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—Ê¡ ·Ö´ Œ. Ÿ. P13-2009-130
ˆ¸¶μ²Ó§μ¢ ´¨¥ Î ¸É¨ Ô´¥·£¨¨ ¢Ò¢¥¤¥´´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± 
±μ²ÓÍ¥¢μ£μ Ê¸±μ·¨É¥²Ö ¤²Ö ¸μ§¤ ´¨Ö ² §¥·  ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì

�¡¸Ê¦¤ ¥É¸Ö ¢μ¶·μ¸ μ ¢μ§³μ¦´μ¸É¨ ¸μ§¤ ´¨Ö ´  ¡ §¥ ¸¨´Ì·μÉ·μ´  …·¥¢ ´¸±μ£μ Ë¨-
§¨Î¥¸±μ£μ ¨´¸É¨ÉÊÉ  ² §¥·  ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì. �μ± § ´  Í¥²¥¸μμ¡· §´μ¸ÉÓ ±μ´-
¸É·Ê¨·μ¢ ´¨Ö ‹‘� ´  ¢Ò¢¥¤¥´´μ³ ¶ÊÎ±¥ Ô²¥±É·μ´μ¢ ¢ ²¨´¥°´μ³ ·¥¦¨³¥. �É³¥Î¥´μ, ÎÉμ
¸μ§¤ ´¨¥ ‹‘� ´¥ ¶μ¢²¨Ö¥É ´  ¶·μ¢¥¤¥´¨¥ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ´  ¸¨´Ì·μÉ·μ´¥
± ± ´  ¸ ³μ¸ÉμÖÉ¥²Ó´μ³ ¨´¸É·Ê³¥´É¥, É ± ± ± ‹‘� É·¥¡Ê¥É ²¨ÏÓ 10Ä15% μÉ ¨¸Ìμ¤´μ°
Ô´¥·£¨¨ ¢Ò¢¥¤¥´´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

„μ± § ´  ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¸μ§¤ ´¨Ö ‹‘� ¢ ¤²¨´´μ¢μ²´μ¢μ³ Å ¨´Ë· ±· ¸´μ³ Å ¤¨ -
¶ §μ´¥ (μÉ 2 ³³ ¤μ 0,760 ³±³) ¸ ÊÎ¥Éμ³ Ë¨´ ´¸μ¢ÒÌ ¨ É¥Ì´¨±μ-¶·μ¨§¢μ¤¸É¢¥´´ÒÌ ¢μ§-
³μ¦´μ¸É¥°. ’ ±μ° ¢Ò¢μ¤ ¸²¥¤Ê¥É É ±¦¥ ¨§ É·¥¡μ¢ ´¨° ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨ ¶·¨±² ¤´ÒÌ
§ ¤ Î, ¶·¥¤¶μ² £ ÕÐ¨Ì ¨¸¸²¥¤μ¢ ´¨Ö ¸ ¶μ³μÐÓÕ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¨´Ë· ±· ¸´μ£μ
¤¨ ¶ §μ´ . �·¨¢¥¤¥´ ¸¶¨¸μ± ¢μ§³μ¦´ÒÌ ·¥£¨μ´ ²Ó´ÒÌ ¶μÉ·¥¡¨É¥²¥° ¥·¥¢ ´¸±μ£μ ‹‘�.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ.‚¥±¸²¥·  ¨
�.Œ. 	 ²¤¨´  �ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2009

Chubaryan M. Ya. P13-2009-130
The Use of Part of the Energy of the Extracted Electron Beam
from the Circular Accelerator for the Construction of a Free Electron Laser

The possibility of constructing the Free Electron Laser on the basis of Yerevan Physical
Institute synchrotron is discussed. Advisability of constructing the FEL on the extracted
electron beam in the linear mode is shown. It is noted that the construction of the FEL has no
in
uence on carrying out fundamental investigations on the synchrotron as on an independent
instrument because the FEL needs only 10Ä15% of the initial energy of the extracted electron
beam.

The necessity of constructing the FEL is proved for the long-wave Å infrared Å range
(from 2 mm to 0.760 μm), taking into account the ˇnancial and technical manufacturing
capability. This conclusion also results from the requirements of fundamental and applied
tasks that propose investigations by means of infrared electromagnetic waves. The regional
users of Yerevan FEL are shown.

The investigation has been performed at the Veksler and Baldin Laboratory of High
Energy Physics, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2009
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‘¨´Ì·μÉ·μ´ ¸ Ô´¥·£¨¥° μÉ 50 ŒÔ‚ ¤μ 6 ƒÔ‚ ¢μ§³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ
¢ ¤¢ÊÌ ¨¶μ¸É ¸ÖÌ Å ± ± μ¸É ÉμÎ´Ò° Ô²¥±É·μ´´Ò° Ê¸±μ·¨É¥²Ó ¨ ± ± ² §¥·
´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì (‹‘�), ±μÉμ·Ò° ¶·¥¤¶μ² £ ¥É ·¥Ï¥´¨¥ ¡μ²ÓÏμ£μ
±μ²¨Î¥¸É¢  Ë¨§¨Î¥¸±¨Ì § ¤ Î ¢ ¨´Ë· ±· ¸´μ³ ¸¶¥±É·¥ Ô²¥±É·μ³ £´¨É´μ£μ
¨§²ÊÎ¥´¨Ö. �·¨Î¥³ ¢ ± Î¥¸É¢¥ Ê¸±μ·¨É¥²Ö ´  ¢Ò¢¥¤¥´´μ³ ¶ÊÎ±¥ μ´ ¡Ê¤¥É
ËÊ´±Í¨μ´¨·μ¢ ÉÓ ± ± ¶μ²´μÍ¥´´Ò° ¨´¸É·Ê³¥´É ¤²Ö ·¥Ï¥´¨Ö ¶μ¸É ¢²¥´´ÒÌ
¶¥·¥¤ ´¨³ Ë¨§¨Î¥¸±¨Ì § ¤ Î.

‹�‡…� �� ‘‚���„�›• �‹…Š’����• Å ‹‘�

‘¶μ´É ´´μ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´μ¢. ‚¶¥·¢Ò¥ ¢μ¶·μ¸ μ¡ ¨§²ÊÎ¥´¨¨ ·¥²Ö-
É¨¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢ ¢μ²´μμ¡· §´μ° É· ¥±Éμ·¨¨ ¨§ÊÎ¨² ¢ 1947 £. ‚. ‹. ƒ¨´§-
¡Ê·£ [1], ±μÉμ·Ò° ¶μ²ÊÎ¨² Ëμ·³Ê²Ê ¨§²ÊÎ É¥²Ö Å ¢¨££²¥· , ¸¢Ö§Ò¢ ÕÐÊÕ
¤²¨´Ê ¢μ²´Ò ¨§²ÊÎ¥´¨Ö λ ¸ ¶¥·¨μ¤μ³ (Ï £μ³) ¢¨££²¥·  � ¨ Ô´¥·£¨¥° Ô²¥±É·μ-
´μ¢

λ ≈ �

2γ2
, (1)

£¤¥ γ =
(

1 − u2

c2

)−1/2

=
E

mc2
, u Å ¸±μ·μ¸ÉÓ Ô²¥±É·μ´ .

�É  § ¢¨¸¨³μ¸ÉÓ ¶μ¤É¢¥·¤¨² ¸Ó ¶μ¸²¥ ¨¸¸²¥¤μ¢ ´¨° ¤¥¸ÖÉ±μ¢ ¤¥°¸É¢ÊÕ-
Ð¨Ì ‹‘�. ‚ ¡μ²¥¥ μ¡Ð¥³ ¢¨¤¥ § ¢¨¸¨³μ¸ÉÓ ¢Ò£²Ö¤¨É É ±:

λ =
�(1 + κ2)

2γ2
(2)

¤²Ö ¸¶¨· ²Ó´μ£μ μ´¤Ê²ÖÉμ·  ¨

λ =
�
(
1 + κ2/2

)
2γ2

(2*)

¤²Ö ²¨´¥°´μ£μ μ´¤Ê²ÖÉμ· . ‡¤¥¸Ó ¶μÖ¢²Ö¥É¸Ö ¶μ¸ÉμÖ´´ Ö κ, Ì · ±É¥·¨§ÊÕÐ Ö
·¥¦¨³ · ¡μÉÒ ¢¨££²¥· :

κ =
eB�

2πmc
.

1



Šμ£¤  κ � 1, Éμ£¤  ¶·¨¡μ· Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´μ ¢¨££²¥·μ³ Å ¸¶¥±É· Ï¨·μ-
±¨°, ¨§²ÊÎ¥´¨¥ ´¥±μ£¥·¥´É´μ¥.

…¸²¨ κ � 1, Éμ ÔÉμ μ´¤Ê²ÖÉμ· Å ¸¨´Ì·μÉ·μ´´μ¥ ¨§²ÊÎ¥´¨¥ ¨´É¥·Ë¥·¨-
·Ê¥É, ¸¶¥±É· ¨§²ÊÎ¥´¨Ö Ê§±¨°.

„²Ö μ¶·¥¤¥²¥´¨Ö ¤²¨´Ò � μ´¤Ê²ÖÉμ·  ¸ ÊÎ¥Éμ³ ¶·μ²¥É  Ô²¥±É·μ´  ¶μ¤
Ê£²μ³ ¨³¥¥É ¸³Ò¸² μ¡· É¨ÉÓ¸Ö ± Ëμ·³Ê²¥

� ∼ λ · γ2. (1*)

�É³¥É¨³, ÎÉμ Ëμ·³Ê²Ò (1) ¨ (1*) ¤²Ö μ´¤Ê²ÖÉμ·  ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¥¸²¨ ¶·¥¤-
¶μ²μ¦¨ÉÓ, ÎÉμ ¢μ²´  μ´¤Ê²ÖÉμ·  ¶·¥É¥·¶¥¢ ¥É Éμ³¸μ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ ´ 
Ô²¥±É·μ´ Ì ¨ ¢ ·¥§Ê²ÓÉ É¥ μ¡· §Ê¥É¸Ö · ¸¸¥Ö´´μ¥ ¨§²ÊÎ¥´¨¥ (ÔÉμ ¶μ´ÖÉ´μ,
¥¸²¨ · ¸¸³ É·¨¢ ¥É¸Ö ¸¨ÉÊ Í¨Ö ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ô²¥±É·μ´ ).

� °¤¥³ Î ¸ÉμÉÊ · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ ¸ ¶μ³μ-
ÐÓÕ ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í . — ¸ÉμÉ  ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° Ô²¥±É·μ´  ¢
¸¨¸É¥³¥ ¶μ±μÖ ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ É ±:

ω′
0 = γ(ωs − ks · v), (3)

£¤¥ ωs Å Î ¸ÉμÉ  · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥´¨Ö. “Î¨ÉÒ¢ Ö, ÎÉμ k = ωs/c,   k′ = ω′
s/c

¨ ¢Ò¡¨· Ö Ê£μ² θ ³¥¦¤Ê ¢μ²´μ¢Ò³ ¢¥±Éμ·μ³ k ¨ v (≈ v‖) ´¥¡μ²ÓÏ¨³,   É ±¦¥
ÊÎ¨ÉÒ¢ Ö, ÎÉμ β‖ cos θ � 1, 1 − β‖ ≈ 1/2γ2

‖,   λs = 2πc/ωs, ´ Ìμ¤¨³

λs ≈ �0/2γ2
‖ . (1**)

ˆ§´ Î ²Ó´μ, ± ± · ´¥¥ £μ¢μ·¨²μ¸Ó, § ¤ Î  ·¥Ï ² ¸Ó ¤²Ö ¨§²ÊÎ¥´¨Ö ¥¤¨´¨Î´μ£μ
Ô²¥±É·μ´ . …¸²¨ ¦¥ · ¸¸³ É·¨¢ ÉÓ ¨§²ÊÎ¥´¨¥ ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  Ô²¥±É·μ-
´μ¢ (´ ¶·¨³¥·, ¨§²ÊÎ¥´¨¥ ¶μ²´μ¸ÉÓÕ μ¤´μ·μ¤´μ£μ ´¥³μ¤Ê²¨·μ¢ ´´μ£μ ¶ÊÎ±  ¸
¢μ²´μμ¡· §´μ° É· ¥±Éμ·¨¥° Ô²¥±É·μ´μ¢), Éμ ¨§²ÊÎ¥´¨Ö ´¥¸¶μ´É ´´μ£μ Ì · ±-
É¥·  ´¥ ¡Ê¤¥É, ¥¸²¨ ¸Ê³³¨·μ¢ ´¨¥ ¶·μ¨§¢μ¤¨É¸Ö ¶μ ´¥¢μ§³ÊÐ¥´´Ò³ μÉ¤¥²Ó´Ò³
Ô²¥±É·μ´ ³ ¶ÊÎ± . ‡´ Î¨É, ¸Ê³³ ·´μ¥ ¶μ²¥¢μ¥ ¨§²ÊÎ¥´¨¥ μÉ¤¥²Ó´ÒÌ ´¥¸Ë -
§¨·μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó, É ± ± ± ±μ£¥·¥´É´Ò¥ ¢μ²´Ò μÉ
± ¦¤μ£μ Ô²¥±É·μ´  £ ¸ÖÉ ¤·Ê£ ¤·Ê£  ¨§-§  ¨´É¥·Ë¥·¥´Í¨¨ [2]. �¡ ÔÉμ³ ¡μ²¥¥
¶μ¤·μ¡´μ ¡Ê¤¥É ¸± § ´μ ´¨¦¥. �¤´ ±μ § ¤ Î  ¨³¥¥É ¶μ²μ¦¨É¥²Ó´μ¥ ·¥Ï¥´¨¥
(¸Ê³³ ·´μ¥ ´¥¸¶μ´É ´´μ¥ ¨§²ÊÎ¥´¨¥ μÉ²¨Î´μ μÉ ´Ê²Ö), ¥¸²¨ ¶ÊÎμ± ¶·¥¤¢ ·¨-
É¥²Ó´μ ¶·μ¤μ²Ó´μ ³μ¤Ê²¨·μ¢ ´ ´  ¤²¨´¥ ¢μ²´Ò ¨§²ÊÎ¥´¨Ö. �·¨ ÔÉμ³ Ê¸²μ¢¨¥
¨§²ÊÎ¥´¨Ö ¢Ò£²Ö¤¨É É ±:

ω = ω0 + k‖u, (4)

£¤¥ ω0 = 2πu/� Å Î ¸ÉμÉ  ¶μ¶¥·¥Î´ÒÌ μ¸Í¨²²ÖÍ¨° Ô²¥±É·μ´ . �Î¥¢¨¤´μ, ÎÉμ
¢ ¶·μÍ¥¸¸¥ ¨§²ÊÎ¥´¨Ö ¢¸²¥¤¸É¢¨¥ ¶μÉ¥·Ó Ô´¥·£¨¨ Ô²¥±É·μ´μ³ Ê¸²μ¢¨¥ (4) ´ -
·ÊÏ ¥É¸Ö ¨ ¤²Ö ¥£μ ¸μÌ· ´¥´¨Ö É·¥¡Ê¥É¸Ö ¢¤μ²Ó ¤²¨´Ò ¨§²ÊÎ É¥²Ö Ê³¥´ÓÏ ÉÓ
Ï £ ¢¨££²¥·  �.
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‘¶· ¢¥¤²¨¢μ¸ÉÓ Ëμ·³Ê²Ò (4) ¸²¥¤Ê¥É ¨§ · ¸Î¥É  · ¡μÉÒ, ¸μ¢¥·Ï ¥³μ° ³μ-
´μÌ·μ³ É¨Î¥¸±μ° ¢μ²´μ° ´ ¤ · ¢´μ³¥·´μ ¶·Ö³μ²¨´¥°´μ ¤¢¨¦ÊÐ¨³¸Ö Ô²¥±-
É·μ´μ³, ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¢μ²´  ¨ Ô²¥±É·μ´ ¤¢¨¦ÊÉ¸Ö ¢ μ¤´μ³ ´ ¶· ¢²¥-
´¨¨ [2]:

AT = e

T/2∫
−T/2

u ·E (z, t) dt

∣∣∣∣
z=u‖t

=

= e · u‖ · E‖ · sinϕ · 2
ω − k‖u‖

· sin
(

ω − k‖u‖
2

· T
)

→

−→
T→∞

π · e · u‖ · E‖ · sin ϕ · δ(ω − k‖u‖). (5)

‡¤¥¸Ó u‖ Å ¸±μ·μ¸ÉÓ Ô²¥±É·μ´ , ´ ¶· ¢²¥´´ Ö ¶μ μ¸¨ Oz, E‖ Å ¶·μ¤μ²Ó´ Ö
±μ³¶μ´¥´É  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö, T Å ¢·¥³Ö ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´  ¸
¢μ²´μ°, ±μÉμ·μ¥ £μ· §¤μ ¡μ²ÓÏ¥ 2π/ω, ϕ Å ´ Î ²Ó´ Ö Ë §  ¢μ²´Ò.

ˆ§ ¶μ²ÊÎ¥´´μ£μ ¢Ò· ¦¥´¨Ö (5) ¤²Ö · ¡μÉÒ ¶μ²Ö ¸²¥¤Ê¥É, ÎÉμ · ¡μÉ  μÉ-
²¨Î´  μÉ ´Ê²Ö, ¥¸²¨ E‖ μÉ²¨Î´  μÉ ´Ê²Ö, · ¡μÉ  ¶μ²Ö ¶μ²μ¦¨É¥²Ó´  ¨²¨
μÉ·¨Í É¥²Ó´  ¢ § ¢¨¸¨³μ¸É¨ μÉ Ë §Ò ¶μ²Ö ¢μ²´Ò ϕ ¨, ´ ±μ´¥Í, · ¡μÉ  ¸μ-
¢¥·Ï ¥É¸Ö (A∞ �= 0) Éμ²Ó±μ ¶·¨ ·¥ ²¨§ Í¨¨ ®Î¥·¥´±μ¢¸±μ£μ ·¥§μ´ ´¸ ¯ Å
ω

(
k‖

)
= k‖u‖, ±μ£¤  δ-ËÊ´±Í¨Ö ´¥ · ¢´Ö¥É¸Ö ´Ê²Õ. ŒÒ ± ÔÉμ³Ê ¢¥·´¥³¸Ö.

…¸²¨ Ô²¥±É·μ´ ¶μ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï´¨Ì ¸¨² (´ ¶·¨³¥·, Ô²¥±É·μ³ £´¨É-
´ÒÌ) ¸μ¢¥·Ï ¥É ±·μ³¥ ¶·μ¤μ²Ó´ÒÌ ¶μ¶¥·¥Î´Ò¥, μ¸Í¨²²¨·ÊÕÐ¨¥ ¤¢¨¦¥´¨Ö,
Éμ μ´ É¥³ ¸ ³Ò³ ¶·¥¤¸É ¢²Ö¥É ¨§ ¸¥¡Ö ¥Ð¥ μ¤¨´ ¨¸ÉμÎ´¨± ¨§²ÊÎ¥´¨Ö ¢ ¢¨¤¥
²¥ÉÖÐ¥£μ ¢ ². ¸. μ¸Í¨²²ÖÉμ· .

� ¡μÉ  ¶μ¶¥·¥Î´μ° Í¨·±Ê²Ö·´μ-¶μ²Ö·¨§μ¢ ´´μ° Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò
¡Ê¤¥É  ´ ²μ£¨Î´  ¢Ò· ¦¥´¨Õ (5)

A∞ = π · e · u⊥ · E⊥ · sin ϕ · δ
(

ω − k‖ · u‖ ±
ωH

γ

)
, (6)

£¤¥ ωH Å Ô²¥±É·μ´´ Ö Í¨±²μÉ·μ´´ Ö (¸¨´Ì·μÉ·μ´´ Ö) Î ¸ÉμÉ . �μ ¶·¨ ÔÉμ³
Ê¸²μ¢¨¥ ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É, μÎ¥¢¨¤´μ, ¨´Ò³:

ω
(
k‖

)
= k‖ · u‖ ±

ωH

γ
.

…¸²¨ · ¸¸³ É·¨¢ ÉÓ ¶ÊÎμ± Ô²¥±É·μ´μ¢ ± ± ´¥§ ¢¨¸¨³Ò° ¶μÉμ± Ô²¥±É·μ-
´μ¢,   ¶μ²¥ Å ± ± ¶·μ¨§¢μ²Ó´μ ¶μ²Ö·¨§μ¢ ´´μ¥, ¨³¥ÕÐ¥¥ ¶·μ¨§¢μ²Ó´μ¥ ´ -
¶· ¢²¥´¨¥, Ê¸²μ¢¨¥ ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É

ω
(
k‖

)
= k‖ · u‖ ± n · ωH

γ
, n = 1, 2, 3, . . . (7)
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�Éμ Ê¸²μ¢¨¥ ³ £´¨ÉμÉμ·³μ§´μ£μ Í¨±²μÉ·μ´´μ£μ ¨²¨ ¸¨´Ì·μÉ·μ´´μ£μ (¶·¨
¡μ²ÓÏ¨Ì n) ¨§²ÊÎ¥´¨Ö. …¸²¨ Ô²¥±É·μ´ μ¸Í¨²²¨·Ê¥É ¢μ ¢´¥Ï´¥³ ¶μ²¥ ¸ Î ¸Éμ-
Éμ° ω0, Éμ, ¢μμ¡Ð¥ £μ¢μ·Ö, Ê¸²μ¢¨¥ ¸¶μ´É ´´μ£μ μ´¤Ê²ÖÉμ·´μ£μ ¨§²ÊÎ¥´¨Ö
¡Ê¤¥É É ±¨³:

ω(k‖) = k‖u‖ ± nω0, n = 1, 2, 3, . . . (4*)

�Éμ μ¡μ¡Ð¥´´μ¥ Ê¸²μ¢¨¥ ¨§²ÊÎ¥´¨Ö (4), ±μÉμ·μ¥ ¢Ò¶μ²´Ö¥É¸Ö, ´ ¶·¨³¥·, ¶·¨
´ ²¨Î¨¨ μ´¤Ê²ÖÉμ·´μ£μ ¶μ²Ö.

„ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ ¨¤¥¨ É·¥¡Ê¥É · ¸¸³μÉ·¥´¨Ö ¤¢¨¦¥´¨Ö Ô²¥±É·μ´  ¢
¶¥·¨μ¤¨Î¥¸±¨ ´¥μ¤´μ·μ¤´μ° ¸¨¸É¥³¥ ¶μ ¶ÊÉ¨ ¥£μ ¸²¥¤μ¢ ´¨Ö. � ¡μÉ  ¶μ²Ö
¶·¨ ÔÉμ³ ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ É ±:

A∞ = πeu‖E‖ sin ϕ

+∞∑
n=−∞

anδ(ω − k‖u‖ − nχu‖),

£¤¥ E‖ Å ¶·μ¤μ²Ó´ Ö Ô²¥±É·¨Î¥¸± Ö ±μ³¶μ´¥´É  ¶μ²Ö, 2π/χ Å ¶·μ¸É· ´-
¸É¢¥´´Ò° ¶¥·¨μ¤ ´¥μ¤´μ·μ¤´μ¸É¨ ¸¨¸É¥³Ò (´ ¶·¨³¥·, ¢¨££²¥· ¸μ§¤ ¥É ¶¥-
·¨μ¤¨Î¥¸±ÊÕ ´¥μ¤´μ·μ¤´μ¸ÉÓ ¸¨¸É¥³Ò, Î¥·¥§ ±μÉμ·ÊÕ ¶·μ²¥É ¥É Ô²¥±É·μ´).
‘μμÉ¢¥É¸É¢¥´´μ¥ Ê¸²μ¢¨¥ ¸¶μ´É ´´μ£μ ¨§²ÊÎ¥´¨Ö Ô²¥±É·μ´  ¢ ¶¥·¨μ¤¨Î¥¸±¨
´¥μ¤´μ·μ¤´ÒÌ ¸¨¸É¥³ Ì ¡Ê¤¥É É ±¨³:

ω(k‖) = k‖u‖ ± nχu‖, n = 1, 2, 3, . . . (8)

‚ μ´¤Ê²ÖÉμ·¥ Ô²¥±É·μ´Ê ¶·¨Ìμ¤¨É¸Ö ¸É ²±¨¢ ÉÓ¸Ö ¸ ¤¢Ê³Ö ¶μ²Ö³¨: ¸ ¢´¥Ï-
´¨³ ¶μ²¥³ (³ £´¨É´Ò³ ¶μ²¥³ μ´¤Ê²ÖÉμ· ) ¨ ¸ ¶μ²¥³, ¸μ§¤ ¢ ¥³Ò³ ¸ ³¨³¨
Ô²¥±É·μ´ ³¨ (¸ ¶μ²¥³ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  Ô²¥±É·μ´μ¢). ‘²¥¤μ¢ É¥²Ó´μ,
´ ¤μ · ¸¸³μÉ·¥ÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´  ¸ ¤¢Ê³Ö ¶μ²Ö³¨ μ¤´μ¢·¥³¥´´μ.
�É¨ ÔËË¥±ÉÒ, ´ ¤μ ¶μ² £ ÉÓ, Å ÔËË¥±ÉÒ ¢Éμ·μ£μ ¶μ·Ö¤±  ¢ μÉ²¨Î¨¥ μÉ ¸¶μ´-
É ´´μ£μ Î¥·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö. �μ²μ¦¨³

E‖ = E‖1 sin (ω1t − k‖1z + ϕ1) + E‖2 sin (ω2t − k‖2z + ϕ2)

¨ ¤²Ö ´¥§ ¢¨¸¨³μ£μ ¶μ´¨³ ´¨Ö ÔËË¥±Éμ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  μ¸¢μ¡μ¤¨³¸Ö μÉ
ÔËË¥±Éμ¢ ¶¥·¢μ£μ ¶μ·Ö¤± ,   ¨³¥´´μ μÉ Î¥·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, ¶·¨´Ö¢
¸²¥¤ÊÕÐ¥¥ Ê¸²μ¢¨¥: ω1,2t − k‖1,2u �= 0. �´ ²¨§¨·ÊÖ · ¡μÉÊ, ¸μ¢¥·Ï¥´´ÊÕ
¤¢Ê³Ö § ¤ ´´Ò³¨ ¶μ²Ö³¨ ´ ¤ Ô²¥±É·μ´μ³, ¶·¨Ìμ¤¨³ ± μ¤´μ³Ê ¨§ Ê¸²μ¢¨°
±μ³¡¨´¨·μ¢ ´´μ£μ ·¥§μ´ ´¸  [2]:

[
ω1(k‖1) − k‖1u‖

]
∓

[
ω2(k‖2) − k‖2u‖

]
= 0. (9)

�Éμ Ê¸²μ¢¨¥ ¸·μ¤´¨ Ê¸²μ¢¨Õ ¸¶μ´É ´´μ£μ ¨§²ÊÎ¥´¨Ö Ô²¥±É·μ´μ³ ¢μ²´Ò ¸ Î -
¸ÉμÉμ° ω1, μ¤´μ¢·¥³¥´´μ ¸μ¢¥·Ï ÕÐ¨³ μ¶·¥¤¥²¥´´μ¥ ¤¢¨¦¥´¨¥ ¢ ¶μ²¥ ¢μ²´Ò
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¸ Î ¸ÉμÉμ° ω2. ˆ²¨ ¤²Ö ¶¥·¨μ¤¨Î¥¸±¨ ´¥μ¤´μ·μ¤´μ£μ ¶μ²Ö, £¤¥ ¶·¥¤¸Éμ¨É ¤¢¨-
£ ÉÓ¸Ö Ô²¥±É·μ´Ê, ¨³¥¥³

[
ω1(k‖1) − k‖1u‖

]
∓

[
ω2(k‖2) − k‖2u‖ − nχu‖

]
= 0, n = 1, 2, 3, . . .

’¥¶¥·Ó ³Ò ¶μ¤£μÉμ¢¨²¨ ¶μÎ¢Ê ¤²Ö · ¸¸³μÉ·¥´¨Ö ¢μ¶·μ¸  μ ¢Ò´Ê¦¤¥´´μ³ ¨§-
²ÊÎ¥´¨¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢.

‚Ò´Ê¦¤¥´´μ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´μ¢. …¸²¨ ·¥§Õ³¨·μ¢ ÉÓ ¨§²μ¦¥´´μ¥
¢ÒÏ¥, Éμ ´¥´Ê²¥¢μ¥, ¸¶μ´É ´´μ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´μ¢ ¢μ§´¨± ¥É Éμ£¤ , ±μ£¤ 
¸μ¢¶ ¤ ÕÉ Î ¸ÉμÉ  ¢μ²´Ò ¨§²ÊÎ¥´¨Ö ¤¢¨¦ÊÐ¥£μ¸Ö ¸μ ¸±μ·μ¸ÉÓÕ u‖ Ô²¥±É·μ´ 
¸ Î ¸ÉμÉμ° ±μ²¥¡ ´¨° ¸Ê³³ ·´μ£μ ¶μ²Ö, ¸μ§¤ ´´μ£μ Ô²¥±É·μ´ ³¨ ¶ÊÎ±  ¨²¨
¨Ì £ ·³μ´¨± ³¨. …¸²¨ ·¥ÎÓ ¨¤¥É μ ¶ÊÎ±¥ Ô²¥±É·μ´μ¢, Éμ ´¥μ¡Ìμ¤¨³μ · ¸¸³ -
É·¨¢ ÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´μ¢ ³¥¦¤Ê ¸μ¡μ° ¸ ÉμÎ±¨ §·¥´¨Ö ¢μ§¤¥°¸É¢¨Ö
¨§²ÊÎ¥´¨Ö μ¤´μ£μ Ô²¥±É·μ´  ´  ¶μ¢¥¤¥´¨¥ ¤·Ê£¨Ì Ô²¥±É·μ´μ¢. ƒ¥´¥·¨·μ¢ ´´μ¥
É ±¨³ μ¡· §μ³ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´  ¢²¨Ö¥É ´  ¤¢¨¦¥´¨¥ ¤·Ê£¨Ì Ô²¥±É·μ´μ¢. ‚
¨Éμ£¥ ¢μ§´¨± ¥É ¢Ò´Ê¦¤¥´´μ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·μ´μ¢ ¢ ¶ÊÎ±¥, ¶·¨Î¥³ Ê¸²μ¢¨¥
¢μ§´¨±´μ¢¥´¨Ö ·¥§μ´ ´¸ , ¶·¨ ±μÉμ·μ³ ¢μ§´¨± ¥É ¨¸±μ³μ¥ ¨§²ÊÎ¥´¨¥, É ±μ¢μ:(
ω − k‖u‖

)
¸μ¢¶ ¤ ¥É ¸ ¸μ¡¸É¢¥´´μ° Î ¸ÉμÉμ° Ô²¥±É·μ´  ωe.

…¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ´μ¢ ³¥¦¤Ê ¸μ¡μ° ¢ ¶ÊÎ±¥, Éμ
¢ ¸²ÊÎ ¥ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ¶μ²Ö ¨ ¶·¨ ¸Ê³³¨·μ¢ ´¨¨ ¨§²ÊÎ¥´¨° μ¤´μ°
¤²¨´Ò ¢μ²´Ò (¶·¨ ¤·Ê£¨Ì ¶·¥¤¶μ²μ¦¥´¨ÖÌ ·¥§Ê²ÓÉ É ¡Ê¤¥É ÉμÉ ¦¥ ¸ ³Ò°)
¶μ²ÊÎ¨³

A∞ = πeu‖E‖δ(ω − k‖u‖)
∑

i

sin ϕi,

£¤¥ ϕi Å Ë §  ¶μ²Ö ¢μ²´Ò ¶μ μÉ´μÏ¥´¨Õ ± i-³Ê Ô²¥±É·μ´Ê. ’ ± ± ± ¶·¨
´¥³μ¤Ê²¨·μ¢ ´´μ³ ¶ÊÎ±¥ Ë §Ò ¶μ²Ö ¢μ²´Ò · ¸¶·¥¤¥²¥´Ò · ¢´μ¢¥·μÖÉ´μ ¢
¨´É¥·¢ ²¥ [0, 2π], Éμ

∑
i

sin ϕi Éμ¦¤¥¸É¢¥´´μ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó. ˆ, ± ± ¸²¥¤-

¸É¢¨¥, A∞ = 0. ‚¸¶μ³´¨³ ¨¸Éμ·¨Õ ¸¶μ´É ´´μ£μ ¨§²ÊÎ¥´¨Ö ´¥§ ¢¨¸¨³ÒÌ ¤·Ê£
μÉ ¤·Ê£  Ô²¥±É·μ´μ¢.

‚ ¨Éμ£¥ ¶·¨Ìμ¤¨³ ± μÎ¥¢¨¤´μ³Ê ¢Ò¢μ¤Ê Å ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ´¥´Ê²¥¢μ¥
±μ£¥·¥´É´μ¥ ¨§²ÊÎ¥´¨¥, ´¥μ¡Ìμ¤¨³μ ÊÎ¥¸ÉÓ ¢μ§¤¥°¸É¢¨¥ ¶μ²Ö ¢μ²´Ò ¨§²ÊÎ¥-
´¨Ö ´  ± ¦¤Ò° Ô²¥±É·μ´ ¶ÊÎ± . ‚ ¸¢μÕ μÎ¥·¥¤Ó, ¶μ¤ μ¡· É´Ò³ ¤¥°¸É¢¨¥³
¸Ê³³ ·´μ£μ ¶μ²Ö Ô²¥±É·μ´μ¢ ³¥´ÖÕÉ¸Ö Ë §Ò ¶μ²Ö ¢μ²´Ò ϕi, ÎÉμ ¶·¨¢μ¤¨É ±
¸ ³μ¸μ£² ¸μ¢ ´´μ¸É¨ ¶μ²¥° ¨ ± Ë §¨·μ¢±¥ Ô²¥±É·μ´μ¢ ¢ ¶μ²¥ ¢μ²´Ò. ˆ, ± ±
¸²¥¤¸É¢¨¥, ¨§²ÊÎ¥´¨¥ ¶·¨ ÔÉμ³ ¸É ´μ¢¨É¸Ö ¢Ò´Ê¦¤¥´´Ò³ ¨ ±μ£¥·¥´É´Ò³!

Š ¶·¨³¥·Ê, Ê¸²μ¢¨¥ ·¥§μ´ ´¸  ¢Ò´Ê¦¤¥´´μ£μ ±μ²²¥±É¨¢´μ£μ Î¥·¥´±μ¢-
¸±μ£μ ÔËË¥±É  ¢ ¶¥·¨μ¤¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· Ì § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

ω(k‖) = k‖u‖ + nχu‖ ± Ωb, (10)

£¤¥ Ωb Å Î ¸ÉμÉÒ ¶² §³¥´´ÒÌ ±μ²¥¡ ´¨° ¶ÊÎ± , n Å Î¨¸²μ Ô²¥±É·μ´μ¢ ¢
¶ÊÎ±¥ (Ô²¥±É·μ´Ò, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ ¸ ¶μ²¥³ Å ¸·. ¸ (8)).
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�·¨ Ê¢¥²¨Î¥´¨¨ ¶²μÉ´μ¸É¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢ ¨ ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¥£μ
¶μ²Ö Ê¸²μ¢¨¥ ·¥§μ´ ´¸  ¡Ê¤¥É ´¥³´μ£μ ¨´Ò³ (¸·. ¸ (4*)):

ω(k‖) = k‖u‖ + nω0 ± Ωb, (10*)

£¤¥ ω0 Å Î ¸ÉμÉ  μ¸Í¨²²ÖÍ¨° Ô²¥±É·μ´  ¢μ ¢´¥Ï´¥³ ¶μ²¥.
�·¨ ¤¢¨¦¥´¨¨ Ìμ²μ¤´μ£μ Ô²¥±É·μ´´μ£μ £ §  (¶ÊÎμ± Ö¢²Ö¥É¸Ö Ìμ²μ¤´Ò³

£ §μ³, É ± ± ± ¢ ´¥³ ¶· ±É¨Î¥¸±¨ μÉ¸ÊÉ¸É¢Ê¥É μÉ´μ¸¨É¥²Ó´μ¥ ¤¢¨¦¥´¨¥ Ô²¥±-
É·μ´μ¢ (uei � u‖)) ¥¸É¥¸É¢¥´´μ ¶·μÖ¢²Ö¥É¸Ö ¤μ¶²¥·μ¢¸±¨° ¸¤¢¨£ ¶μ μÉ´μ-
Ï¥´¨Õ ± ¶μ²Õ μ´¤Ê²ÖÉμ· . �·¨Î¥³ ¤μ¶²¥·μ¢¸±¨° ÔËË¥±É ³¥¦¤Ê ¢μ²´ ³¨
¶·μÖ¢²Ö¥É¸Ö ± ± ¢ ¸¨¸É¥³¥ ¶μ±μÖ ¶ÊÎ± , É ± ¨ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥!

„²Ö ¢ÒÖ¸´¥´¨Ö ÔÉμ£μ ¢μ¶·μ¸  · ¸¸³μÉ·¨³ ¤¨¸¶¥·¸¨μ´´μ¥ Ê· ¢´¥´¨¥ · ¸-
¶·μ¸É· ´¥´¨Ö Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò Î¥·¥§ Ô²¥±É·μ´´Ò° ¸£Ê¸Éμ± ¨²¨ ´ -
μ¡μ·μÉ. �·¨ ÔÉμ³ ÊÎÉ¥³, ÎÉμ ¶·¨ ´Ê²¥¢μ³ ³ £´¨É´μ³ ¶μ²¥ ¢μ²´Ò ¶ÊÎ± 
(±μ²²¥±É¨¢´μ¥ ¤¢¨¦¥´¨¥ ¸£Ê¸É±  Ô²¥±É·μ´μ¢) ¡Ò¢ ÕÉ ¤¢ÊÌ ¢¨¤μ¢: Ô²¥±É·μ³ £-
´¨É´Ò¥ ¢μ²´Ò (∇ · E = 0) ¨ Ô²¥±É·μ¸É É¨Î¥¸±¨¥ ¢μ²´Ò (∇ × E = 0). „²Ö
Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¨³¥¥³

ω2 = k2c2 + ω2
p, (11)

£¤¥ ω2
p = 4πne2/γm Å ·¥²ÖÉ¨¢¨¸É¸± Ö ²¥´£³Õ·μ¢¸± Ö ¶² §³¥´´ Ö Î ¸ÉμÉ 

±μ²¥¡ ´¨° Ô²¥±É·μ´μ¢, ¢μ§´¨± ÕÐ Ö ¶μ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¶μ-
²¥°. ‘ ¶μ³μÐÓÕ Ê· ¢´¥´¨Ö (11) μ¶·¥¤¥²¨³ ¶μ± § É¥²¨ ¶·¥²μ³²¥´¨Ö ¸·¥¤Ò:

μ =
(

1 − ω2
p

/
ω2

)1/2

. (12)

�·μ ´ ²¨§¨·μ¢ ¢ (11) ¨ (12), ¢¨¤¨³, ÎÉμ, ¢μ-¶¥·¢ÒÌ, μ ´¥ ³μ¦¥É ¡ÒÉÓ
¡μ²ÓÏ¥ ¥¤¨´¨ÍÒ, ÎÉμ μÎ¥¢¨¤´μ, ¢μ-¢Éμ·ÒÌ, Î ¸ÉμÉ  μ¶É¨Î¥¸±μ° ¢μ²´Ò ¤μ²¦´ 
Ê¤μ¢²¥É¢μ·ÖÉÓ Ê¸²μ¢¨Õ ω > ωp, ÎÉμ Éμ¦¥ μÎ¥¢¨¤´μ, ¨, ¢-É·¥ÉÓ¨Ì, ¶·¨ μ < 1
Ë §μ¢ Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ³ £´¨É´ÒÌ ¢μ²´ ¡μ²ÓÏ¥, Î¥³ ¸±μ·μ¸ÉÓ ¸¢¥É .

�É³¥É¨³, ÎÉμ ¶·¨ ¶·μÌμ¦¤¥´¨¨ μ¶É¨Î¥¸±μ° ¢μ²´Ò Î¥·¥§ μ¤´μ·μ¤´μ¥ ³ £-
´¨É´μ¥ ¶μ²¥ (´ ¶·¨³¥·, Î¥·¥§ ¶μ²¥ μ´¤Ê²ÖÉμ· ) μ¶É¨Î¥¸± Ö ¢μ²´  ¢ ´ ¶· -
¢²¥´¨¨ ¶μ²Ö ³μ¦¥É · ¸¶·μ¸É· ´ÖÉÓ¸Ö ¢ ¤¢ÊÌ ³μ¤ Ì Å ¶· ¢μ¶μ²Ö·¨§μ¢ ´´μ°
¨ ²¥¢μ¶μ²Ö·¨§μ¢ ´´μ°.

„²Ö Ô²¥±É·μ¸É É¨Î¥¸±¨Ì ¢μ²´ Ìμ²μ¤´μ£μ μ¤´μ·μ¤´μ£μ £ §  ¨³¥¥³

ω = ωp. (13)

‚ ÔÉμ³ ¸²ÊÎ ¥ ´ ²¨Î¨¥ μ¤´μ·μ¤´μ£μ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ¶·¨¢μ¤¨É
± ¶μÖ¢²¥´¨Õ ±μ²¥¡ É¥²Ó´ÒÌ ¤¢¨¦¥´¨° Ô²¥±É·μ´μ¢, ¶ · ²²¥²Ó´ÒÌ ¸¨²μ¢Ò³
²¨´¨Ö³ ¶μ²Ö. ’ ± ± ± ¶ÊÎμ± Ô²¥±É·μ´μ¢ (Ô²¥±É·μ´´Ò° £ §) ¨³¥¥É μ¶·¥¤¥-
²¥´´Ò° · §¡·μ¸, ´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²¨ÉÓ £· ´¨ÍÊ ±μ²²¥±É¨¢´μ£μ ¸μ¸ÉμÖ´¨Ö
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¶ÊÎ± . ‚ ¸²ÊÎ ¥ · §¡·μ¸  ¸±μ·μ¸É¥° Ô²¥±É·μ´μ¢ ¤¨¸¶¥·¸¨μ´´μ¥ Ê· ¢´¥´¨¥ ¡Ê-
¤¥É ¢Ò£²Ö¤¥ÉÓ É ±:

ω2 = ω2
p + 3k2v2

T ,

£¤¥ vT (v2
T = T/m) Å É¥¶²μ¢ Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ´ . ‚ ¸²ÊÎ ÖÌ ¡μ²ÓÏ¨Ì k

Ë §μ¢ Ö ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ (¸£Ê¸É± ) Ê³¥´ÓÏ ¥É¸Ö ¨ ¶·¨¡²¨¦ ¥É¸Ö ± É¥-
¶²μ¢μ° ¸±μ·μ¸É¨ vT . � £· ´¨Í  ±μ²²¥±É¨¢´μ¸É¨ ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö ¤¥¡ ¥¢-
¸±¨³ ¢μ²´μ¢Ò³ Î¨¸²μ³ kD (k ≈ kD) ¨²¨ ¤¥¡ ¥¢¸±¨³ · ¤¨Ê¸μ³ Ô±· ´¨·μ¢ ´¨Ö
λD (λ ≈ λD), ¶·¨Î¥³ λD ≡ vT /ωp.

‡´ ± ®±¯ ¢ (10) ¨ (10*) ¢μ§´¨± ¥É ¶·¨ ¶μÖ¢²¥´¨¨ μ¸Í¨²²ÖÍ¨¨ Ô²¥±É·μ-
´μ¢ ¨²¨ ¶μ²Ö ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¶ÊÎ± . �·μ ´ ²¨§¨·Ê¥³ Ë¨§¨Î¥¸±¨°
¸³Ò¸² ÔÉμ£μ Ö¢²¥´¨Ö.

„²Ö Ô²¥±É·μ´´μ£μ £ §  (¶ÊÎ± ), ¤¢¨¦ÊÐ¥£μ¸Ö, ´ ¶·¨³¥·, ¢ ¶μ²¥ μ´¤Ê²Ö-
Éμ· , ¤μ¶²¥·μ¢¸±¨° ¸¤¢¨£ ³¥¦¤Ê ¢μ²´ ³¨ ¨³¥¥É ³¥¸Éμ ± ± ¢ ¸¨¸É¥³¥ ¶μ±μÖ,
É ± ¨ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥, ± ± ¢ÒÏ¥ ¡Ò²μ ¸± § ´μ. �Éμ μ¡Ê¸²μ¢²¥´μ É¥³,
ÎÉμ ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ô²¥±É·μ´μ¢ ´  ´¨Ì ´ ¤¢¨£ ¥É¸Ö ¶μ²¥,   ¢ ² ¡μ· Éμ·´μ°
¸¨¸É¥³¥ Å ´ μ¡μ·μÉ. ’ ± ÎÉμ ¸ ÉμÎ±¨ §·¥´¨Ö ¶μ¤¡μ·  ¸¨¸É¥³Ò ´ ¡²Õ¤¥´¨Ö
§ ¤ Î  ¸¨³³¥É·¨Î´ , ÌμÉÖ ·¥Ï¥´¨Ö ´¥³´μ£μ μÉ²¨Î ÕÉ¸Ö. �·¥μ¡· §ÊÖ Ê· ¢´¥-
´¨¥ (13) ¸ ÊÎ¥Éμ³ ¤μ¶²¥·μ¢¸±μ£μ ¸¤¢¨£  ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ô²¥±É·μ´μ¢ (¸μ£² ¸´μ
¶·¥μ¡· §μ¢ ´¨Õ (3)) ¸ Ê£²μ³ · ¸¸¥Ö´¨Ö ¶μ²Ö θ → 0, ¨³¥¥³ ¤²Ö Î ¸ÉμÉÒ ¶μ²Ö

ω = kzv ± ωp/γ. (14)

� ¶μ³´¨³, ÎÉμ ωp =
√

4πne2/γm Å ·¥²ÖÉ¨¢¨¸É¸± Ö Î ¸ÉμÉ  ±μ²¥¡ ´¨° Ô²¥±-
É·μ´μ¢ ¢ ¶² §³¥ ¶μ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·μ¸É É¨Î¥¸±¨Ì (±Ê²μ´μ¢¸±¨Ì) ¶μ²¥°. ‘μ-
μÉ¢¥É¸É¢¥´´μ, Ë §μ¢Ò¥ ¸±μ·μ¸É¨ ÔÉ¨Ì ¶μ²¥° ¶μ²ÊÎ ÕÉ¸Ö É ±¨³¨:

vF =
ω

kz
= v ·

(
ω

ω ∓ ωp/γ

)
. (15)

�É¸Õ¤  ¢¨¤´μ, ÎÉμ μ¡· §Ê¥É¸Ö ³¥¤²¥´´ Ö ¢μ²´ , ±μÉμ· Ö Ê¸ÉÊ¶ ¥É ¢ ¸±μ·μ¸É¨
Ô²¥±É·μ´Ê, ¨ ¡Ò¸É· Ö ¢μ²´ , ±μÉμ· Ö ¤¢¨¦¥É¸Ö ¡Ò¸É·¥¥, Î¥³ Ô²¥±É·μ´. � 
·¨¸. 1,   ¶μ± § ´Ò ²¨´¨¨ ³¥¤²¥´´μ° ¨ ¡Ò¸É·μ° ¢μ²´ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ 
¨ ²¨´¨Ö ¸±μ·μ¸É¨ ¸¢¥É  ¸μ£² ¸´μ (15). ˆ¸¸²¥¤ÊÖ ÔÉ¨ £· Ë¨±¨, ¶·¨Ìμ¤¨³
± ¢Ò¢μ¤Ê, ÎÉμ ¡Ò¸É· Ö ¢μ²´  ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ³μ¦¥É ¶¥·¥¸¥± ÉÓ
²¨´¨Õ ¸±μ·μ¸É¨ ¸¢¥É , É¥³ ¸ ³Ò³ Ê¡¥¦¤ ¥³¸Ö ¢ Éμ³, ÎÉμ μ´¨ (¢μ²´  ¨ ¸¢¥É)
¤¢¨¦ÊÉ¸Ö ¸¨´Ì·μ´´μ ¸μ ¸¤¢¨£μ³ Ë §, ±μÉμ·Ò° ³μ¦´μ ²¨±¢¨¤¨·μ¢ ÉÓ. �¤´ ±μ,
± ± ´¨ ¶¥Î ²Ó´μ, ¡Ò¸É· Ö ¢μ²´  ´¥ ³μ¦¥É ¶μ²ÊÎ ÉÓ Ô´¥·£¨Õ μÉ Ô²¥±É·μ´ ,
ÎÉμ¡Ò Ê¸¨²¨ÉÓ¸Ö, É ± ± ± Ô²¥±É·μ´Ê ´¥μÉ±Ê¤  ¡· ÉÓ Ô´¥·£¨Õ ¶μ¸²¥ Ê¸±μ·¨É¥²Ö
(¢ μ´¤Ê²ÖÉμ·¥ Ô²¥±É·μ´ ´¥ ¶μ²ÊÎ ¥É Ô´¥·£¨Õ),   ¨³¥ÕÐÊÕ¸Ö ±¨´¥É¨Î¥¸±ÊÕ
Ô´¥·£¨Õ Ô²¥±É·μ´  ´¥¢μ§³μ¦´μ ¶¥·¥¤ ÉÓ ´ · ¸É ÕÐ¥° ¶μ ¸±μ·μ¸É¨ ¡Ò¸É·μ°
¢μ²´¥ ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ .
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„²Ö ³¥¤²¥´´μ° ¢μ²´Ò ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¨³¥¥³ ¤·Ê£ÊÕ ± ·É¨´Ê Å
Ô²¥±É·μ´ ¶μ Éμ° ¨²¨ ¨´μ° ¶·¨Î¨´¥ ³μ¦¥É É¥·ÖÉÓ Ô´¥·£¨Õ (¢ Î ¸É´μ¸É¨, ¶¥-
·¥¤ ¢ ÉÓ Î ¸ÉÓ ¸¢μ¥° ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¢μ²´¥), § ³¥¤²ÖÉÓ¸Ö ¨ ¸¨´Ì·μ´¨-
§¨·μ¢ ÉÓ¸Ö ¸ ³¥¤²¥´´μ° ¢μ²´μ°. �É¸Õ¤  ¸²¥¤Ê¥É μÎ¥¢¨¤´Ò° ¢Ò¢μ¤: ³¥¤²¥´´ Ö
¢μ²´  ¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ´¥ Ö¢²Ö¥É¸Ö Ê¸Éμ°Î¨¢Ò³ ¢μ§³ÊÐ¥´¨¥³ ¶ÊÎ± 
¢ μÉ²¨Î¨¥ μÉ ¡Ò¸É·μ° ¢μ²´Ò. �μ ¨ ¶·¨ ÔÉμ³ ¨§²ÊÎ¥´¨¥ ´¥ ¶·μ¨¸Ìμ¤¨É, É ±
± ± ³¥¤²¥´´ Ö ¢μ²´  ´¥ ¶¥·¥¸¥± ¥É ²¨´¨Õ ¸¢¥É  (¸³. ·¨¸. 1, a), ´¥ ¤μ¸É¨£ ¥É¸Ö
¸¨´Ì·μ´¨§³ ³¥¦¤Ê Ô²¥±É·μ³ £´¨É´Ò³¨ ¨ ³¥¤²¥´´Ò³¨ Ô²¥±É·μ¸É É¨Î¥¸±¨³¨
¢μ²´ ³¨ ¶ÊÎ± .

ˆ³¥´´μ ¸ ¶μ³μÐÓÕ μ´¤Ê²ÖÉμ·  ¨ ·¥Ï ¥É¸Ö ÔÉ  ¶·μ¡²¥³  Å ¶·μ¡²¥³ 
¸¨´Ì·μ´¨§ Í¨¨ Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò ¨ ³¥¤²¥´´μ° Ô²¥±É·μ¸É É¨Î¥¸±μ°
¢μ²´Ò Ô²¥±É·μ´´μ£μ ¶ÊÎ± . „²Ö ³¥¤²¥´´μ° ¢μ²´Ò ¢ ¸¨¸É¥³¥ ¶μ±μÖ Ô²¥±É·μ´ 
¶·¨ ´ ²¨Î¨¨ ¶μ²Ö μ´¤Ê²ÖÉμ·  Ê· ¢´¥´¨¥ (13) ¡Ê¤¥É ¢Ò£²Ö¤¥ÉÓ É ±:

ω′ = k′
0v − ωp.

“Î¨ÉÒ¢ Ö ¤μ¶²¥·μ¢¸±¨° ¸¤¢¨£ ¤²Ö ³¥¤²¥´´μ° ¢μ²´Ò ¶·μ¸É· ´¸É¢¥´´μ£μ
§ ·Ö¤  ¢ ¶·¨¸ÊÉ¸É¢¨¨ μ´¤Ê²ÖÉμ· , ¨³¥¥³ (¸·. ¸ (14))

ω = (kz + k0)v − ωp/γ = kzv + k0v − ωp/γ.

ŒÒ ¢Ò¤¥²¨²¨ ¶·Ö³μÊ£μ²Ó´μ° · ³±μ° ¸¤¢¨£ Î ¸ÉμÉÒ ¢μ²´Ò ¶·μ¸É· ´¸É¢¥´-
´μ£μ § ·Ö¤  ¢ Ëμ·³Ê²¥, ¨ ÔÉμÉ ¦¥ ¸¤¢¨£ ´  ·¨¸. 1, ¡ ¢Ò¤¥²¥´ ´  μ¸¨ μ·¤¨´ É

�¨¸. 1. �μ¢¥¤¥´¨¥ ²¨´¨¨ Ë §μ¢ÒÌ ¸±μ·μ¸É¥° ¢μ²´Ò (¸¶²μÏ´Ò¥ ²¨´¨¨) ¶·μ¸É· ´¸É¢¥´-
´μ£μ § ·Ö¤  Ô²¥±É·μ´´μ£μ ¶ÊÎ±  (¡Ò¸É·μ£μ ¨ ³¥¤²¥´´μ£μ) ¨ ²¨´¨¨ ¸±μ·μ¸É¨ ¸¢¥É 
(ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨) ¡¥§ μ´¤Ê²ÖÉμ·  ( ), ¶·¨ ´ ²¨Î¨¨ μ´¤Ê²ÖÉμ·  (¡)
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�¨¸. 2. Šμ´¸É·Ê±Í¨Ö μ´¤Ê²ÖÉμ·  ¢ μ¡Ð¥³ ¢¨¤¥ ¨ ¶·¨´Í¨¶ ¥£μ · ¡μÉÒ

¸±μ¡±μ°. �·¨ ¶¥·¥¸¥Î¥´¨¨ ²¨´¨¨ Ë §μ¢μ° ¸±μ·μ¸É¨ ³¥¤²¥´´μ° ¢μ²´Ò ¶·μ-
¸É· ´¸É¢¥´´μ£μ § ·Ö¤  ¸ ²¨´¨¥° ¸±μ·μ¸É¨ ¸¢¥É  Î ¸ÉμÉ  · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥-
´¨Ö ωS ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤¨¸¶¥·¸¨μ´´μ£μ Ê· ¢´¥´¨Ö ωS = kSc ¨ ¶·¨¡²¨¦¥-

´¨Ö 2γ2
‖ ≈

(
1 − β‖

)−1
¡Ê¤¥É É ±μ°:

ωS = kSc = 2γ2
‖(k0βc − ω‖/γ). (16)

�μ²ÊÎ¥´´μ¥ Ê· ¢´¥´¨¥ (16) ¤²Ö Î ¸ÉμÉÒ ¨§²ÊÎ¥´¨Ö Ö¢²Ö¥É¸Ö Ê· ¢´¥´¨¥³ É·¥Ì¢μ²-
´μ¢μ£μ ‹‘�.

�  ·¨¸. 2 ¨§μ¡· ¦¥´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  · ¡μÉÒ μ´¤Ê²ÖÉμ· .

���Š’ˆ—…‘Š�Ÿ �…�‹ˆ‡�–ˆŸ ‹‘�

�  ¶· ±É¨±¥ ÔËË¥±É¨¢´μ¸ÉÓ ¨ ±μ£¥·¥´É´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¤μ¸É¨£ ¥É¸Ö ¢ μ´-
¤Ê²ÖÉμ·´ÒÌ £¥´¥· Éμ· Ì, £¤¥ ¸ ¶μ³μÐÓÕ §¥·± ² μÉ· ¦ ¥É¸Ö ¨§²ÊÎ¥´¨¥ ¸ Éμ·-
Íμ¢ ¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö μ¡· É´ Ö ¸¢Ö§Ó ¢ ¸¨¸É¥³¥ ¡² £μ¤ ·Ö Éμ³Ê, ÎÉμ Ô²¥±É·μ´Ò
¶ÊÎ±  ¶μ¶ ¤ ÕÉ ¢ ¶μ²¥ ¸μ¡¸É¢¥´´μ£μ ¨§²ÊÎ¥´¨Ö ¨, ± ± ¸²¥¤¸É¢¨¥, ´ Î¨´ ÕÉ
¢Ò´Ê¦¤¥´´μ ¨§²ÊÎ ÉÓ, ±μ£¥·¥´É´μ ¨ ¢Ò¸μ±μÔËË¥±É¨¢´μ. �μ μ¸μ¡μ μÉ³¥É¨³,
ÎÉμ ¶·¨ μÉ´μ¸¨É¥²Ó´μ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ ¶ÊÎ±  (> 10 ŒÔ‚) ¨ ¤μ¸É ÉμÎ´μ°
¥£μ ¶²μÉ´μ¸É¨ ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¢ §¥·± ² Ì μÉ¶ ¤ ¥É, É ± ± ± μ¡· É´ Ö ¸¢Ö§Ó
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ ¶·μ¸É· ´¸É¢¥´´μ¥ § ·Ö¤μ¢μ¥ ¶μ²¥ ¢μ²´Ò ¶ÊÎ± !

�  ·¨¸. 3 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ¤²¨´Ò ¢μ²´Ò £¥´¥·¨·Ê¥³μ£μ ¨§²ÊÎ¥´¨Ö ¢
Ê¸É ´μ¢± Ì ‹‘� μÉ Ô´¥·£¨¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢ Ê¸±μ·¨É¥²Ö.

�É  § ¢¨¸¨³μ¸ÉÓ (¥¸²¨ ¶·¥¤¸É ¢¨ÉÓ μ¸Ó X ²μ£ ·¨Ë³¨Î¥¸±¨, Éμ ±·¨¢ Ö § -
¢¨¸¨³μ¸É¨ ¶·¥¢· É¨É¸Ö ¢ ¶·Ö³ÊÕ ²¨´¨Õ) ¶μ²ÊÎ¥´  ´  μ¸´μ¢¥ ËÊ´±Í¨μ´¨·μ-
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�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¤²¨´Ò ¢μ²´Ò ‹‘� μÉ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢

¢ ´¨Ö ´¥¸±μ²Ó±¨Ì ¤¥¸ÖÉ±μ¢ ·¥ ²Ó´μ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ³¨·¥ ‹‘�. ‚¨¤¥´ μÌ¢ É
‹‘� Ï¨·μ±μ£μ ¤¨ ¶ §μ´  Î ¸ÉμÉ ¢ ¸¶¥±É·¥ Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö (´ 
¸ ³μ³ ¤¥²¥, ·¥ ²Ó´μ ¤μ¡¨ÉÓ¸Ö μÌ¢ É  μÉ ±μ´Í  Ê²ÓÉ· ±μ·μÉ±μ£μ ¤μ ´ Î ² 
·¥´É£¥´μ¢¸±μ£μ ¸¶¥±É· ). �É³¥É¨³, ÎÉμ ‹‘� ´ §Ò¢ ÕÉ É ±¦¥ ·¥´É£¥´μ¢¸±¨³
² §¥·μ³. � ¡μÉ ÉÓ ¢ ¢¨¤¨³μ³ ¤¨ ¶ §μ´¥ ¸¶¥±É·  ‹‘� ´¥Í¥²¥¸μμ¡· §´μ, É ±
± ± ´  ¸¥£μ¤´Ö (!) μ¡ÒÎ´Ò¥ ² §¥·Ò μ¡² ¤ ÕÉ ´¥μ¸¶μ·¨³Ò³¨ ¶·¥¨³ÊÐ¥¸É¢ ³¨
¶μ ¢¸¥³ ¶ · ³¥É· ³.

‚ ¤²¨´´μ¢μ²´μ¢μ° μ¡² ¸É¨ ¸¶¥±É·  ¸¥°Î ¸ Ê¸¶¥Ï´μ · ¡μÉ ¥É ³´μ¦¥¸É¢μ
‹‘�, ¨ ³¥Ì ´¨§³Ò · ¡μÉÒ ¤μ¸É ÉμÎ´μ Ìμ·μÏμ ¨¸¸²¥¤μ¢ ´Ò. —Éμ ± ¸ ¥É¸Ö
±μ·μÉ±μ¢μ²´μ¢μ£μ ¤¨ ¶ §μ´ , Éμ §¤¥¸Ó ¥¸ÉÓ μ¶·¥¤¥²¥´´Ò¥ É·Ê¤´μ¸É¨, ±μÉμ·Ò¥
¢ ¶·¨´Í¨¶¥ ¶·¥μ¤μ²¨³Ò. ‚ Î ¸É´μ¸É¨, ¤²Ö £¥´¥· Í¨¨ ¨§²ÊÎ¥´¨Ö ¢ ±μ·μÉ±μ-
¢μ²´μ¢μ³ ¤¨ ¶ §μ´¥ É·¥¡Ê¥É¸Ö ¢Ò¸μ± Ö ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢ ¤²Ö
μ¡¥¸¶¥Î¥´¨Ö Ê¸¨²¥´¨Ö G � 1 [4] (G Å ±μÔËË¨Í¨¥´É, ¨²¨ ¶ · ³¥É·, Ê¸¨²¥-
´¨Ö).

‚ Í¥²μ³ ¦¥ ¤²Ö ‹‘� ´¥μ¡Ìμ¤¨³Ò ¸¶¥Í¨ ²Ó´Ò¥ Ô²¥±É·μ´´Ò¥ ¶ÊÎ±¨, ±μ-
Éμ·Ò¥ ¤μ²¦´Ò μ¡² ¤ ÉÓ ¸²¥¤ÊÕÐ¨³¨ ¸¢μ°¸É¢ ³¨:

• ³ ²Ò³ (σE/E) Ô´¥·£¥É¨Î¥¸±¨³ · §¡·μ¸μ³ Ô²¥±É·μ´μ¢;

• ³ ²Ò³ Ô³¨ÉÉ ´¸μ³;

• ¢Ò¸μ±¨³ ¨³¶Ê²Ó¸´Ò³ Éμ±μ³;

• μ£· ´¨Î¥´´μ° ¸´¨§Ê ¤²¨É¥²Ó´μ¸ÉÓÕ ³¨±·μ¨³¶Ê²Ó¸μ¢ Éμ± ;
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’ ¡²¨Í  1. • · ±É¥·¨¸É¨±¨ Ô²¥±É·μ´´ÒÌ Ê¸±μ·¨É¥²¥° ¤²Ö ‹‘�

“¸±μ·¨É¥²Ó E, ŒÔ‚ σE/E, % Imax, A f , ƒÍ
‘¢¥·Ì¶·μ¢μ¤´¨±μ¢Ò°

80Ä120 0,01Ä0,05 4 10
Ê¸±μ·¨É¥²Ó SCA, ‘ÉÔ´Ëμ·¤
‹¨´¥°´Ò° Ê¸±μ·¨É¥²Ó

10Ä20 1 35Ä65 1
‹μ¸-�² ³μ¸¸±μ° ² ¡μ· Éμ·¨¨
‹¨´¥°´Ò° Ê¸±μ·¨É¥²Ó ®” ±¥²¯,

60 5 10 100
Œμ¸±¢ 
� ±μ¶¨É¥²Ó´μ¥ ±μ²ÓÍμ SXRC,

1200 0,06 270 2 · 107

‘ÉÔ´Ëμ·¤
� ±μ¶¨É¥²Ó´μ¥ ±μ²ÓÍμ Super

400 0,03 50 4,8 · 106

ACO, �·¸¥
� ±μ¶¨É¥²Ó´μ¥ ±μ²ÓÍμ NSLS, 350Ä

500
1,5 110 5,9 · 106

	·Ê±Ì¥°¢¥´

�μ¢μ¸¨¡¨·¸±¨° ‹‘� � 12 0,5 20 5,6 · 106−22,4 · 106

• ¡μ²ÓÏμ° ¤²¨É¥²Ó´μ¸ÉÓÕ ³ ±·μ¨³¶Ê²Ó¸μ¢ Éμ± ;

• ¸É ¡¨²Ó´μ¸ÉÓÕ ¶ · ³¥É·μ¢ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¢ É¥Î¥´¨¥ ³ ±·μ¨³¶Ê²Ó-
¸μ¢ Éμ± ;

• ¡μ²ÓÏμ° Ô´¥·£¨¥° ¢ ¨³¶Ê²Ó¸ Ì Éμ± .

�Î¥¢¨¤´μ, ÎÉμ ·¥Ï¥´¨¥ § ¤ Î¨ ¶μ ¸μ§¤ ´¨Õ ‹‘�, £¤¥ Ê¸±μ·¨É¥²Ó Ö¢²Ö-
¥É¸Ö ´¥μÉÑ¥³²¥³μ° Î ¸ÉÓÕ ¢¸¥£μ ±μ³¶²¥±¸ , ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶·¨ ´ ²¨Î¨¨
ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ¸É¨ ³¥¦¤Ê ¶¥·¥Î¨¸²¥´´Ò³¨ ¢ÒÏ¥ ¸¢μ°¸É¢ ³¨. ‚
É ¡². 1 ¶·¨¢¥¤¥´Ò Î¥ÉÒ·¥ Ì · ±É¥·¨¸É¨±¨ ´¥¸±μ²Ó±¨Ì Ê¸¶¥Ï´μ · ¡μÉ ÕÐ¨Ì
Ê¸±μ·¨É¥²¥° ¤²Ö ‹‘� (¸³., ´ ¶·¨³¥·, [4]).

�¸μ¡μ μÉ³¥É¨³ É·¥¡μ¢ ´¨¥ ± Ô´¥·£¥É¨Î¥¸±μ³Ê · §¡·μ¸Ê ¶ÊÎ±  σE/E
(ΔE/E), ±μÉμ·Ò° ´  ²¨´¥°´ÒÌ ‚—-Ê¸±μ·¨É¥²ÖÌ ¸μ¸É ¢²Ö¥É 1 % ¢ μ¡² ¸É¨
Ô´¥·£¨° ∼ 50 ŒÔ‚. �Éμ ¡μ²ÓÏ¥, Î¥³ É·¥¡μ¢ ´¨¥ ¤²Ö ‹‘� ¸ ¡μ²ÓÏ¨³ Î¨¸²μ³
¶¥·¨μ¤μ¢ ¢ μ´¤Ê²ÖÉμ·¥ (N > 50). ‚ ÔÉμ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ
³¥Éμ¤ Ô´¥·£¥É¨Î¥¸±μ° ±μ³¶·¥¸¸¨¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ÎÉμ μ¡¥¸¶¥Î¨É Ê²ÊÎ-
Ï¥´¨¥ ÔÉμ° Ì · ±É¥·¨¸É¨±¨ μÉ μ¤´μ£μ ¶μ·Ö¤±  ¤μ ¤¢ÊÌ ¨ ¡μ²¥¥ [6, 7]!

‹‘�, ¸μ§¤ ´´Ò° ´  ¡ §¥ ¥·¥¢ ´¸±μ£μ ¸¨´Ì·μÉ·μ´ , ¶·¨´Í¨¶¨ ²Ó´μ ¡Ê¤¥É
¸¶μ¸μ¡¥´ · ¡μÉ ÉÓ ± ± ¢ ¤²¨´´μ¢μ²´μ¢ÒÌ ¤¨ ¶ §μ´ Ì (300 ³±³ (∼ 0,004 Ô‚)Ä
0,76 ³±³ (∼ 1,58 Ô‚)), É ± ¨ ¢ ±μ·μÉ±μ¢μ²´μ¢ÒÌ (¤μ ¸¥·¥¤¨´Ò Ê²ÓÉ· -
Ë¨μ²¥Éμ¢μ£μ) ¤¨ ¶ §μ´ Ì (0,4 ³±³ (∼ 3 Ô‚)Ä0,01 ³±³ (∼ 120 Ô‚) ¨ ±μ-
·μÎ¥). • · ±É¥·¨¸É¨±¨ ¥·¥¢ ´¸±μ£μ Ê¸±μ·¨É¥²Ö (É ¡². 2) ¶μ¤É¢¥·¦¤ ÕÉ
¢ÒÏ¥¸± § ´´μ¥.
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’ ¡²¨Í  2. • · ±É¥·¨¸É¨±¨ ¥·¥¢ ´¸±μ£μ ¸¨´Ì·μÉ·μ´ 

�´¥·£¨Ö ˆ³¶Ê²Ó¸ �²¥±É·μ´μ¢ ˆ´¦¥±Éμ· ‘·¥¤´ÖÖ
¶ÊÎ±  ¢ ¸¥±Ê´¤Ê ¢ ¶ÊÎ±¥ �´¥·£¨Ö ’μ± ³μÐ´μ¸ÉÓ

max = 6,1 ƒÔ‚ ¤μ 1012

min = 50 ŒÔ‚ 50 ‚ · ¡μÎ¥³ 50 ŒÔ‚ 170 ³� 1,9 Œ‚É
· ¡μÎ Ö ·¥¦¨³¥
∼ 2 ƒÔ‚ > 1010

‚—-
¸¨¸É¥³ 

�±¸¶¥·¨³¥´É ²Ó´Ò¥
„¨ ³¥É· ¢μ§³μ¦´μ¸É¨
±μ²ÓÍ 

— ¸ÉμÉ 
�·¨·μ¸É Œ ±¸¨³ ²Ó´ Ö �²μÐ ¤¨ ¶μ¤ � ¡μÎ Ö
Ô´¥·£¨¨ ³μÐ´μ¸ÉÓ Ô±¸¶¥·¨³¥´ÉÒ ³μÐ´μ¸ÉÓ

69 ³ 133 ŒƒÍ 720 ±Ô‚/μ¡. 520 ±‚É > 1000 ³2 �É 0,07Ä2 Œ‚É

�  ·¨¸. 4 ¶μ± § ´Ò É¨¶Ò Ê¸±μ·¨É¥²¥°, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
¤²¨´Ò ¢μ²´ ¨§²ÊÎ¥´¨Ö ‹‘�. ‚ ÔÉμ³ ·Ö¤Ê μÉ³¥Î¥´  μ¡² ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¶¥·¢μ°
μÎ¥·¥¤¨ ¶² ´¨·Ê¥³μ£μ ¥·¥¢ ´¸±μ£μ ‹‘�.

“Î¨ÉÒ¢ Ö ¢μ§³μ¦´μ¸É¨ ¸¨´Ì·μÉ·μ´  …·”ˆ ¨ Ô±μ´μ³¨Î¥¸±ÊÕ ¸¨ÉÊ Í¨Õ,
¸Î¨É ¥³ Í¥²¥¸μμ¡· §´Ò³ ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ¸μμ·Ê¤¨ÉÓ ¤²¨´´μ¢μ²´μ¢Ò° ‹‘�.
‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶μÖ¢¨²μ¸Ó ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ± ± ËÊ´¤ ³¥´É ²Ó´ÒÌ, É ±
¨ ¶·¨±² ¤´ÒÌ § ¤ Î, ¤²Ö ¨§ÊÎ¥´¨Ö ¨ ·¥Ï¥´¨Ö ±μÉμ·ÒÌ É·¥¡Ê¥É¸Ö Ô²¥±É·μ³ £-
´¨É´μ¥ ¨§²ÊÎ¥´¨¥ ¢ Î ¸ÉμÉ´μ³ ¤¨ ¶ §μ´¥ 0,1Ä15 ’ƒÍ, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¤²¨´¥
¢μ²´Ò ¨§²ÊÎ¥´¨Ö 300Ä20 ³±³ (¸³. É ¡². 3). ‘μ£² ¸´μ Ëμ·³Ê² ³ (1*), (1**)
μ´¤Ê²ÖÉμ· ¸ Ï £μ³ � ≈ 10 ¸³, £¥´¥·¨·ÊÕÐ¨° ¤²¨´´μ¢μ²´μ¢μ¥ ¨§²ÊÎ¥´¨¥, ¶μ

�¨¸. 4. „¨ ¶ §μ´ ¤²¨´ ¢μ²´ ‹‘� ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ê¸±μ·¨É¥²¨
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� §¢ ´¨¥ „²¨´  �´¥·£¨Ö, — ¸ÉμÉ , ˆ¸ÉμÎ´¨±¨
¤¨ ¶ §μ´  ¢μ²´Ò Ô‚ ƒÍ

�É �É �É³μ¸Ë¥·´Ò¥
1,2 · 10−10 30 ±ƒÍ Ö¢²¥´¨Ö.

�É ¤²¨´´ÒÌ �É 10 ±³ ¤μ ¤μ �¥·¥³¥´´Ò¥ Éμ±¨
� ¤¨μ¢μ²´Ò ¤μ ±μ·μÉ±¨Ì ¤μ 10 ³ 1,2 · 10−7 30 ŒƒÍ ¢ ¶·μ¢μ¤´¨± Ì

Ô‚ ¨ Ô²¥±É·μ´´ÒÌ
¶μÉμ± Ì

(±μ²¥¡ É¥²Ó´Ò¥
±μ´ÉÊ·Ò)

“²ÓÉ· - 10 ³Ä2 ³³ �É 30 ŒƒÍÄ
±μ·μÉ±¨¥ (2 · 103 ³±³) 1,2 · 10−7 15 ƒƒÍ

�É 1 ³³ ¤μ
(1,24 · 10−3 Ô‚) 0,6 · 10−4

�¡² ¸ÉÓ Ô´¥·£¨¨, ˆ´Ë· ±· ¸´μ¥ 2 · 103Ä �É 15 ƒƒÍÄ ˆ§²ÊÎ¥´¨¥
´ ¨¡μ²¥¥ ¨§²ÊÎ¥´¨¥ 0,760 ³±³ 0,6 · 10−4 380 ’ƒÍ ³μ²¥±Ê²

¨´É¥·¥¸´ Ö ¤μ ¨  Éμ³μ¢
¤²Ö ¶·μ¥±É  1,58 Ô‚ ¶·¨ É¥¶²μ¢ÒÌ
‹‘� …·”ˆ ¨ Ô²¥±É·¨Î¥¸±¨Ì

´   ¢£Ê¸É 2009 £. ¢μ§¤¥°¸É¢¨ÖÌ
�¶É¨Î¥¸±μ¥ ‚¨¤¨³μ¥ 0,76Ä �É 1,58 380Ä
¨§²ÊÎ¥´¨¥ ¨§²ÊÎ¥´¨¥ 0,4 ³±³ ¤μ 3,0 Ô‚ 725 ’ƒÍ

‚Éμ·μ° ÔÉ ¶ “²ÓÉ· - 0,4Ä �É 7,25 · 1014Ä ˆ§²ÊÎ¥´¨¥
· §¢¨É¨Ö Ë¨μ²¥Éμ¢μ¥ 0,01 ³±³ 3 Ô‚ 2,9 · 1016 ƒÍ  Éμ³μ¢ ¶μ¤

¥·¥¢ ´¸±μ£μ ‹‘� ¤μ ¢μ§¤¥°¸É¢¨¥³
μÉ 3Ä420 Ô‚ 120 Ô‚ Ê¸±μ·¥´´ÒÌ

¤μ 10 ±Ô‚ (·¥´É£¥´) Ô²¥±É·μ´μ¢
0,01Ä �É 2,9 · 1016Ä �Éμ³´Ò¥

5 · 10−6 ³±³ 100 Ô‚ 5,9 · 1019 ƒÍ ¶·μÍ¥¸¸Ò
¤μ ¶·¨ ¢μ§¤¥°¸É¢¨¨

240 ±Ô‚ Ê¸±μ·¥´´ÒÌ
�¥´É£¥´μ¢¸±μ¥ § ·Ö¦¥´´ÒÌ

Î ¸É¨Í
ˆμ´¨§¨·ÊÕÐ¥¥
Ô²¥±É·μ³ £´¨É´μ¥

¨§²ÊÎ¥´¨¥
Œ¥´¥¥ �É 	μ²¥¥ Ÿ¤¥·´Ò¥

5 · 10−6 ³±³ 200 ±Ô‚ 5,9 · 1019 ƒÍ ¨ ±μ¸³¨Î¥¸±¨¥
ƒ ³³  ¤μ ¶·μÍ¥¸¸Ò,

1014 Ô‚ · ¤¨μ ±É¨¢´Ò°
´  08.2009 £. · ¸¶ ¤

¤²¨´¥ ¡Ê¤¥É ¢ ¶·¥¤¥² Ì μÉ 2 ¤μ 10 ³ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¤²¨´Ò ¢μ²´Ò ¨§²ÊÎ¥´¨Ö
¨ μÉ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢.

�  ·¨¸. 5 ¶·¨¢¥¤¥´  ¡²μ±-¸Ì¥³  ±μ²ÓÍ¥¢μ£μ ¸¨´Ì·μÉ·μ´ , ¶·¥¤¶μ²μ¦¨-
É¥²Ó´μ ¥·¥¢ ´¸±μ£μ, · ¡μÉ ÕÐ¥£μ ± ± ¢ ± Î¥¸É¢¥ Ê¸±μ·¨É¥²Ö ´  ¢Ò¢¥¤¥´´μ³
¶ÊÎ±¥, É ± ¨ ¢ ± Î¥¸É¢¥ ‹‘�.
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�¨¸. 5. “¸²μ¢´ Ö ¡²μ±-¸Ì¥³  ¥·¥¢ ´¸±μ£μ ‹‘�. �·¥¤¸É ¢²¥´ μ´¤Ê²ÖÉμ· ‹‘�, ¨§²ÊÎ -
ÕÐ¨° ¢ ¤²¨´´μ¢μ²´μ¢μ³ (¨´Ë· ±· ¸´μ³) ¤¨ ¶ §μ´¥

��ˆŒ…�…�ˆ… ‹‘�

ˆ´É¥·¥¸ ± ´¨§±μÎ ¸ÉμÉ´Ò³ ‹‘� μ¡Ê¸²μ¢²¥´ É¥³, ÎÉμ É¥· £¥·Í¥¢μ¥ ¨§²Ê-
Î¥´¨¥ μ¡² ¤ ¥É ¸²¥¤ÊÕÐ¨³¨ Ê´¨± ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨:

• ¶² ¢´ Ö ¶¥·¥¸É·μ°±  Î ¸ÉμÉÒ ¨§²ÊÎ¥´¨Ö ‹‘�;

• ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 0,04Ä0,004 Ô‚ ¨§²ÊÎ¥´¨¥ ´¥ ¨μ´¨§¨·ÊÕÐ¥¥;

• ¨§-§  ·¥§±μ£μ ¶μ¤ ¢²¥´¨Ö ·Ô²¥¥¢¸±μ£μ · ¸¸¥Ö´¨Ö (σR-¸¥Î¥´¨¥)

⎛
⎝ σR ∼ (ν/ν0)4, ν � ν0,

ν Å Î ¸ÉμÉ  · ¸¸¥¨¢ ¥³μ£μ ²ÊÎ ,
ν0 Å ¸μ¡¸É¢¥´´ Ö Î ¸ÉμÉ  · ¸¸¥¨¢ É¥²Ö

⎞
⎠

¨§²ÊÎ¥´¨¥ ¶·μÌμ¤¨É Î¥·¥§ ´¥¶·μ§· Î´ÊÕ (³ÊÉ´ÊÕ) ¸·¥¤Ê, ³¥²±μ¤¨¸¶¥·¸´Ò¥
³ É¥·¨ ²Ò;
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• Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· É ±μ£μ ¨§²ÊÎ¥´¨Ö ¸μ¢¶ ¤ ¥É ¸ ¢· Ð É¥²Ó´Ò³
¸¶¥±É·μ³ ³μ²¥±Ê², Î ¸ÉμÉ  ±μ²¥¡ ´¨° ¸μ¢¶ ¤ ¥É ¸ Î ¸ÉμÉμ° ±μ²¥¡ ´¨°
±μ²²¥±É¨¢´ÒÌ ³μ¤ „�Š ¨ ¡¥²±μ¢!

• ¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ‹‘� ³μ¦´μ ´ ¸É· ¨¢ ÉÓ ´  ¢·¥³Ö, ³¥´ÓÏ¥¥ ¢·¥-
³¥´¨ ·¥² ±¸ Í¨¨ ³μ²¥±Ê²;

• ÔÉμ μ¡² ¸ÉÓ ¢μ¤μ·μ¤´ÒÌ ¸¢Ö§¥°, ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¸¨² ³¥¦³μ²¥±Ê²Ö·-
´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö;

• ËμÉμ´Ò É¥· £¥·Í¥¢μ£μ ¨§²ÊÎ¥´¨Ö ¶¥·¥±·Ò¢ ÕÉ Ô´¥·£¥É¨Î¥¸±ÊÕ Ð¥²Ó
¸¢¥·Ì¶·μ¢μ¤´¨±μ¢;

• ÔÉμ μ¡² ¸ÉÓ Ô´¥·£¨°, £¤¥ ´ Î¨´ ¥É¸Ö ´ ´μÉ¥Ì´μ²μ£¨Ö, £¤¥ ‹‘� ³μ¦¥É ¢Ò-
¸ÉÊ¶ ÉÓ ± ± ¢ ± Î¥¸É¢¥ É¥¸É¨·ÊÕÐ¥£μ ¨ ±μ´É·μ²¨·ÊÕÐ¥£μ ¨´¸É·Ê³¥´É ,
É ± ¨ ¢ ± Î¥¸É¢¥ ±μ´¸É·Ê±Éμ· !

�¥·¥Î¨¸²¥´´Ò¥ ¸¢μ°¸É¢  É¥· £¥·Í¥¢μ£μ ¨§²ÊÎ¥´¨Ö ¶μ§¢μ²ÖÕÉ ·¥Ï ÉÓ ·Ö¤
Î·¥§¢ÒÎ °´μ  ±ÉÊ ²Ó´ÒÌ ¶·¨±² ¤´ÒÌ § ¤ Î.

��ˆŠ‹�„�›… ‡�„�—ˆ, �…˜�…Œ›… ‘ ��Œ�™œ
 ‹‘�

1. ”¨§¨±μ-Ì¨³¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö.

2. 	¨μ²μ£¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö.

3. Œμ²¥±Ê²Ö·´ Ö ¸¶¥±É·μ¸±μ¶¨Ö.

4. Œ¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö.

5. ‘¶¥±É·μ¸±μ¶¨Ö, ¨´É·μ¸±μ¶¨Ö.

6. ”¨§¨±  É¢¥·¤μ£μ É¥² .

7. � ´μÉ¥Ì´μ²μ£¨Ö.

”¨§¨±μ-Ì¨³¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö

• ˆ¸¶μ²Ó§μ¢ ´¨¥ ’ƒÍ-¨§²ÊÎ¥´¨Ö ‹‘� ¤²Ö · ¸¶μ§´ ¢ ´¨Ö Ì¨³¨Î¥¸±¨Ì ¢¥-
Ð¥¸É¢. ‚ Î ¸É´μ¸É¨, ¢ ±·¨³¨´ ²¨¸É¨±¥.

• „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ‹‘� ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ ¢·¥³¥´¨ ·¥² ±¸ Í¨¨
³μ²¥±Ê², ¸²¥¤μ¢ É¥²Ó´μ, ³μ¦´μ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ ±μ´É·μ²¨·μ¢ ÉÓ
Ì¨³¨Î¥¸±¨¥ ¶·μÍ¥¸¸Ò ¸ ÊÎ ¸É¨¥³ ¢Ò¤¥²¥´´ÒÌ ¸¢Ö§¥°. � ´μÉ¥Ì´μ²μ£¨-
Î¥¸±¨¥  ¸¶¥±ÉÒ Ì¨³¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢.

• ˆ§ÊÎ¥´¨¥ Ì¨³¨Î¥¸±¨Ì Í¥¶´ÒÌ ·¥ ±Í¨° ¸ ² §¥·´Ò³ ¢μ§¡Ê¦¤¥´¨¥³, ±μ-
£¤  ËμÉμ¤¨¸¸μÍ¨ Í¨Ö μ¤´μ° ³μ²¥±Ê²Ò ¡Ê¤¥É ¶·¨¢μ¤¨ÉÓ ± μ¡· §μ¢ ´¨Õ
¡μ²ÓÏμ£μ Î¨¸²  ¤·Ê£¨Ì ¨ ¶·¨¡²¨§¨É μ¡Ñ¥³ ¶μ²ÊÎ ¥³μ° ¶·μ¤Ê±Í¨¨ ±
¶·μ³ÒÏ²¥´´Ò³ ³ ¸ÏÉ ¡ ³!
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• ˜¨·μ± Ö ¶¥·¥¸É·μ°±  Î ¸ÉμÉÒ ¨ ¢Ò¸μ± Ö ÔËË¥±É¨¢´μ¸ÉÓ ¤¥² ¥É ·¥ ²Ó-
´Ò³ ² §¥·´μ¥ (‹‘�) · §¤¥²¥´¨¥ ¨ μ¡μ£ Ð¥´¨¥ ¨§μÉμ¶μ¢!

• ‚ ˆŠ-¤¨ ¶ §μ´¥ (∼ 100 ³±³) ¢ Ô´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨ ËμÉμ´μ¢, £¤¥
Eγ ∼ kT , ¨§²ÊÎ¥´¨¥ ‹‘� ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ´¨§±μ-
Ô´¥·£¥É¨Î¥¸±¨Ì ¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ ¸μ¸ÉμÖ´¨°.

�¨μ²μ£¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö

• ˆ¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö É¥· £¥·Í¥¢μ£μ ¨§²ÊÎ¥´¨Ö ´  ¡¨μ²μ£¨Î¥¸±¨¥ μ¡Ñ-
¥±ÉÒ ¢ Í¥²μ³ ± ± ´  ¶·μ¢μ¤´¨±μ¢ Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö.

• ˆ§ÊÎ¥´¨¥  ¡²ÖÍ¨¨ ¡¨μ²μ£¨Î¥¸±¨Ì μ¡Ñ¥±Éμ¢ ¨ ³¨´¥· ²Ó´ÒÌ ³ É¥·¨ ²μ¢.

• ‘ ¶μ³μÐÓÕ  ¡²ÖÍ¨¨ ¢μ§³μ¦´μ μ¸ÊÐ¥¸É¢²¥´¨¥ ¸· ¢´¨É¥²Ó´μ£μ  ´ ²¨§ 
¡¨μÎ¨¶μ¢ · §´μ£μ ¶·μ¨§¢μ¤¸É¢ .

• ˆ§ÊÎ¥´¨¥ ¸¶¥±É·μ¢ ¶μ£²μÐ¥´¨Ö ¡¨μ²μ£¨Î¥¸±¨Ì ³ ±·μ³μ²¥±Ê².

Œμ²¥±Ê²Ö·´ Ö ¸¶¥±É·μ¸±μ¶¨Ö

• ˆ§ÊÎ¥´¨¥ ¸¶¥±É·  £ §μ¢.

• ˆ§ÊÎ¥´¨¥ ¶·μÌμ¦¤¥´¨Ö ’ƒÍ-¨§²ÊÎ¥´¨Ö Î¥·¥§  É³μ¸Ë¥·Ê, ÉÊ³ ´ ¨ ¢μ§¤ÊÌ,
¸μ¤¥·¦ Ð¨¥ ¢μ¤Ö´Ò¥ ± ¶²¨.

• „¨¸É ´Í¨μ´´μ¥ §μ´¤¨·μ¢ ´¨¥ ¢¥·Ì´¨Ì ¸²μ¥¢  É³μ¸Ë¥·Ò (´  ¢Ò¸μÉ Ì
100Ä500 ±³) ³¥Éμ¤ ³¨ ·¥§μ´ ´¸´μ° Ë²Êμ·¥¸Í¥´Í¨¨.

• ˆ¸¸²¥¤μ¢ ´¨Ö ¸¢μ°¸É¢ ¶² ³¥´¨.

Œ¥¤¨±μ-¡¨μ²μ£¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö

• ˆ§ÊÎ¥´¨¥ ¨§³¥´¥´¨° ¸É·Ê±ÉÊ·Ò „�Š, ¡¥²±μ¢ ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ±¢ ´Éμ¢
¸ ÊÎ¥Éμ³ Éμ£μ Ë ±É , ÎÉμ Ô´¥·£¨Ö ¢μ¤μ·μ¤´ÒÌ ¸¢Ö§¥° ³μ²¥±Ê² ¸μ¶μ¸É -
¢¨³  ¸ Ô´¥·£¨° ±¢ ´Éμ¢ (120 ³±³ (0,01 Ô‚)Ä240 ³±³ (0,005 Ô‚)) ²ÊÎ 
‹‘�.

• ˆ§ÊÎ¥´¨¥ § ¢¨¸¨³μ¸É¨  ¡²ÖÍ¨¨ ¡¨μ²μ£¨Î¥¸±¨Ì ³ ±·μ³μ²¥±Ê² μÉ · §³¥-
·μ¢ ³μ²¥±Ê² ¨ ¸¶¥±É·  ¶μ£²μÐ¥´¨Ö.

• ˆ§ÊÎ¥´¨¥ ¸¢μ°¸É¢ ±²¥ÉμÎ´ÒÌ ³¥³¡· ´.

• ˆ§ÊÎ¥´¨¥ ¨´Ëμ·³ Í¨μ´´μ£μ (¸¶¥Í¨Ë¨Î¥¸±¨¥ Ô²¥±É·μ³ £´¨É´Ò¥ ¸¨£´ ²Ò)
μ¡³¥´  ³¥¦¤Ê ¨¤¥´É¨Î´Ò³¨ (¸¢μ¨³¨) ¨ ´¥¨¤¥´É¨Î´Ò³¨ (ÎÊ¦¨³¨) ³μ²¥-
±Ê² ³¨!!!

‘¶¥±É·μ¸±μ¶¨Ö, ¨´É·μ¸±μ¶¨Ö

• ˆ§ÊÎ¥´¨¥ ³¥Éμ¤μ³ ¸¶¥±É·μ¸±μ¶¨¨ ¨ ¸¶¥±É· ²Ó´μ-¸¥²¥±É¨¢´μ° ¨´É·μ-
¸±μ¶¨¨ ´¥μ·£ ´¨Î¥¸±¨Ì ¨ μ·£ ´¨Î¥¸±¨Ì ¢¥Ð¥¸É¢,   É ±¦¥ ¡¨μ²μ£¨Î¥-
¸±¨Ì ³ É¥·¨ ²μ¢ ¨ μ¡Ñ¥±Éμ¢.

• ’¥· £¥·Í¥¢ Ö · ¤¨μ¸±μ¶¨Ö ±μ´¤¥´¸¨·μ¢ ´´ÒÌ ¸·¥¤, É¥´¥¢ÒÌ ¨ £μ²μ£· -
Ë¨Î¥¸±¨Ì ¸¨¸É¥³.
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��ƒ��ˆ‡�–ˆˆ, ‡�ˆ�’…�…‘�‚���›… ‚ …�…‚��‘Š�Œ ‹‘�

–¥²¥¸μμ¡· §´μ · ¸¸³ É·¨¢ ÉÓ ¥·¥¢ ´¸±¨° ‹‘� ± ± ·¥£¨μ´ ²Ó´ÊÕ ¡ §Ê
¤²Ö ¨¸¸²¥¤μ¢ ´¨° Ô²¥±É·μ³ £´¨É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ËμÉμ´μ¢ ¸ ¢¥Ð¥¸É¢μ³ ¢
¨´Ë· ±· ¸´μ³ ¨ ·¥´É£¥´μ¢¸±μ³ ¤¨ ¶ §μ´ Ì ¸¶¥±É· . ‚ ¶¥·¢μ³ ¶·¨¡²¨¦¥´¨¨
³μ¦´μ · ¸¸³μÉ·¥ÉÓ ¸²¥¤ÊÕÐ¨Ì ·¥£¨μ´ ²Ó´ÒÌ ¶μÉ·¥¡¨É¥²¥° ‹‘�.

�μ¸¸¨Ö
1. �ˆŸˆ, „Ê¡´ 

1) � ´μÉ¥Ì´μ²μ£¨Ö. 2) �¨μÉ¥Ì´μ²μ£¨Ö. 3) �´±μ²μ£¨Ö. 4) ˆ§ÊÎ¥´¨¥
¸¢μ°¸É¢ É¢¥·¤ÒÌ É¥².

2. “´¨¢¥·¸¨É¥ÉÒ ¨ ¶·μË¨²Ó´Ò¥ ¨´¸É¨ÉÊÉÒ �¦´μ£μ  ¤³¨´¨¸É· É¨¢´μ£μ
μ±·Ê£  (�μ¸Éμ¢¸± Ö μ¡² ¸ÉÓ, Š· ¸´μ¤ ·¸±¨° ±· °)

1) �¨μÌ¨³¨Ö. 2) �¨μË¨§¨± . 3) �´±μ²μ£¨Ö.
�·³¥´¨Ö

1. ˆ´¸É¨ÉÊÉ ³μ²¥±Ê²Ö·´μ° ¡¨μ²μ£¨¨ (³μ²¥±Ê²Ö·´μ-±²¥ÉμÎ´μ° ¡¨μ²μ£¨¨).
2. ˆ´¸É¨ÉÊÉ ¡¨μÌ¨³¨¨ ¨³. ƒ. •. 	Ê´ ÉÖ´ .
3. �·³Ö´¸± Ö ¸¥²Ó¸±μÌμ§Ö°¸É¢¥´´ Ö  ± ¤¥³¨Ö.
4. ˆ´¸É¨ÉÊÉ ¶·¨±² ¤´ÒÌ ¶·μ¡²¥³ ��� �·³¥´¨¨.
5. …·¥¢ ´¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É.
6. ˆ´¦¥´¥·´Ò° Ê´¨¢¥·¸¨É¥É.
7. ˆ´¸É¨ÉÊÉ ¶·¨±² ¤´ÒÌ ¶·μ¡²¥³ ��� �·³¥´¨¨.

„²Ö ¶·¨³¥·  ¶·¨¢¥¤¥³ ±·Ê£ ¨´É¥·¥¸μ¢ μ¤´μ£μ ÔÉμ£μ ¨´¸É¨ÉÊÉ :
Å ¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¨§²ÊÎ¥´¨Ö (³¥¸¸¡ ÊÔ·μ¢¸±μ£μ,

μ¶É¨Î¥¸±μ£μ, ·¥´É£¥´μ¢¸±μ£μ, ‘‚—) ¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í (´¥°É·μ´Ò, Ô²¥±-
É·μ´Ò, ¶μ§¨É·μ´Ò) ¸ É¢¥·¤Ò³¨ É¥² ³¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¨Ì ¢μ§¡Ê¦¤¥´¨°
( ±Ê¸É¨Î¥¸±¨¥ ¢μ²´Ò, É¥³¶¥· ÉÊ·´Ò¥ £· ¤¨¥´ÉÒ, Ô²¥±É·¨Î¥¸±¨¥, ³ £´¨É´Ò¥
¨ Ô²¥±É·μ³ £´¨É´Ò¥ ¶μ²Ö);

Å Ê¶· ¢²¥´¨¥ ¶ · ³¥É· ³¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ¶μ¸·¥¤¸É¢μ³
 ±Ê¸É¨Î¥¸±¨Ì ¶μ²¥°;

Å · §¢¨É¨¥ É¥μ·¨¨ ± É ¸É·μË ¤²Ö μ¶¨¸ ´¨Ö Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢ ¢ Ë¨§¨-
Î¥¸±¨Ì ¸¨¸É¥³ Ì ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¨Ì ¢μ§¡Ê¦¤¥´¨° ( ±Ê¸É¨Î¥¸±¨¥ ¢μ²´Ò,
É¥³¶¥· ÉÊ·  ¨ Ô²¥±É·μ³ £´¨É´Ò¥ ¶μ²Ö);

Å ¢²¨Ö´¨¥ ¢´¥Ï´¨Ì Ë ±Éμ·μ¢ (¤ ¢²¥´¨¥,  ±Ê¸É¨Î¥¸±¨¥ ¢μ²´Ò, Ô²¥±É·¨-
Î¥¸±¨¥ ¨ ³ £´¨É´Ò¥ ¶μ²Ö) ´  Ë¨§¨Î¥¸±¨¥, Ô²¥±É·μË¨§¨Î¥¸±¨¥ ¨ ±μ´É ±É-
´Ò¥ ¸¢μ°¸É¢  ³ É¥·¨ ²μ¢ (¶μ²Ê¶·μ¢μ¤´¨±¨, ¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò¥ £¥É¥·μ£¥´-
´Ò¥ ¸¢Ö§¨, ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´Ò¥ ¸¢¥·Ì¶·μ¢μ¤´¨±¨, ¦¨¤±¨¥ ±·¨¸É ²²Ò);
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Å μ¡· É´Ò¥ § ¤ Î¨ ¢ ¸¶¥±É·μ¸±μ¶¨¨ É¢¥·¤μ£μ É¥² ,  ±Ê¸É¨± , ³ É¥·¨-
 ²μ¢¥¤¥´¨¥, ¨´Ëμ·³ Í¨μ´´Ò° μ¡³¥´ ³¥¦¤Ê ¡¨μ²μ£¨Î¥¸±¨³¨ μ¡Ñ¥±É ³¨.

8. ˆ´¸É¨ÉÊÉ Ì¨³¨Î¥¸±μ° Ë¨§¨±¨ ¨³. �. 	.� ²¡ ´¤Ö´ .
9. � ÊÎ´Ò° Í¥´É· μ´±μ²μ£¨¨.
10. –¥´É· ³¨±·μ¡¨μ²μ£¨¨ ¨ ¤¥¶μ´¨·μ¢ ´¨Ö ³¨±·μμ·£ ´¨§³μ¢.
11. ˆˆˆ ¡¨μÉ¥Ì´μ²μ£¨¨ Œ� ��.

ƒ·Ê§¨Ö
’ƒ“, ��� ƒ·Ê§¨¨.
1) �¨μÌ¨³¨Ö. 2) �¨μË¨§¨± . 3) �´±μ²μ£¨Ö.
ˆ· ´
“´¨¢¥·¸¨É¥ÉÒ ¨ ¶·μË¨²Ó´Ò¥ ¨´¸É¨ÉÊÉÒ.

1) �¨μÉ¥Ì´μ²μ£¨¨. 2) •¨³¨Ö, ¡¨μÌ¨³¨Ö. 3) �¨μË¨§¨Î¥¸±¨¥ ¶·μ¡²¥³Ò.
4) ‚μ¶·μ¸Ò μ´±μ²μ£¨¨.

‘¨·¨Ö
“´¨¢¥·¸¨É¥ÉÒ ¨ ¶·μË¨²Ó´Ò¥ ¨´¸É¨ÉÊÉÒ.

1) �¨μÉ¥Ì´μ²μ£¨¨. 2) •¨³¨Ö, ¡¨μÌ¨³¨Ö. 3) �¨μË¨§¨Î¥¸±¨¥ ¶·μ¡²¥³Ò.
4) ‚μ¶·μ¸Ò μ´±μ²μ£¨¨.

�² £μ¤ ·´μ¸É¨. ‚ § ±²ÕÎ¥´¨¥ ¸Î¨É Õ ´¥μ¡Ìμ¤¨³Ò³ ¢Ò· §¨ÉÓ £²Ê¡μ±ÊÕ
¡² £μ¤ ·´μ¸ÉÓ ‘.ˆ. ’ÕÉÕ´´¨±μ¢Ê §  ¶·¥¤μ¸É ¢²¥´´ÊÕ ¢μ§³μ¦´μ¸ÉÓ § ´ÖÉÓ¸Ö
¶·μ¡²¥³ ³¨ ² §¥·´μ£μ Ê¸±μ·¥´¨Ö ¨ ¢μ¶·μ¸ ³¨, ¸¢Ö§ ´´Ò³¨ ¸ ‹‘�.

�¸μ¡μ ÌμÎ¥É¸Ö μÉ³¥É¨ÉÓ ÊÎ ¸É¨¥ ‘.�. ‘¥¤ÒÌ ¨ �.Š.Š ³¨´¸±μ£μ ¢ μ¡¸Ê-
¦¤¥´¨ÖÌ ¨ ¶μ¡² £μ¤ ·¨ÉÓ §  ¶·μÖ¢²¥´´μ¥ ¨³¨ ¶·¨¸É ²Ó´μ¥ ¢´¨³ ´¨¥ ± · ¡μÉ¥
¨ Í¥´´Ò¥ § ³¥Î ´¨Ö.

‚Ò· ¦ Õ ¨¸±·¥´´ÕÕ ¡² £μ¤ ·´μ¸ÉÓ ¸μÉ·Ê¤´¨± ³ Ê¸±μ·¨É¥²Ó´μ£μ μÉ¤¥² 
…·”ˆ ‚.�¨±μ£μ¸Ö´Ê (´ Î ²Ó´¨±Ê μÉ¤¥² ), Œ. �¥É·μ¸Ö´Ê (§ ¢. ² ¡μ· Éμ·¨¥°)
¨ �. ƒ § §Ö´Ê §  ¶μ¤·μ¡´μ¥ μ¡¸Ê¦¤¥´¨¥ ¶·μ¥±É  ¨ ¶·μÖ¢²¥´´Ò° ¨´É¥·¥¸ ±
ÔÉμ°, ´ ¤¥Õ¸Ó, ¢ ¤ ²Ó´¥°Ï¥³ ¸μ¢³¥¸É´μ° · ¡μÉ¥.

�¥¢μ§³μ¦´μ ´¥ ¢Ò· §¨ÉÓ ¶·¨§´ É¥²Ó´μ¸ÉÓ ƒ. ƒÊ²± ´Ö´Ê §  ¶μ¤¤¥·¦±Ê ¨
¶μ´¨³ ´¨¥!

‹ˆ’…��’“��

1. ƒ¨´§¡Ê·£ ‚. ‹. // ˆ§¢. �� ‘‘‘�, ¸¥·. Ë¨§. 1947. ’. 11. ‘. 1932;
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