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�¡· §μ¢ ´¨¥ 231

91Pa ¨ 246
96Cm ¶·¨ μ¡²ÊÎ¥´¨¨ ¶ ²² ¤¨¥¢μ£μ ¸É¥·¦´Ö

¢ DHPC, § ¶μ²´¥´´μ° ³μ²¥±Ê²Ö·´Ò³ ¤¥°É¥·¨¥³ ¶·¨ ¤ ¢²¥´¨¨ 1,2 ±¡ ·,
Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³ ¸ ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¥° 10 ŒÔ‚

�¡· §¥Í ¶ ²² ¤¨Ö ¡Ò² μ¡²ÊÎ¥´ Éμ·³μ§´Ò³¨ γ-±¢ ´É ³¨ ¸ ¶μ·μ£μ¢μ° Ô´¥·-
£¨¥° 10 ŒÔ‚ ¢  É³μ¸Ë¥·¥ ³μ²¥±Ê²Ö·´μ£μ ¤¥°É¥·¨Ö ¶·¨ ¤ ¢²¥´¨¨ 1,2 ±¡ · ¢
É¥Î¥´¨¥ 18 Î ¶·¨ Éμ±¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  11Ä13 ³±� ¢ ± ³¥·¥ ¢Ò¸μ±μ£μ ¤ -
¢²¥´¨Ö ¤¥°É¥·¨Ö (DHPC). �·¨ ¨§ÊÎ¥´¨¨ ¢¸¥Ì ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸É¥° DHPC
¡Ò²μ μ¡´ ·Ê¦¥´μ §´ Î¨É¥²Ó´μ¥ ±μ²¨Î¥¸É¢μ ¸¢¨´Í . ‚ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥¤¥´´ÒÌ
¤¥É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° Ô²¥³¥´É´μ£μ ¸μ¸É ¢  ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ³¥Éμ-
¤ ³¨ ·¥´É£¥´μ¢¸±μ£μ ³¨±·μ§μ´¤μ¢μ£μ  ´ ²¨§  (�Œ‡�), ³ ¸¸-¨§μÉμ¶´μ£μ  ´ ²¨§ 
(‚ˆŒ‘), ¨§³¥·¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  ¨ Î¨¸²  ¨¸¶Ê¸± ¥³ÒÌ α-Î ¸É¨Í ´ 
α-¸¶¥±É·μ³¥É·¥ (®Canberra¯),   É ±¦¥ ·¥£¨¸É· Í¨¨ α-Î ¸É¨Í É·¥±μ¢Ò³ ¤¥É¥±-
Éμ·μ³ (CR-39) Ê¸É ´μ¢²¥´μ, ÎÉμ ¶·¨ μ¡²ÊÎ¥´¨¨ DHPC Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³
¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨° μ¡· §μ¢ ²¨¸Ó ÉÖ¦¥²Ò¥ Ô²¥³¥´ÉÒ 231

91Pa ¨ 246
96Cm,

±μÉμ·Ò¥ Ö¢²ÖÕÉ¸Ö ¨¸±Ê¸¸É¢¥´´Ò³¨ ¨ μÉ¸ÊÉ¸É¢ÊÕÉ ¢ ¶·¨·μ¤¥. �¡¸Ê¦¤ ÕÉ¸Ö ¢μ§-
³μ¦´Ò¥ ³¥Ì ´¨§³Ò ¨Ì μ¡· §μ¢ ´¨Ö ´  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ · ´¥¥ ¶·μ¢¥¤¥´´ÒÌ
¨¸¸²¥¤μ¢ ´¨° ¨ Ë¥´μ³¥´μ²μ£¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± ¢μ§³μ¦´Ò³ Ö¤¥·´Ò³ ·¥ ±Í¨Ö³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. 	.”²¥·μ¢  �ˆŸˆ.
�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2015
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231
91Pa and 246

96Cm Production under Irradiation of Palladium Rod
in the Molecular Deuterium at a Pressure of 1.2 kbar by Braking Radiation
with a 10 MeV Maximum Energy

The sample of palladium was irradiated by braking γ-rays with 10 MeV threshold
energy in an atmosphere of molecular deuterium at a pressure of 1.2 kbar during 18 h
at a current of 11Ä13 μA with electron beam in the deuterium high-pressure cham-
ber (DHPC). The study of the inner surfaces of DHPC showed signiˇcant amounts
of lead. As a result of detailed research of elemental composition of the products
of nuclear reactions by X-ray micro-probe analysis (RMPA), isotopic mass analysis
(SIMS), the measurement of the energy spectrum and the number of α-particles emit-
ted in the α-spectrometer (Canberra), as well as the registration of α-particles by track
detector (CR-39), it was found that under irradiation of DHPC by bremsstrahlung the
nuclear reactions formed heavy elements 231

91Pa and 246
96Cm which are artiˇcial and

lacking in nature. Possible mechanisms of their formation are discussed on the basis
of the results of earlier studies and phenomenological approach to possible nuclear
reactions.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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‚ · ¡μÉ Ì [1Ä4] ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò ´μ¢ÒÌ
¸¨´É¥§¨·μ¢ ´´ÒÌ ³¨±·μμ¡Ñ¥±Éμ¢ ´  ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸ÉÖÌ ± ³¥·Ò ¢Ò-
¸μ±μ£μ ¤ ¢²¥´¨Ö (DHPC), § ¶μ²´¥´´μ° ³μ²¥±Ê²Ö·´Ò³ ¤¥°É¥·¨¥³ ¶·¨ ¤ ¢²¥-
´¨¨ 1,2 ±¡ ·, ¸ ¶ ²² ¤¨¥¢Ò³ ¸É¥·¦´¥³, ±μÉμ· Ö ¡Ò²  μ¡²ÊÎ¥´  Éμ·³μ§´Ò³¨
γ-±¢ ´É ³¨ ¸ ¶μ·μ£μ¢μ° Ô´¥·£¨¥° 10 ŒÔ‚ ¢ É¥Î¥´¨¥ 18 Î ¶·¨ Éμ±¥ Ô²¥±É·μ´-
´μ£μ ¶ÊÎ±  11Ä13 ³±�. ‘Ì¥³  DHPC ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1.

�É³¥É¨³, ÎÉμ ¢μ ¢¸¥Ì Ô±¸¶¥·¨³¥´É Ì μ¡· §ÍÒ ¶ ²² ¤¨Ö ¢ ¢¨¤¥ ¸É¥·¦´¥°
¨³¥²¨ ¢Ò¸μ±ÊÕ ¸É¥¶¥´Ó Î¨¸ÉμÉÒ. ‚ Î ¸É´μ¸É¨, ¨§³¥·¥´´Ò¥ ³ ±¸¨³ ²Ó´Ò¥
±μ´Í¥´É· Í¨¨ μ¡´ ·Ê¦¥´´ÒÌ ¶·¨³¥¸¥° ¶·¨¢¥¤¥´Ò ¢ É ¡². 1 ¢ ppm.

Šμ´Í¥´É· Í¨¨ μ¡´ ·Ê¦¥´´ÒÌ ¶·¨³¥¸¥° ¢ μ¡· §Í Ì ¶ ²² ¤¨Ö ¶μ ¢μ¸Ó³¨
¨§³¥·¥´¨Ö³ ¸Ê³³ ·´ÒÌ ±μ²¨Î¥¸É¢ ¶·¨³¥¸¥°, ¶·¨¢¥¤¥´´ÒÌ ¢ ¶ ¸¶μ·É¥, ¸μ¸É -
¢¨²¨: ¶¥·¢ Ö ¸¥·¨Ö ¨§³¥·¥´¨° Å 77, 69, 90, 56, 51 ppm ¨ ¢Éμ· Ö ¸¥·¨Ö
¨§³¥·¥´¨° Å 12, 16 ¨ 24 ppm.

�¨¸. 1. ‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ DHPC ¨ HHPC: 1 Å ¶μÉμ± γ-±¢ ´Éμ¢; 2 Å
·¥§Ó¡μ¢μ¥ ¸μ¥¤¨´¥´¨¥ ¸ ¢Ìμ¤´Ò³ μÉ¢¥·¸É¨¥³; 3 Å ±μ·¶Ê¸ ± ³¥·Ò ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö;
4 Å ¢Ìμ¤´μ¥ μ±´μ ¨§ Cu98−96Be2−4; 5 Å Ê¶²μÉ´¥´¨¥ ¤²Ö ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö; 6 Å
Í¨²¨´¤· ± ³¥·Ò ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö ¨§ Cu98−96Be2−4; 7 Å ¤¥°É¥·¨° (DHPC) ¨²¨
¢μ¤μ·μ¤ (HHPC); 8 Å ·¥ ±Í¨μ´´ Ö ± ³¥·  ¨§ ² ÉÊ´¨; 9 Å Pd-¸É¥·¦¥´Ó ¤²¨´μ° 4 ³³
¨ ¤¨ ³¥É·μ³ 3,8 ³³; 10 Å · §¤¥²¨É¥²Ó´ Ö Ëμ²Ó£ ; 11 Å ¸¨´É¥§¨·μ¢ ´´Ò° ¶·μ¤Ê±É
·¥ ±Í¨¨; 12 Å ² ÉÊ´´Ò° ¸¡μ·´¨±; 13 Å ± ¶¨²²Ö· ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö; 14 Å ±² ¶ ´
¨ É¥´§μ·-¤ ÉÎ¨± ¤ ¢²¥´¨Ö
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’ ¡²¨Í  1. Œ ±¸¨³ ²Ó´Ò¥ ±μ´Í¥´É· Í¨¨ μ¡´ ·Ê¦¥´´ÒÌ ¶·¨³¥¸¥° ¢ ¶ ²² ¤¨¨
¢ ppm


²¥³¥´É ˆ§³¥·¥´¨¥ 1 ˆ§³¥·¥´¨¥ 2 
²¥³¥´É ˆ§³¥·¥´¨¥ 1 ˆ§³¥·¥´¨¥ 2

47Ag < 3 < 3 77Ir < 10 < 10

13Al < 10 < 15 12Mg < 3 4

33As < 10 < 10 25Mn < 5 < 5

79Au 41 48 28Ni < 5 < 5

56Ba Å Å 82Pb < 5 < 5

4Be Å Å 46Pd 99,9923% 99,9910%
83Bi < 5 < 5 78Pt < 10 < 10

20Ca < 3 < 3 45Rh < 10 < 10

48‘d Å Å 44Ru < 10 < 10

24Cr Å Å 51Sb < 10 < 10

29Cu 12 10 14Si < 10 < 10

26Fe 14 19 60Sn < 10 < 10

31Ga Å Å 30Zn < 3 < 3

49In Å Å ‘Ê³³  77 90

„ ¢²¥´¨¥ ³μ²¥±Ê²Ö·´μ£μ ¤¥°É¥·¨Ö ¢ DHPC ¶·¨ μ¡²ÊÎ¥´¨¨ γ-±¢ ´É ³¨ ¸μ-
¸É ¢²Ö²μ PD2

∼= 1,2 ±¡ ·, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É · ¸Î¥É´μ³Ê §´ Î¥´¨Õ ±μ´Í¥´É· -
Í¨¨ ³μ²¥±Ê²Ö·´μ£μ £ §μμ¡· §´μ£μ ¤¥°É¥·¨Ö ND2

∼= 1,476·1022 ³μ²¥±Ê² D2/¸³3

¶·¨ ¥£μ ¶²μÉ´μ¸É¨ ρD2
∼= 0,088 £/¸³3 [1Ä4, 7]. ˆ¸Ìμ¤´ Ö ³ ¸¸  Pd-¸É¥·¦´Ö

¸μ¸É ¢²Ö²  M0
Pd = 0,7509 £. �μ¸²¥ μ¡²ÊÎ¥´¨Ö γ-±¢ ´É ³¨ ³ ¸¸  Pd-¸É¥·¦´Ö

μ± § ² ¸Ó M ir
Pd = 0,71845 £. ‘²¥¤μ¢ É¥²Ó´μ,  ¡¸μ²ÕÉ´μ¥ ¨§³¥´¥´¨¥ ³ ¸¸Ò Pd-

¸É¥·¦´Ö ΔMPd = M0
Pd − M ir

Pd = 0,03245 £ (μÉ´μ¸¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ ³ ¸¸Ò
¸μ¸É ¢²Ö¥É 4,3 %). Š ± ¶μ± § ²¨ · ¸É·μ¢ Ö Ô²¥±É·μ´´ Ö ³¨±·μ¸±μ¶¨Ö (�
Œ)
¨ ·¥´É£¥´μ¢¸±¨° ³¨±·μ§μ´¤μ¢Ò°  ´ ²¨§ (�Œ‡�) [1Ä4], ¶· ±É¨Î¥¸±¨ ¢¸¥ ¢´Ê-
É·¥´´¨¥ ¶μ¢¥·Ì´μ¸É¨ Ô²¥³¥´Éμ¢, ¢Ìμ¤ÖÐ¨Ì ¢ DHPC,   ¨³¥´´μ: ¢Ìμ¤´μ£μ μ±´ 
(·¨¸. 1, ¶μ§. 4) ¸ ¶·¨¸ÊÉ¸É¢ÊÕÐ¥° ´  ´¥³ ¢´¥Ï´¥° ·¥§Ó¡μ° ¢¶²μÉÓ ¤μ Ê¶²μÉ-
´¥´¨Ö ¤²Ö ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö (·¨¸. 1, ¶μ§. 5), ¢´ÊÉ·¥´´¨Ì ¸É¥´μ± ² ÉÊ´´μ°
¢ÉÊ²±¨ (·¨¸. 1, ¶μ§. 8) ¸ ¢´ÊÉ·¥´´¥° ·¥§Ó¡μ° ¸ μ¡¥¨Ì ¥¥ ¸Éμ·μ´, Pd-¸É¥·¦´Ö
(·¨¸. 1, ¶μ§. 9), ² ÉÊ´´μ£μ ¸¡μ·´¨±  (·¨¸. 1, ¶μ§. 12) ¸ ¢´¥Ï´¥° ·¥§Ó¡μ° ´ 
´¥³, ¶μ±·ÒÉÒ Î ¸É¨Í ³¨ ¸¢¨´Í  · §²¨Î´ÒÌ · §³¥·μ¢. �¡´ ·Ê¦¥´Ò ± ± ¡μ-
²¥¥ ÉÖ¦¥²Ò¥ (19Š, 20‘ , 22Ti, 24Cr, 25Mn, 26Fe, 29Cu, 30Zn, 46Pd, 74W, 78Pt,

79Au), É ± ¨ ¡μ²¥¥ ²¥£±¨¥ Ì¨³¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ (6C, 8O↓↑ , Ne↑, 11Na, 12Mg,

13Al, 14Si, 15P, 16S, 17Cl, 18Ar↑) (¸³. [1]). �μ μÍ¥´± ³, ¸¤¥² ´´Ò³ ¢ [1Ä4] ¨
¶μ¤É¢¥·¦¤¥´´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨§³¥·¥´¨Ö³¨ ¸ ¶μ³μÐÓÕ �Œ‡� ¢ ¤ ´-
´μ° · ¡μÉ¥, μ¡Ð¥¥ ±μ²¨Î¥¸É¢μ ¸¢¨´Í  (NPb) ³μ¦¥É ¤μ¸É¨£ ÉÓ ¶· ±É¨Î¥¸±¨
³¨±·μ¸±μ¶¨Î¥¸±¨Ì ±μ²¨Î¥¸É¢,   ¨³¥´´μ: NPb < 9,42 · 1019  Éμ³μ¢ Pb.

‚ · ¡μÉ Ì [5, 6] ¶ ²² ¤¨¥¢Ò° μ¡· §¥Í ¤²¨´μ° 4 ³³ ¨ ¤¨ ³¥É·μ³ 3,8 ³³ ¢
		�‘ (± ³¥·¥ ¢Ò¸μ±μ£μ ¤ ¢²¥´¨Ö ¢μ¤μ·μ¤ ) ¡Ò² μ¡²ÊÎ¥´ ¢  É³μ¸Ë¥·¥ ¶²μÉ-
´μ£μ ¢μ¤μ·μ¤  ¶·¨ ¤ ¢²¥´¨¨ 0,5 ±¡ ·. 	  ·¨¸. 2 ¶·¨¢¥¤¥´Ò �
Œ-¨§μ¡· ¦¥´¨Ö
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�¨¸. 2. �
Œ-¨§μ¡· ¦¥´¨Ö ¸É·Ê±ÉÊ·Ò ¢ ¢¨¤¥ ¶²μÉ´μ° Î ¸É¨ÍÒ ¨ ¡μ²¥¥ ³¥²±¨Ì ¢±· -
¶²¥´¨° ¢μ ¢Éμ·¨Î´ÒÌ ( ) ¨ ¢ μÉ· ¦¥´´ÒÌ (¡) Ô²¥±É·μ´ Ì

¸É·Ê±ÉÊ·Ò ¢ ¢¨¤¥ ¶²μÉ´μ° Î ¸É¨ÍÒ ¨ ¡μ²¥¥ ³¥²±¨Ì ¢±· ¶²¥´¨° (¸¢¥É²ÒÌ Î -
¸É¨Í) ¢μ ¢Éμ·¨Î´ÒÌ ( ) ¨ ¢ μÉ· ¦¥´´ÒÌ (¡) Ô²¥±É·μ´ Ì. ‚ μÉ· ¦¥´´ÒÌ Ô²¥±-
É·μ´ Ì (·¨¸. 2, ¡) ¸¢¥É²Ò¥ Î ¸É¨ÍÒ ¨³¥ÕÉ ¡μ²ÓÏ¨° ¶μ·Ö¤±μ¢Ò° ´μ³¥· Ô²¥³¥´-
Éμ¢, Î¥³ É¥³´Ò¥. �μÔÉμ³Ê ¸¢¥É²Ò¥ Î ¸É¨ÍÒ, ´ Ìμ¤ÖÐ¨¥¸Ö ¸¢¥·ÌÊ ¨ ¸´¨§Ê ¶²μÉ-
´μ° Î ¸É¨ÍÒ, ¤μ²¦´Ò ¨³¥ÉÓ ¶μ·Ö¤±μ¢Ò° ´μ³¥· Ô²¥³¥´É  ¡μ²ÓÏ¥, Î¥³ Î ¸É¨ÍÒ
´  ¶μ¤²μ¦±¥ ¨§ ³¥¤¨ ¨ Í¨´± . ‘¢¥·ÌÊ ¨ ¸´¨§Ê ¶²μÉ´μ° μ¤´μ·μ¤´μ° Î ¸É¨ÍÒ
¶·¨¸ÊÉ¸É¢ÊÕÉ ·ÒÌ²Ò¥ ³¥²±μ¤¨¸¶¥·¸´Ò¥ μ¡· §μ¢ ´¨Ö ¸ ¡�μ²ÓÏ¨³¨  Éμ³´Ò³¨
´μ³¥· ³¨, Î¥³ ¢ ¸ ³μ° Î ¸É¨Í¥.

	  ·¨¸. 3,   ¶·¥¤¸É ¢²¥´μ �
Œ-¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ´  ¶μ¢¥·Ì´μ¸É¨
² ÉÊ´´μ° ·¥ ±Í¨μ´´μ° ± ³¥·Ò; ¢¤μ²Ó ¢Ò¤¥²¥´´μ° ¶μ²μ¸Ò ¶·μ¢¥¤¥´μ ¨§³¥·¥-
´¨¥ ³¥Éμ¤μ³ �Œ‡�; ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥³¥´Éμ¢ ¶·¨¢¥¤¥´Ò
´  ·¨¸. 3, ¡ [5, 6].

ˆ§ · ¸¶·¥¤¥²¥´¨° ´  ·¨¸. 3, ¡ ¸¤¥² ´ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¶²μÉ´ Ö Í¥´É· ²Ó-
´ Ö Î ¸É¨Í  ¸μ¸Éμ¨É ¨§ ±·¥³´¨Ö (¤μ 800 μÉ´. ¥¤.), ±¨¸²μ·μ¤  (¤μ 400 μÉ´. ¥¤.)
¨ ³ £´¨Ö (¤μ 60 μÉ´. ¥¤.),   ¸¢¥É²Ò¥ ³¥²±¨¥ Î ¸É¨ÍÒ ¸¢¥·ÌÊ ¨ ¸´¨§Ê μÉ Í¥´-
É· ²Ó´μ° Î ¸É¨ÍÒ Å ¨§ ¡ ·¨Ö (¤μ 400 μÉ´. ¥¤.), ¸¢¨´Í  (¤μ 40 μÉ´. ¥¤.), ¦¥-
²¥§  (¤μ 120 μÉ´. ¥¤.), É¨É ´  (¤μ 300 μÉ´. ¥¤.), ¸¥·Ò (¤μ 300 μÉ´. ¥¤.), Ê£²¥·μ¤ 
(¤μ 90 μÉ´. ¥¤.) ¨ Ëμ¸Ëμ·  (¤μ 40 μÉ´. ¥¤.).

	  ·¨¸. 4 ¶·¥¤¸É ¢²¥´ ¸Ê³³ ·´Ò° Ì · ±É¥·¨¸É¨Î¥¸±¨° ¸¶¥±É· ·¥´É£¥´μ¢-
¸±μ£μ ¨§²ÊÎ¥´¨Ö (•‘�ˆ), ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Ô²¥³¥´É´μ³Ê ¸μ¸É ¢Ê ¶·¨ ¸± ´¨-
·μ¢ ´¨¨ �Œ‡� ¶μ ¶μ²μ¸¥ ´  ·¨¸. 3,  . ˆ§ •‘�ˆ ¢¨¤´μ, ÎÉμ ¶·¨¸ÊÉ¸É¢ÊÕÉ
²¨´¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·μÉ ±É¨´¨Õ, ¶·¨ ÔÉμ³ Î ¸ÉÓ ²¨´¨° ¶·μÉ ±É¨´¨Ö
¸μ¢¶ ¤ ¥É ¸ ²¨´¨Ö³¨ μÉ ¸¢¨´Í . ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ±μ´Í¥´É· Í¨¨ Ô²¥³¥´-
Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì •‘�ˆ ´  ·¨¸. 4.

ˆ§ É ¡². 2 ¢¨¤´μ, ÎÉμ ¸É·Ê±ÉÊ·  ¸μ¤¥·¦¨É §´ Î¨É¥²Ó´Ò¥ ±μ²¨Î¥¸É¢ 
 ²Õ³¨´¨Ö (6,21  É.%), ±·¥³´¨Ö (6,03  É.%), ± ²¨Ö (1,55 ¢¥¸.%), ¡ ·¨Ö
(2,21 ¢¥¸.%) ¨ ¸¢¨´Í  (0,48 ¢¥¸.%). 	 ¨¡μ²¥¥ Ê¤¨¢¨É¥²Ó´Ò° Ô²¥³¥´É, ±μ-
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�¨¸. 3. �
Œ-¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ´  ¶μ¢¥·Ì´μ¸É¨ ² ÉÊ´´μ° ·¥ ±Í¨μ´´μ° ± -
³¥·Ò ( ), ¢¤μ²Ó ¢Ò¤¥²¥´´μ° ¶μ²μ¸Ò ¶·μ¢¥¤¥´μ ¨§³¥·¥´¨¥ ³¥Éμ¤μ³ �Œ‡�; ¸μμÉ¢¥É-
¸É¢ÊÕÐ¨¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥³¥´Éμ¢ (¡)
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�¨¸. 4. ‘Ê³³ ·´Ò° •‘�ˆ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸± ´¨·μ¢ ´¨Õ �Œ‡� ¶μ ¶μ²μ¸¥
´  ·¨¸. 3,  

’ ¡²¨Í  2. Šμ´Í¥´É· Í¨¨ Ô²¥³¥´Éμ¢ ¸É·Ê±ÉÊ·Ò ´  ·¨¸. 2 ¨ 3,  , ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
•‘�ˆ ´  ·¨¸. 4


²¥³¥´É ‘¥·¨Ö C, ¢¥¸. % C,  É. %

“£²¥·μ¤ Š 18,14 35,01
Š¨¸²μ·μ¤ Š 25,69 37,22
Œ £´¨° Š 0,47 0,45
�²Õ³¨´¨° Š 7,23 6,21
Š·¥³´¨° Š 7,31 6,03
‘¥·  Š 0,79 0,57
Š ²¨° Š 1,55 0,92
Š ²ÓÍ¨° Š 0,33 0,19
’¨É ´ Š 0,29 0,14
†¥²¥§μ Š 0,63 0,26
	¨±¥²Ó Š 0,09 0,03
Œ¥¤Ó Š 20,94 7,64
–¨´± Š 13,80 4,89
� ·¨° L 2,21 0,37
‘¢¨´¥Í L 0,48 0,05
�·μÉ ±É¨´¨° M 0,05 0,00

Éμ·Ò° ¡Ò² μ¡´ ·Ê¦¥´ ¨ ·¥´É£¥´μ¢¸±¨¥ ²¨´¨¨ ±μÉμ·μ£μ μÉÎ¥É²¨¢μ ¢¨¤´Ò ´ 
•‘�ˆ, Å ÔÉμ ¶·μÉ ±É¨´¨°.

–¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ:  ) ¶·μ¢¥¤¥´¨¥ ¨§³¥·¥´¨° ³ ¸¸ ¢¸¥Ì ¨§μÉμ¶μ¢
¸¢¨´Í  (¸³. [1Ä4]),   É ±¦¥ ¶·μ¢¥·±  ´ ²¨Î¨Ö ¶·μÉ ±É¨´¨Ö ¨, ¢μ§³μ¦´μ, ¡μ-
²¥¥ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ ´  ¶μ¢¥·Ì´μ¸ÉÖÌ ² ÉÊ´´μ° ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¨
¸¡μ·´¨±  ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ¨ Ì¨³¨Î¥¸±¨Ì ·¥ ±Í¨° (¸³. ·¨¸. 1, ¶μ§. 8 ¨ 12)
³¥Éμ¤μ³ ¢Éμ·¨Î´μ° ³ ¸¸-¨μ´´μ° ¸¶¥±É·μ¸±μ¶¨¨ (‚ˆŒ‘/SIMS); ¡) ¨§³¥·¥´¨¥
Ô³¨¸¸¨¨ α-Î ¸É¨Í ´  α-¸¶¥±É·μ³¥É·¥ ®Canberra¯ ‹Ÿ� ¨³. ƒ. 	.”²¥·μ¢  ¸ ¶μ-
¢¥·Ì´μ¸É¥°, ¶μ±·ÒÉÒÌ ¸¢¨´Íμ³, ³¥Éμ¤ ³¨  ²ÓË -¸¶¥±É·μ³¥É·¨¨; ¢) ·¥£¨¸É· -
Í¨Ö α-Î ¸É¨Í É·¥±μ¢Ò³¨ ¶μ²¨³¥·´Ò³¨ ¤¥É¥±Éμ· ³¨ CR-39.
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1. „…’�‹œ�›‰ �Œ‡� ��‚…�•��‘’…‰ ‹�’“���‰
�…�Š–ˆ����‰ Š�Œ…�› ˆ ‘����ˆŠ� ���„“Š’�‚ Ÿ„…��›•

ˆ •ˆŒˆ—…‘Šˆ• �…�Š–ˆ‰ (‘Œ. �ˆ‘. 1, ��‡. 8 ˆ 12) [1Ä4]

�μ¢¥·Ì´μ¸É¨ μ¡¥¨Ì ¶μ²μ¢¨´μ± · §·¥§ ´´μ° ·¥ ±Í¨μ´´μ° ± ³¥·Ò (·¨¸. 1,
¶μ§. 8) ¡Ò²¨ ¶μ¢Éμ·´μ ¨§ÊÎ¥´Ò ³¥Éμ¤ ³¨ �
Œ ¨ �Œ‡� ¢ ³¥¸É Ì ¸μ §´ Î¨-
É¥²Ó´Ò³ ¸²μ¥³ ³¥²±μ¤¨¸¶¥·¸´μ£μ ¸¢¨´Í  ¤²Ö ¶μ¨¸±  μÉ³¥Éμ± μÉ ¶·μÉ ±É¨´¨Ö
¢ •‘�ˆ.

	  ·¨¸. 5,  , 6,   ¨ 7,   ¶·¥¤¸É ¢²¥´Ò É·¨ · §²¨Î´ÒÌ ¸É·Ê±ÉÊ·Ò ¸ ¢Ò¸μ±¨³
¸μ¤¥·¦ ´¨¥³ ¸¢¨´Í ,   ´  ·¨¸. 5, ¡, 6, ¡ ¨ 7, ¡ ¶·¨¢¥¤¥´Ò •‘�ˆ, ¢Ò¶μ²´¥´´Ò¥
¢ É. 9, 10 ¨ 11; ¢ É ¡². 3Ä5 ¤ ´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±μ´Í¥´É· Í¨¨ Ô²¥³¥´Éμ¢.

Š ± ¢¨¤´μ ¨§ ¸¶¥±É·μ¢ ´  ·¨¸. 5, ¡, 6, ¡ ¨ 7, ¡, ·¥´É£¥´μ¢¸±¨¥ ²¨´¨¨
¶·μÉ ±É¨´¨Ö ¡²¨§±¨ ± ²¨´¨Ö³ ¸¢¨´Í , ¶μÔÉμ³Ê ¢¢¨¤Ê ³ ²μ¸É¨ ±μ´Í¥´É· -
Í¨¨ ¶·μÉ ±É¨´¨Ö ´  Ëμ´¥ ¢Ò¸μ±μ° ±μ´Í¥´É· Í¨¨ ¸¢¨´Í  ´¥ Ê¤ ²μ¸Ó ¶μ-
²ÊÎ¨ÉÓ ¸±μ²Ó±μ-´¨¡Ê¤Ó § ³¥É´Ò¥ ¥£μ ±μ´Í¥´É· Í¨¨ ¢μ ¢¸¥Ì É·¥Ì É ¡²¨Í Ì
(¸³. É ¡². 3Ä5).

�¡· §μ¢ ´¨¥ ¶·μÉ ±É¨´¨Ö, ¡ ·¨Ö ¨ ¤·Ê£¨Ì Ô²¥³¥´Éμ¢ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ
´μ¸¨É ¢¥·μÖÉ´μ¸É´Ò° Ì · ±É¥· ¢ μ¡Ñ¥³¥ ¶ ²² ¤¨Ö ¨ ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ-

�¨¸. 5. �
Œ-¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ´  ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ( ) ¨ •‘�ˆ
¢ É. 9 (¡)

�¨¸. 6. �
Œ-¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ´  ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ( ) ¨ •‘�ˆ
¢ É. 10 (¡)
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�¨¸. 7. �
Œ-¨§μ¡· ¦¥´¨¥ ¸É·Ê±ÉÊ·Ò ´  ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ( ) ¨ •‘�ˆ
¢ É. 11 (¡)

’ ¡²¨Í  3. Šμ´Í¥´É· Í¨¨ Ô²¥³¥´Éμ¢ ¢ É. 9, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ •‘�ˆ ´  ·¨¸. 5, ¡


²¥³¥´É Z ‘¥·¨Ö C, ¢¥¸. % C,  É. %

“£²¥·μ¤ 6 Š 8,94± 3,33 30,94
Š¨¸²μ·μ¤ 8 Š 18,74± 5,15 48,70
Œ¥¤Ó 29 Š 7,27± 0,38 4,76
–¨´± 30 Š 5,84± 0,34 3,71
‘¢¨´¥Í 82 L 59,22± 2,32 11,89
�·μÉ ±É¨´¨° 91 L 0,0 0,0

’ ¡²¨Í  4. Šμ´Í¥´É· Í¨¨ Ô²¥³¥´Éμ¢ ¢ É. 10, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ •‘�ˆ ´  ·¨¸. 6, ¡


²¥³¥´É Z ‘¥·¨Ö C, ¢¥¸. % C,  É. %

“£²¥·μ¤ 6 Š 8,82± 1,63 31,02
Š¨¸²μ·μ¤ 8 Š 17,93± 2,75 47,33
�²Õ³¨´¨° 13 Š 0,01± 0,03 0,02
Œ¥¤Ó 29 Š 8,39± 0,25 5,57
–¨´± 30 Š 6,46± 0,21 4,17
‘¢¨´¥Í 82 L 58,39± 1,59 11,90
�·μÉ ±É¨´¨° 91 L 0,0 0,0

’ ¡²¨Í  5. Šμ´Í¥´É· Í¨¨ Ô²¥³¥´Éμ¢ ¢ É. 11, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ •‘�ˆ ´  ·¨¸. 7,¡


²¥³¥´É Z ‘¥·¨Ö C, ¢¥¸. % C,  É. %

“£²¥·μ¤ 6 Š 9,22± 2,04 29,09
Š¨¸²μ·μ¤ 8 Š 20,33± 3,47 48,17
†¥²¥§μ 26 Š 0,30± 0,05 0,20
Œ¥¤Ó 29 Š 14,83± 0,45 8,85
–¨´± 30 Š 9,00± 0,30 5,22
‘¢¨´¥Í 82 L 46,33± 1,44 8,48
�·μÉ ±É¨´¨° 91 L 0,0 0,0
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¸É¥° D	�‘, É. ¥. ·¥ ±Í¨¨ μ¡· §μ¢ ´¨Ö Ô²¥³¥´Éμ¢ ¶·μ¨¸Ìμ¤ÖÉ ¢ ³¥¸É Ì, £¤¥
¤μ¸É¨£ ÕÉ¸Ö ´¥μ¡Ìμ¤¨³Ò¥ Ê¸²μ¢¨Ö ¨Ì ¶·μÉ¥± ´¨Ö, ¶μÔÉμ³Ê μ¡´ ·Ê¦¥´¨¥ É¥Ì
¨²¨ ¨´ÒÌ Ô²¥³¥´Éμ¢ É ±¦¥ ´μ¸¨É Ë²Ê±ÉÊ Í¨μ´´Ò° Ì · ±É¥·. ‚Ò¶μ²´Ö¥³Ò¥
¨¸¸²¥¤μ¢ ´¨Ö �
Œ ¨ �Œ‡� ¶·μ¢μ¤ÖÉ¸Ö ÉμÎ¥Î´μ ¨²¨ ¶μ ³ ²Ò³ ¶²μÐ ¤Ö³ ¨
´  μ¡´ ·Ê¦¥´´ÒÌ, É. ¥. ´¥ ´  ¢¸¥Ì, ¸É·Ê±ÉÊ· Ì. ‚ Î ¸É´μ¸É¨, ³μ¦´μ ¸± § ÉÓ,
ÎÉμ ¶·¨ ¶μ²ÊÎ¥´¨¨ ·¥§Ê²ÓÉ Éμ¢ ¢ · ¡μÉ¥ [6], ±μÉμ·Ò¥ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 2
¨ ¢ •‘�ˆ ´  ·¨¸. 4, ¶·μ¸Éμ ¶·¨¸ÊÉ¸É¢μ¢ ² Ô²¥³¥´É ¢¥§¥´¨Ö.

’¥³ ´¥ ³¥´¥¥ ¤ ´´Ò¥ · ¡μÉÒ [6] ¨ ·¨¸. 5Ä7 ³μ¦´μ ¸Î¨É ÉÓ Ê± § ´¨¥³ ´ 
¢μ§³μ¦´μ¥ ¶·¨¸ÊÉ¸É¢¨¥ ¢ μ¡· §μ¢ ¢Ï¥³¸Ö ¸¢¨´Í¥ ¢ [1Ä4]  Éμ³μ¢ ¶·μÉ ±É¨´¨Ö.

2. ‚’��ˆ—��Ÿ Œ�‘‘-ˆ����Ÿ ‘�…Š’��‘Š��ˆŸ (‚ˆŒ‘/SIMS)
‘‚ˆ�–� ˆ „�“ƒˆ•, ��‹…… ’Ÿ†…‹›• 	‹…Œ…�’�‚

�Ò²  ¸Ëμ·³Ê²¨·μ¢ ´  ¸²¥¤ÊÕÐ Ö § ¤ Î : μ¶·¥¤¥²¨ÉÓ ¨§μÉμ¶´Ò° ¸μ¸É ¢
μ¡· §μ¢ ¢Ï¨Ì¸Ö ¨§μÉμ¶μ¢ ¸¢¨´Í , ¨§³¥·¨ÉÓ ¨Ì ³ ¸¸Ò ¨ ±μ´Í¥´É· Í¨¨. „²Ö
± ²¨¡·μ¢±¨ ¸¶¥±É·μ³¥É·μ¢ ¢´ Î ²¥ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ £· ´Ê²¨·μ¢ ´´Ò° ¢¨¸-
³ÊÉ 209

83Bi (100 %) ¸ Î¨¸ÉμÉμ° 97,5 % ¸ ¨§¢¥¸É´Ò³¨ ±μ´Í¥´É· Í¨Ö³¨ ¶·¨³¥¸¥°,
±μÉμ·Ò° ¨³¥¥É Éμ²Ó±μ μ¤¨´ ¨§μÉμ¶.

Š ± ¨§¢¥¸É´μ [8, 9, 24], ¶·¨·μ¤´Ò° ¸¢¨´¥Í ¸μ¸Éμ¨É ¨§ Î¥ÉÒ·¥Ì ¨§μÉμ¶μ¢:
204
82Pb (1,4 %), 206

82Pb (24,1 %), 207
82Pb (22,1 %) ¨ 208

82Pb (52,4 %). 231
91Pa ¨³¥¥É

¶¥·¨μ¤ ¶μ²Ê· ¸¶ ¤  32760 ²¥É ¨ 246
96Cm ¨³¥¥É ¶¥·¨μ¤ ¶μ²Ê· ¸¶ ¤  4730 ²¥É.

ˆ§³¥·¥´¨Ö SIMS (Secondary Ion Mass Spectrometry) ¨ GDMS (Glow Dis-
charge Measurement Spectrometry) ¶·μ¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨§£μÉμ¢²¥´-

�¨¸. 8. �·¥Í¨§¨μ´´Ò¥ ¶·¨¡μ·Ò SIMS ( ) ¨ GDMS (¡)
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´ÒÌ ´  § ± § ¤¢ÊÌ ¶·¥Í¨§¨μ´´ÒÌ ¶·¨¡μ·μ¢, μ¶¨¸ ´´ÒÌ ¢ · ¡μÉ Ì [10, 11].
	  ·¨¸. 8 ¶·¥¤¸É ¢²¥´Ò ¨§μ¡· ¦¥´¨Ö Ê¸É ´μ¢μ± SIMS ¨ GDMS.

�´ ²¨§ Éμ· SIMS (SAJW-05) [8] μ¸´ Ð¥´ ±¢ ¤·Ê¶μ²Ó´Ò³ ³ ¸¸- ´ ²¨§ -
Éμ·μ³ (QMA-410 Balzers) ¨ ¨μ´´μ° ¶ÊÏ±μ° (Physical Electronics 06-350E) ¸
¨μ´ ³¨ Ar+ ¸ Ô´¥·£¨¥° 0,5Ä5 ±Ô‚.

� · ³¥É·Ò  ´ ²¨§ Éμ·  QMA-410:

±·¥¶¥¦´Ò° ÏÉμ± ¨§ ³μ²¨¡¤¥´  ¤¨ ³¥É· 16 ³³
¤¨ ¶ §μ´ ³ ¸¸ 0Ä340  . ¥. ³.

� · ³¥É·Ò ¨μ´´μ° ¶ÊÏ±¨ Physical Electronics 06-350E:
Ô´¥·£¨Ö ¨μ´μ¢ μÉ 0,25 ¤μ 5 ±Ô‚
³ ±¸¨³ ²Ó´Ò° ¨μ´´Ò° Éμ± ¤μ 5 ³±A
¤¨ ³¥É· ¶ÊÎ±  ¨μ´μ¢ 100 ³±³ (¶·¨ 5 ±Ô‚)
£ §Ò Ar, Xe, O2

Ê£μ² ¶ ¤¥´¨Ö ¨μ´μ¢ 45◦

� · ³¥É·Ò SIMS (SAJW-05):

¨¸Ìμ¤´μ¥ · ¸É·μ¢μ¥ ¸± ´¨·μ¢ ´¨¥ ¶ÊÎ±  μÉ 0,8 × 0,8 ³³ ¤μ 3 × 3 ³³
· §·¥Ï¥´¨¥ ¶μ £²Ê¡¨´¥ ¶·μË¨²Ö 0,6 ´³ (0,8 ±Ô‚ ¨μ´´μ£μ ¶ÊÎ±  Ar+)
ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¢ μ¡² ¸É¨ μÉ ppm ¤μ ppb

�´ ²¨§ Éμ· GDMS (SMWJ-01) μ¸´ Ð¥´ ±¢ ¤·Ê¶μ²Ó´Ò³ ³ ¸¸- ´ ²¨§ Éμ·μ³
SRS-300.

� · ³¥É·Ò ¶·¨¡μ·  GDMS:

ÏÉμ±-¸¨¸É¥³  6 ³³ ¢ ¤¨ ³¥É·¥
¤¨ ¶ §μ´ ³ ¸¸ 0Ä300  . ¥. ³.
¨¸ÉμÎ´¨± ¶¨É ´¨Ö DC É²¥ÕÐ¥£μ · §·Ö¤ 
· ¡μÎ¨° £ § Ar ¶·¨ 1,5 · 10−1 ƒ� 
´ ¶·Ö¦¥´¨¥ 1,8 ±‚ DC
Éμ± · §·Ö¤  1,8 ³A
¶·μ³¥¦ÊÉμÎ´Ò° ± Éμ¤ ¨§ É ´É ²  ¤¨ ³¥É· ¤¨ Ë· £³Ò 1,5 ³³
ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ μÉ 0,1 % ¤μ 1 ppm

ˆ¸¸²¥¤Ê¥³Ò¥ μ¡· §ÍÒ ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ´  ¤¥·¦ É¥²¥ μ¡· §Íμ¢ ¨ ¶μ¸²¥
 ´ ²¨§  SIMS ¶μ± § ´Ò ´  ·¨¸. 9. ‘¢¥É²Ò¥ ¶ÖÉ´  ´  μ¡· §Í Ì ¸μμÉ¢¥É¸É¢ÊÕÉ
³¥¸É ³, £¤¥ ¡Ò² ¢Ò¶μ²´¥´  ´ ²¨§. ‚ ´¥¸±μ²Ó±¨Ì ¶ÖÉ´ Ì (¤¨ ³¥É·μ³ 0,5 ³³)
¡Ò² ¶·μ¢¥¤¥´  ´ ²¨§ ´  ¶μ¢¥·Ì´μ¸É¨.

„ ¢²¥´¨¥ ¢ SIMS  ´ ²¨É¨Î¥¸±μ° ± ³¥·¥ ¡Ò²μ 1 ·10−10 Éμ··. „²Ö  ´ ²¨§ 
¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¶ÊÎμ± ¨μ´μ¢ Ar+ ¸ Ô´¥·£¨¥° 3 ±Ô‚ ¶·¨ Éμ±¥ 1 ³±�. “£μ²
¶ ¤¥´¨Ö ¨μ´μ¢ ¸μ¸É ¢²Ö² 45◦ ¶·¨ ´ ¶μ²´¥´¨¨ ± ³¥·Ò ±¨¸²μ·μ¤μ³ ¤μ ¤ ¢²¥´¨Ö
8 · 10−6 Éμ··. ˆ¸Ìμ¤´Ò° ¤¨ ³¥É· SIMS-¶ÊÎ±  ¨μ´μ¢ ∼ 0,1 ³³, μ¤´ ±μ ¤²Ö
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�¨¸. 9. „¥·¦ É¥²Ó ¸: μ¡· §Í ³¨ ² ÉÊ´´μ£μ ¸¡μ·´¨± , ¶μ²μ¢¨´±¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò,
¤¢Ê³Ö ÔÉ ²μ´´Ò³¨ μ¡· §Í ³¨ ¸¢¨´Í  ¨ ² ÉÊ´¨. 	  ¢¸¥Ì ¨§ÊÎ¥´´ÒÌ μ¡· §Í Ì: ² ÉÊ´´μ³
¸¡μ·´¨±¥, ÔÉ ²μ´´μ° ² ÉÊ´¨, ¶μ²μ¢¨´±¥ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¨ ÔÉ ²μ´´μ³ ¸¢¨´Í¥ Å
¢¨¤´Ò ¸¢¥É²Ò¥ μ¡² ¸É¨ ¶μ¸²¥ GDMS- ¨ SIMS- ´ ²¨§μ¢

Í¥²¥° ÔËË¥±É¨¢´μ£μ  ´ ²¨§  ¶ÊÎμ± ¨μ´μ¢ ¡Ò² · ¸Ëμ±Ê¸¨·μ¢ ´ ¤μ ∼ 0,5 ³³.
Œ ¸¸μ¢Ò¥ ¸¶¥±É·Ò ·¥£¨¸É·¨·μ¢ ²¨¸Ó ¢ ¤¨ ¶ §μ´¥ M/Z = 0−250  . ¥. ³. ¸μ
¸±μ·μ¸ÉÓÕ ¸± ´¨·μ¢ ´¨Ö ¶μ ³ ¸¸ ³ 2 ¸/ . ¥. ³.,   ¢ ´¥¸±μ²Ó±μ ¡μ²¥¥ Ê§±¨Ì
¤¨ ¶ §μ´ Ì Å ¶μ ³ ¸¸ ³ ¸μ ¸±μ·μ¸ÉÓÕ ¸± ´¨·μ¢ ´¨Ö 5, 10, 20 ¨ 60 ¸/ . ¥. ³.

Š ²¨¡·μ¢±  ¶·¨¡μ·μ¢ ¶·¨ ¶·μ¢¥¤¥´¨¨ ³ ¸¸Ò ³μ´μ¨§μÉμ¶´μ£μ ¢¨¸³ÊÉ 
¡Ò²  ¢Ò¶μ²´¥´  ´  209

83Bi (97,5 %) ¸ ¶·¨³¥¸ÓÕ ¸¢¨´Í  (2 %), ´  ¸¢¨´Í¥ (99,5 %)
¨ ¨¸Ìμ¤´μ° ² ÉÊ´¨.

	  ·¨¸. 9 ¶·¥¤¸É ¢²¥´μ ¨§μ¡· ¦¥´¨¥ ¤¥·¦ É¥²Ö ¸ μ¡· §Í ³¨ ¶·¨ ¨¸¸²¥-
¤μ¢ ´¨¨ ³¥Éμ¤μ³ SIMS ¸ ÔÉ ²μ´´Ò³¨ Pb (99,5 %) ¨ ² ÉÊ´ÓÕ, ¶μ²μ¢¨´±μ°
·¥ ±Í¨μ´´μ° ± ³¥·Ò (·¨¸. 1, ¶μ§. 8) ¨ ² ÉÊ´´Ò³ ¸¡μ·´¨±μ³ (·¨¸. 1, ¶μ§. 12).

SIMS- ¨ GDMS-¸¶¥±É·Ò ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸ Ô·μ§¨¥° ¶μ¢¥·Ì´μ¸É¨ ¢ ± ¦¤μ³
¶ÖÉ´¥ ¶·¨ ·¥£¨¸É· Í¨¨ ¢ ³ ¸¸μ¢μ° μ¡² ¸É¨ 175Ä220  . ¥. ³.; ¤μ¶μ²´¨É¥²Ó´μ
ÔÉμ ¦¥ ¡Ò²μ ¢Ò¶μ²´¥´μ ¨ ¢ ³ ¸¸μ¢μ° μ¡² ¸É¨ 0Ä245  . ¥. ³. ¢ ÔÉ¨Ì ¶ÖÉ´ Ì.

·μ§¨Ö ¢ ¶ÖÉ´ Ì ¡Ò²  ¢Ò§¢ ´  μ¡· §μ¢ ´¨¥³ ±· É¥·  £²Ê¡¨´μ° 15 ³±³ ¨
¤¨ ³¥É·μ³ 1,5 ³³. ‚¢¨¤Ê ³ ²μ¸É¨ ¸¨£´ ²  μÉ ¸¢¨´Í  ¡Ò²μ ¸´ÖÉμ ¶μ ¶ÖÉÓ
¸¶¥±É·μ¢ μÉ ± ¦¤μ£μ ¶ÖÉ´ .

	¨¦¥ ¶·¥¤¸É ¢¨³ ³ ¸¸μ¢Ò° ¸¶¥±É·, ¶μ²ÊÎ¥´´Ò° ¶·¨ ¨μ´´μ° ¡μ³¡ ·¤¨-
·μ¢±¥ ¨¸Ìμ¤´μ° ² ÉÊ´¨. 
ÉμÉ ·¥§Ê²ÓÉ É ¢ ¦¥´, ¶μ¸±μ²Ó±Ê ¨³¥´´μ ¨§ ÔÉμ£μ
³ É¥·¨ ²  ¨ ¨§£μÉ ¢²¨¢ ²¨¸Ó ·¥ ±Í¨μ´´Ò¥ ± ³¥·Ò ¨ ¸¡μ·´¨±¨ ¶·μ¤Ê±Éμ¢
·¥ ±Í¨° [1Ä7]. –¥²Ó ¶·μ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° Å μ¶·¥¤¥²¥´¨¥ ¶·¨³¥¸´μ£μ
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¸μ¸É ¢  ¶·¨ ¤¥É¥±É¨·μ¢ ´¨¨ SIMS ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨μ´μ¢  ·£μ´  ¨ § ¶μ²´¥-
´¨¥³ ± ³¥·Ò ±¨¸²μ·μ¤μ³. �¸μ¡μ μÉ³¥É¨³, ÎÉμ ¢  ´ ²¨§¥ SIMS ¨¸¶μ²Ó§Ê¥É¸Ö
´¥¸±μ²Ó±μ ³¥Éμ¤μ¢ ¤²Ö ¶μ¢ÒÏ¥´¨Ö ¢Éμ·¨Î´μ° ¨μ´´μ° Ô³¨¸¸¨¨. ‚ ¸²ÊÎ ¥ ¨¸-
¸²¥¤μ¢ ´¨° SIMS ± ²¨¡·μ¢μÎ´ÒÌ ¨ μ¡²ÊÎ¥´´ÒÌ γ-±¢ ´É ³¨ μ¡· §Íμ¢ ¨ ¤²Ö
Ê²ÊÎÏ¥´¨Ö ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¶·¨³¥´ÖÕÉ¸Ö ³¥Éμ¤Ò Ê¢¥²¨Î¥´¨Ö ¸·¥¤´¥£μ ¶μ-
²μ¦¨É¥²Ó´μ£μ ¢ÒÌμ¤  ¨μ´μ¢ ¶·¨ μ±¨¸²¥´¨¨ ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  ¢ ¶·μÍ¥¸¸¥
μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ±¨¸²μ·μ¤  ¨²¨ § ¶μ²´¥´¨Ö £ §μμ¡· §´Ò³ ±¨¸²μ·μ¤μ³. ‘μ-
Î¥É ´¨¥ μ¡μ¨Ì ³¥Éμ¤μ¢ Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö Ê¢¥²¨Î¥´¨Ö ¸É¥¶¥´¨ μ±¨¸²¥´¨Ö.
‚μμ¡Ð¥ £μ¢μ·Ö, Î¥³ ¸¨²Ó´¥¥ ¨μ´´ Ö ¸¢Ö§Ó Ô²¥³¥´Éμ¢ ¸ ±¨¸²μ·μ¤μ³, É¥³ ¢ÒÏ¥
¨Ì ¨μ´´Ò¥ ¢ÒÌμ¤Ò.

‚ ¢Ò¶μ²´¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì SIMS ´¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ¨μ´´Ò° ¶ÊÎμ±
±¨¸²μ·μ¤ ,   ¶·¨³¥´Ö²μ¸Ó § ¶μ²´¥´¨¥ ¢ ±ÊÊ³´μ° ± ³¥·Ò £ §μμ¡· §´Ò³ ±¨-
¸²μ·μ¤μ³ ¤μ μ¶·¥¤¥²¥´´μ£μ ¤ ¢²¥´¨Ö, § É¥³ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¨μ´´ Ö ¡μ³¡ ·-
¤¨·μ¢±  Ar+. „ ¢²¥´¨¥ ¢ ¢ ±ÊÊ³´μ° ± ³¥·¥ ¶·¨ ´ ¶μ²´¥´¨¨ £ §μμ¡· §´Ò³
±¨¸²μ·μ¤μ³ ¸μ¸É ¢²Ö²μ 8 · 10−6 Éμ··. ‚ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¨§³¥·¥´´Ò¥ ¸¨£-
´ ²Ò μÉ ¨μ´μ¢ Pb+ ¨ ¤·Ê£¨Ì ³¥É ²²¨Î¥¸±¨Ì ¶μ²μ¦¨É¥²Ó´ÒÌ ¨μ´μ¢ ¢ÒÏ¥, Î¥³
¶·¨ ´ ²¨Î¨¨ £ §μμ¡· §´μ£μ ±¨¸²μ·μ¤ .

Œ ¸¸μ¢Ò° ¸¶¥±É· ´  ·¨¸. 10 ¤¥³μ´¸É·¨·Ê¥É μ¸´μ¢´Ò¥ ±μ³¶μ´¥´ÉÒ ¸μ¸É ¢ 
¨¸Ìμ¤´μ° ² ÉÊ´¨ Å ÔÉμ ³¥¤Ó ¨ Í¨´±. ‚ ± Î¥¸É¢¥ ¶·¨³¥¸¥° ¶·¨¸ÊÉ¸É¢ÊÕÉ:
Ê£²¥·μ¤, ´ É·¨° ¨ ± ²¨°. ‚ ³ ¸¸μ¢μ³ ¸¶¥±É·¥ ¶¨± μÉ ´ É·¨Ö ´ ¨¡μ²¥¥ ¨´É¥´-
¸¨¢´Ò°. Š·μ³¥ Éμ£μ, μ¡´ ·Ê¦¥´Ò ¸²¥¤Ò (traces) ¸¢¨´Í .

�¨¸. 10. SIMS-¸¶¥±É· ¨¸Ìμ¤´μ° ² ÉÊ´¨ ¢ ¨´É¥·¢ ²¥ ³ ¸¸ M/Z = 0−250  . ¥. ³. ‘±μ-
·μ¸ÉÓ ¸± ´¨·μ¢ ´¨Ö 2 ¸/ . ¥. ³. ˆ¸Ìμ¤´Ò° ¶ÊÎμ± ¨μ´μ¢: Ar+ ¸ Ô´¥·£¨¥° 3 ±Ô‚ ¶·¨ Éμ±¥
1 ³±�. „ ¢²¥´¨¥ ´ ¶μ²´¥´¨Ö ±¨¸²μ·μ¤μ³ PO2 = 5 · 10−6 Éμ··
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Š ± ¢¨¤´μ, ¨´É¥´¸¨¢´μ¸ÉÓ ¶¨±  μÉ 208Pb+ ¸· ¢´¨³  ¸ ¶¨±μ³ ´¨§±μ° ¨´-
É¥´¸¨¢´μ¸É¨ μÉ (63Cu3)+, ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É É ±¦¥ μ ¥£μ ´¨§±μ° ¨´É¥´-
¸¨¢´μ¸É¨.

	  ·¨¸. 11 ¶·¥¤¸É ¢²¥´Ò ³ ¸¸μ¢Ò¥ ¸¶¥±É·Ò GDMS ÔÉ ²μ´´ÒÌ (± ²¨¡·μ-
¢μÎ´ÒÌ) 209

83Bi (97,5 %) ¨ Pb (99,5 %) ¢ ³ ¸¸μ¢μ³ ¨´É¥·¢ ²¥ 175Ä220  . ¥. ³.

�¨¸. 11. GDMS-¸¶¥±É·Ò ¢¨¸³ÊÉ  (97,5%) ¨ ¸¢¨´Í  (99,5%) ¢ ³ ¸¸μ¢μ° μ¡² ¸É¨
175Ä220  . ¥. ³.

�¨¸. 12. Œ ¸¸μ¢Ò¥ ¸¶¥±É·Ò ¨§μÉμ¶μ¢ ¸¢¨´Í  c ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸É¥° ·¥ ±Í¨μ´´μ°
± ³¥·Ò ¨§ ² ÉÊ´¨ ¶μ¸²¥ ¥¥ μ¡²ÊÎ¥´¨Ö γ-±¢ ´É ³¨
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Š ± ¢¨¤´μ ¨§ ·¨¸. 11, ¢¸¥ ³ ¸¸Ò ¨§μÉμ¶μ¢ ¸¢¨´Í  ¶·μÖ¢¨²¨¸Ó,   ³ ¸¸ 
¨§μÉμ¶  ¢¨¸³ÊÉ  ´ ¤¥¦´μ § ·¥£¨¸É·¨·μ¢ ´  ¢¡²¨§¨ ¶¨±  μÉ 208Pb. ’ ±¦¥ ´ 
ÔÉμ³ ¶¨±¥ ¢¨¤´Ò ¸²¥¢  ¸¡μ±Ê ¶¨±¨ μÉ ¸¢¨´Í , ¶·¨¸ÊÉ¸É¢ÊÕÐ¥£μ ¢ ¢¨¸³ÊÉ¥ ¢
± Î¥¸É¢¥ ¶·¨³¥¸¨ (2%).

	  ·¨¸. 12 ¶·¥¤¸É ¢²¥´Ò ³ ¸¸μ¢Ò¥ ¸¶¥±É·Ò ¨§μÉμ¶μ¢ ¸¢¨´Í  c ¢´ÊÉ·¥´-
´¨Ì ¶μ¢¥·Ì´μ¸É¥° ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¨§ ² ÉÊ´¨ (·¨¸. 1, ¶μ§. 8) ¶μ¸²¥ ¥¥
μ¡²ÊÎ¥´¨Ö γ-±¢ ´É ³¨. �μ³¨³μ ¸ ³μ£μ ¸¢¨´Í , ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤μ¢μ²Ó´μ ¨´-
É¥´¸¨¢´Ò¥ ³ ¸¸μ¢Ò¥ ¶¨±¨ μÉ μ±¸¨¤μ¢ ¨§μÉμ¶μ¢ ¸¢¨´Í . 	  ·¨¸. 13 ¶·¨¢¥¤¥´
¤²Ö ¸· ¢´¥´¨Ö ³ ¸¸μ¢Ò° ¸¶¥±É· ÔÉ ²μ´´μ£μ ¸¢¨´Í  (99,5 %).

Š ± ¢¨¤´μ ¨§ ·¨¸. 9Ä11, ³ ¸¸Ò ¢¸¥Ì ¨§μÉμ¶μ¢ ¸¢¨´Í  · §·¥Ï¨²¨¸Ó.
	  ·¨¸. 13 ¶¨±¨ μ±¸¨¤μ¢ ¸¢¨´Í  §´ Î¨É¥²Ó´μ ³¥´¥¥ ¨´É¥´¸¨¢´Ò¥, Î¥³
´  ·¨¸. 12, É. ¥. ¢ ¸¨´É¥§¨·μ¢ ´´μ³ ¸¢¨´Í¥.

‚ É ¡². 6 ¶·¨¢¥¤¥´Ò ¤²Ö ¸· ¢´¥´¨Ö ¨§μÉμ¶´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¸¨´É¥§¨·μ-
¢ ´´μ£μ ¸¢¨´Í  ¸ ¶μ¢¥·Ì´μ¸É¨ ¤¢ÊÌ ¶μ²μ¢¨´μ± · §·¥§ ´´μ° ¶μ¶μ² ³ ·¥ ±Í¨-
μ´´μ° ± ³¥·Ò, ÔÉ ²μ´´μ£μ ¸¢¨´Í  (99,5 %) ¨ ¶·¨·μ¤´μ£μ.

�¨¸. 13. SIMS-¸¶¥±É· ÔÉ ²μ´´μ£μ ¸¢¨´Í  (99,5%) ¢ μ¡² ¸É¨ 195Ä227  . ¥. ³.

’ ¡²¨Í  6. ˆ§μÉμ¶´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¸¨´É¥§¨·μ¢ ´´μ£μ ¸¢¨´Í  ¸ ¶μ¢¥·Ì´μ¸É¨ ¤¢ÊÌ
¶μ²μ¢¨´μ± · §·¥§ ´´μ° ¶μ¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò, ÔÉ ²μ´´μ£μ ¸¢¨´Í  (99,5%)
¨ ¶·¨·μ¤´μ£μ

‘¢¨´¥Í
M ,  . ¥. ³.

204 206 207 208

‘¨´É¥§¨·μ¢ ´´Ò° 1,76 25,9 22,6 49,8

É ²μ´´Ò° (99,5%) 2,01 28,5 21,2 48,3
�·¨·μ¤´Ò° 1,41 24,1 22,1 52,4
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‘Î¨É Ö, ÎÉμ μÏ¨¡±  ¶·¨ ¨§³¥·¥´¨¨  ³¶²¨ÉÊ¤Ò ¶¨±μ¢ ∼ 5%, ³μ¦´μ ¸¤¥-
² ÉÓ ¢Ò¢μ¤, ÎÉμ ¸¢¨´¥Í ¸ ¶μ¢¥·Ì´μ¸É¨ ¤¢ÊÌ ¶μ²μ¢¨´μ± · §·¥§ ´´μ° ¶μ¶μ² ³
·¥ ±Í¨μ´´μ° ± ³¥·Ò ¨ ÔÉ ²μ´´Ò° ¸¢¨´¥Í (99,5 %) ¡μ²¥¥ ¨²¨ ³¥´¥¥ ¸μμÉ¢¥É-
¸É¢ÊÕÉ ¶·¨·μ¤´μ³Ê ¸μμÉ´μÏ¥´¨Õ. •μÉÖ ¡Ò²μ ¡Ò Í¥²¥¸μμ¡· §´μ ¶·μ³¥·¨ÉÓ
¸μμÉ´μÏ¥´¨¥ ³ ¸¸μ¢ÒÌ ¶¨±μ¢ ¡μ²¥¥ ÉÐ É¥²Ó´μ, É. ¥. ¸ ¡μ²ÓÏ¨³ · §·¥Ï¥´¨¥³
¶μ ³ ¸¸ ³.

ˆ§³¥·¥´¨¥ ¢ ¡μ²¥¥ Ê§±μ³ ¤¨ ¶ §μ´¥ ¶μ ³ ¸¸ ³ M/Z = 195−250  . ¥. ³.
¸ ´ ¶μ²´¥´¨¥³ ¢ ±ÊÊ³´μ° ± ³¥·Ò £ §μμ¡· §´Ò³ ±¨¸²μ·μ¤μ³ ¶μ§¢μ²¨²μ ¶μ²Ê-
Î¨ÉÓ ³ ¸¸μ¢Ò° ¸¶¥±É·, ±μÉμ·Ò° ¶·¨¢¥¤¥´ ´  ·¨¸. 14.

Š ± ¢¨¤´μ ¨§ ·¨¸. 14, ¢ ¸¶¥±É·¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¤¢¥ ´μ¢ÒÌ ÉÖ¦¥²ÒÌ ³ ¸¸Ò:
M/Z ∼= 231  . ¥. ³. (¢μ§³μ¦´μ, 231

91Pa) ¨ M/Z ∼= 246  . ¥. ³ (¢μ§³μ¦´μ, 246
96Cm

¨²¨ 247
96Cm). ‚ ¦´μ μÉ³¥É¨ÉÓ (¸³. ¶μÖ¸´¥´¨Ö ¶μ¸²¥ ·¨¸. 8), ÎÉμ ´¥ ´ ¡²Õ-

¤ ²¨¸Ó ¶¨±¨ ¶·¨ M/Z ∼= 231  . ¥. ³. ¨ M/Z ∼= 246  . ¥. ³. ¡¥§ ´ ¶μ²´¥´¨Ö
¢ ±ÊÊ³´μ° ± ³¥·Ò £ §μμ¡· §´Ò³ ±¨¸²μ·μ¤μ³.

� ¸¸³μÉ·¨³ ¢μ§³μ¦´Ò¥ ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö ÉÖ¦¥²ÒÌ ³¥É ²²μ¢ [24].
‘¢¨´¥Í ¨³¥¥É ¤¢  ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö: PbII, PbIV, ¶μÔÉμ³Ê μ¡· §Ê¥É

¤¢  μ±¸¨¤ : PbO ¨ PbO2 ¸ ³ ¸¸ ³¨ 220, 222, 223 ¨ 224  . ¥. ³. ¨ 236, 238,
239 ¨ 240  . ¥. ³. ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ ÔÉμ³ ¢ SIMS ¢¨¤´Ò ³ ¸¸Ò 220, 222,
223 ¨ 224  . ¥. ³., ´μ ´¥ § ·¥£¨¸É·¨·μ¢ ´Ò ³ ¸¸Ò 236, 238, 239 ¨ 240  . ¥. ³.
(¸³. ·¨¸. 14).

�É³¥É¨³, ÎÉμ ¶·μÉ ±É¨´¨° μÉ´μ¸¨É¸Ö ± É·¥ÉÓ¥° £·Ê¶¶¥ É ¡²¨ÍÒ Œ¥´¤¥-
²¥¥¢  ¨ ¨³¥¥É ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö PaIII, PaIV ¨ PaV [24], ¶μÔÉμ³Ê μ¡· §Ê¥É
¸μ¥¤¨´¥´¨Ö É¨¶  PaI3 ¨ ¢Ò¸Ï¨¥ μ±¸¨¤Ò Pa2O5 ¨²¨ PaO2 c ³μ²¥±Ê²Ö·´Ò³¨

�¨¸. 14. SIMS-¸¶¥±É· ¢ ³ ¸¸μ¢μ° μ¡² ¸É¨ 195−250  . ¥. ³. �·¨¸ÊÉ¸É¢ÊÕÉ ¤¢¥ ´¥¨§¢¥¸É-
´ÒÌ ³ ¸¸Ò: M/Z ∼= 231  . ¥. ³. ¨ M/Z ∼= 246  . ¥. ³.
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³ ¸¸ ³¨ 612, 542 ¨ 263  . ¥. ³. ¸μμÉ¢¥É¸É¢¥´´μ,   ´¥ ¨§³¥·¥´´ÊÕ ‚ˆŒ‘/SIMS
³ ¸¸Ê 246/247  . ¥. ³.

�É³¥É¨³ É ±¦¥, ÎÉμ ±Õ·¨° ¨³¥¥É É·¨ ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö: CmIII, CmIV

¨ CmV ¸ μ±¸¨¤ ³¨: CmO, Cm2O3 ¨ CmO2 [24], ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ³ ¸¸ ³ 262,
540 ¨ 278  . ¥. ³.

‚ ¶·¨´Í¨¶¥ É ±¨¥ ³ ¸¸Ò ³μ¦´μ ¡Ò²μ ¡Ò ¶μ¨¸± ÉÓ ¢ ³ ¸¸μ¢μ³ ¸¶¥±É·¥,
´μ É ± ± ± ´¥ ¢¨¤´μ ¢Ò¸Ï¨Ì μ±¸¨¤μ¢ ¸¢¨´Í , Éμ ¨ §¤¥¸Ó ´¨Î¥£μ ´¥ Ê¢¨¤¥ÉÓ.

�Í¥´¨³ · §´¨ÍÒ ¢ ³ ¸¸ Ì ³μ²¥±Ê² ¨  Éμ³μ¢.
�Éμ³´Ò¥ ³ ¸¸Ò Ô²¥³¥´Éμ¢ 231

91Pa ¨ 246
96Cm, É. ¥. ¸Ê³³  ³ ¸¸ Ö¤¥· ¨ Ô²¥±-

É·μ´´μ° μ¡μ²μÎ±¨, ¨³¥ÕÉ §´ Î¥´¨Ö (¸³. §´ Î¥´¨Ö ³ ¸¸ Ö¤¥· ¨ Ô²¥±É·μ´ 
¢ [8, 9]):

Me− = 5,48579903 · 10−4  . ¥. ³.; (1)

M16
8O

= 15,9993026  . ¥. ³.; (2)

M23
11Na = 22,99580278  . ¥. ³.; (3)

M208
82Pb = 208,0216291  . ¥. ³.; (4)

M231
91Pa = 231,0857975  . ¥. ³.; (5)

M246
96Cm = 246,1198797  . ¥. ³.; (6)

M247
96Cm = 247,1230100  . ¥. ³. (7)

�μ²ÊÎ¥´Ò ³μ²¥±Ê²Ö·´Ò¥ ³ ¸¸Ò ¤¢ÊÌ ³μ²¥±Ê² ¸ ³ ¸¸ ³¨, ¡²¨§±¨³¨ ±
M/Z ∼= 231  . ¥. ³. ¨ M/Z ∼= 246  . ¥. ³.:

M208
82Pb23

11Na = (22,99580278 + 208,0216291)  . ¥. ³. = 231,01743188; (8)

M208
82Pb23

11Na16
8O

= (2,99580278 + 208,0216291+

+ 15,9993026)  . ¥. ³. = 247,01645788  . ¥. ³. (9)

’μ£¤  μÍ¥´¨³ · §´¨ÍÊ ¢ ³ ¸¸ Ì:

ΔM1 = M231
91Pa − M208

82Pb23
11Na =

= (231,0857975− 231,01743188)  . ¥. ³. = +0,06836562  . ¥. ³.; (10)

ΔM2 = M246
96Cm − M208

82Pb23
11Na16

8O
=

= (246,1198797− 247,01645788)  . ¥. ³. = −0,89657818  . ¥. ³.; (11)

ΔM3 = M246
96Cm − M208

82Pb23
11Na16

8O
=

= (247,1230100− 247,01645788)  . ¥. ³. = +0,10655212  . ¥. ³. (12)
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‘· ¢´¨¢ Ö (5) ¨ (10), (6) ¨ (11), (7) ¨ (12), ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ
¤²Ö μ¤´μ§´ Î´μ£μ μ¶·¥¤¥²¥´¨Ö ³¥Éμ¤μ³ SIMS ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ¤¢ÊÌ
ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ 231

91Pa, 246
96Cm ¨ ¶·¨¸ÊÉ¸É¢¨Ö 206

82Pb23
11Na ¨ 206

82Pb23
11Na16

8O
É·¥¡Ê¥É¸Ö ¡μ²¥¥ ¢Ò¸μ±μ¥ · §·¥Ï¥´¨¥ ¶μ ³ ¸¸ ³ ·¥£¨¸É·¨·Ê¥³ÒÌ  Éμ³μ¢.

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¢ · ¡μÉ¥ [12] ¶·¨ ¨§ÊÎ¥´¨¨ ¢²¨Ö´¨Ö ¢μ¤Ò ´ 
μ¡· §μ¢ ´¨¥ ±² ¸É¥·μ¢ ¢ ¶·μÍ¥¸¸¥ ¨μ´´μ° ¡μ³¡ ·¤¨·μ¢±¨ ¶²¥´μ± PbO2 ¡Ò²¨
μ¡´ ·Ê¦¥´Ò ³μ²¥±Ê²Ò 206

82Pb23
11Na.

ˆ§ ¤ ´´μ£μ · §¤¥²  ³μ¦´μ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò. ˆ§³¥·¥´Ò
SIMS-¸¶¥±É·Ò, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ´  É·¥Ì μ¡· §Í Ì: ¨¸Ìμ¤´μ° ² ÉÊ´¨,
¨¸Ìμ¤´μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸¢¨´Í  ¨ μ¡· §Í  ¶μ²μ¢¨´±¨ ² ÉÊ´´μ° ·¥ ±Í¨μ´-
´μ° ± ³¥·Ò ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö γ-±¢ ´É ³¨.

1. ˆ¸Ìμ¤´ Ö ² ÉÊ´Ó ¸μ¤¥·¦¨É ¸²¥¤Ò ¸¢¨´Í  ¶·¨ ´¨§±μ° ¥£μ ±μ´Í¥´É· Í¨¨.

2. SIMS- ´ ²¨§ ¶μ± § ²: ¢ μ¡· §Í¥ ¨¸Ìμ¤´μ£μ ± ²¨¡·μ¢μÎ´μ£μ ¸¢¨´Í  μ¡-
´ ·Ê¦¥´Ò ³μ²¥±Ê²Ö·´Ò¥ ¢Éμ·¨Î´Ò¥ ¨μ´Ò, ¢ Éμ³ Î¨¸²¥ ³ ¸¸  M/Z ∼=
231  . ¥. ³., ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¨μ´ ³ 206

82Pb23
11Na (¸³. É ±¦¥ [12]).

3. Œ ¸¸μ¢Ò¥ ¸¶¥±É·Ò μ¡²ÊÎ¥´´μ° ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¶μ± §Ò¢ ÕÉ ¶·¨-
¸ÊÉ¸É¢¨¥ μ¸´μ¢´ÒÌ ±μ³¶μ´¥´Éμ¢ Å ³¥¤¨ ¨ Í¨´± . ’ ±¦¥ μ´¨ ¢ÒÖ¢²ÖÕÉ É ±¨¥
¶·¨³¥¸¨, ± ± Ê£²¥·μ¤, ´ É·¨° ¨ ± ²¨°. �¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶·¨ ¨μ´-
´μ° ¡μ³¡ ·¤¨·μ¢±¥ μ¡· §ÊÕÉ¸Ö ¨ ³μ²¥±Ê²Ö·´Ò¥ ¨μ´Ò. ‚ Î ¸É´μ¸É¨, ÔÉ¨ ¨μ´Ò
¶·¥¤¸É ¢²¥´Ò ³μ²¥±Ê²Ö·´Ò³¨ ¨μ´ ³¨ 206

82Pb23
11Na ¸ ³ ¸¸μ° M/Z ∼= 231  . ¥. ³.

’ ±¨³ μ¡· §μ³, ¶·¨¸ÊÉ¸É¢¨¥ ¢ μ¡· §Í¥ ¶·μÉ ±É¨´¨Ö ³μ¦´μ  ¸¸μÍ¨¨·μ¢ ÉÓ
¸ ³μ²¥±Ê²Ö·´Ò³ ¨μ´μ³ ¶·¨³¥·´μ ¸ Éμ° ¦¥ ³ ¸¸μ° (¸³. (5), (8) ¨ (10)):
206
82Pb23

11Na. ‘²¥¤μ¢ É¥²Ó´μ, § ·¥£¨¸É·¨·μ¢ ´´Ò° ¶¨± M/Z ∼= 231  . ¥. ³. ´¥
³μ¦¥É ¡ÒÉÓ μ¤´μ§´ Î´μ ¨¤¥´É¨Ë¨Í¨·μ¢ ´ ± ± ¶·μÉ ±É¨´¨°.


Éμ § ±²ÕÎ¥´¨¥ ± ¸ ¥É¸Ö ¨ ¶¨±  M/Z ∼= 246  . ¥. ³., ±μÉμ·Ò° ´¥ ³μ¦¥É
¡ÒÉÓ μ¤´μ§´ Î´μ ¨¤¥´É¨Ë¨Í¨·μ¢ ´ ± ± ±Õ·¨°, ¢¢¨¤Ê ´ ²¨Î¨Ö ³μ²¥±Ê²Ö·´μ£μ
¨μ´  206

82Pb23
11Na16

8O (¸³. (6), (7), (9) ¨ (11), (12)).

�¥±μÉμ·Ò¥ ±μ³³¥´É ·¨¨ ± SIMS ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö. Š¢ ¤·Ê¶μ²Ó-
´Ò° ³ ¸¸-¸¶¥±É·μ³¥É· ¨³¥¥É · §·¥Ï¥´¨¥ ¢ 1  . ¥. ³. 
Éμ μ§´ Î ¥É, ÎÉμ ³μ¦´μ
· §²¨Î¨ÉÓ, ´ ¶·¨³¥·, ³ ¸¸Ê 300  . ¥. ³. ¨ ³ ¸¸Ê 301  . ¥. ³. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ¡Ò²
¨¸¶μ²Ó§μ¢ ´ SAJW-05 Å SIMS- ´ ²¨§ Éμ·, ±μÉμ·Ò° É ±¦¥ μ¸´ Ð¥´ ±¢ ¤·Ê-
¶μ²Ó´Ò³ ³ ¸¸- ´ ²¨§ Éμ·μ³. ’ ±¨³ μ¡· §μ³, ¢¸¥, ÎÉμ ³μ¦´μ ¸¤¥² ÉÓ ´  É ±μ³
¸¶¥±É·μ³¥É·¥, Å ÔÉμ § ·¥£¨¸É·¨·μ¢ ÉÓ ¶¨±¨ ¸ ³ ¸¸ ³¨ M/Z ∼= 231  . ¥. ³. ¨
M/Z ∼= 246  . ¥. ³.

„²Ö Éμ£μ ÎÉμ¡Ò · §·¥Ï¨ÉÓ ³ ¸¸Ê 231
91Pa μÉ 206

82Pb23
11Na ¨²¨ ³ ¸¸Ò 246

96Cm
¨ 247

96Cm μÉ 206
82Pb23

11Na16
8O, ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸¥±Éμ·´Ò° ³ £´¨É´Ò°

 ´ ²¨§ Éμ· (magnetic sector mass analyser). ‚ É ±μ³ ¸¶¥±É·μ³¥É·¥ · §·¥Ï¥´¨¥

¶μ ³ ¸¸ ³ μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¢Ò· ¦¥´¨Ö R =
M

ΔM
. • · ±É¥·´μ¥ · §·¥Ï¥´¨¥

ÔÉ¨Ì  ´ ²¨§ Éμ·μ¢ R = 1000−50 000.
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	  ·¨¸. 15 ¶·¨¢¥¤¥´μ ´¥¸±μ²Ó±μ ¶·¨³¥·μ¢ SIMS ¨§μÉμ¶´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
£¥μ²μ£¨Î¥¸±¨Ì μ¡· §Íμ¢ [13].


ÉμÉ  ´ ²¨§ ¡Ò² ¶·μ¢¥¤¥´ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´   ´ ²¨§ Éμ·¥ ¢Ò¸μ±μ° ¨´-
É¥´¸¨¢´μ¸É¨ ¸¶¥±É·μ³¥É·  ®Cameca ims 1270 instrument¯ (NORDSIM facility)
¸ ¢Ò¸μ±¨³ · §·¥Ï¥´¨¥³ ¢ ˜¢¥¤¸±μ³ ³Ê§¥¥ ¥¸É¥¸É¢¥´´μ° ¨¸Éμ·¨¨ (¸³. [14, 15]).

‘¤¥² ¥³ μÍ¥´±Ê, ÎÉμ¡Ò Ê§´ ÉÓ, ± ±μ¥ · §·¥Ï¥´¨¥ É·¥¡Ê¥É¸Ö ¢ ´ Ï¥³ ¸²Ê-

Î ¥. ’μ£¤  ¤²Ö · §¤¥²¥´¨Ö ³ ¸¸Ò 231
91Pa μÉ ³ ¸¸Ò 206

82Pb23
11Na, ³ ¸¸Ò 246

96Cm μÉ

³ ¸¸Ò 206
82Pb23

11Na16
8O ¨ ³ ¸¸Ò 247

96Cm μÉ ³ ¸¸Ò 206
82Pb23

11Na16
8O ¨¸¶μ²Ó-

§Ê¥³ (10)Ä(12) ¨ ¶μ²ÊÎ¨³

R1 =
M231

91Pa

ΔM1
= 3379, (13)

R2 =
M246

96Cm

ΔM2
= 274, (14)

R3 =
M247

96Cm

ΔM3
= 2318. (15)

‘²¥¤μ¢ É¥²Ó´μ, ¸¥±Éμ·´Ò° ³ £´¨É´Ò° ³ ¸¸-¸¶¥±É·μ³¥É· ¶μ¤Ìμ¤¨É ¤²Ö
ÔÉ¨Ì Í¥²¥° ¨ ¶μ§¢μ²Ö¥É · §·¥Ï¨ÉÓ ³ ¸¸μ¢Ò¥ ¶¨±¨ μÉ ³μ²¥±Ê²Ö·´ÒÌ ¨μ´μ¢ ¨ μÉ
 Éμ³μ¢ 231

91Pa ¸ ³ ¸¸μ° 231  . ¥. ³., 246
96Cm ¨ 247

96Cm ¸ ³ ¸¸ ³¨ 246 ¨ 247  . ¥. ³.
�¤´ ±μ ¢Ò¸μ±μ¥ · §·¥Ï¥´¨¥ ¤²Ö ¢Ò¶Ê¸± ¥³ÒÌ · §²¨Î´Ò³¨ Ë¨·³ ³¨  ´ ²¨-
§ Éμ·μ¢ ∼ 16 000 ·¥ ²¨§Ê¥É¸Ö Éμ²Ó±μ ¤²Ö ¶¨±μ¢ ¸ ¡²¨§±¨³¨  ³¶²¨ÉÊ¤ ³¨.
�μÔÉμ³Ê ¥¸²¨ μ¤¨´ ¨§ ¶¨±μ¢ §´ Î¨É¥²Ó´μ ´¨¦¥ ¤·Ê£μ£μ, Éμ · §·¥Ï¥´¨¥ ¤μ²¦´μ
¡ÒÉÓ ¢ÒÏ¥. �É³¥É¨³, ÎÉμ ¤¢  ¸¶¥±É·μ³¥É·  Å ®Cameca 7f¯ ¨ SHRIMP Å
¤μ¸É¨£ ÕÉ · §·¥Ï¥´¨Ö R ∼= 16 000.

‚¢¨¤Ê μÉ¸ÊÉ¸É¢¨Ö ¢μ§³μ¦´μ¸É¥° ¨§³¥·¨ÉÓ ³¥Éμ¤μ³ SIMS ³ ¸¸-¨§μÉμ¶´Ò°
¸μ¸É ¢ ´   ´ ²¨§ Éμ· Ì ¢Ò¸μ±μ£μ · §·¥Ï¥´¨Ö, ¡Ò²¨ ¨§³¥·¥´Ò ¢ÒÌμ¤Ò
α-Î ¸É¨Í ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ α-¸¶¥±É·μ³¥É·μ¢.

�¨¸. 15. SIMS ¨§μÉμ¶´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö £¥μ²μ£¨Î¥¸±¨Ì μ¡· §Íμ¢ [13]
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3. ˆ‘��‹œ‡�‚��ˆ… α-‘�…Š’��Œ…’��‚ (®CANBERRA¯)
„‹Ÿ �…ƒˆ‘’��–ˆˆ α-—�‘’ˆ– �’ ��‘��„�‚

’Ÿ†…‹›• 	‹…Œ…�’�‚ 231
91Pa ˆ 246

96Cm

�¡´ ·Ê¦¥´´Ò¥ ¶¨±¨ ¶·¥¤¶μ² £ ¥³ÒÌ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ 231
91Pa, 246

96Cm c
ÊÎ¥Éμ³ · §¤. 2 (¸³. É ±¦¥ [12]) ¡Ò²μ ´¥μ¡Ìμ¤¨³μ ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ É ±¦¥
¸ ¶μ³μÐÓÕ ¤·Ê£¨Ì Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ³¥Éμ¤μ¢ [16]. Š ± ¨§¢¥¸É´μ [8, 9],
¶·μÉ ±É¨´¨° 231

91Pa · ¸¶ ¤ ¥É¸Ö ¸ ¶¥·¨μ¤μ³ ¶μ²Ê· ¸¶ ¤  T231
91Pa = 32 760 ²¥É

´  α-Î ¸É¨ÍÒ ¸ Ô´¥·£¨Ö³¨ 5,06; 5,03; 5,01; 4,95 ¨ 4,73 ŒÔ‚:

231
91Pa

α, 32 760 ²¥É−−−−−−−−→ α + 227
89Ac [Q = +5,14816 ŒÔ‚]

β−, 21,773 £.−−−−−−−−→ 237
88Ra−→ . . . ;

(16)
±Õ·¨° 246

96Cm · ¸¶ ¤ ¥É¸Ö ¸ ¶¥·¨μ¤μ³ ¶μ²Ê· ¸¶ ¤  T246
96Cm = 4730 ²¥É ´ 

α-Î ¸É¨ÍÒ ¸ ¡μ²¥¥ ¢Ò¸μ±¨³¨ Ô´¥·£¨Ö³¨ Å 5,39 ¨ 5,34 ŒÔ‚:

246
96Cm

α, 4730 ²¥É−−−−−−−→ α + 242
94Pu [Q = +5,47606 ŒÔ‚]

α, 3,763·105 ²¥É−−−−−−−−−−→ . . . ; (17)

±Õ·¨° 247
96Cm · ¸¶ ¤ ¥É¸Ö ¸ ¶¥·¨μ¤μ³ ¶μ²Ê· ¸¶ ¤  T247

96Cm = 1,56 · 107 ²¥É ´ 
α-Î ¸É¨ÍÒ ¸ ³¥´¥¥ ¢Ò¸μ±¨³¨ Ô´¥·£¨Ö³¨ 5,27 ¨ 4,87 ŒÔ‚:

247
96Cm

α, 1,56·107 ²¥É−−−−−−−−−→ α +

+ 243
94Pu [Q = +5,35256 ŒÔ‚]

α, 45,3 ¸ÊÉ−−−−−−→ Np (2,14 · 106 ²¥É). (18)

ˆ§³¥·¥´¨Ö ¸ ¤¢ÊÌ ¶μ²μ¢¨´μ± · §·¥§ ´´μ° ¶μ¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò
(¸³. ·¨¸. 1, ¶μ§. 8) ¶·μ¢μ¤¨²¨¸Ó ¢ μ¤´μ° ¨§ ± ³¥· ¨´É¥£·¨·μ¢ ´´μ£μ α-¸¶¥±-
É·μ³¥É·  ®Alpha Analyst¯ Ë¨·³Ò ®Canberra¯ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ£· ³³´μ£μ
μ¡¥¸¶¥Î¥´¨Ö Genie-2000. ‚´¥Ï´¨° ¢¨¤ ¸¶¥±É·μ³¥É·  ¶·¨¢¥¤¥´ ´  ·¨¸. 16.

�¨¸. 16. ‚´¥Ï´¨° ¢¨¤ ¸¶¥±É·μ³¥É·  ®Alpha Analyst¯ Ë¨·³Ò ®Canberra¯
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‘¶¥±É·μ³¥É· ³μ¦¥É ¢±²ÕÎ ÉÓ ¤μ 6 ³μ¤Ê²¥°. ‚ ¸μ¸É ¢ ± ¦¤μ£μ ³μ¤Ê²Ö
¢Ìμ¤ÖÉ ¤¢¥ ± ³¥·Ò ¸ ¤¥É¥±Éμ· ³¨, Ê¸¨²¨É¥²¨,  ´ ²μ£μ-Í¨Ë·μ¢μ° ¶·¥μ¡· -
§μ¢ É¥²Ó, ¨¸ÉμÎ´¨± ¶¨É ´¨Ö, £¥´¥· Éμ· ÉμÎ´μ°  ³¶²¨ÉÊ¤Ò ¨ ¸¨¸É¥³  Ê¶· -
¢²¥´¨Ö ¢ ±ÊÊ³´Ò³¨ ¢¥´É¨²Ö³¨. „²Ö ¸´¨¦¥´¨Ö Ëμ´ , ¢Ò§¢ ´´μ£μ Ö¤· ³¨ μÉ-
¤ Î¨, ´  ¶μ¤²μ¦±Ê μ¡· §Í  ¶μ¤ ¥É¸Ö ´ ¶·Ö¦¥´¨¥ ¸³¥Ð¥´¨Ö. ‚ ±μ·¶Ê¸¥ ´ -
¸Éμ²Ó´μ£μ ¶·¨¡μ·  ´ Ìμ¤ÖÉ¸Ö μ¡Ð¨° ¡²μ± ¶¨É ´¨Ö ¨ ¨´É¥·Ë¥°¸. �·¨¡μ·
¶μ¤±²ÕÎ ¥É¸Ö ± Ê¶· ¢²ÖÕÐ¥³Ê ±μ³¶ÓÕÉ¥·Ê ¶μ ¸¥É¨ Ethernet. ‚ ± Î¥¸É¢¥
¤¥É¥±Éμ·μ¢ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶ ¸¸¨¢¨·μ¢ ´´Ò¥ ¨μ´´μ-¨³¶² ´É¨·μ¢ ´´Ò¥ ¶² -
´ ·´Ò¥ ±·¥³´¨¥¢Ò¥ ¤¥É¥±Éμ·Ò (Passivated Implanted Planar Silicon, PIPS)
¸¥·¨¨ � ³μ¤¥²¨ �600-25�Œ ¶·μ¨§¢μ¤¸É¢  Ë¨·³Ò ®Canberra¯. 
É¨ ¤¥É¥±-
Éμ·Ò ¶·¥¤´ §´ Î¥´Ò ¤²Ö ¸¶¥±É·μ³¥É·¨¨ α-¨§²ÊÎ¥´¨Ö, ¨³¥ÕÉ Éμ´±μ¥ ¢Ìμ¤´μ¥
μ±´μ, μ¡¥¸¶¥Î¨¢ ÕÐ¥¥ Ìμ·μÏ¥¥ Ô´¥·£¥É¨Î¥¸±μ¥ · §·¥Ï¥´¨¥ ¤ ¦¥ ¶·¨ ³ ²ÒÌ
· ¸¸ÉμÖ´¨ÖÌ ¨¸ÉμÎ´¨±Ä¤¥É¥±Éμ·, ¨ μ¡² ¤ ÕÉ ¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ ·¥£¨-
¸É· Í¨¨ α-Î ¸É¨Í. �μ´¨¦¥´´Ò° Éμ± ÊÉ¥Î±¨ ³¨´¨³¨§¨·Ê¥É ¸¤¢¨£ ¶¨±μ¢ ¶·¨
¨§³¥´¥´¨ÖÌ É¥³¶¥· ÉÊ·Ò. „¥É¥±Éμ·Ò ¸¥·¨¨ A ¶·μ¨§¢μ¤ÖÉ¸Ö ¨§ ¸¶¥Í¨ ²Ó´μ
μÉμ¡· ´´ÒÌ ´¨§±μËμ´μ¢ÒÌ ³ É¥·¨ ²μ¢. „²Ö ¶·¥¤μÉ¢· Ð¥´¨Ö § £·Ö§´¥´¨Ö ÔÉ¨
¤¥É¥±Éμ·Ò É¥¸É¨·ÊÕÉ¸Ö ¢ ¸¶¥Í¨ ²Ó´ÒÌ ´¨§±μËμ´μ¢ÒÌ Ê¸²μ¢¨ÖÌ. �² £μ¤ ·Ö
ÔÉμ³Ê ¸±μ·μ¸ÉÓ ¸Î¥É  Ëμ´μ¢ÒÌ ¨³¶Ê²Ó¸μ¢ ¢ ¤¨ ¶ §μ´¥ μÉ 3 ¤μ 8 ŒÔ‚ ´¥
¶·¥¢ÒÏ ¥É 0,05 ¨³¶./Î/¸³2. ’μ²Ð¨´  ¤¥É¥±Éμ·μ¢ ¸¥·¨¨ A ¸μ¸É ¢²Ö¥É ´¥ ³¥-
´¥¥ 140 ³±³, ÎÉμ Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´Ò³ ¤²Ö ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö α-Î ¸É¨Í ¸
Ô´¥·£¨Ö³¨ ¢¶²μÉÓ ¤μ 15 ŒÔ‚. „¥É¥±Éμ·Ò ¸¥·¨¨ A ¶μ¸É ¢²ÖÕÉ¸Ö ¸ · §Ñ¥³μ³
MICRODOT. ‚ É ¡². 7 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ PIPS-¤¥É¥±Éμ·μ¢, ¨¸¶μ²Ó-
§Ê¥³ÒÌ ¶·¨ ¨§³¥·¥´¨ÖÌ α-¨§²ÊÎ¥´¨Ö.

’ ¡²¨Í  7. • · ±É¥·¨¸É¨±¨ ¤¥É¥±Éμ·μ¢ PIPS ¸¥·¨¨ �

�²μÐ ¤Ó, ³³2 � §·¥Ï¥´¨¥ ¤²Ö
α-Î ¸É¨Í, ±Ô‚

’¨¶¨Î´Ò° Ëμ´,
¨³¶./¸ÊÉ

	μ³¥· ³μ¤¥²¨

600 25 8 �600-25�Œ

‚ ¶¥·¢μ° ¸¥·¨¨ ¨§³¥·¥´¨° ¤¥É¥±É¨·Ê¥³Ò° ¤¨ ¶ §μ´ α-Î ¸É¨Í ¡Ò² ¢Ò¡· ´
μÉ 4,0 ¤μ 5,1 ŒÔ‚ ¸ É¥³, ÎÉμ¡Ò ¢ ´¥£μ ¶μ¶ ²¨ α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  231

91Pa.
„¨ ¶ §μ´ ¨§³¥·¥´¨° ¡Ò² ¢Ò¡· ´ ¸ ÊÎ¥Éμ³ §´ Î¥´¨° Ô´¥·£¨¨ α-Î ¸É¨ÍÒ ¨
Éμ£μ Ë ±É , ÎÉμ ¢´ÊÉ·¥´´¨¥ ¶μ¢¥·Ì´μ¸É¨ ¤¢ÊÌ ¶μ²μ¢¨´μ± · §·¥§ ´´μ° ¶μ-
¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò (·¨¸. 1, ¶μ§. 8) ¨³¥²¨ · ¤¨Ê¸ § ±·Ê£²¥´¨Ö 4 ³³,
¶μÔÉμ³Ê Ô³¨¸¸¨Ö α-Î ¸É¨Í ¨§ ¶μ¢¥·Ì´μ¸É¨, ¶μ±·ÒÉμ° ¸¢¨´Íμ³, ¶·μ¨¸Ìμ¤¨² 
¨ ¶μ ÔÉμ° ¶·¨Î¨´¥ ¶μ¤ · §´Ò³¨ Ê£² ³¨. 	  ·¨¸. 17 ¶·¥¤¸É ¢²¥´Ò ¨§³¥·¥´¨Ö
Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗) ¨ ®ÔËË¥±É ¯, É. ¥. Ô³¨¸¸¨¨ α-Î ¸É¨Í (⊕), ¸ ¤¢ÊÌ
¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸É¥° · §·¥§ ´´μ° ¶μ¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò. �¡¥
¶μ²μ¢¨´±¨ ¶·¨¡²¨¦ ²¨¸Ó ± α-¤¥É¥±Éμ·Ê ´  ³¨´¨³ ²Ó´μ¥ · ¸¸ÉμÖ´¨¥. ˆ§³¥-
·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¶μ¸²¥¤μ¢ É¥²Ó´μ: ¶ÖÉÓ ¸ÊÉμ± ¨§³¥·Ö²¸Ö Ëμ´ ¸¶¥±É·μ³¥É· ,
  § É¥³ ®ÔËË¥±É¯, É ±¦¥ ¢ É¥Î¥´¨¥ ¶ÖÉ¨ ¸ÊÉμ±, ¨ ÔÉ  ¶·μÍ¥¤Ê·  ¶μ¢Éμ·Ö² ¸Ó
Î¥ÉÒ·¥ · § .
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�¨¸. 17. ˆ§³¥·¥´¨Ö Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗) ¨ Ô³¨¸¸¨¨ α-Î ¸É¨Í μÉ 231
91Pa ¸ Ëμ´μ³

(⊕); 1 ¨ 2 Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ §´ Î¥´¨Ö Ëμ´  ¨ ®ÔËË¥±É ¯ ¢³¥¸É¥ ¸ Ëμ´μ³

Š ± ¢¨¤´μ ¨§ ·¨¸. 17, ´ ¡²Õ¤ ¥É¸Ö § ³¥É´μ¥ ¶·¥¢ÒÏ¥´¨¥ Ô³¨¸¸¨¨ α-
Î ¸É¨Í ´ ¤ Ê·μ¢´¥³ Ëμ´ . �É¸Õ¤  ³μ¦´μ ¸¤¥² ÉÓ μ¤´μ§´ Î´Ò° ¢Ò¢μ¤ μ Éμ³,
ÎÉμ ¨§ ³¥²±μ¤¨¸¶¥·¸´μ£μ, ´μ ¸ ¨³¥ÕÐ¨³¨¸Ö ±·Ê¶´Ò³¨ Î ¸É¨Í ³¨, ¸¢¨´Í 
(¸³. [1Ä4] ¨ · §¤. 2 ¤ ´´μ° · ¡μÉÒ) ¤¥°¸É¢¨É¥²Ó´μ ¶·μ¨¸Ìμ¤¨É Ô³¨¸¸¨Ö
α-Î ¸É¨Í. �É³¥É¨³, ÎÉμ Ô³¨¸¸¨Ö α-Î ¸É¨Í ¶·μ¨¸Ìμ¤¨É ´¥ Éμ²Ó±μ ¢ ´ ¶· -
¢²¥´¨¨ · ¸¶μ²μ¦¥´¨Ö PIPS-¤¥É¥±Éμ·μ¢ (μ´¨ · ¸¶μ² £ ²¨¸Ó ¸¢¥·ÌÊ ´ ¤ · §-
·¥§ ´´Ò³¨ ¶μ²μ¢¨´± ³¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò (¸³. ·¨¸. 1, ¶μ§. 8)), ´μ ¨ ¢
£¥μ³¥É·¨¨ 4π, É. ¥. Î¨¸²μ μÉ¸Î¥Éμ¢ ´ ¤μ Ê³´μ¦¨ÉÓ ± ± ³¨´¨³Ê³ ´  ¤¢ .

�¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° μ¡· §Í  ¨ Ëμ´  ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ t = 4,32 · 105 ¸
(5 ¸ÊÉ) ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° α-Î ¸É¨Í ΔE231

91Pa = 4,0−5,1 ŒÔ‚ ¸ ± ´ ² ³¨

Ô²¥±É·μ´¨±¨ 164Ä553 ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 8.

’ ¡²¨Í  8. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° μ¡· §Í  §  ¢·¥³Ö t = 4,32·105 ¸ (5 ¸ÊÉ) ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° ΔE231

91Pa = 4,0−5,1 ŒÔ‚ (± ´ ²Ò 164Ä553)

	μ³¥·
¶/¶

�¥ ±Í¨μ´´ Ö
± ³¥·  ”μ´ ¤¥É¥±Éμ· 

NPa σPa NËμ´ σËμ´

1 143 ± 11,96 102 ± 10,10
2 125 ± 11,2 105 ± 10,25
3 130 ± 11,4 110 ± 10,49
4 144 ± 12,0 92 ± 9,59

N , σ 135,5 ± 11,64 102,25 ± 10,11
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�μ ¨Éμ£ ³ Î¥ÉÒ·¥Ì ¨§³¥·¥´¨° μ¡· §Í , ¢ ±μÉμ·μ³, ± ± ¶·¥¤¶μ² £ ²μ¸Ó,
¶·¨¸ÊÉ¸É¢Ê¥É ÉÖ¦¥²Ò° ³¥É ²² 231

91Pa, ±μ²¨Î¥¸É¢μ ¨³¶Ê²Ó¸μ¢ ¢ ¨´É¥·¢ ²¥ Ô´¥·-
£¨° ΔE231

91Pa = 4,0−5,1 ŒÔ‚ ¸μ¸É ¢¨²μ ¢ ¸·¥¤´¥³

N ÔËË¥±É+Ëμ´ = 136 ± 12 (α-Î ¸É¨Í)/(5 ¸ÊÉ), (19)

É. ¥. §  ¢·¥³Ö t = 4,32 · 105 ¸. ‘·¥¤´¨° Ëμ´ ¢ ÔÉμ³ ¦¥ ¨´É¥·¢ ²¥ Ô´¥·£¨° § 
Éμ ¦¥ ¢·¥³Ö ¸μ¸É ¢¨²

NËμ´ = 102 ± 10 (α-Î ¸É¨Í)/(5 ¸ÊÉ). (20)


ËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ α-Î ¸É¨Í ¶·¨ ¤ ´´μ° ±μ´Ë¨£Ê· Í¨¨ ³¨Ï¥´¨ ¸μ-
¸É ¢²Ö¥É ¶·¨¡²¨§¨É¥²Ó´μ 17%.

�¥·¨μ¤ ¶μ²Ê· ¸¶ ¤  ¶·μÉ ±É¨´¨Ö 231
91Pa [8, 9, 24]

T1/2 = 32 760 ²¥É = 1,03311936 · 1012 ¸. (21)

‚·¥³Ö ´ Ï¥£μ ¨§³¥·¥´¨Ö ¸μ¸É ¢²Ö²μ ¶ÖÉÓ ¸ÊÉμ±, É. ¥. t = 4,32 · 105 ¸.
’ ± ± ± Éμ²Ó±μ ¶μ²μ¢¨´  α-Î ¸É¨Í μÉ · ¸¶ ¤  231

91Pa ¶μ¶ ¤ ¥É ¢ α-¤¥É¥±Éμ·
¸ ¥£μ ÔËË¥±É¨¢´μ¸ÉÓÕ ·¥£¨¸É· Í¨¨ μ±μ²μ 17%, ¤²Ö ³¨´¨³ ²Ó´μ£μ Î¨¸² 

α-Î ¸É¨Í ¨³¥¥³ N
(1)

α = N
(1)

ÔËË¥±É+Ëμ´ − N
(1)

Ëμ´ ≈ 34 α-Î ¸É¨ÍÒ, ¤²Ö ¶μ²´μ£μ

Î¨¸²  Ö¤¥· ¶·μÉ ±É¨´¨Ö N
(1)
231
91Pa

¢ ¨§ÊÎ¥´´ÒÌ μ¡· §Í Ì ¶μ²ÊÎ ¥³

N
(1)

α � 0,17 · 0,5 · N (1)
231
91Pa

{1 − exp (t/T1/2)} ∼=
∼= 0,085 · N (1)

231
91Pa

· t/T1/2 = 34 α-Î ¸É¨ÍÒ. (22)

’μ£¤  ¶·¨³¥·´μ¥ ±μ²¨Î¥¸É¢μ  Éμ³μ¢ ¶·μÉ ±É¨´¨Ö

N
(1)
231
91Pa

≈ 34
T1/2

t

/
0,085 = 34 · 1,03311936 · 1012/(4,32 · 105)/0,085 =

= (9,57 ± 1,85) · 108  Éμ³μ¢ Pa. (23)

‚μ ¢Éμ·μ° ¸¥·¨¨ Ô±¸¶¥·¨³¥´Éμ¢ ¡Ò²  ¶·¥¤¶·¨´ÖÉ  ¶μ¶ÒÉ±  ¶·μ¢¥·¨ÉÓ
´ ²¨Î¨¥ α-Î ¸É¨Í μÉ ¢μ§³μ¦´μ£μ ¶·¨¸ÊÉ¸É¢¨Ö  Éμ³μ¢ 246

96Cm ¢ ¸¨´É¥§¨·μ¢ ´-
´μ³ ¢ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö DHPC Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³ ¸ ³ ±¸¨³ ²Ó´μ°
Ô´¥·£¨¥° 10 ŒÔ‚ ¸¢¨´Íμ¢μ³ ¶μ±·ÒÉ¨¨ ¢´ÊÉ·¥´´¨Ì ¸É¥´μ± ·¥ ±Í¨μ´´μ° ± -
³¥·Ò. 
Éμ ¡Ò²μ ¶·μ¤¥² ´μ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¢ SIMS ³ ¸¸-¨§μÉμ¶´μ³  ´ ²¨§¥
¡Ò²  μ¡´ ·Ê¦¥´  ³ ¸¸  M/Z ∼= 246−247  . ¥. ³. �Í¥´μÎ´μ¥ §´ Î¥´¨¥ Î¨¸² 
μÉ¸Î¥Éμ¢ ¢ ³ ±¸¨³Ê³¥ ³ ¸¸μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·¨³¥·´μ μ¤¨´ ±μ¢μ¥ ± ±
¤²Ö 231

91Pa, É ± ¨ ¤²Ö 246
96Cm. ‚ ¶¥·¢μ³ ¨§³¥·¥´¨¨ Ô³¨¸¸¨¨ α-Î ¸É¨Í ¨¸¶μ²Ó-

§μ¢ ²¸Ö ÉÐ É¥²Ó´μ μÉ³ÒÉÒ° μÉ · ¤¨μ ±É¨¢´ÒÌ § £·Ö§´¥´¨° ¨§³¥·¨É¥²Ó´Ò°
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³μ¤Ê²Ó ¸¶¥±É·μ³¥É·  ®Alpha Analyst¯ Ë¨·³Ò ®Canberra¯, ±μÉμ·Ò° ´¥μ¤´μ-
±· É´μ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤²Ö ¨§³¥·¥´¨Ö  ±É¨¢´μ¸É¥°. ˆ³¥´´μ ¶μÔÉμ³Ê ¥£μ Ê·μ-
¢¥´Ó Ëμ´  ¢ ·Ó¨·μ¢ ²¸Ö μÉ 92 ± 9,59 ¨³¶. ¤μ 110± 10,49 ¨³¶. §  ¶ÖÉÓ ¸ÊÉμ±,
ÌμÉÖ ¶ ¸¶μ·É´μ¥ §´ Î¥´¨¥ ¸¶¥±É·μ³¥É·  (¸³. É ¡². 6) ¤²Ö É¨¶¨Î´μ£μ Ëμ´  ¶·¨-
³¥·´μ 8 ¨³¶./¸ÊÉ, É. ¥. ¢ ¶¥·¢μ³ ¨§³¥·¥´¨¨ Ëμ´ ¡Ò² μÉ 2,3 ¤μ 2,75 · §  ¢ÒÏ¥,
Î¥³ É¨¶¨Î´Ò°. �μÔÉμ³Ê ¢μ ¢Éμ·μ³ ¨§³¥·¥´¨¨ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¸μ¢¥·Ï¥´´μ
´μ¢Ò° ³μ¤Ê²Ó μÉ ¤·Ê£μ£μ ¸¶¥±É·μ³¥É·  ®Alpha Analyst¯ Ë¨·³Ò ®Canberra¯,
±μÉμ·Ò° ¤μ ÔÉμ£μ ´¥ ¶·¨³¥´Ö²¸Ö, É. ¥. ¨³¥² ¥¸É¥¸É¢¥´´Ò° Ëμ´,   ¨³¥´´μ ¡μ²¥¥
´¨§±¨° Ê·μ¢¥´Ó Ëμ´  Å ³¥´¥¥ 8 ¨³¶./¸ÊÉ.

‚ ÔÉμ³ ¸²ÊÎ ¥ ¨§³¥·¥´¨Ö Ëμ´  ¨ ®ÔËË¥±É ¯ ¶·μ¢μ¤¨²¨¸Ó ¢ ¤¥É¥±É¨·Ê¥³μ³
¤¨ ¶ §μ´¥ Ô´¥·£¨° α-Î ¸É¨Í, ±μÉμ·Ò° ¡Ò² ¢Ò¡· ´ μ¶ÖÉÓ μÉ 4,0 ¤μ 5,1 ŒÔ‚ ¸
É¥³, ÎÉμ¡Ò ¢ ÔÉμÉ ¤¨ ¶ §μ´ ¶μ¶ ²¨ α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  231

91Pa: Eγ
231
91Pa

= 4,73;
4,95; 5,01; 5,03 ¨ 5,06 ŒÔ‚ (¸³. É ¡². 8 ¨ ·¨¸. 17, ´  ±μÉμ·μ³ ¶·¨¢¥¤¥´Ò ¨§-
³¥·¥´¨Ö ®ÔËË¥±É ¯ ¨ Ëμ´ ). „μ¶μ²´¨É¥²Ó´μ, ¶·¨³¥·´μ Î¥·¥§ 18 ³¥¸, ¡Ò²¨
¢Ò¶μ²´¥´Ò ¨§³¥·¥´¨Ö ¢ · ´¥¥ ¶·μ³¥·¥´´μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° (4,0Ä5,1 ŒÔ‚)
¨ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° α-Î ¸É¨Í μÉ 5,1 ¤μ 5,4 ŒÔ‚ ¸ É¥³, ÎÉμ¡Ò ¢ ´¥³ ³μ¦´μ
¡Ò²μ § ·¥£¨¸É·¨·μ¢ ÉÓ α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  246

96 Cm, ±μÉμ·Ò° ¨³¥¥É ¤¢¥ ²¨-
´¨¨ ¸ ¡μ²¥¥ ¢Ò¸μ±¨³¨ Ô´¥·£¨Ö³¨ Eγ

246
96Cm

= 5,34 ¨ 5,39 ŒÔ‚ (¸³. É ¡². 9

¨ ·¨¸. 18, ´  ±μÉμ·μ³ ¶·¨¢¥¤¥´Ò ¨§³¥·¥´¨Ö ®ÔËË¥±É ¯ ¨ Ëμ´ ). Š ± Ìμ-
·μÏμ ¢¨¤´μ ¨§ ·¨¸. 17 ¨ 18, ¶μ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¶μ §´ Î¨É¥²Ó´μ³Ê ¶·¥¢Ò-
Ï¥´¨Õ ¸¨£´ ²  (®ÔËË¥±É ¯) ´ ¤ Ê·μ¢´¥³ Ëμ´  μ¤´μ§´ Î´μ ¶μ¤É¢¥·¦¤ ÕÉ Éμ,
ÎÉμ ¸¢¨´Íμ¢Ò¥ Î ¸É¨ÍÒ ¨ ¸¢¨´Íμ¢μ¥ ¶μ±·ÒÉ¨¥ ´  ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ°
± ³¥·Ò ¡Ò²¨ ¸¨´É¥§¨·μ¢ ´Ò ¢ ¶·μÍ¥¸¸¥ μ¡²ÊÎ¥´¨Ö γ-±¢ ´É ³¨ ¸ Ô´¥·£¨¥°
10 ŒÔ‚ ¶·¨ ¤ ¢²¥´¨¨ ¤¥°É¥·¨Ö 1,2 ±¡ · (¸³. [1Ä4]), ¨ Éμ, ÎÉμ ¢ ÔÉμ³ ¸¢¨´Í¥

¶·¨¸ÊÉ¸É¢ÊÕÉ ¨ ¶·μÉ ±É¨´¨° 231
91Pa, ¨ ±Õ·¨° 246

96Cm.
‚ É ¡². 9 ¶·¥¤¸É ¢²¥´Ò Î¨¸²μ α-Î ¸É¨Í ¨ Ëμ´, ¨§³¥·¥´´Ò¥ ¢ ¨´É¥·-

¢ ² Ì Ô´¥·£¨¨ ΔE231
91Pa = 4,0−5,1 ŒÔ‚ (¤¨ ¶ §μ´ ± ´ ²μ¢ Å 164Ä553)

¨ ΔE246
96Cm = 5,1−5,4 ŒÔ‚ (¤¨ ¶ §μ´ ± ´ ²μ¢ Å 554Ä637) ¢ É¥Î¥´¨¥ t =

4,32 · 105 ¸ (5 ¸ÊÉ).
	  ·¨¸. 18 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗) ¨

Ô³¨¸¸¨¨ α-Î ¸É¨Í μÉ 231
91Pa ¸ Ëμ´μ³ (⊕),   É ±¦¥ ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ §´ Î¥-

´¨Ö Ëμ´  ¨ ®ÔËË¥±É ¯ ¢³¥¸É¥ ¸ Ëμ´μ³ (1 ¨ 2).
	  ·¨¸. 19 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗)

¨ Ô³¨¸¸¨¨  ²ÓË -Î ¸É¨Í μÉ 246
96Cm ¸ Ëμ´μ³ (⊕), ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ §´ Î¥´¨Ö

Ëμ´  ¨ ®ÔËË¥±É ¯ ¢³¥¸É¥ ¸ Ëμ´μ³ (1 ¨ 2).
�´ ²μ£¨Î´μ · ¸Î¥ÉÊ, ¶·μ¢¥¤¥´´μ³Ê ¢ (21) ¨ (22), ³μ¦´μ μÍ¥´¨ÉÓ ¶μ²´μ¥

±μ²¨Î¥¸É¢μ Ö¤¥· ¶·μÉ ±É¨´¨Ö ¢μ ¢Éμ·μ³ ¨§³¥·¥´¨¨:

N
(2)
231
91Pa

≈ 19,55
T1/2

t

/
0,085 = 19,55 · 1,03311936 · 1012/(4,32 · 105)/0,085 →

→ (5,50 ± 2,13) · 108  Éμ³μ¢ Pa. (24)
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’ ¡²¨Í  9. Šμ²¨Î¥¸É¢μ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ α-Î ¸É¨Í ¨ Ëμ´, ¨§³¥·¥´´Ò¥ ¢ ¨´É¥·-
¢ ² Ì Ô´¥·£¨° 4,0Ä5,1 ŒÔ‚ (¤¨ ¶ §μ´ ± ´ ²μ¢ Å 164Ä553) ¨ 5,1Ä5,4 ŒÔ‚ (¤¨ ¶ §μ´
± ´ ²μ¢ Å 554Ä637) ¢ É¥Î¥´¨¥ 4,32 · 105 ¸ (5 ¸ÊÉ)

	μ³¥·
¶/¶

ΔE231
91Pa = 4,0−5,1 ŒÔ‚ ΔE246

96Cm = 5,1−5,4 ŒÔ‚

NPa+Ëμ´ σPa+Ëμ´ NËμ´ σËμ´ NCm+Ëμ´ σCm+Ëμ´ NËμ´ σËμ´

1 22 ±4,69 6 ±2,45 10 ±3,16 0 ±15
2 32 ±5,66 4 ±2,0 3 ±1,73 2 ±1,41
3 24 ±4,90 7 ±2,65 3 ±1,73 1 ±1,0
4 24 ±4,90 8 ±2,83 9 ±3,0 6 ±2,45
5 27 ±5,20 Å Å Å Å Å Å

N , σ 25,8 ±5,08 6,25 ±2,5 6,25 ±2,5 2,25 ±1,5

�¨¸. 18. ˆ§³¥·¥´¨Ö Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗) ¨ Ô³¨¸¸¨¨ α-Î ¸É¨Í μÉ 231
91Pa ¸ Ëμ´μ³

(⊕); 1 ¨ 2 Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ §´ Î¥´¨Ö Ëμ´  ¨ ®ÔËË¥±É ¯ ¢³¥¸É¥ ¸ Ëμ´μ³

‘· ¢´¨¢ Ö ¶μ²ÊÎ¥´´Ò¥ ¤¨ ¶ §μ´Ò §´ Î¥´¨° ¶μ²´μ£μ ±μ²¨Î¥¸É¢   Éμ³μ¢
¶·μÉ ±É¨´¨Ö, ¢¨¤¨³, ÎÉμ μ´¨ ¶¥·¥±·Ò¢ ÕÉ¸Ö ¢ ¶·¥¤¥² Ì ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ

μÏ¨¡μ±: N
(2)
231
91Pa

≈ (5,50 ± 2,13) · 108  Éμ³μ¢ Pa ¨ N
(1)
231
91Pa

≈ (9,57 ± 1,85) ×
108  Éμ³μ¢ Pa.

�¥·¨μ¤ ¶μ²Ê· ¸¶ ¤  ±Õ·¨Ö 246
96Cm [8, 9, 24]

T1/2 = 4730 ²¥É = 1,4916528 · 1011 ¸. (25)

‚·¥³Ö ´ Ï¥£μ ¨§³¥·¥´¨Ö ¸μ¸É ¢²Ö²μ ¶ÖÉÓ ¸ÊÉμ±, É. ¥. t = 4,32 · 105 ¸.
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’ ± ± ± Éμ²Ó±μ ¶μ²μ¢¨´  α-Î ¸É¨Í μÉ · ¸¶ ¤  246
96Cm ¶μ¶ ¤ ¥É ¢ α-

¤¥É¥±Éμ· ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ ·¥£¨¸É· Í¨¨ μ±μ²μ 17%, ¤²Ö ³¨´¨³ ²Ó´μ£μ Î¨¸² 

α-Î ¸É¨Í N
(3)

α = N
(3)

ÔËË¥±É+Ëμ´ − N
(3)

Ëμ´ ≈ 4 α-Î ¸É¨ÍÒ ³μ¦´μ ´ ¶¨¸ ÉÓ ¸μμÉ-
´μÏ¥´¨¥

N (3)
α � 0,17 · 0,5 · N (3)

246
96Cm

{1 − exp (t/T1/2)} ∼=
∼= 0,085 · N (3)

246
96Cm

· t/T1/2 = 4 α-Î ¸É¨ÍÒ. (26)

�É¸Õ¤  ¶μ²ÊÎ ¥³ ¶·¨³¥·´μ¥ ±μ²¨Î¥¸É¢μ  Éμ³μ¢ ±Õ·¨Ö

N
(3)
246
96Cm

≈ 4
T1/2

t

/
0,085 = 1,4916528 · 1011/(4,32 · 105)/0,085 =

= 1,62 · 107  Éμ³μ¢ Cm. (27)

’¥³ ¸ ³Ò³ ¨§ É ¡². 8, ·¨¸. 17 ¨ ¢Ò· ¦¥´¨Ö (23),   É ±¦¥ ·¥§Ê²ÓÉ Éμ¢,
¶μ²ÊÎ¥´´ÒÌ ¶·¨³¥·´μ Î¥·¥§ 18 ³¥¸ ¶μ¸²¥ ¶·μ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° ¨ ¶·¥¤-
¸É ¢²¥´´ÒÌ ¢ É ¡². 9, ´  ·¨¸. 18 ¨ ¢ ¢Ò· ¦¥´¨¨ (24), ³μ¦´μ μ¤´μ§´ Î´μ

�¨¸. 19. ˆ§³¥·¥´¨Ö Ëμ´  α-¸¶¥±É·μ³¥É·  (⊗) ¨ Ô³¨¸¸¨¨ α-Î ¸É¨Í μÉ 246
96Cm ¸ Ëμ-

´μ³ (⊕); 1 ¨ 2 Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò¥ §´ Î¥´¨Ö Ëμ´  ¨ ®ÔËË¥±É ¯ ¢³¥¸É¥ ¸ Ëμ´μ³
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§ ±²ÕÎ¨ÉÓ, ÎÉμ ¢ ¸¢¨´Í¥, ¶μ±·Ò¢ ÕÐ¥³ ¶μ¢¥·Ì´μ¸ÉÓ ·¥ ±Í¨μ´´μ° ± ³¥·Ò,
¶·¨¸ÊÉ¸É¢Ê¥É ¶·μÉ ±É¨´¨°.

ˆ§ ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨Ö α-Î ¸É¨Í μÉ 246
96Cm (É ¡². 9, ·¨¸. 19 ¨ ¢Ò· -

¦¥´¨¥ (26)) É ±¦¥ ³μ¦´μ £μ¢μ·¨ÉÓ μ ¶·¨¸ÊÉ¸É¢¨¨ ÔÉμ£μ ¨¸±Ê¸¸É¢¥´´μ£μ Ô²¥-
³¥´É , ´μ ¥£μ ±μ´Í¥´É· Í¨Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ¶·μÉ ±É¨´¨Ö. 
ÉμÉ
¶μ¸²¥¤´¨° Ë ±É ± ± · § § ±μ´μ³¥·¥´.

4. ˆ‘��‹œ‡�‚��ˆ… ’�…Š�‚›• „…’…Š’���‚ CR-39
„‹Ÿ �…ƒˆ‘’��–ˆˆ α-—�‘’ˆ– �’ ��‘��„�‚

’Ÿ†…‹›• 	‹…Œ…�’�‚ 231
91Pa ˆ 246

96Cm

Š ± Ìμ·μÏμ ¨§¢¥¸É´μ [17Ä19], ¸ÊÐ¥¸É¢ÊÕÐ¨¥ É·¥±μ¢Ò¥ ¤¥É¥±Éμ·Ò ¶μ-
§¢μ²ÖÕÉ ·¥£¨¸É·¨·μ¢ ÉÓ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ, É ±¨¥ ± ± ¶·μÉμ´Ò, ¤¥°É·μ´Ò
¨ α-Î ¸É¨ÍÒ, ¸ Ô´¥·£¨Ö³¨ μÉ 1 ŒÔ‚ ¤μ ¡μ²¥¥ ¢Ò¸μ±¨Ì (¶μ·Ö¤±  10 ŒÔ‚).
Š É ±¨³ ¤¥É¥±Éμ· ³ μÉ´μ¸ÖÉ¸Ö ´ ¨¡μ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶μ²¨³¥·´Ò¥ ¤¥É¥±-
Éμ·Ò CR-39.

„²Ö ¶·μ¢¥·±¨ Ô³¨¸¸¨¨ α-Î ¸É¨Í ¨§ ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸É¥° · §·¥§ ´-
´μ° ¶μ¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò (¸³. ·¨¸. 1, ¶μ§. 8) ¢ ¶·μ¨§¢μ²Ó´μ³ ¤¨ ¶ -
§μ´¥ Ô´¥·£¨°, É. ¥. μÉ ¶μ·μ£  ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ É·¥±μ¢μ£μ ¤¥É¥±Éμ·  CR-39 ¶μ
Ô´¥·£¨¨ ¨ ³ ¸¸¥ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, μ¡¥ ¶μ²μ¢¨´±¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò
¢ ¤¥·¦ É¥²¥ ¡Ò²¨ ¶μ³¥Ð¥´Ò ¢¶²μÉ´ÊÕ ± ¶² ¸É¨´±¥-Ëμ²Ó£¥ CR-39 ¸ · §³¥-
·μ³ 25 × 25 ³³ ¨ Éμ²Ð¨´μ° 200 ³±³ ¢ ¸¶¥Í¨ ²Ó´ÊÕ ± ³¥·Ê, ±μÉμ· Ö ¡Ò² 
μÉ± Î¥´  ¤μ 10−4 Éμ·· ¨ § É¥³ μ¸É ¢²¥´  ´  ¤¢  ³¥¸ÖÍ  ¢ É ±μ³ ¶μ²μ¦¥´¨¨.
�μ¸²¥ 60 ¸ÊÉ ±μ´É ±É  ¤¥É¥±Éμ·  CR-39 ¸ ¶μ²μ¢¨´± ³¨ DHPC ± ³¥·  ¡Ò² 
¢¸±·ÒÉ , ¶·¨ ÔÉμ³ ¢ ´¥° ´ Ìμ¤¨²¸Ö μ¸É ÉμÎ´Ò° ¢ ±ÊÊ³, μ¡· §ÍÒ ¨ ¤¥É¥±Éμ·
¡Ò²¨ ¢Ò´ÊÉÒ. �¡²ÊÎ¥´´Ò° ¨ ±μ´É·μ²Ó´Ò° μ¡· §ÍÒ (É·¥±μ¢ÒÌ ¤¥É¥±Éμ·μ¢
CR-39) ¡Ò²¨ ¶·μÉ· ¢²¥´Ò (¸³. [17Ä19]) ¤μ ¤¨ ³¥É·μ¢ ¶·¨³¥·´μ 10 ³±³ ´ 
¢Ìμ¤¥ ¢ ±μ´Ê¸´Ò° É·¥± ´  ¶μ¢¥·Ì´μ¸É¨ ¢ · ¸É¢μ·¥ 5 ´μ·³ ²¥° Ð¥²μÎ¨ (NaCl)
¶·¨ É¥³¶¥· ÉÊ·¥ 80 ◦‘. �·μÉ· ¢²¥´´Ò¥ ¢ μ¤¨´ ±μ¢ÒÌ Ê¸²μ¢¨ÖÌ μ¡²ÊÎ¥´´Ò°
¨ ±μ´É·μ²Ó´Ò° μ¡· §ÍÒ ¨§ μ¤´μ° ¶ ·É¨¨ ¨§£μÉμ¢²¥´¨Ö ¡Ò²¨ ¨§ÊÎ¥´Ò ´  ¸± -
´¨·ÊÕÐ¥³ ³¨±·μ¸±μ¶¥ TM 3000 (Tabletop microscope) Ë¨·³Ò ®Hitachi¯.

Š ± Ìμ·μÏμ ¨§¢¥¸É´μ, ¶·μ¤Ê±ÉÒ · ¸¶ ¤  Ê· ´  ¸²¥¤ÊÕÐ¨¥ (¸³. ´¨¦¥
Í¥¶μÎ±Ê · ¸¶ ¤ ):

238
92U → 234

90Th → 234
91Pa → 234

92U → 230
90Th →

→ 226
88Ra → 222

86Rn → 218
84Po → 214

82Pb, (28)

235
92U α−−→ 231

90Th
β−

−−→ 231
91Pa (3260 ²¥É); (29)

μ´¨ É ±¦¥ ¨¸¶Ê¸± ÕÉ α-Î ¸É¨ÍÒ, ´ ¶·¨³¥· · ¤μ´ (22286Rn, 218
86Rn), ¸ Ô´¥·-

£¨Ö³¨ 4,77 ¨ 5,46 ŒÔ‚. �μÔÉμ³Ê ¤μ²£μ ¶·μ²¥¦ ¢Ï¨¥ É·¥±μ¢Ò¥ ¤¥É¥±Éμ·Ò
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CR-39 (¢ ¢¨¤¥ ¶² ¸É¨´μ±-Ëμ²Ó£) ´ ± ¶²¨¢ ÕÉ ² É¥´É´Ò¥ É·¥±¨ μÉ α-Î ¸É¨Í
· ¤μ´ , ±μÉμ·Ò¥ É ± ¦¥ ¶·μÉ· ¢²¨¢ ÕÉ¸Ö, ± ± ¨ É·¥±¨ α-Î ¸É¨Í μÉ 231

91Pa,
·¥£¨¸É·¨·Ê¥³Ò¥ ÔÉ¨³¨ ¤¥É¥±Éμ· ³¨. ‚¢¨¤Ê ÔÉμ£μ ´¥μ¡Ìμ¤¨³μ μÍ¥´¨ÉÓ ±μ´-
Í¥´É· Í¨Õ ´  ¤¥É¥±Éμ· Ì ÔÉ¨Ì ®Ëμ´μ¢ÒÌ¯ É·¥±μ¢. 	  ·¨¸. 20 ¶·¨¢¥¤¥´Ò Ì -
· ±É¥·´Ò¥ Ö³±¨ (±μ´¨Î¥¸±¨¥ ²Ê´±¨) μÉ α-Î ¸É¨Í ¶μ¸²¥ É· ¢²¥´¨Ö.

�¨¸. 20. ”μÉμ£· Ë¨¨ ¸ μ¶É¨Î¥¸±μ£μ ³¨±·μ¸±μ¶ : É·¥±μ¢ (¢ ¢¨¤¥ ²Ê´μ±) ¤¨ ³¥É·μ³
¶·¨³¥·´μ 15 ³±³ ´  ¶μ¢¥·Ì´μ¸É¨ É·¥±μ¢μ£μ ¤¥É¥±Éμ·  CR-39 ( ) ¨ μ¤´μ° ²Ê´±¨ (¡)

�²μÉ´μ¸ÉÓ É·¥±μ¢ ³μ¦´μ μÍ¥´¨ÉÓ É ±: ¶²μÐ ¤Ó ËμÉμ£· Ë¨¨ S =
402 ³±³ · 293 ³±³= 1,17786 · 105 ³±³2 ≈ 1,8 · 10−3 ¸³2, Éμ£¤  ¶²μÉ´μ¸ÉÓ
É·¥±μ¢ ´  ¤ ´´μ° ¶²μÐ ¤¨

n � 3/1,8 · 10−3 = 2,5 · 103 É·¥±/¸³2. (30)

‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ Í¥´É·μ¢ Ô³¨¸¸¨¨ α-Î ¸É¨Í
¨§ Ö¤¥· ¶·μÉ ±É¨´¨Ö (  ¢μ§³μ¦´μ, ¨ Ö¤¥· ±Õ·¨Ö), ¢μ-¶¥·¢ÒÌ, ´μ¸¨É ¸É É¨¸É¨-
Î¥¸±¨° Ì · ±É¥·; ¢μ-¢Éμ·ÒÌ, μ´¨ · ¸¶μ²μ¦¥´Ò ´¥· ¢´μ³¥·´μ ¶μ ¨§ÊÎ¥´´Ò³
¶μ¢¥·Ì´μ¸ÉÖ³ ¤¢ÊÌ ¶μ²μ¢¨´μ± ·¥ ±Í¨μ´´μ° ± ³¥·Ò (·¨¸. 1, ¶μ§. 8) ¨ ¸¡μ·´¨± 
¶·μ¤Ê±Éμ¢ ·¥ ±Í¨° (·¨¸. 1, ¶μ§. 12), É. ¥., ¸±μ·¥¥ ¢¸¥£μ, ÉμÎ¥Î´μ Å ¢ ³¥¸É Ì,
£¤¥ ¡Ò²¨ ¶μ¤Ìμ¤ÖÐ¨¥ Ê¸²μ¢¨Ö ¤²Ö ¶·μÉ¥± ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨°; ¢-É·¥ÉÓ¨Ì,
¨Ì ±μ´Í¥´É· Í¨Ö ³ ² , ¶μÔÉμ³Ê ¡Ò²  ¸¤¥² ´  μ¡· ¡μÉ±  ·¥§Ê²ÓÉ Éμ¢, ±μÉμ· Ö
¶·μ¢μ¤¨² ¸Ó ¶μ ¶μ²ÊÎ¥´´Ò³ 20 �
Œ-¨§μ¡· ¦¥´¨Ö³ ®ÔËË¥±É ¯ ¨ 35 �
Œ-
¨§μ¡· ¦¥´¨Ö³ Ëμ´ , É. ¥. ¸ ´¥μ¡²ÊÎ¥´´ÒÌ ÊÎ ¸É±μ¢ CR-39 ¸ ¡μ²ÓÏ¨Ì ¶²μÐ -
¤¥° ¶μ¢¥·Ì´μ¸É¨ ¤²Ö Ê²ÊÎÏ¥´¨Ö ¸É É¨¸É¨±¨. �μ ·¥§Ê²ÓÉ É ³ μ¡· ¡μÉ±¨ ¡Ò²¨
¶μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ μÍ¥´±¨ (¨³¥´´μ μÍ¥´±¨) ¤²Ö ¸·¥¤´¨Ì §´ Î¥´¨° ¶²μÉ´μ-
¸É¨ É·¥±μ¢ ´  ±μ´É·μ²Ó´μ³ μ¡· §Í¥ Å n¨¸Ì ¨ ´  μ¡²ÊÎ¥´´μ³ Å nμ¡Ð:

n¨¸Ì =
50∑
1

ni,¨¸Ì/50 ≈ 2,47 · 102 É·¥±/¸³2; (31)

nμ¡Ð =
50∑
1

ni,μ¡Ð/50 ≈ 4,18 · 102 É·¥±/¸³2. (32)
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�²μÐ ¤Ó ¤¢ÊÌ ¶μ²μ¢¨´μ± ·¥ ±Í¨μ´´μ° ± ³¥·Ò, ¸ ±μÉμ·μ° ¶·μÌμ¤¨²  Ô³¨¸¸¨Ö
α-Î ¸É¨Í, £¤¥ μ¤´  ¨§ ¶μ²μ¢¨´μ± ¡Ò²  Î ¸É¨Î´μ · ¸¶¨²¥´  ¶·¨ SIMS- ´ ²¨§¥
(¸³. ·¨¸. 9), ³μ¦´μ μÍ¥´¨ÉÓ ± ± S·.±. ∼ 0,3 ¸³ ·1,5 ¸³= 0,45 ¸³2. ’μ£¤ 
μÍ¥´μÎ´μ¥ Î¨¸²μ É·¥±μ¢ μÉ α-Î ¸É¨Í ¨§ μ¡· §Íμ¢ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¨§ ¢Ò· ¦¥´¨Ö

nα-Î ¸É¨Í ≈ S·.±.(nμ¡Ð − n¨¸Ì) =

= 0,45 · (4,18 · 102 − 2,47) = 77(α-Î ¸É¨Í)/5 ¸ÊÉ (33)

¶·¨ ÔËË¥±É¨¢´μ¸É¨ ·¥£¨¸É· Í¨¨ ¶μ·Ö¤±  10 % ¨ ÉμÎ´μ¸É¨ ¨§³¥·¥´¨° ¶·¨
μÉ´μ¸¨É¥²Ó´μ ³ ²μ° ¶²μÉ´μ¸É¨ É·¥±μ¢ ´  1 ¸³2 ´¥ ²ÊÎÏ¥ � 5−10%.

‘· ¢´¨¢ Ö ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Ô³¨¸¸¨¨ α-Î ¸É¨Í ¢ · §¤. 3 ¶·¨ ¨Ì
·¥£¨¸É· Í¨¨ α-¸¶¥±É·μ³¥É·μ³ (¸³. ¢Ò· ¦¥´¨Ö (19) ¨ (20)) ¨ ¢ ¤ ´´μ³ · §-
¤¥²¥, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ §´ Î¥´¨Ö ¶²μÉ´μ¸É¨ É·¥±μ¢ α-Î ¸É¨Í:
33 ± 6 α-Î ¸É¨Í ¢ · §¤. 3 ¨ 77 α-Î ¸É¨Í ¢ ¤ ´´μ³ · §¤¥²¥ Å · §²¨Î ÕÉ¸Ö
¶·¨³¥·´μ ¢ 2,33 · § .

�μ ·¥§Ê²ÓÉ É ³ ÔÉμ£μ · §¤¥²  ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¤¥°¸É¢¨-
É¥²Ó´μ ¨§ μ¡¥¨Ì ¶μ²μ¢¨´μ± ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¨¤¥É Ô³¨¸¸¨Ö α-Î ¸É¨Í.

„²Ö ÊÉμÎ´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ¶·¨³¥·´μ Î¥·¥§ Ï¥¸ÉÓ ³¥¸ÖÍ¥¢ ¶μ¸²¥ ¨¸¸²¥-
¤μ¢ ´¨°, μ¶¨¸ ´´ÒÌ ¢ ÔÉμ³ · §¤¥²¥ ¢ÒÏ¥, ¡Ò²¨ ¶μ¤£μÉμ¢²¥´Ò ¤¢¥ ´μ¢Ò¥ ¨§
Éμ° ¦¥ ¶ ·É¨¨ ¶² ¸É¨´±¨-Ëμ²Ó£¨ CR-39, ±μÉμ·Ò¥ ¡Ò²¨ μÉμ¦¦¥´Ò ´  ¢μ§¤ÊÌ¥
¢ ¶·μ£· ³³¨·Ê¥³μ° ³ÊË¥²Ó´μ° ¶¥Î¨ ¶·¨ É¥³¶¥· ÉÊ·¥ 180 ◦‘ ¢ É¥Î¥´¨¥ μ¤´μ£μ
Î ¸  ¤²Ö μÉ¦¨£  É·¥±μ¢ μÉ · ¤¨μ ±É¨¢´ÒÌ Ô²¥³¥´Éμ¢ É¨¶  · ¤μ´  (¸³. ·¥±μ-
³¥´¤ Í¨¨ ¶μ μÉ¦¨£Ê ¢ ³μ´μ£· Ë¨¨ [18]). ‡ É¥³ μ¡¥ ¶² ¸É¨´±¨-Ëμ²Ó£¨ CR-39
¡Ò²¨ ¶μ³¥Ð¥´Ò ¢ ¸¶¥Í¨ ²Ó´ÊÕ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê (± ± ¨ ¢ ¶¥·¢μ³ ¢ÒÏ¥-
μ¶¨¸ ´´μ³ ¸²ÊÎ ¥ ÔÉμ£μ · §¤¥² ), ¶·¨ ÔÉμ³ μ¤´  ¶² ¸É¨´± -Ëμ²Ó£  CR-39
¡Ò² , ± ± ¨ · ´´¥¥, ¶μ³¥Ð¥´  ¢¶²μÉ´ÊÕ ± μ¡¥¨³ ¶μ²μ¢¨´± ³ · §·¥§ ´´μ°
¶μ¶μ² ³ ·¥ ±Í¨μ´´μ° ± ³¥·Ò,   ¢Éμ· Ö Å ±μ´É·μ²Ó´ Ö Å ¶² ¸É¨´± -Ëμ²Ó£ 
CR-39 ´ Ìμ¤¨² ¸Ó ¢ ¢ ±ÊÊ³´μ³ μ¡Ñ¥³¥, μÉ± Î¥´´μ³ ¤μ 10−4 Éμ··, ¢³¥¸É¥ ¸
¶¥·¢μ°. 
É  ±μ´¸É·Ê±Í¨Ö (¢ ±ÊÊ³´ Ö ± ³¥·  ¨ ¤¢¥ ¶² ¸É¨´±¨-Ëμ²Ó£¨ CR-39)
¡Ò²  ¢Ò¤¥·¦ ´  ¢ É ±¨Ì Ê¸²μ¢¨ÖÌ É·¨ ³¥¸ÖÍ ,   § É¥³ ¢¸±·ÒÉ . �¡  μ¡· §Í 
¶² ¸É¨´μ±-Ëμ²Ó£ CR-39 ¢ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ, ÎÉμ ¨ ¢ ¶¥·¢μ³ μ¶¨¸ ´´μ³ ¸²Ê-
Î ¥, ¡Ò²¨ ¶·μÉ· ¢²¥´Ò μ¤´μ¢·¥³¥´´μ ¨ ¤ ²¥¥ ¨¸¸²¥¤μ¢ ´Ò ¢ μ¶É¨Î¥¸±μ³ ¸μ
¸¶¥Í¨ ²Ó´μ° ¶·¨¸É ¢±μ° ¨ ¢ ¸± ´¨·ÊÕÐ¥³ ³¨±·μ¸±μ¶ Ì.

�·¥¤¸É ¢¨³ ±μ·μÉ±μ ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ÔÉμ³ ·¥§Ê²ÓÉ ÉÒ.
	  ·¨¸. 21 ¶·¨¢¥¤¥´Ò Ì · ±É¥·´Ò¥ Ö³±¨ (±μ´¨Î¥¸±¨¥ ²Ê´±¨) ¶μ¸²¥ É· -

¢²¥´¨Ö ² É¥´É´ÒÌ É·¥±μ¢ μÉ α-Î ¸É¨Í.
Š ± ¢¨¤´μ, ¶μ¸²¥ μÉ¦¨£  ¶·¨ É¥³¶¥· ÉÊ·¥ 180 ◦‘,   É ±¦¥ ¶μ¸²¥ É· ¢²¥-

´¨Ö μ¡· §μ¢ ²¨¸Ó ¤¢  É¨¶  ²Ê´μ±: ³¥²±¨¥ ¸ ³ ²Ò³ ¤¨ ³¥É·μ³ μÉ α-Î ¸É¨Í
· ¤μ´  (Î ¸É¨Î´μ μÉμ¦¦¥´´ÒÌ) ¨ ¡μ²¥¥ £²Ê¡μ±¨¥ ¸ ¡μ²ÓÏ¨³ ¤¨ ³¥É·μ³ μÉ
α-Î ¸É¨Í 231

91Pa.
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�¨¸. 21. �
Œ-¨§μ¡· ¦¥´¨Ö ±μ´¨Î¥¸±¨Ì ²Ê´μ± ¶μ¸²¥ É· ¢²¥´¨Ö ² É¥´É´ÒÌ É·¥±μ¢ μÉ
α-Î ¸É¨Í: É·¨ ¶·μÉ· ¢²¥´´ÒÌ ²Ê´±¨ ¸ ³ ²Ò³ ¤¨ ³¥É·μ³ ¨ μ¤´  ¸ ¡μ²ÓÏ¨³ ¤¨ ³¥-
É·μ³ Å ¶·¨³¥·´μ 10 ³±³

�¡· ¡μÉ±  �
Œ-¨§μ¡· ¦¥´¨° ¶μ ³ ²Ò³ (¸±μ·¥¥ ¢¸¥£μ, Ëμ´) ¨ ¶μ ¡μ²¥¥
±·Ê¶´Ò³ ²Ê´± ³ (®ÔËË¥±É¯) ¢ Í¥²μ³ ¤ ²  ¶·¨¡²¨¦¥´´μ ¸Ìμ¦¨¥ ·¥§Ê²ÓÉ ÉÒ ¸
¤ ´´Ò³¨ ¢ [14] ¨ [15].

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¢ Í¥²μ³ ¶²μÉ´μ¸ÉÓ É·¥±μ¢ ´  ¶²μÐ ¤¨ �
Œ-
¨§μ¡· ¦¥´¨Ö μÉ´μ¸¨É¥²Ó´μ ³ ² , ¢´¥Ï´¨¥ ¤¨ ³¥É·Ò ²Ê´μ± É ±¦¥ μÉ´μ¸¨-
É¥²Ó´μ ´¥¡μ²ÓÏ¨¥: ∼ 10−15 ³±³, ¶μÔÉμ³Ê ¢¨¤¨³ÒÌ ²Ê´μ± ³ ²μ, ÎÉμ ¸´¨¦ ¥É
ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨°. ’· ¢²¥´¨¥ ¦¥ ²Ê´μ± ¤μ ¡μ²ÓÏ¨Ì ¤¨ ³¥É·μ¢ ¶·¨¢μ¤¨É ±
¶·μÉ· ¢²¨¢ ´¨Õ ¥¸É¥¸É¢¥´´ÒÌ ¤¥Ë¥±Éμ¢ ¸ ³μ£μ É·¥±μ¢μ£μ ¤¥É¥±Éμ·  CR-39.

5. ‡�Š‹
—…�ˆ… ˆ ‚›‚�„›

‚´ Î ²¥ μ¸É ´μ¢¨³¸Ö ´  ·¥§Ê²ÓÉ É Ì �
Œ- ¨ �Œ‡�-¨¸¸²¥¤μ¢ ´¨°
(¸³. ®‚¢¥¤¥´¨¥¯).

	  ¶μ¢¥·Ì´μ¸É¨ ¢Ìμ¤´μ£μ μ±´  (·¨¸. 1, ¶μ§. 4), ·¥ ±Í¨μ´´μ° ± ³¥·Ò
(·¨¸. 1, ¶μ§. 8), ¶ ²² ¤¨¥¢μ£μ ¸É¥·¦´Ö (·¨¸. 1, ¶μ§. 9) ¨ ¸¡μ·´¨±  ¶·μ¤Ê±Éμ¢
·¥ ±Í¨° (·¨¸. 1, ¶μ§. 12) μ¡´ ·Ê¦¥´ ¸¢¨´¥Í ¢ ±μ²¨Î¥¸É¢¥ NPb < 9,42·1019  Éμ-
³μ¢ Pb. Šμ´Í¥´É· Í¨Ö ¸¢¨´Í  ¢ μÉ¤¥²Ó´ÒÌ ¸É·Ê±ÉÊ· Ì ¤μ¸É¨£ ¥É 59,22 ¢¥¸.%
(É ¡². 3), 58,39 ¢¥¸.% (É ¡². 4) ¨ 46,33 ¢¥¸.% (É ¡². 5). ’¥³ ´¥ ³¥´¥¥
(c³. [1Ä4]) ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ · ¸¶·¥¤¥²¥´¨¥ ¸¢¨´Í  ¶μ ¢´ÊÉ·¥´´¨³ ¶μ-
¢¥·Ì´μ¸ÉÖ³ DHPC ¢¥¸Ó³  ´¥μ¤´μ·μ¤´μ, £¤¥-Éμ ¨³¥ÕÉ¸Ö ¶μ±·ÒÉ¨Ö ¨§ μÉ´μ¸¨-
É¥²Ó´μ ³¥²±¨Ì Î ¸É¨Í ¸¢¨´Í  (·¨¸. 7),   ³¥¸É ³¨ ¢¸É·¥Î ÕÉ¸Ö ¨ ¡μ²¥¥ ±·Ê¶´Ò¥
Î ¸É¨ÍÒ (¸³., ´ ¶·¨³¥·, ·¨¸. 5 ¨ 6). �
Œ- ¨ �Œ‡�-¨¸¸²¥¤μ¢ ´¨Ö ¶μ§¢μ²¨²¨
Ê¸É ´μ¢¨ÉÓ, ÎÉμ ¢ ¸Ê³³ ·´μ³ ¸¶¥±É·¥ ¸¢¨´Í  ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢Ò¤¥²¥´´Ò¥ ·¥´É-
£¥´μ¢¸±¨¥ ²¨´¨¨ μÉ ¶·μÉ ±É¨´¨Ö (¸³. ·¨¸. 4, ²¨´¨¨ ¸ Ô´¥·£¨Ö³¨ ¡μ²¥¥ 16 ±Ô‚).

‚Ò¤¥²¨³ μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ‚ˆŒ‘/SIMS- ´ ²¨§ .
“¸É ´μ¢²¥´ ³ ¸¸-¨§μÉμ¶´Ò° ¸μ¸É ¢ ¸¢¨´Í  (¸³. É ¡². 6), ±μÉμ·Ò° ´¥-

¸±μ²Ó±μ μÉ²¨Î ¥É¸Ö μÉ ¶·¨·μ¤´μ£μ ¨ ¨¸¶μ²Ó§μ¢ ´´μ£μ ÔÉ ²μ´´μ£μ μ¡· §Íμ¢.
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‘¢¨´¥Í ¨³¥¥É ¤¢  ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö Å PbII, PbIV, ¶μÔÉμ³Ê μ¡· §Ê¥É
¤¢  μ±¸¨¤  PbO ¨ PbO2 ¸ ³ ¸¸ ³¨ 220, 222, 223, 224  . ¥. ³. ¨ 236, 238,
239, 240  . ¥. ³. ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ ÔÉμ³ ¢ SIMS ¢¨¤´Ò ³ ¸¸Ò 220, 222,
223 ¨ 224  .¥.³., ´μ ´¥ § ·¥£¨¸É·¨·μ¢ ´Ò ³ ¸¸Ò 236, 238, 239 ¨ 240  . ¥. ³.
(¸³. ·¨¸. 14).

�É³¥É¨³, ÎÉμ ¶·μÉ ±É¨´¨° μÉ´μ¸¨É¸Ö ± É·¥ÉÓ¥° £·Ê¶¶¥ É ¡²¨ÍÒ Œ¥´¤¥-
²¥¥¢  ¨ ¨³¥¥É ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö PaIII, PaIV ¨ PaV [24], ¶μÔÉμ³Ê μ¡· -
§Ê¥É ¸μ¥¤¨´¥´¨Ö É¨¶  PaI3 ¨ ¢Ò¸Ï¨¥ μ±¸¨¤Ò Pa2O5 ¨²¨ PaO2 c ³μ²¥±Ê²Ö·-
´Ò³¨ ³ ¸¸ ³¨ 612, 542 ¨²¨ 263  . ¥. ³. ¸μμÉ¢¥É¸É¢¥´´μ,   ´¥ ¨§³¥·¥´´ÊÕ
‚ˆŒ‘/SIMS ³ ¸¸Ê 246/247  . ¥. ³.

�É³¥É¨³ É ±¦¥, ÎÉμ ±Õ·¨° ¨³¥¥É É·¨ ¸μ¸ÉμÖ´¨Ö μ±¨¸²¥´¨Ö Å CmIII,
CmIV ¨ CmV ¸ μ±¸¨¤ ³¨ CmO, Cm2O3 ¨ CmO2 [24], ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ³ ¸-
¸ ³ 262, 540 ¨ 278  . ¥. ³. ‚ ¶·¨´Í¨¶¥ É ±¨¥ ³ ¸¸Ò ³μ¦´μ ¡Ò²μ ¡Ò ¶μ¨¸± ÉÓ
¢ ³ ¸¸μ¢μ³ ¸¶¥±É·¥, ´μ É ± ± ± ´¥ ¢¨¤´μ ¢Ò¸Ï¨Ì μ±¸¨¤μ¢ ¸¢¨´Í , §¤¥¸Ó Éμ¦¥
´¨Î¥£μ ´¥ Ê¢¨¤¥ÉÓ.

Š· É±μ ¶μ¢Éμ·¨³ ¢Ò¢μ¤Ò · §¤. 3 ¸É ÉÓ¨.
ˆ§ É ¡². 8, ·¨¸. 17 ¨ ¢Ò· ¦¥´¨Ö (23),   É ±¦¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ

¶·¨³¥·´μ Î¥·¥§ 18 ³¥¸ ¶μ¸²¥ ¶·μ¢¥¤¥´´ÒÌ ¨§³¥·¥´¨° ¨ ¶·¥¤¸É ¢²¥´´ÒÌ
¢ É ¡². 9, ·¨¸. 18 ¨ ¢Ò· ¦¥´¨¨ (24), ³μ¦´μ μ¤´μ§´ Î´μ § ±²ÕÎ¨ÉÓ, ÎÉμ ¢
¸¢¨´Í¥, ¶μ±·Ò¢ ÕÐ¥³ ¶μ¢¥·Ì´μ¸ÉÓ ·¥ ±Í¨μ´´μ° ± ³¥·Ò, ¶·¨¸ÊÉ¸É¢Ê¥É ¶·μ-
É ±É¨´¨°.

ˆ§ ·¥§Ê²ÓÉ Éμ¢ ¶μ ¨§³¥·¥´¨Õ α-Î ¸É¨Í μÉ 246
96Cm (É ¡². 9, ·¨¸. 19 ¨ ¢Ò-

· ¦¥´¨¥ (26)) É ±¦¥ ³μ¦´μ £μ¢μ·¨ÉÓ μ ¶·¨¸ÊÉ¸É¢¨¨ ÔÉμ£μ ¨¸±Ê¸¸É¢¥´´μ£μ
Ô²¥³¥´É , ´μ ¥£μ ±μ´Í¥´É· Í¨Ö §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ¶·μÉ ±É¨´¨Ö.

�·¨ ·¥£¨¸É· Í¨¨ α-Î ¸É¨Í μÉ 246
96Cm ¨Ì ±μ²¨Î¥¸É¢μ μ± § ²μ¸Ó §´ Î¨-

É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ μÉ 231
91Pa, É¥³ ´¥ ³¥´¥¥ Î¨¸²μ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ

�¨¸. 22. �·μ¡¥£ α-Î ¸É¨Í ¢ ¸¢¨´Í¥ Rp ¸ Ô´¥·£¨Ö³¨ μÉ 1 ¤μ 5,4 ŒÔ‚
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α-Î ¸É¨Í ¸ ¤¢ÊÌ ¶μ¢¥·Ì´μ¸É¥° · §·¥§ ´´μ° ´  ¤¢¥ Î ¸É¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò
¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨¨ ΔE246

96Cm = 5,1−5,4 ŒÔ‚ ¶·¥¢ÒÏ ¥É §´ Î¥´¨¥ Ëμ´ ,
¨§³¥·¥´´μ£μ ¸· §Ê ¶μ¸²¥ ¨§³¥·¥´¨Ö ®ÔËË¥±É ¯.

�É³¥É¨³, ÎÉμ ¶·μ¡¥£¨ α-Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨ μÉ 1 ¤μ 5,4 ŒÔ‚ ¢ ¸¢¨´Í¥
¸ ³ ¸¸μ¢μ° ¶²μÉ´μ¸ÉÓÕ ρPb = 11,34 £/¸³3 ¨  Éμ³´μ° ¶²μÉ´μ¸ÉÓÕ nPb =
3,295 · 1022  Éμ³μ¢/¸³3 [8, 24]) ¶μ ·¥§Ê²ÓÉ É ³ · ¸Î¥Éμ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò SRIM-2013 [25] ¶·¨¢¥¤¥´Ò ´  ·¨¸. 22.

ˆ§ ·¨¸Ê´±  ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ Ë ±É¨Î¥¸±¨ ¶·¨ ·¥£¨¸É· Í¨¨
α-Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨ 4,0Ä5,1 ŒÔ‚ ¨ 5,1Ä5,4 ŒÔ‚ ³μ¦´μ ·¥£¨¸É·¨·μ¢ ÉÓ
Éμ²Ó±μ É¥ α-Î ¸É¨ÍÒ, ±μÉμ·Ò¥ ¢Ò²¥É ÕÉ ¶μ ´ ¶· ¢²¥´¨Õ ± α-¤¥É¥±Éμ·Ê ¶¥·-
¶¥´¤¨±Ê²Ö·´μ ¶μ¢¥·Ì´μ¸É¨ ¸¢¨´Í , É. ¥. ¸ £²Ê¡¨´Ò ∼ 1−1,5 ³±³.

�¡¸Ê¦¤¥´¨¥ Éμ£μ, ± ±¨³ μ¡· §μ³ ´  ¢´ÊÉ·¥´´¨Ì ¶μ¢¥·Ì´μ¸ÉÖÌ ¢Ìμ¤´μ£μ
μ±´  ¨§ ¡¥·¨²²¨¥¢μ° ¡·μ´§Ò (·¨¸. 1, ¶μ§. 4), ¤¢ÊÌ ¶μ²μ¢¨´μ± ·¥ ±Í¨μ´´μ°
± ³¥·Ò ¨§ ² ÉÊ´¨ (·¨¸. 1, ¶μ§. 8), ¶ ²² ¤¨¥¢μ£μ ¸É¥·¦´Ö (·¨¸. 1, ¶μ§. 9), ¸¡μ·-
´¨±  ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ¨ Ì¨³¨Î¥¸±¨Ì ·¥ ±Í¨° ¨§ ² ÉÊ´¨ (·¨¸. 1, ¶μ§. 12)
μ¡· §μ¢ ²¨¸Ó Ô²¥³¥´ÉÒ, ¡Ê¤¥É ¶·¨¢¥¤¥´μ ¢ ¶·¨²μ¦¥´¨ÖÌ IÄIII.

��ˆ‹�†…�ˆ… I.
�…�Š–ˆˆ ��‹“—…�ˆŸ ���’�Š’ˆ�ˆŸ

ˆ§ ¶·¨·μ¤´ÒÌ ¨¸ÉμÎ´¨±μ¢, μ¸É É±μ¢ μÉ ¶¥·¥· ¡μÉ±¨ Ê· ´μ¢μ° ¸³μ²±¨,
³μ¦´μ ¶μ²ÊÎ¨ÉÓ Éμ²Ó±μ 231Pa [26]. Š·μ³¥ Éμ£μ, 231Pa ¢μ§³μ¦´μ ¶μ²ÊÎ ÉÓ
¶·¨ μ¡²ÊÎ¥´¨¨ 230Th (T1/2 = 7,538 · 104 ²¥É) ³¥¤²¥´´Ò³¨ ´¥°É·μ´ ³¨:

230Th(n, γ)231Th (β−-· ¸¶ ¤, T1/2 = 25,52 Î) → 231Pa (32 760 ²¥É), (�.1.1)

¶·¨ ÔÉμ³ ¸¥Î¥´¨¥ § Ì¢ É  É¥¶²μ¢μ£μ ´¥°É·μ´  (En = 0,0253 Ô‚) ¨§μÉμ¶μ³
Éμ·¨Ö 230

90Th ¸μ¸É ¢²Ö¥É σ(n,γ) = 23,2 ¡ [8, 9].
�μ³¨³μ ·¥ ±Í¨¨ (�.1.1) ¶·¨ μ¡²ÊÎ¥´¨¨ 232Th (100 %, T1/2 = 1,405 ×

1010 ²¥É) ¡Ò¸É·Ò³¨ ´¥°É·μ´ ³¨ É ±¦¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ 231Pa:

232Th(n, 2n)231Th (β−-· ¸¶ ¤, T1/2 = 25,52 Î) → 231Pa (32 760 ²¥É).
(�.1.2)

ˆ§μÉμ¶ 233Pa É ±¦¥ ¶μ²ÊÎ ÕÉ ¨§ Éμ·¨Ö, ¶·¨ ÔÉμ³ ¸¥Î¥´¨¥ § Ì¢ É  É¥¶²μ-
¢μ£μ ´¥°É·μ´  (En = 0,0253 Ô‚) ¨§μÉμ¶μ³ Éμ·¨Ö 232

90Th (100 %) ¸μ¸É ¢²Ö¥É
σ(n,γ) = 7,40 ¡ [8, 9]:

232Th(n, γ)233Th (β−-· ¸¶ ¤, T1/2 = 22,3 ³¨´) → 233Pa (27 ¸ÊÉ). (�.1.3)

� ¤¨μ´Ê±²¨¤Ò ¶·μÉ ±É¨´¨Ö ¢Ìμ¤ÖÉ ¢ ¸μ¸É ¢ ¥¸É¥¸É¢¥´´ÒÌ · ¤¨μ ±É¨¢´ÒÌ
·Ö¤μ¢ Ê· ´ -235 ¨ Ê· ´ -238 (Ö¤¥·´Ò¥ ¨§μ³¥·Ò Å 234� , T1/2 = 6,70 Î,
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¨ ³¥´¥¥ Ê¸Éμ°Î¨¢Ò° 234mPa):

238
92U (99,2745 %, 4,468 · 109 ²¥É) α−−→ 234

90Th
β−, 24,10 ¸ÊÉ−−−−−−−−→ 234

91Pa →
β−, 6,70 Î−−−−−−→ 234

92U (0,0055 %, 2,45 · 105 ²¥É); (�.1.4)

235
92U (0,7200 %, 7,038 · 108 ²¥É) α−−→ 231

90Th + γ [Q = +4,7863 ŒÔ‚] →
β−, 25,52 Î−−−−−−−→ 231

91Pa
α, 32 760 ²¥É−−−−−−−−→ 227

89Ac
β− (98,62 %), 21,773 £.−−−−−−−−−−−−−−→ 227

90Th
α, 18,718 ¸ÊÉ−−−−−−−−→

→ 223
88Ra

α, 11,434 ¸ÊÉ−−−−−−−−→ 219
86Rn

α, 3,96 c−−−−−→ 215
84Po

α, 1,78·10−3 c−−−−−−−−−→ 211
82Pb →

β−, 36,1 ³¨´−−−−−−−−→ 211
83Bi

α, 2,14 ³¨´−−−−−−−→ 207
81Tl

β−, 4,77 ³¨´−−−−−−−−→ 207
82Pb (22,1 %). (�.1.5)

Œμ¦´μ ´ ¶¨¸ ÉÓ ¥Ð¥ ·¥ ±Í¨Õ É¨¶ 

γ + 235
92U (0,720 %) → α + 231

90Th [Q = +4,679 ŒÔ‚], (�.1.6)

´μ ÔÉ  ·¥ ±Í¨Ö ¸¨²Ó´μ ¶μ¤ ¢²¥´  ¶μ ¸· ¢´¥´¨Õ ¸ ·¥ ±Í¨Ö³¨

γ + 235
92U (0,720 %) → n + 234

92U [Q = −5,297 ŒÔ‚] (2,45 · 105 ²¥É) (�.1.7)

¨

γ + 235
92U (0,720 %) → p + 234

91Pa [Q = −6,722 ŒÔ‚] →
β−, 6,70 Î−−−−−−→ 234

92U (2,45 · 105 ²¥É). (�.1.8)

�É³¥É¨³ É ±¦¥, ÎÉμ ¢ 1 É Ê· ´  μ±μ²μ 0,3 £ ¶·μÉ ±É¨´¨Ö-231. ‘μ¤¥·¦ -
´¨¥ 231Pa ¢ §¥³´μ° ±μ·¥ 1 · 10−10 % ¶μ ³ ¸¸¥ [26].

��ˆ‹�†…�ˆ… II.
‚�‡Œ�†�›… �…�Š–ˆˆ ��‹“—…�ˆŸ ���’�Š’ˆ�ˆŸ

Š ± ¢¨¤´μ ¨§ É ¡². 1, ¢ μ¸μ¡μ Î¨¸Éμ³ ¶ ²² ¤¨¨ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¸²¥¤μ¢Ò¥
±μ²¨Î¥¸É¢  ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢,   ¨³¥´´μ: 77Ir (< 10 ppm), 78Pt (< 10 ppm),

79Au (μÉ 12 ¤μ 48 ppm), 82Pb (< 5 ppm), 83Bi (< 5 ppm) ¨ Pd (¡μ²ÓÏ¥
99,9910%). 	¥¢μ§³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ Î ¸ÉÓ ÔÉ¨Ì ÉÖ¦¥²ÒÌ Ô²¥³¥´Éμ¢ ¶·¨
μ¡²ÊÎ¥´¨¨ Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³ ¸ ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¥° 10 ŒÔ‚ ¶ ²² -
¤¨Ö ¢  É³μ¸Ë¥·¥ ³μ²¥±Ê²Ö·´μ£μ ¤¥°É¥·¨Ö ¶·μ¤¨ËËÊ´¤¨·μ¢ ²  ± ¶μ¢¥·Ì´μ¸É¨
¨ μ¸¥²  ´  ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò ¢ ¢¨¤¥ ¸¢¨´Íμ¢μ£μ
¶μ±·ÒÉ¨Ö ¸ ¶·¨³¥·´Ò³ ±μ²¨Î¥¸É¢μ³ NPb < 9,42 · 1019  Éμ³μ¢ Pb. „·Ê£μ°
³ É¥·¨ ², ±μÉμ·Ò° ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¢ DHPC, Å ² ÉÊ´Ó Å ¸μ¤¥·¦ ² μ¶·¥¤¥-
²¥´´Ò¥ ±μ´Í¥´É· Í¨¨ É ±¨Ì Ô²¥³¥´Éμ¢, ± ± Í¨´± (≈ 40%) ¨ ³¥¤Ó (≈ 60%).
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Œμ¦´μ μÍ¥´¨ÉÓ ³ ±¸¨³ ²Ó´μ¥ ±μ²¨Î¥¸É¢μ  Éμ³μ¢ ¸¢¨´Í  ¢ Pd:  Éμ³´ Ö ¶²μÉ-
´μ¸ÉÓ Pd Å nPd = 6,809 · 1022  Éμ³μ¢/¸³3, ¨¸Ìμ¤´ Ö ³ ¸¸  Pd-¸É¥·¦´Ö Å
mPd = 0,7509 £ ¶·¨ ¶²μÉ´μ¸É¨ ρPd = 12,02 £/¸³3, Å Éμ£¤  ¶μ²´μ¥ Î¨¸²μ
 Éμ³μ¢ ¸¢¨´Í  ¢ Pd-¸É¥·¦´¥

N ¶μ²´μ¥
Pb < nPd

mPd

ρPd
· 5 · 10−6 = 2,1 · 1016  Éμ³μ¢ Pb/¸³3, (�.2.1)

ÎÉμ ¡μ²¥¥ Î¥³ ´  É·¨ ¶μ·Ö¤±  ³¥´ÓÏ¥ μÍ¥´μÎ´μ£μ ±μ²¨Î¥¸É¢  ¸¢¨´Í  NPb.
�¡ÒÎ´μ ¢μ ¢¸¥Ì ¢¥Ð¥¸É¢ Ì, ¢ Éμ³ Î¨¸²¥ ¢ ¶ ²² ¤¨¨ ¨ ² ÉÊ´¨, ¶·¨¸ÊÉ-

¸É¢ÊÕÉ É ± ´ §Ò¢ ¥³Ò¥ ®¸²¥¤μ¢Ò¥¯ ±μ²¨Î¥¸É¢  Ê· ´  (¸³., ´ ¶·¨³¥·, [27, 28]):
238
92U (99,2745 %), 235

92U (0,7200%) ¨ 234
92U (0,0055 %) c ¶¥·¨μ¤ ³¨ ¶μ²Ê· ¸¶ ¤ 

T1/2 = 4,46 · 109 ²¥É, T1/2 = 7,04 · 108 ²¥É ¨ T1/2 = 4,45 · 105 ²¥É [8] ¸μμÉ¢¥É-
¸É¢¥´´μ. 
Éμ · ¸¸³μÉ·¥´μ ¢ ·¥ ±Í¨ÖÌ (�.1.6)Ä(�.1.8) ¶·¨²μ¦¥´¨Ö I.

Š ± ¨§¢¥¸É´μ [8, 9, 24], Pd ¨³¥¥É Ï¥¸ÉÓ ¨§μÉμ¶μ¢: 102
46Pd (1,02 %),

104
46Pd (11,14 %), 105

46Pd (22,33 %), 106
46Pd (27,33 %), 108

46Pd (26,46 %)

¨ 110
46Pd (11,72 %).
„ ¦¥ ¥¸²¨ · ¸¸³μÉ·¥ÉÓ £¨¶μÉ¥É¨Î¥¸±ÊÕ ·¥ ±Í¨Õ ¶μ¤¡ ·Ó¥·´μ£μ ¸²¨Ö´¨Ö

¸ ³μ£μ ÉÖ¦¥²μ£μ ¨§μÉμ¶  ¶ ²² ¤¨Ö ¸ É ±¨³ ¦¥ ÉÖ¦¥²Ò³ Ö¤·μ³ ¸ μ£·μ³´μ°
Ô´¤μÉ¥·³¨Î¥¸±μ° Ô´¥·£¨¥° ·¥ ±Í¨¨

110
46Pd + 110

46Pd → 220
92U + γ [Q = −199,73 ŒÔ‚] (�.2.2)

¸ ¢·¥³¥´¥³ ¦¨§´¨ ¸μ¸É ¢´μ£μ Ö¤·  Ê· ´  T1/2 = 60 ´¸ [9], Éμ ¶μ²ÊÎ ¥É¸Ö
±μ·μÉ±μ¦¨¢ÊÐ¥¥ Ö¤·μ ¸ ´¥Ì¢ É±μ° 11 ´Ê±²μ´μ¢ ¤²Ö β−-¶¥·¥Ìμ¤  ¢ Ö¤·μ 231

91Pa.
‚ μ¡§μ·´μ° ¸É ÉÓ¥ [29] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶μ ¸¨´É¥§Ê Ô²¥³¥´Éμ¢, ¢

Éμ³ Î¨¸²¥ ÉÖ¦¥²ÒÌ, ¢ Î¨¸ÉÒÌ £ § Ì: ¢μ¤μ·μ¤¥, ¤¥°É¥·¨¨ ¨ £¥²¨¨.
‚ · ¡μÉ Ì [30, 31] μ¡¸Ê¦¤ ¥É¸Ö Ô²¥³¥´É´Ò° ¸μ¸É ¢ ³¨±·μÎ ¸É¨Í ¨ ³¨-

±·μμ¡Ñ¥±Éμ¢, μ¡· §μ¢ ¢Ï¨Ì¸Ö ¢ ¶²μÉ´μ³ ¢μ¤μ·μ¤¥ (1,1 ±¡ ·) ¶·¨ μ¡²ÊÎ¥´¨¨
Éμ·³μ§´Ò³¨ γ-±¢ ´É ³¨ ¢ 		�‘, ¢ ¶·¨²μ¦¥´¨ÖÌ I ¨ II ± [30] ¶·¥¤¸É ¢²¥´Ò
·¥ ±Í¨¨ ¸¨´É¥§ , ¢ [32] · ¸¸³μÉ·¥´Ò ÔËË¥±ÉÒ ¢ 		�‘ ¸ ¤ ¢²¥´¨¥³ ¢μ¤μ·μ¤ 
3,4 ±¡ · ¡¥§ ³¥É ²²¨Î¥¸±μ£μ μ¡· §Í  ¢´ÊÉ·¨.

‚ [5, 6, 33] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶μ ¸¨´É¥§Ê Ô²¥³¥´Éμ¢ ¢ 		�‘ ¸ ¶ ²² -
¤¨¥¢Ò³ ¸É¥·¦´¥³ ¢´ÊÉ·¨ ¶·¨ ¤ ¢²¥´¨¨ ¢μ¤μ·μ¤  0,5 ±¡ ·.

‚ · ¡μÉ¥ [34] ¨§ÊÎ¥´μ μ¡· §μ¢ ´¨¥ ³¨±·μμ¡Ñ¥±Éμ¢ ¨ Ô²¥³¥´Éμ¢ ¢ 		�‘
¶·¨ ¤ ¢²¥´¨¨ 2,5 ±¡ · ³μ²¥±Ê²Ö·´μ£μ ¢μ¤μ·μ¤  ¸ ¶ ²² ¤¨¥¢Ò³ ¸É¥·¦´¥³ ¢´Ê-
É·¨,   ¢ [35, 36] Å ¸ μ²μ¢Ö´´Ò³ ¸É¥·¦´¥³ ¢ ¢μ¤μ·μ¤¥ ¶·¨ ¤ ¢²¥´¨¨ 3,5 ±¡ ·.

‚ · ¡μÉ¥ [37] ¨§ÊÎ¥´Ò ¶·μÍ¥¸¸Ò μ¡· §μ¢ ´¨Ö Ô²¥³¥´Éμ¢ ¨ ¸É·Ê±ÉÊ· ¢
DHPC ¸ ¤¥°É¥·¨¥³ ¶·¨ ¤ ¢²¥´¨¨ 2,2 ±¡ ·. � ¸¸Ò²±¨ ´  · ¡μÉÒ ¶μ μ¡²ÊÎ¥´¨Õ
³¥É ²²μ¢ ¢  É³μ¸Ë¥·¥ ¶²μÉ´μ£μ ¤¥°É¥·¨Ö ³μ¦´μ ´ °É¨ ¢ [1Ä6, 29Ä37].

‚ ¸¥·¨¨ ¨¸¸²¥¤μ¢ ´¨° ¨§ÊÎ¥´Ò ¶·μÍ¥¸¸Ò μ¡· §μ¢ ´¨Ö Ê£²¥·μ¤  ¨ ¤·Ê-
£¨Ì Ô²¥³¥´Éμ¢ ¸ ¸¨´É¥§μ³ ¸É·Ê±ÉÊ· ¢ ¶²μÉ´μ³ £¥²¨¨ (1,1 ±¡ ·, [38Ä40] ¨
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3,05 ±¡ ·, [41]) ¡¥§ ³¥É ²²¨Î¥¸±μ£μ μ¡· §Í  ¢´ÊÉ·¨ ¨ ¸ ¶ ²² ¤¨¥¢Ò³ ¸É¥·¦-
´¥³ ¢ ¶²μÉ´μ³ £¥²¨¨ (2,4 ±¡ ·, [42Ä43]).

‚ · ¡μÉ Ì [44, 45] ¨¸¸²¥¤μ¢ ´Ò Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¸ ¸¨´É¥§μ³ μ¡Ñ¥±Éμ¢ ¨
Ô²¥³¥´Éμ¢ ¢ ¶²μÉ´μ³ ±¸¥´μ´¥ (270  É³) ¶·¨ μ¡²ÊÎ¥´¨¨ Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³
¸ ¶μ·μ£μ¢μ° Ô´¥·£¨¥° 10 ŒÔ‚.

‚μ ¢¸¥Ì · ¡μÉ Ì ¡Ò²¨ ¸¤¥² ´Ò ¶μ¶ÒÉ±¨ ± ±-Éμ μ¡ÑÖ¸´¨ÉÓ μ¡´ ·Ê¦¥´´Ò¥
ÔËË¥±ÉÒ ´  μ¸´μ¢¥: ËμÉμ· ¸Ð¥¶²¥´¨Ö ¤¥°É·μ´  [46, 7, 23]; ¶μ¤¡ ·Ó¥·´μ£μ
¸²¨Ö´¨Ö Ö¤¥· [47]; ³μ¤¥²¨ �¶¶¥´£¥°³¥·  [48] Å ¶¥·¥¤ Î  ´¥°É·μ´  μÉ ¤¥°-
É·μ´  Ö¤·Ê;  ¸¨³³¥É·¨Î´μ£μ ¤¥²¥´¨Ö Ö¤¥· ¸·¥¤´¨Ì ³ ¸¸ ¢ ± ¶¥²Ó´μ° ³μ¤¥²¨
Ö¤·  [49Ä51]; Ö¢²¥´¨Ö ¢´ÊÉ·¥´´¥° É¢¥·¤μÉ¥²Ó´μ° ±μ´¢¥·¸¨¨ ¶·¨ ¸´ÖÉ¨¨ Ô´¥·-
£¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸μ¸É ¢´μ£μ Ö¤·  [52, 53]; ±² ¸É¥·¨§ Í¨¨ ¢ Ö¤· Ì [54].

��ˆ‹�†…�ˆ… III.
�…�Š–ˆˆ ��‹“—…�ˆŸ Š
�ˆŸ

246
96Cm (4730 ‹…’) ¨ 247

96Cm (1,56 · 107 ‹…’)

α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ±Õ·¨Ö 246
96Cm ¨³¥ÕÉ Ô´¥·£¨¨ 5,39 ¨

5,34 ŒÔ‚ [8, 9, 24]:

246
96Cm

α, 4750 ²¥É−−−−−−−→ 242
94Pu (3,763·105 ²¥É) α−−→ 238

92U (99,2745 %, 4,468·109 ²¥É),
(�.3.1)

  α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ¶²ÊÉμ´¨Ö ¨³¥ÕÉ Ô´¥·£¨¨ 4,90 ¨ 4,86 ŒÔ‚.

α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ±Õ·¨Ö 247
96Cm ¨³¥ÕÉ Ô´¥·£¨¨ 5,27 ¨ 4,87 ŒÔ‚,

  ¸ ³μ Ö¤·μ ¦¨¢¥É ¤μ¸É ÉμÎ´μ ¤μ²£μ:

247
96Cm (1,56 · 107 ²¥É) α−−→ 243

94Pu
β−, 4,956 Î−−−−−−−→ 243

95Am
α, 7380 ²¥É−−−−−−−→ 239

93Np →
β−, 2,355 ¸ÊÉ−−−−−−−−→ 239

94Pu
α, 24 119 ²¥É−−−−−−−−→ 235

92U (0,72 %, 7,038 · 108 ²¥É). (�.3.2)

‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ¢¸¥ ¡²¨§±¨¥ ¶μ ³ ¸¸ ³ ´Ê±²¨¤Ò ¨¸¶ÒÉÒ¢ ÕÉ
· ¤¨μ ±É¨¢´Ò¥ ¶·¥¢· Ð¥´¨Ö ¨³¥´´μ ¢ 246

96Cm:

246
94 Pu

β−, 10,85 ¸ÊÉ−−−−−−−−→ 246
95Am

β−, 39 ³¨´−−−−−−−→ 246
96Cm (4730 ²¥É); (�.3.3)

247
94Pu

β−, 2,27 ¸ÊÉ−−−−−−−→ 247
95Am

β−, 23,0 ³¨´−−−−−−−−→ 247
96Cm (1,56 · 107 ²¥É); (�.3.4)

246
95Am β−, 39 ³¨´−−−−−−−→ 246

96Cm (4730 ²¥É); (�.3.5)

247
95Am

β−, 22 ³¨´−−−−−−−→ 247
96Cm (1,56 · 107 ²¥É); (�.3.6)
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246
97Bk

Ô. §.∗, 1,80 ¸ÊÉ−−−−−−−−→ 246
96Cm (4730 ²¥É); (�.3.7)

251
97Bk

β−, 56 ³¨´−−−−−−−→ 251
96Cf (898 ²¥É)

α, 898 ²¥É−−−−−−→ 247
96Cm (1,56 · 107 ²¥É); (�.3.8)

α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ± ²¨Ëμ·´¨Ö 251
96Cf (898 ²¥É) c Ô´¥·£¨Ö³¨ 5,85

¨ 5,67 ŒÔ‚:
250
98Cf

α, 13,08 £.−−−−−−→ 246
96Cm (4730 ²¥É); (�.3.9)

α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ± ²¨Ëμ·´¨Ö 250
98Cf c Ô´¥·£¨Ö³¨ 6,03 ¨ 5,99 ŒÔ‚:

251
98Cf

α, 898 ²¥É−−−−−−→ 247
96Cm (1,56 · 107 ²¥É); (�.3.10)

α-Î ¸É¨ÍÒ μÉ · ¸¶ ¤  ± ²¨Ëμ·´¨Ö 251
98Cf c Ô´¥·£¨Ö³¨ 5,85 ¨ 5,67 ŒÔ‚:

251
99Es

Ô. §., 33 Î−−−−−→ 251
98Cf

α, 898 ²¥É−−−−−−→ 247
96Cm (1,56 · 107 ²¥É); (�.3.11)

251
100Fm

Ô. §., 5,30 Î−−−−−−→ 251
99Es

Ô. §., 33 Î−−−−−→ 251
98Cf

α, 898 ²¥É−−−−−−→ 247
96Cm (1,56 · 107 ²¥É).

(�.3.12)
��ˆ‹�†…�ˆ… IV.
��™ˆ… ‚›‚�„›

� ¸¸³μÉ·¨³ ¶·μÍ¥¸¸Ò ¢§ ¨³μ¤¥°¸É¢¨Ö γ-±¢ ´Éμ¢ ¸ Ô´¥·£¨Ö³¨ ¡μ²ÓÏ¥, Î¥³
Ô´¥·£¨Ö ¸¢Ö§¨ ¤¥°É·μ´  W = 2,22 ŒÔ‚ [23, 46]:

γ + d → n + p [Q = −2,22 ŒÔ‚], (�.4.1)

Éμ£¤  n ¨ p ¨³¥ÕÉ ¶·¨³¥·´μ · ¢´Ò¥ Ô´¥·£¨¨:

En,p
∼= 0,5[Eγ − W ]. (�.4.2)

�·μÍ¥¸¸Ò ¢§ ¨³μ¤¥°¸É¢¨Ö É ±¨Ì ´¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ¸ Ö¤· ³¨ DHPC
(Ì¨³¨Î¥¸±¨³¨ Ô²¥³¥´É ³¨, ¢Ìμ¤ÖÐ¨³¨ ¢ ³ É¥·¨ ²Ò ¸É¥´μ± ¢Ìμ¤´μ£μ μ±´ 
(·¨¸. 1, ¶μ§. 4), ² ÉÊ´´μ° ·¥ ±Í¨μ´´μ° ± ³¥·Ò (·¨¸. 1, ¶μ§. 8), Pd-¸É¥·¦´Ö
(·¨¸. 1, ¶μ§. 9) ¨ ² ÉÊ´´μ£μ ¸¡μ·´¨±  (·¨¸. 1, ¶μ§. 12)) ¶μ¤·μ¡´μ · ¸¸Î¨É ´Ò
¤²Ö ¤¢ÊÌ Ô´¥·£¨° γ-±¢ ´Éμ¢ (≈ 10 ¨ 25 ŒÔ‚) ¢³¥¸É¥ ¸ γ-¸¶¥±É· ³¨, Ô´¥·-
£¥É¨Î¥¸±¨³¨ ¸¶¥±É· ³¨ ´¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ¨§ ·¥ ±Í¨¨ (�.4.1),   É ±¦¥
¶μ²´Ò³¨ ¢ÒÌμ¤ ³¨ ´¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ ¢ [23].

�·¨ ÔÉμ³ ¶·¨ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ γ-±¢ ´Éμ¢ ´  ¤¥°É·μ´ Ì, ³μ²¥±Ê²Ö·´μ³
¤¥°É¥·¨¨ ¨ Ö¤· Ì Pd ³ ±¸¨³ ²Ó´Ò¥ ¶¥·¥¤ ´´Ò¥ ¨³ Ô´¥·£¨¨ Emax μ¶·¥¤¥-
²ÖÕÉ¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö [30, 34, 35, 39, 61, 62]

Emax = Eγ [1 + Mc2/(2Eγ)]−1, (�.4.3)

Éμ£¤  Ed
max = 105 ±Ô‚, ED2

max = 53 ±Ô‚ ¨ EPd
max = 0,097 ±Ô‚.

∗Ô. §. Å Ô²¥±É·μ§ Ì¢ É.
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� ¸¸³μÉ·¨³ ·¥ ±Í¨Õ É¨¶  ·¥ ±Í¨¨ �¶¶¥´£¥°³¥·  [48]. ˆ³¥ÕÉ¸Ö ¢ ¢¨¤Ê
·¥ ±Í¨¨ ¸ ¶μ²Ö·¨§ Í¨¥° · ¸¸¥Ö´´ÒÌ ¤¥°É·μ´μ¢ ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ Ö¤¥· ¶·¨
μÉ´μ¸¨É¥²Ó´μ ´¨§±¨Ì Ô´¥·£¨ÖÌ ± ± ¨¸ÉμÎ´¨± ´¥°É·μ´μ¢ ¤²Ö ¸μ¸É ¢´ÒÌ Ö¤¥· ¸
μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¨³¨ ¢·¥³¥´ ³¨ ¦¨§´¨, É. ¥. ·¥ ±Í¨Ö N+Z

Z A(d, p)N+Z+1
Z+1A,

´ ¶·¨³¥·, ¸ £¨¶μÉ¥É¨Î¥¸±¨³ Ö¤·μ³ 220
92U (¸³. ·¥ ±Í¨Õ (�.2.2)) ¸ ¢·¥³¥´¥³

¦¨§´¨ T1/2 = 60 ´¸ [9]:

d + 220
92U → p + 221

92U [Q = +4,2868 ŒÔ‚], (�.4.4)

£¤¥ 221
92U ¨³¥¥É ¢·¥³Ö ¦¨§´¨ T1/2 = 0,7 ³±¸ [9]. �·¨ ÔÉμ³ Ô´¥·£¨¨ ¶·μÉμ´  ¨

Ö¤·  ¸μ¸É ¢ÖÉ:

Ep = Q · M221
92U/[M221

92U
+ Mp] ∼= 4,267 ŒÔ‚; (�.4.5)

E221
92U = Q · Mp/[M221

92U + Mp] ∼= 19 ±Ô‚. (�.4.6)

Š ± ¢¨¤´μ ¨§ £¨¶μÉ¥É¨Î¥¸±μ° ·¥ ±Í¨¨ (�.4.4), μ¡· §ÊÕÉ¸Ö ¶·μÉμ´Ò ¸
¡μ²ÓÏμ° Ô´¥·£¨¥°, ¸¶μ¸μ¡´Ò¥ ´ £·¥¢ ÉÓ ¤¥°É·μ´Ò, ±μÉμ·Ò¥ ¸ ³¨ ³μ£ÊÉ ÊÎ ¸É-
¢μ¢ ÉÓ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ (¸³. [23]). 	μ ± ¦¤μ¥ ¶μ¸²¥¤ÊÕÐ¥¥ ¶μ£²μÐ¥´¨¥
´¥°É·μ´  ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ Ê³´μ¦¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¶·¥¤Ò¤ÊÐ¥°
·¥ ±Í¨¨ ´  ¢¥·μÖÉ´μ¸ÉÓ ·¥ ±Í¨¨ É¨¶  ·¥ ±Í¨¨ �¶¶¥´£¥°³¥·  [48] ¸ ¢ÒÉ¥-
± ÕÐ¨³¨ μÉ¸Õ¤  ¶μ¸²¥¤¸É¢¨Ö³¨.

ˆ§ ¶·¨²μ¦¥´¨° II ¨ III ³μ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ Ö¤·  231
91Pa, ±μÉμ·Ò¥, ´¥-

¸μ³´¥´´μ, ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ ¶·¨¶μ¢¥·Ì´μ¸É´μ³ ¸²μ¥ ¸¢¨´Í , ¶μ±·Ò¢ ÕÐ¥£μ

μ¡¥ ¶μ²μ¢¨´±¨ ·¥ ±Í¨μ´´μ° ± ³¥·Ò (N (2)
231
91Pa

> [5,50 ± 2,13] · 108 aÉμ³μ¢ Pa

¨ N
(1)
231
91Pa

> (9,57 ± 1,85) · 108  Éμ³μ¢ �a), ¨, ¢μ§³μ¦´μ, ¶·¨¸ÊÉ¸É¢ÊÕÐ¨¥

Ö¤·  246
96Cm (N (3)

246
96Cm

> 1,62 · 107  Éμ³μ¢ Cm) ³μ¦´μ μ¡ÑÖ¸´¨ÉÓ ²¨¡μ ·¥ ±Í¨-

Ö³¨, ¶·¨¢¥¤¥´´Ò³¨ ¢ ¶·¨²μ¦¥´¨¨ I, ´μ Éμ²Ó±μ ¤²Ö 231
91Pa, ²¨¡μ ·¥ ±Í¨Ö³¨ ¢

 ¸É·μË¨§¨±¥ (¸³. [55Ä60]).
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