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‘Ê³³¨·µ¢ ´¨¥ ¨³¶Ê²Ó¸µ¢ ¢ ¸¶¥±É· Ì γ-²ÊÎ¥°-2. �¶·¥¤¥²¥´¨¥
¨´É¥´¸¨¢´µ¸É¨ ¸² ¡ÒÌ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢

ˆ´É¥´¸¨¢´µ¸É¨ ¶¨±µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¢ γ-¸¶¥±É· Ì · ¤¨µ ±É¨¢´ÒÌ ´Ê±²¨¤µ¢
¶·¨ ¸Ê³³¨·µ¢ ´¨¨ ¨³¶Ê²Ó¸µ¢ µÉ ± ¸± ¤´ÒÌ, ¸µ¢¶ ¤ ÕÐ¨Ì γ-¶¥·¥Ìµ¤µ¢, ¨¸¶µ²Ó-
§µ¢ ´Ò ¤²Ö µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸² ¡ÒÌ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢. �·¥¤² -
£ ¥É¸Ö ¶·µÍ¥¤Ê·  ¨§³¥·¥´¨° γ-¸¶¥±É·µ¢ ¨ ¢ÒÎ¨¸²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-
γ-¶¥·¥Ìµ¤µ¢, ÊÎ¨ÉÒ¢ ÕÐ Ö ®³¥·É¢µ¥¯ ¢·¥³Ö ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ ¨ Ê³¥´Ó-
Ï¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¶¨±µ¢ ± ¸± ¤´ÒÌ γ-²ÊÎ¥° §  ¸Î¥É ¸µ¢¶ ¤¥´¨° ¸ ËµÉµ¶¨±µ³
¨ ±µ³¶Éµ´µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨¥³ µÉ γ-¶¥·¥Ìµ¤  Å ¶ ·É´¥·  ¢ ± ¸± ¤¥. �·¥¤-
² £ ¥³ Ö ¶·µÍ¥¤Ê·   ¶·µ¡¨·µ¢ ´  ¢ ¨§³¥·¥´¨ÖÌ γ-¸¶¥±É·µ¢ ¶·¨ · ¸¶ ¤¥ 209Tl,
208Tl, 207Bi ¨ 44Sc. �µ± § ´  ¶·¨³¥´¨³µ¸ÉÓ ¶·¥¤² £ ¥³µ° ³¥Éµ¤¨±¨ ¤²Ö µ¶·¥-
¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ ¤µ ∼5·10−5

´  · ¸¶ ¤. ‚¶¥·¢Ò¥ µ¶·¥¤¥²¥´Ò ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-
¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ 208Tl ¨ 207Bi.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ Ö¤¥·´ÒÌ ¶·µ¡²¥³ ¨³. ‚. �. „¦¥²¥¶µ¢ 
�ˆŸˆ.
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Coincidence Summing in γ-Ray Spectra-2. Intensity Determination
of Weak Crossover γ Transitions

Coincidence summing phenomenon has been used for determination of the weak,
crossover γ-transition intensities. A mode of measuring of γ-ray spectra and calcu-
lation is proposed. ®Dead¯ time of experimental facility and decrease of the peaks
intensities in γ spectra by coincidence summing are taken into account. Examination
of the proposed mode has been carried out at investigations of 209Tl, 208Tl, 207Bi,
and 44Sc γ spectra in low-background laboratory. It was shown that the proposed
method allows one to observe crossover transitions with intensity up to 10−5 per
decay. Upper limits of some crossover γ-transition intensities at the decay of 208Tl
and 208Bi have been established for the ˇrst time.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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‚‚…„…�ˆ…

‚²¨Ö´¨¥ ÔËË¥±É  ¸Ê³³¨·µ¢ ´¨Ö ¨³¶Ê²Ó¸µ¢ µÉ ¸µ¢¶ ¤ ÕÐ¨Ì γ-²ÊÎ¥° ¢
γ-¸¶¥±É· Ì · ¤¨µ ±É¨¢´ÒÌ ´Ê±²¨¤µ¢ ´  ¨´É¥´¸¨¢´µ¸É¨ ¶¨±µ¢ ± ¸± ¤´ÒÌ γ-
²ÊÎ¥°, ÊÎ ¸É¢ÊÕÏ¨Ì ¢ µ¡· §µ¢ ´¨¨ ¶¨±µ¢ ¸Ê³³, ¨§ÊÎ ²µ¸Ó ¢ ·Ö¤¥ · ¡µÉ [1Ä6] ¸
Í¥²ÓÕ ±µ··¥±Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° (¶²µÐ ¤¥°) ¶¨±µ¢ ¶·¨
¶µ¸É·µ¥´¨¨ ËÊ´±Í¨¨ µÉ±²¨±  ¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ¨§²ÊÎ¥´¨°. ‚
[7] ¶µ± § ´µ, ÎÉµ ´ ¡²Õ¤¥´¨¥ ¶¨±µ¢ ¸Ê³³ ¢ γ-¸¶¥±É· Ì ¢ ¨§¢¥¸É´µ° ¸É¥¶¥´¨
Ô±¢¨¢ ²¥´É´µ ¨¸¸²¥¤µ¢ ´¨Õ ¸¶¥±É·µ¢ γ−γ-¸µ¢¶ ¤¥´¨° ¨ ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó-
§µ¢ ´µ ¶·¨ ¶µ¸É·µ¥´¨¨ ¸Ì¥³ · ¸¶ ¤  · ¤¨µ ±É¨¢´ÒÌ Ö¤¥·. �Ò²µ Ô±¸¶¥·¨³¥´-
É ²Ó´µ µ¡µ¸´µ¢ ´µ ¢¢¥¤¥´¨¥ ·Ö¤  ¢µ§¡Ê¦¤¥´´ÒÌ Ê·µ¢´¥° 147Eu ¶·¨ · ¸¶ ¤¥
147Gd. ‚ [4] · ¸¸³µÉ·¥´µ ¨¸¶µ²Ó§µ¢ ´¨¥ ÔËË¥±É  ¸Ê³³¨·µ¢ ´¨Ö ¤²Ö µ¶·¥-
¤¥²¥´¨Ö  ¡¸µ²ÕÉ´µ° ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ γ-²ÊÎ¥° Ge-¤¥É¥±Éµ· ³¨. ‚
[8] ³Ò µ¡· É¨²¨ ¢´¨³ ´¨¥ ´  Éµ, ÎÉµ ÔËË¥±É ¸Ê³³¨·µ¢ ´¨Ö ¶µ§¢µ²Ö¥É µÉ-
´µ¸¨É¥²Ó´µ ¶·µ¸Éµ µ¶·¥¤¥²ÖÉÓ  ¡¸µ²ÕÉ´ÊÕ  ±É¨¢´µ¸ÉÓ ¨¸ÉµÎ´¨±  γ-²ÊÎ¥°. ‚
´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¶·¥¤² £ ¥É¸Ö ¸¶µ¸µ¡ µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ¸² ¡µ£µ
±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤  ³¥¦¤Ê ´ Î ²Ó´Ò³ ¨ ±µ´¥Î´Ò³ Ê·µ¢´Ö³¨ ± ¸± ¤  ¸µ-
¢¶ ¤ ÕÐ¨Ì γ-¶¥·¥Ìµ¤µ¢, µ¡· §ÊÕÐ¨Ì ¸Ê³³ ·´Ò° ¶¨±.

1. ���–…„“�� ˆ‡Œ…�…�ˆ‰

� ¸¸³µÉ·¨³ µ¡· §µ¢ ´¨¥ ¶¨±  ¶·¨ Ô´¥·£¨¨ Eγ3 = Eγ1 + Eγ2 (·¨¸. 1).
ˆ´É¥´¸¨¢´µ¸ÉÓ ¶¨±  (¶²µÐ ¤Ó) ¶·¨ Ô´¥·£¨¨ Eγ3¢ γ-¸¶¥±É·¥,  ´ ²µ£¨Î´µ ¨´-

�¨¸. 1. ‘Ê³³¨·µ¢ ´¨¥ ¨³¶Ê²Ó¸µ¢ µÉ ± ¸± ¤´ÒÌ γ-²ÊÎ¥°

É¥´¸¨¢´µ¸É¨ ¶¨±  ¸µ¢¶ ¤¥´¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ γÄγ-¸µ¢¶ ¤¥´¨Ö³ [9], µ¶·¥-
¤¥²Ö¥É¸Ö Ëµ·³Ê²µ°

Sγ3+Σγ1+γ2 = A
aγ2 · aγ1

a1
εγ1εγ2 + Aaγ3εγ3 , (1)
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£¤¥ Sγ3+Σγ1+γ2 Å ¶²µÐ ¤Ó (¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨) ¶¨±  ¸ Ô´¥·£¨¥° Eγ3 , ¢±²ÕÎ -
ÕÐ Ö ¢ ¸¥¡Ö ¨´É¥´¸¨¢´µ¸ÉÓ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤  Eγ3 ¨ ¸Ê³³Ê Eγ1+Eγ2 ; � Å
 ±É¨¢´µ¸ÉÓ ¨¸ÉµÎ´¨±  Å Î¨¸²µ · ¸¶ ¤µ¢ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨; aγ1 , aγ2 , aγ3 Å
¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° ´  µ¤¨´ · ¸¶ ¤ ¨¸ÉµÎ´¨±  ¨§²ÊÎ¥´¨Ö; aγ3 Å ¨¸±µ³ Ö
¢¥²¨Î¨´ ; a1 Å § ¸¥²¥´¨¥ ¶·µ³¥¦ÊÉµÎ´µ£µ Ê·µ¢´Ö ± ¸± ¤  ´  µ¤¨´ · ¸¶ ¤
¨¸ÉµÎ´¨± ; εγ1 , εγ2¨ εγ3 Å ÔËË¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ γ-²ÊÎ¥°.

�²µÐ ¤Ó Sγ3+Σγ1+γ2 ¨§³¥·Ö¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´µ. ˆ§³¥·ÖÕÉ¸Ö É ±¦¥
Sγ1 = Aaγ1εγ1 ¨ Sγ2 = Aaγ2εγ2 . „²Ö µ¶·¥¤¥²¥´¨Ö aγ3 ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ÔË-
Ë¥±É¨¢´µ¸É¨ ·¥£¨¸É· Í¨¨ γ-²ÊÎ¥°: εγ1 , εγ2 , εγ3 . —Éµ¡Ò ¨¸±²ÕÎ¨ÉÓ ¨Ì ¨§ · ¸-
Î¥Éµ¢, γ-¸¶¥±É·Ò ¨§³¥·Ö²¨¸Ó ¶·¨ ¤¢ÊÌ · ¸¸ÉµÖ´¨ÖÌ ¢§ ¨³´µ£µ · ¸¶µ²µ¦¥´¨Ö
¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ· : ¡ Å ¡²¨§± Ö £¥µ³¥É·¨Ö ¨ ¤ Å Ê¤ ²¥´´ Ö £¥µ³¥É·¨Ö.
‘µµÉ¢¥É¸É¢¥´´µ ¨³¥¥³:

S¡
γ3+Σγ1+γ2

= A
aγ2aγ1

a1
ε¡

γ1
ε¡

γ2
+ Aaγ3 · ε¡

γ3
. (2)

S¤
γ3+Σγ1+γ2

= A
aγ2aγ1

a1
ε¤

γ1
ε¤

γ2
+ Aaγ3 · ε¤

γ3
. (3)

�¡µ§´ Î¨³ ri =
S¡

γi

S¤
γi

=
ε¡

γi

ε¤
γi

. �É´µÏ¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§³¥·¥´´ÒÌ

¶²µÐ ¤¥° S¡
γi

¨ S¤
γi

µ± § ²µ¸Ó ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥° (∼1%) ´¥ § ¢¨¸ÖÐ¨³
µÉ Ô´¥·£¨¨ γ-¶¥·¥Ìµ¤µ¢ Å ri(Eγi) = const. �ÉµÉ Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ
Éµ³, ÎÉµ § ¢¨¸¨³µ¸É¨ µÉ´µ¸¨É¥²Ó´ÒÌ ¨´É¥´¸¨¢´µ¸É¥° (¶²µÐ ¤¥° ¢ ¸¶¥±É· Ì)
µÉ Ô´¥·£¨¨ γ-²ÊÎ¥° (ËÊ´±Í¨¨ µÉ±²¨± ) ¶µ¤µ¡´Ò ¢ ¨§³¥·¥´¨ÖÌ ¡ ¨ ¤. “³´µ-
¦ Ö Ê· ¢´¥´¨¥ (2) ´  ¸·¥¤´¥¥ §´ Î¥´¨¥ 1/r2

i ¨ ¢ÒÎ¨É Ö ¨§ (3) Ê· ¢´¥´¨¥ (2),
¶µ²ÊÎ ¥³

S¤
γ3

= S¤
γ3+Σγ1+γ2

1 − R

r2

1 − 1
r

, (4)

£¤¥ R =
S¡

γ3+Σγ1+γ2

S¤
γ3+Σγ1+γ2

Å µÉ´µÏ¥´¨¥ ¶²µÐ ¤¥° ¶¨±µ¢ (Eγ1 + Eγ2) ¢ ¸¶¥±-

É· Ì, ¨§³¥·¥´´ÒÌ ¢ ¡²¨§±µ° ¡ ¨ Ê¤ ²¥´´µ° ¤ £¥µ³¥É·¨ÖÌ. …¸²¨ R = r2,
¨´É¥´¸¨¢´µ¸ÉÓ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤  ¢ ¸¶¥±É·¥ ¤ · ¢´  ¨§³¥·¥´´µ° ¢¥²¨Î¨´¥
S¤

γ3+Σγ1+γ2
, É. ¥. ¤µ¡ ¢±  µÉ ¸Ê³³¨·µ¢ ´¨Ö ¶·¥´¥¡·¥¦¨³µ ³ ² . ‚Ò· ¦¥´¨¥

(4) ¶µ²ÊÎ¥´µ ¤²Ö ¶·µ¸Éµ£µ ¸²ÊÎ Ö, ¨§µ¡· ¦¥´´µ£µ ´  ·¨¸ 1. ‚µ§³µ¦´Ò ¤·Ê£¨¥
¸²ÊÎ ¨, ±µ£¤  ³¥¦¤Ê Ê·µ¢´Ö³¨ 2 ¨ 0 ´  ·¨¸. 1 ¸ÊÐ¥¸É¢ÊÕÉ ¤·Ê£¨¥ Ê·µ¢´¨ ¨
± ¸± ¤Ò. ‚ ÔÉ¨Ì ¸²ÊÎ ÖÌ ¶¥·¢Ò° Î²¥´ ¢ ¶· ¢µ° Î ¸É¨ Ëµ·³Ê²Ò (1), µ¶¨¸Ò¢ -
ÕÐ¨° ¸Ê³³¨·µ¢ ´¨¥ ¨³¶Ê²Ó¸µ¢, ¶·¨µ¡·¥É ¥É ¡µ²¥¥ ¸²µ¦´Ò° ¢¨¤. �¥É·Ê¤´µ
¶µ± § ÉÓ, ÎÉµ ¶·¨ Ê¸²µ¢¨¨ ri(Eγi) = const Ëµ·³Ê²  (4) ¸¶· ¢¥¤²¨¢  ¨ ¢ ÔÉ¨Ì
¸²ÊÎ ÖÌ. �µ¸±µ²Ó±Ê Í¥²Ó Ô±¸¶¥·¨³¥´Éµ¢ ¸µ¸ÉµÖ²  ¢ ¨§³¥·¥´¨¨ ³ ²ÒÌ ¨´É¥´-
¸¨¢´µ¸É¥° ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢, ¨§³¥·¥´¨Ö ¸¶¥±É·µ¢ ¡ ¨ ¤ ¢Ò¶µ²´Ö²¨¸Ó ¢
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Ê¸²µ¢¨ÖÌ µÉ´µ¸¨É¥²Ó´µ ¡²¨§±µ° £¥µ³¥É·¨¨, É. ¥. ¶µ²ÊÎ ¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ ´¥µ¡-
Ìµ¤¨³µ ¡Ò²µ ¨¸¶· ¢²ÖÉÓ ¸ ÊÎ¥Éµ³ ®³¥·É¢µ£µ¯ ¢·¥³¥´¨ ¨§³¥·¥´¨°. „²Ö ÔÉµ£µ
¢ Ô±¸¶¥·¨³¥´É Ì ¡ ¨ ¤ ¸É ¢¨²¸Ö ¤µ¶µ²´¨É¥²Ó´Ò° ¨¸ÉµÎ´¨± ¨§²ÊÎ¥´¨Ö (´ -
¶·¨³¥·, 60Co) ¢ Ë¨±¸¨·µ¢ ´´µ³ ¶µ²µ¦¥´¨¨ ¤²Ö µ¡µ¨Ì ¸¶¥±É·µ¢. �É´µÏ¥´¨¥
¨§³¥·¥´´ÒÌ ¶²µÐ ¤¥° γ-²¨´¨° 60Co · ¢´µ µÉ´µÏ¥´¨Õ ®¦¨¢ÒÌ¯ ¢·¥³¥´ t¦ ¢
¸¶¥±É· Ì ¡ ¨ ¤:

S¡
γi

(60Co)
S¤

γi
(60Co)

=
t
(¤)
¦

t
(¡)
¦

= α.

„²Ö ÊÎ¥É  ¶µ¶· ¢µ± ´  ®³¥·É¢µ¥¯ ¢·¥³Ö §´ Î¥´¨Ö r ¨ R ¢ Ëµ·³Ê²¥ (4)
¸²¥¤Ê¥É Ê³´µ¦ ÉÓ ´  α:

S(¤)
γ3

= Sγ3+Σγ1+γ2

1 − R
r2α

1 − 1
rα

. (5)

—Éµ¡Ò µ¶·¥¤¥²¨ÉÓ ¨´É¥´¸¨¢´µ¸ÉÓ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤ , ¶µ²ÊÎ¥´´ÊÕ ¶²µ-

Ð ¤Ó S
(¤)
γ3 ¸²¥¤Ê¥É ¸· ¢´¨ÉÓ ¸ ¶²µÐ ¤ÓÕ µ¤´µ£µ ¨§ ± ¸± ¤´ÒÌ γ-¶¥·¥Ìµ¤µ¢,

´ ¶·¨³¥· ¸ S
(¤)
γ1 . �¤´ ±µ, ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉµ ¨§³¥·¥´¨Ö ¶·µ¢µ¤ÖÉ¸Ö ¢ Ê¸²µ¢¨ÖÌ

µÉ´µ¸¨É¥²Ó´µ ¡²¨§±µ° £¥µ³¥É·¨¨, ´¥µ¡Ìµ¤¨³µ ÊÎ¥¸ÉÓ Ê³¥´ÓÏ¥´¨¥ ¶²µÐ ¤¨
¶¨±  Sγ1¸µ¢¶ ¤¥´¨Ö³¨ ¸ ËµÉµ¶¨±µ³ ¨ ±µ³¶Éµ´µ¢¸±¨³ · ¸¶·¥¤¥²¥´¨¥³ µÉ

¶¥·¥Ìµ¤  Eγ2 (®¢Ò³Ò¢ ´¨¥¯). �¥µ¡Ìµ¤¨³µ ¤µ¡ ¢¨ÉÓ ± ¶²µÐ ¤¨ ¶¨±  S
(¤)
γ1

¶²µÐ ¤Ó
S

(¤)
Σγ1+γ2

· Kγ2 = (S(¤)
γ3+Σγ1+γ2

− S(¤)
γ3

)Kγ2 (6)

£¤¥ Kγ2 Å µÉ´µÏ¥´¨¥ ¸Ê³³Ò ¶²µÐ ¤¥° ËµÉµ¶¨±  ¨ ±µ³¶Éµ´µ¢¸±µ£µ · ¸¶·¥-
¤¥²¥´¨Ö ± ¶²µÐ ¤¨ ËµÉµ¶¨±  µÉ ¶¥·¥Ìµ¤  Eγ2 [10]. ‚¥²¨Î¨´Ò γ2 ¤²Ö ¨¸¶µ²Ó-
§µ¢ ´´µ£µ ¢ Ô±¸¶¥·¨³¥´É Ì ¤¥É¥±Éµ·  ¨§³¥·¥´Ò ¢ γ−γ-¸µ¢¶ ¤¥´¨ÖÌ (É ¡². 1).

’ ¡²¨Í  1. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µÏ¥´¨Ö ¸Ê³³Ò ¶²µÐ ¤¥° ËµÉµ¶¨±  ¨ ±µ³¶Éµ´µ¢¸±µ£µ

· ¸¶·¥¤¥²¥´¨Ö ± ¶²µÐ ¤¨ ËµÉµ¶¨±  µÉ Ô´¥·£¨¨ γ-²ÊÎ¥° Å
SË + S±

SË
(Eγ) ¤²Ö HPGe-

¤¥É¥±Éµ·  µ¡Ó¥³µ³ 256 ¸³ 3

Eγ1 ±Ô‚ 117 465 570 1063 1173 1332 1567

K =
SË + S±

SË
∼1,2 2,3(1) 2,75(1) 3,9(1) 4,14(5) 4,47(5) 6,5(1)

„ ²¥¥ ¨´É¥´¸¨¢´µ¸ÉÓ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤  ¢ÒÎ¨¸²Ö² ¸Ó ¶µ Ëµ·³Ê²¥

aγ3 = aγ1

S¤
γ3

S¤
γ1

+
∑

γ2
(S¤

Σγ1+γ2
· Kγ2)

εγ1

εγ3

. (7)

�µ¶· ¢±¨ ´  ®¢Ò³Ò¢ ´¨¥¯ § ¢¨¸ÖÉ µÉ ¸Ì¥³Ò · ¸¶ ¤  ¨¸¸²¥¤Ê¥³µ£µ Ö¤· 
¨ ¡Ò²¨ ¢ Ê¸²µ¢¨ÖÌ Ê¤ ²¥´´µ° £¥µ³¥É·¨¨ µÉ 0,12% S¤

γ1 ¤²Ö 207Bi ¨ ¤µ 1,5%

S¤
γ1 ¤²Ö 208Tl.
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2. �…‡“‹œ’�’› �Š‘�…�ˆŒ…�’�‚

„²Ö µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¥° ¸² ¡ÒÌ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸-
¶ ¤¥ 209Tl (T1/2=2,2 ³¨´), 208Tl (3,05 Î), 207Bi (38 ²¥É) ¨ 44Sc (3,93 Î) ¸¶¥±É·Ò
γ-²ÊÎ¥° ¨§³¥·Ö²¨¸Ó ¸ ¶µ³µÐÓÕ HPGe-¤¥É¥±Éµ·  µ¡Ñ¥³µ³ 256 ¸³3, FWHM =
2 ±Ô‚ ´  ²¨´¨¨ 1332 ±Ô‚, · §³¥Ð¥´´µ£µ ¢´ÊÉ·¨ ´¨§±µËµ´µ¢µ° Ê¸É ´µ¢±¨
�ˆ”�� ‹Ÿ� �ˆŸˆ (·¨¸. 2). …¸É¥¸É¢¥´´Ò° Ëµ´ ¶µ¤ ¢²Ö²¸Ö ³´µ£µ¸²µ°´µ°

�¨¸. 2. �¨§±µËµ´µ¢ Ö Ê¸É ´µ¢±  �ˆ”�� ‹Ÿ� �ˆŸˆ

¶ ¸¸¨¢´µ° § Ð¨Éµ° (¢Ò¶µ²´¥´´µ° ¨§ ¸¶¥Í¨ ²Ó´µ µÉµ¡· ´´ÒÌ ¶µ ³¨´¨³ ²Ó-
´µ³Ê ¸µ¤¥·¦ ´¨Õ · ¤¨µ ±É¨¢´ÒÌ ¶·¨³¥¸¥° ¸¢¨´Í , Ô²¥±É·µ²¨É¨Î¥¸±µ° ³¥¤¨
¨ ¡µ·¨·µ¢ ´´µ£µ ¶µ²¨ÔÉ¨²¥´ ) ¤µ ¸±µ·µ¸É¥° ¸Î¥É  (¶²µÐ ¤¨ γ-²¨´¨°) ¤²Ö
Ì · ±É¥·´ÒÌ Ëµ´µ¢ÒÌ γ-²¨´¨°:

γ2614, 5(208Tl) Å 5 1/Î; γ1461 (40Š) Å 19 1/Î; γ911 (228�¸) Å 7 1/Î ¨
γ609 (214Bi) Å 85 1/Î.

‘ ± ¦¤Ò³ ¨¸ÉµÎ´¨±µ³ ¨§³¥·Ö²¨¸Ó ¤¢  ¸¶¥±É·  (¡ ¨ ¤). � ¸¸ÉµÖ´¨¥ ¨¸ÉµÎ-
´¨±Ä¤¥É¥±Éµ· ¶·¨ ¨§³¥·¥´¨ÖÌ ¸¶¥±É·  ¡ ¢Ò¡¨· ²µ¸Ó É ±¨³, ÎÉµ¡Ò § £·Ê§± 

¤¥É¥±Éµ·  ´¥ ¶·¥¢ÒÏ ²  ∼8·103 1
c

. �·¨ ¨§³¥·¥´¨ÖÌ ¸¶¥±É·  ¤ ¨¸ÉµÎ´¨± Ê¤ -

²Ö²¸Ö µÉ ¤¥É¥±Éµ·  É ±, ÎÉµ¡Ò § £·Ê§±  ¥£µ ¡Ò²  ¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥
§ £·Ê§±¨ ¤¥É¥±Éµ·  ¢ ¨§³¥·¥´¨ÖÌ ¸¶¥±É·  ¡. „²Ö µ¶·¥¤¥²¥´¨Ö µÉ´µÏ¥´¨Ö ®¦¨-

¢ÒÌ¯ ¢·¥³¥´ ¢ ¸¶¥±É· Ì ¡ ¨ ¤: α =
t
(¤)
¦

t
(¡)
¦

Å ¨¸ÉµÎ´¨± 60‘µ Ê¸É ´ ¢²¨¢ ²¸Ö ¢

µ¤´µ³ ¨ Éµ³ ¦¥ Ë¨±¸¨·µ¢ ´´µ³ ¶µ²µ¦¥´¨¨ ¶·¨ ¨§³¥·¥´¨ÖÌ ¸¶¥±É·µ¢ ¡ ¨
¤. ‘¶¥±É·Ò ¨§³¥·Ö²¨¸Ó ¢ É¥Î¥´¨¥ ∼100Ä150 Î. �´ ²¨§ ¸¶¥±É·µ¢ ¢Ò¶µ²´Ö²¸Ö
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò ®„¥°³µ¸¯ [11] ¨²¨, ¢ ¸²ÊÎ ¥ ¸² ¡ÒÌ ¶¨±µ¢ ¢
¸¶¥±É· Ì, ¶²µÐ ¤Ó ¶¨±  µ¶·¥¤¥²Ö² ¸Ó ¶·¨ ¢ÒÎ¨É ´¨¨ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
¸¶¥±É·  ¨´É¥·¶µ²¨·µ¢ ´´µ£µ Ëµ´  ¶µ¤ ²¨´¨¥°. ‡ É¥³ ¸µ¸É ¢²Ö² ¸Ó É ¡²¨Í 
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µÉ´µÏ¥´¨° ¶²µÐ ¤¥° ¶¨±µ¢ ¢ ¸¶¥±É· Ì ¡ ¨ ¤. Š ± ¸± § ´µ ¢ÒÏ¥, µÉ´µÏ¥´¨¥
S(¡)

γi

S(¤)
γi

= ri ¤²Ö ¡µ²ÓÏ¨´¸É¢  ¶¨±µ¢ γ-²ÊÎ¥° µ± § ²µ¸Ó ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ-

¸É¥° (∼1%) ´¥ § ¢¨¸ÖÐ¨³ µÉ Ô´¥·£¨¨ γ-²ÊÎ¥° ¨ ¤²Ö ¶·µ¢¥¤¥´¨Ö · ¸Î¥Éµ¢

¢ ¤ ²Ó´¥°Ï¥³ ¨¸¶µ²Ó§µ¢ ²µ¸Ó ¥£µ ¸·¥¤´¥¥ §´ Î¥´¨¥. ‘·¥¤¨ §´ Î¥´¨°
S(¡)

γi

S(¤)
γi

´ ¡²Õ¤ ²¨¸Ó ¢¥²¨Î¨´Ò, § ³¥É´µ ¢´¥ ¶·¥¤¥²µ¢ ¶µ£·¥Ï´µ¸É¥° ¶·¥¢ÒÏ ÕÐ¨¥
¸·¥¤´¥¥ §´ Î¥´¨¥ ri, ÎÉµ Ê± §Ò¢ ²µ ´  Éµ, ÎÉµ ¢ ¶¨± Eγi § ³¥É´Ò° ¢±² ¤ ¢´µ-
¸¨É ¸Ê³³¨·µ¢ ´¨¥ ¨³¶Ê²Ó¸µ¢ µÉ ± ¸± ¤´ÒÌ γ-¶¥·¥Ìµ¤µ¢ É. ¥. ÔÉµ µÉ´µÏ¥´¨Ö

R =
S¡

γ3+Σγ1+γ2

S¤
γ3+Σγ1+γ2

.

� §·¥Ï ÕÐ¥¥ ¢·¥³Ö ¨§³¥·¨É¥²Ó´µ° Ê¸É ´µ¢±¨ µÍ¥´¨¢ ²µ¸Ó ¶µ µ¡ÒÎ´µ°
Ëµ·³Ê²¥ S

¸²ÊÎ
γ1+γ2 = 2τ · Sγ1·Sγ2, ±µ£¤  γ1 ¨ γ2 ¢µ§´¨± ÕÉ ¶·¨ · ¸¶ ¤¥ · §-

´ÒÌ · ¤¨µ ±É¨¢´ÒÌ ´Ê±²¨¤µ¢ ¨²¨ ¢ ¸²ÊÎ ¥ ¸ ³µ¸µ¢¶ ¤¥´¨° (Eγ1 = Eγ2), 2τ
µ± § ²µ¸Ó · ¢´Ò³ ¶·¨¡²¨§¨É¥²Ó´µ 0,5 ³±¸. �Í¥´±¨ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢±² ¤
¸²ÊÎ °´ÒÌ ¸µ¢¶ ¤¥´¨° ¢ ¶¨±¨ ¸Ê³³¨·µ¢ ´¨Ö ¶·¥´¥¡·¥¦¨³µ (�1%) ³ ².

„ ²¥¥ ¶·¨¢µ¤¨³ ·¥§Ê²ÓÉ ÉÒ µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥-
·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ ¶¥·¥Î¨¸²¥´´ÒÌ Ö¤¥·.

� ¸¶ ¤ 209
81 Tl

β−→ 209
81 Pb

ƒ ³³ -¸¶¥±É· ¶·¨ · ¸¶ ¤¥ 209Tl ¨§ÊÎ ²¸Ö ¢ [12, 13]. ‘Ì¥³  ¢µ§¡Ê¦¤¥´-
´ÒÌ Ê·µ¢´¥° 209Pb ¶·¨ · ¸¶ ¤¥ 209Tl, ¶·¥¤²µ¦¥´´ Ö ¢ [13], ¨§µ¡· ¦¥´  ´ 
·¨¸. 3. �¥É -· ¸¶ ¤ 209Tl ¶·µ¨¸Ìµ¤¨É ¶·¥¨³ÊÐ¥¸É¢¥´´µ (98%) ´  Ê·µ¢¥´Ó
1/2−, 2149,3 ±Ô‚ 209Pb, ±µÉµ·Ò° · §·Ö¦ ¥É¸Ö ± ¸± ¤µ³ ¨´É¥´¸¨¢´ÒÌ γ-²ÊÎ¥°:
117,2; 465,2 ¨ 1566,9 ±Ô‚. „·Ê£¨¥ ¨§¢¥¸É´Ò¥ ¶·¨ · ¸¶ ¤¥ 209Tl γ-¶¥·¥Ìµ¤Ò ³ -
²µ¨´É¥´¸¨¢´Ò (< 0,5% ´  · ¸¶ ¤). �·¥¤¸É ¢²Ö²µ ¨´É¥·¥¸ ÊÉµÎ´¨ÉÓ ¸¢¥¤¥´¨Ö
[13] µ¡ ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-¶¥·¥Ìµ¤µ¢: 582,4; 2032,1; 2149,3; 2315,9;
2806,6; 2905 ¨ 3070 ±Ô‚. ‚ ± Î¥¸É¢¥ ¨¸ÉµÎ´¨±  ¨¸¶µ²Ó§µ¢ ´ 229 Th (T1/2 =
7300 ²¥É). ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤µ²£µ¦¨¢ÊÐ¥£µ 229Th Ê¤µ¡´µ É¥³, ÎÉµ · ¸¶ ¤ ¤·Ê-
£¨Ì Î²¥´µ¢ · ¢´µ¢¥¸´µ° Í¥¶µÎ±¨ · ¸¶ ¤µ¢ 229Th ¨§ÊÎ¥´ ¤µ¸É ÉµÎ´µ Ìµ·µÏµ
¨ γ-²ÊÎ¨, ¢µ§´¨± ÕÐ¨¥ ¶·¨ ¨Ì · ¸¶ ¤¥, µÉ´µ¸¨É¥²Ó´µ ¶·µ¸Éµ ¨¤¥´É¨Ë¨Í¨-
·ÊÕÉ¸Ö (¸³. ¸¸Ò²±¨ ¢ [13]). 229Th ¢Ò¤¥²¥´ ¨§ 233U ¨ µÎ¨Ð¥´ µÉ ¶·¨³¥¸¥°
¶·¨³¥·´µ §  15 ²¥É ¤µ ´ Î ²  ´ Ï¨Ì ¨¸¸²¥¤µ¢ ´¨°. �µ¸Éµ·µ´´¨¥ ¶·¨³¥¸¨
¢ 229Th ´¥ ´ ¡²Õ¤ ²¨¸Ó. �±É¨¢´µ¸ÉÓ ¨¸ÉµÎ´¨±  229Th ¡Ò²  µ±µ²µ 6,0 ·103

· ¸¶ ¤µ¢ ¢ ¸¥±Ê´¤Ê 209Tl.
�  ·¨¸. 4 ¨§µ¡· ¦¥´ ÊÎ ¸Éµ± γ-¸¶¥±É·  209Tl, ¨§³¥·¥´´Ò° ¶·¨ ¡²¨§±µ³

(¡) ¨ Ê¤ ²¥´´µ³ (¤) · ¸¶µ²µ¦¥´¨ÖÌ ¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ· . •µ·µÏµ ¶·µÖ¢²Ö-
ÕÉ¸Ö ¶¨±¨ ¸Ê³³¨·µ¢ ´¨Ö 1684=1566,9+117,2 ¨ 2032=1566,9+465,2 (R1684 =
13,4(2) ¨ R2032=13,8(2)). �É´µÏ¥´¨Ö ¶²µÐ ¤¥° ¶¨±µ¢ γ1567 ¨ γ2316 (rγ1567 =
3,23(3) ¨ rγ2316 = 3,16(3)) Ê± §Ò¢ ÕÉ ´  Éµ, ÎÉµ ¢±² ¤ ¸Ê³³¨·µ¢ ´¨Ö ¨³¶Ê²Ó-
¸µ¢ ¢ ÔÉ¨ ¶¨±¨ ³ ². �¨± ¶·¨ Ô´¥·£¨¨ 2006 ±Ô‚ µ¡· §Ê¥É¸Ö ¶·¨ ¸²ÊÎ °´µ³
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�¨¸. 3. ‘Ì¥³  · ¸¶ ¤  209Tl [13]

¸Ê³³¨·µ¢ ´¨¨ ¨³¶Ê²Ó¸µ¢ µÉ γ1566,9 ¨ γ440,4. �É¨ γ-²ÊÎ¨ ¶·¨´ ¤²¥¦ É · ¸-
¶ ¤Ê · §´ÒÌ ´Ê±²¨¤µ¢. ƒ ³³ -²ÊÎ¨ 440,4 ±Ô‚ ¢µ§´¨± ÕÉ ¶·¨ · ¸¶ ¤¥ 213Bi
[13]. ˆÌ ¨´É¥´¸¨¢´µ¸ÉÓ ¢ Í¥¶µÎ±¥ · ¸¶ ¤µ¢ 229Th ¢ 12 · § ¡µ²ÓÏ¥ ¨´É¥´-
¸¨¢´µ¸É¨ γ-²ÊÎ¥° 465,2 ±Ô‚. ‘³¥Ð¥´¨¥ ³ ±¸¨³Ê³  ¶¨±  ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì
Ô´¥·£¨° (∼1,5 ±Ô‚) ¶µ ¸· ¢´¥´¨Õ ¸ ¸Ê³³µ° Ô´¥·£¨° γ-²ÊÎ¥°, ¡µ²ÓÏ Ö (¢ 1,5Ä
2 · § ) ¶µ²ÊÏ¨·¨´  ¶¨±  ¨ ¡µ²ÓÏµ° ®Ì¢µ¸É¯ ²¨´¨¨ Ì · ±É¥·´Ò ¤²Ö ¶¨±µ¢
¸²ÊÎ °´µ£µ ¸Ê³³¨·µ¢ ´¨Ö.

‚ É ¡². 2 ¶·¥¤¸É ¢²¥´Ò ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ µ¶·¥¤¥²¥´¨Ö ¨´É¥´¸¨¢´µ-
¸É¨ ±·µ¸¸µ¢¥·-¶¥·¥Ìµ¤µ¢ ¨ ¸· ¢´¥´¨¥ ¨Ì ¸ ¤ ´´Ò³¨ [13]. ‘µ£² ¸´µ ¸Ì¥³¥
· ¸¶ ¤  (·¨¸. 3), γ-²ÊÎ¨ ¸ Ô´¥·£¨¥° 1684 ±Ô‚ ´¥ ¸ÊÐ¥¸É¢ÊÕÉ. �·¨¢¥¤¥´´Ò°
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�¨¸. 4. “Î ¸Éµ± γ-¸¶¥±É·  229Th. ‚¢¥·ÌÊ ¸¶¥±É·, ¨§³¥·¥´´Ò° ¶·¨ ¡²¨§±µ³ · ¸¶µ²µ-
¦¥´¨¨ ¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ·  (Ï± ²  ®‘Î¥É, Î−1¯ ¸¶· ¢ ). ‚´¨§Ê ¸¶¥±É·, ¨§³¥·¥´´Ò°
¶·¨ Ê¤ ²¥´´µ³ · ¸¶µ²µ¦¥´¨¨ ¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ·  (Ï± ²  ¸²¥¢ ). ˆ¤¥´É¨Ë¨± Í¨Ö
¶¨±µ¢ (γ-¶¥·¥Ìµ¤Ò ¨ ¨Ì ¸Ê³³Ò) ¤ ´  ´ ¤ ¢¥·Ì´¨³ ¸¶¥±É·µ³. �¨±¨ ¢ ¸¶¥±É· Ì ¡¥§
¨¤¥´É¨Ë¨± Í¨¨ Å Ëµ´µ¢Ò¥

’ ¡²¨Í  2. ˆ´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ 209Tl →209Pb

Eγ , ±Ô‚ 1566,9 582,4 ®1684¯ 2031,1 2149,3 2315,9 2806,6
aγ%, ´ ¸É. · ¡. 100 0,27(4) �0,02 �0,01 �0,013 0,027(12)�0,001

aγ%, [13] 100 0,28(4) Ä �0,001�0,015 0,03(1) Ä

¶·¥¤¥² ¨Ì ¨´É¥´¸¨¢´µ¸É¨, ¢ÒÎ¨¸²¥´´Ò° ¶µ Ëµ·³Ê² ³ (5) ¨ (7), ¨²²Õ¸É·¨-
·Ê¥É ÉµÎ´µ¸ÉÓ µÍ¥´µ± ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-¶¥·¥Ìµ¤  ¶·¨ ÔÉµ° Ô´¥·£¨¨.
�µ²ÊÎ¥´´µ¥ §´ Î¥´¨¥ ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° 582,4 ±Ô‚ ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ-
¸É¥° ¸µ¢¶ ¤ ¥É ¸ µ¶·¥¤¥²¥´´Ò³ ¢ [13]. �µ²ÊÎ¥´´µ¥ §´ Î¥´¨¥ aγ2032 � 0,01%
¶µ± §Ò¢ ¥É, ÎÉµ µÍ¥´±  ¥£µ ¢ [13] ¡Ò²  ´¥¸±µ²Ó±µ § ´¨¦¥´ .

�¨± ¸ Ô´¥·£¨¥° 2149,3 ±Ô‚ ´ ¡²Õ¤ ¥É¸Ö Éµ²Ó±µ ¢ ¸¶¥±É·¥ ¡. �´ ²¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ± §Ò¢ ¥É, ÎÉµ ÔÉµÉ ¶¨±, ¢¥·µÖÉ´µ, µ¡· §Ê¥É¸Ö
¶·¨ É·µ°´µ³ ¸Ê³³¨·µ¢ ´¨¨ ¨³¶Ê²Ó¸µ¢ µÉ γ-²ÊÎ¥° (1566,9 + 465,2 + 117,2)
±Ô‚. �Í¥´±  ¶·¥¤¥²  ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° 2149,3 ±Ô‚ ¸µ¢¶ ¤ ¥É ¸ [13].
‚±² ¤ ¸Ê³³¨·µ¢ ´¨Ö ¨³¶Ê²Ó¸µ¢ ¢ ¶¨± ¸ Ô´¥·£¨¥° 2315,9 ±Ô‚ ³ ². ˆ´É¥´¸¨¢-
´µ¸ÉÓ γ-²ÊÎ¥° 2315,9 ±Ô‚ ¸µ¢¶ ¤ ¥É ¸ [13]. ‚ ¸¶¥±É·¥ ¡ ´ ¡²Õ¤ ¥É¸Ö µÎ¥´Ó
¸² ¡Ò° ¶¨± ¸ Ô´¥·£¨¥° 2806,6 ±Ô‚. �´ ²¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨¸-
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±²ÕÎ ¥É § ³¥É´Ò° ¢±² ¤ ¢ ´¥£µ ¸Ê³³¨·µ¢ ´¨Ö. �·¥¤¥² ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥°
2806,6 ±Ô‚ ¨§ ¸¶¥±É·  ¡ · ¢¥´ aγ2806 � 1,2 · 10−3%. �¨±¨ ¸ Ô´¥·£¨Ö³¨ 2905
¨ 3070 ±Ô‚ ¢ ¸¶¥±É· Ì ´¥ ´ ¡²Õ¤ ÕÉ¸Ö. �Í¥´±  ¢¥·Ì´¥£µ ¶·¥¤¥²  ¨´É¥´¸¨¢-
´µ¸É¨ ÔÉ¨Ì γ-²ÊÎ¥° ∼0,001%.

� ¸¶ ¤ 208
81 Tl

β−−−→ 208
82 Pb

�¥É -· ¸¶ ¤ 208Tl ¶·µ¨¸Ìµ¤¨É ´  Ê·µ¢´¨ 208Pb ¸ Ô´¥·£¨¥° � 2614,5 ±Ô‚
¸µ ¸¶¨´ ³¨ Iπ �3 [14]. � §·Ö¤±  Ê·µ¢´¥° ¸ I �3 ¨¤¥É ´  ¨§µ³¥·´µ¥ ¸µ-
¸ÉµÖ´¨¥ 2614,5 ±Ô‚ Iπ =3Ä. ƒ ³³ -¶¥·¥Ìµ¤Ò ¸ ÔÉ¨Ì Ê·µ¢´¥° ¢ µ¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ 208Pb ´¥ ´ ¡²Õ¤ ²¨¸Ó (·¨¸. 5). ŒÒ ¶µ¶ÒÉ ²¨¸Ó ¨Ì µ¡´ ·Ê¦¨ÉÓ.

�¨¸. 5. ”· £³¥´É ¸Ì¥³Ò · ¸¶ ¤  208Tl

„²Ö ¨¸¸²¥¤µ¢ ´¨Ö γ-¸¶¥±É·  208Tl ¢ ± Î¥¸É¢¥ ¨¸ÉµÎ´¨±  ¨§²ÊÎ¥´¨Ö ¡Ò² ¨¸-
¶µ²Ó§µ¢ ´ ¶µ·µÏµ± ¥¸É¥¸É¢¥´´µ£µ Éµ·¨Ö ¢¥¸µ³ ¶·¨³¥·´µ 20 £. �·¨¸ÊÉ¸É¢¨¥ ¢
γ-¸¶¥±É·¥ 232Th (T1/2=1,4·1010 ²¥É) γ-²ÊÎ¥° ¤·Ê£¨Ì ´Ê±²¨¤µ¢ Ä Î²¥´µ¢ ¸¥³¥°-
¸É¢  232Th (¢ µ¸´µ¢´µ³ 228Ac) ´¥ ¸¨²Ó´µ § É·Ê¤´Ö²µ ¨¸¸²¥¤µ¢ ´¨Ö, É ± ± ±
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228Ac ¨ ¤·Ê£¨¥ ´Ê±²¨¤Ò ÔÉµ£µ ¸¥³¥°¸É¢  ´¥ ¨³¥ÕÉ γ-²ÊÎ¥° ¸ Ô´¥·£¨¥° ¡µ²ÓÏ¥
2614,5 ±Ô‚. ‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  γ-¸¶¥±É·µ¢, ¨§³¥·¥´-
´ÒÌ ¶·¨ ¤¢ÊÌ · ¸¸ÉµÖ´¨ÖÌ µÉ ¨¸ÉµÎ´¨±  ¨§²ÊÎ¥´¨Ö ¤µ ¤¥É¥±Éµ· .

’ ¡²¨Í  3. ˆ´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ 208Tl →208Pb

Eγ , ±Ô‚ 2614,5 1093,8 ®2891¯ ®3125¯ 3197,7 ®3377¯ 3475,0 3708,5
aγ%, ´ ¸É. · ¡. 100 0.36(7)�0,004�0,004�0,007�0,003�0,003�0,004

aγ%, [14] 100 0,37(4) Ä Ä Ä Ä Ä Ä

‚¶¥·¢Ò¥ ¨§³¥·¥´Ò ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¨´É¥´¸¨¢´µ¸É¨ γ-¶¥·¥Ìµ¤µ¢ ¸ Ê·µ¢-
´¥° 3197,7; 3475 ¨ 3708,5 ±Ô‚ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥208Pb. �¨±¨ ¶·¨ Ô´¥·-
£¨ÖÌ 2891,9 ±Ô‚ (2614,5 + 277,4), 3125,2 (2614,5 + 510,7) ¨ 3377,6 (2614,5 +
763,1) µ¡· §ÊÕÉ¸Ö ¶·¨ ¸Ê³³¨·µ¢ ´¨¨ ¨³¶Ê²Ó¸µ¢ µÉ γ-²ÊÎ¥°, ±· °´¨Ì ¢ É·µ°-
´µ³ ± ¸± ¤¥ ¸µ¢¶ ¤¥´¨° (·¨¸. 5), É. ¥. ¸µ£² ¸´µ ¸Ì¥³¥ · ¸¶ ¤  γ-¶¥·¥Ìµ¤Ò ¸
É ±µ° Ô´¥·£¨¥° ´¥ ¸ÊÐ¥¸É¢ÊÕÉ (¨´É¥´¸¨¢´µ¸ÉÓ ¨Ì · ¢´  ´Ê²Õ). �·¨¢µ¤¨³Ò¥
¶·¥¤¥²Ò ¨Ì ¨´É¥´¸¨¢´µ¸É¨ ¶µ²¥§´Ò ¤²Ö µÍ¥´±¨ ÉµÎ´µ¸É¨ · ¸Î¥Éµ¢ ¶µ Ëµ·³Ê-
² ³ (5) ¨ (7). �µ²ÊÎ¥´´ Ö ¶·¨ ¸· ¢´¥´¨¨ ¶²µÐ ¤¥° ¶¨±µ¢ ¸Ê³³Ò ¢ ¸¶¥±É· Ì
¡ ¨ ¤ ¨´É¥´¸¨¢´µ¸ÉÓ γ-²ÊÎ¥° 1093,8 ±Ô‚: aγ1094 = 0,36(7)% ¸µ¢¶ ¤ ¥É ¸ [14].

� ¸¶ ¤ 207
83 Bi

β−−−→ 207
82 Pb

„²Ö µ¶·¥¤¥²¥´¨Ö ¢¥·Ì´¨Ì ¶·¥¤¥²µ¢ ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° 1633,3 ¨
2339,9 ±Ô‚ ¶·¨ · ¸¶ ¤¥ 207Bi (·¨¸. 6) ¨¸¶µ²Ó§µ¢ ²¸Ö 207Bi, µ¡· §ÊÕÐ¨°¸Ö ¶·¨
α-· ¸¶ ¤¥ 211

85 At. �Ê±²¨¤ 211At ¶µ²ÊÎ ²¨ [15] ¶·¨ µ¡²ÊÎ¥´¨¨ ´ ÉÊ· ²Ó´µ£µ
¢¨¸³ÊÉ  α-Î ¸É¨Í ³¨ ¸ Ô´¥·£¨¥° 28 ŒÔ‚ ´  Ê¸±µ·¨É¥²¥ “-200 ¢ ‹ ¡µ· Éµ-
·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° �ˆŸˆ. ‚ É ¡². 4 ¶·¥¤¸É ¢²¥´Ò ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ.
� ´¥¥ ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° 1633,3 ¨ 2339,9 ±Ô‚ ´¥ ¨§³¥-
·Ö²¨¸Ó.

’ ¡²¨Í  4. ˆ´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ 207Bi →207Pb

Eγ , ±Ô‚ 569,7 1633 2339,9
aγ%, ´ ¸É.· ¡. 100 �0.015�0.005

� ¸¶ ¤ 44
21Sc

β+−−→ 44
20Ca

�¥É -· ¸¶ ¤ Ö¤·  44
21Sc (T1/2 = 3,93 Î, Iπ=2+, QEC=3656 ±Ô‚) ¶·µ¨¸Ìµ¤¨É

¶·¥¨³ÊÐ¥¸É¢¥´´µ (98,9%) ´  ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨¥ 1157,0 ±Ô‚, Iπ=2+ Ö¤· 
44
20Ca. ˆ´É¥´¸¨¢´µ¸ÉÓ · ¸¶ ¤  ´  ¡µ²¥¥ ¢Ò¸µ±¨¥ Ê·µ¢´¨ 44Ca ³ ² : 1,02% ´ 
Ê·µ¢¥´Ó 2656,4 ±Ô‚ ¨ 0,01% ´  Ê·µ¢¥´Ó 3301 ±Ô‚. ƒ ³³ -¸¶¥±É· 44Sc ¨§-
³¥·Ö²¸Ö ¶·¨ ¡²¨§±µ³ ¨ Ê¤ ²¥´´µ³ ¶µ²µ¦¥´¨ÖÌ ¨¸ÉµÎ´¨±  ¨ ¤¥É¥±Éµ· . ‚
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�¨¸. 6. ‘Ì¥³  · ¸¶ ¤  207Bi

± Î¥¸É¢¥ ¨¸ÉµÎ´¨±  ¨¸¶µ²Ó§µ¢ ²¨ ¸É ´¤ ·É´Ò°, ¶·µ¨§¢µ¤¸É¢  ¸¥·¥¤¨´Ò 80-Ì
£µ¤µ¢ ¨¸ÉµÎ´¨± 44Ti (T1/2 = 49 ²¥É, Iπ = 0+) É¨¶  �‘ƒˆ (4421Sc µ¡· §Ê¥É¸Ö ¶·¨
· ¸¶ ¤¥ 44Ti). �·¨¢¥¤¥´´Ò¥ ¢ É ¡². 5 §´ Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° ¸ Ô´¥·-
£¨¥° 2656,4 ¨ 3301,2 ±Ô‚ ¶µ²ÊÎ¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µÍ¥¤Ê·Ò, µ¶¨¸ ´´µ°
¢ · §¤. 1. ˆ´É¥´¸¨¢´µ¸É¨ ¤·Ê£¨Ì γ-²ÊÎ¥° 44Sc ¶µ²ÊÎ¥´Ò ¶·¨ ¸É ´¤ ·É´µ³
 ´ ²¨§¥ γ-¸¶¥±É·µ¢.

’ ¡²¨Í  5. ˆ´É¥´¸¨¢´µ¸É¨ γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ 44Sc →44Ca

Eγ , ±Ô‚ 1157,0 1499,4 1634,5 2144,2 2656,4 3301,2
aγ%, ´ ¸É. · ¡. 100 0,94(4) 0,0054(3) 0,014(2) 0,103(5) 0,0014(5)

aγ%, [14] 100 0,918(13) Ä 0,0069(15) 0,115(6) 0,0031(15)

ˆ§³¥·¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ γ-²ÊÎ¥° ¶·¨ · ¸¶ ¤¥ 44Sc
(T1/2 = 3,93 Î) ¢ ¶·¥¤¥² Ì ¶µ£·¥Ï´µ¸É¥° ¸µ¢¶ ¤ ÕÉ ¸ ±µ³¶¨²ÖÍ¨¥° [14].
‚±² ¤ ¸Ê³³¨·µ¢ ´¨Ö ¢ ¨´É¥´¸¨¢´µ¸É¨ ¶¨±µ¢ 2656,4 ¨ 3301,2 ±Ô‚ ´¥§´ Î¨-
É¥²¥´. ‚ γ-¸¶¥±É·¥ 44Sc ³Ò ´ ¡²Õ¤ ¥³ ¸² ¡Ò¥, · ´¥¥ ´¥¨§¢¥¸É´Ò¥ γ-²ÊÎ¨ ¸
Ô´¥·£¨¥° 1634,5 ±Ô‚. �¥·¥Ìµ¤ ¸ É ±µ° Ô´¥·£¨¥° ¢µ§´¨± ¥É ¨ ¶·¨ β-· ¸¶ ¤¥
44K ¢ 44Ca [14]. ‚ ¤µ¸É ÉµÎ´µ ¸²µ¦´µ° ¸Ì¥³¥ Ê·µ¢´¥°, ¢µ§¡Ê¦¤ ¥³ÒÌ ¶·¨
· ¸¶ ¤¥ 44K, γ-¶¥·¥Ìµ¤ 1634,5 ±Ô‚ ´¥ · §³¥Ð¥´.
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�·¥¤² £ ¥³ Ö ¶·µÍ¥¤Ê·  ¨§³¥·¥´¨Ö ¨ · ¸Î¥Éµ¢ ¨´É¥´¸¨¢´µ¸É¨ ¸² ¡ÒÌ
±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢  ¶·µ¡¨·µ¢ ´  ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ γ-¸¶¥±É·µ¢ ¶·¨ · ¸-
¶ ¤ Ì 209Tl, 208Tl, 207Bi ¨ 44Sc. �µ± § ´µ, ÎÉµ ¶·¥¤² £ ¥³Ò° ³¥Éµ¤ ¶µ§¢µ-
²Ö¥É µ¶·¥¤¥²ÖÉÓ ¨´É¥´¸¨¢´µ¸É¨ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¸ ¨´É¥´¸¨¢´µ¸ÉÓÕ ¤µ
5·10−5 ´  · ¸¶ ¤. ‚¶¥·¢Ò¥ ¨§³¥·¥´Ò ¢¥·Ì´¨¥ ¶·¥¤¥²Ò ¨´É¥´¸¨¢´µ¸É¨ ¸² ¡ÒÌ
±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢: 2806,6 ±Ô‚ ¶·¨ · ¸¶ ¤¥ 209Tl (É ¡². 2), 3197,7 ±Ô‚,
3475,0 ±Ô‚ ¨ 3708,5 ±Ô‚ ¶·¨ · ¸¶ ¤¥ 208Tl (É ¡². 3), 1633,3 ±Ô‚ ¨ 2339,9
±Ô‚ ¶·¨ · ¸¶ ¤¥ 207Bi (É ¡². 4). �µ¤É¢¥·¦¤¥´Ò · ´¥¥ ¨§¢¥¸É´Ò¥ ¤ ´´Ò¥ µ¡
¨´É¥´¸¨¢´µ¸ÉÖÌ ±·µ¸¸µ¢¥·-γ-¶¥·¥Ìµ¤µ¢ ¶·¨ · ¸¶ ¤¥ ¨§ÊÎ¥´´ÒÌ ´Ê±²¨¤µ¢. � -
¡²Õ¤¥´¨¥ ¶¨±µ¢ ¸Ê³³¨·µ¢ ´¨Ö ¢ É·µ°´ÒÌ ± ¸± ¤ Ì γ-¶¥·¥Ìµ¤µ¢ (¸³. É ¡². 3),
Ô±¢¨¢ ²¥´É´µ¥ ´ ¡²Õ¤¥´¨Õ ¸µ¢¶ ¤¥´¨° ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ γÄγ-¸µ¢¶ ¤¥´¨Ö³,
¶µ¤É¢¥·¦¤ ¥É ¸Ì¥³Ê · ¸¶ ¤  208Tl (·¨¸. 5).

�¢Éµ·Ò ¡² £µ¤ ·´Ò 	. ‚. �µ·¸¥¥¢Ê ¨ �. �. ‹¥¡¥¤¥¢Ê §  ¶µ³µÐÓ ¢ ¨§£µ-
Éµ¢²¥´¨¨ ¨¸ÉµÎ´¨±µ¢ ¨§²ÊÎ¥´¨Ö, ‚. ƒ. …£µ·µ¢Ê §  ¶µ¤¤¥·¦±Ê ¶·¨ ¢Ò¶µ²´¥´¨¨
Ô±¸¶¥·¨³¥´Éµ¢. � ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ �””ˆ (¶·µ¥±É
04-02-17144).
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