
 

 

» 

 

  

 

» 

 

 

 

 

 

 669.054.2 

 

 

 

 

01.04.07 –  

  

 

  

 

. , 

. 

 

: ,  

, . 

 

 

 - 2021



 

 

2 

 

 

. . « ». - 

. 

 

 

 01.04.07 – . –  

 « » . –  

 « » . – 

, 2021.  

 

,  

 Cd, 106Cd, 116Cd, Pb,  

.  

 Cd, 
106Cd, 116Cd, Pb.  

,  

,  -  Cd, 106Cd, 116Cd, Pb,  

 

,  ( ). 

 

, , ,  

,  

.  

 

 (  106Cd, 116Cd) 

. ,  

 ( , , 

)  2 ... 5  

, .  



 

 

3 

,  

 Cd  > 99,9995 . %  
106Cd, 116Cd  > 99,999 . %.  

 106Cd  116Cd  

 <1 %. 

 

, 

,  

, .  

 > 99,9996 . %. 

 

. " " ,  

,  

 

 

.  

 

 Cd  Pb,  

,  

. 

 

 Cd, 106Cd, 116Cd  Pb  

, . 

,  Cd, 106Cd, 116Cd  Pb  

,  

. 

-

 106Cd (66,4%), 116Cd (82,2%) ,  

 

 106CdWO4, 116CdWO4 ( . ,  . 



 

 

4 

, ),  PbWO4 (  

, . ),  

( PbWO4)  (106CdWO4, 116CdWO4)  

 106Cd, 116Cd  

 ( ). 

, 

,  

 

 

 

. 

,  

. ,  

 

,  

 

. ,  

,  

 ( ) :  

, .  

 

. 

 (77-300 )  

 (> 99,999 . %),  66,4% 

 106 d  82, 2%  116 d. ,  

 

 50  

, .  

,  

.  



 

 

5 

, 

 -  

 

. 

 

: , , ,  

, , ,  

. 

 

,  : 

1. ., ., ., ., 

., ., .  

 

. // . .: ,  

,  (17). 2008.  1. . 20-23. 

2. ., ., ., . 

- . //  

. .  2008.  6. . 1. . 33-37. 

3. Kovtun G.P., Shcherban’ A.P., Solopikhin D.A., Virich V.D., Zelenskaja 

V.I., Boiko R.S., Danevich F.A., Kudovbenko V.M., Nagorny S.S. Production of 

radiopure natural and isotopically enriched cadmium and zinc for low background 

scintillators. // Functional materials. 2011. V. 18.  1. . 121-127. 

4. ., .,  ., ., 

., ., .  

. // . 

.  2011. 11. . 45-50. 

5. Boiko R.S., Virich V.D., Danevich F.A., Dovbush T.I., Kovtun G.P., 

Nagorny S.S., Nisi S., Samchuk A.I., Solopikhin D.A., Shcherban’ A.P. 

Ultrapurification of Archaeological Lead. // Inorganic Materials. 2011. V. 47. . 6. 

. 645–648. 



 

 

6 

6. Barabash A.S., Belli P., Bernabei R., Boiko R.S., Cappella F., 

Caracciolo V., Chernyak D.M., Cerulli R., Danevich F.A., Di Vacri M.L., 

Dossovitskiy A.E., Galashov E.N., Incicchitti A., Kobychev V.V., Konovalov S.I., 

Kovtun G.P., Kudovbenko V.M., Laubenstein M., Mikhlin A.L., Nisi S., Poda D.V., 

Podviyanuk R.B., Polischuk O.G., Shcherban A.P., Shlegel V.N., D.A. Solopikhin, 

Stenin Yu.G., Tretyak V.I., Umatov V.I., Vasiliev Ya.V., Virich V.D. Low 

background detector with enriched 116CdWO4 crystal scintillators to search for double 

 decay of 116Cd. // Journal of Instrumentation (06). 2011. P08011. 24 p. 

7. Poda D.V., Barabash A.S., Belli P., Bernabei R., Boiko R.S., Brudanin 

V.B., Cappella F., Caracciolo V., Castellano S., Cerulli R., Chernyak D.M., Danevich 

F.A., d’Angelo S., Degoda V.Ya., Di Vacri M.L., Dossovitskiy A.E., Galashov E.N., 

Incicchitti A., Kobychev V.V., Konovalov S.I., Kovtun G.P., Laubenstein M., 

Mikhlin A.L., Mokina V.M., Nikolaiko A.S., Nisi S., Podviyanuk R.B., Polischuk 

O.G., Shcherban A.P., Shlegel V.N., Solopikhin D.A., Tretyak V.I., Umatov V.I., 

Vasiliev Ya.V., Virich V.D. CdWO4 crystal scintillators from enriched isotopes for 

double beta decay experiments. // Radiation Measurements. 2013. V. 56. . 66-69. 

8. Kondrik A.I., Kovtun G.P., Shcherban’ A.P., Solopikhin D.A. Influence 

of Zr-Fe getter filter on Cd and Zn deep refining of interstitial impurities. // Problems 

of Atomic Science and Technology. Ser.: Vacuum, pure materials, superconductors 

(20). 2014.  1(89). . 32-36. 

9. Virich V.D., Gorbenko Yu.V., Kovtun G.P., Nagorny S.S., Potina T.S., 

Solopikhin D.A., Shcherban A.P. Refining ancient lead by vacuum distillation. // East  

Eur. J. Phys. 2016. V. 3.  4. . 60-65. 

10. ., ., ., ., 

., .  

, . //  

. 2017.  1-2. . 55-60. 

11. Papirov I.I., Stoev P.I., Kovtun G.P., Shcherban A.P., Solopikhin D.A., 

Rudycheva  T.Yr.  Study  of  plastic  deformation  of  cadmium.  //  East  Eur.  J.  Phys.  

2017.V. 4.  2. . 66-77. 



 

 

7 

12. Bulatov A.S., Kovtun G.P., Klochko V.S., Korniets A.V., Solopikhin 

D.A., Shcherban A.P. Longitudinal ultrasound velocity and attenuation in 

isotopically enriched cadmium. // Metallofiz. Noveishie Tekhnol. 2018. V. 40.  11. 

. 1465–1473. DOI:10.15407/mfint.40.11.1465. 

13. ., ., ., .,  

., .  

. // Metallofiz. Noveishie Tekhnol. 2019. V. 41.  6. . 805–

816. DOI: 10.15407/mfint.41.06.0805.  

14. . 94547 , 22  9/04, 22  9/02, 21  1/00, 21  

7/10, F27D 7/00.  // 

., ., . / .  

. 201007761, . 21.06.2010, . 10.05.2011, . 9. 

15. . 131214 ,  B22F 9/10.  

 // ., ., .,  

. / . .  u201807055, . 

23.06.2018, . 10.01.2019, .  1. 

 

,  : 

16. ., ., ., ., ., 

., ., ., ., .,  

., .  Cd  106Cd  

 CdWO4  106CdWO4. //  

 « : », 12 – 14 

 2008 .:  / . . 

, , 2008. . 30, ( ). 

17. Kovtun G.P., Shcherban’ A.P., Solopikhin D.A., Glebovsky V.G. 

Production of high-purity metals. // 1st International Workshop «Radiopure 

Scintillators for EURECA», 9 - 10 September 2008.: Proceedings / INR NASU, 

Kyiv, 2008. P. 54-58, ( ). 



 

 

8 

18. Kovtun G.P., Shcherban’ A.P., Solopikhin D.A., Virich V.D., Glebovsky 

V.G. Purification of cadmium and lead for low-background scintillators. // 1st 

International Workshop «Radiopure Scintillators for EURECA», 9 - 10 September 

2008.: Proceedings / INR NASU, Kyiv, 2008. P. 59-63, ( ). 

19. ., .,  .  

 (Zn, Cd, 106Cd, 
116Cd)WO4.  // XIV  VI  «  

. , , », 30  – 02  2011 

.:  / , , , 2011. . 10 (  

). 

20. .,  ., .  

. // II  

 « :  

», 16 – 18  2011 .:  /  

. . , , 2011. . 37, ( ). 

21. ., .,  .  

. // 

 " : , 

, ", 15-18  2011 .:  /  

, , 2011. . 16, ( ). 

22.  ., ., .  

. // III 

: 

», 29  – 1  

2012 .:  / , , , 2012. . 542-543, 

). 

23. ., ., ., .,  

., ., .  

. // XX 

  



 

 

9 

, 10 – 15  2012 .:  /  

, , , 2012. . 385-386, ( ). 

24. ., .,  ., . 

 Zr-Fe  Cd  Zn  

. // 2-  " : 

, , ", 17 - 20  2013 .:  

 / , , 2013. . 18, ( ). 

25. ., ., ., .,  

., ., ., .  

. // VV  

 " ", 9-13  2014 .:  

 / , , 2014. . 145, ( ). 

26. ., ., ., ., 

., ., .  

. // 3-  

: , , ", 15 - 18  

2015 .:  / , , 2015. . 22, ( ). 

27. ., ., ., .,  

.  

. // 3-  " : 

, , ", 15 - 18  2015 .:  

 / , , 2015. . 23, ( ). 

28. ., ., ., ., 

. . // 4-  

 " : , 

, ", 12 - 15  2017 .:  /  

, , 2017. . 23, ( ). 

29. ., ., ., ., 

., .  

, . // 4-  



 

 

10 

: , , ", 12 - 15  

2017 .:  / , , 2017. . 11, (  

). 

30. ., ., ., .,  

., ., .  

. // 4-  

 " : , 

, ", 12 - 15  2017 .:  /  

, , 2017. . 18, ( ). 

31. Kovtun G.P., Shcherban’ A.P., Solopikhin D.A., Gorbenko Yu.V. 

Production of high-purity metals for low-background scintillators. //  International 

Conference «Innovative technologies In science and education. European 

experience», 12  14 November 2019.: Proceedings / Amsterdam, Netherlands, 

2019. . 237-241, ( ). 



 

 

11 

ABSTRACT 

 

Solopikhin D.O. "High-purity metals for low-background scintillators".- 

Qualification scientific paper, manuscript. 

  

Thesis for the scientific degree of candidate of physical and mathematical sciences by 

specialty 01.04.07 – solid state physics. – National Science Center "Kharkiv Institute 

of  Physic  and  Technology"  NAS  of  Ukraine.  –  National  Science  Center  "Kharkiv  

Institute of Physic and Technology" NAS of Ukraine. – Kharkiv, 2021.  

 

Thesis is dedicated to the development of complex method and instruments to 

obtain high-purity Cd, 106Cd, 116Cd, rchPb which in pure state are components of low- 

background scintillators. The thesis presents results of computational methods to 

study  distillation  process  of  Cd,  106Cd, 116Cd, rchPb refinement. Technological 

methods were established to reduce the composition of volatile and involatile 

impurities as well as interstitial impurities (gas and carbon) according to the results of 

studies  of  patterns  of  concentration  changes  of  impurities  in  melts  depending  on  

fraction  of  residue  and  condensates  –  from  the  friction  of  Cd,106Cd, 116Cd, rchPb 

distilling. The work demonstrates high efficiency of the developed complex method 

of refinement which includes heating, filtration and distillation, including distillation 

through getter filter for deep purification of natural and isotope-enriched cadmium 

and distillation into liquid phase for lead. 

Results of experimental studies on cadmium refinement (including isotope-

enriched 106Cd, 116Cd) by distillation through chemically active getter filter are 

presented.  It  is  shown  that  this  method  of  refinement  allows  to  reduce  the  

composition of interstitial impurities (nitrogen, oxygen, carbon) by more than an 

order and reduce in 2…..5 times the composition of a number of metallic impurities 

compared to distillation without a filter. Specifically designed device for these 

experiments is described, which allowed to obtain pilot sets of high-purity samples of 

Cd with purity >99.9995 mass% and 106Cd, 116Cd with purity >99.999 mass%. Due to 
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the first developed technique of deep refinement of expensive isotope-enriched 106Cd 

and 116Cd it was possible to reduce the level of their irretrievable losses up to <1%. 

The results of experimental studies according to the first developed complex 

technique of refinement of such unique material as archeological lead are presented 

using specifically designed distillation instrument for which a patent of Ukraine was 

obtained. Pilot set of high-purity archeological lead with purity >99.9996 mass% was 

obtained. 

Problem of non-mechanical grinding of the obtained large-sized distillates is 

solved. “Bulk” grained high-purity metals are easy to use, easy to operate them 

without the risk of introducing contamination during preparation of initial load of the 

given stoichiometric composition for synthesis of components and further obtain of 

semi-conducting and scintillation monocrystals. As a result of solving this problem, a 

specific device was designed and patented to grind high-purity Cd and Pb which 

allows to obtain droplet-shaped grains from large-sized distillates, while maintaining 

the purity of the obtained distillates. 

Obtained high-purity Cd, 106Cd, 116Cd and rchPb were analyzed using laser mass-

spectrometry for the composition of main regulated impurities that affect optical and 

scintillation properties of scintillates. It is demonstrated that the obtained high-purity 

Cd, 106Cd, 116Cd and rchPb meet all the requirements set for the high-purity of initial 

raw material to obtain oxide from it and further grow of scintillation crystals. 

High-quality scintillation cadmium tungstate crystals 106CdWO4, 116CdWO4 

(Nikolaev Institute of non-organic chemistry, Novosibirsk, Russia) as well as lead 

PbWO4 (Institute of Scintillation Materials, Kharkiv) are grown using Czochralski 

method from high-purity isotope-enriched 106Cd (66.4 %), 116Cd  (82.2  %)  and  

archeological lead which are successfully used as optical fiber guide ( PbWO4) and 

scintillators (106CdWO4, 116CdWO4) in low-background experiments to search double 

beta decay 106Cd and 116Cd in Gran Sasso (Italy) National underground laboratory. 

Based on studies of certain properties of the obtained crystals it is shown that the 

complex technique of obtaining high-purity components proposed in the thesis is 
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instrumental in crystal growth and allowed to obtain high-quality radio-pure 

scintillation crystals with high optical and scintillation characteristics. 

Moreover, the work presents results of studies of plastic deformation of 

cadmium of various purity. It was found for the first time, that along with previously 

known phenomenon of dynamic recovery and recrystallization during cadmium 

deformation, a grain growth effect was discovered associated with transformation of 

deformation energy into grain growth energy in pure metals with a low 

recrystallization temperature. Generation of structure in cadmium samples which are 

deformed by compression occurs under effect of deformation strengthening and 

recovery (softening) processes: dynamic first-order recovery, dynamic 

polygonization and dynamic recrystallization. The specificity of dynamic softening 

processes during compression of cadmium samples is strongly affected by the purity 

of the initial metal. 

Low-temperature (77-300 ) ultrasonic properties of high-purity cadmium 

(>99.999 mass%) enriched up to 66.4% in isotope 106 d and 82.2% in isotope 116 d 

were studied for the first time. It is demonstrated that precision measurements of 

temperature dependence of the propagation velocities of a longitudinal elastic sound 

wave  with  frequency  of  50  MHz  reveal  a  first-order  isotopic  effect  caused  by  the  

influence of isotope masses on the phonon spectrum. Linear isotope effect is 

described using universal ratio which depends on average mass of isotopes in 

crystals. Study of temperature dependencies of decay of longitudinal elastic 

ultrasound allowed for the first time to detect isotopic effect of the second order – 

isotopic phonon-phonon scattering and estimate its direct contribution into the sound 

decay by the factor of isotopic disorder. 

 

Key words: refinement, distillation, graining, high-purity cadmium, isotope-

enriched cadmium, archeological lead, low-background scintillator. 
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.  %  As   C0 = 0,21 . %. Bi  Sb  600 - 800 0  

 20%  C0  6   (Sb)   1,5  

 (Bi),  1000 0  1 , , 

 40%  Sb (C0 = 0,87 . %)  90%  Bi (C0 = 0,14 . 

%). 

 [63] : Cd  

 400 - 800 0 , Mg - 600 - 900 0 , Te - 900 - 1100 0 , Sb, Bi - 

1000 0  Zn -  600 0  ~ 10-5 . .  1 - 2 

. ,  Cd (C0 = 2 . %)  400 - 500 
0  0,1%  1  800 0 .  Te (C0 = 8 . %)  6 

.  900 0  0,03%,  1100 0  -  2  .   

0,01%.  Mg  600-800 0  Sb, Bi  1000 0  

 C0 ~ 2 . % ).  Zn  600 
0  60%,  Mg  900 0 . 
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 1  10-4 - 5  10-5 . .  [64] 

 C-0.  

 (  

).  8 - 10 , 

 800 0 ,  

 800 0  950 - 1000 0  (p ~ 1 . .).  

 6,5 - 7 ,  1/3,  

 1/4 - 1/3 .  

 800 0  5,6 2 . 

 850 0  40  -  

50% -  2,5 - 3  7 - 10 
2 . 

,  Rh, Pd, Fe, Co, Cu, Be, Ni, Al, Ba, Sb  

Sr, Ge, Sn, Mn, In, Ga, Ag ;  As, Cd, 

Na, Zn, Te, Li  Mg ; 

Bi, Tl ; Ag  Ga, 

,  

; Ge, Sn, In, Mn  

. 

 800 0  

 Cu, Ag,  Zn.  Bi  

. 

 

, .  800 - 1000 0  

 As, Na, Zn  Mg,  800 0  -   Fe  

Sb,  Ca  Bi  

. 

 
208Pb. ,  [65]  

.  
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,  

,  

. 

 

 5  30 .  

,  20 , . 

 400 ,  50 .  
208Pb  ~ 550 0  ~ 5  10-3  

. .  16 .  

.  208Pb 

 1.1. 

 
. 1.1. . 

 

,  208Pb 

,  Ca, Fe, Ni, Zn, 

Te, Ti, Mo, Mg, Mn, Cr, Sn, Sb, Cu, Ag, Si, B, Na, Cd, K, Li, Ba,  

 208Pb.  

.  208Pb  
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 30-50%.  208Pb  ~ 10-5 . 

%. 

 

1.2.4.  

 

.  [66],  

. 

, : Bi, Mg, 

Zn, Sn, Fe ( ) - 1  10-3 . %; Cu, As, Sb ( ) - 5  10-4 . %; Ag - 

3  10-4 .  %;  Ca   Na  ( )  -  2   10-3 . %. ,  

 ( )  99,994 . %. 

,  

) .  

,  

 40 - 50 .  550 

× 12 × 10 ;  700 .  

 10-1 . .).  25 

 / .  10  65; , 

 65, .  

 25% .  

 

 (  300 )  30  40  60-

.  

 50% .  

35- ,  

 50 - 60 

. 

 

,  99,999 . %.  
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, , .  

 (  

= 0,7), , , ,  (  = 0,4 - 0,6).  

, ,  ( ) , 

, , , , , , 

. 

 

, .  

20. ,  

. . 

 

 

, . 

,  

.  

. 

,  

 ( ) 

 Sn,  Cu,  Ag,  Au,  Bi,  Sb   -  Co,  Ni,  Fe,  Ge,  Cd,  As.  

 

. 

 

1.2.5.  

 

, .  

,  

. 

 c  

 ( )  99,992 - 99,9999 . %,  

, ,  
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. ,  

,  

. 

.  

 C-0  

99,99 . % (  11 ) .  

. 

 (As, Te, Zn)  

 500 - 1000 0 .  

 

Bi, Mg  Sb. 

 

.  

,  Sn, Cu, Ag, Au, Mg, Na, Bi, Sb  

- Co, Ni, Fe, Ge, Cd, As.  

 Sn,  Sb,  Bi,  Mg,  Na,   

 (  ~ 1). 

 

,  

. ,  

.  

.  

 

 

. 

 

1.3.  

 

. 
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, . 

,  1,25% 

(106Cd), 0,89% (108Cd), 12,49% (110Cd), 12,80% (111Cd), 24,13% (112Cd), 12,22% 

(113Cd), 28,73% (114Cd)  7,49% (116Cd). ,  

, .  

, -

, .  

 

. 

: 

 [67 - 80],  [81 - 83]  [84 - 89]. 

 

 

 [90, 91]. 

 

1.3.1.  

 

 [68-71],  

.  

 723  

 [69, 70]. , 

 

,   Cu,  Ag,  Pb,  Bi,  Sb   Ba.  

,  

 Bi,  Ba,  Sb  ,   0,01  .  %,   

. 

 

 [72]. : 9  10-4 . % 

, 1  10-4 . % , 1  10-4 . % , 1  10-3 . % , 5  

10-4 . % , 3  10-4 . % , 5  10-4 . % ,  1  10-3 . % 
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, , .  

 1,3  10-5 . .  673  1000 . 

 3,8  10-3 .  %.   

,  Pb, Cu, 

Fe, Tl, Ni, Sn , Hg  7 , Zn - 2,2 

.  P  As  2,2 ... 1,4 .  

 99,99935 . %.  

 

 [73, 74],  673 ... 793  

 6,66 ... 20,0   10-2 . .   

 99,999 . %. 

,  ( , , , 

, ),  

. 3 2, , 

 Cd3P2  Cd3As2  

 [75, 76] 

3 2 ( ) = 3  ( ) + ½ 2 ( ). (1.1) 

 

 - .  

 = 0,5 ... 0,2 , 

 Cd3P2:  = 

0,6  673  = 0,1  1000 .  

 Cd - P,  

i = PCd / PP4, : i = 2,1  10-4  673     i = 3,9  

10-3  1000 . 

 [67, 92]  

. ,  

 

 [67, 77].  973 ,  
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 1273 .  

, . 

 

 [67]. , 

, .  

 ( , )  

,  

: CO2, CO, SeH2, AsH3, PH3 .  

. 

,  

 4,4 ... 60 .  

,  

 = 4  = 235  

 [67]. ,  

 

.  

, . 

,  

 

.  

 (Zn, K, Na, Ca, Mg .)  

,  

,  

, .  

 (  « »  -  Zn,  Mg;  «D»  -  Na,  K)   

: 

CdO ( .) +  ( )  Cd0 + O, (1.2) 

CdO ( .) + 2D( )  Cd0 + D2O. (1.3) 
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 (1.2-1.3) .  

 CdO 

. 

 [72]  

 

 CdO. -

,  

 22860 - 77  - 0000. 

 

1.3.2.  

 

,  

. ,  

. , ,  

: 

1) ; 

2)  

; 

3) ,  

. 

 

 [82-84].  

 [78].  

 

 99,973 

. %,  - 99,9998 . % ( . 1.1).  

 40 . 
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 1.1 

, . % [78]. 

,  
 – 0 

 

      

Zn 3·10-3 As, Zn, W, 

Ni 

< 1·10-4 In, Ga < 2·10-6 

Al 1·10-4 Cu 2·10-5 Ni 8·10-4 

Fe, Sb, Te, Si < 5·10-5 Mo < 1·10-6 

Hg < 2·10-5 K < 6,5·10-6 Tl 2·10-3 

Cr, Ti, Co < 1·10-5 Ag < 2·10-7 

Nb < 1,4·10-7 Pb 1,8·10-2 Bi, Sn, Ge, 

Tl, Pb 

< 5·10-6 

Mn 3,3·10-7 

Cu 3·10-3 V < 3·10-6 Au 4·10-7 

m 5 = 2,7·10-2 m 28 < 6,77·10-4 

 

 

 [81].  

,  

 10-3 ... 10-4 . %  2 ± 0,3.  Al, 

Ni, Pb, Sn, Sb, Pb, Bi, Co, Mn, Ca, Ga  < 1 

 10-5 . %. 

 [82] ,  

,  

, : Zn, Ni, Ti, Mn - 5  10-5 . %; Fe, Al, Cr - 2  

10-5 . %; Mg - 1  10-5 . %; Pb, Sn, Ag - 5  10-6 . %; Cu - 2  10-6 . %; 

Bi  -  1   10-6 . %.  2,88  10-4 . %,  

 - 99,9997 . %. 

 [83]  

8,0...0,13  10-4 . .  10 
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.  

.  

 227 . 

 

1.3.3.  

 

[84-89].  

,  

[84].  

 [85] ,  

: , , , , , ,  

 - .  

 

) Cu - 4,3  10-3 . %, Pb - 2,1  10-2 . %  Tl - 2,6  10-3 

. %.  

 30 ... 35  /  15. 

 15-  

 5  10-3 . % ( ).  

 5  10-4 . %. 

 [86]  

.  

.  1  10-4 . %.  

. 

 R273K / R4,2K  27000  38700.  

 [59]  (  

) Si - 1  10-4 . %; Pb - 1  10-4 . %; Fe - 4  10-4 . %; Cu - 3  

10-4 .  %;  Zn  -  2   10-4 .  %;  Ca  -  2   10-4 .  %;  Al  -  2   10-4 .  %   

.  

 

~  2   10-3 . %.  
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 ~ 480 .  25  

 ~ 90%  

 ~  1   10-4 . %,  

.  [88]  

.  

, ,  

 500  20- , ,  

. 

 [89]  

 - , : Tl, As, Sb, Bi, Ni, 

Cu <1  10-4 . %, Pb - 1  10-4 . % , Fe - 3 ... 5  10-4 . %, Zn - 5 ... 7  10-4 

. %.  ~ 350 , 

 ( ). 

 103 .  

.  

.  

, , 

. ,  

,  30 , 

,  

. , ,  

, 

.  30  25  /  

 5  10-5 . %. 

 [78]  

, .  

 

. ,  

 560 0  10  

 0,2 . ,  
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, .  20  

 7  10-4  7  10-5 . %.  

: 

1) ,  

; 2)  

; 3) 

 30 ... 40  /  

 15 - 20. 

 

1.3.4.  

 

, -  

 (30 ... 60%)  

 (99,999 ... 99,99935 . %) [72 - 74].  

 

.  [77],  [67], 

 CdO [72].  

 99,9998 . % [78]  99,9997 . % [82]. 

, ,  

. 

 

. ,  

 

 [85, 89].  

 99,99993 ... 99,99995 . %.  

, 

 10  20 . 

 

, ,  

, . 
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1.4.  1 

 

,  

.  

, ,  

,  

 30 ... 60 % . 

 Cd  Pb  1, 

.  

 

. 

-

 106Cd, 116Cd  

. 

 Pb  Cd  

, ,  

,  

,  

, . 

,  

 Cd  Pb,  

 ( ,  

,  

, ),  

. 

 

, 

 

. ,  

,  
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,  

, 

, ,  

.  

. 
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 2.  

 

 Cd, 106Cd, 116Cd, Pb ,  

,  

, :  ICP-MS  LMS (ICP- 

MS - ,  

 ( , )  LMS - -

, ), , , 

,  

 Cd, 
106Cd, 116Cd, Pb. 

 

2.1.  

 

2.1.1.  Cd  Pb 

 

 Cd, 106Cd, 116Cd, Pb, -

, -2 ( )  

 

 (ICP-MS) (  ( ), ; 

, . .  

 ( )).  ICP-MS,  

 106Cd, 116Cd. 

-2 (  -  « », . ) 

 [93]  

.  

-203,  

 1060  

 20 .  50  

 10 .  
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-

. -4  5  10-7 .  .   

 1  10-7 . . . 

 

,  (10-7 %) ,  

,  

 ( ).  

 

 0,15 ... 0,30.  

 

. 

 [94]  

 

,  

,  (  ppt  ppq)  

, .  

 

 (  10-30 .%),  

,  3-10 ,  

.  

,  

,  (~ 0,1 )  (~ 0,1 ). 

 

2.1.2.  ( )  

 ( ) 7203  

 0 ... 325 0  

 (  Cd , Cd  Cd  

 Zr-Fe ). 7203  

,  

 [95]. 



 

 

48 

 

, ,  

.  

60. ,  

,  

 

. 

,  

, . -

,  

. 

. ,  

0,2 ,  

,  

, , 

.  

 

, .  

, ,  

. 

 

2.2.  

 

 

 Axio Observer MAT Inverse Microscope.  

.  

 

 (  3/2 ).  

.  

 HNO3  
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 CrO3 (  50  HNO3 +  20   CrO3) 

 H2O :  + H2O = 10 + 50 . 

 

2.3.  

 

 

,  

. 

,  

, -3 (  

 10 ... 20 ) . 

.  

 [96, 97]: 

2

854.1
d

FH , (2.1) 

 F - , d - . 

 ( ), , 

 

 1958- 10  

.  

 ( )  

,  

400.  

 

-19  180 .  

.  

, ,  

. ,  

,  

,  



 

 

50 

.  

,  (NHA), 

 (N A)  (N )  

. 

 

2.4. -

 

 

 

 

.  

. -

.  

 

 VL, L.  

 ±0,2%  1%, .  

T = 1 – 2 K  

 ± 0,05 . 

, 

-

 (VL)  50  

 ( L)  106  116 

.  

 40  / . VL ) L )  

.  VL )  L )  

 77 ... 300 .  

. 
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2.5.  

 

 

 

. 

-

, ,  

 HNO3  21-5  

 14125 - 72  HNO3:  H2O  =  1:  1  

 20 - 30 ,  

 100 .  

,  9-5  6-09-3513-86. 

 

. 

 

, 

,  

, 

,  

   (  = 300  ), .  

 Ø = 12  

 Ø = 5 .  BP-95d 

 Ø = 5  6  12 ,  

. 

 

,  

 Ø = 4  

 BP-

95d, ,  

. 
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2.6.  

 

 

 

, . . 

 

 (137Cs  207Bi).  

 

 ( . 2.1.). 

 Dow Corning Q2-3067,  

 1,46,  Philips XP2412  

 28 .  

 ORTEC 572  10 . 

 (137Cs  207Bi) ,  

 250 .  

 30 

 207Bi  40  -  

 137Cs. 

 
. 2.1. : 

1 - ; 2 - , . 



 

 

53 

 

 300-700  

SPECORD UV-VIS .  

. 

 

2.7.  

 

,  

 

-3467,  

.  

: 

  (  2.2),  

 ( , ),  

; 

 ,  

 

,  10-5  

. .; 

 ,  

 

 ( ) 

; 

 , ,  

; 

 . 

 



 

 

54 

 
 

. 2.2. : 

1 - ; 2 -  

 ( ); 3 - ; 4 - ; 5 -  

; 6 - . 

 

 

,  

, . 

,  

 ( , ) -  

7-3,  48-20-90-82.  

 6,2  10-4 .%.  

 (  = 1000 0 , t = 30 ... 40 .)  

, . 

 

 - 5/20 .  

 ± 5 0 . 
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2.8.  2 

 

 

-3467  

 Cd, 106Cd, 116Cd, Pb 

. 

,  

, , ,  

,  

, ,  

 

. 
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 3.  

 

 

 

 

 Cd, 106Cd, 116Cd, Pb 

.  

 

,  

.  

 ( i),  

.  

 

 

 (Cd, 106Cd, 116Cd, Pb). ,  

,  

. 

 

3.1.  

 

 

 

, .  

 

: 

B

A

B

A

B

B

A

A

N
N

N
N

N
N

N
N // , (3.1) 

 NA ,  NB  N´A ,  N´B - , 

. 
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,  

. 

,  (3.2),  

 (3.3) 

B

A

B

A

N
N

p
p , (3.2) 

00
AAAAAA pNpp ,  00

BBBBBB pNpap , (3.3) 

 – ,  
0
Ap , 0

Bp  – , , 

 – , 

 – , 

: 

0

0

BB

AA

p
p

 (3.4) 

,  (  =   =  1),   

i = 0
Ap / 0

Bp . 

 

 W/M,  -  

 -  W 

: 

TMpkpW /108333,5 2 , (3.5) 

 - , 

TMk /108333,5 2 ,   · 2 . .)-1 –  

 - . 

 

ABBB

BAAA

AB

BA

BB

AA

B

A

MpN
MpN

Mp
Mp

MW
MW

N
N

0

0

/
/ , (3.6) 



 

 

58 

,  

,  

 

ABB

BAA

B

A

B

A

Mp
Mp

N
N

N
N

0

0

/ , (3.7) 

 

AB MM / . ,  =  = 1,  

i  

 

AB

BA
i Mp

Mp
0

0

 (3.8) 

. 3.1  

 600 ... 900  Cd  1000 ... 1300  

Pb,  [98],  (3.8)  

i  

,  

. . 3.2  3.3. 
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 3.1 

, . . [98] 

,   600 700 800 900 1000 1100 1200 1300 
P4 26,8 864 - - - - - - 

As4 1,53.10-1 7,27 121 - - - - - 
Cs 4,32 33,1 149 443 - - - - 
Se 5,66·10-1 10,8 94,2 407 - - - - 
K 6,18·10-1 6,87 40,99 162,3 480,8 - - - 

Cd 1,71·10-2 2,42 22,0 121 466 - - - 
Zn 4,67·10-3 1,82·10-1 2,40 17,6 85,6 308 - - 
Te 8,82·10-4 8,50·10-2 1,40 10,0 45,7 153 395 - 

Na2 4,75·10-4 1,93·10-2 2,96·10-1 2,36 12,31 46,16 - - 
Mg 1,11·10-4 7,11·10-3 1,58·10-1 1,74 10,7 44,8 148 402 
Sr 2,69·10-6 2,70·10-4 8,35·10-3 1,17·10-1 9,43·10-1 4,61 20,5 50,8 
Ra 1,48·10-6 1,39·10-4 4,10·10-3 5,46·10-2 3,90·10-1 1,88 6,77 20,4 
Sb 4,39·10-7 1,18·10-4 7,64·10-3 1,74·10-1 7,83·10-1 2,49 6,54 15,6 

Tl 1,69·10-7 2,36·10-5 9,78·10-4 1,61·10-2 1,55·10-1 9,78·10-1 4,51 16,2 
 2,49·10-7 3,48·10-5 1,39·10-3 1,1710-2 1,38·10-1 8,37·10-1 5,79 19,2 

Pb 3,23·10-9 7,20·10-7 4,07·10-5 8,99·10-4 1,11·10-2 8,37·10-2 4,47·10-1 1,87 
In - 9,30·10-10 1,32·10-7 6,24·10-6 1,34·10-4 7,86·10-2 3,55·10-1 1,33 

Mn - - 3,59·10-9 3,77·10-7 1,53·10-4 3,03·10-4 3,61·10-3 2,89·10-2 
Ag - - 9,79·10-10 1,07·10-7 4,56·10-6 9,65·10-5 1,23·10-3 9,88·10-3 
Ni - - - 1,07·10-9 9,36·10-8 3,62·10-6 7,58·10-5 1,62·10-3 
Al - - - 4,61·10-9 2,61·10-7 6,75·10-6 1,00·10-4 9,88·10-4 
Sn - - - 7,12·10-10 5,0·10-8 1,29·10-6 1,95·10-5 1,90·10-4 
Cu - - - 1,16·10-10 1,03·10-8 3,92·10-7 8,15·10-6 1,06·10-4 
Au - - - - 3,33·10-10 1,73·10-8 4,69·10-7 7,01·10-6 

 - ;  P4, As4  Na2 .
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 3.2 

 i  

. 

,   

 600 700 800 900 

Hg 5,1·10-5 - - - 

P4 7,9·10-4 2,910-3 - - 

* S 1,1·10-4 2,2·10-3 - - 

Fr 1,7·10-3 3,8·10-2 9,6·10-2 - 

Cs 4,2·10-3 7,6·10-2 1,5·10-1 2,8·10-1 

Rb 6,3·10-3 1,0·10-1 1,9·10-1 3,0·10-1 

K 1,6·10-2 2,1·10-1 3,2·10-1 3,3·10-1 

Se 2,5·10-2 1,8·10-1 1,9·10-1 2,5·10-1 

As4 1,8·10-1 5,3·10-1 2,9·10-1 - 

Cd 1 1 1 1 

Zn 2,7 7,6 6,9 5,2 

Te 2,2·101 3,2·101 1,8·101 1,4·101 

Na2 2,3·101 8,2·101 4,7·101 3,3·101 

Mg 7,2·102 1,6·102 6,4·101 3,2·101 

Li 1,3·103 6,5·103 7,3·102 3,2·102 

Sr 5,6·103 7,8·103 2,3·103 9,1·102 

Ra 1,7·104 3,5·104 1,1·104 4,4·104 

Ca 4,0·104 3,9·104 9,3·103 6,1·103 

Sb 4,0·105 2,2·104 3,1·104 7,5·102 

Bi 1,0·105 7,9·105 4,7·103 1,7·101 

Ba 1,4·105 1,6·105 3,9·104 1,3·103 

Tl 1,3·105 1,4·105 3,0·104 1,0·104 

Pb 7,6·106 4,5·106 7,3·105 1,8·105 

Mn - - 4,3·109 2,2·108 
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 3.3 

 i  

. 

,  
 

1000 1100 1200 1300 

Cd, Se, Cl, As, Rb, Cs - - << 1·10-6 - 

Se < 1 10-5 - - - 

Zn 7,2 10-5 1,5 10-4 - - 

Te 1,9 10-4 4,4 10-4 8,8 10-4 - 

Mg 3,5 10-4 6,7 10-4 1,0 10-3 1,6 10-3 

Sr 7,7 10-3 1,2 10-2 1,4 10-2 10-2 

Ba 8,5 10-2 1,2 10-1 1,5 10-1 1,8 10-1 

Tl 7,1 10-2 8,8 10-2 9,8 10-2 1,1 10-1 

Bi 4,1 10-2 5,1 10-2 5,7 10-2 6,8 10-2 

Ca 3,5 10-2 4,6 10-2 3,4 10-2 4,3 10-2 

Sb 10-2 10-2 10-2 10-2 

Pb 1 1 1 1 

Mn 3,7 102 1,5 102 6,4 101 3,3 101 

Ag 1,8 103 6,5 102 2,6 102 1,4 102 

Al 1,5 104 4,6 103 1,6 103 6,8 102 

Ni 6,3 104 1,3 104 3,1 103 6,1 102 

Co 2,1 105 3,9 104 9,2 103 2,7 103 

Cu 5,9 105 1,2 105 3,0 104 9,8 103 

Sn 1,7 105 5,1 104 1,7 104 7,4 103 

Si 9,7 106 1,1 106 1,9 105 4,3 104 

Cr 3,5 107 4,2 106 6,5 105 1,4 105 

Fe - 1,5 107 2,1 106 4,3 105 

U - - - 5,7 109 

V - - - 6,9 109 

Pt, Mo, Nb, Zr, Hf, W - - >> 1·1010 - 
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i  Cd   Pb   

,  

, i << 1 

. 3.2 - 3.3  Cd  Pb )  

, i >> 1 (  Cd  Pb ). 

i ~ 1 . ,  

, : 

 - ,  - ,  

 - ,  - .  

 

. , ,  

 100 ,  

. 

 Ni, Al, Sn, Pt, Si, Fe, V, Zr, Nb, Hf, Ta, Mo, W .  

,  

. ,  

 

. 

. 3.4 - 3.5  

,  

 -  (3.5)  [98]. 

 

 3.4 

 W, -2 -1. 

,  600 700 800 900 1000 

 

 
4,3·10-4 5,6·10-2 4,8·10-1 2,5 9,1 
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 3.5 

 W, -2 -1. 

,  1100 1200 1300 

 2,13 10-3 1,09 10-2 4,39 10-2 

 

3.2.  

 [ 2, 5, 9] 

 

0  

 G /G0  

[99]: 
0

0
y

y t
yx

dy
G
G , (3.9) 

0  - , . 

%, G0  G  - , x  y -  

. 

 [85, 99] : 

00
0

0

00

0

0 100
100lglglg

x
x

x
x

Mp
Mp

MpMp
Mp

G
G

BA

AB

ABBA

BA , (3.10) 

 0
Ap , 0

Bp  – , ,  -  

, . 

,  ( 0  <<  100  %),  

 (3.10),  

 

,  [100, 101],  (3.8)  

: 

00

lg
1

1lg
x
x

G
G

i
, (3.11) 

, 0  G /G0 : 



 

 

64 
1

00

i

G
G

. (3.12) 

,  

0  GK/G0. 

0  GK/G0  

 G0x0 – G x  = GKx , : 

0

00
0

00

11

G
G

G
G

x
x

x
G

xGxGx
k

k

k
k , (3.13) 

 - , . %, GK - . 

,  

G0  = G  + G , (3.14) 

 (3.12) : 
1

00

1
i

G
Gk  (3.15) 

 (3.14)  (3.13), 0  GK/G0. 
i

G
G

G
G

x
x

k

k

k

0

0

0

11
. (3.16) 

 (3.12), (3.16)  

.  

 i. 

 (3.12)  (3.16),  

0 

 G /G0  

0  G /G0, 

 Cd  Pb,  

. 
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, 

, ,  

. ,  

 

. 

. 3.1,  3.2, 0 = 

f(G /G0) , Cs, P  Cd  Tl, Ca, Mg  Pb , . 

3.1,  3.2, 0 = f(G /G0)  Zn, Te, Na  Cd  

Mn, Ag, Cu  Pb.  (3.12, 3.16), , 

 i,   = 1/ i. 

  
) ) 

. 3.1. : 

)  Cd , Cs  P ; 

)  Cd  Zn, Te  Na . 
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) ) 

. 3.2.  

: 

)  Pb  Tl, Ca  Mg ; 

)  Pb  Mn, Ag  Cu  

. 

 

,  Cs  P ( i <<  1)  

 10-  

Cd  10 %,  Cd  10  

 50 % .  Te  Na ( i >>  1)  

 10-  

Cd  95 %. 

.  

i <10-2. , 

 Mg  Pb  10  5 % 

.  

i> 5  101. ,  

 Mn, Ag  Cu  Pb  10  

 > 90%.  
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 [14]. 

 

3.3.  

 

 

0 0  

 

 GK: 

GK = W  
. F . t, (3.17) 

 W  – , F -  

, t - . 

 (3.14)  (3.17) : 

G  = G0 – W  
. F . t. (3.18) 

 (3.18)  (3.12)  (3.17)  (3.16), : 
1

00

1
i

tW
G
F

x
x

A , (3.19) 

 

tW
G
F

tW
G
F

x
x

A

A

k

i

0

0

0

11
. (3.20) 

 

 

, .  

 [62]  

, ,  

 t. 
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,  

 N0  N1  

 [85]: 

1000

dyGWFdt , (3.21) 

 W – , F - , y - 

, . %. 

: 

1

0
0

0 ln
N
N

Fkbp
Gt

BB
, (3.22) 

 N0  N1 -  

, b = M /MA,  -  

, 0
B

B
p

Wk  -  W  

 0p ,  -  

. 

,  (3.19)  

 [85]  (3.22),  

: 

t
G
Fkbp

N
N

BB
0

0

0

1 exp . (3.23) 

 (3.19)  (3.20) ,  

,  

 (3.23) , ,  

,  

 WB  N1. 

, , 

,  

 (3.22) : 
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t
G
Fkbp

N
N

B
0

0

0

1ln , (3.24) 

,  

.  

 N0  N1  (3.24),  

 

1

0
0
0 ln

N
N

Fkbp
G

t
B

. (3.25) 

,  N1  0  t ,  

. 

. 3.6-3.7,  (3.25),  

 

 G0/F = 20  / 2  Cd  G0 / F = 42 

 / 2  Pb ( ). 

 

 3.6 

 Cd  As, Se  Cs  

 (G0/F  = 20 2). 

  

As 

  

Se 

  

Cs 

i 

1,8·10-1 5,3·10-1 2,5·10-2 1,8·10-1 4,2·10-3 7,6·10-2 

600  700  600  700  600  700  

 

 

N0/N1 

 t,  

2 98 22 13,6 0,8 2,2 0,3 

5 226 51 31,5 1,7 5,3 0,7 

10 325 74 45,4 2,5 7,6 1,0 

100 651 147 90,8 5 15,2 2,1 
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 3.7 

 Pb  Ba, Te, 

Sr, Mg  1100 K (G0/F = 42 2). 

 

Ba 

 

Te 

 

Sr 

 

Mg 

i 

1,2 10-1 8,2 10-2 1,2 10-2 6,4 10-4 

 

N0/N1 

 t,  

2 48,83 39,01 9,86 3,66 

5 113,37 90,57 22,9 8,49 

10 162,19 129,58 32,76 12,15 

100 324,39 259,17 65,516 24,30 

 

 

i, . 

 

, i <0,01. i> 0,01  

 100  

.  

,  

i. 

 Pb  

 

 (  ~ 0,9 )  1100  - ,  10 - 100  

 c i>  1   10-2  

,  

 

,  

 [5, 9, 14]. 
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 ( i ~ 1)  

,  

, .  

 

, . 

 

3.4.  

 

 

 

 

,  

. , , 

, ,  

 

,  

. 

 

.  

.  

, ,  

, , ,  

.  

.  

, .  

,  

, . 

 Cd  

.  
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.  

 CdO, . 

: 2Cd (gas) + O2 = 2CdO. 

 MeO  

G  

.  3.26,  

,  MeO  1  T < T ,  

, : 

 0
MeOG  –  

,  - , ,  -  ~ 

0,6T ,  T  - , . 

 

 (1039,15 )  

(3.26) : 

510013,1
lg3,3824,399722426 PTTGCdO  (3.27) 

 = 623 ... 

693 , ,  

(3.27) ,  Cd . 

 Cd3N2,  

 Cd.  

 673  [102]. 

 Cd-C  

.  

 CO  CO2. 

, , ,  

.  

5
0

10013,1
ln2 PRTGG MeOMeO , (3.26) 
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 CO  

.  P(CO)  P(CO2)  

,  

.  CdO, ,  

 Cd,  

 ~ 1 ... 10-2 . .  

, , 

GCdO  CdO GMeO  

 

. 

,  

 Cd :  

 (H, N, O) , ,   

 Cd,  

,  

 (633 ... 723 ).  

, 

 [103, 104].  

 473 ... 773  

.  

,  Zr(51%) - Fe(49%),  

,  (  

-00 (  05.20157-

93) ). 

 [8]  

 Cd  

 Zr-Fe. 

,  Cd  

.  
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,  

 MeO  

. : 

     , MeOMeMeMeO IIII  (3.28) 

 MeII – ,  Zr-Fe. 

.  

, ,  

 -  Zr 2  CdO 

 

 [105, 106].  

 Cd  

 [106].  

 FeO, Fe3O4  Fe2O3 [105, 106]. 

 

 C  CO,  Cd,  

 

.  

, . 

 Cd  

,  

 ZrFe,  Zr. 

 

3.5.  3 

 

, ,  

,  

. 

,  

 

 106Cd  116Cd . 
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 Zr-Fe  

 

 

. 
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 4.  

,  

 

 

4.1.  

 

4.1.1.  

,  

PbWO4  

,  

, , 

, . 

,  

,  

 I  

. ,  

, . .  ( . 

),  

 [107, 108], ,  

 

 ( , ) [5].  

,  210Pb  <(0,2-0,9) 

 / ,  

 [109]. 

,  

,  ( ) -

 (  

, ),  4.1. 
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 4.1 

 [5]. 

 10-4 

. % 

ICP-MS LMS 
 

  

Mg < 1 0,09 

Al < 1 1,5 

Si < 25 1,0 

K < 10 0,5 

Ca < 5 0,6 

Ti < 0,5 < 0,09 

V < 0,01 < 0,07 

Cr < 0,1 < 0,09 

Mn < 0,05 < 0,08 

Fe < 10 < 0,09 

Co < 0,01 < 0,09 

Ni < 0,1 < 0,2 

Cu 200 6 

Zn < 0,3 3 

Ag 80 30 

Cd < 0,05 5 

Sn - < 0,08 

Sb 230 5 

Th (ppb) < 2 - 

U (ppb) < 1 - 

 

. 4.1,  

 99,94 . %,  

2 (  3778 98). 



 

 

78 

4.1.2.  

 

,  (  

= 327,5 0 )  

 (3,26  10-9 . .) [100].  

 (Cd,  Zn,  Te  .)  ,   

 

 (2  ...  6)   10-1 . .,  

 930 ... 970 0  [100].  

,  ~ 950 0 . 

 

,  

 

,  [5, 9, 14]. 

 

: 

1) ; 

2)  

. 

,  

 (  

 10-5 . .)  

, ,  

 - " "  

. . 4.1).  

. 

,  

, ,  

, 

,  
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 - " ".  

,  

. 

 

 
. 4.1. : 

A - ;  - ;  -  

; 

1 - ; 2 - ; 3 - ; 4 - ,  

. 

 

, . 

4.2.  2  3,  

 1,  6  

 5,  2. -

 4 .  

 ( . 2.2.,  2),  

. 

 1,  2,  6  

-7 ,  

,  

 - 7-3 (  48-20- 90-82). 



 

 

80 

 

 
. 4.2. : 

1 - ; 2 - ; 3 - ; 

4 - ; 5 - ; 6 - . 

 

,  [14], 

.  

 ~ 1  2  ( . 4.2.).  

 950 0 .  

 1  6.  

 ~ 95% ,  

 (Cu,  Fe,  Si,  Ni,  Ag,  Al,  Sb,  Bi,  Sn,  Mn,  .),   

 2.  (Na, As, .)  

 6, . 

 6  

 (  850 0 ),  

 4  

 (~ 5,5 ) 

 ( .  0,9 ). 
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,  

,  

.  

,  

 2 ( . 4.2. ). 

 

4.1.3.  

 

 (ICP-MS).  

 ( ) ,  

. .  ( )  ( . ).  

, -

 (LMS) . 

 

 

. 4.2 [5]. 

. 4.2,  

 99,9996 . %.  

 C000 (  22861 93).  

 Cu, Sb  Ag.  - 

 10-500 .  

:   Rb,  Y,  Zr,  Nb,  Ru,  Pt,  

Au <1  10-8 ppm;  Sc, In, Te <1  10-7 ppm;  Se, Pd <1  10-6 ppm. 

 

, ,  

 

,  

. 
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 4.2 

 

 [5]. 

 10-4 . % 

   

ICP-MS LMS ICP-MS LMS 
 

 

Mg < 1 0,09 < 5 - < 0,04 

Al < 1 1,5 < 1 - 0,04 

Si < 25 1,0 < 25 0,4 0,08 

K < 10 0,5 < 10 - 0,3 

Ca < 5 0,6 < 5 - 0,3 

Ti < 0,5 < 0,09 < 0,5 - < 0,09 

V < 0,01 < 0,07 < 0,01 - < 0,07 

Cr < 0,1 < 0,09 < 0,1 - < 0,09 

Mn < 0,05 < 0,08 < 0,05 - < 0,08 

Fe < 10 < 0,09 < 10 0,14 < 0,09 

Co < 0,01 < 0,09 < 0,01 0,002 < 0,09 

Ni < 0,1 < 0,2 < 0,1 0,014 < 0,09 

Cu 200 6 0,3 0,4 < 0,1 

Zn < 0,3 3 < 0,3 2 < 0,2 

Ag 80 30 0,7 0,08 <0,6 

Cd < 0,05 5 < 0,05  < 0,8 

Sn - < 0,08 - 0,03 < 0,08 

Sb 230 5 - 0,01 < 0,6 

Th (ppb) < 2 - < 1 - - 

U (ppb) < 1 - < 2 0,02 - 
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,  > 90%. 

,  

 

. 

. 4.3  

. 

 
. 4.3. . 

 

4.2.  

 

4.2.1.  

 

 ( . . 4.3): 

-  (  6-09-3095-78),  Fe 

<0,002 . %, Cu <0,01 . %, Pb <0,02 . %, Zn <0,004 . %  

 99,96 . %; 

-  106  116  (106Cd  116Cd)  

,  

 106Cd (66,4%), 116Cd 

(82,2%),  ( . 

. 4.4). 
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 4.3 

. 

 10-4 . % 
 

Cd( ) 106Cd 116Cd 

Ni 30 0,6  0,2 
Cu 4,7 5 0,7 

Fe 0,4 1,3  5 

Mg 30 12  0,05 

Mn 0,2 0,1  5 

Cr 0,2 9  0,1 

V < 0,005 < 0,005  0,08 

Co 0,3 0,02  0,1 
K 8,3 11 5,4 
Pb 1000 270 80 

Th < 0,001 < 0,001  0,6 

U < 0,001 < 0,001  0,6 
 

 4.4 

 106Cd  116Cd  

,%. 

 
 

 106Cd  116Cd 
 Cd 

[110] 
106 66,4±0,4 0,11±0,04 1,25±0,06 
108 6,58±0,05 0,1±0,05 0,89±0,03 
110 5,06±0,05 1,8±0,03 12,49±0,18 
111 4,83±0,01 2,01±0,02 12,80±0,12 
112 8,85±0,02 4,35±0,08 24,13±0,21 
113 4,38±0,05 2,14±0,03 12,22±0,12 
114 8,77±0,09 7,30±0,07 28,73±0,42 
116 1,497 82,2±0,1 7,49±0,18 
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 106Cd  116Cd . 4.4, 

 ( , ). 

 

4.2.2.  

 

 

,  

.  

 

 

i <1),  ( i> 1) ,  

 95% . 

 [1, 111] ,  

, ,  

. ,  

 

 0,005 . %,  0,001 . %, 

.  

 

, , (  NEG 

)  Zr, Ti .  

 Zr-Fe, Zr-Al, Zr-V, Zr-Ni  Ti-V;  

 Zr-Mn-Fe, Zr-V-Fe, Ti-V-Mn;  Zr-Ni-A-M  

Zr-Co-A, , , , ,  

, , , , , , , 

; , ,  

 [112].  [113]  

.  

,  

, .  
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,  

 ~ 2 , . 

 

 Cd  

Zr(51)-Fe(49) . % [8]  (  

, ) [1],  

 

 Cd  (N, C, O ). 

 Zr(51)-Fe(49) . %  300 0  

 (  14 (N2), 16 (CH4),  28  (CO)   32  (O2)),  

,  

 650 0  

 14, 16, 28  32 . 

 Cd .  

 - " " ( . . 

4.1), ,  

,   (Na,  ,  S,  ,  l  .)   

.  

, ,  

,  - , 

. 4.4. 
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. 4.4.  

: 

D - ; F- ; G -  

; 1 - ; 2 - ; 3 - ; 4 - . 

 

 

,  2 ,  

,  G,  1 -  

 D.  4  

.  

 3,  ( ) -  

,  

, . ,  

 ( -7). 

 ( . 2.2.,  2)  

 10-5 . .  

 1-3 .  

:  ( )  =   +  (50  ...  60)  ,  

 =   -  (30  ...  40)  ,   -  

. ,  90-95% 
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,  

(Fe, Ni, Si, Al, u .). 

,  

 (> 95%)  (<1%), 

.  

 ( )  

 - . 

 

, , .  

 

 

. ,  

,  Zr-Fe . 

 

4.2.3.  

 

:  

 - ICP-MS ( , ), -

 - LMS ( , ,  ),  

 - AAS 

, )  - SMS 

, , ). 

. 4.5  Cd, 

. 4.6.  Cd  

. 
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 4.5 

,  

 Zr-Fe. 

 10-4 . % 

   

   

C 20 6 < 1 

N 5 1 < 1 

O 45 10 < 1 

 70 17 < 3 

 – . 

 4.6 

,  

 Zr-Fe. 

 10-4 . % 

   

   

Ni 30 < 0,2 < 0,2 

Cu 4,7 4 < 0,2 

Fe 0,4 < 0,2 < 0,2 

Mg 30 < 0,5 < 0,5 

Mn 0,2 0,12 < 0,1 

Cr 0,2 0,11 < 0,1 

V < 0,005 <0,005 <0,005 

Co 0,3 < 0,003 < 0,003 

K 8,3 < 0,1 < 0,1 

Pb 1000 4 2 

Zn 12 1 <0,2 

Cd 99,96 99,999 99,9996 



 

 

90 

,  4.5  4.6, ,  

 

 Zr-Fe  

 

.  

.  2 ... 5  

 

, . 

 

, . . 4.5.  

, , : H2O (18 ), CO (28 )  CO2 (44 

), ,  

 25 ... 300 0 , ,  

.4.5. . 

 

  

) ) 
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) ) 

  

. 4.5. ,  

: 

)  ( ); ) ; ) ;  

) . 

 

 4.7 

 106Cd  116Cd . 

 10-4 . % 
106Cd 116Cd 

 
 

. 

 

4– . 

 

 

. 

 

4– . 

 

 2- . 

 

 

Ni 0,6* 0,6*  0,2**  0,2**  0,2** 

Cu 5* 0,7* 0,7**  0,1**  0,1** 

Fe 1,3* 0,4*  5**  5**  5** 

Mg 12*  0,5*  0,05**  0,05**  0,05** 

Mn 0,1* 0,1*  5**  5**  5** 

Cr 9*  0,5*  0,1**  0,1**  0,1** 

V < 0,005 *  0,001*  0,08**  0,08**  0,08** 



 

 

92 

Co 0,02*  0,01*  0,1**  0,1**  0,1** 

K 11*  10* 5,4**  0,04**  0,04** 

Pb 270* 8* 80**  0,7**  0,7** 

Th < 0,001* < 0,001*  0,6**  0,6**  0,6** 

U < 0,001* < 0,001*  0,6**  0,6**  0,6** 

*ICP-MS, **LMS 

 

. 4.7 -

 106Cd  116Cd .  98 

, ,  106Cd  
116Cd  > 99,999 . %.  

 > 95%,  

1% [3, 4]. 

 

, , ,  

 

 [3]. 

. 4.6  

. 

   

Cd 106Cd 116Cd 

. 4.6. -

. 
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4.3.  

 

 

 

 

 

.  

 

.  " "  

, .  

 Cd  Pb  

, . 4.7 [10, 15]. 

 

 
 

. 4.7. , . 

: 

1 - ; 2 - ; 3 - ; 

4 - , ; 5 - . 

 



 

 

94 

 

7. ,  

,  

 ~ 1000 0 .  

 Ø = 40  h = 150  

60 ) ,  

.  

 860  Cd  1120  Pb.  

,  

. ,  

 3 ... 4.  

.  

(H2O). 

. , 

 

, . , ,  

. 

. 4.8. 

 

 
 

. 4.8. . 

 

4.3.1.  

. 4.8  

 Cd  Pb  [10]. 
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 4.8 

 Cd  Pb  

. 

 10-4 . % 

Cd Pb 
 

  
 

  

Fe < 0,2 1 Mg < 0,04 < 0,04  

Cu < 0,2 1 Al 0,04 0,07 

Ni < 0,2 1 Si 0,08 0,06 

Pb 2 2 K 0,3 0,5 

As < 0,5 <0,5 Ca 0,3 0,4 

Sb 1 1 Fe 0,02 0,04 

Sn < 0,1 < 0,1 Cu 0,04 0,08 

Al - - Ag < 0,6 < 0,6 

Zn < 0.2 1 Sb < 0,6 < 0,6 

Cd 99,9996 99,9993 Pb > 99,9996 > 99,9995 

 

,  

 Cd  Pb  5N. , 

 

99,9993 . %  99,9995 . %. 

. . 

4.9  

.  

,  - . 
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. 4.9.  

. 

 

 Cd  Pb  

 [10]. 

 

,  

. , 

,  

. 

 

. 

 

, , ,  

.  

. 

 

 

 60-  

 Cd  30-  Pb . 

 

 (H2O)  

,  -  

(C3H7OH).  

 Pb  Cd . 
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4.4.  4 

 

,  

 

 [3, 4, 18, 20, 31] 

 [5, 9, 14, 18, 31]  

.  

, ,  

 -  

 

.  > 99,9996 

. %,  > 99,999 . %  

 > 99,9996 . %.  

 

,  

 > 90%  1% [3, 5, 14]. 

 

: U < 0,2 ppb; Th < 1 ppb; Ni, Cu, Fe, 

Si,  Ti,  Mg,  Al,  Mn,  Cr,  V,  Co  <  0,1  ppm;  K,  Ca,  Zn,  Cd,  Ag,  Sb  <  1  ppm.   

 PbO  

 < 10-5  ( . 

)  

 [114].  

 PbWO4  

 106Cd  

 106CdWO4  

 ( ) [115]. 

 (106Cd, 116Cd) 

 > 99,999 . % .  

 Cd  Zn ,  



 

 

98 

,  

 106Cd  116Cd  

, , 70Zn, 128Te, 130Te, 

. 

-

 106Cd (66,4%)  116Cd (82,2%),  

 106CdWO4  116CdWO4,  

 106Cd  116Cd.  

 JSC NeoChem ( . , ),  

.  ( , )  

.  

 CdWO4 .  

 

,  

,  CdWO4,  

 

 [58].  

 106CdWO4  116CdWO4  

 106Cd  116Cd  

DAMA (Dark Matter) . 

 

 [15].  > 99,9993 . 

%  > 99,9995 . %. 

 Cd  

Pb  

 

. 
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 5.  

 

 (Cd, 106Cd, 116Cd, Pb)WO4  

 

 

5.1.  

 

 

:  

, ,  

,  

, ,  

.  

,  

.  

. 

 

, , 

, ,  

 (320,9 ° ) 

 ( . ) . 

 

 

 ( ). 

 (99,96 

.%)  (> 99,9996 .%),  

, .  

. 4.6. , 

 2 ( . 2.5),  
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,  5  6  

. . 5.1). . 

 
. 5.1. . 

 

 

 1958 10 ,  

 (  2, . 2.3). 

. 5.2  

 5,5  10-4 -1  

». ,  

,  

,  

» ( . . 5.2),  

. 

 

 
. 5.2.  « »  
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 (  1),  (  3)  

» (  2  4 ). 

: 

1)  ( = 27,4 , = 66,0 )  

, 

 ( ,  ~ 30% = 54,3 ,   = 

85,4 ),  

.  

,   (H  = 23 
2  H  = 20 2 )  

,  

 (22  44 ), . . 5.3; 

2)  

; 

3)  2  4 ,  

 (12%  7%  

)  

, .  

. 

 

 [11]. 

. 5.3  

. 



 

 

102 

  
  

  
  

. 5.3.  ( , )  ( , 

)  ( , )  20 0  ( , )  

 5,5  10-4 -1. 

 

 

,  

 ( . 5.2)  ( . 

5.3), , .  

 

.  

 

 [13]. 
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. 5.4  « -

»  « »  

. 

 

  
  

. 5.4.  

 4,2  10-3; 5,6  10-4  6,9  10-5 -1 (  1, 2  3 ) ( )  

 « » (  1, 2  3 ) ( ) . 

 

,  

,  

.  

 

.  4,2  10-3 -1  

 

, ,  

; ,  5,6  10-4 -1  7% 

,  

 (  

),  30%  

 (  

, ).  



 

 

104 

 6,9  10-5 -1  35%  

:  

. 

 

 

, . 5.5,  

 ( . 5.5, ),  10  

50 .  20 .  

: 4,2  10-3 -1 ( . 5.5, ) , 

 35 .  

5,6  10-4 -1 ( . 5.5, )  

 ( )  ( ),  75 .  

 6,9  10-5 -1 ( . 5.5, )  

 100 . ,  

 

,  

 ( ),  75  100  

 5,6  10-4 -1 ( . 5.5, ). 

, . 5.5,  

. 
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. 5.5.  

)  35% :  

4,2  10-3 ( ); 5,6  10-4 ( ); 6,9  10-5 -1 ). 

 

,  

 

, : 
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	 механізмів переміщення дистиляційного пристрою.
	Рис. 2.2. Схема робочої камери:
	Рис. 2.2. Схема робочої камери:1 - патрубок системи відкачування і напуску інертного газу; 2 - система переміщення (шток); 3 - система екранів; 4 - нагрівач; 5 - дистиляційний пристрій; 6 - робоча камера.


