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

�μ± § ´μ, ÎÉμ ÔËË¥±É ±μ´Ë °´³¥´É , ¸ÊÐ¥¸É¢¥´´Ò° ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ μÉ
Í¥´É·  ´Ê±²μ´ , ¸¶μ¸μ¡¥´ ¶·¨¢μ¤¨ÉÓ ± § ³¥É´μ³Ê ¶¥·¥¢μ·μÉÊ ¸¶¨· ²Ó´μ¸É¥° ±¢ ·-
±μ¢. �¤´μ¢·¥³¥´´μ¥ ¨§³¥´¥´¨¥ ¶·μ¥±Í¨° Ê£²μ¢μ£μ μ·¡¨É ²Ó´μ£μ ³μ³¥´É  ±¢ ·±μ¢ ´ 
´ ¶· ¢²¥´¨¥ ¨Ì ¤¢¨¦¥´¨Ö, ¸²¥¤ÊÕÐ¥¥ ¨§ Ê· ¢´¥´¨Ö „¨· ± , £ · ´É¨·Ê¥É ¸μÌ· ´¥´¨¥
¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  ¸¨¸É¥³Ò. ’ ±¨³ μ¡· §μ³, Î ¸ÉÓ ¸¶¨´  ¶·μÉμ´ , ¨§³¥·Ö¥³μ£μ
¢ Ô±¸¶¥·¨³¥´É Ì ¶μ £²Ê¡μ±μ´¥Ê¶·Ê£μ³Ê · ¸¸¥Ö´¨Õ ²¥¶Éμ´μ¢, ³μ¦¥É ¡ÒÉÓ ¸±·ÒÉμ° ¢
Ê£²μ¢μ³ μ·¡¨É ²Ó´μ³ ³μ³¥´É¥ ±¢ ·±μ¢.

It is shown that conˇnement of quarks is able to induce appreciably the quark helicity
	ipping at big distances from the nucleon center. A simultaneous change of quark orbital
angular momentum, following from the Dirac equation, ensures conservation of total
angular moment of the system. Thus, a part of proton spin measured in deep inelastic
scattering of leptons may be hidden in orbital angular momentum of quarks.

PACS: 13.88+e; 13.60.Hb; 12.39.Ki; 14.20.Dh

‚‚…„…�ˆ…

‡ £ ¤±  ¸¶¨´  ¶·μÉμ´  ¢μ§´¨±²  ¢ 1988 £. ¶μ¸²¥ ¨§³¥·¥´¨Ö ±μ²² ¡μ· Í¨¥°
EMC ¸Ê³³ ·´μ° ¶·μ¥±Í¨¨ ¸¶¨´  ±¢ ·±μ¢, ¢Ìμ¤ÖÐ¨Ì ¢ ¸μ¸É ¢ ¶·μ¤μ²Ó´μ-
¶μ²Ö·¨§μ¢ ´´μ£μ ¶·μÉμ´ , ´  ´ ¶· ¢²¥´¨¥ ¥£μ ¤¢¨¦¥´¨Ö [1]. �¥¸³μÉ·Ö ´ 
¢¸¥ ¶·¨²μ¦¥´´Ò¥ Ê¸¨²¨Ö, ÔÉμÉ ¢μ¶·μ¸ μ¸É ¥É¸Ö ´¥·¥Ï¥´´Ò³ ¢¶²μÉÓ ¤μ ´ -
¸ÉμÖÐ¥£μ ¢·¥³¥´¨ (¸³., ´ ¶·¨³¥·, · ¡μÉÊ [2] ¨ ¨³¥ÕÐ¨¥¸Ö ¢ ´¥° ¸¸Ò²±¨).
‚ ¶·μ¸É¥°Ï¥° Ëμ·³¥ ¤ ´´ Ö ¶·μ¡²¥³  ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´  ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³. � ¸¸³μÉ·¨³ ¶μ±μÖÐ¨°¸Ö ¶·μÉμ´, ¶·μ¥±Í¨Ö ¸¶¨´  ±μÉμ·μ£μ ´ 
μ¸Ó z · ¢´  1/2. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ±¢ ·±μ¢μ° ³μ¤¥²ÓÕ É ±μ° ¶·μÉμ´ ¤μ²¦¥´
¸μ¸ÉμÖÉÓ ¨§ É·¥Ì ±¢ ·±μ¢, u, u ¨ d, ¨³¥ÕÐ¨Ì z-¶·μ¥±Í¨¨ ¸¶¨´μ¢, · ¢´Ò¥
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1/2, 1/2 ¨ Ä1/2. �μ¸²¥ ¶¥·¥Ìμ¤  ¢ ¡Ò¸É·μ ¤¢¨¦ÊÐÊÕ¸Ö ¢¤μ²Ó μ¸¨ z ¸¨¸É¥³Ê
μÉ¸Î¥É , ¸μ£² ¸´μ É¥μ·¨¨ „¨· ± , ¢ ¶·μÉμ´¥ ¶μÖ¢ÖÉ¸Ö ¶μ²Ö·¨§μ¢ ´´Ò¥  ´-
É¨±¢ ·±¨ ū ¨ d̄. ’¥³ ´¥ ³¥´¥¥ ¶·Ö³Ò³¨ ¢ÒÎ¨¸²¥´¨Ö³¨ ³μ¦´μ ¶μ± § ÉÓ,
ÎÉμ ¸Ê³³ ·´ Ö z-¶·μ¥±Í¨Ö ¸¶¨´  ±¢ ·±μ¢, ± ± ¨ ¨Ì ¸Ê³³ ·´Ò° § ·Ö¤, μ¸É -
´ÊÉ¸Ö ´¥¨§³¥´´Ò³¨ ¶μ¸²¥ ¶¥·¥Ìμ¤  ¢ ¡Ò¸É·μ ¤¢¨¦ÊÐÊÕ¸Ö ¸¨¸É¥³Ê. �±¸¶¥-
·¨³¥´É [1], ± ± ¨ ¢¸¥ ¶μ¸²¥¤ÊÕÐ¨¥ ¨§³¥·¥´¨Ö, ÔÉμÉ ¢Ò¢μ¤ ´¥ ¶μ¤É¢¥·¦¤ ¥É,
¤μ¸Éμ¢¥·´μ ¤¥³μ´¸É·¨·ÊÖ ´¥Ì¢ É±Ê ¸Ê³³ ·´μ£μ ¸¶¨´  ±¢ ·±μ¢ ¨  ´É¨±¢ ·±μ¢:
(
∑

Sq
z + S q̄

z) < 1/2.
‚ÒÏ¥ ´¥Ö¢´μ ¶μ¤· §Ê³¥¢ ²μ¸Ó, ÎÉμ ±¢ ·±¨ ¢ ´Ê±²μ´¥ Ö¢²ÖÕÉ¸Ö ¸¢μ¡μ¤-

´Ò³¨. Šμ´¥Î´μ, ÔÉμ ´¥ É ±, ¨ ÔÉμÉ Ë ±É ³μ¦¥É · ¤¨± ²Ó´μ ¨§³¥´¨ÉÓ ¢ÒÏ¥μ¶¨-
¸ ´´ÊÕ ± ·É¨´Ê. � ¶·¨³¥·, ¢μ ¢¸Ö±μ° ¸¢Ö§ ´´μ° Ë¨§¨Î¥¸±μ° ¸¨¸É¥³¥ ¶·¨-
¸ÊÉ¸É¢ÊÕÉ ±μ·μÉ±μ¦¨¢ÊÐ¨¥ ¢¨·ÉÊ ²Ó´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö, μ¡Ê¸²μ¢²¥´´Ò¥ Ë²Ê±-
ÉÊ Í¨Ö³¨ ¢ ±ÊÊ³ . ‚ ¡Ò¸É·μ¤¢¨¦ÊÐ¥°¸Ö ¸¨¸É¥³¥ μÉ¸Î¥É  É ±¨¥ ¢μ§¡Ê¦¤¥´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö ³μ£ÊÉ ¦¨ÉÓ ¤μ¸É ÉμÎ´μ ¤μ²£μ ¨, ¸²¥¤μ¢ É¥²Ó´μ, ´ ¡²Õ¤ ÉÓ¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´μ. ‚ Î ¸É´μ¸É¨, ¢ ¸¨¸É¥³¥ ¡¥¸±μ´¥Î´μ£μ ¨³¶Ê²Ó¸ , ±μÉμ· Ö
´ Ìμ¤¨É¸Ö ¢ μ¸´μ¢¥ ¶ ·Éμ´´μ° ³μ¤¥²¨, ÔÉ¨ ¸μ¸ÉμÖ´¨Ö ³μ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö
± ± ·¥ ²Ó´Ò¥ ¢μ§¡Ê¦¤¥´¨Ö, ³ ²μ Î¥³ μÉ²¨Î ÕÐ¨¥¸Ö μÉ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ-
¸ÉμÖ´¨°  Éμ³  ¢μ¤μ·μ¤ . Š ± μ¡ÒÎ´μ, ¶·¨ ·¥Ï¥´¨¨ ²Õ¡ÒÌ Ê· ¢´¥´¨° ³ É¥-
³ É¨Î¥¸±μ° Ë¨§¨±¨ ¤²Ö ´ Ìμ¦¤¥´¨Ö ·¥Ï¥´¨° ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ê· ¢´¥´¨° ¢
μ¡μ¨Ì ¸²ÊÎ ÖÌ ¸²¥¤Ê¥É ¢Ò¶μ²´¨ÉÓ · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ¸ ÊÎ¥Éμ³ ¸¨³³¥-
É·¨¨ ¤ ´´ÒÌ Ë¨§¨Î¥¸±¨Ì ¸¨¸É¥³ [3]. ‚ ¸²ÊÎ ¥ ¡Ò¸É·μ¤¢¨¦ÊÐ¥£μ¸Ö ´Ê±²μ´ 
¨§-§  ²μ·¥´Í¥¢¸±μ£μ ¸¦ É¨Ö ¥£μ μ¡Ñ¥³  ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ  ±¸¨ ²Ó´ÊÕ
¸¨³³¥É·¨Õ. �Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¢¢μ¤¨É ¢ ¤¥°¸É¢¨¥ ¶·μ¥±Í¨Õ Ê£²μ¢μ£μ μ·-
¡¨É ²Ó´μ£μ ³μ³¥´É  ±¢ ·±μ¢ Lz ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö. ’ ±¨³ μ¡· §μ³,
¥¸²¨ ³Ò ¤μ¶Ê¸± ¥³ ¢μ§³μ¦´μ¸ÉÓ ´ ¡²Õ¤¥´¨Ö ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° ´Ê-
±²μ´  ¢ ¶·μÍ¥¸¸ Ì £²Ê¡μ±μ´¥Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ²¥¶Éμ´μ¢, ³Ò ³μ¦¥³ μ¦¨-
¤ ÉÓ ¸μÌ· ´¥´¨Ö ¸Ê³³ ·´μ° ¶·μ¥±Í¨¨ ²¨ÏÓ ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  ±¢ ·-
±μ¢

∑
i

(Li
z + Si

z). ‚ ¤ ´´μ° · ¡μÉ¥ · ¸¸³μÉ·¨³ ÔÉ¨ μ¡Ð¨¥  ·£Ê³¥´ÉÒ ¡μ²¥¥

¤¥É ²Ó´μ ´  μ¸´μ¢¥ Ê· ¢´¥´¨Ö „¨· ±  ¸ ¶μÉ¥´Í¨ ²μ³ ±μ´Ë °´³¥´É , ´ °-
¤¥´´μ£μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Š•„ ´  ·¥Ï¥É±¥,   É ±¦¥ ¶μ¶ÒÉ ¥³¸Ö μÍ¥´¨ÉÓ
¢μ§³μ¦´Ò° ÔËË¥±É.

1. Š‚��Šˆ �…‡ “—…’� Š��”�‰�Œ…�’�

‘²¥¤ÊÖ ¶ ·Éμ´´μ° ³μ¤¥²¨, ¢ ±μÉμ·μ° ±¢ ·±¨ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ¸¢μ-
¡μ¤´Ò¥ Î ¸É¨ÍÒ, ¨ ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥  ±¸¨ ²Ó´ÊÕ ¸¨³³¥É·¨Õ ¨Ì ¸μ¸ÉμÖ-
´¨°, § ¶¨Ï¥³ Ê· ¢´¥´¨¥ „¨· ±  ¤²Ö ¸¢μ¡μ¤´ÒÌ Ë¥·³¨μ´μ¢ ¢ Í¨²¨´¤·¨Î¥¸±¨Ì
±μμ·¤¨´ É Ì:

[
i

(
γr ∂

∂r
+ γϕ ∂

∂ϕ
+ γz ∂

∂z

)
+ γ0E − m

]
ψ(r, ϕ, z; E) = 0.
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γr =
(

0 σr

−σr 0

)
, γϕ =

(
0 σϕ

−σϕ 0

)
,

γz =
(

0 σz

−σz 0

)
, γ0 =

(
I 0
0 −I

)

¨

σr =
(

0 e−iϕ

eiϕ 0

)
, σϕ =

(
0 −i e−iϕ

i eiϕ 0

)
,

σz =
(

1 0
0 −1

)
, I =

(
1 0
0 1

)
.

�μ¤¸É ´μ¢± 

ψ =
(

q(r, ϕ)
q̄(r, ϕ)

)
eipzz

· §¤¥²Ö¥É ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ±¢ ·±μ¢ ¨  ´É¨±¢ ·±μ¢ ¨ ¸¢μ¤¨É Ê· ¢´¥´¨¥ „¨-
· ±  ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ μ¡Ò±´μ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(E − m)q +
[
i

(
σr ∂

∂r
+

σϕ

r

∂

∂ϕ
− σzpz

)]
q̄ = 0,

(E + m)q̄ +
[
i

(
σr ∂

∂r
+

σϕ

r

∂

∂ϕ
− σzpz

)]
q = 0.

ˆ¸¶μ²Ó§ÊÖ ¢Éμ·μ¥ Ê· ¢´¥´¨¥ ÔÉμ° ¸¨¸É¥³Ò, ³μ¦´μ ¢Ò· §¨ÉÓ q̄ ¢ É¥·³¨´ Ì q ¨
¶μ¤¸É ¢¨ÉÓ ·¥§Ê²ÓÉ É ¢ ¶¥·¢μ¥ Ê· ¢´¥´¨¥. ‚ ¨Éμ£¥ ´ Ìμ¤¨³

(
∂2

∂r2
+

1
r

∂

∂r
+

1
r2

∂2

∂ϕ2

)
q + p2

⊥q = 0, (1)

£¤¥ ¸¨³¢μ²μ³ p⊥ =
√

E2 − (p2
z + m2) μ¡μ§´ Î¥´ ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸ ±¢ ·± .

� §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ¸ ¶μ³μÐÓÕ ¶μ¤¸É ´μ¢±¨ q(r, ϕ) = u(r) einϕ, £¤¥ n
Ö¢²Ö¥É¸Ö ¶μ²μ¦¨É¥²Ó´Ò³ ¨²¨ μÉ·¨Í É¥²Ó´Ò³ Í¥²Ò³ Î¨¸²μ³ (¢¸²¥¤¸É¢¨¥ É·¥-
¡μ¢ ´¨Ö μ¤´μ§´ Î´μ¸É¨ ËÊ´±Í¨° q(r, ϕ)), ¶·¨¢μ¤¨É ± Ê· ¢´¥´¨Õ 
¥¸¸¥²Ö

∂2u

∂r2
+

1
r

∂u

∂r
− n2

r2
u + p2

⊥u = 0.

∗‚Ò· ¦¥´¨Ö ¤²Ö γ-³ É·¨Í ¢ Í¨²¨´¤·¨Î¥¸±¨Ì ±μμ·¤¨´ É Ì ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ¢¥±Éμ·´μ° Ëμ·³Ò ¨Ì ¶·¥μ¡· §μ¢ ´¨°, γs = γi∂xs/∂xi, ¸μ¶·μ¢μ¦¤ ÕÐ¨Ì § ³¥´Ê
¶¥·¥³¥´´ÒÌ xi → xs (¸³., ´ ¶·¨³¥·, [4]).
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…£μ ·¥Ï¥´¨Ö, ±μ´¥Î´Ò¥ ¢ ÉμÎ±¥ r = 0, ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ËÊ´±Í¨¨ 
¥¸-
¸¥²Ö ¶¥·¢μ£μ ·μ¤ , u(r) ∼ Jn(p⊥r). ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨
±¢ ·±μ¢ ¢ ¶μ¶¥·¥Î´μ° ¶²μ¸±μ¸É¨, q(r, ϕ) = u(r) einϕ, Ö¢²ÖÕÉ¸Ö ¸μ¡¸É¢¥´´Ò³¨
ËÊ´±Í¨Ö³¨ z-±μ³¶μ´¥´ÉÒ μ¶¥· Éμ·  μ·¡¨É ²Ó´μ£μ ³μ³¥´É  L̂z = −i(∂/∂ϕ).
‚ ¶·¨´Í¨¶¥, ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ É ±μ£μ É¨¶  ³μ£ÊÉ μ¶¨¸Ò¢ ÉÓ ¢±² ¤ Ê£²μ¢μ£μ
μ·¡¨É ²Ó´μ£μ ³μ³¥´É  ±¢ ·±μ¢ ¢ ¸¶¨´ ¶·μÉμ´  ∗. �¤´ ±μ ¶μ²´Ò¥ ·¥Ï¥´¨Ö
q(r, ϕ), ÊÎ¨ÉÒ¢ ÕÐ¨¥ · ¤¨ ²Ó´ÊÕ § ¢¨¸¨³μ¸ÉÓ, ´¥ ³μ£ÊÉ μ¶¨¸ ÉÓ ²μ± ²¨§ -
Í¨Õ ±¢ ·±μ¢ ¢´ÊÉ·¨ ´Ê±²μ´ . „¥°¸É¢¨É¥²Ó´μ, Jn(p⊥r) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°
μ¸Í¨²²¨·ÊÕÐ¨¥ ËÊ´±Í¨¨, Ê¡Ò¢ ÕÐ¨¥ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ ¶μ § ±μ´Ê

1/
√

p⊥r. ˆ ¶μ¸±μ²Ó±Ê
rN∫
0

u2(r) r dr <
∞∫

rN

u2(r) r dr = ∞, ´ °¤¥´´Ò¥ ·¥Ï¥´¨Ö

μÉ¢¥Î ÕÉ ¢μ²´μ¢Ò³ ËÊ´±Í¨Ö³ ±¢ ·±μ¢, ²μ± ²¨§μ¢ ´´Ò³ £² ¢´Ò³ μ¡· §μ³ ¢´¥
´Ê±²μ´  ∗∗.

‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ±¢ ·±¨, ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶ ·Éμ´´μ° ³μ-
¤¥²ÓÕ, Ö¢²ÖÕÉ¸Ö ¸¢μ¡μ¤´Ò³¨, ¥¸²¨ μ´¨ ´ Ìμ¤ÖÉ¸Ö ¢¡²¨§¨ Í¥´É· ²Ó´μ° μ¡² ¸É¨
´Ê±²μ´ . …¸²¨ ¦¥ μ´¨ · ¸¶μ²μ¦¥´Ò ´  ¤μ¸É ÉμÎ´μ³ Ê¤ ²¥´¨¨ μÉ Í¥´É· , Éμ
´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶μÉ¥´Í¨ ² ±μ´Ë °´³¥´É , ¸¶μ¸μ¡´Ò° ¶μ¤ ¢¨ÉÓ ¢ÒÏ¥-
Ê± § ´´ÊÕ · ¸Ìμ¤¨³μ¸ÉÓ.

2. Š‚��Šˆ ‚ ��’…�–ˆ�‹… Š��”�‰�Œ…�’�

„ ²¥¥ · ¸¸³μÉ·¨³ ³μ¤¥²Ó, μ¶¨¸Ò¢ ÕÐÊÕ ±μ´Ë °´³¥´É ±¢ ·±μ¢ ¸ ¶μ³μ-
ÐÓÕ ¢´¥Ï´¥£μ ¸É É¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  V (r), μ¡² ¤ ÕÐ¥£μ Í¨²¨´¤·¨Î¥¸±μ°
¸¨³³¥É·¨¥° ∗∗∗. ‘ ÔÉμ° Í¥²ÓÕ ³Ò ¶μ¤¸É ¢¨³ ¢ Ê· ¢´¥´¨¥ „¨· ±  ¢³¥¸Éμ E
¢Ò· ¦¥´¨¥ E − V (r). ‚ ·¥§Ê²ÓÉ É¥ Ê· ¢´¥´¨¥ (1) É ±¦¥ ¶·¥μ¡· §Ê¥É¸Ö ¨
¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(
∂2

∂r2
+

1
r

∂

∂r
+

1
r2

∂2

∂ϕ2
+ p2

⊥

)
q(r, ϕ)+

+ iσr −dV/dr

E − V + m

[
i

(
σr ∂

∂r
+

σϕ

r

∂

∂ϕ

)
− σzpz

]
q(r, ϕ) = 0.

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ´¥ ¶μ¤¢¥·£ ÕÉ¸Ö ¢Éμ·¨Î´μ³Ê ±¢ ´Éμ¢ ´¨Õ. �´¨
¨³¥ÕÉ μ¡ÒÎ´ÊÕ ¢¥·μÖÉ´μ¸É´ÊÕ ¨´É¥·¶·¥É Í¨Õ, ¶·¨´ÖÉÊÕ ¢ ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì -
´¨±¥ [5].

∗∗ˆ´É¥·¥¸´μ μÉ³¥É¨ÉÓ, ÎÉμ ´¥¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ £²Õμ´Ò, μ¡² ¤ ÕÐ¨¥ μ¶·¥¤¥²¥´´Ò³ Ê£²μ-
¢Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³, μ¶¨¸Ò¢ ÕÉ¸Ö ¶μ²Ö³¨, Ìμ·μÏμ ²μ± ²¨§μ¢ ´´Ò³¨ ¢ ±μ´¥Î´μ° ¶·μ-
¸É· ´¸É¢¥´´μ° μ¡² ¸É¨ [6].

∗∗∗ ’ ±μ¥ μ¶¨¸ ´¨¥ ¸¶· ¢¥¤²¨¢μ, ¸É·μ£μ £μ¢μ·Ö, ²¨ÏÓ ¢ ¸¨¸É¥³¥ ¡¥¸±μ´¥Î´μ£μ ¨³¶Ê²Ó¸ , ±μ-
£¤  ¢¸¥ ¶ ·Éμ´Ò ¸μ¸·¥¤μÉμÎ¥´Ò ¢ ¶²μ¸±μ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´μ° ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ¶·μÉμ´ .



972 Š�‘’…�Š� 
.”.

‚¨¤´μ, ÎÉμ ¶μ ¸· ¢´¥´¨Õ ¸ (1) ¶μÖ¢¨²¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° Î²¥´, ¶·μ¶μ·Í¨μ-
´ ²Ó´Ò° ¸¨²¥ −dV/dr. Š²ÕÎ¥¢μ¥ ´ ¡²Õ¤¥´¨¥, μ¡ÑÖ¸´ÖÕÐ¥¥ ³¥Ì ´¨§³ ¶¥·¥-
¢μ·μÉ  ¸¶¨´  ±¢ ·±μ¢, ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ÔÉμÉ ¤μ¶μ²´¨É¥²Ó´Ò° Î²¥´ ¸μ¤¥·¦¨É
³ É·¨ÍÊ

σrσz = −iσϕ,

±μÉμ· Ö, ¤¥°¸É¢ÊÖ ´  ¸μ¸ÉμÖ´¨¥ ±¢ ·±  ¸ ¶μ²μ¦¨É¥²Ó´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ ¨
´Ê²¥¢Ò³ Ê£²μ¢Ò³ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³, ¤ ¥É

−iσϕ

(
1
0

)
=

(
0

eiϕ

)
.

‚¨¤´μ, ÎÉμ ¡² £μ¤ ·Ö ÔÉμ³Ê Î²¥´Ê ¶·μ¥±Í¨Ö ¸¶¨´  ±¢ ·±  ¨§³¥´¨²  ¸¢μ° §´ ±,
  ¶·μ¥±Í¨Ö Ê£²μ¢μ£μ μ·¡¨É ²Ó´μ£μ ³μ³¥´É  Ê¢¥²¨Î¨² ¸Ó ´  ¥¤¨´¨ÍÊ. ’ ±¨³
μ¡· §μ³, ¶·μ¥±Í¨Ö ¶μ²´μ£μ Ê£²μ¢μ£μ ³μ³¥´É  μ¸É ² ¸Ó · ¢´μ° 1/2:

(Sz + Lz)q =
1
2
q, (Sz + Lz)q′ =

1
2
q′, q′ = −iσϕq.

�¥É·Ê¤´μ ¤μ£ ¤ ÉÓ¸Ö, · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ r ¨ ϕ ¢Ò¶μ²´Ö¥É¸Ö É¥¶¥·Ó ¸
¶μ³μÐÓÕ ¶μ¤¸É ´μ¢±¨

q(r, ϕ) =
(

u+(r) einϕ

−iu−(r) ei(n+1)ϕ

)
.

„ ²¥¥ μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ ¸²ÊÎ Ö n = 0, ±μÉμ·Ò° μÉ¢¥Î ¥É ¶·¥¤-
¶μ²μ¦¥´¨Õ μ Éμ³, ÎÉμ ¶¥·¥¢μ·μÉÒ ¸¶¨´μ¢ ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ´Ê±²μ´ 
¶μ²´μ¸ÉÓÕ μÉ¸ÊÉ¸É¢ÊÕÉ,   ÔËË¥±É ¶¥·¥¢μ·μÉ  μ¡Ê¸²μ¢²¥´ Éμ²Ó±μ ¸¨² ³¨,
¶·μÖ¢²ÖÕÐ¨³¨¸Ö ´  ´¥±μÉμ·μ³ Ê¤ ²¥´¨¨ μÉ Í¥´É· . � §¤¥²ÖÖ ¶¥·¥³¥´´Ò¥,
¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤²Ö ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° ±¢ ·±μ¢ ¸ ¶μ²μ¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(
∂2

∂r2
+

1
r

∂

∂r
+ p2

⊥

)
u+(r)− dV/dr

E − V + m

[
∂u+(r)

∂r
+ pzu−(r)

]
= 0,

(
∂2

∂r2
+

1
r

∂

∂r
+ p2

⊥ − 1
r2

)
u−(r)−

− dV/dr

E − V + m

[(
∂

∂r
+

1
r

)
u−(r) + pzu+(r)

]
= 0.

(2)

‚ ± Î¥¸É¢¥ V (r) ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¶μÉ¥´Í¨ ² ±μ´Ë °´³¥´É , ´ °¤¥´´Ò°
¢ · ³± Ì ·¥Ï¥ÉμÎ´μ° Š•„ ¢ · ¡μÉ Ì [7]. �´ ³μ¦¥É ¡ÒÉÓ  ¶¶·μ±¸¨³¨·μ¢ ´
Ëμ·³Ê²μ° V (r) = −1,167/r + 2,315r + 4,66, £¤¥ Ô´¥·£¨Ö ¨§³¥·Ö¥É¸Ö ¢ ƒÔ‚,
  r Å ¢ Ë³. ‘²¥¤ÊÖ ¶ ·Éμ´´μ° ³μ¤¥²¨, ¡Ê¤¥³ ¸Î¨É ÉÓ ±¢ ·±¨ ¸¢μ¡μ¤´Ò³¨,
¥¸²¨ μ´¨ ´ Ìμ¤ÖÉ¸Ö ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ´Ê±²μ´  (¤²Ö ±μ´±·¥É´μ¸É¨, ¶·¨
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r < r0 = 0,7 Ë³),   ¸¨²Ò ±μ´Ë °´³¥´É  ¶·μÖ¢²ÖÕÉ ¸¥¡Ö ´  ¡μ²ÓÏ¨Ì · ¸¸Éμ-
Ö´¨ÖÌ Å ¢ μ¡² ¸É¨ É ± ´ §Ò¢ ¥³μ° Y-¸É·Ê´Ò. ’μ£¤  ³ É¥³ É¨Î¥¸± Ö § ¤ Î 
³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´  ¢ ¢¨¤¥ § ¤ Î¨ ŠμÏ¨ ¤²Ö ¸¨¸É¥³Ò (2), μ¶¨¸Ò¢ Õ-
Ð¥° Ô¢μ²ÕÍ¨Õ ¶·μ¥±Í¨¨ ¸¶¨´  ¸ Ê¢¥²¨Î¥´¨¥³ · ¸¸ÉμÖ´¨Ö μÉ Í¥´É·  ´Ê±²μ´ .
‘ ÊÎ¥Éμ³ ¢ÒÏ¥¸± § ´´μ£μ ´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö § ¤ ¥³ ¢ ¢¨¤¥

u+(r0) = J0(p⊥r0), u′
+(r0) = J ′

0(p⊥r0), u−(r0) = 0, u′
−(r0) = 0.

„²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¶μ¸É ¢²¥´´μ° § ¤ Î¨ ¸¨¸É¥³  ±μ³¶ÓÕÉ¥·´μ° ³ -
É¥³ É¨±¨ MAPLE ·¥±μ³¥´¤Ê¥É ¨¸¶μ²Ó§μ¢ ÉÓ  ²£μ·¨É³ �Ê´£¥ÄŠÊÉÉÒÄ”¥²Ó¡¥·-
£  (rkf45 procedure). 
Ò²μ, μ¤´ ±μ, Ê¸É ´μ¢²¥´μ, ÎÉμ ´ °¤¥´´μ¥ É ±¨³
μ¡· §μ³ ·¥Ï¥´¨¥ ´¥ ¸μ£² ¸Ê¥É¸Ö ¸ ´¥μ¡Ìμ¤¨³Ò³ (´μ ´¥¤μ¸É ÉμÎ´Ò³) Ê¸²μ-
¢¨¥³ ±μ´Ë °´³¥´É  u+, u−|r→∞ → 0,   ¸Ëμ·³Ê²¨·μ¢ ´´ Ö § ¤ Î  ŠμÏ¨
μ¡² ¤ ¥É ´¥¸±μ²Ó±¨³¨ ·¥Ï¥´¨Ö³¨. „²Ö Éμ£μ, ÎÉμ¡Ò ¶·μ¤¢¨´ÊÉÓ¸Ö ¤ ²ÓÏ¥, ¶μ-
¸ÉÊ¶¨³ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. �μÉ¥´Í¨ ² ±μ´Ë °´³¥´É  § ¶¨Ï¥³ ¢ ±Ê¸μÎ´μ-
¶μ¸ÉμÖ´´μ° Ëμ·³¥ ¨²¨, ÎÉμ Éμ ¦¥ ¸ ³μ¥,  ¶¶·μ±¸¨³¨·Ê¥³ ¥£μ ¶·μ¨§¢μ¤´ÊÕ
¢ ¢¨¤¥ dV/dr = ΔV (ri)δ(r − ri). �μ´ÖÉ´μ, ÎÉμ ¢¥§¤¥, ±·μ³¥ ÉμÎ¥± ri, ¸¨-
¸É¥³  (2) ¶¥·¥Ìμ¤¨É ¢ ¤¢  ´¥§ ¢¨¸¨³ÒÌ Ê· ¢´¥´¨Ö 
¥¸¸¥²Ö ¤²Ö u+ ¨ u−.
�¥Ï¥´¨Ö ÔÉ¨Ì Ê· ¢´¥´¨° ¢ ¸²ÊÎ ¥, ±μ£¤  p2

⊥ > 0, ¨³¥ÕÉ ¢¨¤ ∗ u+(r) =
A1J0(p⊥r) + A2Y0(p⊥r), u−(r) = B1J1(p⊥r) + B2Y1(p⊥r), £¤¥ Ji ¨ Yi Å
ËÊ´±Í¨¨ 
¥¸¸¥²Ö ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ·μ¤  ¸μμÉ¢¥É¸É¢¥´´μ. �´ ²μ£¨Î´μ ¤²Ö
p2
⊥ < 0 ·¥Ï¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò¥ ËÊ´±-

Í¨¨ 
¥¸¸¥²Ö ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ ·μ¤ : u+(r) = C1I0(|p⊥| r) + C2K0(|p⊥| r),
u−(r) = D1I1(|p⊥| r) + D2K1(|p⊥| r).

‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥, ´  μ¸´μ¢¥ ¢ÒÏ¥¨§²μ¦¥´´μ£μ, ¡Ê¤¥É ¢ÒÖ¸´¥´  ¶·¨-
Î¨´  ´¥μ¤´μ§´ Î´μ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨ ŠμÏ¨,   É ±¦¥ ´ °¤¥´μ ¥¥ ·¥Ï¥´¨¥,
¸μ£² ¸ÊÕÐ¥¥¸Ö ¸ É·¥¡μ¢ ´¨¥³ ±μ´Ë °´³¥´É .

3. Œ…’�„ —ˆ‘‹…���ƒ� �…˜…�ˆŸ ˆ �…‡“‹œ’�’›

‘ ¶μ³μÐÓÕ ¸Ê¶¥·¶μ§¨Í¨° ËÊ´±Í¨° 
¥¸¸¥²Ö, ´ °¤¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¥³
· §¤¥²¥, ³μ¦´μ  ¶¶·μ±¸¨³¨·μ¢ ÉÓ ·¥Ï¥´¨¥ ¶μ¸É ¢²¥´´μ° § ¤ Î¨ ŠμÏ¨, ¥¸²¨
´ ²μ¦¨ÉÓ ´  ´¨Ì Ê¸²μ¢¨Ö ¸Ï¨¢±¨, ¸μ£² ¸μ¢ ´´Ò¥ ¸ ¸¨¸É¥³μ° (2). �É¨ Ê¸²μ¢¨Ö
¨³¥ÕÉ ¢¨¤⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Δu′
+(ri+1) =

ΔV (ri)
E − V (ri) + m

(
u′

+(ri) + pzu−(ri)
)
,

Δu′
−(ri+1) =

ΔV (ri)
E − V (ri) + m

(
u′
−(ri) +

u−(ri)
ri

+ pzu+(ri)
) (3)

∗‡¤¥¸Ó ¨¸¶μ²Ó§ÊÕÉ¸Ö ´ ¨³¥´μ¢ ´¨Ö ¨ μ¡μ§´ Î¥´¨Ö ¤²Ö ¸¶¥Í¨ ²Ó´ÒÌ ËÊ´±Í¨°, ¶·¨´ÖÉÒ¥
¢ ¸¨¸É¥³¥ MAPLE.
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¨ ³μ£ÊÉ ¡ÒÉÓ ´ °¤¥´Ò ¨§ (2) ¶μ¸²¥ ¶·¥´¥¡·¥¦¥´¨Ö ¢±² ¤μ³ ¢¸¥Ì ±μ´¥Î´ÒÌ
¢ ÉμÎ± Ì r = ri Î²¥´μ¢. ˆ¸ÉμÎ´¨± ´¥μ¤´μ§´ Î´μ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨ ŠμÏ¨
¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ ± ¦¤μ° ¨§ μ¡² ¸É¥°, p2

⊥ > 0 ¨²¨ p2
⊥ < 0,

¤²Ö ´ Ìμ¦¤¥´¨Ö Î¥ÉÒ·¥Ì ±μÔËË¨Í¨¥´Éμ¢, Ai, Bi ¨²¨ Ci, Di ¸μμÉ¢¥É¸É¢¥´´μ,
¢ ´ Ï¥³ · ¸¶μ·Ö¦¥´¨¨ ¨³¥¥É¸Ö ²¨ÏÓ ¤¢  Ê· ¢´¥´¨Ö (3). …¸²¨ ¸Î¨É ÉÓ, ÎÉμ ¢¸¥
±μÔËË¨Í¨¥´ÉÒ ¢ ± ¦¤μ° ¨§ μ¡² ¸É¥° ´¥ · ¢´Ò ´Ê²Õ, Éμ ³Ò ³μ¦¥³ ´ ²μ¦¨ÉÓ
´  ·¥Ï¥´¨Ö ¥Ð¥ ¤¢  Ê¸²μ¢¨Ö ¢ ÉμÎ± Ì ¸Ï¨¢±¨ ri ËÊ´±Í¨° u+(r) ¨ u−(r).
� ¶·¨³¥·, ¤²Ö u+(r) ¢ μ¡² ¸É¨ p2

⊥ > 0 μ¤´μ ¨§ ¤μ¶μ²´¨É¥²Ó´ÒÌ Ê¸²μ¢¨°
³μ¦´μ ¢§ÖÉÓ ¢ ¢¨¤¥

Ai
1J0(pi

⊥ri) + Ai
2Y0(pi

⊥ri) = Ai−1
1 J0(pi−1

⊥ ri−1) + Ai−1
2 Y0(pi−1

⊥ ri−1).

�´ ²μ£¨Î´μ¥ Ê¸²μ¢¨¥ ¤²Ö u−(r) ¶μ²ÊÎ ¥É¸Ö § ³¥´μ° A → B ¨ J0 → J1,
Y0 → Y1. �É¨ Ê¸²μ¢¨Ö, ÌμÉÖ ¨ ´¥ ¸²¥¤ÊÕÉ ¨§ ¸¨¸É¥³Ò (3), ´μ ¨ ´¥ ¶·μÉ¨-
¢μ·¥Î É ¥°. �Î¥¢¨¤´μ, ÎÉμ ÔÉμÉ ³ É¥³ É¨Î¥¸±¨° É·Õ± ¶·¨¢μ¤¨É ± ¶μ¸ÉμÖ´-
´Ò³ §´ Î¥´¨Ö³ ËÊ´±Í¨° u+(r) ¨ u−(r) ± ± ¢ ±² ¸¸¨Î¥¸±¨ ¤μ¸ÉÊ¶´μ°, É ± ¨
¢ ¶μ¤¡ ·Ó¥·´μ° μ¡² ¸ÉÖÌ, ´¥¸³μÉ·Ö ´  Éμ, ÎÉμ Ki(p⊥r), Yi(|p⊥| r) → ∞ ¶·¨
|p⊥| → 0. ’ ±¨¥ ·¥Ï¥´¨Ö ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö μ¶¨¸ ´¨Ö ¶¥·¥Ìμ¤  ¨§
±² ¸¸¨Î¥¸±¨ ¤μ¸ÉÊ¶´μ° μ¡² ¸É¨ (Š„�) ¢ μ¡² ¸ÉÓ ¶μ¤¡ ·Ó¥·´μ£μ ¶·μ´¨±´μ¢¥-
´¨Ö (���) ¢ ´ Ï¥° § ¤ Î¥ ŠμÏ¨. �¡μ§´ Î¨³ ¤²¨´Ê ÔÉμ£μ ¶¥·¥Ìμ¤  ¸¨³¢μ²μ³
Δrtr,   ÉμÎ±Ê μ¸É ´μ¢±¨ ±² ¸¸¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö, ¢ ±μÉμ·μ° p⊥(r) = 0, ¸¨³-
¢μ²μ³ rstop.

“· ¢´¥´¨° (3) ¢¶μ²´¥ ¤μ¸É ÉμÎ´μ ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ ŠμÏ¨ ´  ´¥±μÉμ·μ³
Ê¤ ²¥´¨¨ μÉ ÉμÎ±¨ rstop ¢ Š„� ¢ Éμ³ ¸²ÊÎ ¥, ±μ£¤  μ¤¨´ ¨§ ±μÔËË¨Í¨¥´Éμ¢
Ai ¨ μ¤¨´ ¨§ ±μÔËË¨Í¨¥´Éμ¢ Bi § Ë¨±¸¨·μ¢ ´ ¸ ¶μ³μÐÓÕ ± ±¨Ì-Éμ ¤μ¶μ²´¨-
É¥²Ó´ÒÌ É·¥¡μ¢ ´¨°. �´ ²μ£¨Î´μ¥ ÊÉ¢¥·¦¤¥´¨¥ μÉ´μ¸¨É¸Ö ± ±μÔËË¨Í¨¥´É ³
Ci ¨ Di, μ¶·¥¤¥²ÖÕÐ¨³ ·¥Ï¥´¨¥ ¢ ���. ‘²¥¤ÊÖ μ¡Ð¥³Ê ¶·¨´Í¨¶Ê ³¥Éμ¤ 
ƒ ²é¥·±¨´  [8], ³Ò § ¤ ¥³ ÔÉ¨ É·¥¡μ¢ ´¨Ö É ±¨³ μ¡· §μ³, ÎÉμ¡Ò Ê¤μ¢²¥É¢μ·¨ÉÓ
´¥μ¡Ìμ¤¨³Ò³ £· ´¨Î´Ò³ Ê¸²μ¢¨Ö³. �μ¸±μ²Ó±Ê ËÊ´±Í¨¨ 
¥¸¸¥²Ö I0(|p⊥| r) ¨
I1(|p⊥| r) ¢μ§· ¸É ÕÉ ¸ Ê¢¥²¨Î¥´¨¥³ r, ¶μ´ÖÉ´μ, ÎÉμ ¤²Ö μ¡¥¸¶¥Î¥´¨Ö Ê¸²μ-
¢¨Ö ±μ´Ë °´³¥´É  ´¥μ¡Ìμ¤¨³μ ¢§ÖÉÓ C1 = 0 ¨ D1 = 0 ¢ ���. ‚ Š„�
¥¸É¥¸É¢¥´´μ ¶·¨¸¢μ¨ÉÓ ´Ê²¥¢Ò¥ §´ Î¥´¨Ö ±μÔËË¨Í¨¥´É ³ A2 ¨ B2, É ± ± ±
·¥Ï¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É ±μ³Ê ¢Ò¡μ·Ê, £² ¤±μ ¶¥·¥Ìμ¤ÖÉ ¶·¨ ³ ²ÒÌ r
¢ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (1), ±μÉμ·Ò¥ ¸μ£² ¸ÊÕÉ¸Ö ¸ ¶ ·Éμ´´μ° ³μ¤¥²ÓÕ.

“· ¢´¥´¨Ö (3) ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¢ ± Î¥¸É¢¥ · §´μ¸É´μ° ¸Ì¥³Ò
¤²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¶μ¸É ¢²¥´´μ° § ¤ Î¨. �·¨¢¥¤¥´´Ò¥ ´¨¦¥ ·¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éμ¢ μÉ¢¥Î ÕÉ ¸²¥¤ÊÕÐ¥³Ê ¢Ò¡μ·Ê ¶ · ³¥É·μ¢ ³μ¤¥²¨: pz = 27,6 ƒÔ‚,
¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´Éμ³ HERMES [9], ¨ m = 0, ÎÉμ Ëμ·³ ²Ó´μ ¸μμÉ-
¢¥É¸É¢Ê¥É ¸¨¸É¥³¥ ¡¥¸±μ´¥Î´μ£μ ¨³¶Ê²Ó¸ . � Î ²Ó´μ¥ §´ Î¥´¨¥ ¶μ¶¥·¥Î´μ£μ
¨³¶Ê²Ó¸  ±¢ ·±μ¢ p⊥(r = 0,7) = 2 ƒÔ‚, ¢μ§³μ¦´μ ¸¨²Ó´μ ¶·¥Ê¢¥²¨Î¥´´μ¥,
¢§ÖÉμ ¤²Ö Ê¤²¨´¥´¨Ö ¨Ì ¶ÊÉ¨ ¢ Š„� ¸ Í¥²ÓÕ ¡μ²¥¥ ¤μ¸±μ´ ²Ó´μ£μ ¨§ÊÎ¥-
´¨Ö ¨Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¢ ÔÉμ° μ¡² ¸É¨. �É¨ · ¸Î¥ÉÒ,   É ±¦¥ ¢ÒÎ¨¸²¥´¨Ö
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Š¢ ¤· ÉÒ ³μ¤Ê²¥° ´¥´μ·³¨·μ¢ ´´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ±¢ ·±μ¢, μÉ¢¥Î ÕÐ¨Ì ¶μ²μ-
¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° ¸¶¨· ²Ó´μ¸ÉÖ³ ¢ μ¡² ¸É¨ ¶μ¤¡ ·Ó¥·´μ£μ ¶·μ´¨±´μ¢¥´¨Ö

(ÏÉ·¨Ìμ¢ Ö ¨ ¸¶²μÏ´ Ö ±·¨¢Ò¥ ¸μμÉ¢¥É¸É¢¥´´μ). „²¨´  ¶¥·¥Ìμ¤  Δrtr ¨§ ±² ¸¸¨-

Î¥¸±¨ ¤μ¸ÉÊ¶´μ° μ¡² ¸É¨ ¢ μ¡² ¸ÉÓ ¶μ¤¡ ·Ó¥·´μ£μ ¶·μ´¨±´μ¢¥´¨Ö ¶μ²μ¦¥´  · ¢´μ°
0,0178 Ë³ ¸ ÊÎ¥Éμ³ ÉμÎ±¨ μ¸É ´μ¢±¨ ±² ¸¸¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö, ¢Ò¡· ´´μ° ¶μ¸·¥¤¨´¥

³¥¦¤Ê ´¨³¨. ‘·¥¤´ÖÖ ¶μ²Ö·¨§ Í¨Ö ±¢ ·±μ¢ ¢ ¨´É¥·¢ ²¥ · ¤¨Ê¸μ¢, ¶μ± § ´´ÒÌ ´  ·¨-
¸Ê´±¥, · ¢´  −0,0144

¸ ¥Ð¥ ¡μ²¥¥ ¢Ò¸μ±¨³¨ ´ Î ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ p⊥ ¶μ± § ²¨, ÎÉμ ¶μÉ¥´Í¨ ²
±μ´Ë °´³¥´É  ´¥ ¸¶μ¸μ¡¥´ ¸É¨³Ê²¨·μ¢ ÉÓ ¸ÊÐ¥¸É¢¥´´μ ¶¥·¥¢μ·μÉÒ ¸¶¨´ 
¢ Š„�. ‚ Éμ ¦¥ ¢·¥³Ö ÔËË¥±É μÉÎ¥É²¨¢μ ¶·μÖ¢¨²¸Ö ¢ ��� (¸³. ·¨¸Ê´μ±).
„²Ö Δrtr = 0,0002 Ë³ ¶μ²Ö·¨§ Í¨Ö ±¢ ·±μ¢ ¢ ��� ¤ ¦¥ ¤μ¸É¨£²  §´ Î¥´¨Ö
−0,7159.

‚ § ±²ÕÎ¥´¨¥ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ³¥Éμ¤ rcf45 ¤ ¥É ¢¥¸Ó³  ¶· ¢¤μ-
¶μ¤μ¡´μ¥ μ¶¨¸ ´¨¥ ¶μ¢¥¤¥´¨Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° u+(r), u−(r) ¢ μ¡² ¸É¨,
¶·¨²¥£ ÕÐ¥° ± ÉμÎ±¥ μ¸É ´μ¢±¨ ±² ¸¸¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö rstop ¢ ´¥±μÉμ·μ°
±μ´¥Î´μ° μ±·¥¸É´μ¸É¨ ¸¶· ¢  μÉ ´¥¥, ¨ ¤¥³μ´¸É·¨·Ê¥É §¤¥¸Ó Ê¡Ò¢ ´¨¥ u+(r),
± ± Éμ£μ É·¥¡ÊÕÉ Ê¸²μ¢¨Ö ±μ´Ë °´³¥´É . �μÔÉμ³Ê ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´  ¶¥-
·¥¤´¨° ¶² ´ ¢ÒÌμ¤¨É ¶·μ¡²¥³  £² ¤±μ° ¸Ï¨¢±¨ ·¥Ï¥´¨° rcf45 ¸ ·¥Ï¥´¨Ö³¨
É¨¶  ƒ ²é¥·±¨´ , ¸¶μ¸μ¡´Ò³¨ Ê¤μ¢²¥É¢μ·¨ÉÓ Ê¸²μ¢¨Ö³ ±μ´Ë °´³¥´É . �ÉμÉ
¢μ¶·μ¸ É·¥¡Ê¥É ¤ ²Ó´¥°Ï¥£μ ¨§ÊÎ¥´¨Ö.

�μ¤¢μ¤Ö μ±μ´Î É¥²Ó´Ò° ¨Éμ£, ³μ¦´μ ¸± § ÉÓ, ÎÉμ ¢ ¤ ´´μ° · ¡μÉ¥ μ¶¨-
¸ ´ ÔËË¥±É ¶¥·¥¢μ·μÉ  ¸¶¨´  ±¢ ·±μ¢ ¢ ¶μÉ¥´Í¨ ²¥ ±μ´Ë °´³¥´É , ±μÉμ·Ò°
³μ¦¥É ¢´¥¸É¨ ¸¢μ° ¢±² ¤ ¢ μ¡ÑÖ¸´¥´¨¥ § £ ¤±¨ ¸¶¨´  ¶·μÉμ´ .
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