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a �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 
¡ �ˆ“ ®� Í¨μ´ ²Ó´Ò° ´ ÊÎ´μ-ÊÎ¥¡´Ò° Í¥´É· Ë¨§¨±¨ Î ¸É¨Í ¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°¯

	¥²μ·Ê¸¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É , Œ¨´¸±
¢ “� ®	¥²μ·Ê¸¸±¨° £μ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨´Ëμ·³ É¨±¨ ¨ · ¤¨μÔ²¥±É·μ´¨±¨¯, Œ¨´¸±

�·¥¤²μ¦¥´ ¶·¥Í¨§¨μ´´Ò° ³¥Éμ¤ ¨§³¥·¥´¨Ö Ê²ÓÉ· ¢Ò¸μ±¨Ì ¸μ¡¸É¢¥´´ÒÌ ¤μ¡·μÉ´μ¸É¥° ¸¢¥·Ì-
¶·μ¢μ¤ÖÐ¨Ì ·¥§μ´ Éμ·μ¢, μ¸´μ¢ ´´Ò° ´  ¢μ§¡Ê¦¤¥´¨¨ ±μ²¥¡ ´¨° ¢ ·¥§μ´ Éμ·¥ Ô²¥±É·μ´´Ò³ ¶μ-
Éμ±μ³. �·¨ É ±μ³ ¨§³¥·¥´¨¨ ·¥§μ´ Éμ· ´¥ ¸¢Ö§ ´ ¸ ± ±¨³¨-²¨¡μ ¢´¥Ï´¨³¨ ‘‚—-Í¥¶Ö³¨, ¥£μ
¸μ¡¸É¢¥´´ Ö ¤μ¡·μÉ´μ¸ÉÓ μ¶·¥¤¥²Ö¥É¸Ö ¶μ ¶μÉ¥·¥ ³μÐ´μ¸É¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ± , ±μÉμ· Ö ³μ¦¥É
¡ÒÉÓ ¨§³¥·¥´  ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ.

A high-precision method is proposed for measuring of ultra-high unloaded Q-factor of superconduct-
ing cavities by excitation of oscillations in the cavity by an electron beam. In this measuring technique
the cavity is not connected to any external microwave circuits and its unloaded Q-factor is determined
by power losses of the electron beam which can be measured with high accuracy.
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ˆ§³¥·¥´¨¥ Ê²ÓÉ· ¢Ò¸μ±¨Ì ¸μ¡¸É¢¥´´ÒÌ ¤μ¡·μÉ´μ¸É¥° ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ·¥§μ´ Éμ·μ¢
²¨´¥°´ÒÌ Ê¸±μ·¨É¥²¥° ¢ ¤¨ ¶ §μ´¥ Q ∼ 108−1010 Ö¢²Ö¥É¸Ö É·Ê¤´μ· §·¥Ï¨³μ° ¶·μ¡²¥-
³μ° ¤²Ö É· ¤¨Í¨μ´´ÒÌ ‘‚—-³¥Éμ¤μ¢ [1Ä3]. ‚μ-¶¥·¢ÒÌ, É·¥¡Ê¥É¸Ö  ¶¶ · ÉÊ·  ¸ Ê´¨-
± ²Ó´Ò³¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶ · ³¥É· ³¨ · §·¥Ï¥´¨Ö. � ¶·¨³¥·, ¶·¨ ·¥§μ´ ´¸´μ°
Î ¸ÉμÉ¥ ·¥§μ´ Éμ·  f0 = 1,3 · 109 ƒÍ ¤¥¢¨ Í¨Ö Î ¸ÉμÉÒ ¶¨É ÕÐ¥£μ £¥´¥· Éμ·  ´¥ ¤μ²¦´ 
¶·¥¢ÒÏ ÉÓ n · 1,3 · 10−3 ƒÍ, £¤¥ n [%] Å ¤μ¶Ê¸± ¥³ Ö ¶μ£·¥Ï´μ¸ÉÓ ¢ μ¶·¥¤¥²¥´¨¨ ¤μ-
¡·μÉ´μ¸É¨ [1]. ‚μ-¢Éμ·ÒÌ, ¶·¨ · ¸¸³ É·¨¢ ¥³ÒÌ ¢¥²¨Î¨´ Ì ¤μ¡·μÉ´μ¸É¨ ¶μ·Ö¤±  1010

¤μ¡·μÉ´μ¸É¨, ¨§³¥·Ö¥³Ò¥ ¶μ ¨´±·¥³¥´ÉÊ § ÉÊÌ ´¨Ö ¨ ¶μ Ï¨·¨´¥ ·¥§μ´ ´¸´μ° ±·¨¢μ°,
· §²¨Î ÕÉ¸Ö ¶μ μ¶·¥¤¥²¥´¨Õ. ‚-É·¥ÉÓ¨Ì, ¢´μ¸¨³ÊÕ ¢´¥Ï´ÕÕ ¤μ¡·μÉ´μ¸ÉÓ, μ¶·¥¤¥²Ö¥-
³ÊÕ ¸¢Ö§ÓÕ ·¥§μ´ Éμ·  ¸ ¢´¥Ï´¨³¨ ¨§³¥·¨É¥²Ó´Ò³¨ Í¥¶Ö³¨, ´¥μ¡Ìμ¤¨³μ ÉμÎ´μ ÊÎ¥¸ÉÓ
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¤²Ö ¶¥·¥· ¸Î¥É  ¸μ¡¸É¢¥´´μ° ¤μ¡·μÉ´μ¸É¨ ¶μ ·¥§Ê²ÓÉ É ³ ¨§³¥·¥´¨°, ÎÉμ ´¥ ¢¸¥£¤  ¢μ§-
³μ¦´μ.

„²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ´Ê¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤Ò, ¨§¡ ¢²¥´´Ò¥ μÉ ´¥μ¡Ìμ¤¨³μ¸É¨
¢¢¥¤¥´¨Ö ¢ ·¥§μ´ Éμ· Ô²¥³¥´Éμ¢ ¸¢Ö§¨. ’ ±¨³ ³¥Éμ¤μ³ ³μ¦¥É ¸²Ê¦¨ÉÓ ¸¶μ¸μ¡ μ¶·¥¤¥²¥´¨Ö
¤μ¡·μÉ´μ¸É¨ ¶μ ´ ¡²Õ¤¥´¨Õ ¢μ§´¨±´μ¢¥´¨Ö £¥´¥· Í¨¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢, ¶·μ´¨§Ò¢ Õ-
Ð¥£μ ·¥§μ´ Éμ·. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶μ ¨§³¥·¥´¨Õ · §´μ¸É¨ ³μÐ´μ¸É¨ ¢Ìμ¤ÖÐ¥£μ ¢ ·¥§μ´ Éμ·
¨ ¢ÒÌμ¤ÖÐ¥£μ ¨§ ´¥£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¶·¨ ´ ²¨Î¨¨ £¥´¥· Í¨¨ ³μ¦´μ μ¶·¥¤¥²¨ÉÓ
¤μ¡·μÉ´μ¸ÉÓ ·¥§μ´ Éμ· .

‚ ¶·¥¤² £ ¥³μ³ ³¥Éμ¤¥ Ê± § ´´Ò¥ ¢ÒÏ¥ ¶·μ¡²¥³Ò ¸´¨³ ÕÉ¸Ö:

1) ´¥ É·¥¡Ê¥É¸Ö ¶·¥Í¨§¨μ´´ Ö ‘‚—- ¶¶ · ÉÊ· ;

2) ¨¸¸²¥¤Ê¥³Ò° ·¥§μ´ Éμ· ¶μ²´μ¸ÉÓÕ  ¢Éμ´μ³¥´, É. ¥. ´¥ ¸¢Ö§ ´ ¸ ± ±¨³¨-²¨¡μ ¢´¥Ï-
´¨³¨ ‘‚—-Í¥¶Ö³¨;

3) ¤μ¡·μÉ´μ¸ÉÓ μ¶·¥¤¥²Ö¥É¸Ö ¶μ ¶μÉ¥·¥ ³μÐ´μ¸É¨ ¶ÊÎ±μ³ Ô²¥±É·μ´μ¢ ¨ ¶μ ¶Ê¸±μ¢μ³Ê
Éμ±Ê, ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ ¨§³¥·¥´Ò ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ.

Š·μ³¥ Éμ£μ, μ¶·¥¤¥²Ö¥³ Ö ¤μ¡·μÉ´μ¸ÉÓ ¨³¥¥É ÉμÉ ¦¥ ¸³Ò¸², ÎÉμ ¨ ¶·¨ · ¡μÉ¥ ·¥§μ´ -
Éμ·  ¢ Ê¸±μ·¨É¥²¥,   ¶ÊÎμ± Ô²¥±É·μ´μ¢ · ¸¶μ²μ¦¥´ ÉμÎ´μ É ± ¦¥, ± ± ¨ ¶ÊÎμ± Ê¸±μ·Ö¥³ÒÌ
Ô²¥±É·μ´μ¢, É. ¥. ¸¢Ö§Ó ¶μÉμ±  ¸ ¶μ²¥³ ·¥§μ´ Éμ·  É  ¦¥, ÎÉμ ¨ ¢ Ê¸±μ·¨É¥²¥.

1. Œ…’�„ˆŠ� ˆ‡Œ…�…�ˆ‰

‚ μ¸´μ¢¥ ¶·¥¤² £ ¥³μ£μ ³¥Éμ¤  ¨§³¥·¥´¨Ö ¤μ¡·μÉ´μ¸É¨ ²¥¦¨É ³μ´μÉ·μ´´ Ö £¥´¥· -
Í¨Ö ‘‚—-¶μ²Ö ¢ Ô²¥±É·μ´´μ-²ÊÎ¥¢μ³ ¤¨μ¤¥ (³μ´μÉ·μ´¥), ¶·¨´Í¨¶ ¤¥°¸É¢¨Ö ±μÉμ·μ£μ
¶μ¤·μ¡´μ μ¶¨¸ ´ ¢ ²¨É¥· ÉÊ·¥ [4, 5].

‘Ì¥³  ¨§³¥·¥´¨° ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. �  ¸Ì¥³¥ ´¥ ¶μ± § ´Ò ±·¨μ£¥´´ Ö ¨ Ëμ±Ê-
¸¨·ÊÕÐ Ö Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸¨¸É¥³Ò,   É ±¦¥ ¢ ±ÊÊ³´ Ö μ¡μ²μÎ±  ¨ ¨§μ²ÖÉμ·Ò.

�¨¸. 1. ‘Ì¥³  ¨§³¥·¥´¨Ö ¤μ¡·μÉ´μ¸É¨ ·¥§μ´ Éμ· : 1 Å ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨° ·¥§μ´ Éμ· ±·Ê£μ¢μ£μ ¸¥-
Î¥´¨Ö; 2 Å μ¸¥¢μ° Ô²¥±É·μ´´Ò° ¶ÊÎμ±; 3 Å ¨´¦¥±Éμ· Ô²¥±É·μ´μ¢; 4 Å É·Ê¡±¨ ¤·¥°Ë  ¤¨ ³¥É·μ³,

¢μ ³´μ£μ · § ³¥´ÓÏ¨³ ±·¨É¨Î¥¸±μ£μ ¤²Ö ¢μ²´ E01; 5 Å ±μ²²¥±Éμ· Ô²¥±É·μ´μ¢; 6 Å ¨§³¥·¨É¥²Ó

³μÐ´μ¸É¨ ¶ÊÎ±  Ô²¥±É·μ´μ¢; 7 Å ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ±·ÒÏ±¨ ·¥§μ´ Éμ· 
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	Ê¤¥³ ¨¸Ìμ¤¨ÉÓ ¨§ Ô´¥·£¥É¨Î¥¸±μ£μ μ¶·¥¤¥²¥´¨Ö ¤μ¡·μÉ´μ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
¶·¨´Í¨¶Ê ¨¸¶μ²Ó§μ¢ ´¨Ö ·¥§μ´ Éμ·  ¢ ²¨´¥°´μ³ Ê¸±μ·¨É¥²¥:

Qν =
ωνWν(A)
P�ν(A)

. (1)

‡¤¥¸Ó Qν Å ¤μ¡·μÉ´μ¸ÉÓ ·¥§μ´ Éμ·  ´  ν-É¨¶¥ ±μ²¥¡ ´¨°; ων = 2πfν Å ·¥§μ´ ´¸´ Ö
Î ¸ÉμÉ  ±μ²¥¡ ´¨°; Wν(A) Å § ¶ ¸¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¢ ·¥§μ´ Éμ·¥
¶·¨ § ¤ ´´μ°  ³¶²¨ÉÊ¤¥ ±μ²¥¡ ´¨° A; P�ν(A) Å ³μÐ´μ¸ÉÓ ¶μÉ¥·Ó ¢ ¸É¥´± Ì (¢±²ÕÎ Ö
Éμ·Í¥¢Ò¥ ±·ÒÏ±¨) ¶·¨ Éμ° ¦¥  ³¶²¨ÉÊ¤¥ A.

‚ ¸¢μÕ μÎ¥·¥¤Ó
P�ν(A) = Pcν + Pkν = Pcν(1 + α). (2)

‡¤¥¸Ó Pcν Å ³μÐ´μ¸ÉÓ ¶μÉ¥·Ó ¢ ¸É¥´± Ì ·¥§μ´ Éμ· ; Pkν Å ³μÐ´μ¸ÉÓ ¶μÉ¥·Ó ¢ Éμ·Í¥¢ÒÌ
±·ÒÏ± Ì, α = Pkν/Pcν .

ˆ§ (1) ¨ (2) ¸²¥¤Ê¥É μ¶·¥¤¥²¥´¨¥ ¸μ¡¸É¢¥´´μ° ¤μ¡·μÉ´μ¸É¨ ·¥§μ´ Éμ· 

Qν = Qν(1 + α). (3)

ŠμÔËË¨Í¨¥´É α Ê¸É ´ ¢²¨¢ ¥É¸Ö ¶·¨ · ¸Î¥É¥ ¶μ²¥° ¢ ·¥§μ´ Éμ·¥ ¸ Éμ·Í¥¢Ò³¨
±·ÒÏ± ³¨.

� ¸¸³μÉ·¨³ ·¥§μ´ Éμ· ¸ · ¡μÎ¨³ ¸¨³³¥É·¨Î´Ò³ É¨¶μ³ E0ij ±μ²¥¡ ´¨Ö, ±μÉμ·Ò° ´ ¨-
¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ Ê¸±μ·¨É¥²ÖÌ. ‚ ÔÉμ³ ¸²ÊÎ ¥ § ¶ ¸¥´´ Ö Ô´¥·£¨Ö ³μ¦¥É ¡ÒÉÓ
¢Ò· ¦¥´  Î¥·¥§ μ¤´Ê ³ £´¨É´ÊÕ ±μ³¶μ´¥´ÉÊ ¶μ²Ö ¢ ¢¨¤¥ [6, 7]

ωνWν = 3,46 · 108 A2 W

A2
0

∫
Vp

(Ḃ0
ϕ)

2
dVp. (4)

‡¤¥¸Ó A =
e max |E′

z |
m0ω0c

Å ¡¥§· §³¥·´ Ö  ³¶²¨ÉÊ¤  ¶μ²Ö; E′
z(z) Å · ¸¶·¥¤¥²¥´¨¥ Ô²¥±-

É·¨Î¥¸±μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö ´  μ¸¨; Ḃ0
ϕ(r, z) =

e Ḃ′0
ϕ

m0ω0
Å · ¸¶·¥¤¥²¥´¨¥ ¡¥§· §³¥·´μ°

³ £´¨É´μ° ±μ³¶μ´¥´ÉÒ ¶μ²Ö, · ¸¸Î¨É ´´μ° ¶·¨ ´¥±μÉμ·μ°  ³¶²¨ÉÊ¤¥ A0 ¨ ·¥§μ´ ´¸´μ°
Î ¸ÉμÉ¥ ων ; e ¨ m0 Å § ·Ö¤ ¨ ³ ¸¸  Ô²¥±É·μ´ ; ω0 Å ¡ §μ¢ Ö Î ¸ÉμÉ , ¢Ò¡· ´´ Ö ¶·¨
¶¥·¥Ìμ¤¥ ± ¡¥§· §³¥·´Ò³ ¶¥·¥³¥´´Ò³ Å ¢¸¥ £¥μ³¥É·¨Î¥¸±¨¥ · §³¥·Ò ³ ¸ÏÉ ¡¨·μ¢ ´Ò
± ± (r, z, L) = (r′, z′, L′)ω0/c ¨ W = ω/ω0, £¤¥ c Å ¸±μ·μ¸ÉÓ ¸¢¥É ; ω Å · ¡μÎ Ö Î -
¸ÉμÉ  ±μ²¥¡ ´¨° ·¥§μ´ Éμ·  (μ¡ÒÎ´μ ω = ω0); Vp Å μ¡Ñ¥³ ·¥§μ´ Éμ·  ¢ ¥¤¨´¨Í Ì c/ω0

(ÏÉ·¨Ìμ³ ¶μ³¥Î¥´Ò · §³¥·´Ò¥ ¶¥·¥³¥´´Ò¥, ¨³¥ÕÐ¨¥ μ¤¨´ ±μ¢μ¥ ´ ¶¨¸ ´¨¥ ¸ ¡¥§· §-
³¥·´Ò³¨). �¡μ§´ Î¨³ ±¢ ¤· É ´μ·³Ò ¸μ¡¸É¢¥´´μ£μ ±μ²¥¡ ´¨Ö ± ±

∥∥E0
∥∥2

=
W

A2
0

∫
Vp

(Ḃ0
ϕ)

2
dVp.

‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¶¥·¥Ìμ¤  ± ¡¥§· §³¥·´Ò³ ¢¥²¨Î¨´ ³ ¶μ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ § ¢¨¸¨-
³μ¸É¨ ¶μ²´μ° ¤μ¡·μÉ´μ¸É¨ μÉ  ³¶²¨ÉÊ¤Ò ¢ ¢¨¤¥

Qν = 3,46 · 108
∥∥E0

∥∥2 A2

P�ν(A)
. (5)
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�μ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸μ ¸Ì¥³μ° ¨§³¥·¥´¨° (·¨¸. 1) ·¥§μ´ Éμ·  ¢Éμ´μ³¥´, ¨ ¶·¨ ¢μ§¡Ê¦¤¥-
´¨¨ ¥£μ Ô²¥±É·μ´´Ò³ ¶μÉμ±μ³ ¢ μ¤´μ° ¨§ §μ´ ³μ´μÉ·μ´´μ° £¥´¥· Í¨¨ [8] ¢¸Ö É¥·Ö¥³ Ö
¶μÉμ±μ³ ³μÐ´μ¸ÉÓ · ¸Ìμ¤Ê¥É¸Ö Éμ²Ó±μ ´  ¶μÉ¥·¨ ¢ ¸É¥´± Ì ·¥§μ´ Éμ·  ¸ ±·ÒÏ± ³¨, É. ¥.

P�ν(A) = ηe(A) I0V0, (6)

£¤¥ ηe Å Ô²¥±É·μ´´Ò° Š�„ ³μ´μÉ·μ´ ; I0 ¨ V0 Å Éμ± ¶ÊÎ±  ¨ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥,
¶·¨Î¥³  ³¶²¨ÉÊ¤  A μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³ (5).

‚¥²¨Î¨´Ê ηe ¨ ¸¢Ö§ ´´μ¥ ¸ ´¥° Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ V0 ´¥¸²μ¦´μ · ¸¸Î¨É ÉÓ
¶·¨ ´ °¤¥´´μ³ ¶·¥¤¢ ·¨É¥²Ó´μ ¶μ ³¥Éμ¤¨±¥ [6, 7] ´μ·³¨·μ¢ ´´μ³ · ¸¶·¥¤¥²¥´¨¨ ¶μ²Ö
´  μ¸¨ E0

z (z) = Ez(z)/A0, ¨¸¶μ²Ó§ÊÖ ¡¥§· §³¥·´Ò¥ μ¤´μ³¥·´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö
Ô²¥±É·μ´μ¢ [8]

dβi

dz
= −AE0

z (z)sin θi

βiγ3
i

,
dθi

dz
=

W

βi
, βi(0) = β0, θi(0) = 2πi − ϕ0,

(7)

ηe(z) =
1

Ne

Ne∫
i=1

γ0 − γi(z)
γ0 − 1

, γi =
1√

1 − β2
i

, γ0 =
1√

1 − β2
0

, i = 1, . . . , Ne.

‡¤¥¸Ó βi = vi/c, vi Å ¸±μ·μ¸É¨ Ô²¥±É·μ´μ¢; θi = ω0ti Å Ê£μ² ¶·μ²¥É  Ô²¥±É·μ´μ³
¸¥Î¥´¨Ö z; ti Å ¢·¥³Ö ¶·μ²¥É ; Ne Å ±μ²¨Î¥¸É¢μ ±·Ê¶´ÒÌ Î ¸É¨Í (Ô²¥±É·μ´μ¢), ¨¸-

¶μ²Ó§Ê¥³ÒÌ ¶·¨ · ¸Î¥É¥; Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¸¢Ö§ ´μ ¸ β0 ± ± V0 =
m0c

2

e
(γ0 − 1);

ËÊ´±Í¨Ö £·Ê¶¶¨·μ¢±¨ μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ëμ·³Ê²¥

Gr(z) =
1

Ne

√√√√√
( Ne∫

i=1

cos θi

)2

+

( Ne∫
i=1

sin θi

)2

.

� ¸¸Î¨É ¢ ¶μ Ê· ¢´¥´¨Ö³ (7)  ³¶²¨ÉÊ¤Ê A ¨ Ê¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ V0, ¶·¨ ±μ-
Éμ·ÒÌ ¤μ¸É¨£ ¥É¸Ö ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ηe ¢ μ¤´μ° ¨§ §μ´ ³μ´μÉ·μ´´μ° £¥´¥· Í¨¨
ηmax

e = max ηe(A, V0), ¶μ²ÊÎ¨³ μ¸´μ¢´μ¥ μ¶·¥¤¥²ÖÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¤μ¡·μÉ´μ-
¸ÉÓÕ ·¥§μ´ Éμ·  ¨ Éμ±μ³ ¶ÊÎ± 

Qν = 3,46 · 108
∥∥E0

∥∥2 A2

ηmax
e (A, V0)V0 Imax

=
αIQ

Imax
. (8)

ˆÉ ±, ³¥Éμ¤¨±  ¨§³¥·¥´¨° Qν ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸μ ¸Ì¥³μ° (·¨¸. 1) ¸μ¸Éμ¨É ¢ ¸²¥¤ÊÕÐ¥³:
´ Ìμ¤¨É¸Ö ¶μ ¶·¥¤¢ ·¨É¥²Ó´μ³Ê · ¸Î¥É´μ³Ê §´ Î¥´¨Õ V0 · ¡μÎ Ö §μ´  £¥´¥· Í¨¨ ¶ÊÉ¥³
¶μ¸É¥¶¥´´μ£μ Ê¢¥²¨Î¥´¨Ö Éμ±  I0. �·¨ ÔÉμ³ ¨¸¶μ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ¨° Ë ±É: ¢ ¨§³¥·¨É¥²¥
³μÐ´μ¸É¨ ¶ÊÎ±  ¡Ê¤¥É ·¥£¨¸É·¨·μ¢ ÉÓ¸Ö ²¨´¥°´ Ö § ¢¨¸¨³μ¸ÉÓ P (I0) = I0V0 = const.
�·¨ ¤μ¸É¨¦¥´¨¨ §μ´Ò £¥´¥· Í¨¨ μ¡´ ·Ê¦¨¢ ¥É¸Ö, ÎÉμ P (I0) < I0V0. ‡ É¥³ ¶μ¤¸É· ¨-
¢ ¥É¸Ö I0 ´  max ηe (É. ¥. ´ Ìμ¤¨É¸Ö min(P (I0) − I0V0)). ‡´ Î¥´¨¥ I0 = Imax ¢ ÉμÎ±¥,
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ηmax

e , ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö μ¶·¥¤¥²¥´¨Ö Qν ¶μ Ëμ·³Ê²¥ (8).
…Ð¥ μ¤´  ¢ ¦´ Ö Ì · ±É¥·¨¸É¨±  £¥´¥· Éμ·  Å ¶Ê¸±μ¢μ° Éμ± Istart. �´ · ¸¸Î¨-

ÉÒ¢ ¥É¸Ö ¨§ Ê¸²μ¢¨Ö ¢μ§´¨±´μ¢¥´¨Ö ±μ²¥¡ ´¨° ¶·¨ A → 0. �μÔÉμ³Ê ¤μ¶μ²´¨É¥²Ó´ Ö
¶·μ¢¥·±  ¶μ²ÊÎ¥´´μ£μ §´ Î¥´¨Ö Qν ¶·μ¢μ¤¨É¸Ö ¶μ ¢¥²¨Î¨´¥ ´ ¡²Õ¤ ¥³μ£μ ¶Ê¸±μ¢μ£μ
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Éμ±  Istart. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥¤¢ ·¨É¥²Ó´μ · ¸¸Î¨ÉÒ¢ ¥É¸Ö §´ Î¥´¨¥,   αstart
QI = 3,46×

108
∥∥E0

∥∥2 A2

V0ηe(A)

∣∣∣∣
A→0

¨ ¤μ¡·μÉ´μ¸ÉÓ ¶¥·¥¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥ Qν = αstart
QI /Istart.

2. ���‹ˆ‡ ‡�� ƒ…�…��–ˆˆ ˆ ��‘—…’ Š��””ˆ–ˆ…�’�‚ αIQ ˆ αstart
QI

„²Ö μ¶·¥¤¥²¥´´μ¸É¨ · ¸¸³μÉ·¨³ ±μ´±·¥É´Ò° É¨¶ ·¥§μ´ Éμ·  Å μ¤´μÖÎ¥¥Î´Ò° ·¥§μ-
´ Éμ· É¨¶  TESLA ´  Î ¸ÉμÉÊ 1,3 ƒƒÍ. �·μË¨²Ó ·¥§μ´ Éμ·  ¶μ± § ´ ´  ·¨¸. 2,   ¥£μ
¶ · ³¥É·Ò · §³¥·´Ò¥ (¢ ³³) ¨ ¡¥§· §³¥·´Ò¥ (¡/·) ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

�¨¸. 2. �·μË¨²Ó ¢´ÊÉ·¥´´¥° ¶μ¢¥·Ì´μ¸É¨ ·¥§μ´ Éμ· 

� · ³¥É·Ò ¶·μË¨²Ö ·¥§μ´ Éμ· 

…¤¨´¨Í 
¨§³¥·¥´¨Ö

b0 h d a b r

¡/· 1,06128 1,7547 1,5708 0,245 0,3484 1,143

³³ 39,00 64,45 5,7 9,0 12,8 42,00

‘μ¡¸É¢¥´´μ ¸ ³  ÖÎ¥°±  ·¥§μ´ Éμ· , ¤μ¡·μÉ´μ¸ÉÓ ±μÉμ·μ° ´Ê¦´μ μ¶·¥¤¥²¨ÉÓ, · ¸¶μ-
²μ¦¥´  ³¥¦¤Ê ¸¥Î¥´¨Ö³¨ z1, z2. ‚ μ¤´μÖÎ¥¥Î´μ° ±μ´¸É·Ê±Í¨¨ ·¥§μ´ Éμ· Ô²²¨¶¸μ¨¤ ²Ó´μ
¸μ¶·Ö¦¥´ ¸ § ±·¨É¨Î¥¸±¨³¨ μÉ·¥§± ³¨ ¢μ²´μ¢μ¤  · ¤¨Ê¸  b0. Šμ£¤  ±·ÒÏ±¨ ¶·¨¤¢¨´ÊÉÒ
¢¶²μÉ´ÊÕ, ¢ ·¥§μ´ Éμ·¥ ·¥ ²¨§Ê¥É¸Ö · ¡μÎ¨° É¨¶ ±μ²¥¡ ´¨° Å E010 ´  ·¥§μ´ ´¸´μ°
Î ¸ÉμÉ¥ fν = 1,3 ƒƒÍ. �·¨ μÉ¸ÊÉ¸É¢¨¨ ±·ÒÏ¥± ¶μ²¥ ¶·μ´¨± ¥É ¢´ÊÉ·Ó § ±·¨É¨Î¥¸±¨Ì
¢μ²´μ¢μ¤μ¢, £¤¥ Ô±¸¶μ´¥´Í¨ ²Ó´μ § ÉÊÌ ¥É ¨ ¶·¨ dL > d ¶· ±É¨Î¥¸±¨ · ¢´μ ´Ê²Õ. Š ±
¶μ± § ´μ ´¨¦¥, ¨§³¥´ÖÖ ¶μ²μ¦¥´¨¥ ±·ÒÏ¥±, ±μÉμ·μ¥ § ¤ ¥É¸Ö ¶ · ³¥É·μ³ dL, ³μ¦´μ
¢Ò¡· ÉÓ ·¥¦¨³ £¥´¥· Í¨¨, ´ ¨¡μ²¥¥ ¡² £μ¶·¨ÖÉ´Ò° ¤²Ö ¨§³¥·¥´¨°.

� ¸Î¥É ¶μ²Ö Ḃ0
ϕ, ´μ·³Ò ¸μ¡¸É¢¥´´μ£μ ±μ²¥¡ ´¨Ö

∥∥E0
∥∥2

¨ ¶·μË¨²Ö  ³¶²¨ÉÊ¤Ò Ô²¥±-
É·¨Î¥¸±μ£μ ¶μ²Ö ¢¤μ²Ó μ¸¨ E0

z (z) ¢ · ¸¸³ É·¨¢ ¥³μ³ ·¥§μ´ Éμ·¥ ¶·μ¨§¢μ¤¨²¸Ö ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ³¥Éμ¤¨±¨, ¤¥É ²Ó´μ μ¶¨¸ ´´μ° ¢ · ¡μÉ Ì [6, 7].

�  ·¨¸. 3Ä9 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ ¶μ Ê· ¢´¥´¨Ö³ (7) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μÍ¥¤Ê-
·Ò μ¶É¨³¨§ Í¨¨ Ì · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ¶·¨ §´ Î¥´¨ÖÌ A ¨ V0, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
³ ±¸¨³Ê³Ê ·¥ ²¨§Ê¥³μ° §μ´Ò £¥´¥· Í¨¨ ¤²Ö · §²¨Î´μ£μ ¶μ²μ¦¥´¨Ö ±·ÒÏ¥±. Š·¨¢Ò¥ 1,
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�¨¸. 3. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¶¥·¢μ° §μ´¥ £¥´¥· Í¨¨: V0 = 50186 ‚; αIQ = 14348;

αstart
QI = 8896; A = 0,15; ηmax

e = 0,18;
∥
∥E0
∥
∥2 = 16,2

2, 3 ´  ·¨¸Ê´± Ì ¸μμÉ¢¥É¸É¢ÊÕÉ ¢¥²¨Î¨´ ³ E0
z (z), ηe(z), Gr(z). Š·¨¢ Ö 4 ¶·¥¤¸É ¢²Ö¥É

¶·μË¨²Ó b(z). �  ·¨¸. 3Ä5 ¶·¥¤¸É ¢²¥´Ò É ±¦¥ Ë §μ¢Ò¥ É· ¥±Éμ·¨¨ ui(z) = θi(z)− z/β0

¨ ¨§³¥´¥´¨¥ ¸±μ·μ¸É¥° βi(z) ¤²Ö 16 Ô²¥±É·μ´´ÒÌ Î ¸É¨Í.
�¨¸. 3Ä5 ¨²²Õ¸É·¨·ÊÕÉ Ì · ±É¥·´Ò¥ ·¥¦¨³Ò £¥´¥· Í¨¨ ´  ¶¥·¢μ°, ¢Éμ·μ° ¨ É·¥ÉÓ¥°

§μ´ Ì, ±μ£¤  ±·ÒÏ±¨ ¶·¨¤¢¨´ÊÉÒ ¢¶²μÉ´ÊÕ ± ·¥§μ´ Éμ·Ê (dL = 0).
Š ± ¶μ± §Ò¢ ¥É  ´ ²¨§ Ô²¥±É·μ´´ÒÌ É· ¥±Éμ·¨° ´  ·¨¸. 3, ¶·¨ £¥´¥· Í¨¨ ´  ¶¥·¢μ°

§μ´¥ Ô²¥±É·μ´Ò £·Ê¶¶¨·ÊÕÉ¸Ö ¢ ¸£Ê¸Éμ±, ±μÉμ·Ò° ¶¥·¥¤ ¢ÒÌμ¤μ³ ¨§ ·¥§μ´ Éμ·  ¶·μÌμ¤¨É
¢ Éμ·³μ§ÖÐ¥³ ¶μ²¥. ‚ ·¥§Ê²ÓÉ É¥ ¸±μ·μ¸É¨ ¡μ²ÓÏ¨´¸É¢  Ô²¥±É·μ´μ¢ Ê³¥´ÓÏ ÕÉ¸Ö, ¨Ì
±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¶¥·¥¤ ¥É¸Ö ¶μ²Õ (Ô²¥±É·μ´´Ò° Š�„ ´  ¢ÒÌμ¤¥ ¶·¨ z = L ¶μ²μ-
¦¨É¥²¥´) ¨ ±μ³¶¥´¸¨·Ê¥É ¶μÉ¥·¨ ¢ ¸É¥´± Ì ·¥§μ´ Éμ· . ‡  ¢·¥³Ö ¶·μ²¥É  Ô²¥±É·μ´  ¶μ²¥
¸μ¢¥·Ï ¥É ÎÊÉÓ ¡μ²¥¥ μ¤´μ£μ ¶μ²´μ£μ ±μ²¥¡ ´¨Ö.

‚ ÔÉμ³ ¢ ·¨ ´É¥ ¤μ¡·μÉ´μ¸É¨ Qν = 1010 ¸μμÉ¢¥É¸É¢Ê¥É Éμ± Imax = αIQ/Qν ≈ 1,4×
10−6 A ¨ ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥ P0 = ImaxV0 ≈ 0,072 ‚É. �  ¢ÒÌμ¤¥ ¶ÊÎμ± ¡Ê¤¥É
¨³¥ÉÓ ³μÐ´μ¸ÉÓ Pou = P0(1 − ηmax

e ) ≈ 0,059 ‚É, Istart = αstart
QI /αIQ Imax ≈ 0,62 Imax.

�  ·¨¸. 4 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ¢ ·¨ ´É  ¸ ¶·¨¤¢¨´ÊÉÒ³¨ ±·ÒÏ± ³¨ ¤²Ö ¢Éμ-
·μ° §μ´Ò £¥´¥· Í¨¨. ‚Éμ· Ö §μ´  £¥´¥· Í¨¨ ´ ¡²Õ¤ ¥É¸Ö ¶·¨ ´ Î ²Ó´μ° ¸±μ·μ¸É¨ ¶ÊÎ± 
¶·¨³¥·´μ ¢ ¤¢  · §  ³¥´ÓÏ¥°, Î¥³ ¶¥·¢ Ö, ¢ ·¥§Ê²ÓÉ É¥ §  ¢·¥³Ö ¶·μ²¥É  Ô²¥±É·μ´  ¶μ²¥
¸μ¢¥·Ï ¥É ¶·¨³¥·´μ ¤¢  ¶μ²´ÒÌ ±μ²¥¡ ´¨Ö. �μÔÉμ³Ê ¶¥·¢ Ö §μ´  £·Ê¶¶¨·μ¢ ´¨Ö ¨ ¶¥-
·¥¤ Î¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¶μ²Õ ´ ¡²Õ¤ ¥É¸Ö ¢ ¸·¥¤´¥³ ¸¥Î¥´¨¨ ·¥§μ´ Éμ· , ¶μ¸²¥ Î¥£μ
¶·μ¨¸Ìμ¤¨É ¶·μÍ¥¸¸ Ê¸±μ·¥´¨Ö Ô²¥±É·μ´μ¢ ¶·¨ ¢μ§· ¸É ´¨¨ ËÊ´±Í¨¨ £·Ê¶¶¨·μ¢±¨. � 
±μ´¥Î´μ³ ÊÎ ¸É±¥ ¸£Ê¸Éμ± Ô²¥±É·μ´μ¢ ¸´μ¢  ¶μ¶ ¤ ¥É ¢ Éμ·³μ§ÖÐÊÕ Ë §Ê ¶μ²Ö ¨ μÉ¤ ¥É
Î ¸ÉÓ ¸¢μ¥° Ô´¥·£¨¨. ‚ ·¥§Ê²ÓÉ É¥ ¢ ¸¥Î¥´¨¨ z = L Ô²¥±É·μ´´Ò° Š�„ ¶μ²μ¦¨É¥²¥´.

�·¨ ¶¥·¥Ìμ¤¥ ´  ¢Éμ·ÊÕ §μ´Ê £¥´¥· Í¨¨ ±μÔËË¨Í¨¥´É αIQ Ê³¥´ÓÏ ¥É¸Ö ¢¤¢μ¥, Istart =
0,48Imax. „²Ö ¨§³¥·Ö¥³μ° ¤μ¡·μÉ´μ¸É¨ Qν = 1010 É¥¶¥·Ó Imax = αIQ/Qν = 6,7 ·10−7 �,
¨ ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥ P0 = ImaxV0 = 0,009 ‚É. �  ¢ÒÌμ¤¥ ¶ÊÎμ± ¡Ê¤¥É ¨³¥ÉÓ
³μÐ´μ¸ÉÓ Pou = P0(1 − ηmax

e ) ≈ 0,008 ‚É. ’. ¥. § Ë¨±¸¨·μ¢ ÉÓ ¨§³¥´¥´¨¥ ³μÐ´μ¸É¨
¶ÊÎ±  ¶·¨ ¢μ§´¨±´μ¢¥´¨¨ £¥´¥· Í¨¨ ´  ¢Éμ·μ° §μ´¥ ¸É ´μ¢¨É¸Ö ¸²μ¦´¥¥.

�  ·¨¸. 5 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ¢ ·¨ ´É  ¸ ¶·¨¤¢¨´ÊÉÒ³¨ ±·ÒÏ± ³¨ ¤²Ö É·¥ÉÓ¥°
§μ´Ò £¥´¥· Í¨¨. �·¨ ¶¥·¥Ìμ¤¥ ´  É·¥ÉÓÕ §μ´Ê £¥´¥· Í¨¨ ±μÔËË¨Í¨¥´É αIQ ¸É ´μ¢¨É¸Ö
¥Ð¥ ³¥´ÓÏ¥, Istart = 0,48Imax. ‘²¥¤μ¢ É¥²Ó´μ, ¥Ð¥ ¶·μ¡²¥³ É¨Î´¥° § Ë¨±¸¨·μ¢ ÉÓ §μ´Ê
£¥´¥· Í¨¨.
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�¨¸. 4. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¢Éμ·μ° §μ´¥ £¥´¥· Í¨¨: V0 = 13466 ‚; αIQ = 6658;
αstart

QI = 3196; A = 0,046; ηmax
e = 0,13;

∥
∥E0
∥
∥

2
= 16,2

�¨¸. 5. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  É·¥ÉÓ¥° §μ´¥ £¥´¥· Í¨¨ ¶·¨ dL = 0: V0 = 6194 ‚;

αIQ = 4196; αstart
QI = 2014; A = 0,021; ηmax

e = 0,1;
∥
∥E0
∥
∥

2
= 16,2

’ ±¨³ μ¡· §μ³, ¶·¨ ¨§³¥·¥´¨ÖÌ ¸¢¥·Ì¢Ò¸μ±¨Ì ¤μ¡·μÉ´μ¸É¥° ¤²Ö ¶·¨¤¢¨´ÊÉÒÌ ¢¶²μÉ-
´ÊÕ ±·ÒÏ¥±, ¶μ-¢¨¤¨³μ³Ê, ´ ¨²ÊÎÏ¥° Ö¢²Ö¥É¸Ö ¶¥·¢ Ö §μ´  £¥´¥· Í¨¨, μ¤´ ±μ ¢¥²¨Î¨´ 
Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¶ÊÎ±  Ô²¥±É·μ´μ¢ ¶·¨ ÔÉμ³ ¤μ¢μ²Ó´μ ¡μ²ÓÏ Ö. �·¨ ¶¥·¥Ìμ¤¥
´  ¡μ²¥¥ ´¨§±¨¥ Ê¸±μ·ÖÕÐ¨¥ ´ ¶·Ö¦¥´¨Ö, ·¥ ²¨§Ê¥³Ò¥ ´  ¢Éμ·μ° ¨ É·¥ÉÓ¥° §μ´ Ì £¥´¥-
· Í¨¨, É·¥¡Ê¥É¸Ö ¡μ²¥¥ ÉμÎ´ Ö  ¶¶ · ÉÊ·  ¤²Ö Ë¨±¸ Í¨¨ ¨§³¥´¥´¨Ö ³μÐ´μ¸É¨ ¶ÊÎ±  ´ 
¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ¨§ ·¥§μ´ Éμ· .

� ¸Î¥É ¶μ± § ², ÎÉμ ¢¥²¨Î¨´  ±μÔËË¨Í¨¥´É  α ¢ Ëμ·³Ê² Ì (2) ¨ (3) ¤²Ö ¢ ·¨ ´É ,
¢ ±μÉμ·μ³ ±·ÒÏ±¨ ¶·¨¤¢¨´ÊÉÒ ¢¶²μÉ´ÊÕ ± ·¥§μ´ Éμ·Ê, ³ ±¸¨³ ²Ó´  ¨ · ¢´  α = 0,0018.
�μ ³¥·¥ μÉμ¤¢¨£ ´¨Ö ±·ÒÏ¥± ÔÉμÉ ±μÔËË¨Í¨¥´É Ê³¥´ÓÏ ¥É¸Ö ¤μ ´Ê²Ö Ê¦¥ ¶·¨ dL >
1,57. �ÉμÉ Ë ±É Ê± §Ò¢ ¥É ´  Éμ, ÎÉμ ´¥ÊÎ¥É ¶μÉ¥·Ó ¢ ±·ÒÏ± Ì ¶·¨¢μ¤¨É ± ¶μ£·¥Ï´μ¸É¨
¢ · ¸Î¥É¥ ¤μ¡·μÉ´μ¸É¨ ¶·¨³¥·´μ 0,2 %.

…¸²¨ μÉμ¤¢¨£ ÉÓ ±·ÒÏ±¨ μÉ ·¥§μ´ Éμ· , ¢μ§· ¸É ¥É ¢·¥³Ö ¶·μ²¥É  Ô²¥±É·μ´ ³¨ μ¡² -
¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö. …¸É¥¸É¢¥´´μ, ÎÉμ §μ´Ò £¥´¥· Í¨¨ ¡Ê¤ÊÉ ´ ¡²Õ¤ ÉÓ¸Ö ¶·¨ ¡μ²ÓÏ¨Ì
´ ¶·Ö¦¥´¨ÖÌ. �·¨ ÔÉμ³ ¸ÊÐ¥¸É¢¥´´μ ¨§³¥´Ö¥É¸Ö ¶·μË¨²Ó E0

z (z)  ³¶²¨ÉÊ¤Ò ¶μ²Ö, ¢μ§-
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�¨¸. 6. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¶¥·¢μ° §μ´¥ £¥´¥· Í¨¨ ¶·¨ dL = 0,5: V0 = 70505 ‚;

αIQ = 55783; αstart
QI = 48531; A = 0,30; ηmax

e = 0,14;
∥
∥E0
∥
∥

2
= 17,5

�¨¸. 7. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¢Éμ·μ° §μ´¥ £¥´¥· Í¨¨ ¶·¨ dL = 0,5: V0 = 23398 ‚;
αIQ = 45561; αstart

QI = 27792; A = 0,14; ηmax
e = 0,11;

∥
∥E0
∥
∥

2
= 17,5

¤¥°¸É¢ÊÕÐ¥£μ ´  Ô²¥±É·μ´Ò. „²Ö ¢ÒÖ¸´¥´¨Ö Éμ£μ, ± ± ÔÉμ ¸± §Ò¢ ¥É¸Ö ´  ¢¥²¨Î¨´¥
±μÔËË¨Í¨¥´É  αIQ ¨ ¢Ò¡μ·  ·¥¦¨³  ¨§³¥·¥´¨°, ¡Ò²¨ ¢Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¤²Ö ¤¢ÊÌ
§´ Î¥´¨° dL.

�  ·¨¸. 6 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ¤²Ö ¶¥·¢μ° §μ´Ò £¥´¥· Í¨¨, ±μ£¤ 
±·ÒÏ±¨ μÉμ¤¢¨´ÊÉÒ ´  dL = 0,5.

“¸±μ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¶ÊÎ±  ¢μ§·μ¸²μ ¢ ¶μ²Éμ·  · § ,   §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É 
αIQ ¢ ¶ÖÉÓ · § ¶μ ¸· ¢´¥´¨Õ ¸ ¢ ·¨ ´Éμ³ ¶·¨¤¢¨´ÊÉÒÌ ¢¶²μÉ´ÊÕ ±·ÒÏ¥±. „μ¡·μÉ´μ¸É¨
Qν = 1010 É¥¶¥·Ó ¸μμÉ¢¥É¸É¢Ê¥É Éμ± Imax = 5,6 · 10−6 �,   ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¨
¢ÒÌμ¤¥ P0 = 0,39 ‚É ¨ Pou = 0,33 ‚É. �·¨ ÔÉμ³ Istart = 0,87Imax.

�  ·¨¸. 7 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ÔÉμ£μ ¢ ·¨ ´É  ¤²Ö ¢Éμ·μ° §μ´Ò £¥´¥· Í¨¨.

�·¨ ¶¥·¥Ìμ¤¥ ´  ¢Éμ·ÊÕ §μ´Ê £¥´¥· Í¨¨ ±μÔËË¨Í¨¥´É αIQ Ê³¥´ÓÏ ¥É¸Ö. „μ¡·μÉ´μ-
¸É¨ Qν = 1010 É¥¶¥·Ó ¸μμÉ¢¥É¸É¢Ê¥É Éμ± Imax = 4,5 · 10−6 �,   ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥
¨ ¢ÒÌμ¤¥ P0 = 0,1 ‚É ¨ Pou = 0,09 ‚É.

’·¥ÉÓÕ §μ´Ê £¥´¥· Í¨¨ ´ °É¨ ´¥ Ê¤ ²μ¸Ó.

�  ·¨¸. 8 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ¤²Ö ¶¥·¢μ° §μ´Ò £¥´¥· Í¨¨, ±μ£¤ 
±·ÒÏ±¨ μÉμ¤¢¨´ÊÉÒ ´  dL = 1.
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�¨¸. 8. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¶¥·¢μ° §μ´¥ £¥´¥· Í¨¨ ¶·¨ dL = 1: V0 = 72596 ‚;

αIQ = 172730; A = 0,37; ηmax
e = 0,067;

∥
∥E0
∥
∥

2
= 17,5

�¨¸. 9. • · ±É¥·¨¸É¨±¨ ³μ´μÉ·μ´  ´  ¢Éμ·μ° §μ´¥ £¥´¥· Í¨¨ ¶·¨ dL = 1: V0 = 19061 ‚;

αIQ = 216183; αstart
QI = 134033; A = 0,16; ηmax

e = 0,038;
∥
∥E0
∥
∥

2
= 17,5

ŠμÔËË¨Í¨¥´É αIQ §´ Î¨É¥²Ó´μ Ê¢¥²¨Î¨²¸Ö. ’¥¶¥·Ó ¤μ¡·μÉ´μ¸É¨ Qν = 1010 ¸μμÉ¢¥É-
¸É¢Ê¥É Éμ± Imax = 1,7 · 10−6 � ¨ ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥ P0 = 1,25 ‚É. �  ¢ÒÌμ¤¥
¶ÊÎμ± ¡Ê¤¥É ¨³¥ÉÓ ³μÐ´μ¸ÉÓ Pou = 1,17 ‚É.

�¤´ ±μ ¢ ÔÉμ³ ¢ ·¨ ´É¥ ¨³¥¥É ³¥¸Éμ ¦¥¸É±¨° ·¥¦¨³ £¥´¥· Í¨¨, É ± ± ± A2/ηe

∣∣
A→0

→
→ ∞. �´ ²¨§ Ìμ¤  ±·¨¢μ° ηe(z) ´  ·¨¸. 8 ¶μ± §Ò¢ ¥É, ÎÉμ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ηmax

e

·¥ ²¨§Ê¥É¸Ö ´  Ê¤ ²¥´¨¨ μÉ ´ ¸ÒÐ¥´¨Ö ±·¨¢μ° ηe(z), ÎÉμ, ¶μ-¢¨¤¨³μ³Ê, ¨ ¶·¨¢μ¤¨É
± ¦¥¸É±μ³Ê ·¥¦¨³Ê £¥´¥· Í¨¨, ±μÉμ·Ò° ´¥¶·¨¥³²¥³ ¶·¨ ¨§³¥·¥´¨ÖÌ.

�  ·¨¸. 9 ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ÔÉμ£μ ¦¥ ¢ ·¨ ´É  ¤²Ö ¢Éμ·μ° §μ´Ò £¥´¥· Í¨¨.
Š ± ¢¨¤´μ, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢¥²¨Î¨´  ±μÔËË¨Í¨¥´É  αIQ ¢μ§·μ¸² , ¨ É¥¶¥·Ó ¤μ¡·μÉ´μ¸É¨
Qν = 1010 ¸μμÉ¢¥É¸É¢Ê¥É Éμ± Imax = 2,16 · 10−6 �, ³μÐ´μ¸ÉÓ ¶ÊÎ±  ´  ¢Ìμ¤¥ P0 =
0,41 ‚É. �  ¢ÒÌμ¤¥ ¶ÊÎμ± ¡Ê¤¥É ¨³¥ÉÓ ³μÐ´μ¸ÉÓ Pou = 0,39 ‚É. �·¨ ÔÉ¨Ì ¶ · ³¥É· Ì
·¥ ²¨§Ê¥É¸Ö ³Ö£±¨° ·¥¦¨³ £¥´¥· Í¨¨ ¨ Istart = 0,62Imax.

’·¥ÉÓÖ §μ´  £¥´¥· Í¨¨ μÉ¸ÊÉ¸É¢Ê¥É.

’ ±¨³ μ¡· §μ³, ¶·μ¢¥¤¥´´Ò¥ · ¸Î¥ÉÒ ¶μ¤É¢¥·¦¤ ÕÉ ·¥ ²¨§Ê¥³μ¸ÉÓ ¶·¥¤²μ¦¥´´μ° ³¥-
Éμ¤¨±¨ ¨§³¥·¥´¨° ¸¢¥·Ì¢Ò¸μ±¨Ì Ê·μ¢´¥° ¤μ¡·μÉ´μ¸É¨ ¶μ²ÒÌ ·¥§μ´ Éμ·μ¢ ´  ¸¨³³¥É·¨Î-
´ÒÌ E-³μ¤ Ì. —¥³ ¢ÒÏ¥ · §·¥Ï ÕÐ¨¥ ¢μ§³μ¦´μ¸É¨  ¶¶ · ÉÊ·Ò ¤²Ö Ë¨±¸ Í¨¨ ¨§³¥´¥-
´¨Ö ³μÐ´μ¸É¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ´  ¢Ìμ¤¥ ¨ ¢ÒÌμ¤¥ ·¥§μ´ Éμ· , É¥³ ³¥´ÓÏ¥¥ Ê¸±μ·ÖÕ-



ˆ§³¥·¥´¨¥ Ê²ÓÉ· ¢Ò¸μ±μ° ¸μ¡¸É¢¥´´μ° ¤μ¡·μÉ´μ¸É¨ ¶ÊÉ¥³ ¢μ§¡Ê¦¤¥´¨Ö 1291

Ð¥¥ ´ ¶·Ö¦¥´¨¥ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ, ¶¥·¥Ìμ¤Ö ´  ¢Éμ·ÊÕ ¨ É·¥ÉÓÕ
§μ´Ò £¥´¥· Í¨¨ ¨ ¶·¨¤¢¨£ Ö ±·ÒÏ±¨ ± ·¥§μ´ Éμ·Ê.

‡�Š‹
—…�ˆ…

�·¥¤²μ¦¥´´Ò° ¢ ¶·¥¤¸É ¢²¥´´μ° · ¡μÉ¥ μ·¨£¨´ ²Ó´Ò° ¸¶μ¸μ¡ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ
¢Ò¸μ±μÉμÎ´μ¥ ¨§³¥·¥´¨¥ ¸μ¡¸É¢¥´´μ° ¤μ¡·μÉ´μ¸É¨ ¢ ¤¨ ¶ §μ´¥ 108−1010, ¢ ±μÉμ·μ³ ·¥-
§μ´ Éμ· ´¥ ¸¢Ö§ ´ ¸ ± ±¨³¨-²¨¡μ ¢´¥Ï´¨³¨ ‘‚—-Í¥¶Ö³¨,   ¥£μ ¸μ¡¸É¢¥´´ Ö ¤μ¡·μÉ´μ¸ÉÓ
μ¶·¥¤¥²Ö¥É¸Ö ¶μ ¶μÉ¥·¥ ³μÐ´μ¸É¨ Ô²¥±É·μ´´Ò³ ¶μÉμ±μ³ ¨ ¶μ ¶Ê¸±μ¢μ³Ê Éμ±Ê, ±μÉμ·Ò¥
³μ£ÊÉ ¡ÒÉÓ ¨§³¥·¥´Ò ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ. ‚ ·¥§Ê²ÓÉ É¥ ¢Ò¶μ²´¥´´ÒÌ · ¸Î¥Éμ¢ ¶μ
¢ÒÖ¢²¥´¨Õ Ê¸²μ¢¨° £¥´¥· Í¨¨ ´ °¤¥´Ò §´ Î¥´¨Ö ´¥μ¡Ìμ¤¨³μ° ¢¥²¨Î¨´Ò Ê¸±μ·ÖÕÐ¥£μ
´ ¶·Ö¦¥´¨Ö ¨ Éμ±  ¶ÊÎ±  Ô²¥±É·μ´μ¢ ¨ ¸Ëμ·³Ê²¨·μ¢ ´Ò É·¥¡μ¢ ´¨Ö ± ¨§³¥·¨É¥²Ó´μ°
 ¶¶ · ÉÊ·¥.

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. ‡¢μ´ ·¥¢ ˆ. �., ‘¥¢·Õ±μ¢  ‹. Œ. ˆ§³¥·¥´¨¥ Ô²¥±É·μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì
Ê¸±μ·ÖÕÐ¨Ì ‘‚—-·¥§μ´ Éμ·μ¢: ‹ ¡. ¶· ±É¨±Ê³ ¶μ ±Ê·¸Ê ®‚Ò¸μ±μÎ ¸ÉμÉ´ Ö ¸¢¥·Ì¶·μ¢μ¤¨³μ¸ÉÓ
¢ Ê¸±μ·¨É¥²ÖÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í¯. Œ.: ˆ”‚�, 1999. 30 ¸.

2. „¨¤¥´±μ �. �. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ¢μ²´μ¢μ¤Ò ¨ ·¥§μ´ Éμ·Ò. Œ.: ‘μ¢. · ¤¨μ, 1973.

3. „¨¤¥´±μ �. �., ‘¥¢·Õ±μ¢  ‹.Œ., ŸÉ¨¸ �. �. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ‘‚—-¸É·Ê±ÉÊ·Ò. Œ.: �´¥·£μ Éμ³-
¨§¤ É, 1981.

4. ƒ °¤Ê± ‚. ˆ., � ² Éμ¢ Š. ˆ., �¥É·μ¢ „.Œ. ”¨§¨Î¥¸±¨¥ μ¸´μ¢Ò Ô²¥±É·μ´¨±¨ ‘‚—. Œ.: ‘μ¢.
· ¤¨μ, 1971.

5. ‹¥¡¥¤¥¢ ˆ. ‚. ’¥Ì´¨±  ¨ ¶·¨¡μ·Ò ‘‚—. ’. 2. Œ.: ‚Ò¸Ï. Ï±., 1972.

6. Šμ²μ¸μ¢ ‘. ‚., ŠÊ· ¥¢ �. �., ‘¨´¨ÍÒ´ �. Š. � ¸Î¥É ÖÎ¥°±¨ Ê¸±μ·¨É¥²Ö Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ ´ 
¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ´¨μ¡¨¥¢μ³ ·¥§μ´ Éμ·¥ // ’·. XXI Œ¥¦¤Ê´ ·. Š·Ò³¸±μ° ±μ´Ë. ®‘‚—-É¥Ì´¨± 
¨ É¥²¥±μ³³Ê´¨± Í¨μ´´Ò¥ É¥Ì´μ²μ£¨¨¯, ‘¥¢ ¸Éμ¶μ²Ó, 2011. C. 285Ä286.

7. �§ ·Ö´ �.‘. ¨ ¤·. � ¸Î¥É μ¤´μÖÎ¥¥Î´μ£μ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ´¨μ¡¨¥¢μ£μ ·¥§μ´ Éμ·  ¤²Ö Ê¸±μ·¨-
É¥²Ö Ô²¥±É·μ´μ¢ ¨ ¶μ§¨É·μ´μ¢ // �¨¸Ó³  ¢ �—�Ÿ. 2012. ’. 9, º2(172). ‘. 247Ä268.

8. ŠÊ· ¥¢ �. �., ‘¨´¨ÍÒ´ �. Š. Šμ ±¸¨ ²Ó´Ò° ¤¨μ¤´Ò° £¥´¥· Éμ·-¤¨μÉ·μ´ // � ¤¨μÉ¥Ì´¨±  ¨ Ô²¥±-
É·μ´¨± . 1997. ’. 42, º2. ‘. 214Ä219.

�μ²ÊÎ¥´μ 6 ³ Ö 2013 £.


