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�μ²ÊÎ¥´¨¥ 178m2Hf ¶·¨ μ¡²ÊÎ¥´¨¨ 176Yb
Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ 4He

ˆ§ÊÎ¥´  ¢μ§³μ¦´μ¸ÉÓ ´ ±μ¶²¥´¨Ö ¨§μ³¥·  178m2Hf ¶·¨ μ¡²ÊÎ¥´¨¨ ³¨Ï¥´¥°
176Yb Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ 4He. �¡²ÊÎ¥´¨¥ ¶·μ¢¥¤¥´μ ´  Ê¸±μ·¨É¥²¥ “-200
‹Ÿ	 �ˆŸˆ ¶·¨ Éμ±¥ ¶ÊÎ±  15 ³±� ¨ Ô´¥·£¨¨ ¨μ´μ¢ �¥+ 35 ŒÔ‚. �·¥¤²μ¦¥´
ÔËË¥±É¨¢´Ò° ³¥Éμ¤ · ¤¨μÌ¨³¨Î¥¸±μ£μ ¢Ò¤¥²¥´¨Ö ¨ ±μ´Í¥´É·¨·μ¢ ´¨Ö ¨§μÉμ-
¶μ¢ Hf ¨§ μ¡²ÊÎ¥´´ÒÌ ³¨Ï¥´¥° Yb ¸ ¶μ³μÐÓÕ ¨μ´μμ¡³¥´´μ° Ì·μ³ Éμ£· Ë¨¨.
�μ²ÊÎ¥´ ¶·¥¶ · É ¨§μ³¥·  178m2Hf ¢ ±μ²¨Î¥¸É¢¥ 3,17 · 1014  Éμ³μ¢. 	¥§Ê²ÓÉ ÉÒ
¶μ§¢μ²ÖÕÉ μ¶·¥¤¥²¨ÉÓ ¢ÒÌμ¤ 178m2Hf ¢ ·¥ ±Í¨¨ 176Yb (4He, 2n) ¨ μÍ¥´¨ÉÓ ¶¥·-
¸¶¥±É¨¢Ò ¥£μ Í¨±²μÉ·μ´´μ° ´ · ¡μÉ±¨ ¢ ¡μ²ÓÏμ³ ±μ²¨Î¥¸É¢¥ ¶·¨ ¤μ¸É¨¦¥´¨¨
¢Ò¸μ±μ£μ Ë²Õ¥´¸  ¨μ´μ¢ 4He.

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ.
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Aksenov N.V. et al. P6-2011-112
Production of 178m2Hf by Irradiation of 176Yb
with Accelerated 4He Ions

We studied a possibility of accumulation of 178m2Hf isomer by irradiation of
176Yb with accelerated 4He ions at internal beam of the U-200 cyclotron in Dubna.
The He+ ions reach an energy of 35 MeV with a beam intensity of 15 μA. An
efˇcient radiochemical separation method based on anion exchange chromatography
has been developed to isolate and concentrate Hf isotopes from the ytterbium irradi-
ated target. Under described conditions 3.17 ·1014 atoms of 178m2Hf were produced.
The possibilities of using the described method for production of the 178m2Hf iso-
meric material via 176Yb (4He, 2n) reaction with increased beam current are brie
y
discussed.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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ˆ¸¶μ²Ó§μ¢ ´¨¥ Ö¤¥·´ÒÌ ¨§μ³¥·μ¢ Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ ¶¥·¸¶¥±É¨¢´ÒÌ ´ -
¶· ¢²¥´¨° ¢ ·¥Ï¥´¨¨ § ¤ Î¨ ¶μ²ÊÎ¥´¨Ö ±μ´É·μ²¨·Ê¥³ÒÌ ¨¸ÉμÎ´¨±μ¢ Ô´¥·£¨¨
¨ £ ³³ -¨§²ÊÎ¥´¨Ö. �·¥¨³ÊÐ¥¸É¢  ¨¸¶μ²Ó§μ¢ ´¨Ö ¨§μ³¥·μ¢ ¢Ò¢μ¤ÖÉ · ¡μÉÒ
¶μ ¨Ì ´ ±μ¶²¥´¨Õ ¢ Î¨¸²μ  ±ÉÊ ²Ó´ÒÌ ¶·¨±² ¤´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. �¥·¸¶¥±-
É¨¢Ò ¨¸¶μ²Ó§μ¢ ´¨Ö Ö¤¥·´ÒÌ ¨§μ³¥·μ¢ · ¸¸³μÉ·¥´Ò ¢ [1]. ‚ ¦´μ ´ °É¨
¶·μ¸Éμ° ¨ μÉ´μ¸¨É¥²Ó´μ ´¥¤μ·μ£μ° ³¥Éμ¤ ´ ±μ¶²¥´¨Ö Ö¤¥·´ÒÌ ¨§μ³¥·μ¢ ¢
¤μ¸É ÉμÎ´ÒÌ ±μ²¨Î¥¸É¢ Ì. �¤´¨³ ¨§ ¶μ¤Ìμ¤ÖÐ¨Ì ± ´¤¨¤ Éμ¢ Ö¢²Ö¥É¸Ö ¨§μ-
³¥· 178m2Hf, ±μÉμ·Ò° ³μ¦´μ ¶μ²ÊÎ ÉÓ ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ ¸ · §²¨Î´Ò³¨
¡μ³¡ ·¤¨·ÊÕÐ¨³¨ Î ¸É¨Í ³¨. ˆ´É¥·¥¸ ± 178m2Hf (T1/2 = 31 £μ¤) ¢μ§´¨± ¢
¸¢Ö§¨ ¸ ¢Ò¸μ±μ° Ô´¥·£¨¥° ¢μ§¡Ê¦¤¥´¨Ö Ö¤·  2,5 ŒÔ‚, ¥£μ ¡μ²ÓÏ¨³ ¶¥·¨μ¤μ³
¶μ²Ê· ¸¶ ¤  ¨ μÉ¸ÊÉ¸É¢¨¥³ ¤μ²£μ¦¨¢ÊÐ¨Ì ¶·μ¤Ê±Éμ¢ · ¤¨μ ±É¨¢´μ£μ · ¸¶ ¤ .

�μ²ÊÎ¥´¨¥ 178m2Hf ¢ ³¨±·μ£· ³³μ¢ÒÌ ±μ²¨Î¥¸É¢ Ì ¢μ§³μ¦´μ ¢ Ö¤¥·-
´ÒÌ ·¥ ±Í¨ÖÌ · ¸Ð¥¶²¥´¨Ö Ta (LANL, ‘˜�) ´  ¶ÊÎ±¥ ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥°
800 ŒÔ‚ [2, 3] ¨ ¢ ·¥ ±Í¨¨ 176Yb (4He, 2n) (‹Ÿ	 �ˆŸˆ) [4, 5]. �μ¸²¥¤´¨°
³¥Éμ¤ Ö¢²Ö¥É¸Ö μÉ´μ¸¨É¥²Ó´μ ¶·μ¸ÉÒ³, É ± ± ± É·¥¡Ê¥É Ô´¥·£¨¨ ¨μ´μ¢ 4He
´¥ ¡μ²¥¥ 10 ŒÔ‚/´Ê±²μ´. �´ ³μ¦¥É ¡ÒÉÓ μ¸ÊÐ¥¸É¢²¥´ ¶·¨ μ¡²ÊÎ¥´¨¨ ³¨-
Ï¥´¨ ¨§ μ¡μ£ Ð¥´´μ£μ 176Yb ´  Í¨±²μÉ·μ´¥ ¸ K = 150. �·¨ ÔÉμ³ ¢μ§´¨± ¥É
¶μÉ·¥¡´μ¸ÉÓ ¢ · §· ¡μÉ±¥ ³¥Éμ¤μ¢ ¢Ò¤¥²¥´¨Ö ¨§μÉμ¶μ¢ Hf ¸ ¢Ò¸μ±μ° ÔËË¥±-
É¨¢´μ¸ÉÓÕ,   É ±¦¥ ¢ ¶μ²ÊÎ¥´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ μ ¢ÒÌμ¤¥ 178m2Hf
¢ Ê¶μ³Ö´ÊÉμ° ·¥ ±Í¨¨ ¸ 4He ¨ ¢ ¤·Ê£¨Ì Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. �É  ¨´Ëμ·³ Í¨Ö
³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¸ ¶·¨³¥´¥´¨¥³ ³¥Éμ¤μ¢ · ¤¨μÌ¨³¨¨.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢¥¤¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶μ μ¡²ÊÎ¥´¨Õ ³¨Ï¥´¨
¨§ 176Yb ´  Ê¸±μ·¨É¥²¥ “-200 ‹Ÿ	 �ˆŸˆ ¨μ´ ³¨ 4He ¤²Ö ¶μ²ÊÎ¥´¨Ö ¨§μ-
³¥·  178m2Hf. 	 §· ¡μÉ ´ ÔËË¥±É¨¢´Ò° ³¥Éμ¤ · ¤¨μÌ¨³¨Î¥¸±μ£μ ¢Ò¤¥²¥´¨Ö
¨ ±μ´Í¥´É·¨·μ¢ ´¨Ö ¨§μÉμ¶μ¢ Hf ¨§ μ¡²ÊÎ¥´´ÒÌ ³¨Ï¥´¥° Yb.

�Š‘�…�ˆŒ…�’�‹œ��Ÿ —�‘’œ

�¡²ÊÎ¥´¨¥ 176Yb. 	 ¤¨μ ±É¨¢´Ò° ¨§μÉμ¶ 178m2Hf ¶μ²ÊÎ ²¨ ¶·¨ μ¡²ÊÎ¥-
´¨¨ ³¨Ï¥´¥°  ²ÓË -Î ¸É¨Í ³¨ ´  Ê¸±μ·¨É¥²¥ “-200 ‹Ÿ	 �ˆŸˆ ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ·¥ ±Í¨¨ 176Yb (4He, 2n) 178Hf. Œ¨Ï¥´Ó ¤²Ö μ¡²ÊÎ¥´¨Ö ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° ¸²μ° μ±¸¨¤  ¨ÉÉ¥·¡¨Ö ¨§ μ¡μ£ Ð¥´´μ£μ ¤μ 95% 176Yb ´  ¶μ¤²μ¦±¥ ¨§
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 ²Õ³¨´¨Ö. Œ¨Ï¥´¨ ¨§£μÉ ¢²¨¢ ²¨ ¶μ ¸²¥¤ÊÕÐ¥° ³¥Éμ¤¨±¥. ˆ¸Ìμ¤´Ò° μ±¸¨¤
¨ÉÉ¥·¡¨Ö ¶¥·¥¢μ¤¨²¨ ¢ ´¨É· É. „²Ö ÔÉμ£μ Yb2O3 (160 ³£ Yb) · ¸É¢μ·Ö²¨
¢ 20 ³² 8 ³μ²Ó/² HNO3 ¶·¨ ´ £·¥¢¥ ¤μ 60 ◦‘ ¢ É¥Î¥´¨¥ 24 Î. �μ²ÊÎ¥´´Ò°
· ¸É¢μ· ³¥¤²¥´´μ Ê¶ ·¨¢ ²¨ ¤μ ¢² ¦´μ£μ μ¸ ¤± . �¸ ¤μ± · ¸É¢μ·Ö²¨ ¢ 5 ³²
¢μ¤Ò ¨ ¶μ¢Éμ·´μ Ê¶ ·¨¢ ²¨. ‡ É¥³ ´¨É· É ¨ÉÉ¥·¡¨Ö · ¸É¢μ·Ö²¨ ¢ 3 ³² ÔÉ -
´μ² . Š ¶μ²ÊÎ¥´´μ³Ê · ¸É¢μ·Ê ¤μ¡ ¢²Ö²¨ 3 ³ ¸ % · ¸É¢μ· ¸ Ì ·μ§Ò ¢ μ¡Ñ¥³-
´μ³ ¸μμÉ´μÏ¥´¨¨ 1 : 1. CÊ¸¶¥´§¨Õ Yb(NO3)3 ¢ ¸³¥¸¨ ÔÉ ´μ² , ¢μ¤Ò ¨ ¸ Ì -
·μ§Ò ¶μ¸²μ°´μ ´ ´μ¸¨²¨ ´   ²Õ³¨´¨¥¢ÊÕ ¶μ¤²μ¦±Ê. Š ¦¤Ò° ¸²μ° Éμ²Ð¨´μ°
∼ 50 ³±£/¸³2 ¢Ò¸ÊÏ¨¢ ²¨ ¨ ¶·μ± ²¨¢ ²¨ ¢ É¥Î¥´¨¥ 30 ³¨´ ¶·¨ É¥³¶¥· ÉÊ·¥
450 ◦‘. ’μ²Ð¨´  ³¨Ï¥´¨ (¶μ ³¥É ²²Ê) ¸μ¸É ¢¨²  ≈ 8,77 ³£/¸³2.

�¡²ÊÎ¥´¨¥ ¡Ò²μ ¶·μ¢¥¤¥´μ ´  Ê¸±μ·¨É¥²¥ “-200 ¶·¨ Éμ±¥ ¶ÊÎ±  ≈ 15 ³±�
¨ Ô´¥·£¨¨ ¨μ´μ¢ �¥+ 35 ŒÔ‚, ¨§³¥·¥´´μ¥ ¶μ²´μ¥ Î¨¸²μ Î ¸É¨Í ¸μ¸É ¢¨²μ
8,26 · 1019. Œ¨Ï¥´Ó Ê¸É ´ ¢²¨¢ ²¨ ¶μ¤ Ê£²μ³ μ±μ²μ 5◦ ¶μ μÉ´μÏ¥´¨Õ ±
¶ÊÎ±Ê ¢´ÊÉ·¨ ¢ ±ÊÊ³´μ° ± ³¥·Ò Í¨±²μÉ·μ´  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¶¥Í¨ ²Ó´μ£μ
Ê¸É·μ°¸É¢  (¢´ÊÉ·¥´´¥£μ ¶·μ¡´¨± ) ¤²Ö Ê¸É ´μ¢±¨ ³¨Ï¥´¥° ¢ ¶μ§¨Í¨Õ, ¸μ-
μÉ¢¥É¸É¢ÊÕÐÊÕ μ¶·¥¤¥²¥´´μ³Ê · ¤¨Ê¸Ê μ·¡¨ÉÒ, ÎÉμ μ¡¥¸¶¥Î¨¢ ¥É ¨¸±μ³ÊÕ
Ô´¥·£¨Õ ¨μ´μ¢ 4�¥. �¡²ÊÎ¥´¨¥ ¶·μ¢μ¤¨²¨ ¢ É¥Î¥´¨¥ 320 Î. ‚·¥³Ö μ¡²ÊÎ¥´¨Ö,
Éμ²Ð¨´Ê ³¨Ï¥´¥° ¨ Ô´¥·£¨Õ �¥+-Î ¸É¨Í ¢Ò¡¨· ²¨ ´  μ¸´μ¢¥ ²¨É¥· ÉÊ·´ÒÌ
¤ ´´ÒÌ ¤²Ö ³ ±¸¨³ ²Ó´μ£μ ¢ÒÌμ¤  Í¥²¥¢μ£μ · ¤¨μ¨§μÉμ¶ . ‘·¥¤´¥¥ ¶μ ËÊ´±-
Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¸¥Î¥´¨¥ ·¥ ±Í¨¨ 176Yb (4He, 2n) 178Hf ¡Ò²μ · ´¥¥ μÍ¥´¥´μ
· ¢´Ò³ μ±μ²μ 6 ³¡ [4].

‚Ò¤¥²¥´¨¥ 178m2Hf. �μ¸²¥ μ±μ´Î ´¨Ö μ¡²ÊÎ¥´¨Ö ³¨Ï¥´Ó ®μÌ² ¦¤ ²¨¯
¢ É¥Î¥´¨¥ 10 ¸ÊÉ ¤²Ö ¸´¨¦¥´¨Ö  ±É¨¢´μ¸É¨ ±μ·μÉ±μ¦¨¢ÊÐ¨Ì · ¤¨μ´Ê±²¨-
¤μ¢ ¨ É· ´¸¶μ·É¨·μ¢ ²¨ ¢ · ¤¨μÌ¨³¨Î¥¸±ÊÕ ² ¡μ· Éμ·¨Õ. 	 ¤¨μÌ¨³¨Î¥¸±μ¥
¢Ò¤¥²¥´¨¥ ¨ ±μ´Í¥´É·¨·μ¢ ´¨¥ ¨§μÉμ¶μ¢ Hf ¨§ μ¡²ÊÎ¥´´ÒÌ ³¨Ï¥´¥° ¶·μ¢μ-
¤¨²¨ ³¥Éμ¤μ³  ´¨μ´μμ¡³¥´´μ° Ì·μ³ Éμ£· Ë¨¨ ¢ ¸μ²Ö´μ±¨¸²μ° ¨ ËÉμ·¨¤´ÒÌ
¸·¥¤ Ì. ‚¸¥ ·¥ ±É¨¢Ò, ¨¸¶μ²Ó§μ¢ ´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É Ì, ¨³¥²¨ ±¢ ²¨Ë¨± -
Í¨Õ μ¸.Î. ¨ ¤μ¶μ²´¨É¥²Ó´μ° μÎ¨¸É±¥ ´¥ ¶μ¤¢¥·£ ²¨¸Ó. ‚ ± Î¥¸É¢¥ ¸μ·¡¥´Éμ¢
¨¸¶μ²Ó§μ¢ ²¨  ´¨μ´μμ¡³¥´´ÊÕ ¸³μ²Ê Dowex 1 × 8 (Cl−, -100, -200, ¨ -400,
Fluka/Sigma-Aldrich, ƒ¥·³ ´¨Ö). �¥·¥¤ ¨¸¶μ²Ó§μ¢ ´¨¥³  ´¨μ´¨É ¶μ¤¢¥·£ ²¨
¸É ´¤ ·É´μ° ¶μ¤£μÉμ¢±¥ ¨ Ì· ´¨²¨ ¢ Cl−-Ëμ·³¥. „²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö  ´¨μ-
´¨É  ¢ F−-Ëμ·³¥ ´ ¢¥¸±Ê  ´¨μ´¨É  μ¸É ¢²Ö²¨ ¢ ¢μ¤¥ ¤μ ¶μ²´μ£μ ´ ¡ÊÌ ´¨Ö ¨
§ É¥³ ¶·μ³Ò¢ ²¨ ±μ´Í¥´É·¨·μ¢ ´´μ° HF. ‡ É¥³ ¸³μ²Ê ¶·μ³Ò¢ ²¨ ¢μ¤μ° ¤²Ö
Ê¤ ²¥´¨Ö μ¸É É±μ¢ ±¨¸²μÉÒ.

�¡²ÊÎ¥´´Ò¥ 176Yb2O3 · ¸É¢μ·Ö²¨ ¢ 5 ³² 16 ³μ²Ó/² HNO3. �¥· ¸-
É¢μ·¥´´Ò° μ¸É Éμ± μÉË¨²ÓÉ·μ¢Ò¢ ²¨, ¨ · ¸É¢μ· ¢Ò¶ ·¨¢ ²¨ ¤μ¸ÊÌ , ¤μ¡ -
¢²Ö²¨ 3 ³² 12 ³μ²Ó/² HCl ¨ ¸´μ¢  ¢Ò¶ ·¨¢ ²¨. �¸ ¤μ± · ¸É¢μ·Ö²¨ ¢ 30 ³²
12 ³μ²Ó/² HCl ¨ ¶·μ¶Ê¸± ²¨ Î¥·¥§ Ì·μ³ Éμ£· Ë¨Î¥¸±ÊÕ ±μ²μ´±Ê (10×165 ³³),
§ ¶μ²´¥´´ÊÕ  ´¨μ´μμ¡³¥´´μ° ¸³μ²μ° Dowex 1 × 8 (-100 ³¥Ï) ¢ Ì²μ·¨¤-
´μ° Ëμ·³¥. ŠμÔËË¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö £ Ë´¨Ö ¢ ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ¶·¥¢Ò-
Ï ÕÉ 103 ³²/£, ¢ Éμ ¢·¥³Ö ± ± ¨ÉÉ¥·¡¨° ¨ ¤μÎ¥·´¨° ²ÕÉ¥Í¨° ´¥ § ¤¥·¦¨-
¢ ÕÉ¸Ö ´  ¸³μ²¥ [6]. Šμ²μ´±Ê ¶·μ³Ò¢ ²¨ 60 ³² 12 ³μ²Ó/² HCl. ‡ É¥³
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£ Ë´¨° Ô²Õ¨·μ¢ ²¨ 8 ³μ²Ó/² HCl. Al ¨ Fe (¶·¨³¥¸¨ ¢ ³ É¥·¨ ²¥ ¶μ¤²μ¦±¨)
¶·¨ ÔÉμ³ μ¸É ÕÉ¸Ö ´  ±μ²μ´±¥. „²Ö ±μ´Í¥´É·¨·μ¢ ´¨Ö ¨ ¤μ¶μ²´¨É¥²Ó´μ°
μÎ¨¸É±¨ ¶μ²ÊÎ¥´´Ò° · ¸É¢μ· ¶μ¤ ¤ ¢²¥´¨¥³ ¶·μ¶Ê¸± ²¨ Î¥·¥§ Ì·μ³ Éμ£· Ë¨-
Î¥¸±ÊÕ ±μ²μ´±Ê 6×40 ³³, § ¶μ²´¥´´ÊÕ  ´¨μ´μμ¡³¥´´μ° ¸³μ²μ° Dowex 1×8
(-200 ³¥Ï) ¢μ ËÉμ·¨¤´μ° Ëμ·³¥. „²Ö ÔÉμ£μ £ Ë´¨° ¶¥·¥¢μ¤¨²¨ ¢μ ËÉμ·¨¤-
´ÊÕ Ëμ·³Ê, Ê¶ ·¨¢ Ö · ¸É¢μ· ¤μ¸ÊÌ  ´  ËÉμ·μ¶² ¸Éμ¢μ° ¶μ¤²μ¦±¥. ŠμÔË-
Ë¨Í¨¥´ÉÒ · ¸¶·¥¤¥²¥´¨Ö £ Ë´¨Ö ¢ ÔÉ¨Ì Ê¸²μ¢¨ÖÌ ¶·¥¢ÒÏ ÕÉ 103 ³²/£, ¢ Éμ
¢·¥³Ö ± ± ¶·¨³¥¸¨ Yb ¨ Al ¨ Fe ´¥ § ¤¥·¦¨¢ ÕÉ¸Ö ´  ¸³μ²¥. Šμ²μ´±Ê ¶·μ-
³Ò¢ ²¨ 10 ³² 5 ³μ²Ó/² HF. ‡ É¥³ Hf Ô²Õ¨·μ¢ ²¨ 1 ³μ²Ó/² HNO3. ‘±μ·μ¸ÉÓ
Ô²Õ¨·μ¢ ´¨Ö ¸μ¸É ¢²Ö²  0,1 ³²/³¨´. �·¨ ´¥μ¡Ìμ¤¨³μ¸É¨ μ¶¥· Í¨Õ ¶μ¢Éμ·Ö²¨
´  ±μ²μ´±¥ 3 × 15 ³³ ¸ Dowex 1 × 8 (-400 ³¥Ï). 	 ¤¨μÌ¨³¨Î¥¸±ÊÕ Î¨¸ÉμÉÊ
¨ ¶μ¢¥¤¥´¨¥ Hf μ¶·¥¤¥²Ö²¨ ¸ ¶μ³μÐÓÕ γ-¸¶¥±É·μ³¥É·¨¨ ´  γ-¸¶¥±É·μ³¥É·¥
GC2520 (Canberra Ind.) c HPGe-¤¥É¥±Éμ·μ³ ¸ · §·¥Ï¥´¨¥³ 1,5 ±Ô‚ ¶·¨ Ô´¥·-
£¨¨ γ-±¢ ´Éμ¢ 1,33 ŒÔ‚ ( 60Co) ¨ ¶·μ£· ³³´Ò³ μ¡¥¸¶¥Î¥´¨¥³ Genie-2000TM
(Canberra Packard).

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

�¡²ÊÎ¥´´Ò¥ ³¨Ï¥´¨ ¸μ¤¥·¦ ²¨ · §²¨Î´Ò¥ ¶·μ¤Ê±ÉÒ ·¥ ±Í¨° ¸ μ¸´μ¢-
´Ò³ ¨§μÉμ¶μ³ ³¨Ï¥´¨. Š·μ³¥ ·¥ ±Í¨° ¨¸¶ ·¥´¨Ö ´¥°É·μ´μ¢ ¨§ ¸μ¸É ¢´μ£μ
Ö¤·  176Yb (4He, 2n) 178m2Hf ¨ 176Yb(4He, 1n) 179m2Hf ¶·¨¸ÊÉ¸É¢μ¢ ²¨ ¶·μ-
¤Ê±ÉÒ ¶·Ö³ÒÌ ·¥ ±Í¨° ¶¥·¥¤ Î¨ ´Ê±²μ´μ¢, É ±¨¥ ± ± 175Yb, 174Lu, 177Lu ¨ ¤·.
‚ÒÌμ¤ · §²¨Î´ÒÌ ·¥ ±Í¨°, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¨μ´μ¢ 4He ¸
³¨Ï¥´Ö³¨ 176Yb ¨ natLu,  ´ ²¨§¨·Ê¥É¸Ö ¢ [7]. ‚ γ-¸¶¥±É·¥ ³μ¦´μ ¡Ò²μ ´ -
¡²Õ¤ ÉÓ  ±É¨¢´μ¸É¨, μ¡· §ÊÕÐ¨¥¸Ö ´  ¶·¨³¥¸ÖÌ ¢ ³¨Ï¥´¨. ‚ ± Î¥¸É¢¥ ¶μ¤-
²μ¦±¨ ¨¸¶μ²Ó§μ¢ ²¸Ö Î¨¸ÉÒ°  ²Õ³¨´¨° ·¥ ±Éμ·´μ£μ ± Î¥¸É¢ . ’¥³ ´¥ ³¥´¥¥
¶·¨¸ÊÉ¸É¢μ¢ ²¨ ¶·¨³¥¸¨ (´ ¶·¨³¥·, ¦¥²¥§ , ³¥¤¨ ¨ ¤·Ê£¨Ì Ô²¥³¥´Éμ¢) ¢ ³¨-
±·μ±μ²¨Î¥¸É¢ Ì.

�¡²ÊÎ¥´´Ò¥ ³¨Ï¥´¨ ¶¥·¥· ¡ ÉÒ¢ ²¨ ¸ Í¥²ÓÕ ¢Ò¤¥²¥´¨Ö ¨§μ³¥·  178m2Hf,
¥£μ μÎ¨¸É±¨ μÉ ¸É ¡¨²Ó´ÒÌ ¨ · ¤¨μ ±É¨¢´ÒÌ ¶·¨³¥¸¥° ¨ ±μ´Í¥´É·¨·μ¢ -
´¨Ö. ‘Ì¥³  · ¤¨μÌ¨³¨Î¥¸±μ° μÎ¨¸É±¨ £ Ë´¨Ö ¶μ± § ´  ´  ·¨¸. 1. Š ± ¢¨¤´μ
¨§ ·¨¸. 2, £¤¥ ¶μ± § ´μ μÉ¤¥²¥´¨¥ 178m2Hf μÉ ³ ±·μ±μ²¨Î¥¸É¢ 176Yb, ¨ÉÉ¥·¡¨°
´¥ ¸μ·¡¨·Ê¥É¸Ö ¢ 12 ³μ²Ó/² HCl, ¢ Éμ ¢·¥³Ö ± ± £ Ë´¨° § ¤¥·¦¨¢ ¥É¸Ö ´  ±μ-
²μ´±¥ ¨ ³μ¦¥É ¡ÒÉÓ Ô²Õ¨·μ¢ ´ ¢ Ëμ·³¥ ± É¨μ´μ¢ ¸ 8 ³μ²Ó/² HCl. 	¥§Ê²ÓÉ ÉÒ
¤μ¶μ²´¨É¥²Ó´μ° μÎ¨¸É±¨ ¨ ±μ´Í¥´É·¨·μ¢ ´¨Ö 178m2Hf ´   ´¨μ´μμ¡³¥´´μ°
±μ²μ´±¥ ¸ Dowex 1 × 8 ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3. 	 ¤¨μ¨§μÉμ¶Ò Hf ¢ÒÌμ¤ÖÉ
¢ Ê§±μ³ ¸¨³³¥É·¨Î´μ³ ¶¨±¥ μ¡Ñ¥³μ³ 3Ä5 ± ¶¥²Ó. �μ¸²¥ ¢Ò¶ ·¨¢ ´¨Ö ¶μ²Ê-
Î¥´´μ£μ ¶·¥¶ · É  ´  ËÉμ·μ¶² ¸Éμ¢μ° ¶μ¤²μ¦±¥ ¸ÊÌμ° μ¸É Éμ± ¢¨§Ê ²Ó´μ ´¥
´ ¡²Õ¤ ²¨. �μ ¤ ´´Ò³ ¸¶¥±É·μ³¥É·¨Î¥¸±¨Ì ¨§³¥·¥´¨° 178m2Hf ¡Ò² ¢Ò¤¥²¥´
¸ ÔËË¥±É¨¢´μ¸ÉÓÕ (85 ± 5)%,   ±μÔËË¨Í¨¥´É μÎ¨¸É±¨ Hf μÉ ¶·¨³¥¸¥° ¸μ-
¸É ¢¨² > 105. ‚Ò¤¥²¥´¨¥ Ë· ±Í¨¨ 178m2Hf ¶·μ¢¥¤¥´μ §  4 Î ¡¥§ ¶·¨³¥´¥´¨Ö
¸¶¥Í¨ ²Ó´μ£μ μ¡μ·Ê¤μ¢ ´¨Ö.
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	¨¸. 1. ‘Ì¥³  ¢Ò¤¥²¥´¨Ö 178m2Hf ¨§ μ¡²ÊÎ¥´´μ° ³¨Ï¥´¨ μ±¸¨¤  176Yb

	¨¸. 2. •·μ³ Éμ£· ³³  Ô²Õ¨·μ¢ ´¨Ö 178m2Hf ¢ 8 ³μ²Ó/² HCl ¸  ´¨μ´μμ¡³¥´´μ° ±μ-
²μ´±¨ (Dowex 1 × 8, -100, Cl−)

ƒ ³³ -¸¶¥±É· ¶·¥¶ · É  £ Ë´¨Ö ¶μ¸²¥ ¢Ò¤¥²¥´¨Ö ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 4.
‚¨¤´Ò ¨´É¥´¸¨¢´Ò¥ ²¨´¨¨ 178m2Hf, 175Hf (T1/2 = 70 ¸ÊÉ) ¨ 179m2Hf (T1/2 =
25 ¸ÊÉ). ‚ ¸¶¥±É·¥ ´ ¡²Õ¤ ²¨¸Ó É ±¦¥ γ-²¨´¨¨ 172Hf (T1/2 = 1,87 ²¥É) ¨ ¥£μ
¤μÎ¥·´¥£μ ¶·μ¤Ê±É  172Lu. 	 ¤¨μ´Ê±²¨¤Ò 172Hf ¨ 175Hf μ¡· §ÊÕÉ¸Ö ¢ ·¥ ±-
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	¨¸. 3. •·μ³ Éμ£· ³³  Ô²Õ¨·μ¢ ´¨Ö 178m2Hf ¢ 1 ³μ²Ó/² HNO3 ¸  ´¨μ´μμ¡³¥´´μ°
±μ²μ´±¨ (Dowex 1 × 8, -400, F−)

	¨¸. 4. γ-¸¶¥±É· ¨§μ³¥·  178m2Hf. „²Ö ¶·¨³¥·  μÉ³¥Î¥´Ò ´¥±μÉμ·Ò¥ γ-²¨´¨¨ μ¸´μ¢-
´ÒÌ ¶·μ¤Ê±Éμ¢

Í¨ÖÌ ´  ¡μ²¥¥ ²¥£±¨Ì ¨§μÉμ¶ Ì Yb, ±μÉμ·Ò¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢ μ¡μ£ Ð¥´´μ³ ¢¥-
Ð¥¸É¢¥ ³ É¥·¨ ²  ³¨Ï¥´¨ 176Yb. 179m2Hf Å ¶·μ¤Ê±É ¨¸¶ ·¥´¨Ö μ¤´μ£μ ´¥°-
É·μ´  ¨§ ¸μ¸É ¢´μ£μ Ö¤·  180Hf. 	 ¤¨μ´Ê±²¨¤Ò 175Hf ¨ 179m2Hf · ¸¶ ¤ ÕÉ¸Ö ¸
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μÉ´μ¸¨É¥²Ó´μ ±μ·μÉ±¨³¨ ¶¥·¨μ¤ ³¨ ¶μ²Ê· ¸¶ ¤  ¨ Ê¦¥ ¶μ¸²¥ ¢Ò¤¥·¦±¨ ¶·¥-
¶ · É  ¢ É¥Î¥´¨¥ ¶μ²Ê£μ¤  ´¥ ¸μ§¤ ÕÉ ¸ÊÐ¥¸É¢¥´´μ£μ γ-Ëμ´ . 	 ¤¨μ´Ê±²¨¤
172Hf ¡μ²¥¥ ¤μ²£μ¦¨¢ÊÐ¨°, ¨ ¥£μ · ¸¶ ¤ ¢¥¤¥É ± ´ ±μ¶²¥´¨Õ 172Lu, Ì · ±-
É¥·¨§ÊÕÐ¥£μ¸Ö ¡μ²ÓÏ¨³ Î¨¸²μ³ γ-²¨´¨°. Œ¨´¨³¨§¨·μ¢ ÉÓ ¢ÒÌμ¤ 172Hf ¨
175Hf ³μ¦´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´´μ£μ ³ É¥·¨ ²  ¡μ²¥¥ ¢Ò¸μ±μ° ¸É¥¶¥´¨
μ¡μ£ Ð¥´¨Ö. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ±μ³³¥·Î¥¸±¨ ¤μ¸ÉÊ¶¥´ ¨§μÉμ¶ 176Yb, μ¡μ-
£ Ð¥´´Ò° ¤μ 99%. �μ¸²¥ Ì¨³¨Î¥¸±μ° μÎ¨¸É±¨  ±É¨¢´μ¸ÉÓ · ¤¨μ¨§μÉμ¶μ¢
¶·¨³¥¸´ÒÌ Ô²¥³¥´Éμ¢ ¸´¨¦¥´  ´  ¶μ·Ö¤±¨ ¢¥²¨Î¨´Ò (> 105). ’ ±¨³ μ¡· -
§μ³, Ëμ´μ¢μ¥ γ-¨§²ÊÎ¥´¨¥ ¶·¥¶ · É  178m2Hf ³μ¦¥É ¡ÒÉÓ ¸´¨¦¥´μ ¤μ Ê·μ¢´Ö,
´¥§´ Î¨É¥²Ó´μ£μ ¶μ ¸· ¢´¥´¨Õ ¸ μ¸´μ¢´Ò³ ¸¶¥±É·μ³ ÔÉμ£μ ¨§μ³¥· .

‚³¥¸É¥ ¸ É¥³ ¶·¥¶ · É ¸μ¤¥·¦¨É ¶·¨³¥¸¨ ¸É ¡¨²Ó´ÒÌ ¨§μÉμ¶μ¢ Hf ¸
A = 177Ä179, ¢ ¸Ê³³¥ ¶·¥¢μ¸Ìμ¤ÖÐ¨¥ ¶μ ³ ¸¸¥ · ¤¨μ ±É¨¢´Ò° 178m2Hf ¶·¨-
³¥·´μ ¢ 100 · §. ˆÌ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±¨° ¢ÒÌμ¤ ¸²¥¤Ê¥É ¨§  ´ ²¨§  μ¸´μ¢´ÒÌ
Ì · ±É¥·¨¸É¨± Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¨μ´μ¢ 4He ¸ 176Yb.

�¡¸μ²ÕÉ´Ò° ¢ÒÌμ¤ ¨§μ³¥·  178m2Hf ¢ ¨§ÊÎ¥´´μ° ·¥ ±Í¨¨ ¤μ¸É ÉμÎ´μ
¢Ò¸μ±¨°. �·¨ μ¶¨¸ ´´ÒÌ ¢ÒÏ¥ Ê¸²μ¢¨ÖÌ μ¡²ÊÎ¥´¨Ö §  É·¨ ³¥¸ÖÍ  ´¥¶·¥·Ò¢-
´μ° Ô±¸¶μ§¨Í¨¨ ¡¥§ ¶μÉ¥·Ó ³μ¦¥É ¡ÒÉÓ ´ ±μ¶²¥´μ · ¤¨μ ±É¨¢´μ¥ ¢¥Ð¥¸É¢μ
178m2Hf ¢ ±μ²¨Î¥¸É¢¥ 1 ³±£, É. ¥. 3,4 · 1015 Ö¤¥· ¨²¨ 70 ³±Š¨. �μ²¥¥ ¢Ò¸μ± Ö
¶·μ¤Ê±É¨¢´μ¸ÉÓ ³μ¦¥É ¡ÒÉÓ μ¡¥¸¶¥Î¥´  ¶·¨ Ê¸²μ¢¨¨ ¸μ§¤ ´¨Ö ¸¶¥Í¨ ²¨§¨-
·μ¢ ´´μ£μ Ê¸±μ·¨É¥²Ö, · ¸¸Î¨É ´´μ£μ ´  ¡μ²¥¥ ¢Ò¸μ±¨° Éμ± ¶ÊÎ± , ¨ ¶·¨
· §· ¡μÉ±¥ ³¨Ï¥´´μ£μ Ê§² , ¢Ò¤¥·¦¨¢ ÕÐ¥£μ É ±ÊÕ ¢Ò¸μ±ÊÕ ¨´É¥´¸¨¢´μ¸ÉÓ
μ¡²ÊÎ¥´¨Ö.
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