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�±É¨¢´Ò¥ ±μ²²¨³ Éμ·Ò ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ¶ÊÎ± ³¨ Ô±§μÉ¨Î¥¸±¨Ì Ö¤¥·

�¶¨¸Ò¢ ¥É¸Ö ³¥Éμ¤  ±É¨¢´μ£μ ±μ²²¨³ Éμ·  ¤²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢
¸ ¶ÊÎ± ³¨ Ô±§μÉ¨Î¥¸±¨Ì Ö¤¥· ¸ Ô´¥·£¨Ö³¨ ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥·  Ö¤¥·-
´ÒÌ ·¥ ±Í¨°. Œ¥Éμ¤¨±  ¸μ¤¥·¦¨É ¤¢  ¡²μ±  ³¨±·μ± ´ ²Ó´ÒÌ ¶² ¸É¨´ (ŒŠ�) ¨
Éμ´±¨¥ ¶μ²μ¸±¨ ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£ Éμ²Ð¨´μ° 200Ä300 ³±£/¸³2 (Au, Ag, Al),
μ·¨¥´É¨·μ¢ ´´Ò¥ ¶μ X- ¨ Y -μ¸Ö³. ŒŠ� ·¥£¨¸É·¨·ÊÕÉ ¶·μÌμ¤ÖÐ¨¥ Î¥·¥§ Ëμ²Ó£¨
Ô±§μÉ¨Î¥¸±¨¥ Ö¤·  ¶μ Ô²¥±É·μ´´μ° Ô³¨¸¸¨¨ ¨§ ÔÉ¨Ì Ëμ²Ó£. �Éμ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
μ¶·¥¤¥²ÖÉÓ ¶·μ¸É· ´¸É¢¥´´ÊÕ ¨´Ëμ·³ Í¨Õ μ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ ¨ ¢·¥³¥´´ÊÕ
μÉ³¥É±Ê ¤²Ö ·¥£¨¸É· Í¨¨ ¸μ¡ÒÉ¨°. �·¥¤²μ¦¥´´ Ö ³¥Éμ¤¨±  ¨³¥¥É ´ ¨³¥´ÓÏ¥¥
¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³¥Éμ¤¨± ±μ²¨Î¥¸É¢μ ¢¥Ð¥¸É¢ : < 8,0 · 1017 ¸³−2, μ¡² ¤ ¥É
¢Ò¸μ±μ° ÔËË¥±É¨¢´μ¸ÉÓÕ (ε ∼ 90 % ¶μ ± ¦¤μ³Ê ŒŠ�-É· ±ÉÊ) ¨ ¢·¥³¥´´Ò³
· §·¥Ï¥´¨¥³, ¤μ¸É ÉμÎ´Ò³ ¤²Ö μ¸ÊÐ¥¸É¢²¥´¨Ö ¤μ¶μ²´¨É¥²Ó´μ° ¨¤¥´É¨Ë¨± Í¨¨
· ¤¨μ ±É¨¢´ÒÌ Ö¤¥· ¶μ ¢·¥³¥´¨ ¶·μ²¥É .

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·μ¢  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2010

Sobolev Yu.G. et al. P13-2010-131
Active Collimators in Experiments with Exotic Nuclear Beams

The active collimator method for experiments with exotic nuclear beams at the
energies near Coulomb barrier of nuclear reactions is described. The apparatus con-
sists of two blocks of microchannel plates (MCP) and thin strips of metallic foils
(Au, Ag, Al), oriented along X and Y axes. MCPs register electron emission during
penetration of exotic nuclei through these foils. It gives possibility to obtain infor-
mation about particle trajectory and time mark of the event. The proposed technique
provides the smallest amount of matter on the particle path (< 8.0 · 1017 cm−2),
high efˇciency ( ε ∼ 90% for every MCP), good time resolution for additional
identiˇcation of radioactive nuclei using the time-of-
ight method.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2010
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�¥¶·¥·Ò¢´μ ¢μ§· ¸É ÕÐ¨° ¨´É¥·¥¸ ± ¨¸¸²¥¤μ¢ ´¨Õ ·¥ ±Í¨° ¸ Ô±§μÉ¨Î¥-
¸±¨³¨ Ö¤· ³¨ ¸É¨³Ê²¨·Ê¥É ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤¨±
¸ ¶ÊÎ± ³¨ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·, ¶·¨Î¥³ ´ ¡²Õ¤ ¥É¸Ö É¥´¤¥´Í¨Ö ¨Ì · §¢¨É¨Ö
¢ ¤¢ÊÌ ´ ¶· ¢²¥´¨ÖÌ. ‚ ¶¥·¢μ³ ·¥ ²¨§ÊÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ³¥Éμ¤¨±¨,
· ´¥¥ μÉ· ¡μÉ ´´Ò¥ ´  ¶ÊÎ± Ì ¸É ¡¨²Ó´ÒÌ Ö¤¥· ¨ Ê¸¶¥Ï´μ ¶·μ¢¥·¥´´Ò¥ ¢·¥-
³¥´¥³. �μÔÉμ³Ê μ¸´μ¢´Ò¥ É·¥¡μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤¨± ¤ ´´μ£μ
´ ¶· ¢²¥´¨Ö ± ¶ÊÎ± ³ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥· (	Ÿ) μ¸É ÕÉ¸Ö É ±¨³¨ ¦¥, ± ± ¨
± ¶ÊÎ± ³ ¸É ¡¨²Ó´ÒÌ Ö¤¥·,   ¨³¥´´μ ÔÉμ É·¥¡μ¢ ´¨Ö ± ¨Ì ¢Ò¸μ±μ° ¨´É¥´-
¸¨¢´μ¸É¨ ¨ ± Î¥¸É¢Ê. �¥·¢μ¥ É·¥¡μ¢ ´¨¥ ¸ÊÐ¥¸É¢¥´´μ μ£· ´¨Î¨¢ ¥É μ¡² ¸ÉÓ
¶·¨³¥´¥´¨Ö ¤ ´´ÒÌ ³¥Éμ¤¨± ¢¸²¥¤¸É¢¨¥ ´¨§±μ° ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±μ¢ 	Ÿ,
É ± ± ± ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö Éμ²Ó±μ μ£· ´¨Î¥´´μ¥ Î¨¸²μ ¨§μÉμ¶μ¢ ¢Éμ·¨Î´ÒÌ
¶ÊÎ±μ¢ ³μ¦¥É Î ¸É¨Î´μ Ê¤μ¢²¥É¢μ·¨ÉÓ Ê¸²μ¢¨Õ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨.

‚Éμ·μ¥ ´ ¶· ¢²¥´¨¥ Ì · ±É¥·¨§Ê¥É¸Ö · §¢¨É¨¥³ ´μ¢ÒÌ ¶μ¤Ìμ¤μ¢ ¨ ³¥-
Éμ¤¨± ¸ Í¥²ÓÕ ¨Ì  ¤ ¶É Í¨¨ ± É ±¨³ ¶ · ³¥É· ³ ¶ÊÎ±μ¢ 	Ÿ, ± ± ´¨§± Ö
¨´É¥´¸¨¢´μ¸ÉÓ, ¸²μ¦´Ò° ¸μ¸É ¢ ¨ ´¨§±¨¥ μ¶É¨Î¥¸±¨¥ ¶ · ³¥É·Ò.

� ¡²Õ¤ ¥³ Ö ¸¨ÉÊ Í¨Ö μ¡Ê¸²μ¢²¥´  ¶·μÍ¥¸¸μ³ · §¢¨É¨Ö ³¥Éμ¤μ¢ ¶μ²ÊÎ¥-
´¨Ö ¨ Ê¸±μ·¥´¨Ö ¶ÊÎ±μ¢ 	Ÿ, ¸ÊÉÓ ±μÉμ·μ£μ ¢ Éμ³, ÎÉμ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢
μ¸´μ¢´μ³ ¨´É¥´¸¨¢´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¨ · §¢¨¢ ÕÉ¸Ö ¤¢  ³¥Éμ¤  ¶μ²ÊÎ¥´¨Ö ¶ÊÎ-
±μ¢ 	Ÿ [1]. �¥·¢Ò°, ³¥Éμ¤ Ë· £³¥´É-¸¥¶ · Éμ· , ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¶¥·¢¨Î-
´Ò° ¶ÊÎμ± ¨μ´μ¢ ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥°, μ¶É¨³¨§¨·μ¢ ´´μ° ´  ³ ±¸¨³Ê³
¢ÒÌμ¤  ¶·μ¤Ê±Éμ¢ ·¥ ±Í¨¨ ± ´ ²  Ë· £³¥´É Í¨¨, ¢§ ¨³μ¤¥°¸É¢Ê¥É ¸ Éμ´±μ°
¶·μ¨§¢μ¤ÖÐ¥° ³¨Ï¥´ÓÕ, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ μ¡· §Ê¥É¸Ö ¢Éμ·¨Î´Ò° ¶ÊÎμ± ¨μ-
´μ¢ Ö¤¥· ¸ Ï¨·μ±¨³ ³ ¸¸μ¢Ò³ ¨ § ·Ö¤μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥³. �μ¸²¥¤ÊÕÐ Ö
μÎ¨¸É±  ¢Éμ·¨Î´μ£μ ¶ÊÎ±  μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ Ë· £³¥´É-¸¥¶ · Éμ· .
�·¥¨³ÊÐ¥¸É¢μ ³¥Éμ¤  ¢ Éμ³, ÎÉμ μ´ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ ¶ÊÎ±¨ ±μ·μÉ±μ¦¨¢Ê-
Ð¨Ì 	Ÿ, §´ Î¨É¥²Ó´μ Ê¤ ²¥´´ÒÌ μÉ ²¨´¨¨ ¸É ¡¨²Ó´μ¸É¨. �¤´ ±μ ³¥Éμ¤ ¨³¥¥É
·Ö¤ Ì · ±É¥·´ÒÌ ¸¢μ°¸É¢,   ¨³¥´´μ:

Å Ê¤¥²Ó´Ò° ¨³¶Ê²Ó¸ ¶ÊÎ±  	Ÿ ¡²¨§μ± ± Ê¤¥²Ó´μ³Ê ¨³¶Ê²Ó¸Ê ¶¥·¢¨Î´μ£μ
¶ÊÎ± ;

Å Ï¨·μ±¨¥ ¨³¶Ê²Ó¸´μ¥ ¨ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨Ö ¶·μ¤Ê±Éμ¢ Ë· £³¥´É -
Í¨¨ μ¡Ê¸² ¢²¨¢ ÕÉ ´¨§±¨¥ μ¶É¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¶ÊÎ±  	Ÿ;

Å Ï¨·μ±¨¥ ³ ¸¸μ¢μ¥ ¨ § ·Ö¤μ¢μ¥ · ¸¶·¥¤¥²¥´¨Ö ¶·μ¤Ê±Éμ¢ Ë· £³¥´É -
Í¨¨ ´ ² £ ÕÉ ¦¥¸É±¨¥ É·¥¡μ¢ ´¨Ö ´  ¸¨¸É¥³Ê μÎ¨¸É±¨ ¶ÊÎ± . Š ± ·¥§Ê²ÓÉ É,
¶ÊÎ±¨ 	Ÿ ¨³¥ÕÉ ¸²μ¦´Ò° Ô²¥³¥´É´Ò° ¸μ¸É ¢;
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Å ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  	Ÿ μ£· ´¨Î¥´  ÔËË¥±É¨¢´μ° Éμ²Ð¨´μ° ¶·μ¨§¢μ-
¤ÖÐ¨Ì ³¨Ï¥´¥° ¨ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ´¥ ¡μ²¥¥ 106 ¸−1.

‚Éμ·μ°, ISOL-³¥Éμ¤ (Isotope Separation On-Line), ¨³¥¥É Í¥²ÓÕ ¶μ²ÊÎ¥´¨¥
¶ÊÎ±  	Ÿ ³ ±¸¨³ ²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨. �´ μ¸´μ¢ ´ ´  ¶·¨³¥´¥´¨¨ ¸μ¸É ¢-
´μ° ¶·μ¨§¢μ¤ÖÐ¥° ³¨Ï¥´¨ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´μ° Éμ²Ð¨´Ò. �μ²ÊÎ¥´´Ò¥
¶·μ¤Ê±ÉÒ ·¥ ±Í¨¨ ¢Ò¢μ¤ÖÉ¸Ö ¨§ ³¨Ï¥´¨, Ëμ·³¨·ÊÕÉ¸Ö ¤²Ö É· ´¸¶μ·É¨·μ¢±¨
¢ ¶μ¸²¥¤ÊÕÐ¨° Ê¸±μ·¨É¥²Ó, £¤¥ μ´¨ Ê¸±μ·ÖÕÉ¸Ö ¤μ ´¥μ¡Ìμ¤¨³μ° ¢¥²¨Î¨´Ò
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨. �·¥¨³ÊÐ¥¸É¢μ ³¥Éμ¤  μ¸´μ¢Ò¢ ¥É¸Ö ´  ¢μ§³μ¦´μ¸É¨
¶μ²ÊÎ¥´¨Ö ¨³ ³μ´μ¨§μÉμ¶´ÒÌ ¶ÊÎ±μ¢ ·Ö¤  	Ÿ ¡μ²¥¥ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨
(¤μ 1011 ¸−1) ¸ μ¶É¨Î¥¸±¨³¨ ¶ · ³¥É· ³¨ ¶ÊÎ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶ÊÎ± ³
¸É ¡¨²Ó´ÒÌ ¨§μÉμ¶μ¢. ‚ ± Î¥¸É¢¥ ¸ÊÐ¥¸É¢¥´´μ£μ ´¥¤μ¸É É±  ISOL-³¥Éμ¤  μÉ-
³¥É¨³ μ£· ´¨Î¥´¨¥ ¥£μ ¶·¨³¥´¨³μ¸É¨ ´  μ¡² ¸ÉÓ · ¤¨μ ±É¨¢´ÒÌ Ö¤¥·, μ¡Ê-
¸²μ¢²¥´´μ¥ ¢·¥³¥´¥³ ¦¨§´¨ 	Ÿ. „ ´´μ¥ μ£· ´¨Î¥´¨¥ μ¶·¥¤¥²Ö¥É¸Ö ¤¢Ê³Ö Ë ±-
Éμ· ³¨: ¸ μ¤´μ° ¸Éμ·μ´Ò, ¸Ê³³ ·´Ò³ ¢·¥³¥´¥³ ¤¨ËËÊ§¨¨ ¶·μ¤Ê±Éμ¢ ¨§ ³¨-
Ï¥´¨ ¨ ¨Ì É· ´¸¶μ·É¨·μ¢±¨ ¢ ¶μ¸ÉÊ¸±μ·¨É¥²Ó; ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢·¥³¥´¥³
¦¨§´¨ 	Ÿ.

�Î¥¢¨¤´μ, ÎÉμ ¤²Ö ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¸ Í¥²ÓÕ ¨¸¸²¥¤μ¢ ´¨Ö
¸¢μ°¸É¢ ¨ ¸É·Ê±ÉÊ·Ò 	Ÿ ¢ Ï¨·μ±μ³ Z−N -¤¨ ¶ §μ´¥, ¢±²ÕÎ Ö ¨ ´ ¨¡μ²¥¥
Ô±§μÉ¨Î´Ò¥ Ö¤¥·´Ò¥ ¸¨¸É¥³Ò (É. ¥. ¸ ´ ¨³¥´ÓÏ¨³ ¢·¥³¥´¥³ ¦¨§´¨), ´¥μ¡-
Ìμ¤¨³μ · §¢¨É¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤¨± ¢Éμ·μ£μ ´ ¶· ¢²¥´¨Ö,  ¤ ¶É¨-
·μ¢ ´´ÒÌ ± ¶ÊÎ± ³ ±μ·μÉ±μ¦¨¢ÊÐ¨Ì 	Ÿ, ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤μ³ Ë· £³¥´É-
¸¥¶ · Éμ· .

�É²¨Î¨É¥²Ó´ Ö μ¸μ¡¥´´μ¸ÉÓ É ±¨Ì ³¥Éμ¤¨± ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ μ´¨ μ¶¥·¨-
·ÊÕÉ ´¥ ®¨´É¥£· ²Ó´Ò³¨¯ ¶ · ³¥É· ³¨ ¶ÊÎ±  (Ô³¨ÉÉ ´¸, ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò
¨ É. ¤.),   ®¶μ¸μ¡ÒÉ¨°´Ò³¨¯ ±¨´¥³ É¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨ ± ¦¤μ° ·¥-
£¨¸É·¨·Ê¥³μ° Î ¸É¨ÍÒ ¶ÊÎ± . �¤´ ±μ ¤μ¶Ê¸É¨³Ò ¨ ¨Ì Ê¶·μÐ¥´¨Ö,  ¤¥±¢ É-
´Ò¥ ¶μ¸É ¢²¥´´μ° § ¤ Î¥; ´ ¶·¨³¥·, ¢ ¨§³¥·¥´¨ÖÌ ¶μ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨°
ÊÎ¥É  ±¸¥¶É ´¸  Ê¸É ´μ¢±¨ ¶μ§¢μ²Ö¥É μ£· ´¨Î¨ÉÓ¸Ö ·¥£¨¸É· Í¨¥° Ë ±É  ¶·¨-
²¥É  ¤ ´´μ° Î ¸É¨ÍÒ (¤μ¶μ²´¨É¥²Ó´μ ´¥μ¡Ìμ¤¨³Ò ¨¤¥´É¨Ë¨± Í¨Ö ¨ ¨§³¥·¥-
´¨¥ Ô´¥·£¨¨) ¢ § ¤ ´´ÊÕ μ¡² ¸ÉÓ ³¨Ï¥´¨. Œ¥Éμ¤¨±¨, ¢Ò¶μ²´ÖÕÐ¨¥ ¤ ´´ÊÕ
§ ¤ ÎÊ ¸ ³¨´¨³ ²Ó´Ò³ ¢μ§¤¥°¸É¢¨¥³ ´  Î ¸É¨ÍÊ, ¶μ²ÊÎ¨²¨ ´ §¢ ´¨¥ ³¥Éμ¤¨±
 ±É¨¢´μ£μ ±μ²²¨³ Éμ·  (�Š).

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ μ¶¨¸ ´Ò ³¥Éμ¤¨±¨ �Š, ¶·¨³¥´¥´´Ò¥  ¢Éμ· ³¨ ¢
·Ö¤¥ Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¶ÊÎ± ³¨ 	Ÿ ± ± ¶·μ³¥¦ÊÉμÎ´ÒÌ (¤μ 100 AŒÔ‚), É ±
¨ ´¨§±¨Ì Ô´¥·£¨° (μ¡² ¸ÉÓ Ô´¥·£¨° ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· ).

Œ…’�„ �Š’ˆ‚��ƒ� Š�‹‹ˆŒ�’���

‘ÊÉÓ ³¥Éμ¤  �Š ¸μ¸Éμ¨É ¢ ¶μ²ÊÎ¥´¨¨ μÉ ¶μ§¨Í¨μ´´μ-ÎÊ¢¸É¢¨É¥²Ó´μ£μ ¤¥-
É¥±Éμ· , ¨³¥ÕÐ¥£μ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ³ ²ÊÕ Éμ²Ð¨´Ê, ²μ£¨Î¥¸±μ£μ ¸¨£´ ² ,
´¥¸ÊÐ¥£μ ¨´Ëμ·³ Í¨Õ μ ¶·μÌμ¦¤¥´¨¨ Î ¸É¨ÍÒ ¢ § ¤ ´´ÊÕ μ¡² ¸ÉÓ ¶·μ¸É· ´-
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¸É¢ . �μ¤ ¢Ò· ¦¥´¨¥³ ®Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ³ ² Ö Éμ²Ð¨´ ¯ ³Ò ¶μ² £ ¥³ ¢Ò-
¶μ²´¥´¨¥ μ¤´μ£μ ¨§ Ê¸²μ¢¨°:

 ) Éμ²Ð¨´  ¤¥É¥±Éμ·  ¶·¥´¥¡·¥¦¨³μ ³ ²  ¤²Ö ÊÎ¥É  ÔËË¥±É  ¥¥ ¢²¨Ö´¨Ö
´  ¨¸±μ³Ò° ·¥§Ê²ÓÉ É;

¡) ÔËË¥±É ¢²¨Ö´¨Ö Éμ²Ð¨´Ò ¤¥É¥±Éμ·  ¶μ²ÊÎ¥´ ¢ ´¥§ ¢¨¸¨³ÒÌ ¨§³¥·¥-
´¨ÖÌ, ¨ ¥¥ ¸¨¸É¥³ É¨Î¥¸± Ö μÏ¨¡±  ´¥ ¶·¥¢ÒÏ ¥É § ¤ ´´ÊÕ £· ´¨ÍÊ.

ˆ§ ÔÉμ£μ μ¶·¥¤¥²¥´¨Ö ¸²¥¤Ê¥É ®¶μ¸μ¡ÒÉ¨°´μ¸ÉÓ¯ · ¡μÉÒ �Š: ¢ ± ¦¤μ³
¸μ¡ÒÉ¨¨, ¶·¥¤´ §´ Î¥´´μ³ ¤²Ö § ¶¨¸¨ ¢ ¶ ³ÖÉÓ, �Š ¶μ¸É ¢²Ö¥É ¨´Ëμ·³ Í¨Õ
μ ¶μ²μ¦¥´¨¨ ¨¸¸²¥¤Ê¥³μ° Î ¸É¨ÍÒ.

�Š’ˆ‚�›‰ Š�‹‹ˆŒ�’�� �� �‘��‚… Si-„…’…Š’���

�¥·¢ Ö £·Ê¶¶  Ê¸É·μ°¸É¢ �Š Ê¸¶¥Ï´μ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ
¨¸¸²¥¤μ¢ ´¨Õ ËÊ´±Í¨¨ ¢μ§¡Ê¦¤¥´¨Ö ¶μ²´ÒÌ ¸¥Î¥´¨° ·¥ ±Í¨¨ 4,6He,
6,7Li+ Si [2, 3]. Œ¥Éμ¤¨±  μ¸´μ¢Ò¢ ¥É¸Ö ´  Éμ´±¨Ì Si-¤¥É¥±Éμ· Ì, Ê¤μ¢²¥-
É¢μ·ÖÕÐ¨Ì ¶·¨´Í¨¶¨ ²Ó´μ³Ê Ê¸²μ¢¨Õ Å ³¥É ²²¨§¨·μ¢ ´´Ò¥ ¢Ò¢μ¤Ò Ô²¥±-
É·μ¤μ¢ ¤¥É¥±Éμ·  ¤²Ö ¶μ¤¸μ¥¤¨´¥´¨Ö ±μ´É ±Éμ¢ ¢Ò¢¥¤¥´Ò ¨§ §μ´Ò ¶¥·¥±·ÒÉ¨Ö
Ô²¥±É·μ¤μ¢ (¸³. ·¨¸. 1 ¸²¥¢ ).

�  ·¨¸. 1 (¸²¥¢ ) ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´ ¤¥É¥±Éμ· ¢ ¶·μ¥±Í¨¨ ®¢¨¤
¸¢¥·ÌÊ¯. Š·Ê£μ³ μÉ³¥Î¥´Ò ¶¥·¥±·Ò¢ ÕÐ¨¥¸Ö ³¥É ²²¨§¨·μ¢ ´´Ò¥ ¶μ¢¥·Ì´μ-
¸É¨ Ô²¥±É·μ¤μ¢, ®²¥¶¥¸É± ³¨¯ Å ¢Ò¢μ¤Ò ¤²Ö ¶μ¤¸μ¥¤¨´¥´¨Ö ±μ´É ±Éμ¢. ®‹¥-
¶¥¸É±¨¯ Ô²¥±É·¨Î¥¸±¨Ì ¢Ò¢μ¤μ¢ ´ Ìμ¤ÖÉ¸Ö ´  ¤¨ ³¥É· ²Ó´μ-¶·μÉ¨¢μ¶μ²μ¦-
´ÒÌ ¸Éμ·μ´ Ì Ô²¥±É·μ¤μ¢ ¤¥É¥±Éμ·  É ±, ÎÉμ¡Ò ´¥ μ¡· §μ¢Ò¢ ÉÓ §μ´Ò ¶¥·¥-
±·ÒÉ¨Ö. ‡ ±· Ï¥´´Ò¥ ¶μ¢¥·Ì´μ¸É¨ μÉ³¥Î ÕÉ ±μ´É ±ÉÒ Ô²¥±É·μ¤μ¢. ‘²¥¢ 
¢´¨§Ê ¶·¥¤¸É ¢²¥´ · §·¥§ ¤¥É¥±Éμ·  ¶μ μ¸¨ A−A′. ‚´ÊÉ·¥´´¨° μ¡Ñ¥³ ¤¥-
É¥±Éμ·  ³μ¦¥É ¡ÒÉÓ · §¤¥²¥´ ´  É·¨ §μ´Ò ¤¥É¥±Éμ· : μ¡Ñ¥³ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ,
¶μ±·ÒÉμ° Ô²¥±É·μ¤ ³¨ ¸ ¤¢ÊÌ ¸Éμ·μ´ (§μ´  ¶¥·¥±·ÒÉ¨Ö Ô²¥±É·μ¤μ¢), ¸ μ¤´μ°

	¨¸. 1. ‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ �Š ¸ Si-¤¥É¥±Éμ·μ³. ‘²¥¢  ¢´¨§Ê: · §·¥§ ¤¥É¥±-
Éμ·  ¢ ¸¥Î¥´¨¨ AÄA′. ‚ Í¥´É·¥: ¤¢Ê³¥·´ Ö dE1ÄdE2 ³ É·¨Í  Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó
Î ¸É¨Í ¨ ¶·μ¥±Í¨Ö ³ É·¨ÍÒ ´  μ¸Ó dE2
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¸Éμ·μ´Ò ¨ ´¥ ¶μ±·ÒÉμ° Ô²¥±É·μ¤ ³¨. „ ´´Ò¥ §μ´Ò ¤¥É¥±Éμ·  ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 1 ¤¢μ°´μ° ÏÉ·¨Ìμ¢±μ°, μ¤¨´ ·´μ° ÏÉ·¨Ìμ¢±μ° ¨ ¡¥§ ÏÉ·¨Ìμ¢±¨ ¸μ-
μÉ¢¥É¸É¢¥´´μ. ‚ Í¥´É·¥ ·¨¸Ê´±  ¶·¥¤¸É ¢²¥´  ¤¢Ê³¥·´ Ö dE1−dE2 ³ É·¨Í 
Ô´¥·£¥É¨Î¥¸±¨Ì ¶μÉ¥·Ó 6He ¢ ³ É¥·¨ ² Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥É¥±Éμ·μ¢, £¤¥
dE2-¤¥É¥±Éμ· �Š Éμ²Ð¨´μ° H = 19 ³±³. ‘²¥¢  μÉ ³ É·¨ÍÒ ¶·¨¢¥¤¥´  ¥¥
¶·μ¥±Í¨Ö ´  dE2-μ¸Ó. ˆ§ ·¨¸. 1 ¢¨¤´μ, ÎÉμ ¡² £μ¤ ·Ö · §²¨Î´Ò³ Ê¸²μ¢¨Ö³
¸¡μ·  ´μ¸¨É¥²¥° § ·Ö¤  ¢ É·¥Ì ¢ÒÏ¥Ê± § ´´ÒÌ §μ´ Ì ¤¥É¥±Éμ· �Š ¨³¥¥É É·¨
· §²¨Î´Ò¥ ËÊ´±Í¨¨ μÉ±²¨±  ´  Î ¸É¨ÍÒ ³μ´μÔ´¥·£¥É¨Î¥¸±μ£μ ¶ÊÎ± . �Î¥-
¢¨¤´μ, �Š ¨³¥¥É · §´Ò¥ ËÊ´±Í¨¨ μÉ±²¨±  dE2 ´  Î ¸É¨ÍÒ ¸ · §²¨Î´Ò³¨
Ô´¥·£¥É¨Î¥¸±¨³¨ ¶μÉ¥·Ö³¨, ÎÉμ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ ¨Ì ¨¤¥´É¨Ë¨± Í¨Õ. ‚
± Î¥¸É¢¥ ´¥¤μ¸É É±μ¢ Ê¸É·μ°¸É¢ �Š ´  ¡ §¥ Si-¤¥É¥±Éμ·μ¢ μÉ³¥É¨³ ´¥¤μ¸É -
ÉμÎ´μ¥ ¡Ò¸É·μ¤¥°¸É¢¨¥ ¨ ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ¢¥Ð¥¸É¢  ³ É¥·¨ ²  ¤¥É¥±Éμ· 
(Si: 11 ³±³ ∼ 5,5 · 1019 ¸³−2). ‚Éμ·μ° Ë ±Éμ· ¸É ´μ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³
¶·¨ ¸´¨¦¥´¨¨ Ô´¥·£¨¨ ¶ÊÎ±μ¢ ± ¢¥²¨Î¨´¥ ±Ê²μ´μ¢¸±μ£μ ¡ ·Ó¥· . „¥°¸É¢¨-
É¥²Ó´μ, ÎÉμ¡Ò ¨§³¥·¨ÉÓ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤²Ö Ô´¥·£¨¨ E6He = 15 ŒÔ‚ ¶·¨
ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö Ô´¥·£¨¨ ΔE < 1 ŒÔ‚ ´  ³¨Ï¥´ÖÌ 189Au ¨ 28Si ¨Ì Éμ²-
Ð¨´Ò ¤μ²¦´Ò ¡ÒÉÓ μ£· ´¨Î¥´Ò ¢¥²¨Î¨´ ³¨ H < 3 ¨ 10 ³±³ (1,8 · 1019 ¸³−2

¨ 5,0 · 1019 ¸³−2) ¸μμÉ¢¥É¸É¢¥´´μ. �¶É¨³ ²Ó´μ, ¸ ÉμÎ±¨ §·¥´¨Ö ¢´μ¸¨³ÒÌ
¶μ£·¥Ï´μ¸É¥°, ¨³¥ÉÓ ¶¥·¥¤ ³¨Ï¥´ÓÕ ¢¥Ð¥¸É¢μ �Š, ¢¥²¨Î¨´  ±μÉμ·μ£μ ´ 
¶μ·Ö¤μ± ³¥´ÓÏ¥ Éμ²Ð¨´Ò ³¨Ï¥´¨, É. ¥. HAK ∼1,0 ·1018 ¸³−2. Š ´ ¸ÉμÖÐ¥³Ê
¢·¥³¥´¨ ³¨´¨³ ²Ó´Ò¥ Éμ²Ð¨´Ò �Š ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ S ∼ 1 ¸³2 μ£· ´¨Î¥´Ò
¢¥²¨Î¨´μ° HAK ∼ 8 ³±³ (HAK ∼ 4,0 · 1019 ¸³−2), ÎÉμ ¸μ¢¥·Ï¥´´μ ´¥¤μ-
¸É ÉμÎ´μ ¤²Ö ¨Ì ¶·¨³¥´¥´¨Ö ¢ ¢ÒÏ¥Ê± § ´´μ° μ¡² ¸É¨ ¨¸¸²¥¤μ¢ ´¨°. �Éμ
μ£· ´¨Î¥´¨¥ ¸¢Ö§ ´μ ¶·¥¦¤¥ ¢¸¥£μ ¸ ¶·μ¡²¥³ ³¨ É¥Ì´μ²μ£¨° ¨§£μÉμ¢²¥´¨Ö
Éμ´±¨Ì Si-¶² ¸É¨´ ¢Ò¸μ±μ° ¸É¥¶¥´¨ μ¤´μ·μ¤´μ¸É¨ ¶μ Éμ²Ð¨´¥,   É ±¦¥ ¸
¢μ§· ¸É ÕÐ¨³¨ ¥³±μ¸É´Ò³¨ ÏÊ³ ³¨ ¤¥É¥±Éμ· .

Œ¥¦¤Ê É¥³ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ´ ¨¡μ²¥¥ ¨´É¥·¥¸´Ò¥ ·¥§Ê²ÓÉ ÉÒ Ô±¸¶¥-
·¨³¥´Éμ¢ ¸ 	Ÿ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¨³¥´´μ ¶·¨ Ô´¥·£¨ÖÌ ¢¡²¨§¨ ±Ê²μ´μ¢¸±μ£μ
¡ ·Ó¥·  [4, 5].

�Š’ˆ‚�›‰ Š�‹‹ˆŒ�’�� �� �‘��‚… ŒŠ�-„…’…Š’���‚

‘ Í¥²ÓÕ ¸ÊÐ¥¸É¢¥´´μ£μ Ê³¥´ÓÏ¥´¨Ö Éμ²Ð¨´Ò �Š ¡Ò² ¶·¥¤²μ¦¥´ ¤¥-
É¥±Éμ·, ·¥£¨¸É·¨·ÊÕÐ¨° Ë ±É ¶μ¶ ¤ ´¨Ö Î ¸É¨ÍÒ ¶ÊÎ±  ¢ μ¶·¥¤¥²¥´´ÊÕ
μ¡² ¸ÉÓ ³¨Ï¥´¨ ¶μ Ô²¥±É·μ´ ³ Ô³¨¸¸¨¨. ˆ¸ÉμÎ´¨±μ³ Ô²¥±É·μ´μ¢ Ô³¨¸¸¨¨
¸²Ê¦ É Éμ´±¨¥ Ëμ²Ó£¨ μ¶·¥¤¥²¥´´μ° Ëμ·³Ò (´ ¶·¨³¥· X- ¨ Y -¶μ²μ¸±¨ ¨§
¸Ê¸ ²Ó´μ£μ §μ²μÉ  Éμ²Ð¨´μ° HAK < 8,0 · 1017 ¸³−2), · ¸¶μ²μ¦¥´´Ò¥ ¶¥·¥¤
³¨Ï¥´ÓÕ.

“¸É·μ°¸É¢μ �Š ´  μ¸´μ¢¥ ³¨±·μ± ´ ²Ó´ÒÌ ¶² ¸É¨´ (ŒŠ�) ¸μ¡· ´μ ´ 
Ë² ´Í¥ DN160 (¸³. ·¨¸. 2 ¸²¥¢ ) ¨ Ê¸É·μ¥´μ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ˆ¸¶Ê¸± -
¥³Ò¥ ¨¸ÉμÎ´¨±μ³ α-Î ¸É¨ÍÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¶·μÌμ¤ÖÉ ¸¨¸É¥³Ê ±μ²²¨³ Éμ-
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·μ¢ (·¨¸. 3), X- ¨ Y -· ³±¨ ¸ Éμ´±¨³¨ ¶μ²μ¸± ³¨ ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£ Éμ²Ð¨-
´μ° 200Ä300 ³±£/¸³2 (¸Ê¸ ²Ó´μ¥ §μ²μÉμ, ¸Ê¸ ²Ó´μ¥ ¸¥·¥¡·μ), μ·¨¥´É¨·μ¢ ´´Ò¥
¶μ X- ¨ Y -μ¸¨ ¸μμÉ¢¥É¸É¢¥´´μ. ‚Ò¡¨ÉÒ¥ ¢ ¶·μÍ¥¸¸¥ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó ¢
Ëμ²Ó£ Ì Ô²¥±É·μ´Ò Ëμ±Ê¸¨·ÊÕÉ¸Ö ´  ŒŠ�X ¨ ŒŠ�Y Ô²¥±É·μ¸É É¨Î¥¸±¨³¨
¶μ²Ö³¨. ”μ±Ê¸¨·μ¢±  Ô²¥±É·μ´μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸¨¸É¥³μ° Ô²¥±É·μ¤μ¢, ´ -
Ìμ¤ÖÐ¨Ì¸Ö ¶μ¤ ¶μÉ¥´Í¨ ² ³¨ HVX , HVC , HVY . �·μÏ¥¤Ï¨¥ Î¥·¥§ ±μ²²¨-
³ Éμ· ¨ · ³±¨ Î ¸É¨ÍÒ ¶μ¶ ¤ ÕÉ ¢ Si-¤¥É¥±Éμ· (¸³. ·¨¸. 2, 3). ‘ ¶μ³μÐÓÕ
Si-¤¥É¥±Éμ·  ¶·μ¢μ¤ÖÉ¸Ö ¨§³¥·¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í (¸³. ·¨¸. 4), μ¶·¥¤¥²ÖÕÉ¸Ö
¨Ì Ô´¥·£¥É¨Î¥¸±¨¥ ¶μÉ¥·¨,   ¸μμÉ¢¥É¸É¢¥´´μ, ¨ £·Ê¶¶Ò É· ¥±Éμ·¨°. �  ·¨¸. 2

	¨¸. 2. ‘²¥¢ : ËμÉμ Ê¸É ´μ¢±¨ AK ´  μ¸´μ¢¥ ŒŠ�-¤¥É¥±Éμ·μ¢ (¢¨¤ ¸¢¥·ÌÊ). ‘¶· ¢ :
¸Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ ±μ²²¨³ Éμ·  ¨ X-, Y -Ëμ²Ó£ (¢¨¤ ¸μ ¸Éμ·μ´Ò ¤¥É¥±Éμ· )

	¨¸. 3. �²μ±-¸Ì¥³  Ô²¥±É·μ´´μ° ¸¨¸É¥³Ò ¨§³¥·¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ ¨ ¶μ§¨Í¨μ´´μ°
ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ŒŠ�-¤¥É¥±Éμ·μ¢ AK. �¡μ§´ Î¥´¨¥ ¨ μ¶¨¸ ´¨¥ ³μ¤Ê²¥° Ô²¥±É·μ-
´¨±¨ ¶·¥¤¸É ¢²¥´μ ¢ É¥±¸É¥
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	¨¸. 4. ‘²¥¢ : Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò α-Î ¸É¨Í 226Ra. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ì · ±É¥·-
´Ò³¨ ¸³¥Ð¥´¨Ö³¨ ¶¨±μ¢ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì É· ¥±Éμ·¨¨ α-Î ¸É¨Í · §¤¥²ÖÕÉ¸Ö
´  É·¨ £·Ê¶¶Ò: É· ¥±Éμ·¨¨ Î ¸É¨Í ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö (1-° ¸¶¥±É· ¸¢¥·ÌÊ); É· ¥±Éμ·¨¨
Î ¸É¨Í, ¶·μÏ¥¤Ï¨Ì Éμ²Ó±μ Î¥·¥§ μ¤´Ê ¨§ Ëμ²Ó£ (¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨¥ ±μ³¶μ´¥´ÉÒ
¶¨±μ¢ ¢ ¸¶¥±É· Ì 2 ¨ 3); É· ¥±Éμ·¨¨ Î ¸É¨Í, ¶·μÏ¥¤Ï¨Ì ¸· §Ê Î¥·¥§ ¤¢¥ Ëμ²Ó£¨ (´¨§-
±μÔ´¥·£¥É¨Î¥¸±¨¥ ±μ³¶μ´¥´ÉÒ ¶¨±μ¢ ¢ ¸¶¥±É· Ì 2 ¨ 3 ¨ ¸¶¥±É· 4). ‘¶· ¢ : ¤¢Ê³¥·´Ò°
TOF-E-¸¶¥±É· α-Î ¸É¨Í 226Ra. �μ Ï± ²¥ Y Å ¢·¥³Ö ¶·μ²¥É  X-, Y -Ëμ²Ó£ (± ´ ²Ò)
´  ¡ §¥ L ∼ 11 ¸³; ¶μ Ï± ²¥ X Å Ô´¥·£¨Ö α-Î ¸É¨Í ¢ Si-¤¥É¥±Éμ·¥

(¸¶· ¢ ) ¸Ì¥³ É¨Î´μ ¶·¥¤¸É ¢²¥´Ò ±·Ê£²μ¥ μ±´μ ±μ²²¨³ Éμ·  ¨ X-, Y -Ëμ²Ó£¨
¢ ¶·μ¥±Í¨¨ ´  ¶²μ¸±μ¸ÉÓ ¤¥É¥±Éμ· . ‚¥·É¨± ²Ó´ Ö ¨ £μ·¨§μ´É ²Ó´ Ö ÏÉ·¨Ìμ-
¢ ´´Ò¥ ¶μ²μ¸Ò ¢ ±·Ê£¥ ¸μμÉ¢¥É¸É¢ÊÕÉ §μ´ ³ § É¥´¥´¨Ö ¨¸ÉμÎ´¨±  μÉ X- ¨
Y -Ëμ²Ó£.

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô´¥·£¥É¨Î¥¸±¨³¨ ¶μÉ¥·Ö³¨ Î ¸É¨Í ¢¸¥ É· ¥±Éμ·¨¨ Î -
¸É¨Í ³μ¦´μ · §¤¥²¨ÉÓ ´  É·¨ £·Ê¶¶Ò:

Å Î ¸É¨ÍÒ, ¢²¥É¥¢Ï¨¥ ¢ ¤¥É¥±Éμ· ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Ëμ²Ó£ ³¨ (¢¥·μ-
ÖÉ´μ¸ÉÓ ¸μ¡ÒÉ¨° ¶·μ¶μ·Í¨μ´ ²Ó´  ´¥§ ÏÉ·¨Ìμ¢ ´´μ° ¶²μÐ ¤¨ ¢´ÊÉ·¨ ±·Ê£ ,
Ô´¥·£¥É¨Î¥¸±¨¥ ¶¨±¨ ´¥ ¸³¥Ð¥´Ò);

Å Î ¸É¨ÍÒ, ¶μ¶ ¢Ï¨¥ ¢ ¤¥É¥±Éμ· ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ³ É¥·¨ ²  μ¤´μ° ¨§
Ëμ²Ó£ (¢¥·μÖÉ´μ¸ÉÓ ¸μ¡ÒÉ¨° ¶·μ¶μ·Í¨μ´ ²Ó´  ¸Ê³³ ·´μ° ¶²μÐ ¤¨ ¸ μ¤¨´ ·-
´μ° £μ·¨§μ´É ²Ó´μ° ¨²¨ ¢¥·É¨± ²Ó´μ° ÏÉ·¨Ìμ¢±μ°);

Å Î ¸É¨ÍÒ, § ·¥£¨¸É·¨·μ¢ ´´Ò¥ ¢ ¤¥É¥±Éμ·¥ ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¨³¨
¤¢ÊÌ Ëμ²Ó£ (¢¥·μÖÉ´μ¸ÉÓ ¸μ¡ÒÉ¨° ¶·μ¶μ·Í¨μ´ ²Ó´  ¶²μÐ ¤¨ ¸ ¤¢μ°´μ° ÏÉ·¨-
Ìμ¢±μ°).

’ ±¨³ μ¡· §μ³, ¨§³¥·¥´¨¥ ¢ ± ¦¤μ³ ¸μ¡ÒÉ¨¨ Ô´¥·£¨¨ ·¥£¨¸É·¨·Ê¥³μ°
Î ¸É¨ÍÒ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¶·¥¤¥²ÖÉÓ ¶·μ¸É· ´¸É¢¥´´ÊÕ ¨´Ëμ·³ Í¨Õ μ É· -
¥±Éμ·¨¨ Î ¸É¨ÍÒ ¢ ± ¦¤μ³ ¸μ¡ÒÉ¨¨,   μ·£ ´¨§ Í¨Ö ¸É ·É  ·¥£¨¸É· Í¨¨ ¸μ¡Ò-
É¨° μÉ ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ£μ ¤¥É¥±Éμ·  ¶μ§¢μ²Ö¥É μ¶·¥¤¥²ÖÉÓ ÔËË¥±É¨¢´μ¸ÉÓ

6



ŒŠ�-¤¥É¥±Éμ·μ¢. „ ´´ Ö ¨¤¥Ö ·¥ ²¨§μ¢ ´  ¢ Ô²¥±É·μ´´μ° ¸Ì¥³¥, ¶·¥¤¸É -
¢²¥´´μ° ´  ·¨¸. 3. ’μ±μ¢Ò¥ ¨³¶Ê²Ó¸Ò ¸ ¶·¥¤Ê¸¨²¨É¥²Ö PA Si-¤¥É¥±Éμ· 
· §¢¥É¢²ÖÕÉ¸Ö  ´ ²μ£μ¢Ò³ · §¢¥É¢¨É¥²¥³ ®Split¯ ¨ ¶μ¸ÉÊ¶ ÕÉ ´  ¢Ìμ¤ ¤¨¸-
±·¨³¨´ Éμ·  ¸μ ¸²¥¤ÖÐ¨³ ¶μ·μ£μ³ CFTD ¨, Î¥·¥§  ´ ²μ£μ¢ÊÕ § ¤¥·¦±Ê DL,
´  ¢Ìμ¤  ´ ²μ£μ¢μ-Í¨Ë·μ¢μ£μ ¶·¥μ¡· §μ¢ É¥²Ö ADC. ‹μ£¨Î¥¸±¨° ¨³¶Ê²Ó¸ ¸
CFTD ¶μ¸ÉÊ¶ ¥É ´  ¶¥·¥±²ÕÎ ¥³Ò° ¢Ìμ¤ Š ¡²μ±  ³ ¸É¥·-É·¨££¥·  (MT). �·¨
¶μÖ¢²¥´¨¨ ¨³¶Ê²Ó¸  ´  ¢Ìμ¤¥ Œ’ μ´ ¢Ò· ¡ ÉÒ¢ ¥É ¨³¶Ê²Ó¸Ò ®Gate¯ (¤²Ö μÉ-
±·ÒÉ¨Ö ADC) ¨ ®Start¯ (¤²Ö ¸É ·É  ¶·¥μ¡· §μ¢ É¥²Ö ¢·¥³ÖÄÍ¨Ë·  (TDC)) ¨
¸¨£´ ² § ¶·μ¸  LAM ± μ¡· ¡μÉ±¥ ¸μ¡ÒÉ¨Ö. �²μ±¨ ADC ¨ TDC ¶μ¸ÉμÖ´´μ
§ ±·ÒÉÒ ´  ¢Ìμ¤¥ ¨ μÉ±·Ò¢ ÕÉ¸Ö Éμ²Ó±μ ¨³¶Ê²Ó¸ ³¨ μÉ Œ’. ’μ±μ¢Ò¥ ¨³-
¶Ê²Ó¸Ò ¸ ¶·¥¤Ê¸¨²¨É¥²¥° PA ŒŠ�-¤¥É¥±Éμ·μ¢ É ±¦¥ · §¢¥É¢²ÖÕÉ¸Ö ¢ ¡²μ± Ì
®Split¯ ¨ ¶μ¸ÉÊ¶ ÕÉ Î¥·¥§  ´ ²μ£μ¢Ò¥ (± ¡¥²Ó´Ò¥) § ¤¥·¦±¨ DL ´  ¢Ìμ¤Ò
ADC ¨ CFTD ¸μμÉ¢¥É¸É¢¥´´μ. ‹μ£¨Î¥¸±¨¥ ¸¨£´ ²Ò ¸ CFTD ¶μ¸ÉÊ¶ ÕÉ ± ± ´ 
¶¥·¥±²ÕÎ ¥³Ò° ¢Ìμ¤ Š ¡²μ±  MT, É ± ¨ ´  ¸Ì¥³Ê ¸μ¢¶ ¤¥´¨° (CC) ¨, Î¥·¥§
§ ¤¥·¦±¨ DL, ´  stop-¢Ìμ¤Ò TDC. ‚ÒÌμ¤ ‘‘ É ±¦¥ ¶μ¤±²ÕÎ¥´ ± ¢Ìμ¤Ê Š
¡²μ±  MT ¨ ± μ¤´μ³Ê ¨§ stop-¢Ìμ¤μ¢ TDC.

’ ±¨³ μ¡· §μ³, Ô²¥±É·μ´´ Ö ¸Ì¥³  Ê¸É ´μ¢±¨ ¶μ§¢μ²Ö¥É μ·£ ´¨§μ¢ ÉÓ § -
¶¨¸¨ ¸μ¡ÒÉ¨° μÉ ¸¨£´ ²  ²Õ¡μ£μ ¨§ ¤¥É¥±Éμ·μ¢ Ê¸É ´μ¢±¨,   §´ Î¨É, ¶·μ-
¢μ¤¨ÉÓ ´ ¸É·μ°±Ê ¤¥É¥±Éμ·μ¢ ¨ μ¶·¥¤¥²ÖÉÓ ÔËË¥±É¨¢´μ¸É¨ ± ± μÉ¤¥²Ó´ÒÌ
ŒŠ�-¤¥É¥±Éμ·μ¢, É ± ¨ ¨Ì ¸μ¢¶ ¤¥´¨°,   É ±¦¥ ¶μ²ÊÎ ÉÓ ¤μ¶μ²´¨É¥²Ó´ÊÕ ¨´-
Ëμ·³ Í¨Õ ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í ¶μ ¢·¥³¥´¨ ¶·μ²¥É . �  ·¨¸. 4 (¸¶· ¢ )
¶·¥¤¸É ¢²¥´ ¤¢Ê³¥·´Ò° TOF-E-¸¶¥±É· α-Î ¸É¨Í 226Ra, £¤¥ ¶μ Ï± ²¥ Y μÉ²μ-
¦¥´μ ¢·¥³Ö ¶·μ²¥É  (¢ ± ´ ² Ì) ´  TOF-¡ §¥ ¤²¨´μ° ¢ 11 ¸³,   ¶μ Ï± ²¥ X Å
Ô´¥·£¨Ö α-Î ¸É¨Í ¢ Si-¤¥É¥±Éμ·¥.

�  ·¨¸. 4 (¸²¥¢ ) ¶·¥¤¸É ¢²¥´Ò Ô´¥·£¥É¨Î¥¸±¨¥ ¸¶¥±É·Ò α-Î ¸É¨Í 226Ra,
´ ¡· ´´Ò¥ ¶·¨ · §²¨Î´ÒÌ Ê¸²μ¢¨ÖÌ (¸¢¥·ÌÊ ¢´¨§):

Å ¶·¨ μÉ¸ÊÉ¸É¢¨¨ X-, Y -Ëμ²Ó£;
Å ¢ ¸μ¢¶ ¤¥´¨¨ ¸ ŒŠ�Y ;
Å ¢ ¸μ¢¶ ¤¥´¨¨ ¸ ŒŠ�X ;
Å ¢ É·μ°´ÒÌ ¸μ¢¶ ¤¥´¨ÖÌ Si c ŒŠ�X ¨ c ŒŠ�Y .
�·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 4 ¸¶¥±É·Ò (¤²Ö ¡μ²ÓÏ¥° ´ £²Ö¤´μ¸É¨ Ô´¥·£¥É¨-

Î¥¸±¨Ì ¸¤¢¨£μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢ÒÏ¥μ¶¨¸ ´´Ò³ Ê¸²μ¢¨Ö³) ´ ¡¨· ²¨¸Ó ¶·¨
Ê¸É ´μ¢²¥´´ÒÌ ³¥É ²²¨§¨·μ¢ ´´ÒÌ ³ °² ·μ¢ÒÌ X-, Y -Ëμ²Ó£ Ì ¸ Éμ²Ð¨´ ³¨
H ∼3 ³±³. 	 ¸Ð¥¶²¥´¨¥ ¸³¥Ð¥´´μ£μ ¶μ Ô´¥·£¨¨ ¶¨±  E = 7,68 ŒÔ‚ ¢ ¸¶¥±-
É· Ì 2 ¨ 3 ¸μμÉ¢¥É¸É¢Ê¥É ¶·μÌμ¦¤¥´¨Õ Î ¸É¨ÍÒ ± ± Î¥·¥§ μ¤´Ê, É ± ¨ Î¥·¥§
¤¢¥ Ëμ²Ó£¨. �É¸ÊÉ¸É¢¨¥ ¢μ 2-³ ¨ 3-³ ¸¶¥±É· Ì ´¥¸³¥Ð¥´´μ° ±μ³¶μ´¥´ÉÒ ¶¨± 
E = 7,68 ŒÔ‚ μÉ· ¦ ¥É Ë ±É μÉ¸ÊÉ¸É¢¨Ö ¸²ÊÎ °´ÒÌ ¸μ¢¶ ¤¥´¨°. ‚ 4-³ ¸¶¥±-
É·¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ Éμ²Ó±μ ¶¨±¨, ¸³¥Ð¥´´Ò¥ ´  ¢¥²¨Î¨´Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
Ô´¥·£¥É¨Î¥¸±¨³ ¶μÉ¥·Ö³ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î ¸É¨Í Î¥·¥§ ¤¢¥ Ëμ²Ó£¨. ‘ ¶μ-
³μÐÓÕ  ´ ²¨§  Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·μ¢ ¡Ò²¨ μ¶·¥¤¥²¥´Ò ÔËË¥±É¨¢´μ¸É¨
·¥£¨¸É· Í¨¨ ε (HV) ŒŠ�-¤¥É¥±Éμ·μ¢ ¨ μ¶É¨³ ²Ó´Ò¥ ¢¥²¨Î¨´Ò ´ ¶·Ö¦¥´¨°
¸³¥Ð¥´¨Ö ± ± ´  X-, Y -Ëμ²Ó£ Ì, É ± ¨ ´  Ëμ±Ê¸¨·ÊÕÐ¨Ì C-Ô²¥±É·μ¤ Ì.

7



	¨¸. 5. ”Ê´±Í¨μ´ ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ
ÔËË¥±É¨¢´μ¸É¨ ·¥£¨¸É· Í¨¨ ε (HV)
ŒŠ�X μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö
HVX ¶·¨ ´Ê²¥¢μ³ §´ Î¥´¨¨ ¶μÉ¥´-
Í¨ ²  HVC = 0 Ëμ±Ê¸¨·ÊÕÐ¥£μ
Ô²¥±É·μ¤ 

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 5 ¶·¥¤¸É ¢²¥´ 
§ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨ ·¥£¨¸É· Í¨¨
ε (HV) ŒŠ�X μÉ ´ ¶·Ö¦¥´¨Ö ¸³¥Ð¥´¨Ö
HVX . „ ´´ Ö § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ¸É¨
ŒŠ� ¨§³¥·¥´  ¶·¨ ·¥£¨¸É· Í¨¨ Ô²¥±É·μ-
´μ¢, Ô³¨É¨·ÊÕÐ¨Ì ¨§ ¸¶²μÏ´μ° Ëμ²Ó£¨, ¸
¶μ²´μ¸ÉÓÕ μÉ±·ÒÉÒ³ α-¨¸ÉμÎ´¨±μ³, ¶·¨
´Ê²¥¢μ³ §´ Î¥´¨¨ ¶μÉ¥´Í¨ ²  Ëμ±Ê¸¨·Ê-
ÕÐ¥£μ Ô²¥±É·μ¤  ¨ ¶·¨ μÉ¸ÊÉ¸É¢¨¨ Ô²¥±-
É·μ¸É É¨Î¥¸±¨Ì §¥·± ², ¢´μ¸ÖÐ¨Ì ¤μ¶μ²-
´¨É¥²Ó´μ¥ ¢μ§¤¥°¸É¢¨¥ ´  Î ¸É¨ÍÒ ¶ÊÎ± .
„ ´´ Ö ±·¨¢ Ö ¤¥³μ´¸É·¨·Ê¥É ¸ÊÐ¥¸É¢μ¢ -
´¨¥ μ¶É¨³ ²Ó´μ° (ε (HV) ∼ 90 %) ¢¥²¨-
Î¨´Ò ¶μÉ¥´Í¨ ²  HVX , ´¥ ¶·¥¢ÒÏ ÕÐ¥°
´¥¸±μ²Ó±¨Ì ¸μÉ¥´ ¢μ²ÓÉ.

‡�Š‹�—…�ˆ…

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³¥Éμ¤  Ë· £³¥´É-¸¥¶ · Éμ·  ¶μ²ÊÎ ¥³Ò¥ ¶ÊÎ±¨ Ô±§μ-
É¨Î¥¸±¨Ì Ö¤¥· ¨³¥ÕÉ Ï¨·μ±¨¥ ¨³¶Ê²Ó¸´Ò¥ ¨ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö,   É ±¦¥
¡μ²ÓÏμ° · §¡·μ¸ ¶μ ³ ¸¸¥ ¨ § ·Ö¤Ê. ˆ¸¸²¥¤μ¢ ´¨¥ É ±¨Ì Ö¤¥· É·¥¡Ê¥É · §¢¨-
É¨Ö ´μ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ³¥Éμ¤¨±. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¤²Ö ÔÉμ° Í¥²¨
¶·¥¤²μ¦¥´  ³¥Éμ¤¨±  AK, ±μÉμ· Ö ¸μ¤¥·¦¨É ¤¢  ¡²μ±  ŒŠ� ¨ Éμ´±¨¥ ¶μ-
²μ¸±¨ ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£ Éμ²Ð¨´μ° ´¥ ¡μ²¥¥ 200Ä300 ³±£/¸³2 (Au, Ag,
Al), μ·¨¥´É¨·μ¢ ´´Ò¥ ¶μ X- ¨ Y -μ¸Ö³ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° μ¸¨
¶ÊÎ± . ŒŠ�-¤¥É¥±Éμ·Ò ·¥£¨¸É·¨·ÊÕÉ Ë ±É ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ ÔÉ¨ Ëμ²Ó£¨
Î ¸É¨Í ¶ÊÎ±  ¶μ Ô³¨¸¸¨¨ ¢Éμ·¨Î´ÒÌ Ô²¥±É·μ´μ¢. �Éμ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ μ¶·¥-
¤¥²ÖÉÓ ¶μ²μ¦¥´¨¥ Î ¸É¨ÍÒ ¶¥·¥¤ ³¨Ï¥´ÓÕ ¨ ¨¤¥´É¨Ë¨Í¨·μ¢ ÉÓ Î ¸É¨ÍÒ ¶μ
¢·¥³¥´¨ ¶·μ²¥É . �·¥¤²μ¦¥´´ Ö ³¥Éμ¤¨±   ±É¨¢´μ£μ ±μ²²¨³ Éμ·  ¨³¥¥É ´ ¨-
³¥´ÓÏ¥¥ ¨§ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³¥Éμ¤¨± ±μ²¨Î¥¸É¢μ ¢¥Ð¥¸É¢ : < 8,0 · 1017 ¸³−2,
· ¸¶μ²μ¦¥´´μ£μ ´  ¶ÊÉ¨ É· ¥±Éμ·¨¨ Î ¸É¨ÍÒ, ÎÉμ ¶μ§¢μ²Ö¥É ¶·¨³¥´ÖÉÓ ¥¥ ¢
Ô±¸¶¥·¨³¥´É Ì ¶μ ¨§³¥·¥´¨Õ ¶μ²´ÒÌ ¸¥Î¥´¨¨° ·¥ ±Í¨¨.

�¢Éμ·Ò ¡² £μ¤ ·´Ò ±μ´¸É·Ê±Éμ·Ê ‚. ‚.™¥É¨´±¨´μ° §  · §· ¡μÉ±Ê Ê§²μ¢
 ¶¶ · ÉÊ·Ò, ƒ.”.ˆ¸ ¥¢Ê §  ¶μ³μÐÓ ¢ · ¡μÉ¥.

� ¸ÉμÖÐ Ö · ¡μÉ  ¡Ò²  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨°
¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ ¶·¨ ¶μ¤¤¥·¦±¥ £· ´É  	””ˆ 09-02-00196- ,   É ±¦¥
£· ´É  ¶μ²´μ³μÎ´μ£μ ¶·¥¤¸É ¢¨É¥²Ö �· ¢¨É¥²Ó¸É¢  	¥¸¶Ê¡²¨±¨ —¥Ì¨¨
¢ �ˆŸˆ.
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