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· PeeTu T ., Aiixnep E. Pl2 -- 8335 · 

-!1Hq,cjiy3irn npo,ttyKTOD sr.aepHbIX peaKUHA D a -TOpHH 

Hccne.nonancg npouecc yrieTy'IHDaHHH npo.nyKTOD sr.aepHbIX peaKUHA 

Ac , Ag, Bi , Ce , .Cs-(';J ~ Pb, Po','· Ra, -Rb, Ru·, Sb , Sr H Y H3 

. 'MeTannH'l0CKOI'O a .;;TOPHH n HHTepaane TeMnepaTyp 960 •.• : • 133Q°C • .8MnH

pH'l0~KH obmH aalt~eHbI KoppenHUHH M0lKllY aTOMHhIMH 001,eMaMH .ctHqicj>ya.na-

'. pyIOlllHX aTOMOB rnaBHblX rpyn:n H K;:;3CP<!>HUH0HT8MH .ctHqJ(pY3HH, .a TSKJK0 M0lKAY 

IIpe.ct9KCilOH0HUH8llbHb!M MHO)KHTeneM D_o H 3H0pI'Heil_ a!CTHD8UHH . Q , 3Ha'le

HHH dfog Do/dQ · .nm1 KyoH'leCKHX rpa,aeueHTpHpon~HHblX MeTannoa aaaH'

CHT OT .. 8TO_MHOI'O_ Oo'beMa, 3HTallbnHH nnaaneHHSI H -TeMnepaTypb! i:maaneHHH 

STHX-. MeTannoa. · · 

' ·< 

... ··· -·. ' ' . ~-: . _: ' ! : \ ■• 
IlpenpHHT 06be,QHHeHHOro MHCTHTyTa. Sl,llepHIIIX MCCJl~OBaHJdl. 

:zly6Ha, 197 4 

Ree ts T. , Eichler _B. _ Pl2 . - 8335 
- . . .. , ~ , ·.•· -,. -r ¥ .. --· 

.Diffusion of the.Nuclear Reaction Products 
· in• a - Thorium . 

. The rE?leas_e of the. nuclear reaction products ·Ac,. Ag , 
Bi , Ce., . f.s·, J i Pb , Po , Ra , Rb , Ru I Sb ., . Sr , arid Y 

from metallic a-thorium was investigated'insa temperature 
region of 960°c to 1330°c"'Diffusion coefficients were : 

: found to ·vary with atomic. volum~s of the diffusing atoms,·• 
The. value diogD 0/dQ ( D0 preexponential 'factor, Q acti 
va tion energy) for f. c. c. metals· ·appears to depend on the 
atomic volume of the host metall, .its heat of fusion 
and.on its melting temperature~ 

Preprint. Joint ln1titute for Nuclear . Re!learch. 
Dubna, 1974 

---~-----· . - - - . ,.::::, . .J ·'""-" .. --'--•~,=--.. ---..... ,..,,-. -=· .,~; __ -

Hccne,D;oBaHHe noBe,D;eHH.11 npO,!J;YKTOB Jl,D;epHLIX peaxuuii, 

o6pa3YKlllHXCJI npH 06ny11eHHH B Macce MHWCHH, .HMeeT 

6on&woe 3Ha'leHHe ,D;nJI peweHHJI MHOrHX. npaKTH'ICCKHX . 

3a,D;a'I JI,D;epHoii cl>H3HKH H XHMHH. Uen&ro ,D;aHHoii pa6oTLI 

JIBnJleTCJI H3y'leHHe ,D;HCW,y3HH B a-TOPHH npo,D;yKTOB Jl,D;ep

HLIX peaKuuii. 

ff3yqei1Hro 3TOro Bonpoca noCBJllltCHO HCCKOnLKO pa6oT. 

TaK, HanpHMep, Meechan/1/, Hccne,D;yJI npouecc cneKaHHJI, 

onpe,D;enun K03cl>cl>HUBCHT caMO,D;H4xi>y3HH, no H3MeHeHHJIM 

a -c11eKTpoB B npouecce ,D;H.W,y3HH Schmitz H ,D;p./2/ 

onpe,D;enunH K03cl>cl>HUBCHTLI ,D;H.W,y3HH Th , Pa H U B Me

TannH'leCKOM ~OPHH; HCnonL3Y.JI MeTO,!J; nocne,D;OBaTenLHoro 

'CHJITHJI cnoeB, F'ox H ,!J;p. 73 / H3MepHnH K03cl>cl>HUBCHTLI 

,!J;Hcl>cl>Y3HH npo,D;yKTOB ,D;eneHHJI - Te , J , Mo , Ce H 14°Ba -
I 40 La • 

EcnH npouecc HcnapeHHJI C noBepXHOCTH TOpH.11 JIBnJleT

CJI ,!J;OCTaTO'IHO 6LICTpLIM no cpaBHCHHIO c npouecCOM nepe

Hoca Hccne,D;yeMLIX 3neMeHToB H3 MaccLI MeTanna K no

aepxHOCTH, TO KOHUCHTpaUBJI 3THX jneMeHTOB Ha noBepx

HOCTH npaKiH'ICCKH paBHa Hynro. IlpHHJIB, 'ITO 3TO ycnoBHe 

BhlilOnHJICTCJI H 'ITO Ha'lanLHOe pacnpe,D;eneHHe HHOpO,D;HLIX 

aTOMOB B TOPHH JIBnJleTCJI roMore~LIM,. MO:>KHO npe,D;CTaBHTb 

BLipa>Ke.HHe BToporo 3aKoHa «l>HKa ,D;nJI nnacTHHLI B cne,D;yro

uteM BH,!J;e / 4 f: 

. F=I00- 800 f I exp(- (2n+U,2i.D•t)./l/ 
71 2_ n=0 (2n+l)2 a·2 
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r,D.e F - npoueIIT yJieTyqHBaHHH; D - K03<l>clJHnueHT ,D.H<pl>y-

3HH, t - BpeMH; d - TOJTinHHa waii6LI. IlpH F < 65'10 nony

qaeTCH npH6JIH)l(eHHe 

F= 400y'D, t /rr d 2 /2/ 

METO,[(HKA 3KCIIEPHMEHTA 

«l>OJibrH HJ TOpHH TOJll.QHHOH d = 37µ o6nyqaJIHCb Ha 

nyqKe npoTOHOB .D.Y6HeHCKoro CHHXPOUHKJIOTpoHa C 3HeprHeii 

660 M3B. Ilocne o6nyqeHHH OHH BbI,D.ep)l(HBaJIHCb B TeqeHHe 

10-1.50 ,D.Heii. Enaro,D.apH Manoii 3HeprHH J>T.D.aqu npo,D.yKTLI 

H,D.epHbIX peaKnuii npaKTHqecKH 6bIJIH paBHOMepHO pacnpe

,D.eJieHbI no BCeMy o6'beMY TOPHH. 

O6paJULI B TeqeHHe onpe,D.eJieHHoro BpeMeHH HarpeBa

JIHCb B KBapueBoii Tpy6Ke npH TeMnepaTypax 900-1330 ° C. 

liJMepeHHe TeMnepaTypL1 npoHJBO.D.HJIOCb Pt/Pt- Rh - Tep

Monapo·ii. 1IepeJ Tpy6Ky npo,D.yBaJICH qffCTblH reJIHii /TaH

TaJIOBbIH reTTep, 1OOO°C/. 

~JIH Toro qTo6bl HCKJIIOqHTb KOHTaKT TOPHH c KBapueBoii 

Tpy6Koii, o6paJULI JaBepTbIBaJIHCb B TaHT.aJIOBYIO <l>oJibry 

HJIH nO,D.BeWHBaJIHCb Ha. BOJIL4>paMOBOH npoBOJIOKe /.D.HaMeT

poM 50 µ I. JlerKOJieTyqHe npo,D.yKTbl a,D.cop6HpOBaJIHCb 

aKTHBHPOBaHHbIM yrJieM Henocpe,D.CTBeHHO Ja JOHOH Ha

rpeBa. 

Co,D.ep)l(aHHe paJJIH'i:HbIX HJ OT On OB B o6paJuax ,ll.O H nocne 

HarpeBaHHH H B B03rOHax onpe,D.eJIHJIOCb y - cneKTpOMeT

pHqe CKHM MeTO,ll.OM C HCnOJibJOBaHHeM Ge(Li) -,D.eTeKTOpa 

/paJpeweHHe 2 K3B/. 

PE3YJibTATbl H OECY)K,[(ElllllI 

bblJIO JaMeqeHO, qTo npH TeMnepaType onbITa CBbIWe 

96O°C npoueHT HHOpO,D.HbIX aTOMOB, y,D.aJIHeMhlX HJ a -TOpHH 

B npouecce 3KCnepHMeHTa, He .JaBHCHT OT Toro, 6bIJI JIB 

o6paJeu JaBepHyT B TaHTaJIOBYIO <l>oJibry HJIH )l(e no,D.BeWH

BaJICH Ha BoJIL4>paMOBOii npoBOJIOKe. IlpH TeMnepaTypax 

4 

HH)l(e 96O°C KOJIHqecTBa Ce H Y, y,D.aJieHHble HJ o6paJua,, 

60JibWe y o6paJUOB, HMeJ<XUHX KOHTaKT C TaHTaJIOBOii <l>onb

roii. Ilo-BH,ll.HMOMY, 3TO MO)KHO 06'bHCHHTb TeM, qTo Ce H 

Y He HCnapJIIOTCH npH HH3KHX TeMilepaTypax C noBepx-

HOCTH o6paJUOB, a Y,D.a.JIHIOTCJI 3a cqeT .D.H<lxl>Y3HH B TaHTa

JIOBOii <l>oJibre. 

Ha puc. 1 npe,D.CTaBJieHbl pe3yJibTaTbl onLITOB no onpe

,D.eJieHHIO CKOPOCTH yJieTyqHBaHHJI Ce H Cs. 3xcnepHMeH

TaJibHble TOqKH xopowo COBna,D.a.lOT C KPHBbIMH, BbJqHcJieH

HbIMH no ypaBHeHHIO /1/ /Ko3<l><l>HnueHTbl .D.H<l><l>Y3HH H3 Ta6-

JIHULI/. H3 3TOro cne.zzyeT, qTo CKOpOCTb yJieTyqHBaHHH 

onpe,D.eJIJieTCJI .D.H<lxl>YJHeii B Macce a -TopHH. 

B~XO,ll. npo,D.yKT OB Jl,D.e pHbIX peaxnuii HJ o6paJua yBeJIHl{H -

BaeTCJI C nOBbIWeHHeM TeMilepaTypbI. B xaqecTBe npHMepa 

Ha puc. 2 npHBe,D.eHa 3aBHCHMOCTb BbIXO,D.a J H Bi OT TeM

nepaTypbI. 

HJ ypaBHeHHJI /1/ onpe,D.eJIJIJIHCb K03<l><l>HnueHTbl .D.H<lxl>y-

3HH. O6bJqHoe Bblpa)l(eHHe TeMnepaTypaoii JaBHCHMOCTH 

K034><l>HnueHTa .D.H<lxl>YJHH HMeeT BH,ll. 

Q 
(--)' D = D0-exp RT /3/ 

r,D.e Do - npe,D.3KCnoHeHnuaJibHbIH MHO:lKHTeJib, Q - 3HeprHJI 

aKTHBanuH. • 

B Ta6nHue npe,D.CTaBJieHbl IlOJiyqeHHble K03<1xl>HnueHTbl 

.D.H<lxl>Y3HH B a-TOpHH. TaM )Ke npHBe,D.eHbl JIHTepaTypHble 

,D.aHHble. Ii:ecMOTPJI Ha paJJIH'i:Hble MeTO,ll.bl H3MepeHHJI BH,D.

HO, 1-ITO xo:3<l><l>HnueIIT .D.H<lxl>Y3HH Ce , onpe,D.eJieHHblii B ,D.aHHoii 

pa6oTe, Haxo,D.HTCJI B ,ll.OCTaToqHo xopoweM COOTBeTCTBHH 

C ,D.aHHblMH Fox H ,D.p. /3/. 
H3MeHeHHe K03<l><l>HnueHTa .D.H<lxl>YJHH HO,D.a B a -TopHH 

c TeMilepaTypoii He OTBelf8.eT ypaBHeHHIO /3/. 1-ITO npoTH

aope1-IHT ,D.aHHbIM Fox H ,D.p. 

Oco6Liii HHTepec npe,D.CTaBJIJieT BbICOKaJI CKOpOCTb TpaH

cnopTHPOBKH H3 MaCCbl o6paJua K noaepxHOCTH 3JieMe1ITOB 

rpynnLI illB Y, La / 140 Ba - 140 La / H Ac , a TaK)l(e 

pe,D,lC03eMeJibHblX 3JieMeHTOB Ce ,- Pm. Ha puc. 3 noKa3aHa 

qacTb y-cneKTpa o6paJua TOPHH ,ll.O HarpeBaHHJI H Ta )Ke 

'laCTb cneKTpa BOJrOHOB; BH,D.HO, qTo. 6e3HOCHTeJibHbIH Pm 
,ll.OBOJibHO JierKO yneTyl-lHBaeTCJI. 
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C noMOIQLIO TeOpHH Neumann- Hirschwald 161 Ha.MB 6LIJia 

BLI'IHCne:ua :meprH.11 aKTHBaIUIH All.II AH4xi>Y3HH no BaKalJ)IOH

HOMY MexaHH3MY B, Ky6uqecKHX rpaHel(eHTpupoBaHHLIX Me

Tannax, OMaKO BLI'llHcneHH~e AaHHLie CHilLHO OTilH'llaIOTC.ll 

OT 3KCnepHMeHTanLHLIX. TO"IHO TaK :>Ke He nonyqHnH 3Kcne

pHMeHTanLHOro nOATBep)KJteHH.11 BLI'llHCneHHLie Fox H AP

MeTOAOM Jla3apy3-Jle Knep !lHeprHH aKTHBaUHH Ce H Ba • 
ABTOPLI o6'L.IICH.IIIOT 3TH OTKilOHeHH.11 HanH'llHeM ABYX Mexa

HH3MOB AH4xi>Y3HH - BaKaUHOHHOro H MJ)K,rtyy3enLHOro. 

KaK noKa3aHO B pa6oTe Myp 16 , CYIQeCTByeT CB.113L 

Me)K,rty 3Heprueii aKTHBaUHH H aTOMHLIM 06'LeMOM npHMeceii 

·v2 , AH4xiiYH'AHPYIWtHX B MaTpHl.(e MeTannoa K.r.1.(.-THna. 

3HeprH.ll ·aKTHBaUHH onpeAen.11eTC.ll 3MnHpH'lleCKHM BLipa:>Ke

HHeM 

fogQ=afogV2 +b. 

KoHCTaHTLI a H b 3aBHC.IIT OT MaTepuana MaTpHl.(LI H OT 

:1neKTPOHHOH CTPYKTYPLI npc>AYKTOB, AH4xiiYH'Aff PYIWtHX B 

MaTpHl.(e. Boo6IQe HenepeXOJ:tHLie :1neMeHTLI HMeIOT HHLie 

KOHCTaHTLI, qeM nepexoAHLie 3- d H 4- d -:1neMeHTLI. Ha 

puc. 4 noKa3aHLI AaHHLie no AH4xl>Y3HH :1neJ.feHTOB rnaBHLIX 

rpynn B a-T.QPHH, OTKYM MeTOAOM HaHMeHLWHX KBa,lij)a-

TOB nonyqaeTc.11 ' 
fogQ =(-l,0±0,3)fogV2 +6,2±0,4 /4/ 

/ Q B Kall; V 2 B CM 3
, Ko:1clKliuuueHT Koppen.111.(HH - 0,79/. 

Me)KJty :1Heprue:e: aKTHBaUHH H 3Ha'lleHHeM fog Do TaK:>Ke 

CyllleCTByeT Koppen.11uu.11 /7/, MeTOAOM HaHMeHLWHX KBaA

paTOB H3 AaHHLIX Ta6nHl.(LI nonyqaeTC.11 OTHOWeHHe 

fog D0 =03,9 ± l,4)·10- 5 Q -(9,6±0,9) /5/ 

/Q B Kall; D O B CM.CeK-1, Ko:1<1>clmuueHT KOppen.111.(HH 0,91/. 
MLI uamnu, "ITO 3Ha'lleHH.ll dfogDo /dQ OTAenLHLIX 

MeTannoB K.r.l(. -Tuna 3aBHC.IIT oT BenH'llHH V1 HIIJJ /T~JI , 
rAe V 1 - _aToMHLiii o6'LeM MeTanna, HrrJI- !lHTanLnHH nnaB

neHHH H TrrJI- .ero a6conIOT:uaH TeMnepaTypa nnaBneHHH. 
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Ha puc. 5 npe]lCTaBneHa 3Ta 3aBHCHMOCTL. Benn'IHHhl 

deog D
0

/ dQ ]lna JlH<l>4>Y3HH BK.r.u. - MeTannax Ae( 26,7. 10-5>, 

Ag(ll,8•10- 5 ), Cu(6,6•10- 5 ) H Ni(5,7•10- 5 ) 6LinH 

onpe]leneHLI Ko3aKa H Jlp./7/ H3 IlHTepaTypHLIX ]laHHLIX. 

BeJIH'IHHa d eog Dp/ d Q ]lna Au ( 8, 6 ± 1, ~) 10 -5 6blna 
BLI'IHCneHa H3/ 5 I. 

10 

-3,6 

m
o -3,8 

...J -0 
0 

~ -4,0 -
t -t.2 

/OTh 

. /OA9 
/ •. 

0
Au 

Nyocu 
" 

10 20 .. 30 
V1Hir4. - 2 

T,r.,l.. 

"10•6 

dfog D0 
Puc. 5. 3aeUCUMOC11lb 3Ha'leHUJl eog dQ 

V1 • HruI 
0111 

2 
TrIJI 

KKaA/z-a1110M, /D0 e cM 2/ceK, Q e KaA, V1 a cM 3 , H1rne 
T (J' ° K/. 
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TAEJUllA 
Koa~inieHtH ~•~30 B~·top•• 

- lOG D, D 6 cm2s-1 

Ac ( 1/9LO * 500C)/T + (4,3:!:3,)) 
Ar· u (13200 ! 2COO)/T + (1,4±1,4) 

Hi (2%0(; ~ 1)00)/T - (1,2tC,9) 

Cc (114(;0 i 14CO)/T + (1,9!1,0) 
t].3 ( 4610 ± f.'/C)/T -1· (.'/,v,!:01 6) 

~'b (1"'/CC ± 1200)/'i' + (41 4±0,8) 

Po (1:·200 :!: WOO)/T + (0,5t.1,3) 

Ra ( 880C ± 21/CO)/'l' + (4,G:!:2 1 0) 

!lb ( 1560 !. l>'30)/'!' + (?,'i!.C,4) 

Ru ('l55UC ±. 90C)/T -1 (2,2tr·,6) 
:;b c.to1co ·:. 410C)/T - (c,9t.2,::) 
Sr ( 9400 ! 14CO)/T .+ (4,1:!:,1,t•) 
y ( CJOCO t 2600)/1.r + (J,G!.1,'/) 

i.._'h 131CO/T - 2 1 5 

Pa .1:,Jt;O/T -2,10 

Th 15600/T -d,59 

u 1?200/'1' -4, ~4 

Ba/ Lfl 1":\t00/1' + 1,44 

Ce 1.3020N + 1,75 

J 14f.Cu/T + 0,51 
Mo /-\150/'l' + 3, 13 

Te 201100/T - G, 1 

Xe 1'/l•CC/T - 1,55 

IHTepBU I 
teJ(D8~typlil 
TB K 

HactoaDUUI 
1230· • • pa<lo,:a 

1600 

/I/ 

"'-)GC• • • /2/ 
1100 

1150·•· /)/ 
14'/0 

lfa COOTHOIIIeHHH /3/, /4/ H /5/ nony11aeTC.R KOppeil.HIUf.R 

Me)K,IJ;y K03'1>4>HUHCHTOM AH4xl>Y3HH H aTOMHhIM 06'beMOM AH4>· 

il>YH)J)IPYIOlllero B a-TOpHH MeTanna. ,D;n.a TeMnepaTyphl 

1200 C OTHOWCHHe IlpHHHMaeT BHA 

fogD=-(60±16) v21,o -(9,l±0,6) 

ID B cM
2 

ce1(~ 1, V2 B CM 3 , Ko3'1>4>HIU1eHT Koppen.RIUIH -

0,80/. Ha OCHOBaHHH 3TOH KOppen.H~HH MO:>KHO o~eHHTb 

K03'1>4>m:nieHThl AH4xl>y3HH 3IlCMeHToB rnaBHhIX rpynn B a-To· 

PHH, B TOM 11Hcne TO)Ke CBepXT.R)KeilbIX 3IlCMeHTOB. 

ABTOpbl C11HTaror CBOHM AOilrOM Bhlpa3HTh 6naroAap·

HOCTb aKaAeMHKy r .H.cf>nepoBy H 11neHy-KoppecnOHAeHTY 

AH qccP H.3Bape 3a IlOCTO.RHHOe BHHMaHHe K pa6oTe. 
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