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061.J.lMl XAPAKTEPHCTHKA PA60Tbl 

AKTyanbHOCTb npo6neMbl: CsepxroHKoe s3a111MoJ.J.ellicrn111e Me)l(J.l.y 

3J1eKTp111YeCKll1Mll1 111 MarHll1THblMll1 M0MeHTaMll1 3JleKTpOHH0'1 060110YKll1 aT0Ma 111 

aT0MHoro HApa, xorn 111 Manoe no csoe'1 se11111Y111He, npVJB0A111T K xopowo 

1113Mep51eMblM 3q>q>eKTaM: 11130TOnll1YeCK0MY CABVlry (l-1C) 111 csepXT0HK0MY 

pacmenneHll1IO (CTP) aTOMHblX YP0BHelli. 3rn 3q>q>eKTb~ s:!BJ151IOTC51 0AHll1Mll1 1113 

caMblX CTaPblX 111CT0YHll1K0B 111Hq>OpMaU111111 06 s:!AepH0lli CTpyKType, no3B0J151fl 

onpeAeJ1111Tb: cnVJH, 3JleKTpoMarHll1THble M0MeHTbl 111 11130T0nll1YeCK0e 1113MeHeH111e 

pacnpeAeJ1eHll1s:! 3aps:1Aa 0CH0BHoro C0CT051Hll1fl flJ.J,pa. 

v'lccneJ.J,0BaHll1fl CTpyKTypbl s:!J.J,pa np111 noM0ll.\111 0nTll1YeCKll1X MeTOJ.J,0B 

3aHll1MalOT oco6oe MeCT0 B C0BpeMeHH0Lti Q)ll13111Ke. 3Ta o6naCTb HaX0J.l,111TC51 

Me)l(J.l.y aTOMHOlli cneKTp0CKon111elli 111 51J.J,epHOl-1 Q)ll13111KOl!i, o6beJ.J,111Hs:!51 B ce6e 

CJlO)l(HOCTVI 06e111x CTOPOH. .c OJ.l,HOlli CTOP0Hbl CT051T 3KCnep111MeHTaJ1bHble 

cneKTpOCKOn111yecK111e npo6neMbl, CB513aHHble C He06XOJ.l,111MOCTblO J.J.06111TbCfl 

MaKCll1MaJlbHO BblroJ.J,HOro KOMnpOMVICCa Me)l(J.l.y BblCOKVIM pa3peweHVJeM, 

BblCOKOl-1 YYBCTBll1TeJ1bHOCTblO 111 6blCTPOJ.J.ellicTB111eM - Tpe6osaHll1Sl, KOTOPble 

npeJ.J,bs:!BJls:!eT o6beKT 111CCJ18J.l,OBaHll151: s:!J.J,po._ C J.J,pyrolli CTOpOHbl, J.J.OBOJlbHO 

cepbe3Hbl8 npo6neMbl CB513aHbl C 111CCJ1eJ.J,OBaHll18M 6onee w111p0Koro Kpyra 

s:!Aep, yJ.J,aJleHHblX OT nonOCbl CTa6111JlbHOCTVI, C 1113BJ1eYeHll1eM si.riepHblX 

napaMeTpOB VI C ll1HTepnpeTau111e1-1 pe3yJ1bTaT0B. 

Pa3B111Tll18 cospeMeHHblX Jla3epoB Ha KpaCll1TeJlflX Cblrpano POJlb 

HacTos:imero peHeccaHca 

crpyKTypbl OllTll1YeCKll1M111 

no OTHOW8Hll1IO K ll1CCJ1eJ.J,OBaHll1s:!M 

cneKTpOCKon111YeCKVIMll1 MeTOJ.J,aMVJ 

s:!J.l.8PHOlli 

[111-113]. 

YHll1KaJ1bHble csollicTBa 3Tll1X Jla3epos: BblCOKafl MOll.\HOCTb 111 BblCOK0e 

pa3peweHllle, OTJllllYHas:! KOJ1Jlll1Mau111s:i 111 B03MO)KHOCTb nepecTpOl-1Kll1 B W111POKOM 

OnT111YeCKOM J.J,111ana3oHe, np111se11111 K ocymecTBJ1eHll1IO HeMblCJ1111MblX AO Cll1X nop 

cneKTpOCKon111YeCKll1X MeTOJ.J.0B. 8 nnaHe 3KCnep111MeHTaJlbHblX B03MO)KHOCTeii1 

OCHOBHble J.l,OCTVJ)K8Hll151 CJ18J.J.YIOll.\111e: 

i) BblCOKas:i TOYHOCTb onpeJ.J,eneHll151 J.J,ernne(,, B s:!J.J,epHOlli CTpyKType 1113·3a 

BblCOK0Lti TOYHOCTl/1 1113MepeHll1Sl CTP 111 v'IC B aTOMHblX cneKTpax: 

pa3peweH111e nopsiJ.J,Ka 10
9

; 

ii) B03MO)!(HQCTb per111cTpau111111 3KCTpeManbHO MaJlblX KOJ1111YeCTB semecTsa 

BnJlOTb J.J.O OJ.l,111HOYHblX aTOMOB (1110HOB); 

iii) 111ccJ1eJ.J,0BaH111e J.l,JllllHHblX uenoYeK 11130TOnoB B OCHOBHOM 111 11130MepHOM 

COCTOSlHl/1111, BKJllOYaSl KOPOTKO)KVJBYll.\1118, He TOJlbK0 off line, HO 111 on line C 

npeA8JlbHO HVl3Kll1Mll1 noroKaMll1 HYKJ1111AOB ("=' 104 
c·

1 
). 
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C0B0KYnH0CTb 3H1X B03M0)l(H0CTe£1 HeA0CTynHa APYrlllM MeTOAaM. nosT0MY B 

Ha'lane 80-x roA0B B Pf!Ae KpynHblX flAepHblX ueHTP0B M1.1pa, B TOM 'l"1CJle III B 

na6oparnp1111,1 f!AepHblX peaKUl.1£1 "1M. r.H. ct>11eposa, Ollls:1111, Ha'laJ1"1Cb aKT"1BHble 

pa60Tbl no pa3pa60TKe MeTOAIIIKl,1 1,1 C03AaH"1IO ycTaH0B0K AJlfl "1CCJleA0BaH"1fl 

f!AepHo£1 CTpyKTypbl, 0CH0BaHHblX Ha npi1MeHeH"1"1 Jla3epHo£1 cneKTp0CKOnl.1"1. 

OCH0B~aH 1.1enb AHCCepT81.1HH C0CT0IIIT B K0MnJleKCH0M n0AX0Ae K 

npo611eMe 11a3epHo-cneKTp0CKon1.1'leCK"1X "1CCJleA0BaH"1£1 csepXTOHK"1X B3a"1M0-

Ae£1CTB"1£1 (CTB) B aTOMHblX cneKTpax 1,1 B CTpyKType flApa. 

B nepBylO O'lepeAb CIOAa BX0A"1T C0;3AaH1.1e 3KCnep1.1MeHTaJlbH0'1 

MeTOA"1K"1: Bb16op 3KCnep1.1MeHTaJlbH0ro MeTOAa B CO0TBeTCTBl,11,1 C B03M0)1(

H0CrnM"1 YCKOPl.1Te11e£1 1,1 o6W,"1M"1 TeHAeHU"1flM"1 Hay'lHblX pa3pa60TOK B 

na6oparnp1,11,1 f!AepHblX peaKu1.1£1 (ns:!P), Ollls:1111, 1,1 ero npaKT11t'lecKafl 

pean1,13au1.1H. 

,ll,anee cneAyeT pa3pa60T1<a MeTOA"1K"1 1,13s11e'leH1.1fl onrnYecK1.1x 1,1 

f!AepHblX napaMeTp0B 1,13 3KCnep1.1MeHTaJlbHblX cneKTp0B. CIOAa BX0AflT: 

a) MeTOAbl onpeAeJ1eH"1fl K0HCTaHT CTP aTOMHblX yposHe£1 B C00TBeCTBl,11,1 C 

pa3HblMl,1 CTeneHf!Ml,1 CJl0)l(H0CTl,1 3KCnep1.1MeHTaJlbHblX CJly'laeB 1,1 6) MeT0Abl 

aHaJ1"13a pe3yJlbTaTOB no IIIC, cnoco6cTBylOW,"1e n0BblWeH"1IO TO'lH0CH1 "1X 

onpeAeJ1eH"1fl 1,1 HaAe)l(H0CTl,1 "13BJle'leH"1fl napaMeTp0B, He06XOA"1MblX AJlfl 

Bbl'l"1CJleHl/lfl MaJlblX 1113MeHeH"1£1 3apflA0BblX paA"1YC0B np1,1 nepeXOAe OT 0AH0ro 

1,13ornna K APYroMy 111111,1· OT ocHoBHoro cocTOf!H"1fl K "130MepHpMy. 

Ha TpeTbeM MeCTe npeAYCMaTp"1BaJ1"1Cb 1113MepeH"1fl csepXTOHK0£1 

CTPYKT"YPbl (CTC) 1,1 IIIC aToMHblX yposHe£1 AJlfl ueno'leK 1,13ornnos w1.1p0Koro 

Kpyra 3JleMeHT0B, IIIHTepeCHblX KaK_ C 0nT"1'leCK0£1, TaK 1,1 C f!AepHo£1 TO'lKl,1 

3peH1.1fl. Oco6oe 3Ha'leH1.1e 1.1Me10T 1.1cc11eA0BaH1.1fl ¢>VHAaMeHTaJlbHblX 

0nT"1'leCK"1X CB0£1CTB 3JleMeHTOB C He3ano11HeHHblM"1 nd- "1 nf-060J10'lKaM1.1: 

nepeX0AHble MeTaJlJlbl, peAK"1e 3eMJ1"1, aKT"1H"1Abl. B TO )Ke speMfl, C T0'lKl,1 

3peH"1fl f!AepHo£1 CTpyKTypbl, 3TO f!Apa 1,13 CJleAylOW,"1X oco6o' "1HTepeCHblX 

0611acrn£1: a) Me)l(Ay ABYMfl coceAH"1M"1 Marn'leCK"1M"1 He£1TpOHHblM"1 1,1 

npoTOHHblMl,1 'l"1CJlaM"1 20 ~ N,Z ~ 28 ; 6) B0Kpyr KBa3"1Marn'leCK0ro 

np0TOHH0ro 'l"1CJla z = 38 (40); B) B 0611acrn nepeXOAa cpopMbl OT 

ccpep1.1YecK0£1 K Ae¢>.opM1.1posaHH0£1 n r) B ueHTpe 0611acrn Ae¢>opMau1.11.1. 
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Hay•rnaH 1108'13lla pa60Tbl C0CT0"1T B CJleAYIOW,eM. 

1. npeAJlO)l(eHa "1 peaJ1"130BaHa MeTOA"1Ka "13BJle'leH"1fl "1HcpOpMaU"1"1 v13 

3KCnep1.1MeHTaJlbHblX cneKTp0B csepXTOHK0£1 CTpyKTypbl AJ15l onpeAeJleHl.151 

K0HCTaHT MarH"1TH0ro A"1n0JlbH0ro "1 3JleKTp"1'l8CK0ro KBaApynoJlbH0ro 

B3a"1M0Ae~CTB"1fl aTOMHblX ypoBHe~ 1,1 CBfl3aHHblX C H"1M"1 OTHOWeHl.1~ 

3JleKTp0MarH"1THblX M0MeHTOB f!Aep. 

2. npeAJl0)l(eHbl 1,1 peaJ1"130BaHbl HeCTaHAapTHble cnoco6bl aHa111,13a IIIC, 

no3B0Jlf!IOW,"1e, Aa)l(e B CJly'laf!X CJl0)l(HblX 0nT"1'leCK"1X cneKTp0B, no11y'l"1Tb 

nOJlHbl~ Ha6op napaMeTp0B, Heo6XOA"1MblX AJ15l "13BJle'leH"1fl 'pa3HO.CTe~ 

cpeAHeKBaApaTlll'lHblX 3ap5lA0BblX paA"1YC0B (CK3P) C MaKC"1MaJlbH0 

B03MO)l(H0~ T0'lH0CTblO. 

3. npoBe,D,eHbl 3KCnep1.1MeHTbl no "13MepeH"1IO IIIC 1,1 CTC scex cra6"1JlbHblX 

1,13oronos Ti (111 44-ri c T112 = 48.2 roAa), Zr, Hf (111 
182

Hf c T1;2 = 9-10 
6 

11eT), Ce, 

Nd, Sm, Gd III scex Ao11ro)l(111Byw,1.1x 1113oronos U (233 - 236, 238). nony'leHa 

H0Bafl onrnYecKafl 111HcpopMau111H 06 IIIC w K0HCTaHTax CTB B ue110M PflAe 

onrn'leCKIIIX nepexo,D,0B Ill YPOBHe£1 B cneKTpax He~rpaJlbHblX aTOM0B 3TIIIX 

3JleMeHTOB. 

4. Ha 0CH0Be no11y'leHHblX AaHHblX AJlfl Ti Ill Gd BnepBble YCTaH0BJleHa 

3aBIIICIIIM0CTb IIIC OT yrnosoro M0MeHTa J aT0Ma Ill npeAJl0)l{eHa Ka'leCTBeH

Ha5l IIIHTepnpeTaUlllfl. 

5. ,ll,eTaJlbH0 npoaHaJ1"13111P0BaHa 11130TOn"1'leCKafl 3aBIIICIIIM0CTb, pa3HOCTe~ 

cpeAHeKBaApaTlll'lHblX 3ap5lA0BblX paAIIIYC0B 8<r
2> B6111113111 3aMKHYTblX 

He~Tp0HHblX Ill npoTOHHblX 060110'-leK ( 22Ti, 40Zr ); B 0611acn,-, CIIIJlbH0 

Ae¢>opM111posaHHblX f!Aep ( 12Hf ) Ill 0611acrn 1113MeHeHlll5l cpopMbl Tfl)l(eJlblX 

3JleMeHTOB ( 92U ). noKa3aHO BJllllf!Hllle CTarn'leCKIIIX ~1 A"1HaMlll'leCKIIIX 

,llecpopMau111~ pa3HblX nop5l,llK0B Ha o6w,yio TeHAeHUIIIIO 1113MeHeH"15l 3ap5lA0-

B0ro paA1.1yca 51,llep Ill n0,llTBep)l(AeH0 rno6aJlbHOe 3Ha'leH111e KarleJlbH0~ M0,D,eJllll 

( droplet model ) AJ15l "1HTepnperau111111 pe3yJlbTaTOB. 

6. BnepBble npeAJl0)l(eH 1,1 peaJ111130BaH MeTOA KOM6111H"1POBaHHOro aHaJ11113a 

3KCnep111MeHTaJlbHblX pe3yJlbTaTOB no a) 1113MeHeHIIIIO 3apflA0BblX PaAIIIYC0B 1113 

0nTlll'leCK"1X 1113MepeH"1~ 1,1 6) a6c0JllOTHblM 3Ha'leHlll5lM 3apfl,D,0BblX PaAIIIYC0B 

1113 cneKTp0B M830aTOM0B Ill 3JleKTp0HH0ro paccef!Hlllfl AJlfl nony'leHlll5l n0JlH0~ 

CIIICTeMaTIIIKIII 3ap5l,D,0BblX paAIIIYC0B B 3aBIIICIIIM0CTIII OT Z 1,1 N, OTpa)l(alOW,e£1 

cospeMeHHbl~ ypoBeHb 3HaHIII~ B 3TO~ 0611acrn. 
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npaKTM'leCKaH ueHHOCTb pa60Tbl 3aKJllOYa8TCSl B CJ18AYIOW.8M: 

1. BnepBbl8 B TaK0M KpynH0M SlA8PH0M Ll8HTpe, KaK O1,1rll,1, C03AaHa 

3KCnept.1M8HTaJlbHaSl ycTaH0BKa, no3B0JlSllOW,aSl npt.1M8HSlTb M8T0Abl Jla3epHOIII 

cneKTp0CKon1,11,1 K 1,1CCJ18A0BaHt.1SlM SlA8PHblX o6beKTOB. TaKt.1M o6pa30M 

pacw1,1peH 1,1 aKTYaJ11,131,1poBaH Kpyr 3KCnept.1M8HTaJlbHblX B03MO)KH0CT8111 

l-1HCTt.1ryTa. 

2. Pa3pa6oTaHHbl8 M8T0Abl aHaJlt.13a 3KCnept.1M8HTaJlbHblX pe3yJlbTaTOB no 

1,10 t.-1 CTC, 0XBaTblBalOUJ,1,18 npaKTt.1Y8CKl,1 B8Cb At.1ana30H peaJlbH0 BCTpeYaeMblX 

CJlyYaeB, pa3Bt.1Tbl Ha YP0BH8 nporpaMM AJlSl paCY8TOB Ha nepC0HaJlbHblX 

K0MnblOTepax 1,1 n03B0JlSllOT 6blCTPYIO 1,1 HaA8)KHYIO o6pa60TKY Jll06blX 

3Kcnept.1M8HT0B 3TOro Tt.1na. 

3. 60JlbWOIII o6beM H0B0III 3KCnept.1M8HTaJlbH0III t.1Hcj)0pMau1,11,1 06 onrnYec

Kl,1X CBOIIICTBax 1,1CCJ18A0BaHHblX 3Jl8M8HTOB M0)1(8T 661Tb 0CHOBOIII A8TaJlbHblX 

TeopernYeCKt.1X paCY8TOB ct>YHAaMeHTaJlbHblX napaMeTp0B, ont.1CblBalOUJ,l,1X 

oco6eHHOCTt.1 3Jl8KTPOHH0III CTPYKTYPbl aT0M0B. 

4. H0Bble 3KCnept.1M8HTaJlbHbl8 pe3yJlbTaTbl 06 1,13M8H8Ht.1SlX 3apSlA0BblX 

PaAt.1YC0B 1,1CCJ18A0BaHHblX 1,130T0nt.1Y8CKl,1X uenoYeK 1,1 n0JlHaSl Ct.1CT8MaTt.1Ka 

1,130T0nt.1Y8CKt.1X 1,1 l,130T0Ht.1Y8CKl,1X 3aBt.1Cl,1MOCT8111 3apSlA0BblX paAt.1YC0B AJlSl 43 

3Jl8M8HT0B OT 11 Na AO gsAm BblSlBJlSllOT H8K0T0Pbl8 06w,1,1e 3aK0H0M8PH0CTl,1 1,1 

SlBJlSllOTCSl 0CH0B0III AJlSl A8TaJlbHblX TeopeTt.1Y8CKt.1X l,1CCJ18A0BaHt.1111. Ta6J1t.11..la 

3HaY8Ht.1111 3apSlA0BblX paAt.-11/C0B npeACTaBJlSl8T t.1HT8pec AJlSl 60JlbWOro Kpyra 

06nacrn111 S1AepH0111 cj)t.13t.1Kt.1 KaK 6a3a AaHHblX B o6pa6oTKe paaJ1t.1YHblX 

3KCnept.1M8HTOB 1,1 B TeopeTt.1Y8CKt.1X paCY8TaX, AJlSl cpaBH8Hl,1Sl l,1Jll,1 KaJ1t.16pOBKt.1 

pe3yJlbTaTOB. 

Ha 38ll.lMTY BblHOCHTCH cneAYIOl.l.lMe OCHOBHble nono>KeHMH: 

1. YcTaH0BKa AJlSl 1,13MepeHt.1Sl 1,1C 1,1, CTC B aTOMHblX cneKTpax CTa6t.1JlbHblX 1,1 

paAt.10aKTt.1BHblX HYKJlt.1A0B AJlSl. w1,1p0Koro Kpyra 3Jl8M8HT0B, BKJllOYaSl 

TYr0nJlaBKt.-18, 0CH0BaHHaSl Ha M8T0A8 Jla3epH0-t.1HAYl..lt.1P0BaHHOIII pe30HaHCH0III 

cj)nyopecueHl..lt.-11,1 B aTOMH0M nyYKe: nopor YYBCTBt.1T8JlbH0CTt.1 10
12 

aTOM0B B 

o6pa31..l8, cneKTpaJlbH08 pa3peweHt.1e, Bblpa)K8HH08 n0JlH0III w1,1pt,1H0III Jll,1Hl,11,1 Ha 

nonyBblC0Te, "'"20 Mru. 

2. KoMnJleKcHaSl M8T0At.1Ka 1,13BJ18Y8Ht.1Sl t.1Hcj)OpMau1,11,1 0 K0HCTaHTaX CTB, 

4 

·,' 

l , 

AJlSl n0BblW8Ht.1Sl TOYH0CTl,1 1,1C 1,1 AJlSl onpeA8Jl8Hl,1Sl napaMeTp0B, He06XOAt.1MblX 

AJlSl Bbl'-lt.1CJ18Hl,1Sl 1,13M8H8Ht.1111 CP8AH8KBaAparnYHblX 3apSlA0BblX PaAt.1YC0B, 

BKJ1l0YalOW,aSl 1,1 H8K0T0Pbl8 H8CTaHAapTHbl8 M8T0Abl aHaJlt.13a. 

3. Pe3yJlbTaTbl npel..lt.131,10HHblX 3KCnept.1M8HTaJlbHblX 1,13M8p8Hl,11/1 1,1C 1,1 CTC 

3Jl8M8HTOB C Heaan0JlH8HH0III nd-o60JlOYKOIII - Ti, Zr, Hf; AaHHble 0 K0HCTaHTax 

csepxTOHKoro pacw,enneHt.1Sl psiAa ypoBHe111 1,1 o napaMeTpax, xapaKTep1,1-

3y10w,1,1x 0nTt.1Y8CK1,18 nepeX0Abl; YCTaH0BJ18HHbl8 3aK0H0M8pH0CTl,1 1,13M8H8Ht.1111 

CK3P B 1,130T0nWl8Kt.1X uen0YKax CTa6t.1JlbHblX 1,1 H8K0T0PblX PaAt.10aKTt.1BHblX 

1,130T0n0B 3Tt.1X 3Jl8M8HT0B. 60JlbWt.1HCTB0 pe3yJlbTaTOB noJlyYeHbl snepBbl8. 

4. ,[],aHHbl8 npel..lt.131,10HHblX 3Kcnept.1M8HTaJlbHblX t.13M8P8Ht.1111 1,1C 1,1 CTC 

aneMeHTOB c He3anonHeHHOIII 4f-060J10YK0111 - Ce, Nd, Sm, Gd 1,1 scsi 

BblTeKalOW,aSl 0TCIOAa t.1Hcj)0pMal..lt.1Sl: a) 06 0nTl,1'-l8CKt.1X B8JlWlt.1Hax - K0HCTaHTax 

csepxTOHK0ro B3at.1M0A8111CTB".1Sl, J-3ast.1Ct.1MOCTl,1 1,1C, napaMeTpax onrnYeCKl,1X 

nepeX0A0B 1,1 6) 06 SlA8PHblX B8Jll,11.jl,1Hax - 0TH0W8Ht.1SlX 3JleKTpbMarHt.1THblX 

M0M8HT0B H8Y8THblX 1,130TOn0B, pa3H0CTSlX CK3P. 60JlbWt.1HCTB0 pe3yJlbTaT0B. 

nonyYeHbl snepBble. 

5. ,[],aHHbl8 np81..lt.131,10HHblX 3KCnept.1MeH,:-aJlbHblX 1,13M8p8Ht.1111 1,1C t.-1 CTC 

3Jl8M8HTOB C He3an0JlH8HHblMl,1 5f-o60Jl0YKaMt.1 - u. H0Bbl8 pe3yJlbTaTbl 0 

K0HCTaHTaX CTP, nepBbl8 pe3yJlbTaTbl 06 0TH0W8Ht.1SlX 3Jl8KTP0MarHt.1THblX 

M0M8HT0B 
233LJ 1,1 

235LJ, n0JlYY8HHbl8 0nTt.1Y8CKt.1M M8T0A0M 1,1 C BblC0K0III 

TOYH0CTblO. l-1Hcj)OpMal..lt.1Sl 0 B03M0)KHblX npt.1M8CSlX pa3Jlt.1YHblX KOHcj)t.1rypau1,1111 B 

cneKTpe UI, H0Bbl8 1,1 6onee TOYHbl8 3HaY8Ht.1Sl pa3H0CT8111 CK3P. 

6. BnepBble C0CTaBJl8HHaSl 1,130T0nt.1Y8CKaSl 1,1 1,130T0Hl,1'-l8CKast Ct.1CTeMaTt.1Ka 

a6COJllOTHblX 3HaY8Hl,1111 3apSlA0BblX PaAt.1YC0B, 0XBaTblBalOW,aSl w1,1po1<1,1111 

At.1ana30H HYKJlt.1A0B: AJlSl 43 3Jl8M8HTOB OT 11Na AO 9sAm t.-1 AJlSl AJll,1HHblX 

1,130TOnt.1Y8CKl,1X uenoYeK CTa6t.1JlbHblX t.-1 paAt.10aKTt.1BHblX 1,130T0n0B B 0CH0BH0M 

1,1 t.130M8pH0M C0CT0SlHt.-11,1. 

7. BblSlBJl8Ht.18 Y8Tblpex H0BblX acj)cj)eKTOB,06w,1,1x AJlSl 06e1,1x Ct.1CT8MarnK. 

Anpo6aQMH pa6oTbl. Marnpt.1aJ1bl At.1CC8PTal..lt.1t.1 A0KJ1aAblBaJlt.1Cb Ha 

Me)l(AyHap0AHblX cosew,aHt.1SlX no 3Kcnept.1M8HTaM Ha nyYKax TSl)K8JlblX t.10H0B 

(r.BapHa, 6onrap1,1si, 1984; r. ,[],peaAeH, r,nP, 1988), Ha 34, 35, 37, 40, 41 1,144 

Me)l(AyHap0AHblX cosew,aHt.1SlX no SlA8PH0III cneKTp0CKon1,11,1 1,1 CTPYKTYP8 

aTOMH0ro SlApa, Ha Me)l(AyHapoAHblX WK0JlaX ceMt.1Hapax no cj)ltl3t.1K8 TSl)K8JlblX 

1,10H0B (r.,[],y6Ha, 1986, 1989, 1993), Ha Me)l(AyHapOAH0III K0Hcj)epeHl..lt.-11,1 no 

onrnKe 1,1 Jla38PH0III T8XHL'1K8 (r. BapHa, 60J1rapt.1Sl, 1987), Ha 8-M0l/l l,1 11-
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ot:t WK011e no s:i,o.epHot:I c:!>1113111Ke, Het:!Tp0HHO_H c1>1113111Ke III aTOMH0H :,JHepr111111 (r. 

BapHa, 6011rap111s:i, 1987, 1993), Ha Me)l(JJ.yHapo,D.HOM CIIIMn03111yMe no c11a6blM 

111 3JleKTp0MarHIIITHblM B3al/lM0,D.et:lcTBl/lflM B fl,D.pax (r.MoHpeanb, KaHa,D.a, 1989), 

Ha 26-0M Me)l(JJ.yHapo,D.H0M K0JlJlOKBl/lyMe no cneKTpocKon111111 (r. Cocl>lllfl, 

6011rap111s:i, 1989), Ha 3-eM BceCOI03H0M C0Bel.LlaHIIIIII no fl,D.epHo-cneKTp0-

CKon111YeCKIIIM 111cc11e.o.osaHl/lflM csepXT0HKIIIX B3al/lMO,D.eHCTBIIIH (r.AllMa-Arn, 

1989), Ha Me)l(JJ.yHapo,D.H0M coBel.llaHIIIIII no np111MeHeHIIIIO Jla3epos K 

IIICCJleAC?BaHl/lflM aTOMH0ro s:i.o.pa (r. ,lly6Ha, 1990), Ha Me)l(JJ.yHapo,D.H0M 

CIIIMn03111yMe no 11a3epaM B s:i,o.epHOH cl>1113111Ke (HIIIWIIIHa Xo11, s:ln0Hlllfl, 1991 ), Ha 

Me)l(JJ.yHapo,o.H0H KOHcl>epeHl..lllllll no 3K30TIIIYeCKIIIM s:i.o.paM (<l>opoc, KpblM, 

1991 ), Ha IV-ot:I Me)l(JJ.yHapo,D.HOH KOHcl>epeHL\111111. no 11136paHHblM npo611eMaM 

s:i.o.epH0H CTPYKTYPbl (r. ,lly6Ha, 1994), Ha HayYHblX CeMI/IHapax <l>lll3111YeCKOro 

cl>aKYJlbTeTa Coc1>111t:tcKoro YHIIIBepCIIITeTa (r. Cocl>lllfl, 6011rap111fl), B IIIHCTIIITyTe 

fl,D.epH0H cl>1113111Ke (r. TawKeHT, Y36eKIIICTaH). 

nM'IHblA BKnaA. B Alll~cepTal..\lll0HHYIO pa6oTy BKJllOYeHbl MaTeplllaJJbl 111cc11e

AOBaHIIIH, npose,o.eHHblX aBTOP0M s TeYeHl/le 1982-1990 rr. BO speMfl ero 

.o.011rocp0YHOll1 pa60Tbl Ill 1991-1994 rr. BO speMfl ero nocTOflHH0ro COTPYA • 

HIIIYeCTBa, KOpOTKOCp0YH0l/1 pa60Tbl Ill MHOroKpaTHblX K0MaH,D.IIIPOB0K B 

na6oparnp111111 fl,D.epHblX peaKL\IIIH, O1/15'.ll/l. ABTOPOl'v-1 nocTaBJleHbl PflA 3a,o.aY 

HayYHblX 111cc11e.o.osaH111t:I III npe,D.Jlo)KeHbl nyrn 111x peweH111t:I. Bee sKcnep111-

MeHTaJJbHbIe IIICCJle,D.0BaHlllfl, BKJllOYeHHble B .o.111ccepTal..\llllO, BblnOJlHeHbl C 

aKTIIIBHblM Henocpe,D.CTBeHHblM yYaCTllleM asTopa. MeTO,D.IIIKa o6pa60TKIII 

3KCnep111MeHTa Ill cnoco6bl 1113BJleYe~lllfl He06XOAIIIMblX OnTIIIYeCKIIIX Ill fl,D.epHblX 

napaMeTp0B npe,D.Jl0)KeHbl Ill Bbln0JlHeHbl JllllYH0 asrnpoM,. 11111111 no.o. ero 

Henocpe,D.CTBeHHblM HayYHblM PYK0B0ACTB0M . 8 npose,o.eHIIIIII 3KCnep111MeHT0B 

nplllHIIIMaJllll yyacrne A. AHaCTaC0B, C. r. 3eMJlflH0ll1, 6.K.KyJlb,D.)KaHOB, XoaHr 

Tx111 K111M Xys III LfaH KoHr TaM. 

CTpyKTypa M o6beM AMCCepTal..l,MM. ,ll111ccepTal..\lllfl C0CTOIIIT 1113 ns:irn mas 

(BKJllOYafl BBe,D.eHl/le) 111 3aKJ110YeH111e, co,o.ep)KIIIT 209 CTpaHIIIL\, B TOM YIIICJle 3q 

PIIICYHK0B, 42 Ta6Jlllll..\bl, 6111611111orpacl>11110 1113 255 Ha111MeH0BaHIIIH Ill cn111coK 1113 40 

ny611111Kal..\lllH asrnpa. 
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conEP~AHHE PA60Thl 

nepBaH rnaoa: flBJlfleTCfl Ha caM0M .o.e11e BBe,D.eHllleM. BblflCHeHO 3HaYeHllle 

0nTIIIYeCKIIIX MeT0,D.0B ,D.Jlfl IIICCJle,o.osaHlllfl CTPYKTYPbl fl,D.pa. B YaCTH0CTIII, 

noKa3aH0 pe3K0e 1113MeHeH111e 061.1.leH CIIITyal..\111111 K pacw111peHIIIIO Ill yrny611eHIIIIO 

Haw111x 3HaHlll111 06 s:i.o.epH0H CTPYKTYPe, Bbl3BaHH0e np111MeHeH111eM cospeMeHHblX 

MeTO,D.0B Jla3epHOH cneKTp0CK0nllllll. O6ocHOBaHa aKTYaJlbH0CTb npo611eMbl Ill 

TeM caMblM - l..leJlb .o.111ccepTal..\llllll. KpaTK0 lll3Jl0)KeH0 co,o.ep)KaH111e ,o.111ccepTal..\llllll 

Ill ccl>opMyJ1111posaHbl 0CH0BHble pe3yJlbTaTbl. 

rnaoa DTOpaH n0CBfll.LleHa 3Kcnep111MeHTaJlbH0ll1 MeTO,D.IIIKe. C,o.enaH cpaBHIII

TeJlbHblC-i 063op na3epHo-cneKTp0CK0nlllYHblX MeTO,D.0B, np111MeH5leMblX B 

51,nepH0III cj)lll3111Ke Ill o60CHOBaH Bbl6op 3KCnep111MeHTaJlbH0r0 MeTO,o.a, 

pa3BIIITOro B .o.111ccepTal..\llllll. Onpe,o.enmOl.lllllMIII flBJlflJllllCb ,D.Ba coo6pa)KeHlll5l: 

1) 0TH0CIIITeJlbHafl npocTOTa pean1113al..\llllll Mern.o.a B C0Y8TaHIIIIII C BblC0KOL-1 

T0'-IH0CTblO, '-IYBCTBIIIT8JlbH0CTblO Ill B03M0)KH0CTblO 111ccne.o.osaTb 6onee 

WIIIPOKIIIC-i Kpyr 51,nep Ill 2) cornacosaHllle 061.1.leC-i HanpasneHH0CTIII Hay'-IHOL-1 

TeMaTIIIKIII Ill B03MO)KHQCTeC-i ycKOp111rnneC-i ns:ip C B03M0)KH0CT5lMIII na3epHo

cneKTpocKOnlllY8CK0ro M8TO,[\a. C y'-leTOM ,nononHIIITeJlbH0ro cl>aKTopa, OTCYT

CTBlllfl on line Macc-cenaparnpa, Bb16paH off line Mern.Li: na3epHo

lllHAYL\IIIP0BaHHafl pe30HaHCHa5l cl>nyopeCL\8Hl..\1115l B aTOMH0M nyYKe. na3epHblC-i 

CBeT, '-laCT0Ty KOTOporo MO)KHO CKaHIIIPOBaTb B ,n111ana30He AO 30 rrl..\, 

nepeceKaeT KOJlJllllMIIIPOBaHHblL-1 aTOMHblL-1 nyYOK. Pe30HaHCHa5l c1>11yopecl..leHL\lllfl 

,neTeKTlllpyeTCfl <l>3Y B pe)KIIIMe C'-18Ta OAIIIHOYHblX cl>OTOHOB. na3epHoe 

1113JlYY8Hllle, aTOMHblC-i nyYOK Ill HanpasneH111e c6opa c1>11yopecl..leHTHOro CBeTa 

B3alllMH0 opTOroHaJlbHbl. CneKTp per111cTp111pyeTCfl MHOroKaHaJlbHblM aHan1113a

TOPOM, pa6oTalOl.lllllM BO speMeHHOM pe)KIIIMe, CIIIHXpOHHO co CKaHIIIPOBaHlll8M. 

YcTaHOBKa pa3B111Ta B ABYX MOAlllcl>IIIKal..\lllflX, KaCalOLl.llllXCfl M8TO,D.a aTOMlll3al..\llllll: 

111cnapeH111e 1113 rnrnfl c HarpesarnneM III na3epHoe 111cnapeH111e [3, 1 O]: TaKIIIM 

o6pa30M, "CIIIJlbH0 pa3WIIIP8H Kpyr Bel.LleCTB, A0CTynHblX ,D.Jlfl 111ccne,nosaHlllfl. 

,lleTaJlbHO 111ccne.o.osaHbl napaMeTpbl ycTaHOBKIII Ill ycTaH0BJl8Hbl npe,nenbl ee 

B03MO)KHOCTeL-1 [3,5] : pa3peweHllle, Bblpa)KeHHOe WIIIPIIIHOl/1 JllllHIIIIII pe30HaH

CHOH c1>11yopeCL\8Hl..\llllll, 20 Mrl..l; sc!>cl>eKTIIIBHOCTb (YIIICJlO C'-leT0B B n111Ke 

K0MnOH8HTbl CTC K Ylllcny BblJl8TeBWIIIX 1113 TlllrJlfl aTOMOB).' "'10-
1

; '-IYBCTBIII

TeJlbHOCTb, xapaKTep1,13yeMaf1 MIIIHIIIMaJlbHblM perlllCTplllpyeMblM nOTOK0M 

BblJl8TalOLl.llllX 1113 TlllrJlfl aTOMOB, 2· 109 c- 1. MIIIHIIIMaJlbH0e KOJll/lYeCTBO aTOM0B 

111ccne,nyeMoro HYKJllll,[\a B o6pa3l..\8, KOTOpoe COOTBeTcTByeT 3TIIIM napaMeTpaM 
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111 peaJlbHO 3aperneTp111posaHO HaM111, nopSlAKa 1012 aTOMOB. Pea1111130BaHHble 

napaMeTpbl yeTaHOBKll1 OTKPblBalOT e11eAy10w,111e 3Kenep111MeHTallbHble B03MO)t(

HOeT111: 

i) AJlSl 111ee11eAOBaHll1Sl 111 aHaJ11113a Mll1KPOK011WleeTB sew.eeTBa B eeTeeTBeHHblX, 

111MnllaHrnpoBaHHblX 111/11111111 no11yYeHHblX B pe3yllbTaTe peAK111X npoueeeoB 

06pa3uos; 

ii) AJlSl off line eneKTpOeKOn111111 eTa611111bHblX 11111111 AOllrO)t(ll1BYW.111X HYKJ1111AOB B 

oeHOBHOM 11111111 11130MepHOM eoeTOSlHll1111 e speMeHaM111 )t(ll13H111 ~ 60 Mll1H. 

rnaea TpeTbH noeBSlUJ,eHa MeTOAaM 1113B11eYeHll1Sl onrnYeeKOl/1 111 SlAepHOl/1 

111HcpopMal..lll1111 1113 3Kenep111MeHTaJlbHblX eneKTpOB esepXTOHKOl/1 eTPYKTYPbl (CTC) 

111 11130TOnll1YeeKll1X eAB111roB (~C). B Hel/1 npll1BOASlTeSl HeKOTOPble oeHOBHble 

cpopMyllbl, eBSl3bJBalOUJ,111e om111YeeK111e 111 SlAepHbJe napaMeTpbl B 111X Ha1116011ee 

111eno11b3yeMOM B111Ae, BbJSleHSleTeSl 111X cf>ll13111YeeKll1111 eMblell 111 3HaYeH111e e TOYKll1 

3peH111Sl ::1Kenep111MeHTa. 

OeHOBHaSl 3aAaYa np111 3Kenep111MeHTallbHOM 111ee11eAOBaHll1ll1 CTC -

1113B11eYeH111e KOHeTaHT A MarHll1THOro A111nOllbHOro 111 B ::111eKTp111YeeKoro 

KBaApynOllbHOro B3all1MOAe111eTBll1Sl 1113 3Kenep111MeHTaJlbHblX eneKTpOB. OHll1 

n03B011SllOT onpeAe11111Tb: 1) Be11111Yll1Hbl, xapaKTepll13YIOUJ,111e eoeTOSlHll1Sl 311eK

TPOHHOll1 060110YKll1, aHaJ11113 KOTOpblX AaeT B03MO)t(HOeTb AJlSl 6011ee AeTallbHOro 

nOH111MaHll1Sl 311eKTpOHHOll1 eTPYKTYPbl aTOMa; 2) SlAepHble Be11111Yll1Hbl -

MarHll1THblll1 A111nOllbHblll1 µ 111 311eKTpll1YeeKll1111 KBaApynOllbHbll/1 Os MOMeHTbl SlApa 

11111111, no MeHbWel/1 Mepe, 111X OTHOWeHll1Sl AJlSl ABYX 11130Tonos; esepxTOHKYIO 

aHOMa11111IO, eBSl3aHHYIO e np111pOAOIII f!AepHblX MarHll1THblX MOMeHTOB; enll1H SlApa 

111 ~c OAHOro 11130TOna no OTHOWeHll1IO K APYroMy, T.e. 1113MeHeHll1Sl CK3P. 

Pa3pa6oTaHbl YeTblpe enoeo6a 1113B11eYeHll1Sl ::irnx KOHeTaHT 1113 3Kenep111MeH

TallbHblX eneKTpOB CTC. Bee OHll1 eBOASlT 3aAaYy onpeAelleHll1Sl ~ Hell13BeeTHblX 

KOHeTaHT esepXTOHKOro paew.en11eHll1Sl 060111x yposHel/1 OnTll1YeeKoro nepeXOAa K 

3a.D,aYe onpeAelleHll1Sl ABYX KOHeTaHT. .U,,Sl 3TOro 111enOllb3YIOTeSl pa3Hble 

aeneKTbl KOppe11Sll..lll1111 Me)t(Ay KOHeTaHTaMll1 esepXTOHKOro paew.en11eHll1Sl, 

311eKTpOMarHll1THblM111 MOMeHTaMll1 111 en111HOM SlApa e OAHOl/1 eTOpOHbl, 111 

Bellll1Yll1HaM111, onpeAelleHHblMll1 311eKTpOHHOll1 060110YKOll1, e Apyro111. MeTOAbl 

xapaKTepll13YIOTeSl pa311111YHOll1 eTeneHblO ellO)t(HOeTll1 BbJY111e11111TellbHOll1 npoue

AYPbl ll1.Tpe6y10T pa3HblX 06beMOB 3Kenepll1M8HTallbHOll1111HcpOpMal..lll1111. Bee OHll1 

pa3B111Tbl Ha YPOBHe nporpaMM AJlSl paeYeTOB Ha nepeOHaJlbHblX KOMnblOTepax. 

Oeo6oe 3HaYeHll1e AJlSl e11yYaSl pa60Tbl e pa.o,111oaKTll1BHblMll1 ll130TOnaMll1, 
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111MeeT MeTOA [17, 21]. oeHOBaHHbll/1 Ha He3aB111e111Moern OTHOWeHll1Sl KOHeTaHT A 

11111111 B AJlSl 060111x yposHe111 onrnYeeKoro nepexoAa OT napaMeTpos SlApa, T.e. OT 

11130TOna, ee11111 He YYll1TblBaTb esepXTOHKYIO aHOMaJ1111IO. Pa.o,111oaKTll1BHble 11130TO

nbl o6bJYHO 111MelOTeSl B He3HaYll1TellbHblX K011111YeeTBax 111 3Kenep111MeHTaJlbHO 

perneTp111py10TeSl TOllbKO eaMble 111HTeHell1BHble 11111Hll1111 CTC. ,lloeTaTOYHO 

1113Mepll1Tb TPll1 TaKll1e KOMnOHeHTbl, YT06bl np111 noMOW.111 3TOro MeTOAa 

onpeAe11111Tb see YeTblpe Hell13BeeTHble KO.HeTaHTbl. 3Ta B03MO)t(HOeTb SlBllSleTeSl 

OAHOl/1 1113 npll1Yll1H, 06ye11os11111Ba10UJ,ll1X nOBblWeHHbll/1 111HTepee K 1113yYeHll1IO e 

BbleOKOl/1 TOYHOeTblO CTP B03MO)t(H0 60llbWe YPOBHel/1 B onrnYeeKll1X eneKTpax 

eTa611111bHblX 11130TOnoB. 

6011ee ellO)t(HOl/1 BblYll1e11111TellbHOll1 npoueAYPOIII OTJ1111YaeTeSl MeTOA [33]. 

np111 noMOW.111 KOTOporo He TOllbKO 1113B11eKalOTeSl KOHeTaHTbl A 111 B 060111x 

YPOBHel/1 nepeXOAa, HO 111 3Kenep111MeHTaJlbHO perneTp111poBaHHblM KOMnOHeHTaM 

CTC np111n111ebIBa10TeS1 KoppeKTHble 3HaYeH111Sl KBaHTOBblX Y111ee11. 3rnM MeTOAOM 

paew111pSleTeSl Kpyr OnTll1YeeKll1X nepeXOAOB, OT 3Kenep111MeHTallbHOro 111ee11e

AOBaHll1Sl KOTOPblX MO>KHO 1113B11eYb 111HcpopMal..lll1IO O KOHeTaHTaX esepXTOHKOro 

paew.en11eH111Sl. 

OnpeAelleH111e pa3HOeTel/1 epeAHeKsa,nparnYHblX 3aPSlAOBblX paA111yeoB 

(CK3P) 1113 3Kenep111MeHTaJlbHblX ~c npeAeTaBllSleT eo60111 AOeTaTOYHO ellO)t(HYIO 

npoueAYPY e BBeAeH111eM PSlAa nonpaBOK, KOTOpble He seerAa KOppeKTHO 

paeeYll1TbJBalOTeSl. C uellblO 111ee11eAOBaHll1Sl eOBMeeTll1MOeTll1 3Kenep111MeHTaJlb

HblX pe3yllbTaTOB no ~c. no11yYeHll1Sl eOBOKYnHOeTll1 6011ee TOYHblX 111X 3HaYeHll1111 

111 1113B11eYeHll1Sl SlAepHblX napaMeTpOB 1113 3Kenep111MeHTallbHblX AaHHblX, aBTOPOM 

A111eeepTal..lll1111 pa3pa60TaHa MeTOA111Ka aHaJ11113a ~c. OHa oeHOBaHa Ha 

np111MeHeHll1ll1 T.H. rpacp111Ka K111Hra, eBSl3bJBalOw,ero ~c ( MOA111cf>ll1Llll1POBaHHble 

nOAXOASlW.111M o6pa30M ) Ha ABYX OnTL-1YeeKL-1X nepexoAaX npSlMOl/1 llll1HL-1e111. 3rnM 

rpacplllKOM, np111 noMOW.111 MeTOAa Ha111MeHbWll1X KBa.D,paTOB, eBSl3bJBalOTeSl ~c Ha 

Ka)t(AOl/1 OnTJ..1YeeKOll1 11111Hll1111 j e eOOTBeTeTBYIOW.111Mll1 ~c Ha seex APYrll1X 

111ee11eAOBaHHblX 11111Hll1SlX k (j -:tc- k); HaXOASlTeSl 3HaYeHll1Sl ~c Ha 11111Hll1111 j, 

11e)t(aw.111e Ha. npSlMOl/1 K111Hra, 111 BblYlllellSllOTeSl 111X epeAHllle B3BeWeHHble no seeM 

APYrll1M 11111Hll1SlM k [8, 12, 40]. MeTOA 111MeeT e11eAy10w,111e npe111Myw,eeTBa: 

no11yYeHHble TaKlllM o6pa30M 3HaYeHll1Sl ~c OTJ1111YalOTeSl BbleOKOl/1 TOYHOeTblO; 

11erKO BblSlBllSllOTeSl ow11160YHble 3HaYeHll1Sl 111/11111111 oeo6oe noBeAeH111e ~c B 

HeKOTOpblX enel..lll1aJlbHblX e11yYaS1x; OH AaeT B03MO)t(HOeTb 3ano11Hll1Tb npo6ellbl B 

1113MepeHll1SlX, npeAeKa3bJBaSl HeAOeTa10w,111e 3HaYeHll1Sl ~c. C ero noMOUJ,blO 

MO)t(HO onpeAe11111Tb napaMeTpbl, He06XOA111Mble AJlSl 1113B11eYeHll1111 pa3HOeTell1 

CK3P, a TaK)t(e npSlMblM nyTeM no11yYL-1Tb YllYYWeHHble 111/11111111 HOBble 3HaYeHll1Sl 
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Vl3MeHeHVIVI CK3P. ,D,nsi peaJ1V13aU,VIVI nocneJJ.HblX ABYX B03MO)l(HOCTeVI 

npeJJ,yCMaTpVlsaeTCSl BBeJJ,eHVle B onvicaHHYIO npou,eJJ,ypy J].OnOJlHVITeJlbHOVI 

VIHcpopMaU,VIVI. . ' 

AllropVITM aHaJ1V13a 111C SlBJlSleTCSl OCHOBOVI, C noMOW,blO KOTOpoill B 

J].aJlbHeillweM Vl3BJleKalOTCSl napaMeTpbl, Heo6XOJ].VIMble J].JlSl onpeJJ,eJleHVISl 

pa3HOCTeill CK3P. OH sisnsieTcsi 'laCTblO 6onee 06111,ero anropviTMa vi cssi3aHHOVI 

C HVIM Bbl'lVICJlVITeJlbHOVI npou,eJJ,ypbl,C noMOW,blO KOTOpoill MO)l(HO onpeJJ,eJlVITb 

CKOpp~KTVIPOBaHHble 3Ha'leHVISl l/1C VI napaMeTpbl J].JlSl pac'leTa, a CJleJJ,oBa

TeJlbHO, OTHOCVITeJlbHble VI a6COJllOTHble 3Ha'leHVISl Vl3MeHeHVIVI CK3P. B 

3aBVICVIMOCTVI OT KOHKpeTHOVI cviryau,111111, npou,eJJ,ypa no3BOJ1SleT Bbl6paTb 

noJ].XOJ].Sllll,VIVI nyTb pac'lera: OT Ha'laJlbHblX 3Ha'leHVIVI 111C - 'lepe3 Hy)l(Hble 

napaMeTpbl - K Vl3MeHeHVIIO CK3P. 

rnaea 'f8TBepTaH nocssiw,eHa 3KCnepviMeHTaM no Vl3MepeHVIIO 111C VI CTC B 

aTOMHblX cneKTpax. l/1ccJ1eJJ,OBaH WVIPOKVIVI Kpyr 3/leMeHTOB, xapaKTep1,13yro

W,VIXCSl C OJ].HOVI CTOPOHbl CJlO)l(HblMVI OnTVl'leCKVIMVI cneKTpaMVI, VI C J].pyroill 

CTOpOHbl - 3aHVIMalOW,Vle CVIJlbHO pa3JlVl'lalOW,VleCSl VI oco6b1e Mecra B 06111,eill 

(Z,N) Kapre Vl30TOnOE3. 8 rn.4 3/leMeHTbl 06beJ].V1HeHbl C TO'lKVI 3peHVISl 

aneKTpOHHoill CTPYKTYPbl aroMos. 

4.1 3JleMeHTbl 'leTBeproill rpynnbl nepVIOJ].Vl'leCKOVI CVICTeMbl c He3anoJl

HeHHblMVI nd-060J10'lKaMV1: Ti, Zr, Hf. 3Heprern'leCKVIVI cneKTp VIX 3/leKTpOHHblX 

yposHeill AO CVIX nop He nOJlHOCTblO BblSlCHeH. OH xapaKTep1,13yeTCSl HaJlVl'lVleM 

60/lbWOro 'lVICJla HVl3KOJle)l(alll,VIX, 6JlVl3KVIX VI CVIJlbHO B3aVIMOJ].eVICTBYIOW.VIX 

Me)l(J].y co6oill yposHeill. 3TO onpeJJ,eJlSleT OCHOBHYIO TPYAHOCTb B Vl3BJle'leHVIVI 

napaMeTpOB, Hy)l(HblX J].JlSl Bbl'lVICJleHVISl pa3HOCTeill CK3P. Havi6onee 

cyw,eCTBeHHble pe3yJlbTaTbl J].VICCeprau,111111 no VICCJleJ].OBaHVIIO nepeXOJ].HblX 

MeTa/1/108 CJleJJ,ylOW,Vle. 

4.1.1 TMTaH. nposeJJ,eHbl nepBble CVICTeMarn'leCKVle VICCJleJ].OBaHVISl 111C scex 

CTa6V1JlbHblX Vl30TOnOB Ti VI 44-ri (T112 = 48.2 roJJ,a). BnepBble onpeJJ,eJleHbl 

3Ha'leHVISl 111C Ha 8 OnTVl'leCKVIX nepexoJJ,ax: OT a
3

P (J = 0 - 2) TepMa K0Hq:>Vl

rypaU,VIVI 3d
2
4s2 K y30° (J = 1 - 3) repMy KOHq:>Vlrypau,111111. 3d

3
4p VI K z

3
P; 

YPOBHIO KOHcpvirypaU,VIVI 3d
2
4s4p. YcraHOBJleHbl 3aBVICVIMOCTVI 111C OT yrnosoro 

MOMeHTa J aroMa s npeJJ.enax a
3

P vi y3o0 
TepMOB. nposeJJ,eH cornacosaHHblill 

aHa/11113 111C, B KOTOPOM .BKJllO'leHbl VI MOJ].eJlbHO-He3aBVICVIMble 3Ha'leHVISl 

pa3Hocreill CK3P JJ.JlSl ABYX 1,13oronHblX nap, 
45

.48ri vi 
48

•
5
°ri, 1,13 cneKTpos 

Me3oaTOMOB VI 3KcnepviMeHTOB no 3/leKTpOHHOMY pacceSlHVIIO [40]. TaKVIM 

o6pa30M: 1) nOBblWeHa TO'lHOCTb Vl3MepeHHblX 111C ; 2) OJ].H03Ha'lHO 
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ycTaHosneHo HaJ1V1'lV1e ManeHbKoro noJ10)l(V1TeJ1bHOro nonesoro CJJ.Bvira; 

3) onpeJJ,eJleHbl see napaMeTpbl, He06XOJ].VIMble J].JlSl Bbl'lVICJleHVISl Vl3MeHeHVIVI 

CK3P VI 4) pa3JJ,eJleHbl BKJlaJ].bl noJleBblX VI MaCCOBblX COCTaBJlSllOW,VIX B 

Ha6J110JJ,aeMOVI J-3aBVICVIMOCTVI 111C VI J].OKa3aHO J].OMVIHVlpyrow,ee BJlVISlHVle 

Maccosoro CJJ.BVlra. Ha ocHose aroro aHaJ1V13a npeJ].Jlo)l(eHa Ka'lecrneHHasi 

cxeMa B3aVIMOJ].eVICTBVISl KOHcpvirypaU,VIVI. KoHCTaHTbl CTP B036y)l(J].eHHblX 

YPOBHeill y
3

D~.2 J].JlSl 
49Ti VI Z

3
P2° J].JlSl •

47
Ti VI 

49Ti onpeJJ,eJleHbl snepBble. 

4.1.2 UMPKOHMM. nony'leHbl VI npviseJJ,eHbl pe3yJlbTaTbl nepBblX CVICTeMaTVl

'leCKVIX VICCJleJJ,OBaHVIVI 111C VI CTC scex cra6V1JlbHblX Vl30TOnos Zr Ha Tpex 

onTVl'leCKVIX nepexoJJ,ax MeTOJ].OM Jla3epHO-VIHAYU.VIPOBaHHO~ pe3oHaHCHOVI 

cpnyopecu,eHU,VIVI B aTOMHOM ny'lKe. TO'lHOCTb Vl3MepeHVIVI noBblWeHa no 

cpasHeHVIIO C 6onee paHHVIMVI pa6oraMVI. OnpeJJ,eJleHVleM 3Ha'leHVI~ KOHCTaHT 

CTP J].JlSl ABYX B036y)l(J].eHHblX yposHeill, 17429.89 CM-l VI 17813.64 CM-l ' B 

cneKTpe Zrl BHeceH BKJlaJJ, B Vl3y'leHVle OnTVl'leCKVIX CBOVICTB Zr . OnpeJJ,eJleH 

nOJlHblVI Ha6op napaMeTpos, He06XOJ].VIMblX J].JlSl Vl3BJle'leHVISl a6COJllOTHblX 

3Ha'leHviill pa3HOCTeill CK3P [1 O] . 

4. 1. 3 racl>Hl1 M. l/1ccJ1eJ].OBaHbl ·BnepBble 111C VI CTC scex cra6V1JlbHblX Vl30TOnos 

Hf Ha JlVIHVISlX 579.1 HM, 590.3 HM VI 594.7 HM VI J].OJlro)l(VIByw,ero 
182

Hf (T112 = 
9· 10 

6 
JleT) Ha JlVIHVIVI 590.3 HM [30,32]. OnpeJJ,eJleHbl c BblCOKOVI TO'lHOCTblO 

KOHCTaHTbl CTP 060VIX CTa6VIJlbHblX He'leTHblX V130TOnOB J].JlSl BCeX 6 ypOBHeVI 

VICCJleJJ,osaHHblX nepeXOJ].08. COBOKYnHOCTb 3Ha'leHVI~ 3TVIX KOHCTaHT MO)l(eT 

virpaTb o~eHb cyw,ecrneHHyro ponb JJ.JlSl 6onee rny6oKoro cpyHJJ,aMeHTaJlbHoro 

nOHVIMaHVISl 3/leKTpOHHOVI CTPYKTYPbl Hf, HanpviMep, VICnOJlb3YSl ee B Ka'leCTBe 

BXOJ].Sllll,VIX JJ,aHHblX npvi napaMeTpVl'leCKOM aHaJ1V13e csepXTOHKOro pacw.enne

HVISl. AHaJlVl30M 111C onpeJJ,eJleHbl napaMeTpbl, He06XOJ].VIMble J].JlSl Vl3BJle'leHVISl 

Vl3MeHeHVI~ CK3P. Pe3yJlbTaTbl VIMelOT 60JlbWOe 3Ha'leHvie J].JlSl 3KcnepviMeHT0B 

C HeCTa6V1JlbHblMVI Vl30TOnaMVI, nony'laeMblMVI B He3Ha'lVITeJlbHOM KOJlVl'leCTBe VI 

oco6o VIHTepeCHblMVI C SlJ].epHO-q:>Vl3Vl'lHO~ TO'lKVI 3peHV1Sl, HanpviMep 178mHf 

[39]. OHVI JJ,alOT B03MO)l(HOCTb J].JlSl HaV160J1ee yJJ,a'lHOro Bb16opa OnTVl'leCKoro 

nepexoJJ,a · VI 6onee TO'lHOro onpeJJ,eJ1eHV1Sl pa3HOCTeill CK3P vi KOHCTaHT CTB 

(VI CBSl3aHHblX C HVIMVI 3/leKTPOMarHVITHblX MOMeHTOB) 3TVIX Vl30TOnOB. 

4. 2 PeJJ,K03eMeJlbHble 3/leMeHTbl C He3anOJ1HeHHOVI 4f-o60JlO'lKOVI: Ce, Nd, 

Sm, Gd. no OTHOWeHVIIO K peJJ,KVIM 3eMJ1SlM U,eJlb 3TOVI pa60Tbl onpeJJ,eJlSlJlaCb: 

1) He06XOJ].VIMOCTblO 3anOJ1HVITb npo6eJlbl B OnTVl'leCKOVI VIHq:>OpMau,111111 

nposeJJ,eHviery, J].eTaJlbHblX 3KcnepviMeHTaJlbHblX VICCJleJ].OBaHVIVI l/1C Ha PSlJJ.e 

OnTVl'leCKVIX nepeXOJ].08 VI onpeJJ,eJ1eHV1eM KOHCTaHT CTB pa3JlVl'lHblX YPOBHe~; 

2) SlJ].epHO-q:>Vl3Vl'leCKVIMVI VIHTepecaMvi: nOJlY'lVITb B03MO)l(HO 60JlbWe VIHq:>op-
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Mau1111,1 o pa3Hocrnx CK3P B 0611acrn HeviTp0HHblX YL-1ce11 82 :-:; N :-:; 96 , rJJ.e 

np0L-1CX0JJ,L-1T nepeX0JJ. OT ccj)epw-1eCKL-1X S'IJJ,ep K JJ,ecj)opML-1P0BaHHblM L-1 3) He

o6X0JJ,L-1MOCTblO L-13BJ18Y8HL-1S'l KoppeKTHblM cnoco6oM noJlHblVI Ha6op napar,v,eTp0B 

J].JlS'l pacYera "13MeHeHL-1vi CK3P. 

4.2.1 U,epHA. BnepBble npL-1MeHeHa Jla3epHaS'l cneKTp0CK0nL-1S'l J].JlS'l L-1CCJl8JJ,0-

BaHL-1S'l IIIC B cneKTpe Cel. vl3MepeHL-1S'l npoBeJJ,eHbl J].JlS'l BCSX cra6L-1JlbHblX 

1,130T0n0B Ce Ha 4 onTL-1Y8CKL-1X nepexoJJ,aX. B aHaJlL-138 IIIC BKJllOYSHbl JJ,aHHble 

JJ,JlS'l YL-1croro nepexoJJ,a ns - np B Cell c· nerKo onpeJJ,ens:ieMblML-1 napaMeTpaML-1. 

T0YHOCTb 3Tll1X JJ,aHHblX, nonyYeHHblX KJlaCCL-1Y8CKL-1M cnoco60M, noBblWeHa B 4-7 

pa3 npoueJJ.ypovi cornacoBaHHoro aHaJ1L-13a [16]. TaKL-1M cnoco6oM yJJ,anocb 

onpeJJ,eJlL-1Tb 11yyw1,1e AO CL-1X nop onTL-1Y8CKL-1e pe3yJlbTaTbl J].JlS'l L-13BJleYeHL-1S'l 

0TH0CL-1T8JlbHblX 1,1 a6cOJllOTHblX 3HaYeH"1VI pa3HOCT8VI CK3P J].JlS'l cra6L-1JlbHblX 

L-130T0n0B Ce. C 3T0VI T0YKL-1 3peHL-1S'l M0)KH0 peK0MSHJJ,0BaTb Bbl6paHHble HaML-1 

onrnYeCKL-18 nepeX0JJ.bl J].JlS'l L-13MepeH"1S'l IIIC B J],JlL-1HHblX uen0YKaX Ce, 

C0JJ,8p)Kall.l,L-1X L-1 paJJ,1,1oaKT"1BHble L-130T0nbl. 

4. 2. 2 HeOAHM H caMapHA. HecM0TPS'l Ha HaJ1"1YL-1e 60JlbW0VI L-1Hcj)OpMaUL-1L-1 

06 IIIC L,1 CTC B cneKTpax 3Tll1X 3Jl8M8HTOB [n2]. 0HL-1 BKJllOYSHbl B HaWL-1 

3KcnepL-1M8HTbl B CBS'l3L-1 C nocTaBJlSHHOVI U8Jlbl0 no11yYL-1Tb 6011ee ASTaJlbHYIO 

L-1Hcj)0pMaUL-1IO 06 IIIC L,1 3aps:iJJ,0BblX paJJ,L-1ycax B 0611acrn nepexoJJ,a cj)opMbl (CM. 

BblWe). ,D,ns:i Ka)KJ],oro L-13 3TL-1X 3Jl8M8HT0B L-1CCJl8JJ,0BaHbl no JJ,Ba 0nTL-1Y8CKL-1X 

nepexoJJ,a. OHL-1 Bbl6paHbl TaKL-1M o6pa30M, YTO HaML-1 BHeceH, xorn L,1 

He60JlbWOVI, BKJlaJJ, K cyw,ecTBYIOW."1M JJ,aHHblM 06 onrnYeCKL-1X CBOVIC!Bax Nd L,1 

Sm: HOBblVI nepeX0A c ').. = 574.7 HM B Sm (L-1JJ,8HTll1$L-1UL-1POBaHHblVI HaM"1 KaK 

a7F2 - z7 F3° ); H0Bble L-1/1r111L-1 6011ee TOYHble 3HaYeHL-1S'l IIIC (Nd, Sm), H0BbIe 

3HaYeHL-1S'l K0HCTaHT CTP ( BnepBbIe J].JlS'l ypoBHS'l 5 H~. 19816 cM·
1 

B Nd). B 

JJ,0n0JlH8HL-1L-1, L-13BJ18Y8Hbl napaMeTpbl J].JlS'l pacyera "13M8H8HL-1VI CK3P np1,1 

noM0W,L-1 CKOppe11L-1poBaHHoro aHaJll,13a IIIC 1,13 peHTreHOBCKli1X cneKTp0B 1,1 

cneKTp0B M830aTOM0B [8] 1,1 noJJ,rnep)KJJ.eHa HaJJ,e)KH0CTb npeJ],Jl0)K8HH0ro B 

JJ.L-1CceprauL-1L-1 KPL-1Tep1,1s:1 npL-1M8HL-1M0CTL-1 3TOro MST0JJ,a. 

4.2.3 raAOnHHHA. 60JlbW0e YL-1CJ10 H8BblS'ICH8HHblX npo611eM, CBS'l3aHHblX C 

aneKTpOHHovi CTPYKTYP0VI Gd, 06yc11aBJ1L-1BaeT CL-1JlbH0 B03pocwL-1vi 1r1Hrepec K 

3KcnepL-1MeHTaJ1bH0MY L-1 reopernYeCK0MY 1,1cc11eJJ,0BaH1r110 CTP 1,1 IIIC B cneKTpe 

Gdl B KOHUS 80-x - HaYaJle 90-x roJJ,aX. nos:iBJlS'ISTCS'l 60JlbW0e YL-1CJ10 pa60T, 

noCBS'IW,eHHblX 1,1CCJl8JJ,0BaHL-1IO 1,1C L-1 CTC B onrnYeCKL-1X cneKTpax Gdl 11a3epH0VI 

cneKTpOCKOnL-1eV1. T0JlbK0 0JJ,Ha L,13 HL-1X, [n4]. ony611L-1K0BaHa 0JJ,H0BpeMeHH0 C L,1 

He3aBL-1CL-1M0 OT Hawevi nocneJJ,Hevi no onrnYeCKl,1M CBOVICTBaM Gd [ 13]. l.faCTb 

L-13 6011ee no3JJ,HL-1X pa6oT noBTOps:!eT y)KS nonyYeHHYIO L,1 ony611L-1K0BaHHYIO HaML-1 

12 
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J! 

J 

) 

Ta6nH~a 1 

KoHCTaHTbl CBepXT0HK0ro pacw,en11eHL-1S'l B036y)KJJ.eHHblX z9
FJ 1,1 z9

DJ MYJlbTL-1· 

nneroB JJ,JlS'l 155Gd L-1 L-1X 0TH0WeHL-1S'l JJ,JlS'l 157Gd L-1 155Gd. 

E, cM· 1 TepM J A(155), Mru B(155), Mru 
A(157) B(157) 

A(155) B(155) 

17227.969 gF 1 266.67(24) 76.2(6) 1.313(2) 1.036( 11) 

17380.827 2 72.97(19) -328.7(1.0) 1.318(4) 1.076(4) 

17617.767 3 31.66(18) -395.8(1.8) 1.33(8) 1.050(6) 

17973.611 4 -4.95(23) -288.3(3.1) 1.315(66) 1.055( 13) 

18509.198 5 6.08(21) -86.6(3.9) 1.298(38) 1.061(40) 

17749.978 9D 2 -86.63(11) -21.6(8) 1.327(2) 1.080(52) 

17795.267 3 -93.97(23) 160.2(2.4) 1.315(5) 1.059(24) 

17930.516 4 -70.86(41) 229.1 (5.2) .1.291 (9) 1.039(36) 

18083.642 5 -98.63(23) 106.8(4.0) 1.311(3) 1.057(40) 

18070.257 6 -101.86(9) -61.6(2.1) 1.313(1) 1.068(37) 

L-1Hcj)0pMaUL-1IO ( CM., HanpL-1Mep, [n5] ). ABTOP0M HaCTOS'IW,evi JJ,"1CcepTaUL-1L-1 

nonyYeHbl BnepBble [8, 13] CJleJJ,ylOUJ,1,18 pe3yJlbTaTbl no Gd : 

i) MeTOJJ,OM 11a3epHOVI pe30HaHCH0VI cp11yopecueHUL-1L-1 L-1CCJl8JJ,0BaHbl IIIC 1,1 

CTC J].Jls:i Bcex cra6L-1J1bHb1x 1,13oron0B Gd Ha 15 onrnYeCKL-1X nepexoJJ,ax B 

cneKTpe Gdl c ocH0BHoro a9D0 repMa KOHcj)L-1rypau1r1L-1 4t75d6s2 K B036y)K

JJ.SHHblM z9F L-1 z9D repMaM K0Hcj)L-1rypaUL-1L-1 4t75d6s6p. 

ii) OnpeJJ,eJleHbl C BblC0K0VI TOYH0CTblO K0HCTaHTbl CBepXTOHK0ro pacw,e

n11eHL-1S'l 10 B036y)KJJ.eHHblX YP0BHevi z9
FJ L,1 z9

DJ MYJlbTlllnJleTOB KOHcj)L-1rypau1,1L,1 

4t76s6p J].JlS'l 060L-1X CTa6L-1JlbHblX HeYeTHblX L-130TOn0B Gd (ra611. 1 ). 

iii) YcTaHOBJleHa J-3aBL-1C"1M0CTb IIIC B npeJJ,enax Bcex L-1CCJl8JJ,0BaHHblX 

repM0B. ,D,ns:i B036y)KJJ.eHHblX TepM0B 0Ha L-1MeeT C"1JlbH0 HSM0H0TOHHblVI 

xapaKTep. O6Hapy)KeHa KoppeJ1S'IUL-1S'l Me)KJJ.y J-3aB"1CL-1M0CTblO IIIC L,1 K0HCTaHT B 

3Jl8KTPL-1Y8CK0ro KBaJJ,pyn0JlbH0ro B3aL-1MOJJ,8VICTB"1S'l: o6w,as:i TeHJJ,8HUL-1S'l 

L-13MeHeHL-1vi arnx Be11"1Y"1H B npeJJ,enax JJ,aHHo'ro repMa 0JJ."1HaKoBas:i. 3T0T cj)aKT 

M0)KeT L-1MeTb oco6oe 3HaYeHL-1e JJ,JlS'l TeopeTL-1YecKoro on1,1caH1r1s:1 acj)cj)eKTOB. 

iv) OnpeJJ,eJleHbl pa3JlL-1YHblMl,1 cnoco6aML-1 napaMeTpbl 3JleKTp0HHblX nepe-
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X0A0B, Heo6XOAI/IMblX AflR 1/13B/leYeHI/IR RAepHblX BeJll/lYI/IH 1/1 CAeJlaH Kpl/lTI/IYec

KI/IVI aHa/11/13 I/IX npl/lMeHI/IM0CTv1 [8, 12, 20]. 

3HaYI/IMOCTb MHOroo6pa3HOCTI/I 1/1 T0YH0CTI/I nonyYeHHblXJ. 3AeCb 

pe3yJlbTaT0B AJlfl 6YAYl.l.ll/lX rnopernYeCKI/IX aHa/11/130B 1/1 AJlR 6onee noJlH0ro 

n0HI/IMaHI/IR 3/leKTp0HHblX CB0VICTB aT0M0B Gd 0YeBI/IAHa. 

4. 3 AKTI/IHI/IAHble 3/leMeHTbl c He3anonHeHH0VI 5f-o6oJlOYKOVI. Pa6orn c HI/IMI/I 

CBR38Ha C TPYAH0CTf!MI/I KaK 3KCnepl/lMeHTaJlbH0ro, TaK 1/1 pacYeTH0ro 

xapaKT~pa. C 0AHOVI CT0P0Hbl, 60JlbWaR YaCTb 1/13 HI/IX A0CTYnHa B 0YeHb MaJlblX 

K0Jll/lYecrnax (AO A0JleVI Hr); OHi/i XI/IMI/IYeCKI/I aKTI/IBHbl, M0ryT I/ICn0Jlb30BaTbCR 

TOJlbKO B BI/IAe COeAI/IHeHI/IVI, YTO 3aTPYAHReT I/IX aTOMl/l3aL.tl/llO. C Apyrovi 

CT0p0Hbl, onTI/IYeCKl/le cneKTpbl 3TI/IX 3/leMeHT0B 0YeHb CJl0)KHble 1/1 B 

3HaYI/ITeJlbHOVI crnneH11 HeBblRCHeHHble. 8 HaCT0Rl.l.levi AI/ICcepTat..tl/ll/l I/ICCJleA0-

BaHbl 1/lC 1/1 CTC scex A0Jlr0)KI/IBYl.l.ll/lX 1/130TOn0B ypaHa, 233-236,238, Ha ABYX 

0nTI/IYeCKI/IX nepeX0Aax B cneKTpe UI, HaYI/IHalOl.l.ll/lX C 0CH0BH0ro 5 L~ YP0BHR 

BnepBble onpeAeJleHbl K0HCTaHTbl CTB ABYX B0361/)t(AeHblX YP0BHevi ( 16900.39 

CM-l 1/1 17361.89 CM-
1

) - AJlfl o60I/IX HeYeTHblX 1/130TOn0B 233U 1/1 235U, 1/1 

0CH0BH0ro ypoBHR - AJlfl 
233U. TeM caMblM, snepBble nonyYeHbl 0nTI/IYeCKv1M 

MeTOA0M, a CJleA0B8TeJlbH0, c n0BblWeHH0VI T0YH0CTblO 0TH0WeHI/IR 

3/leKTp0MarHI/ITHblX M0MeHTOB srnx ABYX HeYeTHblX 1/130TOn0B. Ha OCH0Be 

aHaJll/l3a 1/lC 1) npeACKa3aH KOH¢v1rypa1..tl/lOHHblVI C0CTaB B036y)t(AeHHOro 

YP0BHR 17362 cM"
1 

1/1 CAeJlaHbl BblB0Abl KaYeCTBeHH0ro xapaKTepa 0 

B03M0)KHblX npl/lMeCRX KOH¢v1rypauv1vi YP0BHR 16900 cM" 1 1/1 2) onpeAeJleHbl 

napaMeTpbl AJlfl pacYe'ra pa3H0CTevi CK3P. C noM0l.l.lblO. 3Tv1X napaMeTp0B 

npRMblM cnoco6oM noKa3aHo, YT0 noneBble CABl/lrn nponopt..tl/l0HaJlbHbl 

1/13MeHeHI/IIO YI/IC/la HeVITPOHOB 1/1 o60CHOB8H npoCTOVI 1/1 HaAe)KHblVI cnoco6 

1/13B/leYeHI/IR pa3H0CTevi CK3P. 

B rnaee nHTOM npol/lJ1JllOCTpv1posaH BKJlaA na:;iepH0VI cneKTp0CK0nl/ll/l B 

1/13yYeHl/le RAepHOVI CTPYKTYPbl 1/1 ee CBOVICTB, B Yacrnocrn, B HaWI/I 3HaHI/IR 06 

1/13MeHeHI/IRX 3apRA0BblX PaAI/IYC0B RAep B AJll/lHHblX 1/130TOnl/lYeCKI/IX 1/1 1/130T0-

HI/IYeCKI/IX uenoYKax CTa61/1JlbHblX v1 K0P0TKO)KI/IBYl.l.ll/lX HYKJll/lA0B .. 

PacnpeAeJleHl/le 3/leKTpl/lYeCK0ro 3apRAa B RApe RBJ1R8TCR OAH0VI 1/13 ero 

Ba)KHeVIWI/IX xapaKTepv1crnK. 3To pacnpeAeJleHl/le 1/1 CBR3aHHble C HeM 3apRA0-

Bble paAI/IYCbl onpeAeJlRIOTCR BO MHornx 3Kcnepl/lMeHTaX ABYX rnnos. nepBblVI 

1/13 HI/IX AaeT I/IHcf>OpMat..tl/llO 0 a6COJllOTHblX 3HaYeHI/IRX CK3P, < r 2>, 1/13 AaHHblX 

cneKTp0B no 3/leKTp0HH0MY pacceRHI/IIO 1/1 Me30aTOM0B, xapaKTepv13yeTCR 

cpaBHI/ITeJlbH0 Hl/l3KOVI T0YH0CTblO 1/1 0XBaTblBaeT CI/IJlbH0 orpaHI/IYeHHblVI Kpyr 
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CTa61/1JlbHblX (1/1/11/1 noYrn CTa61/1JlbHblX) RAep. Brnpovi - onpeAeJlReT 1/13MeHeHI/IR 

CK3P, 8<r
2
>, C noM0l.l.lblO BblC0Konpet..tl/l31/10HHblX Jla3epHo-cneKTp0CK0nl/lYHblX 

MeTOA0B B AJll/lHHblX 1/130TOnl/lYeCKI/IX uen0YKaX. Pe3yJlbTaTbl 3TI/IX ABYX Tl/ln0B 

3KCnepv1MeHTOB RBJlRIOTCR npeAMeTOM AI/ICKyCCI/IVI 1/1 CI/ICTeMaTI/IK MHornx pa6oT. 

B HaCTORl.l.leVI pa6oTe npeAJl0)KeH 1/1 pa3BI/IT MeT0A KOM61/1HI/IPOBaHHOro 

aHanv13a aKcnepv1MeHTaJ1bHblX pe3yJ1bTaTOB 06ov1x Tl/lnos, no< r
2> v1 no 8<r

2
>, 

C noM0l.l.lblO K0TOporo 1/13B/leYeHbl a6cohlOTHble 3HaYeHI/IR 3apRA0BblX paAI/IYC0B 

<r
2

>
112

, v1 CAenaHa cv1cTeMarnKa Hosoro rnna [29, 36]. nonyYeHHaR 

v1H¢opMa1..tv1R o < r
2>112 

I/IMeeT cneAYIOl.l.ll/le oco6eHHocrn: 

1) OHa noKpblBaeT Al/lana30H HaMH0ro wv1pe, YeM Ta )Ke 1/13 3KCnepv1MeHTOB 

nepsoro rnna no <r
2
>. )lv1ana3oH no Z - 3TO 43 aneMeHTa OT 11Na AO gsAm. 

)lv1ana30H no N onpeAeJlReTCR ABYMR cf>aKTopaMI/I: (a) MeTOA0M KOM61/1Hl/l

poBaHH0ro aHaJll/l3a 1/1 (6)· H8Jll/lYl/leM 3KCnepl/lMeHTaJlbH0VI I/IHcf>opMat..tl/ll/l 0 

0<r
2>, B AJll/lHHblX 1/130TOnl/lYeCKI/IX uen0YKaX. 3TOT cf>aKT 0TKpblBaeT B03M0)K

H0CTb C0CTaBI/ITb He T0JlbK0 1/130T0nl/lYeCKylO, HO 1/1 1/130T0HI/IYeCKylO CI/ICTeMaTI/IKy 

3apRA0BblX paAI/IYC0B (CM. Pl/IC. 1 - 3). nonHylO Ta6Jll/lUY 3apRA0BblX paAI/IYC0B 

M0)KH0 Havirn B Hawevi pa6orn [36]. 

2) TOYH0CTb onpeAeJleHI/IR <r
2
(A)> 

112 
BblWe 3Kcnepv1MeHTaJ1bH0VI B pe3yJlbTaTe 

ycpeAHeHI/IR no BCeM 1/130TOnl/lYeCKI/IM uen0YKaM C pa3HblMI/I nocJ1eA0BaTeJ1b

H0CTf!MI/I C0CTaBJlRIOl.l.ll/lX 1/13MeHeHI/IVI 8<r
2
(A,A')>, CBR3bIBal01.l.ll/lX "v130T0n A C 

1/130T0n0M A', 1/1 no BCeM 1/130TOnaM C 1/13BeCTHblMI/I 3apRA0BblMI/I PaAl/lycaMI/I 

<r
2
(A')>. 

N:il 
,e. 

N~ 
L 
~ 

CpaBHeHl/le 06ev1x CI/ICTeMarnK: 1/130TOnl/lYeCK0VI Ha pv1c.1 1/1 pv1c.2, 1/1 
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PMc.1.A6COJllOTHOe 3HaYeHl/le 

CK3P <r
2

> s 3~sv1cv1Mocrn OT 

N B o6nacrn nerKI/IX stAep: 

3HaYeHI/IR z 0K0/10 z = 20 . 
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u,enOYK111; WTPll1XOB8HHbl8 /ll,1Hl,11,1 o603HaYalOT OTCYTCTBYIOlllYIO 111HQ)OpMaLJ,l,1IO, 
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PHC. 3. A6comoTHbl8 3HaYeHll151 CK3P <r
2> B 3881,1Cl,1MOCTl,1 OT z 

1,13OTOHll1YecKa51 Cll1CT8M8Tll1Ka. Cn/lOWHble /ll,1Hl,11,1 CB513bl88IOT 1,13OTOHll1Y8CKll1e 

u,enOYK111; WTPll1XOB8HHbl8 /ll,1Hl,11,1 o6O3HaYalOT OTCYTCTBYIOlllYIO 111HQ)OpMaLJ,111IO. 
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lt130TOHlt1YeCK0£1 Ha p1t1c.3, B6ISlBJ15leT c11e.D,y10W,1t1e 0CH0BH6Ie xapaKTep1t1CTlt1Klt1 B 

nose.o.eH1t11t1 3apsi.o.os6Ix pa.o.1,1ycos si.o.ep . 

1. HaKJl0H Kplt1B6IX <r
2
(Z)> Ha p1t1c. 3 3Ha'-llt1TeJl6H0 60J16We, YeM HaKJl0H 

KP1t1B6IX <r
2
(N)> Ha p1t1c.2. 3TOT cj>aKT M0)l(eT 661T6 06bSlCHeH B;lt1SlHlt1eM 

.o.ono11H1t1TeJl6H0ro KYll0H0BCK0ra B3alt1MO.D,e£1cTBlt1Sl Me)l(,!J,y npoTOHaMlt1 no 

cpasHeHlt1IO C B3a1t1M0.D,e£1crn1t1eM Me)l(,!J,y He£1TpoHaMlt1. OHO nplt1B0.D,lt1T K 6011ee 

3aMeTH0MY HapacTaHlt1IO <r
2
> B cnyYaSlX .o.06as11eH1t1Sl npoTOH0B, YeM B cnyYaSlX 

.o.o6aBJl~Hlt1Sl He£1Tp0H0B K si.o.py. 

2. BTopasi xapaKTepHaSl oco6eHHOCT6 CBSl3aHa C MarnYeCKlt1Mlt1 '-llt1CJlaMlt1. 

HaKJlOH 06e1t1x 38B1t1Clt1M0CTe£1 <r
2
(N)> lt1 <r

2
(Z)> 60J16We B HaYaJl6H0M yyacTKe 

lt1HTepBana Me)l(,!J,y ABYMSl MarnYeCKlt1Mlt1 '-llt1CJlaMlt1 lt1 CTpeMlt1TCSl K HaC6IW,eHlt1IO K 

K0HLJ,Y :Hora lt1HTepsana. 6011ee TOra, OH CTaH0Blt1TCSl .D,a)l(e 0Tplt1U,aTeJl6H6IM Ha 

p1t1c.1 1,1 p1t1c.2 Henocpe.o.crneHo nepe.o. He£1TpoHH6IMlt1 MarnYeCK1t1M1t1 Y1t1c11aM1t1 

28, 50 1t1 82, 1t1 Ha p1t1c.3 - nepe.o. np0TOHH6IM MarnYeCKlt1M '-llt1CJl0M 50. 

v13MeHeH1t1e HaKJl0Ha KP1t1B0£1 <r
2
(Z)> B yKa3aHH0M CM6ICJle 06Hap~1,1saeTCSl Ha 

p1t1c.3 nepe.o. npoTOHH6IM '-llt1CJl0M 38, YTO HaX0.D,lt1TCSl B cornac1t11t1 c APYrlt1Mlt1 

cj>aKTaMlt1, yKa36IBalOW,lt1e Ha TO, YTO '-llt1CJ10 38 M0)l(eT 661T6 npoTOHH6IM 

MarnYeCKlt1M Y1t1c.rioM. 3cj>cj>eKT CBSl3aH C .3anom-1eH1t1eM 060110YKlt1 nepe.o. 

MarnYeCKlt1M '-llt1CJl0M. 8KJ110YeH1t1e Ta6J11t1YH6IX pe3yJl6TaTOB .D,JlSl Eu B rpacj>1t1KaX, 

np1,1se110 661 K B6ISlBJleHlt1IO acj>cj>eKTa on1t1caHH0ra T1t1na nepe.o. npoT0HH6IM 

'-llt1CJl0M 64, HO TOJ16K0 B 0611acrn N = 89 - 91. 3TO 661110 661 B cornac1t11t1 C 

.o.pyrnM1t1 3KCnep1t1MeHTaJ16H6IMlt1 cj>aKTaM1t1, yKa361Ba10W,1t1e Ha TO, YTO 64 M0)l(eT 

661T6 npoT0HH6IM MarnYeCKlt1M '-llt1CJl0M. O.D,HaKO eCT6 0CH0BaHlt1Sl C'-llt1TaT6, YT0 

3KCnep1t1MeHTaJ16HaSl 1t1Hcj>OpMaLJ,1t1Sl 0 <r
2

> Eu Hy)l(.D,aeTCSl B nepeCM0Tpe. 

3. TpeT6Sl xapaKTepHaSl oco6eHOCT6, 3TO "staggering" 3aBlt1Clt1MOCTe£1 

<r
2
(N)> Ha p1t1c.1 lt1 plt1C.2, <r

2
(Z)> H<;I p1t1c.3 lt1 TOT cj>aKT, YTO OH B61SlBJleH 11yywe 

Ha p1t1c.3 .. O661'-lHO 3T0 YeTH0-HeYeTH6Ie pa3Jllt1'-llt1Sl, nposi~J1SllOW,1t1ecsi KaK 

"nposan" KPlt1B6IX MSl HeYeTH6IX z lt1 N (He60J16W1t1e lt1CKJllOYeHlt1Sl CBSl3aH6I 

scer.o.a c acj)cj>eKTaM1t1 rnna 2, o6cy)l(.D,eHH61Mlt1 B6IWe). B 0601t1x cnyYasix, 0H1t1 

M0fYT 661T6 o6bSlCHeH61 BJllt1SlHlt1eM napH6IX Koppensiu,1,1£1 Ha KOJlJleKTlt1BH61£1 

noTeHLJ,lt1aJl Sl.D,pa. B 3aBlt1Clt1M0CTSlX <r
2
(Z)> Ha plt1C.3 snepB6Ie 0_6Hap~1t1BaeTCSl 

H0B6I£1 lt1, noKa HeB61SlCHeHH6I£1, acj>cj>eKT - YeTH0-YeTH6Ie pa3Jllt1'-llt1Sl, xapaK

Tep1,13yJOW,1t1ecsi Clt1Jl6H6IM yMeH6WeH1t1eM <r
2
(Z)> np1t1 3HaYeHlt1SlX Z Ha 4 

npoTOHa Hlt1)1(e npoT0HH6IX MarnYeCKlt1X '-llt1CeJl 50 1t1 82. 

4. lt1 Yerneprnsi, cpa3y 6poca10w,asicsi B rna3a oco6eHHocT6: no.o.061t1e B 

o6w,e£1 cj>opMe KP1t1B6IX <r
2
(N)> .D,JlSl coce.o.H1t1x Z Ha p1t1c.1 1,1 p1t1c.2 1,1 ew,e 6011ee 

0YeB1t1.D,H0e no.o.061t1e KPlt1B6IX <r
2
(Z)> .D,JlSl coce.D,Hlt1X N Ha p1,1c.3. 3TOT cj>aKT 
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M0)l(eT Ha£1Tlt1 csoe 06bsicHeH1t1e B npe.o.enax 060110YeYH0£1 Mo.o.e111t1. 

lt130TOHlt1'-leCKaSl Clt1CTeMaTlt1Ka 3apSl.D,0B6IX pa.o.1t1YC0B lt1 B61SlBJleH1t1e CBSl-

3aHH6IX C He£1 acj>cj>eKT0B CTaH0BSlTCSl B03M0)l(H6IMlt1 Jllt1W6 Ha 0CH0BaHlt1lt1 

pa3pa6oTaHH0ra 3.D,ec6 MeTO.o.a KOM61t1H1t1poBaHHOra aHaJllt13a lt1 nonyYeHH6IX C 

era noM0W,6!0 .D,aHH6IX o CK3P. OHa c.o.enaHa 1t1 ei6Cy)l(.D,eHa HaM1t1 snepB6Ie. 

KpoMe paCCM0TpeHH6IX B6IWe 06w,1,1x 3aKOH0MepHOCTe£1 noBe.D,eH1t1Sl 

3apsi.o.osora pa.o.1t1yca si.o.ep B 3as1t1c1t1Mocr1,1 OT Z 1,1 N, Hawa c1t1cTeMaT1t1Ka .o.aeT 

TaK)l(e HarnSl.D.HYIO lt1 .D,eTaJl6HYIO KaprnHY cneu,1t1cj>1t1YeCKlt1X oco6et-iHOCTe£1 3T0ra 

nose.o.eHlt1Sl BO scex 0611acrnx, lt1HTepeCH6IX C TOYKl,1 3peH1t1Sl si.o.epHo£1 

CTPYKTYP6I. BKJla.D, asTOpa .D,1t1cceprnu,1,11,1 B 0611.1,ylO KaprnHy OTpa)l(eH B 

1t130TOn1t1YeCK1t1X u,enoYKax Ti Ha p1t1c.1, Zr 1,1 Hf Ha p1t1c.2, 1,1 U (nocne.o.Hsisi He 

noKa3aHa Ha p1,1cyHKax). 8Kcnep1t1MeHTaJ16H61e pe3yJl6TaT6I no si.o.epH6IM 

napaMeTpaM K0HKpeTH6IX 3JleMeHTOB .o.eTaJllt131t1PYIOT 1t1Hcj>0pMaLJ,1t1IO 0 3apsi.o.o

B6IX pa.o.1,1ycax B 0T.D,eJl6H6IX z ' N 0611acrnx lt1 SlBJlSllOTCSl no.o.rnep)l(,lJ,eH1t1eM 

o6Hap~eHH61X 06w,1,1x 3aKOHOMepHocrn£1. 60Jl6WaSl YaCT6 pe3yJl6TaTOB 

nonyYeHa snepB6Ie. OHlt1 OTH0CSlTCSl K CJle.D,ylOW,lt1M OCH0BH6IM 0611acrnM 

HyKJ11t1.D,0B: 

5.1 B61llt136I 3aMKHYT6IX npoTOHH6IX lt1 He£1Tp0HH61X 060110'-leK: 22Ti lt1 4()2r. 

lt1cc11e.o.osaHH6le lt130TOn6I Ti pacn0Jl0)l(eH6I Me)l(,!J,y ABYMSl 3aMKHYT6IMlt1 He£1-

TP0HH6IMlt1 lt1 np0TOHH6IMlt1 060110YKaM1t1 (20 :-::; Z,N :-::; 28), a lt13bTOn6I Zr C 

3aMKHYT0£1 npOTOHH0£1 no.o.060110YK0£1 - B6111,131,1 MarnyecKoro N = 50 . 

K HaCT0SlW,eMy speMeHlt1 caMaSl npocTaSl, HO O.D,H0BpeMeHH0 caMaSl 

. peaJ11t1CTlt1YHaSl lt1 rno6a116HaSl cj>eHOMeH0Jl0rlt1YeCKaSl M0.D,eJl6 si.o.pa, on1t1C6I

Ba10w,asi B nepB0M np1t16J11t1)1(eH1t1lt1 .D,0CTaTOYH0 xopowo 3KCnep1t1MeHTaJl6H6le 

pe3yJl6TaT6I 0 &<r
2
> B Wlt1P0K0M .D,1t1ana30He z, N - 3TO KaneJ16HaSl M0.D,eJl6 (CM., 

Hanp1t1Mep, [n2,n3]). O6cy)l(,lJ,eH1t1e pe3y116TaTOB o &<r
2

> s .o.1t1cceprnu,1,11,1 

npose.o.eH0 TO)l(e C TOYKlt1 3peH1t1Sl 3T0£1 M0.D,eJllt1. 

KaK Blt1.D,H0 1,13 p1t1c.1, 3aBlt1Clt1M0CT6 <r
2
(N)> .D,JlSl Ti lt1MeeT TOT )Ke caM61£1 

He0661'-lH61£1 Blt1.D, (B lt1CCJle.D,oBaHH0£1 0611acrn N), KaK .D,JlSl coce.o.Hero Sl.D,pa Ca, 

lt1, B caMblX 06w,1,1x Jllt1Hlt1SlX, era M0)l(H0 o6bSlCHlt1T6 TaKlt1M )Ke cnoco6oM. 

OCHOBH0£1 BKJla.D, B Ha6JllO.D,aeM61£1 acj>cj>eKT BH0CSlT KOJlJleKTlt1BH6Ie KBa.D,py

n0Jl6H6Ie ~2 i-1 0KTYno116H6Ie ~3 .o.ecj>opMau,1,11,1: yse111t1YeH1t1e .o.ecpopMau,1,1£1 c 

y.o.a11eH1t1eM OT MarnYeCK0ro N = 28 (K MeH6Wlt1M N) K0MneHC1t1pyeT yMeH6-

weH1t1e pa.o.1t1yca no ccj>ep1t1YecK0£1 Kane116Ho£1 Mo.o.e111t1. 

v13MeHeHlt1e CK3P Zr B paccMaTp1t1saeM0£1 u,en0YKe lt130TOn0B SlBJlSleTCSl 

TO)l(e no.o.rnep)l(,lJ,eH1t1eM 06w,1,1x 3aKOHOMepHOCTe£1 B6Jllt13lt1 MarnYeCKlt1X 

HeihpOHH61X '-llt1CeJl. 3aMKHYTaSl npoTOHHaSl no.0.060110'-lKa Zr 0Ka36IBaeT crn61t1-
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Jll/I31.1PYIOI.Llee ,[levtCTBl.1e Ha cj)opMy 51.(lpa; BKJlaA KBa.[lpynOllbHOVI ,[lecj)opMau1,11,1 B 

1,13MeHeHl.1e CK3P HeBe111.1K, 'lTO no3B0115leT Bbl51B1,1Tb B111,151Hl,1e APYrl.1X cj)aKTOPOB. 

8 nepBylO O'lepe.[lb CK83blBaeTC51 B111,151Hl,1e .(l1,1H8Ml,1'leCKOVI OKTYnODbHOVI 

Aecj)opMaui.11.1. 

5. 2 B ueHTpe 0611acrn Aecj)opMaui.11.1: 12Hf. v13y<ieHHble 1,13oronbI pacno110-

)KeHbI B cepe.[ll.1He 0611acrn Me)K.[ly ABYM51 npOTOHHblMl,1 1,1 HevtTPOHHblMl,1 

38MKHYTblMl,1 o60llO'lK8Ml.1; xapaKTepl.13YIOTC51 60llbWOVI crnrn<ieCKOVI KBa.[lpy

nOllbHOVI .[lecj)opMau1.1evi fh"" 0.3. O61.Lll.1vt XOA l.13MeHeHl.151 3ap51AOBblX pa.[l1.1ycos 

COOTBeTCTByeT noBe.[leHl.1IO KBa.[lpynOllbHOVI ,[lecj)OpMau1,11,1 1,1 npaBl.111bHO 

nepe,l:laeTC51 pac<ieTaM1,1 no Kane11bHOvt MOAe111,1. B npornsope<i1,11,1 c o6bl'lHO 

Ha61110,[laeMOVI Cl.1TY8Ul.1evt B APYrl.1X HYKJll.1,[laX, 1,13 OnTl.1'leCKl,1X pe3yllbTaTOB no 

o<r2> 1,1 1,13 cneKTpOB Me30TOMOB c11e.[lyeT pa3HOe noBe,[leH1.1e 51.(lepHOVI 

,[lecj)opMau1,11,1 B 1,1CClle.[lyeMOVI 0611acrn MaCCOBblX 'll.1Cell Hf [32]. np1.1'll.1Ha 

:noro HeBbl51CHeHa. 

5. 3 B 0611acrn nepexoAa cj)opMbl: s2U . v13MepeHHble B A1.1cceprnu1,11,1 

1,13MeHeHl.151 CK3P 1,130TonoB U OTHOC51TC51 K MaJ101.13y'leHHOVI 0611acrn nepexo.[la 

cj)opMbl OT ccj)epwiecKovt K ,[lecj)opM1,1poBaHHOVI AJ151 Ha1.16011ee T5l)KellblX 51.(lep 

(Z ~ 88 1,1 N ~ 126), OXB8TbIB851 Y3Kl.1vt y<iaCTOK CZ= 92, 141 :5: N :5: 146 [21,28]. 

AHa111,13 o<r2> noKa3blBaeT, '-!TO OCHOBHOVI BKJ18A B 1,13MeHeHl.1e CK3P BHOCl,1T 

1,13MeHeHl.1e o6beMa 51.(lpa; BKJla.[l 38 C'-!eT ,[lecj)opMau1,11,1 HeBelll.1K. OH CB5138H B 

ocHoBHOM c B111.151Hl.1eM KBaApyno11bHOvt S2 1,1 reKcaAeKano11bHOvt S4 Aecj)op

Mau1.1vi, l,13MeH51IOI.Lll,1XC51 B npOT1,1BOn0110)1(HblX Hanpas11eHl.151X 1,1 '-18CTl,1'-IHO 

KOMneHCl.1PYIOI.Lll.1X ,l:lpyr ,l:lpyra. 

Bo scex 1,13y'-1eHHblX c11y4a51x AJ151 OT.[lellbHblX 1,130TOnl.1'-!eCKl.1X nap 

Ha61110,[l8IOTC51 pacxo)K.[leHl.151 C npe.[lCK838H1,15lMl,1 KanellbHOVI MO,[le111,1, OHl.1 

oco6eHHO Belll,1Kl,1 AJ151 Ti , B c11y4ae KOTOporo (KaK 1,1 AJ151 coce,[lHl,1X 51.(lep 19K 1,1 

20Ca [n2]) l.1HTepnpernu1,151 l.1MeeT lll,1Wb Ka'-!eCTBeHHblvt xapaKTep. OCTalOI.Lll.1eC51 

pa3111,141,151 "" 0.1 cj)M
2 

MOryT 661Tb 1,1HTepnpernpoBaHbl pa3HblMl,1 cnoco6aMl.1. OHl.1 

MoryT 661Tb CrJla)KeHbl BBe,[leHl.1eM 1,13MeH51IOI.Llevtc51 T0111.Lll.1Hbl nosepXHO CTHoro 

C11051, MoryT 661Tb OTHeceHbl K HeTO'-!HOCT51M 1,1/1,1111,1 K OTCYTCTBl,1IO .[laHHblX 0 

,[lecj)opMau1,11,1 pa3111.1'-!HblX nop51AKOB, 1,1, He B noc11eAHYIO O'-!epe.[lb, K 

He.[lOCTaTKaM 1,1cnollb30B8HHOVI MO,[le111,1, npo611eMa el.Lle He peweHa 

OAH03H8'-IHO. 
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PE3YnbTATbl ,ll"1CCEPTAU."1"1 

1. BnepBble B TaKOM KpynHOM 51.(lepHOM ueHTpe,KaK Ov1~v1. C03.[laHa 3KCne

p1.1MeHTallbH851 ycTaHOBKa, no3B01151IOI.Ll851 np1.1MeH51Tb MeTO.[lbl 11a3epHOVI 

cneKTpOCKon1,11,1 K 1,1cc11e.[lOB8Hl.151M 51.(lepHblX o6beKTOB. OHa OCHOBaHa Ha 

MeTO.[le 11a3epH0-1,1HAYUl.1POB8HHOVI pe3oHaHCHOVI cj)11yopecueHu1.11,1 B aTOMHOM 

ny'-!Ke; OTJll.1'-!aeTC51 OTHOCl.1TellbHOVI npOCTOTOVI 3Kcnep1.1MeHTallbHOVI pean1,1-

3au1,11,1; pa3B1.1Ta B ABYX MO.[l1,1cj)1,1K8Ul.151X, ·KaCalOI.Lll.1XC51 cnoco6a aTOM1,138Ul.11.1, 1,1 

TeM caMblM, ,[laeT B03MO)KHOCTb 1,1cc11e,[lOB8Tb Wl.1POKl,1V! Kpyr HYKJll.1.[lOB, 

.[lOCTYnHblX B 06pa3uax pa3111,1'-!HOro Xl,1Ml.1'-!eCKOro COCTaBa. T1.1n1.1'-!HOe 

cneKTpallbHOe pa3peweH1.1e 25 Mru. peallbHO AOCrnrHYTa51 '-IYBCTBl.1TeJibHOCTb 

Ha yposHe 1012 aTOMOB B 06pa3ue. C,[le11aH ,[leTaJlbHblvt aHaJll,13 napaMeTpOB 

ycTaHOBKl,1 1,1 Bbl51CHeHbl B03MO)l(Hble nyTl,1 K l,1X y11y'-1WeHl.1IO. 

2. Pa3pa6ornHa KOMnlleKCHa51 MeTO.[ll,1Ka o6pa60TKl,1 3KCnep1,1MeHTa no 1,130-

ron1.1'-!eCKl,1M CABl.1raM (v1C) 1,1 csepxTOHKOMY pacl.Llen11eHl.1IO (CTP) AJ151 

1,13B11e'-!eHl.151 onrn'-!eCKOVI 1,1 51.(lepHOVI l.1Hcj)opMau1,11,1, 

2.1 Pa3B1,1Tbl 4 MeTO.[la onpe,[lelleHl.151 KOHCTaHT MarHl.1THoro Al.1nOllbHOro 1,1 

311eKTp1.1<ieCKOro KBa.[lpynOllbHOro B381,1MO,[lel(ICTBl,15l 1,13 cneKTpOB CBepXTOHKOVI 

CTPYKTYPbl (CTC). OHl.1 1,1cno11b3YIOT pa3111.1'-!HbIe cj)1,131,14ecK1.1e xapaKTep1,1crnK1.1 

csepXTOHKOro paCI.Llen11eHl.151, OTJ11,1'-!8IOTC51 pa3HblMl,1 crnneH5lMl,1 CllO)KHOCTl,1 1,1 

nepeKpbIB8~T Wl.1POKl,1VI .[ll,1ana30H peallbHO BCTpe'-!aeMblX Clly'-!aes. TaKl.1M 

o6pa30M, C1,111bHO pacw1,1peH Kpyr 3Kcnep1.1MeHTaJl~HblX B03MO)KHOCTevt 

ycrnHOBKl,1, KaK no OTHOWeHl.1IO K OnTl.1'-!eCKl,1M nepexo.[laM (6e3 orpaHl.1'-!eHl.151 

41,1c11a YPOBHevt C Hel.13BeCTHblMl,1 KOHCTaHTaMl,1 CTP), TaK 1,1 no OTHOWeHl.1IO K 

4YBCTBl.1TellbHOCTl,1 (1.13B11e'-!eHl.1e KOHCTaHT C .[lOCTaTO'-IHOVI TO'-IHOCTblO 1.13 

. Ml,1Hl,1MaJlbHOVI 3KCnep1,1MeHTallbHOVI l.1Hcj)OpMau1,11,1), noc11e.[lHee oco6eHHO 

cyl.LleCTBeHO np1,1 pa6oTe C pa.[ll.108KTl,1BHblMl,1 1,130TonaMl.1, AOCTYnHblMl,1 B 

Hl.1'-ITO)KHOM KOJ11.1'-18CTBe. 

2. 2 MeTO.[ll.1Ka o6pa60TKl,1 3Kcnepl.1MeHTa no 1,130TOnl.1'-!eCKl,1M C.[lBl.1raM 1,1 

onpe,[lelleHl,151 napaMeTpOB, He06XOAl.1MblX AJ151 1,13B11e'-!eHl.151 51.(lepHOVI l,1Hcj)op

Mau1,11,1, pa3pa6ornHa B ee no11HoM · MHoroo6pa31,11,1, BKJ110'-la10l.LleM secb 

,[ll.1a,na30H 1,13BeCTHblX MeTO.[lOB. KpoMe 0661'-IHOro ABYMepHoro rpacj)1.1Ka K1.1Hra 

B ero pa3111,1'-IHblX MO.[l1,1cj)1,1K8Ul.151X, OHa BKJllO'-!aeT HeCTaH.[lapTHble, cj)1,131,14eCKl,1 1,1 

crnrncrn'-!ecKl,1 o60CHOB8HHble, cnoco6bl aHaJll,138 v1C. Oco6ovi TO'-IHOCTblO 1,1 

B03MO)KHOCTblO npe,l:lCK838H1,15l OTCYTCTBYIOI.Lll.1X .[laHHblX no v1C 1,1/1,1111,1 o<r2> 
OTJll.1'-!aeTC51 MeTOA "MHOroMepHoro" cornacoBaHHOro aHaJll,138 v1C. Pa3B1,1T 

HOBblvt nOAXOA K np1.1MeHeHl.1IO CKOppe111,1posaHHOro aHa111,13a v1C 1,13 onrn

'-!eCKl,1X cneKTpOB 1,1 cneKTpOB KX-11y4ev, 1,1 Me3oaTOMOB. OH He rpe6yeT MO.[lellb-
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HblX rnopen,1LJeCK"1X paCLJ8T0B, HaMH0fO np0I.J..l8 np"1M8H518M0ro B Jl"1Tepa-rype 

M8TOJJ,a 1,1 no3B0Jl518T "13BJ18'-lb pa3H0CTl,1 cpeJJ,H8KBaJJ,paT"1'-IHblX 3ap51JJ.0BblX 

PaJJ."1YC0B C T0£1 )1(8 caMo£1 T0'-IH0CTblO, nop51JJ,Ka H8CK0JlbK"1X npoLJ,eHT0B. J, 

Bee M8TOJ).bl pa3B"1Tbl Ha yp0BHe nporpaMM J).Jl51 paC'-18TOB Ha 

nepcoHaJlbHblX K0MnblOTepax. 

3. nposeJJ,eH0 60JlbW08 '-1"1CJ10 :3Kcnep"1M8HTOB no "13M8p8H"1IO v!C "1 CTC 

B "130T0n"1'-18CK"1X u,enoLJKax CTa6"1JlbHblX 1,1 J).0JlfO)l(l,1BYI.J..l"1X paJJ,1,10aKT"1BHblX 

"130TOn0B. 

3.1 no11y'-leHa o6w"1pHa51 :3KCnep"1M8HTaJlbHa51 "1Hcj)0pMaLJ,t,15! 06 onT"1'-18CK"1X 

cso£1crnax: a) sneMeHTOB c He3ano11HeHH0'1 nd-060110LJK0'1 - 22Ti, 40 Zr, 12Hf; 

6) :3Jl8M8HT0B C He3an0JlH8HH0£1 4f-o60J10'-IK0£1- - saCe, 50Nd, 52Sm, 54Gd; 

'B) :3Jl8M8HTOB C H83anOJlH8HH0£1 5f-o60J10'-IK0£1 - 92U. 8Ta t,1Hcj)0pMau,1,151 

BKJllOLJaeT: v!C Ha 60JlbWOM '-1"1CJ18 nepeX0J).0B B cneKTpax H8£1TpaJlbHblX aTOM0B 

:3T"1X :3Jl8M8HT0B; 3aB"1C"1M0CTb v!C OT yrnosoro M0M8HTa :3Jl8KTpOHH0£1 

o60J10'-IKl,1 1,1 OT TepMa; KOHcj)1,1rypau,1,10HHbl'1 C0CTaB aTOMHblX YPOBHe£1 1,1 

K0HCTaHTbl MarH"1TH0fO JJ."1n0JlbH0ro "1 :3Jl8KTP"1'-18CK0ro KBaJJ,pyn0JlbH0ro 

csepXTOHK0fO B3a"1M0JJ.8£1CTB"15l J).Jl51 LJ,8Jl0f0 PHJJ.a YP0BH8£1. 60JlbWa51 LJaCTb 

:3T"1X pe3yJlbTaTOB noJly'-leHa snepBbl8, H83Ha'-1"1TeJlbHa51 LJaCTb - noBTOp518T C 

nOBblW8HH0£1 T0'-IH0CTblO CTaPbl8 JJ,aHHbl8 1,1/1,1111,1 paCW"1P518T J)."1ana30H 

1,1CCJ18J).OBaHHblX "130T0nos. Pe3yJlbTaTbl 51BJ151IOTC51 CYI.J..l8CTB8HHblM BKJlaJJ,0M B 

t,1Hcj)OpMaLJ,"1IO 0 ¢YHJJ.aM8HTaJlbHblX 0nT"1'-18CK"1X cso£1crnax aTOM0B "1 MoryT 

6b1Tb OCHOB0Ci J).Jl51 TeopeT"1'-18CK"1X pacLJeT0B napaMeTp0B :3Jl8KTP0HH0£1 

CTPYKTYPbl aTOM0B. C11eJJ.Y10I.J..laH Ta6111,1u,a 1,1111110cTp1,1pyeT · 6011ee KOHKpeTHO 

noJly'-18HHbl8 JJ,aHHbl8. 

3. 2 Bo scex "1CCJ18J).0BaHHblX CJlyLJa51X onpeJJ,8Jl8Hbl C MaKC"1MaJlbH0 B03M0)l(

H0£1 T0'-IH0CTblO napaMeTpbl, H806XOJ)."1Mbl8 J).Jl51 "13BJ18'-18H"151 pa3HOCTe£1 

cpeJJ,H8KBaJJ,pamLJHblX 3ap51JJ.0BblX paJJ."1YC0B (CK3P) 1,13 :3KCnept,1M8HTaJlbHblX 

pe3yJlbTaT0B no v!C: K0HCTaHTbl no11esoro CJ).Bt,1ra 1,1 cneu,1,1cj)t,1'-18CK"18 MaCC0Bbl8 

CJJ.B"1r"1. Pe3yJlbTaTbl MoryT 6b1Tb np"1M8H8Hbl np1,1 "13Y'-18H"1"1 6011ee J).Jll,1HHblX 

"130T0n"1'-18CK"1X u,enoLJeK :3T"1X :3Jl8M8HTOB, BKJ1IO'-la51 paJJ,1,1oaKT"1BHbl8 "130TOnbl. 

l{poMe Toro, BM8CT8 co 3Ha'-18H"151M"1 K0HCTaHT CTP 1,1 aHaJ1"130M v!C 0T~pbI

saeTC51 B03M0)l(H0CTb Ha"16011ee yJJ,a'-IH0fO BbJ6opa 0nT"1'-18CK0ro nepexoJJ,a J).Jl51 

TaK"1X "13M8P8H"1£1. 

4. Ha 0CH0B8 0nT"1'-18CK"1X JJ,aHHblX 1,1 C n0M0I.J..lblO pa3pa60TaHH0£1 M8T0JJ.1,1Kl,1 

no11yLJeHa 06w1,1pHaH "1Hcj)opMaLJ,"151 06 HJJ.8PHblX cso£1crnax. 

4. 1 OnpeJJ,eJ18Hbl "13M8H8Hl,151 CK3P "1 JJ.8TaJlbH0 npoaHa111,131,1posaHa "1X 

"130T0n"1'-18CKa51 3aB"1C"1M0CTb B CJ18JJ.YIOI.J..l"1X CJlyLJaHx: 
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Ta6nMua onTM~eCKMX peaynbT3TOB AMCCepTaUMM no HC M KOHCTaH

T3M CTB: 1 -:3Jl8M8HT; 2 - 1,1CCJ18J).0BaHHbl8 "130T0nbI; 3 - '-1"1CJ10 

1,1CCJ18A0BaHHblX nepexoJJ,oB; 4 - '-1"1CJ10 ypoBH8VI C onpeJJ,eJ18HHblMl,1 B 

JJ."1CC8pTaLJ,"11,1 K0HCTaHTaM"1 CTP; 5 - Maccosoe '-1"1CJ10 "130T0na, K0HCTaHTbl CTP 

K0Toporo onpeJJ,e11eHbl. 

1 2 3 4 5 

22Ti CTa6"1JlbHbl8 8: snepsb1e 2: noB.T0'-IH. 47 

2: snepsbIe 49 

1: snepsbIe 47, 49 

.«ri 1: snepsbIe 

40lr CTa6"1JlbHbl8 3: noB.T0'-IH. 2: snepBble 91 

12Hf CTa6"1JlbHbi°e 3: snepsbIe 6: snepBble 177, 179 

1a2Hf 1: snepsbIe 

saCe CTa6"1JlbHbl8 4: snepsbIe 

50Nd CTa6"1JlbHbl8 2: nos.T0'-IH. 1: snepBble 143, 145 

52Sm CTa6"1JlbHbl8 1: snepsbIe 

54Gd CTa6"1JlbHbl8 15: snepsbIe 10: snepsbIe 155, 157 

92U see JJ.0JJro)l(1,1Byl.J..l1,1e 2: snepsbIe 3: snepBble 233 

2: snepsbIe 235 

4.1.1 BnepBbl8 J).Jl51 scex CTa6"1JlbHblX 1,130TOn0B 22Ti 1,1 «ri (T112 = 48.2 roJJ,a) 1,1 

40Zr; noKa3aHo CYI.J..l8CTB8HH08 BJ1"151H"18 J)."1HaM"1'-18CK0£1 oK-rynOJlbHOVI JJ,ecj)op

MaLJ,"11,1 Ha 3ap51JJ.0Bbl'1 paA"1YC 51Apa B6111,131,1 3aMKHyTblX H8VITP0HHblX "1 

np0TOHHblX 060110'-leK. 

4.1.2 BnepBbl8 J).Jl51 scex CTa6"1JlbHblX (BKJ1IO'-la51 H8'-18THbI8) "130TOn0B 12Hf 1,1 
182

Hf (T 1/2 = 9· 10 
6 

Jl8T); noJJ,TB8p)l(JJ.eH0 J).0M"1H"1PYI.J..l88 BJ1"151H"18 KBaJJ,py

n0JlbH0£1 JJ,ecj)opMaLJ,"11,1 Ha 3ap51JJ,0Bbl'1 paJJ,1,1yc 51JJ,pa B 0611acm C"1JlbH0 

JJ,ecj)opMt,1pOBaHHblX 51JJ,ep. 

4. 1. 3 nepsoe C"1CTeMaT"1'-18CK08 onpeJJ,8Jl8H"18 C BblCOK0£1 TO'-IH0CTblO pa3H0C

TeVI CK3P B "130TOn"1'-18CK0VI u,en0'-IK8 
233

-
236

·
238

U. nosblW8HHa51 T0'-IH0CTb 

pe3yJlbTaT0B CB513aHa C npeU,"13"10HH0CTblO :3Kcnep"1M8HTaJlbH0ro M8T0JJ,a 1,1 C 

npeJ).Jl0)1(8HHblM B JJ.1,1CCepTaLJ,"11,1 o6oCH0BaHHblM 1,1 HaJ).8)1(HblM cnoco6oM 

"13BJ18'-18H"151 "13M8H8H"1£1 CK3P. noKa3aHO, '-ITO J).Jl51 T51)1(8JlblX 51JJ.8P JJ,a)l(e B 

0611acT1,1 nepexoJJ,a cpopMbl, onpeJJ,eJlHJOI.J..lee BJ1"151H"1e Ha "13MeHeH1,1e 

3apHJJ.0soro paJJ.1,1yca "1MeeT pa3Mep HJJ.pa. 

4. 2 npeJ).Jl0)1(8H 1,1 pa3B"1T M8TOJJ. KOM6"1H"1POBaHHOfO aHa111,13a ABYX mnos 
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3Kcnep111MeHTaJlbHblX pe3yJlbTaTOB no: a) a6COJllOTHblM 3Ha'-leHl/ls:!M 3aps:tA0BblX 

PaAIIIYC0B <r
2> 112 

1113 3KCnep111MeHT0B no 3JleKTp0HH0MY pacces:tHIIIIO Ill cneKTp0B 

Me30aTOM0B Ill 6) 1113MeHeHl/ls:!M CK3P ckr2> 1113 0nTlll'-leCKIIIX cneKTp0B. 

4.2._1 C n0M0W,blO 3T0ro MeT0Aa no11y1.JeHa H0Bas:t CIIICTeMaTI/IKa 3aps:tA0BblX 

PaAIIIYC0B, I/IMeJOw,as:i CJleAYJOW,l/le oco6eHHOCTIII: i) He3aBI/ICIIIM0 1113MepeHHble 

3aps:tA0Bble PaAIIIYCbl 0TAeJlbHblX 11130T0n0B A0n0JlHIIITeJlbH0 YT0'-lHeHbl nocpeA

CTB0M BblC0K0 npeUlll31110HHblX 3Ha'-leHI/IIII pa3HOCTel!I CK3P B AJll/lHHblX 

11130T0nl/l'-leCKIIIX uen0'-lKax; ii) npeACKa3aHbl a6COJllOTHble 3Ha'-leHl/ls:! 3aps:tA0BblX 

PaAIIIYC0B <r
2> 112 

0CTaJlbHblX 11130T0n0B B AaHH0III uen0'-lKe; iii) TO'-lH0CTb 

pac'-leTHblX 3Ha'-leHI/IIII <r
2> 112 

Bbl We 3KCneplllMeHTaJlbH0III. no11y1.JeHHas:i 

IIIHcj)0pMal...lllls:! 0 3aps:tA0BblX paA111ycax noKpbJBaeT Alllana30H no Z 1113 43 

3JleMeHT0B OT 11Na AO 9sAm: 3T0 3JleMeHTbl, Alls:! K0T0PblX cyw,ecrnyer 

3Kcnep111MeHTaJ1bHas:i 111Hcj)opMau111s:i 060111x rnnos. ,ll111ana3oH no N onpeAe11s:iercs:i 

HaJIL,1'-lH0III IIIHcj)opMau111e111 06 1113MeHeHL.1s:!X CK3P B AJll/lHHblX 1/130TOnL.1'-leCKIIIX 

ueno'-lKax. 

4. 2. 2 Ta6J1L<11...lbl no11y1.JeHHblX 3Ha'-leHL,1111 <r2> 112 AaJOT B03M0)l(H0CTb C0CTaBL<1Tb 

CIIICTeMaTIIIKY 3aps:tA0BblX paAIIIYC0B B • ABYX acneKTax: L,130T0nlll'-leCK0M Ill 

11130TOHl/l'-leCK0M, Ill TaKIIIM o6pa30M Bbls:!BIIITb HeKOTOPble oco6eHHOCTIII s:!AepHOIII 

CTPYKTYPbl B WIIIP0K0M Alllana30He Z Ill N. ~30TOHl/l'-leCKas:t CIIICTeMaTI/IKa 

3aps:tA0BblX paAIIIYC0B, 6YAY'-llll B03M0)l(H0111 JllllWb Ha 0CH0BaHL,1111 pa3pa6o

TaHH0ro B AL<1Cceprau1111,1 MeT0Aa KOM6L.1HIIIPOBaHHOro aHaJll/l3a, CAeJlaHa Ill 

o6cy)l(AeHa snepsb1e. 

OCH0BHble pe3ynbTaTbl AHCCepTal.,UHt 

1. C03AaHa 3KcneplllMeHTaJlbHas:i ycraH0BKa Alls:! Jla3epH0III cneKTp0CKon1,1111 

s:!AepHblX o6beKTOB. ,lllls:i 3TOro CAeJlaH YAa'-lHbllll Bbl6op MeTOAa 11a3epH0-

IIIHAYl...llllPOBaHH0III pe3oHaCH0III cj)11yopecueHUIIIIII B aT0MH0M ny'-lKe. YcraHOBKa 

Aaer B03M0)l(H0CTb Alls:! off line cneKTp0CK0nl/1111 cra6111JlbHblX Ill A0JlfO)l(L,1BYW.IIIX 

HYKJllllA0B B 0CH0BH0M L,1 11130MepH0M C0CT0s:!HL,1111 C speMeHaMI/I )1(1/13HIII'~ 60 MIIIH, 

B K0Jll/1'-lecrne ~ 10
12 

aT0M0B. 

2. npeAJlO)l(eHa Ill pa3pa6oraHa K0MnJleKCHas:t MeTOAIIIKa 1/13BJle'-leHl/ls:! 

0nTl/l'-leCK0III Ill s:!AepHOIII IIIHcj)OpMal...ll/1111 1113 Jla3epHoro 3Kcnepl/lMeHTa. OHa 

BKJlJO'-laer: a) 4 MeTOAa onpeAeJleHl/ls:! K0HCTaHT MarHIIITH0ro AlllnOJlbHOro 111 

3JleKTpL.1'-leCK0ro KBaApynoJlbH0ro B3al/lM0Ael!ICTBL,1s:! 1113 cneKTp0B csepXTOHK0III 

CTPYKTYPbl; 6) HeCTaHAapTHYJO, cj)lll3111'-leCKIII Ill CTaTIIICTl/l'-leCKIII o60CHOBaHHYJO 

MeT0AIIIKY aHaJll/l3a 3Kcnep111MeHTaJlbHblX AaHHblX no 11130T0nlll'-leCKIIIM CABL.1raM Ill 
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HeCK0JlbK0 cnoco6os onpeAeJ1eH111s:i napaMerpos Alls:! 1,13s11e1.JeH111s:i s:tAepHolll 

IIIHcj)0pMal...ll/1111. OHL-1 np111MeHI/IMbl Ill B CJly'-las:tx CJl0)l(HblX onTlll'-leCKIIIX cneKTp0B, 

no3B0Jls:!s:! no11y'-lL<1Tb n0JlHbllll Ha6op Heo6XOAIIIMblX napaMeTp0B C MaKCIIIMaJlbH0 

B03M0)l(H0111 TO'-lH0CTblO. 

3. Bbln0JlHeH0 60JlbWOe '-ll/lCJl0 3KCnep111MeHT0B no 1113MepeHL<1IO 11130T0-

n111'-leCKL,1X CABlllrDB Ill csepXTOHK0III CTPYKTYPbl B cneKTpax HeillTpaJlbHblX aTOM0B 

Wlllp0K0ro Kpyra 3JleMeHT0B: Z = 22, 40, 58, 60, 62, 64, 72 111 92. no11y1.JeHa 

06wL<1pHas:i 3KCnep111MeHTaJlbHas:t IIIHcj)0pMau1,1s:i, KacaJOw,as:ics:i pa3Jllll'-lHblX acneK
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