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‚ ÔÉμ° · ¡μÉ¥ μ¡¸Ê¦¤ ÕÉ¸Ö ¶·μ¡²¥³Ò, ±μÉμ·Ò¥ μ¡ÒÎ´μ Ê¸±μ²Ó§ ÕÉ μÉ ¸²ÊÏ É¥²¥° ±Ê·¸  Ô²¥±-
É·μ¤¨´ ³¨±¨. �Éμ ¢μ¶·μ¸Ò μ Éμ³, 1) ± ± ®¢Ò£²Ö¤¨É¯ ËμÉμ´, ´ ¡²Õ¤ ¥³Ò° ¢ ¶·¨·μ¤¥; 2) ± ± ³μ¦¥É
¶μ²ÊÎ ÉÓ¸Ö ¨´É¥·Ë¥·¥´Í¨μ´´ Ö ± ·É¨´  μÉ ¨¸ÉμÎ´¨± , ¸μ¤¥·¦ Ð¥£μ ³´μ¦¥¸É¢μ ´¥±μ£¥·¥´É´μ ¨§²Ê-
Î ÕÐ¨Ì  Éμ³μ¢; 3) ± ± ®§ ³¥¤²Ö¥É¸Ö¯ ¸¢¥É ¢ ¸·¥¤¥. �É¢¥ÉÒ ´  ÔÉ¨ ¢μ¶·μ¸Ò (¥¸²¨ μ´¨ ¨ μ¡¸Ê¦¤ ÕÉ¸Ö)
· §¡·μ¸ ´Ò ¶μ · §´Ò³ ÊÎ¥¡´¨± ³. ŒÒ ¦¥ ¸²¥¤Ê¥³ ¨§²μ¦¥´¨Õ ÊÎ¥¡´¨±  [1].

In this lecture I discuss issues that usually escape the attention of students in a standard course
of electrodynamics. These are the following questions: 1) What is the photon, which we observe in
Nature? 2) How can an interference pattern appear from a source that contains very large number of
atoms radiating incoherently? 3) How does light slow down in a medium? Answers to these questions
(if they are given at all) are spread across different textbooks. Here I follow our textbook [1].
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1. —’� ’�Š�… ”�’��

� Î´¥³ ¸ ¢μ¶·μ¸  μ Éμ³, ± ± ¶μ´¨³ ÉÓ É¥·³¨´ ®ËμÉμ´¯ ¢ ¶·¨³¥´¥´¨¨ ± ´ ¡²Õ¤ ¥-
³Ò³ ´ ³¨ μ¡Ñ¥±É ³. ‚Ò¶μ²´ÖÕÉ¸Ö ²¨ ¤²Ö ´¥£μ ¸μμÉ´μÏ¥´¨Ö E = �ω, p = �k? Š ±μ¥
μÉ´μÏ¥´¨¥ ¨³¥ÕÉ É¥ ±¢ ´ÉÒ ¸¢¥É , Ë¨£Ê·¨·ÊÕÐ¨¥ ¢ μ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É , ± ¶²μ¸±¨³
¢μ²´ ³, ±μÉμ·Ò¥ ¤μ²¦´Ò ¡ÒÉÓ ¶·μÉÖ¦¥´´Ò ¢μ ¢¸¥³ ¶·μ¸É· ´¸É¢¥?

�¥ ²Ó´Ò¥ ±¢ ´ÉÒ ¸¢¥É , μÎ¥¢¨¤´μ, ´¥ ¤²ÖÉ¸Ö ¢¥Î´μ ¨ ´¥ ¶·μ¸É¨· ÕÉ¸Ö ¶μ ¢¸¥° ‚¸¥-
²¥´´μ°. �Éμ ´¥ ¶²μ¸±¨¥ ¢μ²´Ò,   ¢μ²´μ¢Ò¥ ¶ ±¥ÉÒ, ²μ± ²¨§μ¢ ´´Ò¥ ¢ ´¥±μÉμ·μ° μ¡² ¸É¨
¶·μ¸É· ´¸É¢  ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¨³¥ÕÐ¨¥ ´¥±μÉμ·Ò° · §¡·μ¸ Î ¸ÉμÉ ¨ ¢μ²´μ¢ÒÌ ¢¥±Éμ-
·μ¢. � §³¥· μ¡² ¸É¨ ²μ± ²¨§ Í¨¨ ¨ · §¡·μ¸ Î ¸ÉμÉ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³ ¸μμÉ´μÏ¥´¨¥³
´¥μ¶·¥¤¥²¥´´μ¸É¥°.

�Éμ μ§´ Î ¥É, ÎÉμ Î¨¸Éμ ³μ´μÌ·μ³ É¨Î¥¸±¨° ¸¢¥É ¸μ§¤ ÉÓ ´¥¢μ§³μ¦´μ. ‚μ§³μ¦¥´
Éμ²Ó±μ ¶μÎÉ¨ ³μ´μÌ·μ³ É¨Î¥¸±¨° ¸¢¥É. �·¥¤¸É ¢²¥´¨¥ μ ³μ´μÌ·μ³ É¨Î¥¸±μ³ ¸¢¥É¥ ¥¸ÉÓ
²¨ÏÓ ¶·¨¡²¨¦¥´¨¥, ¨´μ£¤  μÎ¥´Ó Ìμ·μÏ¥¥, ¨´μ£¤  Å ´¥¤μ¸É ÉμÎ´μ¥. ‘μμÉ´μÏ¥´¨Ö E =
�ω, p = �k ´¥ Ö¢²ÖÕÉ¸Ö ÉμÎ´Ò³¨ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ ¸ ³¨ §´ Î¥´¨Ö ω ¨ k ´¥ μ¶·¥¤¥²ÖÕÉ¸Ö
ÉμÎ´μ.

1E-mail: ginzburg@math.nsc.ru
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2. „‹ˆ�� Š�ƒ…�…�’��‘’ˆ

� ¡²Õ¤ ÉÓ ¨´É¥·Ë¥·¥´Í¨Õ μÉ ¤¢ÊÌ ¤¥°¸É¢¨É¥²Ó´μ · §´ÒÌ μ¡ÒÎ´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¸¢¥É 
¢ μ¶É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ ´¥¢μ§³μ¦´μ1. ‚ μ¡ÒÎ´μ° ¸¨ÉÊ Í¨¨ ¤²Ö Éμ£μ ÎÉμ¡Ò ¶·μ´ ¡²Õ¤ ÉÓ
¨´É¥·Ë¥·¥´Í¨Õ, ²ÊÎ μ¤´μ£μ Í¢¥É  (³μ´μÌ·μ³ É¨Î¥¸±¨° ¨²¨ ¶μÎÉ¨ ³μ´μÌ·μ³ É¨Î¥¸±¨°)
· §¤¥²ÖÕÉ ´  ¤¢  ²ÊÎ , ±μÉμ·Ò¥ ¨¤ÊÉ ¶μ ¤¢Ê³ · §´Ò³ ¶ÊÉÖ³ ¨ ¶·¨Ìμ¤ÖÉ ´  Ô±· ´ ¸
· §´μ¸ÉÓÕ Ìμ¤  L. �  Ô±· ´¥ ¢¨¤´Ò ¨´É¥·Ë¥·¥´Í¨μ´´Ò¥ ¶μ²μ¸Ò, μÉ¢¥Î ÕÐ¨¥ · §´Ò³
L; ¶·¨ μÎ¥´Ó ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ L μ´¨ ¨¸Î¥§ ÕÉ.

‚ ²Õ¡μ³ μ¡ÒÎ´μ³ ¨¸ÉμÎ´¨±¥ ³¨²²¨μ´Ò  Éμ³μ¢ ¨§²ÊÎ ÕÉ ¸¢¥É. �´¨ ¨§²ÊÎ ÕÉ ´¥±μ-
£¥·¥´É´μ: ± ¦¤Ò° ¨§ ´¨Ì ¨¸¶Ê¸± ¥É ËμÉμ´, ´ Î¨´ Ö ¸μ ¸¢μ¥£μ ³μ³¥´É  ¢·¥³¥´¨, μÉ· ¦ -
ÕÐ¥£μ ¶·¥¤Ï¥¸É¢ÊÕÐÊÕ ¨¸Éμ·¨Õ ÔÉμ£μ ±μ´±·¥É´μ£μ  Éμ³ ,   ¨¸¶ÊÐ¥´´Ò¥ ¨³¨ ËμÉμ´Ò
¨³¥ÕÉ ´¥³´μ£μ · §´Ò¥ Î ¸ÉμÉÒ. �μÎ¥³Ê ¦¥ ¢¨¤´  ¨´É¥·Ë¥·¥´Í¨μ´´ Ö ± ·É¨´ ? �μÎ¥³Ê
¨´É¥·Ë¥·¥´Í¨Ö ´¥ ¢¨¤´ , ±μ£¤  · §´μ¸ÉÓ Ìμ¤  L ¶·¥¢ÒÏ ¥É ´¥±μÉμ·μ¥ §´ Î¥´¨¥ ρ Å
¤²¨´Ê ±μ£¥·¥´É´μ¸É¨? —¥³ μ¶·¥¤¥²Ö¥É¸Ö ¤²¨´  ±μ£¥·¥´É´μ¸É¨ ¤²Ö ¤ ´´μ£μ ¨¸ÉμÎ´¨± 2?

ˆ´É¥·Ë¥·¥´Í¨μ´´μ¥ ¸² £ ¥³μ¥, ±μ··¥²ÖÉμ·. �Ê¸ÉÓ ¤¢  ²ÊÎ , ¶μ²ÊÎ¨¢Ï¨Ì¸Ö ¨§ · ¸-
Ð¥¶²¥´¨Ö μ¤´μ£μ ²ÊÎ , ¶·¨Ìμ¤ÖÉ ¢ ÉμÎ±Ê ´ ¡²Õ¤¥´¨Ö ¶μ · §´Ò³ ¶ÊÉÖ³. � §´μ¸ÉÓ ¢·¥³¥´
¶·μÌμ¦¤¥´¨Ö ÔÉ¨Ì ²ÊÎ¥° μÉ ¨¸ÉμÎ´¨±  ¤μ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö, Ê³´μ¦¥´´ÊÕ ´  ¸±μ·μ¸ÉÓ
¸¢¥É  c, ´ §Ò¢ ÕÉ μ¶É¨Î¥¸±μ° · §´μ¸ÉÓÕ Ìμ¤  ²ÊÎ¥° L. �²¥±É·¨Î¥¸±μ¥ ¶μ²¥ E ¢ ÉμÎ±¥
´ ¡²Õ¤¥´¨Ö r Ö¢²Ö¥É¸Ö ¸Ê³³μ° ¤¢ÊÌ ¶μ²¥°: E = E1(r, t)+E2(r, t). ˆ´É¥´¸¨¢´μ¸ÉÓ Ê¸·¥¤-
´¥´´μ£μ ´ ¡²Õ¤ ¥³μ£μ ¸¨£´ ²  ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ I = I1 + I2 + D, £¤¥ (c ÉμÎ´μ¸ÉÓÕ
¤μ ´¥¸ÊÐ¥¸É¢¥´´μ£μ ³´μ¦¨É¥²Ö)

I1 = 〈E2
1(r, t)〉, I2 = 〈E2

2(r, t)〉, D = 2〈E1(r, t)E2(r, t)〉. (1)

‡¤¥¸Ó I1 ¨ I2 Å ¨´É¥´¸¨¢´μ¸É¨, ¸μ§¤ ¢ ¥³Ò¥ ± ¦¤μ° ¢μ²´μ° ¶μ μÉ¤¥²Ó´μ¸É¨,   ¸² -
£ ¥³μ¥ D μ¶¨¸Ò¢ ¥É ¸É¥¶¥´Ó ¢§ ¨³μ§ ¢¨¸¨³μ¸É¨ ¢μ²´ E1 ¨ E2. ’ ±ÊÕ Ê¸·¥¤´¥´´ÊÕ
¢¥²¨Î¨´Ê ¤²Ö ¶·μ¨§¢¥¤¥´¨Ö ¶ ·Ò ¸²ÊÎ °´ÒÌ ¢¥²¨Î¨´ ´ §Ò¢ ÕÉ ±μ··¥²ÖÉμ·μ³ (¨²¨ ±μ·-
·¥²ÖÍ¨μ´´μ° ËÊ´±Í¨¥°) ÔÉ¨Ì ¢¥²¨Î¨´.

‚ ´ Ï¥³ ¸²ÊÎ ¥ E2(r, t) = kE1(r, t + L/c), É. ¥. E2(r, t) Å ¶μ²¥ Éμ° ¦¥ ¢μ²´Ò, ÎÉμ
¨ E1, ´μ ¶·μÏ¥¤Ï¥° ¤μ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö ¶ÊÉÓ ´  L ¤²¨´´¥¥, Î¥³ ¶¥·¢ Ö. �·¨ ÔÉμ³
¢¥²¨Î¨´Ê D ´ §Ò¢ ÕÉ (§ ¶ §¤Ò¢ ÕÐ¨³)  ¢Éμ±μ··¥²ÖÉμ·μ³ ¶μ²Ö ¢μ²´Ò. �μ¸²¥ Ê¸·¥¤´¥´¨Ö
§ ¢¨¸¨³μ¸É¨ μÉ r ¨ t ¨¸Î¥§ ÕÉ, ¨ ¢ ´ Ï¥³  ¢Éμ±μ··¥²ÖÉμ·¥ μ¸É ¥É¸Ö Éμ²Ó±μ § ¢¨¸¨³μ¸ÉÓ
μÉ ¢·¥³¥´¨ § ¶ §¤Ò¢ ´¨Ö L/c, ¨²¨ Å ÎÉμ Éμ ¦¥ Å μÉ μ¶É¨Î¥¸±μ° · §´μ¸É¨ Ìμ¤  L,
É. ¥. D ≡ D(L).

—Éμ¡Ò ´¥ ¶¥·¥£·Ê¦ ÉÓ ´ Ï¥ ¨§²μ¦¥´¨¥ ¨§²¨Ï´¨³¨ ¤¥É ²Ö³¨, ¸¢Ö§ ´´Ò³¨ ¸ ¶μ²Ö·¨-
§ Í¨¥° ËμÉμ´ , ¤ ²¥¥ ³Ò § ¡Ò¢ ¥³ μ ¢¥±Éμ·´μ° ¶·¨·μ¤¥ ¶μ²Ö ¢μ²´Ò ¨ · ¸¸Ê¦¤ ¥³ É ±,
± ± ¡Ê¤Éμ ÔÉμ ¶μ²¥ ¸± ²Ö·´μ¥ (± ± §¢Ê± ¢ ¢μ§¤ÊÌ¥), ¨ ¶·¨´¨³ ¥³ k = 1. ‘ Éμ° ¦¥ Í¥-
²ÓÕ ³Ò μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ μ¤´μ³¥·´μ£μ ¸²ÊÎ Ö, ±μ£¤  ¢μ²´Ò ¤¢¨¦ÊÉ¸Ö ¢¤μ²Ó
μ¸¨ z. C ÔÉμ° ¦¥ Í¥²ÓÕ ³Ò ¨¸¶μ²Ó§Ê¥³ ¤ ²¥¥ ±μ³¶²¥±¸´ÊÕ § ¶¨¸Ó ¢¥²¨Î¨´, ¶·¨Î¥³
〈AB〉 ⇒ Re 〈AB∗〉/2.

�¡¸Ê¤¨³ ´¥±μÉμ·Ò¥ Î¥·ÉÒ ¶·μÍ¥¸¸  ¨§²ÊÎ¥´¨Ö μÉ¤¥²Ó´Ò³¨  Éμ³ ³¨ ¢ ¸·¥¤¥. �¥±μ-
Éμ·Ò¥ ¨§ ÔÉ¨Ì  Éμ³μ¢ ¶¥·¥Ìμ¤ÖÉ ¢ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ (¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ¸μ¸¥¤¥° ¶·¨

1ˆ§μ¡·¥É¥´¨¥ ² §¥·μ¢ μÉ±·Ò²μ É ±ÊÕ ¢μ§³μ¦´μ¸ÉÓ. �Éμ μÎ¥´Ó É·Ê¤´Ò° Ô±¸¶¥·¨³¥´É. ˆ´É¥·Ë¥·¥´Í¨Õ
³¥¦¤Ê ¤¢Ê³Ö ² §¥·´Ò³¨ ²ÊÎ ³¨ ¢¶¥·¢Ò¥ Ê¤ ²μ¸Ó ´ ¡²Õ¤ ÉÓ ¢ 1963 £. [2].

2�¨¦¥ ·¥ÎÓ ¨¤¥É Éμ²Ó±μ μ ¶·μ¤μ²Ó´μ° ¤²¨´¥ ±μ£¥·¥´É´μ¸É¨.
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É¥¶²μ¢μ³ ¤¢¨¦¥´¨¨ ¨²¨ ¢´¥Ï´¥£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö, ¢ Î ¸É´μ¸É¨ ¸¢¥É  . . . ). �Éμ
¸μ¸ÉμÖ´¨¥ ´¥¸É ¡¨²Ó´μ: ¢μ§¡Ê¦¤¥´´Ò°  Éμ³ · ¸¶ ¤ ¥É¸Ö ´  ´¥¢μ§¡Ê¦¤¥´´Ò°  Éμ³ ¨ Ëμ-
Éμ´ (¸μ¡¸É¢¥´´μ ¨§²ÊÎ¥´´μ¥ ¶μ²¥) Å ÔÉμ ¨ ¥¸ÉÓ ¶·μÍ¥¸¸ ¨§²ÊÎ¥´¨Ö. ‚¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ 
§  ³ ²μ¥ ¢·¥³Ö dt ¶·μ¶μ·Í¨μ´ ²Ó´  dt, ¥¥ § ¶¨¸Ò¢ ÕÉ ± ± dt/τ , £¤¥ ¢¥²¨Î¨´  τ μ¶·¥¤¥²Ö-
¥É¸Ö Éμ²Ó±μ ¢´ÊÉ·¥´´¨³¨ ¸¢μ°¸É¢ ³¨ ¢μ§¡Ê¦¤¥´´μ° ¸¨¸É¥³Ò. —¨¸²μ  ±Éμ¢ ¨§²ÊÎ¥´¨Ö § 
¨´É¥·¢ ² ¢·¥³¥´¨ dt ¶·μ¶μ·Í¨μ´ ²Ó´μ ´ ²¨Î´μ³Ê Î¨¸²Ê ¢μ§¡Ê¦¤¥´´ÒÌ  Éμ³μ¢ N , É. ¥. § 
ÔÉμ ¢·¥³Ö Î¨¸²μ ¢μ§¡Ê¦¤¥´´ÒÌ  Éμ³μ¢ Ê³¥´ÓÏ ¥É¸Ö ´  dN = −Ndt/τ . �É¸Õ¤  ¸²¥¤Ê¥É,
ÎÉμ N Ê¡Ò¢ ¥É ¸μ ¢·¥³¥´¥³ ¶μ § ±μ´Ê N = N0 e−t/τ . �μ É ±μ³Ê ¦¥ § ±μ´Ê Ê¡Ò¢ ¥É ¨
¨´É¥´¸¨¢´μ¸ÉÓ ¨§²ÊÎ¥´´μ£μ ¸¢¥É . �μÔÉμ³Ê ¸·¥¤´¥¥ §´ Î¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ ¨§²ÊÎ¥´´μ£μ
¸¢¥É  Ê¡Ò¢ ¥É ¶μ § ±μ´Ê e−t/2τ .

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¨§²ÊÎ ¥É¸Ö ´¥±μÉμ· Ö (¶μÎÉ¨) Ë¨±¸¨·μ¢ ´´ Ö Î ¸ÉμÉ  ω, § ¢¨-
¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ ¶μ²Ö ¢μ²´Ò, ¸μ§¤ ¢ ¥³μ° μ¤´¨³  Éμ³μ³, μ¶¨¸Ò¢ ¥É¸Ö ³´μ¦¨É¥-
²¥³ e−(t−t1)/(2τ) e−iω0(t−t1) θ(t − t1), £¤¥ t1 Å ³μ³¥´É ´ Î ²  ¨§²ÊÎ¥´¨Ö ¨ θ(x) ={

1 ¶·¨ x > 0
0 ¶·¨ x < 0 Å ¸ÉÊ¶¥´Î É Ö ËÊ´±Í¨Ö, É. ¥. ³´μ¦¨É¥²Ó θ(t − t1) μ§´ Î ¥É, ÎÉμ ¶·¨

t − t1 < 0 ¸¨£´ ²  ´¥É. �³¶²¨ÉÊ¤  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, ¶μ·μ¦¤ ¥³ Ö  Éμ³μ³, · ¸¶μ²μ-
¦¥´´Ò³ ¢ ÉμÎ±¥ z1, ¥¸ÉÓ

E1(z, t) = A1 e−T1/(2τ) e−iωT1θ(T1), £¤¥ T1 = t − t1 −
z − z1

c
. (2)

‚¥²¨Î¨´Ê τ ´ §Ò¢ ÕÉ ¢·¥³¥´¥³ ¦¨§´¨ ÔÉμ£μ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö. Œμ¦´μ £μ-
¢μ·¨ÉÓ, ÎÉμ μ¤¨´  Éμ³ ¨§²ÊÎ ¥É ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ τ ¨ ¨¸¶Ê¸± ¥É ¶·¨ ÔÉμ³ ÍÊ£ ¢μ²´
¤²¨´μ° cτ . ‚¸¥ ¢ÒÏ¥¸± § ´´μ¥ Ìμ·μÏμ μ¶¨¸Ò¢ ¥É ¸¨ÉÊ Í¨Õ, ±μ£¤  Î¨¸²μ ±μ²¥¡ ´¨°
¶μ²Ö ¢´ÊÉ·¨ ÔÉμ£μ ÍÊ£  ¤μ¸É ÉμÎ´μ ¢¥²¨±μ:

ωτ � 1. (3)

(„²Ö μ¡ÒÎ´ÒÌ  Éμ³´ÒÌ ¸¨¸É¥³ ¢ μ¶É¨Î¥¸±μ° μ¡² ¸É¨ ωτ ∼ 107−108.) …¸²¨ ÔÉμ Ê¸²μ¢¨¥
´¥ ¢Ò¶μ²´¥´μ, μ¤´μ§´ Î´μ · §¤¥²¨ÉÓ ¶μ ¢·¥³¥´¨ ¶·μÍ¥¸¸Ò ¢μ§¡Ê¦¤¥´¨Ö ¨ ¨§²ÊÎ¥´¨Ö Ê¦¥
´¥ Ê¤ ¥É¸Ö.

’ ±μ° ¸¢¥É, μÎ¥¢¨¤´μ, ´¥³μ´μÌ·μ³ É¨Î¥´, ¨ ¢¥²¨Î¨´  1/τ μ¶·¥¤¥²Ö¥É ¸É¥¶¥´Ó ´¥³μ-
´μÌ·μ³ É¨Î´μ¸É¨ ¸¨£´ ² , ¨§²ÊÎ ¥³μ£μ μÉ¤¥²Ó´Ò³  Éμ³μ³ (Δω ≈ 1/τ ), ¨²¨ ¸μ¡¸É¢¥´´ÊÕ
Ï¨·¨´Ê ¸¶¥±É· ²Ó´μ° ²¨´¨¨. Œμ¦´μ ¸± § ÉÓ, ÎÉμ ´ Ï ÍÊ£ ¢μ²´ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ±² ¸-
¸¨Î¥¸±¨° μ¡· § ´¥³μ´μÌ·μ³ É¨Î¥¸±μ£μ ËμÉμ´ .

2.1. Œ´μ£μ Éμ³´Ò¥ ¨¸ÉμÎ´¨±¨. �¥·¥°¤¥³ É¥¶¥·Ó ± μ¶¨¸ ´¨Õ Ö¢²¥´¨°, ¢Ò§Ò¢ ¥³ÒÌ
· §´Ò³¨ ¨¸ÉμÎ´¨± ³¨ ¸¢¥É , ¸μ¤¥·¦ Ð¨³¨ ³´μ£μ  Éμ³μ¢. ŒÒ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ ´ Ï
¨¸ÉμÎ´¨± ¶μÎÉ¨ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ¸¢¥É  ¸ Î ¸ÉμÉμ° ω0 Å · §·¥¦¥´´Ò° £ §.

� ¸¸³μÉ·¨³ ²ÊÎ ¸¢¥É , · ¸¶·μ¸É· ´ÖÕÐ¨°¸Ö μÉ ´¥£μ ¢ ´ ¶· ¢²¥´¨¨ μ¸¨ z. ‘¢¥É μÉ
¨¸ÉμÎ´¨±  ¥¸ÉÓ ¸Ê³³  ¢μ²´, ¨§²ÊÎ¥´´ÒÌ μÉ¤¥²Ó´Ò³¨  Éμ³ ³¨. „²Ö μ¶·¥¤¥²¥´´μ¸É¨ ¡Ê¤¥³
¸Î¨É ÉÓ, ÎÉμ ±μμ·¤¨´ ÉÒ  Éμ³μ¢ zi · §¡·μ¸ ´Ò ¢ ´¥ μÎ¥´Ó ¡μ²ÓÏμ³ ¨´É¥·¢ ²¥.

2.2. •μ²μ¤´Ò° · §·¥¦¥´´Ò° £ §. � ¸¸³μÉ·¨³ ¸´ Î ²  ¸ ³Ò° ¶·μ¸Éμ° ¸²ÊÎ ° ¨¸ÉμÎ-
´¨±  ¸ ¶μÎÉ¨ ´¥¶μ¤¢¨¦´Ò³¨  Éμ³ ³¨. �É¨  Éμ³Ò ¢μ§¡Ê¦¤ ÕÉ¸Ö ¨ ¨§²ÊÎ ÕÉ ¸¢¥É μ¤´μ°
¨ Éμ° ¦¥ Î ¸ÉμÉÒ ω0 ¸ ¢μ²´μ¢Ò³ Î¨¸²μ³ k0 = ω0/c. �μ²´μ¥ ¶μ²¥ ¨§²ÊÎ¥´¨Ö Å ¸Ê³³ 
¶μ²¥° ¢μ²´, ¸μ§¤ ¢ ¥³ÒÌ · §´Ò³¨  Éμ³ ³¨, É. ¥. μ¤¨´ ±μ¢ÒÌ ¢μ²´μ¢ÒÌ ¶ ±¥Éμ¢ ¸ · §´Ò³
¢·¥³¥´¥³ ¨ ¶μ§¨Í¨¥° ¸É ·É :

E(z, t) =
∑

i

Ai e−Ti/(2τ) e−iωTiθ(Ti), £¤¥ Ti = t − ti −
z − zi

c
≡ t − z

c
− ηi. (4)
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‚±² ¤Ò μÉ¤¥²Ó´ÒÌ  Éμ³μ¢ · §²¨Î ÕÉ¸Ö ¶μ²μ¦¥´¨Ö³¨ zi ¨ ³μ³¥´É ³¨ ´ Î ²  ¨§²ÊÎ¥´¨Ö ti,
±μÉμ·Ò¥ ³μ¦´μ ¸Î¨É ÉÓ ¸²ÊÎ °´Ò³¨; ¢§ ³¥´ ´¨Ì ³Ò ¢¢¥²¨ μ¤´Ê ¸²ÊÎ °´ÊÕ ¢¥²¨Î¨´Ê
ηi = ti − zi/c.

‚ÒÎ¨¸²¨³ ¸´ Î ²  ¨´É¥´¸¨¢´μ¸ÉÓ ¸¢¥É  ´  Ô±· ´¥ ¢ ´¥±μÉμ·μ° ÉμÎ±¥ μ¸¨ z μÉ μ¤´μ£μ
²ÊÎ  ¢ ³μ³¥´É ¢·¥³¥´¨ t:

I =
1
2
Re 〈E(z, t)E∗(z, t)〉 =

〈∑
i

|Ai|2
2

e−Ti/τθ(Ti)

〉
+

+ Re

〈∑
i�=j

AiA
∗
j

2
e−(Ti+Tj)/(2τ) eiω(ηj−ηi)θ(Ti)θ(Tj)

〉
. (5)

„ ²¥¥ ³Ò ¶μ² £ ¥³, ÎÉμ ¨´É¥´¸¨¢´μ¸É¨, ¸μ§¤ ¢ ¥³Ò¥ ± ¦¤Ò³  Éμ³μ³ ¶μ μÉ¤¥²Ó´μ¸É¨,
μ¤¨´ ±μ¢Ò, |Ai|2/2 = I1. ‚Éμ·μ¥ ¸² £ ¥³μ¥ ¢ ¸Ê³³¥ (5), ¸μ¤¥·¦ Ð¥¥ ¶·μ¨§¢¥¤¥´¨Ö
¶μ²¥°, ¨§²ÊÎ ¥³ÒÌ · §´Ò³¨  Éμ³ ³¨ (AiA

∗
j ), ¶·¨ Ê¸·¥¤´¥´¨¨ ¨¸Î¥§ ¥É ¢ ¸¨²Ê ¸²ÊÎ °´μ¸É¨

¢¥²¨Î¨´ ηi. �¸É ¥É¸Ö Éμ²Ó±μ ¶¥·¢μ¥ ¸² £ ¥³μ¥, ¶·¥¤¸É ¢²ÖÕÐ¥¥ ¸Ê³³Ê ¢±² ¤μ¢ ¢¸¥Ì
 Éμ³μ¢. ˆ§ ÔÉμ£μ ¢±² ¤  ¢ ¸Ê³³¥ μ¸É ÕÉ¸Ö Éμ²Ó±μ ¸² £ ¥³Ò¥, ¤²Ö ±μÉμ·ÒÌ ¢¥²¨Î¨´ 
e−Ti/τ ´¥ ¸²¨Ï±μ³ ³ ² , É. ¥. Ti � τ (ÍÊ£ ¤μÏ¥² ¤μ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö). �¡μ§´ Î Ö Î¥·¥§
N Î¨¸²μ É ±¨Ì ¸² £ ¥³ÒÌ, ³Ò ¶μ²ÊÎ ¥³ μ±μ´Î É¥²Ó´μ

I = NI1. (6)

�¥·¥°¤¥³ É¥¶¥·Ó ± ¢ÒÎ¨¸²¥´¨Õ ¨´É¥·¥¸ÊÕÐ¥£μ ´ ¸ ( ¢Éμ)±μ··¥²ÖÉμ·  ¶μ²Ö ¨§²ÊÎ¥-
´¨Ö (2), ±μÉμ·Ò° μÉ¢¥É¸É¢¥´¥´ §  ´ ¡²Õ¤¥´¨¥ ¨´É¥·Ë¥·¥´Í¨¨, ¶·¨´Ö¢ ¤²Ö μ¶·¥¤¥²¥´´μ-
¸É¨, ÎÉμ L > 0 (¢ ÔÉ¨Ì Ëμ·³Ê² Ì Tj ≡ t − z/c− ηj ):

D(L) =
1
2

Re
〈

E(z, t)E∗
(

z, t +
L

c

)〉
=

1
2

Re

[(〈∑
i

|Ai|2e−(Ti)/τθ(Ti)

〉
+

+Re

〈∑
i�=j

AiA
∗
j e−(Ti+Tj)/2τ eiω(ηj−ηi)θ(Ti)θ

(
Tj +

L

c

)〉⎞
⎠ e−L/(2cτ) eiωL/c

⎤
⎦ .

Š ± ¨ · ´ÓÏ¥, ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¢ ÔÉμ° ¸Ê³³¥ ¨¸Î¥§ ¥É ¶·¨ Ê¸·¥¤´¥´¨¨ ¢ ¸¨²Ê ¸²ÊÎ °´μ¸É¨
¢¥²¨Î¨´ ηi. �¥·¢μ¥ ¸² £ ¥³μ¥ μ¶ÖÉÓ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ I1, ¨ ³Ò ¶μ²ÊÎ ¥³ ¢ ¨Éμ£¥

D(L) =
1
2

Re
〈

E(z, t)E∗
(

z, t +
L

c

)〉
= NI1 e−L/(2cτ) cos (k0L). (7)

ˆÉ ±, ´ Ï ±μ··¥²ÖÉμ· ´¥ ³ ² ¨ Ö¢²¥´¨Ö ¨´É¥·Ë¥·¥´Í¨¨ (¶·¥¤¸É ¢²Ö¥³Ò¥ ³´μ¦¨É¥²¥³
cos (k0L)) ´ ¡²Õ¤ ¥³Ò ¤μ É¥Ì ¶μ·, ¶μ±  Ô±¸¶μ´¥´É  e−L/(2cτ) ´¥ ³ ² , É. ¥. ¶·¨ · §´μ¸ÉÖÌ
Ìμ¤ , ´¥ ¶·¥¢ÒÏ ÕÐ¨Ì ¢¥²¨Î¨´Ò

ρc = 2cτ =
2πc

Δωc
. (8)

�ÉÊ ¤²¨´Ê ´ §Ò¢ ÕÉ ±μ··¥²ÖÍ¨μ´´μ° ¤²¨´μ° ¢¸¥£μ ¶ÊÎ±  (¤²¨´μ° ±μ£¥·¥´É´μ¸É¨), ±μÉμ-
· Ö ¶μ± §Ò¢ ¥É, ´  ± ±μ³ · ¸¸ÉμÖ´¨¨ ¶μ²¥ ¢¸¥ ¥Ð¥ ®¶μ³´¨É¯ ¸¢μ¥ ´ Î ²Ó´μ¥ §´ Î¥´¨¥.
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(‘ ÉμÎ´μ¸ÉÓÕ ¤μ ¤¢μ°±¨) μ´  ¸μ¢¶ ¤ ¥É ¸ ¤²¨´μ° μÉ¤¥²Ó´μ£μ ÍÊ£ , ÌμÉÖ ¢±² ¤Ò μÉ¤¥²Ó-
´ÒÌ ÍÊ£μ¢ ¢ ¸Ê³³¥ ¨ ´¥ ¤ ÕÉ ¨´É¥·Ë¥·¥´Í¨μ´´μ£μ ÔËË¥±É  ¤·Ê£ ¸ ¤·Ê£μ³1. „²Ö ¢¨¤¨³μ£μ
¸¢¥É , ¨¸¶Ê¸± ¥³μ£μ  Éμ³ ³¨  §μÉ  ¨²¨ ±¨¸²μ·μ¤  ¢ ¢μ§¤ÊÌ¥, ρc ∼ 1 ³.

2.3. � £·¥ÉÒ° · §·¥¦¥´´Ò° £ §. � ¸¸³μÉ·¨³ É¥¶¥·Ó ¡μ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨° ¸²ÊÎ °,
±μ£¤  ¨¸ÉμÎ´¨± Å É ±μ° ¦¥ £ §, ´μ ´ £·¥ÉÒ° ¤μ ´¥±μÉμ·μ° É¥³¶¥· ÉÊ·Ò T .

‘¶¥±É· ²Ó´Ò° ¸μ¸É ¢ ¸¢¥É . ‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ± ¸μ¡¸É¢¥´´μ³Ê · §¡·μ¸Ê
Î ¸ÉμÉ Δωc = 2π/τ ¤μ¡ ¢²Ö¥É¸Ö · §¡·μ¸, μ¡Ê¸²μ¢²¥´´Ò° É¥¶²μ¢Ò³ ¤¢¨¦¥´¨¥³ ¨§²ÊÎ -
ÕÐ¨Ì  Éμ³μ¢. ˆ§-§  ¤¢¨¦¥´¨Ö  Éμ³  ¸μ ¸±μ·μ¸ÉÓÕ v (¢ ´ ¶· ¢²¥´¨¨ μ¸¨ z) Î ¸ÉμÉ 
¨§²ÊÎ ¥³μ£μ ¨³ ¸¢¥É  ³¥´Ö¥É¸Ö ¢ ¸¨²Ê ÔËË¥±É  „μ¶²¥· . �μ¸±μ²Ó±Ê É¥¶²μ¢ Ö ¸±μ·μ¸ÉÓ v
´ ³´μ£μ ³¥´ÓÏ¥ ¸±μ·μ¸É¨ ¸¢¥É  c, ¤²Ö ¨§³¥´¥´¨Ö Î ¸ÉμÉÒ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ´¥·¥²Ö-
É¨¢¨¸É¸±ÊÕ Ëμ·³Ê²Ê ω′ = ω(1 − v/c) ¨, ¸μμÉ¢¥É¸É¢¥´´μ, k′ = k(1 − v/c).

„ ²¥¥ ¢Ò¶μ²´Ö¥É¸Ö Ê¸·¥¤´¥´¨¥ ¶μ · ¸¶·¥¤¥²¥´¨Õ Œ ±¸¢¥²²  ρ(v)=(
√

π/vT ) e−(v/vT )2 ,
£¤¥ vT =

√
2kT/m Å Ì · ±É¥·´ Ö É¥¶²μ¢ Ö ¸±μ·μ¸ÉÓ  Éμ³μ¢ (³μ²¥±Ê²), μ´  Éμ£μ ¦¥ ¶μ-

·Ö¤± , ÎÉμ ¨ ¸±μ·μ¸ÉÓ §¢Ê± . „²Ö ¨§²ÊÎ¥´¨Ö ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¤μ¶²¥·μ¢¸±μ¥ (É¥¶²μ¢μ¥) ÊÏ¨·¥´¨¥ ¸¶¥±É· ²Ó´μ° ²¨´¨¨ ¸μ¸É ¢²Ö¥É ΔωM/ω0 ∼ vT /c ∼
10−6, ÎÉμ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ ¸μ¡¸É¢¥´´μ£μ · §¡·μ¸  Î ¸ÉμÉ.

Šμ··¥²ÖÉμ·. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥¤Ò¤ÊÐ¨¥ ¢Ò±² ¤±¨ ¨ · ¸¸Ê¦¤¥´¨Ö ¢μ¸¶·μ¨§¢μ¤ÖÉ¸Ö
¸ ¥¸É¥¸É¢¥´´μ° § ³¥´μ° ω0 → ω′. ‘² £ ¥³Ò¥ ∝ AiA

∗
j ¶μ-¶·¥¦´¥³Ê ¨¸Î¥§ ÕÉ ¢ ¸¨²Ê

¸²ÊÎ °´μ¸É¨ ¢·¥³¥´ ¨§²ÊÎ¥´¨Ö. ‚Ò· ¦¥´¨¥ ¤²Ö ±μ··¥²ÖÉμ·  É¥¶¥·Ó ¶·¨μ¡·¥É ¥É ¢¨¤

D(L) =
1
2

Re
〈

E(z, t)E∗
(

z, t +
L

c

)〉
=

= Re
∫

dvρ(v)

[
1
2

〈∑
i

|Ai|2 e−Ti/τθ(Ti)

〉
e−L/(2cτ) e−iω′L/c

]
=

= NI1 e−L/(2cτ)
√

π

∫
dv

vT
exp

(
− v2

v2
T

− iω0
L

c
+

iω0vL

c2

)
. (9)

�μ¸²¥ § ³¥´Ò ¶¥·¥³¥´´ÒÌ v → v − iω0v
2
T L/2c2 ¨´É¥£·¨·μ¢ ´¨¥ ¶μ v ¤ ¥É

D(L) =
1
2

〈
E(z, t)E∗(z + L, t)

〉
= NI1 e−L/(2cτ) Re e−ik0L−L2/ρ2

T =

= NI1 e−L/ρc−L2/ρ2
T cos (k0L), £¤¥ ρT =

2c

k0vT
=

(
λ0

π

) (
c

vT

)
. (10)

ˆÉ ±, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤²¨´  ±μ£¥·¥´É´μ¸É¨, ¶μ± §Ò¢ ÕÐ Ö, ¤μ ± ±¨Ì ¶μ· ËÊ´±Í¨Ö
±μ··¥²ÖÍ¨¨ ´¥ ¸²¨Ï±μ³ ³ ² , ¥¸ÉÓ ρT = 2c/(k0vT ) = 2πc/ΔωT . �´  §´ Î¨É¥²Ó´μ
³¥´ÓÏ¥ ¤²¨´Ò μÉ¤¥²Ó´μ£μ ÍÊ£ . „²Ö ¢¨¤¨³μ£μ ¸¢¥É , ¨¸¶Ê¸± ¥³μ£μ  Éμ³ ³¨ ¢μ§¤ÊÌ  ¶·¨
±μ³´ É´μ° É¥³¶¥· ÉÊ·¥, ρT ∼ 30 ¸³. ‘μμÉ¢¥É¸É¢¥´´μ, ¨ ´ ¡²Õ¤ ¥³ Ö Ï¨·¨´  ²¨´¨¨
¸μ¸É ¢²Ö¥É ¢ · §·¥¦¥´´μ³ £ §¥ ΔωT = ω0(vT /c) � 1/τc.

�·¨ ¡μ²ÓÏ¨Ì §´ Î¥´¨ÖÌ L ¸É ´μ¢ÖÉ¸Ö ¢ ¦´Ò³¨ ¨ ®Ì¢μ¸ÉÒ¯ ÍÊ£μ¢, ¤ ¢´μ ¶·μÏ¥¤Ï¨Ì
Ô±· ´. 	μ²¥¥ Éμ´±μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¢μ ¢¸¥Ì ¸²ÊÎ ÖÌ ¶·¨ L > ρT > cτ
±μ··¥²ÖÍ¨μ´´ Ö ËÊ´±Í¨Ö D(L) Ê¡Ò¢ ¥É ± ± e−L/ρT .

1� §²¨Î¨¥ ¸¢Ö§ ´μ ¸ · ¸Ìμ¦¤¥´¨¥³ ¢ μ¶·¥¤¥²¥´¨¨ Éμ£μ, £¤¥ ³μ¦´μ ¸Î¨É ÉÓ, ÎÉμ ÍÊ£ Ê¦¥ ±μ´Î¨²¸Ö ¨ ±μ··¥-
²ÖÉμ· ¤μ¸É ÉμÎ´μ ³ ².
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2.4. �μ²¥¥ ¶²μÉ´Ò¥ ¸·¥¤Ò. ‚ ¶²μÉ´μ³ £ §¥ ¢ ¦´ÊÕ ·μ²Ó ¨£· ¥É Ê¤ ·´μ¥ ÊÏ¨·¥´¨¥
¸¶¥±É· ²Ó´μ° ²¨´¨¨. � ¢´μ³¥·´μ¥ ¤¢¨¦¥´¨¥ ³μ²¥±Ê², ¤²Ö ±μÉμ·μ£μ · ¡μÉ ¥É ¶·¥¤Ò¤Ê-
Ð¥¥ μ¶¨¸ ´¨¥, ¶·¥·Ò¢ ¥É¸Ö ¸μÊ¤ ·¥´¨Ö³¨, ¸·¥¤´¥¥ ¢·¥³Ö ³¥¦¤Ê ±μÉμ·Ò³¨ ¸μ¸É ¢²Ö¥É
τy ∼ 1/(vT Nσ), £¤¥ N Å ¶²μÉ´μ¸ÉÓ Î¨¸²  Î ¸É¨Í ¨ σ ∼ 10−15 ¸³2 Å ¸¥Î¥´¨¥ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ³μ²¥±Ê² ¤·Ê£ ¸ ¤·Ê£μ³. ‚ ³μ³¥´É Ê¤ ·  ¨§-§  ¨§³¥´¥´¨Ö ¸±μ·μ¸É¨ ³μ²¥±Ê²Ò
Î ¸ÉμÉ  ¸¢¥É  ³¥´Ö¥É¸Ö ¨§-§  ÔËË¥±É  „μ¶²¥· . Œμ¦´μ ¸± § ÉÓ, ÎÉμ ¶·¥¦´¨° (¶μÎÉ¨) ³μ-
´μÌ·μ³ É¨Î¥¸±¨° ÍÊ£ · §¡¨¢ ¥É¸Ö ´  ¡μ²¥¥ ±μ·μÉ±¨¥ ÍÊ£¨ ¸·¥¤´¥° ¤²¨´Ò cτy ¸ · §´Ò³¨
Î ¸ÉμÉ ³¨. �·¨ ¢μ§· ¸É ´¨¨ ¶²μÉ´μ¸É¨ £ §  ¤²¨´  cτy ¸É ´μ¢¨É¸Ö ³¥´ÓÏ¥ ¤²¨´Ò ρT ¨
¨³¥´´μ cτy Ö¢²Ö¥É¸Ö ¤²¨´μ° ±μ£¥·¥´É´μ¸É¨ ρc, ¶·¨ ¶·¥¢ÒÏ¥´¨¨ ±μÉμ·μ° ¶¥·¢μ´ Î ²Ó´Ò¥
§´ Î¥´¨Ö ¶μ²¥° ¢ ¸·¥¤´¥³ § ¡Ò¢ ÕÉ¸Ö. �·¨ ÔÉμ³ Ê¤ ·´μ¥ ÊÏ¨·¥´¨¥ ¸¶¥±É· ²Ó´μ° ²¨´¨¨
Δωy = 2π/τy Ö¢²Ö¥É¸Ö μ¶·¥¤¥²ÖÕÐ¨³.

‚ É¢¥·¤μ³ É¥²¥ ¸μ¸¥¤´¨¥ ³μ²¥±Ê²Ò ¶·¨ ¨§²ÊÎ¥´¨¨ ¢μ§¤¥°¸É¢ÊÕÉ ¤·Ê£ ´  ¤·Ê£ , ÔÉμ
¶·¨¢μ¤¨É ± ¤μ¶μ²´¨É¥²Ó´μ³Ê ¨§³¥´¥´¨Õ Ï¨·¨´Ò ¸¶¥±É· ²Ó´μ° ²¨´¨¨ ¨ ¤²¨´Ò ±μ£¥·¥´É-
´μ¸É¨.

‚ ²Õ¡μ³ ¸²ÊÎ ¥ μ¸´μ¢´μ° ¢Ò¢μ¤ ¸μÌ· ´Ö¥É¸Ö Å ¤²¨´  ±μ£¥·¥´É´μ¸É¨ (¤²¨´  ±μ··¥-
²ÖÍ¨¨) · ¢´  2πc/Δω, £¤¥ Δω Å · §¡·μ¸ Î ¸ÉμÉ μ¸´μ¢´μ£μ ¸¨£´ ² , ¢Ò§¢ ´´Ò° ¢¸¥³¨
¤¥°¸É¢ÊÕÐ¨³¨ ³¥Ì ´¨§³ ³¨ (¶μ²´ Ö Ï¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨).

•μÎ¥É¸Ö μ¡· É¨ÉÓ ¢ Ï¥ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ ¶·¥¤²μ¦¥´´Ò¥ · ¸¸Ê¦¤¥´¨Ö ³μ¦´μ
· ¸¸³ É·¨¢ ÉÓ ± ± ±· °´¥ Ê¶·μÐ¥´´μ¥ ¢¢¥¤¥´¨¥ ¢ μ¡¸Ê¦¤¥´¨¥ μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ [3].

3. 	�—…Œ“ „‹Ÿ ��‹œ˜ˆ�‘’‚� �	’ˆ—…‘Šˆ• Ÿ‚‹…�ˆ‰ Œ�†��
‘—ˆ’�’œ, —’� Œ�ƒ�ˆ’��Ÿ 	���ˆ–�…Œ�‘’œ μ = 1μ = 1μ = 1

‘¢¥É Å ÔÉμ Ô²¥±É·μ³ £´¨É´ Ö ¢μ²´ , ¨, ¶·μÌμ¤Ö ¸±¢μ§Ó ¶·μ§· Î´ÊÕ ¸·¥¤Ê, ¸¢¥Éμ¢ Ö
¢μ²´  ¢μ§¤¥°¸É¢Ê¥É ´  ´¥¥ ± ± Ô²¥±É·¨Î¥¸±μ°, É ± ¨ ³ £´¨É´μ° ±μ³¶μ´¥´Éμ°. �¤´ ±μ ¶·¨
μ¶¨¸ ´¨¨ ¡μ²ÓÏ¨´¸É¢  μ¶É¨Î¥¸±¨Ì Ö¢²¥´¨° · §£μ¢μ· μ ±μÔËË¨Í¨¥´É¥ ³ £´¨É´μ° ¶·μ´¨-
Í ¥³μ¸É¨, ¸¢Ö§Ò¢ ÕÐ¥³ ´ ¶·Ö¦¥´´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö H ¨ ³ £´¨É´ÊÕ ¨´¤Ê±Í¨Õ B:
B = μH, μ¡ÒÎ´μ ´¥ § Ìμ¤¨É, Ë ±É¨Î¥¸±¨ ¸Î¨É ¥É¸Ö, ÎÉμ μ = 1. �μÎ¥³Ê ÔÉμ Å Ìμ·μÏ¥¥
¶·¨¡²¨¦¥´¨¥?

‡ ³¥É¨³ ¤²Ö ´ Î ² , ÎÉμ Ô´¥·£¨Ö n-£μ ¸μ¸ÉμÖ´¨Ö  Éμ³  ¢μ¤μ·μ¤  ¥¸ÉÓ

E0 = − me4

2�2n2
≡ −mc2α2

2n2
, £¤¥ α =

e2

�c
= 1/137. (11)

„²Ö  Éμ³  ¢μ¤μ·μ¤  ¶μ É¥μ·¥³¥ ¢¨·¨ ²  ¸·¥¤´¨¥ §´ Î¥´¨Ö ±¨´¥É¨Î¥¸±μ° ¨ ¶μÉ¥´Í¨ ²Ó-
´μ° Ô´¥·£¨° 〈T 〉 ≡ 〈p2/2m〉 ¨ 〈V 〉 ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³ 2〈T 〉 = −〈V 〉. �μÔÉμ³Ê
¸·¥¤´¥¥ §´ Î¥´¨¥ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ô´¥·£¨Õ ¸μ¸ÉμÖ´¨Ö ¸μμÉ´μÏ¥-
´¨¥³ 〈p2/2m〉 = −En. �Éμ μ§´ Î ¥É, ÎÉμ Ì · ±É¥·´μ¥ §´ Î¥´¨¥ ¸±μ·μ¸É¨ Ô²¥±É·μ´  ´ 
n-° ®μ·¡¨É¥¯ vn = cα/n, ¢μμ¡Ð¥ ¢  Éμ³¥ v � cα.

Šμ£¤  ³ É¥·¨ ²Ó´ Ö ¸·¥¤  ´ Ìμ¤¨É¸Ö ¶μ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï´¨Ì Ô²¥±É·¨Î¥¸±¨Ì ¨ ³ £-
´¨É´ÒÌ ¶μ²¥°, ¥¥ Î ¸É¨ÍÒ ¸³¥Ð ÕÉ¸Ö, ¸μ§¤ ¢ Ö μÉ²¨Î¨¥ D μÉ E, H μÉ B. �·¨ ÔÉμ³
D = E + 4πPPP, B = H + 4πM, £¤¥ ¢¥±Éμ·Ò ¶μ²Ö·¨§ Í¨¨ ¸·¥¤Ò PPP ¨ ¥¥ ´ ³ £´¨Î¥´-
´μ¸É¨ M ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ¸·¥¤´¨¥ ¸Ê³³ ·´Ò¥ §´ Î¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¤¨¶μ²Ó´μ£μ
³μ³¥´É  Î ¸É¨Í ¸·¥¤Ò ¨ ¨Ì ³ £´¨É´μ£μ ¤¨¶μ²Ó´μ£μ ³μ³¥´É  ¸μμÉ¢¥É¸É¢¥´´μ. ‚ ¶·μ§· Î-
´ÒÌ ¸·¥¤ Ì μ¡ÒÎ´μ PPP = (ε− 1)E/4π, M = (μ− 1)H/4π, £¤¥ ε ¨ μ Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¨
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³ £´¨É´ Ö ¶·μ´¨Í ¥³μ¸É¨ (¨ ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö n =
√

εμ ). ’ ±¨³ μ¡· §μ³, μÉ²¨-
Î¨¥ ÔÉ¨Ì ¶·μ´¨Í ¥³μ¸É¥° μÉ ¥¤¨´¨ÍÒ μ¶·¥¤¥²Ö¥É¸Ö ¸Ê³³ ·´μ° ¢¥²¨Î¨´μ° Ô²¥±É·¨Î¥¸±μ£μ
¨²¨ ³ £´¨É´μ£μ ¤¨¶μ²Ó´μ£μ ³μ³¥´É  ¸·¥¤Ò.

„ ¦¥ ¥¸²¨ ¢´¥Ï´¨¥ Ô²¥±É·¨Î¥¸±μ¥ ¨ ³ £´¨É´μ¥ ¶μ²Ö · ¢´Ò, |E| = |H|, ± ± ÔÉμ
¨³¥¥É ³¥¸Éμ ¢ Ô²¥±É·μ³ £´¨É´μ° ¢μ²´¥, ¨Ì ¢μ§¤¥°¸É¢¨¥ ´  Î ¸É¨ÍÒ ¸·¥¤Ò ´¥μ¤¨´ ±μ¢μ.

ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¨²Ò ‹μ·¥´Í  F = e

(
E +

[v × H]
c

)
¢¨¤´μ, ÎÉμ ³ £´¨É´ Ö ¸¨²  ¢

v/c � α · § ¸² ¡¥¥ Ô²¥±É·¨Î¥¸±μ°. �μÔÉμ³Ê ´ ¢¥¤¥´´Ò° ³ £´¨É´Ò° ¤¨¶μ²Ó´Ò° ³μ³¥´É
m ∝ ev/c ¶μ ±· °´¥° ³¥·¥ ¢ α · § ³¥´ÓÏ¥ Ô²¥±É·¨Î¥¸±μ£μ. � ¸Éμ²Ó±μ ¦¥ ¨ ¢¥²¨Î¨´  μ
¡²¨¦¥ ± 1, Î¥³ ε. ‚ ¤ ²Ó´¥°Ï¥³ ³Ò ¶μ² £ ¥³ μ = 1.

4. Š�Š “Œ…�œ˜�…’‘Ÿ ‘Š���‘’œ ‘‚…’� ‚ ‘�…„…

�¡ÒÎ´μ¥ ¢¥Ð¥¸É¢μ, ´ ¶·¨³¥· £ §, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¢ ±ÊÊ³, ¢ ±μÉμ·μ³ ´  ¡μ²ÓÏμ³
· ¸¸ÉμÖ´¨¨ ¤·Ê£ μÉ ¤·Ê£  · ¸¶μ²μ¦¥´Ò μÉ¤¥²Ó´Ò¥  Éμ³Ò ¸·¥¤Ò. �·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§
ÔÉμ ¢¥Ð¥¸É¢μ ¡μ²ÓÏÊÕ Î ¸ÉÓ ¶ÊÉ¨ ¸¢¥É ¶·μÌμ¤¨É ¢ ¢ ±ÊÊ³¥ ¸μ ¸±μ·μ¸ÉÓÕ c. �μÔÉμ³Ê
¸·¥¤´ÖÖ ¸±μ·μ¸ÉÓ ¢μ²´Ò ¢ ¸·¥¤¥ ¤μ²¦´  ¡ÒÉÓ μÎ¥´Ó ¡²¨§±  ± c. Š ± ¶μ²ÊÎ ¥É¸Ö, ÎÉμ
¸±μ·μ¸ÉÓ ¸¢¥É  ¢ ¸·¥¤¥ · ¢´  c/n, £¤¥ n Å ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö?

ŒÒ μÉ¢¥É¨³ ´  ÔÉμÉ ¢μ¶·μ¸ ´  ¶·¨³¥·¥ £ §  ´¥¡μ²ÓÏμ° ¶²μÉ´μ¸É¨.
4.1. Œμ¤¥²Ó ¤¨Ô²¥±É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨. ‘·¥¤  · ¸¸³ É·¨¢ ¥É¸Ö ± ± £ § ¨§

³μ²¥±Ê² (N ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³ ), ± ¦¤ Ö ¸ μ¤´¨³ Ô²¥±É·μ´μ³, ±μÉμ·Ò° ³μ¦¥É ¸³¥Ð ÉÓ¸Ö
¨§ ¶μ²μ¦¥´¨Ö · ¢´μ¢¥¸¨Ö ¶μ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï´¥£μ ¶μ²Ö; μ¡μ§´ Î¨³ ÔÉμÉ ¸¤¢¨£ Î¥·¥§ r.
�Éμ ¸³¥Ð¥´¨¥ ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ Ê ³μ²¥±Ê²Ò ¤¨¶μ²Ó´μ£μ ³μ³¥´É  p = er. �·¨ ÔÉμ³
¶μ²Ö·¨§ Í¨Ö ¸·¥¤Ò PPP = Np ¨ D = E + 4πPPP.

�·¥´¥¡·¥£ Ö μÉ²¨Î¨¥³ ¤¥°¸É¢ÊÕÐ¥£μ ´  Ô²¥±É·μ´ ¶μ²Ö μÉ ¸·¥¤´¥£μ, ¢ÒÎ¨¸²¨³ ¶μ²Ö-
·¨§ Í¨Õ PPP , ¢μ§´¨± ÕÐÊÕ ¢ ¶μ²¥ ¢μ²´Ò E = EEE e−iωt+ikr.

ŒÒ ¸Î¨É ¥³, ÎÉμ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¢μ²´Ò ´¥¢¥²¨±μ ¶μ ¸· ¢´¥´¨Õ ¸ ¢´ÊÉ·¨ Éμ³-
´Ò³¨ ¶μ²Ö³¨. ‚μ§´¨± ÕÐ¨¥ ¸³¥Ð¥´¨Ö Ô²¥±É·μ´  μÉ ¶μ²μ¦¥´¨Ö · ¢´μ¢¥¸¨Ö u ´¥¢¥²¨±¨,
¨ ¢μ§¢· Ð ÕÐ Ö ¸¨²  ¶·μ¶μ·Í¨μ´ ²Ó´  ¸³¥Ð¥´¨Õ: f = Ku. �¡μ§´ Î¨³, ± ± μ¡ÒÎ´μ,
¸μ¡¸É¢¥´´ÊÕ Î ¸ÉμÉÊ ±μ²¥¡ ´¨Ö Ô²¥±É·μ´  ω0 =

√
K/m, £¤¥ m Å ¥£μ ³ ¸¸ . (�¡ÒÎ´μ ´¥-

¡μ²ÓÏ Ö) ¸¨²  ®É·¥´¨Ö¯, ¶·μ¶μ·Í¨μ´ ²Ó´ Ö ¸±μ·μ¸É¨ Ô²¥±É·μ´  ¸ ±μÔËË¨Í¨¥´Éμ³ 2ηm,
μ¶¨¸Ò¢ ¥É § ÉÊÌ ´¨¥, ¸¢Ö§ ´´μ¥ ¸ ¨§²ÊÎ¥´¨¥³ ¨ (¨²¨) ¸ ¶¥·¥¤ Î¥° Ô´¥·£¨¨ ¤·Ê£¨³ ¸É¥-
¶¥´Ö³ ¸¢μ¡μ¤Ò ³μ²¥±Ê²Ò, ¶·¨Î¥³1 η � ω0. ’μ£¤  Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Ô²¥±É·μ´  ¥¸ÉÓ
md2u/dt2 = −2ηmdu/dt−Ku+eE. „²Ö · ¸¸³ É·¨¢ ¥³μ° § ¤ Î¨ ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ
Éμ²Ó±μ ¸³¥Ð¥´¨Ö ¸ Î ¸ÉμÉμ° ω, É ± ÎÉμ ³Ò ¨Ð¥³ ·¥Ï¥´¨¥ ¤²Ö ¢¥²¨Î¨´Ò u = u0 e−iωt

(¢±² ¤Ò ¤·Ê£¨Ì Î ¸ÉμÉ ¸μ ¢·¥³¥´¥³ § ÉÊÌ ÕÉ). ’¥¶¥·Ó ¢ · ¸¸³ É·¨¢ ¥³μ³ ¶μ²¥ ´ Ï¥
Ê· ¢´¥´¨¥ ¶·¨´¨³ ¥É ¢¨¤ m(−ω2 − 2iηω + ω2

0)u = eE. �É¸Õ¤  ¶μ²ÊÎ ÕÉ¸Ö ¤¨¶μ²Ó´Ò°
³μ³¥´É μ¤´μ£μ  Éμ³  ¨ ¶μ²Ö·¨§ Í¨Ö ¢¸¥° ¸·¥¤Ò:

p =
e2E

m[ω2
0 − ω2 − 2iηω]

⇒PPP =
N e2

m[ω2
0 − ω2 − 2iηω]

E. (12)

1…¸²¨ § ÉÊÌ ´¨¥ ¸¢Ö§ ´μ Éμ²Ó±μ ¸ ¨§²ÊÎ¥´¨¥³, Éμ η ∼ 1/τ (¸³. · §¤. 2) ¨ ¢Ò¶¨¸ ´´μ¥ Ê¸²μ¢¨¥ ¢Ò£²Ö¤¨É ± ±
Ê¸²μ¢¨¥ ¡μ²ÓÏμ£μ Î¨¸²  ¢μ²´ ¢ ¸¢μ¡μ¤´μ ¨§²ÊÎ¥´´μ³ ÍÊ£¥ (3).



�¥±μÉμ·Ò¥ § ¤ Î¨ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¨ 1239

„ ²¥¥ ¨³¥¥³

D = E + 4πPPP = ε(ω)E, £¤¥ ε = 1 +
ω2

P

ω2
0 − ω2 − 2iηω

, ω2
P =

4πN e2

m
. (13)

„²Ö ¢μ§¤ÊÌ  (N = 3 · 1019 ¸³−3) ´ Ìμ¤¨³ ωP ≈ 3 · 1014 ƒÍ. — ¸ÉμÉ  ω0 ¤²Ö μ¶É¨Î¥¸±¨
¶·μ§· Î´ÒÌ ¸·¥¤ ¸μ¸É ¢²Ö¥É μ¡ÒÎ´μ 1016−1017 ƒÍ ¨ η/ω0 ∼ 10−7 (¸· ¢´¨É¥ ¸ μÍ¥´±μ°
Î¨¸²  ¢μ²´ ¢ ÍÊ£¥ ¢ · §¤. 2).

�μ¤μ¡´μ¥ · ¸¸Ê¦¤¥´¨¥ ¤²Ö ³ £´¨É´μ£μ ¶μ²Ö ¤ ¥É ´ ³ £´¨Î¥´´μ¸ÉÓ ¢ v/c � α · §
³¥´ÓÏ¥. �μÔÉμ³Ê μ ≈ 1 ¨ ¢¤ ²¨ μÉ ·¥§μ´ ´¸μ¢

n =
√

ε ≈ 1 +
2πN e2/m

ω2
0 − ω2

. (14)

4.2. ‡ ¤ Î  μ¡ Ê³¥´ÓÏ¥´¨¨ ¸±μ·μ¸É¨ ¢μ²´Ò. ‚ ÔÉμ³ ¶Ê´±É¥ ¡Ê¤¥³ ¸²¥¤μ¢ ÉÓ
· ¸¸Ê¦¤¥´¨Ö³ [4], ¸³. É ±¦¥ [1].

�¥Ï¨³ ¸´ Î ²  ¢¸¶μ³μ£ É¥²Ó´ÊÕ § ¤ ÎÊ. � ¸¸³μÉ·¨³ ¶²μ¸±μ¸ÉÓ S, § ¶μ²´¥´´ÊÕ μ¸-
Í¨²²ÖÉμ· ³¨ (¤¨¶μ²Ö³¨), ±μÉμ·Ò¥ ±μ²¥¡²ÕÉ¸Ö ¸ μ¤¨´ ±μ¢Ò³¨ ¶μ ¢¥²¨Î¨´¥ ¨ ´ ¶· ¢²¥-
´¨Õ  ³¶²¨ÉÊ¤μ° ¨ Ë §μ° ¢ ¶²μ¸±μ¸É¨ S. ‚ÒÎ¨¸²¨³ ¶μ²¥, ¸μ§¤ ¢ ¥³μ¥ ÔÉ¨³¨ ¤¨¶μ²Ö³¨
¢ ÉμÎ±¥ ´ ¡²Õ¤¥´¨Ö P ®´ ¤¯ ¶²μ¸±μ¸ÉÓÕ ´  Ê³¥·¥´´μ ¡μ²ÓÏμ³ · ¸¸ÉμÖ´¨¨ z μÉ ´¥¥,
¢Ò¡· ¢ §  ´ Î ²μ ±μμ·¤¨´ É ¶·μ¥±Í¨Õ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö ´  ´ ÏÊ ¶²μ¸±μ¸ÉÓ. ‚μ ¢¸¥Ì
Ë¨§¨Î¥¸±¨ ¨´É¥·¥¸´ÒÌ ¸²ÊÎ ÖÌ  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨° μÉ¤¥²Ó´ÒÌ Ô²¥±É·μ´μ¢ |x0| ³´μ£μ
³¥´ÓÏ¥ z. �·¨ ¢ÒÎ¨¸²¥´¨¨ ³Ò ¸Î¨É ¥³, ÎÉμ ¶²μÉ´μ¸ÉÓ Î¨¸²  μ¸Í¨²²ÖÉμ·μ¢ τ ³¥¤²¥´´μ
¸Ìμ¤¨É ´  ´¥É ¶·¨ Ê¢¥²¨Î¥´¨¨ · ¸¸ÉμÖ´¨Ö μÉ ¶·μ¥±Í¨¨ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö ´  ¶²μ¸±μ¸ÉÓ
(¶·¨ μÉÌμ¤¥ μÉ ´ Î ²  ±μμ·¤¨´ É).

� °¤¥³ ¢±² ¤ ¢ ¶μ²¥ ¨§²ÊÎ¥´¨Ö, ¸μ§¤ ¢ ¥³Ò° ¤¨¶μ²Ö³¨, · ¸¶μ²μ¦¥´´Ò³¨ ¢ ¸²μ¥ Ï¨-
·¨´μ° dρ ´  · ¸¸ÉμÖ´¨¨ ρ μÉ ´ Î ²  ±μμ·¤¨´ É. �Éμ ¸Ê³³  ¢±² ¤μ¢ μÉ¤¥²Ó´ÒÌ ¤¨¶μ²¥°:

Eρ = − 1
c2r

{p̈− n(p̈n)} τρ dρ dφ (r2 = ρ2 + z2). (15)

„ ²¥¥ § ¶¨Ï¥³ ¸ ÊÎ¥Éμ³ § ¶ §¤Ò¢ ´¨Ö p̈ = −ω2ex0 e−iω(t−r/c). Œ¥¤²¥´´μ¥ Ê¡Ò¢ ´¨¥
¶²μÉ´μ¸É¨ τ ¸ · ¸¸ÉμÖ´¨¥³ ÊÎÉ¥³, ¤μ¡ ¢¨¢ (·¥£Ê²Ö·¨§ÊÕÐ¨°) ³´μ¦¨É¥²Ó e−εr (ε → 0).
�·¨  §¨³ÊÉ ²Ó´μ³ Ê¸·¥¤´¥´¨¨ ¸² £ ¥³Ò¥ n(p̈ n) ¨¸Î¥§ ÕÉ. “Î¨ÉÒ¢ Ö · ¢¥´¸É¢μ 2ρdρ =
2rdr ¨ ¶¥·¥Ìμ¤Ö ± ¨´É¥£·¨·μ¢ ´¨Õ ¶μ r, § ¶¨Ï¥³ ¶μ²¥ ¢ ÉμÎ±¥ ´ ¡²Õ¤¥´¨Ö ± ±

EP = 2π
ω2ex0

c2

∞∫
z

e−iω(t−r/c)τ e−εrdr =

= −2π
ω2ex0

c2

c

iω − ε
e−iω(t−z/c)τ e−εz ε→0−→ 2π

iωex0

c
τ e−iω(t−z/c). (16)

‚ ÔÉμÉ ·¥§Ê²ÓÉ É ´¥ ¢Ìμ¤¨É ´¨± ±¨Ì ¢¥²¨Î¨´ · §³¥·´μ¸É¨ ¤²¨´Ò, ±·μ³¥  ³¶²¨ÉÊ¤Ò
±μ²¥¡ ´¨° ¤¨¶μ²¥° x0. �μÔÉμ³Ê Ë ±É¨Î¥¸±¨ μ´ ¸¶· ¢¥¤²¨¢ Ê¦¥ ´  μÎ¥´Ó ´¥¡μ²ÓÏ¨Ì
· ¸¸ÉμÖ´¨ÖÌ μÉ ¶² ¸É¨´±¨, ´μ ¢¸¥ ¥Ð¥ ¡μ²ÓÏ¨Ì ¶μ ¸· ¢´¥´¨Õ ¸ x0 ¨ λ.

’ ±¨³ μ¡· §μ³, ¶μ²¥ ¶¥·¥· ¸¸¥Ö´¨Ö ¨³¥¥É ÉÊ ¦¥ § ¢¨¸¨³μ¸ÉÓ μÉ ±μμ·¤¨´ É ¨ ¢·¥-
³¥´¨, ÎÉμ ¨ ¶μ²¥ ¶ ¤ ÕÐ¥° ¢μ²´Ò, ´μ ¸¤¢¨´ÊÉμ ¶μ Ë §¥ ´  π/2 (³´μ¦¨É¥²Ó i ¢ μÉ¢¥É¥).
�³¶²¨ÉÊ¤  ÔÉμ£μ ¶μ²Ö ¶·μ¶μ·Í¨μ´ ²Ó´  Î¨¸²Ê ¶¥·¥· ¸¸¥¨¢ É¥²¥°.
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’¥¶¥·Ó · §¡¥·¥³¸Ö, ± ± ¶·μ¨¸Ìμ¤¨É ®§ ³¥¤²¥´¨¥¯ ¸¢¥É  ¢ ¸·¥¤¥. � ¸¸³μÉ·¨³ Ê¶·μ-
Ð¥´´ÊÕ ± ·É¨´Ê. �Ê¸ÉÓ ¢´¥Ï´¨° ¨¸ÉμÎ´¨± ¸¢¥É  · ¸¶μ²μ¦¥´ ´  ¡μ²ÓÏμ³ · ¸¸ÉμÖ´¨¨ μÉ
¸É¥±²Ö´´μ° ¶² ¸É¨´±¨ ´¥¡μ²ÓÏμ° Éμ²Ð¨´Ò Δz ¸ ¶²μÉ´μ¸ÉÓÕ Î¨¸²  § ·Ö¤μ¢ N É ±, ÎÉμ ´ 
¶² ¸É¨´±Ê ¶ ¤ ¥É ¶²μ¸± Ö ¢μ²´ , ¶¥·¶¥´¤¨±Ê²Ö·´ Ö ¥°. 	Ê¤¥³ ¨¸± ÉÓ ¶μ²¥ EP ¶μ ¤·Ê£ÊÕ
¸Éμ·μ´Ê ¶² ¸É¨´±¨ ¤μ¸É ÉμÎ´μ ¤ ²¥±μ μÉ ´¥¥. �Éμ ¶μ²¥ ¸±² ¤Ò¢ ¥É¸Ö ¨§ ¶μ²Ö ¢´¥Ï´¥£μ
¨¸ÉμÎ´¨±  Es ¨ ¸Ê³³ ·´μ£μ ¶μ²Ö ¨§²ÊÎ¥´¨Ö Ô²¥±É·μ´μ¢ ¢ ³μ²¥±Ê² Ì ¸É¥±²  Em. �μ²¥
¢¸¥° ¶²μ¸±μ¸É¨ ¤ ¥É¸Ö Ëμ·³Ê²μ° (16), ¢ ±μÉμ·μ° τ = NΔz ¨ x0 = eE0

S/[m(ω2
0 − ω2)].

‘μ¡¨· Ö ¢¸¥ ³´μ¦¨É¥²¨ ¨ ¢¸¶μ³¨´ Ö (14), ´ Ìμ¤¨³

EP ≡ Es + Em = E0
s e−iω(t−z/c) +

iωΔz

c
e−iω(t−z/c) E0

s

2πN e2

m

1
ω2

0 − ω2
≡

≡ E0
s e−iω(t−z/c)

[
1 +

iωΔz

c
(n − 1)

]
. (17)

�¥·¥Ìμ¤Ö ± Éμ²¸Éμ° ¶² ¸É¨´±¥, · §¡¨¢ ¥³ ¥¥ ³Ò¸²¥´´μ ´  ³´μ¦¥¸É¢μ Éμ´±¨Ì ¶² -
¸É¨´μ±, · §¤¥²¥´´ÒÌ ¸²μÖ³¨ ¢ ±ÊÊ³ , ¨ μ¡μ§´ Î ¥³ Î¥·¥§ E(z) ¶μ²¥ ´  · ¸¸ÉμÖ´¨¨ z μÉ
±· Ö ¶¥·¢μ° ¶² ¸É¨´±¨ (¸Õ¤  ¢±²ÕÎ ¥É¸Ö ¨ ¢μ²´μ¢ Ö § ¢¨¸¨³μ¸ÉÓ μÉ ±μμ·¤¨´ É ¨ ¢·¥-
³¥´¨). �Éμ ¶μ²¥ μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¶μ²Ö ¶¥·¥¤ ¶·¥¤Ï¥¸É¢ÊÕÐ¥° ¶² ¸É¨´±μ° ¶μ²ÊÎ¥´´Ò³
¸μμÉ´μÏ¥´¨¥³ ¢ Ëμ·³¥

E(z + Δz) = E(z) eiωΔz/c

[
1 +

iωΔz

c
(n − 1)

]
. (18)

�¥·¥Ìμ¤ ± ¶·¥¤¥²Ê Δz → 0 ¤ ¥É

dE(z)
dz

=
iω

c
[1 + (n − 1)]E(z) ≡ iωn

c
E(z). (19)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (19) ¸ ÊÎ¥Éμ³ § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ ¤²Ö ¶μ²Ö ¢ Éμ²¸Éμ° ¶² ¸É¨´±¥
¥¸ÉÓ

E(z) = E0 e−iω(t−nz/c). (20)

ˆÉ ±, ´ Ï μÉ¢¥É ¢Ò£²Ö¤¨É ± ± ¶μ²¥ ¢μ²´Ò, Ï¥¤Ï¥° μÉ ¨¸ÉμÎ´¨±  ¢ ¢ ±ÊÊ³¥ ¨ ¶·μ-
Ï¥¤Ï¥° ¸²μ° Éμ²Ð¨´Ò z ¸·¥¤Ò ¸ ¶μ± § É¥²¥³ ¶·¥²μ³²¥´¨Ö n.

‘²ÊÎ ¨ ´ ±²μ´´μ£μ ¶ ¤¥´¨Ö ¨ ¶²μÉ´μ° ¸·¥¤Ò, ¤²Ö ±μÉμ·μ° ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö
§ ³¥É´μ μÉ²¨Î ¥É¸Ö μÉ 1, É·¥¡ÊÕÉ ¶·μ¸Éμ ¡μ²¥¥ £·μ³μ§¤±¨Ì ¢ÒÎ¨¸²¥´¨°.

‘Éμ¨É μÉ³¥É¨ÉÓ, ÎÉμ Ï¨·μ±μ · ¸¶·μ¸É· ´¥´μ ¸²¥¤ÊÕÐ¥¥ ¶μ¶Ê²Ö·´μ¥ μ¡ÑÖ¸´¥´¨¥ ®§ -
³¥¤²¥´¨Ö¯ ¸¢¥É  ¢ ¢¥Ð¥¸É¢¥: ËμÉμ´Ò ¶μ£²μÐ ÕÉ¸Ö ¨ ¶¥·¥¨§²ÊÎ ÕÉ¸Ö ³μ²¥±Ê² ³¨, ´ 
± ¦¤Ò°  ±É ÔÉμ£μ ¶·μÍ¥¸¸  É· É¨É¸Ö ¢·¥³Ö, ¶μÔÉμ³Ê ¢ ¸·¥¤´¥³ ¤¢¨¦¥´¨¥ ËμÉμ´μ¢ ¸±¢μ§Ó
¸·¥¤Ê § ³¥¤²Ö¥É¸Ö. ’ ±μ¥ μ¡ÑÖ¸´¥´¨¥ μÏ¨¡μÎ´μ. �´μ ´¥ ÊÎ¨ÉÒ¢ ¥É ¢ ¦´¥°Ï¥£μ ±μ²-
²¥±É¨¢´μ£μ ÔËË¥±É : ¶μ²¥ ¶·μÏ¥¤Ï¥° ¢μ²´Ò ¸±² ¤Ò¢ ¥É¸Ö ¨§ ¶μ²¥° ¶¥·¥¨§²ÊÎ¥´¨Ö ¢¸¥Ì
³μ²¥±Ê², ¸¢¥É ±μÉμ·ÒÌ ³μ¦¥É ¤μ°É¨ ¤μ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö. ˆ³¥´´μ ¸Ê³³¨·μ¢ ´¨¥ ¨Ì
¢±² ¤μ¢ ¸ ÊÎ¥Éμ³ £¥μ³¥É·¨Î¥¸±μ£μ § ¶ §¤Ò¢ ´¨Ö ¨ ¤ ¥É ÉμÉ ¸¤¢¨£ Ë §Ò (20), ±μÉμ·Ò° ¢
¶μ¶Ê²Ö·´μ³ μ¡ÑÖ¸´¥´¨¨ ¶·¥¤² £ ¥É¸Ö ¸Î¨É ÉÓ ÔËË¥±Éμ³ § ¶ §¤Ò¢ ´¨Ö ´  ± ¦¤μ³ ¶¥·¥-
· ¸¸¥¨¢ É¥²¥.

�¥É·¨¢¨ ²Ó´μ¥ § ¶ §¤Ò¢ ´¨¥ ¶¥·¥¨§²ÊÎ¥´¨Ö ¨³¥¥É ³¥¸Éμ Éμ²Ó±μ ¢ Ê§±μ° μ¡² ¸É¨ Î -
¸ÉμÉ ¶μ·Ö¤±  1/τ ∼ η ¢¡²¨§¨ ·¥§μ´ ´¸´μ° Î ¸ÉμÉÒ ω0 (¸³. (12)). ‚ ÔÉμ° μ¡² ¸É¨ ¸¢¥É
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· ¸¶·μ¸É· ´Ö¥É¸Ö ¸ § ÉÊÌ ´¨¥³, ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É¸Ö ±μ³¶²¥±¸´Ò³ §´ Î¥´¨¥³ ¤¨Ô²¥±-
É·¨Î¥¸±μ° ¶·μ´¨Í ¥³μ¸É¨ ε ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ±μ³¶²¥±¸´Ò³ §´ Î¥´¨¥³ ¶μ± § É¥²Ö ¶·¥-
²μ³²¥´¨Ö n =

√
εμ. ‡ ÉÊÌ ´¨¥ μÉ¢¥Î ¥É Éμ³Ê Ë ±ÉÊ, ÎÉμ ¶¥·¥¨§²ÊÎ¥´¨¥ ¤μ¶μ²´Ö¥É¸Ö

· ¸¶ ¤μ³ ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö. ˆ¸¶Ê¸± ´¨¥ ±¢ ´Éμ¢ ÔÉμ£μ ®· ¸¶ ¤´μ£μ¯ ¸¢¥É  ¸
Î ¸ÉμÉμ° ω0 
= ω Ö¢²Ö¥É¸Ö ¸²ÊÎ °´Ò³ ¶·μÍ¥¸¸μ³ (± ± ÔÉμ μ¡¸Ê¦¤ ²μ¸Ó ¢ · §¤. 2). �É¨
· ¸¶ ¤´Ò¥ ËμÉμ´Ò ´¥ ±μ··¥²¨·μ¢ ´Ò ³¥¦¤Ê ¸μ¡μ°, ¶μ²ÊÎ¨¢Ï¨°¸Ö ¸¢¥É · ¸¶·μ¸É· ´Ö¥É¸Ö
¨§μÉ·μ¶´μ ¢μ ¢¸¥Ì ´ ¶· ¢²¥´¨ÖÌ. ’ ±¨³ μ¡· §μ³, ¢ Ê§±μ° μ¡² ¸É¨ Î ¸ÉμÉ ¶μ·Ö¤±  1/τ ∼ η
¢¡²¨§¨ ·¥§μ´ ´¸´μ° Î ¸ÉμÉÒ ω0 ≈ ω · ¸¶·μ¸É· ´¥´¨¥ ¸¢¥É  ¢ μ¶·¥¤¥²¥´´μ³ ´ ¶· ¢²¥´¨¨
¶·μ¨¸Ìμ¤¨É ¸ § ÉÊÌ ´¨¥³, ¶μÉ¥·Ö´´ Ö Ô´¥·£¨Ö ¢μ²´Ò ¶¥·¥Ìμ¤¨É ¢ Ô´¥·£¨Õ · ¸¸¥Ö´´μ£μ ¢μ
¢¸¥ ¸Éμ·μ´Ò ¸¢¥É . �μÔÉμ³Ê £μ¢μ·ÖÉ, ÎÉμ μ¡² ¸ÉÓ Î ¸ÉμÉ ¢¡²¨§¨ ω0 Ï¨·¨´μ° η Å ²¨´¨Ö
¶μ£²μÐ¥´¨Ö ¸¢¥É .
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