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B HaCTOHmee BpeMH .nirn· orurcamrn rrpouecca HOHHJaIUIH BHyTpeHHHX 

aTOMHblX o6oJiotJeK rrpH HOH-aTOMHhIX CTOJIKHOBCHHHXHCI10Jll,3YIOTCJI ,ZJ;Be 

ocHOBHhle Mo,neJIH : Mo,nem, rrpHMoro KYJIOHOBCKoro BJaHMo,neitcTBHH [1,2] 
H MO,UCJib rrepecetJCHHH aTOMHblX ypOBHett [3]. IlepBaH HJ HHX rrp:m.rn-' 

HHCTCH rrpH paccMOTpemrn cetJeHHit HOHH3aIUIH JienrnMH HOHaMH, BTO

paH _· B cJiyqae THlKCJiblX .HOHOB HH3KOit (rropH,nKa ,neCHTKOB K3B/HyKJIOH) 

3Hepnrn. Borrpoc o cetJeHHHX HOHHJaIUIH THlKeJILIMH HoHa:MH c 3HeprHett 

~ 1 M3B /HYK!IOH HBJIHCTCH He,nocTaTOtJHO HJytJeHHblM KaK TeopeTHtJCCKH, 

TaK H 3KCI1epHMCHTaJILHO. O.nHHM HJ HCTOtJHHKOB HHcpopMauirn O CTe

IlCHH HOHH3aUHH aTOMOB MHilleHH rrpH HOH-aTOMHLIX CTOJIKHOBCHHJIX JIBJI.11-. 

CTCH peHTreHOBCKOe H3~YtJCHHe, corrpoBOlK,naromee TaKHe CTOJIKHOBemrn, 

IlOCKOJILKY 3HeprHH peHTfCHOBCKHX rrepexo,noB JaBHCHT OT ~rncJia BaKaH

cHtt BO BHyTpeHHHX o6oJIOtJKa~ aTOMa. 

MeTO.II: perHcTpaQ1u1 H. o6pa6oTKH cneKTpoe 

B ,naHHOit pa6oTe HCCJIC.l{OBaHLI peHTreHOBCKHe crreKTpbl THTaHa H cepbl, 

BOJ6ylK,naeMLie HOHaMH Ar (25 M3B) H Xe (130 M3B). B 3KcrrepHMeH

Tax HCITOJil,JOBaJIHCI, MaCCHBHble MHmeHH, TOJIUlHHa KOTOpbIX rrpeBLIIIIaJia 

rrpo6er HoHoB • .D:nH rrpoBe,neHHH HJMepemrtt 6LIJI coJ,naH arrrrapaTypHLiit 

KOMITJICKC Ha OCHOBC KpHCTaJIJI-,nH<ppaKUHOHHOro crreKTpOMeTpa. Pa3JIO

lKCHHe H3JIYtJCHHH B crreKTp rrpoBO.l{HJIOCI, KpHCTaJIJIOM KBaptia (nJIOCKOCTI, 

1010), H30rHYTLIM B reoMeTpHH lforaHHa [4] no pa,n:Hycy 20 CM ' pern

CTpaUHH - rrpoTOtJHLIM rrporropUHOHaJII,HblM CtJCT~KOM, pa6oTaIOlllHM Ha 

aproH-MeTaHOBOtt raJOBOtt CMCCH. HaJIOlKCHHH ,UJIHH BOJIH pa3JIH~HblX rro

pH,nKOB OTpalKeHHH HCKJIIOtJaJIHCI, .l{HCKpHMHHaUHett aMITJIHTY.l{bl HMITYJII,

COB, rrocTyrraIOlllHX OT CtJCT~HKa • .Ll:JIH rrpoBe.neHHH IOCTHpOBOtJHblX pa60T 

crreKTpOMeTp 6LIJI o6opy,noBaH OTITaHHHOit peHTreHOBCKOit Tpy6KOH. Ha 

pHC. 1 rrpe,ncTaBJICH rpacpHK Ka-HJJiy~emrn THTaHa, 3aperHCTpHpOBaH

Horo BO BTOpOM rropH,nKe OTpalKCHHH IlpH IOCTHpOBKe crreKTpOMCTpa. Pa3-

pemeHHe rrpH6opa COCTaBJIHCT ~ 2 3B rrpH 3HCJ)l'HH KBaHTOB 4510 3B. 

lfccJie,noBaHHe cpopMLI crreKTpaJILHblX JIHHHit IlOKaJaJio, ~TO OHa 6JIH3Ka K 

rayccoBott. 

IlpH o6pa60TKe 3KCrrepHMeHTaJILHblX ,naHHLIX rrpHHHMaJIHCI, BO BHH

MaHHe CJie.nyIOlllHC coo6palKCHHH. IlpoTHlKCHHOCTI, peHTreHOBCKHX J( a

crreKTpOB, B036YlK.UCHHLIX ycKopeHHblMH THlKCJILIMH HOHaMH, COCTaBJIHCT 
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Pnc. 1. ;lfy6neT Ti K 01,2 

~ 250 3B. ,Ll;JIR H3JiytJeHHR THTana 3TO COOTBeTcTByeT .n:nana3oHy cnny

COB yrna ,n:nqipaKUHH 0.6-0.64. Ha TaKOM HHTepBaJie cymecTBeHIIO H3-

MeHReTCJI BOJIHOBaR .n:ncnepCHR cneKTpOMeTpa fl.)../ l:l.<p, tJTO npHBO,n:HT K 

HepaBHOMepHOMY HCKalKeHHIO pa3JIHlIHLIX ytJaCTKOB CiltKTpa. B rrepBOM 

nptt6JIHlKeHHH tJHCJIO 3aperHCTpttpoBaHHLIX KBaHTOB N(E) MO.lRHO npe.n:

CTaBHTI, B Btt,n:e IlfOH3Be,n:eHHJI: 

N(E) = I(E) · l:l.E(cp), 

r.n:e I( E) - cneKTpaJII,HaR IIJIOTHOCTL H3JiytJenttn c 3Heprnei1 E, l:l.E( <p) -
HHTepBaJI 3Heprnfi qlOTOHOB, perttcTpttpyeMLIX nptt .a;annoM yrne .n:nqipaK

UHH cp. MolKHO rroKa3aTL, tJTo .n:nn reoMeTptttt MorauHa BeJIHtJHHa l:l.E 
cne.n:yJOlllHM o6pa30M 3aBHCHT OT <p: . 

l:l.E(cp) = n · k · H · _co
3
s <p, 

. 2D · R · sm cp 
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r.n:e n - nopn.n:oK oTpalKeHHR, k=12.398 K3B·A, H-nrnpHHa BXO.n:Hofi meJIH 

cneKTpOMeTpa, D - MelKilJIOCKOCTHOe paCCTORHHe KpHCTaJIJia-attaJIH3aTopa, 

R - pa.n:nyc n3n16a KpHcTaJIJia. 

,Ll;JIR cneKTpa THTaHa H3MeHeHHe BeJIHtJHHLI flE COCTaBJIReT ~ 20 %. 
B CBR3H C 3THM npH o6pa6oTKe 3KCnepHMeHTam,HLIX .n:aHHLIX 3aperHCTpH

poBaHHLJe 3HatJeHHR tJHCJia HMilYJILCO_B JJ:OMHO.lRaJIHCI, Ha K03cpqmutteHT, 
o6paTHo nponopunoHaJILHLifi BeJin•mue l:l.E. 

Ha BTopoM 3Tane o6pa6oTKH np0Bo,n:nnoc1, pa3Jiomeune cneKTpa Ha 

KOMilOHeHTLI. OcHOBOfi JJ:JIR TaKoro pa3JIOlKeHHR CJIYlKHJIH npoBe.n:eHHLie 

HaMH pattee pactJeTLI 3Heprnfi pa.n:naunoHHLIX nepexo.n:oB B MHoroKpaTHO

HOHH3HpoBaHHLIX aTOMaX [5]. cI>opMa KalK,n:oro caTeJIJIHTa OilHCL1BaJiac1, 

cyMMOfi Tpex (.n:JIR cneKTpOB cepLI) HJIH tJeTLipex (,n:JIR cneKTpoB THTairn) 

rayccnaHOB, qlOH annpOKCHMHpOBaJICR napa6oJiofi. BLI6op KOJIHtJeCTBa 

KOMilOHeHTOB JJ:JIR pa3JIO.lReHHR cneKTpa o6ycJIOBJieH TeM, tJTO pa.n:naun

OHHLie nepexo,n:LJ npH HaJIHtJHH .n:onOJIHHTeJibHLIX BaKancHfi B L-o60JIOtJKe 

MOryT 6LJTI, ofr1,e,n:nneHL1 B rpynrn,1, B KOTOpLIX tJHCJIO nepBOHatJaJibHLIX 

BaKancnfi B Lr-no.n:o6onotJKe paBno O; 1 HJIH 2. Ilpn 3TOM nan6oJILIIIefi 

3Heprnefi 06na.n:a10T nepexo,n:LJ, y KOTOpLIX B HCXO,n:HOM COCTORHHH OTCYT

CTBYJOT BaKaHCHH B L1-no.n:060JIOtJKe, a naHMCHbIIIefi - nepexo,n:LJ, COOTBeT

CTBYJOlllHC IlOJIHOCTblO HOHH3HpOBannofi L1-no.n:060JIOtJKe. 

PeayJILTaThl H o6cym,neHHe 

Ha pnc.2 H 3 npe,n:cTaBJienLI K a-cneKTpLI THTana H cepLI. IlpttBe

,n:eHHLie cneKTpLI ttcnpaBJICHhl Ha nenocTORHCTBO 'BOJIHOBOfi .n:11cnepCHH H 

H3 HHX BLltJTen qlOH, ttcnpaBJieHHe Ha BLIXO,n: qinyopecueHUHH He npoBO,n:H

JIOCb. HopMHpOBKa cneKTpOB THTana rrpoH3Be.n:ena no MaKCHMYMY HHTeH

CHBHOCTH Ti K 01-JIHHHH. 

O61.l{aH CTpyKTypa CIIeKTp0B H C00Tll0HieHHe HIITeHCHBH0CTH CaTeJIJIHT0B 

IloMHMo ocnoBHofi (npott3Bo.n:nmeit) K a 1,rJIHHHH cneKTpLI co.n:epmaT 

caTeJIJIHTHLJe IIHKH, CBR3aHHLie C HaJIHtJHeM .n:onoJIHHTeJibHLIX BaKann1fi B 

L-o6oJiotJKe. RoHqittrypautttt c o,n:Hoti BaKancttefi B K-o6oJiotJKe H n BaKaH

CHRMH B L-o6oJiotJKe rrpttHRTO o6o3HatJaTL K Ln. )];nn o6ettx MHmencfi (Ti 
H S) HHTerpam,HaR HHTCHCHBHOCTI, cneKTpOB, B036ym.n:emmx HOHaMH KCe

HOHa, 60JII,IIIe HHTeHCHBHOCTH cneKTpoB, B036ym.n:emmx HOHaMH aprona. 
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GHeprH JI q>OTOHOB, KGB 
PHc. 2. J( a-cneKTphl THTaHa, B036ym,n:eHHhle HOHaMH Xe H Ar 

lJHCJIO caTeJIJIHTOB MHoroKpaTHOH HOHH3arum TaK.iKe 6oJibIIIe B cnyqae B03-

6ym,n:eHHJI KCeHOHOM. CneKTphl THTaHa HMelOT O)lHOMO)laJibHOe pacnpe

,n:eJieHHe HHTeHCHBHOCTH caTeJIJIHTOB. HaH6oJiee HHTeHCHBHhIM IlHKOM B 

3THX cneKTpax JIHJIJieTcJI J( L 2 npu BOJ6ym,n:enuu apronoM HJ( L4 npu no3-

6ym,n:enHH KCeHOHOM. B cneKTpax cephl, B036ym,n:eHHhIX HOHaMH aprona, 

pacnpe,n:enenue HHTeHCHBHOCTH caTeJIJIHTOB TaKme HMeeT O)lHOMO)laJibHhIH 

xapaKTep, npH 3TOM nau6oJiee HHTeHCHBHhIM JIBJIJieTCJI caTeJIJIHT J( L
3

• 

YKa3aHHhle oco6eHHOCTH KaqecTBeHHO cornacyIOTCJI C MO)leJiblO npJI

Moro KYJIOHOBCKoro B3aHMO)leHCTBHJI H npe,n:noJIO.iKeHHeM O 6HHOMHaJibHOM 
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8HeprIIH q>OTOHOB, K.8B 
Puc. 3. J( a-cneKTphl cephl, B036ym,n:eHHhle HOHaMH Xe H Ar 

pacnpe,n:eJieHHH nepoJITHOCTH MHOroKpaTHOH HOHH3arurn [1,2]: 

<7KL" = <7K ·Cg· P£ • (1 - PL)B-n, 

r,n:e <7KL" - ceqenHJI o6pa3onaHHJI J( Ln-KoHqmryparum, PL - napaMeTp, 

xa paKTepH3YIOIUJIH. nepoJITHOCTb HOHHJarurn L-o6oJIOqKH. CornacHo 3TOH 

MO)leJIH ceqenue HOHH3arurn BHyTpeHHHX 3JieKTpOHHhIX o6oJioqeK, a BMeCTe 

C HHM H PL, nponopII,HOHaJibHO KBa.n:paTy 3ap1I,n:a JI,n:pa HOHa (Zi) H 06-

paTHO nponopII,HOHaJibHO KBa,n:paTy aTOMHOro HOMepa MHIIIeHH (Zt)- B co

OTBeTCTBHH C 3THM npH CTOJIKHOBeHHJIX C 6oJiee TJI.iKeJihIMH qacTHU:aMH MaK-
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CHMYM HHTeHCHBHOCTH caTemrnTOB ,n:oJDKeH CMem:aTLCH B CTopony 66JIL1IIHX 

n, 'llTO H na6mo,n:aeTCH B npHBe,n:emmx cneKTpax. 

O.ZJ:HaKo B cneKTpax cepLI, B036ym,n:eHHLIX HoHaMH Kcenona, na6mo,n:a

eTCH cym:ecTBeHHOe OTKJIOHeHHe pacnpe,n:eJieHHH HHTeHCHBHOCTH caTemrn

TOB OT 6HHoMHa]Il,Horo. IlHKH, cooTBeTCTBYIOm:He K L0
- HK L 1

-K<>Hq>Hry

paII,HHM, 3Ha'l!HTe]Il,HO npeBOCXO,n:HT no HHTeHCHBHOCTH oCTaJILHLie nHKH, 

cpe.ZJ:H KOTopLIX HaH6oJiee HHTeHCHBHLIM HBJIHeTcH K L 3 • TaKoe yBeJIH

'lleHHe HHTeHCHBHOCTH He MOlKeT 6LITI, BLI3BaHO TOJil,KO ,n:onOJIHHTeJILHLIM 

B036ym,n:eHHeM H31IY'lleHHH 3a C'lleT HOHH3aIUrn aT0MOB MHllieHH BTOpH'll

HLIMH 3JieKTpOHaMH H TOpM03HLIM H3JIY'lleHHeM BTOpHqHLJX 3JieKTpOHOB, no

CKO]Il,KY .ZJ:JIH q>OTOHOB H 3JieKTpOHOB BepOHTHOCTI, K L 1-HOHH3arurn 3HaqH

Te]Il,H0 Memme BepoHTHOCTH K L 0-HoHH3aIUrn [6]. TaKme He3HaqHTe]Il,Ha 

H BepOHTHOCTI, ,n:onOJIHHTe]Il,HOH HOHH3alUIH 3a C'lleT aTOMOB OT,n:a'llH MH

IlieHH ( CM., Hanp., [7]). 
YKa3aHHLie oco6eHHOCTH MoryT 6LITI, ofrLHCHeHLI, eCJIH npHHHTI, BO 

BHHMaHHe CJie,n:y10m:ee. MoHLI KCeHoHa Ha BXO,n:e B MHllieHL HMelOT 3a

PJI.ZJ: +8. IlocJie npoxom,n:eHHH noBepXHOCTH0fO CJIOH MHilieHH y HOHOB 

ycTaHaBJIHBaeTCH cpe,n:HepaBHOBeCHLIH 3apH,n: +25 H H3MeHHeTCH 3HeprHH 

3JieKTpoHHLix ypoBHeil HoHa. TaK, ecJIH y HeiiTpaJILHoro KCeHona 3Hep

rHH M-ypoBHH paBHa ~ 1000 3B, Toy Xe+25 oHa Bo3pacTeT no HamHM 

onem<aM Ha ~ 2000 3B, Ha HeCKOJILKO COT 3JieKTpOHBOJil,T yBeJIH'llHTCH H 

3HeprHH N-ypoBHH. B 3TOH CHTyaUHH 3HeprHH K-ypoBHH cephl H M
ypoBHH KCeHOHa no'llTH cpaBHHIOTCH, 'llTO npHBe,n:eT K yBeJIH'lleHHIO Bepo

HTHOCTH ,o6pa30BaHHH KBa3HMOJieKyJIHpHLIX op6HTaJieii, KOTopaH 3aBHCHT 

. OT pa3HOCTH 3HeprHH nepeceKalOm:HXCH ypoBHeH. EcJIH npH 3TOM HOH 

6y,n:eT co,n:epmaTL BaKaHCHIO B M -o6oJIO'llKe, To oHa MOlKeT nepeiiTH Ha I( -
ypoBeHL cephl, 'llTO npHBe,n:eT K B03pacTaHHIO ceqeHHH HOHH3aIJ:HH. 

CTpyKTypa KOMIIOHeHTOB caTeJIJIHTOB 

IloMHMo o6m:ett cTpyKTyphl cneKTpoB, o6ycJIOBJiemrn:fi MHoroKpaTHo:fi 

HOHH3aUHeii aTOMOB MHllieHH, pa3pema10m:aH crroco6HOCTI, arrnapaTyphl 

no3BOJIHJia HaM BhlHBHTL ,n:orroJIHHTeJILHLie ,n:eTaJIH caTeJIJIHTHOH cTpyKTYPhl, 

OTpalKalOm:He MY]Il,THnJieTHOCTI, CHJILHO HOHH3HpoBaHHhlX COCTOHHHR. B 

'llaCTHOCTH, BO Bcex cneKTpax npH H3MeHeHHH copTa 60M6ap,n:Hpy10m:ett 'lla

CTHUhl H ee 3HeprHH BLIHBJieHO nepepacnpe,n:eJieHHe HHTeHCHBHOCTH KOM

noHeHTOB Kam,n:oro caTeJIJIHTa. TaK, ,n:JIH nap Ar - Ti H Ar - S HaH-
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Ta6.Aut(a 1 
Hu:rerpan1,ua.11 uu:reucueuoc:r1, u3nyqeuu.11 KoMnoueu:roe ca:rennuroe cepu. 

Hm1mue HH,AeKcbl i, m H s o6o3HatJaJO:r .AnuuuoeonuoeyJO, npoMe.lKy:rotJHYJO 

H. K0p0'.IK0B0nH0BYIO rpynny nepexo,A0B C00'.IBe:rc:rBeHH0 

KoMnoHeHT Ar-S Xe-S KoMnoHeHT Ar-S Xe-S . 
KL0 100 100 

K L4 
I 208 40 

KL1 
I 36 55 KL!i 399 34 

J( L1 ., 225 53 K L4 ., 352 42' 

KL2 
I 27 19 K Ls I 277 46 

KL2 m 58 33 K L5 
m 265 17 

K L2 
s 577 64 KL~ 11 14 

J(L3 
I 117 17 KL6 

I - 26 
KL3 458 30 KL6 - 3 m m 
KL3 602 61 KL6 - 2.5 ., ., 

6oJiee HpKHM KOMnoHeHTOM 60Jil,IlIHHCTBa caTeJIJIHTOB HBJiileTCH KOpOTKO

BOJIHOBaH rpynna JIHHHH, CBH3aHHLIX C nepexo,n:aMH npH OTCYTCTBHH Ba

KaHCHH B L1-no,n:060JioqKe. l:IHTeHCHBHOCTI, nepexo,n:oB, COOTBeTCTBYlOm:HX 

H0HH3aUHH 3TOH rro,n:o6oJioqKH, cpaBHHTeJILHO HeBemma. C B03pacTaHHeM 

~ aTOMH0ro HOMepa HOHOB npoHCXO,n:HT 3HaqHTeJILHoe yBeJIHqeHHe HHTeHCH

BHOCTH .ZJ:JIHHHOBOJIHOBhlX KOMIIOHeHTOB CaTeJIJIHTOB. B Ta6JIHU:e 1 rrpe,n:

CTaBJieHhl HHTerpaJILHLie HHTeHCHBHOCTH pa3JIHqHLJX rpyrrn pa,n:HaUHOH

HI,IX nepexo,n:oB ,n:JIH nap Ar - S H Xe - S, pacc1mTaHHhle rrpH pa3Jiome

HHH cneKTpOB Ha KOMnoneHTLI, npH 3TOM HHTeHCHBHOCTb I( L 0-nHKa npH

HHTa 3a 100. KaK H3BecTHo, HHTeHCHBHOCTh H3JiyqenHH npH pacna,n:e o6pa-

30BaBmeilCH npH HOU-aTOMHOM CTOJIKH0BCHHH J( Ln-KOH<pHrypaUHH orrpe

,n:eJIHCTCH ceqeHHCM HOHH3aUHH (Bo36ym,n:eHHH) H BLIXO.ZJ:OM <pJiyopecnennHH 

.ZJ:JIH 3TOH KOH<pHrypaU,HH. TaK KaK BLIXO.ZJ: <pJiyopecneHUHH ue MOlKCT 3a

BHCeTL OT cnoco6a HOHH3arurn, pa3JIHqHe B CTpyKType K Ln-caTeJIJIHTOB, 

B036ym,n:eHIILIX pa3HhlMH H0HaMH, MO>KCT 6LITb BLI3BaHo, ITO HarneMy MHe

HHIO, pa3HOH CTeneHblO B3aHMo,n:eHCTDHH H0HOD C Lrrro,n:060Jioql{OH aTOMOB 
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MmIIeHH, . KOTopall pacnoJIO)l{eHa Ha HeCKOJil,KO ,neCJITKOB 3JieKTpOHBOJil,T 
HH}Ke L11,11r no.no6oJiotJeK. 

3aKnJO'lleHHe H BhlBO.ZU>l 

IIpone.neHo 3KcnepHMeHTam,Hoe Rccne.nonamrn peHTreHOBCKRX Ko
cneKTpOB TRTaHa R cepLI, no36y}K,neHHLIX yCKopeHHLIMR RoHaMR Xe H Ar 
c 3HeprReit 1 R 0.6 M3B/HYKJIOH cooTBeTCTBeHHO. IIonytJeHHLie pe3yn1,
TaTLI Il03B0JIJIIOT npe,nn0JI0}KliTI>, tJT0 B ,naHH0M .n;Rana30He 3Hepndi: R0H0B 

RMelOT_ MeCT0 0,nH0BpeMeHH0 .nna MeXaHR3Ma R0HR3aIUrn BHyTpeHHRX 3JieK
TpoHHI>ix o6oJIOtJeK aTOMOB MRIIIeHR - npnMoro KYJIOHOBCKOro B3aRMO,nett
CTBRJI R nepecetJeHRJI 3JieKTpOHHLIX ypoBHett aTOMOB MRIIIeHR C ypoBHJIMR 

RoHa. IlpR 3TOM HOHR3aUHio.L-o6oJiotJKR Hefil31I onRcLIBaT1> o.n;HRM 0606-
. meHHhlM napaMeTpOM PL BCJie,ACTBRe pa3JIWIRJI BO B3aRMO,AeHCTBRR R0H0B 

c ee no.no6oJiotJKaMR. 
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