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IlomaHo pesyabraTi po3B’a3Ky PIBHAHHA MEPEHOCY BUIIPOMIHIOBAHHA 3a BIACYTHOCTH JIOKAJIBHOI
repmonuHamiunoi pisHoBaru (JITP) B conauniit armocdepi niist ckiranHux 6araropiBHeBrUX Momesteit
aToMiB pinkicHosemesbHux estementis (P3E). Pospaxysku mposemeno Meromom npuckopenol A-
itepari. OTpuMaHO KIJIBKICHI 3HAaYeHHS MTapaMeTpiB, 1o OMUCyoTh Biaxmienns Big JI'TP Ha pisHunx
piBHzAix armoccdepu CoHig 11X mito Ha dpayHrodepoBl JiHII — 3acesIeHOCTI 1X piBHIB, OYHKINIO
mKepesa, mpodilil, eKBiBaJeHTHl mupuHA Touo. OTpuMaHo ¥ MOsICHEHO Iepexid B eMiCifo JIHIA Ha
kpato gucka COHIIH, M0 y3TOMKYETHCA 31 CIIOCTEPEXYBAHUMHY TAHUMU I MITBEPIRKY€E BEJIMKY POJIb
He-JITP ederTiB y MexaHIsMi yTBOpeHHd cilabKux ckaamuux cuekTpis P3E ma Coniy.

Kuawuosi caoBa: nepernecenns sunpomiatobanns, He-JI TP edektn, mpodiai I, piakicHo3e-

MeJIbHI eJIEMEeHTH.

PACS number(s): 96.60-FS

I. BCTVII

HedinmuT BazKKHX €JIEMEHTIB ¥ 30PAX MpUOIH3IHO OI-
HaKOBHUil, 38 BUHATKOM THX, IO 6epyTh yIacTh y TPO-
mecax HeWTPOHHOrO 3axollyieHHs. Jlo esleMeHTIB, 1o €
CUJILHUMWY TOTJINHAYAME HEHTPOHIB TIPHU MOBIJIBHEUX S- 1
HIBHAKUX P-Tpolecax HEeHTPOHHOTO 3axOlJIeHHs, HaJje-
KaTh piaxicHoseMenbHl enementn (P3E). Born marors
ONIVH 13 MaKCHUMYMIB Ha KPUBI# MOMITPEHOCTH €JIEMEHTIB
v BcecpiTi, ixHl JIHII TEPIIIME TEPEXOAATEL Bl MOLJIN-
HaHHA [0 eMIcil M 9ac MTOBHIX COHAYHUX 3aTeMHEHb, 1M
IpUTaMaHHl eMiciiial ocobmBocTl Ha aucky Conmg. Iu-
TercuBHOCT] AiHIE P3E BUABIAIOTE 9acoBl 3MIHU B CIIEK-
Tpax OGLIBIIOCTH MaTHETHHUX 31p, a TaKOXK 3MIHI €KBIBa-
JIEHTHUX MIUPUH JIHIH, M0 KOPEJTIOOTh 3 PIBHEM COHAY-
HOl aKTUBHOCTH, TOMl AK JIHII IHIINX €JeMEHTIB Mpak-
THUYIHO He 3MIHIOIOThCA. e BIOKpuBae MOXKJIMBICTDL TOY-
HIIo1 arMocdeprol miaraoctTuku CoHIg 1 31p.

II. CTAH JOCJIIAKEHHS JIITHIIA P3E
B ATMOC®EPI COHIIA

Ha crorommi cepen mpallb 3 1HTepIIpeTarliil ¢gppayHro-
depororo crekrpa P3E, Ha Ham morsdm, DoC I IKeHHA
Kendinbma [1-3] i maai aumiaorbes HalBArOMINIMMU.
Aute 1 B HbOTO anamis cunekTpis P3E Bukonanwmii suiie
AKICHO, X0 1 B NPHUIYIIeHH] BIOXWIECHHA Bl JIOKAJIb-
HOl Tepmonnaamivnoi piBHoBaru (JITP). Keudinsn yso-
OB 9ucTo popMasibHUN mapaMeTp A s BpaxyBaHHA
IoJli posciguHg B yTBOpeHHI JiHiit [1,2]. 3navenna A
maAOUpaB eMIIPHIHO, Y3TOMKYIOUH TEOPETHYIHI 1 CITOCTE-
peKyBaHI MeHTpaJbHI TVIHOMHH JIHIE y PI3SHEX TOYKaX
mucka Conng. [Ipu mpoMy 3aay9aB HUSKY CIPOILYBAJIb-
Hux npunyiienb. [liznine Kendinba [3] BiamoBusca Bif

TaKoro (popMaJsii3sMy 1 IPOBIB IPAMI TEOPETHIHI PO3pa-
XYHKU BEJIMYUH, 1[0 BU3HAYAIOTH TOJIO BHECKY DPISHUX
MeXaHI3MIB OOMIHY €eHeprieio B yTBOpEHH JIHIM. AJte Bel
Il pO3paXyHKH OyJI1 MPOBEIeH] TIIBKH OJIs PIBHA OMTHY-
ol rmmbnan 7 = 1 . KpiM mporo, B Iux mpamgax HeXTY-
BaHO edpeKTaMy pO3IHpPeHHs JiHli. Besnocepennbo tm-
3bK1 3a 3MICTOM OO0 IHX HOCTIIKeHb mparl CremaHsaH
(Credbanosua) [4,5]. ¥ HUX HOCTIIKEHO MOBEIIHKY JiHIH
P3E npm mepexomdl Bimg meHTpa OO0 Kpalo B CHOKIHHHX it
aKTUBHEX OiagHkax Ha CoHI, a TaKoXK ICHYBaHHA 3MIH
i3 wacom miniii P3E B crekrpi Conrng @k 3opi [6,7].

ITizmHine Mu HeogHOPA30BO HoCTImKyBasn JiHil P3E
B HezbypeHniii dorocdepi Conna [8,9] 1 mokazanu, 1o
xo4a Ji#ll P3E € cnabkumu, aje, BHAC/IIOK CBOIX ATOM-
HUX BJIACTHUBOCTEH, BOHHU yTBOPIOIOTHCS TOPIBHAHO BH-
coro y dotocdepi Conna (h ~ 150 + 200 xm) i ixua
byHKIIA EKepeaa KOHTPOTIOEThCA (POTOCTEKTPUIHIMEA
nporecaMu. Tagxum gmHOM, 6YJI0 CTBEPIKEHO HEOOXI-
HICTh ypaxoByBarn Biaxuientad Big JITP. Pisuanua me-
peHoCcy BUIPOMIHIOBAHHA PO3B’d3aJid B paMKax KJIacud-
HOTO TpaKTyBaHHA i€l mpobaemu. [1pn ob4amcIeHHAX He-
DPIBHOBaKHUX 3HAYEHBb HACEJEHOCTEH DIBHIB MOTIHHAIO-
YUX aTOMIB BUKOPHCTOBYBAJU JBOPIBHEBY IIIOC KOHTH-
HyyMm momens aromiB P3E. I HaBiTh y Mexax 1miel obme-
JKEHOI MOZesl aTtoMa HaM BIAJIOCd JOMOTTHCA JT0OpOTo
Y3TOMIKEHH 31 CHOCTEpEREHHIME BiJl EHTpa 0 Kparo
COHAYHOTO JIUCKA.

AJle HafiOLTIBIN HEBU3HAYEHOCTI IPH TOCIIKEHH] MO~
Bemiaku JiHlE P3E B comauniit armocdepl BHOCATL He-
TOYHI 3HAYEHHS XEeMITHOTO BMICTY IHX €JIEMEHTIB Ha
Comumi. Ile € oxpemoio, ajie BOAHOPa3 CKJII0BOIO TaCTH-
HOIO KJAaCHYHOI TpobaeMu acTpodi3snKi — BU3HATEHH
xemiunoro ckaamy Conng it 3ip. lla sagada TicHO moB -
3aHa 3 HGaraTbMa IHIIAMH, HaliBaXKIUBINIOI cepel AKUX
€ BCTAHOBJIEHHS TOYHMX 3HAaUYeHb CHJ OCHUJIATOPIB HJId
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mux giwiid. ¥ upani [10] Mu nokazamnu, mo npu 3’dcy-
Banfl BMicTy P3E ma Conill HeobX11HO BpaxXoBYBaTH HIIO
PI3SHIX MeXaHI3MIB YTBOPEHHS JIHIA — ICTHHHOTO IIO-
IIMHAHHA KOTEPEHTHOTO @ HEKOTEPEHTHOI'O PO3CIAHHA,
a Takoxk BiaxwiaerHsa Bim JITP y nHacenemocTax emepre-
TUIHAX PIBHIB aTOMIB.

III. IIOCTAHOBKA 3AIOAYI

s aHa i3y COHAYHOIO CIEKTPa BHCOKOI PO3MIIBHOL
3IaTHOCTH, AKUH MU MaeMo, HEOOX1THIN TOTHHI po3B’ -
30K PIBHAHHA MEPEHOCY BUIIPOMIHIOBAHHS CYMICHO 3 PiB-
HAHHAME CTATHCTHYIHOI piBHOBaru. lle B cBolo Yepry Bu-
Marae po3rany AKHAHOJMKYUX [0 PeabHOCTH MOJe-
Jeit aTOMIB, MO BpaxoBYIOTH MHOXKHUHY PIBHIB, IPUIOMY
Il piBHI HaJIEXKaTh 4O JeKLJIBKOX cTadlil ffoHizalml aroMa,
[P Tepexonax MK AKUME (B MezKax OfgHiel cragii iio-
Hisarii) yrBopiooThea 1 Habopu Jinii. Taki Garato-
pIBHEBl MOl aTOMIB HMOTPedYIOTH BUKOPUCTAHHA CY-
JacHUX CKJIAJHUX Momesiell arMocdepn, dKi 3 BUCOKUM
CTYTIEHEM DeasiisMy onucyioTh disudnuii cran CoHrg.

VY miit mparmi M mogaMo pesyJIbTATH PO3B’ A3KY HEPIB-
HOBazKHOIL 3a1ad1 I CKAATHIX dppayHropepoBUX CIIEK-
mpis P3E.

IV. PO3B’A30K PIBHAHHSA ITEPEHOCY
BUITPOMIHIOBAHHA

[MocTaBieny HepiBHOBAXKHY 3a1ady MU PO3B d3yBaJIH,
BHUKOPHCTOBYIOUN METOI IPHCKOpPEHOl A-1Tepaliil, TOoKJIa-
nenuit paninie [11] B ocHoBy po3s’a3Ky 3ajga4i 6araTomip-
HOTO TIepeHocy BUNpoMiHioBaHHA. ToMy KOPOTKO 3yIu-
HAMOCH JIAIIE Ha CXeMl ITbOTO METOMY .

[HTeHCUBHICTL  BUIPOMIHIOBAHHA — JTOCHTH
3HAUTH, BUKOPUCTOBYIOUH PIBHAHHA TEPEHOCY .

fAxmo ¢dyHKOIA mKepeda BlaoMma, JIETKO OTPHMATH
fforo aHaIITUIHANA PO3B’A30K.

PipuanHa mepeHoCy TOB’dA3y€ 1HTEHCHBHICTH BHIIPO-
MIHIOBaHHs, IO BHHUKAE B PE3YJIbTATl MEPEXOIiB MIXK
JIBOMa DIBHAMH aToOMa, 3 BIIOMEUMHE 3aCeJEHOCTAMHI PiB-
HIB. 3aceJIEHOCTI PIBHIB 3aJ0BOJIBHAIOTH PIBHAHHA CTa-
TUCTHYHOI PIBHOBArW, AKi MOXKHA 3aMUCATH B MaTpWU-
HOMY 300pazKeHHi:

IPOCTO

An = b, (1)

Je: n — BeKTop 3aceseHocTeli piBHIB, b — BekTOp, yci
eJIEMEHTH AKOTO, KPIM OCTAHHBOTO, JOPIBHIOIOTH HYJIEB].

Martpurig A BH3HAYAETHCA PAMIATUBHUMHU Ta yAap-
HUME T€PEXOIaMi MUK piBHAME aToma. OCKIIBKH pa-
MIATHBHI WIEHH 3aJIeKaTh Bl IHTEHCHBHOCTH BHIIPOMI-
HIOBaHHA, KA BU3HAYAETLCA 3aCEJEHOCTAME PIBHIB, TO
cucTeMa piBHAHD (1) — HestiHIHA 1WOHO N.

EdekTuBHIM METOIOM CYMICHOTO pPO3B 3Ky PIBHAHD
MepeHocy Ta CTATPIBHOBATH € METOJ MPUCKOpeHOl A-
iTepari.

®opMasibHIll pO3B 430K PIBHAHHSA HEPEHOCY MOKHA
3aMUCATH TaK:
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J, = ALS,, (2)
ne J, — ycepenHeHa 3a HAIpAMKaMH 1HTEHCHBHICTD.
SHaroum S,, MOoxHa mopaxysaru J,, a 3a J, — n 1 T.

) )

a. Taxwuit 1Tepamniitamii mpoiec Ha3sUBa€ThCA MPOCTOO A-
1Tepalfien; BoHa 30e61IbIIOr0 MOTaHO 36ITaEThC.

I toro mobd BAOCKOHAJHTH mporec, A — ore-
paTop samuireMo dK CyMy HabJIUKEHOTo olepaTopa
1 TOmpaBKH, fAKY paxyeMo Ha IoNepenHlili 1Teparrii:
opu IboMY (bOTOHH B dAapax JiHIl BHOYBaloTh 3 Iepe-
HOCY 1 PO3B’#30K 30iraeThca mBHAMe (MpucKopeHa A-
iTeparis).

st GaraTopiBHEBOTO aTOMa PIBHAHHA TEPEHOCY BHO-
CATH y PIBHAHHA cTaTpiBHOBaru. ZIKIimo Ha poJb HabJIm-
JKEHOTO olleparopa BHOpaTh JIOKAJBHUNE ollepaTop, TO B
cucTeMi HETIHIHNX PiBHAHD (1) aHATITHIHO CKOPOUYIO-
THCA BEJINKI YJI€HN, a PIBHAHHA CTAIOTH JIHIAHIME (Taka
mporiefypa HAsHBACThCA MEpPeIoOyMOBICHHAM DPIBHIHB
CTATpPIBHOBATH).

Takum dnmHOM, Ha TiacTasl (1) oTpuMyeMo cHcTeMy
JIHIAHIX OJI0 N PIBHAHD:

A*n=b. (3)

Poswmip marpumi A* BU3HATaEMO MOIEIIO aToOMa.

PiBuganua (3) iTepaniitno yTouHIOEMO, TOOTO, 3HAOYN
3aceJIEHOCT] PIBHIB, IIYKA€MO IHTEHCHBHOCTI BUIIPOMIHIO-
BaHHA, a 3a (3) — HOBI 3acesieHOCT] PIBHIB. AJle cHCTeMA
piBH#AHB (3) miHifiHa, Toml 301KHICTH PO3B’A3Ky Oyae Ji-
HifiHOO, 110 BEUMarae Hararo iTepamiit. KiabKicTh 1Tepa-
il MOXKHA 3HAYHO 3MEHITHTH, KOJTH 3aCTOCOBYBATH MTPH-
CKOpeHH4A 3012KHOCTH.

V. CIIOCTEPEKYBAHUI MATEPISJI

Mu BukopucroByBasu nani Kendinbaa [1] i cnocrepe-
KyBaHl (POTOEJIEKTPUIHI 3auCK Tpodl/IiB JIHI mToTIn-
nawag P3E, axi ogepxanum Ha MOHOXpOMATOpax MOBIii-
Hol mudpaxktii Tesmeckonis TAO AH Pocii (TTynkoso) i
TAO AH Vkpainn (Tosociiso) [9]. IIi mpodisi Bumpas-
JIEH] 3a 1HCTPYMEHTAJIbHI CIIOTBOPEHHA, TMOXUOKA 1X JIe-
KuTh y Mexkax 1-2%. I[Tpodii oTpuMani m11d TpHOX TMO-
JIOXKEHb Ha HEe30yPEHOMY COHAYHOMY JTHCKY B IEHTPI
(cos @ = 1) i mobamsy kpato (B Toukax cos ©@ = 0.44 abo
cos © = 0.28). Y rabsnmni 1 nogaxo meaxi dbiswdni mapa-
METPH IIMX CIIOCTEPEXRYBAHUX JIHIA ¥ MeHTpl 1 Ha Kpafo
COHAYHOTO JUCKa — TEHTPaJbHI 3aJUIIKOBl IHTEHCHB-
HOCTi (cToBImi 3-5), eKBiBaJEHTHI IMPWHE — (CTOBIIII
6-8), a TakoK iX BIAHOIIEHHHA IEHTP-Kpail (cToBmens 9)
i miBmwmpuan JiHil (croBmmi 10-12). fk BHOHO 3 Tab-
auil 1, meHTpaabHl 3aJIRIIKOBl IHTEeHCHBHOCTI TTOMIPHIX
JIHI TepeBazkHO 30LABIIYIOTHCA, & CAAOIINX — 3MEHIIIY-
I0ThCA MPH MEPEXo/Ii 10 Kpato aucka CoHId; Bl IHOIIEHHSA
K Kpail/IeHTp /g eKBIBAJEHTHUX HIUPUH YCIX JOCJIi-
mKyBaHux diHi P3E 611blme Bia ofuHAT B OTpUMAaHIX
TOYKAX JUCKA, DIU3BKUX 0 KPalo.



HEPIBHOBAYKHE YVTBOPEHH{A CJIABKUX CITEKTPIB PINJKICHOZEMEJIBHUX EJIEMEHTIB. ..

Enement| A, M Ao Wy , iMm VVI{,i hyya, M
p=1llp=44\p=28|p=1\p= 44|p= .28 p=1p= 44\p= 28

1 2 3 4 5 6 7 8 9 10 11 12
Lall |432.251] .882 | .893 - .88 .92 - 1.04] 6.4 7.9 -
512.301| .888 - .884 .84 - 1.00 |1.19| 6.2 - 8.3
537.706| .952 - .950 .35 - .38 [1.03| 7.0 - 8.8

Cell |404.259| .787 | .808 - 1.27 | 1.52 - 1.20| 5.2 6.6 -
406.884| .926 | .919 - .35 .46 - 1.31] 4.5 6.2 -
407.343| .7h8 | 774 - 1.56 | 2.06 - 1.32] 6.0 7.8 -
434.979( .900 | .905 - .72 .81 - 1.12| 6.0 6.8 -
436.466| .829 | .826 - 1.36 | 1.80 - 1.32] 5.2 6.6 -
456.028| .832 | .838 - 1.26 | 1.36 - 1.11] 5.8 6.8 -
456.236| .715 | .735 - 1.97 | 2.66 - 1.35| 6.2 8.3 -
462.816| .851 - 842 | 1.07 - 1.38 [1.29| 6.4 - 8.4

PrIl  [521.903| .966 - .960 .24 - 28 [1.17| 6.8 - 7.8
525.973| .955 - 948 .32 - A5 [1.41| 6.8 - 7.8

NdIT |406.927| .856 | .835 - .85 1.06 - 1.25| 5.2 6.8 -
407.528| .766 | .745 - 1.58 | 2.00 - 1.27] 5.9 7.4 -
431.451| .758 | 772 - 1.78 | 2.06 - 1.16] 6.0 7.6 -
435.817| .705 | .722 - 2.60 | 3.00 - 1.15| 6.8 8.4 -
444.639| .841 | .852 - .92 1.12 - 1.22| 5.2 6.4 -
531.982| .886 - .898 .88 - 96 [1.09| 7.2 - 9.0

SmIl [431.894| .880 | .868 - .96 1.14 - 1.19] 5.6 7.2 -
452.392| .870 | .884 - .98 1.10 - 1.12] 6.2 8.4 -
456.119| .918 | .922 - .53 .59 - 1.11] 5.6 7.0 -
457.769| .921 | .928 - .52 .54 - 1.04] 6.2 7.8 -

Eull [664.513| .953 - 948 A4 - b2 [1.18| 8.0 - 9.9
CdIT [408.557| .886 | .896 - .68 .74 - 1.09| 5.6 6.8 -
431.603| .898 | .902 - .65 .76 - 1.17] 5.8 7.0 -

DyIl |407.312| .907 | .904 - .66 .86 - 1.30| 5.2 6.8 -

Tabauna 1. @isugani napamerpu crnocTepexypannx diHll P3E B menTpl Ta Ha Kpal COHAYHOTO IUCKA.

VI. CTPYKTYPA EHEPTETUYHUX PIBHIB
ATOMIB P3E

Came icayBanng rpynu P3E 3B da3ame 13 3amoBHeHHAM
BHYTPIIIHBLOI 4f — eJIeKTPOHHOI ODOJOHKH MICA TOTO,
AK 3alOBHUANCH OLIBII 30BHINIHI. XapaKTepHl 0cobJIm-
BocTl crnekTpie P3E modcHiOOTHCA HAadBHICTIO, OMpId
f-enmexTponis, 30BHINHIX 6s- 1 dd-enexTponiB. OmmH 3
esleKTpoHIB 05 3B dA3anuii ciabire, HIZK eleKTpoHu bd 1
4f, ToMy Tpu epexol Bl He#TpaJbHIX aTOMIB 10 HOHIB
mepenyciM rybuThbea came eeKTpoH 6s . lle mputamanne
Bcim P3E.

Y conauniit porocdepi npaktuuno el P3E € B cra-
il ogHOKpaTHol #omizarii. [loTenmmian mepimmol fomizarii
ckIagae 6am3bko 6 eB, moTenmian apyrol fioHisamii —
nopanky 10-12 eB [12]. Tomy kinbKicTs agivi foHizoBa-
nux aromiB P3E cyrreBa smire Ha Bemukux ryimbmHAax
y madorocdeprnx mapax. HaiilMoBIpHIIIIME Tepexo-
JaM¥ JIJIg OTHOKPATHO HOHI30BAHUX ATOMIB €:

4f%6s —4fF6p

45~ 15d6s — 45~ 5d6p

i
4f*6s — 4~ 15d6s

4f515d6s — 4f5L6p6s.

fAx baunmo, Hairnbira obostonka 4 f iHepTHINIA, HIZK
bd-obosonka, a Hagro, HIK 6s-obosionka. Tomy mo-
pemuka P3E Haiiblabnie 3a/eXUTh Bl LUX 30BHILI-
HIX eJeKTpoHiB — abo 6s, abo “manTanoBoro” bd-
enekTpona. Tomy Bci P3E Tak muBOBMKHO MOIIOHI.

3aTe cTpyKTypa IXHIX €HEPIeTHYHUX DIBHIB HA3BU-
JaiiHo cKJaagHa 1, BIAMOBLIHO, CKJAIHI 1XHI CIEKTPH.
Tpamisgerbea, Mo MepeMillyBaHHA PIBHIB PI3HOI KOH-
dirypariil HaCTIIbKH BeJUKe, 1O B3araji rybutsb dpizud-
HEH 3MICT camMe BIIHECEHHs 1X IO MeBHOI KoHMITypaImi.
AJle, He3BaXKalOIHN Ha BEJIWK] TPYIHOIIL, Ha CHOTOMH] BU-
TAyMadeHa 3HadHA KUIBKICTH aTOMHEHX ciekTpiB P3E.
[ pyHTyIOUHCH Ha BCTAHOBJICHHX €JIEKTPOHHUX KOHMIry-
parigx, BH3HAIAOTh abCOJIOTHI 3HAYEHH BIAMOBIIHIX
iM TepMiB.

Y Tabauii 2 HaBeHEHO OaHl IAd HOPMAJBHHUX, TOOTO
Halrubire po3MilleHnX, eJIeKTPOHHNX KoHMITypariil i
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TepMiB fionizoBanux atomis P3E.

P3E 6mmspki 3a cBOIMEH XeMITHHME it (ismIHEMHI
BJIACTHBOCTAME. [XHIM ClIeKTpaM BJIACTUBE PO3MIJIEHHH
Ha JBa ocHOBHUX Kusacu [12]. Ho mepuioro HaJexarb
cektp Jsantany (La), mo we ¢ tumoBum P3E, i crek-
tpu espomio (Eu), Tyaito (Tm), irep6ito (Yb) i mrore-
mifo (Lu). Heit knac BugABIAE po3mas Ha MTOPIBHAHO IPOC-
THI CTIEK TP, AKHUH CKIATAEThCH 3 JIETKO30YIKYBAHIX JTi-
HI# TTOMIpHO1 IHTEHCHBHOCTH 1 CKJIAIHAN, 1IT0 MICTUTH Be-
JNUYIE3HY KIJIBKICTD BaKKO3OYIKYBAHUX CJAaOKHX JIIHIM.
Hpyruii knac, HadiTunosimwmit gma P3E, mictuts myxe
baraTo JiHI c/IabKol IHTEHCHBHOCTH 3 MaJIo XapaKTep-
HIM BUDIAIOM ciekTpiB. e cmektpu nepito (Ce), mpa-
seomumy (Pr), meommvy (Nd), mpometito (Pm), camapito
(Sm), ramouinito (Gd), Tepbito (Tb), mucmposito (Dy),
ronbmito (Ho) it epbito (Er).

Lall| Cell | PrII | NdII | PmII | SmlIlI | Eull | GdII
BdZ [A75d2 (4756542654765 4756, |47 65 4] 565
SFy ["Hyys| PJa [PJzys| "Hy [BFiys] 7Sa | Dsys

ThIl | Dyll | Holl | Erll | TmlI | YbII | Lull
A4f35d6s]4f1065|4f 16s|4f126s|4f36s|4f1765]4f 7652
“Hy |%Jizpe| PJs |"Hispo| PFa [7Si2 | 'So

Tabumsa 2. HopMaabHi esleKTpoHHI KoHMITypaIiil 1
TepMu HoHI30Bannx aromis P3E.

Enextporml KoH(Irypall IJjid BIAMOBIIHUX TEPMIB,
3 AKHX BHHHKAOTH AocalmkyBami JriHil P3E, momami
HIZKYE.

Lall. Osi maii A432.251 am 1 A512.301 5#M BHHEKAIOTH
i3 mmboknx mapHux pisHis 'Ds 1 2Dy, wo sinmosina-
0Tk KoHMpIrypari bdbs. Omaa mimia Ab37.706HM — i3
CEePEIHBOTO HEMAPHOTO PIBHA BHE?, IO BLANOBIIAE KOH-
dirypamii 4f5d.

Cell. Hotupu minii AA404.259 um; 406.884 um; 434.979
M 1 436.466 HM BHHUKAIOTH 13 HemapHUX Haiframbrmx
PIBHIB 4F£/2, ZG?/Q 1 4H?1/2a IO BIAIOBIAAIOTH KOHMITY-
pamiam 4f5d6s i 4f5d?. Yorupm mimii — A497.348 mym,
A456.026 um, A456.236 aM 1 A462.816 HM BHHEKAIOTH 13
TIHOOKMX TapHUX PIBHIB 4H7/2,9/2 1 2H11/2, 1[0 B1IOIOBI-
nafoTh KoHdirypamii 4f26s, aka posMimena Ha (.48 eB
BUIIE BiJl HETAPHWX.

PrIl. g1 inil A521.903 mm 1 A525.973 HM BHHEKAIOTH
13 TIHOOKMX HEeMapHUX PIBHIB 5K$ 1 5L9, IO BIIIOBlIA-
10Tb KoHdirypamii 4 35d.

NdII. ITate miniii AA406.927 am; 407.528 am; 431.451
uM; 435.817 um 1 444.639 HM BHHHKAOTH 13 TIHOOKHX
TapHUX PIBHIB 6J13/2,9/2 72 i 419/2, 10 BIAMOBLIAIOTH
roHdirypamii 4f46s. Jlinia A531.982 HM BHHEKaE 3 T/IH-
OOKOro TMapHOro piBHA 6L11/2, 1o BIATOBITaE KOHAITY-
pamii 4 f*5d.

Smll. Horupn muii AA431.894 um; 452.393 mm; 451.619
HM 1 457.769 HM BUHUKAIOTH 13 TVINOOKWX HEMAPHUX PIB-
HIB 8F9/2 1 6F7/2,3/2, 0 BIAMOBLIAIOTH KOHMDITYpaIril
4£%6s.
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Eull. Jlima A664.513 aM BuHEK A€ 3 TIHOOKOTO HEMAP-
noro pisaz * DY, mo Bimnosinae xondiryparii 4f75d.

GdII. JTimil A408.557 M 1 A431.608 HM BUHUKAIOTH 13
TIHOOKOTO HEMTAPHOTO PIBHA 10F13/2,11/2, 1[0 BIOIOBIIAE
kouddirypauii 4 f75d>.

Dyll. Jlimia A407.312 am. CrnekTp He BUTIyMadeHnH.

VII. CTPYKTVYPU30BAHA MOJIEJIL MOHA
IIEPIIO

Crpykrypa TepMiB OlTbIIOCTH ofnHOMOHIZ0BaHX P3E
Ma€ OJHOTHITHWI BUTVIA,. oHI30Ba Ml nepiit 6yB Bubpa-
HUll 114 JeTaJdbHIIOTo HOCIIIKEHH, MTo-Ieplie, TOMY
IO BiH € HaliTumoBimmM npeacrasankomM P3E, mo-apyre,
TOMY IO BIH € OTHIM 3 HAMTOUIMPEHIIINX V COHATHII aT-
mocdepi P3E (fioro Bmict cranosuts 1.6 dex y sorapud>-
MIUHIE MIKaJl, Je BMICT BOOHIO HopiBHIOE 12 dex; immIi
P3E mators ymict Menmuii Bin 1.6 dex), mo-tpete, Tomy
mo Horo coHAvHl JiHI Haltinue oTorokHeH] (HOHAL
3600 miniit) i mocuTs BiABHI Bim Gstera. Arastis mpoditis
cougaunmx JgiHll 1M P3E mokasas, mo B cCOHAIHOMY
crekTpl € myxe maso i P3E, cunprimmx Bim Haii-
cunbHimux Jinil Cell. OTxe, 3 ToukE 30py HMOMIGHOCTH
eKBIBaJICHTHUX INUPWH, HOHIZAIMRHNX TOTEHINAMIB, Xe-
MITHUX YMICTIB # aromMuHumx cTpykryp P3E, moBeminkum
IIeHTp-Kpail mapaMeTpiB TpodiJaiB iX JIHIE, MI BUOpaIn
o pocsimkenaa xapakrepHi Jinil Cell (mus. Tabm. 1).

SynuHiMocs Ha mobymoBl HaraTopiBHEBOI MOAE] HOHA

epifo.
XapakTteproto pucoto crnekrpa Cell € HagBHICTE TBOX
CHCTEM TIEPeXoIlB — MIXK HeMapHUMH HIKHIMEI i map-

HuME cepenHivu pisaamu (I-a rpyma piBHIB) 1 MiK map-
HUMU HIDKHIMT §f HemapHumu cepenaiMu pisaamu (II-a
rpyma piBHIB).

[Tepuia rpyma piBHIB € HaliamchaenHimoio. Bigomo 75
HelMapHWX HUKHIX PIBHIB, IO JeXKAaTh B 1HTepBaJl Bia 0
1o 13300 cm~t (1.65 eB), i 162 naphux cepemHix pis-
HiB, WO JexaTh B iHTeppBasi sim 25000 cm~! (Bim 3
1o 4 eB). Boun Bigmosimators KoHbiryparmiam 4 f5d6s i
4f5d* (mmxui pieni), 45d6p, 4f6s6p (cepenni pisHi) i,
MOxKHBO, 4 f6s% (nnxni pisHi) i 5d*6s (cepenni pisHi). ¥
milt Tpymi piBHiB € myxe rubokuit Tepm 410, Bin Moxe
3YMOBJIIOBATHCA JIHIIe KoHdirypamico 4f5d?, axa maa
nepuioi rpynu e ayxe rambokoto (tepm 4% Tperiit 3a
Bucoroio). He 6e3 Toro, Mo BoHA Ja€ TaKOXK i ABa Hafi-
TIHOIINX PIBHI — 4H$/2 1 6Hg/2. Xo9 IMOBIpHIIle, IO
BOHU BHHUKAIOTH 13 KoHIrypamil 4 f5d6s.

HpyTa Tpymna piBHIB BigmoBiTae Kordirypamiam 4f26s
14f25d (39 napuux HuKHiX pisHib i 4f%6p (40 Henaprux
cepennix piBuiB). BinnocHe mosoxenns I-i i II-i rpym Bia-
pisHAOTHCA npubansno Ha (.48 eB, a came gpyra rpyma
JIEKUTH BHINE TOpIBHAHO 3 mepiino. OTiKe, HOpMab-
Hoto Koudirypamieto mag Cell e 4f5d%. CTpykTypa Tep-
MiB moban3y mopora fiomizamil Cell Ha choromm BimoMa
MOTAHO.

CrpykTypusoBaHa MOIeTb HOHA TEPID BKJIOYae 63
ycepemHennx 3a TepMamu piBHIB. [lepmuit — 1e omgwn
cunrnersuit LG i npa rpuniernux 3 FY i3 HY | axi e naii-
TAUOIIIMY HETAPHUMH TepMaMi HeHTpaJbHOTO aToMa
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nepito. Bix apyroro mo 61 (Bkirouno) — wmHemaphi i
mapHi piBHI fioHI30BaHOTO Tiepifo (Bif a*H® no y*I° Bin-
HOBIZIHO), yCepeaHeH] B MeKax BIAMOBIAHIX TEPMIB, 110
po3TaIloBaHl B HAMPAMKY 301LAbIIEHHA MOTEHITIATIB 30y~
mkennda Big 0 mo 5.07 eB. Ocranni asa pipHl — 62-if 1
63-it — 1e oCHOBHI PiBHI OBIYl 1 TpUTl HOHI30BAHOTO TIe-
pifo. TIpu ycepennenti (I1a eKOHOMII MAIIMHHOTO Yacy
PO3paxyHKY) MiApiBHI TOHKOI CTPYKTYDH, AK 3BHYaliHO,
3aMIHIOBAJIN 3araJIbHUM MYJbTHILIETHUM eHEPT e THIHIM
PIBHEM, CTATHCTHIHA Bara AKOTO JOPIBHIOE (3BakeHil 3a
posnominom Bonbumana) cymi Bar migpisais. Ile came
CTOCYBAJIOCH # yCepeTHEHUX 3a MYJBTUIIETOM CHJI OC-
IHIATOPIB JIHI IHOTO MYJILTHILIETY.

IIpn mpaMux pospaxyHKax OKpeMHX TpodiiiB JIiHIi
IIUX MYJIbTHILIETIB HACEJEHICTh MEBHOTO MIAPIBHA BII-
IIyKyBaJiach B JOMMYIIEHHI 11 MPOMOPIIHHOCTH cTaTBa3l
IHOTO MAPIBHA. s ToANThCH, MOJaEMO MEPESIIK Tep-
MIB y cTpyKTypusoBaniii Mmomem Cell — Big 2-ro mo 61-
ro piBHgA. HuXKHI PIBHI, 3 AKHX BLIOYBAIOTHCI MEPEXOIM:

2 —a*d% 3 — a?G% 4 — a*1% 5 — v HY,

6 —a’F% 7 —a*F% 8 — b2G%; 9 — a*DY;

10 — a?H9% 11 — C?GY; 12 — o*H; 13 — b2FY;

14— a*GO 15 — b*GY; 16 — b4 FY; 17 — d2GY;

18 — a?1%; 19 — ¢2F% 20 — o’ H; 21 — 2DY;

22 — b?H; 23 — a*F; 24 — b*D°; 25 — b2 HO,;

26 — C*F% 27 — a*K; 28 — a?F; 29 — 2 FO,

30 — a*l; 31 — a®p®:32 — oG 33 — A2y

34 — b*H; 35 — a?1I.

Hauti fiayTh cepemtl piBHI, Ha Kl BIIOYBaOTHCA IEpe-
XOIH:

36 — 22G; 37 — 241, 38 — 2°H; 39 — 'F;

40 — 2410 41 — 2*HO; 42 — 4G5 43 — 1 H;

44 — y?H; 45 — 22H9 46 — 2*G°; 47 — 2 H;

48 — y2G: 49 — 221°; 50 — y*H; 51 — 4G,

52 — 22G%: 53 — y*GO; 54 — y*GY; 55 — Z*FO;

56 — z21; 57 — y*F%; 58 — 4*I; 59 — x*GY;

60 — y?HO; 61 — y*IV.

VY Takiii Mozmesti aroma Bim 2-ro mo 35 (BRJIOUHO) pi-
BeHb paIIATHBHI Mepexoay BIACYTHI. I3 mux piBHIB 116
HoHl3alld Ha OCHOBHUM 1G2 1 Ha OBa HaWT/IHOMINX PIBHL
3F20 1 3H2 JIB141 HOHI30BAHOTO TEpiio, AK1 o0’ eIHaHI B Il
Mozemi mig HoMepoM 62. Mizk HuxHIME piBHAME (Big 2
mo 3b) i macrymauME (Bim 36 mo 61 BRJIIOUHO) iCHYIOTH
PI3HOI CHJIN pamlATHBHI MEPEXOaN — fAK ITO3BOJEH], TaK
i saboponeni. 3Bnuaiino Mix ycima piBaavu (Bim 1 mo
62) icuyrors ymapui nepexomu. OctanHiM 63-M piBHEM
€ OCHOBHHUI pilBEHD 2F5/2 Tpudl HOHI30BAHOTO aTOMa, TIe-
pito. Mloro BpaxoByIOTh TIIBKH B PIBHAHHAX 30eperKeHHT
qucsa 9acTUHOK. [Ipu pospaxyHKax KOHKPETHHX JTiHIH
MOTJINHAHHSA MU OpaJi 0 yBaru TOHKY CTPYKTYPY Tep-
MiB 1 peaJbHUil pamiaTHBHANA 3B A30K MK HHMH.

VIII. METOAUKA POSPAXYHKY ITPO®ILJIIB
JITHIV P3E

BigmiaHicTh (DISHYIHIX YyMOB y COHATHIE aTMocdepi
BlmobpakeHa y 3MiHI IHTEHCUBHOCTH CIIOCTEPEKYBAHOTO
crektpa gucka Conmng. Tomy BuBYeHHA (PISUIHEUX Xa-
PAKTEPUCTHK 1 MPOIECIB, Kl BIIOYBAIOTHCA B aTMOC-

depi Contig, IPyHTYETHCA HA aHAJI31 CIIOCTEPEXKYBAHOTO
CIIEKTPA, IO OMICYEThCA PIBHAHHAM TEPEHOCY BUIPOMI-
HIoBaHHsA. ToYHME pO3paxyHOK TEOPETHIHUX MTPOodIIIB
JTHI moryTnHaHHA Y cieKTpl COHIlA BUMAarae 3SHaAHHA Pi3-
HHUX MapaMeTpPiB, OOHI 3 AKHX HAJEXATh IO CTPYKTYPH
COHAYHOI aTMocdepn, 1HII 3B d3aHl 3 aTOMaMi 9 io-
HaMH, 1[0 YTBOPIOIOTD IIf0 JIIHIIO, HIe 1HIIM OMICYIOTH B3a-
€MOJIII0 BIAIOBIIHOTO POAY TaCTHHOK 13 TOJEM BHIPOMI-
HIOBAHHHA Ta CEPETOBUINEM.

Pospaxyukn mpodisiis it eKBIBaJIeHTHUX IMUPWH JIIHI
Cell mpoBogum Bif MeHTpa 10 Kparo COHAYHOTO AUCKA
— B TOuKax p = cos © = 1; 0.8; 0.6; 0.44; 0.4; 0.20; 0.10;
0.07 1 0.05.

a) Monens armocdepn Connsd. 3 MeTo0 BUABIEHHHA
BIIUBY CcTpyKTypu armocdepu CoHIE Ha pO3paxyHOK
npodiJIiB JiHI MOTIHHAHHA MU BHKOPHCTOBYBAJIN IBa
TUNHN HallyKUBaHINUX cydacHux Momeseit Conma —
VAL C-80 [13] i MACKKL [14]. Boru BigpisHAIOTHCH
XapaKTePOM CIIOCTEPEKYBAHUX JTaHWX, HA OCHOBl AKHUX
mobymoBaHl, 1 4K HACTLIOK IMHOTO — PI3HUM 3HAUEHHAM
1 TTOJIOKEHHAM PIBHA TEMIIEPATYPHOTO MIHIMYMY.

Mogens I-ro tumy — monens MACKKL (Mant6i, As-
perra, Kapiacona, K'enncer-Moe, Kypyua i Jlesepa).
e emmipuaHa Momesib COHAUHOI oTocdepn it HIMXK-
HBOI XpoMocdepu. ¥ HIil BKJIIOIEHO B PO3PAXYHOK BEJIH-
9e3Hy KIABKICTH yAbTpadiodeToBUX JIHIA, 10 CHpHYn-
HIUJIO MIIBUINEHHS KoedilleHTa HEPO30POCTH, 1 IK pe-
3yJILTAT MHOTO — MEHIT KPpYTHit rpament (poTocdepHol
Temneparypu. MiHiMa/ bHe 3HAUEHHA TEMIEPATYPH B M-
Aguml goBXuH XBmIb AB000 BiAmoBlZae reoMeTpHUHIN
pucoTl 515 kM 1 ckaamae 4400° K.

Ho npyroro tumy nanexnTh Moaeas VAL C-80 (Bep-
Hana, Asperra, Jlesepa, cepenniii motik). Momenas VAL
6a3yeThbcsd Ha Mo3aaTMoCepHHX abCOMIOTHUX BHMIpax
HEMEPEPBHOIO CIEKTPA, BUKOHAHUX Y IAPOKOMY Hidla-
30H1 JOBKHWH XBHJIb — BIJ MIKPOXBIIb 0 YIbTpadioste-
ToBUX. [loOKEHHSA MIAHKN TEMIIEPATYPHOTO MIHIMYMY
6ausbKe 10 reoMmerpuuHux BucoT y Momesai MACKKL,
aje caMe 3HAYEHHA MIHIMAJBHOI TEMIEPATYPH € IEII0
Hmkaum — 4150° K.

6) Xewmiummit ymicr tepito. Ilpuiinaruii xemiaamii
yMicT 1epito B armocdepl CoHIA IPYHTYETBCA Ha pe-
KOMeHZoBaHOMY B mpari [15], me spobieno anamiz Ga-
raTOPIYHUX Pe3yAbTATIB 3 1iel mpobsevu. OTke, Mu
BuKOpucToByeMo lg Noe = 1.6 B mKkami, ge mpuiiHATO
lg Ng = 12.

B). Cunn ocumnaropis. Ja Beix minifl mepilo BoHR
B3gTi 3 Karagory: VALD [21]. Tlpudomy cusia ocrusis-
Topa MyJbTHILIeTHOL JiHil f;; (mult.) nopisioe

I gifice FT
fij (mult.) = a YN
) oy gieTxT
nae fix — cmaa ocnmmaATopa k-ol JTiHII MyJIbTHILIETY, 1’

— TeMIepaTypa, 1Mo BIAMOBLIAE MIAMA30HOBI TeMIEpa-
TYp y AlAAHII yTBOpeHH# JiHill (npubausho sim 4000°
1o 8000° K).

r) ®ynknia Pofirra. Ipn pospaxyHKy KoedimienTta
CEJIEKTHBHOTO MOTJIMHAHHA PO3TIAnaan dpofrTiBchbKuit

npodiJib, 1O € 3TOPTKOIO HUCIEpCIiiHOro #f raycoBOTO
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npodimis. Cmocib pospaxyaky &yrakmil Poifirta mo-
KJIaJIHO OIWcaHo B MoHorpadil [16].

n) ITapamerpu saracannda. Jlyme BaKJIHBO TOYIHO
3HATH MapaMeTpu 3aracaHHd i Jac 3iTKHeHb. [Ipu mo-
CAIZKEHH] MEeXaHI3MIB Po3mupeHHd poTochepHuX JTIHIH
1 mocTiitHux B3aeMoii B epektax Illtapka i Ban mep Ba-
aJbca TakKl BIIOMOCTI 0b60oB’ a3K0B1, 60 y doTocdepl mo-
MIHy€ 3aracaHHsd BHaAcJIAOK 31TKHeHb. [lma mimit Cell
MU PO3TJIATATIN TOCTIHY 3aracamisa, 3yMOBJEHY B3ae-
MOJIIEI0 3 AaTOMaM¥ BOJHIO — g 3 BUIPABHAM MHOXKHU-
koM E = 1.5 (36inbiientsa E mpakTu9HO He BIUIMBAE Ha
apodink JiHii).

e) Mikpo- i makporypbysienTHa UBHIKOCTI. Posmomin
MIKPOIUTBUIKOCTER Y34TO BIAMOBIAHO 10 Mofeaeit arMoc-
depu. 3Miny MakpoTypOYJIEHTHOL MBUAKOCTH 3 BUCOTOIO
Gpasiu 3 [7]. [Dis aiHiii, 10 yTBOPIOIOTHCH B IEHTPI IUCKA
(rombunn yreopentaa H < 200 &m), Vinacro = 1.85 ®M/c.
IIpn HabaAMKeHHI HO Kpalo ANCKa TINOMHA yTBOPEHH
JHIL 3pocTae, Viacro JEIIO 3MEHITYETHCS.

¢) ImoBipHocTi mepexomiB. TIpu posB’asky cucremu
PIBHAHBL CTAIllOHAPHOCTH 6e3 BUKOPUCTAHHA HabJIM-
xkenua JITP ypaxoByBanum aK pamiaTuBHI, TaK 1 yaapHl
nepexomn. Koedinient Cy; (IIBMAKICTH yIAPHAX MEPEXO-
IiB) y pIBHAHHI CTAaTPiBHOBATH BH3HAYAE KIJIBKICTE TTe-
pexomiB | — { 3a OAWHUINO Yacy B OOWHUIHOMY 00 ’€Ml,
110 B1AOYBalOThCA BHACAIIOK 31TKHEHD II-T0 poay 3 eex-
TpoHamu. ¥ IMiif mpam OyJu BpaxoBaHI TLABKHA Takl 3i-
TKHEHHS, 0 BUKJIUKAIOTH Tepexoan. IMOBIpHOCTI TaKuX
mepexomiB 3AeH1IBIIOT0 BIIOMI 3 HEBHCOKOIO TOYHICTIO.
Tomy mna pospaxyuky Cj; BUKOPHCTOBYBAJIHA HAMIBEM-
mipuaHl popmystn. 114 3B’ a3aH0-3B’ A3aHIX OIITHIHO 0~
3BOJIEHUX MTEPEXOMIB KOeMIIMEHTH 30y IKEHHA eJIeKTPOH-
oM ymapom C(f;, dAKl CKJIaJA0Th MATPHUI YIapHUX
IIBHAKOCTER 30yIKeHHda, o0UnCAIOBaIn 3a (opMyJIOo
BaH Peremoprepa [17]:

3/2
Ci; =32-1078f; ( ) exp(—S) P(B)Ne;

Ry
ARy

IIBUAKOCT] 3a60pOHEHUX IIEPEXOMiB PO3PaXOBYBaIH 3
dopmyaoio Ocrepbpoka [18]:

Cii = 8.63 - 107  exp(=f) NeSui /(91 T2),

Mo3HaYeHHs B Il 1 momepenHiii dpopMyaax Taki: fi; —

cwta ocrmiiaTopa nepexony | — ¢, Ry — atomua omu-
uuia eneprii, 1 Ry = 13.606 eB, AE};; — enepria 30y-
AL,

JUKeHHA nepexony | — 1 B eleKTpoH-BoIbTax, f = Z7,

N, — estekTpoHHa KOHIeHTpalid, P(3) = §E1 (8) (mpm
[ & 1, Fy — iHTerpoeKcmoHeHIIAIbHa (byHKIIA [-To
HOpAnKY), npudomy dyukiia P(3) — sarabyaboBaHa B
HaBeeHill npaii Baln Peremoprepa [17], £2;; — cuna 3iTK-
HEHHd, AKY JIJ4 BCiX 3a60pOHEHNX EPEXOIiB MPUITMaeMo
piBHOWO 1, g; — cTaTUCTUYHA Bara HUKHBOTO PIBHS.

Ockinbku npobsema fioHI3aIl eJEKTPOHHIM YIapOM
nna P3E Tex mokwm mo He pos3B’d3aHa, TO WMOBIPHICTH
ftoHI3aIl eJIeKTPOHHIM yIapOM PO3paxoByBaJIn 3a (hop-
my.oio Jlorma [19]:
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3/2
Ry) Ne El(ﬁ)a

-8
Ci, =6-107°m | —
£
e M — YHCI0 €KBIBAJICHTHHUX €JIEKTPOHIB B OOOJIOHII],
1HII 3MIHH] BXKe BI3HA4YeH]l BHIIE.

IBuakocTl paalATHBHAX IEPEXOIIB OOTICTIOBAJIH, TK
spudaiino [20]: nus 3B’ a3aH0-3B’43aHUX TIepexoiB | — i
WIBUIKOCT] paJidTUBHUX I[EPEXOHIB Yropy PpO3paxoBy-
BaJI 3a POPMYJIOIO:

Ry =

ZJZa
h fl i

Alz g le = h_Alz

e «y; — KBaHTOBOMEXAHIUHHUH [epepis IONIHHAHHA, Jj;
— IHTEHCHBHICTH, yCepeoHeHa 38 HAIPAMKAaMHU 1 npO(bl—
JieM KoedllieHTa MOIJIMHAHHA.

IBuakocT paalATHBHIX TEPEXOIIB YHIS ¢ — | obdnc-
JIIOBAJIN 33 HOPMYJIOH0:

87T 6 flz
Ry = + R ),
gi me /\
e g, §;i — CTaTUCTHYHI Barl HUKHBOIO i BEPXHLOIO

PIBHIB.

Ilia pamiaTUBHUX MEPEXOIIB y KOHTHHYYM | — k 1
3 KOHTUHYYMY k — | BUKODHCTOBYBaJIM aHAJOTIUHI BH-
pasu:

1

4

Ry, = h—ﬂ-/\fn /alk(x)dex
¢ 0

1
47 2hc?
Ryt = (ni/ng) h—/\ /alk ( s s T Jx)
0

he
X exp ok dx,

ne (n;/ng) — BigHomenHa nacesnenocrelt mpu JITP, J,
— moJle BUIPOMIHIOBAHHA B KOHTHHYYMI, & = )\L —
m

Oe3po3MipHa JOBKHUHA XBHJI, Ay — TPAHIIHI JOBKUHI
XBHJIb, IO BIAMOBIAAIOTEH foHI3amiimoMy moporosi. s
dy; MU B3£JIM 3aJIEKHICTD, aHAJIOTIUHY 10 KJIacHdHol (3a
Kpamepcom) [20]:

ai () = ag, (A Am)? = ap,a®.

[pn Bmamomy Bubopi afy, $yHKmA ay(z) mocuTsb
106pe BIITBOPIOE peasIbHY 3aJIeKHICTD.

) Orminka BmanBy Bimxusienb Bin JITP wa disuuni
mapaMeTpu CHeKTpaJbHuX JiHlA. [IJjId OIMHKH BIJIIBY
Biaxmiens Big JITP Ha IHTEeHCHBHOCT1 BUIIPOMIHIOBAHHSA
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In(p), na dyurmil mxepena B JjiHiax Sy(p), Ha meH-
TpaabHY 3aJMIIKOBY 1HTEHCHBHICTH 7o(p), Ha mpodimi
ra(p) 1 Ha exBiBasienTHI mwupuan Wi (p) mimiit morau-
HaHHS WOHIZOBAHOTO TEpilo 3HAYEHHs IHUX BEJIUYIHH,
sHalileHl OJid PISHUX MOJIOXKeHb p Ha aucky Conrg,
MOPIBHIOBAJIH 3 BIIHOBIAHUME 3HAYEHHAMHI, PO3PAXOBa-
onvu B Habmmxenrl JITP. KoedimmienTn BlaxmieHs Bl
JITP nacenenocrelt pieHiB (mapamerpn Ilana) mepito
BU3HAYAN, IK 3BUIARHO, 13 CIIBBIIHOIICHHS:

bi :ni/n;‘,

e n* — nacestenicts ipu JITP, a i — HOMeEp piBHA.

IX. AHAJII3 PE3VJILTATIB CYMICHOT'O
PO3B’SI3KY PIBHSIHL IEPEHOCY
BUIIPOMIHIOBAHHSI, CTATUCTHUYHOT
PIBHOBATH I 3BEPEKEHHSI YACTUHOK
TIJIS1 JIIHII P3E

IIpn amanisi KIIBKICHEX PO3PaXyHKIB CYMICHOTO PO3-
B’A3KY PIBHSHBb HEPEHOCY BUMPOMIHIOBAHHSA CTATUCTUY-
HOI PIBHOBArm 1 30epeikeHHd 9acTUHOK mad mHiit P3E B
COHAYHIA aTMocdepl MU OTPUMAJIN TaKl pe3yIbTaTH:

1. Ha pumc. 1-2 mokasaHo 3aJIeKHICTH eKBIBaJIEHTHOIL
mmpuHy JTiHLE A436.47 aM ta A456.24 am Cell Biag mosto-
Kennd Ha qucky Conug: ciocrepexysani nani[1,9] Ta te-
OpeTHYHI 3aeKHOCTI, mopaxoBaHi npu He-JITP mabsmu-
kennax (momens MACKKL). Hagapni cyrTeBi posbixk-
HOCTI MK CIOCTEpPEKYBAHUMHI TPOodLIaMu i TeopeTnd-
HUMH, [0 IPYHTYIOThCA HA PO3paxyHKaX y AOMYIIEHH]
JITP. 111 BiAMIHHOCT] B 3HAYEHHAX MEHTPAJTBHAX 3a M-
KOBHX IHTEHCHUBHOCTEH 7),, Hpodliadx ry, eKBiBaIeHT-
oux mupuHax W), HeBeJaWKl B IMEHTpl AMCKa 1 3HAYHO
30LABIIYIOTHCA MU TEPEXOMl TeHTP-Kpall Ha COHTIHOMY
mucky (puc. 1-2).

2. YpaxyBauua edekTiB Biaxmiaenuaa Bim JITP y -
HIAX HabaraTo MOJIMIIYE Y3TOMKEHHA 31 CIIOCTEPEIKEH-
HAME MeHTp-Kpall (puc. 1-2). AJle TOBHOTO y3roMKeHH
JMOCATHYTH He BHAETHCHA, 0COOINBO Ha Kpato mucka. Oc-
HOBHOIO TPWYHUHOI ITHOTO MOXKYTH OYTH TeMIeparypHi
HETOYIHOCTI B MIJIAHIN (pOpMYBaHHA X JIIHINA, a TaKoK
HeaJeKBaTHE 300paKeHHA aTOMHHUX PIBHIB.

3. Bukopucrantuga pisHUX MoJiesieli TPUBOAUTE IO TOTO,
IO TIEHTPaJIbHl YacCTHHE MPodLTIiB JIHI BIAPISHAIOTHCA
MK coboto Ha 2% B meHTpl cOHAYHOro AucKa. lyia maii-
cAabIImX JIHIA BIAMIHHICTD MK TEOPETHIHUMHE TPOodi-
JIAME, PO3PAXOBAHUME 33 PISHUME MOIECJISAMU, 30BCIM
HesHauHa. g BIAMIHHICTH Tpoxm 30LAbIIYETHCA 3 Ha-
GIIKEHHAM 10 Kpaio coHawnoro maucka (1o 5-6%). Te-
OpeTHYHl eKBIBaJIEHTHI IHPHHE JIHIE, po3paxoBaHi 3a
IIMH MOJEJAMHE, BlApisHAIOTECA Ha 6-8%, Ha Kpato —
1o 12%. Brnymme Bubopy Momesti Ha dpopMy Kpmia dgpa-
yHToepoBHX JTHINE HecyTTeRmit. BigsHaunMo, 1Mo 3MiHa
MEHTPAJTBHIX 3AJUITKOBUX IHTEHCUBHOCTEH 1 eKBiBaJIeH-
THUX IMAPWH JIHIE TpH TpocyBaHHI BiI IMeHTpa IO Ca-
MOTO KPalo COHAYHOTO IUCKA B paMKaxX PI3HUX MOJIe-
Jieit 61abllle BIAMOBLIAE PO3MOALIY MapaMeTpiB y MoAel

MACKKL, mix y momem VAL C-80. Otxe, mobpe 3a-
PEKOMEHIYBABIIH cebe TP 1HTepIIpeTalll HellepepPBHOTO
creKkTpa 1 ayxke caabkwmx miaiii, mogess VAL C-80 TyT
CTHKA€Thcd 3 TpyaHomamu. Cepefri BHCOTH, HA AKUX
yTBopioforhea miHll A456.24 um, (A436.47 uM ) y meHTDI
nncka CoHIg JiexaTh v OUIAHIN Bla 0 — HemepepBHMIA
cekTp g0 70 kM — ampo ainil (Bim 0 mo 40 kM) mia
obox Momeneit. [Ipn HabanKeHH] 10 Kpafo JIJIAHKT YTBO-
peHHS MUX JIHIA 3MINYETbcA y BHII MIApH, sAapa JIiHIi
MpHU [IbOMY YTBOPIOIOTHCS B HIAPAX,IO TPUIATAIOTEH 0
TeMIIEpATyPHOTO MIHIMYMY.

W(nm)
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1,0 0,8 0,6 0,4 0,2 0,0

Puc. 1. Banexuicth ekBiBaseHTHOl mmpuau A 436.47 HM
Cell Bin nmonoxenns (u = cos®) na gucky Conng (Momens
MACKKL): kBagpar - crniocrepexents [9], Kpyr — crocTe-
pexkenns [1], TpukyTHUK yBepx — He-JITP, rpukyTHuk yrns

— JITP.
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Puc. 2. 3BamexHictb ekBiBasieHTHOI mupwHI A456.24 HM
Cell Bin nmonoxenns (u = cos®) na gucky Conng (Momens
MACKKL): kBagpar — crnocrepexenss [9], kpyr — crocre-
pexkenns [1], TpukyTHUK yBepx — He-JITP, rpukyTHuk yrns

— JITP.

4. 3ajexHICTh TMOBEHIHKH (MYHKINH mKepesa B Ji-
Hil S 1 B HEMEPEPBHOMY CIeKTPl B Ta 1X BIIHOIIEHHA
Sp /B Big raubunu B armocdepi CoHug 306paxena Ha
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puc. 3. Y mumbokux mapax arMocdepu XapakTep MoBe-
mHKH S; 1 B Bimobpaikae TeMmmepaTypHHHE Xi4 Momesl
armocdepu, a Bignotents Sy, /B 6ausbke 1o 1. Ha Buco-
Tax, ae GopMyOThCd NeHTpaIbHl dacTun JiHik P3E Ha
Kpato aucka (mobansy 200 kM), BinHOmeHHA ST, /B cTae
outbimM Big 1. lnM caMuM TiaATBEpIKYETHCA BIJINB He-
JITP edexriB na cnabki minii P3E.

S.B

1E15

1E14

Puc. 3. Banexnicte S;, ta B Bin rmbunam nya A456.24 HM
Cell: TpukyTHnk — S1,, kBampar — B, xpyr — Si/B.

5. OTpuMaHO Tepexil TEOPETHYHWX HEPIBHOBAKHUX
JIHI TOTJIMHAHHA B eMicliiHl JIiHI Ha Kpaio gucka CoHIlsa
(puc. 1); obumciene nosoxennda p = cos © = 0.06 qna
A436.47 am Ha mucky CoHng, e BIIOyBaeThbCcA Mepexim
JIHI TOTVIMHAHHA B JIiHI BHIPOMIHIOBaHHA (Tak 3BaHe
obeprannd miniit), y Mmogeni MACKKL s6iraethes 3i co-
crepexkyBanum Keundinbaom [1]. Onnogacuo obuuciene
TTOJIOXKEHHS MOABH eMicil B JiiHiax y Momeal VAL C-80
€ TPOXU 3aBUINEHUM 1 HOPiBHIOE 1 = cos © & (0.10. lo-
OLIBIIe, JJOKaJI13allld TOUKH, TPH AKIi JIHII 0bepraioThed
3 MOTVIMHAHHSA B €MICIIO, SMIHIOETHCH 3 JOBKUHOIO XBUJII,
a camMe — YUM KOpPOTINa MOBXKHHA XBWI I1d A456.24
uM, ¢ = 0.04, TuM paHiiiie BOHU 3 ABIAIOTHCA B €MICI Ha
JUCKY, TIO TATBEPIZKYE PE3YIbTATH, OTPUMAaHI B Tparl
[1]. Emicig € nacaigkom 3pocrannsd podii He-JITP edek-
TIB Yy BHUIOUX IIapaX COHATHOl aTMocdepHn, mo Bigobpa-
KeHO y 30libluenni Bigaouenus Sy, /B nopiBugaHo 3 1.

6. OrpumaHO pO3MOMIJI 3a BHUCOTOK B arTMocdepi
Comnnga nacemnenocrteli pisaiB n; P3E, a Takox mapamer-
pis lIBama, 1o cayKaTh BaXKJIUBAM 1HIAKATOPOM BLIXT-
Jenb pizmannx yMmos Bia JITP. Pospaxyskn mokasyoTs,
IO TPakKTUYIHO y BCix mapax armocdepu CoHIA Kb
KICTh BHCOKO30OYIKEHNX WOHIZOBAHMX aTOMIB LEplio He
piamosigae JITP-snadennsam. Ha puc. 4 HaBemeHo BIOXH-
JIEHHA Bl PIBHOBAXKHOTO PO3IMOALIY HaceJeHOCTel piB-
HIB 3aJIeKHO BlJ 1X eHepreTUIHNX MOTEHINAIIB 1 BUCOTH
B arMmocdepl. AK BUOHO, HIZKHI PIBHI, MK AKHMH 1C-
HYIOTH TUIBKH yIapHI Iepexomn 1o Bciil dpoTocdepl 1 B
HIKHIX [rapax xpomocdepn mepebysaots B JITP; y mi-
JIAHI YTBOpPEHHA JIHIE mapaMeTrpn b & 1, TIIbKH TpH
h > 700 KM BOHUE TOYUHAIOTH 3pocTaTu. PiBHI, Ha AKI BIJI-
OyBaIOThCA PATIATHBHI IEPEXOIN, IepeHaceseHl ¥ BepX-
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Hilt dorocdepi (mounnatoun 3 ~ 100 kM) i HIKHIE Xpo-
Mocdepl, B It DUITHIN TeMIepaTypHe 30y mKeHHd JTIHIi
61sbIe 3a piBHOBayKHE: ipu h > 700 KM BoHUE 3061mHEH].

Puc. 4. 3anexnicty me-JITP mapamerpis Big BucoTH Ta

EP nna Cell.

VY mingauui yTBOpeHH# JIHIN (HMKYe Bil TeMIEPaTyp-
HOTO MIHIMyMY) 3acesIeHOCTI BEpXHIX DIBHIB TEPEXojiB
spoctaoTh moao JITP sHavens; makcumMym — y Ii-
agam 500 kM. [Ipudomy 31 30C1LIBIIEHHAM TOTEHINATY
30ymkennsa (EP) BepxHBOTO PIBHA NepeHACETEHICTh Ta-
KOK 30inbinyerhesa (11 Bepxuix pisaiB Cell maiizke Ha
MOPANOK: 14 PIBHIB 13 MOPAAKOBUME HOMepamu 56, 60,
61 BigHOMEeHHA N /Nn* cTanoBUTH 4.6, 3.6, 6.7 BiANIOBIAHO).
Ie sp’a3amo 3 TuM, 110 31 30LAbIIeHHEAM EP 3acenenicTs
PIBHA 3MEHIIYETHCH, 4 TOMY BOHU 9y TJIHBIIII A0 TOJIH BH-
HPOMIHIOBAHHA 3B’ A3aHO-3B A3aHIX IEPEXO/IB (3a yMOBI
caabKroro BILTHBY HboTOHOHI3AIIHHIK MpoTieciB). YHACTI-
0K 9oTo (BYHKINA IKepesia B JIHI 3pocTae 1 301/IbITy€e-
ThCA 1HTEHCHBHICTH BHIPOMIHIOBAHHA B JiHIL. I3 HabIm-
JKeHHAM 110 Kpato Ha guckKy CoHIF HIJIAHKA YTBOPEHHHA
JIHIL 3MIIYETHCA Bropy, IHTEHCHBHICTD 3POCTAE 1 JIHIA
IEPEXONNTh B €MICITO.

7. Y BepxHIX HIapax KOHIEHTpalld HOHIZ30BAHOTO IIe-
plfo Ha JecdaTh MOPAIKIB IepPeBakae KOHIEHTPAIIO Heli-
TPaJbHOTO MEpio 1 CTa€ CYMIPHOIO 3 KOHIEHTPAIIEO
JAB1491 HOHIZ30BAHOTO MEPIIO.

Y OingHI yTBOpEHHA JIHIA KOHIEHTpalla foHizoBa-
HOTO TEPI0 HAa YOTUPH MOPALKHN MEPEBUINYE AK KOHIIEH-
Tpaliio HefiTpaabHOTo, TaK 1 ABIYl HOHIZOBAHOTO IEPIIO.

Y rmbokux nrapax arMocdepr 3HaYEHHA KOHIEHTPA~
mil Iepiio aHaJIOTIYHE 0 3HadeHb Y BEpPXHIX IIapax —
HeHTpaJIbHOTO MEPIIo € Ha CIM MOPAIKIB MeHIe, HIK fio-
HI30BAHOTO, aje KOHIEHTpaIld OCTAHHBOTO OIHOTO IMO-
PANKY 3 KOHIIEHTPAINEo AB1Yl HOHIZ0BAHOTO.

Ortxke, pesyabTaTw pO3B’A3KY HEPIBHOBAXKHOI 3a1adql



HEPIBHOBAYKHE YVTBOPEHH{A CJIABKUX CITEKTPIB PINJKICHOZEMEJIBHUX EJIEMEHTIB. ..

I cKJIamgHuX crnekTpis P3E matoTh minay iHdoOpMAaIio
npo GisHIHU cTaH PEeYOBMHE COHAYIHOl aTMocdepn Ha
PI3HUX TIHOMHAX.

X. BUCHOBKHA

1. Anasmis cnabkux coHAYHUX JTiHI fforizoBannx P3E
MOKA3y€, WO I Y3TOMKEHHS TeOPeTHIHHX MpodiIiB
3l CIOCTEpEeRKYBAHUME Ha JUCKY PO3PAXYHOK MOTPIGHO
IPOBOIMTH B paMKax Teopil, ¥ AKlii BpaxoBaHO BIIXN-
nennga Big JITP B armocdepi Conris.

2. OTpuMaHO KUIBKICHI 3HAYEHHA MapaMeTpiB, IO
onncyoTh He-JI'TP edbekTn Ha pisHUX piBHAX aTMOCcdepn
CoHng 11X Al1o Ha JIHII DOIVIMHAHHA — Ha 3aCEeJICHOCTI 1X
piBHIB, PYHKINO IKepedaa, Tpodisii, eKBIBaJeHTHI IIn-
PUHE TOIIO.

3. ITokasano, mo nepexig miuiit Cell B emicito Ha Kpaio
JUCKa 3YMOBJICHUH MepeHaceJIeHHAM BEpXHIX PIBHIB Ie-
pexomiB y BepxHiil poTocdepi.

4. Buapieno edekTn MIOBUINEHOI IYTJIMBOCTH JIIHIM
P3E no Temmeparyproi Momesi armocdepu. 3BIACH BU-
IJIBAE, 10 IPW IHTEPIPETAII] CITOCTePEXREHE JiHIE P3E
3 ypaxyBanuaMm BlaxuiaeHb Bim JITP Tpeba ocobamso

06epEIKHO CTABUTUCH 10 BEOOPY MOMAESI] COHATHO1 ATMOC-
depnu. HetounocTl B po3moial TeMmepaTypu, 4K HAPH-
KJIaJ, TeMIepaTypHl BiAMIHHOCTI B Momenax VAL C-80
1 MACKKL, y mingHm yTBOpeHHA JIHIN MOXKYTH TpH-
BECTH M0 CYTTEBUX Bapidliil 1XHIX eKBIBAJCHTHUX IIN-
pUH.

Jlimire y3romKeHHA TOBEIIHKH TEOPETHIHNX 1 CIIOCTe-
pexyBanux Jinili P3E Ha coHauHOMY IUCKY OTPEUMYEMO,
sukopuctoByoun Momeni MACKKL. leit edpexr ne mpo-
ABJIAETHCA MPH PIBHOBaXKHOMY YTBOPEHH] JIHIA: TYT X111
kpuBnx Wy (¢) y paMKax pisHuX Momeneil € mapasienb-
HUM, OTZKe BUOIP Moaeal HeOTHO3HATHII.

5. ObuncaeHo MOJIOKEHHd JIOKaJll3allll TOYOK Ha CO-
HATHOMY HOUCKY, € BIIOYBaEThCA TMepexid JIHIi morim-
HaHHA B JIHII BEIpoMiHoBaHHsA. PospaxyHkn mobpe y3-
TOIKYIOTHCA 31 CIOCTEPEXKYBAHUMU JTaHUME 1 TOKAa3y-
IOThb 3aJIeKHICTh Bl JOBKHWHU XBHJII — THM KOPOTIIA
JOBXKWHA XBIJIL JIIHIL, THM paHiIle Il JiHil 3 IBIA0ThHCT
B emicil Ha aucky. lleit edexT € e omanM M ATBEPIKEH-
HaMm Beaukol pomi He-JITP edektis y mexanismi yTBO-
peHHs cJTabKuX cKIamHnX ciekTpis il P3E ma Comri.

6. AHaJjii3 pe3yabTaTiB IMUX JOCTIIKEHD Ja€ 3MOTY Ii-
ATHOCTYBATH (PI3UIHHNE CTaH COHAYUHOI aTMocdepn Ha
PI3HUX TIHOMHAX.
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NON-EQUILIBRIUM FORMATION OF RARE-EARTH ELEMENTS
WEAK SPECTRA IN THE SOLAR ATMOSPHERE: Cell

M. M. Kovalchuk, M. I. Stodilka, Ja. T. Blagodyr, M. B. Girnyak
Astronomical Observatory of the Ivan Franko National University of Luviv,
8 Kyrylo « Mephodiy Str., UA-79005, Lviv, Ukraine
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The results of the radiation transfer equation solution without local thermodynamic equilibrium (LTE) in solar
atmosphere for complex many-level atomic models of rare-earth elements (REE) are presented in this article.

The calculation has been carried out by the accelerated A-iteration method.

The quantitative means of parameters, that describe the non-LTE effects at the different atmosphere layers
and their influence on Fraunhofer lines (levels population), source function, profiles, equivalent widths and so on
are received.

The inversion of REE lines into emission on the solar limb that coordinates with observations and confirms
an important role of the non-LTE effects in the formation of weak complicated Sun spectra has been received and
explained.



