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Accuracy Solution of Boundary Problems in Electrostatics

for Systems «Conductors–Dielectrics»

by Means of Auxiliary Charges

The analysis has been carried out on checking the influence of auxiliary charges

on solution accuracy of boundary problems of electrostatics for systems

«conductors–dielectrics». This accuracy depends on the number of charges and con-

figuration of their allocation. The extended round dielectric in the electric field

of a parallel-plate capacitor was taken as a physical model.

The investigation has been performed at the Laboratory of Particle Physics, JINR.
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‚ · ¡µÉ¥ ¶·µ ´ ²¨§¨·µ¢ ´  § ¢¨¸¨³µ¸ÉÓ ÉµÎ´µ¸É¨ ·¥Ï¥´¨Ö ±· ¥¢ÒÌ § ¤ Î
Ô²¥±É·µ¸É É¨±¨ ¤²Ö ¸¨¸É¥³ ¶·µ¢µ¤´¨±¨Ä¤¨Ô²¥±É·¨±¨ µÉ ¢Ò¡µ·  ³µ¤¥²¨ ¨ Î¨-
¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢. � ¸¸³ É·¨¢ ¥³Ò° ³¥Éµ¤ § ±²ÕÎ ¥É¸Ö ¢ Î¨¸²¥´-
´µ³ ·¥Ï¥´¨¨ £· ´¨Î´ÒÌ § ¤ Î ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢
¶·µ¢µ¤´¨±µ¢ ¨ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± , · §³¥Ð ¥³ÒÌ µ¶·¥¤¥-
²¥´´Ò³ µ¡· §µ³. Š ¦¤µ³Ê ¢¸¶µ³µ£ É¥²Ó´µ³Ê § ·Ö¤Ê ¶·µ¢µ¤´¨±µ¢ ¨ ¤¨Ô²¥±-
É·¨±µ¢ ¸µ¶µ¸É ¢²ÖÕÉ¸Ö ±µ´É·µ²Ó´Ò¥ ÉµÎ±¨ ´  ¨Ì ¶µ¢¥·Ì´µ¸ÉÖÌ. ‚¥²¨Î¨´Ò
§ ·Ö¤µ¢ ´ Ìµ¤ÖÉ¸Ö ¨§ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò ²¨´¥°´ÒÌ Ê· ¢´¥´¨°, ±µÉµ·Ò¥ ¸µ¸É -
¢²ÖÕÉ¸Ö ¸ ÊÎ¥Éµ³ ¢Ò¶µ²´¥´¨Ö £· ´¨Î´ÒÌ Ê¸²µ¢¨° ¢ ±µ´É·µ²Ó´ÒÌ ÉµÎ± Ì ´ 
¶µ¢¥·Ì´µ¸ÉÖÌ ¶·µ¢µ¤´¨±µ¢ ¨ ¤¨Ô²¥±É·¨±µ¢.

Œ¥Éµ¤ ¶·¨³¥´Ö²¸Ö ¤²Ö Î¨¸²¥´´µ£µ ³µ¤¥²¨·µ¢ ´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥°
´¥±µÉµ·ÒÌ £ §µ¢ÒÌ ±µµ·¤¨´ É´ÒÌ ¤¥É¥±Éµ·µ¢, ¢±²ÕÎ ÕÐ¨Ì ¤¨Ô²¥±É·¨Î¥¸±¨¥
¸É·Ê±ÉÊ·Ò. �¥§Ê²ÓÉ ÉÒ ¶·¥¤¸É ¢²¥´Ò ¢ ´ Ï¨Ì · ¡µÉ Ì [1Ä3]. ‚ ´¨Ì ¤ ´µ
µ¶¨¸ ´¨¥ ³¥Éµ¤  ·¥Ï¥´¨Ö ±µ´±·¥É´ÒÌ § ¤ Î ¸ ±· É±¨³ µ¡µ¸´µ¢ ´¨¥³ ¢Ò-
¡µ·  ¸¨¸É¥³ Ê· ¢´¥´¨°. ‚ [1] ¶µ± § ´µ ¢²¨Ö´¨¥ ¤¨Ô²¥±É·¨Î¥¸±µ° · ³±¨ ´ 
±· ¥¢Ò¥ ÔËË¥±ÉÒ ¢ ³´µ£µ¶·µ¢µ²µÎ´ÒÌ ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· Ì. ‘²¥¤-
¸É¢¨Ö · §³¥Ð¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±µ° ¶² ¸É¨´Ò ¢ µ¡Ñ¥³¥ ³´µ£µ¶·µ¢µ²µÎ´ÒÌ
¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· · ¸¸³µÉ·¥´Ò ¢ [2]. ‚ [3] ¤ ´Ò ´¥±µÉµ·Ò¥ · ¸¶·¥-
¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢ ³´µ£µ¶·µ¢µ²µÎ´µ³ ¤¥É¥±Éµ·¥
ZEPLIN III. �´ ¶·¥¤´ §´ Î¥´ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê ±µ·¶Ê¸±Ê²Ö·´µ°
É¥³´µ° ³ É¥·¨¨, ¢ ´¥³ ·¥£¨¸É· Í¨Ö ¸¨£´ ²µ¢ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ËµÉµÊ³´µ¦¨-
É¥²Ö³¨, ¶·µ¸³ É·¨¢ ÕÐ¨³¨ £ §µ¢Ò° µ¡Ñ¥³ ¤¥É¥±Éµ·  Î¥·¥§ µ¡Ñ¥³ ¦¨¤±µ£µ
±¸¥´µ´ , ¢ ±µÉµ·µ³ ´ Ìµ¤ÖÉ¸Ö ¤¢  ·Ö¤  ¸¥ÉµÎ´ÒÌ Ô²¥±É·µ¤µ¢. �²¥±É·µ¤Ò Ëµ·-
³¨·ÊÕÉ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¢ÒÉÖ£¨¢ ÕÐ¥¥ Ô²¥±É·µ´Ò ¢ £ §µ¢Ò° µ¡Ñ¥³, ¢
±µÉµ·µ³ ¤µ²¦¥´ ¢µ§´¨± ÉÓ ¸¨£´ ² Ô²¥±É·µ²Õ³¨´¥¸Í¥´Í¨¨ [4]. Œ¥Éµ¤ ¡Ò²
¶·¥¤²µ¦¥´ ¨ · ¸¸³µÉ·¥´ ¢ [5].

„²Ö ¶·µ¢µ¤´¨±µ¢ £· ´¨Î´Ò³ Ê¸²µ¢¨¥³ Ö¢²ÖÕÉ¸Ö ¨Ì ¶µÉ¥´Í¨ ²Ò. ‚ ÔÉµ³
¸²ÊÎ ¥ ¸Î¨É ¥É¸Ö, ÎÉµ ±·µ³¥ µ¡Ñ¥±Éµ¢, ¤²Ö ±µÉµ·ÒÌ ¨Ð¥É¸Ö ·¥Ï¥´¨¥, ¢ ¨Ì
µ±·¥¸É´µ¸É¨ ´¥É ¤·Ê£¨Ì ¶·µ¢µ¤´¨±µ¢ ¨ ¤¨Ô²¥±É·¨±µ¢, ¨²¨ µ´¨ ´ Ìµ¤ÖÉ¸Ö ´ 
É ±µ³ Ê¤ ²¥´¨¨, ÎÉµ ¨Ì ¢²¨Ö´¨¥³ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ. ’¥³ ¸ ³Ò³ ¶·¥¤¶µ² -
£ ¥É¸Ö, ÎÉµ ¶µÉ¥´Í¨ ² ´  ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ µÉ µ¡Ñ¥±Éµ¢ ·¥Ï¥´¨Ö § ¤ Î¨
· ¢¥´ ´Ê²Õ.

Œ¥Éµ¤ ·¥Ï¥´¨Ö ±· ¥¢ÒÌ § ¤ Î Ô²¥±É·µ¸É É¨±¨ µ¸´µ¢ ´ ´  ¶·¨´Í¨¶¥ ¸Ê-
¶¥·¶µ§¨Í¨¨ ¨ É¥µ·¥³¥ ¥¤¨´¸É¢¥´´µ¸É¨ Ô²¥±É·µ¸É É¨±¨. �É  É¥µ·¥³  ÊÉ¢¥·-
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¦¤ ¥É: ¥¸²¨ ± ±¨³-²¨¡µ ¸¶µ¸µ¡µ³ ±· ¥¢ Ö § ¤ Î  Ô²¥±É·µ¸É É¨±¨ ·¥Ï¥´ , Éµ
¶µ²ÊÎ¥´´µ¥ ·¥Ï¥´¨¥ ¥¸ÉÓ ¥¤¨´¸É¢¥´´µ¥ ¨ ¢¥·´µ¥ [6]. ’ ±¨³ µ¡· §µ³, ´ °¤¥´-
´µ¥ ·¥Ï¥´¨¥ ±· ¥¢µ° § ¤ Î¨ Ö¢²Ö¥É¸Ö ¥¤¨´¸É¢¥´´Ò³ ¨ ¢¥·´Ò³ ¤²Ö ¶·¨´ÖÉµ°
¶·¨ ·¥Ï¥´¨¨ ±µ´Ë¨£Ê· Í¨¨ § ·Ö¤µ¢. �·¨ ÔÉµ³ ¢µ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò° ¢µ-
¶·µ¸, ´ ¸±µ²Ó±µ ¶µ²ÊÎ¥´´µ¥ ·¥Ï¥´¨¥ ¸µµÉ¢¥É¸É¢Ê¥É ·¥ ²Ó´µ³Ê µ¡Ñ¥±ÉÊ. ‘µ-
¢·¥³¥´´ Ö ¢ÒÎ¨¸²¨É¥²Ó´ Ö É¥Ì´¨±  ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¸ µÎ¥´Ó
¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ, ´µ ÔÉµ ¥Ð¥ ´¥ µ§´ Î ¥É, ÎÉµ ÉµÎ´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¸µ-
µÉ¢¥É¸É¢Ê¥É ÉµÎ´µ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨, ±µÉµ· Ö ¶µ± §Ò¢ ¥É, ´ ¸±µ²Ó±µ É¥ ¨²¨
¨´Ò¥ ¶µ²ÊÎ¥´´Ò¥ ¢¥²¨Î¨´Ò µÉ²¨Î ÕÉ¸Ö µÉ ¨Ì ¨¸É¨´´ÒÌ §´ Î¥´¨°. „²Ö ÉµÎ-
´ÒÌ ±µ²¨Î¥¸É¢¥´´ÒÌ ·¥Ï¥´¨° ¢ ±µ´±·¥É´µ³ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ §´ ´¨¥ ¢¥-
²¨Î¨´Ò ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¤¨Ô²¥±É·¨± . ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ´ 
¶· ±É¨±¥ ¨§³¥·¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¢¥²¨Î¨´ µ£· ´¨Î¨¢ ÕÉ¸Ö ¢µ§³µ¦´µ¸ÉÖ³¨
¸µ¢·¥³¥´´ÒÌ ¨§³¥·¨É¥²Ó´ÒÌ ¶·¨¡µ·µ¢. „²Ö ¡µ²ÓÏ¨´¸É¢  § ¤ Î ¨§³¥·¥´¨Ö ¸
ÉµÎ´µ¸ÉÓÕ 0,1Ä1 % ¢¶µ²´¥ ¤µ¸É ÉµÎ´Ò, ¶µÔÉµ³Ê É·¥¡µ¢ ÉÓ ÉµÎ´µ¸É¨ ·¥Ï¥-
´¨Ö (¨³¥´´µ ÉµÎ´µ¸É¨ ·¥Ï¥´¨Ö,   ´¥ ÉµÎ´µ¸É¨ ¢ÒÎ¨¸²¥´¨°), ¶·¥¢ÒÏ ÕÐ¥°
ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨°, ¶µ-¢¨¤¨³µ³Ê, ´¥ ¢¸¥£¤  ¨³¥¥É ¸³Ò¸².

‚ § ¢¨¸¨³µ¸É¨ µÉ Ëµ·³Ò ¶µ¢¥·Ì´µ¸É¥° ¶·µ¢µ¤´¨±µ¢ ³µ£ÊÉ ¨¸¶µ²Ó§µ-
¢ ÉÓ¸Ö ÉµÎ¥Î´Ò¥, ²¨´¥°´Ò¥ ¨ ±µ²ÓÍ¥¢Ò¥ ¢¸¶µ³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò. Š² ¸¸¨Î¥-
¸±¨° ¶·¨³¥· ¶·¨³¥´¥´¨Ö ÉµÎ¥Î´µ£µ ¢¸¶µ³µ£ É¥²Ó´µ£µ § ·Ö¤  Å ´ Ìµ¦¤¥´¨¥
´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ¸µ§¤ ¢ ¥³µ£µ ¶µ¢¥·Ì´µ¸É´Ò³¨ § ·Ö¤ ³¨
¶·µ¢µ¤ÖÐ¥° ¸Ë¥·Ò · ¤¨Ê¸  R ¸ ¶µ²´Ò³ § ·Ö¤µ³ Q. ‚´¥ · ¢´µ³¥·´µ § ·Ö-
¦¥´´µ° ¸Ë¥·Ò ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö É ± Ö ¦¥, ± ± ¥¸²¨ ¡Ò ¢¥¸Ó ¥¥ § ·Ö¤ Q
Ö¢²Ö²¸Ö ÉµÎ¥Î´Ò³ ¨ ¡Ò² ¸µ¸·¥¤µÉµÎ¥´ ¢ ¥¥ Í¥´É·¥.

„·Ê£¨³ ¶·¨³¥·µ³ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¸²Ê¦¨É · ¸Î¥É
Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢, ¸µ§¤ ¢ ¥³ÒÌ ¸¨¸É¥³µ° ¸¥É±¨ ¨§ ¶·µ¢µ²µ-
Î¥±, · §³¥Ð¥´´ÒÌ ³¥¦¤Ê ¤¢Ê³Ö ¶² ¸É¨´ ³¨ ±µ´¤¥´¸ Éµ·  [7]. ’ ± Ö ¸¨¸É¥³  c
¶·¨³¥´¥´¨¥³ ²¨´¥°´ÒÌ § ·Ö¤µ¢ ¥¸ÉÓ ³ É¥³ É¨Î¥¸± Ö ³µ¤¥²Ó ³´µ£µ¶·µ¢µ²µÎ-
´µ° ¶·µ¶µ·Í¨µ´ ²Ó´µ° ± ³¥·Ò (Œ�Š). �  µ¸´µ¢¥ ÔÉµ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò²¨
¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¶µ²¥° Œ�Š ¨ ´¥±µÉµ·ÒÌ ¤·Ê£¨Ì ¥¥ ¸¢µ°¸É¢ [8], ±µÉµ·Ò¥
¶·¨¢¥¤¥´Ò ¢ [9]. � ¡µÉ  [10] Ö¢²Ö¥É¸Ö ¶·¨³¥·µ³ ¨¸¶µ²Ó§µ¢ ´¨Ö ±µ²ÓÍ¥¢ÒÌ § -
·Ö¤µ¢ ¤²Ö · ¸Î¥É  ¶·¨¡µ·µ¢ Ô²¥±É·µ´´µ° µ¶É¨±¨. ‘²µ¦´µ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨
¸ ±µ²ÓÍ¥¢Ò³¨ § ·Ö¤ ³¨ § ±²ÕÎ ¥É¸Ö ¢ ´¥µ¡Ìµ¤¨³µ¸É¨ ¶·¨³¥´¥´¨Ö · §²µ¦¥-
´¨Ö ¢ ·Ö¤ ”Ê·Ó¥ ¤²Ö ± ¦¤µ£µ ±µ²ÓÍ¥¢µ£µ Ô²¥³¥´É .

�µÉ·¥¡´µ¸É¨ ¶· ±É¨±¨ ¶·¨¢¥²¨ ± · §· ¡µÉ±¥ ³¥Éµ¤µ¢ ·¥Ï¥´¨Ö ±· ¥¢ÒÌ
§ ¤ Î ¸ ¶·µ¢µ¤´¨± ³¨ ¤²Ö Í¥²¥° Ô²¥±É·µ´´µ° µ¶É¨±¨. ‚ ·¥Ï¥´¨¨ § ¤ Î Ô²¥±-
É·µ´´µ° µ¶É¨±¨ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³¥Éµ¤Ò ±µ´¥Î´ÒÌ · §´µ¸É¥°, ±µ´¥Î´ÒÌ Ô²¥-
³¥´Éµ¢ ¨ ¨´É¥£· ²Ó´ÒÌ Ê· ¢´¥´¨° [11]. Œ¥Éµ¤ ±µ´¥Î´ÒÌ Ô²¥³¥´Éµ¢ Ö¢²Ö¥É¸Ö
µ¸´µ¢µ° ¸¨¸É¥³ ¶·µ£· ³³ Maxwell-3D [12]. �É  ²¨Í¥´§¨µ´´ Ö ¶·µ£· ³³ 
¸µ¢³¥¸É´µ ¸ ¶·µ£· ³³µ° Garˇeld [13] Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö µ¶·¥¤¥²¥´¨Ö
Ô²¥±É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¨ ³µ¤¥²¨·µ¢ ´¨Ö ³´µ£¨Ì ¶·µÍ¥¸¸µ¢ ¢ ±µµ·¤¨-
´ É´ÒÌ ¤¥É¥±Éµ· Ì, ¶·¨³¥´Ö¥³ÒÌ ¤²Ö ¨¸¸²¥¤µ¢ ´¨° ¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·-
£¨° ¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ´  ±·Ê¶´¥°Ï¨Ì Ê¸±µ·¨É¥²ÖÌ …¢·µ¶Ò ¨ �³¥·¨±¨.
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�µ¸³µÉ·¨³, ± ± ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ·¥Ï ¥É¸Ö § -
¤ Î  ®¤¨Ô²¥±É·¨± ¢ Ô²¥±É·µ¸É É¨Î¥¸±µ³ ¶µ²¥ ¶·µ¢µ¤´¨±µ¢¯ ¨ Î¥³ µ¶·¥¤¥²Ö-
¥É¸Ö ÉµÎ´µ¸ÉÓ ·¥Ï¥´¨Ö ¶µ¸É ¢²¥´´µ° § ¤ Î¨. ƒ· ´¨Î´Ò¥ Ê¸²µ¢¨Ö ¤²Ö ¶·µ¢µ¤-
´¨±µ¢ Ê¤µ¢²¥É¢µ·ÖÕÉ¸Ö ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö¤ ³¨, · §³¥Ð ¥³Ò³¨ ¢³¥¸Éµ
¶·µ¢µ¤´¨±µ¢ ¢ µ¡Ñ¥³¥, ±µÉµ·Ò° µ´¨ § ´¨³ ²¨. �´¨ · §³¥Ð ÕÉ¸Ö ¢¡²¨§¨ ¶µ-
¢¥·Ì´µ¸É¥°, ¢ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µ¢¥·Ì´µ¸ÉÖ³ ¶·µ¢µ¤´¨±µ¢.

ƒ· ´¨Î´Ò¥ Ê¸²µ¢¨Ö ¤²Ö ¤¨Ô²¥±É·¨±µ¢ Ê¤µ¢²¥É¢µ·ÖÕÉ¸Ö ¢¸¶µ³µ£ É¥²Ó´Ò³¨
§ ·Ö¤ ³¨, · §³¥Ð ¥³Ò³¨ ¢³¥¸Éµ ¤¨Ô²¥±É·¨±µ¢ ¢ µ¡Ñ¥³¥ ¨ ¢´¥ µ¡Ñ¥³ , ±µÉµ-
·Ò° µ´¨ § ´¨³ ²¨. �´¨ · §³¥Ð ÕÉ¸Ö ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¥°, ¢ ÉµÎ´µ¸É¨ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨Ì ¶µ¢¥·Ì´µ¸ÉÖ³ ¤¨Ô²¥±É·¨±µ¢.

„²Ö ¤¢ÊÌ µ¤´µ·µ¤´ÒÌ ¤¨Ô²¥±É·¨±µ¢ £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö ¶·¥¤¸É ¢²ÖÕÉ¸Ö
¢ ¢¨¤¥ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê ´µ·³ ²Ó´Ò³¨ ¨ É ´£¥´Í¨ ²Ó´Ò³¨ ±µ³¶µ´¥´É ³¨
¶µ²Ö E: ε1En1 = ε2En2 ¨ Et1 = Et2 [14]. “¸²µ¢¨Õ ¤²Ö É ´£¥´Í¨ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö Et1 = Et2 Ô±¢¨¢ ²¥´É´µ ¸µµÉ´µÏ¥´¨¥ ¢ ¢¨¤¥ £· ´¨Î´ÒÌ
Ê¸²µ¢¨° ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¤²Ö ¶µÉ¥´Í¨ ²  ϕ1 = ϕ2. �  £· ´¨Í¥
¤¢ÊÌ ¤¨Ô²¥±É·¨±µ¢ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¨ ¥£µ ´µ·³ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ ¶·¥-
É¥·¶¥¢ ÕÉ ¸± Îµ±. ‚¥²¨Î¨´  ¸± Î±  µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ ¢¥²¨Î¨´ ¤¨-
Ô²¥±É·¨Î¥¸±¨Ì ¶·µ´¨Í ¥³µ¸É¥° En1 = (ε2/ε1)En2. �·¨ ÔÉµ³ ¸¨²µ¢ Ö ²¨´¨Ö
¶µ²´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨¸¶ÒÉÒ¢ ¥É ¨§²µ³,   ¢ ¸¨²Ê ¸¢Ö§¨ ³¥¦¤Ê Ô²¥±-
É·¨Î¥¸±¨³ ¶µ²¥³ ¨ ¶µÉ¥´Í¨ ²µ³ ÔÉµ ¦¥ ¶·µ¨¸Ìµ¤¨É ¸ Ô±¢¨¶µÉ¥´Í¨ ²ÓÕ.

„²Ö ¨²²Õ¸É· Í¨¨ ³¥Éµ¤  ¶·µ¢µ¤¨É¸Ö ¸· ¢´¥´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ Î¨¸Éµ  ´ -
²¨É¨Î¥¸±µ£µ ¡¥§³µ¤¥²Ó´µ£µ ·¥Ï¥´¨Ö. �¡Ñ¥±Éµ³ ¤²Ö ¸· ¢´¥´¨Ö Ö¢²Ö¥É¸Ö ¡¥¸-
±µ´¥Î´µ ¤²¨´´Ò° ±·Ê£²Ò° ¸É¥·¦¥´Ó ¤¨Ô²¥±É·¨±  ¢ µ¤´µ·µ¤´µ³ Ô²¥±É·¨Î¥-
¸±µ³ ¶µ²¥ [14].

„²Ö ¨¸¸²¥¤µ¢ É¥²Ö, ± ± ¶· ¢¨²µ, µ¸´µ¢´µ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ · ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´¥ ¤¨Ô²¥±É·¨±µ¢. � ¸¶·¥-
¤¥²¥´¨Ö ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±µ¢ ¨³¥ÕÉ ¢¸¶µ³µ£ É¥²Ó´Ò° ¨²²Õ¸É· É¨¢´Ò°
Ì · ±É¥·.

„ ²¥¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ¤¢  ¢ ·¨ ´É  ·¥Ï¥´¨Ö ±· ¥¢ÒÌ § ¤ Î. ‚ ¶¥·¢µ³
¢ ·¨ ´É¥ ´ Ìµ¤ÖÉ¸Ö ·¥Ï¥´¨Ö ¶·¨ ´¥§ ¢¨¸¨³µ³ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ²Ó±µ ¢´ÊÉ·¥´-
´¨Ì ¨ Éµ²Ó±µ ¢´¥Ï´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . ‚µ ¢Éµ·µ³ ¢ ·¨ ´É¥ ¶·¨ ·¥Ï¥´¨¨
¨¸¶µ²Ó§ÊÕÉ¸Ö ¢´ÊÉ·¥´´¨¥ ¨ ¢´¥Ï´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ¸µ¢³¥¸É´µ.

1. ‚��ˆ��’ 1

‚ ¶¥·¢µ³ ¢ ·¨ ´É¥ ·¥Ï ¥É¸Ö § ¤ Î  ¶·¨ ´¥§ ¢¨¸¨³µ³ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢³¥-
¸Éµ ¤¨Ô²¥±É·¨±  ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢´ÊÉ·¥´´¨Ì ¨ ¢´¥Ï´¨Ì § ·Ö¤µ¢, µÉ´µ¸Ö-
Ð¨Ì¸Ö ± ¤¨Ô²¥±É·¨±Ê. ‚´ÊÉ·¥´´¨¥ ¢¸¶µ³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ¢³¥-
¸É¥ ¸µ ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö¤ ³¨ ¶·µ¢µ¤´¨±  ¶·¨³¥´ÖÕÉ¸Ö Éµ²Ó±µ ¤²Ö µ¶·¥-
¤¥²¥´¨Ö ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´¥ ¤¨Ô²¥±É·¨± . ‚´¥Ï´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± 
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�¨¸. 1. �² ¸É¨´  ¤¨Ô²¥±É·¨±  ¢ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ E, µ¡· §µ¢ ´´µ³ ¸Éµ·µ´´¨³¨
§ ·Ö¤ ³¨ ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  ¸ ¶µÉ¥´Í¨ ²µ³ −U . ˆ´¤ÊÍ¨·µ¢ ´´Ò° ¸¢Ö§ ´´Ò°
§ ·Ö¤ q ´ Ìµ¤¨É¸Ö ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  sd. ‚´ÊÉ·¥´´¨¥ (in) ¨ ¢´¥Ï´¨¥ (out)
¢¸¶µ³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò µ¡· §ÊÕÉ Ô²¥±É·¨Î¥¸±¨¥ ¶µ²Ö ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± . � -
¶· ¢²¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° µ¡µ§´ Î¥´Ò ¸É·¥²± ³¨

¨ ¢¸¶µ³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò ¶·µ¢µ¤´¨±  ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö µ¶·¥¤¥²¥´¨Ö Ô²¥±-
É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± Éµ²Ó±µ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± .

�µÖ¸´¨³ ³¥Éµ¤ ¢Ò¡µ·  ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¤²Ö ÔÉµ£µ ¸²ÊÎ Ö. „²Ö ¶·µ-
¸ÉµÉÒ · ¸¸³µÉ·¨³ ¶²µ¸±¨° ¨¸ÉµÎ´¨± ¸Éµ·µ´´¨Ì § ·Ö¤µ¢ ¨ ¶ · ²²¥²Ó´ÊÕ ¥³Ê
¶²µ¸±ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ ¤¨Ô²¥±É·¨± . �  ·¨¸. 1 ¶µ± § ´  Î ¸ÉÓ ¶² ¸É¨´Ò ±µ´-
¤¥´¸ Éµ· , ¨¸ÉµÎ´¨±  ¸Éµ·µ´´¨Ì § ·Ö¤µ¢,   É ±¦¥ Î ¸ÉÓ ¤¨Ô²¥±É·¨± , ´ Ìµ-
¤ÖÐ¥£µ¸Ö ´  ´¥±µÉµ·µ³ · ¸¸ÉµÖ´¨¨ µÉ ¶² ¸É¨´Ò, µ£· ´¨Î¥´´µ° ¶²µ¸±µ¸ÉÓÕ
sd. ‘É·¥²±µ°, µ¡µ§´ Î¥´´µ° E, ¶µ± § ´µ ´ ¶· ¢²¥´¨¥ ¶µ²Ö, ¸µ§¤ ¢ ¥³µ£µ
§ ·Ö¤ ³¨ ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ· . �µ¸±µ²Ó±Ê ³Ò · ¸¸³ É·¨¢ ¥³ ¶²µ¸±¨° Ô²¥-
³¥´É, Éµ ¢ ÔÉµ³ ¸²ÊÎ ¥ En = E. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ´ ¶· ¢²¥´¨¥³ ¢¥±Éµ· 
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ´  ¡²¨¦ °Ï¥° ± Ô²¥±É·µ¤Ê ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± 
¸ µÉ·¨Í É¥²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³ ¨´¤ÊÍ¨·ÊÕÉ¸Ö ¸¢Ö§ ´´Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ § -
·Ö¤Ò.

�Ê¸ÉÓ ´  ¡¥¸±µ´¥Î´µ ³ ²µ° ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  dσ ¢¥²¨Î¨´  ¸Ê³-
³ ·´µ£µ ¸¢Ö§ ´´µ£µ § ·Ö¤  · ¢´  q. � ¶· ¢²¥´¨Ö ¶µ²Ö ¤ ´´µ£µ ¨´¤ÊÍ¨·µ¢ ´-
´µ£µ § ·Ö¤  ´  ·¨¸. 1 µ¡µ§´ Î¥´Ò ¸É·¥²± ³¨, ¨¸Ìµ¤ÖÐ¨³¨ ¨§ ÉµÎ±¨ ¶µ¢¥·Ì-
´µ¸É¨ ¤¨Ô²¥±É·¨± , £¤¥ ´ Ìµ¤¨É¸Ö § ·Ö¤ q. ‘¢Ö§ ´´Ò¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± 
¢³¥¸É¥ ¸µ ¸Éµ·µ´´¨³¨ § ·Ö¤ ³¨ Ô²¥±É·µ¤µ¢ ¸µ§¤ ÕÉ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¢´Ê-
É·¨ ¤¨Ô²¥±É·¨±  Ein = E − E(q) ¨ ¢´¥ ¤¨Ô²¥±É·¨±  Eout = E + E(q). ‚
¸µµÉ¢¥É¸É¢¨¨ ¸ § ±µ´ ³¨ Ô²¥±É·µ¸É É¨±¨ ¤¨Ô²¥±É·¨±µ¢ ÔÉ¨ ¤¢  ¸µµÉ´µÏ¥´¨Ö
¸¢Ö§ ´Ò Ê· ¢´¥´¨¥³ Eout = εEin, ¨²¨

E + E(q) = ε(E − E(q)). (1.1)

�µ¸³µÉ·¨³, ± ± ±¨³ ¸µµÉ´µÏ¥´¨Ö³ ´  ¶µ¢¥·Ì´µ¸É¨, µ£· ´¨Î¨¢ ÕÐ¥° ¤¨-
Ô²¥±É·¨±, ¶·¨¢µ¤¨É ¨¸¶µ²Ó§µ¢ ´¨¥ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢. � ¶· ¢²¥´¨¥ Ô²¥±-
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É·¨Î¥¸±µ£µ ¶µ²Ö, ¸µ§¤ ¢ ¥³µ£µ µ¤´¨³ ¨§ ¶µ²µ¦¨É¥²Ó´ÒÌ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢
(in) ¶µ¤ ¶µ¢¥·Ì´µ¸ÉÓÕ sd, ¶µ± § ´µ ¸É·¥²±µ° Eout (¸³. ·¨¸. 1). � ¶· ¢²¥-
´¨¥ ÔÉµ£µ ¶µ²Ö ¸µ¢¶ ¤ ¥É ¸ ´ ¶· ¢²¥´¨¥³ ¶µ²Ö ±µ´¤¥´¸ Éµ· , ¢ ·¥§Ê²ÓÉ É¥
³Ò ¶µ²ÊÎ ¥³ Eout = E + E(i). ’µ£¤  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ § ±µ´ ³¨ Ô²¥±É·µ-
¸É É¨±¨ ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¸ ¢´ÊÉ·¥´´¥° ¸Éµ·µ´Ò ¢¥²¨Î¨´  ¶µ²Ö
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³ Ein = E −E(i). ˆ¸¶µ²Ó§ÊÖ ¸¢Ö§Ó ³¥¦¤Ê ¶µ²Ö³¨ ´ 
£· ´¨Í¥ ¢ ±ÊÊ³Ä¤¨Ô²¥±É·¨±, ¨³¥¥³ µ±µ´Î É¥²Ó´µ¥ ¢Ò· ¦¥´¨¥,  ´ ²µ£¨Î´µ¥
Ê· ¢´¥´¨Õ (1.1): E + E(i) = ε(E − E(i)).

�¡· É¨³¸Ö ± ¶·¨³¥´¥´¨Õ ¢´¥Ï´¨Ì § ·Ö¤µ¢. ‘ ÊÎ¥Éµ³ ´ ¶· ¢²¥´¨Ö Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö ¢´¥Ï´¥£µ § ·Ö¤  (out) ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  (¸³.
·¨¸. 1) ¸µ§¤ ¥É¸Ö ¶µ²¥ Eout = E − E(o). ‚ ÔÉµ³ ¸²ÊÎ ¥ É·¥¡µ¢ ´¨¥ § -
±µ´µ¢ Ô²¥±É·µ¸É É¨±¨ ¶·¨¢µ¤¨É ± ¸µµÉ´µÏ¥´¨Õ Eout = E + E(o). ’ -
±¨³ µ¡· §µ³, ³Ò ¢¨¤¨³ ¨¤¥´É¨Î´µ¸ÉÓ ¸µµÉ´µÏ¥´¨° ¤²Ö ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´-
´¨Ì § ·Ö¤µ¢, ¸²¥¤µ¢ É¥²Ó´µ, ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸µµÉ´µÏ¥´¨¥ ¶·¨´¨³ ¥É ¢¨¤
E + E(o) = ε(E − E(o)).

‚ ± Î¥¸É¢¥ Ë¨§¨Î¥¸±µ° ³µ¤¥²¨ ´ ³¨ · ¸¸³ É·¨¢ ¥É¸Ö ¤¨Ô²¥±É·¨Î¥¸±¨°
¸É¥·¦¥´Ó ¸ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸ÉÓÕ ε = 4, ±µÉµ·Ò° · ¸¶µ²µ¦¥´ ¸
¢ ±ÊÊ³´Ò³ (£ §µ¢Ò³) § §µ·µ³ ¢ µ¡Ñ¥³¥ ¶²µ¸±µ£µ ±µ´¤¥´¸ Éµ· . ‚Ò¡µ· É ±µ°
Ëµ·³Ò ¤¨Ô²¥±É·¨±  µ¡Ê¸²µ¢²¥´ ¶·µ¸ÉµÉµ° ¶¥·¥¸É·µ°±¨ ¶·µ£· ³³ ·¥Ï¥´¨Ö
§ ¤ Î¨ ¨ ¢ÒÎ¨¸²¥´¨Ö ¨ ¢µ§³µ¦´µ¸ÉÓÕ ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ¸ É¥µ·¥É¨Î¥-
¸±¨³¨ ¶·¥¤¸± § ´¨Ö³¨.

�¨¸. 2. ‘Ì¥³  · ¸¶µ²µ¦¥´¨Ö ¢ ¶µ²¥ ±µ´¤¥´-
¸ Éµ·  ±·Ê£²µ£µ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö.
…£µ ¶µ¢¥·Ì´µ¸ÉÓ µ¡µ§´ Î¥´  ¸¶²µÏ´µ° ²¨-
´¨¥°. �Ê´±É¨·´Ò¥ ²¨´¨¨ Å ³¥¸É  · ¸¶µ-
²µ¦¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢

„¨Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ
¸·¥¤Ò, ¢ ±µÉµ·µ° ´ Ìµ¤¨É¸Ö ¸É¥·-
¦¥´Ó ε = 1. …£µ ¤¨ ³¥É· · ¢e´
10 ³³. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶² ¸É¨-
´ ³¨ ±µ´¤¥´¸ Éµ·  20 ³³, ¨Ì Ï¨-
·¨´  120 ³³. ‚Ò¡µ· · ¸¸ÉµÖ´¨°,
¸· ¢´¨³ÒÌ ¸ ¤¨ ³¥É·µ³ ¸É¥·¦´Ö,
¶µ§¢µ²Ö¥É Ê¸¶¥Ï´¥¥ ¶·µ¸²¥¤¨ÉÓ § -
¢¨¸¨³µ¸ÉÓ ÉµÎ´µ¸É¨ ·¥Ï¥´¨Ö § ¤ Î¨
µÉ · §²¨Î´ÒÌ ¶ · ³¥É·µ¢: Î¨¸² 
¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢, ¨Ì ¢§ ¨³-
´µ£µ · ¸¶µ²µ¦¥´¨Ö. „²¨´  ¸É¥·¦´Ö
¨ ¶² ¸É¨´ co¸É ¢²Ö¥É 500 ³³. ’ -
±¨¥ ¢¥²¨Î¨´Ò ¤²¨´Ò ¶µ§¢µ²ÖÕÉ · ¸-
¸³ É·¨¢ ÉÓ ·¥Ï¥´¨¥ ¢ ¤¢Ê³¥·´µ³
¸²ÊÎ ¥.

� §³¥¸É¨³ ¢¸¶µ³µ£ É¥²Ó´Ò¥ ²¨-
´¥°´Ò¥ § ·Ö¤Ò ®¢´¥ Ô²¥±É·µ¤µ¢¯,  
É ±¦¥ ®¢´ÊÉ·¨ ¨²¨ ¢´¥ ¤¨Ô²¥±É·¨± ¯ (¸³. ·¨¸. 2). Š ¢ÒÎ±¨ µ¡µ§´ Î ÕÉ ´¥-
±µÉµ·ÊÕ Ê¸²µ¢´µ¸ÉÓ, ¶µ¸±µ²Ó±Ê ¢ ³ É¥³ É¨Î¥¸±µ° ³µ¤¥²¨ ¢ Ö¢´µ³ ¢¨¤¥ µÉ-
¸ÊÉ¸É¢ÊÕÉ ¨ ±µ´¤¥´¸ Éµ·, ¨ ¤¨Ô²¥±É·¨±. Œ É¥³ É¨Î¥¸±µ° ³µ¤¥²ÓÕ Ö¢²Ö¥É¸Ö
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¸µ¢µ±Ê¶´µ¸ÉÓ ¢¸¥Ì ²¨´¥°´ÒÌ § ·Ö¤µ¢ ¢³¥¸É¥ ¸ ¸¨¸É¥³µ° Ê· ¢´¥´¨°, ±µÉµ· Ö
µ¡¥¸¶¥Î¨¢ ¥É ¸¢Ö§Ó ¢¥²¨Î¨´ ¢¸¥Ì § ·Ö¤µ¢ ¸ £· ´¨Î´Ò³¨ Ê¸²µ¢¨Ö³¨, § ¤ ¢ ¥-
³Ò³¨ ¶µÉ¥´Í¨ ²µ³ ´  ¶µ¢¥·Ì´µ¸ÉÖÌ, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶µ¢¥·Ì´µ¸ÉÖ³ Ô²¥±-
É·µ¤µ¢,   É ±¦¥ ¢Ò¶µ²´¥´¨¥ £· ´¨Î´ÒÌ Ê¸²µ¢¨° ¢ ±µ´É·µ²Ó´ÒÌ ÉµÎ± Ì ´ 
¶µ¢¥·Ì´µ¸É¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± :

Ui = Ui0, (1.2)

En1 = εEn2, (1.3)

ϕ1 = ϕ2. (1.4)

„²Ö · ¸¸³ É·¨¢ ¥³µ£µ ³¥Éµ¤  ¸ · §¤¥²Ó´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢´¥Ï´¨Ì ¨
¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¶·¨ ·¥Ï¥´¨¨ § ¤ Î¨ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö Ê¸²µ¢¨¥ ´¥¶·¥·Ò¢´µ-
¸É¨ ¶µÉ¥´Í¨ ²  ´  £· ´¨Í¥ ¤¨Ô²¥±É·¨±  (1.4). ‘²¥¤¸É¢¨Ö ÔÉµ£µ ¡Ê¤ÊÉ ¶µ± § ´Ò
´¨¦¥.

1.1. ‚ ¡µ²ÓÏ¨´¸É¢¥ ¸²ÊÎ ¥¢ ¢ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö ¸ ¶µ³µÐÓÕ ´ °¤¥´´ÒÌ
§ ·Ö¤µ¢ ´¥µ¡Ìµ¤¨³µ ¶µ²ÊÎ¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° ¨ ¶µÉ¥´Í¨-
 ²µ¢ ¢´¥ ¤¨Ô²¥±É·¨±µ¢. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¶ · ³¥É·µ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢´¥
¤¨Ô²¥±É·¨±  ¤µ¸É ÉµÎ´µ §´ ÉÓ ¢¥²¨Î¨´Ò ¢¸¶µ³µ£ É¥²Ó´ÒÌ ²¨´¥°´ÒÌ ¢´ÊÉ·¥´-
´¨Ì § ·Ö¤µ¢, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¤¨Ô²¥±É·¨±Ê, ¨ § ·Ö¤µ¢, µÉ´µ¸ÖÐ¨Ì¸Ö ± ±µ´¤¥´-
¸ Éµ·Ê. (‚ ¤ ²Ó´¥°Ï¥³ ¤²Ö ¸µ±· Ð¥´¨Ö µ¶¨¸ ´¨Ö ¸²µ¢µ ®µÉ´µ¸ÖÐ¨¥¸Ö¯ ¡Ê¤¥É
µ¶ÊÐ¥´µ, ´µ ¢ ¢Ò· ¦¥´¨ÖÌ ®¢¸¶µ³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± ¯ ¨ ®¢¸¶µ-
³µ£ É¥²Ó´Ò¥ § ·Ö¤Ò ±µ´¤¥´¸ Éµ· ¯ ¢¸¥£¤  ¡Ê¤eÉ ¶µ¤· §Ê³¥¢ ÉÓ¸Ö.) “¸²µ¢´µ
·¥Ï¥´¨¥ ¸ ¶·¨³¥´¥´¨¥³ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¨
§ ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ ± ± ·¥Ï¥´¨¥ § ¤ Î¨ º 1.

‚ ±µ´±·¥É´µ³ ¢ ·¨ ´É¥ Î¨¸²µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ± ¦¤µ° ¨§ ¶² -
¸É¨´ ±µ´¤¥´¸ Éµ·  · ¢´µ 400. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µ¸¥¤´¨³¨ § ·Ö¤ ³¨ · ¢´µ
0,3 ³³,   ³¥¦¤Ê ¶µ¢¥·Ì´µ¸ÉÓÕ ¸ § ·Ö¤ ³¨ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¶² ¸É¨´Ò ±µ´¤¥´-
¸ Éµ·  Å 0, 6 ³³.

�±¢¨¶µÉ¥´Í¨ ²Ó´µ° ¶µ¢¥·Ì´µ¸ÉÓÕ ¢ ´¥¶µ¸·¥¤¸É¢¥´´µ° ¡²¨§µ¸É¨ µÉ ¶µ-
¢¥·Ì´µ¸É¨ ¸ § ·Ö¤ ³¨ Ö¢²Ö¥É¸Ö ¢µ²´µµ¡· §´ Ö ¶µ¢¥·Ì´µ¸ÉÓ, ´¥¸ÊÐ Ö ´  ¸¥¡¥
µ¸µ¡¥´´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ ¤¨¸±·¥É´µ¸ÉÓÕ § ·Ö¤µ¢. �µ²¥¥ ¸¨²Ó´µ ¤¨¸±·¥É´µ¸ÉÓ
§ ·Ö¤µ¢ ¢²¨Ö¥É ´  ¶µ²ÊÎ ¥³Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¶µ ¶µ¢¥·Ì-
´µ¸É¨, ±µÉµ·ÊÕ § ´¨³ ² ¶·µ¢µ¤´¨±. …¸²¨ ¤²Ö ¶µÉ¥´Í¨ ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö
µ¸µ¡¥´´µ¸É¨ µÉ¸ÊÉ¸É¢ÊÕÉ, Éµ µ´¨ ³µ£ÊÉ ¶·µÖ¢¨ÉÓ¸Ö ¢ · ¸¶·¥¤¥²¥´¨¨ ¶µ²Ö.
�Éµ ¸¢Ö§ ´µ ¸ · §²¨Î´µ° § ¢¨¸¨³µ¸ÉÓÕ ¶µÉ¥´Í¨ ²  ¨ ¶µ²Ö µÉ · ¸¸ÉµÖ´¨Ö
³¥¦¤Ê § ·Ö¤µ³ ¨ ±µ´É·µ²Ó´µ° ÉµÎ±µ°. ’ ±, ¤²Ö ÉµÎ¥Î´µ£µ § ·Ö¤  ¶µÉ¥´Í¨ ²
U ∼ 1/r,   ¢¥²¨Î¨´  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E ∼ 1/r2. „²Ö · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
¶µ¢¥·Ì´µ¸ÉÓÕ ¸ § ·Ö¤ ³¨ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¶·µ¢µ¤´¨±  d ¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
¸µ¸¥¤´¨³¨ § ·Ö¤ ³¨ a ¦¥² É¥²Ó´µ ¢Ò¶µ²´ÖÉÓ Ê¸²µ¢¨¥: d > 1, 4a [15].

�µ ¶¥·¨³¥É·Ê ¤¨Ô²¥±É·¨±  ¶¥·¢µ´ Î ²Ó´µ ¢§ÖÉµ n = 200 § ·Ö¤µ¢ ´ 
· ¸¸ÉµÖ´¨¨ ³¥¦¤Ê ´¨³¨ ds = 2πR0/n, £¤¥ R0 Å · ¤¨Ê¸ ¸É¥·¦´Ö. � ¸-
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¸ÉµÖ´¨¥ ³¥¦¤Ê ± ¦¤µ° ¨§ ¶µ¢¥·Ì´µ¸É¥° ¸ § ·Ö¤ ³¨ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±-
É·¨± 

dr = 2ds. (1.5)

�É¸Õ¤  ds ≈ 0, 157 ³³,   dr ≈ 0, 314 ³³. �É´µÏ¥´¨¥ dr/D = 0, 0628, £¤¥
D Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±É·¨±  ¨ ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ-
¸ÉÓÕ ±µ´¤¥´¸ Éµ·  ¢¤µ²Ó µ¸¨ µ·¤¨´ É. „²Ö ¶µ¢¥·Ì´µ¸É¥° ¸ § ·Ö¤ ³¨ ¨Ì · -
¤¨Ê¸ µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³ R = R0 ± dr. ‡ ·Ö¤Ò · §³¥Ð ÕÉ¸Ö ´  É¥Ì
¦¥ · ¤¨Ê¸ Ì, ÎÉµ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ±µ´É·µ²Ó´Ò¥ ÉµÎ±¨. ‘²¥¤µ¢ É¥²Ó´µ,
· ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ § ·Ö¤ ³¨ dR = 4πR0/n.

�·¨ ³µ¤¥²¨·µ¢ ´¨¨ ¶µÉ¥´Í¨ ² ¢¥·Ì´¥° ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  · ¢´Ö²¸Ö
500 ‚,   ¶µÉ¥´Í¨ ² ´¨¦´¥° ¶² ¸É¨´Ò ¸µ¸É ¢²Ö² −500 ‚. �  Í¨²¨´¤·¨Î¥¸±µ°
¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± , µ¡· Ð¥´´µ° ± ¢¥·Ì´¥³Ê Ô²¥±É·µ¤Ê ±µ´¤¥´¸ Éµ· ,
´ Ìµ¤ÖÐ¥³Ê¸Ö ¶µ¤ ¶µ²µ¦¨É¥²Ó´Ò³ ¶µÉ¥´Í¨ ²µ³, ¢µ§´¨± ÕÉ ¸¢Ö§ ´´Ò¥ µÉ-
·¨Í É¥²Ó´Ò¥ § ·Ö¤Ò. �  ¶µ¢¥·Ì´µ¸É¨, µ¡· Ð¥´´µ° ± ´¨¦´¥³Ê Ô²¥±É·µ¤Ê,
¶µÖ¢²ÖÕÉ¸Ö ¸¢Ö§ ´´Ò¥ ¶µ²µ¦¨É¥²Ó´Ò¥ § ·Ö¤Ò. ‘²¥¤¸É¢¨¥³ ¸¨³³¥É·¨Î´µ£µ
· ¸¶µ²µ¦¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö (¸³. ·¨¸. 2) Ö¢²Ö¥É¸Ö · ¢¥´¸É¢µ ¸µ-
µÉ¢¥É¸É¢ÊÕÐ¨Ì § ·Ö¤µ¢ ´¨¦´¥° ¨ ¢¥·Ì´¥° ¶µ¢¥·Ì´µ¸É¨ ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨-
Î¨´¥. ‡ ·Ö¤Ò ¶µ¢¥·Ì´µ¸É¥° ±µ´¤¥´¸ Éµ·  ¨ ¤¨Ô²¥±É·¨±  ¶·¨ ¶µ²µ¦¨É¥²Ó´ÒÌ
§´ Î¥´¨ÖÌ µ¸¨ µ·¤¨´ É · ¢´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ § ·Ö¤ ³ ¤²Ö µÉ·¨Í É¥²Ó´ÒÌ
§´ Î¥´¨° ÔÉµ° µ¸¨.

„²Ö ± ¦¤µ° ¨§ ±µ´É·µ²Ó´ÒÌ ÉµÎ¥± ¢¥·Ì´¥° ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  ¸µ-
¸É ¢²ÖÕÉ¸Ö Ê· ¢´¥´¨Ö É¨¶ ∑

i

Ui +
∑

k

Uk +
∑

d

Ud = U01. (1.6)

‚ ¶µ¤µ¡´µ³ Ê· ¢´¥´¨¨ Ui Å ¶µÉ¥´Í¨ ², ¸µ§¤ ¢ ¥³Ò° § ·Ö¤µ³ ¸ ´µ³¥·µ³ i,
µÉ´µ¸ÖÐ¨³¸Ö ± µ¤´µ° ¨§ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ· , Uk Å ¶µÉ¥´Í¨ ² µÉ § ·Ö¤  k
¢Éµ·µ° ¶² ¸É¨´Ò, Ud Å ¶µÉ¥´Í¨ ² § ·Ö¤  d ¤¨Ô²¥±É·¨± .

“· ¢´¥´¨Ö É¨¶  ∑
i

U∗
i +

∑
k

U∗
k +

∑
d

U∗
d = U02 (1.7)

µÉ´µ¸ÖÉ¸Ö ±µ ¢Éµ·µ° ¶² ¸É¨´¥ ±µ´¤¥´¸ Éµ· . �µÉ¥´Í¨ ²Ò U01 ¨ U02 ¢ (1.6) ¨
(1.7) Å £· ´¨Î´Ò¥ Ê¸²µ¢¨Ö ¤²Ö ±µ´¤¥´¸ Éµ· . “· ¢´¥´¨Ö

∑
i

Eni +
∑

k

Enk +
∑

d

End = ε

(∑
i

Eni +
∑

k

Enk −
∑

d

End

)
(1.8)

Ö¢²ÖÕÉ¸Ö ¸²¥¤¸É¢¨¥³ £· ´¨Î´ÒÌ Ê¸²µ¢¨° ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  (1.2) ¨
(1.3).

Šµ²¨Î¥¸É¢µ Ê· ¢´¥´¨° (1.6)Ä(1.8) · ¢´µ Î¨¸²Ê ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢
¨ ±µ´É·µ²Ó´ÒÌ ÉµÎ¥± ¶¥·¢µ°, ¢Éµ·µ° ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  ¨ ¸É¥·¦´Õ
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¤¨Ô²¥±É·¨± , É. ¥. 400, 400 ¨ 200 ¸µµÉ¢¥É¸É¢¥´´µ ¤²Ö · ¸¸³ É·¨¢ ¥³µ£µ
¸²ÊÎ Ö.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¶ · ³¥É·µ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± 
(·¥Ï¥´¨¥ § ¤ Î¨ º 2) ´¥µ¡Ìµ¤¨³µ §´ ÉÓ ¢¥²¨Î¨´Ò ¢¸¶µ³µ£ É¥²Ó´ÒÌ ²¨´¥°-
´ÒÌ ¢´¥Ï´¨Ì § ·Ö¤µ¢, µÉ´µ¸ÖÐ¨Ì¸Ö ± ¤¨Ô²¥±É·¨±Ê, ¨ § ·Ö¤µ¢, µÉ´µ¸ÖÐ¨Ì¸Ö
± ±µ´¤¥´¸ Éµ·Ê. „²Ö ¨Ì ´ Ìµ¦¤¥´¨Ö ¶·¨³¥´ÖeÉ¸Ö É  ¦¥ ¸¨¸É¥³  Ê· ¢´¥´¨°
(1.6)Ä(1.8), ´µ ¢³¥¸Éµ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¤²Ö ·¥Ï¥´¨Ö ´¥µ¡Ìµ-
¤¨³µ ¨¸¶µ²Ó§µ¢ ÉÓ ¢´¥Ï´¨¥ § ·Ö¤Ò.

‚ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö ¸¨¸É¥³ Ê· ¢´¥´¨° ¸ ¢´ÊÉ·¥´´¨³¨ ¨ ¢´¥Ï´¨³¨ § ·Ö-
¤ ³¨ ¶·¨ § ¤ ´´µ³ ¶·µ¸É· ´¸É¢¥´´µ³ · ¸¶µ²µ¦¥´¨¨ ²¨´¥°´ÒÌ ¢¸¶µ³µ£ É¥²Ó-
´ÒÌ § ·Ö¤µ¢ ³Ò §´ ¥³ ¨Ì ¢¥²¨Î¨´Ò. �  ÔÉµ³ µ¸´µ¢ ´¨¨ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ
¶µ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ Ëµ·³Ê² ³ Ô²¥±É·µ¸É É¨±¨ · ¸¸Î¨É ÉÓ ¢¥²¨Î¨´Ò ¶µÉ¥´-
Í¨ ²µ¢ ¨ ¶µ²¥° ¢ ²Õ¡µ° ÉµÎ±¥ ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± .

—Éµ ³Ò ¨³¥¥³ ¨ ÎÉµ ³µ¦´µ µ¦¨¤ ÉÓ ¢ ·¥§Ê²ÓÉ É¥ ·¥Ï¥´¨Ö § ¤ Î¨ ¶µ
· ¸¸³ É·¨¢ ¥³µ³Ê ¢ ·¨ ´ÉÊ?

‚µ-¶¥·¢ÒÌ, ¢ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (1.6)Ä(1.8) µÉ¸ÊÉ¸É¢Ê¥É ¸¢Ö§Ó ³¥¦¤Ê ¶µ-
É¥´Í¨ ² ³¨ ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± , ¢ÒÎ¨¸²Ö¥³Ò³¨ ¸ ¢´¥Ï´¨³¨ ¨ ¢´Ê-
É·¥´´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨± . �´  µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ (1.4).

‚µ-¢Éµ·ÒÌ, ¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ´ Ìµ¤ÖÉ¸Ö ´  · §-
´ÒÌ ¶µ¢¥·Ì´µ¸ÉÖÌ. �µÔÉµ³Ê ¸ÊÐ¥¸É¢Ê¥É · §´¨Í  ³¥¦¤Ê · ¸¸ÉµÖ´¨¥³ ®§ ·Ö¤Ò
±µ´¤¥´¸ Éµ·  Å ¢´ÊÉ·¥´´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± ¯ ¨ · ¸¸ÉµÖ´¨¥³ ®§ ·Ö¤Ò ±µ´-
¤¥´¸ Éµ·  Å ¢´¥Ï´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± ¯.

�É¨ ¤¢  Ë ±Éµ·  ¶·¨¢¥¤ÊÉ ¶·¨ ·¥Ï¥´¨¨ Ê· ¢´¥´¨° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
Éµ²Ó±µ ¢´¥Ï´¨Ì ¨²¨ Éµ²Ó±µ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ± · §´¨Í¥ ³¥¦¤Ê
¢¥²¨Î¨´ ³¨ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ· , µÉ´µ¸ÖÐ¨Ì¸Ö ± É¥³ ¦¥
¸ ³Ò³ ±µ´É·µ²Ó´Ò³ ÉµÎ± ³, ¨, ± ± ¸²¥¤¸É¢¨¥, ´¥¸µ£² ¸µ¢ ´´µ¸É¨ ·¥Ï¥´¨Ö
¤²Ö µ¶·¥¤¥²¥´¨Ö Ì · ±É¥·¨¸É¨± ¶µ²¥° ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± . �¶·¥¤¥²¥´¨¥
¢¥²¨Î¨´Ò ÔÉµ° ´¥¸µ£² ¸µ¢ ´´µ¸É¨ ¨ Ö¢²Ö¥É¸Ö Í¥²ÓÕ  ´ ²¨§  ·¥Ï¥´¨° ¶¥·¢µ£µ
¢ ·¨ ´É .

‚ Í¥²ÖÌ ¸µ±· Ð¥´¨Ö £· Ë¨Î¥¸±µ£µ ³ É¥·¨ ²  ·¥§Ê²ÓÉ ÉÒ ·¥Ï¥´¨Ö § ¤ Î
º 1 ¨ 2 ¨´µ£¤  ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¸µ¢³¥¸É´µ ¶·µ¸ÉÒ³ µ¡Ñ¥¤¨´¥´¨¥³, ±µÉµ·µ¥
¶µ§¢µ²Ö¥É ²ÊÎÏ¥ ¶µ´ÖÉÓ ³¥Éµ¤ ¨ µÍ¥´¨ÉÓ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. ’ ±µ¥ µ¡Ñ-
¥¤¨´¥´¨¥ ·¥Ï¥´¨° ¶µ± § ´µ ´  ·¨¸. 3, ¶·¥¤¸É ¢²ÖÕÐ¥³ · ¸¶·¥¤¥²¥´¨Ö ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  ¤²Ö Î ¸É¨ CD ´  ·¨¸. 2. ˆ¸¶µ²Ó§µ¢ ²¨¸Ó
¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨± . Œ¥¦¤Ê ÔÉ¨³¨ ±·¨¢Ò³¨ ´ Ìµ¤ÖÉ¸Ö
¤¢¥ ¤·Ê£¨¥, ¸µ¢¶ ¤ ÕÐ¨¥ ³¥¦¤Ê ¸µ¡µ°. �¤´  ¨§ ´¨Ì ¶·¥¤¸É ¢²Ö¥É · ¸¶·¥¤¥²¥-
´¨¥ ¶µ²Ê¸Ê³³Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì § ·Ö¤µ¢. � ¢Éµ·µ° ±·¨¢µ° ´¥¸±µ²Ó±µ ¶µ§¦¥.
Œ ±¸¨³Ê³ ¶·¨ n = 1 ¨ ¶µ¸²¥¤ÊÕÐ¨° ¸¶ ¤ ± n = 60 µ¡Ê¸²µ¢²¥´ ¶·¨¸ÊÉ¸É¢¨¥³
¤¨Ô²¥±É·¨± . „ ²Ó´¥°Ï¨° ·µ¸É ¢¥²¨Î¨´ § ·Ö¤µ¢ ¸ Ê¢¥²¨Î¥´¨¥³ ´µ³¥·  § ·Ö¤ 
n ¸¢Ö§ ´ c ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ µ¡¥¸¶¥Î¥´¨Ö Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ¸É¨ ¶² ¸É¨´Ò ±µ´-
¤¥´¸ Éµ·  ¶·¨ ¥¥ µ£· ´¨Î¥´´µ¸É¨ ¶µ · §³¥·Ê. �µÉ¥´Í¨ ² ¢ ÉµÎ±¥ n = 60
µ¶·¥¤¥²Ö¥É¸Ö § ·Ö¤µ³ ¢ ÔÉµ° ÉµÎ±¥, § ·Ö¤ ³¨ ¸²¥¢  µÉ ´¥¥ (¨Ì ¢¸¥£µ 260),  
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�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ
§ ·Ö¤µ¢ ¢¤µ²Ó ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ· ,
  É ±¦¥ · ¸¶·¥¤¥²¥´¨¥ ¨Ì ¶µ²Ê¸Ê³³Ò.
�·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¶µ 200 ¢´ÊÉ·¥´´¨Ì (in) ¨ ¢´¥Ï´¨Ì (out)
¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± 

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì (in)
¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨Î¥-
¸±µ£µ ¸É¥·¦´Ö ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ π/2Ä0

É ±¦¥ § ·Ö¤ ³¨ ¸ n > 60 (¢¸¥£µ 140). “³¥´ÓÏ¥´¨¥ Î¨¸²  § ·Ö¤µ¢ ¸ n > 60
¤²Ö ¢Ò¶µ²´¥´¨Ö Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ¸É¨ ¶·µ¢µ¤´¨±  ±µ³¶¥´¸¨·Ê¥É¸Ö Ê¢¥²¨Î¥-
´¨¥³ ¢¥²¨Î¨´ § ·Ö¤µ¢.

�¨¸. 4 ¶·¥¤¸É ¢²Ö¥É ¶µ²µ¢¨´Ê · ¸¶·¥¤¥²¥´¨Ö ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ Î ¸É¨ ¤¨Ô²¥±É·¨± , µ¡· Ð¥´´µ° ± ¶µ²µ¦¨É¥²Ó´µ § ·Ö-
¦¥´´µ° ¶² ¸É¨´¥ ±µ´¤¥´¸ Éµ· . ‚ ¸²ÊÎ ¥ n = 1 ¤²Ö · ¸¶·¥¤¥²¥´¨° ·¨¸. 3
µÉ´µÏ¥´¨¥ · §´µ¸É¨ § ·Ö¤µ¢ ± ¸·¥¤´¥³Ê ¸µ¸É ¢²Ö¥É 4,5 %, ¤²Ö · ¸¶·¥¤¥²¥´¨°
·¨¸. 4 ÔÉµ µÉ´µÏ¥´¨¥ · ¢´µ 1,7 %.

� °¤¥´´Ò¥ ¢ ·¥Ï¥´¨¨ § ¤ Î¨ ¢¥²¨Î¨´Ò § ·Ö¤µ¢ ¶µ§¢µ²ÖÕÉ ¶µ²ÊÎ¨ÉÓ · ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥°. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ´  ·¨¸. 5Ä7 ¶·¨¢¥¤¥´Ò
· ¸¶·¥¤¥²¥´¨Ö Ì · ±É¥·¨¸É¨± Ô²¥±É·¨Î¥¸±¨Ì ¶µ²¥° ¶µ 1/4 Î ¸É¨ ¶¥·¨³¥É· 
¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  (¸¥±Éµ· AOB ´  ·¨¸. 2). �µ± § ´Ò É ´£¥´Í¨ ²Ó-
´Ò¥ ¸µ¸É ¢²ÖÕÐ¨¥, ´µ·³ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ ¨ ¸Ê³³ ·´Ò¥ §´ Î¥´¨Ö ¶µ²¥°,
¶µ²ÊÎ¥´´Ò¥ ¶µ¸²¥ ·¥Ï¥´¨Ö ¸ ¶·¨³¥´¥´¨¥³ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ³µ£ -
É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± .

�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥ É ´£¥´Í¨ ²Ó´ÒÌ ±µ³-
¶µ´¥´Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢¤µ²Ó 1/4
¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¤²Ö
¢´ÊÉ·¥´´¨Ì (in) ¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ -
É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± 
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�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
¢¤µ²Ó 1/4 ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨Î¥-
¸±µ£µ ¸É¥·¦´Ö ¤²Ö ¢´ÊÉ·¥´´¨Ì (in) ¨
¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ ¤¨Ô²¥±É·¨± 

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥-
¸±µ£µ ¶µ²Ö ¢¤µ²Ó 1/4 ¶µ¢¥·Ì´µ¸É¨
¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¤²Ö ¢´Ê-
É·¥´´¨Ì (in) ¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± 

’ ´£¥´Í¨ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ ¸µ §´ Î¥´¨¥³ Ein = Eout = 0 ¶µ ³¥·¥ ·µ¸É 
n ¢µ§· ¸É ÕÉ ¨ · ¸Ìµ¤ÖÉ¸Ö ¶µ ¢¥²¨Î¨´¥ (¸³. ·¨¸. 5). �Éµ · ¸Ìµ¦¤¥´¨¥ ¤²Ö
Ê£² , · ¢´µ£µ 90◦, ¸µ¸É ¢²Ö¥É 2,2 %. �µ·³ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ (¸³. ·¨¸. 6) ´ 
£· ´¨Í¥ ¤¨Ô²¥±É·¨±  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ·¨¥° ¨¸¶ÒÉÒ¢ ÕÉ ¸± Îo±, ¢ ¸²ÊÎ ¥
ÉµÎ´µ£µ ·¥Ï¥´¨Ö µ¶·¥¤¥²Ö¥³Ò° ¢¥²¨Î¨´µ° ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨
Ein/Eout = ε. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ¤ ´´µ¥ µÉ´µÏ¥´¨¥ ¶µ¸ÉµÖ´´µ ¤²Ö ¢¸¥Ì §´ Î¥-
´¨° n ¨ · ¢´µ 3,92. ’¥³ ¸ ³Ò³ µÉ²¨Î¨¥ µÉ ¶·¨´ÖÉµ£µ §´ Î¥´¨Ö ε = 4 ¸µ¸É ¢-
²Ö¥É 2 %.

� ¸Ìµ¦¤¥´¨Ö ¸¢Ö§ ´Ò ¸ É¥³, ÎÉµ ¶·¨ ·¥Ï¥´¨¨ ¨¸¶µ²Ó§µ¢ ²¨¸Ó µÉ¤¥²Ó´µ
¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¤¢  ´ ¡µ· 
§ ·Ö¤µ¢ ±µ´¤¥´¸ Éµ· .

�¨¸. 7 ¶·¥¤¸É ¢²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ¶µ²´µ£µ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¶µ ¶¥·¨-
³¥É·Ê ¤¨Ô²¥±É·¨± . �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ¶µ¢¥¤¥´¨¥ ¶µ²Ö ¶·¨ ·¥Ï¥´¨¨
¸ ¶·¨³¥´¥´¨¥³ ¢´¥Ï´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± : ´  £² § ¢¥²¨Î¨´  ¶µ²Ö ¶µ¸Éµ-
Ö´´  ¨ ´¥ § ¢¨¸¨É µÉ n. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¸ ·µ¸Éµ³ n ¢¥²¨Î¨´  ¶µ²Ö
³¥¤²¥´´µ Ê³¥´ÓÏ ¥É¸Ö µÉ 0,23268 ¤µ 0,22877 ±‚/¸³.

� ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ £· ´¨ÍÒ
¢¤µ²Ó µ¸¨ x = 0 ¶µ± § ´µ ´  ·¨¸. 8. ‘± Îo± ¶µÉ¥´Í¨ ²  ¶·¨ ¶¥·¥Ìµ¤¥ Î¥·¥§
£· ´¨ÍÊ ¤¨Ô²¥±É·¨±Ä¢ ±ÊÊ³ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ´¥¢Ò¶µ²´¥´¨Ö £· ´¨Î´µ£µ
Ê¸²µ¢¨Ö ¶µ · ¢¥´¸É¢Ê ¶µÉ¥´Í¨ ²µ¢ ϕ1 = ϕ2. ‚¥²¨Î¨´  ¸± Î±  ¸µ¸É ¢²Ö¥É
2 % ¶µ µÉ´µÏ¥´¨Õ ± §´ Î¥´¨Õ ¶µÉ¥´Í¨ ²  ´  £· ´¨Í¥ ¸ ¢´¥Ï´¥° ¸Éµ·µ´Ò
¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± .

„²Ö ¤¥³µ´¸É· Í¨¨ ³¥Éµ¤µ¢ ·¥Ï¥´¨Ö § ¤ Î¨ ´ ³¨ ¨¸¶µ²Ó§µ¢ ´ ±·Ê£²Ò°
¤¨Ô²¥±É·¨Î¥¸±¨° ¸É¥·¦¥´Ó, µ£· ´¨Î¥´´Ò° ¶µ · §³¥·Ê. „¨Ô²¥±É·¨± ´ Ìµ-
¤¨É¸Ö ¢ ¶µ²¥, µ¡· §µ¢ ´´µ³ § ·Ö¤ ³¨ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ· . ‚ ÔÉµ³ ¸²Ê-
Î ¥ ·¥§Ê²ÓÉ ÉÒ · ¸¸³ É·¨¢ ¥³µ£µ ³¥Éµ¤  ·¥Ï¥´¨Ö § ¤ Î¨ ± Î¥¸É¢¥´´µ ³µ¦´µ
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�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  ¢´¥ ¨ ¢´Ê-
É·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ £· ´¨ÍÒ ¢¤µ²Ó
µ¸¨ x = 0. ‘± Îµ± ¶µÉ¥´Í¨ ²  ¶·¨ ¶¥·¥-
Ìµ¤¥ Î¥·¥§ £· ´¨ÍÊ ¤¨Ô²¥±É·¨±Ä¢ ±ÊÊ³ Ö¢²Ö-
¥É¸Ö ¸²¥¤¸É¢¨¥³ ´¥¢Ò¶µ²´¥´¨Ö £· ´¨Î´µ£µ
Ê¸²µ¢¨Ö ¶µ · ¢¥´¸É¢Ê ¶µÉ¥´Í¨ ²µ¢. ‚¥²¨Î¨´ 
¸± Î±  ¸µ¸É ¢²Ö¥É 2 %

¸· ¢´¨ÉÓ ¸ ÉµÎ´Ò³ ·¥Ï¥´¨¥³ ¤²Ö ¡¥¸±µ´¥Î´µ ¤²¨´´µ£µ ¸É¥·¦´Ö ¤¨Ô²¥±É·¨± 
Ô²²¨¶É¨Î¥¸±µ£µ (±·Ê£²µ£µ) ¸¥Î¥´¨Ö [14]. ’µÎ´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¤ ´´µ£µ ¸²ÊÎ Ö:
dV/dy = const, dE/dx = 0. �Éµ µ§´ Î ¥É, ÎÉµ ¸¨²µ¢Ò¥ ²¨´¨¨ ¢´ÊÉ·¨ ¤¨Ô²¥±-
É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¶ · ²²¥²Ó´Ò µ¸¨ µ·¤¨´ É,   Ô±¢¨¶µÉ¥´Í¨ ²¨ ¶ · ²²¥²Ó´Ò
µ¸¨  ¡¸Í¨¸¸, É. ¥. Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ ¶µ¸ÉµÖ´´µ ¢ ²Õ¡µ° ÉµÎ±¥ ¤¨Ô²¥±É·¨± .
Š ·É  ¸¨²µ¢ÒÌ ²¨´¨° ¶µ²Ö ¨ Ô±¢¨¶µÉ¥´Í¨ ²¨ ¶µ± § ´  ´  ·¨¸. 9. ‹¨´¨¨
¶µ²Ö ¨ Ô±¢¨¶µÉ¥´Í¨ ²¨ ¢ µ¡Ñ¥³¥ ¤¨Ô²¥±É·¨±  ¶· ±É¨Î¥¸±¨ ¶ · ²²¥²Ó´Ò µ¸Ö³
x = 0 ¨ y = 0.

‘²¥¤¸É¢¨¥³ · §¤¥²Ó´µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢
¤¨Ô²¥±É·¨±  Ö¢²Ö¥É¸Ö µÉ²¨Î¨¥ ¢¥²¨Î¨´Ò ¸± Î±  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ´ 
£· ´¨Í¥ ¸ ¤¨Ô²¥±É·¨±µ³ µÉ É¥µ·¥É¨Î¥¸±µ£µ §´ Î¥´¨Ö, µ¶·¥¤¥²Ö¥³µ£µ ¢Ò· -
¦¥´¨¥³ En1/En2 = ε. ‚Éµ·µ¥ ¸²¥¤¸É¢¨¥ Å · §·Ò¢ ¶µÉ¥´Í¨ ² . �´ ²¨§
¨§²µ¦¥´´ÒÌ ¢ÒÏ¥ ·¥§Ê²ÓÉ Éµ¢ ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¥¥ § ±²ÕÎ¥´¨¥: ¢

�¨¸. 9. Š ·É  ¸¨²µ¢ÒÌ ²¨´¨° Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨ Ô±¢¨¶µÉ¥´Í¨ ²¨ ¢´ÊÉ·¨ ¨ ¢´¥ ¤¨-
Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö. �µ± § ´  Î ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¶µ²µ¦¨É¥²Ó´ÒÌ §´ Î¥´¨°
µ¸¥°  ¡¸Í¨¸¸ ¨ µ·¤¨´ É
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�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì
(in) ¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ
§ ·Ö¤µ¢ ¢¤µ²Ó Î ¸É¨ ¶² ¸É¨´Ò ±µ´¤¥´-
¸ Éµ· . �·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ·¥Ï¥-
´¨Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ 800 ¢´ÊÉ·¥´-
´¨Ì ¨ ¢´¥Ï´¨Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö-
¤µ¢ ¤¨Ô²¥±É·¨± 

�¨¸. 11. � ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì (in)
¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨Î¥-
¸±µ£µ ¸É¥·¦´Ö

· ¸¸³µÉ·¥´´µ³ ¢ ·¨ ´É¥ ¶µ²ÊÎ¥´µ ¶·¨¡²¨¦¥´´µ¥ ·¥Ï¥´¨¥ ¸ ÉµÎ´µ¸ÉÓÕ ´ 
Ê·µ¢´¥ 2 %.

1.2. �µ¸³µÉ·¨³, ± ± ¢¥²¨Î¨´  · §·Ò¢  ¶µÉ¥´Í¨ ² , µÉ´µÏ¥´¨¥ En1/En2

¨ ¤·Ê£¨¥ Ì · ±É¥·¨¸É¨±¨ § ¢¨¸ÖÉ µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±-
É·¨±  ¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö¤ ³¨ ¤µ
¤ ´´µ° ±µ´É·µ²Ó´µ° ÉµÎ±¨.

�µ ¶¥·¨³¥É·Ê ¤¨Ô²¥±É·¨±  ¶¥·¢µ´ Î ²Ó´µ ¢§ÖÉµ n = 200 § ·Ö¤µ¢ ´  · ¸-
¸ÉµÖ´¨¨ ³¥¦¤Ê ´¨³¨ ds = 2πR0/n, £¤¥ R0 Å · ¤¨Ê¸ ¸É¥·¦´Ö. � ¸¸ÉµÖ-
´¨¥ ³¥¦¤Ê ± ¦¤µ° ¨§ ¶µ¢¥·Ì´µ¸É¥° ¸ § ·Ö¤ ³¨ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±É·¨± 
dr = 2ds (1.5). �¸É ¢ Ö¸Ó ¢ · ³± Ì É¥Ì ¦¥ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê · ¸¶µ²µ¦¥-
´¨¥³ § ·Ö¤µ¢ ¨ ±µ´É·µ²Ó´ÒÌ ÉµÎ¥±, Ê¢¥²¨Î¨³ ¨Ì Î¨¸²µ ¤µ n = 800. �²µÉ´µ¸ÉÓ
§ ·Ö¤µ¢ Ê¢¥²¨Î¨² ¸Ó ¢ Î¥ÉÒ·¥ · §  ¸ É ±¨³ ¦¥ Ê³¥´ÓÏ¥´¨¥³ · ¸¸ÉµÖ´¨Ö § -
·Ö¤ Å ±µ´É·µ²Ó´ Ö ÉµÎ± . —¨¸²µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  ´ ³¨
µ¸É ¢²¥´µ ¡¥§ ¨§³¥´¥´¨°.

�µ¸²¥ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1.6)Ä(1.8) ¤²Ö n = 800 Å ´ Ìµ¦¤¥-
´¨Ö ¢¸¥Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¨ ¢Ò¶µ²´¥´¨Ö ´¥µ¡Ìµ¤¨³ÒÌ · ¸Î¥Éµ¢ Å
· ¸¸³µÉ·¨³ ·¥§Ê²ÓÉ ÉÒ, ± ± ÔÉµ ¸¤¥² ´µ ¢ÒÏ¥ ¤²Ö n = 200. �¥·¢µ´ Î ²Ó´µ
¶·µ ´ ²¨§¨·Ê¥³ ¶µ¢¥¤¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢´¥ ¤¨Ô²¥±É·¨±  ¢ § ¢¨¸¨³µ-
¸É¨ µÉ Î¨¸²  ¥£µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢.

�  ·¨¸. 10 ¶µ± § ´Ò Î ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ±µ´-
¤¥´¸ Éµ·  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·¨ ·¥Ï¥´¨¨ ¢´¥Ï´¨Ì (¢¥·Ì´ÖÖ ±·¨¢ Ö) ¨ ¢´Ê-
É·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . �¨¸. 11 ¶·¥¤¸É ¢²Ö¥É Î ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . …¸²¨ ¢ ¸²ÊÎ ¥ 200 ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö-
¤µ¢ ¤¨Ô²¥±É·¨±  µÉ´µÏ¥´¨¥ · §´µ¸É¨ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  ± ¸·¥¤´¥³Ê ¸µ-
¸É ¢²Ö²µ 4,5 %, Éµ ¤²Ö 800 § ·Ö¤µ¢ µ´µ · ¢´µ 1,1 %. „²Ö · ¸¶·¥¤¥²¥´¨° § ·Ö-
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�¨¸. 12. � ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  ¢´¥
¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ £· -
´¨ÍÒ ¢¤µ²Ó µ¸¨ x = 0 ¤²Ö ¸²ÊÎ Ö 200
§ ·Ö¤µ¢ (k) ¨ 800 § ·Ö¤µ¢ (o). ‚¥²¨-
Î¨´  ¸± Î±  ¸µ¸É ¢²Ö¥É 2 ¨ 0,46 % ¸µ-
µÉ¢¥É¸É¢¥´´µ

¤µ¢ ¤¨Ô²¥±É·¨±  (·¨¸. 11) ÔÉµ µÉ´µÏ¥-
´¨¥ · ¢´µ 0,48 % (· ´¥¥ µ´µ · ¢´Ö²µ¸Ó
1,7 %). ˆ§³¥´¨² ¸Ó ¢¥²¨Î¨´  ¸± Î±  ¶µ-
É¥´Í¨ ²  (¸³. ·¨¸. 12), · ´¥¥ µ´ ¸µ¸É -
¢²Ö² 2 %, É¥¶¥·Ó Å 0,46 %. ŒÒ ¢¨-
¤¨³, ÎÉµ µÉ´µÏ¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
¢¥²¨Î¨´ ¶·¨³¥·´µ · ¢´Ò Î¥ÉÒ·¥³. ‚µ
¸Éµ²Ó±µ ¦¥ · § Ê¢¥²¨Î¥´µ Î¨¸²µ § ·Ö¤µ¢
¨ ¸µ±· Ð¥´µ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê § ·Ö¤µ³
¨ ¥£µ ±µ´É·µ²Ó´µ° ÉµÎ±µ°.

�¨¸. 13 ¶·¥¤¸É ¢²Ö¥É µ¡Ñ¥¤¨´¥´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´-
Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢¤µ²Ó µ¸¨ µ·-
¤¨´ É ¤²Ö n = 200 ¨ 800, ¶µ²ÊÎ¥´´Ò¥
¸ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¤²Ö
· ¸¶·¥¤¥²¥´¨° ¢´ÊÉ·¨ ´¥£µ ¨ ¥£µ ¢´Ê-
É·¥´´¨³¨ § ·Ö¤ ³¨ ¤²Ö · ¸¶·¥¤¥²¥´¨°
¢´¥ ¤¨Ô²¥±É·¨± . Šµ´¥Î´µ, · ¸Î¥É ¢Ò¶µ²´¥´ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ § ·Ö¤ ³¨
±µ´¤¥´¸ Éµ· . � ¸¶·¥¤¥²¥´¨Ö ¢ ¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¶µ²-
´µ¸ÉÓÕ ¨¤¥´É¨Î´Ò, ÌµÉÖ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ¤²Ö n = 200 ¨ n = 800 µÉ²¨Î -
ÕÉ¸Ö ¢ 4 · § . �  ·¨¸. 14 ¶µ± § ´  Î ¸ÉÓ ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö, µÉ´µ¸ÖÐ Ö¸Ö
± ¤¨Ô²¥±É·¨±Ê. � ´¥¥ µÉ´µÏ¥´¨¥ ´µ·³ ²Ó´µ£µ ±µ³¶µ´¥´É  Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö ¢´¥ ¤¨Ô²¥±É·¨±  ± ±µ³¶µ´¥´ÉÊ ¢´ÊÉ·¨ En1/En2 = ε · ¢´Ö²µ¸Ó 3,92.
„²Ö ¸²ÊÎ Ö, ±µ£¤  n = 800, ÔÉµ µÉ´µÏ¥´¨¥ En1/En2 = 3, 98. � §´¨Í  ¶µ
¸· ¢´¥´¨Õ ¸ § ¤ ´´Ò³ §´ Î¥´¨¥³ ¢¥²¨Î¨´Ò ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨
ε = 4 ¸µ¸É ¢²Ö¥É 2 % ¨ 0,5 % ¸µµÉ¢¥É¸É¢¥´´µ.

� ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¤²Ö ¸²ÊÎ ¥¢ n = 200 ¨ 800
¢¤µ²Ó ²¨´¨¨, ¶·µÌµ¤ÖÐ¥° Î¥·¥§ · ¤¨Ê¸ OA (·¨¸. 2), ¶·¥¤¸É ¢²¥´µ ´  ·¨¸. 15.
‚ ¸¨²Ê ¸¨³³¥É·¨Î´µ£µ · §³¥Ð¥´¨Ö ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¢´ÊÉ·¨ ±µ´¤¥´-
¸ Éµ·  ´µ·³ ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ ¶µ²Ö ¸É·µ£µ · ¢´Ò ¶µ²´µ³Ê Ô²¥±É·¨Î¥¸±µ³Ê

�¨¸. 13. �¡Ñ¥¤¨´¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ´µ·-
³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
¢¤µ²Ó µ¸¨ µ·¤¨´ É ¤²Ö n = 200 ¨ n = 800. ˆ¸-
¶µ²Ó§µ¢ ²¨¸Ó ¢´¥Ï´¨¥ § ·Ö¤Ò ¤¨Ô²¥±É·¨±  ¤²Ö
· ¸¶·¥¤¥²¥´¨° ¢´ÊÉ·¨ ´¥£µ ¨ ¢´ÊÉ·¥´´¨¥ § -
·Ö¤Ò ¤²Ö · ¸¶·¥¤¥²¥´¨° ¢´¥ ¤¨Ô²¥±É·¨± . ‚´¥
¤¨Ô²¥±É·¨±  · ¸¶·¥¤¥²¥´¨Ö ¨¤¥´É¨Î´Ò. “Éµ²-
Ð¥´¨¥ ±·¨¢µ° ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¸¢Ö§ ´µ ¸
· §´µ¸ÉÓÕ · ¸¶·¥¤¥²¥´¨° µ±µ²µ 1 %
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�¨¸. 14. ”· £³¥´É ·¨¸. 13, · ¸¶·¥¤¥²¥-
´¨¥ ¶µ²Ö ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± : k Å 200
§ ·Ö¤µ¢; o Å 800 ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢

�¨¸. 15. � ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¤²Ö ¸²ÊÎ ¥¢ n =
200 ¨ 800 ¢ ³¥¤¨ ´´µ° ¶²µ¸±µ¸É¨
¢¤µ²Ó ²¨´¨¨ x = 0, ¶·µÌµ¤ÖÐ¥° Î¥-
·¥§ · ¤¨Ê¸ OA ·¨¸. 2

¶µ²Õ ¢¤µ²Ó ÔÉµ° ²¨´¨¨. ‚´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¥²¨Î¨´  ¶µ²Ö ³¥¤²¥´´µ Ê³¥´Ó-
Ï ¥É¸Ö, · §´¨Í  ³¥¦¤Ê Í¥´É·µ³ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¸µ¸É ¢²Ö¥É 1,5 %. ‚´¥ ¤¨-
Ô²¥±É·¨±  ¢¥²¨Î¨´  ¶µ²Ö ¡Ò¸É·µ · ¸É¥É,   ´¥§´ Î¨É¥²Ó´ Ö · §´¨Í  ´  Ê·µ¢´¥
5·10−3 ±‚/¸³ ¢ ¢¥²¨Î¨´¥ ¶µ²Ö ¤²Ö ÔÉ¨Ì ¤¢ÊÌ ¸²ÊÎ ¥¢ ¨¸Î¥§ ¥É ¶·¨ x = 5, 2 ³³.
� Î¨´ Ö ¸ x = 15 ³³, §´ Î¥´¨¥ ¶µ²Ö ¢ÒÌµ¤¨É ´  ¶² Éµ, ¸ 50 ³³ ´ Î¨´ ¥É¸Ö
¸¶ ¤, ¸¢Ö§ ´´Ò° ¸ ¢²¨Ö´¨¥³ § ·Ö¤µ¢ ±· Ö ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  (x = 60 ³³).
Œ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¶µ²Ö ¶·¨Ìµ¤¨É¸Ö ´  ±µµ·¤¨´ ÉÊ x = 30 ³³ ¨, ¸µµÉ-
¢¥É¸É¢¥´´µ, · ¢´µ 0,49994 ±‚/¸³. �·¨ µÉ¸ÊÉ¸É¢¨¨ ¤¨Ô²¥±É·¨±  ¢¥²¨Î¨´  ¶µ²Ö
´  ÊÎ ¸É±¥ 0Ä40 ³³ ¤µ²¦´  ¡ÒÉÓ · ¢´µ° 0,5 ±‚/¸³. — ¸ÉÓ ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö
¢ µ¡² ¸É¨ £· ´¨ÍÒ ¤¨Ô²¥±É·¨±  ¶µ± § ´  ´  ·¨¸. 16. �  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±-
É·¨±  ¶µ²¥ Í¥²¨±µ³ µ¶·¥¤¥²Ö¥É¸Ö É ´£¥´Í¨ ²Ó´µ° ¸µ¸É ¢²ÖÕÐ¥°,   ´µ·³ ²Ó-
´Ò° ±µ³¶µ´¥´É · ¢¥´ 0 (¸³. ·¨¸. 5). ‘²¥¤µ¢ É¥²Ó´µ, ´¥ ¤µ²¦´µ ¡ÒÉÓ · §·Ò¢ 
¶µ²Ö ´  £· ´¨Í¥ ¤¨Ô²¥±É·¨±Ä¢ ±ÊÊ³ ¶·¨ ÉµÎ´µ³ ·¥Ï¥´¨¨ § ¤ Î¨. � ¸Î¥É ¶µ²Ö
¢´ÊÉ·¨ ¨ ¢´¥ ¤¨Ô²¥±É·¨±  ¶·µ¢µ¤¨É¸Ö ¢ ¢ ·¨ ´É¥ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢´¥Ï´¨Ì
¨ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  µÉ¤¥²Ó´µ, ÎÉµ ¨ µ¡ÑÖ¸-

�¨¸. 16. ”· £³¥´É · ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó-
´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¢ µ¡² ¸É¨ £· ´¨ÍÒ
¤¨Ô²¥±É·¨± . � ¸Î¥É ¶µ²Ö ¢´ÊÉ·¨ ¨ ¢´¥
¤¨Ô²¥±É·¨±  ¶·µ¢µ¤¨É¸Ö ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ ¤¨Ô²¥±É·¨±  µÉ¤¥²Ó´µ. �Éµ ¢¥¤¥É ± · §-
·Ò¢Ê, ±µÉµ·Ò° ¸µ¸É ¢²Ö¥É 1,67 ¨ 0,40 % ¤²Ö
n = 200 ¨ 800 ¸µµÉ¢¥É¸É¢¥´´µ
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�¨¸. 17. � ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
¶µ ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ¸É¨ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ· : a Å · ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¸ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¤²Ö n = 200 (¢¥·Ì´ÖÖ ±·¨¢ Ö) ¨
800 (´¨¦´ÖÖ ±·¨¢ Ö); ¡ Å · ¸¶·¥¤¥²¥´¨¥ ¤²Ö ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . �É²¨-
Î¨¥ · ¸¶·¥¤¥²¥´¨Ö ¡ µÉ · ¸¶·¥¤¥²¥´¨° a Å Éµ¦¤¥¸É¢¥´´µ¥ · ¢¥´¸É¢µ ¶µ¢¥·Ì´µ¸É´ÒÌ
¶²µÉ´µ¸É¥° § ·Ö¤µ¢

´Ö¥É · §·Ò¢. �´ ¸µ¸É ¢²Ö¥É 1,67 ¨ 0,40 % ¤²Ö n = 200 ¨ 800 ¸µµÉ¢¥É¸É¢¥´´µ
(µÉ´µÏ¥´¨¥ · ¢´µ 4,2).

‘µ£² ¸´µ § ±µ´ ³ Ô²¥±É·µ¸É É¨±¨ ´ ¶·Ö¦¥´´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
´¥¶µ¸·¥¤¸É¢¥´´µ ´  ¶µ¢¥·Ì´µ¸É¨ § ·Ö¦¥´´µ£µ É¥²  ¸¢Ö§ ´  ¶·µ¸ÉÒ³ ¸µµÉ´µ-
Ï¥´¨¥³ ¸ ²µ± ²Ó´µ° ¶²µÉ´µ¸ÉÓÕ § ·Ö¤  ¶µ¢¥·Ì´µ¸É¨: En = σ/ε0. ‡¤¥¸Ó
En Å ¶·µ¥±Í¨Ö ¢¥±Éµ·  E ´  ¢´¥Ï´ÕÕ ¶µ µÉ´µÏ¥´¨Õ ± ¶µ¢¥·Ì´µ¸É¨ ´µ·-
³ ²Ó n, σ Å ²µ± ²Ó´ Ö ¶µ¢¥·Ì´µ¸É´ Ö ¶²µÉ´µ¸ÉÓ § ·Ö¤ , ε0 Å Ô²¥±É·¨Î¥¸± Ö
¶µ¸ÉµÖ´´ Ö.

’ ±¨³ µ¡· §µ³, ¶·¥¤¸É ¢²¥´´Ò¥ ´  ·¨¸. 17 · ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¶µ ¢´ÊÉ·¥´´¥° ¶µ¢¥·Ì´µ-
¸É¨ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ· ,   É ±¦¥ · ¸¶·¥¤¥²¥´¨Ö ¶µ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±-
É·¨±  ´  ·¨¸. 18 ¨ 19 µÉ· ¦ ÕÉ · ¸¶·¥¤¥²¥´¨Ö ²µ± ²Ó´ÒÌ ¶²µÉ´µ¸É¥° ¸Éµ-
·µ´´¨Ì § ·Ö¤µ¢ ¨ ²µ± ²Ó´ÒÌ ¶²µÉ´µ¸É¥° ¸¢Ö§ ´´ÒÌ § ·Ö¤µ¢ ´  ÔÉ¨Ì ¶µ¢¥·Ì-
´µ¸ÉÖÌ.

�  ·¨¸. 17, a µÉ· ¦¥´µ · ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ ¢´¥Ï´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¤²Ö µ¡µ¨Ì ¸²ÊÎ ¥¢ n = 200 ¨
800. �¨¸. 17, ¡ ¶·¥¤¸É ¢²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ¤²Ö ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±-
É·¨± . �É²¨Î¨¥ ÔÉµ£µ · ¸¶·¥¤¥²¥´¨Ö µÉ · ¸¶·¥¤¥²¥´¨° ·¨¸. 17,a ¸µ¸Éµ¨É ¢
Éµ¦¤¥¸É¢¥´´µ³ · ¢¥´¸É¢¥ ¶µ¢¥·Ì´µ¸É´ÒÌ ¶²µÉ´µ¸É¥° § ·Ö¤µ¢, ´¥¸³µÉ·Ö ´ 
¸ÊÐ¥¸É¢¥´´ÊÕ · §´¨ÍÊ ¢ Î¨¸²¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± .

�¡· É¨³¸Ö ± ·¨¸. 18, ´  ±µÉµ·µ³ ¶µ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¶µ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ −π/2÷π/2
¤²Ö n = 800. ‚¥·Ì´ÖÖ ±·¨¢ Ö ¶µ²ÊÎ¥´  ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ Éµ²Ó±µ § ·Ö-
¤µ¢ ±µ´¤¥´¸ Éµ· . �É·¨Í É¥²Ó´Ò¥ §´ Î¥´¨Ö ±µ³¶µ´¥´Éµ¢ En(q) ´  ´¨¦´¥°
±·¨¢µ° ¸µµÉ¢¥É¸É¢ÊÕÉ Éµ²Ó±µ ¢´¥Ï´¨³ § ·Ö¤ ³ ¤¨Ô²¥±É·¨± . �´¨ ¶·µÉ¨¢µ-
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�¨¸. 18. � ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¶µ ¶µ¢¥·Ì´µ¸É¨ ¤¨-
Ô²¥±É·¨±  ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ −π/2−π/2
¤²Ö n = 800. ‚¥·Ì´ÖÖ ±·¨¢ Ö µÉ· ¦ ¥É
¨¸¶µ²Ó§µ¢ ´¨¥ Éµ²Ó±µ § ·Ö¤µ¢ ±µ´¤¥´¸ -
Éµ· , ´¨¦´ÖÖ ±·¨¢ Ö ¸µµÉ¢¥É¸É¢Ê¥É µ¤-
´¨³ ¢´¥Ï´¨³ § ·Ö¤ ³ ¤¨Ô²¥±É·¨± 

�¨¸. 19. � ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¶µ ¶µ¢¥·Ì´µ¸É¨ ¤¨-
Ô²¥±É·¨±  ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ −π/2 −
π/2 ¤²Ö n = 800. ‚¥·Ì´ÖÖ ±·¨-
¢ Ö µÉ· ¦ ¥É ¨¸¶µ²Ó§µ¢ ´¨¥ § ·Ö¤µ¢
±µ´¤¥´¸ Éµ· , ´¨¦´ÖÖ ±·¨¢ Ö ¸µµÉ¢¥É-
¸É¢Ê¥É µ¤´¨³ ¢´ÊÉ·¥´´¨³ § ·Ö¤ ³ ¤¨-
Ô²¥±É·¨± 

¶µ²µ¦´Ò ¶µ ´ ¶· ¢²¥´¨Õ ´µ·³ ²Ó´Ò³ ±µ³¶µ´¥´É ³ ¶µ²Ö En, ¸µ§¤ ¢ ¥³µ£µ
¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö¤ ³¨ ±µ´¤¥´¸ Éµ· . ‘Ê³³  ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° ¶·¥¤-
¸É ¢²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì ¶µ²Ö ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨-
Ô²¥±É·¨±  ¸ ¢´ÊÉ·¥´´¥° ¸Éµ·µ´Ò ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  En − En(q). �µ-
¤µ¡´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö ¸²ÊÎ Ö ¶·¨³¥´¥´¨Ö ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¶µ± § ´Ò
´  ·¨¸. 19. ‘Ê³³  · ¸¶·¥¤¥²¥´¨° ¤²Ö ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  ¨
§ ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¶·¥¤¸É ¢²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´ÒÌ ¸µ¸É ¢²ÖÕÐ¨Ì
¶µ²Ö ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¸ ¥£µ ¢´¥Ï´¥° ¸Éµ·µ´Ò En + En(q).

Š ± µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, ¶·¨ ·¥Ï¥´¨¨ § ¤ Î¨ ³Ò ¢Ò¡· ²¨ ¢¥²¨Î¨´Ê ¤¨Ô²¥±-
É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ε = 4. ‚ ¸µµÉ´µÏ¥´¨¨ (1.1) E Å ´µ·³ ²Ó´Ò° ±µ³-
¶µ´¥´É ¶µ²Ö, ¸µ§¤ ¢ ¥³µ£µ ¸Éµ·µ´´¨³¨ § ·Ö¤ ³¨ ¢ ¶·µ¨§¢µ²Ó´µ ¢Ò¡· ´´µ°
ÉµÎ±¥ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± , E(q) Å ´µ·³ ²Ó´Ò° ±µ³¶µ´¥´É ¶µ²Ö, ¸µ§¤ -
¢ ¥³µ£µ ¸¢Ö§ ´´Ò³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¢ Éµ° ¦¥ ÉµÎ±¥ ¤¨Ô²¥±É·¨± . �·¥-
µ¡· §Ê¥³ ¸µµÉ´µÏ¥´¨¥ (1.1) ¢ ¤·Ê£ÊÕ Ëµ·³Ê: (E + E(q))/(E − E(q)) = ε. ‚
± Î¥¸É¢¥ ¶·µ¨§¢µ²Ó´µ° ÉµÎ±¨ ¢Ò¡¥·¥³ ÉµÎ±Ê ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± , ´ -
¶·¨³¥·, ¶µ¤ Ê£²µ³ −π/4. „²Ö ´¥¥ E = 0,396546 ¨ E(q) = 0,237927 ¤²Ö ¸²ÊÎ Ö
·¥Ï¥´¨Ö ¸ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨± . ‚ ·¥§Ê²ÓÉ É¥ ¢Ò¶µ²´¥´¨Ö  ·¨Ë-
³¥É¨Î¥¸±¨Ì µ¶¥· Í¨° ¶µ²ÊÎ ¥³ (E+E(q))/(E−E(q)) = 3,99998. „²Ö ¸²ÊÎ Ö
¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¶·µ¢¥·±Ê ÉµÎ´µ¸É¨ ·¥Ï¥´¨° ¸¤¥² ¥³ ¢ ¸¨³-
³¥É·¨Î´µ° ÉµÎ±¥ (Ê£µ² · ¢¥´ π/4). „²Ö ´¥¥ E = 0,394989 ¨ E(q) = 0,236997.
ˆ§ (1.1) ¸²¥¤Ê¥É: E(q)/E = (ε − 1)/(ε + 1), É. ¥. E(q)/E = 0,6. �¥§Ê²Ó-
É É  ·¨Ë³¥É¨Î¥¸±¨Ì ¤¥°¸É¢¨° Å 0,600009. ˆ§ ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¢ÒÉ¥± ¥É
ÉµÎ´µ¸ÉÓ ´ Ï¨Ì ¢ÒÎ¨¸²¥´¨°.
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’µÎ´µ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ ¤²Ö Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±-
É·¨±  n = 800 ¨§ µÉ´µÏ¥´¨Ö · §´¨ÍÒ ³¥¦¤Ê ´µ·³ ²Ó´Ò³¨ ±µ³¶µ´¥´É ³¨
¶µ²Ö ± ´µ·³ ²Ó´µ³Ê ±µ³¶µ´¥´ÉÊ ³µ¦´µ µÍ¥´¨ÉÓ ´  Ê·µ¢´¥ 0,4 %.

�¨¸. 20. � ¸¶·¥¤¥²¥´¨¥ ¢¸¶µ³µ£ É¥²Ó-
´ÒÌ § ·Ö¤µ¢ ¢¤µ²Ó ¶² ¸É¨´Ò ±µ´¤¥´-
¸ Éµ· . �·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸-
¶µ²Ó§µ¢ ´¨Ö ¶µ 200 ¢´ÊÉ·¥´´¨Ì (in) ¨
¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö-
¤µ¢ ¤¨Ô²¥±É·¨± 

1.3. �µ¸³µÉ·¨³, ± ± ±¨³ ¸²¥¤-
¸É¢¨Ö³ ¶·¨¢¥¤¥É Ê¢¥²¨Î¥´¨¥ · ¸¸ÉµÖ´¨Ö
³¥¦¤Ê ¶² ¸É¨´ ³¨ ±µ´¤¥´¸ Éµ·  ¢ 2,5
· § . ‚ Í¥²ÖÌ ¸µÌ· ´¥´¨Ö Éµ° ¦¥ ¸É¥-
¶¥´¨ µ¤´µ·µ¤´µ¸É¨ ¶µ²Ö Ê¢¥²¨Î¨³ ¨ Ï¨-
·¨´Ê ¶² ¸É¨´ ¢ 2,5 · § . �µ ¶¥·¨³¥É·Ê
¤¨Ô²¥±É·¨± , ± ± ¨ · ´¥¥, ¢§ÖÉµ n = 200
§ ·Ö¤µ¢ ´  · ¸¸ÉµÖ´¨¨ ³¥¦¤Ê ´¨³¨ ds =
2πR0/n, £¤¥ R0 Å · ¤¨Ê¸ ¸É¥·¦´Ö. � ¸-
¸ÉµÖ´¨¥ ³¥¦¤Ê ± ¦¤µ° ¨§ ¶µ¢¥·Ì´µ¸É¥°
¸ § ·Ö¤ ³¨ ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±É·¨± 
dr = 2ds. � §´µ¸ÉÓ ¶µÉ¥´Í¨ ²µ¢ µ¸É -
¥É¸Ö ¶·¥¦´¥°, É. ¥. µ´  · ¢´  1000 ‚,
¶µÔÉµ³Ê ¢¥²¨Î¨´Ò ¸Éµ·µ´´¨Ì ¨ ¸¢Ö§ ´-
´ÒÌ § ·Ö¤µ¢ Ê³¥´ÓÏ ÕÉ¸Ö. �É´µÏ¥´¨¥
dr/D ³µ¦´µ · ¸¸³ É·¨¢ ÉÓ ± ± µÉ´µ-
¸¨É¥²Ó´µ¥ · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶µ¢¥·Ì´µ-
¸ÉÓÕ ¤¨Ô²¥±É·¨±  ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ · §³¥Ð¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢.
‡¤¥¸Ó D Å · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±É·¨±  ¨ µ¡±² ¤±µ° ±µ´-
¤¥´¸ Éµ·  ¢¤µ²Ó µ¸¨ µ·¤¨´ É (¢¤µ²Ó ²¨´¨¨ ±· ÉÎ °Ï¥£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
¶µ¢¥·Ì´µ¸ÉÓÕ ¤¨Ô²¥±É·¨±  ¨ ¡²¨¦ °Ï¥£µ § ·Ö¦¥´´µ£µ ¶·µ¢µ¤´¨± ). ‚ ·¥-
§Ê²ÓÉ É¥ Ê¢¥²¨Î¥´¨Ö · ¸¸ÉµÖ´¨Ö D ³¥¦¤Ê ¤¨Ô²¥±É·¨±µ³ ¨ ±µ´¤¥´¸ Éµ·µ³ ¢
4 · §  Ê³¥´ÓÏ¨²µ¸Ó µÉ´µÏ¥´¨¥ dr/D. „²Ö n = 200 ¨ 800 µ´µ · ¢´µ 0,0628 ¨
0,0157 ¸µµÉ¢¥É¸É¢¥´´µ. � ¸¶·¥¤¥²¥´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ· 
¶µ± § ´µ ´  ·¨¸. 20. �É´µÏ¥´¨¥ · §´µ¸É¨ ³¥¦¤Ê ¢´ÊÉ·¥´´¨³¨ ¨ ¢´¥Ï´¨³¨
§ ·Ö¤ ³¨ ± ¨Ì ¸·¥¤´¥³Ê §´ Î¥´¨Õ ¸µ¸É ¢²Ö¥É 0,718 %, · ´¥¥ (¸³. ·¨¸. 3) µ´µ
· ¢´Ö²µ¸Ó 4,48 %.

�¨¸. 21 ¶·¥¤¸É ¢²Ö¥É · ¸¶·¥¤¥²¥´¨¥ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤²Ö
¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ π/2Ä0. „²Ö ÉµÎ±¨ ¸ ´µ³¥·µ³
n = 1 ¶·¨ ¸·¥¤´¥³ §´ Î¥´¨¨ § ·Ö¤  Q = 0,32645 µÉ±²µ´¥´¨¥ · ¸¶·¥¤¥²¥´¨°
¤²Ö ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ µÉ ¸·¥¤´¥£µ ¸µ¸É ¢²Ö¥É 0,0632 %. �É±²µ´¥-
´¨¥ ¤ ´´ÒÌ · ¸¶·¥¤¥²¥´¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 4, µÉ ¸·¥¤´¥£µ ¸µ¸É ¢²Ö²µ
0,843 %.

�  ·¨¸. 22 µÉ· ¦¥´µ · ¸¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
¢¤µ²Ó µ¸¨ µ·¤¨´ É. �¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ · ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¨ ¤¨-
Ô²¥±É·¨± . „²Ö ´¥µ£· ´¨Î¥´´µ£µ ¶µ ¤²¨´¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö Ô²¥±-
É·¨Î¥¸±µ¥ ¶µ²¥ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¶µ¸ÉµÖ´´µ [14]. ‚ ´ Ï¥³
¸²ÊÎ ¥ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  · §´¨Í  ³¥¦¤Ê ¢¥²¨Î¨´µ° ¶µ²Ö ´  ¶µ¢¥·Ì´µ¸É¨ ¨
¢ Í¥´É·¥ · ¢´  0,046 %. �É´µÏ¥´¨¥ ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ´  £· -
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�¨¸. 21. � ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¨Ì (in)
¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨Î¥-
¸±µ£µ ¸É¥·¦´Ö ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ π/2Ä0,
Î¨¸²µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±-
É·¨±  Å ¶µ 200 ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì.
�É±²µ´¥´¨¥ · ¸¶·¥¤¥²¥´¨° ÔÉ¨Ì § ·Ö-
¤µ¢ µÉ ¸·¥¤´¥£µ ¸µ¸É ¢²Ö¥É 0,0632 %

�¨¸. 22. � ¸¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´´µ-
¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢¤µ²Ó µ¸¨
µ·¤¨´ É. �É´µÏ¥´¨¥ ´µ·³ ²Ó´ÒÌ
±µ³¶µ´¥´Éµ¢ ¶µ²Ö ´  £· ´¨Í¥ · §¤¥² 
¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê 3,989. �É±²µ-
´¥´¨¥ µÉ § ¤ ´´µ£µ §´ Î¥´¨Ö ε = 4
· ¢´µ 0,275 %

�¨¸. 23. � ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  ¢´¥ ¨
¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ £· ´¨ÍÒ
¢¤µ²Ó µ¸¨ x = 0. ‘± Îo± ¶µÉ¥´Í¨ ² 
¶·¨ ¶¥·¥Ìµ¤¥ Î¥·¥§ £· ´¨ÍÊ ¤¨Ô²¥±É·¨±Ä
¢ ±ÊÊ³ ¸µ¸É ¢²Ö¥É 0,24 %

´¨Í¥ · §¤¥²  ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê
3,989. �É±²µ´¥´¨¥ µÉ § ¤ ´´µ£µ
§´ Î¥´¨Ö ε = 4 · ¢´µ 0,011, ¨²¨
0,275 %.

� ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ²  ¢´¥ ¨
¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ £· -
´¨ÍÒ ¢¤µ²Ó µ¸¨ x = 0 ¶µ± § ´µ
´  ·¨¸. 23. ‘± Îo± ¶µÉ¥´Í¨ ²  ¶·¨
¶¥·¥Ìµ¤¥ Î¥·¥§ £· ´¨ÍÊ ¤¨Ô²¥±É·¨±Ä
¢ ±ÊÊ³ ¸µ¸É ¢²Ö¥É 0,24 %. �É²¨Î¨¥ µÉ
¸± Î±  · ¸¶·¥¤¥²¥´¨Ö ´  ·¨¸. 8, · ¢-
´µ£µ 1,7 %, ¸ÊÐ¥¸É¢¥´´µ.

“¢¥²¨Î¨³ ¢¤¢µ¥ Î¨¸²µ ¢¸¶µ³µ£ -
É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¡¥§ ¨§-
³¥´¥´¨Ö ¢§ ¨³´µ£µ · ¸¶µ²µ¦¥´¨Ö ¸¨-
¸É¥³Ò ¤¨Ô²¥±É·¨±Ä±µ´¤¥´¸ Éµ·. � 

·¨¸. 24 ¶·¨¢¥¤¥´Ò · ¸¶·¥¤¥²¥´¨Ö ´µ·³ ²Ó´µ£µ ±µ³¶µ´¥´É  Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö ¢¤µ²Ó ¶² ¸É¨´Ò ±µ´¤¥´¸ Éµ·  ¤²Ö n = 200 ¨ 400.

�µ¢¥·Ì´µ¸É´ Ö ¶²µÉ´µ¸ÉÓ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ·  (·¨¸. 24,a) ¢ ³ ±¸¨³Ê³¥
¶·¨ · ¸Î¥É Ì ¸ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¶µ ¸· ¢´¥´¨Õ ¸µ ¸²ÊÎ ¥³
n = 200 Ê³¥´ÓÏ¨² ¸Ó ´  0,38 %. � ¸¶·¥¤¥²¥´¨Ö ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ¸ ¨¸¶µ²Ó-
§µ¢ ´¨¥³ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤²Ö n = 200 ¨ 400 ¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ÕÉ ³¥¦¤Ê
¸µ¡µ° (·¨¸. 24, ¡). “¢¥²¨Î¥´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¢ ¤¢  · §  ´¥ ¶·¨¢¥²µ
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�¨¸. 24. � ¸¶·¥¤¥²¥´¨¥ ´µ·³ ²Ó´µ£µ ±µ³¶µ´¥´É  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ±µ´¤¥´¸ Éµ· :
a Å ¸ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¤²Ö n = 200 (¢¥·Ì´ÖÖ ±·¨¢ Ö) ¨ n = 400 (´¨¦-
´ÖÖ ±·¨¢ Ö); ¡ Å c ¢´ÊÉ·¥´´¨³¨ § ·Ö¤ ³¨ ¤²Ö n = 200 ¨ 400 (¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ÕÉ
³¥¦¤Ê ¸µ¡µ°)

± ¨§³¥´¥´¨Ö³ ¢ ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨ÖÌ, ± ± ¨ · ´¥¥ (¸³. ·¨¸. 17, ¡). � ¸¶·¥¤¥²¥-
´¨¥, ¶·¥¤¸É ¢²¥´´µ¥ ´  ·¨¸. 24, ¡, ¶µ ¸· ¢´¥´¨Õ ¸ ¶µ¤µ¡´Ò³ · ¸¶·¥¤¥²¥´¨¥³
´  ·¨¸. 17, ¡ ¸É ²µ ¶µÎÉ¨ ¢ 2 · §  Ï¨·¥. “Ï¨·¥´¨¥ ¸¢Ö§ ´µ ¸ Ê³¥´ÓÏ¥´¨¥³
· §´¨ÍÒ ¢ · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê ÉµÎ± ³¨ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¨ ¶µ¢¥·Ì-
´µ¸ÉÓÕ ±µ´¤¥´¸ Éµ· . � ´¥¥ ¤²¨´Ò µÉ·¥§±µ¢ AC ¨ BC (·¨¸. 2) µÉ²¨Î ²¨¸Ó ¢
¤¢  · § , É¥¶¥·Ó µ´¨ µÉ²¨Î ÕÉ¸Ö Éµ²Ó±µ ¢ 1,25 · § .

ˆ§³¥´¥´¨¥ ¶µ¢¥·Ì´µ¸É´µ° ¶²µÉ´µ¸É¨ § ·Ö¤µ¢ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 25, ´ 
±µÉµ·µ³ ¶·¥¤¸É ¢²¥´ Ë· £³¥´É · ¸¶·¥¤¥²¥´¨Ö ¶µ²Ö ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±-
É·¨Î¥¸±µ£µ ¸É¥·¦´Ö. ˆ§³¥´¥´¨¥ ¶·¨ n = 400 ¶µ ¸· ¢´¥´¨Õ ¸µ ¸²ÊÎ ¥³
n = 200 ¸µ¸É ¢²Ö¥É 0,13 %.

�¨¸. 25. ”· £³¥´É · ¸¶·¥¤¥²¥´¨Ö ´µ·-
³ ²Ó´µ£µ ±µ³¶µ´¥´É  Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ¸
¥£µ ¢´¥Ï´¨³¨ § ·Ö¤ ³¨ ¤²Ö n = 200 (l)
¨ n = 400 (v)

�¨¸. 26. � ¸¶·¥¤¥²¥´¨¥ ¶µ²Ö ¢ µ¡Ñ¥³¥ ¤¨-
Ô²¥±É·¨±  ¢¤µ²Ó µ¸¨ µ·¤¨´ É ¤²Ö ¸²ÊÎ Ö
n = 400 (v). ‘²ÊÎ ° n = 200 ¶·¥¤-
¸É ¢²¥´ ±·¨¢µ° (l). � §²¨Î¨¥ ¸µ¸É ¢²Ö¥É
0,13 %
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�¨¸. 27. � ¸¶·¥¤¥²¥´¨¥ ¶µÉ¥´Í¨ ² 
¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¡²¨§¨ ¥£µ
£· ´¨ÍÒ ¢¤µ²Ó µ¸¨ x = 0 ¤²Ö ¸²Ê-
Î ¥¢ 200 § ·Ö¤µ¢ (l) ¨ 400 § ·Ö¤µ¢ (v).
‚¥²¨Î¨´  ¸± Î±  ¸µ¸É ¢²Ö¥É 0,26 ¨
0,126 % ¸µµÉ¢¥É¸É¢¥´´µ. ‚´¥ ¤¨Ô²¥±-
É·¨±  ¤²Ö ÔÉ¨Ì ¤¢ÊÌ ¸²ÊÎ ¥¢ · ¸¶·¥-
¤¥²¥´¨Ö Éµ¦¤¥¸É¢¥´´Ò

�  ·¨¸. 26 ¶µ± § ´µ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ µ¡Ñ¥³¥ ¤¨Ô²¥±-
É·¨±  ¢¤µ²Ó µ¸¨ µ·¤¨´ É ¤²Ö ¸²ÊÎ Ö n = 400. ’ ³ ¦¥ ¤²Ö ¸· ¢´¥´¨Ö ¶µ± § ´µ
· ¸¶·¥¤¥²¥´¨¥ ¤²Ö ¸²ÊÎ Ö, ±µ£¤  Î¨¸²µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¢ ¤¢  · § 
³¥´ÓÏ¥, n = 200. � §²¨Î¨¥ ¸µ¸É ¢²Ö¥É 0,13 %. � ¶µ¢¥¤¥´¨¨ ¶µÉ¥´Í¨ ²  ¨
¢¥²¨Î¨´¥ · §·Ò¢  ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  ³µ¦´µ ¸Ê¤¨ÉÓ ¶µ ·¨¸. 27. � §-
·Ò¢ Ê³¥´ÓÏ¨²¸Ö ¢¤¢µ¥ ¨ ¸µ¸É ¢²Ö¥É 0,126 %. ‚´¥ ¤¨Ô²¥±É·¨±  ¤²Ö ÔÉ¨Ì ¤¢ÊÌ
¸²ÊÎ ¥¢ · ¸¶·¥¤¥²¥´¨Ö Éµ¦¤¥¸É¢¥´´Ò.

…¸²¨ ¤²Ö ¸²ÊÎ Ö n = 200 µÉ´µÏ¥´¨¥ ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ´ 
£· ´¨Í¥ · §¤¥²  Ein/Eout = 3,989, Éµ ¤²Ö n = 400 Ein/Eout = 3,9946. �É±²µ-
´¥´¨¥ µÉ § ¤ ´´µ£µ §´ Î¥´¨Ö ε = 4 ¢ ¶¥·¢µ³ ¸²ÊÎ ¥ · ¢´µ 0,011, ¨²¨ 0,275 %,
¢µ ¢Éµ·µ³ Å 0,0054, ¨²¨ 0,135 %.

1.4. �·µ¢¥¤¥³ É¥¶¥·Ó ±µ²¨Î¥¸É¢¥´´µ¥ ¸· ¢´¥´¨¥ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ -
Éµ¢ ¸ ·¥§Ê²ÓÉ É ³¨ Î¨¸Éµ  ´ ²¨É¨Î¥¸±µ£µ ¡¥§³µ¤¥²Ó´µ£µ ·¥Ï¥´¨Ö (¨¤¥ ²Ó-
´Ò° ¸²ÊÎ °). ’ ±¨³ µ¡Ñ¥±Éµ³ ¤²Ö ¸· ¢´¥´¨Ö, ± ± £µ¢µ·¨²µ¸Ó · ´¥¥, Ö¢²Ö¥É¸Ö
¡¥¸±µ´¥Î´µ ¤²¨´´Ò° ¸É¥·¦¥´Ó ¤¨Ô²¥±É·¨±  ±·Ê£²µ£µ ¸¥Î¥´¨Ö ¢ µ¤´µ·µ¤´µ³
¶·µ¸É· ´¸É¢¥´´µ ´¥µ£· ´¨Î¥´´µ³ Ô²¥±É·¨Î¥¸±µ³ ¶µ²¥ [14]. „²Ö ÔÉµ£µ ¸²ÊÎ Ö

¢ Ê± § ´´µ° · ¡µÉ¥ ¶·¨¢¥¤¥´  ¶·µ¸É Ö Ëµ·³Ê² : Ed = Es
2εs

ε + εs
, ¢ ±µÉµ-

·µ° Ed Å ´ ¶·Ö¦¥´´µ¸ÉÓ ¶µ²Ö ¢ µ¡Ñ¥³¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö, Es Å
´ ¶·Ö¦¥´´µ¸ÉÓ µ¤´µ·µ¤´µ£µ ¶µ²Ö ¢´¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö, εs ¨ ε Å
¤¨Ô²¥±É·¨Î¥¸±¨¥ ¶·µ´¨Í ¥³µ¸É¨ ¢´¥Ï´¥° ¸·¥¤Ò ¨ ¸É¥·¦´Ö ¸µµÉ¢¥É¸É¢¥´´µ.
„²Ö ´ Ï¥£µ ¸²ÊÎ Ö ¤¨Ô²¥±É·¨Î¥¸±¨Ì ¶·µ´¨Í ¥³µ¸É¥° Ëµ·³Ê²  ¶·¨´¨³ ¥É ¸²¥-
¤ÊÕÐ¨° ¢¨¤:

Ed = 2Es/5. (1.9)

ŒÒ · ¸¸³µÉ·¥²¨ ¤¢  ¢ ·¨ ´É  · ¸¸ÉµÖ´¨° ³¥¦¤Ê µ¡±² ¤± ³¨ ±µ´¤¥´¸ -
Éµ·  (2 ¨ 5 ¸³) ¶·¨ µ¤¨´ ±µ¢µ° · §´µ¸É¨ ¶µÉ¥´Í¨ ²µ¢ ³¥¦¤Ê ´¨³¨, · ¢´µ°
1000 ‚. ‘²¥¤µ¢ É¥²Ó´µ, ¤²Ö ÔÉ¨Ì ¤¢ÊÌ ¢ ·¨ ´Éµ¢ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¤¨Ô²¥±-
É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¢¥²¨Î¨´Ò 0,5 ¨ 0,2 ±‚/¸³ ¶·¥¤¸É ¢²ÖÕÉ §´ Î¥´¨Ö µ¤-
´µ·µ¤´ÒÌ ¶µ²¥°. „²Ö ´¥µ£· ´¨Î¥´´µ£µ ¶µ ¤²¨´¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö,
´¥µ£· ´¨Î¥´´ÒÌ ¶µ · §³¥·Ê ¶² ¸É¨´ ±µ´¤¥´¸ Éµ·  ¨ § §µ·Ê ³¥¦¤Ê ¶² ¸É¨-
´ ³¨ ³Ò ¨³¥¥³ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨¥³ (1.9) ¸²¥¤ÊÕÐ¨¥ ¢¥²¨Î¨´Ò
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¶µ²¥° ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± : Ed1 = 2 × 0, 5/5 = 0,2 ±‚/¸³ ¨ Ed2 = 2 ×
0, 2/5 = 0,08 ±‚/¸³. ‚ÒÎ¨¸²¥´¨Ö ¤²Ö Í¥´É·  ¤¨Ô²¥±É·¨±  ¤ ²¨ É ±¨¥ ·¥§Ê²Ó-
É ÉÒ: Ed1 = 0,2292 ±‚/¸³ ¨ Ed2 = 0,0817 ±‚/¸³. �É²¨Î¨¥ µÉ ¨¤¥ ²Ó´µ£µ
¸²ÊÎ Ö ¸µ¸É ¢²Ö¥É 15 ¨ 2,1 %. ’ ±µ¥ ¨§³¥´¥´¨¥ ¸¢Ö§ ´µ Éµ²Ó±µ ¸ Ê¢¥²¨Î¥-
´¨¥³ § §µ·  ±µ´¤¥´¸ Éµ·  ¸ 2 ¤µ 5 ¸³. �ÉµÉ Ë ±É Ö¢²Ö¥É¸Ö ¸¢¨¤¥É¥²Ó¸É¢µ³
¶· ¢¨²Ó´µ¸É¨ · ¸¸³ É·¨¢ ¥³µ£µ ³¥Éµ¤  ·¥Ï¥´¨Ö ¨ ¢³¥¸É¥ ¸ É¥³ ¶·¨¡²¨¦¥´-
´µ¸É¨.

1.5. ‘µ¢µ±Ê¶´µ¸ÉÓ ¢¸¥Ì ¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¢ ·¨ ´É  1, ¢ Éµ³ Î¨¸²¥ ¶·¥¤-
¸É ¢²¥´´ÒÌ £· Ë¨Î¥¸±¨, ¶µ§¢µ²Ö¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨° ¢Ò¢µ¤. �·¥¤²µ¦¥´´Ò°
³¥Éµ¤ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ´ °É¨ ·¥Ï¥´¨¥ ¸ µ¶·¥¤¥²¥´´µ° ÉµÎ´µ¸ÉÓÕ. �¥§Ê²ÓÉ É
·¥Ï¥´¨Ö § ¤ Î¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢´¥Ï´¨Ì § ·Ö¤µ¢ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ¨ÉÓ Ì -
· ±É¥·¨¸É¨±¨ ¶µ²Ö ¨ ¶µÉ¥´Í¨ ²  ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± . ’µÎ´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö
· ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö¤ ³¨ ds ´  ¶µ¢¥·Ì´µ¸É¨ ¨Ì · §-
³¥Ð¥´¨Ö, · ¸¸ÉµÖ´¨¥³ dr ³¥¦¤Ê ¶µ¢¥·Ì´µ¸ÉÓÕ ±µ´É·µ²Ó´ÒÌ ÉµÎ¥± ¨ ¶µ¢¥·Ì-
´µ¸ÉÓÕ § ·Ö¤µ¢, ¢¥²¨Î¨´µ° ±· ÉÎ °Ï¥£µ · ¸¸ÉµÖ´¨Ö D ³¥¦¤Ê ¶µ¢¥·Ì´µ¸ÉÓÕ
¤¨Ô²¥±É·¨±  ¨ ¶µ¢¥·Ì´µ¸ÉÓÕ ¶·µ¢µ¤´¨± , ÉµÎ´¥¥, µÉ´µÏ¥´¨¥³ dr/D. “¢¥-
²¨Î¥´¨¥ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¢ k · § ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢Ò¡· ´´µ°
£¥µ³¥É·¨¥° ¨Ì · §³¥Ð¥´¨Ö dr = 2ds (1.5) ¢¥¤¥É ± É ±µ³Ê ¦¥ Ê³¥´ÓÏ¥´¨Õ
µÉ´µÏ¥´¨Ö dr/D. �·¨³¥·´µ ¢µ ¸Éµ²Ó±µ · § Ê¢¥²¨Î¨¢ ¥É¸Ö ¨ ÉµÎ´µ¸ÉÓ ·¥-
Ï¥´¨Ö § ¤ Î¨. ˆ²²Õ¸É· Í¨¥° ÔÉµ£µ ¸²Ê¦ É ¨§³¥´¥´¨Ö ¢ · §·Ò¢¥ ¶µÉ¥´Í¨ ² ,
¨§³¥´¥´¨Ö ¢ µÉ´µÏ¥´¨¨ ´µ·³ ²Ó´ÒÌ ±µ³¶µ´¥´Éµ¢ ¶µ²Ö ´  £· ´¨Í¥ · §¤¥² 
Ein/Eout, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ÒÏ¥.

2. ‚��ˆ��’ 2

�  ·¨¸. 4 ¶µ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¢¤µ²Ó µ¤´µ° Î¥É¢¥·É¨ ¶µ¢¥·Ì´µ¸É¨. Œ¥¦¤Ê
ÔÉ¨³¨ ±·¨¢Ò³¨ ´ Ìµ¤¨É¸Ö · ¸¶·¥¤¥²¥´¨¥ ¶µ²Ê¸Ê³³Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì § ·Ö-
¤µ¢. �É±²µ´¥´¨¥ µÉ ¸·¥¤´¥£µ §´ Î¥´¨Ö ¢¥²¨Î¨´ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢
¶·¨ n = 1 ¸µ¸É ¢²Ö¥É 2,24 %. „ ´´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²¨É µ¶·¥¤¥²ÖÉÓ Ì -
· ±É¥·¨¸É¨±¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± 
¶µ¸²¥ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° ´¥ ¸ · §¤¥²Ó´Ò³,   ¸ µ¤´µ¢·¥³¥´´Ò³ ¨¸-
¶µ²Ó§µ¢ ´¨¥³ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . �·¨ ÔÉµ³ ¶µÖ¢²Ö-
¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¢±²ÕÎ¨ÉÓ ¤µ¶µ²´¨É¥²Ó´Ò¥ Ê· ¢´¥´¨Ö, µ¶·¥¤¥²ÖÕÐ¨¥ ¸¢Ö§Ó
³¥¦¤Ê ¶µÉ¥´Í¨ ² ³¨ ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± , ¢ÒÎ¨¸²Ö¥³Ò³¨ ¸ ¢´¥Ï-
´¨³¨ ¨ ¢´ÊÉ·¥´´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨±  ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ £· ´¨Î´Ò³¨
Ê¸²µ¢¨Ö³¨ ¤²Ö ¶µÉ¥´Í¨ ²  ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨±  (1.4). �¥¡µ²ÓÏµ¥
(µ±µ²µ 2 %) µÉ±²µ´¥´¨¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨-
Ô²¥±É·¨±  µÉ ¨Ì ¸·¥¤´¥£µ §´ Î¥´¨Ö ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨ ¸µ¸É ¢²¥´¨¨
Ê· ¢´¥´¨° ¨ · ¸Î¥Éµ¢ ¨Ì ¶µ²Ê¸Ê³³Ò.
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„²Ö ÔÉµ£µ ¢ Ê· ¢´¥´¨ÖÌ (1.6) ¨ (1.7) ¢³¥¸Éµ Î²¥´µ¢
∑
d

Ud ¨
∑
d

U∗
d , µ¶·¥-

¤¥²ÖÕÐ¨Ì ¢±² ¤ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±µ¢ ¢ ¶µÉ¥´Í¨ ²Ò µ¡±² -
¤µ± ±µ´¤¥´¸ Éµ· , ¢±²ÕÎ¨³ ¨Ì ¶µ²Ê¸Ê³³Ò 1/2(

∑
d

U i
d +

∑
d

Uo
d ) ¨ 1/2(

∑
d

U∗i
d +∑

d

U∗o
d ). ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³ ¸¨¸É¥³Ê:

∑
i

Ui +
∑

k

Uk + 1/2(
∑

d

U i
d +

∑
d

Uo
d ) = U01, (2.1)

∑
i

U∗
i +

∑
k

U∗
k + 1/2(

∑
d

U∗i
d +

∑
d

U∗o
d ) = U02, (2.2)

∑
i

Eni +
∑

k

Enk +
∑

d

Eo
nd = ε (

∑
i

Eni +
∑

k

Enk −
∑

d

Ei
nd). (2.3)

—¨¸²µ ´¥¨§¢¥¸É´ÒÌ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¢ÊÌ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ· 
· ¢´µ 2 × 400, § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  2 × 200, É. ¥. ¢¸¥£µ 1200 ´¥¨§¢¥¸É´ÒÌ,
  µ¡Ð¥¥ Î¨¸²µ Ê· ¢´¥´¨° (2.1)Ä(2.3) · ¢´µ 1000. ‚ ¶¥·¢µ³ ¢ ·¨ ´É¥ ´¥
· ¸¸³ É·¨¢ ²µ¸Ó ¢Ò¶µ²´¥´¨¥ £· ´¨Î´µ£µ Ê¸²µ¢¨Ö ´¥¶·¥·Ò¢´µ¸É¨ ¶µÉ¥´Í¨ ² 
ϕ1 = ϕ2 ´  £· ´¨Í¥ ¤¨Ô²¥±É·¨± . ‚Ò¶µ²´¥´¨¥ ÔÉµ£µ £· ´¨Î´µ£µ Ê¸²µ¢¨Ö ´¥-
¶·¥·Ò¢´µ¸É¨ ¶µÉ¥´Í¨ ²  ¢ ±µ´É·µ²Ó´ÒÌ ÉµÎ± Ì ´  ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± 
Ê¤µ¢²¥É¢µ·ÖeÉ ¸²¥¤ÊÕÐ¥³Ê Ê· ¢´¥´¨Õ:∑

i

Ui +
∑

k

Uk +
∑

d

U i
d =

∑
i

Ui +
∑

k

Uk +
∑

d

Uo
d .

‡¤¥¸Ó
∑
i

Ui,
∑
k

Uk Å ¶µÉ¥´Í¨ ²Ò, ¸µ§¤ ¢ ¥³Ò¥ ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö-

¤ ³¨ ±µ´¤¥´¸ Éµ· , µ´¨ ¢Ìµ¤ÖÉ ¢ µ¡¥ Î ¸É¨ Ê· ¢´¥´¨Ö, ¨Ì ³µ¦´µ ¸µ±· É¨ÉÓ.
‘µ±· É¨¢ µ¤¨´ ±µ¢Ò¥ Î²¥´Ò ²¥¢µ° ¨ ¶· ¢µ° Î ¸É¨ ÔÉµ£µ · ¢¥´¸É¢ , ¨³¥¥³∑

d

U i
d =

∑
d

Uo
d , (2.4)

¢ ±µÉµ·µ¥ ¢Ìµ¤ÖÉ Éµ²Ó±µ ¶µÉ¥´Í¨ ²Ò, ¸µ§¤ ¢ ¥³Ò¥ ¢¸¶µ³µ£ É¥²Ó´Ò³¨ § ·Ö-
¤ ³¨ ¤¨Ô²¥±É·¨± .

’ ±¨³ µ¡· §µ³, ¶µ²ÊÎ¥´  ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²¥´´ Ö ¸¨¸É¥³   ²£¥¡· ¨Î¥-
¸±¨Ì Ê· ¢´¥´¨°, ¢ ±µÉµ·µ° Î¨¸²µ Ê· ¢´¥´¨° · ¢´µ Î¨¸²Ê ´¥¨§¢¥¸É´ÒÌ. ’¥¶¥·Ó
¢³¥¸Éµ ¤¢ÊÌ ´ ¡µ·µ¢ § ·Ö¤µ¢ ±µ´¤¥´¸ Éµ· , µ¡Ö§ ´´ÒÌ µÉ¤¥²Ó´µ³Ê ¨¸¶µ²Ó-
§µ¢ ´¨Õ ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± , ³Ò ¨³¥¥³ Éµ²Ó±µ ¶µ
µ¤´µ³Ê ´ ¡µ·Ê ¤²Ö ± ¦¤µ° ¶² ¸É¨´Ò.

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¤²Ö µ¶·¥¤¥²¥´¨Ö ¢¸¶µ³µ£ É¥²Ó´ÒÌ § -
·Ö¤µ¢ µ¤´µ° ¨§ ¶² ¸É¨´ ±µ´¤¥´¸ Éµ·  ¶µ²Ê¸Ê³³Ò ¶µÉ¥´Í¨ ²µ¢, ¸µ§¤ ¢ ¥-
³ÒÌ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨± , 1/2(

∑
d

U i
d +

∑
d

U0
d ) ¨ ¶µ²Ê¸Ê³³Ò ¤²Ö ¢Éµ·µ°
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�¨¸. 28. ”· £³¥´É · ¸¶·¥¤¥²¥´¨Ö ¢´Ê-
É·¥´´¨Ì (in) ¨ ¢´¥Ï´¨Ì (out) ¢¸¶µ³µ-
£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨
¤¨Ô²¥±É·¨Î¥¸±µ£µ ¸É¥·¦´Ö ¢ ¤¨ ¶ §µ´¥
Ê£²µ¢ π/2Äπ/4 (n = 200). ‚¥·Ì´ÖÖ
¨ ´¨¦´ÖÖ ±·¨¢Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢ ·¨-
 ´ÉÊ 1

1/2(
∑
d

U∗i
d +

∑
d

U∗0
d ) · ¸¶·¥¤¥²¥´¨¥ § -

·Ö¤µ¢ ¢ ·¨ ´É  2 ¤µ²¦´µ ¸ ¢Ò¸µ±µ° ¸É¥-
¶¥´ÓÕ ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ÉÓ ¸ · ¸¶·¥¤¥-
²¥´¨¥³ ¶µ²Ê¸Ê³³Ò § ·Ö¤µ¢ ±µ´¤¥´¸ -
Éµ·  ¢ ·¨ ´É  1. �¡· É¨³¸Ö ± ·¨¸. 3, ´ 
±µÉµ·µ³ ¶µ± § ´Ò · ¸¶·¥¤¥²¥´¨Ö § ·Ö-
¤µ¢ ±µ´¤¥´¸ Éµ·  ¢ ·¨ ´É  2 ¨ ¨Ì ¶µ-
²Ê¸Ê³³Ò ¤²Ö ¢ ·¨ ´É  1 µ¤´µ¢·¥³¥´´µ.
Œ ±¸¨³ ²Ó´µ¥ µÉ²¨Î¨¥ ¢ · ¸¶·¥¤¥²¥-
´¨¨ § ·Ö¤µ¢ ¢ ·¨ ´É  2 ¨ ¶µ²Ê¸Ê³³Ò § -
·Ö¤µ¢ ¢ ·¨ ´É  1 ´¥ ¶·¥¢ÒÏ ¥É 0,02 %.

‘²¥¤¸É¢¨¥³ Éµ²Ó±µ µ¤´µ£µ ´ ¡µ· 
¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤²Ö ± ¦¤µ° ¨§
¶² ¸É¨´ ±µ´¤¥´¸ Éµ·  Ö¢²Ö¥É¸Ö Ê³¥´Ó-
Ï¥´¨¥ · §´¨ÍÒ ³¥¦¤Ê ¢´¥Ï´¨³¨ ¨ ¢´Ê-
É·¥´´¨³¨ § ·Ö¤ ³¨ ¤¨Ô²¥±É·¨± . �Éµ
¶µ²µ¦¥´¨¥ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 28, ´ 
±µÉµ·µ³ ¤²Ö ¸· ¢´¥´¨Ö ¶µ± § ´ ¨ Ë· £-
³¥´É · ¸¶·¥¤¥²¥´¨Ö ·¨¸. 4.

2.1. „²Ö ¢ÒÖ¸´¥´¨Ö § ¢¨¸¨³µ¸É¨
· §´µ¸É¨ ³¥¦¤Ê ¢¥²¨Î¨´ ³¨ ¢´¥Ï´¨Ì ¨
¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ, µ¶·¥¤¥²ÖÕÐ¥£µ · ¸¸ÉµÖ´¨Ö
³¥¦¤Ê § ·Ö¤ ³¨ ¨ ±µ´É·µ²Ó´Ò³¨ ÉµÎ± ³¨, ·¥Ï¥´Ò ¸¨¸É¥³Ò Ê· ¢´¥´¨° (2.1)Ä
(2.4) ¨ ¶·µ¢¥¤¥´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢ÒÎ¨¸²¥´¨Ö ¤²Ö 200, 400 ¨ 800 ¢¸¶µ-
³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . �·¨ ÔÉµ³ Î¨¸²µ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢
±µ´¤¥´¸ Éµ·  µ¸É ¢ ²µ¸Ó ¡¥§ ¨§³¥´¥´¨°. Œ ±¸¨³ ²Ó´ Ö · §´¨Í  ¢ ¢¥²¨Î¨´ Ì
¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¤²Ö n = 200 ¨ n = 400 ¸µ¸É -
¢²Ö¥É 0,4 ¨ 0,1 % ¸µµÉ¢¥É¸É¢¥´´µ. „²Ö ¸²ÊÎ Ö 800 ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢
· §²¨Î¨¥ ´¥ ¶·¥¢ÒÏ ¥É 0, 025 %.

‘± Îo± ´ ¶·Ö¦¥´´µ¸É¨ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¤²Ö ¢¸¥Ì É·¥Ì ¸²ÊÎ ¥¢ ¢ ±µ´-
É·µ²Ó´ÒÌ ÉµÎ± Ì ¸É·µ£µ ¸µµÉ¢¥É¸É¢Ê¥É £· ´¨Î´Ò³ Ê¸²µ¢¨Ö³ En1/En2 = 4.
�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶µ²Ö En(y) ¶·¨ x = 0 ¶µ¤µ¡´Ò ·¥§Ê²ÓÉ ÉÊ, ¶·¨¢¥¤¥´-
´µ³Ê ´  ·¨¸. 13. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Í¥²¥¸µµ¡· §´¥¥ µ£· ´¨Î¨ÉÓ¸Ö ¸· ¢´¥´¨¥³
¶µ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¨ ¶·¥¤¸É ¢²¥´´ÒÌ £· Ë¨Î¥¸±¨. � ¨¡µ²ÓÏ¨° ¨´É¥·¥¸ ¤²Ö
¢ÒÖ¸´¥´¨Ö § ¢¨¸¨³µ¸É¨ ÉµÎ´µ¸É¨ ·¥Ï¥´¨Ö µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢
¶·¥¤¸É ¢²ÖÕÉ · ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´´µ¸É¨ ¶µ²Ö ¢¤µ²Ó µ¸¨ x = 0. �µ-
ÔÉµ³Ê µ£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³ ¤ ´´ÒÌ · ¸¶·¥¤¥²¥´¨°. �  ·¨¸. 29 ¶µ± -
§ ´Ò · ¸¶·¥¤¥²¥´¨Ö ¶µ²Ö ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨±  ¢¤µ²Ó µ¸¨ µ·¤¨´ É ¤²Ö 200, 400
¨ 800 § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± , µ´¨ µ¡µ§´ Î¥´Ò ¨´¤¥±¸ ³¨ j, m, n. � ¸Î¥É ¢Ò-
¶µ²´¥´ ¤²Ö £¥µ³¥É·¨¨ · §³¥Ð¥´¨Ö § ·Ö¤µ¢ ds = 2πR0/n, £¤¥ R0 Å · ¤¨Ê¸
¸É¥·¦´Ö dr = 2ds. ƒ¥µ³¥É·¨¨ · §³¥Ð¥´¨Ö 800 § ·Ö¤µ¢ dr = 1,5ds ¸µµÉ¢¥É-
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�¨¸. 29. � ¸¶·¥¤¥²¥´¨Ö ¶µ²Ö ¢´ÊÉ·¨
¤¨Ô²¥±É·¨±  ¢¤µ²Ó µ¸¨ µ·¤¨´ É ¤²Ö
200, 400 ¨ 800 § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± 
(¨´¤¥±¸Ò j, m, n). ƒ¥µ³¥É·¨Ö · §-
³¥Ð¥´¨Ö § ·Ö¤µ¢ dr = 2ds. „²Ö 800
§ ·Ö¤µ¢ ¸ dr = 1, 5ds ¨ dr = 8ds
¸µµÉ¢¥É¸É¢ÊÕÉ ±·¨¢Ò¥ t ¨ s

�¨¸. 30. � ¸¶·¥¤¥²¥´¨Ö j, s, m ¨
n ¶µ µÉ´µÏ¥´¨Õ ± · ¸¶·¥¤¥²¥´¨Õ
t ¢¤µ²Ó µ¸¨ µ·¤¨´ É ³¥¦¤Ê ¶² ¸É¨-
´ ³¨ ±µ´¤¥´¸ Éµ· 

¸É¢Ê¥É ±·¨¢ Ö t. ˆ´¤¥±¸Ê s Å · ¸¶·¥¤¥²¥´¨¥ ¤²Ö 800 § ·Ö¤µ¢ ¸ £¥µ³¥É·¨¥°
dr = 8ds.

‘²¥¤µ¢ É¥²Ó´µ, § ·Ö¤Ò · ¸¶·¥¤¥²¥´¨° j ¨ s ´ Ìµ¤ÖÉ¸Ö ´  µ¤¨´ ±µ¢ÒÌ
¶µ¢¥·Ì´µ¸ÉÖÌ ¢´ÊÉ·¨ ¨ ¢´¥ ¤¨Ô²¥±É·¨± . �  ·¨¸. 30 ¶µ± § ´Ò µÉ´µÏ¥´¨Ö · ¸-
¶·¥¤¥²¥´¨° j, s, m ¨ n ± · ¸¶·¥¤¥²¥´¨Õ t. ˆ§ ·¨¸Ê´±  ¢¨¤´µ, ÎÉµ ¶µ²¥ ¢´¥
¤¨Ô²¥±É·¨±  § ¢¨¸¨É µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . �É¨³
¸ ³Ò³ ¢ ·¨ ´É 2 µÉ²¨Î¥´ µÉ ¢ ·¨ ´É  1.

3. ‘��‚�…�ˆ… ‚��ˆ��’�‚. ‚›‚�„›

‚ ¸²ÊÎ ¥ ¶·¨³¥´¥´¨Ö Éµ²Ó±µ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¢ ¶¥·¢µ³
¢ ·¨ ´É¥ Ì · ±É¥·¨¸É¨±¨ ¶µ²Ö ¨ ¶µÉ¥´Í¨ ²  ¢´¥ ¤¨Ô²¥±É·¨±  ¶µ²ÊÎ ÕÉ¸Ö ¸
ÉµÎ´µ¸ÉÓÕ ´  Ê·µ¢´¥ 10−4 %. ‘¢¨¤¥É¥²Ó¸É¢µ³ ÔÉµ³Ê Ö¢²ÖÕÉ¸Ö Î¨¸²¥´´Ò¥
¤ ´´Ò¥, ¶·¥¤¸É ¢²¥´´Ò¥ £· Ë¨Î¥¸±¨ ´  ·¨¸. 12, 17, ¡, 24, ¡, ¨ 27. � Î¨´ Ö ¸
´¥±µÉµ·µ£µ Î¨¸²  § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  n � n0, ÉµÎ´µ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ ´¥
§ ¢¨¸¨É µÉ Î¨¸²  ¨¸¶µ²Ó§Ê¥³ÒÌ § ·Ö¤µ¢. —¨¸²µ n0 µ¶·¥¤¥²Ö¥É¸Ö ±µ´Ë¨£Ê· -
Í¨¥° ¤¨Ô²¥±É·¨± . �µ Ì · ±É¥·¨¸É¨±¨ ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´ÊÉ·¨ ¤¨Ô²¥±-
É·¨±  ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸ÖÉ µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± .
ˆÌ Ê¤¢µ¥´¨¥ ¢µ ¸Éµ²Ó±µ ¦¥ · § Ê¢¥²¨Î¨¢ ¥É ÉµÎ´µ¸ÉÓ ·¥Ï¥´¨Ö.

‚µ ¢Éµ·µ³ ¢ ·¨ ´É¥ ÉµÎ´µ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ ¢´¥ ¨ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± 
§ ¢¨¸¨É µÉ Î¨¸²  ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  (·¨¸. 30). Š ± ¨ ¢
¸²ÊÎ ¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢´¥Ï´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± , Ê¤¢µ¥´¨¥ ¢¸¶µ³µ£ É¥²Ó-
´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨±  ¢µ ¸Éµ²Ó±µ ¦¥ · § Ê¢¥²¨Î¨¢ ¥É ÉµÎ´µ¸ÉÓ ·¥Ï¥´¨Ö
§ ¤ Î¨.

‚³¥¸É¥ ¸ É¥³ ÉµÎ´µ¸ÉÓ · ¸Î¥Éµ¢ ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´ÊÉ·¨ ¤¨Ô²¥±É·¨± 
¢µ ¢Éµ·µ³ ¢ ·¨ ´É¥ ¢ÒÏ¥ ÉµÎ´µ¸É¨ · ¸Î¥Éµ¢ ¢ ¶¥·¢µ³ ¢ ·¨ ´É¥ ¶·¨ µ¤¨´ ±µ-
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�¨¸. 31. � ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö
¢ · °µ´¥ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± 
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶µ 800 ¢´¥Ï´¨Ì
¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± .
�µ± § ´Ò § ¢¨¸¨³µ¸É¨ ¤²Ö ¢ ·¨ ´-
Éµ¢ 1 ¨ 2

�¨¸. 32. � ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö ¢
· °µ´¥ ¶µ¢¥·Ì´µ¸É¨ ¤¨Ô²¥±É·¨± : ¶µ-
± § ´Ò § ¢¨¸¨³µ¸É¨ ¤²Ö ¢ ·¨ ´É  1 (l,
v) ¨ ¢ ·¨ ´É  2 (u). ˆ¸¶µ²Ó§µ¢ ²µ¸Ó
¶µ 400 ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢
¤¨Ô²¥±É·¨±  (v, u) ¨ ¶µ 200 § ·Ö¤µ¢ (l)

¢µ³ Î¨¸²¥ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . ˆ²²Õ¸É· Í¨¥° ÔÉµ£µ ¸²Ê¦ É
·¨¸. 31 ¨ 32. �  ´¨Ì ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³µ¸É¨ ´ ¶·Ö¦¥´¨Ö ¢¤µ²Ó µ¸¨ µ·-
¤¨´ É ¤²Ö µ¡µ¨Ì ¢ ·¨ ´Éµ¢ ¢´ÊÉ·¨ ¨ ¢´¥ ¤¨Ô²¥±É·¨±  ¢ · °µ´¥ ¶µ¢¥·Ì´µ¸É¨
¤¨Ô²¥±É·¨± .

�¨¸. 31 ¶·¥¤¸É ¢²Ö¥É § ¢¨¸¨³µ¸ÉÓ ´ ¶·Ö¦¥´¨Ö ¤²Ö ¢ ·¨ ´Éµ¢ 1 ¨ 2 ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ¶µ 800 ¢´¥Ï´¨Ì ¨ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±É·¨± . ‚¥²¨Î¨´ 
§ §µ·  ³¥¦¤Ê ¶² ¸É¨´ ³¨ ±µ´¤¥´¸ Éµ·  20 ³³. �  ·¨¸. 32 ¶µ± § ´  § ¢¨¸¨-
³µ¸ÉÓ ¤²Ö ¸²ÊÎ Ö ¢¥²¨Î¨´Ò § §µ·  ³¥¦¤Ê ¶² ¸É¨´ ³¨ ±µ´¤¥´¸ Éµ·  50 ³³. � 
·¨¸Ê´± Ì ¶µÉ¥´Í¨ ² ´  £· ´¨Í¥ ¤¨Ô²¥±É·¨±  ¢ ¸²ÊÎ ¥ ¢Éµ·µ£µ ¢ ·¨ ´É  Ö¢²Ö-
¥É¸Ö ´¥¶·¥·Ò¢´Ò³ ¢¸²¥¤¸É¢¨¥ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·¨ ·¥Ï¥´¨¨ § ¤ Î¨ Ê· ¢´¥´¨Ö
´¥¶·¥·Ò¢´µ¸É¨ (2.4).

� §µ¢¥³ Ê¸²µ¢´µ ·¥Ï¥´¨¥ ¸ ¶·¨³¥´¥´¨¥³ ¢´ÊÉ·¥´´¨Ì § ·Ö¤µ¢ ¤¨Ô²¥±-
É·¨±  ®ÉµÎ´Ò³¯, ¶µ¸±µ²Ó±Ê ¤²Ö ÔÉµ£µ ¥¸ÉÓ ¤µ¸É ÉµÎ´Ò¥ µ¸´µ¢ ´¨Ö. ˆ§ ¸· ¢-
´¥´¨Ö · ¸¶·¥¤¥²¥´¨° ¢ ·¨ ´Éµ¢ 1 ¨ 2 ´  ¤ ´´ÒÌ ·¨¸Ê´± Ì ¤²Ö ¢´ÊÉ·¥´´¨Ì
§ ·Ö¤µ¢ ¸²¥¤Ê¥É, ÎÉµ ÉµÎ´µ¸ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¶µÉ¥´Í¨ ²µ¢ · ¢´  0,96 ¨ 0,13 %
¤²Ö ·¨¸. 31 ¨ 32 ¸µµÉ¢¥É¸É¢¥´´µ.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¨¸¶µ²Ó§µ¢ ´¨Ö ÉµÎ¥Î´ÒÌ ¢¸¶µ³µ£ É¥²Ó´ÒÌ § ·Ö¤µ¢ ´ 
·¨¸. 33 ¶µ± § ´  ± ·É  ¸¨²µ¢ÒÌ ²¨´¨° Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¨ ²¨´¨° ¶µÉ¥´-
Í¨ ²  ¢´ÊÉ·¨ ¨ ¢´¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ Ï ·  ¢ ¶µ²¥ ¶²µ¸±µ£µ ±µ´¤¥´¸ Éµ· .
�¨¸Ê´µ± Ö¢²Ö¥É¸Ö ¶·¨³¥·µ³ ·¥Ï¥´¨Ö § ¤ Î¨ ´¥ ´  ¶²µ¸±µ¸É¨,   ¢ ¶·µ¸É· ´-
¸É¢¥. „²Ö ·¥Ï¥´¨Ö ¶·¨³¥´Ö²¸Ö ¢Éµ·µ° ¢ ·¨ ´É.

�·¨ · ¸¸³µÉ·¥´¨¨ ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ° § ¤ Î¨ ´ Ìµ¦¤¥´¨¥ · ¸¶·¥¤¥²¥-
´¨° ¶µ²¥° ¨ ¶µÉ¥´Í¨ ²µ¢ ¢´¥ ¤¨Ô²¥±É·¨±  ·¥Ï¥´¨¥ ¶µ ¢ ·¨ ´ÉÊ 1 ¶·¥¤-
¶µÎÉ¨É¥²Ó´¥°. �·¨ ¸³¥Ï ´´µ³ ·¥Ï¥´¨¨, ± ± ÔÉµ ¢Ò¶µ²´¥´µ ¤²Ö ¤¥É¥±Éµ· 
ZEPLIN III [3], ¢ ±µÉµ·µ³ ¦¨¤±¨° ±¸¥´µ´ (ε = 1, 93) § ´¨³ ¥É ¡µ²ÓÏ¨°
µ¡Ñ¥³, Î¥³ £ §µ¢ Ö Ë § , ¶·¥¤¶µÎÉ¨É¥²¥´ ¢ ·¨ ´É 2.
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�¨¸. 33. Š ·É  ¸¨²µ¢ÒÌ ²¨´¨° Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö ¨ ²¨´¨° ¶µÉ¥´Í¨ ² 
¢´ÊÉ·¨ ¨ ¢´¥ ¤¨Ô²¥±É·¨Î¥¸±µ£µ Ï · 
¢ ¶µ²¥ ¶²µ¸±µ£µ ±µ´¤¥´¸ Éµ· 

„²Ö ¶µ¸É·µ¥´¨Ö ²¨´¨° ¶µ²Ö ¨ Ô±¢¨-
¶µÉ¥´Í¨ ²¥° ¶·¨³¥´Ö²¸Ö ¶·µ¸Éµ° ¨ ´ -
£²Ö¤´Ò° ¸¶µ¸µ¡ [15]. ‘¨²µ¢Ò¥ ²¨´¨¨
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ°
±·¨¢Ò¥ ²¨´¨¨, ± ¸ É¥²Ó´Ò¥ ± ±µÉµ·Ò³ ¢
²Õ¡µ° ÉµÎ±¥ ¸µ¢¶ ¤ ÕÉ ¶µ ´ ¶· ¢²¥´¨Õ
¸ ´ ¶· ¢²¥´¨¥³ ¶µ²Ö. �  ÔÉµ³ µ¸´µ-
¢ ´¨¨ ¨ ¸É·µ¨²¨¸Ó ²¨´¨¨ ¶µ²Ö: § ³¥-
´µ° ÊÎ ¸É±  ¸¨²µ¢µ° ²¨´¨¨ µÉ·¥§±µ³ ± -
¸ É¥²Ó´µ°. Š ¸ É¥²Ó´ Ö ²¨´¨Ö ± ²¨´¨¨
¶µ²Ö ¨ ± ¸ É¥²Ó´ Ö ²¨´¨Ö ± Ô±¢¨¶µÉ¥´-
Í¨ ²¨ ¢§ ¨³´µ ¶¥·¶¥´¤¨±Ê²Ö·´Ò. „ ´-
´µ¥ ¸¢µ°¸É¢µ ¶µ§¢µ²Ö¥É ¤²Ö ¶µ¸É·µ¥´¨Ö
Ô±¢¨¶µÉ¥´Í¨ ²¥° ¶·¨³¥´¨ÉÓ ÉµÉ ¦¥ ³¥-
Éµ¤. „²Ö ¶µ¸É·µ¥´¨Ö ± ¸ É¥²Ó´µ° ± Ô±¢¨-
¶µÉ¥´Í¨ ²¨ ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ ¶· ¢²¥-
´¨Ö ¢¥±Éµ· ¶µ²Ö ¶µ¢µ· Î¨¢ ²¸Ö ´  Ê£µ²
±90◦.
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