TIePEeMEHHbIE, TTOTyIaeM

p(q,q') = bpern(H.) 6(F — 7).

Bocnonb3yemcs npejcrasiennem d-pyHKnuu B Buje uarerpaia Oypbe:

57— ") = —— / =) g,
(2m)?

[pencrasienne §-byHKIMA B BAAE PA3IOKEHUS 10 IIIOCKAM BOIHAM eF7

TO3BOJIAET 3HAYATEJIBHO YIIPOCTUTH BBIKJIAJIKU. Ba}KHO OTMETUTh, 9TO 30ECh

UCIOIb3YETCsl JIAIL CBOMCTBO MOJHOTHI CUCTEMBI IIJIOCKUX BOJIH, NPUYEM

HE IIPEeANOJIAraeTcs, 4TO IJIOCKUE BOJHBI PACCMATPUBAIOTCA B KAUECTBE

MPUOTNKEHHBIX BOJTHOBBIX (byHKuI/H‘/’IA 3JIEKTPOHOB.

Omneparop uucen 3anonnenus n(H,,) apagercsa GyHKIUed CyMMbI JIByX
HEKOMMyTHpYIonwmx oneparopos (1/2) A u V(7). HeiicrBue nepBoro ore-
patopa Ha e*" cpomuresa k ymuoxenmio e*” na —k? /2, neficreue BTOpO-
ro — K ymHO)kenuio Ha V (7). B KBa3uK/IaccuueckoM IPUOIIMKEHUU MOYKHO
npeHedpedb HEKOMMYTATUBHOCTBIO oneparopos (1/2) A u V(7) [143]. To-
raa B coorBeTcTBuM ¢ popmyaoit (15) us § 2 momydnm

n(Ha) eF0T) = f(k2,7) T,

rie

f(k27F) = 2
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IMoncrapmsis moydeHHble BhIpayKeHus B (2), nmeeMm

B~ L ////f(k2 ) (K2, 7)elE=kD =) qidk! dF dFi!
e 20 (2m)6 |* *| :

I/IHTerI/IpOBaHI/Ie 110 ’I_" MOZKHO BBITIOJTHUTH B aHAJUTUYIECCKOM BHUIE BBUAY
TOro, 49TO O6'beM 3aHUMAaEMbIil CUCTEMO 9JIEKTPOHOB, Hpe,HHOHaI‘aeTCﬂ

J0cTaTouHO GombinuM. Hampasmsas och 2’ BIOIb BEKTOpA k— k' HOJIYy YUM

ei(E—E N(F—F") P e—aR-H( E)R i
/ =7 " TaS0) R k=
= lin})27r/e‘aRRdR/e“E_E/|RC°s’9sin19d19 =
a—
0 0
4 T - 4
= " lim / R gin |k — K'|R) dR = ————.
|k — k| a0y |k —k'[2

Tak kak

Z 600’ -

TO ACHOJIB30BaHRe ChePIIeCKIX KOOPIUHAT IIPY HHTErprpoBanmy 1o k u k' naer

2
E, . =- or 3><

[ sing disind'dy’
d (k2,7 f (K", 7)k2 dk K dk' / / S -
/ r/ F ISR T) J ] W =2k cos 0 + K

_ R 2 k+ K
=—5m dr//fk? P |

Bseniem HOBBIE TIEpeMEHHBIE HHTEIDUPOBAHUS

kdk k' dk'.

k2 k’2
a = %a /B
n 0003HAYUM
. V(@) +
£=gr) = LT

o0 o0

B 1 ' 1 Va++/B
F(f)‘/d"‘/dﬂ[uexp(a—f) Tten(-0 "Wa—vall

0 0
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Torna mosmyuaem

E., = —ﬁ/F(g) dr.

273

OueBuHo,

//dadm |§+§|

* {_% (1 +exp1(a —5)) 1 +exp1(6 —6

_% <1+exp1(6—€)> 1+exp1(a—€)}'

B pesysbrare mHTErpUpPOBaHUS M0 YaCTAM HUMEEM

7da1n|\/a+\/3i< ! ) /\/ﬁ/_a/a p) da

Va —+/Blda \1+exp(a—¢) I+expla—§) 7

OTKYy /I3
oo [ da i i
F'(§)= /1+exp(a—£)0/1+exp(5 3] la 5[ _O‘\/7]

_7’ oo [ gVPag ©.

_0 1+exp(a—£)0 1+exp (8 —¢) 1/
ITostomy

o (V(7)+n)/0
. 2
E. = —ﬁ/df’ / [I-1/2(8)]" dt.

Baecw I (t) — byuxuua Pepmu—dupaxa.

B kBa3ukmaccuueckoM IpuOINKEeHNN MOYKHO BhIPa3uTh F., depes mioT-
HOCTB 371eKTPOHOB p(q). st aToro ycranoBuMm cBsa3b Mexuay p(q) u V (7),
BOCIIOJIb30BABIINCH KBA3UK/IACCUIECCKUM TNPUOJIUKEHUEM M HHTErPAJIOM
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Dypbe aHAJIOTTIHO TOMY, KaK 3TO ObLIO cuesiano Boimne. Vveem
p(q) =p(0, 4" )¢=q = o0r (Het) O(F — 7")| =g =
1 F T N iR T 1 -
= /e_’krn(Hef) e*dk x —— /f(kz,f’) dk =
(2m)?

(2m)?
/ 4rk? dk (20)3/2 [V(F) + u]
—~ = 2 1/2 ’
(2m)° 0 1+exp( —V(r;+u) i ’

9T0, 04€BUTHO, coBnaiaet ¢ (opmysoit (7) u3 §1 rr. I, rak kak p(7) = 2p(q).
[TosTomMy MOKHO HaAIUCATH

B =~ [ elo(r) a7, 3)
rie
4
A7)0 = 9lp. 0] = 55 / ()]’
> 3/2
&= W — KopeHb ypaBuenus p(7) = (2297)1_2 I, /5(&), m Tem cambiv

Besmunna & apnserca dynkuueit p(7)/6°/2.
2. YpaBHenus mogesiu Xaprpu—Poka—Ciarepa. Takum obpa-
30M, [JIs TEPMOAMHAMUYECKOTO moTeHnuasa (), KOTOpPbI B yKa3aHHOM

NpUOINKEHUN 0003HATUM QHFS, nMeeM
* 1 —
=Y i@ |52 - )| @ dr+
1 %0 (0)|*[¥2(a")]? dg dg’ / .
+ g Sma [ [ Plo(7). 0] +
+92 [n,Inn, + (1 —n,)In(1 —n,)] — uZn,,,

rue
= Z nVW}V(Q)l?'

AnajlornyHo ToMy, Kak ObLIM MOJydeHbl ypaBHeHus Xaprpu—Poka,
noTpedyeM BBITIOTHEHUS YCIOBUS

50" x5 lz Ay / 3 ()¢ (g) dq] =0,



§ 3. Moduduyuposannan modeavr Xapmpu—DPokxa—Casmepa 107

rie MHOXKUTe U Jlarpanyka A, BBeIEHBI JJjis ydeTa yCJIOBUI HOPMUPOBKH.
OHU COOTBETCTBYIOT JHATOHAIBHBIM MHOXKUTEIAM Jlarpanxka A,, B ypas-
nenusx (14) u3 § 2. 3amerum, 9TO B JAHHOM CIIydae Hem HeobLooumocmu
mpebosamsd BHINOAHEHUA YCAOBUT OPMO20HANLHOCTNY, TAK KAK DEIeHus
ypaBuenus (1) B3auMHO opTOroHabHBI. IloCiae BapbUpOBaHMS MOJIYYaeM
ypasHenust mozenn Xaprpu—Poxka—Ciarepa (XDC)

2
_—A Va ’I? +Z /WJ}\((] | dq SZ‘| Uy (q) = evthy, (4)

1
ny = . — 1 (5)
174
1+ exp
rze cobcTBeHHbIe 3HaYeHust £, = —A, /n,.

Orciona BuaHO, 9T0 B coorBercTBun ¢ (1) adbdexruBHbii noTeHmma
paBen
V(i) = Ve(r) + Voo (7).

Kynonosckasi gacrb noreHumaina V. (7) BbIYUCIAAETCS TaK ¥Ke, KAK U B
Mozesin XapTpu:

V:;(F) — Va(,,—,») _ Z na |¢>\(ql)|2 dql ) (6)

|_,_ _,,|
A

st obmerHoit monpasku V., (7) B cuiy (4), (5) nveem

¢
o aQO _ 85 91/2
Vo) = g = gy = rr lael®), (7
23
rae £ — KOpeHb ypaBHEHUsT
o2 .
Li2(8) = WP(T)- (8)

BbILII/ICJ'IeHI/Ie O6MeHHbIX TOIMIPAaBOK MOZKHO YIIPOCTUTH C TOMOIIBIO UHTEPIIO-

snannoHHbIX Gopmysi. B gactHocTH, oOMmennas sueprus ., onpenensiercs
£(p,0) 5

unrerpanom [ [I_1/2(t)]” dt, koTopsiii yno6uo ¢ nomompio (8) npes-
— 00

CTAaBUTDh KaK (DYHKIMIO OJHOMN IepeMeHHOM

== L1000, )
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ly1st mETErpasia, OmpeIessaionero 0OMeHHy 0 SHepTuio F,, , MOXKHO TTOCTPO-
uTh (HOpMyITy €O CBOOOIHBIM MAPAMETPOM @, MEPEJAIONIYI0 ACUMITOTUKN
mpu ( = 0 u ( — oo:

3
9 N 7T4<2
_4 e T ey TR 1o

Kosdgdumuenr a nerko HaliTH U3 yCJIOBHS MHHHMYMa HOTPEIIHOCTH. B
pesyabrare jis ¢[p, 0] moxydaem

871'4 p2 -1/3

7.‘.2
oo bl T [0+ S 2] (11)

20 93/2 " 81
rae p = p(F) —uorHOCTH 3jeKTPoHOB. Ilorpemuocts dopmysbr (11) He
npesbimaer 1%.

Ananorunyno Tomy, Kak 66110 Oy YeHO Bhipazkenue (10), MOKHO mosTy-
9UTH TPUOIMKEHHYIO (DOPMYITY

V272
[1+5,7¢ + (x4 /3)¢2]

rue ¢ onpenensiercsa no gopmysie (9). 1o maer yaoOHYIO WHTEPIOALM-
ounyw dopmyiy mias Op/dp ¢ norpemHocTHIO NpubM3uTensuo 1,5% [77].
OkoHYATETHHO UMeeM

I_y)5(8) ~

g P G PP Gl N g G v

. 0 g3/2 3 63 ’
rae p(F) — mwiorHOCTb 3jeKTpoHoB. Tak kak V.. (F) > 0, T0o oOMeHHbIe
3bdEKTHI IPUBOJAT K yMEHBIIEHUI0 KYJOHOBCKOIO OTTAJIKUBAHUS B T10-
TeHIHAIE.

Tosenenwme obmennoii mompaeku (12) B 3aBUCMMOCTH OT TJIOTHOCTH
MEKTPOHOB p = p(7) NPU PA3IUIHBIX 3HAUCHUAX TEMIIEPATY Dbl IPUBEIEHO
Ha puc. 3.9. TaM ke IJIs1 CPABHEHWs! TIPUBEICHBI PE3YIBTATHI HCTIONB30Ba-
HUS WHTEPIOIAIMOHHON hopMyIst u3 [202]

(12)

R, 3 [ 3p(r /3 wp(r
e ==y (20) e =0
26 s
rae A(r) = W ®opwmyna (13) upu T = 0 gaer Bbipaxkenue V.,

nosydennoe Cisrepom [209):

1/3
5_3 3p
‘/ex_z( ) N
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Vex(p)

0

1 ‘ -
0,01 0,1 1 10 p = p(r)

Puc. 3.9. O6MenHas nonpaska Vex(p) K MOTEHIMALY B 3aBUCUMOCTU OT JIEKTPOHHOM
mwioTHOCTH p = p(r) mpu pasnumanbix Temmneparypax I’ = 0,01; 0,1; 1 ks3B. Cruromnuas
suaus — Bbipaxkenue (12), mrpuxosBas sunus — (opmyna (13)

ITIpu T' = 0 no dopmyie (12) umeem V., = (3p/7r)1/3, YTO HAXOJUTCS
B COOTBETCTBUM C pedysbratamu [153, 162] u oTsmuaercst OT BhIPasKeHUsT
Cuarepa koddpdunuenTom 3/2. 10 ABIAETCS CAEICTBUEM NPUMEHEHUSI
BAPUAIMOHHOTO IPUHIUIA TIPK MOJIyIeHud V., B OTiiH4are oT paborsr [209],
[Jie almpOKCUMHUPOBAJICS OOMEHHBIH WIeH HEIOCPEICTBEHHO B YPABHEHHSIX
Xaprpu—Poka. AHamn3 pa3TuIHbIX TPUOIMIKEHWH JIJIsT OOMEHHON MOMPaB-
ku nipu T = 0 conepxxurcs B kKuurax Cisrepa [100], a Takxe Kaysna [134,
ra. 8]. Ipu T # 0, kak BugnO u3 puc. 3.9, dopmyna (12) maer Gosee
IJIABHYIO 3aBUCUMOCTD V., or p(r), yem unrepnossuus (13), npuuem npu

T

ex —

BBICOKHUX TeMIlepaTypax B oboux ciaydaax V., =~ i

Kak 6yzer mokazaHo, BapHANMOHHBIN TPUHIUI JaeT Oosiee Hiim3kme K
perernstm ypasuenuit Xaprpu—Poka BomHOBBIE DYHKIINU, Y€M HUCIOIb30-
BaHUE JIPYTUX MPUOJMAKEHHBIX METOJ0B. 3aMETUM, UTO JJIsi OJHOYACTHYI-
HBIX yPOBHE YHEPTUU PE3yJIHTAT MOXKET ObITh WHBIM, OJHAKO HUCIIOJIH30Ba-
HUE MOy 9YeHHbIX 110 Momean Xaprpu—Poka—Ciarepa BOTHOBBIX (DyHKIHH
n npubsmkenus Xaptpu—Poka i1 ypOBHEH HEPTUU MOHOB IMO3BOJISIET
3HAYUTEHHO YTOYHUTDH PE3YJIBTATHI.

3. YpaBuenust mogesm Xaprpu—Poka—CiaTepa ¢ UCIoab30Ba-
HUEM KBa3WMKJIACCUYECKOTO MNPUOJINMKEeHUs JJs IEKTPOHOB He-
pepbIBHOIO ciieKTpa. Ilpu pemenuu cucrembl ypasHenwuii (4)—(8) Tpe-
Gyercsi, BOOOIIE TOBOPsi, BBIYUCIIATH BOJTHOBBIE (DYHKIINU BCEX BO3MOXKHBIX
COCTOSTHU{1, B TOM YHCJIe U JJIsi HEIIPEPBIBHOTO CIeKTpa. KomndecTBo Takux
dbyHKIMIE MOXKeT OBITh OYeHb BEJIUKO. TaK KaK i JIEKTPOHOB C OOJIBIIH-
MU KBAHTOBBIMH YUCJIAMH XOPOIIKE Pe3yJbTAThI JaeT KBA3UKJIACCUIECKOe
npubIuKEHNe, TO JJisi yIPOIIEHUsI PACIYETOB €CTECTBEHHO HUCIIOJIH30BATH
KBa3UKJIACCHIECKOE TPUOJIMKEHUE Jis COCTOSHUI JIEKTPOHOB, SHEPTUs
KOTOPBIX OOJIbIIIe HEKOTOPOI BEJIMYUHBI £p, KAK ITO yKe ObLIO CHeJIaHO
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st mozenin Xaprpu B § 1. Bewuauny €9 MOXKHO cautaTh 3()HEKTUBHOM
Fpa,HI/II_[eﬁ HEIIPEPBIBHOT'O CIIEKTPA.

IIpu BBICOKMX TeMmIepaTypax B CBA3W C WOHU3AIMeHl CpeIHHue YnCIa,
3aTOTHEHUS [JIs JJid BBICOKOBO30OYKIEHHBIX COCTOSHWI OY€Hb MAJIbl, U
€CJIN TIPU 3TOM PAJNYC CPEIHEr0 HOHHOIO OCTOBA MHOT'O MEHBIIE Pa3MepOB
aTOMHOM s4eiiku, T.e. 1* & rg, TO BOIPOC O BBHIOOPE €9 B MPAKTUYECKUX
pacderax pemaercst JOCTATOYHO TIPOCTO MOCIIE BBIYUCICHUS CPEIHAX TACEIT
sanonHennss Ny, (HanpuMep Tak, Kak 3TO ObLIO CAENAHO sl MOJENH
Xaprpu B §1).

IIpu uCnoNb30BaHUK PACCMOTPEHHOIO B § 2 BAPUALIMOHHOTO MPUHITHIIA,
JOCTATOYHO MPEAYCMOTPETh, YTOOBI IPH BHIOOPE £9 YHCIO COCTOSHUN, He
OPpUHAJICZKAINAX HEIIPEPBIBHOMY CIIEKTPY, HE U3MEHAJIOCH IIPU BAPbUPO-
BaHUH, B PE3YJIBTATE KOTOPOT'O MOIYy4YatoTcst ypapHenus (4)—(8), T.e. 4T06b1
CBsI3aHHBIE COCTOSIHUS HE MEPEXOIUIA 4epe3 (PUKCUPOBAHHYIO TPAHUILY Eg
P MaJIbIX U3MEHEHHUAX YHUCEJI 3allOJTHEHHUA W BOJITHOBBIX (byHKHHﬁ, njin,
JPYTUMH CJIOBAMHU, 9TOOBI HE MOSABJIAIUCH JOIOJHUTEIbHbBIE JUCKPETHBIE
COCTOAHUA IIpU € < £g.

Paccmorpum aror Bompoc Gostee oapobHO [86]. Beiparkenue st ogHO-
YACTUYHON 3HEprum €, B Mojenu Xaprpu—Poka—Criasrepa umeer BUI

o= [t |5 -vE) | v

rae corsacuo (6), (7)

) B} Ndg 9
V(i) = ValF) - %Jra—i. (14)

B kBasmkmaccrmdeckoM MpUOIMKEHNM SHEPTHUsi JEKTPOHA, OMPEeIesIsieTCsT
o dbopmyne €, = e(q,p) = ¢ = p?/2 — V(7) (§ — uMnysibe 31eKTpoHa).
Bocmonb3yemcst ykazaHHBIM MPUOIUKEHUEM MPU BBIYUCICHUU TEPMO-

JMHAMEYECKOTO TOTeHmmata ), CIHTAs, 9TO KBA3HKIACCHIECKHE CO-
CTOSIHUSI C dHEPIHeil € > £p 3alOJTHEHbl C HEU3BECTHOH MoKa (yHKImeit
pacnpenenerusi n(q,7), 0 < n(qg,p) < 1. B cBsi3u ¢ 3TUM B TOCIELY FOIIUX
dopMyTax CyMMHPOBAHHE IO IUCKPETHBIM yPOBHAM OyIeM MTpPOBOIUTH
JIJIsl COCTOsIHU# C Heprueil €, < £g, & UHTErPUPOBAHKE 1O ¢ U [ — JJIs
cocrosiHuii ¢ sHeprueit € = £(q, f) > €¢. 3aMeTuM, 4TO B JaJbHEIIEM Ipu
MPOBEIEHUU BAPbUPOBAHUsS, XOTHd £9 (PUKCHPOBAHO, MOTYT HOOABIATHCS
WM WCYe3aTh YIEHbI B CYMMax IO V, TAK KaK YCIOBHE €, < €9 MEHSETCs
Ha €, + 0&, < €9. Bapuanus de, onpenensaeTcs Npu 3TOM HE3aBUCUMbBIMU
Bapuaruamu ¥, (q), n, u n(g,p). Yrobbr MOxKHO 66110 GHOPMATBHO TPOBO-
JIUTH CYMMUPOBAHKUE U MHTErPUPOBAHKUE IO BCEM COCTOSHUSAM, BBEJIEM JIJIs
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VIPOIEHUsT 3aIUCH CTYMEHIATYIO (DYHKIINIO

sw={o 20,

O0603HaYMM COOTBETCTBYIOIIUI TEPMOAMHAMUYECKHI ITOTEHIIUAJ Ye-

pes QHFS(eio).I/ICHOJ'HﬁyH dopmyny (12) u3 §2 u npuMeHsisi KBA3UKJIAC-
cudecKoe Mpub/IMKeHUe IPU € > ¢, MOIyYUM

0" (o= 3 Blen —<uim [ ila) (—3) (@) da-+

2 —
+ [[11= 8o - Mnta ) s da [ ol da+
v [ MOEEE [, o1+

+ 925(50 —&))[nyInn, + (1 —n,)In(l —n,)] +

—

+9//[1—ﬂ(€0—5)] [nlnn+(1—n)ln(l—n)](;Tp)qu—,u/p(q)dq.

Baecs ¥,(q), ny, n = n(q,P) — HeusBecTHBIE QYHKIUU, NOIJIEIKALIKE
OIIpEIeICHUIO,

=% 6o~ 2m i@ + [[1- 56— nla. P . (15)

Iposoas sapbuposanue 2 (g0) IpH ycIoBUH J1u(@))Pdg = 1 m
ucnomb3yst Ajist Bbrauciaenus 0p(q) dopmyay (15), nomydum

50" ) + 3 Y A, [ iy @) da =
= S miteo 2 [ |52~V + 32 4] vela)da+
+ X b2 [vi|-5A - V@) + 3 - | owada+
-l

+/ dn[l — B(eo — €)] [%—V(F)”l%fn"“] (2?)3 a

OILLICEEN [ [vi@ (—%A -V <F>> vu(a) da + 61 7
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+ Z 0B(g0 — &) [Iny Inny, + 6(1 — ny) In(1 — ny) — pn,] +

+ a0 -2 [6100) (38 -VE)) vl da -

-»

ey
2 —)
- [[ o0 -) (5 - V) ) nta.h) gz da=0. 19

—/ 0f(go —€) [Inlnn + 6(1 —n)In(1 —n) — un] dq —

Besmnmunna §8(gg — €,) MOXKeT OTJIMYATHCS OT HyJsi B HHTEPBaJe
€o — 0, < €, < &g (upu sroMm 08 = 1 wim 63 = —1), 4ro coOTBETCTBYET
JAONOTHUTEJIBHBIM YJIEHaM B CyMME€ IO V, KOTOPBIE TOABJIAIOTCA H3-3a
U3MEHeHUsl HEPruil €, npu BapbupoBaHuu. COOTBETCTBEHHO BEJIMYUHA
06(eo — €) oraMYHA OT HyJid B UHTEPBaJe €9 — 0 < E.

1J1s1 BBITIOSTHEHWS YCAOBUS MUHAMYMA, Q" (e0) moTpebyem paBeHcTBaA
HYJIFO MHOXKHUTEJIEH npu Bapuauusix 0¥, 0n,,0n u paBeHCTBA HYJIIO BbI-
pakenusi, cozmepxkarero d5. IlpupaBuuBasi Hysr0 MHOXKUTENb Ipu 01 (q)
(nmm nipm 67, (q)), momyumm ypasrenust Mogenn Xaprpu—Poka—Ciarepa ¢
KBa3UKIACCHIECKUM MTPUOIMIKEHHEM

38 -V v = 2la), (")

rue €, = —A, /n, + p, a norennuan V(7) onpenensiercsa no dopmyJie (14).
TpeboBanue paBeHCTBA HYJIIO MHOXKUTEEH npu on, u on(q,P) npusBo-
JUT K COOTHOIIECHUAM

n,—-— ——, (18)
E p—
1+ exp

1 _r R
— =5 -V (19)
0

Bocnonbzosasimcs pasercrBamu (17)—(19), a TakKe sIBISIOMUMUCH CIIE-
crusmu (18)—(19) coorHolIeHUAME

1+ exp

Ev

nylnn, + (1 —n,)In(1l —n,)=(1-n,) 'u-l-lnn,,,

0
—u

nlnn + (1 —n)In(1 —n)=(1— n) 7

+Inn,
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3 (16) nosmy4aum

Z 0B(eo —ev)(ey —p+0lnn,) —
v dﬁ
Pk

Tak kak Bapnauuu 05(g9 — €,) u §3(gp — €) MOrYT GBITH OTJIMYIHBI OT
HyJIsl JIUIIb TIPU €, = €9 U € = &g COOTBETCTBEHHO, TO B (20) MOKHO
BBIHECTH OO MHOXKHUTEIIb

- / 5B(c0 — &) [ — j1+ O n(g, 5)) —2—dg = 0. (20)

1

Aleg) =0 —p+0In —.
1+expu

0
B pesynbrare mogydum

—»

A(eo)d 2650—5,, //5 (2 ) dg| =0. (21)

4. YciaoBue TepMOJUHAMUYECKOM coOrjiacoBaHHOCTHU. llepBbrii
YJIeH B KBQIPATHBIX CKOOKax (21) ompeiesieT KBAHTOBOMEXAHUIECKOE BbIPA-
KeHre 718 KOJIMIECTBA OJHOITEKTPOHHBIX COCTOSTHUN C SHEPTUAMU €, < £¢:

1(60) = Zﬁ(&o — EV).

Bropoii 4ien — cooTBeTCTBYIOIIEE BhIPAYKEHUE ISl KOJIMYEeCTBA COCTOSTHUM
B KBa3UKJIACCUIECKOM TTPUOJIMKEHIH:

flew) = [[ Bler - o) s da

Dusuveckuil cMbics ycious (21) 3aK/II09a€TCA B TOM, 9TO [IPH UCIIOIB30-
BAaHUU PA3JINIHBIX TIPUOTUKEHUN JJIs1 OMUCAHKS JEKTPOHOB YUCIO YU~
THIBAEMBIX COCTOSIHUII He JOJIZKHO MEHSATHhCs C M3MEHEHHEM £q, T.e. IpPU
YBEJIMUEHUH YHUCIIA IUCKPETHBIX COCTOSHUI HA TAKOE YK€ KOJIMIECTBO JOJIK-
HO YMEHBIIUTHCSA YUCTIO COCTOSTHUMN, YIUTHIBAEMBIX B KBA3UKJIACCUIECKOM
npubau)kennn, 1 Ha0OOPOT.

B coorsercrsun ¢ (21) nmeem

fi(g0) = fa(e0) = Co, (22)

riae Cy — HEKOTOpasi MOCTOsTHHAs, KOTOPYI0 MOYKHO ONPEIE/IUTh, AHAJIV-
3Upysd ACUMITOTHKH IIPpU £y — OO U IpHU &9 — —oo. leiicTBUTENBHO,
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fi(—0) = fa(—00) = 0, a 1pu €9 — 00 MMeeT MeCTO NPUOIIHUKEHHOE
paBeHCcTBO fi(€9) = fa(€0), TAK KaK KBAa3MKJIACCHYECKOE MPUOIMKEHHE
1pu GOJIBIINX SHEPTUSX JEKTPOHOB CTAHOBUTCS TOUHbIM. OTCIOA Cotesyer,
aro Cy = 0.

Takum 06paszom, gonoaHuTeNbHO K ypapuerusm (17)—(19) monenu XDC
C KBA3WKJIACCHYECKUM NPUOJIMZKEHNEM MMEEM YDABHEHHE JIJIsi ONpeese-
HUS £:

> a2 - [ [ B -gEsda=o. (23)

Tunuanoe nosenenue Gyukuumit fi1(g9) u f2(go) npuseneno na puc. 3.10
(Z =26, T =15 3B, p = 15,64 v/cm?). Pemenusam (23) cooTBeTCTBYIOT

fi(e0), f2(e0) T 7

60 r ]

40 | 1

20

-5 -4 -3 -2-1 0 1 2 3 4 ¢€o

Puc. 3.10. Yucno cocroauuii ¢ sueprueit € < €o: f1(€p) — KBAHTOBOMEXaHUYECKHUH

pacuer (cutomHas smHUA); f2(€0) — KBAa3WKIACCHIECKOE NPUOIHKEeHUE (IITPHXOBAS
JINHHS )

TOUKH mepecedennst byukuuii fi u fo. Takux pemennit MokeT ObITH MHOTO,
OJTHAKO BCErJa CYIIEeCTBYIOT IBAa OCHOBHBIX. IlepBoe perrenme € = o0
COOTBETCTBYET YHUCTO KBAHTOBOMEXAHWYECKOMY DPACUETY, KOTJA IS BCEX
JIEKTPOHHBIX COCTOsAHUI pertaerca ypapuenue [[Ipémunrepa (17) u BbI-
YUCJIAI0TCA BOJIHOBBIE (byHKI_[I/II/I Ha OPAaKTUKE JOCTATOYHO YYUTHIBATDH
COCTOSIHUSI C dHEpruei €, < €g, e €9 ONPEIeNsieTcs ¢ moMmorpio (21)
u3 yenosus A(gg) ~ 0, me. exp((go — p)/6) > 1. Ilpu s10oM 11 Cpesnux
4yces 3al0JHeHus YPOBHEH ¢ sHeprueii £, > £ umeeM no dopmyJe (18)
n, < 1. Bropoe pemnienne £g=—00 coOTBeTCTBYeT Npubamxenuto Tomaca—
Depmu (¢ yuaerom obmena 1o dhopmyiie (7)), Korma i BCeX JIeKTPOHHBIX
COCTOSIHUl MCIIONIb3yeTCsl KBAa3WKJIACCHMUeCKoe npubsmkenne. Ecau npu
sTOM npenebpedsb obmenom, To u3 (14), (15) u (19) nonyuum ypaBHeHus:
mozenn Tomaca—®Pepmvu.

ITpakruveckoe 3navenue ycaosus (21) nposBisiercs Opu MpOBEIEHUN
PACYeTOB B IOCTATOYHO IIMPOKOiT obiactu Temneparyp T’ u miotTHOCTeH p [82].
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B srom ciyuae, eciu He TpeboBaTh BbinOIHEHUs (21), TO IPU HEKOTOPHIX
3HadeHusix 1 W p MOMKET MPOUCXOIUTH TMEPEXOJl JUCKPETHBIX YPOBHEH
Uepe3 € = gg, UYTO MPUBOIAUT K PE3KOMY U3MEHEHWIO TEPMOJINHAMUIECKUX
dyukmit. OCOGEHHO CHITBHO 3TO MPOSBJISIETCS IJIsT TABJIEHUs, KOTOPOE siB-
JIsTeTCs TPOM3BOIHOM OT CBOOOAHOI SHEpruu. Takoe HEIIaBHOE MOBEIEHIE
TepMOIMHAMUYECKUX (DYHKIUN He mMeeT (PU3UIECKON MHTEPIIPeTAInd U
00y CIIOBJIEHO JIUITH TPUMEHEHUEM PA3JTUIHBIX TPUOIMIKEHWH B MOJIEJTH IPU
€ > egue < gg. llpu Boimosnenun yciaosus (21) Takoro poja HEKOPPEKTHO-
CTHU YCTPAHSIOTCS U TIOBEJIEHNE TePMOJUHAMUIECKUX (DYHKIUI CTAHOBUTCS
mwiaBHbIM. Biusgaue BbIOOpPA £9 HA PE3YJIBTATHI PACIETOB PACCMOTPEHO
6ostee moapobHO B 1. VI, OCBAIIEHHON ypaBHEHUSM COCTOSHUS.

Ha ocHoBe BapmanmoHHOTO MPUHIIKAIIA, UCIOIH30BAHHOIO B HACTOSIIEH
rJjaBe, HAM YAAJ0Ch YTOYHUTH ¥ 0000muTh Mojesh Xaprpu u3 § 1. Iomy-
qeHHAas B PE3YJIbTaTe MOJE/b CAMOCOTJIACOBAHHOTO mojs Xaprpu—Doka—
Cidrepa mjisi CpeiHEro aToMa WMeeT ropaszno 0ojiee MIUPOKYI0 00JacTh
NPUMEHUMOCTH, YeM Mozenb Tomaca—®epmu. 3ameTum, 9TO HA OCHOBE
mojen Xaprpu—Poka—Ciarepa, UCIONB3Ysl OJHOIIEKTPOHHBIE BOJHOBBIE
dyHKIMK pu ocTpoeHnu Ha3uca st BOJTHOBBIX (DYHKIINN HOHOB, MOYKHO
MPOBOJUTE JaJIbHENIIee YTOYHEHNE MOJENN TPU PACCMOTPEHUU Pa3JInd-
HBIX MPOIECCOB B IIJIa3Me.



I'nasa IV

MOAEJIb XAPTPNN-®OKA-CJI9TEPA
AJId CPEAHETI'O ATOMA

§ 1. Cucrema ypasuenmnii Xaprpu—®oka—CiaTepa
B chepuUuecKoii aTOMHON siuelike

1. CamocoriacoBaunoe noste Xaprpu—®Poka—Casrepa. Cucre-
ma ypastenuii (14)—(19) u3 §3 ru. III nossossier B IpUHIAIE TIOIYy9aTh
BOJIHOBbIE (DYHKIMHU 1 (q) TIPU 33/IaHHOM TOJIOKEHWH SJIEP U 33JaHHOM
3HAYEHUN XUMUYIECKOrO TOTEHINAA (i, KOTOPBIH OMpeIesieTcss U3 yCJIio-
BUs 3JIEKTPOHEHTPAJHHOCTH CUCTEMbI 3JIEKTPOHOB U MOHOB B BEIECTBE.
OHako peasibHO TPOBECTH BBIYUCJIEHUST [JIsI UCXOJHONH CHCTEMbBI ypPaB-
HEHU, OYEBUIHO, HEBO3MOXKHO. IlosToMy, Kak W B Momesasx Tomaca—
®epmu u Xaprpu, BMECTO noreHnuana V (7) mpu 3aaHHOM TOJIOKEHUH
snep OymeM HaXOIUTh CPEIHUN MOTEeHIHAJ] BOJU3W PACCMATPUBAEMOTO
danpa, ocpenusig V(F) MO pa3iudYHbIM IIOJOKEHUAM Apyrux saep. [lpu
OTCYTCTBHH BbIJIEJIEHHOIO HAIPABJEHUS CPEIHWI TOTEHIHAT eCTeCTBEeH-
HO cunTtarhb cdepudecku cuMmverpudHbiM. [lomaras, ¥To B npubJnkeHnn
CPEJIHEr0 aTOMa OJTHOIJIEKTPOHHBIE COCTOSIHUSI CO CIIMHOM BBEPX U BHU3
3AI0JIHEHBI OJITHHAKOBO, MOXKHO ITPOBECTU CYMMHUPOBAHUE 110 0 B (DOpMyJIax
rit. III, wro npuBonuT K 3ameHe ¢ Ha 7, dg Ha 2d7, p(q) na p(7")/2.

Yacrubie pemerus ypasuenus [IIpéaunarepa B eHTPaIbHO-CAMMETPH Y-
HOM noTeHuuase V(1) npu 3aaHHOM 3HAUEHUN SHEPIUH €, =€ UMEIOT BUJ

Vet (7) = Ret(1) (1) " Vi (0, ), (1)

rze paguaibHas Gbyskuus Re¢(r) ya0BIeTBOpAeT yPaBHEHUIO

1 f+1
AR+ e+ R ree) = crat). @
Ipu r = 0 ansa pagwaiabHON (GYHKIMHU JOJZKHO OBITH BBITOJIHEHO
rpaaunyHoe yciaosue Rep(0) = 0. Ilpu mocTaHOBKe yC/IOBWIA Ha I'DAHUIE

9K BO3MOXKHBI PA3JIMYHBIE MOAXOAbI. PaccMOTpuM cHadasa Cirydaii
BBICOKUX TEMIIEPATYD U CPABHUTEIHHO MAJIBIX ILIOTHOCTEH, KOT/1a MOHHBII
OCTOB COCTABJISIET MAJIyI0 9acTh O0beMa ATOMHON sST9€HKH W COCTOSHUS
IS JIEKTPOHOB TaK HA3BIBAEMOI MPOMEXKYTOUHOM I'PYNIbl (DAKTHIECKH
He 3aloJHeHbl. B 9TOM cilydae rpaHUYHbBIE YCJIOBUS TIPH I = g CTABSITCS
JIJIsT CBSI3AHHBIX ¥ CBODOJHBIX COCTOSTHUI TaK ¥Ke, KaK 9TO JIeIaI0Ch B § 2, 3
ri. II. Takoit moaxon maeT BO3MOXKHOCTD ITPOBEIEHUs PACIETOB POCCETAH-
JIOBBIX IIPODErOB, CIEKTPAIBHBIX KO3(DDUIMEHTOB MOIJIOIeHNsT (POTOHOB U
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YPaBHEHUI COCTOsIHUS B IIMPOKOI 00JIACTH TEMIIEPATyP U IJIOTHOCTEMH IO
mogen Xaprpu—®Poka—CiaTepa, UCTONB3Ysl BHIYUCIUTEIHHBIN aJTOPUTM
mogesir Xaprpu u3 § 1 . III. [Tuist Toro mocrarovdso 100aBUTH OOMEHHY HO
nonpasky V... (r) B dopmymny (9) anst morenmmana V(r).

Vpasuenns monenu Xaprpu—Poka—CraTepa s CPEOHEro aToMa, B 9TOM
npub/IMKEHNHM UMEIOT Cleaytomuii Bua. B amekTponHoit miaorHocTH p(r)
BKJIaI HanboJiee CyIeCTBEHHBIX CBSI3AHHBIX COCTOSIHUHN MPHU € < £g BBIYUC-
JIdeTCd 110 BOJTHOBBIM (byHKI_[I/IﬂM, a OJId OCTaJIbHBIX COCTOSTHUI UCIIONIb3y-
eTCsl KBa3UKJIACCHIECKOe TTPUOITHKEHIE:

p(r) = pi(r) + p2(r), (3)
rue
1 2(20+1
pr) = —3 Y NueRpy(r), Nue= (—€nz)—,u’ (4)
r ene<EQ 1 +eXpT
20 3/2 s 1/2d
ptr) = 2 Y
2 Vir)+u
v l+exply— —

(5)
Yo = yo(r) = max{O; W} .

XuMudecKnii TOTEHITNAT [t OTIPEIEIIETCS U3 YCIOBHUS JIEKTPOHEHTPAITb-
HOCTH aTOMHOI d4YeiKu:

To

47T/p(r)r2 dr =Z. (6)

0

B norenuumase V(r) B mornosnHeHne K KyJI0HOBCKO# gactu V,(r) yurena
obMenHas nonpaska V., (r):

Vi(r) =Vu(r) + Veu(r), (7)
e
Z T T0
Viiry == —dx |- [ " 2p(")dr' + [ ' p(r")dr' |, (8)
ce ]
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DddekTuBHAS TPAHUIA HEMPEPHIBHOIO CIIEKTPA £p ONMPEIESIeTCS U3
YpaBHEHUA

83% / [maX{O,eo + V(r)}] P ar = 2; 2(20+1) (ene <eo)- (10)
0 n

ITo cpapuenuto ¢ paccmorpennoii B § 1 ri. Il mogensto Xaprpu B MO-
nemu Xaprpu—®oka—CiaTepa, BO-NEPBBIX, YITEHbI 0OOMEHHBIE 3(D(EKTHI, 1
BO-BTODbIX, JIONOJIHUTEIbHOE yeiaosue (10) maer BO3MOXKHOCTH BHIOPATH OI-
TUMAJBHOE C TOYKH 3PEHUsi 00beMa BBIUUCICHUN U TIOJIyYaeMOi TOIYHOCTH

Ta6bauna 4.1. YpOBHU 3HEPTUH £n¢; B 3B u cpemnue umcna samonuenus Nyg; 1O

PeIATUBUCTCKUM MOjesisiM XapTpu u Xaprpu—Poka—CiaTepa il I1a3Mbl XKeJie3a, Ipu

Temneparype T = 100 3B u nuorsoctu p = 0,1 I‘/CM3‘ ITo momenu Xaprtpu cpemHwmit
3apsg uona Zo = 14,06, no mogenu XOC — Zg = 13,85

lene;l Nnej
n £ j Xaptpu X®C Xaprtpu XDC
1 0 1/2 7194 7534 2,000 2,000
2 0 1/2 1142 1247 1,991 1,997
2 1 1/2 1031 1144 1,972 1,991
2 1 3/2 1020 1132 3,937 3,979
3 0 1/2 379,6 395,9 0,188 0,215
3 1 1/2 346,3 363,1 0,139 0,160
3 1 3/2 344,7 361,0 0,273 0,313
3 2 3/2 296,3 313,6 0,173 0,201
3 2 5/2 296,0 313,1 0,259 0,300
4 0 1/2 168,1 171,7 0,025 0,025
4 1 1/2 155,0 158,8 0,022 0,022
4 1 3/2 154,5 158,2 0,043 0,044
4 2 3/2 136.,5 140,5 0,036 0,037
4 2 5/2 136,4 140,4 0,054 0,056
4 3 5/2 128.,9 127,0 0,050 0,049
4 3 7/2 128,8 126,9 0,067 0,065
5 0 1/2 81,31 82,37 0,010 0,010
5 1 1/2 75,01 76,24 0,010 0,010
5 1 3/2 74,79 76,00 0,020 0,020
5 2 3/2 66,18 67,57 0,018 0,018
5 2 5/2 66,12 67,51 0,027 0,027
5 3 5/2 62,26 61,17 0,026 0,025
5 3 7/2 62,24 61,14 0,035 0,034
5 4 7/2 60,49 58,29 0,034 0,033
5 4 9/2 60,47 58,28 0,043 0,041

3Ha4YEHHeE €0, TAK KaK C YMEHbBIIIEHNEM €9 0O'beM BBIYUC/IEHUH COKPAIIAETCH,

XOTsI TIPU 9TOM MOYKET yMEHBIIUThCsI TOYHOCTD (cM. § 3 u3 rur. 111, m. 4).
B paccmarpuBaemom mpubsimKeHUN MaJIbIX JIOTHOCTEN yCJIOBUST TEp-

MOAMHAMUYECKOH cornacoBaHHOCTH (10) Oy/yT BBIIOJHEHBI, €CIU BEJIHIH-
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Ha £9 OyJeT yJ0BJIETBOPATH HEPABEHCTBY
Ent < €0 < En+1,s

npu Beex £ JIJisi HEKOTOPOTO 3HAYEHUSA 1 = Nyyoy. DTO CJEAYET U3 TOTO, 9TO
JieBas yactb ypasuenus (10) aBiasercsa miasHoil byHKImeEdl €9, B TO BpeMs
KaK 3aBHCHUMOCTb OT £y B MPABOIl YaCTH MMeeT CTYHNeHYAThI XapaKTep
(cM. puc. 3.10). Boibpannoe 3HadeHue n = n,,,, B IPOIECCE BHIYUCIEHUIT
OCTaeTCd HEU3MEHHDBIM.

B Tabn. 4.1 npuBeneHbl YPOBHU SHEPTUHM U CPEIHUE YHUCTA 3AIOJ-
HEHUsl, BBIYMCIEHHBIE TI0 MOJEIN XapTpu u mo momenun Xaprpu—Doka—
Cirepa mist mia3mel keje3a npu remneparype T = 100 3B u mmoraocTu
p = 0,1 r/cm®. B pacuerax HCHOMb30BAJICA DeTATHBUCTCKUN BapUAHT
mogzeneit Xaprpu u Xaprpu—®Poka—Cosrepa (cm. n. 4 u3 § 1 v, III). U3
TaOJIUIBI BUAHO, YTO CPEIHUE UYUCJIA 3AMOJTHEHUsI 33 CIeT OOMEHA MOryT
u3MeHuThCA Ha ~ 10 %.

2. IlepuoaumyecKue rpaHUYHbIE yCJIOBUS B HNPUOJIMKEHUU yC-
pPedHeHHBbIX cdepudecKux sideek. llpu yBesmdenun MIOTHOCTH Be-
IECTBA, B COCTOSHUAX HPOMEXKyTo4HON rpynmbl (cMm. §1 rui. II) moxker
OKa3aThCsl HEKOTOPOE KOJMYECTBO HJIEKTPOHOB, TIOITOMY B OOIIEM CIIydae
HEOOXOIUM y9eT 30HHON CTPYKTYPhI SHEPTETUYECKOTO CIIEKTPA IJIEKTPO-
HOB. B wacTHOCTH, MpUOJINKEHHBIA y4YeT 30H B MOJEJH CPEIHEro aTroMa
ObL1 mpoBeneH B pabore [202] ¢ MOMOIIBPIO ABYX TPAHMYHBIX yCJIOBHIA,
OINIPEENIAIOINX MAPAHY 30HBI:

R (r) =0 JJI9 HUXKHEro Kpas 30HbI,
d (R (r) )
- % =0 11 BepXHEro Kpasi 30HBL.

r=Tro

Kpome ycnosuii (11), HeoOXOAUMO 3HATH PaCHpPEe/eHUe JIEKTPOHOB
1O SHEPrUsIM B MPEJENAaX 30HbI, T.€. MJIOTHOCTh COCTOSIHUI, KOTOPYI 060-
snaunM depe3 w(e) (cM. §3 u3 . II). B [202] B monosmuenne x (11)
[IPEIIIOIAraeTC

w(e) = aN(e) ~ e —eq, (12)
de
rJe €1 — HUXKHUM Kpaii 30HbI pa3pelIeHHbIX SHEPTHii.

Ipubauxkenne (11), (12) copaBeaanBo JUNIb sl JOCTATOYHO Y3KHX
30H, KOTJIa WX HIUPHUHA TOPA3/0 MEHbBINE PACCTOSHUS MEXKY COCETHUMU
ypoBHsIMU. JIjisi MIMPOKMX 30H TO MPUOJIMIKEHHE MOXKET MPUBOIUTH K
HEBEPHBIM DPE3yJabTaTaM KaK OJd PACIOJOZKEHUA IIOJIOC, TaK W 1A UX
3anonuenus (cM. [77]).
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BOJIee TOYHBIE DPE3YJAbTATHI TIPU TMOCTAHOBKE TPAHUYIHBIX yCJIOBI/Iﬁ
pU r = rp C YIETOM 30H MOYKET JaTh MOIXOJ, OCHOBAHHBIM Ha M3BECT-
HOM B (u3mMKe TBEpHOro Teia Meroie sueek Burnepa-3eiitua [43, 59).
Hcnonp3oBaHne 3TOro METOAa ONPaBIAHO JIUIIh IIPU JOCTATOYHO OOIBIIIX
IIJIOTHOCTAX BeIlleCTBa. 3aMeTI/IM, 9TO TIPU MAJIbIX TJIOTHOCTAX PE3yJabTa-
Thl NPAKTUYECKH HE 3ABUCAT OT IMOJTYYCHHBIX TAKUM IIyT€M TPAHUYHBIX
yCJIOBHﬁ, " TO3TOMY UX MOZKHO MCHIOJB30BaTh IMIPU BCEX 3HAYCHUAX TEM-
neparypbl U IJIOTHOCTHU, YYUTBIBad TPU 3TOM, YTO €CIU MHUPUHA 30HBI
MHOTO MEHbIIIE PACCTOSHUS MEXKIY YPOBHAMHE, TO TAKHE COCTOSHUSA MOXKHO
paccMaTpuBaTh KakK JUCKPETHBIE.

Tak Kak dbu3nIecKne yCaoBHs IIPU NI€PEX0/Ie U3 OJHOMN sUeKU B IPYTYIO
B CpPEJHEM HE MEHSIOTCA, TO Npu (GOPMYJIUPOBKE TPDAHUYHBIX YCJIOBUIA,
COOTBETCTBYIOIINX CPEIHEMY MOTeHIHAary V (1), €CTeCTBeHHO MCXOIUTD U3
[IPEJIIIONIOKEHHST O NEPUOINYECKON CTPYKTYPE IO JII0OOMY BbIJIEJIEHHOMY
HAIPABJICHUIO M B KAYECTBE I'DAHUYHBIX ycaoBuil mus yakuum U, (7)
HUCIIO/IBL30BATH YCJIOBUSA, BBITECKAIOUINE W3 TpaHCHﬂHHOHHOﬁ CUMMETPHUMU.
IIpu r = ry umeem

W ()2 = [Wa (=)

Orciona ciemyer, 9To

U, (7) = e d_L(7),

e I;; — TIPOU3BOJIBHBIN BEIIECTBEHHBIN MOCTOAHHBINA BEKTOD (KB&BI/II/IM-
mynbe), @ - () — mepuommdeckas dynkmusa. 13 ycrosusa neproguanocTn
byukiuu ¢ () 1 HeMPEePLIBHOCTH ee POU3BOJIHOI TO/Ty aeM MPAHIIHbIe
yeoBus npu = 1o 115t Gyukimpn ¥, (7) (M. takxke [186, 26]):

e G (7) = P W, (=) (I7| = ro),
(13)
Vo (=7) (I7] = ro)-

DdbdekTuBHas obparnas sueiika B E—HpOCTpaHCTBe OyIeT B 3TOM TIpH-
Oikennn Takxe cepuueckoil, a ee oobem pasen (2m)%/ ((4/3)7rd),

OTKYJIa CJIelyer, 94To Beauduna |k|-ro, B JajbHeiimem obo3HadaeMas yepe3
k, MOXKeT IPUHUMATH 3HAYEHUSI

1/3
0<k<ky= <9§> ~ 2,418.

Bonuosyto dyukuuo ¥, (7) 6yaeM uCKaTh B BUJIE CYNEPIO3UIAN JaCT-
HBIX pertennii Bua (1), yaursiBasi, 9ro € = €(k) ¥ 1pw 33 JaHHOM 3HAYEHIN
KBa3HUMILYJIbCA Kk COXPAHSETCS IPOEKIHs 1M OPOUTAILHOTO MOMEHTa £ Ha



§1. Cucmema ypasnernut Xapmpu—Poxa—Casmepa 121

ochb z (P pelieHur NOCTABJIEHHOM 33132491 B CHEPUYECKUX KOOPIUHATAX
yI00HO HAIPABUTH TOJSIPHYIO OCh BJIOJIb BEKTOPA KBA3UUMITYJIbCA k):

= i Antme () Ty (7). (14)

'>m

3necs @ = ném 0003HAYAET COBOKYIHOCTH KBAHTOBBIX YHCEJ, ONPEIe-
JIAIOIIUX COCTOSTHUE 3JIEKTPOHA IPH 3aJaHHOM 3HadeHun k (ducna nl
OTIPENENAIOT YPOBEHD, B KOTOPBIH MEPEXOIUT 30HA TPU YMEHBIIECHNAH TLJIOT-
HOCTH BeIECTBA, CM. HIKe), MHOKHTENb i¢ BBEJEH Ul TOTO, YTOOBI
K03 DueHTbl Ao ¢ (k) OBLIN BEIIECTBEHHBIMH.

Tabauna 4.2. Kosddunuentsr A, gy, (k) B 3aBuCHMOCTH OT £/ DU DA3IUYHBIX 3Ha-

genusx k. Pacder nposenen s »kese3a B norennuase T® npu T'=0, p = 7,85 v/ oM
(m=0,n=4, £=2)

k
o 0,000 0,500 1,000 1,500 2,000 2,418
0 0,000 —0,081 —0,270 0,490 0,720 0,900
1 0,000 0,390 0,620 —0,660 —0,530 —0,084
2 1,000 —0,890 —0,660 0,400 0,170 0,170
3 0,000 —0,190 —0,330 0,380 0,360 0,330
4 0,000 0,017 0,065 —0,130 —0,190 —0,210
5 0,000 —0,001 —0,008 0,030 0,067 0,092
6 0,000 0,000 0,000 —0,005 —0,017 —0,028
7 0,000 0,000 0,000 0,000 0,004 0,009
8 0,000 0,000 0,000 0,000 0,000 0,001

Kaxk nokaspiBaior pacuersl, KO3 buuenTsr Ay em, ¢ (k) 6b1cTPO yOBIBA-
1ot ¢ pocrom ¢ (cm., Hanpumep, Tabi. 4.2). Ha npakTuke HeT HEOOXO1u-
MOCTHU YYIUTBHIBATH COCTOAHUA JIEKTPOHOB C Op6I/ITaJ'H)HI)IMI/I MOMEHTaMHN Z',
JIJIs1 KOTOPBIX OTCYTCTBYeT KJIACCHYECKasi OOJIACTD JIBUKEHUS B IIPEIesiax
aroMmHoii stueiiku. Ilosromy manee 6yaem nomarars £ < £,...

Bosnnosbie dyukuuu ¥, (7) GymemMm HOpMUPOBATH OOBIYHBIM 00PA30M

| U, (7)|? dif = 1.
(I7]<ro)

DTOMy yCIOBHIO MOYKHO yJIOBJIETBOPHUTH, €CJIU MOTPEOOBATH BBITOTHEHUS
PaBEHCTB

Lrmax

To
/Rgg,(r) dr=1, Y A, ,=1
0

' =m

Kosddunuenrst A, em ¢ (k) MOXKHO HafiTH, BOCIOIH30BABIINCH TPAHUIHbI-



122 Ta. IV. Modeav Xapmpu—Poxa—Casmepa das cpednezo amoma

mu yeioBusivu (13). B masbhelinmx npeobpa3oBaHUsgX yITeM, 9To

(_1 £+m

ﬂR fRsK' (7’)Ye'm(19,90)-

\I’sé'm(_F): el (7‘)Y£'m(77—19,7T+90):

IMoacraBnsiss paznoxkenwe (14) B ycmoBus (13), ymuoxkas (13) na
it Y5, (0,¢) n unTerpupys mo yrioBbIM II€PeMEHHbIM, MOJLY 9UM

[m&x
> Autmer (R)ameren (R)goen(€) =0 (€= mym+1, ..., £n), (15)
''=m
rae
Repi (o), ecnn (' HeweTHO;
geer (E) = d Rseu (7”) (16)
— (—) , ecim {' gerHo.
dr r
T=To
Kospdummentnr

e (k) = it / Vim0, @) Yerm(, e *e0dq (17)

MOTYT OBITH BbIparkeHbl yepe3 kodddurmentsr Kaebma—Topaana ¢ momo-
1BI0 pazsokeHns e~k Y 110 cepuuecKM rapMOHHKAM.

Cucrema (15) nMeer HeTPUBHAJBHBIE DEIIIEHs], €CIIU OTIPEIETIUTEND Ch-
CTeMbI paBeH HyJI0. VI3 3TOr0 yCI0BUsA MbI IOy 4a€M BO3MOKHBIE 3HAYEHUA
SHEPTUu €pom (k). Tak kak npu k=0

ameltzu (0) = 61“(3”7

To ypasuenus (15) npu k=0 6ynyT ynosnersopenst, eciu Rep (rg) = 0 (¢ —

HEYETHO) UJIK J(ngl (r)/r) =0 (¢’ — gerno) npu uekoropom ¢ =/

(ripu 9TOM Ao, ¢ (0) = dggr). 3HAUEHUS €, yIOBIETBOPSIOIIHAE STUM YCIIO-
BUSIM, ODO3HAYMM UEPE3 Epy, TJE N — TJIABHOE KBAHTOBOE YHCJIO, COOTBET-
crByIoiee Tomy, uro dbyukuus R, (r) umeer n—f — 1 uyseit Ha unrepBase
(0,79). B ¢BsI31 ¢ 9TUM KBAHTOBBIE YUCIA N U £ ONMPEIEISIFOT SHEPTUIO €y,
KOTOpasi COOTBETCTBYET Kpato mosnockl k = 0 suepruii ¢ = e(k). Vmenno
9TV KBAHTOBBIE 9UCIa OYIYT OMpenensaTh JUCKPETHBIH yPOBEHD, B KOTOPBIiA
MEPEXOUT 30HA MPU yMEHBIIIEHUH TLIOTHOCTH BENIECTBA.

3. DileKTpOHHAs MJIOTHOCTb W ATOMHBINA MOTEHINAI B MOIEJIN
Xaprpu—®Poka—Cistepa ¢ yueroM 30H. [Ipu 3a7aHHBIX 3HAYEHUSIX
n, £ u m uuciao 3nekrporoB N (e, k), HAXOASIIUXCSA B COCTOSTHUSIX OT k 110
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k+ dk, ¢ TO9IHOCTBIO IO HOPMEPOBOYHOTO MHOKHUTe s pasHo N (g)4nk? dk,
rie

N(e) = %, € = enem (k).

1+ exp

Tax Kak €nem = €nt,—m; Antm,e0 = Ane —m ¢, TO B JaJbHEHIIIEM MOXKHO
cuurarb m >0, BBoug B dopmyay st N (g, k) 1ONOIHAUTETHHBIT MHOXKH-

Teb Oy,
_J1L, m=0,
Om = {2, m > 0.

YaurbsiBas HOPMUPOBKY B (ha30BOM MPOCTPAHCTBE Kk, OKOHIATEIHHO MTOJIY-
qaem
4mk? dk

N(eg, k) = dnN(e) a/3)mhe

Pacuer sHEpreTnvyecKoro CrekTpa W BOJHOBBIX (GyHKIWH 1m0 dhopmy-
gam (14), (15) npoBoauTcs 11t 3HAYEHUI IHEPTUIT JJIEKTPOHOB € < €. [Ipu
BBIYUCJIEHAY 3JIEKTPOHHOMN IJIOTHOCTH p1 (T) CyMMUDPOBAHHUE MO CBA3AHHBIM
COCTOSIHUSIM BbIIOHsIETCs 110 bopmyaie (4). CyMMupoBaHUe MO COCTOSTHU-
dAM [POMEXKYTOYHON TPYMHIIbI HEOOXOAUMO 3aMEHUTHh CYMMHUPOBAHUEM IO

KBAHTOBBIM 4HCIaM 7, £, m, {' 1 HHTErpUPOBAHUEM IO KBA3HUAMILYJILCY k.
@opmyaa 1uist py(r) IpUHEMAET BU,

2

P = g [ SR+ Y b / (€ A W2 (r) 2

o kg
nt ném, ¢’

(18)
3/1ech B EPBOM UJleHe B KBAIPATHBIX CKOOKAX CyMMHUpOBaHue 1o né mpo-
BOJIUTCS JJIs1 CBA3aHHBIX COCTOSHUMN C 3HEPTHEH €,,¢ < €0, & CYMMUPOBAHUE
no ném,{ n uHTErpHpoBaHHe N0 k BO BTOPOM 4YJICHE INPOBOJIUTCA IIO
COCTOSTHUSIM TTPOMEXKYTOIHON TPYMIBL ¢ yUETOM TOTO, UTO Eprm (k) < €.

Dopmyaibt st po (1) u V (r) ocrarorcs npexaumu (cm. opmyaist (5)—(9)),
a ypasaenue (10) mias onpesesieHus €9 HECKOIBKO yCIOKHIETC:

0

8v2 3/2 , 30 k: dk

S [max{0,€0+V(r)}] r dr—z (2¢+1) +4Z/ .
0 ném

(19)
3nech, kak u B (18), cymMMupoBaHWE MO KBAHTOBBIM uuciaaMm nfl, nlm
U WHTETPUPOBAHUE TI0 KBA3UUMITYJIBLCY k OIPOBOOUTCA OJIA COCTOSTHUIT C
sHeprueii € < €g.
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4. PenaTuBucrtckasi moqieibs XapTpu—®Poka—Ciarepa. [l yae-
Ta PENISITUBUCTCKUX 3(PHEKTOB BMECTO TAMUJIBTOHUAHA CUCTEMBI 3JIEKTPO-
HOB (3) m3 §2 ru. III B coorBercrBum ¢ [145] cienyer paccmarpuBarh
raMUJIBTOHUAH

H = HD — _ B Hem Him; 20
2 ’+2Z[Iﬁ—ﬁ|+ o] B+ (20)
¢ i#£]
rie - i
HP =cap+ B -V, (7),
5 1 = (2 =2 o (o
Bz] = 07;07‘; + (Uz (rz Ti)) (0_';7 (’I“z TJ)) '
207 = 73| 7 — 7]

[Tompasku ﬁem, ﬁint cBsi3anbl ¢ dddekTamu NONAPU3ANUE BaKyyMa 1
B3aUMOJICHCTBHEM C Pa/MAlHOHHBIMI NOJIAMY; § = —iV, oneparopsl &
u B BeIpazkaloTcs yepe3 marpuilpl [laynu & (cum. gonosHenue, §2).

Wcnonp3oBanne OHOYACTUIHOTO TPUOJIMYKEHHsT B PEJISITHBUCTCKOM KBaH-
TOBO# TEOPHUU BbHI3BIBAET CEPbhe3HbIe METOHOJOIMIeCKHe TPYIHOCTH, TaK
KaK TOHATHE OJHON YACTUIBI B PEIATUBUCTCKOIN CHCTEME C B3amMOIeii-
CTBUEM, CTPOTO T'OBODsi, He MOXKeT ObITh BBe/eHO. Tem He MeHee, BBO-
Jis1 TOTIOJTHUTEIbHBIE TPUOJINKEHNsI, MOYKHO MCIIOJIb30BATH OHOYACTUIHOE
npejcTaBjienne, anajorudnoe paccmorpennomy B §2 rir. III. TIpu srom
MOJIHBIE BOJHOBBIE (DYHKIIMU TPEICTABISIOTCS B BHUIE DA3JIOXKEHHS II0
OJIHO3JIEKTPOHHBIM COCTOSIHUSIM C OIPEJEJIeHHBIMU 3HAYEHUSIMU ITOJTHOTO
MOMEHTa, JIEKTPOHA J W €r0 IPOEKIINU 1 HA OCh Z.

Hns nomnyvenns: ypaBueanit Xaprpu—®Poka—Cidrepa ¢ ydeToMm peJis-
TUBUCTCKUX 3(DPEKTOB HEOOXOAUMO TPOIEIATh BBIKIAIKH, AHAJTOTUIHBIE
reMm, 4ro Obuiu mpozenansl B . I, 3amenss omeparop —(1/2)A B

coorserctun ¢ (20) Ha —icAV + ¢*3. YuuTbBaTh TPU ITOM MOMPABKH,
CBsA3aHHbBIE C MATHUTHBIM B3auMoselicTBueM (OpeiiToBckue nonpasku Bjj),

a TakKe MOJSpPU3AMOHHbIe H,, W paJualfoHHbIE MMONpaBKu H., B H0-
CTaTOYHO TpyOOM MpUOIMIKEHUN CPEeJHEro aroMa He umeer cMmbicia. [Ipn
HEOOXOIMMOCTH UX MOYXKHO y9YeCTbh B PAMKAX TEOPUHU BO3MYINEHWI MpH
[IPOBE/IEHUH PACYETOB JIETATBLHBIX XaPAKTEPUCTUK aTOMa, HAIPUMED, MPU
BBIYUCJIEHUH TIOJIOKEHUsI CIIeKTPAJIbHBIX JIMHUN WHIUBUIYAJTHHBIX COCTOSI-
HUIl KUOHOB B ILJIa3Me.

B pesysbraTe ypaBuenus pessituBucTckoil mosenun Xaprpu—Poka—Cira-
Tepa mnosiy4arorcs u3 ypasHeHuit (15)—(19) w3 §3 . III npu 3amene
ypasuenus [IIpéaunrepa na ypasuenne /Iupaka

[V + B = V()] vula) = 2tiu(a), (21)
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T7le TOJ| V TIOHMMAEeTCs COBOKYIMHOCTh KBAHTOBBIX 4ducen n, £, j, m, a
1, (q) npexacraBisier co6oii YeTHIPEXKOMIOHEHTHBII criuaop. st n, ocra-
ercsi cripaseinBoii popmyna (18), mpu 3TOM JUCKPETHAS 9aCTh JIEKTPOH-
HO# rtorHOCTH (18) BBIYMCIISIETCS C YyY4ETOM TOHKON CTPYKTYDbBI YyPOBHEIA.

DyHKIMs paCOpeesieHus MEKTPOHOB HEIPEPLIBHOIO criekTpa n(q, )
TaKyKe CTAHOBUTCS DPEJISITUBUCTCKOMN, OJHAKO B Heil, KAk ¥ B OOMEHHOM
qjieHe, MbI OyZieM npeHedperarb PeaaTUBUCTCKUMEU dddekTamMu, Tak Kak
VX BJIASIHUE HA, ITH BEJTUIUHBI MAJIO.

B cdepudeckoii siueiike B COOTBETCTBUU C § 2 JIOMOJIHEHUS] HMEEM

Fgj(r) Z szz %msiz(_l)mznme(ﬁv‘#’)xsms (o),

1 memsg
¢n[jm(q) = ;
(D Gty (1) S G i (1™ Y, (0. 2 ().

Mypr Ms
(22)
rae Frei(r), Gpej(r) — Oombinas n Masias paguaibHble acTH BOIHOBOIL
dyHKIMH, j — KBAHTOBOE YHCIO MOMEHTA JIEKTPOHA, 1M — MPOEKIHs j Ha
ocbz (0=jx1/2,0' =2 -4, k=((—-{'+1)/2).

IIpu pacuere cBOICTB BelecTBa, KaK IPABUJIO, MOXKHO PellaTh ypaBHe-
uue /upaka JInIb /st BHYTPEHHUX 000I0YEK TSIXKEJIbIX 3JIEeMEHTOB, TJe Pe-
snaruBucTckue 3 dexk T HandosIee BEJINKH, 8 B OCTAJIbHBIX CIIydasX yI00HO
BOCIIONIB30BaThCA HpubmmkenneM [laymu [134]. D10 mo3BosisieT OCTABUTDH
6e3 M3MeHeHn PACCMOTPEHHBIH B II. 2 METO/T TIOCTAHOBKH MTEPUOAMIECKIX
TPAHWYHBIX YCJIOBHUH, TaK Kak B npubnmxkenunn [laynm nms paguaabHbIX
4JacTeil BOJHOBBIX (DYHKIU, KAK ¥ B HEPEJIATUBUCTCKOM CJIy4ae, PEIaeTcs
ypasuenue HIpéauHrepa ¢ yaeToMm pesiTHBUCTCKUX MOMPABOK K ITOTEHIIV-
any V(r). IIpu paccMOTpeHUM BHYTPEHHUX JIEKTPOHOB, [/Ie UCIIOJIb3YeTCs
ypaBuenue Jlupaka, MOXKHO CYUTATh, YTO PEJISTUBUCTCKUE OJIHOIEKTPOH-
Hble YPOBHU SHEPIUU SIBJISAIOTCS JUCKPETHBIMH M HE YYUTHIBATH 30HHYIO
CTPYKTYDY CHEKTPa 3THX YDPOBHEH.

Takoil monxoxd MPUBOIUT K TOMY, 9TO BMecTO ypaBHenwusi 1Ipéaunre-
pa (2) auist BHyTpEHHUX 0BOIOYEK MCTIOIb3yeTcs: ypasHeHue Jlupaka

dFyi(r) » 2
d—; = —7 nlj(r) + ? +enej + V(r) Gn(j(’l“),
(23)
dGoei(r »
Aints 1) _ 2,5 (0) — ety + V)] Futy (1),
r r
rae »x = —2(j — £)(j + 1/2). Jns Gonee BBICOKNX YPOBHE(, B TOM YHCIIE

U JJIs COCTOSTHUIN IPOMEXKYTOYHOU TI'DYIIIBI, IPUMEHSIETCS MPUOINKEeHNe
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[MTaynu:
—%Rd(r) + |=V(r)=V.(r) + % Ree(r) = eReq(r), (24)
r
a? 2 O V'(r) [Rey(r)/Ree(r) — 1/7]

V. (r) = T [e+V(r)] (25)

1+a?[e+V(r)]/4

§ 2. UrepanmoHHbIil METOJ PEIIeHNs CUCTEMbI ypaBHEHUMN
Xaprpu—®Poka—CiaTepa

1. OcHoBbl asgiroputMma. Ha npakTtuke Tpedyercsi mpoBeieHne pac-
YeTOB ypaBHEHU COCTOSIHUS U KO3(DPUIMEHTOB HOromeHusi (pOTOHOB B
BEIIECTBE B IIIMPOKOil 061aCTH TeMIieparyp u miaoTHocTei (okomo 500-1000
Touek Ha miockoctu T p st Kaxkzaoro BemiecTBa). IlosTomy Gosbiioe
3HaUYeHne nMeeT nocrpoenne 3hMEKTUBHOIO AJITOPUTMA PEIIeHUs CUCTe-
MbI ypaBHeHwuii /iy Mojenun Xaprpu—Poka—Cidrepa u ee MogudUKAIITA,
paccMOTpeHHBIX B § 1.

Wrepannonnplii mporecc BBIYUCIEHUS MOCIEI0BATEILHBIX 3HAYCHUIT
V() (r) mpu pemenun cucrembl ypasHenuiit Xaprpu—®oka—Ciatepa anasio-
TUY€H WTEPANUOHHOMY IPOIECCY PENIeHusl CHCTEMbI ypaBHEHUN XapTpw,
ommmcanaomy B § 1 rut. ITI. OTMernm HEKOTOPBIE OCOOEHHOCTHU BBIYUCICHHUIA.

Pacuerst 6e3 yuera 30H He MPEACTABIAIOT 3aTPY/IHEHU, TpudeM 3¢h-
(beKTI/IBHOCTb BBIMUCJIUTEIBHBIX aJITOPUTMOB HE YCTYIAET aJIrOPUTMaM JIJIAd
Mozenu Xaptpu. I[lpu ovueHb MasbIX IJIOTHOCTSX BEIECTBA TPebyeTcst onpe-
JleJIeHHOe BHUMAaHUe K BBIOOPY CETOK, OJHAKO MOYKHO 3HAYUTETHLHO yIIPO-
CTUTDH BBIYHCJICHHA, BOCIIO/Ib30BaBIINCH HpI/I6JII/I)KeHI/IeM IIOCTOSHHOM TLJIOT-
HOCTH JIJIsI 3JIEKTPOHOB HEIIPEPBIBHOTO criekTpa (cM. mastee, . 4). Haubomee
TPYAOEMKHUM SIBJISIETCS PACYET 30HHOM CTPYKTYPhI IHEPIeTHIECKOTO CHEeK-
TPa W BOJHOBBIX (DYHKIUN IJIs 3JEKTPOHOB MTPOMEXKYTOYHOU T'DYIIIIbI
cocrosiauit. COOTBETCTBYIOININE AJTOPUTMbI TIOAPOOHO OMUCAHBI B TI. 2.

Baxnoe 3HavueHune [1j1si CXOIUMOCTH UTEPAIH 110 MOTEHITHALY KAK JIJTsT
Mojie XapTpH, Tak u Jjis cucreMbl ypasuenuit Xaprpu—®oka—Ciarepa,
UMeeT YCJIOBHE COXPAHEHUs 3JEeKTPOHEUTPAJbHOCTA ATOMHON d4YeliKu B
nporecce urepanyii. AHAJOTUYHYIO POJIb B CXOJUMOCTH UTEPAIWii UTPAET
nonosauTesbHoe yeaosue (10) u3 § 1 mis onpenenenus napamerpa g (uiu
ycnosue (19) nuist BapuaHTa MOJENU C YI€TOM 30H). Posib 9THX yCiaoBHi
A4 CXOOUMOCTHU I/ITepaHI/Iﬁ OPOACHACTCA B C/Iyda€ MaJIbIX IJIOTHOCTEN
BenieCTBa. HpI/I 9TOM OKa3bIBACTCH, B 9aCTHOCTU, 9YTO YUCJIO YIUTHIBAECMbIX
B dopmyrne (4) u3 §1 AMCKPETHBIX YPOBHEH He JONKHO MEHSTHhCS B
IPOIECCe UTEPALUNA.

2. PacyeTr 30HHOU CTPYKTYPbhI CIHEKTpa JIeKTPOHOB. J30HHAs
CTPYKTYPA CIEKTPa JEKTPOHOB B BEIECTBE, T.€. 3aBUCUMOCTH JIOTLYCTHMBIX
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3HAYEHUN SHEPTUU HJIEKTPOHOB € OT KBA3UUMITYJIbCA k, B TIPUHATOM IPU-
OIMKEeHUM TIPY 3AJAHHBIX 1, { ¥ M ONpeIesercs u3 yCAOBUs CYIIECTBO-
BaHUs HETPUBUAJIBHOTO peleHust Ay ¢y, ¢ CUCTEMBI ypaBHEHUI

Lrax

Z Anfm7(rramgrgrr(k)g(f[// (8) =0 ((' =m,m+1, .. .,Zmax). (1)

'=m

TakuM yCIOBHEM SABJIAETCA YCIOBHE PABEHCTBA HYJIO OINPENEIATENs 3TOM
CHCTEMBI:

D(k,e(k)) = det ||ame e (k)ge e (e)]| = 0. (2)
IIpexe uem paccmarpuBaTh METOAUKY pacdera €(k), omuimeMm Opouecc
BBIYUCJIEHUS BEIUYUH Qe (k) u gper(€). Husa pacdera xkodddunuen-
TOB Qo (k) o dopmynie (17) u3 § 1 Bocmonb3yemcst pasioKeHueM ILIoC-
KO BOJIHBI IO TIOJMHOMaM JIexXaHapa, 9To Jaer

o—ikcosy _ \/g;:()(_i)L(M +1)P, (cos¥) J, ., ,,(k), (3)

rae P, (z) — nommowm Jlexannpa, J, ., ,(k) — dynkuna Beccens.

IMoncrasnss (3) B dopmyry (17) u3 § 1, momyanm

s 7 ’
ameer (k) = 4/ o7 Z(-1)L+‘Z QL+ 1)1 /2(k)Dineerr,  (4)
L

rie
Dyprpr, = /PL (cos )Yy, (9, 0)Yerm (9, ) dQ =

QL+1)(20" +1) _, ,
- \/ Cﬁ(())fnocfgn[//m.

20 +1)

Dopmybl [1Tst C’gg"‘e,,m [puBe/eHbl, HapuMmep, B [24]. Ilpu BbrancieHnu
Doz, BMECTO n! MCTIONB3YIOTCA 3apaHee BBIYUCIEHHbIE 3HAYEHUS Be-
smaud n!/10™, 910 yCKOpsieT cdYer U MO3BOJIAeT M30ABUTHCS OT CIIMIIKOM
GONBIITNX YUCET B MPOIECCE BHIYUCIEHNUIA.

CymmupoBanue 1o L B (4) Jydine 01poBOAUTH B CTOPOHY yMEHbBIIEHUS
sHauenuit L, wauunas ¢ L = (' + (. Takoii mOpAmOK CyMMHPOBAHUSA
YMEHbIIAET ONIMOKYU IIPU BHIYUCIEHUAX, TAK KaK 4jieHbl psaga (4) yobiBaoor
¢ pocrom L. B ceazu ¢ atum gyt sbrancienns dbynkmuit Beccens Ji, 41 /2 (k)
YA0OHO TPUMEHUTH PEKYPPEHTHOE COOTHOIIEHWE

2 1
Jn—1/2(k) = nt ng1/2(k)=Tnissa(k) (n=0+0"=1,0+0"-2,...).

k
()
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Cuer 1o popmyuie (5) ycroituus Kk omubkam okpyrienus. s npuvenerns
PEKyPPEHTHOTO COOTHOMEHHs (5) HeoOXomuMo nMeTh 3Haderusd Jy, 11 /2(k)
mpu L =0'+/0"u L =¢'+¢" —1. VIXx MOXXKHO BBIYHCJIATH C TIOMOIIBIO PAIOB
st dyukiuu Beccensi. 3amernm, aro npu 6onbimx L u k < 1 Beaumanna
Jr41 /Q(k) MOXKET OBbITh IIPEHEOPEKMMO MAJION, TaK KaK IIPU MaJbIX k

2 S Y
Jpi1/2(k) = <§) NS

B srom ciaygae dopmyna (5) npumenserca npu L < Lpax < £ + {7, a
sHadenus Ji 1 /o(k) mpu L > Liyax TOTAraioTcss PABHBIME HyJTIO (BETHYHHA
L = Lmax onpegensiercs, nanpumep, ycnosueM Jy i1 /5(k) < 10720 ).
IIpu perenun cucrembr ypasuenuit Xaprpu—®@oka—CiaTepa HEOOXO0-
JIUMO yMETb BbIUUCIATH BOJHOBbIE (GyHKIMU R.¢(r) u ux npousBOAHBIE
! /() B mmpokoit obsracty 3navenuit mapamerpos ¢ u £. [y BbraucieHns
dynkuuit Re(r) ucnonbsyercsa KBaapaTudHas WHTEPIIOISNUS 110 SHEPIUU
Ha OCHOBE€ BBIYHUCJICHHBIX 3apaHee BOJTHOBBIX (byHKHI/Iﬁ Ha HeKOTOpOﬁ CETKe
no €. JInga Beibopa ceTku BOCHIONb3yeMCs pe3yJibraramu pacderoB €(k) B
n%)e;u)mymeﬁ ureparyu. Tak, ecu BbIYUCICHHbIE DAHEE 3HAYCHUs] SHEPT Uil
£(8) (k) s-it uTepaIuu MO MOTEHIUAIY yIOBIETBOPSIOT HEPABEHCTBY

el <@ (k) < el

TO zjisi mpoBesenus (s + 1)—i urepaiyum 3HAYEHUS CETKU €; BbIOMpaeM
TakuM 00pa3oM, ITOObI 0OECIEYNTh IOCTATOYHYI0 TOYHOCTH B MHTEPBAJIE

(68 — Ae,ef? + Ac), tae Ae =0, 1|} — &¥)].
(0)

IIpu nmpoBeneHUM MepBOil UTEpPALMU [JIsI ONpPEJEsIeHUs BEJIUYUH £
0
u 657 ) UCHOJB3YIOTCA IPAHUYHbIE ycyioBus B npubmmkenun (11) uz §1 u

dazosbiit Mmeron mia pentenus ypasuenus [[Ipémnunrepa (cm. §5 momos-

o 0 0
Henusi). IIpu sTom OJHO M3 3HAYCHUU E,(l) njim 8( ) B 3aBHCHMOCTH OT
b

opOuTaIbHOrO YuciIa £) COBIAJAET C 3HAYCHUEM sg)()m(O).

C pocrom £ 3aBUCHMOCTb BOJHOBBIX (MYyHKUMHA R.¢(r) OT sHEprum €
CTaHOBUTCs OOJee MPOCTO, MO3TOMY NMpU GOJBIIUX £ UMEEeT CMBICT BOC-
HOJIb30BaThCst Gosee mpocThiMu dopmystamu. Kak okazamock, mocrarod-
HYI0 TOYHOCTH B 3TOM CJIy4Yae JIaeT IIPUMEHEHNe JIMHEHHON WHTEPIIOSIuM
10 SHEPIUH.

JIisi BBIYMCIEHUST PA3PEIIEeHHbIX 3HAYEHUH SHEPTUU Enpm (K), T.€. st
petennsi ypasHenusi (2), Haubonee 3pPEeKTUBHBIM OKA3aJCS METOJ Ce-
Kymmx, npudem gerepMuHanT D(k,€) BBIYUCIAICT METOIOM UCKJIIOYEHUs
laycca ¢ BBIOOPOM IJIABHOIO djieMeHTa. BbicoKasi 3(p(HeKTUBHOCTD METOIa
OBLIA JOCTUTHYTA 38 CYET IIPOCTOTHI BbruncieHus aerepmunanta D(k, ),
00yCJIOBJIEHHOM KCITOJIb30BAHNEM 3aPAaHEe BBIYMCIEHHBIX KOIMDMUIMEHTOB
A ¢ (k) ¥ IPOCTBIX MHTEPTIOIATMOHHBIX HOpMyIT 1yist Ry (r).
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3. Hekoropbie pesynbTaThbl pacdeToB. B T1abn. 4.3 npusene-
HBI 3HAYEHUsT PACCOTJIACOBAHHOCTEH TP BBIYMCJIEHUN TIOTEHITNAIA XaPTPU—
®oka—CraTepa i amoMuHAsA Tpu miotHOcTH p = 0,271 v/cM® u pas-
JIMIHbIX 3HAYECHUAX TEMIIEPATYPBbI. PaCCOI‘JIaCOBaHHOCTb BbIYUCIA/IaCh IO
dbopmye AS = mraLX|V(s+1)(r) V& ()| (cp. ¢ (11) u3 §1 ror. TII).

s remnepatypbt T = 1 3B u Toit xe mnoraoctu (p = 0,271 v/cm?)
na puc. 4.1 npusenenst rpaduxn norenmuana V(%) (r), YMHOKEHHOTO Ha

pamuyc. PakTUUIECKH, Y2KE TPEThsi UTEPAIUs JAET BEJUINHBI TOTEHIHAJIA,
6am3KEe K perienuio. Boicokas TouHocTh (A® < 107%) Tpebyerca mumib

Tabauna 4.3. PaccornmacoBanHocTb (1m0 MOAY/0) B moreHnuasne Xaprpu—Poxa—

Cursrepa npu poseenuu ureparmit (AS = max |V (r) — V) (7)]) s amomununs
T

npu mrorHocTH p = 0,271 r/cM® u paznmuunbix Temmneparypax 7' = 0, 1, 10, 100, 1000 sB

T=0 T =15B T =10 5B T =1005B T = 1000 sB
7,996 -10—1  8,391-10"! 1,108 - 109 3,229-101  1,099-10"!
2,337-10"1  2,229-10-!  3,438-10"!  3,005-10"2  1,916-102
5,506 -1072  4,537-102  8,002-10"2  6,754-10"3  1,022-10"*
2,403-10—2  2,409-10"2  2,850-10—2  2,429-10%  1,372-10°
1,030-10"2  9,990-10~3  1,449-102  1,728-10~* 6,851-10"7
5,548 -10~3  5,032-10"2  7,691-10"3  4,129-10°
2,281-103%  2,220-10"%  3,967-10—3  1,175-10=6
9,943-10%  1,087-10"3  2,015-103

5,050 -10~*%  4,865-10~* 1,016-10"3

9 | 2,425-107* 2,516-10"* 5,093 10~

10 | 1,176 -10-*  1,116-10%  2,547-10~*

11 | 5,127-107%  5,300-10~°  1,272-10~%

12 | 2,572-107%  2,429-10~°5  6,350-10"°

13 | 1,210-107%  1,268-10°  3,171-10"°

14 | 6,434-1076  6,124-107%  4,524-10=6

DD U WD~ O|®n

rV(S)(r)

10

8
6
4
2
0

0 0,5 1 1,5 2 T
Puc. 4.1. Tlocrenoparensubie wrepamun morenrmana (rV (8)(r)) mus amovunus npu
temneparype T' = 1 3B u miornoctu p = 0,271 r/cm®
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0,5 T =10 3p0 3d2
; T=1
0 3d1
0 g 350 S —
=0 — 3pl T = 100 342
-0,5 T e
T =100 3s0 T =100 3p0
| T=100 30
0 1 2 0 1 2 0 1 2 k

Puc. 4.2. 3aBUCHMOCTb DA3PELIEHHBIX SHEPTUH €, (k) B ATOMHBIX €IMHHIAX OT
KBa3HUMITYJIbCa k [ aMIOMUHHS TIPH ILIOTHOCTH p = 2,71 r/cm® m Temmeparypax
T=105BuT =100 3B

Enem (k) 3D = 8 - :
3d 3p
00 3  — 97 1
p =zl

p=271 4 _4_‘/3W=
L

-2 2 3s

0 2p

2s _2_3__._.—----—'-"""'———
0 1 2 0 1 2 k

Puc. 4.3. 3aBucHMOCTb DPa3PEIICHHBIX SHEPIUH E€,¢m, (k) OT KBazumMmyanca k s
amromunus pu remneparype T = 1 3B u miornoctax p = 2,71 r/cm® m p = 27,1 v/cm

e(k) '

100

50

—50

—100

—150 ) ' '
1 10 100 »~

Puc. 4.4. BepxHuii U HUXXHUM Kpas I[OJOC PA3PEIIEHHBIX SHEPIUM JIsT AJFOMUHUS
(miE Enem (k) 1 ma}z(sn[m(k) B QTOMHBIX €JIMHHMIAX) B 3aBUCUMOCTH OT ILIOTHOCTH p
m m

’ ’ B r/cm® mpu Temmeparype T = 0
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IPHA HU3KHUX TeMIIepaTypaxX IPU BBIYNCJIECHUN BHYTDEHHEH SHEpPruum Bele-

CTBa, KOTOPAsi B 9TOM CJIy4ae OIPeJIeIsieTCsl PA3HOCTHIO OOJIBIINX BEJIMYNH.
Ha puc. 4.2, 4.3 npencraBiieHbl pe3yJIbTaThl pacdeTa pa3pelleHHbIX

IHEPTUH Eppp, (k) U151 ATIOMMHNS IPU PA3JIUYHBIX TEMIIEPATYPAX U IJIOT-

HoCcTsax. Kak BUIHO M3 PUCYHKOB, PACYET 30HHOM CTPYKTYPBI HEOOXOIUMO

MPOBOJUTH JIUIIH MPU BBICOKUX ILIOTHOCTSIX ¥ HU3KUX TEMIIEPATypPax.
OcobenHo XOpoIIo 370 BUIHO u3 puc. 4.4, rjie NpuBeIeHbl BEPXHUN U

HUZKHUM Kpasi TOJI0C PA3PEIIEHHBIX SHEPT Uil JJisl aJTFIOMUHUS, T.€. mig Enem (k)

m7

u max €nem(k), B 32aBECUMOCTH OT TIIIOTHOCTH p B T'/cM®. PacdeTst mposeie-
m,

HbI Ipu Temieparype 1T = 0, IpU yBeJUYEeHHH TEMIIEPATYPhI MOJOCHI ObI-
CTPO CY’KaIOTCsI, & COOTBETCTBYIOIINE YPOBHU CTAHOBATCHA JUCKPETHBIMHU.

4. TIpubsimrkeHne IMMOCTOSTHHON MJIOTHOCTH JIJISI CBODOHBIX 3JIEK-
TPOHOB B CJIy4Yae pa3pekKeHHOI miia3Mbl. [Ipw Maabix mI0THOCTSX
BEIlECTBA MTPAKTUYECKU BCsl ATOMHAs s9eifKa, 3aI0THEHA, OJJHOPOIHBIM 3JIEK-
TPOHHBIM Ta30M U IIPU BBIYUCJIEHUN CAMOCOIJIACOBAHHBIX BHYTPHATOMHBIX
[IOTEHIINAJIOB TPeOyeTcsl MCIOIb30BATh CIHElHUabHble CETKH, JIOCTATOYHO
noapobHble BOM3M sigpa mpu r < T, TJAe I — pa3Mep WOHHOTO OCTOBA,
U MeHee MOAPOOHBIE B OCTAJIbLHON 0bOIACTH r<r<rg (ro — paguyc
aroMHoOil gueiiku). IIpuMeHeHue CHOENUAIBHBIX CETOK YCIOXKHSIET CXEMY
pacdera u TpebyeT MOCTOSTHHOTO KOHTPOJISI 33 TOYHOCTHIO, YTO 3aTPYIHSIET
[IpOBeJIEHNE MacCOBBIX pacyeToB. Kpome Toro, orpaHudenue 1o mioTHOCTH
1Ipu 3TOM He cHUMaeTcst. [I03ToMy nMeeT CMBICII BOCIIO/IB30BAThHCS IIPUOIIH-
2KEHHBIMU AHAJUTUYECKUMU DPEIIeHUs MU, KOTOPbIE UMEIOT MECTO B 3TOM
caydae.

Cuntas, 9TO B mIa3Me MaJIOH MJIOTHOCTH CBOOOHBIE SIEKTPOHBI BIAN
OT AJpa paCIpeesieHbl PABHOMEPHO, IOJIOKHUM IJIOTHOCTH 3JIEKTPOHOB
npu r > 7 paBHO mocrosiHHOI Besnmuuue p(r) = p = p(7), roe p(r) —
IJIOTHOCTD 3JIEKTPOHOB.

Besmuuna 7 onpezessieTcsi CTENeHb0 MOHU3AINY IJIA3Mbl M 3aI0JIHe-
HUEeM 000s109eK noHa. MOKHO MPUOJIMKEHHO MOT0KUATH

[JIE Nmax — [VIABHOE KBAHTOBOE YUC/IO MOCJEIHEH 4aCTHYHO 3aI0JHEHHO
obostouky, Zy — 3¢bdEKTUBHBIN 3apsii HOHHOIO OCTOBA (CpeJHsisl CTEleHb
MOHU3AINN ).

B6sin3u monmoro ocToBa, T.e. ipu 1 < 7, PACIPEIETEHNE SJIEKTPOHOB U
CaMOCOIIACOBAHHBII TOTeHIMal OyaeM BoraucasTh no dgopmysnam (3)—(9)
u3 §1. B obsact 7 > 7, BOCIIOJIB30BABIIKNCEH [TOCTOSHCTBOM JIEKTPOHHOMN
IIJIOTHOCTH, UMEEM

V(r)=V.r)+ Vi (r) (F<r<ro), (6)
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rie

z 17 dr p? 1 ’
V;(T)Z———/47T7“2p(1“)d1“+—ﬂ-p— 1—§L+§<T) . (M

r r 3 r 2719 To
T

O6menHas monpaska V., Beraucisercs no dopmyde (9) us § 1 mpu p(r) = p.
Takum obpazom, Tpedyercs HANTH pelleHrue CUCTEMbI YpaBHEHU XapTpru—
Doxa-Ciarepa sumb 0pu r < 7, yIUTbIBasg, 9TO B 3TOi obracTu

7
/47rr2ﬁdr =72,
0

rie Z = 4n(r§ — #2)p/3.

Beipaxkenusi (6), (7) ncrnonb3yiorcst B JasbHeRIIEM DU pacyeTax Ma-
TPHYHBIX JIEMEHTOB, KOIa HEOOXOANMO 3HAHUE 3JIEKTPOHHOI [IOTHOCTH
1 aTOMHOT'O IIOTE€HIINAaJa BO BCEHl ATOMHON sTYEHKeE.

§ 3. Pemenne cucremsr ypaBHeumnii Xaprpu—®oka—Cisrepa
JJIsi CMECH BeIecTB

1. ITocTranoBka 3amaun. s cmecu u3 N KOMIIOHEHT C MAaCCOBBIMHU
gonssmu m; (i = 1,2,...,N) npu 3amaHHOl Temmeparype 6 u cpemnHeii
IJIOTHOCTH p PAJANYC ATOMHON ST9efKN {—# KOMIIOHEHTHI BEIECTBA OMpeIe-
asiercs mo dopmyte (em. §3 m.1 u3 . I):

N\ 1/3
To;i = 1,388 <é> 5
Pi

rje p; — MapiuasbHas MIOTHOCTh, A; — aTOMHBIH Bec.
B coorsercrsun ¢ dbopmynoit (3) u3 §3 rur. I

> 5

N m; N m;

SR o= YT =18 ()
= pi p —~ A p

Kpowme Toro, Heobxoanmo nmorpeboBaTh paBEHCTBA, XUMHIECKUX ITOTEHITHA-
JIOB WJIW 3JIEKTPOHHBIX JABJIEHUHN KarKI0# U3 KOMIIOHEHT CMECH. 3aMETUM,
YTO MPHU JOCTATOYHO BBICOKMX TEMIIEpATypaX U HE CJIUIIKOM OOJBIINX
IUIOTHOCTAX JOCTATOYHO IIOTPEOOBATH PABEHCTBA, XUMUYECKUX IOTEHIIHA-
JIOB, IIPY 3TOM OyAyT COBIAJATH U APYTHE PABHOBECHBIE XapPaKTEPUCTUKH,
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a MMEHHO, 3JIeKTPOHHLIE IABJICHUS U 3JIeKTPOHHBIE IIJIOTHOCTH Ha, FPAHULIAX
ATOMHBIX TI€eK.

B pesyabrare Borancienue noreHuuanios Vi(r) mis Kazkioro u3 aroMoB
CMeCH TIPOBOJUTCA € UCIOIb30BAHUEM 3/IeKTPOHHBIX ILJIOTHOCTEH

pi(r) = p1i(r) + p2:(r), (2)

1
pi(r) = Z mNnU,i [Fséj,i(r) + Gilj,i(r)] (entji < €0i),

ntlj
(20)3/2 ® y1/2 dy
in(r) — 27_[_2 V;(?“) ¥ i )
yoi L+exply— —F—
0
27+1 Vi i
Nn(j,i: ]5-:.._,“'.7 Yoi :maX{OQW}'
1 ntj,i i
+ exp —

Bosnuosste dyaruun Fryji(r) 1 Greji(r), 3HAUSHHSI SHEPIHH €p,¢j,; TOLYIa-
I0TCs B pe3yJbTare peiienus ypasuennit Jupaka (21) u3 § 1 ¢ norennuasna-
mu V;(r), KoTopbie onpenesnstorcs no dhopmyam (7)—(9) ¢ ucnonbzoBanuem
9JIEKTPOHHOM TIOTHOCTH p;(T) M 3apsiaa siapa Z;, COOTBETCTBYIOUIUX i-My
snementy cmecu (cM. §1).

Kpowme Toro, kakgast aToMHast siIeiika, TOJKHA ObITh 3JIEKTPOHEHTPATLHOIM:

Zi = Zoi(ps) = Y Nutji) - (Eneji < 02), (3)
ntj
e
Toi
Zoi(pi) = 47T/p2i(7“)7“2 dr.
0

Yenosus TEPMOAUHAMUYIECCKOTI'O PAaBHOBECHA UMEIOT BUI

pi=p;=p (@ #Jj)

YT00BI HE YCIOXKHATH U3JIOKEHHE, Mbl DACCMOTPHM YPaBHEHUS JJIs
CM€eCH W BBIYHUCIUTETbHBIN AJTOPUTM IS CJIydas CPABHUTEIBHO MAaJIbIX
IJIOTHOCTEH BEIIeCTBa, KOrJa HET HeOOXOAUMOCTH ITOCTAHOBKU IEPHOIM-
vyeckux ycaosuit (13) u3 §1. B 1o ke BpeMmsi IOIKHBI ObITH BBIIOJHEHBI
YCJIOBUST IPUMEHUMOCTHU ST9€€IHOTO TPUOIMIKEHNUS, T.€. MOHU3AINS BeIle-
CTBa JIOJIKHA OBITH JOCTATOYHO BBICOKOIA.
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B paccmarpuBaemMom mpuOIMKEHUH MAJIBIX ILIOTHOCTEH yCJIOBUE Tep-
MOZMHAMUYIECKO# coryiacoBanHocTu (10) GymeT BBIIOJHEHO, €C/I B~
HBI £g; OyIyT yIOBJIETBOPATH IIPU HEKOTOPOM N = Tmax,; HEPABEHCTBAM

En,i < €0,i < Entl,is

TO€ Ep i = anj7i€nfj7i/z Nyj,i, npudeM n takoe, 910 Ny, ; =y Npygj; K1
2] 2] %]

J7Is BCex aneMeHToB cMmec (i = 1,2, ..., N). BeiOpauHble 3HaAYEHUS Nmax i

B TIPOLIECCE BBIYMCIIEHWI OCTAIOTCs Hem3MeHHbIME (cM. 1. 1 §1).

2. UrepanmonHasi cxema. HeusBeCTHBIMU B CHCTEME ypaBHEHUIA
Xaprpu—Pora—Cidrepa nusa cmecu Bemecrs (1)—(3) kpome Vi(r), pi(r),
€ntj,i, Mi = [t, KAK U B CJIydae BEIECTBA, COCTOSIIErO U3 aTOMOB OJHOTO
U TOTO K€ JJIEMEHTA, SIBJISIOTCS TaKyKe PAIUyChl ATOMHBIX SIY€EK Tg;, UTO
3HAYUTEIHHO YCIOKHSET 3a1a4dy.

Cucremy ypasaennit XP®C st cMeCH BeEIIECTB MOYKHO PEIaTh, BbI-
YUCIsis CAMOCOIVIACOBAHHBIE TIOTEHIMANbBL JJIsl KAYKIO0r0 JIEMEHTA CMECH,
a 3aTeM TPOBOIMUTH COIJIACOBAHME XMMUYECKUX MOTEHIUAIOB. Takas cxe-
Ma HEJOCTATOYHO 3KOHOMHUYHA, TaK KaK TPYAOEMKOCTbH PACYETOB 6bICTpO
pacTeT ¢ pOCTOM YHCJIa KOMIIOHEHT CMECH.

Bosiee 5KOHOMHUYHYIO CXeMy MOXKHO HOJIyYUTh, €CIM Ha KAXKIOW ure-
palliy BBIUYUCIEHUS] CAMOCOT/IACOBAHHBIX ATOMHBIX TIOTEHIIUAIOB OJIHOBDE-
MEHHO TIOANIPABJIATH 3HAYECHUA PAAUYCOB aTOMHBIX dA49€€K 7Tg; TaK, lITO6I)I
[IPY [OJIyYE€HUU CaMOCOIJIACOBAHHBIX MOTEHIUAJIOB JIJIs JIEMEHTOB CMECU
OJIHOBPEMEHHO ObLIH Obl BHIDABHEHBI U UX XUMUIecKHe noreHuuasst [90)].

IIpu mocTpoeHnn UTEPAITUMOHHOMN CXeMbl OyeM UCXOIUTh U3 TPEeOOBAHMST
BBITIOJIHEHUSI YCJIOBUI 3/IEKTPOHEATPAIBHOCTH (3) B mpouecce urepanuii.

. S s
Ucxona m3 3aJaHHBIX 3HAYEHU r(().) u V.( )(r), MBI MOXKEM BBIYHUCIUTH

Hpemﬂ‘e YeM BBIYHCIATH
(S-‘rl) (r)

COOTBETCTBYIOIIIME MM YPOBHU SHEPIrUHn Egzlf)]z

HOBBI€ 9JIECKTPOHHBIC IINIOTHOCTHU U HOBBIE aTOMHBIE ITIOTEHIIUAJIbL ‘/; y

HaiIeM TaKWe HOBBIE 3HAYCHUST réf ), KOTOpbIe ObLIn OBbI Oosee OJm3-

KM K MCKOMOMY DEIIEHHIO, KaK 3TO Jenanoch B Mogenn Tomaca—Pepmu
(cM. §3 . I).

Ilycty x; = rS’i, TOTJA JIJIsT JIFOOBIX BBIOPAHHBIX HAMU 3HAYEHUH T;
JIOJZKHBI BBIIOJIHATHCS YCIOBHS deKTpoHeiiTpanbrocTh (3) u ycmosus (1),
Te.

Bi(pi, ;) + Zoi(pi, i) = Z; =0 (i=1,2,...,N), (4)

(1,388)° Xm;
p

::>|3
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rue
e 0
2(20 3/2 1/2 d
ZOZ'(M@',ZL“@') = % / T2 d?“ Y V(Zi)( ) ) (6)
o)+ g
(s)
y(()f) = max {0 —(r;—i-e } ,
Bi(pi,wi) = Y Nueja(elly oms) (€55 <5, (7)
ntj
2741
Nngji(e, p) = / -
1+ exp

Tak Kak NOTeHIHaIbI V(s (r) Bbramcssores mpu r < r(()j) , TO JIJIsl TOTO, YTOOBI
BoIparkenue (6) GbLIO OMPEIEIEHO PH BCEX T;, TOJNOKAM V(s)(r) V(s)(r0 )

apu r > r(()j).

Bynewm pemrars cucremy (4)—(5) B amHeiiHOM MpuOINKEHUH, pa3Jiarast

B, u Zy; B6mmsu x; = T; = (réj))?’ u p; = ;. Bemmaumer Z;, [i;

G (), &), el

yIOOBIIETBOPsIIOT ypasHenusM (4), (5) mnst 3amaHHbIxX V s Entji> €07 -

Nmeem

o 0B; _ 0B; B
Bi(ps, z:) = Bi(fi, Z;) + a—m(uz — ;) + oz, (; — ),

0Zo; 0Zy;

Zoi(piswi) = Zoi(i, i) + 6;22 (i — i) + ﬁ(iﬂi - Zi),

TJIe TPOM3BOIHBIE OEPYTCs TPU [; = fi; U T; = Tj:
32 VT
0Z0; _ 2(26) / 2
8,ui 0
0

oo

1 y~ ' 2dy N (o)1 /2 ’

2 V(s) + i V(s) T
y 1+ exp (y e (2 'u’) 1+ exp (y(()j) <4 (re) ”z)
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0Zyi _ 2(20)* T y'/2dy
9z, 3n O+
N
auz 92 "”’[ 2]n+]i] (S <o)
ntlj

0B; 0B 655181)” ((s)

- _ (s))
a:L'i a,ui Y 6.171 nl_’] i

< €y;

st BBIYUCITIEHUS &sneﬂ/axi OyJeM TPHUOIUKEHHO TOJaraTh, 49To Cco0-
(s)

CTBEHHBIC 3HAYCHUA IHEPTUU SJIEKTPOHOB Enl_] i

IOTCSI TOJTLKO 33 CYeT BHEITHEH 9KPAHUPOBKH, 00YCIOBIEHHONH CBOOOHBIMU
nekTpoHamu. B sToM npubiukennn

IpU U3MEHEHUU T; U3SMEHA-

() (s)  3%0i
nséj i = Enslj i T 5 rO:’ (9)
rie 5512] ; He 3aBucar ot ro;. C yuerom (6)

H=Hi, Z=T;

OBi _ _10B; 1 (Zui _,0%
dr; 2 0pi m

Moncrasnsia pasznoxenns (8) B (4), moay4um

T; 8:6’1

8Bi aZOi T — PR— . Th . —_ . 17 - . —_
(6.’171 + oz, ) (ajz - 332) = Z; Bz(,uluwz) ZOZ(,U'z, xz)
0B; 07y N 0B; 8Z0z _

tak Kak B;(fi;, T;) + Zoi([ti, Ti) = Z; B COOTBETCTBUM C BBIOOPOM fij, Tj.
Bynem uckars pemenus (10), yIOBIETBOPSIONIEE YCIOBUIO CAMOCOIJIACO-
BAHHON 33/1a4H, T.€. TaKue, YTOObI 1; = p. Torma Jajs x; mosrydum

_ (0B;/dpi + 0Zo; | Ops) (11 — i)
‘ {1 CENE +?9Z0z'/3$z')3_3z’ } ' (1

Tr; =

Yumuoxum (11) Ha m;/A; ¥ IPOCYyMMUPYeM MO 4, YIATHIBAsI, UTO

N
m; _

| 3
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Nmeem

_ i m; <8Bl~ /Ou; + 020 /am> - / i\’: m; <8Bz~ /O + 020 /au,)
M= 21 \ 9B, /0; + 020;/0x; ) '] &= A \ 8B [0w; + 0Z0:/0x: )
(12)
Kak mokazamu pacderbl, BBIYHC/IEHHE HOBBIX 3HAYEHUH u U T; IO
dopmymam (11), (12) npu remneparypax T > 10 3B npusoaut K mocra-
TOYHO OBICTPO CXOAAMIEMYCS HTEPAIMOHHOMY niporieccy. OgHaKo npu Hostee
HU3KHUX TEMIIEPATYPAX UTEPAIMUA MOTYT PACXOJUTHCH, TAK KaK HAYAJIBHOE
npubanKenne, moaydeHHoe 1mo mojenu Tomaca—®Pepmu, OKa3bIBaeTCS B
TOM CJIy4ae JOCTATOYHO IPYOBIM.
JL7151 CXOMUMOCTH UTepANnii TPUMEHUM CIOCO0, AHAJIOTUIHBIN U3JI0XKeH-
momy B § 1 tur. III st mpocToro BemecTBa. Y YUTHIBAS UMb HATIPABJICHIE
U3MEHEHUs &;, IOJIOKUM

2

2 = 3 4+ 6 (25 — 7)), (13)

i
rme x; Boraucaserca o dopmyme (11), a mapamerp wurepammii &()
(0 < €) < 1) ompeensieTcst YCIOBHSAME CXOIMMOCTH HTEPAIii. Y Besude-

HHUE WA YMEHbIIEeHNe 5(5) B IIpolecce UTEPAIUil TOCTABUM B 3aBUCUMOCTD
OT BEJIMYNHDBI

AW = |+ — O]+ 37 (| — 2l + 1AV,

rie p'®), ps+t) — 3mauenns p, Borauciennse o gopmye (12) Ha (s+1)-i
U s-i uTepanusx, AVi(s) — pPACcCOrJIaCcOBAaHHOCTD B MMOTEHIIUAJIE §-I'0 JIEMEH-
Ta Ha s-it wrepanuu (cM. dopmyay (11) u3 §1 ror. III).

B nagase urepanmii momaraem £©) = 0,5. Tanbueiimee n3venenne &)
sapucut or m3menenns A Ecm AG) < A (B pacuerax moJarajioch
Apin = 0,IN) u A®) < AG=D 10 6+ = 1 2£06) Ecam A®) > AG—D,
to €651 = 0,8¢(5). Kpome roro, smauenne £(5) ciemyer orpammunts
HEKOTOPBIM HHTEpBaioM (06srano momaranocs 0,1 < £09) < 0,75).

Urepanuu npoBoasiTes ciaemyomum ob6pa3om. Beraucsis :L'ESH) o dpop-

mysie (13), HaliileM COOTBETCTBYIOIIME 3HAYEHUS] XMMUYIECKUX MOTEHIUA~

1 .
JIOB MESJF ), VJIOBJIETBOPSIIOIIEE YCIOBUSAM 3eKTpoHeiirpanbaoctu (4). C

1 1
IMOJIyYeHHBIMU 3HAYCHUAMN ugs—i_ ), .’L’Es—’_ ) BBIYUC/IUM 3JICKTPOHHYIO ILJIOT-

HOCTBb (2) JJI KazKJ0TO U3 3JIEMEHTOB CMECHU U COOTBETCTBYIOIINE aTOMHDBIE
s+1

MOTEHITNAJIBI Vi( + )(r). Jlajiee urepauu MOBTOPSAIOTCS /10 TEX MOP, TTOKA,

ne BoinosauTesa yenosue A < g rie € — 3amannas rounocts (¢ = 1079).
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[Monydennas cxema Jierko MOAUGUIMPYETCs, €CJIU BMECTO DPABEHCTBA
XUMAIECKUX TOTEHITNAJIOB TIOTPEOOBATH BBIMOTHEHNS IPYTUX YCIOBUI PaB-
HOBECHUsl, HAITPUMED, YCJIOBHUH DABEHCTBA JIEKTPOHHBIX nasiennii [89]. Tak
KaK 3JIEKTPOHHOE JaBJIeHNe -l KOMIOHEHTbI P,; Mpu 3aJaHHOI TeMIepa-
Type sIBJISIeTCsT OTHO3HAYHOU (DYHKIMEHN 4; U T;, TO JJIsi TOTO, YTOOBI MTOJIY-
YUTh HOBBIE HUTEPAIMOHHBIE (POPMYJIbI, goctarouno B (11), (12) 3ameHuTh
1, p; va Po, Po; | a mida Beraucienus npousBouubix 0B;/0P.;, 0Zy;/0P.;

0B; 0B, / 0P,;
0P Owi/ Opi
MIPEe/ICTaBICHNEM [IJTsi TIPOU3BOITHON OT Zg;.

3. IIpumepsl pacdeToB. s MILTIOCTPAIINN CXOTUMOCTH CXEMbBI ObI-
JIV TTPOBEJIEHBI PACYETHI JIJIsI CMECH U3 5 9JIEMEHTOB C ATOMHBIMU HOMEPAMU
Z; = 20 - i — 10, maccoBbiMu goiasMu m; = A; g cpenHeil IIOTHOCTU
Bemectsa p = 1 r/cm® u mpm Temmeparypax = 1, 10, 100, 1000 3B.
IlocnenoBarenbuble 3HAYCHUST u(s) npuBeeHbI B TabiI. 4.4, T/1e TPUBEIEHO
TaK2Ke 3HAYEHUE XUMUIECKOTO TOTEHITUAJIA, [i, TTOJTy YeHHOe 6e3 ydera peJis-
TUBUCTCKUX TIONPAaBOK. 13 Tabs. 4.4 BUIHO, 9TO XUMUYIECKHUH MTOTEHIINAT

BOCIIOJIB30BAThCA IIPEACTABJICHHUEM 1 aHaJIOTUYHbIM

Tabauna 4.4. [locaegoBaTesibHbIE UTEPALUA XUMUYECKOTO MOTEHIIUAIA (L JJIsI CMECH

u3 5 smementoB Z; = 20 -3 — 10, m; = A; UpH DPa3IUIHBIX TEMIEPATypaxX H

miorHOCTH p =1 r/cM3, s — HOMep ureparun. [IpUBEEHO TAKIKe 3HATCHHE XHMHUIECKOTO
MOTEHIIUANIA [t = fi, IOJyIeHHOe 0e3 yueTa PeIATUBUCTCKHUX 3(PPeKTOB

s T=15B T =10 5B T = 100 5B T = 1000 3B
0 0,009527 —0,89123 —16,5737 —253,798
1 —0,452196 —1,06334 —16,7666 —254,312
2 —0,435761 —1,08857 —16,7659 —254,306
3 —0,380846 —1,07340 —16,7660 —254,308
4 —0,276685 —1,07994 —16,7662 —254,308
5 —0,229350 —1,07795 —16,7663

6 —0,224280 —1,07864 —16,7663

7 —0,211847 —1,07813

8 —0,203926 —1,07837

9 —0,190126 —1,07823

10 —0,182146 —1,07835

11 —0,181542 —1,07829

12 —0,181299 —1,07829

13 —0,181475

14 —0,181249

15 —0,181299

16 —0,181093

17 —0,180894

18 —0,180739

19 —0,180614

20 —0,180649

21 —0,180632

22 —0,180633

i —0,177880 —1,09428 —16,7732 —254,121




§ 3. Pewenue cucmemn. ypasuenuti Xapmpu—DPokxa—Casmepa

139

Ta6auna 4.5. [Tocaenosaresnsusie nureparuu st Ci9oH190O20Br; npu Tremmeparype
T=10 3B u mrornoctu p =0,1 r/cm> (s — HOMep uTepanuu).

s H C O Br
0 704 4,679940 6,486292 6,717963 7,676817
Zoi 0,728529 2,097298 1,425806 1,377438
i —1,174687 —1,121720 —1,304069 —1,465673
1 T0; 4,515875 6,584268 6,155903 7,407173
Z0i 0,728529 2,053058 1,817736 2,946070
Wi —1,174687 —1,129704 —1,211395 —1,178415
2 T0; 4,487279 6,575564 6,388097 7,367198
Zoi 0,711451 2,067104 1,893517 2,904261
i —1,146903 —1,142695 —1,105721 —1,146844
3 704 4,483484 6,572734 6,433727 7,367306
Z0i 0,708375 2,065190 1,941147 2,904244
i —1,142000 —1,141674 —1,134700 —1,141254
4 T0; 4,483516 6,573425 6,426683 7,368448
Zoi 0,707964 2,065036 1,939742 2,904784
i —1,141348 —1,141255 —1,142349 —1,141198
5 704 4,483258 6,573039 6,431701 7,368129
Zoi 0,707968 2,065064 1,942909 2,904869
i —1,141353 —1,141359 —1,140592 —1,141347
6 704 4,483762 6,573742 6,422386 7,368866
Z0i 0,707940 2,065023 1,936132 2,904849
i —1,141309 —1,141305 —1,142718 —1,141305
7 T0; 4,483489 6,573333 6,427720 7,368478
Zoi 0,707994 2,065095 1,940392 2,904945
i —1,141396 —1,141403 —1,140385 —1,141396
8 704 4,483417 6,573249 6,428882 7,368382
Z0i 0,707965 2,065052 1,940996 2,904901
i —1,141349 —1,141346 —1,141126 —1,141348
9 T0; 4,483433 6,573284 6,428465 7,368403
Z0i 0,707957 2,065048 1,940477 2,904885
Wi —1,141336 —1,141334 —1,141414 —1,141336
10 | roq 4,483399 6,573229 6,429167 7,368345
Zoi 0,707959 2,065042 1,941081 2,904876
i —1,141339 —1,141340 —1,141229 —1,141341
11 | 7o; 4,483399 6,573229 6,429167 7,368345
Z0i 0,707955 2,065041 1,940948 2,904896
Wi —1,141333 —1,141332 —1,141331 —1,141330

M ¥, TeM CaMbIM, CPpE€IHUE YUCJIa 3aIllOTHEHUA SJIEKTPOHHBIX COCTOHHI/II?I,
3HAYUTEJIbHO YTOYHAIOTCA 110 CPAaBHEHUIO C MOICJIBIO TO IIPpU HU3KHUX

temmeparypax (p,, = p®).

B tabn. 4.5 npuBenenbl 6osiee OAPOOHBIE PE3YJIBTATHI IIPU BBIYUCIIE-
HUHU CaMOCOIJIACOBAHHBIX MOTEHITHAJIOB [IJIsi CMeCcH OpoMa ¢ arap-arapom
(C190H190020Br), koTOpast ucnonb3yercs B jla3epHbIXx MuineHsx [140]. 113
TabJNUIIBI BUIHO, KAK MEHSIOTCS PA/INYChl ATOMHBIX ST9€EK T(;, CPEHIE 3a-
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PSIbI HOHOB Z(; U XUMUYECKHE MOTEHITNAJIBI [4; B IpoIiecce ureparmii. Pac-
JeThI MpoBeeHbl Tpu Temmepatype T=10 3B u miornoctn p =0,1 r/cm3.

§ 4. YdeT MHOANBUAYAJIbHBIX COCTOSHUI MOHOB

Mogenb cpeasero aroma, paccMorpertas B § 1-3, maer adpdexruBHOE
OTMCAaHWEe ATOMHOW sT9efiKM B IIa3Me [IJisi WOHA CO CPEIHUMU YUHUCIAMU
3amonHenus. B peasbHOM mia3mMe TPUCYTCTBYIOT PA3HOOOPA3HBIE COCTOSI-
Hust noHOB. [Ipy paccmoTperHun Takux cocTosHui Momaesb XapTpu—Poka—
Cirepa st CpeIHETO aTOMa sIBJISIETCsl XOPOIIMM HAaYaJbHBIM MPUOJIU-
xeuueM. JJist yaera WHINBUIYAJIBHBIX COCTOSHUI MOHOB B MPAKTUYIECKUX
pacderax OOBIYHO MCIIOIb3YeTCsl TEOPUsT BO3MYIIEHU, TPUIEM CIUTACTCS,
YTO BO3MYIIEHHE TOTEHINAIA CBA3AHO C M3MEHEHUEM 3JIEKTPOHHON MJI0T-
HOCTH, KOTOPOe OOYCJIOBJIEHO M3MEHEHUEM YHUCEJ 3aIOJHEHUs JJIEKTPOH-
HBIX obosovek [75, 130].

OcHOBHAsI HETOYHOCTH MPHU WCIOJIB30BAHUU METOJIOB TEOPUU BO3MY-
IIEHUH ¥ MOJIEJU CPEeJHEero aroMa CBs3aHa C TeM, YTO BOJIHOBBIE (DyHK-
WY B OTIAEIHHBIX MOHAX MPU OOMBIMTUX (DIYKTYAIUSIX GUCET 3ATOTHEHNS
He sIBJISIIOTCSI COTVIACOBAHHBIMHU C BHYTPHATOMHBIMHU MOTEHIMATIAMHU. DTy
HETOYHOCTh MOXKHO YCTPAHUTb, BBIYUCIISAST XaPAKTEPUCTUKU OTIAETHHBIX
WOHOB C YHCJIAM¥ 3aIOJHEHUs, COOTBETCTBYIOMIMME 33JaHHON KOHMUTY-

paluu HOHA.

#(w)

104 L

s

e 2

10°

102 ' ' :
1400 1500 1600 1700 hw

Puc. 4.5. Kosdbdunuent nornomenus (cm2/r) B aTIOMHHUE TIPH TeMIIepaType

T = 22 3B u mornoctu p = 0,01 r/cm® B 3aBuCHMOCTH OT 3Hepruu hoToHOB (3B).

CILIIOIIHAS JIMHUSA — PaCcYeT II0 BOJHOBBIM (DYHKIHSAM CPEJIHEr0 aTOMa, IITPUXOBAS —
C UCTIONB30BAHUEM BOJIHOBBIX (DYHKIHUI MOHOB

B kayecTBe npumepa Ha puc. 4.5 NpOBeIEHO CPABHEHHE CIIEKTPOB MOTJIO-
[IEHUS AJTOMUHUS, BBIYACIEHHBIX KAK 110 BOJHOBBIM (DYHKIUSAM CPEIHErO
aToMa, TaK ¥ C WCIOJb30BAHUEM BOJHOBBLIX (QyHKIMI HOHOB. Kak MOXK-
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HO BUAETH U3 PUCYHKA, YTOYHEHUE TOJJIOZKEHUA JVUHAA MOXKeT OKa3aThbCd
BECbMa CyIIEeCTBEHHBIM IIPU ONMCAHWUU JeTaJIell CIIeKTPA.

1. ®yHKIUOHAT TUJIOTHOCTH CHUCTEMBI JIEKTPOHOB C y4YeTOM
VHINBUAYAJIBHBIX COCTOSHUN MOHOB. B BbICOKOTEMIIEpATYPHOH TLIa3-
Me, OCOOEHHO MPU HAJTMYIUHU FJIEMEHTOB ¢ OOJIBIITUMHU Z , PeaTu3yeTcsi O9eHb
60JIbIIIOE KOJUYECTBO PA3IUYIHBIX COCTOSIHHUI MOHOB, U 1epebop BCEX BO3-
MOZKHBIX COCTOsIHUII TPeOyeT OO/IbIINX BBIYMCIUTEIbHBIX 3aTpat. Takoit
epebop MOXKHO OCYIIECTBUTH, UCTIONB3Ys JETAJIHHOE ONMCAHUE JIUIIh J1JTsT
HanbOJIEe CYIECTBEHHOM YACTU COCTOSTHWI MOHOB U MIPUMEHSISI TPUOJINKEHIEe
CPeIHero aroMa Jijis y9era OCTATbHBIX COCTOsHuU. Bbbop cocTosHumit s ae-
TAJILHOTO OIUCAHMS OIPEIeJIsieTCst TOCTAHOBKON MCXOIHOM 3a1a4uu. Hanme-
Hee TPYJOEMKHUM ABJIAETCH METOM, IIPU KOTOPOM [IJIf TPYIIIBI COCTOAHUI C
6.HI/I3KI/IMI/I CTEeNIE€HAMU NOHU3aIIUN BbI6I/IpaeTCH JINIIb OAWH IIPEACTABUTEIb.

Mper paccmorpuM 6osiee TIPOCTOMN [Jisi U3JIOXKEHHST CJIydail, KOTa Ta-
KHe COCTOSTHUS OTIPEJIEJISIOTCS 3aM0THEHNeM MePBOi U3 YaCTUYIHO 3aI0Ji-
HEHHBbIX 000/I04YeK (MM HEeCKOJBKHX TakuX 006o0s04ek). B coorsercrBrn
C 9TUM DPa3JeJInM BCE COCTOsIHUSI 3JIEKTPOHOB Ha JBe YacTu. B mepByio
BKJIIOYUM COCTOSIHUSI U, KOTOPBIE ONPEEJISIIOT BbIAEJIEeHHBIE HAMU OCHOB-
HbIe KOH(DUTYPAIUH HOHOB. 3HAYOK U OMUCHIBAET HAOOP KBAHTOBBIX YHCEJT,
OTIPEJIETISIONIUX TAKUEe COCTOSIHUSI JIEKTPOHOB, YHCIIA 3AIOJHEHUs] KOTO-
PBIX SIBJISAIOTCA (DUKCUPOBAHHBIMU (3amaHHbIME). OCTaIbHBIE COCTOSIHUS
v, IPAHAJJIEKAIIE HeIIPEPBIBHOMY W JUCKPETHOMY CIIEKTPY, BKIIIOYUM BO
BTOPYIO 4acTh U OyJeM ONHUCHIBATH WX B NMPUOJIMKEHUU CPEIHUX UHCEes
3anonHenusi. Takyo 3(D@OEKTUBHYIO KOH(MUIYpPaIUo, COOTBETCTBYIOIILY O
3aJaHHBbIM YHCIaM 3allOJTHEHUA JIEKTPOHHBIX COCTOSIHUI V U HEKOTOPBIM
CPEIHUM YHCIaM 3aIOJHEeHUs COCTOSTHU v, 0003HAYUM 1Yepe3 ().

IIycrb npu Temmneparype He paBHOM HyJit0, Kak u B §2 u3 ru. III, ox-
HOYaCTUYIHBIE COCTOAHHA V 3allOJTHEHBI C HEKOTOPBIMHU BEPOATHOCTAMU 17,
(3HauUeHUd N, COBNAIAIOT CO CPEJIHUMU YUCIAMU 3AMOJHEHUs COCTOSHUN 1
u yaosiersopsior ycaosuio 0 < n, < 1), a xaxapii Habop uucesn ng
(nf,—g =1 nm nf,—g =0 ), onpenensonux 3¢bdexTuBHy0 KoHbUrypamio ),
OCYIIECTB/IACTCA € BepoATHOCTbIO W, (ZQ W, = 1). Cunras BepoaTHOCTH
3aroJiHeHUsT 000JI09eK BOJU3M PABHOBECHOTO COCTOSIHUSI HE3aBUCHUMBIMU
(cMm. BoiBom dopmynbt (4) u3 §2 i III), momydwm, 9TO BEPOATHOCTDH
3a/JJAaHHOTO COCTOSHUSA ONpejieiseTcs npousseenuem W, u uucen n, umm
(1—n,) B 32BUCHMOCTH OT TOTO, 3ATIOJTHEHO UJIU He 3AII0JHEHO COCTOSTHUE V.
Hampuwmep, nna 3a7aHHBIX 9uCesT 3AMOTHEHUs COCTOSHUI ¥ KOH(MUrypa-
nun ) (oHa peanusyercs ¢ BePOATHOCTBIO W, ), 3aNOIHEHHBIX COCTOAHMIA

¢ HoMepaMu 1+ N, W He3aTIOTHEHHBIX OCTABIINXCA COCTOSHIN ¢ HOMEPaMH
Np+1,N,+2,... umeeMm

W = Wonmue oo (T=moe ), (1)

npudIemMm an + N, = Ny, rme N,, — 49uCJIO 37€eKTPOHOB B cucreme. B
v
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yKa3aHHOM NpuOsmxkeHnn BMecto dbopwmyi (5), (6) u3 §2 ru. III uveem

Sp(W In W) ZW InW, =

= ZWQ {anQ + Z [nyInn, + (1 —n,)In(1 — n,,)]} ,
=2 W, (Zn? 7<q>\2+2ny|¢y<q>|2). (2)

Ucnonb3yst dpopmymsr (1)—(3) u3 §2 MOXKHO TONYyYUTHh BBIPAYKEHUE JIJIsI
TEPMOJMHAMUYECKOTO IIOTEHIUAA () B OJHOYACTUYIHOM NPHUOJUKEHUN B
VKA3aHHOM BBIIIE CMBICIE:

Q=) W,E, +6> W,InW,+

+02 W, Z [nyInn, + (1 —n,)In(1 — n,,)]—,uz W, lz ng +Zny],
Q v @ v v 3

rae B, — sneprus cocrosnus () B aToMHO# sdeiike, V, (77) — norenmmar,
CO31aBa€MBbIi AIPaMUA.
Heobxoaumo naittn Muxmvym §) Ipu mpousBosbHbIX 1, W, (0 < n,, <1,

> oW, =1), arakxe wQ( ), ¥ (q), yIOBIETBOPSIOMINX YCIOBHSIM OPTOTO-
HAJIBHOCTH U HOPMUPOBKU. [IpuMeHsist BADUAIIMOHHBII TPUHIAI AHAJIOTHIHO
TOMY, KaK 9TO0 ObLIO CIEJIAHO B § 2, MOJIyInM ypaBHeHHUs Tulia Xaprpu—Poka
JJTS KasKI0i KoHburyparmu () ¥ OTIeIbHOE YPaBHEHUE s CPETHErO MO~
Ha. 3aMeTUM, 9YTO ATOMHBIN MMOTEHIINAJ CPETHEr0 MOHA TIOJIYYaeTCs 3/1€Ch,
KaK MbI YBUJUM HUKe, IIyT€M SIBHOI'O YCPEIHEeHUs! 10 KOoHuUrypamusm Q.

Ha npakTuke 0ObIMHO HCIIOB3yeTCsl NPUOJINKEHHOE ONMCAHNE OOMEeH-
HbIX 3ddexkroB tuna CradTepa Ajisi 33]aHHON TEMIEPATYPhI U ILIOTHOCTH
semecra (cMm. §3 . III). Dro npuBoauT K ympomieHuto GyHKIMOHATA
) ¥ MOTy9aeMBbIX TIyTEM €r0 MUHUMU3AINA COOTBETCTBYIOMINX YPABHEHMIA.
Bropackenue st B, B npubmazkennn Xaprpu—®oka—Cisrepa NpUHUMaeT BUJY

Zn—/ (W2 (@) [—%A +Va(F)] U5 (q)dg +
+ZV:"V ¥ (9) [——A+V (T)]% q)dg+ 5 //—le(g_pci,(|q)dqdq'+

+ / o[p%(q),0]dq, (4)
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rue
= |l

a s ¢ [p, 0] copasenmBa dbopmyna (16) n3 §3 . II1.

2. YpaBHeHusi nonHoro meroga Xaprpu—Poka—CisTepa B side-
€YHOM W ILJIa3MEHHOM NpuoOJmKeHusix. JlajbHeiinme yrupolienus
CBSI3QHBI C IEPEXOI0M K IIJIA3MEHHOMN WIn sTdeedHoi MmoaensM. Paccmorpum
BHaYaJIe ST9ee9HYI0 MOJIEJIb BEIIEeCTBA /IJIs IJIOTHOM BHICOKOTEMITEPATY PHOM
niaasmbl. IIpu onmcanum Bemiectsa B 1eJOM B ypaBHenus i E, u s
BOJIHOBBIX (DYHKIMI JOJIKEH BXOAUTH moreHuuan sanep Vo (F), coorser-
CTBYIOIINI UX HEKOTOPOMY TIOJIOXKeHHIO. PerreHue takoil 3a/1a4u He mpesi-
CTaBJISIETCST BO3MOYKHBIM, TIOTOMY OOBIYHO PACCMATPHUBAIOT CPETHUI IM0-
TEHIUAJ BOJU3U HEKOTOPOTO SI/IPA, YCPEIHSS €ro MO MOJOXKEHUSM JIPYTHX
sinep. Ecim mpoBoauTh Takoe yCpeaHeHne HEelTOCPeACTBEHHO B yPABHEHUSIX
XOC, 1o 3ajava yCIOKHSIETCS HEOOXOIUMOCTHIO ydeTa B sIBHOM BHJIE
B33;I/IMO,H€I7ICTBI/I${ MOHOB, COOTBETCTBYIONINX PA3TUIHBIM KOH(bI/IpraIII/IHM
U PA3JINYHBIM 3apsIaM aTOMHOTO OCTOBA.

[Ipouenypy ycpemrenus ya00HO TPOAEIATh A0 MPUMEHEHUs Bapualivi-
OHHOI'O IIPHUHIIHUIIA. TaK KaK B IIJIa3M€ HET BBIACJICHHOTI'O HAIIPpAaBJIEHUA,
TO TOJyYaeMble CPeIHUE ATOMHbBIE MOTEHIUAJbI OYAyT chepudecKn CuM-
MerpudHbiMUA. COOTBETCTBYIONIUE SIPA MOXKHO OKPYKHUTH chepoii TaKOTro
pa3mepa, 9TOObI ATOMHBIE sT9€fKN C BBIODAHHBIMU MOHHBIMU KOHMUTY-
pamusMu () ObLIM 3JIeKTpPOHeWTpaibHbiMK. VTak, OyaeM mpejrosararh,
YTO WHAWBHUIYAJIbHbBIE COCTOSIHHS MOHOB () B yKA3aHHOM BBIIIE CMBICIIE
MOKHO OIUCATH, 33/1aBasi PA3JIMIHbIE [0 PA3MEPY JIEKTPOHEHTPATbHBIE
cepuyeckue aromuble gueitkn oobema V,. Torma unrerpuposanue B (4)
MOKHO TIPOBOJIUTH TOJBKO B COOTBETCTBYIOIINX sTdeiKax ().

W3 ycmoBus coxpanenusi CpeiHEr0 00beMa mMeeM

‘+me/, (5)

ZWV V=2 (1388);1 (6)

rme A — aTomHBIi Bec, p — TJIOTHOCTDL BemecTBa B r/cvm®. Tpebosanue
JIEKTPOHENTPAIBHOCTH A9€eK

rae Z — 3apsaj gapa, II03BOJIAET HE YYUTBHIBATH WX B3aMMOJAEHCTBUE U
BMECTO MOTEHIMAA BCEX fAJep 3a/aBaTh IIOTEHIUAJ OJHOIO BBIOPAHHOTO
danpa, r.e. Vo(F) = Z/r, monarasi, 410 moiHbl byHKIHOHAT () MOXKHO
NPEACTABUTD B BUJE CyMMBI 110 TYEHKAM.
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Vcnonb3ys Boipakenue (3) st GyHKOEOHAMA () M yYUTHIBAsA JONOJHUTE/IbHBIE

2
yeaomus (S Wo = 1, T + S, = 2@)| da = 1, [lwu(@)fdg = 1
7 v

> W4V, = V) ¢ nomousio MuOXKHTesNeH Jlarpanxka A, By, Ag, A, u P, nonydaem B

COOTBETCTBUHU C UCIOJb3YEMbIM BapPUAIAOHHBIM IIPUHITUIIOM:

5{ZWQEQ +0> W,oInW, +
Q

Q

+GZ Zn,,lnn,,+(1—n,,)ln (1—mnu)] uZW [Zn_ +an,:|
Q
A ZWQ—1]+ZBQ [an+znu_z]+
Q Q v v
+ 52 | [ (6@ da—1] + S | [ ut@)2 da - 1] +
a2 [fog@] o]+ o |f ]

+P [%:WQVQ _v}}:o.

Toacrasass ciona Beipaxkenue (4) miis E, 1 1poBojs BapbUPOBAHUE, IOJLy UM

Z(SWQ {EQ +0In W, +02[n,, Inn, + (1 —ny,)In(l —n,)] +
v

+0+A+PV, —u [Zn§+2ny]}+

+ZW {Zm/wy(q Ay, q)dq+025nyln e
<u+—) Zany+ZnV/5wy(q A (a)da +
+3on? [6(v8@) Ay v a)da+
+3om [vi@hgsv @ da +
+302 [ (48) Beovd@ dq} +

+ W, {63 [E‘ +02(nylnnu+ (l—n,,)ln(l—nu)):|5VQ+A§VQ} 4
Q
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[ / 5 (v2(@) 42 (9)dq + / (v2(@) oug (q)dq] +
+> A V 6w$(q)w(q)dq+/w$(q)5w(q)dq} =0,
TIe

Q 2
:__AJFV(”)JFZ /lw fq L|dq+

[vu(d)?dgd dp(p?)
+2V:nV/ T ol (8)

*
Cuutas Bapuanuu on,, 0y, 6, 51[1?, ) (1[1?) , W, u 6V, nesapu-
CUMbIMU, TOJIy9a€eM CJACAYIOIUe YCJIOBUA MUHUMYMa:

AY

H CQ(q) = ——Z_yQ(q) = QyQ

) Wgng% (9) = ez (9), 9)

. A,

Holbu(Q) = _n_wu(Q) = ngV(q)a (10)

1
n,=————o (11)
1+exp Eue_p’

E, - ) +0+ A+ PY,
W, = exp (— ° H(Z" Zen ) Q) ) (12)
0

v, (E +9Z nyInn, + (1 —n,)In(1 —ny)]> +P=0, (13

rJe BBEICHBI 0003HAYCHUs
i=p+» B,,  Hy=)» W,H
Q Q
Tax kak >, n% + 3, n, = Z, 10 u3 (12) nonyaenm

E, + PV,
W, = Cexp <—u> ,

0
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rze nocrosinnas C' BeiGupaerca u3 ycioBus Hopmuposku. 13 pasencrs (13)
caenyer, 94TO

0

Pl =———
Sy,

E, + 02 (nyInn, + (1 —ny,)In(1 —n,))| =P. (15)

Bemmanna PY ecTh mpomsBogHAs OT CBOGOTHOMN 3HEPrum 1o obbemy
(¢ obparHbIM 3HAKOM) M B coorBercTBuu ¢ [11] sBasieTcss mo ompemese-
HUIO 3JIeKTPOHHBIM JABJIEHHEM B aToMHON sueiike (). Taxkum obpazowm,
yeioue (15) o3Hadaer, 4TO IJEKTPOHHBIE JABJIEHHs BO BCEX ATOMHBIX
suefikax () JTOJKHBI ObITH PABHBI.

fuaeednoe mpuOIMIKEHNE TPE/INOIAraeT J0CTaTOYHO BBICOKYIO MJIOTHOCTD
BEIIeCTBa, KOrga HapYIIeHNe 3JIeKTPOHERTPAIbHOCTA ATOMHOI A49eiiKu Ipu-
BOJIUT IIJIA3MY B CHJIbHO HEPABHOBECHOE COCTOSTHUE € OBICTPOil pestakcaryeit
K PABHOBECHOMY COCTOSTHUIO, B KOTOPOM KazK/asl AaTOMHAasl sTaefika sBIIsIeT-
€ JIEKTPAYECKN HEATPAJIbHON.

B npoTuBOmnonoKHOM CiIyuae MaJibIX IJIOTHOCTEH JJisi UAeaTbHOW UITH
craboHenIea TbHOM MIa3Mbl TPEOOBAHUE HJIEKTPOHEHTPATILHOCTH ATOMHBIX
da9eeK MOZKeT 6bITb CIINIOKOM 2KECTKHM W HE€ BBINIOJHATHCA Ha IIPAKTHUKE
(HanpuMep, MpU HAJIWYMA OTPHUIATESHHBIX UOHOB). IIpH TaKUX yCIOBUSX,
KaK MPABUJIO, MOXKHO TTPeHeOpedh B3anMOIEHCTBUEM ATOMHBIX sTI€eK, Pa3-
MEPBI KOTOPBLIX AJOCTATOYHO BEJIMKH, CUHUTAA, ITO CBO60,Z[HI)I€ JIEKTPOHBI
PaBHOMEPHO PACIPE/IETIEeHbI B IPOCTPAHCTBE. Pa3Mephl siaeek /1J1si WH/IUBY-
AYyaJIbHBbIX COCTOSIHMI MOHOB B 3TOM CIy4ae y,Z[O6HO B34Tb OJVUHAKOBBIMHU.
3aMeTuM, 9TO YCJIOBHE 3JIEKTPOHEATPATBHOCTH IS KAXKIOH M3 S9€eK B
9TOM CJIydae MOXKET He BBIMOJHITHCS, XOTs JOJIZKHO BBITOJHITHCS YCIOBHE
3JIeKTPOHERTPAHLHOCTH IJIA3MbI B [IE€JIOM

S>W S 2+ | =2 (16)

B pesysnbrare mpuMeHeHUsI BAPUAIMOHHOTO MPHHIMUIA (AHAJOTHIHO
TOMY, KaK 3TO OBLIO CIEJIAHO BBIIIE) MOIYIUM CIEIYIONLYI0 CUCTEMY ypPaB-
HeHU j1y1s1 oHHOTO Merona Xaprpu—Poka—CraTepa B MIa3MEHHOM TPH-
OnMKeHuH

~ A%

Hov () = — 2507 (0) = 5707 (@), (17)
QY

~ A,

Holbu(Q) = _n_ V(Q) = €V¢V(q)7 (18)
1
ny = —————, (19)
1+ exp A
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E, —M(an—i-Zn,,)
W, =Cexp | - 7 , (20)

rie koaddumuent C onpenenserca u3 ycaosus Hopmuposku y W, =1,

Q
a XUMUYECKUI MOTEHIUAJ [t U3 YCIOBUS JIEKTPOHENTPATBLHOCTI

ZWQ Zn§+2ny =Z. (21)

Urak, sveedHoe U IJIa3MEHHOE NPUOJIMIKEHHSI COOTBETCTBYIOT JBYM
MpeIeTHbHBIM CIydasiM OOMBIINX W MAJBIX TUIOTHOCTEH BemecTBa. 3ame-
THM, 9YTO TPHU BBICOKUX TEMIIEPATYyPax CYIIECTBYeT JOCTATOYHO OOJIb-
mIO# JAMana3oH MPOMEKYTOUYHBIX IJIOTHOCTE, IJie pe3y/bTaTbl PacdeToB
B IJTA3MEHHOM W STI€ETHOM TPUOINKEHUAX TPAKTUIECKH COBIAIAIOT. DTO
03HAYAeT, YTO MTPU BBICOKUX TEMIIEPATyPaX UMEeT MECTO IIJIABHbIN Tepexo/l
or mogesu (9)-(15) k monenu (17)-(21) npu ymenbinenuu mwiorHoctu. [Ipu
OYeHb MAJBIX IJIOTHOCTAX MJIa3MeHHoe mpubsmkenue (17)-(21) moxker
OKa3aThCsl HEMPUMEHUMBIM HW3-33 HAPYIIEHUs YCJIOBUIN JIOKAJIBLHOTO Tep-
MOJMHAMHUYECKOro paBHoBecus (cM. §7, ri. V).

3. BousiHoBBIe PyHKIUU W yPOBHU SHEPruM HOHOB B ILJIa3Me.
Paccmorpum mpumMenerue Mojiesieit CpeHero aroMa /ijisi pacueTa BOJTHOBbIX
dyHKIWMIT 1 ypOBHEH 3HEPTUN HOHOB B I1a3Me. Kak mpaBuio, B TaKUX pac-
4YeTax MCIOJIb3YIOTCS OIHOIEKTPOHHBIE BOJTHOBbIE (DYHKIIUY, IOy Y€HHbIE
J1J1s1 CBODOHBIX MOHOB B Ipubxkenuu Xaprpu—Poka. O 1HaKo, uMesi B BU-
11y HeOOXOIMMOCTh ydeTa OrPOMHOI0 YHCIa COCTOSIHUAN HOHOB B ILIa3Me TIpU
pacyeTax pOCCeJaHIOBBIX MPOOEroB, MOKHO 3HAYNUTEIBbHO YIPOCTUTH BbI-
UCJIEHUST, BOCIIOJIb30BABIINCH OTHOJIEKTPOHHBIMU BOJTHOBBIMU (DYHKITHSI-
mu 1o mojesn Xaprpu—®@oka—Ciarepa. Kak nmokassiBator pacuerst, dbu-
3uvecKasl TOYHOCTb IIPH ITOM OKA3bIBAETCs IIPUMEPHO TOM 2Ke, 9TO U IpU
HCIIOTb30BAHUN OTHOIEKTPOHHBIX (DyHKINi o Momenn Xaprpu—Poxka.

Ha puc. 4.6 npoBeneHo cpaBHeHMe BOTHOBBIX (DYHKIHI, IOy 9€HHBIX 110
mogesn Xaprpu—Poka—Ciarepa, ¢ BOMHOBBIMY (DYHKIIUSIMU, BHIYUCTIEHHBI-
mu o Mozenu Xaptpu—Poxka. PacueTsr mpoBeeHbI s TJIa3Mbl JKeje3a
nipu Temneparype T = 20 3B u muiorsoctu p = 10~% r/em®. Tlpu aTux ycito-
BHUSX CPEJIHUE YUCJIA 3aI0JHEHUs ONPEJENAIOT CPEJHIO KOH(MUrypamnuio
1522522pf351:853p1123d1+24 | xoTOpas momydaerca B pesysbTaTe pelTeHHU
cucrembl ypaBaernuit Xaprpu—Poka—Ciarepa JJjisi CpeIHero aToMa.

B rabmumax 4.6-4.8 npuBeneHbr SHEPTUN TEPMOB, BHIYUCIEHHBIE B ITPU-
OIMKEHUN CBSI3U MPOMEXKYTOYHOTO THUIA C BOJHOBBIME (DYHKIUSIMHU, IT0-
aydenabiMu 10 Mozensim Xaprpu—®oka u Xaprpu—®oka—Ciarepa. s
y00CcTBa B3sTa PA3HOCTH IHEPIUU TepMa U MUHMMAaJbHOU 3Heprun Ey no
cooTBeTcTBYIOIIEel KoHburypaimu (). Pacuersr mpoBeeHbl /1ist xKese3a
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Rp(r) , 1,5
1 1 3s
0,5 0,5
0 0
-0,5 -0,5
) 0,06 01 0,15 02 0 005 0.1 015
1,5
1 3p 1 3p
0,5 : 0,5
0 0
—-0,5 —-0,5
—1

o 0,05 01 015 02 0 005 01 015

0 0,05 0,1 0,15 0,2 0 0,05 0,1 /r]To

Puc. 4.6. CpaBHenue BOJIHOBBIX (DyHKIMHA I HOHA 2Kee3a (Z = 26), IOy YeHHBIX [0

mozensivm Xaprpu-®oka gas kordurypanun 1s22s22p83s23p43dt (cnuomHast JIMHMS)

u Xaprpu—-®oka-Cisrepa (IWITpuxoBas JUHUSA) I TOH ke KoHbuUrypanuu (Ciesa).

CopaBa — CpaBHeHHE BOJHOBBIX (YHKOHH 10 mozenu Xaprpu—Poka ajs KOHOHUTY-

pammu 1522522p%3523p43d! (cmommas munusa) u no mogemu Xaprpu-®Poka-Ciatepa

nuis cpeamei koudurypanun 1522s22p%3s1:853p41234d1:24 (mrpuxosas mususa). Pagu-
asbHble (DYHKIUK 37eCh MIPAKTUIECKH COBIIALA0T
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Ta6auna 4.6. Dueprum Tepmos Kouburypamuu Q = 3523p83d? xenesa (Z = 26)
B aTOMHBIX eauHUNax. [IpuBesieHa pa3sHOCTb JHEPruil pacCMaTPUBAEMOTO TepMa u

TepMa ¢ MUHHMAJBHOH [y maHHOH KoHUrypamuu sHeprueit. Byksamu S, P, D, ... ¢
nudpoii BIepeay ykazaHa JAOMHUHHDYIOIAs KOMIOHEHTa TepMma (mudpa COOTBETCTBYET
MYJIbTUIIETHOCTH).

Tepm | J | sxen. XP XDC

FEo = —1250,436 | Fo = —1250,214

3F 2 | 0,000 0,000 0,000
3 | 0,005 0,005 0,005

4 | 0,010 0,011 0,011

1D 2 | 0,080 0,097 0,088
3P 0 | 0,091 0,111 0,101
1| 0,093 0,113 0,103

2 | 0,097 0,117 0,108

1G 4 10,132 0,148 0,134
15 0 — 0,358 0,323

Tabauna 4.7. Juepruu Tepmos Koudburyparmuu Q3 = 3s2 3p® 3d 4f xenesa (Z = 26)

Tepm | J | sxen. XP X®C
Bo = —1247,402 | By = —1247,218
1G_| 4 [ 0,000 0,000 0,000
37 | 2 | 0,000 0,008 0,007
3 | 0,002 0,009 0,008
4 | 0,006 0,008 0,007
3¢ | 3] 0,014 0,024 0,022
4 | 0,029 0,027 0,026
5 | 0,039 0,030 0,028
10 |2 {0,018 0,022 0,021
1F |3 [0,02 0,039 0,037
3D | 1 | 0,027 0,035 0,032
2 | 0,027 0,035 0,032
3 | 0,031 0,034 0,032
3P | 2 | 0,036 0,046 0,042
1| 0,038 0,048 0,044
0 | 0,039 0,049 0,046
1H | 5 [ 0,046 0,066 0,061
1P [ 1] 0,05 0,066 0,060
3H | 4| — 0,012 0,012
51 — 0,011 0,010
6| — 0,016 0,015

(Z = 26), a Takske juist xpoma (Z = 24). DKCIIepUMEHTAIBHbIE JAHHBIE B3si-
ThI U3 GUOINOTEKHM ATOMHBIX CIIEKTPOCKONIUIECKUX JaHHBIX HanmoHanbsHo-
ro uncruryra crangaproB u rexuosoruii CIITA (http://physics.nist.gov/
cgi-bin/AtData).



Ta6nuna 4.8. Dueprun Tepmos Koudburypamun Q = 3523p®3d* xpoma (Z = 24)

Tepw | J | sxen. XD XDC
Eo = —1041,056 | Eo = —1040,525
5D | 0 [ 0,0000 0,0000 0,0000
1 | 0,0003 0,0003 0,0002
2 | 0,0008 0,0009 0,0007
3 | 0,0016 0,0017 0,0015
4 | 0,0026 0,0028 0,0025
3P | 0| 0,076 0,098 0,069
1| 0,078 0, 100 0,070
2 | 0,081 0,103 0,073
3H | 4 | 0,079 0,090 0,064
5| 0,079 0,091 0,064
6 | 0,080 0,092 0,065
3F | 2| 0,084 0,104 0,073
3| 0,084 0,104 0,074
4 | 0,085 0,105 0,074
3¢ | 3] 0,004 0,114 0,082
4| 0,09 0,115 0,083
5 | 0,096 0,116 0,083
3D | 3 | o117 0,143 0,106
2 | 0,117 0,148 0,106
1] 0,118 0,148 0,107
1F [ 3] o187 0,207 0,148
3F | 2] 0,197 0,245 0,176
3| 0,197 0,245 0,175
4 | 0,197 0,245 0,175
3P | 0] 0,222 0,247 0,177
1| 0,223 0,249 0,179
2 | 0,225 0,250 0, 180
i e | — 0,136 0,096
¢ 4] — 0,143 0,101
D |2 — 0,179 0,127
¢ 4] — 0,277 0,198
15 o] — 0,167 0,118
0 (2] — 0,374 0,269
15 [o] — 0,484 0,347

Kak BumHO w3 Tabsnii m PUCYHKOB, PACCMOTPEHHOE MPUOJIMKEHUE,
€CTeCTBEHHO, He JAeT TOYHOCTH, HEOOXOIMMOW IJisi CHEKTPOCKOIMIECKIX
WCCIeIOBAHUMN, OTHAKO SBJISIETCS BIIOJIHE yIOBJIETBOPUTEIBHBIM IIPU TIPO-
BEIEHUN PACYETOB CIEKTPAJBHBIX KOIGDMUIIMEHTOB MOrIOIeHs (POTOHOB
U POCCEIAHIOBBIX MPOOErOB B IIa3Me.



YACTDL II

PAJIMAITMOHHBIE I TEPMOJINHAMWYECKUE
CBOMNCTBA IIJIOTHOMN
BBICOKOTEMITEPATYPHOW I1JIA3MBI

I'nasa V
BBAHMOﬂEfICTBHE N3JIYIYEHUA C BEIITECTBOM

YewMm BbIIIIE TEMIIEPATYPa BEIIECTBA, T€M OOJBIIYIO POJIb B IIPOIECCAX
nepeHoCa IHEPTrun UrpaeT u3JjayIeHue. HpI/I OY€Hb BBICOKUX TEMIIEpATypaXx
(mopsiiKa HECKONIBKUX MUJUIMOHOB I'DAJIYCOB) OCHOBHBIM MEXAHHU3MOM IIe-
pepacupeiesieHrsi SHEPIUH sIBJISIETCST ee TIEPEHOC, OCYIIeCTBIIsieMblit (hOTO-
HaMU, TaK KaK [MOTOK SHEPTHH, MEPEHOCUMOT (hOoTOHAME, TOPA3I0 OOIbIIe
MOTOKA SHEPIUH, TIEPEHOCUMON IpyTruMu JacTuiamu. Eciu npu sToM aiuHa
mpobera (pOTOHOB MaJjia MO CPABHEHHIO C XapAKTEPHBIMU Pa3MepaMHy TLIa3-
MBI, TO CcripaBeuBO auddy3uoHHOE MPUOIMKEHNE, KOTOPOE TTPUBOIUAT K
ypasrenuro aywucmoti menaonposodnocmu. Koadduiment rerronpoBo/i-
HOCTH B 3TOM YPABHEHUU HUMeEET CJIOKHYIO0 HEJTHHEHHYIO 3aBHCHMOCTH OT
TEMIIEPATYPhI U TIJIOTHOCTH BEIECTBA, OT CIIEKTPAIbHBIX KOIDDUIMEHTOB
MOTJIONIeHUsT (DOTOHOB. Y paBHEHUE JIyYUCTOW TErJIONPOBOIHOCTH HAIILIO
[IMPOKOe MPUMEHEHNEe MPHU OMUCAHUK PA3JIMIHBIX MPOIECCOB B ILIOTHOMN
BBICOKOTEMIIepaTypHOIT mia3me [44, 72, 172, 155].

Eciin npoberu (poTOHOB CpaBHUMBI C Pa3MepaMu ILIa3Mbl, TO auddy3u-
OHHOE TIPUOJTHKEHe HeTPUMEHUMO, U JIJIsi OMUCAHUS TIPOIECCOB MIEPEHOCA
SHEPIUU HEOOXOIUMO PEINaTh YPABHEHUE MEPEHOCA, M3JIYIEHUs C yIeTOM
CIIEKTPANILHOM 3aBucuMocT Koadduimentos norsomenus Gpotoros [133].

§ 1. JIyuucras TemJIompoBOAHOCTDH MJIA3MbI

1. YpaBHeHUe MepeHOCcA U3JIydeHUs B BerectBe. [lpu usyde-
HUU [IPOIIECCOB IIPOXOXK IEHUS N3JTyYeHHs Yepe3 BeIIeCTBO Oy aeM HCXOIUTh

u3 dynxyuu pacnpedesenusn borouos f(7, Qv t). Oyukuusa f(7,Q,v,t)
onpeegeT KOHUEHTPanuio (POTOHOB, KOTOPhIE UMEIOT Hampasjenue () u
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YacTOTy V B JAHHON TOYKE MPOCTPAHCTBA 7 B MOMEHT Bpemenwu t. Takum
0bpa3oM, YnWCI0 KBAHTOB CBeTra B 3jmeMeHTe obbema dV, comeprkariem
TOYKY T, B MHTEpBaJe YaCTOThI dV W PACHPOCTPAHSIONIUXCS B 3JIEMEHTe
resecuoro yria df) (6ynem caurarh, UTO O — enunmanbl BEKTOD) B
MOMEHT BpeMeEHU { PABHO

f(7 0, v, t)dV dQdv.

Cuwnrasi, 9T0 B KayKJIOW TOYKE MPOCTPAHCTBA 3aJaHa ONpe/IeeHHasT
KOHIEHTPAIHs (DOTOHOB, MBI OIUCHIBAEM JIEKTPOMATHUTHOE MOJI€ KIACCH-
qeckuM obpazom. [Ipu kBaHTOBOM onmcanuu 1ot (OTOHAM OIIPE IETEHHOM
9aCTOTHI HEJIb35 MPUIKICHIBATH ONPEIEIEHHOE MOJIOXKEHNE B TPOCTPAHCTRE.
[Toste momKHO paccMaTpuBaTbCs KaK COBOKYITHOCTH DPAJMAIMOHHBIX OC-
MWLIATOPOB, KAXKIOMY M3 KOTOPBIX MPWHAJIEKUT OIPEIEIEHHOE HHCIIO
KBAHTOB 71, , XaPAKTEPU3YIOIIUX CTEIeHb BO30YKICHUS KAXK/I0TO OCIIUJLIIs-
topa. OJHAKO KBAHTOBBIE CBONCTBA TIOJISI U3JIyYeHUsI TIPOSIBJISIIOTCST CYIIe-
CTBEHHBIM O0DPA30M TOJIBKO B IJIEMEHTAPHBIX MPOIECCAX B3AMMOIEHCTBUS
W3JIyYEHUS C BEIIECTBOM.

@ynukuys f(7, (), v,t), 3aBUCSIIAA OT CEMU CKAJSPHBIX MEPEMEHHBIX,
YIOBJETBOPsieT WHTErpo-auddepeHuaIbHOMy yPABHEHUIO, KOTOPOe Ha-
3BIBAIOT YPABHEHUEM NEPEHOCE USAYUEHUA. DTO ypABHEHUE MMEET BT

% +c(Qgrad) f = N*A; — ¢(Noo, +nog) f +

—

+ cnos //K[(Q,Q'),I/,V']f(ﬁ',l/')dﬂ'du' (1)

(moz; 3HAKOM MHTErpaJia Mbl yKa3bIBAEM JIUIbL T€ apryMeHThbl hyHKImu f,
10 KOTOPBIM ITPOU3BOIUTCS HHTErprpoBanne). JleBast yacTb ypasHernus (1)
IPEJICTABIISIET CyOCTAHIMOHAIBHYTO (JIArPAHKEBY ) IPOU3BOIHYIO (DYHKIHMHU f.
Ecau 661 (poTOHBI He B3aMMOIEHCTBOBAIN C YaCTUIIAME BEIIECTBA, TO ITA
npou3BonHAasA paBHAnach Obl Hysro. [IpaBas gacts mpemacraBiser coboit
U3MEHEHHe I0TOKa (DOTOHOB B PE3YJIbTaTe WCILyCKAHWS W3JIy4YeHUs] Be-
mMECTBOM M IIOJ, rHef/'ICTBI/IeM CTOJIKHOBeHI/Iﬁ C YaCTUIlaMHU BeEIIEeCTBa. HpI/I
CTOJIKHOBEHHUSIX BO3MOXKHO JINOO TIOrJIOIIEeHe (POTOHA, JTHOO0 ero paccesiHue.

B nepsowMm ciaraemom cripaBa N* eCTb KOHIIEHTPAIIHST YaCTHIL BEIIIECTBA,
CIIOCOOHBIX UCIYCTUTH (POTOH 4ACTOTHI v/, A} €CTh BEPOsITHOCTH HCIIYCKa-
Husi (POTOHA YACTOTHI V' B HAIPABIECHUU Q. Bropoe ciiaraemoe BbIparkaer
yMeHbH_IeHI/Ie qucjia (bOTOHOB, ,Z[BI/I}KyH_[I/IXCH B HaHpaBHeHHH ﬁ, 3a CcYetT
VIPYIUX U HEYNPYTUX B3auMOAeHcTBUM. HaCTUIBI BEMIECTBA, C KOTOPBIMU
GOTOHBI B3aUMOJIEHCTBYIOT IPU CTOJKHOBEHHUSIX, XapaKTepU3yHTCs 3¢-
(PEKTUBHBIM CEIEHUEM PACCESHUSI 0y W CEUCHHEM IOTJIOMIEHUs 04, 3aBU-
CAIIMMHU OT 9acTOThl v. B ypaaenuu (1) N, €CTh KOHIEHTPAIMs YACTHUI]
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BEILECTBa, CIOCOOHBIX IOIVIOMATH (DOTOHBL; T — KOHIEHTPAIUs YACTHII,
crocOOHBIX paccenBaTh. Bo Bcex mporeccax B3auMOAeHCTBUS U3JIYYeHUs C
BEIIIECTBOM OCHOBHYIO POJIb MI'PAET B3aUMOIEHCTBHE C 3JEeKTPOHAMU, TaK
KaK CeYeHHUs B3aUMOEHCTBUS 0OPATHO MPONOPIUOHAIBHBI KBAAPATY MacC-
Cbl YaCTHUIIbI. BaMeTI/IM TaK2Ke, 9TO €C/JIH dJIEMEHTapHbIC CEYCHUA 3aBHUCAT
OT SHEPIMM YACTHUI, TO COOTBETCTBYIOUIHE dieHbl B (1) JOKHBI OBITH
MPOMHTErPUPOBAHBI IO (DYHKIUU PACIPEIE/IEHUsT JACTHUII.

ITocnenanit HTErpABHBIN YIEH B MPABOI YaCTU XapaKTEPU3YeT MPHU-
palenne unciia pOTOHOB, ABHKYIIUXCS B HANpaBIeHHH (1, 3a cuer ¢o-
TOHOB, IBUTAaBIONUXCA paHee B JPYIUX HaIIPABJICHUAX ﬁl 1 UMEBIIHUX Ya-
crory V', HO NPeTEPIeBIINX PACCesHUE Ha YOI (ﬁ a ), T.e. yTOJI MEXKIy
HaIIpaBJIECHUAMU Qu Q’ B PE3y/IbTaTe KOTOPOrO OHH TPUHSTH HAPAB-
Jlenue apuzKeHus 3 u 4acTory V. H;Lpo uHTerpaia K [(Q a ),v,v'] ecThb
BEPOSITHOCTH PACCESTHUS HA, YTOJT (Q, a "), onpenessieMas MEXaHU3MOM B3a-
umozeiicteus. PaccesiHue cBeTa 3JI€KTPOHAMU, MPUHA/JIEXKAIUME Hepe-
DPBIBHOMY CIIEKTPY 3Hepruil (KOMnToH-3h@dEKT), COMPOBOKIAETCS U3MEHE-
HUEM YaCTOTHI TP IHEPruaX (HOTOHA, CDABHUMBIX C COOCTBEHHO SHEPTHEH
anexTpona mc?, koropasa pasHa 0,51 MaB. Ecim xe sneprus doTona
MaJia O CPABHEHHMIO ¢ Mc2, TO N3MEHEeHne JaCTOTHI IPU PACCEHUN TaKKe
MaJIo, & CedeHHue CTPEMUTCH K MOMCOROGCKOMY cenenuto oo = (8/3) mrd,
ro = €?/(mc?) — xnaccuueckuii pajJmyc 37eKTpoHa. Bosee aeTaibHO
abderr paccesiaus uccnenosan B [207]. B manbHeiimem mbr OymeM, Kak
IpPaBUJIO, CIUTATH, YTO UMEEM OEJI0 C YUCTO TOMCOHOBCKHM pPaCCEAHUEM,
st KoToporo aapo unrerpana K|[(G,3'), v, '] soiporxaaercs B K[(€3, (7))
¥ TpeicTaBisger coboi BEPOATHOCTH PACCESHUSI HA YIOJ (ﬁ,ﬁ’ ). Yro
JKe KACAETCsl BBIUUCIEHUsI CEUEHWs] PACCEsHUS HA CBSI3AHHBIX JIEKTPO-
HaX, NPUHAJJIEKAIINX JUCKPETHOMY CIEKTDY JHEPTHUil, TO 37eCh CeYeHne
paccedHnd HaMHOTO MEHbIIIE COOTBETCTBYIOINETO CEYE€HUA ITOTJIOMICHUS.
ITosromy B mambreiimem nozx obosuaderwem n B (1) OyzeM TOHMMATH
KOHIIEHTPAIMIO CBOOOIHBIX JIEKTPOHOB U YUYUTHIBATH 3P DEKT PacCesiHUsI
B HEPEIIATUBUCTCKOM HpI/I6JII/I}KeHI/II/I.

IIpexne, gwem paccmarpuBarh 3G OHEKTUBHOE CeUeHUE MOTJIOMIEHUS O,
HA CBSI3aHHBIX W CBOOOJHBIX 3JIEKTPOHAX U MEPEnuchiBaTh ypasHenue (1)
C yIeTOM MPUHATHIX MPUOIMKEHUH, HeoOX0anuMO 0OCYIUThH MEPBOE Ciara-
emoe N*A¥ B npasoit gactu (1). Ecam 661 GOTOHBI HOTINHAINCH KITAC-
CHUYECKON CTATHUCTUKE, TO WCIyCKaHHe ObLIO Obl M30TPOMHBIM U €ro Be-
positnocTh A} He 3aBucesna 6br or yHkuuu pacupenenenus f. Tak kak
(bOTOHbI IIOOYUHAIOTCA CTAaTHCTUKE BO3€, TO BEPOATHOCTH HUCIYCKAHUA
¢dOTOHOB € YaCTOTO# V 3aBUCUT OT 4YKCIa (POTOHOB, yiKe HAXOMSIIUXCS
B COOTBETCTBYIOIEH stueiike (azoBoro mpocrpancTsa. Eciau 0b603HaunTh
gepes f GpyHKIMIO pacnpeeeHus, OTHECEHHYIO K euHUIE 6e3pa3MepHOro
dasosoro obvema dVdp/h® (p = hv/c, df = dp,dp,dp.), T0 BeposTHOCTDH
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ucnyckanusi Oyzer npomnoprmonanbia 1 + f) roe f — wucno doronos ¢
JAHHBIM HaIIPpABJICHUEM TOJIAPU3alUN, YZKE€ HAXOAAINMUXCA B ITOU ddeiKe
dazosoro npocrpancrsa, Tak uro A% = A, (1 +f), rne A, e 3aBucur ot
f, a dyukuun pacnpenenenus f u f cBa3aHb cieayommM 06pa3oMm:

AV dp

fav Qv =2 =

(2)

Taxk Kak /17151 (POTOHOB C AGCOTOTHBIM 3HAYEHHEM HMITYJIbCA P U HAIPAB-
JIEHUSAIMHE JIBHKEHNs, JTeKAIIMI B HHTEPBAJe TeJIeCHOro yria df), nveem
dp = p? dp dQ), To u3 (2) caemyer, aro

R dz/f_ c3f 3)

2p? dp 2027

BeposTHocTs paccessaus pOTOHOB B HEKOTOPYIO sideiiky (ha30BOro mpo-
cTpaHCTBa OymeT TakxKe TpomopruoHanbHa 1 + f, HO a7 paccesiHus 6e3
U3MEHEHUsT SHEPIUH TOT 3(PMEKT BHIMAIAET U3 YPABHEHUsI IEPEHOCA U €TI0
YYUTHIBATH HE HYKHO (CM., Hampumep, [109]).

TMoncrasmnsisa (3) B (1), monyuaem ypaBHEHHe mepeHoOca it (POTOHOB ¢
YIETOM UHIYUUPOBAHH020 UCNYCKGHUA, KOTIA PACCesTHUE MTPOUCXOIUT 6e3
U3MEHEHUs 9aCTOTHI:

10f = _N* c
—§+(Qgrad)f— c A, <1+mf)_Naaaf_

—

—no—sf+no—s/K[(Q,ﬁ')]f(ﬁ')dQ'. (4)

10f
Yenom T (4) B mpakTHYECKHX pacdeTax OOBITHO MOYKHO IpEHe-
c

6peub (KBasucraruoHapHblii ciaydail). [Tosromy mis nepeasmueucmcekozo
KBa3UCTAYUUOHAPHO20 CIIyYas TOJlydYaeM YpaBHEHHUE TIEPEHOCA B BU/IE

2 * *
c NA)f—i-NA,,—

(Qgrad)f = —N,o, <1 "IN, o

—

—ncrsf+ncrs/K[Q, NFE@HY Q. (5)

2 N*A, .
Besmmuuna — ——— mnpe/crasiser coboil nonpaBKy Ha MH/YLUPO-
2v2 N,o,
BaHHOe uciyckaume. Popma 3anucu (5) ya06HA OTOMY, YTO BEPOSITHOCTH
WCIYCKAHUST U CEYEHUE MOTJIOMIEHUs CBI3aHBI NPUHUUNOM 0eMasbHO20

pasHosecus (CM. HEKOTOPBIE OCOOEHHOCTH [IJIsl CUIIBHO YIIUPEHHBIX JIMHUH
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B [45]). B Tom ciydae, KOrja BEmeCTBy MOYKHO HPHUITACATEH ONPEIETIEHHYIO
TeMiepaTypy (T.e. KOTJa MeXK/y YaCTHIAMH BEIIECTBA yCTAHABIUBAECTCH
TEPMOJIUHAMMYIECKOE DABHOBECHE), ITY CBsI3b MOXKHO JIerKO Hahtu. JIjis
3TOTO JOCTATOYHO DPACCMOTPETHh CIydail, KOrJa H3JIy4eHHe OKa3ajloCh B
pPaBHOBECHH C BelecTBOM, Tak 4ro f = [f], rue [f] obo3nagaer dyHKImIO
pacipezeserns: GOTOHOB B COCTOSIHUU TIOJTHOTO TEPMOJTUHAMUIECKOTO PAB-
nosecud. Torna u3 ypasuenus (5) B Culy TOro, 9T0O

/ K[(§,9"]d}" =
HOJIy9aeM
v? 1
c3 212 Nyo, 1‘
2 N*A,

[f]=

hv
Corusacuo craructuke Bonbivana = exp - ) rae 8 — remmepa-

N*
Typa BemecTsa. Iloaromy dopmyna mis [f] npurumaer Bug
202 1
3 22 g, hv 1'

2 4, " P\g
C napyroit cropounsr, o ¢gopmyse [lnanka dyukius pacnpeaenenus GHOTo-
HOB B COCTOSIHUH T€PMOJUHAMUIECKOTO PABHOBECHUSI

202 1
= fr) = 24—, (6)
— -1
exp ( ; )
OTKY/Ia, CJIE/IyeT, 9TO
2% o,

B ciydae 9acTUYHOTO 40KGAHOZ0 MEPMOJUHAMUNECKO20 PAGHOBECUA,
KOLJJa BEIECTBO XaPAKTEPU3YeTCst OLPEIEIeHHON Temneparypoit 6, a dyHK-
sl pacnpesesieHnst (GOTOHOB He sABJIAETCs IJIAHKOBCKOM, ypaBHEHHE [epe-
Hoca ¢ yderoM (6) u (7) mpuHUMaeT BUL

hv
(ﬁgrad)f:— N,o, 1—¢ 0 +nos| f+

*

1j+

+nas/K[ (Q, Q] F (') dY (8)
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rie

N* w2 B
— 4, = Noga e hv/9 — N,o, (1 —e hV/9) [f]. 9)

Ecnu  ycnoBusi JIOKAJIbHOrO TEPMOJIMHAMUYECKOTO DABHOBECHS HE
BBITIOJIHEHBI, B YACTHOCTHU, KOT/Ia U3JIyYeHHUEe [1eJaeT HEPABHOBECHBIM Pac-
pe/ieJieHre HOHOB 0 BO30YKIEHHBIM COCTOsIHUsIM, ypaBHenue (5) HeobXo-
IAMO pelaTh COBMECTHO C CUCTEMOI ypaBHEHHI IOYPOBHEBOU KWHETUKH,
CBsI3BIBAIOINIE HacereHHOCTH cocTossHuit N, u N* 1epe3 CKOpOCTH CTOJK-
HOBUTEJIbHBIX U PAJAMAIMOHHBIX TPOIECCOB. BaxKHbIM 00CTOATETHCTBOM
SABJIsIETCST TOT (haKT, 9TO CKOPOCTH PAJUAINMOHHBIX IPOIECCOB 3aBUCST
OT JIOKAJIbHON MHTEHCUBHOCTH M3jy4eHus (pyHKuuu pacnpeaenenus dho-
roHoB f, cM. (2)). Takum o6pa30oM, IIpU BLIYUCIEHUU HACEJIEHHOCTEH B
HEPABHOBECHOI TIJIa3Me U PACIPE/IeIeHUs ee U3JIydeHus B O0IIeM CJrydae
TpebyeTcst TPOBE/IEHNE OIPEIJIEHHOTO COTJIACOBAHUS ITUX BendnH. Tak
KaK CKOPOCTH Da/IMAIMOHHBIX IIPOIECCOB, KaK IIPAaBUI0, HAMHOTO OOJIbIIe
CTOJIKHOBUTEJIbHBIX, TO B Psi/ie CJIy9IaeB MOXKHO OTPDAHUYUTHCS PA3JINIHBI-
MU KBa3WCTAIMOHAPHBIMY TPUOJIMIKEHUSIMU, YTO CYIIECTBEHHO yIPOIIAET
samaqy [17, 91]. B masbHeiimem, Kak TpaBuio, OyaeM IPEeANONarars,
YTO YCJIOBUS YACTUIHOTO JIOKAJIHHOT'O TEPMOIMHAMUYIECKOTO DPABHOBECHUSI
BBITIOJTHEHBI ¥, KPOME TOT'0, U3JIyYeHUe SIBIISETCS OJM3KUM K H30TPOITHOMY.

2. Tuddysmnonnoe npubsmxkenune. Ecau yriioBoe pacmnpeaenenue
GOTOHOB MAJIO OTIUYAETCSI OT M3OTPOITHOTO U MPOOEr U3JIYYeHUs MOXK-
HO CYHATATh MaJjibIM 10 CPABHEHUIO C XapPAaKTEPHBIMH JJTHHAMH, TO IMPHU
pellieHnn 33,139 PAJUAIMOHHON ra30BOM IMHAMUKY IS Yy PABHEHUS IEPEHO-
ca (8) ucnonbayercs auddysnonnoe npubauzkenune. st 3TOro J0CTaTOUHO
pa3ioxkuTh (GYHKIU pacrnpeaesneHus f 1mo cdepudecKuM rapMOHUKAM W
COXPAHUTH TOJBKO WIEHBI, COIEPKAIINE IEPBHIE CTEIIEHN KOCHHYCOB.

s BeiBoga nuddy3n0HHOTO MPUOJIMKEHNsT PACCMOTPUM CHAYAJIA O
HOMEPHBII c1y4ail, Korjaa byHKIHsS PACIPE/IeeHns He 3aBUCHT OT Y U 2 U
ypaBuenue (5) MOXKHO 3aIMCaTh B BUJIE

N*
c

of
Na—x—

- [Nacra (1 - e‘hl//e) + nas] f+ A, +

—

4o, [ KIG AN, (10)

rae p = cost, ¥ — yros MexkJIy HalpaBJIeHHEM WMITYJIbCa (DOTOHOB U
ocbio z. B paccmarpuBaemom ciaydae df) = sin 9 dd dp. Beegem yeaaosoie
MOMEHMb, DYHKIMA PACTPETCTCHIS

1
fr = /u’“f(u) dQ = 2ﬂ/f(u)u’“ dp.
21
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Hynepoit momenT fy ectb mpocTo KOHIEHTpaNusi (POTOHOB YACTOTHI U
B TO4YKEe C KOOpamHaToil . IlepBbIil yriioBOii MOMEHT C TOYHOCTHIO 0
MHOYKUTEJISI PABEH Nn0omoky (GOTOHOB YACTOTHI ¥ B HAIIPABJIEHUU OCH I:

Jo(v) = / v f (1) d2 = / euf () dQ = cfr. (11)

Bropoit yrioBoii MOMEHT aeT TOTOK WMITYJIbCA B HAIMPABJIEHUU T, T.€.
C TOYHOCTBIO /IO TIOCTOSTHHOTO MHOXKHTEJs [aByeHue P, mpou3BoguMoe
doToHAMY HA TOBEPXHOCTD, IEPIEHANKYIIPHYIO OCH I:

P = /pzvzf(u) dQd = / h—:ucu f(u)d = hvf, (12)

(pz — TPOEKIMsSI UMITYJIBCA, U, — MPOEKIHs CKOPOCTH).

Vumuoxast ypasuenue (10) Ha pas/udHble CTENEHY (1 U UHTEIPUPYH 1O L,
MOKHO TOJYYUTh YPABHEHWsI, CBSI3BIBAIOIINAE YTJIOBbIE MOMEHTBI PA3HBIX
nopsakos. [Tocine ymHO)erusi (10) HA TEPBYIO CTENEHb 4 U UHTETPUPOBA-
HUSA TOTY IAM

% =— [Naaa (1 - e_h'//e) + nas] fi+

+ no, //K [(Q, )] uf (1) dQdQ'.  (13)

B unrerpase B mpasoit yactu (13) ciemyer Mpou3BOIUTH WHTEIPUPO-
BaHHe 110 BCEM BO3MOKHbIM Hampasienusiv §0 u §V. Ilpu MHTErpHpOBa-
HUH MOYKHO BOCHO/Ib30BATECA TEM, YTO BEPOATHOCTh PACCEAHMSA K [(Q a0 )]
3aBUCUT TOJIKO OT YIJIA, (Q Q) MEK/ly HAIlPaBJIEHUSIMU Gud. IIycrs
o= cos(Q,Q’ ). O4eBUIHO, YTO pE3yJILTAT MHTErPUPOBAHUS HE H3Me-
HUTCsI, €CJI B MHTErpajbHOM 4jeHe B (13) mpomsBecTH 3aMeHy MepeMeH-
HBIX MHTETPUPOBAHUS U IPH cbI/IKcnp_gBaHHOM Hanpassennn () BMecTo

MHTETPUPOBAHUS 0 HANpaBieHusiM () TPOU3BECTH WHTEIDUPOBAHUE II0
BCEM BO3MOXKHBIM (¥ M COOTBETCTBYIOIIUM (0, YIUTHIBAs IPU ITOM, UTO
BXOASIIAA B HNOAUHTEIPAJLHOE BbIPAXKEHUE BeJUYuHa (i (KOCHHYC yIJia

MEZK1y HAIPABJICHUAMU () U OCH ) JOJIKHA OBITH BhIparkeHa depes pu* u '

ITocse 3TOro CaeayeT MpOM3BECTH WHTErPUPOBAHKE 110 HampasjeHusam ().
Nmeem

J[ K msanaaae = [ ) | [ureyan]av. aa

[Mpu unrerpupoBanuu mo 2* ya00HO BHIOPATH HOBYIO CHCTEMY KOODJIH-
uat (z',y’, 2"), B KoTOpOIt OCh 2’ GymeT HapaBJeHa BIOIb (PUKCHPOBAHHOTO
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nanpasyenns (). IIpum 3TOM 1, T.€. KOCHHYC yIJIa MEXK/ly HampaBiaeHueM )
¥ OCBIO &, MOXHO 3aIIMCATDh B BHIE CKAJIAPHOIO IMPOU3BEICHHUS COOTBET-
CTBYMOIIUX €IMHUYHBIX BEKTOPOB () u (Yg:
Q = (sind cos p, sin¥ sin g, cosv),
Qo = (sin ¥y cos g, sin ¥y sin g, cosy).

3rech yribl ¥, ¢ XapakKTepu3yoT HAIPABJIEHUE 0 (cos ¥ = p*); ochb x

Qo

X o
Q
|
|
I
u .
14 : Q/
| |
*l :
H : |
|
| !
\E\T _________ i Z
\\ | ———
y A
\
Puc. 5.1.

HanpaBJieHa BAOJAb Hanpasjenus (Jg (costdy = ', cm. puc. 5.1).
ITostomy

p= (- Qo) = cos®) cos g + sin ¥ sin vy cos(p — o). (15)

B pesysibraTe uHTErpUpOBaHUs MO ( BO BHyTpeHHeM uHTerpase B (14)
BrOpoe ciaraemoe u3 (15) 1yist BeJIMYMHBL (4 1aeT HOJIb, TaK Kak Hu K (1),
uu f(u') or yrua ¢ me 3aBucsar. B cusy roro, uro cost cos¥g = p*u', un-
Terpas B npaBoii yacty (13) MOXKHO 3amucaTh KaK MPOU3BEICHUE IBORHBIX
MHTErPAJIOB:

[ 1) [ / MK(M*)dQ*] a = [ a [ pweyae. o

IlepBblii U3 WHTErpajoOB €CTh NEPBbIA yrioBoH MoMmeHT f; = j.(v)/c.
Bropoii mHTErpas ecTh KOCHHYC yIyla pacCessHus i*, YCPeIHEHHbIH IO
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unpukarpuce paccesuus K (u*), T.e. cpequuil KOCUHYC yrjia OTKJIOHEHUs
1 9ACTUIBI TPU PACCESTHUN, XaPAKTEPU3YIOMIHH aHU30TPOIUIO PACCESTHS:

/,u*K(,u*) dQ* = cos 9. (17)

IMoxcrasnas (16) B (13), momydaem Ba)KHOE COOTHOILIEHUE, CBS3BIBAIOIIEE
MEPBbIi ¥ BTOPOi YIJIOBbIE MOMEHTHI (DYHKIUHU PACIIPEIETICHUS, T.€. TOTOK
9HEepIruu M JaBJIeHue:

% S [Nao—a (1 - e‘h”/‘g) +nos(1 —m)] fi. (18)

W3 (18) BumHO, YTO POJIb PACCESIHUS XapPAKTEPU3YETCsl BEIUINHON
ot = 05(1 — cos), (19)

KOTOpasi HA3BIBACTCHA MPAHCNOPMHBIM ceveruem. 1Ipu M30TPOIHOM pac-
cesnuu, Kak Buguo u3 (17), cosd = 0 u oy = 0s. Ecim paccesinue
AHU30TPOITHO, HO CHUMMETPHYHO, T.€. WHIMKATPHUCA PACCEAHHS SABJISETCA
yerHOi dyukimeit or p*, To u3 (17) u (19) BugHO, YTO 04 = 04, KAK
U B U30TPOITHOM CJIydae.

Ucnonesys (11) u (18), momyvaem cieryronee BHIPAYKEHUE IS IOTOKA:

o) = ~t)e 2L, (20)

rie
1

- N,o, (1 - e‘h’//e) +nog(1 — cos?)

() (21)

— 3¢ derTuBHbII mpoder (POTOHOB C YACTOTOM ¥, KOTOPBIH OMPEeIeIsIeTcs
CeveHneM PACCesTHUsl, NCIIPABJIEHHBIM HA AHU30TPOINIO, B CEYEHUEM MTOTJI0-
MIEHU A, UCIPABJICHHBIM Ha HHAYIIUPOBAHHOE NCITyCKaHUE. B HEPEeJIATUBUCT-
ckoit obiactu quddepeHnuaabHOe CeYeHre PACCEeSTHUS MPOMOPIMOHATBHO
1 + cos? 4, mosromy cormacuo (17) B majbHeHIIeM NpPH ydeTe PacCesHus
Oyaem momarath cost = 0.

W3 (20) u (12) BUAHO, YTO MOTOK MPONOPIUOHAIIEH TPAUEHTY TIPOU3BO-
aumoro dorornamu gasierusi. Dopmysia (20) HAOMUHAET HJIEMEHTAPHYTO
dopmyry ans nuddy3un 9acTUll B OJHOMEPHOM CIIydae

o di
3 dzx

(22)

(¢ — cpenauit npober, v — CKOPOCTh, fy — KOHIEHTPALUS YACTUIL).
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eCTBUTEJIHHO, B CIy4dae, KOrga (DYyHKIUs paclpeaeeHus
y y
1
f= o fo+au (a — mocrosiHHas), (23)
T

Beipaxkenusi (20) u (22) conazmator nipu £(v) = £, Tak Kak

1
f2=2ﬁ/(1—;+au) quu:%fo.

-1

IIpu 3TOM ecTecTBEHHO BMECTO ypPABHEHHsI TIEPEHOCA UCIIOIb30BAThH YpPa6-
nenue duddysuu (AaHATOrHIHOE yPABHEHUIO TEILJIONPOBOIHOCTH ) U PACCMA-
TPUBATH TPOIECC MEPEHOCA IHEPTUU (DOTOHOB KAK AYUUCTYN MENAONPO-
800HOCTD.

Eciu dynkims pacnpenesienrst Henm3BeCTHA, HO MOYKHO ITPE/IIIOJIOXKHUTH, 9TO

f=4if0+(5, (24)
i

npudeMm byHKIMs pacupeenenus nouru uzorponsa (|d| < fo), T0o B 3TOM
IPOCTEHIIeM CIydae TaKKe HMeeM

f2:27r/(f0 ),u dp ~ J;/l,u d,u——fo,

-1 -1
T.€. B coorBercruu ¢ (20)

o) = 2 (e 2. (25)

@opwmyia (25) seipaxkaer dudpysuonnoe npubrudicenue s OJHOMED-
Horo caydvas. OHa Jjilerko 00600IaeTcst Ha TpexMepHbIil ciay4aii. [Jiis aroro
10CTaTOuHO 3amenuthb O fo/0x na grad fo:

j) = 5 tw)egrad fo. (26)

MozxHo ckazarh, 9T0 maud@y3uoHHOE MPUOIMKEHNE TPUMEHUMO BCEr/a,
KOTJa B PA3J/IOXKEHNH YIVIOBOH YacTu (PYHKIUH paclpesenenus 1o chepu-
YeCKUM TaPMOHUKAM MOYKHO IIpeHeOpedb BCEMH WIeHAMH, KPOMe MEPBBIX
AByx. B manbneiiinem Hapsiny ¢ obo3HaueHussMH h ¥ V MbI OyJeM HCIOJIb-
30BaTh Takke i = h/(27) u w = 27v.



§1. JIynucmas mensonpogoodnocms NAG3MbL 161

3. Unrerpan Poccenania u ko3ddurmeHTs HEMPO3PAIHOCTH.
B caydae mosHOrO JTOKAIBHOTO TEPMOJMHAMUYIECKOTO DABHOBECHSI, KOTIA
BEI[ECTBO M M3JIyYeHHe B KaXK/I0# TOYKE MPOCTPAHCTBA XapaKTepU3yrTCst
OJIHOI ¥ TOH Ke Temueparypoil, s KoHueHTpaimu HoToHoB fo(w) co-
ryacHo (6) nmeem

2 1
ole) = 4mhy) = 26,0) = Zog g

B muddysuonnom npubszkeHun B cooTBeTcTBUM C (26) nomox snepauu,
mepeHocuMoil (POTOHAME C YACTOTON W, PABEH

F(w) = —%Z(w)cgradu(w), (27)
1
lw) =Lv) = , 28
) ) Nyo, (1 _e—hw/0> +nos 2
3
u() = he fofw) = Ty (29)

3aMeruM, 4TO (DYHKIUS PACIPEIETIEHUS NAOTMHOCMY IHEP2UU U3JLY-
yeHnst u(w) HOPMHMPOBAHA IO IMKAJIE W W, B COOTBETCTBUU C 3aKOHOM
Credana—bBonbiMana, 3aMUCHIBACTCS CIEAYIONAM 00Pa30M:

00 2
u:/u(w)dw:a94, a= =g (30)
0
CyMMapHBIil TOTOK JIyYUCTON IHEPTUU
oo
= / F(w) dw (31)
0

B muddy3uoHHOM NpubINKeHnn OYIET ONMPEIeaaThCs BEIPAKEHUEM BUIA

F

—% grad u. (32)

Conocrasienue dopmyi (27), (31) u (32) naer cpenuioio no Poccenanmy
IuHy cBoGoaHOro npobera GoroHoB (pocceaardos npobez)

= 1 76 1 — x)2 dz <.1: = %) . (33)
0
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B acrpodusuueckoit muTeparype st XapaKTEPUCTUKNA CBOWUCTB BEIIe-
CTB& MO OTHOIIEHWIO K JIYIUCTOMY TMEPEHOCY HAPSIY C POCCETAHIOBBIM
npoberom £ UCIONIB3YIOT BETHUNHY

KOTOPYIO Ha3BIBAIOT HEMPO3PAUHOCMbI0 (p — TMIJIOTHOCTH BemiecTsa). Be-
JIMYHUHY 3¢, Ha3bIBAIOT TaKXKe KO3 dunueHTOM NOIIOmEHns (HOTOHOB,
ycpeaHeHHbIM 110 Poccesanmy.

Xorst IOJHBIH TIOTOK Jiy4rcToii sueprun (32), 3anucanubii B Buze (cM. (30))

F = —kgrad®,

coBnaaeT mo ¢Gpopme ¢ OOBIIHBIM 3AKOHOM TEITONnpoBoaHOCTH Pyphe, ypas-
HEHWsI, OTTUCHIBAIOIINE TIEPEHOC SHEPTHH B BHICOKOTEMIIEPATY PHOM IJIOTHOM
cpejie, CTAHOBATCA CYTIECTBEHHO HeJMMHeHHbIMHU, Tak Kak k = (4/3) lcab?,
t=1p,0).

4. Cpeasee no Ilinanky. V3nydyeHnne onTuYecKn TOHKOTO CJIOSI.
Paccmorpum mpoTHBOTIONOKHBIN TPEIeTbHBIN CIIy4ail, KOraa JJIuHa IpOo-
6era GOTOHOB CPaBHUMA C XaPAKTEPHBIMU PA3MEPAMU ILJIA3MbI U MPUOJIU-
JKeHUe JIy YUCTOH TeIJIONPOBOJHOCTH CTAHOBUTCS HEePUMeHUMbIM. OOBITHO
B 9TOM CJIy4ae MOXKHO npenedpedsb 3ddekramu paccesHus.

J17151 IJIOCKOTO CJI0sT IIJIa3MBbl B CJIyYae JIOKAJIbHOI'O TEPMOIMHAMUIECKO-
IO PaBHOBECHs B COOTBETCTBUH C (8) mMeeMm

paL = —pe) (1 - o), (34

rJie CHeKTPATbHBIH KO3(hMUIMEHT MOTJIONIEHNsI C YIeTOM BbIHYXK/IEHHOTO
HUCITYCKAHUSA

»n(w) =

Naa;(w) (1 _ e—hw/&) .

Pemenue ypasuenus (34) 1j1si OJHOPOAHOIO CJIOs MJIA3MbBI TOJIIMHON L
B OTCYTCTBHUM KaKWX-JTHOO BHEMHUX MCTOYHUKOB mMeer mpu 0 < z < L
caenyomuit Buz (OCh & HAIIPABJIEHA NEPIEHIUKYJISAPHO CJIOK):

£ () (1 _ e—%(w)pw/u), 0<p<l,

[z, p,w) = (35)
fo(w) (1= erEmali) - _1 < p <,

Brixogsinee u3 cJios n1a3Mbl U3J1ydenue (B eAuHUILY BPEMEHU C €[UHU-
bl IJIOMAAK) TIpu & = L B MO0XKUTEIbHOM HampasjieHun oca z (> 0)
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onpefeaeTcsa JBOMHBIM HHTErPAJIOM

F+—chw/dw / dQ,uf—%rchw/dw/,ufd,u

u>0

B coorBercTBUU ¢ npeanono)keHneM 0 MaIocTu KO3 MUIHEHTa TOTII0-
menust »(w) 3aMeHnM B (35) 9KCIIOHEHTY ee PAa3JIOKEHUEM B PsiJl, COXPAHUB
B MEPBBIX CJIAraeMbIX. B pe3ysibTare it BBIXOASAIIETO W3 CJIOS TLIA3MBI
U3JIyYeHHS [OJIyYaeM

4

Ft = 27T%PpL% = 277%PpL%,

rie

lmn B,

Ha3bIBAETCs KOI(PMUIMEHTOM TOTJIOMIEHNST (bOTOHOB, ycpenseHHbiM 110 [Tran-
Ky. 3aMeTuM, 9TO BLIpazKeHue jid IOTOKa F'T MoxkeT ObITh 3aIllCaHo B
BUJIE

Ft = 2n5,pLab*,

rae o = ca/4 — nocrosinaas Credana—Bonbmana.

§ 2. KBanToBoMexaHNYeCKUE BbIPAXKEHUS
nJist 9P PEeKTUBHBIX cedeHUnl ImorjoineHnuss (bOTOHOB

1. Iloryiolnenne B CHEKTPAJBLHBIX JIMHHAX. B3aumoneiicTBue
U3JIyYEHHs C BEIIECTBOM P BBICOKUX TEMIIEPATYPaX ONpPeaeIsieTcs MoBe-
JeHueM 3JIeKTpOHOB B SJIeKTpOMaFHI/ITHOM I1oJie I/IBJ'Iy‘{eHI/Iﬂ. ,D;JI?{ OIIUCaHuA
TAKOr0 MOBEAECHUs OOBIYHO IIPUMEHSIOT HECTAIMOHAPHYIO TEOPHUI0 BO3MY-
IMIEHUH K CHCTeMEe — 3JIeKTPOH B MOJIe U3JIydeHHus. IIpu 9TOM Ipeamnosia-
I‘aeTCﬂ, qgTo SJ'[eKTpOH B OTcyTCTBI/II/I II0JId HaXOOIUTCA B HeKOTOpOM CTanu-
OHAPHOM COCTOSIHUM, MTPUHAIJIEKAIIEM JIUCKPETHOMY HJIA HEIPEPHIBHOMY
CIIEKTDY.

B mepenaTuBucTckOM npubInKeHNN MOMPABKA K TAMUJIBTOHUAHY PABHA
Pa3HOCTH KUHETUYECKON SHEPIUH JIEKTPOHA B IIPUCYTCTBUU MOJIS U3y de-
Husg U 6e3 Hero

e A2 1 -
wo Lt (p-a)y - L
2m c 2mp
nJjan N
H = - A+ — 17, 1)
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—

rae P = —ihV — omeparop UMIYJIbCA MEKTpPOHA, A — BEKTOPHBIN
IIOTEHIHAJ JIEKTPOMAIrHUTHOT'O IIOJIA.

Bropoii unen B (1) cymiecTBeHeH JMINb NPH OYEHb GOJBIIMX MIIOTHO-
CTAX U3JTy4Y€HNA, KOrla CTAHOBATCA BaKHBIMUA MHOI‘O(bOTOHHbIe IPOUECCHhI.
B pesynbrare B3amMmozjeiicTBue MOHA C IMOJIEM W3JIyYEHUS TPUOIMZKEHHO
OTIMCHIBAETCSI OMEPATOPOM

rie cymma Oepercs 110 BCEM JIEKTPOHAM PACCMAaTPUBAEMOrO MOHA, /_fj —
BEKTOPHBII TTOTEHIINAJ TIOJIsT U3IyUeHUsI, JeHCTBYIOMUH Ha - 3/TIEKTPOH.

B nepBoM npuOsukeHHE TEOPUH BO3MYIIEHHI TOJHYI BEPOSATHOCTH
IIOTJIOIIEHU A (bOTOHa, B €IMHUIY BDEMEHU IPU MIEPEXOJIE MOHA U3 COCTOAHUSA
a B cocTosiHue b MOxkHO HaiiTu mo dopmyte (cm. [109)]):

S do s (gt
3 2 g ) [ a0 |( P2 5o

3aech u(w) dw — MIOTHOCTDL SHEPrUK U3JIydeHus B uHTepBase (w,w + dw);
Wpa = Ep — €q, THOE €4, € — DHEPIUM HOHA B HAYAJIBHOM U KOHEYHOM
cocrostuum; k = wpe/c — BosmHOBOE uncio Gorona; dfdy — 3meMeHT

TEeJIECHOTO yIVIa B HANPABJIEHHH BOJHOBOIO BekTopa QoroHa k; @(*)
€IUHUIHBIN BeKTOp Hosspusanuu dborona (s = 1,2); 7; — paguyc-BeKTOp
J-TO 3JIEKTPOHA MOHA.

BeposTaocTs morsonienrst (pOTOHA B €IUHUILY BPEMEHH C 9aCTOTON B
unTepBasie (w,w + dw) npu mepexoe UOHA U3 COCTOSHUSA @ B COCTOSHUE b
OIIPEIEJISAETC BhIPAKEHUEM

W(w) dw = WabJab(w)dwa

rae Jap(w) — dbopma mumun nornomenus ([ Jop(w)dw = 1). Bonpocam
VIIUPEHUsI CIIeKTPATHHBIX JTUHAN TOCBsIIeH § 4.

st mpakTHYecKux 1eseil y100HO OT BEPOSTHOCTEH MePeX0/I0B MePedTH
K 9P PEKTUBHBIM CEUCHUIM

Ww
cu(w)/ (Awpg)

= ()3‘33 Y an
- 16 €2 Ty &=

o(w) =

2
‘Zezkn (S)f?j)‘a ‘ (2)

(00 = (8/3) w3 = 0,665-1072* cM® — ceuenme TOMCOHOBCKOTO PACCEHNS,
ro = €2/(mc?) — Knaccuueckuii pajnyc MeKTPOHA).
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B GosbimuHCTBE CiydaeB BbIpazkeHHe (2) MOXKHO 3HAUUTETHHO YIIPO-
CTHTH, UCIOJB3YS IEKTPUIECKOE NUMOTbHOE mpubmxkenue. st paccTo-
AHUSA T'j S3JIEKTPOHA B CBA3AHHOM COCTOSHHH C TTIABHBIM KBAHTOBBIM YHCJIOM
n cnpasejmBa oueHka 1; ~ n?/Z. IlosToMy NOKa3aTelb IKCIOHEHTHI
k- 7; ~ wrj/c B dopmyne (2) 06braHO Mas U npu w < Zc¢/n? SKCHOHEHTY
MOYKHO 3aMEHUTh eIUHUIIEH.

Iepexonst B (2) K OUMONIBHOMY TPHUOJIMIKEHUIO U YIUTHIBAsi CBsI3b
MATPUYHOTO 3JIEMEHTa OMEPATOPA UMITYJIbCA JIEKTPOHA C MATPUYHBIM
3JIEMEHTOM DAJINyC—BEKTOPA, MOJIYYUM JJjisi CE9eHUs MOTJIONIEHUsI TIPU TIe-
pexojie MOHA W3 COCTOSIHUSI G B COCTOsIHWME b Clle/IyIolee BbIpakeHue (B
ATOMHbBIX €IMHUIIAX )

3
o(w) = TC?,UOfabJab(w): (3)
re fqp — CHIA OCHUJLIATOPA:
2 2
fo = Zeona| (0] 7510 (4)
J

Cuta ocuusitopa sIBjsieTcst 6€3pa3MepHOl BEJTMYUHON, ee JHCIeHHbIe
3HAYEHUs MEHbIIE EJUHUILI (CM. TEOPEMYy O CyMM€ CHJI OCHHJIIATOPOB
B [15]).

IIpu monmyuenun Bbiparkerusi (4) JJisi CHJIbI OCHMJIIATOPOB ObLIA UC-
MTO/Tb30BAHA, CJIEIYIONIAs CBA3b MEXK/Iy MATPUIHBIMU IJIEMEHTAMU UMITYTh-
ca W PaJInyCc-BEKTOPA:

(b|]3'|a) = imwba(b|F|a).
Kax noxaszano B [15], cnpaBennBo Takzke COOTHOIICHUE

Ze?
Wha

(B]F]a) = i (b‘r—g‘a).

Takum obpazom, Kpome (4), JJisi CUJT OCIUJLISITOPOB MOYKHO TMOJIY YUTh
elle /IBa BbIPAYKEHMUs], 3AMEHsIsl ONepaTop 7 Ha Pj /Whq, Wi Ha Z7; [ (wi, 13).
Ecnu 61 ncnonb30Baiuch TOYHBIE BOJHOBBIE (DYHKIUU COCTOSIHUN a U
b, TO Bce TpM BBIpAaXKEHUsI JOJIXKHBI ObLIM Obl COBHAAATh. Tak Kak Ipu
BBIYMCJIEHUAX UCIIOIB3YIOTCsT TPUOJIMIKEHHBIE BOJHOBBIE (DYHKIIUU, TO TPH
PA3TIHIHBIX (bOprI 3alUChu OJid CUJI OCOUJIJIIATOPOB MOTYT JaBaThb Pa3Ind-
Hble pe3ysbraTbl. OOBIMHO OIEPATOPHI 7 U /W, NPUBOAAT K OJUHAKOBBIM
pesyJIbTaTaM, 4To JKe Kacaercs oneparopa Z7/(w?, %), To BbruncieHne
CHJT OCHUJIISITOPOB C €r0 TIOMOIIBI0 TPeOYeT BBICOKON TOYHOCTH BOTHOBBIX
GyHKIUE TpyU MaJIbIX T.
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IMepeiinem B (4) K onHOKOHMbUrYyparuoHHOMY TpubMKenuio. Ilycrb
JIS 33JaHHON KOH(MUIypaIruu 37IeKTPOHOB () ompenesieH HabOp duceln

3AIOJIHEHUS {Nr?f} 1 BOJIHOBBIe (DYHKIIMH JJis COCTOSHUH |a), |b) mmeroT

BHUJI JIMHEHHON KoMOuHaImu gerepMuaadToB (7) u3 § 2 ror. IIT (mbr ucmoss-
3yeM TEOPHIO BO3MYIIEHUN 1J1d y9eTa HeIIeHTPAJIbHO-CUMMETPAYHON 9acTh
3JIEKTPOCTATHIECKOTO B3AUMOIEHCTBUSI SJIEKTPOHOB M WX CIHH-OPOUTAID-
HOro B3ammogzeiicrBus). B orcyrcrBun BHemnux nosieit (u npexeGperas
BHYTPEHHUM 3JIEKTPUYICCKUM MI/IKpOHOJIeM) MOZKHO CYHTaThb, 9TO COCTO-
sHuA |a) U |b) XapaKTepu3yIoTCcs HEKOTOPOil BeJIn4nuHO MOMeHTa J U ero
MpOeKIme Ha OCh 2, paBuO# M. Tak Kak mis 3a7aHHON KOHMDUTY AT
nona npu ¢ukcupoBanubix J u M Moker ObITh HECKOJIHKO COCTOSTHUH C
Pa3JInYHON dHeprueil, TO BBeAEM JIONOTHUTEIbHbBIN NHIEKC Y, OJHO3HAYHO
ONPeIeNIAIONINN COCTOSHIE HOHA B IPUHITOM Tpub/mkeHuu. Mbl moka 910
He (DUKCUPYyeM THIl BEKTOPHO CBsI3W, JOIMyCKasi BO3MOXKHOCTH LS—, jj—
UJIM CBSI3W MPOMEXKYTOYHOTO Tuta (cM. gajee §3). Mmeem

ja) = |7 IM) =Y Cong ¥y, [0) = T M) = Clp W,
q q

rae Wiy, \I!g, A — ONHOIETePMHUHAHTHBIE BOJIHOBBIE (DYHKIUHU, HOCTPOEH-
HbIE, HAIIPUMED, U3 OHOIEKTPOHHBIX (DYHKINNA BUIA

$0(@) = Gntmem, (7,0) = = Rut(r) (~1)" Vi, (9, 0)X ., ().

Tak xak omeparop ZF’] ABJAETCA CyMMON OIIepaTOpOB, KarKIblil W3
J
KOTODBIX JeHCTByeT Ha KOODJMHATHI JIUIIb OJHOI'O 3JEKTPOHA, TO CHUJIA

OCHMIIIATOPA fqp OyJET OTJIIMYHA OT HYJIs JIWIIb B CIy4ae, KOrJa KOHEed-
HOE COCTOSTHHE MOHA OTJIMYAeTCs OT HAYAJIbHOIO U3MEHEHHEM ITOJIOXKEHUS
TOJILKO OJTHOTO 3JIEKTPOHA (JJIs1 OMMCAHUST COCTOSTHUN a U b UCIIONMB3YOTCs
OJIHU U T€ YK€ OJHOJIEKTPOHHBIE (DYHKIIUK), T.€.

2 * .
fay = gWha Z (CS’M’) Cngra/sI2,

qq’

P = / ¥ (@)7s(q) da, (5)

rae ¥q(q), ¥3(q) — BOMHOBBIE DYHKINH IEKTPOHA [0 U HIOCTE Iepexona. B
3aBUCUMOCTH OT HAYAJIBHOIO M KOHEYHOTO COCTOSIHUSA 3JIEKTPOHA MPOLECCHI
norsiomennsi GOTOHA, yI00HO PA3JeIUTh HA TPH TPYIIIIbL:

].) IOIJIOEeHue B CIHEKTPAJIbHBIX JIMHUAX, HJIX CBA3aHHOCBA3aHHDBIE
(bound-bound) mepexosmpr;
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2) dorouonuszanys, uim caa3zanHo—cBobonube (bound—free) nmepexompr;

3) TopMmo3HOe morjoenue, ik cBobogHo—cBoboaHbIE (free—free) mepe-
XOIBL.

ITonHoe cedenwe mMOTJIONMIEHUsST B JIMHUSX, KOTOPOE MBI ODO3HAYUM
4yepe3 oy, (w), mosydaerca ycpejHenueMm (3) 1Mo HaYaIbHOMY COCTOSTHHIO
— — 1A 7! .
a = |QyJM) u cymMMUpOBaHHEM 110 KOHEIHBIM COCTOstHUsIM b = |Q'~'J' M'):

abb(w) = %C3002Pa fab Jab(w)a (6)
ab

rae Pa — BEPOATHOCTHb HAYAJIbHOI'O COCTOAHUA HUOHA.

ITpu BBIYKCIEHUU CUJTI OCHMIIATOPOB (B OT/IMYKE OT MOJIOXKEHUs JINHUIA,
cM. §3) HETOYHOCTb B BBIYUCJIEHUU Wp, CJIA00 BIAMIET HA DPE3YJbTaThl
pacyeToB, MOITOMY 3Ty BEJIMYUHY MOYKHO 3aMEHHUTH DPA3HOCTHIO Cpejl-
HUX 3Hepruii mo koHdwurypamusam @ u @', oTIMYAIOMUXCA U3MEHEHHEM
COCTOSIHUS OJIHOIO 3JEKTPOHA (JEKTPOH MEPEXOIUT U3 COCTOSHUA (O B
cocrosinune 3). B arom npubmikenun wp, ~ E_, — E,, tae cpenuue
no Koudurypamuam sueprun E, u E,, onpenensiorcs HabOpOM duces

3aII0JTHEHU {Nﬁ,} u {NfﬁZ }. Bepositnocts cocrosnus P, & go P, /g, , rae

Ja — CTATUCTHYCCKHE BeC cOCTOAHMA a, P, — BEPOATHOCTDH peaTn3alin
KoHbuUrypamuu (), g, — ee craTuCTHYeCKuil Bec ( ZQ 9a = 95)-
ac

HOCKOJ'H)Ky JUTIOJIBHBIE TIEPEXOAbI BO3MOZKHbBI TOJIbKO MEXKITY KOH(bHpra—
USMH, OTJIHYAROIUMHUCS COCTOSTHUEM OJIHOTO (MEPEXOISIIEro) JIeKTPOHA,
U3MEHSIIOIIEero0 CBON OpOWTAJILHBIH MOMEHT Ha €IUHUILY, BMECTO CyMMU-
POBaHMSA IO KOHEYHBIM KOHMUTrypamusam () MOXKHO TEepedTH K CyMMHUPO-
BAHUIO 10 OJHOAICKTPOHHBIM nepexogam nf — n'l. Ecin ma yposne nf
OBbLTO B HAYAJIBHOM COCTOSTHUU N = Nflg(Z 3JICKTPOHOB, a Ha ypoBHe n'l’,

coorBercTBeHHO, N/ = NS o> TO

— N !
9o = 90C4142Chp 425

rjie go — CTATUCTUYECKUIl BeC He yJacTBYIONIUX B TIepexoie 0060I09eK.
Dopmy auHUA Jop(w) TPU ITOM OOBIYHO CUMUTAIOT 3ABUCSIIEH JIMIIH

0T KOH(UTYpaluu {NSZ} U KBaHTOBBIX umcesn nf u n'f' Ha9aIbHOrO M
KOHEYHOT'O COCTOSIHUl 9JIEKTPOHA. DTO COOTBETCTBYET TOMY, YTO TPYIIIY
JVHUN 3aMEHAI0T ONHOH JIMHWEeH ¢ MHTEHCUBHOCTBIO, PABHOU CyMMAapHOt
WHTEHCUBHOCTH BCeil rpymmnbl (MyabTUILIETA). MBI TAKXKe BOCIOIB3yEeMCsi
3716Ch 9TUM TPUOIUKEHUEM, OIHAKO B §5 Oyzer Moka3aHO, KAK MOXKHO
y9eCTh MYJIBTUILIETHYIO CTPYKTYPY CIEKTPa C MOMOIIBI0 HEKOTOPOTo -
dEKTHUBHOTO MPOQUIIs.
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Tak kak (cm. [101])

S K@M FIQY TMY)| =
~JM~'J M’ J
= 90Cn 1 Chn Y [(nlmmy|7 |0’ Cm/ml)|?
mmsm'm's

TO OJid CE€YC€HHdA IIOIJIOINECHUA B JIMHUAX HOJIy‘IaeM CﬂeﬂyIOH_[ee Bpra)Ke-
mue [134, 205, 72):

N2,
Cfbb(w C3O'0 Z PQ Z N l 2(2€+j_1)‘| f,,?[’nlfl J,,?(’nlfl (UJ)

né,n'l’
(7)
Buecs JY e (W) — dopma sunun nornomenus npu nepexoze nl — n'l’,

ycpenHenHas 1no kKondurypanuam Q u Q'; fﬁ; n/gr — CHJIA OCIUILIATODA,
ycpeaneHnHasd MO KBAHTOBBIM YHUC/IAM 1M, Mg HAYAJIbHBIX COCTOSTHUIT 1
[IPOCYMMUPOBAHHASA 110 KBAHTOBBIM YHCIaM M', M/, KOHEUHbIX COCTOSHMIL:

fnl e = 2[4—1 Z Z ( - ) |Fn£’mms,n'f’m'm;

sm/m/,

2

(8

Fnt’mms,n'l'm’m’s = /%gmms (Q)Fwn'l”m'm; (Q) dq. (9)

Cymma 1o m, ms um’, m% B (8) BBIUHCISETCS € MOMOIIBIO COOTHOIICHHUST
(cm. [15]):

L+0 +1
——— (rpewe)? mpm O =041,
. 2 '
Z |rnlmms,n’f’m’m’s | = 2(22 + 1)
mim 0 mpu 0 #L0+£1,
rJe .
0
et = [ Rodr)rBoe(r)dr (10)

0

Pasnocth cpemaux smepruit Kondurypamuii B (8) MOXKHO 3aMEHHUTH
COOTBETCTBYIOMIEH PA3HOCTHIO B IPUOIMIKEHIH CPEIHErO aTOMa, IO MOJIENIN
Xaprpu—®ora—Ciatepa, aro gaer [100]

EQ, —E, Repp —ene-
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Takum obpazowm,

2 (+0+1 9

—(ene —ent) = (Pnewe)” mpu € =(=£1,
fﬁfo,n'z' _J) 3 2(2¢+1) (11)

0 mpu (' #£L+1.

151 BerecTB ¢ OOMBIIUM Z MOTYT OKA3aThCsl CYIIECTBEHHBIMY PEJISTH-
BHUCTCKHE IIONPABKU. B mepBoM mpubIMKeHH 3aMEHUM OHO3IEKTPOHHBIE
GYHKIMT Vpem,m, Ha OYHKIUH Ynejm, TAe j — KBAHTOBOE 4YUCTIO, Xa-
PaKTEepPU3YIOIIee IOJHBI MOMEHT JIEKTPOHA (T.e. CyMMY OpPOMTAJIBHOIO U
CIIMHOBOTO MOMEHTORB). Tak Kak /Jisi BBIUUCIIEHUS Oy, (w) OCOGEHHO BaXKHO
Y4ECTh IOJIOXKEHHUE CIIEKTPAJbHON JUHUM, TO PEIATUBUCTCKUE IIOIMPABKU
K 9HEpPruu OyAeM BBIYUCISITH C TIOMOIIBIO pelenns: ypasHenus: Jlupaka, a
IIPH BBIYUCJIEHUH CUJT OCIUJIISITOPOB /I BOJTHOBBIX (DYHKIHUH Yy ¢jm OymeM
UCXOIUTH U3 HEPEIATUBUCTCKOTO MPUOIUKEHUsI, B KOTOPOM

Unejm(q) = Z Cz::; %ms¢n£mems (a), (12)
memsg
e C’g:; 1, — xoadunmentor Knebma Toprana.
7Ms
Takum ob6pasoM, s BemecTs ¢ 6obimM Z B (7) BEJTHIHHBI
Q
anll

Q Q Q
ety Nyps Ly e (W), 200 + 1)’ Totme

n n

crenyeTr 3aMeHUTh Ha

Q Q NQZ Q
n/ Ij/
Entj, anj’ Jn(j,n’l'j' (w)’ m’ fn(j,n'(’j' :

JI71s CruJT OCUMIIIATOPOB B PEJIATHBUCTCKOM CJIy4Yae MOJIyIUM

2 1 S 2
Fimey = 3 (Ewej = Enéj)—zj 1 o Fntimmegm 5 (13)
m

m’

anjm’n/glj/m/ = /w;lijwnlgljlml dq (14)

Junosnbabie Marpudnble saeMenTbl (14) Boipaxkaiorcs dyepe3 koabdurm-
earsl Knebma-Topaana u cymmuposanue B (13) no m, m' Bbimonusercs ¢
MOMOIIIBIO TpadUIecKUX METONOB, pa3paboranubix B [111]. OkoHuaTensHO
[I0JIy YaeM:

1 . |
fr?ljm'l'j' =3 (enrerjr — €nes) (25" + 1)L+ +1)W? <ZIJ’€]; 51) (rnenre)?,
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rae W(0'j'lj; 1) — xosdbdunpent Paka.
B pe3ynabTaTe CcedeHue MOTJIOMMEHUA B JIMHUAX Jd BEUIECTB C 60]113-
muM Z MOXKHO 3anucars B Buze (cp. ¢ (7))

3
opy (W) = Tc?’ao ZPQ X
Q

NQIZI 3! Q
n
Z nf] 1= 2j +j1 fnf] n'e'j nf] n'e';j (W), (15)

nlj,n' e j'

HUcnonb3oBanue BOJOPOAONONOOHBIX (DYHKIMH, €CIM 9TO JOILyCTHMO,
3HAYUTEFHO YIPOIIAET BHIYHC/ICHHE JUMOJIBHBIX MATPHYHBIX 3JI€MEH-
toB (10). IIpw noxcranoBre dyukuwmii R,e(r) B Buge (2) n3 §2 . II
(cM. Takske nomonHeHue, § 3, nin.2; 3) umeem

o o0
Tnen e = /e_mPN(ZL')dZL' R~ /e_’”PN(a:)da:, (16)
0 0

rue r = (Zﬂ-‘ + —"i) r, To= ( + —"i) ro, Pn(x) — HeKoTOpBIi
MOMWHOM cTernern [N .

Ksanparypuas dopmyna l'aycca ¢ ucnonp3oBanuem noauaHomMos Jlarep-
pa TMO3BOJIAET BBIYUCISATH MHTErPAJIbI BUa (16) TOYHO BILUIOTH /10 CTENeHeil
N = 28,20 — 1, TlI€ Spax — YHUCIO Y3JIOB B KBaaparypHoil dbopmyse (npu
n < 10 MOXHO TONOXKHUTH Sn.. = 12). B pe3ynabrare Oblia morydeHa

dopmyia
(rntf,n'l')Q = nL’Zn’L“ (gn(f,n’(f')2a (17)

Smax

n' Z aswsMnl(xls)Mn’f’ (3328)

gn(f,n’(’ - (’Il/ nt + ’llZn/(/)2 ’
_ 277,/an —9
T1s = 0 Zog + 1 Zprpr Ts, T2s = als — T1s,
(n—0—1)!
Mp(2) = 4| ———a L2 ().

(n+0)!

3nech g, as — y37bI W Beca B KBaaparypHoii dopmyne Faycca ms
unrerpana (16) ¢ ucnonbzoanuem nomuaoMos Jlareppa L2 (z).

B rtabmume 5.1 mpuBeneHb! NUNOIBHBIE MATPUYIHBIE JIEMEHTBL T'png,p/ ¢/
a1 3070Ta ipu Temmneparype T = 0,5 k3B u mutorroctn p = 1,93 v/cv?®,
HOJIyYeHHBbIE C UCIOJb30BAHUEM YUCIEHHBIX BOJTHOBBIX pyHKImi (XPC),
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Ta6bauna 5.1. JIumonbHbIE MATPHYHbBIE 3IEMEHTHI Ty p/ ¢/ JJISA 30JI0Ta TPH TeMIepa-
type T = 0,5 k3B u miornoctu p = 1,93 r/cm>

nt o'l dopmyna BKB XoC
17
10 21 0,016 0,016 0,016
10 31 0,006 0,006 0,006
20 31 0,029 0,037 0,037
20 41 0,012 0,016 0,016
21 30 0,009 0,013 0,015
21 32 0,058 0,059 0,060
21 40 0,001 0,005 0,006
21 42 0,026 0,023 0,024
30 41 0,037 0,068 0,068
31 40 0,021 0,045 0,047
31 42 0,066 0,093 0,093
32 41 0,019 0,031 0,035
32 43 0,146 0,149 0,151

KBa3uKJjaccuieckux BotHOBbIX ¢yHkuumit (7) u3 §2 ri. II (BKB), a tak-
ke dopmysr (17). Pacuerst mpoBoguancsk B norernuane Xaprpu—Poka—
Cuarepa. U3 tabauipl BUAHO, 9TO BOAOPOAONOn06HOe npubiauzkenue (17)
JIaeT J1Jisi OCHOBHBIX MEPEXO/IOB BIIOJIHE MPUEMJIEMbIE PE3YJIbTAThI, HE OINU-
CbIBasd, OOHAKO, HEKOTOpPBIE IIepexXOoAabl C MaJIbIMH 3HaY€HUAMU Tn(,nlfl
(CM. 7'21’40). BaMeTHM, YTO KBA3UKJIACCUYECKHUE BOTHOBBIE (byHKIII/II/I JaroT
0oJiee TOYHBIN PE3YJIbTAT, Y€M BOJOPOIONOI00HOE TPUOINKEHNE, I BCEX
MaTPHUYHBIX 3JIEMEHTOB.

Takum obpasom, Bogopomononobuoe npubsuxkenue (17) moxer oka-
3aTbCsl TPYOBIM TIPU OMMCAHUY JeTajiell CIeKTpa MOrJIONIEHUsI, €CJTH B HEM
BaKHbI c1abble innun (cM. [184]).

2. ®oromoHmsanusi. MbI PACCMOTPETH MEPEXOIBI, I KOTOPBIX
HAYaJbHOE M KOHEYHOE COCTOSTHUE JJEKTPOHA OTHOCATCS K AUCKPETHOMY
cuekrpy. PaccMorpum Teneps ciydaii, Korja KOHEYHOE COCTOSHUE (a TaKKe
KaK KOHEYHOE COCTOSHUE, TaK ¥ HAYAJIbHOE) MPUHAIJIEKAT HEIPEPbIB-
HOMY crekTpy. IIpomeccel morsornenusi (POTOHOB TIPU TAKUX MEPEXOIAX
Ha3BIBAIOTCsI COOTBETCTBEHHO (poronoromenuem (horononusaimein) u Top-
MO3HBIM TIOTJIOMIeHeM. CedeHusi sl TAKUX MEPEXOI0B MOXKHO IOy YUTh
u3 GOpMyJI 1Jis 0y, (W) 3aMEHO# BOMHOBBIX DYHKIWMA Ry (1) HA BOTHOBBIE
dyukuuu HenpepbBHOrO crekrpa R (r), HOPMUPOBAHHBIE B COOTBET-
creun ¢ ycaosusiMu § 3 i, I (Goee akkypaTHOEe paCCMOTPEHUE MTPOIECCOB
orononnzanuu cm. Hanpumep, B [221]). Cymmy no KBaHTOBBIM uncaaM n'
P 3TOM CJIEIyeT 3aMEHUTh Ha MHTerpaJ no sueprun &'. Kpome Toro, ecnm
[IPU PACCMOTPEHUHU IPOIECCOB (POTOMOHM3AIUU IpeHeOpedsb 3¢ dexkTamu
VIIUPEHUsI YPOBHEN M OTKJIOHEHUEM 3allOJIHEHUS] JJEKTPOHHBIX COCTOSTHUN
OT CPE/IHEr0 B HEIMPEPBHIBHOM CIIEKTPE, TO BbIPpAaXKeHWe i cederus (HOoTo-
HOTJIONIEHUsI B HEPENSITUBUCTCKOM JIMIIOBLHOM TIPUOIUKEHUN TPUHAMAET
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BUIT
oul) = o Z P, 3 NG / N 6w — e+ Q) S, Ly de,
nt, o
(18)
2 (+0+1) 5
_(éJ - 5n(3) (rn(f,s'(f') npu U=t 1,
12, =43 2020+ 1) (19)
0 npu 0 #£L+1.

B pendaruBucTCKOM TpUOINKEHUN UMEEM

(e}
oun(w) = c3ao Z P, Z it / — f(eN)] 6(w—6’+6ngj)f§[j7€,(,j, de’,
ntlj,l'j' o

(20)

re —1(’ N@f + 1) (40 + )W (2565 11 2. (21

ntjet'y = 3 € _Enlj)( J +1) (40 +1) J .775 (Tneerer)”. (21)
1

1+ exp (5'—0_&)

— (byHKIUMsS pachpeeieHusi JeKTPOHOB HEMPEPBIBHOTO CleKTpa (OHA

Nn’f’
200+ 1) B dopmyre (7)),

31ech €9 — rpaHuna HenpepbiBHOrO cnekrpa, f(e)

COOTBETCTBYET BbIPDaKCHHUIO

Pt = / Rt (r)r- B (1) dir- (22)

PaccMOTpUM MeTOZ, BBIMUCTICHUS PATUATBHBIX WHTErPAIOB (22) mis
Cllydas, KOIJIa MCIOAb3YI0TCA KyJIOHOBCKHE BOIHOBBIE (hyHKIuU. O4eBn-
HO, YTO OCHOBHOH BKJIaJ B 3HAYEHHE UHTEIPATA Tpee ¢ AAET OOIACTD
3HaueHuil r B paiione makcumyma dysruuu R,.(r). B coorsercrBum c
uzieeit MeTona MpoOHOrO MOTEHINAA BEIYUCICHHA KyJTOHOBCKHX (DYHKITHIA
R, (1), norerunan V (r) B obaacru, rae dyuxyst Ry, (r) 3amMeTHo oTinaHa
OT HyJIf, MOYKHO 3aMEHHTDH Ha KyJOHOBCKHUIl IOTEHIMAJ ¢ BHEIIHEH 3Kpa-
HUPOBKOM

~ Zn
Vi(r) = 7‘ — Ans.

B coorBercTBHU € 9THM DY BHIYUCIEHUH HHTEIPAJIOB Ty o/ ¢/ B CYIIECTBEH-
HOM JJIsi MHTErpupoBaHust objactu 71 < r < To B KadecTBe (DYHKIUH
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R,/ ¢ (1) ecTecTBEHHO UCIOJIb30BATh PAAUAJIbHBIE (DYHKIUY, SBIIAIONECS
pemenunem ypasuenus IIpénunrepa s norenunuasa V(r):

Rep(r) =Cop Fop(r) + Derg Gorpr (1) (r1 <7< 12). (23)

3nech F.ip(r) — gacrHoe pemenve ypasaenust LIpéauarepa ¢ moreHnma-
oM V (1), KoTopoe npu 1 — 0 Beger cebs kak ¢ 1, a Gop (r) — apyroe
JIMHEHHO HEe3aBHCHMOE PEeIIeHne TOro ke ypapHenus. [locrosaubie Corpr
u Doy crenoBajo Obl HAXOAWTHh W3 YCAOBUN CONPSIKEHUS] TIPU T = T
dbyuxuyun Ry (r), onpenesnsiemoit dopmysoii (23), ¢ perneHnem ypasHe-
uug IIpéauarepa ¢ norenunuasnom V(r) B obmactu 0 < r < r;. Ecm
pererne (23) ucnonb30BaTh HaumHasi co 3HaveHuit r = 0, TO ciemyer
mo0KUTh Dorpr = 0. MOXKHO 0KUIATH, YTO TPpU HEOOTBINNX 3HAUEHUSX 11
BTOpOE ciaraeMoe B (23) JacT MaJiblii BKJIaJ] B HHTEIPAT Ty e ¢, OCOOEHHO
npu HEOOJIBIINX 3HAYEHUSIX TJIABHOIO KBAHTOBOro umcyia n. Crnpasenm-
BOCTb 3TOIO TPEIIIONOKEHNsT ObLIa MPOBEPEHA IIyTeM CPDABHEHWs 3HAYEHU
Tne,e'¢r, TTOTYYaEMbIX HEIIOCPEJICTBEHHO € MOMOIIBIO PEIIeHU yPaBHEHHs
Mpénuarepa Ry¢(r) u Rerp(r), co 3HAYEHUSIMHA, TONYIEHHBIMH PACCMa-
TPUBAEMBIM METO/IOM.

Ecnu ve yunrbiBaTh OTKJIOHEHUs noTentmana V(r) or V(r) npu r < rq
u npusaTh D, = 0, Torma Bmecto (23) nmeem

R.p (T) =Coyp Fop (T), (24)
roe npu € > Ay
041 —ikr i Zng ' ! ;
Fop(r)=r e F - + 0+ 1,20 4+ 2, 2kr ) . (25)

Hcnonb3ys BOAOPOIONOA00HbIC BOTHOBLIC (PyHKIUK /I JACKPETHOTO
Y HENPEPBIBHOTO CIIEKTPa, ToIydaeM [72]

21045 n\* 1 044
futre = Fuvesr = g G (Z_M) grr 1 WA X

p
X[(n £ ls)(n— 1 £ ) pn_p—2.0(N) = Pu—p e (V)] H [(n® — )X + %],

s=1

(26)

1 Z7

A=Ay = — Zut
T el — e 202

U~ =max(¢,0');
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sof(w) [T
N T =0 k3B
10° 4
10*
103
102
0,1 1 10 w
#7 () T =1xB
10% | n=2]
101 L
100 F PAVAVAN _
1 10 w

0,1

Puc. 5.2. Cevenue dorononuzanuu B 30m0Te (M2 /T) B 3aBUCHMOCTH OT SHEPrum HhoTo-
HOB B K3B. Crtomuas nmuaus — pacderst no nporpamme THERMOS ¢ ucnosnb3oBanuem

YHCJIEHHBIX BOJHOBBIX (yHKIHM, IyHKTUPHAS JIMHAS — BOAOPOAONONO0HOE TIPHOIHIKe-
uue (26). Ha BepxHeM pUCYyHKe TOYKAMU HAHECEHBI SKCIIEPHMEHTAJIbHbIE JaHHBIE [148]

( A [ A . f1-X
exp n 1_/\arcg )\
, A<,
A

1—exp | —2mny/ T

exp(—4n), A=1;

Hns caygas £ =1

[ A [A—1
—4ny ) —— hy/—— 1.
\exp n )\_larct i\ , A>

’

, 0" = 0 mpomssezenne [ [(n? — s?)X + s?] meobxonm-

s=

MO 3aMEHUTDH Ha enuHuIly. DYHKIUA @0 (\) BBIYUCISIOTCS IO PEKYPPEHT-
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HBIM COOTHOIIEHUAM
Pme(A) = —(m—=1)(m+20)@m—2,6(A) +2[2A(m + L —n) —m — lm—1,¢(N),

rnem =0,1,2,..., QOOZ(A) =1, Qo—l,(f()‘) =0.

Ha puc. 5.2 (T = 0) npoBeieHO CpaBHEHME YKCIEPUMEHTAIBHBIX 3HA-
vyeHnit cevenusi (poromonmsanuu B 3050re [148|, MOIYUEHHBIX MPU HOD-
MaJIbHBIX YCJIOBULAX, C PE3yJbTaTaMu PACYETOB B PA3JTNIHBIX HpI/I6J’[I/I}K€-
HugAx. Pacdersr mpoBoguauch st reMmnepatrypbl ' = 1 3B u miorHOCTH
p=0,11/cM?, Tak Kak ceuenns GOTOMOHU3AINN TPAKTHICCKH HE 3aBUCAT
OT TeMIEPATYPhI BEIIEeCTBA B PACCMATPUBAEMOM IUAIMA30HE dHEPTHit ¢ho-
ToHOB fiw > 0,1 k3B (371€ch u B nasbHeiiem Ha rpadukax st KPATKOCTH
BMeCTO fiw yKa3aHO w). 3aBUCHMOCTH OT TIOTHOCTH 1ipu T ~ () Tak»Ke Her,
TaK KaK CEUCHHS BLIPAYKEHDLI B CM> /1. B pacyerax noporu (hporonoHu3zanmuu
1 3¢ deKTUBHBIE 3aPsIIbl BEIYUCISLIACH 110 Moiesu XapTpu—®Poka—CiaTepa
C yYeTOM DEeJIATUBUCTCKHUX momnpasok mo nporpamvme THERMOS.

Kak MoxkHO Bugers u3 rpaduka, pe3yabTarhl, MOJTYyIeHHBIE C UCIOJIb-
30BAaHUEM YUCJIEHHBIX BOJIHOBBIX (DYHKIIWI, XOPOIIO COTJIACYIOTCS C IKC-
MEepUMEHTOM BO BCeM Juamnal3one sHepruii ¢goronor. Bomopomonomsobroe
npubIMKeHne, KaK W CJIeJ0BAJIO OXKHUAaTh, npu 1 = 0 maer Xopormme
PE3yJIbTAThI JJjIs BCEX BHYTpeHHUX 0005109€eK (n < 3), 94TO MO3BOJISIET 3HA-
9UTENIFHO YIIPOCTUTH BBIYUCICHUS TIPU OOIbINUX dHEPrusx ¢porouos. [Ipu
temmeparype 1T = 1 k3B BomopomononobHoe mpubimKeHne Coriacyercs ¢
YHUCJIEHHBIM PACYETOM [IJIs BCEX YUYTeHHBIX 0005109eK (n < 9).

3. TopmosHoe noriotnerune. JIjist TOPMO3HOTO MOTJIONIEHWST MOYKHO
npenedpedb OTKIOHEHWEM YHCEN 3aIOJHEHUS HAYAJIHHOIO COCTOSHUS OT
CpefHero, T.e. 3aMeHHTh Fg, 5%, NgZ va 1, € u 2(2¢ + 1)f(e) coor-
BETCTBEHHO, & TaKXKe He yYHTHIBAThH peIsATHBUCTCKUE 3¢hdeKkThl. B 3rom
HpI/I6J’[I/I}K€HI/II/I C€YeHHE TOPMO3HOI'O IIOTJIOIIECHUA IIPUHUMAET BU

[e.eje ]
aff(w)=%”c3aoz 3 / / 2(20-41) (&)1 = ()] (we—e") fop orprdede’
[ETES B4
(27)
Cymmvuposanue npoussogutcst o £ = 0 10 £ = L., (pu £ > £,
00J1aCTh KJIACCHYECKOTO JIBUYKEHUSI JIEKTPOHA OKA3BIBAETCS 38, TIPEIETIaMU
aroMHoit stueiiku). [Ipu cyMMUpPOBaHUY MOXKHO IPUMEHUTDH KBAJAPATYPHBIE
dopmyssr laycca, ocHOBaHHBIE HA, MCIIOIB30BAHUM MOJUHOMOB debbIieBa
JUCKPETHOIT mepeMenHoit [72, 80].
,HJI?{ BBIYHC/IEHUA CUJI OCOUJIIIATOPOB y,ﬂO6HO BOCIIOJIb30BATbCA MaTPUYI-
HBIM JIEMEHTOM YCKODEHUsI:

To
2 1 dv (r)
fsf,s’(i' = gm /ng(’f’)TRslgl (7”) dr . (28)
0
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xpp(w)
10°
10?
10*

10°

0 20 40 60 80 100 120 w

spp(w)
10*
10°
10?
10!

10°

0 1000 2000 3000 4000 5000 w

Puc. 5.3. Cedenne TOPMO3HOTO TOTJIOMEHHS B »Kejese (cM2/r) B 3aBHCHMOCTH OT

sHepruu (HoroHoB B 5B. CruromHas jguHHs — pacders! 10 dopmyse (29), myHKTUPHAS

smHUsA — 1o nporpamme STA [140]. Pacaersr nposenens: npu temneparype 1 = 20 5B

u wiorroctu p = 104 r/cm® (a), a Taxske npu Temmeparype T = 600 3B u mroTHOCTH
p=28r/cm® (b)

B npubamxkennn Bopra—absepra [101] ¢ y4eToM BBIpOXKIEHUs Cede-
HHE TOPMO3HOI'O IIOIVIOIIEHUA MOXKHO 3allHCaTb B BHUIE

7olw) =238 100220 [ f@ L= FENo e, (29
0

rae Zy — CpeJHee YNCJIO JIEKTPOHOB HENPEPBIBHOI'O CIIEKTPA,

\/_ Ve VE 1—exp [—QFZO/\/Q_E']
9('se) [ ( . €> 1—exp [—QrZO/\/Qa' (30)

Pacuerbr cedenuii TOpMO3HOrO morsomenusi mo dopmysie (29) s
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IJIa3Mbl K€JI€3a B CYLIECTBEHHO DAa3HbIX O00JACTAX O TeMIeparype u
IJIOTHOCTU NpuBesieHbl Ha puc. 5.3. Tam ke mjig CpaBHEHUs NPUBEIEHbBI
PE3YIbTATHI PACYETOB C UCIOJb30BAHUEM YHMCICHHBIX BOJTHOBBIX (OYHKIHI
no mporpamme STA [140]. IIpu rtemmeparype T' = 20 3B wu miorHo-
cri p = 107* v/cM® (pasperkeHHas HH3KOTeMIepaTypHAs ILIA3Ma, CM.
puc. 5.3a)) OpU BBIYUCJIEHUN CEUYEHUIT IO BOTHOBBIM (DYHKIUSM UCIIOIb3Y-
I0TCsl CHElUAJIbHbIE METOIbl CyMMUPOBAHUS [0 KBAHTOBOMY 4uCIy £, Tak
KaK 9uCIIo cJaraeMbix B (27) ouenb Benuko. [Ipu remneparype T = 600 5B
u T0THOCTH p = 8 T/cM® (MI0THAs BBICOKOTEMIepaTypHas IIa3Ma, CM.
puc. 5.3b)), OCHOBHasA CIIOKHOCTH 3aKJII0YAETCH B YHCIEHHOM MHTEIPUPO-
BaHUW 110 YHEPTUM €, TAK KAK [PU OOJIBIINX € NOAUHTErPAJIbHBIE (DYHKIUU
CHJIbHO OCIUJIIAPYIOT.

Kak BumHO u3 puCYHKOB, B O0OJIACTH HE CIUIIKOM OOJBINUX IHEPrUit
dboronoB (w/f < 5) pe3yabrarThl PACUYETOB MO BOJHOBBIM (DYHKIHSM |
B npubnuxkennn (29), (30) (tuna Bopra—ubBepra) JAIOT NPAKTHYECKH
COBIIIAIONINE PE3YJILTATHI.

4. KomriroHoBcKoe paccedanme. s cedeHus KOMIITOHOBCKOI'O
paccestaus ¢ yaerom dopmysisl Knelina—Hummmner [67] u pesynbraros [207]
HOJTyYeHa, CJIe/Iyolas HHTePHOIAIHOHHasA dopMy.a [72]:

Us(w) = UOZO f(EvT)v (31)

rae E — sueprust ¢porona, T' — remneparypa semectsa (E u T BbIpaxKeHbI
B K3B),

F(B,T) = 1, mpu 17'<2 wnm FE <0,25;
T a(EYT -2)+b(E), npu T>2 u E>0,25

2,04-107°E — 6,44-107*VE +5,13-1073, E < 215;
a(E) = -5 —4 -3
3,04-107°F —1,455-107*VE +1,53-1073, E > 215;
(B) = 6,622-107*E — 5,365 - 107 2VE + 1,1116, E < 215;
T 18,455-107*E — 5,157 - 1072VE + 1,0273, E > 215.

[Tosnoe cedenne norsionieawsi GOTOHOB C YIETOM BBIHY XK IEHHOT'O U3JLY-
YeHWs W MPOIECCOB PACCETHUS OMPEIEAeTCs CyMMO

w
7"
st cmecn snemenToB Z; (i=1,- -+, N) ¢ maccoBbivu gossimu my; (D m; =1)
ko3 dunuent noryomenus B ¢cM2 /T (HENPO3PAYHOCTD) MMEET BH

o(w) = (1= €e7%) [0 (W) + 0u(w) + on(w)] + 05 (w), T = (32)

N
m;

#(w) = Ny Z Iai(w), (33)

i=1 "
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rae Nao — nocrosuuas Asoraapo, A; — aroMmHblii Bec, 0;(w) — cedenue
HOIJIOMIEHNsI 7SI §-TOTO IeMeHTa cMecH (cM. Takxe [204, 196]).

BkJiai pa3iiM9gHbIX NPOIECCOB B POCCEJIAHIOBO CPEIHEE MPOUJLTIOCTPU-
poBan B Tabi. 5.2 Ha mpumepe keje3a. Kak BHIHO u3 TabIWIbI, JIUHUU

Tabauna 5.2. CreneHb BIUSHUS PA3JIHYHBIX IPOIECCOB IOTJIOIIEHNs HAa POCCETIAHI0BO
cpenHee B Ia3Mme keje3a npu Temmeparype 7' = 100 3B u pa3yim4HBIX MJIOTHOCTSIX.
IIpuBenens: cpennnme mo Poccenangy Ko3hMUIMEHTH MOIJIOMIEHAST B CM2/I‘: My —

YYTEHBI BCE IIPOIECCHI; %;"" — pacyer 0e3 ydera JIMHUH; %g — YYTEHO TOJIBKO
TOPMO3HOE IOIJIOIIEHHE

p, v/cm3 p 25O %g
0,0001 9,19 1,57 0,0094
0,001 38,6 11,4 0,0773
0,01 261 89.4 0,641
0,1 1240 551 4,48
1 2820 1760 27,5
7,86 4130 3190 171
50 8500 8400 785
1000 21600 21600 20900
10000 29700 29600 28400

OIPEIENIAIOT POCCETAHIOB TPOOer P MAJIBIX IJIOTHOCTSX; TPH OOIBIITIX
TJIOTHOCTAX OCHOBHBIM CTAHOBUTCSH TOPMO3HOE TIOTJIOIIEHUE.

§ 3. Ocobennoctu morJionieHus (POTOHOB
B CIIEKTPAaJbHBIX JTUHUAX

N3 nepednciieHHBIX B § 2 MPOIECCOB MOTJIONIEHUST (POTOHOB JIEKTPO-
HAMHU HaubOJIee CJIOXKHBIM KaK C TOYKH 3DEHHsl TEOPHH, TAK M C TOYKH
3peHud O6"beMa BBIUUCJIEHUNA SBJISIETCA oponecc MOorJIOIEeHUA (bOTOHOB B
CIEKTPAJIHHBIX JUHUAX. Jle0 B TOM, 9TO [Jist y4ueTa JIUHUNR HeOOXOIuMO,
BO-TIEPBBIX, JIETAJIBHO OIKCATb CTPYKTYPY YPOBHEH (TEPMOB) OTPOMHOIO
KOMN4YIeCTBa MHANBUIAYAJIBHBIX COCTOSIHUI MOHOB B IJIa3Me W HAUTU BEPO-
SITHOCTH PEAJIU3alMU TAKUX COCTOsIHUM. BO-BTOPBIX, CTPYKTypa TE€PMOB
JIaeT JIWIIb TIOJIOXKEHNE CIEKTPAIbHBIX JIMHWMA, & [JIs ONpe/eIeHUs] UX
MHTEHCUBHOCTEH (CHJI OCHU/UIATOPOB) HEOOXOIMMO MOCTPOUTH BOJHOBBIE
GYHKIMY BCEX COCTOSIHUIN MOHOB B m1a3Me. HakoHeIl, CIIOKHEHIIIY IO 38129y
npecTaBiisieT coboit Beraucaerne popmbl (poduiist) JIUHKIA MOTJIOMEHNS,
KOTOPYIO OompenensioT 3PEdeKThl B3anMOIEHCTBUS MOHA CO CBOOOIHBIMU
9JIEKTPOHAMY U JPYTUMU MOHAMH ILIA3MBI, C TIOJIEM U3JIydeHus: u 3ddeKT
Hormepa. 9TuM BOIPOCAM IMOCBSAIIEHO OOJIBIIOE KOJIUYECTBO JIUTEPATY-
pBI, B TOM YHCJE IIMUPOKO W3BECTHBbIE MOHOTpaduym u ydeOHbIe MOCOOUs
(cM. manpumep, [31]). Ceoro 3amady aBTOPHI BUIAAT B MOCTPOEHUM TAKUX
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aJITOPUTMOB, KOTOPBIE MO3BOJIUIN ObI JTOBOAUTH BBIYUC/ICHUS [0 Y/IOBJIE-
TBOPUTEIBLHOTO PE3YJIHTATA [IarKe MPU HAJUYIUU COTEH THICAY CIEKTPAb-
HbIX JuHuil. B Hacrosimem naparpade 6yaer paccCMOTPEHO PaCIpe/ieieHne
BEPOATHOCTEH PA3IMIHBIX COCTOSHUI MOHOB W MOJIOXKEHNE CIEKTPAJTHHBIX
smanii. Berancmenuio mpoduis TUHUN TOCBAIIEH Caeayomuii naparpad.

1. Pacnpenesierne BeposiTHOCTell BO30YK/IEHHBIX COCTOSTHUM
uoHoB. Pacnpenenenne BepoaTHOCTEll P, BO30YXKIEHHBIX COCTOAHMI
HOHOB il Kouduryparmun @ c¢ uncaamu sanommenns N@ (v — mabop
KBAHTOBBIX YHCEJ, ONPEIENSIIONUI OJHOIEKTPOHHBINA YPOBEHB) MOMKHO
BBIYHCINTD UCXOASA U3 pacupenenenns: [ uooca

1 E_, — uN,
szﬁggexp<—%>,

rae B, — sHeprus uona, p — XUMUIeCKuil norennumai, N, = >N, ,52 v 90 —
CTATUCTUYECKU BeC KOHGUrypauuu Q: v

N@ gV'
9, =11%." =l =070
° 1:[ IZINQ!(QV—N,?)!

) — craTucTHYECKas CyMMa 10 BCeM KOH(DUTYpPAIUIM HOHOB:

E, — uN,

Q= z@:gg exp <—T)

st mpeaBapuTesNbHON OlEHKKM HAanbOsee BEPOSITHBIX KOHMUTYPAIHil
MOXKHO HCIIONIB30BaTh OMHOMuasbHoe pacnpezaesnenue [130]. B stom mpu-
6J'[I/I)K€HI/II/I BEPOATHOCTH 3allOTHECHUA ypOBHeﬁ

1

P T exp (255)

CUYUTAIOTCS HE3ABUCUMBIMU, U TIOJTHAS BEPOSITHOCTD Peasn3anuu KOHdury-
pannu () ¢ 33 aHHBIME YHCTaMu 3anoHenns NS onpejesnserca GUHOMH-
aJIbHBIM pacIpeeeHreM

. Q Q _NQ
Py = [l car p” (1 =p) 7. (1)
v

ITpu ucnonbzosanuu pacnpenenenus I'nboca ynobuo smecto P, BBecTH
obo3HaveHme

P Eys — E
PkS — _k ng exp _M s (2)
Qe 0
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rue k — kparnocrs nonusaiyu Koudurypanuu @ (k=0,1,... k... = Z);
s — HoMmep Bo36yxkuenuoro cocrosuus (s = 0,1,2,...); ko, So — Kpar-
HOCTh MOHU3AIMU U HOMED COCTOSIHUsI HanbOosee BEPOSTHOrO MOHA (HOHA, C
YUCIaMU 3aI0JHeHus Haubosiee GIM3KUMU K CPEIHUM 3HAYeHUsIM ); Prg —
BEPOSTHOCTh HAXOXK/JIEHNSI HOHA B COCTOSTHUM § C KPATHOCTHIO MOHU3AIAN
k (Pr = Prs), Q) — COOTBETCTBYOIIAsI CTATUCTUIECKAS CYMMA:

S

Eps — Ep, s
Qk =ngsexp (—%).

s

Bepositnoctu Prs u Pp, yIOBIETBOPSIOT yCJIOBUSM HOPMUPOBKH
> P =1, > p=1
ks k

B pacuerax OOLIYHO YYMUTHIBAIOTCS JIUIIL Te KOH(pUTyparuu (), st
KoTOpbIX P, Gombie HEKOTOPOTo 33JaHHOro 3HadeHus. 13 aroro yciopus
OIIPEIEIAIOTCS I'PAHUIIBI M3MEHEHUsT YUCeJ 3AII0THEHMS NVQ .

st onpenenenusi BeposaTHOCTEN Pjs HEOOXOIUMO YCTAHOBUTDH CBSI3b
MEK/ly HOHM3aIMeill ¥ XMUMWYECKUM IOTEHIHMAIOM. IIpeanosoxkumM, 49To
MOJEJIb CPEIHEro aroMa HaeT MPABUIbHOE 3HAYECHWE WOHU3AINH, TOTIA
JIOJZKHO BBINIONHATHCSA yeiosue y . kP, = Zy. Iasa onpenenenust P no-

k

JiydaeM CIeAyIONryio CHCTeMY yDaBHEHUH

4

P 0
L~ exp(f) —tL

Py Qp ’
> n
k

1, (3)

> kP = Zo,
\ k

rjie f) — HOBOE 3HAYeHUe MPUBEIEHHOTO XMMUYECKOTO MOTEHIIHAJIA.
Yrobs! HaiiTu Besmuanny ( = eﬁ, ObLI UCOAb30BaH MeTon HbioToHa 114

ypaBHEHUsI

dnF

Cd<

= ZOa

rie
kmax

F=F(¢) =" fo(Q fu(Q) =) "k

k=0
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(cymmupoBanue no k yao6H0 npoBoauTh HaduHasd ¢ k = ko, yBequuuBas u
yMeHbIas k 10 Te€X 1MOP, MOKa COOTBETCTBYIOIINE COCTOSIHUSI HE CTAHOBSATCS

MAaJIOBEPOSTHBIMH).
Cxema urepauuii nMeer BHJ

(p) Jofo+ 13Z0 — f1
fofo+ fofi — f}

; (4)

¢=¢)

C(p+1) =

rae HadaabHoe 3Haudenwe ((0) Bpramcsercss ¢ momompio 70 = 1, momy-
YEHHOIO 110 MOJIEJIM CpefHero aroMa. Urepamnuonnasi cxema (4) momydena
[0 AHAJIOTUU CO CXEMOH JJIsl HaXOXK/IeHUsI KOHIEHTPAINI NOHOB B MOJIEJH

Caxa (cm. dopmymy (19) u3 §2 rn. VI).

P : - - : P, - - - , ,
a 0,4
0,3 [ ,'A\\ 1
0,3
0,2 \ ]
\ 0,2
0,1¢ \ 10,1
/'// \\\
0 — ‘ : 0
62 64 66 68 3 10 12 14 16 18 k

Puc. 5.4. Pacnpezgenenne BeposTHOCTEH BO3OYKIEHHBIX COCTOSIHUN MOHOB B 3aBUCH-

MOCTH OT KPATHOCTH MOHM3AIMH k [ MIa3Mbl 30JI0Ta TpH mIoTHOCTH p = 0,1 r/cm®

u temneparypax: (a) T = 1 k3B, (b) T = 50 3B. CnuomHoii juHHel 0003HAYEHO

pacupejesieHne BEPOSTHOCTEH, MOIyYeHHOe N0 pacnpesenennto I'ubbca (2); mrrpuxamu
HaHeCeHO OHHOMHAJIBHOE pacupenesexue (1)

B kadecTBe mpumepa pacCMOTPHM pacIpejiesieHie BepOsSITHOCTeH BO3-
Oy2KIEHHBIX COCTOSIHUI WOHOB B 30JI0T€, BBIYUCJIIEHHOE MPHU PABTUIHBIX
temneparypax (cMm. puc. 5.4). Kak MOXXHO BUIETh U3 PUCYHKA, TP TEMIIE-
parype T =1 k3B GuHOMHMAIBLHOE pacipeiesieHue u pacipeesenne ['uboca
MaJIO OTJIMYAIOTCS JIPYT OT /IPYTa, B TO BpeMsi Kak npu Ttemmeparype 7=50 3B
OTJINYUe CYIIeCTBEHHO.

2. TlosiokeHMe CHEKTPAJIbHBIX JIUHUM. [lj1s1 BIYUCIEHUS IEHTPA
IPYIIIBI COEKTPATLHBIX JJMHAN TIOTJIONIEHNS, COOTBETCTBYIONUX KOHMUry-

pamnn Q = {N2}, pacemorpum kondurypammo Q' = {N2'}, ormaaro-
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HIytocs oT () MOJIOXKEHHeM OIHOTO 3JIeKTPOHA!
N2, v#a,pB;

N,SQ,: N,f?—l, V= q;

N@+1, v=38

B HepensaTuBUCTCKOM NMPUOJIMKEHUH HEHTP TPYIIIbl JIUHUAN ONpeaes-
eTCsl pa3HOCTbIO 3Hepruil Koudurypanmii Q u Q' (cm. dopmyay (24) uz § 2
ra. IIT):

EQ, —EQ =1, —Ig-i-ZN,?(HuB_Hva)"‘(Haa _HaB)‘ (5)
v

Boruncnsas E, 10 BOTHOBBIM (DYyHKIUAM CPeTHErO aTOMa, MOy YeHHBIM,
Hanpumep, no Mozean Xaprpu—Poka—Ciasrepa, B Haunbosiee IPOCTOM IPU-
OMKEHUN MOXKHO IMOJIOKUTD

wap = E,, — E,. (6)
B ciyuae Bomopomonono6HbIX BOMHOBBLIX (byHKIM, Hosaras v = nf,

A = 7l u coxpanss JHIIb IepBbIe YWICHbI B pas/oxenun F, 1o uaTerpamam
CiaTepa, mosydaeM npoctbie Beipazkenus (cm. . I, § 2, m. 3):

[ L& ((t+1) Z Zt(Znt — 27
Ine = /Rntf(r) (_iﬁ + % - ?) Rye(r)dr ~ %,
0

o0 o0
1
0
oy~ PO / / R (1) R (r2)radr
00

~ -
n? 2n2n

S S
Lt T X M (us) us) f‘ M2 (vss)
E Qg Us' —

s=1 s'=1 Uss’
e
e nZﬁZ
Uy = —————— Vgg! = Tyt + —————2x
s W Zpt + 1207 sy ss s 1 Znt + 127 5

n—~0¢—1)!
Mye(x) = WIFPAL?@L(%)-

PeHﬂTI/IBI/ICTCKI/Ie TOIIPAaBKU MOZKHO Y4Y€CTb, Imojiarad
Wnejn' 0§ = Wnen'e' T Enrerjr — Enrer — Entj + Ent- (7)

JJ1st CHIT OCHMIIIATOPOB OCTAIOTCs chpaseaiuBbiMu (opmyst (19), (21)
u3 § 2.
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3. BosiHOBBIe (yHKIIMM aToMa UM CJIOXXKEHWEe MOMEHTOB. B
NpUOINKEHNN EHTPAIBHOTO MO KAXKI0N IJTEKTPOHHON KOHMUTYDAIIHT
() coorBeTcTByeT HAOOP COCTOSHUHN, OTJIHYAIOMINXCS B3aUMHON OpHUEHTA-
nueil OpOUTANBHBIX U COIUHOBBIX MOMEHTOB 3J71eKTpOHOB. OTHECeHHe BCex
9TUX COCTOSHWI K OJHOMY W TOMY XK€ JHEPIeTUIECKOMY YPOBHIO HOHA
(aToMa) BO3MOKHO JI0 TeX 110D, TIOKA MBI IPeHeGperaeM CluH-0pOUTATBHBIM
B3aUMOJIEHCTBUEM, & TAKXKE TOM IaCTHIO IJTIEKTPOCTATUIECKOTO B3ANMO, I~
CTBUS MEXKIYy JEKTPOHAMH, KOTODAs HE YUUTHIBACTCH B NMPUOTMIKEHUN
HEHTPATLHO-CAMMETPUIHOTO TOJIST.

CoBMecTHOE PacCMOTPEHHE TAKUX B3aUMOLEHCTBUN IIPEICTABIISIET CO-
001 BeCbMa CJIOKHYIO 33149y, TOITOMY OOBIYHO HCIIOIH3YIOT TEOPUIO BO3-
MYIIEHUH, TpUudeM CUUTAETCs, YTO OJHO U3 B3aUMOJIEHCTBUN HAMHOIO MEHb-
me apyroro. B takom mpubsinikeHnu BOMHOBYIO (DYHKIWIO MOHA MOYKHO
MIOCTPOUTH TIYTEM BBHIOOPA OMPEIEIEHHON CXEMBbI CJI0KEHWsST MOMEHTOB Ha
OCHOBE HEKOTOPOTO THIIA WX BEKTOPHOH CBst3u. [OBOPsT O pa3IMIHBIX THIIAX
CBsI3H, TIOJIPA3YMEBAIOT, IO CYIIECTBY, TOJIHKO TOT (PAKT, ITO HEYITEHHBIE B
CaMOCOTJIACOBAHHOM TIOTEHIMAJIE SJIEKTPOCTATUIECKOE U CIIUH-OPOUTATIHHOE
B3aMMO/IEHCTBUST MOYKHO MHTEPIPETUPOBATh KAK CBSI3U PA3HBIX THIIOB MEXK-
/Iy BEKTOpaM# OpOUTAILHOTO { 1 CIMHOBOTO § MOMEHTOB 3JIEKTPOHA.

OcHOBHasT YaCTh SHEPTUN COUH-OPOUTATHLHOIO B3AUMOIEHCTBUS OMUCHI-
BaeTCsl BBIPAYKEHUEM

(8)

rae V (r) — noreHmnual, B KOTOPOM JIBUXKETCs 3JIeKTPOH. JIjist 60MbIMHCTBA
aTOMOB CITMH-OPOUTAIbHOE B3aMMOIEICTBYE, KAK MPABUJIO, 3HAYATEIHHO
MEHbIIIE 3JIEKTPOCTATUIECKOTO, TOITOMY UM MPEHeOPEeraoT n3-3a HaJIMIust
B (8) Masnoro mapamerpa «. B Takux cydasx HCTOMb3YIOT TPUOIMKEHNe
LS-cBs3u, npu 370M OpOUTAIBHBIE U COUHOBBIE MOMEHTBI CBS3BIBAIOTCS
(CKIIAZIBIBAIOTCS) HE3ABUCUMO, & 3aTeM MOJIyYAOT TIOMHBIH MOMEHT MOHA
J=L+8§.

C pocroMm Z oTHOCUTENbHAS POJIb CIIUH-OPOUTATIHLHOTO B3AUMOIEHCTBHU S
OBICTPO BO3PACTALT, U MOHSITHS OPOUTATILHOTO U CIUHOBOTO MOMEHTA 3JIEK-
TPOHA B OTJEIBHOCTU TEPSIOT CMBICI. MOXKHO TOBOPUTH JIMIIL O HOJTHOM
MOMEHTE KayKIO0r0 JIEKTPOHA j =7+ § B srom cIydae OOBIIHO UCIIOJIb-
3ytoT npubKenue jj- CBA3H, B KOTOPOM CHAYa/a CBA3BIBAIOT MOMEHTbI
0; 1 §; B NONHDBIA MOMEHT i, a 3aTeM Bce 31H MHIUBH/1ya/IbHbIE MOMEHTHI
CBA3BIBAIOTCA B CYyMMAPHBIN MOMEHT MOHA J= > ],v. Iloapo6Hoe onmcamme
COOTBETCTBYOIINX METOJOB MIPUBEIEHO B KHUrax |71, 25, 94].

1715t MHOTO3apsTHBIX MHOTO3JIEKTPOHHBIX HOHOB, HAXOSIIIIUXCSI B CHITh-
HO BO30YKIEHHOM COCTOsHUK (BO30YKIEHbI 1Ba U 6Ojiee JEKTPOHOB),
npubsukenue LS- niau jj-CBsI3u, KaK MPABUJIO, HEIIPUMEHUMO, TaK KakK
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CIUH-OPOUTAIHPHOE B3AMMOIEHCTBYAE W HEYYTEHHOE B CAMOCOTJIACOBAHHOM
MOTEHITUAJIE ITEKTPOCTATHIECKOE B3aWMOIEHCTBUE — BEIUIUHBI OJHOTO
nopsiaka (0coGeHHO mist p — d win d — f 1mepexonoB BHYTPU OBOJIOYKH).
Bo muOrEX ciygasx HEOOX0IMMO TaKKe yIUTHIBATH B3AMMOIEHCTBIE KOH-
dburypanuii 1 KCIOIH30BaTH MHOIOKOHMUTYAIHOHHOE IPHOJTIKeHne [94].
MbI paccMOTPUM HEKOTODbBIH CPABHUTEIHHO TPYAOEMKHII MO BBIYHC-
JIeHusiM C€roc0o0 TIOCTPOEHMST BOJTHOBBIX (DYHKIUI MOHOB, KOTOPBIA, TeM
HE MEHee, ABJISAeTCA MTOCTATOYHO HATJISAHBbIM. [IpuMeHsemMblii HAMU METO.,
MPSMO# TMATOHAJIUBAIINH [TO3BOJISIET B OJTHON MaHepe MOy YaTh Pa3InIHbIe
npubsnkenus: LS-CBsi3b, jj-CBA3b, & TAKIKE CBA3b IPOMEYKYTOYHOTO TUTIA,
BBIOMpAsT PA3UIHbIE MIPE/ICTABICHUS [JIsT HCXOTHBIX (DyHKITHIA.
Paccmorpum, HampumMep, CBsI3b TPOMEKYTOYHOIO TUIA C HUCIOTIH30Ba-
HUEM OJTHO’JIEKTPOHHBIX (DYHKIUH B ipeacrasiaenuu nljm. s 3ananuoi
KOH(bI/IrypauHH Q) = {Ny,¢} OyzmeMm ydurbBaTh BCE €€ MOAKOHMUIYpAIUH
q¢ = {Nnejm} (Nngjm = 0 wimn Nyygjpm, = 1) Taxue, 4ro ZNnng = Npy.
]m
it KaXK0i MOAKOHMUTYPAIUK ¢ MOYKHO MTOCTPOUTH OJHOIETEPMUHAHT-
HYI0 (DYHKIUIO

1 o
Yom = ﬁdeﬂlw(mak)ﬂa (9)

rone k = 1,2, ...N (N — gucno snexrponos: N = Y Nyy), a KaKIOMYy
i TOCTABJIEHBI B COOTBETCTBHE KBAHTOBBIE UnCiIa Nljm, ONpeessonme
COCTOsIHHE JIEKTPOHA C BOJIHOBOW (DYHKIHEH

Untim(,0) = T Rut(r) 3 O L (1) Vi, (9, 0) Xgn, 0). (10)

MeMs

DyHKIUN Ppejm MOIYT OBITH IIOTYYEHBI IyTEM PellleHrs ypaBHeHuil XapTpu—
®oka—Ciarepa u B 3TOM CIydae SBJSIOTCA COOCTBEHHBIMY (DYHKIIASIMEI
raMUJIbTOHHAHA

Ao(7) = ~5A — V1), (11)

rae V(r) — camocornacosannbii norernuan Xaprpu—®Poka—Cosrepa. dis
MHOTO3/IEKTPOHHOTO HOHA PaMHUJIBTOHNAH H He ecTh CyMMa raMH/IbTOHHA-
HOB (11) 1O BCeM 3J1eKTPOHAM, Tak Kak B (11) ydreHa JIUNIb MIaBHAS 9aCTh
B3aMMOJIEHCTBH S, KOTOPAsi MOKET ObITH OMUCAHA EHTPATHHO-CHMMETPH -
HBIM CaMOCOIJIACOBAHHBIM noTeHnnaaoM. OcTaBIrasics HeIEeHTPATbHO-CHM-
MeTpPHUYHAs 9aCTh, & TAKXKE JAPyrue B3auMoeidcTBus (B 4aCTHOCTH, CIIUH-
opBUTAILHOE) MPEJCTABIAIOT COBOM MOMPABKYU K Hy = Do Hy (7;) u mMoryT
OBITh yUITEHBI TI0O TEOPUHU BO3MyIIeHuit. st onpeieieHHOCTH OyIeM y4au-
THIBATH JIUIIH OCHOBHBIE TIOMPABKY U MOIOKAM [71]

B=Y [ T S (6R), @)

i<j
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r7e, KpoMe 3JIEKTPOCTATHIECKOrO B3AUMO/IEHCTBHUS SJIEKTPOHOB C SAPOM U
MeXKIy cO00ii, yITEHO CIMH-OPOUTATIBHOE B3auMOIeHCTBIE.

OnnonerepmunantHasa (ynkuus W,y Oymer cobcTBeHHON (yHKIMedH
omepaTopa MPOEKIUU MOJHONO MOMEHTa Ha OCh 2, BEeJIMYHHA KOTOPOH
onpezensercs mo (opmyie

M =Y mNutjm-

nljm

Bynem uckarb BOSHOBYIO (DYHKIHMIO HWOHA, KOTOpast Oyner coOCTBeH-
HOH (byHKIMe#t nns omeparopos J,, J2uHs TIEpBOM TOPSIKE TEOPUH
BO3MyIeHnii. Kak u3BeCTHO, B HAIlleM CJIydae JOCTATOYHO, YTOOBI UCKO-
mMag byskmua ¥, 7y Oblma coOCTBeHHON (byHKIHMe TaMuabToOHnaHa H,
Torga ona Oymer cobCTBeHHON (yHKIMeNR st J? u ana J, (cm. [101];
JOMOJTHATE/IbHBIN UHIEKC 7Y BBEJIEH [IJIsi TOT0, YTOOBI OTJINYATH PEIEHUS C

oxuumu u remu xe J u M). Ilpeacrasum dbyuxuuio V., 7is B Buze TUHEHHOI
koMmOunauu Gyukuumii (9):

Uogm = Z C;]\{[‘IIQM‘ (13)
q

Koaddunuents! pasinozkennst HAXOAUM IIyTEM PeIIeHHs CEKYJISIPHOIO ypaB-

HeHUs
v 71 —
> Cot ((alftld) - E) =0, (14)
q/
re Kazkaoe coOCTBeHHOe 3Hadenne F = F.jy 7 KaKAbIH COOCTBEHHBIH
BEKTOP {C’;’A{I} OTBEYAIOT OIpPeIe/IeHHbIM 3HaueHusM v, J u M. 13 ycio-

BHUsI HE3aBUCUMOCTH 3HepTuu F or M MOXKHO IPOBECTH KJIACCHQPUKAIUAIO
COCTOSTHW# U OTIpeaesinTh BenduHbl J u M 1iasa Kaxkaoro perierus. Ecau
IJ1s1 OIpeneseHHbIX J 1 M TaKuxX BEKTOPOB HECKOJIBKO, TO JJIs UX OTINYHS
HCIOJIb3yeM HHIEKC 7.

Marpuna {(g|H|q') Beraucisiercs cemyrommum obpazom (cum. [62, c. 171]).
Ecnu nonkondurypanyuu g u ¢' coBnagaior (IuaroHaabHbIE JIEMEHTbI), TO

N 1
(alHlg) = Y Nalla + AE2) + 5 Y~ NaNsHas, (15)
o a,3
rIe
a = {nljm}, g ={n"t'j'm'},

n o 3
AE, = % []a(Ja +1) = Lo(ly +1) — Z] ,
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Cng———/ldv fl,_;(r)dr.

JIByX3/IeKTPOHHBIN MATPUYHBIH JIEMEHT ONpeesseTcs BbIPAXKeHueM

Hup = (0!5 aﬂ (aB ‘— Bay),
e
¥y, (F1,0)05(f2, 0 )¢a(Tla U)d’ﬁ (75,0 )
< Oéﬂ Z/ g |7“1 — 7“2| d7’2,
(Olﬂ Z/ '4[} (r17 /wﬁ (r2|7r1 )_1:[},:2(;“27 )'Q[}B (7“1, ) i, dF

oo’

(B mIOCIIETHEM BBIPAKEHWH HEHYJIEBbIE YJIEHbI COOTBETCTBYIOT COCTOSTHUSIM
a ¥ ¢ OAMHAKOBBIM HaNpaBjeHueM criuHa). Eciu noakoudurypanus ¢’
NOJIy4YeHA U3 ¢ U3MEHEHMEM COCTOSIHUSI TOJIBKO OIHOTO 3JIEKTPOHA (IyCTh
B MOJKOH(MDUTYpAIMY ¢ OH 3aHUMAaeT COCTOSIHUE (r, & B MOAKOH(MUTYpAIIUT

q' — cocrosinue 7y), Toraa
mal?):

rae P — 4uCI0 COOTBETCTBYIOIIUX MEPECTAHOBOK JIJIs MOJTyUeHUs U3 MOJI-
koHdurypanun ¢ nogkoudburypaimu ¢' (cm. [62]). Ecim Beibpars HeKo-
TOPYI0 HyMEpPaIui0 BCEX BO3MOMKHBIX COCTOSHHUI 3JEKTPOHOB, B KOTODPOM
a < f, 7 < 0, To BesmumHa P Oyjger paBHa CyMMe BCEX 3aHATBIX
COCTOSTHMIA, HAXOIAIIMXCSA KAK MEXKIY o U 3, TAK U MEXKIy 7Y H 0.

B cirygae, Koryia m3MEHEHO COCTOSTHUE JBYX 3JCKTPOHOB (v — v, 3 — §)

o)

B ocranbHBIX clydasx, IpU U3MEHEHUH COCTOsIHWI Dojiee 4eM JIBYX JJIeK-
1 1 _
TpoHOB, (¢'|H|q) = 0.

(W |Hlg) = (- Z%(aﬂ‘—‘vﬂ (a

Wl = (1" (a5 H 20) - (af

~v0) ¢ HCIOIB30-

1
ITpu BBIYUCIEHUU MATPUYHBIX 3JEMEHTOB (af ‘—
T12

BaHMUEM OJHOIJIEKTPOHHBIX BOMHOBLIX (yHKuuil (10) MOXKHO NpOBECTH
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WHTETPUPOBAHNE TIO YTJIOBBIM MTEPEMEHHBIM U CYMMWPOBAHUE IO CITMHOBOM
nepeMenHo o. B pesysbrare notyuaem

!
m ms—ms—m
E : E Orma—my mg—myg (—1)T T T T

msm' MaMgMyMs

Cjama Jjsmp Jv My Jjsms %
byMy 5

LoaMe Qms ZBTT’LB %m’ lsms %m’

k
X E :Dfmma —Ms3ly,my— msDZﬁ mp—mi;ils,ms—m RaB'yé’
k

rie

Dl gy = (=)™ /RIT 1)(20+ 1) x
% L kU V4 k Vi
00 0 i m—i m )

’I“
RY) 5= / / kle (1) Rugty (1) R, o, (11) Ry, (ra) dry dry. (16)

Boruncienne cobCTBEHHBIX 3HAYEHUN U COOCTBEHHBIX BEKTOPOB MOYKHO ITPO-
BOJIUTH HA OCHOBE CTAHIAPTHBIX IMPOIEIYDP, HAIPUMED, METOI0M AKOOU.

IIPUMEP. Paccmorpum 60s1ee moapoOHO ciydail AByX p-37€KTPOHOB B OJI-
HOKOHMUTYPAITHOHHOM TTPUOIMZKEHNH, TTPEIIIOIarasi IpOMeXKy TOIHbBIN THIT
CBsI3W, T.€. CIMTAsl, YTO MOMPABKHU 33 CYET COIUH-OPOUTATHLHOTO B3AMMO/IEH-
CTBUS U HEIEHTPAJIbHO-CUMMETPUYHON YaCTU JIEKTPOCTATUIECKOTO B3au-
MOJIEiCTBUSA — OJIHOTO MOpsIKa. /IBa p-3/1eKTpoHa MOryT 3aHUMATh 6 pa3-
JIMYHBIX COCTOSIHUI C PA3HBIMU KBAHTOBbIMU uuciamu j,m (j = 1/2,m =
==+1/2; j = 3/2,m = £1/2,4+3/2). OxHO3/1€KTPOHHbIE BOJHOBbIE (DYHK-
UM 9TUX COCTOsIHUE ompenensitorcst o dpopmyse (10), a ogHOmeTepMu-
HaHTHbIE DYHKIUY TOIKOH(MUTYPAIUH ¢, T/I€ 3aHATHI COCTOSTHUS I/ = J11M
U Vo = jJoMeo, UMEIOT BUJT

]_ ¢V1 (F]- 9 01) ¢V1 (,’?2 ) 02)

Uonr = Voo —= 7 )
wllz( 01) wuz (7’2,0’2)
e VUog — BOIHOBasi PYHKIMS MOHHOTO OCTOBA, COCTOSIIASI U3 ITOJHO-
CTHIO 3allOJHEHHBIX 0060si0ueK (B3ammoeiicrBueM KoHddUrypalmii npene-

Gperaem).

Tak xak M = my + me, TO, HanpuMmep, Mg M = 2 UMET MecTo
JIBE DA3JIMYHBIX OJHOJIETEPMUHAHTHBLIX GyHKIMU ¢ j1 = 3/2,my = 3/2;
Je=3/2,m2=1/2u j1 =3/2,m; =3/2; jo =1/2, ma = 1/2. Marpuna
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< q|H|q¢' > npu M = 2 nmeer Bug

3 3.3 1 3 3.1 1
4 > T35 3 5 T35 T3
q
8453 41| R-3R+( —V/8F,
S5+ —VBF; Fo—F,—¢/2

31ecn

2 !
Q Vi(r) (0) L)
C = _7/ r Rnl (7’) dr, Fp= Rnénf,nénl’ F, = %Rnlnf,n(nf’
OO 6
rie Ry oy nne — C3TEPOBCKHE HHTErpasibl (16) /u1st 060/I04UKH € IIIaBHBIM
KBAaHTOBBIM YUCJIIOM N HU Op6I/ITaJ'IbeIM YUCJIIOM g = 1. BaMeTI/IM, qTO

BBIYUCIISIETCS SHEPTHSA TOTHKO ABYX P-37I€KTPOHOB. Jluaronanu3amnus 3Toi
MAaTPUIHI TAaeT JIBA TEPMA

1D12 = Fy—2F: 4+ 4/9F2 §F 32
3 p) = 0o—2F + ¢/ 373 2C+16(

(I/ICHOJIBByIOTCH TPaIUIUOHHbIC O603Ha‘IeHI/IH C YKa3aHUEM JOMUHUPYIOIIe-
ro TEpMa).
Hna M = 1 umeem

3 3.3 1 3 3. 3 1.1 1
4 5+%5 -3 S +Hz -3 53z oty
q
8 433 1 R 3R+ —V2F, —V6F
3 +3;1 -1 —V2F, Fo—4F — (/2 V3F
gyl —V6F, V3E, Fo —2F, — (/2

Jlnaronasnusanys 1aeT, KpOMe y2Ke IOJIyYeHHBIX JBYX PelleHni, JTONOIHNU-
TEJBbHBIA TepM

3P = Fy—-5F+(/2.
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N, naxowner, mass M = 0 umeem

4 3+3:8-3 $+5:8-3 $+53-3 $-3i3+3 3t33—3
q
8433 3| B4Rt (  —4F —V2F, V2P 5F,
N —4F,  Fo+B+( V2B —V2F, —5F,
3+ 5i-1 | —V2R —V2F,  Fo—3F:+(/2 2F 0
_Liyl| V2R —V/2F, 2F, Fo—3F+(/2 0
IyLi-1| 5P —5F} 0 0 Fo—2¢

JlnaroHam3anys 3TOi MATPHUIIBI JAET, JOMOJTHUTETHHO K IOy YeHHBIM,
CJIeIyIOIIe TePMbI

_ 5 225 ., 15 9,
} = F0+2F2 ¢/2+ 4F2+2F2C+4€.

1Qr
430
PO

UncaeHnble pe3yabTaThl OIS PA3IMIHLIX KOHMUTypamuit np? HOHOB
AJTIOMUHUS, JKejle3a, MOIHO/IeHA U 30JI0Ta, [TOJIyYeHHBIE Iy TeM IIPAMOil 1ra-
TOHAJTM3AIIAN PACCMATPUBAEMBIX MATPUI] (OHU COBIAIAIOT C PACYETAMH TI0
aHajuTHIeCKuM (hopMyJsiaM), HPUBEAEHBI B TabJule 5.3. DHEPruu TepMOB

Tabauna 5.3. DHepruu TepMOB B ATOMHBIX IUHHUIAX [JIs1 PA3JINIHBIX KOH(MUTYPAAH
np? HOHOB ATIOMHUHUS, JKeJIe3a, MOJTHOIEHa U 30JI0Ta,

Tepm | J Al Fe Mo Au
3p! 0 0,0000 0,0000 0,0000 0,0000
1 0,0084 0,0410 0,0695 0,5300
2 0,0230 0,0849 0,1153 0,6037
ip' | 2 0,2183 0,2324 0,2411 1,1892
lg/ 0 0,5212 0,4640 0,3974 1,3566

BBIDAXKEHbI B ATOMHBIX €JMHUIAX W OTCIYUTAHBI OT MUHHMAJIHHOW dHEp-
ruu 1o Koudwurypaiun. 3Hadenusi uarerpasoB Cidrepa u mapamerpos (,
BBIYUCJIEHHBIX 110 Momeu Xaprpu—®Poka—Ciarepa 1Jisi COOTBETCTBYIOIIIX
KOHGUTrYypanuii, npuBe/ieHbl B Tabmute 5.4.
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Tabauna 5.4. Nurerpasnsr Ciarepa u mapaMerpsl ( B ATOMHBIX €IWHHUNAX JJIsI KOH-
durypanuit np? MOHOB ATIOMHUHUA, XKeje3a, MoaubaeHa u 30510ta (M. Tabi. 5.3)

Koudwuryparus
(amkHEE 060I09YKH o 5
dneMenT | N | pomrocteio 3amon- | Frinlnini Riin1,nint ¢
HEHBI)
Al 2 252 2p? 1,79271 0,84045 0,00151
Fe 3 3s2 3p? 1,25282 0,63666 0,00551
Mo 4 452 4p? 0,80900 0,43070 0,07596
Au 5 552 5p? 0,90334 0,49448 0,40953

I/IB Ta6HHH BUIHO, YTO BEJIUYINHA MYJbTUIIJIETHOTO PACIIETJIEHUS 10-
cruraer 35 3B mist 3070Ta, 9TO TOpa3ao GOIBINE MIMPUHBI CIEKTPATHHON
suaun (cM. gadee § 4). D derThl MyIbTUILIIETHOTO PACIIEIEHUsT OCOGEHHO
BayKHBI, KOT/Ia, OCHOBHOM BKJIQJZ B POCCEJIaHIOB mpober maior p — d u
d — f mepexo/bl MHOT03JIEKTPOHHBIX HOHOB (cM. § 5). B aToM ciyuae guciio
KOMIIOHEHT MYJIBTUILIETA JOCTUTACT HECKOJIBKUX COTEH.

§ 4. Popma CIIEKTPAITbHBIX JIMHUAMN

B cusy Toro, uro moH B BO30YXKIEHHOM COCTOSIHUM MOYKET CYIIECTBO-
BaThb TOJBKO B T€YE€HHWE HEKOTOPOT'O KOHEYHOI'O NMPOMEXKYTKa BPEMEHU T,
9HEpPrusi MOHA B ITOM COCTOSHMM COTJIACHO H3BECTHOMY COOTHOIIEHWIO
HEOIIPe/IeJIHHOCTEH! JIJIs SHEPTUH OIIpe/IesieHa ¢ TOYHOCTbIo 10 AE ~ h/T.
[TosTomy cmekTpasibHasi JUHUS HE MOXKET OBITH MOHOXPOMATHYECKOH, a
npecTaBisger coboil HabOP MOHOXPOMATHUYECKUX JIUHUH, T.€. UMEET HEKO-
Topy1o (opmy. BepositHocTh morsionenust pOTOHA B €IUHUILY BPEMEHU C
9acTOTOM B MHTEpBaJe w, w + dw MPHU Mepexojie WOHA M3 COCTOSHUS G B
cocrosinue b 6yzer paBHa

W(w)dw = Wy J(w) dw, (1)

rae Wop — TOJIHAST BEPOSATHOCTD Nepexo/ia (B eMHUILY BPEMEHHU) U3 COCTO-
JHWS @ B COCTOsIHEE b, T.e.

[ W) do =Wa,

4TO SKBUBATEHTHO HOpMUPOBKe [ J(w)dw = 1. BeipakeHue ajist BepOsiT-
HocTu nepexona Wy, npuBeneHo B § 2. 3mech e Mbl 0y/1eM HHTEPECOBAThHCS
JIMIIb OTHOCUTEJbHBIM PaCIpeIeieHneM WHTeHCUBHOCTH J (w).



§4. Qopma cnexmpanrvrol AU 191

B pamkax Kjaccuueckoil 3/1eKTPOAMHAMUKY PACIpeneseHlne NHTeHCUB-
HOCTH CIIEKTPAJILHON JIMHUY OMUCHIBAETCS JUCIIEPCUOHHON (hopmyJtoit JIo-
peHIa
1 v/2

T = e ¥ (27

(2)

(wo — moOJIOKEHME TEHTPA CHEKTPAJIbHON JIMHUM, BEJIMYMHA Y HA3bIBAET-
st UpuHOH JmHNMH). KBaHTOBO-MEXaHMIECKOE PACCMOTPEHUE B3aNMOIedi-
CTBHUsI CBODOOIHOIO aTOMa C JEKTPOMATHUTHBIM TIOJIEM TaKKe TPUBOIUT
K dopmyse (2). Benuuuna v B 9TOM Caydae HA3bIBAETCH e€CMeEcmeenHot
(uau paduayuonnoti) wupurnotd muaun. B obimem ciaydae, korjga npoduib
JINHUU He SIBJISIETCs] JIOPEHI[OBCKUM, IIUPUHON JIMHUU HA3BIBAIOT PACCTOSI-
HUE MEeK/Iy TOYKAMU KOHTYPA, B KOTOPBIX HHTEHCUBHOCTD PABHA MOJIOBUHE
MaKCUMAJBLHOIO 3HAUEHMUS.

EcrecTBennas mmpuHa JUHUA 7y IJ1s1 TIEPEXOIA ATOMA U3 COCTOSTHUS 4 B
COCTOsTHUE b COTJIACHO KBAHTOBOW TEOPUH PABHA CyMMe IITUPUH HAYATBHOTO
U KOHEYHOI'O COCTOSIHUIL: Y = 74 + Vb, T2 Yo = 1/Ta, To — CPeZHEE BpeMsi
JKU3HU aTOMa B COCTAHUM @; Yp = 1/Tp, Ty — CPEIHEE BPeMsi XKU3HU aTOMA
B cocrositum b. CyIecTBYIOT TakKKe W JAPyrue MPUIMHBI, TPUBOISIINE K
VIIUPEHUIO CIIEKTPATbHBIX JUHUA. [lepeuncimm OCHOBHBIE U3 HUX.

Bo-11€pBbIX, CTOJIKHOBEHUS JIEKTPOHOB (& TaKKe MOHOB) C PaCCMaTPU-
BaeMbIM MOHOM YMEHBIIAIOT BPEMs YKU3HU UOHA B JIAHHOM BO30Y K IEHHOM
COCTOSTHUH.

Bo-BTOpBIX, 37IeKTPHUYECKHE TIOJISI B IMJIA3M€ DACIIEIUISIOT U CMENIAI0T
SHepreTuyeckre ypoBHU. [103TOMY BMECTO OJIHOW JIMHUHU C ONPEIeIeHHON
9aCTOTO MOSBIISETCS MHOTO JINHUH € OJTM3KIMU JaCTOTAMHE, UCITYCKAEMbIX
pasubiMu nOoHAMHU. Takoil 3pPeKT HA3BIBAIOT MTAPKOBCKUM YITHPEHUEM
JIMHUHN.

Jlamee, B pe3yabTaTe Xa0TUIECKOTO TEIJIOBOTO ABUKEHUS W3JTY IAI0IIAX
HMOHOB BO3HHUKAET CMEIEHWe YaCTOThI CIEKTPAILHON JIMHWH, UCILyCKae-
MO IBUKYIIMMCS MOHOM. DTO TaK HA3BIBAEMOE JOTIEPOBCKOE YIIUPEHUE
JIAHWN.

Kpowme Toro, HeKOTOpBIHA BKIAJ B YIIUPEHUE JTUHUNA MOXKET IaTh KOH-
Kypupyomuii ¢ ucrnyckanueM (HpOTOHOB nporece aprononusanuu (3ddexr
Oxxe). B paccmarpuBaeMoil 061aCTH TEMIIEPATYD W TUIOTHOCTEH TOT -
dexT, KaK TPaBUIO, MOXKHO HE YIUTHIBATS.

[Ipu TepMogMHAMUYIECKOM paBHOBECHH (POPMA JIMHUH TOTTIOMIEHHS COB-
nagaeT ¢ GopMoil INHUI UCITycKarusi. Byrarogapst TOMy, 9TO CIIEKTPaIbHBIE
JINHWA HE CTPOTO MOHOXPOMATHYHBI, & 3aHUMAIOT HEKOTOPYIO TIOJIOCY Ha-
CTOT, JIMCKPETHO-IUCKPETHBIE TIEPEXOJBI MOTYT OKA3bIBATH 3HAYMTETHLHOE
BJIMSIHUE HA BEJIMUYUHY CpejiHero mo Poccenany npobera poTOHOB, TaK Kak
KOJIMYECTBO CIEKTPAIBHBIX JINHUH JJIsT 9JIEMEHTOB C OOJBIMM Z MOMKET
OBITH OTPOMHBIM.



192 T'a. V. Bsaaumodeticmeue u3ay4enus ¢ 6eULLCMEOM

1. 9dbdekt Honaepa. Haubonee mpoctsim u3 3¢hderToB, mpusBo-
OSAIMAX K yITUPEHUIO CIEeKTPAJIbHBIX JInHUM, sijsiercs 3ddekr Jomaepa.

Iycrs J(w) dw — pacnpenesienne nHTeHCMBHOCTH Ge3 yueta 3dbdexTa
Homnepa. Eciau noH ucnyckaer CHeKTPaJbHYIO JIMHUIO C 4acTOToi w' u
JIBUKETCS CO CKOPOCTHIO ¥ B HATPABJIEHUN JIy4Ia 3pEHUsi K HAOIIOIATETIO,
TO B HEIO/IBUXKHOMU CHCTEMe KOOPAWHAT Oy/1eT HaOII01aThCs CIeKTPATbHAs
JHUSA ¢ 9acToroii w = w'(1l + v/¢). D10 o3HaUaeT, YTO pacupeeeHue
NHTEHCUBHOCTH CHeKTpaﬂbHOﬁ JIMHUW TIPpU 33aJaHHBIX 3HAYCHUAX w’ u v
Gyner pasHo d(w — w'(1 +v/e)) dw.

Ecniu W (v) — HopMupoBaHHas Ha eauHully (DyHKIMs PACIPEIEICHNs]
WOHOB TIO TIPOEKIIUSIM CKOPOCTel Ha BBIIEJEHHOE HAMPABIIEHWE, TO BEPO-
SITHOCTh TOTO, 9TO MOH, CKOPOCTh KOTOPOTO B HAMPABJIEHUH JIy4da 3PEHUsT
JIEXKUT B uHTEpBase (v, v+dv), UCIYCTUT CIIEKTPAJIBHY O JIMHUIO C 9aCTOTOM
B unrepBase (w',w’ +dw'), 6yner pasua npoussenenuio J(w') dw' W (v) dv.
[TosTomy pacrpeiesienre WHTEHCUBHOCTH B HEMOJBUXKHOI cucTeMe KOOp-
muHAT ¢ yaeroMm 3ddekra Jommepa nmeer By

Ji(w) dw = dw/5 (w - (1 + %)) J(W" W (v) dw' dv.

! v v
ITocsie maTerpuposanus no w', nosiaras 1/ (1 + ;) ~ 1 — ¢, nomyaum

Ji(w) = /J (w—w%) W (v) dv.

B caydae MakcBeJIJIOBCKOIO paclpesiesieHrsl CKOPOCTell HOHOB

M Muv?
W(v)dv = 5.5 &XP (_W) dv, (3)

rne M = 1836 A — macca nona, A — aTOMHBII BeC, UMeeM

Ji(w) = \/;TD /J (w=—29) e /D ds, (4)
0

rae

w /26

D=—4/—.

c VM
2. DJIeKTPOHHOE yHINPEHNUE B yIapHOM IIPUOJIMXKEHUU. Y IeTy
BJIMsiHUST HA (DOPMY JIMHUKM B3aUMOJEHCTBUS U3JIydalolero WOoHa C Jpy-
UMM MOHAMH U C 3JIeKTPOHAMH TIOCBSIIIIEHO OOJIBIIOE KOJUIECTBO paboT
(cm. [114, 161, 151, 31, 60]). Mbl orpaHrYrMCH PACCMOTPEHHEM JIBYX HpPe-
JIeJIbHBIX CJIy9IaeB, TePBbI U3 KOTOPBIX COOTBETCTBYET B3aUMOEHCTBHIO
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MEJIJIEHHbIX YaCTUL, C U3JIyYAIOIIUM aTOMOM (CTATUCTUYECKAs TEOPHsi), a
BTOPO# — B3aMMOZIEHCTBUIO ObICTPBIX YacTull (yaapHas Teopus).

B nepeoMm ciydae B3amMOEHCTBUE MAJIO MEHSIETCS 33 BPeMsl, XapakK-
TepHOE I PACCMATPUBAEMOTO TPOIECCa MOTJIONeHnsT (DOTOHOB, T.€. OHO
ABJIACTCAd KBA3UCTATUYICCKUM U TIPUBOAUT B OCHOBHOM K CABUTY JIMHUHA.
Pacnpenenenve narencuBuoctu auHun J(w) dw B 3TOM CIydae paBHO Be-
POATHOCTH TOTO, YTO NTOJJIOXKEHUE JIMHUNU C YyYEeTOM B3a,HMO,HefICTBHﬂ C
BO3MYIIAIONIAMA YACTUIIAMA OyIeT 3aK/II0YeHO B WHTEPBaIe w, w + dw.
B mamreii obsiactu Temmeparyp M ILJIOTHOCTEH CTATHCTUYECKAs TEOPUs
XOpOomoO OIIMCbhbIBAET BBaHMOﬂeﬁCTBHG C MOHaMH, TaK KaK CpeaHee BpeMdA
KW3HU BO30YXKIEHHBIX COCTOSHWN WMOHA TOPA30 MEHbIIEe BPEMEHH, 3a
KOTOPOE HOH ITPOJIETAET PACCTOSIHUE ITOPSIJIKA CPEHErO PACCTOSIHUST MEXK LY
HMOHAMH.

DJieMeHTapHOE U3JIOXKEHWE YIAPHONW Teopuw BrepBble ObLI0 maHo Jlo-
penniem. CorstacHo JIopeHIly BO3MYIIAIOIIME YACTULBI DA CTOJIKHOBEHUH
C M3JIy9aioM aTOMOM TOTHOCTHIO TTPEKPAIIAIOT TPOIECC U3y YEHUST, ITO
U IPUBOIUT K HAPYITEHUIO MOHOXPOMATUYIHOCTU U3y YCHUS.

IIpeamnosoxum, 4T0 aTOM KCIYCKAET U3JIy4YeHHE YacCTOThI Wwgy B IIPO-
mexxyTke Bpemenu ot 0 mo 7. Torma pacmpesnesienune aMIinTy, KOTOPOE
MOZKHO TIOJIYYIUTH C TOMOIINBIO PA3JIOKEHUA B UHTET'PAJT CDypbe,

T
J(w,T) ~ / eilwwolt qp —
0

ei(w—wo)t -1

i(w—wo) |=r

Ecnu 06b1 HaOMIOOAICS €IUHUYHBIA aKT W3JIy4YeHUsi, TO PAaCIpeIe/ieHre
MHTEHCHBHOCTH TI0 4acToTaM Oblio Gbl mponopimonanbuo |J(w, T)|? dw.
Onxnako HabIIOMAaEMasi JIUHWS MPEACTABISET COOOH CMECh M3JIydeHwil OT
MHOTHX aTOMOB, M3JIYyYAIOIINX B TEUYEHHE PA3JINYHBIX IPOMEXKYTKOB Bpe-
MEHH, B CPEJHEM DAaBHBIX T — BeJHYMHE, OOPATHO MPOIOPINOHAIHHON
9aCcTOTe CTOJIKHOBEHWU V.. BepogaTHOCTH TOTO, YTO JAHHBIN ATOM U3JTy9a€eT
B Teuenue T, ectb (1/7) e~T/7. Tlosromy pacrpeesenne HHTEHCHBHOCTH
HabIIOgaeMol TuHU OyIeT PaBHO

[ee]
J(w) = 1 /|J(w,T)|2 e T/ dT ~ ;
T (w—wp)? + 2
0
MpbI TOJIyYr/Iu TUCIIEPCHOHHYIO KpUBYIO JIOpeHna, NoaHas IUPUHA KOTO-
pOii HA TIOJIOBMHE MAKCUMYMa, HHTEHCUBHOCTH PABHA 2U.

Mbl He OyneM 346Ch N3JIaraTh CTPOrYI0 TEOPUIO yIIUPEHUS CIIeKTPAJIb-
HBIX JIMHUI B ILIa3Me — 3TOMY BOIIPOCY MOCBSAIIEHO JIOCTATOYHO MHOIO
pabor (cM., HapuMmep, [101, 31]). s Toro, 9To6bI HOSICHATD, KAK MOYKHO
HOJIYYUTh PACHPEIC]CHIE HHTEHCUBHOCTHY CIICKTPAILHON JIMHUN C YYETOM
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B3aUMOJEHCTBUS W3JIyYAIOMIEr0 MOHA C JEKTPOHAMU, MOHAMHU W ITOJIEM
u3nydenus, Oyaem ciaenoBarh unesm Baiickonda u Burnepa, msygasmmx
dopmy MMHUIN IPU CIIOHTAHHBIX MEPEXOIaX.

PaccmorpuM KBaHTOBOMEXAHUYIECKYIO CHCTEMY, COCTOAIIYIO M3 HOHA

(HAXOAANIIErocss B 3JEKTPUYECKOM TI0JI€ HAmpPsiKeHHOCTH F'), cBOGOIHBIX
3JIEKTPOHOB U TOJIsT U3yiydenusi. [IoHbIH raMUIBTOHNAH CUCTEMBI

H=H;,+H.+H.+H;+ H; + H.., (5)

roe H; — raMuIbTOHHAH PACCMATPUBAEMOTO MOHA B IIOJIE 13, CO31aBAEMOM
apyruvu nonamu, H, — raMuIbTOHMAH CBOOOIHBIX 3JI€EKTPOHOB, H, — ra-
MWUJIbTOHUAH 1OJs1 u3nydenusi; Hie, H;r, H, OMUCHIBAIOT B3aUMOIEHCTBYE
WOHA CO CBOOOTHBIMU JIEKTPOHAMMY, MOHA C ITOJIEM U3JTy9eHUs U CBOOOTHBIX
3JIEKTPOHOB € TOJIEM U3JydeHusi cOOTBeTcTBeHHO. Uien H., ciabo Biauser
Ha GOpMy JIMHHI, ¥ B JajibHeimeM OygeM UM HpeHeOperarb, Kak 3TO
OOBIYHO JIeIAl0T IPU U3YUEHUH YIIUPEHUs JTUHUA.

O6o3naunM depes 1[155) " €, cOOCTBeHHbIE (DYHKIMH U COOCTBEHHBIE
3HAYEHWs YHEPIUM TaMUIbTOHUaHA woHa H;. IlycTh B HAYANbBHBIA MOMEHT

Bpemenu ¢t = 0 MOH HAXO/UJICS B OJTHOM W3 CTAIIMOHAPHBIX COCTOSTHUI 1[),(;).
Byaem usyuars norsorienne (pOTOHOB € YACTOTAMU Wy, OIU3KUME K HEKO-
TOPOIl pE30HAHCHOIT YacToTe wo = (€4, — €y, ) /h. IIpu 3m0M Gynem npeno-
JlaraTh, 9TO UMEIOTCH YaCTOThl Wem = (€7 — €y ) /fi, G1M3KHE K paccMaTpu-
BaeMoO# 4dacToTe wg. Takoil caydail MOKeT BCTPETUTHCSI, KOTJA BEPXHU
WM HUXKHUN YPOBEHb COCTOSAT W3 Psifa OJU3KO OTCTOSAIINX YPOBHEH.

17151 BBISICHEHUS BJIUSHUS BBIPOXKIeHUsT Ha, (DOPMY JIMHWI PACCMOTPUM
MPOCTEHINYIO XapaKTepHYIO 3a/a4dy: HUKHUN YPOBEHb MOHA 71 HE BBIPO-
JKJI€H, & BEPXHUI YPOBEHb COCTOWUT U3 PAAa OJU3KO OTCTOAINIUX yPOBHEH
Engs (8 = 1,2,...), IpUYEM YACTOTHI APYTUX MEPEXOJIOB Wy = €7 — Em
CHJIBHO OTJIMYAIOTCS OT YACTOT Wos = Enys — Eny UPH L # Ny, M # ny.

st pemtenus ypasuenus Ipénunarepa

el
ih—=HY
ot
(¥ — BonHOBasA PYHKUUA CHCTEMBI) BOCIIOIb3YEMCs TeOPHEH BO3MY LIICHUI.
Js1st 517010 yI06HO MpECTaBUTh TaMUJIBTOHUAH (5) B BUIE

H=Hy,+H'
riae
HO = Hl + He + Hr + <n1|Hi6|nl>a

(6)
H' = H; + H;, — <n1|Hie|n1>

(n1 coorBercTByeT HAaYAJIBHOMY COCTOSIHUIO MOHA). Mbl OymeM cuuTarhb
BO3MYyIIAMOIINH raMuiabronnan H' Manbiv 110 cpaBaenuto ¢ Hy.
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CobcrBennblie hyHKIMU raMuibTonnana Hy UMEoT BUJ
0 )
v, = 0.

31ech 1!17(12), g\e), ,(/r) — cobcrBerHble DYHKIUU FAMUIBTOHUAHOB H;,
H, + (n1|H;e|n1) u H, coOTBETCTBEHHO:

Hiyp() = entp)), (7)
[He + (m|Hieln)] 657 = ex ), (8)
Hopy!) = ey, (9)
Taxum obpasom,
Howfzo)\)v = EnAwazo}\)ya Enzv —En T EXN T EL.

Paznoxum reneps BomHOBYI dyHKIUIO cucrembl V(t) 10 GyHKIUAM
— _i .
'(pn)\u - "/}n)\,, €xp ( 7 Enav t)-

T(t) =D anrw (B nrs (D).
nv
3aech K03bMUIMEHTBI PA3IOKEHUS Ay )y () YIOBIETBOPSAIOT yPABHEHUIM
eq . ! M, 1 i
— Z (nAv|H'|n'X'v') exp [% (Enxw — Enarw )E| aprar (8). (10)
n'\v'

Marpuansie ssementst (nAv|H'|n'\N'v') umeror Bug

(nAv|H'|n'\N'V'Y = (nv|Hyp [n'v') - Gxn +
+ (n/\|Hl~e|n'/\’) Oyt — (nl)\|Hie|n1/\') ~Onnt Opur (11)

(MBI BOCIIOJIB30BAJIUCH OPTOHOPMUPOBAHHOCTBIO CUCTEMBI (DYHKIHIH ¢,(f),

¥, ") B Hekoropo 6 6 ). B
N POM JIOCTaTOYHO GosbmoM obbeme). Bymem pemathb
cucremy ypaphenuit (10) ¢ HAYATLHBIME YCIOBUAMHE

1, ecm (nAv) = (ni\11),

apv(0) = { 0, ecmm (nAv) # (niAivr).

Tak kak pemmmrb ypashenus (10) B obiiem ciydae HEBO3MOMXKHO, MbI
OyleM periath ux MpubIMKEHHO, TpeHefperas PsIOM YJIEHOB B MPABBIX
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qacTax ypasuenuii. [Ipu sTom 6ymem uCXoauTh u3 CIeIyOmero KadeCTBeH-
HOrO onucaHus nosenenus QyHKUui a,x, (t). Ipu He caumkom GobIIIX
3HAYEHUSIX © J0 TeX HOP, MOKA |An,x v, | > |Gnrv|, GyHKIHU |Gp, A, 0, ()]
nanaor, a GbyHKuu |any, (t)| mpu (nAv) # (niAiv1) pacryr 3a cuer
[EPEXOJIOB U3 HAYAJBHOIO COCTOAHUSA (11 A111).

OOBIYHO BEPOSTHOCTH MEPEXOA 33 CUYET B3aMMOJAEHCTBUS CO CBOOO/I-
HBIMHU 3JIEKTPOHAMHU BEJIMKA JIWIIbL B TOM CJIy4ae, KOTJA JHEPTHsl HOHA
B pe3yJbTaTe B3aWMOJEHCTBUs MEHSIeTCsl HE3HAYUTEIbHO — HeyIpyrue
CTOJIKHOBEHHUsI C OOJBINON mepesadeil SHeprur MaJIOBEPOSTHBL. B cury
TOr'O, YTO HAYAJbHBIA yDOBEHb C 3HEPTUeil €,, HEBBIPOXKIEH, Hambosee
CYNIECTBEHHBIMU OY/IyT Tepexojbl, COOTBETCTBYIOIINE MATPHUYHBIM 3JIe-
meHTaM (N1 A|Hie|n1A1). Ho B BBIpaKeHMH [JIsi MATPUYHOIO 3JIEMEHTA
(nAv|H'|ny A1) cormacto (11) marpudsbte snemenTs Buga, (ny A Hie|ni A1)
cokpaiaorcs. [Toaromy s He CMIIKOM OOJBIMTNX 3HAYEHUH ¢ BEpOsiT-
HOCTBH TE€PEXO/a M3 HAYAIBLHOTO COCTOSHUS OMPEIENsieTCs, B OCHOBHOM,
B3aUMOJIEHCTBIEM C U3JydeHUueM, U u3 Bcex (DyHKuuil a,),(t) OGbicTpee
BCero OyayT pacT PYHKUUH Gy, Ay v, (), COOTBETCTBYIOIIHE DE3OHAHCHOMY
MOLJIOMIEHHIO (POTOHOB € YACTOTOH Wy = (Ep,, — Eny )/ B

Takum 06pa3oM, B TeUEHHUE JOCTATOYHO OOJIBIIIOTO TPOMEKYTKA BpeMe-
HU HAUOOIBIIME U3 DYHKIU Oy/1yT OYHKIUH |Gy A vy (E)] ¥ |Gng, aqws (B)]-
Byunem npubsnkenHo periars cucremy ypashenuit (10) mis Takux mpome-
JKYTKOB BDEMEHH, B T€YEHHE KOTOPBIX DYHKUIUH |Gpy A, vy ()| U |Gng,r; v ()]
OyayT B cpemHeM Oosbime ocTaabHbIX. CIe10BaTENbHO, B TE€YEHHE DPAC-
CMaTPUBAEMOrO TPOMEXKYTKA BPEMEHH MOXKHO MpEHeOpedb MepexXoIaMu
MEXK/Iy COCTOSTHUSIMM, HE BKJIFOYAIOIIUME COCTOSTHUEN (N1 A1v1) U (N2sA1vs).
B pesysprare mpuxomuM K CIIEIyTOIIed CUCTEME YPABHEHUIA:

/

iy it
Zhanl)\ll/l (t) = Z(nl/\ll/llH|n/\V> exp |:E (5711)\11/1 - 571)\1/)] ApAv,

niv

o it

Mg, s (1) = Z(n28A1v2|H'|n/\V) exp [E (Enosrive — sm,,)] Anv,
niv

1
ihanx, (t) = (RAv|H'|ng A\vy) exp [% (Enaw — €n1}\1y1):| +

+ Z(n)\v|H’|n28/\11/2) exp [% (Enrv — sn%)\l,&)] .
\ s
(12)
B nocnennem u3 ypasuenuit (nAv) # (ni\v1), (nAv) # (nesAive) u Her
CYMMBI TT0 PA3JIMYHBIM 3HAYEHUSM V2 B CHJIY TOTO, 9YTO MbI IpeHeOperaem
MATPUYHBIME JIEMEHTAMH, B KOTOPBIX IPY0O0 HAPYIIAETCsT 3aKOH COXPaHe-
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HUS SHEPTUW, TO €CTh PASHOCTD Exxp — Eny. A, v, BETUKA (MBI TpeHEOPETaEM
MaTPUYHBIMA deMeHTaMu (nvy|Hip|nave) u (niA1|Hie|nAL) npu n # ny,
a takke (noAi|Hie|nA1) u (nivi|H;|nve) npu n # ny). dust ymobersa
BBeIeM O00O3HAYEHUS:

Gpidivy = Q05 Engivy = €05 Qnoghivs = Gas;  Eng\ive = Eass
INAVAY]
Qpap = Aky  Enry =€k, (MAV[H'|[n'A'V') = Hypor.

ITpu nposeseHny BHIUYUCTEHUIT YI00HO UCIOIB30BATH METO/I, M3JI0KEH-
ublil B Kuure Laiitiepa [28], IV, § 16 u crarse [151]. Ilepexozs, corsacHo
TOMY MeToqy, OT MyHKIWA ay(t), ag(t), aas(t) K byukuuam ug(€), uqs(€),
u3 cucreMbl ypasuenuit (12) npu ¢ — oo mosydnm:

(ao(00) =0
B ’u,as(Eozs)
aas(oo) - Eas — €0 + ihl—‘(gas)/2
_ uk(Ek)
\ ag(00) = e — 0 + ihC(ex)/2 7000

DyHKIWT Ugs(€), ug(e) u T'(e) yaosrersopsitor cieayromeii cucreme ypas-
HEeHWUIi:

( 'Ufas(g) = Has,O + Z Has’7as’<(€ - Eas’)uozs’ (E) + Z I'Iozs,kC(8 - 8’6)“]{:7
s’ k

’u’k(‘g) = Hyo + Z Hk7as<(€ - Eas)uozs’
s

gl—‘(e) = Zg HO,as<(€ - 8ozs)’u'ozs(a) +1 g HOk(;(E - €k)uk(€)‘

(13)
B ypaBuenwue 1yist uy(€) BXOAUT TO 3HAYEHUE , JJIs1 KOTOPOTO Hy, o5 # 0.
3nech ((x) — cunrynsipHas byHKIUS:

[ee]
1
ITon maTerpamom P / — f(z) dx noapasymeBaercs MHTErpaj B CMbICIE
x

— 00
[JIABHOTO 3HaueHusl. B manbHeiiniem OygeM nonb3oBarbest TeM, 910 ¢ (x) =1
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N3 (13) mast GyHKIHN Uy s(€) TOMYIHM

Uas = Has,O + Z Hozs,ozs’(.-(a - gas’)uas’ +

s/

+ Z Has7ka7as’<(E - 5k)<(5 - gas’)uozs’ + Z I'Iozs,k((8 - 5k)Hk0'
ks’ &
(14)

Tak kaxk 4inen H,, o OyJeT mepBoro mopsjka MaJOCTH OTHOCHTEILHO
BesmanHbl Bo3Mmymnenust H', a cymma Y, Hos 1 ((e — er)Hpo — BTOpPOrO
k

nopsizika, (npu cymmupoBanuu 00 k cunrysnsaproctb dyskiuun ((€ — €y)
HECYIECTBEHHA, TAK KAK CyMMUPOBAHUE 110 k MPEIIoIaraeT HHTerprupoBa-
HUE T10 HENPEPBIBHOMY CIIEKTPY JHEPIHii £ ), TO MOCTEIHUM YieHoM B (14)
MO2KHO TipeHebpedn. iist perenust oIy 9eHHON CUCTeMbI BMECTO (bYHKIIHMA
Uqs BBEIEM (DyHKIUU

Cas = C(& - Eozs)uam

KOTOpbIe Tpu (HUKCHPOBAHHOM 3HAYEHUN (¢ OYIyT SIBJISATHCS PEIIeHUsIMU
cJleyoniel KOHeYHO CUCTeMbl YpaBHEHUH:

(E - 6ozs)cozs = Has,O + Z Cas’ [Has,as' + Z Has,ka,as'C(s - 5k)] . (15)
s’ k

IIycts )\((lp ) u {bffs) } — cobcTBenHbIE 3HAUEHNST U CODCTBEHHBIE BEKTOPBI
COOTBETCTBYOIIEro ypasHenuto (15) oHOPOIHOro ypaBHeHus:

OO — e Z 00 [Hasaw + 3 HassHiaw (e —ex)]. (16)
k

Herpyaso npoBeputb, uro perienue cucrembl (15) umeer Buj,
bt

c_ A((lp) ’ (17)

Cas =

rie cOOCTBEHHbIE BEKTODbI {b((lps) } HOpMEpPOBaHBI TAKUM 06Pa30M, 4TO

> b = Haso (18)
P

CobcTBeHHbIe 3HAYCHUS )\.(f ) nmeror OTPHUIIATEJILHYI0O MHUMYIO YacCTh.
HeiicrBurenbho, ¢ noMoupio (16) MOKHO MOIyYUTh PABEHCTBO:

AP =XP) DT BRP =3 bib MZH ok Hiaw[C(e —ex) = (e —en)].

ss’
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(uepra 03HAYAET 3HAK KOMILIEKCHOTO conpsixkennst). Tak Kak
((e —er) = C(e —ex) = —2md(e — ex),

TO
2

Im )\(p) =—L f;‘k)
* SR 4 20
S

<0.

ZHk as p)

3aMeTuM TakKe, UYTO B CHJIy MAaJOCTH BO3MyIeHus Re /\gp )~ Eap, U

[O9TOMY B JlajibHedinieM BMecTo Re )\Sf ) Mb1 OyleM HCIIOJIb30BAT € qp.
Tak kak cymma » Hy a5 ((€ — ) ABIAAETCS MEIJIEHHO MEHSIOMIEHCsT
as,k
dyHKIMEH €, TO COOCTBEHHBIE BEKTOPBI {b&ps)} 7 COOCTBEHHbBIE 3HAYEHUS

)\.(f ) raksxe OynyT ciabo 3aBUCETh OT £ (eC/U € MEHSETCS Ha BEeJUUUHY

HOPSIKA MIMPUH JTUHH, TO 3TU BEJMYMHBI MOYKHO CIMTATH HOCTOSHHBIMHE).
Ucnonesys (17), nonydnm

b(P)
Uk(f;‘) =HkO+ZHk7asZ ()’
B > €~ Aa
OTKYIa
ax(00) = ——2 Mo+ Y His Yo 2
k e+ 2ill(e) [T AT A |
b(P)
= =1 Z HO as Z /\
. A
i) HorG(e = i) |Hio + Y Hias 3~ |
P’ B > €~ Aa
b(P)

zZ'Z|-F-’01c|2C(€—5k) +iZH0’aSEW'
k as €=

P (6%

Bocnonpzosasimicek npeenbupiv coornomennem ((z) = lim , IMe-
o—
(e>0) z
1
eM ~ ((e — €ap), OTKy A
€ — )\(p)

—F ~22|Hok| C(e —ex) +ZZZHOQS P)C(e — eap)-
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Bropoe ciraraemoe ci1abo 3aBUCHUT OT € ¥ TIOSTOMY OHO MaJIO U3MEHUTCS,
ecnu B yHKIUN ((€ —€4p) 3AMEHUTS € Ha OIM3KO0E 3HATEHNE £+ (Eqp —Eqs)-
IMosromy ¢ yuerom (18) momyunm

gF(a) ~iY [Hok’Cle —ex) + 1Y |Hoasl’Cle —cas).  (19)
k as

MoxKHO TOKa3aTh, 9TO €CJIH JIsi HEeKOTOPBIX 3HadeHuit k = k, mmeem
Hy.as # 0, To ipu 3tom H,j, = 0. Crenosarensuo, semaunny |ay, (00)|?
MOXKHO MHTEPIIPETUPOBATH KAK YCJIOBHYIO BEPOSITHOCTH TOIO, YTO CHCTEMA,
TIOCJIE TTOTJIONIEHNA POTOHA, C YACTOTOM Wy, TAKOM, ITO €45 = £t Awos— AWy,
MIEPEILIA B COCTOSTHUE K.

WuTepecyrolilyto HAC BEPOSATHOCTH IMOTJIONIEHUsI (DOTOHA C YacTOTOH B
unTepBasie (w,w + dw) MOXKHO HaiiTu 110 dopmyJie:

Jwde= 3 lak ()

w<wo <w+dw ko

Pesynbrarsr BhraucieHuii Mbl TPUBOAWTH HE OyIeM, 3aMETHM TOJIb-
KO, YTO MHTEHCHBHOCTH JIMHUU J(w) HE IIPEICTABJISIETCH B BHJIE CYMMbI
JIOPEHIIOBCKUX KOHTYPOB, COOTBETCTBYIOIIMX II€PEXOJaM Ha KarKJblil n3
BEPXHUX YPOBHEH Moy, & COIEPXKUT TaKKe WHTEP(EPEHIIMOHHDBIE UJIEHBI.
ITokaxkem, TeM He MeHee, YTO UHTEHCUBHOCTH J(w) MOXKHO HPUOIIHIKEH-
HO TPEICTaBUTH B BUAE JIOPEHIOBCKUX KOHTYPOB, €C/IM BOCHOJIb30BATHCA
npubirkeHHbIM paBeHcTBOM (cM. (18)):

(p)
T bas 1 Zb(z»:M
p E—Xa E€—Aa p RO Y

rme A, — HEKOTOpOe CpeaHee W3 3HATCHUH )\.(f ). W3 BekoBOro ypaBHeHUs
ISt )\((f ), coorBercTBytOMIEro (16), momydnm, 9To cpeHee apudMeTHIecKoe
U3 3HAYEHUI )\((lp ) onpeessiercss (popMyJIoii:

)\a = (gas + Has,as + Z |Has,k|2<(5 - 5k)>s
k

(3mech ckobku (...)s 0DO3HAUAIOT B3ATHE CPEIHErO apUPMETHIECKOro
no s). Orcona

h
ReXo & (Eas)s, ImAq = =D [Hasi|*0(c — £4))s = —5 (Yas)s-
k



§4. Qopma cnexmpanrvrol AU 201

B srom nmpubsmxenun

(Ekj HyasHas0)s
[ex — €0 + ihT'(er)/2](er — (eas)s + iM(Yas)s/2)
u i J(w) nosmydaem ciaeayomyo hbopMyIry:

1

ay, (00) =

J(w) ~ , 20
) o+ (Tonho 2 (20)
rie
( = l( —é&ny +1)
Wos = 7 Engs — Emy 5
Loy = 220 S [ Hoo i
0s — f ;l as,k| (€as - 5k)+ (21)

+ 3" |Ho,as?0(g0 — €as) + 3 |[Hok[*6(e0 — k)
as k

\

Benuuuna I'gs mipencTaBisieT co0O# CyMMapHYIO BEPOSITHOCTH TIEPeXoma
B €JVMHUILy BPEMEHHU IOJ JeicTBreM Bo3MylueHus H' U3 HA4aJIbHOrO CO-
crosinus (P A1V)) U U3 KOHEYHOTO COCTOsHUS (NasAiV2). Benuuuny wos,
OTIPE/IETISIONIYIO0 MOJIOYKEHNE CHEKTPAJILHON JIMHUK, COTJIACHO OIpe/iesie-
HUIO, MOXKHO TPE/ICTABUTH B BHJIE

1
Wos = ﬁ(glngs - glnl)v

rie

52125 = €ny, + (25 A1 [Hie |25 A1), 5Inl = en, + (MiA1[Hie|ni A1)
MPEJICTABJISIOT COOON SHEPruu MOHA B COCTOSHUSIX Tos U Ty C y9IeTOM
MOMTPABOK 3a CYeT B3aWMOJEHCTBUs NOHA CO CBODOIHBIMU IJIEKTPOHAMH.

Wcxonst n3 1OIy4eHHOrO pe3y/bTaTa, CIeJyeT 0XKHUIATh, YTO JJIs 1epe-
XOZIOB MKy I'pymraMu OJHM3KO PACIONIOKEHHBIX YPOBHEH pacipe/ieeHne
naTeHcHBHOCTH J (W) ByeT B HEKOTOPOM MPUOINKEHIN TaKKe ONNCHIBATH-
cs bopmyitoit Jloperma ¢ muprUHOM TUHUHN, PABHOM CyMMe CPEIHUX IMUPUH
ISl BEpXHell U HUKHel Ipynnbl ypOBHEN.

IMoacrasnsia B (21) Boipaxkenus (18) yisi MATPUYHBIX JEMEHTOB, MO~
JIYYUM JIJIs IUPUHBL JTUHUK (YCPEIHEHUE MIPEIITOJIAraeTCsl BHITOJHEHHBIM ):

v=To =) + 950 + 750 + %) + 758,
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3nech

%(17") = 2% Z|<nV1|Hir|an>|2 6(en t&w —Enw — &) (22)
n'v

— ecrecTBeHHAs (PAIUALMOHHAS) NIMPUHA YHEPIETUYECKOrO YPOBHS MOHA

B N-OM COCTOSIHUM, PaBHas BEPOATHOCTH ITIePexoja B eJIUHUILy BpeMeH:

"3 N-I'0 COCTOAHUA B pPeE3yJbTaTe B3aHMOﬂeﬁCTBHﬂ C JJICKTPOMAI'HUTHBIM

oJIeM;

2
Py’(f) - % ngn ;|<n/\1|Hie|nl/\>|2 6(en +ex, —En —En) (23)

— yIIUPEHHue 3a CUYeT B3aMMOJEHCTBHS CO CBOOOIHBIMY 3JIEKTPOHAMHU;
2T 2
Y, = 5 Z|(n2/\1|Hie|n2)\) — (mA1|Hie|miA)|"8(ex, —ex)  (24)
A

— 1o TepmuHOIOrHH [161] 970 TaK Ha3BIBaEMOE YHUBEPCAIHHOE YIIHPEHHE,
BO3HUKAIOIIEE 33 CUHET YIPYTUX COYTAPEHMUIA.

3. MeToap! BeIYUIC/IEHNS PAOUAIIOHHOTO M 3JIEKTPOHHOIO YIIA-
peHusi. B nunonapHOM npubnKeHWNM €CTECTBEHHAS MUPWHA JIMHUH TIPU

nepexone m3 cocrogHud ném B cocroguue n'f'm’ B aTOMHBIX €IMHHIAX
pasHa [15, 130]

(r) _ﬁ _ Ny S g1\ 2
Tntm = 33 > F(x)<1 520+ 1) |(nlm|7 |n'¢'m")| .

n'f'm’
31ecn
23

1 _e-a> ©En¢ < &nt,
F(r) =

zie~®

1 _e—c’ Cnt > Ent,

Nn/[/

x = |epe—ene|/0, a MHOXKHUTEN <1 - —) IaeT BepOATHOCTH TOTO,
2(20'+1)
9TO ypoBeHb n'f' He 3amoaHeH.

CyMMa TIpH €, < €py YIUTHIBAET BBIHYYKJIEHHOE M CIIOHTAHHOE W3-
JIyd€eHue, a TPU Eprpr > Ep¢ — THOrJomeHune ¢GporoHoB. B mocremnem
CITydae JOKHBI ObITh, BOOOIIE TOBOPSI, y9TE€HBI COCTOSTHUS, OTHOCSTIACCS
K HENPEepBIBHOMY CIIEKTDPY, HO U3-3a Hajm4us MHOxkuTess 1/(e” — 1) onn
MPAKTUIECKH HE JAI0T BKJIAJA B €CTECTBEHHYIO IMUPHUHY. Tak Kak

!
S nbmlIn' €y [* = e+l
ml

o r=r- Lo 2 !
= 2(2£+1) (rnl,nf) {Z( 1}7
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rae {j1j2 j3} — 3j-cumBOI, KOTODBIHA paBeH 1, ecau j1 + jo + j3 mesoe u
|71 — j2| < j3 < j1 + j2, ¥ PABEH HYNIO B OCTAIBHBIX CIydasx. 1103TOMy

T
€CTeCTBECHHasdA IMUPUHA ,77(12771 HE 3aBUCUT OT M, T. €.

) _ 263 Nprpr , 9
Tt = 55w 2. 2 Fl@) (1 - —) L+ 0+ 1) (rpewe ).
320+ 1) —~ 2020 +1)
(25)
Mpu sorancenan 7y, v 1 7%, BOCIOML3YeMCA OZHOIEKTPOH-
HbIM HpI/I6JH/I}KeHI/IeM, T.€. 6yﬂeM CYUTATh, 9TO CIEKTpaJibHadA JIMHUA I10-
[JIOIIECHUsI CBA3AHA C M3MEHEHMEM COCTOSHMs JIMIIb OJHOTO U3 3JIEKTPO-
HOB HOHA. T‘ITO6I)I TIOJIy4YUTh IMUPUHY JIMHWUHW, CBA3AHHYIO C TepexogaMu
paccMaTpUBAEMOrO 3JIeKTPOHA, J0CTaTo9HO B dopmynax (22)—(24) npu
CYMMUPOBAHUU 110 PA3JMYHBIM COCTOSHHUSM HOHA OTPAHUYUTHCS JIWIIH
TaKUMU COCTOAHUAMU, IIPU KOTOPHIX MEHAECTCA MOJIOZKEHNE THTEPECYIOIMETO
HAC 3TEKTPOHA. 110CTIe TIOMYIeHnsT OTHOTEKTPOHHBIX MMUPUH HEOOXOIIMO
YCPEJHATH MX 110 KBAHTOBBIM YHCJIAM 3JEKTPOHA B MPEAETaX TPYIIIbI
GJIM3KO PACTIONIOKEHHBIX OJHO3IEKTPOHHBIX YPOBHEH SHEPTHH.
JIj1s1 BBIYMCIIEHWS] IIMPUH CIIEKTPANIbHBIX JIuHUH 0 popmynam (22)—(24)
HEOBXOMMMO 3HATH CcoBCTBeHHbIe (byHKIH YY), g\e)’ (" Bosmosbre
dbyuxruyn HoToHOB X0pOIIO M3BECTHBI (CM. HanpuMep, [28]). Boruauciennto

BOJHOBBLIX (DYHKIHMII AMCKPETHOrO U HEIPEPLIBHOTO CIIEKTPA, 1/)&6) TOCBS-
mensr § 2, 3 v 11
IIpu BBIYMC/IEHUH MATPUYHBIX 371eMeHTOB (nA1|Hj.|n'\), BXxoasamux B

BBIPDAYKEHUsA I MIUPUH 7,(16) u 7,(11:)712, C JIOCTATOYHON TOYHOCTBHIO MOK-

HO CYUTaTbh, YTO MoTeHnmajbl V) u V), JefCTByIOIIe HA 3JIEKTPOHbI

HENPEPBIBHOIO CIEKTpa, paBHBIL. [lelicTBuTesnbHO, nmomoxkuM Vy, = Vy un

BBIYMCJIUM MaTpudHbIe 31eMenTa (nA;|Hj.|n'A). OuesuaHo, 9T0 raMusibro-

wvad H;, MOXKHO TpencTaBuTh B BUIE CYMMbI TAMUJIBTOHUAHOB, KAXKIbIiA

U3 KOTOPBIX JEHCTBYET JIMIIb HA KOODIUHATHI OJHOIO IJIEKTPOHA, T.€.

H;e =) H,. Tak KaKk OZHOJIEKTPOHHBbIE (DYHKIHHN, COOTBETCTBYOLIHE CO-
p

CTOAHUSM A U A1, npu V) = V), OPTOTOHAJIBHBI, TO MATPUIHbBIE JIEMEHTHI
(nA1|Hp|n'A) OTAM9HBL OT HyIIsI I B CIIy9ae, KOIIA COCTOSHUS A OTJIH-
YaeTcsi OT COCTOSIHUI A1 IIOJIOYKEHMEM TOJIbKO OJHOIO P-ro 3jeKTpoHa. Ho
111 TAKUX cocTostHui dpdexTunHble noTeHnaNb! Vy u Vy, AefCTBUTENIBHO
OymyT 6mu3ku. ['amunbronnan B3anmoneiictBust H;e B ATOMHBIX €IMHUATIAX

“MeeT BUJL
1
Hie =) 7 — 7|
s 8 p

rze s — pajuyc-BeKTOD S-I'0 3JeKTPOHA PACCMATPUBAEMOIO HOHA, 8 1) —
Paauyc-BEKTOP BO3MYIIAIOIIETO JIEKTPOHA. ¥ YeT OPTOHOPMHPOBAHHOCTH
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OZIHOYIEKTPOHHBIX BOJHOBBIX (DYHKIMI MPUBOJUT K TOMY, 9TO B OIHO-
JIEKTPOHHOM MPHUOINKEHIH MATPUYHBIN 27meMeHT (nAp|Hie|n'A) Oyner
OTJIMYEH OT HyJisi TOJBKO B TOM CJydae, KOTJA HAYAIBHOE COCTOSTHHE
OTJIMYAETCst OT KOHEYHOTO JIMIIb COCTOSTHHEM OJJHOIO M3 3JIEKTPOHOB MOHA
M COCTOSIHUEM OJJHOTO W3 BO3MYIIAIOIIMX 3JIEKTPOHOB. Eciu BOJIHOBBIE
(hyHKIMHU U SHEPIUM ITUX ABYX JEKTPOHOB B HAYAIBHOM COCTOSIHUHU (1)
OynyT Y (7), € A1 9MeKTpoHa HOHA H ,(F'), €, IS BO3MYIIAIOIIErO
JIEKTPOHA, & B KOHEYHOM cOCTOstHUH (n'\) COOTBETCTBEHHO ¥y (77), Efr U
ow (7'), €4, TO MaTpuunerii snement (nA;|Hje|n'\) npunumaer Buj

1
(nA1[Hie|n'A) =/¢Z(F)¢Z(F')mwkf(F)%'(F')dFdF'- (26)

IIpoussoas B (23) cymmuposanue no n', A ¢ yuerom npunnuna [laymm,

[OJTY YUM
7 =300 ) i
kl

rie

'ykk, —2#277,“ 1—mnu) x

k[ =\ k(= 1 — 1/ - 1 ?
/W(’“)%(T')mibk/ (F)ow (F') dPdF'| 6(Qw +eu — ),
(27)

rae ng 1 n, — K03 dHUIMEHTH 3aII0/THEHIA 3JIeKTPOHHBIX COCTOAHUI, PaB-
Hble 1 11 3an0aHeHHbIX 1 0 /1)1 He3aIOJHEeHHBIX COCTOAHUM, pp — pas-
HOCTBb MeXKy Ha9aJbHOU M KOHEYHOW SHeprueil noHa Ipu mepexone OgJHOrO
U3 3JeKTPOHOB U3 cocrosnusa k B cocrosuume k'. B manbneiimem, BMecTo
BeIUIuHbL (g MBI Oy/I€M HCIOIH30BATh €€ MPUOIUKEHHOE BBIPAYKEHUE,

PaBHOE £, — £/, TAK KAK Ha BEJUIMHY 7,(16) 9TO MPAKTUIECKU HE BIIHSIET.
3ameTrnm, 4T0 GYHKIMH HENPEPBIBHOTO CIIEKTPA ¢, (7) HOPMUDPOBAHBI HA
0- DYHKIUIO IO SHEPIUH.

Bemmuuna '71(;)' II0 CBOEMY CMBICJIY IIPEJICTaBJsAeT COOOil BEPOATHOCTH
epexoa 1eKTPOHA JTUCKPETHOTO CIIEKTPA U3 COCTOsIHUS k B COCTOSTHUE
k' B egwHUIy BpeMeHHM B pPe3y/abTaTe B3aUMOJAEHCTBHSA CO CBOOOIHBIMA
3JIEKTPOHAMHU HEIIPEPBIBHOI'O CIEKTPA.

Awnasoruyso st 77(1%2 HOJLyYUM CJIEIYIOIIEE BbIPAYKEHUE:
_ W
%(11312 =Y =27 Z (1 —mny) x
Mo’

% (=21 =1 2
[l (7)) — [k (7) 2] %‘p{fff) dFdi!| 8(cu— ). (28)
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IIpu BBIYMC/IEHUU TUPWH JWHWI B IIUPOKOM IHAIA30HE TEMIIEPATYP

e u

JOCTATOYHO XOPOIIUM SIBJISIETCsI TPUOINKEHNE, IPU KOTOPOM 7,(6 k), u fy,(c,J
BBIYUCJISIIOTCS 7151 cpeniHeii Kondurypaiuu 6e3 yuera [IefcTBUs 3JeKTPH-
9eCKUX TIOJIEH U PEJISITUBACTCKOTO PACITIEIUIEHNsT yPpOBHEiA. B KadecTBe BOHO-

BBIX (DYHKIIWIT JIEKTPOHOB JUCKPETHOTO CIIEKTPA UCIIOIb3YIOTCs (DYHKINN

Yntm(7) =~ Ruglr) (=1)"¥em (9, 9),

a B Ka4YeCTBE BOJIHOBBIX (DYHKIIMI 3JIEKTPOHOB HEIPEPHIBHOTO CIIEKTPA —
byHKIMN

Yetm () = 7 Ree(r) (=)o (9, 0),

rae Rye(r) n R_,(r) saBasaiorcsa pemenusivu ypasHenusi HIpénunrepa c
CaMOCOTJIACOBAHHBIM TOTeHIMaI0M XapTpu—Poka—Ciarepa.

Bumecro wmcen 3amonmenus n, OyIeM HCIOIb30BATH CPENHIOI CTEIEHD
3AI0JIHEHUA COCTOSTHUI HENPEPBIBHOIO creKTpa. CyMMHUPOBAHEE 110 COCTO-
SHASIM HEMPEePBIBHOTO CIEeKTPa [t W 4| 3aMEHMM WHTErPHPOBAHHMEM IO €
n ¢'. Tlpm moacyaere 9ucaa COCTOAHMI SJIEKTPOHOB HEIIPEPBIBHOTO CIIEKTPA,
' clielyer MMerh B BHJY, UTO CIIMH 3JIEKTPOHA HENPEPBIBHOTO CIIEKTPA
[OCJIE TIEPEX0/Ia COXPAHIETCH.

B pesysnbrare ajis 7,(62), , MCTIOJIb3Y4 B KadecTse k u k' KBAHTOBbIE YMCIIA
ném u n'f'm', npunem K ciaenymomeMy BHIPAXKEeHHIO:

Tmavene =473 3 / ) F (e de x
Im Um

/ Rot(r) Vi (0,0) Ra(r) Y, (0, )

X

1 2
<Gy Bt () Yo (0,0) o () Yo (0 ) dr a2 Y| (29)
rae ném # n'l'm’, uarerpupoBanwe mo ¥ U 7' NPOU3BOAWTCA B MpeIEIax
ATOMHON stuefiku npu &' = € + 0 — eprpr, f(€) = 1/[1 + exp(e/6 + )],
7) — IPUBEJEHHDBII XUMUYCCKUI OTEHIIUAJ.

Awnanoruano ms 'y,(cl,é? [IOJIy YaeM

e =TT [ P
tm O'm'

[ (1Rt ) Yo 0. O = Rar(s) V(9. 9]

X

1 2

X o R(r") Y7 (9',¢") R (r") Yo (9, ') drr d2 dr' dQY' (30)
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Tak Kak HAC WHTEPECYIOT CPEJHUE IMMPWHBI JUHWH /i psana Gam3Ko
OTCTOAMINX yPOBHEH, TO MPOBEJIEM yCPEJHEHHUE MO KBAHTOBBIM THCJIAM 170
un', 0',m' s v, uwnomum' s 'yr(llé) Bumecro (1 — ng/) B 3TOM
CIy9ae MOXKHO WCTIOB30BATH CPEIHEE 3HAYEHUE ITOH BEJMIWHBI, DABHOE
1= Npe/(2(2¢' 4+ 1)). B pesynbrare Gyaem umeTb

(e) n't’ (e) It 1
Vot = 2@_'_12 Z,< —25'4_1)) Vb ¢ m? (nfm #n'l'm’),

m n'l'm
W  _ L ()
7nf,n’(’ - (2[ 4 1)(2(/ + 1) Z Zﬁynfm n'f'm'"*
m
ITonnas mmpuHa IUHAN AJI mepexona né — n’ ¢’ 6ymer paBHa

Tt = 17+ Vorb +1G + Vo + Vot (31)

st Boraucsenus uarerpasaos (29), (30) Bocnoas3yemcs pasioxenuem 1/|7—7'| o
chepudecKuM rapMOHUKAM

1 LY ;.
= Yo (9, 0) Yo (9 32
%28+1T§+1 s (9,9) Y5 (9", ¢") (32)

¥ BBIPA3UM HHTEI'DAJIBI IO YIJIOBBIM IE€PEMEHHBIM depe3 3j-CHMBOJIbI Burnepa, aro gaer

Vit = ATy Z(2€+1(2€’+1)(2£+1) (20 +1) /f(e)f(a )e=</% de x
7 mm’
2
L 0 s\(t& 7 s 14 s 13 7 s (s)
A2 6 )6 6 ) e a) () E s
sm
(33)
E/:E+En[—8n/[/,
i =11 S [ Qe
o mm!
= P L 7 s 13 7 s
(L) (L L )
’ (s) r (el s Vi V4 s
{(2£+1)Rw rezerp (D™ (o 0 o) \em/ m m)~
2
(s) L L s L L s
_(2€+1) Rnlnlsls'l'( 1)m (0 0 O) (—m m m (34)

3aech

RS . /Rnl(r (r') s+1 Ry (r) Ry p (r') dr dr”.

ndn/ ' cle' U
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HpOI/ISBO,E[H CyMMHUPOBaHUE I10 1M, m' C IOMOMIBIKO COOTHOINEHUA OPTOTOHAJIBHOCTH

st Koaddunmentos Burrepa (cm. [24]), MOXKHO mOKa3aTh, 9TO [JIsi TPOM3BOJIBHOM
dyukuun f(s,7m) IMeeT MECTO COOTHOIIEHHE

S (L e ) S

sm

>

mm/

=3 3 s ey 3 (L ) (G e )

— ; 2 ~ /
= Z Sy (s, m){el s}. (35)
sm
HUcnonesys (35), momysaem

1L (e 0 s\°(¢ ¢ s\’
Y g1 = (20 + DEE+ 1) (0 ) ( ) o

—2s + 1 0 0 -m m m nl,n'l s’
sm
(36)
e
_ _ 7 71 2
77(161),11’1’,5 = dme™" Z(QE + 1)(2£1 + 1) ((l; l;) 8) X
o
2
X /f(g)f(gl)e_s/e [szsl)n'l’EZE’Z'] dE.
el =etenp—ep,rpr

AHAJIOruvHO,

) =15 © 220+ 1)2f +1
fy"lm,n'i'm' - fyn’l’m’,n’l’m’ + fynim,nim ( + )( + ) X

1 ¢ v s L £ s
D v (0 0 0) (0 0 0) x
sm
s ] V4 { s
+ (u)
X (_l)m m (_m, m! ’ﬁl) (_m m 7"71) fynl,n’l',s’ (37)
Tae
_ _ 7o
VY e = AmeT Y (20 +1)(20 + 1) (3 f) 3) x
o
2 —e/8 p(s) (s)
* /f ()e Rn'l’n’l's[e[' Rnlnls[ei' de.

B tabmmie 5.5 npuBesieHbl 3HAYEHUS] PATHAITHOHHBIX 77(&), 3JIEKTPOH-
HBIX 77(53) u 'yf;g)n,e, IIMPHH, & TAKXKe UX CYMMa Ypn¢,p/¢ B IJIa3Me 30JI0Ta
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Tabauna 5.5. Paguanuonusie fyfl? ¥ 9JIEKTPOHHBIE 77(1615) N 77(:2; /¢ WAPUHBI yPOBHS B 3B,

a TaKXKe MX CYMMa Yn¢ n/¢/ B IUIa3Me 30410Ta npu miorHocru 0,1 r/CM3 U Pa3JIMIHBIX
TemiepaTypax (3amuch 5,32—13 osnauaer 5,32-10713)

T, B nd n'l 7,,(12) 'Y,(:;;/ 'Y,,(l‘}) 'Y,(.,er}/ '7,(,1;27/// Ynln'e'
100 |31 32| 532—13 | 3,73—11 | 2,45—13 | 2,08—13 | 5,53—06 | 5,53—06
31 40| 5,32—13 | 5,22—06 | 2,45—13 | 4,65—03 | 8,91—-04 | 5,54—03
31 42| 532—13 | 1,02—04 | 2.45—13 | 9.91—04 | 8.31—04 | 1,92—03
31 50( 5,32—13 | 1,79—-04 | 2,45—13 | 4,73—02 | 2,98—03 | 5,04—02
31 52| 5,32—13 | 7,51-04 | 2,45—13 | 8,85—02 | 3,21—-03 | 9,24—02
31 60| 532—13 | 8.34—04 | 2.45—13 | 1,02—01 | 5.58—03 | 1,09—01
31 62| 5,32—13 | 7,69—04 | 2,45—13 | 1,17—01 | 6,07—03 | 1,24—01
41 42| 2,02-05 | 1,02-04 | 1,14-03 | 9,91—04 | 1,76—06 | 2,25-03
41 50| 2,02-05 | 1,79-04 | 1,14-03 | 4,73—02 | 1,72-03 | 5,03—02
41 52| 2,02-05 | 7,51-04 | 1,14-03 | 8.85-02 | 2,02-03 | 9,24-02
41 60| 2.02—05 | 8.34—04 | 1,14—03 | 1,02—01 | 5.83—03 | 1,10-01
41 62| 2,02—-05 | 7,69—04 | 1,14—03 | 1,17—01 | 6,71—03 | 1,26—01
43 52| 1,92-04 | 7,51-04 | 6,94-04 | 8,85-02 | 2,18-03 | 9,23—02
43 54| 1,92-04 | 2,97-03 | 6,94-04 | 1,83—02 | 3,94-03 | 2,61-02
43 62| 1.92—04 | 7.69—04 | 6,94—04 | 1,17—01 | 7.00—03 | 1,26—01
43 64| 1.92—04 | 1,70—03 | 6,94—04 | 1,09—01 | 9.67—03 | 1,22—01

1000 |31 32| 1,49-01 | 2,60—01 | 3,17—02 | 1,28—02 | 6,20—04 | 4,55—01
31 40| 1,49-01 | 7,52—01 | 3,17—02 | 8,58—02 | 1,61—02 | 1,04+00
31 42| 1,49-01 | 1,97+00 | 3,17—02 | 6,38—02 | 1,10—02 | 2,22+00
31 50| 1,49-01 | 6,75—01 | 3,17—02 | 1,45—01 | 4,84—02 | 1,05+00
31 52| 1,49-01 | 1,48400 | 3,17—02 | 1,24—01 | 4,31—-02 | 1,83+00
31 60| 1,49-01 | 4,35—01 | 3,17—02 | 3,09—01 | 8,41—02 | 1,01+00
31 62| 1,49-01 | 8,95—01 | 3,17—02 | 2,81—01 | 7,94—02 | 1,44+00
41 42| 1,01+00 | 1,97+00 | 8,21—02 | 6,38—02 | 5,09—04 | 3,12++00
41 50| 1,01+00 | 6,75—01 | 8,21—02 | 1,45—01 | 2,20—02 | 1,93-+00
41 52| 1,01400 | 1,48+100 | 8,21-02 | 1,24-01 | 1,71-02 | 2,71+00
41 60| 1,01+00 | 4,35—01 | 8,21—02 | 3,09—01 | 6,29—02 | 1,90-+00
41 62| 1,01+00 | 8,95—01 | 8,21—02 | 2,81-01 | 5,72—02 | 2,32+00
43 52| 4,00+00 | 1,48+00 | 2,62—02 | 1,24—01 | 3,92—02 | 5,68-+00
43 54| 4,00+00 | 1,83+00 | 2,62—02 | 3,27—02 | 1,95—02 | 5,91+00
43 62| 4,00+00 | 8,95—01 | 2,62—02 | 2,81—01 | 9,37—02 | 5,30-+00
43 64| 4,00+00 | 8,99—01 | 2,62—02 | 1,49—01 | 7,31—02 | 5,15-+00

npu moraoctu p=0,1 r/cm® u paszmmunbx TemmepaTtypax (cum. dopmy-
gt (25), (36) u (37)). Hdna npumepa BBIOPAHBI IEPEXOABI C yDPOBHEN
nl = 31, 41, 43. U3 Tabaurpr BuaHO, uro npu Temmeparype 17=100 3B
JIEKTPOHHOE ymupenue yposueit maio (~ 0,1 3B), B To Bpems kak npu
T=1000 3B ymmpenue gocturaer HECKOJBbKUX 3B.

4. NouHoe ymupeHue. VIcxoaHoe TOMyIIEHAE CTATHCTAYECKON Te-
OpUHU MOHHOTO YIIUPEHHUsI COCTOUT B TOM, U4TO PACIIEIJIEHHE CIIEKTPAIbHOMN
JINHUM Ha OTJe/IbHble KOMIIOHEHThI W PACIIONIOKEHHE THUX KOMIIOHEHT B
CIIEKTPE MOIJIONIEHHsI 3aBUCUT OT JIeKTpudeckoro nois F'| pacnpenenenue
BepositHocTeit Kotoporo W (F') cunrtaercst usBectrbiM. CyMMapHBIH# 1po-
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GuIh CHEKTPATHHON JTMHUN TOTYYIAETCS B PE3YJIbTATE YCPEIHEHUsI COBO-
KyIMHOCTH Tpoduieii KOMIOHEHT ¢ (bYHKIWEH PACIPEIeIeHNs UX CIBUTOB
B 3aBUCUMOCTHU OT TIOJIS.

Takum obpa3om HAIO OmpeneuTh (DYHKIUIO PACIPEIETIEHIS HOHHOTO
mukpononsg W (F) u mrapkoBckuii c¢aur dacrorbl Aw = Aw(F) s
KayK/I0il KOMITIOHEHTBI CIeKTPATbHON JIMHUU B KayKJIOM M3 HOHOB.

Msbr OymeM paccMaTpWBATH TAKWE TEMIIEPATYPHI W IIOTHOCTH, MPHU
KOTOPBIX 3(DEKTUBHBIN PAJANYC MOHHOTO OCTOBA MHOTO MEHBIIIE PAInuyCa
aTOMHOH s4eiiku. B Takux yCJIOBUSX C JIOCTATOYHOW CTEMEHbI0 TOYHOCTH
3JIEKTPUYECKOE TI0JIe, CO3/[aBaeMOe HOHAMM, MOYKHO CUUTATH OZHOPOIHBIM
B IpejiesiaX paccMarpuBaeMoro mona. Paccmorpum cucremy N HOHOB €
3apsIoM ZO, MOJIOYKEHNE KOTOPBIX XapaKTePHU3yeTCsl PaJinyC-BEKTOPAMHU
7, 7o, ... ,7FN. HanpsKeHHOCTD TOJIs, CO3]aBA€MOr0 ITUMHA HOHAMY B Ha-
Yajie KOOPJWHAT, IJle HAXOAUTCS JIaHHBIH MOH, OymeT paBHa (B aTOMHBIX
€INHUTIAX )

N
T
i=1 T?

F=-2,

L7151 33TAHHOTO TTOJIO2KEHUSI HOHOB BEPOSITHOCTD TOT0, 9TO HAIIPSI?KEHHOCTH

nosist HaxoaurTes B unrepsasue (F, F' + dF'), OGymer onpenensTbCs BbIparKe-
HUEM

N
- T F 1 2,3 ) aF
Q(Tl,TQ,...,?”N,F)dF:(S F+ Z 3 dF.
re
i=1 ¢
Baecy §(F) — nenvra-bynkuus dupaka. BepogTHoCTh 3aaHHOrO MOJIO-
JKEHUsI UOHOB T1,T2,... ,FN COIJIACHO CTATUCTHUIECKOMY PAaCIIPeIesIeHUIO
BonbuMana nmponopiimoHabHa

1
exp |:—5 U(_'l, _'2,... ,FN):| dFldFQ ...dFN,

rne U(7, 7, ... ,FN) — NOTeHIHANbHAs 3Heprus cucreMbl N nonoB. Ilo-
3TOMy BepOHTHOCTb TOFO, q9gTo HaHpH}KeHHOCTb II0JId JIE2KUT B I/IHTepBaJIe

(F,F + dF) npu BCeX BO3MOXKHBIX HOJIOJKEHUAX MOHOB MOXKHO HA#TH IO
dbopmye [128]

R N
‘ﬁmL%Uﬁm@”wmﬂﬁ@+%Xﬂ%dm%“dm

i=1T;

p(F)dF = T
/exp |:—5 U(_'l,_'g,... ,FN):| dFldFQdFN

Jnst yoporeHusi BbIYUCICHUN PA3I0KUM J1eIbTa~-DYHKIUIO 110 TLIOCKAM
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BOJJIHAM:
N Fz N 7:; .
6<F+Zo;§> = @ /exp i<F+Zo;§>el dl
Torna
p(F) = @ [ 1@ explGF D) . (38)
rie

N
! 7 N T
__U(r_iar-éa"- arﬁ) +i ZOZ%] dridrs .. .d7N
T(0) = : =1 . (39)

Tak kak dyukuust U(F,7s,... ,7N) HE 3aBUCAT OT BBIOOpA CHCTEMBI
KOOpAHHAT, & 3aBHCUT TOJBKO OT B3aMMHBIX paCCTOﬂHI/Iﬁ Me)K,Z[y HMOHaMH,

-

10 T(f) sBnserca bynkuueit s £ = |f]. B cuy sroro p(F) = p(F), rae
F=|F|.
IMycrs W(F)dF — BeposiTHOCTb TOrO, 4YTO abCOMIOTHAS BEJUYUHA

9JIEKTPUYECKOrO ToJst JiexkuT B uHTepBane (F,F + dF'). Torma cornac-
HO (38)

W(F) = 4nF*p(F) = % / ¢ sin((F) - T(¢) dl. (40)
0

Ucxons u3 (38), (39) u npumensist meton Iaiinca—Bova pa3zesnenus smek-
TPOCTATUYECKUX B3aMMOJEHCTBUI HA JajeKue W OJM3KWe, MOXKHO IOJIy-
YUTh Pa3aMYHbe NPUOInKeHHbIe Bbipaxkenus s W (F). s pa3pexken-

1 . S
HON TIa3Mbl MHOXKHUTENh DBOJbIIMaHa exp ~3 U(71,72y ... ,FN)|, yuu-

THIBAIOIINH HEPABHOMEPHOCTh PACIPE/IETIeHNs] HOHOB, MOYKHO 3aMEHHUTh
eIMHUIIEH, Tpenoaras, YT0 B 3TOM CJIydae pPacCIpe/leJieHne WOHOB IO
IPOCTPAHCTBY paBHOMEpHO. B pesysnbraTe NMpuxoguM K DPacCIpe/IeeHUI0
Xombimapka myist W(F). OueBuaHO, 9TO paclpeesieHne siBJIsieTCsl Mpe-
JIeJIbHBIM CJIy9aeM, COOTBETCTBYoIuM §# — oo mpu p = const, aubo
ciyqaio p — 0 mpu dukcupoBannoit remmeparype. [lomyumm pacmope-
nesenre XosblMapkKa ¢ ucnosib3oBanueM dopmyn (38), (39), 3amenss
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OOJTBIIMAHOBCKUIT MHOXKUTEIb HA €IUHUILY:

N =

[exp(ilZo 3. L) diydrs ... diy
T(f) = lim LT =
N—o00 deldFQ...dFN

_ 1 77 d#N
TN |V ) FR A\ ) Ay

rne N = nV, V — obbeM cucteMbl MOHOB, N — KOHIIEHTDAIIUsI UOHOB B
aroMHbIX eauHunax (n = 1/v, v = %71'7’03 — obbeM aroMHoil sueiiku). [pu
GbUKCHPOBAHHOM 3HAYEHUH 71 PACCMATPUBAEMBII ITPE/IET JIETKO BHIUUCISET-

—

1 ilr
cs1, ecm ydecTb, 4o unrerpan [ |1 — v exp —Zo | d’ 10 GeCKOHEIHOMY
r

obbemy cxomurcs. lelicTBUTEIBHO,

. nV

1 ir
T) = li 1-= 1-— — Zp | d7 =
0= |15 [(1-e0 500

\4

1 oo

= exp —n/ /271'1“2 <1 — exp %Zg) dudr| =
-1

0

=exp | —4mn Z(l — %) r2dr| =

T $5/2

= exp | —2wn(€Z)>/? /(1 — sma:) dz
0

WNurerpan B moka3arese SKCIOHEHTHI MHTETPUPOBAHHEM 110 YaCTSIM CBO-
aurcs K uarerpany ®peness. B pesynbrare qst T'(€) monydaem

T(f) = exp [—%(mzo)?’/?n] : (41)

Moncrasmnsisa (41) B Beipaxkenue (40) mus W (F'), npuxomum K pacnpedee-
nuro Xoavumapra

2 [ 4
W(F) = — /:L'sinxexp [—1—5(27T:L'Z0)3/2n] dz. (42)
0
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B ciyuae Gosbimx MIOTHOCTEl, TPU MAJIBIX 3HAYEHUSX AMILIATY/IBI
TapMOHHUYECKHX KOJIe6aHI/Iﬁ OEHTPaJIbHOT'O NOHa B6JII/IBI/I IIOJIOZKEHH A PAaBHO-
Becusi (aMIUIATYa MHOTO MEHBINE PAUyca MOHHON cdhepsbl), CIpaBeIInBoO
MpUOIUKEHTE NPOCTNOIL 2GPMOHUYECKUL OCYUUAAAMOPOS. TTOOBI IOy IUTH
COOTBETCTBYIOIIEE pACIpeie/ieHre, HalleM CHTy, BO3HUKAIOILYIO TIPU OT-
KJIOHEHUM MOHA OT IOJIOYKEHUsI PABHOBECHS Ha PAacCTosiHue 7. BHelHure 1o
OTHOIIEHNIO K PACCMaTPUBAECMOMY HOHY 3apAIbl HA HETO He NEeHCTBYIOT, a
JeUCTBYeT CHAJIa NPUTAKEHUA 3apAna

P\ 3
(2
To

[TosToMy MOmy/b HANPSI)KEHHOCTH TIOJIs, EHCTBYIOIIEr0 HA WOH, Oymer
paBeH
lq| Zy

F===—r
r2 g

a MOTEHIUAJbHAsS YHEPTUS UOHA
r 1
U(r)= ZO/F(r)dr = §F2r§

Ilo crarucruke BospiiMaHa BEPOATHOCTb TOTO, YTO MOH HAXOJUTCH B
obsactu 1,7 + dr, TPONOPIUOHAILHA,

23

20

exp [—% U(r)] r?dr ~ exp [— ] F?dF.

CiieroBaTeIbHO, B PACCMATPUBAEMOM TPHOIHMKEHUH
F2 3
W(F) ~ exp [——] F2 (43)

Bosnee ToyHOe pacmpenesieHne MOHHOTO MUKPOIIOJS, CIPABEIJIMBOE B
[IMPOKO# 00JIACTH TEMIIEPATYD U ILIOTHOCTEH, MOXKHO MOJYYHUTh, HUCIOJIb-
3yd MOJZEJb BO3MYINAIOMINX HE3aBUCUMDBIX YaCTUI[ U PE3YJIbTaTbl KOM-
[BIOTEPHOTO MOJeTMpoBanus [156]. DTH pe3ysbraThl ANMPOKCUMUPOBAHBI
MIPOCTO# 3aBUCUMOCTHIO

(o]
H(u) 2u z*?
W(F) — 2 , H(u = ?/xsm ux)exp —W dz,
e

(44)
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2/3

rne v = F/Fy, Fy = 2w (4Zyn/15) - HOPMAJIbHAsT XOJIbIIMAPKOB-
CKasi HANPS?KEHHOCTH Mmojist, [ — mapameTp HemJeanabHOCTH. B KadecTse
napaMerpa HeuIeaJbHOCTH MOXKHO B3ATh COOTBETCBYIOIINIA HapaMeTp J1Jist
B3aMMOJIEHCTBUASL MOHOB MEXKIy COOOH B NPHUOIMKEHWUH CPEIHEro aro-
vma: [' = Z2/(0ro). Pacnpenenenue (44) mepexoiur B pacripejieeHue
XompuMmapka npu I' — 0 u B npubsmkeHne NIPOCTHIX TAPMOHUYECKHUX

OCHIMJIIISITOPOB B MIPOTHUBOIOJIOXKHOM ciiy4ae I' — oo.
W(F)
1+ a
0,8
0,6
0,4 | ]
: 1,3
0,2 ]
0

1,2

1 b
0,8
0,6
0,4
0,2

0

1,2
1+ C
0,8 | \
0,6 |
0,4 | P

O 1 2 3 4 5 6 FiR
Puc. 5.5. Pacnpenenenune monnoro mukpononss W(F) B 3aBucumoctu ot v = F/Fy
mpu I' = 0,03 (a), ' = 0,3 (b) u I' = 3 (¢): (1) — pacupenesnenune Xoabrmapka (42),
(2) — npubnnKeHne IPOCTHIX TAPMOHUIECKUX OCHIILIATOPOB (43), (3) — dopmyrna (44),
CIIJIOITHAA JIMHUSA

Ha puc. 5.5 npuBeieHbI MOy YeHHbIE B PA3HBIX MPUOIMKEHUSAX (DYHK-
LUK Pacrpeienenust MoHHoro Mukponosist W (F') B 3asucumocru ot u = F/F
Opy Pa3jMyYHBbIX 3HAYEHUsX OGe3paszmepHoro mapamerpa [. DrTor mapa-
METpP MOYKET MEHSIThCsl B MIMPOKUX TIPEeIax, HAPUMED, JJisi 30JI0Ta PH
T =1 x3B, p =1 r/cv® mapamerp I' ~ 7; na sxeneza ipu T = 20 3B,
p=10""r/ecm® —T ~ 0,7, iz Bomopoganpu T = 13B, p = 1072 r/em® —
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' ~ 0,02. U3 puc. 5.5 BuaHo, yro npubiamkenune (44) maer xoporiiue
pe3yabTaThl BO BCeil 00/IacTH NapaMeTpOB, IPAKTUIECKU coBnagas ¢ (42)
npu ' < 0,03 u c (43) mpu " > 3.

B 3aaHHOM IOCTOSHHOM JIEKTPHIECKOM MOJe F' OHOSIEKTPOHHbLE
YPOBHU SHEPIHMM M BOJHOBBbIE (DYHKIUM 3JEKTPOHOB MOXKHO HANTH, MC-
MONB3ysl TEOPUIO BO3MYyIIEHui. B KadecTBe HEBO3MYIIEHHOTO TaMEJIBTO-
HuaHa Bo3bMeM Hy = —%A — V(r), roe sddexkTuBHbIl HEHTPAIbHO-
CMMMETPHUYHBIA ToTeHmas V (1) eCTh CaMOCOTIACOBAHHBIN MOTEHIIUAT Pe-
JATUBUCTCKOM Mozenn Xaprpu—®Poka—Cisrepa, orsBedaronuii Hanbosee
BEPOSTHOMY COCTOSIHAIO MOHA W CBOOOIHBIX 3JIEKTPOHOB. Bosmymenume
UMEET BUJL

—

H=F-F
Bribepem B kKadecTBe HEBO3MYIIEHHBIX BOJTHOBbIE (DYHKIUU, OTBEYA0-
I[{e [TOJITHOMY MOMEHTY KOJMYECTBa JIBUKEHUs 3JIEKTpOHa j = £ + §
_ § : Jjm
wn(fjm - C(fmg L, wnl’mgmsa

2
Me,Ms

TOTrAa MAaTPHUYHBIE 3JIEMEHTBI OIlepaTOopa HO B 3TOM IIPEACTABJICHUN OUaA-
T'OHAJIBHBI 1 HE 3aBHUCAT OT M

(nljm|Ho|nljm) = en;.

HaiisieM MATDHYHBIE S]IeMEHTHI oneparopa F - 7, monaras, 910 och 2 Ha-
npaBJena BAOMb 1o/, T.e. F-7F = Fz. Tlockonbky Fz = 1/ 4w /3 FrYio(6, )
ABJISETCA HEMPUBOIMMbIM TE€H30PHBIM OIEPATOPOM 1-ro paHra, KOMMYTH-
PYIOIIUM CO CIIMHOBBIM OIIEPATOPOM, TO 0 TeopeMe Burnepa—dkkapra

Vi F Ty = (—1)i—m J 1 _1\3-l+5
(wejm| Fala ¢ty =~ (LT Caypeen

x V@ FDEF FDWEGL; 51)- (nl]| Fz|n' ),

e MPUBEJIEHHBIIT MATPUYHBIN SJIE€MEHT

, !
(nl||Fz||n' ') = (—1)* +1>/2,/¢ Froppwe (('=0+1).

j 174
-m 0 m
TO OTCIONA CJIEIyeT, 9TO KpOMe IVIABHOTO KBAATOBOrO HYHCIA 7. YPOBHH
SHEPTUH XapaKTepU3yIOTCs KBAaHTOBBIM dncioM m. CobcTBeHHble (byHKIUN

Tak kak 3j-cumBos Burnepa # 0 TonbKo pu m’ = m,
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ravunbronnana H = Hg + H' npencraBuM B BULE JIMHEAHBIX KOMOMHAIIMNA
byaRIni Yy ¢ GUKCHPOBAHHBIMI 3HAYEHUAME 1 U M

s) = Z cng]m¢nfjma

Lj

e s — HOMepP COOCTBEHHOTO 3HAYEHUS 55”21 Kosddburuentsr: ¢

IOTCS PElIeHUusMU CeKYJISIPHOrO0 YPABHEHUA:

(s)

nljm ABJIA-

(els) — €nfj)C£Lse)jm = Z(n lim|Fz|ntl'j m)c nl! j1m-
ll 3!

IIpu BLIYUCICHUM CEYeHHUs MOTJIOMICHHS B JHMHHUIX BMECTO IEPEXO/I0B
nlj — n'l'j' 8 bopmyne (15) uz § 2 ciepyer yIuTHIBATD NEPEXOABI NINS —
n'm's" (m' =m, m £ 1), nonaras

op (W) = 3—7Tc?’00/dF W(F) x

X ZPQ Z Z nms ( N,?rm/s/).fnms,n’m’s’ Jnms,n’m’s’ (w)a (45)

nmsn/m’s’

rie

_ E(s)

(s
n/ ’

2
,
fnms,n’m’s’ = % (5 /(przs’vzl’)*FipﬁzsrzLdF

Pacuersr o dpopmysie (45) 10CTATOUHO CIOXKHBI, XOTsI BIMSHUE IITAP-
KOBCKOT'O yIIUDPEHUST MOHOB HA POCCETAHIOBBI TPOOErH BO MHOTUX CJIydasiX
cocrasister ~ 1% [72]. Ilpn pacderax tabani HOHHOE yIIHpeHHe OOBITHO
yuauThIBaOT Gosee mpoctbiM criocoboM [203]. TIpeamonokum, 9To TOIBKO
JIBa YPOBHS PACIIOIOXKEHBI HACTOIBKO OJIM3KO, 9TO BO3HUKAET HEOOXOIU-
MOCTh yYeTa WX PACIIEIJICHNUs — 3TO MPUBOJNT K 33Ja9e Ha COOCTBEHHBIE
3HAUEHWs JjIsi MATPHUIBI BTOpOro mopsimka. Tak kak sddexr Ilrapka
HauboJjiee CyIeCTBEHEH JJIs BEPXHUX YPOBHEH, Te BIUSHUE PEJISITUBUCT-
CKUX TIOMPABOK MAJIO, TO MPU BBIYUCIEHUN IITAPKOBCKOTO PACIIEIICHUS
MOYKHO OIPAHUYUTHLCS KIACCU(DUKAIAEH yPOBHEH M0 KBAHTOBBIM YHCIIAM
nf, cauTAas1, 9TO COBUTHU Ep¢j OpH j = ¢+ 1/2 paBHbL.

PaccMOTpUM YPOBHU Epy U Exrpr, Hanipumep miaa n' = nu ' = £ — 1.
Ilycrs epe = €0 + A/2, epp—1 = €0 — AJ2, tne €0 = (ent + €ne—1)/2,
A =¢ep¢ — €p¢—1. Torma nuas sueprum ypoBHEl € OTHOCHTEIBHO £) HMEEM
ypaBHEHHUe

A
5 € Via
=0,
A
Voo ——-—¢
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orkyga € = v/ (A/2)% 4+ ViaVay, u 1jid BeJIMUMHBL CMEIIeHNs YPOBHS £,¢ B
3JleKTpuaeckoM nose F' momydaem

A —eni1)’ — Ent
Aé‘:é‘—? _ (€n€ 2571,13 1) +V—122_5n(f 2511,(3 1' (46)

Baech Via = Vo1 = (ndm|Fz|n'¢'m') — mMarpudnslii s7emMeHT B3anMoeii-
CTBHSA 3JEKTPOHA, C 3JIEKTPHUECKUM TIofeM F':

(+1)2 —m?

S e (= C+1),
it e (E=0+1)

(nfm|Fz|n't'm) =

02 —m?
- F o (0=£-1
@ir D=1 L e )
(MATPUYHBIH 371eMeHT OoTmYeH oT Hysst npu £ = £+ 1).

Benuuuny Ae ycpeaHuM 1o HApaBJIeHUIO 1oyt F'| 910 9KBUBAJIEHTHO
YCDEIHEHHIO TI0 MPOEKIHH OPOUTAIBHOTO MOMEHTA 11 Ha HaIpaBJIeHHe
nons. [peanonaras, B OCHOBHOM, KBAaJPATUYHYIO 3aBUCUMOCTb OT TIOJIs
((A/2)? > V), cpennee 3HAaUeHHE MOXKHO MOLYIHTb, IOACTABAA B (46)

BMecTo Vi3 Benuuumny

¢ 2,2
(Vi3) = vpgwe = _ §< |(ném|Fz|n'¢'m)|” = G e
ne,n 2£< 3(2e< + 1)

m:—l<

(l« =min{l, 0"}, ¢~ =max{(,('}).

VuurebiBas asa 6auxkaiiinux yposus (B ciyuae, ecim £ = 0w £ = n—1,
TO OJIUH OJIMKANIINA YPOBEHB), [JIsi CPEIHEN BEJIMYUHbI CABUTa B moje F
TIOJTy 9aeM

nt ’

rie

2
n't E> —E« 9 €> —E«
An( - ( 2 +Unl,n’l’ - 9

(e« =min{epg,epp }, s =max{eps,enp}).

[Ipu Beramcaennn K03 MUIMEHTOB MOTJIONIEHNS] B JIMHUSAX YITeM BJIU-
sIHAE MOHOB KaK JIOMONHUTEIHHOE JIOPEHIOBCKOe yimpernue (cm. [203]):

(st) —
'Yng,n/(/ - dnl + dn’l’,
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rIe CpeIHWEe IITAPKOBCKUE CIBUTH YPOBHEH dy¢, dp/¢r BBIYUCISIOTCS B
mosie F', KOTOpoe MMeeT MAaKCHMAJbHYI BEPOSTHOCTH B COOTBETCTBUU C
pacnpezesnennem (44) (cum. puc. 5.5).

5. IIpoduas @oiirra. Yduer spdexra lomepa /1ist JOPEHIIOBCKOTO
npoduiig cnekTpasibHoil smHun no dopwmyse (4) maer npobuias Doiir-

Ta [101]: .
Jas(w) = <=5 K (‘*’ _D‘*’C“B, %) : (47)

Ie We3 — HOJIOXKEHHe LEHTPA JMHAK IJis Hepexoma a — B (6o < €3),

Wap 20

Y = Ya8 — JIOPEHIOBCKAsA MUpNHA TuHIN, D = — V1s36a mapaMerp

JIOILJIEPOBCKOTO YIIUPEHUS,

[ _exp(=s)
Yy exp (—s
K(zy) =2 [ 2RV 4 48
@=L [ 2 (18)
—o0

JlopeHnoBcKas mupuHa Bbraucisiercs o dopmyse (cm. (31))

(r) (r) (e) (6) (u) (st)
YaB = Ynen' ¢! = Vg T Yo T Ve T t Yne,n e + e e -
ITpu Beramciennn narerpana Poirra MOKHO MCIOTH30BATH METOIUKY,
onucannyio B [80]. CyuiecTBeHHas /15 HHTErPUPOBAHUSA 00/IACTH 3HAYECHHUIT
B (48) 3a cuer muoxkurens exp(—s?) coorsercreyer |s| < 1. B sroii

(z —s)? +y?
TOYHO IIJIABHOM (DyHKIIHEl IMepeMeHHON S, eC/IM Yy CPABHUTEIBHO BEJIMKO.
IMosTomy npu y > 1 agia Berauciaenus: Gyukuuu K (z,y) MOXKHO UCIONB30-
BaTh KBaApaTypHbe GOpMysbl ThMa [aycca, OCHOBAHHBIE HA MTPUMEHEHUN
MOJIMHOMOB DPMUTA:

obsactu QyHKIUS IIpU 33JJAaHHOM 3Ha4YeHHH x OyJeT mocra-

K(z,y) ~ 2/\ x_S] [ (49)

[pu mMasibx 3navenusx y bynxuus y/[(z—s)?+y?] 6yaer umers peskuit
MAKCHMyM B TOUKE T = § W KBaaparypHasa dopmyna (49) mpu HeGombImmx
3HAYEHUAX T OyJEeT JABATh HEYJOBJETBOPUTEIbHBIE PE3YIbTATHL. TTOObI
u30exKaTh TOro, ¥KeJaTeJbHO npeobpa3oBaTh Bhipaxenue mia K (z,y)
Buay, Gomee ymoGHOMY JJisi MPUMEHEHWs KBAJPATYPHBIX (DOPMYJ THTIA

Taycca. Umeem
2

1 (o]
e
K(z,y) = ;Im / P _Z_yds.

—0o0
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Ecnu ¢ nomompbio Teopembl Ko oT MHTErpupoBaHust B/IOJIb BEIECTBEH-
HOII OCH NepeidTh K NHTErPUPOBAHUIO BIIOJIb IIPAMON, ITapaJIeIbHON Bele-
CTBEHHO# ocu, mosiarasg § = ai +t (a > 0,—00 < t < 00), TO TMONLyIUM

—(ai+t)?
K —I dt =

1 e T et [(a+y)cos 2at — (x — t)sin 2at]
/ (z-1t)?+(a+y)?

dt. (50

— 00

Baaronaps takomy npeobpasoBanuio Mbl BMecTo dyukimu 1/[(x —s)? +y?]
C PE3KUM MAKCUMYMOM TIOJIyHYUJIN B TOAUHTETPAJIBHOM BbIDAZKEHUU 60]166
nasuyto dynkumo 1/[(x — )% + (a + y)?], KoTOpas B CyIeCTBeHHOI
IJId UHTErpUupPpOBaHUA O6HaCTI/I MOZKET 6I)ITb JOCTATOYHO TOYHO aIIIIPOK-
CHMUPOBAHA TIOJIMHOMOM CPABHUTEIBLHO HEOOJboH cremenu. [Ipu 3Tom,
OJIHAKO, B TOAMHTEIPAJHLHOM BbIPDAJKEHUH BO3HHUKAET JOIOJHUTEIbHBIN
OCIUJITUPY IO MHOXKUTEb. Kcim BeIOpaTh ¢ = 1, TO B CyIECTBEHHOIM
I uHTerpupoBanus obsactu dyukuuga (a + y) cos 2at — (x — t) sin 2at
Oyzer TakKe JOCTATOYHO IIaBHOM. Bmecro (49) Teneph momydaem

K(z,y) ~

Z)‘ (a+y)cos2as; — (x—Sj)SiHQClSj' (51)

(x—s;)? +(a+y)?

@opmyaa (51) maxke mpu HEGOIBIIOM KOJIMYECTBE KBAAPATYPHBIX TOUEK
JIAeT XOPOIIKE PE3yJIbTaThl MPH JOObIX 3HaueHusx « u y [80, 183].

6. IIpodunau auHU Ia3MbI BOAOPO/Ia B CMIIBHOM MarHATHOM
IIoJ1e. BHeIHHee MarHuTHOE I10JI€, B JOIIO/THEHUE K SJIEKTPUICCKUM IIOJIAM
HOHOB W 3JIEKTPOHOB IIJIA3MbI, OKA3bIBAET CHJIbHOE BJiHMsiHEE Ha (HopMy
CIIEKTPAJIbHBIX JIMHANA. PaCCMOTpI/IM BJINAHWE MAarHUTHOTI'O IIOJIA Ha IIPpHUMe-
pe 11a3Mel Bogopona (neiirepusi) [181, 35]. IlpakTudeckas HEOOXOANMOCTH
B IIOCTAHOBKE MOIO0HBIX 33/1a49 BO3HUKAET, B YACTHOCTH, DU UCCIIEIOBAHUT
MPOLECCOB IIEPEHOCA U3JIyYEeHUd B HU3KOTEMIIEPATYPHBIX IPUCTEHOYHBIX
obsracTax TOKamaka. Tak, B JedTepueBOil Ia3Me AUBEPTOPA TOKAMAKA
Alcator C-Mod npu temneparype T ~ 1 3B, IIOTHOCTH 3JIEKTPOHOB
ne ~ 1015 cm~2 u marauTHOM TIO7Ie B ~ 8 T'1 M3JTyHeHne B CIeKTPATbHbIX JTH-
HUSIX UT'PAET ONPEEIISIONIYI0 POJIb B IPOIECCe IEPEHOCA IHEPTUH, TIPUIEM
9TOT TIEPEHOC CYIIECTBEHHBIM 00pa30M 3aBUCHUT OT (dbopmbl JuHui [188].

B siekTprutueckoM U MArHUTHOM TIOJISIX CHUMAETCST BBIPDOYKICHUE U CITEeK-
TpaJbHbIE JIMHUH, COOTBETCTBYIOIIUE TIEPEX0/IaM MEXKIY YPOBHSIMU C TJIaB-
HBIMM KBAHTOBBIMH YMCJIAMHA 7 U N, PaCHICIIAIOTCA Ha OTAEJIbHbIE KOM-
noneHThl. CIBUD KaXK/I0# KOMIIOHEHTHI U €e WHTEHCHBHOCTb 3aBUCIT OT
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—

BEJIMYUHBbI MAaTrHUTHOI'O IIOJIA B, BEJIMNYHUHBbI KBAa3UCTATHYECKOT'O HOHHOI'O

Mukponoss F' u yrina mexay Bektropamu F' u B. Kpome TOro, "HTEHCHB-
HOCTH KOMITOHEHTBHI 3aBUCHT OT HAIIPABJICHWS PACIPOCTPAHEHUS U3JIyde-

HUsI, TOYHEE, OT YIJIOB M€Ky BOJIHOBBIM BEKTOpOM k u BekTOopamu F' u B.
CymMmapHbIii ipodub JUHUN JJIs EPEX0Ja 7. — N MOXKHO BBIYUC/IUTH
MyTeM YCPeJIHEHUs 10 BeJUIUHE ¥ HAPABJICHUIO KBA3UCTATUIECKOTO NOH-

—

HOrO MHMKDOIOJIs (B JajibHEIeM 3aBUCAMOCTb OT MArHUTHOTO 1ojis B He
YKa3bIBAETCsI, XOTsI MOAPA3yMEBAETCs):

Do) = = / W(F) Y. Gou (P, F)IF. (52)

Bnecy W (F) — dbyHKuMs paclpeeseHnsi BEpOSITHOCTEH 3JIEKTPUIECKOTO

HOHHOIO MUKpO1ois, Gy, (ﬁ ), ¢ (w, F ) — OTHOCHTE/IbHASI UHTEHCUBHOCTD
U KOHTYD KOMIIOHEHTBI U — v mepexoja i — n (4uepe3 U, v 0603HaUYEHbI
HaOOPBHI KBAHTOBBIX YUCEJI, ONPEIE/ISIONX HAYAJIbHOE U KOHEIHOE COCTO-
SHUS )i KAXKI0W KOMIIOHEHTBI).

IIpodune Kaxkmoit KOMIOHEHTHI omnpeaesnsiercs 3ddexrom lomaepa
U B3aMMOJIEHCTBUEM aTOMa CO CBOOOJIHBIME JIEKTPOHAMHU (€CTECTBEHHOE
VIIUPEHUE 311eCh MPEHEOPERKUMO MAJIO):

1 .,
P (w, F) = D /wu(w — wpy, — 5, F)e(5/P7)" g,
vv

rne Dy, = (wg,,/c)(ZT/M)l/2 — JIOIJIEPOBCKUI HapaMerp yIIUPEHUs,
M — wmacca aroMa, wy, — TOJOXKEHHE [EHTPA KOMIIOHEHTBHI U —> V.
g mpoduiist @z, UCOOIB3YETCS MPUOIMKeHne, npejioxenHoe CuToHOM
JJIsi pacdera YIIUPEHUs MMTAPKOBCKUX KOMIIOHEHT BOJOPOIHOM TIa3Mbl
snekrponamu [208]. B narHOM cirydae paciienienne JHHUIA 00y CIOBJIEHO He
Tonbko 3¢ dexkrom [lTapka, Ho u 3dpdexToMm 3eemana, 4TO HAKJIAILIBACT
OTIpe/IeIeHHY O CrieluduKy Ha METOIUKY pacdera mpoduieil KOMIOHEHT U
TpebyeT HeKoTopoit Moandukayn reopun [208].

OrHOCHTEbHBIE HHTEHCUBHOCTH KOMIIOHEHT U — UV B JIUMIOJIBHOM MPU-
GJIMKEHUH OTIPEIEJISIIOTCST BhIPDAYKEHUEM

@) (|7 |7)|”

oy = ————— (53)
T @@ wlrmt
v
rae at) — €/IMHUYHBbIA BEKTOp mnosispusarnuu GporoHa. st Hemoasspu3o-
BaHHOI'O CBE€Ta W 5
G = —7— > [d® (IFm)[, (54)
n fnﬁ

s=1,2
rae fpn — MOMHASA CHJIA OCHUILIATOPA Hepexona n — fi.
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Jluauu . — n OyaeMm cYUTATh W30JUPOBAHHBIMHU, JJIs ITOTO WX XAPAK-
TepHas MIUPUHA JOJKHA OBITh MEHbBIE PACCTOSHIS MEXKIY OIMKANIIAMA
YPOBHAMU, YTO HAKJIAIbIBACT OPAHUYCHUS HA BeJIUYUHY MArHUTHOTIO 11OJI
¥ MJIOTHOCTD I1J1a3MBbl:

B < ¢/at, n.<0,05/a'/2 (55)

3ameTuM, 9T0 OOBIYHOE B TEOPHUH YIIUPEHWs] ATOMHBIX CHEKTPATbHBIX JIF-
HU TTPUOJIMIKEHHE MPIMOJUHERHOCTH KJIACCUYECKUX TPAEKTOPHI BO3MY-
MIAOMUX JIEKTPOHOB HE TPUBOJIUT K JOIMOJTHUTETIbHOMY OT'DaHUYEHUIO Ha
BEJIUYINHY MAarHUTHOTO ToJis. JleficTBUTEebHO, 3TO yCaoBrue TpedyeT, 9To0bI
JIADMOPOBCKAsA YacTOTa ObLIa MeHbIIe miazMentoi win B < (8mc’n,)'/2.
Ho mocnenmee HepaBeHCTBO, KAK JIETKO MMPOBEPHUTH, BCETA, BBITOTHIETCS,
eciu crpapeuBbl orpanuderusi (55). CIMH-OPOMTAIBHBIM B3aUMOJIEH-
CTBUEM TaKzKe MOXKHO IpeHedpedh, TaK KaK PACIIEIITIEHNe TOHKON CTPYKTY-
pbt ipu Temueparypax I’ ~ 1 3B menbIre 10m1epOBCKOil ITMPUHBI Y POBHETH.

Kak 06buto mokazanHo B paMKax OODOBCKOW TeOpUU IMINTEHHOM
(cMm. [18, 19]), coBMeCTHOE BIIMSIHEE MATHATHOIO M JIEKTPUYECKOrO MOJIEH
Ha 0p6I/ITy QJIIEKTPOHAa B COCTOAHHH C IVNIABHBIM KBAHTOBBIM YHUCIIOM 7T U
OpOUTAJIBHBIM YUCJIOM ¢ B I€PBOM HPUOJIMKEHUU IO IO MOXKET OBbITh

OIIMCAHO KAK PABHOMEPHAs M HE3ABUCHMAsl TIPEIECCHsI BEKTOPOB %n[ F
C YIJIOBBIME CKOPOCTSIMU (J1 W (Jo:

1 -
S . — — B
w1,2 % +

—

nkF

N o

([ — MOMEHT KOJIMYeCTBa, JIBUKEHUsI SJIEKTPOHA, Ty — €ro pauyc-BeKTOoD,
YCPEIHEHHbIH M0 OpOUTAIBHOMY JIBUXKEHHUI0). B 3ToM Ke mpubimkeHun
MOYKHO TIOJTYYUTD TIOMPABKYM K YHEPTUU 37MeKTpoHa. KBaHTOBOMEXaHMtIe-
CKOE PacCMOTPEHHe JA€T B IePBOM NOpsJKEe TeOPUH BO3MYIIEHHH TOT JKe
CaMblil pesybTar [35]. TamuabroHMaH H 3ammcblBaerca B BUE CyMMBI
H = Hy + H _HEBO3MYIIEHHOTO FaMHU/IBTOHHAME Hy = -A/2 - 1)r
u Bosvymennss H' = (1/2¢) B - 7+ F - 7, KoTopoe B HOAIPOCTPAHCTBE
COCTOSIHUH C 33JAHHBIM 7 MOXKHO TIPEJICTABUTDH B BUIE

w

~ — -

]. - - —
H’:2— A—ZnF A=@ I+ @D,

[\

rie 112 = (Z + f_f) /2, A BeKTOp Pynre—Jlenma, yIoB/IeTBOPSIONIN B

STOM TIOIIPOCTPAHCTEE COOTHOMEeHmIO A = —27/(3n) (cM. nanpuyvep, [35]).

Omnepatops! [} 5 KOMMYTUPYIOT ¢ Hy ¥ HOTYHHSIOTCA OOBIYHBIM IIEPe-
CTAaHOBOYHBIM COOTHOIIIEHUSIM [IJTsi OTIEPATOPa YIJIOBOro MoMmenTa. Orciona
crenyer, uro I7 = I3 = j(j + 1), rjie j onpeensercss YucioM BO3MOXKHbIX
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cocrosmmii, T.e. 2(2j + 1)2 = 2n% u j = (n — 1)/2, upudem npoexmun Iy
Ha OCh 3, 7 Iy Ha OCh (Js (6ynem obosnauarh ux uepes n' u n'; coor-
BETCTBEHHO) MOTYT IPMHUMATh 2j + 1 HebIX WK TOMYUesbIX 3HAYEHMUIT
_ja _j+]-a et j_]-a ]

B nepsom mopsiake Teopur BO3MYIICHUI

1 1
Enn'n''m, = 2 52 +w1n +W2n + EBmsa (56)

riae mg = :I:% — TIPOEKIHsl CIMHA HA OCh, HAIIPABJIEHHYIO BJ/IOJIb MArHUT-
HOT'O TIOJIA.

CoOOTBeTCTBYIOIILYI0 BOJHOBYIO (DYHKIHIO Upp/pn MOXKHO 3aIUCATH B
BUJIe JIMHEWHONH KOMOWHAIMK BOJIHOBBIX (DYHKIWH B Hapa6O.J'II/I‘JIeCK_’I/IX KO-

OPAMHATAX C OCHIO Z, HAIPABJIEHHON BJIOJIb JIEKTPUYIECKOro moss F':

wnn’n” - Z Z dn i1 Oq dn”zz(aQ) wmllz’ (57)

re dj (o) = Dkk, (0,a,0) — dynkuua Burnepa, coorsercrByomas
MOBOPOTY BOKDYT ocu z Ha yroi « (eMm. [24]), ¥niyis = Yningm — BOJ-
HOBbIe (DYHKIMK B NapaboJMIecKuX KOOPAMHATAX. B JIAHHOM Ciiydae 3Th
dbyHKIMA yI100HO XapaKTEPU30BATH KBAHTOBBIMH “THCTIAME 1, 12, KOTOPBIE
SABJISIIOTCST TIPOEKIIUSIMU OITEPATOPOB L 1 Ig Ha, OChb Z U CBSI3aHBI C OOBITHBIMU
Hapa60ﬂﬂquKHMH KBaHTOBBIMH YHUCJIAMHU 1], N9 1 MAarHUTHBIM KBAaHTOBBIM
aucaom m (g + ne + [m| + 1 =n) creayommymm COOTHOMEHUAMA:

141 =m, 11 —1is="no—N.

Vribl aip U aig — ITO yIJIbL MEXKJLY OChIO z (T.€. BeKTopoM F') u BeKTOpamu
(J1 1 Wy COOTBETCTBEHHO:

1 3 1 3
— Bcos ¥ — =nF — Bcos ¥+ =nF
cosay = 2C 2 , cosap = £ 2

w1 w2

rae ¥ — yroj Mexy FuB.

CaBuUr KOMIIOHEHTBL U — V OTHOCUTEIHHO UEHTPa JiuHuu (v 0603HaYaeT
COBOKYITHOCTh KBaHTOBbIX umcen nn'n'’) ¢ yuerom (56) onpenmensercs
BbIPAKEHUEM

Woy — Wan = 017 + @i’ — win’ — wan”

rae W) U Wo — YIVIOBBIE CKOPOCTHU IIPEIeCCUHU [IJIsI BepXHero YPOBHA T.
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JnnonbHbIe MaTpUYHBIE 7IeMeHTHl (V|7|U) ¢ BOTHOBBIME (DYHKIHs-
mu (57) MOryT OBITH HPEICTABIEHBI B BHJE JIMHEHHBIX KOMOWHALMIA Ma-

TPUYHBIX JIEMEHTOB, BBIYMCJIEHHBIX B ITAPA0OIMYecKiX KoopauHaTtax. IlycTs
8

ugv ), ug, ), Uy (=) — JICKAPTOBBI KOOP/IMHATBHI €/IMHITHOTO BEKTOPA MOMIAPT-

sammn @°) B cucTeMe KOOP/IMHAT C OCBIO 2 BOTH F u ocbio T, JeXKamei B

MIJIOCKOCTH BEKTOPOB FuB. Torna
@@y = Y ul) (@laly).
a=z,y,z

31ecn

(Tlalv) = (An'n" |a| nn'n") =

Z Z ml al)dn iy (Q2) X

’il,’iQZ—j ’i1, 12

X d] " (Oél)d (dg)(ﬁ1ﬁ2m|a|n1n2m), (58)

i
rJle MATPUYHBIE JIeMEHThI (7l 7i2M|a|ninem) B mapaboandecKux KOOp/Iu-
HaTax s a = &,Y, z Beraucsorces 1o dhopmynam Topgona [15].
J
®ynkiusa Burnepa dy ., (a) B (57) u (58) Moxker ObITH BhIpazKeHa, depes
nosuHOMBI fIk00m [24]:

! 1 71/2 v
i}y (@) = Epp [%] (sin %)# (cos %) PV (cos @),

tnep=|k—K|,v=|k+k|,s=7—(pu+v)/2, & =1lupu k' > ku
Ew = (—1)¥ =% npu k' < k. Tomusomsr IkoGu prv) YIOOHO BBLIYHCIIATD
C TIOMOIIBIO PEKYPPEHTHBIX CoOoTHOMIEeHUH [80)].

B ciiyuae HenonspusoBaHHOrO CBETA OJMH U3 BEKTODPOB NOJIAPU3AINN
@") panpaBuM 1O HOpPMaIM K IJIOCKOCTH BEKTOPOB E u B a zapyroit
(@) BIGepeM JeKaIEM B STOH IIOCKOCTH TEPIeHINKYISPHO BEKTODY

k. Ycpenuenne o mampapiennsaM @°) B (52) yI06HO MPOBECTH B CHCTEMe
KOODP/IMHAT, CBA3AHHON ¢ MATHUTHBIM TIOJIEM. IIycts ¢ — yrom mexmy npo-
EeKINSIMU BEKTOPOB kEuF ua TJIOCKOCTH, TIEPIIEHANKYISTPHON BEKTOPY B.
Torna

ul) = cosdsing, ul) =cosp, ul!) =sindsingp,

ugf) = —cos B costd cos p — sin B sin ), ugf) = cos 3 sin ¢,
uf) = — cos 3 sin ¥ cos ¢ + sin S cos I,

—

rae 3 — yros Mexiy ku B.
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Ucnons3ys (52), (53) u nonarasi, 9ro npoduin OTIEJbHBIX KOMIIOHEHT
HE 3aBUCAT OT YTJIA ¢, B UTOTE MOJIyIaeM

oo T
wn .
Dp(w) = ﬁ/dFW(F)Z_/dﬁsmﬁ%y(w,ﬁ,F) X
0 L]
x {2sin® B(zyz sind — 2,5 cos ) + (1 + cos® B) x
X [(zy5 cosV + 2,7 sin 9)? + (y,,;)Q] b, (59)
TJle MATPUYHbIE 3IEMEHTHI T3, Y5, 2y ONPEJIENITCS BhipazkenueM (58).

Tabauna 5.6. [lapamerpsl ymupenus jaunuil (3B) B miasme geitrepus npu T = 1 9B,
Nne = 3-101% cm™3, B =8 T

Jlunua | Onexrponnas | Ilapamerp | IllTapkoBckuit Casur B
mupm{a ﬂonnepa CABUI MArHuTHOM II0JIe
Lya 4,1-107° 3,3-10"% 1,2-10~% 4,6-10"4
Lyg 1,7-107% 3,7-10"% 1,9-10~* 4,6-10"4
Ly~ 4,7-10"% 4,2-10~% 2,5-10"4% 4,6-10"4
Da 1,7-107% 6,2-107° 1,9-10~* 4,6-10"%

Pacdersr KOHTYpPOB JiMHMIT TTPOBEIEHBI /s NEATEPUEBON IIA3MBI DU
remneparype T = 1 3B u mioTHOCTH 371€KTPOHOB N, = 3 - 10'® em™2. B
9TUX YCJOBHUSIX BJIMSIHUE MArHUTHOIO 10J1s1, 3¢ dekta [Ilrapka u adpdexra
Homnnepa nisg HukHUX auHUil cepun Jlaitmana u Bambmepa omHOro mopsi-
ka (cMm. Tabia. 5.6), uro Tpebyer ux ogHOBpeMeHHOrO yueta. Ha puc. 5.6,
5.7 npuBeieHbI BbrancieHHble 0 dhopmysie (59) mpoduiy CrekTpaIbHbIX
mannit Ly, (2 = 1) u Dy, (3 — 2). Boraucnenust nposesieHbl 6e3 MarHuT-
HOTO 1OJist U B MarHuTHOM miosie B = 8 T, HanmpaBjieHHOM MapasiieibHO

D

STy

Puc. 5.6. [Ipodbunu suuuit Ly, nei- Puc. 5.7. Ilpodbunu aunuit D, nei-
Tepust 6e3 MarHuTHOro mosis (1) m B Tepus 6e3 marmuTHOro moss (1) u B

marguTHoM mose B = 8 T, mampas- marauTHOM mote B = 8 Tu, mampas-
JICHHOM TEPIEeHANKYJIAPHO (2), MO yr-  JIEHHOM IepIeHANKY/IAPHO (2), Mo yr-
soM 45° (3) u mapastensso (4) Bomso- oM 45° (3) u napasienasuo (4) BoHO-

BOMY BeKTOpYy k BOMY BeKTODYy k
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BOJIHOBOMY BEKTODY k, MEPIIEHIUKYIAPHO emy u 1oz yriiom 45°. VI3 pucyn-
KOB BHIHO, YTO MAarHUTHOE ITOJIE OKA3bIBAET CUJIbHOE BiinsiHUE HA (HopMmy
CHEKTPAJIBHBIX JINHUMN.

§ 5. CraTucTudyecKuii MeTO/ y4eTa IpyIil JUHUAN

Pacuer cedyenuii nornomenus B uaugx 1o dhopwmyie (6) u3 §2 tpebyer
CYNIECTBEHHBIX 3aTPAT MAINIHHHOIO BPEMEHU. DTO OOYCJIOBJIEHO, B IEPBYIO
odYepeib, HAINYIHEM OMPOMHOTO KOJUYECTBA CIEKTPAJIbHBIX JUHUI B MJIOT-
HOM maa3Me. BosbIoe 9ucIo JTUHUE CBA3aHO C peau3almeil OOIbIIoro
9UCIa COCTOSHUM PA3IMIHBIX NOHOB, KOTOPBIE, MMes MAJIyIO0 [0 BeJIMINHE
KOHIIEHTPAIMIO, MOTYT JIaBaTh BKJAJ B KOd(MMUIHMEHT MOTJIONEHNsT 13-3a,
OOJIBIIIOH BEJUYUHBI cevueHus BOIM3M 1eHTpa Junuu. Hapsiay ¢ orpoMHbIM
KOJIMYIECTBOM JIMHW OOJIbIINE BBIYUCIUTEbHBIE TPYIHOCTUA CBS3aHBI C
HEODXOIMMOCTBIO YUUTHIBATH Pa3IndHble 3(p(PEKThI, MPUBOISIINE K Pac-
MIETNJICHUIO U YITUPEHWIO JUHUi B mia3me. Hampumep, 10CTaTO9HO aKKy-
PATHBIN y4YeT PACHIENJIeHNs W YIIUPEHUS JIMHANA 33 CUeT SIEKTPUIECKUX
oJiefl COCeTHUX MOHOB MIPUBO/IUT K YBEJIMHIEHUIO BPEMEHU CUeTa, B JIECTKHU Pas.

B cBsi3u ¢ 3TMM BO3HUKAET HEOOXOAMMOCTh 3HAYUTEIHHOTO YIIPOIIEHU ST
pacdeToB, KOTOPOE MOYKET OBITh OCHOBAHO HA O0bEIMHEHUN CIEKTPATHHBIX
JINHUI B TPYIIIBI ¥ OMUCAHUN TAKUX TPYIIII C TOMOIIBIO HEKOTOPOit 3ddek-
TUBHOM orubarormieii. ZIcCHO, 9TO MPUMEHEHUE TAKOTO ONMCAHUS JIJIsI TPYIIIIbI
HEMEPEKPBITHIX JINHUN MOXKET MPUBOIUTH K 3HAYUTEHHBIM OIMMOKAM WU
K MCKAXKEHUIO CIIeKTpa morsotienus. s Toro, 9Tobbl n30eKaThb 3TOro,
HEOOXOIMM AHAJIN3 MEXAHW3MOB YINUPEHUs W PACIICIJIEHUs] JIMHWHA 10
CTEIEHU WX BJIMSAHUS HA KOI(PDUIUMEHTHI MOTJIONeHUsT (POTOHOB.

1. ITapameTrpsl caBUra M yIIUPeHUs] CHEKTPAJIbHBIX JUHUUN B
miaasme. Paccmorpum Hanbosee cyuiecTBeHHbE 3P dEKThI, TPUBOIIIIINE
K PACLIEIVIEHUIO W YIIMPEHUIO JIMHUII B BBICOKOTEMIIEDATYPHOU IIOTHOM
mwra3me. [Ipex e Bcero, 60IBIIOE KOJUYIECTBO JIMHAI BOSHUKAET U3-33 TOTO,
YTO OJIHU W T€ YK€ OJ[HOIIEKTPOHHBIE TIEPEXOIbl (HAIIPUMED, PACCMATPUBA-
emble B puOmkennu (15) u3 §2) NPOUCXOAAT B HOJIAX MOHOB, KOTOPBIE

OTJIMYAIOTCS JIPyT OT JApyra KoHpurypamueit () = {N,fgj

} U, B CBSI3U C
1M, 3bOEKTUBHBIM 3aPs/I0M HOHHOI'O OCTOBA, BHEIIHEH SKPAHUPOBKOM
u 1. Kpome Toro, mjis 3a0annoi KoHdurypamnuu () CyImecTBEHHYI0 POJh
UT'PAET TOHKOE PAaCIIEIIeHHe YPOBHEl 10 TOJTHOMY MOMEHTY 3JIEKTPOHOB
HOHA.

IIpu paccmorpenun 3dbdexkToB, Bausomux Ha HGOPMY U MIUPUHY JIH-
HUl, KPOME eCTECTBEHHOI'O yIIUDEHHsT HeOOXOAUMO PACCMATPUBATE YIIIH-
peHme 3a CYeT B3aUMOJIEHCTBHUSI MOHA CO CBOOOIHBIMH 3JIEKTPOHAMHE, C
IPYyTUMU HOHAMU, & Takke 33 cuer 3¢ dekta Homrepa u apyrux spdexTon
(nanpumep, adbderra Oxe). Bee nepeuncienbie 3O hEKThI pACIeNIeHns
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¥ YUIMPEHUs CHEeKTPAJbHBbIX JIMHUN NPUBOAAT K NEPEKPBITUIO JIMHUM U
3aMa3bIBaHUIO JieTasieil criekTpa. [Ijisi XapaKTepUCTUKU CTEIeHN BO3MOXK-
HOTO TIEPEKPBITHs JIMHUN PacCMOTpUM TuiasMy 3omota (Z = 79) npwu
temmeparype = 1 k3B u pasnudnbIX 3HaYeHUAX TI0THOCTH: p = 0,1 /M3,
p=1r/cm® u p=10r/cm® (cM. TakKe PUCYHOK B MIPEUCIOBUN).

B tabn. 5.7 mpuBeneHbl YpOBHU 3Hepruu €, B 3B u cpemnme yucia
3aII0JIHEHUsT JIEKTPOHHBIX cocrosuuit N, (a = nlj). Kpome toro, Ha

Tabauua 5.7. YpoBHM 3HEpruu B 5B U cpeaHMe YuC/Ia 3aIl0JHEHHs B ILJIa3Me 30JI0Ta
mpu rtemmeparype T = 1 k3B u maorsoctsx p = 0,1 v/cm® (Zo = 66,4), p = 1 r/cm®
(Zo = 60,9), p = 10 r/cm® (Zp = 52,1). B pacuere yuuTbiBasuch 060109k ¢ n < 9

p=0,1r1/cu> p=1r/cu® p =10 r/cm®
J |5n[1| ani |5nl7'| ani |5nl7| ani
1/2 86396 2,0000 85269 2,0000 83850 2,0000

1/2 19648 2,0000 18619 2,0000 17299 2,0000
1/2 19153 2,0000 18100 2,0000 16759 2,0000
3/2 17261 3,9988 16224 3,9996 14897 3,9998

n £

1 0

2 0

2 1

2 1

3 0 1/2 7919 0,4419 7108 1,0628 6001 1,5157
3 1 1/2 7745 0,3848 6911 0,9645 5782 1,4309
3 1 3/2 7229 0,4983 6420 1,4525 5317 2,4497
3 2 3/2 7011 0,4106 6147 1,2114 4991 2,1312
3 2 5/2 6889 0,5520 6034 1,6769 4886 3,0395
4 0 1/2 4129 0,0128 3514 0,0606 2644 0,1972
4 1 1/2 4048 0,0118 3422 0,0555 2541 0,1796
4 1 3/2 3882 0,0200 3277 0,0963 2419 0,3213
4 2 3/2 3791 0,0183 3161 0,0860 2277 0,2817
4 2 5/2 3746 0,0262 3122 0,1242 2246 0,4104
4 3 5/2 3686 0,0247 3027 0,1131 2106 0,3603
4 3 7/2 3665 0,0322 3010 0,1484 2093 0,4745
5 0 1/2 2508 0,0025 2030 0,0141 1330 0,0572
5 1 1/2 2468 0,0024 1985 0,0135 1280 0,0544
5 1 3/2 2389 0,0045 1919 0,0252 1229 0,1036
5 2 3/2 2344 0,0043 1861 0,0238 1158 0,0967
5 2 5/2 2322 0,0063 1843 0,0351 1145 0,1431
5 3 5/2 2293 0,0061 1796 0,0335 1077 0,1339
5 3 7/2 2283 0,0081 1788 0,0444 1071 0,1776
5 4 7/2 2264 0,0080 1754 0,0429 1018 0,1686
5 4 9/2 2258 0,0099 1749 0,0533 1015 0,2102
6 0 1/2 1659 0,0011 1268 0,0661 686,6 0,0345
6 1 1/2 1637 0,0011 1243 0,0064 658,8 0,0296
6 1 3/2 1593 0,0020 1207 0,0124 633,5 0,0578
6 2  3/2 1568 0,0020 1175 0,0121 694,0 0,0556
6 2 5/2 1555 0,0029 1165 0,0179 587,1 0,0828
6 3 5/2 1539 0,0029 1139 0,0174 548,7 0,0798
6 3 7/2 1533 0,0038 1134 0,0231 545,7 0,1060
6 4 7/2 1522 0,0038 1116 0,0227 515,4 0,1029
6 4 9/2 1519 0,0047 1113 0,0283 513,8 0,1284
6 5 9/2 1515 0,0047 1103 0,0280 493,0 0,1258
6 5

11/2 1513 0,0056 1102 0,0336 492,0 0,1508
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puc. 5.8 npuBemeHbI rpadUKN PACIpPEIE/IeHIs BEPOATHOCTEH HOHOB Py 110
CTEIeHsIM HOHMU3AIuu k.

Py

0,2 |

0,1F

0
45 50 55 60 65 70 k

Puc. 5.8. Pacupenesenue BeposaTHOCTEHl HOHOB KPATHOCTHU k [JIs IJIa3MBbI 30JI0Ta IPU
remmneparype T = 1 k3B u mnornocrax p = 0,1 v/cm3, p=1r1/cm® u p = 10 r/cm®

3HaHWe CPEJIHUX YUCE] 3allOJHEHMsI YPOBHEH MO3BOJSET OLEHUTH KO-
JITYECTBO CIIEKTPAJTbHBIX JTUHUN, COOTBETCTBYIOMINX 3aJAHHOMY OJTHOIJIEK-
TpoHHOMYy nepexomny nfj — n'f'j’. JIna oueHok GyaeM mpeanoiaraTb, 9To
B IJIa3Me C JOCTATOYHO 3aMETHOH BepOATHOCTLIO PeaTu3yIOTCsa KOHQUrY-
pamuu () ¢ YUMCIAMU 3aIOJHEHUs JEKTPOHHBIX cOCTOsHUM N, aQ TaKUMH,

41O
Ny — 6Ny < NY < N, + 6N,. (1)

3nech 6N, — CpelHEKBaIPATHIHBIN pa3bpoc uducen 3amnoiaHenus N, g oT-
HOCHUTEJIBHO MX CPEIHMX 3HadYeHuil N, .

s seraucyienus 6 N, BOCIOTb3YeMCsi OMHOMHUAIBHBIM PACIPEIEIEHU-
em (cm. dopmyny (1) u3 §3), koropoe maer

5N, = [gaNa (1 - &)]m @)

[e%

(9o — craTucTuueckuii BeCc ypoBHs ). Tak Kak YMCJIO PA3IUIHBIX CO-
crogumit monos N (6e3 yuera adpdexToB pacmienienus) NpubIHKEHHO
COOTBETCTBYET YMCJIy PACCMATPUBAEMBIX KOH(MUTypAInil, TO JJis OIEHOK
[IOJIOZKUAM

N~ [[@ [N. + 1]+ 1), (3)

rae [z] — nenast yacth . O9EBUIHO, YTO YHUCIO CIIEKTPATIBbHBIX JTUHU, KAK
MPABMJIO, 3HAYMTEHHO Tpesbinaer N, B 9aCTHOCTH, BCJAEICTBUE MYJIb-
THILJIETHOrO pacuiemiennsi yposHeir. Ouenka (3) mus ciygas Z = 79,
T =1x3B, p=1r/cv® naer N ~ 105, a ¢ y4erom JONOTHUTETHHBIX
s dexTos pacmernternsa N ~ 108.
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Tabauna 5.8. XapakTepHble BEJIWYUHBI CABHra M yliupeHus JjuHuil (B 3B) musa
nepexoga 3 1 3/2 — 4 2 5/2 B 3os0re npu Temneparype 7' = 1 k3B

Dddext p=0,1r/cm® p=1r/cm® p=10r1/cm?

1. I3meneHue 3apsiia MOHA 50 — 200 45 — 200 40 — 150
2. VI3MmeHeHue 310 THEHUS

BHEIIHUX 000JI0YeK 0,1 -6 0,2-8 0,3 -12
3. Toukoe pacienyexnue

110 IOJIHOMY MOMEHTY 0-28 0-28 0-28
4. EcTecTBEHHOE yIIUDEHHE 0,06 0,04 0,03
5. 9ddekr Jomrepa 0,4 0,4 0,4
6. YmupeHue 31eKTPOHAMHU 0,07 0,1 0,3
7. Ymupenue nOHaAMHU 0,006 0,04 0,2

[TepeiizieM K pacCMOTPEHHUIO XapaKTEPHBIX CABUIOB JIMHUI U TIapaMer-
POB YIIUPEHUS AJIsl OJHOIO M3 OJHO3JICKTPOHHBIX nepexonos nlj — n'l'y’
mpun = 3, L =15 =3/2,n' =4, ¢ = 2, 5 = 5/2. Pesynbrars
pacyera COOTBETCTBYIOIIUX BEJIMYWH NpubeaeHbl B Tabs. 5.8. Kak BumHO
u3 TabauIbl, U3MEHEeHne 3apsija noHa Ha Bequauny AZ ~ 1-5 mpuBoguT
K CABUIY JIMHUI, a TakxKe 1moporos dborononusanuu ua ~ 40-200 3B (cMm.
n. 1 B Tabm. 5.8).

Benuuuny cipura MOXKHO OIEHUTH, UCIIOIB3Y sl BOIOPOIONOIOOHOE TPH-
OnmKeHwue i yPOBHEH SHEPIUHU

2
nlj
Entj N _2_77,2 + An(j.

" " Q
IIpenebperasi BHeIHEN IKPAHUPOBKOW M IOJIArasi i =~ Zntj + AZ,

Q .
rIe ZM]. — 3¢ deKTUBHbIE 3apsAAbl I HEKOTOpO# Koudwurypammu @,
oJTy yaeM
Zn(fj Zn'(f'j’
AFE = Enej — Entj ~ < n2 - 7 AZ (4)

(cM. Tabu. 2.3, roe npusBeneHsl 3G HEKTUBHBIE 3APAIBL Lyyj sl CPEIHETO
HOHA).

Buerusis 3KkpaHupoBKa BAMsIeT ropaszno ciaabee, casur Bcero =~ 0,1—
12 5B. Anasoruunsiit casur ~ 0-28 3B mosyden mjisi BEJTMYMHBI TOHKOTO
pacIernieHnsi ypoBHell 10 mosHOoMYy MoMeHTy (cM. 1. 3). CymmapHbIit
pa3bpocC MONOXKEHUST JINHUN B HOHAX C OJJMHAKOBBIM 3apsioM paBeH AF ~
~ 20-30 3B (cm. mm. 2, 3).

Ecin konmmyecTBO THHUI TOCTATOYHO BEJIUKO, TAK YTO BBIIOJHEHO yCJIO-
sue Ny > AEFE, roe v — XapakTepHas INUPUHA JIUHUNA [/ JAHHOTO
ePexoa, TO MOXKHO OXKHUJATh, YTO I'PYIIbI CIIEKTPAJIbHBIX JUHUN, COOT-
BETCTBYIOIIHE 33/ JAHHOMY UHTepBasy sHepruit AFE, OyayT nepeKpbIBATHC.
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st mnorroctu p = 0,1 v/cm® mvmeem N ~ 103, na mmorroctn p = 11/cm®
u p = 10 r/cm® mmeem coorerctento N~ 10° u N ~ 107. Kax Bumno u3
Tabs. 5.8, ycaoBue NepeKpBITHsT JIUHUN 7SI PACCMATPUBAEMOTO TIEPEX0/1a
MPAKTHIECKH BBITIOMHACTCA yKe pu miaoTHocTu p = 1 v/cm®. Tlpu Gonee
BBICOKHX TIIOTHOCTSAX, B 9aCTHOCTH, pH p = 10 r/cM®, TMHUM TIOTHOCTBIO
MEPEKPBIBAIOTCS, YTO KAPIUHAJIBHO MEHSIET CUTYAIUIO 10 CPABHEHUIO C
MOIJIOIIEHUEM B OTJIEJIBHO B3ATOU CIIEKTPAJIBbHONU JIMHUU.

WHTepecHo OTMETHTD, 9TO IO CPABHUTEHHO HEJJABHENO BPEMEHU CYIIIe-
CTBOBAJIO MIPEJICTABJIEHUE O TOM, UTO CIHEKTPAJbHbIE JIMHUN He BJIUSIIOT HA
poccenan0B npober, HanpuMep, B MoHorpadwun [109], c. 173, mpu paccmo-
TPEHUU BJIUAHUA PA3IUIHBIX [IPOIECCOB HA JIYYUCTYIO TEIJIOMPOBOJHOCTD
BEIIECTBA MMPUBEJICHO CIIEIYIONIEe PACCYXK/IeHHe:

"MpbI He BKJIIOUHJIA B YUCJIO PACCMATPUBAEMBIX MPOIECCHI, Y KOTOPBIX
KaK HaYaJbHOE, TaK W KOHEYHOE COCTOAHUA OTHOCATCA K IUCKPETHOMY
CIEeKTPY. DTO — TIOIJIONIEHNE, IPUBOJISAIIEEe K BOSHUKHOBEHUIO CIIEKTPAJIb-
HBIX JuHAA. BOObIIEe roBOpst, 3TUM IPOIECCOM He BCETIa MOXKHO IpeHedpe-
raTb, HO CII€EOUAJIbHO IJId JIy‘{HCTOﬁ TEIJIOIIPOBOAHOCTHU OH IIPAKTUYECKH
He UMeeT 3HaYeHUsI B CUJLy OCOOBIX CBOHCTB poccesaHaoBa cpegaero. Kcin
MBI UMEEM JIeJI0 C TOHKO JINHUEH, TO HePO3PAIHOCTH OyAeT OYEHDb BEJINKA
B BecbMa y3koM mHTepBaje dactor. Ho, mo Poccenanmny, ycpennsiercs mo
JacTOTe HE HENpO3PavyHOCTh, a oOpaTHas el BequduHa, T.e. mpober. B
peesax JIMHAA TPOoOer OYeHb MaJj, HO MaJl W WHTEPBAJ 9acToT. Fcim
Jayke CYUTaTh Mpober B MpeIeax JIMHWKM PABHBIM HYJIIO, TO 3TO Oy-
JeT 3HAYUTh TOJBKO, UTO M3 POCCEJAHIOBA WHTErpPAJia HYXKHO WCKIIIO-
9ATh YYaCTOK YaCTOT, COOTBETCTBYIOIIEH IWpWHE JuHUU. B mpenere,
upu 6eCKOHe‘{HO TOHKHUX JIMHUAX, BJIMAHHE UX Ha POCCEIaHOOBO CpeaHee
TOXK/IECTBEHHO PAaBHO HYJIIO, CKOJIb ObI CHJIBHBIM HU OBLIO TOIJIOIIEHUE B
npenejiax JIHHUU. ECTeCTBeHHaﬂ U OOIIEPOBCKAadA IIMPUHBI JUHANA C 3TOU
TOYKH 3PEHUA HHUITOXKHDBI. HOFJIOH.[GHI/IG B JIMHUAX MOXKET CKa3aTbCA Ha
JIyIHCTON TerJIONPOBOHOCTH TOJBKO 33 CYeT PACHIMDEHHS JUHHI MpU
BBICOKHX ILJIOTHOCTAX M3-3a CTOJKHOBEHUIA. HO KOJIN4YECTBEHHbBIE OII€HKU
MMOKA3BIBAIOT, 9TO (hpakTuIecKu ITOT 3PDEKT B 3BE3AHBIX YCIOBUAX OKa-
3bIBAETCS HECYIECTBEHHBIM. EC/IM MJIOTHOCTH CTOJb BEIUKA, UTO JIMHUU
CHUJIbHO PACIIUPSAIOTCS W3-32 CTOJKHOBEHHUI, TO TOPMO3HOE MOTJIOIIEHUE
OKa3bIBAETCS CYIIECTBEHHEE, YeM BCe TIePEXO/Ibl U3 COCTOSIHUN UCKPETHOTO
crektpa. Ilo n3I0KeHHBIM COOOpaYKEHUsIM MIPU PACCMOTPEHUH JIy IUCTOM
TEIJIONPOBOJHOCTH MBI OyeM PacCMaTPUBATH TOJHKO TPHU MPOIECCa, Te-
peuucjeHHbie Boile."

Ha camom jese morsiomeHue B CIEKTPAJIbHBIX JIUHHUSAX B ILJIOTHOM
BBICOKOTEMIIEPATYPHOH IJIa3Me BO MHOIHX CJIydasX sIBJISIETCS Haubojee
BaKHBIM TIPOIECCOM MPH OIMHCAHWU JIYYUCTOH TEeIIoNnpoBOAHOCTH. Kak
MOXKHO BUETHh W3 PUC. 5.9, IMEHHO TPYNIIbl JUHUN OIMPEIEJISIIOT CIIEeKTD
norsomienus (puc. 5.9 a) u u3aydaTesbHyo crnocobHocts (puc. 5.9 b),
OKa3bIBasi CUJILHOE BIIUSHIE HA BEJIMYUHY POCCETAHI0Ba pobera (hOTOHOB
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Puc. 5.9. CnekTpajbHble XapaKTEPUCTUKHU IJIA3MBI 30JI0Ta HA HHTEpBaJe SHepruit ¢ho-
ToroB 0 < fiw < 20T npu Temneparype T = 1 k3B u miorroctu p = 0,1 r/cm® B 3aBu-
cuMocTu oT sHepruu GoToHa B K3B: (a) — KoadbdunuenTs noromenus B cM2 /1 (Hermpo-
3paqHOCTh); (b) — obbemHas mamydarenbHas crnocobnocts B TBr/(cm3-3B-crepamman);
(¢) — mpober B cm; (d) — npober, yMHOXKEHHBIH Ha BeCOBYIO GyHKIm0 Pocceranma

(puc. 5.9 ¢). UznyuaresnbHas COCOGHOCTD BBIYUC/IAIACH B COOTBETCTBUH C
3akoHoM Kupxroda

hwiprx(w) e @
dr3c2 1 —e %’

3aMeTuM, 9TO MpU BBIYUCIEHUN cpeaHero mo Poccenanmy npobera nanbo-
Jiee CyIecTBeHHOM sBJisiercst obnactb T < fiw < 7T (cm. puc. 5.9 d, rae
15 zte™®
npuBesieHa noguHTerpaibaas kpusas L(w)R(z), R(z) = — ———,
47t (1 — e—%)2
x = hw/T).

OyykTyanuy 9uces 3allONHEHWs] TPUBOAAT K PACIIMPEHUI0 OOJIACTH
BJIMSIHUST CIIEKTPAJIbHBIX JINHUH, COOTBETCTBYOIIUX OJTHOMY U TOMY Ke OJI-
HO3JIEKTPOHHOMY Tepexoiy. ToT (hakTop Hanboiee CUIBLHO MPOSBIISIETCs
[IPY BBICOKUX MJIOTHOCTSAX (HAIPUMED, JJis 30JI0Ta IPU NJIOTHOCTAX P >
>0,01 r/cm?). [Ipu MEHBITUX TIIOTHOCTSX HA MEePBOE MECTO BBIXOIUT MY.Th-

Jw) = pr(w)chw fp(w) = (5)
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TUIUIETHAs CTPYKTYpa crekrpa (cM. gasee 11.3). g 371eMeHTOB ¢ MaJIbiM
ATOMHBIM HOMEDPOM IIPU BBICOKOW MOHW3AIUHU, KOTJA YHUCIO0 BO3MOMKHBIX
COCTOSTHUII MOHOB HEBEJIMKO, MOYKET OKa3aThCsl BaXKHBIM yder 3ddekTa
IMrapka, OMpeaesAONIEro KPblibs CHEKTPATbHBIX JuHH [31].

2. PayKTyanuu 4Yuces 3allOJHEHWsl B IJIOTHON BBICOKOTEMIIE-
parypHoii miiazme. JlerasbHOe OnMuCanre CTPYKTYPBI YPOBHEH KaXK I0T0
WOHA B IIa3Me MPU BBICOKUX TEMIEParypax Tpedyer OrpOMHBIX BBIYUC-
JuTenbHbIX 3arpar. Ha npakTuke ymo0HO 0O0beIUHATH TPYIIbI OJU3KAX
YPOBHEI, CO3/71aBas TAKUM II[yT€M MAaCCHBBI IMEPEXOIO0B M3 OTHOW TI'DYIIIIbI
YPOBHE}! B IPYIyIO (B aHIVIMICKOM SI3bIKE MCIIOJIb3yeTCs TepMUH transition
array). B gacTHOCTH, Takre MacCUBBI B BBIYMCIUTEIbHBIX METOJMKAX 00-
pa3yIOTCs €CTEeCTBEHHBIM IIyTEM, €CJId, HAIpPUMep, He MPOBOAWUTH IeTa-
JIN3AIUIO TI0 KBAHTOBBIM dwcIaM f,j ¥ TOJararh, 9YTO Pa3JIMdHbIE KOH-
durypalimy HOHOB OTJIMYAIOTCS CyMMAaPHBIM KOJIMYECTBOM 3JIEKTPOHOB Ha,

000/109KaxX C TJIABHBIM KBAHTOBBIM ducyom n: N, = 0,1, 2, n?. Yucna
»(w) - 10® )
250 | @ 150
200 t 40 -
150 | 30
100 | 20 ¢
50 | 10 JJ
3,2 3,3 3,4 3,5 3,2 3,3 3,4 3,5
d
5 5
4 - 4 -
3 3
2 l“ 2
£ |
1 mel |i5$4/“}-u ‘ 1+ ‘
wJAﬁﬂ.‘) I ' J*“ Wl L L
3,2 3,3 3, 4 3,5 3,2 3,3 3,4 w, k3B
Puc. 5.10. KosddunueHT noriomeHus B JIMHUSX [Jis [I€PEX0JA Sp% — 4d%
B Ia3dMe 3ojioTa npu Temmeparype T = 1 k3B wu mimorHoctm p = 1 r/CM3

C pA3JIMYHBIM y4YeTOM KOHMUIypaIuil HOHOB:

(a) —

yduTeHa OfHa KOHQUry-

pamms, (b) — yureno 24 KoHGUrypamwu, COOTBETCTBYIOIIWE DA3IHIHON CTere-
HU HWOHM3anuu, (¢) — ydreHo okoso 6000 xoudwurypanmii, (d) — yureno OGosee
70000 xouduryparuit
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3aT0THEHNS COOTBETCTBYIONIErO ITPEJACTABUTEsT TPYMIBl KOHMUTYPAIHi
OnpenensaTcs mo GpopMmyie

2j + 1
2n2?

IMpu TakoMm momxome ymo0HO HCXOAWUTb W3 BEJWYUH, MOJYyYEHHBIX B
npubJIMKEHUN CPEIHEr0 aTOMa, PACCMATPUBAs PA3JIMIHbIE KOH(DUTY ALK
Kak QIIYKTyaluu YUces 3al0JIHEHUs OTHOCUTEIbHO UX CPEHUX 3HAYECHUIA.

Ha puc. 5.10 npusegenpl k03D UIMEHTHI MOTIOMEHNs I PACCMa-
TpuBaemoro mepexona mpu I = 1 k3B, p = 1 r/cm®, Berauciennbie
no dopmyse (15) n3 §2. B nepBom ciayuae (puc. 5.10 a) ydrena junib
ofHa KOH(MUIypalys, COOTBETCTBYIOIAs CpeaHeMy HOHY. BBepxy crpasa
(puc. 5.10 b) yureHbl OCHOBHBbIE KOHMDUTYDALUH, COOTBETCTBYIOIIUE Pa3-
JIMYHBIM CTEIEeHsAM HOHW3aluu, BHu3y cieBa (puc. 5.10 ¢) — nepebpano

Npej = N,. (6)

okos10 6000 KOHUTypanmit ¢ PA3TUIHBIMA IUCTAMU {NSZ}, W HAaKOHEII,

BHU3Y crpasa (puc. 5.10 d) mpoBezieH yueT MPaKTUYIECKH BCEX BO3MOXKHBIX

KOH(UIY paruit {N Q

ntj (6omee 70000). B pesysbrare ydera Bce GOIBIIErO

»(w) - 10° : " ;
5 L 4

4 L

3,2 3,3 3,4 w, k5B

Puc. 5.11. KosadduiuenT norsoueHus: B JUHUSLX JJIsI [IePEX0/1a 3p% — 4d% B ILJIa3Me

30s10Ta ipu Temneparype 7' = 1 k3B u mwioraoctu p = 1 1/ e ¢ geranbHBIM mepe6opoM

koHbUrypanuit 6e3 yuera MyJbTUIJIETHOTO PACIIEIJIEHUS U C YIeTOM MYJIbTUILJIETHOIO
pacuenyieHust MeTozoM MOIIKOBCKOTO (IIJIaBHAS JIMHUS)

KOJIMYeCTBa KOHMUIYpaIuil CyMMapHOe TOIJIOMEHNE B KPbLIbAX JIHHHIL
nepexoga 3p3 — 4d3 Bce Gomee MIOTHO 3AMOMHSET yIACTOK CreKTpa 3,1 —
3,5 k9B, npubaukasich K IaBHON KpuBoil (cM. puc. 5.11).

3. CraTMcTH4YecKoe ONMCaHMe MepeKPhIBAOIINXCA MyJ/IbTHILIe-
TOB. My/IbTHILIETHOE PACHICIICHHE IPUBOIUT K eIe GOJIbIIeMY yBeJIH-
YeHMIO YMCIIA JMHE, 9TO OCOGEHHO CYMIECTBEHHO Jis JIeMEHTOB ¢ 60Ib-



232 T'a. V. Bsaaumodeticmeue u3ay4enus ¢ 6eULLCNEOM

muM Z. [lpu mpoBenennn pacdeTroB CHEKTPATBHBIX KO3GhMOUIUEHTOB TO-
[JIOIIEHNST MYIBTUILIETHYO CTPYKTYPY CIIEKTPA TAKUX HJIEMEHTOB CIEIyeT
VYUTBHIBATH HE B IPUOIUKEHUN JJ-CBSI3H, 8, KAK ITPABUJIO, B TPUOTUKEHUN
CBSI3M IIPOMEXKYTOYHOrO THIa [144, 157, 174], 90 3HAYUTETBHO yCIOKHSET
pacuersl. [Ipu BBIYMCIEHUU CPEIHUX BEJUYMH (POCCEIAHIOBBIX U ILJIAH-
KOBCKHX MTPOBETrOB, IPYINOBLIX KOHCTAHT) 3G HEKTHI MYJIBTUILIIETHOIO Pac-
IETIeHN s MOYKHO PACCMATPUBATH KaK JOMOTHATEIHHOE YITHPEHNe JTNHMUIA,
BBIYHUCTISAST O0beINHEHHBIH TPOMUIH MYJIbTUIIIETa HA OCHOBE HEKOTOPOTO
CTATUCTHYECKOTO PACIpPeesIeHns ero KoMnonent (121, 122, 179).

[Tomarasi, 9ro BOJHOBBIE (DYHKIMU HOHA B OHOKOH(UTYDPAIHOHHOM
mpUOJIUKEHUU MOTYT ObITh TOCTPOEHBI B BHUJE JIMHEHHON KOMOWHAIIAN
nerepmunanToB Caarepa (cm. (10) u3 § 3), mng cpeaneii 10 koudurypamuu
() SHEPI'UU MOHA UMEEM

> g(yJM){yJM|H|yJM)
yJ M

@~ > g(yJM)
yJM

E = (WIM|H|yIM))ysn,  (7)

rae H — raMHJIBTOHHAH CHCTEMbI 9IEKTPOHOB HOHA, g(yJM) — crarucru-
veckuii Bec cocrosaust YJM, (...)yym — 0DO3HAYAET yCpeIHEHHE TI0 BCEM
BO3MOYKHBIM COCTOSTHUSIM KOH(MUTYpaIuu ().

st mucrepcuy SHEPTUU JIEKTPOHHOU KOH(MUTYPAIUHU, UCIIOIb3Ys U3~
BECTHOE U3 TEOPUM BEPOATHOCTEH COOTHOILEHHUE, MOJLy IaeM

0% = ((Byynt)*)yaomr — (Branr)yam)® (8)

rae B,y = (vJM|H|yJM).
AnanoruusbiM 00pa30M MOMKHO OIMPEIENUTD JTUCIEPCUI0 SJHEPTUH TIepe-
xoza Mexay Koudurypamusavu Q u Q':

2

g =
Q—=Q’

(B yrsgr = Evand) 2y yast o st = (B oagr = Bt )y ant oy aan)?

9)
£ae (...)yJM,y'J' M/ — YCPeIHEHHe C BECAMH COOTBETCTBYIOMINX KOMIOHEHT
MYJIBTUILIETA (C yIeTOM MPaBU 0TOOPA).

B siBHOM Buze Bhramcaenus no Gopmyaam (7)—(9) nposenenst B [118,
119, 120], rae nomydensr anamurudeckue GboOpMyJIbl s aucnepceuii (9) B
NpUbIUKEHUN CBS3U MPOMEXKYyTOYHOrO Tumna. OIHAKO I MPAKTHIECKUX
pPacyYeToB HEMpO3PAYHOCTH TAKUE BBIPAYKEHUsI M3-3a CBOEH TPOMO3IKOCTH
IPEJICTABIISIIOTCS. HE COBCEM yIOOHBIME, MOITOMY Mbl OTPAHHYUMCs Gosee
MPOCTHIM TIPUOJIHIKEHUEM.

Eciu npenebpeds B3auMOmeicTBHEM MEXK/y JIEKTPOHHBIMU 0OOI0YKA-
MH, TO OLUEHWTH JMCIEPCHI0 SHEPIHU IMEPEXO0JA MEXK/y IPOU3BOIBHBIMU
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KOH(DUTYPAIUAMA MOXKHO 10 CyMM€ COOTBETCTBYIOIIUX KBaJIPATOB JIUC-
nepcuii epexoioB Uil IBYXJIEKTPOHHBIX KOH(MDUTYPAIIHi.
Paccmorpum 0fHO3/IEKTPOHHBIH Tepexon o — [ Mexay KoHdurypa-
’ N ’ N-1
musavu @ — Q', e Q = a w Q' = « [, monarasi, 9T0 IEKTPOH B
CoCTOSHUU 3 He BJHsieT Ha cocrosiHme «. Torma, Kak mokaszaHo B [179],
JIACTIEPCHsI [IJIsI TAKOTO TIEPEX0/ia PABHA

(V —~1)(ga = N)
0(22—>Q' = g _a2 Uzaaaﬁa (10)
a

2
rmoe aaa—>a,8

Bec cocrosiuus «. Ilpu BeiBoze dopmynst (10) npeanonaranack KBaapa-
TUYHAS 3aBUCUMOCTD JUCIEPCUU MYJBTUILIETHOIO PACIICIIEHUS OT YHUCIA
371eKTPOHOB N C y4eTOM TOrO, YTO JUCIEPCHs JOCTUTAET MAKCAUMYMa, IPH
N ~ go/2, paBua uymo npu N = 1 u N = g,, nupuuem eciu N = 2, 10

2 2
00— AOJKHA COBIAJATH C 0y, 04-

— OmcmepcHs O mepexona o — afl, go — CTATHCTHYeCKHit

CooTpercTBenHo, aia mepexoma o B 2 = a’ B2 mveen
3 (N = 1)(ga = N1) Na(gg — N2 —1) ,
UQ—>Q’ = Ja _042 Uaa—)aB + 95 — 2 Ua,B—)BB' (11)

N N
CyMmMupyst BbIpaXKeHus i JUCTIEPCHii IepexoioB av  — fv

N(g» —N)
2 v 2
aa,,N —>5VN = an/—)ﬁv

0 —1 (12)

¢ BoipaxkenueM (11) B obiiem ciaydae Jjisi CpEIHEKBAIPATHIHOTO pa3bpoca
KOMIIOHEHT MyJbTHILIeTa () — (' 0ZHO3JIeKTpOHHOro nepexoma a — 3
OJTy YaeM

2 N(Ng—l)(ga—Né?) 2

Oap = Jo — 9 00208 +
ey
N%(gs — N9 —1) NQ(g, — N@
B B B 2 v (gl/ v ) 2
95 — 2 aa6—>82 + E ; gy — 1 Uau—>,8u ’ (13)

v#a,B

IJle JIByX3JIEKTPOHHBIE JIUCTIEPCHH 02, .
jj- win LS-cBsi3m.

Beipaxenue (13) ymo6HO /s TPAKTUYIECKUX PACIETOB TEM, UTO BbI-
YUCJIeHWEe JUCIEPCUM epexona « — [ Jis 33JaHHOil KoHpurypauuu
CBOIWTCS K PACYETY JAUCIEPCUIl TEPEXOIO0B B ABYXIIEKTPOHHBIX KOHMUTY-
panusix, He 3aBUCSIINX B BHIODAHHOM HAMU TPHUOIMKEHUH OT KOHKPETHBIX

BBIYUCIIAIOTCA B HpI/I6J'II/I}K€HI/II/I
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COCTOSIHUII HOHOB. DTO IO3BOJISIET HA OCHOBE 3aPAHEe PACCIMTAHHBIX MAC-
CHBOB JBYX3JIEKTPOHHbBIX JUCIIEPCHI OIPeNessaTh AUCIEPCUIO JJIst JII000i
MHOT'0JIEKTPOHHOH KOH(MUIYPAINU ¢ MUHUMAJIBHBIM YHCIOM IIPOU3BOIH-
MBIX IIPH 3TOM YHCJIOBBIX OIEpAaIHii.

JIByX37IeKTPOHHbBIE JUCIEPCUH OyaeM BBIUYUCIATH B IPHOIMAKEHUH -
CBSI3U:

C"Z,,_>5,, = <AE§V—>BV> - (AEaV%BV)a
m

rae mapamerpsl (AET —>BV) BBIYUCJISIOTCS HA OCHOBE CIBUTOB YHEPTUM
WOHOB MPU W3MEHEHUW COCTOSTHUS OHOTO W3 JJIEKTPOHOB:

ZJJ' (27 +1)(2J" + 1)|[AEav—p0(J, J)™
(27 +1)(2)" +1)

(AEG, 50) =

3nech
! . . 1 . .
AEau—w:/(Ja J ) = E(]Ba]ua J ) - E(]aa]ua J):

J= |jv—ja|7 |jv—ja|+17 ooy Jvtias J' = |j1/_j,3|7 |jv_j,8|+la - Jutis-
ITpu Beraucnenuu E(j, jo, J) npeanonaraercs, 9T0 0JHOIIEKTPOHHbBIE BOJI-
HOBbIE (DYHKIIUU OCTAIOTCHA HEM3MEHHBIMU IIPU U3MEHEHUN COCTOSTHUS JIEK-
TPOHOB. B 3TOM mpubIM>KeHnn SHEPTHs ABYX SJIEKTPOHOB C CYyMMAPHBIM
MOMeHTOM J ompezessieTcst ¢ moMotpio uarerpanos Cmsrepa F72, u G2,

(cm. [71], a Takske anamorwunbie dopmyast (24), (25) w3 §2 . 1T mos
HEPEJIATUBUCTCKOI'O Cﬂyqaﬂ):

jV+j(l
E(ja,jy,J) :Ia +IV + Z (a'sF;l/ _bsGZV)7 (14)

5=|jv—Jjal

rie

. . i1 i1
as = (1) /(2 + )2y + DW (jadvjadvi J$)C°F 0O

3 07,3 07

.1 2
by = (2o + W Gaduiviai 75) (C1 5) llalis),
§(lalys) = [L+ (—1)lettets] /2

(ngst cygas « = v koabdunuent by = 0).

B tabm. 5.9 npuBeneHbI qUCIIEPCHE HEKOTOPBIX TIEPEXOIOB JJIsi BOIbdpa-
Ma, BBIYMCJIEHHBIE [0 BOJHOBBIM (DYHKIMAM CpeaHero uona npu 1 =
= 0,5 k3B, p = 0,5 r/cm® (B 3TOM Cciyuae cpegHuil 3aps woHa Zo—46).
Tam e TPUBEIEHbI JIUCIIEPCUU, PACCUUTAHHBIE JIJIsi U30JIMPOBAHHOTO HO-
na W4 no Gonee Tounoit meromuxe [120]. Eciu npunsath Bo BHEMAaHUE
ormmune 3apsaga mona WA or sapama cpeamero moma, B moTeHnmase
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Tabaupa 5.9. Jlucnepcun HEKOTOPBIX IEPEXOAO0B /i BOJbdpama. BbraucieHus
mo dopmyne (13) mpoBOAMIKCH IO BOMHOBLIM (DYHKIUSIM CPEIHEr0 HOHA IIPH
T=0,5xBwup=0,5r/cm®

Oap Tap

Ilepexox, o dopmyse (13) n3 paborsr [120]
3d3 )5d2 = 33 5d2 4Py )2 6,50 8,14
3d3,,d , — 3d3,,d3 5 4p3/n 6,11 5,18
3d3,,d3 5 — 33, dd o 4pasn 6,13 6,43
3d3,,d3 ,, — 3d3,,d3 ) 4p3 ;s 6,68 6,47

KOTOPOT'O MTPOBO/IMJINCH PACYETHI BOJHOBBIX (DYHKIHI, TO MOXKHO CUUTATh,
4To npubamkerne (13) maeT yI0BIETBOPUTEIBHYI TOUHOCTb.

Bausmue 3¢dderToB My bTUIIETHOTO pacHierieHus Ha Koddduimen-
ThI NOMJIOIIEHNS TPOUJLTIOCTPUPOBAHO HA puc. 5.12 (cm. Takxke tab. 5.10),
rJie PUBEJEHBI HEKOTOPbIE DE3YJIbTAThl PACUETOB JJIsi ILIA3Mbl JKese3a,
MOJyYeHHbIE B Pa3JIMIHBIX Tpubmkerusax mo nporpamvmam THERMOS,
STA u OPAL. B nporpammax OPAL u STA, B orimyue or mporpam-
mbl THERMOS, ucnonb3yercsi napaMeTpuyeckuii moTeHnuan (CM. Hanpu-
Mep, [195]). Yder nmoriomneHnust B CIEKTPAIbHBIX JIMHASX OCYIIECTBIISETCS
aub0 B MPHUOMKEHNN CBA3W MPOMEKYTOYHOTO THUIA C JIETATBHBIM yte-
oM Tepmos (OPAL), nubo B crarucrudeckoM npubmmkenuu [122], Gonee
TOYHBIM O CPABHEHHIO € MeTOZOM MOIIKOBCKOTO, OJHAKO TPEOYIOMAM
ropasio Gosbinero obbema Borauctennii (STA).

RL

p=10""r/cm®

10*
10®
10?
10!
10°

10%
10%
10%
10'f
10°

0,01 0,1 1 T.B 0,01 0.1 1 T,B

Puc. 5.12. Cpennuii no Poccesrangy K03 bUIUEHT MOIJIOMIEHHS iy, JJId XKeJjle3a B 3a-

BHCHMOCTH OT TemmepaTypbl T B k3B npu motsocTsix p = 10~4 r/cm3 u p = 1071 r/cm®

no nporpamme THERMOS. IlynkTupHas JUHAA — 3HAUEHUs, BLIYUCICHHBIE 0€3 yueTa

MyJIBTHILUIETHOR CTPYKTYPbl yPOBHEil, CIIONIHAS JIMHUS — C Y9€TOM MYJIbTHILIETHOH

CTPYKTYDPHl B npubsmkenun MomkoBckoro. Ha rpaduk HaHeceHbI TaK»Ke 3HATEHUS,

mosydennbie mo mporpamMmvam OPAL u STA mpu T = 0,02 k3B, p = 10~% r/cm3 u
npu T = 0,1 3B, p = 0,1 r/cm® (cM. Taba. 5.10)
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Tabauna 5.10. Cpenumit mo Poccenanay xoadUIHERT TOTIOMERAs 3, A TIa3MbI

2KeJie3a
T,sB p, r/cem® TIporpamma s, M2 /T
20 10—4 THERMOS 7,87-10°%
STA 7,68-10%
OPAL 6,11-10%
100 10-1 THERMOS 1,43-103
STA 1,38-103
OPAL 1,18-103

Kak Bumno u3 puc. 5.12 u tabn. 5.10, MyJbTUIIJIETHOE DACIIEIIEHNE
ONIpeieNisfeT JIy9uCTYIO0 TeIIONPOBOIHOCTE kemne3a nmpu 1 < 0,1 k3B mis
niorHocTeit p ~ 107% r/em® (cm. Taxwe puc. 5.13, 5.14, rae npuseje-
HBbI CHEKTPabHble KOIMD@UIMEHTHI TOIJIOMEHNUsI B TIa3Me JKeJe3a Mpu
T =2053B, p=10"* r/cM® a1 0AHOTO U3 MEPEXOIOB BHYTPH OOOTOTKH
n = 3 (puc. 5.13) u na unrepsasue Poccenanna (puc. 5.14)). Ilpu nuiorHOCTH
p = 0,1 r/cm® BruAHUe TOHKOII CTPYKTYpbl MeHee 3aMeTHO, TaK Kak
MIPU TAKWUX TIJIOTHOCTSAX OMPEIEISAIONIYI0 POIb UTPAIOT (DIYKTYAIMHA THUCETT
3AIIOJTHEHUSI.

se(w) - 10° 10
8 a 8 b
6 6
4 4
2 2

40 45 50 55 60 65 70 40 45 50 55 60 65 w,sB

Puc. 5.13. KoaddunuenTsl morjomeHus: sl AUCKPETHO-IUCKPETHBIX II€PEXO/I0B B
pa3nuYHbIX NPUOIMKEeHHAX: (a) — OCYIIeCTBJIEH IOJHBIA mepe6op KoHdwurypanuii 6e3
ydera MyJLTUILIETHOH CTPYKTYpHbI; (b) — HPOBEJEH ydYeT MyJIbTHILIETHOW CTPYKTYPBI
YPOBHEH B NPUOJIMKEHUN CBA3H MPOMEXKYTOIHOro THna (yureHo 6osee 20000 yposHeit).
Pacuer nmpoBesieH A1 mepexoma 3p% — 3d% B xerese ( T =20 3B, p=10~% r/cn?)

IIpakTudeckas Ba2KHOCTb MYJIbTHILIETHOI'O PACIIEIIJIEHUSI OCOOEHHO sIp-
KO TPOSIBIIACh B aCTPOMU3NIECKUX MPUIOKEHNAX. KaK 0Ka3ajaoch, siB-
JA4Ch XOTsI U MaJio#, OJHAKO CaMOil TsAKeJ0lf KOMIIOHEHTOH 3Be3JHBIX
armocdep nedens, Ia3Ma xejes3a OnpenesisieT uX Hempo3padHocTh [213).
[IpoBenentHble ¢ BBICOKON TOYHOCTHIO pacuerbl mo mporpamme OPAL B
Jlusepmopckoii HanmonanbHON nadoparopun CIITA [197] u noxreepxaa-
IOIIe PE3yJIbTaThl ITHX PACUETOB IKCIEPUMEHTHI B jaboparopun Can-
WSt TIO3BOJTUJTH O0bsICHUTD 3araJ09HOe MOBeIeHne 1eden 1 Ha quarpamMmme
Tepmmmpynra—Paccena [213].
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(w)

10° 1

10% | 1

0 50 100 150 200 250 300

10°
10°
10*
10°

102 7

0 50 100 150 200 250 300
108 | c :
10°
10*
10®

102 F g

0 50 100 150 200 250 w,3B

Puc. 5.14. Cunexkrpanbabie KO3(M@UIUEHTHI MOIVIOUIEHUs KeJjie3a MPH TeMIepaType
T = 20 5B u myotnoctu p = 10~4 r/cm3: (a) — 3HaueHus, BLIYHCIEHHBIE 6e3 ydeTa
MYJIBTHILIETHOH CTPYKTYDPBI ypoBHeH; (b) — € y4eTOM MyJIbTUILIETHOH CTPYKTYpPHI B
npuOJIMKEHNY CBA3H IPOMEXKYTOIHOro tuna no nporpamme OPAL [197], (¢) — ¢ y1eTom
MYJIBTHUILIETHON CTPYKTYPHI B IpubsmkeHnun Momkosckoro mo nporpamve THERMOS
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Takum 06pa3om, Mpu MAJBIX MJIOTHOCTSX BEIECTBA YUIET TUCKPETHO-
JUCKPETHBIX MEPEXOI0B C MIEeTAJTBHBIM MepebopoM KOHMUrypamuii BO MHO-
IUX CIIy9asix He0OOXOIUMO JOMOJHUTD JIeTATbHBIM TepebOpOM TEepMOB, TIPH-
9eM YOBJIETBOPUTENbHBIE PE3YIBTATHI AT PACIET TOTHKO C UCIOIb30Ba-
HUEM CBA3UW IIPOMEXKYTOYTHOTO THUIIA.

4. DddekTuBHBIIN NpodNIIb COBOKYITHOCTH JuHMil. B gocra-
TOYHO IJIOTHOM TIJ1a3Me MOT'YT BBITTOJIHIATHCS YCIOBUSI IOTHOTO TIEPEKPBITUST
JUHAN Ha XapPaKTEPHBIX MHTEPBAJIaX HEPrUU, KOTOPbIE ONMpPeNeasdrOTCA
BEJININHOMN MYJIbTUILJIETHOTO PACHIETJIEHUA U CMEUICHU JIMHUK 33 CYeT
U3MEHEHUsI YhCesl 3aI0JHEHWs B PA3JIMYHbIX KoHuryparusax (). Ecian
O6"be,HI/IHI/ITb BKJIa SCb(beKTOB ymmmpennd U MyJbTUIIJIETHOTO PACIHETITICHU A
B BHJIE HEKOTOPOTO TPOdUIIs @SB (e — sgﬁ), rae sgﬁ — JHEprus Mepexoia
a — 3, yCpeHEHHAsI TI0 BCEM COCTOSIHUSIM KOHburypamnuu () (B ToM ducie
O TMOJHOMY MOMEHTY .J), TO CedeHHe MOIJIOIIEHUs, COOTBETCTBYOIIEe
OJIHO3JIEKTPOHHOMY TEPEXOAy & — 3, MOYKHO BBIYUCIATH 1O (hopMyIe

Q

3 N
o8 (e) = 4c3UOZPQNQ 1-% FE08,(e —%y), (15)

rie f ap — CUJIA OCLHHJUIATOPA, TAKXKE yCPeJHEHHas N0 KOHdurypamuu Q.
B maubonee mpocTom cirydae MOTHOTO MEPEKPHITUS JIMHUIA MOXKHO OCY-
ECTBUTH epebop KoHpuryparmii (), onupasicb Ha NPUOJIUKEHNE Cpejl-
Q
Hero aroma u 3amensas ®7;(e — £73) HEKOTOPBIM CyMMapHbIM NPOdH-
aem Jog(e):

o 3 N,
o) = 3 Sontaaia (1= 22 ) Joslo) (16)

rie fop — CHIa OCHMUIIATOPA IJis Hepexona & — (3 MOHA CO CPeIHUMU
uyncaamu 3anoiaaenns No. IIposenem Borancienne dbysxuuu Jog(e) mus
ciiydasi, KOUJ[a BCe JIMHUU TEpexoja « —» [3 CrPyNIUpOBaHbI BOJIUA3U
ofHOrO MakcuMyMma [214, 36], npubiarzkeHHO cuuTast, 9o MpOodUIn JUHUI
OJIHOTO W TOTO JKe TIePexXo/ia He 3aBUCAT OT KoHdwurypamuu (), a OTu-
9aloTCH JIUIIb MOJOXKEHNEeM IeHTPa JUHUN. BymeM Takke MpearnoaraTh,
YTO BOJHOBBIE (DYHKIUU PACCMATPUBAEMOIO MOHA MAJIO OTJIMIAIOTCS OT

. . Q
BOMHOBBIX (yHKumil cpeanero nona. Toraa ans sHepruil nepexonos €54

W CHJ OCIILISATOPOB fo%, COOTBETCTBYIOIMIUX CPEIHUM 3HAYEHUSM 10
kouurypanuu ), nmeem

sgﬁ ~eap +Aeg =€ap + Z 6NqG3‘B, (17)

(7).

2 9 Q
J

E
S 2 B8
fl~ 3 aB ~ el [Fasl® = _52/3 fas (18)
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rae 0N, = N(? — Ny, Gg‘B =Gy = Hgg— Hog, Hyy — MaTpUYHBIH 371€MEHT
MMapHOTO B3AMMOIEHCTBYS JIEKTPOHOB B COCTOSHUSX Kk U ¢, BBIYUCISEMbIi
10 BOMHOBBIM (yHKIuAM cpegnero uona (cMm. (24) u3 §2 rn. III); e44,
fap — COOTBETCTByIOLIME CpemHEMY HOHY IHEPIUS U CHIA OCIHUJLISTOPA
s mepexona . — 3.

Moncrasnsis (17) u (18) B (15), umeem

37
0% (e) ~ T Ao fo‘—ﬁga X
€aB

X Y Poleap+Acq)(na+na)(1-nsg—0ng)®as(e—cas—Acq), (19)
Q

rie o = No/ga, 0o = ONa/ga.
s nanbHefmx npeodpa3oBanuil yaooHo npeactaBuTh GyHKnuio ®,45
B Buze unrerpasa Oypne

Do5(e —eap — Agg) = \/% / o(s) explis(eap + Aeg —€)]ds.  (20)

Ucnonesys (20), nonygaem dbopmyny suga (16):

3

Ugf(E) =7 a0 fapgana(l —ng)Jas(e), (21)
rae
1 o0
Jop(e) = Nr / &(s) explis(e — €qp)] ZPQ exp[—isAeg] X
2m o
x [1+ AgQ] [1+5”—a _ s _Omadng ]ds. (22)
€aB ng 1—mng ne(l—ng)

Beiparkenue (22) OmUCHIBAET PACTIPE/IETIEHIE COBOKYITHOCTH CIIEKTPAJIbHBIX
JIUHWH, COOTBETCTBYIOMIUX OTHOMIEKTPOHHOMY mepexony « — (. Ecmm
BBECTH (DYHKIMH

‘ Ae SN, on onaon
F0=3 Roempi-inaca) |1+ 22|14 T2 - 72— St
) ’ ’ )
(23)

1

F(f)zﬁ

/ F(s)exp[—is]ds, (24)



240 T'a. V. Bsaaumodeticmeue u3ay4enus ¢ 6eULLCMEOM

TO, B CHJIy CBOHCTBa ffooo exp[—i&(s — §')] d§ = 2n(s — s'), mpoduis (22)
MOXKHO IIepenucaTb B BUIE

[e.°]
Jop@) = [ Bas(e -~ can — OF(E)de. (25)
— 00
Taxum 06pazom, st BEIMUCIEHHS J48(€) LOCTATOYHO OnpenenuTs HyHK-

muto F(s). Iloncrasum B (23) Boipazkenue (17) u pa3ioKuM 9KCIOHEHTY B
psan. C TounocTbio 10 4neHos (dn)? mveem

6a &
ZR% e

1—77,5

ongGy 0na ong 0naong
+qu Eap [1+ N 1—-ng nqo(l—ng)

. 0N ong on,Gp
+zs;gq6nq 1+—a—1_nB+ng e +
(ZS Z 9q9p0ng0n, GG }
Py

B panbHefinem ycpennenue mo GmHOMUANIBHOMY pacmpeaesnenuto (cm. (1)
u3 § 3) Gynem 0603HAYATH CKOOKaMH (. .. ). B mpesmosiokennu oTCyTCTBusI
koppesnsamumit ((dn,ong) = 0 mpu p # ¢) uMeem

(dn2) (on)
~ 1 0Goq — —————
Flo) =1+ .G €mﬂﬂww%+
) (577%) (5 2 2>G2
+1s TgaGa - (1— Zg

n % Zq: G(n2)G2. (26)

Wcnonb3yst cBORCTBO OMHOMUATBLHOTO PACIIPEIeIeHUT

ng(l —mny)

(on2) = "L (27)
Yq
TIOJIy YAM
E1 E1 =+ EQ/&‘QB . E2 ('L'S)2
Fs)=(1+4—1] |1 , 28
(8) ( +€a5> [ + 1+E1/€a5 28+1+E1/€a,3 2 ( )
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rae
By =Ga(l—-ns) —Ggng,  Ey=Y gmg(l—ng)G2.  (29)
q

Takum 06pa3oM, MO U3BECTHBIM JIBYM MOMEHTaM pacmpejesenus (28)
dbyuxmo F(£) MOXKHO aNlpOKCUMUPOBATH TayCCOBOH 3aBUCUMOCTBIO

1+ Ei/cap [ (= A)Q]
F§)~ —/— "% oxp | -2 || 30
€3] Vono p 952 (30)
rae
E1 + E2 /é‘ag 2 E2
_ Caf - = 31
1+E1/€a5 7 1+E1/€a5 ( )
B wrore myis mpoduis COBOKYMHOCTH JIMHUN TOJTY YaeM
14 Eifeas [ (€A
_ + L1 Eap -
Ias(e) = 2 ED [ 4 -0 - g |57 e o2
—0o0

ITpu BbiBOZE bopMysibl (32) HMCIOMB30BATIOCH BBIPAXKEHHE LIS JHED-
run (18) u Gunomuasnbuoe pacnpenenenue (1) u3 §3. Kpome Toro, npes-
HOJIAraJI0Ch, YTO JIMHUU CYNIECTBEHHO MEPEKPBITHI, a (MhIYyKTyaluu IUCeT
3aMOTHEHUST MAJIbI 10 CPABHEHMIO CO CTATUCTHYECKUM BECOM yPOBHEH,
T.e. Ny = ONy/ga <€ 1. O6a 97U yCAOBUS XOPOILO BBHIIOJHSAIOTCS JIJIst
9JIEMEHTOB € GOJIBIIIMM HOMEPOM Z TIPU TEMIEpaTypax, KOrlaa WOHU30Ba-
Ha& TIPUMEPHO TOJIOBUHA 3JIEKTPOHOB. 3aMETHUM, YTO €CIH OUHOMHAIBHOE
pacIpeie/ieHue OPUMEHUMO, TO, Kak cieayer u3 (27), ycjioBue MajaocTu
daykTyanmit Tak»Ke BBITOJTHSIETCS.

B GonpmmHCTBE MPAKTUYIECKUX 33139 MHINBH/LY ATbHBINA TPOMUIL CIIeK-
tpasbHoil munun $o5(c — £4p) onucsBaerca Gyukmueit Poiirra (cm. (47)
u3 §4):

1 E—€aB Y
(P —_ = —_
a8(€ ~ €as) /7D < D D)’

rie 7y — JIOPEHIOBCKAas NMHMPUHA JUHAH, ) — mmapaMerp AOIIEPOBCKOTO
yimupenusi. Ceprka dyukuun PoOHrTa ¢ rayCcCOBCKUM pACIPEIeIeHIEM
(30) mo dopmyrne (32) takxke maer dynkmmo Poiirta, HO ¢ APyrUMU
napamMeTpamMu:

Jap(e) =

1+ Ey/eq —€ag — A
Lt B /e K(E cap L __ 2 ) (33)
w(D? + 202) VD? + 202 " \/D? + 202

Takum 0bOpa3oM, CyMMapHbBIH TPOMUIL COBOKYITHOCTH (DOUTTOBCKUX
JINHU B TPUHSTOM TPHUOJINKEHUH ONMChIBaeTCs Takke yHkimeit oiirra.
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B ciiyuae 605b1110# JIOTHOCTH JIMHAIA, KOTJIA MOXKHO TPEHEOPEYDb IITUPUHOM
OT,Z[e.HbHOﬁ JIMHUU 7y TI0 CDaBHEHUTIO C BEJININHON X CpeaTHEKBAaAPATUIHOIO
pasbpoca o, nonarag ®,g(e — €43) = (€ — €48), U IPU BBIIOIHEHUN
yeaosuit By /eqp K 1, Ex/eqp < 1 g npoduis (32) momygaeMm rayccoBy
KPHUBYIO

1 (8 —EaB — E1)2
Jaﬁ( ) mexp <_T> . (34)

Beipaxenue (34) umcmosnp3oBanock B padore [214], rae ObUTH MOy I€HBI
HECKOJIbKO Apyrue napamerpol By u Es.

®opmyna (16) maer omHy MIaBHYIO OrUOAIONIYIO JJis BCEl COBOKYII-
HOCTH JIMHUI OJHOJIEKTPOHHOTrO mnepexona a — 3. Takoe npubmimxkenue
ABJIAETCA JOCTATOYHO pr6bIM, TaK KakK BO MHOTUX CHay4dasdX CyMMapHad
ornbamasa COBOKYIIHOCTU JIMHWHA, COOTBETCTBYIONIAX OJHOMY OIHOSJIE-
TPOHHOMY MEPEXO/y, KaK MPABUIO, UMeeT Oojiee CJIOXKHBIH BUJ W TIPEJI-
cTaBJisieT cob60#t (PYHKIUIO ¢ HEKOTOPBIM YHCIOM MAaKCHMYMOB. DTH MaK-
CUMYMBbI O6yCJIOBJIeHbI HaJU9IAEM COCTOSHUIL Tpynn MOHOB, 3HAYUTEJIBHO
OT/IMYAIOIIUXCS 10 dHepruu. st yrounenusi (16) mpejacrapisiercs: ecre-
CTBEHHBIM I'DYTNIIMPOBATH JIMHUU B6JII/I3I/I TaKUX MaKCUMYMOB U ONUCHIBATH
BCIO COBOKYTIHOCTD JINHUI PACCMATPUBAEMOTO OJHOIIEKTPOHHOTO MEPEX0IA
B BHJIe HADOpa HEKOTOPBIX 3P DEKTUBHBIX TPOQDUIIE.

Takoe obobuienne nposegeHo B padorax [38, 115|. B uacrrocTH, B
pabore [38] ncronb3oBan TOT GaKT, 970 DIYKTYALNH THCE 3aM0THEHI Ha
HUKHUX 000/I09Kax Gosiee 3aMeTHO "capuraior' imauu, dem hayKTyanun
HA BEPXHUX yPOBHsX. VIMEHHO Takue KOHMUTYPAIUU, B KOTOPBIX MEHSIETCsI
3aI0JIHEHIE CaMbIX HUKHUX 3aTPOHYTHIX HMOHU3alumell 00osouex, OymyT
ONIPENENATh OCHOBHBIE T'PYNIbI JUHAA. [L09TOMY HEmecoo6pasHo BhIIe-
JIATH HEBOJIBIIOE YUCIO 0D0IOUEK, CYMMHUPOBAHKE 110 YHCIAM 3AIIOJTHEHMS
KoTOpbIX B (15) KejaresbHO NPOBOAUTHL sBHO. IlycTh, Hampumep, Takoi
0007109KO# sIBJIsIETCsT 000/1049Ka 1 (0000IIEH e HA CIydail HECKOIBKUX 000~
JoueK oueBuIHO). [To 06omouKkaM ¢ # (1 MOXKHO TIPOBECTHU TIPUOIUKEHHOE
cymmuposanue B (15) ¢ Tounoctwio 10 (6n)?, aHATOTMYHO TOMY, KaK 3TO
OBLIIO CIEJIAHO BBIIIIE.

B pesynbrare nmeem

() = 2L 3 f Job N~ pet e (1 NG g 35
08 (e) = =1 oy Z pets N (1= 0 ) sl (39)
3aecb P, — BEpOATHOCTL TOrO, YTO HA ODOJOUYKE [t H&XO,ZLHTC?I N 3JIeK-

tponos (N, w=0,1,2,...9,), ehs = €ap + (N - N, )G , N, — cpennee
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YUCJIO 3JIEKTPOHOB Ha, 000I0UKE i,

Ry (a= )
Ngz{Nu Eq 1)

Q

1+ B ety T (€—A,)?
H - ' P 5 TR
i) = = [ opte ety - e |55 e ao)
~G%’Ns/gs (a=p,B#p),
Ef: Ggﬁ (l_Na/ga) (0475#75:.“)7
Go? (1= Na/ga) = G5°Ns/gs (o # . B8 # ),
Ef =3 N, (1 - &> (Ga)?,
aFn 9
Bl 4+ By ,  E
PETITENE, 0 T T B

s doitrrosekux npoduieit ®,3 anasorndno (16) momygaem

1+ Ef/ehs K €—chg— Ay Vs

(D2 +203)  \ /D +20% \/D?+20%
rae vy 5 — XapaKTepHasl JIOPEHIOBCKas IIMPHHA [epexona o — [ s
»(w) (w)
’ﬂ\ a b
1000
500
500 ¢ ,
07371 32 33 34 wwB © 33 34 35 36 wwB

Puc. 5.15. Koaddunuent moriomeHus B JUHUAX JJIs IEPEXOd Sp% — 4d% B
mia3Me 30/I0Ta C JeTaJIbHBIM Ie€pebopoM KOH(PUIypanuil € y4eTOM MyJIbTUIIETHOI
CTPYKTYDPBl B NpHO/HKeHHH MOMKOBCKOrO (CIUIONIHBIE JMHUHM) W MHOJyYEHHBIH MO

sddexrusroit Meroauke (mrpuxosbie quaun): (a) — T = 1 k3B, p = 1 r/cm;
) — T =1 x3B, p = 0,1 rv/cm>. TIyHKTHDHBIE JIUHHM C OJHHM MaKCHMY-
MoM — pacder 1o dopmyne (16); myHKTHpHAs JIMHHS C TPEMs MAKCHUMyMaMH —

pacuer 1o dopmyie (35)



244 T'a. V. Bsaaumodeticmeue u3ay4enus ¢ 6eULLCMEOM

CpYIIBL JUHAH, COOTBETCTBYOmuUX Kouburypanusam {N,}. 3amernm, 410
BMECTO ODOJIOUKH [4 MOXKET OBITH BBIIEIEHA HEKOTOPAs TPYIINa, COCTOSHIH.

B kauecTBe miLIOCTpanuu Ha puc. 5.15 NpUBEIEHBI PE3yJIbTAThI PACIE-
TOB 17151 OIHOSJIEKTPOHHOTO nepexosia 3ps — 4d3 B somore (T = 1 k3B,
p=1r/cm® u p = 0,1 r/em®) mo dbopumyne (15) uz §2 ¢ geranbHbIM
nepebopoM KoHduUrypamnuii (¢ y4eroM MyJIbTUILIETHONH CTPYKTYpPbl METO-
oM MormkoBckoro), mo dbopmyae (16) (6ymem Ha3bIBATH 9TO NPUOIHKEHIE
abdexTuBHOM MeToaMKOM) U O dopmyne (35). Kak BuaHO M3 pUCYHKA,
npu miotHoctd p = 1 r/em® acdbdextusnas meronuka (16) maer pesyib-
TaThl, 6IM3KUe K JeTaqbHOMy pacdery. Ilpu miotaocta p = 0,1 v/cm®
dbopmyna (16) He OMUCHIBAET DPE3YJIBTATHI JETAJBLHOTO pacdera, OTHAKO
yrouneHHas dhopmya (35) maeT pe3ysabTaT, IPAKTHYECKH COBIAIAIONIMI ¢
JAE€TaJIbHBIM pPacCdeTOM.

5. CraTucTuyeckoe ommcanue IpoieccoB porononmnsanuu. [Ipu-
G/iMKeHre, aHAJIOTUYHOe NpubamKeHnto (16) s ydyera CHEKTpaJbHBIX
JIMHUI, MOYKHO TIOJY9UTh ¥ JJist ipotieccoB dporononnzamu (cm. [37]). 3a-
nuieM cedenne GpOTOMOHUBAIMHU OJIHOJIEKTPOHHOTO IIEPEX0a €, + &€ — &'
B BUJIE

/ 3
o (@)= Fog Y > PoNE[L—n(e)]fL ) ®ale), (38)
Q v

rue dyukuua P, (e) onpemesnsier BKIAA PA3JIUYHBIX MPOIECCOB YIIUPE-
uust, n(e) = 1/ |1+ exp <€_Tu . Ucnonb3ys npubavkenusi, aHAJIOTH9-

ueie (17), (18), a Tak:ke GHHOMHAJIBHOE PACIpPEIeIeHNe, NMeeM

ag’ _ 3m 3 /

ol (e) = i 00fac e No[l — n(e")]Ja (), (39)

rae npoduib BCeX MOporos (POTOMOHU3ALUY TIEPEX0a o — €'¢' onucbiBa-
€TCsl BBIPAYKEHHEM, aHAJIOTHYHBIM (32)

1+ E /(e —ea) (£ —-A)?
gale) = L) ey - e |S535 e o
rae
_E1+E2/€ o? — Es IV
o 1+E1/€’ o 1+E1/€’ o @

E1 = Hyo(1 —ny) —w(e' ) Herpr o (e,

By = qunq(l —ng) [Haq - \/w(s’)HE,g,,q]2 )
q
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3/1ech IJIOTHOCTH COCTOSIHUI 9JIEKTPOHOB HEIPEPLIBHOIO CHeKTpa w(€)
BBEJIEHA, JJIT TOTO, YTOOBI COXPAHMTDH TIPU BBIYUCIEHUN MATPUIHBIX JJI€-
mMeHTOB H,g mnpunaAryo B §3 1. II HOPMHPOBKY BOJHOBBIX (yHKIHI
HETIPEPBIBHOTO CIEKTPA.

J1J1s1 BBIYUCIIEHUST TIOJTHOTO CedeHust (hOTOMOHUBAIMY C YPOBHS (¢ HEOO-
XOJIMMO TPOMHTErPUPOBATH BbIparxkeHue (39) Mo BceM KOHEYHBIM COCTO-
aausM € (CymMmMmupoBaHue no OpoUTanbHOMY MOMEHTY ¢ MpOBOIAMTCS B
OKOHYATEIbHBIX (HOPMyJIax):

o0

c%(e) = / 0% (e)de'. (41)

0

Tak xak J,, (€) umeer pe3uii MakcuMyM Npu 3Hadennu &' = €* = e+e,—Ey,
a GyHKIMH foe 1 n(e') NBMEHAIOTCA MAJIO B CYIIECTBEHHON /1151 WHTETrPH-
poBanug 006J1aCTH, TO

o(e) = ??Tﬂ ®00 Y facreNa[l = n(e")] / Ja(e) de'. (42)
¢ 0

ITonaras, kak 910 06b19HO HpuHATO, ®(£) = J(€), M BOCHONB30BABLINCH
yenosusvu Ey /(6" —e,) € 1, By /(¢! —e4) < 1, KOTOpBIE TTOYTH BCeraa
BBITOTHAIOTCA, B PE3YyJIbTaTe NHTETPUPOBAHUA TTOJIYIa€M

o0 (e) = %ﬁ Foo ; Faeesr Na[l = n(e%)] [1 +erf <\/‘;—T2>] L 43)

rae erf(z) = (2/v/@) [y exp(~y®)dy.
Crarucruaeckue merozs! (16), (35) u (43) H0O3BOJISAOT B psijie CIydaeB
3HAYUTEIHLHO COKPATUTH BpeMsi CUeTa 0e3 OOIBIIOH TOTEePH TOIHOCTH.

§ 6. PesysbTaThl pacueToB pocceIaHAOBBIX IIPO6EroB
¥ CHEKTPAJIbHBIX KO3(MDUIMEHTOB HOrIonieHns (POTOHOB

1. CpaBHeHUE CTAaTHUCTUYECKOrO METO/Ia C JeTaJbHBIM pacue-
ToMm. Crnekrpajbable KO3(MDMUIMEHTHI TOMIOMEHUST TPU TEeMIIepaType
T = 1 3B u nuorsoctu p = 0,1 r/em® ayid 30710Ta, paccIUTAHHBIE KaK 1O
sapdexTupHOM Meromuke (dhopmysa (16) u3z §5), Tak U mMyTEM JETATBLHOTO
nepebopa 6osiee 70000 koudurypaiwmii 1o dbopmyse (15) uz § 2, npuseseHb
Ha puc. 5.16. I3 pucyHKa BUAHO, 9TO 3(P(MEKTUBHASA METOIUKA XOPOIIO
nepesaer nopejgeHue Kod(p@uimenTa MOrJIOMEeHNus B CPeaHeM, orpyoiss,
€CTEeCTBEHHO, JeTAIN3annio. [0pas3o TOUHee NepearoTcs CPEeIHIE XapaK-
repucTuky (cM. Tabi. 5.11).
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4
»(w) Y 10 b
10° 10%
102 10
10! 10
0 5 10 15 20 0 5 10 15  w,x3B

Puc. 5.16. Kosdbduuuent nornomenus B cm?/T B IIa3Me 30/10Ta TIPH TEMIIEPATYDe
T = 1 k3B u mnorsoctu p = 0,1 r/cm3: (a) — ¢ meTambEBIM Mepe60poM KOHDUTYparmit
(¢ = 0,498 cm), (b) — momyqennsiit no abdexrusrol MeToauke (£ = 0,575 cm)

Cremyer 0cobO OTMETHUTH, YTO C yBEJIMYEHHEM MJIOTHOCTH BEIIECTBA
3HAYUTEIHLHO YCIOKHSAETCS epebop KOHMUTrypaluil, TaKk KaK yBeJInduBa-
ercst (pIyKTyalMOHHAs UPUHA PACIPEIESICHUsT TI0 CTETIeHsIM MOHW3AIUN
(cM. puc. 5.8). OnHAKO, KAK U CIEI0BAJIO OXKUIATH, TOYHOCTb OIUCAHUS
CIIeKTPA MOTJIOMIEHUsI C TIOMOIIHI0 3D DEKTUBHON METOUKH, KAK IIPABUIIO,
MOBBIIIIAETCSI.

Koadbdumnment nornomenus mia T = 1 k3B, p = 1 v/cv® npusesen
na puc. 5.17. B meranbHoM pacuere moHazobuioch ydecth Oomee 106
KoH(uUryparnmuit, 9roobl KO3(PHUIUEHT MOTJIONIEHNsT BBIINIE] HA HACHIIIE-
HUE W NPUOJIM3WICS K Pe3yJbraTy pacderoB 1O 3(h@EKTUBHON MeTOIuKe
(meranbHBI pacuer morpebosan npubimsureabHo B 1000 pa3 Gosbire
spemenn). Ilo cpasrenuio ¢ Toukoit T = 1 k3B, p = 0,1 r/cm® 31ech
JIMHUY TOPA3J0 Iupe W pe3yibTar pacdera 1o 3hMEKTUBHON METOIUKe
ropaszo osmKke K getajabHoMy pacdery: Ly, = 0,0076 cm, L. = 0,0080 cm.

Tabauna 5.11. KosddunuenTsl HOMIOMmeHus B Iia3Me 30JI0Td, YCPEeJHEHHBIE II0
Poccemansy () u no Ilnanxy (5, ) B cM2 /1. PaceTs! IPOBeeHbI C ETATBHBIM yIeTOM
koHburypanuit u no spdexkrusHoit Mmerouke (16) us § 5

a7 7p
T p JleTanbHbIH DddexTuBHBIN JleTanbHBIN DddexTuBHBIN

yaer yuer yuer yuer

0,1 0,1 3523 4721 7544 7548
1 6945 8043 11113 11597
10 6826 5741 13498 14040

0,316 0,1 578 588 1468 1441
1 1131 1282 23 75 2590

10 1710 2550 3831 5590

1 0,1 20,1 17,4 151 147
1 131 125 443 436

10 302 317 895 926

3,16 0,1 0,33 0,32 2,59 2,44
1 1,72 1,55 14,2 17,7

10 14,9 11,6 67,6 67,0
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. 4
s(w) " 10 )
103 102
102 T 10% |
0 5 10 15 20 0 5 10 15  w, k5B

Puc. 5.17. Kosdbdunuent nornomenus B cm? /T B IIa3Me 30/10Ta TPH TEMIIEPATyDe
T = 1 x3B u mnornoctu p = 1 r/cm3: (a) — ¢ meTanbHBIM epe60poM KOHUTYpamuit
(¢ = 0,0076 cm), (b) — u nomygenssiii no saddexrusroit MeToxuke (£ = 0,0080 cm)

Takum obpazom, pacder mo 3hHEKTUBHON METOIUKE AT, C OIXHOU
CTOPOHBI, HEIJIOXO# MpUOJIUKEHHbIH pe3yJjbTar (OCOGEHHO it CPEeIHUX
BEJIMYWH), & C APYTOil CTOPOHBI, JAaeT TPeIeSbHY0 OleHKY KoadhduimenTta
MIOTJIONIECHNS B JIMHUSX TIPH OYEHDb OOJIBIIIOM BIUSHUY 3P @PEKTOB PACIIEI-
JIeHWs ¥ yIIUpeHus (CM. 1mo sToMy mosoay [206]).

s (w)

10° ¢

20 22 23 w, k3B

Puc. 5.18. Kosdburuent normoutenus npu dorononusamnuu (cm?/r) yposHs 2s1/2 B

mia3Me 30J10Ta pu Temneparype 7' = 3 k3B u miorHoct p = 1,9 1/ cM® ¢ pasIHYHBIME

crocobamu ydeTa KOH(MUTYypaluii: MyHKTHPHAS JUHHUS C IOPOTAMH — JETaJbHBIH mepe-

00p KOH(pUrypaluil; CoaomHasa JuHAA — dD@EKTUBHBIE y4ueT KOH(PUTYypanuil HOHOB
(cruromHAs NMHMS C OJHEM IOPOTOM IIOJIy9Y€HA B NPUO/INKEHUH CPEJHEr0 ATOMA)

st cedennii pOTOMOHM3AINY B KA9eCTBE UILTIOCTPamu 3 HeKTUBHOM
meroauku (cMm. popmysty (43) u3 § 5) MpUBEIEHBI PE3YILTATHI PACUETOB TIPH
T =3x3B, p=1,9r/cm® nnazonoraunpu T = 203B, p = 10~ r/em?® na
kenesa. s 3on0ta capur Ey He o9enb cyinecTBeHeH (HECKOJIbKO ATOMHbBIX
enuHui), a pasépoc (Bennunna FEo B dopmyne (40) w3 § 5) npusomut
K 3HAYUTENbHOMY CIJIAXKUBAHUIO TOBEJIEHUsI CedeHusi (POTOMOHU3AIUU B
NPUHOPOTOBOH 061acTH. DTO XOPOIIO BUIHO U3 pHUC. H5.18, Tae npuBeIeHbI
ceueHnsi (POTOMOHU3AIMHN KAK C JeTaIbHBIM y4eToM KoHduryparwmii (yare-
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HO 768 cocTosiHuii HOHOB), TaK U 1O 3(PHEKTUBHON METOIUKE [JIs YPOBHS
n=20=0,j=1/2

Kaxk Bunno u3 puc. 5.18, pacuer ceuennii (porononnzaiiuu 6e3 nepedbopa
KOHGUIrypanuii HOHOB JAeT CJUIIKOM TPyObIil pe3ysabrar, Toraa Kak 3d¢-
deKTuBHAS METOIMKA, XOPOIIIO COTJIACYETCS C IeTAJbHBIM pacueToM. bosee
TOrO, yBeJIMYEHUE YHUCIa PACCMATPUBAEMBIX KOH(MUTYypaluil B JeTaIbHOM
pacdere, a TaKXKe yUeT MYJbTUILUIETHON CTPYKTYPBbI CHEKTPa U JPYTHUX
3ddekToB ymmupeHnuss U PACHIEIJIEHUS MPUBEILYT, MO-BUANMOMY, K €IIe
0OJIBITIEMY COOTBETCTBUIO.

W3 pucyHKOB TakkKe BHIHO, YTO Tepebop KOHMUTrypamuii MPUBOIUT
K Ka4Y€CTBEHHBIM HU3MEHEHHUAM B CIIEKTPE IIOIVIOIIEHUA II0 CPAaBHEHHUIO C
MO/JIEIPI0  CPEIHEr0 aToMa. 3aMeTHbl W KOJMYEeCTBEHHbIE W3MEHEHUs! B
CPeIHUX XapaKTEePUCTUKAX, B 9aCTHOCTH, y4eT (DIyKTyaruii moporos ¢o-
TOMOHW3AINU MOXKET IMPUBECTU K U3MEHEHWIO POCCEJIAH/IOBBIX IIPOOErOB HA
~ 20% (cnekTpasIbHbIE JMHUKM B PacdeTax He YYUTHIBAJIUCH). Ilpu Gosee
HU3KHUX TEMIIEPaTypax OTJIMYre Pe3yJbTATOB, MOJYyYeHHBIX B MPUOJIMKe-
HUU CPEJHEro aroMa OT JETaJbHOIO pacdeTa ele Oojiee 3HAYUTEIbHO.

1 (W)
10% §
10% F

102 ¢

Y

10t

o

50 100 150 200 250 w,x3B

Puc. 5.19. KosdburnumenT nornomuenus npu dboTononu3anuu (cm?/T) B IIa3me xKenesa

npu temneparype T = 20 5B u miorHoctu p = 107° r/cM® ¢ pasaudHbIME CIOCOGaMu

ydera KOH(MUrypanuii: CIJIONIHASA JIMHHS — JeTAJbHBIH epebop KOHMUTYpaImii;
IITPUXOBAsI JUHUS — 3PPEKTUBHBIN yUeT

Ha puc. 5.19 npuBe/ieHbl pe3yabTaThl PACUYETOB CeueHusi (POTONOHU3A~
uum s skenesa npu Temmneparype I = 20 3B u nuorroctn p = 107*
r/ cM?, MOJIyY€HHBbIE KaK IYyTeM JEeTAJHHOTO mepedopa KOHMUTYPAIHil 1Mo
dbopmyne (38) w3z §5, tak u no 3ddexkTusHO Meromuke (43). 3mech
pacder 1Mo cpegHeMy aTOMy JaeT Pe3yJibTaT, B 2 pa3a OTIUYAONINNACS OT
JIETAJIBLHOrO pacueTa, B TO ke BpeMms dhdexkrusnas meroquka (43) uz §5
XOPOIIIO OMHUCHIBAET JIETAJIHHBINA PACYeT.

CpaBHeHue pe3ysIbTaToB paciera mo dhopmyie (35) u3 § 5 ¢ IKCrepumeH-
TasNbHBIMA JTaHHbIME [220] 1715t masmbl ronbMust (Z = 67) mpoBeaeHo Ha
puc. 5.20. Tlpuesen criekTpaabHbIl KOIDOUIUEHT TPOXOXK,IeHUsT (TPAHC-
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T(w) 1
0,8 0,8
0,6 0,6
0,4 0,4
0,2 0,2+
100 150 200 100 150 w, k3B
Puc. 5.20. Kosddunuent npoxoxaeHusi (TPAHCMHUCCHsI) B IJIa3Me TOJBMHS IIPU
remnepatype T = 20 3B wu mmornoctu p = 0,03 r/cm® (TommuHA CIOA TLIA3MBI

L =5-10"* cm) B 3aBucuMocTH OT SHeprum boToHOB B 3B (crurommmbre muHuEH): (@) —

6e3 ydera MyJBTHIUIETHOH CTPYKTYpHI, (b) — € yd4eroM MyJbTUIJIETHOH CTPYKTYPBI

CIEKTPA B IPUO/IMKEHHH MOIIKOBCKOTO U € y4eToM (DIIyKTyaIuil 4ices 3aII0HEeHHsI 110

dopmyse (35) n3 §5. s xaxzmoro u3 ciaysaes (a) u (b) nIpUBENEHBI TAKXKe SKCIEPH-
MeHTaJIbHbIe JaHHble [220] (ITpuxoBast JIMHUS)

MUCCHSI), KOTOPBIA BBIYUCIISAICS 10 (popMmyIie
T(w) = e PE, (1)

rae »(w) — CHeKTPaJbHBIN KO3(DdOUIMEHT MOTJIONeHNsl, p — MJIOTHOCTD
BeriecTBa, L — Tojmuua ciog mia3mbl (i mia3Mel rojabyus L =5 10—
cM). Kak MOXKHO BUIIETH U3 PUCYHKOB, pacueT 1o ¢gopmyiie (35) maer ymo-
BJIETBOPHUTEJILHOE COTJIACHE C KCIepuMeHTOM. B To ke BpeMmsi pacuer 6e3
y4eTra MyJIbTUILIETHON CTPYKTYPHI CIIEKTPa He ONMUCHLIBAET IKCIEPUMEHT B
00JIACTH CUJIBHBIX JIMHHUIA.

2. 3aBucuMocTh K03(DUIMEHTOB MOIJIOIIEHNS OT HOMepa Jie-
MEHTa, OT TeMIIepaTyphl U ILIOTHOCTHU BeriecTBa. Pacuersl Tabuur
k03 duirenToB noryomenus U npoberoB (GoToHOB (CHEKTPAIbHBIX, a
TaKKe YCpeIHEHHBIX 1Mo Poccesam iy ), MpOBOASTCS HA OCHOBE Pa3/UIHBIX
nporpamm (kozoB). Kparkyio undopmanuio o nporpaMmax u OPUHATHIX B
HUX TPHUOIUKEHUSX MOXKHO HAUTH B CTAThAX U OTYETAX MEXK/LyHAPOIHBIX
CeMHMHApOB 1O pacueram Henpozpaunocmu (opacity) [139,140]. Tam xe
MPUBEIEHBI PE3yJIbTATBI PACUYETOB s PAA IJIEMEHTOB W WX CMecei,
[IPOBE/IEHO COTIOCTABJIEHNE ITPOTPAMM U CPDABHEHHE C SKCIIEPUMEHTAIbHBIMU
JaHHBIME (cM. [194,219]). OTMernM, YTO JOCTUIHYTHIE B HACTOSIIEE BPEMsI
yCIIEXW B PA3BUTUHN IKCIIEPUMEHTATHHBIX METOIOB, & TAKYKE UCIOIb30BAHUE
MHOTOIIPOIIECCOPHBIX CYHNEPKOMITBIOTEPOB TO3BOJISIOT 3HAYUTEIBHO IPO-
JBUHYTHCS B TEOPETUIECKOM OIMUCAHUY PATUAIMOHHBIX CBONCTB BEIECTBA
(cM. mesblii psan paboT, Oy 6JIMKOBAHHBIX B OC/IE/IHEE BPEMS, B YACTHOCTH
[189, 211, 212, 220, 112, 168, 199, 135]).
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Ha ocroBe pa3paboTaHHBIX IIPOrpaMM Co37arorcs Oubsmoreku (6asb
nanubix) koaddunuentos norsomenus ¢poronos. [Ilupoko ussecrna 6u-
6ymoreka acrpodusnueckux gaubix OPAL JIlusepMOpcKoil HAMOHAB-
HOHI naboparopun, a Takxke oubmmoreka SESAME Jloc-Anamocckoii Ha-
uproHaJibHOM sadboparopun CIIA. Ananornunas O6uOIMOTEKa NAHHBIX U
nporpamva THERMOS™) paspaGorana B HHcTHTyTe IpHKIAIHOI MaTe-
varuku M. M. B. Kengeima. THERMOS nossonser onucbiBaTh paana-
OUOHHBIE 1 TEPMOAWHAMHUYIECCKUE CBOICTBA PAa3JIMIHBIX BEIIECTB 1 cMecei B
[IIMPOKO# 00JIACTU TEMIIEPATYP U IJIOTHOCTEH. Moie/in U aJropuTMbl, pea-
sm3oBanubie B uporpamme THERMOS, untaTens MoxKeT HAWTH B JaHHOM
KHUre.

Pacuersr moipoOHBIX TaOIHUIL IPEIbABISIIOT 0COObIe TPEOOBAHUST K UC-
OOJB3YEMBIM TIDOTPAaMMaM — OHU JOJIZKHBI 6bITI) HE TOJbBKO TOYHBIMH,
HO ¥ JOCTATOYHO OBICTPHIMU, YTOOBI MOXKHO OBLIO TPOBOIUTH PACUETHI
0OJIBIIIOrO KOJIMYECTBA TOYEK 110 TEMIIEPATYPE U ILIOTHOCTHU BerecTsa. [l s
obecredeHnst TOYHOCTH HEOOXOIMMO TOCTATOYHO AKKYPATHO PACCIUTHIBATD
KaXXIbIi M3 IIPOIECCOB, PACCMOTPEHHBIX B HACTOAIIEH TIJIaBe, TaK Kak
JIF000# U3 HUX MOXKET OKa3aThCsl OIPEJIEJISIIONIUM B HEKOTOPOM JIHAIIA30He
Temmeparyp u miaotHocTeil. Hapsimy ¢ mcmomb3yemMbiMu MpUOIHMKEHUsIMA
GOJIBIIYI0 POJIb UTPAET BHIOOP MPOTPAMMHBIX MAPAMETPOB — TaKWX, KaK
YUCI0 YYUTHIBAEMBIX 0DOJIOYEK, KOJIMYECTBO MEpeOUpaeMbIX MOHOB, pac-
YEeTHbIEC CETKHU U [pP.

TaK KaK HaH6OJIee TPYAOEMKUM ABJIACTCA YYI€T TIOTJIOIEHUA B CIIEK-
TPaJIbHBIX JIMHUSIX, TO OCHOBHBIM IIapPaMETPOM, OIIPEJIEJISIONIUM BpPeMsI
pac4eTa, OKa3bIBACTCA KOMUIECCTBO YIUTHIBAECMbIX JICKTPOHHBIX O6OJIO‘I€K.
Bamerum, 4TO OOJIEE CHJIBHO Ha BPEMsl PACUYETa BJIUSET KOJUYECTBO Tie-
pebupaeMbIx cocTosiHUil MOHOB (KOH(pUrypaluii), omHAKO P DEKTUBHBIE
METO/IUKH, PACCMOTPEHHBIE B § 5, MO3BOJAIOT B HAWOOJEe CJIOKHBIX CIIy-
qagx 3HAYUTE]HHO YIPOCTUTH Takoil mepebop. B tabmume 5.12 mpusese-
HbI PEe3yJIbTaThl PACYETOB POCCEJIAHIOBBIX IIPOOErOB B 30JI0T€ C yYE€TOM
PA3IUIHOTO FHUCIA OD0TOUIEK 1 < Minax, Nmax = 0 + 15. Bpemst pacuera
C JeTaJbHBIM MePedbOPOM KOHMUTYPANUNR IIA Ny = 06 U Moy = 15
oramyaercss npumepHo B 15 pas. Orcroga sicHO, 4TO i ODecredYeHust
BBICOKO#H 3(DEKTUBHOCTA ¥ TOYHOCTH ITPOTrPAMM HEOOXOAMMO MPEIyCMO-
TPeTh HCIOJb30BAHUE PA3JIMYHBIX (DUUYECKUX MOJEIEH ¥ METOIUK IIPH
[IPOBEJIEHUH PACYETOB. ¥ HUBEPCAJIBHOCTD IIPOIPAMM [TO3BOJISIET IIPOBOIUTD

*) Hassanne THERMOS cBs3an0 co CJIEIYIOUIAMHU CJIOBAMU:

—  Thomas—Fermi model

—  Hartree, Hartree—Fock, Hartree—Fock—Slater self-consistent field models
—  Equation of state

Rosseland mean free path

—  Mixture of elements

—  Opacity calculations

—  Storage of data

nOEmET S
\
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Tabauna 5.12. Biusame 4ncia yIATHBAEMBIX ODOTIOYEK NMmax HA KOIDPUIIHEHTHI
HOTJIONIEH s B TIJIA3Me 30J10Ta pH mioTHocTH p = 0,1 r/cm® u Temmeparype T = 1 k3B
(npuBeseH Tak)Ke COOTBETCTBYIOMMI CpeJHUH 3aps HoHA Z()

Tmax Zo g, eM2/r | s, em2/r
6 66,48 9,34 146
8 66,42 18,4 150
14 66,20 22.9 152
15 66,16 23,4 152

pacyeTsl B MIMPOKO# 00JIACTH TeMIEepaTyp ¥ IJIOTHOCTEH, a COIOCTABICHIEe
Pe3yJIbTATOB, Oy Y€HHBIX PA3HBIMU METO/IAMHU, TIO3BOJISIET 00ECIIeIUTh UX
HATE2KHOCTb.

3uavenus cpeaHUX KO3 MUIUEHTOB MOTJIONIEHNs B COCTOSTHUN JIOKAIIb-
HOT'O TEPMOJIMHAMUYECKOTO DPABHOBECUsI OMPENEISIOTCS TeMIepaTypoi,
IUIOTHOCTBIO M COCTABOM BeIecTBa. B 001acTH BBICOKHWX TEMIIEpaTyp u
CPABHUTEJBHO MAJBIX IJIOTHOCTEH, KOTJA BEIeCTBO MOYTH ITOJIHOCTHIO
HMOHW30BAHO, ONPEIETISIONIMMEA SBJISIFOTCS IPOIECCH paccesiuust (M. ¢op-
mysy (23) u3 §2). I[Ipu stux ycaoBusix [yl POCCENAHIOBA npobera B CM
CTAHOBUTCSI CIPABEJIHBON 1pocTasi (hopMmysia

A
(=25—, 2
7 (2)

rae Zo — CpeIHwii 3apsj WoHa, A — ero aroMHbBIN BeC, p — IJIOTHOCTH
BemecTsa B r/cMe.

Ecnu npu BBICOKHX TeMIIepaTypax yBeJUdUBAThH IJIOTHOCTH BEIECTBA,
TO HaH6OHee BaKHBIMH CTaHOBATCA IIPOLECCHI TOPMO3HOT'O IIOTJIOIICHHA.
17151 TIOJTHOCTHI0 NMOHU30BAHHOMN IIJIOTHO# TIJIA3MbI COOTBETCTBYOMIAs (hbop-
MyJia Jjisi poccenanaoBa npobera B nmpubsmkennn Kpamepca (cM. Hanpu-
Mep, [44]) umeer Bux

A2T7/2
e=171,7 p2—Z3’ (3)
rae T — remmeparypa B K3B.

@opmyast (2), (3) paboraoT TOrJa, KOrJA He BarKHBI CBSI3aHHBIE CO-
cTosiHUS 37eKTpOoHOB. Kak mpaBusio, 3aBuCHMOCTb Ko3h duiineHTa morso-
MEHUs OT TEMIEePaTypPbl U TJIOTHOCTH UMeEET OOJiee CIOXKHBIN XapakTep.
OO6bBIYHO 3HAYUTEIHHOE BiUsHIE HA KOI(MMUIHMEHTHI MOTJIONIEHNs] OKa3bl-
BAIOT CIIEKTPAJIbHbIE JIMHUK, BECHbMA CYIIIECTBEHHBIMH SIBJISTFOTCS TPOIECCHI
POTOMOHM3AITNN.

CpaBuenne cedenuii GpOTOMOHMU3AINHU, TOJIYUEHHBIX IO MIPOrPAMMaM
THERMOS, OPAL u STA, nposenero Ha puc. 5.21 mjist maa3Mbl XKejiesa
npu Temmeparype T = 20 3B u mmotoctn p = 10™* r/em®. Kak Bummo
U3 PHUCYHKOB, DOJiee MOApoOHasi JeTan3alusi MoporoB (hbOTOMOHU3AINH,
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npungaTas B nporpammve OPAL no cpasrenuto ¢ nporpammamu THERMOS
u STA (B nporpamme OPAL suepruu ypoBHeil pacCYUTHIBAIOTCS B IPUOJIU-
JKEHUW CBsI3M TIPOMEXKYTOYHOIO THIIA), TPUBOAUT K CIJIAXKUBAHUIO TOPOrOB
POTOMOHM3AITNN.

s (W) ‘ ‘ ‘ 10
10%¢ < 10*
10%] 103
107 107
10t 10"

0 50 100 150 200 250 300 0 50 100 150 200  w,xoB

Puc. 5.21. Koadduruent nornomenus npu (pOTOMOHU3AINN B CM2 /T B IJIa3Me JKeJie3a

upu Temneparype 7' = 20 3B u miorHOCTH p = 10~% r/CM3 C JIeTaJIbHBIM T1epebopom

KoHburypanuii, nosydenssiii mo nporpamvme THERMOS (cmrombast snuHHS) , 1O

nporpaMme OPAL (mrrpuxoBasi IMHAS — JIEBBIH PUCYHOK) 1 10 nporpamme STA (mrpu-
XOBasl JIMHUsI — IIPABBIH PHCYHOK)

CrniekTpasibHasi 3aBUCUMOCTD KOI(DDUIIMEHTOB MOTJIOEHUs »#(w) C yde-
TOM BCEX, PACCMOTPEHHBIX B §2 MPOIECCOB, MPOWIITIOCTPUPOBAHA HA
puc. 5.22 na npumepe mosubena (Z = 42) npu mioraoctu p = 0,1 r/cm®.
Kak BugHO M3 pucyHKa, CleKTpajbHAs 3aBUCHMOCTb KO3(hdUIMEHTa M0-
TJIOIIEHUS [IJIsi MOJTUOIeHa B YKA3aHHON 00JIACTH OIpeesieTcs mpoIecca-
MHn (bOTOHOHH3aHHH 1 [IOorJIomieHrueM B CIIEKTPAJIbHBIX JIMHUAX. BJII/I?{HI/IQ
9TUX TPOIECCOB HA POCCEJIAHIOB TPOOEr 3aBUCUT OT TOrO, KAKOBA WX
posib BOIM3M MakcuMyMa BecoBoi (dyHkiuu Poccenanga. 3ameTum, 9To
HAUOOJIBINHNIT BKJIAJ, B POCCETAHIOB MPOOEr BHOCAT OOJACTH ¢ MHHUMAJIb-
HOI Hempo3padvHOCTBIO (CM. puc. 5.23, TJe TPUBEJIEHBI COOTBETCTBYOIINE
IDIOOWHTETrPAJIbHBbIE KPUBLIE IIPHU BBIYUCIICHUU POCCEJIaHIOBA Hp06€ra JJIA
MoubIeHa).

Posb ciekTpasbHBIX JTUHWI XOPOIIO BUIHA HA PUC. 5.24, Te MPOBeIeHO
cpaBHeHue KO3(hMUIMEHTOB MOIJVIOMIEHUsT KAK C yIeToM, Tak u 6e3 ydera
JIMHUP [JIs CPDABHUTENIBHO JIEFKOrO 3jeMenTa ajmomubus (Z = 13) u s
3om0t1a (Z = 79). Kak noka3blBaeT aHAIN3 BJIHMAHUA CTEIEHH 3aII0JHEHHS
3JIEKTPOHHBIX 000s104€K Ha KO3(DDUIMEHT TOIJIOMIEHUsI, 00JIACTh MAKCH-
MAaJIbHOT'O BJANAHUST JIMHUI COOTBETCTBYET TaKOM HOHU3allNH, KOr'Ja Ha I1ep-
BOIl He3amOJIHEHHON 000JI0YKe OCTAETCSI IIPUMEPHO MOJOBHHA, JIEKTPOHOB
(cM. Takxke tabma. 5.13). Tak, mampumep, mjst 3omota mpu T = 1 k3B,
p = 1 r/em® Ha 06ono¥Ke ¢ m = 3 HaXOAWTCA TMPUMEPHO MOJOBHHA
3JIEKTPOHOB OT MAKCHUMAaJIbHO BO3MOXKHOTO MX YHCJIA.
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(W
(w) 10¢
T=3 T =10
10°
10°
10*
10% 10 20 30 40 50 60 0 50 100 150 200
T 10° ‘ '
5
10 T =30 T =100
104
10%
10°
10° : s : : :
0 100 200 300 400 500 600 0 500 1000 1500 2000
5 4
10 T = 300 10 T = 1000
104 10°
102 102
102 10
10t 10° 1
_
0 2000 4000 6000 O 5000 10000 15000 w,sB

Puc. 5.22. Koadbdunuents norsomenus B cM2 /T B I1a3Me MOTHO/IEHA HA HHTEPBAJIE
suepruii poronos 0 < hw < 207" mpu pas3iauvHBIX Temueparypax 1’ B 3B u miaorHOCTH
_ 3
p=0,1r/cm
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{(w)R(x) 2,5-1074 » , :
1'10_4 T:3 2'10—4 T:].O
8.107°
1,5-1074
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1-1074
4.107°
2.107 51077
0 10 20 30 40 50 60 0 50 100 150 200
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Puc. 5.23. IIpober wu3myvenusi £(w) B CM, YMHOXEHHBIH Ha BECOBYIO (DYHKIIHIO
Poccenanga R(z), ¢ = hw/T, B mna3me MoaubaeHa HA MHTEpBaje SHepruil (pOTOHOB
0 < hw < 207 npu pazmmunbx Temneparypax T B 3B u miorsoctn p = 0,1 r/cm>
(cp. ¢ puc. 5.22)
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Iy . . . 10°
10* f 10*
10% | 10% ¢
102 f 10%
10t | 10" ¢
10° f T=1 H10°¢ ’
1074 | 10'-2 | 160 10? 1074 | 10'—2 | 160 | 162 T

Puc. 5.24. KosdduuenTsl noromenus (HeIpo3padHocTs »%, = 1/(pl)) B mrazme

IIOMMHHUS ¥ B IUIa3Me 30JI0Ta C yYeTOM CIEeKTPAJIbHBIX JIMHHUH (CIUIONIHbIE JIMHWUU) U

0e3 ydera CIEKTPAJIbHBIX JIMHUH (IITPUXOBBIE JIMHUKM) B 3aBUCHUMOCTU OT IJIOTHOCTH
pB I‘/CM?" IIpuBenensl kpusble npu Temneparypax 7' = 0,1 ksB u 7' = 1 k3B

3aMeTuM, YTO B 3HAYUTENHHOM OOJACTH TEMIIEPATYD W ILIOTHOCTEH
CIEKTPAJIbHBIE JIMHUY TLJIOTHO 3aIOJHSIOT OIMPEJIe/IeHHbIE YIaCTKU CIEK-
Tpa, X OpPOMWIN CYIIECTBEHHO TEPEKPBIBAIOTCS 3a cueT (MIIyKTyamnuit
qucesT 3aMoHeHnsT U 9DHEKTOB MYIbTUILIETHOTO PACIIEIJIEHUS, TIOITOMY
Pe3yJIbTaThl PACYETOB POCCEJIAH/IOBBIX TPOOEroB, KaK MPABUJIO, MAJIO IyB-
CTBUTEJbHBI K BEJUYHHE JIEKTPOHHBIX IUPUH U METOAY ydera MOHHOIO
yumpenus (3¢dpdexra Hlrapka). B wacrHOCTH, yBeIMYeHHE JIEKTPOHHBIX
[MIUPUH BIBOE B TOW OOJACTH TMPUBOAUAT K W3MEHEHHUIO MPOOErOB BCETO
JINITH HA HECKOJIBKO TPOIEHTOB.

Tabauna 5.13. Cpennwuit 3apsii HOHA Zo JJIs 30JI0TA IPU PA3JIUYHBIX TEMIIEPATYPAX
¥ IJIOTHOCTSIX

p, r/cmd T, k3B
0,1 0,316 1,0 3,16
10—4 32,655 52,906 69,522 77,000
103 29,688 51,034 69,021 76,998
102 26,357 48,648 68,573 76,996
10-1 22,282 43,920 66,400 76,809
100 17,868 36,813 60,877 75,601
10! 16,095 30,414 52,124 71,329
102 19,119 29,098 45,644 65,198
103 43,001 43,547 47,811 58,950
10% 61,000 61,000 61,052 63,067

3aBucuMocTb KO3 GUIMEHTOB MOIJIOMIEHUsT OT HOMEPa, 3JIEMEHTa PO~
WLTIOCTPUPOBAHA HA puC. H.25, Te NpUBEAEHbI ycpemHeHHble mo Poc-
ceauay u Ilnanky Ko3hDUIMEHTHI MOTJIONIEHNsT [IJIsi JIBYX TOYEK II0
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temmeparype u moraocta (T = 1 k3B, p = 0,1 r/em® u T = 0,28 k3B,
p=0,051/cm?).

My,

»p

1000

0 20 40 60 80 Z
Puc. 5.25. Cpexnuue no Poccenanay (cmrommnsie juauu) u 10 [Lnasky (mrpuxoBbie

JII/IHI/II/I) K03 PUIUEHTHI TIOTJIOMEHNUST B cm? / I B 3aBUCHMOCTHA OT HOMEpa dIeMeHTa 7
s T = 1x3B, p= 0,1 r/cm® u T = 0,28 k3B, p = 0,05 r/cm>

Ha pwuc. 5.26 mpusenennt cpeaume 1mo Poccemanay ko3ddunmeHTbt
nornomenus GoToHoB B cM2 /v ana amowvmaua (Z = 13), monmbaena
(Z = 42) u 3omora (Z = 79) B 3aBucuMocTH or Temneparypsl T' B k3B
npu miaorHoctax p or 107* r/em® no 10* r/em® ¢ usmenenuem mioT-
HOCTU HA& OJIWH TOPSIOK M KaXKI0HM TOCTemyIoneil KpuBoit. Xapakrep
3aBUCUMOCTH KO3 DUIIUEHTOB MOTJIOMIEHNS OT TEMIIEPATYPHI U ILJIOTHOCTH
3aBUCUT OT CTENEHNW WOHM3AIMH 3JIEKTPOHHBIX 00osouek. Hauamo moHu-
3amuu KaXKI0#W ODOJOYKM COOTBETCTBYET YMEHBIINEHHUI0 KO3ddduimenta,
HO 3areM, Korja O0OJ0YKA WOHM3YETCsl TIOYTH HAIMOJOBHHY, BO3MOXKHO
3aMeTHOe yBeanueHue Ko UIUeHTa moroeHns, CBI3aHHOe ¢ POCTOM
BJIASTHAS CTIEKTPATbHBIX JIAHAI.

CpaBHeHue Pe3yJIbTATOB PACUETOB POCCEIAHIOBBIX IPOGEroB IIPH MLI0T-
noctu p = 0,1 r/cm® s amovunus (Z = 13), meaun (Z = 29) u esponus
(Z = 63), Borunciennbix no nporpamme THERMOS, ¢ nanabivu 6ubsmo-
ek SESAME [165], onybnuxosanusivMu B [217] (B rpadueckom Buze),
nposesieHo B pabore [88]. CpaBHeHHe MOKA3aJ0, UTO TIPH TEMIIEPATYPAX
T > 100 3B ornuuus Mexmy AByMsi MPEACTABICHHBIMU PE3yIbTATAMU
maJbl (rpaduku Hepasauaumbl). [Ipu HU3KUX TeMIEpaTypax, rie OCHOB-
HOI BKJsajg B wHTerpan Poccenanma maer dhOTOMOHW3AILMUs, CYIECTBYIOT
HEKOTOpBIe oTnyus [88].

OKcrepuMeHTaIbHble 3HadYeHust KOd(DQUINEHTOB NOIJIONIEHNs 3, B
AFOMUHMM ¥ JKeje3e TIpU IUIOTHOCTH p =~ 1 r/cv® u TemmepaTypax
or 0,5 3B mo 1,25 k3B omy6mukosawsl B [2, 3]. B rtabm. 5.14, 5.15
[IPOBEJIEHO CPABHEHUE ITUX JAHHBIX C PE3YJIbTATAME PACYETOB 110 MOJIEIN
Tomaca—®epmu [72, 75] u mo moaenu Xaprpu—®oka—Ciarepa (pacders 1o
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102

10°
0,001 0,01 0,1 1 10

108 [
10° E
10* ¢
10% f
10° f

0,001 0,01 0,1 1 10

10%
10°
10*
10?
10°

0,001 0,01 0,1 1 T, x>B

Puc. 5.26. Koacdbdbunuentsr nornomenus s, = 1/(pf) B cM?/r B mIa3Me amioMuHus,
Mosu6AeHa U 30I0Ta B 3aBUCUMOCTHU OT TeMIepaTypsl I’ B K9B U pa3IMYHbIX IJIOTHOCTIX
p=10% r/em®, roe k = —4,-3,-2,-1,0,1,2,3,4

nporpamme THERMOS), a rak:ke ¢ pe3ysibraMmu pacyeToB 110 NpOrpaMMaM
OPAL, HOPE u STA [139].

OrMeruM HENJIoXoe COrJIache C IKCIEePUMEHTATHHBIMUA [TAHHBIMU MPH
T < 0,75 k3B B npenenax mOrpenrHocTH KCIEPUMEHTA, B TO BPeMs KaK
npu TeMriepaTrypax Boirre 1 k9B numeer mecto 3amerHoe orsimane. [1pu sTom
Pe3yIbTATHI PACYETOB TI0 PA3JIUIHBIM IIPOTPAMMAM HAXO/ISTCS B XOPOIIIEM
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Tabauna 5.14. Cpeanuit no Poccenanmy ko3 dUNUEHT MOTIONEHUA >, B cm? [t s

ATIOMUHUS
T, kB 0,5 0,75 1,0 1,25
T 40,5 9,09 2,09 0,83
THERMOS 46,1 10,3 2,14 0,83
OPAL 59,3 2,13
HOPE 53,1 1,92
STA 52,5 2,08
Okcnepumenrt [3, 113] 51 +8 13+2 2,9+0,4 1,14+0,2

Tabauna 5.15. Cpeanwuit mo Pocceranay k03 GUIHEHT MOTTIOMEHA 3, B cm? /T anst

JKeJie3a

T, x3B 0,5 0,75 1,0 1,25
T® 62,5 7,81 2,70 1,59
THERMOS 79,6 8,37 3,14 2,29

OPAL 84,2 3,48

HOPE 78,2 3,56

STA 71,8 2,74

Dxcmepnyvent [3, 113] 82+ 12 7,841 2,34+0,4 1,340,2

COOTBETCTBUM APYT ¢ ApyroM. Tak Kak JaHHBIE [3| OTy9IeHbI B pe3yIbTaTe
06pabOTKM PacIeToB MO HEKOTOPBIM IPOTPAMMAaM PaJIAAIUOHHON Ta30BOi
JMHAMUKH, TO, II0-BUIUMOMY, TpeOyercs HpOBeJCHHUE IOIOJHUTEILHOrO
anaiu3a U 00pabOTKU STUX JAHHBLIX ¢ YYETOM HOBBIX PE3YJIbTATOB.

J1J1s1 JIOTHOM BBICOKOTEMITEPATY PHOM TLJIA3MbBI TSXKEJIBIX JIEMEHTOB Te-
OpPeTUYECKHE 3HAYCHUsT KO3((DHUINEHTOB MOrJIOIEHNs HeMHOTOUNCICHHbI U
PeIKO BCTpedaroTcs B auTeparype. Haubosee MONHbIE U TOYHBLIC JTAHHBIC
pacdeToB IO HEmpo3padHoCTh copep:xkarca B oubauoreke SESAME Jloc-
Anamocckoit HanponabHOM aboparopun CIITA, ogHAKO OHM HE ABJIAIOT-
Cs IMUPOKO JOCTYIHBIMHU i uccaenoareneii. Cpeayu OmyOIMKOBAHHBIX
pe3yJIbTaTOB €CThb JaHHBIE st 3010Ta [180, 125, 126], cunma [127] u

Tabauna 5.16. KoadbdunuenT mOrIOmMenns », B cm? /T s 30710Ta,

T 0 [126] [88] THERMOS THERMOS
JeTaJIbHBIH 3ddeKTUBHBIN

0,316 19,3 1731 2116 2013 1901
0,316 1,93 1323 1433 1276 1447
0,75 19,3 526 552 545 624
0,75 1,93 260 329 312 374

1 19,3 245 308 287 326

1 1,93 104 167 145 145

esporusi [217, 154]. B tabs. 5.16 cpaBHHBAIOTCS PE3YJIBTATHI PACYETOB,
nonydennbie 1m0 nporpamve THERMOS, u ganuble mjisi 30510Ta, OmMy-
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6smkoBanHble B [126]. Kpome Toro, mpuseneHbl gaHHBIe U3 paboTs! [88],
MoJTy YeHHbIe paHee 6€3 ydyera MyJIbTUILIETHOW CTPYKTYPBI CIIEKTPA, OTHAKO
C WCIONb30BaHWeM BapuaHTa 3dderTuBHOl Meromuku (35) uz §5. Uz
TaOJIUI BUIHO, 9TO PA3JIMIHbBIE MPUOJIUKEHNS AT OJIM3KHAE PE3YIbTATH
(ormaume < 20 %), 3a uckmodennem cayydas T =1 k3B, p =1,93 r/cm?®, —
31ech pe3yabTaThl pacdera mo nporpamvme THERMOS B 1,5 pasa 6osbiie,
ueM nauHble [126].

3. CnekTpaJsbHbie Ko3ddurmeHTs! noryornieausa. Ha puc. 5.27,
5.28 CpaBHUBAIOTCS BBIYUCIEHHBIE U KCIEPUMEHTAIbHBIE 3HAYEHUST KOID-
durenTa TPOXOKAeHNs (TPAHCMUCCHsT) JIJIsI TIIa3Mbl repManust (Z = 32,
T =1763B, p = 0,05 r/cm®) u mnasmbl xkenesa ¢ npumecbio NaF (T =59 3B,
p = 0,013 r/cm?; npumecs NaF cocrasnser 19,8 %). [Insa repmanus

T(w)
0,8
0,6
0,4

0,2

1200 1300 1400 1500  w,sB

Puc. 5.27. KosddunueHT npoxXoxIeHHsS B IJIa3Me IepMaHUsl [IPH TeMIepaType

T = 76 3B u nnorrnoctu p = 0,05 r/CM3 B 3aBHCUMOCTH OT 3Hepruw (poTOHOB B 3B,

nosydensslit mo nporpamvMe THERMOS (cmuomHast JuHESA), W 9KCIEPUMEHTAJIbHBIE
nauHble [142] (mTpuxoBast JIMHMS)

T(w)
0,8
0,6
0,4

0,2

100 150 200 250  w,sB

Puc. 5.28. Ko3dduruenT npoxoxKaeHus B ma3Me xkejes3a ¢ npumecbio NaF npu tem-

neparype T' = 59 3B u mnorHoctu p = 0,013 r/ cM> B 3aBHCHMOCTH OT SHEPIHH (POTOHOB

B 9B, nonydenusiit mo nporpamme THERMOS (criomnas JinHus), U 9KCIEPHMEHTAb-
Hble gaaHbe [211] (wTpExoBas nuHMAN)
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TommuHa, cmod maasMmbl L = 0,0032 cm; mist Keme3a ¢ mpumechbio NaF
Beqmanaa L = 0,03 cm. MoKHO yBUIETH yIOBJIETBOPUTETHHOE COTJIACHE
pesyabraros nporpamMvbl THERMOS ¢ skcrepuMeHTaIbHBIME TaHHBIMU
Jyist repManus [142] u xxenesa ¢ mpumecsio NaF [211].

Ha puc. 5.29, 5.30 mpoBeneHo CpaBHEHWE DPE3yJIbTATOB, MOJIY9IEHHBIX
no nporpamme THERMOS (¢ meranbpabIM yueToM KOH(UTypanuil u yde-
TOM TOHKOH CTPYKTYDbI B pubinzkerun MOIIKOBCKOTO), ¢ pe3y/IbTaTaMu
nporpamm OPAL u STA [139, 140]. Kak yke yka3bBajioch (CM. 1.5 u3
§5), B mporpammax THERMOS, OPAL u STA ucnonb3ytoTcs pasindHble
MOJIe/In W TPUOJMKEHUS KaK JJisd pPacdera ypPOBHEH SHEPTWH HWOHOB WU
BOJTHOBBIX (DYHKIWIA, TaK U [JIsi CEYEHWI B3AMMOIEHCTBUS MU3JIy9YEHUS C
BerriecTBoM. CpaBHEHNE PA3JNIHBIX METOAMK MO3BOJISIET CAEJIaTh BBIBOJIbI
0 CTereHn HeOMPEIEIeHHOCTH B JAHHBIX, [TOJIY 9aeMbIX PA3HBIMU METOIAMM,
1 00 UX HAIEKHOCTH.

Cospemennbie nHDOPMAIHOHHBIE TEXHOJOTUU MTO3BOJISIOT CO3ABATH U
HaKATLIMBATEH 6a3bI JAHHBIX [0 CIEKTPAJIBHBIM U CPeIHUM KO3dduimenTam

#(w) THERMOS —
OPAL —
10° : E
|
}
10%

0 50 100 150 200 250 300

THERMOS —

STA —

10°

10*

0 50 100 150 200 250 w,>B

Puc. 5.29. CpaBHeHue CeKTPaJbHBIX KO3(MMUIIMEHTOB MOIJIONEHUs B I1a3me Fe npu

Temneparype 7= 31,7 3B u mioraocru p = 0,01 r/ cM®, MONMyYeHHBIX 1O MPOTPaMMe

THERMOS (crutonisast unust, >, = 1,565 10%), mo mporpammam OPAL (mrpuxosas
aunud, s, = 1,734 -10%) u STA (mrpuxosas nunus, s, = 1,640 - 10%)
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(W) P THERMOS —

OPAL —

102

102

500 1000 1500 2000 2500 3000

10° ' ' THERMOS —
STA

102

102

10t
500 1000 1500 2000 2500 w,3B

Puc. 5.30. Cnekrpasbable Ko3ddunuenTs noromenus B miadme CigoHi190O20Br

(arap-arap c npumechto 6poma) pu Temneparype T= 270 3B u miotHoCcTH p = 0,2 T/CM>

no nporpamme THERMOS (crutomuas muHus, x, = 45) u mo nporpammam OPAL
(mTpuxoBas JMHUA BBEPXY, iy, = 45) u STA (WTpuxOBad IMHHA BHHU3Y, 2, = 46)

orJIolIeHusi (POTOHOB [IJIsi Pa3JIMYHBIX BerecTB u cMmeceil. Takue 6a3bl
JAHHBIX HEOOXOIUMBI JJIsi PEIIeHsT MHOTUX 3334 PaIMAIMOHHON ra30Boit
IWHAMUKHA, TIPU PA3pPabOTKe HOBBIX TEXHOJOTUN M yCTPOUCTB.

PaccmorpuM B KadyecTBe mpuMepa 3ajady, KOTOpasi MMeeT BarKHOEe
3HaYEHNe NPH IOyYeHNN HCTOYHHKOB PEHTIEHOBCKOrO M3iydeHus [132].
ljist TOro, 9TOOBI TAKOM MCTOYHUK ObLI 3(h(HEKTUBHBIM, HEOOXOAMMO IIPO-
BeCTH IpeobpasoBanie (KOHBEPCHUIO) MAKCUMATHHOIO KOJTMYECTBA BIIOYKEH-
HOI1 3Hepruu B n3diydenue. Takoe nmpeobpazoBanue TpedyeT ONpeeeHHbIX
CBOIICTB HUCIIOJIb3YEMbIX MATEPUAJIOB, B YACTHOCTHU, B Psijie 33/1a9 KPUTH-
YeCKUM TapaMeTpoM sIBJIsieTcsl JjnHa mpodera ¢ortoHoB. s BBICOKOI
3ddekTrBHOCTH KOHBEpPCHE TPEOyeTCsi BEImEeCTBO, KOTOPOe MPU 33IaHHOM
TEMIIEPATYPe U IJIOTHOCTH 00J1aTaeT MUHUMAJIBHBIM Tpoderom. Mcmonb3yst
6a3y JaHHBIX CHEKTPATHHBIX KO3(hMUIMEHTOB MOIJIOMIEHUsI, MOYKHO MPO-
AHAJIU3UPOBATH UX MOBEACHHUE B 3aBUCUMOCTH OT HOMEPA JJIEMEHTa Z (CM.
puc. 5.26).

Kak mbI Bumenum Ha psie TPUMEPOB, CIEKTP MOTJIONIEHUsS (DOTOHOB
WHIUBHUIYAJIEH I KaxKJI0ro jeMeHTa. [Ipu BBICOKMX TeMIeparypax JJis
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3JIEMEHTOB C OOJBIIUM Z OCHOBHYIO POJIb WTPAET TOTJIONIEHUE B CITEK-
TPAJBbHBIX JTUHUAX, KOTOPBbIE PACIOJIOXKEHBI TOCTATOYHO Y3KUMU I'PYIIIIaMA
C YepeAyIIIUMUCS OKHAME TPO3PAYHOCTH (y9IacTKAMH CIIEKTPa C MaK-
CUMAJIbHBIM TPOOErom). DTO MPUBOJUT K TOMY, YTO IIE€PEHOC M3JLydeHUsi
JAJIA PA3HBIX 3JIEMEHTOB IPOUCXOJUT B PA3JIUIHBIX YIaCTKaX CIIEKTPA, XOTA
JIYYHCTAs TEILIOMPOBOIHOCTD JIEMEHTOB C OJIM3KUMHU Z MOYTH OJMHAKOBA.
CrenuaibHO BBIOWpAst JIEMEHTHI C ONPEIEIEHHBIMUA Z, MOYXKHO 3aKPbITh
OKHa MTPO3PAYHOCTH U MOJYYIUTH BEINECTBO C MUHUMAJILHBIM HpO6eI‘OM.

PaccmorpuM cMech, COCTOSAIIY IO U3 POU3BOJIBHOIO YUCJIA, SJIEMEHTOB C
maccoBbiMu gossayu my; (i = 1,2, ... ,n). jusg Takoro Bemecrsa pocceaan-
108 ipober £ onpenessiercs: 10 hopMyJIe

oL :7 R@) .

n
oy p Y mi(a)
i=1
hiw 15 z'e™”
tae & = oo R(z) = H(lx—cw — BecoBas GyHKuus, »;(z) —

CIEKTPAIbHBINA KOI(PMUIUEHT MOrJIOMEHUs IJIst §-T0 JIEMEHTa CMECH.
n
HeobGxomumo waittu takue m; (Y, m; = 1), arobel 3nadenne £ GbLIO
i=1

MHUHAMAJIbHBIM. YCIOBUS MUHUMYMa UMEIOT BUJL

0 1

—)=0 (i=1,2,...,n—1). 4

oo (2) =0 G n-1) (@
n—1

Ucnoneb3ys coorHomenune my, = 1 — Y m;, MOXKHO Tiepenucarts (4) B BUIE
i=1

i (x) — n(2)

(@) R(z)dz =0, (5)

rae x(x) =Y misx(x).
Yumuoxas (5) HA M; ¥ CYyMMHUDYS 1O ¢, IOJIydaeM CHCTEMY 7 HeJInHelH-
HBIX YPABHEHWH JJIS ONMPEIEIeHAS mM;

0 (zk: mk%k(x)> 0 k

3amernm, 9TO yemosue Y m; = 1 Gymer BBINOSHEHO, €CIU CIPABETBbI
ypasHenust (6).
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Byunewm pemars cucremy (6) Meronom ureparmii, nojaras

(s+1)

m; = mgs) + Am,. (7

Moxcrasnsiss (7) B (6), B JUHEHHOM TPUOIUKEHUA TOIYyYAEM CHCTEMY
ypaBHeHUll i onpeaenenus Am;:

Z AirAmy, = by, (8)
k=1
rie

/ [256i (« z(x)]%k(x) R()dz, / il x)R(:L')d:L'.
0 0

W3 pwuc. 5.25 BUAHO, YTO IJIsT MUHUMHU3AIWH POCCETAHIOBA MTpOoOera
HEOOXOIMMO HCITONIB30BaTh dmemeHThl Z > 40. [lomyuaemas B pesyabrare
cucrema ~ 40 ypapHenwii ¢ smementamu Z = 40,41, ...,83 (uckioue-
HbI PDaJNOAKTHBHBIE 3JIeMeHTbI), AJId KOTOPBIX M3BECTHBI CIIEKTPAJIbHBIE
koaddurmenTsl norsomenus »;(x), Tpebyer Ijis pelleHus HEeCKOIbKUX
ureparuit mo dopmynam (7), (8).

Ta6auna 5.17. MaccoBsle 0u PA3IUIHBIX JIEMEHTOB M; AJISI IOy IeHHs COCTABA C

MHUHHUMAJIbHBIM POCCEJIAHJAOBBIM IIPOOErOM M COOTBETCTBYIOIIHE KOIMDMUIUEHTHI TOTJIO-
menus », = 1/(pf) B cm?/r, ycpesnennsie no Poccenanmy

T = 0,28 k3B, p = 0,05 r/cum® T =1x%3B, p=0,1r/cm®
DneMeHT m; »p DneMeHT m; >
Ce 0,097 529,4 Ce 0,116 7,1
Nd 0,074 528,0 Eu 0,072 7,4
FEu 0,103 508,5 Gd 0,072 7,2
Ho 0,081 460,4 Ho 0,063 7,5
Yb 0,080 462,0 Lu 0,108 9,2
Hf 0,062 500,8 W% 0,090 11,8
Re 0,076 614,1 Au 0,167 19,1
Au 0,115 785,6 Tl 0,083 23,0
Tl 0,096 851,0 Bi 0,228 28,5
Bi 0,216 922,0
Cmech 1512,6 Cmech 78,1

B Tabn. 5.17 npuBeeHbI MACCOBBIE JTOH PA3JIUUHBIX JIEMEHTOB M;
JIJTsl TIOJIy9€HHsI COCTAaBA C MWHUMAJIBHBIM DOCCEAHIOBBIM MPOOEroM u
COOTBETCTBYIONIE KO3 hUINEHTHI NOIVIOIEHN J,, , yCpeaHeHHbIe 10 Poc-
cenany. Berancienus npoBesieHbl s AByX ciaydaes: 1 = 0,28 k3B, p =
=0,05 r/em® u T = 1 3B, p = 0,1 r/em®. Kak BujgHO U3 TabiuIbI,
BEJIMIWHY TTPOOera /it CMeCH MOXKHO YMEHBIIUTH B 2—3 pa3a 1o CPABHEHUTO
C YUCTBIM BEIECTBOM.
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4. J'Iyqnc'raﬂ "N JIEKTPpOHHAadA TeIlJIOIIPOBOJHOCTD. IIpu ouensn
OONBIINX IIJIOTHOCTSIX BEIECTBA IOTOK SHEPTHH, IIEPEHOCHMOI 3JIEKTPOHAME, CTAHOBUTCS
CPaBHUM HJIM JaxKe OOJblie IOTOKa SHEePruu, mepeHocuMoit ¢dporonmamu. Ilpu cpasue-
HHUW IOTOKOB SHEPIUH B CJIy9ae BBICOKHMX TEMIIEPATYD YZOOHO ONWCHIBATH HJIEKTPOHHYIO Tell-
JIOIPOBOAHOCTD IIJIA3MBI KAK JIyIUCTYIO. 3AIMUIIeM HOTOK TeIlIa F,, TIePEHOCUMBIN 3JIeK-
TpOHAMH, B (hOPMeE, AHATOTHIHON IPUOJIMAKEHHUIO JIyIHCTOH TeronpoBoanocTa (32) u3 §1:

- 4ach?
Fe = —scgrad 0 = —L, grad 6.
3/1€eCh e — 3IEKTPOHHAS TEIUIONPOBOAHOCTH, fe — cpeiHuil 3ddekTuBHBIA 1pober
TEIIOBBIX JIEKTPOHOB
3te
e — 3"
4dach
CyMMapHBIH TIOTOK SHEPTUX MOYKHO TOT/A 3AIHCATh B BHJE
- 4ach?
F =l 3 grad 0,

rae legr = £+ L — apdexTuBHBIH cyMMapHBIH Hpober.

s cpennero nmpobera 3JI€KTPOHOB MOXKHO BOCIIOIB30BATHCs MpuOsmkerneM [13]:
(%g + %f_x )1/2
— s [em],

rae g — KO3 (UIUEHT TeIIONPOBOAHOCTH /I HIeaIbHON HEBBIPOXK/IEHHOU ILIa3Mbl,
a 2y — KO3 PUIMEHT AJid ClIydasd CUIbHOI'O BBIPOXK/ICHHUS:

3 6105/2
ZefL1’

le =

420072

=1,17-10" .
s ’ ZefL2

s, =3,10-10"

3/1ech JONOTHUTEIbHBIE MHOXKHUTENHN €1,2 1O CPDABHEHUIO C U3BECTHBIMHU BbIPDarK€HHAMHU
Croutnepa n Xab6apaa CBA3aHBI C y9€TOM MNONPABOK HA HEWJEATBHOCTH IUIa3Mbl [13].
Bce umcioBble MHOXKHTEIH COOTBETCTBYIOT TOMY, UTO TEMIIEpATypa BemecTtBa 6 u
Temneparypa Pepmu 6, BHIPAXKAIOTCA B ATOMHBIX €JMHHUIAX.

Kynonosckue JjiorapudMbl 3JIeKTPOH-HOHHBIX CTOJIKHOBEHHI MOXKHO BBIYHCIATH 110
dopmysam [13]

(22 ’
F2

7 1/2
L1 =0,5In|149 ef )]

3r(1 + Zo

oz 2/3 3 1/2
Ly =0,5In (Tef) (1’5+F) ,

rae I' — mapamerp HeUJeAJILHOCTH:

(Z2) . (1 1)
I'=-—"min|—-,— ).
0 06,

HOHpa.BKI/I Ha HEUJIEAJIbHOCTH AJid OI€HOK MOXKHO HE y4YUTBHIBATh U IIOJIATaATh €] = €2 =
= 1. B xauecre 3ddexrupHoro sapama Z.y = (Z2)/Zo B coorserctsuu ¢ [13]
HCIIOJIB30BAJIOCH NIPUOIHKEHUE

Zep = max{1l, Zo +0,5/Zo},

rae Zo — cpeaHuil 3apsia uoHa 1o Mozenu Xaprpu—Poka—Cisrepa.

max < 1, {
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SBamevanue. Ilpu smeprun doronos w < wp, Ile wp — IIA3MEHHAd 4YacTOTa

(wp = VATne = 1/3Zo/rd), Gonbimoe BiUAHKE Ha IPOLECCH NEPEHOCA U3JLyUEHHA OKa-
3BIBAIOT HEYUTEHHbIE HAMU KOJIEKTUBHBIE 3(pdexrTrl. [Ijis1 onucanus neperoca ¢hpOTOHOB
B 9TOM CJ‘Iy‘Iae HaO0 HpI/IBJIeKaTb 3ﬂeKTp0ﬂI/IHaMI/IKy, OIIUChIBasd Cpe,ﬂ‘y C IIOMOIIBIO JU-
3JIEKTPUYECKOH IPOHUIIAEMOCTH € = N+ ik, [Jle MHEMAas 9aCTh OIpeIe/IseT HOIJIOMeHHe
(6espasmepnas Benmuuna k = (c/w) pse, 3 — xoadunuent mornomenus B cm?2/r), a
JefCTBUTE/IbHAS — IIPeJOMJIeHHEe. POJIb IPOIeCCOB MPeIOMIIeHNs (A OTPAXKEHNUS) MOKET
6bITI) 3Ha.‘—II/ITe.T[bH0ﬁ npu CpaBHI/ITeﬂbHO HU3KUX TeMHepaTypa.X nu 60ﬂbLL[I/IX IIJIOTHOCTHAX.

§ 7. O moruomnieHun (bOTOHOB B IJIa3Me
C HEpaBHOBECHBIM MOJIEM U3JIy Y€HUS

WccnenoBanust mIOTHON BBICOKOTEMIIEPATYPHOM TLIA3MBI, MOy IaeMOi
B JIA3€PHBIX, IIyYKOBBIX WM Da3psAAHBIX (z-IHWHY) ycTaHoBKax [210, 123],
TpeOyIOT ydeTa ee HepAaBHOBECHOCTH, CBS3aHHOW C BBIXOJOM H3JIydYeHH.
Wcnonp3oBanne B mporpaMMax PaJMaIlMOHHON ra30BOil IUHAMUKHU KOI(D-
GbUIMEHTOB HEMPO3PAYHOCTH, TMOJYYEHHBIX HA OCHOBE PABHOBECHBIX WJIA
KBa3MPABHOBECHBIX MOJIEeH BelecTsa (HanpuMep, B NPUOIMKEHUHN T10JI-
HOI'O BBIXOJIA U3JIyYeHUs) HE BCEr/ia MPABOMEPHO, TAK KAK [0JIe U3JIy YeHUsI
dopMupyercss B mporecce AMHAMUKA ILIA3MbI, CYIIECTBEHHBIM O0Opa30M
BJIMSI HA MUKDPOCOCTOSIHUSI MOHOB ILIA3Mbl M, TEM CaMbIM, Ha €e TEPMO-
IWHAMAYECKUE W PAJUAIMOHHBIE CBOHCTBA. B CBOIO OdYepenb, MUKPOCO-
CTOSIHUSI MOHOB OMPEIENSIOT U3JIy9aTeJbHYI0 CIIOCOOHOCTH ILIA3MbI U €e
CTIeKTpaJbHbIe KO MUITUEHTHI IOTJIOMIEHUsT. Y YeT HEPABHOBECHOCTH TIOJIsT
W3JIyYeHUs CYIIECTBEHHBIM OOPA30M BJIMSIET HA COCTAB ILIA3MBI, CTEIEHD
ee noHU3AINU, KOIPDUIUEHTHI MOTJIONeHnsT (DOTOHOB W U3JIyIaTEIbHY O
CIIOCOOHOCTB TIPU TeX K€ TEPMOJUHAMHUYECKUX ITapaMeTpax BeIeCTBa, T.e.
IIPUA TOU 2Ke BHYTPEHHEeH SHepruu U JABJICHUU.

1. OcHoBHbIE HpoIlecChl M BpeMeHa pejlakcanuu. bymem pac-
CMATPUBATHh BBICOKOTEMIIEDATYPHYIO ILJIA3MY, COCTOSIILYI0 U3 JIEKTPOHOB
e, HoHOB AJ pasimdHOro 3aps/a j, HAXOAAMUXCSA B HEKOTOPOM COCTOSTHHH
s, u poTonoB fiw. B mmasme uayT mpomecchl B3auMOAEHCTBUS PA3THIHBIX
YaCTHI] APYT C APYTOM U C U3JIy4YeHHeM, HAIPUMep:

].) yopyrue CTOJNKHOBEHUA YaCTUIl, T.€. CTOJIKHOBEHUA 0e3 M3MeHeHUs
X BHYTPEHHEI'0 COCTOAHULI;

2) Heynpyrue CTOJKHOBEHWUSI:

a) BO30YKIEHUE TEKTPOHHBIM YIAPOM U OOPATHBIH TIPOIECC FAIIIEHNUSI:

s’

L X
e+ Al - e+ A
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b) monm3auus u 06paTHBI POLECC TPOHHON PEKOMOMHAIMH:

s ?

N .
etdl e+e + AT

3) mpolecchl B3aUMOIEHCTBYS HMOHOB M 3JIEKTPOHOB ¢ (hOTOHAMMU:

a) TOTJIOUIECHWE W U3JTyY€HUE B CHEKTPAJIbHBIX JIMHUAX:

Al A
H

s’

b) dorouonuzamnus u GporopekombuHams:

—

Al + hw AT te,

C) TOPMO3HOE IOIJIONIEHNE U U3JIy YeHUeE:
. — .
e+ Al + hw e+ Al
H

d) addexr Oxe u obpaTHBIl IPOLECC AUIIEKTPOHHON PEKOMOH-
HALIUU:

A tho AL et Al

s’

€) KOMIITOHOBCKOE DACCesiHUe:
e+ hw— e + hw'.

3mech € — 3MeKTPOH ¢ Heprueil, OTIUIHOMN OT €, s — BO30YKIECHHOE TI0
OTHONICHHIO K § COCTOSIHEE, " — IBaXKIbl BO30Y2KIEHHOE COCTOSHHE.

Mbl TepevHcIuIn JAjeKO He BCe MPOIECChl, KOTOPbIe MPOUCXOMIAT B
mwra3me. B mpuHnmme MoxkeT peasm30BaTbCs JIIOOOH MPOIECC C yIACTHEM
HECKOIBKHMX (POTOHOB, JIEKTPOHOB W MOHOB, HE 3aIIPEIICHHBIN 3aKOHAMM
coxpaHeHus u npasuaamu orbopa. Ha mpakTuke 0OOBITHO BBIAESIOT HANOO-
Jiee CyIIeCTBEHHBIE IPOIIECCHI, T.€. MPOIECCH C MAKCUMAJTBHON BEPOSATHOCTHIO.

[Ipu TepMomMHAMUYECKOM DABHOBECHH MMEET MECTO CTATUCTHIECKOE
paBHOBeCHE MeXK/y BCeMHU KOMIIOHEHTAMH CHCTEMbI W BCEMHU IIPOIECCAMU
B HEM. 3Ha,‘{eHI/IH TEPMOAUHAMUYIECCKUX BEJIUYNH 6JII/13KI/I K CpeagHuM, a
SHEpPrusi pachpesesieHa MO BCEM CTeNeHsiM CBOOOABI B COOTBETCTBHUU C
3aKOHOM PaBHOPACIIPE/IETICHNUS.

CocrosiHrEe BEIecTBa W U3JIyYeHUs MPU ITOM XapaKTEPU3YEeTCsl Olpe-
JIeJIEHHOH TeMIIepaTypoil, KOTOpasi, B CBOIO OY€pe/ib, ONPEIeIIsieT:

1) dyHKIUIO pacupeeneHnst YaCTUIl B 3aBUCAMOCTH OT MX SHEPIHH;

2) CKOPOCTb MPOIECCOB BO30YKIEHNUS, HOHU3AIMA U T.I1.;

3) cneKTpasIbHYIO MJIOTHOCTh PABHOBECHOTO U3Jy YEHHUSI.
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Takum 00pa3oMm, B yCIOBUAX TEPMOINHAMUIECKOTO PABHOBECHUS HEOO-
XOOUuMO 33aJaThb JIMIIb 3JIEMEHTHBIN COCTaB, TeMIepaTypy W IIJIOTHOCTD,
9TOOBI MOXKHO OBLIO, B HPHUHIIUIE, ONPEAEJIUTh BCE CBOMCTBA BEIECTBA.
ECJII/I CuCTeéMa HaXOAHUTCA B HEPABHOBECHOM COCTOAHHH, TO CO BpEMEHEM
OHa JOJI’KHA NePEeiTH B PAaBHOBECHOE; TAKOIl IIPOLIECC IePex0/ia Ha3bIBAIOT
pesakcaryeii. B pszne ciydaeB mMeer MeCTO HEIOJIHOE DPABHOBECHE, HA-
npuMep, KOraa (pyHKIuN PACIPEIeTeHUs JACTHIL TI0 SHEPTUU COXPAHSIOT
CBOI1 BuO, OJHAKO BXOAAIIad B 3TH (byHKIlI/II/I TeMneparypa CTaHOBUTCA
napaMerpoM. Ilpu ommcanum HepaBHOBECHBIX IPOIECCOB YACTO IIOJIara-
0T, YTO pacIpeesieHns MOHOB U 3JIEKTPOHOB IIO CKOPOCTAM ABJIAIOTCHA
MaKCBEJIJIOBCKUMY, HO C Pa3JMIHON Temmeparypoii. Kpome toro, cyime-
CTBYIOT TaKWe IOHATH, KAK BpalllaTeIbHAs TEMIIEPATypa, KojaebaTeapHas
TeMIIEpaTypa, TeMIepaTypa Bo30y K aeHus (PacipeiesieHus ), TeMIepaTypa
3acejieHusd HEKOTOPOI'O yPOBHHA, TeMIlepaTypa WOHM3AIUU, TeMIepaTypa
uzsnydenus u T.a1. [70]. OueBugHO, 9TO B CJydae TIOTHOrO PABHOBECHUS BCE
TEeMIIEPATyPbl COBIIAIAIOT.

ECJII/I PpaBHOBECHUA HET, TO 3HAHUA SJIEMEHTHOT'O COCTaBa, TEMIIEPATYPBI 1
IJIOTHOCTH BEIIIECTBA HEJOCTATOYHO JIJIsl ONIpeJIeIeH s ero cBOicTB. B arom
cydae CUCTEMa, COCTOAIIAad U3 YACTHI] BEIIECTBA U U3JIydeHUsd, ABIAeTCA
HECTAIMOHAPHON’, B HEll NIAYT IIPOIIECCHI IEPEHOCA, OHA PEJIAKCAPYET K PaB-
HOBecnio. BarkHO# XapaKTepUCTUKOW HEPABHOBECHOW CHCTEMBI SIBJISTFOTCS
BpPEMEHA PeaKCAllny Pa3JudHbIX cremeneii cBobomabl. [lo ompenenenuto
BPEM# PEJIAKCAIIUN T, HEKOTOPOrO IapaMeTpa p K PABHOBECHOMY 3HAYCHUIO
Po OlpeJieAeTcsa U3 COOTHOIICHUS

dp _ po—p(t)
/A
OrnernM B KavecTBe NMpUMepa BpeMsl YCTAHOBJIEHUSI PABHOBECHOT'O PaC-

pejeeHns JJisi PUMECH YaCcTHll, MacChl m; B PaBHOBECHOM rase Wu3
9aCTHUI MACCHI My. [Ipu 1060BOM ymape 9acTUIl C PA3JIMIHON MACCOM

my,v1 —> < Ma, Vs

B cuCreMe KOOpAauHaT, CBSI3aHHOM C Mo, U3 3aKOHa COXPAaHECHHUA IHEPTUU U
HUMITYJIbCa UMeeM

my (v — v}%) = mavh?,
my (v + v]) = mav),

rme v1 > 0 u v = 0 — CKOPOCTH YaCTHI] JO COYJApeHHs, a V), Uy —
ckopoctn mocie coymapenud. OTCIoIa MOMKHO MOJIYYHTb OTHOCHTEIHHOE
U3MeHEeHUe 3HePIuU MOJEKYJ C MacCoi my:

Ae om0} —v}®)  dmims

£ mlvf o (m1 +7TL2)2'
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Eciu B emuuuily BpeMeHuw TPOUCXOAWT V CTOJIKHOBEHWIl, TO BpEMs
peJIaKCALUN T, MOXKHO OLEHHUTb U3 cooTHOUIeHus AT, ~ €, UIn

- (m1 +m2)2 l
P dmams v

Orciofa BUIHO, YTO €CJIM M1 = Mg, TO BPEMs PEIAKCAIINU COBIIA/IaeT
¢ BpemeHneMm cBobogHoro mpobera 7 = 1/v. Ogmako, eciu my > mo
(HampuMep, 11Jisi HFOHOB U JIEKTPOHOB M /mo ~ 1836 A, rne A — aTomHubIii
BEC), TO BPEMsl PeJIAKCAIIMUA BO MHOTO pa3 OoJibllle BpEMEHH CBOOOIHOTO
npobera (mpumepro B 10* paz).

B peaspHbIX mTpOIECCAX TIOTHOTO PABHOBECHUS MPAKTUYECKH HE OBIBAET,
COCTOSTHUE CPEJIbl, KAK TPAaBUJIO, M3MEHsieTCst BO BpemeHu. VMeor mecto
MOTOKH BellecTBa u dHeprun. [10aToMy Ha MpaKTUKE OOBIYHO HCIOIB3YIOT
[IPEIIIONIOKEHNEe O JIOKAJIBbHOM TepMojuHaMudeckoM pasHoecun (JITP),
T.e. O TOM, YTO DABHOBECHE UMEeT MEeCTO B KayKJOM JOCTATOYHO MAaJOM
obbeMe BenecTBa, KOTOPBIi MOKHO XapaKTepU30BaTh ONPEIeIeHHON TeM-
NepaTypou, NMprdeM CUYUTACTCA, YTO U3MEHEHUA B CUCTEMe IPOUCXOIAT
MeJ[JIeHHee, YeM MO/ICTPONKA K PABHOBECHIO.

VYenoue npuMennmocTu npudsnzkenus JITP B cymecTBenHoit crenenu
3aBUCUT OT POJU U3ITYYICHUA, T.K. PAJUAMUOHHBIE TIPOUECCHI ABJIAIOTCA
Haunbosiee ObicTpbIMU. [Ipu GOJBINONH NJIOTHOCTA W3JIyYEHUs JJIsI IIPHMe-
aumoctu JITP meobxommmo, aTobbl AmnHa cBOOOTHOTO mpobera ¢pOTOHOB
£ ObLIA TOPA30 MEHBIIE XapAKTEPHOU IJIMHBI M3MEHEHUsI TEMIIEPATYPhI U
[IJIOTHOCTH:

¢ ¢
FIVTI <1 JIval <1, (1)

IIpu Masoit MIOTHOCTH BEINEeCTBa PAAMAIIMOHHBIE MPOIECCHI, KaK Ipa-
BUJIO, Beera HapymaioT JITP, mosromy npubmmkenue JITP B aTom ciryuae
OPpUMEHUMO TOTJa, KOrJa PaAUallMOHHbIE TTPOUECCHhI HECYIMECTBEHHBI IO
CPaBHEHHUIO CO CTOJIKHOBUTE/JIbHBIMU, WUJIA

w™ <« wl, (2)

rae UJ(T), UJ(C) — BEPOATHOCTHU U3JTyIaTEJIbHBIX U CTOJIKHOBUTE/JILHBIX IIPO-
[IECCOB COOTBETCTBEHHO.

IIpu BBICOKMX TeMIIEpaTypax ¥ MaJbIX IJIOTHOCTAX ycaosue (1) mourn
BCErJla He BBINOJIHIAETCS, I0ITOMY, €CJIM TaKyKe He BBINOJIHEHO (2), TO
HeJb3sl, B YACTHOCTH, MIPE/INOIATATh PABHOBECHYIO 3aCEJIEHHOCTh yPOBHEH.
B sTom cityuae Heob6xo1umMo BMECTE € TPOIECCAMU TIepeHOoca (DOTOHOB yUH-
THIBATH HEPABHOBECHYIO KMHETHKY 3aCeJeHHs JIUCKPETHBIX ypoBHeit [17].

2. CoBMecTHOEe pacCMOTpeHHe IPOIECCOB MmepeHoca (pPoTOHOB
U TOyPOBHEBOWl KWHETHUKHU JTEKTPOHOB. YDaBHEHUE MEPEHOCA W3-
JIy4eHWsl HHTEHCUBHOCTH I, ¢ Heprueil (pOoTOHOB w 6e3 yueTra mpoIeccoB
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paccessHUS UMeeT BUTT

(QV) w = J(w, Ly) — pr(w, Ly) - Lo, (3)
rae » = x(w, I,) — koaddument norsomenus, j = j(w, I,) — oObemHast
H3JIydaTelbHas CIIOCOOHOCTH, §) — eIMHWYHBIA BEKTOp B HAIPABJICHUN

pPacCIpOCTPaHEHUsT U3JTy YeHHUS.

KoaddurpenTs! morsomennst 1 u3JydareabHas CIOCOOHOCTD MIa3MbI
ONPEJIENTAIOTCS HACETIEHHOCTHIO YPOBHEN N, , 711 KOTOPHIX BBITOTHSIIOTCS
ycsioBus OajlaHCa B BUJIE CUCTEMbI yDABHEHMI OYDPOBHEBON KUHETHKH:

Do = 3 3 (it — wign,) ()

q=r.c pFv

rIe wg],,) — BEPOATHOCTH Tponecca ¢ (PaJualnuoHHOrO OPpU ¢ = T U

CTOJIKHOBUTEJIBHOIO [IPK ¢ = ¢) JIJIs TIEPEX0/Ia, HIEKTPOHA, U3 COCTOSTHUS [1 B
COCTOSIHUE V, N, — HACEJIEHHOCTh YPOBHsI V KoHdurypamuu () (OHA CBsi3aHA
C COOTBETCTBYIOIIAMY UHUCIAMHU 3AMIOTHEHUST COOTHOIIEHUEM N, = PQN,Q ).

BeposiTHOCTH PaIHAIMOHHBIX MPOIECCOB CYIIECTBEHHBIM 0Opa3oM 3a-
BucAT oT GyHKIME pacipesenenus doronos f(w) ~ I, /w®. B wactHocTH,
norjorierne B jgunuax ~ f, a wmznyuenme ~ (1 + f). Takum obpasom,
ypaBuenus (3) u (4) Heo6x0qUMO pemarb COBMECTHO.

B ciayyae omHO# crekTpasbHON JMHWE (JBYXYPOBHEBOE NPUOIIHAKE-
HI/Ie) HUCXOOA U3 ITUX ypaBHeHHﬁ, MOZKHO TIOJTy9UTHb U3BECTHOE WHTETPO-
muddepennnaabaoe ypaBaenne bubepmana—Xosicreiina s pacrpee-
JIeHUs] HACEIeHHOCTH BO30YKAEHHOro cocrosius [60]. B obmem ciydae,
pemenue (3) u (4) HE NpPEACTABISETCH BO3MOXKHBIM H3-33 OIPOMHOTO
KOJIMYIECTBA COCTOSIHHII HOHOB B IIJIa3Me U HeO6XO,HI/IMOCTI/I JE€TAaJIbHOT'O
OTIMCAHMST MHOTOYHUCIEHHBIX JIEMEHTAPHBIX MPOIECCOB C yUETOM CJIOKHOM
TeOMETPHUH ILIA3MEHHBIX 00PAa30BAHMIA.

Jlst TOro, 4ToOBI UCCIEIOBATH OCHOBHBIE 3aBUCUMOCTH PACIIPE/IEIeHut
HACEJIEHHOCTEH W M3JIy9YeHHs], PACCMOTPUM MPOCTeiiliee MpUOINKEHNE, B
KOTOPOM BMECTO HETAJbHOTO pacdera KO3(MDQPUINEHTOB MOTJIONIEHNST HC-
noJb3yercs 3pQeKTUBHAST METOIUKA U3 § 5, a BMeCTO cucteMbl (4) — coor-
BETCTBYOINAs CACTEMA MOYyPOBHEBOI KUHETUKY B TPUOIUKEHUN CPEIHUX
qucen 3anonuenns [190], B koTopyio, B oramaue ot [190], BKIIIOYEHBI BCe
OCHOBHBI€E TIPOIIECCHI, TIEPEYNCIEHHbIE B 11.1.

B srom mpubnukennu st koaddunmenta noryomenus » = »(w, I,,)
U U3JIydaresibHoOl criocobunoctu j = j(w, I,) umeem

N N/ N .
w=t(1=e) %:g—y(1 - g—:)agf(w)Jr

N S ETa) &:f<w>+aff(w)},

9
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hw®p N N, AN
“IE A2 (‘—>”b¢‘<“”

o 9u 9v
#2615 ot 6)
V
rne N, — mocrosimuast ABoragpo, A — aToMHBIN Bec, i, ¥ — HAOOPBI

KBAHTOBBIX YHCEJI, OIIPEIJIAOIINX COCTOSHUE 3JIEKTPOHA, g, — CTATUCTU-
yeckue Beca, [N, — CpeJlHUe YHCJIA 3aIOJHEHUs, €, — JHEPIrUU yPOBHEeH
Vv TpU 33JaHHOM Temieparype #, TIOTHOCTH p U WHTEHCUBHOCTU W3JIY-

yenust l,, © = w/0, w — sHeprusa GoTOHA, £ = w + £, — IHEPIHUs
HOHW30BAHHOTO 3JIeKTPOHA, f(€) — dyKums pacnpeesenusi CBOOOIHBIX
JIEKTPOHOB, Oy, (W), Ou(w), F(w) — cedeHus norsonieHus B JIMHUSIX,

dborononuzanNK 1 TOPMO3HOIO HOIVIOMIEHHsT COOTBETCTBEHHO (CEUEHHS [0~
[JIOIEHHs B JIMHHUAX OTJIH4atorcsa or (6) m3 §5 MHOXKHTENEeM ¢,, a B
cedeHn GOTOMOHUBALMU KPOME g, BbLAeIeH MHOXKUTENb (1 — f(g)) mua
CHUMMETDUH B 3aIUCH » U j).

B npubinkeHny CpeJHUX 4YKCes 3aII0HEHUsI CUCTEMA, Y PABHEHNUIA, CBs-
3BIBAIOIIAA ITH YNCIIA C IPOIECCAMH, IPOTEKAIOIINMH B IJIa3Me, IMeeT BH/

dN, N,
—=(1-— v — NVLV7
dt < 9v > 8 ©)

rje S, — cyMMapHasi CKOPOCTb [IPOLECCOB B 1/¢, BEAYIINX K yBEJIUICHUIO
9UCJIA JIEKTPOHOB B COCTOSIHUH V, & L), — cymMMapHas CKOPOCTb ITPOIIECCOB,
BEJIYIIUX K YMEHBIIIEHUIO YUCIIa JIEKTPOHOB B COCTOSIHUY V (B JajibHeAIem
I0/I  TIOHUMAETCsI COBOKYITHOCTh KBAHTOBBIX YKCe] N U £, TJie I — TJIaBHOE
KBaHTOBOE YHCJIO, { — OpOUTAIbHOE KBAHTOBOE YUCIIO):

Sy=> Ny (i +aft)+ Zo (ai’ + ab" + o) + Y N, (el + ale?)

p<v u>v
N, . )
L,=Y" ( - —”) (a5 + ader) +al+ab+al'+) <1 - ) (agbs+ast).
u<v I v 9u

3mech st CKOPOCTEH TPOIEccoB (BEPOSATHOCTEH COOTBETCTBYIOIINX r[e-
PEXO/IOB B €IUHUIYY BPEMEHM) BBEJEHBbI CJelyloue o0O3HavYeHus: Qf

W’

dex
ayy’ — s BO30YIKIE€HUsI ¥, COOTBETCTBEHHO, TallleHUsi YPOBHS V; Qs
a3b — /1711 MOHUBAIMHU U TPEXIACTUIHON PEKOMOMHAIINH; abs qfm g

uv > “vp
TIOTJIOLIEHUA 1 I/I3J1yquI/IH B JIMHUAX; ap’”, ap’”’ — s (hbOTOMOHUBAIIH
u dboropekombunamum; a%, ad" — nua 3d)(1)eKTa Oxe (aBTOMOHW3ALINH) U
JIM3JIEKTPOHHOI peKOM6I/IHaH,I/II/I.
J1J1s1 BBIYUCIEHNST CKOPOCTEHN 9JIEMEHTAPHBIX TPOIECCOB MCIIOIb3YIOTCS
dbopmysbl, nonyuennsie B paborax [23, 167, 176]. Cubl ocHuIsITOPOB 1
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HEPTUU YPOBHEH BBIYUCISIOTCS HA OCHOBE MOJEIU CaMOCOLIACOBAHHOTO
nosisi Xaprpu—®oka—CiaTepa ¢ 3aJaHHBIMU YUCTIAMHA 3aNOJTHEHUs JIEK-
TPOHHBIX COCTOsTHUI N, yI0BJIeTBOpsitoNX cucreme (6).

3. PagmanuonHble CBOMCTBA IJIa3Mbl C HEPaBHOBECHBIM W3-
JydeHWeM. 3aBUCUMOCTb PAIUAIMOHHBIX XapAKTEPUCTHUK ILIA3MbI (KO-
3D DUIMEHTOB MOMJIONIEHNUT U U3JIy4aTeJbHON CIOCOGHOCTH) OT YPOBHS
HEPABHOBECHOTO M3JIy9eHHUsI MPOIIE BCEro MPOAHAIN3UPOBATD, UCIOIL3YsI
HEKOTOPOE KBa3UCTAIIMOHApHOE puoOnKenne. Takoe mpuOInKeHne Xopo-
1m0 paboTaeT, eCIi ra30JHHAMUYIECKHUE TTPOIECCHI TPOTEKAIOT TOPA3I0 MeJI-
JIeHHee, YeM CTOJIKHOBUTEJIbHbIE W PAJIUAIMOHHbIE. THUI KBA3UCTAIIMOHAD-
HOCTHU OTIPEJIEJISIETCSI COOTHOIIEHNEM CKOPOCTEH PAa3IMYHBIX IIPOIECCOB, B
YACTHOCTH, MIIMPOKO UCHOIB3YETCsI KOPOHATIBHAS MOJIEJTh, CTOJKHOBUTEIHHO-
U3JIydaTesbHas MOJEJb JJIsl TPO3PAYHOl 11a3mbl u apyrue [17, 116]. Umes
[EJIBI0 UCCIIEOBAHIE OCHOBHBIX 3aBUCHMOCTEHN OT YPOBHSI HEPABHOBECHOTO
U3JIy9eHUs, Mbl PACCMOTPHUM KBA3UCTALMOHAPHBIE pelienus cucreMbl (6) ¢
BKJIIOUEHNEM BCEX MEPEYNCIEHHBIX CTOJKHOBUTEJIbHBIX U U3JIy9aTebHBIX
MPOIIECCOB, MpeJnoiarasi, OJHAKO, TPOU3BOJIBHYIO CIEKTPAIbHYIO (hDyHK-
[IMIO pachpeesienus n3aydenns f(w).

B kBazucranmonapuom npubsimkennu (dN,/dt = 0) cucremy ypas-
uenuit (6) 3amumem B Buze, yJOOHOM Jjis NPUMEHEHUs MTEPAIUOHHBIX
METO/IOB:

9v
N, =—3
1+g9,L,/S, (™)

3necy ckopoctu S, u L, 3aBUCAT He TOJIHKO OT BCEX CPEIHUX YHCEN
3al0/IHeHUA ypOoBHEH N,, HO U OT SHEPIUil £, U CUT OCHUIATOPOB fi,,
KOTODBIE, B CBOIO OYEPEJIb, OIPEIE/ISIOTC COCTOSHUEM CPETHEro noHa (T.e.
€ro YucaaMu 3anoiaHenus N,).

Tak Kak OIpe/iejieHne yPOBHEH SHEPIUU U BOJHOBBIX (DYHKIIHI 3JIEKTPO-
HOB IIPY 33/JAHHOM COCTOSIHUM MOHA — TPYZ0eMKasl 33/a4a (OHa peniagach
B TpubInKeHUn caMocoriacoBantoro mnossi Xaprpu—Poka—Cisrepa), TO
[IPY PEIEHNH CUCTEMbI ypaBHeHuit (7) UCIO/Ib30BAJIOCH JBA [IUKJ/IA, UTEPALIUA.

s S
CuayaJia Ipy 3aJaHHBIX SHEPTrUIX 5,(, ) 7 CUJIAX OCHUJLISTOPOB f;(w), rae
S — HOMep OCHOBHBIX UTepaIluil, ONpeIeaAlnuch CpeIHIEe YUCIa 3alI0JTHEeHU

N, B pe3yJabrare IONOTHUTEIBHBIX UTEPAUil IO GpopMyJIe:

i S — , p=0,1,2,... (8)
]- + gl/Ll//SV NV:N;(,P)

J st yrydimmeHust CXOAUMOCTH UCIIOIH30BAIACh MTPOLEAYPa PeTaKCalin
N, = aNP) 4 (1 - a)NP,

rae a=0,3 <+ 0,5 u BmecTO N,(,p 1) ga cremyroieii urepauu Opasiocsk IV, .

ITocie Toro, kak urepanuu (8) CXOAMIUCH, C TIOJIYYEHHBIMU YUCTAMU
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- s+1
3allOJTHEHUA OIIPpEeNeIsa/JIMCh HOBbIE 3HAYEHUA YPOBHEU ISHEPTUA 6S,+ ) n

1 .
CUJI OCLMJLIIATOPOB f,(ﬁ,Jr ) IyTEM peIleHNs CUCTeMbl YPaBHEHUN XapTpu—
Doka—Ciarepa ¢ 3aJaHHBIMU YHUCIAMU 3aNO0JHEHUs. 3areM mporecc (8)
TIOBTOPSIJICSA CHOBA JI0 T€X TOP, MTOKa He BBIMOIHSAIOCH YCIOBUE

Ny (200, £570) = N, (5, £2))| < 107,

B pesysbrare mosiyuaem cOryiacOBaHHBIE C 33IaHHBIM II0JIEM H3JIy Y€HUsI
f(w) cpemHue umcna 3aMoMHEHWs, YPOBHYU YHEPIHii U BOJHOBBIE (DYHKIUU
3JIEKTPOHOB, KOTOPBIE HUCIOIB3YIOTCS MPU BBIYUCIEHUU KOIDDUIMEHTOB
[OTJIOIIEHUsT ¥ U3JIy9aTeJIbHOU CIIOCOOHOCTH II1a3Mbl. I1osrydeHHbIE KO-
GUIMEHTHI TO3BOJISIOT YTOYHUTD IOJI€ U3JIyUYEeHUs] IIyTeM DPeIleHUsl ypaB-
HEHUdA [epeHoca (3) 3areM BeCh LMKJI UTEPALNIA IOBTOPSAETCS IO IIOIHOIO
coryiacoBaHus usnydenus I, u nacesennocreir N, .

ljist npuMepa ObLIM PACCUYUTAHBI PAJUAIIMOHHBIE CBOMCTBA HEPABHOBEC-
HOM TLIa3MbI Mosmb;IeHa 1 Bosbdpama ripu motaoctr p = 0,01 r/cm® u pas-
JINYHBIX 3HaYeHusIX TeMieparypbl 1 . ITose usydenus 3a1aBaiock hyHKIUeH

1
eﬁw/Tr _ 17 (9)

max
v

f(w) =

rae T, — addekrunas Temneparypa udaydenus. [Ipu T, = T umeer me-
CTO JIOKAJIbHOE TEPMO/IMHAMUYECKOE PABHOBECHE, U MBI JOJIXKHBI IOy IUTh
3

J(0) = pr@)Bu(T), tae BulT) = o fy(w), £,(w) :

FTT
[LJIAHKOBCKAs (DYHKIIMSA.

Pesyabrarel pacyeros mis miasmbl moimbaena (T = 100 3B, p =
= 0,01 r/cm®) u Bonbdpama (T = 200 3B, p = 0,01 r/cm®) npeacrasienst
Ha pucyHkax 5.31, 5.32. IlpuBesena cpeaHsisi crerneHb MOHU3AIMU (Cpe/-
Huii 3apsig uoHa) Zo, cpeqaue KodbduimeHTsl noraomenus GpOTOHOB Mo
Poccesanny u Ilnanky, a Tak»Ke paJualdoOHHbIE IOT€PH (MHTErpaabHAs
M3JTyYaTeNbHasl CIOCOOHOCTD) miasmel Q = 47 [ j(w)dw B 3aBuCEMOCTH
oT mapamerpa £, XapaKTepu3yIOIIero YPOBEHb M3JIyYeHUs B IIa3Me MO
OTHOIIIEHUIO K PABHOBECHOMY:

[ #(w)f(w) dw

&= [ (W) (w) dw”

BeJ’II/I“II/IHa 5 onpenedercda He TOJIBKO MHTEHCHBHOCTBIO HEPAaBHOBECHOI'O
U3JIyueHHus B IJIa3Me, HO 3aBHUCUT OT TOrO, HACKOJIBKO 3TO W3JIydeHue
COOTBETCTBYET CIEKTPY MOTJIONIEHHUSI.

Kak BugHO 13 pUCYHKOB, MMEIOTCS JIBE OOIACTH B 3aBUCAMOCTH OT ITapa-
MeTpa &, T/ie XapaKkTep MOBeJIEHUs PACCMATPUBAEMBIX BEJIMUWH CYIIECTBEH-
HO pasnugaercs. B mamewm cirydae 1o npoucxomut npu 1, ~ T'/2, uro naer
st mommubena € = £ = 0,34 u qia Bonbdpama £ = £ = 0,27. Anaaus
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Zo Q
407
30
307
20
201 10
10 : . . . .
0 0,4 0,8 £ 0 0,4 0,8 £

Puc. 5.31. Cpeauuii 3apsjg moma Zo u paguanuonueie morepy Q B TBt/cM® B
3aBHCHMOCTH OT TlapaMerpa & auis miasmbl Bombdpama (T = 200 3B, p = 1072 r/cm®) u
momubena (T = 100 3B, p = 102 r/cm3)

20

0 o
0 0,4 0,8 ¢ 0 0,4 0,8 ¢

Puc. 5.32. OGparsas BeauuuHa poccenqangosa 1/{, u mrankosckoro 1/£, mpoGera
B 1/cM B 3aBucmmocTu ot mapamerpa £. O603HaUeHUs Te XKe, 9TO W HA pUC. 5.31

MOKAa3bIBaeT, 910 mpu & < £ OCHOBHBIMU SIBJISIIOTCSI CTOJIKHOBUTE/IHHBIE
IPOIIECCHI, a Tipu € > £* Bce onpeiersier u3ydenne. B ¢Bsi3u ¢ 3TuM Xapak-
Tep alNnpoOKCUMAIUH HENPO3PAUYHOCTEH B TA30AMHAMUIECKHUX MTPOrPAMMAX
JOJIKEeH ObITh Pa3JIMYHBIM [JIs 00jacTell, B KOTOPBIX OCHOBHYIO DOJIb
UTPAET U3JIyUeHNe, U JJisi OOJIACTel, I/le OCHOBHBIMU SIBJISTFOTCST CTOJTKHOBUY-
TeJIbHBIE TPOIECCHI. B 9acTHOCTH, TaKue anmpOKCUMAIIUH, ONUCHIBAIOIIAE
[puBe/IeHHbIe Ha puc. 5.31, 5.32 naHHbIe, TOCTPOEHBI B pabote [91].

HpI/I YUCJICHHOM MOACJIHPOBAHUHN JWUHAMHUYECCKHX IIPOLECCOB B IJIa3Me€
dyHKIWMs pacnpeaesienus GpoToHos f(w), KOHEYHO, He OMUCHIBAETCsT (POPMY-
710#i (9), a TOPKHA ONPEEIIATHCS B PE3YJIbTaTe DEllleHnsl yPABHEHHsI iepe-
Hoca u3sydenus (3). CoBmecTHOE pellieHre ypaBHenuii nepenoca GoToHOB
U MOYPOBHEBOH KHUHETHKW 3JIEKTPOHOB JlaKe B TPHUOJIMKEHHH CPEIHEro
aToMa MpeJCTaBysieT co0O0N BeChbMa CJIOKHYIO B BBIYUCIUTEIHHOM OTHO-
meHny 3a1a49y. B psize caydaeB MOXKHO BOCIIOJIB30BATHLCs 00JI€e TPOCTHIMU
NPUOTUKEHUSIMU.



274 T'a. V. Bsaaumodeticmeue u3ay4enus ¢ 6eULLCMEOM

4. TeHJIOHpOBO,I[HOCTB BellecTrBa IIpu OobIINxX rpaaueHTax
TeMIlepaTypbl U IIJIOTHOCTHU. Paccmorpum ciaydaii, Korga TeMIepaTrypa HiIn
IUIOTHOCTb BEIL[ECTBA MEHSIOTCS CYIIECTBEHHO HA PACCTOAHUAX IOpsAAKa mpobera ¢o-
TOHOB, 9UTO HAPYIIAET YCJIOBHS NPUMEHHMOCTH AuMOY3NOHHOrO HIPUOJIMKEHHUS IIPU
BBIUACJIEHUH [IOTOKA W3JIydeHus [72].

71 IPOCTOTHI OrPAHMYMMCH IIJIOCKOUW reoMeTpHelf, Ipearosaras TaK»Ke, UTO IIO0-
TJIOIIEHNE B JIMHUAX SIBJISETCS CYLIECTBEHHBIM, YTO IIO3BOJISIET NIPeHeOpeyYb PacCesiHuEeM
GOTOHOB. YpaBHEHHE NEPEHOCA U3JIYYEHHS B 9TOM CJIydae yZOOHO 3aluCaTh B BHIE

ol 1 1

2. L) " 6

I B, (T). (10)
3nmech z — KoopauHaTa, v = w/2m, £, = f(w) = 1/ (ps(w)), 1t — KOCHHYC yTiIa MexKmIy
OCBIO 7 U HallpaBJjleHueM noyiera HGOToHOB, I), (K, ) — CHeKTpalbHAs HHTEHCHUBHOCTD U3-
sydenusi, B, (T)— cnexrpasbHas HHTEHCUBHOCTH PABHOBECHOIO H3JLy4€HUsS B BEIIECTBE
¢ remneparypoii T, HOpMUPOBAHHASL IO IIKAJE V:

2hv3 1
2 et —1

B, (T) = chvfy(v)

(npenmosnaraercs BBHIIOIHEHHBIM 3aKOH u3iydenus Kupxroda, x = hv/(kT)).
Tak Kak 06'beM, 3aHHMAEMBbIH BEIECTBOM, OIPAHUYeH, TO sl ypaBHeHus (10) 6ymem
WMeThb CJIEAYIOIIe TPAHINIHBIE YCIOBHS:

I,(4,—00) =0 npu  p > 05 (11)
I, (p,00) =0 mpu  p < 0.

Pemenne ypaprernus (10) ¢ rpaamaabiMu ycrousamu (11) nmeer Bug

(2 p) / L op ] LA &2 (u>0)
)= | ——~exp |— [ ——= ;
0= ] @y P
J ;
7o P
v

to(ep) == [ oo | [ 2] B a2 (u<0).

] ply(2") S ply(2") T=T(2")

ITorok smeprum j, mepeHocuMo#t HOTOHAMH, IPU HEKOTOPOM 3HAYEHUU Z, KOTOPOE
JUJIsl OTIPEEJIEHHOCTH TIOJIOKHM PaBHBIM HYJIIO, OyIeT paBeH

o]

i= /ju v, (12)
0]

e

1
Jv = 2ﬂ/ulu(0,u) dp =
Z1

1 0 0 Ao d e} z ds d
z z z z
:27r/p,dp, /Bexp —/— ——/Bexp —/— —_—
J g ub () | plo(z) S 1l (2') | plo(2)

z 0
(13)
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IIpeoGpa3yem Bbipakerue (13) ¢ IOMOIIBIO HETErPHPOBAHKSI [0 YACTSIM 10 IIEPEMEHHOM 2:

/ ’ ¢ a4y | aB 7 r d | dB
. 2 By 2 ”
,=—orn [ pud Y d — d
J 77/# 1] / exp / M‘EV(Z’) dz Z +/ exp / /LEV(Z') iz z
0 z 0 0

— 00
Nmeem
B, T
d _ ahc ahe 5 dT d (@), (14)
dz ik dz
8r® k4 15 de—z
L O P —
15 h3c3 47t (1 —e—®)2

rjie @ — NMOCTOsIHHAsA u3nydenus, R(z) — BecoBas dynkuus Poccemanga (cum. (30), (33)
u3 §1). C Apyroil CTOPOHBI, HHTErPUPOBAHUE IO [ JAET

/lu exp (—%) dp = E3(u), (15)
0

o0

e—su
En(u):/ s ds.
1

TI1e

Ucnonesys (14) u (15), nomyInM Cremyromee BEIPAKEHHE IS Jy

i :_Qahc R(z) /T3 dT(z /Edz n (16)
Orcroma
7 h T 7 [od
j_/],,du_— ane /T3 (z / (z) E3 / i dv| dz.
£y, (2")
0 —o0 0 0

ITepexons oT mepeMeHHON v K mepeMenHoi ¢ = hv/(kT) u MeHssi MeCTAMU HHTETPUPO-

BaHME 110 V U Z, MOJLy UM
dz'
‘ / z dz | dz. (17)

j= —2ac/R(a: / T3(2 @

0

Tak xak dyskiusa E3(u) 6p1cTpo yObIBaeT pu BO3pACTAHUU apryMeHTa, 1o B (17)
CYLIECTBEHHOHN /JIsi HHTErPUPOBAHUSA 1O 2 00JIACTHIO OymeT 06JIaCTh MOPSIKA HECKOJIb-
KUX iuH 1pobera (oToHOB. M3 ra3oguHaAMHYECKUX PACYETOB HU3BECTHO, YTO IOTOK
TeIIa SBJISeTCs JOBOJIBHO IJIABHOM dyHKumeill koopauHaTel. [losToMy B Ciiydae, Korjaa
npober MaJj, B 00JIACTH MOPS/IKA HECKOJbKUX [JIMH NMpobera MOXKHO CYHUTATh MOTOK
MOCTOSAHHBIM. [Ipeanosaras 3aBUCUMOCTh POCCETAH0Ba MPobera OT TEMIIePATYPhI CTe-
nerno# ({ ~ T™) m BbrUuCHAA TMOTOK B auddy3MOHHOM NPHOJIMIKEHHH, IIOJLYIAM
NpubIU3UTENIbHBINR BUJ| 3aBUCUMOCTH TEMIEPATYPHI OT KOOPAUHATHI:

%(Z) = const = Té’+3 dr (18)

Tn+3
(Z) dz lz=0’

rae To = T'(0).
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Vcnonb3ysa 3asucumocts (18), nys moroka (17) momygaem
4€ dr
ca 73 4L
3 dz

7 R(z)dz, (14)

0
Z(w) :% 7 {%]WE?) ‘Oj% dz. (15)

i=- (19)

z=0
Tae

U3 cpaererus (19) ¢ BeipaxenweMm j B Anddy3HOHHOM NPUOIHKEHHH IOy IaEM,
10 BesmanHA £ WrPAET POJIb, AHAJIOTHIHYIO POJIH POCCEAH0Ba pobera £ B ypaBHEHHH
Jry4ucToii rewtonposoguoctr (cM. (33) u3 §1), npuvem eciau d1'/dz = dp/dz = 0, To ‘=
z da!
e
mepeMeHHOl z jgaxke B ciaydae, korga £, (z) He 3aBucuT OT 2z, TO mHTerpan (21) aus
TIPOBEJIEHNs BBIYUCIIEHUN yJ00HO IPEJCTABUTDH B BHU/JIE

o N 0 , o0 n h !
Z”:_ZO [%] £,(z)d{ Eq J z,,d(%') —O/ [%] 0,(2)d< Ey / eud(%,)
(22)

Wuterpuposanue B (22) yno6HO IpOBOAUTH 1O (POPMYyse TPALeNuil OTHOCHTEILHO

z dz )
, T.e.
7
e

v(z')
/Z”(z) [TT()} N /ed(zz)

z1 0

Tak Kak QyHKIUS E3(

) SBJISIETCSL OBICTPO MeHsoIelcs: byHKIuei

mepeMeHHOR y = Fy

z2 z1
1 To 1™ n dz’ dz'
o [ e [} o () (| ] 2
2 T(z1) T(22) b (2") £ (2")
0 0
3aMeTuM, YTO NPH TAKOM CIIOCOOE WHTErPUPOBAHHS OHO CTAHOBUTCS TOYHBIM, €CJIH
dT'/dz = dp/dz = 0.

JI71s1 TIOSICHEHWST TOJIy<I€HHOT'O Pe3yJIbTaTa HAMOMHEM, 9TO MBI PACCMATPHBAEM IT€-
peHOC (OTOHOB, KOTZAa HA BEJIMYHHY IIpOOEra CymeCTBEHHO BJIMsET IIOIJIOIIEHHE B
CIIEKTPAJIbHBIX JUHUAX. TaK KaK IOJI0KEHUe JIMHUN 3aBUCUAT OT TEMIIEPATYPhI U ILJIOT-
HOCTH BeIeCTBa, TO OOJIbINNE TI'PAJUEHTHl TEMIEPATYPHI M ILJIOTHOCTH INPUBEAYT K
IOLOJIHUTEIHHOMY 3 HEKTHBHOMY YIIUPEHUIO JHHu. ECIH B CymecTBeHHOM [11s1 HHTe-
rpaia (20) obnactu no = hv/(kT') nuHuu y2Ke MEPEKPHITHL, TO CJIELYET OXKUIATh, ITO
cpenuuii 3 dekTUBHBIN Tpober 7 OyIeT MaJIO OTJIMYAThCS OT Ipolera, BEIYUCIEHHOTO
6e3 yuera JOIOJHUTEIHLHOTO YIIHPEHHs, T.e. OT poccesangoBa mnpobera £. Takum obpa-
30M, MAKCUMAJIBHOTO BJIMSIHUS IPAJUEHTOB TEMIEPATYPHI U INIOTHOCTH MOXKHO OXKHIATh
B Takoi obstactu 1" U p, e NOTJIOIIEHNE B JIMHUAX CYIIECTBEHHO BJIMSAET Ha Ipober, HO
JINHUY TPAKTHYIECKH HE [EePEKPBIBAIOTCH.



I'masa VI
YPABHEHUNE COCTOAHUA

Vpasnenue cocmoanus siBAIeTCs HEOOXOIWMBIM OIOTHEHUEM K Tep-
MOIMHAMUYECKHAM 3aKOHAM, KOTOPOE JeJIaeT BO3MOYKHBIM UX IIPUMEHEHUE
K peaJIbeIM BenieCTBaM. HO,Z[ CJIOBaAMHU «ypaBHeHHe COCTOAHUA» O6bI‘IHO
MOHUMAIOT JBA COOTHOIIEHUsI, KOTOPBIE ONMPEIEISIIOT Jda8AeHUe U GHYMPEH-
11010 oHep2uto (PUBUIECKH OJHOPOIHON CHCTEMBI B COCTOSIHUU TE€PMOIM-
HAMUYIECKOTO PABHOBECHS KaK (DYHKIHIO KAKUX-JTHOO JBYX MMapaMerpos,
3a/IAIOIIUX COCTOSTHUE BEIIECTBA. DTUMHU COOTHOIEHUSIMUA MOTYT ObITH

P=P(T,p), E=E(T,p),

rae T m p — Temmeparypa U ILIOTHOCTH BellectBa, P — nasienune, £ —
yJAeJIbHAA BHYTPEHHAA SHEPrud, T.e. JHePrusd, IPUXOAAMAACT HA eJUHUILY
MacCChI.

VpaBHEHUsI COCTOSHUS HE MOTYT ObITh BBIBEJIEHBI C MOMOIIBIO OJTHUX
TOJIBKO 3aKOHOB TEPMOAWHAMHKH, a OIIPEACTAIOTCA U3 OIbITa I PACCHU-
THIBAIOTCST TEOPETUYECKU HA OCHOBE MPEJICTABJIEHUN O CTPOEHUHU BENIeCTBA
MeTojaMu craructudeckoit ¢dpusuku. B §1 370l rmaBbl Oyger mokas3aHo,
KaK, UCIONIB3ysi Mozesib Tomaca—Pepmu 1jis BemecTsa ¢ 3aJaHHOM TeMIte-
paTypoil U MIOTHOCTHIO, MOYKHO CPABHUTEIHHO JIETKO IOy 9UTh (DOPMYJIbI
JIJIsl JABJIEHUSI, BHyTPEHHEH dHEPIuy U 3HTponuu. B jganbHeiineM u3Jio-
JKEHUU ITU COOTHOIIEHUsI TPOBEPHAIOTCS U YTOYHAIOTCS C MOMOIIBIO Oosee
COBEDIIIEHHBIX MOJIeJIefl ¥ CPABHUBAIOTCS C IKCIIEPUMEHTOM.

3aMeTuM, YTO TPU WM3YyYEHUU HEMPO3PAYHOCTH BEINEeCTBA W BBIYHC-
JIEHUUM POCCEJAHIOBBIX MTPOOEroB, Kak 3TO ObLIO TMOKa3aHo B §5 .V,
3HAHUS XaPAKTEPUCTUK CPEIHEr0 aTOMa OKA3aJI0Ch HEJIOCTATOYHO, TAK KaK
IPOIECC TOTJIONEeHUs (POTOHOB (OCODEHHO ITO KACAETCs TOTJIOMIEHWS B
CIIEKTPAJIbHBIX J'[I/IHI/IHX) OPOUCXOOUT HE B CpeaHeM HOHE, a B KazKIOM Hu3
HMOHOB C KOHKDETHBIMH YHCJIAMU 3aM0JHeHusi. B TO ke BpeMsi KBAHTOBO—
CTATUCTUYIECKUE MOJIEJIM JIJIsi MOHOB CO CPEIHUMHU YUHUCIAMU 3AIOJTHEHUsT
TO3BOJJIAIOT TIO/IyYaTh YyPaBHEHUA COCTOAHUA C JOCTATOTHO Xopomef/i TOY-
HOCTBIO B IITUPOKOH 00JTACTHA TEMTIEPATyp U IMJIOTHOCTEM.

§ 1. Onucanme TepMOAUHAMUKHU BeIECTBA
Ha OCHOBE KBAaHTOBO—CTATUCTUYECKHUX MojeJieit

1. ®opmyJasl JJis JaBJI€EHAsI, BHYy TPEHHEN SHEPTUU U SHTPOIUN
no mozean Tomaca—®epmu. JlaBjenwe 37€KTPOHOB JIETKO HANTH,
ucnosib3yst craructuky Pepvu—/lupaka, norennman Tomaca—Pepvu u BbI-
YUCJIsis BEJMYWHY JABJIEHUsI HA TPAHUIE ATOMHON s9eliku r = T¢, TIe
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V(r) =0, dV/dr = 0. Eciu ycraHOBUTH KECTKYIO CT€HKY Ha IDAHUIIE
QTOMHOHM AYelKN, TO M3MEHEHWe IIJIOTHOCTU IIOTOKA UMITYJIbCA 3JIEKTPO-
HOB B €IWHUILy BPEMEHU MPHU UX OTPAKEHUU OT CTEHKHU JACT JABJIEHUE
amekTpoHoB P.. HampaBuMm och z OT IEHTpa aTOMHON sTI€HKM TEPIIeH M-
KyJspHO cTeHke. Toraa /i 3JIeKTPOHOB C UMITYJIBCOM P, TIPUHAJIEIKAIITAM
anementy azoBoro obbema d = dp,dp,dp. = p* dp sin9dd dyp, ckopocTs
W3MEHEHUs TJIOTHOCTU TIOTOKA, UMITYJIbCa Oy1eT paBHA

N(p)dp - pcos® - 2p cosd,
rae B coorBercrsuu ¢ (opmynamu (2) u (6) u3 §1 rur.l
2 dp 2 p? dp sin ¥dddyp
(2m)* 1 4 exp (ﬁiﬂﬁl + 17) r—ro_ (27m)% 1 4 exp ( 77)

IMocse naTerpupoBanus mo nepemeHHbM ¢ (0 < ¢ < 27), 9 (0 < ¥ < 7/2)
up (0 < p < oo) momyanm

P = /dp/dﬁ/dpsmﬁchosﬁ_
( m)? 1+exp +77)

1 / ptdp (20)5/2
=33 5 = I3/o(—n)-
3 ) g4 exp (12)—0 + 17) 67

N(p)dj=

K sToMmy ke BBIparKEHUIO MOKHO IPUITH, TIOJCIYNUTHIBAS JTaBJIEHUE KAaK
CpeIHUN UMILYJIbC, IEPEHOCUMBIi 3JIEKTPOHAMH 34 €/IMHUILY BpDEMEHU Yepe3
€IUHUILY TIOBEPXHOCTHU:

™

p ?sind - p?cos® ) _ (260)°/2

dy =
1 + exp L + n) G2

dp

13/2(—77)- (1)

JIJisi TJIOTHOCTHU 3JIEKTPOHOB HA T'PAHUIE ATOMHONW SYEHKHM COTJIACHO
dbopmyre (7) u3 §1 ro. T umeem

3/2
o) = pe = ZL 1, () @)

ITosTomMy mpum BBICOKHX Temmeparypax, Korma 1 > 1 u cpemHsas Ku-
HETUYECKasl SHEPrUsl 3JeKTPOHOB HENPEPBIBHOIO CIIEKTPA MHOTO OOJIbIIe
[OTEHIAJBbHON, UCHO/Ib3Yst acCUMITOTUKY DyHKIWmiE [f(x), nomydum

P. = peb, (3)
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T.e. U3BECTHYIO (hopMysy sl JaBjieHusi OOJIBIMAHOBCKOTO HEaJbHOIO
raza. IIpu 6obimx oTpULATeNbHBIX 1) = —pu/f, T.e. npu GOJBIIUX NJIOT-
HOCTSIX W HU3KHUX Temreparypax, ¢dopmyssl (1) u (2) maror

44/2 2v/2
P = \/_ 5/2 pe = \/_u3/27

7 152 ’ €7 32

(4)

OTKyZa JJis BBIPOXKIEHHOTO (hepMU-Ta3a MOIydaeM CTEIeHHYI0 3aBUCH-
MOCTb JIABJIEHUsI OT TIJIOTHOCTH B BHUJIE

1
P = =(37%)*/° 7. (5)

Ucxonsanz (1) n

(2), a TakzKe UCIOJIb3Ysl HHTEPIOIATUOHHYIO (hOPMYJLY
ans bynkuan I, ()

(amamormanyio dopmyie (7) aas Iy 5 (x) n3 §2 . 1)

3 1/3
Iy/2(2) % <= 11/2(2) [125 + 604 o (@) + 1812 ()]

MOJIyYUM IIPOCTYIO AIIPOKCUMAILMIO /I JIaBJI€HUs, CIPaBEJINBYIO KAaK
217151 GOTBIIMAHOBCKOTO, TaK ¥ JJIsi BBIPOZKIEHHOTO 3JIEKTPOHHOTO rasa [47]:

97_[_4 1/3
P. = p. |6° +3,36p.0°* + —p2| (6)
125
rie p. = Zo/v, Zy — UACIO CBOOOIHBIX JEKTPOHOB HA ATOM, U = %ﬂrg —

00beM aTOMHOM STYEHKU.

JJisi HAXOXKIEHWS ITOJTHOTO JABJIEHWS HEOOXOAMMO YYeCTh JABJICHUE
sizep (MOHHBIX OCTOBOB). IIpM BBICOKHMX TeMIEpaTypax WX OOBIYHO pac-
CMATPUBAIOT KaK HIeaJIbHBbIA Ta3. [loaroMy s MOJHOrO [IaBJieHUsi, B
YaCTHOCTH, TMEEM

P =2,942-10* (Pe + Q) I'la (7)
v

(cm. puc. 6.1, 6.2).
Bolipazkenue Jyisi BHY TPEHHEH SHEPIUU 3IeKTPOHOB, IPUXOAIEHCs Ha
OZIHY ATOMHYIO s4eliKy, nosy4uum 1o dpopmyse (3) u3 §1 .1 :

E = % // [%2 - % - % (V(r) - %)] n(r,p)didi = Ey+E,, (8)

1
2 p? Lo W2, 2 ¢(z)
E, = —n(r,p)drdp = ——vb 2|z I3/ <—) dz, (9)
/ / 2 0/ z

(2m)3 w2
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P
10°7
10%¢ 1
10t [ I
1071 T
0,001 0,01 0,1 1 10 100 P
Puc. 6.1. Uzorepmb gasyenus (B ['[1a) B 3aBUCHMOCTH OT MJIOTHOCTH p B T/CM> 1O MO-
nenu Tomaca—PepMmu 115 30710Ta IPU TeMIieparypax 1’ = 10% k3B, k = —3,—2,—1,0,1
(c pocToM TeMIepaTypsl JaBJIE€HHE PACTET)
P
10°
10°
10
10!
0,001 0,01 0,1 1 T
Puc. 6.2. Wzoxopsr pasnenust (B I'Ila) B 3aBucumocTH OT TeMmmeparypsl T
B k3B mo mogmemun Tomaca—®epMu [y 30700Ta TpH IIOTHOCTAX p = 10% r/cm3,
k=-3,-2,—-1,0,1,2,3 (c poCcTOM IUIOTHOCTH JABJIEHHE PACTET)

By, = —% /p(r) <V(r) + %) dF =

= _%005/20/12 [@ +n+ %] L (@) dz.  (10)

Yro6bl BbraucauTh sxogsmue B (10) uaTerpasibe

1 1
Jr = /33¢(33)11/2 <@> dz, T2 =77/332—71/2 (d)Tx)) dz,
0 0

Tz = ¢(0)/117I1/2 (@) dz,
0
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BOCTIONIb3yEMCsl HHTETPUPOBAHUEM TI0 IACTSM U TOTBITAEMCsI JTAOO CBECTH
UX K OIPEJEJISIONEeMY KUHETUIEeCKYI0 SHepruo uarerpaay (9)

1
2y (2@)
O/:L' I3/2( ; > dx,

b0 ¢ moMmoIeio ypaBaenus (17) u rpannanbix yeiaosuit (18) u3 §1 rur. I
3amucarh B 6osee mpocToM Buze. Tak Kak

£ e (£2)] (22 3 (£2) 255

s (4) -4 (4]
+ §x213/2 <@> + 215 <@> ¢ (z)

1, CJeJ0BATEIHHO, UHTETPAJI [J1 MOYKHO MPEJICTABUTH B BUJIE

1 1
e (o4 e ()
0
1 1
+§/w213/2 <@> dx+/:r2-’1/2 (@) ¢'(z) dz =
0 0

1 1
= —§I3/2 (=n) + 2/562—73/2 <@> dr + é/ﬂﬁ"(ﬂ?)?sl(x) dz.
0 0

1
Hocnenunit u3 marerpanos [ z¢” (z)¢' (z) dz Moxer ObITb CBeseH K UHTE-
0

rpaay Ji:

[¢/ (2))*

1y 1 / -
= 0/ ¥ (@) dg(x) =
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Takum 0bpazom, Ajid wHTErpaaa J; OKOHYATETHHO MOIYIAeM CJIeIyI0-
1ee BbIpaYKEHUe:

1

i = =3 Tya(=m) + 2 (0)6(0) +4 / @Iz (—) de. (1)

0

IToce maTEerpUpoOBanHms O YACTAM [IJIsT HHTEIPAJIOB [Jo U J3 JIETKO TIOJY-
qaeM

1

1
Jo = g/a:qﬁ"(x) de =1 x¢'($)|(1)_/¢l($) dz| = Z¢(O)’
0

a
0

1
_ ﬂ/ﬁf@;) dz = ~2(0) %WOW(O)'
0

B pesynpraTe a4 mOTeHIMAIBLHON SHEPTUH 3JIEKTPOHOB ), nMeeM

1
E, = 27#@95/2 I o (— 3/ ( >d:r . (12)
0

U3 (1), (8)—(12) BbITeKaeT Meopema 6UuPUAAG:
2E), + E, = 3P,v. (13)

Teopema Bupmasia crpaBejinBa HE TOJIHKO B PaMKax Mojean Tomaca—
®@epmu, HO U B Goslee TOYHON KBAHTOBOMEXAHMYECKON mocraHoBke [11].
DTa TeopeMa MOKET UCIOJIb30BATHCS JIJIsl TIOJIY YeHUsT TABJICHHSI.

ITpu pacuerax ynaenbHOM BHyTpEHHE!H SHEPIUU HAIO0 UMETh B BHIY, 9TO
cama 1o cebe TMosiHAsI BHYTDEHHsIsI SHEPrusi He MPEJICTABJIsieT WHTepeca
— BaskeH M30BITOK ITOM IHEPIUM HAJL IHEPIHei, KOTOpasi COOTBETCTBYET
BEIeCTBY MPHU HyJIEBOI Temreparype u aasieHuu. [losroMmy u3 3HaYEHUS,
HOJIyYeHHOro 1o (opmyiie (8), UMEET CMBICT BBIYECTh BHYTPEHHIOK JHED-
ruio oauHOKoro atoma Eoy = —0,76874512 - Z7/3 [30], coorBercrByomyio
T =0, p=0,un, kpome TOro, CjleJlyeT y4eCTb KHHETUYIECKYIO JHEPTUIO
sAnep % kT = %9:

103
E= M <Ee — Ey + g@) k/Ix /v (14)

(cM. puc. 6.3, 6.4).
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E

10°
10%
10®

102

0,001 0,01 0,1 1 10 100 p

Puc. 6.3. 30rep™bl BHyTpeHHe# sHeprun (B K/[>K/T) B 3aBHCHMOCTH OT ILIOTHOCTH
p B r/cm® no momenn Tomaca—®Pepmu s 30510Ta mpu Temmeparypax T = 10F k3B,

k= -3,-2,—1,0,1 (c pocTOM TeMnepaTypsl SHEPIrusi PACTeT)
E
10°
10*
10°
10
0,001 0,01 0,1 1 T
Puc. 6.4. U30xopsl BHyTpeHHei suepruu (B K/I2K/T) B 3aBUCHMOCTH OT TE€MIIEPATYPbI
T B k3B mo monmenmu Tomaca—®Pepmu s 30/10Ta NIPU IJIOTHOCTAX p = 10% r/CM3,
k= -3,-2,-1,0,1,2,3 (c pocrom miorHocTu 3ueprus nupu T' = 1 k3B najaer, a npu

T = 0,001 k3B crauasa majaer, a 3aTtem, Hadunas ¢ p = 10 r/cm>, pacrer)

st suTpOnMM 37eKTpoHoB uMeeM (cM. (4) w3 §1 . I):
Se = —L//[nln n+(1—n)ln(1—n)]drdp=
o (n)p? -

1 o
3/2,.3
=_W—%//[n]nn+(l—n)ln(l—n)]ylﬁdygjzdwa
e
0 0

e y =p°/(20), n=n(rp) = 1/[1 + exp(y — ﬂzﬁ)] .
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WuTrerpas mo y MOXKHO BBIYUC/IATH, HHTETPUPYST ABAXKIBI IO YACTAM U
VYHUTBIBAsI, ITO BCE TMOACTAHOBKY Tpr ¢ = 0 M y = 00 PABHBI HYJIO:

/nlnn+ (1=n)In(1—n)]y'/?dy =
0

_ 2 [y, o, :_z/m<_y+w>any_

o0
/ 1—n dy 3 x Jy
0
5 < y3/2 ¢33 < J
__§/1+exp<y—¢(z) /1+exp d’(z)) v
0 z 0

Takum obpazowm,

o 0 [, (82) 0, (42)]
0

4TO TIOC/IE UCIoNb30Banus (11) maer

1

4vV26°2r | 4 7

Se = TO §I3/2 - g/ < ) dx| — Z¢I(O) (15)
0

YaurbiBasg BKJIA B SHTPOIUIO OT AP B MPUOINKEHUN WI€AJTHHOTO Ta3a
(momarast, 9TO WX CTATUCTUYECKWH BEC DABEH €MHHUIIE), OKOHJIATEIHHO
oJTy yaeM

S =

0, 9648 - 102 3 M6v2/3 5
— [Se + 3 In ( . > + 5] k/Ix/(r-3B), (16)

roe M = 1836 - A — macca uoHa.

I'padukn naBnenusi, BHyTpPEeHHEl SHEPrUU W SHTPONUU JJIsi 30JI0TA,
nonydensbie no dopmyram (7), (14) u (16) npusenensr Ha puc. 6.1-6.6.
Xorsa rpaduku nomyuensl g 3omota (Z; = 79, Ay = 197), nus apyrux
951eMeHTOB (72, As) rpaduKu COXPAHSIOT CBOH BUJI, OMHAKO BCE BEJIMINHBI,
COOTBETCTBYIOIINE BKJIAIY 3JIEKTPOHOB, TOMHOXKAIOTCS HA MAaCIITaOHBIE
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St 0,001 |

0,01

10®

102

0,001 0,01 0,1 1 10 100 p

Puc. 6.5. Mszorepubr suTpormu B KJIx/(r-5B) B 3aBUCHMOCTH OT MJIOTHOCTH p B T/CM>
no mogenu Tomaca—®Pepmu ajs 3om0Ta npu temieparypax 1’ = 0,001 k3B; 0,01 k3B;
0,1 x3B; 1 k3B u 10 k3B

102

102

0,001 0,01 0,1 1 T
Puc. 6.6. U3oxops surpomuu B KJ/[k/(r-5B) B 3aBucuMocTu Or Temmeparypsl T
B k3B mo momenu Tomaca-®Pepmu m1s 3010Ta mpu miorHOCTsX p = 10F r/em3,
k=-3,-2,—-1,0,1,2,3 (c pOCTOM IJIOTHOCTH SHTPOIIHs yMEHBIIAETCS)

MHOXKHTEJIN, 3aBUCAIINE OT dJIEMEHTa

Z,\ 10/ AN Z

(cM. cBoiicTBa aBromozenbHOCTH ToTeHImana TP B §1 rrl).

2. KBaHTOBI)Ie, obMeHHBbIe U OCIIMJIJIAITUOHHBbIE IIOIIPAaBKHU K
mozmesnn Tomaca—®Pepmmu. J[Ins yrounenus momenu Tomaca—DepME MOXKHO
BOCITOJIb30BATHCA PA3JIOYKEHUEM 3JIEeKTPOHHON IIOTHOCTH B NPUOJIMXKEHUH XapTpH—
@®oka 1o cremeHaM moCTOsHHOH Ilmamka h. Takoe passioxkeHme mOmydeHO B [52] ¢
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nmoMombio 3anucu ypasHeHus Xaprpu-Poka B Buzme ypasuenue Ilyaccona gias camo-
COTJIACOBAHHOTO KYJIOHOBCKOI'O IIOTEHIIAAJIA

AV(F) = 4rmp(7) — An Z5(7), (18)

rae Z — 3apsag azapa. Orawuane (18) or aHAJIOrMYHOrO ypaBHEHHs B Mojesnn Tomaca—
@Qepvn (cm. m.2 w3 §1 ru. I) 3aKmI09aeTCa B TOM, 9TO ILUIOTHOCTH JIEKTPOHOB p(7)
BBIPAKAETCS 37ECh Iepe3 OMEePATOD MATDPHIBI IJIOTHOCTH ;3(1:1 ). Ecam ucnonb3oBars B
KadecTBe 0A3UCHBIX (DYHKIUH IJIOCKHE BOJIHBI, TO

_ ; 2dp
2\ pr/h A pr/h _2UF
o) = [P (e o (19)
rae
S H- o 1
p(H)=f( - ): — (20)
1+ exp (—’ie )
N 1 I
A = 22 - V(#) — A7),
PUSO | 515 ATh2p(H') oz dp’
A(F.9) = = —ip '7/h 7/h 21
=5 T G e
31eco ;;3’ = —ihV — omeparop HMILyJbCa, A(F,;;S') — omepaTop 0OMEHHOTO B3auMOJeii-

CcTBUsA. XOTs B ATOMHBIX €IMHUIIAX TOCTOsiHHAs [1manka i = 1, OHa YaCTUYHO OCTABJIEHA
B dopMyIax Ajs yaobCTBA BHIYHUCIEHHS PA3JIOXKEHHUs [0 creneHsM h. Pazmaras Bxoms-
mue B (19) BRIpa’keHHA 1O CTEMEHSAM NOCTOAHHOHN IliaHka fi, HAXO UMETH B BHIY, ITO
TaKOe PA3JIOyKeHHEe CIPABEIJINBO TOJBKO [JIs aHAJUTHUIEeCKOU mo A dynknuu. Ha camom
nese, Kak BAAHO w3 (19), yCIOBHS aHAJMTHYHOCTH HE BBINOIHSIIOTCS, B B DE3YJIBTATE
Pa3JI02KEeHN A OKA3bIBAIOTCA HEYITEHHBIMHU TaK HAa3bIBa€Mble OCIUJIIIANUOHHDBIE ITIOIIPABKA
(cMm. masee).

IIpu BBIYHCIEHUU ,ELeI/ICTBI/IH omeparopa p(H ) ma dynxummo eP7/h gocrarouno
samennts B H omeparop p Ha § — ihV u Bmecro e~ P/ (H) iPT/1 \oxkmo HammcaTh
neiicrBue oneparopa f(a + b) HA €IUHUILY, T

T S (/K"

(3mech MBI penebpersin 06MEHOM ).
Hus f(a + b) mmeer MecTo passoxeHue mo KomMmyTaropaM (cM. [53]):

Fa+B) = flat ) +a,h D
+{talo, 8+ 10,85} L7 4 aipp D o)
YTO JaeT
eIy (’;—; - <1>) TR = f(e) + % ["pVe + % "(e) A2 —
h2

- = ["(e)(Ve)® +

iy Ve~ I oEver s, ey
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rJIe BBEJEHO 0DO3HAYEHHE
2 —
P V(M) e
20 0
PaccMmoTpuM BHaUase IEPBLIH YI€H ¢ HYJIEBBIM IIOPSAAKOM IO /i, OTOPaChIBas OCTAJIb-
HBIE YJIeHBl. DTO 03HAYAET, YTO HAPA/IY C HEYUYTeHHBIM MOKa obmenom A = A(F,p) ~ h2,

MBI IIpeHeOperaeM TaK»Ke HEKOMMYTATHBHOCTBIO oreparopos p u @ (7). B srom ciayuae
TOJIy9aeM BBIDAsKEHHE IS JIEKTPOHHON ILIOTHOCTH IO Mojeau Tomaca—Pepmu

pro(r) = = / L
T D — =
@m?J 14 exp (% _ VT@“Q‘”‘T@)

B V293/2 7 (VTQ(F)-F#T@)
- 1/2 )

w2 0

TI1e

4/263/2 Ve (7
AVio(F) = dmpro(F) = \/_ﬂ- I ( T () +ﬂTq>) )

0

Jlns ydeTa IONPAaBOK BTOPOrO IOPAAKA IO A HEOOXOOMMO, KpOME UJE€HOB pas-
soxkeHusi (23), y4eCTb IONPABKH, CBSI3aHHBIE C OOMEHOM, JJIsi KOTODBIX JOCTATOYHO

HCHOJIB30BATH JHHEHHOe npubimkenue mo A:

= [[1(-0-2) (2] 2%

~ 9 (4 (ﬁ_q,) 2dp _
“oa ) 07 \20 (2r)®
2
Ak ) (B — @) dids’
2(21)30 9% // -2 -
202 0 , 2 20R% 1, 2
=3 30 / [1/2('5)] dt:ﬁ[fm(q’)] (24)
— 00

(cMm. BBIuHMCIIEHNE 0OMeHHOrO mHTerpata B § 2 rur. III).
TToacrasnss pasnoxenune (23) B (19) u yuursiBas nmonpasky (24), moaydum BbIpa-
JKEHHe JIst IUIOTHOCTH JIEKTPOHOB B Mozesnu Tomaca—PepMu ¢ IOIpPaBKaMU

/7T<1>1'I(77):\/EWL;/2 {Il/Q(q))"‘}f—://g ( 1/2(‘1)))2 +
SR+ P @) 29)
Iomosxum & = &g + h2P1, rae
®0 = B0 (7) = Ve (7) + pro

0 )
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v =) = 1, (o) )

u noscrasuM & B ypasrenne A® = 47wp/0. Eciu y9uTHBATH TOIBKO YJIeHBI TIOpsIKa fi2,
T0 g nonpaeku ( = ((7) moaydInMm ypaBHeHHE

-2y ¢ = 22 yia), (26)
e
7 2
Y(2) = I j2(0)1} () + 6 / [11,,(0)] at. (27)

s Boramcsienust GyHKIuH Y () MOKHO BOCHOJIB30BATHCS ANMPOKCUMALUAMHA JJIs1
dyukunii Pepmu—/upaka [131] u dopmymnoit (10) u3 §3 . III ayus unaTerpasa

Ji [Ii/z(t)rdt:%_f [1_1/5(t)]” dt.

Ilpexnonaras  cepuvecKyr0 CHMMETPUIO M IEepPexois K  IepPeMeHHON
z =r/ro (0 <z <1), nnua dyaxuum x(z) = r((r)/ro momydanm ypaBHEHHE MOIEIA
Tomaca—Pepmu ¢ nonpaskamu (cM. .5 u3 §1 . II)

v 4\/_ 21, ( (xx)) x= @r% zy’ (@) ;

(28)

x©=0, x(=x@, “

IlonpaBku Aj1s1 TEPMOJIUHAMUYECKUX (DYHKIHI JIEKTPOHOB IOJIYYAIOTCS AHAJIOIUY-
HO TOMY, KaK OBLIM IOJIYYE€HBl TEPMOJAMHAMHYECKHE (DYHKIHUH 3JI€KTPOHOB B MOJIEJIH
Tomaca—Pepmu. POpMyIbl JuIsi HONPABOK UMEIOT Cremyromuii Bug [53, 47):

IS JABJICHHS

= ®g(r).

2

AP = 30? [X(1)11/2(¢(1)) + Y(¢(1))] : (29)

JUUIS SHEPTUH
092 1 1
AE = 3—r8 /a:x x)1I1 /9 (—))d +2/332Y (M) dr| +
x
0

0
7Z\/20
+ 7)('(0) — AEp, (30)

rae AEy = —0,269001725/3;
JJIs1 SHTPOIUH

1 1
20 V2Z
AS = 1 O/xx(x)h/z (@) da:+40/a:2Y (@) do| + X (0)- (Y

Tlonpaeku AP, AE u AS 06sia7af0T CBORCTBOM aBTOMOIEIBHOCTH, KaK M CaMH
BEJIMYWHBI JABJIEHUSI, SHEPTUH M SHTponuu B Mogeau Tomaca—®Pepmu. B wactrHOCTH,
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€C/IM U3BECTHBI 3HAYeHWs i iemeHta (Z1, A1), To mnsa saementa (Za, As) upu
COOTBETCTBYIONIEM MAaCIITAOHOM H3MEHEHHH TeMueparypsl u miaotHocTH (cM. (17))
HEOOXOQMMO IIPOU3BECTH 3aMEHY

8/3 5/3 1/3
AP — (é) - AP, AE — (é) -AE, AS — (é) -AS. (32)
A Z1 Z1

p,t/cvm®

10% ¢

1073

-2 10-1 0 1 2
1077 10 10 100 10 T,>B
Puc. 6.7. Benuuwna nonpasok K mogenu Tomaca—®Pepmu mist amroMuausi. CIIOMHBIE
suann Ha 1wiockoctu (7, p) coOTBETCTBYIOT (DMKCHPDOBAHHONW BeJWYMHE KBAHTOBOH U
00MEHHOI MONpaBoOK K JaBjieHuio (cM. dopmyiy (29)): s BHeMIHeH JIMHUK MOIPABKA
cocrasasier 5%, ns sayTpenneidn — 30%

Tlogpobubie TAabIUIBI TEPMOJUHAMUYECKMX BEJMYUH [0 MoaeasM Tomaca—®Pepmu u
Tomaca—Pepmu ¢ monpaskaMu npuseieHsl B [47]. [Ipeacrasienue 0 BeJIMIHHE MOIPABOK
naer puc. 6.7, rae NpUBeJEHbl JUHUK, COOTBETCTBYIONME (DUKCHPOBAHHON IONPABKe K
JABJICHHIO B QJIIOMUHUH: %20,3 u PATI; =0,05. Tlo BesuvunHE MONMPABOK MOYXKHO OBLIO
ObI cyauTh 06 0bacTu npuMeHuMocTu Moeau Tomaca—Pepmu, eciu 661 B pAaCCMOTPEHHE
OBLTH BKJIIOYEHBI OCHUJLISIUOHHBIE ITOIIPABKH.

TlosicHuM Ha TPOCTOM NpPUMEpEe BBIYHCJIEHHE OCHUJIISIMOHHOM IMONPABKH K JIEK-
TpOoHHO# nmoTHOCTH Tpu 1’ = 0 B OJHOMEPHOM CiIy4ae. ByJieM HCXOAUTh U3 BEIPAXKEHUST
JUIST TJTOTHOCTH 9HCJIa ACTHI] DU PABHOH HYJIIO TEMIEPaType

px) =2 > |[Pn(@)* (33)

en<p

31ech ABOMKA OTBEYAET ABYM HAIPABJIEHUAM CIHHHA, Uy (I) — pelleHre CTAIMOHAPHOTO
ypasHenus [IIpéaunrepa, 1 — XuMudeckuii norennuasn (sueprus Pepmn).

B KBa3MK/IACCHYECKOM NPHOIMKEHUN BOJHOBas (YHKIUS Yn(Z) B KIACCHIECKU
pa3peleHHol 00JIaCTU JBUXKEHUS Gy < T < b, UMeeT BHJ

C . i
V(@) = —=sinfon(z) + 1], (34)
Pn(z) 4
rae
xT
on(z) = / pa(@)dz, pn(z) = 2en — U@,
an
€n — ODHEpPrusl 4acTuubl, U(Z) — NOTEHIMAJbHAsl SHEPrusi; HOPMHPOBOYHAs IIOCTO-

SAHHAA Cp ONDEIENAeTCA U3 YCJIOBHS ff" %2 (z)dr = 1, xoropoe maer c2 = 2/79,
n
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0 — 7 (by) = fb" (1/pn (:v)]da; TMoacrasnss (34) B (33), nomydum

plz) =2 Z y sin 2[on (@) + ] = pro (@) + poeu (@), (35)
en<
rae l; ) ) .
pro(z) = anzS:M T—gpn—(z), Pocn(T) = 522 7'0 P_(ff) sin 20, ().

IlepBoe cmaraemoe B (35), KOTOpOEe coorBercTByer Mojenu Tomaca—®Pepmu, maer
YCpeagHEHHOE pacClpeae/JeHue IIJIOTHOCTH. OHO MOXKeT OBITH BBIYHMCIIEHO C IIOMOIIIBIO
ycaoBust KBaHTOBaHus Bopa—3ommepdensaa (cum. m.3 u3 §1 ro. II).

Bropoe ciaaraemoe B (35), ommchiBaiomee 06osiouedHble 3(DHEKThI, MOXKET OBbITh
BBIYHCJIEHO B 3aMKHYTOH ¢opMe, eCau BOCIOIL30BATHCA (DOPMYJIOH CYyMMHPOBAHUS
IIyaccoHa m MHTErpUPOBAHUEM II0 YACTIM:

7(z)

Pocu(T) = = cos 20 (z) ctgﬁT—O,

rae p(z),0(z) u 7(z) BEIUUCIAIOTCS TaK XKe, Kak U P (T), opn(2) 1 T (T), HO 1711 £/, = p.
OCHWIAMOHHBIE TONPABKA HOCAT HEPETYNAPHBIH XapaKTep W WHIMBHAYAIBHBI IS
KaXJOro siueMeHTa [55]. Yuery OOMEHHBIX, KBAHTOBBIX U OCHUJIJIALMOHHBIX HOIPABOK
JUIsl yDABHEHWs] COCTOSIHAS TOCBsAmEHa paboTa [57].

§ 2. Mogaesap MOHU3AIMOHHOTO PaBHOBECHSI

1. Pacnpenenenune I'ub6ca a1 atoMHoO#M gdeiiku. B naeanbHoit
PaABHOBECHOI TLIa3Me [Jisi BBIYUCIEHWS €e COCTaBa W TEPMOJIWHAMUYIE-
cKUX (DYHKIWIT MIUPOKO HCIOJIb3yeTCsl MOE/b HOHU3AIMOHHOTO PaBHOBE-
cus (ypasuenns Caxa—Bonpumana, cM., Hanpumep, [68]). YpasHenus 31oif
MOJIeJT MOXKHO TIOJYYWThb, UCXOMAsA U3 pacupenesenus: [mboca u ucmosib-
3ysi B KadecTBe IOJICUCTEMbBI CEepuyuecKyio siueiiky obbema v = %ﬂrg’.
BeposrHocts cocrosinust ¢ sueprueit £ u wuciom 371eKTpoHOB N B 3TOM

HpI/I6J'II/I}KeHI/II/I OIpeaeadeTCda BbIPpazKEeHUEM

W = Cgexp <¥>, (1)

rjie § — CTATHCTUYECKU BEC COCTOSIHUS, (I — XUMWYECKUH MOTEHIHAJ.
ITockoabKy MBI MHTEpECYeMCsi JIWIb PACIPEIEIEHUEM UOHOB DU JIFO-
OBbIX BO3MOKHBIX COCTOSTHHSIX CBOOOIHBIX 3JIEKTPOHOB, TO DPACIpe/iesie-
e (1) HAQNO yCPEJHUTH 10 BCEM BO3MOMKHBIM COCTOSTHUSIM CBOOOHBIX
JIEKTPOHOB. HpI/I6.HI/I)KeHHO MOZKHO CHUTATh, 9TO TaKOE€ YyCPpEIHEHUE 3KBU-
BAJICHTHO TOMY, YTO BCE BEJIMYUHBI, BXOJIINE B pacupenenenue ['ndoca,
OepyTcst JIJisi HEKOTOPO# Cpe/iHel IIJIOTHOCTH CBOOOIHBIX JIEKTPOHOB. B
YaCTHOCTH, SHEPTHi0 I/ MOYKHO CYWTATh PABHON CyMMe SHEPIuM WOHa Fjg
(j — cTeneHb MOHM3AIMK, § — HOMED COCTOSIHUSI HOHA C JAHHON CTEIEHBIO
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MOHM3AIMU j), CpeiHeil sHepruu CBOGOAHBIX 371€KTPOHOB E, u cpemneii
SHEPIUH B3aHMOAEHCTBHA PACCMATPHBAEMOrO HOHA CO CBOOOIHBIMHE 3JICK-
TpoHamu Ej., T.e.

E = Ejs + Eje + E.. (2)
Yucno JICKTPOHOB B g4eiike 3aluIlieM B BUIE
N =7Z—-j+ %, (3)

rae Z — 3apsij sapa, Zy — CpeIHuii 3apsij HoHa (CpeHee YUCI0 CBODOIHBIX
9JIEKTPOHOB Ha OJ[MH WOH).
B pesynbraTe ny1d KOHIEHTPAIWHN X, WOHOB C 3apPAJOM j B COCTOSHUM

§ UMeeM
Ejs + Eje + pj
— js je
e = Cgye oxp (-2 (4)
rle gjs — CTATHCTUYECKUil BEC COOTBETCTBYIOIIErO cocTogHuA noHa, C' —
HOPMUPOBOYHAs HOCTOsIHHAsA (OyZeM CUMTaTh, YTO Ljs — OIS MOHOB C
3apsAIOM j B COCTOSIHUH ).
Ucxong u3 (4), MOXKHO TOJYYUTh COOTHOIIEHUS JIJis KOHIEHTDALuUii
HOHOB C PA3JINYHON CTENEHbI0 HOHU3AUH
o Einie—Eje  Ejip = Ejs
Titip _ 9j+lp ~g = -
Zitlp _ Jditle g o [ e [ ) (5)
Tjs js
2. Ilpubsm>xkenme Caxa. VYCTAaHOBHM CBSI3b MEXK/ly XMUMHYECKHM
HOTEHINAJIOM [ U IJIOTHOCTBIO CBOOOJIHBIX JIEKTPOHOB p.. Bynem mpen-
nosiararb, 4T0 noreHuuas V(r), co3gaBaeMblii CBOOOIHBIME HJIEKTPOHAMHI
¥ PACCMATPUBAEMbIM HOHOM, sIBJIsieTCs cepudecku cumMerpudabiM. Co-
raacHo craructuke Pepmu—/Iupaka

pe = pe(r) = (2721')3 / |+ exp [% 27;;;2(_11)1/(1“) - N)] :

1
11 HEBBIPOXKIEHHOTO JIEKTPOHHOIO Ta3a exp (—5 > 1, mosTomy

p0)~ oo . [rew |- (% -v)| av ©)

B ciyyae noctarodHO BBICOKHX TeMIIEpaTyp MOTEHIMAIBHON dHEeprueit
3JIEKTPOHOB MOXKHO TIpeHeOpedh. B 9ToM MpuOIMKEeHNn! IJIOTHOCTD JIEK-
TPOHOB pe OyZIeT MOCTOSHHOW BEJIMYUHOM, U MBI IOy YHM

Ja 3/2
e 0 = 2 <i) .
pe \2m
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Tax kak p. = 3Zo/(47rd), TO

I
-2 2 [2r30°?
Y i L
¢ sV 7 2, 0

Ucnonesys (5), (7) u npenebperasi B3anMoJeficTBHEM CBOOOIHBIX JIEKTPO-
HOB C MOHOM (IIpU MaJIOii IUIOTHOCTH CBOOOJHBIX J1eKTPOHOB Ej. = 0),
nosyuuM cucremy ypasaenuii Caxa—Bosbivana

i 2 /2 i E; —FE;
ZOxJH,p — 3 \/;7'893/2‘%4_.1’[) exp <_ J+1,z:9 J ) ) (8)

Tjs 9js

OTH ypaBHEHUs JOMOJHSIIOTCS YCIOBHUSIMA HOPDMHUPOBKH U 3JIEKTPOHEH-
TPATLHOCTHU
5 Tjs = ]-a § jxjs = ZO- (9)
js js

Bemmanner Ejyq, 1 Ejs, BXOAAIME B 9Ty CHCTEMY ypPaBHEHHH, ompe-
JIETISTIOTCST HA OCHOBE JKCIEPUMEHTATBHBIX JAHHBIX, & TAKXKE DPACCUUTHI-
Batorcs B npubmkennu Xaprpu—®Poka (Xaprpu—Poka—Ciarepa) wiu ¢
MOMOIIBI0 HEKOTOPBIX HOITYIMITUPHYECKUX Mojiesnedi (cM., Hampumep, [32]).
Mosiestb MOHM3AIMOHHOTO PABHOBECHsI NPUMEHUMA, KaK CJIeIyeT U3 ee
BBIBOJIA, NMPHU JOCTATOYHO MAJBIX IIOTHOCTAX BemectBa. OTMeTHM IBa
06CTOATEHCTBA, OrPAHAYNBAIONIHE 00JIACTh TIPUMEHUMOCTH MOzeau. Bo-
MEPBbIX, IKCIEPUMEHTAJbHBIE JaHHbIE 00 YPOBHSIX JHEPIHHM WOHOB C BbI-
COKO# CTENEeHBI0 MOHW3AIUW MOTYT OTCyTCTBOBAaTH B JuTeparype. Bo-
BTOPBIX, C POCTOM ILIOTHOCTH BEIIECTBA YPOBHM SHEPTHU CMEINAIOTCA W
MOIYT HE COOTBETCTBOBATH IKCIIEPUMEHTAJBHBIM JAHHBIM, MOy YeHHBIM
JIJIst CBOOOIHBIX HOHOB. KpoMe TOro 3aMeTuM, 9TO B CIydae O9€Hb MAJIbIX
IJIOTHOCTEH COCTOSTHUE TLIA3MBI, KAK MPABUJIO, SBJISETCA HEPABHOBECHBIM
u He onucbiBaercs ypasuenusmu Caxa (cm.§7, ri. V).

Cucremy ypasuenuii (8)—(9) yno6HO mepenucarh s KOHIEHTDAIM

HMOHOB
=) Tjs (10)
£

C HOMOIIBIO CyMMUpPOBaHus 1o s u p B (8), (9). Umeem

Tj+1 . .
ZO It = ¥j, .]=0717"'7.7max7

Lj
Y owi=1, (11)
J

Z]l'] = ZO)
J
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rme
T E;s — E;
Tjs = E;gjs exp <—]STJO> J (12)
_ 2 /2 4 3/2Bj+ I;
QOJ - 3 \/;TOG BJ €xp 0 ’ (13)
E;s — Ei
B: = . s =5 14
j ;gjs exp < 9 , (14)
I; = Ej110 — Ejo — noreHnuan HOHU3AIMU HOHA C 3apaioM j, Ej —

SHEPIUsl OCHOBHOI'O COCTOsIHHsI MOHA j (3Hepruu Ej; OTCYATHIBAIOTCS OT
OCHOBHOTO cocroguusi j = 0, s = 0).

Tepmoaunamudeckue (DYHKIUN BELIECTBA [0 MOIEIN HOHU3ALMOHHOIO
PaBHOBECHSI BBIUUCJIOTCA 1O (GOPMYJIaM HAEAIBHOIO GOJIBIIMAHOBCKOIO
ra3a ¢ y<IeToM 3aTpPaT Ha MOHU3ALMUIO:

P=(Zy+ 1)%, (15)
E= %(z0 10+ w54(Ejs — Eoo). (16)

js
3. UrepamyonHasi cxeMa JJIsi PeIIeHUsl CHCTEMbI ypaBHEHMWIt
MOHUM3aIlMOHHOr0 paBHOBecusi. [l pemmenus cucremsl (11) cocraBum
ypaBHeHHe J171s1 Zo, UCKIIIOUUB BeJINYUHbI £ [IyTeM BBIYHCJIEHUs IIPOU3Be-
Jenust ¢ nepeoro no (j — 1)-oe ypaBuenue cucremst (11):

j—1

Ty X2 T Pk

B A L 1
nl T (%) = (a7)

Ti-1 15
J=12 . . Jmaxs ag = 1.

Tak kak ; = xoa; (crencrsue pasencrsa (17)), TO U3 yCIOBUS HOPMUPOB-
KH CJIeLyeT, 9To Xo = 1/ ;@ Iloxacrasiisist 9TH BBIpasKeHUsT B MIOCTIEIHEE

u3 ypasHenuii (11), monyvaem ypaBHEHHUe JJisi ONpeNeNeHust Zo:
>_Jjaj

J

2 4

J

Zy =

(18)

st pemenus ypasuenus (18) ucnosb3yem urepaimonnblii meron Heorona

(s+1)  (s) F
Zy =Zp— oF o’
8Zo | zo=2,
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roe .
> Jjaj
F =F(Zy) = Zy — 2.
2. a4
j
YunrsiBast, uro da;/0Zy = —ja;/Zy, IpUXOAUM K Cle[yrolleil nreparm-
OHHOI1 cxeme (s41) ) )
il o\ .
7y = 7,80 =) + () (19)

(2) =2+ 20|43,
> jta
_d
> a
J

rie
(4"

Jnst mostydeHusi HAYAJIbHOTO TPHUOJMAKEHHST 3aMETHM, YTO BEJUIUHbBI
(j YOBIBAIOT C POCTOM j, TAK KaK SHEPI'Ws MOHU3AIUH I; C yBeJHMYeHHEM j
pacrer. ITosToMy 3HaYeHUS a; MO0 YOBIBAIOT C POCTOM j, ecu ¢o/Zo < 1,
Jub0 UMEIOT MAKCHMYM MPU HEKOTOPOM 3HAYEHWH ] = jo, /IJisi KOTOPOTO

cpjo—l/ZO 2 17 ono/ZO S 1. (20)

3 ypasuenust (18) cremyer, uto Zy X jo, TaK KaK BeJIMYHHA Qj HMeeT
MaKCUMyM TIpu j = jo. [loaTOoMy B KadecTBe KpuTepus s BbIOOpa Jo
BMecTO (20) MOXKHO HMCIIOIB30BATh YCIOBHE

@jo—l/jo >1> Sojo/jOv (21)

U3 €ero clegyeT, U9TO jo €CTh HauMeHbINee 3Ha4YeHHe j, AAA KOTOPOro
w;/j < 1. Tak Kak ¢; = 2oa;, TO B cucreMe ypapHennit (11) qys HaxoxK 1e-
HUs TPUOJIMKEeHHOTO 3HAYEHUsS Zo MOYKHO CYHTATh BCE T, 38 UCKIIOYEHNU-
eM JIByX HamOOJBINNX, TpeHeOpeKNMO MambiMu. Ecmn ajo41 > aj,—1, T.e.
©jo—1¥jo/Je > 1, TO B KauecTBe HAMOOMBIINX 3HAYEHUH T; CleyeT OpaTh
Zj, ¥ Tj,4+1. B pesyapraTe momydaeMm MpoCTYIO CUCTEMY
.
Jo+1 __
Zo - — ¥jo>
Zjo

Tjo + Tjo+1 =1,

Joxj, + (Jo + )xjo+1 = Zo,

OTKYIa

(jO - 90]'0) + \/(.]0 + (pjo)z + 430]'0

Zo = 5

(22)
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B cuyuae ajo—1 > jo+1, T-€. Pjo—19j,/Je < 1, npu BHIGOPE MPHOIHKEH-
HOIO 3HaYeHus Zg CJIe/yeT 3aMeHuTh B paBeHcrse (22) jo Ha jo — 1.

IIpy BBIYHCIEHNN CTATHCTUYECKHX CyMM Bj Haj0 MMeTb B BHIY, YTO
JJIST MAJBIX TUIOTHOCTEH, B YACTHOCTH, JJIsi CBOOOJHOTO ATOMA, TaKHhe
CYMMBI PaCXOAATCA. B MpakTH9IeCKWX pacdeTax MpoBOIAT OOpe3aHue cra-
TUCTHYECKAX CYMM, OTOPAChIBas BBICOKOBO30Y KIEHHbBIE COCTOSHUS WJIN
yMeHbIIIast uX poib. Kak rnokasas aHan3, NpoBeIeHHbI B paboTax [74, 49],
nanbosee 3 HEKTUBHBIM SIBJISETCS CIIOCO0, B KOTOPOM Y YUTHIBAIOTCS JIAIIH
T€ IUCKPETHBIE COCTOSHUS, /I KOTOPHIX 00JIACTH KJIACCHYECKOTO JIBUKE-
HUA 9JIEKTPOHA HAXOIUTCS BHYTPH ATOMHON staeiiku [73].

Jljist OlleHKW Paamyca OpPOUTHI CBS3aHHOTO SJIEKTPOHA B BBICOKOBO3-
Oy?KJEHHOM COCTOSIHMU C KBAHTOBBIMHU YUCIaMU 7, ¥ { MOHA KPATHOCTH
Jj MOXKHO TIPUOIMKEHHO CYATATH €r0 ABUKYIIAMCH B KyJOHOBCKOM ITOJIE
(j + 1)/r. ObnacTh KIACCHYECKOrO JBUXKEHHs /IS TaKOTO 3JIEKTPOHA
OIIPEJE/IAeTCs HEPABEHCTBAMU

r) <<

rie

(1,2) _ 7’L2 ].:F 1_<€+1/2>2

Tne _j+1 n

HpI/I BBIYUCICHUN CTATUCTUYIECCKUX CYMM B] CIeayeT y4dIuTbIBaTb TOJBKO

2 .
TaKHe COCTOSHUHA, JJIsi KOTOPBIX riu,) < ro. Ilpu nmanpheiimem yBeande-

HUW IIJIOTHOCTH HeO6XO,HI/IMO y49eCTh CHUZKEHUWE TOTCHI[NaJIa WOHU3AIUN
Ha Bemuuuny Al; ~ 35/(2r¢), a Takyke IPUHATH BO BHUMAHHE BO3MOXK-
HOE MCYEe3HOBEHUE C1ab0CBI3aHHBIX AMCKPETHBIX YPOBHEH (UX Tepexoi B
HENPEPBIBHBINA CHEKTDP). 3aMEeTuM, YTO IIPU TAKUX YCJIOBUSAX CIIPABEJIU-
BocThb nmpubsmkenusi Caxa—bBosbimana Hapyiaercst. C pocTOM MJIOTHOCTH
Bce 0Ojlee TOYHBIMU CTAHOBSITCS TAK HA3BIBAEMBIE STUYEEUHBIE MOJE/HU, W
B 9aCTHOCTHU, PACCMOTPEHHAS B TJI. [V KBAHTOBO-CTATUCTUYECKAS MOJIEIb
camocoriacoBanHoro mosisi Xaprpu—Poka—Ciarepa.

§ 3. TepmoauHaMuYecKne CBOMCTBa BellecTBa
o moqenu Xaptpu—®oka—Ciarepa

Wcnonp3oBanue MOIeIN HOHU3AIMOHHOTO PABHOBECH S TIO3BOJISET ITOTY-
9aThb JOCTATOYHO HAJACZKHBIE PE3YJJTIbTAThI IIPU MAJIBIX IIJIOTHOCTAX U CpaB-
HUTEJIbHO HU3KHMX TeMIlepaTypax. B ciydae O4YeHb BBICOKHX TEMIEPATYD
¥ IJIOTHOCTEH Xoporue pe3yabTaThl JaeT Moaeab Tomaca—®epmu. Bomee
TOYHOE OIpeIeeHne 00JaCTH TPUMEHUMOCTH TEOPETUIECKUX yPABHEHUIA
COCTOSTHUSI SIBJISIETCSI BeCbMa CJIOXKHOW 3ajateil, Tpedytoreil pa3paboTKu
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0oJiee COBEPIIEHHBIX MOAXOA0B. Tak, HampuMep, Moaeab 1omaca—Pepmu
¢ nonpaskamu, (TDPII) OGbL1a MOCTPOEHA NPU BBISICHEHUW OOJIACTU IIPUME-
uumoctu Mozenu Tomaca—®Pepmu (cm. [53], a Takxke n.2 u3 §1). B ganb-
HeHIIeM OKa3aJI0OCh, YTO Y4Y€T KBAHTOBBIX 1 O6MeHHbIX IIOIIPABOK B MOIEJIH
TOII nemocraToyueH, HEOOXOINMO YIUTHIBATH OCIUAJLISIITAOHHBIE TIOTIPABKH.
B pesysabrare 6buia cHOpMySIMpOBAHA KGAZUKAGACCUMECKAA 000A0%EUHAA
modeavr (KOM) [55, 57]. Kak cieayer n3 BBIBOAA ypaBHEHWIi, OIHCHI-
patorux Mmojen TOIT uw KOM, obacth TpUMEHUMOCTH THUX MOJeel
OTIPEJIETISETCS. MAJIOCTHIO YIUTHIBAEMBIX TTOMPABOK.

Bonee nocnemoBarebHBIMEU SBJISIOTCS TIOAXObI, OCHOBAHHBIE HA Me-
TOZIE CAaMOCOTJIACOBAHHOTO TOJIsl, B KOTOPBIX HE MPEJIOJATaeTCsl MAJIOCTh
nonpaBok. IlepBeie pacuersr 1m0 moduduyuposannoti modeau Xapmpu—
@oxa—Casmepa [77], OCHOBBI KOTOPO¥ [JJisi BEIIECTBA C 33/IAHHOIN TeMIe-
paTypoii M IUIOTHOCTHIO OBLIM TepBOHAYATIBHO copMyaupoBaHsl B [76],
MOKA3aJIM BO3MOXKHOCTH MPUMEHEHUsT 3TON MOJEU KaK JJIsi BHIYHCIICHUsT
K0apPpuruenmos nozsousenus Gomonos u poccesandosur npobez2os, Tak u
JIJIsT OMUCAHUS YPAGHEHUL COCMOAHUA B IMTUPOKOM JTHANA30HE TEMIIEPATYD
u motHocTel. Tem He MeHee, TPU UCTIOTBL30BaHUN Mojien XapTpu—Pokra—
Cidrepa st pacdera ypaBHEHUI COCTOSIHUS TOTPEOOBAIACH CYIIECTBEH-
Hasg 10paboTKa HEKOTOPBIX JeTaseil 9Toi MOMIENH, COCTOSIIAs, B YACTHO-
CTH, B CJI€/IyIOIIEM:

1) IIpu BblYMC/IEHUYN BKJIAJA WOHOB B yPABHEHUE COCTOSHUS MJIOTHOMN
HeI/I,Z[ea,JIbHOﬁ IIJIa3MbI 6I)IJIO JOTIOTHUTE/IbHO YYTE€HO WX CUJIbHOE OTTaJI-
KUBAaHWE HA MAJIBIX PACCTOSIHUSIX, CBSI3AHHOE C KOHEYHBIMH pa3MepaMu
noHOB [87].

2) Ilpu annpokcumanuy OOMEHHOIO MOTEHIUANA [Jis GOJIBIIUX 3HAUE-
Huit 7 (B ciydae MaJsioffl IJIOTHOCTH) CJIEJyeT, KaK NOKa3aHo B [134], uc-
[0JIb30BaTh ACUMIITOTUKY CAMOCOIJIACOBAHHOrO norenuuana V(r) ~ 1/r,
9TO TMO3BOJISIET JIYUINe ONMKUCATH JHEPrETUIECKUIl CHEKTD BO30YKIEHHBIX
COCTOSTHUI 3JIEKTPOHOB.

3) Buusinue 3¢ dexTuBHOI rpaHUIBI HENPEPHIBHOTO CIEKTPA Eg, T.€.
BEJIMYUHBI SHEPTHUH 3JIEKTPOHOB, BhIle KOTopoit B Mmogenun XPC npumensi-
eTCcsl KBAa3UKJIACCUYIECKOe TTPHUOIIHKEHHE, OKA3aJI0Ch DOoJiee CyIeCTBeHHBIM
NPV BBIYUCICHUN YPABHEHUN COCTOSIHUSI, Y€M TIPU BBIYUCIEHUN KO3(hdu-
ueHToB mnorJomennsi ¢poroHoe. Kak mokasano B § 3 . I, Beauuuna &g
J1JTs1 BBITTOJTHEHWS yCJIOBHIT TEPMOIMHAMUYECKO COTJIACOBAHHOCTHU JIOJIZKHA
BI)I6I/Ip8,TbCH B COOTBETCTBUU C YCIAOBUAMU COXPAHEHUA TOJTHOTO HYUCIA
BO3MOYKHBIX COCTOSAHUMH 9J6KTPOHOB [86].

Cpenn npuBe/ieHHBIX (HDAKTOPOB, BJIUSIONINX HA PE3YJIbTATHI PACUETOB,
BBIOOD 3 PEKTUBHOI IPAHUIHI HEITPEPBIBHOTO CIEKTPA £ OKA3AJICS HAU-
OoJsiee cyiecTBeHHBIM. [lJ1s1 TPaBUIBHOTO BBIOOPA €9 IPHU pacyeTe TabJIHIL
YPaBHEHHUI COCTOSIHUS TOCTATOYHO 3a(hbUKCUPOBATH HOMED KODHsI ypaBHe-
HUS JJis ONpEesIeHns £g NP BCEX 3HAYEHWAX TeMIeparypbl 1 u ILIOT-
HocTH p. Hapyuierue 3TOoro ycaioBusi MOYKET NMPUBOAUTH K HEPUIUIECKUM
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pe3yibTaTaM IPU HEKOTOPHIX 3HAYeHusX 1 U p.

Bausinne HEOAHO3HATHOCTH BHIOOPA £(, T.€. HOMEPa 3a(PUKCUPOBAHHOTO
KODHsI, HA Pe3yJIbTaThl PACUETOB YPABHEHUI COCTOSIHUS W yJIAPHBIX a/IUa-
6ar npoaHasm3upoBaHO B [87]. BBIACHMIOCH, 9TO PE3yabTaThl PACIETOB
MPAKTUYECKH HE 3aBUCST OT £(, €CJIU 3HAYEHUE ITOT0 TTAPAMETPA JOCTATOU-
HO BEJINKO, HAITPUMED, HAXOIUTCsI B PAlOHe Pa3pEIeHHbIX SJHEPreTHIECKUX
30H MPU HOPMAJBHBIX ycjaoBusix, T.e. mpu I = 0, p = pg, Tae pg —
HOpMaJibHadA IIJIOTHOCTH BeUIEeCTBA.

1. TepmoauHamMmudeckue (PYHKIUM IEKTPOHOB. BbipaxkeHus
IS TEPMOIMHAMUYIECKUX (DYHKIWIA SJIEKTPOHOB — naBjenus P, suepruu
E, u surponuu S, — yaI00HO MOIyYaTh, UCXOJsl U3 TEPMOJUHAMUIECKOTO
norenmmana Q= E — 65 — uN [11]:

Q
Pe - _;7 (1)
o0 o0
EE—Q—Q%—H%, (2)
onN
Se=-55- 3)

Baech v = (4/3)7rd — obbem chepuueckoit aTOMHOf AYCHKH.

st Toro, 9Tobbl n36€KaTh NOTEPU TOYHOCTU MPH BLIYUCICHUIX, TPE-
Oyercst MpoBeIeHIe HEKOTOPBIX Tpeobpasosanuii hopmy (1)—(3), kKoTopsie
BhIMOJIHEHB! B [77] (cM. Takske BBIBOZ (GOPMYJBI J7Isi jaBieHuss B [27]).
B urore hopMysibl Jj1sl 3JEKTPOHHBIX KOMIIOHEHT JABJICHWs, SHEPTUU U
SHTPOIUK MOKHO IIPUBECTH K BUILY

_ &95/2 y3/2dy

32 V(ro) +u]

P,
yo(ro) I +exp [y - 9

+

p(ro)

+ / Vex(p)dp" = p(ro)Ves|p(r0)] —
0

ko
3
5t 2, [ Pl I [ 407 Rty (|
nem 0

(4)

’

V(r) +eo £e) 1
0 ’ 1+ exp (552)
€ = enem(k), npuuem cymmvmuposanmue 1o n, £, m, ¢’ 1 uaTErpUpOBaHUE 1O K

Buaecs yo = yo(r) = max{();
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MPOBOJATCS JIJisi COCTOSTHUI € dHEprueii € < €¢. B moceayrormmx dpopmymax
HJIA BHyTpeHHef/'I QHEPrunm M IHTPONUNU BBIYUCJIEHUE WHTErPAJIOB U CYyMM
MIPOBOJIUTCS TAKUM 2Ke 00pa30M:

E=g Y / Kk £(c) / e V) 3 A ) R ) +

n(fm

n 4\/505/2 /r2 dr y3/2dy
T

Vir)+
I SN P

To

—or / [% +V(r) - v;x(r)] p(r)r2dr —
0

ro | p(r) p(r)
—an [ | [ vathar -0 / Vo) do' | 12dr = By, (5)
o |o
rne Ey — smeprusi cBoboguoro aroma, tak uro mpu I = 0, p = 0

Bennunna F, = 0;

So= 2 [UEmAE) + (1 - FO) a1 - F)] K dk— o -

To To p(r)

- 2 -~ / 1,2
7 /V(r)p(r)r dr +47r/80 / Ve (ph)dp'r* dr +

To o0 3/2
+ MGS/Q/err y " dy +
Vi(r) + u]

0 %o 1+exp[y— 7

+ 8_\/593/2
3T

To

In [£(e0)(1 — £(£0))] / W (r)r2 dr. (6)
0

2. Ydyer TEmJIOBOro ABUXKEHNS MOHOB B MPUOJIN>KEHWU 3apsi-
JKEeHHBIX TBepAbIX cdep. B cuiabHO B3anMoaeiicTBy oMl Hen1eabHOM
a3Me Hejlb3sl TIPOBOJUTH DPAa3esieHHe TePMOAMHAMUYECKUX (DYHKIN
Ha 3JIEKTPOHHbIE W MOHHbIe cocrapssitomue [108]. OxHako mpu BBHICOKHX
TeMIIepaTypax, KOTJa OCHOBHO BKJIa[ B yPaBHEHHE COCTOSHUA JAIOT JIEK-
TPOHBI, MOYKHO YYUTHIBATH BKJIAJ] NOHOB KAaK JOMOJHUTEIHHOE CJIaraeMoe.
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B ocHoBe Takoro pasiesieHust JIEXKUT MPEINONIOKEHNEe O CPETHEM aTOMe,
XapaKTEePUCTUKN KOTOPOrO, B YaCTHOCTH, BHYTPHATOMHBIM ITOTEHIIVAJI,
OTIPEJIETISIOTCS YCPEIHEHNEeM HUCKOMON BEJTMYMHBI 10 BCEBO3MOXKHBIM CO-
CTOAHUAM DACCMATPUBAECMOrO MOHA W MO MOJJIOZKEHUAM JIPYTUX HOHOB. B
pe3y/ibTaTe TAKOTO MPUOJIMAKEHUs SJIEKTPOHHAS CTPYKTYPA CPEIHEr0 MOHA
BBIYMCISIETCS] B 9JIEKTPOHERTPAIBHON aTOMHOM siueiike (cM. rii. IV), npwu
9TOM OCHOBHAsI YaCTh 3JEKTPOH-UOHHOIO B3aMMOIEHCTBUST OKA3BIBAETCS
sbderTuBHO yuTeHHOi (6osee akKypaTHOe paccMoTpeHne cM. B [46]).

BJII/IﬂHI/Ie JBUXKCHUA U BBaHMOﬂeﬁCTBHH MOHOB MOZKHO y49€CTb, UCIIOJ/Ib-
3ysl XapaKTEePUCTUKU CPEHEero MOHA U TPUMEHsIsSi TEOPHUIO BO3MYIIEHUN
B azmabarmueckoM npubsmxenuun [200, 201]. s ydera MeKHOHHOIO
B3aUMOIEHCTBUS HEOOXOAMMO BBIMTHU 38 MPEIEIbI TPUOIMKEHUST ATOMHBIX
siueeK, HAIPUMeED, PACCMATPHUBAas TIa3My KaK HEKOTOPBIH H1eaIn3nPOBAaH-
HBIH Ta3 B3aMMOJEHCTBYIOMUX YacTull. Takoil uaeau3upoOBAHHON MOjie-
JIBIO CJIYYKUT, B 9aCTHOCTHU, MOJIEJb TTOJIOXKUTETBHO 3APANCEHHBIT MEEPIvLT
egpep (3TC), nBukymuxcst Ha GOHE PABHOMEPHO PACIPEIETIEHHOTO OTPH-
LIATeJILHOIO 3apsija 371eKTPoHOB [185].

Tak kak mapamerpsl Mogen 3TC, B gacTHOCTH, pa3Mepbl U 3apsi/ibl
HWOHOB 3aBUCAT OT PE3YyJTbTAaTOB BHYTPUAYECECHIHBIX DPACYETOB, TO B O6HleM
clIydae 114 IOy YeHNd yPaBHEeHUI TePMOAUHAMAYECKHU COIIACOBAHHOMN MO-
J1eJId HeOOXOMMO OTPEeOOBATH MUHUMYMA, [TOJTHOTO TEPMOIHHAMUIECKOTO
noTeHaJIa CUCTEMbI MOHOB U 3JIEKTPOHOB, 9YTO 3HAYUTEJIbHO YCIOZKHAET
3amagy. B obimactu, rae OCHOBHO#M BKJTA ] B TEPMOAMHAMUAIECK U TOTEHITUAIT
JAIOT 3JIEKTPOHBI, TPeOOBAHNE MUHUMYMa MOJHOTO TEPMOIUHAMUYIECKOTO
IIOTEHIHAJIA IIPAKTUIECCKHU COBIIAIAET C Tpe6OBaHI/IeM MUHUMYMa TEPMOIU-
HAMWYECKOTO MOTEHIIHAJIA I SJIEKTPOHOB.

,HJI?{ NOoIy9€HUd TEPMOJVMHAMUYICCKUX BEJINYUH TMIPEJCTAaBUM UX B BUJIIE
CYMMBI BKJIAJIOB, OTHOCSIIUXCSI K 3JIEKTPOHAM (COOTBETCTBYIOIIME KOMITO-
HEHTBI UMEIOT WHJIEKC «€») M OTHOCAIIMXCs K MoHaM (HHzeKC «i»). Torma,
€CJIM HOHHBIE U JJIEKTPOHHBbIE KOMIIOHEHTHI BBIPDAKEHBI B aTOMHOII cuCcTeMe
eauHuL, ais nojaHoro gapieHuss B ['Ila u mosHoit sueprum B KJIK/r
MOJTy9aeM

P =2,942-10%(P, + P,), (7)
2,626 - 10°
B=—r— (B + Ei). (8)

HawuGosee mpocThiM MpUOIMKEHAEM JJIsl yUeTa, JBUKEHWs] MOHOB sBJIs-
ercst npubsrzkeHue uaeanbHoro raza (cm. dopmysst (4), (11) u (13) u3
§1). Ilpubsuzkenne uaeanbHOro ra3a MOXKHO NPUMEHSTH IIPU JOCTATOYHO
BBICOKO TeMIepaType 1 ra30BbIX IUIOTHOCTSX. JIJisl IJIOTHBIX U KOHIEHCH-
POBAHHBIX CPEJl 3Ta MOJEJb CJIUIIKOM rpyba. Bosee mocmenosarenbHbIMu
ABJIAIOTCA HpI/I6JII/I)KeHI/IH, y49uTbhIBaroImuue B3aHMOﬂeﬁCTBHe HNOHOB. TaK, Ha-
npumep, B Mogenu odnokomnonenmuoti naasmo, (OKII) npeamonaraercs,
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YTO WMOHBI ¢ OJMHAKOBBIM 3apSAOM JIBUKYTCA B OJHOPOIHON Cpene C 3a-
PSZIOM [IPOTHBOIIONOXKHOTO 3HaKa [149, 63]. Bapsia noHoB Zg, uian cpejHee
YUCJIO CBODOIHBIX 3JIEKTPOHOB B ATOMHOMN sideiiKe, MOXKHO IPUOIMAKEHHO
onpenenuts no dopumyne Zg = (47/3)rgp(ro), tae p(ro) — snekrponnast
IIJIOTHOCTHh Ha I'PAHUIIE STIeHKU.

st OTHOKOMIIOHEHTHO# TIJIa3MbI ¢ TTOMOIIBI0 MeToma Moute—Kapiio
paccunTana QyHKIMS PACIPEIEIEHsS HOHOB, BHIYUCICHA UX SHEPIUs B3a-
WMOIEHCTBUST U MOCTPOEHBI COOTBETCTBYIOIINE WHTEPIOJISIIUOHHBIE (HOP-
MyJibl. B 3ToM npubiuzkeHunu

AE;] 6 3
30]7, E; =30+ AE;,

P, = |:1+

rae AE; — nonpaska K BHyTpenHeil snepruu mo mozenn OKII [149].

[Ipu mpoBemeHuN pacyeToB ypaBHEHUI COCTOSHWSI B SHEPIHH B3AUMO-
neiictBust monoB AFE; mo momenu OKII ymo6HO mpou3BeCTH HEKOTOPYIO
MOIMGbUKAINIO WHTEPIONSAIHOHHBIX dopMyst [149] mas Toro, 4robbl ux
MOXKHO OBLITO HCIOJBb30BATH IPH POU3BOJIHHBIX TEMIIEPATYPAxX U MJIOT-
vocrax. Hdemo B Tom, uro B Mmomenn OKII mpu 3HadeHMsxX mapamerpa
neuseansroctu I ~ 158 te I' = Z2 /(0rg) umeer mMecto dazosbiii nepexo
B TBEPJOE COCTOsiHNe. AKKypaTHoe onucanue $ha3oBOro mepexoia Tpedyer
JIeTAJbHOTO AHAJN3a TEPMOJUHAMUYECKUX (GyHKIMHA BOJU3M TEpexoa.
VuaurbiBasi, uro ¢dusngeckas tounoctb mojenu OKII we Geccropha, B
MPAKTUYECKUX pacderax [Jisi MPOCTOTHI NMPU BBIYHCIEHUN BKJIAIA WOHOB
B ypaBHEHME COCTOsiHUs mOTpebyeMm, 4TOOBI mpu OOMBIINX 3HAYEHUSX I1a-
pamerpa HeuzgeaabHOCTH | 3HEpTrUst MOHOB F; He MpeBbIaia aCAMITOTH-
YeCKOro 3HadeHust 36:

Ao (AFoxn < 56),
AE; = (9)
3 3
5 KIT > = )
5 0  (AEoxn > 5 6)
rie
4 py
ABogn =60032y ——__ _ 4T
’ 1:21 (b; +T)i/2 “
a; = —0, 895929, b = 4, 666486,
as = 0,11340656, by = 13,675411,
as = —0,90872827,  bs = 1,8905603,
as = 0,11614773, by = 1,0277554.

[Ipennaraemas moauduKanys MPAKTAIECKU HE BJIUSIET HA OKOHIATE b=
HbIE Pe3yJIbTAThl PACUYETOB yPABHEHMI COCTOSHUS, OJHAKO IO3BOJISET HE
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MIPOBOAMUTH MO IPOOHOTO aHam3a (Ha30BOTO MEPEXOIA B YKAZAHHON 001acTH
TeMIIepaTyp U IJIOTHOCTEN.

B momenn OKII MOHBI CYUMTAIOTCS TOYEYHBIMH M UX IMOTEHIUMAJ B3a-
umoJieiicTBus Tpeanonaraercsa pasubiM ZE /v (em. [63]). [Ipubmuzxkenue
TOYE€YHBbIX NOHOB HE pa60TaeT opu 6OJII)H_II/IX IIJIOTHOCTAX Be€IIEeCTBa, KOTr'da
pa3Mepbl HOHHBIX OCTOBOB CDABHUMBI C MEXKATOMHBIMU PACCTOSTHUsIMY [33].
Hampuwmep, Takast curyanusi peaau3yercs IpHU yIapHOM CxKatnm 0 ~ 3+ 4,
o = p/po, Tl po — HOpMAJIbHAs [JIOTHOCTH BEIECTBA.

st mpubIMKEHHOrO ydeTa BJIUSHUS CUJIBHOIO OTTAJIKMBAHMS WOHOB
opn IIPOU3BOJIBHBIX TEMIIEpATypax " 6OJII)IHI/IX IIJIOTHOCTAX MOXKHO BOC-
[OJTB30BAThCS MOJIEbIO 3apsizkeHHbIX TBepabix cdep (B3TC) [185, 87, 83]
uu 6os1ee mpocThiM TpubkenneM, B koropoM K mojesn OKII nobasiena
MMOIPABKA, MOJIYYE€HHAs TI0 MOJIEU TBEPIBIX cdep:

n(4+2n) AE;] 6

3
P=1 2. E =20+AE,, 1
AT T3 v 2’ " (10)

rae n = (r*/ro)?, r* — acbdexTuBHBI pajuyc HOHA.

3. DddekTuBHBII paguyc HOHOB. Benuuuny r* MOXKHO OIEHUTH C
TTOMOIITHIO CJIEAYIONNX COOOparKkenuit. Bymem cantaTh, 9TO BCE SIMEKTPOHBI
ATOMHOI sTYEHKN MOYKHO Pa3/Ie/INTh Ha TaK HA3bIBAEMbIE CBODOIHBIE HJIEK-
TPOHbBI, PABHOMEDPHO PACIIPEIEJIEHHBIE TI0 sYeliKe C IIOTHOCTHIO p(rg), paB-
HOI IJIOTHOCTHU 3JIEKTPOHOB HA IPAHUIE AaTOMHON A49efiKH, U Ha OCTaJIbHbIE
9JIEKTPOHBI € MIIOTHOCTBIO p(1) — p(ro). BHe obmactu 0 < r < r* dyHKIMs
p(r) — p(re) momkHA GBICTPO yOBIBATE.

BzanmozeiicTBe MOHHBIX OCTOBOB CTAHOBHUTCS CYIIECTBEHHBIM HA Ta-
KUX PACCTOSTHUSIX T* | KOT/IA TJIOTHOCTH CBSI3AHHBIX 3JIEKTPOHOB p(1) — p(ro)
JIOCTATOYHO BesmKa. [Ipu 9TOM HEKOTOpasi 9acTh CBSI3aHHBIX YJIEKTPOHOB,
OYEBUIHO, OYIET HAXOAWTHCS 3a MpemeIaMu OCTOBa, T.e. MpU I > r*.
Ecnin KonmmyecTBO TaKuX 37€KTPOHOB IMOJOXKUTH DABHBIM YHUCITY CBOOOI-
HBIX JIEKTPOHOB, MPOHUKAIOIIUX BHYTPb cdepbl r < r* TO NPUXOIUM K
BBIPAKEHUIO:

*

47r1[(p(r) — plro))r* dr = 4770/;)(7’0)7'2 dr. (11)

@opwmyaa (11) maer xopoiiue pe3yabTaThl MPU JOCTATOUYHO BBICOKUX TEM-
neparypax, Koraa HOHH30BaHO HoJiee O/THOTO 3JIeKTpoHa. B wacTHOCTH, /115t
MEeTaJJIOB PACUYEThl PAJMYCOB MOHHBIX 0CTOBOB 1o (opmysie (10) xopormio
COTJIACYIOTCSI C U3BECTHBIMY Pe3yJIbTaTaMy BOJM3U HOPMAJIbHBIX yCIOBHIA.
st AU3IeKTPUKOB U MHEPTHBIX TA30B, KOT/IA IIPU HOPMAJIbHBIX YCIIOBUSIX
uoHM3aIMs paBHa HyJo, 10 ¢opmyrne (11) umeem r* = ry. Iosromy
B nonosnrenne K (11) morpebGyem, 9ToObl B 9THX CJIydasiX BEJUYHHA 7



302 I'a. VI. Ypasuenue cocmoanusa

ObLTa OrPAHUYEHA, HATIPUMED, PAJIUYCOM MOCTeIHEH 0O0IOUKH, Ha, KOTOPOM
MMEIOTCs 37MeKTPOHDL. [IpUOIMKEeHHO MOYKHO TIONOKUTD 7% < 2n?/Z,,, T1e
nf — KBAHTOBBIE YKCJIA TAKOW OOOJIOYKH, Zpp — COOTBETCTBYOIIMI eif
3bdexkTuBHBIN 3apsi.
T
Tak xak 47 [;° p(r)r? dr = Z, 1o ycnosne (11) MOXKHO mepenmcarb B
BUIE

r*

4 | p(ryr® dr = Z — Zy. (12)
/

Dddexrusnblil paguyc nona, onpejaessempii 10 dbopmyse (12), 3aBu-
CHUT OT TeMIeparypbl u mwiorHocTr BemecrBa. C pocrom T u p BesmvuHa,
r* OBICTPO yMeHbIMaeTcs. B ciydae sKCTpeMabHO BHICOKUX TEMIIEPaTyp U
C2KaTUil, KOTIa UMEET MeCTO NoJIHAs NoHu3anusd, 1o ¢popmysie (12) nomyua-
em r* = (. BaMernM, 9T0 B HEKOTOPBIX CJIYYasX JJIst MaJIO0 HOHH30BAHHOTO
BEIECTBA OTHOIIEHHWE T'* K PAJUYCy ATOMHON AYEHKH 79 MOXKET PACTH C
poctom T u p.

0,05 ]

0 . .

10 100 T,sB

Puc. 6.8. 3aBucuMocTh mnapaMeTpa yHNAKOBKH 7) OT Temieparypsl 1 Ha yJapHO
aauabaTe aJIOMUHUS

P,TTa
105 L
10* |

102 f

102 |

1 2 3 4 o =p/po

Puc. 6.9. Yaapuble aquabaThl JIIOMUHHS C PA3JIMYHBIM yY€TOM BKJIA/[a HOHOB B yPaB-
HEHHE COCTOsHUS (CIUTOIIHAS JIMHNS — 3aPS’KEHHBIE TBepAble CepHl, IITPUXOBAS JIMHHS
— OJJHOKOMIIOHEHTHAs IJIa3Ma, IyHKTUPHAs JIMHUSA — HJEAJIbHBIH ra3)
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Ha pwuc. 6.8 mpuBemen rpaduk 3aBHCUMOCTH HAPAMETPA yIAKOBKU
n = (r*/ro)® or TeMmmeparypbl Ha KPUBOIl YJADHOTO CXKATUS /IS AJIIO-
muHusi. Kak ciefyer m3 pe3yibTaToB pacdera yJapHO agumabaThl ajro-
MWHWS, MaKCUMaJbHOE 3HadeHue 1 ~ 0,2 peajmsyercs Mpu TeMIepaType
T ~ 353B u nuorroctr p ~ 12 1/cm®. Ilpu 9T0it TemmepaType MOKHO O¥KH-
JaTh OOJIBIIIOTO BAWSHUS BKJIAA WOHOB Ha yaapHyio aauabary. /leficTBu-
TEJIbHO, 9TO XOPOIIIO BUIHO U3 puc. 6.9, T/1e IPUBEIEHBI yAAPHBIE a1ua0ATHI
AJIFOMUHUSL C YI€TOM BKJIAJIa MOHOB MO MOesiM uiaeaabuoro raza, OKII u
3TC (cm. pasnuuue B MOBEJICHUH KPUBBIX IpH 0 ~ 4,5, P ~ 10* T'Tla).

4. O merozmax MOJIy4YeHWsI HMIMPOKOIMANA30HHBIX yPaBHEHWA
cocrosgHUsi. Tak Kak 00JaCTh TPUMEHUMOCTH YPABHEHUI COCTOSHWS,
MMOCTPOEHHBIX HA OCHOBE OIMPEIEJICHHON MOIEIN OTPDAHWYEHA, TO HA MPaK-
THKE JJIs1 BBIYUCIeHUs TaOJIuUI B ITUPOKO#T 06J1aCTH TeMIIepaTyp U MIOTHO-
cTeil WCIOIB3YIOT PA3JIMIHBIE CITOCOOBI ANMTPOKCUMAIMY U UHTEPITOISAIAN
IAHHBIX, MOJIY9E€HHBIX 110 PA3HBIM MOJEAAM. Pa3ndHble TOIX0AbI MOXKHO
pa3eauTh Ha TPU OCHOBHBIE IDYIIIIbL:

1) momysMnupuyeckre MOJENN YPABHEHUHA COCTOSIHUS, B KOTOPBIX BHUJL
3aBUCUMOCTH W TIOCTOSIHHBIE KOI(DDUIMEHTHI MOAOUPAIOTCA U3 YCIOBUS
COBIQJIEHUsI PE3YJIHTATOB PACYETOB C M3BECTHLIMU IKCIEPUMEHTATbHBIMA
JAHHBIME M acuMOToTuKamu [64, 8, 21];

2) dheHOMEHONOTUIECKHUE MOJIEN YPABHEHUH COCTOSIHUSI, COJIEPIKAIIHE
mapaMerpbl, Onpee/isieMble HA OCHOBE SKCIIEPUMEHTAJbHBIX IAHHBIX, HE
CBSI3aHHBIX HEMOCPEICTBEHHO C YPABHEHUSIMU COCTOsIHUsI (HAIIpUMEp, MO-
J1eJIb MOHMU3AIMOHHOTO PABHOBECHUSI, B KOTOPYIO BXOJSAT YPOBHHU HEPTHA
BO30YKIEHHBIX COCTOsTHUIT WOHOB) [93, 177, 32, 13];

3) pacuerbl Ha OCHOBE CTATUCTUYECKHUX M KBAHTOBO—CTATUCTUYECKUX
Mogiesielt BelecTBa 6e3 NPUBJIEYEHNUs] SKCIEPUMEHTAIBHBIX JaHHBIX [163,
47,77, 99, 202].

Hawubosnee pacrnpocTpaHeHHBIM SIBISIETCS CIIOCOD, MPU KOTOPOM JIJIst
MMOCTPOEHUsT IMUPOKOIUANAZOHHBIX YPABHEHUN COCTOSIHUSI HCIIOJIb3YETCS
WUHTEPIOJIANHS PE3YJIbTATOB, oMy deHHbIX 10 Mojean TP (TOII) npu BbI-
COKHUX MJIOTHOCTSIX BEIECTBA, 10 MO/IETH HOHU3AIUOHHOTO PABHOBECHUSI ITPU
MaJIbIX IJIOTHOCTSX W TOIYSIMIUPUIECKUE YPABHEHUsI COCTOSHUST BOIM3M
HOPMAJIbHBIX yCiIoBuii (cM., Hampumep, [177, 216, 50|, a TakKe U3BECTHYIO
6ubnuoreky ypasaenuii cocrosiaus SESAME [165, 166]).

ITocTpoennbie TaKWM IMyTeM yPaBHEHUsI COCTOSIHUS TPOBEPSIOTCS COIO-
CTaBJICHUEM C IKCIIEPUMEHTOM. 3aMeTHM, 9TO JJisi MJIOTHOM BBICOKOTEM-
nepaTypHOi MIa3Mbl KCIIEPUMEHTATbHBIX JAHHBIX CPABHUTEIHHO MAJIO U
OHU HE AT JOCTATOYHO MOJTHOTO ITPEICTABIEHUS O HAJEKHOCTH OMMACAHS
ypaBuenuit cocrosausi. QUEHUTH TOYHOCTDH MOJTYIAEMBIX U MTPUMEHSIEMbIX
HA MPAKTUKE YPABHEHUI COCTOSIHUSI B MIUPOKON OOJIACTH TEMIIEPATYD U
IUIOTHOCTE! BO3MOXKHO JIUIIh HA OCHOBE IIOCJIEIO0BATEIbHBIX TEOpPETUYe-
CKUX PACYETOB IO MOJEJSM PA3JIUIHON CTENEHW TOYHOCTHU TPH YCJIOBUU
UX KCIEPUMEHTAIbHOM TPOBEPKH.
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§ 4. CpaBHeHHe Pe3yJbTATOB PACYETOB C YKCIEPUMEHTOM
U pacuyeTaMu MO APYTAM MOJEJIAM

1. OGmiee ommcanue. C nomompbio mogenu Xaprpu—Poka—Cisrepa
OBLIN TIPOBEIEHBI PACYETHI YPABHEHUI COCTOSIHUSI PA3JIMYHBIX BEIECTB B
MIUPOKOI 06IacTH TeMmepaTyp U IaoTHocTed. [lpu mposegeHwn pacde-
TOB mjis ompenesnenns 3M(EKTUBHON TPAHUIBI HEIPEPBIBHOTO CIIEKTPA
€ TIPU TIPOM3BOJBHON TEMIIEpAType U ILIOTHOCTU BEIIECTBA JIOCTATOYHO
3adukcnpoBaTh HOMEp KOpHsi ypasHenust (19) u3 §1 . IV, 3anymeposas
KODHHU B COOTBETCTBUM C POCTOM HEPruu 3jeKTPoHOB (cM. puc. 3.10). U3
dusrueckux cooOparXKEHU SICHO, YTO 3HAUEHHE YHEPTUU £g B HOPMATHHOM
cocrosiiuu (T = 0, p = pg) JOMKHO JIEKATH B PAflOHE BEPXHETO YPOBHSI
SHEPTUM JIEKTPOHOB (Ui B PAflOHE 30HBI MPOBOAMMOCTH JIJIsi METAJLIOB).
9T0 ycioBHE JaeT 3HAYEHHE HOMEepa KOpHsi N, GJIU3KOe K YUCITy JJIeK-
TPOHHBIX 0007109€eK N B aroMe (B YaCTHOCTH, /jist amomuaus N = 4, mjist
skeme3a N = 6, niast 3omora N = 18).

Hessbimonenune ycaoBuii TepMOIMHAMUYECKONW COTVIACOBAHHOCTHU MPHU
BBIOODE £9 MOXKET NMPUBOIUTH K (PU3MUECKU HEKOPPEKTHBIM PE3YJIbTATAM,
MOJIy YeHHBIM, HATIPUMED, B pabotax [56, 223]. B pabore [56] 66110 BEIOpAHO
3HaueHue £g = —4/ p(ro), rae p(ro) — IEKTPOHHAS IVIOTHOCTH HA IPAHULIE
aTOMHON sA4edKu. Iy AUCKPETHBIX COCTOSHUM HMCIOIb30BAJNCH KBAa3U-
KJIACCUYIECKHUE BOJHOBBIE (DYHKINH, & JJIsi COCTOSTHUI C SHEpTHei € > €9 —
KBasuKJjaccudeckoe npubsmkenne (cm. 1.3 u3 §3 rur. III).

B pacuerax mo Meroxy [56] mpu yBeswueHMH TUIOTHOCTU BEIECTBA p
MIPOUCXOJAT IMOCE/I0BATEIbHBIE TIEPEXOIbl IUCKPETHBIX YPOBHEH 3HEPTUu
€ = €p¢ U€PE3 33JAHHYIO 3DHEKTUBHYIO TPAHUILY HEMPEPBIBHOTO CIEKTPA
€0, TAK KAK C POCTOM p HEPIUU YPOBHEH PACTyT, a rpanuna g = —+/p(ro)
CHMKAETCsA. [Ipr 3TOM TOIyIa0TCs CKAYKKA B TEPMOJAUHAMUIECKUX (DYyHK-

108 ¢ |
107

108

10° w0t P
Puc. 6.10. Kpusble XOJIOZHOrO CXKATHs Keje3a: 3aBHCUMOCTh masienus P (I'Ila) or
mwiorsoctu p (r/cm?) npu remneparype T = 0 (crtomnas unua — XPC, mrpuxosas
JIMHUS, TIePeXOISANas B CIUIONIHYIO mpu p > 103 r/CM3 — T®, nyHKTUpHAs JIMHUS
¢ uznomoM — [56])
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Puc. 6.11. Duexrpounoe pasiaenune P (I'Ila) u sueprus F (xk/>k/r) B aJiOMUHHH 1O
pa3nngHBIM MojessaM. IIpuBesensl n3oTepMbl pu TeMmneparypax 1 — T=3,98 3B, 2 —
T=39,8 5B, 3 — T=398 5B B 3aBHCUMOCTHU OT IIOTHOCTH p B T/cM> (CILIONTHAS JTUHUSA —
X®C, mrpuxoBas juausa — TP, nyakrupHasa gunua — TOII)

[USIX JIEKTPOHOB, KOTOPbIE WHTEPIPETUPYIOTCS KaK (DA30BbIE IIEPEXOIbI
neporo poga (cM. puc. 6.10). Kak sumno u3 ypasuenusi (19) (cm. §1,
. IV), nocne Toro, Kak €,¢ CTaHOBUTCs GOJIbIIE Eg, JJid KOPPEKTHOTO
ydera 3JIeKTPOHOB, HAXOJAUBIIUXCS B COCTOSHUAX C KBAHTOBBIMU UUCIAMU
nf, HeOOXOIMMO M3MEHUTD ToJIoKeHue 3(hheKTUBHOM rpanulipl £y. Takoe
YTOYHEHWE TPUBOANAT K CIVIAXKWBAHWIO TEPMOIUHAMUYIECKUX (DYHKIWNA U
K OTCYTCTBHMIO (DA30BBIX II€PEXOJOB IIPH CBEPXBBICOKUX CXKATHUSX, XOTS
XapakTep 3aBUCUMOCTH OT TJIOTHOCTH MOXKET OTJUYATHCS OT ILJIaBHOU
KPWBOI, IOy YeHHoi 1o Mozaenn Tomaca—Pepmu.

Ha puc. 6.10 npoBeneHo cpaBHEHNE KPUBBIX XOJIOIHOTO C2KATUS B 00J1a-
cru gasaennit P = 108 T'Ila, nosydensbix no mogenam XPC, TD, a takxe
o mMogenu [56]. Beibop mapamerpa €9 B coorBercTBum ¢ ycaosuem (19) u3
§1 o IV mpuBoauT K MIaBHOMY TOBEIEHWIO KPUBBIX XOJOTHOIO CIKATHUS
B 00JIACTU CBEPXBBICOKUX TABJIEHUN, MIPUYEM ITOT PE3yJTbTAT MOIYIAeTCs
HE3aBUCUMO OT TOTO, YUYUTHIBAETCS WA HE YIUTHIBAETCS PACITUPEHNE
JUCKPETHBIX YPOBHEH B 30HBI.

IToxpobHOe cpaBHEHNE PE3YIHTATOB PACYETOB MO PASIUIHBIM MOJIEIAM
B IIMPOKOM O0JIACTH TEMIIEpATyp M ILJIOTHOCTEH IMpPOBEIEM Ha, IIPUMEpe
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amomuaust [83]. Ha puc. 6.11 mpuBeeHs! i CpaBHEHHs] TPU M30TEPMBI
3JIEKTPOHHBIX KOMIIOHEHT [IABJIEHUs U SHEPTUN IIPU Temmeparypax = 3, 98;
39,8 u 398 3B, mosyuennsie o Tpem paziaudHbiM Mojessiv: XDPC, TO
u T®II. U3 sroro rpaduka BUAHO, 9TO HAMOONBINNE DPABIUUUT MENKITY
MoziesisiMu (B HECKOJBLKO Pa3!) UMEIT MECTO NpU HU3KHUX TEMIEPATypPax
B 00JIaCTH HOPMAJIbHOW IJIOTHOCTH, IIPU ITOM DPe3YJIbTAThl PACYETOB IO
mvojgen XPC 3aHUMAIOT MPOMEKYTOYHOE TOJIOXKEHUE MEXKIY Pe3yJIbTa-
ramu mogeseir T® u TOII. Bamerum, aro nmonpasku B mozaenu TOIT k
nucxonHbIM JaHHBIM T® OKa3bIBAIOTCA 3/1€CH MOPsIKA OCHOBHOM BEJIMYUHBI,
9T0 yKa3biBaeT Ha HempuMmenmMmocTh Mozenu T®II B paccmarpuBaemoit
obmactu T u p. C pocToM TemIepaTypbl Pa3judusi CTAHOBITCS MeEHee
3HAYUTETHHBIMU.

Cnenyer obparuTh BHUMAHWE HA OCODEHHOCTH MOBEIEHUS H30TEPM,
paccuutanabix 1o mogean XPC mpu T = 3,98 3B. DTtu kpusble npu
miorHocTax p ~ 30 r/ cM® TmepecekaroT COOTBETCTBYIOIINE KPUBbIE MOIETU
TOII nepen Tem, KAK BBIATH HA ACUMIITOTHKY, COOTBETCTBYIOILY IO MOJIEJISIM
T® u TPII. Dta 0cOOEHHOCTH CBsI3aHA C MEPECTPOUKON IHEPTETHIECKOTO
CIIEKTPa 3JICKTPOHOB U C U3BMEHEHHNEM B CBA3H C 3THUM 3aIllOJTHEHUA ITOJIOC.

2. KpuBble XOJIOJHOTO CXKATHUHA. YUeT 30HHON CTPYKTYPBI SHED-
PeTHIECKOTIO CIEKTPa JIeKTPOHOB B Mojesn Xaprpu—®Poka—CiaTepa mo-
3BOJISIET TIPUMEHSITH ee He TOJBKO JJIsi Pacdera CBOWCTB Pa3peKeHHOH u
MJIOTHOM Ta30BOM ILJIa3Mbl, HO U JJid PacdeTa CBOUCTB TBEP/BIX BEIIECTB
[PU CUJIHHOM C)KATHH. Pe3ysbTaThl 9KCHEePUMEHTATBLHOTO HUCCIIeI0BAHUS
YPaBHEHHUIl COCTOSIHWsI TBEPJBIX BEIECTB COCPEIOTOYEHBI, B OCHOBHOM,
BOsiu3u HOpMaubHbix ycsiouil (P < 100 I'Ia). Ilpu ouenb BBICOKUX
nasyennsx (P > 10 TIla) cranoButcs npuvenumoit mozesns T® (uim
6osiee Tounas moenb TOII). Tak Kak ypaBHEHUsI COCTOSTHUST HEOOXOIUMbI
B ITEPOKOIt 00JIACTH CXKATHH, TO HA MPAKTUKE IIHPOKOE PACIPOCTPAHECHHE
MOJIyYUJIN METO/IbI Pacyera ypaBHEHUN COCTOSTHUSI BEIECTBA C WCIOIB30-

P P
b

80 1500 [
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500 |
20
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1 1,4 1,8 22 26 O 1 2 3 4 o

Puc. 6.12. Xonoguble KpuBble HATpUsI U aaoMuHus (gasienne B ['Ila B 3aBUCHMOCTH
oT CKaTUA 0 = p/po, cunomnuas gunus — XPC, mrpuxosas auanst — T, myHKTHPHAs
smEus — T®II, Toukn — skcnepumenT [9])
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BAaHWEM WMMEIOIINXCS IKCIEPUMEHTAIbHBIX JAHHBIX W IKCTPAIOJSIUN HA
acuMOTOTUKY 1o craructudeckum monenasm T® u TOII. Oxmako stu
MeTOIbI HE BCErJa IMPHUBOJAAT K HAIEKHBIM Pe3yJIbTaTaM H3-3a TOr'O, 4TO
B TIEPEXOIHON 00JaCTH, Te He MpUMeHnMa Momeab Tomaca—®Pepyu u HET
KCIIEPUMEHTAIbHBIX TAHHBIX, OOIBIION BKJIA] MOTYT JABATh HEYIUTHIBA-
eMbl€ B CTATUCTUYECKUX MOJIEJISIX HEPEeryJisipHble 000109edHbIe 3(hDEKTHI.

OcraHoBUMCs CHadYaJjia Ha PE3yJIbTATaX PACYETOB IO PA3JIMIHBIM MO-
JeJISIM IS IIEJIOYHBIX MeTaJuioB. Kak u3BecTHO, moBepxHocTb Pepmu
Ijs HUX Onm3ka K cdepe, modTOMY TpHUOJIMKeHHe CHEPUIeCKuX sIeeK
Buruaepa—3eiiTiia 31ech, I0-BUAMMOMY, HE JIOJI?KHO IIPUBOIUTH K OOJIBIIAM
omubKaM, TaK KakK B NpUOJMKeHUU CHEepUIeCKUX sUeeK TOBEPXHOCTH
Oepmu TakKe ABIsieTCs cdepoii. B To ke Bpemst Kak pas3 I METOIHBIX
METAJIJIOB M3-3a CUJIBHOTO BJIMSIHUSA 000I0YeYHBIX 3 (HEKTOB HE IIPUMEHM-
Mbl Mogenn T® u TOII.

CpaBHeHre MoJy4eHHOM ¢ moMoIbio Mogenn X®C KpuBOil XOJIOIHO-
rO CXKaTHs HATPHs C IKCIEePUMEHTaJIbHbIME JaHHbIMA [10] Ha puc. 6.12
MOKa3bIBaeT, uTo Mojesb XPC cpaBHUTEIBHO XOPOIIO OMUCHIBAET XOJIOI-
HOe CxKaTue Harpus. [lojydeHHOe TeopeTudecKoe 3HAaYEeHHe HOPMAJIbHOM
MI0THOCTH HaTpus po = 1,36 r/cm® (T.e. Takoif MIOTHOCTH, IPU KOTOPOii
P = 0) 6rmxe ¥ sxcnepuMenTambaomy po = 0,97 r/cm3, gem nomydennoe
o mofesn TOII py = 2,8 r/em®. Jljia iuTHeA TeopeTudeckas HOpMaTbHast
mioTHOCTH 1o Mozienn XPC pg = 0,54 r/cm® Beero na 2% oTnmdaercs oT
sKcrepuMenTanbhoit pg = 0,53 r/cm>.

P
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Puc. 6.13. Xosoauble KpuBble requs u HeoHa (nasienue B I'Ila B 3aBEUCHMOCTH OT
IIJIOTHOCTH p B I‘/CM3, crutomHast jguHuss — XPC, mrpuxoBas auaus — TOII, Touku —
sKcrepuMenT [69])

Ha puc. 6.13 npoBeneno cpaBHeHUE PE3YJIBTATOB PACIETOB XOJOIHOTO
cKaTus rejivsi U HeoHa 110 mozenu XPC ¢ pacaeramu no mozenu TOIT u
IKCIIEPUMEHTAJbHBIMYA JAHHBIMU, IOy YeHHBIMA METOIOM MOJIEKYJISIPHBIX
ny4koB [69]. Imeer MecTO XOpolllee COIIacHe pe3yJIbTaTOB PACUETOB IO
Mogiesin XPC ¢ 9KCIIepuMEHTAJIbHBIMY JIAHHBIMU IIPH JIOCTATOYHO OOJIBIITNX
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CXKATUAX, TIPUYEM, €CJIU JJIsi TeIus Pe3yIbTAThl COTIACYIOTCS C JAHHBIMA
o mojies T, To myist Heona Mozens TOIT naer pesynbrare: xyxe, dem XDC.
JIisi KPUBBIX XOJIOJHOTO CXKATHs AJIOMHUHHUsI, YKeje3a U 30510Ta (CM.,
Hanpumep, puc. 6.12 s adOMUHHs) UMEET MECTO 3aMETHOE OTIMYHe
OT IKCIEPUMEHTAJNBHBIX JaHHBIX [9, 39] mpH MasbIX CXKATHUAX, KOTOPOE
cocTtapgeT okosio 10% nssa amoMunusa u 3050Ta, 1 20% — 114 xemesa.
3. ¥Ynapubie angmabartei. [logpobmbie TaOMMIBI ypaBHEHUI COCTO-
sHUSI, TIOJIydeHHble 1m0 Mmojenun Xaprpu—Poka—CiadaTepa, MO3BOJSIOT I0-
CTPOUTH KPUBBIE YAAPHOTO CXKATHUS BEIIECTBA, KOTOPHIE HA3BIBAIOT TAKIKe
yaapHbIME aguadbaramu uiau agmabaravu ['rorormo. Ilocienree na3sanue
CBSI3aHO C T€M, UTO I[IPU CKATHH BEIIECTBA 3a (DPOHTOM yaapHOI BOIHBI B
COOTBETCTBUU C 3aKOHAMHU COXPAHEHUsI BBIMOJHSIETCs COOTHOMIEHHe ['foro-
HEo [44]:
1 1
28 - )= (P+ ) (5 1) 1)
Po P
rie Ey, Py, po — BHYTpEHHsisl 9HEPIHsI, TABJIEHNEe U IJIOTHOCTH HEBO3MY-
MIEHHOTO BEIIeCTBa, a F/, P, p — cOOTBETCTBYIOINE BETUNINHBI 338 (DPOHTOM

YIAAPHOI BOJHBI [IJTst C2KaTOro Bemectsa. IIpu aTtom maccoBas U u BotHOBasS
D ckopoctu ymapHo#t BoHBI cBsizanbl ¢ P u E cooTHOIIEHUsIMA

2(E — Ey)(P — P) p_P-h

U= ,
P+ P poU

(2)

Tak Kak B COOTBETCTBUU C ypasHeHueMm cocrosinus P = P(p,T) u
E = E(p,T), 10, 3amaBasi 3HaYeHUE ILJIOTHOCTU p, MOXKHO OIIPE/IEJIUTh
remneparypy 1 u nasienue P ua ynaphoil aaguabare (1).

ViapHble aauadaThl AJIOMHHAS U 2Kejle3a, PACCUUTAHHBIE IO MOJETH
Xaprpu—Poka—Cisrepa, npusenensl Ha puc. 6.14, 6.15. Kpome pacueros

P
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Puc. 6.14. VYaapuas agmabaTa aJlOMUHAs 110 pasHbIM MozensMm (nasienue B ['Ila B
3aBHCHMOCTH OT CXKaTus 0 = p/po): cuiomuas aunus — XPC, IyHKTUPHAS JIUHAS —
K3U, TouKKr — 3KCIepUMEHTAIbHbIE JAHHDLIE
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Puc. 6.15. VYgapuas aamabara »kene3a (cmomHas juaus — XPC, mrpuxoBas

smaus — TOII [51]). IlpuBeneHs! TakKe SKCIEPUMEHTAJIbHbIE JaHHBIE (7, 6, 5, 4]

o Mozenun XPC mpuBeeHbl TaK¥KEe PE3yJIbTAThI, Oy Y€HHbIE TI0 MOIEN
TOII nns xene3a, a TakKe € UCIOJIH30BAHUEM UHTEPITOISITUOHHOTO yPaB-
HeHus cocroguus [50] (Tak HasbiBaeMasi KBA3W30HHAS HHTEPHONSAINSA —
K3W) gnst amoMunus. 316Ch 2Ke IPUBEIEHBI PE3YJIbTAThl SKCIEPUMEHTOB.
ITo ocu abcuupce oTyiokeHo cxKatue o = p/po (po = 2,71 v/em® nna
aJqroMuHus u po = 7,81 muid xkenesa), 10 ocu opaunar — gassenue B I'Ila.

Kaxk BusHO U3 pucyHKa, oboodedHbie 3(hdeKThl UrparoT BecbMa CyIiie-
CTBEHHYIO POJIb MOCJE TOTO, KAK BEIIECTBO CXKATO MOYTH J0 TPEIeThHON
IIJIOTHOCTH W HAYHMHACT MHTEHCHUBHO HAarpeBaTbCA. HpI/I 3TOM TEMIIEPATYP-
Hasl MOHW3AIMs KayKIOH ODOJIOYKHM JaeT Ha yJapHOH ajmabare NIIaBHYIO
OCIUJLIIATINIO OTHOCUTENBHO pacyeTHoit kpuboit TOII.

Amnanu3 npuBeieHHBIX HA puc. 6.14 JAHHBIX MTOKA3BIBAET, 9TO B 00JIACTH
ckatuii 0 ~ 1+ 1,8 (mapnenuss P < 200 I'Tla) mosoxenue yaapHOI
aﬂHaﬁaTbI AJIIOMUHHUA Ha OCHOBE UMEIOIUXCA SKCIIEPUMEHTAJIbHBIX JaHHBIX
U TIOJTYyIMIIMPUIECKUX ypaBHeHI/Iﬁ COCTOAHUA yCTaHOBJIEHO JOCTATOYHO Ha-
nexHo. B obmactu cxkaruit ¢ ~ 1,8 — 2,8 pe3ysbTaThl IKCIEPUMEHTOB
OTYaCTU TPOTUBOPEYAT APYT JAPYTY, MOITOMY HEOOXOIMM KPUTHIECKUIA
AHAJIA3 TOJTYYIE€HHBIX B PA3HOE€ BPEMA IKCIECPUMEHTAJILHBIX JaHHBIX B 3TOM
obmactu. Ilpu Gosee BBICOKUX CxkKaTMaX (0 > 3) 4aCTh IKCIEPUMEH-
TAJBHBIX JTAHHBIX UMEET TIJI0X0 KOHTPOJUPYEMYIO U JOCTATOYHO OOIBIITYIO
OOrPEeImHOCTb, MMO3TOMY MOZKHO CYUTATH, YTO PE3YyJAbTATHI PACHETOB KaK
o mogen XPC, tak u K3U, e nmporuBopedar 3TuM gaHHBIM. B 1iesiom,
W3 TPUBOJAMMBIX PE3YJIbTATOB BUIHO, YTO yIApHAd aauadara mo MOIE/H
XOC mpu cxkarusx o > 1,8 XOpPOIIO COMIACYeTCsl C IKCIEPUMEHTOM.
Viapuas aguabara mo K3UW umeer B obactu cxkaruii 0 < 3 TEHIEHIUIO K
SHAYUTETbHOMY OTKJIOHEHUIO OT IKCHEPUMEHTA U TPUBOJIUMBIX PACHETHBIX
TTAHHDBIX.

B obnactu cunbHBIX cKatuilt (0 ~ 5) mepsasi OCUMJIANMS yIAPHON
ammabarer mo K3U caBuHyTa OTHOCHUTENIHHO MEPBOM OCIHUJUIAINN 1O MO-
nesn X®C B objsiacTh 0OJiee BHICOKUX CxKaThil. Bropble ocupuisnuu Ha,
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Puc. 6.16. V3orepmbl gaBienusi P ajis 30J0Ta B 3aBUCUMOCTHU OT INIOTHOCTH P
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Puc. 6.17. 130TepMbl BHyTpeHHe# sHepruu ' 17151 30/10Ta B 3aBUCUMOCTH OT IIJIOTHOCTH 0

aguabaTax, KOTOpbIe COOTBETCTBYIOT MOHU3AIUU K -000/I0UKH TIpU TeMITe-
parypax T ~ 1 k3B, HaxomsTCs CylecTBeHHO OyaKe apyr K apyry. Casur
MOJIOKEHnA ocumiaAnyii Ha aguadbare K3U mo oTHOmEHWIO K OCIMJLIA-
musm aguabarer XPC, no-suaumomy, obyciaosien tem, uro B K3U mpu
pacuderax 1o Mmogzenau Caxa HMCHOIB3YeTCs HEKOTOPOe MPUOJIMKEHHe J1JIst
CHUZKEHUA TOTEHUUAJIOB WOHU3alUN TIPU BBICOKUX TEMIIEpAaTypaxX, B TO
BpeMms kKak B Mojenn XPC Takoe CHUKEHHUE TOIydaeTcss 0e3 KaKuX Jinbo
JIOTIOJTHUTEJIbHBIX TPeanooKenuii. Ha1e:KHOCTh Oy 9€HHBIX 0 MO/IEJH
XOC ymapubix aguabaT B 9TOH 06JACTH TOATBEPKIAETCS XOPOIIUM CO-
[JIaCHeM Pe3yJIbTATOB PACUYETOB YPABHEHUN COCTOSIHUSI JIJIsi BBICOKOTEMIIe-
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Puc. 6.18. VYjapuas aguabara 3os0ta (Cruiomnas Juaus — Mojeab XPC ¢ ucnosb-
30BaHUEM HOJIYIMIHUPUICCKOTO YPAaBHEHUA COCTOAHUA; IIYHKTHUPHAA JIMHUA — MOJEJIb
TO®II [51]). [IpuBeseHBl TaK>Ke SKCIEPUMEHTAJbHbIE qaHHBE [159, 164, 4, 5, 9, 173]

paTypHOU HENJIOTHON NJIa3Mbl C pacYeTaMH IO MOJIEIN HOHU3AIMOHHOTO
PaBHOBECHS C YI€TOM HEWI€AJTHHOCTU B MPUOIMKEHUN OOITBHIIOr0 KAHOHU-
veckoro ancambis Jebas—Xrokkens (Caxa—BIX [32], cM. Huxe).

Ucnonbayst pe3yabrarsl pacaeron no mojenn Xaprpu—Poka—Ciarepa u
MOJTySMITUPHYECKHE MOJEIH, B YACTHOCTH, MOJIENb [22], MOXKHO TIOCTPOUTH
YPaBHEHUsI COCTOsIHUs, HMPUTOJHBIE B IIMPOKOH O0OJIACTH TEMIIEPATYD H
mioTHOCTel. Takue ypaBHEHHs COCTOSHHUS HEOOXOIMMBI MPU YHUCIEHHOM
MOJIEJTMPOBAHUY Ta30quHaMuaecKkux mporeccoB. Ha puc. 6.16, 6.17 npuse-
JEeHbl M30TEPMBI JIaBJIEHUS U BHYTDEHHeH dHepruu /I 30JI0Ta, MOJIYYeH-
Hble HA OCHOBE MMOCTPOEHHOIO TAKUM IIyT€M yDABHEHHS COCTOSIHUSI. DTH
pe3yabrarbl ObLIH JTI00e3H0 mnpenoctasiaenbl Ham B.B.Bambko. CoorBer-
CTBYIOIAs yaapHas ajguadaTa 3070Ta MpUBeIeHa Ha puc. 6.18.

4. CpaBHeHue c¢ momeabio Caxa B I1asMeHHOU obGsgactu. B
uaeaabHON U CIabOHenIea bHON IIa3Me ypaBHEHUEe COCTOSTHUS U JIPYTue
XapaKTEPUCTUKHU BEIIECTBA MOXKHO HE3aBUCHMO BBIYUCIUTH 10 MOJIE/H
VOHU3AIMOHHOTO PABHOBECHsI, B KOTOPOI UCIOIb3yIOTCH SKCIIEPUMEHTAb-
HbIe 3HAYeHUs YPOBHell 3Heprun HoHOB. 10, YTO B MOJEIN HOHU3AIMOHHOTO
PaBHOBECHUS WCIIOJIB3YETCS IKCIEPUMEHTabHAsS WHMOPMAIUs, TO3BOISIET
BO MHOTHX CJIy9asiX MOJy9aTh JOCTATOYHO HAEKHBIE Pe3yabTarhl. [lo3T0-
My OOJIBIIION WHTEPEC MPEeACTABISEeT CDABHEHUE CYIIECTBYIOIIUX TEOPETH-
YeCKMX MOJeNel ¢ pesysbTaTamMu pacderos mo mojenun Caxa B obacru, rie
MIPUMEHUMOCTD 3TOW MOJEIN He BBbI3BIBAECT COMHEHMIA.

B tabsmtie 6.1 npoBeieHo cpaBHEHNE CPEHUX YHCEST 3AITOJTHEHUS, TIOTY-
geHHbIX 10 MojesiaM T®, XOC u Caxa jyist aJIOMUHAS TIPU TEMIIEPATYPE
T ~ 25 3B u mnotnoctu p ~ 1,5-107% r/cv®. B mogensx T® u XOC stu
YUCIA JIJI COCTOSIHUIM C IJIaBHBIM KBAHTOBBIM YHCJIOM 70 M OPOHTAJIBHBIM
qucyioM £ ObLITH MOy YeHbl 10 (hOPMYJIe

2(20+ 1)
14 exp (—HE”ZH_ )

Nn(f =

)
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rae ji — XUMWYECKUH MOTEHINAN, Ey¢ — COOCTBEHHOE 3HAYEHUE YHEPTUH,
BBIYKMCJIEHHOE C moMOIpio moreHnpana T® wm XPC, cooTBeTCTBEHHO
(ucnonb3osanue norennmanga TOII gaeT MPAKTHYECKN TOT YKe PE3YJIBTAT,
uro u T®). B monenu Caxa ducia 3amoiHenus GbLIU IOy Y€HbI C IOMOIIbIO
YCpEIHEHUsI HACEJEHHOCTEeH YPOBHsI C JIAHHBIMU 3HAYEHUIMH 1 U £ 1O
BCEM COCTOSHUsIM HOHOB. HeobxomaumbIe /1151 ycpeHEeHNsT BEPOSITHOCTH BO3-
MOZKHBIX COCTOAHUNA MOHOB OIPEENAINCh U3 IIOJHONH CUCTEMBbI yPaBHEHUHA
Caxa—Bosbumana (cm. (11) uz §2). 3amerum, 9T0 CpeIHUE YUCIA 3AMOJ-
HEHUsT JIEKTPOHHBIX COCTOSTHUHN SIBJISIIOTCS OJIHON M3 Hambosee BayKHbBIX
XapaKTEPUCTHK BEIECTBA, OMPEAeSIONINX CPEIHIO CTeIeHb NOHU3AINHT,
a 3HAYUT, U yPABHEHWE COCTOSHUSI.

Tabauna 6.1. CpaBHeHHe HEKOTODPBIX XapaKTEPHCTUK aJIIOMUHUA Ipu = 24,28 3B,
p=1,49-10% r/cm?, monyuennbix mo mMogensm Td, XOC u Caxa.

Mogennb CpeHue 9UCIa 3aI0IHEHUS Yucno cobogubix | XumMudeckuit
JICKTPOHHBIX COCTOSTHUI SJICKTPOHOB IIOTEHITUaJI
n=1 n=22 n=3 n=4
TO 2,000 4,870 0,040 0,010 6,048 9,177
XoC 2,000 4,157 0,016 0,005 6,804 9,270
Caxa 2,000 4,317 0,015 0,005 6,674 9,276

N3 1ab. 6.1 BuaHO, 9TO pe3yabTaThl pacdeTos o mozaeau XPC xoporro
coracyiorcs ¢ pacderamu 1mo mojenu Caxa, B TO BpeMsi Kak Mozeib T®
€T, HAIIpUMep, 1715 0O0JIOYKY C IJIABHBIM KBAHTOBBIM YUCJIOM 1 = 3 Cpe/I-
Hee Y9HCJIO 3JIEKTPOHOB, B 2,5 pa3a boblee. 3aMeTHM, 4TO IPU JOCTATOYHO
BBICOKOH TeMIlepaType pe3yabTaTbl pacdeToB 1mo mozenu Tomaca—Pepuvu
XOPOIIIO COTTIACYIOTCS € PE3YJILTATAMH PACIeTOB M0 Mozesn XapTpu—Poka—
Cmrepa. C MOHMKEHUEM TeMIEpaTypbl HETOYHOCTDH OMPEIEICHUsST TUCEeT
3allOJTHEHU A, & 3HAYNUT, U JIPYTUX XapPaKTEPUCTUK BEIIECTBA IO MOAE/IN Tq)
OBICTPO YBEJIMYUBACTCS.

st XxapaKTepUCTUKNA BO3MOKHOI BEJIMIHHBI OTKJIOHEHUIT TPUBEIEM B
KayecTBe IIpUMepa Pe3yJsbTaThl pacdeTa BHYTPEHHENH SHEPruu JIATHAS IIPU
naineann P = 0,1 I'lla u pa3nuyHbIX 3Ha4YeHHAX TeMmiepaTypbl. Ha
puc. 6.19 mpexacraBiaersbl pe3yabTarThl pacueroB mo mozesasim 1@, TOII,

Caxa u momenu X®C. B paccmarpuBaemoil o0JacTu TeMIeparyp u
mirorHocTedt mpu T' > 1 3B pesyabrarsr pacuaeroB o Mozaean Caxa MOKHO
CYNTATHh TNPAKTUYECKU 3IKCIEPUMEHTOM, TaK KaK YPOBHU SHEPIHH BO3-
Oy2KIEHHBIX COCTOSIHWH JINTHS XOPOIIO U3BECTHBI, & ILIa3My IIPH ITUX
YCJIOBHSIX MO2KHO CIUTATh uaeanbuoil. Kak BumgHo u3 puc. 6.19, pe3yabrarst
pacueToB 1o Mozesnn XPC HAXOAATCS B XOPOIIEM COTJIACHHU C PE3YJIbTATAMHI
pacueros o mozesnu Caxa. B To ke Bpemst HaOII01aeTCs 3AMETHOE OTIHINe
oT pe3ysbraToB pacueroB mo momensm 1® u TOII, koropsie B maHHOIA
obJsracTu Ial0T MPAKTHYeCKU COBIajaoume pe3ysbraTsl. Hampumep, npu
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E x]JIx/r ' "

10

1 10 T,B

Puc. 6.19. Ilonnass BHYTpPEHHSISI SHEPIHS JIUTUS 110 PA3IHIHBIM MOJEJISM IIPH IaBJIe-
uun P = 0,1 I'lTa (cunomnas nuaus — XPC, mrpuxosast muaus — TOII, myHKTHpHAS
smansg — T®, roukn — Caxa [32])

temrieparype 1T = 5 3B sueprus no momenu X®C B 2,5 pasa MmeHblie
SHepruu, noixydennoit mo moxesu TPII a nmpu temmeparype 7' = 15 3B
Haoboport, sueprus no mozenu XPC B 1,3 paza 6osbIiie SHEPIUH, IOy Y€H-
Hoit o mozenu TOII.

PBBJII/ILII/IG B TEPMOAWHAMHNYICCKUX (byHKIII/IHX B YKa3aHHBIX TOYKaX IO
TeMIIepaType U IJIOTHOCTH 00YCIOBJIEHO OOMBINNM BKJIAIOM O00OJIOIEIHBIX
3¢ deKTOB, KOTOPhIE 3HAYUTESHHO MPEBBINIAI0OT KBAHTOBbIE U OOMEHHBIE
nonpasku Momeaun T®II. Pesyabrarsr pacaeros mo momenun XPC corma-
cyforcs ¢ pacgeramu mo momenun TOII, wmaywmuas jgumb ¢ TemMmeparyp
T > 50 3B, T.e. Torga, Korga JUTUH CTAHOBUTCS MOJTHOCTHIO MOHU3OBAH-
vbiM. Biusgane obomodeunsix 3¢ddekToB HA TepMoauHAMAIECKe bDYHKINN
IUTA3MbI OCTAeTCS CYIIECTBEHHBIM W [Jisi OOJiee TSKEeIbIX daeMeHToB. Ha
puc. 6.20 mpoBeseHO CpaBHEHUE JABJICHUSI W BHYTPEHHEH SHEPTUN aJTFOMU-
Hus npu mroraocta p = 0,01 v/cm® u Temmeparypax T = 3,98 + 700 3B,
nostygentnoro mo mogenasm X®C u TOII, ¢ pesyabratamu pacyeToB MO
monemu Caxa—BJIX (tounee, no mogenu Caxa ¢ yaerom 3¢hdekToB Hene-
AJTLHOCTH B MPUOJIMAKEHUU OOJIBIIIONO KAHOHUYIECKOTO AHCAMOJIS U UCITOJ/Ib-
3oBamus norennuaia Jlebas—Xoxkens [32]).

Xopotiiee corsiacue JaHHBIX, TOAy4YeHHBIX M0 Mozmenun XPC, ¢ pe3yiib-
TaTaMH PaCdYeTOB IIO MOIEJIn Caxa HEYJIUBUTEJIbHO, TaK KaK IMOTE€HI WA~
JIbI MOHU3AIUH MOHOB BBICOKOI KPATHOCTH OMUCHIBAIOTCS B Mozenn XDPC
BEChbMa TOYHO, a MPUOJIMKEHNE CPETHEr0 aTOMa TeM TOYHee, YeM OObIe
peam3yercs Pa3IMnIHbIX COCTOsTHUN NOHOB. VIMEHHO nBa mocaeqaux 06CTo-
SATEILCTBA XapaKTEPHbBI JJIsi BHICOKOMOHU30BAHHOM HEIJIOTHOM TJIa3MBbl.

AH&J’[I/IE} TIOJTy9Y€HHBIX PE3YJIbTATOB MOKA3bIBAECT, 9TO B O6J'[aCTI/I ZKUIKO-
MeTaJIMYEeCKON, MJIOTHONW UM pPAa3perkeHHOI IIa3Mbl IIPU TeMIepaTypax
T >5 3B mozens XPC gaer H0CTATOYHO HAIEKHBIE PE3YJIBTATHI, YTO HO/I-
TBEPZKOAECTCA CPpaBHEHHEM C 3IKCIIEPUMEHTAJbHBIMU OJaHHBIMH B O6J'[aCTI/I
YAAPHOTO CXKATHUsI, & TaAKXKe C PACYETAMU M0 PABTUIHBIM IOJyIMIIUDPUIE-
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P[P E/Eur '

0,8
1,6
0,6
1,2
0,4
0,8

10 100 T,5B 10 100 T,sB

Puc. 6.20. Ornomenune nasienuil (a) u BHyTpeHHux sHepruil (b) B aaroMuHUE IpH

mwiorsoctH p=0,01 T/cM® K COOTBETCTBYIONUM BEJMYMHAM IS TIOTHOCTHI0 HOHU30BAH-

HOTO M/€aJIbHOTO Ia3a [0 Pa3/IndHbIM MoAessaM (crutomHast auanst — XPC, mrpuxosast
suaus — TOII, Toukun — Caxa)

CKHM MOJEJIAM W MOJEJIN Caxa. HpI/I 3TOM OT/INYIUE MTAHHDBIX, IOy Y€HHDBIX
o mozenu X®C, or pesyabraroB mogesn TO@II npu HU3KUX TeMmIepaTy-
pax (T ~ 5+ 10 3B) mocruraer ~ 100%, npu BBICOKMX TeMIEPATypPax
(T ~ 50 + 100 3B) ormmune < 15%. Yro Kacaercsi TBEPIOTEBHBIX
XapaKTePUCTHUK BEIeCTBa, B OCOOEHHOCTH TEPMOJINHAMUYECKOTO OTIMCAHMUS
¢ a30BBIX MEPEXOI0B, TO 3/1€Ch HEOOXOAMMO TPOBOIUTH DOJIee aKKYyPATHBIM
y9eT 30HHOW CTPYKTYPbI 9HEPIeTHIECKOT'O CIEKTPA 3JIeKTPOHOB, OOMEHHBIX
U KOPPESIUOHHBIX 3P HEKTOB, 4eM 3TO MPUHSATO B HACTOSIIEE BPeMs B
mozesn XPC.

§ 5. AnmpokcuManus TabJuIl TemIo(pU3nIeCKnX JAHHBIX

PaccmorpuM HEKOTOpBIE BOIIPOCHI UCIIOJIH30BAHUST yPABHEHHI COCTOSI-
Hust U poberoB (hOTOHOB B ra3oJuHAMUYECKuUX pacderax. Heobxomumbie
Terstodu3nIeCKre JaHHbIe, KAK MPABUJIO, XPAHAT B BUJE TaOJIHIL, KOTOPbIE
MOXKHO JIETKO MOAWUIMPOBATHL U YTOYHATH 1O Mepe HEeOOXOIMMOCTH.
[ToapobHOCTE UCHOIB3yeMbIX B TAOJIUIAX CETOK OIPEessieTcs TpeboBa-
HHUEM TIepeadn 0COOeHHOCTEH TToBeeHrsT (PUNIECKUX BEJIUYINH, IIPU ITOM
Hanboiee SKOHOMUIHBIMU OOBITHO OKA3BIBAIOTCS HEPABHOMEPHBIE CETKH,
B YaCTHOCTH, TO TeMmIeparype u IioTHocTu. llomydenubie TabOaumdHbIE
JaHHBIE UCTIOIH3YIOTCS B IaJjibHelieM Ha 6osiee Mo IpoOHBIX CeTKaX, Orpe-
JEJITEMBIX METOJIJAMU YHUCIEHHOTO PEIIeHrs 3389 PAIUAIMOHHON ra30BOi
JUHAMUKA. DTO 00yCIaBIUBaeT HEOOXOIUMOCTh MHOIMOKPATHON WHTEPIIO-
JIAIAY TADJIMYHO 33JaHHON MH(MOpMAIUH.

Annpokcumaniust 7By MEPHBIX TAOJIHIL TEMIO(DU3NIECKUX JTAHHBIX TOIK-
Ha, yIOBJIETBOPATH OMPEIETEHHBIM TPEOOBAHUSIM TJIAIKOCTH, B 9aCTHOCTH,
ANPOKCUMUPYIOIAs UCXOAHbIe naHHble dyHKuus F(z,y) nomkHa ObITh
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HEMPEPBIBHA, BMECTE C TIEPBHIMU YACTHBIME MTPOU3BOIHBIMU IO MTEPEMEH-
HbIM z,y (mycrb, nHanpumep, ¢ = g7,y = lg p). Kpome Toro, mocrarouno
YaCTO MCXOJHBbIE (DU3WYECKHME BEJIMYUHBI YIOBJIETBOPSIOT YCJIOBUIO 3HA-
KOTIOCTOSIHCTBA, SIBJISIOTCH MOHOTOHHBIMY JTUOO BBIMTYKJIBIMU (DYHKIIASIMA
OIHOI M3 MEePEeMEHHBIX B HEKOTOPBIX 00JIaCTsSX m3MeneHus x u y. VaTEp-
MOJIALIMOHHBIE CIJIAMHBI B OOIIEM CJlydae TAaKUX CBOWCTB HE COXPAHSIOT,
MO3TOMY [IJIsi TMOCTPOEHUS NPUOJIMKEHW C Mepefadeili reOMeTpPUIECKUX
CBOICTB MCXOIHBIX 3aBUCUMOCTEIl 1e/1eCO0OPa3HO UCIOIB30BATh A0KAAD-
nole annpoxcumupyrougue cnaatinos [40, 65]. Ilpuvenenne 3Tux CrIafiHOB
B Ta30MHAMHUYECKHX IMPOTpAaMMax JaeT TaKxKe OIpeleeHHbIE MPEenMY-
MIECTBA B CBA3M C OTHOCUTEJBHON IIPOCTOTON M JIOKAJIBHBIM XapaKTE€POM
ko3 duineHToB crtaiiHa, OnpeeaseMbIX JUIIb OJMKARIINMYA K paccMa-
TPUBAEMOI TOYKE 3HAYCHUAMU TAOJTUIHO 33TAHHON (DYyHKITHH.

1. ITocTpoeHue aNIIPOKCUMHUPYIOIIETO CIJIaiiHA, COXPaHAIOIIe-
ro reoMeTpuyeckKue cBoiicTBa umcxomgHoil dpynkmuu. B pabore [41]
HA OCHOBE JIOKAJBbHBIX CILIAHOB MUHUMAJIBLHOTO JedeKTa MOCTPOeHa afl-
npokcumanys F'(z,y) byukuun f(z,y), 3a1aHH0i TaOJIUIHO HA DABHOMED-
HOM CeTKe B IPAMOYTOIbHOM obsiactu. IlocTpoenne anmpoKCHMUPYOIIEro
crnadina F(z,y) m0BOJIBHO €CTECTBEHHO W HATJISIIHO IPOBOUTCS HA OCHOBE
IpeJICTaBIeHNA CMeNIaHHON Mpon3BOAHOH F, MCKOMOTO CITafiHa B BHe
OunuHeHONH (OpMBI B KaXKIO# sdeiiKe JIBYMEPHOH CEeTKHM TaK, 4YTOObI
nepBble TPOU3BOJHBIE B IIEHTPE AYeHKU COBIAIATIN C COOTBETCTBYIOIINMU
Pa3HOCTHBIMU TTPOU3BOAHBIMU. [lyTem mHTErpupoBaHWS CMEIIaHHOW MPO-
U3BOJHOM [y OTHOCHTENBHO HECIOKHO MOJIy9UTh YaCTHBIC TPOU3BOIHBIC
F,, Fy u annpokcuMupyoomuit craiia F(x,y) B paccMarpuBaeMoil Ips-
MOYTOJIbHOM 001aCTH.

[Ipencrasnenune crnaitna F'(x,y) yepe3 HopMaan3oBaHHble B-criiaitHb
OJIHOIT TIepeMeHHO} uMeeT BU/,

i+p j+q

=33 B (1) B (y). (1)

k=i (=35

3/1eCh UHIEKCHI 1, j, & TAK¥Ke MOPSJIKA P, ¢ HOPMAJTU30BAHHBIX B-CIIaiiHOB
ONPEJIETISIFOTCST TIOJIOXKEHUEM TOYKH (T, 1) B PACCMATPUBAEMON TPSMOYTOJIb-
HOW obmactu 3amanus tabmuupbl {fr,} (BHyTpm Tabmuusl p = ¢ = 2;
BOJIM3M TPAHUI[ OJHO W3 3HAYEHWN P WU ¢ PaBHO 1; BOJIM3U YTIIOBBIX

. 1
Touek — p = ¢ = 1). Cruaiin BE )(:c) 3aJaH HA CETKe X; W SABJISIETCS
KYCOYHO-JINHENHON HenpepbiBHO# (dbyHKIuell Ha uaTepBaie (T;—1,Tit1),
1 . 2
puYem BE )(x) = 0 Bre 37010 nHTepBaa. Cruraitn Bz( )(:L') 3a/1aH Ha, CETKe
xf = (x; + ®ip1)/2, ABIAETCA HOJMHOMOM BTOPOii CTEIIEHU HA KAXKIOM U3
* * —_ . . * *
OTpe3KoB (z}, T}, ), k =i —2,i— 1,i unareppana (r}_,, T} ), UMeeT Tam
HENPEPBIBHYIO EPBYIO IPOU3BOIHYIO M DABEH HYJII0 BHE TOIO HHTEPBAJIA.
Hopwmanusosauuble B-criiaifHbl — HEOTpHUIIATENbHbIE (DYHKIMUA C MAKCH-
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MaJIbHBIM 3HAaYeHNeM, paBHbIM enunuie (cM. [65]). AHasormdHo 3aa10TCH
- (1) (2)
crnaiinst B, (y), B;” (y)-

(2 7

st pasHOMepHO# ceTku kodddunmentsl cuaiina bij = fre, e
fre = f(xk,y¢) — rmabaumunbie nanvbe. [Ipu 3TOM aNMpPOKCHMUDYOIIAST
dyukuusa (1) aBisercs OMKBAIPATHYHBIM CIUIARHOM BO <«BHYTPEHHEi»
4gacTH TabJIuUIBL, IPeJCTaBIseT cob0il OumnHeiiHy0 DYHKIUIO BOIU3U «yT-
JIOB» TAOJHIBI U UMeeT CMEIIaHHBIH MOPSIOK BOJU3M I'PAHUL] TaOJIHUIIHI.
Pesyabrars uccaenosanuii cruiaiina F'(x,y) m0Ka3bIBAIOT MIaaKuii Xapak-
Tep almpoKCUMAIMK TabIMYHO 3aJaHHON ucxomHoM dyHkimu f(z,y) ¢
nepeiaveil ee reoOMeTpUIecKoil CTPYKTYPBI, TO €CTh C COXPAHEHHEM TeX Te0-
METPUYECKUX CBONCTB (3HAKONOCTOSHCTBO, MOHOTOHHOCTH, BBIIYKJIOCTD,
HAJIMYHE «IIJIATO» ¥ TIP.), KOTOPbIE UMEIOTCs B UCXOIHOMN (byHKIMOHATBHOMN
3apucuMocTu f(Z,y) BO BCeil paccMaTpUBAaeMON MPSIMOYTOJIBHOM 0fsa-
cru D gubo ma HekoTopoii ee wactu. Ilpm sTOM anmpoxkcuMupyrOmImii
crutadin (1) craakuBaer OCOGEHHOCTH THIIA <U3JIOMOB» (€CJIM TAKOBbIE €CTh
B MCXOJIHOW 3aBUCUMOCTH) Ha 1-2 y3/1a, HE TPUBHOCS JOMOTHUTETHHBIX
CTPYKTYPHBIX U3MEHEHWUIi: KojeOaHul, HeMOHOTOHHOCTH U T.TI.

B cityuae HepaBHOMEpPHBIX CETOK B KadecTBe KO3 UIMEHTOB CILTaiiHa
Oepercs auHeliHass KOMOMHAINSI C COOTBETCTBYIOIIUMHE BECAMY OJTAZKANTITX
K (k,{)-oMy y3Jly CeTKM JAHHBIX TAOJIUIIbL:

big = (L= ) (L=30) fue+ v (1= 080) frrmye +
+ (L =) O¢ freqn + 7% O¢ frrmeen- (2)

Beca 7y, 0¢ ¥ cIBUTH WHIEKCOB M, N ONpeAesiorcs (popMymamu

e = |hak — ha k-1 5 = lhy.e — hy.el
dmax{hg ; hyk—1} dmax{hy, ¢; hy -1}
m = sign(hg k — Mo k—1), n = sign(hy.e — hyo—1),
rae hyr = Tht1 — Tk, hye = Yer1 — ye. Koadpdumuentor b}j, bﬁ u

b}.}, HEOGXOAMMBIE B IIPUTPAHUYHBIX 00/1ACTSX, ONPEIENAIOTC U3 yCI0BHil
rmagrocta F(z,y) (em. [42]).

IIpeacrasnenue (1), (2) Ha HEpABHOMEPHBIX CeTKAX (DAKTUYECKU sIBJIsi-
eTcsi HeKOTOPO# cuMMeTpu3alueil, OCHOBaAHHOMW Ha, KyCOYHO—OUIMHEHHOM
MHTEPHONAINA JaHHBIX TaOauipl {fr} B ABymepHoM ciydae [42]. Pe-
3yJIbTATHI YNCIEHHOTO MCCIenoBanus crtaiina (1), (2) Ha paBHOMEpPHBIX U
HEPABHOMEDHBIX CETKAX MOKA3AJIM, YTO TaKasi AIMPOKCUMAIIUSI:

— obecrieguBaer TpebyeMyIo TIaIKoCTh F'(x,y), T.e. ee HENPEPbIBHOCTD
BMECTE C IIEPBBIMHU 9aCTHBIMHU [POU3BOIHBIMHY;

— IIePEeXOIHUT B OJHOMEDHYIO AIMPOKCHMAINIO, ecan B tabiuue { fi;}
HET 3aBUCUMOCTH OT O,Z[HOﬁ U3 IIEePEMEHHBIX B COOTBeTCTByIOH.[efI 101~
obacTu paccMmaTpuBaemoit odnactu D;
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— 0BeCTIeIMBAeT TOYHBIN BBIXO/ HA, «ILUIATO» TIPH €r0 HAJMINA B UCXO/I-
HOit 3aBucuMocTd f(x,y);

— COBIIAJIAET C JAHHBIMU TAOJIHIIBI B yIJIAX IPSIMOYTOIbHON obsactu D;

— TO3BOJISIET IePeaTh TeOMETPHIECKIE CBOCTBA (MOHOTOHHOCTD, BbI-
IIyKJIOCTh, 3HAKOIOCTOSHCTBO), MMEOIIHecs: B UCXOAHONH (DyHKIMO-
HaJIbHOI 3aBucuMocTH f(x,y);

— obecrednBaeT TOYHYIO AMMPOKCUMAIIAIO /i OMIMHERHBIX (DYHKIIAN.

IMepeuuciiennble CBOWCTBA B ONPEIEJEHHOM CMBICIE JOCTHIAIOTCS 33
CYET HEKOTOPO# MOTEPU TOYHOCTU Ha TIaJKuX GyHKIMaX. B T0 ke Bpems
OYEBHIHO, YTO MOTPENTHOCTH MPUMEHSAEMBIX MOJE/EH, KAaK MPABHUIIO, IIPe-
BBIIIAECT IIOrPEIIHOCTb MHTEPIIOJIAINN. BOJIee BBICOKYIO TOYHOCTH MOXKHO
OBLIO OBI MOy YUTH, UCIOIb3Ys AIMTPOKCUMAIMH, TOYHbIE HA MHOTOYJIEHAX
0ostee BBICOKWX CTEMEHEl, HAPUMEp, TOYHbIE HA KBAAPATUIHBIX (DyHK-
ouAax. O,Z[Ha,KO yxKe ajasd OAJHOMEPHOTO CiIydYad JIETKO YKa3aThb IMPUMEPbI
dbyHKIHMIA, CETOK ¥ TOYHBIX HA KBAIPATUYHBIX (DYHKIUX AINPOKCUMAIIHIA,
KOTOPBIE HE COXPAHSIOT M€OMETPUUYECKUX CBONCTB MCXOmHOH dbyHkiuu (B
9aCTHOCTH, 3HAKOIIOCTOSHCTBA).

2. HekoTopble YucC/IeHHbIE Pe3yJbTaThl. llpeaBapuTeIbLHO MPO-
BEJIEM CDABHEHUE IIPEJJIOXKEHHOH alPOKCUMAIMU C XOPOIIO U3BECTHbI-
ME CIIOCODAMHU AIMPOKCUMAIMN KyOHMYECKUMMHU CIUTARHAMYM W MHTEPIIOJsi-
[MOHHBIMU B CpeJHEM CIulaiiHamMu BTopoil cremenn [40] must dbyHKuum
ogaoro mnepemenHoro f(z) (B cmiaiine (1) mpu TOM HpEANOIATAETCH,
9TO 3aBUCHMOCTH OT ITI€PEMeHHO# y Her). Pacder kKo3(pduIUeHTOB HH-
TEPNOIANMOHHBIX KyOMYECKUX CIIAHHOB U MHTEPIIOIANUOHHBIX B CPEJIHEM
CIUTAffHOB BTOPOI CTEMEeHW MPOBOAUJCS IMyTEeM DEIIeHUs COOTBETCTBYIO-
[IUX CUCTEM JIMHEHHBIX aIre0pandecKuX ypaBHEHU, OTINIAIONINXCS JIUITh
NpPaBBbIMKM YaCTAMU. B KadecTBe JOIMOJHUTEIbHBIX KPAEBbIX YCIOBH, 3a-
MBIKAIOIINX CUCTEMY ypaBHeHI/Iﬁ OJIA THTEPIIOTIAITUOHHOTIO Ky6I/IquKOI‘O
CILIaifHA, UCIOIB30BAJUCH TOYHBIE 3HaYeHHMs BTOPOil npoussonuoit [’ (a)
u f'(b) na xoHuax orpeska [a,b]. Iy MHTEPHONSIIUOHHOTO B CPEIHEM
craiiHa 3aJaBajuch 3HadeHus nepBoii npoussoguoil f'(a) u f'(b). Ilpu
9TOM WHTEPIONSIUOHHBI KyOudecKuit CIIaffH CTPOUJICS IO 3HAYEHUSIM
fi = f(z;) dbysxkuuu f(z) B y3max cerku {z;}, a UHTEPOJIAIMOHHDINA B
CpelHeM CIUIaiiH — 110 TOYHBIM 3HAYEHHUAM HHTerpajos S; = f;”l f(z)dz.
Jljist paccMaTpUBaEMOro JIOKAABHOrO Ciuiaitaa (1) MCIoJb30BAMUCh JIUIIb
3Hadenus GyHKimU f(r;). ANNpoKCHMMAlUW CTPOUIUCH HA PA3TUIHBIX
HEPABHOMEDPHBIX CETKAX, OJIMHAKOBBIX JJisi BCEX TPEX CILIAHOB. Pe3ysbra-
Thl PACYETOB I IJIQIKUX (DYHKIHUI MOKA3BIBAIOT YIOBJIECTBOPUTEIHHYIO
TOYHOCTH NpUOIMKEeHUs KaK (DYHKIMM, TAaK U €e NPOM3BOAHON. B kaue-
crBe ryaakoi dynkuuu, 6buta B3sTa Gynkuus f(z) = sinz. Paccmorpe-
HA HEPABHOMEPHAs CEeTKa C IJIABHO MEHSIIOLIUMCS IIAaroMm: hmax = 0,3,
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-1,5 -1 —0,5 0 0.5

Puc. 6.21. Pe3yabTaThl anmpoOKCUMALUW <«H3/JA0Ma» (MyHKTHDHBbIE JuHHK): (a) —

MHTEPIOIANMOHHBIH KyOudeckuil ciiaiin, (b) — MHTEPIONALNOHHBIA B CpeJHEM CIUIaiiH,

(¢) — noxanbHBIH crutaiie (1). CrutomHo# nuHEElH npeICTaBIeHa HCXOAHAS 3aBUCHMOCTD
f(z), pOMOHKE COOTBETCTBYIOT JAHHBIM TaOJIAIBL

hmin = 0,2, ko3ddunrentsr ymeHbiieHus u yBeaudenusi mara — 0,9
u 1,1. B gacTHOCTH, B DPAaBHOMEPHOW METPHKE IOTIPENIHOCTH JIOKAJIHHON
anmpokcumanuu Jiexkut B npenenax 0,5% or makcumyma mist byHKIUH
n 1% nns npomssogmoit. Kak m ciemoBasno 0:KugarTh, KyOMYeCKui CILIain
JlaeT HAUMEHBINYIO TIOIPEITHOCTh MPUOIUKEHUsT Kak st (DYHKIMH, Tak
" 7 TPOU3BOAHON. VIHTEPIOMSIMOHHBIA B CpeIHEM CILUIalH JaeT s
(byHKIH/II/I TTPOMEZKYTOYHYIO TNOTPEIMTHOCTh — Ha NOPAJOK MEHbINYI0, 9eM
HOrPEIIHOCTD JIOKATBHOTrO ciiaiina (1). st mpousBoaHO MOrpemHocTH
MHTEPIIOIAIMOHHOTO B CPEIHEM CILIAifHA U JIOKAJBHOIO CIJIAMHA TPaKTH-
YECKH OJNHAKOBBI.

Takum obpaszom, misi ciaydas raaJkuxX (QyHKOuil Ha CeTKax ¢ OTHO-
CHUTEJHHO TOAPOOHOM Tepemadeil XapaKTepa MOBEIEHWS HWCXOTHON 3aBH-
cumoctu f (x) pa3JjiM4Hble TUIBI ANNPOKCHUMAIIMU JAX0T BIOJHE YIOBJIE-
TBOPUTEJIBHYIO TOYHOCTH U MPAKTUYECKH HEPA3JUIUMbI Ha Trpadukax.
Hnst dyukumil ¢ 0COGEHHOCTBIO TUIA «U3JI0M» (PE3KOE U3MEHEHHE MPO-
U3BOJHOM, XapaKTePHOE [Ijisi YPABHEHUH COCTOSHUSA) PE3YJIbTAThl PA3JINd-
HBIX aIpOKCHMaIuil npusBeleHbl Ha puc. 6.21. Brpina B3ATa KyCOYHO—
paBHOMEpHAasi ceTka ¢ marom h = 0,2 ciaeBa OT TOYKHU W3JIOMA U C IIaroM
h = 0,1 cupasa ot mee. Kak u 0:kuaiochk, B OTJIMYHE OT HHTEPITOISAIAOH-
HBIX CIIARHOB, JIOKAJIBHBIH crtaiin (1), (2) mepenaer noseenne GyHKIUN
f(x) B oKpecTHOCTH OCOBEHHOCTH C COXPAHEHMEM 3HAKOIOCTOSHCTBA, MO-
HOTOHHOCTHU ¥ BBIMYKJIOCTH.

OrMmeueHHbIE TIPEUMYIIIECTBA ciiTaitHa (1) sBASIOTCS BECbMa BasKHBIMU
Ha IPaKTUKe, 0OCOOEHHO TOTJa, KOTJa XapaKTep 3aBUCUMOCTHU UCIIOJIb3Yye-
MBIX TAOJIMIHBIX (DYHKINH MOKET PE3KO MEHSIThCsA. TUIMHIHBIM [TPUMEPOM
SIBJISIETCS] yPaBHEHHE COCTOsiHUsI ¢ a30BbIM mepexonoMm. Ha puc. 6.22
npuBegeHa YaCTb HU30TEPM JaBJICHUA YPAaBHEHUA COCTOAHUA 2Keje3a B
obsactu nByX (a30BbIX MEPEXOJIOB: Map—KHUIKOCTh, JKUIKOCTHh—TBEPIOE
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Tej0. Tak Kak HUCXOOHBbIE BEJIMINHBI U3MEHAIOTCA Ha HECKOJIBKO IIOPAIKOB,
TO MHTEPIOJIAINA IMIPOBOAUTIACH B JIOFapI/I(bMI/I‘{eCKI/IX IIepeMEHHbIX.

P,TTla

0,01

0,1 1 p,1/cm?

Puc. 6.22. U3orepmbl maBjeHus xkejesa npu temmeparypax 7' or 1 3B go 10 3B.
CHIOIIHbIE JIMHUY — AIIPOKCHMAIWs, 3B€3J04YKH (Yepe3 HUX [IPOBE/eHA IIyHKTHPHAS
JINHWS) — JAHHbIE TabIuIbL

Kak BugHo m3 pumc. 6.22, HecMOTpsi HA TO, YTO BBIODAHHAS CETKA
B TabJIUIE SBJISIETCS CAWINKOM Tpyboit B obsmactu Ha3zoBOro mepexoa
JKHUJIKOCTh—TIaP, PEe3yJIbTaThl ANIPOKCHMAIUKA C IIOMOIIBIO JIOKAJIBHOTO
crutaiina (1) ZaT BIOJHE yIOBJIETBOPUTENBHYIO TOYHOCTH [Jisl TIPAKTHU-
YeCKUX 33Ja4.



JOIIOJHEHUE

METO/bl PEINTEHNA
YPABHEHUS INPEIVNHTEPA
n YPABHEHUNA JUPAKA

J-I. AHAJINTUYECKHNE METO/bL

§ 1. O 3amavyax KBAaHTOBOII MeXaHUKW,
KOTOPbIE MOTYT OBITh pelIeHbl AaHAJIUTUIECKN

MHOI‘I/Ie 3aJa49n KBAHTOBOI MEXaHUKH MOTyT 6bITI) CBE€IEHDbI K DEIICHUIO
b epeHnna bHOTO yPABHEHNS BUIA,
u” + mu' + o(z) u=0 (a<z<b), (1)
o(z) = o*(x)
rae o(z), 6(x) — NONTMHOMBI HE BBIIIE BTOPOH CTeneHu, 7 () — IOIMHOM
HE BbIlIE TEPBOil crenenu. Ypasuenue (1) Moxker ObITh MOIYYEHO U3
M3BECTHOIO B AHAJMTUYECKON Teopuu aud pepeHiuaibHbIX ypaBHEHU 1
TEOPHHU CIelUANbHBIX (QYHKIMil ypaBHeHusi Pumana ¢ Tpemsi 0coObIME
TOYKAMU TIOCJIE 3aMEHBI, MEPEBOILINEH OJHy U3 OCOOBIX TO4YEK Ha OeckKo-
nedHocTh [170]. YpasHenue Buga (1) HO3BOJISET ONUCATH FAPMOHUYECKUIH
OCLIMJIJISITOD, JBUKEHHE YaCTHLbI B CQEPUIECKH CHUMMETDPUYIHOM IIOJIe,
aToOM BOJOPOJA UM BOIOPOIOIOMOOHBIN WOH B PEISITHBUCTCKOM U HEpe-
JIATUBUCTCKOM CJIy4asX, & TAKKe MHOIWe IPyrue 3a/a49d aTOMHOIL, MoJe-
KyJsipuoil u siepHoil dbusuku. Tak, nanpumep, ypasuenne IIIpénunrepa
JIJTS IMHEHHOTO TAPMOHUIECKOTO OCIIHILISITOPA

]' 1" :1:2
_§¢ +§¢=5¢ (—o0 <z < 00) (2)

ABJsterca JacTHeIM cayudaeM (1) mpu o(z) = 1, 7(x) = 0, 6(z) = 2 — 2.

ITpu pemenun ypasuenus Ipénunarepa mis cheprudecKu-CHMMETPUAY-
HOT'O TOTEHIINAJIA METOJIOM pPa3/eJeHns] TePEeMEeHHBIX IJIsi yTJIOBOH YacTh
BOJIHOBO# (DYHKITUH TTOJy9aeM ypaBHEHHE

(1—a?)u" —22u’ + (p— _m u=0 (3)
o= B
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(x=cos¥, m=0,£1,£2..., u = const).

B nannom ciyuae o(z) = 1 — 22, 7(z) = =2z, 6(z) = p(1 — 2?) — m2.

K ypasuenuto Buga (1) cBomsTCs MHOrME MOJIEJIBHBIE — 3a-
Jlavu, CBSA3AHHBIE, B YACTHOCTH, C WU3Y4YEHHUEM IPOLECCOB PACCESHUS W
B3aMMOIEICTBUS HEUTPOHOB C TIXKETBIMA SIPAMU, AHAJIN30M BPAIIATEIHHO-
KOJIE0ATEILHOTO CIIEKTPa MOJIEKYJT (CM. TaKzKe pelneHus ypasHerus [1Ipé-
nunrepa ¢ norennumasamu Mopsa, Kparunepa, Byna—Cakcona, IMermwis—
Tennepa u ap. [106]).

Bce aTu 3312491 MOy T GLITH pEIlleHbl ¢ eIUHBIX HO3UIUI HA OCHOBE IIPO-
croro merona [80, 182]. IIpex e Bcero, ypasuenue (1) 3ameHoit u = p(x)y
CITEZYeT TIPUBECTHU K YPAGHEHUIO 2UNEP2EOMEMPUHECKO20 TNUNG

o)y +1(x)y' +ly=0 (a<z<Db),

rje A — NOCTOsiHHAsA, T (&) — HEKOTODBIi II0JIMHOM T1€pBOii crenenu. OyHK-
st o(x) yIOBIETBOPSET JIEKO pernaeMoMy AuddepeHnnagisHoMy ypas-
HEHHIO U CTPOUTCA TAKUM 00Pa30M, YTOOBI NPABUJIBHO NEPEIABATh ACUM-
OTOTHKY BOMHOBON dyHKImK (cM. Hizke 1m.1). JIas sToro HEoOGXOIMMO,
4TO6BI OMMHOM T(2) 0Opalnajics B HOJIb BHYTpU MHTEpBaJa (a,b) u nmesn
OTPHIATENbHYIO MPOU3BOAHY0 mpu o(x) > 0. Dtu TpeOOBaHUS BBITEKA-
I0T U3 yCJIOBUS MHTEIPHPYEMOCTH KBaJpaTa MOIYJIA BOJIHOBOI (yHKIHU
¥ OIHO3HAYHO ompefessiorT GyHKIuo ¢(x). OKa3bpIBaeTCs, YTO TOIBKO
MOJIMHOMHUAJIbHBIE DEIIeHNA YPaBHEHHUs IUIePIeOMETPHYECKOrO THIIA, IJId
KOTOPBIX

-1
A—i—m"—i——n(nz )

MOTYT OBITh HCIIOJIb30BAHBI MTPU HAXOXK/EHUHM BOJHOBBIX (DYHKIIUN 1151
CBsi3aHHBIX cocTosinuit. IIpu 3TOM COOCTBEHHBIE 3HAYEHUST SHEPTUUA OIpe-
nessitorcs u3 yeiosus (4). Uzygyum sror Bonpoc 6osee moapobHo.

1. BoaHoBble DyHKIUN JUCKPETHOTO CHEKTPA U KJIACCUIECKUE
OPTOTOHAJIbHBbIE MOJMHOMBI. PaccMOTpuM 4acTuily, JBUXKYIILYIOCS B
HEKOTOPOM, HE€ 3aBUCAINEM OT BpPEeMeH: CuIOBOM moje. Ecaum mpu sTom
BHEIITHUE CUJIBI YJIEPXKUBAIOT YACTHUILY B OTPAHUYEHHON 00JIaCTH TPOCTPAH-
CTBa, TaK YTO OHA HE MOXKET yHTH Ha OECKOHEYHOCTh, TO TOBODIT O
CBSI3AHHBIX COCTOSIHUAX YacTulbl. dT06bI HaiiTu BoHOBbIE byHKIMHU (7)),
OTIMCBHIBAIOIINE ITU COCTOSTHUSI, ¥ COOTBETCTBYIOIINE UM yPOBHU 3Heprun F,
peraioT craimonapuoe ypasuenwne Ipénunarepa

0" =0 (n — crenens nomunoma,n = 0,1,...), (4)

h? o
~5 AU+ UF) = By, (5)

rue i — nocrosanas [lnanka, m — macca gacruupl, U(F) — ee moreHim-
aJlbHAsA SHEPIrus.
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ITpu sTom BosHOBasi dbyHkuus ¥ (F) H0/KHA ObITH OIPAHUYEHA MPH
JIHOOBIX KOHEUYHbBIX 3HAUYEHUSX || U yJOBIETBOPATH YCJIOBUIO HOPMUDPOBKU

/ ()P dif = 1. (6)

Vpasuenue IIpénunrepa (5) 1y MHOrUX 331249 KBAHTOBOW MEXaHUKH,
KOTOPBIE PENIAIOTCS METOIOM Pa3IeIeHus ePEMEHHBIX, MOXKHO 3aIMCATh B
BUZE 0600WeH1020 Ypasrenua 2unepzeomempuueckozo muna (1). dueprus
E Bxomur B ko3dduimentsl ypauenus (1) kak napamerp. IIpu 3rom
MOXKHO Ipenoaararhb, uro o(z) > 0 qug x € (a, b), a Ha KOHIIAX UHTEPBAJIA
(a,b), ecin oHM HE yXOAAT B GECKOHEYHOCTD, TIOJMHOM 0 (%) PABEH HYJIIO.
Vpasuenue (1) 3amenoit u = p(x)y MoKeT ObITh IPUBEIEHO K YPABHEHUIO
TUTIEPTEOMETPAYECKOTO THIIA

o(z)y" +7(x)y" + Ay =0, (7)

WUJIN 3KBUBAJICHTHOMY €My YPaBHEHUIO

2= r@p) 3|+ vty = ®
rae Gyukuys p(x) ynosaersopsier ypasaenuto [o(x)p(z)] = 7(x)p(z), a

dbyukuus 7(r) casana ¢ GyHkupaMua 7(z) U p(r) COOTHOIIEHHEM T =
= 7 + 2(¢'/p)o. Ilpusenenne ypasuenusi (1) k Bumy (7) moxer ObITH

*
OCYIIECTBIIEHO HECKOIBKIMHE criocobamm ). @yHKIms p(x), KoTOpas onpe-
JeJIsieT aCUMITOTUYIECKOE TIOBEIeHNE BOJTHOBON (DYHKITUH, Y/IOBIETBOPSET
YPaBHEHUIO

224 ©)

rie

m(z) = —d(x) + ko(x) (10)

o' (2) - (@) , [a'(x) - f(az)F

— MIOJIMHOM He BBIIe mepBoii cremenn. [locrosinHast k HomKHA OBITH
BBIOpaHa U3 YCJIOBUsl, YTOOBI BBIPAYKEHHUE, CTOSAIIEE IO/, 3HAKOM KOPHS,
ABJIAJIOCH KBAJIPATOM IIOJIMHOMA NEepBOii creneny; 7(x) u A B ypaBuenuu (7)
BBIYUCIISIOTCS 110 (bopmytam

7(z) = 7(x) + 2n(z), A=k+7'(2). (11)

*

) 3a HCKIIIOYEHHEM eIUHCTBEHHOTO CIIy4uasi, KOTa pH o (T) = const B OIKOPEHHOM
BbipaxkeHnu (opmysst (10) momydaercs MOJMHOM IIEpBOii cremeHu. B 3TOM ciydae pe-
menne ypasaeHns (1) MoxkeT GbITH BhIpaskeHO depe3 dbynknuu Beccemns (cum. [80, 182]).
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Hjist GOMBIMMHCTBA 33129 KBAHTOBOM MEXAHWKW, IOIYCKAIOIINX AHA-
JINTUYECKOE DPEIeHre, CPeI BO3MOXKHBIX CITOCODOB IIPUBEIEHUS yPaBHE-
us (1) ¥ Buay (7) cymecTByer Takoii, IpH KOTOPOM YIOBJIETBODSIETCSI

b
2
yeaosre [ |y(z)|” p(z)de < oo m, Tem cambIM, yCIOBHE HOPMHDPOBKH BOJI-
a
HOBO# dynkuuu. Vmeer mecto ciiemyrormast

TEOPEMA. ITycmv ¢ynryus y = y(x) — pewenue ypasrerus aunep-
2zeomempuneckozo muna (7), a pynrkyus p(x) ydosaemeopsem ypasreruto
[o(z)p(z)]" = 7(x)p(x) u na nexomopom unmepsase (a,b) asasemcs
02DAHUNEHHOT, NPUHUMAEM HEOMPUUATMEALHBLE ZHAYEHUA, 0 HA KOHUAT
unmepaaaa (a,b) ydosaemeopsem ycarosuo

k
o(z)p(x)zx |z:a’b: 0 (k=0,1,...).
Tozda nempusuasvroe pewenus ypasherus (7), ydosaemeopsarouue mpe-
606ANUAM 02PAHUMEHHOCTNY U K6aOPaAMUNHOT unmezpupyemocmu Pymk-
yuu y(z)/p(x) na unmepsase (a,b), cywecmeyrom auws npu

A:An:—m'—@a" (n=0,1,...) (12)
u umerm eud
(@ 2n) = (@) = 2L o (@)p(w)] (Ba — ), (13)
Y& An) = YnlZ _p(:L') don o (x)p(z n NOCMOAHRHAA),

m.€. ABAAOMCA KAGCCUNECKUMU OPTNOZOHAALHOLMYU NOAUHOMAMY CTNENEHU
n, Komopuie opmozorasvhv, ¢ ecom p(x) Ha unmepsane (a,b).

Yro6bl yAOBIETBOPUTH YCJIOBUAM, HAJAraeMbIM Ha DyHKUIUIO p() miis
KJIACCMYECKUX OPTOTOHAJIBHBIX IOJMHOMOB, HNOJUHOM T () HOJXKEH DaB-
HATHCsI HYJI0 B HEKOTOPOH BHYTDEHHell Touke mHTepBasa (a,b) u mmersb
OTPULIATEIBHYIO POU3BOAHYIO, eciiu o(x) > 0 npu z € (a,b). HeiictBu-
renbHo, u3 (opmysbl Ponpura (13) mis mosuHoMOB y, (%) BUAHO, YTO
y1(z) = Bi7(z), u mostomy 7(x), KaK Jr0GOH OPTOTOHAJBHBIN MOJIUHOM,
UMeeT HYJIb, NPUHAJIEXKALIMHA UHTEPBAIY OpTOroHaabHoCTH (a,b). YMHO-
Jkag ypasHeHre (8) Ha y(r) M MHTErpUPYs JEBYIO 9aCTh MO YaCTAM, JJIs
dyHKIWMY Y1 () TOTYIUM COOTHOIIEHUE

b b

/ o (@)p(@) W (@) dz = Ay / ple)y3 (z) d.

a a

Tak kak corsiacHo (12) npu n = 1 umeem A; = —7', TO OYeBUAHO,
gro 7 < 0, ecn o(xz) > 0 npu = € (a,b). B pesynabrare, TpeboBanus
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OrPaHUYEHHOCTHU BOMHOBO# (byHKIWMHU 1)(7 ), yIOBJIETBOPSIONIEH Y PABHEHUIO
[MIpénunrepa (5) u ycioBuio HOpMUPOBKH (6), OKA3BIBAIOTCS BBINOJHEHHbI-
mu [80].

IIpuMennM pacCMOTPEHHBIN METO/I, IS PEIIEHAs] HEKOTOPBIX XaPaKTeP-
HBIX 33/1a9 KBAHTOBON MEXaHWKH.

IIPUMEP 1. YTobbl ompenesinTh CIEKTDP IHEPrUil TapMOHMYECKOTO OC-
uuLIATOpa, Haiinem jys ypasaenus [lIpémuurepa (2) takwe 3uadeHus
SHEPI'HH €, IPU KOTOPBIX BOMHOBAsE bYHKIHUs Y (X) YIAOBIETBOPSIET YCIOBHIO
HOPMHUPOBKH (6).

IlocraBnennass 3amada NPUHAIEKUT K PACCMATPUBAEMOMY THUILY

sagad: o(x) = 1, 7(z) = 0, 6(x) = 2 — 2. Jlna nomunoma (z),
ucnonb3ys (10), momyyaem BbIparXkeHHe

m(x) = £V 22 — 2 + k.

ITocrosinnas k BeIOuMpaercss u3 yCIOBHS, 9TOOBI MOJAKOPEHHOE BBIPAXKe-
HEUE WMeJI0 KpaTHble KOpHH, T.e. k = 2¢. VI3 OBYX BO3MOXKHBIX BHJIOB
nonuuoMa 7(x) = =t cremyer BLIOpaTh TaKOi, s KOTOPOro (QyHKIHs
7(x) = 7(z) + 27 (x) uMeeT OTPUIATESHHYIO TPOU3BOJHYIO, T.€. BHIOMpaeM
7(x) = —2x, 9ro coorBercrByer (cM. dbopmynsr (9)—(11))

n(z) =z, @(z)=exp(—2/2), p(z) =exp(-a?), A=2¢—1.

Co6CTBEeHHBIE 3HAUEHNST SHEPTUY OMPEIENSIOTCs U3 ypasHeHus (12)

-1
A+nr + —n(n2 )U" =0,
YTO J3eT .

E:sn:n+§ (n=0,1,...). (14)

CoberBentbie hyukuuu y, () maxomum no dhopmyJe (13):

2y d" 2

Unlw) = Bexp(a?) 5 [exp(~7)]. (15)
Ecmn B, = (—1)", to byHKunm y,(x) COBIAJAIOT C IIOIMHOMAMH

Opmura H,(x). dna BonHoBO#H GyHKIMU ¢)(x) TOTyIaeM BbIPAIKEHUE

() = O exp(—a2 /2 Hp(2), Cp = —o— (16)

V2!

B nannOM ciyvae TpeboBaHue KBaAPATHYHON HHTEIPUPYEMOCTH BOTHOBOI
dbyuxuyn ¢ (z) u dyskuuii y,(z)/p(x) copnagaror.
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2. Pemenune ypaBHeHusi IlIpénunarepa ajisi MeHTPaJIbHO-CUM-
MmerpudHoro mois. (CHOBHOI 3ajadell KBAHTOBON MEXaHWKH aTOMa
ABJISETCA 33/1a49a O IBUKEHUH JIEKTPOHA B IIEHTPAJILHOM IPUTATHBAIOIIEM
mojie. DTO CBIA3AHO C TEM, YTO OIMMCAHWE JBUMKEHUs] ATOMHBIX 3JIEKTPO-
HOB, UCIIOJIb3YIOlIee MPUOJINKEeHNne HEeHTPAIbLHOTO II0JIs, JIE)KUT B OCHOBE
pacyeToB Pa3UUHBIX CBOHCTB aTOMHBIX cTpyKTyp [16, 110, 134]. Takoe
ONUCAHUE TTO3BOJISIET YIOBJIETBOPUTEIBHO OHATH OCOOEHHOCTH TTOBEICHS
aTOMOB W HAWTHU WX SHEPTETHUYECKHNE COCTOsIHUsI, HE PEIasi IPe3BbIIaiiHO
TPYJHYIO0 KBAHTOBOMEXaHUYECKYIO 33/1a9y MHOTUX TeJl.

Yro6bl Halitu BOMHOBYIO (byHKUMIO ¥(F) YacTUIbL, ABUXKYIIEHCH B
HEKOTOPOM IMEHTPATHLHO-CHMMETPUYIHOM TIOJIE ¢ TMOTEHINATHHON SHEprueil
U(r), tpeGyercs pemnth ypasuenue IIpéaunrepa (5)

At + %{E —U(r))y =0. (17)

Bynem uckarh gacTHble perenusi ypapHenusi (17) MeTomoM pasieneHust
MePEMEHHBIX B CHepUIeCKuX KOOPAMHATAX, TTOIaras

P() = F(r)W (9, o).
Jnst dyukumit F(r) u W (9, p) nomyuanm ypaBHeHuUs :

1 90 (. 0 1 02
[—sin19% (sm 198—19) + —sin2 198—(,02] W+ MW = 0, (18)
1d [ ,dF 2m L 3
2ar (7“ dr)+[h2(E_U(r))_r2]F(r)_0 (19)

(1t — HEeKOTOpAs MOCTOSAHHAS).

VYpasuenue (18), KaK MOXKHO yOEAUTHCsI TIOCIIE PA3IEIEHUS MIEPEMEH-
HBIX ¥, M UCIOJb30BAHUSA PACCMOTPEHHON B 1.1 TEOpPEMbI, UMEET pele-
HUA, YAOBJIETBOPAIONINE YCIIOBUAM OIPAHUYICHHOCTU U OJHO3HAYHOCTU JId
0<¥< 7w 0< ¢ <L2x, mumb npu pu = £(€ + 1), mpudeM B 3TOM CIydae
W, ¢) = (=1)™Yem (9, 9), tae Yo (9, ¢) — cdepudeckne rapmMoHUKH
nopsizka £ (£ =0,1,...; m=0,£1,... ,£¥):

Yem (9, ¢) = O (2)@m(p) (2 = cosd),
1

(I)m(CP) = \/_2_7Teim<p (m =0,£1,... ,:EZ),

Otm () = Com(1 — 22)™2P™™ (z) =

(=)™ 20+ 1 (£ +m)! g AT
= 2([] 2 (2 _ m)| (1 - '732) & dx(z_m (1 - 2132)( ('ITL Z 0)
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Baecs P\ )(:L') — nosmaOMBI dK06H. IIpn m < 0 mMeeM 1O Ompe/Ie/IeHIIo
O _m(xz) = (=1)"Op (). Hopmuposounas nocrosiuas Cpy,, mas cde-
PHYECKUX TaPMOHMK BBHIOMPAETCA IPOCTeHAINM 00pa3oM, KaK 3TO CACIaHo,
HanpuMep, B u3BectHoit MoHorpaduu Bere u Comnmurepa [15]:

1 20+1
Ct’m—W\/ 5 (¢ —m)!I(l+m)!

Bezenue B yrioByio yacrb BoaHoBo# dbyukimu W (¥, @) daszosoro muoxu-
tens (—1)™, Kak 3T0 ¢1eaaH0 B GOMBIIMHCTBE KHUT 10 KBAHTOBON MEXaHM-
Ke, TI03BOJIsSIeT 3alNCaTh MHOI'HME COOTHOIIEHUs JJIsi OIIEPATOPOB YIJIOBOTO
MOMeHTa, B 6ojiee mpocToMm Buze. Tak, HAMpuUMep, IJjis TOBBIMIAIONINX U
HOHMKAOIIUX 01epaTopoB L, + iL, umeem (cM. §2):

( +iL )wtfm - \/(Z F m)(Z tm+ 1) '(»b(f,mzl:l-

Creyer Takyke 3aMeTHTh, 9YTO B Psijie KHUT 110 KBAHTOBOI MEXaHUKe,
JIJIS TOTO YTOOBI YIPOCTUTH ODO3HAYEHHS, CPA3y 3AIMCHIBAIOT DeIIeHNe
ypasuenus IlIpémuarepa 1jis 1MEeHTPATHLHO-CHMMETPUYHOTO TOJS B BUJE

Y(F) = - Ro(r)Yem (9, ), mogpasymesasi, uro Yo, (¥, @) yxe comepkur

dazosbrit Mmuoxkurens (—1)™. OpHako npu paccMorpenuu ypasHenus Iu-
paka Bce paBHO Tpebyercsi BBEJIEHHE JIOTIOJIHUTEIbHBIX (DA30BBIX MHOKH-
TeJIell B YIVIOBBbIE 9aCTU KakKJOU M3 YeThbIpeX KOMIIOHEHT PeJIATUBUCTCKON
BOTHOBOH dyHKImE (cM. §2).

IlepeiimemM K paccCMOTPEHHMIO PAJAMAIBLHON YacTH BOJIHOBOH (DyHKIUH.
VYpasuenwue (19) 3amenoit R(r) = rF(r) cBoguTcs K ypaBHEHHUIO

2m 0e+1)
r _7’_2

R=0. (20)

JInst COCTOSAHMI TUCKPETHOTO CIIEKTPa BOJHOBAasA (DYHKIMS JOMKHA YI0-
BJIETBOPATH yC/10BUI0 HOpMuPoBKH [ [(7)|?r?dr d2 = 1. Tak kax

/ Vi (0, 9) Y (8, 9)d2 = 81008

TO yCJIOBUE HOPMHUPOBKY it GyHkuuu R(r) npunumaer Buz
(e}
/RQ(r)dr =1. (21)
0

ITpn srom npennosaraercsi, uro dbyukuus F(r) = R(r)/r momkna ObITH
orpannyena npu r — 0 .
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3. PagnajibHasi 4YacTh BOJIHOBOH (DYHKIHH B KYJIOHOBCKOM
nosie. EpwnrcrBenubIM aromoMm, mjs kKoroporo ypasuenue IIIpénunrepa
MOXKET OBITH PEIeHO TOYHO, SIBJISIETCs] CAMBIH IIPOCTOI M3 BCEX aTOMOB —
aTOM BOJOPOJIA. DTO, OJHAKO, HE YMEHBIIIAET, & YBEJUINBAET 3HAUCHUE TOU-
HOT'O DPeIeHusT 33a49h JJIs aTOMa BOJIOPOIA, MOCKOIbKY AHAJIUTUIECKHE
pellleH s, MOJIyYeHHbIe B SIBHOM BHJE, YACTO MOIYT OBITH HCIIOJIb30BAHBI
B Ka4eCTBE UCXOAHOT'O HyHKT& JJId IIPOBEACHUA HpI/I6JII/I}KeHHbIX BbI4UCJIE-
HI/II71, OTHOCAIIINXCA K 6OJIe€ CJIO0KHBIM KBAHTOBOMEXaHUYECKUM CHUCTEMAM.
Kpowme Toro, oHn HEOOXOAMMbBI TAK¥Ke KAK TECThI I IPOBEPKU KAYECTBA
BBIYHC/IUTEJIbHBIX aJITOPUTMOB U IIPOrPaMM.

JIj1s1 KBAHTOBOMEXAHIMYIECKOTO OMMMCAHNS ATOMa BOJIOPO/Ia CIEIyeT Pac-
CMOTPETh OTHOCHUTEIHbHOE JIBUYKEHME JIeKTpoHa (Macca m, 3apsij, —e) u
anpa (macca M, 3apsn e). Mbl pemum HECKOIBKO 6osiee 00IIyI0 3a1a4y,
CUnTasI 3apsa AIpa PABHBIM Ze.

PaccmarpuBaemasi 3a7a4a O JIBUKEHUM 3JIEKTPOHA, JIETKO CBOIUTCS K
3aJlade OJHOIO Teja — YaCTHUIBI ¢ TPUBEAEHHON MaCCOU

. mM
r= m+ M
B KyJI0HOBCKOM Tiofie U (r) = —Ze? /r, T.e. K pellieHuio ypaBHeHust
2 Ze?
Ay + 25 (E + —) Y=

Tak kak m/M =~ 1/(1836 A) < 1 (A — aroMmHBIil Bec), TO B JaJbHEiIIIEM
MbI OyJieM IoJiaraTh [t = m.

ITocse nepexona K cepuieckuM KOOpANHATAM AJI PaInabHOM DyHK-
mun R(r), ogueBuHo, nonyvaem ypasuenue (20). B srom ypasaernu y106HO
nepeiitn K 0Oe3pa3MePHBIM IEPEMEHHbBIM, HCIOIb3ysl ATOMHYIO CHCTEMY
€/INHUII, B KOTOPOH B Ka4eCTBE €INHNUIL 3aPAAA, JJIUHBL U SHEPIUU HCIIOb-
3YIOTCS 3apsA/T JIEKTPOHA € U BEJMIHHBI

2 62

I
ag = —5 =0529-10"% cu, Eo=— =27,25B.
pe ao

B pesynbrare ypasuenue (20) npuHUMAET BU/I
Z l+1
R+ [2 <E+7> —%]R:O. (22)

TpeboBanusi OTPAHUYEHHOCTH ¥ KBAIPATUYHON WHTEIPUPYEMOCTH BOJIHO-
Boii dyukimu (7)) IPUBOAAT K TPEOOBAHUIO OIPAHUYEHHOCTH (DYHKIUU
R(r)/r npu r — 0 u ycaosuto HOpMupoBku (21).
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Vpasuenue (22) aBisiercs 4acTHBIM CIydaeM 000OIIEHHOrO ypaBHEeHMs
runepreomerpudeckoro tuna (1), ajs KoToporo

o(r)y=r, 7(r)=0, &(r)=2Er’+2Zr —L({+1).
ITpusenem (22) K ypaBHEHHIO MHIIEPreOMETPUIECKOrO TUIIA
a(r)y” +(r)y’ + Xy =0,

nonaras R(r) = ¢(r)y(r), tae ¢(r) siBiasercs: perieHneM ypaBHEeHUsT

/!

o' m(r)

e o(r)

st nonuaoMa 7(r) B JAHHOM CIydae IOJIY4YaeM BbIPaXKeHUe

1 1
w(r) = §:|:\/Z—2Er2—2Zr+€(€+1)+kr.
[Tocrosinnas k momkHa BBIOMPATHCH U3 YCJIOBHUs, 9TOOBI TOIKOPEHHOE
BbIPpayKEHME MMEJIO KpPaTHble KOPHH. B pe3yJsibrare mojiydaeM CJielyolye
BO3MO>KHbBIE 3HAYCHUS k:

k=27 +(20+1)V—2E

(13 BUIA TOTEHNIHMAJA BBITEKAET, YTO COCTOSIHWS JIUCKPETHOTO CIIEKTPA
MoryT GObiTh Juib npu E < 0). 113 Bcex BO3MOXKHBIX BHIOB HOJIMHOMA 7 (7T°)
BbIOMpAEM Takoil, s Koroporo dbyHKius 7(r) UMeeT HOMb Ha UHTEPBAJe
(0,00) 1 OTPUIIATETBHYIO TIPOU3BOAHYIO. JTUM YCJIOBUAM yIOBIETBOPSIET

bysxmus 7(r) = 2(( + 1 — /=2Er), aro naer
k=2Z—(20+1)V=2E, =(r)=(+1-+V—-2Er,
p(r) =" exp(=vV=2Er), p(r) =+ exp(—V-2Er),
A=2 [z— (22+1)@] .
CobcrBennble 3ua4enus sueprun E onpenensiorcs ¢ nmomorpio (12), T.e.

n(n —1)

! "

+TCT =0 (n=0,1,...),

rjie . — CTeNeHb NOJMHOMA, Y(T') U COOTBETCTBEHHO YHCJIO HYJIeH pajuaiib-
HOI yacTy BOIHOBOW (byHKuMHU. VConb3yst MOy YeHHbIe BbIPAYKEHUS JIJIsT
AU T, uMeeM

A+nT

Z2
E=—smrire (23)
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Bemuuuna E nonaxocThio onpepensiercss auciaom n + £ 4+ 1, KoTopoe Ha3bi-
BAIOT 2AG6HbLM KEAHMOBHIM YUCAOM.

Yucmo uyneit paguanbroii GyHkiuu R(r) 0ObIYHO 0603HAYAIOT Yepe3
Ny, & TJIABHOE KBAHTOBOE YHCJI0 0D03HAYAIOT Yepe3 1. UToObI 10/Ib30BaTHCS
3TUMHN O603Ha,‘{eHI/IHMI/I, CIeayeT B MOy Y9€HHBIX (bOpMyHaX 3aMEHUTHh 1 Ha
n—{—1. Torna dyskuuu y(r) = yne(r) cormacuo (13) u (23) npuruMaT
BuJ (n — IJIABHOE KBAHTOBOE YHCJIO)

B, n—{—1 27
) = B sty (22,)]

r26+1 exp( 2Z ) drn—t-1

¥ COBIIAJAIOT C TOYHOCTHIO IO MHOXKITEIA C IOJMHOMAMH Jlareppa, Lif_‘zl_l (z),
e © = 2Zr/n. Jua paguanbuoil byskuun R(r) = R,(r) nomygaem
BbIpasKeHue

Rue(r) = Crge™ "2 1 L2} (). (24)
Jlerko HpOBepI/ITb 410 byHKUUUA Ry () yIOBIETBOPSIOT UCXOIHOMY Tpe-
60OBaHUIO f R2 ,(r)dr < oc. Hocrosirayto Cpe HaiileM U3 yCJIOBUS HOPMH-
POBKH (21):
oo
%C’fw/e_zxu“ [L?f_?_l(x)]? dr = 1. (25)

Nurerpas B (25) MOKHO BBIYUCIUTD, UCHOJIb3Ysl PEKYPPEHTHOE COOTHOIIIE-
HU€ sl TOJTMHOMOB Jlareppa

zLly(z) = -+ 1)Ly (z) + 2n+a+ 1)Ly (z) — (n+a)L;_ ().

Orciofa Ha OCHOBAHWM CBOHCTBA OPTOrOHAJBLHOCTH MOJUHOMOB Jlareppa
[IOJTY YUM

(o] o0
2
/e‘zﬂz:m”2 (L2} (2)] da = Qn/e_zwa[Li@l_l(x)Fdx = 2nd2,,
0 0
rae d?, — KBaJpaT HOPMBI OJTHHOMA Lig_"}l_l(x). IToaromy

Z(n — € —1)!

Cne =\ T2z o

(26)

Hawubomnee npocras pagmanbaas GyHKIUS COOTBETCTBYeT ciaydao n, = 0,

Te. f=n-—1:
_ —a:/2 Z—i—l
Bne(r \/ 2e+ ¢
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R7y(r)
0.5
0,4}
0,31
0,2}
0,1}

0o 1 2 3 4 5 6

Puc. I .1. Pacupenesienune 3jIeKTPOHHOIO 3apsiia B arome Bogopoga s K, L, M,
N o6Gonouex npu £ = 0 B 3aBUCHMOCTH OT T = +/T. IlOJI0KEHHE IJIABHOIO MaKCHMyMa
COOTBETCTBYET CpeJHeMY PACCTOAHHUIO MEXKAY JIEKTPOHOM U AJPOM

HawubGomnee cmoxubiit Buj pajuaibHas dyakius uveer npu £ = O:
y HEe MaKCHMAJbHO BO3MOMKHOE YHCIO HYyJed Npu 3aJaHHOM TJIABHOM
KBaHTOBOM umcye n. OJHAKO 3aBUCHMMOCTb BOJHOBON (DYHKIMU OT YIJIOB
¥, ¢ B 3TOM caydae Oyaer Hambosee mpocroii: mpu £ = (0 BoOJHOBas
bynkmus 6ymer cheprIecKn-CUMMeTPIYHOM, Tak Kak Yoo (9, @) = 1/v/4x.
Ha puc. [I.1 npesictaBieno pacnpesiesienyne J1eKTponHoro 3apsana R2,(r)
JIJIsl HEKOTOPBIX COCTOsIHMI aToma Bomopoga mpu £ = 0 must 06osouex
C TJIABHBIMK KBAaHTOBbIMU uuciaamu n = 1,2,3.4, t.e. mma K, L, M, N
0bos1ouex.

TMIPUMEP 2. 3nas paauanbHbie GyHKIUUA Ry (r), MOXKHO BBIYUCIATH Pa3-
JINYIHBIE XAPAKTEPUCTUKH BOIOPOIONOIO0HOIO aTOMa, B YACTHOCTH, CPEI-
Hee PpACCTOAHUE MEXKJy AJIPOM MU JIEKTPOHOM B COCTOAHMHU C KBAHTOBBIMU
yucaamMu n, £

oo ) 00
<ru>= [ =i (37) [ RS @)
0 0

,ZLJ'IH BBIYHC/ICHUA UHTET'PDaJIa JOCTATOYHO BOCIIO/IB30BATHCA PEKYPPECHTHBIM
COOTHOIIEHHUEM [JId ITOJITHHOMOB ﬂareppa 1 UX OPTOTOHAJIBHOCTBIO:

< e >= % [3n? — ((+1)]. (27)

3HaHue BOTHOBBIX (DYHKIMI TTO3BOJISIET TOIYYUTh HEKOTOPOE 3PUTETh-
HOE TIPe/ICTaBJIeHre 00 aTOMe BOIOPO/IA C JJIEKTPOHOM B PA3JIMIHBIX BO30Y-
KAeHHBbIX cocTosinusx. Ha puc. 1.2 n3obpazkeHo pacipeie/ieHne painaib-
HOH  snekrponnoit mmorroctH  RZ,(r)|Yim (9, ¢)|?  mas  cocrosmmit
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\

A

NS
IS

Puc. [1,.2. IIpoCcTpaHCTBEHHOE PACIPE/EIEHUE SIEKTPOHHOIO 3apsifia B ATOME BOIOPO-
na st cocroguuit n = 7, £ = 0,1,... ,n — 1 mpu m = 0. Ha rpacdukax uzobpakena
dynkuus z = f(z,y), tae = rcosd, y = rsind, f(z,y) = RZ,(r)PF(cos 9)
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aroma Bogopoma c n = 7, m = 0 mpu £ = 0,1,...,6. Ha xaxxngom us
PHUCYHKOB TNOKa3aHbl 3Hadenus dynkuun R2,(r)P?(cosv) Ha MIOCKOCTH,
NIPOXOAIIell uepes3 Aapo.

Jluuuu, roe mIOTHOCTH 3apsi/ia PaBHA HYJII0, MMEIOT BHJ KOHIIEHTPU-
YECKUX OKPYXKHOCTEH, IEHTP KOTOPBIX COBIAJAET C sJPOM, U MPSIMBIX,
MPOXOIAIINX Yepe3 saapo. B TpexMepHOM MpPOCTPAHCTBE 3TH JUHUNA ObLIN
ObI chepamMu WM KOHYCAMU COOTBETCTBEHHO.

OObACHUTH MOHOTOHHOCTH BO3DACTAHUsI U YOBIBAHUS TOC/IEI0BATE b~
HBIX MaKCHUMYMOB DPaMaJIbHOM 3JEKTPOHHON IJIOTHOCTU BIOJIb MPSIMBIX,
IPOXOAIIMX YePe3 s/IPO TI0 HATIPABJIEHUIO 1), U Ha OKPYKHOCTSIX 3a/IaHHO-
ro paimyca r MOXKHO, ucciaenys nosenenne dynkuuit R2,(r) u P7(cosd).
st 3Toro paccmorpuM auddepeHnuaabHoe ypaBHeHNe BUIa,

[k(x)y'] + q(x)y =0,

YACTHBIMU PELIeHUsMEU KOTOpOro spjsiorcs dyukuuu Py(z) (x = cosd)

u Ry(r) = Cngx["‘le_’”mLie_"}fl_l(az) (z = 2r/n) npu COOTBETCTBYOIIUX
k(x) u g(z). Yrobel uccienoBarh KadecTBeHHOE TTOBeieHne byHKIuM Yy ()

Ha uHTepBase, vae k(z) > 0, ¢(x) > 0, yno6uo BBecTH QyHKIMIO

(@) = y*(2) + a(@)[k(x)y' (2)]?,
JIJIsT KOTOPOi MHOXKHUTEND a(x) moabupaercs: CrenuaabHbiM 0opasom. Mve-

eM
V'(z) = d'(@)[k(2)y'] + 2yy'[1 — a(2)k(z)q(z)].

Ecnu Boibpars a(x) u3 ycaosus 1 — a(z)k(z)g(x) = 0, To nonygum

1 ' ! 2
W] [k(z)y' (2)]"

Orcrona BUAHO, 9TO O0JIACTH MOHOTOHHOTO BO3PACTaHWsI M yObIBaHUs (DYHK-
uuu v(x) GyayT cOBHAZATH C AHAJOTUYHBIMU ObjacTaMu i DYHKIUUA
1/(k(z)q(z)). Bamernm, uro snauenus ynkumit v(x) u y*(z) paBHbI ApyT
Ipyry B Toukax Makcumyma dbynknum y2(r) n B Toukax, rae k(z) = 0.
D710 no3BOsIET HAWTU 006JIACTH, B KOTOPBIX IOC/IEJ0BATEIbHbIE MAKCUMYMbI
dyHKIMit P[2 (x)m Rié(r) OyayT BO3pacTaTh uiau yobiBaTh. Tak, Hampumep,
st mosmaoMoB Jlexkanapa Py(x)

v(@) =y (@) + — Sy @), me[

Ha) = 1=a%, q@) =0+ 1), () = /@)

IMostomy npu 0 < ¢ < 7/2 BeJUYUHBI NOCJIEI0BATEIHHBIX MAKCUMYMOB
bynrkuun P?(cosd) yb6wBator ¢ pocrom ¥, a mpu 7/2 < ¥ < 7 —
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BO3pacTaor. AHAJIOrMYHO uccnenyerca nosenenne dyukuun R2,(r): npu
r > {({ + 1)/Z mocnenoBaresbHble MaKCUMYMbI Bo3pacTaior (cM. puc. J1.1

u J1.2).

IIPUMEP 3. Haiimem 371eKTpOCTATHYECKHIT TOTEHIINAT, CO31aBAEMbIiA
B (DUKCHPOBAHHON TOYKE MPOCTPAHCTBA BOIOPOIONOIOOHBIM aTOMOM, UC-
MOJIB3YsT BOJAOPO/IONOI00HBIE BOTHOBBIE (DYHKIINH.

IIycTb 37€KTPOH, ABUKYIIMIACSA B KYJIOHOBCKOM TIOJIE SIIPa C 3apsaoM Z
HAXOMUTCA B CTAMOHAPHOM COCTOSIHMU C BOJIHOBOH (PYyHKIHUEH Uy (7).
ECJII/I CHUTATh AP0 HEIIOABH2KHBIM M HAXOAAIIUMCA B TOYKE " — 0, TO
noreniyan gapa pased Z/r. Ilosromy nyis cpemsero morenuuana V(r),
KOTOPBIH CO37aeTCsA B TOUKE T 3JIeKTPOHOM U AIPOM, TIOTyYUM

V(’f’) — g_ Wn(im( )|2( ) dr' 9.

r |7 — 7|

IIpu BbrUmMCIEHUN WHTErpaJia, BOCIOIB3YEeMCsS MPOU3BOAAIIEH (ByHKIMeHR
JJIs1 TIOJIMHOMOB JIexKaH/ipa U TeopeMOil CIoyKeHus JJjisi ChepUIeCKUuX rap-
MOHHUK:

o= T AT X o ra
= Z s+1 sm/’ (19 P )Y;m’ (19’30)
m' =

rJe w — YroJ MexKy BeKTopamu © u 7', r« = min(r,r'), r~ = max(r,r').

Tak xax
d]nt’m(rl) = FRn(f(rl)(_l) Yém(ﬂ/;SO'):

TO

|¢n[m(77/)|2 N2 7.0 103/ — 4 < 2
W(r) dr'dQ —2 Zym, (9, ¢) s+1R (") dr' x
x / Vi (8, &) Vi (0 )Y (9, )Y (28)
Ecau ncnonbzoBarh ABHBINA BUI, CHEPUIECKUX TAPMOHUK

Yim (9, @) = Leim“’@gm (cos ),

V2r
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TO WHTErPUPOBAHEE TI0 ' TPHUBOJUT K TOMY, 9YTO B CyMMe 1O M’ OCTAeTCs
JIMIIB OJHO CJIaraeMoe, coorBercrBytomee m’' = 0, 9To maer

Z o

T Vio(d,) / TR () X
0

x / Vi (9, 0 )Y (0", 0 Vi (0", ).

Wurerpan mo dr' MOXKHO IPEICTABATH B BHAIE

(o]

r 1 r S S r n. ’I"I !
[ Fr o = o [ermyea+o [T
0 0 T

Wurerpan or mpowsBenenusi Tpex cGhepudecKux TAPMOHUK CBOIUTCS K
UHTErpaJjy OT NpousBejeHust Tpex GyHKwi Oy, (cos?):

1
[ Y0 Wi V0 = = [ 021010}
21

IMocmeaawit waTErpas OTAMYeH OT HyJis jumdb npu § = 0,2,... 20, Te.
CyMMa 10 S B (28) COMEPKUT KOHETHOE YHUCIIO CJATAEMbIX. JTO CJIELYET U3
cBst3u byHKIUA Oy () ¢ OPTOrOHANBHBIMY TTOJTUHOMAMHU:

Otm () = Com(1 — 22)™2P™™ (1)

31ech P,So"ﬁ ) (z) — mosmunom fkobu, koropsiil ipu a = = 0 coBnazgaer ¢
nonuaomoM Jlexauzapa P, (z), Cyy — HekoTOpas mocrosHHas. Ilosromy

O (2)0u0(x) = O (1 — )" [P ()] Pu(a)

W3BecTHO, 9YTO OPTOTOHAJIBHBIN MTOJTUHOM (I/I, B 9acTHOCTH, mOJmHOM Jle-
JKAH/Ipa) OPTOTOHAJIEH JIOOOMY MOJMHOMY MeHbInel crenenn. Orcrioma
BHJHO, 4TO UpH s > 2¢ paccMaTpuBaeMblil HHTerpas paseH HyJo. [laee,
TaK KaK IIPDHW HEYETHLIX S IIOAUHTErpaJIbHaA (byHKIlI/Iﬂ SABJISAETCA HEeUYeTHON
B CUJIy CBOMICTBa

Py(—z) = (=1)° Py (),

TO IIPU HEYETHBIX S UHTerpaJj Oy/eT TakxKe PaBeH HYJIO.
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B Tom cityuae, KOra /1IeKTPOH HAXOAUTCS B OCHOBHOM cocrostiuu (n = 1,
£ = 0), Bce unTErpabl JIErKo 6epyrca. B pesysbrare mosydaem

Z -1

Vir)= " + <Z + %) exp(—2Zr). (29)

ITpu MamnbIX 7, KaK 1 cJeg0Baso oXXugarTh, V(r) & Z/r, a upu r — 0o ume-
em V(r) = (Z—1)/r (norennman sapa, 3a9KpaHUPOBAHHOTO JIEKTPOHOM ).

3aMeTuM, 9TO WHTErpaJl OT MPOW3BEJIEHUS TPEX CHhEepUIecKuX rapMo-
HUK Y7,y (0, 0)Yiama (9, ©)Yiem (¥, ) Moxker ObITh BhIparkeH uepes Koabh-
unpenter Kiebma—Topaana Cflmml oy = (L1miloma|fm), ns KOTOpbIX
CYNIECTBYIOT TabJIMIBI U MHOYKECTBO pas3andHoro suaa dhopmy [24]. Koad-
dunumentor Kinebma-Topnana (u poacreentbie um koadbdunmentsr Pakd)
YIUBUTEJIBHO TPOCTO CBA3aHbI C KJIACCUYICCKUMU OPTOTOHAJbHBIMU II0-
JUHOMAMU JUCKPETHOU IepeMeHHOI Ha JMHEHHON U KBaJPATUYHOHN ceT-
kax [81, 183]. DTa CBsA3b MO3BOJSAET, HCIOIB3Ys OCHOBHBIE CBOWCTBA OPTO-
TOHAJIBHBIX MOJUHOMOB, M3YYUTh CBONCTBA KO3(D(DUIMEHTOB BEKTOPHOTO
CJIOXKEHUST ¥ BBIBECTU HEOOXOUMBbIE (DOPMYJIBL.

§ 2. Pemenne ypaBuenusi Jlupaka JJisi KYJIOHOBCKOTO IIOJIsI

st aTroMOB ¢ OOJIBIIMMY ATOMHBIMYM HOMEPAMU Z IHEPIUU JTEKTPO-
HOB CTAHOBATCS CPABHUMBIMHU C SHeprueil mokosa mc>. B atux cayuasx
[PU HAXOXKJIEHUU yDPOBHEIHl SHEPIUM U BOJHOBBLIX (DYHKIIUH HEOOXOIUMO
nepexoauTh K ypasuenuto lupaka. Ypasuenue /lupaka mjs 3J€KTPOHA B
HEHTPAJIBHO-CUMMETPUYHOM TIOJIE C TIOTEHIAIbHON sHeprueit U(r) umeer
By (15, 34]

HU = [C(EZ]%) +mc®B + U(r)] U =FE7,

rae v — YETBIPEXKOMIIOHEHTHaA BOJIHOBaA (byHKIlI/IH

v, 3 g
v, o~ ~ ~ ~

\II = = P
o, | (@) =) _ akpr (Pk : 6.1:k> ;
\II4 k=1

(0 o\ 5 (I O (10 (00
w=(m ) 3=00 5) =0 1) 0= o)

B kagecTBe 0} 0OBIYHO MCHIOIB3YIOT AByMeEpHBbIE MaTpuibl [layu

(01 (0 —i (1 0
91=11 0)> 2=\i o) 93=\0 -1
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Bormumiem ypasuenust Jlupaka fjist Karxk 10 13 KOMIIOHEHT BOJTHOBOM Dy HK-

[AH:

i ov, (0 0\
_%(E_U( ) EO)lII1+ 92 + <%—18y> U, =0,

ov, (9 . 9\.
—%(E U() EO)\I,2_8_+(8_$+28_:I/)\II3_0’
i ov, (8 9\. _
_%(E_U()+EO)\II3+8 +(a—x—la—y)\1’2—0,
i vy (0 O\.
—%(E—U(T)-FE())\IM—W-F(8—x+la—y>\1’1—0

(Eg = mc? — sHeprusi MOKos 3JeKTPOHA).

Eciu BOCHOIB30BATHCH PEIATUBUCTCKONW CHCTEMOW EIWHWI], B KOTOPOIA
Macca, JIeKTPOoHA m, nocrogauasi [lranka f u CKOpOCTh cBeTa ¢ paBHBI
eIuHUIE, TO ypaBHeHusi Jlupaka [jisi 37IeKTPOHA B KYJIOHOBCKOM TIOJI€
U(r) = = —(Ze?/r) npumyr Buj

. I 04 0 .0 _
—Z(E+;—1)‘I’1+E+<——’La—y v, =0,

1% 6\1’1 0 o
_Z(E+_+1>\IJ3+W <% Za—)‘l’2 0,
(Bt _e (D0 g, =
Z(E+r+1)‘I’4 - +<ax+’ay T, = 0.

Bnech p=aZ, a=e?/(he) — nocrosHHas TOHKOI CTPYKTYphI, 1/a=137,036,
snepruss E Brmouaer snepruto nokoa me? (0 < E < 1).

1. Cucrema ypaBHEHUN [Jisi pPauaibHBIX YacTeil BOJIHOBBIX
dbyukumii. B cdepuueckux koopaunarax (r, 19, p) nepeMeHHbIe B CHCTEME
ypasHeHuii (1) MOKHO pa3esuTh, €CIM BOCIIOIB30BATHCS TEM, UTO yTIIOBOH
MOMEHT 9aCTHIBI B HEHTPAJbHO-CUMMETPUIHOM ITI0JI€ COXPaHAECTCA U MOXK-
HO TIOCTPOUTH COOCTBEHHBbIE (DYHKIUH, COOTBeTCTByromHe OTIpEeJIeIEHHBIM
COOCTBEHHBIM 3HAYEHUSIM OnepaTopos H J? u J (ﬁ — OIlepaTop KBa-
JpaTa yrjoBOTO MOMEHTA, J. — OIepATOP MPOEKIUH YIJIOBOrO MOMEHTA Ha
OCb Z; OEPATOP YIIOBOrO MOMEHTA J cKnaapIBaercs u3 _onepatopa op0n-
TAJIbHOTO MOMeHTa L 1 oTepaTopa CIIMHOBOI'O MOMEHTA S) Ecau gacruna
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€O CIUHOM 1/2 HAXOAUTCS B COCTOSIHUM, IJIe €e TIOMHBIH MOMEHT DaBeH j,
TO ee OpOUTATIBHBI MOMEHT MOXKET WMeTh JBa 3HadeHns { = j — 1/2 u
t=j+1/2.

B coorBercTBUm ¢ 3TMM BOMHOBYIO (DYHKIHIO COCTOSIHUSI, B KOTOPOM
TIOJTHBIA MOMEHT YaCTHUIIBI PaBEH j, a €ro MPOeKNHs Ha OCh z PaBHA M,
MOXKHO IIPEJCTaBUTH C MOMOIIbI0 Ko3hdumuentop Kiedbma—Topaana B Bu-
Ile CyMMBI IPOU3BeIeHN TPOCTPAHCTBEHHON 1 CIIMHOBOW YacTeil BOJTHOBOM
bYHKIMY YACTHUII, TO €CTh B BUIE

v i
<‘I’;) = Z Cgmeémst‘fj(r)Wl’mz (19,g0)xsms (a)7 (2)
me,Ms
‘Ij im _p
<\Ili> = Z Czlme,%ms(—l)(é e+1)/2gNzrj(r)Wf,my (9, 0)xsm. (0). (3)

Mypr, Mg

3/1ech CIMHOBBIE BOTHOBbIE (DYHKIUH X s, (0°) TIPEICTABISIOT COOOM ABYX-
KOMIIOHEHTHbIe Oa3MCHBIE CIIMHOPBI, COOTBeTCTBYIONMe § = 1/2, my = +£1/2
(0 — cnuHOBas NEpeMeHHAsd):

1 0
X1/2,1/2 = (0) sy X1/2,—-1/2 = (1> )

Wem, (9, ¢) = it(—1)me Yim, (9, ¢) — yriosble 4acTu BOIHOBBIX (byHKIM;
fnej(r) m (—1)((_[,"’1)/291\/@]'(7“) — paJuabHble YACTH BOJHOBBLIX (PyHK-

uuit (nagekc N cBssan ¢ uuciaoM Hyseit byskuun fye(r)); Cz:;%m$ =

= (my % mg | jm) — koapduuuentor Knebma—Topnana (m = mg + my).
VraoBble 4acTH BOJHOBON (DYHKIUH YIO0BJIETBOPSIOT COOTHOIIEHUIO

(Ly £4Ly)Wem, (9,0) = [(€F me) (€ £ me + 1) W pa1 (9, 0).

JInst BBINOJHEHWS TOCTETHEr0 COOTHOWIEHHSI B YTJIOBYIO YacTh BOJHO-
Boit dynxmun Wi, (9, ) BBOmUTCA MuHONKUTENL (—1)™¢  eciu cdepu-

YeCKUe TapMOHWKHU ngz (9, ¢) HOpMumpoOBaHbI Tpocreiimum obpaszom [15,

182]. Muoxkurenn ¢ BBemeH mis Toro, uTobbl dyrkmm f(r) = fnej(r) m
g(r) = gne;(r) ynosiersopsan nuddepeHInaIbHbIM YPABHEHUAM C Be-
mectBenubiMu  KOdddurnmentamu. Kak Oymer BuaHO W3 JajbHEHINEro,
Beesenne B (3) muoxurens (—1)(—C+1/2 g paimansayio gacts BoIHO-
BO#l (DYHKIIMM TTO3BOJISIET IOy IUTh CUCTEMY YPABHEHUH JJIs PAIAATbHBIX
vacreit BoiHoBbIX byHKumil f(r) u g(r) B exunoM Bue Kak 1y £ = j—1/2,
tak u st £ = j + 1/2. 3amerum, 9To IpY 3aJaHHBIX 3HAYEHUsX j,m u { B
ypasuenun (3) creayer nonarars £ = 2j — (. IT0 CBAZAHO C TEM, UTO [OC/IE
No7CTAaHOBKYU BhipaxkeHuit (2) niust Uy u Wy B mocseaHue JBa ypaBHEHUsI
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Hupaxka (1) mbl nonyuaem ausa W3 u Wy nupencrasiaenue (3) npu £ = 25— 4L
(cMm. ke dopmyser (6) u (7)). Tosromy paauasibHas 4acTh BOJHOBOM
dbyukuun gy (r) B nanpHeiiniem obo3Hadaercs gy (r).

Hanomunm, 4910 B ypaBHeHusax (2) u (3) j — KBaHTOBOE YHCJIO, Xa-
PaKTepU3yIoliee MOJIHbINA YIJIoBOii MOMeHT 3ekTpona (j = 1/2,3/2,...).
KsaHTOBOE 9MCIJIO0 M TIPUHUMAET TIOJYIEeJIble 3HAYEHNsI B IPEJeIax OT —j
a0 j. Ouesuano, uro mpu £ = j F 1/2 umeem ¢! = j + 1/2. Buavenus
ko3¢ punmentop Knebma-Topmana sz L1m, (m = my + m,) npuBeseHbI
B Tabu. J.1.

Ecnn mogcraButs B (2) w (3) BbIpaskeHHs [JIsi CIMHOBBIX M YTJIOBBIX
gacreil BOMHOBLIX MYHKIHE Xsm, (0), Wim,(J,¢), Wem,, (¥,¢), a Taxxe
3nadenust Koapdunuenros Knebma—Toprana, ro npu £ = j—1/2 nomyaum

m
fNej(T) Y(i,m—1/2 (¥, )

v i(r )YZm+1/2(19 ®)
2] — (_1)m+1/2 ,L-(f

Uy 'LgN(f] )n+1m 1/2(19 30)

/]+m+1
2 12 igne;(r Yz+1m+1/2(19 ®)

Awnasornuno, nonaras B (2) u (3) £ = j + 1/2, naxonum

j—m+ 1
I %7 12 Ineg(r) Yo m—1/2(9, )

+m+1
$1 \/] 2J ) Inei (1) Yemg1/2(9, 9)
gl | = o o)
‘:[14 ZgN(f] )/Z 1,m— 1/2(19 )
/ -m
igNei (1) Yio1,m41/2(9, 0)

B pesysbrare nogcranosku (4) u (5) B cucremy ypasrenuii (1) mocie
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Ta6auna I .1. 3uauenus kosddunuentos Knebma-T'oprana C’z:n" L
L3 Ms

1 1
o e 2 2
J
jtm j—m
{4+ = L
i 2j 2
‘ 1 j—m+1 j+m+1
2 2j +2 2j +2

HCHONB30BaHUs NPUBEIEHHBIX B [15] caenyomux dbopmys

D 10) Ym0, ) =
:\/(e+m+1)(£—m+1)mlmw’(p) [g_[&] .

(20 +3)(20+1) dr T

(242 ) 150V, =

:i\/(f:l:m+2)(£:l:m+1)Yéﬂ’mﬂ(ﬁ [df fr ]
f

20+3)(20+1)

(Z:Fm)(é:':m—l) df ()
¥ \/ (20+1)(20 1) Yeo1,m+1(9, ¢) [ +(C+ 1)_] (7)

nosygaeM cucreMy ypasaenuit 1 f(r) = faei(r) u g(r) = gne;(r):
relfEr-(Br1+8)g=0,

1_
g’+T%g+(E—1+g)f:0,



340 Honoanernue. Memodw pewenus ypasnenus Ilpédunzepa v Jupara

rae 4 = aZ, TOCTOSTHHAS > 3aBUCUT OT £:

) —((+1) mpu L=j-1/2,
= l npu £=j+1/2.

Ouesunno, uro || = j + 1/2. 3amerum, 9TO B HEPEIATUBUCTCKOM IPH-
6mmkennn | f(r)| > |g(r)| (B mampHeiimem 310 OyeT MOKa3aHO, CM. 1. 5).

Oyuxunn f(r) u g(r) pus cocrosHuil JUCKPETHONO CIEKTPA JOZKHBI
YJIOBJIETBOPATH YCIOBHUIO HOPMUPOBKH

o0

/ P2 [F2(0) + g2 ()] dr = 1, (9)

0

BBITEKAIOIIEMY U3 yCJIOBUS HOPMUPOBKHU YeTHIPEXKOMIIOHEHTHOIT BOJIHOBOM
by U.

2. IlpuBegenne cucTemMbl ypaBHEHUN JJIsi PAANaIbHBIX (DyHK-
muii K ypaBHEHUSIM THUNEPreOMeTPUYECKOro THUIla. JSallUlleM CH-
cremy ypasHenuii (8) B marpuunoii dbopwme. Ilycrs

Torna
u' = Au, (10)
e
14 2 "
- 1+E+ 2
A= < 311 312 ) _ r r
21 @G22 1—
1-g-# ==
r r

Jst HaxoxAeHns QYHKIWMA ug (1) UCKIIOYAM U3 cucTeMbl ypasreruii (10)
dysrmo uy(r). B pesynbrare mus dbyuakuuu ug (r) monyaum auddepeH-
MaJbHOE YPABHEHHE BTOPOrO MOPSIKA

! !
a a
" 12 ! ! 12
Uy — (an + a29 + _(], > Uuq =+ (a11a22 — Q12a21 — Q11 — —(111> Uy = 0.

12 a2
(11)
AnasnorndaHo, uckiovas u(r), HOIyIUM ypaBHeHue s GYHKIHA us(r):

1 li
a a
" 21 ! ! 21
Uy — (an + a2 + —> Uy + (011022 — Q12021 — Gy + —022> uz = 0.
a1 a1
(12)
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KosdpunuenTs Marpunpl A UMEIOT BUI

Cik
air, = bix + .

rae bj, M ¢;; — HEeKoTopble mocrosiHHble. Ypasrenusi (11) u (12) He
ABJIAIOTCA OOOOIIEHHBIMU YPABHEHUSMH TUIIEPTEOMETPUYECKOTO THIA, (CM.
dbopmymy (1) u3 §1). 1o cBA3aHO € TEM, YTO

1
as C12

= -
a2 Cc12T + b127’2

B cuiy 4dero B ypasHenuu (11) xoaddunmentst upu v (r) u uq(r) nmeror
BUJL

!
ap _ pi(r) C12
a1y +ags +— = — 3 (b12:1+E750, 612:ﬂ750),

a12 r c1aT + bior

a p2(r) C12 ci1 + buir
! 12
(11022 — Q12021 — A1) + ——A11 = —%— — 3

a2 r c127 + bior r

(p1(r) u p2(r) — NONTUHOMBI He BBIIIE MIEPBOIT U BTOPOIl CTENEHHN).

Vpasuenue (11) 66110 661 0GOOIIEHHBIM YPABHEHUEM MUIIEPreOMeTpUYe-
CKOTO THIIA, Jjisi KOTOPOro o(r) = r, eciu ObI KOIDPUIHEHTHI b1o WIH €19
PaBHSUIACH HYJI0. B ¢Bs3H € 3TUM y00HO BOCIIOIB30BATHCS CJIE/ Ty FOIIUMU
coobpaxkenusivu. [Ipu muHeitHOM mpeoOpaszoBaHMN

U1 -7 Ul

() U2
C HEBBIPOXKIEHHOM Marpureit T', He 3aBUCAIIEH OT 7, MBI IIOJIYy9IaeM CH-
CTeMy ypaBHEHMi OTHOCUTENbHO (ByHKIWMA v1(r) u v2(r) Toro e BUIA,

9To M ucxoxHas. JlefictBuTensHo, BMecTo ypasHenust (10) MbI momydaem
ypaBHEHUE

rie

A—TAr-1 = ( @1 a2
a1 G2z )

KosddurnuenTsl a;; sSBISIOTCS, OYEBUIHO, JUHEHHBIMU KOMOHHALMSIMU
K03bdunmenToB a;. [loaToMy OHE Takke UMEIOT BUT

. 5 Cik
Qi = b + ==
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(bix m &y, — mekoTOpbie mocTOsHEBIE). CIIeI0BATENbHO, yPABHEHHs s
dbyuxumit vy (r) u ve(r) 6yayr anamorunydusl ypasaenusm (11) u (12):

~
a
' ~ ~ 12\ S S = 12
v — <a11 + az2 + ~—> v; + <a11a22 — Q12021 —app + —011> vy =0,
a9 a2
(14)
dl
! ~ ~ 21 ! ~ ~ ~ ~ ~/ 21
Vg — <0,11 + G292 + ~—> Uy + ((7,11(],22 — Q12021 — G99 + —(122) vy = 0.
a21 a21
(15)

Yro6s! ypasHeHwue (14) 6110 060OIIEHHBIM YPABHEHHEM THIIEPreOMeTpruYe-
CKOT'O THUIIA, JOCTATOYHO TOJIOKHUTH 512 = 0, 160 ¢15 = 0. AHAJIOrUYHO 115t
ypaBuenus (15) nonydaem yciaosue: by = 0, ub0o éo; = 0. DTu ycmoBus
HAKJIAJIbIBAIOT OIpeIeIeHHbIe OrpaHUYeHnsi Ha BbIOOP MaTpuibl 1. ITycTs

-(54)

_ 1 /76 -
lez(_7 ;ﬁ, A= ad—py,

Torna

i+ 1 (anad— (11201’Y+ an B0— axfy  ai2a®— ax B+ (aze— ain)af
A\ a210%— a127?+ (11— a22)y0  —an1fy+ apay— a2 o+ azad )

CyIecTByeT HECKOIBKO BO3MOYKHOCTEH Ijis BBIOOpa BEJIWYUH «, 3,7, 0
B kHurax mo KBaHTOBOH MexaHUKe (DAKTHYECKH PACCMATPUBAETCS JIUIIb
O/IHA M3 BO3MOXKHOCTEM, COOTBETCTBYIOIIAs yCIOBUsIM b1o = 0, bo; = 0.
Mpr paccMorpuMm ciydaii, KOrja MOCTOSHHbBIE Q,[3,7,d BbI6I/IpaIOTCH u3
yenosuit é1o = 0, &; = 0, koropsle maror 2xaf + p(a® + %) = 0,
25376+ p(y?+6%) =0 (BHOCJ'Ie,ELCTBI/II/I OyJieT noka3aHo, 1To 310 TpeboBaHue
MIPEANOYTUTEIbHee TPeOOBAHUST blg =0, b21 =0). YenoBusi ¢190 = 0,601 =0
OyyT yIOBJIETBOPEHBI, €cjin BbIOpaTh Marpuiy 1’ B BUe

_ BV
T‘(V—% " )’

rne = aZ, v = y/x? — p?. B pesyabrare NpUXOIUM K CIEIAYIOMIEH
cucreme ypapHeHwuii st GyHKuuit vy (r) u vo(r):

1 E E
= (-2 2 ur (14 2w (16)

r
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E -1 FE
vy = (1——%> v + (V ——M) V3. (17)
v r v

Ecmu 14 Esx/v # 0, To u3 cucrembr ypasaenuii (16) u (17) MoxHO
UCKJIIOUNATH (DYHKIUIO V(1) U monyunTh auddepeHinaabHoe ypaBHEHNe
st ysruy vy (1):

2 E? - 1)r2 +2Eur — 1
o + =) + ( Ir'+ 2;"’ vy +1) v = 0. (18)
r r
ITycrs Teneps 1+ Ex/v = 0, T.e. E = —v/ 3, 970 BO3MOXKHO JIMIIb DU

% < 0, tak kak ¥ > 0u E > 0, re. korga £ = j — 1/2. B srom ciyuae
perierne ypaprenus (16) umeer Bug

v (r) = Cyr—v=lebrr/v,

Dyukuust v1(r) yaAOBIETBOPSIET yCIOBUIO HOPMUPOBKH (9) s ipu Cp = 0.
IIpu sTom mst dyurmu vo(r) w3 (17) monydaeM BbIpaskeHUe

vy (r) = Cor?~Le Brr/v, (19)

DOyukuus va(r) npu Cy # 0, 04€BUIHO, YIOBIETBOPSIET YCIOBUIM 3aa49H.
3. YpaBHeHHs THUIIEPreOMeTPUYECKOro THIIa JJIsd COCTOSHUIL
AUCKPETHOr'O CIeKTpa U uX pelnenue. Paccmorpum ypasuenue (18).
Broisicuum npegpapuresibao noenenue dbyukiyu vy (r) npu Manabix r. Tak
Kak mpu r — 0
|(B* — 1)1 + 2Bpr| < v(v + 1),

10 B OKpectHocTu Touku 1 = 0 noBenenue dbyukuyuu vy (r) Oymer npubiau-
JKEHHO ONUCHIBATHLCS YpaBHEeHUeM Jditiepa

r2v) +2rv] —v(v 4+ 1)v; =0,

pellleHre KOTOPOro UMeeT BL
v (r) = Cir” 4+ Cor™ 71,

W3 ycaosuii, HamaraemMbix Ha (yHKumio vq(r), Bbirekaer, yro Cy = 0.
IMostomy mpu r ~ 0 umeem vy (r) & Cyr”.

VYpasuenue (18) siisiercsi 0GOOIIEHHBIM yPABHEHUEM THUIIEPTEOMETPHU-
YeCKOro THma, aasa Koroporo o(r)=r, 7(r)=2, 6(r)=(E* - 1)r? +2Eur—
—v(v + 1). llpusenem ypasuenue (18) K ypaBHEHUIO I'MIEPreOMETPUYE-
CKOrO THUIa 3aMeHON v1 = @(r)y , rae ¢(r) yAOBIETBOPSIET yPABHEHUIO
¢ o =7(r)/o(r) (m(r) — HEKOTODBI TIOJIMHOM HE BBIIIIE IEPBOI CTETIEHN ).
3 gerhbipex BO3MOXKHBIX BUJIOB MOJIMHOMA 7 (T) BBIOEPEM TOT, JJisi KOTO-
poro dyukims 7(r) = 7(r) + 27(r) uMeeT OTPULIATENBHYIO TPOU3BOIHYTO
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u voib Ha muTepBase (0,00). pu 7(r) = —ar + v, toe a = V1 — E?,
v = /2 —p?, dyakuus 7(r) = 2(v + 1 — ar) yJIoBIETBOPSIET ITHM
TPeOOBAHUSM, U MBI TIOIyIaeM

v _—ar

o(r) =r"e %, p(r) =r*Tle720" X\ =2[uE — (v+1)d].

Buauenus sueprun F = Ey onpenenstorcs u3 ypaBHEHUsI

)\+NT,+%N(N_1)U”=O (N=0,1,...),

OTKY 13
uE—(N+v+1)a=0, (20)

a cobcrBennbie GyHKIME — 10 (hopmyste Pogpura

(r) — C—Nﬂ[CTN('I’) (,r,)] =C r—2y—1e2arﬂ (TN+2V+16—2ar)
Yn p(r) drV P N drN

(21)
(MbI 0603HaUYaeM cremenb nojuHOMa y(r) depe3 N, Tak KakK COXPAHAEM
obo3HaUeHre N Jis [VIABHONO KBAHTOBOIO YHCJIA, KOTOPOE MoTpedyercs
st ypasHenns Jupaka B gasbHeiinem). OyHKuun y,, (1) ¢ TOIHOCTHIO 10
K03 uIMeHTa IPONOPIHOHAIBLHOCTH COBIIAJIAIOT ¢ IosmHOMaMu Jlareppa
LY (z), tie z = 2ar.

Haiiiennoe Hamu panee coOCTBeHHOe 3HadeHWe SHeprun F = —v/x
yaoejierBopsier ypasHenuto (20) mpu N = —1. B coorBeTcTBumM ¢ UM
ecrecTBeHHO 3aMeHuTh B popmynax (20) u (21) N wa N — 1 u onpezessits
CO6CTB€HHBI€ 3HAYCHUA SHEPTUU U3 PaBEHCTBaA

uE—(N+v)a=0 (N=0,1,...). (22)
Oyukuun vy (1) OyAyT UMETh BUT,

Ayave 2L (z) (N =1,2,...),

v (r) = { (23)
0 (N =0).

Jlerko mposepuTh, 4T0 (GbyHKIUH 7v1 (7) yIAOBIETBOPSIIOT MUCXOIHOMY TPe-
BGOBAHUIO KBAJAPATUIHON WHTETPUPYEMOCTH.
U3 ypasuenus (16) npu E = Exy (N =1,2,...) umeem

_ 1 , v+1 Ep
va(r) = T B )v [Ul(r) + < " ” >v1(r)] .
IMoxacTaiss crofa BeIpazkeHue A GyHKIUE v (1), HAXOAUM

1e—x/2

va(r) = 2"~ y(x),
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rae y(x) — nonmuuom N-ii cremenu. i onpezpenenusi nojmuoma y(x)
TOJTy UM TIPEABAPUTEIBHO ypaBHEeHNe i DYyHKIUE Vo (T) , HCKIIOUAs U3
cucrembl ypasHenwuii (16) u (17) byuakuuio vy (r):

2 E?2 - 1)r? +2E 1-—
U§’+;U§+( )2+ 2Eur + v( V)

2 Vg = 0. (24)
DT0 ypaBHEHHWE MPUBOJAUT K CJeayioneMy muddepeHinuajibHoMy ypaBHe-
HUIO JJist TIOJIMHOMA. Y (Z):

zy" + (2v —2)y' + Ny = 0. (25)

Vpasuenue (25) sBisiercd ypaBHEHHEM [HIEPreOMETPUIECKOrO THUIIA.
EVHCTBEHHBIM MOJMHOMUAIBHBIM PEIIEHUEM 3TOIO YPABHEHWUs! sIBJISIETCS]
nomuuom Jlareppa y(z) = By Ly ' (z), orkyna

vs(r) = By x¥ " te 2L (). (26)

Herpyano ybeaurbes, uro nosydentoe panee pemmenue (19) npu E = —v/x
comepkuTcs B 310i1 popmyne mpu N = 0. Kak u ciemoBaio oxxuiarh, BUI
dbyuxuyn v (r) B (26) MOXKHO TOMYIUTh U3 BbIpakenus (23) mist vy (r)
3ameHoill v Ha v — 1. 10 cBs3aHO ¢ TeM, uTo ypasHenue (18) nepexomur B
ypasHeHue (24) npu 3amene v Ha v — 1.

Yrobbl HaiiTu cBA3b Mexay nocrosiHabivu A, u B, B (23) u (26),
CPaBHUM IOBEJIEHUE JIeBOH M mpaBoil dacreii pasencrsa (16) npu r — 0,
HCITIONIB3Ys (POPMYITy

'(N+a+1)

Ly(0) = NT(a+1)

Nmeem
9 2u+1 _ 2u+1 Ex 2v—1
avA, Ly (0) = —2a(v +1)A LY (0) + [ 1+ " B, Ly ~(0),
OTKy 2

v+ Ex
N aN(N +2v) F

Tak kak B cuny (22)

A (N=1,2,...).

N(N +2v) = (N +v)> —v? = —v° =

TO
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4. YpoBHU 3Heprum u paguajibHble (pyHKIUA. I3Has QYHKIUU
v1(r) n v2(r), moxxuo Haiite f(r) u g(r):

f vy 1 I x—v
=71 , T7l= —— — .
<9> <U2> 2v(5 —v) (% —v I >

ITostomy
L2V+1
(f(r)) By <f1 ﬁ) SLY (@)
gtr))  W=v) g1 92/ \ Ly~ (x)
rae
_ap o _a(x—v) o
fl_E%—l/, f2—% v, g1= E%—l/7 g2 = ;3
1
E=Ey; = s v=(+1/2)" -,
V14 /(N +0))?
N
r=2ar, a= u/ N +v) , M=aZ.

1+ /(N )

B ciyuae N = 0 (¢ = j — 1/2) dopmynsr gasa f(r) u g(r) ocratorcs
CIIPABEJIMBBIMHE, €C/IU (DOPMAJILHO TIOJIOKUTH PABHBIMU HYJIIO CJIAraeMble,
conepxane L? 7 (z). Korga £ = j+1/2, et umeem N = 1,2, .... Yucio
N omnpenensier uuciao Hyneit gyukuuit f(r) u g(r): Kak Oyger MOKa3aHO
HIKe, duciao Hyneil dyskuun f(r) pasao N npu j = £+ 1/2 u pasHO
N—-1lmpuj=4£(-1/2.

BeruncaiuM HOpMEPOBOUHBIH Ko3bdunuesT B, ¢ NOMOLIBI yCIOBUS
HopmMupoBKH (9). Vmeem

o0 o0

2
/rQ[fQ(r) + g% (r)]dr = BN)2(2G)3 /e‘sz" X
0

4v2(x — v
0

x{ [feL3H @) + LLY T @)+ (0oL (@) + L3 (@)} do =1.

HpI/I BBIYUCJICHUAX BO3HUKAIOT JABa THIIa UHTETPAJIOB:

i = / e~z [L9(2)]? da,
0



§2. Pewenue ypasnernus Jupakxa 347

-2
Jy = / TP Le_ () LaT  (z)dx.
0
Wurerpan J; MOXKHO BBIPA3UTH Yepe3 KBAIPAT HOPMBI MOJIMHOMOB Jlarep-
pa

o

1
&2 = / o2 [L§(@) dz = 2 Dn +a +1)

0
€CJIN BOCIIOJIb30BATHCA PEKYPPEHTHBIM COOTHOMICHUEM

zLy(r) =—Mm+ 1)Ly () + 2n+a+1)Ly(x) — (n+a)Ly_(z)

U CBOMCTBOM OPTOrOHAJIbLHOCTH

o0

/ e~ T2® LO(2) L (z) dz = 0 (m # n).
0

Orcrona
7 1

Ji = 2n+a+1/ez°‘L°‘(:c)] E(Zn—i-a—l—l)l“(n—i-a—i-l).
) !

JIjis BbIYUCIeHUs MHTErpasa Jo JOCTATOUHO Pa3aokKuTh nomuaom L2 (z)
no monuaoMam L (z):

Lo (z) = C1L%(z) + Co L _y(z) + ... .

Koaddumnuenrsr Cy u Co Jierko HalTH, €CIM CPABHUTH KOIDDUIMEHTHI

npu 2" u z"! B obeux uwacrax sroro pasencrsa: C; = 1, Cy = —2. D10
Jaer
T I'(n+ «)
_ 2
J2 = —2/6 x.’l?a [Lg_l(x)] d.'I? = -2 W
0
ITostomy

_ (3¢ —v)(Es»x —v)N!
BN_M\/ (DN +2v)

OKOHYATETHLHO MOy YaeM

1) = g e (L3 @) + IR )]
(27)
g(r) = iaz”_le_’”/2 [glei’,'fll (z) + ggL?\}’_l(:ﬂ)] ,
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rue
a(x —v)
Ex—v

ap
fl - Ee — 1/7
(mpu N = 0 (¢{ = j — 1/2) B coorBercrBun c (23) u (26) BerUUUHY
L™ (x) cremyer nonararh paBHOi Hymo). 3aMeTHM, UTO [is PeIIeHuii
ypasHeHust JImpaka ¢ KyJOHOBCKUM MOTEHIUAJIOM OOBITHO HCTIONB3YeTCsl
Jpyroe mpejcTaBiaeHue (cM., Hampumep, [15, c. 111]), Koropoe MOKHO
nosmyauth u3 (27), UCoNb3ysi PeKyppPEeHTHbIE COOTHOIIEHUsI [JIsi BBIPO-
JKIEHHBIX THUIEPTeOMETPHYECKHX (DYHKIUHA W HMX CBA3b C MOJMHOMAMHA
Jlareppa [117, 14].
Bonnosble hyuknuy (27) COOTBETCTBYIOT 3HAYECHUSIM IHEPIUU
1 . 2
E=E,; , p=aZ, v=4/(+1/2)" -
i )y
(28)

B dopmynax (27) u (28) N =0,1,2,... nppuf=j—1/2u N =1,2,...
npu £ =j+1/2.

5. CB#A3b C HepeJATUBUCTCKON Teopmeii. Paccmorpum mepexos
K HepeJISITUBUCTCKOMY MHpenesy, T.e. mepeiiiem or ypaBueHus /lupaka K
ypasuenuio IlIpénunrepa, s KOTOPOrO OOBIYHO HCHOIB3YIOT ATOMHBIE
enunannpl (e = 1, m = 1, h = 1). Tak KaK B aTOMHO# cuCTEME eIVHUI] B
KauecTBe eJMHUIIBI SHEPIUM MCTIob3yeTcs Beinauna met /h%, a Bbipaske-
HuUe 7171 ypoBHeit srepruy B (28) 3amucano B eIMHATIAX M, TO B ATOMHO
cucreme enuuul popmya (28) mpuMer B

f2=%_l/7 g1 = , g2 =p

B 1 mc 1
2 me* [k 2
1+ aZ / a?y1+ aZ
N +v N +v

Ecnu aZ ssisiercsi MaJioit BEJIMYUHOMN, TO UV = \/(j + 1/2)2 —(aZ)? ~j+1/2.

Uckmouas u3 En; suepruio nokost By = mc? | nomyanm

Z2
entj = Enj — Eo & om0
rie
_ .1 ) N+4+1 mpu j=(+1/2 (N=0,1,...),
”—N+J+§—{ N+¢ mpu j=(-1/2 (N=1,2,...).

OueBuHO, UTO 3Ta bopMyIa coBrnaaaer ¢ ¢popmyioii (23) us § 1 s ypas-
wenns Ipénunrepa, narormieil ypOBHA SHEPTUU JTIEKTPOHA B KYJIOHOBCKOM
oJie, IPUIeM 7. UTPAET POJIb TJIABHOT'O KBAHTOBOIO YUCJIA.
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PaccmoTpum Temepn mepexos K HEPEJNSTHBUCTCKOMY TIPEIENy I Da-
JHabHBIX YacTeil BosHOBbIX dbyrkuuii f(r) u g(r). dns sToro nepeiigem B
dbopwmye (27) k aromHoli cucreme exunnn, nogaras N = n — j — 1/2. Tax
KAK B ATOMHOI CHCTEME €JIMHUIL B KAIECTBE €IMHUIIBL JJIMHBI HCIIOIb3YeTCs
sesuuuna h?/(me?), a B penaTuBucTckoii cucreme emunun h/(mc), To
B cuiay ycaoBus (9) mpu mepexome K aTOMHON CHCTeMe eJUHHUIL IPaBYIO
4qacTh (27) cenyer yMHOXKATH Ha

- —3/2
hfme \ % (€ / Y
h? /me? he '
B pesysbrare dbopmynbst qis pamuanbabix Gyakuuit F(r) = rf(r) u

G(r) = rg(r) B aTOMHBIX €JMHHIAX MOXKHO MOJy4HTb, YMHOXKas (27) Ha
ra=3/? = 2/(2aa'/?):

F(r) = Fuy(r) = Cn!fjw”e_gc/2 [fleiy—t'l—?)/z (z) + f2LiV—_jl—1/2 (1')] )

G(r) = Guej(r) = Cpgja’e™/? [leLi"_JSl_S/z(w) + gzLi”-_jl—l/g(ﬂ?)] :

(30)
31ecn

—(l+1) mpu (=j—-1/2
%:{ £=0,1,...,n—1),
14 mpu £=j+1/2

aZ
n—j—1/24v

1+ o7 2
n—j—1/2+v
a

(3 —v)Za3/? %

o \/(%—l/)(n—j -1/ ax(n—j—1/24+v) — aZV]
T(n—j—1/2+2v) ’

v=+/(j +1/2)>— (aZ)?,

z=2ar/a, a=

Cnfj =

B a(aZ)? _
h= =12+ —azy TV
n—Vv
gl:a_Zfl’ g2 =aZ

(npu j = n — 1/2 cnemyer nomarars L*(z) = 0).
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3ameTnm, 4T0 UucIo Hyseil dyuxumn F,¢;(r) Bcerga paBeo n, = n—{—1,
xorst npu £ = j + 1/2 cremens noauHOMA

fleiV_—;l_g/g (z) + f2LiV__jl_1/2 ()

paBHan —j—1/2 =n, + 1. B 310M Ci1y4ae oquH u3 HyJell paccMaTpuBae-
MOTO TIOJTMHOMA SIBJIETCS OTPUIATETHHBIM, YTO HE M3MEHsIeT YHCIa HyTeit
paauanbHoil byHKImu Fip;(r) mpu r > 0.

OrnernM NOPSIIOK MajiocTu Ko3pdUnueHTos fi, fo u g1, go Ipu MaIbIX
snavdennax aZ B dopmyse (30). IIpu sTom

Z 1
a:\/l—EQ%%, VN]+§

1) Oycrs £ = j—1/2. Torna sc = —(0+1), »x—v = x— /3> — (aZ)? ~ 2,

Es — v & 23¢ u, cienoBaTenbHO,

(aZ)
<f1 f2> 20+ 1)n “2e+D
g1 g2 % oz

2) Ilycrs £ = j + 1/2. Torma

_ (a2)? @z,
=L x-vX 57 Ex—v=(FE-Dx+x—vr 2 (n®—1€7),
OTKY 13

20n (aZ)?

<f1 fé) n2 - 2
g1 g2 aZn

R aZ

W13 srux paccyxaennii BumHO, To B 0bomx cayuasx |G(r)| < |F(r)|
npu aZ < 1. B nepsom ciyuae, korma £ = j — 1/2, umeem

Z(n—(—1)!

F) >\ =

041 —x/2 7 20+1
e /Ln_(_l(x),

rae © = 2ar/a & 2Zr/n, 9T0 COBNAZAET C COOTBETCTBYOIIUM DEIIeHU-
em ypasuenus IIpénunrepa (24) u3z §1. OueBumHO, 9TO B ITOM CiIydae
qucao Hyseil paguanbhoit dyukiuu F(r) pasuo n, = N = n — £ — 1.
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Amnajioruuno Bo BTOpOM ciydae, Korma £ = j + 1/2, momyuum Takxke
Boipazkenue (24) uz § 1. Ilpu srom uucio uyneit yukuuu F(r) 6yaer paBuo
n=N—-1=n-¥¢-1.

ITpencrasnenune dyurumii F(r) u G(r) B Buzge (30) ymnobuo s mepe-
XO0JIa K HEPEJISITUBUCTCKOMY HPEJIENy, TaK KaK TOIbKO OJuH 13 K03 duuu-
eHTOoB f1, f2, 91,92 ipu aZ — 0 BO MHOTO pa3 OoJbIle BCeX OCTATbHBIX. B
TO K€ BpeMs B TPAJUIMOHHOM TIpejcTaBaenun 1 Gyukuuit F(r) u G(r),
UMEEeTCsl HECKOJIbKO OJIMHAKOBBIX IO MOPSJIKY Majoctu Kodhdunuentos
U TIO9TOMY JIJIsi YCTAHOBJIEHWSI COBIIAIEHNUST HEPEISITUBUCTCKOTO MPEIea ¢
pemenuem ypastenus [[Ipéauurepa NpuxoauTcsi TOMOTHATENHLHO UCIIONb-
30BaTh PEKYPPEHTHBIE COOTHOIEHUS JIJIsl TUIIEPreOMETPUYIECKUX (DYHKIHUIA.

PaccMmorpeHHBIH TIpejiesibHBIN IePeX0], TO3BOJISIET 3AlUCATh (hOPMYJIy
JISL €n¢j B ATOMHBIX €JMHUIAX B OoJIee yJJOOHOM J1s MPOBEIeHUs PacdeToB
BUJIE

~1/2
vty = 12 14 (aZ)? 2 L
° (n— G +1/2)+ VG +1/2 - (aZ))
- 2 z 2 , (31
G G0
n n
(aZ)

n=N+v=n-—

FH+1/24 /(G +1/2)?2 — (aZ)?

e, — =),

(n — raBHOE KBaHTOBOE YHCIIO, J = 5

)

[N
N o

Kak Bugao n3 dopmysst (31), npu 3a7aHHOM j COOCTBEHHBbIE 3HAYEHUSI
SHEPI'UH BOIOPOIOIOI0OHOI0 HOHA He 3aBucsT ot £. Takum obpa3om, Kpome
BBIPOXKJIEHMsI 10 IPOEKIUHM MOMEHTa j Ha OCb 2z (YPOBHH SHEPruM He
3aBUCAT OT M) UMEET MECTO JIBYKPATHOE BBIPOXKIeHue 10 £ ipu j < n—1/2.

B 1aba. .2 gna K—, L—, M—, N— 000j1049€eK NpUBEIeHbl KBAHTOBBIE
qucia n, j u £, XapakTepusyolue BO3MOXKHbBIE COCTOSIHUS JIEKTPOHA B
BOZOPOJIONOI00HOM HOHE 30JI0Ta, M COOTBETCTBYIOIIME YPOBHU IHEPIUU.
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Tabauna JI.2. YpoBHH 3HEPrud BOAOPOAOIOLOOHOrO HMOHA 30j0Ta (Z =
ATOMHBIX €JHWHHUIaX. ,Z[J'IH CpaBHeHI/Iﬁ TaK>XKe anBe;:[eHm HepeﬂﬁTI/IBI/ICTCKI/Ie 3HA4YEeHUud

79) B

sHepruu £, = —Z2/(2n?) u ux ornmaue A OT PENATHBUCTCKHUX B %

n i [ €n Entj A n i l €n Entj A

1 1/2 0 —3121 —3435 | 9,1 4 1/2 0 —-195 211 | 7,4
4 12 1 211 | 74

2 1/2 0 —780 —879 11,3 4 3/2 1 —200 | 2,6

2 1/2 1 —879 11,3 4 3/2 2 —200 | 2,6

2 3/2 1 797 2,1 4 5/2 2 —197 | 1,2
4 5/2 3 —197 | 1,2

3 1/2 0 —347 —381 9,1 4 7/2 3 —196 | 0,5

3 1/2 1 381 | 9,1

3 3/2 1 —357 2,8

3 3/2 2 —357 2,8

3 5/2 2 —350 0,9

ITpu nepebope KBaHTOBBIX uuces (n,£,j) B YKA3aHHOM MOPSIKE 3HAYCHUS
SHEPrUM IEKTPOHA, JaBaeMble popmysioii (31), Bo3pacraior ¢ yBeaudeHu-
eMnuj.

J-1I. ITPUBJIN2KEHHBIE METO/IbL

JIutib He3HAYUTETHHOE YHUCTIO 33/1a9 KBAHTOBON MEXaHUKH, KOTOPBIE
OTHOCSITCSI K IIPOCTBIM CHCTEMAaM, MOYKET ObITh PEIIEHO C TOMOIIbI0 TOYHBIX
AHAJIMTHIECKUX MeTOm0B. I peasbHbIX (DU3NIECKUX CHCTEM, KaK IIpa-
BUJIO, HEJIb3si ODOUTHUCH €3 UCIIOIb30BAHMS ITOIXOISAIIETO IIPUOJINKEHHOIO
Merozna. B psizie ciiyyaeB npub/IMKeHHOE BBIYUC/IEHUE YPOBHEH SHEPIUH U
BOJTHOBBIX (DYHKIHIT MOXKET ObITh YCIEIIHO TPOBEIEHO C TIOMOIIBIO BApHa-
[IMOHHOI'O METOJa W Ha OCHOBE KBA3WKJIACCHMYECKOrO NMpubsmKenus. [Ipu-
OJIMKEHHBIE METO/Ibl TIO3BOJISAIOT OIPEIEJIUTH OTHOCUTEIbHYO POJIb Pa3/Ind-
HBIX (PAaKTOPOB B MAHHON (DPU3WIECKON CHCTEMe, BBIOpATH IMOIXOISIIee
HavaJbHOE MPUOJINKEHNE U TOCTPOUTH 3 (PEKTUBHBIE YHC/IEHHBIE METO/IbI
JJIs1 aJIbHENIIero 6ojiee TOYHOIO UCCIIE0BAHNS PACCMATPUBAEMOM 3a1a4H.

§ 3. Bapuanumonnblii MeToa M MeTO/ MPOOHOT0 MOTEHIIAAJIA

1. OcHoBHbIE YepThI BapUAIMOHHOTO MeTOoAa. BapuarnnoHHbBIHA
METOJ, BBIYHCJIEHUsS] SHEPIUU €9 OCHOBHOI'O COCTOSIHUS CHCTEMBI HaCTHI]
CBOJUTCS K HMCIIOJIb30BAHUIO HEPABEHCTBA

e < / V(&) Hp€)de, (1)
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rge £ — COBOKYIHOCTH 3HAYEHWil BCEX HE3aBUCUMbIX KoopauHar (& —
TOYKA B KOH(MUI'YDANMOHHOM MNPOCTPAHCTBE), d{ — 37emeHT obbema B
KOH(UTYPAIMOHHOM TIPOCTPAHCTBE, 1) (£) — MpOon3BoNIbHAS (DYHKIHSA, Y10~
BJIETBOPSIONIAs YCIIOBUIO HOPMUPOBKH

/ by = 1,

H — nonubrit oneparop l'amMuibrona cucTemsl.
HetictBurensro, nycts Hp, = en0n, [ @5 (€)0n(£)dE = dmy. Toraa

00
dJ:ZGnSOn, Zlan|2 =1,
n=0

n

/¢*ﬁ¢d§: Zl(ln|2€n > 802 |an|2 = £9p.
n=0 n=0

Takum 06pa30M, BHIYUCAEHUE SHEPIUM OCHOBHOTO COCTOSIHMS CBOIUTCS K
BBIYUCJIEHUIO MUHUMYMa uHTerpasa (1) npu BapbUpPOBAHMU HOPMHUPOBAH-
HOI BosHOBO# dyukimu 1) (§). CremoBarenbHo,

eozrmn/Qwﬁﬂdg ecin ‘/¢ﬁ¢d§=1.

[IpakTudecku BBIYHCIEHWE £g CBOJUTCS K BBIOOPY MpPOOHOI dyHKINH,
coJiepIKaIeii HEKOTOPOe YHCI0 HEU3BECTHBIX MapaMeTpoB «, 3,... . DTH
apaMerpbl HAXOMST B PE3yJIbTaTe PEIIeHUs] CUCTeMbl YPaBHEHUA

oJ 0J
%—0, %—0, RO

e
J@@”q:/w@m@”qﬁ¢@m@”q%

IIpu ymagnom BeIOOpe BUIA TPOOHOM (DYHKIUHU TIOIy4UaeTCs 3HAYEHHE £g,
6M3KOe K HUCTUHHOMY JajKe MPU MaJjiOM YHCJIe mapaMmerpoB. BosHoBast
dyukuus o 6ymer npubiauzkento cosnaaars ¢ dbyukuueit ¥(€, o, 8, ... ).

VKa3aHHBI MeTOJ] OTBICKAHHS JHEPIUU £y OCHOBHOI'O COCTOSIHHUS Ha-
3bIBAETCS B8APUGUUOHHBIM MeMOJOM, i memodom Pumuya. Beibop Buga
NpPOOHBIX peleHnil 0a3upyercsi Ha KAYECTBEHHOM AaHAJIM3€ PEeIeHuil C
y9IeTOM CHUMMETDPUU 3aIaH.

Brrunciienne sHEprun nepBoro Bo30Y:KIEHHOTO COCTOSHUSA €] CBOJIUTCS
K DEIIeHNI0 BAPUAIMOHHOM 33,1891

£ = min / vt Hop de
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apn JONOJTHUTEJTbHBIX YCIOBUAX

[viwnde =1, [ wiveds =o.

IIpu BBIYHMCIEHUN CcieayOUUX BO30YKIEHHBIX YPOBHElH 3a/a4a yCJI0XK-
HieTcsa. B HEKOTOPBIX Ciiydasx Tpedyemble yCIOBUsS OPTOTOHAJIHHOCTH
BBITIOTHAIOTCS TP TIOIXOSIIEM BHIOOPE MPOOHBIX (DYHKIIHIA TPOCTO B CHUILY
cBoiicTB cummMerpuu. Hanpumep, npu nccae10BaHUN COCTOSHUM TBUKEHUS
YaCTHUIBI B IEHTPATLHO-CUMMETPUIHOM TI0JIE OPTOTOHAJIBHOCTD COCTOSHU,
COOTBETCTBYIOIMIUX PA3HBIM {, 00eCrevunBaeTcst OpTOrOHAIBLHOCTHIO chepu-
YECKUX TApMOHUK Yy, (6, ).

IIPUMEP. Haiinem sHepruro OCHOBHOI'O COCTOSIHHS JIBYX3JIEKTPDOHHOM CHUCTEMBI B IIOJIE

Anpa € 3apagoM Z B HEPEeJISTUBHCTCKOM npubiamkeHuu. YpasuHenue [lIpénunrepa B
9TOM CJIy4ae MMeeT BUJ

Hy = By,
rae raMHuJIbTOHUAH
N 1 1 Z Z 1
H=——A1 — Ay — — — — + —.
2 2 1 2 T12

Tak Kak TaMUJIBTOHMAH HE COJEPXKUT CIUHOBBIX MEPEMEHHBIX, TO IOJIHAsS BOJHOBAs
dbyHKIMA TpeacTaBiasgeT coboit npoussenenue MYHKINN, 3aBUCAIIEH OT TPOCTPAHCTBEH-
HBIX [IEPEMEHHBIX, Ha (DYHKIMIO, 3aBUCSILYI0 OT CIMHOBBIX MEPEMEHHBIX, TAKOEe, 4TOObI
TOJTHASA BOJHOBas (PYyHKIUs ObLIa AHTUCUMMETPUIHON.

Ilpu BBIYKCIEHUM SHEPTUH OCHOBHOTO COCTOSHUSI QHTHCUMMETPUYHYIO CIUHOBYIO
9aCTh BOJHOBOW (DYHKIMKM MOXKHO HE BBIIUCHIBATH. B KauecTBe CUMMETPUIHON POOHOI
(byHKIMM, 3aBUCAIIEH OT TPOCTPAHCTBEHHBIX MEPEMEHHBIX, UCIIOIL3YeM ITPOU3BEICHUE
JIBYX TIPOCTEHTITHX BOAOPOAOTION00HEIX dyHKIHit ¢ abdbexkTuBHBIM 3apsaom Z' < Z:

W71, 7)) = Ee—Z'(TH-Tz).
’ 4

ITocrosnnyio C HaxXOAUM U3 yCIOBHS HOPMUPOBKU:

o0
/|¢(F1,F2)|2 dry diy = C? /6_2Z17r2dr = e =1,
(22')8
0

Te. C = 4(Z")3.
Bripaskenne s sumepruu E mpunuMaeT BuUI

Z’2 ZI2

E(Z") = [ @ (71, 7)) Hy(F, 72 )di diy = S5 t5 - z7Z' —

—ZZ’+/¢ (71,72)¥(71,72) diydiy = 7' — 227" + 1,
T12

TI1e

[e’e] &) ’
2,—-2Z"r
ot rie 5
J:CQ/dm r3e 22*2/—1 ri| = =27,
> 8
0
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X 227"
rie 1 1 1
/1—dr1 = — {_ _ (——I—Z’) e—2Z’r2:| ,
r> 47'° | ra )
0

rae r> = max(ri,r2) (cm. npumep 3 u3 §1).
Takum 0b6pazom,

TaK KaK

E(Z) = 7'* — 227 + gz’.

U3 ycnosusa munumyMa E(Z') nomygaem

dE 5
— =27'-2Z+4+ = =0,
dz'! +8
YTO JaeT
2
Z/:Z—i, E:—(Z—i) .
16 16

DKCIMEePUMEHTAJIHLHO U3MEPSIEMOM BEJITMYNHON SIBJISIETCS HE TOJTHASI SHEPIUsl aTOMa, a €ro
noreHnua nonusauuu I. /s requenonobHoro aroma noreniuan nonunsanuu I = Eg—E,|

rne Eo = —Z2/2. B wactnocru, as remus (Z = 2)
2)2 52
I= —% + (2 - E) = 0,848 a.e. = 186114 cm !

JanpHelimue yCOBEPIIEHCTBOBAHNS BAPHAMOHHOrO MeToaa [124] mamm mus moren-
MaJIa, HOHU3ALMH 3HAYEHUE

T = 198317,974 4 0,022 e~ !,
B TO BpeMﬁ KaK E)KCHepI/IMeHTaJIbHOG 3Ha4YeHHUEe IIOTeHIHuaJIa UOHU3alluu paBHO
Iske. = 198310,82 4+ 0,15 e L.

Y4er IBUKEHUS SPA, PEIATUBUCTCKUX IMOIPABOK U B3AUMOAEHCTBUS JIEKTPOHA C COO-
CTBEHHBIM II0JIEM (n3M6OBCKI/II7I C,E[BI/II‘) IPUBOAUAT K HMCIPABJIEHHOMY IIOTE€HIIHMAJy HO-
HU3AIuU

Iteop. = 198310,665 cv ™t

2. ITonydenune BOZOPOIAOIIOAOOHBIX BOJHOBBIX (byHKkImii. Ba-
PUAIIMOHHBIA METOJ MOXKHO TPWMEHSTh U JJisi BBIYUCICHWS] SHEPrHil u
BOJTHOBBIX (DYHKIWMII MHOTO3JIEKTPOHHBIX aTOMOB. B Hambosee mpocTom
NpUOINKEHUN TTPEIIOIATAeTCs, YTO HA KAXKIBIM JTEKTPOH B MHOTOIJIEK-
TPOHHOM aTOME JIEHCTBYeT eIMHbIH (HE3ABUCUMO OT COCTOSIHUS PACCMATPH-
BaEMOr0 JIEKTPOHA) HOTEHIUAJI, CO3IABAEMbII OCTAIbHBIMU JIEKTPOHAMU
u sapom. PaccMoTpuM B CBSI3M C 9TUM CIEAYIONMIYIO 337a9y.

IIycts Tpebyercs pemmtsh ypasuenue [Ipéaunrepa

(e+1)

o2 Ruy=¢ecRy (0<r<o0) (4)

1
—§RZ5 + —V(T) +
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¢ 3anaHHbIM oTeHnuaiom V (r). B kagecrse npoOGHbIX (DyHKIWMIA 115 971€K-
TPOHA C KBAHTOBBIME YHCJIAMU 1, £ Oy €M UCTIOB30BATEH PAIUAIbHBIE (DYHK-
i Ry(r), coorBeTcTByIONIE TPOGHOMY TTOTEHIUAILY

. Tt
V(r) === = Au, (5)
r
rne Zpp — 9(1)cbeKTHBHb£ﬁ 3apsi saapa, Ap¢ — IMOCTOsIHHAsT BHeNIHEi
skpauuposku. Pyukuus R, (r) yaoBieTBopseT ypaBHEHUIO
1= ~ (l+1)] = .
_§R2f + —V(T) + %] Rn( = anfa (6)
rae
Z213 5 41 272141
E=ne=—5" + A, Ru(r) =Crew Hleme202H) (2),
oo
2an7’ 2 Zn( (n—Z—l)! =9
r = T, Cnl = FW’ Rnf(’f’)d’f’ =1.

[IpencraBnerne BHyTPUATOMHOIO TIOTEHIINATIA B BUIE (5) HaXOJIATCA
B COOTBETCTBUHU C HUCIOIb3yemoit B riaBe I mogenpio Tomaca—®Pepmu u
BBITEKAIOIIEH U3 Hee MPU BBICOKMX TEMIIEPATYPAX MOJEIBI0 MOCTOSHHON
ILUIOTHOCTHU CBOOOIHBIX 3JIEKTPOHOB. B camMom jesie, 3/1eKTPOH AUCKPETHOTO
CIeKTPa C KBAHTOBBIMHU YHCIaMu 1 U £ HAXOJUTCs B OCHOBHOM B cepu-
qeckoM cioe (r,7 + Ar) B OKPECTHOCTH TJIABHOIO MakcuMyMa (byHKIUH
R,¢(r). Ob6bem Takoro cdhepuyeckoro Cjiosg COCTABJSET, KaK PABUIIO,
MaJIyio JOJI0 OT oObeMa aTOMHO# s4eiiKu. BHemHWe mo OTHOIIEHUI0 K
paccMaTPUBAEMOMY CJIOKO 3JIEKTPOHBI CO3JAI0T B OOJIACTH IVIABHOT'O MAaK-
CUMyMa IIOCTOAHHBIN IIOTEHIUAJI, OIpeledeMblii MOCTOAHHONW BHENIHEeHl
9KPaHUPOBKU Ap¢. BHyTpeHHUE 3/IEKTPOHBI YMEHbBINAIT MTPUTITUBAIONIEE
neiicrue sapa (Zne < Z). Ilapamerpsl Zpy U POACTBEHHbIE UM SKPAaHU-
poBounbie mapamerpbl CaTepa MUPOKO UCIOIb3YIOTCS B ATOMHBIX Pacde-
tax [110, 133, 176].

llpu ncnonp30BaHNM BAPHALMOHHOLO METOZAA MOCTOAHHYIO Zpn¢, ONIpe-
JIeJISIIONIY IO BHJL BOJIHOBOH (yHKIWMU R, ¢(7), MOXKHO HAXOAUTH HEIOCPE/I-
CTBEHHO U3 yCJIOBUS

Ent = min/Rng(r)fIRng(r)dr.
0

IIpu 3TOM MOTMOTHUTETBLHBIE YCIOBUS B3aUMHON OPTOTOHAJBHOCTH DaIH-
aJbHBIX (DYHKIUI MOYKHO HE YUUTHIBATDH, TAK KK
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1) ecau 3nauenus £ pas3judHbI, TO BOJIHOBbIE (DYHKIUH GyIyT OPTOrO-
HaJbHBI B CHJIy OPTOTOHAJBHOCTH C(HEPUIECKUX TAPMOHUK;
2) ecnu 3Hauenus { COBIAJAIOT, & KBAHTOBbIE YUCJIA 1 PA3IUYAIOTCS,

TO riaBHbIC MAKCHMYMBI ByHKIW Ry¢(r) m R, ¢(r) maxomsrcs B cyue-
CTBEHHO DA3HBIX MECTAaX, YTO HPUBOAUT K NPHOINKEHHOMY DABEHCTBY
[ Rue(r) Ryre(r)dr =0 (cu. puc. 2.5).

Nmeem

o0

~ 1~ - 1) -
0

oo i i 7 oo i
= min/[énz +V(r) = V(r)|R? ,dr = min T[ - /V(T)Rif(r, Zne)dr
0 0

Tak kak
~ dr 7 ¢ _ 27 e
R2,(r, ZM)T = n—ge ® My (z)dx (.1: = %) ,
rae Mpe(z) — monusom crenenu 2n — 1, To
22, T [
. { nl _
En¢ = min ﬁ —a e  Mp(x)rV (r) r:m/(Qan)d:L' . (N
0
HNcnonb3ys ycnoBue MunuMyma dene/dZ,e = 0, momyaum
T av
Zn( = /6_z n((.’l?) [—TQW] d.'I?,
0 r=nz/(2Zn:)
U
T d
Tt = /e_””Mmq(x) [rV(r) - rd— (rV(r))] dx. (8)
" renz/(2Zne)

0

Yrobbl HaAMTU Z,¢, BOCIOIB3yEMCsi MIPOCTEHINel UTEPAIMOHHON CXEMOIA,
BbITEKaoIIeH u3 (8):

(s+1) (s (s)

Znt = Qe+ Bnia (9)
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rme
oo
(s) —
Onpe= [ e ne(2)rV (r) dz,
0 r:nm/(2(§)ng)
(oo}
(s) e d
B e = /e Me(2) T (rvV(r)) o dz,
0 r=nz/(2Z n¢)
s — nomep urepanuu, s = 0,1,2,... . B KadecTBe HAYaILHOTO TPUOIAKE-

HUA MOZKHO HUCIIO/IB30BATH NPEABIAYIINE 3HAYCHUA Zn(fi

(0) (0) (0)
Ziw=24, Zx =2, L= Zy,

TaK KaK OOBIYHO Z > Z1g > Zog > Lo U T.[.
(s)
Bennuuner (Sz)n( u f,, 6yJeM BBIYUCIATH C MOMOIIBIO KBAJIPATYPHBIX
dbopmyn Tuna Taycca [80]

b N
/ f@p@)de =Y a; (7). (10)
a J=1

B mameMm ciywae ecrectBeHHO BEIOpath p(x) = e~ *. Torma x; — Hynu momnu-
noma Jlareppa LY (z), f(x) = Mye(z)rV (r) wm f(z) :—Mng(az)r% [rV(r)]
(r = nz/2Zy,). Unarerpan (8) BbrUucssiercsi TOYHO, ecau f(x) — moamHOM
He Bbime (2N-1)-oit crenenn. Hano BeiGpars N Takum o6pa3om, 9T00bI
byrxupn rV(r) u r<L [rV(r)] g0crarouHo TOYHO AIMPOKCHMHPOBAJHCH
[OJIMHOMAaMH B CYIIECTBEHHO /Il HHTerpupoBaHus obiaactu. Kak nmpasu-
a0, pu n < 10 moxkHO monoxkuth N = 12. Bamerum, uro unciaa Mpe(z;)
He 3aBHUCAT OT BHUJa NOTeHImana V (1), 970 ya00HO IPU BBIYHCIEHHSIX.

ITocse Bbraucennst Zp ¢ HAXOAUM, UCTIONB3Ys (7), 3HAYEHUE SHEPTUH €y
U TIOCTOSIHHYIO BHEIHell 9KPaHUPOBKU A, p:

Z Z Z
Ent = n_zf <Tnl - Oéné> y o Ane= n_"; (Zne — ane) - (11)
3. Metona mpo6HOro moreHmuaJia aas ypasHeuuii IIIpéauare-
pa u /lupaka. K BapuanuoHHOMY MeTOJy, IO CYIIECTBY, OJM30K TakK
Ha3bIBAEMBbIH MeTOJ IPoGHOro norexmaa [103], KoTopslii OCHOBAH Ha TOM,
uro dbyHKIMA Ry (r) 3aMETHO OTIMYHA OT HyJisl B HEGOJIBIIOM WHTEPBAJIE
suauenuii . [losromy nosenenue norenuuana V (r) BHE 9TOr0 MHTEPBAJIA,
HO-BUMMOMY, MaJIO BJIUsIeT Ha XapakTrep byHKImun Ry (T).
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B merome npobrOro morentmasia 3bGEeKTUBHBIN 3apsa Z,¢ HAXOIATCS
U3 yCJIOBUSA MUHUMYMA (hYHKITHOHATIA

N 2 .
B(Zne) = / [PV ) =1V, Zae, An)|” By, Zac)dr,  (14)

r7ie MMOCTOSTHHAS YKPAHUPOBaHus A,y ONpenensercs u3 JOMOJTHATETHHOTO
ycIoBHsT OJTM30CTH COOCTBEHHOTO 3HAadYeHUsi dHepruu € K €. B kadectBe
TAKOI'0 YCJIOBUSI €CTECTBEHHO IIOJIOXKUTH IIE€PBYIO IONPABKY K YHEPIUU &
0 TeOPUN BO3MYIIEHUI PaBHON HYJIIO:

/[V(r) — V(r, an,Ang)]wa(r, Zne)dr =0, (15)

Ta6auna I, .3. CoOGCTBeHHbIE 3HAUEHUST SHEPIHH £, ¢, IOy I€HHBIE C IIOMOIBI0 METOIA

IPOOHOTO MMOTEHINAJIA U BAPUAIMOHHOTO METO/1a, & TAKKe MOJIy4YeHHbIE IIyTeM YUCIEH-

HOro pemteHusi ypaBHenusi 1Ipénunrepa B norennuasne TP pus 3omora (Z = 79) upu
Temneparype 7' = 1 k3B u mornoctu p = 0,1 r/CM3

Ent Ent
n ¢ MpO6H. Bap. IIpén,. n £ | npobH. Bap. IlIpén.
1 0 | 2848,956  2848,733  2849,178 70 40,349 40,353 40,209
71| 39,791 39,792 39,795
20 624,644 624,667 624,434 72 39,166 39,167 39,177
21 608,827 608,869 609,049 73 38,794 38,795 38,799
7 4| 38683 38678 38,677
30 258,848 258,950 258,662 75 38,648 38,645 38,645
31| 252,887 252,906 252,937 || 7 6 | 38631 38,630 38,628
3 244,108 244,120 244,180
8 0 29,502 29,507 29,247
40| 139554 139,587 139,432 || 8 1 | 29,004 29,004 28,947
41| 136,949 136,951 136,992 || 8 2 | 28,543 28,544 28,560
4 2 133,562 133,565 133,623 8 3 28,307 28,308 28,309
4 3| 131,300 131,392 131,395 || 8 4 | 28,225 28225 28,225
8 5 28,204 28,206 28,201
50 85,948 85,956 85,855 8 6 28,190 28,188 28,187
51 84,586 84,586 84,600 || 8 7| 28,179 28,176 28,176
5 2 82,917 82,919 82,953
5 3 81,868 81,871 81,873 90 22,118 22,120 21,788
5 4 81,568 81,569 81,569 || 9 1| 21,617 21,617 21,578
9 2 21,285 21,286 21,308
6 0 57,328 57,333 57,252 || 9 3 | 21,133 21,133 21,132
6 1 56,521 56,521 56,534 || 9 4 | 21,071 21,071 21,071
6 2 55,578 55,579 55,597 95 21,057 21,057 21,052
6 3 54,984 54,986 54,988 || 9 6 | 21,045 21,042 21,041
6 4 54,802 54,802 54,802 97 21,034 21,030 21,031
6 5 54,760 54,757 54,757 9 8 21,024 21,019 21,020
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Tabaunpa 1 .4. CoOGCTBEHHbIE 3HAYEHWS SHEPTUU £,¢ B NMOoTeHnuase Td st 30510Ta
mpu temmeparype T = 0,01 k3B u miorsoctH p = 0,1 r/cm3. IIpu n > 5 paccMOTpeHHBIH
BapHALMOHHBIM MeTOJ He paboTaeT

Ent Ent
n £ IPOOH. Bap. Ipén. n £ | mpoon. Bap. Ipén.
10 | 2655,040 2655,019  2654,842 53 0,149 — 0,570
2 0| 441,965 442,042 441,559 60 1,671 — 1,408
2 1| 423,276 423,089 423,464 6 1 1,592 — 1,088
6 2 0,333 — 0,610
30| 105494 106,452 104,885 6 3| -0,010 — 0,164
31 96,456 96,763 96,562
3 2 80,303 80,549 81,159 70 1,012 — 0,485
71 0,630 — 0,364
40 25,053 27,309 24,677 7 2 0,014 — 0,178
41 20,933 22,284 21,159
42 13,988 14,272 14,748 80 0,559 — 0,140
4 3 3,136 5,393 6,235 8 1 0,232 — 0,088
8 2 0,016 — 0,010
50 5,323 7,891 5,270
51 3,819 5,421 4,095 90 0,360 — 0,005
5 2 2,028 2,101 2,199
YTO 13T
72, -
Ape = w3 V(r)R;,,(r, Zpe)dr.

B taba. 1.3, /1.4 u ua puc. /1.3, /1.4 npuBeaeHbl HEKOTOPBIE PE3YJIHTATHI
pemrennsi ypaBuenusi [lIpénunurepa ¢ morenmnuajgom Tomaca—®Pepmu st
3o710Ta ipu moTHOCTH p = 0,1 v/cM® u aByx Temmeparypax T = 1 k3B u
T = 0,01 x3B. Kak BugHO n3 puCyHKOB u TabJnIl, PE3yIbTATHl PACIETOB
METOJIOM MPOOHOIO TMOTEHIUAIA HECKOJIbKO JIydIlle, YeM IMOJydeHHbIE C
MOMOIIIbIO BapUAIMOHHOTO MeTo/a. Jlaxke B ciiydae HU3KUX TEMIIEPaTyp,
KO8, BOJIHOBBIE (DYHKIUMYU JAJEKH OT BOAOPOAONOI06HBIX (cM. puc. [1.4),
METO/T TPOOHOTO MOTEHIINAJIA, XOPOIIIO MePeIaeT MOJI0KEeHUe [IIABHOTO MaK-
CHUMyMa BOJHOBO# (hyHKIUM.

IIpocroTa BEIYUCICHRIT IEIAET MEeTO MPOOHOrO MOTEHIHAIA JOCTATOY-
HO 3(b(beKTI/IBHbIM U B PEIIATUBUCTCKOM Cnyqae 1P HaXOXKACHUH ITapaMeT-
POB Zyn¢j 1 Apgj. s sToro B dopmynax (14) u (15) mocraTouHo 3aMeHUTH

P2 (2 52
Ry, (r) mna F7, (1) + Gy (1) (em. dopmyist (30) us §2). Ykazem, 410 Bpe-
M cYeTa MPeJIOKEHHBIM MeTonoM npuMepHO B 50-100 pa3 MeHbIle, yeM
BpeMA, HeO6XO,HI/IM08 JJI 9UCJIEHHOT'O MHTErPUPOBAHUA COOTBETCTBYIONINX

YpaBHEHUI.
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0 0,05 0,1 0,15 0,2 /1"/7“0
Puc. [ .3. Pagnanbnas Gyukuus Rio(r) B 3aBHCEMOCTH OT & = /7 /7o LJIs 30J0Ta
(Z = 79) B norennuane T® npu remneparype T = 1 k3B u miornoctu p = 0,1 r/cm®
(criomHas JIMHUS — YUCIEHHOE DEIIeHWe, IITPUXOBAsl JIMHUS — MeTOJ NMPOOHOro mo-
TEHINAJIA, IITPUX-IyHKTUPHAS JINHUS — BAPUAIMOHHBIA METO.)

Rao(r) i

)

R\
\
\\~’I

0 0,05 0,1 0,15 0,2 0,25 /r]To

Puc. [ .4. Pagnanpuas byHkuus Rio B 3aBUCHMOCTH OT T = +/r/ro Ans 30-
gora (Z = 79) B morennmase T® npu temmeparype 1T° = 0,01 k3B m mnorrOCTH

p=0,01 r/cM® (ciTOmIHAA JIMHUA — YUCJIEHHOE DENIeHHe, IMTPUXOBA JJUHUSA — METO]
IPOGHOrO MOTEHNNAA, IITPUX-IIyHKTHPHAS JINHAs — BapHAIMOHHBIA MeTOxX)

Bonee noapobHo pe3yabTaThl pacieToB METOIOM MTPOOHOTO MOTEHIINAJIA,
nyist ypasaenunit [Ipénunarepa n JIupaka ananuzupyorcs B rir. 11, § 2.

§ 4. KBasukJjaccudeckoe MmMpubIM>KeHne

Ksazukaccudeckoe mpubimkeHne 0Ka3aaoch 09eHb 3P hEKTUBHBIM DU
PacCMOTPEHUU MHOT'HX BOIPOCOB KBAHTOBOI MEXaHWKU U MATEMAaTHIECKOMN
dusuku. B ocHOBe KBa3WK/IIACCHYIECKOTO MPUOIMKEHUS JIEKUAT 3370294
O TOJyYeHWM PABHOMEDHOW ACUMIITOTUKHA TPU A — OO JJis PEIleHui
b depeHnInaIbHOTO yPABHEHHST BHIA,

[k(z)y'] + Ar(z)y = 0.
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[TepBonagabHOE M3ydYeHUE ITOTO BOMPOCA OBLIO MPOBeIeHO JInyBuiLiem u
I'puxom B mepsoit nososure 19-ro Beka [92, ri.6]. JanbHeitnee passurne
3TOT MeTo Tonydun B pabotax Benrtmens, Kpamepca, Bpumtosna u
Ixedpuca (meron BKB), a rakxke MHOIMX JPYyIrUX aBTOPOB.

1. KBasukigaccuueckoe mpubin>KeHue AJisi OJHOMEPHOTO CJIy-
qasi. BblsicHUM MOBeJieHNe peleHuil ypaBHeHUsI BUIA

[k(z)y']" + Ar(z)y =0 (1)

npu A — oo. Kak mnokaseiBaer mpocroit mpumep ypasHenusi (1) mpwu
k(z)=const u r(xz)=const, noBeJeHUE PENIEHUI CYIECTBEHHO 3aBUCUT OT
snaka ¢yukuuit k(z) u r(x). Ilosromy B mambHeiiniem Mbl Oymem pac-
cMmarpuBarh ypapHenue (1) B obnacrtsx, rae dyukiyn k(r) u r(r) 3Ha-
KOIIOCTOSAHHBI. PaccMoTpuM cHavama ciydail, Korja Ha HEKOTOPOM UHTEp-
Basie (a,b) dyukuuu k(z) u r(x) uMeOT ONUHAKOBbIE 3HAKU, HAPUMED
k(z) > 0, r(z) > 0, u myctb 3t GYHKIUM MMEOT HENPephIBHbIE
[IPOM3BOHBIE [IEPBOIO U BTOPOIO MOPSIIKA.

1.1. Yro6bl yupocruth ypasaenue (1), BOCIOIb3yeMcs 3aMEHO nepe-

MEHHBIX
y(@) = p(x)u(s), s=s(x). (2)
Nnmeem
Yp = Pyl + QUGS
(ky")' = (kp'utkou's') = (k@) utkp'u's' + (ks') pu' + ks’ (¢'u'+pu" s").

IMoce noxcranoBku B (1) momydnm

u' + f(s)u' +[Ag(s) — q(s)]u =
rje
2k(z)s"(z) @' (x) + [k(x)s'(2)]'o(x)
k(z)e(z)[s' (x)]? ’
__ r@) ___ k@' @)
O er@r T @@
st uccnenoBanus noeaeHust y () mpu A — 00 yaA00HO BBIOpATh (DyHKIHM

s(z) u p(z) u3 yenosuit f(s) =0 u g(s) = 1, gro maer

r(z)
k(x)’

fls) =

[s'(2)]* =

% = _(kSI),I = _%[ln(ks')Q], = —%(ln kr)' = = (k—l + 7%) )
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B pesysibrare ypasaenue s GyHKIuA u(S) IPUHUMAET BUJL,

u" + X —q(s)]Ju =0, (4)
rue
o(s) = — [k(z)¢' ()] _ Ko+ k"
r(@)p(z) la=x(s) T

L2224 (2))-
@ e e

B ciyuae, korma d)yHKuHH k( ) u r(z) umeror pasuble 3uaku Ha (a,b),
ypasrenue (1) 3amenoit s> = —r(z)/k(r) npuBoaUTCA K BULY, AHAJOTHY-

oMy (4),
o u"(s) = [A + a(s)]u(s) = 0, (6)

rae ¢(s) ompenessiercs: TOi ke (HOPMyJIOi, 9TO ¥ B mepBoMm ciaydae. Tak
KaK M3yYeHHe MOBEIeHUs pellieHuil npu A — +00 mis ypasHenus (6)
MPOBOJUTCsI, B OCHOBHOM, TEMHU K€ METOJAMH, 4TO U Jjisi ypaBHeHus (4),
TO B JaJibHEMIIeM MbI OyIeM pacCMaTpPUBATh JIUIIh [IEPBbIM CIydaii, KOTaa
ypasHenue (1) 3aMeHOI/I (2) MOXKHO HpUBeCTH K ypaBHeHHIO (4).

W3 pasencrs (3) umeem

/ idt (@<z0<b), ¢(z)=[kiz)r)] /"

Mycrs s(a) = ¢ (¢ < 0), s(b) =d (d > 0). Pyukuus s(x) memnpe-
PBIBHA U MOHOTOHHO Bo3pacTaer Ha (a, b). [Toaromy cymecTByer obparHas
dbyukuust * = x(s), Koropasi Tak:xke OyIeT MOHOTOHHO BO3DACTAIOIIEH
HenpepbiBHON GyHKumeid na (¢, d).

1.2. EcrecTBEHHO 0XKUIATD, UTO TIPH A — 400 pellleHnst ypasHeHust (4)
Oy/IyT B TIpeJiesie COBIAJATh C PelleHusiMU G0JIee TPOCTOro ypaBHEHHs

u” 4+ du =0,
T.e. IpU A — +00 OYeT BBINOIHATHCSI TIPUOJIMIKEHHOE PABEHCTBO
u(s) &~ Acosus + Bsin us,

rie 1 = VA, Au B — HEKOTOpbIE OCTOSTHEBIE (CM. J0Ka3aTeabeTso B [80]).
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Bosspainasich K CrapblM [MEpEeMeHHBbIM, Tojay4uuM, 4ro npu k(z) > 0,
r(z) > 0 na (a,b) pemenus ypasaenus (1) npu A — +00 IpPeACTABAAIOTCH
B BUJIC

y(z) = ——[Acosé(z) + Bsiné(a), (10)
k(z)p(x)
rae

plz) = A%, @) = [ ple')a

Zo

Bawmena pemtennst ypasrenusi (1) npubsvkenusiv perernem (10) sexur
B OCHOBE KBA3WKJIACCHYIECKOI'O METOA peleHus ypasHenus (1).
B cayuae, korga k(z) > 0, r(z) < 0, aHaJIOrH4HBIM 00PA30M IIOJIY 9UM

) [Aef@) + Be=¢(@)], (11)

rie

IIpu 3ameHe TOYHOTO pelleHHs TPUOJUKEHHBIM, IO CYIIECTBY, BayKHO

OBLIO JIMIIB BBINOTHEHWE HepaBeHcTBa L K pu (L = fcd lg(s)|ds) nmst
ypasHenust (4). [Tosromy npubamxenabivu permenusivu (10) u (11) MoxKHO
[0JIb30BAThCs HE TOJBKO B TE€X CJIy4asX, KOTJa BEJIMKO 3HAYEHHE A , HO U
npu A ~ 1, ecu L <« 1. Kak Bugso n3 hopmyast (5), 3T0 UMeeT MecTo, Ko-
raa npousBoguble dbyuKuuit k(z) u r(x) MaJbl, T.e. IPU MEIJIEHHOM, IIaB-
HOM u3MeHeHun Ko duiuenTos ypasuenus (1). 3amMerum, 4To B IPaByIo
qacth (opmysbl (5) BXoaAT jorapudMUUECKUue MPOU3BOJAHBIE (bYHKIHUI
k(xz) u r(z), a Tak:Ke TPOM3BOAHBIE OT COOTBETCTBYIOIIMX JorapudMue-
CKUX MPOM3BOAHBIX. [Ipu mtaBHOM n3MeHeHnn KO3(DGUIMEHTOB yPaBHEHNS
(1) npoussogHbIME OT JMOrapudMUIECKUX MPOU3BOAHBIX byHKIMHA k(x) n
r(x) OOBIYHO IPEHEOPETAIOT U CYUTAIOT, UTO OOJIEE CYIECTBEHHBIM B TPABOM
yactu (5) GymeT BTOpOe CJAraeMoe, Jijis KOTOPOIO JIOJIXKHO BBIIOJHATHCS

yCJIOBHE
kE (3K 1+ k' N 7!
ar \4k 4dr ko
DTO yCIOBUE SIBJISETCS HECKOJBKO Oosee TpybObiM, dem yciaosue L < 1.
Onmnako, ecsim MbI paccmarpuBaeM ypasaenue LIpénunrepa, 3amucanioe B

BHIIE
d?y

po) +p* () =0,

< 1. (12)
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rue
p(z) = /2 - U(z)],

TO 1yt Hero ycnopue (12) Gyaer coBnagarh ¢ OOBIYHO HMCIOIB3yeMbIM B
KBAHTOBOI MEXaHUKe YCIOBHEM MTPUMEHUMOCTH KBA3UKJIACCUIECKOTO TPH-
OJI>KEeHU A

/
D
| <1, (13)

ecmm B (12) nonoxuts k(x) = 1, r(x) = p*(z).

1.3. IIpakTudeckuii MHTEPEC MPEAICTABIISIET TAKKE MOy 9€HUE TPUOITH-
JKEHHOTO perieHusi ypasHenust (1) mpu A — +00, cipaBeyInBoOro BILIOTH J10
KOHIIOB MHTepBasa (a, b) B ciryvasx, korga dyskumu 7(z) u k(z) Ha KOHIAX
unTepBaia (a,b) UMET 0COGEHHOCTH WM PABHbI HyJ0. Paccmorpum, Ha-
[pUMep, BOIIPOC O IPUOJIMKEHHOM IIPEICTABICHIH peleHus ypapuerus (1)
npu a < x < b, Korma

k(z) = (z — a)%ko(z), r(2) = (z - a)’ro(z),

rae byukmun ko(r) > 0 u ro(z) > 0 EMeOT HempepbIBHBIE BTODBIE
npousBozanble npu a < x < b. jgs toro 4rober BeimunHa S(a) ObLia
KOHEYHOH, OyeM IIpearnoIararb, ITo

1
§(ﬂ —a)>—1. (14)

IMepenurmem Boipaxkenus mist S( ) mpu o = a:

/,/”’(t s-a)/2qp, (15)

a—p—2 ko(z) {(a+5)(3a—5—4)
4ro(z) 4

k,l 1
tGatmR+a-n]+
ko o
ko o\ (3K 1rh (ky 7
—a2 (20 0 2 _-1o Mo, o
+(:L' a) l<k0+T0> +<4k0 47“0) (k0+r0)l}'

rofa) (& = a) P22
(@ [B-a+2)/2

q(s) = (x —a)

+

+ 2=
2

Ecm z =~ a, To

s(x) ~
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U, CJIEIOBATENbHO, BbIpaxKeHue it ¢(s) MOXKHO NPEACTABUTH B BUJIE

v —1/4 -~
as) = LA L o2 ),
S
rie
2 |a — 1]
- 50, v=2""1 5y,
Y= a2 VT ar2”

a ¢yukuus f(z) wempepbisHa mpun 0 < s < s(b). B mamnoM ciyuae
dyurms q(s) umeer ocobernoctb npu s — 0. st npumenenusi MmeToza
CrexiioBa yu00HO BBLIEJIUTH TJIABHYIO OCOGeHHOCTH (byHKumMu ¢(s), T.e.
nepenucarb ypapHenue (4) B Buie

2
v’ —1/4 _
R e LRI (TR VE T
U pelaTb 9T0 ypaBHEHHE, PACCMATpPHBasi IPABYIO YacTh KAK H3BECTHYIO
dynkuumo. Tak kak ypaBHeHHe

2 _
u"+<,u2——y 1/4>u=0

52

MIMEEeT PElICHUE
u = Av,(us) + Bv_,(us),

rie v, (z) = /2, (x), A u B — nocrostuusie, J, (1) — dynxuus Beccenst
1-ro poga, TO B pe3yJbTaTe TMoIydaeM perienue ypasaenus (16) B Buze

u(s) = Avy(ps) + Bo_, (us) + Ryu(s), (17)

rie

Ru(s) = / K, (5,8) ()2 £ (' Yu(s') s,

Kyu(s,s') = W[m(w)v_u(w') — vy (s vy (ps)]-

Mozxuo nokazars, uro BeamuuHoil R, (s) B (17) MmoxknO npenebpeds mpu
u — +oo. Ilpu onenke Beqmuussl R,(s) yaob6Ho BbIOpaTh s9 > 0 mpu
B #0usy=0mnpu B =0. Ouenxu Benuauasl R, (s) IPpOU3BOAATCS IO
TOMY >Ke TLJIaHy, 9TO W PaHee, HO TeXHWYECKH OHM CJIOXKHEE BBHJY TOTO,
9TO TIpU OleHKe DYHKIWI V4, (4S), KOTOPBIE B JAHHOM CJIy4ae BOSHUKAIOT
BMECTO COS 4$ ¥ Sill (18, TPUXOANTCSA B OTAEIHHOCTH PACCMATPUBATH MAJIBIE
7 GOJIbINNE 3HAYEHNS] BEJTAINHBI [LS:

Clus)=+1/2, s <1,
osss) < { & pe <1
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(C — HekoTOpas MOCTOSHHASA).
Bozsparmmasicb K crapbiM TEpeMEHHBIM, MOJYyYaeM DPEeNIeHue ypaBHe-
Hust (1) B KBA3MKJIACCHYECKOM MPUO/IMKEHUN:

y(z) = %{AM&(@] n BJ_V[f(x)]}, (18)

T

_ [y _ N
p(x) = )\k(x)’ f(az)-/p(m)d:c, v#0,1....

a

IIpu nenbix v B (18) caenyer 3amennts J_,(§) Ha Y, (). Bamernm, uro
npu &(x) > 1 3amena dbyukuuii Beccesns B (18) mepBbIM YIEHOM ACUMIITO-
TUYECKOrO Pa3JIOKEHUs IPUBOAUT K (dopmysie, sxkBuBagenTHoi (10).

Ecmu ko(x) > 0, ro(z) < 0, To npexacrasienue (18) cienyer 3aMeHHUTH
Ha,

Vo) =\ oL enlew) + DR | (19)

z

- / p(a')da,

a

rae I, (z) n K, (z) — momudunnposanusie Gynkiun beccens.
Amnayornanbie (popMyIBI MOXKHO MONYYUTH st objactu a < x < b,
ecrm dyukiyn k(z) u r(z) umeor Bus

k(z) = (b—2)ko(z), r(z)=(b—1x)’ro(2).

2. IIpumenenne merona BKB k ypaBHeHHUIO ¢ 0COGEHHOCTBIO
Bujaa 1/x2. KBasukiiaccuka Jjis eHTPaJbHO-CUMMETPUIHOTO TI0-
ada. Ilpu paccmoTpernu JIBUKEHUsT YACTUIHI B IEHTPAIbHO-CHUMMETPUY-
HOM I10JI€ TTPEJICTABJISET HHTEPEC MOy YeHNne KBA3UKIIACCUIECKOTO TIPUOIIH-
JKEHUs I yPABHEHUs BUIA

y" +r(@)y =0, (20)

rie dbynkiumsa x2r(xr) HenmpepbIBHA BMECTe CO CBOUME MPOM3BOJHBIME Mep-
Boro u Broporo nopsiaka npu 0 < x < b. Iloxy4uenHoe panee npubsimke-
nue (18) oka3bIBaETCs HENPUMEHUMBIM /115t ypasHenus (20), Tak kak a = 0,
B = —2 u ycnosue (14) He Boinosnsierca. OJHAKO 3aMEHOM MEPEMEHHbBIX
r=e y= ez/%(z) 9TO ypaBHEHUE MPUBOAUTCA K Buiy [178]

v"(2) + 1 (2)v =0, (21)
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rie

1
ri(z) = ~1 + 227 (2) | pme= -

@ynukiwysi 1 (z) npu 2 = —oo (uTo cooTBercTByeT & — () MAJIO OTINYALTCS
OT TIOCTOSTHHO#, paBHOMR —% + liII(l) 227 (x). Kpome TOro, MOXKHO TIOKa3aTh,
r—r

gro  lim rgk) (2)=0 (k=1,2,...). Hanpumep, npu k = 1 umeem
Z——00

irl (z) = i[zﬁr(w)]d—x = azi[zﬁr(az)] -0 (z—0).
dz dx dz dx
ITosroMy mpu mocTaTouHO GOMLHIMX MO MO/ OTPUUATEILHBIX 3HAYE-
nugax z byskiys r1(z) ¥ ee TPOU3BOAHbIE OYAyT MEIJIEHHO MEHSATHLCH U
st ypaBhenus (21) Oyser npuMeHuMO KBAa3UKJIACCUYECKOe IPUOJIUKEHUE.
Ecin yciaoBre IpuMeHMMOCTH KBAa3UKJIACCHYIECKOTO TPUOIMKCHNUS 1)1 yPaB-
Henust (21) BBINOAHEHO mpu BceX TPeOyeMbIX 3HAYEHUAX Z, TO, BO3BPa-
mAsCh K CTApbIM MEPEMEHHBIM, MBI MOJYYUM NPHUOIMKEHHOE DEIICHHUe
ypasHenusi (20) B pacCMOTPEHHOM paHee BHJE, HO C 3aMeHOl (yHKIuu
r(x) na
1

r(x) PR
Tak, HATpUMEpP, TIPU PEIIeHnd B ChepuIecKnX KOOPAUHATAX yPABHEHHS
Ipémuurepa
LL+1)

]' 1
2R + [U(r)+ 52

] R=¢R

JUJIsT PaIMAIIbHOM YacTu BoHOBOM dyHKumu R(r), rae U(r) — noreHumaib-
Hasl 9HEPIrus, € — NOoJIHas dHeprust acTuipl, £ = 0,1,2, ... — opburaibHoe
KBAHTOBOE YUCJIO, B KBA3UKJ/IACCUYECKOM NPUOIIMIKEHUU TIOJyYaeM BbIDa-
JKEHHe

\/E[AJI/?)(O +BJ_13(§)] (r >7),

R(r) = (22)
\/%[011/3(5) + DKy 3(8)] (r <7),
rie
pzpvr:%m—vvn—@{§ﬁ, (23)

azamzL/mwmw,
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7 — Ommkadimuit K Touke r = 0 Kopenb ypasHenus p(r) = 0 (Mbr
[IPEJIIIOIaraeM, 4T0 ITOT KOPEHb SABJAETCA MpOCThiM). IIpubimkenne (22)
cnpasenmeo u npu £ = 0, ecim B (20) npexen z?r(x) cymecrsyer npn

z — 0.
Tak xak dyukuusa R(r) momkua ObiTh orpanuvenHoi npu r — 0,
T.e. £ — 00, To caeayer nojpoxurh C = 0. U3 ycmoBuil conpsikenus

npu v = 7 byskuuit R(r) u R'(r) mocrosuusie A 1 B MOXKHO BBIDa3nUTh
4qepe3 nocrogaayo D. Pasnaras momkopennoe Bbipazkenue B hopMyIie jist
p(r) mo crenensim (r — 7), HETPYJHO yOEIUTbCsT B TOM, 9TO (DYHKIUN
p(r)/\/Ir = 7|, &(r)/|r — 7?/?> u ux nepBbIe MPOM3BOIHBIC HEMPEPHIBHBI
npu v = 7. Ilosromy u3 ycnosuii conpstkenus dynakunuit R(r) u R'(r)
B TOYKE T' = 7 BBITEKAIOT AHAJIOTHYHBIEC YCIOBUS COMPsSiZKEHWs! (DYHKIMN

®(r) = (¢£/2)Y/3\/p/€ R(r) u ee npoussommoii. Mmeem

A€/ B
T (4/3) " T(2/3)

+O0[(r —7)°] (r>7),

o(r) =

Dr 1 (/2"
2sin(r/3) |T(2/3) T (4/3)

] +O[(r—7)?] (r<7).

N3 ycnosust venpepbisHocTr dyHKnuu ®(r) u ee mpousBoaHON mpu 1 = 7
¢ yaeToM Toro, 4o & ~ |r — 7|3/? B6iu3M TOUKM MOBOPOTA, MOMyHYaeM

A=B=-"p.

V3

3. IIpaBmiio kBanToBanusi Bopa—3oMmmepdeinbaa. Boraucianm
B KBA3WKJIACCHYECKOM TPHUOJIMKEHUU YDPOBHU SHEPTHH 3SJIEKTPOHA, IBU-
JKYIIErocss B OJJHOMEPHON IIOTEHIIMAJIBLHON siMe, XapaKTepHBbIi rpaduk Ko-

U(x)

I T2 Zz

Puc. /1 .5.
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Topoit m3o6paken Ha puc. .5. Bymem cumrars, uTo mpu Ji000# IHED-
run € > Upin HIMEIOTCS TOBKO JBE TOYKH TIOBOPOTA, L1 1 Lo, OTIPEEIAeMbIe
yenosuem U(xy) = U(zz) = e. Kak 6bu10 nokazaHo, BOIHOBast QyHKIHsI
YACTHUIHI B KBA3WKJIACCHIECKOM MPHUOIMKEHUH B 00JacCTH 1 < T < X
nMeeT BUJ

Y1(z) = A\/%[Jl/s(fl) +J_13(&)]s
b= / pa)ds', o) = 2 — U@

Ecnm B KauecTBe (hUKCHPOBAHHOTO Tpejiesia B unrerpase &(z) B3sTh BTO-
PYIO TOYKY TIOBOPOTA T2, TO U3 AHAJOTUIHBIX COODOPAYKEHUIT IOy YUM TIPH
T, <z < T9

Pa(z) = B\/%M/:&(&) +J_13(&)], &= /P(«’U')dx'-

B mr060it TOUKe T, PACIIOIOKEHHON MEXKIy TOYKAME TIOBOPOTA T1 U T,
MOYKHO TIOTPEOOBATH BBITIOJIHEHUSI YCIOBHI COTPSIXKEHUsT

Yi(z) = a(z), Pi(z) = ¥i(a). (24)
Bribepem Touky x TakuMm 00pa3om, 9TOOBI OHA OBLIA PACIIOIOKEHA BIAJIH
OT TOYEK MOBOPOTA M UTOOBI BBIMOMHSIACH yciaosus & = & (z) > 1,

& = & (x) > 1. Torma, ucnonb3ys acumnroruky dyHkuuit Beccens

Ji1/3(8) = \/gcos (f F % - %) ,

A cos (51 - %) = Bcos (52 - %>7

u3 (24) nomyuaem

(25)
Asin (fl — %) = —Bsin (52 - %) .

[Tpu muddbepertmpoBanuy Mbl BOCIOIb30BAJICH YCIOBUEM TPUMEHUMOCTU
KBa3MKJIACCHIecKoro nmpubsmkenus (13).
Tak kak & = f;f p(z)dz — &, To uz (25) nocne jeneHus BTOPOrO
PaBEHCTBA HA MEPBOE TIOJIY IUM
T2
™

tg(£1—4)=tg £1+£—/p(w)dw ;

x1
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OTKY/Ia HETIOCPEICTBEHHO BBITEKAET NPasul0 K8aHmMosaHus Bopa—3ommep-

Peawda:

z2(e)

p(z)de == <n + %) (n=0,1,2,...). (26)

z1(e)

Tak Kak HyJm BOJIHOBOW (DYHKIMK HAXOAATCH BHYTPU MHTEpBasa (T1, T2),
qro crenyer u3 (11) u (19), o n B (26) ecTb uncio Hyseit BOTHOBON GyHK-
uun Y (z). Honcrasass & = w(n + 1/2) — & B moboe u3 ypasuenuii (25),
Haxomum B = (—1)"A. Takum 00pa3oM, B KBA3UKJIACCHYECKOM MPHUOIH-
JKEHUU YPOBHU SHEPrUM IMCKPETHOrO CIeKkTpa € = &, (n = 0,1,...)
OlpeieNAoTCA U3 ypaBHeHus (26).

Jnist gacTuupl, ABHXKYIIEHCsS B EHTPAJIbHO-cUMMeTpudHoM 1oste U (r),
ycosue Bopa-3ommepdensaa B coorBercreuu ¢ (23) u (26) npurnMaer
BUJ

ra(e)

/ p(P)dr = 7 (n + %) , 27)

ri(e)
r7e N, — YUCIO0 HyJiell paauaabHON (DYHKINU.

IIPUMEP 1. Haiinem B KBa3UKJIACCHIECKOM MPUOIMKEHUN YPOBHU JHED-
MU BOJOPOAOIIoA06Horo aroma, koraa U (r) = —Z/r. [1jis1 9T0ro Beraucaum
UHTErpaJ B JeBoi dactu (27), UCIOIb3ysl MHTETPUPOBAHHUE TI0 YACTSIM:

A 2
} oz ey
T2 T2 7“3
dr =

T1 2
T1 T1 2 €+ éz — £€.j:;£££iz_
T 2r2

_ Z/ dr N
V2er? +22r — (4 1/2)?

/ (0 +1/2)°da
V26 +222 — (¢ +1/2)%]

z=1/r

T R E N )
“a —b
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Cpasrenue c (27) naer

Z2
EEE =T
riae rJaBHOE KBAHTOBOE 4uMCIo n = n, + £ + 1. Orcioma BHUIHO, 9TO B

KBa3WKJIACCHYECKOM TPUOJIVIKEHUH YPOBHU JHEPTUU BOJIOPOIONOI0OHOTO
MOHA COBIAJAIOT C TOYHBIMU. AHAJIOrWYHBIA (HAKT MMEET MEeCTO WU JIJIisI
JINHEHHOTO TAPMOHUYIECKOTO OCIUJIIISITOPA.

4. Ucnoab30oBaHne KBa3UKJACCUKU [Jsi HOPMHUPOBKU BOJIHO-
BbIX (pYHKIUII HENmpPepBIBHOTO cIieKTpa. Kak m3BecTHO, /st BOJ-
HOBBIX (DYHKIIUI HEMPEPHIBHOTO CHEKTPa KBAa3UKJIACCHYECKHEe (DYHKIINU
SIBJISIIOTCS  JIOBOJIBHO XOPOINMM TpuO/mkenueM, [Ipu 3ToM, OJHAKO, W3-
BECTHYIO TPYJHOCTH MPEICTABJISET WX HOPMHUPOBKA. BosHOBbIE (hyHKIMN
HenpepbIBHOTO criekTpa Rey(r), HopMuposanHbie yciosueM (cm. . 11, § 3)

/ Ree(r)Rerg(r)dr = 6(c — '), (28)
0

B KBa3WKJIACCUIECKOM HpI/I6J'II/I}KeHI/II/I HUMEIOT BHU/I

~ =K (r < r.0),

Rel(r) = 1 f
%\/;[J—l/:%(f) +Ji3(8)] (r>rer)

(re¢ — TouKa moBopoTa). Ilepssiit Hyas 7 = r* dynxmm R.¢(r) coorser-
CTBYyeT mepBoMy HyI0 & = £* ypaBHeHUst

J_1/3(6") + J1/3(67) = 0.

B kBazukaccuaeckoM mpubIuKeHIN

5*(*)

(29)

d

drR )

(L1 /3(67) + T /5(€9)]-

r:r*
VaureBas, uaro £ = 1,929379, B pe3ysibTaTe moIyaumM

d

=R (r)‘q_ﬁ: —0,801952\/p(r). (30)

Vesosue (30) MoxkeT ObITH UCIOIB30BAHO MPH YUCJIEHHOM WHTErPUPOBA-
Huu ypapHenus [Ipéauurepa Jjisi HOPMUPOBKHU (DYHKIMH HEMPEPLIBHOIO
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criekTpa. 3Hadenue dR.,(r)/dr B mepom HyJsie R.¢(r) nosaraercs paBHBIM

dREg(r)/dr.

TIPUMEP 2. PaccMoTprM HOPMUPOBKY BOJTHOBOH (DYHKITUH HEITPEPHIBHOTO
crekTpa i KysoHosckoro nosst U(r) = —Z/r. Ilpu € = 0 ypaBHeHue
[ITpéaunrepa MWMeeT TOYHOE PEIIeHHe, KOTOPOE MOXKET ObITh BBIPAYKEHO
gepe3 dyukuuu Beccensa. B gacraocru, ayist £ = 1 umeem

Reo(r) = V2rJ3(V8Zr).

Boruucienus ¢ ucnosb3oBanuem dopmysibl (30) B 9TOM Caydae AT
HOPMUPOBOYHBIH KOaddurment pasubiit 0,99998 Bmecro 1.

J-TII. YU CJIEHHBIE METO/IBL

§ 5. ®a30BbIil MeTO/] BHIYUCIECHUS
CODCTBEHHBIX 3HAYEHUI SHEPTUHU M BOJHOBBIX (DYHKIHUA

1. YpaBHeHue 4151 (pas3bl U CBA3b ¢ KBA3UKJIACCUYECKUM IIPH-
6amrkenneM. JIjis HAXOXKICHUS YPOBHEl SHEPIUM M BOJHOBBIX (DyHKIIHUi
3JIEKTPOHA, IBUKYIIErOCd B 33 JAHHOM IEHTPAJIbLHO-CAMMETPAIHOM IIOTEH-
uuasie V (r), paccmorpum 3anady o pemienuu ypasaenus [[Ipénunrepa

0e+1)

573 R=eR (0<r <o) (1)

1
—§R“ + —V(’f’) +

¢ rpanngnbiMu yeroBusmu R(0) = R(oco) = 0 u ycioBHEM HOPMHUDPOBKH
fooo R2(r)dr = 1. Ilpu sTom dbynkimms R(r) 10mKHa BIMETD 3a1aHHOe THCIO0
Hyneit n, =n — ¢ — 1 sayTpu unrepsana (0,00) (n — rIaBHOE KBAHTOBOE
9HCII0).

OOBIYHO TOCTABJIEHHYIO 33Ja4y PEalT ciaeayommm obpazom. [Ipu
HEKOTOPOM 3HAYEHUH SHEPIUH € TIPOU3BOJIAT UHTErpupoBanue ypasuenus (1)
B CTOPOHY BO3PACTAOMNX 3HadYeHwit r oT r = (0 ¢ HAYAJIbHBIMU YCJIO-
BUSIMHU, COOTBETCTBYIOIIUMY MOBEICHUIO Paauasbuol dyukuuu R(r) npu
r ~ 0, re. R(r) ~ r‘*!. Tomyuennoe pemenne masosem Ro(r). s
OIIPEJIEJIEHHOCTH, KAK 9TO OOBIYHO NPUHATO, Oyaem cuutath Ro(r) > 0 npu
MaJIbIX 7. AHaJIOrMYHBIM CIOCO60M, uHTErpupys ypasaenue (1) B cropony
yOBIBAIOIIUX T, MOXKHO HalTH pemmenne R, (1), KOTOpoe mpu 7 — 00 BEAET
cebs kak exp(—v/—2¢ r), eciu V(r) — 0 npu r — co.

CobcTBeHHbIE 3HAUEHUS SHEPTUU € = £,y OOBIYHO HAXOIAT U3 YCJIOBHUI
HenpepbiBHOCTH GyHKIWH Ro(r) 1 Roo(r) M MX MEPBBIX MPOU3BOJHBIX B
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HEKOTOPO# NPOMEXKyTO4HOil Touke r = r*. HemocpejacTBeHHOE HUCIIONb-
30BaHUE ITUX YCJIOBUH NPU BBIMUCIEHUH COOCTBEHHBIX 3HAYEHUI IHEPrUu
TpebyeT, KaK MIPABUJIO, JOCTATOYHO OONBLIIONO YHCIa MTEPAIHil, TaK KaK
dbyukuun R(r) u R'(r) 3aBucAT OT € T0BOJBHO CJIOKHBIM 00pasoM. Boiee
3bdEKTUBHBIM ABISETCS METOJ, KOTJA /sl ONPEIEIEHUS € UCIOIb3YeTCs
dyHKIWMS, KOTOPAsI MOYTH JIUHEHHBIM 00PA30M 3aBUCHT OT €. /1141 BBeIeHU
Takoi (DYHKIIUU BOCIOJIb3YEMCsl KBA3UKJIACCUYIECKUM NPUOJINKEHNEM.

B kBasukaccugeckom npubsuzkenuu peiienue ypasaenus (1) B obuia-
CTH KJIACCUYECKOI'O JIBUXKEHUS 11 < 1 < 9 UMEET BU/J]

r

¢ . ™
R(r) = W sin /p(r)dr + 1 (2)

rie

o) =palr) =\ 2|4 V0 - iz (¢4 5) | 8

p(r1) = p(r2) = 0.
Ucxonga u3 npencrasiaenus (2) nonydaior yciaosust Bopa—3ommepdenbna
JIJIsT OTIPEJIeJIeHUsT COOCTBEHHBIX 3HAYEHWH SHEPIUU B KBA3UKIACCHIECKOM
npubnuzkennn (cM. BbIBOJ, (opmyabl (27) u3 §4).
Haiinem takoe npencrasienue nis dbyukiuu R(r), koropoe B KBa3u-
KJIACCUYECKOM TPUOJIMKEHUU €CTECTBEHHBIM 00pPa30M MEPEXOausio Obl B
npencrasienne (2). Jdus sroro 6ymem uckarb dbyukuuo R(r) B Buge

R(r) = g(r) sinp(r). (4)
Jst npousBoaHoit R'(r) GyaeM UCXOQUTH U3 BbIPAYKEHUs
R'(r) = a(r)g(r) cos o(r), (5)

TaK KaK B KBAa3HUKJIACCUIECKOM HpI/I6J'II/I}KeHI/II/I

T

R'(r) = \/p(r) cos /p(r)dr +£

"1

ITorpebyem, urobbl dbyHKIms a(r) B KBA3UKIACCUYECKOM IPUOIIMKEHUN
nepexomuia B p(r). Torma dbaza p(r), oueBuaHO, TIepeiigeT B

Nt
/p(r )dr' + 1

T1



§5. Dasoswiti memod 375

M MBI JIETKO CMOXKEM TIOJIyYHTh YCJIOBHs, aHAJOTMYHBIE yCIOBUAM Bopa—
3oMmMepdenbaa.

BriBeeM ypasHeHus, KOTOPBIM JOJIKHBI yI0BAETBOPATH GhyHKImHU g(r)
u (r), canras byukuuio a(r) 3agannoit. JuddepernuupoBanue BbIpazke-
uus (4) ana R(r) naer

g'sinp + gy’ cos p = ag cos . (6)

Awnanoruuno, nuddepenupys (5) u ucnonb3ys ypashenue [Ipénunre-
pa (1), nomygaem

ag' cosp — agy'sinp + a’'gcosp = — fgsin g,

e 0
1
Fr) = 20 + V()] - %
Orcrona ,
<p':a—sincp[(a—£) sincp—%coscp], (7)
gg,:coscp[(a—g) sincp—%coscp]. (8)

U3 ypasuenus (8) Bumno, uro dbyukius g(r) He uMeer HyJieli, T.e. OHA,
JefCTBUTENHHO, HOCUT XapPAKTeP aMIUIUTYJHOrO MHOKUTENs B (4).

2. TlocTpoeHUe UTEPAIMOHHOUW CXeMBbI Jijisl Olpe/ieieHus cob-
CTBEHHBIX 3HaYeHUM. B COOTBETCTBHMHU C KBA3UKIACCHIECKHAM MPHOIH-
JKEHMEM €CTECTBEHHO TOJoKUTh a(r) = p(r) B 0bJacTH KJIACCHYECKOTO
JBUKeHUA. BHE 00/1aCTH KJIaCCMYECKOro JBUXKEHHs B KadecTse a(r) BbiOe-
peM OrpaHWYeHHYIO, He OOPAIIAIONIYIOCH B HyJb (DYHKIIAIO, TAKYIO, 9TOOBI
OpU BCEX I BBIIOJHAJIOCH HEpaBeHCTBO dp/dr > 0 B COOTBETCTBUH CO
cMbIciioM Gassl @. s onpeseseHHoCTH MoIoKuM a(00) = /—2¢, Toraa
corsactuo (4) u (5)

R(r)

R0 ©)

W13 nosenenust Gyukiun R(r) mpu r — 0 1 7 — 00 MOXKHO HaWTH, 9TO

tg ¢ = a(r)

iy )
tgp(0) = lim = —2r =0, (10)
_ i )
tgp(o0) = — lim —== = —1. (11)
IMycts @o(r) U Yoo(r) — pemenus ypasuenus (7), yAOBJIETBOPSAIONITE

yeaosusim (10) m (11), a umenno ¢o(0) = 0, po(o0) = —w/4. das
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COOCTBEHHOIO 3HAUEHUSI YHEPIUU € = €y UMeEEM tg o (1) = t8 Yoo (1) win
wo(r)—¢eo (r) = 7k, rae k — uesoe uucio. OueBnano, uro k = n,+1 = n—~,
T.€. B JIIOOOW TPOMEXKYTOUHON TOUKe = 7* (r; < r* < ry) JOMKHO ObITH
BBIMIOJTHEHO PABEHCTEO

Po(r") = oo (r) = m(n — £). (12)

Samerum™, uro 3Ha4denue Gaswl (1) B y3nax Gyukuun R(r) paBHo mm (m —
esioe uucio), a B y3nax dyukuuu R'(r) pasuo w(m + 1/2) upu mo6om
BbiGope dyHKuu a(r). B kakoi-1mmbo mpoMekyTO4YHON Touke 7 = 71*
suauenne dbaser @(r) onpemensercs 3uadennem a(r*).”)

B obmacTu K1accueckoro JBUKEHNUs BIAM OT TOYEK TIoBopora a(r) =p(r).
B kauecTBe TOUKH CIIMBAHUS BCET/Ia MOYKHO BBIODATH TAKOE 3HAYEHHE T = 1
(r1 < r* <rq), ana xoroporo p'(r*) = 0, r.e. (cum. (3))

av 1\°
—r3— =l+<) .
dr |,_,- 2
Ilpu r = r* ycioBue MPUMEHMMOCTH KBasukjaccuku |p'| < p? Beerma

BBITIOTHAETCS.
3amMernM, 9TO KBA3UKIACCHIECKOE TPUOINKeHNE (2) MOXKHO MOy YUThH

HENnocpeACcTBeHHO u3 ypashenus (7), nonaras a(r) = p(r) & /f(r):

de P
I — I~ -
%) p+ = sin 2¢p,

OTKY 13
/
xS /p(r)dr+/2p?p(r) sin 2p(r)dr.

MaJsiocTh BTOPOrO CJIaraeMoro O0eCHedYMBAETCsI HE TOJbKO TeM, UTO
|p'/p2| < 1, HO ¥ HaJIWYMeM TOJ| UHTErpajgoM MHOXKuUTEeNs sin2p(r). U3

*) Crporo ropops, Ajis BHIBOJA PaBeHCTBa (12) HeT HeOGXOMUMOCTH 3aJaBATH HMEHHO
yenosus (10), (11) mpur = 0 u r = 00 u TPeGOBATH OLPELEIEHHOrO MOBEJeHNUs (DyHKIUT
a(r) u g(r) BHe 00OJAaCTH KJIACCHYECKOrO NBHXKEHUsI, TaK KaK Npeicrasienue (4)-
(5) mcnosb3yercss B pasbHeiinmeM (aKTHYECKH JIMIIb BHYTPU OOJIACTH KJIACCHIECKOTO
JABUXKeHHUs, Tae GyHKuus R(r) ocuuIupyer u rae coaepkarcs Bee y3ubl dbyHkuui R(r)
u R'(r). Moxu0o BHIOpaTh, HAIPAMED, CJAEAYIOINE PDAHUIHBIE yCJIOBHS s (HA30BBIX
dyukuuii po(r) 1 poo(r):

. m . iy
wo(f1) = —, @oo(F2) = 3

4
Buavenne @o(F1) = 7/4 HaXOAUTCsS B COOTBETCTBUH €O 3HadeHmeM ¢o(0) = 0. Bxech
TOYKH 71 W fo ABNAIOTCA pemeHusaMu ypasHenus f(r) = 0, me. R'(r) = 0, u

onpegensior obmacts ocrmanui bysknun R(r). Tak xak p2(r) ~ f(r), To obmacTsb
ocumstAnuit 71 < r < T2 NPAKTUYECKHA COBIAJAET C OOJACTHIO KJIACCHIECKOTO
OBUXKEHUA 11 < 1 < T9.
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3TOM (HOPMYITBI TAKXKE CIEIYET, 9YTO B OOJACTH KIACCHIECKOTO TBUKEHUS
@' (r) = p(r) > 0, uro npeanosaragocs 0pu BbIBOAE ycioBus (12).
Ypasuenue (12) B KBA3UKIACCAYECKOM MPUOIINKEHUN COBIIAIAET C yCIIO-
BUeM KBaHTOBaHus Bopa—3ommepdenbaa. st Toro, 4Tobbl pemarh 310
yDaBHEHUE YUCJIEHHO (Hampumep, MeronoM Hpiorona), 66110 Gbl XOPOIIO
npuBecTH ero K suay F'(e) = 0, npuuem takomy, 4To6bl byukims F'(g) Obi-
Jia, TIOYTH JIMHEHHOM OTHOCUTEILHO TIePEMEHHO# €. ZIcHO, YTO mpakTHYecKn
TaKOe MPUBEIEeHNE OCyIecTBUTh TPyaHo. [losromy momobuas mporemypa
ObLTa MPOJIETIAHA JIJISI XapaKTEPHOIO CJIyvasi KyJIOHOBCKOTO MOTEHIHAJIA C
BHeIIHeil 5KkpaHnpoBkoii V (r) = Z/r— A (cm. mpumep 1 u3 §4, m.4, a takke
§3, n.3). B3ss B aTOM Ciiyuae BMecTO ypaBHenus (12) SKBUBAJIEHTHOE eMy
ypaBHEHHUE
w2 1
[po(r*) — oo (r*) + wl]*  n?

OOJIYy9UM, 9TO B KBA3UKITACCUIECCKOM HpI/I6JII/I}K€HI/II/I OHO NIPUHHUMAET B

=0, (13)

24-¢) 1
72 n?2

T.e. yAOBJEeTBOpsieT TpebyemoMy ycioBuio juHeiHocTn 1o €. [lostomy
MOXKHO OXKHUJATh, YTO U B OOIIEM Caydae JjieBas 4acThb ypasHenusi (13)
Oy/1eT moYTH JIUHEHHOI IO TIEPEMEHHOM €, U [IJ1s1 HAXO0XK JeHNsT COOCTBEHHOTO
3HAYEHUs YIHEPTUHU ITO ypaBHeHue Oyaem pemars merogom Heiorona. B pe-
3yJbTaTe MPUXOIUM K CIAEIYIONIEHl NTePAIMOHHON cXeMe JI7IsI OTIPeIeIeHUsT
COOCTBEHHOT'O 3HAUCHUS € = Ep,¢:

(4 _ 9, Loo(r) = @oor) 4 al [ go(r") = poo(r™) + 7l
N 2 Opo(r*)  Opeo(r*) mn
3 €

(s)
e=¢

(14)
(s — HOMep urepanunm).

Buauenust GyHKIUA ©o(r) 1 Qoo (), a Takxke Opo(r)/0c 1 Opoo(r)/0e
opu 7 = r* MOryT ObITh HailJEHBI ¢ HOMOIIBIO 3HadeHui Ro(r), R{(r) u
R (r), RL,(r), KOTOpbIE IOIYyYAIOTCsI B PE3YJILTATE YHCIEHHOIO HHTErPU-
posanus ypasaenus (1). Vcxons u3 (9), mocrponM HenpepbiBHbIe (DYHKIUN
wo(r) U Qoo(r), UCIONB3Ysl IJIaBHbIE 3HAYEHUS APKTAHIEHCA W HOJaras

a(r) = p(r):
Ro(r) Ro(r)
arctg (p(r) R(')(r)) + 7ky, () >0,
= Ro(r) Ro(r)
olTr o\T
arctg (p(r) R()(r)) +7(k + 1), R () <0,
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arctg <p(r) wg:i) — (ke + 1), R0 >0,
I (o 2) - Roe(r)
retg | p(r) m) 7 <O

3nech k1 — aucio nyneit dyuakuuu Ro(r) va uarepsae (0,7%), ke — quciio
uysel Gynkuun Roo(r) Ha unTepBase (r*,00).

st Beraucnenus O /Oe takzke Bocob3yemcest popmydioit (9), mosarast
a(r) = p(r):

1 0p 1 R(r) 1 OR(r) R(r) OR'(r)
o0 0 p) R ()[R’(r) 9 (R'(r))? Oe ]

OTKy /12,
L R)RE) +p(r) [R'( /280 _ pir )aR'(’")]
¢ _ p(r) (15)
9 @R RO
C nomorpio (1) MOKHO MOJYYUTh, 4TO
d ,, ~OR(r) OR'(r) .
o [R (r) e — R(r) e ] = 2R*(r). (16)

st sroro pocrarouno npoguddepennnposars ypasaenue (1) 1o €, yMHO-
JKHTH MOJTyYUBIIIeecs: ypapHeHne Ha R(r) u BbIYecTb u3 Hero ypasHenwue (1),
ymuoxennoe va OR(r)/0e. Uurerpupys (16), naxomum:

Ro() 20— o) 200 — 3 [ iy

0

, AR (r) OR. (1) [
ROO(T)T — ROO(T)T = —2/Rgo(r)dr
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ITosTomy B cumty (15) mosmydwmm:

4 1 I A )
9 (RY(r))2 + p(r)R3(r) .
(17)
—_— ! ’," 2
o) P e ()R /R
e (R (r)? + ()R&() -

Mb1 BUIUM, 9TO IIPH UCIIOAL30BAHUU UTEPALUOHHOMN cxembl (14) mocra-
TOYHO 3HAHUSA 3HAYECHWH paauanbHoil GyHkumu R, (r) 1 ee mpou3BogHOlM
1.0(r). IlosToMy peasbHBIe paCcIeTh yPOBHEIl SHEPTUN U BOIHOBBIX (DYHK-
Uil €CTECTBEHHO NPOBOJUTH HEIIOCPEICTBEHHO C IMOMOIIBIO PA3HOCTHON
cxembl Jis ypapuenus Ipénunrepa (1) 6e3 ucnonb3oBanus quddepen-
[IMAJILHOTO ypaBHeHus 1y dassl o(r).

Bameuanue 1. YroObl MOHATH pob GYHKIUHU G(T), PACCMOTPUM CJIEIY-
OIIYI0 MOJEJbHYIO 33/1a9y HA COOCTBEHHbIE 3HAYEHUSI:

y' +ky=0 (0<z<1).

Hano nomobpars 3nadenusi k TakuM 00pa3oM, YTOOBI BBINOJIHSIJIUCH IPa-
uuanble yenosus y(0) = y(1) = 0 (oweBugno, uro k =nm, n=1,2,...).
[TepeiieM K MOJMSIPHBIM KOODAMHATAM:

{y=g@ﬂm¢@%
y' = g(z) cos p().

st pemienus y =sin kx, yaosiersopsitoriero rpadudaomy yciaosuto y(0) =0,
uMeeM
gsiny =sinkx, gcosy = kcoskz,

OTKY/Ia
t 1t k
= —tg k.
g ¥ 2 g
Ucnonb3ys rparuunoe yenosue y(1) = 0, npu z = 1 monydum:

tg k. Oy k —sinkcosk
t 1 — = .
gel) = T om1  Kk2cos?k +sin’k
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»(1) 25
20 200 =k

15 15

10 10

5 5

0 5 10 15 20 25 0 5 10 15 20 &

Puc. [1,.6. Baucumocts Benuuussl ¢(1) or k ans a = 1 (cieBa) u a = k (cupasa)

B gacTtHOCTH,

6_(,0 - k npu k=g+n7r,

Ok -
o=l 1/k uwpu k=nm.

Iist onpesiesiennsi COOCTBEHHBIX 3HAYEHUN k MMeeM ypaBHEHUe

o(1) = mn.

Hcnonb3oBanue merona Hprorona jyist peleHns 9T0ro ypaBHEeHUsT OKa-
3bBaercss HeIGEKTUBHBIM, TaK KaK BeJudnHa ¢(x) npu = 1 3aBucut
oT k CymiecTBeHHO HeJMHeHHbIM obpasom (cM. puc. [1.6, Tae mpuese-
Hbl 3Hauenus ¢(z)|,—1 B 3aBucumoctu or mapamerpa k). Kaxk BumHO
U3 PpUCYHKa, CXOAUMOCTU MOZKET BOO6H.[€ He 6I)ITb n3-3a CTYIEHYaTOro
xapakrepa dynkuun. Ozanako, ecam nonoxuth y' = a(z)g(z) cosp(x) u
Becru a(r) = k, TO mpousoiiger BbiryakuBanue ¢Gaspl U npu r = 1
nonyuum tg ¢ = tg k, r.e. ¢ = k (cm. puc. /1.6). Meron Hbiorona npu
9TOM CXOAUTCS 33 OJHY WTEPALUIO IIPHU JIIOOOM HAYATIHHOM IIPUOJINKEHUH.
Bameuanue 2. [Ipy HAXOXKIEHUU yPOBHEH IHEPTUM B KBA3UKJIACCHIE-
CKOM TpUOIMKEHNH C MOMOIIGI0 MeToma HbIoToHa HEmoCpeacTBEHHO U3
ycJIoBHst KBaHTOBaHusi Bopa—3ommepderbia

ra(g) .
/ Pee(r)dr = <n,~ + 5)
ri(e)

€CTECTBEHHO 3alHcaTh ero B Buje, anagorndaom (13):

ra(e)
w2 1 _
[p(e) + w2 n2 — 0, ¢le) = / pee(r)dr + 5

r1(e)
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B pesyuibrare B coorBercTBuu ¢ (14) NO/IyYuM UTEPAIMOHHYIO CXEMY

oo _ 9 +7{1 ~ [(6) + 0/ an)

)
2 Oe

, (18)

(s)
e=¢€

rue
ro(e)
dp(e) / dr

pee(r)’

ri(e)

3. Pa3HocTHBIE CXeMbI [JIsi BBIYUCJIECHUS PATAATIBHON (DyHK-
muu. s naxoxjenus 3nadenuil dbyukuuu R(r), apiastomeiica pere-
HueM ypasHeHus (1), 0ObIYHO UCIIONB3YIOT PA3HOCTHBIE CXEMBI JOCTATOYHO
BBICOKOI'O TIOPSIIKA TOYHOCTH C IOCTOSTHHBIM MJIA IIEPEMEHHBIM IIArOM IIO T
Buauaje paccMoTpuM pasHOCTHYIO cxeMy 4-ro MOpsiKa TOYHOCTH JIJIst
ypasHenust v" = g(z) Ha paBHOMepHO#T ceTke ;11 =x;+h (i =1,2,...,N).
WNurerpupysi 310 ypaBHEHUE, IPUXOAUM K PABEHCTBY

z

M@=/w—mmm+w+@m—m (v; = v(a))-

Zq

Orcrona
T; Tit1
Vit1 — 20; + U1 = / (t —xi—1)g(t)dt + / (zir1 —t)g(t)dt.  (19)

ITpu BbIYUCAEHUM MHTErPAJIOB MOXKHO PA3JIMUYHBIMU CHOCOOAME AIIMPOK-
cumupoBarh GyHKuuoo ¢g(z) nupu r € (z;—1,x;y1). Ucnonssyem s g(x)
KBaIPATUYHYIO MHTEPIOJIAIMIO

. — Qi . — 2q; +qg;_
g(z) = g; + git1 — 9i-1 thl ! (r —x;) + git1 22; 9i1 (z —2;)°.
Torzma nocse nogcranoBku B (19) nosmyunm
Vig1 — 205 +v;— 1
A= h; =g+ ﬁ(gi-i-l —2gi + gi—1)- (20)

Breisichum TouHOCTH mOMydYeHHON popmyiibl. Corstacao dpopmyae Teitnopa

, h? h? avy h?

Vi1 = v; £ Uih + v 5 + Ug"g +v; 21 + O(Rh®)
U, CIe0BaTeNbHO,
Vig1 — 205 + Ui— h? h?
a2y L 000) =g g 4000
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Tak kax 110 opmysie Teitnopa mnsa g(x) numeem
giv1 — 2gi + gio1 = g/ B> + O(K?),

TO
Vit1 — 205 + 051
h2
Cpasnenue ¢ (20) mokasbiBaer, 4TO NPU 33JAHHBIX 3HAYEHUAX U; U Vi—]
MBI JAeHACTBUTENLHO TOMYYUJIN JIt Vi1 PA3HOCTHYIO CXEMY 4-I0 MOPSAIKa,
TOYHOCTH.
[IpuMeHnM OJTy 9eHHBIE PE3YJIBTATHI JIJIs 9UCI€HHOTO HHTErPAPOBAHMS
ypaBueHus suga v’ = F(x)v (manpumep, ogHoMepHOro ypasuenus I1Ipé-
nunrepa). [onaras B (20) g(z) = F(x)v, naxoqum

1
=g+ ﬁ(gi-i-l —2g; + gi—1) + O(h%).

Vip1 — 20; + 01
72

= Fv; + = (Fig1viq1 — 2Fv; + Fi_1vi_1),

1
12

oTKyzna Bo3Hukaer cxema Hymeposa [110]:

h? 5 9 h?
(1 — ﬁFH_l) Vip1 — 2 <1 + ﬁh Fi> v + (1 - EFi—1> vi—1 = 0. (21)

Yrobbr mpuMeHuTh cxemy HymepoBa s YHUCIEHHOTO WHTETPUPOBAHUS
ypaBuenus (1) HA PABHOMEDHOIi 110 T CETKE, CJIELYET MOJIOXKUTh

0e+1)

2 b
U

Uz':R(Ti), Fi:—2[€+V(Ti)]+ (i=2,3,...,N—1).

B pesynbrare mogydum

L+ Sh°F 11—k F
1-Lh2Fy " 1- S5h2Fiy

Ri+1 =2 Rz’—l- (22)
Ecnu 3agars 3uavenuss R(r) nupu r =71 ur =12 =r; + h, T0o cxema (22)
[O3BOJISIET BBIYUCIATH 3HaUeHust Ry (7) B 33JaHHBIX TOYKAX CeTKU. IT00bI
BBIUUCIUTD R (1), MOXKHO npuMenuTs cxemy (21) mpu r < 7, B BHJIe

1+ Sh*F; 1— 5hFi

Riy =2 -
T IwE Y 1-LmeE

Ritq. (23)

4. Pagmnasbable PYHKIUU BOIN3M HYJIS U OpPHU OOJIBIIAX 7.
Hnst ucnonp3oBanus dopmyrn (22) u (23) HeoOXOAUMO UMETh 3HAYEHUSI
dbyukuun R(r) B AByX HadasJbHBIX TOYKAX 71, Te (M COOTBETCTBEHHO,
B TOYKaX T, ¥ T,_,). PAacCMOTpHM CHadajia BONIPOC, KOIJA YHCIIEHHOE
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unTerpupoBanue ypasuenus (1) nposogurca or Touku r = 0 B CTOPOHY
BO3PAaCTAIONINX 3HAYECHUN 7.

Hns onpenesienust 3uadenuit R(r) B okpecrHoctw 7 = 0 3amumem
ypasHenue (1) B Buze

0(l+1)

R" — ——5—R=[0R (f(r) =2+ V(). (24)

B paccmarpuBaembIx 3a1adax lir% rV(r) = Z. Ecau cuurarh mpaByto
T

qacth (24) 3amanHoll dyHKIMEH, TO ¢ moMOmpI mpuHImna Jloamess,
MTO3BOJISIIONIET0 HANTH peIreHne HEeOIHOPOIHOTO yPABHEHHS C MOMOIIHIO
pelIeHnii OTHOPOJHOTO YPABHEHUS, IOy YAM

1 7 N\ 20+1
Mﬂ:C#H+é%T/Pf<%> ]fWXM“RWMﬂ
0
Tlonarast
R(r) = Cr'*ly(r) (limy(r) =1),

r—0

ui) =1+ 241 1 / ll - <%/>2€+1] vy ()

0

HAXOIUM

Tak kak mpu r — 0 cymecrByer npenen dyukmuu rf(r)y(r), To mis
BBIYUCICHUSA WHTETPAJIa MPH MAJBIX 3HAYCHUAX I MOYKHO HMCIOIB30BATH
JuHelHy0 annpokcumaimio Gyakyn rf(r)y(r):

rf(r)y(r) = a+br,

rae a = —2Z. B pe3ynabraTe MHTErPUPOBAHUS TTOTY IUM

Z br
y(r) = 1+r<_£+1 * 2(2£+3)>‘

IMoacrasnss ciona br = 2Z + v f(r)y(r) u nonarass C = Cp, OKOHYATEIBHO
HAXOIUM TIPU MAJIBIX T

L+2
PRy T el
" S0)

©2(20+3)
Ucnonesys (25), MoxkHO HaiiTh 3Hauenus Ro(r1) u Ro(r2) u no dopmy-
ae (22) Boraucasats Ro(r).
Ilpu r = r, B cooTBeTCTBUH C BBIOOpDOM 3HaKa R(r) mpw MaJjbix r
nonmaraeM Roo(ry) = (—1)""1Cy (Co > 0). Bnauenne Ry (7, _1) BBI-

Ry(r) = Cy (Co > 0). (25)
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YUCJIUM C TTOMOINBIO KBA3UKJIACCHIECKOTO MPUOJIMIKEHUs. DTO MPUOJIHIKE-
HHUe XOPOIIO padoTaer, ecId TOYKa, T, HAXOIUTCA Ha JOCTATOYHO OOIBIIOM

TN

PACCTOSHUU OT BTOPO# TOUKH NOBOPOTA I = 72, Te. [ |p(r)|dr > 1 (3mecn
T2

71 U To — TOYKH [OBOPOTA, UX HE CJIEAYET IIyTaTh C TOYKAMHU CETKH T1

u r2). C apyroifl CTOPOHBI, 3aMETHM, YTO CIMIIKOM OOJIbIINE 3HAYECHHUS

7"N OPUBOAAT K JOIMMOTHUTETIbHOMY HAKOIIJIEHUIO OIHI/I6OK OKPYTIJIEHUS TIPpU

Beruncsennn Roo (1*). TlosToMy B pacuerax BeJmuuHy 7, yI00HO BHIOUPATH
T

u3 npubnuzkennoro pasencrsa [ |p(r)|dr & 10.
T2
NTak, B KBa3UKJIACCUIECKOM TMTPUOTUKEHUN

r

p / p(Oldr | Roory). (26)

TN_1

_ 2 |
Roolry-1) = ‘pm_l)e

ITpn ncnonb3oBaHny HTepanoHHOM cxeMbl (14) Kpome 3nadennit Ro(r*)
U Roo (r*), KOTOpBIE MOYKHO TIOJIy9UTh ¢ oMolpio (22) u (23), mHeobxoaumo
BBIYHCINTH TakKe R (r*) u R._(r*). 3nadenns npou3BoaHbix R’ (1) MOXKHO
HaifiTu 1o 3uadenusM dyskimu R(r) ¢ nomompio dopmysnsr Taitiopa,
yuauTbiBas, uyto R (r) = F(r)R(r):

R(r+h) = ():l:hR(r)+ F(r)R(r):l: [F(r)R(r)]+ [F(r)R(r)]"+O(h)

Paspemias seipaxkenue miasa R(r + h) — R(r — h) ornocurensro R'(r),
nomyanm ¢ Toaroctbio O(h*) Tpebyemyro dbopmyty:

Ry = MR %F'(T)R(r)] / [1 + 1?;«)]'

[Tocne BbrUmCcIeHUs COOCTBEHHBIX 3HAYEHM IHeprum mo cxeme (14)
pa,uua.nbﬁyro dyuskuuio R(r), yIOBIETBOPSIOLIYIO YCJIOBUIO HOPMUDOBKH

f R2(r)dr = 1 u ycJ0BHIO HENPEPHIBHOCTH B TOYKE T' = r'*, MOXKHO TOTy-

9UTh C TOMOIIBIO HalIeHHBIX panee GyHKIWA Ro(r) n R (1) ceaytommm
obpazom:

O0<r<r), R(r)= le:;(()) r> ),

= )/Ro r)dr + gol(r*) ZoRgo(r)dr

—1/2
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5. Pesyaprarhl pacderoB. Kak moka3aam pacdersl, BBIYUCICHUE
dbyukuun R(r) mo pasnocTHOi cxeme (21) ¢ mocrosgHHbIM maroM Ar = h
TpebyeT TOCTATOYHO OOMBIIONO YHCIA TOYEK 7;. DTO CBA3AHO C TE€M, UTO B
obaacrte Mabix r Gynkuusa Ug(r) = =V (r) + £(€ + 1)/(2r*) GpicTpo me-
Hsiercs. Boree HaIEKHBIME OKA3AJIUCh PA3BHOCTHBIE CXEMBI C TIEPEMEHHBIM
maroM Ar;, UCIOJB3YIONIHE [IPU YUCIEHHOM MHTErPDHPOBAHUM, HALIPUMED,
kJjaccudeckuit Meron Pyrare-KyrTa ¢ aBroMmarnyeckuM BbIOOPOM IIara npu
3a/IaHHON TOYHOCTHU BBIYUCICHUMN.

Ha npakTuke B KadecTBe He3aBUCHMOI IIepeMeHHOH yaI00Hee BMeCTO 7
UCIONB30BaTh & = /T wim ¢ = Inr. Ilpm 9TOM MOXKHO HO-TIPEKHEMY
npumensaTh Metos, Hymeposa ¢ Az = const. Hanpumep, B ciydae © = /T
ypasrenue (1) ¢ TOMONIBIO 3aMEHBI TIEPEMEHHBIX T = /T, R(r) = /W (1)
MIPUBOINUTCS K BUIY, HE COMEPIKAIIEMY TIEPBOii TIPOU3BOTHOI:

2 3
W peyW(e), Fle) = -srfe+ V) + LD HE)
dxz? T r—g2
WurerpupoBanue 3tux ypasHenuit meromom HywmepoBa mpoBomuTcs Ha
naTepBaiax (z1,z* + Az) u (¢* — Az, ) ¢ HCTIOIB30BAHIEM HAYATBHBIX
suavenuit W(z1) u W(z2), onpenensiempix ¢ nomoipsio ¢opmyra (25), u
snavennit Wz, ) u W(x,_1), onpeesseMbIX ¢ IOMOIIbIO KBA3UKIACCH-

9ecKoro npubimkenns (26).

Borunciennst nokazanu, 4ro mporecc ureparuii (14) siBasieTcsi BHIYUC-
sarenbHO dddekTuBHbM [85]. g WITIOCTPAIME TOYHOCTH BBIYUCIEHH
¥ CKOPOCTH CXOAuMOCTH urepanuii B Tab. /1.5-/1.6 mpuBemenbr nmocaeaoBa-

()
TeJIbHBIE 3HAYEHUsI IHEPTUH €y JJ1s1 oTeHmania Tomaca—Pepmvu (Z = 79,
T =1x%3B, p =0,1r/cv®), momyuennsie merogom Hymeposa. [Ipuseiennr
pe3yNbTaThl JJid PA3JUIHOTO Yucjia N TOYEK CeTKH, PABHOMEDPHON IO
\/1r/ro, ro = 17,4. Tounoe 3uauenue &,y nonyueno merogom Pynre-Kyrra
¢ KoHTponeM TodHocTH (morpemtroctsh Menbmre 107°). Jlna coxpamenns
TaOIUIBI PE3yIbTATHI MpUBEAeHbl Mgt N < 4 u gna n = 9. [lpu n > 4

CKOPOCTH CXOJIMMOCTH, KaK TOKa3aJ1 PACUYEThI, HE YXYAIIAeTC.
0 -
HawsannHoe 3HaMEHNE Epp= €,y BHIYUCICHO B KBA3UKJIACCHICCKOM IIPH-

Gymkennu 1o Gopmyne (18). BiusiHue HaYaIbHOrO TPUOIUKEHHS HA
CKOPOCTBH CXOAMMOCTH mreparuit wutocrpupyer tabs. /1.6, roe B mepBom

(0) ~ (0) ~
CTOJIOIE B3ATO £,¢ = 1,5En¢, BO BTOPOM E,p = 0,5E,¢ U B TpeTbeM, s
(0) ~
CPaBHEHUS, Epy = Ep¢ (uucao touek cerku N = 500). CpaBHuTEIHHO

Oosibioe 3HaveHre N CBSI3aHO C TE€M, YTO OJHA U Ta XKE CETKA MCII0JIb30Ba-
J1ach Jyisi Beex 3Hadenuii n (n = 1,2,...,9), 94T0 sABJseTCs yAOOHBIM TIpU
BBIUHCIEHASX CAMOCOTJIACOBAHHBIX ATOMHBIX MTOTEHIIHAJIOB, JJIEKTPOHHOM
IJIOTHOCTH U T.7. (Tipu 3ToM, Hampumep, GyHKims Rio(r) CymecTBeHHO
OTJINYHA OT HyJs JUIb HA 20 MEePBBIX TOYKAX CETKH).



386

Honoanernue. Memodw pewenus ypasnenus Ilpédunzepa v Jupara

Ta6bsuna [ .5. Urepanun (g)n[ nts norertana T® (Z=79, T=1x3B, p=0,1r/cm3)

n

L

N =125

N = 250

N =500

Ent (P.-K.)

1

0

—2661,98638940
—2852,68543528
—2858,53546993
—2858,95317352
—2858,98357033
—2858,98578532
—2858,98594674
—2858,98595851
—2858,98595936
—2858,98595942
—2858,98595943

—595,37770290
—626,58135038
—625,54395006
—625,54288033
—625,54288041
—625,54288041

—599,25361751
—609,22795813
—609,15574781
—609,15607315
—609,15607167
—609,15607168

—253,66806911
—259,18033446
—259,02899288
—259,03004624
—259,03003834
—259,03003840
—259,03003839

—256,83614063
—253,02176538
—253,00603191
—253,00611075
—253,00611035
—253,00611036

—242,92187909
—244,19337568
—244,18867280
—244,18867866
—244,18867865

—137,81652997
—139,60745024
—139,61361153
—139,61357070
—139,61357098
—139,61357097

—21,63165056
—21,81917858
—21,81724104
—21,81725231
—21,81725225
—21,81725225

—2902,33409669
—2848,54090217
—2848,92042311
—2848,92011080
—2848,92011107
—2848,92011107

—628,38311020
—624,41279501
—624,42421953
—624,42418770
—624,42418779
—624,42418779

—604,09464834
—609,07079676
—609,06222871
—609,06223107
—609,06223107

—258,23657499
—258,66602217
—258,66463146
—258,66463557
—258,66463556
—258,66463556

—254,16789552
—252,94593219
—252,94287109
—252,94287199
—252,94287199

—244,07358263
—244,18113102
—244,18110016
—44,18110016

—139,71655719
—139,43457064
—139,43518570
—139,43518385
—139,43518386

—21,79779582
—21,78936719
—21,78936920
—21,78936920

—2852,65239995
—2849,04011851
—2849,04118595
—2849,04118589
—2849,04118589

—626,10921430
—624,42145950
—624,42095247
—624,42095251
—624,42095251

—607,58726534
—609,05232485
—609,05155792
—609,05155793
—609,05155793

—259,25176745
—258,65927606
—258,65876493
—258,65876498
—258,65876498

—252,72990557
—252,93777058
—252,93767461
—252,93767461

—244,48978619
—244,18084667
—244,18066156
—244,18066156

—139,66788434
—139,43126146
—139,43079378
—139,43079379
—139,43079379

—21,80696817
—21,78817983
—21,78819009
—21,78819009

—2849,17788058

—624,43437793

—609,04915129

—258,66158054

—252,93686050

—244,18008049

—139,43180899

—21,78817276
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Touek N = 500)

. (0)
Ta6auua J1,.6. To ke, 4ro B Tabu. /.5, HO sl PA3IUYHBIX 3HAYEHUH £ ¢ (IHCIO

0
(E)nl =1,58,

0
(s)né =0,58,

() N
€ nt =Ent

-4278,97859992
-2901,57021032
-2848,87180002
-2849,04119440
-2849,04118589
-2849,04118589

-939,16382146
-716,82873046
-630,81321159
-624,43131044
-624,42095156
-624,42095251
-624,42095251

-911,38089801
-707,84877667
-615,49440987
-609,06707413
-609,05155778
-609,05155793
-609,05155793

-388,87765117
-279,42283108
-260,04599856
-258,66189055
-258,65876469
-258,65876498
-258,65876498

-379,09485836
-242,77148845
-253,14347454
-252,93776185
-252,93767461
-252,93767461

-366,73467928
-329,73651407
-281,47443353
-248,77557031
-244,22545811
-244,18066524
-244,18066156
-244,18066156

-209,50182650
-120,09361223
-142,05794293
-139,48393238
-139,43081592
-139,43079379
-139,43079379

-32,71045225
-21,72346630
-21,78806957
-21,78819009
-21,78819009

-1426,32619997
-2306,53497848
-2811,28303029
-2848,94523986
-2849,04119117
-2849,04118589
-2849,04118589

-313,05460715
-583,03029883
-624,21186547
-624,42098171
-624,42095251
-624,42095251

-303,79363267
-542,48283307
-609,39429220
-609,05159433
-609,05155793
-609,05155793

-129,62588372
-304,63958151
-267,38720905
-258,83742839
-258,65879800
-258,65876498
-258,65876498

-126,36495279
-261,07316148
-253,08076261
-252,93771602
-252,93767461
-252,93767461

-122,24489309
-247,25717717
-244,20017403
-244,18066221
-244,18066156
-244,18066156

-69,83394217
-145,24226617
-139,65009864
-139,43119357
-139,43079378
-139,43079379
-139,43079379

-10,90348408
-21,37967389
-21,78248161
-21,78818932
-21,78819009
-21,78819009

-2852,65239995
-2849,04011851
-2849,04118595
-2849,04118589
-2849,04118589

-626,10921430
-624,42145950
-624,42095247
-624,42095251
-624,42095251

-607,58726534
-609,05232485
-609,05155792
-609,05155793
-609,05155793

-259,25176745
-258,65927606
-258,65876493
-258,65876498
-258,65876498

-252,72990557
-252,93777058
-252,93767461
-252,93767461

-244,48978619
-244,18084667
-244,18066156
-244,18066156

-139,66788434
-139,43126146
-139,43079378
-139,43079379
-139,43079379

-21,80696817
-21,78817983
-21,78819009
-21,78819009
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Kak caemyer u3 3-ro cronbua tads. /1.5, yxKke nmepBasi ureparus mo3B0-
JIT€T MOy IuTh (hAKTUIECKU D BEepHBIX nudp Jisi COOCTBEHHOTO 3HAYECHUS
SHepruu. 3aBeJOMO IIJIOX0e HaYaIbHOe pubankerue (cM. tabi. /1.6) aunrs
HE3HAYUTETHHO YBETMINBAET dncyio ureparmit. O4eBuaHO, 9TO (Ha30BbIil
METO/] MOYKEeT IMPHUMEHSThCS JJIsi PeIIeHUsI MHOIMX JIPYTUX 3ajad Ha cob-
CTBEHHBbIE 3HAYEHUSI.

6. Pa3oBbIit MeTOx JJist ypaBHeHUuda JIupaka. Paccvorpum ypas-
uenne (13) u3 §2 . Il mna dbyuxkuuu P(r), onpenessiormieii 60IbILyTO
KOMIIOHEHTY PaJHaJIbHOIl 4acTH BOIHOBOI byHKIMH Fypj(r):

d?P
W + k‘2(7“)P =0, (27)

rie

Nreparnmonnast cxema aHaJOru4IHa, cxeme /s ypaBHeHus IlIpéaunrepa:

’

(s)
&=e

(6100, Loo(r) = poo(r) 4wl [ (g0(r*) = poo () + L)
N 2 Jpo(r*)  dpeo(r) ™
£ £

( 7y Do(r7) Po(r”)
| arctg [k(r )Pé(r*)] + k1, ) ,
@o(r*) =
arct |:]_€(7‘*) Po(r*)] + 7k +1) Bo(r) <0
S R T} R O B
¢ arctg [l_f(r*) P?OE::;] —7(ky + 1), 1]}05:2 > 0,
Poo(r™) = . .
70wy Poo(r) _ Poo(r)
| arctg | k(r*) =; ) ko, ) < 0.

- 1
Bnecw k2(r) = k2(r) — yrck k1 — uucno nmyneit Py(r) or r =0 mo r = r*,

ky — umcno myneit Poo(r) ot 7 = r* g0 r = rg. [lonoxenue touku r*
OLpeesIsAeTcss TeM, YTO OHA JOKHA HAXOOUTHCS B OOJIACTH OCIUILIS-
muii dynkuuu P(r), npudem d%k(r)lr:r* ~ 0. 3HaueHUs MPOU3BOIHBIX



Opo(r*) /e u oo (1*) /De BBIMUCISIIOTCS TIO DOPMYJIAM

k(r) | Py(r)Po(r) + k(r) P (r)dr
o (Bse)ranissa (2
Dz ()2 +k2(r)P02( ) T:T;
o - —Troa
k(1) |PL (r) Poo (1) — k(1) —k*(r) | P2 (r)dr
G 0] ()
E (PL) + F(NPL() o

Buauenust Py(r) B HaYaJbHBIX TOYKaxX i cxeMbl HymepoBa MOXKHO
OTIPEIENINTh, BBIJEsAs TJIaBHYI0 0cObeHHOCTb pu 7 ~ (. BanuceiBas (27)
B BUJIE

Py v(v+1) 1
= —T—PO—,u(r)PO, v=-—5+ »? —a’Z?,

U MEHCTBYsl aHAJOTHYHO Cayvaio ypasHenwsi [[Ipémuarepa (T.e. momaras
Py(r) = Cor’y(r), lim y(r) = 1), momygaem
T

vr1 1+ (v +2)ar/[(2v +2)(2v + 3)]
1— p(r)r?/(4v + 6) ’

Py(r) = Cor

rne Cp — MOCTOSIHHAS HOPMHPOBKH, G = lir% ru(r)y(r). Acumnrornye-
r—

ckue 3HaueHust Pyo(r) mpu 7 — 00 yZ00HO ONpENENsaTh € MOMOIIBIO
KBA3WKJ/IACCHKH. 3aMETUM, YTO Ha NPAKTHKE LEJIeCOO0paseH Mepexoi K
HepaBHOMEPHOIT TI0 T CeTKe, HATTPUMep, ¢ TIOMOITbI0 3aMenbl 1 = x2. Tora
nns byskmun Z(z) = P(r)/r'/* nonyanm ypasmemnue

% _ (4% - 4rk2(r)> Z(x).

r=z2

WurerpupoBanue 3Toro ypaBuenusi merogom HymepoBa mpoBoauTcsi ana-
JIOTUYHO PACCMOTPEHHOMY BBIIIe ciry4aro ypaBHeHus IIIpénunrepa.
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