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Peeru T. H Dp. f-'12 - 10881 

YneryqHBBHHe aro~oB - npoDyKTOB HDepHwx peaKUHA - H3 MeDH, 

3onora, HHKenH " rpacjm ra 

noKB3BHO, qro "3118,1CHTbl H~ . T1 • Pb H Bi (cnenOBb!e K011Hqecraa) 

H, BepOHTHO, HX r0,10110rH - raepXTH>+-8.'1bl8 3,>eMeHTbT 112-!15 yneryqHBB

!DTCH 113 Cu-. AU-H Ni -¢ollbr TOnillHHOJI 2-10 MKM H rpa<jJHT8 (500 MKM) 

npH 1000°C n anwcq1epe aonopona IWII renHH B KBapueaoA annaparype 

c BbiCOKHM BbiXOllOM 3a 30 \1HH. Ko3¢¢HuHeHT orneneHHH or aKTHHOHDOB 

(Am) BbiWe 10 9 

Pa6ora BbinonHeHa a Jla6oparop1111 HDepHbiX peaKUHA Oll.HI·l. 

flpenpBHT 06'1oeABHeHHOTO BHCTBTyTa IAepRWX BCCneJlOBaBBi. ,lly6aa 1977 

Reetz T. e t a 1 . P12 - 10881 

Volatilization of Hg , T1 ,Pb and Bi Atoms 
_Produced by Nuclear Reactions, From 
Copper, Gold, Nickel and Graphite 

I t w a s f o u n d t h a t t r a c e r qua n t i t i e s of Hg , T1 , Pb and 
Bi as well as probably also homologous superheavy elements 
112 to 115 can be extracted from Cu, Au and Ni foils 2 to 
10 rm thick or from graphite (500 ~m) with high yield by 
volatilization at l000°C in hydragen or helium atmosphere 
(apparatus made of silica) within 30 min. Separation 
from actinides with a factor higher than 10 9 was obtained 

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

Preprint of the Joint Institute for Nuclear Research. Dubna 1977 
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© 1977 06'!>eOuHeHHWU UHC•u•y• AOepHWX UCCAeOOBQHUiiJly6Ha 

llpo,IJ.yKTbl JI,IJ.epHbiX B3aHMO,IJ.eHCTBHH T JDKeJILIX HOHOB 

npao6peTaffiT 3Ha'IRTellLHLIH RMDYllLC B HanpaBneHRR nyq

Ka, 'ITO MO)I(HO RCDOllL30BaTL ,IJ.llJI 8X OT,IJ.eneH8JI OT Bell.\eCT· 

Ba M8WeHR, ecn& B3JITL MRWeHL TOllll.\HHOH MeHLWe npo-

6era. ATOMLI OT,IJ.a'IR HY)I(HO 3aTeM 3aTOpM038TL B ra3e 

8ll8 B KaKOM ·n860 TBep,IJ.OM CTOOnepe /c6opH8Ke/. 

B HaCTOJIU(eH pa6oTe Mbl 8CDOllL30Ball8 c6opH8K8 83 

Me.D.8, JonoTa, H&Ken.ll 8 rpaliJ8Ta 8 8ccne.D.osan8 B03MO)I(· 

HOCTL OTHOC8TellLHO 6LICTpOrO Bbi,IJ.eneH8JI 3lleMeHTOB 6- ro 

nep8o.D.a oT Jig JJ.O Po 8 8X 6onee T Jl)l(enLix roMonoros -

"csepXTJI)I(ellbiX 3lleMeHTOB" /CT3/ OT Z = 112 .D.O 116 
83 c6opH8Ka Ja C'leT 8X yneTy'I8BaHRJI Op8 DOBLIWeHHOH 

TeMnepaType. B 3TOM cnyqae Tpe6yeTCJI, 'IT06LI 8Mena 

MecTo 6wcTpa.ll .D.8~Y38.11 CT3 s MaTep8ane 8 nonuoe ax 

8cnapeu8e c nosepxuocTH c6opH8Ka. B TO )l(e opeM.II .D.ll.ll 

ODLITOB DO D08CKY CT3 He06XO,IJ.8MO KOllR'IeCTBeHHOe y,IJ.ep

)l(aH8e aKT8HOH,IJ.OB B MaTepaane C60pHHKa. llo ,IJ.aHHbiM 

Mypa 11 :, 3HeprH.II aKTHBaU.88 .D.H~Y3RR /o6"LeMnoi/ q JIB· 

ll.lleTCJI $yHKU.ReH aTOMHOrO 06"LeMa \ 2 C ,IJ.pyroH CTOpOHLI, 

B 83BeCTHOM ypaBHeHR8 ,IJ.ll.ll K03~8U.HeHTa ,IJ.8~Y38H 

ll - D
0
exp(Q 'RT) /1/ 

Cyll.\eCTByeT KOppellJilJ.,H.II J'fe)I(,IJ.y Q R npe.D.3KCDOHeHU.RallL-

D I 2-4 
HbiM MHO)I(RTeneM O. ' · 

TaKRM o6pa3oM, D B nepsoM npa6na)l(eHRR JaBRCRT 

TonLKO oT V 2 . KoppeJIJIU.RJI Me)I(.IJ.Y Q a D0 JaMeTHO ynyq

waeTc.ll, ecna KpoMe aToMHoro o6"LeMa .D.R~YH.D.RPYIDll.\ero 
aTOMa npRHJITL BO BHRMaH&e 3lleKTpOOTpRU,aTellLHOCTL 

3lleMeHTa·MaTpRU.LI Eli 4( flpR RCDOllL30BaHHR HOBLIX JIB· 

TepaTypHLIX ,IJ.aHHbiX 0 ,IJ.R~y3RR 3lleMeHTOB·npHMeCeH B 
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MeTannax Al, Cu, Ag, Au H Ni ,An.ll Q uenepexo,AHbiX 

3neMeHTOB nony'leHo Bblpa:>KeHHe 

lgQ = k
0

lg[V 
2 

-6<E 
2
-E

1
)] + k'0 , /2/ 

r,Ae napaMeTpbi kQ H kQ 3aBHCJIT TOnbKO OT MaTepuana 

MaTpHD;bl /5/. Ilpe,ACKa3aHHble 3Ha'leHHJI aTOMHbiX Ofi'be

MOB H 3neKTpOOTpHD;aTenbHOCTeB 3neMeHTOB 112-116 C~aB~ 
HHMbl co 3Ha'leHH.IIMH ,An.ll roMonoroa oT Hg .AO Po I 

6 - 8 ,'. 

TaKHM o6pa3oM, H3 o6ID;ero xapaKTepa 3aBHCHMOCTH D oT 

V 2 .IIBcTayeT, 'ITo cKopocTb .AH4HtlY3HH CT 3 ,Aon:>KHa 6b1Tb 

finH3Ka CKOpOCTH .AH4HtJY3HH HX rOMOnOrOB. 

3KcTpanon.llo;H.II 3Hepruil cy6nHMau;uu no rpynnaM nepuo

,AH'IecKoil cucTeMbl /6-12/ noKa3biBaeT, 'ITO neTy'leCTb CT3, 

aepo.IITHO, 6onbliie neTy'leCTH Hg-Po, H, B qacTHOCTH, 

a TepMoxpoMaTorpa$H'IecKoil KonoHK·e CT3 ,Aon:>KHbl oca:>K

,AaTbC.II npH fionee HH3KOB TeMnepaType. 113 TH:>KeJibiX 

3neMeHTOB rnaBHbiX no,Arpynn caMble BbiCOKHe 3HeprHH 

cyfinHMaD;HH Hafiruo,AaiOTCJI y CBHHD;a H BHCMyTa; COOT

BeTCTBeHHO, 3TH 3neMeHTbl HMeiOT HaHfionee BbiCOKHe TeM-
I , 

nepaTypbi oca:>K,AeHH.II Ha KBapu;e, Me.AH H HHKene , 11. /eM. 

TaK:>Ke ma611. cTon6. 3/. TeMnepaTypa oca:>K,AeHHH 3ne

MeHTOB OT 112-ro ,AO 116,-ro Ha 3THX MaTepHaJiaX O'leBH,A

HO, fiy,AeT HH:>Ke 600' /! 3/.TaK KaK JieTy'leCTb 3Ka3neMeH

TOB Bblllle H CKOpOCTb .AH4HtJY3HH 6JIH3Ka BenH'IHHaM ,AJIJI 

roMonoroa, yneTy'IHBaHHe 3JieMeHTOB 6-ro nepuo,Aa cne

,AyeT C'IHTaTb HH:>KHHM npe,AenoM ,AOCTH:>KHMoro BbiXO.Aa CT3. 

113 3KCDepHMeHTa/13/ H3BeCTHO, 'ITO fibiCTpOe HCDape

HHe C DOBepXHOCTH DpOHCXO,AHT DpH TeMnepa Type, Ha 150-

250c C Bblllle Te Mnepa TYPbi oca:>K,AeHHH. Ha ocHoBaHHH ,AaH

HbiX ma6AUijbl MO:>KHO O:>KH,AaTb, 'ITO ,AJIH fibiCTporo HCnapeHHJI 

Pb H Ei HY:>KHbl TeMnepaTypbl OT 800 .AO 1000°C. TeM

nepaTypa nnaaneHH.II cTonnepa .AOn:>KHa 6b1Tb Bblllle 3Toro 

ypoBHH. 113aecTHo, 'ITO Ko34HtJHu;HeHTbi caMO.AH4HtlY3HH acex 

"HOpMaJibHbiX" MeTaJIJIOB npH O,AHHaKonoif OTHOCHTeJibHOB 

TeMnepaType (T/T nn) npu6JIH3HTeJibHO paBHbl. Mo:>KHO 

npe,ADOJIO)I(HTb, 'ITO 3TO cnpaBe,AJIHBO H ,AJIJI .AH4HtJY3HH HHO

po,AHbiX aToMoB. C ,Apyroil cTopoHbl, TeMnepaTypa nnaane

HH.II CTODDepa He ,AOn:>KHa CHJibHO npeBbllllaTb rpaHHD;bl 

1000c C, HHa'le cne,AyeT O:>KH.AaTb 6onee M·e,AneHHOB o6'beM

Hoil .AH<il<PY3HH npH TeMnepaTypax, ,AOCTaTO'IHbiX C TO'IKH 
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3peHHH uenapeHHH e nosepxuoeTH. YKa3aHHWM KPHTepHHM 
y,IJ.osneTsopHIOT MeTannw Cu, Ag, Au H Ni, HMeiOUUie 
TeMnepaTypw nnasneHHH s npe,IJ.enax 960-1460° C. 

Mhl npe.D.nonmKunu, qTo xopolllHM eTonnepoM MO)I(eT 
oKa3aTbeH TaK)I(e rpa.HT. H3seeTuol 1 ~, qTo 3neMeHTW, 
He o6pa3yiO~He Kap6H)J.OS, HMeiOT SbleOKYIO eKopoeTb TpaHe
nopTHpOSKH S rpa.HTe. 

METOJ(HKA 3KCllEPHMEHTA 

<l>onbrH H3 i\u TOn~HHOH 3 MKM o6nyqanHeb HOHaMH 
12 C /3HeprHH 83 M:JB/ una 40 Ar /225 M:JB/, HHTer-

1 (, - ·-
pani.HWM nOTOKOM nopH)J.Ka 10 qaeTHI.I, Ha nyqKe .D.Y6HeHeKO-
ro uuKnoTpoua Y- 300. C pe.D.H npO.D.YKTos H.D.epHhiX peaKI.I,HH _ 
uaxo.D.HTeH H30TOnbi 3neMeHTos llg, Tl , Ph u lli. B 
Kaqee'rse eTonnepa npuMeHHnHeb .onbru H3 Cu /Toni.IUIHOH 
2 H 3 MKM/, Ni /10 MKM/ H nnaeTHHbl H3 peaKTOpHoro 
rpa.uTa /500 MKM/. 3TH MaTepuanbl, a TaK)I(e eaMa MH
IlleHb (Au) HarpesanHeb S Teqeuue onpe,IJ.eneHHOrO speMeHH 
S KSapl.l,eSOH Tpy6Ke, qepe3 KOTOpyiO npo)J.ysaneH qaeTWH 
renHH HnH SO.D.OPO.D.. 

lleTyque npO.D.YKTW s TOKe ra3a nponyeKanueb qepe3 
uarpeTWH enoil Ksapuesoro nopolllKa u oea)I(,IJ.anueb ua 
XOnO,IJ.HOH eTeHKe Tpy6KH Henoepe,IJ.eTSeHHO 3a 30HOH Ha
rpesa. Co.D.ep)l(aHue pa3naquwx H30Tonos s o6pa3uax .11.0 
u noene uarpesaHHH u s so3roue onpe.D.enHnoeb y- eneKTpo
MeTpaqeeKHM MeTO.D.OM e uenonb3osauueM Ge(Li )-,IJ.eTeK
Topa /o6'beM 24 CM 3, pa3pellleHHe 2 K:JB npH 500 K:JB/. 

0T,IJ.enbHble o6pa31.1,bl HarpesanHeb HeeKOnbKO pa3. fipH 
3TOM Ka)I(,IJ.biH pa3 nOSbllllanu TeMnepaTypy Ha 80-:-100''C. 
B 3TOM enyqae eyMMHposanu npoueuT yneTyqusaHHJI H-a 
acex eTa.D.HHX uarpesa. 

PE3YJihTATJJ H OECY)J(J(EHHE 

Ha puc. 1 H 2 noKa3aua 3asueuMoeTb yneTyqusaHHJI 
F OT TeMnepaTyphi/BpCMJI uarpe:&aHHJI 15 MUH/ .B 4-y eTon6-
I.I,C 111a6AUijbJ npe,IJ.eTaBHCHbl TCMnepaTyphl, npH KOTOpbiX 

6 

I 

·' ;J 

yneTyqBBaHHe B TC'{CHBC 15 MUH )J.OeTHraeT 50;, /onpe
,IJ.eneHhl no KPHShiM puc. 1 u 2/. H3 3Toro ene.D.yeT, qTo 
yneTyqusauue .D.aHuoro 3neMeHTa na.11.aeT B P.ll.D.Y Ma
Tepuanos: rpa.HT, MC,IJ.b, 30nOTO, HHKenb. 

MO)I(H() ,IJ.anee OI.I,CHBTb TeMnepaTyphl, HCOfiXO,IJ.HMble ,IJ.HJI 
npaKTHqeeKH nOHHOrO yneTyquBaHHJI B3yqeHHhiX 3neMeHTOB. 
0Ka3biSaeTeJI, '{TO )J.nJI 90;,-uoro B3BHC'IeHHJI 3neMeHTa S 
TC'{CHBC 15 MUH He06XO,IJ.BMO HarpesaTb o6pa3el.l, Ha 100-
150 ° Bhlllle TeMnepa Typhl, npBBe,IJ.eHHOH S 4- M eTon6ue 
111a6AUllbJ. Pa3uuua 3asueuT oT 3Hepruu aKTHsauuu yneTy
qusaHBJI ,IJ.aHHOrO 3neMeHTa. 

Eenu ·· onpe.D.enJIJOII.I,eH eTa,IJ.ueil eKopoeTH yneTy"4usaHHJI 
JIBnJieTeJI : .D.B .. Y3HJI, H3 ,IJ.aHHhiX no F MO)I(HO Bhi"4BenHTb 
K03 .. BI.I,BeHT D. ~nJI 3Toro HY)I(HO 3HaTb e~e uexo,IJ.Hoe 
paenpe,IJ.eneHBe npO.D.YKTOS JI,IJ.epHOH peaKI.I,HH S TOni.IUIHe 
e6opHHKa. B o611.1,eM enyqae 3TO paenpe,IJ.eneuue ueu3seeT
HO. 0HO 3aSBeBT OT TOnii.I,HHbl .onbr, 3HeprHH ny"4Ka H 
Tuna JI,IJ.epuoB. pea.KI.I,HH. Bee )l(e oueHHTb 3HepruiO aKTHsa
I.I,HH MO)I(HO. ~eno S TOM, "4TO S llPOI.I,eeee ,IJ.H .. Y3HH o6pa-
3yeTeJI uosoe paenpe,IJ.eneuue, KOTopoe see MeHbllle 3asu
euT OT Ha"4anbHWX yenosuB., a see 6onbllle - OT Kpaeshlx. 
B pa6oTe I 1 :>/ .D.OKa3wsaeTeJI, "4TO npu 3Ha"4eHHJIX yneTy"4u
BaHHH I• ·. o,;{ yeTaHOSHSilleeeJI 3a eqeT ,IJ.H .. Y3HH paenpe
,IJ.eneHHe S MaTpHI.I,e npaKTH"4eeKH He 3aBHeHT OT HeXO,IJ.HOrO. 
Eenu ,IJ.nJI pae"4eTa c; ~enonb30BaTb 6onbll1He 3Ha"4eHHJI F' 
TO MO)I(HO HeXO,IJ.HTb H3 n106oif nepBOHa"4anbHOij .YHKI.I,HB 
paenpe.D.eneHHJI, KOTopaJI y.D.osneTBOpJieT KpaeBhiM ye.nosu

JIM. 
TaK, uanpuMep,. npu uexo,IJ.HOM roMoreHHOM paenpe.D.e

neHHH .D.nJI 6onblllBX senu"4HH F nonyqaeTeJI npu6nu)l(eHHaJI 
•opMyna/1 7/ 

F = 1 - - 8- exp(- _D_t ) 
77 2 h 2 

/3/ 

jh - TOni.IUIHa •onbru/. 
~BOHHOe norapB.MBpOBaHBe B ,IJ.B .. epeHI.I,HpOSaHBe no 

1/T npu uenonb30BaHBB /1/ ,IJ.aeT 

rllnl-ln[~(l- F)Jl 
2 

----
77
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B CTOJI6l(e 5 ma6AUflbl npe.D.CTaBJieHLI BeJIH'IHHbl Q, BLI
'IHCJieHHLie H3 .D.aHHLIX no F Ha puc. 1 H 2 C noMO~LIO 
ypauueuaJI 141. 

CKopoCTL yneTy'IHBaHHJI llg H Tl B3 MeTaJIJIOB Cu • 
Au H Ni onpe.D.eJIJieTCJI, uepoJJTHO, TOJILKO .D.HcPciJY3Heii. 
Hcnapeuue c nouepxuocTH npoucxo.D.HT 6LicTpo, KaK 3TO 
CJie.D.yeT H3 pa3HHULI TeMnepaTypLI OCa~.IJ.eHHJI lcTOJI6eu 3 
ma6AUflbr/ H TeMnepa TYPLI yneTy'IHBaHHJI I cTon6el( 41. 
3ueprHJI aKTHBaUHH, BLI'IHCJieHHaJI no ypaBHeHHIO 141, O.IJ.
HaKO, HaMHOrO MeHLWe 3HeprHH 06'LeMHOH .D.HcPciJY3HH lcTOJI-
6eu 61. 3TO MO~HO Ofi'LJICHHTL TeM, 'ITO .D.HtilWY 3HJI npOHC
xo.D.HT npe~.D.e ucero no rpauuuaM 3epeu H no .D.HCJioKaUHJIM. 
3ueprHJI aKTHBaUHH norpaHH'IHOH .D.HcPciJy3HH 3Ha'IHTeJILHO 
uu~e. 'ieM npu o6LI'IHOM npouecce; .D.JIJI MeTaJIJioB Cu, 
Au. Ni oTnoweuue :nux BeJIH'IHH cocTaBJIJieT 0,35-
0 45. l!l/ . 

)J.nJI Ph H Hi pa3nnua Me~.D.Y TeMnepaTypoii oca~
.D.eHHJI H TeMnepaTypoii yneTy'iHBaHHJI Mana. 3To o3uaqa
eT, 'iTO a.D.COp6UHJI npO.D.YKTOB Ha nouepXHOCTH o6pa3UOB 
CHJihHO BJIHJieT Ha CKOpOCTh yneTy'iHBaHHJI. 3ueprHJI aK
THBaUHH, BLI'iHCJieHHaJI no ypaBHeHHIO 141, OTHOCHTCJI B 
3TOM cnyqae K CYMMapHOMY npoueccy. 

Ha puc. 3 npe.IJ.cTaunenLI pe3ynLTaTLI onLITOB no on
pe.IJ.eneHHIO cKopocTH yneTy'iHBaHHJI 11 H3 Cul4>onLra 
2 MKM, 610''CI H Se, Ca H3 Ni 11160" Cl. Ilpu F 0.7 
yneTy'iHBauae pacTeT npu6nH3HTenLno nponopuuouanLuo 
KBa.D.paTHOMY KOpHIO H3 BpeMeHH. IlpH 6onee BLICOKHX 
3Ha'leHHJIX F cKopocTL 3Ha'iHTenLHO yMenLwaeTcJI. 

0 B03MO)f(HOCTH y.D.ep)f(aHHJI aKTHHH.D.OB B npouecce 
TepMH'iecKoro yneTy'iHBaHHJI CT3 MLI y6e.D.HJIHCL B cne-
uaanLHLIX OnbiTaX: 

Ilpa uaueceuua HHTpaToB Am H Cm ua nouepxuocTL 
HHKeJIJI H uarpeBaHHH B TOKe renHJI HJIH BO.D.OPO.D.a npH TeM
nepaType 1200°C B Te'ienae 30 MUH Am H Cm c nouepx
HOCTH Ni HCnapJIJIHCh MeHLWe, 'leM ua 0,1~ I'IYBCTBB
TeJILHOCTh onpe.IJ.eJieHHJII, T .e. K03!WJHUHeHT OT.D.eJieHHJI ne
TY'IHX 3JieMeHTOB OT aKTHHH.D.OB 60JILWe 10 3• qT06LI TO'iHee 
O&eHHTh .D.OCTHraeMLIH K03cPciJHUHeHT O'IHCTKH OT aKTHHH
.D.OB BO BCeM npouecce yneTy'IHBaHHJI, BKJIJO'IaJI BJIHJIHHe 
KBapueuoii KononKH, MLI uauocana 0,1 MKIOPU 243 • 241 Am ua 
30JIOTY10 4>onLry H uarpeuana B KBapueuoii Tpy6Ke lunyT-
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Puc. 3. 3aeucuMOC111b yAemy-.ueaHUJI om epeMeHu. 

peHHBH .D.HaMeTp 3 MMI B Te'leHHe 60 MUH npH TeMnepaType 
1020°C B TOKe reJIHJI 12 A/-./. 3a 30HOH KBapuesoro 
nopowxa I.D.JIHHa - 5 CM, KpynuocTL 3epeu - 100-250 MKMI 
B Tpy6xe uaxo.D.HnacL oxna~euuaJI MeTaJIJIH'IecKaJI 4>onLra 
.D.JIJI a6cop6uaa neTy'iHX npo.IJ.YKTOB. Ha 4>onLre ue 61>1n o6-
uapy~eu Am I a - cnexTpoMeTpHJII c 'IYBCTBHTeJILHOCTLJO, 
COOTBeTCTByJO~eii K03cPciJBUHeHTy OT.D.eJieHHJI OT Am 60JIL
we 10 9 • 

ABTOPLI 6naro.D.apHLI aKa.D.eMHKY r .H.<I>nepouy 3a no
CTOJIHHLIH HHTepec K pa6oTe. MLI npH3HaTeJILHLI .6.JI.)Kyii
KOBY 3a noMO~h npanpoBe.D.eHHH3KCnepHMeHTOBHr.M.Tep
AxonLJIHY - 3a UeHHLie KOHCTpyKTHBHLie 3aMe'iaHHJI. 
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