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� ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ Ö¤¥·´μ° Ë¨§¨±¨ ¨³. „. ‚. ‘±μ¡¥²ÓÍÒ´ 
Œμ¸±μ¢¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É  ¨³. Œ. ‚.‹μ³μ´μ¸μ¢ , Œμ¸±¢ 

� ´¥¥ ¶·¨ ¨§³¥·¥´¨ÖÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ¶ÊÎ±  ¨μ´μ¢ £¥²¨Ö ¸
Ô´¥·£¨¥° ³¥´¥¥ 300 ±Ô‚ ¢ Al-¶²¥´± Ì ´ ¡²Õ¤ ² ¸Ó ´¥¸±μ²Ó±μ ´¥μ¦¨¤ ´´ Ö ± ·É¨´ : ´  ¶·μÉÖ-
¦¥´¨¨ ¨¸¸²¥¤μ¢ ´´μ° μ¡² ¸É¨ Ô´¥·£¨° μÉ´μÏ¥´¨¥ ¶μ²ÊÏ¨·¨´ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ · ¸¶·¥¤¥²¥´¨°
(θ1/2)Ô±¸¶ ± · ¸¸Î¨É ´´Ò³ ¶μ É¥μ·¨¨ Œμ²Ó¥· Ä	¥É¥ (θ1/2)Œ	 μ¸É ¢ ²μ¸Ó ¶μÎÉ¨ ¶μ¸ÉμÖ´´Ò³, Éμ£¤ 
± ± ¸μ¸É ¢ ¶ÊÎ±  ¢¸²¥¤¸É¢¨¥ ¶¥·¥§ ·Ö¤±¨ ³μ£ § ³¥É´μ ¨§³¥´ÖÉÓ¸Ö, ÎÉμ ¤μ²¦´μ ¡Ò²μ ¡Ò μÉ· §¨ÉÓ¸Ö
´  ¢¥²¨Î¨´¥ (θ1/2)Ô±¸¶/(θ1/2)Œ	. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö
± ¦¤μ£μ ¨§ ¨μ´μ¢ Å �¥++, �¥+ ¨ �¥0 Å ¸  Éμ³ ³¨-· ¸¸¥¨¢ É¥²Ö³¨ ¨ ´ °¤¥´Ò Ô´¥·£¥É¨Î¥¸±¨¥
§ ¢¨¸¨³μ¸É¨ ¢²¨Ö´¨Ö Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ´  ¶·μÍ¥¸¸ · ¸¸¥Ö´¨Ö, ±μÉμ·Ò¥ μ¡ÑÖ¸´ÖÕÉ Ìμ¤
¨§³¥´¥´¨° (θ1/2)Ô±¸¶/(θ1/2)Œ	 ¸ Ô´¥·£¨¥° ± ± ¢ ¶·¥¦´¨Ì, É ± ¨ ¢ ´μ¢ÒÌ ·¥§Ê²ÓÉ É Ì ¨§³¥·¥´¨° ¶·¨
¡
μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ.

In previous measurements of angular distributions in multiple scattering of helium-ion beams with
energies below 300 keV in Al a somewhat unexpected picture was observed. In the whole studied
energy region the ratio of experimental half-width (θ1/2)exp to that calculated from MoliereÄBethe
theory (θ1/2)MB remains almost constant, in spite of the fact that the beam composition due to beam
recharge can signiˇcantly affect the quantity (θ1/2)exp/(θ1/2)MB. In this concern, a calculation of
interaction potentials of all the beam ions �¥++, �¥+ and �¥0 with atoms was carried out. The
in�uence of electron screening on the scattering processes was studied and the corresponding energy
dependence was found. The results allow one to explain the behaviour of (θ1/2)exp/(θ1/2)MB both in
previous measurements and in subsequent new experiments with higher energies.

PACS: 25.55.Kr
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‚ · ´´¨Ì Ô±¸¶¥·¨³¥´É Ì ¶μ ³´μ£μ±· É´μ³Ê · ¸¸¥Ö´¨Õ ¶ÊÎ±  £¥²¨¥¢ÒÌ ¨μ´μ¢ ¢  ²Õ-
³¨´¨¥¢ÒÌ ¶²¥´± Ì ¶·¨ Ô´¥·£¨ÖÌ 70Ä300 ±Ô‚ [1] ¡Ò²μ ¶μ± § ´μ, ÎÉμ μÉ±²μ´¥´¨Ö ¶μ²ÊÏ¨-
·¨´ (θ1/2)Ô±¸¶ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° HÔ±¸¶(θ) · ¸¸¥Ö´´ÒÌ Î ¸É¨Í μÉ
· ¸¸Î¨É ´´ÒÌ HŒ	 ¶μ É¥μ·¨¨ Œμ²Ó¥· Ä	¥É¥ [2, 3] ¶· ±É¨Î¥¸±¨ ´¥ § ¢¨¸¥²¨ μÉ Ô´¥·£¨¨
¶ÊÎ±  E ¨ ³μ£²¨ ¡ÒÉÓ μ¡ÑÖ¸´¥´Ò É¥³, ÎÉμ ®ÔËË¥±É¨¢´Ò° § ·Ö¤¯ ¨μ´μ¢ ¶·¨ ¢§ ¨³μ¤¥°-
¸É¢¨¨ ¸  Éμ³ ³¨ ³¨Ï¥´¨ (Al) ¶μÎÉ¨ ´¥ ¨§³¥´Ö¥É¸Ö, ¸μ¸É ¢²ÖÖ ¢ ¨¸¸²¥¤μ¢ ´´μ° μ¡² ¸É¨
Ô´¥·£¨° (1,87 ± 0,05)Z1, £¤¥ Z1 = 2 (�¥). �μ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¸·¥¤´¨° § ·Ö¤
¢ ¶ÊÎ±¥ ¨μ´μ¢ §  ¸Î¥É ¶¥·¥§ ·Ö¤±¨ ¤μ²¦¥´ ¢μ§· ¸É ÉÓ ¨ ¶·¨¡²¨¦ ÉÓ¸Ö ± Z1 = 2, É ±

1E-mail: bednya@theor.jinr.ru
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ÎÉμ Ô±· ´¨·μ¢ ´¨¥ ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨μ´μ¢ ¸  Éμ³ ³¨ ³¨Ï¥´¨ ¤μ²¦´μ μ¸² -
¡²ÖÉÓ¸Ö ¨ μÉ²¨Î¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¶μ²ÊÏ¨·¨´ ¨Ì Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° · ¸¸¥Ö´¨Ö
μÉ · ¸¸Î¨É ´´ÒÌ ¶μ Œμ²Ó¥·ÊÄ	¥É¥ ¤μ²¦´μ Ê³¥´ÓÏ ÉÓ¸Ö, ¨¡μ ¢ É¥μ·¨¨ ÊÎ¨ÉÒ¢ ¥É¸Ö ²¨ÏÓ
Ô±· ´¨·μ¢ ´¨¥ ¶μ²Ö Ö¤¥·  Éμ³μ¢ ³¨Ï¥´¨ ¸¢μ¨³¨ Ô²¥±É·μ´ ³¨,   · ¸¸¥¨¢ ¥³Ò¥ Î ¸É¨ÍÒ
¸Î¨É ÕÉ¸Ö ±Ê²μ´μ¢¸±¨³¨ § ·Ö¤ ³¨.

2

„²Ö ¶·μÖ¸´¥´¨Ö ¸¨ÉÊ Í¨¨ ¡Ò²¨ ¶·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö ± ¦¤μ£μ ¨§ ¨μ´μ¢,
¶·¨¸ÊÉ¸É¢ÊÕÐ¨Ì ¢ ¶ÊÎ±¥ ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥§ ·Ö¤±¨, Å He++, He+ ¨ He0 Å ¸  Éμ-
³ ³¨ ’μ³ ¸ Ä”¥·³¨, Ô±· ´¨·μ¢ ´¨¥ ±μÉμ·ÒÌ ÊÎÉ¥´μ ¢ É¥μ·¨¨ Œμ²Ó¥· . —Éμ¡Ò ¶·¨
ÔÉμ³ ¨¸¶μ²Ó§μ¢ ÉÓ ³μ²Ó¥·μ¢¸±¨° ³¥Éμ¤, ËÊ´±Í¨¨ Ô±· ´¨·μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î -
¸É¨Í ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸Ê³³Ò Ô±¸¶μ´¥´É, § ¢¨¸ÖÐ¨Ì μÉ · ¸¸ÉμÖ´¨Ö, ¢ ¥¤¨´¨Í Ì
y = r/a0, £¤¥ a0 = �

2/(mee
2) = 0,529 · 10−8 ¸³ Å · ¤¨Ê¸ ¶¥·¢μ° μ·¡¨ÉÒ 	μ·  (¢

μÉ²¨Î¨¥ μÉ Œμ²Ó¥· , £¤¥ · ¸Î¥ÉÒ ¢¥²¨¸Ó ¢ ¥¤¨´¨Í Ì x = r/aTF = r/(0,8853a0Z
−1/3)

¨ Éμ²Ó±μ ¤²Ö  Éμ³μ¢ ’μ³ ¸ Ä”¥·³¨). � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶μÉ¥´Í¨-
 ²Ó´ÒÌ ËÊ´±Í¨° ¤²Ö ¨μ´μ¢ �¥+ ¨ �¥0, ¶μ²ÊÎ¥´´ÒÌ ¢ · ¡μÉ¥ [1],   ¤²Ö ¨μ´μ¢ �¥++,
´¥ ¨³¥ÕÐ¨Ì Ô²¥±É·μ´´μ° μ¡μ²μÎ±¨, ¶·¨³¥´Ö² ¸Ó ³μ²Ó¥·μ¢¸± Ö  ¶¶·μ±¸¨³ Í¨Ö ËÊ´±-

Í¨¨ ’μ³ ¸ Ä”¥·³¨, § ¶¨¸ ´´ Ö ¢ ¥¤¨´¨Í Ì y = x(0,8853Z
−1/3
2 ). ” ±Éμ·Ò Ô±· ´¨·μ¢ -

´¨Ö q(χ) = σ(χ)/σRuth(χ) Å μÉ´μÏ¥´¨Ö ·¥ ²Ó´ÒÌ ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ± ·¥§¥·Ëμ·¤μ¢-
¸±μ³Ê Å · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸ ¶μ³μÐÓÕ  ¸¨³¶ÉμÉ¨Î¥¸±¨Ì Ëμ·³Ê² Œμ²Ó¥·  ¤²Ö ±· °´¨Ì
¸²ÊÎ ¥¢ α → 0 ¨ α → ∞ (Ë ±É¨Î¥¸±¨ ¤²Ö α = 0 ¨ α = 10 ¨ 20). ‚ ± Î¥¸É¢¥ ¶·¨-
³¥·  ´  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ É ±¨Ì · ¸Î¥Éμ¢ ¤²Ö ¢¸¥Ì ¨μ´μ¢ £¥²¨Ö ¨  Éμ³μ¢
³¥¤¨. ‚¨¤´μ, ÎÉμ ¶μ ¸· ¢´¥´¨Õ ¸ ÉμÎ¥Î´Ò³¨ ±Ê²μ´μ¢¸±¨³¨ § ·Ö¤ ³¨ (±·¨¢Ò¥ 1 ¨ 1 )
Ô±· ´¨·μ¢ ´¨¥ § ³¥É´μ Ê¸¨²¨¢ ¥É¸Ö §  ¸Î¥É ÊÎ ¸É¨Ö ¢μ ¢§ ¨³μ¤¥°¸É¢¨¨ ¤μ¶μ²´¨É¥²Ó´ÒÌ
Ô²¥±É·μ´μ¢ ¨§ μ¡μ²μÎ¥± ¨μ´μ¢, ¶·¨Î¥³ ´ ¨¡μ²ÓÏ¥¥ ¢²¨Ö´¨¥ §¤¥¸Ó μ± §Ò¢ ÕÉ μ¤´μ§ ·Ö¤-
´Ò¥ ¨μ´Ò �¥+ (±·¨¢Ò¥ 2 ¨ 2 ): ¸ Ê¢¥²¨Î¥´¨¥³ Ê£²  · ¸¸¥Ö´¨Ö χ μ´μ ¤μ¢μ²Ó´μ ¡Ò¸É·μ
¸É ´μ¢¨É¸Ö ¶·¥μ¡² ¤ ÕÐ¨³ ¶·¨ ¢¸¥Ì α.

�¨¸. 1. ” ±Éμ·Ò Ô±· ´¨·μ¢ ´¨Ö q(χ/χ00) ¤²Ö · §²¨Î´ÒÌ ¨μ´μ¢ £¥²¨Ö, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸
 Éμ³ ³¨ ³¥¤¨: § Î¥·´¥´´Ò¥ §´ Î±¨ Å α = 0, ±μ´ÉÊ·´Ò¥ Å α = 10
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3

‘μ£² ¸´μ Œμ²Ó¥·Ê ¸¢μ°¸É¢  ËÊ´±Í¨¨ Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´´ÒÌ Î ¸É¨Í
μ¶·¥¤¥²ÖÕÉ¸Ö ¢¥²¨Î¨´μ° ®Ê£²  Ô±· ´¨·μ¢ ´¨Ö¯

χ2
a = χ2

0(Aα + Bαα2), (1)

£¤¥ χ0 = λ/(2πa2), a2 = 0,8853(a0Z
−1/3
2 ),   ±μÔËË¨Í¨¥´ÉÒ Aα ¨ Bα · ¢´Ò ¸μμÉ¢¥É-

¸É¢¥´´μ 1,13 ¨ 3,76. �·μ¢¥¤Ö ¡μ²¥¥ ÉÐ É¥²Ó´Ò°  ´ ²¨§, ‚. ’. ‘±μÉÉ ¶μ± § ² (¸³. [3]), ÎÉμ
ÔÉ¨ ±μÔËË¨Í¨¥´ÉÒ ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

Bα

Aα
= (eC)2 = 3,1723 . . .

(C = 0,5772 . . . Å ¶μ¸ÉμÖ´´ Ö �°²¥· ), É ± ÎÉμ Ëμ·³Ê²Ê (1) ³μ¦´μ § ¶¨¸ ÉÓ ± ±

χ2
a = χ2

0Aα(1 + 3,1723α2),

  ¶μ¸±μ²Ó±Ê ¢ ´ Ï¨Ì Ô±¸¶¥·¨³¥´É Ì ¢Ò¶μ²´Ö²μ¸Ó Ê¸²μ¢¨¥ α � 1, Éμ ¨ Ê¶·μ¸É¨ÉÓ ¤μ

χ2
a ≈ χ2

0 · 3,17Aαα2 = χ2
00 · 3,17Aααα2 = χ2

00Bααα2, (1a)

£¤¥ ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö χ00 = λ/(2πa0) ¨ Aαα = Aα(Z1/3
2 /0,8853)2. �É¨ ±μÔËË¨-

Í¨¥´ÉÒ Aαα ¤²Ö �¥++, �¥+, �¥0 ¨ · §´ÒÌ  Éμ³μ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1. Ÿ¸´μ, ÎÉμ

’ ¡²¨Í  1. ŠμÔËË¨Í¨¥´ÉÒ Ai ¤²Ö
Hei → Z2

Œ¨Ï¥´Ó

ˆμ´

He++

(Aαα)++
He+

(Aαα)+
He0

(Aαα)0

Al: Z2 = 13 8,3 15,8 13,2
Cu: Z2 = 29 14,1 22,4 17,8
Au: Z2 = 79 27,5 37,6 31,1

´ ¨¡μ²ÓÏ¨° ¢±² ¤ ¢ Ê¸¨²¥´¨¥ Ô±· ´¨·μ¢ ´¨Ö
¢´μ¸ÖÉ ¨μ´Ò �¥+.

‚Éμ·μ° Ê£²μ¢μ° ¶ · ³¥É· χc É¥μ·¨¨ Œμ-
²Ó¥·  ¸ Ô±· ´¨·μ¢ ´¨¥³ ¶μ²¥° ¢§ ¨³μ¤¥°¸É¢ÊÕ-
Ð¨Ì Î ¸É¨Í ´¥ ¸¢Ö§ ´; μ´ μÉ· ¦ ¥É ¸¢μ°¸É¢  Î -
¸É¨Í ¨ ³¨Ï¥´¥° ¶·¨ ¸Éμ²±´μ¢¥´¨ÖÌ ¸ μÉ±²μ´¥-
´¨¥³ ´  ¡μ²ÓÏ¨¥ Ê£²Ò:

χc =
(

4πa0

M2

)
N0t (2)

(N0 Å Î¨¸²μ �¢μ£ ¤·μ; M2 Å  Éμ³´Ò° ¢¥¸ ³¨Ï¥´¨ ¨ t Å ¥¥ Éμ²Ð¨´  ¢ £/¸³2), É ± ÎÉμ
μÉ±²μ´¥´¨¥ Î ¸É¨ÍÒ ´  Ê£μ² � χc ¶·μ¨¸Ìμ¤¨É ¸ ¶μ²´μ° ¢¥·μÖÉ´μ¸ÉÓÕ = 1; ¢³¥¸É¥ ¸ χa

ÔÉμÉ Ê£μ² μ¶·¥¤¥²Ö¥É ®Î¨¸²μ ÔËË¥±É¨¢´ÒÌ ¸μÊ¤ ·¥´¨°¯

Ωb =
χ2

c

χ2
a

(3)

¨ ¶ · ³¥É· Ëμ·³Ò Ê£²μ¢μ£μ · ¸¶·¥¤¥²¥´¨Ö B, ±μÉμ·Ò°, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μ¶·¥¤¥²Ö¥É¸Ö
¸μμÉ´μÏ¥´¨¥³

B − ln B = ln Ωb + 1 − 2C = ln Ωb − 0,1544. (4)

�μ¸±μ²Ó±Ê ¢ £¥²¨¥¢μ³ ¶ÊÎ±¥ ¢ ·¥§Ê²ÓÉ É¥ ¶¥·¥§ ·Ö¤±¨ μ¤´μ¢·¥³¥´´μ ¶·¨¸ÊÉ¸É¢ÊÕÉ 3 ¨μ´ 
¸ · §´Ò³¨ § ·Ö¤ ³¨ i, ¢§ ¨³μ¤¥°¸É¢¨¥ ± ¦¤μ£μ ¨§ ±μÉμ·ÒÌ ¸  Éμ³ ³¨ ³¨Ï¥´¨ Ì · ±É¥-

·¨§Ê¥É¸Ö ¸¢μ¨³ ±μÔËË¨Í¨¥´Éμ³ A
(i)
αα, ³μ¦´μ ¶μ¶ÒÉ ÉÓ¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ Ê¸·¥¤´¥´´μ¥ ¶μ
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¸μ¸É ¢Ê ¶ÊÎ±  §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  〈Aαα〉 =
∑

Fi∞A
(i)
αα, £¤¥ Fi∞ Å ¤μ²Ö ¨μ´  i

¢ · ¢´μ¢¥¸´μ³ ¶ÊÎ±¥ ¶·¨ Ô´¥·£¨¨ E:

〈Ωb〉 =
χ2

c

〈χ2
α〉

=
(

χ2
c

χ2
00 · 3,17〈Aαα〉α2

)
. (5)

�·¨ ÔÉμ³ ¤²Ö ¡¥§Ô²¥±É·μ´´μ£μ ¨μ´  (ÉμÎ¥Î´μ£μ § ·Ö¤ ) ¸μμÉ´μÏ¥´¨¥ (1 ) ³μ¦´μ § ¶¨¸ ÉÓ
± ± χ2

α = χ2
00 · 3,17A++

αα α2. ’μ£¤  ¨§ (3) ¨ (5) μÉ´μÏ¥´¨¥ 〈Ωb〉/Ωb, μ¶·¥¤¥²ÖÕÐ¥¥ Ê³¥´Ó-
Ï¥´¨¥ Î¨¸²  ®ÔËË¥±É¨¢´ÒÌ ¸μÊ¤ ·¥´¨°¯ §  ¸Î¥É ÊÎ ¸É¨Ö ¢ ´¨Ì Ô²¥±É·μ´μ¢ ¨§ μ¡μ²μÎ¥±
¨μ´μ¢, ¶μ²ÊÎ ¥É ¶·μ¸Éμ¥ ¢Ò· ¦¥´¨¥

〈Ωb〉
Ωb

=
(

χ2
c

χ2
003, 17〈Aαα〉α2

)/ (
χ2

c

χ2
00 3,17A++

αα α2

)
=

A++
αα

〈Aαα〉
. (6)

Å ÔÉμ μÉ´μÏ¥´¨¥ < 1, ÎÉμ ¢¨¤´μ ¨ ´  ·¨¸. 1, £¤¥ q++ = f(χ/χ0) ¨¤¥É ²¥¢¥¥ ¨
¢ÒÏ¥ q+ ¨ q0.

4

—Éμ¡Ò ¶·μ¸²¥¤¨ÉÓ ¨§³¥´¥´¨Ö Ê¸²μ¢¨° Ô±· ´¨·μ¢ ´¨Ö ¶·¨ ¨§³¥´¥´¨¨ ¨μ´´μ£μ ¸μ-
¸É ¢  ¶ÊÎ±  ¸ ¨§³¥´¥´¨¥³ Ô´¥·£¨¨, ¡Ò²¨ · ¸¸Î¨É ´Ò ¢¥²¨Î¨´Ò Ê¸·¥¤´¥´´ÒÌ ±μÔËË¨-
Í¨¥´Éμ¢ 〈Aαα〉 ¨ ±μÔËË¨Í¨¥´Éμ¢ ¨§³¥´¥´¨Ö Î¨¸²  ®ÔËË¥±É¨¢´ÒÌ ¸μÊ¤ ·¥´¨°¯ KΩ =
A++

αα /〈Aαα〉 ¤²Ö Ô´¥·£¨° μÉ 20 ¤μ 2000 ±Ô‚; ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·¨¢¥¤¥´Ò ¢ É ¡². 2 ¨
´  ·¨¸. 2.

’ ¡²¨Í  2. ‡ ¢¨¸¨³μ¸ÉÓ 〈Aαα〉 ¨ KΩ μÉ Ô´¥·£¨¨ ¤²Ö · §²¨Î´ÒÌ ³¨Ï¥´¥°

E, ±Ô‚
Al, Z2 = 13 Cu, Z2 = 29 Au, Z2 = 79

〈Aαα〉 KΩ 〈Aαα〉 KΩ 〈Aαα〉 KΩ

20 12,3 0,676 18,11 0,813 31,56 0,871
40 12,5 0,662 18,41 0,803 31,95 0,861
60 12,8 0,647 18,74 0,791 32,40 0,849
80 13,1 0,635 19,02 0,781 32,79 0,839
100 13,3 0,625 19,26 0,772 33,14 0,830
130 13,6 0,611 19,63 0,760 33,66 0,817
160 13,9 0,597 19,99 0,748 34,16 0,805
200 14,19 0,585 20,33 0,737 34,66 0,793
250 14,28 0,581 20,46 0,733 34,88 0,788
300 14,26 0,582 20,45 0,732 34,93 0,787
350 14,15 0,587 20,35 0,736 34,85 0,789
400 13,93 0,596 20,12 0,744 34,61 0,795
500 13,24 0,627 19,39 0,767 33,78 0,814
600 12,58 0,660 18,69 0,792 32,97 0,834
700 11,73 0,708 17,79 0,825 31,92 0,882
800 11,11 0,747 17,12 0,852 31,31 0,899
1000 10,17 0,816 16,12 0,896 29,92 0,919
1520 9,24 0,899 15,11 0,945 28,71 0,958
1935 8,81 0,942 14,65 0,970 28,16 0,977
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�¨¸. 2. �´¥·£¥É¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ±μÔËË¨Í¨¥´Éμ¢ KΩ ¤²Ö ¨μ´μ¢ He ¢ ³¨Ï¥´ÖÌ ¨§ Al, Cu ¨ Au

‚¨¤´μ, ÎÉμ KΩ ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ³¥´Ö¥É¸Ö ´¥³μ´μÉμ´´μ ¨ ¨³¥¥É ¶μ²μ£¨°
³¨´¨³Ê³ ¢ μ¡² ¸É¨ ∼ 250−300 ±Ô‚, μ¡Ê¸²μ¢²¥´´Ò° ¶·¥μ¡² ¤ ´¨¥³ ¢ ¶ÊÎ±¥ ¨μ´μ¢ �¥+

(¸ ³ ±¸¨³Ê³μ³ ∼ 65% ¶·¨ ∼ 350 ±Ô‚), ±μÉμ·Ò¥ ´ ¨¡μ²¥¥ ¸¨²Ó´μ ¢²¨ÖÕÉ ´  Ô±· ´¨·μ¢ -

’ ¡²¨Í  3. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¨ E > 300 ±Ô‚

t,
³±£/¸³2

E0,
±Ô‚

E¸·¥¤´,
±Ô‚

(θ1/2)
G
Ô±¸¶,

£· ¤
(θ1/2)

F
Ô±¸¶,

£· ¤
KΩ (Ωb)

′ B′ (χc),
£· ¤

(θ1/2)
F
T ,

£· ¤
η

Œ¨Ï¥´Ó:  ²Õ³¨´¨° −Z2 = 13; (Ωb)M = 0,295t (³±£/¸³2); (Ωb)
′ = KΩ(Ωb)M

215 565 428 3,41 2,95 0,605 38,5 5,11 1,95 3,11 0,96
215 685 544 2,76 2,29 0,640 40,6 5,16 1,59 2,27 1,05
215 815 677 2,30 2,00 0,697 44,5 5,28 1,26 2,08 0,96
166 1270 1072 1,10 0,953 0,853 41,6 5,21 0,62 1,02 0,95
270 1305 1145 1,57 1,39 0,841 67,1 5,79 0,81 1,44 0,96
280 1255 1078 1,71 1,51 0,832 68,8 5,82 0,88 1,55 0,97
580 1295 911 3,20 2,89 0,797 136,6 6,65 1,56 3,00 0,96
582 1320 922 3,14 2,83 0,803 138,4 6,67 1,52 2,93 0,97
585 1295 912 3,25 2,94 0,796 137,6 6,67 1,58 3,05 0,96

Œ¨Ï¥´Ó: ³¥¤Ó −Z2 = 29; (Ωb)M = 0,0737t (³±£/¸³2); (Ωb)
′ = KΩ(Ωb)M

255 402 330 6,20 5,05 0,691 13,0 3,70 4,15 5,32 0,95
255 622 531 3,97 3,24 0,740 13,9 3,79 2,48 3,23 1,00
255 875 778 2,78 2,28 0,818 15,4 3,92 1,69 2,27 1,01
255 1125 1030 2,11 1,75 0,880 16,5 4,01 1,28 1,74 0,99
342 1205 1175 2,14 1,80 0,897 22,6 4,42 1,26 1,83 1,02
490 1295 1223 2,82 2,41 0,891 32,2 4,87 1,57 2,45 0,99
665 1295 1060 3,47 3,91 0,882 43,2 5,26 1,88 3,10 0,97
690 1295 1053 3,97 3,45 0,878 44,7 5,28 2,12 3,67 0,94
930 1290 1000 4,18 3,67 0,875 60,0 5,65 2,19 3,79 0,97
940 1285 962 4,28 3,76 0,871 60,1 5,66 2,19 3,80 0,99
1145 1285 857 ∼ 6,2 ∼ 5,5 0,84 71 ∼ 5,8 ∼ 3,5 ∼ 5,9 > 0,9

Œ¨Ï¥´Ó: §μ²μÉμ −Z2 = 79; (Ωb)M = 0,0122t (³±£/¸³2); (Ωb)
′ = KΩ(Ωb)M

1105 1285 1030 5,82 ∼ 4,56 ∼ 0,90 13,4 3,75 ∼ 3,5 4,72 1,04
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥²¨Î¨´ η = (θF
1/2)Ô±¸¶/(θ

F
1/2)· ¸Î μÉ ¸·¥¤´¥° Ô´¥·£¨¨ ¶ÊÎ±  ¨μ´μ¢ £¥²¨Ö

�¨¸. 4. ’μ ¦¥, ÎÉμ ¨ ´  ·¨¸. 3, ¤²Ö ¨μ´μ¢ He ¢ Al ¶·¨ E < 300 ±Ô‚ (¶μ É ¡². 4)

’ ¡²¨Í  4. �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¶·¨ E < 300 ±Ô‚

t,
³±£/¸³2

E0,
±Ô‚

E¸·¥¤´,
±Ô‚

(θ1/2)
G
Ô±¸¶,

£· ¤
(θ1/2)

F
Ô±¸¶,

£· ¤
KΩ (Ωb)

′ B′ (χc),
£· ¤

(θ1/2)
F
T ,

£· ¤
η

Œ¨Ï¥´Ó:  ²Õ³¨´¨° −Z2 = 13; (Ωb)M = 0,295t (³±£/¸³2); (Ωb)
′ = KΩ(Ωb)M

105 293 233 3,73 0,582 18,1 4,13 2,62 3,64 1,025
105 239 183 4,75 0,590 18,4 4,15 3,36 4,69 1,01
90 239 190 3,98 0,588 15,6 3,94 2,95 3,98 1,01
81 154,5 120 6,20 0,614 14,7 3,86 4,53 5,99 1,035
78 154,5 121 6,05 0,62 14,3 3,82 4,38 5,89 1,03

73,5 293 250 2,50 0,58 12,6 3,65 1,98 2,51 1,01
73,5 239 198

G(θ) ´¥
¨§³¥·Ö-

²¨¸Ó

3,30 0,60 12,8 3,68 3,30 3,21 1,03
55,5 126,5 104 5,12 0,623 10,2 3,38 4,23 5,07 1,01
55,5 80 63,5 ∼ 8,3 0,647 10,6 3,43 7,02 8,5 0,98
47 105 88 5,08 0,632 8,78 3,17 4,55 5,19 0,98

43,4 133 114,5 ∼ 3,7 0,616 7,88 3,03 3,32 3,66 1,01
43,4 125 107 ∼ 4,2 0,622 7,95 3,05 3,55 3,88 1,08
43,4 123 105,5 4,10 0,62 7,94 3,04 3,62 3,99 1,03
43,4 123 105,5 4,20 0,62 7,95 3,04 3,62 4,0 1,05
43,4 117 100 4,25 0,625 8,0 3,05 4,82 4,23 1,01
43,4 98,8 83,5 5,33 0,63 8,0 3,06 4,58 5,08 1,05
43,4 97,5 82,5 5,25 0,636 8,14 3,08 4,65 5,20 1,01
43,4 97,0 82,0 5,20 0,637 8,15 3,09 4,57 5,12 1,02

´¨¥ ¨ Ê³¥´ÓÏ¥´¨¥ μ¡Ð¥£μ Î¨¸²  〈Ωb〉. (ˆ³¥´´μ ¢ ÔÉμ° μ¡² ¸É¨ Ô´¥·£¨° ¨ ¡Ò²  ¢Ò¶μ²´¥´ 
· ¡μÉ  [1].) ‚¨¤´μ É ±¦¥, ÎÉμ KΩ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ Z2, ¨¡μ ¤μ¡ ¢±  μ¤´μ£μ-¤¢ÊÌ
Ô²¥±É·μ´μ¢ �¥ ± μ¡μ²μÎ± ³ Z2 ¢ ¶·μÍ¥¸¸¥ ¸Éμ²±´μ¢¥´¨Ö ¢²¨Ö¥É ´  Ô±· ´¨·μ¢ ´¨¥ ¢¸¥
³¥´ÓÏ¥.
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�μ§¦¥ ¨§ÊÎ¥´¨¥ ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ¨μ´μ¢ �¥ ¢ · §²¨Î´ÒÌ ³¨Ï¥´ÖÌ ¡Ò²μ ¶·μ-
¤μ²¦¥´μ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ [4].

�·¨ ÔÉμ³ ¨§³¥·Ö²¨¸Ó ¨´É¥£· ²Ó´Ò¥ Ê£²μ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´¨Ö ¨μ´μ¢ ¢ ¶·¥-
¤¥² Ì ±μ´Ê¸  ¸ Ê£²μ¢Ò³ · ¸É¢μ·μ³ 0 ± θ. (Œ¥Éμ¤¨±  ¨ É¥Ì´¨±  ÔÉ¨Ì ¨§³¥·¥´¨° μ¶¨-
¸ ´Ò ¢ [4].) — ¸ÉÓ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö ³¨Ï¥´¥° ¨§ Al, Cu ¨ Au, Éμ²Ð¨´Ò
±μÉμ·ÒÌ ¸μμÉ¢¥É¸É¢μ¢ ²¨ Ωb < 10, ¡Ò²  μ¶Ê¡²¨±μ¢ ´  ¢ [4] ¨ ¶·μ ´ ²¨§¨·μ¢ ´  ´ 
μ¸´μ¢¥ É¥μ·¨¨ Œ °¥· Ä‡¨£³Ê´¤  [5, 6]. � ·¥§Ê²ÓÉ ÉÒ ¤²Ö ³¨Ï¥´¥° ¸ Ωb > 10 ¶μ ·Ö¤Ê
¶·¨Î¨´ μ¸É ²¨¸Ó ¢ Î¥·´μ¢μ° ·Ê±μ¶¨¸¨. ’¥¶¥·Ó μ´¨ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

„²Ö ¸μ¢³¥¸É´μ£μ  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨° Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° G(θ), ¶μ-
²ÊÎ¥´´ÒÌ ¶·¨ Ô´¥·£¨ÖÌ E > 400 ±Ô‚, ¨ · ¸¶·¥¤¥²¥´¨° F (θ) ¶·¨ E < 300 ±Ô‚ ¡Ò²μ
´ °¤¥´μ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¶μ²ÊÏ¨·¨´ ³¨ θG

1/2 ¨ θF
1/2 ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° ¶·¨ ¤ ´´μ³

§´ Î¥´¨¨ ¶ · ³¥É·  Ëμ·³Ò B (¸³. ¶·¨²μ¦¥´¨¥). � ¸Î¥ÉÒ ¶·μ¨§¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ±μÔËË¨Í¨¥´Éμ¢ KΩ(E), ¨Ì ·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ´  ·¨¸. 3; ´  Éμ³ ¦¥ ·¨¸Ê´±¥
¤ ´Ò ·¥§Ê²ÓÉ ÉÒ ¶¥·¥¸Î¥É  ¤ ´´ÒÌ ¨§ · ¡μÉÒ [1], ¢μ¸¶·μ¨§¢¥¤¥´´ÒÌ ¢ É ¡². 4 (¸³. ·¨¸. 4).

�  ·¨¸. 3 ¢¨¤´μ, ÎÉμ μÉ´μÏ¥´¨¥ (θF
1/2)Ô±¸¶/(θF

1/2)É¥μ· ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ´ Ìμ¤¨É¸Ö
¢ ¶·¥¤¥² Ì 1± 0,05 ¨ ²¨ÏÓ 2Ä3 ÉμÎ±¨ ¢ÒÌμ¤ÖÉ §  ÔÉ¨ ¶·¥¤¥²Ò ´  ∼ 0,02−0,03; ¶·¨ ÔÉμ³
μÏ¨¡±¨ μÉ¤¥²Ó´ÒÌ ¨§³¥·¥´¨° ¶μ²ÊÏ¨·¨´ ¸μ¸É ¢²Ö²¨ μ¡ÒÎ´μ 3,5Ä4%.

5

‚ÒÏ¥¨§²μ¦¥´´μ¥ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ § ±²ÕÎ¥´¨¥, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¶·¨ μ¶¨¸ ´¨¨
·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨° ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ¨μ´μ¢ £¥²¨Ö ±μÔËË¨Í¨¥´Éμ¢ KΩ(E) ¸
Ê¸·¥¤´¥´¨¥³ Î¨¸²  ®ÔËË¥±É¨¢´ÒÌ ¸Éμ²±´μ¢¥´¨°¯ ¶μ ¸μ¸É ¢Ê ¶ÊÎ±  (¶·¨ ¤ ´´μ° Ô´¥·-
£¨¨ E) ¤ ²μ ¶μ²μ¦¨É¥²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �·¨ ÔÉμ³ ¶μ¤É¢¥·¤¨²μ¸Ó, ÎÉμ Ô±¸¶¥·¨³¥´É ²Ó-
´μ¥ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥Ö´´ÒÌ Î ¸É¨Í ¶μ Ëμ·³¥ ¡²¨§±μ ± ³μ²Ó¥·μ¢¸±μ³Ê FM (θ),
¨¡μ ¨¸Ìμ¤Ö ¨§ ¶μ¸²¥¤´¥£μ ¡Ò²μ ¶μ²ÊÎ¥´μ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê θG

1/2 ¨ θF
1/2, ¶μ§¢μ²¨¢Ï¥¥

¢ÒÎ¨¸²ÖÉÓ ®Ô±¸¶¥·¨³¥´É ²Ó´μ¥¯ §´ Î¥´¨¥ θF
1/2 ¶μ θG

1/2.

� ¸¸³μÉ·¥´¨¥ ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ± ¦¤μ£μ ¨§ ¨μ´μ¢ �¥++, �¥+ ¨ �¥0 ¨
 Éμ³  ’μ³ ¸ Ä”¥·³¨ (¸  ¶¶·μ±¸¨³ Í¨¥° Œμ²Ó¥· ) ¶μ± § ²μ, ÎÉμ ´ ¨¡μ²ÓÏ¥¥ Ê¸¨²¥´¨¥
Ô±· ´¨·μ¢ ´¨Ö ¶·¨ ÔÉμ³ ¤μ¸É¨£ ¥É¸Ö μ¤´μ§ ·Ö¤´Ò³ ¨μ´μ³ �¥+,   ¥£μ ¤μ²Ö ¢ ¶·μÌμ¤ÖÐ¥³
³¨Ï¥´Ó ¶ÊÎ±¥ Ö¢²Ö¥É¸Ö ¶·¥μ¡² ¤ ÕÐ¥° ¶·¨ Ô´¥·£¨ÖÌ μÉ ∼ 150 ¤μ ∼ 600 ±Ô‚ (¸ ³ ±¸¨-
³Ê³μ³ ∼ 65% μ±μ²μ 350 ±Ô‚). 	² £μ¤ ·Ö ÔÉμ³Ê KΩ(E) ¨³¥¥É ¢ ÔÉμ° μ¡² ¸É¨ ¶μ²μ£¨° ¨
Ï¨·μ±¨° ³¨´¨³Ê³, ¨ ²¨ÏÓ ¶μ¸²¥ 600 ±Ô‚ ´ ¸ÉÊ¶ ¥É ¶¥·¥£¨¡ ¨ ¶·μ¨¸Ìμ¤¨É ¢μ§· ¸É ´¨¥
¤μ 1, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¶μ²´μ° ®μ¡¤¨·±¥¯ ¨μ´μ¢.

Š·μ³¥ Éμ£μ, ¶μ¤É¢¥·¤¨²μ¸Ó · ´¥¥ ¸¤¥² ´´μ¥ ´ ¡²Õ¤¥´¨¥ [1], ÎÉμ É¥μ·¨Ö Œμ²Ó¥·  Ê¤μ-
¢²¥É¢μ·¨É¥²Ó´μ μ¶¨¸Ò¢ ¥É ³´μ£μ±· É´μ¥ · ¸¸¥Ö´¨¥ ¢¶²μÉÓ ¤μ Ωb ≈ 8 (ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É
§´ Î¥´¨Õ ¶ · ³¥É·  B ≈ 3).

��ˆ‹�†…�ˆ…

‡¤¥¸Ó ¶·¨¢μ¤¨É¸Ö μ¤¨´ ¨§ · ´´¨Ì ·¨¸Ê´±μ¢ (·¨¸. 5), ´  ±μÉμ·μ³ ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥,
¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¨§³¥·¥´¨ÖÌ ¸ ¨μ´ ³¨ £¥²¨Ö ¢  ²Õ³¨´¨¨ ¶·¨ Ô´¥·£¨ÖÌ E > 300 ±Ô‚,
¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éμ¢ ®¶μ Œμ²Ó¥·Ê¯ (¡¥§ ¨§³¥´¥´¨Ö ¢¥²¨Î¨´Ò (Ωb)M

¸ ¨§³¥´¥´¨¥³ E) [4].
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�¨¸. 5. �É´μÏ¥´¨¥ ηF
M ¨§³¥·¥´´ÒÌ ¶μ²ÊÏ¨·¨´ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨μ´μ¢ He, · ¸¸¥Ö´´ÒÌ

Al-¶²¥´± ³¨, ± · ¸¸Î¨É ´´Ò³ ®¶μ Œμ²Ó¥·Ê¯, ¤²Ö ¸·¥¤´¨Ì Ô´¥·£¨° ¤μ 300 ±Ô‚/´Ê±²μ´

‡¤¥¸Ó ¤ ´Ò É ±¦¥  ´ ²¨É¨Î¥¸±¨¥  ¶¶·μ±¸¨³ Í¨¨ ¸μμÉ´μÏ¥´¨°, · ¸¸Î¨É ´´ÒÌ ¢ · ³-
± Ì É¥μ·¨¨ Œμ²Ó¥·  ¨ ¨¸¶μ²Ó§μ¢ ¢Ï¨Ì¸Ö ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¶μ³Ö´ÊÉÒÌ ¢ÒÏ¥ · ¸Î¥Éμ¢.
�´¨ ¶μ²ÊÎ¥´Ò ¸ ¶μ³μÐÓÕ ¸É ´¤ ·É´ÒÌ ¶·μ£· ³³ ¶¥·¸μ´ ²Ó´μ£μ ±μ³¶ÓÕÉ¥· . �É±²μ-
´¥´¨Ö · ¸¸Î¨É ´´ÒÌ ÉμÎ¥± μÉ ÔÉ¨Ì  ¶¶·μ±¸¨³ Í¨° ´¥ ¶·¥¢ÒÏ ÕÉ 0,5 % ¢ ¤¨ ¶ §μ´¥
§´ Î¥´¨° ¶ · ³¥É·  B = 2,7−12 ((Ωb)M ∼ 6,4−15830):

1) B = 0,139 + 3,35 lg (Ωb) − 0,14[lg (Ωb)]2 (· ¸Î¥É ¶μ Ëμ·³Ê²¥ (4)),

2) (θ1/2)F /(θ1/2)G = 0,613 + 0,0672B − 0,0036B2 (É ¡². 3),

3) (θ1/2)F /(χcB
1/2) = 0,398 + 0,107B − 0,0107B2 + 0,00036B3 (É ¡². 4).
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