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�μÉ¥·¨ ¨μ´μ¢ ¢¸²¥¤¸É¢¨¥ ¶¥·¥§ ·Ö¤±¨ ´  μ¸É ÉμÎ´μ³ £ §¥
¢ ± ³¥·¥ Í¨±²μÉ·μ´ 

‚ · ¡μÉ¥ μ¶¨¸ ´  ³¥Éμ¤¨±  ¨ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μÉ¥·Ó ¶ÊÎ± 
ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ¨μ´μ¢ ¢¸²¥¤¸É¢¨¥ ¶¥·¥§ ·Ö¤±¨ ´  μ¸É ÉμÎ´μ³ £ §¥ ¢ ± ³¥·¥
Í¨±²μÉ·μ´ . �Ò²  · §· ¡μÉ ´  ¶·μ£· ³³  IONLOSS, ¶μ§¢μ²ÖÕÐ Ö · ¸¸Î¨ÉÒ¢ ÉÓ
¶μÉ¥·¨ ¶ÊÎ±μ¢ ¨μ´μ¢ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ³μ²¥±Ê² ³¨ μ¸É ÉμÎ´μ£μ £ §  ¢ ¶·μ-
Í¥¸¸¥ ¤¢¨¦¥´¨Ö ¶ÊÎ± .

‚ ± Î¥¸É¢¥ ¶·¨³¥·μ¢ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μÉ¥·Ó ¶ÊÎ±μ¢ ¨μ´μ¢

40Ar8+ ¨ 84Kr17+ ¶·¨ ¶¥·¥§ ·Ö¤±¥ ¢ ± ³¥·¥ Í¨±²μÉ·μ´  –ˆ’�…Š, Ê¸±μ·ÖÕÐ¥£μ
¨μ´Ò ¤μ Ô´¥·£¨¨ 2,4 ŒÔ‚/´Ê±²μ´, ¨ ¶ÊÎ±μ¢ H+

2 , 12C6+, Ê¸±μ·Ö¥³ÒÌ ¢ ± ³¥·¥
Í¨±²μÉ·μ´  ‘400 (IBA, �¥²Ó£¨Ö) ¤μ 260 ŒÔ‚ ¨ 400 ŒÔ‚/´Ê±²μ´ ¸μμÉ¢¥É¸É¢¥´´μ.
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Karamyshev O.V., Karamysheva G.A., Skripka G.M. P9-2011-34
Beam Losses Due to Charge Exchange with the Residual Gas
in the Cyclotron

This paper describes methods and results of simulation of light and heavy ion
beams losses due to charge exchange with the residual gas in the cyclotron. A code
IONLOSS was created which can simulate beam losses due to charge exchange with
the residual gas while moving in the vacuum chamber.

The results of simulations of 40Ar8+ and 84Kr17+ ion beams losses in the CY-
TRACK cyclotron, which accelerates heavy ions up to an energy of 2.4 MeV/u, and
losses of H+

2 , 12C6+ ions in the C400 cyclotron (IBA, Belgium), which accelerates
ions up to 260 MeV and 400 MeV/u, correspondingly, are presented as examples.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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�·¨ ¶·μ¥±É¨·μ¢ ´¨¨ ¨ ¶·μ¢¥¤¥´¨¨ ¶Ê¸±μ´ ² ¤μÎ´ÒÌ · ¡μÉ Ê¸±μ·¨É¥²¥°
ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ¨μ´μ¢ ´¥μ¡Ìμ¤¨³μ ¶·μ¨§¢μ¤¨ÉÓ Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¶μÉ¥·Ó
¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥§ ·Ö¤±¨ ¨μ´μ¢ ´  ³μ²¥±Ê² Ì μ¸É ÉμÎ-
´μ£μ £ § . ‚ μ¸´μ¢´μ³ ¨¸Ìμ¤Ö ¨§ ÔÉ¨Ì ¶μÉ¥·Ó μ¶·¥¤¥²Ö¥É¸Ö É·¥¡Ê¥³Ò° Ê·μ-
¢¥´Ó ¢ ±ÊÊ³  ¢ ± ³¥·¥ Í¨±²μÉ·μ´ ,   μ´¨, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¶·¥¤¥²ÖÕÉ ´¥-
μ¡Ìμ¤¨³ÊÕ ¶·μ¨§¢μ¤¨É¥²Ó´μ¸ÉÓ ¸·¥¤¸É¢ ¢ ±ÊÊ³´μ° μÉ± Î±¨. ˆ¸¶μ²Ó§μ¢ ´¨¥
μ¶É¨³ ²Ó´ÒÌ ¢ ±ÊÊ³´ÒÌ ¸¨¸É¥³ Í¨±²μÉ·μ´μ¢ ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¨Ì ¸Éμ¨-
³μ¸É¨, ÎÉμ μ¸μ¡¥´´μ ¢ ¦´μ ¶·¨ ¶·μ¨§¢μ¤¸É¢¥ Ê¸±μ·¨É¥²¥°, ¶·¥¤´ §´ Î¥´´ÒÌ
¤²Ö ¶·¨±² ¤´ÒÌ ¨ ³¥¤¨Í¨´¸±¨Ì ¶·¨³¥´¥´¨°.

„²Ö · ¸Î¥É  ¶μÉ¥·Ó ¶ÊÎ±μ¢ ¨μ´μ¢ ¶·¨ ¶¥·¥§ ·Ö¤±¥ ´  ³μ²¥±Ê² Ì μ¸É -
ÉμÎ´μ£μ £ §  ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö ¡Ò²  · §· ¡μÉ ´  ¶·μ£· ³³  IONLOSS ¢
¨´É¥£·¨·μ¢ ´´μ³ ³ É¥³ É¨Î¥¸±μ³ ¶ ±¥É¥ MATLAB.

‚ ± Î¥¸É¢¥ ¶·¨³¥·μ¢ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶μÉ¥·Ó ¶ÊÎ±μ¢
¨μ´μ¢ 40Ar8+ ¨ 84Kr17+ ¢¸²¥¤¸É¢¨¥ ¶¥·¥§ ·Ö¤±¨ ¢ ± ³¥·¥ Í¨±²μÉ·μ´ 
–ˆ’�…Š [1], Ê¸±μ·ÖÕÐ¥£μ ¨μ´Ò ¤μ Ô´¥·£¨¨ 2,4 ŒÔ‚/´Ê±²μ´, ¨ ¶ÊÎ±μ¢ H+

2 ,
12C6+, Ê¸±μ·Ö¥³ÒÌ ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ‘400 [2] (IBA, �¥²Ó£¨Ö) ¤μ 260 ŒÔ‚
¨ 400 ŒÔ‚/´Ê±²μ´ ¸μμÉ¢¥É¸É¢¥´´μ.

Œ…’�„ˆŠ� ��‘—…’�‚

	ËË¥±É¨¢´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì ¨μ´μ¢ μÍ¥´¨¢ ² ¸Ó
¢ ¶·μ£· ³³¥ IONLOSS ¢ ¶·μÍ¥¸¸¥ · ¸Î¥Éμ¢ ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ · ´¥¥ ¸μ§¤ ´-
´μ³ ±μ³¶²¥±¸¥ ¶·μ£· ³³ DYN ¢ ¨´É¥£·¨·μ¢ ´´μ³ ³ É¥³ É¨Î¥¸±μ³ ¶ ±¥É¥
MATLAB.

Œμ¤¥²¨·μ¢ ´¨¥ ¤¨´ ³¨±¨ Î ¸É¨Í ¢ ¶·μ£· ³³¥ DYN μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¢
³ £´¨É´μ³ ¶μ²¥, ¶μ²ÊÎ¥´´μ³ ²¨¡μ ¢ ·¥§Ê²ÓÉ É¥ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ -
´¨Ö, ²¨¡μ ¢ ·¥§Ê²ÓÉ É¥ ³ £´¨É´ÒÌ ¨§³¥·¥´¨° Í¨±²μÉ·μ´ . “¸±μ·ÖÕÐ¥¥ Ô²¥±-
É·¨Î¥¸±μ¥ ¶μ²¥ ²¨¡μ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö  ´ ²¨É¨Î¥¸±¨³¨ Ëμ·³Ê² ³¨ [3], ²¨¡μ
¨¸¶μ²Ó§Ê¥É¸Ö ¢ ¢¨¤¥ ± ·ÉÒ ¶μ²Ö, ¶μ²ÊÎ¥´´μ° ¶·¨ · ¸Î¥É¥ ‚—-·¥§μ´ Éμ·  [4].
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	ËË¥±É¨¢´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö Teff ¶ÊÎ±μ³ ¨μ´μ¢ ÊÎ ¸É±  ¶ÊÉ¨ ¤²¨´μ° L
· ¢´ 

Teff(L) = I(L)
/
I0. (1)

�μ² £ ¥³, ÎÉμ ¨§³¥´¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ¶·μ¨¸Ìμ¤¨É Éμ²Ó±μ ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥-
§ ·Ö¤±¨ ¨μ´μ¢. �·μÍ¥¸¸Ò § Ì¢ É  ¨ ¶μÉ¥·¨ Ô²¥±É·μ´μ¢ ¢´μ¸ÖÉ ³ ±¸¨³ ²Ó´Ò°
¢±² ¤ ¶·¨ · ¸Î¥É¥ ¶μÉ¥·Ó ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨μ´μ¢ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸
³μ²¥±Ê² ³¨ μ¸É ÉμÎ´μ£μ £ § . ˆÉ ±, ÔËË¥±É¨¢´μ¸ÉÓ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  μ¶·¥-
¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Teff = exp (−σnL), (2)

£¤¥ σ Å ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ ¨μ´  ´  μ¸É ÉμÎ´μ³ £ §¥; n Å ±μ´Í¥´É· Í¨Ö ³μ-
²¥±Ê² μ¸É ÉμÎ´μ£μ £ § ; L Å ¤²¨´  É· ¥±Éμ·¨¨. ‚Ò· ¦¥´¨¥ (2) ¶·¥μ¡· §Ê¥É¸Ö
± ¢¨¤Ê [5]

Teff = e
−3,3·1016

L∫

0
Pσ(β(l))dl

, (3)

£¤¥ dl Å Ô²¥³¥´É ¤²¨´Ò ¶ÊÉ¨ ¨μ´  [¢ ¸³]; P Å ¤ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ
£ §  [¢ Éμ··]; β Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ¨μ´ ; σ(β(l)) Å ¸¥Î¥´¨¥ ¶¥-
·¥§ ·Ö¤±¨ ¨μ´  ´  μ¸É ÉμÎ´μ³ £ §¥ [¢ ¸³−2] ¶·¨ É¥³¶¥· ÉÊ·¥ μ¸É ÉμÎ´μ£μ
£ §  T = 293 Š.

’ ±¨³ μ¡· §μ³, ¢¥²¨Î¨´  ¶μÉ¥·Ó ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ¨μ´μ¢ ¢¸²¥¤¸É¢¨¥
¶¥·¥§ ·Ö¤±¨ ´  μ¸É ÉμÎ´μ³ £ §¥ § ¢¨¸¨É μÉ ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶¥·¥§ ·Ö¤±¨,
¤ ¢²¥´¨Ö ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¨ ¤²¨´Ò ¶ÊÉ¨, ¶·μ°¤¥´´μ£μ ¶ÊÎ±μ³ ¢ Ê¸±μ·¨-
É¥²¥. “³¥´ÓÏ¥´¨¥ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¤²¨´Ò
¶ÊÉ¨ ¨μ´μ¢ ¢ Í¨±²μÉ·μ´¥ ¨, ± ± ¸²¥¤¸É¢¨¥, ± Ê¢¥²¨Î¥´¨Õ ¶μÉ¥·Ó ¶·¨ ¶¥-
·¥§ ·Ö¤±¥ ´  μ¸É ÉμÎ´μ³ £ §¥. �  ÔËË¥±É¨¢´μ¸ÉÓ · ¡μÉÒ Ê¸±μ·¨É¥²Ö ¨μ´μ¢
μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ¥ ¢²¨Ö´¨¥ Ê·μ¢¥´Ó ¢ ±ÊÊ³  ¢ ± ³¥·¥ Í¨±²μÉ·μ´ . ’ ±
± ± ¢ · ¸¸³μÉ·¥´´ÒÌ Í¨±²μÉ·μ´ Ì ¶·¨³¥´Ö¥É¸Ö ¢´¥Ï´ÖÖ ¨´¦¥±Í¨Ö, Éμ ¤ -
¢²¥´¨¥ ¢ ± ³¥·¥ ³μ¦´μ ¶·¨¡²¨¦¥´´μ ¸Î¨É ÉÓ ¶μ¸ÉμÖ´´Ò³, ´¥ § ¢¨¸ÖÐ¨³ μÉ
· ¤¨Ê¸ .

�μ²´μ¥ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ ¨μ´  ´  μ¸É ÉμÎ´μ³ £ §¥ § ¢¨¸¨É μÉ  Éμ³´μ£μ
´μ³¥·  ¨ § ·Ö¤  Ê¸±μ·Ö¥³μ£μ ¨μ´ , É¨¶  μ¸É ÉμÎ´μ£μ £ § , Ô´¥·£¨¨ Ê¸±μ·Ö¥-
³ÒÌ Î ¸É¨Í. �μ²´μ¥ ¸¥Î¥´¨¥ ³μ¦´μ ¸Î¨É ÉÓ · ¢´Ò³ ¸Ê³³¥ ¤¢ÊÌ ¸¥Î¥´¨°:
¸¥Î¥´¨Ö § Ì¢ É  μ¤´μ£μ Ô²¥±É·μ´  ¨ ¸¥Î¥´¨Ö ¶μÉ¥·¨ μ¤´μ£μ Ô²¥±É·μ´ . ‚ ¶·μ-
£· ³³¥ IONLOSS μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¨´É¥£·¨·μ¢ ´¨¥ Ëμ·³Ê²Ò (3) ¤²Ö · ¸Î¥É 
ÔËË¥±É¨¢´μ¸É¨ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  ¨μ´μ¢, ¶·¨ ÔÉμ³ · ¸Î¥É ¸¥Î¥´¨° ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¸ μ¸É ÉμÎ´Ò³ £ §μ³ ¶·μ¨§¢μ¤¨²¸Ö · §²¨Î´μ ¤²Ö ÉÖ¦¥²ÒÌ ¨ ²¥£±¨Ì
¨μ´μ¢.
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Š ± ¨ ¢ · ¡μÉ Ì [6] ¨ [7], · ¸Î¥ÉÒ ¸¥Î¥´¨° ¶¥·¥§ ·Ö¤±¨ ¤²Ö ÉÖ¦¥²ÒÌ ¨μ-
´μ¢ ¶·μ¢μ¤¨²¨¸Ó ¶μ ¶μ²ÊÔ³¶¨·¨Î¥¸±¨³ Ëμ·³Ê² ³ ¤²Ö · §²¨Î´ÒÌ ¤¨ ¶ §μ´μ¢
Ô´¥·£¨°.

„²Ö Ô´¥·£¨° E � 0,006 ŒÔ‚/´Ê±²μ´ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ ¢ÒÎ¨¸²Ö²μ¸Ó ¶μ
¨§¢¥¸É´μ° Ô³¶¨·¨Î¥¸±μ° Ëμ·³Ê²¥ · ¡μÉÒ [8]

σz,z−1 = 1,43 · 10−12z1,17I−2,76
0 ,

z Å § ·Ö¤ ¨μ´ ; I0 [Ô‚] Å ¶¥·¢Ò° ¶μÉ¥´Í¨ ² ¨μ´¨§ Í¨¨ μ¸É ÉμÎ´μ£μ £ § ;
σz,z−1 [¸³−2] Å ¸¥Î¥´¨¥ § Ì¢ É . �·¨ ÔÉμ³ ¶μ²´μ¥ ¸¥Î¥´¨¥ σ0 = σz,z−1

(¸¥Î¥´¨¥³ ¶μÉ¥·¨ Ô²¥±É·μ´  ¶·¥´¥¡·¥£ ¥³, É ± ± ± ¸¥Î¥´¨¥ § Ì¢ É  ¶·¨ É ±¨Ì
Ô´¥·£¨ÖÌ ³´μ£μ ¡μ²ÓÏ¥ ¸¥Î¥´¨Ö ¶μÉ¥·¨).

„ ²¥¥ ¤μ Ô´¥·£¨¨ 0,5 ŒÔ‚/´Ê±²μ´ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ ¢ÒÎ¨¸²Ö²μ¸Ó ¸μ-
£² ¸´μ [9]:

σ(E) = σ0e
−γE,

£¤¥ γ Å ±μ´¸É ´É , § ¢¨¸ÖÐ Ö μÉ σ0 ¨ σk (σk Å ¸¥Î¥´¨¥ ¶·¨ E = 0,5 ŒÔ‚).
„²Ö ¤¨ ¶ §μ´  Ô´¥·£¨° 0,5Ä1,4 ŒÔ‚/´Ê±²μ´ ¶·¨³¥´Ö²¨¸Ó Ëμ·³Ê²Ò · -

¡μÉÒ [10]:

σz,z−1 = 2 · 10−15z2(137β)−5,

σz,z+1 = 2 · 10−15(1 + z)2(137β)−5 exp
(
−2(z − z̄) + 1

2 · 0,272 · A

)
,

£¤¥ z̄ = A{1 − exp (−137βδ)}, β Å μÉ´μ¸¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ, δ = 0,3443 −
0,0667 ln (A), A Å  Éμ³´Ò° ´μ³¥· Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢.

ˆÉ ±, ¶μ²´μ¥ ¸¥Î¥´¨¥

σ = σz,z−1 + σz,z+1.

„²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥³ Ô³¶¨·¨Î¥¸±ÊÕ § ¢¨¸¨³μ¸ÉÓ É¥Ì ¦¥  ¢Éμ·μ¢ [10]:

σ = 6,1 · 10−17 exp
{
−z(−0,25 + 0,32E − 0,14E2 + 0,0123E3)

}
,

E [MÔ‚/´Ê±²μ´] Å Ô´¥·£¨Ö ¨μ´μ¢.
�¡  ¢ ·¨ ´É  ¶μ± § ²¨  ´ ²μ£¨Î´Ò° ·¥§Ê²ÓÉ É.
�·¨ Ô´¥·£¨ÖÌ ¡μ²ÓÏ¥ 1,4 ŒÔ‚/´Ê±²μ´ ¨¸¶μ²Ó§μ¢ ²¨¸Ó Ëμ·³Ê²Ò · ¡μÉÒ [11]

σz,z+1 = 9 · 10−19z−
2
5 β−2,

σz,z−1 = 3 · 10−28z
5
2 β−7,

σ = σz,z−1 + σz,z+1.
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�·¨ · ¸Î¥É Ì ¶μÉ¥·Ó ¶ÊÎ±μ¢ ÉÖ¦¥²ÒÌ ¨μ´μ¢ 40Ar8+ ¨ 84Kr17+ ¢ Í¨±²μÉ·μ´¥
–ˆ’�…Š ¶μ² £ ²μ¸Ó, ÎÉμ μ¸É ÉμÎ´Ò° £ § ¢ ± ³¥·¥ Å  §μÉ.

–¨±²μÉ·μ´ –ˆ’�…Š ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¨§μÌ·μ´´Ò° Í¨±²μÉ·μ´ ¸  §¨-
³ÊÉ ²Ó´μ° ¢ ·¨ Í¨¥° ³ £´¨É´μ£μ ¶μ²Ö (Î¥ÉÒ·¥Ì¸¥±Éμ·´ Ö ¸É·Ê±ÉÊ· ),  ±¸¨-
 ²Ó´μ° ¨´¦¥±Í¨¥° ¨μ´μ¢, ¢Ò¸μ±μÎ ¸ÉμÉ´μ° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³μ° ¨ Ô²¥±É·μ-
¸É É¨Î¥¸±μ° ¸¨¸É¥³μ° ¢Ò¢μ¤ . –ˆ’�…Š ¶·¥¤´ §´ Î¥´ ¤²Ö μ¡²ÊÎ¥´¨Ö ¶μ²¨-
³¥·´ÒÌ ¶²¥´μ±, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¶·μ¨§¢μ¤¸É¢¥ · §¤¥²ÖÕÐ¨Ì ¨ Ë¨²ÓÉ·ÊÕÐ¨Ì
Ô²¥³¥´Éμ¢ ³¥¤¨Í¨´¸±μ£μ, ¶·μ³ÒÏ²¥´´μ£μ ¨ ¡ÒÉμ¢μ£μ ´ §´ Î¥´¨Ö.

�Ê¸±μ´ ² ¤μÎ´Ò¥ · ¡μÉÒ Í¨±²μÉ·μ´  μ¸ÊÐ¥¸É¢²Ö²¨¸Ó ¢ Ê¸²μ¢¨ÖÌ, ¸ÊÐ¥-
¸É¢¥´´μ μÉ²¨Î´ÒÌ μÉ ¶·μ¥±É´ÒÌ [12]. ‚μ-¶¥·¢ÒÌ, ¢³¥¸Éμ ¨μ´μ¢ ±·¨¶Éμ´ 
Ê¸±μ·Ö²¨ ¨μ´Ò  ·£μ´ ; ¢μ-¢Éμ·ÒÌ,  ³¶²¨ÉÊ¤  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö · ¢-
´Ö² ¸Ó 40 ±‚ (¸μ£² ¸´μ ¶·μ¥±ÉÊ ´ ¶·Ö¦¥´¨¥ ´  ·¥§μ´ Éμ·¥ ¶² ´¨·μ¢ ²μ¸Ó
50 ±‚). ‚ ¸¢Ö§¨ ¸ ÔÉ¨³¨ ¨§³¥´¥´¨Ö³¨ ±μÔËË¨Í¨¥´ÉÒ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±μ¢
¨μ´μ¢ 40Ar8+ ¨ 84Kr17+ ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¡Ò²¨ · ¸¸Î¨É ´Ò ¤²Ö · §²¨Î´ÒÌ
§´ Î¥´¨° Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¨ ¤ ¢²¥´¨° μ¸É ÉμÎ´μ£μ £ § . �  ·¨¸. 1
¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö T ¨μ´μ¢ 84Kr17+ μÉ ¤ -
¢²¥´¨Ö ¢ ± ³¥·¥ Ê¸±μ·¨É¥²Ö ¤²Ö É·¥Ì §´ Î¥´¨° Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö: 40,
50, 60 ±‚ [13]. ‚¨¤´μ, ÎÉμ ¶·¨ ¤ ¢²¥´¨¨ ¢ ± ³¥·¥ Í¨±²μÉ·μ´  10−6 Éμ··
±μÔËË¨Í¨¥´É ¶·μÌμ¦¤¥´¨Ö · ¢¥´ 68 % ¤²Ö V = 60 ±‚, 63% ¤²Ö V = 50 ±‚
¨ 56 % ¤²Ö V = 40 ±‚. �Î¥¢¨¤´μ, ÎÉμ Ê³¥´ÓÏ¥´¨¥ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö
¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ ¶μÉ¥·Ó, ÎÉμ ¸¢Ö§ ´μ ¸ Ê¤²¨´¥´¨¥³ É· ¥±Éμ·¨¨ ¨§-§ 
·μ¸É  Î¨¸²  μ¡μ·μÉμ¢.

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢ ¶·μÌμ¦¤¥´¨Ö ¨μ´μ¢
 ·£μ´  ¨ ±·¨¶Éμ´  μÉ ¤ ¢²¥´¨Ö ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¶·¨  ³¶²¨ÉÊ¤¥ Ê¸±μ·Ö-
ÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö 40 ±‚.

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö ¨μ´μ¢ 84Kr17+ μÉ ¤ ¢²¥´¨Ö ¢ ± ³¥·¥
Ê¸±μ·¨É¥²Ö ¤²Ö · §²¨Î´ÒÌ Ê¸±μ·ÖÕÐ¨Ì ´ ¶·Ö¦¥´¨°
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢ ¶·μÌμ¦¤¥´¨Ö ¨μ´μ¢ 84Kr17+ ¨ 40Ar8+ μÉ ¸·¥¤´¥£μ
¤ ¢²¥´¨Ö ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¤²Ö Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö 40 ±‚

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö ¨μ´μ¢ 40Ar8+ μÉ ¸·¥¤´¥£μ ¤ ¢²¥´¨Ö
¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¤²Ö Ê¸±μ·ÖÕÐ¨Ì ´ ¶·Ö¦¥´¨° 40 ¨ 50 ±‚

ŠμÔËË¨Í¨¥´É ¶·μÌμ¦¤¥´¨Ö ¨μ´μ¢ 40Ar8+ ¡μ²¥¥ 60% ¤μ¸É¨£ ¥É¸Ö ¶·¨
¸²¥¤ÊÕÐ¨Ì Ê¸²μ¢¨ÖÌ: ¤ ¢²¥´¨¥ ¢ ± ³¥·¥ ´¥ ¶·¥¢ÒÏ ¥É 2 · 10−6 Éμ·· ¤²Ö
¶·μ¥±É´μ£μ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö 50 ±‚ ¨ 1,5 · 10−6 Éμ·· ¤²Ö V = 40 ±‚
(¸³. ·¨¸. 3).

�¥·¢μ´ Î ²Ó´μ ¡Ò²μ μ¸ÊÐ¥¸É¢²¥´μ Ê¸±μ·¥´¨¥ ´¥¡ ´Î¨·μ¢ ´´μ£μ ¶ÊÎ± 
¨μ´μ¢  ·£μ´  ¢ Í¨±²μÉ·μ´¥ ¶·¨ ¸·¥¤´¥° ¢¥²¨Î¨´¥ ¤ ¢²¥´¨Ö μ±μ²μ 10−6 Éμ··.
�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  μÉ · ¤¨Ê¸ , ¶μ²Ê-
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�¨¸. 4. 	±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  40Ar8+ μÉ · ¤¨Ê¸ , ¶μ-
²ÊÎ¥´´ Ö ¶·¨ ¶μ³μÐ¨ · ¤¨ ²Ó´μ£μ ¶·μ¡´¨±  (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö); ¸¶²μÏ´ Ö ²¨´¨Ö Å
· ¸Î¥É´Ò¥ ¤ ´´Ò¥

Î¥´´ Ö ¶·¨ ¶μ³μÐ¨ · ¤¨ ²Ó´μ£μ ¶·μ¡´¨± , · ¸¶μ²μ¦¥´´μ£μ ¢ ¸¥·¥¤¨´¥ Ìμ²³ 
³ £´¨É . ‚¨¤´μ, ÎÉμ ¢ Í¥´É·¥ Í¨±²μÉ·μ´  ´ ¡²Õ¤ ÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò¥ ¶μÉ¥·¨
¶ÊÎ± , ¸¢Ö§ ´´Ò¥ ¸ μÉ¡μ·μ³ Î ¸É¨Í ¶μ Ë § ³ (Î ¸É¨ÍÒ ¸ Ë §μ¢Ò³ · §¡·μ¸μ³
§  ¶·¥¤¥² ³¨ ±30◦ É¥·ÖÕÉ¸Ö ´  ±·μ³± Ì ¤Ê ´Éμ¢),   ¤ ²¥¥ Ô±¸¶¥·¨³¥´É ²Ó-
´ Ö ±·¨¢ Ö (ÏÉ·¨Ìμ¢ Ö ²¨´¨Ö) Ìμ·μÏμ ¸μμÉ¢¥É¸É¢Ê¥É · ¸Î¥É´μ° § ¢¨¸¨³μ¸É¨
¨´É¥´¸¨¢´μ¸É¨ μÉ · ¤¨Ê¸  (¸¶²μÏ´ Ö ²¨´¨Ö) ¶·¨ ¢¥²¨Î¨´¥ ¸·¥¤´¥£μ ¤ ¢²¥´¨Ö
¢ ± ³¥·¥ Í¨±²μÉ·μ´  10−6 Éμ··.

��‘—…’ ��’…�œ �“—Š� ‹…ƒŠˆ• ˆ���‚

„²Ö · ¸Î¥É  ÔËË¥±É¨¢´μ¸É¨ ¶·μÌμ¦¤¥´¨Ö ²¥£±¨Ì ¨μ´μ¢ É ±¦¥ ´¥ Ì¢ -
É ¥É Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¸¥Î¥´¨Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ³μ²¥±Ê² ³¨
μ¸É ÉμÎ´μ£μ £ §  ¤²Ö ¢¸¥£μ ¤¨ ¶ §μ´  Ô´¥·£¨° Ê¸±μ·Ö¥³ÒÌ ¨μ´μ¢. �μÔÉμ³Ê
´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ²ÊÔ³¶¨·¨Î¥¸±¨¥ Ëμ·³Ê²Ò ¤²Ö · ¸Î¥Éμ¢ ¸¥Î¥´¨°
¢§ ¨³μ¤¥°¸É¢¨Ö, ´μ μÉ²¨Î´Ò¥ μÉ É¥Ì, ±μÉμ·Ò¥ ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¶·¨ · ¸Î¥É¥
¶μÉ¥·Ó ÉÖ¦¥²ÒÌ ¨μ´μ¢.

� ³ ¡Ò²μ ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨ · ¸Î¥ÉÒ ¶μÉ¥·Ó ¤²Ö μ¶É¨³¨§ Í¨¨ ¢ ±ÊÊ³-
´μ° ¸¨¸É¥³Ò Í¨±²μÉ·μ´  ‘400 [2], ¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö  ¤·μ´´μ° É¥· ¶¨¨
μ´±μ²μ£¨Î¥¸±¨Ì § ¡μ²¥¢ ´¨° ¨μ´ ³¨ Ê£²¥·μ¤  ¨ ¶·μÉμ´ ³¨ (¢ Í¨±²μÉ·μ´¥
Ê¸±μ·ÖÕÉ¸Ö ¨μ´Ò ³μ²¥±Ê²Ö·´μ£μ ¢μ¤μ·μ¤  H+

2 , ±μÉμ·Ò¥ ¶μ¸²¥ ¢Ò¢μ¤  ¶¥·¥-
§ ·Ö¤±μ° ´  Ëμ²Ó£¥ · ¸¶ ¤ ÕÉ¸Ö ´  2 ¶·μÉμ´  ¨ Ô²¥±É·μ´). ’ ± ¦¥, ± ± ¨
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· ´¥¥, ³Ò ´¥ ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¥¤¨´ÊÕ Ëμ·³Ê²Ê, Ê´¨¢¥·¸ ²Ó´ÊÕ ¤²Ö ¢¸¥£μ
¤¨ ¶ §μ´  Ô´¥·£¨°. ”¨·³  IBA ¶·μ¢μ¤¨²   ´ ²¨§ μ¸É ÉμÎ´μ£μ £ §  ¢ ¸¢μ¨Ì
Í¨±²μÉ·μ´ Ì ¨ ¶·¨Ï²  ± ¢Ò¢μ¤Ê, ÎÉμ ¥£μ μ¸´μ¢Ê ´  70% ¸μ¸É ¢²ÖÕÉ ¶ ·Ò
¢μ¤Ò [14]. ’ ±¨³ μ¡· §μ³, ³Ò ¢¶· ¢¥ ¨¸¶μ²Ó§μ¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¶μ ¸¥Î¥´¨Ö³ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¢μ¤Ö´Ò³ ¶ ·μ³ ¨²¨ ¸  §μÉμ³, É ± ± ±
¢ ¶¥·¢μ³ ¸²ÊÎ ¥ ³Ò ¨³¥¥³ ¤¥²μ ¸ ´ ¨¡μ²¥¥ ¢¥·μÖÉ´Ò³ ±μ³¶μ´¥´Éμ³ μ¸É -
ÉμÎ´μ£μ £ § ,   ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥ ¶μ²ÊÎ ¥³ ³ ±¸¨³ ²Ó´Ò¥ ¶μÉ¥·¨, ¶μ¸±μ²Ó±Ê
¸¥Î¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸  §μÉμ³ ± ±¨Ì ¡Ò Éμ ´¨ ¡Ò²μ ´ ²¥É ÕÐ¨Ì ¨μ´μ¢
¢¸¥£¤  ¡μ²ÓÏ¥, Î¥³ ¸¥Î¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶ · ³¨ ¢μ¤Ò.

�·¨ · ¸Î¥É¥ ¶μÉ¥·Ó ¨μ´μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶μ ²¨´¨¨ ¨´¦¥±Í¨¨ (Ô´¥·-
£¨Ö ¨μ´μ¢ 12,5 ±Ô‚/´Ê±²μ´) ³Ò ¨¸¶μ²Ó§μ¢ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö
¸¥Î¥´¨° ¢§ ¨³μ¤¥°¸É¢¨Ö. ˆ§¢¥¸É´μ, ÎÉμ ¸¥Î¥´¨¥ ¶¥·¥§ ·Ö¤±¨ ¶· ±É¨Î¥¸±¨ ´¥
³¥´Ö¥É¸Ö ¨ ¤μ¸É¨£ ¥É ¸¢μ¥£μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨°
´ ²¥É ÕÐ¥£μ ¨μ´  μÉ 1 ¤μ 10 ±Ô‚/´Ê±²μ´ [15]. �μÔÉμ³Ê ¤²Ö ´ Ï¨Ì μÍ¥´μ±
³Ò ³μ¦¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¢¥²¨Î¨´Ò ¸¥Î¥´¨° § Ì¢ É  ¨μ´ ³¨ Ê£²¥·μ¤ : σq,q−1 =
(6,0 ± 1,4)10−15¸³2 (μ¤¨´ Ô²¥±É·μ´) ¨ σq,q−2 = (0,8 ± 0,7)10−15¸³2 (§ Ì¢ É
¤¢ÊÌ Ô²¥±É·μ´μ¢), ¶μ²ÊÎ¥´´Ò¥ ¶·¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ ¨μ´  3,75 ±Ô‚/´Ê±²μ´
¢ · ¡μÉ¥ [16]. 	É  ¢¥²¨Î¨´  (¸Ê³³ ·´μ 6,8 · 10−15 ¸³2) ¡Ê¤¥É ¤ ¦¥ ´¥¸±μ²Ó±μ
¢ÒÏ¥, É ± ± ± Ô´¥·£¨Ö ¨´¦¥±Í¨¨ ´¥³´μ£μ ¡μ²ÓÏ¥, Î¥³ ¢ÒÏ¥Ê± § ´´Ò° ¤¨ -
¶ §μ´ (μÉ 1 ¤μ 10 ±Ô‚/´Ê±²μ´).

	±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö ¶¥·¥§ ·Ö¤±¨ H+
2 -¨μ´μ¢

¸ ³μ²¥±Ê² ³¨ ¢μ¤Ö´μ£μ ¶ ·  ¶·¨ Ô´¥·£¨¨ 12,5 ±Ô‚/´Ê±²μ´ ¸μ¸É ¢²ÖÕÉ
1Ä2 · 10−15 ¸³2 [17]. ’ ±¨³ μ¡· §μ³, ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶μ ²¨´¨¨ ¨´¦¥±Í¨¨
¶μÉ¥·¨ ¨μ´μ¢ 12C6+ ¡Ê¤ÊÉ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥, Î¥³ ¶μÉ¥·¨ H+

2 -¨μ´μ¢. �·¨
ÔÉμ³, ± ± ¶μ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, ¶μÉ¥·¨ ¶ÊÎ±μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¶μ ²¨´¨¨ ¨´-

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö μÉ ¤ ¢²¥´¨Ö ¢ ²¨´¨¨ ¨´¦¥±Í¨¨
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¦¥±Í¨¨ ¤²¨´μ° 5 ³ ´¥ ¶·¥¢Ò¸ÖÉ 2 % ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¤ ¢²¥´¨¥ μ¸É ÉμÎ´μ£μ
£ §  ¡Ê¤¥É ´¥ ¡μ²ÓÏ¥ 2 · 10−7 Éμ·· (¸³. ·¨¸. 5).

C ·μ¸Éμ³ Ô´¥·£¨¨ ¸¨ÉÊ Í¨Ö ¸ ¶μÉ¥·Ö³¨ ¨μ´μ¢ Ê£²¥·μ¤  ¨ ³μ²¥±Ê²Ö·´μ£μ
¢μ¤μ·μ¤  ³¥´Ö¥É¸Ö, É. ¥. ¡μ²ÓÏ¨³ ¸É ´μ¢¨É¸Ö ¸¥Î¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨μ´μ¢
³μ²¥±Ê²Ö·´μ£μ ¢μ¤μ·μ¤ , Î¥³ ¨μ´μ¢ Ê£²¥·μ¤ . �μÔÉμ³Ê ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö
¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¸ÊÐ¥¸É¢¥´´Ò³¨ ¸É ´μ¢ÖÉ¸Ö ¶μÉ¥·¨ ¨μ´μ¢ ³μ²¥±Ê²Ö·´μ£μ
¢μ¤μ·μ¤ .

‚ · ¸Î¥É Ì ³Ò ¨¸¶μ²Ó§μ¢ ²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö
³μ²¥±Ê²Ö·´μ£μ ¢μ¤μ·μ¤  ¸ μ¸É ÉμÎ´Ò³ £ §μ³ ¢¶²μÉÓ ¤μ Ô´¥·£¨¨ E = 100 ±Ô‚.
�·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¨³¥ÕÉ¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¸¥Î¥´¨Ö³ ¢§ -
¨³μ¤¥°¸É¢¨Ö Éμ²Ó±μ ¤²Ö μÉ¤¥²Ó´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨, ¶μÔÉμ³Ê ¤²Ö μÍ¥´±¨
¸¥Î¥´¨Ö ¶·¨ E � 100 ±Ô‚ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  Ëμ·³Ê²  �μ·  [5]

σ(E) = πa2
0Z

2/3
t

υ0

υ

√
I0

I
¤²Ö Zt > 3 (¸·¥¤´ÖÖ ³¨Ï¥´Ó), (4)

£¤¥ υ0 = 2,19 · 108 ¸³/¸ ¨ a0 = 5,29 · 10−9 ¸³ Å ÔÉμ ¸±μ·μ¸ÉÓ ¨ · ¤¨Ê¸
�μ·  ¸μμÉ¢¥É¸É¢¥´´μ; Zt Å  Éμ³´μ¥ Î¨¸²μ μ¸É ÉμÎ´μ£μ £ § ; υ Å ¸±μ·μ¸ÉÓ
¨μ´μ¢ H+

2 ; I Å Ô´¥·£¨Ö ¸¢Ö§¨ Ô²¥±É·μ´ ; I0 = 13,6 Ô‚.
�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  ¶μÉ¥·¨ Ô²¥±É·μ´ 

¨μ´μ³ H+
2 μÉ Ô´¥·£¨¨ ¨μ´  H+

2 [18Ä20]. Œμ¦´μ § ±²ÕÎ¨ÉÓ, ÎÉμ Ëμ·³Ê² 
�μ·  (4) ¤ ¥É § ´¨¦¥´´μ¥ ´  5Ä15 % §´ Î¥´¨¥ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  ¶μÉ¥·¨ Ô²¥±-
É·μ´  ¶μ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨. �¤´ ±μ ¸·¥¤¨ ¸Ê-
Ð¥¸É¢ÊÕÐ¨Ì ³ É¥³ É¨Î¥¸±¨Ì ³μ¤¥²¥° μ´  ¤ ¥É ´ ¨²ÊÎÏ¥¥ ¶·¨¡²¨¦¥´¨¥ ±
Ô±¸¶¥·¨³¥´ÉÊ, ¶μÔÉμ³Ê ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¶·¨ · ¸Î¥É Ì.

�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö ¶·μÍ¥¸¸  ¶μÉ¥·¨ Ô²¥±É·μ´  (Ëμ·³Ê²  �μ·  ¤²Ö ¸·¥¤´¨Ì
³¨Ï¥´¥°) μÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£μ ¨μ´  H+

2
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�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢ ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±μ¢ H+
2 - ¨ 12C6+-¨μ´μ¢ μÉ ¤ -

¢²¥´¨Ö ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ‘400. �¸É ÉμÎ´Ò° £ § Å  §μÉ

�·¨ · ¸Î¥É¥ ¶μÉ¥·Ó ¨μ´μ¢ Ê£²¥·μ¤  ¶·¨³¥´Ö²¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥-
´¨Ö ¸¥Î¥´¨Ö § Ì¢ É  μ¤´μ£μ Ô²¥±É·μ´  ¨§ · ¡μÉÒ [21] ¢¶²μÉÓ ¤μ Ô´¥·£¨¨ E =
1,3 ·106 Ô‚/´Ê±²μ´, ¶·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¢¥²¨Î¨´  ¸¥Î¥´¨Ö Ê³¥´ÓÏ ¥É¸Ö, ´μ
³Ò ¶·¥¤¶μ² £ ²¨ ¥¥ · ¢´μ° ¸¥Î¥´¨Õ ¶·¨ Ô´¥·£¨¨ E = 1,3 · 106 Ô‚/´Ê±²μ´,  
¨³¥´´μ 7,67 · 10−20 ¸³2.

�μÉ¥·¨ ¨μ´μ¢ H+
2 ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ´ ³´μ£μ ¶·¥¢μ¸Ìμ¤ÖÉ ¶μÉ¥·¨

¨μ´μ¢ 12C6+ ¢ ¸¢Ö§¨ ¸ · §´¨Í¥° ¢ ¢¥²¨Î¨´¥ ¸¥Î¥´¨Ö ¶μÉ¥·¨ ¨ § Ì¢ É  Ô²¥±-
É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ. �  ·¨¸. 7 ¶·¥¤¸É ¢²¥´  § ¢¨¸¨³μ¸ÉÓ ±μÔËË¨Í¨¥´Éμ¢
¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±μ¢ ¨μ´μ¢ H+

2 ¨ 12C6+ μÉ ¤ ¢²¥´¨Ö ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ‘400.
‚¨¤´μ, ÎÉμ ¶μÉ¥·¨ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  H+

2 -¨μ´μ¢ ¤²Ö ¤ ¢²¥´¨Ö 2 ·10−7 Éμ··
´¥ ¶·¥¢Ò¸ÖÉ 5 %.

‡�Š‹�—…�ˆ…

—Éμ¡Ò · ¸Ï¨·¨ÉÓ ¢μ§³μ¦´μ¸É¨ ±μ³¶²¥±¸  ¶·μ£· ³³ DYN, ¡Ò²  · §· ¡μ-
É ´  ¶·μ£· ³³  IONLOSS, ¶μ§¢μ²ÖÕÐ Ö · ¸¸Î¨ÉÒ¢ ÉÓ ¶μÉ¥·¨ ¶ÊÎ±μ¢ ¨μ´μ¢
¶·¨ ¶¥·¥§ ·Ö¤±¥ ´  ³μ²¥±Ê² Ì μ¸É ÉμÎ´μ£μ £ §  ¢ ¶·μÍ¥¸¸¥ ¤¢¨¦¥´¨Ö ¶ÊÎ± .

Œμ¤Ê²Ó ¶·μ£· ³³Ò, ¶·¥¤´ §´ Î¥´´Ò° ¤²Ö · ¸Î¥É  ¶μÉ¥·Ó ÉÖ¦¥²ÒÌ ¨μ´μ¢
¶·¨ ¶¥·¥§ ·Ö¤±¥ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ¸ ³μ²¥±Ê² ³¨ μ¸É ÉμÎ´μ£μ £ § , ¶·¨³¥-
´Ö²¸Ö ¤²Ö · ¸Î¥É  ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö ¢ Ê¸±μ·¨É¥²¥ –ˆ’�…Š. �μ²Ê-
Î¥´´Ò¥ · ¸Î¥É´Ò¥ ¤ ´´Ò¥ Ìμ·μÏμ ¸μμÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³.

�·μ£· ³³  ¤²Ö · ¸Î¥É  ¶μÉ¥·Ó ²¥£±¨Ì ¨μ´μ¢ ¢ ¶·μÍ¥¸¸¥ ¶¥·¥§ ·Ö¤±¨
¶·¨³¥´Ö² ¸Ó ¤²Ö ¢ÒÎ¨²¥´¨Ö ±μÔËË¨Í¨¥´É  ¶·μÌμ¦¤¥´¨Ö ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³
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Ê¸±μ·¨É¥²¥ ‘400 (IBA, �¥²Ó£¨Ö). � ¸Î¥ÉÒ ¶μ± § ²¨, ÎÉμ É·¥¡μ¢ ´¨Ö ± Ê·μ¢´Õ
¢ ±ÊÊ³  μ¶·¥¤¥²ÖÕÉ¸Ö ¨μ´ ³¨ 12C6+ ¢ ²¨´¨¨ ¨´¦¥±Í¨¨ ¨ H+

2 ¢ ± ³¥·¥ Í¨-
±²μÉ·μ´ . „²Ö ¤ ¢²¥´¨Ö 2 · 10−7 Éμ·· · ¸Î¥É´Ò¥ ¶μÉ¥·¨ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ± 
12‘6+-¨μ´μ¢ ¢ ²¨´¨¨ ¨´¦¥±Í¨¨ ¸μ¸É ¢²ÖÕÉ μ±μ²μ 2 %, ¶μÉ¥·¨ ¨´É¥´¸¨¢´μ¸É¨
¶ÊÎ±  H+

2 ¢ ± ³¥·¥ Í¨±²μÉ·μ´  ¸μ¸É ¢²ÖÕÉ μ±μ²μ 5%.
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