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OB.rn;MI XAP AKTEPHCTHKA P ABOTl>I 

AKryaJILHOCTb 

.5mepHruI 3JieKTpOHHa51 crreKTpOMeTpIHI HrpaeT Ba:>IrnyIO pOJib B perneHHH MHOfHX 

3a,n;a11 coBpeMeHHOH <}_}I:I3HKH. B Herrpep1>IBHI>IX H .[(HCKpeTHhIX crreKTpax 3JieKTpoHoB, 

HCIIYCKaeMbIX rrpH pa,n;noaKTI:IBHOM pacrra.n;e H,r:i:pa, B rrpHHl(Ime, co,r:i:ep)KIITCH 

IIH<}_}opMaD;HH 0 xapaKTepMCTIIKax Bcex 3MHTHpOBaHHbIX ~rnCTIIl( H MexaHH3Max H,r:i:po

aTOMHOro B3aMMo,r:i:elicTBIIH. HerrpepbIBHhie 6eTa-crreKTp1>1 .n;aroT 1rn¢opMau;IIIO o 

BJIIIHHIIM crpyKTyp1>1 H.n;pa Ha BepOHTHOCTb 6eTa-rrpou;ecca H CBOHCTBax 

(aHTII)HeliTpHHO. lfa ,ll;l:ICKpeTHbIX crreKTpOB H3BJieKaeTCH HHQJOpMal(IIH 0 BHyTpeHHeli 

KOHBepCHH raMMa II3.JIY1:1eHIISI, IIOCT-pacrra,n;HOH peJiaKCal(IIH aTOMHbIX 060JI011eK 

(3¢<}_}eKT O)l(e) II QJH3IIKO-XIIMII11ecKoM cocTOHHIIM pa.n;HoaKTHBHhIX aTOMOB. Bee 

rrepe11IICJieHHOe OTHOCMTCH K pa3pH.n;y Ba)l(HbIX 3a,n;a11, CBSI3aHHbIX co crreKTpOMeTPHeli 

3JieKTpOHOB, corrpOBO:>K.D:aIOIIl;MX pa,n;HOaKTHBHblH pacrra.n; aTOMHbIX H.n;ep. 

Ilpo6JieMa MaCCbl IIOKOSI HeliTpHHO HBJISieTCH O,ll;HOH H3 aKTYaJibHeHIIIIIX 3a.n;a11 

COBpeMeHHOH <}_)H3IIKH 3JieMeHTapHbIX l'.!aCTIII(, acTpo<}_}II3IIKII II KOCMOJIOfHH. B 

HaCTOHIIJ;ee BpeMH MO.D;eJihHO-He3aBIICIIMbIMII MeTO,ll;aMII orrpe.n;eJieHIIH MaCCbl 

( aHTH )HeiiTpHHO SIBJISIIOTCSI crreKTpoMeTpII11eCKIIe II KaJIOpIIMeTpII11eCKIIe II3MepeHIIH 

6ern-pacrra.n;a pa,r:i:IIOHYKJIII.D:OB. BBH.n;y MaJIOCTII O)lrn.n;aeMoii BeJIII'1HHhI, oco6oe 

BHIIMaHire y.n;eJIHeTCSI, c T0'1KII 3peHIIH 11YBCTBIITeJihHOCTII, II3MepeHIIIO 

HII3K03HepreTII11ecKIIX W-crreKTpoB B o6naCTII rpaHII'1HOH 3HeprnH. ,lJ;JIH 

crreKTpoMeTpH11ecKoro Mern,r:i:a HaII6onee rrepcrreKTIIBHbIM rrpe.n;cTaBJIHeTCH 6eTa crreKTp 

TPIITIIH (Qp-=18.6 K3B, T112=12.3 neT). 3Ha11eHIIe 2 3B/c2 [1] ,r:i:JIH BepxHero rrpe.n;ena 

3<i_)Q_JeKTIIBHOH MaCCbl IIOKOH 3JieKTpOHHOro aHTIIHeliTpIIHO OCHOBaHO Ha pe3yJibTaTaX 

"TpIITIIeBbIX" 3KcrrepIIMeHTOB H5:1I'.l (Tpom.J;K, Pocc1u1) [2] II IPJGU (MaiiHu;, fepMaHHH) 

[3]. 3TOT rrpe.n;eJI IIJiaHIIpyeTCH yny-qIIIIITb B HOBOM, 6onee 11YBCTBIITeJibHOM (~0.2 3B/c2) 

Me)l()J;yHapo.n;HoM 3KcrrepHMeHTe KA TRIN [ 4]. )J;o HacToHmero BpeMeHII B H.n;epHoli 

:meKTpOHHOH cneKTpOCKOITIIH He cymecTByeT T01:1HblX (Ha ypoBHe 0.1 3B) 

rnep.n;oTeJibHblX 3HepreTI:I1:1eCKIIX perrepOB KOHBepCIIOHHbIX HJIH O:>Ke-3JieKTpOHOB B 

o6JiaCTH 3HeprIIH OT e.n;HHIIl( .n;o .n;ecHTKOB K3B. fJiaBHruI rrpII1:1Irna 3aKJII011aeTCH B 

3aBHCIIMOCTII 3HeprHII CBH3II 3JieKTpOHOB OT <}_}II31:IKO-XHMI:I1:1eCKOfO OKpy)KeHIIH aTOMa B 

TBep.n;oTeJibHblX MCTQqHMKax. 3TO npIIBO,ll;IIT K COOTBeTCTBYIOIIJ;HM 3HepreTII'1eCKl:IM 

c,r:i:BHraM KOHBepcI:IOHHhIX II O)Ke-JIIIHIIH. Ilo3TOMY B 3KcrrepIIMeHTe KATRIN oco6oe 

BHIIMaHIIe y.n;eJIHeTCH .n;eTaJibHOMY II3y11eHIIIO BJIIUIHIISI cpII3IIKO-XIIMII'1eCKIIX 3QJQJeKTOB 

Ha 3Hepn:nr penepHbIX 3JieKTpOHHbIX JI.HH.HH, .HCIIOJib3YeMbIX .D;JIH MOH.HTOp.HHra 

3HepreT.HqecKOH IIIKaJibl crreKTpOMeTpa, II 06ecrre11eHIIIO CTa6IIJibHOCT.H cpH3IIKO

X.HM.H'1eCKOfO COCTOHHIIH IICT0'1HIIKa 3JieKTpOHOB B Te1:1em1e .D:JIIITeJihHbIX (rro IIJiaHy -

.n;ByxMeCH'1HbIX) l(HKJIOB l:I3MepeHIIH. 
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C cp)'H.n:filrnHTaJibHOH TOlfKH 3pemrn: n3yqem1e O)l(e-nponecca 5IBm1eTc5l Ba)l(HbIM 

no .[(BYM npHqHHaM: a) Bep05ITHOCTM 6e3pa,[(Mal(HOHHbIX nepexo,[(OB 6orree 

qyBCTBHTeJibHbI K .n:eTaJI5IM aTOMHbIX BOJIHOBblX cpyHKI(HH, qeM Bep05ITHOCTb 

pa.[(Ha1(HOHHbIX nepexo,n;oB, H 3KCnepHMeHTa.JlbHa51 HH1popMal(H51 Heo6XO.[(HMa ,ll;Jl51 

TeCTHpOBaHH51 M COBeprneHCTBOBaHH51 cym;ecTByIOII(HX TeopeTHlfeCKHX IIO,ll;XO,ll;OB 

HCnOJib3yeMbIX ,n;mI OIIHCaHH51 perraKCal(HH aTOMHbIX CHCTeM; 6) ,n;aHHbie no 3Hepm51M Ii 

Bep051THOCT51M O)I(e-nepexo,n;oB Heo6xo,n;HMbl ,ll;JUI MHTepnpeTal(HH 3JieKTpOHHbIX 

cneKTpOB B 51.z:i:epHOH Ii aTOMHOH cpH3HKe. 3KcrrepHMeHTa.JlbHO Ii TeopeTHlfeCKH O)l(e

perraKCal(H51 aTOMa H3yqarracb B rrepli0,11; HHTeHCHBHOfO pa3BHTH51 HHCTpYMeHTaJibHOH 

6a3bI 51,n;epHoiI crreKTpocKonRH. ,l(oBorrbHO rro,n;po6Ho Hccrre.n:oBaHhI KLL-crreKTpbI O)l(e-

3rreKTpoHoB cpe,I.IHHX Ii T5I)l(eJ1bIX 3JieMeHTOB (35<Z<84). ,l(JI5I 3TOH o6rraCTH z 
ycTaHOBJieHbl OCHOBHbie 3aKOHOMepHOCTH IIOBe.[(emrn OTHOCHTeJibHbIX Bep051THOCTeH 

HaH6orree HHTeHCHBHbIX KOMnoHeHTOB KaK ,n;pyrnx K-mKe rpynrr, TaK H L-cepHH. 

HecMoTp51 Ha ycmm51 H:ccrre.n:oBaTerreiI, Teopm1 3cpcpeKrn O)Ke, cnoco6HoiI c pa3yMHoiI 

TO~OCTbIO npe,n;CKa3aTb 3Heprllll, MHTeHCHBHOCTH M nOJIHyIO CTpyKTYPY O)l(e-rpynn B 

rrrnpoKoM .n:Harra3oHe Z noKa em;e HeT. CrreKTpb1 6onee rrerKnx (Z<35) TBep.r10TeJibHbIX 

3JieMeHTOB, r,n;e m1rn,n;aeTC5l BbICOKa51 qyBCTBHTeJibHOCTb O)l<e-nepexo,n;oB K pa3JIMlfHbIM 

KoppeAAI(HOHHbIM 3¢<l>eKTaM, npaKTllqecKH He myqeHbI M3-3a MeTO,[(HlfeCKMX 

rpy.n:HocTeiI. I1pe,I.ICKa3aHH51 TeopHM o CTPYKType, 3HeprM5IX H HHTeHCHBHocrnx 

rrepexo.n:oB B :non o6rracTH Z Hy)l(,n;aroTC51 B TeCTMpoBaHMH Ha.[(e)l(H:bIMH 

3KCrrepnMeHTaJibHbIMH ,[(aHHblMll. 0TKpbITbIM OCTaeTC51 M BOIIpoc 0 BJIM5IHHH cnoco6a 

o6pa30BaHH51 BaKaHCMM (3JieKTpOHHbIH 3axBaT M BHyTpeHH5151 KOHBepCM51) Ha 3Hepmn 

O)l(e-rrepeXO,[(OB (3¢¢eKTa «aTOMHOH CTpyKTypnrn). BBM.[(Y Ba)l(HOCTH BOnpoca, 

Heo6XO,[(HMO BbITIOJIHHTb 3KcnepHMeHTbI ,[(Jl51 IIIHpOKOro ,n;nana3oHa aTOMHbIX HOMepoB 

Ha cneKTpOMeTpax c BbICOKMM HHCTpyMeHTaJibHbIM pa3perneHMeM. 

H3BeCTHO, qTo 3Heprnn CB513H 3rreKTpoHoB B aToMax xapaKTepH3yIOT .n:aHHbIH 

3J1eMeHT. 0,n;HaKO BeJIMLIMHbl 3HeprnH: CB513H MOryT M3MeH51TbC51 B rrpe,n;errax HeCKOJibKHX 

3B, B 3aBHCMMOCTH OT cpM3HKO-XHMHqecKoro oKpy)KeHH51 aTOMa. C ToqKH 3peHH51 

qyBCTBHTeJibHOCTH K T.H. cpH3llKO-XllMHqecKHM C,Il;BHraM, HaM60JiblllHH MHTepec 

rrpe,n;cTaBJI5IIOT crreKTpbI HH3K03HepreTHqecKl!X 3JieKTpOHOB. <t>oTO- ll 0)l(e-3JieKTpOHHbie 

crreKTpbI XMMHqeCKHX coe,n;HHeHHH CTa6HJibHbIX M30TOnOB .n;eTaJibHO MCCrre,n;oBaHbl 

MeTO,[(OM peHTreHOBCKOH cpoT03JieKTpOHHOH cneKTpOMeTpllM (XPS). ,ll;aHHbie no 

cPH3HKO-XHMHqecKHM H3MeHeHH5IM 3Heprn:iI Ii HHTeHCHBHOCTeH KOHBepCHOHHbIX 

3rreKTpoHOB HeMHOroLIMcrreHHbI. CrreKTp:bI O)l(e-3rreKTpoHoB M3 pa.n:noaKTHBHOro 

pacrra.n:a B KOHTeKCTe .n;aHHoii rrpo6neMbI rrpaKTH"CJeCKM He Hccrre.n;oBarrncb. Me)l<.n:y TeM, 

B MeTO,[(HqecKOM rrrraHe, 51,n;epHa51 3JieKTpOHHa51 cneKTpOMeTpM51 MMeeT onpe.n;erreHHbie 

rrpeHMym;ecTBa no cpaBHeHHIO c XPS, KOTOpb1e, K CO)l(aJieHHIO, He peanH3oBaH:bI B 

noJIHOH Mepe. B HaCT05III(ee BpeM51, BOIIpOCbI BJIH5IHM51 cPM3MKO-XHMlllfeCKOro 

2 



OKpy)Kemrn pa,n;noaKTllBHbIX aTOMOB Ha cneKTpbI 3MllTHpyeMbIX 3JieKTpOHOB npHo6peJill 

oco6yio aKTYaJibHOCTb B CBH3ll c yrroMHHYTOH npo6JieMOH pa3pa60TKll llCTQqHllKOB 

perrepHbIX 3JieKTPOHHhIX JillHllll ,[(M TpHTlleBblX 3KCrrepHMeHTOB [4] no ll3MepeHHIO 

MaCChI aHTllHeliTpHHO. 

PemeHHe paccMOTPeHHhIX 3a,n;aq H,n:epHoli H aTOMHOH <l_Jn3HKH B03MO)KHO JIHIIIh 

rrpll HaJillq.IIll COOTBeTcTByIO:rr~eH: HHCTpyMeHTaJibHOH ll MeTO,[(llqecKOH 6a3h1, 

Il03BOMIOID;eii rrpoBOJJ:HTb rrpe:u;H3llOHHhie llCCJie,[(OBaHllH 3JieKTpOHHhIX crreKTpOB B 

Hll3K03HepreTHqecKOH o6nacrn: (Ee<20 K3B). IlorrhITKll 3KCrrepHMeHTaTOpOB 

llCITOJib30BaTb cymecTBYIOIUlle Ha Haqano HaIIIllX pa6oT KOHCTPYK:U:llll MarHHTHhlX ll 

3epKaJihHbIX 3JieKTpOCTaTnqecKHX cneKTpOMeTpOB B H,n:epHOH 3JieKTpOHHOH 

crreKTpoMeTpnn .n;mr rrpeUH3HOHHhIX H3MepeHnli He ,n:ann O)Kn,n;aeMoro rrporpecca. 

AKTYaJihHOCTh rrepeqncJieHHhIX BhIIIIe <l_JH3HqecKnx 3a.z:i;aq n rroncK rryTeii nx 

pemeHHH HBHJillCb MOTHBa:u;neH: BhIIIOJIHeHH51 .n;aHHOH pa60TbI. 

I(eJib pa6oTLI 

I(eJiblO .n;ncceprnnnoHHOH pa60TbI HBJIHeTCH pa3BHTHe HOBOro rro.n:xo,n:a K 

crreKTpOMeTpllll Hll3K03HepreTnqecKHX 3JieKTpOHOB, corrpOBQ)K,[(aIOmnx 

. pa,n;noaKTHBHhrn pacrra.n: aTOMHhIX H.n;ep II pemeHne c ero rroMOID;bIO aKTyaJibHhIX 3a,n:aq 

aTOMHOH ll H,n;epHOH <l.Jn3HKll: 

• pa3pa6oTKa MeTO,[(llKH crreKTpOMeTpIIH Hll3K03HepreTnqecKllX 3JieKTpOHOB B 

.n;naIIa30He OT ~ 0.1 .n;o 50 K3B, B03HHKaIOIUHX rrpn pa.n;noaKTllBHOM pacrra,n:e 

H,n:ep: a) C03,[(aHHe HOBOro KOM6HHllpOBaHHOro 3JieKTpOCTaTHqecKoro 6eTa

crreKTpOMeTpa, I103BOMIOID;ero rrpoBOJJ:llTb ll3MepeHHH crreKTpOB c 

pa3pemem1eM HeCKOJibKO 3B; 6) pa3pa60TKa HOBhIX IIO,[(XO,[(OB CTa6HJIH3a:U:HH 

ll yrrpaBJieHHH BbICOKOBOJihTHhIM 3aMe,[(JIHIOID;HM HarrpH)KeHneM; e) 

pa3pa6oTKa HOBbIX IlO,ll;XO,[(OB KaJIH6pOBKll KOM6HHHpOBaHHOro 

crreKTpOMeTpa; 2) C03,[(aHHe MeTo,n:a ll3rOTOBJieHHH TOHKHX (HeCKOJibKO 

MOHOaTOMHhIX CJIOeB) 6eTa-HCTOqHHKOB; o) pa3pa60TKa HOBOrO 

rrporpaMMHoro o6ecrreqeHHH ,n:JIH MaTeMaTnqecKoli o6pa6oTKn CJIO)KHhIX 

anrrapaTypHhIX crreKTpoB; 

• 3KcrrepnMeHTaJihHOe nccne,n:oBaHne rrocTpacna,n;Holi O)Ke-penaKca:u;nn 

aTOMOB; 

• 3KCrrepHMeHTaJibHOe llCCJie,[(OBaHne BJIHHHHH <l_Jll3HKO-XHMHqecKoro 

COCTOHHHH pa,n:noaKTHBHblX aTOMOB Ha crreKTpbI o:>Ke- ll KOHBepcHOHHhlX 

3JieKTpOHOB; 
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• pa3pa60TKa IICTO"CJHIIKOB perrepHbIX :meKTpOHHbIX JI.HHIIM )l;JUI rrpeu;II31IOHHOM 

HH3K03HepreTII"CJeCKOM (EeS:.22 K3B) 6eTa- crreKTpOMeTplIII; 

• C03.D;aHIIe arnaca HII3K03HepreTH"CJeCKHX ,[(IICKpeTHblX II HerrpepbIBHbIX 

3JieKTpOHHbIX crreKTpOB B03HHKaIOil(HX IIPII pa,n:HoaKTIIBHOM pacrra.n:e 51,n:ep. 

Hay•rnan HOBH3Ha 

1. Co3.n;aH rrpHHUIIIIIIaJibHO HOBhiii KOM6HH1IpOBaHHhiii 3JieKTpocTaTII"CJecKHii 

crreKTpOMeTp ,[(JI51 H3)'"CJeHII51 crreKTPOB 3JieKTpOHOB B ,[(Iialla30He 3Heprneii 0.1-50 

K3B. B crreKTpoMeTpe ofo,e,n:IIHeHI>I .n;Ba nma aHanII3aTOpoB: HHTerpanbHI>Iii 

( ccJ?eplI"l!eCKIIM 3aMe,n:mITeJib) II ,ll;IIcJ?cJ?epeHIJ;HaJibHbIM (,n:BOMHOe Il;HJIIIH.[(pH"l!eCKOe 

3epKano ). lfoIIOJib30Bamre TaKOH KOM6HHaD;IIII II03BOJIIIJIO IICKJIIO"CJHTb BJIIDIHHe 

peJI51THBIICTCKHX 3cJ?cJ?eKTOB Ha xapaKTepHCTIIKII D;IIJIIIH.[(pII"l!eCKOrO 3epKana rrpII 

aHaJIH3e 6bICTpbIX 3JieKTpOHOB. PeaJIH30BaHbI HOBhie IIO,[(XO,ll;bl CTa6IIJIII3aD;IIII 

(Ha ypOBHe 10"5) II yrrpaBJieHII51 BbICOKOBOJibTHbIM 3aMe,[(lliIIOil(IIM HaIIp51)KemreM 

crreKTpoMeTpa. ,[(ocTRrHyTOe arrrrapaTypHoe pa3pemeHIIe LIE=3.5 3B rrpH Ee~20 

K3B CTaJIO, Ha MOMeHT C03,ll;aHH51, HaIIJI)'"CJIIIHM .n:mr 6eTa-crreKTpOMeTpOB 

pa6oTaIOil(IIX B o6naCTII CBbIIIIe HeCKOJibKIIX K3B c rrpHMeHeHIIeM 

TBep.n;oTeJibHbIX HCTQqHIIKOB. 

2. Pa3pa60TaHa HOBa51 rrpou;e,n:ypa H3fOTOBJieHIDI TOHKOCJIOHHbIX (HeCKOJibKO 

aTOMHbIX CJIOeB) 6eTa-IICTOqHIIKOB, OCHOBaHHa51 Ha MeTO.n;e 1IcrrapeH1I5I B 

BaKyYMe. 

3. IIonyqeHbI HOBbie ,z:i;aHHbie 06 3Hepr1I5IX II IIHTeHCIIBHOCTIDC O)l(e-rrepexo.n;oB B 

3JieMeHrnx c 1 OS:.ZS:.64, KOTopr,1e rro3BOJIIIJIII: 

• BIIepBbie YKa3aTb Ha He06XO,l:(IIMOCTb ycoBepmeHCTBOBaHII5I 

cym:eCTBYIQIIIIIX TeopeT1IqecKHX rro,n:xo.n;oB, IICIIOJib3YeMbIX B 

rrony3MII1Ip1I"l!eCK1IX pacqerax 3HeprHii O)l(e-rrepexo,n:oB; 

• ycTaHOBIITb, qTo 60JibIIIIIe 3HaqeHII5I «aTOMHO-CTPYKTYPHbIX» C,ll;BIIroB 

3HeprIIii O)l(e-JIHHIIH B f-3JieMeHTaX, no cpaBHeHIIIO c d-3JieMeHTaMII, 

o6ycnoBneHbI oco6eHHocrnMII cTpyKTypr,1 BaneHTHOH 30HI>I, T.e. 

3KpaHIIpOBaHIIeM BaJieHTHbIXj-COCT051HIIM 3JieKTpOHaMII 5s,p COCT05IHIIH. 

• ycTaHOBIITb CTeIIeHh BJIII51HII5I peJI5ITIIBIICTCKIIX II KOppeJI5ID;IIOHHbIX 

3cJ?cJ?eKTOB Ha RHTeHCIIBHOCTR KOMIIOHeHTOB KLL, KLM II KMM rpyrrrr. 

4. lfayqeHO BJIII5IHIIe cpI:I3IIKO-XI:IMIIqecKoro COCT051HII51 pa,n:1IOI:I30TOIIOB 22Na, 54Mn, 
99mTc II 149Eu Ha crreKTpbI KOHBepCIIOHHbIX II 0)1(e-3JieKTpOHOB. 
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5. BI>IIIOJIHeHHI>Ie nccJie.n;osamrn: II03BOJIHJil:I peKoMeH,n;oBaTI> pa.n;noaKTl:IBHbie 

MCTOqHHKM 99mTc M 149Eu B KaqecTBe CTaH.n;apTOB HCTOqHMKOB 3HepreTMqecKl:IX 

perrepHbIX JIMHHH )J;JUI 6ern-crreKrpOMerpHH B o6rraCTM 3Hepmii ~ 2 K3B M 14+ 21 
K3B. 

C03,n;aHHbIH 6eTa-crreKTpOMeTp HOBOro TMIIa II03BOJI.sieT rrpOBO,Zl;MTb nccrre,n;oBaHM.sI 

crreKTpoB 3JieKTpOHOB B )l;Harra3oHe 3HeprH:ii 0.1 - 50 K3B. Pa3pa6oTaHHM MeTo.n;1:1Ka 

crreKTpOMeTpHH HH3K03HepreT1:1qecKMX 3JieKrpOHOB OTKpbrnaeT rrepcrreKTHBY C03,L(aHirn 

. rrpHKJia,D;HbIX aHaJilITHqeCKMX MeTO,D;l:IK c rrpHMeHeHHeM pa.D;HOl:l30TOIIOB. 

OrrbIT rrpHMeHemrn: KOMfornau;MM HHTerparrbHoro M .n;mpcpepeHu;HarroHOro 

3HeproaHarrH3aTopos ncrrorrb30BaH rrpH Mo,n;epHmau;1rn crreKTpoMeTpa ESA-12 I15I <l> 

AH t:IemcKo:ii Pecrry6m1K1:1. 

Ilo pe3yJII>TaTaM l:ICCJie)l;OBaHMH, BbIIIOJIHCHHbIX Ha 6a3e crreKrpOMeTpa, 

orry6rrMKOBaHo 6oJiee 50 pa6oT B pecpepHpyeMI>IX )KypHarrax. IloJiyqeHHI>Ie .n;aHHDie 

MCIIOJib30BaJIHCb B pa6omx ITO MO,n;errHpOBaHHIO B03MO)KHOCTeii crreKTpOMeTpHqecKl:IX 

MCTO,Zl;OB orrpe.n;erreHH.sI MaCCbI HeiiTpHHO, BbIIIOJIHeHHbIX COBMeCTHO c COTpy,n;HHKaMM 

MocKOBCKOro HH)KeHepHo-cpmn1IecKoro HHCTHTYTa M Cocp1:1iicKoro YHnBepc1:1TeTa 

(EorrrapH.sI). 

IIorryqeHHbie pe3yrrI>TaTbI 3HaqMTeJihHO BocnorrHHJIH rrpo6err 1:1HcpopMau;M1:1 B 6a3e 

,n;aHHbIX no 3HeprH.sIM M HHTCHCMBHOCT.s!M O)Ke-rrepexo,n;oB. HamM ,n;aHHbie rrocrry:>KaT 

CTMMYJIOM .n;mI ycosepmeHCTBOBaHM.sI cymecTBYIDID;l:IX TeopeTnqecKMX IIO,Zl;XO,L(OB M 

MoryT 6bITb HCIIOJib30BaHbI B .sI)l;CpHOH Me,D;HD;HHe .D;JI.s! ou;eHKH ,Zl;030BbIX Harpy30K Ha 

opraHM3M. 

IIpe,n;JIO)KeHbI HCTOqHHKl:I 3HepreTHqecKHX perrepHbIX JIMHMH Ha OCHOBe 

pa,n;HOM30TOIIOB 99mTc M 149Eu. 

Pe3yrrI>TaTbI Mccrre.n;oBaHM.sI BJIM51HH51 cpH3MKO-XMMHqecKoro 0Kpy)l(eH1:1.sI 

pa.n;noaKTHBHbIX aTOMOB Ha crreKTpbI KOHBepCMOHHbIX H Q)l(e-3JICKTPOHOB 

MCIIOJib3YIOTC51 B Heiirpl:IHHOM rrpoeKTe KA TRIN. 

HHcpopMa:r.urn, B aTrrace arrrrapaTypHbIX crreKTpOB 

HH3K03HepreTHqeCKHX 3JieKTpOHOB, MMeeT Ba)KHOe 3Haqemre KaK ,Zl;JI.s! rrrraHHpOBaHH.sI 

HOBbIX 3KCnepHMCHTOB, TaK rrpH perneHHH npaKTrrqecKHX 3a,D;a1I. 
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IloJIO~eHirn H pe3yJihTaThl, BbIHOCHMLie Ha 3am;Hry 

1. Pa3pa60TKa H co3,n:am1e HHCTpyMeHTaJibHOH H MeTO,Il;H1IeCKOH 6a3bI )];JUI 

HH3K03HepreTH1IeCKOR (Ee=0.1-50 K3B) H,n:epHOH 3neKTpOHHOH cneKTpOMeTplrn, 

BKJII01IaIO:rn;eii: a) 3JieKTpOCTaTH1IeCKHH 6eTa-cneKTpOMeTp HOBOfO THna; 6) 
HOBYIO npou;e,n;ypy H3fOTOBJieHHH TOHKOCJIOHHbIX (HeCKOJibKO aTOMHbIX CJIOeB) 

6eTa-HCT01IHHKOB, OCHOBaHHYIO Ha MeTO,n;e HCnapeHHSI B BaKyyMe. 

2. Pe3yJihTaThl HCCJie,n;oBamrn: nocTpacrra,n:HOH O)Ke-penaKcau;HH aTOMOB c 

10:SZ::S64. 

3. Pe3yJibTaTbl HCCJie,Il;OBaHirn: BJIHSIHHSI <PmHKO-XHMH1IeCKOro COCTOHHHH 

MaTepHHCKHX H30TOnOB Ha crreKTpbl O)Ke- H KOHBepCHOHHbIX 3JieKTpOHOB 22Ne, 
54Cr, 99mTc H 149Sm. 

4. Pa3pa60TKa HCTOtIHHKOB 3HepreTH1IeCKHX perrepHbIX nHHHH Ha OCHOBe 

pa,n:HOH30TOIIOB 99mTc H 149Sm ,n;mr HH3K03HepreTH1IeCKOH H,n;epHOH 3JieKTpOHHOR 

cneKTpOMeTpHH. 

5. ATJiac ,n;HCKpeTHbIX H HenpepbIBHbIX annapaTypHbIX 

HH3K03HepreTH1IeCKHX 3JieKTpOHOB, B03HHKaIO:rn;HX npH 

pa,n:HOHYKJIH,z:J;OB B o6JiaCTH Z=24-95. 

Anpooa:u;ua paooThI. 

cneKTpOB 

pacna,n:e 

Pe3yJII>TaTbI, npHse,n:eHHbie B ,n;Hccepmu;HH, .n;oKJia,n:bIBaJIHCb Ha ceMHHapax B 

. na6opaTOpHH si:,n:epHbIX npo6JieM 06ne,n;1rneHHOro HHCTHTYTa si:,n;epHbIX HCCJie,z:J;OBaHHR 

(~y6Ha), IfucTHTyTe si:,n:epHoii <PmHKH AH 1IP (Ilpara), Me)I<,n:yHapo,n:HbIX CHMn03HYMax 

«Bern-pacna,n: H HeH:TpHHO» (OcaKa, 51rroHHSI, 1986), «Cna6r,1e H 3neKTpoMarHHTHbie 

B3al:IMO,n;eiicTBHH» (f eii,n:eJib6epr, f epMaHHSI, 1986), Me)K,n;yHapo,n:HOH KOH<PepeHD;HH no 

si:,n:epHOH <PH3HKe (XapporeiiT, AHrJIHSI, 1986), 5 H 6 Me)K,n:yHapo,n:HbIX KOH<PepeHD;HSIX 

«CoBpeMeHHbie npo6neMbI H,n;epHoii cjJH3HKH» (TaIIIKeHT, Y36eKHCTaH, 2004, 2006), 33, 

36, 56, 59, 60 H 61 Me)K,n:yHapo,n:HbIX KOH<PepeHD;HHX no si:,n:epHOH cneKTpOCKOnHH H 

cTpyKType aTOMHoro H,n:pa, Ha 13 KOJIJia6opau;HoHHOM coBem;aHHH KA TRIN (f epMaHHH, 

Kapncpye, 2007), ICNRP (AnMa-Arn, Ka3axcrnH, 2011). 

IlyoJIHKa:o;HH. 

Ilo MaTepHaJiaM ,n:ncceprnu;m1 orry6JIHKOBaHbl 38 pa6oT, B TOM 1IHCJie 16 CTaTeii B 

)KYPHaJiax H c6opHHKe: Nucl. Instr. Meth. - 1, IlpHKn. H,n:. cneKTpocKorrHsi: (c6. CT.), - 1; 
. J. Electron Spectroscopy and Related Phenomena - 9; J. Phys. B - 1; Phys. Scripta - 1; 
l13M. TeXHHKa - 1; Eur. Phys. J. A - 2. 
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,D;nccepTaJJ;ll5I COCTOHT H3 BBe,n:eHH5I, II5ITH rrraB, rrpm10:>KeHH5I H 3aKJilO"t!eHH5I. 

Co,n:ep:>KHT 217 CTpaHllU TeKCTa, 81 pncyHKa, 69 Ta6JIHU H CIIllCOK mnepaTypbI H3 245 
HanMeHoBaHllH. 

OCHOBHOE CO,ll;EP'.JKAHHE ,ll;HCCEPTAQHH 

Bo BBe,lJ;emm o6ocHOBhIBaeTc5I aKTYa.JII>HOCTb Hay-qHoii rrpo6rreMbI, H3y"t!eHHIO 

KOTOpoii IIOCB5IDJ;eHa pa6oTa. l13JIO)l<eHbI uerrh H OCHOBHbie IIOJIO:>Kemrn, BbIHOCHMbie Ha 

3aII(HTy. 

IlepBa.H rJiaBa IIOCB5Ill(eHa ofoopy COCT05IHH5I H3y-qaeMOH rrpo6rreMbI. 

PaccMoTpeHbI cymecTBy10m:He pe3yJihTaThI TeopeTH"t!ecKHx n 3KcrrepHMeHTa.JibHhIX 

llCCJie,n:oBaHHH BHyTpeHHeii KOHBepcnn raMMa H3Jiy-qeHH5I H O)Ke-penaKca:u;HH aTOMOB. 

OcHOBHbie 3aKOHOMepHOCTll rrpo:u;ecca BHyTpeHHeii KOHBepCHH xoporno H3y-qeHbl 

KaK TeopeTH"t!eCKll, TaK H 3KCIIepnMeHTa.JibHO. IlpH BbNHCJieHllH K03cpcpHJJ;HeHTOB 

BHyTpeHHeii KOHBepcHH ;:i:erra10Tcx orrpe;:i:erreHHbie rrpe;:i:rrorro:>KeHH5I o pa3Mepax H 

pacrrpe,n:erreHllll 3ap5I,n:a B x,npe H ero 3KpaHHpOBaHHH aTOMHbIMll 3JieKTpOHaMH. 06bNHO 

· KBK Ma.JIO 3aBHC5IT OT ,neTa.Jieii pac-qera. 3TO o6cT05ITerri:,cTBo II03BorrxeT orrpe,nemTh 

xapaKTepllCTHKH 3JieKTpOMarHHTHbIX rrepexo,noB He3aBHCHMO OT TeopeTH"t!eCKHX 

Mo,n:eneii aTOMHoro H,n:pa. 

IIpnse,n:eH KpaTKHii ofoop MeTo,n:oB B:OI"t!llCJieHHii 3Heprnii n sepoHTHOCTeli o:>Ke

rrepexo,n:os. CymecTBy10m:He ab initio pac-qen1 B uerroM y,n:osneTBopHTeJibHO ( c 

. TO"t!HOCTbIO ~2 3B) rrpe):(CKa3bIBaIOT 3HeprnH Q)J:<e-rrepexo,noB B CBo6o,ri:H:OIX aToMax c 

10::SZ::S80. CHcTeMaTH3HpoBaHHhie ab initio pac"t!eThI ,nrrx KOH,n:eHcHpoBaHHbIX 

COCT051HllH aTOMOB He rrpOBO):(llJIHC:O. IIorry3MIIHpH"t!eCKHH MeTo,n: pacqern, 

y-qHTbIBaIOll(llH 3cpcpeKTbl BHYTPll- ll BHeaTOMHOH perraKCaJJ;Hll, IIOJIY"t!HJI IIIHpOKOe 

pacrrpocTpaHeHne ,nnx BhI"t!HCJieHH5I 3Hepr:ali mKe-rrepexo,n:oB B cso6o,ri:HI>IX :a 

KOH,n:eHcnpoBaHHhIX aToMax. Pe3yJihTaTDI cyrn;ecTBYIQll(HX rrony3MIIHpH"t!ecKHX 

pacqeTOB ( 5, 6] ):(ml 3JieMeHTOB C 10::SZ::;100 Hy:>K,n:aIOTC5I B TeCTHpOBaHHH Ha):(eJKHbIMH 

3Kcrrep:aMeHTa.JihHhIMII ,naHHhIMll. Pe3yrr:oTaThI 3MIIIIpII"t!eCKoro MeTO,n:a, ocHoBaHHoro 

. Ha llCIIOJib30BaHHH TOJibKO 3KCIIepIIMeHTa.JibHbIX 3Hepmli CB5I3ll, He II03BOJ15IIOT 

rrpe,n:CKa3aT:O IIOJIHYIO CTpyKTypy crreKTpa II, crre,noBaTeJibHO, IIJIOXO corrraCYIQTC5I c 

3KCIIepIIMeHTa.JibHbIMII ,naHHblMll. 

PacqeT:OI sepoxrnocTeli o:>Ke-rrepexo,n:os K-cep:aH rrpoBo,ri:IIrrHcb B 

HepemTHBIICTCKOM H pemTIIBHCTCKOM rrpII6JIII:>KeHH5IX, c HCIIOJib30BaHIIeM cxeM LS-, 

. rrpoMe:>KyTol'.IHOH II jj-CB5I3H. Bepo5ITHOCTH rrepexo,noB KLL rpyrrIIbI, rrpe,ncKa3hIBaeMbie 
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peJUITHBHCTCKHMH pacqeTaMH B cxeMe rrpoMe)l(yToqHoii CBH3H c yqeTOM 

B3aHMO,n;eiicTBmI KOHC}nrrypau;Hii, B u;erroM cornaC)'IOTCH c pe3yJibTaTaMH H3MepeHHH 

,D;JUI 3JieMeHTOB c Z> 3 5. BKJia,n; MarHHTHOH COCTaBJIHIOm;e:ll B IIOTeHu;Han 

,n;Byx3JieKTpOHHOro B3aHMO,D;eHCTBH5l ( rrpe,n;eJibHblll crryqa:ll jj-CBH3H) CTaHOBHTCH 

,n;oMHHHpyIDm;HM B o5rracTH Z>60. Borrpoc rrpHMeHHMOCTH cym;ecTByIDIIJ;HX 

TeopeTHqecKHX IIO,I\XO,Il;OB B o5rraCTH ManbIX z ( <3 5) OCTaeTCH OTKpblTbIM H3-3a 

He,D;OCTaTKa Ha~e)l(HbIX 3KCIIepHMeHTanbHbIX ,n;aHHbIX. 3TO KacaeTC5l pOJIH 

peIDITHBHCTCKHX 3cPcPeKTOB B pacrrpe.n;erreHHH HHTeHCHBHOCTH B rrpe,n;errax .n;y5rreTa 

KL 1L2(1P1;3P0) H KoppeJUIIJ;HOHHbIX 3<J?<J?eKTOB, rrpe.n;crnsrreHHbIX B3aHMo,n;eiicrnneM 

KOHqmrypau;H:ll KOHeqHbIX COCTO.sIHHH 2s0, 2s12p5 H 2p4 B rrepepacrrpe,n;eneHHH 

HHTeHCHBHOCTH TepMa KL1Li(1So) Me)l(,n;y KL2LiSo) H KL3L3f Po). CrreKTP KLM 
. rrepexo,n;oB HMeeT CJIO)l(H)'IO CTPYKTYPY H qacTnqHo rrepeKpbrnaeTc.sr c em;e 5orree 

CJIO)l<HbIM crreKTpoM KLN rrepexo,n;os. IIpaKTnqecKH HeB03MO)l(HO 3KcrrepnMeHTanbHO 

Ha5JIIO,D;aTb B ({qHCTOM» BH,n;e He TOJibKO IIOJIHYID MYJibTHIIJieTH)'IO CTpyKTYPY (36 

JIHHHli), rrpe,n;cKa3bIBaeMyID cxeMoii rrpoMe)l(yTot:IHOH CB.sI3H, HO H CTPYKTYPY rpyrrrrbI 

rrepexo,n;oB (15 1urnn:ll) B KJiaccmpnKau;HH jj-cB513H. Ifa cpaBHeHH51 cym;ecTByIDm;nx 

TeopeTHqeCKHX .I:I 3KCIIepHMeHTanbHbIX ,n;aHHbIX CJie,n;yeT, CITO HHTeHCHBHOCTH KL1M1, 
KL1M2, KL2M1, KL2M3, H KL2M45 rrepexo,n;oB B aToMax c Z>45 y,n;oBJieTBopnTeJibHO 

OIIHCbIBaIOTC5l pemITHBHCTCKHMH pacqeTaMH B CXeMe jj-CB5I3H. Pe3yJibTaTbl pacqeTOB 

. ,n;mr aTOMOB c Z<45 Hy)l(,D;aIOTC51 B TeCTHpOBaHHH COOTBeTCTBYIDIIJ;HMH 

3KCIIepHMeHTaJibHbIMH ,n;aHHbIMH. Heorrpe.n;erreHHOCTb OCTaeTC51 H B BOIIpoce 06 

ycTaHOBJieHHH o6JiaCTH rrpHMeHHMOCTH THIIa CB513H (rrpoMe)l(yToqHa5J. HJIH jj-CB513b) B 

KLM rrepexo.n;ax. 

lfa aHanma o6m;nx Bbipa)l(eHHii ,LI;JI51 BepoHTHOCTe:ll KLM rrepexo.n;oB crre.n;yeT, qTo 

. OTHOIIIeHHe HHTeHCHBHOCTeii KL2M2,3 H K.L3M2,3 JIHHHH He l:IJBCTBHTeJibHO K BbI5opy 

BOJIHOBOH <J?YHKUHH H rrpaKTHqeCKH He IIO,LI;Bep)l(eHO BJIH5IHHIO peJUITHBHCTCKHX 

3cpcpeKTOB. Crre~oBaTeJibHO, OTHOIIIeHHe J(KL2M2,3)/J(KL3M2,3) MO)l(eT 5bITb 

HCIIOJib30BaHO ,LI;JI5l peIIIeHH5l O,D;HOH H3 3a,ri;aq ,n;aHHOH .n;nccepTaD;HH. CornaCHO TeOpHH, B 

o6rracTH aTOMOB c Z<40 O)l(H,D;aeTC5l ,n;oMHHHp)'IOm;ee Bnmrnne rrpoMe)l(yToqHo:H CB513H. 

Cna6oHHTeHCHBHbie (J(KMM)IJ(KLL)~0.02-0.08) KMM rrepexo,n;hI HMeeT em;e 

5orree cnmKHyID CTPYKTYPY, qeM KLM rrepexo,n;bI. 3KcrrepHMeHTanbHO y,n;aeTC5l ou;eHHTb 

o5m;yID HHTeHCHBHOCTb rpyrrrrbI MYITbTHIIJieTOB. Ha Haqano HaIIIHX Hccne,n;oBaHnli 

KMM(+KMX+KXY) crreKTp 5bm H3MepeH JIHIIIb ,n;JUI IIIecTH 3JieMeHTOB B o6rracTH 

cpe,n;HHX H T5l)l(eJibIX aTOMOB (46:::SZ:::S84). ,ll;rr.sr 5oJibIIIHHCTBa rrepexo.n;oB KMM rpyrrrrbI 

H3MepeHHbie OTHOCHTeJibHbie HHTeHCHBHOCTH cornacyIOTC.sI c peJI5ITHBHCTCKHMH 

pacqeTaMH B cxeMe rrpoMe)l(yroqHoli CB513H c yqeTOM B3aHMO~eiiCTBH5l KOHcpHrypau;n:H. 

lfpe3Bbll:IaHHO CJIO)l(Ha.51 ,LI;JI5l H3MepeHHH o6JiaCTb 6orree rrerKHX aTOMOB (Z<46) OCTaeTC5l 
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HeH3~eHHoii. CornacHo TeopHH, B 3Toii o6nacTH m1m.naeTc51 B:OICOKM 

qyBCTBHTeJI:OHOCTh KMM rrepexo,noB K Koppemi::u;rroHH:OIM 3Q:>Q:>eKTaM 6orree B:OICOKHX 

IIOp51JJ:KOB, qeM B3aHMO,neiiCTBHe KOHQ:>Hrypal(HH KOHeqH:OIX COCT05.IHHH. 

IIepepacrrpe,nerreHHe BHernHHX 3JieKTpoHoB, rrporrcxo,n:Hrn;ee rrprr H3MeHeHHH 

Q:>H3liKO-XliMH:qecKoro COCT051Hli51 aTOMOB MO)l(eT rrpHBeCTH K li3MeHemno 3HeprHH 

. CB513li op6HTaJI:OHhIX 3JieKTpOHOB H, B rrpHHl(HIIe, BJI1I5.IT:O Ha rrponecc:oI, CB5.I3aHH:Oie c 

B3aHMo,neiicTBHeM H,npa c 3JieKTpoHHhIM oKpy:>KeHHeM. C,nBHrn 3Heprnrr CB513H 

3JieKTpOHOB, o6ycJIOBJieHH:Oie H3MeHeHHeM Q:>H3liKO-XliMHqecKoro COCT05.IHH5.I 

cTa6HJI:OH:OIX aTOMOB xopomo H3~eH:oI MeTO,noM XPS. C,nB11rH KirneTH:qecKoH: 3HeprHH 

0)l(e-3JieKTpOHOB HMeIOT 6onee CJIO)l(HYIO rrp11po.ny 1I liCCJie,noBaH:OI MeHee rro,n:po6Ho. 

,ll;aHH:Oie ITO climHKO-XHMHqecKHM H3MeHeHH5.IM 3HeprHH li HHTeHCHBHOCTli 

. KOHBepcHOHH:OIX 3JieKTpoHoB HeMHoroqHcJieHH:OI. B paMKax ,naHHoH: 3a,naqH, HaH6onee 

,neTaJI:OHO myqeH11 KOHBepcHOHH:Oie crreKTp:o1 51,nepHoro E3 rrepexo,n:a 2.17 K3B B 99mTc, 

1I 76.8 3B B 235mu. «XHMHqecKHe» H3MeHeHH51 HHTeHCHBHOCTli KOHBepcHOHH:OIX JIHHHH 

BHemHHX o6onoqeK 57Fe, 83Kr, 119Sn, 125Te H 169Tm H3Mep51JIHc:o c nen110 rronyqeHH51 

.nononmnen:oHoii rrmpopMal(HH ,n:AA Mecc6ay3pOBCKHX Hccne,noBaHHli. ,[(aHH:o1e no 

Q:>H31IKO-XliMH:qecKHM li3MeHeHH5.IM 3HeprHH 1I HHTeHCHBHOCTll O)l(e-rrepexo,n:oB, 

B03HHKaIOru;Hx H3 pa,n:rroaKTHBHoro pacrra,na, npaKT11qecKH OTCYTCTBYJOT. Me)l(JJ:y TeM, 

51,nepHM 3JieKTpOHHM crreKTpoMeTpmr HMeeT orrpe,neneHH:Oie npeHMyrn;ecTBa no 

· cpaBHeHHIO c XPS, 3aKJIIOqaroru;HecH B: a) B03MO)l(HOCTH 11ccne,noBaHH51 cne,n:oB:o1x (~ 10· 
11 r, JJ:JI5I He CJIHlllKOM JJ:OJifO)l(HBYill;HX 1I30TOIIOB) KOJIHqecTB Bern;ecTBa; 6) 
Q:>opMHpoBaHHll arrrrapaTypHoro cneKTpa 3JieKTpOHaMH TOJI:OKO OT "Hy)l(H:OIX", T.e. 

pa,n:HoaKTHBH:OIX aTOMOB, qTo oqeH:O Ba)l(HO JJ:JI5.I Ha,n:e)l(HOro B:OI,n:erremui: BKJia,n:a cna6:oIX 

3Q:>Q:>eKTOB OT o6mero cpoHa. 

Bo BTopoii: rJiaBe paccMoTpeHa HHCTpYMeHTaJI:OHM 11 MeTo,n:11qecKM 6a3a 

51JJ:epHoli 3JieKTpOHHOH cneKTpoMeTPHH. B:omonHeH KpaTKHH ofoop cyrn;ecTByioru;eH: 

liHCTpYMeHTaJI:OHOH H MeTo,n:HqecKOM 6a3hI rrp11MeH11TeJI:OHO K Hll3K03HepreT11qecKOM (B 

Macmrn6ax 51,n:epHoii cpH3HKH, Ee<20 K3B) H,nepHoli 3JieKTpOHHoli cneKTpoMeTpHH. 

IIpHBOJJ:HTC51 orrHcaHHe 3JieKTpocTaTHqecKHX cneKTpoMeTpoB ESA-12 (M5I<D AH qp, 
P:>Ke)I( rro.n IIparo:H) 11 ESA-50 (OM5IH, ,D;y6Ha), a TaK)l(e Hcrrorr:o3oBaHHhIX MeTO,nHK 

npHrOTOBJieHH51 6eTa-liCToqHHKOB H MaTeMaT11qecKOH o6pa6oTKli annapaTypHbIX 

crreKTpOB. 

MarHHTHbie crreKTpoMeTp:o1, Tpa,n:Hl(HOHHO 11crroJin3yeMDie B 51,nepHoli 

3JieKTpOHHOH crreKTpOMeTpHH, o6rra,naIOT BbICOKHMli crreKTpoMeTp11qeCK1IMli 

xapaKTepHCTHKaMH (Llp;]J<0.1 % ) B 06nacn1 3HeprHli Ee>20 K3B. II pH 6orree HH3KHX 

3Hepr1I5.IX, B oco6eHHOCTH JJ:JI5I (()l(eJie3HbIX» crreKTpOMeTpOB, B03H1IKaIOT rrpo6rreMbI, 

CB513aHHbie c !J?opMHpOBaHHeM crra6bIX MarHHTHbIX noneli c Heo6xo,n;HMOH 
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KOHcprrrypau;rreii. Cyru;ecTByroru;He KOHCTpyKu:rrrr 3JieKTpocTaTrrtiecKrrx crreKTpoMeTpoB, 

. HMeIOT rrpeBOCXO)J;Hbie crreKTpOMeTprrqecKHe rrapaMeTpbI (l1E~ 1 3B) B 3HepreTH1!eCKOM 

,n;HaIIa.30He OT HeCKOJibKilX ,n;ec.s:rTKOB 3B .r.i;o ~ 3 K3B. IlpH IIOIIblTKe pacnrnpeHH5I 

,n;HaIIa.30Ha aHaJIH3rrpyeMbIX 3Heprrrli BbIIIIe ~ 3 K3B rrp05IBJI5IeTC5I OTprru:aTeJihHOe 

BJIIl5IHHe peMTilBilCTCKilX 3cpcpeKTOB, rrprrBO,IJ;5IIT(ee K yxy.r.i;IIIeHHIO 3HepreTrr'tfeCKOfO 

pa.3peIIIeHH5I rrprr6opa. PeIIIeHHe rrpo6rreMbI BH.r:t:HTC5I B rrpe.r.i;BaprrTeJihHOM 3aMe,n;neHHH 

aHaJIH3rrpyeMbIX "BbICOK03HepreTH't!HbIX" 3JieKTpOHOB. 

B Jia6opaTop1rn: 51,n;epHhIX rrpo6neM OI15Iil c03,n;aH rrprrHu:rrrrrranhHO HOBbIH 

KOM6n:HrrpoBaHHbIH 3neKTpocrnTrr'tfecKHH crreKTpoMeTp ESA-50, rro3BOJI5IIOIT(HH 

rrpoBo.n;n:Tb H3MepeHrr.sI crreKTPOB 3JieKTpOHOB B o6nacTrr 3Hepmli 0.1-50 K3B. B 3TOM 

crreKTpOMeTpe, BrrepBbie ,ll;JI5I 3a.r.i;aq 51,ll;epHOH 3JieKTpOHHOH crreKTpOMeTprrrr, 

o6ne.n;HHeHbI ,n;Ba nrna aHann3aTOpoB: HHTerpanbHhIH aHanmaTOp co c<l:>epn't!ecKrrM 

3aMe,n;JIHTeJieM H )J;l'IcpcpepeHU:liaJihHblH aHaJIH3aTOp THIIa )J;BOHHOfO U:HJIIlH,D;pH't!eCKOfO 

3epKana (prrc. l ). l1crronb30Bamie TaKOH KOM6rrHaU:HH II03BOJIHJIO IlCKJIIO't!IlTb BJIIl5IHile 

. peJI5ITHBHCTCKHX 3cpcpeKTOB Ha cpoKycnpyroru;ne CBOHCTBa U:HJIHH.r.i;pnqecKoro 3epKana 

rrpH aHaJIH3e "6bICTpbIX" 3JieKTpOHOB. 

R1 

L _,,,N.,,, _ _...,.,---"'-'------i 

PHc. 1. I1pHHU:HIIHaJihHa5.I cxeMa :meKTpocrnTwiecKoro crreKTPOMeTpa ESA-50: 1 -
pa,D,HOaKTHBHhIM HCTOl.J:HHK (Bizyrpettmur ccpepa 3aMe,D,JIHTem1); 2 - BHeIIIH5.15I ccpepa 

3aMe,D,JIHTeJI5I; F 1 - KOHHqecKa5.I .n.11:acpparMa; 3 - BHernHHM H BizyrpeHHHM U:HJIHH.D.ph1; 4 -
. KpyrOBbie ,D,HacpparMhI; 5 - H30J15ITOpbI c rrpoMe)l(yToqHbIMH U:HJIHH,D,paMH. 

3aMe,Zl;JIHTeJih rrpe,n;cTaBJI5IeT co6oi.J: 3a.3eMJieHHYIO ccpepy c KOHU:eHTpH't!eCKOH 

KOHH'tfeCKOH ru;eJibIO, 5IBJI5IIOIT(eiic5I O)J;HOBpeMeHHO BXO)J;HbIM OKHOM U:IlJIHH,Zl;pH't!eCKOfO 

3epKana. B u:eHTpe ccpepbl ycrnHaBJIHBaeTC5I pa,n;1rnaKTilBHbIH HCTOl!HHK, K KOTOpOMY 

rrprrno)KeHo 3aMe,n;JI5IIOru;ee Harrp.sI)KeHHe. B rrorre u:nrrrrH,n;pHtiecKoro 3epKarra rrorra.r.i;aIOT 

3JieKTpOHbl, 3HeprmI KOTOpbIX ,n;ocTaTOtIHa ,ll;JI5I rrpeo,n;oneHH5I TOpM035IIU:ero IIOTeHU:HaJia 

3aMe)J;JIHTeJI5I. <l>oKycHpOBKa Il li3MepeHrre 3Heprmr 3aMe.r.i;neHHbIX 3JieKTpOHOB 

rrpoBo.r.i;rrTc.sI c rroMOIUbIO ,n;Boil:Horo u:rrrrrrH.r.i;prrqecKoro 3epKana. KoM6n:HaU:rr5I 

ccpeprr't!eCKOfO 3aMe,n;rrn:TeJI5I H U:HJIHH)J;pH't!eCKOfO 3epKana II03BOJI5IeT rrpOBO)J;liTb 
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H3Mepemrn B Tpex pe)ImMaX, B 3aBHCHMOCTH OT Tpe6osamrli 3KCrrepHMeHTa: a) 
mMeHeHHeM 3aMe,ruuuo:rn;ero Harrp5nKemrn U (Harrp5DI<eHHe Ha JJ;HJIHH.n;pHqecKoM 

3epKarre u IIOCT05IHHO ); 6) H3MeHeHHeM aHa.Tili3Hpyro:w;ero HaIIp5I)J<eHH5I u Ha 

U:HJIHH,Il;pHqecKOM 3epKarre (Harrp.srn<emre Ha ccpepHqecKOM 3aMe,IJ;JIHTeJie u IIOCT05IHHO ); 

6) CHHXpOHHbIM H3MeHeHHeM 3aMe,IJ;JI5IIO:W:ero u H aHaJIH3Hpyro:w;ero u HaIIp5I:>KeHH5I. B 

pe:>KHMe (a) Tpe6yeMoe (B 3aBHCHMOCTli OT ycJIOBHH 3KCrrepHMeHTa) liHCTpyMeHTa.TibHOe 

pa3perneHHe crreKTpOMeTpa MO)I<eT 6DITb BbI6paHO ycTaHOBKOH COOTBeTcTBy10:rn;ero 

Harrp5I:>KeHH5I u Ha U:HJIHH.n;pHqecKoM 3epKane. CHcTeMa yrrpas11eHH5I crreKTpOMeTpoM H 

HaKOIIJieHH5I ,naHHbIX IIOJIHOCTblO aBTOMaTH3HpoBaHa. IlpH 3TOM o6ecrre~BaeTC5I: a) 

crn6HJIH3aU:H5I 3aMe.n;115110:w;ero Harrp5I:>KeHH5I Ha ypoBHe 10-5; 6) H3MeHeHHe U B 

.n;Harra3oHe OT 0 .no 50 KB, c MllHHMaJII>HI>IM rnaroM 1 B; e) yrrpasneHHe pe:>KHMaMH 

CKaHHpOBaHH5I crreKTpa; 2) cpopMHpOBaH:ne ll cqHTbIBaHHe HMIIYJII>COB OT .n;eTeKTOpa 

3JieKTpOHOB; 0) CB5I3b C IIOJib30BaTeJibCKHMll KOMIIbIOTepaMH ,IJ;JI5I ,Il;liCTaHJJ;HOHHOfO 

yrrpaBJieHH5I, BH3Ya.TIH3aJJ;HH rrpon:ecca HaKOIIJieH:n5I ll MaTeMaTHqecKOH o6pa60TKH 

,IJ;aHHbIX. 

CrreKTpOMeTp 3a:w;H:w;eH OT BHellIHHX MarHHTHbIX IIOJieli 3KpaHaMH li3 µ-MeTaJIJia, 

o6ecrreqHsaro:w;HMH B pa6oqeli KaMepe ocrnrnqHoe none ::SI Mrc. BaKyyMHM c:ncTeMa 

crreKTpoMeTpa 06ecrreq1rnaeT B pa6oqeM 061::.eMe 6e3MaCJI5IHI>Ili BaKyyM ~ lxl0-6 M6ap. 

3aMeHa pa.n;1rnaKTHBHOfO HCTO"t!HHKa rrpOH3BO,Il;HTC5I 6e3 HapyrneHll5I BaKyYMa, c 

IIOMO:W:bIO IlIJII030BOfO ycTpOHCTBa. B KatieCTBe .n;eTeKTopa 3JieKTpOHOB HCIIOJII>3yeTC5I 

3JieKTpOHHbIB YMHO:>KHTeJib OTKpbITOro THila, c ,Il;HaMeTpOM BXO,Il;HOro OKHa 15 MM. Ha 

pHC. 2 rrpHBe.n;eHa cpornrpacp:n5I BHenrnero BH,IJ;a, 3JieKTpOHHOro li BaKyyMHOfO 

o6opy.n;osaHH5I cneKTpoMeTpa. 

Hcc11e.n;osaHrre xapaKTepHCTHK crreKTpoMeTpa, orrpe.n;eJieHHe 3aBHCHMOCTH 

TpaHCMllCCHH OT u H Ka.TIH6pOBKa 3HepreTHqecKOH IlIKaJibl IIpOBO,IJ;llJiliCb c IIOMOIIJ;blO 

KOHBepCHOHHbIX JIHHHH HH3K03HepreTHqecKHX raMMa-rrepexo.n;oB B 57Fe (14.4 K3B) H 

169Tm (8.4, 20.7, 63 K3B), 3Hepr:nrr KOTOpbIX H3BeCTHbl c Bl>ICOKOH TOqHOCTblO (::S0.5 
3B). MHHHMaJibHOe IIpH60pHoe 3HepreTHqecKoe pa3perneHHe COCTaBliJIO L1Ew-1cm=3.5 3B 

,IJ;JI5I Ee~20 K3B. CseTOCHJia crreKTpoMeTpa B TOH :>Ke 0611acT:n 3Heprnli ~ 0.2% OT 4n. 
IlorpellIHOCTb li3MepeHH5I HHTeHCHBHOCTeli KOHBepcHOHHblX JIHHHH COCTaBJI5IJia 5 -
15%. 3aBHCHMOCTb TpaHCMHCCHH cneKTpOMeTpa OT u xopomo arrrrpoKCHMHpyeTC5I 

cpYHKU:Heli 1/U (pHC. 3). 

CoOTHOilieHrre Me)l()J;y 3HeprneH: 3JieKTpOHOB Ee, 3aMe,IJ;JI5IIO:W:HM Umax H 

aHaJIH3Hp)'IO:W:HM U HaTip5I)KeHH5IMH HMeeT BH,IJ;: Ee(3B) = 1.00044(5) X [Umax(B) + 
1.833(2) x (u(B)-100)] + 189.4(5). ITorpernHOCTI> KaJIH6poBKH onpe.n;e115IeTc5I, B 

OCHOBHOM, norpernHOCTbIO Ta6ynHpOBaHHl>IX 3HeprHli CB5I3H 3JieKTpOHOB B 

rro.n;o6011oqKax Fe H Tm, cpe.n;H5I5I BeJIH"t!HHa KOTOpI>IX cocrnBm1eT ~0.6 3B [7]. 
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PHc. 2. BtteIIIHHH BH,[(, 3JieKTpoHHoe H BaKyyMHoe o6opy.[(oBaHHe cneKTpoMeTpa ESA-50 

1,6·· KoHeepc1110HHb1e n111HL.1iil 1113 pacnaAa 
1,4 .. 169Yb(EC) 1(:9Tm 

fil: 1 2 
K-63 . 

:C 
I- 1,0-0 

ti 
0,8 s: 

u u 
s; 0,6·· ::!: 

N-8.4 'f--_>--u 
ffi 0,4 
c.. L1-20.7 -----+ 
I- 0,2 

M1-20.7 
0,0- -1-r--i- --,---.·--,--.--r-·-~--.--r--i--r-··..--r--

0 2 4 6 8 10 12 14 16 18 20 
3aMeA11S'!K>L1.\ee Hanp;i>1<eH1-1e, KB 

Pttc. 3. 3aBHCHMOCTh TpaHCMHCCHH cneKTpoMeTpa ESA-50 OT 3aMe,n;irn:IOrnero Hanp5DI<emrn U 
(i.1Eu11cm~7 3B). Cnnourna.si JIHHH5I - pe3yJihTaT cpHTHpoBaHH.sI .n:aHHbIX cj:>yma.1,11eii: Ur/U. 

06rn;ee Tpe6oBrurn:e K pa,rurnaKTHBHOMY HCTOt:IH.HKY 3aKJIIOt:IaeTC}l B 

o6ecrret:IeHHH: a) H30TOIIHOH H XHMHt:IeCKOll t:IHCTOTI>I; 6) JJ:OCTaTOt:IHOll aKTHBHOCTH .IJ:llil 

CTaTHCTHt:IeCKH 3HaqHMOfO Ha6opa HHcpOpMaU:HH (c yqeTOM CBeTOCHJibI crreKTpOMeTpa); 

e) MHHHMH3all;HH HCKIDKeHH5I HCTHHHOro crreKrpa :meKrpOHOB. <PopMa arrrrapaTypHOll 

JIHHHH HH3K03HepreTHqecI<HX 3JieKTpOHOB BeCbMa t:IYBCTBHTeJII>Ha K xapaKTepHCTHKaM 

aKTHBHOrO CJIO}l HCTO"lJHHKa. 3TO o6CT0}!TeJibCTBO .n;erraeT HerrpneMJieMbIMH 

Tpa.n;HUHOHHbie crroco6bI (Bl>mapHBaHHe, 3JieKTpOmiTHt:IeCKOe OCa)l<,[(eHHe, HCIIapeHIIe B 
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BaK)'YMe) ll3fOTOBJieHH51 6eTa-FICTQqHFIKOB ,L(AA crreKTIJOMeTpFIFI HFI3K03HepreTFiqecKFIX 

3JieKTpOHOB. HaMFI ycoBeprneHCTBOBaHa rrpou;e,n;ypa H3fOTOBJieHFI51 TOHKocrroH:HbIX 

FICTOqHHKOB HcrrapeHHeM B BaKyyMe ll pa3pa6oTaH MeTO,L( ITOBepXHOCTHOH cop6U:HFI 

MarropacTBOpHMbIX coe,n;FIHeHFIH p~FIOFI30TorroB. OcHOBHhIMH FICToqHFIKaMFI 

3arp513HeHHH, yxy,n;rnaro:rn;Hx KaqeCTBO 6eTa-HCTOqHFIKOB, H3fOTOBJI5IeMbIX FICrrapem1eM 

B BaKyYMe, 5IBAAIOTC51 yneTyqFIBaHFie MaTepFiarra HarpeBaTeJI51 FI CTOpOHHFIX rrpHMeceH:, 

co,n;ep:>Ka:rn;HXC5I B FICXO,L(HOM pa,n;FiorrperrapaTe. c FICITOJib30BaHFieM HeHTpOHHO

aKTFIBall;HOHHOro aHaITFI3a 6I>ma ITOKa3aHa Heo6xo,n;FIMOCTb rrpe,n;BapHTeJibHOro OT:>KHra 

HarpeBaTeAA rrpFI TeMrrepaType, rrpes:o1maio:rn;eH: TeMrrepaTypy ttcrrapeHH5I 

FICCJie,n;yeMoro Be:rn;ecTBa. ,[(JI5I yMeHbIIIeHFI51 3arp513HeHFI51 FICTQqHHKa CTOpOHHHMFI 

rrpHMeC5IMH pe:>KFIM FICIIapeHFI51 rro,n;6ttparrc51 TaKFIM o6pa30M, qT06:01 JierKO JieTyqne 

rrpnMecH a.n;cop6HposarrFicb Ha rro,n;BH:>KHhIB 3a:rn;MTH:olli 3KpaH. MeTo,n; rroBepxHOCTHOH 

cop6u;MH paHee He rrpHMeH5IJIC51 ,ll;AA rrpHrOTOBJieHFI51 pa,n;HoaKTHBHbIX llCTOqHHKOB. 

,[(aHHbIH MeTO,L( OCHOBaH Ha o6pa30BaHHll ( c IIOMOIIl;bIO peareHTa) MarropaCTBOpHMbIX 

coe,n;MHeHHH HCCJie,n;yeMoro 3JieMeHTa B BO,L(HOM pacTBope ll cop6u;FIM MX Ha 

IIOBepxHOCTll IIO,L(JIO:>KKH. XFIMMqecKHH BbIXO,ll; cop6u;1m MO)KeT ,L(OCTFiraTb 100 % B 

3aBMCFIMOCTM OT COCTaBa pacTBopa, y,n;eJI:OHOH aKTFIBHOCTFI rrperrapaTa, BpeMeHM 

cop6u;HFI ll KaqecTBa IIOBepXHOCTH. I1pou:e.n:ypa cop6:o;MFI rro,n;6HpaeTC51 FI 

OIITFIMM3HpyeTC51 FIH,Zl;llBFI,ZJ;YallbHO ,L(JI51 Ka:>K,n;oro 3JieMeHTa FIJIM rpyrrrr:o1 3JieMeHTOB c 

· 6rrmKFIMH xHMHqecKHMH csolicTBaMFI. MeTo,n; cop6:o;HH 5IBJI5IeTc51 rFI6KMM crroco6oM 

FI3fOTOBJieHH51 FICTQqHFIKa c 3a,ZJ;aHHOH XllMFiqecKOH cpopMOH pa,D;FIOll30TOIIa. I1pFIMepbl 

crreKTpOB KOHBepcHOHHblX 3JieKTpOHOB 57Fe II 169Tm, H3MepeHHbIX Ha crreKTpOMeTpe 

ESA-50 rrpttBe,n;eHbI Ha pnc. 4. 

8000 

"' ~ 6000 
M 
x 

c:> 
N 4000 
ro 
<') 

~ 6 2000 

K-14.4 

~\ 
i\ 
i ~ 
I l WG=3.53B 

-:: i~-
·I l WL=l.24 38 

' I I 
DEL .'I i 

* l l 

...,,_.• I ' _ __.,.. J .. 

"' 0 

3500 

3000 

~ 2500 
M 

.::. 2000 
ro 
~ 1500 
0 

6 1000 

M'l-2.0.7 

L.._____ ,,,_,_ .. / ..... 
0 500-i--..,--..,--.,..-.,.._.,.--,.--,.--,.--,.--........,,.........,c--..--< 

725072607270728072907300731073207330 18300 18400 18500 18600 18700 18800 18900 
8HeprviR, sB 8Hepr1-1l1. sB 

· P11:c. 4. CrreKTpbI KOHBepcHOHHbIX 3JieKTpoHOB K-14.4 K3B 57Fe H M-20.7 K3B 169Tm, 
mMepeHHbie rrpH L1EuHcm=3 .5 H 7 3B c rnaroM 1 H 2 3B, cooTBeTCTBeHHO. Crrnonrna5I KpHBM -

pe3ynhTaT qmTHpoBaHH5I BbICOK03HepreTHqHoi1 qacm JIHHHH cpyHK~He:H Bo:Hrn, W G - rnHp1ma 

rayccHaHa, WL - ecTecTBeHHM umpHHa (nopett~HaH), DEL - nHK ~HcKpeTHbIX 3ttepreT11:qecKHX 

IIOTepb. 
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,n:ucKpeTH:OIH armapaTypHorn crreKTp S(Ee) 3rreKTpOHOB B HHTepBarre 3Heprnii 

Er'>-E2, 5IBJUieTC5.I CBepTKOH $YHKUIIH 3HepreT1IqecKoro pacrrpe,ll;erreHIIH f(E;) 
3JieKTpOHOB, IIOKH,ll;aIOlll;HX IICTQqHIIK II cp)'HKI(IIII OTKJIIIKa F(EeE;) crreKTpOMeTpa Ha 

crreKTp MOH03Heprern:qecKHX 3JieKTpOHOB: 

S(Ee) = lEz f (E;) x F(Ee, E;)dE' 
E1 

BII,ll; 3TIIX cp)'HKI(HH B TO"t!HOCTII HelI3BecTeH, H ,ll;JI5I orrncaHH5I 3KcrrepuMeHTaJI:OHOro 

crreKTpa HCIIOJI:03yIDTCH pa3JIIIqHhle MO,ll;eJI:OH:Oie rrpH6rrmKeHII5l. ,n:ocTOBepHOCT:O 

o6pa60TKH crreKTpOB orrpe,ll;emnOTC5l TeM, HaCKOJI:OKO 6JIII3KO IICIIOJI:03yeM:Oie 

rrp1I6JimKeHH5l COOTBeTCTBYIDT IICTIIHH:OIM pacrrpe,ll;eJieHH.SIM f (E;) H F(EeE;) . .Il:ITH 

6orr:omlIHCTBa ,ll;llCIIepCIIOHH:OIX crreKTpoMeTpOB BBO,ll;IIMaJI TeopeTH"t!eCKaJI cpyHK[(IIH 

OTKJIIIKa F(EeE~) ,n;ocTaToqHo xopomo arrrrpoKCHMIIpyeTCH raycc1IaHOM. Borree 

CJIO)KHOH 3a,ll;aqeii: 5IBmreTC5l OIIIICaHHe 3HepreTHqecKoro pacrrpe,ll;eJieHIIH f (E;) 
3JieKTpOHOB, IIOKH,ll;aIOlll;IIX IICTQqHIIK. B cm1y cp1I31IqeCKOH rrp1Ip0,ll;bl rrpoueccoB 

BHJTpeHHeH: KOHBepCHII H O)l(e-3cpcpeKTa, 3HepreTHqecKoe pacrrpe,ll;erreHIIe NeCEe, Eeo) 
O,ll;IIHQqHOH 3JieKTpOHHOH JIIIHHII OIIIIC:OIBaeTC5l cpyHK1(1Ieii: JiopeH1(a: 

r)J;e r - IIIHpHHa rropeHQIIaHa, KOTOpaH B rrepBOM rrpH6JIH)l(eHIIII paBHa ecTeCTBeHHOH 

nrnplIHe aTOMHOro ypOBH5I, IICrrycKruorn;ero 3JieKTpOH (B crryqae O)Ke-JIIIHHH - cyMMa 

mlipHH ypoBHeii, yqacTByIDmHx B O)Ke-rrepexo,n;e). B pearr:oHOCTH, B pe3yrr:ornTe 

MHoroqucrreHH:OIX BHJTPII- H BHeaTOMH:OIX rrpou;ecCOB, corrpoBO)K,ll;aIOlll;HX 3MHCCHIO 

3JieKTpOHa H3 TBep,ll;OTeJI:OHOro IICToqHHKa, rrpOllCXO,ll;IIT ,ll;ecpopMa1(Irn rropeH1(1IaHa B ero 

Hll3K03HepreTHqecKOH "CJaCTH. <l>eHoMeHOJIOflI"t!eCKHH IIO,ll;XO,ll;, rrpe,ll;yCMaTpHBaIOlll;llH 

orr1IcaHHe Bcex rrpoueccoB cpopMHpyrorn;ux pacrrpe,ll;erreHHe f (E;), rroKa ern;e He 

pearrlI30BaH, T.K. OTCYTCTByeT IlOJIH:OIH Ha6op IIHcpopMaUHII 0 cpH3HKO-XllMII"t!eCKHX 

rrapaMeTpax peaJI:oHoro HCToqHIIKa. HaH6orree pearrHCTHqH:oIMH HBJIHIOTCH ITO,ll;XO,ll;:OI, 

OCHOBaHH:Oie Ha HCilOJI:030BaHIIH KOMfornaI(HH aHaJIHTHqecKIIX cpyHKUHH HJill cpopM:OI 

O,ll;IIHO"t!HOH arrrrapaTypHOH JIIIHHII, rrpe,n:cTaBJieHHOH B rn6yJrnpoBaHHOM BII,n:e . 

.Il:ITH orr:acaHIIH crreKTpOB, II3MepeHH:OIX Ha crreKTpoMeTpax ESA-12 II ESA-50, 
HCIIOJib30BaJIIIC:O o6a IIO,ll;XO,ll;a. Ha HX OCHOBe pa3pa60TaHbl COOTBeTCTByIDlll;IIe 

KoMrr:oroTepH:oie rrporpaMM:OI Erika, Brundibar FI SOFIE. TiporpaMMa Erika 
IICIIOJI:030Barracb HaMH Ha Haqarr:oHOM 3Tarre HCCJie,D;OBaHIIH, ,ll;J15l o6pa6oTKH crreKTpOB 

KOHBepCllOHH:OIX 3JieKTpOHOB. B ,ll;aHHOH rrporpaMMe cpopMa O,Zl;I1HO"t!HOH JIHHlill crreKTpa 

rrpe,ll;CTaBJUieTC5l B BH,n:e MHOrorrapaMeTpH"t!eCKOH rayccHaHOIIO,ll;06HOH aHaJIHTIIqecKOH 

$YHK1(1IH. TipHH1(1IIlHaJI:OH:OIH He,n:ocTaTOK ,n:aHHOfO rro,n:xo,n:a 3aKJIIQqaeTCH B 
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Heonpe,neJieHHOCTH COOTBeTCTBH5I BbI6paHHOH aHaJIHTHqecKOM c]?opMbI JIHHHH 

HCTHHHOMY pacrrpe,nerreHHIO 3JieKTpOHOB, IIOKH,n;arom;nx 6eTa-HCTQqHHK. Ilo 3TOH 

IIpH"LIHHe, OCTaToqHM CYMMa KBa.n;paTOB HeB5!30K (BerrnqnHa i}), KOTOpM rrpn 

rrpaBHJlbHOM orrncaHHH crreKTpa .D:OJI)l{Ha rro.z:i;qnH5ITbC5! CTaTHCTH"LieCKOMY 

pacrrpe.n;erreHHIO IlnpcoHa, He MO)KeT 6bITb KpHTepHeM KoppeKTHOCTH H 3aKOH"LJeHHOCTH 

rrpou;e,nypbI o6pa6oTKH crreKTpa. B rrporpaMMe Brundibar rrpn6opHM c]?opMa rrnHHH 

H3BJieKaeTC5I H3 3KCrrepnMeHTaJibHOro crreKTpa H rrpe,ncTaBJI5IeTC5I B Ta6yrrnpoBaHHOM 

BH,ne. y CTaHOBJieHHM TaKHM crroco6oM c]?opMa JIHHHH BKJIIOqaeT B ce65I llHTerparrbHyro 

<l>YHKI.(HIO OTKJIHKa CHCTeMbl «TBep.n;oTeJibHbIM HCTO"LIHHK-crreKTpOMeTp». ~Jl5I 

rrocTpoeHH5I Ta6yrrnpoBaHHoiI c]?opMbI rrnHnn Bb16npaeTc5I caMa5I y3Ka5I o,n;HHO"LIHa5I 

KOHBepCHOHHa5I JIHHH5!, 3HepreTH"LJeCKH 6JIH3KO pacrrorrmKeHHa5I K nccne.n;yeMOMY 

crreKTpy. Ilpn OTCYTCTBHH TaKOM JIHHHH, rrpH6opHa5I c]?opMa KOHCTpynpyeTC5! H3 

y-qacTKOB rrnHnii H3MepeHHoro crreKTpa. B rrporpaMMe SOFIE pa3BHT no.n;xo,n, 

OCHOBaHHbIH Ha rrpe,n;cTaBrreHHH HH3K03HepreTH"LieCKOH "LiaCTH rropeHI.(HaHa cpyHKI.(HeiI 

3HepreTnqecKHX llOTepb, IlOCTpoeHHOH rryTeM HHTeprrOJI5ID;HH 110 3a,naHHbIM onopHblM 

ToqKaM. AMrrrrnTy,n;hI onopHbIX TO"LieK Bb16nparoTc5! crry"LiaHHbIM o6pa30M. B rrporpaMMe 

BIIepBbie peanll30BaHa n,ne5I aBTOMaTH"CJeCKOro cy)KeHH5I o6naCTH Heorrpe,nerreHHOCTll 

rrpn6opHoii c]?opMbI, opHeHTnpy.Hcb Ha pe3yJibTaT1>1 c]?nTHpoBaHn5!. Bapnau;n.H c]?opMbI 

"cpyHKI.(HH OTKJIHKa" npOH3BO)J;IITC5I ll3MeHeHHeM aMIIJIHTy,n; orropHbIX TO"CJeK B npe,nerrax 

3apaHee 3a,D;aHHOH o6JiaCTH, OTpa)l{arom;eiI CTerreHb Heorrpe.n;eneHHOCTH cpyHKD;IIll 

3HepreTnqecKnx rroTepb. 06rracn Heorrpe.n;erreHHOCTH ycrnHaBJIHBaeTC5! H3 

. BH3YaJibHOro aHaJIH3a arrrrapaTypHoro crreKTpa. ~JI5I IIOJiyqeHH5I MHO)l{eCTBa "cpyHKD;HH 

OTKJIHKa" HCIIOJib3YeTC5! reHepaTOp crry"CJaHHbIX "CJHCeJI (MeTO)J; MOHTe-Kaprro). 

PaccMOTpeHHbie BbIIIIe rro,nxo,n;bI 5IBJI5IIOTC5I Ha cero,n:H5I HaI16onee peanncTH"LIHbIMH 

crroco6aMH orrncaHH5I arrrrapaTypHbIX crreKTpOB HH3K03HepreTH"LieCKHX 3JieKTpOHOB. 

Ilepexo.n; Ha 6onee BbICOKHH ypoBeHb o6pa6oTKH CB5I3aH c MO,n;ennpoBaHHeM MeTO.D:OM 

MoHTe-Kapno rrpn noMom;n crnH,napTHbIX nporpaMM (HarrpnMep, GEANT n 

PENELOPE). Ho 3TO 6hrno 6b1 B03MO)l{HO npn ycnoBnn ,nocTyrrHocTn rronHoiI 

HH<popMaI.(HH 0 COCTaBe H CTPYKType peanbHOro HCTO"LIHHKa. 

B TpeTheiJ: niase rrpe.n;crnBrreHbI pe3yrrhTaTbI II3MepeHn5I 3Heprnii n 

HHTeHCHBHOCTe:ii KLL, KLM n KMM O)l{e-rrepexo,n;oB B 12 3JieMeHrnx 10:::Z:S62 n 

nccrre,noBaHH5I BJIH5IHH5! crroco6a o6pa3oBaHH5I rrepBnqHo:ii BaKaHcnn ( 3cpcpeKTa 

«aTOMHO:ii CTPYKTYPbI») Ha a6corrroTH1>1e 3Heprnn mKe-rrepexo,noB. Ha pHc. 5 
rrpnBe,n;eHbI rrpnMepbI mMepeHHbIX KLL n KLM crreKTpoB 67Zn n pe3ynhTaTbI nx 

o6pa6oTKH. 

Ha rrpnMepe 3Hepnrn KL2L3 rrepexo,na cpaBHHBaroTc5I pe3yrrbTaT1>1 

IIOJIY3MI1HpH"CJeCKHX pac"LieTOB [5,6], HCI10Jlb3YIOIIJ;HX pa3Hble Ha6op1>1 3Heprn:H: CB5!3H 
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PHc. 5. CrreKT}Jbl KLL H KLM O)Ke-3JieKTpOHOB 67Zn, H3MepeHHbie c maroM 2 3B rrpH L1Euucm=7 
3B. Pe3yJihTaTbI o6pa6oTKH rrporpaMMOH Brundibar rroKa3aHbI crrJIOIIlHbIMH JIHHHHMH. 

3JieKTpOHOB II IIO.Z:OCO.D;bI .D;JUI BbPilICJieHII5.I MaTpII"l!HbIX 3JieMeHTOB B3aIIMO,n;e:H:cTBII5.I 

BaKaHCIIH B KOHeqHoM COCT05IHIIH • .aJUI 60JibIIHIHCTBa 3JieMeHTOB pacxo)l()l;emrn Me)l()l;y 

pe3yJibTaTaMH [5,6] rrpeBbIIIIaIOT ,n;eKJiapIIpyeMbie aBTOpaMII HeTO"llHOCTII (1 +4 3B). 

Hama IIOIIbITKa MO.D;IICpIIKal(Hli pe3yJibTaTOB [5] lICIIOJlb30BaHHeM .n;aHHbIX [7] TIO 

3HeprH5IM CB5I3H He rrpIIBeJia K ynyqmeHHIO cornacmr Me)K.n;y pac"tJ:eTaMII. 

CpaBHeHIIe H3MepeHHbIX 3Hepm::H: ,n;oMHHHpYJOm;Hx KL2L3, KL2,3M2,3 rrepexo,n;oB 

K-cepHII B 3JieMeHrnx c 23::SZ:s;64, 06pa3y10m;HXC5I rrpH 3JieKTpOHHOM 3axBaTe 

CBH,D;eTeJibCTByeT 0 TOM, "l!TO IIOJIY3MIIIIpII"lleCKHe pacqeTbI [5,6] rrpe,D;CKa3bIBaIOT 

3aHH)KeHHbie 3Ha"lleHII5I. HarrpHMep, BeJIHqHHa pacxo)K,D;eHH5I .D;JI5.I KL2L3 rrepexo.n;a 

COCTaBJI5IeT OT ~6 .n;o 20 3B (pHc. 6), "l!TO 3Ha"tJ:IITeJibHO rrpeBbIIIIaeT rrorpeIIIHOCTb 

. H3MepeHIIH (1-2 3B). Ha6JIIO,n;aeMoe pacXO)K,D;eHHe rro.n;TBep)K,n;aeTC5I .n;ocTyIIHbIMII 

.n;aHHbIMII XPS. Tio-BH.D;HMOMy, B pacqernx He.n;oou;eHHBaeTC5I BKJia,n; 3HeprnII 
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PHc. 6. Pa3HOCTb 3Kcrrep11MeHTaJibHbIX H pacqeTHbIX [6] a6coJIJOTHbIX 3tteprnH: 

,n;OMHHHPYIDIIIero KL2L3 rrepexo,n;a. TeMHbie Kpy)KKH- ttamH ,n;aHHbie m 3JieKTpoHttoro 3axBarn; 

KpecTHKH-,n;aHHbie XPS. 
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BHeaTOMHOH (TBep.n;oTeJibHOH) penaKcan;:EUL B IIOJ1b3Y .n;aHHOfO rrpe.n:rroJIO)!(eHIDI 

CBFI,D;eTeJibCTByeT xopomee cornacFie pacqeTOB [5,6] FI 3KCIIepFIMeHTaJibHhIX .n;aHHbIX 

.n:m1 KL2L3 rrepexo.n:a B cBo6o.n;HbIX aToMax (Ne H Ar), r.n:e BHeaTOMHa5I penaKcau;m1 

oTcyTcTByeT, H L3M4,sM4,5 rrepexo.n:a B nerKHx 3JieMeHTax c Z<30, r.n:e M4 H Ms 
rro.n:o6011oqKH 5IBJI5IIOTC5I BaJieHTHbIMH. Ilp5IMOe cpaBHeHFie .n;aHHhIX H3 pa.n:noaKTHBHbIX 

HCTO"CJHHKOB c XPS n nony3MIIHpFiqecKHMH pac"CJeTaMH Tpe6yeT HeKoTopoii 

OCMOTpHTeJibHOCTH, BBH.Il:Y pa3JIH"CJH5I cPH3HKO-XHMH"CJeCKHX <)lopM o6pa3D;OB FI 

B03MO)l(H0f0 BJIH5IHIDI crroco6a o6pa30BaHFI5I rrepBH"CJHOH BaKaHCHH. 

l13MepeHHbie rroJio)l{eHFI5I KOMIIOHeHTOB KLL rpyrrrrhI OTHOCHTeJibHO 

.n;oMHHHpyIOmeii KL2L3 JIHHHFI cHcTeMaTH"CJecKH rrpeBbIIDaIOT (Ha HecKOJihKO 3B) 

O)l{H.n:aeMbie m TeopnH 3Ha"CJeHH5I. Ha6n10.n:aeMoe pacxo)l{,ll;eHHe Me)K,ll;y Teopneii H 

,ll;aHHhIMH 3KCIIepHMeHTOB pa3HbIX THIIOB CBH,n;eTeJibCTByeT 0 Heo6XO,ll;HMOCTH BHeceHIDI 

COOTBeTCTByIOin;FIX KOppeKTHBOB B pacqeThI. 

PeJI5ITFIBHCTCK.He pac"tJeThI B cxeMe rrpoMe)l{yTO"CJHoii CB5!3H, yqHThIBaIOin;He 

B3aHMO,n;eiiCTBHe KOHcjlFirypau;nii, B u;eJIOM y.n;oBJieTBOpHTeJibHO OIIHChlBaIOT 

OTHOCHTeJibHbie HHTeHCHBHOCTH Bcex 9 KOMIIOHeHTOB KLL rpyIIIIbI B o6JiaCTH 

23:SZ:S62. .IJ:oMHHHpyIOmaH pOJib MarHHTHOro B3aHMo,n;eiiCTBH5I ("CJHCTM jj-CB5I.3b) 

rrpo5IBJI5IeTc5J. B aTOMax c Z>55-60. 3a HCKJIIO"CJeHHeM KL1L1 rrepexo.n;a, peil5ITHBHCTCKHe 

3cjlcjleKTbI cna6o BJIH5IIOT Ha Bepo5ITHOCTH KLL rrepexo,n;oB (B KJiaccncjlHKau;Hn;j-cB5!3H) B 

3JieMeHTaX c ~Z<40: pacXO)l{,ll;eHHe Me)!(,D;y peJI5ITHBHCTCKHM H HepeJI5ITHBHCTCKHMH 

pacqeTaMFI COCTaBJI5IeT <10%, "CJTO cpaBHHMO c xapaKTepHbIMH rrorpemHOCT5IMH 

H3MepeHHH. Pe3yJihTaThI Harrrnx H3MepeHHH OTHOIDeHHH HHTeHCHBHOCTeii TepMOB 1 P1 H 

3 Po .n:y611ern KL1L2 rro,D;TBep,n;HJIH rrpe,n;cKa3hIBaeMoe peil5ITHBHCTCKoii TeopHeii 

,ll;OMHHHpyIOmee BJIH5I.HHe 3aIIa3,ll;hIBaIOin;ero TOK-TOKOBOro (MarHHTHOro) 

B3aHMO,ll;eHCTBH5J. Ha HHTeHCHBHOCTh TepMa 3Po, KOTOpoe yBeJIHqHBaeTC5I c pOCTOM 

aTOMHOro HOMepa (pHC. 7). HamH ,ll;aHHbie TaK)!(e CBH,ll;eTeJibCTByIOT 0 TOM, "CJTO BJIH5J.HHe 

peJI5ITHBHCTCKHX 3cjlcjleKTOB Ha HHTeHCHBHOCTh TepMa 3 Po coxpaH5IeT CBOIO 3HaqHMOCTh 

BIIJIOTh .n;o Z~26. 

CorJiaCHO TeopHFI, B3aHMO,n;eiiCTBHe KOHcjlHrypau;Hii KOHe"CJHhIX COCT05IHHH 

2s02p6 H 2s22p4 rrpHBO,ll;HT K CMeIDHBaHHIO TepMOB c IIOJIHblMH MOMeHTaMH J=O. B 

pe3yJihTaTe, o:>1m.n;aeTc5I yBeJIH"CJeHne HHTeHCHBHOCTH TepMoB 1 So H 3 Po cocT05IHH5I 2s22p4 

3a C"CJeT yMeHbilleHH5I HHTeHCHBHOCTH TepMa 1So 2s02p6• HamH H3MepeHH5I II03BOJIHJIH 

ycTaHOBHTb, "CJTO 3cjlcjleKT B3aHMo,n;eiicTBH5I KOHcjlnrypau;nii 2s02p6 H 2s22p4 nrpaeT 

3aMeTHYIO ponh B nerKHX aToMax c Z<28, B TO BpeM5I 

HHTeHCHBHOCTH TepMOB 1So COCT05IHHH 2s02p6 

He'I)'BCTBFITeJibHbIMH K paccMaTp:ErnaeMOMY 3<)l<l>eKTy. 
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Pttc. 7. 3aBHCHMOCTb pacrrpe,l1,eJiemrn HHTeHCHBHOCTH B rrpe;:i:enax ;:i:y6JieTa KL1L2(1PJ, 3P0) OT Z. 
CrrJioIIIHbie JIHHHH - pemrTHBHCTCKHe (R ICCI) H HepemnHBHCTCKHe (NR ICCI) pacqeTbI B 

cxeMe rrpoMe)l(ymqHoif CB5I3H c yqeTOM B3aHMO.I(eiicTBHH Komjrnrypaunii. TeMHbie KPY)l(KH -

pe3yJibTaTbl HaIIIHX H3MepeHHH. 

CrreKTpbI KLM rpyrrrrhI H3MepeHbI ,D;Jrn 6 3JieMeHTOB B o6JiaCTH aTOMHbIX HOMepoB 

23:SZ:S33. lfa-3a IIJIOTHOH CTPYKTypbI KLM rrepexo.I(OB TecTHposaHHe pe3yJibTaTOB 

peJI.sITHBHCTCKHX H HepeJIHTHBHCTCKHX pacqeTOB rrpOBO,Il;HJIOCb B KJiaccn<PnKa1IHHjj

CB5.C3H, corJiacHo KOTopoH: cneKTp KLM rrepexo,IJ;OB rpynnHp)'IOTC.sr B 15 JIHHHH. 

BJIHHHHe peMTHBHCTCKHX 3<P<PeKTOB Ha KOMIIOHeHThI KLM rpynrrbI pa3HOe. B 

HccJie,IJ;oBaHHoli o6Jiacrn: aTOMHbIX HOMepos, KL1Mi, KL2Mi, KL1M4,s H KL2,3M4,s 

rrepeXO,Il;bI B KOHe1IHbie 2s13s1' 2p53s1' 2s13c! H 2p5 3d9 COCTOHHHH B 1IeJIOM 

y,IJ;oBJieTBopnTeJibHO orrHCbIBaIOTc.sr peJIHTHBHCTCKHMH pacqernMH B cxeMe jj-CBH3H. B 

TO )Ke speMH, KL2M2,3 H KL3M2,3 nepexo,IJ;hI B KOHetJ:Hoe cocTO.HHHe 2p53p5 He 

1IYBCTBHTeJibHbl K pemITHBHCTCKHM 3(i_)(i_)eKTaM. ,l(aHHOe o6CTOHTeJihCTBO 6brno 

HCIIOJib30BaHO ,Il;JI5I ycTaHOBJieHHH o6JiaCTH rrpHMeHHMOCTH THITa CB5.C3H (jj- HJIH 

rrpoMe)KyToqHM CB.sI3b) npH OIIHCaHHH nepeXO,Il;OB B KOHetJ:HOe 2p53p5 COCT05.CHHe. lfa 
cpasHeHH51 3KCIIepHMeHTaJibHbIX H pac'tleTHbIX 3aBHCHMOCTeli OTHOIIIeHH51 

I(KL2M2,3)/I(KL3M2,3) OT Z ycrnHOBJieHo, qrn ,n:JI.sr aTOMOB c Z:S48 pacqeT 

HHTeHCHBHOCTeli KLM nepexo,IJ;OB, H,IJ;YIIIHX B KOHe'tlHOe 2p53p5 COCT05IHHe, ,n:OJI)KeH 

6a3HpoBaTbC5.C Ha cxeMe rrpoMe)l(yTOqHOH CB513H (pHC. 8). 

CrreKTpbI 3JieKTpOHOB KMM rpyrrrrbI H3MepeHbI ,n:JI51 4 3JieMeHTOB B o6rracTH 

26:SZ:S48. B o6JiaCTH aTOMHbIX HOMepoB Z>40 HHTeHCHBHOCTH rrepexo,IJ;OB B KOHeqHbie 

3s13s1' 3s13p5 II 3p53p5 COCT05IHH51 CJia6o 3aBHC5.CT OT THIIa CB5.C3H, li pe3yJibTaTbI 

peIT5ITHBHCTCKHX pac11eToB B IIeJioM y,IJ;oBJieTBOpHTeJibHO corJiacyioTCH c 

3KcrrepHMeHTaJibHhIMH ,n:aHHhIMH. Hanrn ,IJ;aHHbie B o6JiaCTH Z<40 

18 



~ 1,6 
~ 
.. J'' 
::E., 1,2 -

~= ::.::: 0,8 

0,4 

NRjj 
.:r------.... }.1- J 

·---"' J 'f 
.... ~ ------------

NR IC 2~, 

~ 
Rjj 

0,0 1 ---r--' T~~~ 
16 24 32 40 48 56 64 72 80 88 

ATOMHblVt HOMep 

PHc. 8 3aBMCHMOCTb OTHOIIIeHHH HHTeHCHBHOCTeH KL3M 2,3 H KL2M 2,3 nepexo,n:oB OT aTOMHoro 

HOMepa Z. CTIJioIIIHbie JIHHMH - perrHTHBHCTCKHe (R jj) M HeperrHTHBHCTCKHe pacqeTbI B cxeMe jj 
. (NR jj) M npoMe)l(yroqHoH CBH3H (NR ICI), (NR IC2); TeMHbie Kpy)l{KH - Hanrn ,n:aHHbie; 

CBeTJibie KPY)l(KM - ,n:aHHbie ,n:pyrnx 3KcnepHMeHTOB. 

CBH,D;eTeJibCTBYIOT 0 HeIIpHMeHHMOCTM cym;eCTBYIOIUHX pemITHBHCTCKHX pactieTOB B 

cxeMe jj-cBH3H ,n;JIH 01mcaHHH paccMa'TpHBaeMbIX rrepexo;::i;oB (pnc. 9). PactieTbI B cxeMe 

rrpoMe)l(yTOtIHOH CBH3H BbIIIOJIHeHbI ,[{JIH 3JieMeHTOB c 36:'.SZ:'.S92. 01mCaHHe B cxeMe 
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Pttc. 9. 3aBHCHMOCTb OTHOCHTeJibHbIX HHTeHCHBHOCTeH: KM1M 1, KM1M 2,3 H KM2,3M2,3 

nepexo,n:oB OT aTOMHoro HOMepa Z. CruIOlllHbie JIHHHH - pemnHBMCTCKHe pacqeTbI B cxeMe jj (R 
jj) H npoMe)KyToqHoM: CB513H (R ICCI) c yqeTOM B3aIIMo,n:eH:cTBM51 1<0Hqmrypau:11M:; TeMHbie 

. KPY)l{KH - pe3yJII>TaTbI Harn11x H3MepettttH:; cBeTJibie KPY)KKM - JIMTepaTYpHbie ,n:aHHbie. 

rrpoMe)l(yTotIHoil: CBH3H KMM nepexo;::i;oB B 6011ee 11erKHX 3JieMeHTax Tpe6yeT, cor11acHo 

BbIBO,[{aM aBTOpOB BbiqHCJieHHH, yqeTa KoppeJIH:U:HOHHbIX 3cpcpeKTOB CBepx 
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B3aHMo;a;elicTBIUI KOHqmrypa:u;Hii, TaKHX KaK Me)!(KamUibHM CB513b Fl perraKCall;H51 

op6nrnrreli. Tio;a;o6Horo po;a;a c:HcTeMaTH3HpoBaHHbie pac1!eT1>1, ;a;orrycKarom;ne 

TeCTHpoBaH:He B umpoKOM ;a;narra3oHe Z, B HacTo5Im;ee BpeM51 He rrpoBo;a;nrrncb. Mo)!(HO 

O)!(:H,ll;aTb, "ITO rronYl.JeHHbie HaMH ;a;aHHbie ;a;rr51 KMM rrepexo;a;oB B 3JieMeHTax c 25:'.SZ:'.S36 
rrocrry)!(aT CT:HMYJIOM ,ll;JI51 BbIIIOJIHeHH51 TaKHX pacl'.!eTOB. 3To II03BOJI:HJIO 6bI ou;eH:HTb 

o6rraCTb l'.JYBCTBHTeJibHOCTH BOJIHOBbIX <i>YHKil;HH K KoppeJI5IUHOHHbIM 3<l><l>eKTaM 6orree 

BblCOKOro 110p5I;a;Ka, l'.!eM B3aHMO;a;eiicTBHe KOH<i>Hrypau;Hii KOHel'.!HOfO COCT05IH:H51. 

34>4>eKT «aTOMHOli CTPYKTypbI» BrrepBbie Hccrre;a;oBarrcH rryTeM rrp51Moro 

cpaBHeHH51 :meprnli O)!(e-rrepexo;a;oB B ;a;o1IepHHX amMax, 06pa3y10m;Hxc51 rrpH 

3JieKTpOHHOM 3axBaTe H B -pacrra;a;e. B 3KcrrepHMeHTax H3Mep51JIHCb 3Heprnn 

;a;oM:HHHPYIOm:Hx KL2Ls(1D2), K.L3M2.3f Po,2) u LsM4M5(1G4) rrepexo;a;oB B 67Zn, 
- 67 67 l 

06pa3J10m;eMC5! rrpH EC- H p -pacrra;a;ax Ga H Cu, a TaK )Ke KL2Ls( D2) u 
L3M4M5(1 G4) rrepexo;a;oB B 64Gd, 06pa3J10m;eMc5! rrpH EC- H P--pacrra;a;ax cppaKu;Hli 

t53 ,t55,t56Tb H 152,t54,t 55Eu, cooTBeTCTBeHHO. Bb16paHHbie ;a;rrH H3MepeHHli H30TOTibI 

OTHOC5ITC51 K pa3HbIM rpyrrrraM ITepHO,ll;Hl'.!eCKOH CHCTeMbI: 30Zn - K 3d-, a 64Gd - 4f-
3JieMeHTaM. TipHMepbl H3MepeHHbIX crreKTpOB rrpHBe;a;eHbl Ha pHC. 10. 
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}J;HCKpeTHbIX 3HepreTH1IeCKHX norepb. 

l13MepeHHbie 3Hepnrn paccMaTpHBaeMbIX rrepexo;a;oB B Zn H Gd, o6pa3yiom;HXC51 B 

EC-pacrra;a;e 6onMrre, l'.!eM B crryqae W-pacrra;a;a (rn6. 1). C;a;BHrH 3Heprnli ,n:n51 Bcex 

rrepexo;a;oB B rrpe;a;errax ;a;aHHOro 3JieMeHTa HMeIOT IIpHMepHO O,ll;HHaKOBYIO BeJIH"IHHY Fl 

rrpeBbIIIIaIOT rrorpeIIIHOCTH H3MepeHHli. B cnyqae Gd c;a;BHrH HMeIOT 66nbIIIYIO 

BerrHqHHY (~15 3B), qeM B Zn (~2 3B). l13MepeHH1>1e B Gd c;a;BHrn KaqecTBeHHO 

COOTBeTCTBYIOT pe3yJibTaTaM peHTreHOBCKOH crreKTpOMeTpHH, r;a;e HaH60JibIIIffll 3<l><l>eKT 

"amMHoli cTpyKTypbI" Ha6rr10;a;arrc51 B 4f- (pe;a;K03eMenbHbie) H Sf (aKTHHH,ll;bI) 

3JieMeHrnx. MeHhIIIHe BeJIH1IHHhI c;a;BHrn ;a;rr51 Zn MOrrrH 6bITh BbI3BaHhI He6orrI>IIIHMH 

20 



Ta6mn.J,a 1. Pa3Hocrn Exrv (EC)-Exrv (~-) (3B) 3Heprn:H O)l{e-nepexo,D;OB B ~6Zn H 152 -1~~Gd, 
o6pa3YJOIUHXCji m P-- H EC-pacna,D;a MaTepHHcKHx moTonos. 

Q)l{e-rrepexo.n: 
ilEe=Ee(EC)-Ee(~) 

~6Zn 152-1~~Gd 

KL2L3(1D2) 2.1(2) 13.9(9) 

KL3M2,3(3P 0,2) 2.4(2) 

L3M4:tv1s(1CJ4) 1.6(2) 16.3(3) 

pa3JIH1:JH5IMH B cpH3HKO-XHMH"tJeCKOH opraHH3aI(HH (MaTpHI() HCTO"tJHHKOB 67Cu H 67CJa, 

XOT5I CTerreHh OKHCJieHH5I Zn B o60HX HCTO"tJHHKax Q)l{H,l(aeTC5I 0,l(HHaKOBOM (+2). 

I1oKa3aHO, l:JTO 60JihIIIHe C,ll;BlffH B f:meMeHTax, ITO cpaBHeHHIO c d-3JieMeHTaMH, 

o6ycJIOBJieH:bl oco6eHHOCnIMH CTpYKTyphI BaJieHTHOM 30Hhl f3JieMeHTOB, T.e. 

3KpaHHpoBaHHeM BaJieHTHhIXfCOCT05IHHH 3JieKTpOHaMH 3aIIOJIHeHHhIX 5s,p COCTOHHHH. 

B qeTBepToii: n1aBe H3JIO)l{eHhI pe3yJII>TaThI Hccne,r:i;oBaHHH BJIH5IHHH cpH3HKO

XHMH"tJecKoro COCT05IHH5I pa,n:rroaKTHBHhIX aTOMOB Ha crreKTphI O)l{e- (22Ne, 54Cr) ll 

KOHBepCHOHHbIX (99mTc, 149Sm) :meKTpOHOB. 

ATOM HeOHa, HMeIOmrrii KOHcpHrypau;HIO aTOMHbIX o6orro"tJeK 1s22s22p6, 5IBJI5IeTC5I 

CaMhIM rn)l{eJihIM 3JieMeHTOM, B KompoM B03MO)l{HbI TOJibKO KLL rrepexo,r:i;:r,i. B HameM 

3KcrrepHMeHTe BrrepBhie rrccne.ri;OBaH KLL crreKTp O)Ke-3rreKTpOHOB i5Ne (prrc. 11), 

o6pa3YIQIUeroc5I B TBep.n;oTeJihHOH MaTpHI(e pa,r:t;HOH30TOIIa 22N a. l13MepeHHM 3HeprHH 

5000 
22Na(EC)22Ne 

3Heprvifl, sB 

PHc. 11. KLL cneKTP O)l{e-3JieKTPOHOB i~Ne, mMepeHHbIH c rnaroM 1 3B npH ~EHHc= 4 3B. 
Pe3yJioTaT o6pa6oTKH annaparypHoro cneKTpa noKa3aH cnnornHDIMH JIHHMj!MH. 

KL2L3(1D) rrepexo,r:i;a (822.4(19) 3B) B 22Ne rrpHMepHo Ha 18 3B 6oJihIIIe, "tJeM 

O)KH,r:t;aeMM H3 rrony3MIIHpH"tJecKHX pac"tJeTOB ,r:t;JI5I cBo6o,r:t;HhIX aTOMOB. Ha6nIO.ri;aeMhIB 
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C,ll;BilT o6ycJIOBJieH KOH,ll;eHClipOBa.HH.bIM COCTOSIHHeM aTOMOB HeoHa, tITO 

110,n;TBep)l(,n;aeTc.si ,ll;a.HH.bIMH XPS. Y cTaHOBJieHo, tITO B 11pe,n;enax 11orpeIIIHOCTH 

H3MepeHlIH OTHOCHTeJI.bH.bie 3HeprHli H HHTeHCHBHOCTH KOMllOHeHTOB KLL rpyllll.bl He 

"CJYBCTBlITeJibH.bl K !f?a30BOMY COCTOSIHlIID aTOMOB HeOHa. 

BJIH.sIHHe CTe11eHH OKHCJieHlISI MaTep11HcKoro pa,n;HoH30To11a Ha KLL crieKTp 

. ,ll;OtiepHero aTOMa BllepBbie lICCJie,ll;OBaJiaC.b Ha 11pHMepe pac11a,n;a 54Mn B 54Cr 

3JieKTpOHH.bIM 3axBaTOM. y CTaHOBJieH KOMllJieKCH.blH OKHCH.bIB COCTaB Mapram::i;a B 

HCTOtIHHKe 54Mn, H3rOTOBJieHHOM liCllapeHHeM B BaKyyMe Ha llJiaTHHOBYID 110,ll;JIQ)I<Ky. 

011pe,n;eneHbl BeJIHtilIH.bl OTHOClITeJI.bH.bIX «XlIMHtieCKHX» C,ll;BHroB 3Heprnli 

aHaJIH311pyeMhrx O)Ke-JIHHHH ,n;nsr cTelleHeli OKHCJieHHSI Mn+3 H Mn+4 (rn6. 2). 

Ta6Jrnua 2. XHMH4eCKMH C)J;BHr (3B) H OTHOCHTem:,mUI HHTeHCHBHOCTb (%) KL2L3 O)Ke-JIHHHH, 

H3MepeHHbie )J;O H nocJie OT)Kllra HCTQqHHKa 54Mn. 

0THOCHTeJII>Ha5I 3HeprH5I HHTeHCHBHOCTI>/r,KL23L23 
Mn+n 

20 °C 100 °C 200 °C 300 °C 20°c 100 °C 200°c 300 °C 

Mn+ 0 0 0 0 57(3) 59(3) 55(2) 57(3) 

Mn+3 -5.5(2) -5.1(2) -5.2(10) -5.2(10) 24(2) 25(2) 21.0(14) 13(2) 

Mn+4 -10.5(12) -10.5(12) 7.9(15) 13(3) 

lfa aHaJIH3a COOTHOIIIeHHSI HHTeHClIBHOCTeH «OCHOBHoro» H «CaTeJIJIHTHbIX» ClleKTpOB 

M +2 th v v 6 
ycTaHOBJieHO, tITO n , 'l:'OPMliPY:fOIIl;liH «OCHOBHOH» crreKTp, SIBJISieTCSI OJiee 

ycTOHtIHB.blM B ECTOqHHKe, tieM Mn +3, KOTOp.bIH llPH TeMrrepaType CB.bIIIIe 200 ° c 
«.n;ooK11cnsrJicsr» .n;o Mn +4• 

«XHMHtieCKHe» C,Il;BlirH 3HeprHH CB.sI3li 3JieKTpOHOB 3aBHC.sIT He TOJI.bKO OT CTerreHH 

OKlICJieHli.sI aTOMa, HO TaK>Ke H OT 3JieKTpOOTpHD;aTeJI.bHOCTH JIHraH,n;a. 3TO CJIO)l(HOe 

srBJieHHe rrpaKTHqecKH He H3Y"CJeHo rrp11MeHHTerr1Ho K pa,n;HoaKTHBH.bIM aToMaM. HaMH 

BllepB.bie HCCJie,[\OBaHO BJIHSIHHe 3!f?!f?eKTa JIHraH,[la Ha crreKTp KOHBepCHOHH.bIX 

3JieKTpOHOB sr.r1epHoro Ml+ E2 11epexo.n;a c 3HeprHeli 22.5 K3B B 149Sm, o6pa3yrom;eMcsr 

B pe3yJihTaTe pacrra.n;a 149Eu 3JieKTpOHH.bIM 3axBaTOM. lfayqanHC.b coe,n;HHemrn 149Eu20 3 

H 149Euf3, B KOTOpbIX u;eHTpaJI.bH.bIB aTOM (Eu) HaXO,Il;HTCSI B 0,ll;HHaKOBOH CTerreHH 

. OKHCJiemrn +3, HOB OKpy)KeHHli pa3HbIX JIHraH)];OB (KHCJiopo.n;a li !f?rnpa). 3JieMeHTbI Eu 

H Sm .sIBJISIIDTC.sI naHTaHH.ll:aMH c otieHh cxmKFIMH XHMHtieCKHMH CBoiicTBaMH, H MO)l(HO 

O)l(H,n;aT.b, qrn 11ocJie EC-pac11a,n;a MaTepHHCKoro morn11a 149Eu XHMHtiecKasr !f?opMa 

,n;otiepHero 3JieMeHTa Sm, o6pa3yron:i;erocsr B MaTpHu;ax Eu203 11 EuF3, 6y,n;eT 6JIH3Ka K 

Sm20 3 11 SmF3 , cooTBeTcTBeHHO. IlpHMep11 H3MepeHHbIX crreKTpoB H pe3yJII>TaT Hx 

o6pa60TKH IIOKa3a.H Ha (pHC. 12). 
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PHc. 12. CrreKTpbI KOHBepcHOHHbIX 3JieKTpOHOB M+N+O+P (a) 11 O+P (6) nepexo.n;a 2.5 K3B B 
149Sm, 113MepeHHbie rrp11 L1EuHcm=7 3B 11 11 3B, coorneTCTBeHHO, c waroM 2 3B. Pe3yJibTaT 

o6pa6oTKH crreKTPOB nporpaMMOH Sofie noKa3aH CIIJlOlllHbIMH Jil1H11HM11. 

113 II3Mepem1:H: orrpe,n;eneHbl BemP:IHHbl QJII3HKO-XHMHqecKHX C,D;BHfOB :meprn:H: 

KOHBepcHOHHblX JIHHIIH BHyTpeHHHX H BHeIIIHIIX o6onoqeK 149Sm rrpH H3MeHeHHH 

nHraH,n;a B coe,z:i;1rneHHH MaTepHHCKoro 149Eu. BenHqHHa c.n;BHra KoppenHpyeT c 

rnaBHbIM KBaHTOBblM qHcnoM 3neKTpOHHOH op6HTMH H He qyBCTBHTenbHa K ero 

yrnoaoMy MOMeHTY (rn6. 3). YcrnHoBneHo, qTQ B rrpe,n;enax rrorpeIIIHOCTH H3MepeHHH 

OTHOCHTeJibHbie IIHTeHCHBHOCTH H ecTeCTBeHHbie IIIHpHHbl aTOMHblX ypoBHeH Sm He 

Ta6nmi;a 3. Pa3HOCTl1K11HeT11qecK11x3Heprni1 (3B) KOHBepc110HHbIX Jil1HHH nepexo.n;a MJ+E2 
. 22.5 K3B B 149Sm, Y.13MepeHHbIX c l1CTOqH11KaMH 149Eu203 11 149EuF3. 

Ei(Eu203) - Ei(EuF3) 

06onoqKa 
I1o,n;o6oJioqKa 

S112 P112 p312 

L 1.7(1) 1.7(1) 1.8(1) 

M 2.8(2) 2.6(2) 2.7(2) 

N 2.3(2) 2.3(3) 

0 3.9(2) 4.2(2) 

p 5.7(9) 

qyBCTBIITeJibHbI K H3MeHeHHIO nrrraH,n;a. BrrepBI>Ie II3MepeHbI ecTeCTBeHHbie IIIHpHHbI 

aTOMHbIX ypoaHeli M1, Mz H N3 Sm (13.4(3), 5.9(3) H 2.3(8) 3B, cooTBeTcTBeHHO) H 

· 3Heprm1 CB513H P1 3JieKTpOHOB ,n;n51 XHMII<IeCKHX <lJopM Sm203 H SmF3 (1.1(6) H 6.8(11) 

3B, cooTBeTcTBeHHO ). Pe3ynI>TaTbI 3KcrrepHMeHTOB rrpo,n;eMOHCTpHpOBaJIH ,n;ocrnToqHyIO 

n16KOCTb MeTo.n;a cop6D;HH cna6opacTBOpHMblX coe,riyrneHHH pa,n;1rnaKTHBHbIX aTOMOB Ha 

23 



TBep,n;oTeJibHyIO IIOBepXHOCTb ,I.(JI5I H3rDTOBJieHirn pa,n;rroaKTHBHbIX HCT01:IHHKOB B 

pa3JIH1:1HbIX XHMH1:IeCKHX <t>opMax. 

M3oMepHbIH E3 rrepexo,n; 2.17 K3B B 99mTc 5IBJIHeTC5I o,n;HHM H3 HaH6onee 

IIO,I.(XO,I.(5IIIJ;HX ,I.(JI5I H3)'1:IeHH5I cpH3HKO-XHMH1:IeCKHX 3<1.><l>eKTOB B crreKTPaX 

KOHBepcHOHHbIX 3JieKTPOHOB. :Snaro,n;ap5I Hll3KOH 3Heprnrr, KOHBepCH5I 51,n;epHoro 

rrepexo,n;a 2.17 K3B rrpOHCXO,I.(HT rrpeHMyru:ecTBeHHO Ha BHeIIIHHX 3JieKTpOHHbIX 

o60JI01:1Kax, KOTOpbie HaH6onee 1:1yBCTBHTeJibHbI K ll3MeHeHH5IM OKpy)KeHH5I aTOMa. ,ll;rr5I 

pa3JIH1:1HbIX XHMH1:IeCKHX cpopM 99mTc (3JieMeHTapHbIH TexHen;rrii, .J:(BYOKHCb TeXHen;:EHI H 

· rrepTexHeTaT) H3ytieHa 3aBHCHMOCTb a6coJIIOTHoii 3HeprHrr KOHBepcHOHHbIX JIHHHH Ms-
2.1 7 K3B OT IIOBepXHOCTHOH 'rrrroTHOCTH TeXHeD;H5I Ha IIJiaTHHOBOH IIO,J:(JIO)KKe. B crry1:1ae 

o6pa3D;OB 3JieMeHTapHoro TexHen;HH Ha6nro,n:aeMaH 3aBHCHMOCTb Ee(M5)~p (p -

IIOBepXHOCTHa5I IIJIOTHOCTb TexHeD;H5I B HCT01:IHHKe) (pnc. 13, (a)) 5IBJI5IeTC5I crre,I.(CTBHeM 

rrepexo,n;a OT KJiaCTepHoro (<10"7 r/cM2) K ofr.beMHOMY xapaKTepy CJI05I TeXHeD;H5I B 

HCT01:IHHKe. 06a 3cpcpeKTa KOppenHpOBaHHbI, H HX o6rraCTH xopoIIIO pa3JIH1:IHMbl 

(rrpeo6na,n:aHHe IIOBepXHOCTHOro CHrHarra B o6JiaCTH KJiaCTepoB H o6oeMHOro CHrHarra B 

o6nacTH MeTarrna). B ,r:i;ByoKrrcrr TexHeD;H5I (pHc. 13, (b)) KopperrHD;H5I Me)K,r:i;y Ee(Ms) Hp 

HeBbipa3HTeJibHa H3-3a YCJIO)I<HeHH5I crreKTpa rrpHCYTCTBHeM pa3H.bIX XHMH1:IeCKHX cpopM 

1:1eTI>1pexBarreHTHOro TexHeD;H5I. B CJI)'1:Iae rrepTexHernrn (pm;:. 13, (c, d)) Hccne,r:i;yeMaH 

3aBHCHMOCTb IIO,J:(Bep)KeHa BJIH5IHHIO cne,n:OB correii, OCTaIOID;HXC5I IIOCJie XHMH1:IeCKOH 

o6pa60TKH H 3JieKTpH1:IeCKOH 3ap5I.J:(KH ,r:i;H3JieKTpH1:IeCKOro CJI05I HCT01:IHHKa. 

7.5 

7.1 

6.7 

iii' 
.!2. 6.3 
s a; 5.9 
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1 
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PMc. 13. 3aBMCHMOCTH :meprnH M5 JIMHHM KOHBepcHOHHbIX 3JieKTpOHOB rrepexo.na 2.17 
K3B B 99mTc OT PTc B o6pirn:i;ax c pa3HOH XMMlr<IeCKOH cpopMoii: a) Tc; b) Tc02; c, d) Tc04 (npH 

«cyxoM» H «MOKpOM» crroco6e OKMCJieHmI, COOTBeTCTBeHHO. 
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IlonyqeHHbie pe3yJII>TaTbl CBII,Zl;eTeJibCTByroT 0 B03M0)I(H0CTII IICIIOJib30BaHIDI 

pa,n;HOII30TOIIa 99T c B <PopMe :meMeHTapHoro TeXHel(H51, OCa)I(,Zl;eHHOro Ha IIJiaTHHOByro 

IIO,Zl;JIO)I(Ky, B KaqecTBe CTaH,n;apTa IICToqHIIKa 3HepreTHqecKIIX perrepHbIX JIIIHIIH ,Zl;JI5I 

51,n;epHOH 3JieKTpOHHOH crreKTpOMeTpHII B o6JiaCTII 3Heprnli ~2 K3B. Ilpe,n;JIO)KeHa 

rrpol(e,n;ypa rrpHroTOBJieHH51 TaKoro 6ern-HCTO~HKa. 

11.HTaH I' JiaBa IIOCB5Ill(eHa H3yqeHIIIO xapaKTepHCTIIK HII3K03HepreTHqecKoro 

51,n;epHoro Ml+ E2 rrepexo.n;a 22.5 K3B B 149Sm. MoTHBaI.J;H51 H3MepeHHli 3aKn10qaeTC51 B 

yrnqHeHHH 3HeprHH raMMa-rrepexo.n;a 22.5 K3B, orrpe.n;eneHHH rrpHMecH 

MYJII>THIIOJII>HOCTH E2 (16(E2/Ml)I) rr rrapaMeTpa rrpoHHKHOBeHH5I /.., m II3MepeHHH, 

· BKJIIOqaIOl.l(IIX HaII6onee IIOJIHI>IH Ha6op (L1.3, M1.3, N 1,3, 01.3, P1) KOHBepcIIOHHbIX 

JIHHHH 3Toro rrepexo,n;a. 

y CTaHOBJieHHOe II3 H3MepeHHH MeTO,Zl;aMII 3JieKTpOHHOH H raMMa-crreKTpOMeTpHH 

cpe,n;Hee B3BemeHHoe 3HaqeHIIe E1r=22500.2(8) 3B (rn6. 4) HBJI5IeTC5I HaH6onee T01IHbIM 

II Ha IIOp51,ll;OK rrpeBbIIIIaeT TQqHOCTb E1r H3 KOMIIHJl5Il(IIH [8]. ,l(ocTIIrHyTM B HaIIIIIX 

II3MepeHH5IX TOqHOCTb (0.8 3B) 3HeprIIH raMMa-rrepexo.n;a 22.5 K3B II03BOJ15IeT 

peKOMeH,ll;OBaTb II30TOII 149Eu B KaqecTBe IICTOqHHKa 3HepreTrrqecKoro perrepa ,Zl;Jl5I 

51,n;epHoli 3JieKTpOHHoii crreKTpoMeTPHH B o6nacTII Ee OT 14.7 .n;o 21 K3B. 

Ta6mn.i;a 4. 3Hepnrn: (3B) si:.n;epHoro rrepexo.n;a 22.5 K3B B 149Sm E1,, ycrnHosrreHHmI m 
mMepeHHH 3Hepn1ii KOHBepcHOHHbIX 3JieKTpOHOB Ekin,e H raMMa-crreKTpa. Ebin - 3Hepnrn CBH3H 

3JieKTpOHOB (7] 

KoHB. JIHHIDI 

L1 

L2 
L3 

M1 

M2 
M3 

N1 
N3 
01 

Cp. B3Bem. 

14764.4(10) 

15188.7(10) 

15783.9(11) 

20775.4(13) 

20958.2(13) 

21081.6(13) 

22152.1(13) 

22252.6(13) 

22460.2(14) 

7736.8(5) 

7311.8(4) 

6716.2(5) 

1722.8(8) 

1540.7(12) 

1419.8(11) 

345.7(9) 

247.4(15) 

37.4(15) 

Pe3yJII>TaT H3MepeHH51 raMMa-crreKTpa 

22501.2(11) 

22500.5(11) 

22500.1(12) 

22498.2(15) 

22498.9(18) 

22501.4(17) 

22497.8(16) 

22500.0(20) 

22497.6(21) 

22499.9(9) a) 

22501.2(17) a) 

a) Haurn: KOHCepBaTHBHhie OUeHKH CTaH~apTHOfO OTKJIOHeHmI 

BenHqHHa l6(E2/Ml)I orrpe,n;eJI5IrracI> rrpHBJieqeHrreM pa3HbIX Ha6opoB 

· TeopeTIIqecKHX KBK H 3KcrrepHMeHTaJibHI>IX OTHomeHHii HHTeHCIIBHOCTeli (Ta6. 5). 
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3HaLiemre 18(E2/Ml)l=0.0784±0.0009 IIOJiy-qeHHOe H3 HaIIIHX .n;aHHbIX, BKJIIOLiaIOID;HX 

HaM6onee IIOJIHbIH Ha6op KOHBepCMOHHbIX JIMHMH, rrpeBbIIIIaeT rrpHH51TOe B [8] 3Ha'1eHMe 

0.0715±0.0011. ITO-BII,I(MMOMy, He.n;oo:u;eHKa 18(E2/Ml)I B KOMIIHJI5I:U:M51X [8] 5IBJI51eTC51 

CJie):(CTBMeM IICIIOJib30BaHII5I 3aHmKeHHbIX 3KCrrepHMeHTaJibHbIX OTHOIIIeHMH 

HHTeHCHBHOCTe:H. lfa pe3yJI1>TaTOB Ramero aHaJIH3a cne.n;yeT, '1TO, HeCMOTp51 Ha 

3aTOpMO)l(eHHOCTb Ml KOMIIOHeHTbI (Fw(MJ)::::l 15) rrepexo.n;a 22.5 K3B, rrapaMeTp 

JI.n;epHoii CTPYKTyp1>1 A, HMeeT, oLieH1> MaJieH1>Koe (Bo3MO)l(HO, HyJieBoe) 3Ha'1eHIIe. 

Ta6mrn;a 5. IIp11MecI> M)'JihTHTIOJII>Hocrn E2 (lo(E2/Ml)I) 11 napaMeT}J 11poH11KH0BeHm1 'A, 
noJiyqeHHble 113 aHanma pa3HbIX Ha6opoB 3Kc11ep11MeHTaJII>HhIX .n;aHHhIX 11 TeopeT11'1eCKHX KBK 

3KCII. 
TeopenrLieCKHe KBK 

Hama o6pa6oTKa 06pa6oTKa BriccNH [10] 
.n;aHH1>1e 

A, 18(E2/Ml)I x2 'A l8(E2/Ml)I x2 
Ha6op 1 a) -2.0(10) 0.0784(9) 1.29 -1.0(10) 0.0770(9) 1.30(6) 

Ha6op 2 G) 2.9(12) 0.0742(18) 0.55 0.4(17) 0.0757(28) 1.19(14) 

Ha6op 3 a) 1.5(15) 0.0722(20) 1.14 -1.1(20) 0.0737(29) 1.81(21) 
a) TOJihKO HaIIIH ,naHHbie; b) Hamn ,n;aHHbre+,naHHhie [9]+Uiot [8]; •)Bee 3KCn. ,naHHhre+ai01 [8] 

B IlpnJio~eHHH rrp1me.n;eHo orrH:caHHe co3,n:aHHoro HaMH aTJiaca crreKTpoB 
Hli3K03HepreTIILieCKIIX 3JieK'rpOHOB, B03HHKaIOID;HX rrpH pa.n;HoaKTHBHOM pacrra.n:e 51.z:i;ep 
(LEES). Cym;ecTByeT :u;en1>1:H p5I.n; aKTYaJII>HhIX cpyH,n:aMeHTaJihHhIX H rrpMKJia,n:H:oix 3a,n:a'1, 
,I(JI5I KOTOpbIX Heo6XO,I(HMbl 3KCIIepHMeHTaJibHbie .n;aHHbie 06 3JieKTpOHHbIX crreKTpax, 
rrpe,n;CTaBJieHHbIX B rpaqmqecKOM M ra6ynHpoBaHHOM BH,I(e. ,l(o Haqana HaIIIIIX pa6oT 
61>mo mBeCTHO o.n;Ho m,n:amre aTnaca, r.n;e rrpe.n;cTaBJieH1>1 arrrrapaTypH1>1e crreKTp1>1 
KOHBepCHOHHbIX 3JieKTpOHOB 6onee 60 HeiiTpOHO.n;eqm:a;HTHbIX pa,n;HOH30TOIIOB c 
Z=56+ 71, H3MepeHH:OIX Ha 6era-crreKTporpacpax c rronyKpyroBoli cpoKycHpOBKoii. 
ATnac, B :u;enoM, rrpe,n:Ha3Ha'1eH ,I(JIJI cpH3HKOB, crre:u;HaJIH3HpyIOm;Hxc51 B o6nacTH 
JI,n;epHOH crreKTpOCKOIIHH. 

C03,n;aHHhIB HaMH arnac LEES 51BJI51eTcJI pe3yJI1>TaTOM cHcTeMaTH3a!IHH 

,I(HCKpeTHbIX li HerrpepbIBHbIX arrrrapaTypHbIX crreKTpOB Hli3K03HepreTH'1eCKHX 

3JieKTpOHOB, H3MepeHHhIX Ha 3JieKTpocTaTH'1eCKOM crreKTpoMeTpe ESA-50. ATnac 

co.n;ep)KHT 6onee 100 arrrrapaTypHI>IX crreKTpoB M .ZJ:aHH1>1e 06 3HeprHJIX M 

HHTeHCHBHOCTJIX H3Jiy-qemrn KOHBepCHOHHbIX H 0)1(e-3JieKTpOHOB, corrpOBO)K,I(aIOID;HX 

pa,n:HoaKTHBH1>1:H pacrra.n: HYKJIH.ZJ:OB c Z=24+95. 

B 3aKJIIO'ICHHH rrpHBO,I(5ITC51 OCHOBHbie pe3yJI1>TaTbl IIOJiyqeHHbie B ,I(HCcepTalIHH. 

1. Pa3pa6oTaHO HOBOe HayLIHOe HarrpaBJieHHe B MeTO,I(HKe 51.z:i;epHOH 3JieKrpOHHOH 

crreKTpOMeTpHH, II03BOJUIIOID;ee pemaTh cpyH.n;aMeHTaJibHbie 3a,I(a'1H JI,n;epHOH 

cpH3HKM Ha KaqecTBeHHO HOBOM ypoBHe H OTKpbIBarom;ee rrepcrreKTHBY 
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pacmnpeHH.sI o6rracTH npHKJia):(HbIX aHaJIHTHl.JeCKHX MeTO):(IlK c rrpHMeHeHHeM 

pa,nHOil30TOIIOB. 

• C03,n;aH rrpHHDJIIIHa.JibHO HOBbIH KOM6HHHpoBaHHbIH 3JieKTpocTaTH11ecKHH 

crreKTpOMeT}J )];JUI H3yq:emrn crreKTpOB 3JieKTpOHOB B ,n;narra30He 3HeprHeli 0.1 
- 50 K3B, HcrrycKaeMDIX TBep,n;oTeJII>HbIMH pa.n;HoaKTHBHI>IMH HCT011HHKaMH. B 

3TOM cneKTpOMeTpe BnepBbie ,n;rr5! 3a,n;a11 51,nepHOH qm3IlKil 06'.be):(HHeHbl ,D;Ba 

THIIa aHaJIH3aTopoB: HHTerparrbHbIH ( ccpepH11eCKilH 3aMe):(JIHTeJib) Il 

,n;ncpcpepem~Ha.JII>HI>m (.n;BoiiHoe :UHJIHH,npH11ecKoe 3epKarro ). HcrronI>30BaHne 

TaKOH KOM6HHaIJ;Illl II03BOJIIlJIO ):(OCTil% Hanny11mero arrrrapaTypHoro 

pa3pemeHH5I (L1EuHcm=3.5 3B) ,n;JUI 6ern-crreKTpoMeTpOB, pa6oTruomHx B 

o6rracrn: BbIIDe HeCKOJibKHX K3B. 

• Pa3pa6oTaHa HOBa5I rrpo:o;e.n;ypa H3rOTOBJieHH5! TOHKOCJIOHHbIX (HeCKOJibKO 

aTOMHbIX crroeB) 6eTa-HCT011HllKOB, OCHOBaHHa5I Ha MeTo,n;e ncrrapeHH5! B 

BaKYYMe. 

• Pa3BHT HOBI>Iii no,n;xo.n: .n;n5! noncKa rrpn6opHoli cpopMI>I rrnHnn 

arrnapaTypHoro crreKTpa, B KOTOpOM pearrH30BaHa H):(e5! aBTOMaTIIl'.J:eCKOro 

cy)l(emrn o6rracTn Heorrpe,n;eneHHOCTH c ncrronI>30BaHneM MeTo.n;a MoHTe

Kaprro. 

2. l13MepeHI>I crreKTpI>I O)Ke-nepexo.n;oB K- H L-cepHH 14 3JieMeHTOB c 10:SZ:S64, 
06pa3y10mHxc51 B pe3yrrnTaTe pa.n;noaKTHBHoro pacrra.n;a. IIorryI.JeHHI>Ie 

3KCIIepnMeHTaJihHbie ,naHHbie II03BOJIIlJIH rrpoBeCTH TeCTHpOBamre TeopeTHl'.J:eCKilX 

IIO.D;XO.D;OB, HCIIOJib3yeMbIX ):(JI51 OIIHCaHH5! rrpouecca o:>I<e-perraKCaIJ;HH aTOMOB. 

• Brrepai:,1e YKa3aHo Ha Heo6xo):(HMOCTh ycoBepmeHcTBoBamrn 

cymecTByIDmnx TeopeTHl.JeCKHX IIO):(XO):(OB, HCIIOJib3yeMbIX B 

IIOJIY3MIIHpH11eCKHX pac11eTax 3HeprHH O)!(e-rrepexo,n;oB. 

• BrrepBI>Ie 3KcrrepnMeHTaJII>HO rroKa3aHo, 11To «aTOMHO-CTIJYKTYPHI>Ie» 

C):(BHrn: 3Heprn:H mKe-3JieKTpOHOB B f 3JieMeHTaX o6ycrroBrreHbI 

3KpaHHpOBaHHeM Ba.JieHTHbIX f-coCTO.sIHHH 3JieKTpOHaMH 3aITOJIHeHHbIX 5s,p 
COCT05IHHH. 

• 3KcrrepnMeHTa.JlbHO ycTaHOBJieHo, 11TO Han60JibIIIYID 11yBCTBHTeJibHOCTb K 

Kopperr5IIJ;HOHHbIM 3cpcpeKTaM, rrpe,z:i;cTaBJieHHhIM B3aHMO)l;eHCTBHeM 2s-22p6 H 

2s22p-2 KOHcpHrypa:o;Hii, 1Ip05IBJI5IIOT o:a<e-nepexo.n;I>I B rrerKHX aToMaX c 

Z<28. 
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• ,[(srn n:ccne,n;oBaHHbIX 9 3neMeHTOB c 23:SZ:S62 rro,n;TBepJK,n;eHo 

rrpe,n;CKa3bIBaeMoe pem:ITHBHCTCKOH TeopHeH ,ll;OMHHHpyrom;ee BilH5IHHe 

3aIIa3,L\bIBaIOil(ero TOK-TOKOBOfO (MarHHTHOfO) B3aHMO.UeHCTBH5I Ha 

rrepepacrrpe,n;eneHHe HHTeHCHBHOCTH MeJK,L\y KOMIIOHeHTaMH ,n;y6neTa 

KL1L2(1P1, 3Po). BrrepBI>Ie 3KcrrepHMeHTMbHO ycTaHOBneHo, qrn ponb 

3aIIa3,L\bIBaIOil(ero TOK-TOKOBOro B3aHMO.UeHCTBH5I OKa3bIBaeTC5l 

cymecrneHHbIM .n;aJKe B o6nacTH Mannix Z. 

• YcTaHOBneHo, qrn BepoHTHOCTH KLM rrepexo.n;oB B 2p-13p-1 cocToHHHe B 

aTOMax c Z:S48 orrpe.n;eil5IIOTC5I CJMMapHbIM BKna.n;oM KynoHOBCKOfO H CIIHH

op6HTaJibHOro B3aHMO.UeiicTBH5I :meKTPOHOB B KOHeqHQM COCTOHHHH (ponb 

rrpoMeJKyToqHoH CB513H 5IBJUieTC5I ,ll;OMHHHpyrom;eH:). 

• BrrepBI>Ie 3KcrrepHMeHTaJII>HO .n;oKa3aHa HerrpHMeHHMOCTb cymecTB)'IOil(HX 

peIDITHBHCTCKHX pacqeTOB B cxeMe jj-CBH3H .n;nH orrrrcaHHH KMM 
rrepexo,n;oB B aTOMax c Z:S30. 

3. BrrepBbie HCCne,n;oBaHO BilH5IHHe cpH3HKO-XHMHqecKoro COCT05IHH5I 

pa,n;HOH30TOIIOB 22Na, 54Mn H 149Eu Ha :meprHH KOHBepCHOHHbIX H Q)Ke-

3IleKTpOHOB ,n:oqepHHX H30TOIIOB. 

• Orrpe.n:eneHbI 3HeprHH KLL O)Ke-rrepexo,n;oB B 22Ne, o6pa3)'IOil(eMcH B 

TBep,n:oTeilbHOH MaTpH:u;e pa,n;HOaKTHBHOro 22N a. 

• y CTaHOBJieH KOMIIIleKCHbIH OKHCHbIB COCTaB Mapram:i;a B HCTQqHHKe 54Mn, 

H3fOTOBJieHHOM HCIIapeHHeM B BaKyyMe Ha Pt IIO,ll;JIO)l{Ky. :VfayqeHa 

,ll;HHaMHKa H3MeHeHH5I OKHCHOro COCTaBa rrpH OT)l{Hfe B B03.n;yxe. 

Orrpe,n;eneHDI OTHOCHTenI>Hbie «XHMHqecKHe» c.n;BHrH 3HeprrrH: KL2,3L2,3 

rrepexo,n;oB ,n;oqepHero 54Cr. 

• Orrpe,n;eneHbI «X:HMHqecKHe» c,n:BHrH 3HeprnH: KOHBepcHOHHbIX nHHHH 149Sm 

rrpH H3MeHeHHH IlHfaH.Ua B XHMHqecKOM coe,n;HHemrn MaTepHHCKOfO 149Eu. 
YcTaHOBJieHa KoppenH:a;HH MeJK,n;y BeJIHqHHOH c,n;BHra H rnaBHbIM 

KBaHTOBbIM qHCJIOM 3IleKTpOHHOH op6HTMH, Ha KOTOpOH rrpOHCXO,ll;HT 

KOHBepc1rn H,n;epHoro rrepexo.ua. BrrepBI>Ie rrpose.ueHI>I rrpHMI>Ie H3MepeHHH 

ecTecrneHHbIX IIIHpHH M 1, M2 H N3 o6onoqeK Sm H orrpe.ueneHa 3HeprHH 

CBH3E 3JieKTpoHoB Ha P1 o6onoqKe ,l(JIH XHMHqecKHX cpopM Sm20 3 H Smf3. 

4. ,[(JUI XHMIPiecKHX cpopM Tc-MeTann, Tc02 H Tc04 Hccne,n:osaHa 3aBHCHMOCTb 

a6conrornoH: 3HeprHH Ms KOHBepCHOHHOH IlHHHH rrepexo,n;a 2.17 K3B B 99mTc OT 
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IIOBepXHOCTHOH IIJIOTHOCTH TeXHeu;mr Ha Pt rro,n:JIO)l(Ke. 06Hapy)l(eHa qeTKO 
s:orpa)l(eHHa.51 KoppeIDiu;mr Me)l(,n:y 3Heprneii M5 JIHHHH H xapaKTepHCTHKoii 
( KJiacTepHa.51 ( < 10-7 r/ cM2) HJIH o6neMHa51) reHepnpyrorn:ero cnrHaJI CJI05I 
MeTaJIJIHl:JeCKoro TeXHeIJ;H5I Ha rro,n:JIO)l(Ke. 

5. Pe3yJibTaTbI HCCJie,n:oBaHH5I BJIH5IHH5I cpH3HKO-XHMHqecKOro COCT05IHH5I 
pa,zi:HOH30TOIIa Ha 3Heprmo KOHBepCHOHHbIX JIHHHH 99mTc li ,n:OCTlireyTa.51 B 
Hanrnx li3MepeHirnx TOqffOCTb 3Heprnn raMMa-rrepexo,zi:a E1r=22.5002(8) K3B B 
149Sm, rro3BOIDIIOT peKoMeH,n:osaT:o YKa3aHH:ore pa,n:HOH30Torr1>1 B KaqecTBe 
HCToqHHKOB :mepreTnqeCKHX perrepHbIX JIHHHH ,n:JI5I 6ern-crreKTpOMeTpHH B 
o6JiaCT:Ei 3HepmH ~2 K3B lI 14.7-21 K3B, KOTOpI:.Ie paHee He cyrn;eCTBOBaJili. 

6. ,il;lliI lICIIOJib30Bamrn rrpli ITJiaHHpoBaHHH HOBbIX 3KCrrepHMeHTOB H penreHH5I 
rrpHKJia,zi:HbIX 3a,zi:aq co3,zi:aH aTJiac ,n:HCKpeTHbIX H HerrpepbIBHblX arrrraparypHbIX 
crreKTpoB 3JieKrpoHoB, H3MepeHHbIX Ha 6era-crreKTpoMeTpe ESA-50. Arnac 
co,zi:ep)l(HT 6onee 100 arrrraparypH:OIX crreKTpOB 3JieKTpOHOB, B03HlIKaIOID;HX rrpH 
pacna,zi:e pa,n:HoHyKnn,n:oB c Z=24-95. 
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