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MpeanoxeHa yHnBepcasbHas TEOPUs O1si pacHeTa Pe30HAHCOB KOrepeHTHOro nyieHeHus HacenenHocTu (KIMH)

B MHOrOYpOBHEBbIX aTOMax, MO3BO/SAOWAS PACCYNTLIBATL NPOU3BOJIbHbIE CXEMbl MHOrOYPOBHEBbLIX aTOMOB U
ux BO3DYXAEHNS C yHeTOM 3(pPeKTOB penakcauun B HUX, NPUIOXKEHHOrO MarHUTHOro nons u addekta [don-
nepa. PesynbraTbl 3kCNepnMeHTOB MO BbICOKONPEUN3NOHHOW AMOLHOW CMEKTPOCKOMNNN KOFEPEHTHbIX TEMHbIX
pe30HaHCOB B napax camapusi CUCTEMATUHECKN MPOaHanM3NpoBaHbl C MOMOLWbLIO fAaHHOW Teopun. B ortcyT-
CTBME MarHUTHOrO NOJIsi MOAENb CamMapusi OCHOBAHA Ha PACCMOTPEHMUN BbIPOXAEHHON A-CMCTEMbBI HA aKTUBHbIX
nepexogax 4f%6s%("Fy) < 4f%("F)6s6p(®P°)°FY « 4f%6s%("F1), koTopas C y4eTOM 4eTBEpTOro ypoOBHs
4f6632(7F2), MrpatoLLEero posib pesepayapa, CTAaHOBUTCS OTKPbITO cucTtemoii. HucnenHoe mogenuposaHmne pe-
3oHaHcos KIMH nokasbiBaet, 4TO OTKPbLITbIA XapakTep CUCTEMbl YMEHbLUAET KOHTPACT PE30HAHCHbBIX KPUBbIX B
CMEKTPax NoroWeHNs!, HE MEHSIS LUMPUHbBI CaMnX PE30HAHCOB. AHANN3 CUCTEMbI BbIMOHEH TaKXXe AN CIyHaes

HaNIOXKEHNSI BHELLHEro NPOAOALHOIO 1 NMOMEPEHHOr0 MArHUTHOMO MOJSs, A1 KOTOPbIX NOKa3aHa afAeKBaTHOCTb,
COOTBETCTBEHHO, 7- 1 12-ypOBHEBbLIX MOAENEN aTOMHbIX NePexXoaos.

PACS: 42.50.Hz, 42.50.Gy, 32.50.+d

1. BBEJEHUE

BzaumopeiicTBre 31€KTPOMATHUTHOTO HOJS € aTO-
MOM SIBJISIETCSI OJTHON U3 Haubosee dyHIAMEHTATBLHBIX
mpobsieM KBAHTOBOW ONTHKH. VI3BECTHO, UTO MHOTO-
YPOBHEBBIE ATOMbI MPOABIISIOT 3€Ch CYIIECTBEHHO 6O-
Jiee MUPOKHil cuekTp 3peKToB, YeM IBYXYPOBHEBBIE
aTOMBI, 3a CYeT WHIYIUPOBAHHON MOJeM KOTepeHTHO-
CTH MEKJIy ATOMHBIMH COCTOSIHUSIMU U KBAHTOBOM WH-
tepdepentuu. TpexypoBHEBbIE CHCTEMBI, PEATH3YEMbIE
B A-, Z- u V-xouurypanusx, urpaior BayKHYIO pOJIb
JUIs u3ydeHus 3tux 3PHEKTOB, ABIAACH MPOMEKYTOU-
HBIMU 110 CJIOZKHOCTH MEKIY JIBYXYDOBHEBBIMH U MHO-
TOYPOBHEBBIMU aToMaMu. B Hux HabiomaeTcst mesblii
psa HOBBIX 3(pDEKTOB, N3 KOTOPHIX KOTEPEHTHOE ILIeHE-
uue nacesennoctu (KITH) sBasiercs ogaum u3 caMbix
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MHTPUTYIONUX SBIEHUH, MHTEHCUBHO HCCIIEI0BABIINX-
CsT SKCTIEPUMEHTAJIBHO W Teoperndecku (cM. 0630p [1] n
cepnku B HeM). Dddexr KITH nanbonee sapko nposis-
JIIeTCsl B TPEXYPOBHEBOH cHUCTEMe C JABYyMs OJIM3KUMU
JIOJITOKUBYIIUMU YPOBHSIMU U TPETHUM YIAJEHHBIM OT
uux ypoBueM (A- mwiau V-cucrema), BO30YZKICHHOI 1BY-
Msl HElPEPBIBHBIMU JIA3EPHBIMY TOJISIMU, TAK 9TO Y-
JIEHHBIH YPOBEHB ONTHYECKHU «CBSI3aH» C IBYMsI JIPYTH-
MU ypoBHsMU. HacTpoiika BO30Y K IAIONINX CHCTEMY ITO-
Jiefl B pe30HAHC C ee JIUIMOIbHBIMU ePeX0IaMy TPUBO-
JUT K TJIEHEHWIO HACEJEHHOCTH CHCTEMbI B KOT€DEHT-
HOM CyTepIO3UIK IBYX OIN3KOPACIIONOKEHHBIX YPOB-
Heii. B cmekTpax paMaHOBCKOIO MOTJIOMIEHHUS dTOT (-
dekT nposBisgercd B BUIE OY€Hb Y3KOrO MPOBAA HA
oHe NMUHWM MOTJIOMIEHNsT, & B CIEKTPAX PE30HAHCHON
dryopectieHIny OH HADTIOAAETCA KAK OTCY TCTBHAE SMUC-
cum, 4ro u naino Hazpanue «reMubiii (mnu KITH-) peso-
HAHC>.
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fsmenne KITH B HacTOsAIIIEE BpEMST MIPOKO HCIIOTH-
3yeTcsi B PA3JIMYHBIX MPUIOKEHUSIX, TAKUX KAK MarHe-
Tomerpust, Mmerposiorust u ap. [2-6]. Co Bpemenn nepeo-
ro unaburogenus pesonanca KITH B mapax marpus [2]
OOJIBITUHCTBO YKCIEPUMEHTATLHBIX UCCIEIOBAHUI pe-
3oHaHCcOoB KITH OBI7I0 BBITOIHEHO CO MIEJTOYHBIMHU aTO-
mamu [1, 7], y KOTOPbIX B Ka4ecTBe HUZKHHUX YDPOBHEMH
A-cucreMbl UCTIOIB30BAUCH CBEPXTOHKHE KOMIIOHEHTBI
OCHOBHOT'O COCTOSTHUSI C XAPAKTEPHBIM PACIIEIIJIEHIEM B
neckombko I'T'. Bosnbimoe BpeMs KuU3HU KOTe€PEHTHOM
CYNEePHO3UIMYA HUYKHUX COCTOSHUN ATOMOB IIETOYHBIX
METAJIJIOB JIEJIAET BO3MOYKHBIM PETHUCTPAIAI0 KOHTPACT-
HBIX U BBICOKOI00pOTHBIX pe3onancos KITH 6maromapst
HAJIMYUIO TPENU3UOHHBIX CTAOUIBHBIX JA3€PHBIX CHC-
TeM, MepeCcTPANBAEMBIX B 00JIACTH PE30HAHCHOTO Mepe-
X0/1a, 1 OTHOCUTEIHLHO MPOCTOit (pa30BOil TPUBI3KHU BO3-
OyZKIAIOUX CBETOBBLIX mmoseil. Tak, B YHCTHIX MMapax
1e30si 3aPEruCTPUPOBAHBI PE30HAHCHI C MIUPUHONR OKO-
a0 10 kI'n [7]. JaabHeiinee yMeHbIIeHWE INPUHBI De-
30HAHCA BO3MOYKHO IIPY BBEJICHUH B S9€HKY WHEPTHOIO
6ydepnoro raza (Ne, He, Ar) upu jaBienun HECKOIBKO
x[la 3a cuer yBenueHNS BpEMEHN HAXOXK IEHUsT ATOMOB
B CBETOBOM IyYKe MMPU COXPAHEHWN KOT€PEHTHOCTH CY-
MEPIO3UIMOHHOTO COCTOSIHUST HUZKHUX YPOBHEIH, cirabo
neda3upyeMbIX CTOJIKHOBEHUSIMU ¢ aroMamu OydepHo-
ro ra3a. B wacraHoCTH, 15T KOMOWHAINH 1Ie3UH—HEOH 10~
CTUTHYTA PEKOP/IHO y3Kasi MIUPUHA PE3OHAHCA MOPIKA
50 T [7].

JI1st aTOMOB peaKO3eMeTbHBIX JJTEMEHTOB CIierudu-
ka KIIH cBsa3ana ¢ TeMm, 9TO XapaKTEpHOE PaCCTOsI-
HUEe MKy KOMIIOHEHTAMHU TOHKOM CTPYKTYPbI, UCIIOIh-
3yeMbIMH B KAYeCTBE HUZKHUX YpOBHeHl A-cucrembr,
CYIIIECTBEHHO MPEBBIMIAET CBEPXTOHKOE PACIIEIICHIE
OCHOBHOT'O COCTOSIHUS IIEJIOYHBIX aTOMOB M COCTABJISI-
er 10-100 TTu. IIpu sTom xapakTepHOe BpeMs CIIOH-
TAHHOI'O PACHAJA ITUX YPOBHEH OOYCIOBIEHO MArHH-
TOAUTIOJIBHBIMY TIEPEXOJAMU W COCTABJISET HECKOJIBKO
CeKyH]I, 9YTO He SBJISeTCs OPersiTCTBUeM JIjisi HabJIio1e-
HUsI CBEPXY3KHUX PE30HAHCOB. DTHU yPOBHU TAKZKe CIabO0-
9yBCTBUTEHHBI K ATOMHBIM CTOJIKHOBEHUSIM, TIOCKOJIb-
Ky OHU XOPOIIIO 3a39KPAHUPOBAHBI BHEITHEI 3aMKHYTOU
06omoukoit. C y4eroM 3TOro aroMbl PEIKO3eMETbHbIX
9JIEMEHTOB TAKKe SIBJISIOTCST MEPCIEeKTUBHBIMU JJIS UC-
MTOJIb30BAHUST B METPOJOTHYIECKUX TPUIOKEHUSIX, Ha-
npuMep, I CO3AAHUS BTOPUYHOIO CTAHAAPTA YACTO-
Tol (cM., Hanpumep, [8]). OxnuM u3 Haubosee nepcnex-
TUBHBIX [IJIsT METPOJIOTHIECKUAX TPUIOKEHWH SBJISI€TCS
aToM caMapus, CXeMa yPOBHEHl KOTOPOro CyIIeCTBEHHO
mpoire, 9eM y aToMa, [e3usi, OCOOEHHO B MPUIOKEHHBIX
MArHUTHBIX MOJIsAX. VIMEHHO TOITOMY OH M OBLT HAMU
BLIOpAH B KAdeCcTBE <«IIPOOHOrO KAMHsI» IJisT MIPOBEp-
Ku pa3paborannoit Hamu obdbmieit Teopun KIIH B mmO-
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TOYPOBHEBBIX ATOMAX.

Teoperuuecku siBneane KITH mogpobHO m3yweno B
paMKax TpexypoBHeBOil Mozeinu [1], mo3Bossomei Bbi-
MMOJTHUATH PACYeThl B aHAJIUTHIECKON dopme. s cy-
Jas MHOTOYPOBHEBBIX CHCTEM T3, MPOCTAsT MOJEb, O/I-
HAKO, 3HAYUTEILHO YCIOKHSIETCS, B PE3Y/IbTATE YEr0 €
AHAJIUTUYECKOEe UCCIIeI0BAHNE B DOIBITUHCTBE CIIy4aeB
CTAHOBHUTCS HEBO3MOKHBIM. B HacTosIeit padbore mpe-
CTaBJIEHA ODIIas TEOPETUYIECKAS MOJIEb JIJIsT YUCIIEHHO-
ro aam3a criekTpoB KIIH B aromax ¢ mpon3BoIbHBIM
9UCIOM YPOBHEHN U BBLIMIOJIHEHO €€ CPABHEHHE C SKCITEPU-
MEHTAJIbHBIMH JAHHBIMHA it camapust [9].

B pa3x. 2 mpencrasnen sdpdexrt KITH B pamrax
TPEXyPOBHEBOH Mo A-CHCTEMbI, KOTOPas SABJISETCS
TpocTeiinei Momennbio aroro g dexrta. Pazmgen 3 comep-
JKUT OTIUCAHNE ODIIIeH MaTeMaTHuIeCKOM TeXHUKN pacde-
TA CTAIMOHAPHDBIX COCTOSHUI AKTHBHBIX ATOMOB U CO-
OTBETCTBYIOIIUX HACEEHHOCTeH ypoBHE, k03dduiu-
€HTOB TOTJIOIIEHUST ¥ JIUCIEPCUN TPUIOKEHHBIX TOJIei
C TOYKW 3PEHUS CIIEKTPOCKOIUU TEMHBIX PE30HAHCOB.
B pazn. 4 paccmarpuBaeTcsa MeToauKa yaera 3dderTa
Hormiepa mpu pacdere moOrJomeHus cpeasl. B pasm. 5
[IPUBOIUTCS OIUCAHUE IKCIEPUMEHTA 110 UCCIIeOBAHUIO
KITH B mapax aromoB camapusi. i1 aTroMoB camapus
TIOJTHBIM y4eT 3eeMAaHOBCKON CTPYKTYpPbI yPOBHEH, 3a-
JIefiCTBOBAHHBIX B mporecce (POPMUPOBAHUS PE30OHAH-
co KITH, tpebyer ucmonb3oBanus 12-ypoBHEBOii Moie-
JIA, OHAKO y7Ke CYIIeCTBEHHO Dosiee mpocTast 4-ypOoBHe-
Basi CUCTEMA, JAET XOPOITee Ka4eCTBEHHOE COOTBETCTBUE
C KCIIEpUMEHTATBHBIMY JAaHHBIME. B pa3m. 6 maercs 06-
1ee ONMMCAHUE STOM MOJIEIN U MapaMeTpPoB, HEOOXOIu-
MBIX [IJIsT TTPOBEIEHNST PACUETOB U MX CPABHEHUS C IKC-
[IePUMEHTAJILHBIME Pe3yibraramu. B pa3z. 7 usmararor-
Cs1 PE3yJIbTATHI PACYeTa MOIJIONIEHUS [JIsi CJIy9aeB OT-
CYTCTBYSI MATHUTHOTO TOJIS U HAJIOYKEHUS TPOIOILHOTO
¥ TIOMEPEYHOI0 MATHUTHBIX TOJIEH, & TaKyKe BBIMOJIHSI-
eTcsi CPABHEHHE IOJIyYeHHBIX De3yJIbTATOB C JKCIIEPU-
MEHTAJIbHBIME JaHHbIMA. B pa3m. 8 chopmynmmpoBaHb
ocHOBHBIE BbIBOIBI. B [Ipuiokennn paccMaTpuBalOTCst
ocobennoctu pe3onancos KITH ma ¢ome mommepoBcku
VIIUPEHHON JIMHUKA B MPOJOIbHOM U MOMEPEYHOM Mar-
HUATHBIX TOJISIX.

2. 9PPEKT KIIH B A-CUICTEME

B mpocreiimmeit TpexypoBHEBO# cucTeMe ATOMHBIX
nepexooB B A-KoH(dUrypanyuu aBa HUZKHAX JO0JITOZKH-
Bylmx ypoBHs |1) u |2) ¢ 4YacTOTHBIM paclIelIeHu-
eM A CBSI3aHbI C BEDXHUM BO30YZKICHHBIM SHEPreThde-
cKuUM ypoBHeM |3) nByms cBeroBbiMu nossmu (puc. 1).
Eciu nepexon |1} <« |2) B aunonbrOoM npubiiuze-
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Puc.1. Cxema TpexyposHeBoro atoma B A-koHdpury-
paunu, Bo3by>KgaemMoro gByMsa a3epHbIMUA NOASAMU C
yactoTamm wri U wrz2. 213 n Q23 — yactorsl Pabn,
COOTBETCTBYIOLNE MOMSIM HaKadky, 0, — PacCTpoiika
pesoHaHca Ha nepexoge |1) < |3), dr — pamanosckas
paccTpolika, Y31, Y32 — CKOPOCTU PaAnaLnoHHOrO pac-
naga Bo3byxaeHHOro coctosiHus Ha yposuu [1), |2),
Y21, W12 — CKOPOCTW pacnaja 1 TensioBOl HakKa4dku
yposHsi |1) uepes yposeHb |2), I'i3, 23, ''2 — cko-
poctu pedpasnposku nepexogos |1) + |3), |2) < |3),
1) [2)

HuM 3anpenied u asa nous Ey exp(—iwpit — ipr) u
E5 exp(—iwpat — i) HAXONATCH B PE3OHAHCE C COOT-
BETCTBYIONMMHE Hepexomamu |1) < |3), |2) < |3), o
B pe3y/bTare KBAHTOBOM mHTEep(depeHtnu (GpopMupyer-
cst y3kuit pesonanc KITH. Ou nposiBiisiercst B ciekTpe
MIOTJIOIIEHUST KaK PE3KUil MUHUMYM, KOTJIa OJHO U3 Jeii-
CTBYIOIIUX MOJIeH, HATPUMED W[1, CKAHUPYETCS, U Pa-
MaHOBCKasl PacCTPoiiKa 0gp = w1 — Wro — A IPOXOIUT
Yepe3 COOTBETCTBYIONIEE TOYHOMY DE30OHAHCY HYJIEBOE
3HAYECHUE.

Jltst Gostee HADTISIAHOTO OMUCAHMS TPUPOILI JAHHO-
ro pU3UIECKOro MPOIECCa ATOMHYIO CHCTEMY PACCMAT-
PUBAIOT B pa3JMYHBLIX Gasucax. B 4acTHOCTH, BMECTO
OCHOBHBIX cocrofHm |1) u |2) ymoOHO BBECTH HX CHM-
METPHYHYI) U AHTUCHMMETPHYHYIO JTHHEHHBIE KOMOW-
Hauuw |+):

RulD) + Qkol2)
Qegy

_ Qpo|l) — Qi [2)

|4+) =
Qesy

=)

b
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rae Qpr = —dsi By /h (k = 1,2) — gacrorsr Pabu, onpe-
JIeTITEMBIE 9epe3 COOTBETCTBYIONINE IUTIOIHHBIE MOMEH-
Tol dg = —e(3|r|k);

Qerr = VIQr1? + |Qr2|?

— 3¢ dexTuBHasg dacrora Pabm, a daswpl cocTosHmit
[1),|2) coBmanator ¢ dazamMu a3epHBIX TOEN.
MaTpuYHbI# SJIEMEHT SJIEKTPOIUTIONBHOTO OTIEPATO-
pa B3aMMOENHCTBUSA, CBA3BIBAIONINI OCHOBHOE M BO3-
Oy2KJeHHOe COCTOsIHMS, JJisi COCTOSHUS |—) npu HyJie-
BOW PAMaHOBCKON paccTpoiike 00paIIaeTcs B HyJIb:

634}0

<3|Vdip|_> 0.8 (1 - ei‘th) 0.
B srom cocrosaMu, HA3BIBAEMBIM TEMHBIM, 33 CYET pPa-
JVAIIOHHOTO PACIAIa OKA3BIBAETCS COCPEIOTOUCHHOM
MTO/IABJISONIAS 9aCTh ATOMHOW HACEJEHHOCTU, BCJIEI-
CTBHE 9€r0 MHTEHCUBHOCTH (DJIyOPECIEHIIUH TOYUTH TIOJI-
HOCTBIO TOmaBisercs. J[aHHBIA MPOIEcC ONTHUIECKOM
HAKAYKMA B KOTEPEHTHOE TEMHOE COCTOSIHWE HA3bIBAET-
cs1 KOTEPEHTHBIM IIeHeHneM HacesrenHocrei. Korepent-
nas npupoga KITH nposiBisercs B 3aBUCHMOCTH TEMHO-
ro cocrossHus OT (a3 JnazepHbx mnojeii. CiaegoBarerb-
HO, da30Bbie DAYKTyaluu JeUCTBYIOMINX TOIEH MOTyT
yMeHbIATh WK gazke paspymarb KITH, u neobxomuma
cTabUIM3AIHUs OTHOCUTEIHHOM (ha3bl JIA3EPHBIX MOJIEH.
Jpyrue mporecchl pa3pylieHnsi KOTePeHTHOCTH U JOTI-
JIEPOBCKOE YIIUPEHUE MOI'YT TaK’Ke BHOCUTH JI€CTPYK-
TUBHBIN BKIaa B popmupoBanue KITH.
DKCIEPUMEHTATILHO PErucTpUpyeMasi MIMPUHA JId-
HUU OTPEIEISAETCA CTaOUIHLHOCTBIO OTCTPOWKU Op U
pasunocru da3z Ay, a TakKe JOMIEPOBCKUM YIITHPe-
HUEM, BPEMs-IIPOJIETHBIM YIMUPEHUEM, IITAPKOBCKIM
yuupenueM (yIIMpeHueM CBETOBBIM MOJIEM W BHEIIHU-
MU TIOJISIMHE ), YIIUPEHUEM B HEOJHOPOIHBIX MATHUTHBIX
[OJISAX U yAapHBbIM ymupenueMm. B sxcrnepumenTax c me-
JIOYHBIMU ATOMAMU YIAETCS C BBICOKON TOYHOCTHIO CTa-
Ooum3upoBaTh A, HATPUMED, MOIYJIUPYS Jla3ep ¢ dac-
TOTOI1, coorBercrByomeil A. B ciryuae ucnonb3oBanus
JBYX HE3ABHUCUMBIX IUOIHBIX JIA3€POB B PEKUME CBO-
0OIHOI reHepaIuyu MOYKHO PACCINTHIBATH HA, HADJIIOIE-
nne pezonancoB KITH c¢ mmpuHoit mopsiika HECKOIb-
kux MI'm.

3. MATEMATUNYECKAAd TEXHUKA
PACYETA 5®PEKTA KIIH B
MHOTOYPOBHEBBIX CUCTEMAX

Onucanve IUHAMWKM KBAHTOBBIX CHCTEM TIPU Ha-
JIMYUN PETAKCAIMOHHBIX MPOIEcCOoB TpedyeT Moaudu-
KAIUK JUHAMUYIECKUX YPABHEHUN [0 CPABHEHUIO C WX



OOBITHOM (HOPMOI, N3TATAEMON B TPAJUITUOHHBIX yIe0-
HUKAX 10 KBAHTOBOW MEXAHWKE W MPUMEHUMON TOIHKO
K 3aMKHYTBIM cucTemMaMm 0e3 penakcanuu. Kcau muaa-
MHUKA 3aMKHYTBIX CHCTEM 3aJAeTCsi OMepaToOpOM dHep-
U, TPUMEHSEMBIM K BOJHOBBIM (DYHKITMSIM, TO B CHC-
TeMax C peJaKCalueil OHa MOYKET OBITh TPEICTABJIE-
HA JIAITH TPeobPA30BAHUSIMIE, IPUMEHSIEMBIME K OIepa-
TOpAM MATPUIBl [LIOTHOCTH, WK TPeoOpPa30BAHUSIME
JVUHAMAYIECKUX MEPEMEHHBIX, T. €. CyIepOnepaTOPHbIMU
npeobpazoBanusMu. [Ipocreiimme mpeodpa3oBaHms 3TO-
IO THUIA BO3HUKAIOT U B CUCTEMAaX 0e3 pelakcaluy Ipu
¥X OTMMCAHUU B TEPMUHAX MATPHUI] IJIOTHOCTH, B 9aCT-
HOCTH, TIPU PACCMOTPEHNN KBAHTOBOTO ypaBHenust Jlu-

YBUJLIIS
aop T,
— = Lop = —=[H, ]
at Op h [ ) p]
CymeporniepaTopHoe TpeoOpa30BaHWe MPEICTABIEHO

37ech JINYyBULTHAHOM Lo, KOTOPBI € TOYHOCTHIO [0
MHUMOIO COMHOXKUTeNss —i/fi omucbiBaeTcs KOMMY-
TATOPOM € TAMHJIBTOHMAHOM H, NpUMEHEHHBIM K
MATPHIIE TLIOTHOCTH p.

b

YT06bI BBECTH COOTBETCTBYIOIIHE CYIIEPOIIEPATOPHI
0GEe30THOCUTEIFHO K TPEoOpa3yeMbIM OMepaTopaM, I0-
CTATOYHO BBECTHM CHUMBOJI TIOJCTAHOBKU (), 0D03HAUAI0-
U MECTO MOJICTAHOBKM Peodpa3yeMoro oneparopa,
B KadecTBe KOTOpOro B mpejcraBienuu Ipenurrepa
BBICTYIMAET MATPHUIA MJIOTHOCTH. Jlajiee MOYKHO TOJIb-
30BATHCS MPABUIAME ODDAIEHUS ¢ CUMBOTHICCKIMU
BBIPAZKEHUSMU, BEITEKAIOIIMY U3 OOIIUX OMPeIeTeHIiH
aJreOphI TUHEHHBIX ornepaTropos [10], KoTopbre BrosiHe
oueBnaHBI. Hampumep,

[12127 [12117 Q]} = AZ(A1®—®A1)—(A1®—®Al)A2 =
= Ay A1 © A1 © Ay — Ay © Ay + ©A, As.

B cumBommueckom npeacTaBJIeHun JINYBUJIJINAH 3a-
MKHyTOfI CUCTEMBbI UM€EEeT BU/J]

(1)

Kak wu j1100bie JUHEHHBIE OMEPATOPHI, TOCJIE BBE-
JeHus JUHEHHOro Oa3wca Ha JHUHEHHOM IPOCTPAH-
CTBE KBAHTOBBIX OMEPATOPOB CYTEPONEPATOPHI MOTYT
OBITH MPE/ICTABJIEHBI B BUIE COOTBETCTBYOIINX UM MaT-
put. Hcnonb3oBanue JaHHOW TEXHUKH CUMBOJIMYECKO-
T'0 MPE/ICTABIEHHS CYyIeporepaTopoB 3P GEeKTUBHO IPH
pacuere cucTeM 000 pa3MepHOCTH, OCODEHHO I
pacdeTa, MHOIOYPOBHEBBIX CHCTeM. B 9acTHOCTH, B CH-
Jiy OOJIBIION Pa3MEPHOCTH 3aJad Jayke MPOCTOE BbI-
MUCHIBAHUE MATPUIL, OTIMCHIBAIONINX SBOTIONUOHHBIE CY-
EPONEePATOPbI, CTAHOBUTCS TEXHUYECKH CJIOXKHOM 3a-
gadeit. OnHAKO TPYU WCHOTB30BAHUU CUMBOJIMYECKOTO
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MIpeCTaBIeHUs CyIeponepaTopos, bmaromgapst pusmde-
CKHU TIPO3padvHOil (popme 3amucu, OHU MOTYT OBITH CHa-
JaJia 3aMUCaHbl B CUMBOJIMYECKOM (popMme, mocse dgero
WX MATPUYHBIE JIEMEHTHI MOTYT OBITh PACCIUTAHBI JIH-
60 aHAJIUTUIECKHU, JTUOO YUCIEHHO (B CIydae MaTPHI]
GOJIBITION pa3MepHOCTH) Ha KoMIbiorepe. [Tpu sTom Tex-
HUYECKHE TPYIHOCTH UX BOCIIPOM3BEIECHUS MOTHOCTHIO
MEPEHOCATCS HA ABTOMATHYECKHE KOMITBIOTEPHBIE BbI-
YUCJIEHUSI, TAK YTO PE3YAbTATHI STUX BLIYUCICHUNA MO-
IyT OBITH JIEFKO HCIIOJIB30BAHBL JJIs YUCIEHHOTO Pac-
YeTa PaccMaTPUBAEMBIX TPUKJIAIHBIX 33129 C UCIOJb-
30BaHUEeM Haubojee MOIXOISIINErO S3bIKa POTPAMMU-
poBanus. Hamu [j1s pacueToB MCIOIL30BaIACh KOMOH-
HaIs MaKeTa KOMIbIoTepHo# anredbpsr Mathematica
(19 aHATUTUYECKOrO 3aJaHus CyIepOINepaTopoOB) U
s3bIKa, mporpaMmmupoBanus @oprpan (s mocIeIyI0-
IUX YUCJTEHHBIX PACYETOB CIIEKTPOB C HCHIOIbL30BAHU-
€M PACCIYUTAHHBIX MATPHUIL JUHAMUYIECKUX CyIeporepa-
TOPOB).

3.1. Pacuer gauyBuanamnana [N-ypoBHEBOTO aToMa
C UCIOJIb30BAHUEM CUMBOJIAYECKOTO
npescTaBJIE€HUSA

JluyBunnunan N-ypOBHEBOrO aroMa B JIa3€PHOM I10-
Jie B MPUOJINKEHUN BPAIIAIOIIErOCs MOJIst, TaK K€ KaK
¥ B IBYXYPOBHEBOM CJIy9ae, MOKET OBbITh MPEICTABIEH
B BHJIE CyMMbI BKJIAJIOB

Li=Lr+Le+ Ls+ Ly, (2)

rae L, — Cymeporneparop paJualliOHHOrO 3aTyXaHUS,
L. — cymeporiepatop ympyroii meda3uposku, L; — Cy-
IeponepaTop B3aUMONCHCTBAA C JIA3€PHBIM IOJIEM N1
L5 — cyneponeparop Ja3epHON paccTpORKu, JIOMOI-
HSIIONIUI BBIOPAHHBIN CYyMEPOITEPATOD HEBO3MYIIIEHHOMN
9BOJIIOINU JI0 CyTepOorepaTopa CBOOOMHON IMHAMUKH
aroma B HyJeBoM jazepHoMm nose. [locienamit Brioga-
€T COOTBETCTBYIOLIME PACCTPOUKHU BCEX HEUCTBYIOLIMX
JIa3epHBIX TMOJell C yIeTOM TOTO, YTO CBOOOIHAS Mpe-
1eccus ¢ 4acTOTaMU 3TUX I10JIell BK/II0YeHa B Cyllepolie-
paTop HEBO3MYIIEHHON JUHAMUKY.

Pagmannonnoe 3aTyxXaHne IpeICTABIAETCS JINYBUII-
JIMAHOM, CKOMOWHWPOBAHHBIM W3 CYIEPONEpaTOpPa ITe-
pexojia HaceJeHHOCTel, Ipe/ICTaBJIEHHOI'O IIPOeKTOPOM
f’lk ® th 7 CyNIepolnepaTopa 3aTyXaHUud MOJIAPA3AINN,

TIPEICTAaBIEHHOTO AHTUKOMMYTATOPOM | Ppp, ®

L= Z'Ykl <puc @ Py — % [pkm ®]+> ;o (3)
%l

TJie IByMEPHBIA MaCCHUB 7Yk, OTHUCHIBAET CKOPOCTH CITOH-
TAHHOTO pacmaia iy k > [ u cCKOpocTr HAKAYKHU I

k<l



Yupyras geda3upoBKa MPEICTABIEHA CyIeponepa-
TOpOoM L., BBIPAZKAIOMINMCS 9Yepe3 KBaAPAThl KOMMY-
TATOPOB U OMNPEIEISIeMbIM KOHKDETHON MOIEIBIO J1e-
dazupoBku. st ero KOHKPETU3AIMH I1e1eCO00Pa3HO
BBIJIEJIUTH 1B PA3JIUYHBIX TUNA neda3upoBku. B mep-
BOM CJIy9Yae pacCMATPUBAETCS TOJBKO BHYTDEHHSIS J1€-
¢da3upoBKa B CHCTEME IBYX SMEKTPOHHBIX COCTOSHUI k
u l > k. Torna B cooTBeTCTBUH C MHKPOCKOIUIECKON
IpUPOIOit yrpyroi meda3upoBKU, 0OYCIOBIEHHON Ca-
6bivMu croskHoBenusivu [11, 12], kak ciydaiiHoii Mouy-
JIsilAeil 9acTOThI IIePEeX0/ia, OHA ONMKUCHIBAETCS COOTBET-
CTBYIOIIAM CJTYIAMHBIM CYITEPONEPATOPOM FaCTOTHOTO
cura —(i/2)€(t) [(Pux = Pu) . @], vae €(t) — day-
TyalMOHHOE CMeI[eHNe YacTOThI mepexona. Pe3ysibru-
pyromuit yCpegHeHHBIA M0 (PIyKTyarusaM CaydaifHon
da3bl peIakCaAIMOHHBIN CyTIeponepaTop NMEeT BT

rkt
L= —f [, @)

rie fiyy = Py — Py, — onmepaTop HHBepCHH HACEICH-
nocreit kl-moncucremsr, T5L — coorsercryromas cxo-
pocTh aeda3upOBKU. ITOT TUIl YUCTON Heda3upOBKH
CBSI3aH HE TOJNBKO C JAeda3upoBKOil camoro kl-mepexo-
Jia, HO ¥ BHOCHUT BKJIaJ] B /1eha3uPOBKY BCEX IIEPEXO/IOB,
CMEKHBIX C pacCcMarpuBaeMbiM. Tem He MeHee ym0O0HO
BBIIEUTD 1e(Pa3UPOBKY TOIBKO BBIASTEHHOTO kl-TIepe-
XOJIa, UCHOMb3Ysl PA3JIOKEHNEe

[k, O] = 4(Prx © Py + Py © Pig) + [T, ©1%,

rae Iy = Py + Py, — omepaTop cyMMapHOI HaCeJIeHHO-
cru kl-nopcucrembl. COOTBETCTBYIOIIMIA BKJIAI IIEPBOTO
qJIeHa,

LM = _TH (P © By + Py © P), (4)

ONUCHIBAET YHUCTO BHYTPEHHIOIO maeda3upoBKy 0e3
BJIMSIHUST HA CMEYKHbBIE MMepexo/bl. Kl nenoan30BaTh
Ff"fll7
craBuTh 7Aea3UPOBKY BCEX MEPEXOJOB, HCIOIb3Ys
TonbKO coorHomieHune (4). OpHako st IPOCTOTHI
orobOpazkenusi (puandeckoit npupoabl aeda3upoOBKU
yIOOHO BBECTH IPYTOil BKJIAJ, CBA3AHHBIA C OJMHAKO-
BOMt meda3upoBKoOit uepe3 k-it u [-if ypoBeHb JTI0O0r0
JPYroro ypOBHS B OTCYTCTBHE BO3IEUCTBUsS HA CaM
kl-nepexom, T. e. «BHEMIHIOWN» neda3upOBKY:

BC€ HE3aBHCHMBIE IIapaMeTpPbI BO3MOZKHO IIPpE€-

2
kl k|7

Eez - _Fez |:[k?l7®:| ) (5)

rme Tkl — cootsercrrytomas ckopocts meda3npoBK.

CoOTBeTCTBEHHO, TTOJIHBINA CyMepOmepaTop yupyroi me-

¢da3upPOBKH OMUCHIBAETCH CyMMO#T

Lo=Y (£ 4 2.

k<l

(6)
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Cymneponeparop J1a3epHO#l PACCTPOUKH 3aBHCUT OT
TUIA PACCMATPUBAEMOrO PE30HAHCA U ODBIYHO MOYKET
OBITH 3amucaH B (hOpMe AaHTUCUMMETPUIECKOTO CYIep-
oreparopa, MpeJCcTaBJIeHHOIO B BUJEe KOMMYTaTOpa C
onepaTopaMu HaCEeJTeHHOCTeNl

£3=i3 0 (Pu o - Put) | (")
k
rae 0 — MacCCHB 4aCTOTHBIX PAaCCTPOEK.
BzanmoneiicTBre ¢ J1a3epHBIM MOJIEM MOYKET OBITH
pencTaBaeHo B POpMe aHTHCHMMETPHIECKOTO KOMMY-
TATOpa C OLEPATOPaMU IOJISAPU3AIUI

i N ~
L; = —5;9191 [(Pkl +Plk)v® ’

(8)

rae Qg — JAByMepHbIH MaccuB dacToT Pabdu kl-nepexo-
JIOB.

[Tocsie BBeJeHWST CHMMBOJIMYECKOTO MPE/ICTABICHUS
[OJIHOIO  BOJIIOLMOHHOIO cyneponeparopa (2) u ero
cocrapisionmx (3), (6)—(8) Moryr ObITb paccYuTAHBI
N2 x N2 -MaTpuunble TpecTaBieHns Beauaus Ly, L,
L., Ls, L; ¢ ucnonp3oBanueM (HpopmMyIbi

Ly = (ém, LEn).

3necy {ér} — oproHOpMHpPOBaHHBIN Gasuc, a CKOOKM
0003HAYAIOT CKAJIAPHOE TPOM3BEICHUE IBYX OTEpaTO-
POB BHIA Tr(AJrB), AHTWJIMHEHAHOE IO IIEPBOMY COMHO-
JKUTeJ0 U JIMHeHHOe 110 BTOPOMY.

Basuc {é;} ymoOHO B34Tb SPMHUTOBBIM U BBIPA-
3UTH Yepe3 onepaTopbl Pi-1epexoioB, MpeIcTaB/ieH-
upie N X N-MaTpULIAMU C eQMHCTBEHHLIM HeHYJIeBbIM
kl-smementom Py (k,l) = 1. Y100HO Takzke Mpenoo-
JKUTh, 9TO HyMepamusl ypOBHeH BBIOpAHA B COOTBET-
CcTBUM C Bo3pactanumeMm ux sHepruii, By < Fy < ... <
< Ep. Torma coorBercTByomuii 6a31C CTPOUTCS CJTe-
YoM 00Pa30M:

Py, k=1,
Py + P,
) ki lk7 k<l
€j(k,l) = V2 9)
Py — P
—iiu\/i lk, k>1,
roe j(k,l) — wHyMmepylommii HWHIEKC, T.€. B3aUM-
HO-OJIHO3HAYHOE OTOOpaZKeHWe NBYMEPHOrO MHOMKe-
crea uucen kl (k,I = 1,N) B oqHOMEpHbIH HHIEKC
j = 1,N2. OH, B 9aCTHOCTH, MOZKeT OLITbL KOHKPETH-

3UPOBAH CJIEIYIONINM, YHUBEPCATbHBIM I JIIOOBIX N
obpazom:

k, k=1,
j=1 @Ck-1)N—(k+1)*+k+2l, k<I,
(2A-1)N—(I+1)*+I+2k+1, k>,



aro mist N = 2, 3,4 coorBeTCTBYeT CJIeIyIOIuM MATPHU-
nam jn = (jn(k,1)):

1 4 6
(13 SO
]2—427.]3— 9
79 3
1 5 7 9
|6 2 1 13
Tl s 12 3 15
10 14 16 4

Bazuc (9) saBisierca SpMUTOBLIM 1 OPTOHOPMUPOBAH O
OTHOIIEHNIO K ONMMACAHHOMY BBINIE CKAJSAPHOMY MTPOW3-
BeJIeHUIO (A,B), Tak 910 (€, €5) = Omp IS BCEX
m,n =1, N2,

3.2. Pacuer acdpdpekra KITH B N-ypoBHeBOM
aTome

MN3noxennas texunka 3pOEKTUBHA [1JId AHATATH-
YECKHUX PACYETOB, CBI3AHHBIX C DEIEHUeM KAK IMPO-
0JIeMBI CTAIIMOHAPHOTO COCTOSIHUSI, TAK W TTOJTHON CITeK-
TPAJBHON 3a/Ja49u JJisi IBOJIOMUOHHOTO CYMEPOIEPATO-
pa L [13, 14].

OcuoBubie cpoiictBa 3 dexra KITH onpenenstorcs
BEJIMYWHON MOTJIOMIEHUsT TPUJIOZKEHHOTO TOJIst, KOTOPOe
JJIst cydas A-pe30HaHCca ONMUCHIBACTCS BBIPAZKEHUEM

~
~

Wi =hlm (wpg (675) +wig' (635))
~ h(wpy +wiy)ns. (10)
Bruech (675, (65;) OMUCBIBAIOT ycpeaHEHHDIE TOTOKH-
TeJIbHO-9aCTOTHBIE OIEePATOPBI KOMILJIEKCHBIX AMILIH-
TyJ, TepexoJioB, COOTBeTCTBeHHO, 1-3 mn 2-3, wy u
w'L — YACTOTHI MOJIel OUTAPMOHUYECKON HAKAYKHU, § U
g’ — coorBercrBytomue gactorsl Pabu, v u ' — co-
OTBETCTBYIOIIIE CKOPOCTU PAJHAIMOHHOIO 3aTyXAHUS.
JI7is1 pacdera CTAIMOHAPHBIX CPEAHUX 3HaUeHuit (67 ),
<&;r3> U N3 TpeOyeTcss pacCINTATh COOTBETCTBYIOIIEe
BekropHoe npenacrapienue (0| crauuoHapHON MaTPULBI
IUIOTHOCTH Pst, paspenms ypasHenne (0| Ly = 0.
B paccmarpuaemom basmuce ¢ €1 = f’u, € = f’m,
63 = Ps3 nepBbIe TPH 31eMeHTa BekTopa (0| omuckiBatoT
HACEJIEHHOCTH 1 JOJIZKHBI OBITH COOTBETCTBEHHO HOPMHE-
POBaHbBI, TAK 9TO OPa-BEKTOP CTAIMOHAPHON MATPUIBI
morHoctn (0] cieayer MCmonb30BATh B HOPMHPOBAH-
Hoit popme

(0]

O = a1+ 0, + ol
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ABTOMATHYIECKH O0OECIIeINBAIOIICH U MPAaBUIbHBIN 3HAK
paccunThiBaeMbix BenmanH. CpejHue 3HAYEHUs Hace-
JIEHHOCTEH TIPU TOM COBTAJAIOT C COOTBETCTBYIOIIH-
mu kommnonentamu: (ng) = (0], & = 1,3, a Kommiekc-
HBbIE AMILIATY/IBI TIEPEXOI0B BBIPAKAIOTCS Yepe3 COOT-
BETCTBYIOINE KOMIOHEHTHI ¢ k > 3:

At

> = <‘723> =

V2
(61) = (0], +i (0l5

12/ — \/_ :

2

HpI/IBe,ILeHHbIe COOTHOIIIEHUA ITIO3BOJIAIOT BpraSI/ITb I10-
IJIOIIEHNE B AHAJMTUYECKOM BUJE, YIOOHOM KakK s
YUCJIEHHBIX pacquOB, TaK U JJIA Ka49eCTBEHHOI'O aHaJIU-
3a.

{0l +2 {0l (0ls +i (Ol

V2

(673

b b

Jlmst pacdera HaceJIeHHOCTe#H ypoOBHeH, Koddpdu-
[IHEHTOB TOTJIOMICHUS] W JIUCIEPCUU B TPOU3BOIBHOM
N-ypoBHEBOIi cucTemMe ObLiTa HAIIMCAHA YHABEPCATbHAS
nporpaMMa Ha s3bike DPopTpaH, NPUTOTHAS JIJIsT UC-
MO/Ib30BaHUsT U mpu Oosbinux 3Hadenusx N > 10.
Ee BaxHoii 0COOEHHOCTHIO $BJISETCs WCIOIH30BAHUE
MUHUMATBHO HEOOXOAMMOrO YHCJIA BXOJHBIX MapaMer-
POB, KOTOPOE CYIIECTBEHHO MeHbITe urcaa N2 x N2 maT-
PUYHBIX JIEMEHTOB JIMYBUJIJINAHA B PACCMATPUBAEMOM
006061ennn sy Buirana (1) 3a cuer orcyrcrBus Heob-
XOIVMOCTY BBIMUCHIBAHUS BPYUHYIO BCEX JIEMEHTOB ¥~
HAMWYECKOH MaTpuibl Ly, KOTOpas B COOTBETCTBUU C
dbopmymnamu (2)—(8) daxrudecku coaepKUT OrpoOMHOE
YUCJIO HYJIEBBIX BKJIAJIOB.

4. YUET 9P PEKTA AOOIIJIEPA

Texumka pacuera, OMUCAHHAS B Pa3f. 3, MO3BOJIS-
€T TOIYyYUTh 3aBUCUMOCTH KOIPPUIMEHTA MOTJIONIE-
HUsl JIA3ePHOTO W3JTy9YeHUs I TTOKOSIIEroCsi aToMa B
3aBUCUMOCTH OT PACCTPONKHU TEPBOTO TOJA 07, U paMa-
HOBCKOW paccTpoiiku dr. B skcnepumentTe ¢ mosieMm B3a-
UMOJIEACTBYIOT JIBUKYIIUECS ATOMBI, TO9TOMY HA KO-
3 UIUEHT MTOTIOMEHUsT CPEIbl OKA3bIBAET BJIUSTHUE
s dexr dommepa, TpUBOAAIIMIA B OTCYTCTBHE YIIPO-
IMEeHn# K HeOOXOAMMOCTH BBIIOTHEHUs] PACIETOB CPa3y
JIJIsT KOHTHHYYMa, paccTpoek. Ero yuer B HacTOsIIEH pa-
60Te TTPOBOIMJICS CJIEIYIOIINM YIIPOIIEHHBIM 00pa3oM,
KAYeCTBEHHO COOTBETCTBYIOMIMM DACCMOTPEHUIO U3 Pa-
Gorer [15], HO Ge3 mcrnonb30BaHUA NPHUOIMKEHHOMN 3a-
MEHbI MAKCBEJIJIOBCKOT'O PACIIPEIESIEHIST MO0 CKOPOCTSIM
JIOPEHIEBCKUM.

Yacrora 1a3epHOr0 MOJs, ¢ KOTOPBIM B3aUMOIEH-
CTBYET aTOM, JBUZKYIIUICS B TPOU3BOILHOM HAMPABIIE-
HHM, B COOTBETCTBHUH ¢ yueTroMm 3pdekra lommepa mep-
BOr'O nopsixa gaercd hopmyioi wi s = wrj + drj, rae



45652

A Y21, 12, wi2

1)
J=0

Puc.2. [unarpamma 3HepreTu4eckmx ypoBHeil aToma camapus (@) u napameTpbl, ucnonb3yemslie B pacderax (6). 3gecb

WL1, Wr2 — 4acToTbl nasepHbix nonei; 214, 224 — coorsercTBytowme YactoTbl Pabu; dr, g — paccTpoiika pe3oHaHca

Ha nepexoge |1) <> |4) n pamaHOBCKasi pacCTpOiiKa; Y41, Y42, Y43 — CKOPOCTU PajMaLMOHHOrO pacrnaga Bo3byAEHHOro

coctosiHust Ha yposHu |1), |2) n |3); T'14, 24, T'12 n T2z — ckopoctu gedbasuposku nepexopos |1) <+ |4) un |2) > |4),
[1) <> |2) n |2) <> |3); y32 — ckopoCTb pacnaga ypoBHsi |3)

drj = wrjvn/c, j = 1,2 — paccTpoiiku KOMIOHEHT Ou-
rapMOHWYECKOrO JIA36PHOTO OIS, Uy, — MPOEKIUs CKO-
POCTH JBUZKYIIErOCsS ATOMa, HA BEKTOP 1 PACIPOCTDA-
HEHHUS My9KOB JIA3EPHOrO TIOJSL.

Yucmo wacrui, rasa mpu Temneparype 1, IBUXKY-
IUXCSA CO CKOPOCTBIO Uk, ONPEAENAETCH MAKCBEJLIOB-
CKUM DacipejeienueM 1o dacroram [11]:

dN _ N 5. \?| dor A, — WLV
— = —— X — _— =
d(5L ﬁ P AwD AWD7 b c ’
e 2T
0p =w—wr1, Vo ={/—.
m

IIpu sTOM paMaHOBCKas pPaccTpoiika dr = wrz —
—wr1 — A npy COHATIPABIEHHOM PACIPOCTPAHEHWUH JIa-
3€PHBIX MYYKOB MPUOJIUKEHHO CIUTAECTCS MOCTOSHHON
JIJIST 9aCTUIl, IBUKYIIUXCS C PA3HBIMU CKOpOCTsMu. 11o-
9TOMY 3aBUCHUMOCTDH KOI(MDPHUIIEHTA TOTTIOMIEHNUS OIS
Wr1 OT PaMaHOBCKOIl pacCTPONKHU INPU CKAHUPOBAHUU
TTOJIS W2 UMEET BUJ,

dN

KD((SR) :/K((SL,(SR)—d(SL,

o1 (11)

rue K(6y,0r) — xkoadduumenT moriaonenus moKosie-
rocs aToMa.

5. SKCITEPMMEHTAJIBHA{ PETUCTPAIIM S
PE3OHAHCOB KIIH B I[TAPAX CAMAPHUAAI

Kak yxe ormewanocs B pa3zm. 1, camapuii sBis-
eTCs MepPCHeKTUBHBbIM KaH/IUJIATOM /JIJIs U3y4YeHUsd BO3-

MOZKHOCTEH MeTPOJIOTMYeCKUX IIPUMEHEHUN pPe30HaH-
coB KIIH B mapax peakro3eMeNbHBIX aTOMOB METOIa-
MU HEJIMHEHHOW CHEeKTPOCKOIIMU BBICOKOIO pa3perie-
mus. JAmarpamMma SHeprerudeckux ypOBHeEH aToMa ca-
Mapwus NpuBeIeHa HA puc. 2. B skcmepumenTe mpoBoIu-
JIOCH W3y 4eHue MOIJIONIEHUS TAPOB caMapus B 0b1acTu

JIMHUI Iepexoi0B

4£%65%("Fp) < 4f°("F)6s6p(>P°)°FY

& 4f%s*("F),  (12)

obpasyromux A-cucremy.
CxeMa 9KCIIepUMEHTAIBHON YCTAHOBKH TTPEICTABIIE-
Ha Ha puc. 3. B kadecrBe MCTOYHUKOB W3JIydeHUS HC-
[OJIb30BAJIUCH JIBA [OJIyIIPOBOJHUKOBBIX sa3epa (1, 2)
C BHEITHUMHY PE30HATOPAMU, HACTPOEHHBIE HA, PE30HAHC-
wble uinHbl BOH 672 n 686 mm. Jlazepnr cobpanbl mo
cxeme JIurTpoBa ¢ KOIMMEUPYIOMUM achepUIecKuM
00BEKTUBOM U TO0rpadpuIecKoi JudpaKIUOHHONR pe-
merkoit 1800 smuwmit/MMm. JInamasoH cBOOOTHOMN mepe-
cTpoiiku ja3epos cocrapisier okono 5 I'T'u. B onnouac-
TOTHOM DEXKWMe Jla3ep Ha JacTtore 672 HM M3IydaeT
2.5 MBT, a 1a3ep wHa yacrore 686 HM — okoo 12 MBT.
CrekTpbl HHTEPECYIOIMX HAC TEPEX0/IOB B CAMADUN
noapobHO ucciaenoBanbl B padbore [16] meromamu cy6-
JIOTLIEPOBCKOI CIIEKTPOCKOINY HACHIIIIEHHOTO MOTJIOIITE-
nusa. B ykazannoit pabore ompeeieHbl OTHOCHTETbHBIE
M30TONWYECKUE CABUCU U CBEPXTOHKOE PACIIEIJIEHUe
ypoBHe#t ¢ TouHOCThIO 1-2 MT'. YcTamnosiieno, 9To Jm-
nuu uzorona **Sm (22.75 %) cmerienbl OTHOCHTENILHO
CIIeKTPATbHBIX JHHAH OCTATLHLIX m30TOmoB (144Sm —

716



Puc.3. JkcnepumeHTanbHasi yCTaHOBKA L4151 CMEKTPO-

CKONUM TE€MHbIX PE30HAHCOB B Napax CamMapus. Imn
2 — nonynpoBOAHUKOBbIE s1a3epbl C 4YacToToli 672 u
686 HM coOTBETCTBEHHO, 3 U 5 — CBETOAENUTENbHbIE
Kybukn, 4 — mogynstop Ha dactote 600 'y, 6 — no-
NAPU3aLMOHHBINA KyOnK, 7 — KIOBETa C napamMn cama-
pusi, 8 — KoakCmanbHbIli HarpesaTenb, 9 — kKonbua
lemronbua, 10, 11 — onTtuyeckue nsonsatopbl, 12 —
KOH(pOKanbHbIi MHTepepomeTp ¢ obnacTbio cBobOA-
Hoi gucnepcun 74.35 £ 0.01 Mly, 13 — koHdokanb-
HblA MHTepcepomMeTp € obnacTbto cBobogHOl aucnep-
cum 149.8 £0.1 MTl'y, 14 — cnektpoaHanusaTop, 15 —
peweTka ¢ 2400 wTpuxos/mm, 16-18 — cpoToguogbi,
19 — reHepaTop, 20 — CUHXPOHHbIi geTekTop, 21 — 3a-
nomuHatowuii ocuunnorpad, 22 — 3neKTpOHHbIA 610K
NpMBsA3KN Nnasepa Ha 4YacTtote 672 HM K NuKy nponyc-
KaHus uHTepcgepometpa (12)

3.07%, 47Sm — 14.99 %, *8Sm — 11.24 %, 9Sm —
13.82 %, %°Sm — 7.38 %, 152Sm — 26.75%) wa 1 I'T'n
B KPACHYIO OD/ACTh CIEKTPA, UTO MO3BOMSAET OCYIIe-
CTBJIATDH HAJAEZKHYIO IIDUBA3KY K IIepexXogaM B 3TOM HU30-
TOIIe. OLLHaKO HpI/ICYTCTBI/Ie APYyrux M30TOIIOB CJIerKa
M3MEHsIeT KPbIIbs JUHUNA pabovuero mepexosa.

[Tapsr Sm co3maiorcss B KioBeTe M3 HEPrKaBeIOMIeH
crasu (7) munoi 50 CM €O CTeKJITHHBIMU OKOIIKAMU Ha,
topuax. KioBera cHabOKeHa CHCTEMOI OTKAYKHA U CHCTe-
Moi#i Hamycka Oydeproro raza. Heckombko rpamm Sm
TOMEIIAETCS B EHTP KIOBETHI. Harper KIOBETHI TPOBO-
JATCA B HEHTPAJBHON dacTu pa3MepoM 15 ¢M ¢ 1moMo-
MIBI0 KOAaKcHaIbHOro Harpesarens (8) (~ 500 Br), nu-
TAEMOT'0 MOCTOSHHBIM TOKOM. (OCTATOYHOE MATHUTHOE
oJie B KIOBETE COCTAaBJIsAeT A0au dpcrena. Kiosera mo-
MelleHa BHYTPb AByX mnap kouen [eabmromnbua (9) nua-
MeTpoM 30 CM, TO3BOJISIONINX CO3AaBATH B IEHTPAJIb-
HO 9aCTH KIOBETHI MPOJOIBHOE U MMONEePEIHOe MATHUT-
uble mosist 10 40 9. Jljisi nonydeHus 3aMEeTHOTO MOIO-

IeHusl KioBeTa HarpeBajach [0 TeMIepaTypbl OKOJIO
1000 K [9]. KonuenTpalwsi mapos mpu 3TOil TeMepa-
Type cocTaniana okoxo 1011102 cm3.

Jlazep Ha wacrtore 672 HM HACTPOEH Ha IEHTD
nepexona 4f6s2("Fy) <« 4f%6s6p(°FY) B %Sm wu
NPUBSI3aH K OHUKY OPOMYCKAHUS CTADMIA3ZUPOBAHHO-
ro MeTpoBoro KoudokajibHoro unrepgepoverpa (12)
C BBICOKOil JIOJITOBPEMEHHOH CTabUIBHOCTBHIO (OKOJIO
5 MI'n/gac). Ilpu srom mmpunHa cuekrpa reHepa-
uuu ja3epa cocrapiasger menee 0.5 MI'm. Jlazep na
686 HM MEIJIEHHO TEepecTPamBaAETCsT B ODJIACTH ITepe-
xona 4f%6s%("Fy) + 4f56s6p(°FY) Tax, uTobwI mpOii-
i 109Ky Op = 0. VI3MeHeHuwe 9acTOTHI TeHEepaIuy
Ja3zepa KOHTPOJUPYyeTcsa ¢ ToMmolbio (.5-MeTpoBOro
koudoxrambuoro uarepdepomerpa (13) ¢ m06poTHO-
ctbio OokoMo 20 m 06/ACTHIO CBOOOTHON dUCIIEPCHN
149.8 + 0.1 MTI'u. MonoBsbrii cocTaB M3JIydeHUS Ja3e-
POB KOHTPOJIUPYETCsI C TOMOIIBIO CIIEKTPOAHAIN3ATOPA,
(14) ¢ pobporrocrbio 50 u 061aCcTHIO CBOOOAHOMN Auc-
mepcun 8 I'Tu. Bee unrepdepomerpnr onTuyecku u3o-
JINPOBAHBI OT JIA3€POB 115 TPEIOTBPAIIECHNST BOSHUKHO-
BeHHsI OOPATHON CBsi3u. JIuHEHHO MOISpPU30BaHHOE W3-
JlydeHUe JIA3ePOB CBOIUTCS HA MOJAPU3AMUOHHOM Ky-
6uke (6) B omuH myuok (¢ Tounoctbio 1073 pan) u Ha-
MPABJISIETCS B KIOBETY C mapamu camapus. Ilpu sTom
IJIOCKOCTU TOJISPUBAIUU IIYIKOB OPTOrOHAJbHBL. Ha
BXO/I€ B KIOBETY ILJIOTHOCTH MOIITHOCTHY U3JIyYeHUsT JTa3e-
pa Ha 672 HM coctaBiaser 0.1 MBT/MM27 a IJId Jra3epa
na 686 um — 0.2 MBr/mm?. Iocie Bbixoga u3 Kiose-
TBI Iy IKH PA3AETSIIOTCS € TOMOIIBIO rOOrpaduaecKoit
mudpaxkionHoil pemerkn 2400 auauit/Mm (15) u no-
crynator B cucreMy perucrpauuu (16, 20, 21).

ITockompky KIIH cBa3ano ¢ B3amMmoeiicTBHEM

ATOMHON CHCTEMBI C OHXPOMATHYEKHM CBETOBBIM
ojieM, B SKCIIEPUMEHTE DPeruCTPUPOBAIACH TOJIHKO
J00aBKa K TIOIVIOIIEHUIO JIA3€PHOTO W3JIYYEHHUs Ha
JITMHE BOJHBI 672 HM, CBS3aHHAS C HAJIMYNEM BTOPOTO
stazepHoro moss. st 3Toro mepes BXOIOM B KIOBETY
MyYOK Jia3epa Ha 686 HM MOTYJIMPOBAJICA C MTOMOIIHIO
JKUJIKOKPHUCTALIMYECKOTO MOAYyIsaTopa (4) ¢ 9acroroi
fm = 600 T'u, a permcrpupoBaJjicsi CUTHAJ HA TOM Ke
qacToTe MOJAY/ISAIuu B KaHase ja3epa Ha 672 am. Ha-
JINYNe TIWPOKUX KPBLIHEB U30BITOYHOTO TTOTJIONIEHHST
0OYCJIOB/IEHO BJIUSTHUEM CTONMKHOBEHHH ¢ OydepHbIM
razoM [17]. CoekTpbl HaBEJEHHOIO IMOIVIOIIEHUS pe-
TUCTPUPOBAJINCH KaK MPHU HYJIEBOM MarHUTHOM TOJe,
TAaK U [IPU HAJOKEHUW MPOIOIHLHOTO UJIU [MOIEePEIHOrO
MarHuTHOrO 1OJs. B 9KcrmepuMeHTax BO BHEIIHEM
TTOTIEPEYHOM MATHUTHOM ITOJI€ €r0 HANpPaBJIE€HHe BBHIOH-
paJioch BIOL HAMPABJICHUS MOISIPU3ANNN J1a3epa Ha

OJIMHE BOJIHBI 672 HM.
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6. KITH B PAMKAX YETBIPEXYPOBHEBOII
MOIEJIN

B obcy:xmaeMoM 3KcIepuMeEHTe B Mapax CaMapHs
MOMMMO aKTHUBHBIX YPOBHeli, obpa3yromux A-cucremy,
B mpomecc ¢opmupoBanus pe3sonancos KITH Bosie-
gyen yposenb 4f%6s? (J = 2), xora u He ydacTBYIO-
A HATPSIMYIO0 B BO3OY’KIEHUU BEPXHErO YPOBHS, HO
TTOTJIOMIAIONINI YaCTh HACETEHHOCTH 33 CYET paIua-

uuonHoro pacnana (puc. 2a). Kpome roro, 3acesnenue
ypoBHsi J = 2 maer 4yepe3 Oporecchl HEKOMEPEHTHOM
HAKAYKKA CO CTOPOHBI HUKHUX YPOBHEN, 00pa3ymOmux
A-cucremy. Yposenb J = 2, rakum 00pa30oM, JJisi IPo-
neccos popmuposanus KITH B Beigenennoit A-cucreme
WTPaeT pOJib pe3epByapa, M €ro HajJudue MpeBpallia-
er A-cucremy B OTKpbITYIO. B oTcyrcTBHE MarauTHO-
IO TOJTsl JAHHAST YeThIPEXYPOBHEBAsI MOIE/b YIUThIBA-
€T BCe OCHOBHBIE MEXaHU3MBbI, onpeaensomue 3 dex-
o1 KITH.

XapaKTepuCTUKY ATOMA, CAMAPUS U TTAPAMETPhI IKC-
MEPUMEHTa, HEeOOXOIUMbBIE [ CDABHEHWS C SKCIEPH-
MEHTAJIbHBIMU JAHHBIMA, CyMMUAPOBaHbBI B Tabu. 1, 2, 3.
B 1aba. 1 mpuBemeHbI CUIIBI OCIUJIISTOPOB HHTEPECYO-
IIIX HAC TIEPEXO/I0B, B TA0JI. 2 — 3HEpruu u g-PakTOPbI
HUZKHUAX MeTacTabuiabHbIx yposueii ¢ J = 0,1, 2 u Bepx-
Hero ypoBHst A-cucrembl. s MeTacTaOUIBHBIX YPOB-
Hell TaKIKe MPUBEIEHBI UX OTHOCUTE/HHBIE HACEIEHHO-
cru ipu T' = 600 °C (cm. [16]).

JunonbHbiit MOMeHT d, 9acToTbl Pabu () u ckopocTu
PACHIaioB Yy PACCUUTHIBAIOTCS IO (POPMYyJIaM

3he? (2J + 1)|fs1|

d 2 _
| JJ’| - 5
2m Wyt
0 diy B y 4d3% ; w?
JJ = JJ =
h RYTe

TIe m W e — Macca W 3apsi 3JIeKTPOHa, ¢ — CKO-
pocrb cBera, wjyy — dacrora nepexoxpa, |frp| —

cuIa ocmuuIATopa mepexoma J — J'. Hanpszken-
HOCTU JIEKTPUYECKOTO TMOJIsi PACCIYUTHIBAIOTCS 110
dopmyne E V/2W/cep u upunumaior 3HadeHusi
Eri =~ 270 B/m u Ep» 390 B/mM mpu muioTHO-
CTSIX MOIHOCTY W3JIyI€HUs JIa3€pOB HA BXOAE B

~
~

Kioery, coorBercrsenno, Wyp; = 0.1 mBr/mm? u
W2 = 0.2 MBr/mm? [9]. Tannble pacuera npejactasiie-
HBI B TA0OJI. 3.

HampszkeHHOCTD MATrHUTHOI'O TIOJIS  COCTABJISITIA
15 D B ciyyae OpPOOOJBHONO MATHWUTHOTO MOJNS U
29 9 — B ciaywae nomepedrnoro. Ilpum sTom st
MIPOIOIBFHOTO MArHUTHOTO OIS 36eMAHOBCKOE PACIIIel-
JIeHue, paccuuTaHHoe mo dopmynre A egH /2me,
cocrapiano A’ = 1.98 - 10® ¢! nna yposua 6s6p u
A" =4.09-108 ¢! gna yposus 6s2. Jl1a momepedHOro
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MarauTHOrO moa A' = 2.50- 108 ¢! maa yposua 6s6p
u A" =5.17-108 ¢! gaa yposua 6s2.

7. PE3VYJIBTATBI MOJAEJINPOBAHNI
CIIEKTPOB KITH B ITAPAX CAMAPUZ<I

B pesynbrare pacdyera, OCHOBAHHOIO HA ONUCAHHOMN
B pa3n. 3 TeXHWKe, HAMW TOIyYeHbI KOI(DMOUIHEHTDI
TIOTJIONIEHUST TIOKOSIIETOCS aTOMa CaMapus B paMKax
TPex- U YeTbIPEeXyPOBHEBOIN Mojeieli (COOTBEeTCTBEHHO,
puc. 4a v 46). AHanu3 npUBeIEHHBIX 3aBUCUMOCTEI 10~
Ka3bIBAeT, YTO BBEJEHUE YeTBEPTOTO YpoBHS J = 2 B
TPEXyPOBHEBYIO MO/IE/Ib MPAKTUYECKH He MeHseT IIIH-
pUHY pe30HaHCa, B TO BpeMs KaK IOJHOEe MOTJIOIIEHNe
YeTBIPEXYPOBHEBOW CUCTEMBI MO BEJUYUNHE 3HATUTE TH-
HO MEHbIIIe, YeM B CJIy9ae TPEXypPOBHEBOM. DTO MPOUC-
XOJUT 33 CYeT 3aXBaTa HACEJEHHOCTH HA ypoBHe J = 2
gepe3 COOTBETCTBYIONINIT KaHAI PAJUAIIMOHHOTO pacTa-
Ja.

7.1. Moaudukaiiuga ciieKTpoB B MATHUTHOM
nosie

[Ipu HAIO)KEHUM MATHUTHOTO TOJIS PACCMOTPEHHAS
BBIIIIE TPEXYPOBHEBAsI CHCTEMA ATOMa, CaMapus IPEBPa-
I[AETCS B CEMUYPOBHEBYIO 34 CUET PACIIEITIEHUs] YPOB-
Heit ¢ J = 1. YpoBeHb |3) paciiernuisiercst Ha TP KOMIIO-
HEHTBI (pHC. 5), B CBA3M C YeM CYIIECTBYIOT TPU Iepe-
X0Jla HA ypoBeHb |1), paspelennblie npaBuaamMmu 0T6opa
JITST pAIMAIMOHHBIX TIEPEX0/IOB, U BEPOSTHOCTD KazK 10~
IO U3 HUX COCTABJISIET 1/3 TIOIHOMN BEPOSITHOCTH MEpexo-
Ja |3) <> |1). Ananorn4no, ypoBeHb |2) Takzke pacier-
JISeTCs Ha TPU KOMIOHEHTBI, B Ha mepexoze |3) < |2),
COMJIACHO TpaBUjIaM OTOOpa, 0OPA3YIOTCs MIECTH Mepe-
XOZIOB, BEPOSTHOCTH KAZKJIOTO W3 KOTOPBIX COCTABIIS-
eT, COOTBETCTBEHHO, 1 /6 NOIHOI BEPOATHOCTH Hepexoua
13) <> [2).

JonomHUTEeTbHBIM KAHAJIOM PACIajia B MHOTOYPOB-
HEBBIX CHCTEMAX [0 CPABHEHUIO C TPEXYPOBHEBOIT cHCTe-
MOJi SIBJISIETCST CTOJIKHOBUTENIbHAS Jenosspu3anus [18].
Jenonsipu3aiys aromMa MPU CTOTKHOBEHUH C JPYTHM
aTOMOM CBSI3aHA C TIEPEXOJAMH MEXKJy COCTOSHUSMU
C PA3HBIMU TPOEKIUSAMU MATHATHOTO MOMEHTA, aTOMa
Ha, BBIJIEJIEHHOE Hanpasenue. [1pu HATOKEeHUN MarHUT-
HOIO TIOJIsi CTOJIKHOBEHWsT OyJ/IyT BbI3BIBATH MEPEXObI
MEXKJIy 3eeMAHOBCKUMU IOyPOBHIMHU C Pa3TUIHBIMU
3HAYEHUSIMU MPOEKIIUH MATHUTHOTO MOMEHTa, /TS KasK-
poro mysbrumiera [m) = |m £ 1). [Ipu cronkaoBenu-
SIX C U3MEHEHHEM MPOEKIMYA MOMEHTA Pa3PyIIaeTcs KO-
PePEHTHOCTh MEYKJYy HUYKHUME YPOBHSIMH A-CHCTEMBI,
qT0 BusAeT Ha BenuauHy pe3onanca KITH. JIxs npose-
JIEHUST TEOPETUYECKUX DPACUETOB HCIOJb30BAIUCH YUC-
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Puc. 4. Koadduunentsl nornowenus npobHoro nons s TpexyposHesoii (a) n 4eTbipexyposHesoii (6) cuctemax kak dyHk-
LM pamaHoBCKoOl paccTpoiiku 0r npn 67, = 0 n pasnuunbix ckopoctsx gedasuposkn (¢~ ). CooTseTcTByIOWME CXEMBI
ypoBHeli npneefeHbl Ha puc. 1, 2

Puc. 5.

J=0

Cxema A-cuctemsbl aToma CaMapusa nNpun HanoXeHmm: ¢ — NnpoAO0/IbHOrO MArHUTHOrO noasa Ans NINHENHbIX op-

TOTOHaNIbHBIX MONMSPU3aLNii Na3epHbIX Ny4YKOB, 6 — MONEPEHHOro MAarHUTHOrO Nons; npasuna otbopa Ans Nepsoro nons
wr1 — Ami = £1 (a), 0 (6), ans sToporo nons wro — Ams = £1. A’ n A" — BennuuHbl 3eeMaHOBCKOro pacuiensieHus,
COOTBETCTBEHHO, HUKHErO 1 BepxHero yposHeii ¢ J # 0

JIEHHbIE JAHHBIE, IpUBeneHHbe B pa3a. 6. B pacuerax
9TOT MPOIECC YIUTHIBAJICS BBEACHIUEM KOHCTAHTHI JEI0-
sgspu3anyuu G MeXKIy YPOBHSIMU KayKIOTO MYJIBTUILIE-
Ta, KOTOPasi PACCMATPUBAJIACh HAMHU KAK MOJATOHOYHBIH
mapamerp, u3Mensiembiii B guanazone G = 0-807,;.

IIpu gambHeiineM paccMOTPEHHH MBI OyaeM pa3jiu-
9aTh ABe KOH(MUIYPAUHU TPUIOKEHHOIO MArHHTHOTO
TOJIST — MPOJOIBHYIO U MOMEPEUHYIO.

7.2. Cayuaii mpogoJIbHOTO MAarHATHOTO IIOJIS

Cxema ypoBHe# mjisi OPOAOILHON KOHMUrypamuu
mosieii mpuBeeHa Ha puc. Sa. st auHEHHO mospu3o-

BAHHBIX TIOJIEH, COMIACHO NPABHIAM OTOODA, B PACCMAT-
pUBAEMOli cHCTEME Pa3PEUICHBI EeCTh HEePEX0J0B, TAK
kak By LH (Amy = £1) u Ex LH (Amy = £1). Tlepe-
xozpl |1) < |5) u |3) <+ |5), |1) <> |7) u |3) < |T) obpa-
3yfor aBe A-cucreMbl, mepexonsl |2) < |6) u |4) <> |6)
TaKZKe pa3perreHbl MpaBuiaMu 0TOOpa, OTHAKO B 00-
pa3oBaHWM A-CHCTEM HE yYacTBYIOT, & OTBETCTBEHHBI
3a 00pa30BaHUe JONOJHUTENbHBIX MUKOB MOTJIOMICHU
(cm. IIpunoxenue).

Ha puc. 6 npusenena cOOTBETCTBYIONIAS JAHHON
KOH(DUTYPAIUU 3aBUCAMOCTE KO3 DUIHMEHTA, TOTITOIIIE-
HUsl TOKOSIIIIErOCsT ATOMa CaMapusi OT PAMAHOBCKOM pac-
CcTpOiiKKM 0 U Jia3epHOH paccrpoiiku d7 6e3 ydera ae-
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Tabnuua 1.  [nuHbl BOAH 1 CUAbI OCUUINSTOPOB aKTUBHbBIX NEPEXOA0B

ITepexon, JIiHa BOJTHBI A, HM Cwa ocrmisitopa g f
6s% (J = 0) — 6s6p (J =1) 672.5875 85-107
652 (J =1) — 6s6p (J =1) 686.0927 9.5-1073

Tabnuua 2.  DHepreTm4eckne ypoBHN Camapunsi, ONPeaenstone CNEeKTP NOrIOWEeHNs

Yerupie yposau 4f°6s(7F) Heuernsrit yposens 4f6(7F)6s6p(3P°)? FP
J Dueprus, e~} g OtnocurenpHas J Dueprus, cm ! g
HaCeJIeHHOCTh
npu T = 600°C
0 0 — 1.0
292.58 1.50 0.6 1 14863.85 3.10
2 811.92 1.50 0.24

Tabnuua 3. [lapametpbl, onpegenstowne Bo3byxaeHne A-cucrembol

1 1 1

Yacrora Pabu, c™ CropocTh paJiManMoOHHOrO PacIaia, ¢ Ckopocrb neda3upoBku, ¢~

04 =058 107 a1 = 0.42 - 10° Iy =24-10%
Qo4 = 0.83 - 107 Y42 = 0.45 - 109 [y3 = 1.6 - 10*
_ 743 = 042 . ].06 -

TONIAPU3AINNA. YUeT TPOIECCa AETONAPU3AINNA TTPUBO-
JIAT, BO-TIEPBBIX, K POCTY HABEIEHHOTO MOTJIONIEHUS, a Koacprupent nornomeHus,
BO-BTOPBIX, K MOHOTOHHOMY YMEHBIIEHHIO KOHTPACTA
pesonanca KIIH. Bangnue menonsipuzanuu Ha ITUPU-

uy pe3onanca KITH npaxrtudecku He HAOIIOIAETCH.

C ucnosnb3oBanuem ¢popmyist (11) u paccuuranHoro
TIOTJIOMIEHUS MTOKOSIIEr0CsT ATOMa, OBLT PACCIUTAH KO-
dunuent morsomenust cpeasl. Ha puc. 7a npuBegeHb
3aBUCHUMOCTH KO3 (PUIMEHTA MOTTOIEHNs CPebl TIPU
wr1 = const u 67, = 0 OT paMaHOBCKOH paccTpOKu OR
Ad IByX 3Hadenuit remneparyp: 71 = 873 K, coorser-
CTBYIOITNETO yCJIOBUAM 3KcnepumenTa, u 1 = 10 K.

T

i
\Hu‘m
N3menenne TeMmeparypbl MPUBOIUT K U3MEHEHUIO il

abCOTIOTHON BeIUYUHBI KO MUINEHTA TOTJIONIEHHS,
HO TMPAKTUYECKW He CKA3bIBACTCS Ha ero ¢gpopme. ITO
MIPOUCXOIUT 34 CYET TOrO, YTO MPU MOBBIIMIEHUH TEM-
meparypbl BO3PACTAET BKJIAJ], ATOMOB, B3aWMOJEHCTBY-
IOIUX C TOJIEM MPHU OOJIBITUX JTA3EPHBIX PACCTPONKAX,

410 nouuzkaer noruotterune K (0y,,0r).
JI1st cpaBHEHHS HA PUC. 76 IPHBEJEH SKCIEPUMEH- Puc.6. 3asucnmoctb ko3appuumreHTa noraoweHunst no-
KOsiLLerocsi aToma camapusi ot 6r n d B Ciny4ae npo-

TAJIbHBIA CIIEKTP MOTJIOIIEHU IIPOOHOTO Ja3epHOTrO MOo- .
AosbHON KOHCbVIpraLI,VII/I MAarHnTHOro nons

as (672 M, 67, = 0), HOJNYYEHHBIH IIyTeM CKAHMPOBA-
HHS 9aCTOTHI BTOPOrO YIPABJAONIEro Mosist. Kak Bu-
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LMEHTA MOT/IOLWEHNS CEMUYPOBHEBON CUCTEMbI OT pa-
MaHOBCKOIl pacCTPOiiku 0r B MPOLOSILHOM MAarHUTHOM
none ¢ y4etom acdekta Jonnepa fns gByx 3Hade-
Huii Temnepatyp T'
T = 873 K (cnnowhas). 6 — JkcnepumeHTanbHas
3aBNCUMOCTb KO3(pprLMEHTa NOFNOWEHNS B NPOAOb-

10 K (wTpuxoBas nuHms) wn

HOM MarHUTHOM MOJe HaMPSXXEHHOCTb0 29 D npn Aas-
nevun 0.2 Topp bydepHoro rasa Ar

HO Ha, pUC. 7, TUMWYHAS TTUPUHA DKCIIEPUMEHTATIHHO
nabionaembix pesonancos KITH cocrasmsier 5-6 MI'm,
9TO COTJIACYETCsI C TEOPETUIEeCKHMH pacdueramu. BBu-
JIy TOTO 9TO TMOTJIONIEHUE TOJIsT W3MepsieTcs Ha (DUK-
CUPOBAHHON YacToTe W1, HAXOAANIENCA B pe30HaHCe
C ATOMHBIM II€PeXOJIOM, TMOTHAS IMUPUHA KOHTYypa MO-
IJIOMIEHUS KaK (DYHKIUU PAMaHOBCKON PACCTPOWKU JR
HEOTPAHWYEHHO BEJIUKA.

Ouenku, npupeneHHble B I[IpuioKeHMH, [OKA3bI-
BAIOT, YTO TPH HAJOKEHUU MPOJOIHLHOTO MArHUTHO-
I'0 IOJISL JIOJIZKHO HAOJII0AATHCA PACIICILIEHIEe Pe30HAH-
ca KITH na Besuuuny 2A'wis/wi3. DKCnepuMeHTANb-
HO HabJomaeMoe mojtoxKenune pesonancos KITH mommo-
CTBIO COIJIACYETCs C STHUMM Pe3YJILTATAME, U PACILeILIe-
HEe cOCTaBsgeT mopsaka 3 MI'm.

5 ZKOT®, Bein.4
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Habmomaemble B 9KCIIEPUMEHTE IITHPOKHE KPbBITbs
KOHTYDa TIOTJIOIIEHUs] IPU OONBIITAX PAMAHOBCKUX DAC-
cTpOiiKax dp CBS3aHbBI C BINSHWEM CTOJIKHOBeHuMit [17],
a UMEHHO, C BO3MOYKHOCTBIO [IEPEXOI0B ATOMOB U3 pas3-
HBIX CKODOCTHBIX TPYIIN B TPYIIITY, PE30HAHCHYIO CO CBe-
TOBBIM TosieM [19]. B mpuBeseHHBIX pacuerax JaHHBIH
MEXaHU3M He y4UTHIBATICH.

7.3. Cay4aii momepevyHOro MarHUTHOTO OIS

DHepreruveckasi AUArpaMMa, yPOBHEH st aroMa
camMapusi B HOIEPEYHOM MArHUTHOM I[I0JI€ [OKA3aHa,
"a puc. 56. B momepeynom marmutaom mone H | su-
HEHHO MOISIPU30BAHHOE M3JIydeHHe Ja3epa C YacTo-
Toll wr (Bekrop H | JIeKUT B MJIOCKOCTH IIOJISIPU3a-
UMK) MOXKeT BbI3bIBATH TOJBLKO mepexoipl ¢ Am = 0
(r-xommoHeHTHI). B To Ke BpeMs m3iydeHwe Jazepa
C 9YaCTOTON wr2 C IUIOCKOCTHIO TMOJISIPU3AINH, OPTO-
roajbHOi H |, BbI3bIBaeT IEpexoabl ¢ Am +1
(o-xommnonenTsr). B 3TOoM ciyuae o0pasyiorcs IBe
A-cucremsr: iepexonpt |1) < |6), [2) + |6) u |1) + |6),
|4) < |6). IIpu srom nepexozpt |3) <> |5) u |3) <> |7) B
obpazoBanuu A-CUCTEMbBI HE YYACTBYIOT.

st cirydast HAJIOYKeHUsl TONePedHOr0 MarHuTHOTO
MO, AHAJOTUIHO pa3fd. 4, ObLIM pacCIMTaHbI KOd(]-
bUNMEeHTHI MOTJIOIIEHNST TOKOAIIErOCS aATOMA, W3YIeHO
BJIUSTHUE JIETMOISPU3AINN U PACCINTAHBI KO3 hurmeH-
ThI MOTJIONIEHWsT CPEAbl ¢ ydeToMm BiusHus 3hQeKra
Hormiepa.

OcOBEHHOCTBIO CIEKTPOB IIOIJIOMIEHUS B IONEped-
HOM MAarHWTHOM IIOJI€ SIBJISIETCSI DACIICIICHHAS JIMHIS
pesonanca KIIH, BenwuwHa paciienieHuss KOTOPOTO
COBIIAZIAET C BEINYMHON 3€eMAHOBCKOIO DACIICILICHIS
noxyposreit |2) u |4) ypoBus J = 1: Aw = 2A’ (cMm.
[Tpunoxenne).

Jenonsipu3aliyss MATHUTHBIX [O/LyPOBHEH MPOSIBIIs-
€TCsT AHAJIOTUIHO CITY9al0 MPOJIOTBHOTO MATHATHOTO IO~
a5 (eMm. pasz. 7.2). MakcuMasbHOe 3HAUYEHHe KOHTDPAC-
Ta pe3oHanca gocruraercs npu G = 0, ¢ pocrom G
KOHTPACT PE30HAHCA YMEHBINAETCs, 8 ero MUPHHA TPU
9TOM MPAKTUYIECKYN HE MEHSIETCS.

Ha puc. 8 conocraBiienbl 3KCIiepuMeHTAIbHBIE TaH-
HBIE C PE3YJIbTATAMH TEOPETHIECKOTO pacdera KO3 du-
[MEHTA IOTJIOMIEHUsI CPEbl JIsi CJIy4asi MOMEePedHOro
MarauTHOrO nojisi. Kak u B ciiyuae mpoioIbHOrO Mar-
HUTHOTO TMOJIS, MOJI0ZKeHne u mupuHa pesonancos KITH
COBIIAJAIOT ¢ TeoperndeckuMu pacderamu (cm. I[Tpuiio-
JKEHME).
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Puc.8. a — Teoperuyeckue 3asucumoctu koacpdn-

UNEHTa MOr/IOWEHNS CEMNYPOBHEBOT CMCTEMBI OT pa-
MaHOBCKOI pacCTpoiikn 0g B MONEPE4HOM MarHUTHOM
none c y4etom acpcpexta Jonnepa npu T = 873 K ansa
ABYX 3HAYeHWUli OEnonsApm3auun MarHUTHbIX NOAYPOB-
veli, G = 0 (cnnowHas nunua) n G = 0.5 (wrpuxo-
Bas). 6 — JkCnepuMeHTaNbHas 3aBUCNMOCTb K03 du-
UMEHTA NOrNOLWEHNS1 B NOMNEPEHHOM MArHUTHOM MOne
HanpsixeHHoCTblo 29 D npu pasnedun 0.2 Topp Oy-
deproro rasa Ar

8. BBIBO/JI bl

B nmammoit pabore mpeacTaBieHa TeOPETHIECKAS MO-
menb anst onucannss KIIH B MHOroypoBHEBBIX cucTe-
MaX, TTO3BOJISIONIAad MPOBOINUTE PACUETHI ¢ UCTIOIH30Ba-
HUEM MWHMMAJILHOTO HAOOPa BXOIHBIX MapaMeTpos. Ke
pUMeHeHne K aHAJIN3Y CIIEKTPOCKOMUYIECKUX XapaKTe-
puctuk KITH B mapax camapusi MOKa3bIBAET, UTO PE30-
nancel KITH B oTcyTcTBME BHENTHETO MATHUTHOTO TIOJIS
XOPOIIIO AMMPOKCUMUPYIOTCSI IPOCTON YeThIPeXypPOBHe-
BOIT MOJEJIbIO.

IIpu wamoO)keHWM TPOJONBHOIO WJIK IIOMEPEIHOrO
MAarHUTHBIX MOJIEil CIIEKTPOCKOMIMYECKUE XapaKTePUCTH-
KJA aTOMOB CaMapwusi XOPOIIO OMUCHIBAIOTCSH CEMUYPOB-
HEBOI MOJIEIbI0. YCI0KHEHNE SHEPreTUIeCKOU CTPYyK-

TYpbI YPOBHEH aTOMOB CaMapus MPUBOJUT K yBeTHUe-
Huio uguciaa pesonancoB KITH u mosiBeHuio m0MomHM-
TEJILHBIX TTUKOB TIOTJIOIIEHWSA B CIEKTPax, 3a CYeT TO-
0 9TO paccMaTpUBaeMas CHCTEMa PACIIAIAeTCs Ha Ha-
0Op TPEeXypPOBHEBBIX A-cUCTeM, KayKIast U3 KOTOPBIX OT-
BedaeT 33 GOPMUPOBAHNE COOTBETCTBYOIIETO PE3OHAH-
ca. IIpu sToM mepexombl MEKIy YPOBHSIMH, MPSIMO HE
YYACTBYIOIIMMHU B 00pa3oBaHuyu A-CHCTEM, Y4aCTBYIOT
B (pOPMUPOBAHNUN TTMKOB HABEIEHHOTO MTOTJIONICHMS.

ITokazaHo, 9TO B TPUCYTCTBUM MATHUTHOTO MOJIS CY-
IIIECTBEHHOE BiIMsSHNE HA (HOPMY JIMHUY TIOTJIOIIEHUS U
xoHTpact pezonancoB KITH oka3biBaer sBieHme aemo-
JISIPU3AIMYA MATHUTHBIX TTOLYPOBHE, TPOSBIISIONIEECs
KaK MOHOTOHHOE TaJieHne KOoHTpacta pe3oHancos KIITH
C POCTOM KOHCTAHTBI [IETTO/ISPUSAIIH.

Paccanranbpl 1 CONOCTABIIEHBI € SKCIEPUMEHTATTHHBI-
MU JTAHHBIMEA KO3} DUIHEHT I TOMIOMIEHUS TTAPOB C y4e-
TOM MaKCBEJIJIOBCKOT'O PACIIPE/IETIEHNsT AaTOMOB 110 CKO-
pocrsim. [Tokazano, 9T0 U3MEHEHHE TEMIIEPATYPbI BEIET
K M3MEHEHHI0 a0COMIOTHON BEeMMYIUHBI KOd(DPHUImenTa
MTOTJIOIIEHUST, HO TMPAKTUIECKNA HE CKA3BIBAETCSA HA, €r0

dopwme.

IIpn wanuyuMu MOMEPEeYHOr0 MATHUTHOTO IO
pe3yIbTaTh
TIPOU3BOJIAT  IKCITEPUMEHTATHHDBIE
OTHOITIEHNY TOJIOZKEeHUS U mupwHbl pe3oHancoB KITH,

YHUCJIEHHBIX pPaC4YeTOB IIOJHOCTBIO BOC-
JaHHbIE KaK B

TaK ¥ B OTHOIIEHWH (POPMBI crekTpoB. s mpomonb-
HOIMO MArHUTHOTO MOJIsi KAYECTBEHHBIE TEOPETHIECKHe
OIIEHKY MOATBEPKIAIOT HADIIOJAEMOE B IKCIIEPUMEHTE
pacmenienne pe3onanca KIIH na mamyio Bemndumy
mopsinka 3 MI'm, ommako ero BocmpousBeneHue mpuU
YUCJIEHHOM pacdere TpedyeT BBIXOAA 33 PAMKU MPU-
Gmzkennii [15], OOBIYHO MCTIOMb3yeMbIX sl OTTHCAHMUS
3¢pPEKTOB BIUSIHAS OMJIEPOBCKOrO VIIAPEHHUS HA
dopmuposanue crexkrpon KITH.

Pabora HO/Iep7KAHA PoOU (rpaHTBI
Ne(01-02-16311, 01-02-174-42, 01-02-174-39,
00-15-96-586), rocymapCTBEHHON HAay9IHO-TEXHUIECKON

nporpammoii  «DyHIaMeHTAIbHAS ~— METPOJIOTHUS»,
INTAS (INFO 00-479) wu Volkswagen-Stiftung
(I/73647).
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IMPNJIO2KEHUE

OCOBEHHOCTHN PESOHAHCOB KIIH HA
®OHE JIOIIJIEPOBCKH YIIIMPEHHOM
JIMHNN B MATHUTHBIX ITOJIAX

C.]'Iy‘laﬁ IIPOAOJIbBHOTO MarHMTHOTO IIOJIA

B skcmepuMenTe 4acToTa MepBOro Jia3epa MOCTOsH-
HA W PaBHA Wr1 = wig + 0r,, vae 0r, — HeOOIbIIad
nasepHas paccTpoiika. B pesonamce ¢ momem wr; Mo-
IYT HAXOAUThCS TOJNBKO T€ YACTHIHI, KOTOPhIE HMEIOT
OIIPEJIEJICHHYIO MPOEKIUIO CKOPOCTH HAa HAlPABICHUE
CBETOBOTO JIy4Ya, TaKyk, YTOOBI JOMIEPOBCKUIl CIBHUTD
CKOMITIEHCHPOBAJI PACCTPOIKY YACTOTHI OIS W1 OTHO-
CHUTEIHHO YaCTOThI KBAHTOBBIX mepexofoB |1) < |7) u
|1) <+ |5) (rouku a u b Ha puc. 9a).

[Tormomenne BOMHBI wr1 OymeT HAOIIOAATHCS HA
gacrorax wig + A" (mepexon [1) + |7)) n wig — A
(mepexof, |1) < |5)). Cornacuo oupenenenuio sbdexra
Jorutepa, moryduM BbIParKeHUs JJ1s COOTBETCTBY IOIIAX
CKOPOCTHBIX TPYIIII:

wiz + A"
wp = ————
=7 —ug1/c
v w1z + A"
— (1 - Ll) =BT (rouka a),
C Wr1
Y wiz — A"
m=1- Vg /C
_ A"
— (1 - %) =A== (rouxa b).
c wr1

BzammozeiicTBre TacTuIl B KazKI0M CKOPOCTHOM rPyTIe
C TOJIeM w1 MPHUBOAUT K TOMY, YTO ypoBeHb |1) obes-
HSETCsI, & HACENIeHHOCTH ypoBHeil |2),|3) u |4) Bo3pac-
TAIOT 3a CYET PACIaIOB C BEPXHUX ypOBHel. Bropas
9aCTOTA WLy = Wa3 +0L,, TAe 01, — PACCTPOIKa BTOPO-
ro MOJisi, CKAHUPYETCs B IIMPOKOM IHAIIA30HE YACTOT.
Ha puc. 9a nanecenbl Touku ¢, d, e u f, cooTBeTCTBYIO-
IIMe CKOPOCTHBIM TPYIITAM YACTHIL, [/ KOTOPBIX JOII-
JIEPOBCKHUI CIBUT KOMTIEHCUDYET PACCTPOKY dr, dac-
TOTBI W2 OTHOCUTEIHHO 9ACTOT KBAHTOBBIX MEPEXOI0B
[3) <> |7), |2) <> |6), |4) <> |6), |3) <> |5). [Tormomenue
BOJIHBI W15 OyIeT HADIIOZATHCSA HA YETHIPEX JACTOTAX:
waz = A" (mepexon |3) « |7) u |3) < |5)) m wag £ A/
(mepexof, |2) <+ [6) u |[4) <> |6)), T e. BbIpazKeHHS Jist
COOTBETCTBYIONIUX CKOPOCTHBIX TPYIIT UMEIOT BH/L

waz + A"
w =
L2=9_ ve3/C
A/I
- (1 - %) _sta (rouxka c),
c wr2
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—2A-A'

15))

AL EH 713 © 7))

_|A, T A|,

WLy

Puc.9. Habniogenune pesonancos KIH Ha ¢one po-
NJEPOBCKM YIIMPEHHONR JIMHIN; TOYKA G COOTBETCTBYET
nepexogy |1) <+ |7), b —|1) <+ |5), ¢ — |3) « |7), d —
12) & [6), e — |4) > [6), F— [3) > [5). a — F(v,) —
byHKLUNSI MaKCBENIOBCKOrO PacrpesesieHns no CKopo-
CTAM, TOYKN a 1”N b COOTBETCTBYHOT 4HacCTuuam, KOTO-
pbl€ MEIOT ONPEeAENneHHYIO NPOEKL IO CKOPOCTU Ha Ha-
npaBneHne CBETOBOrO fyda, Takylo, 4Tobbl fonnepos-
CKuli CABAI CKOMMEHCMPOBAJ PACCTPOIKy 4aCTOTbl NO-
Na Wr1 OTHOCUTE/IbHO H4aCTOTbl KBAHTOBbIX NEPEXOA0B
[1}) < |7) n |1) > |5); Toukm ¢, d, e n f cooTset-
CTBYIOT CKOPOCTHBIM TFpynmnaM 4acTuy, Asi KOTOPbIX
AOMNIEPOBCKNY CABUM KOMMEHCUPYET PacCTpPOiiKy dr,
4aCTOThbl W2 OTHOCUTENbHO 4aCTOT KBAaHTOBbIX Mepe-
XO[,0B COOTBETCTBEHHO |3) <> |T), |2) =+ |6), |4) <> |6),
|3) <> |5). I'pacpuyeckas nnntoCTpaLusi nonyHeHns nu-
ko nornowenuns K (w) (6) n pesonancos KIMH (6) Ha
¢poHe [ONNEPOBCKN YLINPEHHOR NMHIN

5*



w LUQ?,-{—A’
L2 — 17—
1 —vg4/c
Vg4 (JJ23+A’
— (1 — i) = ——— (rouka d),
C Wwr2
W23 —A’
W2 = 7————
1—wvg5/c
'
Uz waz — A
— ( - i) = —— (Touxka e),
C Wr2
woz — A
W2 = 7————
1 —wv6/c
"
VUz6 w23 - A
— ( — L) =—— (rTouxa f).
c wr2

B ciyuae, Korma paccrpoiika 6y, > wes + A’ Touxknu
c—f HaXOmATCs ClIeBa OTHOCHTE/NIbHO TOYKM 0. B Kazk-
JIOH U3 3TUX CKOPOCTHBIX rpymil (a—f) aroMbl BO36yzK-
JAIOTCS U3JIyYeHUeM Wiy WIH wri. PABHOBECHOE pac-
mpeieieHre HaceleHHocTel Hapymmaercs. [Ipu ymens-
IIIEHUH PACCTPOiKY 0r, TOYKH ¢, d, e u f Ha rpaduke
(puc. 9a) nBuxkyTca Bupaso. Ilpu coBmajeHuu TOUEK
¢ m b aTOMBI, HAXOAAIINECS B ITONU CKOPOCTHON TpyII-
e, OJHOBPEMEHHO B3aMMOJAEHCTBYIOT € OOOMMHU MOJIs-
Mu. Bos30OyxkmgaoTcs aBa mepexoma, KOTOpbIe He obpa-
3yorT A-cucremy, OJHAKO M3-3a HAJIWYNS HEPABHOBEC-
HOIO pAaCIpeie/IeHUsT YaCTHIL [0 YPOBHIM U H30BITKA
HACEJIEHHOCTU Ha YPOBHE |3) BO3pacraer IOMJIOLIEHUEe
BTOPO¥ BOJIHBI, YTO COOTBETCTBYET THUKY TTOTJIOIICHWS
(puc. 96). ITonyunm 9acToTy, HA KOTOPOH HABIIOIAET-
Cs1 9TOT MUK MONJIONIEHNUs], U3 YCIOBUS COBIAIECHUS CKO-
POCTHBIX TPYMII Ugo (TOUKA b) U vz (TOUKA c), T.e€. U3
yCTIOBHS

wWig — A _ wag + A"
wr1 wr2

W3 5TOro BBIpAsKEHUS JIETKO IOJYyYNUTH YaCTOTY,
Ha KOTOPO#T HAOIIOMAeTCs MEePBbI MUK MOLIOIIEHHSI,
wra = wag +2A" + 61, . llpu nanbHeieM yMeHbIIeHUN
01, HABJIIONAIOTCS IMKK MOIVIOIEHUS IIPU COBIAIEHUN
CKOPOCTHBIX TPYII Uz U VUzq (TOUKH b u d), a Taxxke
Vg2 M Ugs (TOYKM b U €) HA YACTOTAX, COOTBETCTBEHHO,
wrs = wag + A" + A" + 0r, M wra = waz + A+ oL,
IIpu nasnbueiiem cHuzkeHun 0f, TOYKA € COBIAJAET
C TOYKOH @, 9TO COOTBETCTBYET OJHOBPEMEHHOMY BO3-
Gy kaenuto mepexonos |1) < |7) u |3) « |7), T.e. pe3o-
nancy KITH B A-cucreme, o6pasoBannoii yposusimu |1),
|3) u |7). Paccauraem, Ha Kakoi dacrore Oyaer HaOJIO-
Jarbesa muk pe3onanca KIIH. I3 ycnosust coBnagenus
CKOPOCTHBIX IPYII Vg1 U Ug3:

?

(1 Uzl) w3+ A" (1 Uzs) _ waz + A"
’ WL2

c WI1 c

cremyer, 9To nepsbrii peonanc KITH 6ymer nadmogarnh-
csl Ha 9acToTe

CL}le”

wr2 = waz + 6, +
w13

Bropoit pezonanc KIIH Bo3Humkaer npu coBIaIeHAN
CKOPOCTHBIX TPYII Uyg (TOUKA f) U vy (TOUKa b). AHa-
JIOTUYHO TIOIy9aeM 9acTOTy

wleII

w2 =weg + 0, — —,
w13

Ha KOTOpOoi Habmomaercs Bropoit pezonanc KITH. Ilpu
9TOM paCCTOsTHWE MeXKIy aByMsi pe3oHancamu KIIH
paBHsieTCS

ac bf W12
Wro —LLJLZ =2A w—ls

HanbHeiiiree yMeHbIIeHIE PACCTPONKA 1, TPHBO-
JUT K TOABJIEHUIO MUKOB IOTJIONIEHNS B JIEBOI YacTH
rpaduka (puc. 96). Cienyer 0cobo 3aMeTUTh, YTO Ha-
JIMYre Ja3ePHOI PACCTPOUKHU BTOPOIO NOJA, HE PABHOU
HYJIIO, TPUBOJIUT K TOMY, YTO paclpeesieHue MUKOB U
PE30HAHCOB CUMMETPUYHO OTHOCUTETHHO YaCTOThI

Wr2 = Wa3 +6L1. (H].)

Taxum 006pa30M, HA JOMJIEPOBCKU YITUPEHHOM KOHTY-
pe, B OTJINYNE OT CIIEKTPA MOKOSIIEroCss aToMa, MbI Ha-
6JI0/1aeM CUMMETPUYHYIO0 KApTUHY ([IeCTh IIMKOB I0-
ruottenus u aBa pesonanca KITH) orHocuresnbho vac-
rorer (I1.1).

C.nyqaﬁ IIornepevYHoro MaroHuTHOI'O IIOJIsA

PaccyzxmeHns aHAJOTHYHBI CJIy9al0 MPOJOIBLHOTO
MAarHuTHOrO 1ojs. Ilormomenne BOMHBI Wy OyaeT Ha-
6rofaThest Ha Jacrore wiz (mepexo |1) < |6)). Bro-
pasi 9acTora, wr2 = w3 + 0L,, e 4, — PACCTPOii-
Ka BTOPOTO IIOJsl, CKAHUPYETCS B MIMPOKOM IHAIIA30HE
qactor. Iloryiomenre BOMHBI wro OyaeT HAOIIOAATHCS
Ha JByX 4acrorax: wsz = A’ (mepexon |2) <« [6) u
[4) <> |6)). OgnOoBpeMeHHOE BO30YIK/CHHE HEPEXOIOB
[1) < |6) u |2) <> |6), a Takxke |1) <> |6) u [4) < |6),
coorBeTcTBYIOT pe3oHancam KITH B A-cucremax, oGpa-
30BaHHBIX yPOBHAMM, COOTBETCTBEHHO, |1), |6), |2) u |1),
|6), |4). Takum 0Opa3oM, HAGIIOJAIOTCS ABa PE30OHAHCA
KITH na wgacTtoTax wrs = ws3 = A’. Paccrogaue mex-
Iy PE30HAHCAME PABHO YIBOCHHON BEJIMIMHE 3€€MAHOB-
CKOrO paciernyiennss Huzkaero ypopas Aw; = 2A'. Or-
METHUM, 9TO OTHOIIEHWE BEJIUIMHBI PACIICIICHUS PE30-
nancoB KITH nas aroma camapus B TOTIEPETHOM U ITPO-
JIOIBHOM MATHHTHBIX IOJISX COCTABIIAET

ALLJL QAIJ_ o HL

= =25——.
Aw” 2A1|w12/w13 HH
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