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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

�·¥¤² £ ¥É¸Ö c¨¸É¥³  Ô²¥±É·µ¤µ¢ ¤²Ö µ¸ÊÐ¥¸É¢²¥´¨Ö Î¥·¥¤ÊÕÐ¥°¸Ö §´ ± ³¨ £· ¤¨¥´É  ¸¨²Ó´µ°
Ô²¥±É·µ¸É É¨Î¥¸±µ° ±¢ ¤·Ê¶µ²Ó´µ° Ëµ±Ê¸¨·µ¢±¨ ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ¨Ì
µ¤´µ¢·¥³¥´´µ£µ Ê¸±µ·¥´¨Ö ¢ Ê¸±µ·¨É¥²ÖÌ ¶·Ö³µ£µ ¤¥°¸É¢¨Ö.

A system of electrodes for sign-alternating strong electrostatic quadrupole focusing of intense beam
of charged particles and their simultaneously direct accelerating is proposed.

‚‚…„…�ˆ…

‚ ¸µ¢·¥³¥´´ÒÌ Ô²¥±É·µ¸É É¨Î¥¸±¨Ì Ê¸±µ·¨É¥²ÖÌ ¶·Ö³µ£µ ¤¥°¸É¢¨Ö ¸  ±¸¨ ²Ó´µ-¸¨³-
³¥É·¨Î´Ò³¨ Ô²¥±É·µ¤ ³¨ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö É ± ´ §Ò¢ ¥³ Ö ¸² ¡ Ö Ëµ±Ê¸¨·µ¢±  Ê¸±µ·Ö-
¥³ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, µ¡Ê¸²µ¢²¥´´ Ö ¶·µ¢¨¸ ´¨¥³ Ô²¥±É·¨Î¥¸±¨Ì ¸¨²µ¢ÒÌ ²¨´¨°
Ê¸±µ·ÖÕÐ¥£µ ¶µ²Ö ± µ¸¨ Ê¸±µ·¨É¥²Ö ¢ ¶·µ³¥¦ÊÉ± Ì ³¥¦¤Ê Ê¸±µ·ÖÕÐ¨³¨ Ô²¥±É·µ¤ ³¨.
„²Ö µ¡¥¸¶¥Î¥´¨Ö Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ° Ëµ±Ê¸¨·µ¢±¨ ¨´É¥´¸¨¢´ÒÌ ¶ÊÎ±µ¢ § ·Ö¦¥´´ÒÌ Î -
¸É¨Í ¢ Ô²¥±É·µ¸É É¨Î¥¸±¨Ì Ê¸±µ·¨É¥²ÖÌ ¶·Ö³µ£µ ¤¥°¸É¢¨Ö ¨´µ£¤  ¤µ¶µ²´¨É¥²Ó´µ ± ¸² ¡µ°
Ëµ±Ê¸¨·µ¢±¥ ¤µ¡ ¢²ÖÕÉ Ô²¥±É·¨Î¥¸±¨¥ Í¨²¨´¤·¨Î¥¸±¨¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ²¨´§Ò ¸¨²Ó´µ°
Ëµ±Ê¸¨·µ¢±¨. ‹¨´§Ò · ¸¶µ² £ ÕÉ ¢ ¸¶¥Í¨ ²Ó´ÒÌ · §·Ò¢ Ì Ê¸±µ·¨É¥²Ó´µ£µ É· ±É , ¢ É ±
´ §Ò¢ ¥³ÒÌ ®³¥·É¢ÒÌ¯ §µ´ Ì. �Éµ ¸´¨¦ ¥É É¥³¶ Ê¸±µ·¥´¨Ö ¨ Ê¢¥²¨Î¨¢ ¥É ¤²¨´Ê Ê¸±µ-
·¨É¥²Ö.

�µÔÉµ³Ê ¤²Ö Ê¸É· ´¥´¨Ö Ê± § ´´µ£µ ¢ÒÏ¥ ´¥¤µ¸É É±  ¢¥¸Ó³  µ¶· ¢¤ ´´µ° ± ¦¥É¸Ö ¶µ-
¶ÒÉ±  ¸µ§¤ ÉÓ ¸¨¸É¥³Ê Ô²¥±É·µ¤µ¢ ¤²Ö ¢Ò¸µ±µ¢µ²ÓÉ´µ£µ Ê¸±µ·¨É¥²Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í
¶·Ö³µ£µ ¤¥°¸É¢¨Ö, µ¤´µ¢·¥³¥´´µ ÔËË¥±É¨¢´µ Ê¸±µ·ÖÕÐÊÕ ¨ ÔËË¥±É¨¢´µ Ëµ±Ê¸¨·ÊÕÐÊÕ
§ ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ. Š ± ¶·¥Í¥¤¥´É É ±µ° ¶µ¶ÒÉ±¨ ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ¨§¢¥¸É´ÊÕ § -
³¥´Ê ¸² ¡µ° Ëµ±Ê¸¨·µ¢±¨ ¢ ²¨´¥°´ÒÌ ·¥§µ´ ´¸´ÒÌ Ê¸±µ·¨É¥²ÖÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢Ò-
¸µ±µÎ ¸ÉµÉ´µ° ¸¨²Ó´µ° ±¢ ¤·Ê¶µ²Ó´µ° Ëµ±Ê¸¨·µ¢±µ° ´  µ¸´µ¢¥ Î¥ÉÒ·¥Ì¶·µ¢µ¤´µ° ²¨´¨¨
¸ ¶¥·¥³¥´´Ò³ ¶·µË¨²¥³ ¶·µ¢µ¤´¨±µ¢, ¢¶¥·¢Ò¥ µ¶¨¸ ´´µ° ¢ [1, 2].
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�¡Ð¥° § ¤ Î¥° · ¸Î¥É  Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¶µ²Ö Ö¢²Ö¥É¸Ö µ¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´´µ-
¸É¨ ¶µ²Ö E ¶µ § ¤ ´´µ³Ê · ¸¶µ²µ¦¥´¨Õ § ·Ö¤µ¢ ¨²¨ ¶µÉ¥´Í¨ ²µ¢ ¢ ¶·µ¸É· ´¸É¢¥. „²Ö
ÔÉµ£µ ¨¸¶µ²Ó§Ê¥É¸Ö Ê· ¢´¥´¨¥ ‹ ¶² ¸ 

∂2V/∂x2 + ∂2V/∂y2 + ∂2V/∂z2 = 0 (1)
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¨ ±· ¥¢Ò¥ Ê¸²µ¢¨Ö ¢ ¢¨¤¥ § ¤ ´´ÒÌ §´ Î¥´¨° ¶µÉ¥´Í¨ ²µ¢ ´  § ¤ ´´ÒÌ £· ´¨Î´ÒÌ Ô²¥±-
É·µ¤ Ì V0 (§ ¤ Î  „¨·¨Ì²¥). �¥Ï¥´¨¥ É ±µ° § ¤ Î¨ ¢  ´ ²¨É¨Î¥¸±µ° Ëµ·³¥ ¢¸É·¥Î ¥É
§´ Î¨É¥²Ó´Ò¥ É·Ê¤´µ¸É¨ (¸³., ´ ¶·¨³¥·, [3, ¸. 477 ¨ ¤ ²¥¥]).

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ³Ò ¨¸¶µ²Ó§Ê¥³ · §¢¨ÉÒ° ´ ³¨ ¶·¨¥³ ¶µ¸É·µ¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì
¨ ³ £´¨É´ÒÌ ¸É É¨Î¥¸±¨Ì ¶µ²¥° ³¥Éµ¤µ³, µ¡· É´Ò³ § ¤ Î¥ „¨·¨Ì²¥. ‚¶¥·¢Ò¥ ÔÉµÉ ¶·¨¥³
¡Ò² ¶·¨³¥´¥´ ´ ³¨ ¢ [5, ¸. 14 ¨ ¤ ²¥¥] ¤²Ö  ´ ²¨É¨Î¥¸±µ£µ ¶µ¸É·µ¥´¨Ö ³ £´¨É´ÒÌ ¨
Ô²¥±É·¨Î¥¸±¨Ì ³Ê²ÓÉ¨¶µ²Ö·´ÒÌ ¶µ²¥° ¨ ¨¸¶µ²Ó§µ¢ ´ ¶µ§¤´¥¥ ¢ · ¡µÉ Ì [6] ¨ [7, ¸. 448 ¨
¤ ²¥¥] ¤²Ö ±µ´¸É·Ê¨·µ¢ ´¨Ö ¶µ²¥° ¤·Ê£¨Ì É¨¶µ¢ ¨ ±µ´±·¥É´ÒÌ Ê¸É·µ°¸É¢ ¤²Ö ¨Ì µ¸ÊÐ¥-
¸É¢²¥´¨Ö.

‘ÊÐ´µ¸ÉÓ ¶·¨¥³  ¸¢µ¤¨É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê. �  µ¸´µ¢¥ É·¥¡µ¢ ´¨° ± Ô²¥±É·¨Î¥¸±µ³Ê
¶µ²Õ ¢ ± ±µ³-²¨¡µ ¶·µ¥±É¨·Ê¥³µ³ Ë¨§¨Î¥¸±µ³ ¨²¨ É¥Ì´¨Î¥¸±µ³ Ê¸É·µ°¸É¢¥ § ¤ ¥³ ¢
 ´ ²¨É¨Î¥¸±µ³ ¢¨¤¥ ´Ê¦´µ¥ ¡ §µ¢µ¥ ¶µ²¥, ´ ¶·¨³¥·, ´  ¢Ò¤¥²¥´´µ° ¸¨³³¥É·¨¥° Ê¸É·µ°-
¸É¢  ²¨´¨¨ ¨²¨ ¶µ¢¥·Ì´µ¸É¨. �µ²¥ ¢ µ¡Ñ¥³¥ · ¡µÎ¥°  ¶¥·ÉÊ·Ò Ê¸É·µ°¸É¢  µ¶·¥¤¥²Ö¥³
¶ÊÉ¥³ ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¨´É¥£·¨·µ¢ ´¨Ö Ê· ¢´¥´¨° Œ ±¸¢¥²² 

div E = 0, (2)

rot E = 0, (3)

¨¸¶µ²Ó§ÊÖ ¢ ´ Î ²Ó´µ³ ¶·¥¤¥²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¡ §µ¢µ¥ ¶µ²¥.
‡ ³¥É¨³, ÎÉµ Ê· ¢´¥´¨¥ (2) ¸µ¢³¥¸É´µ ¸ µ¶·¥¤¥²¥´¨¥³ E = −gradU Å µ¸´µ¢a Ê· ¢-

´¥´¨Ö ‹ ¶² ¸  (1).
„²Ö ·¥Ï¥´¨Ö ¶µ¸É ¢²¥´´µ° ¢ÒÏ¥ § ¤ Î¨ § ¤ ¤¨³ ¡ §µ¢µ¥ ¶µ²¥ ¢ ¶²µ¸±µ¸É¨ ϕ = 0 ¨

´  µ¸¨ z Í¨²¨´¤·¨Î¥¸±µ° ¸¨¸É¥³Ò ±µµ·¤¨´ É r, ϕ, z ± ±

Er(r, 0, z) = Grr, Eϕ(r, 0, z) = 0 Ez(0, 0, z) = Ez. (4)

Š ± ³µ¦´µ ¢¨¤¥ÉÓ, Ê¸²µ¢¨¥ (4) ¶·¥¤¸É ¢²Ö¥É Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, Ê¸±µ·ÖÕÐ¥¥ § ·Ö¦¥´-
´Ò¥ Î ¸É¨ÍÒ ¢¤µ²Ó µ¸¨ z ¶µ¸ÉµÖ´´µ° ¸µ¸É ¢²ÖÕÐ¥° ´ ¶·Ö¦¥´´µ¸É¨ Ez ¨ Ëµ±Ê¸¨·ÊÕÐ¥¥
(Gr < 0) ¨²¨ ¤¥Ëµ±Ê¸¨·ÊÕÐ¥¥ (Gr > 0) Î ¸É¨ÍÒ · ¤¨ ²Ó´µ° ±µ³¶µ´¥´Éµ° Er, ²¨´¥°´µ
· ¸ÉÊÐ¥° ¶µ r ¢ ¶²µ¸±µ¸É¨ ϕ = 0.

ˆ§ Ê· ¢´¥´¨Ö (2) ¨³¥¥³ · ¢¥´¸É¢µ ∂Eϕ(r, ϕ, z)/∂ϕ = −∂[rEr(r, ϕ, z)]/∂r, ¨´É¥£·¨·ÊÖ
±µÉµ·µ¥ ¶µ ϕ µÉ ´Ê²Ö ¤µ ϕ ¨ ¨¸¶µ²Ó§ÊÖ ¢ ´ Î ²Ó´µ³ ¶·¥¤¥²¥ ¨´É¥£·¨·µ¢ ´¨Ö £· ´¨Î´µ¥
Ê¸²µ¢¨¥ Er(r, 0, z) = Grr, ¶µ²ÊÎ ¥³

Eϕ(r, ϕ, z) = −2Grrϕ. (5)

�µ¤¸É ¢¨¢ ¶µ²ÊÎ¥´´Ò° ·¥§Ê²ÓÉ É (5) ¢ Ê· ¢´¥´¨¥ (3), ¶·¨Ìµ¤¨³ ± · ¢¥´¸É¢Ê
∂Er(r, ϕ, z)/∂ϕ = ∂[rEϕ(r, ϕ, z)]/∂r, ¶·µ¨´É¥£·¨·µ¢ ¢ ±µÉµ·µ¥ ¸´µ¢  ¶µ ϕ ¨³¥¥³

Er(r, ϕ, z) = Grr[1 − (2ϕ)2/2]. (6)

ˆ¸¶µ²Ó§ÊÖ ·¥§Ê²ÓÉ É (6) ¨ Ê· ¢´¥´¨¥ (2) ¨ ¸´µ¢  ¨´É¥£·¨·ÊÖ ¶µ ϕ, ¶µ²ÊÎ ¥³

Eϕ(r, ϕ, z) = −Grr[2ϕ − (2ϕ)3/3!].

�·µ¤µ²¦¨¢ É ± ¤ ²¥¥ ¡¥¸±µ´¥Î´µ¥ Î¨¸²µ · § ¨ ¶·¨³¥´¨¢ Ëµ·³Ê²Ê · §²µ¦¥´¨Ö É·¨£µ´µ-
³¥É·¨Î¥¸±¨Ì ËÊ´±Í¨° sin 2ϕ ¨ cos 2ϕ ¢ ·Ö¤Ò ¶µ ¸É¥¶¥´Ö³ 2ϕ, ¢ ¨Éµ£¥ ´ Ìµ¤¨³

Er(r, ϕ, z) = Grr cos 2ϕ ¨ Eϕ(r, ϕ, z) = −Grr sin 2ϕ (7 )
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Š¢ §¨Í¨²¨´¤·¨Î¥¸±¨¥ ±¢ ¤·Ê¶µ²Ó-
´Ò¥ Ô²¥±É·µ¤Ò

ˆ¸Ìµ¤Ö ¨§ Ê· ¢´¥´¨Ö (3) ¨ ·¥Ï¥´¨° (7 ), ¶µ²ÊÎ ¥³

Ez(r, ϕ, z) = Ez. (7¡)

’ ±¨³ µ¡· §µ³ ³Ò ¶·¨Ï²¨ ± Ô²¥±É·¨Î¥¸±µ³Ê ¶µ²Õ, ±µ-
Éµ·µ¥ ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨ ¤¥°¸É¢Ê¥É ´  § ·Ö¦¥´´ÊÕ
Î ¸É¨ÍÊ ²¨´¥°´µ Ëµ±Ê¸¨·ÊÕÐ¥ ¨²¨ ¤¥Ëµ±Ê¸¨·ÊÕÐ¥,
³¥´ÖÖ §´ ± Ëµ±Ê¸¨·µ¢±¨ Î¥·¥§ ± ¦¤Ò¥ 90◦ ±µµ·¤¨´ ÉÒ
ϕ ¨ µ¡¥¸¶¥Î¨¢ Ö §´ ±µ¶¥·¥³¥´´ÊÕ Ëµ±Ê¸¨·µ¢±Ê § ·Ö-
¦¥´´ÒÌ Î ¸É¨Í µ¤´µ¢·¥³¥´´µ ¢ ¤¢ÊÌ ¢§ ¨³´µ ¶¥·¶¥´-
¤¨±Ê²Ö·´ÒÌ ¶²µ¸±µ¸ÉÖÌ ¨ ¨Ì Ê¸±µ·¥´¨¥ ¢¤µ²Ó µ¸¨ z.

�·µ¨´É¥£·¨·µ¢ ¢ ´ ¶·Ö¦¥´´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö, ¶µ²ÊÎ ¥³ ¶µÉ¥´Í¨ ² ¶µ²Ö

V (r, ϕ, z) = V (0, 0, z0)−
− (z − z0)Ez − Grr

2 cos 2ϕ/2, (8)

£¤¥ V (0, 0, z0) Å ¶µÉ¥´Í¨ ² ´ Î ²Ó´µ° ÉµÎ±¨ z0, ²¥¦ -
Ð¥° ´  µ¸¨.

�²¥±É·¨Î¥¸±¨° ¶µÉ¥´Í¨ ² (8), ± ± ²¥£±µ ´¥¶µ-
¸·¥¤¸É¢¥´´µ Ê¡¥¤¨ÉÓ¸Ö, Ê¤µ¢²¥É¢µ·Ö¥É Ê· ¢´¥´¨Õ ‹ -
¶² ¸  (1).

‡ ¤ ´¨¥ ¡ §µ¢µ£µ ¶µ²Ö, ¶·µÉ¨¢µ·¥Î Ð¥£µ ¸¨¸É¥³¥
Ê· ¢´¥´¨° (2) ¨ (3), ¤¥² ¥É ´¥¢µ§³µ¦´Ò³ ·¥Ï¥´¨¥ § -

¤ Î¨ µ¡· É´Ò³ ¶·¨¥³µ³ Ê¦¥ ´  ¶¥·¢ÒÌ ÔÉ ¶ Ì ¶µ¸²¥¤µ¢ É¥²Ó´µ£µ ¨´É¥£·¨·µ¢ ´¨Ö. „²Ö
·¥ ²Ó´µ µ¸ÊÐ¥¸É¢¨³ÒÌ ¶µ²¥° ¨³¥¥³ ¨²¨ ±µ´¥Î´µ¥ Î¨¸²µ ¨´É¥£·¨·µ¢ ´¨°, ¨²¨ ±µ´¥Î´Ò°
¶·¥¤¥² ¡¥¸±µ´¥Î´µ£µ ·Ö¤  ¨´É¥£·¨·µ¢ ´¨°.

‡ ³¥É¨³, ÎÉµ ¶¥·¢µ´ Î ²Ó´µ ¤²Ö ·¥Ï¥´¨Ö ¶µ¸É ¢²¥´´µ° § ¤ Î¨ ¡Ò²µ ¢Ò¡· ´µ ¡ §µ-
¢µ¥ ¶µ²¥ ¡µ²¥¥ ¶·µ¸Éµ£µ,  ±¸¨ ²Ó´µ-¸¨³³¥É·¨Î´µ£µ É¨¶ ,   ¨³¥´´µ, Er(r, ϕ, z) = Grr,
Eϕ(r, ϕ, z) = 0, Ez(0, 0, z) = Ez , ÎÉµ, µ¤´ ±µ, ´¥ ¶·¨¢¥²µ ± ¶·¨¥³²¥³µ³Ê ·¥Ï¥´¨Õ.

ˆ§ Ëµ·³Ê²Ò (8) ¸²¥¤Ê¥É, ÎÉµ ¢´ÊÉ·¥´´¨¥ ¶·µË¨²¨ ³µ´µ¶µÉ¥´Í¨ ²Ó´ÒÌ Ô²¥±É·µ¤µ¢,
¢µ¸¶·µ¨§¢µ¤ÖÐ¨Ì Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ (8), ¤µ²¦´Ò Ê¤µ¢²¥É¢µ·ÖÉÓ Ê· ¢´¥´¨Õ

re(ϕ, z) = ±{2[V (0, 0, z0) − Ve − (z − z0)Ez]/Gr cos 2ϕ}1/2, (9)

£¤¥ re(ϕ, z) Å · ¤¨Ê¸-¢¥±Éµ·, µ¶¨¸Ò¢ ÕÐ¨° ¢´ÊÉ·¥´´¨° ¶·µË¨²Ó Ô²¥±É·µ¤ ; Ve Å Ô²¥±-
É·¨Î¥¸±¨° ¶µÉ¥´Í¨ ² Ô²¥±É·µ¤ . ˆ§ Ëµ·³Ê²Ò (9) ¢¨¤´µ, ÎÉµ ¢ ²Õ¡µ³ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨
z = const ¶·µË¨²¨ Î¥ÉÒ·¥Ì Ô²¥±É·µ¤µ¢ µ¶¨¸Ò¢ ÕÉ¸Ö Î¥ÉÒ·Ó³Ö ¢¥É¢Ö³¨ · ¢´µ¡µÎ´µ° £¨-
¶¥·¡µ²Ò,   ¢ ¸¥Î¥´¨¨ ϕ = const Å Î¥·¥§ ±µ·¥´Ó ±¢ ¤· É´Ò° ¨§ §´ Î¥´¨° · §´µ¸É¥°
±µµ·¤¨´ É z − z0 ¨ ¶µÉ¥´Í¨ ²µ¢ V .

‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ ¶·µË¨²¥° ¤¢ÊÌ Ô²¥±É·µ¤µ¢ (9) ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨
¶µ± § ´µ ¢ ¢¥·Ì´¥° Î ¸É¨ ·¨¸Ê´± . –¨Ë· ³¨ 1 ¨ 2 µÉ³¥Î¥´Ò ¤¢  ±¢ §¨Í¨²¨´¤·¨Î¥¸±¨Ì
(´¥ ¸É·µ£µ Í¨²¨´¤·¨Î¥¸±¨Ì ¨ ´¥ É·¥Ì³¥·´ÒÌ, µ¡Ñ¥³´ÒÌ) ±¢ ¤·Ê¶µ²Ó´ÒÌ Ô²¥±É·µ¤  ¸ ¶µ-
¶¥·¥Î´Ò³¨ £¨¶¥·¡µ²¨Î¥¸±¨³¨ ¸¥Î¥´¨Ö³¨. –¨Ë·µ° 3 µÉ³¥Î¥´ ³¥É ²²¨Î¥¸±¨° ¶·µÌµ¤´µ°
¤¥·¦ É¥²Ó Ô²¥±É·µ¤  ¤²Ö ¥£µ Ê¸É ´µ¢±¨ ¢´ÊÉ·¨ ¢ ±ÊÊ³´µ° ¤¨Ô²¥±É·¨Î¥¸±µ° É·Ê¡±¨ Ê¸±µ-
·¨É¥²Ö ¨ ¶µ¤ Î¨ ´  Ô²¥±É·µ¤ ¶µÉ¥´Í¨ ²  µÉ ¢´¥Ï´¥£µ ¤¥²¨É¥²Ö ¶µ²´µ£µ Ê¸±µ·ÖÕÐ¥£µ
´ ¶·Ö¦¥´¨Ö.
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‚ ´¨¦´¥° Î ¸É¨ ·¨¸Ê´±  ¸Ì¥³ É¨Î¥¸±¨ ¶µ± § ´Ò ¶·µ¥±Í¨¨ Ô²¥±É·µ¤  1 ´  ¶µ²Ê¶²µ¸-
±µ¸ÉÓ ϕ = 0, z ¨ Ô²¥±É·µ¤  2 ´  ¶µ²Ê¶²µ¸±µ¸ÉÓ ϕ = π/2, z. ‚ ·¥ ²Ó´µ³ Ê¸É·µ°¸É¢¥
¶·µË¨²¨ Ô²¥±É·µ¤µ¢ ¨³¥ÕÉ Éµ·Í¥¢Ò¥ ¨ ¶·µ¤µ²Ó´Ò¥ µ±·Ê£²¥´¨Ö.

2. ����Œ…’�› Š‚�‡ˆ–ˆ‹ˆ�„�ˆ—…‘Šˆ•
Š‚�„�“��‹œ�›• �‹…Š’��„�‚

Šµ´±·¥É´Ò¥ ¶ · ³¥É·Ò Ô²¥±É·µ¤µ¢ ¢Ò¡¨· ÕÉ¸Ö ¸µ£² ¸´µ (8) ¨ (9) ¨ ¨§ Ê¸²µ¢¨° Ê¸±µ-
·¥´¨Ö. � ¶·¨³¥·, ¶·¨ § ¤ ´´µ° µ·¤¨´ ·´µ° ¤²Ö Ô²¥±É·µ¸É É¨Î¥¸±¨Ì Ê¸±µ·¨É¥²¥° ¶·Ö-
³µ£µ ¤¥°¸É¢¨Ö ´ ¶·Ö¦¥´´µ¸É¨ Ê¸±µ·ÖÕÐ¥£µ ¶µ²Ö Ez = 20 ±‚/¸³ ¶µÉ·¥¡Ê¥³ ¶·¨¡²¨§¨-
É¥²Ó´µ ¢ 10 · § ¡µ²¥¥ ¢Ò¸µ±¨° ¶µ ¸· ¢´¥´¨Õ ¸µ ¸² ¡µ° Ëµ±Ê¸¨·µ¢±µ° £· ¤¨¥´É · ¤¨-
 ²Ó´µ° ±µ³¶µ´¥´ÉÒ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö Gr = ±35 ±‚/¸³2. ‚Ò¡¥·¥³
´ ¨³¥´ÓÏ¨° ¶·µ¸¢¥É ¢  ¶¥·ÉÊ·¥ Ô²¥±É·µ¤µ¢ ± ± 2amin = 3,0 ¸³. ’µ£¤  ¤²¨´  Ô²¥±É·µ¤ 
³µ¦¥É ¡ÒÉÓ · ¢´  l = 4,5 ¸³ ¶·¨ ´ ¨¡µ²ÓÏ¥³ ¶·µ¸¢¥É¥ 2amax = 5,4 ¸³. �·¨ ÔÉµ³ ³ ±-
¸¨³ ²Ó´ Ö ´ ¶·Ö¦¥´´µ¸ÉÓ ´  ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ¸É¨ Ô²¥±É·µ¤µ¢ ´¥ ¡Ê¤¥É ¶·¥¢ÒÏ ÉÓ
¤µ¶Ê¸É¨³ÊÕ ´ ¶·Ö¦¥´´µ¸ÉÓ ¢ ¢ ±ÊÊ³¥, ¶µ² £ ¥³ÊÕ · ¢´µ° 100 ±‚/¸³. „²Ö µ¡¥¸¶¥Î¥´¨Ö
±¢ ¤·Ê¶µ²Ó´µ£µ ¶µ²Ö ¸ Ê± § ´´Ò³ £· ¤¨¥´Éµ³ ´ ¶·Ö¦¥´´µ¸É¨ ¶µÉ·¥¡Ê¥É¸Ö ¶µÉ¥´Í¨ ²
´  Ô²¥±É·µ¤¥ VF = 39,8 ±‚ ¶µ µÉ´µÏ¥´¨Õ ± ¶µÉ¥´Í¨ ²Ê ´ Î ²Ó´µ° ÉµÎ±¨ z0 ¶·¨ Ëµ-
±Ê¸¨·ÊÕÐ¥³ ¤¥°¸É¢¨¨ ±¢ ¤·Ê¶µ²Ö ´  ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¨ ¶µÉ¥´Í¨ ²
VD = −129,8 ±‚ ¶·¨ ¤¥Ëµ±Ê¸¨·ÊÕÐ¥³ ¤¥°¸É¢¨¨. �·¨ ÔÉµ³ · §´µ¸É¨ ¶µÉ¥´Í¨ ²µ¢ ³¥¦¤Ê
¸µ¸¥¤´¨³¨ ¢¤µ²Ó µ¸¨ z Ô²¥±É·µ¤ ³¨ ¸µ¸É ¢ÖÉ ∆V = 2VD ¤²Ö ¶·µ³¥¦ÊÉ±  FD ¨ ∆V = 2VF

¤²Ö ¶·µ³¥¦ÊÉ±  DF. �É¨ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏ¨¥ · §´µ¸É¨ ¶µÉ¥´Í¨ ²µ¢ ¨ Ö¢²ÖÕÉ¸Ö ¨¸ÉµÎ-
´¨±µ³ ¶µ²Ö ¸¨²Ó´µ° Ëµ±Ê¸¨·µ¢±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢´ÊÉ·¨ ¶·µÉÖ¦¥´´ÒÌ Ô²¥±É·µ¤µ¢.
�¥¶µ¸·¥¤¸É¢¥´´µ ¢ ¶·µ³¥¦ÊÉ± Ì ³¥¦¤Ê Ô²¥±É·µ¤ ³¨ ´  Î ¸É¨ÍÒ ¤µ¶µ²´¨É¥²Ó´µ ¤¥°¸É¢Ê¥É
¸² ¡ Ö Ëµ±Ê¸¨·µ¢± .

�·¨¢¥¤¥´´µ¥ ¢ÒÏ¥ µ¶¨¸ ´¨¥ ¸¨¸É¥³Ò ´µ¢ÒÌ Ô²¥±É·µ¤µ¢ Å ¶·¥¤³¥É ¨§µ¡·¥É¥´¨Ö
®‘¶µ¸µ¡ Ê¸±µ·¥´¨Ö ¨ Ëµ±Ê¸¨·µ¢±¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶µ¸ÉµÖ´´Ò³ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³
¨ Ê¸É·µ°¸É¢µ ¤²Ö ¥£µ µ¸ÊÐ¥¸É¢²¥´¨Ö¯, § Ð¨Ð¥´´µ£µ ¶ É¥´Éµ³ �µ¸¸¨°¸±µ° ”¥¤¥· Í¨¨ [7]
µÉ ¨¸¶µ²Ó§µ¢ ´¨Ö ¡¥§ ²¨Í¥´§¨·µ¢ ´´µ£µ ¸µ£² ¸¨Ö ¶ É¥´Éµµ¡² ¤ É¥²Ö. � §· ¡µÉ±  ¨§µ-
¡·¥É¥´¨Ö ¶·¥¤´ §´ Î¥´  ¤²Ö ¶¨É ´¨Ö ¡µ²ÓÏ¨³¨ Éµ± ³¨ Ê¸±µ·¥´´ÒÌ ¨µ´µ¢ ¤¥°É¥·¨Ö ¨
É·¨É¨Ö ¶·¥¤¶µ² £ ¥³µ£µ ´ ±µ¶¨É¥²Ö-±µ²² °¤¥·  ¤²Ö £¥´¥·¨·µ¢ ´¨Ö ¨´É¥´¸¨¢´µ£µ ¶µÉµ± 
´¥°É·µ´µ¢ ¢ ¢ ±ÊÊ³´ÒÌ ¸Éµ²±´µ¢¥´¨ÖÌ Ê¸±µ·¥´´ÒÌ Ö¤¥·.
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