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

ˆ¸Ìµ¤Ö ¨§ · ¸Ï¨·¥´´µ£µ ¶·¨´Í¨¶  ƒÕ°£¥´¸  · ¸¸³µÉ·¥´µ Ô²¥±É·µ³ £´¨É´µ¥ ¶µ²¥ (�Œ�) Éµ-
Î¥Î´µ£µ § ·Ö¤ , ¸µ¢¥·Ï ÕÐ¥£µ £ ·³µ´¨Î¥¸±¨¥ ±µ²¥¡ ´¨Ö ¢¤µ²Ó µ¸¨ x. �µ± § ´µ, ÎÉµ ¢ �Œ�
§ ·Ö¤ , ³ ±¸¨³ ²Ó´ Ö ¸±µ·µ¸ÉÓ ±µÉµ·µ£µ ¡µ²ÓÏ¥ ¸±µ·µ¸É¨ ¸¢¥É , ¶µÖ¢²ÖÕÉ¸Ö § ³±´ÊÉÒ¥ µ¡² ¸É¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±µ´Ê¸Ê Œ Ì  ¶·¨ ¶·Ö³µ²¨´¥°´µ³ ¤¢¨¦¥´¨¨ § ·Ö¤  ¸µ ¸¢¥·Ì¸¢¥Éµ¢µ° ¸±µ·µ¸ÉÓÕ.
�É¨ µ¡² ¸É¨ ¶µ Ëµ·³¥ ´ ¶µ³¨´ ÕÉ ²Ê´´Ò¥ ¸¥·¶¨±¨ ¨ · §²¥É ÕÉ¸Ö ¢ · §´Ò¥ ¸Éµ·µ´Ò ¶µ µ¸¨ x ¸µ
¸±µ·µ¸ÉÓÕ ¸¢¥É .

The electromagnetic ˇeld (EMF) of a point charge harmonically oscillating along the x axis is
considered using the extended Huygens principle. It is shown that the closed areas corresponding to the
Mach cone under rectilinear movement of the charge with superlight velocity are formed in the charge
EMF whose maximum velocity is greater than that of the light. The areas are similar to the Moon
sickles in shape and are �ying in different directions along the x axis with the velocity of light.

‚‚…„…�ˆ…

’¥µ·¨Ö ¨§²ÊÎ¥´¨Ö ‚ ¢¨²µ¢ Ä—¥·¥´±µ¢  ¶·µ¤µ²¦ ¥É ¨´É¥·¥¸µ¢ ÉÓ Ë¨§¨±µ¢ [1]. �¤-
´ ±µ µ¡Ð¥¶·¨´ÖÉÒ° ¶µ¤Ìµ¤ ± ÔÉµ° § ¤ Î¥, µ¸´µ¢ ´´Ò° ´  · ¡µÉ Ì •Ô¢¨¸ °¤ , ¶·¨¢µ¤¨É
± · ¸¸³µÉ·¥´¨Õ ¸± ²Ö·´µ£µ ¨ ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ²µ¢ Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö ÉµÎ¥Î-
´µ£µ § ·Ö¤ , ¸¨´£Ê²Ö·´ÒÌ ´  ±µ´Ê¸¥ Œ Ì . ‚ Éµ ¦¥ ¢·¥³Ö ±µ´Ê¸ Œ Ì  ²¥£±µ ´ ¡²Õ¤ ¥³
¢ £¨¤·µ¤¨´ ³¨±¥, ´µ É ³ µ´ ²¨Ï¥´ ¸¨´£Ê²Ö·´µ¸É¥°, ¶·¥¤¸± §Ò¢ ¥³ÒÌ § ¶ §¤Ò¢ ÕÐ¨³¨
¶µÉ¥´Í¨ ² ³¨.

‚ ¢µ²´µ¢µ° É¥µ·¨¨ ¸¢¥É  •. ƒÕ°£¥´¸ ¶µ² £ ², ÎÉµ ¸¢¥É · ¸¶·µ¸É· ´Ö¥É¸Ö ¸Ë¥·¨Î¥-
¸±¨³¨ ¶µ¢¥·Ì´µ¸ÉÖ³¨ ¨²¨ ¢µ²´ ³¨ [2], ¨ ¶µ ÔÉµ³Ê ¶µ¢µ¤Ê ¶¨¸ ²: ®Ÿ ´ §Ò¢ Õ ÔÉ¨ ¶µ-
¢¥·Ì´µ¸É¨ ¢µ²´ ³¨ ¶µ ¸Ìµ¤¸É¢Ê ¸ ¢µ²´ ³¨, ±µÉµ·Ò¥ ³µ¦´µ ´ ¡²Õ¤ ÉÓ ´  ¢µ¤¥, ¢ ±µÉµ·ÊÕ
¡·µÏ¥´ ± ³¥´Ó, ¨ ±µÉµ·Ò¥ ¨§µ¡· ¦ ÕÉ ¸µ¡µ°... ¶µ¸É¥¶¥´´µ¥ · ¸¶·µ¸É· ´¥´¨¥ ±·Ê£ ³¨,
ÌµÉÖ µ´µ ¨ ¶·µ¨¸Ìµ¤¨É µÉ ¤·Ê£µ° ¶·¨Î¨´Ò ¨ ¢ ¶²µ¸±µ° ¶µ¢¥·Ì´µ¸É¨¯.

‚ · ¡µÉ¥ [1] · ¸¸³µÉ·¥´  § ¤ Î  ’ ³³  [3] µ¡ �Œ� § ·Ö¤  ¸ ±µ´¥Î´Ò³ Ê¸±µ·¥´¨¥³
¤µ ¸¢¥·Ì¸¢¥Éµ¢µ° ¸±µ·µ¸É¨ ¨ ±µ´¥Î´Ò³ § ³¥¤²¥´¨¥³ ¤µ ¶µ²´µ° µ¸É ´µ¢±¨ ¨ ¤ ¥É¸Ö µÉ¢¥É
´  ¢µ¶·µ¸ µ Éµ³, ®± ± ¢µ§´¨± ¥É Î¥·¥´±µ¢¸± Ö ¢µ²´  ¶·¨ Ê¸±µ·¥´¨¨ § ·Ö¤  ¨ ÎÉµ ¸ ´¥°
¶·µ¨¸Ìµ¤¨É ¶·¨ § ³¥¤²¥´¨¨?¯.

‚ ¤ ´´µ° · ¡µÉ¥ µÉ¢¥É ´  ÔÉµÉ ¢µ¶·µ¸ ¤ ¥É¸Ö · ¸¸³µÉ·¥´¨¥³ �Œ� µ¸Í¨²²¨·ÊÕÐ¥£µ
¶µ µ¸¨ x ÉµÎ¥Î´µ£µ § ·Ö¤ . �Éµ · ¸¸³µÉ·¥´¨¥ µ¶¨· ¥É¸Ö ´  ¶·¨´Í¨¶ ƒÕ°£¥´¸ , · ¸-
Ï¨·¥´´Ò° µ¶·¥¤¥²¥´¨Ö³¨ ¶µÉ¥´Í¨ ²µ¢ [4], ¨ ¶µ§¢µ²Ö¥É  ´ ²¨É¨Î¥¸±¨ ¶·µ¸²¥¤¨ÉÓ, ± ±
É· ´¸Ëµ·³¨·Ê¥É¸Ö ±µ´Ê¸ Œ Ì , ±µ£¤  ¸±µ·µ¸ÉÓ § ·Ö¤  ¶¥·¨µ¤¨Î¥¸±¨ µ± §Ò¢ ¥É¸Ö ¢ÒÏ¥
¸±µ·µ¸É¨ ¸¢¥É . �·¨ ÔÉµ³ ¢ �Œ� § ·Ö¤  ¶·¨ ²Õ¡µ° ¸±µ·µ¸É¨ ¤¢¨¦¥´¨Ö ¸µÌ· ´Ö¥É¸Ö
Éµ²Ó±µ µ¤´  ¸¨´£Ê²Ö·´µ¸ÉÓ ¢ Éµ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢ , ¢ ±µÉµ·µ° ¢ ¤ ´´Ò° ³µ³¥´É ¢·¥-
³¥´¨ ´ Ìµ¤¨É¸Ö ÉµÎ¥Î´Ò° § ·Ö¤. ’ ± Ö ¸¨´£Ê²Ö·´µ¸ÉÓ, · §Ê³¥¥É¸Ö, Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³
µ£· ´¨Î¥´¨Ö § ¤ Î¨ µ¡ �Œ� ÉµÎ¥Î´µ£µ § ·Ö¤ .
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1. ��‘’���‚Š� ‡�„�—ˆ

�Ê¸ÉÓ ÉµÎ¥Î´Ò° § ·Ö¤ ¢¥²¨Î¨´µ° e ¤¢¨¦¥É¸Ö ¶µ É· ¥±Éµ·¨¨

xc = a sinωt,
yc = 0,
zc = 0,

(1)

£¤¥ a ¨ ω Å ¶µ¸ÉµÖ´´Ò¥. Šµµ·¤¨´ ÉÒ (1) § ¤ ÕÉ · ¤¨Ê¸-¢¥±Éµ· rc(t) ¶µ²µ¦¥´¨Ö § ·Ö¤ 
¢ ²Õ¡µ° ³µ³¥´É ¢·¥³¥´¨

rc(t) = ia sinωt + j0 + k0,

£¤¥ i, j ¨ k Å ¥¤¨´¨Î´Ò¥ µ·ÉÒ ¤¥± ·Éµ¢µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É.
�Î¥¢¨¤´µ, ¸±µ·µ¸ÉÓ § ·Ö¤  · ¢´ 

v =
drc

dt
= iωa cosωt,

  ¥¥ µÉ´µ¸¨É¥²Ó´ Ö ¢¥²¨Î¨´  β ¶·¨´¨³ ¥É ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥, ±µ£¤  | cosωt| = 1:

β =
ωa

c
= ka, k =

ω

c
.

‘µ£² ¸´µ · ¸Ï¨·¥´´µ³Ê ¶·¨´Í¨¶Ê ƒÕ°£¥´¸  [4], ÉµÎ¥Î´Ò° § ·Ö¤ ¢ ± ¦¤µ° ÉµÎ±¥
¸¢µ¥° É· ¥±Éµ·¨¨ ¢ ³µ³¥´É ¢·¥³¥´¨ t′ ¸µ§¤ ¥É Ô²¥±É·µ³ £´¨É´µ¥ ¢µ§³ÊÐ¥´¨¥, ±µÉµ·µ¥
· ¸¶·µ¸É· ´Ö¥É¸Ö ¢ ¢¨¤¥ ¸Ë¥·¨Î¥¸±µ° ¢µ²´Ò ¢ µ±·Ê¦ ÕÐ¥¥ ¶·µ¸É· ´¸É¢µ. Š ³µ³¥´ÉÊ
¢·¥³¥´¨ t

t ≥ t′ (2)

§ ·Ö¤ ¸µ§¤ ¥É ³´µ¦¥¸É¢µ ¸Ë¥· · ¤¨Ê¸  λ

λ = c(t − t′), (3)

£¤¥ c Å ¸±µ·µ¸ÉÓ ¸¢¥É . –¥´É·Ò λ-¸Ë¥· ´ Ìµ¤ÖÉ¸Ö ¢ ÉµÎ± Ì rc(t′), É. ¥. µ¡· §ÊÕÉ É· -
¥±Éµ·¨Õ § ·Ö¤ , a ÉµÎ±¨ ¶·µ¸É· ´¸É¢ , Î¥·¥§ ±µÉµ·Ò¥ ¶·µÌµ¤¨É λ-¸Ë¥· , µ¶·¥¤¥²ÖÕÉ¸Ö
Ê· ¢´¥´¨¥³

λ = |r − rc(t′)|, (4)

£¤¥ r Å · ¤¨Ê¸-¢¥±Éµ· ÉµÎ±¨ ´ ¡²Õ¤¥´¨Ö �Œ�.
–¥´É·Ò ¢¸¥Ì ¸Ë¥· ²¥¦ É ´  ¶·Ö³µ°, ¢¤µ²Ó ±µÉµ·µ° ±µ²¥¡²¥É¸Ö § ·Ö¤, ¶µÔÉµ³Ê ¶·µ-

Ìµ¤ÖÐ Ö Î¥·¥§ ´¥¥ ¶²µ¸±µ¸ÉÓ ¶¥·¥¸¥± ¥É ± ¦¤ÊÕ λ-¸Ë¥·Ê ¶µ ¡µ²ÓÏµ³Ê ±·Ê£Ê, · ¤¨Ê¸
±µÉµ·µ£µ · ¢¥´ · ¤¨Ê¸Ê ¸Ë¥·Ò, É. ¥. λ. 	  ÔÉµ° ¶²µ¸±µ¸É¨ ± ¦¤ Ö ¸Ë¥·  ¶·¥¤¸É ¢²Ö-
¥É¸Ö µ±·Ê¦´µ¸ÉÓÕ É ±µ£µ ¦¥ · ¤¨Ê¸ , ¨ ¶·¨³¥· É ±¨Ì µ±·Ê¦´µ¸É¥° ¶µ± § ´ ´  ·¨¸. 1
¤²Ö ÉµÎ¥Î´µ£µ § ·Ö¤  ¸  ³¶²¨ÉÊ¤µ° ±µ²¥¡ ´¨° a = 5,0 ¸³ ¨ Î ¸ÉµÉµ° f = 1, 25 ƒƒÍ;
³ ±¸¨³ ²Ó´ Ö µÉ´µ¸¨É¥²Ó´ Ö ¸±µ·µ¸ÉÓ § ·Ö¤  · ¢´  1,309.

‚ ¦´µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ µ¸Í¨²²¨·ÊÕÐ¨° § ·Ö¤ ¸µ§¤ ¥É Ô²¥±É·µ³ £´¨É´µ¥ ¢µ§³ÊÐ¥´¨¥
¢ ²Õ¡µ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢  ¨ ¶·¨ ²Õ¡µ° ¸±µ·µ¸É¨ ¸¢µ¥£µ ¤¢¨¦¥´¨Ö, Î¥³ ¸ÊÐ¥¸É¢¥´´µ
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�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ λ-¸Ë¥· µ¸Í¨²²¨·ÊÕÐ¥£µ § ·Ö¤ 

µÉ²¨Î ¥É¸Ö µÉ § ·Ö¤ , ¤¢¨¦ÊÐ¥£µ¸Ö · ¢´µ³¥·´µ ¨ ¶·Ö³µ²¨´¥°´µ. �µ¸²¥¤´¨° ¶·¨ β > 1
¢ µ¤´µ° Î ¸É¨ ¶·µ¸É· ´¸É¢ , ´ Ìµ¤ÖÐ¥°¸Ö ¶¥·¥¤ § ·Ö¤µ³, ¢µµ¡Ð¥ ´¥ ¸µ§¤ ¥É ¢µ§³ÊÐ¥-
´¨°,   ¢ ¤·Ê£µ°, c§ ¤¨ § ·Ö¤ , ¸µ§¤ ¥É ¢ ²Õ¡µ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢  µ¤´µ¢·¥³¥´´µ ¤¢ 
¢µ§³ÊÐ¥´¨Ö.

…¸²¨ β < 1, Éµ ¢ · ¸¶·¥¤¥²¥´¨¨ ³´µ¦¥¸É¢  λ-¸Ë¥· µ¸Í¨²²¨·ÊÕÐ¥£µ § ·Ö¤  ´ ¡²Õ¤ -
ÕÉ¸Ö ²¨ÏÓ ¸£ÊÐ¥´¨Ö ¨ · §·Ö¦¥´¨Ö ¢¤µ²Ó µ¸¨ x, ¨ Î¥·¥§ ± ¦¤ÊÕ ÉµÎ±Ê ´ ¡²Õ¤¥´¨Ö �Œ�
¶·µÌµ¤¨É µ¤´  ¸Ë¥· .

�·¨ β > 1 ¶µÖ¢²ÖÕÉ¸Ö § ³±´ÊÉÒ¥ µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ , Î¥·¥§ ± ¦¤ÊÕ ÉµÎ±Ê ±µÉµ·ÒÌ
¶·µÌµ¤¨É ¡µ²¥¥ µ¤´µ° ¸Ë¥·Ò (¸³. ·¨¸. 1). ˆ§ ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ µ¶·¥¤¥²¥´¨° ´ Ìµ¤¨³
Ê· ¢´¥´¨¥ λ-¸Ë¥·Ò

λ2 = [x − a sin (ωt − kλ)]2 + ρ2 = (x − a sin ψ) + ρ2, (5)

£¤¥
ρ2 = y2 + z2, ψ = ωt′ = ωt − kλ.

“· ¢´¥´¨¥ (5) µ¶·¥¤¥²Ö¥É ³´µ¦¥¸É¢µ ¸Ë¥·, ± ¦¤ Ö ¨§ ±µÉµ·ÒÌ µÉ¢¥Î ¥É µ¶·¥¤¥²¥´´µ³Ê
§´ Î¥´¨Õ ¶ · ³¥É·  λ, ¨ ¢ µ¡Ð¥³ ¢¨¤¥ ¥£µ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ± ± F (x, ρ; λ) = 0. Š ±
¨§¢¥¸É´µ, µ£¨¡ ÕÐ Ö ³´µ¦¥¸É¢  ´ Ìµ¤¨É¸Ö ¨§ ÔÉµ£µ Ê· ¢´¥´¨Ö ¨ · ¢¥´¸É¢  ∂F/∂λ = 0
¨¸±²ÕÎ¥´¨¥³ ¶ · ³¥É·  λ.

‘ ÔÉµ° Í¥²ÓÕ ¶·µ¤¨ËË¥·¥´Í¨·Ê¥³ Ê· ¢´¥´¨¥ (5) Î ¸É´Ò³ µ¡· §µ³ ¶µ λ:

λ = β cos (ωt − kλ)[x − a sin (ωt − kλ)], β = ka. (6)

2. �ƒˆ���™ˆ…

Š ¸µ¦ ²¥´¨Õ, ¨¸±²ÕÎ¨ÉÓ λ ¨§ Ê· ¢´¥´¨° (5) ¨ (6) ´¥ Ê¤ ¥É¸Ö ¢ ¸¨²Ê ¨Ì É· ´¸Í¥´-
¤¥´É´µ¸É¨. �¤´ ±µ ÔÉ¨ Ê· ¢´¥´¨Ö ¶µ§¢µ²ÖÕÉ ´ °É¨ ±µµ·¤¨´ ÉÒ µ£¨¡ ÕÐ¥° ± ± ËÊ´±Í¨¨
¶ · ³¥É·  λ.
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„¥°¸É¢¨É¥²Ó´µ, ¨§ (6) ´ Ìµ¤¨³

x = a sin (ωt − kλ) +
λ

β cos (ωt − kλ)
= x(λ, t). (7)

�µ¤¸É ¢²ÖÖ x ¨§ (7) ¢ (5), ¶µ²ÊÎ ¥³

ρ = λ

√
1 − 1

β2 cos2(ωt − kλ)
. (8)

’ ±¨³ µ¡· §µ³, · ¢¥´¸É¢  (7) ¨ (8) Å ¶ · ³¥É·¨Î¥¸±¨¥ § ¤ ´¨Ö µ£¨¡ ÕÐ¥° ¢ Í¨²¨´¤·¨-
Î¥¸±¨Ì ±µµ·¤¨´ É Ì, ¨ ¶ · ³¥É·µ³ § ¤ ´¨Ö Ö¢²Ö¥É¸Ö ¶µ²µ¦¨É¥²Ó´ Ö ¢¥²¨Î¨´  λ.

�¥·¥³¥´´ Ö t ¢ ÔÉµ³ ±µ´É¥±¸É¥ ¥¸ÉÓ ´¥±µÉµ·Ò° Ë¨±¸¨·µ¢ ´´Ò° ³µ³¥´É ¢·¥³¥´¨, ¢ ±µ-
Éµ·Ò° · ¸¸³ É·¨¢ ¥É¸Ö �Œ� ¤ ´´µ£µ § ·Ö¤ , ¨ ÔÉµÉ ³µ³¥´É ¡¥§ ¶µÉ¥·¨ µ¡Ð´µ¸É¨ ³µ¦´µ
¶µ²µ¦¨ÉÓ · ¢´Ò³ ´Ê²Õ. ’µ£¤  · ¢¥´¸É¢  (7) ¨ (8) µ¶·¥¤¥²ÖÕÉ x ¨ ρ ± ± ËÊ´±Í¨¨ λ.

�¨¸. 2. ‘¥·¶¨±¨ µ¸Í¨²²¨·ÊÕÐ¥£µ

§ ·Ö¤ 

…¸²¨ ¶µ Ëµ·³Ê² ³ (7) ¨ (8) ¶µ¸É·µ¨ÉÓ µ£¨¡ Õ-
Ð¨¥ ³´µ¦¥¸É¢  ¸Ë¥·, Éµ, ± ± ¢¨¤´µ ¨§ ·¨¸. 2, ¶µ¸É·µ-
¥´´µ£µ ¤²Ö § ·Ö¤  ¸ É¥³¨ ¦¥ ¶ · ³¥É· ³¨ É· ¥±Éµ-
·¨¨, ÎÉµ ¨ ´  ·¨¸. 1, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±·¨¢Ò¥ Ëµ·³¨-
·ÊÕÉ § ³±´ÊÉÒ¥ µ¡² ¸É¨. †¨·´ Ö ¶·Ö³ Ö ¢ Í¥´É·¥ ¸¨-
¸É¥³Ò ±µµ·¤¨´ É ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° É· ¥±Éµ·¨Õ § -
·Ö¤ . �µ Ëµ·³¥ ÔÉ¨ µ¡² ¸É¨ ´ ¶µ³¨´ ÕÉ ²Ê´´Ò¥ ¸¥·-
¶¨±¨, ¡²¨§±¨¥ ± ¸Ë¥·¨Î¥¸±¨³ ¸¥£³¥´É ³. �µ¸²¥¤´¨¥
µ¡· §ÊÕÉ¸Ö É¥³¨ λ-¸Ë¥· ³¨, ¤²Ö ±µÉµ·ÒÌ ¸±µ·µ¸ÉÓ § -
·Ö¤  · ¢´  ¸±µ·µ¸É¨ ¸¢¥É . ‚¤µ²Ó µ¸¨ x ¢ µÉ·¨Í É¥²Ó-
´µ³ ´ ¶· ¢²¥´¨¨ ³Î É¸Ö ¸¥·¶¨±¨, µÉ¢¥Î ÕÐ¨¥ ®¸É -
·¥ÕÐ¥°¯ ‹Ê´¥, É. ±. µ´¨ ¶µÌµ¦¨ ´  ¡Ê±¢Ê ®c¯,   ¢
¶µ²µ¦¨É¥²Ó´µ³ Å ®· ¸ÉÊÐ¥°¯.

‘¥·¶¨±¨ ¨³¥ÕÉ ¢· Ð É¥²Ó´ÊÕ ¸¨³³¥É·¨Õ µÉ´µ¸¨-
É¥²Ó´µ µ¸¨ x ¨ µ¡· §ÊÕÉ ¢ ¶·µ¸É· ´¸É¢¥ ¤¢  ±µ´Ê¸  ¸ µ¡Ð¥° µ¸ÓÕ, ¸µ¢¶ ¤ ÕÐ¥° ¸ µ¸ÓÕ
x, ¨ Ê£²µ³ ¶µ²Ê· ¸É¢µ·  α ¶·¨ ¢¥·Ï¨´¥, · ¢´Ò³ ¶·¨³¥·´µ

cosα =
1
β

. (9)

�Éµ · ¢¥´¸É¢µ É¥³ ÉµÎ´¥¥ ¢Ò¶µ²´Ö¥É¸Ö, Î¥³ ³¥´ÓÏ¥ µÉ´µÏ¥´¨¥ a/|x|. …¸²¨ β > 1 ¨
β → 1, Éµ ¸¥·¶¨±¨ § ¶µ²´ÖÕÉ ±µ´Ê¸Ò ¸ ¶·¨¡²¨¦ ÕÐ¨³¸Ö ± ´Ê²Õ Ê£²µ³ ¶µ²Ê· ¸É¢µ· 
¶·¨ ¢¥·Ï¨´ Ì.

�µ¦¤¥´¨¥ ¸¥·¶¨±a ³µ¦´µ ¶·µ¸²¥¤¨ÉÓ ¶µ ·¨¸. 3, £¤¥ ¶µ± § ´µ ¥£µ Ëµ·³¨·µ¢ ´¨¥ ¢¡²¨§¨
Í¥´É·  ¸¨¸É¥³Ò ±µµ·¤¨´ É ¢ · §²¨Î´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨ ωti,

ωti =
(

i

3
− 1

)
ψβ , ψβ = arccos

1
β

,

¨ i ¶·¨´¨³ ¥É ´ ÉÊ· ²Ó´Ò¥ §´ Î¥´¨Ö µÉ ´Ê²Ö ¤µ 6. „²Ö i = 0 µ£¨¡ ÕÐ Ö ¢Ò·µ¦¤ ¥É¸Ö
¢ ÉµÎ±Ê A, ¶µ³¥Î¥´´ÊÕ ±·¥¸É¨±µ³ ´  ·¨¸. 3, ¨ ¢ ÔÉµ° ÉµÎ±¥ ¸±µ·µ¸ÉÓ § ·Ö¤  · ¢´ 
¸±µ·µ¸É¨ ¸¢¥É . ‘ ·µ¸Éµ³ i µ£¨¡ ÕÐ Ö ¶·¨´¨³ ¥É Ëµ·³Ê · ¢´µ¸Éµ·µ´´¥£µ É·¥Ê£µ²Ó´¨± 
¢ ¶²µ¸±µ¸É¨ x, ρ ¸ µ¸´µ¢ ´¨¥³ ¢ ¢¨¤¥ ¤Ê£¨ µ±·Ê¦´µ¸É¨. „µ¶µ²´¨É¥²Ó´Ò³ ¶µ¸É·µ¥´¨¥³
³µ¦´µ Ê¸É ´µ¢¨ÉÓ, ÎÉµ ¢ ²Õ¡µ° ¶µ¸²¥¤ÊÕÐ¨° ³µ³¥´É ¢·¥³¥´¨ ti µ±·Ê¦´µ¸ÉÓ · ¤¨Ê¸ 
λ = iψ0/k ¨ Í¥´É·µ³ ¢ ÉµÎ±¥ A ± ¸ ¥É¸Ö µ¸´µ¢ ´¨Ö É·¥Ê£µ²Ó´¨± .
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�¨¸. 3. �µ¦¤¥´¨¥ ´µ¢µ£µ ¸¥·¶¨±  ¢ · §²¨Î-
´Ò¥ ³µ³¥´ÉÒ ¢·¥³¥´¨

‚ ¢¥·Ï¨´¥ É·¥Ê£µ²Ó´¨±  ´ Ìµ¤¨É¸Ö ÉµÎ¥Î-
´Ò° § ·Ö¤, ¸±µ·µ¸ÉÓ ±µÉµ·µ£µ ¶·¥¢ÒÏ ¥É ¸±µ-
·µ¸ÉÓ ¸¢¥É , ¶µÔÉµ³Ê ¡µ±µ¢Ò¥ ¸Éµ·µ´Ò É·¥Ê£µ²Ó-
´¨±  Ëµ·³¨·ÊÕÉ ¶µ¢¥·Ì´µ¸ÉÓ ¸ µÉ·¨Í É¥²Ó´µ°
±·¨¢¨§´µ° ¶·¨ ωti < 0 ¨ ¶µ²µ¦¨É¥²Ó´µ° Å ¶·¨
ωti > 0.

Šµ£¤  ωti ¤µ¸É¨£ ¥É §´ Î¥´¨Ö ψ0, ¸±µ·µ¸ÉÓ
§ ·Ö¤  ¢´µ¢Ó ¸· ¢´¨¢ ¥É¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É .
„²Ö É ±µ° ¸±µ·µ¸É¨ ±µ´Ê¸ Œ Ì  ¶·¨ · ¢´µ³¥·-
´µ³ ¨ ¶·Ö³µ²¨´¥°´µ³ ¤¢¨¦¥´¨¨ ¢Ò·µ¦¤ ¥É¸Ö ¢
¶²µ¸±µ¸ÉÓ, µ·Éµ£µ´ ²Ó´ÊÕ ¸±µ·µ¸É¨ § ·Ö¤ , ¶µ-
ÔÉµ³Ê ¶·¨ i = 6 ¢¥·Ï¨´  É·¥Ê£µ²Ó´¨±  µ± -
§Ò¢ ¥É¸Ö ¶²µ¸±µ°. ‚ ÔÉµ° ÉµÎ±¥ Ëµ·³¨·Ê¥É¸Ö

®¢§·µ¸²Ò°¯ ¸¥·¶¨±, ¥¸²¨ ¶·¥¤Ò¤ÊÐ¨¥ Ë §Ò · ¸¸³ É·¨¢ ÉÓ ± ± · §¢¨É¨¥ ³µ²µ¤µ£µ
¸¥·¶¨± .

Š ± ¢¨¤´µ ¨§ ¨§²µ¦¥´´µ£µ, ¸¥·¶¨±¨ µ¡· §µ¢ ´Ò ¸Ë¥· ³¨ ¸ ±µ´¥Î´Ò³¨ · ¤¨Ê¸ ³¨,
¶µÔÉµ³Ê ¸± ²Ö·´Ò° ¶µÉ¥´Í¨ ² ´  ¨Ì £· ´¨Í Ì ¨ ¢´ÊÉ·¨ ¢¸¥£¤  µ¸É ¥É¸Ö ±µ´¥Î´Ò³ ¨
¸¨´£Ê²Ö·´µ¸É¥° ´¥ ¸µ¤¥·¦¨É.

� ¸¸³µÉ·¨³ ¶¥·¥¸¥Î¥´¨Ö ¸¥·¶¨±µ¢ ¸ µ¸ÓÕ x, ¤²Ö Î¥£µ · ¢¥´¸É¢µ (8) ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥

β2 cos2(ωt − kλ) =
λ2

λ2 − ρ2
.

‚ É ±µ° Ëµ·³¥ µ´µ ¨³¥¥É ¸³Ò¸² ²¨ÏÓ ¶·¨

β > 1,

É. ±. ¸ÉµÖÐ Ö ¢ ´¥³ ¸¶· ¢  ¤·µ¡Ó ¢¸¥£¤  ¡µ²ÓÏ¥ ¥¤¨´¨ÍÒ.
’¥¶¥·Ó ¢ · ¢¥´¸É¢¥ (8) ¶µ²µ¦¨³ ρ = 0, Éµ£¤ 

β2 cos2(ωt − kλ) = 1, (10)

¨²¨

cos (ωt − kλ) = cosψ = ± 1
β

.

ˆ§ (6) ¸²¥¤Ê¥É, ÎÉµ §´ ±Ê ®−¯ µÉ¢¥Î ¥É Ê¸²µ¢¨¥

x − a sin ψ < 0,

É. ±. ¶µ µ¶·¥¤¥²¥´¨Õ λ > 0. �É¸Õ¤  ´ Ìµ¤¨³ ¤²Ö ®²¥¢ÒÌ¯ (x < 0) ÉµÎ¥± ¶¥·¥¸¥Î¥´¨Ö
µ£¨¡ ÕÐ¨Ì ¸ µ¸ÓÕ x

lψN1 = +arccos
1
β
− (2N + 1)π,

lψN2 = −arccos
1
β
− (2N + 1)π

(11)
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¨ ¤²Ö ®¶· ¢ÒÌ¯ (x > 0)

rψN1 = +arccos
1
β
− 2Nπ,

rψN2 = −arccos
1
β
− 2Nπ,

(12)

É. ¥. ¨¸±µ³Ò¥ µ£¨¡ ÕÐ¨¥ ¶¥·¥¸¥± ÕÉ µ¸Ó x ¢ ¡¥¸±µ´¥Î´µ³, ´µ ¤¨¸±·¥É´µ³ Î¨¸²¥ ÉµÎ¥±,
¨ λN ¢ ÔÉ¨Ì ÉµÎ± Ì ¨³¥¥É ¢¥²¨Î¨´Ê

λN = ct − ψN

k
. (13)

„¨ËË¥·¥´Í¨·ÊÖ ¶µ¸²¥¤´¥¥ · ¢¥´¸É¢µ ¶µ t, ´ °¤¥³

dλN

dt
= c.

�É¸Õ¤  § ±²ÕÎ ¥³, ÎÉµ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö µ£¨¡ ÕÐ¨Ì ¸ µ¸ÓÕ x ¤¢¨¦ÊÉ¸Ö ¶µ µ¸¨ ¸µ
¸±µ·µ¸ÉÓÕ c.

„²Ö ¤ ´´µ£µ N ¢¸¥£¤  ¨³¥¥É¸Ö ¤¢¥ ÉµÎ±¨ ¶¥·¥¸¥Î¥´¨Ö µ£¨¡ ÕÐ¥° ¸ µ¸ÓÕ x ¨ · §´µ¸ÉÓ
§´ Î¥´¨° λ ¢ ÔÉ¨Ì ÉµÎ± Ì

∆λN = λN2 − λN1 =
2
k

arccos
1
β

¢¸¥£¤  ¶µ¸ÉµÖ´´  ¨ µ¶·¥¤¥²Ö¥É¸Ö ³ ±¸¨³ ²Ó´µ° ¸±µ·µ¸ÉÓÕ § ·Ö¤ . 	 ¶·µÉ¨¢, ¸Ê³³  λN

σλN = λN1 + λN2 =




(2N + 1)
c

f
,

2N
c

f

´¥ § ¢¨¸¨É µÉ ¸±µ·µ¸É¨ § ·Ö¤ .
Šµµ·¤¨´ ÉÒ xN ÉµÎ¥± ¶¥·¥¸¥Î¥´¨Ö · ¢´Ò

xN1,N2 = −λN1,N2 + a sin ψN1,N2,

¨ ¨Ì · §´µ¸É¨ ∆xN = xN2 − xN1 É ±¦¥ ¶µ¸ÉµÖ´´Ò ¨ µ¶·¥¤¥²ÖÕÉ¸Ö ³ ±¸¨³ ²Ó´µ° ¸±µ-
·µ¸ÉÓÕ § ·Ö¤ ,   ¸Ê³³Ò xN1, N2 É ±¦¥ ¶µ¸ÉµÖ´´Ò ¨ ´¥ § ¢¨¸ÖÉ µÉ ¸±µ·µ¸É¨ § ·Ö¤ .

3. Œ��ƒ�‡��—��‘’œ ”“�Š–ˆˆ λ(x)

�£¨¡ ÕÐ¨¥ ¢µ§´¨± ÕÉ ¶µÉµ³Ê, ÎÉµ ¶·¨ β > 1 ËÊ´±Í¨Ö λ(x) ¨³¥¥É ´  ´¥±µÉµ·ÒÌ ¨´-
É¥·¢ ² Ì µ¸¨ x µ¤´µ¢·¥³¥´´µ É·¨ · §´ÒÌ §´ Î¥´¨Ö ¶·¨ µ¤´µ³ ¨ Éµ³ ¦¥ x. „¥°¸É¢¨É¥²Ó´µ,
¶µ²µ¦¨³

ρ = 0,

Éµ£¤  ¨§ Ê· ¢´¥´¨Ö (5) ¶µ²ÊÎ ¥³

x = ±λ + a sin (ωt − kλ).

‡´ ± ®+¯ ¸µµÉ¢¥É¸É¢Ê¥É ¶µ²µ¦¨É¥²Ó´Ò³ §´ Î¥´¨Ö³ x,   §´ ± ®−¯ Å µÉ·¨Í É¥²Ó´Ò³.
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�¨¸. 4. ”Ê´±Í¨Ö λ(x) ´  µ¸¨ x

‡ ¤ ¢ Ö¸Ó §´ Î¥´¨¥³ λ, ¢ÒÎ¨¸²Ö¥³ x ¨
¸É·µ¨³ ËÊ´±Í¨Õ λ(x), £· Ë¨± ±µÉµ·µ° ¶·¨¢¥-
¤¥´ ´  ·¨¸. 4. 	  ´¥³ É·¨ ±·¨¢Ò¥: 1 Å ¤²Ö § -
·Ö¤  ¸ ¶ · ³¥É· ³¨ É· ¥±Éµ·¨¨, ± ± ´  ·¨¸. 1Ä3;
2 Å ¤²Ö § ·Ö¤  ¸ Ê³¥´ÓÏ¥´´µ° ¢¤¢µ¥ Î ¸ÉµÉµ°
±µ²¥¡ ´¨° (f2 = f/2) ¨ 3 Å ¤²Ö ´¥¶µ¤¢¨¦´µ£µ
§ ·Ö¤ .

‚¨¤´µ, ÎÉµ µ¡² ¸É¨, ¢ ±µÉµ·ÒÌ λ ¨³¥¥É É·¨
§´ Î¥´¨Ö (±·¨¢ Ö 1), ·¥£Ê²Ö·´µ ¶µÖ¢²ÖÕÉ¸Ö ¸²¥¢ 

¨ ¸¶· ¢  µÉ ÉµÎ±¨ x = 0. �É  ³´µ£µ§´ Î´µ¸ÉÓ ËÊ´±Í¨¨ λ(x) ¨ ¶µ·µ¦¤ ¥É µ£¨¡ ÕÐ¨¥.
„²Ö ±·¨¢µ° 2 ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ β = 0, 654, ¶µÔÉµ³Ê §¤¥¸Ó µÉ¸ÊÉ¸É¢ÊÕÉ µ¡² -

¸É¨ ³´µ£µ§´ Î´µ¸É¨ ËÊ´±Í¨¨ λ(x), ¨ ¢ · ¸¶·¥¤¥²¥´¨¨ λ-¸Ë¥·, ¥¸²¨ ¤²Ö É ±µ£µ § ·Ö¤ 
¶µ¸É·µ¨ÉÓ ·¨¸Ê´µ±,  ´ ²µ£¨Î´Ò° ·¨¸. 1, ¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ¶¥·¨µ¤¨Î¥¸±¨¥ ¸£ÊÐ¥´¨Ö ¨
· §·Ö¦¥´¨Ö, ´µ Î¥·¥§ ²Õ¡ÊÕ ÉµÎ±Ê ¶·µ°¤¥É Éµ²Ó±µ µ¤´  ¸Ë¥· .

	 ±µ´¥Í, ¶·Ö³Ò¥ 3 ¸µµÉ¢¥É¸É¢ÊÕÉ ´¥¶µ¤¢¨¦´µ³Ê § ·Ö¤Ê, ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¸¸ÉµÖ´¨¥
³¥¦¤Ê ¸µ¸¥¤´¨³¨ λ-¸Ë¥· ³¨ µ¸É ¥É¸Ö ¶µ¸ÉµÖ´´Ò³.

4. ‘Š�‹Ÿ��›‰ ��’…�–ˆ�‹

‚ ± ¦¤µ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢ , Î¥·¥§ ±µÉµ·ÊÕ ¶·µÌµ¤¨É λ-¸Ë¥· , ÉµÎ¥Î´Ò° § ·Ö¤ ¸µ-
§¤ ¥É ¸± ²Ö·´Ò° ¶µÉ¥´Í¨ ²1 Φ:

Φ =
e

λ
. (14)

Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ É ±µ³ µ¶·¥¤¥²¥´¨¨ ¸± ²Ö·´Ò° ¶µÉ¥´Í¨ ² Ê¤µ¢²¥É¢µ·Ö¥É ¸²¥¤Ê-
ÕÐ¥³Ê ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê Ê· ¢´¥´¨Õ ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ

�Φ =
∂Φ2

ec∂t
. (15)

�Éµ Ê· ¢´¥´¨¥ ´¥²¨´¥°´µ, É. ±. ¢ ´¥³ Φ ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ¶¥·¢µ° ¨ ¢µ ¢Éµ·µ° ¸É¥¶¥´¨, ¨
´¥µ¡· É¨³µ, É. ±. ¢ ´¥³ ¸µ¤¥·¦¨É¸Ö ¶¥·¢ Ö Î ¸É´ Ö ¶·µ¨§¢µ¤´ Ö ¶µÉ¥´Í¨ ²  ¶µ ¢·¥³¥´¨.
� §Ê³¥¥É¸Ö, Ê· ¢´¥´¨¥ (15) µÉ²¨Î ¥É¸Ö µÉ Ê· ¢´¥´¨Ö

�Φ = 0, (15a)

±µÉµ·µ¥ ·¥Ï ² •¥¢¨¸ °¤ ¨ ¤·. 	¥É·Ê¤´µ Ê¡¥¤¨ÉÓ¸Ö, ÎÉµ ¶µ¸²¥¤´¥¥ Ê· ¢´¥´¨¥ § ¤ ¥É
¶µÉ¥´Í¨ ² (¶·¨ · ¢´µ³¥·´µ³ ¨ ¶·Ö³µ²¨´¥°´µ³ ¤¢¨¦¥´¨¨ § ·Ö¤ ), ±µÉµ·Ò° ¢µ¢¸¥ ´¥
§ ¶ §¤Ò¢ ¥É, ÌµÉÖ ¨ ´ §Ò¢ ¥É¸Ö § ¶ §¤Ò¢ ÕÐ¨³, ¨ · ¸¶·¥¤¥²¥´¨¥ ¸± ²Ö·´µ£µ ¶µÉ¥´Í¨ ² 
´  µ¸¨ x, ¢¤µ²Ó ±µÉµ·µ° ¤¢¨¦¥É¸Ö § ·Ö¤, µ¸É ¥É¸Ö ¶µ¸ÉµÖ´´Ò³ ¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ β,
¥¸²¨ Éµ²Ó±µ β < 1.

1�¶·¥¤¥²¥´¨¥ ¢¥±Éµ·´µ£µ ¶µÉ¥´Í¨ ²  A ÉµÎ¥Î´µ£µ § ·Ö¤  ¶·¨¢¥¤¥´µ ¢ [4].
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„¥°¸É¢¨É¥²Ó´µ, Ê· ¢´¥´¨Õ (15a) ¤²Ö · ¢´µ³¥·´µ ¨ ¶·Ö³µ²¨´¥°´µ ¤¢¨¦ÊÐ¥£µ¸Ö § ·Ö¤ 
¸ β < 1 Ê¤µ¢²¥É¢µ·Ö¥É § ¶ §¤Ò¢ ÕÐ¨° ¶µÉ¥´Í¨ ² ΦLW [5]:

ΦLW(x, y, z) =
e

√
1 − β2

√√√√(
x − vt√
1 − β2

)2

+ y2 + z2

.

‚ ÔÉµ° Ëµ·³Ê²¥ ¶µ²µ¦¨³ y = z = 0, ÎÉµ µ¶·¥¤¥²¨É § ¶ §¤Ò¢ ÕÐ¨° ¶µÉ¥´Í¨ ² ´  µ¸¨ x

ΦLW(x, 0, 0) =
e

|x − vt| .

�Î¥¢¨¤´µ, ÎÉµ § ¶ §¤Ò¢ ÕÐ¨° ¶µÉ¥´Í¨ ² ¢ ÔÉµ° Ëµ·³¥ µÉ²¨Î ¥É¸Ö µÉ ¶µÉ¥´Í¨ ²  ´¥¶µ-
¤¢¨¦´µ£µ § ·Ö¤ 

Φ(x, 0, 0) =
e

|x|

Éµ²Ó±µ ¶µ²µ¦¥´¨¥³ Í¥´É·  ±µµ·¤¨´ É´µ° ¸¨¸É¥³Ò ´  µ¸¨ x.
‚µ§¢· Ð Ö¸Ó ± µ¶·¥¤¥²¥´¨Õ (14), § ³¥É¨³, ÎÉµ ¥¸²¨ Î¥·¥§ ¤ ´´ÊÕ ÉµÎ±Ê ´ ¡²Õ¤¥´¨Ö

�Œ� ¶·µÌµ¤¨É ¤¢¥ ¨ ¡µ²¥¥ λ-¸Ë¥·Ò ¢ µ¤¨´ ¨ ÉµÉ ¦¥ ³µ³¥´É ¢·¥³¥´¨ t, Éµ ¸± ²Ö·´Ò°
¶µÉ¥´Í¨ ² ¢ ÔÉµ° ÉµÎ±¥ ¢ ¸¨²Ê ¶·¨´Í¨¶  ¸Ê¶¥·¶µ§¨Í¨¨ · ¢¥´ ¸Ê³³¥ ¶µÉ¥´Í¨ ²µ¢ ¢¨¤ 
(14), µÉ¢¥Î ÕÐ¨Ì ± ¦¤µ³Ê §´ Î¥´¨Õ λ,

Φ = eΣ
1
λi

. (16)

�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥ ¸± ²Ö·´µ£µ

¶µÉ¥´Í¨ ²  ´  µ¸¨ x

„²Ö ¶µ¸É·µ¥´¨Ö ±·¨¢µ° Φ(x) ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¢¸¥
§´ Î¥´¨Ö λ ¢ µ¤´¨Ì ¨ É¥Ì ¦¥ ÉµÎ± Ì µ¸¨ x. �´¨ ¡Ò²¨
¶µ²ÊÎ¥´Ò Î¨¸²¥´´µ. ‘ ÔÉµ° Í¥²ÓÕ µ¡² ¸ÉÓ ³´µ£µ§´ Î-
´µ¸É¨ ËÊ´±Í¨¨ λ · §¡¨¢ ² ¸Ó ´  É·¨ ¶µ¤µ¡² ¸É¨, ¢ ¶·¥-
¤¥² Ì ±µÉµ·ÒÌ λ µ¸É ¢ ² ¸Ó µ¤´µ§´ Î´µ°, ¨ §¤¥¸Ó ¢ÒÎ¨-
¸²Ö²¨¸Ó §´ Î¥´¨Ö xi ¶µ Ëµ·³Ê²¥ (7) ¶·¨ µÎ¥´Ó ³¥²±µ³
Ï £¥ ¶µ λ. �É¨ §´ Î¥´¨Ö xi § É¥³ ¸· ¢´¨¢ ²¨¸Ó c § -
¤ ´´Ò³ §´ Î¥´¨¥³ xj ¶µ Ëµ·³Ê²¥

xi < xj < xi+1.

‚ ·¥§Ê²ÓÉ É¥ ¢ ÉµÎ± Ì xj ´ Ìµ¤¨²¨¸Ó §´ Î¥´¨Ö λj , ÌµÉÖ ¨ ¸ ´¥±µÉµ·µ° µÏ¨¡±µ° ¶µ·Ö¤± 
Ï £  ¶µ λ.

‡´ Î¥´¨Ö xj ¨ ¨³ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ λj ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¤²Ö ´ Ìµ¦¤¥´¨Ö ¶µÉ¥´Í¨ ² 
¶µ Ëµ·³Ê²¥ (16),   ¢¥²¨Î¨´  λj ´ Ìµ¤¨² ¸Ó ²¨´¥°´µ° ¨´É¥·¶µ²ÖÍ¨¥° §´ Î¥´¨° λi ¨ λi+1

¢ ¸µ¸¥¤´¨Ì ¸ xj ÉµÎ± Ì, ÎÉµ ¶µ¢ÒÏ ²µ ÉµÎ´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨°. �¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸. 5, µÉ±Ê¤  ¢¨¤´µ, ÎÉµ ¸± ²Ö·´Ò° ¶µÉ¥´Í¨ ² ´  µ¸¨ x ®³µ¤Ê²¨·µ¢ ´¯ ¶·Ö³µÊ£µ²Ó´Ò³¨
¨³¶Ê²Ó¸ ³¨ c ¡¥¸±µ´¥Î´µ ±µ·µÉ±¨³¨ Ë·µ´É ³¨.
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‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ÔÉ¨ Ë·µ´ÉÒ ¨³¥ÕÉ ±µ´¥Î´ÊÕ ¶·µÉÖ¦¥´´µ¸ÉÓ. �´ ²¨§ [6] ±µ´Ê¸ 
Œ Ì  · ¢´µ³¥·´µ § ·Ö¦¥´´µ° ¶µ ¶µ¢¥·Ì´µ¸É¨ ¸Ë¥·Ò ±µ´¥Î´µ£µ · ¤¨Ê¸  a, ¤¢¨¦ÊÐ¥°¸Ö
· ¢´µ³¥·´µ ¨ ¶·Ö³µ²¨´¥°´µ ¸ β > 1, ¶µ± §Ò¢ ¥É, ÎÉµ É ±µ° ±µ´Ê¸ ¨³¥¥É ¢´ÊÉ·¥´´ÕÕ
³¨±·µ¸É·Ê±ÉÊ·Ê. …¸²¨ ¥¥ µ¸´µ¢´µ° ±µ´Ê¸ ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ r µÉ ¸Ë¥·Ò, ±µ£¤a
a/r 
 1, ¸µ¢¶ ¤ ¥É ¸ ±µ´Ê¸µ³ Œ Ì  ÉµÎ¥Î´µ£µ § ·Ö¤ , Éµ µ´ µ±·Ê¦¥´ ¶µ£· ´¨Î´Ò³ ±µ´Ê-
¸µ³, ¢ ±µÉµ·µ³ ¸± ²Ö·´Ò° ¶µÉ¥´Í¨ ² ®¶µ¸É¥¶¥´´µ¯, ± ± £µ¢µ·¨² ƒÕ°£¥´¸, Ê¢¥²¨Î¨¢ ¥É¸Ö
µÉ ´Ê²Ö ´  ¢´¥Ï´¥° £· ´¨Í¥ ¶µ£· ´¨Î´µ£µ ±µ´Ê¸  ¤µ ´¥±µÉµ·µ° ±µ´¥Î´µ° ¢¥²¨Î¨´Ò ´ 
£· ´¨Í¥ µ¸´µ¢´µ£µ ±µ´Ê¸ . �·µÉÖ¦¥´´µ¸ÉÓ ¶µ£· ´¨Î´µ£µ ±µ´Ê¸  · ¢´  2βa, ÎÉµ ¶·¨ ¸±µ-
·µ¸É¨ ¸Ë¥·Ò v = βc ¤ ¥É ¢·¥³Ö τ ¶·µÌµ¦¤¥´¨Ö ¶µ£· ´¨Î´µ£µ ±µ´Ê¸  ³¨³µ ´¥¶µ¤¢¨¦´µ£µ
´ ¡²Õ¤ É¥²Ö

τ =
2βa

βc
=

2a

c
.

�Éµ ¢·¥³Ö ¤²Ö Ô²¥±É·µ´  (±² ¸¸¨Î¥¸±¨° · ¤¨Ê¸ a = 2, 818 ·10−13 ¸³) ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê
0,939 ·10−23 ¸ ¨ ¥Ð¥ ³¥´ÓÏ¥ Å ¤²Ö ¶·µÉµ´ . ‘Éµ²Ó ³ ² Ö ¤²¨É¥²Ó´µ¸ÉÓ Ë·µ´É  ¶µ§¢µ²Ö¥É
¸Î¨É ÉÓ ¥£µ ¡¥¸±µ´¥Î´µ ±µ·µÉ±¨³.

‡�Š‹�—…�ˆ…

ˆ§ · ¸¸³µÉ·¥´¨Ö �Œ� ÉµÎ¥Î´µ£µ § ·Ö¤ , µ¸Í¨²²¨·ÊÕÐ¥£µ ¢¤µ²Ó µ¸¨ x, ¸²¥¤Ê¥É, ÎÉµ
¶·¨ ²Õ¡µ° ¸±µ·µ¸É¨ § ·Ö¤  �Œ� ¸ÊÐ¥¸É¢Ê¥É ¢ ²Õ¡µ° ÉµÎ±¥ ¶·µ¸É· ´¸É¢ . �·¨ β > 1
¢ · ¸¶·¥¤¥²¥´¨¨ ¶µÉ¥´Í¨ ²  ¶µÖ¢²ÖÕÉ¸Ö § ³±´ÊÉÒ¥ µ¡² ¸É¨ ¶·µ¸É· ´¸É¢ , ¢ ±µÉµ·ÒÌ
¶µÉ¥´Í¨ ² ¢ÒÏ¥, Î¥³ ¢ ¸µ¸¥¤´¨Ì ¸ ÔÉ¨³¨ µ¡² ¸ÉÖ³¨ ÉµÎ± Ì. �É¨ µ¡² ¸É¨ µ¡· §ÊÕÉ ¤¢¥
£·Ê¶¶Ò, ¤¢¨¦ÊÐ¨¥¸Ö ¸µ ¸±µ·µ¸ÉÓÕ ¸¢¥É  ¢ · §´Ò¥ ¸Éµ·µ´Ò ¢¤µ²Ó µ¸¨ ±µ²¥¡ ´¨° § ·Ö¤ .
�µ Ëµ·³¥ µ´¨ ´ ¶µ³¨´ ÕÉ ¸¥·¶¨±¨ ®¸É ·¥ÕÐ¥°¯ ¨²¨ ®· ¸ÉÊÐ¥°¯ ‹Ê´Ò ¨ § ¶µ²´ÖÕÉ ¤¢ 
±µ´Ê¸  ¸ Ê£²µ³ ¶µ²Ê· ¸É¢µ·  ¶·¨ ¢¥·Ï¨´ Ì (9). — ¸ÉµÉ  ¸²¥¤µ¢ ´¨Ö ¸¥·¶¨±µ¢ ¢ ± ¦¤µ°
£·Ê¶¶¥ · ¢´  Î ¸ÉµÉ¥ ±µ²¥¡ ´¨° § ·Ö¤ .

�·¨Î¨´  ¶µÖ¢²¥´¨Ö ¸¥·¶¨±µ¢  ´ ²µ£¨Î´  ¶·¨Î¨´¥ ¶µÖ¢²¥´¨Ö ±µ´Ê¸  Œ Ì  ¶·¨ ¶·Ö-
³µ²¨´¥°´µ³ ¤¢¨¦¥´¨¨ § ·Ö¤  ¸µ ¸¢¥·Ì¸¢¥Éµ¢µ° ¸±µ·µ¸ÉÓÕ, ´µ ¸¥·¶¨±¨ § ¶µ²´ÖÕÉ ¤·Ê£µ°
±µ´Ê¸, Ê£µ² ¶µ²Ê· ¸É¢µ·  ¶·¨ ¢¥·Ï¨´¥ ±µÉµ·µ£µ ¤µ¶µ²´Ö¥É Ê£µ² ¶µ²Ê· ¸É¢µ·  ±µ´Ê¸ 
Œ Ì  ¤µ ¶·Ö³µ£µ.

’ ±µ° µ¸Í¨²²¨·ÊÕÐ¨° ¸¢¥·Ì¸¢¥Éµ¢µ° § ·Ö¤ ¢Ò§µ¢¥É ¢ µ±·Ê¦ ÕÐ¥³ ¢¥Ð¥¸É¢¥ ¸¢¥Î¥-
´¨¥, ´ ¡²Õ¤ ¥³µ¥ µ¤´µ¢·¥³¥´´µ ¢ ¤¢ÊÌ ±µ´Ê¸ Ì ¶µ ¶·Ö³µ°, ¢¤µ²Ó ±µÉµ·µ° µ¸Í¨²²¨·Ê¥É
§ ·Ö¤.
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