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ˆ´¸É¨ÉÊÉ Ö¤¥·´µ° Ë¨§¨±¨ ¨³. ƒ.ˆ. �Ê¤±¥· , �µ¢µ¸¨¡¨·¸±, �µ¸¸¨Ö

�¤´¨³ ¨§ ¢ ·¨ ´Éµ¢ Ê¸±µ·¨É¥²Ö Ô²¥±É·µ´µ¢ ´  Ô´¥·£¨Õ ¶µ·Ö¤±  0,8Ä8 ŒÔ‚ ¤²Ö Ô²¥±É·µ´´µ£µ
µÌ² ¦¤¥´¨Ö  ´É¨¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ HESR (High Energy Storage Ring, GSI, ƒ¥·³ ´¨Ö) ¡Ò² ²¨´¥°-
´Ò° ‚—-Ê¸±µ·¨É¥²Ó Ô²¥±É·µ´µ¢. � §µ¢Ò³ Ô²¥³¥´Éµ³ É ±µ£µ Ê¸±µ·¨É¥²Ö Ö¢²Ö¥É¸Ö ¸¨¸É¥³  ¨§ ¤¢ÊÌ
¸¢Ö§ ´´ÒÌ ·¥§µ´ Éµ·µ¢, · ¡µÉ ÕÐ¨Ì ¢ ·¥¦¨³¥ ·¥±Ê¶¥· Í¨¨ Ô´¥·£¨¨ ¶ÊÎ± . ‚ µ¤´µ³ ·¥§µ´ Éµ·¥
¶·µ¨¸Ìµ¤¨É Ê¸±µ·¥´¨¥ ¶ÊÎ± ,   ¢ ¤·Ê£µ³ ¶ÊÎµ±, Éµ·³µ§Ö¸Ó, µÉ¤ ¥É ¸¢µÕ Ô´¥·£¨Õ µ¡· É´µ ¢ ¸¨¸É¥³Ê.
�·¥¤¸É ¢²¥´ · ¸Î¥É É ±µ° ¸¨¸É¥³Ò.

One possible variant of electron accelerator for cooling of the antiproton beam at HESR GSI,
Germany is the 0.8Ä8 MeV linear RF-accelerator. The main element of the accelerator is two coupled
cavities, operating in recuperation mode. The ˇrst cavity is an accelerating cavity. In the second cavity,
the waste beam is a decelerating one and returns the energy to the system. The calculation of such a
system is presented.

‚‚…„…�ˆ…

„²Ö Ô²¥±É·µ´´µ£µ µÌ² ¦¤¥´¨Ö  ´É¨¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ HESR ¸ Ô´¥·£¨¥° 2Ä14,5 ƒÔ‚
´¥µ¡Ìµ¤¨³ ¶ÊÎµ± Ô²¥±É·µ´µ¢ ¸µ ¸·¥¤´¨³ Éµ±µ³ ¶µ·Ö¤±  0,36 � ¨ Ô´¥·£¨¥°, ·¥£Ê²¨·Ê¥-
³µ° ¢ ¶·¥¤¥² Ì ∼ 0,8Ä8 ŒÔ‚. �¤´¨³ ¨§ ¢ ·¨ ´Éµ¢ Ê¸±µ·¨É¥²Ö Ô²¥±É·µ´µ¢ ´  Ô´¥·£¨Õ
0,8Ä8 ŒÔ‚ ¡Ò² ‚— ²¨´¥°´Ò° Ê¸±µ·¨É¥²Ó Ô²¥±É·µ´µ¢. �µ¸²¥ ¶·µÌµ¦¤¥´¨Ö ÊÎ ¸É± , ´ 
±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É µÌ² ¦¤¥´¨¥  ´É¨¶·µÉµ´µ¢, ¶ÊÎµ± Ô²¥±É·µ´µ¢ ¢µ§¢· Ð ¥É¸Ö ´  ±µ²-
²¥±Éµ·. �·¨ ÔÉµ³ ¤²Ö Ê³¥´ÓÏ¥´¨Ö ¶µÉ·¥¡²Ö¥³µ° ³µÐ´µ¸É¨ ¢µ§¢· Ð ¥³Ò° ¶ÊÎµ± µÉ¤ ¥É
¸¢µÕ Ô´¥·£¨Õ µ¡· É´µ ¢ ¸¨¸É¥³Ê. „²Ö ·¥±Ê¶¥· Í¨¨ Ô´¥·£¨¨ µÉ· ¡µÉ ´´µ£µ ¶ÊÎ±  ¡Ò²µ
¶·¥¤²µ¦¥´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ ¶ · ²²¥²Ó´µ · ¸¶µ²µ¦¥´´ÒÌ Ê¸±µ·¨É¥²¥°. Š -
¦¤Ò° Ê¸±µ·¨É¥²Ó ¸µ¸Éµ¨É ¨§ ´ ¡µ·  µÉ¤¥²Ó´ÒÌ ·¥§µ´ Éµ·µ¢. �¸´µ¢´Ò³ Ô²¥³¥´Éµ³ É ±µ£µ
Ê¸±µ·¨É¥²Ö-·¥±Ê¶¥· Éµ·  Ö¢²Ö¥É¸Ö ¸¨¸É¥³  ¨§ ¤¢ÊÌ ¸¢Ö§ ´´ÒÌ ·¥§µ´ Éµ·µ¢, § ¶¨ÉÒ¢ ¥³ÒÌ
µÉ ¤¢ÊÌ ‚—-£¥´¥· Éµ·µ¢. ‚ µ¤´µ³ ¨§ ·¥§µ´ Éµ·µ¢ Ô²¥±É·µ´´Ò° ¶ÊÎµ± Ê¸±µ·Ö¥É¸Ö,   ¢ ¤·Ê-
£µ³ Éµ·³µ§¨É¸Ö, µÉ¤ ¢ Ö Ô´¥·£¨Õ ¢ ¸¨¸É¥³Ê ¸¢Ö§ ´´ÒÌ ·¥§µ´ Éµ·µ¢.

1. ‘ˆ‘’…Œ� „‚“• ‘‚Ÿ‡���›• �…‡���’���‚

‚ ± Î¥¸É¢¥ Ê¸±µ·ÖÕÐ¨Ì ·¥§µ´ Éµ·µ¢ ¶² ´¨·µ¢ ²µ¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ·¥§µ´ Éµ·Ò, · §-
· ¡µÉ ´´Ò¥ ¢ ˆŸ”, �µ¢µ¸¨¡¨·¸±, ¤²Ö ² §¥·  ´  ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´ Ì [1]. �¥§µ´ Éµ·
¨³¥¥É ¸²¥¤ÊÕÐ¨¥ Ì · ±É¥·¨¸É¨±¨: · ¡µÎ Ö Î ¸ÉµÉ  181,1 ŒƒÍ, ¸µ¡¸É¢¥´´ Ö ¤µ¡·µÉ´µ¸ÉÓ
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Q0 = 49710, ÏÊ´Éµ¢µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ Rsh = 10, 84 Œ�³. �·¨ Ê¸±µ·ÖÕÐ¥³ ´ ¶·Ö¦¥-
´¨¨ ∼ 1 Œ‚ É¥¶²µ¢Ò¥ ¶µÉ¥·¨ ¢ ·¥§µ´ Éµ·¥ ¸µ¸É ¢ÖÉ ¶·¨³¥·´µ 100 ±‚É. �µÔÉµ³Ê, ¨§
Ô´¥·£¥É¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨°, ¤¢  ·¥§µ´ Éµ·  ¶¨É ÕÉ¸Ö µÉ¤¥²Ó´Ò³¨ ‚—-¨¸ÉµÎ´¨± ³¨.

‘¨¸É¥³  ¤¢ÊÌ ·¥§µ´ Éµ·µ¢, ¸¢Ö§ ´´ÒÌ ¢µ²´µ¢µ¤µ³ Ô²¥±É·¨Î¥¸±µ° ¤²¨´µ° ϕ ¨ ´ £·Ê-
¦¥´´ÒÌ Éµ± ³¨, ¨§µ¡· ¦¥´  ´  ·¨¸. 1.

�¨¸. 1. „¢  ¸¢Ö§ ´´ÒÌ ·¥§µ´ Éµ· , § ¶¨ÉÒ¢ ¥³ÒÌ µÉ µÉ¤¥²Ó´ÒÌ ‚—-¨¸ÉµÎ´¨±µ¢

�  ·¨¸Ê´±¥ ¢¸¥ ¢¥²¨Î¨´Ò ¡¥§ É¨²Ó¤Ò µÉ´µ¸ÖÉ¸Ö ± Ê¸±µ·ÖÕÐ¥³Ê ·¥§µ´ Éµ·Ê,   ¸
É¨²Ó¤µ° Å ± Éµ·³µ§ÖÐ¥³Ê. Š ¦¤Ò° ·¥§µ´ Éµ· ¨³¥¥É ¤¢  µÉ¢¥·¸É¨Ö ¸¢Ö§¨, ±µÔËË¨-
Í¨¥´ÉÒ ¸¢Ö§¨ β1,2, a1,2 ¨ b1,2 Å  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¨Ì ¨ µÉ· ¦¥´´ÒÌ ¢µ²´ ¢ ¶µ¤¢µ¤ÖÐ¨Ì
¢µ²´µ¢µ¤ Ì. ‚ Ê¸É ´µ¢¨¢Ï¥³¸Ö ·¥¦¨³¥ ¶·¨ · ¡µÉ¥ ´  Î ¸ÉµÉ¥ ω Ê· ¢´¥´¨Ö ¤²Ö  ³¶²¨-
ÉÊ¤ ÔËË¥±É¨¢´ÒÌ ´ ¶·Ö¦¥´¨° V ¨ Ṽ ¢ ·¥§µ´ Éµ· Ì ¸ ¤¢Ê³Ö µÉ¢¥·¸É¨Ö³¨ ¸¢Ö§¨ ³µ¦´µ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥ [2]

V =
1
ξ
(2β1A1 + 2β2A2 − IRsh), Ṽ =

1
ξ̃
(2β̃1Ã1 + 2β̃2Ã2 − ĨR̃sh), (1)

£¤¥ ξ = (1 − jε)(1 + β1 + β2), ε ≈ −2QL(ω − ω0)/ω0 Å µÉ´µ¸¨É¥²Ó´ Ö · ¸¸É·µ°± ;
QL = Q0/(1+β1+β2) Å ¶µ²´ Ö ´ £·Ê¦¥´´ Ö ¤µ¡·µÉ´µ¸ÉÓ ·¥§µ´ Éµ· ; Q0 Å ¸µ¡¸É¢¥´´ Ö
¤µ¡·µÉ´µ¸ÉÓ ·¥§µ´ Éµ· ; Rsh Å ÔËË¥±É¨¢´µ¥ ÏÊ´Éµ¢µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ·¥§µ´ Éµ· ; I =
I0 exp (jϕI) Å ¢´¥Ï´¨° ´ £·Ê¦ ÕÐ¨° Éµ±, I0 Å ¸·¥¤´¨° Éµ± ¶ÊÎ± , ϕI Å ¥£µ Ë § ;
A1,2 Å ´µ·³¨·µ¢ ´´Ò¥  ³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨° ¶ ¤ ÕÐ¨Ì ¢µ²´ ´  ¢Ìµ¤ Ì 1 ¨ 2.

�µ·³¨·µ¢ ´´Ò¥  ³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨° A1,2 ¢ (1) ¸¢Ö§ ´Ò ¸  ³¶²¨ÉÊ¤ ³¨ ´ ¶·Ö¦¥´¨°
¶ ¤ ÕÐ¨Ì ¢µ²´ ¢ ¶µ¤¢µ¤ÖÐ¨Ì ¢µ²´µ¢µ¤ Ì (¸³. ·¨¸. 1) ¸µµÉ´µÏ¥´¨¥³

a1,2 = −
√

2ρβ1,2/Rsh A1,2, (2)

£¤¥ ρ Å ¢µ²´µ¢µ¥ ¸µ¶·µÉ¨¢²¥´¨¥ ¶¨É ÕÐ¥£µ ¢µ²´µ¢µ¤ .
�µ·³¨·µ¢ ´´Ò¥  ³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨° µÉ· ¦¥´´ÒÌ ¢µ²´ µÉ ¢Ìµ¤µ¢ 1 ¨ 2 ·¥§µ´ Éµ· 

· ¢´Ò
B1,2 = V − A1,2. (3)

�³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨° µÉ· ¦¥´´ÒÌ ¢µ²´ ¢ ¶¨É ÕÐ¨Ì ¢µ²´µ¢µ¤ Ì b1,2 (¸³. ·¨¸. 1) ¸¢Ö-
§ ´Ò ¸ B1,2 ¸µµÉ´µÏ¥´¨¥³,  ´ ²µ£¨Î´Ò³ (2) ¤²Ö ¶ ¤ ÕÐ¨Ì ¢µ²´.

‚ ¶·¥´¥¡·¥¦¥´¨¨ ¶µÉ¥·Ö³¨ ¢ ¸¢Ö§ÊÕÐ¥³ ¢µ²´µ¢µ¤¥ Ô²¥±É·¨Î¥¸±µ° ¤²¨´Ò ϕ ¶ ¤ ÕÐ¨¥
¨ µÉ· ¦¥´´Ò¥ ¢µ²´Ò ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨Ö³¨:

ã1 = b2 exp (−jϕ) ⇒ V − A2 =
√

β̃1/β2 exp (jϕ)Ã1, (4a)
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b̃1 = a2 exp (jϕ) ⇒ Ṽ − Ã1 =
√

β2/β̃1 exp (jϕ)A2. (4¡)

ˆ¸¶µ²Ó§ÊÖ (4) ¨ ¨¸±²ÕÎ Ö  ³¶²¨ÉÊ¤Ò Ã1 ¨ A2 ¨§ (1), ¶µ²ÊÎ¨³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö
´ Ìµ¦¤¥´¨Ö ´ ¶·Ö¦¥´¨° ´  ·¥§µ´ Éµ· Ì Î¥·¥§  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¨Ì ¢µ²´ µÉ ¶¨É ÕÐ¨Ì
£¥´¥· Éµ·µ¢ ¨ ´ £·Ê¦ ÕÐ¨Ì Éµ±µ¢:

(
V

Ṽ

)
=

1
det M


 2β̃1 − ξ̃ det 2

√
β̃1β2 exp (jϕ)

2
√

β̃1β2 exp (jϕ) 2β2 − ξ det




(
−2β1A1 + IRsh

−2β̃2Ã2 + ĨR̃sh

)
, (5)

£¤¥ det M = (2β2 − ξ)(2β̃1 − ξ̃) − ξξ̃ exp (2jϕ).
„ ²¥¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¤¢  µ¤¨´ ±µ¢ÒÌ ·¥§µ´ Éµ· : Q̃0 = Q0, R̃sh = Rsh, β̃2 = β1,

β̃1 = β2 ¨ ω̃0 = ω0, ω̃ = ω. �·¨ ¸µ£² ¸µ¢ ´´µ³ ·¥¦¨³¥ · ¡µÉÒ µ¡µ¨Ì ·¥§µ´ Éµ·µ¢ ´ 
·¥§µ´ ´¸´µ° Î ¸ÉµÉ¥ (ω = ω0)  ³¶²¨ÉÊ¤Ò µÉ· ¦¥´´ÒÌ µÉ ·¥§µ´ Éµ·µ¢ ¢µ²´ · ¢´Ò ´Ê²Õ:
B1 = B̃2 = 0. ’µ£¤   ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¨Ì ¢µ²´ ¤µ²¦´Ò ¡ÒÉÓ · ¢´Ò A1 = V , Ã2 = Ṽ .
�´¥·£¨Ö, ´ ¡¨· ¥³ Ö ¶ÊÎ±µ³ ¢ ·¥§µ´ Éµ·¥; · ¢´ 

∆W = e|V | cos (ϕV − ϕI), (6)

£¤¥ ϕV Å Ë §  ´ ¶·Ö¦¥´¨Ö ¢ ·¥§µ´ Éµ·¥, ϕI Å Ë §  ´ £·Ê¦ ÕÐ¥£µ Éµ± .
�Ê¸ÉÓ  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¨Ì ¢µ²´ µÉ ¶¨É ÕÐ¨Ì £¥´¥· Éµ·µ¢ ¸¢Ö§ ´Ò ¸µµÉ´µÏ¥´¨¥³

Ã2 = A1 exp (jψ). �·¨ ¸µ£² ¸µ¢ ´´µ³ ·¥¦¨³¥ · ¡µÉÒ ´ ¶·Ö¦¥´¨Ö ´  ·¥§µ´ Éµ· Ì ¡Ê¤ÊÉ
É ±¦¥ · ¢´Ò ¶µ ¢¥²¨Î¨´¥ ¨ µÉ²¨Î ÉÓ¸Ö Éµ²Ó±µ Ë §µ°: Ṽ = V exp (jψ). �·¨ µÌ² ¦¤¥´¨¨
¶ÊÎµ± Ô²¥±É·µ´µ¢ ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É ¸¢µ¥£µ Éµ± . ’µ£¤ , ¥¸²¨ Éµ± ¢µ§¢· Ð ¥³µ£µ
¶ÊÎ±  · ¢¥´ Ĩ = −I exp (jψ), Éµ Ô´¥·£¨Ö, ´ ¡¨· ¥³ Ö ¶ÊÎ±µ³ ¢µ ¢Éµ·µ³ ·¥§µ´ Éµ·¥,
¡Ê¤¥É

∆W̃ = e|Ṽ | cos (ϕṼ − ϕĨ) = e|Ĩ|Re

(
Ṽ

Ĩ

)
=

= −e|I|Re
(

V

I

)
= −e|V | cos (ϕV − ϕI) = −∆W.

’. ¥. ¶¥·¢Ò° ·¥§µ´ Éµ· Ê¸±µ·Ö¥É ¶ÊÎµ± ´  ∆W ,   ¢µ ¢Éµ·µ³ ·¥§µ´ Éµ·¥ ¶ÊÎµ± É¥·Ö¥É
ÉµÎ´µ É ±ÊÕ ¦¥ Ô´¥·£¨Õ. ˆ§ (4) ¶µ²ÊÎ¨³ Ê¸²µ¢¨Ö ¸µ£² ¸µ¢ ´´µ£µ ·¥¦¨³  · ¡µÉÒ µ¡µ¨Ì
·¥§µ´ Éµ·µ¢ ´  ·¥§µ´ ´¸´µ° Î ¸ÉµÉ¥ ¢ ·¥¦¨³¥ ·¥±Ê¶¥· Í¨¨ Ô´¥·£¨¨ ¶ÊÎ± 

ψ = ϕ, ϕV = ϕI , β1 = 1, β2 = Rsh|I|/|V | ≡ Rsh|I|/|A1|.

�·¨ ÔÉµ³ ¢ ¸¢Ö§ÊÕÐ¥³ ¢µ²´µ¢µ¤¥ ¥¸ÉÓ Éµ²Ó±µ ¢µ²´ , · ¸¶·µ¸É· ´ÖÕÐ Ö¸Ö µÉ ·¥§µ´ -
Éµ· , ¢ ±µÉµ·µ³ ¶ÊÎµ± Éµ·³µ§¨É¸Ö, ± Ê¸±µ·ÖÕÐ¥³Ê ·¥§µ´ Éµ·Ê. �·¨ § ¤ ´´ÒÌ §´ Î¥´¨ÖÌ
³ ±¸¨³ ²Ó´µ£µ ¶·¨· Ð¥´¨Ö Ô´¥·£¨¨ ¢ µ¤´µ³ Ê¸±µ·ÖÕÐ¥³ ·¥§µ´ Éµ·¥ ∆W = 1 ŒÔ‚ ¨
¸·¥¤´¥£µ Ê¸±µ·Ö¥³µ£µ Éµ±  I = 0, 36 � ¶µ²ÊÎ¨³ · ¡µÎ¨¥ §´ Î¥´¨Ö ±µÔËË¨Í¨¥´Éµ¢ ¸¢Ö§¨:
β1 = 1 ¨ β2 ≈ 3, 9.

„²Ö Ê¸±µ·¨É¥²Ö-µÌ² ¤¨É¥²Ö ´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´¥´¨¥ ¥Ð¥ µ¤´µ£µ Ê¸²µ¢¨Ö Ä ¶² ¢´ Ö
·¥£Ê²¨·µ¢±  Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ ¶·¥¤¥² Ì 0,8Ä8 ŒÔ‚. �·¨ ÔÉµ³  ³¶²¨ÉÊ¤Ò
µÉ· ¦¥´´ÒÌ ¢µ²´ µÉ µ¡µ¨Ì ·¥§µ´ Éµ·µ¢ É ±¦¥ ¤µ²¦´Ò ¡ÒÉÓ · ¢´Ò ´Ê²Õ, É. ¥. ÎÉµ¡Ò
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³µÐ´µ¸É¨ ¶¨É ÕÐ¨Ì £¥´¥· Éµ·µ¢ · ¸Ìµ¤µ¢ ²¨¸Ó Éµ²Ó±µ ´  ¢µ§³¥Ð¥´¨¥ É¥¶²µ¢ÒÌ ¶µÉ¥·Ó
¢ ¸É¥´± Ì ·¥§µ´ Éµ·µ¢. Œµ¦´µ ¶µ± § ÉÓ, ÎÉµ ÔÉµ ³µ¦´µ ¸¤¥² ÉÓ Éµ²Ó±µ ¶·¨ ¦¥¸É±µ°
¸¢Ö§¨ ³¥¦¤Ê ·¥§µ´ Éµ· ³¨, É. ¥. ±µ£¤  ϕ = π. ‚ ÔÉµ³ ¸²ÊÎ ¥ ´  ·¥§µ´ ´¸´µ° Î ¸ÉµÉ¥, ¶·¨
¢Ò¡· ´´ÒÌ §´ Î¥´¨ÖÌ ±µÔËË¨Í¨¥´Éµ¢ ¸¢Ö§¨ β1 = 1 ¨ β2 = 3,9, ´¥§ ¢¨¸¨³µ µÉ  ³¶²¨ÉÊ¤Ò
¶¨É ÕÐ¥£µ ´ ¶·Ö¦¥´¨Ö ¨  ³¶²¨ÉÊ¤Ò ´ £·Ê¦ ÕÐ¥£µ Éµ±  (´µ ¶·¨ Ê¸²µ¢¨¨ Ã2 = −A1 ¨
Ĩ = I), ¶¥·¢Ò° ·¥§µ´ Éµ· ¢¸¥£¤  ¡Ê¤¥É Ê¸±µ·ÖÉÓ ¶ÊÎµ± ¤µ Ô´¥·£¨¨ ∆W = e|A1|,   ¢Éµ·µ°
¡Ê¤¥É ¸´¨¦ ÉÓ ¥£µ Ô´¥·£¨Õ ·µ¢´µ ´  É ±ÊÕ ¦¥ ¢¥²¨Î¨´Ê. ˆ§³¥´¥´¨¥ ²¨¡µ ³µÐ´µ¸É¨
£¥´¥· Éµ· , ²¨¡µ ´ £·Ê¦ ÕÐ¥£µ Éµ±  ¢¥¤¥É ²¨ÏÓ ± µ¡· §µ¢ ´¨Õ ¸ÉµÖÎ¥° ¢µ²´Ò ¢ ¸µ¥¤¨-
´ÖÕÐ¥³ ¢µ²´µ¢µ¤¥. „²Ö ¸· ¢´¥´¨Ö ´  ·¨¸. 2 ¶µ± § ´Ò § ¢¨¸¨³µ¸É¨ ¶·¨· Ð¥´¨Ö Ô´¥·£¨¨
¢ ·¥§µ´ Éµ· Ì µÉ  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¥° ¢µ²´Ò ¤²Ö Ô²¥±É·¨Î¥¸±µ° ¤²¨´Ò ¸¢Ö§ÊÕÐ¥£µ ¢µ²-
´µ¢µ¤  ϕ, · ¢´µ° π ¨ π/2. �  ·¨¸. 2, a, ¡ ¸¶²µÏ´ Ö ²¨´¨Ö µÉ´µ¸¨É¸Ö ± Ê¸±µ·ÖÕÐ¥³Ê
·¥§µ´ Éµ·Ê, ÏÉ·¨Ìµ¢ Ö Å ± Éµ·³µ§ÖÐ¥³Ê. �·¨ ÔÉµ³ ¶·¨ · ¡µÉ¥ ¸ ϕ = π ±µÔËË¨Í¨¥´ÉÒ
µÉ· ¦¥´¨Ö µÉ µ¡µ¨Ì ·¥§µ´ Éµ·µ¢ · ¢´Ò ´Ê²Õ ¤²Ö ²Õ¡ÒÌ §´ Î¥´¨°  ³¶²¨ÉÊ¤Ò ¶ ¤ Õ-
Ð¥° ¢µ²´Ò A1. ‚ Éµ ¢·¥³Ö ± ± ¶·¨ Ô²¥±É·¨Î¥¸±µ° ¤²¨´¥ ¸¢Ö§ÊÕÐ¥£µ ¢µ²´µ¢µ¤  π/2
±µÔËË¨Í¨¥´ÉÒ µÉ· ¦¥´¨Ö · ¢´Ò ´Ê²Õ Éµ²Ó±µ ¢ µ¤´µ° ÉµÎ±¥ Å ¶·¨ A1 = 1 Œ‚.

�¨¸. 2. ‡ ¢¨¸¨³µ¸ÉÓ ¶·¨· Ð¥´¨Ö Ô´¥·£¨¨ ¢ ·¥§µ´ Éµ· Ì µÉ  ³¶²¨ÉÊ¤Ò ¶  ¤ ÕÐ¥° ¢µ²´Ò: a) ϕ = π;
¡) ϕ = π/2

…¸²¨ ·¥§µ´ Éµ·Ò ¨³¥ÕÉ · §²¨Î´Ò¥ ¸µ¡¸É¢¥´´Ò¥ Î ¸ÉµÉÒ (ω̃0 �= ω0), ¨²¨ ¶¨É ÕÐ¨¥
£¥´¥· Éµ·Ò ¨³¥ÕÉ · §´Ò¥ Î ¸ÉµÉÒ (ω̃ = ω), ¨²¨  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¨Ì ¢µ²´ µÉ²¨Î ÕÉ¸Ö
µÉ µ¶É¨³ ²Ó´ÒÌ, ¨²¨ ¶ÊÎ±¨ ¨³¥ÕÉ · §´Ò¥ Éµ±¨, Éµ ´¥µ¡Ìµ¤¨³µ ¶µ²Ó§µ¢ ÉÓ¸Ö ¶µ²´Ò³¨
Ê· ¢´¥´¨Ö³¨ (5). „²Ö ¢Ò¡· ´´µ£µ ¸²ÊÎ Ö ϕ = π, β̃2 = β1 ¨ β̃1 = β2 ·¥Ï¥´¨¥ ³µ¦´µ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

V =
β1[(A1 − Ã2) − (Rsh/2)(I − Ĩ)]

(1 + β1) − j
ε + ε̃

2
(1 + β1 + β2)

, Ṽ = −V. (7)

�µ·³¨·µ¢ ´´Ò¥  ³¶²¨ÉÊ¤Ò ´ ¶·Ö¦¥´¨° µÉ· ¦¥´´ÒÌ ¢µ²´ ´ Ìµ¤ÖÉ¸Ö ¨§ (3),   ¶·¨· Ð¥-
´¨¥ Ô´¥·£¨¨ Å ¨§ (6). ˆ¸¶µ²Ó§ÊÖ ÔÉ¨ Ê· ¢´¥´¨Ö, ³µ¦´µ ¤²Ö · ¸¸³ É·¨¢ ¥³µ° ¸¨¸É¥³Ò
¢ÒÎ¨¸²¨ÉÓ ¢¸¥ ¨´É¥·¥¸ÊÕÐ¨¥ ¶ · ³¥É·Ò É ±µ£µ Ê¸±µ·¨É¥²Ö-·¥±Ê¶¥· Éµ· . ‚ Éµ³ Î¨¸²¥ ¨
¤µ¶Ê¸±¨ ´  ¢¥²¨Î¨´Ò ¢Ìµ¤ÖÐ¨Ì ¢ (7) ¶ · ³¥É·µ¢.
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„²Ö ·¥ ²¨§ Í¨¨ ·¥¦¨³  Ê¸±µ·¥´¨Ö ¨ ·¥±Ê¶¥· Í¨¨ Ô´¥·£¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¶·¥¤-
²µ¦¥´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¸¨¸É¥³Ê ¨§ ¤¢ÊÌ µ¤¨´ ±µ¢ÒÌ ¸¢Ö§ ´´ÒÌ ·¥§µ´ Éµ·µ¢, § ¶¨ÉÒ¢ ¥³ÒÌ
µÉ¤¥²Ó´µ µÉ ¤¢ÊÌ £¥´¥· Éµ·µ¢. �¥§µ´ Éµ·Ò ¸µ¥¤¨´¥´Ò ³¥¦¤Ê ¸µ¡µ° µÉ·¥§±µ³ ²¨´¨¨ ¸¢Ö§¨
Ô²¥±É·¨Î¥¸±µ° ¤²¨´Ò ϕ = π. �·¨ É ±µ³ ¢Ò¡µ·¥ ´ ¶·Ö¦¥´¨Ö ´  ·¥§µ´ Éµ· Ì § ¢¨¸ÖÉ
Éµ²Ó±µ µÉ ³µÐ´µ¸É¨, ¶µ¤¢µ¤¨³µ° ± ·¥§µ´ Éµ· ³, ¨ ¢¸¥£¤  ¶·µÉ¨¢µË §´Ò (·¥¦¨³ ¦¥¸É-
±µ° ¸¢Ö§¨). �´¥·£¨Ö, µÉ¡¨· ¥³ Ö Ê Éµ·³µ§ÖÐ¥£µ¸Ö ¶ÊÎ±  ¢ µ¤´µ³ ·¥§µ´ Éµ·¥, ¶µ²´µ¸ÉÓÕ
¨¤¥É ´  Ê¸±µ·¥´¨¥ ¶ÊÎ±  ¢µ ¢Éµ·µ³ ·¥§µ´ Éµ·¥ (¡¥§ ÊÎ¥É  ¶µÉ¥·Ó ¢ ¸µ¥¤¨´ÖÕÐ¥³ ·¥-
§µ´ Éµ·Ò ¢µ²´µ¢µ¤¥). ‚ ·¨ Í¨Ö Ô´¥·£¨¨ Ê¸±µ·Ö¥³ÒÌ (Éµ·³µ§¨³ÒÌ) Ô²¥±É·µ´µ¢ ³µ¦¥É
¶·µ¨§¢µ¤¨ÉÓ¸Ö ¨§³¥´¥´¨¥³ ³µÐ´µ¸É¨, ¶µ¤¢µ¤¨³µ° ± ·¥§µ´ Éµ· ³.
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