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HasecTHO, 4TO np111 soapaCTaHIIIIII 3Heprlll!-1 Tfi>K€I1biX ~t~OHOB cyw,ecT

seHHO yB€Jliii41-1BBIOTCfl CC4CHIIIfl peaKU,IIIill, CBfi3BHHbiX C KBHBJlBM\11 

HenOilHOrO CI1111f1H\11fl B3a\11MOA€i1CTBYIOUI,IIIX fiA€p. 8 nOCI1€AH€€ 8p€Mfl 

npOB€A€Hbt 3KcnepiiiM€HTBilbHbl€ \11CCI1€AOBaHIIIR 1 noKaaaBW\11€ 1 4TO 

AOBOilbHO 60JlbWO€ C€4€HIII€ \11M€10T KBHBJlbl peaKU,IIIill, B KOTOPbiX 

OCHOBHBfl 4aCTb BHOCIIIMOI::t IIIOHOM 3HepnH1 OTAB€TCR a -4aCTIIIU,€ 1/1/ 

a OCTBT04HOe fiAPO o6paayeTCfl B cna6osoa6y>KA€HHOM COCTOAHIIIIII 

lt1ay4€HIII€ 3TOro f!BJ1€HIIIfl npeACTBBJlfi€T 3Ha4111T€JlbH~~ IIIHTepec KBK 

C T04KIII 3p€HIIIfl MCXBH1113Ma p€BKU,111111 1 8 KOTOpOi1 B03MO>KHB nepCAB4B 

60JlbWOi1 ::mepr\11111 JlCrKOil! '-IBCTIIIU,€ 1 TBK H C T04KIII. 3p€HIIIfl B03MO>t<

HOCTIII nOily4€HII\fl B peaKU,HfiX C BbiJlCTOM 3HeprJ.14HbiX a -4BCT\11l.l, 

11XOI10AHbiX
11 RA€P •. 

KaK noKaaanlll npoBeAeHH~e HBM111/
2

/ 111 APYriiiMYI asTopaMIII/s, 4 / 

IIICCil€AOBBHIIIfl 1 B€pOflTHOCTb Bb1Jl€TB 6b1CTPbiX a -48CTIIIU, CY\1.\CCT- · 

seHHO npesbtwaeT sepOfiTHOCTIII J-1CnycKaHIIIfl APYr111x nerKIIIX aapR>t<eH

HblX 4BCTIIIU, C 60JlbiJJOil! 3Heprlllei1. 3Hepr1114Hbl€ a -4aCTIIIU.bl 11\CnyCKBI(JT

Cfl npeiiiMY~€CT8€HHO BnepeA, a IIIX 3Heprlllfl AOCTIIIraeT MBKCIIIMBJlb-

HO B03MO>KHOro Aflfl ABHHOill peBKU,IIIIII 3Ha4€HIIIfl E 'llax , onpeACilfiCMO-

ro Ha OCHOBBHIIIIII 3BK0HOB COXp8H€HIIIfl 8 npeAnOJlO>KCHIIIIII 0 AByx-

Te!lhHOM xapaKTepe npou,ecca, T.e. Bb;neT 

ABCTCfl nOrfl0\1.\CHII\CM flApa-OCTBTKB /1. 2 • 

a -4aCTIIIL\bl conposo)l<-

KaK rioKa3aHo s p,a6oTe :~/, c noMOUI,biO 111cna'P111TCilbHOro Mcxa

H1113Ma MO>KHO o6bflCHIIITb TOJlbKO H1113K03Hepr11!4HYIO '-IBCTb cneKTpa 

a -YBCTIIIU,. 6QJlbWIIIC 3Heprlll\ll a -1.1BCT\.'\l.l, \II lAX np€lAMYU~€CTB€HHblill 

Bblfl€T nOA MBJlbiMIII yrflaMlA yKB3biBa·eT HB npf!MO~ MCXBH1t13M lt1X 06pa-

30BBHlt1fl. ,llJlfl 06bf!CHCHIIIA 3H€prCTlt11.1CCKlt1X cnCKTpO,B Ill yrflOBbiX 

pacnPCA€IlCHlt1i1 a -1.1BCTlt1L\ npCAilO>KCH PRA MOA€!1€~ I ;J,G,?.', OAHBKO 

Hlt1 OAHB 1113 HIIIX H€ MO)I<CT 8 nOJlHO!It Mepe 06bACHlt1Tb nonyYCHHbl€ 

8 3KCnCplt1M€HT€ pe3yflbT8Tbl. ,llJlR BbiRCHCHIIIA M€XBHlt13MB o6pa30Ba-

Hlt1fl BbiCOK03Heprlt11.1Hb1X I! -I.IBCTlt1U, 8 peaKU,MfiX C TfDK€JlbiM\t1 \IIOHBM\11 

U,CJ1€C006pa3HO lt1CCileAOBBTb HC,.TqJlbKO xapaKTeplt1.CTMK\t1 CBMlt1X 

a -4acTlt1L\ /111x 3HepreTlt1~eCKLo1e .cneKTPbl, yrnOBbte pacnpeAeneHIIIfl 

\II AP. /, HO Ill COCTOflHvtR, B KOTOPbtX OCTB€TCfl RAPO. nocne 8blfl€Ta 

6btCTpOi1 a -1.1BCT\tiU,bl. 3TOi1 U,€Illt1 CJ1y)I<BT \113MepCH\tlfl cneKTPOB HeiiiTpO-

HOB, cneKTpOB Ill MHOmecTB€HHOCT\t1 y-KeaHTOB, MaCCOB~X \tl yrflOB~X 

pacnpeACI1€HYI~ OCKOJlKOB Aefl€Hlt1Fl 8 COBnBAeHLo1lt1 C 6biCTpbiM\t1 n.-

1.1ac Tllll.laMlt1. 

Ba*HY~ lt1H¢OpMau,IIIID o xapaKTCPitiCTIIIKBX eo36ymAeHHOro ocTaT01.1-

Horo RApa MOmHO \113BI1e~b Ill \113 aHBI11113a ¢YHKU,IIIi:1 B036Y*AeHMfl 

axn -peBKU,I-1.~. np\11. 60JlbWO~ 3HeprMIII 6oM6BpA1t1PYIO\l\lt1X \tiOHOB /T.e. 

6onbwe 5 MaB/HYKilOH/. 



l13y4€HIII€ ¢YHKL.1111~ B036Y)f{A€HIIIR aXIl -peSKL\1-1~ TSK)f{€ RBJ1R€TCR 
HSH60Jl€€ npRMbiM M€TOAOM, YCTSHSBJ1111BSIOUIL-1M ABYXT€JlbHbl~ XapaKTep 
peaKL\1-1~, CBR3aHHbiX c Bb1J1€TOM 3Hepr1-14HbrX a -4aCTHL\. Ecn111 np111 
BblCOKHX 3HeprHRX 60M6apAHPYIOU11-1X MOHOB Ha6nJO,qaJOTCR npO.QYKTbl, 
CBR3aHHbl€ C KaHana Mill a On 11111111 a 1 n, TO 3TO CBJ..1A€T€JlbCTByeT 
0 TOM, 4TO a -4acn11..1a YHOCJ..1T OCHOBHYIO AOJliO 3H€pn1J..1, a A,qpo-
OCTSTOK 06pa3yeTCR 8 cna6os036y)f{,q€HHOM COCTORHIIIIII, 

8 HSCTOAUI€~ pa6oTe J..13Y4SJ1111Cb <f>yHKI..Il-1111 B036y)f{,q€Hl-1R p€SKL\HIII 
176 2:2 194- X 

Lu( Ne,axn) Au AnR X=0,1,2,3. Bb!60p3TO~ KOM6H-
HSI..Ilt11-1 L-10HS 1-1 MHW€HIII 06DRCHR€TC.R TeM, 4TO OHa npe,qOCTSBJlReT 

. YHHKSJlbHYIO B03MO)f{HOCTb HS6JliOASTb npo,QyKTbl a 0 fl -p€SKL\HY1 • 
.s:J,qpo 194Au RBJ1R€TCR npaKTJ..14€CKJ..1 3KpSHHpOBSHHbiM /ero npe,q
W€CTB€HHY1K no (.!€n04K€ {j-pacna,qOB H30TOn 194 H.\?; /CM. pHC. 1/ 
J..1M€€T nepJ..10A nonypacnaAa 260 !1~T/, VI n03TOMY Ha6!110A€HM€ W4Au. 
cpe,qr..1 npo,qyKToe peaKI..IV1H 176 Lu + 22

Ne oaHal..jaeT, 4TO J..1Mena 
M€CTO peaKI..IJ..1R a0n. 

Tl 190 Tl 191 Tl192 Tl 193 Tl 194 Tl 195 Tl 196 Tl197 Tl 198 
37ml26m >2m 11ml95m ~.1m 1210• N33m 3.6sr2" 1.4h r.8h 2.64h 187hi5Jh 

Hg190 ~~~~ Hg192 Hg193 Hg194 Hg195 Hg196 Hg197 20.Qm 

I 
4.9h 1.1hl3.5h 260a t6hlR9h 23.,64.1h 

STABLE 
Au190 Au191 Au192 Au193 Au194 Au195 Au196 

42.8m r92\i''"h 5.03h 39sf~ 39.5h 3~,183d 9.7h \6.2d r=m_ q~t "" ~t 
rna 

'" 
Pt 191 Pt 192 Pt 193 Pt 194 Pt 195 p IIIC.1.Y4SCTOK Ta6m·H~bl 2.8d .33dr0a 

30Tonos c nep1o10,qaM1-1 STABLE STABLE STABLE /10 .' " nonypacna,qa J..13 pa6oTbi 

3KCnEP~MEHTAnbHbiE PE3Ynb TATbl 

3KcnepHM€HTbl npOBOAJ..1JlltTCb HS Bb18€A€HHOM ny4K€ HOHOB L\VlKilO
TpOHOB Y-300 J..1 Y-400 na6opaTOPHIII RA€PHbiX peaKLIH~ 011RH.MY1W€HYI, 
npHrOTOsneHHble 1113 o6oraUieHHOro H30Tona 176 Lu /64% o6oratqeHHR/ 
3SKpenn~JlHCb B cnei_!Ha!lbHO~ Me,QHO~ KacceTe, OXJ1S)f{AS€MO~ BOAO~, 
Yl nol'-1elJ.Idm1C b BHyTpH peaKL\-HOHHO~ KaMepb!. 

,llnR CHRTYIR $yHKL\HI1 B036y>KA€HV1~ B O,qHOM OnbJTe npOBO,QHnOCb 
o6ny4eHHe c6opKw J.-13 5 MHWeHeH, paa,qeneHHblx Me>KAY co6o~ aniOMH
HvresbrMVl norJlOTY1T€fl~MJ..1 3Heprl-1J.1, BbJnOnHRIOUIIIIMH pOnb C60pHIIIKOB 
R,Qep OTAS4H, M1-1weHH V13roTasnJ..1sanJ..1Cb MeTOAOM 3neKTPOnJ.1TH4ecKoro 
OCS)f{A€HHR OKYICH n~Tei..IHR Ha aniOMJ..1HH€BYIO no,qflO)f{Ky TOJlUIHHO~ 

2 



1,4 Mr/CM
2

· Ton~~Ha M~WeHe~ COCT8BnAI18 OT 0,5 Mr/CM 2 .QO 

1,3 Mr/cM
2 

/c TO~HOCTb~ 10%/. Oco6oe BH~MaH~e e H8CTOA-

~eM 3KCnep~MeHTe YAen~nOCb ~~CTOTe se~eCTBa M~WeH~. np~Me-

c~ APYr~x 3neMeHToa e se~ecTae M~weH~ onpe.QenRnHCb MeTo-

AOM 8KT~Ba~~~ Be~eCT88 ~HT€HC~8HbtM ny~KOM 
raMMa-KBaHTOB Ha 

MHKPOTPOHe na6opaTOplll~ RA€PHbtX peaKU.HH QI.-Hl\r1, 0cHOBHbtM~ np!IIMe

CAM\11, KOTOPbte MOrn~ A aT b BKnaA B BbtXOAbl H3y48€MbiX !1130TOnOB, 

ABnA!11t1Cb lt130TOnbt 
175 

Lu ~ 176Yb. l-1x COAepmaH~~te e ee~ecT·8e 

MHW€Hit1 cocTaanRno 35,4% ~ 0,06% cooTBeTCTBeHHO. AHa!11113 8!1HRH~R 

np~MeceH 3T~X H30TOn08 6yA€T A8H H~me. np~MeCH ~30TOnoe 

APYr~x 3!1eMeHTOB 6bt.n~ Ha HecKonbKO nOPRAK08 MeHbwe ~ 8 np~t~H~Hnc 

He Morn~ A8Tb BKJla.Qa B BbiXO.Qbl \113Y4aeMbiX H8M~ npO.QYKTOB. MHwe-

HH o6ny4anHCb nyl.IKOM yCKOP€HHbiX HOHOB 22Ne C 3Hepr~et:1 178 M3B 

/gnA U"KnOTPOHa Y-300/ " 220 M36 /gnA U"KnoTpoHa Y-400/. 

3HepreTH~€CKOe paapeweH~e H81..18J1bHOrO ny~Ka !110H08 paBHRnOCb 

1%. MaKC~M811bH8fl ~HT€HCit1BHOCTb nyl.!Ka ~OHOB H€0Ha Ha MHW€HH 

COCTaBnRna 3•10
12 

1..18CT./C. nocne o6nyl.I€H\IIA B~eCTBO M~W€H~ 

COBMeCTHO C COOTB€TCTBy~~~M~ C60pH~KaM~ nOABepranocb paA~O

X~M~l.leCKoH o6pa6oTKe c l.l€11b~ Bbt.Qe!1eHJ.1R H30Tonoa sonaTa. 

(.i30TOnbt 30110T8 6btn\11 8bt6paHbt AI1A HCCJ1€.Q088H~A ~3 COo6pameH~H 

YA06CT8a \IIX H.Q€HT~$HK8~~~~~ MeTOAOM raMMa-cneKTPOCKOn\11~ ~ OTHO

C~TenbHOt:1 npOCTOTbl ~X paA~OX~M~"--€CKOrO BbiA€J1€H~fl ~3 6oJ1bWOro 

MHOroo6paaHA APYrlt1x npo.QyKTOB RA€PHbtX peaK~Hi1 np~-1 cpaeHHTenb-

HO BbiCOKOM XHM~4€CKOM BbiXOAe. KpOMe 3TOrO, KaK y}l{€ OTM€48JlOCb 

BbiW€, 
194

Au RBJ1A€TCfl npaKT~4eCK~ 3KpaHit1pOB8HHbiM R.QpOM /eM. 

p"~c.1/ 1t1 o6paayeTCR TOnbKO B pe3yl1bT8Te peaK~Hit1 C Bblfl€TOM 

OAHOL1 a -"--aCT~~bt: 176 L<l( 22 Ne.u0n) 19 4Au. 3TOT $aKT noseonReT 

OT.Q€Jl~Tb OT APYrvtX KaHanOB peaKU~I-1 KaHaJl C BbiJleTOM BbiCOK03Hep-

rH"--HOL1 a -4aCT~LJ,bl. 

M1t1weH1-1 1-1 ani0Mit1H~Bbte c6opH~K~ pacTaOpAn~cb a KoHu,eHTp~poeaH

HoL1 I~Cl c Ao6asneHt-1eM HOCI-1Tel1A /2 Mr sonaTa/. PaA~OX~M~4ec

KOe BbiAeneHHe 30T10Ta npoBOAHT10Cb MeTOAOM ABYXCTyneH43TOL1 

3KCTpaKL\\IIH: Ha nepBOM 3Tane OCY~€CT8JlfiJ18Cb 3KCTpaKUHA 1-13 

COJlfiHOKHCJlOrO paCTBOpa 30JlOTa AHH30npOnHJ11J8b1M 3¢~poM, Ha 

BTOpOM 3Tane ~CnQJlb3088fl3Cb 3KCTp8K~~OHHaR XpOMaTOrpa¢HR 

(Tp"6YT)"i)¢oci)>aT Ha ¢roponnaCTe - 4 I O.IN HCI- 6NHN03 - KOHU. 

HN0 3 ) · 8 ( .llaHHbiL1 MeTOA noseonAn BbtAeJlATb H30TOnb! sonaTa c 

Bb!COKOL1 CTeneHb~ Ol.llt1CTK~ /He XY}I{€ 10 -
5

/ lit X~M\.1Y€CKHM BbtXO.QOM 

npe.QnonaraeTCR, 4TO ceYeH~e peaKU,H~ c ~~tcnycKaH~~teM ABYX 

npOTOHOB H ABYX H€L1Tp0H08 Cy~eCTB€HH0 M€HbWe, l.I€M C€4eH~e 

a On -peaKLJ,Lt11t1. 
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HOMep KaHana 

P~c.2. CneKTP raMMa-~any4eH~R $paK~~~ aonoTa 4epe3 8 nocne KOH~a o6ny4eH~R. 
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P~c.3. CneKTp raMMa-~any4eH~R ¢paK~~~ aonoTa 4epea 48 4acos nDCne KOH~a o6ny4eH~R. 
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He HH}!(e 80':(;. XHMHLieCKH\::1 BbiXO,Q Onpe,Qem:WC.A MeTO,QOM peHTreHo

$Jl~Opec~eHTHOrO aHaJlH3a H3 COOTHOWeHHA KOJlHL!eCTB 30Jl0TOrO 

HOCHTeJlA ,QO H nocne pa,QHOXI4MHt..leCKOrO Bbi,QeileH~1fl, TOl.IHOCTb B 

onpe,QeneHH\t1 X\t1MHl.leCKOrO BbiXO,Qa COCTaBf]Aila 10%. 

VIAeHTH$HKa~Hfl 1t1 onpe,QeneHHe BbiXOAOB \t130Tonos JanoTa npo

BOAHilHCb c noMO~b~ raMMa-cneKTpoMeTpa c Ge(Li) -AeTeKTOpoM 

C 3¢l¢eKH1BHbiM o6beMOM 70 CM 3 no xapaKTepHbiM raMMa-nepeXO,QaM 

COOTBeTCTBY~~HX HYKI1\t1,QOB. 3$¢eKTHBHOCTb perHCTp<J4HV1 raMMa

nepeXO,Qa c 3HeprHe~ 328 K36 cocTaBn.Ana 6,5%, a 3HepreTHl.lecKoe 

pa3peweHHe - 2,5 K36. Ha pHC. 2,3 npe,QcrasneHbl xapaKTepHbte 

raMMa-cneKTPbl ctJpaK4HYI JonoTa, nonyl.leHHbte s peaKL\YIH 170 Lu~ 22 Ne 

V1 H3MepeHHbte l.lepe3 8 1-1 48 l.lacos nocne KOH~a o6nylleHHfl. 

Ce~.o~eHHe o6pa3oBaHIII.A ~13oTona onpe,Qenr~nocb Yl3 111HTeHCYIBHOCTYI 

raMMa-nepeXD,QOB c yl.leTOM KoppeK~YI~ Ha HaKonneHHe H pacnaA 

.A,Qep, XHMH4eCKOrO BbiXO,Q<J, 3$¢eKn1BHOCH1 perHCTpa~YIYI, TOJl~YIHbl 

MltiWeHL-1 H TOKa Oy4Ka YIOHOB. Ha PHC, 4 npeACTaBJleHbl 3KCnepHMeH

TaJ1bHO YI3MepeHHb1e ¢JyHKL\H111 8036Y}!(AeHH.A A[lR H30T0008 30JlOTa, 

o6pa3y~(ltlt!XC.A npV1 o6ny4eHYII-1 Mlo1WeHet:1 ltl3 
176 Lu ~IOHaMI-1 :.!2Ne. 

CnnoWHbiMH 1t1 nyHKTHPHbtMH IlHHHfiMH Ha p14CYHKe npe,QCTaeneHbt 

pe3yJ1bTaTb1 paCLieTOB, o6cy}t(,QeH\t1e KOTOPbiX npHBO,QYITC.A HYI}t(e. 

3,QeCb He06XO,Qio1MO 0Tt-1eT\.1Tb, LITO BCe H3yl..laeMble I-130TOObl 30110-

Ta IKPOMe 
19 '1 Au/ A8JlAJlYICb KyMyil.ATI-1BHbiMH npo,QyKTaM!r1, BKJla,Q 

B Ce4eHH€ 06pa30BaHHR KOTOpbiX AaBaJl\.1 npOAYKTbl peaKL41-1~ C lo1Cna

p€HHeM Hel::iTPOHOB I xn -peaK~YIHI, a TaKme c HcnycK<lHYICM nporoHa 

Yl Het:1TpOH08 I pxn -peaK~I-1vt/. Onpe,QeneHHe ceLieHvtt:1 vt3 3KcnepH

MeHTaflbHO H3MepeHHbiX cneKrpo8 6btno npoeeAeHo a ABYX npe,Qnono-

}!(eHvtHX: o Henocpe,QCTBeHHOM o6paaoeaHvtH H30Tonoa JanoTa 

8 pe3YilbTaTe uxn -peaK~H\1 H HX KYMYI1fiTH8HOM o6pa3osaHvtH a 

xn -peaK~vtAx. nonyLieHHbte 8 A8YX npeAnonom2HHAX cet..~eHHH 

He OTilYIYa~TC.A 8 npeAeJ1aX T04HOCTH 3KCnepvtM€HTa. anH 06JlaCTH 

3HeprHI::i 6onbwe 160 M3B Ct..~HTanocb, I..! TO H30TOnbt 30nora npe\t1My

~eCTB€HHO o6paay~TCA a peaynbTaTe axn -peaK~vtt:1. 

KaK yme OTM€:4aJ10Cb 8b1We, a MHWCH.AX t<poMe 
176 Lu HaXOAvti1V1Cb 

npvtMeCH 175 Lu 135,4%1 H 178ytlf'0,0(%1, KOTOpbiC MOrfiH AaTb 

BKJla,Q 8 o6pa30B<'lHHC i-13yt..~aeMbiX HaMvt H30TOnOB. ,Unfl onpeA€Il€HV1A 

l75 
BKJ1aAa Lu HaM!rl npOBO,QHJlOCb 06Jly4€Hio1€ MHWCHH H3 eCTCCTBeHHOI1 

CMeCH JliOTel-'HR ,COAep}t(aHvte H30TOna l?S Lu 8 KOTOpo\1 COCTaBJlfiJlO 

97,4%. CeLieHHe o6pa3oBaHYI.A I-130TOna 
194 Au npH o6ny4eHHH M!r1WeHH 143 

€CTeCTBCHHOI1 CMCCH Jl~Te~Hfl I4TO COQTBeTCT8yeT peaKL-'I-1YI C vtCnyc

KaHHeM 3He HilH 2 npoTOHOB H 1 HCI::iTpOHal COCTaB\11J10 ~2·1o·<~ 2CM~. 

LITO npaKTH4eCK!r1 HC Morna AaTb BKJlaAa 8 Ce4CHvte 06pa3QBaHvtA 

H30Tona 
194 

Au np\.1 o6nyl.leHHYI o6orauteHHO~ MHWCHYI 176 Lu. BKnaA 

a cel.leHvte o6pa3osaHHA gpyrHx vt3orono8 3onoTa OT peaK~H~ Ha 

RApax 
175 Lu He npeBbtWan 15%. 

AnA onpeAeneHHR 8KnaAa 
176

Yb e ce4eHHe o6pa3osaHHR vt30TO-

nos 30JlOTa HaM!r1 6biJ1H 143MCpCHbl OOittCaHHbiM 8btWe MCTOAOM ¢1YHKltl4\.ll 

5 



t023 

-24 
10 

-25 
10 

-26 
10 

' "' 

+ 
192AU 

8036ym,QeH~R H30TOnOB 
sonoTa~ o6pasy~wxcR 
npw o6nyYeH111111 

MIIIWeHH 143 176Yb /96,4% 
o6ora~eHII1R/ HOH8MH 22

Ne. 3TH $YHK~J..1H B03-
6ym,QeHIIIR npe,QcTaeneH~ 
Ha pHc. 5. Kat< BHAHO 
143 PHCYHKa, C€Y€HHe 
o6paaosaHHR H30Tona 

194Au 8 3TOI1 peai<J..4HI-1 :r 
~ 10-27 npiiiMepHo 8 2-5 pas 

Bbrwe, YeM ce4eHHe o6pa-
3088HHR 3Toro waoTona 
8 peat<~H~ c o6ora~eH
HoH MHW€Hb~ 143 176 Lu 
/pHc.4/.C r,4eTOM CQ
A€P}I(8HHR 76Yb B 3TOI1 
MHW€HH npHM€CH HT
TepfiHR H€ MOrnH A8Tb 

Q) 

" ~ 10·28 
J 
Q) 
u 

10 
-29 

-30 
10 

10-31 

t 

"' 120 ,., "" "' 
'na6 /M38/ 

P~c.4. $yHK~~~ soa6y~AeH~R peaK
-14~~ 2fN'e+ 176 Lu.CnnoWHbJe KpwBbre
pe3Y.flbT8Tbl p8C4eTa no CT8H1CTH-
4€CKOH TeOp~H. nyHKTHPHbre KpH
BbJe - pac4eT, npose,QeHHbiH c 
y4eTOM pacnpe,QeneHH~ Ha4anbHOH 
3HeprHH B036Y~ACHHR B OCT8T04-
HOM RAP€ nocne Bbln€T8 6biCTpOI1 
a -48CT~~bl, 

AHAn~3 PE3YnbTATOB 

2lD 

38M€THOrO 8K.fl8A8 8 
8biX0Abl l-130TOna 194Au. 
Tat<Oiii )!(€ Bbi80A MO)I(HO 
CAenaTb 1-1 o 8t<naAe 
peaK~HH Ha 176Yb B 
ofiora~eHHOH MHW€HH 1'16 L U B C€4€HH€ 06pa-
3~88HIIIR l-130TOnOB 
1 1.t92.193Au. Heo6xo-

AHMO OTM€THTb, 4TO 
3Kcnepl-1M€HT8.flbHO H3Me
peHHble $YH1<4HH B036ym
,Q€HHR peaKJ..4HH Ha 176 Yb, 
np!-1BOAR~eH t< o6paao8a
HH~ H30Tonos aonoTa, 
npeACTSBnR~T CaMOCTO
RTC.flbHbllii HHTepec A.flR 
1113Y4€HHR Hep8BH08eC
HbiX npot..~ecco8, 

¢yHK1..1111H soa6y)I(,Q€HHR ,QnR peat<t..~HH, npH80AR~HX K o6paaoeaHH~ H30TOnOB 30n0T8, fibt.flH H3M€p€Hbl 8 WHPOKOM 3H€preTH4€CKOM HHTepeane AO 3HeprHH 10 MaB/HyKnOH. B pa3nH4HbiX Y4aCTKax 3Toro wH-
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P~ttc.S. ¢yHK~HH soa6y~AeHHR peaK

~HH 22Ne+ 
176 Yb. nyHKTHpHble KPHBble 

npoBeAeHbl '-!epea aKcnepHMeHTailbHble 

T04Kio'l. 

repsana AOnmHo 6~Tb 
pB3!1~4H~M COOTHO

WeH~e MemAY BKna
ABMH OT HCnapa.tTenb

HbiX a xn-, pxn- "" 
xn -KaHanos Aesoa-
6ymAeHHR cocrasHoro 
RAPB, o6pa3y~~erOCR 

e peaKLH1H 176 Lu + 

+22Ne, Yl KaHa!lOB, 

CBR3BHHbiX C Bbl.Ile

TOM HepaBHOB€CH~X 

a -4SCH1U.. no3TOMY 

BHa4aJ1e HY>KHO 6biJ10 

Bb1A€11111Tb ::mepre
TH4eCKY~ o6naCTb, 

A!lR KOTOpO~ OCHOB

HOH BK11BA B 3KCne
pHMeHTaJ1bHO H3Me

peHHble Ce4eHio1fl BHO

CRT HCnapHT€J1bH~e 

peSKLtHH, C 3TOiil 

U.€11b~ npoBOAH!lHCb 

pacYeTbl ce4eHHH 

~r~cnapa.trenbH~x peaK
U.HH. B pac4erax 
Y4HTb1Banocb Aene
HHe cocraeHoro RAPa 
H A04ePHYIX RA€P, 
o6paay~~HXCR nocne 
Bbii1€Ta HelilrpOHOB, 

npOTOHOB H a -4aC

nn~ 191. ,QenHrenbHble 
H 1o1cnapv1TeJ1bHble 

WHPI-1Hbl pacc4HTblsa

I1HCb nO ¢0pMyJ1aM CTaTHCTH4eCKO~ TeOpHH RAepHbiX peaK~~~, B KOTO

p~X ~cnonbayeTc~ $epM~raaoeoe np~6n~~eH~e AnA nnOTHOCT~ ypos

HeH. PeaynbTaT~ pac~eTOB np~eeAeH~ Ha p~c. 4. B~AHO, ~TO Ha-

4~HaA c 3Hepr~~ ~OHOB 22 Ne, npeBb!WSIOW,eH 130 Ma8, BKnaA HCna

PHTeJlbHblX KaHaJlOB 6b!CTpO naAaeT 1 4TO 06"b~CH~eTC~ B03pSCTSH~eM 

pOI!l-1 npOI.~eCCOB, CB~3aHHbiX C BbiileTOM HepaBHOBeCHOi1 a -4aCn'l~bl, 

Itt np~tt 3HeprMRX ~140 M38 ~X BKI!aA CTaHOBHTC~ OCHOBHbiM. 3Kcne

p~ttMeHTai1bHOe M3y4eHHe cneKTpOB a-4aCTH~ npV! TaKHX 3Hepr~ttRX 

6m.o\6apA~ttPYIOU4HX ~OHOB nOKa3a.no /1,
2/, '-ITO C A0CTaT04HO BbiCOK~MH 

Ce4eHHRMH nOA MailbiMH yr.naMH OTHOC~ttTenbHO HanpaBI!eHVIR ny4Ka 
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J.10HOB BbfJleTaJOT a -4aCn1l..jbl C 3HeprJ.1ei1 60 M38 H BbiW€. npOCTO~ 
no.Qc4eT 6anaHca 3Hepr1-1J.1 noKa3biBaer, 4TO nocne yxo.Qa raKo~ 
a -4aCn!l . .jbf fi.QpO OCTaeTCR C OTH001TellbHO He60JlbWO~ 3HeprHe~ 
B036ym.Q€HJ.1R /TaK, npl-1 3HeprHH HOHOB 22Ne 172 M38 H 3HeprHH 
a -4aCTHU. 100 M3B ocraaweecf! fiAPO 194 Au 6y.QeT o6nD.QaTb 3Hep
rHei1 eoa6ym.QeHHR 31,5 M3BI. no3TDMY ecrecraeHHO npe.QnonomJ.1Tb, 
4T0 npo~ecc, npHBO.Qfi~HH K 06pa30BaHHJO Ha6JlJO.QaBWHXCR B .QaHHOH 
pa6ore J.130TOnOB 30110Ta, npH 3Hepn1RX HOHOB ~ 2 Ne ::_: 140 M38 MQ}I(
HO pa3.QeJ11.1Tb Ha .QBa 3Tana: Ha nepBOM npOV!CXO.QHT Bb1Jl€T 6biCTp0~ 
a -4aCTHU.br 1-1 o6paayeTCR cocraeHoe RAPO c Maceo~ (A 1 +A~--t) 1-1 
aapR.QOM (Z 1+ Z.2-2) c Ha6opoM Ha4aJlbHbrx 3HeprJ.1~ eo36y>+<.QeHHfl, 
onpe.QenReMbiM J.13 3KcnepHMeHranbHOro 3HeprerH4€CKoro cneKrpa /1.2 a -4aCTH~, J.13MepeHHoro s pa6orax , H HeKOTOPbiM pacnpe.Qene-
HJ.1eM no yrnOBbiM MOM€HTaM, 3 Ha BTOPOM 3Tane npOHCXO.QHT pacna.Q 
3Toro cocraeHoro fi.Qpa no seeM B03MOl+<HbiM KaHanaM .Qeeoa6ym.QeHHR. 
TaKHM 06pa30M, 8 OTJ1J.141-1e OT 06bi4HO paCCMaTpi-1BaeMbiX COCTSBHbiX 
fi.Qep, I-1MeJO~J.1X ¢1-1KCHp08SHHYJ0 3HeprHJO B036ym.QeHHR, O.QH03Ha4HO 
CBR3SHHyJO C 3HeprHei1 60M6ap.QHPYIO~J.1X HOHOB, 8 .Q3HHOM CJly4ae 
Mbl J.1MeeM .Qeno c cocraBHbiMI-1 R.QpaM~t~, 3Hepri-1H ao36Y*A€HJ.1.A Koro
pbiX pacnpe.QeneHbr onpe.QeneHHbiM o6paaor-1 a I-1HTepeane Wl-1pHHO~ 
a HecKOJlbKO AecRrt<os M38. Ecn~ c.Qenarb ecrecrseHHOe npe.Qnono
*eHHe, 4TO BK!la.D, nap~J.1a!lbHO~ BOJlHbl, COOTBeTCTBYJOlJ.Ie~ Op61-1TaJ1b
HOMY MOMeHTY Ph, s ce4eH~e 8brnera 6brcrpo~ a -4acrt.1~bt nponop
U.MOHaneH reoMeTpHI..!ecKOMy Q:>at<ropy 12 f + 1 I, TO ce4eHHe 8btXO.Qa 
npO.QyKTa, 06pa3yJOw,erOCR 8 pe3yi1bTaTe BbiJleTa npRMO~ U -4aCT~llb1 
J.1 noCJleAyJOUI€rO J.1CnapeHI-1R X He~TPOHOB,MOmHO 3anl-1caTb 8 BH.Q€ Ynp r 

aaxn • rr ~ 2 7 (2f d) f f(E
0

) P x(E' )dEu /I/ 

r.Qe f (Ea) - Q:>yHK1..11-1R, Ont,.1Cbl8aiO~aR 3HepreTI-14eCKIIIJ1 cneKTP a-
4aCTH~, p£ (E*)- B€PORTH0CTb TOrO, 4TO 1-13 COCTaBHOro R.Qpa 
C 3Hepn1e~ B036YH<AeHI-1R E" H op6HraJlbHbiM MOM€HTOM f V!CnapVITCR 
X HeiltTpOHOB, paCC41-1TbiBCleMa.A no ¢OpMyJ1aM CTaTII!CTJ.14eCKO~ MO.QeJll-1. 
3HepntR B036ymA€HHfl E * CBR3aHa C 3HeprMei1 anb¢a-4aCTJ.11..j, BbiJl€
TaJO~HX JIO.Q MaJlbiMH yrJlaMI-1 K ny4KY II!OHOB, npOCTbiM COOTHOW€HI-1€M 

/2/ 

r.Qe A~1 - Maccosoe 4t.1CllO ~t~OHa, Ao - Macca ocraT04Horo RAPa 
nocne Bbrnera a -4aCT\III..jbl, E~1 - 3Hepri-1R HOHa, Q,Mut-M\1-Ma-M0 . 

CyMMHpoaaHHe s 11/ npoi-13BO.QIIITCR snnoTb AD HeKoroporo npe
A€llbHOro aHa4eHHR op6wranbHOro MOMeHra f 11 p • 3Ha4eHHe KOToporo 
MOmHO onpeA€JlHTb nyreM cornacoBaHII!R 3KCn€pt.1M€HTaJ1bHbiX C€4eHHH 
aXIl -peaKL\1-1~ 1-1 paCC4HTaHHbiX no ¢opMyne I 1 I. 
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KaHailbl c Y1cnapeHY1eM Manoro YHcna HeihpoHos C.sR3BHbl c 3Hep

rY1AMY1 sos6y}I(AeHY1R, KOTOpbte COOTBeTCTBOBBill-1 E a>40 M3B. B 3TO~ 

o6naCTY1 3HeprH~ cneKTP a-YaCTH~ xopowo annpoKCHMHpyeTcR 

3KCnOHeHTO~ f(Ea)- e-a Ea. HaKilOH 3KcnoHeHTbl Y1 npeAeilbHBR 

3HeprHR /aepXHAA rpaHY1~a cneKTpa/ AilA KB}I(AO~ 3HeprHH Y~OHOB 

22
Ne onpeAeilRilHCb H3 3KcnepHM€HTBilbHbtX cneKTpoa 11. 21• B pacYe

Tax npeAnonaranocb, 4TO ecnH TennosaR 4aCTb 3HeprY1w so36y}I(Ae

HHA COCTBBHOrO AAPB CTBHOBHTCfl MeHbW€ J3 min , rAe 

Bmin = 

1 
Bn 

Br 

Bn < Br 

np~ Bn > B r 

TO ABilbHe~wee A€8036Y}I(AeHHe COCTBBHOro AAPB npOHCXOAHT nyTeM 

H3Ilyl.leHHA Y -KBBHTOB. 2 
Pac4€Tbl npoaOAHila-tCb AJ1A 3HeprH~ a-tOHOB 

2
Ne ~ 140 M3B. 

Pacc4HTBHHbte TBKY1M cnoco6oM ce4eHHR o6paaoaaHHA H30Tonoe 

30Il0Ta Cp8BHY1B8IlY1Cb C \.13MepeHHbiMY1 8 3KCnepY1M€HTe BeilY14\.ItH8MVI 

/eM. pYle. 4/. TaKoe cpaaHeHY~e npOY13BOAY1IlOCb c uenb~ nonyYeHY1A 

Y1H¢0pMBUY1Y1 0 pacnpeAeileHY1Y1 op6Y1T8IlbHbiX MOMeHTOB 8 COCT8BHOM 

RApe, o6pa3Y~LlleMCR nocne BbtileTa a -4aCH1Ubl, ,Qe~CTBHTeilbHO, 

eAY1HCTBeHHbiM aapbY1pyeMbiM napaMeTpOM B I 1 I A8IlA€TCA r np - 4Y1CI10 

napuY~a.nbHbiX sonH, y4Y1TbiBaeMbiX a pac4eTe. BKnBAbl pasn~t~l.IHbiX 

napUY1BilbHbiX BOilH B Ce4eHY1fl axn -pe8KUY1~ Ailfl 3HeprY1~ Y10HOB 

22 Ne 172 Y1 215 M38 npl-lBeAeHbl Ha pYle, 6. 143 pi-1CYHKB BIIIAt-jO, 4TO 

OCHOBHOH BKilBA 8 paC4eTHble CeL4eHY1A BHOCflT AOCTBT04HO y3KHe 

naKeTbt napu~t~a.nbHbtX sonH. YMeHbWeHHe pacYeTHbiX napu~-tanbHbiX 

Ce4€HI-1~ peBKU\.1~ a ln -·a 3n npH 6o.nbWHX yr.nOBbiX MOMeHTBX 06yc

IlOBileHO KOHKypeHUHeH CO CTOpOHbl AenHTeilbHOro KaHana, T. e, 

6apbep AeneHHA y6biBBeT C POCTOM £. 3TOT 3¢¢eKT AOil}l(eH 6b1Tb 

c.na6ee Bblp8}1(€H B TeX c.nyl.IBAX, KOrAB, nocne BbtileTa a -l.IBCTH~bl, 

06pa3yeTCA COCTBBHOe AAPO, 6JlH3KOe K MBrH4eCKOMy, T.K. B 3TOM 

c.nyL~ae o6onol.le4Hbte 3¢¢>eKTbl ocna6.nA~T 3BBI-1CHMOCTb 6apbepa Aene

HHfl OT £ • 
npoBeAeHHOe cpaaHeHY1e pacl.leTHbiX \.1 3KCnepHMeHT8IlbHbiX Cel.le

H\.1~ nQK838Il0, 4TO H€803M0}1(H0 OAHOBpeMeHHO COrilBCOBBTb Cel.leHHR 

AJlA peaKU,Hi:1 aln, a 2n, a 3D, eCil\.lt orpaHI-11..4\.ItBBTbCR B /1/ MBilbiMY1 

3HB4eHY1RMY1 £ np . npa-tl.IHHY 3Toro nOHRTb HeTPYAHO, eCilY1 yl.leCTb, 

l.ITO Ten.noaaR 48CTb 3HeprY1Y1 B036y}I(A€HHA COCTBBHOro fiAPB, KOTO

paR onpeAeilAeT sepOATHOCTb Y1CnapeHY1R ABHHOro 4Y1CI18 He~TpOHOB, 

pasHa pa3HOCTY1 nonHoH 3HeprHY1 sos6ymAeHY1R E*, onpeAenReMo~ 

3HeprJ.1e~ a-48CTY1Ubl, Y1 Bp8W.BTeilbHO~ 3HeprY1Y1. COCTBBHOrO AAPB 

EBp- TaK KaK sepoATHOCTb Y~CnycKaHY1R npRMbJX a -L~acntu. 3KCno

H€HU.Y1BilbHO y6btB8eT C pOCTOM 3HeprHH, 8 BPB!l.\aTeJlbHBR 3HeprY1A 

COCTaBHOro AAPB pe3KO B03pacTaeT c pOtTOM e IA11R RAPB 194Au 

np~ f =301i Enp =4, 7 M38, a np~ f =601i Enp =18 M38/, TO Ha~6onb

WY1~ BKI18A 8 CeL4eHY1€ peaKLJ,H~ C Y1CnyCKBHH€M Manoro l.IHCilB HYKJ10-

HOB AB~T COCTORHY1FI C M8KCI-1MBJ1bHO B03MO>KHbiM yrnOBbiM MOM€HTOM. 
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P~c.6. Pac4eTHSH aaeHcHMOCTb 

J1n 

napl(l-1SilbHbfX 
cel.leHvt~ axn -peaKJ..Ivt~ OT yrnoeoro !'1DMeHTa. 

TaKHM o6paaoM, Ha 
¢yHKl(H~ B036Y~A€HVIH 

OC HOBSHJ.1 H nony4eH HbiX 3 KC nepl-'!M€HT an bHbiX 
a Xn -peaKI..(L-1~ H HX SHSJ1l.13a MQ}I{HQ C,Q€J1STb 

C!l€AYIOIJ.II-1€ BbiBO,Qbl. 

1. Ha6ntO,QeHHe e peaKl(HH 22Ne +176 Lu A,Qep 
CTBY€T 0 TOM, 4TO C onpe,Q€J1€HHO~ B€pOAT~OCTbiO npOHCXO,QHT 
Bb1Jl€T BbiCOK03Hepn14HOi1 a -4aCn11.1bl 1 KOTOpa.A npaKTH'-I€CKH 
YHOCHT BCIO TennoBytO 3H€prHIO OCTST04HOrO A,Qpa, 3TO nO,QTBep-

/2; }f{,QS€T M€XSHVI3M 06pa30BSHHR BbiCOI<03H€pri-14HbiX a -4SCTJ.1LI ' 
cornacHo KOTopoMY nocne Bbt!leTa a -4acn1l(br HOH nornonncR 
A,QpOM MHWeHH, B peaynbTaTe 4ero MO}I{eT o6paaoeaTbCR cna6osoa-
6y)I{,Q€HHOe /' 

1
XOJ10,QH0€ 1 1

/ R,QpO. 
2. TeopeTH4eCKHi1 aHanHa 3KcnepJ.1M€HTanbHbiX ¢YHK~t1i1 eoa5ym-

aXn -peaK~Hi1 noKaaan, 4TO Ha4HHaR C 3HeprHH HOHOB 
~ 140 M3B OCHOBHOi1 BKna,Q BHOCRT peaK~HH C npRMbiM 

HCnYCKaHH€M 3HeprV14HOi1 a -4aCTVI~bl H nOCJ1€AYIOIJtHM HCnapeHH€M 
Hei1Tp0HOB. 
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3. l-13 Teopen4Ll€CKOrO aHaJH.13a CI1€AY€T BbiBOA 0 TOM, 4TO 

nOCJl€ Bb1Il€Ta 6biCTpO~ a -l..laCn1'-'bl COCTaBHOe RAPO OCTaeTCR B co-

CTORHI-H1 C np€1-1MYL4€CTB€HHO 60!lbWI-1M yrflOBbiM MOM€HTOM. 0'-'eHKa 

MaKCHManbHoro yrnosoro MOM€HTa 3Toro cocTaBHoro RApa AaeT 

sen"""HY 1 "60 - 70 ~ AnR 3Hepr"" "oHoB 22 Ne oT 180 AD 215 M3B. 
ECill-1 y4eCTb, 4TO BbiCOK03Hepri-14HaR a -4acTHu,a yHOCI-lT op6!11Tanb

Hbl~ MQM€HT 11 
.., 15 :- 20 ti, TO 04€8\IIAHO, 4TO B M€XaH\113Me o6pa30Ba

HI-1il 6biCTPbiX u-4aCn'IU, CYL4€CT8€HHYIO pOilb \llrpaiOT KpaeBbl€ COYAa

peHHA 80 8X0AHOM KaHane, C00TB€TCTBYIOL4He yrnOBOMy MOM€HTY 

1-75 > 90t. 
4, npou,eCCbl, CBA3aHHbl€ C 8blJ1€TOM BbiCOK03HeprH4HbiX a -4aC

T\IIU,, MOryT 6b1Tb HCnOilb30BaHbl AflA nony4€HHR 11 XOI10AHbiX11 AA€P 

C 8blCOKI-1M yrnoBbiM MOM€HTOM. 

JlnR 8biRCH€HHA MeXaHH3Ma 1-lCnyCKaHI-lA 6biCTPbiX a -4acn1'-' Heo6-

XOAHMO npOB€A€H\II€ AaJ1bH€~W\IIX \IICCI1€AOBaHH~, B KOTOPblX 8€fl\114HHY 

yrn080rO MOM€HTa OCTaT04HOrO AAPa MO~HO onpeA€I1V1Tb 6onee 

HenocpeACTBeHHbiM MeTOAOM. TaKyiO B03MO>t<HOCTb npeAOCTa8!1AeT 

\113M€P€HV1€ pacnp€A€Jl€H\IIA MHO~eCTB€HHOCT\II y-K8aHTOB \II 8 H€KO

TOpbiX CI1y4aAX \113Mep€HH€ yri108blX pacnp€A€I1€H\II~ OCKOilKOB A€Ile

HHA e cosnaAeHHH c a -4acn1'-'aMH. 

B 3aKni04€HHe aeTopbl Bblpa~aiOT 6naroAapHOCTb aKaAeM¥1KY 

r. H. <llnepoey 3a none3Hble coeeTbl e npou,ecce BblnonHeHHA pa6oTbl. 

Mbl 6naroAaPHbl TaKme K.A.raspHnoey aa noMOL4b e paAHOXI-1MH4eCKOM 

Bb1A€Il€HHVI H30TOnoe. 
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