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I. BBe.n;eHlle 

M3MepeHllH pa3HocyeM cpe.n;HeKBa~aTll~tillX 3apH,IJ;OBliX paAHycoB (CK3P) 
H,IJ;ep coce.n;HllX M30Torr~B HBnHIDTCH HCTO~HHKOM OoraToM II Ba~Hofi HHwopMa

~H o CBoHcTBax aTQMHliX ~p. 8Ta llHW0pMall;MH rr03BOAfleT CY~HTb KaK 00 
8~eKTllBHliX B3aMMo~eHcTBHHX BXO.n;RmllX B COCTaB nnpa HyKnOHOB, TaK H 
O 3Ha~eHHHX :geJIOrO PMa MepH1IX napaaerpca - .n;eç1)OpMa~lI anpa, TOJIl.llH

He rrOBepXHOCTHOrO CJIOH, Be~HHaX rrapHliX KOppeJIHnHH. 

ITpHHHTO C~HTaTb, ~TO H3MeHeHHe 3ap~OBOrO pa.n;Hyca C YBeJIll~eHMeM 

~HCJIa HefiTpOHOB B ~e 3aBMCHT B rrepBOM rrpMOJIH~eHHH OT .n;BYX OCHOBHHX 

WaI{TOPOB: 
I. POCT o6~eMa ~a, KOTOp~li orrpe.n;eJIReTCH ~CJIOM BXO.n;HmHX B aBrO 

HyI\.JIOHOB. ITpH Ma~x H3MeHeHllHX MaCCOBoro gllCJIa A pa3HocTb CK3P B~pa
~aeTCH B BH)J;~ 

6.<r2,;v = O,576X (rlA/Ãl/3), (I) 

r;n;e X - 8MIIHpM~ecKllH napaae rp (ero 3Ha~eHHe COCTaBJIHeT 0,5-0,7), 
oTpa~aIDIIr~ií3aKoHoMepHocTb,~TO C H3MeHeHHeM TOJIbKO ~llCJIa HeMTpoHoB 

B íI,IJ;pe ero 3ap"OBllll pa,IJ;HYc pacTeT Me.n;JIeHHee, ~eM CJIe.n;yeT H3 3aBH
CHMOCTH R rV AI 3. 8Ta 3aKoHoMepHocTb oO~HcHHeTcH JIHOO CmMMaeMOCTbID 

~a /1/, JIMOO TeM OOCTOHTeJIbCTBOM, ~TO ;n;OoaBJmeMHe HeMTpOHH pacno

JIararoTcH He no BceMy 06~Br~ H;n;pa, a rrpellMymeCTBeHHO no ero nOBepx
HOCTHOMy CJIOID /2/. 
2. ~3MeHeHMe RaR cTaTM~ecRoH, onpe.n;eJIRIDmeli ~OPMY, TaK H ~aMH~BC
Roa, CBR3aHHOn C ROJIeOaHHHMH nOBepXHOCTH,~eWopMauHHf~a. COOTB8T
CTByromaH 3aBHCHMOCTb HMeeT Bll,IJ; 

Ll(r.2)f3 = 0,344 12/ 3 f Li (pI), (2) 

r;n;e /31 - rrapaaerpu ;n;erJ?opMa~H pa3JIM~HIDC nOpH,IJ;KOB (RB8JWYIIOJIbHaR, 
oKTynOJIbHaH M T.;n;.~. 

]JIH ODJIbillHHCTBa HCCJIe;n;OBaHHllX H30TonHliX ueno~eR 113MeHeHHe CK3P 

npaKTH~eCKH nOJIHOCTbID onpe.n;eJIHeTCR 8THMH .n;BYMH waRTOpaMH: Ha rJIa.n;Kyro 

3aBHCHMOCTb CK3P OT ~CJIa HeiíTpoHOB B H;n;pe HaKJIa.n;~aIDTcH HCKa~eHHR, 

BH3HBaeMHe ;n;ewopMa~en R;n;pa. B PMe uerro~e~ BJIHHHHe .n;e~pMa~H OKa
3~BaeTCR CTOJIb CHJIbHliM, ~TO CK3P Ha~HHaroT paCTH C YMeHbilleHHeM qHCJIa 
HellTpOHOB (HanpHMep, B HeHTpOHO;n;eWK4HTHHX H30Torrax Rb /3/ H 

Sr /41. 
O,IJ;HaKO ,IJ;JIH HeKOTOpux H.n;ep OTMe~aIDTCH H~YPHe WaKTOp,H, SJIHHIDmHe 

na BeJIWlHny CK3P. 'K HHM OTHOCHTCR anpa ler 5; H Sr /6; BOJUJ3H 

3aMKHyTOH OOOJIO~Kn B 50 HefiTpoHoB, a TaroK8 Nd ,Sm H Gd /7/ 
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B paHOHe N = 90. rrpe~rro~araeTCH, ~TO 8TO Mo~eT OHTb CBff3aHO c M3
MeHeHHeM TO~HHR rroBepxHocTHoro cnOH ~a. ~ Oo~ee orrpe~e~eHHoro 

3aRAID~eHHH H ~llC~eHHHX OneHOK TO~HHH rrOBepXHOCTHOrO C~OH HeOOXO~liM 

TO~HHH ~eT BnHHHHH ~e~OpMaI~H ~a. B OO~bmHHCTBe C~aeB, O~HaRO, 

8TO rrpe~CTa~eTCH 3aTpY~HHTe~bHHM, T.~. 3Ha~eHMH rrapaMeTpOB ~e~OpMa
nHH H3BeCTHH C He~OCTaTO~HOH TO~HOCTBID. 

B 8TOM OTHOmeHHH M30TOrrH Zr C ~HC~OM HeHTpOHOB, 0~3KHM R 50, 
HMeIDT orrpe~e~eHHHe'rrpeHMYmeCTBa, T.R. 8aMKHYTaH rro~oOo~o~a H3 40 

rrpoToHcB Ta~e DKa8HBaeT cTaOH~M8HpYIDmee BJillHHlle Ha ~0PMy H~a. M3 
8Ha~eHllH 8~eKTpll~ecKoro KBa~yrrOJIbHOrO MOMeHTa anpa I Zr ( Q = 

= (J, 31 6' 18/ ) CJIe)tyeT, xro napaae rp crarasecxoa KBa.n;pyrro~bHon ~eqJop
ManHU 13 2°,-v 0,07, a paccxaraasse M8 npaacneamzx aepoartrocreâ 8~eI'l:TpM

~ecKH: KB~.n;pyrrO~~HI:DC rrepexo~oB B ~eTHo-/eTHHx ~ax rrapaMeTpH ~HaMH
~eCKOH ~eq1opMar.Úm (;'3 2 > I/2~ 0,1 /9 • rr08TOMY BKJ,(a~ ~e~pMarnm B 

M3MeHeHMe CK3P HeBeJIHK, 11 8TO rr03Bo~eT BHHBHTb BnHHHHe CK3P Ha .n;py
~8~T~H. ~ 

CMcTeMa 8HepreT~eCKnX ypoBHen'He~TpaJIbHHX aTOMOB Zr c KOH
lJ!RrypanHHMM rnna (4 d ...5 s ) 4 COCTOllT H3 ocnsmoro ~cna HR8KO~eJKamllX 
11 OJIH8~ APYr K ~yry ypoBHefi, KOTopHe B8aMMo~eHCTBYIDT C~~bHO Me~y 

C00011 10/. 3TO cyuecraeano 3aTpY~HHeT H3Bne'ireHHe ~ 3Ha~eHIDi pasaocreã 
3ap~OBHxpa~YCOB H~ R3Mep~HHHx M8~TorrH~ecKllX c~ir~~ (MC). K STO~ ~ 
~oda~rCH Ta~e TPY~HOCTH rro~eHHR ~ocTaT6~Hb MHTeHCHBHHX aToMHHX 
rryqKO~ H3-3a BHCOKOH ~~MITepaTYPH ITJIaBJI~HMH (18500 C) M'HH3Koro ~aBne
HHH HaCI:lII{eHHHX napon nHPKOHMH (HaIIpHMep, naaneaae 10-:3 Top nocraraer
CH npa 21700 C). 3Tl1M, olleB~o, OO'bHCIDleTCH..TO OOCTOHT6JIhCTBO, llT0.I40 .' 

CHX nop lie IIOJIY~eHhl a6COJIIOTHble 8Ha~eHIDl P~3~OCTefi 3a~~OBHX Pa.rl,HyCOB ' 
~epl Zr M3 H3MepeHHfi orrTH~eCKHX crreKTpOB.~ paooTe/11~BHIIQITHàHHOR Ha. 

OCHOBe KJIaCCJt1~eCKOH IlliTep'lJep8HJ.4HOHHoití T8.xIDucR, .illY\~IOTCk· .I4aHHH8 JlliIlI:b 

00 OTHOCHTe~bHHX 3Ha~eHRHX CK3P, a paOOTH, OCHOBaHHHe Ha ~a3epHofi 

crreKTpOCKorrMM~ {HarrpRMep, 112,;37), prpa~HBaIDTCH orrpe~e~eHHeM M39

TorrM~eCKoro c~nra ~eTHo-~eTHHX M30TonOB Zr. TaKEe· aeT H3Mep,eHHH 
li ~ pe~TreHOBCKHX crreKTpOB ~r ,. a. B cnyqae CII8KTpOB Me30aTOMQB 
H3MepeHa ~l1.IIlb pa3HOCTb CK3P ,n;.IDI .o~HOH naps H30TorrOB - 90 Zr H ," 
92 Zr, ~M. KOTOpOH. .L1 <r?-> 90, 92 = 0,306 rpr.f 114/ . 

2. 3KCrrepijMeHTa~HaH MeTO~HRa.:,. 

MCrrOJIb3yeTCH MeTO~ ~a3epHo-H~poBaHHofi ~opecneHnaH. na3ep

Hoe H~~eHHe,.~acTOTY KOToporo,MoM~O cKaHMpoBaTb B ~arr830He ~o 

30 rrn~ nepeCeKaeT KO~MHpOBaHHHfi~TOMHRnrryqOK, B03HRK8m~8H rrpM 

aTOM pe30HaHCaaH ~opecneHnHH ~eTeKTHpyeTcH ill3Y, padOT8mmRM B pe~

..... 

Me csara O)T,MHO'tllUlX ~OTOHOB. 
nvy rTfPECTP!'HBAEMOrO I1AJ~ 

HtrEnb 
c 05~3UOH 

.na3epHoe H3~eHHe, aTOMHHH 
nysox H Hallp8BJI8HHe coopa 
quryopecneHTHoro CBeTa B3aHMHC 

opTOrOHa~RH. OrtHcaHHe YCTa

HOBKH H ee rrapaie'!'PCB rrpase
~eHO B paOoTax 15, 16/. 

B HaCTORmeH paoo~e HC
rrO~3CBaJIaCb MO~H~HKanRH 8TOH 
YCTaHoBKll: BMeCTO HcrrapeHHH 

I 
HCCJIe~eMOro BemeCTBa H3 Ha
rpeBaeMoro 8JIeKTpH~eCKMM TO

PHC. I. rrpHHnRrrM~bHaH cxeMa 8KcrrepH- KOM THr~ aTOMHHH ~GK wop-
MeHTaJIbHOH YCTaHoBKll c ~a3epHUM MHpOBa~CH rryTBM JIa3epHOro 

HCrrapeHEeM HcrrapeHHH. rrpH~rrH~HaH 

cxexa 8TOH MO~HljlRKanHH norcaaana aa pMC.r. Ilpz rrOMOmn orrT~eCKOH CHC
TeMH m.mYJIbCH zasepa na MTTpHH-amoMHHHeBOM rpanare rnna JITvrrr:I-7 

( À = 1,06 MKM, r-- MMIT = 10 HC, ~Harra30H ~aCTOT IO-IOO ru~ MOmHOCTb 
5 MBT) 'lJoKycHpoBa~Hcb Ha rroBepxHocTH oOpaana. 

CHrHanH c ~3Y ~epe3 TpaKT OHCTpC~ 8~eKTpOHMKH (ycH~HTe~b, ~HCKpH

MHHaTOp, BcpoTa) perHcTpHpOBaJIHCb MHOrCKaHa~bHHM aHa~3aTcpoM, paoo
TaIDmHM BO BpeMeHHoM peJImMe H CIlliXpOHH30BaHHhlM CO CKaHHpOBaHHBM ~~HHH 

BO~HH B036~aIDmero ~a3epa HerrpepHBHoro ~ell~TBHH. BHOOpCM rrO~C~mell 

rr~OTHOCTH MCmHOCTH CBeTOBorú H3~eHMH HMITY~bCHcro ~a3epa, 3~epmKH 

c~eTa CllrHa~OB c ~3Y OTHOCHTe~hHO HMIIY~bca ~a3epa H ~HTe~bHOCTH OT
KpHBaHHH BOpCT YCTaHaBJIllBa~CH OrrTHMaJIbHHH peJImM pa60TH YCTaHCBKfi. 
JIa3epHoe HcrrapeHHe OKa3a~OCb Y~OdHH11 crrocOOOM aTCW~3anHH, rr03BO~HIDmnM 

HaO~~aTb pe30HaHCHoe B030y~eHHe aTOMCB Bcex H30TorrOB nHPKCHHH c 
~OCTaTO~HO OO~blliHM BHXO~CM ~opecneHTHoro H3~eHMH. HcrrC~30Ba~Cb 

00pa3UH H3 MeTa~~eCKoro Zr eCTeCTBeHHoro M30TCITHOrO COCTaBa H 
CKHc~a nRpKOHHH ( zr02 ), oõcraniemror-o H30TorroM 9I Zr ~C 90$. 

rrO~YWllpHHa pe30HaHcHHX ~HHH ~opecneHnHH 0rpaHE~Ba~aCb ~crr

~epoBcKllM yIDHpeHMeM aTOMHOrO rryqKa H COCTa~8 45 Mrn (nc~pHHa 

~HHHH .naaepa na KpaCHTeJIe c 6~OKOM aKTHBHo}i CTaOHJIH3atimi Owra '" 3 Mrn). 
3TO rr03BO~0 ynepeHHo B~e~Tb B orrTH~eCKOM crreKTpe rrMKM, cOCTBeT
CTByromHe BceM yeTHHM H30TonaM qnPKOHfiH li KOMIIOHeHTaM cBepxToHKoli 
CTpYKTYPH (CTC) He~eTHoro li30TOIIa 9I Zr ~ 

,lI..Jm yqeTa He~HeHHOCTH CKaHHpOBaHHH na 8HaJIH3aTOpe caaxponao 
c OIITH~eCKHMW CrreKTpaMH 3arrHCHBaRHCb ~aCTO~HRe MeTKll~ rro~eHHHe c 
rrOMOmbID KOH~CKaJIbHOrO fiHTep'lJepcMeTpa ~aOpH-rrepG c UOCTOHHHOH 

150 MI'n. 
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3. 3KcrrepMMeHTanbHue pe3ynbTaTH 

B TaOnM~e I rrpe~CTaBneHH rrapaMeTpH orrTM~eCKMX rrepexo~oB Zr: 
~nMHH BCna;~ Tep~, KCHWMrypa~M M 8HeprMM Ha~anbHoro MKOHe~Horo 

CCCTOHHMll ~7/, ~ KOTOpax OunH rrpoBe~eHH M3MepeHHH MC. 
Ha pMc.2a rroKa3aH M3MepeHHHH crreKTp oopa3~a ecTeCTBeHHorO.M30

TorrHoro COCTaBa, a Ha pMc.20 - crreKTp CTC oOpa3ua, ooorameHHoro 
9IZr . B rrocne~HeM CAY~ae pa3pemeHH Bce 9 KOMTIO~eHT 8Toro rrepexo~a. 
3TO OOcToHTenbcTBo rro3BonMno M~eHTMwzUMpoBaTb KOMTIOHeHTj CTC, yqM
THBaH M3BeCTHoe cBepxToHKoe paCmerrneHze HM~HerO ypOBHH 8/. Ha 
pMC. 20 YKa3aHa 9Ta M~eHTZWMKaUMH: F 0003Ha~aeT rronHHH MOMeHT 
HM~Hero, a F' - BepXHero ypOBHH. Crrocco o~e~eneHMH M30Torr~eCKoro 

C~BMra ueHTpa T~eCTM (~.T.) CTC He~eTHoro I Zr rro OTHomeHHID K 
coce~HeMY ~eTHo-~~THOMY M30Torry orrMcaH HaMM B paoote /18/. 3KcrrepM
MeHTanbHHe 3Ha~eHMH MC ~ Bcex Mccne~OBaHHHX orrTM~ecKHX ~MHMH BMec
Te c o~HoKpaTHoH cTaTMcTM~ecKoH' omMOKoM rrpe~CTaBneHH B TaO~e 2. 

CornacoBaHHocTb rro~eHHHx 3Ha~eHMM Me rrpoBepaftacb c rrOMOmbID 
rpaWMKa KMHra /19,20/: 

• A A' .A~ - Aoy~,A' = (Ei/Ej)Yj' + (Mi - Mj(Ei/E j ) ) A~'Ao. (3)1. 

rne yA,A' - MO~MWMu~pOBaHHHe MC ~ cpaBHMBaeMoil rrapH orrTM~eCKMX 

rrepexo~oB i M j, Ao = 90, A~ = 92 (MaccoBHe ~Mcna M3CTorrOB Zr ) , 

yA,K Li))'A A' A" A Ah - (4)__ • Aoo • 

.... 8Kcrr. A' - A A~'Aó 

M - KOHcTaHTH, xapaKTepHHe ~ ~aHHoro rrepe~o~a M CBH38HHHe c 
MaCCOBHM MC , 

I , 
.dVA,N=M!-=...! • (5)

Me A"A 

a E - 8neKTpOHHHM qaKTOp (cM.HM~e). Bc Bcex ~aHX rpaWHK KMHra 
BH~C~CH Me~O~OM HaMMeHbruHX KBa~aToB (Mlll{) c ~eToM CTaTMCT~ec

KMX OlliMOOK oOenx cpaBHMBaeMUX nMHMH. OTKnOHeHHH 8KcrrepHMeHTa~HHx 

3Ha~eHHR OT- rrpHMofi KMHra, T.e. Ben~HH ( yf':~cn. - Y~'~ ), B 3a
BMCHMOCTH' CT MO~MWMUMPOBaHHOro MC penepaoa nimMM (./t, = b735,70 R) 
rrpe~CTaBneHH Ha pHc.3. BM~HO, ~TO COBMeCTMMOCTb HalliMX M3MepeHMR o~eHb 

xopomaH. rrO~OOHóe cpaBHeHHe rrpZBeÁeHO Ta~e ~ rrepexo~a c 
À = 5935,20 R/12,13/, H3MepeHHoro MeTO~OM na3epHofi crre~TpocKorrHM, 
n nepefona c A = 4687,80 A, H3MepeHHoro Kna'cc~eCIwM MHTepwepeHUMoH
HHM MeTO~OM /11/. B rrocne~HeM cnyqae HaO~~aIDTCH OOnblliMe OTKnOHeHMH 

A A' A AI 
( y1 : 3 kcn , - yi:MHJ{: ). 

4

TaOnl1"ua I 

XapaRTepMCTMKM orrTM~eCKMX rrepeXC~CB Zr 

3HeprMU,A, 
o TepMhI KCH<ImrypaUMM 
A 

cM-I 

4d25s5p3 3 o 4d25s 2 
----+ o- 17429,865735,70 a z D1F 2-

5797,74 a 3F O 4d25s 2 2 . 
570,4 1 17813,64
~ z3D 4d 5s5p 

3 2 - 4d25s5p3 3 O 4d25s 2 570,4 1 17556,265885,62 aF1~z!A 

'" a TaOJrnua 2 
lr ),.o:.m.10A I
 
1o(l2ss2J~,_'d2S~Sp 30;
 

3KcnepMMeHTanbHHe 3Ha~eHMH MC 
B Zr ~~ pa3HHX orrTM~eCRMX 

rrepeXOTTOB"L1J}A,A' =yA'_"A MI'TT 
A' 8RCrr. V, U, 

ooo 
A A' 5735,70 A 5797,74 A 5885,62 A 

90 92 -237 (2} -222 (2) -226 (1) 

90 91 -97 (7) -93 (4) 

92 94 -172 (4.) -163 (2) -168 (1) 

94 96 -115 (3) -97 (2) -115 (2) 

PMC. 2. CneKTp pe3CH8HCHOM 
wnyopec~eHUl1"H Zr : a) oopa3eu 
HaTypa~Horo M30TorrHoro cOCTa
Ba; o) cBepXTOHRaH cTpYKTypa 
9I zr , HaO~~aeMaH Ha oOora
meHHOM oopa3ue 9IzrO~ 

li 
4687,/10Â 

I 

I . 
~ .. 
i 5935201 o

J PMC. 3. OT~OHeHZH 8KcrrepMM8HTanbHUXu 
5 

,,"I 
3Ha~eHHH MO~H~MUMPOBaHHoro H30TOllH~ ~ 5W>.62Â ó 

5 ~eCRoro C~BMra Ha pa3HHX orrTM~eCKMX 
o
 

~ 5797." $.
 ~ o rrepexc~ax OT rrpm~Oll KMHra! rrc~eH
5 ~ o ~ I II . HOfl MeTO~OM HaHMeHblliHX RBa~aTOBSi ~. ~.~ ~.J~.~ i!~ ~ 

-lQ(3:>0 -200 

o).l~nIA~!l7J5.70:hf1-~' Ml'"1.l 
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cnococoa L1V CMC npencraaneaa B Ta6~:o;e 3. EOJIbillHe ollm6Kll SHalIeH:vIll 

4. Orrpe~e~eHlle pasHocTeU cpe~HeKB~aTll~HHX 
..óY CMC CMsaHbI 
perrepHoH JIllHMM 

c 
II 

HeOrrpe~eJIeHHOCTbIO TeopeTM~eCKoti: o~eHKM dV CMC 
cpaBHllTe~bHo 60JIbllillMM rrorpeillHocTH~rn 8KcrrepllMeHTaJIB

sap~oB~x pa~HycoB 
HhIX sHa~eHllH MC ~JUI TOH lKe JIllHllll (CM. pllc.4). 3TH Ollill6Rll He rrOSBOJIH

MH rro.rryqeHllH paStIOCTeí1: CK3P ( L:1 <r 2> ) acnozsaoaanacs CTaH
napmaa npouezrypa, onacanaaa B paoorax /7,211. Ilpn pacsere ..:0l( r 2> 
Heo6xo~llMO: 

I) llS 8KcrrepllMeHTaJIbHHX sHa~eHllfi ~C BaqeCTb rro~HHfi MaccoBuH 
C~llr, COCTOHmllH llS HOpMaJIbHOrO MaCCOBoro C~Bllra ~v HMO II crre:o;nWll
xecxoro MaCCOBO'ro cnanra Ll V CMO; , 

2) BU~C~Tb 8JIeKTpOHHHM waKTop ' orrpe~eJImOmnR ~sMeH8HHe 

HepeJIHTllBllC'rcKoR rrJIOT~OCTll 8JIeKTpOHHoro
Ei 

sapana ...ó I*(0)\ 2B TO'tffie 
~a ~JIH paCCMaTpllBaeMoro rrepexo~a i ; f]', 

3) orrpe~eJIllTb .íI,UepHblit cPaKTop f(Z), orrHchIBaroInllR nonpasxa K '" 
8JIeKTpOHHOR BOJIHOBOM WYHKUllll lls-sa peJIHTllBllCTCRllX 8WweKTOB MKOHe~

HHX pasMepoB ~a. 

Ms Ta6~~hI I Bll~HO, ~TO Bce llCCJIe~OBaHHHe HaMll rrepexo~ OTHOCH~

CH K nepexonaa rana ns2 ~ nsnp , 1IJrJI ~llCThIX nepexonon raxoro Tllja
SHa~eHlle Crre1U'Jrpll~ecKoro MaCCOBoro C~:vIra orrpe~eJIReTCH BUpmK8H:vIeM 211: 

Li Y ~M~' = (Q ± O, 5) .1.VAM~ I • ( 6) 

O~HaKo ~JIR Halliero c~aH Mo~eT llMeTb MeCTO CMeillllBaHHe KOHWllrypaI.J;MH 
COCTOHH:vIR. Ha 8TO yRaShIBaroT pas~RH Me~ TeopeTll~eCKHMll II 8Kcrrepll
MeHTaJIbHl:lMll SHa~eHRHMll g -<IJaItTOpOB ypoaneã II OTcNreHllH OT npasan 
llHTepBaJIOB JIa~e ~JIHMYJIbTHrrJIeTHlDC paCl1leMeHlln /1 /. 

IIo8ToMy SHa~eHWI L1Y CMC ~JIR llCCJI9.nyeMhIX nepexonos B Zr 

orrpe~éJIHJIECb HS llSBeCTHoro SHa~eHllH ~VCMC ~ rre2exo~a 

4d35s a5' 5 _ 4d35p J'5G~ c A = 4687,8 'i /11/ c rrOMOInbro paccaor
peHHoro BUlie rpaWllKa KllHra /19,20/. IIpe~rroJIaraeTCH, ~TO 8TOT rrepexo~ 
HBJIHeTCH ~llCTHM 1118JIotIHorro~o6HbIM nepexonox rana na ~ np , .n;JIJI KOTOpO
ro TeopeTll~ecKlle oueHKll ~aroT 121/ 

I I 

Ll v ~M~ = (O, 3 ± O, 9).1.11 AMé . (7 ) 

Ha rpaWHKe KnHra (p~c.4) rro OCM op~HaT 'OTJIO~eHhI SHa~eHRH MO~ll ~ 
WkmllpoBaHHOro MC penepaoã ~fllill c t\ = 4687,8 K ( y axcn, - YHMC) , 
rro OCll a6cuncc -'MO~llWRQMpOBaHHHe ôKCrrepllMeHTa~bHhIe 3Ha~eHRH MC ~ 

MCCJIe~OBaHHhIX JInHllR. B 8TOM crryqae TO~ rrepec8~eHllH rrpRMOn KnHra c 
OCbro a6cuncc ~aeT SHa~eHlle MaCCOBoro C~BHra .llCCJIe.nyeMoa JIMHHll. IIpH 
BhI~crreHKffX npMHHTH BO BHllMaHlle CTaTMCTll~eCKlle OillM6KH Bcex ~HHH II 

TeoperrWIeCKaH onraõza B Ll. j) CMC ~JIR penepaoa JI:HHllH. IIo.nyq8HHhI8 TaKHM 

IDT O~HOSHa~HO CY~llTb o ~llCTOTe ,KOHWllrypa:o;nii COCTOHHllH. 
CMeillMBaHlle KOHWHrypa:o;nH He rrOSBOJIReT rrpOBeCTll KoppeKTHhIX B~~C

JIeH:vIH 8JIeKTpOHHoro waKTopa Ej .~JIR paCCMaTpHBaer~ rrepexO~OB. 

II08TOMY Ej onpe~eJIHJIOCb llS HaKJIOHa npHMoíl. KnHra (wopMyJIa (3)): 
a = ij ,r~e E i - 8JIeKTpOHHbITI cPaKTop ~JIH penopacâ .JIllHllM c i\ =4687,8 A. 
.uM tIllCTOrO na _ np nopexona 

Ei ~ En s _ np = -! (;r ~/Z) I 'fi ( O) I ~s , ( 8) 

rno Z - aTOMHHH HOMep 8JIeMéHTa, ao - 60pOBCIUIM panayc , I 't" (o)l~s 

IIJIOTHOCTb 8JIeKTpOHfIOro sapana B TO'llie JUJ:Pa.I(M na - ROHWllryparum 
aTOMa, j3 - napaae rp axpaaaposaaaa, COrJIaCHO paõc-re /n/ B npll6JIll~e-

HllM ray~crlmTa4epMM-Cerpe 1\f'(O)I:s = 1/2,72 (B e~Hll~ax Zbta~). 
H3 HepeJIHTllBllCTCRllX pacxe roa no MeTO~ Xaprpn-vona 22/ ~JIH tIMCTbIX 

4d35s 5p ~ ~d35p nepcxonos B Zr J =-1,23 • B llTore MS BupalKe

~f
 
HHH (8) CJIe~y'eT Ei = 0',452 . 3Ha~eHHH HaRJIOHa a M· 8JIeRTpOHHJlX
 

waRTo'poB Ej npHBe~eHl:I B Ta6~ue 3. YRa

3aHHaH ollrn6Ka 8JIeK~pOHHHX waRTopoB BKnIDtIa

eT oillll6RY HaRJIOHa npHMoli KllHra II oillH6RY 

,J
 E1 ~H penepHoll ~Hllll,o~eHHBaeMyIO B 5%.
 
3Ha~eHHe ~epHoro~~aKTopa X(Z) 

14 
~ llsOTonHOM rrapu 90'~~r rrpllBe~eHO To~e 
B Ta6JIll:o;e 3. B~HCJIeHHe npoMSBO~llJIOCb no 
llsBecTHoMy Bupa~eHllID, rrpllBe~eHHoMy B pa6o
Te /23/. B pac~eTe npHHllMa~ocb SHatIeHHe 

~.~~ / :: CK3P <r2>1/2 = 4,266(14) epM /24/ H reo
peTll~eCKaH KOHCTaHTa MC ~ O~HOpO~HOI :.~~~ ~ 
sap~eHHoH cwepu C90,92 = 37:5 MK c ~8TOMo ~'I I~ -'00 -200 -300 peJIHTHBllCTCKOH rrorrpaBRll /25/. 

- - --~ 
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YJ ~""J;>l<cn' t!i- 90 Mr~ M3 8RcnepMMeHTaJIbHHX 3Ha~eHHÍÍ MC 
(Ta6JI:vI~a 2) c llCnOJIbSOBaHlleM napaMeTpOB,PllC. 4. IIpllMep rpaWHKa 
rrpHBe~eHHux B Ta6JIkme 3, orrpe~eJIeHhI OTHOKnHra, HCnOJIbsyeMoro ~JIH 
CHT8JIbHhIe II a6COJIIDTHhIe SHa~eHRH pasHocTeíl8RcrrepllMeHTaJIbHOrO orrpe
CK3P ~JIH nap llSOTonOB UHpKOHHH (Ta6~a 4)

~eJIeHllH cneUHWWIecKoro 
Ha OCHOBe rrpo:o;e.nypu BUlIHCJI8HHH, OITRCaHHOKMaCCOBoro C~Bllra II 
HaMll B pa60Te /'1/. Ms Ta6JrnI.J;hI Bll~HO, ~TO8JIeRTpOHHoro qxutTopa 
wm naps HSOTonOB 90, 92zr 3Ha~8HHe

HCCJIe.I(yeMHx nepexo~oB. 
d <r?-> saMeTHO MeHblli8, ~eM .n;JIJI TOR seYRasaHH TpoHHhIe CTaTllC
rrapH R~ clleRTpa Me30aToMoE!1~/.

Tll~eCRlle oIIlli6Rll 
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~ CpaBH8HllH TI Ta6~8 4 rrplIB8~8~ 3Ha~8HlIH L1<r~A,~+2 50 52 54 56 

~AH ~8p Mo c T8M ~8 ~lIC~OM H8HTpOHOB 26/. BlInHO xoporn8e cor~aClle 0,3 PlIC. 5. 3aBMcllIv10CTb pa3HocTlI 3ap~OBHX 

wm M8p C N- = 50-54. )I.Jm naps H,II;8p 90, 9I zr , paaaaxannaxca ua O~lIH .P~lIYCOB coce~HlIX 'tleTHC~'tl8THHX H3CTorrOB 
1 

Zr OT MaCCOBoro 'tlMCJIa A: I - paC'tl8THH8 
~(r2> nplI ~06a~I8Hllll rrapH H8MTpOHOB (~a 90zr n 2zr ) . 3TO YRa
H8llTpOH,3Ha'tl8H1I8 ~<r2> Ó~3RO R rrOnOBlIH8 COOTB8TCTB~I~8rO 3Ha'tl8HllR 

3Ha'tl8HMH ~(r2> no 8MlllIpH'tl8CROll 38BlICH
MOCTH R2 '" A2 / 3 , 2 - pacse-ruxe snase-.3HBa8T Ha Ma~8 'tleTHO-H8'tl8THH8 pa3~1I'tlMR CK3P B ~ax Zr. N 

~.N, dl'--+/L« HMH .ó<r2
> KM rro RarreJIbHo:a MO~eJIM,Ta6JIMua 3 

N~ 0,1I
 • - paC"tIeT~ 3Ha'tl8HHH 
"lIIapaM8TpH ,II..JI5I pactre rá L\<r2>(A = 90, A' = 92) ~(r2>KM + i~,3L1(r2>j3i' O - 8Rcrre

pHMeHTaJIbHIJl8 3Ha"tI8HlIH L\ (r.2> 
feZ)) J o I I rA, .Li )} nc 90 92 Ao A.:1V:HMc' LlVCMC' 

I 

a = Ei/EjR Mru MI'u IvIT'u E j ITu)wrvf 

-260 (40) 1,80 (13) 0,252 (22) 4,4755735,70 69,3 -50 (40) KaR ~e OTMe~aJIOCb BHllie, TaRoe rrOBe~e~e pa3HOCTe:a CK3P CBH3H

-270 (50) 1,64 (15) 0,276 (28) 4,475
 ·1
579-7,74 68,5 -20 (50) BaeTCJl C M3MeHeHMeM ~8ilJópManMlI anpa. C~M'raeTCH, "tITO wopMa anep Zr 
-240 (40) 1,94 (14) 0,233 (21) 4,475 -r

5885,62 67,5 -60 (40) ÓJIM3Ra R cilJepll'tleCROfi H B HKX orrpe~8~myro pOJIb MrpaeT ~HHaMM'tleCRaH 

~ewopMa~H, 06HsaHH8H RBa~yrrOJIbHl:lM R0JI86aH~ ~ePHoli rrOBepXHOCTM. 
, TaÓJI~a 4 SHa'tleHRH napaMeTpOB RBa~ynOJIbHOfi ~e~OpManHM 9 R COOTB8TCTByromRe 

OTHOClIT8JIhHhI8 À. ~T~. D a6COJlIOTHhI8 3Ha'tl8HI!H L1<r2>A,~1 lIM pa3HOCTM CK3P .<ó <r 2 >;3.. I rroJIY'tleHHH8 1I3 BhIpaJKeHMH (2), rrpMBe~8HhI 
CK3P ~JIH 1I30TorrOB Zr H a6COJIIOTHHe CK3P ~JIR Mo B Ta6JIMIJ;e 5. KaR BH,IUlO, 3TR 3Ha'tleHHH .ó (r2 ~ Ma.7IbI, MeHbIlle, 'tleM 

OIIill6KR 113MepeHHH L1{r2) , H Y'tleT HX ae MOiKeT O;?'hffCHHTb Ha6JlIO~aeMYJO 
o42M SaBHCHMOCTb ..6 <z2> OT "tIRCJIa He.llTpOHOB B anpe .
 

ÀA,A'

40zr 

A A' L::. <r 2), wrv{3 I rrO~BM~~10MY, He06xonRMO Y'tlRTHBaTb ~eWOpMaIJ;RM 60~ee BhICORHX rrOPM
A A' OTH. Ll<r~, wr.f 

ROB H B rrepByro O'tlepe~b pãHa~'tleCRyro ORTyrrOJIbHyro ~e~OpMaIJ;HID. 3Ha'tleHHH
92 94 0,226 (19) 90 92 1,000 G,224 (25) I napaserpos ?TOH ~e~opMau;nM ( 13 ) ~JJ.ff anep Zr Moamo rrOJIy'tll1Tb MS 

90 91 0,429 (I6) 0.,096 (II) 3 
OllHTOB no Heyrrp~o~ ~aCCeJlHRID SapflJKeHHhlX 'tlacTRIJ; (CBO;Uta ~aHHhIX co~ep0,193 (16) I<d4 0,759 (21) 0,170 (9) 94 9692 iKRTCJl B pa60Tax /30,3 /). XOTH 3Ha~eHMH,rrOJIY'tleHHHe M3 OrrHTOB c pas

96 0,52 (4) 0,117 (4) 96 98 0,150 (12) 
9~ Jrn-qHillJIH 60M6ap~RpyroIl\l1MR xacrznaea npa pa3HHX 8HeprHID:: , HeCROJIbROI
 

paanH'tlaJOTCH,06maH TeH~eHIJ;MH MSMeHeHRH ;83 O~HHaROBa: SHa'tleHRH 
pacTyT c yneJrn'tleHlleM ~llCJIa HeHTpoHoB B ~e. Ycpe~HeHHHe 3H§~~~H

5. 06c~8HHe P83Y~hTaToB J 
\ Ta6;mna 5 
I 

Ilapaaerpu ~e<lJopMaD;m:I H,IJ;ep Zr H cooTBeTCTBYJllltK9 EMHa plIc.5 rrp8~CTaBJI8Ha 3aBlICHMOCTh pa3HocTlI CK3P COcenHI!X 'tl8THO \I 
paSHOCTlI CK3P; rrapaMeTlnl nosepxaocraoro CJIOR:

'tleTHHX H30TonOB OT 'tlllCJIa H8MTpOHOB B ~e. ~ cpaBHeHHH rrORasaHH :~
P83YJIhTaTH pacvaros , OCHOBaHHl:le na npocron 8Ml11I~1I"tIeCROli 3aBIWlIMOCTH KB~ynORDHHe KO~86aHRff OKTyrro~HHe Ko~e6aHHJl 
R2", A2/3 (RplIBaH I) li na RarreJIbHOH MO~8~ /2 / c HCrrOJIb30BaHn8M 

A e-, A/r2) A, A+2 cf}# A /!/r2) A, A+2 <iU4 2 b, llJlt 
t· v 

cne~aHH rrpR rrOCTOHHHOM 3Ha~eHMH rrapaMeTpa rroB8PxHOCTHOH llH~Y3HOCTH 
'\
i 90 0,091(4) 0,016(17) 0,15(1) 0,04(3) 0,974(7) 

b = 0,988 WM (8RcrrepHMeHTa~bHoe 3Ha~eHH8 ;II..JIR 94 Zr) /29/. 92 0,104(4) -0,017(14) 0,J7(1) 0,05(4) 0,983(7) 
B~HQ cymecTB8HH08 pa3nR'tlHe: B TO Bp8MH RaR 06a paC'tl8Ta rrpe~CRa3h1Ba

rrapaaerpoa 113 pa60TH /28/ (RpHBaH 2). B rrOCJIe~HeM C.J~a8 paC"tI8ThI r 2 ~. /32 r 3 ./3'3 ' 

94 0,090(10) -0,011(22) .0,19(1) 0,06(4) 0,988*) 
JOT cnaoyn 3aBHCHMOCTb 3Ha"tI8HMH ~ <r 2>OT 'tlMCJIa H8tíTpOHOB B Mpe, 96 0,086(16) 0,21(1) 0,983(8) 
Ha OrrhlT8 3TM 3Ha"tIeHRH rra~aJOT B ~Ba pa3a rrpM rrepeXO~8 OT rrapH M30TO

*)11s pado~ 7297 
rrOB (90,92) R rrap8 - (94,96). 
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I) rrp8~CTaBrr8HH B Taó~HU8 5. BH~HO, ~TO OHM 3aM8THO ÓO~blli8, ~8M 

rrapaM~TpH KBa~yrrc~bHOll ~8~CpMa~H H rrpHBO~HT COOTB8TC~B8HHC K ÓO~b-

Ll (r2>(3IllHM 3HalIeHHHM • 
KaR BH~HO H3 pHC. ~ yqeT nonpanox, CBJI3aHHhIX C OÓOHMH THrraMM 

~8~OpMalJ;1U1 (j3 2 t fi 3 ), T.e. B8~~HHa 

L\(r2>KM + i-: 2,3 ~<r2~i' , 

rrpHBc~HT I{ JIy'tffi18rvry corxacmo L1(rl->, paCClIHTaHH1IX rro Karre~bHoil MO~8

~H,C 8Rcrr8pHM8HTOM. 
BC3MClKHO, lITC yq8T ~ecDcpMa~ll c~8.ICYIOII~erc rrCpH,1J;Ra (r8RcMeRarro~b

Hc~i f3 4 ) rrpHB8~8T R ~aJIbH8fllll8MY JIpHÓ~HiK8H:mo paClIeTHHX 3HalIeHHí1: K 
8Rcrr8pHM8Hrra~bH!l1M. -O~HaKC ~JI5I H,IJ;8p Zr 3Ha1I8HHJI /4 H8H3BeCTHH. 

C ~yrcí1: CTOpCHH, paC1I8TH rro Rarr8~bHoll.Mo~e~H C COCTBeTCTByroU~M 

yq8TDM KBa~ync~bHCll li oRTyrrc~bHoli ~8cDopMauwA McrYT ÓUTb cor~aCCBaHH 

c 8KcrrepHM8HTa~bHblMH 3Ha1I8HHHMH ..d(r2>, 8CJrn yqecTb B03MCJKHbIe H3Me
H8HHH TOJIllIHHH rrCBepXHOCTHcrc CJl:CH B pacrrp8~e~8HHH aapana B JI,Iij)e. 
llDCROJIbKY 8TH H3MeH8HHH orrnCUB8IDTCH rrapaMeTpCM b ,pe3YJIbTaTH MOiK

HC CCrJIaCCBaTb, H3M8HHH 3HalIeHH8 b ~ pa3HHX M30TorrCB (rrpH 8TCM 
b = 0,988 WM )J;JIJ1 94 Z-r ccxpanae rca) , rrO~eHHHe TarmM cnocoõcn 

3HalIeHHH b rrpHB8~eHH B TD6~H~8 5. BH~O, ~TC ~aiKe caMce ÓO~billce 

pacxc~eHH8 Me~ 8RcrrepHMeHTa~bHHMH H paClIeTHEllilli (HcrrpaBJIeHHHe Ha 
~8WOpMa~1ID) 3HaQeHH.fIMH H3M8HeHHí1: CK3P, CCCTaBYillID~ee 0,056 ~Mf ~JI5I 
rraps 90,92 Zr (pnc. 5), MO)j{,HC YCTpaHHTb, H3MeRmI b,IT,JI~ 90 Zr scero na 
1,4%. 

TaKHM cópa30M, lITCÓH oÓ~ílcaHTb HaÓ~~aeMHe 3HalIeHHH pa3HccTeí1: 
CK3P ~JIJI anep Zr H nx 3aBHCHMOCTb CT 1IHCJIa HellTpOHCD B anpe , aeoo
XC.n;HMO rrpllHllMaTb BO BH!IMaHIl8 ll3MeHeHHe ~HHaMll~eCROli cKTyrrCJIbHoí1: 
~eWOpMaIJ;llH 5I,Iij)a H TC~llHH rrCB8pXHOCTHoro CJIOR. 

B 3aKRIDlIeHH8 aBTopH BHpaiKaroT ó~aro~apHOCTb r.H.~~epDBY H 
~.U.OraHeCRHY 3a rro~ep~y paÓCTH, E.E.KpHHeUKOMY H C.K.EopHCOBY 3a 
rrOJIe3HHe oóc~eHHH, H.E.EYHHCBY 3a rrOMO~b B Ha~Tpoí1:Re JIa3epHOro 
crr8KTpOMeTpa, r.B.MHmHHCKO~W 3a rrOMO~b B rrpOBe~eHllH 8RCrrepHMBHTCB. 
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faHrpCKHH ID.IT. H AP· P6-87-757 
H3MepeHue pa3HOCTeH gapHAOBb~ paAHYCOB 
HAep ~HpKOHHH no pe3oHaHCHOH rragepHOH ¢ITyopec~eH~HH 

H3MepeHbi onTHtJ:eCKHe H30TonHtJ:ecKue CABHrH Bcex cTa6HrrhHbiX 
H30TonoB Zr Ha Tpex aToMHbiX nepexoAax THna 4d 2 5s44d2 5s5p 
MeTOAOM rragepHO-HHAY~HpOBaHHOH pe30HaHCHOH $rryopec~eH~HH. 
OnpeAerreHbi pa3HOCTH cpeAHeKBaApaTH'IHhl.i\: gapHAOBbiX paAHYCOB 
L'l<r2> HAeP Zr. CpaBHeHHe norrytJ:eHHbiX 3HatJ:eHHH L'l<r 2> c npeA
cKa3aHHHMH KanerrbHOH MOAeiTH OOKa3biBaeT, 'ITO pactJ:eTbl corrra
CYWTCH C 3KCllepHMeHTaiTbHb~H pegyrrbTaTaMH, ecrrH yqecTb AH
HaMH'IeCKYW OKTYllOITbHYW Ae~opMa~w HApa H TOIT~Hy llOBepx
HOCTHOrO CITOH. 

Pa6oTa BbiDOITHeHa B J1a6opaTOPHH HAepHbiX peaK~HH omrn. 

llpenpHHT 06oe,llHHeHHOrO HHCTtrryra R.llepHbiJ: Hccne,llOBaHHH. lly6Ha 1987 

ITepeBoA aBTopoB 

Gangrsky Yu.P. et al. P6-87-757 
Measurement of Changes in Nuclear Charge 
Radii of Zr by Lazer-Induced Resonance Fluorescence 

The optical isotope shifts of Zr stable isotopes have 
been measured in three atomic transitions of type 4d 25s 2 -
- 4d

2
5s5p using the technique of laser-induced resonance 

fluorescence. The changes of nuclear mean-square charge 
radius L'l<r2> have been determined. The extracted values 
of L'l<r2> are compared to predictions of the droplet model. 
It is shown that the droplet model calculations can be 
made to agree with the experimental results, if changes of 
nuclear dynamical octupole deformation and of surface dif
fuseness parameter are taken into account. 

The investigation has been performed at the Laboratory 
of Nuclear Reactions, JINR. 
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