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�¡¸Ê¦¤ ÕÉ¸Ö Ë¨§¨Î¥¸±¨¥ μ¸μ¡¥´´μ¸É¨ ² §¥·  ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì ±μ·μÉ±μ¢μ²´μ¢μ£μ ¤¨ -
¶ §μ´ , ±μ£¤  ¤²¨´  ¸£Ê¸É±  ¢ ¸μ¡¸É¢¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  ³¥´ÓÏ¥ ¤²¨´Ò μ´¤Ê²ÖÉμ·  ¢ Éμ° ¦¥
¸¨¸É¥³¥. ’μ±μ¢ Ö ¸μ¸É ¢²ÖÕÐ Ö ¸¨£´ ²  μ± §Ò¢ ¥É¸Ö ¶·¨ ÔÉμ³ § ¶¥·Éμ° ¢ ¸£Ê¸É±¥ ± ± ¢ ·¥§μ´ -
Éμ·¥, ¢ Éμ ¢·¥³Ö ± ± · ¤¨ Í¨μ´´ Ö ¸¢μ¡μ¤´μ ÊÌμ¤¨É ¨§ ´¥£μ. ‚ μÉ²¨Î¨¥ μÉ  ´ ²μ£¨Î´μ° ¸¨ÉÊ Í¨¨
¢ £¨·μÉ·μ´ Ì ¤²¨´  ¢μ²´Ò μ¸É ¥É¸Ö £μ· §¤μ ³¥´ÓÏ¥ ¤²¨´Ò ¸£Ê¸É± , ÎÉμ ¶μ§¢μ²Ö¥É ¸Î¨É ÉÓ ¶·μ-
Ë¨²Ó ¶μ¸²¥¤´¥£μ ¶·μ¨§¢μ²Ó´Ò³. � ¸¸³μÉ·¥´Ò ·¥¦¨³Ò Ê¸¨²¥´¨Ö £ ·³μ´¨Î¥¸±μ£μ ¢Ìμ¤´μ£μ ¸¨£´ ² 
¨ ¨´¤ÊÍ¨·μ¢ ´´μ£μ Ê¸¨²¥´¨Ö ¸μ¡¸É¢¥´´ÒÌ ÏÊ³μ¢ ¸ Ëμ·³¨·μ¢ ´¨¥³ ±¢ §¨±μ£¥·¥´É´μ£μ ¨§²ÊÎ¥´¨Ö
(·¥¦¨³ SASE).

The report is devoted to physics of free electron lasers operating in the short-wave domain where the
bunch length could be less than the undulator length in the proper frame. Then the current component
of the signal is locked within the bunch as in a cavity, while the electromagnetic component propagates
freely. In contrast with gyrotrons where this regime can be of interest only for wavelengths comparable
with the bunch length, we consider short waves in a bunch of arbitrary proˇle. Both ampliˇcation
of an external harmonic signal and SASE regime, i.e. selective ampliˇcation of proper noises, are
investigated.

ˆ§-§  μÉ¸ÊÉ¸É¢¨Ö  ¤¥±¢ É´μ° μ¶É¨±¨ ² §¥·Ò ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì (‹‘�) ±μ·μÉ-
±μ¢μ²´μ¢μ£μ (“” ¨ ±μ·μÎ¥) ¤¨ ¶ §μ´  ³μ£ÊÉ · ¡μÉ ÉÓ Éμ²Ó±μ ¢ ·¥¦¨³¥ ¶·Ö³μ£μ Ê¸¨²¥´¨Ö
Ô²¥±É·μ´´Ò³¨ ¸£Ê¸É± ³¨ ´¥¡μ²ÓÏμ° ¤²¨´Ò, μ¶·¥¤¥²Ö¥³μ° μ¸μ¡¥´´μ¸ÉÖ³¨ Ê¸±μ·¨É¥²Ö-
¤· °¢¥· . �¡ÒÎ´μ ¨§-§  ¸¨²Ó´μ£μ ·¥²ÖÉ¨¢¨§³  (γ � 1) μ¸´μ¢´ Ö Î ¸ÉÓ Ê¸¨²¨¢ ¥³μ£μ
¢Ìμ¤´μ£μ ¨³¶Ê²Ó¸  ¨²¨ ¸μ¡¸É¢¥´´Ò¥ ÏÊ³Ò ¢ ·¥¦¨³¥ ¨´¤ÊÍ¨·μ¢ ´´μ£μ Ê¸¨²¥´¨Ö ¸¶μ´-
É ´´ÒÌ ÏÊ³μ¢ (SASE) É ± ¨ ´¥ Ê¸¶¥¢ ÕÉ ¤μ¸É¨£´ÊÉÓ £μ²μ¢´μ° Î ¸É¨ ¸£Ê¸É±  ´  μ£· ´¨-
Î¥´´μ° ¤²¨´¥ μ´¤Ê²ÖÉμ·  L. ‚ ÔÉμ³ ¸³Ò¸²¥ ¸£Ê¸Éμ± ³μ¦´μ ¸Î¨É ÉÓ ¤²¨´´Ò³, ¨³¥Ö ¢ ¢¨¤Ê
¶·¥¢ÒÏ¥´¨¥ ¥£μ ¤²¨´Ò l′b ´ ¤ ¤²¨´μ° μ´¤Ê²ÖÉμ·  ¢ ¸μ¡¸É¢¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  L′, ¨²¨
¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥:

lb � L/γ2.

‚³¥¸É¥ ¸ É¥³ μ¡Ð Ö É¥´¤¥´Í¨Ö ¶ ¤¥´¨Ö ±μÔËË¨Í¨¥´É  Ê¸¨²¥´¨Ö ¸ Ê³¥´ÓÏ¥´¨¥³ ¤²¨´Ò
¢μ²´Ò § ¸É ¢²Ö¥É Ê¢¥²¨Î¨¢ ÉÓ ¶¨±μ¢Ò° Éμ± ¶ÊÎ±  §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ¤²¨´Ò ¸£Ê¸É± .
Šμ·μÉ±¨¥ ¸£Ê¸É±¨ ´¥μ¡Ìμ¤¨³Ò É ±¦¥ ¤²Ö Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  ¶ÊÎ± 
¶·¨ ·μ¸É¥ ¥£μ Ô´¥·£¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¢¸¥Ì ÔÉ¨Ì μ¡¸ÉμÖÉ¥²Ó¸É¢ μ¡· É´μ¥ Ê¸²μ¢¨¥ ±μ·μÉ±μ£μ
¸£Ê¸É± :

lb � L/γ2,

³μ¦¥É μ± § ÉÓ¸Ö ¢¶μ²´¥ ·¥ ²Ó´Ò³ Ê¦¥ ¤²Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¶·μ¥±Éμ¢.
�¥¦¨³ ±μ·μÉ±¨Ì ¸£Ê¸É±μ¢ · ¸¸³ É·¨¢ ²¸Ö ¶·¨ ¶μ²ÊÎ¥´¨¨ ³μÐ´ÒÌ ¨³¶Ê²Ó¸μ¢ ¨§²ÊÎ¥-

´¨Ö ¢ £¨·μÉ·μ´ Ì [1], ´μ É ³ μ¸´μ¢´μ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö²¨ ¤²¨´Ò ¢μ²´, ¸· ¢´¨³Ò¥ ¸
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L. �¤´ ±μ ¢ ‹‘� ¤ ¦¥ ¸ Ô±¸É·¥³ ²Ó´Ò³¨ ¶ · ³¥É· ³¨ ¸£Ê¸É±¨ ¶¨±μ¸¥±Ê´¤´μ° ¤²¨É¥²Ó-
´μ¸É¨ μ¸É ÕÉ¸Ö ¢¸¥ ¦¥ £μ· §¤μ ¡μ²ÓÏ¥ ¤²¨´Ò ¢μ²´Ò. ˆ§²ÊÎ¥´¨¥ ¢ ´¨Ì ¤μ²¦´μ ¨³¥ÉÓ
Ì · ±É¥· ±¢ §¨±μ£¥·¥´É´μ£μ ¶ ±¥É  ´¥¡μ²ÓÏμ° ¤²¨É¥²Ó´μ¸É¨: ¶μ·Ö¤±  L/γ2c ¸ ´¥¸ÊÐ¥°
Î ¸ÉμÉμ° kucβ/(1 − β), £¤¥ ku Å ¢μ²´μ¢μ¥ Î¨¸²μ μ´¤Ê²ÖÉμ· ,   β Å ¶·μ¤μ²Ó´ Ö ¸±μ-
·μ¸ÉÓ. �μÔÉμ³Ê ´¥±μÉμ·Ò¥ ¶·¥¤¸É ¢²¥´¨Ö μ¡ Ê¸¨²¥´¨¨ ±¢ §¨£ ·³μ´¨Î¥¸±μ£μ ¸¨£´ ²  ¢
É ±μ° ¸¨¸É¥³¥ ¤μ²¦´Ò ¡ÒÉÓ ¶¥·¥¸³μÉ·¥´Ò.

	Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ · ¢´μ¢¥¸´ Ö ¶²μÉ´μ¸ÉÓ μ¤´μ³¥·´μ£μ ¸£Ê¸±  �0 § ¢¨¸¨É Éμ²Ó±μ μÉ
±μ³¡¨´ Í¨¨ ¢·¥³¥´¨ ¨ · ¸¸ÉμÖ´¨Ö ¢¨¤  ζ = (βct − z), ¨³¥ÕÐe° ¸³Ò¸² ±μμ·¤¨´ ÉÒ
¢´ÊÉ·¨ ¸£Ê¸É± , μÉ¸Î¨ÉÒ¢ ¥³μ° μÉ ¥£μ £μ²μ¢Ò. ’¥³ ´¥ ³¥´¥¥ ¢ μÉ²¨Î¨¥ μÉ ¤²¨´´μ£μ
¸£Ê¸É±  § ¤ Î  μ¸É ¥É¸Ö ´¥¸É Í¨μ´ ·´μ° ¨ ¤μ²¦´  ·¥Ï ÉÓ¸Ö ¸ £· ´¨Î´Ò³¨ ¨ ´ Î ²Ó´Ò³¨
Ê¸²μ¢¨Ö³¨. „²Ö ÔÉμ£μ Ê¤μ¡´¥¥ ¶¥·¥°É¨ μÉ ¶¥·¥³¥´´ÒÌ (z, t) ± ¶¥·¥³¥´´Ò³ (z, ζ) ¨ ¨¸± ÉÓ
·¥Ï¥´¨¥ ¤²Ö ¢¥±Éμ·-¶μÉ¥´Í¨ ²  ·¥§μ´ ´¸´μ° ¢μ²´Ò Aw ¨ ¶·μ¤μ²Ó´μ£μ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö E‖ ¢ ¢¨¤¥

Aw = A(z, ζ) exp [iω (z/c− t) + iδz]; E‖ = E(z, ζ) exp [iω (z/βc − t)] , (1)

£¤¥ A(z, ζ) ¨ E(z, ζ) Å ³¥¤²¥´´Ò¥ ËÊ´±Í¨¨ ¸¢μ¨Ì  ·£Ê³¥´Éμ¢, δ = ω(1−β)/βc − ku Å
¶ · ³¥É· · ¸¸É·μ°±¨, É. ¥. ³¥·  μÉ±²μ´¥´¨Ö Î ¸ÉμÉÒ ω μÉ ·¥§μ´ ´¸´μ£μ §´ Î¥´¨Ö kuβ/(1−
β), μ¶·¥¤¥²Öe³μ£μ ¢μ²´μ¢Ò³ Î¨¸²μ³ μ´¤Ê²ÖÉμ·  ku. ‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³ ¸¨¸É¥³Ê, ¸²¥¤Ê-
ÕÐÊÕ ¨§ Ê· ¢´¥´¨° Œ ±¸¢¥²²  ¨ �°²¥· :[

c2β2 ∂2

∂z2
+ ωp

2

]
E (z, ζ) =

iqkuωp
2

mc2γ
A (z, ζ) ;

[
∂

∂z
− (1 − β)

∂

∂ζ
+ iδ

]
A(z, ζ) =

qAu

2mc2γβ
E(z, ζ),

(2)

£¤¥ ω2
p = 4πq�0(ζ)/mcγ3 Å ±¢ ¤· É ²μ± ²Ó´μ° ²¥´£³Õ·μ¢¸±μ° Î ¸ÉμÉÒ ¶·μ¤μ²Ó´ÒÌ

±μ²¥¡ ´¨° ¢ ¶ÊÎ±¥ (¸ ÊÎ¥Éμ³ ·¥²ÖÉ¨¢¨§³ ),   Au Å  ³¶²¨ÉÊ¤  ·¥§μ´ ´¸´μ° £ ·³μ´¨±¨
¢¥±Éμ·-¶μÉ¥´Í¨ ²  μ´¤Ê²ÖÉμ· .

‘¨¸É¥³  Ê· ¢´¥´¨° (2) Ê± §Ò¢ ¥É ´  ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¤¢ÊÌ ±μ²¥¡ É¥²Ó´ÒÌ ¶ ·Í¨ ²Ó´ÒÌ
¶μ¤¸¨¸É¥³, ¸¢Ö§ ´´ÒÌ Î¥·¥§ ¶μ²¥ μ´¤Ê²ÖÉμ· . �¤´  ¨§ ´¨Ì ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ¶² §³¥´-
´Ò¥ ¶·μ¤μ²Ó´Ò¥ ±μ²¥¡ ´¨Ö ¢´ÊÉ·¨ ¸£Ê¸É± , ¶¥·¥´μ¸¨³Ò¥ ¨³ ¸μ ¸·¥¤´¥° ¸±μ·μ¸ÉÓÕ βc
¨ Ö¢²ÖÕÐ¨¥¸Ö, ¶μ ¸ÊÐ¥¸É¢Ê, ¢μ²´ ³¨ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ , ®§ ¶¥·ÉÒ³¨¯ ¢ ¸£Ê¸É±¥,
± ± ¢ ·¥§μ´ Éμ·¥. ‚ μÉ¸ÊÉ¸É¢¨¥ ¸¢Ö§¨ ¨Ì  ³¶²¨ÉÊ¤  ³μ¦¥É ¡ÒÉÓ ¶·μ¨§¢μ²Ó´μ° ËÊ´±Í¨¥°
±μμ·¤¨´ ÉÒ ζ. ‚Éμ· Ö, ± ± ²¥£±μ ¶·μ¢¥·¨ÉÓ, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸¢μ¡μ¤´Ò¥ ¶μ¶¥·¥Î-
´Ò¥ Ô²¥±É·μ³ £´¨É´Ò¥ ¢μ²´Ò ¶·μ¨§¢μ²Ó´μ° Î ¸ÉμÉÒ ω, · ¸¶·μ¸É· ´ÖÕÐ¨¥¸Ö ¸ Ë §μ¢μ°
¸±μ·μ¸ÉÓÕ c. Š ± ¨ ¢ μ¤´μ·μ¤´μ³ ¶ÊÎ±¥, ¸¢Ö§Ó ³¥¦¤Ê ´¨³¨ ¶·¨¢μ¤¨É ± · ¤¨ Í¨μ´´μ°
´¥Ê¸Éμ°Î¨¢μ¸É¨, ±μÉμ·ÊÕ, μ¤´ ±μ, É¥¶¥·Ó ´¥²Ó§Ö μÉ´¥¸É¨ ´¨ ±  ¡¸μ²ÕÉ´μ³Ê, ´¨ ± ±μ´¢¥±-
Í¨μ´´μ³Ê É¨¶Ê, ¶μ¸±μ²Ó±Ê Ê¶μ³Ö´ÊÉÒ° ®·¥§μ´ Éμ·¯ ¸ ³ ¶¥·¥³¥Ð ¥É¸Ö ¸ ·¥²ÖÉ¨¢¨¸É¸±μ°
¸±μ·μ¸ÉÓÕ. Š¸É É¨, ¢ ¸²ÊÎ ¥ ¤²¨´´μ£μ ¸£Ê¸É±  (∂/∂ζ = 0) ¸¢Ö§Ó ¤ ¥É ¨§¢¥¸É´μ¥  ¸¨³¶Éμ-
É¨Î¥¸±μ¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ¥ ´ · ¸É ´¨¥  ³¶²¨ÉÊ¤ ¢¤μ²Ó z ¸ ±μ³¶²¥±¸´Ò³ ¨´±·¥³¥´Éμ³
Γ(δ), Ö¢²ÖÕÐ¨³¸Ö ±μ·´¥³ ¤¨¸¶¥·¸¨μ´´μ£μ Ê· ¢´¥´¨Ö

(Γ + iδ)
(
Γ2 + ω2

p/β2c2
)

= iΓ3
0; Γ0 =

(
q2kuAuω2

p

2β3 (mc3γ)2

)1/3

, (3)

¨³¥ÕÐ¨³ ´ ¨¡μ²ÓÏÊÕ μÉ·¨Í É¥²Ó´ÊÕ ³´¨³ÊÕ Î ¸ÉÓ. �É³¥É¨³, ÎÉμ ¢¥²¨Î¨´ (√
3 + i

)
Γ0/2 ¨£· ¥É ÔÉÊ ·μ²Ó ¢ ±μ³¶Éμ´μ¢¸±μ³ ·¥¦¨³¥ ¶·¨ ´Ê²¥¢μ° · ¸¸É·μ°±¥.
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‚ ´¥μ¤´μ·μ¤´μ³ ¶ÊÎ±¥ ¢´ÊÉ·¨ ¸£Ê¸É±  ¢μ²´  ´¥ ¨³¥¥É μ¶·¥¤¥²¥´´μ£μ ¢μ²´μ¢μ£μ Î¨¸² .
Š·μ³¥ Éμ£μ, ± ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó, § ¤ Î  ¤μ²¦´  ·¥Ï ÉÓ¸Ö ¸ μ¶·¥¤¥²¥´´Ò³¨ ´ Î ²Ó´Ò³¨
¨ £· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨, §  ±μÉμ·Ò¥ ¤²Ö Ê¶·μÐ¥´¨Ö ³Ò ¢Ò¡¥·¥³  ³¶²¨ÉÊ¤Ê ¢μ²´Ò, ¶·μ-
¤μ²Ó´μ¥ ¶μ²¥ ¨ ¥£μ ¶·μ¨§¢μ¤´ÊÕ ´  ¢Ìμ¤¥ ¢ ¸¨¸É¥³Ê, ÌμÉÖ Ë¨§¨Î¥¸±¨ ¡μ²¥¥ μ¸³Ò¸²¥´´μ
¡Ò²μ ¡Ò § ¤ ´¨¥ ³μ¤Ê²ÖÍ¨¨ ¶²μÉ´μ¸É¨ ¨ ¸±μ·μ¸É¨, ±μÉμ·Ò¥ ¶·μ¸Éμ, ´μ £·μ³μ§¤±μ ¸¢Ö§ ´Ò
¸ ¤¢Ê³Ö ¶μ¸²¥¤´¨³¨ ¢¥²¨Î¨´ ³¨.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ Ê· ¢´¥´¨Ö (2) ¸ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨ A(0, ζ); E(0, ζ); Ė(0, ζ), £¤¥
ÉμÎ±  μ§´ Î ¥É ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ z ¶·¨ ¶μ¸ÉμÖ´´μ³ ζ, ´¥É·Ê¤´μ ¸¢¥¸É¨ ± ¤¨ËË¥-
·¥´Í¨ ²Ó´μ³Ê ´¥μ¤´μ·μ¤´μ³Ê Ê· ¢´¥´¨Õ ¶¥·¢μ£μ ¶μ·Ö¤±  ¤²Ö É· ´¸Ëμ·³ ´ÉÒ ‹ ¶² ¸ 
A(p, ζ): [(

p2 +
ω2

p

β2c2

)(
p + iδ − i(1 − β)

d

dζ

)
− iΓ3

0

]
A (p, ζ) = F (p, ζ), (4)

£¤¥

F (p, ζ) = A(0, ζ)

(
p2 +

ω2
p

β2c2

)
+

qAu

2mc2γβ

(
Ė(0, ζ) + pE(0, ζ)

)
. (5)

„²Ö ±μ´±·¥É¨§ Í¨¨ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° (5), ¢μμ¡Ð¥ £μ¢μ·Ö, ´ ¤μ ÊÎ¨ÉÒ¢ ÉÓ ´¥±μÉμ·Ò¥
μ¸μ¡¥´´μ¸É¨ μ´¤Ê²ÖÉμ· , ¢±²ÕÎ Ö ¸¶¥Í¨Ë¨±Ê · ¸¶·¥¤¥²¥´¨Ö ¥£μ ¶μ²Ö ´  ¢Ìμ¤¥. �É¨ ¢μ-
¶·μ¸Ò μÉ´μ¸ÖÉ¸Ö, ¸±μ·¥¥, ± · ¸Î¥ÉÊ ±μ´±·¥É´μ° Ê¸É ´μ¢±¨. ŒÒ ¦¥ ¡Ê¤¥³ ¸Î¨É ÉÓ μ´¤Ê-
²ÖÉμ· ®³£´μ¢¥´´μ ¢±²ÕÎ¥´´Ò³¯ ¢ ÉμÎ±¥ z = 0, ¨£´μ·¨·ÊÖ É¥³ ¸ ³Ò³ ¤¥É ²¨ Ë·μ´Éμ¢
¨³¶Ê²Ó¸  ¢ÒÌμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ´  μÉ·¥§± Ì ¢·¥³¥´¨, ³¥´ÓÏ¨Ì ¢·¥³¥´¨ ¶·μ²¥É  ¶¥·¥Ìμ¤-
´μ£μ ÊÎ ¸É± .

“Î¨ÉÒ¢ Ö, ÎÉμ ¶·¨ ζ → −∞ ¶μ²¥ μÉ¸ÊÉ¸É¢Ê¥É, ·¥Ï¥´¨¥ (4) ³μ¦´μ ´ °É¨ ¢ μ¡Ð¥³
¢¨¤¥. „²Ö μ¶·¥¤¥²¥´¨Ö § ¢¨¸¨³μ¸É¨ ¶μ²Ö μÉ ¢·¥³¥´¨ ¨ ±μμ·¤¨´ ÉÒ ¸²¥¤Ê¥É ¶μ¤¸É ¢¨ÉÓ ¢
¶μ²ÊÎ¥´´μ¥ ·¥Ï¥´¨¥ ¶·μË¨²Ó ¶²μÉ´μ¸É¨ § ·Ö¤  ¢ ¸£Ê¸É±¥ ωp

2(ζ) ¨ ¶·μ¨§¢¥¸É¨ μ¡· É´μ¥
¶·¥μ¡· §μ¢ ´¨¥ ‹ ¶² ¸ .

Š ¸μ¦ ²¥´¨Õ, ÔÉ  ¶·μ£· ³³  ¶·¨¢μ¤¨É ¢ μ¡Ð¥³ ¢¨¤¥ ± ¤μ¢μ²Ó´μ £·μ³μ§¤±¨³ ¢Ò· ¦¥-
´¨Ö³, ¢¸¥ · ¢´μ É·¥¡ÊÕÐ¨³ ¤²Ö ¸¢μ¥° ¨´É¥·¶·¥É Í¨¨ Éμ£μ ¨²¨ ¨´μ£μ ³μ¤¥²Ó´μ£μ · ¸¶·¥-
¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ ¶μ ¸£Ê¸É±Ê. �μÔÉμ³Ê ³Ò ¸· §Ê ¶μ²μ¦¨³ ωp = const ¶·¨ 0 < ζ < lb,
£¤¥ lb Å ¤²¨´  ¸£Ê¸É± .

“¸¨²¥´¨¥ ¢´¥Ï´¥£μ £ ·³μ´¨Î¥¸±μ£μ ¸¨£´ ² . �·¨ · ¸Î¥É¥ Ê¸¨²¥´¨Ö ¢´¥Ï´¥£μ ¸¨£-
´ ²  ¥¸É¥¸É¢¥´´μ ¸Î¨É ÉÓ, ÎÉμ ´ Î ²Ó´Ò¥ §´ Î¥´¨Ö ¶·μ¤μ²Ó´μ£μ ¶μ²Ö ¨ ¥£μ ¶·μ¨§¢μ¤´μ°
· ¢´Ò ´Ê²Õ (´ Î ²Ó´ Ö ³μ¤Ê²ÖÍ¨Ö ¶²μÉ´μ¸É¨ § ·Ö¤  ¨ Éμ±  ¢ ¸£Ê¸É±¥ μÉ¸ÊÉ¸É¢ÊeÉ),   ¢
ÉμÎ±¥ z = 0 ¶μ¤¤¥·¦¨¢ ¥É¸Ö £ ·³μ´¨Î¥¸±¨° ¸¨£´ ² ¶μ¸ÉμÖ´´μ° (¥¤¨´¨Î´μ°)  ³¶²¨ÉÊ¤Ò
¨ § ¤ ´´μ° Î ¸ÉμÉÒ ω = βc (ku + δ) / (1 − β). „·Ê£¨³¨ ¸²μ¢ ³¨,

A(0, ζ) = 1; Ė(0, ζ) = E(0, ζ) = 0.

’μ£¤  ¤²Ö ¶μ²Ö ¢´ÊÉ·¨ ¸£Ê¸É±  ¨³¥¥³

A = − i

P

(
exp P

(lb − ζ)
1 − β

− 1
)

; P = −ip + δ − Γ3
0

p2 + ω2
p/β2c2

. (6)

�·¨ μ£μ¢μ·¥´´ÒÌ ¶·¥¤¶μ²μ¦¥´¨ÖÌ μ¡· É´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ (6) ´¥¶μ¸·¥¤¸É¢¥´´μ ¤ ¥É
· ¸¶·¥¤¥²¥´¨¥ ±μÔËË¨Í¨¥´É  Ê¸¨²¥´¨Ö ¶μ ¸£Ê¸É±Ê, μ¶·¥¤¥²ÖÖ Ëμ·³Ê ¨³¶Ê²Ó¸  ¢ÒÌμ¤´μ£μ
¨§²ÊÎ¥´¨Ö.
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�  ±μ³¶²¥±¸´μ° ¶²μ¸±μ¸É¨ A(p) ¨³¥¥É ¤¢¥ ¸ÊÐ¥¸É¢¥´´μ μ¸μ¡ÒÌ ÉμÎ±¨ ¶·¨ p =
±ωp. �¤´ ±μ ¶·¨ z → ∞ ¢μ§³μ¦´   ¸¨³¶ÉμÉ¨Î¥¸± Ö μÍ¥´± , ¥¸²¨ ¶·μ¢¥¸É¨ ±μ´ÉÊ·
¨´É¥£·¨·μ¢ ´¨Ö Î¥·¥§ ¸¥¤²μ¢ÊÕ ÉμÎ±Ê p0, Ö¢²ÖÕÐÊÕ¸Ö É¥³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

∂P

∂p
= −Z; Z = z

1 − β

lb − ζ
, (7)

±μÉμ·μ¥ ¨³¥¥É ´ ¨¡μ²ÓÏÊÕ ¶μ²μ¦¨É¥²Ó´ÊÕ Î ¸ÉÓ. „²Ö Ê¶·μÐ¥´¨Ö ¡Ê¤¥³ ¤ ²¥¥ · ¸¸³ -
É·¨¢ ÉÓ É¨¶¨Î´Ò° ±μ³¶Éμ´μ¢¸±¨° ·¥¦¨³, ±μ£¤  §  ¢·¥³Ö ¶·μ²¥É  ¸¨¸É¥³Ò ¶² §³μ´ ¥Ð¥
´¥ Ê¸¶¥¢ ¥É μ¡· §μ¢aÉÓ¸Ö. ’μ£¤  ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¸² £ ¥³Ò³ ω2/β2c2 ¨

p0 =
21/3Γ0

(1 + Z2)1/6
exp

[
− i

3
(
π − arctgZ−1

)]
. (8)

‘É ´¤ ·É´ Ö ¶·μÍ¥¤Ê·  ³¥Éμ¤  ¶¥·¥¢ ²  Î¥·¥§ ÔÉÊ ÉμÎ±Ê ¤ ¥É ¶·¨ δ = 0:

|A| �
exp

[
2−2/33Zb

(
1 + Z2

)1/3 cos
((

π + 2 arctgZ−1
)
/3

)]
Z

1/2
b (1 + Z2)2/3

; Zb =
lb − ζ

1 − β
Γ0. (9)

‡¤¥¸Ó ¨ ¤ ²¥¥ ¤²Ö Ô±μ´μ³¨¨ ³¥¸É  ³Ò μ¶Ê¸± ¥³ Î¨¸²¥´´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¨ Ë §μ¢Ò¥
³´μ¦¨É¥²¨, ¨´É¥·¥¸ÊÖ¸Ó Éμ²Ó±μ ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ¸ÉÓÕ  ³¶²¨ÉÊ¤Ò ¸¨£´ ²  μÉ
¶ · ³¥É·μ¢ z, ζ ¨ lb.

�μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥ ¶μ± §Ò¢ ¥É, ¢μ-¶¥·¢ÒÌ, ÎÉμ ¸ · ¸¸ÉμÖ´¨¥³, ¶·μ°¤¥´´Ò³ ¸£Ê¸É-
±μ³,  ³¶²¨ÉÊ¤  ¶μ²Ö · ¸É¥É ³¥¤²¥´´¥¥, Î¥³ Ô±¸¶μ´¥´Í¨ ²Ó´μ (³¥¤²¥´´¥¥, Î¥³
exp (const z2/3)), μ¸μ¡¥´´μ ¢ ´ Î ²¥ ¸¨¸É¥³Ò. ‚μ-¢Éμ·ÒÌ, ¶μ²¥ ·¥§±μ ´¥μ¤´μ·μ¤´μ ¢´Ê-
É·¨ ¸£Ê¸É± , ¶μ¸±μ²Ó±Ê Ê¸¨²¥´¨¥ ³ ²μ ´  ¥£μ Ì¢μ¸É¥. ˆ Éμ, ¨ ¤·Ê£μ¥ ¸¢Ö§ ´μ ¸ ÔËË¥±Éμ³
®²¥É ·£¨¨¯, μ¡Ê¸²μ¢²¥´´Ò³ ¶·μ¸± ²Ó§Ò¢ ´¨¥³ ¢μ²´μ¢μ£μ ¶ ±¥É  ¢¶¥·¥¤ μÉ´μ¸¨É¥²Ó´μ
¸£Ê¸É± . Š¸É É¨, ´¥¡μ²ÓÏμ¥ ±μ´É·μ²¨·Ê¥³μ¥ ¶·μ¸± ²Ó§Ò¢ ´¨¥ ³μ£²μ ¡Ò μ± § ÉÓ¸Ö ¶μ²¥§-
´Ò³ ¤²Ö ¶μ²ÊÎ¥´¨Ö Ê²ÓÉ· ±μ·μÉ±¨Ì ¨³¶Ê²Ó¸μ¢, ¨´É¥·¥¸´ÒÌ ¤²Ö ·Ö¤  ¶·¨²μ¦¥´¨°.

�  ³ ²μ³ Ê·μ¢´¥ ¸¨£´ ²  ÔÉ¨  ¸¨³¶ÉμÉ¨Î¥¸±¨¥ Ëμ·³Ê²Ò, ±μ´¥Î´μ, ´¥ ¶·¨³¥´¨³Ò.
�¥¦¨³ SASE. �¥¦¨³ Ê¸¨²¥´¨Ö ¸μ¡¸É¢¥´´ÒÌ ÏÊ³μ¢ (SASE) É·¥¡Ê¥É μÉ¤¥²Ó´μ£μ μ¡-

¸Ê¦¤¥´¨Ö. ‚ ²¨´¥°´μ³ ·¥¦¨³¥ μ´¤Ê²ÖÉμ·´ Ö Î ¸ÉÓ ‹‘�-Ê¸¨²¨É¥²Ö ¨£· ¥É ·μ²Ó  ±É¨¢-
´μ£μ ¶μ²μ¸μ¢μ£μ Ë¨²ÓÉ·  ¸ ´¥· ¢´μ³¥·´Ò³ ¶μ ¶μ²μ¸¥ ±μÔËË¨Í¨¥´Éμ³ Ê¸¨²¥´¨Ö. �Éμ
μ§´ Î ¥É, ÎÉμ ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ¸¨£´ ²  ¡Ê¤¥É ³¥´ÖÉÓ¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ z, ¶·¨Î¥³
¶μ²μ¸  ´¥±μ£¥·¥´É´μ£μ ¢Ìμ¤´μ£μ ÏÊ³  ¡Ê¤¥É ¶μ¸É¥¶¥´´μ ¸Ê¦ ÉÓ¸Ö. „·Ê£¨³¨ ¸²μ¢ ³¨,
· ¤¨ Í¨μ´´μ¥ ¶μ²¥ ¡Ê¤¥É ¸É·¥³¨ÉÓ¸Ö ± ±μ£¥·¥´É´μ³Ê ¸ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò³¨ Ì -
· ±É¥·¨¸É¨± ³¨, ¶·¨¡²¨¦ ÕÐ¨³¨¸Ö ± Ì · ±É¥·¨¸É¨± ³ μ¸´μ¢´μ° ³μ¤Ò. Ÿ¸´μ, μ¤´ ±μ,
ÎÉμ É ±μ¥ Ê¸É ´μ¢²¥´¨¥ ±μ£¥·¥´É´μ¸É¨ ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ ²¨ÏÓ ´  ¤²¨´¥, ¸ÊÐ¥¸É¢¥´´μ
¶·¥¢ÒÏ ÕÐ¥° Ì · ±É¥·´ÊÕ ¤²¨´Ê · ¤¨ Í¨μ´´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨.

Š ± ¨ ¢ Ê¸É·μ°¸É¢ Ì É· ¤¨Í¨μ´´μ° Ô²¥±É·μ´¨±¨ ¸ · ¸¶·¥¤¥²¥´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³
É¨¶  ®² ³¶Ò ¡¥£ÊÐ¥° ¢μ²´Ò¯, μ¸´μ¢´Ò³ ¨¸ÉμÎ´¨±μ³ ¸ÉμÌ ¸É¨Î¥¸±μ£μ ¸¨£´ ²  Ö¢²Ö¥É¸Ö
¤·μ¡μ¢μ° ÏÊ³, ¸¢Ö§ ´´Ò° ¸ ¤¨¸±·¥É´μ¸ÉÓÕ Ô²¥±É·μ´μ¢ ¢ ¶ÊÎ±¥. � §´¨Í  ¸μ¸Éμ¨É ²¨ÏÓ
¢ Éμ³, ÎÉμ ¥£μ ¸²¥¤¸É¢¨¥³ ¡Ê¤¥É ´¥ ¸μ¡¸É¢¥´´Ò° ÏÊ³ Ê¸¨²¨É¥²Ö,   ¢ ´¥±μÉμ·μ³ ¸³Ò¸²¥
¶μ²¥§´Ò° ÔËË¥±É Å ¢ÒÌμ¤´μ¥ ±¢ §¨±μ£¥·¥´É´μ¥ ¨§²ÊÎ¥´¨¥, ¶μ²ÊÎ ¥³μ¥ ¢ Ê¸²μ¢¨ÖÌ μÎ¥´Ó
¡μ²ÓÏμ£μ ¸¥²¥±É¨¢´μ£μ Ê¸¨²¥´¨Ö ¢ Ê§±μ° ¶μ²μ¸¥ Î ¸ÉμÉ.

…¸ÉÓ ¨ ¥Ð¥ μ¤´  μ¸μ¡¥´´μ¸ÉÓ ·¥¦¨³  SASE ±μ·μÉ±μ¢μ²´μ¢μ£μ ‹‘�, ¸¢Ö§ ´´ Ö ¸
³ ²μ° ¶²μÉ´μ¸ÉÓÕ ¶ÊÎ±  ± ± ®· ¡μÎ¥£μ É¥² ¯. „²Ö Éμ£μ ÎÉμ¡Ò ´ Î ²Ó´ Ö Ë²Ê±ÉÊ Í¨Ö
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¶μ²Ö ³μ£²  Ê¸¨²¨ÉÓ¸Ö ¤μ Ê·μ¢´Ö ´ ¸ÒÐ¥´¨Ö, μ´  ¸ ³  ¤μ²¦´  ¡ÒÉÓ ¶μ  ¡¸μ²ÕÉ´μ° ¢¥-
²¨Î¨´¥ ¤μ¸É ÉμÎ´μ ¢¥²¨± , É. ¥. ¢ ¥¥ ¸μ§¤ ´¨¨ ¤μ²¦´μ ÊÎ ¸É¢μ¢ ÉÓ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ¥
±μ²¨Î¥¸É¢μ Ô²¥±É·μ´μ¢. �Éμ ®±μμ¶¥· É¨¢´μ¥ Î¨¸²μ¯ nc ³μ¦¥É ¡ÒÉÓ μÍ¥´¥´μ ± ± Î¨¸²μ
¨§²ÊÎ É¥²¥° ¢ λ3-μ¡Ñ¥³¥ (¢ ¸μ¡¸É¢¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É ). ‚ ®² ³¶¥ ¡¥£ÊÐ¥° ¢μ²´Ò¯ ¤ ¦¥
³¨²²¨³¥É·μ¢μ£μ ¤¨ ¶ §μ´  ÔÉμ Î¨¸²μ ¢¥²¨±μ, ´μ ·¥¦¨³ SASE ¢·Ö¤ ²¨ μ¸ÊÐ¥¸É¢¨³ ¨§-§ 
μÉ´μ¸¨É¥²Ó´μ ³ ²μ° ¤²¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ´¥¤μ¸É ÉμÎ´μ£μ ±μÔËË¨-
Í¨¥´É  Ê¸¨²¥´¨Ö. —Éμ ¦¥ ± ¸ ¥É¸Ö ‹‘�, Éμ ¶·μ¸É Ö μÍ¥´±  ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò ¤ ¥É
¢ ¸μ¡¸É¢¥´´μ° ¸¨¸É¥³¥ μÉ¸Î¥É , μ¡μ§´ Î¥´´μ° ÏÉ·¨Ìμ³, nc ≈ �′0λ

′3/q. ‚ ² ¡μ· Éμ·´μ°
¸¨¸É¥³¥ nc ≈ �0λ

2lu/q, £¤¥ ÊÎÉ¥´μ, ÎÉμ �′0 = �0/γ; λ′ = λγ; ¶¥·¨μ¤ μ´¤Ê²ÖÉμ·  lu ≈ λγ2,
  nc Ö¢²Ö¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸±¨³ ¨´¢ ·¨ ´Éμ³. �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ¸ ¶· ±É¨Î¥¸±¨³ μ£· -
´¨Î¥´¨¥³ lu > 1 ¸³ ¢ ·¥´É£¥´μ¢¸±μ³ ¤¨ ¶ §μ´¥ Ê¸²μ¢¨¥ nc � 1 ³μ¦´μ ¢Ò¶μ²´¨ÉÓ ¤ ²¥±μ
´¥ ¢¸¥£¤ .

”μ·³ ²Ó´μ ³ ² Ö ¶²μÉ´μ¸ÉÓ ¶ÊÎ±  ³μ£²  ¡Ò ¡ÒÉÓ ¸±μ³¶¥´¸¨·μ¢ ´  Ê¢¥²¨Î¥´¨¥³
¤²¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö, ´μ ¶μ³¨³μ É¥Ì´¨Î¥¸±μ° ¶·¨¥³²¥³μ¸É¨ É ±μ£μ ·¥Ï¥´¨Ö ¢μ§´¨± ¥É
¢μ¶·μ¸ μ ¶·¨³¥´¨³μ¸É¨ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¶·¥¤¸É ¢²¥´¨° Ê¦¥ ¶·¨ nc ≈ 1. „¥°¸É¢¨É¥²Ó´μ,
¤²Ö Î ¸É¨Í, ¶μ¤Î¨´ÖÕÐ¨Ì¸Ö ¸É É¨¸É¨±¥ �Ê ¸¸μ´ , μÉ´μ¸¨É¥²Ó´ Ö Ë²Ê±ÉÊ Í¨Ö Î¨¸²  Î -

¸É¨Í ¢ ±μμ¶¥· É¨¢´μ³ μ¡Ñ¥³¥ λ3 ¥¸ÉÓ n
−1/2
c . „·Ê£¨³¨ ¸²μ¢ ³¨, ¨¸¶μ²Ó§μ¢ ´´ Ö ¢ÒÏ¥

É¥μ·¨Ö Ê¸¨²¥´¨Ö ³ ²μ£μ ¸¨£´ ²  ³μ¦¥É ¡ÒÉÓ ´¥¶·¨³¥´¨³μ° ¶·¨ ³ ²ÒÌ nc ¨§-§  μÎ¥´Ó
¡μ²ÓÏμ° μÉ´μ¸¨É¥²Ó´μ° ³μ¤Ê²ÖÍ¨¨ ¶²μÉ´μ¸É¨ · ¡μÎ¥£μ É¥² . �μÔÉμ³Ê ²¨ÏÓ ¶·¨ nc � 1
Ë²Ê±ÉÊ Í¨¨ ¶²μÉ´μ¸É¨ ¢Ìμ¤´μ£μ Éμ±  ´ ¢¥·´Ö±  ³μ¦´μ ¸Î¨É ÉÓ ¢μ§³ÊÐ¥´¨Ö³¨.

�μ¸É ´μ¢±  § ¤ Î¨ μ¡ Ê¸¨²¥´¨¨ ¸μ¡¸É¢¥´´ÒÌ ÏÊ³μ¢ μÉ²¨Î ¥É¸Ö μÉ · ¸¸³μÉ·¥´´μ°
¢ÒÏ¥ ´ Î ²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨,   É ±¦¥ ¸É É¨¸É¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¥° ·¥§Ê²ÓÉ É . �·¨
z = 0 ¢ ¸£Ê¸É±¥ ¸ÊÐ¥¸É¢Ê¥É ¸²ÊÎ °´ Ö ³μ¤Ê²ÖÍ¨Ö ¶²μÉ´μ¸É¨ ¨ ¸±μ·μ¸É¨, É. ¥. ¶·μ¤μ²Ó-
´μ¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ E(0, ζ) ¨ ¥£μ ¶·μ¨§¢μ¤´ Ö Ė(0, ζ). Š·μ³¥ Éμ£μ, ¸ÊÐ¥¸É¢Ê¥É ¨
´ Î ²Ó´μ¥ ¶μ¶¥·¥Î´μ¥ ¶μ²¥ A(0, ζ), ¸¢Ö§ ´´μ¥ ¸μ ¸¶μ´É ´´Ò³ ¨§²ÊÎ¥´¨¥³ ¶·¨ ¢Ìμ¤¥ ¢
μ´¤Ê²ÖÉμ·. ‘¶¥±É· ÏÊ³μ¢ÒÌ ¢μ§³ÊÐ¥´¨° μ¡ÒÎ´μ ³μ¦´μ ¸Î¨É ÉÓ · ¢´μ³¥·´Ò³ ¢ ¶·¥¤¥² Ì
¶μ²μ¸Ò Ê¸¨²¥´¨Ö. �¥ ²Ó´ Ö ¸É É¨¸É¨±  ´ Î ²Ó´ÒÌ ÏÊ³μ¢ ¢ ¸£Ê¸É±¥, É. ¥. ±μ··¥²ÖÍ¨μ´´Ò¥
¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê A(0, ζ), E(0, ζ) ¨ Ė(0, ζ), É·¥¡ÊeÉ ¸¶¥Í¨ ²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö, É ±
± ± ¸¨²Ó´μ § ¢¨¸¨É μÉ ¶ · ³¥É·μ¢ ¤· °¢¥· , ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¨ Ê¸²μ¢¨° ¢Ìμ¤  ¢
μ´¤Ê²ÖÉμ·.

‚μ ¨§¡¥¦ ´¨¥ ´¥¤μ· §Ê³¥´¨° ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶ · ³¥É· δ ´¥ Ö¢²Ö¥É¸Ö É¥¶¥·Ó
¢´¥Ï´¨³,   Ì · ±É¥·¨§Ê¥É £ ·³μ´¨±Ê ”Ê·Ó¥ ÏÊ³μ¢μ£μ ¢μ§³ÊÐ¥´¨Ö. �μÔÉμ³Ê ±¢ ¤·¨·μ-
¢ ´¨¥ ¶μ²Ö ¨ ¶μ¸²¥¤ÊÕÐ¥¥ ¸É É¨¸É¨Î¥¸±μ¥ Ê¸·¥¤´¥´¨¥ ¸¢Ö§Ò¢ ¥É ¸¶¥±É· ²Ó´ÊÕ ¶²μÉ´μ¸ÉÓ
¸·¥¤´¥£μ ¶μÉμ±  ³μÐ´μ¸É¨ ¨§²ÊÎ¥´¨Ö ¸μ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ ÏÊ³μ¢.

�μ-¶·¥¦´¥³Ê μ¶Ê¸± Ö ¤²Ö Ô±μ´μ³¨¨ ³¥¸É  μÎ¥¢¨¤´Ò¥ ±μÔËË¨Í¨¥´ÉÒ, § ¶¨Ï¥³ ·¥Ï¥-
´¨¥ (4) ¢ ¢¨¤¥

A =

ζ∫
lb

exp [P (ζ − x)]F (p, x)dx. (10)

’μÎ±  ¶¥·¥¢ ²  μ¶·¥¤¥²Ö¥É¸Ö ¢¸¥ Éμ° ¦¥ Ëμ·³Ê²μ° (7), Éμ²Ó±μ ¸ § ³¥´μ° Z ´  Z =
z(1 − β)/(ζ − x). �·¨ z → ∞

A �
ζ∫

lb

F (p0, x)√
(∂2P/∂p2)0

exp [p0z − P0 (ζ − x)] dx. (11)
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	Ê¤¥³ ¤²Ö ¶·μ¸ÉμÉÒ ¸Î¨É ÉÓ, ÎÉμ ¢ ¨´É¥·¥¸ÊÕÐ¥° ´ ¸ ¶μ²μ¸¥ Î ¸ÉμÉ F (p0, x) Ö¢²Ö¥É¸Ö
¡¥²Ò³ ÏÊ³μ³ ¸μ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ W0:

〈F (p0, x)F (p0, x
′)〉 = W0(x)δ(x − x′). (12)

‚μ§¢μ¤Ö (11) ¢ ±¢ ¤· É ¨ ¶·μ¢μ¤Ö ¨´É¥£·¨·μ¢ ´¨¥ ¸ δ-ËÊ´±Í¨¥°, ´ Ìμ¤¨³ ´¥¶μ¸·¥¤-
¸É¢¥´´μ ¸¶¥±É· ²Ó´ÊÕ ¶²μÉ´μ¸ÉÓ ¢ÒÌμ¤´μ£μ ¶·μÍ¥¸¸ :

〈A(z, ζ)A∗(z, ζ′)〉 �
ζ∫

lb

W0(x)
|∂2P/∂p2|0

exp [2Re (p0z − P0 (ζ − x))] dx. (13)

�μ¸±μ²Ó±Ê · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶ÊÎ±  ¶μ¤Î¨´Ö¥É¸Ö ¸É É¨¸É¨±¥ �Ê ¸¸μ´ , Éμ ´ Î ²Ó´ Ö
³μÐ´μ¸ÉÓ ÏÊ³  ¤μ²¦´  ¡ÒÉÓ ¶·μ¶μ·Í¨μ´ ²Ó´  · ¢´μ¢¥¸´μ° ¶²μÉ´μ¸É¨, É. ¥. W0(x) ∝
�(x) ¸ ±μÔËË¨Í¨¥´Éμ³ ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨, § ¢¨¸ÖÐ¨³ μÉ £¥μ³¥É·¨¨ ± ³¥·  ¨ ¶ÊÎ± .

�¸¨³¶ÉμÉ¨Î¥¸±μ¥ ¶μ¢¥¤¥´¨¥ μ£¨¡ ÕÐ¥° ¢ÒÌμ¤´μ£μ ¸¨£´ ²  μÉ²¨Î ¥É¸Ö μÉ · ¸¸³μ-
É·¥´´μ£μ ¢ÒÏ¥ £ ·³μ´¨Î¥¸±μ£μ ¸¨£´ ²  ²¨ÏÓ ³ ²μ¸ÊÐ¥¸É¢¥´´Ò³¨ ¤¥É ²Ö³¨. �¸´μ¢´μ°
¨´É¥·¥¸ ¢ ¤ ´´μ³ ±μ´É¥±¸É¥ ¶·¥¤¸É ¢²Ö¥É Ô¢μ²ÕÍ¨Ö ¥£μ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨, μ¶¨¸Ò-
¢ ¥³ Ö § ¢¨¸¨³μ¸ÉÓÕ μÉ ¶ · ³¥É·  δ. Š ¸μ¦ ²¥´¨Õ, ¤¥É ²Ó´Ò°  ´ ²¨§ ¢Ò· ¦¥´¨Ö (13)
¤μ¢μ²Ó´μ ¸²μ¦¥´ ¨ £·μ³μ§¤μ±. ‚¶·μÎ¥³, ³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ´  ¢¥·Ï¨´¥ ¨³¶Ê²Ó¸ ,
¶·¨Ìμ¤ÖÐ¥£μ ¢ Ê¤ ²¥´´ÊÕ Ë¨±¸¨·μ¢ ´´ÊÕ ÉμÎ±Ê ´ ¡²Õ¤¥´¨Ö, ¸¶¥±É· ²Ó´ Ö ¶μ²μ¸  Ê§± 
¨ ¸¨£´ ² ¶μÎÉ¨ £ ·³μ´¨Î¥´, ¢ Éμ ¢·¥³Ö ± ± ¶Ó¥¤¥¸É ² μ¸É ¥É¸Ö ¸ÉμÌ ¸É¨Î¥¸±¨³.

‚ ± Î¥¸É¢¥ ¸¶¥Í¨Ë¨Î¥¸±μ° μ¸μ¡¥´´μ¸É¨ Ê¸¨²¥´¨Ö ±μ·μÉ±¨³ ¸£Ê¸É±μ³ ¸μ¡¸É¢¥´´ÒÌ
ÏÊ³μ¢ ´ ¤μ μÉ³¥É¨ÉÓ ¥Ð¥ μ¤¨´ ´¥ ÊÎÉ¥´´Ò° ¢ÒÏ¥ ÔËË¥±É. ‚μμ¡Ð¥ £μ¢μ·Ö, ¢ ¢ÒÌμ¤´μ°
³μÐ´μ¸É¨ ¥¸ÉÓ ¥Ð¥ ¸² £ ¥³μ¥, £¥´¥·¨·Ê¥³μ¥ A(0, ζ) ¨ ¸¢Ö§ ´´μ¥ ¸μ ¸¶μ´É ´´Ò³ ¨§²ÊÎ¥-
´¨¥³ ±μ²²¥±É¨¢  Î ¸É¨Í, ´¥ Ö¢²ÖÕÐ¨Ì¸Ö ¸É É¨¸É¨Î¥¸±¨ ´¥§ ¢¨¸¨³Ò³¨ ¤ ¦¥ ¢ ´ Î ²Ó´μ°
ÉμÎ±¥, É ± ± ± μ´¨ ¸μ¸É ¢²ÖÕÉ £¥μ³¥É·¨Î¥¸±¨ μ£· ´¨Î¥´´Ò° ¸£Ê¸Éμ±. �Éμ ¤ ¥É μ¸´μ¢ ´¨¥
´ §¢ ÉÓ É ±μ¥ ¨§²ÊÎ¥´¨¥ Î ¸É¨Î´μ ±μ£¥·¥´É´Ò³ ¸¶μ´É ´´Ò³ ¨§²ÊÎ¥´¨¥³ [3].

�μ¢Éμ·¨³ ¥Ð¥ · §, ÎÉμ ±μ··¥²ÖÍ¨μ´´Ò¥ ¸¢μ°¸É¢  ¢Ìμ¤´μ£μ ÏÊ³  É·¥¡ÊÕÉ μÉ¤¥²Ó-
´μ£μ  ´ ²¨§ . ’ ±, ´ ¶·¨³¥·, ¢ · ³± Ì ®¶¨Î±μ¢μ°¯ ³μ¤¥²¨ ¸μ¡¸É¢¥´´ÒÌ ÏÊ³μ¢ [2] ¶·¨
³ ²μ³ ¶·μ¸± ²Ó§Ò¢ ´¨¨ ¢μ²´μ¢μ£μ ¶ ±¥É  μÉ´μ¸¨É¥²Ó´μ ¸£Ê¸É±  ³μ¦´μ μ¦¨¤ ÉÓ ¸μÌ· -
´¥´¨Ö ¢ ¢ÒÌμ¤´μ³ ¸¨£´ ²¥ ±μ·μÉ±¨Ì ®¶¨Î±μ¢¯, ÎÉμ ¶·¨´Í¨¶¨ ²Ó´μ ¢ ¦´μ ¤²Ö ´¥±μÉμ·ÒÌ
Ô±¸¶¥·¨³¥´Éμ¢ ¸ ¢Ò¸μ±¨³ ¢·¥³¥´´
Ò³ · §·¥Ï¥´¨¥³. ‚¶·μÎ¥³, ¶μ ´ Ï¥³Ê ³´¥´¨Õ, μ¡μ-
¸´μ¢ ´´μ¸ÉÓ ÔÉμ° ³μ¤¥²¨, ± ± ¨ ¢¸¥° ±μ´Í¥¶Í¨¨ SASE, ¥Ð¥ É·¥¡Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´μ°
¶·μ¢¥·±¨.
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