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� ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ¥ ÊÎ·¥¦¤¥´¨¥
ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¶·μ¡²¥³ 	¥²μ·Ê¸¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É , Œ¨´¸±

�μ± § ´μ, ÎÉμ ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨° ¶·¨¡²¨¦¥´¨Ö ‚¥´Í¥²ÖÄŠ· ³¥·¸ Ä	·¨²²ÕÔ´  ¨¸¶μ²Ó-
§μ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌμ°§¥´  ¶μ§¢μ²Ö¥É ¸¢¥¸É¨ ´ Ìμ¦¤¥´¨¥ ±² ¸¸¨Î¥¸±μ£μ ¶·¥¤¥² 
Ê· ¢´¥´¨° ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨ ± § ³¥´¥ μ¶¥· Éμ·μ¢ ¢ £ ³¨²ÓÉμ´¨ ´¥ ¨ ±¢ ´Éμ¢μ-
³¥Ì ´¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±² ¸¸¨Î¥¸±¨³¨ ¢¥²¨Î¨´ ³¨.

It is shown that the use of the FoldyÄWouthuysen representation allows one to reduce ˇnding
the classical limit of equations of the relativistic quantum mechanics to replacing operators in the
Hamiltonian and quantum mechanical equations of motion with corresponding classical quantities when
the conditions of the WentzelÄKramersÄBrillouin approximation are satisˇed.

PACS: 03.65.Pm; 03.65.Sq; 11.10.Ef

�·¥¤¸É ¢²¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌμ°§¥´  (”‚) [1] μ¡² ¤ ¥É Ê´¨± ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨, ¡² -
£μ¤ ·Ö ±μÉμ·Ò³ μ´μ § ´¨³ ¥É μ¸μ¡μ¥ ³¥¸Éμ ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥. „ ¦¥ ¤²Ö ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Î ¸É¨Í ¢μ ¢´¥Ï´¥³ ¶μ²¥ μ¶¥· Éμ·Ò ¢ ¤ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¶μ²´μ¸ÉÓÕ  ´ ²μ£¨Î´Ò
¸μμÉ¢¥É¸É¢ÊÕÐ¨³ μ¶¥· Éμ· ³ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨. ‚ Î ¸É´μ¸É¨, μ¶¥-
· Éμ·Ò ¶μ²μ¦¥´¨Ö [2] ¨ ¨³¶Ê²Ó¸  · ¢´Ò r ¨ p = −i�∇,   μ¶¥· Éμ· ¶μ²Ö·¨§ Í¨¨ ¤²Ö
Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¢Ò· ¦ ¥É¸Ö ¤¨· ±μ¢¸±μ° ³ É·¨Í¥° Π. ‚ ¤·Ê£¨Ì ¶·¥¤¸É ¢²¥´¨ÖÌ
ÔÉ¨ μ¶¥· Éμ·Ò μ¶·¥¤¥²ÖÕÉ¸Ö §´ Î¨É¥²Ó´μ ¡μ²¥¥ £·μ³μ§¤±¨³¨ Ëμ·³Ê² ³¨ (¸³. [1, 3]).
�·μ¸Éμ° ¨ ÉμÎ´μ μ¶·¥¤¥²¥´´Ò° ¢¨¤ μ¶¥· Éμ·μ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±² ¸¸¨Î¥¸±¨³ ´ ¡²Õ-
¤ ¥³Ò³, Ö¢²Ö¥É¸Ö ¢ ¦´¥°Ï¨³ ¤μ¸Éμ¨´¸É¢μ³ ¶·¥¤¸É ¢²¥´¨Ö ”‚. �É³¥É¨³, ÎÉμ ¢ ¤ ´´μ³
¶·¥¤¸É ¢²¥´¨¨ £ ³¨²ÓÉμ´¨ ´ ¨ ¢¸¥ μ¶¥· Éμ·Ò ¤¨ £μ´ ²Ó´Ò ¶μ ¤¢Ê³ ¸¶¨´μ· ³ (¡²μ±-
¤¨ £μ´ ²Ó´Ò). ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ”‚ Ê¸É· ´Ö¥É ¢μ§³μ¦´μ¸ÉÓ ¶μÖ¢²¥´¨Ö ´¥-
μ¤´μ§´ Î´μ¸É¥° ¶·¨ ·¥Ï¥´¨¨ § ¤ Î¨ ´ Ìμ¦¤¥´¨Ö ±² ¸¸¨Î¥¸±μ£μ ¶·¥¤¥²  ·¥²ÖÉ¨¢¨¸É¸±μ°
±¢ ´Éμ¢μ° ³¥Ì ´¨±¨ [1,4].

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ ¶¥·¥Ìμ¤ ± ±¢ §¨±² ¸¸¨Î¥¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ ¸· ¢´¨-
É¥²Ó´μ ¶·μ¸Éμ ¶·μ¨§¢μ¤¨É¸Ö ¶·¨ ¶μ³μÐ¨ ³¥Éμ¤  ‚¥´Í¥²ÖÄŠ· ³¥·¸ Ä	·¨²²ÕÔ´  (‚Š	).

1E-mail: silenko@inp.minsk.by
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…£μ ³μ¦´μ ¶·¨³¥´ÖÉÓ ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö ³ ²μ¸É¨ ¤²¨´Ò ¢μ²´Ò ¤¥ 	·μ°²Ö ¶μ
¸· ¢´¥´¨Õ ¸ Ì · ±É¥·´Ò³ · §³¥·μ³ μ¡² ¸É¨ ´¥μ¤´μ·μ¤´μ¸É¨ ¢´¥Ï´¥£μ ¶μ²Ö l:

λ � l. (1)

„²Ö μ¤´μ³¥·´μ° § ¤ Î¨ (¤¢¨¦¥´¨¥ Éμ²Ó±μ ¢¤μ²Ó μ¸¨ x) ¨§ (1) ¸²¥¤Ê¥É ¢Ò¶μ²´¥´¨¥ ´¥· -
¢¥´¸É¢  ∣∣∣∣dλ

dx

∣∣∣∣ � 1. (2)

Œ¥Éμ¤ ‚Š	 Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¨ ¤²Ö  ´ ²¨§  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥-
¸±¨Ì Ê· ¢´¥´¨°. �¤´ ±μ ¢ ÔÉμ³ ¸²ÊÎ ¥ É·¥¡Ê¥É¸Ö ¥£μ ³μ¤¨Ë¨± Í¨Ö. Š ± ¨ ¢ ´¥·¥²ÖÉ¨-
¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥, ±² ¸¸¨Î¥¸±¨° ¶·¥¤¥² ¤μ¸É¨£ ¥É¸Ö ¢ ´Ê²¥¢μ³ ¶μ � ¶μ·Ö¤±¥
‚Š	-¶·¨¡²¨¦¥´¨Ö. �·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·¥¤¸É ¢²¥´¨Ö ”‚ ¶¥·¥Ìμ¤ ± ±¢ §¨±² ¸¸¨Î¥-
¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ ¶·μ¨§¢μ¤¨É¸Ö É ±¨³ ¦¥ ¶ÊÉ¥³, ± ± ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ°
³¥Ì ´¨±¥. ‚ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥Éμ¤  ‚Š	 É ±¦¥ ´¥μ¡Ìμ¤¨³μ
¢Ò¶μ²´¥´¨¥ Ê¸²μ¢¨° (1), (2).

„²Ö Ê¶·μÐ¥´¨Ö  ´ ²¨§  · ¸¸³μÉ·¨³ ¸²ÊÎ ° μ¤´μ³¥·´μ£μ ¤¢¨¦¥´¨Ö. …¸²¨ ´¥ ÊÎ¨ÉÒ-
¢ ÉÓ ¸¶¨´μ¢Ò¥ ÔËË¥±ÉÒ, Éμ Ê· ¢´¥´¨¥ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±μ£μ £ ³¨²ÓÉμ´¨ ´  ¢ ¶·¥¤¸É ¢²¥-
´¨¨ ”‚ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

i�
∂Ψ
∂t

= HΨ, H =
√

m2c4 + c2p2 + V(x,p) + U(x). (3)

’ ±μ° ¢¨¤ ¨³¥¥É, ¢ Î ¸É´μ¸É¨, Ê· ¢´¥´¨¥ ¤²Ö ¸± ²Ö·´ÒÌ Î ¸É¨Í ¢ Ô²¥±É·μ³ £´¨É´μ³
¶μ²¥ (¸³. [5]). �μ¸±μ²Ó±Ê μ¶¥· Éμ·Ò py, pz ±μ³³ÊÉ¨·ÊÕÉ ¸ £ ³¨²ÓÉμ´¨ ´μ³ ¨ ¨³¥ÕÉ
μ¶·¥¤¥²¥´´Ò¥ §´ Î¥´¨Ö, Éμ μ¶¥· Éμ· H ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

i�
∂Ψ
∂t

= HΨ, H =
√

m2c4 + c2p2
x + V (x, px) + U(x). (4)

„²Ö ¸É Í¨μ´ ·´ÒÌ ¸μ¸ÉμÖ´¨° ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡ÒÎ´ÊÕ Ëμ·³Ê § ¶¨¸¨ ¢μ²´μ¢μ°
ËÊ´±Í¨¨ (¸³. [6, 7]):

Ψ = exp
(
− i

�
Et

)
Φ(x), Φ(x) = exp

(
i

�
S

)
, (5)

£¤¥ E Å ¶μ²´ Ö Ô´¥·£¨Ö Î ¸É¨ÍÒ. ”Ê´±Í¨Õ S ³μ¦´μ Ëμ·³ ²Ó´μ · §²μ¦¨ÉÓ ¢ ·Ö¤ ¶μ
¸É¥¶¥´Ö³ ¶μ¸ÉμÖ´´μ° �² ´± :

S = S0 +
�

i
S1 +

(
�

i

)2

S2 + . . . (6)

�·¨ ¶μ¤¸É ´μ¢±¥ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ¨¸Ìμ¤´μ¥ Ê· ¢´¥´¨¥ ³Ò μ£· ´¨Î¨¢ ¥³¸Ö Î²¥-
´ ³¨ ´Ê²¥¢μ£μ ¶·¨¡²¨¦¥´¨Ö. ‚ ÔÉμ³ ¶·¨¡²¨¦¥´¨¨ ³μ¦´μ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ±μ³³ÊÉ Éμ·Ò
μ¶¥· Éμ·μ¢ x ¨ px, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ �. �μ¸±μ²Ó±Ê

p2Ψ = (S′2 − i�S′′)Ψ, (7)

Éμ, ¶·¥´¥¡·¥£ Ö ¢¥²¨Î¨´ ³¨ ¶¥·¢μ£μ ¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¶μ·Ö¤±μ¢ ¶μ �, ´ Ìμ¤¨³

√
m2c4 + c2p2

x + V (x, px)Ψ =
√

m2c4 + c2S′2 + V (x, S′)Ψ.
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’ ±¨³ μ¡· §μ³, ¸² £ ¥³Ò¥ ´Ê²¥¢μ£μ ¶μ·Ö¤±  ¶μ ¶μ¸ÉμÖ´´μ° �² ´±  Ê¤μ¢²¥É¢μ·ÖÕÉ
Ê· ¢´¥´¨Õ

E =
√

m2c4 + c2S′2 + V (x, S′) + U(x). (8)

„ ´´μ¥ Ê· ¢´¥´¨¥ μ¶·¥¤¥²Ö¥É ´¥Ö¢´ÊÕ ËÊ´±Í¨Õ S′ μÉ x. �Î¥¢¨¤´μ, ÎÉμ ¢¥²¨Î¨´  S′

Ö¢²Ö¥É¸Ö ±² ¸¸¨Î¥¸±¨³ μ¡μ¡Ð¥´´Ò³ ¨³¶Ê²Ó¸μ³ Î ¸É¨ÍÒ P(x). ‘²¥¤μ¢ É¥²Ó´μ,

S =
∫

P(x) dx. (9)

’ ±¨³ μ¡· §μ³, S ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥ § ¢¨¸ÖÐÊÕ μÉ ¢·¥³¥´¨ Î ¸ÉÓ ¤¥°¸É¢¨Ö,  
¶μ²´μ¥ ¤¥°¸É¢¨¥ Î ¸É¨ÍÒ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¨¸Ìμ¤´Ò³ Ê· ¢´¥´¨¥³ (4) · ¢´μ

S = −Et + S = −Et +
∫

P(x) dx. (10)

”μ·³Ê²  (10) ¶μ²´μ¸ÉÓÕ ¸μμÉ¢¥É¸É¢Ê¥É ±² ¸¸¨Î¥¸±μ° É¥μ·¨¨ ¨ ¸μ¢¶ ¤ ¥É ¸  ´ ²μ-
£¨Î´μ° Ëμ·³Ê²μ°, ¢Ò¢μ¤¨³μ° ¤²Ö ‚Š	-¶·¨¡²¨¦¥´¨Ö ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥-
Ì ´¨±¥ [6, 7]. ’ ±¨³ μ¡· §μ³, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·¥¤¸É ¢²¥´¨Ö ”‚ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ°
±¢ ´Éμ¢μ° ³¥Ì ´¨±¥ ¶¥·¥Ìμ¤ ± ±² ¸¸¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ¸μμÉ¢¥É¸É¢Ê¥É ´Ê²¥¢μ³Ê ¶μ � ¶μ-
·Ö¤±Ê ‚Š	-¶·¨¡²¨¦¥´¨Ö. Š ± ¸²¥¤Ê¥É ¨§ Ê· ¢´¥´¨° (4), (8)Ä(10), ¥£μ ³μ¦´μ ¶·μ¨§¢μ¤¨ÉÓ
¶ÊÉ¥³ § ³¥´Ò μ¶¥· Éμ·μ¢ ¢ £ ³¨²ÓÉμ´¨ ´¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±² ¸¸¨Î¥¸±¨³¨ ¢¥²¨Î¨-
´ ³¨.

�¥É·Ê¤´μ ¶μ± § ÉÓ, ÎÉμ É ±ÊÕ § ³¥´Ê ³μ¦´μ ¤¥² ÉÓ ¨ ¢ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö. ‹Õ-
¡μ° ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨° £ ³¨²ÓÉμ´¨ ´ Ö¢²Ö¥É¸Ö μ¶¥· Éμ·´μ° ËÊ´±Í¨¥° μ¡μ¡Ð¥´´ÒÌ
¨³¶Ê²Ó¸μ¢ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ±μμ·¤¨´ É pi, x

i. �·¨ ¶·¥´¥¡·¥¦¥´¨¨ ¸² £ ¥³Ò³¨, ¶·μ-
¶μ·Í¨μ´ ²Ó´Ò³¨ �, ³Ò ³μ¦¥³ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ´¥±μ³³ÊÉ Í¨Õ μ¶¥· Éμ·μ¢ ¤¨´ ³¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ ¨ § ¶¨¸ ÉÓ ¶μ²´ÊÕ ¶·μ¨§¢μ¤´ÊÕ ¶μ ¢·¥³¥´¨ μÉ £ ³¨²ÓÉμ´¨ ´  ¢ ¢¨¤¥

dH
dt

=
∂H
∂t

+
∂H
∂pi

dpi

dt
+

∂H
∂xi

dxi

dt
.

�μ¸±μ²Ó±Ê
dH
dt

=
∂H
∂t

,

Éμ ¢ ´Ê²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¶μ � μ¶¥· Éμ·´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥,  ´ ²μ£¨Î´μ³ ±² ¸¸¨Î¥¸±¨³ Ê· ¢´¥´¨Ö³ ƒ ³¨²ÓÉμ´ :

dxi

dt
=

∂H
∂pi

,
dpi

dt
= −∂H

∂xi
. (11)

‚μ§³μ¦´μ¸ÉÓ § ³¥´Ò μ¶¥· Éμ·μ¢ ¢ £ ³¨²ÓÉμ´¨ ´¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±² ¸¸¨Î¥¸±¨³¨ ¢¥-
²¨Î¨´ ³¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (11) ¶·¨¢μ¤¨É ± ¢μ§³μ¦´μ¸É¨ É ±μ° ¦¥ § ³¥´Ò ¢ μ¶¥· Éμ·´ÒÌ
Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö.

‘ÊÐ¥¸É¢ÊÕÉ ´¥±μÉμ·Ò¥ μ¸μ¡¥´´μ¸É¨ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  ‚Š	 ¢ É¥μ·¨¨ £· ¢¨É Í¨¨ [8].
�¤´ ±μ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ £ ³¨²ÓÉμ´μ¢  ¶μ¤Ìμ¤  (¸³. [9Ä12]) § ¤ Î  ¶¥·¥Ìμ¤  ± ±² ¸-
¸¨Î¥¸±μ³Ê ¶·¥¤¥²Ê Ê¶·μÐ ¥É¸Ö ¨ ¸¢μ¤¨É¸Ö ± · ¸¸³μÉ·¥´´μ° ¢ÒÏ¥. �¡Ð¨° ¢¨¤ ±² ¸-
¸¨Î¥¸±μ£μ £ ³¨²ÓÉμ´¨ ´  Î ¸É¨ÍÒ, ´¥ μ¡² ¤ ÕÐ¥° ¸μ¡¸É¢¥´´Ò³ ³μ³¥´Éμ³ ±μ²¨Î¥¸É¢ 
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¤¢¨¦¥´¨Ö (¸¶¨´μ³), ¢ ¶·μ¨§¢μ²Ó´ÒÌ Ô²¥±É·μ³ £´¨É´μ³ ¨ £· ¢¨É Í¨μ´´μ³ ¶μ²ÖÌ μ¶·¥-
¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ (2.5) ¢ · ¡μÉ¥ [13]. ‚ [12] ¡Ò²μ ¶μ± § ´μ, ÎÉμ, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
¶μ²ÊÎ¥´´Ò³¨ ¢ [14] ·¥§Ê²ÓÉ É ³¨, ¤²Ö μ¶¨¸ ´¨Ö Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ ¥£μ ´Ê¦´μ ¤μ¶μ²´¨ÉÓ
¸² £ ¥³Ò³ s · Ω, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ Ê£²μ¢μ° ¸±μ·μ¸É¨ ¢· Ð¥´¨Ö ¸¶¨´  Ω.

’ ±μ¥ ¦¥ ¸² £ ¥³μ¥ ¤μ¡ ¢²Ö¥É¸Ö ± ¡¥¸¸¶¨´μ¢μ° Î ¸É¨ £ ³¨²ÓÉμ´¨ ´  ¨ ¤²Ö μ¶¨¸ ´¨Ö
¸¶¨´μ¢ÒÌ ÔËË¥±Éμ¢ ¶·¨ Ô²¥±É·μ³ £´¨É´μ³ ¨ ¸² ¡μ³ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ. �μ¸±μ²Ó±Ê £ -
³¨²ÓÉμ´¨ ´ § ¤ ´ ¢ ¶·¥¤¸É ¢²¥´¨¨ ”‚, Éμ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Éμ²Ó±μ ¢¥·Ì´¨° ¸¶¨´μ·.
�¶¥· Éμ· s ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢Ò· ¦ ¥É¸Ö ¸¶¨´μ¢Ò³¨ ³ É·¨Í ³¨ ¤²Ö Î ¸É¨Í ¸ ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨³ ¸¶¨´μ³. „²Ö Î ¸É¨Í ¸μ ¸¶¨´μ³ s > 1/2 ¢ μ¶¥· Éμ· H ³μ£ÊÉ ¢Ìμ¤¨ÉÓ ¨ ¶·μ¨§¢¥¤¥´¨Ö
¸¶¨´μ¢ÒÌ ³ É·¨Í. �μ¸²¥ μ¶¨¸ ´´μ£μ ¢ÒÏ¥ ¶¥·¥Ìμ¤  ± ±² ¸¸¨Î¥¸±μ³Ê ¶·¥¤¥²Ê £ ³¨²ÓÉμ-
´¨ ´ Î ¸É¨Í ¸μ ¸¶¨´μ³ ¸μ¤¥·¦¨É μ¡μ¡Ð¥´´Ò¥ ¨³¶Ê²Ó¸Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ±μμ·¤¨´ ÉÒ ¨
¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ (¢±²ÕÎ Ö ¨Ì ¶·μ¨§¢¥¤¥´¨Ö). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ´ Ìμ¦¤¥´¨Ö ¤¨´ ³¨±¨
¸¶¨´  ¢¥¸Ó³  Ê¤μ¡¥´ ³¥Éμ¤, ¡ §¨·ÊÕÐ¨°¸Ö ´  Ê· ¢´¥´¨¨ ¤²Ö ³ É·¨Î´μ£μ £ ³¨²ÓÉμ´¨ ´ 
¨ Î ¸Éμ ´ §Ò¢ ¥³Ò° ³¥Éμ¤μ³ ¸¶¨´μ¢ÒÌ  ³¶²¨ÉÊ¤ (¸³. [15] ¨ Í¨É¨·μ¢ ´´ÊÕ É ³ ²¨É¥· -
ÉÊ·Ê). �¥·¥Ìμ¤ ± ±² ¸¸¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ¸¢μ¤¨É¸Ö ± Ê¸·¥¤´¥´¨Õ ¸¶¨´μ¢ÒÌ ³ É·¨Í ¨ ¨Ì
¶·μ¨§¢¥¤¥´¨° ¶μ  ³¶²¨ÉÊ¤´Ò³ ¸¶¨´μ¢Ò³ ËÊ´±Í¨Ö³. ’ ±μ¥ Ê¸·¥¤´¥´¨¥ ¶·¨¢μ¤¨É ± ¢¢¥-
¤¥´¨Õ ¢¥±Éμ·  ¶μ²Ö·¨§ Í¨¨ P ¨ É¥´§μ·  ¶μ²Ö·¨§ Í¨¨ Pij , μ¶·¥¤¥²Ö¥³ÒÌ Ê· ¢´¥´¨Ö³¨
(¸³. [15,16])

Pi =
〈si〉
S

, Pij =
3〈sisj + sjsi〉 − 2S(S + 1)δij

2S(2S − 1)
, i, j = x, y, z. (12)

‡¤¥¸Ó si Å ¸¶¨´μ¢Ò¥ ³ É·¨ÍÒ; S Å ¸¶¨´μ¢μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ.
�¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥, ± ± ¨ ¢ ´¥·¥²ÖÉ¨-

¢¨¸É¸±μ° (¸³. [7]), ¸ÊÐ¥¸É¢ÊÕÉ μ¶·¥¤¥²¥´´Ò¥ μ£· ´¨Î¥´¨Ö ´  ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö
³¥Éμ¤  ‚Š	. Œ ²μ¸ÉÓ μÉ¡· ¸Ò¢ ¥³μ£μ Î²¥´  ¢ (7), ¸μ¤¥·¦ Ð¥£μ ¸É ·ÏÊÕ ¶·μ¨§¢μ¤´ÊÕ,
´¥ ¢¸¥£¤  £ · ´É¨·Ê¥É ³ ²μ¸ÉÓ ¥£μ ¢±² ¤  ¢ ·¥Ï¥´¨¥ ¤²Ö S(x). ’ ± Ö ¸¨ÉÊ Í¨Ö ³μ¦¥É
¢μ§´¨±´ÊÉÓ, ±μ£¤  ¶μ²¥ ¶·μ¸É¨· ¥É¸Ö ´  · ¸¸ÉμÖ´¨Ö, ¡μ²ÓÏ¨¥ ¶μ ¸· ¢´¥´¨Õ ¸ Ì · ±-
É¥·´μ° ¤²¨´μ° l, ´  ±μÉμ·μ° μ´μ ¨¸¶ÒÉÒ¢ ¥É § ³¥É´μ¥ ¨§³¥´¥´¨¥. Š¢ §¨±² ¸¸¨Î¥¸±μ¥
¶·¨¡²¨¦¥´¨¥ μ± §Ò¢ ¥É¸Ö Éμ£¤  ´¥¶·¨³¥´¨³Ò³ ¤²Ö μÉ¸²¥¦¨¢ ´¨Ö ¶μ¢¥¤¥´¨Ö ¢μ²´μ¢μ°
ËÊ´±Í¨¨ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ [7].

’ ±¨³ μ¡· §μ³, ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨° ‚Š	-¶·¨¡²¨¦¥´¨Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¶·¥¤-
¸É ¢²¥´¨Ö ”‚ ¢ ¡μ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¶μ§¢μ²Ö¥É ¸¢¥¸É¨ ´ Ìμ¦¤¥´¨¥ ±² ¸¸¨Î¥¸±μ£μ ¶·¥-
¤¥²  Ê· ¢´¥´¨° ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨ ± § ³¥´¥ μ¶¥· Éμ·μ¢ ¢ £ ³¨²ÓÉμ´¨-
 ´¥ ¨ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨Ì Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±² ¸¸¨Î¥¸±¨³¨
¢¥²¨Î¨´ ³¨.

� ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ 	¥²μ·Ê¸¸±μ£μ ·¥¸¶Ê¡²¨± ´¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° º”12„-002.
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