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Œƒ“ ¨³. Œ. B. ‹µ³µ´µ¸µ¢ , Œµ¸±¢ 

ˆ§²µ¦¥´ ³¥Éµ¤ · ¸Î¥É  ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° dσ/dΩ ¨µ´¨§ Í¨¨, ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¶µ Ê£²Ê
· ¸¸¥Ö´¨Ö ´ ²¥É ÕÐ¥£µ ¨µ´ , ¢ ¡Ò¸É·ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ²¥£±¨Ì ¨µ´µ¢ ¨  Éµ³µ¢. �·¨¢¥¤¥´Ò ·¥-
§Ê²ÓÉ ÉÒ Î¨¸²¥´´µ£µ · ¸Î¥É  Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ Al, Mg (· §²¨Î´ÒÌ § ·Ö¤µ¢ ¨ Ô´¥·£¨¨)
¶µ¸²¥ ¸Éµ²±´µ¢¥´¨° ¸  Éµ³ ³¨ Ne, Mg ¸ ¨µ´¨§ Í¨¥° ¶µ¸²¥¤´¨Ì. �¡¸Ê¦¤¥´  § ¢¨¸¨³µ¸ÉÓ ÔËË¥±-
É¨¢´ÒÌ ¸¥Î¥´¨° ¨µ´¨§ Í¨¨ µÉ ´ Î ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢Ò¡¨¢ ¥³ÒÌ Ô²¥±É·µ´µ¢, § ·Ö¤  ¨ Ô´¥·£¨¨
´ ²¥É ÕÐ¥£µ ¨µ´ .

The method of the calculations of the ionization effective cross sections dσ/dΩ differential in the
incident ion scattering angle is described in fast collisions of light ions and atoms. The calculated values
of angular distributions of the ions Al, Mg (for the different values of charge and energy of ions) after
their collisions with the Ne, Mg atoms being ionized are reported. The dependence of such angular
distributions on the incident ion charge and energy and the initial state of ejected electron is investigated.

‚‚…„…�ˆ…

ˆ¸¸²¥¤µ¢ ´¨Ö § ·Ö¤µ¢ÒÌ, Ô´¥·£¥É¨Î¥¸±¨Ì ¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¢¸¥Ì Î ¸É¨Í ¶µ¸²¥
¨µ´´µ- Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨° Ö¢²ÖÕÉ¸Ö µ¸´µ¢´Ò³ ´ ¶· ¢²¥´¨¥³ Ë¨§¨±¨ ¨µ´´µ- Éµ³´ÒÌ
¸Éµ²±´µ¢¥´¨°. ‚¥²¨Î¨´Ò Ê± § ´´ÒÌ ¢ÒÏ¥ · ¸¶·¥¤¥²¥´¨° ´¥µ¡Ìµ¤¨³Ò É ±¦¥ ¤²Ö ¡µ²Ó-
Ïµ£µ ±² ¸¸  ´ ÊÎ´µ-É¥Ì´¨Î¥¸±¨Ì ¶·µ¡²¥³ [1Ä3].

‚ [3] ¨§²µ¦¥´ ³¥Éµ¤ · ¸Î¥É  Ê£²µ¢ÒÌ ¨ Ô´¥·£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨° dσ/dΩ ¨µ´µ¢
¶µ¸²¥ ¨µ´¨§ Í¨¨ ¢ ¡Ò¸É·ÒÌ ¨µ´´µ- Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ, ±µ£¤  µ¡  ¸É ²±¨¢ ÕÐ¨¥¸Ö
¶ ·É´¥·Ò A ¨ B ¨³¥ÕÉ NA � 10 ¨ NB � 10 ¸µ¡¸É¢¥´´ÒÌ Ô²¥±É·µ´µ¢ ¸µµÉ¢¥É¸É¢¥´´µ.
�¨¦¥ ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ¨µ´µ¢ ¶µ¸²¥ ¨µ´¨§ Í¨¨ ¢ ¡Ò¸É·ÒÌ
¨µ´´µ- Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ, ±µ£¤  ´ ²¥É ÕÐ¨° ¨µ´ (¨²¨  Éµ³) A ¨³¥¥É Î¨¸²µ Ô²¥±-
É·µ´µ¢ NA � 12,   ¨µ´¨§Ê¥³Ò°  Éµ³ (¨²¨ ¨µ´) ³¨Ï¥´¨ B ¨³¥¥É Î¨¸²µ Ô²¥±É·µ´µ¢
NB � 18. �µ²ÊÎ¥´Ò ´¥µ¡Ìµ¤¨³Ò¥ Ëµ·³Ë ±Éµ·Ò, µÉ³¥Î¥´  ¸¶¥Í¨Ë¨±  ³¥Éµ¤  · ¸Î¥É ,
É·¥¡ÊÕÐ Ö Ê¤¢µ¥´´µ° ÉµÎ´µ¸É¨ ¸Î¥É  ´  ±µ³¶ÓÕÉ¥· Ì.
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1. ��‘—…’

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¶µ Ê£²Ê · ¸¸¥Ö´¨Ö θ ´ ²¥É ÕÐ¥£µ ¨µ´  (¨²¨  Éµ³ ) A ÔËË¥±É¨¢-
´µ¥ ¸¥Î¥´¨¥ dσ/dΩ ¢Ò·Ò¢ ´¨Ö Ô²¥±É·µ´  ¨§ ¸µ¸ÉµÖ´¨Ö |nlm〉 ¢  Éµ³¥ (¨²¨ ¨µ´¥) ³¨Ï¥´¨
B ¢ ¶²µ¸±µ¢µ²´µ¢µ³ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨ (PWBA) ¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥
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=
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∫
SA(q)

v′ηnlm(q, k) dk

vq4
. (3)

‡¤¥¸Ó ¨ ¤ ²¥¥ ¨¸¶µ²Ó§µ¢ ´Ò µ¡µ§´ Î¥´¨Ö: dΩ = 2π sin θ dθ; M Å ¶·¨¢¥¤¥´´ Ö ³ ¸¸ 
¸É ²±¨¢ ÕÐ¥£µ¸Ö ¨µ´  A ¨  Éµ³  B; v ¨ v′ Å ¨Ì µÉ´µ¸¨É¥²Ó´Ò¥ ¸±µ·µ¸É¨ ¤µ ¨ ¶µ¸²¥
¸Éµ²±´µ¢¥´¨Ö; q Å ¨§³¥´¥´¨¥ ¨³¶Ê²Ó¸  p ´ ²¥É ÕÐ¥£µ ¨µ´ ; k Å ¨³¶Ê²Ó¸ Ô²¥±É·µ´ 
¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É, ¸¢Ö§ ´´µ° ¸ ¨µ´µ³ B; ηnlm(q, k) Å ¶·µ¨´É¥£·¨·µ¢ ´´Ò° ¶µ Ê£²Ê
χ ¢Ò²¥É  ¢Ò¡¨Éµ£µ Ô²¥±É·µ´  ±¢ ¤· É ³µ¤Ê²Ö ³ É·¨Î´µ£µ Ô²¥³¥´É  εnlm(q,k) ¶¥·¥Ìµ¤ 
Ô²¥±É·µ´  ¨§ ¸µ¸ÉµÖ´¨Ö |nlm〉 ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·; m Å ³ ¸¸  Ô²¥±É·µ´ ; a0 =
5,29 · 10−9 ¸³ Å ¡µ·µ¢¸±¨° · ¤¨Ê¸; z∗B Å ÔËË¥±É¨¢´Ò° § ·Ö¤ ¨µ´¨§Ê¥³µ° µ¡µ²µÎ±¨
¨µ´  B; ¢¥²¨Î¨´Ò q ¨ k ¤ ´Ò ¢ ¥¤¨´¨Í Ì z∗B�a−1

0 .
‚Ò· ¦¥´¨Ö ¤²Ö ηnlm(q, k) ¤²Ö 1s-, 2s-, 2p-, 3s-, 3- ¨ 3d-cocÉoÖ´¨° Ô²¥±É·µ´µ¢ ¶·¨¢¥-

¤¥´Ò ¢ [4Ä6]. �´¨ ¸¢Ö§ ´Ò ¢Ò· ¦¥´¨¥³

dF (q, ∆E)
d(∆E)

=
∆E

I0
(qa0)−2ηnlm(q, k) (4)

¸ É ± ´ §Ò¢ ¥³µ° ¶²µÉ´µ¸ÉÓÕ µ¡µ¡Ð¥´´ÒÌ ¸¨² µ¸Í¨²²ÖÉµ· 
dF (q, ∆E)

d(∆E)
(§¤¥¸Ó ∆E Å

¶¥·¥¤ Î  Ô´¥·£¨¨ ¨µ´  ¶·¨ ¸Éµ²±´µ¢¥´¨¨).
”µ·³Ê²Ò (1)Ä(3) ¶·¨¢¥¤¥´Ò ¢ [1Ä3] ¤²Ö ÔËË¥±É¨¢´µ£µ ¸¥Î¥´¨Ö dσ/dΩ ¨µ´¨§ Í¨¨

¨µ´  A ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸  Éµ³µ³ B, É ³ ¦¥ µÉ³¥Î¥´  ¨Ì ¸¨³³¥É·¨Ö µÉ´µ¸¨É¥²Ó´µ ¶¥-
·¥¸É ´µ¢±¨ ¨´¤¥±¸µ¢ A ¨ B (·¥ ²Ó´Ò³ ®´ ·ÊÏ¥´¨¥³ ¸¨³³¥É·¨¨¯ Ö¢²Ö¥É¸Ö ÉµÉ Ë ±É, ÎÉµ
¢¥²¨Î¨´Ò ηnlm(q, k) ¨³¥ÕÉ¸Ö ¢ ²¨É¥· ÉÊ·¥ ¤µ 3d-µ¡µ²µÎ±¨,   ¢¥²¨Î¨´Ò Ëµ·³Ë ±Éµpo¢
¶·¨¢¥¤¥´Ò ´¨¦¥ Éµ²Ó±µ ¤µ 3s-µ¡µ²µÎ±¨ ¢±²ÕÎ¨É¥²Ó´µ).

‘¢Ö§Ó Ê£²  · ¸¸¥Ö´¨Ö θ ¸ ¢¥²¨Î¨´ ³¨ q ¨ k µ¶·¥¤¥²Ö¥É¸Ö § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö. ˆµ-
´¨§ Í¨µ´´Ò¥ ¶µÉ¥´Í¨ ²Ò I0  Éµ³µ¢ ¨ ·Ö¤  ¨µ´µ¢ ¶·¨¢¥¤¥´Ò ¢ [7Ä9].

‚ Ëµ·³Ê² Ì (1)Ä(3) ¶µ ¢¸¥³ ´ Î ²Ó´Ò³ ¸µ¸ÉµÖ´¨Ö³ Ô²¥±É·µ´µ¢ ¨§ ¨µ´  NA ¶·µ¢¥-
¤¥´µ ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¶· ¢¨²Ê ¸Ê³³. ”µ·³Ë ±Éµ·Ò FA(q) ¨ SA(q) µ¶·¥¤¥²ÖÕÉ¸Ö Éµ²Ó±µ
Ô²¥±É·µ´´µ° ¸É·Ê±ÉÊ·µ°  Éµ³  (¨²¨ ¨µ´ ) A, µ¶¨¸Ò¢ ¥³µ° ¥£µ ´ Î ²Ó´µ° ËÊ´±Í¨¥°
ΨA(r1, ..., rN ):

FA(q) = N−1
A

NA∑
j−1

∫
|ΨA|2 exp (iqrj/�) dr, (5)
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SA(q) = N−1
A


NA∑

j �=s

∫
|ΨA|2 exp (iq(rj − rs)/�) dr− |NAFA(q)|2


 . (6)

ˆ´É¥£·¨·µ¢ ´¨¥ ¢ (5) ¨ (6) ¢¥¤¥É¸Ö ¶µ ¢¸¥³ · ¤¨Ê¸ ³-¢¥±Éµ· ³ Ô²¥±É·µ´µ¢ rj ¢¸¥Ì Ô²¥±-
É·µ´µ¢ ¨µ´  NA. „²Ö · ¸Î¥É  Ëµ·³Ë ±Éµ·µ¢ FA(q) ¨ SA(q) ¡Ò²¨ ¨¸¶µ²Ó§µ¢ ´Ò ¢µ²´µ¢Ò¥
ËÊ´±Í¨¨ ¸¢µ¡µ¤´ÒÌ ¨µ´µ¢ ¨  Éµ³µ¢ ¢ ¢¨¤¥ ²¨´¥°´ÒÌ ±µ³¡¨´ Í¨° [1Ä3, 10]:

ΨA(r1, r2, ..., rNA) =
∑

t

αt

NA∏
j=1

ψj(zj, rj)χj(msj) (7)

µ¤´µÔ²¥±É·µ´´ÒÌ ±Ê²µ´µ¢¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°

ψj(z∗j , rj) = Rnl(z∗j , rj)Ylm(ϑj , ϕj) (8)

¨ ¸¶¨´µ¢ÒÌ ËÊ´±Í¨° χj(msj).
‚ÒÎ¨¸²¥´´Ò¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° (7)Ä(8) ¢Ò· ¦¥´¨Ö ¤²Ö FA(q) ¨

SA(q) ¤²Ö  Éµ³µ¢ c zA � 12 ¨ ¨µ´µ¢ ¸ NA � 12 ¨³¥ÕÉ ¶·µ¸Éµ°  ²£¥¡· ¨Î¥¸±¨° ¢¨¤:

F (q) = N−1 [N1SL(1s, 1s) + N2SL(2s, 2s) + N2P0L(2p0, 2p0)+

+N2P1L(2p1, 2p1) + N3SL(3s, 3s)] , (9)

S(q) = N−1
[
N − a1L

2(1s, 1s) − a2L
2(2s, 2s)− a3L

2(1s, 2s) − a4L
2(2p0, 2p0)−

− a5L
2(2p1, 2p1) − a6L

2(1s, 2p0) − a7L
2(2s, 2p0) − a8L(2p0, 2p0)L(2p1, 2p1) −

−a9L
2(3s, 3s) − a10L

2(1s, 3s) − a11L
2(2s, 3s)− a12L

2(3s2p0)
]
. (10)

ŠµÔËË¨Í¨¥´ÉÒ Nnlm ¢ (9) · ¢´Ò Î¨¸² ³ Ô²¥±É·µ´µ¢ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨ÖÌ
|nlm〉. ŠµÔËË¨Í¨¥´ÉÒ α1, ¢ (10) ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥ (¶Ê¸ÉÒ¥ ±²¥É±¨ ¸µµÉ¢¥É¸É¢ÊÕÉ
´Ê²¥¢Ò³ §´ Î¥´¨Ö³), ¢¥²¨Î¨´Ò µ¤´µÎ ¸É¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢

L(nlm, n′l′m′) =
∫

Ψ∗
nlm(r) eiq/r/�Ψn′l′m′(r) dr (11)

¤²Ö NB � 12 ¤ ´Ò ¢ ¶·¨²µ¦¥´¨¨ (¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ¤²Ö NB � 10 ¶·¨¢¥¤¥-
´Ò ¢ [1]).

�·¨  ´ ²¨§¥ ¢²¨Ö´¨Ö Ê¶·Ê£µ£µ Ëµ·³Ë ±Éµ·  F (q) ´  ¸¥Î¥´¨Ö Ê¤µ¡´µ ¢³¥¸Éµ F (q)
· ¸¸³ É·¨¢ ÉÓ ¢Ìµ¤ÖÐÊÕ ¢ (2) ¢¥²¨Î¨´Ê

Ui(q) =
[
1 −

(
Ni

zi

)
Fi(q)

]2

. (12)

‘¢µ°¸É¢  Ëµ·³Ë ±Éµ·µ¢ (8)Ä(11) ¶·µ¨²²Õ¸É·¨·µ¢ ´Ò ´  ·¨¸. 1, 2 Ëµ·³Ë ±Éµ· ³¨
¨µ´µ¢ Mg ¸ § ·Ö¤µ³ µÉ 0 ¤µ +11 (£· Ë¨±¨ Ëµ·³Ë ±Éµ·µ¢ ¤²Ö ¨µ´µ¢ Ne ¨ �l ¶·¨¢¥¤¥´Ò
¢ [3, 11]). �¡Ð¨³ ¸¢µ°¸É¢µ³ ´¥Ê¶·Ê£¨Ì Ëµ·³Ë ±Éµ·µ¢ S(q) Ö¢²Ö¥É¸Ö ¨Ì ³µ´µÉµ´´Ò°
·µ¸É ¸ Ê¢¥²¨Î¥´¨¥³ q ¨ Î¨¸²  Ô²¥±É·µ´µ¢ ¢ ¨µ´¨§¨·ÊÕÐ¥³ ¨µ´¥. “¶·Ê£¨¥ Ëµ·³Ë ±Éµ·Ò
U(q) ¶µ¤ ¢²ÖÕÉ ¶µ¤Ò´É¥£· ²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¢ (2) É¥³ ¸¨²Ó´¥¥, Î¥³ ³¥´ÓÏ¥ ¢¥²¨Î¨´  q
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‚¥²¨Î¨´Ò ±µÔËË¨Í¨¥´Éµ¢ ai ¢ Ëµ·³Ê²¥ (10) ¤²Ö ´¥Ê¶·Ê£µ£µ Ëµ·³Ë ±Éµ·  S(q) ¤²Ö ¨µ´  ¨²¨
 Éµ³  ¸ N � 12

N ’¥·³ a1 a2 a3 a4 a5 a6 a7 a8 a9 a10 a11 a12

1 2S1/2 1
2 1S0 2
3 2S1/2 2 1 2
4 1S0 2 2 4
5 2P1/2 2 2 4 1/9 4/9 2/3 2/3 4/9
6 3P0 2 2 4 4/9 10/9 4/3 4/3 4/9
7 4S3/2 2 2 4 1 2 2 2
8 3P2 2 2 4 10/9 22/9 8/3 8/3 4/9
9 3P3/2 2 2 4 13/9 28/9 10/3 10/3 4/9
10 1S0 2 2 4 2 4 4 4
11 1S1/2 2 2 4 2 4 4 4 1 2 2 2
12 1S0 2 2 4 2 4 4 4 2 4 4 4

�¨¸. 1. ‚¥²¨Î¨´Ò U(q) ¤²Ö  Éµ³  Mg ¨ ¥£µ ¨µ´µ¢ Mg+i ¸ § ·Ö¤µ³ i µÉ 0 ¤µ +11. ‡ ·Ö¤ ¨µ´  É¥³

¢ÒÏ¥, Î¥³ ¢ÒÏ¥ ±·¨¢ Ö U(q)

�¨¸. 2. H¥Ê¶·Ê£¨° Ëµ·³Ë ±Éµ· S(q) ¤²Ö  Éµ³  Mg ¨ ¥£µ ¨µ´µ¢ Mg+i ¸ § ·Ö¤µ³ i µÉ 0 ¤µ +12.

‡ ·Ö¤ ¨µ´  É¥³ ¢ÒÏ¥, Î¥³ ´¨¦¥ ±·¨¢ Ö S(q)

¨ Î¥³ ³¥´ÓÏ¥ ¸É¥¶¥´Ó ¨µ´¨§ Í¨¨ ¨µ´  (¶µ¤·µ¡´¥¥ ¸¢µ°¸É¢  Ëµ·³Ë ±Éµ·µ¢ ¨ ¢¥²¨Î¨´
ηnlm(q, k) µ¡¸Ê¦¤¥´Ò ¢ [3, 4]).

”µ·³Ê²Ò (1)Ä(3) ¶·¨¢¥¤¥´Ò ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¨¡²¨¦¥´¨¨, ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¶µ-
¶· ¢±¨ µ¡¸Ê¦¤ ÕÉ¸Ö ¢ [6, 12Ä14], ¢ [14] ¶·¨¢¥¤¥´Ò Ëµ·³Ê²Ò ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ
¸¥Î¥´¨° ¨µ´¨§ Í¨¨ ¢ Ê³¥·¥´´µ-·¥²ÖÉ¨¢¨¸É¸±µ° µ¡² ¸É¨ Ô´¥·£¨¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¨µ´µ¢
¶·¨ E/A � 1 ƒÔ‚/´Ê±²µ´.
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2. ��‘“†„…�ˆ… �…‡“‹œ’�’�‚ ��‘—…’�

‘ÊÐ¥¸É¢¥´´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° dσ/dΩ ¢ ¨µ´-
´µ- Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ Ö¢²Ö¥É¸Ö ³ ² Ö ¶¥·¥¤ Î  Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  ¨µ´  (∆p � p ¨
∆E � E). �Éµ ´¥µ¤´µ±· É´µ µÉ³¥Î ²µ¸Ó · ´¥¥ ¨ ²¥¦¨É ¢ µ¸´µ¢¥ ¨¸¶µ²Ó§Ê¥³µ£µ ³¥Éµ¤ 
· ¸Î¥É . ‚ Éµ ¦¥ ¢·¥³Ö ¸µ¢·¥³¥´´Ò¥ ¸É ´¤ ·É´Ò¥ ¶·µ£· ³³Ò ¤²Ö ¶¥·¸µ´ ²Ó´ÒÌ ±µ³¶ÓÕ-
É¥·µ¢ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò ¤²Ö ¶µ¤µ¡´ÒÌ · ¸Î¥Éµ¢ Éµ²Ó±µ ¸ ¤¢µ°´µ° ÉµÎ´µ¸ÉÓÕ, ÔÉµ
ÊÎÉ¥´µ ¶·¨ ¸Î¥É¥ ¶·¨¢¥¤¥´´ÒÌ §¤¥¸Ó ¢¥²¨Î¨´ dσ/dΩ (´¥¤µ¸É ÉµÎ´Ò° ÊÎ¥É ÔÉµ£µ ¸¢µ°¸É¢ 
¶·µ£· ³³ ¶·¨¢¥² ± § ´¨¦¥´¨Õ ¢¥²¨Î¨´ dσ/dΩ ¤²Ö ¨µ´¨§ Í¨¨  Éµ³µ¢ Ne ¨µ´ ³¨ �l ¶·¨
ϑ → 0 ¢ [3]).

• · ±É¥·´Ò¥ µ¸µ¡¥´´µ¸É¨ Ê£²µ¢ÒÌ · ¸¶·¥¤¥²¥´¨° dσ/dΩ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢ ¶µ¸²¥
¸Éµ²±´µ¢¥´¨° ¸  Éµ³ ³¨ (¨²¨ ¨µ´ ³¨) ³¨Ï¥´¥° ¸ ¨µ´¨§ Í¨¥° ¶µ¸²¥¤´¨Ì ¶·µ¨²²Õ¸É·¨-
·µ¢ ´Ò ´¨¦¥ ± ± ¤²Ö ¨µ´¨§ Í¨¨  Éµ³  Ne ¨µ´ ³¨ �l, ±µ£¤  ¢´¥Ï´¨³¨ Ö¢²ÖÕÉ¸Ö 2s-
¨ 2p-µ¡µ²µÎ±¨ (·¨¸. 3, aÄ¢), É ± ¨ ¤²Ö ¨µ´¨§ Í¨¨  Éµ³  Mg ¨µ´ ³¨ Mg ¸ ¢´¥Ï´¥°

�¨¸. 3. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö ¨µ´¨§ Í¨¨  Éµ³  Ne ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸ ¨µ-
´ ³¨: a) �l+9 ¸ Ô´¥·£¨¥° 300 ±Ô‚/´Ê±²µ´ (¢ ¥¤¨´¨Í Ì ¸³2/¸· ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸); ¡) �l+6 ¸

Ô´¥·£¨¥°, · ¢´µ° 2 ŒÔ‚/´Ê±²µ´; ¢) �l+3 ¸ Ô´¥·£¨¥°, · ¢´µ° 10 ŒÔ‚/´Ê±²µ´. � Î ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö
¢Ò·Ò¢ ¥³ÒÌ Ô²¥±É·µ´µ¢ Ê± § ´Ò ¶µ¤ ±·¨¢Ò³¨
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3s-µ¡µ²µÎ±µ° (·¨¸. 4, 5) ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¨µ´µ¢ (¤²Ö ´ £²Ö¤´µ° ¨²-
²Õ¸É· Í¨¨ ÉµÎ´µ¸É¨ ³¥Éµ¤  ±·¨¢Ò¥ ¶·µ¢¥¤¥´Ò ¶µ · ¸Î¥É´Ò³ ÉµÎ± ³ ¡¥§ ¸£² ¦¨¢ ´¨Ö).

�¡Ð¨³ ¸¢µ°¸É¢µ³ ¢¸¥Ì ¶·¨¢¥¤¥´´ÒÌ · ¸Î¥Éµ¢ ¢¥²¨Î¨´ dσ/dΩ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ µ¡² -
¸É¨ Ê£²µ¢ 0 ¸ ²¨´¥°´µ° (¢ ²µ£ ·¨Ë³¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥) § ¢¨¸¨³µ¸ÉÓÕ dσ/dΩ µÉ 0 ¶·¨
θ > mv0z

∗(Mv)−1, ÎÉµ Ô±¢¨¢ ²¥´É´µ ·¥§¥·Ëµ·¤µ¢¸±µ³Ê · ¸¸¥Ö´¨Õ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì § -
·Ö¤µ¢. ’ ±¨¥ ¡µ²ÓÏ¨¥ Ê£²Ò θ ¸µµÉ¢¥É¸É¢ÊÕÉ ¡²¨§±¨³ ¸Éµ²±´µ¢¥´¨Ö³ ¨µ´µ¢ ¸ ³ ²Ò³¨
¶·¨Í¥²Ó´Ò³¨ ¶ · ³¥É· ³¨, ¢ ÔÉµ° µ¡² ¸É¨ Ê£²µ¢ θ ·¥§Ê²ÓÉ ÉÒ ¸² ¡µ § ¢¨¸ÖÉ µÉ ¤¥É ²Ó-
´µ£µ µ¶¨¸ ´¨Ö ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¢Ò¡¨¢ ¥³ÒÌ Ô²¥±É·µ´µ¢.

�¨¸. 4. „¨ËË¥·¥´Í¨ ²Ó´Ò¥ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö ¨µ´¨§ Í¨¨  Éµ³  Mg ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸  Éµ³µ³

Mg: a) ¸ Ô´¥·£¨¥° 300 ±Ô‚/´Ê±²µ´; ¡) ¸ Ô´¥·£¨¥°, · ¢´µ° 2 ŒÔ‚/´Ê±²µ´; ¢) ¸ Ô´¥·£¨¥°, · ¢´µ°
10 ŒÔ‚/´Ê±²µ´

�·¨ ¨µ´¨§ Í¨¨ ¸ · ¸¸¥Ö´¨¥³ ¨µ´µ¢ ´  ³ ²Ò¥ Ê£²Ò θ < mv0z
∗(Mv)−1 ¸¥Î¥´¨Ö dσ/dΩ

¸¨²Ó´µ § ¢¨¸ÖÉ µÉ ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö |nlm〉 Ê¤ ²Ö¥³µ£µ Ô²¥±É·µ´  ¨ ¸· ¢´¨É¥²Ó´µ
¸² ¡µ § ¢¨¸ÖÉ µÉ Ê£²  θ. �·¨ ³ ²ÒÌ Ê£² Ì θ ¢¥²¨Î¨´Ò dσ/dΩ ¤²Ö ¨µ´¨§ Í¨¨ ¢´ÊÉ·¥´´¥°
1s-µ¡µ²µÎ±¨ ¢¸¥£¤  ³¥´ÓÏ¥ ¢¸¥Ì ¤·Ê£¨Ì ¸¥Î¥´¨°, ´µ ÔÉµ · §²¨Î¨¥ Ê³¥´ÓÏ ¥É¸Ö ¸ ·µ¸Éµ³
Ô´¥·£¨¨ E ¨µ´¨§¨·ÊÕÐ¥£µ ¨µ´ . �Éµ ¢¨¤´µ ´  ¢¸¥Ì ·¨¸. 3Ä5. ‚ Éµ ¦¥ ¢·¥³Ö ¶·¨ ¸² ¡µ°
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§ ¢¨¸¨³µ¸É¨ ¢¥²¨Î¨´ ¨µ´¨§ Í¨¨ dσ/dΩ 1s-µ¡µ²µÎ±¨ µÉ Ê£²  θ ÔÉ¨ ¢¥²¨Î¨´Ò ¸É ´µ¢ÖÉ¸Ö
¶·¥µ¡² ¤ ÕÐ¨³¨ ´  ¡µ²ÓÏ¨Ì Ê£² Ì θ. �Éµ ¸²¥¤Ê¥É ¨§ Éµ£µ, ÎÉµ ¤²Ö · ¸¸¥Ö´¨Ö ´  ¡µ²Ó-
Ï¨¥ Ê£²Ò É·¥¡Ê¥É¸Ö ¸· ¢´¨É¥²Ó´µ ¡µ²ÓÏ Ö ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  q, · §·¥Ï¥´´ Ö § ±µ´ ³¨
¸µÌ· ´¥´¨Ö Éµ²Ó±µ ¤²Ö ¸¨²Ó´µ ¸¢Ö§ ´´µ£µ 1s-Ô²¥±É·µ´ .

�¨¸. 5. ‚¥²¨Î¨´Ò dσ/dΩ ¤²Ö ¨µ´¨§ Í¨¨  Éµ³  Mg ¨µ´µ³ Mg+2 (a) ¨ ¨µ´µ³ Mg+6 (¡) ¸ Ô´¥·£¨¥°,

· ¢´µ° 2 ŒÔ‚/´Ê±²µ´

�  ·¨¸. 4, 5 ¢¨¤´µ, ÎÉµ ¶·¨ ³ ²ÒÌ Ê£² Ì θ ¢¥²¨Î¨´Ò dσ/dΩ ¤²Ö ¢Ò·Ò¢ ´¨Ö 3s-
Ô²¥±É·µ´  §´ Î¨É¥²Ó´µ ¶·¥¢ÒÏ ÕÉ ¢¸¥ ¤·Ê£¨¥ ¢¥²¨Î¨´Ò dσ/dΩ, · §²¨Î¨¥ ³¥¦¤Ê ¢¥²¨-
Î¨´ ³¨ dσ/dΩ ¤²Ö 2s−2p-Ô²¥±É·µ´  ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥. ‚ Éµ ¦¥ ¢·¥³Ö ¢¥²¨Î¨´Ò
dσ/dΩ ¤²Ö 3s-Ô²¥±É·µ´  Ê¡Ò¢ ÕÉ ¶·¨ ¸ ³ÒÌ ³ ²ÒÌ Ê£² Ì θ → 0. �Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³,
ÎÉµ ¢¥·µÖÉ´µ¸ÉÓ ¢Ò·Ò¢ ´¨Ö ¸² ¡µ ¸¢Ö§ ´´µ£µ 3s-Ô²¥±É·µ´  Ô±· ´¨·µ¢ ´´Ò³ Ö¤·µ³ ¨µ´ 
(µ¶¨¸Ò¢ ¥³ Ö Ëµ·³Ê²µ° (2)) ¡¥§ § ³¥É´µ° ¶¥·¥¤ Î¨ ¶µ¶¥·¥Î´µ£µ ¨³¶Ê²Ó¸  (¶·¨ ®²µ¡µ¢µ³
¸Éµ²±´µ¢¥´¨¨¯) ³ ² .

�·¨ ¤ ²¥±¨Ì ¸Éµ²±´µ¢¥´¨ÖÌ ¨µ´µ¢ ¸  Éµ³ ³¨ ¸ ³ ²µ° ¶¥·e¤ Î¥° q ¨³¶Ê²Ó¸  ¢¥²¨Î¨´ 
U(q) · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ § ·Ö¤  ¨µ´  (¸³. ·¨¸. 1). �Éµ ¶·¨¢o¤¨É ± § ³¥É´µ³Ê Ê¢¥²¨Î¥-
´¨Õ dσ/dΩ ¶·¨ ³ ²ÒÌ Ê£² Ì θ � 10−5 ¸ ·µ¸Éµ³ § ·Ö¤  ¨µ´ , ÎÉµ µÉÎ¥É²¨¢µ ¢¨¤´µ ¶·¨
¸· ¢´¥´¨¨ dσ/dΩ ¤²Ö ¨µ´µ¢ Mg+i ¨  Éµ³µ¢ Mg (·¨¸. 4, 5).

‡ ³¥É¨³, ÎÉµ ¢¸²¥¤¸É¢¨¥ § ±µ´µ¢ ¸µÌ· ´¥´¨Ö ¢ É ±¨¥ ¢¥²¨Î¨´Ò dσ/dΩ ¨µ´¨§ Í¨¨
¶·¨ ¸Éµ²±´µ¢¥´¨ÖÌ ¤¢ÊÌ  Éµ³µ¢ Mg (¸³. ·¨¸. 4, aÄ¢) ¶·¨ ¢¸¥Ì ¶·¨¢¥¤¥´´ÒÌ Ô´¥·£¨ÖÌ ¶·¨
³ ²ÒÌ Ê£² Ì θ < 10−6 µ¸´µ¢´µ° ¢±² ¤ ¤ ÕÉ Ô²¥±É·µ´-Ô²¥±É·µ´´Ò¥ ¸Éµ²±´µ¢¥´¨Ö, µ¶¨-
¸Ò¢ ¥³Ò¥ Ëµ·³Ê²µ° (3). �É´µ¸¨É¥²Ó´Ò° ¢±² ¤ Ô²¥±É·µ´-Ô²¥±É·µ´´ÒÌ ¸Éµ²±´µ¢¥´¨° ¢
dσ/dΩ ¢ ¤·Ê£¨Ì µ¡² ¸ÉÖÌ Ê£²µ¢ θ ¶·¨ ¢¸¥Ì Ô´¥·£¨ÖÌ ¸· ¢´¨É¥²Ó´µ ³ ² ¤ ¦¥ ¤²Ö ¸Éµ²±´µ-
¢¥´¨Ö ´¥°É· ²Ó´ÒÌ  Éµ³µ¢ (¤²Ö ¨µ´´µ- Éµ³´ÒÌ ¸Éµ²±´µ¢¥´¨° µ´ ¢¸¥£¤  ³ ² ¨§-§  ¶·µ¶µ·-
Í¨µ´ ²Ó´µ¸É¨ Î¨¸²Ê NA Ô²¥±É·µ´µ¢ ¢ (3) ¢³¥¸Éµ Z2

A ¢ (2)). �·¨ Ô²¥±É·µ´-Ô²¥±É·µ´´ÒÌ
¸Éµ²±´µ¢¥´¨ÖÌ ´ ²¥É ÕÐ¨° ¨µ´ É¥·Ö¥É Ô´¥·£¨Õ ¨ ¨³¶Ê²Ó¸ ´  ¢µ§¡Ê¦¤¥´¨¥ µ¡µ¨Ì ¸É ²±¨-
¢ ÕÐ¨Ì¸Ö Ô²¥±É·µ´µ¢. “· ¢´¥´¨¥ (3), µ¶¨¸Ò¢ ÕÐ¥¥ ¢±² ¤ ¢ ¸¥Î¥´¨¥ ¨µ´¨§ Í¨¨ ¸Éµ²±´µ-
¢¥´¨° Ô²¥±É·µ´µ¢ ´ ²¥É ÕÐ¥£µ ¨µ´  (¨²¨  Éµ³ ) A ¸ Ô²¥±É·µ´ ³¨ ³¨Ï¥´¨ B, ¸µ¤¥·¦¨É
ËÊ´±Í¨Õ ηnlm(q, k), ¢Ìµ¤ÖÐÊÕ ¢ (2). �µ µÉ²¨Î¨¥ ¢ ±¨´¥³ É¨±¥ Ô²¥±É·µ´-Ô²¥±É·µ´´ÒÌ
¸Éµ²±´µ¢¥´¨° µÉ ¸Éµ²±´µ¢¥´¨° Ô²¥±É·µ´µ¢ ¸ Ö¤·µ³ ¶·¨¢µ¤¨É ± ¸¤¢¨£Ê ³ ±¸¨³Ê³µ¢ ¢ Ô´¥·-
£¥É¨Î¥¸±¨Ì · ¸¶·¥¤¥²¥´¨ÖÌ ¢Ò¡¨ÉÒÌ Ô²¥±É·µ´µ¢ ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì (¶·¨³¥·´µ ¢ 2 · § )
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§´ Î¥´¨° ¨³¶Ê²Ó¸µ¢ k ¶µ ¸· ¢´¥´¨Õ ¸ (2). ‚±² ¤ ÔÉ¨Ì µ¡² ¸É¥° q ¨ k ¢ ¸¥Î¥´¨¥ dσ/dΩ
§ ¢¨¸¨É µÉ Î¨¸²  Ô²¥±É·µ´µ¢ ¢ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í Ì A ¨ B ¨ µÉ Ô´¥·£¨¨ ´ ²¥É Õ-
Ð¥£µ ¨µ´  A. �¸µ¡¥´´µ¸É¨ ¢¥²¨Î¨´ ηnlm(q, k) ¨ Ëµ·³Ë ±Éµ·µ¢ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ
¶·¨ ¢Ò¡µ·¥ ¶·µÍ¥¤Ê·Ò ¨´É¥£·¨·µ¢ ´¨Ö ¢ (7), (8) ¨  ´ ²¨§¥ ·¥§Ê²ÓÉ Éµ¢.

�·¨¢¥¤¥´´Ò¥ ´  ·¨¸Ê´± Ì ¤ ´´Ò¥ ¶µ± §Ò¢ ÕÉ ¢µ§³µ¦´µ¸É¨ ¨¸¶µ²Ó§µ¢ ´´µ£µ ³¥Éµ¤ 
· ¸Î¥É  ¸¥Î¥´¨° ¨µ´¨§ Í¨¨ ¶·¨ ¡Ò¸É·ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ ³´µ£µÔ²¥±É·µ´´ÒÌ ¨µ´µ¢ ¨  Éµ-
³µ¢, ¶·¥¤¥²Ò ¶·¨³¥´¨³µ¸É¨ ³¥Éµ¤  µ¡¸Ê¦¤¥´Ò · ´¥¥ ¢ [1, 2, 10].

��ˆ‹�†…�ˆ…

‚¥²¨Î¨´Ò ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ L(nlm, n′l′m) ¢ Ëµ·³Ê²¥ (10) ¤²Ö 3s-µ¡µ²µÎ±¨.
‚¥²¨Î¨´Ò ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ L(nlm, n′l′m) ¤²Ö ¶¥·¢ÒÌ 8 Î²¥´µ¢ ¢ (10) ¸µ¢¶ ¤ ÕÉ ¸
µ¶Ê¡²¨±µ¢ ´´Ò³¨ ¢ [1] ¤²Ö N � 10.

L(3s, 3s) = 1/b2 − 2(3 − a2
7)/b3 + 16(1 − a2

7)/b4 −

−4(5−10a2
7+a4

7)/b5+10(3−10a2
7+3a4

7)/(3b6), (�1)

a7 = 2qz∗/(3z3s), b = 1 + a2
7. (�1a)

L(3s, 2p0) = aa
{
1/b2

1d
4 + (−3d + 9da2

8 − 6z3s + 2z3sa
2
8)/(3b3

1d
5)+

+2z3s(d − 6da2
8 + da4

8 + 4z3s/9 − 4z3sa
2
8)/(b4

1d
6)−

−8z2
3s(1 − 10a2

8 + 5a4
8)/(9b5

1d
6)

}
, (�2)

a8 = qz∗/(z2p/2 + z3s/3), b1 = 1 + a2
8, aa = (2z5

2pz
3
3s/27)1/2/a8. (�2a)

L(1s, 3s) = c13E(1s, 3s), (�3)

a9 = qz∗/(z1s + z3s/3), b2 = 1 + a2
9, (�3a)

d1 = z1s + z3s/3, aa1 = sqrt (z1sz3s/3)3, (�3¡)

E(1s, 3s) = aa1

[
8/(b2

2d
3
1) − 163s(3 − a2

9)/(3b3
2d

4
1)+

+32z2
3s(1 − a2

9)/(9b4
2d

5
1)

]
, (�3¢)

c(1s, 3s) = 8aa1(z1s − z3s/3)(z1s − z3s)/(z1s + z3s)5, (�3£)

c13 = c(1s, 3s)/[1 − c(1s, 3s)2]1/2. (�3¤)

L(2s, 3s) = c23E(2s, 3s), (�4)

a10 = qz∗/(z2s/2 + z3s/3), b3 = 1 + a2
10, d2 = z2s/2 + z3s/3, (�4a)

aa2 = sqrt (2z2sz3s/3)3, (�4¡)

E(2s, 3s) = aa2

[
1/(b2

3d
3
2) − (3z2s + 4z3s)(3 − a2

10)/(6b3
3d

4
2)+

+4z3s(1 − a2
10)(z2s + 2z3s/9)/(d5

2b
4
3)−

−4z2sz
2
3s(5 − 10a2

10 + a4
10)/(9d6

2b
5
3)

]
, (�4¢)

c(2s, 3s) = aa2

[
2 − (3z2s + 4z3s)/d2 + 8z3s(z2s + 2z3s/9)/d2

2−
−40z2sz

2
3s/(3d2)3

]
/2/d3

2, (�4£)

c23 = c(2s, 3s)/[1 − c(2s, 3s)2]1/2. (�4¤)
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