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1. BeeoeHue 

Y)l(e MHOrO neT C 60DbWOH HHTeHCHBHOCTbiO npOBO.LJ.JITCJI 

JI.LJ.epuocneKTpOCKOnHqeCKHe HCCne.LJ.OBaHHJI KOpOTKO)I(HBY~HX 

H30Tonos, y.LJ.aneHHbiX OT nonocbi {~ - cTa6unbHOCTH / I I 
0.LJ.Ha H3 B03MO)I(HOCTeH nonyqeHHJI 3THX H30TOnOB- peaKU.HH 

rny6oKoro pacmenneHHJI npu o6nyqeuuu MHweueH: BbiCOKo-

3HepreTuqecKHMH npOTOHaMH C .LJ.aDbHeHWHM BW.LJ.eneHHeM 

pa.LJ.HOaKTHBHbiX npO.LJ.YKTOB H3 MaTepHana MHWeHH, XHMHqe

CKHM pa3.LJ.eDeHHeM HX no Z 1J OKOHqaTenbHbiM pa3.LJ.eDeHHeM 

xuMuqecKHX 3neMeHTOB no A ua Mace- cenapaTope / 2,:!/ . 

Bbi.LJ.eneuue onpe.LJ.eneuuoro MOHOH30Tona npoBO.LJ.HTCJI nu6o 

nepHO.LJ.HqecKH ("off-I ine ") , nu6o uenpepbiBHO ( "on-1 ine ., ) 
EcTecT s e uuo , 6onee n e pcneKT HBHbi on-line -yc T aHOBKH, 

TaK KaK OHH n03BODJIIOT nonyqaTb 6onee KOpOTKO)I(HBY~He 

H30TOnbi C nepHO.LJ.OM nonypacna.LJ.a .LJ.O HeCKODbKHX COTeH 

MHnnuceKYH.LJ.. 

KonuqecTBO nonyqaeMbiX aTOMOB O.LJ.HOrO H30TOna B 

T a Kux ISOL * -ycTaHOBKaX Onpe.LJ.eD.IIeTCJI He TODbKO 

HH T eHCHBHOCTbiO npOTOHHOrO nyqKa, HO H CKOpOCTbiO nepe

HOCa npO.LJ.YKTOB B CHCTeMe MHWeHb - HOHHbiH HCTOqHHK. 

TpaucnopTHpOBKa npO.LJ.YKTOB .II.LJ.epHbiX peaKu.uH: MO)I(eT 6biTb 

pa36H T a Ha CDe.LJ.YIOlli.He CTa.LJ.HH: 

a/ nepeHOC npO.LJ.YKTOB H3 rny6HHhl K nosepXHOCTH MH-

weuu; 

6/ ucnapeuue c nosepxuocTH; 

B/ TpaucnopTHpOBKa npO.LJ.YKTOB K HOHHOMY HCTQqHHKy; 

r I HOHH3aU.H.II B HOHHOM ucToquuKe; 

.LJ./ TpaHCMHCCHJI HOHOB qepe3 cenapaTOp K KOnneKTOpy. 

*ISOL-lsotope Separator on-line. 



Bhlxo.n; rrpo,n;yKTOB Ha KonneKTope a rrepay10 oqepe.n;L 
orrpe.n;enseTcB 3~eKTHBHOCTbro HOHH3auuu/4/. O,n;HaKo .n;ns 
KOpOTKO)I(HBYIUHX H30TOIIOB 6onbWOe 3HaqeHHe HMeeT apeMJI 
TpaHCIIOpTHpOBKH rrpo,n;yKTOB H HOHH3aUHH jcTa,IJ;HH a - r/. 
CTa.n;us a/ orrpe.n;enseTcB cKopocTLro .n;u~y3HH, cTa,n;HH 
6/, a/ H r I - cKopocTLro .n;ecop6uuu rrpo,n;yKTOB c rroaepx
HOCTH MHWeHH, TpaHCIIOpTHOB Tpy6KH H HOHHOrO HCTOqHHKa. 
3HaqaTellbHaB a,n;cop6UHB rrpo,n;yKTOB MO)I(eT IIpHBO,IJ;HTb K 
rronHoii: rroTepe 3~eKTHBHOCTH ISOL -ycTaHoBKH /S/ . 
llo3TOMY .n;ns .n;anLHeiiwero pa3BHTHB on-line -cucTeM 
rrpe)l(,n;e acero Heo6xo.n;HMO TIUaTenLHoe H3yqeuue .n;ayx 
rrpoueccoa: ,IJ;H~Y3HH rrpo,n;yKTOB s,n;epHhiX peaKUHB B Ma
Tepuane MHWeHH H a.n;cop6uuu ax ua pa3nHqHhiX rroaepx-

HOCTBX. 
B HacTos~qeii pa6oTe Mhl paccMaTpuaanu o6IUHB rrpouecc 

yneTyquaaHHB /.n;u~y3HIO + ucrrapeHue/ ueKoTophlx roMo
reHHO pacrrpe.n;eneuHhiX rrpo,n;yKTOB peaKUHB r ny6oKoro pac
IUerrneHHB H .n;eneHHB /nauTaHH,IJ;hl, Ba, Sr , Cs H Rb/ H3 

4JonLr MeTannuqecKoro ra4JHHB. 
)J,nB yneTyquaaHHB 3THX 3lleMeHTOB H3 ra4JHHB B o6naCTH 

H3yqeHHbiX TeMrrepaTYP CTa,n;Heii, orrpe,n;enBIOIUeB CKOpOCTh, 
BBllBeTCB ,IJ;H~Y3HB rrpo,n;yKTOB Ha IIOBepXHOCTH MHWeHH. 
Tpaaneuue rroaepxuocTH rrocne uarpeaaHHB Hf -4JonLr ue 
Q6Hapy)l(uno HHKaKoro ee o6oraiUeHHB KaKuM-nu6o H3yqae
MLIM 3lleMeHTOM. ll03TOMY peweuHe ypaBHeHHB ,IJ;H~Y3HH 
/BTOpOB 3aKOH tf>HKa/ 

<!_~ =D·~ 
dt dx 2 

/1/ 

c yqeTOM Toro, qTo KouueHTpauus .n;u4J4Jyu,n;upy101Uero 3ne
MeHTa Ha IIOBepXHOCTH 6nH3Ka K HYlliO, ,n;aeT CBB3b Me)I(,IJ;y 
,n;oneii yneTyquaaHHB (F), K03~HUHeHTOM .LJ.H4J4Jy3HH (D) , 

TOlliUHHOB 4Jonbr (d) H apeMeHeM (t) cornacHo /6/ : 

F = 100 _ 800 "" -- . !. 
rr2 n=O 

2 2 
_1 __ • exp(- (2n~~_!2_:_!__)%. 

(2n+ 1) 2 d 2 

/2/ 

YpaaHeHHe /2/ .n;eiicTBHTenLHO TOnLKO .n;nH 4JonLr /una 
rrnaCTHHOK/, e CllH HX TOlliUHHa d HaMHOrO MeHbWe, qeM ,IJ;Ba 
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.n;pyrux pa3Mepa rrapannenerrurre.n;a (d<< a "" b). 3~eKTHBHhle 
K03~HUHeHThl .n;u4J4Jy3HH orrpe.n;ensnucb H3 3Haqeuuii .n;oneii 
yneTyquaauus (F) no Ta6nuuaM ll,HMeua 171. H3 TeMrrepa
Typuoii 3aBHCHMOCTH 3~eKTHBHbiX K034J4JHUHeHTOB ,IJ;H~Y3HH 
cornacuo ypaaueuuro Appeuuyca 

EA 
D = D · exp(- --) /3/ 

o R'l' 

orrpe.n;ensnucb Do H 3HeprHH aKTHaauuu o6IUero rrpouecca 
,n;u4J4Jy3HH. 

2. 3KcnepuMeHma/lbHaJI ~acmb 

tl>onLrH MeTannuqecKoro ra4Juus I d = 0,090 MM/ c 
1'fo-HhiM CO,!I,ep)l(aHHeM UHPKOHHB aKTHBHpOBallHCb Ha BHyT
peHHeM rryqKe CHHxpouuKnoTpoHa OH.HH rrpoTOHaMH c 3Hep
rueii 660 M3B H TOKOM OKOllO 2 MKA. llpH 3TOM ,IJ;OCTHranOCb 
roMoreHuoe pacrrpe.n;eneHHe rrpo,n;yKTOB s.n;epHhiX peaKuuii 
B MaTepHane MHWeHH. llocne COOTBeTCTBYIOIUero "oxna)l(
,n;eHHB" /Bhi.LJ.ep)I(KH/ I ma6A. 1/ o6pa3Uhl rrnoiUa.D.Lro oKono 
8 MM 2 6LICTpO HarpeaanHCb B TaHTanOBOM THrne 3lleKTpoH
HOB 6oM6ap,n;HpOBKOB H Bhi,D;ep)I(HBallHCb OT 2 ,IJ;O 30 MUH 
rrpu orrpe.n;eneuHoii TeMrrepaType. lleqb sansnach Korrueii 
uoHHoro HCToqHHKa rroaepxHOCTHO- HOHH3aUHOHHoro THrra I 41· 
BaKyyM He xy)l(e 10-6 Topp co3.n;aaancs MacnBHblM .n;u~y-
3HOHHLIM HaCOCOM. 

TaHTallOBbiH THrenh C o6pa3UaMH BBO,IJ;HllCB CHH3Y 
qepe3 aaKyyMHhlii wn103,ero MO)I(HO 6hlno Ha6n10,n;aTL caepxy 
qepe3 OKHO H3 orrTuqecKoro KBapua. )J.aa 3KpaHa H3 Monu6-
,n;eHa H cTanu cny)I(HllH TepMOH3onsTopaMH. H3MepeHHe 
TeMrrepaTypbl IIpOH3BO,ll;HllOCb C IIOMOIUbiO BOllb4JpaM-peHHe
aoii TepMorraphl /BPS- BP20/, rroMeiUeHHoii a "qepHoii ,n;blp
Ke" TaHTanoaoro Turns. Kanu6poaKa TepMorraphl rrpoaepg
nacb C IIOMOIUbiO rrpeUH3HOHHOrO HaKallbHOrO pyqHoro MHKpO
rrupoMeTpa "PYRO-WERK GmbH HANNOVEr.", llpJIMOe nupo
MeTpuqecKoe H3MepeHHe TeMrrepaTypbl BO BpeMJI OIIblTOB 
6blll0 HeB03MO)I(H0 H3-3a He06XO,IJ;HMOCTB TepMOB30llJIUBB 
o6pa3UOB ,IJ;BYMJI-TpeMJI 3KpaHHblMH 4JOJihr&MB B3 T&HTaJia 
uerrocpe.n;cTBeHHO B THrne. 
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)J,OJIH yneTy'IHBaHH.H (F) pa3JIH'IHbiX 3JieMeHTOB onpe- npo~o~~eHHe Ta6n.1 
,IJ.eJIHJIHCb y -cneKTpOMeTpH'IeCKH. 06pa3IJ,bl )l.O H llOCJie Ha-

rpeBaHHH H3Mep.HJIHCb Ha Ge (Li )- ,IJ.eTeKTopax. HJMepe- it130TOTI T1/2 
E} 11 Bpe1111 

(K3B) (% Ha pacna~) "oxnall,lleHHII" 

Ta6nuu,a 1 149 GO 9,5 ~~~ 149 55 10- 40 ~~~ 
299 26 

Pa,IJ.HOaKTHBHble HJOTonbl H raMMa-nyqu, BOJHHKaiOilJ,He npH 346 20 
HX pacna,IJ.e, KOTOpble HCllOJib30BaJIHCb )].JIB onpe,IJ.eJieHH.!l 

146 GO 50 ,llH II4,8 
yneTy'IHBaHHH MHKpOKOJIH'IeCTB npO,IJ.YKTOB .!l,ll.epHbiX peaKIJ,HH 1!5,6 90 >. 15 ,liH 

H3 MeTaJIJIH'IecKoro ra,PHHH 155 38 

149 EU 93 ,I .1111 277 3 
I130TOTI T1/2 

E] I] Bpe1111 327 4 
(KaB) (% Ha pacna,ll) "oxnaneHHR" 

147 EU 22 ~~~ I2I 23 
I75 HF 70 .llH 344 85 ~IO .l.IH 677 12 :;:., 10 )\H 

799 7 
172 HF 5 neT 82 IO ~30 ,liH 956 4 

126 2I 
146 EU 4,6 ,l.IH 633+634 82 :>. 15 ,liH 

173 LU I.~~ ro.11 272 26 <:?:15 .ll;H 747 99 o6paoOBBHKe 
JIB I46 GO 

172 LU 6,7 .llH I82 22 ?:10 .ll;H 
I45 EU 5,9 ,liH 894 67 IO - 20 .liH 203 5 

810 I? 
I43 PM 265 )lH 742 38,5 /. 80 .liH 901 32 

9I2 16 
139 CE I40 .ll;H 166 8I :~20 .1.111 109'• 70 

171 LU 8,3 ,l\H 668 15 10-30 ,l.IH 13I BA II ,5 ,llH 124 32 3 - 4 ,l.IH 
216 2I 

169 VB 31,8 ,liH no I8 ~ IO .llll 373 13 
BI II 4% 41 
17'7 22 

128 BA 2,4 .ll;H 273 15 3 - 5 ~~~ 308 10 

166 VB 58 'l 181• 24 4-5 ,l.IH 129 cs 32 'l 372 32 2 - 4 ,l.IH 
4II 22 

166 TM 7,7 'l 216 8 p8BHOB8CI6 
692 10 88 v 107 ,l.IH 1836 99 :.., 20 ,liH 
706 16 
780 26 85 SR 64,5 .ll;H 514 99 ;..: 30 AH 
787 15 

83 SR 33 " 282 20 2 - 5 ,l.IH 
168 TM 85 ~~~ 184 17 ~20 ,l.IH 763 33 

448 23 
816 48 84 RB 33 ,l.IH 882 75 >. 30 .l(H 
821 12 

83 RB 8.5 .ll;H 520 47 /. 30 ,l.IH 
167 TM 9,25 .liH 208 42 10 - 40 ,l.IH 530 30 

165 TM 30 q 243 36 2 - 4 .ll;H 
55.5 I? 

155 TB 5,3 ,liH 87 22 10 - 20 .liH 
105 20 
180 II 

HHJI npOBO,IJ.BJIHCb B ,PBKCBpOBaHHblX reOMeTpB'IeCKBX YCJIO-
153 TB 56,2 'l . 212 35 4 - 15 ,l.IH 

BHJIX, nonpasKa Ha "MepTBOe BpeM.Il" OCyllJ,eCTBJIJIJiaCb no 

153 GO 242 ~~~ 98 30 ~20 .ll;H BHTeHCBBHOCTB reuepaTopuoro nBKa. Onpe,IJ.eneHBe F )l.JIJI 
103 23 

JiaHTaHH)l.OB npOBO,!J.HJIOCb 6e3 paJpyiUeHHJI o6pa3IJ,OB.CeqeHHJI 
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o6pa3oBaHHB H30TOITOB Ba, Cs, Sr u Hb HaCTOnbKO Manbi, 
•no HeJJ.eCTPYKTHBHoe onpeJJ.eneHue F JJ.ll.ll 3THX 3neMeHTOB 
B03MO~HO llHllib ITpH 60llblliHX BpeMeHaX H3MepeHHB H C 
6onbWHMH owu6KaMu. llo3TOMY o6pa3I.J,bi nocne HarpeBaHHB 
pacTBopgnucb B cMecu HF-HN03 • <I>Top- HOHbi CBB3biBanucb 
B KOMITlleKC (BF1 ] - . ra~HH~ H naHTaHHJ].W OCa~J].allHCb B 
BH)l.e rHJ].pOOKHCe~ C 20 M2 naHTaHa /200 M2 Ba H 10 M2 

Cs 6binH JJ.06aaneHbi KaK y J].ep~uBaiOll.I,He HOCHTenu/. Oca~
.n.eHueM H3 ~HllbTpaTa cynb~aTa Ba nonyqanucb npenapaTbi 
Ba u Sr JJ.llB ux JJ.anbHeiiwero H3MepeHHB. Bo BTopoM ~HnbT
paTe, KOTOpbi~ COJJ.ep~an npe~JJ.e acero Tc, MO~Ho 6bino 
xopowo H3MepBTb 129 Cs, 83 Rb u Hlflb.HopManuJai.J,HB Ha 
HCXOJJ.HYIO paJ].HOaKTHBHOCTb ll.l,ellO'IHbiX H ll.l,ellO'IH03eMellbHbiX 
3neMeHTOB ocyll.l,eCTBnBnacb aHanorH'IHO~ o6pa6oTKO~ 3-4 
HeHarpeTbiX CTaHJ].apTHbiX o6pa3I.J,OB. 

B ma6A. 1 yKa3aHbi paJJ.HOaKTHBHbie H30TOITbi, ux nepHOJJ.bi 
nonypacna)l.a H y -nHHHH, HHTeHCHBHOCTH KOTOpbiX HCITOllb" 
Joaanucb npu onpe.n.eneHHH FIB/, a TaK~e apeMeHa "oxna~
JJ.eHHB" o6ny'leHHbiX o6pa3I.J,OB, TO eCTb BbiJ].ep~KH OT KOHI.J,a 
06ny'leHHB )].0 TepMH'IeCKO~ o6pa60TKH,KOTOpble He06XO)l.HMO 
6bwo co6niOJJ.aTb JJ.llB onpeJJ.eneHHB F c xopowe~ TO'IHOCTbiO. 
,[l,ng y -cneKTpoMeTpuqecKoro aHanuJa npuMeHBnHcb: 

1 c.M3 Ge(Li)-.n.eTeKTop c pa3peweHHeM 0,7- 1,0 K3BH 

41 c.M 3 Ge(Li)- JJ.eTeKTop c pa3peweHHeM 1,8 - 2,2 K3B. 

llony'leHHbie y -cneKTpw o6pa6aTbiBanucb Ha 3BM HP 2116C 
C ITOMOll.l,biO aBTOMaTH'IeCKHX nporpaMM 3KCnpeCC -o6pa60TKH 
y-cneKTpoB "3llOC-1" /9/ u "SUCHE"/10/.To'IHaB o6pa-
6oTKa cno~Hwx cneKTPOB ocyll.l,eCTBnBnacb Ha 3BM CDC-6200 
no nporpaMMe "GAMMA" /l l/npoCTbie cneKTpbi I Ba - H 
Cs -~paKI.J,HH/ o6pa6aTwBanucb Ha 3BM " MuHcK- 2" c uc
ITOllb30BaHHeM CBeTOBOrO KapaHJ].aWa /l 2/. Puc. 1 ITOKa3bl" 
aaeT y -cneKTp Hf-o6pa3I.J,a, H3MepeHHbi~ qepe3 10 JJ.He~ 
nocne o6ny'leHHB Ha Ge(Li) - J].eTeKTope o6'beMoM 1 CM ~ • 

Ta6A. 1 u puc. 1 noKa3biBaiOT, 'ITO JJ.llB 6onbwe~ qacTH 
naHTaHHJJ.OB BbiJJ.ep~Ka 10-30 oHeu nocne o6nyqeHHB JJ.aeT 
B03MO~HOC'Ib onpeJJ.enBTb F 6e3 paJPyWeHHB 

s3 8 r29c 
o6pa3I.J,OB. OnpeJJ.eneHue F Jl.llB r H s Tpe-
6oaano BpeMeHH BW,I1.ep~KH o6ny'leHHWX ei6pa3I.J,OB He 
6onee 2-4 OHeU. Y OCTallbHbiX naHTaHHJJ.OB, KOTOpWe He 
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BKniO'leHhl B ma611. J, HMeiOTCH nHlllh OTHOCHTenhHO KOpOTKO

)I{HBYI.l{He H30TOllhl, TaK 'ITO )J;OCTaTO'IHO TO'IHOe onpe.n;eneHHe 

F 6hmo JaTpy.n;uuTenhHhiM. 

3. Pe3yllbmambl u o6cyJKOeHue 

Ta611. 2 u puc. 2 noKa3hiBaiOT 3aBHCHMOCTh .n;onu 

yneTytiuaaHHH F pa3JIH'IHhlX 3neMeHTOB OT TeMnepaTyphi. 

PacC'IHTaHHhie H3 F 3<lJ<beKTHBHhie Ko3<b<buuueHThi .n;u<b<by3HH 
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TEMnEPATYPA 
Puc. 2. ,l(o11u yAemy'lueaHUJI Gd, Ba u Rb U3 o6Ay'leHHoii 
za(JHUeeoii tfl0/lb2U mOIIU#UHOU 0,090 MM 6 3Q6UCUMOCmU 
om meMnepamypbl; epeMJI HazpeeaHUJI - 5 MUH. 
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Ta6nuua 2 
)l,onH yneTy'IHBaHHH pa3nH'IHhlX npo,n;yKTOB H.n;epHhlX peaKIJ;HH 

H3 ra<buueaoii <bonhrH Tonmuuoii 0,09 MM 

T t ~OnH yner,yqHB8HHft F (~) 

( K) (ceK) LU VB TM T8 GO 

1690 600 2 ,0±.1 ,0 4 ,6±.1 ,5 I, 7±.1, 0 4,8±.1,5 4. 7±.1 ,5 
1725 300 
1735 1800 13,4±.2,6 11,7±.2,0 10,7±.2,0 13,0±.1,0 15,6t.:i,8 

1755 1000 9,9+_.3,6 8,3±.2,3 12,1±.2,3 10,3±_3,5 15,3±.2,5 
1765 600 6,9±.2,0 4,8±.2,1 7,5±.2,2 10,3+_3,5 8,1±.1,9 
1780 1800 9,3+1,2 13,4+2,1 13,6+2,1 15,7+3,0 17,5±.1,9 

1790 1200 12,8±.3,4 9,2±.2,6 II,4±.2,0 II,ot.6,2 13,2±.1,5 
1790 600 16,4±.4,0 14,2±.2,6 10,2±.2,8 20,1±.6,5 18,2±.4,5 
1825 600 8,7±.2,1 10,4±.2,3 15,1±.3,9 13,2±.2,0 13,3±.2,1 

1830 300 
1860 600 
1900 300 

1900 600 
1910 600 
1960 300 

I%5 300 
1970 300 
1980 120 

2020 600 
2040 300 
2070 300 

2080 120 
2100 300 
2II5 300 

2225 300 
2235 300 
2315 300 

9,8±.2,4 
9,6±.2,4 

18,2±.2,0 
16 ,2±.4 ,0 

9,9+_.3,6 
12,4t;S,4 

64,1±.2,1 
76,4±.2,2 

55,3+_5,1 
90,4±.1 ,o 

99,0±.0,5 
ICJ0±.0,3 

9,1±.1 ,I 
8,7±.1,8 

20,2±.2,1 
20,6±.1 ,0 

12,0±.1 ,o 
13 ,3±.1 ,4 

83 ,3±.1. 7 
97 ,4±.0, 7 

87,7±.1,2 
98,8±.0,5 

100±_0,3 
10ot.0,3 

8,2±.2,1 
10,5±.2 ,o 

22,0±.1 ,9 
20,9±_1 ,6 

13 ,!±.! ,5 
14,1±.1 ,4 

82,9±.1. 7 
97 ,4±.0, 7 

86, 7±.1 ,5 
98, 7±.0,5 

99,6±.0,3 
100±.0 ,3. 

7,6±_3,7 
9,5±_3,4 

12,2±.2,4 
10,3±.1 ,4 

25,4±.2,3 22,3±.2,1 
20,7±.2,7 25,1±.1,9 

13,5±.2,9 14,6±.1,1 
15,8±.2,5 17,1±.2,4 

85,9±_1,9 87,0±.1,9 
97,2±.0,7 96,2±.0,7 

87,8±.0,3 87,3±.0,9 
99,2±.0,5 98,7±.0,5 

100±.0,3 
100±.0,3 

99,0±.0,3 
100±.0,3 
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T 
( K) 

1690 
1725 
1735 

1755 
1765 
1780 

1790 
1790 
1825 

1830 
1860 
1900 

1900 
1910 
1960 

1965 
!970 
!980 

2020 
2040 
2070 

2080 
2100 
2II5 

2225 
2235 
2315 

t 
(ceK) 

600 
300 

1800 

1000 
600 

1800 

1200 
600 
600 

300 
600 
300 

600 
600 
300 

300 
300 
120 

600 
300 
300 

120 
300 
300 

300 
300 
300 

npo.D;OJ!ll6HII6 T86JIHIUI 2 

J!OJIII YJI6TY'IIIB8HIIII F (%) 

EU BA SR 

18,1!),1 15,5~,5 23,7~4,5 

14,1~3,6 16,1±5,0 23,~4,5 

17,~2,9 22,5~5,0 22,~4,5 

16,~4,1 22,1~5,0 19,5~5,0 

17,4~4,4 

cs ftB 

5,0t_J,O 
5,5!),5 7,6~5,0 

2,~2,5 

27 ,4~5 ,0 - - 14 ,3t,4 ,5 

11,6~4,9 26,6~,5 

24,2~5,0 

27 ,Bt_3 ,5 
36,1~9,0 

29,~6,0 29,7!?,0 

13,9~5,2 27,4~5,0 

18,3t,4,3 17,0±5,0 

92,5!),1 
98,5t.1 ,0 

94,~2,1 

98,7~0,5 10~0,5 

100t,0,5 
10~0,5 

28,2~4 ,5 
19,3~5,0 

33,~3,5 

46,~5,5 

32,2±5,0 
$7 ,2t,4 ,5 

%,7~2,1 

1~0,5 

1,7!),0 7,4~4,3 

22,~5,0 

20,~5,2 29,6t,5,2 

55,5±5,0 
28,9~5 ,o 

14,~4,2 23,6~6,1 

14 ,3~4 ,5 
39,2t,4,5 

37,0±4,6 39,1~5,0 

53,2t,5,0 51,7±5,0 
52,1t.5 ,0 
72,~4,5 

D Ppe,IJ,cTaaneHbi B ma6/l. 3 H Ha puc. 3 A- B KaK cbYHKUHH 

o6paTHOH a6comoTHOH TeMnepaTypbi. Ta6/l. 4 co,IJ,ep)I(HT 

3HeprHH aKTHBan;HH AHcbcbY3HH H aenH'IHHbi Do ,IJ,mi pa3nH'IHbiX 

3neMeHTOB, Bbi'IHCneHHble ITO ypaBHeHHIO /3/. 

12. 

Ta6nun;a 3 
3cbcbeKTHBHbie K03qxpHD;HeHTbl ,lJ,HcbcbY3HH pa3nH'IHbiX 
llpO,IJ,yKTOB H,IJ,epHbiX peaKD;HH B MeTannH'IeCKOM racbHHH 

-;x~o4 
(K-I) 

5,92 

5,80 

LU 

+0,13 
O,II-0,09 

Ko~UKeHTY .D;II~yai!H 

VB TM 

o, 5-rt_g ,4I 
,32 O,Iot0,09 

ox rol 0(c112• ceK-I) 

TB GO 

0 62+0 •44 0 62+0 •44 
' -0,34 ' -0,34 

5,76 1,6 :g·~ 1,2 :g·~ I,I t,0,2 1,5 ~0,2 2,I~0,3 

5 7o 16+1 •3 Ir+0 •7 23+I,o I7+I,3 37+I,4 
• • -I,o • -0,5 • -o,8 • -I,o • -1,I 

567 13+0 •8 062+0 •70 I5+I,o 28+2,2 r7+1,o 
' ' -0,7 ' -0,42 ' -0,8 ' -1,6 ' -0,8 

5 62 0 76+0,I6 I 6 +0 •5 I 6 t0, 5 2 2 +I,3 2 7+0 •7 
' ' -0 I6 ' -0 4 ' -0 4 ' -I 0 ' -0 6 

5 59 2 2 +I, 3 I I +0, 8 I 7 +0 •7 I 6 +I, 8 2 3+0 •6 
' ' -I,I ' -0,6 ' -0,5 ' -I,4 '-0,5 

5 59 7 I +4 •0 5 4 +2 ,I 2 7 +I, 8 II +7 8 7+4 •8 
' ' -3,0 ' -I,8 ' -I,5 -5 '-3,7 

5 49 2 0 +I,I 2 9 +I,4 6 I +3 •4 4 6 ti,6 4 7+I, 7 
• • -0 8 • -I I ' -2 7 • -I 2 • -I 3 

5,46 

5 38 2 6 +I •4 2 2 +0,5 I 8 +I,O I 5 +I, 9 3 9+1 •7 
• • -I ,I ' -0,4 ' -0,7 • -I ,I ' -I ,3 

5 26 4 9 +3 •0 4 0 +I, 8 58 +2 •5 4 8 +4 •0 5 6+1 •
7 

• • -2 I • -I 5 • -I 8 • -2 8 • -I 3 

5,26 

5,24 

5,IO 

5,09 

8,8 +2,0 
-I ,8 

I4 + 8 
- 6 

II +3 
- 2 

23 + 2 
- 2 

13 +2 
- 2 

23 + 4 
- 4 

I7 + 3 
- 2 

23 + 5 
- 5 

13 + 2 
- 2 

33 + 5 
- 5 

5 08 54 +4 •3 7 6 ti, 3 9 I +2 ,I 9 7 +4 •5 II + 2 
• • -3 ,I • -I ,0 • -I, 7 • -3,7 - 2 

5 05 20 tl3 23 +6 27 +6 33 +II 39 til 
' -9 -4 -4 -8 -8 

4 95 1IO +7 2I4 +14 2I1 tl4 237 t20 247 t20 
' -7 -14 -I4 -20 -20 

4 90 330 +30 930 +90 930 +90 9I5 +90 832 +60 
' -30 -60 -60 -60 -50 

4.!B 

4,8! 

4,76 

4,73 

4,49 

4,47 

4,32 

400 +80 -80 

580 +30 
-30 

>1200 

>2000 

1280+70 
-70 

1230 t80 
-80 

1I5o+200 1I30 +200 
-IOO -100 

>2000 

>2000 

>2000 

>2000 

1280 +200 I25o+60 
-150 -60 

I210 +200 
-100 

> 2000 

> 2000 

II3o+200 
-100 

>000 

>2000 
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RPOAon•eH•e ~8~JKQK 3 

-; x Iff KO~IIJieH~ A•iWfa.. Oxiol 0(c•~cex-1 ) 
(K-I) EU BA SR CS RB 

5,92 - - - - 0,65~:~ 
5 BO - - - I 6 +2•5 2 9 +3•3 

' ' -I ,6 ' -2 ,I 
5,76 2,9j:,I,O 

5 70 2 9 +?,O 4 I +3,0 8 8 +3,6 
' ' -1,6 ' -2,1 ' -2,9 

5,67 - - - - 0,22~:~ 
5 62 2 6 +1,0 4 5 +2,0 4 ~ +1,8 • • -o.a • -1.6 •"" -I.s 
5 59 3 4 +I ,B 6 5 +3 ,O 4 B +2,9 

' ' -1,5 ' -2,6 ' -2,5 

5,59 B,O ~:g 

5 49 I 9 +B 5 4 +4 ,0 ' - ~ - - ' a·o 
5,46 - - - o,I6~;~6 2,9 _2;! 
5 38 3 6 +4 •6 IB +7 20 +B 

' ' -2,4 -5 ~ 

5 26 - 30 +14 20 +II , jO 1 
5 ,26 - 20 -5 43 ~ 
5,24 - 34 ~~0 - - 14 !~ 
5 IO 43 +I 7 45 +17 IIO +33 

' -16 -14 -?? 
5 09 - - - 23 +8 45 +21 ' -7 -19 
5 OB IO +9 39 +1 5 54 i:18 

' ~ -13 •16 

5 05 44 +24 38 +30 40 +22 
' -18 ~ -?0 

4 95 - 320 + 0 - - 84 +13 ' - 44 -18 

4 90 1090 +?50 3 +IB 
• - -150 - - 4 -16 

4,83 - - IO ~~ - 29 ~g 

4 8I 1250+60 1800 +300 2170 +700 - 28 +21 
t ~0 -240 -340 -17 

4,76 - (. 2000 (. 2000 - 79 ~~ 

4 '73 - - - 72 ~g 79 ~~ 

I 5 +30 1 o+30 4,49 - - - ~ -30 4 -20 

4,47 - > 2000 > 2000 - HO~~g 

4 ,32 - > 2000 > 2000 - 3oo~g 
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3.1. B o6I.QeM MO:>KHO BH,IJ;eTL, 'ITO F yMeHLwaeTc11 

B p1i,IJ;y: Sr _ Ba :::: nanTaHH,IJ;LI > Rb:::: Cs.06pa6oTKa ua 3BM 

ua:H,IJ;eHHLIX JHa'leHHB 3HeprHH aKTHBaiJ,HH E A H nocT011HHLix 

lgD0 noKa3aJia, 'ITO ,IJ;JI.H BCeX HCCJie,IJ;yeMLIX 3JieMeHTOB 

B npe,IJ;eJiaX OWHfiOK OHH KOJie6JIIOTC.H OKOJIO cpe,IJ;HHX 3Ha'le

HHB E A = 78 KKaA/MOAb H lgDo = +0,1 I ma6A. 4/. 
3.2. Puc. 2 H 3 A- B noKaJLIBaiOT, 'ITO ,IJ;JI.H nanTHHH,IJ;OB 

H IIJ,eJIO'IH03eMeJILHLIX 3JieMeHTOB Ha6JIIO,IJ;aeTC11 HeMOHOTOH

HLIB xo,IJ; TeMnepaTypuo:H JaBHCHMOCTH 3<WleKTHBHLix K034J-

4Juu,uenToB ,li;H<WIY3HH C paJpLIBOM B 06JiaCTH 4Ja30BOrO 

nepexo,IJ;a 

a - llf 
2033K 

{3 - Hf. -----> 

<l>aJOBLIB nepexo,IJ; He BJIH11eT Ha XO,IJ; liJyHKIJ,HH lgD = f( ~-) 
,IJ;JI11 Cs H Rb. 3To 11BJieuue no3BOJI11eT c,IJ;enaTL BLIBo,IJ;, 'ITo 

,li;O a -• f3 nepeXO,IJ;a ,ll;1111 BCeX H3y'laeMLIX 3JieMeHTOB CKO

pOCTLOnpe,IJ;eJI1110I.QeB 11BJI.eTC11 ,IJ;H<WIY3H11 B 06'LeMe KpHC

TaJIJIOB. llpH'IeM COOTHOWeHHe pa3MepOB TeTpa- H OKTa-

3,ll;pH'IeCKHX nycTOT B a - H {3-liJaJax Hf H paJMepoB 

,li;H<l>ciiYH,IJ;HpyiOI.QHX a TOMOB ll03BOJI11eT HCKJIIO'IHTL Me:>K,IJ;o

yJeJibHLIB MeXaHH3M ,li;H<WIY3HH H KOHCTaTHpOBaTb JIHWb 

O,IJ;HH - BaKaHCHOHHLIB MexaHH3M /13/. )l,H<l>ciiY3H11 no ,IJ;H

CJIOKaiJ,HHM, KOHIJ,eHTpaU,HH KOTOpLIX pe3KO yBeJIH'IHBaeTCH 

B pe3yJILTaTe llOJIHMOpliJuoro npeBpai.QeHH11, npOHCXO,li;HT, 

BepOHTHO, ,li;JIH pe,IJ;K03eMeJILHLIX H I.QeJIO'IHOJeMeJILHLIX 31Ie

MeHTOB MHOrO 6LICTpee, 'leM ,li;JIH I.QeJIO'IHLIX MeTaJIJIOB, 

npa'leM ,IJ;aHHLIB npou,ecc 6naronpHHTHee ,IJ;JI.H Sr a Ba no 

cpaBHeHHIO C JiaHTaHH,IJ;aMH. )l.H<l>ciiYJHH no ,IJ;HCJIOKaiJ,H.HM ,li;JI.H 

Cs a Rb npoucxo,IJ;HT, Bepo.HTHo, Me,IJ;neuuee H3- Ja ux o'leHL 

60JibWHX aTOMHLIX pa,IJ;HYCOB, 'leM ,IJ;H<l>ciiY3H.H no BaKaHCH.HM. 

HeJHa'IHTeJILHoe paJJIH'IHe B 3TOM cnyqae Me:>K,IJ;y Rb H Cs 

TaK>Ke MO:>KeT 6LITb Ka'leCTBeHHO Ofi'L.HCHeHO pa3JIB'IHeM pa3-

MepOB H Mace HX aTOMOB. 

3.3. BenH'IHHLI F ,IJ;JI.H Bcex nanTaHH,IJ;OB npaKTH'IeCKB 

o,IJ;HHaKOBLI. ToJILKO Lu JaMeTHO noJ>Ke yneTy'IBBaeTc.H. ITo 

uaweMy MHeHHIO, npu pa6o'IBX TeMnepaTypax Lu CHJILHee, 

ue>KeJIH ,IJ;pyrue pe,IJ;KOJeMeJILHLie 3JieMeHTLI, a,IJ;cop6upyeTc11 

ua noBepxuocTB Hf B Ta-3KpanoB/5/, 'ITO uecKOJILKO Top

MOJBT ero yJieTy'IBBaHBe B3 30HLI HarpeBa. 3TOT BLIBO,IJ; 

no,IJ;TBep:>K,IJ;aeTC.H TeM, 'ITO Lu BMeeT HaMnoro 6onLwee 
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Puc. 3. 3a6ucuMocmu Aozapu(JMa :JtfitfieK1!1U6HbJX Ko:JtfojJUt#UeH

~ 11106 ou(J(Jy3UU MUKpOKOAU'leC1116Q HeK01!10pbJX 3AeMeH11108 6 
~ MemaAAU'leCKOM zacfjHuu 0111 o6pamHoii meMnepamypbl: A - Gd 

u Lu , E - Sr u Ea ; B - Rb u Cs. 

cpe.n.uee BpeM» )KBJHH ua nooepxuocTH Ta, ~IeM nee .n.pyrue 

naHT aUH)J.bl. 
3.4. 113- Ja HCOOCTOHHCTDa MeXaHH3Ma .IJ.lll}lcPy311H, Dbl3-

nauuoro !l>aJOBblM nepeXO,IJ;OM, K03l}lcPHUHeHTbl ypaBHeHIUI 
/3/ D

0 
H EA .n.n.H IUenoquoJeMenhHbiX H pe.n.xoJeMenhHbiX 

3neMeHTOB B o6naCTH !l>aJOBOrO nepeXO)J.a MO)KHO onpe.n.enHTb 
nHillb c oTHOCHTenhHO 6onhlllOH OlllH6Koii I ma6A. 4/. He 
npe,llcTannseTC.H BOJMO)KJihiM TaK)Ke Toquoe onpe.n.eneune 
3cWJeKTHBHblX K03clKPHUHCHTOB .IJ.Hl}lcPyJBH 3THX 3ReMeJITOB 
OT.IJ.CllbllO KaK B a-, TaK H B {:3-ra!l>HHH, a BMeCTC C TeM 
H ponu !l>aJoBoro nepexo,IJ,a B ycxopeHHH .n.u4lcllyJBB. 

3.5. KaK noKa3blBaiOT peJynbTaTbl 3Toii pa6oThl, MeTan
nuqecxuii ra!l>uuii npe.n.cTaBmieT co6oii MaTepuan MHillCHH; 
Y.IJ.OBllCTBOp.HIOIUHH Tpe6oBaHHHM nepBOH CTa)J.IIH nonyqeHH.H 
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Ta6nuu.a 4 
Ko34Kt>HU.HeHThi ypasueHH.R Appeuuyca /3/ E A H logD 0 .n.n.R 
.n.u~~YJHH paJnuquwx 3neMeHTOB B MeTannuqecKoM ra~HHH 

3JJe!ICHT 
EA :t. ~EA 

KK8JJ/:~Oilh 

--
LU 78,2:t.15 ,4 

YB l:li ,4:t.9, 7 

TM 9),6±_I3,0 

TB 7I ,':!:t.I3 ,rl 

GD 73,1±_IU,7 

EU 67 ,'~:t.I5, 7 

SA 70,9:t.o,3 

SR 84 ,2±_13 .'~ 

cs 85. 7:t.28,6 

RB 77 ,I:t.tl,3 

logD0 ±A log Do 

+0,2:t.I,8 

+0,2±_1 ,2 

+1, 7:t.I ,6 

-0. J:t.l. 7 

-0 ,6±_1 • 3 

-l,2:t.l,9 

-G,3:t.I ,0 

+I ,1±_1 ,6 

+0,5±.3,2 

+0,2:t.0,9 

06nacTD 
TCt.mepaTyp 

1700 - 2020 ){ 

} 1700 - 2300 I{ 

KopoTKO)I(HBYIIJ.HX HJOTonos nauTauu.n.os /paJ.n.en 1/. B pe)I(H
Me "off-line" MO)I(HO ucnonhJOBaTh ~aJOBhiH nepexo.n. 
.n.n.R oqenh 6hiCTporo yneTyqusanu.R HJOTonos pe.n.KoJeMenh
uwx 3neMeHTOB - npo.n.yKTOB .RJI.epuwx peaKu.uii. BwcoKa.R 
CKOpOCTh yneTyqusaHH.R ll03BOnHeT H B pe)I(HMe "on-linP" 
BW.D.enHTh Ja KOpOTKOe BpeMH 6onhlliYffi qaCTh npO.D.YKTOB 
H.n.epHhiX peaKU.HiL B o6nacTu TeMnepaTyp 2200 - 2300 K, 
HCXO.IJ.H H3 3HaqeHHH lgD .IJ.llH IIJ.enoquoJeMenhHhiX H pe.n.Ko
JeMenhHhiX 3lleMeHTOB, npeJI.CTaBneHHhiX Ha puc. 3A H 3Ji, 
speMeHhi nonyBhiJI.eneHHH onpe.n.enHmT KaK 1- 10 c/ ma6/l. 5/. 
DOllhlliaH CKOpOCTh yneTyqusaHHH ll03BOnHeT TaK)I(e HCUOnh-
30BaTh B KaqecTse MHrneuu 6onee ToncThie Hf-o6pa3U.hi 
/0,5 - 1,0 MM/. CpaBHHMhie speMeua nonyBhi.D.eneHHH nan
TaHH.IJ.OB H3 6onee TOHKHX Ta-~Onhr /0,05 MM/ .IJ.OCTHra
ffiTCH nurnh s o6nacTH 3000 K /l 4/. 

MeTannuqecKHH ra~HHH sepo.RTHO nyqrne KaK MaTepuan 
"on-line" -Murneuu, qeM MeTannuqecKHH TaRTan, TaK KaK: 

- npOJI.YKTW HJI.epHWX peaKU.HH /naHTaHH.IJ.hl/ BWJI.enHIDTCH 
6hiCTpee u npu JuaquTenhHo 6onee HHJKHX TeMnepaTypax; 
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Ta6nuu.a 5 
BpeM.R 50o/o-uoro yneTyqusaHH.R naHTaHHJI.OB H3 o6nyqeuuo:H 
~OnhrH ra~HHH TOlliiJ.HHOH 0,1 MM .D.nH pa3nHqHWX TeMnepa Typ 

T 
(K) 

2000 
2100 
2200 
2300 

BpeM.R nonyyneTyqusaHHH 
leeK/ 

103 
102 
10 

1 

- MO)I(HO HCITOllh30BaTh 6onee TOnCThie MHllieHH, He 
onaca.Rch Toro, qTo npu .n.nuTenLuo:H 3KcnnyaTau.uu "on-line"
ycTaHOBOK npoucxo.n.HT nocTeneuuoe ysenuqeuue pa3Mepa 
3epeH B TBepJI.WX HarpeThiX MHllieH.RX. 

AsTopw 6naro.n.ap.RT npo~eccopa, .D.OKTopa XHM.uayK 
B.A.XanKHHa 3a nocTO.RHHw:H' HHTepec K pa6oTe, B.A.Iiw
CTposa H 0. KHOTeKa 3a UOMOIIJ.h UpH UOCTaHOBKe H npose.n.e
HHH OllhiTOB, a TaK)I(e U:.BhinOBa, r. -)I(.OpTnenna H 

B.- ,lJ;.<I>poMMa 3a npe.n.cTasneuue H3MepuTenLuo:H TeXHHKH 
H yqacTHe B 06pa60TKe JI.aHHhiX. 
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