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‚‚…„…�ˆ…

‚ · ¡µÉ¥ ¶·¨¢¥¤¥´Ò ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¤²Ö Ô²¥±É·µ´  (e), ³Õµ´  (µ),
¶·µÉµ´  (p), ´¥°É·µ´  (n) ¨ ¤¥°É·µ´  (d) Î¥·¥§ ËÊ´¤ ³¥´É ²Ó´Ò¥ ±µ´¸É ´ÉÒ
¡¥§ ¥¤¨´µ£µ ¶ · ³¥É· , ¤µ± §Ò¢ ÕÐ¨¥ µ¤´µ§´ Î´µ Ô²¥±É·µ³ £´¨É´µ¥ ¸µ¤¥·-
¦ ´¨¥ ¸¨²Ó´µ£µ ¨ ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨°. „ ¥É¸Ö ±· É±µ¥ ¶µÖ¸´¥´¨¥, ± ±¨³
µ¡· §µ³ µ´¨ ¶µ²ÊÎ¥´Ò ¨ ± ±¨¥ ¸²¥¤¸É¢¨Ö ³µ¦´µ ¨§ ´¨Ì ¨§¢²¥ÎÓ (£µÉµ¢¨É¸Ö ±
¶Ê¡²¨± Í¨¨ ¶µ¤·µ¡´ Ö ¸É ÉÓÖ).

Œ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¶µ²ÊÎ¥´Ò ¢ ·¥§Ê²ÓÉ É¥ µ¡µ¡Ð¥´¨Ö É¥µ·¨¨ µÉ´µ¸¨-
É¥²Ó´µ¸É¨ ´   Éµ³ ·´ÊÕ ¸É·Ê±ÉÊ·Ê ³ ¸ÏÉ ¡µ¢ ¨ Î ¸µ¢ ¨§-§  ÊÎ ¸É¨Ö ¨Ì ¢
¤¢¨¦¥´¨¨ [1Ä7] ¸µ£² ¸´µ ³´¥´¨Õ �°´ÏÉ¥°´  [8] µ ´¥µ¡Ìµ¤¨³µ¸É¨ É ±µ£µ
µ¡µ¡Ð¥´¨Ö, ±µÉµ·µ¥ µ´ ¢Ò¸± § ² ¶µ¸²¥ ¨§¢¥¸É´µ° ¤¨¸±Ê¸¸¨¨ ¸ �µ·µ³. �°´-
ÏÉ¥°´ § ³¥É¨² [8], ÎÉµ ¥£µ ¶µ¸É·µ¥´¨¥ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨
´¥²µ£¨Î´µ, É ± ± ± É¥µ·¨Ö ³ ¸ÏÉ ¡µ¢ ¨ Î ¸µ¢ ´¥ ¸²¥¤Ê¥É ¨§ ·¥Ï¥´¨° µ¸´µ¢-
´ÒÌ Ê· ¢´¥´¨°, ´¥¸³µÉ·Ö ´   Éµ³ ·´ÊÕ ¸É·Ê±ÉÊ·Ê ¸ ³¨Ì ³ ¸ÏÉ ¡µ¢ ¨ Î ¸µ¢
¨ ÊÎ ¸É¨¥ ¨Ì ¢ ¤¢¨¦¥´¨¨. �µ¸²¥¤´¥¥ ¶·¨¢µ¤¨É ± µÉ¤¥²¥´¨Õ ¸¢µ°¸É¢ ±¨´¥³ -
É¨Î¥¸±¨Ì ³ ¸ÏÉ ¡µ¢ ¨ Î ¸µ¢ ¢ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ µÉ ¢¸¥£µ
³¨·  Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨°. Š·µ³¥ ÔÉµ£µ ÊÎ¨ÉÒ¢ ² ¸Ó  ·£Ê³¥´É¨·µ¢ ´´ Ö £¨-
¶µÉ¥§  ˜¢¨´£¥·  [9], ÎÉµ ¸¨²Ó´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¡Ê¸²µ¢²¥´µ ³ £´¨É´Ò³
³µ´µ¶µ²¥³ „¨· ±  [10],   ¸² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Å ÔÉµ Ô²¥±É·µ³ £´¨É´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥.

1. ‘‚Ÿ‡œ ƒ�‹ˆ‹……‚›• ˆ ‹��…�–…‚›• Š���„ˆ��’ ‚
ˆ�…�–ˆ�‹œ��Œ ���‘’���‘’‚…-‚�…Œ…�ˆ

�¡µ¡Ð¥´¨¥ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´   Éµ³ ·´ÊÕ ¸É·Ê±ÉÊ·Ê ³ ¸ÏÉ ¡µ¢
¨ Î ¸µ¢ ¨§-§  ÊÎ ¸É¨Ö ¨Ì ¢ ¤¢¨¦¥´¨¨ ¶·¨¢¥²µ ± µ¡µ¡Ð¥´´µ³Ê ¶·µ¸É· ´¸É¢Ê-
¢·¥³¥´¨ Œ¨´±µ¢¸±µ£µ ¸ ¤µ¶µ²´¥´´Ò³ ¨§³¥·¥´¨¥³ · §³¥·´µ¸É¨ Ê£²  (Ê£²µ³¥-
·µ³) ¤²Ö ¢Ò¶µ²´¥´¨Ö § ±µ´  ¸µÌ· ´¥´¨Ö Ê£²µ¢µ£µ ³µ³¥´É , ±µÉµ·Ò° ¢¸¥£¤  ¸µ-
§¤ ¢ ² É·Ê¤´µ¸É¨ ¢ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ [1,2]. „²Ö ±· É±µ¸É¨ É ±µ¥ µ¡µ¡-
Ð¥´´µ¥ É·¥Ì· §³¥·´µ¥ ¶·µ¸É· ´¸É¢µ ´ §¢ ´µ ¨´¥·Í¨ ²Ó´Ò³ ¶·µ¸É· ´¸É¢µ³-
¢·¥³¥´¥³ [6]. ˆ´¥·Í¨ ²Ó´µ¥ ¶·µ¸É· ´¸É¢µ-¢·¥³Ö µ¡² ¤ ¥É ¤¢Ê³Ö £·Ê¶¶ ³¨
¨§µ³¥É·¨°:

ds = dx − cdt, (1)

ds2 = dx2 − c2dt2. (2)

�·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò¥ ¸¤¢¨£¨ (1) ¢ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨
¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨°

x′ =
x − vt

t +
v

c

; t′ =
t − v

c2
x

1 +
v

c

, (3)
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µ¡· §ÊÕÐ¨Ì ¶µ¤£·Ê¶¶Ê ¸¤¢¨£µ¢ £·Ê¶¶Ò �Ê ´± ·¥ ¸ É ±µ° ¦¥ ¶ · ³¥É·¨§ Í¨¥°

v′′ =
v + v′

1 +
vv′

c2

, (4)

± ± ¨ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í , ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¡· §ÊÕÉ ¶µ¤£·Ê¶¶Ê
¶µ¢µ·µÉ  (2) £·Ê¶¶Ò �Ê ´± ·¥:

x′ =
x − vt√
1 − v2/c2

; t′ =
t − (v/c2)x√

1 − v2/c2
, (5)

¶·¥¢· Ð Ö ¥¤¨´¸É¢µ ¶·µ¸É· ´¸É¢ -¢·¥³¥´¨ ¨§ ¶µ²Ê¤¥±² · Í¨¨ ¢ ·¥ ²Ó´µ¸ÉÓ.
‘µ¢µ±Ê¶´µ¸ÉÓ ¶·¥µ¡· §µ¢ ´¨° (3) ¨ (5) ´ Ìµ¤¨É¸Ö ¢ ¸µ£² ¸¨¨ ¸ µ¶ÒÉµ³, ¨§ ±µ-
Éµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ Ë¨§¨Î¥¸±¨¥ § ±µ´Ò ¨´¢ ·¨ ´É´Ò µÉ´µ¸¨É¥²Ó´µ ¶·µ¸É· ´¸-
É¢¥´´µ-¢·¥³¥´´ÒÌ ¸¤¢¨£µ¢, ¶µ¢µ·µÉ  ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¨ ¸ ³¨Ì ¶·¥-
µ¡· §µ¢ ´¨° ¤¢¨¦¥´¨Ö (µ§´ Î ÕÐ¨Ì · ¢´µ¶· ¢´µ¸ÉÓ ¸¨¸É¥³ µÉ¸Î¥É ), ¸µ¸É -
¢²ÖÕÐ¨Ì ¸µ¤¥·¦ ´¨¥ £·Ê¶¶Ò �Ê ´± ·¥ [11]. �µ³¨³µ ÔÉµ£µ ¨´¥·Í¨ ²Ó´µ¥
¶·µ¸É· ´¸É¢µ-¢·¥³Ö ¸µ¤¥·¦¨É ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É ¨§³¥·¥´¨Ö ¸ · §-
³¥·´µ¸ÉÓÕ Ê£² 

κ
′ =

κ − v/cκ√
1 − v2/c2

(6)

¸ ¶ · ³¥É·¨§ Í¨¥° (4), µ¡· §ÊÕÐ¥¥ ¨§µ³µ·Ë´ÊÕ ¶µ¤£·Ê¶¶Ê ¢· Ð¥´¨Ö 15-¶ -
· ³¥É·¨Î¥¸±µ° £·Ê¶¶Ò �¥°É³ ´ . �É´µ¸¨É¥²Ó´µ £·Ê¶¶Ò �¥°É³ ´  Ô²¥±É·µ¤¨-
´ ³¨±  Œ ±¸¢¥²²  ¨´¢ ·¨ ´É´  ¢ ¢ ±ÊÊ³¥, ¨ 10-¶ · ³¥É·¨Î¥¸± Ö £·Ê¶¶  �Ê-
 ´± ·¥ ¸µ¤¥·¦¨É¸Ö ¢ ´¥° ¢ ± Î¥¸É¢¥ ¶µ¤£·Ê¶¶Ò. ƒ·Ê¶¶Ê �¥°É³ ´  „¨· ± ¢¢¥²
¢ ±¢ ´Éµ¢ÊÕ É¥µ·¨Õ ¶µ²Ö [12]. �µ³¨³µ ÔÉµ£µ ¢ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-
¢·¥³¥´¨ ¸µ¤¥·¦¨É¸Ö ¶·¥µ¡· §µ¢ ´¨¥ ±µµ·¤¨´ É ¤²Ö Ê£²µ¢µ£µ ¸¤¢¨£ 

κ
′ =

κ − v/cκ

1 + v/c
(7)

¸ ¶ · ³¥É·¨§ Í¨¥° (4), µ¡· §ÊÕÐ¥¥ ¨§µ³µ·Ë´ÊÕ ¶µ¤£·Ê¶¶Ê ¸¤¢¨£  Ê£²  ÔÉµ°
¦¥ £·Ê¶¶Ò �Ê ´± ·¥Ä�¥°É³ ´  [12].

‚ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ Ê¸É ´µ¢²¥´  ¸¢Ö§Ó ³¥¦¤Ê µ¡µ¡-
Ð¥´´Ò³¨ £ ²¨²¥¥¢Ò³¨ ±µµ·¤¨´ É ³¨ (¸µ §¢¥§¤µÎ± ³¨) ¨ ²µ·¥´Í¥¢Ò³¨ (¸µ
Ï²Ö¶± ³¨) [1, 2]:

∗
x2 = x̂x̌;

∗
κ

2 = κ̂κ̌;
∗
t2 = t̂ť, (8)
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¨§ ±µÉµ·µ° ¸²¥¤Ê¥É, ÎÉµ


∗
x =

x̂ + vt̂√
1 − v2/c2

;
∗
κ =

κ̂ +
v

c
κ̂√

1 − v2/c2
;

∗
t =

t̂ +
v

c2
x̂√

1 − v2/c2
;

∗
x =

x̌ − vť√
1 − v2/c2

;
∗
κ =

κ̌ − v

c
κ̌√

1 − v2/c2
;

∗
t =

ť − v

c2
x̌√

1 − v2/c2
,

(9)

¨ µÉ´µ¸¨É¥²Ó´µ ±µÉµ·ÒÌ ¨´¢ ·¨ ´É¥´ ¨´¥·Í¨ ²Ó´Ò° ¶·µ¸É· ´¸É¢¥´´µ-¢·¥-
³¥´´µ° ¨´É¥·¢ ²

d
∗
s2 = d

∗
x2 + c2d

∗
t2 + d

∗
κ

2. (10)

„ ´´Ò° ¨´É¥·¢ ² ¸ ±µ³¶²¥±¸´Ò³ ¢·¥³¥´¥³ [13] ¨´¢ ·¨ ´É¥´ ¨ µÉ´µ¸¨É¥²Ó´µ
¸¤¢¨£µ¢



∗
x =

x̂ + vt̂

1 − v/c
;

∗
κ =

κ̂ +
v

c
κ̂

1 − v/c
;

∗
t =

t̂ +
v

c2
x̂

1 − v/c
;

∗
x =

x̌ − vť

1 + v/c
;

∗
κ =

κ̌ − v

c
κ̌

1 + v/c
;

∗
t =

ť − v

c2
x̌

1 + v/c
,

(11)

  É ±¦¥ µÉ´µ¸¨É¥²Ó´µ ¨Ì ¨´¢ ·¨ ´É´Ò ²¨´¥°´Ò¥ ¨´É¥·¢ ²Ò


√
d

∗
s2 =

√
d

∗
x2 + c2d

∗
t2 + i

√ ∗
κ2;√

d
∗
s2 =

√
d

∗
x2 + c2d

∗
t2 − i

√ ∗
κ2.

(12)

’ ±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ²¨´¥°´ÒÌ ¨´É¥·¢ ²µ¢ ´¥ ´ ·ÊÏ ¥É ¥¤¨´¸É¢µ ¶·µ¸É· ´¸-
É¢ -¢·¥³¥´¨, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¤²Ö ¶µ´¨³ ´¨Ö ¸É·Ê±ÉÊ·Ò Œ¨· .

‘¢Ö§Ó ³¥¦¤Ê µ¡µ¡Ð¥´´Ò³¨ £ ²¨²¥¥¢Ò³¨ ¨ ²µ·¥´Í¥¢Ò³¨ ±µµ·¤¨´ É ³¨
Ê¸É ´µ¢²¥´  ¡² £µ¤ ·Ö É·¥¡µ¢ ´¨Õ ¢Ò¶µ²´¥´¨Ö ¢ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-
¢·¥³¥´¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ®¸¡²¨¦¥´¨Ö¯ ¨ ®Ê¤ ²¥´¨Ö¯ ¸¨¸É¥³Ò µÉ¸Î¥É  ³¥¦¤Ê
¸µ¡µ°, ± ± ¢ ·¥ ²Ó´µ³ Œ¨·¥ [1,2, 6]. ˆ§¢¥¸É´µ, ÎÉµ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í 
¢ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´  ¶·¨³¥·¥ ÔËË¥±É  „µ¶²¥·  ¨¸±²ÕÎ ÕÉ ¢Ò¤¥²¥´-
´µ¸ÉÓ µ¤´µ° ¨§ ¸¨¸É¥³ µÉ¸Î¥É  ¶µ µÉ´µÏ¥´¨Õ ± ¤·Ê£µ° ¨§-§  § ¢¨¸¨³µ¸É¨ É -
±µ£µ ÔËË¥±É  Éµ²Ó±µ µÉ ¨Ì µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨. �µ µ¤´µ¢·¥³¥´´µ ¸ ÔÉ¨³
¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í , ¢ ¶·¨´Í¨¶¥, ´¥ § ¶·¥Ð ÕÉ Ê¸É ´µ¢²¥´¨Ö  ¡¸µ²ÕÉ-
´µ¸É¨ ¸¡²¨¦¥´¨Ö ¨ Ê¤ ²¥´¨Ö ¨Ì ¶µ µÉ´µÏ¥´¨Õ ¤·Ê£ ± ¤·Ê£Ê. �·¨ ¸¡²¨¦¥´¨¨
¨§³¥·Ö¥³ Ö Î ¸ÉµÉ  ¶·¥¢ÒÏ ¥É ÔÉ ²µ´´ÊÕ Î ¸ÉµÉÊ,   ¶·¨ Ê¤ ²¥´¨¨, ´ µ¡µ·µÉ,
ÔÉ ²µ´´ Ö Î ¸ÉµÉ  ¶·¥¢ÒÏ ¥É ¨§³¥·¥´´ÊÕ, ¥¸²¨ ¢ ± ¦¤µ° ¨§ É ±¨Ì ¸¨¸É¥³
¶µ³¥Ð¥´Ò ¨¤¥´É¨Î´Ò¥ ¢¨¡· Éµ·Ò ¨ Î ¸ÉµÉµ³¥·Ò.
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�¥¸³µÉ·Ö ´  ²µ£¨Î´µ¸ÉÓ É ±µ£µ ¢Ò¢µ¤ , É¥³ ´¥ ³¥´¥¥, µ´ ´ Ìµ¤¨É¸Ö ¢
¶·µÉ¨¢µ·¥Î¨¨ ¸ ·¥ ²Ó´µ¸ÉÓÕ, É ± ± ± ±µ£¤ , ´ ¶·¨³¥·, Î ¸ÉµÉµ³¥· Ê¤ ²Ö¥É¸Ö
µÉ ¢¨¡· Éµ·  ¢¤µ²Ó §¥³´µ£µ Ô±¢ Éµ· , µ´ ¶·¨ ÔÉµ³ µ¤´µ¢·¥³¥´´µ ¸¡²¨¦ ¥É¸Ö
¸ ¢¨¡· Éµ·µ³ ¢ Éµ³ ¦¥ ´ ¶· ¢²¥´¨¨ ¨ ¸ É ±µ° ¦¥ ¸±µ·µ¸ÉÓÕ. ‘²¥¤µ¢ É¥²Ó´µ,
®¸¡²¨¦¥´¨¥¯ ¨ ®Ê¤ ²¥´¨¥¯ ¢¨¡· Éµ·  ¨ Î ¸ÉµÉµ³¥·  ´¥  ¡¸µ²ÕÉ´Ò,   ¢¸¥£¤ 
µÉ´µ¸¨É¥²Ó´Ò ¢µ¶·¥±¨ ¢Ò¢µ¤Ê, ±µÉµ·Ò° ³µ¦´µ ¸¤¥² ÉÓ ¢ · ³± Ì ¸¶¥Í¨ ²Ó´µ°
É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨.

�µ¸²¥¤´¥¥ ´ Ìµ¤¨É¸Ö ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¤µ¶²¥·µ¢¸±¨³ µÉ´µÏ¥´¨¥³
Î ¸ÉµÉ ¤²Ö µ¤´µ° ¨ Éµ° ¦¥ ¢µ²´Ò, ¶·¨Ìµ¤ÖÐ¥° µÉ µ¤´µ£µ ¨¸ÉµÎ´¨±  ¸ ¶·µ-
É¨¢µ¶µ²µ¦´ÒÌ ¸Éµ·µ´ ¢ µ¤´Ê ·¥ ²Ó´ÊÕ ÉµÎ±Ê ¢ ¤·Ê£µ° ¸¨¸É¥³¥ µÉ¸Î¥É . ‘ ³ 
¶µ ¸¥¡¥ ¨´¢ ·¨ ´É´µ¸ÉÓ Ë §Ò ¶²µ¸±µ° ¢µ²´Ò ¸ ¸µÌ· ´¥´¨¥³ ¥¥ Î ¸ÉµÉÒ µÉ-
´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° (9) ¨ (11) ÊÉ¢¥·¦¤ ¥É É ±ÊÕ ¦¥ · ¢´µ¶· ¢´µ¸ÉÓ
´ ¶· ¢²¥´¨° ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ¸¤¢¨£µ¢, ÎÉµ ¨ £·Ê¶¶  �Ê ´± ·¥ ¢
·¥²ÖÉ¨¢¨¸É¸±µ° ±¨´¥³ É¨±¥ [11]. �É²¨Î¨¥ § ±²ÕÎ¥´µ ¢ Éµ³, ÎÉµ ´ ¶· ¢²¥´¨¥
¤µ²¦´µ ¨³¥ÉÓ ¥Ð¥ µ·¨¥´É Í¨Õ ¢ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨, ´ -
¶·¨³¥·, ± ± ¨´¥·Í¨ ²Ó´Ò¥ ¸¨²Ò Šµ·¨µ²¨¸  ¢ ‘¥¢¥·´µ³ ¨ 	¦´µ³ ¶µ²ÊÏ ·¨¨
‡¥³²¨ ¶µ µÉ´µÏ¥´¨Õ ± ´ ¶· ¢²¥´¨Õ É¥Î¥´¨Ö ·¥± ¢ ¸Éµ·µ´Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¶µ²Õ¸µ¢ ‡¥³²¨. �µÔÉµ³Ê ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò �Ê ´± ·¥Ä�¥°É³ ´  (9), (11)
· ¸Ð¥¶²ÖÕÉ¸Ö ´  ¤¢¥ ¶µ¤£·Ê¶¶Ò µ·¨¥´É Í¨¨.

‚ ·¥§Ê²ÓÉ É¥ ¸ ³¨ ²µ·¥´Í¥¢Ò ±µµ·¤¨´ ÉÒ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢ ¨´¥·Í¨-
 ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ±µµ·¤¨´ ÉÒ ¸¨¸É¥³Ò Í¥´É·  ¨´¥·Í¨¨ [1]:

x̂ =
x̌ − 2v

1 + v2/c2
ť√

1 − (4v2/(1 + v2/c2)c2)
;

κ̂ =
κ̌ − 2v

(1 + v2/c2)c
κ̌√

1 − (4v2/(1 + v2/c2)c2)
; (13)

t̂ =
ť − 2v

(1 + v2/c2)c2
x̌√

1 − (4v2/(1 + v2/c2)c2)
.

‘¢Ö§Ó ³¥¦¤Ê £ ²¨²¥¥¢Ò³¨ ¨ ²µ·¥´Í¥¢Ò³¨ ±µµ·¤¨´ É ³¨ ´  ¸ ³µ³ ¤¥²¥
¢¸¥£¤  ¸ÊÐ¥¸É¢µ¢ ²  ¸µ ¢·¥³¥´ ƒ ²¨²¥Ö. �µÎ¥³Ê?! � ¸¸³µÉ·¨³ ¤¢¨¦¥´¨¥
¶µ¥§¤  µÉ´µ¸¨É¥²Ó´µ ´ ¡²Õ¤ É¥²Ö ´  ¢µ±§ ²¥. ’µ£¤  ¤²Ö ¸¨¤ÖÐ¥£µ ¢ ¢ £µ´¥
¶ ¸¸ ¦¨·  ¶·¥µ¡· §µ¢ ´¨Ö ƒ ²¨²¥Ö § ¶¨ÏÊÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

{
∆x′ = ∆x − v∆t;

∆t′ = ∆t.
(14)
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„²Ö ¶ ¸¸ ¦¨· , ¤¢¨£ ÕÐ¥£µ¸Ö ¢ ¢ £µ´¥ ¢¤µ²Ó ¤¢¨¦¥´¨Ö ¶µ¥§¤  ¸µ ¸±µ·µ¸ÉÓÕ
v′ µÉ´µ¸¨É¥²Ó´µ ¸¨¤ÖÐ¥£µ, ¶·¥µ¡· §µ¢ ´¨Ö ƒ ²¨²¥Ö ¡Ê¤ÊÉ ¸²¥¤ÊÕÐ¨³¨:

{
∆x′′ = ∆x − (v + v′)∆t;
∆t′′ = ∆t,

(15)

£¤¥ (v+v′) Å µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ ¤¢¨£ ÕÐ¥£µ¸Ö ¶ ¸¸ ¦¨·  µÉ´µ¸¨É¥²Ó´µ
¶µ±µÖÐ¥£µ¸Ö ´ ¡²Õ¤ É¥²Ö ´  ¢µ±§ ²¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ £ ²¨²¥¥¢Ò³ ¶· ¢¨²µ³
¸²µ¦¥´¨Ö ¸±µ·µ¸É¥°. ’µ£¤  ¶ÊÉÓ, ¶·µ°¤¥´´Ò° ¤¢¨£ ÕÐ¨³¸Ö ¶ ¸¸ ¦¨·µ³ ¢
¸¨¸É¥³¥ µÉ¸Î¥É  ¶µ±µÖÐ¥£µ¸Ö ´ ¡²Õ¤ É¥²Ö ´  ¢µ±§ ²¥, ¡Ê¤¥É

∆′′(v + v′) = ∆t(v + v′), (16)

  ¶ÊÉÓ, ±µÉµ·Ò° ¶·¥µ¤µ²¥² §  ÔÉµ ¦¥ ¢·¥³Ö ¶µ±µÖÐ¨°¸Ö ¶ ¸¸ ¦¨· ¢ ¢ £µ´¥ ¢
ÔÉµ° ¦¥ ¸¨¸É¥³¥, · ¢¥´

∆t′′
(

v + v′

1 + vv′/v2

)
= ∆tv, (17)

£¤¥

(
v + v′

1 + vv′/v2

)
Å ¸±µ·µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ ² ¡µ· Éµ·´µ° ¸¨¸É¥³Ò µÉ¸Î¥É ,

±µ¥° Ö¢²Ö¥É¸Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢µ±§ ² ¸ ¦¥²¥§´µ¤µ·µ¦´Ò³ ¶µ²µÉ´µ³, ³µ¦¥É
¡ÒÉÓ ¶µ²ÊÎ¥´  ¶µ ¶· ¢¨²Ê ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥° ‹µ¡ Î¥¢¸±µ£µ (± ± ¨§¢¥¸É´µ,
Éµ²Ó±µ ¶² ´¨³¥É·¨Ö µ¶·¥¤¥²Ö¥É ¶· ¢¨²µ ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥°). ‚ É ±µ³ ¶· -
¢¨²¥ ¸µ¤¥·¦¨É¸Ö ¸±µ·µ¸ÉÓ ¤¢¨¦¥´¨Ö ¶µ±µÖÐ¥£µ¸Ö ¶ ¸¸ ¦¨·  ¢³¥¸Éµ ËÊ´¤ -
³¥´É ²Ó´µ° £· ´¨Î´µ° ¸±µ·µ¸É¨ ¨ ¤²Ö · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢µ£µ Ë·µ´É  ¢
¸¢µ¡µ¤´µ³ ¶·µ¸É· ´¸É¢¥ ¢ É¥·³¨´ Ì ”µ±  [14]. „ ´´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ Ë¨-
§¨Î¥¸±¨ µ¶· ¢¤ ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¸¥³¥°¸É¢  £· ´¨Î´ÒÌ ¸±µ·µ¸É¥° §¢Ê±  ¢
· §²¨Î´ÒÌ ¸·¥¤ Ì, ¶·¥¢ÒÏ¥´¨¥ ±µÉµ·ÒÌ ¤¢¨¦ÊÐ¨³¸Ö É¥²µ³ ¢ É ±¨Ì ¸·¥¤ Ì
µ¡· §Ê¥É ¢µ²´µ¢µ° Ë·µ´É ¢ ¢¨¤¥ ±µ´Ê¸  Œ Ì . �· ¢¨²µ ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥°
(17) É ±¦¥ µ¶· ¢¤ ´µ ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¤²Ö ± ¦¤µ° ¸·¥¤Ò ¢ µÉ¤¥²Ó´µ¸É¨ ¸¢µ¥°
¸±µ·µ¸É¨ · ¸¶·µ¸É· ´¥´¨Ö Ë·µ´É  Ô²¥±É·µ³ £´¨É´µ° ¢µ²´Ò, ¶·¥¢ÒÏ¥´¨¥ ±µ-
Éµ·µ° § ·Ö¦¥´´µ° Î ¸É¨Í¥° ¶·¨¢µ¤¨É ± ÔËË¥±ÉÊ —¥·¥´±µ¢ . �Î¥¢¨¤´µ, ÎÉµ
¡¥§ §´ ´¨Ö ¶· ¢¨²  ¸²µ¦¥´¨Ö ¸±µ·µ¸É¥° (17),   É ±¦¥ ¡¥§ ¶µ´¨³ ´¨Ö Éµ£µ,
ÎÉµ ¶² ´¨³¥É·¨Ö ‹µ¡ Î¥¢¸±µ£µ ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ƒ ²¨²¥Ö ¸µ¤¥·¦¨É¸Ö
¢ ¢¨¤¥ Ì·µ´µ£¥µ³¥É·¨¨, ´¥¢µ§³µ¦´µ µ¡µ¡Ð¨ÉÓ É¥µ·¨Õ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´ 
±µ´¤¥´¸¨·µ¢ ´´Ò¥ ¸·¥¤Ò. � ¤¨ ¸¶· ¢¥¤²¨¢µ¸É¨ µÉ³¥É¨³, ÎÉµ ¥Ð¥ ¢ ´ Î ²¥
¶·µÏ¥¤Ï¥£µ ¢¥±  Š²¥°´ Ê± § ² ´  Éµ, ÎÉµ µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ ¢ ¶·¥µ¡· -
§µ¢ ´¨ÖÌ ƒ ²¨²¥Ö ¨£· ¥É É ±ÊÕ ¦¥ ·µ²Ó, ± ± ¨ ¸±µ·µ¸ÉÓ ¸¢¥É  ¢ ¸¶¥Í¨ ²Ó´µ°
É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ [15]. ‘ ³ ¶µ ¸¥¡¥ É ±µ° Ë ±É Ö¢²Ö¥É¸Ö ¥Ð¥ µ¤´¨³ ¢¥-
¸±¨³  ·£Ê³¥´Éµ³ ¢ ¶µ²Ó§Ê ¸ÊÐ¥¸É¢µ¢ ´¨Ö  ´É·µ¶´µ£µ ¶·¨´Í¨¶  ¢µ ‚¸¥²¥´´µ°.
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’¥³ ¸ ³Ò³, ± ± µÎ¥¢¨¤´µ, µ£· ´¨Î¥´¨¥ ¸²¥¤Ê¥É ´ ±² ¤Ò¢ ÉÓ ´  ¸±µ·µ¸ÉÓ
² ¡µ· Éµ·´µ° ¸¨¸É¥³Ò µÉ¸Î¥É ,   ´¥ ´  ¸±µ·µ¸ÉÓ · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ-
¢µ£µ Ë·µ´É  ¢ ¸¢µ¡µ¤´µ³ ¶·µ¸É· ´¸É¢¥. ’µ£¤  £· ´¨Î´ Ö ¸±µ·µ¸ÉÓ ¡Ê¤¥É  ¢-
Éµ³ É¨Î¥¸±¨ ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ ¢ ¶·¥µ¡· §µ¢ ´¨ÖÌ ‹µ·¥´Í  (13). ‚µÉ ¶µÎ¥³Ê
Ê �Ê ´± ·¥ [11] ¶·¨´Í¨¶ µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ± µ¡µ¡Ð¥´¨¥ ¶·¨´Í¨¶  ƒ ²¨-
²¥Ö ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ § ¶·¥É  ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¢ �·¨·µ¤¥  ¡¸µ²ÕÉ´µ° ¸¨-
¸É¥³Ò µÉ¸Î¥É  �ÓÕÉµ´ . ‚ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ Œ¨´±µ¢¸±µ£µ, É¥³ ´¥ ³¥´¥¥,
¶·µ¸É· ´¸É¢µ-¢·¥³Ö ¸µ¢³¥¸É´µ ¸ ³¨·µ¢µ° ²¨´¨¥°  ¡¸µ²ÕÉ´Ò, ¨ ¥£µ ¶·¨´Í¨¶
® ¡¸µ²ÕÉ´µ£µ ³¨· ¯ (³¨·µ¢µ° ¶µ¸ÉÊ² É) § ±²ÕÎ¥´ ¢ Éµ³, ÎÉµ ¢ Ö¢²¥´¨ÖÌ ´ ³
¤ ¥É¸Ö Éµ²Ó±µ ¶·µ¥±Í¨Ö Î¥ÉÒ·¥Ì³¥·´µ£µ Œ¨·  ¢ ¶·µ¸É· ´¸É¢¥ ¨ ¢·¥³¥´¨ ¨
ÎÉµ É ± Ö ¶·µ¥±Í¨Ö ´  ¶·µ¸É· ´¸É¢µ ¨ ¢·¥³Ö ³µ¦¥É ¡ÒÉÓ ¢§ÖÉ  ¸ ´¥±µÉµ·Ò³
¶·µ¨§¢µ²µ³.

�µÔÉµ³Ê ¤²Ö ¸¨´É¥§  ¶·¥¤¸É ¢²¥´¨° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ¸ ¶·¥¤¸É -
¢²¥´¨Ö³¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§Ê¥É¸Ö µ¡µ¡Ð¥´¨¥ É¥µ-
·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´   Éµ³ ·´Ò¥ ³ ¸ÏÉ ¡Ò ¨ Î ¸Ò [1Ä6]: ´¥§ ¢¨¸¨³µ¸ÉÓ
Ë¨§¨Î¥¸±¨Ì § ±µ´µ¢ µÉ ¶¥·¥Ìµ¤  ¢ ¤·Ê£ÊÕ ¸¨¸É¥³Ê µÉ¸Î¥É  µ¡Ê¸²µ¢²¥´  Ê´¨-
¢¥·¸ ²Ó´µ¸ÉÓÕ µ£· ´¨Î¥´¨Ö, ´ ²µ¦¥´´µ£µ ±µ´¥Î´µ¸ÉÓÕ ³¨±·µ³ ¸ÏÉ ¡µ¢ ²¨-
´¥¥±, Ê£²µ³¥·µ¢ ¨ Î ¸µ¢, ´  µÉ´µ¸¨É¥²Ó´ÊÕ ¸±µ·µ¸ÉÓ É ±¨Ì ¸¨¸É¥³ µÉ¸Î¥É ,
É ± ± ± Éµ²Ó±µ ¸µ¢µ±Ê¶´µ¸ÉÓ ¨Ì ¢ ¸¨¸É¥³ Ì µÉ¸Î¥É  ¸µ¸É ¢²Ö¥É Ë¨§¨Î¥¸±ÊÕ
·¥ ²Ó´µ¸ÉÓ ¢ Œ¨·¥. �µ¤ £· ´¨Î´µ° ¸±µ·µ¸ÉÓÕ ¢ ÔÉµ³ ¸²ÊÎ ¥, ¥¸É¥¸É¢¥´´µ,
¶µ´¨³ ¥É¸Ö ¸±µ·µ¸ÉÓ É¥Î¥´¨Ö ¢·¥³¥´¨ µÉ ®¶·µÏ²µ£µ¯ ± ®¡Ê¤ÊÐ¥³Ê¯, · ¢´ Ö
¸±µ·µ¸É¨ · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢µ£µ Ë·µ´É  ¢ ¸¢µ¡µ¤´µ³ ¶·µ¸É· ´¸É¢¥. � -
¶· ¢²¥´´µ¸ÉÓ É¥Î¥´¨Ö ¢·¥³¥´¨ µÉ ®¶·µÏ²µ£µ¯ ± ®¡Ê¤ÊÐ¥³Ê¯ ¢ É·¥Ì· §³¥·´µ³
¶·µ¸É· ´¸É¢¥ ´¥ ´ ·ÊÏ ¥É · ¢´µ¶· ¢´µ¸É¨ ´ ¶· ¢²¥´¨° �Ê ´± ·¥ ¢ µÉ²¨Î¨¥
µÉ ´ ¶· ¢²¥´´µ¸É¨ µÉ ®¶·µÏ²µ£µ¯ ± ®¡Ê¤ÊÐ¥³Ê¯ ¢ ¤¢ÊÌ· §³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥ Œ¨´±µ¢¸±µ£µ.

ˆ§ ¢ÒÏ¥¸± § ´´µ£µ ¸²¥¤Ê¥É, ÎÉµ ¸ ³  ¶µ ¸¥¡¥ ¸¨¸É¥³  µÉ¸Î¥É  ³µ¦¥É
¡ÒÉÓ ¶·¥¤¸É ¢²¥´  Éµ²Ó±µ ² ¡µ· Éµ·´µ° ¸¨¸É¥³µ° µÉ¸Î¥É  ¢ ¢¨¤¥ ¸¢Ö§ ´-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¢¥Ð¥¸É¢ , µ¡· §ÊÕÐ¥£µ ³ ±·µ¸±µ¶¨Î¥¸±µ¥ É¥²µ ¸ · ¸¶µ²µ-
¦¥´´Ò³¨ ´  ´¥³ ¢ µ¶·¥¤¥²¥´´µ³ ¶µ·Ö¤±¥ ²¨´¥°± ³¨, Ê£²µ³¥· ³¨ ¨ Î ¸ ³¨,
Ê¶µ·Ö¤µÎ¥´´ Ö ¸µ¢µ±Ê¶´µ¸ÉÓ ±µÉµ·ÒÌ ¸µ¸É ¢²Ö¥É ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ
¸¥É±Ê, ¸µ¢³¥¸É´µ ¸ ¨§³¥·¨É¥²Ó´Ò³¨ ¶·¨¡µ· ³¨, ¢ µÉ²¨Î¨¥ µÉ Ô°´ÏÉ¥°´µ¢¸±¨Ì
¸¨¸É¥³ µÉ¸Î¥É , ´¥ µ¡² ¤ ÕÐ¨Ì ³ ¸¸µ°, ± ± Ê± § ² ´  ÔÉµ �·¨²²ÕÔ´ [5].
’ ±µ¥ µ¶·¥¤¥²¥´¨¥ ¸¨¸É¥³Ò µÉ¸Î¥É  É·¥¡Ê¥É Õ¸É¨·µ¢±¨ ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´ÒÌ ¨´É¥·¢ ²µ¢ ¢ ¨´¥·Í¨ ²Ó´ÒÌ ¸¨¸É¥³ Ì µÉ¸Î¥É : ¸µ£² ¸µ¢ ´¨¥ ´ Î ²
µÉ¸Î¥É  ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÒÌ ±µµ·¤¨´ É´ÒÌ ¸¥Éµ± ¢µ ¢·¥³Ö ´ ´¥¸¥´¨Ö
¨Ì ¶·¨ ¶µ¤£µÉµ¢±¥ ± Ô±¸¶¥·¨³¥´ÉÊ ¶¥·¥¤ ¨§ÊÎ¥´¨¥³ ³¨±·µÖ¢²¥´¨Ö, ÎÉµ ´ -
Ìµ¤¨É¸Ö ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨¥³ ¶·¨´Í¨¶  ¤µ¶µ²´¨É¥²Ó´µ¸É¨
�µ·  [5].

’ ± Ö ¸¢Ö§Ó (9), (11) ³¥¦¤Ê £ ²¨²¥¥¢Ò³¨ ¨ ²µ·¥´Í¥¢Ò³¨ ±µµ·¤¨´ É ³¨
Ë¨§¨Î¥¸±¨ ¢¶µ²´¥ ´¥ Éµ²Ó±µ µ¶· ¢¤ ´ , ´µ ¨ ´¥µ¡Ìµ¤¨³  ¤²Ö µ¶¨¸ ´¨Ö ³¨-
±·µ³¨· , É ± ± ± ¨§³¥·¥´¨Ö, µ¶¨¸Ò¢ ÕÐ¨¥ ³¨±·µµ¡Ñ¥±ÉÒ, ¢µ§³µ¦´Ò Éµ²Ó±µ
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´  ³ ±·µ¸±µ¶¨Î¥¸±µ³ ¨§³¥·¨É¥²Ó´µ³ ¶·¨¡µ·¥, ± ± µ¡ ÔÉµ³ Ê¦¥ £µ¢µ·¨²µ¸Ó
¢ÒÏ¥ (Ë¨§¨Î¥¸± Ö µ¸´µ¢  ¶·¨´Í¨¶  ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �µ·  ¢ ±¢ ´Éµ¢µ° ³¥-
Ì ´¨±¥).

2. ‘ˆŒŒ…’�ˆ—��‘’œ ‘��’��˜…�ˆ‰ �…���…„…‹…���‘’ˆ
ƒ…‰‡…��…�ƒ� �’��‘ˆ’…‹œ�� ��‡Œ…���‘’…‰

”ˆ‡ˆ—…‘Šˆ• ˆ‡Œ…�…�ˆ‰

‚ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥, ±µÉµ·Ò³ Ö¢²Ö¥É¸Ö ¨´¥·Í¨ ²Ó´µ¥ ¶·µ¸É· ´¸É¢µ-
¢·¥³Ö, ¸µ£² ¸´µ ƒ Ê¸¸Ê [16] ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ

(d
∗
s)2/d

∗
t =

∗
L d

∗
t, (18)

£¤¥
∗
L Å ËÊ´±Í¨Ö ‹ £· ´¦ ,

(d
∗
s)2

d
∗
t

=
d

∗
ρ

d
∗
t
d

∗
ρ +

4r2
0

π2

d
∗
κ

d
∗
t
d

∗
κ +c2d

∗
t, (19)

§¤¥¸Ó
∗
ρ2 =

∗
x2+

∗
y2+

∗
z2, (20)

  ³´µ¦¨É¥²Ó 4r2
0/π2 ¸¢Ö§ ´ ¸ · §³¥·´µ¸ÉÓÕ ¨ ±µ´±·¥É´µ° µ±·Ê¦´µ¸ÉÓÕ. …¸²¨

³ É¥·¨ ²Ó´ Ö ÉµÎ±  ¡Ê¤¥É ´ Ìµ¤¨ÉÓ¸Ö ¢ ¶µÉ¥´Í¨ ²Ó´µ³ ¶µ²¥, Éµ ¥¥ ¨§³¥·¥´¨¥
¤¥°¸É¢¨Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¥¸ÉÓ

d
∗
S =

(d
∗
s)2

d
∗
t

=
∂

∗
S

∂
∗
ρ

d
∗
ρ +

∂
∗
S

∂
∗
κ

d
∗
κ +

∂
∗
S

∂
∗
t
d

∗
t . (21)

’µ£¤  ¨§ ¸· ¢´¥´¨Ö (19) ¨ (21) ¶µ²ÊÎ ¥É¸Ö ¸¨¸É¥³  Ê· ¢´¥´¨°

∂
∗
S

∂
∗
ρ

=
d

∗
ρ

d
∗
t
;

∂
∗
S

∂
∗
κ

=
4r2

0

π2

d
∗
κ

d
∗
t
;

∂
∗
S

∂
∗
t

= c2, (22)

µ¶¨¸Ò¢ ÕÐ Ö ¨§³¥´¥´¨¥ ¨³¶Ê²Ó¸  ³ É¥·¨ ²Ó´µ° ÉµÎ±¨, ¥¥ ³µ³¥´É  ¨ Ô´¥·£¨¨
¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨.

’ ±µ¥ ¨§³¥´¥´¨¥ ¤¥°¸É¢¨Ö ³ É¥·¨ ²Ó´µ° ÉµÎ±¨, ± ± ²¥£±µ ¢¨¤¥ÉÓ, ¤µ²¦´µ
¡ÒÉÓ ¨´¢ ·¨ ´É´µ µÉ´µ¸¨É¥²Ó´µ ¶·¥µ¡· §µ¢ ´¨° ¶µ¢µ·µÉ  ¨ ¢· Ð¥´¨°:


∗
ρ =

ρ̂ + vt̂√
1 − v2/c2

;
∗
κ =

κ̂ +
v

c
κ̂√

1 − v2/c2
;

∗
t =

t̂ +
v

c2
ρ̂√

1 − v2/c2
;

∗
p =

p̌ − v

c2
Ě√

1 − v2/c2
;

∗
I =

Ǐ − v

c
Ǐ√

1 − v2/c2
;

∗
E =

Ě − vp̌√
1 − v2/c2

,

(23)
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  É ±¦¥ µÉ´µ¸¨É¥²Ó´µ ¸¤¢¨£µ¢:


∗
ρ =

ρ̂ + vt̂

1 − v/c
;

∗
κ =

κ̂ +
v

c
κ̂

1 − v/c
;

∗
t =

t̂ +
v

c2
ρ̂

1 − v/c
;

∗
p =

p̌ − v

c2
Ě

1 + v/c
;

∗
I =

Ǐ − v

c
Ǐ

1 + v/c
;

∗
E =

Ě − vp̌

1 + v/c
.

(24)

„ ´´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ¸µµÉ¢¥É¸É¢Ê¥É É·¥³ § ±µ´ ³ ¸µÌ· ´¥´¨Ö: ¨³¶Ê²Ó¸ ,
³µ³¥´É  ¨ Ô´¥·£¨¨.

„²Ö µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¨´É¥·¶·¥É Í¨¨ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ µ¶·¥¤¥²¨³
³ É¥·¨Õ ± ± µ¡Ñ¥±É¨¢´ÊÕ ·¥ ²Ó´µ¸ÉÓ, ¶·¥¤¸É ¢²ÖÕÐÊÕ Œ¨· ±µ²¨Î¥¸É¢¥´´Ò³
¶·µÖ¢²¥´¨¥³ ¸¢µ¨Ì ¸¢µ°¸É¢ ¢ · §²¨Î´ÒÌ Ëµ·³ Ì ¨ ´ ¡²Õ¤ ¥³ÊÕ ¶µ ¨§³¥´¥-
´¨Õ É ±µ£µ ¶·µÖ¢²¥´¨Ö [2,6].

‘µ£² ¸´µ ¤ ´´µ³Ê §¤¥¸Ó µ¶·¥¤¥²¥´¨Õ ³ É¥·¨¨ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢-
´¥´¨° (22) ¨ ¡Ê¤ÊÉ ´ ¡²Õ¤ ¥³Ò³¨, É ± ± ± ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¨§³¥´¥´¨¥
¥¥ ±µ²¨Î¥¸É¢¥´´µ£µ ¶·µÖ¢²¥´¨Ö. �Éµ §´ Î¨É, ÎÉµ ¨§³¥´¥´¨Ö ¨³¶Ê²Ó¸ , ³µ-
³¥´É  ¨ Ô´¥·£¨¨ ¸µ¸É ¢²ÖÕÉ ¸µµÉ¢¥É¸É¢¥´´Ò¥ ³¥·Ò ¨§³¥·¥´¨Ö ¨´É¥·¢ ²µ¢
¤²¨´Ò, Ê£²  ¨ ¢·¥³¥´¨ ¨§-§  ¶·¨´ ¤²¥¦´µ¸É¨ ± · §²¨Î´Ò³ ¸¨¸É¥³ ³ µÉ¸Î¥É 
(²¥¢µ° ¨ ¶· ¢µ°). ˆ ¢ ÔÉµ³ ¸³Ò¸²¥ ¸¶¥Í¨ ²Ó´ Ö É¥µ·¨Ö µÉ´µ¸¨É¥²Ó´µ¸É¨ ¢
¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ Œ¨´±µ¢¸±µ£µ ¸¢µ¤¨É¸Ö ± ¤¢Ê³ · §³¥·´Ò³ ¨§³¥·¥´¨Ö³,
¸¶·µ¥Í¨·µ¢ ´´Ò³ ´  4-µ·Éµ£µ´ ²Ó´Ò° ¡ §¨¸ [2,6].

’ ±¨³ µ¡· §µ³, ¶·µ¤¥² ´´µ¥ µ¡µ¡Ð¥´¨¥ ¨ ¥¸ÉÓ µ¡µ¡Ð¥´¨¥ ¸¶¥Í¨ ²Ó´µ°
É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´  ³¨±·µ³¨·, ¢ ±µÉµ·µ³ ¸ÊÐ¥¸É¢Ê¥É § ¶·¥É ´  µ¤´µ-
¢·¥³¥´´µ¥ ¨§³¥·¥´¨¥ ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ.
ˆ ¥¸²¨ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ µÉ¸ÊÉ¸É¢Ê¥É § ¶·¥É ´  µ¤´µ¢·¥³¥´´µ¥ ¨§³¥·¥´¨¥
∆E ¨ ∆t ¨§-§  µÉ¸ÊÉ¸É¢¨Ö µ¶¥· Éµ·  ¢·¥³¥´¨ (¥¸ÉÓ Éµ²Ó±µ ¶µ´¨³ ´¨¥ ´¥µ¡-
Ìµ¤¨³µ¸É¨ § ¶·¥É ), Éµ ¢ ¨´¥·Í¨ ²Ó´µ³ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ (23), (24) ¨§-§ 
µÉ´µ¸¨É¥²Ó´µ¸É¨ ¸¡²¨¦¥´¨Ö ¨ Ê¤ ²¥´¨Ö ¸¨¸É¥³ µÉ¸Î¥É  ³¥¦¤Ê ¸µ¡µ° ¨´Ò¥
¢µ§³µ¦´µ¸É¨ ¶·µ¸Éµ µÉ¸ÊÉ¸É¢ÊÕÉ.

‚ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ (23), (24) ¸¨³³¥É·¨§ÊÕÉ¸Ö ¸µµÉ´µÏ¥´¨Ö
´¥µ¶·¥¤¥²¥´´µ¸É¨ ƒ¥°§¥´¡¥·£  µÉ´µ¸¨É¥²Ó´µ · §³¥·´ÒÌ Ë¨§¨Î¥¸±¨Ì ¨§³¥·¥-
´¨°:

(25) ∆p (2π∆ρ) � 1
2

�

(
2π

λ0

)
λ0; −→ 2π

1
λ0

= 2πk0; (26)

(27) ∆Iρ (2π∆θ) � 1
2

�

(
2π

2π

)
2π; −→ 2π

1
2π

= 2πκ0; (28)

(29) ∆E (2π∆t) � 1
2

�

(
2π

t0

)
t0; −→ 2π

1
t0

= 2πν0. (30)
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‚ ·¥§Ê²ÓÉ É¥ ¨§-§  · ¢´µ¶· ¢¨Ö ¸µµÉ´µÏ¥´¨° ´¥µ¶·¥¤¥²¥´´µ¸É¨ ³¥¦¤Ê
¸µ¡µ° (25), (27) ¨ (29) ¸²¥¤Ê¥É ¶·¨§´ ÉÓ ± ± ®Ê£²µ¢µ¥ Î¨¸²µ¯ (28), ¶µ¤µ¡´µ
¶·¨§´ ´¨Õ ¢µ²´µ¢µ£µ Î¨¸²  (26) ¨ Î ¸ÉµÉÒ (30), É ± ¨ ´ ²¨Î¨¥ Ë¨§¨Î¥¸±µ°
· §³¥·´µ¸É¨ Ê£²  ¢ ¸µµÉ´µÏ¥´¨¨ (27), ¶µ¤µ¡´µ · §³¥·´µ¸ÉÖ³ ¤²¨´Ò ¨ ¢·¥-
³¥´¨ ¸µµÉ¢¥É¸É¢¥´´µ ¢ ¸µµÉ´µÏ¥´¨ÖÌ ´¥µ¶·¥¤¥²¥´´µ¸É¨ (25) ¨ (29).

…¸²¨ ¶¥·¥°É¨ ± ¸É·µ£µ³Ê · ¢¥´¸É¢Ê ¢ ¸µµÉ´µÏ¥´¨ÖÌ ´¥µ¶·¥¤¥²¥´´µ¸É¨
(25), (27) ¨ (29)

(31) 2π∆ρ0 = ρ̂0; ←− p̌0ρ̂0 =
1
2
(hk0)λ0 −→

∗
p0 = hk0; (32)

(33) 2π∆θ0 = θ̂0; ←− Ǐ0θ̂0 =
1
2
(hκ0)2π −→

∗
I0 = hκ0; (34)

(35) 2π∆t0 = t̂0; ←− Ě0 t̂0 =
1
2
(hν0)t0 −→

∗
E0 = hν0, (36)

Éµ Ëµ·³Ê²Ò (32) ¨ (36) ¸ ¶µ¸ÉµÖ´´µ° h ¢ ¶·¥¤¸É ¢²¥´¨¨ �² ´±  ¸µ¸É ¢²ÖÕÉ
Ë¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥ ±µ·¶Ê¸±Ê²Ö·´µ-¢µ²´µ¢µ° ¶·¨·µ¤Ò Ô²¥±É·µ´  ¢ ±¢ ´-
Éµ¢µ° ³¥Ì ´¨±¥. ’µ£¤  (34) ´¥ ÎÉµ ¨´µ¥, ± ± ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨° ¢µ²Îµ±
(µ¡µ¡Ð¥´´Ò° ¢µ²Îµ± Šµ¢ ²¥¢¸±µ° [13]), Å ÉµÉ ¸ ³Ò° Ë¨§¨Î¥¸±¨° µ¡Ñ¥±É,
¶·µÖ¢²ÖÕÐ¨° ¸¥¡Ö ¢ ±µ·¶Ê¸±Ê²Ö·´µ° ¨²¨ ¢µ²´µ¢µ° Ëµ·³¥ ¢µ ¢§ ¨³µ¤¥°¸É¢¨¨
¸ ±² ¸¸¨Î¥¸±¨³ ¶·¨¡µ·µ³ ¢ ¶µ²´µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³ ¤µ¶µ²´¨É¥²Ó-
´µ¸É¨ �µ· .

‘²¥¤µ¢ É¥²Ó´µ, ¸µµÉ´µÏ¥´¨Ö (32), (34), (36) µ¶·¥¤¥²ÖÕÉ ¨´¥·Í¨ ²Ó´Ò¥
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´Ò¥ · §³¥·Ò É ±µ£µ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ¢µ²Î± ,
  ¸µµÉ´µÏ¥´¨Ö ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¸µ¸É ¢²ÖÕÉ Ë¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥  Éµ³-
´ÒÌ ³ ¸ÏÉ ¡µ¢ ²¨´¥¥±, Ê£²µ³¥·µ¢ ¨ Î ¸µ¢ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ ¨ Ê¸É ´ -
¢²¨¢ ÕÉ £· ´¨Î´ÊÕ µ¡² ¸ÉÓ, ¶µ µÉ´µÏ¥´¨Õ ± ±µÉµ·µ° ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ
±² ¸¸¨Î¥¸±¨¥ Ö¢²¥´¨Ö.

—Éµ¡Ò ¶·¨¢¥¸É¨ ¢ ¸µµÉ¢¥É¸É¢¨¥ ¸ ±¢ ´Éµ¢µ° ³¥Ì ´¨±µ° ´¥±µ³³ÊÉ¨·ÊÕ-
Ð¨¥ ± ´µ´¨Î¥¸±¨ ¸µ¶·Ö¦¥´´Ò¥ ¶¥·¥³¥´´Ò¥ (31), (33), (35), É·¥¡Ê¥É¸Ö ¢ µ¡Ö§ -
É¥²Ó´µ³ ¶µ·Ö¤±¥ § ¶¨¸ ÉÓ ¨Ì ¢ ¢¨¤¥ ¢¥±Éµ·´ÒÌ ¶·µ¨§¢¥¤¥´¨°, ÎÉµ ¥¸É¥¸É¢¥´´µ
¢ ÔÉµ³ ¸²ÊÎ ¥:

[ρ̂0, p̌0] =
1
2
hσλ; [θ̂0, Ǐ0] =

1
2
hσκ ; [t̂0, Ě0] =

1
2
hσt. (37)

‚¥±Éµ·´ Ö § ¶¨¸Ó ¸µµÉ´µÏ¥´¨Ö ¤²Ö t̂0 ¨ Ě0 µ¶· ¢¤ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥³ ¢¥±-
Éµ·  “³µ¢  ¤²Ö ¶²µÉ´µ¸É¨ ³¥Ì ´¨Î¥¸±µ° Ô´¥·£¨¨ ¨ ¢¥±Éµ·  �µ°´É¨´£  ¤²Ö
¶²µÉ´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ° Ô´¥·£¨¨ ¢ �·¨·µ¤¥,   É ±¦¥ ¶·¨¸ÊÉ¸É¢¨¥³ ¢
É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ®¸É·¥²Ò ¢·¥³¥´¨¯ µÉ ®¶·µÏ²µ£µ¯ ± ®¡Ê¤ÊÐ¥-
³Ê¯, ´ ±² ¤Ò¢ ÕÐ¥° § ¶·¥É ´  ·¥ ²¨§ Í¨Õ ®perpetuum mobile¯ ¢Éµ·µ£µ ·µ¤ 
¢ ³¨±·µ³¨·¥, É·¥¡ÊÖ · ¸¸³µÉ·¥´¨Ö Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢ ¢ ³¨±·µ³¨·¥ ¢
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µ¡µ¡Ð¥´´µ³ ¶·µ¸É· ´¸É¢¥ ”µ± . �·¨ ÔÉµ³ ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥
´¥ ´ ·ÊÏ ¥É¸Ö · ¢´µ¶· ¢´µ¸ÉÓ ´ ¶· ¢²¥´¨° �Ê ´± ·¥. „¨´ ³¨Î¥¸± Ö ¶¥·¥-
³¥´´ Ö θ̂0 ¸¢Ö§ ´  ¸ ®²¥¢Ò³¯ ¨ ®¶· ¢Ò³¯ ¢· Ð¥´¨¥³.

’µ£¤ 
[ρ̂0, p̌0] − [p̌0, ρ̂0] = hσλ; (38)

[θ̂0, Ǐ0] − [Ǐ0, θ̂0] = hσκ ; (39)

[t̂0, Ě0] − [Ě0, t̂0] = hσt. (40)

‚ ·¥§Ê²ÓÉ É¥ ³µ¦´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö µ¡µ¡Ð¥´¨¥³ Ê· ¢´¥´¨Ö ƒ¥°§¥´¡¥·£ 
´  (38), (39), (40) ¤²Ö ¶µ²ÊÎ¥´¨Ö £· ¤Ê¨·µ¢µ± ²¨´¥¥±, Ê£²µ³¥·µ¢ ¨ Î ¸µ¢ ¢
³¨±·µ³¨·¥:

i�
dρ̂

dt
= [ρ̂, p̌0] − [p̌0, ρ̂] = hσρ −→ dρ̂

dt
= −2πiσρ; (41)

i�
dθ̂

dt
= [θ̂, Ǐ0] − [Ǐ0, θ̂] = hσκ −→ dθ̂

dt
= −2πiσκ ; (42)

i�
dt̂
dt

= [t̂, Ě0] − [Ě0, t̂] = hσt −→
dt̂
dt

= −2πiσt. (43)

�É¸ÊÉ¸É¢¨¥ £· ¤Ê¨·µ¢±¨ Î ¸µ¢ ¢ ¥¤¨´¸É¢¥ ¸ £· ¤Ê¨·µ¢±µ° ²¨´¥¥±, ´ ¶·¨³¥· ¢
¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ [1, 5, 6, 14], ¸µ¸É ¢²Ö¥É ¶·¨Î¨´Ê ®·¥²Ö-
É¨¢¨¸É¸±µ£µ ¶ · ¤µ±¸  Î ¸µ¢¯.

3. �…��•�„ˆŒ�‘’œ ”��Œ“‹ˆ��‚Šˆ ��‹…‚�‰ Œ…•��ˆŠˆ
���’�‚�‹—Š�

‚ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ (23), (24) ¢ · ¡µÉ Ì [1Ä6] ¸Ëµ·³Ê²¨·µ¢ ´Ò
±²ÕÎ¥¢Ò¥ ¶µ²µ¦¥´¨Ö ³¥Ì ´¨±¨ ¶·µÉµ¢µ²Î±  (µ¡µ¡Ð¥´¨¥ ¢µ²Î±  Šµ¢ ²¥¢¸±µ°
[13]) ¢ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥ ‚¸¥²¥´´µ°. ‘ ³  ¶µ²¥¢ Ö ³¥Ì ´¨±  ¶·µÉµ¢µ²Î± 
¸Ëµ·³Ê²¨·µ¢ ´  ¸ ÊÎ¥Éµ³ § ³¥Î ´¨° „¨· ±  ¢  ¤·¥¸ ¸µ¸ÉµÖ´¨Ö ¸µ¢·¥³¥´´µ£µ
¶·¥¤¸É ¢²¥´¨Ö µ ³¨±·µ³¨·¥ ¨ ¸ ÊÎ¥Éµ³ ¥£µ ¶·µ·µÎ¥¸±µ£µ ³´¥´¨Ö µ ¡Ê¤ÊÐ¥°
É¥µ·¨¨ ³¨±·µ³¨·  [6].

‘µ£² ¸´µ „¨· ±Ê [17] ¸µ¢·¥³¥´´ Ö ±¢ ´Éµ¢ Ö É¥µ·¨Ö ¶µ²Ö µÎ¥´Ó ¶µÌµ¦ 
´  ±¢ ´Éµ¢ÊÕ É¥µ·¨Õ ¤µ ƒ¥°§¥´¡¥·£ , ±µ£¤  ¸ ³ „¨· ± Ê¶µ·´µ ÍÒ¶²Ö²¸Ö ¢
¸¢µ¨Ì · ¡µÉ Ì §  ¡µ·µ¢¸±¨¥ µ·¡¨ÉÒ. �´ ¸Î¨É ¥É, ÎÉµ Ë¨§¨±¨ § ¡²Ê¦¤ ÕÉ¸Ö,
´¥¶·¥·Ò¢´µ ¶ÒÉ Ö¸Ó · §¢¨ÉÓ Ë¨§¨Î¥¸±¨¥ ¨¤¥¨, ± ±µÉµ·Ò³ µ´¨ ¶·¨¢Ò±²¨:
ÔÉµ ¨¤¥¨, µ¡ÒÎ´µ ¢Ò· ¦ ¥³Ò¥ ´  Ö§Ò±¥ ”¥°´³ ´ , ¨ ¶µ¶ÒÉ±¨ ¢¢¥¤¥´¨Ö ¨¸-
±Ê¸¸É¢¥´´ÒÌ ¶·µÍ¥¤Ê· ¶¥·¥´µ·³¨·µ¢µ±, ÎÉµ¡Ò µ¡µ°É¨ É·Ê¤´µ¸É¨, ¶·¨¢µ¤ÖÉ ±
Éµ³Ê, ÎÉµ ¶·¨Ìµ¤¨É¸Ö µÉ¡· ¸Ò¢ ÉÓ ¡¥¸±µ´¥Î´µ ¡µ²ÓÏ¨¥ ¢¥²¨Î¨´Ò. �Éµ ¶·µ¸Éµ
¡¥¸¸³Ò¸²¥´´µ ³ É¥³ É¨Î¥¸±¨. ‚ ³ É¥³ É¨±¥ µÉ¡· ¸Ò¢ ÕÉ ¢¥²¨Î¨´Ê Éµ²Ó±µ
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¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ µ´  µ± §Ò¢ ¥É¸Ö µÎ¥´Ó ³ ²µ°. �µ ¥£µ ³´¥´¨Õ, ´Ê¦´  ³ -
É¥³ É¨±  ´µ¢µ£µ É¨¶ , ´¥µ¡Ìµ¤¨³Ò ´µ¢Ò¥ Ê· ¢´¥´¨Ö, ±µÉµ·Ò¥ ¢Ò· ¦ ²¨ ¡Ò
¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê µ¸´µ¢´Ò³¨ ¢¥²¨Î¨´ ³¨ ¢ Ë¨§¨±¥. Š·µ³¥ ÔÉµ£µ „¨-
· ±Ê [18] ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³  ¢¥·µÖÉ´Ò³, ÎÉµ ±µ£¤ -´¨¡Ê¤Ó ¢ ¡Ê¤ÊÐ¥³ ¶µ-
Ö¢¨É¸Ö Ê²ÊÎÏ¥´´ Ö ±¢ ´Éµ¢ Ö ³¥Ì ´¨±  ¢ ¸µ£² ¸¨¨ ¸ �°´ÏÉ¥°´µ³, ¢ ±µÉµ·µ°
¡Ê¤¥É ¸µ¤¥·¦ ÉÓ¸Ö ¢µ§¢· É ± ¶·¨Î¨´´µ¸É¨. �µ ¶·¨ ÔÉµ³ É ±µ° ¢µ§¢· É, ¶µ ¥£µ
³´¥´¨Õ, ³µ¦¥É ¸É ÉÓ ¢µ§³µ¦´Ò³ ²¨ÏÓ Í¥´µ° µÉ± §  µÉ ± ±µ°-´¨¡Ê¤Ó ¤·Ê-
£µ° ËÊ´¤ ³¥´É ²Ó´µ° ¨¤¥¨, ±µÉµ·ÊÕ ¸¥°Î ¸ ¡¥§µ£µ¢µ·µÎ´µ ¶·¨´¨³ ÕÉ. ˆ µ´
¤Ê³ ¥É, ÎÉµ ³µ¦´µ ²¨ÏÓ £ ¤ ÉÓ, ± ± Ö ¨¤¥Ö ¤µ²¦´  ¡ÒÉÓ ¶·¨´¥¸¥´  ¢ ¦¥·É¢Ê.

‘ ³µ É·¥Ì· §³¥·´µ¥ ¶·µ¸É· ´¸É¢µ (23), (24) µ± § ²µ¸Ó µ¡µ¡Ð¥´¨¥³ ¶·µ-
¸É· ´¸É¢  ”·¨¤³ ´ Ä‹µ¡ Î¥¢¸±µ£µ [14, ¸. 11, 12]. �´µ ¤µ¶Ê¸± ¥É ¸ÊÐ¥¸É¢µ-
¢ ´¨¥ ¶µ²Ö ÉÖ£µÉ¥´¨Ö, ³¥¸É ³¨ ´¥µ¤´µ·µ¤´µ£µ ¢ µÉ²¨Î¨¥ µÉ ¶·µ¸É· ´¸É¢ 
ƒ ²¨²¥Ö ¸µ£² ¸´µ ”µ±Ê. …¸²¨ ¢ £ ²¨²¥¥¢µ³ ¶·µ¸É· ´¸É¢¥ ¶·¥¨³ÊÐ¥¸É¢¥´-
´Ò³¨ Ö¢²ÖÕÉ¸Ö µ¡ÒÎ´Ò¥ ¤¥± ·Éµ¢Ò ±µµ·¤¨´ ÉÒ ¨ ¢·¥³Ö, ¸µ¢µ±Ê¶´µ¸ÉÓ ±µ-
Éµ·ÒÌ ´µ¸¨É ´ §¢ ´¨¥ £ ²¨²¥¥¢ÒÌ ±µµ·¤¨´ É ¶µ ”µ±Ê, Éµ (± ± ¢ÒÖ¸´¥´µ, ¨
ÔÉÊ ¶·µ¡²¥³Ê ¶µ¸É ¢¨² ”µ± [14, ¸. 12]) ¶·¥¨³ÊÐ¥¸É¢¥´´ Ö ¸¨¸É¥³  ±µµ·-
¤¨´ É µ¡µ¡Ð¥´´µ£µ ¶·µ¸É· ´¸É¢  ”·¨¤³ ´ Ä‹µ¡ Î¥¢¸±µ£µ ¥¸ÉÓ µ¡µ¡Ð¥´´Ò¥
£ ²¨²¥¥¢Ò ±µµ·¤¨´ ÉÒ (8). �·¥¨³ÊÐ¥¸É¢¥´´µ¥ ¶µ²µ¦¥´¨¥ ¤¥± ·Éµ¢ÒÌ ±µ-
µ·¤¨´ É ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ƒ ²¨²¥Ö µ¸´µ¢ ´µ ´  Éµ³, ÎÉµ ¶·¥µ¡· §µ-
¢ ´¨Ö ‹µ·¥´Í , ¢Ò· ¦ ÕÐ¨¥ µ¤´µ·µ¤´µ¸ÉÓ ¶·µ¸É· ´¸É¢ , ¡Ê¤ÊÉ ¢ ÔÉ¨Ì ±µ-
µ·¤¨´ É Ì ²¨´¥°´Ò³¨. �·¥¨³ÊÐ¥¸É¢¥´´µ¸ÉÓ ¶µ²µ¦¥´¨Ö µ¡µ¡Ð¥´´ÒÌ £ ²¨-
²¥¥¢ÒÌ ±µµ·¤¨´ É (8) ¢ ¶·µ¸É· ´¸É¢¥ ”·¨¤³ ´ Ä‹µ¡ Î¥¢¸±µ£µ µ¡Ê¸²µ¢²¥´ 
· ¸Ð¥¶²¥´¨¥³ ¶·¥¤¸É ¢²¥´¨Ö £·Ê¶¶Ò �Ê ´± ·¥Ä�¥°É³ ´  ´  ¤¢¥ ¶µ¤£·Ê¶¶Ò
µ·¨¥´É Í¨¨ (9), (11), ¶·¥¢· Ð ÕÐ¨¥ ¶·¥µ¡· §µ¢ ´¨Ö (8) É ±¦¥ ¢ ²¨´¥°´Ò¥
(9), (11). ‘ ³ ¶·µÉµ¢µ²Îµ±, ¶·¥¤¸É ¢²ÖÕÐ¨° ¸µ¡µ° µ¡µ¡Ð¥´¨¥ ³ É¥·¨ ²Ó´µ°
ÉµÎ±¨ �ÓÕÉµ´  ¢ Ëµ·³¥ µ¡µ¡Ð¥´´µ£µ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö §  ±· É-
Î °Ï¥¥ ¢·¥³Ö ÉÖ¦¥²µ° ÉµÎ±¨ ¢ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥ ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥, ¶µ²ÊÎ¥´´µ¥ �°²¥·µ³ [2], Ö¢²Ö¥É¸Ö µ¡Ñ¥±Éµ³ ¸ ±µ·¶Ê¸±Ê²Ö·´µ-¢µ²´µ¢µ°
¸É·Ê±ÉÊ·µ°. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¥´¨Ö ¢ [2] ¸¢Ö§¨ ³¥¦¤Ê Ô²¥±É·µ³ £´¨É´Ò³ ¨
ÉÖ£µÉ¥ÕÐ¨³ ¢§ ¨³µ¤¥°¸É¢¨Ö³¨ Ê¸É ´µ¢²¥´µ, ÎÉµ ¶·µÉµ¢µ²Îµ± µ¡² ¤ ¥É Ô²¥±-
É·µ³ £´¨É´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ ¤¨µ´  ˜¢¨´£¥·  [9]: ±Ê²µ´µ¢¸±¨³ § ·Ö¤µ³
¨ ¡¨¶µ²¥³ ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³¨ ³ £´¨É´Ò³¨ ¶µ²Õ¸ ³¨, · ¢´Ò³¨ ± ¦¤Ò° ¢
µÉ¤¥²Ó´µ¸É¨ ¶µ ¢¥²¨Î¨´¥ ³µ´µ¶µ²Õ „¨· ±  [10]. � §¢ ´¨¥ ¡¨¶µ²Ó ¢§ÖÉµ ¨§
É¥Ì ¸µµ¡· ¦¥´¨°, ÎÉµ „¨· ± ¨¸¶µ²Ó§Ê¥É ¢ ¸¢µ¨Ì · ¡µÉ Ì ² É¨´¸±µ¥ ®¡¨¯,
´ ¶·¨³¥· ¡¨¸¶¨´µ·. ‚ÒÖ¢²¥´µ, ÎÉµ Ë¨§¨Î¥¸±µ¥ ¸µ¤¥·¦ ´¨¥ ±Ê²µ´µ¢¸±µ£µ
¨ £· ¢¨É Í¨µ´´µ£µ § ·Ö¤µ¢ ¸µ¸É ¢²Ö¥É ³¥Ì ´¨Î¥¸±¨° ³µ³¥´É µ¡µ¡Ð¥´´µ£µ
¢¥±Éµ·  “³µ¢ Ä�µ°´É¨´£  ¤²Ö ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ [2, 6], ±µÉµ·µ³Ê ¸µ£² ¸´µ
¶·¥¤¸É ¢²¥´¨Õ ”µ±  [19] ³µ¦´µ ¸µ¶µ¸É ¢¨ÉÓ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±¨° µ¶¥· -
Éµ·, ·¥Ï ÕÐ¨° ¶·¨ ÔÉµ³ ¶·µ¡²¥³Ê § ±µ´  ¸µÌ· ´¥´¨Ö ±Ê²µ´µ¢¸±µ£µ § ·Ö¤ 
¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥, ¸Ëµ·³Ê²¨·µ¢ ´´ÊÕ ‚¨£´¥·µ³ [20]. „µ± § ´µ ¶·¨-
¸ÊÉ¸É¢¨¥ ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ¢µ²Î±  (34) ¢ µ¡µ¡Ð¥´´µ³ ·¥Ï¥´¨¨ �°-
²¥·  [2,6].
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‚ ¸²ÊÎ ¥ § ´Ê²¥´¨Ö Ê£²µ¢µ° · §³¥·´µ¸É¨ ¶·µÉµ¢µ²Îµ± ¸ ±µ´¥Î´Ò³ Î¨-
¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¶·¥¢· É¨É¸Ö ¶µ Î¨¸²Ê ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¢ ±¢ ´Éµ¢ÊÕ
ÉµÎ±Ê ·¥²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ „¨· ±  [6]. �µ Éµ£¤  Ê· ¢´¥´¨¥ ¶·µÉµ¢µ²Î± 
¸É ´µ¢¨É¸Ö  ¤¥±¢ É´Ò³ ·¥²ÖÉ¨¢¨¸É¸±µ³Ê Ê· ¢´¥´¨Õ „¨· ± , ¸´¨³ Ö ¶·µ¡²¥³Ê
¸ ²Ô³¡µ¢¸±¨³ ¸¤¢¨£µ³ [2]. ’ ±, ¤²Ö ¶µ§¨É·µ´¨Ö, ¸µ¸ÉµÖÐ¥£µ ¨§ ¶·µÉµ¢µ²Î± 
¨  ´É¨¶·µÉµ¢µ²Î± , ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ¶·µ-
Éµ¢µ²Î± , ´ ¶·¨³¥·, ¸µ¤¥·¦¨É ¸· §Ê ¤²Ö µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶µ§¨É·µ´¨Ö ¶µ-
¶· ¢±Ê ´  ¸¥¤Ó³µ° §´ ± ¶µ¸²¥ § ¶ÖÉµ° ¢ µÉ²¨Î¨¥ µÉ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ± 
¢ ¤¢ÊÌ· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, ¤ ÕÐ¥£µ ¶µ¶· ¢±Ê Éµ²Ó±µ ´  ¤¥-
¸ÖÉÒ° §´ ± ¶µ¸²¥ § ¶ÖÉµ° ¢  ´ ²µ£¨Î´µ° ¸¨ÉÊ Í¨¨. Š ± Ê¸É ´µ¢²¥´µ [2, 6], ¢
É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ Ô²¥±É·µ´ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µÉÖ¦¥´´ÊÕ ¤¨-
´ ³¨Î¥¸±ÊÕ ¸¨¸É¥³Ê, ¸µ¤¥·¦ ÐÊÕ µ¤¨´ ¶·µÉµ¢µ²Îµ±. �¥ÊÎ¥É ÔÉµ£µ ¨ ¶·¨¢¥²
± ¶·µ¡²¥³¥ ‹Ô³¡ .

�µ¸²¥¤´¥¥ ¸µ£² ¸Ê¥É¸Ö ¸ § ³¥Î ´¨¥³ ”µ±  [19, c. 291, 373] ¢  ¤·¥¸ ·¥-
²ÖÉ¨¢¨¸É¸±µ° É¥µ·¨¨ „¨· ±  ¤²Ö ¸¢µ¡µ¤´µ£µ Ô²¥±É·µ´ , ±µÉµ·Ò° ¢ ¤ ´´µ°
É¥µ·¨¨ ¶·¥¤¸É ¢²¥´ ÉµÎ¥Î´Ò³ µ¡Ñ¥±Éµ³: ¶µÖ¢²¥´¨¥ ¢Éµ·µ° ¢´ÊÉ·¥´´¥° ¸É¥-
¶¥´¨ ¸¢µ¡µ¤Ò Ô²¥±É·µ´  ¶µ³¨³µ ¸¶¨´  ´¥ ³µ¦¥É ¡ÒÉÓ ¨¸Éµ²±µ¢ ´µ ¢ · ³± Ì
§ ¤ Î¨ µ¤´µ£µ É¥² . ’ ±µ¥ Éµ²±µ¢ ´¨¥ ¶·µÉ¨¢µ·¥Î¨²µ ¡Ò µ¸´µ¢ ³ ±¢ ´Éµ-
¢µ° ³¥Ì ´¨±¨, ´¥¸³µÉ·Ö ´  Ëµ·³ ²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¶µ¸É ´µ¢±¨ § ¤ Î¨ ¤²Ö
µ¤´µ£µ É¥²  (Ô²¥±É·µ´ ) ¢ § ¤ ´´µ³ ¢´¥Ï´¥³ Ô²¥±É·µ³ £´¨É´µ³ ¶µ²¥, ¸µ£² -
¸ÊÕÐ¥°¸Ö ¸ É·¥¡µ¢ ´¨¥³ É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨.

�µÔÉµ³Ê ¢ ·¥Ï¥´¨ÖÌ Ê· ¢´¥´¨Ö „¨· ±  ¶·¨¸ÊÉ¸É¢Ê¥É ¤¢Ê±· É´µ¥ ¢Ò·µ-

¦¤¥´¨¥ ¶µ Ê£²µ¢Ò³ ³µ³¥´É ³ �1,2 = j ± 1
2

¤²Ö Ê·µ¢´¥° 2S1/2 ¨ 2P1/2 ¢

 Éµ³¥ ¢µ¤µ·µ¤ . ‚ ¸²ÊÎ ¥ Ô²¥±É·µ´  ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ¢ · ³-
± Ì ¶µ²¥¢µ° ³¥Ì ´¨±¨ ¶·µÉµ¢µ²Î±  ¢Ò·µ¦¤¥´¨¥ ³µ¦¥É ¡ÒÉÓ ¸´ÖÉµ §  ¸Î¥É
ÊÎ¥É  ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¤²Ö ¶·µÉµ¢µ²Î±  ¢ Ô²¥±É·µ´¥ ¤¢ÊÌ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¢´Ê-
É·¥´´¨Ì Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ ¢ ·¥§Ê²ÓÉ É¥ ¶·µÉÖ¦¥´´µ¸É¨ Ô²¥±É·µ´ : Ê£²µ¢µ£µ
³µ³¥´É  ÉÖ¦¥²µ° ÉµÎ±¨ µÉ´µ¸¨É¥²Ó´µ Í¥´É·  ¨´¥·Í¨¨ ¶·µÉµ¢µ²Î± , ±µÉµ·Ò°
Ëµ·³¨·Ê¥É¸Ö §  Í¨±² ¢µ ¢·¥³¥´¨,   É ±¦¥ Ê£²µ¢µ£µ ³µ³¥´É  Í¥´É·  ¨´¥·-
Í¨¨ ¶·µÉµ¢µ²Î±  µÉ´µ¸¨É¥²Ó´µ Í¥´É·  ¨´¥·Í¨¨ Ô²¥±É·µ´  ± ± Í¥²µ¸É´µ£µ
µ¡Ñ¥±É , Ëµ·³¨·Ê¥³µ£µ §  ¤¢  Í¨±² . –¨±² ¶·µÉµ¢µ²Î±  ¢ · ³± Ì ¶µ²¥¢µ°
³¥Ì ´¨±¨ ¶·µÉµ¢µ²Î±  ¶µ ¸¢µ¥° Ë¨§¨Î¥¸±µ° ¸ÊÐ´µ¸É¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
¥¤¨´¨Î´Ò° ³ ¸ÏÉ ¡ ¢·¥³¥´¨, ±µÉµ·Ò° Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´Éµ³ (43) ¢ É·¥Ì· §-
³¥·´µ³ ¶·µ¸É· ´¸É¢¥.

‘ ³µ ¶·¨¸ÊÉ¸É¢¨¥ ¶·µÉµ¢µ²Î±  ¢ Ô²¥±É·µ´¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ -
´¨¥³  ´µ³ ²Ó´µ£µ ³ £´¨É´µ£µ ³µ³¥´É  Ô²¥±É·µ´ . �´µ³ ²Ó´Ò° ³ £´¨É´Ò°
³µ³¥´É Ô²¥±É·µ´  µ± § ²¸Ö ¸Ê³³µ° ¨§¢¥¸É´ÒÌ ±¢ ´Éµ¢ÒÌ ÔËË¥±Éµ¢, ¤ ÕÐ¨Ì
¢±² ¤ ¶µ ¤¥¢ÖÉÒ° §´ ± ¶µ¸²¥ § ¶ÖÉµ°, ¢ ·¥§Ê²ÓÉ É¥ ±¢ ´Éµ¢µ£µ Ì · ±É¥·  ¤¨-
´ ³¨±¨ ¶·µÉµ¢µ²Î±  ¢ Ô²¥±É·µ´¥. ‘ ³ ³µ³¥´É ¶·µ¸Î¨ÉÒ¢ ¥É¸Ö ¶µ ¨§¢¥¸É´Ò³
Ëµ·³Ê² ³ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨, ¶µ²ÊÎ¥´´Ò³ ¡² £µ¤ ·Ö (38), (39), (40) (¸³.
¶µ¤·µ¡´ÊÕ ¸É ÉÓÕ).
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4. „ˆ��Œˆ—…‘Šˆ‰ Œ…•��ˆ‡Œ ��ˆ�–ˆ��
„���‹�ˆ’…‹œ��‘’ˆ ���� ‚ ’�…•��‡Œ…���Œ

���‘’���‘’‚…

ˆ¸Ìµ¤Ö ¨§ [1Ä6] ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ³ ¸¸µ¢ÊÕ Ëµ·³Ê²Ê ¤²Ö ¸¢µ¡µ¤´µ£µ Ô²¥±-
É·µ´  ¢ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥ ¡¥§ ÊÎ¥É  µ¡Ö§ É¥²Ó´ÒÌ ¶·¥Í¥¸¸¨¨ ¨ ´ÊÉ Í¨¨ ¶·µ-
Éµ¢µ²Î±  ¢ ÔÉµ³ ¶µ²¥ ¢ · ³± Ì ¶µ²¥¢µ° ³¥Ì ´¨±¨ ¶·µÉµ¢µ²Î±  ¢ ¸²ÊÎ ¥ § ´Ê-
²¥´¨Ö ¨§³¥·¥´¨Ö ¤²¨´Ò (¢ ¶·µ¸É· ´¸É¢¥ ¢·¥³¥´¨-Ê£² ):

m0ec
2 = 2m0c

2 − (e/2α)(e/r0), (44)

£¤¥ m0 Å ³ ¸¸  ¶·µÉµ¢µ²Î±  [2]; c Å £· ´¨Î´ Ö ËÊ´¤ ³¥´É ²Ó´ Ö ¸±µ·µ¸ÉÓ
¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥, · ¢´ Ö ¸±µ·µ¸É¨ · ¸¶·µ¸É· ´¥´¨Ö ¸¢¥Éµ¢µ£µ
Ë·µ´É  ¢ ¸¢µ¡µ¤´µ³ ¶·µ¸É· ´¸É¢¥ ¢ É¥·³¨´ Ì ”µ±  [14]; e Å ±Ê²µ´µ¢¸±¨°
§ ·Ö¤ ¶·µÉµ¢µ²Î± , · ¢´Ò° ±Ê²µ´µ¢¸±µ³Ê § ·Ö¤Ê Ô²¥±É·µ´ ; α Å Ô²¥±É·µ-
³ £´¨É´ Ö ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±ÉÊ·Ò; r0 Å · ¤¨Ê¸ Ô²¥±É·µ´  ¢ É·¥Ì-
· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥; e/r0 Å ±Ê²µ´µ¢¸±¨° ¶µÉ¥´Í¨ ² ¢ Í¥´É·¥ ¨´¥·-
Í¨¨ Ô²¥±É·µ´ , ÊÎ¨ÉÒ¢ ÕÐ¨° ¥£µ ¶·µÉÖ¦¥´´µ¸ÉÓ ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥ (23), (24);

e/2α = µD (45)

Å ¢¥²¨Î¨´  ³µ´µ¶µ²Ö „¨· ±  �c/(2e) = e/(2α).
„¢µ°±  ¶¥·¥¤ m0c

2 ¢ (44) ¶µ²ÊÎ¥´  ¢ ·¥§Ê²ÓÉ É¥ ¸ÊÐ¥¸É¢µ¢ ´¨Ö Ê ¶·µ-
Éµ¢µ²Î±  ¤¢ÊÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò: ¶µ¸ÉÊ¶ É¥²Ó´µ° ¨ ¢· Ð É¥²Ó´µ° (·¥Ï¥-
´¨¥ �°²¥·  Í¨±²µ¨¤ ²Ó´µ¥ [2, 6]), ±µÉµ·Ò¥ µ¶·¥¤¥²ÖÕÉ ¥£µ ±µ·¶Ê¸±Ê²Ö·´µ-
¢µ²´µ¢ÊÕ ¸É·Ê±ÉÊ·Ê (32), (36) [6] ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ (23), (24). Š ±
Ê¸É ´µ¢²¥´µ [3, 6], ¶µ¸ÉÊ¶ É¥²Ó´µ° ¸É¥¶¥´¨ ¸µµÉ¢¥É¸É¢Ê¥É É¥´§µ· Ô´¥·£¨¨-
¨³¶Ê²Ó¸  Œ¨´±µ¢¸±µ£µ,   ¢· Ð É¥²Ó´µ° ¸É¥¶¥´¨ Å É¥´§µ· Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
�¡· £ ³ . ‚§ ¨³µ¤¥°¸É¢¨¥ ±Ê²µ´µ¢¸±µ£µ § ·Ö¤  ¶·µÉµ¢µ²Î±  ¸ ³ £´¨É´Ò³ ¶µ-
²Õ¸µ³ ¡¨¶µ²Ö „¨· ±  (45) ¢ Ô²¥±É·µ´¥ ((e/2α)(e/r0)), Ö¢²ÖÕÐ¥¥¸Ö ·¥§Ê²ÓÉ -
Éµ³ ¤¢¨¦¥´¨Ö ¶·µÉµ¢µ²Î±  ¢´ÊÉ·¨ Ô²¥±É·µ´ , ¶µ¤µ¡´µ ¸¶¨´-µ·¡¨É ²Ó´µ³Ê
¢§ ¨³µ¤¥°¸É¢¨Õ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥.

’¥¶¥·Ó ´ °¤¥³ Î¥³Ê · ¢´  ³ ¸¸  Ô²¥±É·µ´  (m0ec
2) Î¥·¥§ ¥¤¨´¨ÍÊ ³ ¸¸Ò

¶·µÉµ¢µ²Î±  (m0c
2). �µÔÉµ³Ê µ¡µ§´ Î¨³

m0c
2 ≡ ξ; m0ec

2 ≡ η; (e/2α)(e/r0) ≡ f(r0), (46)

£¤¥ r0 Å ¶ · ³¥É·, É ± ± ± e ¨ α Å Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§¢¥¸É´Ò¥ ËÊ´¤ ³¥´-
É ²Ó´Ò¥ ±µ´¸É ´ÉÒ. �¥·¥§ ¶¨Ï¥³ (44) ¢ µ¡µ§´ Î¥´¨ÖÌ (46):

η = 2ξ − f(r0). (47)
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“· ¢´¥´¨¥ (47) ¸ ¤¢Ê³Ö ´¥¨§¢¥¸É´Ò³¨, ¤  ¥Ð¥ ¸µ¤¥·¦ Ð¥¥ ¶ · ³¥É·, µÉ´µ-
¸¨É¸Ö ± ±² ¸¸Ê Ê· ¢´¥´¨° „¨µË ´É ∗, ±µ£¤  Î¨¸²µ ´¥¨§¢¥¸É´ÒÌ ¡µ²ÓÏ¥ Î¨¸² 
Ê· ¢´¥´¨° ¢ ¸¨¸É¥³¥. �µÔÉµ³Ê ´ °¤¥³ ¥Ð¥ µ¤´µ Ê· ¢´¥´¨¥ ¤²Ö ´ Ìµ¦¤¥´¨Ö
·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (47). Š ± ÔÉµ µ¡ÒÎ´µ ¤¥² ¥É¸Ö, ´ ²µ¦¨³ £· ´¨Î´µ¥ Ê¸²µ-
¢¨¥ ´  ¶ · ³¥É· r0, ±µÉµ·µ¥ ¸²¥¤Ê¥É ¨§ µ¡Ö§ É¥²Ó´µ£µ Ë¨§¨Î¥¸±µ£µ É·¥¡µ¢ ´¨Ö
¢Ò¶µ²´¥´¨Ö ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±µ£µ ¸µµÉ´µÏ¥´¨Ö (32) ¨ ¤²Ö Ê· ¢´¥´¨Ö (47):

2r0 = (�/m0ec), (48)

£¤¥ (�/m0ec) Å ±µ³¶Éµ´µ¢¸± Ö ¤²¨´  ¢µ²´Ò Ô²¥±É·µ´  λ̄0, ´µ ´¥ ±² ¸¸¨Î¥-
¸±¨° · ¤¨Ê¸ Ô²¥±É·µ´ , ± ± ± § ²µ¸Ó ¡Ò ®a priori¯, ¡¥§ ¸¨³³¥É·¨§ Í¨¨ ¸µµÉ´µ-
Ï¥´¨° ƒ¥°§¥´¡¥·£ . �µÎ¥³Ê É ±?! ‚ÒÖ¸´¨³ ¶µ§¦¥, ±µ£¤  ¶µ²ÊÎ¨³ ³ ¸¸µ¢ÊÕ
Ëµ·³Ê²Ê ¤²Ö ³Õµ´ . ‚ · ³± Ì ¸µ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨° ËÊ´¤ ³¥´É ²Ó-
´µ¸ÉÓ λ̄0 ± ± ¶ · ³¥É·  (´µ ´¥ ±µ´¸É ´ÉÒ), µ¶·¥¤¥²ÖÕÐ¥£µ ³¨´¨³ ²Ó´ÊÕ
¶µ£·¥Ï´µ¸ÉÓ, ¸ ±µÉµ·µ° ³µ¦¥É ¡ÒÉÓ ¨§³¥·¥´  ±µµ·¤¨´ É  Î ¸É¨ÍÒ ¢ ¥¥ ¸¨-
¸É¥³¥ ¶µ±µÖ, § ±²ÕÎ¥´  ¢ Éµ³, ÎÉµ ´  · ¸¸ÉµÖ´¨ÖÌ, ³¥´ÓÏ¨Ì λ̄0, Ô²¥³¥´É ·´ Ö
Î ¸É¨Í  ¢Ò¸ÉÊ¶ ¥É ± ± ¸¨¸É¥³  ¸ ¡¥¸±µ´¥Î´Ò³ Î¨¸²µ³ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò, ¨ ¥¥
¢§ ¨³µ¤¥°¸É¢¨Ö ¤µ²¦´Ò µ¶¨¸Ò¢ ÉÓ¸Ö ¢ · ³± Ì ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö. ‚¸¥
ÔÉµ ± ± ·¥§Ê²ÓÉ É Éµ£µ, ÎÉµ Ô²¥³¥´É ·´ Ö Î ¸É¨Í , ²µ± ²¨§µ¢ ´´ Ö ¢ µ¡² ¸É¨
¸ ²¨´¥°´Ò³¨ · §³¥· ³¨ � λ̄0, ¸µ£² ¸´µ ¸µµÉ´µÏ¥´¨Õ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ƒ¥°-
§¥´¡¥·£  ¨³¥¥É ±¢ ´Éµ¢µ-³¥Ì ´¨Î¥¸±ÊÕ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ¨³¶Ê²Ó¸¥ � mc ¨
´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ Ô´¥·£¨¨ � mc2. ‡´ Î¥´¨¥ λ̄0 ´ Ìµ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥³ ¨§
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨§³¥·¥´¨° · ¸¸¥Ö´¨Ö ·¥´É£¥´µ¢¸±¨Ì ËµÉµ´µ¢ ´  Ô²¥±É·µ-
´ Ì ¶µ ¸¤¢¨£Ê ¤²¨´Ò ¢µ²´Ò ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨

¨ ¨³¶Ê²Ó¸  ∆λ = λ′ − λ =
h

mec
(1 − cos θ) (£¤¥ λ ¨ λ′ Å ¤²¨´  ¢µ²´Ò ¤µ ¨

¶µ¸²¥ · ¸¸¥Ö´¨Ö, θ Å Ê£µ² · ¸¸¥Ö´¨Ö, me Å ³ ¸¸  Ô²¥±É·µ´ ) ¶·¨ θ = π/2 ¢
¶·¥¤¸É ¢²¥´¨¨, ±µ£¤  ËµÉµ´ ´¥ ¢§ ¨³µ¤¥°¸É¢Ê¥É ¸ Ô²¥±É·µ´µ³. ‚ ·¥§Ê²ÓÉ É¥
(48) ËÊ´±Í¨Ö f(r0) ¨§ (44) ¶µ²ÊÎ ¥É¸Ö

(e/2α)(e/r0)
∣∣∣
r0=(̄λ0/2)

= m0ec
2 ≡ η, (49)

É ± ± ± α = e2/�c. ’ ±¨³ µ¡· §µ³, Ëµ·³Ê²  (49) ¶µ¤É¢¥·¦¤ ¥É µ¸´µ¢´µ°
¶µ¸ÉÊ² É ¸µ¢·¥³¥´´µ° ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, ÎÉµ ³ ¸¸  Î ¸É¨ÍÒ Ö¢²Ö¥É¸Ö
·¥§Ê²ÓÉ Éµ³ ¥¥ ÊÎ ¸É¨Ö ¢µ ¢§ ¨³µ¤¥°¸É¢¨ÖÌ. …¸²¨ ¶µ¤¸É ¢¨ÉÓ ¢ ¶· ¢ÊÕ Î ¸ÉÓ
(47) ¸µµÉ´µÏ¥´¨¥ (49), Éµ ¶µ²ÊÎ¨³ m0ec

2 = m0c
2. ’¥³ ¸ ³Ò³, ¢ ¶µ²¥¢µ° ³¥-

Ì ´¨±¥ ¶·µÉµ¢µ²Î±  ¸ ³ ¶·µÉµ¢µ²Îµ± ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¥¤¨´¨Î´Ò° ³ ¸ÏÉ ¡
³ ¸¸µ¢µ° Ï± ²Ò.

∗“· ¢´¥´¨Ö „¨µË ´É  Å ÔÉµ Ê· ¢´¥´¨Ö ¸ Í¥²µÎ¨¸²¥´´Ò³¨ ±µÔËË¨Í¨¥´É ³¨, ¤²Ö ±µÉµ·ÒÌ
¨ÐÊÉ¸Ö Í¥²µÎ¨¸²¥´´Ò¥ ·¥Ï¥´¨Ö.
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ˆÉ ±, ¢ ¶µ²¥¢µ° ³¥Ì ´¨±¥ ¶·µÉµ¢µ²Î±  Ê§ ±µ´¨¢ ¥É¸Ö ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¥¤¨-
´¨Î´ÒÌ § ·Ö¤µ¢ ¸µ£² ¸´µ „¨· ±Ê [10]: ±Ê²µ´µ¢¸±µ£µ ¨ ±· É´µ¸ÉÓ ³ £´¨É´ÒÌ
¢¥²¨Î¨´ ¶µ²Õ¸µ¢ ¢¥²¨Î¨´¥ ³µ´µ¶µ²Ö „¨· ±  (45). Š¢ ´Éµ¢ ´´µ¸ÉÓ ³ £´¨É-
´µ£µ § ·Ö¤  ¶µ²ÊÎ¥´  „¨· ±µ³ ± ± Ê¸²µ¢¨¥ ´¥¶·µÉ¨¢µ·¥Î¨¢µ¸É¨ Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ¤²Ö § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¢ ³ £´¨É´µ³ ¶µ²¥ ¨ ´ µ¡µ·µÉ. �µÎ¥³Ê?
‚ µÉ²¨Î¨¥ µÉ ±² ¸¸¨Î¥¸±µ° Ô²¥±É·µ¤¨´ ³¨±¨ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥ Î ¸É¨ÍÊ
³µ¦´µ ¶·¥¤¸É ¢²ÖÉÓ ¢µ²´µ°, ÎÉµ ´¥¨§¡¥¦´µ ¶·¨¢µ¤¨É ± ¨´É¥·Ë¥·¥´Í¨µ´´Ò³
ÔËË¥±É ³. � ±· É´µ¸ÉÓ ³ £´¨É´µ£µ § ·Ö¤  ¢µ§³µ¦´ , Éµ²Ó±µ ¥¸²¨ ±· É¥´ ¨
±Ê²µ´µ¢¸±¨° § ·Ö¤.

�µ³¨³µ ÔÉµ£µ ²¥£±µ Ê¢¨¤¥ÉÓ, ÎÉµ Î²¥´ (e/2α)(e/(λ̄0/2)) ¢ (44) ËÊ´±Í¨-
µ´ ²Ó´µ ¨£· ¥É ÉÊ ¦¥ ·µ²Ó, ÎÉµ ¨ ¤¥Ë¥±É ³ ¸¸Ò (Ô´¥·£¨Ö ¸¢Ö§¨) ¢ ¨§¢¥¸É´µ°
¶µ²ÊÔ³¶¨·¨Î¥¸±µ° ³ ¸¸µ¢µ° Ëµ·³Ê²¥ ¤²Ö Ö¤¥· ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
´Ê±²µ´µ¢ ³¥¦¤Ê ¸µ¡µ° ¢ Ö¤·¥. �É·¨Í É¥²Ó´Ò° §´ ± ¶¥·¥¤ ¤¥Ë¥±Éµ³ ³ ¸¸Ò
¢ (44) µ§´ Î ¥É, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸ Ö¤· ³¨, ÎÉµ Ô²¥±É·µ´ ®¸É Í¨µ´ ·¥´¯,  
´¥ ¶·µ¸Éµ ¤¨´ ³¨Î¥¸±¨ Ê¸Éµ°Î¨¢. ‘ ³  ¶µ ¸¥¡¥ ¤¨´ ³¨Î¥¸± Ö Ê¸Éµ°Î¨¢µ¸ÉÓ
¤µ¶Ê¸± ¥É É ±¦¥ ±µ´¥Î´µ¥ ¢·¥³Ö ¦¨§´¨ ¤¨´ ³¨Î¥¸±µ° ¸¨¸É¥³Ò, ´ ¶·¨³¥·
· ¤¨µ ±É¨¢´µ£µ Ö¤·  ¢ ¸²ÊÎ ¥ ¶µ²µ¦¨É¥²Ó´µ£µ §´ Î¥´¨Ö ¤¥Ë¥±É  ³ ¸¸Ò.

—Éµ¡Ò ¢ ¤ ²Ó´¥°Ï¥³ ¸· ¢´¨ÉÓ ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
§´ Î¥´¨Ö³¨, ¢ÒÎ¨¸²¨³ ¥¤¨´¨Î´ÊÕ ³ ¸ÏÉ ¡´ÊÕ ³ ¸¸Ê ¶·µÉµ¢µ²Î±  Î¥·¥§ ¥¤¨-
´¨ÍÊ ³ ¸¸Ò £ Ê¸¸µ¢µ° ¸¨¸É¥³Ò. �µ¤¸É ¢¨³ ¢ ²¥¢ÊÕ Î ¸ÉÓ (47) ¢³¥¸Éµ η ²¥¢ÊÕ
Î ¸ÉÓ (49), Éµ£¤ 

m0c
2 = (e/2α)(e/(λ̄0/2)) = 0, 5110042 ŒÔ‚. (50)

� ¸Ìµ¦¤¥´¨¥ 0, 8 Ô‚ ´  Ê·µ¢´¥ 0,5 ŒÔ‚ (50) ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³
³ ¸¸Ò Ô²¥±É·µ´  0, 5110034(14) ŒÔ‚ [21] (¢ ±·Ê£²ÒÌ ¸±µ¡± Ì ´ Ìµ¤¨É¸Ö ¶µ-
£·¥Ï´µ¸ÉÓ), ¨¸¶µ²Ó§Ê¥³Ò³ ¢ ¸µ¢·¥³¥´´µ° Ë¨§¨±¥ Î ¸É¨Í ¨ ¶µ²ÊÎ¥´´Ò³ ¢
 ´´¨£¨²ÖÍ¨µ´´ÒÌ ¨§³¥·¥´¨ÖÌ, ³µ¦´µ ÊÎ¥¸ÉÓ, ¥¸²¨ ÊÎ¥¸ÉÓ ¶·¥Í¥¸¸¨Õ ¨ ´Ê-
É Í¨Õ ¶·µÉµ¢µ²Î± , µ¡Ö§ É¥²Ó´Ò¥ ¶·¨ ´ Ìµ¦¤¥´¨¨ Ô²¥±É·µ´  ¢ ÉÖ£µÉ¥ÕÐ¥³
¶µ²¥. �µ ¢ Ô²¥±É·µ¤¨´ ³¨±¥ ¨¸¶µ²Ó§Ê¥É¸Ö §´ Î¥´¨¥ ³ ¸¸Ò Ô²¥±É·µ´ , · ¢´µ¥
0, 51099906(15) ŒÔ‚ [22], ¶µ²ÊÎ¥´´µ¥ ³ £´¨Éµ¸¶¥±É·µ³¥É·¨Î¥¸±¨³ ³¥Éµ¤µ³
¶µ¸·¥¤¸É¢µ³ ¨§³¥·¥´¨Ö e/m. ’µ£¤ , ± § ²µ¸Ó ¡Ò, (e/2α)(e/(λ̄0/2)) �= m0c

2.
‚ ÔÉµ³ ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö, ¶µ¤¸É ¢¨¢ ¸¶· ¢  §´ Î¥´¨¥ ®³ ¸¸Ò ¶µ±µÖ¯ Ô²¥±É·µ´ 
¢ £· ³³ Ì. ‚ Î¥³ ¤¥²µ?! „¥²µ ¢ Éµ³, ÎÉµ ¶·¨ ¶µ²ÊÎ¥´¨¨ ³ ¸¸µ¢µ° Ëµ·³Ê²Ò
¢ µ¡Ð¥³ ¢¨¤¥ ¢ É·¥Ì· §³¥·´µ³ ¶·µ¸É· ´¸É¢¥ ¤²Ö µÉ´µ¸¨É¥²Ó´µ ¸¢µ¡µ¤´µ£µ
Ô²¥±É·µ´ , ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥£µ Éµ²Ó±µ ¸ ÉÖ£µÉ¥ÕÐ¨³ ¶µ²¥³, µ´  ¶µ²ÊÎ ¥É¸Ö
¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

mec
2 = (m¶µ¸É c2 + m¢· c2) − (e/2α)(e/r). (51)

’µ£¤ , ¨ ÔÉµ µÎ¥¢¨¤´µ, ¸µ£² ¸´µ ¶·¨´Í¨¶Ê ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �µ·   ´´¨-
£¨²ÖÍ¨µ´´ Ö ³ ¸¸  Ô²¥±É·µ´  ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ É¥´§µ·Ê Ô´¥·£¨¨-¨³¶Ê²Ó¸ 
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�¡· £ ³ ,   ³ £´¨Éµ¸¶¥±É·µ³¥É·¨Î¥¸± Ö ³ ¸¸  Ô²¥±É·µ´  ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ-
¢ ÉÓ É¥´§µ·Ê Ô´¥·£¨¨-¨³¶Ê²Ó¸  Œ¨´±µ¢¸±µ£µ. ’¥³ ¸ ³Ò³ ³ ¸¸µ¢ Ö Ëµ·³Ê² 
(51) ¢¸±·Ò¢ ¥É ¤¨´ ³¨Î¥¸±¨° ³¥Ì ´¨§³ ¶·¨´Í¨¶  ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �µ· :
¤¥Ë¥±É ³ ¸¸Ò (Ô´¥·£¨Ö ¸¢Ö§¨) ¨£· ¥É ·µ²Ó £ ¸ÖÐ¥£µ Ë ±Éµ·  ¤²Ö ¶µ¸ÉÊ¶ É¥²Ó-
´µ° (±µ·¶Ê¸±Ê²Ö·´µ°) ¨²¨ ¢· Ð É¥²Ó´µ° (¢µ²´µ¢µ°) Ô´¥·£¨¨ ¢ § ¢¨¸¨³µ¸É¨
µÉ Ì · ±É¥·  ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¢´¥Ï´¨³ ³¨·µ³ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É·¥¡µ¢ ´¨¥³
¶·¨´Í¨¶  ®¶·¨£µÉµ¢²¥´¨Ö ¸µ¸ÉµÖ´¨Ö¯ ¢ · ³± Ì § ±µ´µ¢ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨
¢ �·¨·µ¤¥. ‘²¥¤µ¢ É¥²Ó´µ, ¶·¨´Í¨¶ ¤µ¶µ²´¨É¥²Ó´µ¸É¨ ¢ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¥
¢ µ¶·¥¤¥²¥´´µ³ ¸³Ò¸²¥ ¶·¥¡Ò¢ ¥É ¢ ¡µ²ÓÏ¥³ · ´£¥, Î¥³ § ±µ´Ò ¸µÌ· ´¥´¨Ö,
¨ ¸ ´¨³ µ·£ ´¨Î¥¸±¨ ¸¢Ö§ ´ ³ É¥³ É¨Î¥¸±¨°  ¶¶ · É ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨,  
´¥ ¶·µ¸Éµ Ë¨²µ¸µË¸É¢µ¢ ´¨¥, ± ± ³´µ£¨¥ ¶·¨³¨É¨¢´µ ¢µ¸¶·¨´¨³ ²¨ ¥£µ ¢
¢¥±¥ ³¨´Ê¢Ï¥³.

‚¸¥ ÔÉµ, ¢µ-¶¥·¢ÒÌ, ¸µ£² ¸Ê¥É¸Ö ¸ ¶·¨´Í¨¶µ³ µÉ´µ¸¨É¥²Ó´µ¸É¨ ± ¸·¥¤-
¸É¢ ³ ´ ¡²Õ¤¥´¨Ö ”µ±  [19, c. 13]: ¶·¨¡µ·Ò ¨ ¸·¥¤¸É¢  ´ ¡²Õ¤¥´¨Ö, ¢±²ÕÎ Ö
µ·£ ´Ò ÎÊ¢¸É¢ Î¥²µ¢¥±  (±µÉµ·Ò¥ ± ± ¡Ò ¨£· ÕÉ ·µ²Ó ¶·¨¡µ·µ¢, ¢³µ´É¨·µ¢ ´-
´ÒÌ ¢ Î¥²µ¢¥Î¥¸±¨° µ·£ ´¨§³), Ö¢²ÖÕÉ¸Ö ´¥µ¡Ìµ¤¨³Ò³ ¶µ¸·¥¤´¨±µ³ ³¥¦¤Ê
Î¥²µ¢¥Î¥¸±¨³ ¸µ§´ ´¨¥³ ¨ ¨§ÊÎ ¥³Ò³¨  Éµ³´Ò³¨ µ¡Ñ¥±É ³¨ Å ¸·¥¤¸É¢  ´ -
¡²Õ¤¥´¨Ö ¤µ²¦´Ò µ¶¨¸Ò¢ ÉÓ¸Ö ´  µ¸´µ¢¥ ±² ¸¸¨Î¥¸±¨Ì  ¡¸É· ±Í¨°, ´µ ¸ ÊÎ¥-
Éµ³ ¸µµÉ´µÏ¥´¨° ƒ¥°§¥´¡¥·£ Ä�µ· . ’µ£¤ , ´ ¶·¨³¥·, ³µ¦´µ µÉ¢¥É¨ÉÓ ´  ·¨-
Éµ·¨Î¥¸±¨° ¢µ¶·µ¸ �²µÌ¨´Í¥¢ , ¸Éµ·µ´´¨±  ± Ê§ ²Ó´µ° ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨:
± ±¨³ µ¡· §µ³ ®£µÉµ¢¨²µ¸Ó ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥¯ ¢ Ô¶µÌÊ ¤¨´µ§ ¢·µ¢? �É¢¥É
µÎ¥¢¨¤¥´, ´ ¶·¨³¥· ¸¥²¥±É¨¢´ÊÕ ËÊ´±Í¨Õ ¤²Ö ¸¢¥É  ¡· ²  ´  ¸¥¡Ö ¸¥ÉÎ É± 
£² §  ¤¨´µ§ ¢· .

Š·µ³¥ Éµ£µ, ¢¸¥ ¨§²µ¦¥´´µ¥ ¢ÒÏ¥ ¸µ£² ¸Ê¥É¸Ö ¸ É¥µ·¥³µ° �¥°³ ´  µ
¶µ²´µÉ¥ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨, ¤µ± § É¥²Ó¸É¢µ ±µÉµ·µ° ¸µ¸ÉµÖÉ¥²Ó´µ Éµ²Ó±µ
¶·¨ Ê¸²µ¢¨¨, ¥¸²¨ ¢ ¥£µ µ¸´µ¢¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ µ¤´µ¢·¥³¥´´µ µ¡  ± ´µ´¨Î¥-
¸±¨ ¸µ¶·Ö¦¥´´ÒÌ µ¶¥· Éµ· . �µ ¤¥ �·µ°²Ó, µ¡· É¨¢ ´  ÔÉµ ¢´¨³ ´¨¥ ± ±
´  ¶·µÉ¨¢µ·¥Î¨¥ ¸ ¶·¨´Í¨¶µ³ ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �µ· , ¢ ´ Î ²¥ 50-Ì £µ¤µ¢
¶·µÏ²µ£µ ¢¥±  ¶µ¸²¥ 20-²¥É´¥£µ ³µ²Î ´¨Ö ¸´µ¢  ¶µ¤´Ö² ¢µ¶·µ¸ µ¡ µ¡µ¡Ð¥-
´¨¨ ±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. …£µ ¶µ¤¤¥·¦ ² ¢ ¤ ´´µ³ ¢µ¶·µ¸¥ �µ³ (¸±·ÒÉÒ¥
¶ · ³¥É·Ò).

5. ���’�‚�‹—�Š Å ®Šˆ��ˆ—…Š¯ ŒˆŠ��—�‘’ˆ–

‚ · ³± Ì ¶µ²¥¢µ° ³¥Ì ´¨±¨ ¶·µÉ¨¢µ·¥Î¨¥, ´  ±µÉµ·µ¥ µ¡· É¨² ¢´¨³ ´¨¥
¤¥ �·µ°²Ó, ¸´¨³ ¥É¸Ö ¸µ£² ¸´µ ¶µ²ÊÎ¥´´µ³Ê ¤¨´ ³¨Î¥¸±µ³Ê ³¥Ì ´¨§³Ê ¶·¨´-
Í¨¶  ¤µ¶µ²´¨É¥²Ó´µ¸É¨ �µ· . �µ É¥µ·¥³¥ �¥°³ ´  ¸ ³µ¸µ¶·Ö¦¥´´ Ö  ²£¥¡· 
�¥°³ ´  Ö¢²Ö¥É¸Ö ¶µ¤ ²£¥¡·µ° ƒ¨²Ó¡¥·É  (²¥¢µ° ¨ ¶· ¢µ°) Éµ£¤  ¨ Éµ²Ó±µ
Éµ£¤ , ±µ£¤   ²£¥¡·  �¥°³ ´  (¨²¨ ¥¥ ¥¤¨´¨Î´Ò° Ï ·) § ³±´ÊÉ  ¢ ¸² ¡µ°,
¸¨²Ó´µ° ¨²¨ Ê²ÓÉ· ¸¨²Ó´µ°, ´µ ´¥ · ¢´µ³¥·´µ° µ¶¥· Éµ·´µ° Éµ¶µ²µ£¨¨. „µ-
¶µ²´¨É¥²Ó´µ° É ±µ° ¸É·Ê±ÉÊ·µ° Éµ¶µ²µ£¨Î¥¸±µ£µ ¶·µ¸É· ´¸É¢  µ¡² ¤ ¥É ¶·µ-
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¸É· ´¸É¢µ �µ´É·Ö£¨´  [23], ¶·¥¤¸É ¢²ÖÕÐ¥¥ ¸µ¡µ° £¨²Ó¡¥·Éµ¢µ ¶·µ¸É· ´¸É¢µ
¸ ¨´¤¥Ë¨´¨É´µ° ³¥É·¨±µ°, ¢ ±µÉµ·µ³, ± ± ¨ ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ Œ¨´±µ¢-
¸±µ£µ, ³¥É·¨±  ´¥ Ö¢²Ö¥É¸Ö §´ ±µµ¶·¥¤¥²¥´´µ° (¢·¥³¥´¨¶µ¤µ¡´µ° ¨²¨ ¶·µ-
¸É· ´¸É¢¥´´µ¶µ¤µ¡´µ°). ˆ ± ± ¢ÒÖ¸´¥´µ [¸³. ¶µ¤·µ¡´ÊÕ ¸É ÉÓÕ], ¶² ´¨³¥-
É·¨Ö ¶·µ¸É· ´¸É¢  ”·¨¤³ ´ Ä‹µ¡ Î¥¢¸±µ£µ [14] ¸µ¤¥·¦¨É¸Ö ¢ ¶·µ¸É· ´¸É¢¥
�µ´É·Ö£¨´  ¢ ¢¨¤¥ Ì·µ´µ£¥µ³¥É·¨¨, É ± ¦¥ ± ± ¨ ¶² ´¨³¥É·¨Ö ‹µ¡ Î¥¢¸±µ£µ
(17) ¸µ¤¥·¦¨É¸Ö ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ƒ ²¨²¥Ö. �·¨ ÔÉµ³, É¥³ ´¥ ³¥´¥¥,
´¨¦¥ ¶·¨  ´ ²¨§¥ ³ ¸¸µ¢µ° Ëµ·³Ê²Ò ¶·µÉµ´  ¢ · ³± Ì É¥µ·¨¨ ¶µÉ¥´Í¨-
 ²  ¡Ê¤¥É ´ °¤¥´  Ë¨§¨Î¥¸± Ö ¶·¨Î¨´  ´¥¨§¡¥¦´µ¸É¨ ¢¥·µÖÉ´µ£µ Éµ²±µ¢ ´¨Ö
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨.

‚ ¤ ²Ó´¥°Ï¥³ ¶µ¸ÉÊ¶ É¥²Ó´Ò¥ ³ ¸¸µ¢Ò¥ Ëµ·³Ê²Ò ¤²Ö ¤·Ê£¨Ì Î ¸É¨Í ¡Ê-
¤ÊÉ ¶·¨¢¥¤¥´Ò ¡¥§ ÊÎ¥É  ¶·¥Í¥¸¸¨¨ ¨ ´ÊÉ Í¨¨ ¶·µÉµ¢µ²Î±µ¢ ¢ ÉÖ£µÉ¥ÕÐ¥³
¶µ²¥ ¢ ¶·µ¸É· ´¸É¢¥ ¤¢ÊÌ ¨§³¥·¥´¨°: ¢·¥³¥´¨ ¨ Ê£²  Å ¤²Ö ±µ´Í¥¶ÉÊ ²Ó´µ°
Ë¨§¨Î¥¸±µ° ¶·µ§· Î´µ¸É¨ ÔÉ¨Ì Ëµ·³Ê².

‚ · ³± Ì ¶µ²¥¢µ° ³¥Ì ´¨±¨ ¤²Ö ³¨±·µ¸¨¸É¥³ ¨§ ¶·µÉµ¢µ²Î±µ¢, ¢§ ¨³µ-
¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ°, ¶µ²ÊÎ¥´Ò µ¡µ¡Ð¥´´Ò¥ ·¥Ï¥´¨Ö ‹ £· ´¦  É·¥Ì-
É¥²Ó´µ° § ¤ Î¨ [24] ¸ ±µ²¨Î¥¸É¢¥´´Ò³¨ µ¸´µ¢´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ¨ Ö¤¥· Î¥·¥§ ËÊ´¤ ³¥´É ²Ó´Ò¥ ±µ´¸É ´ÉÒ ¡¥§ ¥¤¨´µ£µ ¶ -
· ³¥É· .

’ ±, ± ± µ± § ²µ¸Ó, ³Õµ´ (µ) ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ ¶·µÉµ¢µ²Î±µ¢ ¨ µ¤´µ£µ
 ´É¨¶·µÉµ¢µ²Î± . �µ¤  ´É¨¶·µÉµ¢µ²Î±µ³ ¶µ´¨³ ¥É¸Ö  ´É¨Î ¸É¨Í  ¢ ¶·¥¤¸É -
¢²¥´¨¨ „¨· ± , É ± ± ±, ¢ÒÏ¥ µ¡ ÔÉµ³ Ê¦¥ £µ¢µ·¨²µ¸Ó, Ê· ¢´¥´¨¥ „¨· ± 
¤²Ö ¸¢µ¡µ¤´µ£µ ·¥²ÖÉ¨¢¨¸É¸±µ£µ Ô²¥±É·µ´ , ´  ¶·¨³¥·¥ ·¥Ï¥´¨Ö ¶·µ¡²¥³Ò
‹Ô³¡ , µ± § ²µ¸Ó ´  ¸ ³µ³ ¤¥²¥ Ê· ¢´¥´¨¥³ ¶·µÉµ¢µ²Î±  ¢ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥.
�  ¡ §¥ ÉµÎ´µ£µ µ¡µ¡Ð¥´´µ£µ É·¥Ê£µ²Ó´µ£µ ·¥Ï¥´¨Ö ‹ £· ´¦  É·¥ÌÉ¥²Ó´µ°
§ ¤ Î¨ ¶µ²ÊÎ¥´  ³ ¸¸µ¢ Ö Ëµ·³Ê²  ¤²Ö ³Õµ´ :

mµc2 =
(

3 ·
(

m0c
2

2α

))
+

( e

2α

)
2 · e

2α
1
3
r�

−
1
3
e

r0


 = 105, 634 064 ŒÔ‚,

mµ, Ô±¸¶ c2 = 105, 658 389(34) ŒÔ‚ [21,22], (52)

£¤¥ (m0c
2/2α) Å ³ ¸¸  ¶·µÉµ¢µ²Î±  ¢ ³Õµ´¥, r� = (�/m0e

2) Å · ¤¨Ê¸ �µ· .
‘µµÉ´µÏ¥´¨¥ (52), ± ± µ± § ²µ¸Ó ¶·¨  ´ ²¨§¥, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¨´É¥§

¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ Ëµ·³Ê² ¸µµÉ¢¥É¸É¢¥´´µ ¢ Ö¤¥·´µ° Ë¨§¨±¥ ¨ ³ £´¨Éµ-
¤¨´ ³¨±¥, µ¡µ¡Ð¥´´ÒÌ ´  ³¨±·µ³¨·. �¤´  ¨§ ´¨Ì, µ¸´µ¢´ Ö, Å ¶µ²ÊÔ³¶¨-
·¨Î¥¸± Ö ³ ¸¸µ¢ Ö Ëµ·³Ê²  ¤²Ö ´Ê±²¨¤µ¢ ¢ Ö¤¥·´µ° Ë¨§¨±¥, · ¡µÉ ÕÐ Ö µÉ
¢µ¤µ·µ¤  ¤µ ÉÖ¦¥²ÒÌ Ô²¥³¥´Éµ¢ É ¡²¨ÍÒ Œ¥´¤¥²¥¥¢  ¢±²ÕÎ¨É¥²Ó´µ:

∆mÖc
2 = m Ö, Ô±¸¶ c2 − (mn(A − Z) + mpZ) c2, (53)

±µÉµ· Ö µ¤´µ§´ Î´µ µ¶·¥¤¥²Ö¥É ¢ § ¢¨¸¨³µ¸É¨ µÉ §´ ±  ¤¥Ë¥±É  ³ ¸¸Ò Ö¤·µ
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¸É Í¨µ´ ·´µ¥ ¨²¨ · ¤¨µ ±É¨¢´µ¥. �·¨ ÔÉµ³ ¤¥Ë¥±É ³ ¸¸Ò · ¢¥´ Ô´¥·£¨¨ · ¸-
¶ ¤  É ±µ£µ Ö¤· , ¢ ¸²ÊÎ ¥ ¶µ²µ¦¨É¥²Ó´µ£µ §´ Î¥´¨Ö ¤ ´´µ£µ ¤¥Ë¥±É , ¨ ¨¸-
¶µ²Ó§Ê¥É¸Ö ¢  Éµ³´µ° Ô´¥·£¥É¨±¥. ‚Éµ· Ö Ëµ·³Ê² 

F², ³ £´ = µH

(
H− 1

c
[v,E]

)
, (54)

¶·¥¤¸É ¢²ÖÕÐ Ö ¸µ¡µ° ¨§¢¥¸É´Ò° ³ £´¨É´Ò°  ´ ²µ£ ¸¨²Ò ‹µ·¥´Í  ¢ ³ £´¨-
Éµ¤¨´ ³¨±¥, É ±¦¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¸¥¶ · Í¨¨ ¨§µÉµ¶µ¢.

‚ ¸²ÊÎ ¥ (52) µH = µD; (2·(e/2α)) Å ¡¨¶µ²Ó „¨· ±  ¶·µÉµ¢µ²Î± ;
1
3
e Å

¤·µ¡´Ò° ±Ê²µ´µ¢¸±¨° § ·Ö¤ ¶·µÉµ¢µ²Î±  µÉ´µ¸¨É¥²Ó´µ Í¥´É·  ¨´¥·Í¨¨ ³Õ-
µ´  ¸µ£² ¸´µ Éµ³Ê, ÎÉµ ±Ê²µ´µ¢¸±¨° § ·Ö¤, ± ± Ê¸É ´µ¢²¥´µ [2, 6], ¶·¥¤¸É -
¢²Ö¥É ¸µ¡µ° ³¥Ì ´¨Î¥¸±¨° ³µ³¥´É µ¡µ¡Ð¥´´µ£µ ¢¥±Éµ·  “³µ¢ Ä�µ°´É¨´£ 
¤²Ö ¶²µÉ´µ¸É¨ Ô´¥·£¨¨. �µ²µ¦¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¤¥Ë¥±É  ³ ¸¸Ò ³Õµ´  ¢ ¸µ-
µÉ¢¥É¸É¢¨¨ ¸ (53) µ§´ Î ¥É, ÎÉµ ³Õµ´ · ¤¨µ ±É¨¢´Ò°,   §´ Î¨É, ®·ÒÌ²Ò°¯ Å
§´ Î¨É¥²Ó´ Ö ¶·¥Í¥¸¸¨Ö ¨ ´ÊÉ Í¨Ö ¥£µ ¶·µÉµ¢µ²Î±µ¢ ¢ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥.

Œ ¸¸  ¶·µÉµ¢µ²Î±  (m0c
2/2α) Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ Éµ£µ, ÎÉµ ¥£µ ³ ¸-

¸µ¢ Ö Ëµ·³Ê²  ¨³¥¥É ÉÊ ¦¥ ¸É·Ê±ÉÊ·Ê, ÎÉµ ¨ ³ ¸¸µ¢ Ö Ëµ·³Ê²  Ô²¥±É·µ´  ¢
ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥ (51) [2], Éµ²Ó±µ ¶·¨ £· ´¨Î´µ³ Ê¸²µ¢¨¨, ´ ±² ¤Ò¢ ¥³µ³ ´ 
· ¤¨Ê¸ ¶·µÉµ¢µ²Î±  ¢ ¸²ÊÎ ¥ ³Õµ´ :

(e/2α)(e/r¶·)
∣∣∣
r ¶·=(e2/m0c2)

=
m0c

2

2α
, (55)

£¤¥ (e2/m0c
2) Å · ¤¨Ê¸ ¶·µÉµ¢µ²Î± ,   ´¥ ±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ Ô²¥±É·µ´ ,

± ± ¸Î¨É ²¨ ¢ ¶·µÏ²µ³ ¢¥±¥. ‘µµÉ´µÏ¥´¨¥ (55) ¥Ð¥ · § ¶µ¤É¢¥·¦¤ ¥É, ÎÉµ
·¥²ÖÉ¨¢¨¸É¸±µ¥ Ê· ¢´¥´¨¥ „¨· ±  Å Ê· ¢´¥´¨¥ ¶·µÉµ¢µ²Î± , ±µÉµ·Ò° ¶µ ¸ÊÉ¨
¸¢µ¥° ¢¸¥£¤  ·¥²ÖÉ¨¢¨¸É¸±¨°.

„²Ö ¶·µÉµ´  (p) ³ ¸¸µ¢ Ö Ëµ·³Ê²  ¶µ²ÊÎ¥´  ¢ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö 27-É¥²Ó-
´µ° § ¤ Î¨ ¸ ¶µ³µÐÓÕ · §· ¡µÉ ´´µ£µ ± ¸± ¤´µ£µ ³¥Éµ¤ : ¸¢¥¤¥´¨¥ É ±µ° § -
¤ Î¨ ± ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ´ Ìµ¦¤¥´¨° ·¥Ï¥´¨° ‹ £· ´¦  É·¥ÌÉ¥²Ó´µ° § ¤ -

Î¨ ¶µ Í¥´É· ³ ¨´¥·Í¨¨ ¶µ¤¸¨¸É¥³ ¶·µÉµ¢µ²Î±µ¢

(
3 ·

(
3 ·

(
3 ·

(
m0c

2

2α

))))
,

¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ°:

mpc
2 =

(
3 ·

(
3 ·

(
3 ·

(
m0c

2

2α

))))
− 3

( e

2α

)
×

×


3 ·

(
2 ·

( e

2α

))
1
3
r�

+

1
3

(
1
3
e

)
r0


 = 938, 272 14 ŒÔ‚; (56)

mp, Ô±¸¶ c2 = 938, 272 31(28) ŒÔ‚ [21,22].
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’¥³ ¸ ³Ò³, ¶·µÉµ´ ¸µ¸Éµ¨É ¨§ 14  ´É¨¶·µÉµ¢µ²Î±µ¢ ¨ 13 ¶·µÉµ¢µ²Î±µ¢,
µ¡· §ÊÕÐ¨Ì £·Ê¶¶Ê ¸¨³³¥É·¨¨ E6 Å 27 Î ¸É¨Í. ‚ ²¥´É´Ò°  ´É¨¶·µÉµ¢µ²-
Îµ± ¶·¥¤¸É ¢²Ö¥É ¢´¥Ï´¨¥ Ì · ±É¥·¨¸É¨±¨ ¶·µÉµ´ . �µ¸²¥¤´¥¥ ¸² £ ¥³µ¥ ¢
(56) ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³ §´ ±µ³ ¶µ ¸· ¢´¥´¨Õ ¸ É ±¨³ ¦¥ ¸² £ ¥³Ò³ ¢ (54),
¶·¥¤¸É ¢²ÖÕÐ¨³ ¸µ¡µ° ¢¥±Éµ·´µ¥ ¶·µ¨§¢¥¤¥´¨¥, ¸¢Ö§ ´µ ¸ ±µ´±·¥É´µ° µ·¨-
¥´É Í¨¥° ¡¨¶µ²¥° ¶·µÉµ¢µ²Î±µ¢ ¢ ¶·µÉµ´¥. �É²¨Î¨¥ ¢ 170 Ô‚ ´  Ê·µ¢´¥
∼ 1 ƒÔ‚ µÉ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ Î¥´¨Ö, §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥¥  ´ ²µ£¨Î-
´µ£µ µÉ±²µ´¥´¨Ö §´ Î¥´¨Ö ³ ¸¸Ò ³Õµ´  (52), µ¡Ê¸²µ¢²¥´µ ¥£µ ±µ³¶ ±É´µ-
¸ÉÓÕ ¢ ·¥§Ê²ÓÉ É¥ ¸É ¡¨²Ó´µ¸É¨ ¶·µÉµ´  Å µÉ·¨Í É¥²Ó´µ¥ §´ Î¥´¨¥ ¤¥Ë¥±É 
³ ¸¸Ò ¢ (56). �Î¥¢¨¤´µ, ÎÉµ ®£²Õµ´¯ ´¥ ÎÉµ ¨´µ¥, ± ± ËÊ´¤ ³¥´É ²Ó´Ò°
±¢ ´É „¦µ§¥Ë¸µ´  ³ £´¨É´µ£µ ¶µÉµ± , ¢µ§´¨± ÕÐ¥£µ ³¥¦¤Ê ¶·µÉ¨¢µ¶µ²µ¦-
´Ò³¨ ¶µ²Õ¸ ³¨ ¡¨¶µ²¥° ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ° ¶·µÉµ¢µ²Î±µ¢ ¢
¶·µÉµ´¥ (56), ¨³¥ÕÐ¨° ¢ ÔÉµ³ ¸²ÊÎ ¥ · §²¨Î´Ò¥ ±¢ ´Éµ¢Ò¥ ¸µ¸ÉµÖ´¨Ö ¢
¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¨´Í¨¶µ³ � Ê²¨ ¶µ¤µ¡´µ £¨¶µÉ¥É¨Î¥¸±¨³ ®Í¢¥É´Ò³ £²Õ-
µ´ ³¯ ¢ ±¢ ´Éµ¢µ° Ì·µ³µ¤¨´ ³¨±¥ [25]. ’¥³ ¸ ³Ò³ ¶µ¤É¢¥·¦¤ ¥É¸Ö ¢Ò¢µ¤
„¨· ±  [10] µ ¤¨¸±·¥É´µ¸É¨ ³ £´¨É´µ£µ § ·Ö¤  ¨ ·¥ ²Ó´µ¸É¨ ¨§¢¥¸É´µ° ¸¢Ö§¨
³¥¦¤Ê ³µ´µ¶µ²¥³ „¨· ±  ¸ ±¢ ´Éµ³ ³ £´¨É´µ£µ ¶µÉµ±  „¦µ§¥Ë¸µ´ . �¢Éµ-

´µ³´ Ö ¢ ¶·µÉµ´¥ ± ¸± ¤´ Ö ¶µ¤¸¨¸É¥³  ¶·µÉµ¢µ²Î±µ¢

(
3 ·

(
m0c

2

2α

))
, ¥¸²¨

¥¥ ¸· ¢´¨ÉÓ ¸ (52), Ö¢²Ö¥É¸Ö ±¢ ´Éµ¢Ò³ ¸µ¸ÉµÖ´¨¥³ ¢ ¶·µÉµ´¥ ®¡¥¸Ìµ§´µ£µ¯,
´¥ ¢Ìµ¤ÖÐ¥£µ ´¨ ¢ µ¤´µ ¸¥³¥°¸É¢µ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ³Õµ´ , ¶·¥¤¸É -
¢²ÖÕÐ¥£µ ¸µ¡µ° ®¶·¥µ´¯. ®�·¥µ´¯ £¨¶µÉ¥É¨Î¥¸±¨ ¢¢¥¤¥´ ¢ ¡¥¸¸É·Ê±ÉÊ·´µ³
ÉµÎ¥Î´µ³ ¢¨¤¥ ¢ Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ³µ¤¥²Ó´ÊÕ É¥µ·¨Õ Î ¸É¨Í [26] ± ±
Î ¸É¨Í , ¨§ ±µÉµ·ÒÌ ¶·¥¤¶µ²µ¦¨É¥²Ó´µ ¸µ¸ÉµÖÉ ²¥¶Éµ´Ò ¨ ±¢ ·±¨, ÎÉµ¡Ò
µ¡ÑÖ¸´¨ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶µ±µ²¥´¨° Ë¥·³¨µ´µ¢. ’µ£¤  ±¢ ·±µ¶µ¤µ¡´ Ö ¶µ¤-
¸¨¸É¥³  (3 · (3 · (m0c

2/2α)) ¥¸ÉÓ ±¢ ´Éµ¢µ¥ ¸µ¸ÉµÖ´¨¥ ¢ ¶·µÉµ´¥ τ -²¥¶Éµ´  ¸µ-
£² ¸´µ ¥£µ É·¥Ì²¥¶Éµ´´Ò³ ³µ¤ ³ · ¸¶ ¤ ,   É ±¦¥ ¸µ£² ¸´µ £·Ê¶¶¥ ¸¨³³¥É·¨°
E6, ±µÉµ· Ö ¢µ§´¨± ¥É ¶·¨ · ¸¸³µÉ·¥´¨¨ £·Ê¶¶ ¸¨³³¥É·¨° ¶µ±µ²¥´¨° Ë¥·-

³¨µ´µ¢. —¨¸²¨É¥²Ó ¢ ¶µ¸²¥¤´¥³ ¸² £ ¥³µ³ ¢ (56)

(
1
3

(
1
3
e

))
¶µ¤É¢¥·¦¤ ¥É,

ÎÉµ § ·Ö¤ ±¢ ·±  ¢´¥Ï´¨° ¶µ µÉ´µÏ¥´¨Õ ± § ·Ö¤Ê ¸É·Ê±ÉÊ·´µ£µ ¶·¥µ´  (52)
¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥³, ÎÉµ § ·Ö¤ Å ³¥Ì ´¨Î¥¸±¨° ³µ³¥´É ¢¥±Éµ·  “³µ¢ Ä
�µ°´É¨´£  ¤²Ö ¶²µÉ´µ¸É¨ Ô´¥·£¨¨ [2,6].

Šµ£¤  ¢ ¶¥·¢µ° ¶µ²µ¢¨´¥ ¶·µÏ²µ£µ ¢¥±  Ëµ·³¨·µ¢ ² ¸Ó ±¢ ´Éµ¢ Ö ³¥Ì -
´¨± , Ô²¥±É·µ´ ¨ ¶·µÉµ´ ¸Î¨É ²¨¸Ó ÉµÎ¥Î´Ò³¨ µ¡Ñ¥±É ³¨, ÔÉµ ¨ ¸É ²µ ¶·¨Î¨-
´µ° ´¥¶·¨ÖÉ¨Ö ¡µ²ÓÏ¨´¸É¢µ³ Ë¨§¨±µ¢ ¢ Éµ ¢·¥³Ö ¢¥·µÖÉ´µ¸É´µ£µ Éµ²±µ¢ ´¨Ö
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨. …¸²¨ ¢ ¸µ£² ¸¨¨ ¸ É·¥¡µ¢ ´¨¥³ ¶·¨´Í¨¶  ¤µ¶µ²´¨É¥²Ó-
´µ¸É¨ �µ·  ®¶·¨£µÉµ¢¨ÉÓ¯ ¨§ÊÎ ¥³Ò¥ ¸µ¸ÉµÖ´¨Ö, ´ ¶·¨³¥·  Éµ³µ¢ ¢µ¤µ·µ¤ ,
´ Ìµ¤ÖÐ¨Ì¸Ö ¢ £ §µµ¡· §´µ³ ¸µ¸ÉµÖ´¨¨, µ¡²ÊÎ¨¢ ¨Ì Ô²¥±É·µ´´Ò³ ¶ÊÎ±µ³,
Éµ ¸· §Ê ¸É ´µ¢¨É¸Ö Ö¸´  ¶·¨Î¨´  É ±µ£µ Éµ²±µ¢ ´¨Ö: ÔÉµ ¤¨´ ³¨Î¥¸± Ö
¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ Ö ¸É·Ê±ÉÊ·  ¶·µÉµ´  ¨ Ô²¥±É·µ´ . �µÉ¥´Í¨ ²Ó´ Ö
Ô´¥·£¨Ö Ô²¥±É·µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ¢ · §²¨Î´ÒÌ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ¢
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 Éµ³¥ ¢µ¤µ·µ¤ , Ëµ·³¨·Ê¥³ÒÌ §  ±µ´¥Î´µ¥ ¢·¥³Ö, ¤¨¸±·¥É´  ¨ § ¢¨¸¨É µÉ
´¥Ê¶·Ê£µ£µ ¸Éµ²±´µ¢¥´¨Ö ¥£µ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¸ Ô²¥±É·µ´ ³¨ ¶ÊÎ± .
�¥§Ê²ÓÉ ÉÒ É ±¨Ì ¸Éµ²±´µ¢¥´¨° ¸ ³¨ ¶µ ¸¥¡¥ § ¢¨¸ÖÉ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µÉ ¶µ-
²µ¦¥´¨Ö ¸É ²±¨¢ ÕÐ¨Ì¸Ö Ô²¥±É·µ´µ¢ ± ¶µ²µ¦¥´¨Õ ¢ ²¥´É´µ£µ ¶·µÉµ¢µ²Î± 
¢ ¶·µÉµ´¥, ¢ ±µÉµ·µ³ µ´ ¤¢¨¦¥É¸Ö. ’ ±¨³ µ¡· §µ³, ¢¥·µÖÉ´µ¥ Éµ²±µ¢ ´¨¥
±¢ ´Éµ¢µ° ³¥Ì ´¨±¨ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ § ¢¨¸¨³µ¸É¨ ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·-
£¨¨ Î ¸É¨ÍÒ µÉ ¥¥ ¶µ²µ¦¥´¨Ö µÉ´µ¸¨É¥²Ó´µ ¤·Ê£µ° Î ¸É¨ÍÒ, ¸ ±µÉµ·µ° µ´ 
¢§ ¨³µ¤¥°¸É¢Ê¥É, ¢ µÉ²¨Î¨¥ µÉ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨, § ¢¨¸ÖÐ¥° Éµ²Ó±µ µÉ ¥¥
µÉ´µ¸¨É¥²Ó´µ° ¸±µ·µ¸É¨.

„ ²¥¥, ³ ¸¸µ¢ Ö Ëµ·³Ê²  ¤²Ö ´¥°É·µ´  ¶µ²ÊÎ¥´  ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

mnc2 = mpc
2 +

( e

2α

) 
2 ·

( e

2α

)
1
3
r�

+
e

r0


 = 939, 54965 ŒÔ‚;

mn, Ô±¸¶ c2 = 939, 56563(28) ŒÔ‚ [21,22]. (57)

�µ²µ¦¨É¥²Ó´µ¥ §´ Î¥´¨¥ ¤¥Ë¥±É  ³ ¸¸Ò ¢ (57) µ¤´µ§´ Î´µ ¶µ± §Ò¢ ¥É,
ÎÉµ ´¥°É·µ´ · ¤¨µ ±É¨¢¥´,   ¸²¥¤µ¢ É¥²Ó´µ, ´¥°É·µ´ ± ± ¤¨´ ³¨Î¥¸± Ö ¸¨-
¸É¥³  ®·ÒÌ²Ò°¯. �¥°É·µ´ ¨³¥¥É ¥Ð¥ µ¤¨´ ®¶·¨²¨¶Ï¨°¯ ± ¶·µÉµ´Ê ¶·µÉµ¢µ²-
Îµ±, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨° ¸ ¶·µÉµ´µ³ ¢´¥Ï´¥ µ¤´¨³ ¶µ²Õ¸µ³ ¸¢µ¥£µ ¡¨¶µ²Ö
„¨· ±  ¨ ¸¢µ¨³ ±Ê²µ´µ¢¸±¨³ § ·Ö¤µ³. ’µ, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µÉµ¢µ²Î±  ¸
¶·µÉµ´µ³ ¢´¥Ï´¥, ¶µ¤É¢¥·¦¤ ¥É¸Ö Í¥²µÎ¨¸²¥´´µ¸ÉÓÕ ±Ê²µ´µ¢¸±µ£µ § ·Ö¤  ¢
Î¨¸²¨É¥²¥ ¶µ¸²¥¤´¥£µ ¸² £ ¥³µ£µ ¢ (57). ‚ ·¥§Ê²ÓÉ É¥ ¤·Ê£¨³ ¶µ²Õ¸µ³ ¡¨¶µ²Ö
¢´¥Ï´¥£µ ¶·µÉµ¢µ²Î±  ´¥°É·µ´ ³µ¦¥É ¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ ¥Ð¥ ¸ µ¤´¨³ ¶·µÉµ-
´µ³, ´ ¶·¨³¥· ± ± ¢ ¤¥°É·µ´¥. �µÔÉµ³Ê Ö¤¥·´Ò¥ ¸¨²Ò § ¢¨¸ÖÉ µÉ µ·¨¥´É Í¨¨
¢ ¸µ£² ¸¨¨ ¸ ´ ¡²Õ¤ ¥³Ò³¨ Ë ±É ³¨. ’ ±, ´ ¶·¨³¥·, ´¥°É·µ´ ¨ ¶·µÉµ´ Ê¤¥·-
¦¨¢ ÕÉ¸Ö ¢³¥¸É¥, µ¡· §ÊÖ Ö¤·µ ¤¥°É·µ´  Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ ¨Ì ¸¶¨´Ò
¶ · ²²¥²Ó´Ò ¤·Ê£ ¤·Ê£Ê (Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É, ´¥ ¨³¥ÕÐ¨° É¥µ·¥É¨Î¥-
¸±µ£µ µ¡µ¸´µ¢ ´¨Ö ¢ · ³± Ì ¸µ¢·¥³¥´´ÒÌ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ³µ¤¥²Ó´ÒÌ
É¥µ·¨ÖÌ Ö¤· ). Š·µ³¥ Éµ£µ, ¸É ´µ¢¨É¸Ö ¶µ´ÖÉ´Ò³, ¶µÎ¥³Ê Ö¤¥·´Ò¥ ¸¨²Ò ´¥
Í¥´É· ²Ó´Ò (É ±¦¥ Éµ²Ó±µ Ô±¸¶¥·¨³¥´É ²Ó´Ò° Ë ±É).

‚¸¥ ¸± § ´´µ¥ ¢ÒÏ¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö ¶µ²ÊÎ¥´´µ° ³ ¸¸µ¢µ° Ëµ·³Ê²µ° ¤²Ö
¤¥°É·µ´ :

mdc
2 = (mpc

2 + mnc2) −
( e

2α

)

3 ·

(
2 ·

( e

2α

))
1
3
r�

−

(
1
3
e

)
πr0


 =

= (mpc
2 + mnc2) − 2, 24530 ŒÔ‚; (58)

∆md, Ô±¸¶ c2 = −2, 24579 ŒÔ‚ [21,22].
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�É·¨Í É¥²Ó´Ò° §´ ± ¶¥·¥¤ ¤¥Ë¥±Éµ³ ³ ¸¸Ò µ§´ Î ¥É, ÎÉµ ¤¥°É·µ´ ¸É ¡¨²¥´,
  ¸²¥¤µ¢ É¥²Ó´µ, ±µ³¶ ±É¥´ ¸ µÉ²¨Î¨¥³ ¢ ³ ¸¸¥ µÉ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ §´ -
Î¥´¨Ö 490 Ô‚ ´  Ê·µ¢´¥ ∼ 2 ƒÔ‚. ‡´ ³¥´ É¥²Ó πr0 ¢ ¶µ¸²¥¤´¥³ ¸² £ ¥³µ³
¨ ³´µ¦¨É¥²Ó 3 ¶¥·¥¤ ¶¥·¢Ò³ ¸² £ ¥³Ò³ ¢ ¸±µ¡± Ì Ëµ·³Ê²Ò (58) Ê± §Ò¢ ¥É
´  Éµ, ÎÉµ ´¥°É·µ´ ®¸±µ²Ó§¨É¯ ¶µ ¶·µÉµ´Ê, ¨ É¥³ ¸ ³Ò³ ¶·µÉµ´ ³µ¦¥É ¥Ð¥
¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ ¸ µ¤´¨³ ¨²¨ ´¥¸±µ²Ó±¨³¨ ´¥°É·µ´ ³¨ (É ±¦¥ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò° Ë ±É Å ´ ¸ÒÐ¥´¨¥ Ö¤¥·´ÒÌ ¸¨²), ´ ¶·¨³¥· ¢ É·¨É¨¨.

’ ±¨³ µ¡· §µ³, Éµ, ÎÉµ ¸Î¨É ²µ¸Ó ®¸¨²Ó´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³¯ ¢ É¥Î¥´¨¥
¶·µÏ²µ£µ ¢¥± , ·¥ ²Ó´µ µ± § ²µ¸Ó ¶¥·¢Ò³ Î²¥´µ³ ³ £´¨É´µ£µ  ´ ²µ£  ¸¨²Ò
‹µ·¥´Í , µ¡µ¡Ð¥´´µ£µ ´  ³¨±·µ³¨·, µÉ¸Õ¤  § ·Ö¤µ¢ Ö ´¥§ ¢¨¸¨³µ¸ÉÓ Ö¤¥·-
´ÒÌ ¸¨². � ®Ô²¥±É·µ¸² ¡µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥¯ ´  ¸ ³µ³ ¤¥²¥ ¶·¥¤¸É ¢²Ö¥É ¸µ-
¡µ° ¢Éµ·µ° Î²¥´ Ê± § ´´µ£µ ¢ÒÏ¥  ´ ²µ£ . �·¨ ÔÉµ³ ¸²¥¤Ê¥É ¨³¥ÉÓ ¢ ¢¨¤Ê, ÎÉµ
Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥, Ö¢²ÖÖ¸Ó ¸²¥¤¸É¢¨¥³ ¸¨²Ó´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶·¨-
¸ÊÉ¸É¢ÊÕÐ¥£µ ¢´ÊÉ·¨ ´Ê±²µ´ , É¥³ ´¥ ³¥´¥¥ ¨³¥¥É ¨´µ°  ´ ²¨É¨Î¥¸±¨° ¢¨¤
(±µ·µÉ±µ¤¥°¸É¢¨¥ ÔÉ¨Ì ¸¨²) ± ± ·¥§Ê²ÓÉ É ¸ÊÐ¥¸É¢µ¢ ´¨Ö £· ´¨ÍÒ Ê ´Ê±²µ´ 
¢ ¢¨¤¥ ²¨¸É  �³¶¥·  (³ É¥³ É¨Î¥¸± Ö ¶µ¢¥·Ì´µ¸ÉÓ, · §¤¥²ÖÕÐ Ö ®¸¥¢¥·´Ò°¯
¨ ®Õ¦´Ò°¯ ¶µ²Õ¸  ³ £´¨É´ÒÌ ¡¨¶µ²¥° ¢¥·Ì´¨Ì ¶·µÉµ¢µ²Î±µ¢ ¢ ´Ê±²µ´¥ Å
¤¢ÊÌ¸²µ°´Ò° ¶µÉ¥´Í¨ ² ‹Ö¶Ê´µ¢  (1898)), ±µÉµ·Ò° ¸ ³ ¶µ ¸¥¡¥ µ¶·¥¤¥²Ö¥É
É ±¦¥ ¨ £· ´¨ÍÊ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ƒ¥°§¥´¡¥·£ Ä�µ· . Š·µ³¥ ÔÉµ£µ ¸²¥¤Ê¥É
µÉ³¥É¨ÉÓ, ÎÉµ 	± ¢  ¢¢¥² ¢ Ö¤¥·´ÊÕ É¥µ·¨Õ ± ± · § ¶µÉ¥´Í¨ ² ‹Ö¶Ê´µ¢ ,
´¥ µ¡· É¨¢ ´  ÔÉµ ¢´¨³ ´¨¥, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ ¢ Éµ ¢·¥³Ö ¶µÉ¥´Í¨ ² ‹Ö-
¶Ê´µ¢  Ê¦¥ ¸µ¤¥·¦ ²¸Ö ¢ Ê´¨¢¥·¸¨É¥É¸±¨Ì ÊÎ¥¡´¨± Ì ¶µ É¥µ·¨¨ ¶µÉ¥´Í¨ ² 
[¸³. ¶µ¤·µ¡´ÊÕ ¸É ÉÓÕ].

6. �“’œ ��‹“—…�ˆŸ Œ�‘‘�‚›• ”��Œ“‹ ŒˆŠ��—�‘’ˆ–

„²Ö ¶µ²´µÉÒ ¶·¥¤¸É ¢²¥´¨° µ ¶ÊÉ¨ ¶µ²ÊÎ¥´¨Ö ¢ÒÏ¥¶·¨¢¥¤¥´´ÒÌ ³ ¸¸µ-
¢ÒÌ Ëµ·³Ê² ¸²¥¤Ê¥É ¤µ¡ ¢¨ÉÓ, ÎÉµ ¢ ·¥§Ê²ÓÉ É¥ Ëµ·³Ê²¨·µ¢±¨ ¶µ²¥¢µ° ³¥Ì -
´¨±¨ ¶·µÉµ¢µ²Î±  ¢ÒÖ¢²¥´µ ´µ¢µ¥ ¶µ²¥ (¨´¥·É´µ¥), ¢§ ¨³µ¤¥°¸É¢¨¥ ÉÖ¦¥²µ°
ÉµÎ±¨ ¶·µÉµ¢µ²Î±  ¸ ±µÉµ·Ò³ µÉ¢¥É¸É¢¥´´µ §  ®³ ¸¸Ê ¶µ±µÖ¯ Ô²¥³¥´É ·´ÒÌ
Î ¸É¨Í ¨ §  ®¸±·ÒÉÊÕ ³ ¸¸Ê¯ ¢ Œ¥É £ ² ±É¨±¥ [2]. ’ ±µ¥ ¶µ²¥ ¸µ¢³¥¸É´µ
¸ £· ¢¨É Í¨µ´´Ò³ ¶µ²¥³ �ÓÕÉµ´  ¸µ¸É ¢²Ö¥É ÉÖ£µÉ¥ÕÐ¥¥ ¶µ²¥ ‚¸¥²¥´´µ°.
�µ¸²¥¤´¥¥ ³µ¦´µ ¸Î¨É ÉÓ µ¡µ¡Ð¥´¨¥³ £¨¶µÉ¥§Ò •¥¢¨¸ °¤  [27], ±µÉµ·Ò°
¶·¥¤²µ¦¨² µ¶¨¸Ò¢ ÉÓ ÉÖ£µÉ¥´¨¥ ¶µ¸·¥¤¸É¢µ³ Ê· ¢´¥´¨°, ¸Ìµ¦¨Ì ¸ Ê· ¢´¥-
´¨Ö³¨ Ô²¥±É·µ¤¨´ ³¨±¨ Œ ±¸¢¥²² . �·¨ ÔÉµ³ •¥¢¨¸ °¤ ¶µ± § ², ÎÉµ ¢ ÔÉ¨
Ê· ¢´¥´¨Ö ¤µ²¦´µ ¢Ìµ¤¨ÉÓ ¢Éµ·µ¥ ¶µ²¥, ¶µ¤µ¡´µ¥ ³ £´¨É´µ³Ê ¶µ²Õ.

‚ ·¥§Ê²ÓÉ É¥ ¢ É ±µ³ ÉÖ£µÉ¥ÕÐ¥³ ¶µ²¥ µ¡µ¡Ð ÕÉ¸Ö ¥¤¨´¨ÍÒ �² ´± ,
¢Ò· ¦¥´´Ò¥ Î¥·¥§ �, c ¨ G (¶µ¸ÉµÖ´´ Ö £· ¢¨É Í¨¨ �ÓÕÉµ´ ). � ¶·¨³¥·, ¸µ-
£² ¸´µ Ê¸É ´µ¢²¥´´µ° ¸¢Ö§¨ ¢ [2] ³¥¦¤Ê Ô²¥±É·µ³ £´¨É´Ò³¨ ¨ ÉÖ£µÉ¥ÕÐ¨³¨
§ ·Ö¤ ³¨ ¶² ´±µ¢¸± Ö ¥¤¨´¨Í  ³ ¸¸Ò m2

pl = (�c/G) ¢ · ³± Ì ¶µ²¥¢µ° ³¥-
Ì ´¨±¨ ¶·µÉµ¢µ²Î±  µ¡µ¡Ð ¥É¸Ö ¢ ³ ¸¸Ê ¶·µÉµ¢µ²Î±  ¢ £ Ê¸¸µ¢µ° ¸¨¸É¥³¥
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¥¤¨´¨Í ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

m2
0 =

�c

X 2
β, (59)

£¤¥ β = (
1
2
− α) Å É ± Ö ¦¥ ¶µ¸ÉµÖ´´ Ö, ± ± ¨ α, Éµ²Ó±µ ÉÖ£µÉ¥ÕÐ¥£µ ¶µ²Ö;

X 2 Å ¶µ¸ÉµÖ´´ Ö ÉÖ£µÉ¥ÕÐ¥£µ ¶µ²Ö ¸ · §³¥·´µ¸ÉÓÕ ¢ £ Ê¸¸µ¢µ° ¸¨¸É¥³¥
¥¤¨´¨Í ¶µ¸ÉµÖ´´µ° £· ¢¨É Í¨¨ �ÓÕÉµ´ , ±µÉµ· Ö  ²£¥¡· ¨Î¥¸±¨ ¸µ¤¥·¦¨É¸Ö
¢ X 2 ¢ µ¶·¥¤¥²¥´´µ³ ¸µµÉ´µÏ¥´¨¨ ¸µ¢³¥¸É´µ ¸ ¶µ¸ÉµÖ´´µ° ¨´¥·É´µ£µ ¶µ²Ö
χ2.

� ²¨Î¨¥ ¶µ¸ÉµÖ´´µ° β ¢ �·¨·µ¤¥ § ±·Ò¢ ¥É ¶·µ¡²¥³Ê, ´ §¢ ´´ÊÕ –¢¨±±¨,
±µÉµ·Ò° ¥¥ ¸Ëµ·³Ê²¨·µ¢ ², ¶·µ¡²¥³µ° ®¸±·ÒÉµ° ³ ¸¸Ò¯ ¢ ¸±µ¶²¥´¨ÖÌ £ ² ±-
É¨± [2]. Š ± Ê¸É ´µ¢²¥´µ –¢¨±±¨ ¢ 30-¥ £µ¤Ò ¶·µÏ²µ£µ ¸Éµ²¥É¨Ö, ³ ¸¸  £ ² ±-
É¨Î¥¸±¨Ì ¸±µ¶²¥´¨°, µ¶·¥¤¥²¥´´ Ö ¶µ ¨Ì ¸¢¥É¨³µ¸É¨, É. ¥., ¶µ ¸ÊÉ¨ ¤¥² , ¸ ÊÎ¥-
Éµ³ Éµ²Ó±µ ²¨ÏÓ Ô²¥±É·µ³ £´¨É´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¶·¨³¥·´µ ´  ¶µ·Ö¤µ±
³¥´ÓÏ¥ ³ ¸¸Ò, µ¶·¥¤¥²Ö¥³µ° ¸ ¶µ³µÐÓÕ § ±µ´  ¢¸¥³¨·´µ£µ ÉÖ£µÉ¥´¨Ö �ÓÕ-
Éµ´  ´  µ¸´µ¢ ´¨¨ ¶·¥¤¶µ²µ¦¥´¨Ö µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ É ±¨Ì ¸±µ¶²¥´¨° ¨§-§ 
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸¨² �ÓÕÉµ´ . ’µ£¤  ¸µ£² ¸´µ µÉ´µÏ¥´¨Õ (β/α) ≈ 6, 7 ·101,
±µÉµ·µ¥, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¶µ± §Ò¢ ¥É ¢µ ¸±µ²Ó±µ · § ¨´¥·É´µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ ¸¨²Ó´¥¥ Ô²¥±É·µ³ £´¨É´µ£µ, ¸ ¤·Ê£µ° Å ¸µ£² ¸¨¥ É ±µ£µ ¸µµÉ´µÏ¥´¨Ö ¸
¸µ¢·¥³¥´´Ò³ ¸µµÉ´µÏ¥´¨¥³ ®¸±·ÒÉµ° ³ ¸¸Ò¯ ± ®¢¨¤¨³µ° ³ ¸¸¥¯ µ¡ÑÖ¸´Ö¥É
¶·¨Î¨´Ê É ±µ° ¶·µ¡²¥³Ò ± ± ·¥§Ê²ÓÉ É Éµ£µ, ÎÉµ �¤¤¨´£Éµ´ ¶·¨ ¢Ò¢µ¤¥ ¸¢µ-
¥£µ § ±µ´  ¸¢¥É¨³µ¸É¨, ¶µ ¶µ´ÖÉ´Ò³ ¶·¨Î¨´ ³, ÊÎ¥² Éµ²Ó±µ Ô²¥±É·µ³ £´¨É´µ¥
¢§ ¨³µ¤¥°¸É¢¨¥ [2].

‘¢Ö§Ó ³¥¦¤Ê ±Ê²µ´µ¢¸±¨³, ³ £´¨É´Ò³, ËµÉµ´´Ò³ (�c) ¨ ÉÖ£µÉ¥ÕÐ¨³¨
(£· ¢¨É Í¨µ´´Ò³ ¨ ¨´¥·É´Ò³) § ·Ö¤ ³¨ ¶µ²ÊÎ¥´  ¢ [2] ´  µ¸´µ¢ ´¨¨ µ¡µ¡-
Ð¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ”µ±  [14, c. 475Ä482] ¨ ‚¥°²Ö [28] ¸ ÊÎ¥Éµ³ £¨¶µÉ¥§Ò
•¥¢¨¸ °¤ . ”µ± ¤µ± § ², ÎÉµ ¢Ò¢¥¸É¨ ¶·¥µ¡· §µ¢ ´¨Ö ‹µ·¥´Í  ´  µ¸´µ¢ ´¨¨
¤¢ÊÌ ¶µ¸ÉÊ² Éµ¢ ¸¶¥Í¨ ²Ó´µ° É¥µ·¨¨ µÉ´µ¸¨É¥²Ó´µ¸É¨ ´¥¢µ§³µ¦´µ ¡¥§ É·¥-
ÉÓ¥£µ: É·¥¡µ¢ ´¨Ö ¨´¢ ·¨ ´É´µ¸É¨ Ê· ¢´¥´¨Ö ¸¢¥Éµ¢µ£µ Ë·µ´É . ‚ ·¥§Ê²ÓÉ É¥
µ´ ¶µ²ÊÎ¨² ¶µ³¨³µ ¶·¥µ¡· §µ¢ ´¨° ‹µ·¥´Í  ¥Ð¥ ¤·µ¡´µ-²¨´¥°´Ò¥ ¶·¥µ¡· -
§µ¢ ´¨Ö Œß¡¨Ê¸ , µ¡· §ÊÕÐ¨¥ É ±¦¥ ÉµÎ¥Î´ÊÕ £·Ê¶¶Ê, ±µÉµ·Ò¥ ¶·¥¢· Ð -
ÕÉ¸Ö ¢ Éµ¦¤¥¸É¢µ ¶·¨ ´ ²µ¦¥´¨¨ Ê¸²µ¢¨Ö ¸µÌ· ´¥´¨Ö ¶·Ö³µ²¨´¥°´µ¸É¨ ¨
· ¢´µ³¥·´µ¸É¨ ¤¢¨¦¥´¨Ö ¢ ¶·µ¸É· ´¸É¢¥-¢·¥³¥´¨ ¸É·µ£µ ²µ± ²Ó´µ, ÎÉµ ¸µ£² -
¸Ê¥É¸Ö ¸ É ±¨³ ¦¥ ¢Ò¢µ¤µ³ ‚¥°²Ö [28] ¶µ ÔÉµ° ¶·µ¡²¥³¥, ± ± ¶µ¤Î¥·±¨¢ ¥É
”µ±.

‚ ¸²ÊÎ ¥ ¶µ²¥¢µ° ³¥Ì ´¨±¨ ¶·µÉµ¢µ²Î±  ¥£µ ÉÖ¦¥² Ö ÉµÎ±  ¤¢¨¦¥É¸Ö
¶µ Éµ¶µ²µ£¨Î¥¸±µ³Ê ²¨¸ÉÊ Œß¡¨Ê¸ . �µ¸±µ²Ó±Ê ¸ Éµ¶µ²µ£¨Î¥¸±µ° ÉµÎ±¨ §·¥-
´¨Ö ²¨¸É Œß¡¨Ê¸  ´¥ µ·¨¥´É¨·µ¢ ´, ¢ § ±µ´¥ �ÓÕÉµ´  ¥£µ £· ¢¨É Í¨µ´´Ò¥
§ ·Ö¤Ò ¸ ´¥°É· ²Ó´Ò³ §´ ±µ³ ®*¯ ¢ µÉ²¨Î¨¥ µÉ ±Ê²µ´µ¢¸±¨Ì §´ ±µ¢ ®+¯,
®Ä¯, ±µÉµ·Ò¥ Ö¢²ÖÕÉ¸Ö ·¥§Ê²ÓÉ Éµ³ ¢ÒÏ¥Ê¶µ³Ö´ÊÉµ£µ Ê¸²µ¢¨Ö ²µ± ²Ó´µ¸É¨.
’ ± ± ± ±Ê²µ´µ¢¸±¨° § ·Ö¤, ± ± ¨ £· ¢¨É Í¨µ´´Ò°, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³¥-
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Ì ´¨Î¥¸±¨° ³µ³¥´É µ¡µ¡Ð¥´´µ£µ ¢¥±Éµ·  “³µ¢ Ä�µ°´É¨´£  ¤²Ö ÉÖ£µÉ¥ÕÐ¥°
¶²µÉ´µ¸É¨ [2,6], Éµ µ´  ¢Éµ³ É¨Î¥¸±¨ ¶·¥¢· Ð ¥É ¢¸¥ ¨§¢¥¸É´Ò¥ Ô²¥±É·µ³ £-
´¨É´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ²µ± ²Ó´Ò¥ § ±µ´Ò ÉÖ£µÉ¥ÕÐ¥£µ ¶µ²Ö, ¶µ ±µÉµ·Ò³
¶·µÉµ¢µ²Î±¨ ¸¢Ö§Ò¢ ÕÉ¸Ö ¢ ³¨±·µ¸¨¸É¥³Ò,   § É¥³ ¨§ ´¨Ì Ëµ·³¨·ÊÕÉ¸Ö ³ -
±·µ¸¨¸É¥³Ò.

‚ § ±²ÕÎ¥´¨¨  ¢Éµ·Ò ¡² £µ¤ ·ÖÉ ¶·µË¥¸¸µ·  ‚. �. �¨±¨É¨´  (�ˆŸˆ,
„Ê¡´ ) ¨ ¶·µË¥¸¸µ·  ƒ. �. ˜¨±¨´  (�“„�, Œµ¸±¢ ) §  µ·£ ´¨§ Í¨Õ ¸¥³¨-
´ ·µ¢ ¢ „Ê¡´¥ ¨ Œµ¸±¢¥,   É ±¦¥ §  ³´µ£µÎ¨¸²¥´´Ò¥ µ¡¸Ê¦¤¥´¨Ö ÔÉµ° ´¥¶·µ-
¸Éµ° · ¡µÉÒ ¨ ¨´¨Í¨¨·µ¢ ´¨¥ ´ ¶¨¸ ´¨Ö ¤ ´´µ° Ê±µ·µÎ¥´´µ° ¸É ÉÓ¨. Š·µ³¥
ÔÉµ£µ  ¢Éµ·Ò ¢Ò· ¦ ÕÉ ¸¢µÕ ¡² £µ¤ ·´µ¸ÉÓ ¶·µË¥¸¸µ· ³ 	. �. �Ò¡ ±µ¢Ê ¨
Š. �. �·µ´´¨±µ¢Ê (�“„�, Œµ¸±¢ ) §  ÊÎ ¸É¨¥ ¢ É ±¨Ì µ¡¸Ê¦¤¥´¨ÖÌ. ŒÒ ¶·¨-
§´ É¥²Ó´Ò §  ¸µ¤¥°¸É¢¨¥ ¢ · ¡µÉ¥ ¶·µË¥¸¸µ· ³ �. �. ‘¨¸ ±Ö´Ê, �. �. �Ê¸ ±µ-
¢¨ÎÊ ¨ ‚. ƒ. Š ²¨´´¨±µ¢Ê (�ˆŸˆ, „Ê¡´ ).
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