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� ¸¸³ É·¨¢ ¥É¸Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ Ö Ê¸±μ·ÖÕÐ Ö ¸¨¸É¥³  · §· ¡ ÉÒ¢ ¥³μ£μ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·-
´ÒÌ ·¥ ±Í¨° ¨³. ƒ.�. ”²¥·μ¢  �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (‹Ÿ� �ˆŸˆ) Í¨-
±²μÉ·μ´  „–-280, ¸μ§¤ ¢ ¥³μ£μ ¤²Ö · ¸Ï¨·¥´¨Ö ¢μ§³μ¦´μ¸É¥° ¨ ¶μ¢ÒÏ¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ ¶·μ¢¥-
¤¥´¨Ö Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¸¨´É¥§Ê ¨ ¨§ÊÎ¥´¨Õ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ¨ Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¸¢¥·ÌÉÖ¦¥-
²ÒÌ Ô²¥³¥´Éμ¢. ˆ§μÌ·μ´´Ò° Í¨±²μÉ·μ´ ÉÖ¦¥²ÒÌ ¨μ´μ¢ „–-280 μ¡¥¸¶¥Î¨É ¶μ²ÊÎ¥´¨¥ Ê¸±μ·¥´´ÒÌ
¶ÊÎ±μ¢ ¨μ´μ¢ μÉ ´¥μ´  ¤μ Ê· ´ .

‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¨ É·¥Ì³¥·´μ£μ (3D) Î¨¸²¥´´μ£μ · ¸Î¥-
Éμ¢ ¶ · ³¥É·μ¢ μ¸´μ¢´μ£μ ·¥§μ´ Éμ·  ¢Ò¸μ±μÎ ¸ÉμÉ´μ° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò Í¨±²μÉ·μ´  „–-280.
‚ ·¥§Ê²ÓÉ É¥ ¶·μ¢¥¤¥´¨Ö ¶·¥¤¢ ·¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢ ¶μ ¶·μ£· ³³¥ ‘oaxresonator ¡Ò²  ¢Ò¡· ´ 
£¥μ³¥É·¨Ö μ¸´μ¢´μ£μ ·¥§μ´ Éμ· .

�¥§Ê²ÓÉ ÉÒ É·¥Ì³¥·´μ£μ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ²´μ¸ÉÓÕ ¶μ¤É¢¥·¤¨²¨ ¶· ¢¨²Ó´μ¸ÉÓ ¶·¥¤-
¢ ·¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢, ¢ Î ¸É´μ¸É¨, ¶μ Î ¸ÉμÉ¥ · §²¨Î¨¥ ¢ ·¥§Ê²ÓÉ É¥ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¨ É·¥Ì³¥·-
´μ£μ Î¨¸²¥´´μ£μ · ¸Î¥Éμ¢ ´¥ ¶·¥¢Ò¸¨²μ 1%. �μ²ÊÎ¥´´Ò¥ ± ·ÉÒ ±μ³¶μ´¥´É Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö
¶·¨³¥´ÖÕÉ¸Ö ¢ · ¸Î¥É Ì ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¨±²μÉ·μ´¥.

The radio-frequency accelerating system designed at the Flerov Laboratory of Nuclear Reactions,
Joint Institute for Nuclear Research (FLNR, JINR), for the DC 280 cyclotron is described. The cyclotron
is intended for increasing capabilities and efˇciency of experiments on synthesis of superheavy elements
and investigation of their nuclear-physical and chemical properties. The DC 280 isochronous heavy-ion
cyclotron will produce accelerated beam of ions in the range from neon to uranium.

The results of the preliminary and 3D numerical calculations of the main cavity of this system are
reported. The preliminary calculations by the ‘oaxresonator software have allowed the geometry of the
main cavity to be chosen.

The 3D numerical simulation has completely conˇrmed correctness of the preliminary calculations.
For example, the difference in frequency between the preliminary and 3D numerical calculations is no
larger than 1%. The electric ˇeld component maps obtained from the simulations are used to calculate
the beam dynamics in the cyclotron.
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„²Ö · ¸Ï¨·¥´¨Ö ¢μ§³μ¦´μ¸É¥° ¨ ¶μ¢ÒÏ¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ ¶·μ¢¥¤¥´¨Ö Ô±¸¶¥·¨-
³¥´Éμ¢ ¶μ ¸¨´É¥§Ê ¨ ¨§ÊÎ¥´¨Õ Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì ¨ Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¸¢¥·ÌÉÖ¦¥-
²ÒÌ Ô²¥³¥´Éμ¢ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �¡Ñ¥¤¨´¥´´μ£μ ¨´-
¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (‹Ÿ� �ˆŸˆ) · §· ¡ ÉÒ¢ ¥É¸Ö ¨§μÌ·μ´´Ò° Í¨±²μÉ·μ´
„–-280 [1]. –¨±²μÉ·μ´ ÉÖ¦¥²ÒÌ ¨μ´μ¢ „–-280 μ¡¥¸¶¥Î¨É ¶μ²ÊÎ¥´¨¥ Ê¸±μ·¥´´ÒÌ ¶ÊÎ-
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±μ¢ ¨μ´μ¢ ¸ A/Z = 4−7 ¨ ³ ¸¸μ¢Ò³ Î¨¸²μ³ 20−238, É. ¥. μÉ ´¥μ´  ¤μ Ê· ´ . �´¥·£¨Ö
Ê¸±μ·¥´´ÒÌ ¶ÊÎ±μ¢ ¡Ê¤¥É ¤μ¸É¨£ ÉÓ 4Ä8 ŒÔ‚/´Ê±²., ¶·¨ ÔÉμ³ ¶² ´¨·Ê¥³ Ö ¨´É¥´¸¨¢´μ¸ÉÓ
> 10 pμA ¤²Ö ¢¸¥Ì ¨μ´μ¢ ¸ ³ ¸¸μ¢Ò³ Î¨¸²μ³ ³¥´ÓÏ¥ 50.

’ ±¨¥ ¢Ò¸μ±¨¥ É·¥¡μ¢ ´¨Ö ¶·¨¢μ¤ÖÉ ± ´¥μ¡Ìμ¤¨³μ¸É¨ ¸μ§¤ ´¨Ö ÔËË¥±É¨¢´μ° ¢Ò¸μ-
±μÎ ¸ÉμÉ´μ° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò, · ¸Î¥ÉÊ ±μÉμ·μ° ¶μ¸¢ÖÐ¥´  ´ ¸ÉμÖÐ Ö · ¡μÉ .
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“¸±μ·ÖÕÐ Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ Ö (‚—) ¸¨¸É¥³  ¶·¥¤´ §´ Î¥´  ¤²Ö ¶¥·¥¤ Î¨ Ô´¥·£¨¨
Ê¸±μ·ÖÕÐ¥£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö Ê¸±μ·Ö¥³Ò³ Î ¸É¨Í ³.

„²Ö ³ £´¨É  Í¨±²μÉ·μ´  „–-280 ¸ Î¥ÉÒ·Ó³Ö ¶·Ö³Ò³¨ ¸¥±Éμ· ³¨ ´  Í¨²¨´¤·¨Î¥¸±μ³
¶μ²Õ¸¥ Ô²¥±É·μ¤Ò ‚—-¸¨¸É¥³Ò Å ¤Ê ´ÉÒ · ¸¶μ²μ¦¥´Ò ¢ ¤μ²¨´ Ì ³ £´¨É´μ° ¸É·Ê±-
ÉÊ·Ò. …³±μ¸ÉÓ ¤Ê ´É  Ö¢²Ö¥É¸Ö Ê±μ· Î¨¢ ÕÐ¥° ´ £·Ê§±μ° · ¤¨ ²Ó´μ° ±μ ±¸¨ ²Ó´μ° Î¥-
É¢¥·ÉÓ¢μ²´μ¢μ° ²¨´¨¨ ¸ ’…Œ-³μ¤μ° ±μ²¥¡ ´¨°. “¸±μ·¥´¨¥ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´  É·¥ÉÓ¥°
£ ·³μ´¨±¥ μ¡· Ð¥´¨Ö Î ¸É¨Í.

�¸´μ¢´μ° ·¥§μ´ Éμ· μ¡¥¸¶¥Î¨¢ ¥É ¶μ²ÊÎ¥´¨¥ Î ¸ÉμÉ´μ£μ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¢
¤¨ ¶ §μ´¥ Î ¸ÉμÉ 7,32Ä10,38 ŒƒÍ ¶·¨  ³¶²¨ÉÊ¤¥ ´ ¶·Ö¦¥´¨Ö ¤μ 130 ±‚. ƒ·Ê¡ Ö ¶¥·¥-
¸É·μ°±  Î ¸ÉμÉÒ ·¥§μ´ ´¸´μ° ¸¨¸É¥³Ò (1 %) μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¨§³¥´¥´¨¥³ ¤²¨´Ò ¨´¤Ê±-

�¨¸. 1. � ¸¶μ²μ¦¥´¨¥ μ¸´μ¢´μ£μ ¨ Ë²ÔÉÉμ¶-·¥§μ´ Éμ·μ¢ ´  ¸Ì¥³¥ Í¨±²μÉ·μ´ 
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É¨¢´μ° Î ¸É¨ ·¥§μ´ Éμ·  ¶·¨ ¶¥·¥³¥Ð¥´¨¨ § ±μ· Î¨¢ ÕÐ¥° ¶² ¸É¨´Ò, ¤²Ö ¶² ¢´μ° ¡Ê¤¥É
¨¸¶μ²Ó§μ¢ ÉÓ¸Ö É·¨³³¥· ¢ ¢¨¤¥ ±μ·μÉ±μ§ ³±´ÊÉμ° ¶¥É²¨ (0,1 %).

’ ± ± ± ¶·¨ ¸μ§¤ ´¨¨ Í¨±²μÉ·μ´  „–-280 ¶·¥¸²¥¤Ê¥É¸Ö Í¥²Ó Ê¸±μ·¥´¨Ö ¨ ¢Ò¢μ¤ 
ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢Ò¸μ±μ° ¨´É¥´¸¨¢´μ¸É¨, ´¥μ¡Ìμ¤¨³μ μ¡¥¸¶¥Î¨ÉÓ ¢Ò¸μ±¨° É¥³¶ Ê¸±μ·¥-
´¨Ö ¨ ¢Ò¸μ±μ¥ ± Î¥¸É¢μ ¶ÊÎ± . „²Ö ÔÉμ£μ ¶·¥¤Ê¸³ É·¨¢ ¥É¸Ö ¸μ§¤ ´¨¥ ¢ ¤¨ ¶ §μ´¥ Ë §
¶²μ¸±μ° ¢¥·Ï¨´Ò ¤¥°¸É¢¨Ö Ê¸±μ·ÖÕÐ¨Ì ´ ¶·Ö¦¥´¨° §  ¸Î¥É Ê¸É ´μ¢±¨ ¶μ¸²¥ μ¸´μ¢-
´ÒÌ Ë²ÔÉÉμ¶-¤Ê ´Éμ¢ ¸ Ê£²μ¢μ° ¶·μÉÖ¦¥´´μ¸ÉÓÕ 20◦ ¸μ ¸¢μ¥° ·¥§μ´ ´¸´μ° ¸É·Ê±ÉÊ·μ°,
¢μ§¡Ê¦¤ ¥³μ° ´  ¤¥¢ÖÉμ° £ ·³μ´¨±¥ μ¡· Ð¥´¨Ö ¨μ´μ¢. Œ ±¸¨³ ²Ó´μ¥ ´ ¶·Ö¦¥´¨¥ ´ 
Ë²ÔÉÉμ¶-¤Ê ´É Ì Å 13 ±‚ (·¨¸. 1).

’ ±¨³ μ¡· §μ³, Ê¸±μ·ÖÕÐ Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ Ö ¸¨¸É¥³  Í¨±²μÉ·μ´  „–-280 μ¡· §μ-
¢ ´  ¤¢Ê³Ö Ë²ÔÉÉμ¶- ¨ ¤¢Ê³Ö μ¸´μ¢´Ò³¨ ·¥§μ´ Éμ· ³¨ ¸ £μ·¨§μ´É ²Ó´μ · ¸¶μ²μ¦¥´-
´Ò³¨ Î¥É¢¥·ÉÓ¢μ²´μ¢Ò³¨ ·¥§μ´ ´¸´Ò³¨ ²¨´¨Ö³¨, ¸¨¸É¥³ ³¨ ‚—-¶¨É ´¨Ö, ¸É ¡¨²¨§ Í¨¨
¨ Ê¶· ¢²¥´¨Ö.
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‚ · §· ¡μÉ±¥ ¢Ò¸μ±μÎ ¸ÉμÉ´μ° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ³μ¦´μ ¢Ò¤¥²¨ÉÓ ¤¢  μ¸´μ¢´ÒÌ
ÔÉ ¶ .

�¥·¢Ò° ÔÉ ¶ Å ¶·μ¢¥¤¥´¨¥ ¶·¥¤¢ ·¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢ ¸ Í¥²ÓÕ ¢Ò¡μ·  £¥μ³¥É·¨¨,
¸É·Ê±ÉÊ·Ò ¨ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ‚—-¸¨¸É¥³Ò. �  ÔÉμ³ ÔÉ ¶¥ ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¤¥´¨¥
¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  · ¸Î¥Éμ¢ · §²¨Î´ÒÌ ¢ ·¨ ´Éμ¢ £¥μ³¥É·¨¨ ·¥§μ´ Éμ·μ¢. �Éμ ¸¢Ö§ ´μ
¸ É¥³, ÎÉμ · §· ¡μÉ±  Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ¢¥¤¥É¸Ö ¶ · ²²¥²Ó´μ ¸ ¢Ò¡μ·μ³ ±μ´¸É·Ê±Í¨¨
³ £´¨É´μ° ¸¨¸É¥³Ò ¨ ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ · ¸Î¥É ³¨ ¤¨´ ³¨±¨ ¶ÊÎ± . ‚ ¶·μÍ¥¸¸¥ ¶·μ¥±É¨-
·μ¢ ´¨Ö ¶·μ¤μ²¦ ¥É¸Ö μ¶É¨³¨§ Í¨Ö ¸¨¸É¥³, ÎÉμ ¢²¥Î¥É §  ¸μ¡μ° ´¥μ¡Ìμ¤¨³μ¥ ¨§³¥´¥´¨¥
£¥μ³¥É·¨¨ ·¥§μ´ Éμ·μ¢.

„²Ö ¶·¥¤¢ ·¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢ ·¥§μ´ Éμ·μ¢ Ê¸±μ·ÖÕÐ¨Ì ¸¨¸É¥³ ¢ ‹Ÿ� �ˆŸˆ ¡Ò² 
· §· ¡μÉ ´  ¨ ³´μ£μ±· É´μ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¶·¨ ¸μ§¤ ´¨¨ ¨²¨ ·¥±μ´¸É·Ê±Í¨¨ ±μ³¶ ±É-
´ÒÌ Í¨±²μÉ·μ´μ¢ ¶·μ£· ³³  ‘oaxresonator [2]. ‚ ¶·μ£· ³³¥ ¨¸¶μ²Ó§Ê¥É¸Ö ³¥Éμ¤ · ¸Î¥É 
Î ¸ÉμÉ´ÒÌ ¨ ³μÐ´μ¸É´ÒÌ ¶ · ³¥É·μ¢ ´¥μ¤´μ·μ¤´ÒÌ ¶μ ¤²¨´¥ ²¨´¨°, μ¡¥¸¶¥Î¨¢ ÕÐ¨°
¤μ¸É ÉμÎ´ÊÕ ÉμÎ´μ¸ÉÓ ¨ ¢μ§³μ¦´μ¸ÉÓ ¢ ·Ó¨·μ¢ ´¨Ö ¢ ¶·μÍ¥¸¸¥ · ¸Î¥É  £¥μ³¥É·¨¨ ²¨-
´¨° ¤²Ö μ¶É¨³¨§ Í¨¨ ¨Ì ¶ · ³¥É·μ¢. �·μ£· ³³  · ¸¸Î¨ÉÒ¢ ¥É ·¥§μ´ ´¸´Ò¥ Ê¸±μ·ÖÕÐ¨¥
¸É·Ê±ÉÊ·Ò ¢ ¢¨¤¥ Ê±μ·μÎ¥´´μ° ¥³±μ¸ÉÓÕ ¤Ê ´É  · ¤¨ ²Ó´μ° ±μ ±¸¨ ²Ó´μ° ²¨´¨¨, ±μÉμ· Ö
· §¡¨¢ ¥É¸Ö ´  N μ¤´μ·μ¤´ÒÌ ÊÎ ¸É±μ¢.

‚Éμ·μ° ÔÉ ¶ Å ¶·μ¢¥¤¥´¨¥ Î¨¸²¥´´μ£μ · ¸Î¥É  ¢Ò¡· ´´μ° £¥μ³¥É·¨¨ ·¥§μ´ Éμ·  ¶μ
É·¥Ì³¥·´μ° ¶·μ£· ³³¥, ¶·¥¤´ §´ Î¥´´μ° ¤²Ö · ¸Î¥Éμ¢ · ¸¶·¥¤¥²¥´¨Ö ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¨ ¨¸¶μ²Ó§ÊÕÐ¥° ¤²Ö ÔÉμ° Í¥²¨ ³¥Éμ¤ ±μ´¥Î´ÒÌ Ô²¥³¥´Éμ¢ ²¨¡μ
±μ´¥Î´ÒÌ ¨´É¥£· ²μ¢. �¥§Ê²ÓÉ Éμ³ ¢Éμ·μ£μ ÔÉ ¶  Ö¢²ÖÕÉ¸Ö μ¶É¨³¨§ Í¨Ö ¸É·Ê±ÉÊ·Ò ·¥§μ-
´ Éμ· , ÉμÎ´Ò¥ ¤ ´´Ò¥ ¥£μ μ¸´μ¢´ÒÌ ¶ · ³¥É·μ¢ ¨ ± ·ÉÒ Ê¸±μ·ÖÕÐ¥£μ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö, ´¥μ¡Ìμ¤¨³Ò¥ ¤²Ö ¶·μ¢¥¤¥´¨Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¤¨´ ³¨±¨ ¶ÊÎ±  ¢ Í¨±²μÉ·μ´¥.

� ¸Î¥É μ¸´μ¢´μ£μ ·¥§μ´ Éμ·  Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò Í¨±²μÉ·μ´  „–-280 ¡Ò² É ±¦¥
·¥ ²¨§μ¢ ´ ¢ ¤¢ÊÌ ÔÉ ¶ Ì. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨¢¥¤¥´μ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ
± ± ¢ ¶·¥¤¢ ·¨É¥²Ó´μ³ · ¸Î¥É¥, É ± ¨ ¢ Î¨¸²¥´´μ³ É·¥Ì³¥·´μ³ · ¸Î¥É¥.

‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ · §´Ò³¨ ³¥Éμ¤ ³¨, ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ¶μ£·¥Ï-
´μ¸ÉÓ ¨ ¶·¥¤¥²Ò ¨Ì ¶·¨³¥´¨³μ¸É¨.
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„²Ö Î¨¸²¥´´ÒÌ É·¥Ì³¥·´ÒÌ · ¸Î¥Éμ¢ ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ Ê¸±μ·ÖÕÐ¨Ì ¸¨¸É¥³ ¢ ³¨·¥
· §· ¡μÉ ´μ ´¥¸±μ²Ó±μ ¶·μ£· ³³´ÒÌ ±μ³¶²¥±¸μ¢. �¨¦¥ ¶·¨¢¥¤¥´Ò Ì · ±É¥·¨¸É¨±¨ ´¥-
±μÉμ·ÒÌ ¨§ ´¨Ì.

CST MICROWAVE STUDIO (CST MWS) [3] Å ¶·μ£· ³³  ¤²Ö 3D-Î¨¸²¥´´μ£μ ³μ-
¤¥²¨·μ¢ ´¨Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ Ê¸É·μ°¸É¢ ( ´É¥´´, Ë¨²ÓÉ·μ¢, ·¥§μ´ Éμ·μ¢). �·μ£· ³³ 
CST MWS ¨¸¶μ²Ó§Ê¥É ³¥Éμ¤ ±μ´¥Î´ÒÌ ¨´É¥£· ²μ¢ (FIT) Å ¤μ¸É ÉμÎ´μ μ¡Ð¨° ¶μ¤Ìμ¤,
±μÉμ·Ò° ¸´ Î ²  μ¶¨¸Ò¢ ¥É Ê· ¢´¥´¨Ö Œ ±¸¢¥²²  ´  ¶·μ¸É· ´¸É¢¥´´μ° ¸¥É±¥, ¸ ÊÎ¥Éμ³
§ ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨,   § É¥³ ¶μ ´¨³ Ëμ·³¨·Ê¥É ¸¨¸É¥³Ê ¸¶¥Í¨Ë¨Î¥¸±¨Ì ¤¨ËË¥-
·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°, É ±¨Ì ± ± ¢μ²´μ¢μ¥ Ê· ¢´¥´¨¥ ¨²¨ Ê· ¢´¥´¨¥ �Ê ¸¸μ´ . Œ¥Éμ¤
³μ¦¥É ¡ÒÉÓ ·¥ ²¨§μ¢ ´ ± ± ¢μ ¢·¥³¥´´μ°, É ± ¨ ¢ Î ¸ÉμÉ´μ° μ¡² ¸É¨. Š·μ³¥ Éμ£μ, ´¥
´ ±² ¤Ò¢ ¥É¸Ö ´¨± ±¨Ì μ£· ´¨Î¥´¨° ´  É¨¶ ¨¸¶μ²Ó§Ê¥³μ° ¸¥É±¨ · §¡¨¥´¨Ö, ´ ·Ö¤Ê ¸μ
¸É·Ê±ÉÊ·¨·μ¢ ´´μ° ¸¥É±μ° ¢ ¤¥± ·Éμ¢μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¶μ¤¤¥·¦¨¢ ÕÉ¸Ö ´¥μ·Éμ£μ-
´ ²Ó´Ò¥ ¸¥É±¨, ´ ¶·¨³¥·, É¥É· Ô¤· ²Ó´ Ö. �¤´ ±μ ³¥Éμ¤ ±μ´¥Î´ÒÌ ¨´É¥£· ²μ¢ ¢μ ¢·¥-
³¥´´μ° μ¡² ¸É¨ ´ ¨¡μ²¥¥ ÔËË¥±É¨¢´μ · ¡μÉ ¥É ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·Ö³μÊ£μ²Ó´μ° ¸¥É±¨
· §¡¨¥´¨Ö, É ±¨³ μ¡· §μ³, ¶μ¨¸± ¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´  ¶·μ¸É¥°Ï¥°
¸¥É±¥ Å ¶·Ö³μÊ£μ²Ó´μ°, ÎÉμ Ö¢²Ö¥É¸Ö ´¥¤μ¸É É±μ³ ¶·¨ · ¸Î¥É Ì ·¥§μ´ Éμ·μ¢ ¸μ ¸²μ¦´μ°
£¥μ³¥É·¨Î¥¸±μ° Ëμ·³μ°. „²Ö ´ Ï¨Ì · ¸Î¥Éμ¢ μ¸μ¡¥´´μ ¢ ¦´  ¨³¥ÕÐ Ö¸Ö ¢ ¶·μ£· ³³¥
¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö  ¶¶·μ±¸¨³ Í¨¨ ¤²Ö ¨¤¥ ²Ó´ÒÌ £· ´¨Î´ÒÌ Ê¸²μ¢¨° (Perfect
Boundary Approximation, PBA).

ANSYS Multiphysics [4] Å ¶·μ£· ³³  ¤²Ö ¶·μ¢¥¤¥´¨Ö  ´ ²¨§  ¢ Ï¨·μ±μ° μ¡² ¸É¨
¨´¦¥´¥·´ÒÌ ¤¨¸Í¨¶²¨´. �·μ£· ³³  ¶μ¤¤¥·¦¨¢ ¥É ¶·¨ · ¸Î¥É¥ ¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ ·¥-
§μ´ Éμ·μ¢ ´¥μ·Éμ£μ´ ²Ó´Ò¥ ¸¥É±¨,   ¨³¥´´μ É¥É· Ô¤· ²Ó´ÊÕ ¸¥É±Ê ¢Éμ·μ£μ ¶μ·Ö¤± , ÎÉμ
¤ ¥É ´¥±μÉμ·Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶¥·¥¤ ¶·μ£· ³³μ° CST MICROWAVE STUDIO ¶·¨ ¶·¨-
³¥´¥´¨¨ ¢ · ¸Î¥É Ì ¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ ¶μ²ÒÌ ·¥§μ´ Éμ·μ¢.

ˆ§¢¥¸É´ Ö Ë¨·³  VECTORFIELDS [5] ¨³¥¥É ¸¶¥Í¨ ²¨§¨·μ¢ ´´Ò°, ¤²Ö · ¸Î¥Éμ¢ ¢Ò-
¸μ±μÎ ¸ÉμÉ´ÒÌ ¸¨¸É¥³, ¶·μ£· ³³´Ò° ¶·μ¤Ê±É ®‘oncerto¯, ¨¸¶μ²Ó§ÊÕÐ¨° ¤²Ö · ¸Î¥É 
¸μ¡¸É¢¥´´ÒÌ Î ¸ÉμÉ ·¥§μ´ Éμ·μ¢ ³¥Éμ¤ ±μ´¥Î´ÒÌ Ô²¥³¥´Éμ¢.

�·¨ ±μ´¸É·Ê¨·μ¢ ´¨¨ ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ Ê¸±μ·ÖÕÐ¨Ì ¸¨¸É¥³ ¶·¨³¥´¥´¨¥ ¶·μ£· ³³
É·¥Ì³¥·´μ£μ Î¨¸²¥´´μ£μ · ¸Î¥É  £ · ´É¨·Ê¥É ¶μ²ÊÎ¥´¨¥ ¡μ²¥¥ ÉμÎ´ÒÌ §´ Î¥´¨° ¨Ì ¶ · -
³¥É·μ¢. ‚ Î ¸É´μ¸É¨, ¢ · ¡μÉ¥ [6] ¶μ± § ´μ, ÎÉμ μÏ¨¡±  μ¶·¥¤¥²¥´¨Ö ¸μ¡¸É¢¥´´μ° Î ¸ÉμÉÒ
μ¸´μ¢´μ£μ ·¥§μ´ Éμ·  ¶μ ¶·μ£· ³³¥ CST MICROWAVE STUDIO ¸μ¸É ¢¨²  μ±μ²μ 0,3 %.

�¤´ ±μ ¸ ³ ¶·μÍ¥¸¸ · ¸Î¥É  ÔÉ¨³¨ ¶·μ£· ³³ ³¨ Ö¢²Ö¥É¸Ö ¢¥¸Ó³  ¢·¥³Ö§ É· É´Ò³ Å
± ± ¶·¨ ¶μ¤£μÉμ¢±¥ § ¤ Î¨ ¤²Ö ¶·μ¢¥¤¥´¨Ö  ´ ²¨§  ¤ ´´μ° ¸É·Ê±ÉÊ·Ò, É ± ¨ ¶·¨ ¥¥ ·¥-
Ï¥´¨¨. �μÔÉμ³Ê É ± ¢ ¦´μ ´  ¶¥·¢μ³ ÔÉ ¶¥ ¶·μ¥±É¨·μ¢ ´¨Ö ¶·μ¢¥¸É¨ ¸¨´É¥§ £¥μ³¥É·¨¨,
¡²¨§±μ° ± · ¡μÎ¥°, ÎÉμ ¢μ§³μ¦´μ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¶·μ£· ³³Ò ‘oaxresonator, ´¥ É·¥-
¡ÊÕÐ¥° ¡μ²ÓÏ¨Ì Î¥²μ¢¥Î¥¸±¨Ì ·¥¸Ê·¸μ¢ ¨ ±μ³¶ÓÕÉ¥·´ÒÌ ³μÐ´μ¸É¥°.

��…„‚��ˆ’…‹œ�›… ��‘—…’› �‘��‚��ƒ� �…‡���’���
“‘Š��Ÿ�™…‰ ‘ˆ‘’…Œ› –ˆŠ‹�’���� „–-280

�¥·¢Ò³ Ï £μ³ ¢ ¶·μ¥±É¨·μ¢ ´¨¨ ·¥§μ´ Éμ·  Ö¢²Ö¥É¸Ö ¢Ò¡μ· ¥£μ £¥μ³¥É·¨¨, ±μÉμ· Ö
μ£· ´¨Î¥´  ±μ³¶μ´μ¢±μ° ³ £´¨É  Í¨±²μÉ·μ´ . �¸´μ¢´Ò¥ · §³¥·Ò ¢Ò¡· ´´μ£μ ¢ ·¨ ´É 
· ¸Î¥É´μ° ³μ¤¥²¨ ·¥§μ´ Éμ·  ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2.

�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤¢ ·¨É¥²Ó´μ£μ · ¸Î¥É  ·¥§μ´ Éμ·  ¢Ò¡· ´´μ° £¥μ³¥É·¨¨
¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1 ¨ ´  ·¨¸. 3.
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�¨¸. 2. ƒ¥μ³¥É·¨Î¥¸± Ö ¸É·Ê±ÉÊ·  μ¸´μ¢´μ£μ ·¥§μ´ Éμ· . � §´Ò³¨ ²¨´¨Ö³¨ μ¡μ§´ Î¥´Ò ¥£μ μÉ¤¥²Ó-
´Ò¥ ÊÎ ¸É±¨, ¤²Ö ±μÉμ·ÒÌ ¸Î¨É ¥É¸Ö · ¸¸¥¨¢ ¥³ Ö ³μÐ´μ¸ÉÓ

’ ¡²¨Í  1. � · ³¥É·Ò μ¸´μ¢´μ£μ ·¥§μ´ Éμ· 

„¨ ¶ §μ´ ¶¥·¥¸É·μ°±¨ Î ¸ÉμÉÒ ·¥§μ´ Éμ· , ŒƒÍ 7,32Ä10,38

�§¨³ÊÉ ²Ó´ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ ¤Ê ´É , ◦ 40

�μ³¨´ ²Ó´ Ö  ³¶²¨ÉÊ¤  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö, ±‚ 130

Š· É´μ¸ÉÓ Î ¸ÉμÉÒ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö 3

Œ ±¸¨³ ²Ó´ Ö · ¸¸¥¨¢ ¥³ Ö ³μÐ´μ¸ÉÓ, ±‚É 30

�§¨³ÊÉ ²Ó´ Ö Ï¨·¨´  Ê¸±μ·ÖÕÐ¥£μ § §μ· , ³³ 16Ä62

�¶¥·ÉÊ·  ¤Ê ´Éμ¢ ¸μ¸É ¢²Ö¥É 40 ³³. „²Ö Ê¢¥²¨Î¥´¨Ö ¶·μÎ´μ¸É¨ ±μ´¸É·Ê±Í¨¨ ¤Ê ´É 
¢Ò¸μÉ  ¤Ê ´É  ¢Ò¡· ´  ¶² ¢´μ Ê³¥´ÓÏ ÕÐ¥°¸Ö ± Í¥´É·Ê Í¨±²μÉ·μ´ .

‚ Ìμ¤¥ ¶¥·¢μ´ Î ²Ó´μ£μ ¸¨´É¥§  £¥μ³¥É·¨¨ μ¸´μ¢´Ò¥ ¶ · ³¥É·Ò, É ±¨¥ ± ± Î ¸ÉμÉÒ,
· ¸¸¥¨¢ ¥³ Ö ³μÐ´μ¸ÉÓ, ¶²μÉ´μ¸ÉÓ Éμ±  ¨ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ Î ¸ÉμÉÒ μÉ ¨§³¥´¥´¨Ö £¥μ-
³¥É·¨¨, ¡Ò²¨ · ¸¸Î¨É ´Ò ¶·¨ ¶μ³μÐ¨ ¶·μ£· ³³Ò ‘oaxresonator.

Œ ±¸¨³ ²Ó´μ ¢μ§³μ¦´ Ö ¢¥²¨Î¨´  Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É¥ μ£· ´¨Î¥´ 
Ô²¥±É·¨Î¥¸±μ° ¶·μÎ´μ¸ÉÓÕ ¥£μ § §μ·μ¢. �²¥±É·¨Î¥¸± Ö ¶·μÎ´μ¸ÉÓ ¸¨¸É¥³Ò ¶·¨ ¢Ò¡· ´-
´ÒÌ § §μ· Ì ¨ · ¤¨Ê¸ Ì § ±·Ê£²¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¨§¢¥¸É´μ°  ´ ²¨É¨Î¥¸±μ°  ¶¶·μ±¸¨³ -
Í¨¥° ±·¨É¥·¨Ö Š¨²¶ É·¨±  [7, 8]:

f [ŒƒÍ] = 1,643 · 10−2E2
k e−85/Ek .

�μ ÔÉμ³Ê ±·¨É¥·¨Õ ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö Ek ´ 
Î ¸ÉμÉ¥ 7,32 ŒƒÍ ¸μ¸É ¢²Ö¥É μ±μ²μ 50 ±‚/¸³.



94 ƒÊ²Ó¡¥±Ö´ ƒ. ƒ. ¨ ¤·.

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ · ¡μÎ¥° Î ¸ÉμÉÒ ¨ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ÔÉμ° Î ¸ÉμÉÒ μÉ ¶μ²μ¦¥´¨Ö § ±μ· Î¨¢ -

ÕÐ¥° ¶² ¸É¨´Ò

� ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ´  ¶μ¢¥·Ì´μ¸É¨ Ô²¥±É·μ¤μ¢, μ¡² ¤ ÕÐ¨Ì ±·¨¢¨§´μ° (1Ä2 ¸³),
¶·¨³¥·´μ ¢ ¤¢  · §  ¢ÒÏ¥ ¸·¥¤´¥° ´ ¶·Ö¦¥´´μ¸É¨ ¢ § §μ·¥. �μÔÉμ³Ê ´ ¶·Ö¦¥´´μ¸ÉÓ
¶μ²Ö ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ § §μ·  ´¥ ¤μ²¦´  ¶·¥¢ÒÏ ÉÓ 25 ±‚/¸³.

ˆ§ μ¶ÒÉ  Ô±¸¶²Ê É Í¨¨ Ê¸±μ·ÖÕÐ¨Ì ¸É·Ê±ÉÊ· Í¨±²μÉ·μ´μ¢ ‹Ÿ� �ˆŸˆ ¢ ¤ ´´μ³
¤¨ ¶ §μ´¥ Î ¸ÉμÉ 7Ä11 ŒƒÍ ¸·¥¤´ÖÖ ¶·¥¤¥²Ó´ Ö ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö
¢ § §μ·¥ ¶μ¶¥·¥± ¸¨²μ¢ÒÌ ²¨´¨° ³ £´¨É´μ£μ ¶μ²Ö ¤μ 90 ±‚/¸³ ¨ ¢¤μ²Ó ÔÉ¨Ì ²¨´¨°
¤μ 30 ±‚/¸³. �μ¸²¥¤´¥¥ §´ Î¥´¨¥ ¡²¨§±μ ± ±·¨É¥·¨Õ Š¨²¶ É·¨± .

Œμ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ¸¨²Ó´μ³ (¢ 3Ä4 · § ) ¨§μ²¨·ÊÕÐ¥³ ¤¥°¸É¢¨¨ ¶μ¶¥·¥Î´μ£μ ³ £-
´¨É´μ£μ ¶μ²Ö, ÎÉμ ¶μ§¢μ²¨É ¶μ²ÊÎ¨ÉÓ ´¥μ¡Ìμ¤¨³μ¥ ´ ¶·Ö¦¥´¨¥ ¢ 130 ±‚ ¢ Ê¸±μ·ÖÕÐ¥³
§ §μ·¥ 1,6 ¸³.

Š�Œ�œ�’…���Ÿ Œ�„…‹œ �…‡���’���,
—ˆ‘‹…��›‰ (3D) ��‘—…’ �…‡����‘�›• —�‘’�’

„²Ö ¶μ²ÊÎ¥´¨Ö ¡μ²¥¥ ÉμÎ´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢ ·¥§μ´ Éμ·  ¨, ÎÉμ ´¥ ³¥´¥¥ ¢ ¦´μ,
μ¶É¨³¨§ Í¨¨ · ¤¨ ²Ó´μ£μ · ¸¶·¥¤¥²¥´¨Ö ´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É Ì ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¤¥´¨¥
Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¸ ¶·¨³¥´¥´¨¥³ ¸¶¥Í¨ ²¨§¨·μ¢ ´´ÒÌ 3D-¶·μ£· ³³, μ¶¨¸ ´´ÒÌ · ´¥¥.
� ¸Î¥É´ Ö £¥μ³¥É·¨Î¥¸± Ö ³μ¤¥²Ó μ¸´μ¢´μ£μ ·¥§μ´ Éμ·  ¡Ò²  · §· ¡μÉ ´  ¶·μ£· ³³μ°
SOLID Edge. ‚¨¤ ³μ¤¥²¨ ¶μ± § ´ ´  ·¨¸. 4.

’ ± ± ± ·¥§μ´ Éμ· μ¡² ¤ ¥É ¸¨³³¥É·¨¥° μÉ´μ¸¨É¥²Ó´μ ¤¢ÊÌ ¶²μ¸±μ¸É¥°, ¤μ¸É ÉμÎ´μ
μ¸ÊÐ¥¸É¢²ÖÉÓ · ¸Î¥É Î¥É¢¥·É¨ ·¥§μ´ Éμ·  (¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ ·¥§Ê²ÓÉ -
Éμ¢). Œμ¤¥²Ó ·¥§μ´ Éμ·  ´¥μ¡Ìμ¤¨³μ · §¤¥²¨ÉÓ ´  ∼ 3−5 ³²´ Ô²¥³¥´Éμ¢.

‚ ·¥§Ê²ÓÉ É¥ μ¶É¨³¨§ Í¨¨ £¥μ³¥É·¨¨ ³Ò ¶μ²ÊÎ¨²¨ ·¥§μ´ Éμ· ¸ ¶· ±É¨Î¥¸±¨ ¶μ¸Éμ-
Ö´´Ò³ ´ ¶·Ö¦¥´¨¥³ Ê¸±μ·ÖÕÐ¥£μ ¶μ²Ö ´  ¤Ê ´É¥ ¢¤μ²Ó · ¤¨Ê¸  (·¨¸. 5). � ¶·Ö¦¥´¨¥ ´ 
¤Ê ´É¥ ¢ÒÎ¨¸²Ö²¨, ¨´É¥£·¨·ÊÖ ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢¤μ²Ó ¤Ê£¨ μ±·Ê¦´μ-
¸É¨ ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨.

—¨¸²¥´´Ò° (3D) · ¸Î¥É ·¥§μ´ Éμ·  É ±¦¥ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸-
¶·¥¤¥²¥´¨¥ ±μ³¶μ´¥´É Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö, ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ¶μ¸²¥¤ÊÕÐ¥£μ ³μ¤¥²¨-
·μ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ± .
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�¨¸. 4. � ¸Î¥É´ Ö £¥μ³¥É·¨Î¥¸± Ö ³μ¤¥²Ó μ¸´μ¢´μ£μ ·¥§μ´ Éμ· 

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ´  ¤Ê ´É¥ μÉ · ¤¨Ê¸  Í¨±²μÉ·μ´  ¤²Ö ¤¢ÊÌ ¶μ²μ¦¥-

´¨° § ±μ· Î¨¢ ÕÐ¥° ¶² ¸É¨´Ò, μ¡¥¸¶¥Î¨¢ ÕÐ¨Ì ¶·μ¥±É´Ò° Î ¸ÉμÉ´Ò° ¤¨ ¶ §μ´

’ ¡²¨Í  2. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ·¥§μ´ Éμ· 

� · ³¥É·Ò

— ¸ÉμÉ  10,38 ŒƒÍ — ¸ÉμÉ  7,32 ŒƒÍ

� ¸Î¥É
‘oaxresonator

—¨¸²¥´´Ò°
(3D) · ¸Î¥É

� ¸Î¥É
‘oaxresonator

—¨¸²¥´´Ò°
(3D) · ¸Î¥É

�μ²μ¦¥´¨¥ § ±μ· Î¨¢ ÕÐ¥°
¶² ¸É¨´Ò, ³³ 4010 4010 5120 5120

‘Ê³³ ·´ Ö · ¸¸¥¨¢ ¥³ Ö
³μÐ´μ¸ÉÓ, ±‚É 26,0 30,4 19,7 21,8

„μ¡·μÉ´μ¸ÉÓ 11024 9584 11116 10210

�³¶²¨ÉÊ¤  ¶²μÉ´μ¸É¨
¶μ¢¥·Ì´μ¸É´μ£μ Éμ± , �/¸³ 62,0 62,4 46,4 48,5
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� ¸Î¥ÉÒ ³μ¤¥²¨ ·¥§μ´ Éμ·  ¶μ§¢μ²¨²¨ μ¶·¥¤¥²¨ÉÓ ¶²μÉ´μ¸É¨ ¶μ¢¥·Ì´μ¸É´μ£μ Éμ±  ¤²Ö
±μ´É ±Éμ¢ § ±μ· Î¨¢ ÕÐ¥° ¶² ¸É¨´Ò ¨ ¥¥ ¶μ²μ¦¥´¨¥ ¤²Ö ¶·μ¥±É´μ£μ ¤¨ ¶ §μ´  Î ¸ÉμÉ.
�¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì ¨ ¶·¥¤¸É ¢²¥´´ÒÌ ´¨¦¥ · ¸Î¥Éμ¢ μ¡Ñ¥¤¨´¥´Ò ¢ É ¡². 2.

—ˆ‘‹…��›‰ (3D) ��‘—…’ ��‘‘…ˆ‚�…Œ�‰ Œ�™��‘’ˆ

�¶·¥¤¥²¥´¨¥ · ¸¸¥¨¢ ¥³μ° ‚—-³μÐ´μ¸É¨ ¢ ·¥§μ´ Éμ·¥ ´¥μ¡Ìμ¤¨³μ ¤²Ö ¢Ò¡μ·  ³μÐ-
´μ¸É¨ ‚—-¶¨É ´¨Ö ¨ ¤²Ö ¶·μ¥±É¨·μ¢ ´¨Ö ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö. Š·μ³¥ Éμ£μ, ¨´É¥·¥¸´μ
¸· ¢´¨ÉÓ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¶μ · §´Ò³ ¶·μ£· ³³ ³. „²Ö ±μ´¸É·Ê¨·μ¢ ´¨Ö
¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ·¥§μ´ Éμ·  ¢ ¦´μ §´ ÉÓ · ¸¸¥¨¢ ¥³Ò¥ ³μÐ´μ¸É¨ ¢ Ê§² Ì ¸ μÉ¤¥²Ó-
´Ò³¨ ±μ´ÉÊ· ³¨ μÌ² ¦¤¥´¨Ö. „²Ö ÔÉμ£μ ³μ¤¥²Ó ¡Ò²  · §¤¥²¥´  ´  Î ¸É¨, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¨¥ ±μ´ÉÊ· ³ μÌ² ¦¤¥´¨Ö (¸³. ·¨¸. 2).

„²Ö μÍ¥´±¨ · ¸¸¥¨¢ ¥³μ° ³μÐ´μ¸É¨ ¢ ·¥§μ´ Éμ·¥ ³Ò ¶·μ¢μ¤¨²¨ · ¸Î¥É ¸ Ê¤¥²Ó´μ°
Ô²¥±É·μ¶·μ¢μ¤´μ¸ÉÓÕ ³¥¤¨ 5 · 107 ‘³/³ (É¥Ì´¨Î¥¸± Ö ³¥¤Ó).

‚ É ¡². 2 ¨ 3 ¶·¨¢¥¤¥´Ò ¶ · ³¥É·Ò ·¥§μ´ Éμ· , ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢ ·¥§Ê²ÓÉ É¥
Î¨¸²¥´´μ£μ (3D) · ¸Î¥É  ¨ · ¸Î¥É  ¶·μ£· ³³μ° ‘oaxresonator.

’ ¡²¨Í  3. � ¸¸¥¨¢ ¥³Ò¥ ³μÐ´μ¸É¨ μÉ¤¥²Ó´ÒÌ ÊÎ ¸É±μ¢ ·¥§μ´ Éμ· 

„²¨´  ·¥§μ´ Éμ· , ³³ — ¸ÉÓ ·¥§μ´ Éμ· 

‘oaxresonator-
· ¸Î¥É,

±‚É

—¨¸²¥´´Ò°
(3D) · ¸Î¥É,

±‚É

— ¸ÉμÉ  10,38 ŒƒÍ

‚´ÊÉ·¥´´¨° ¶·μ¢μ¤´¨±

0Ä3070 „Ê ´É 5,580 6,998

3070Ä4010 ˜Éμ± 12,341 12,464

4010 ‡ ±μ· Î¨¢ ÕÐ Ö
¶² ¸É¨´ 

2,840 2,840

‚´¥Ï´¨° ¶·μ¢μ¤´¨±

0Ä2242 �² ±¨·μ¢±  1,174 1,408

2242Ä3070 � É·Ê¡μ± 1,940 4,508

3070Ä4010 	 ± ·¥§μ´ Éμ·  2,161 2,190

‘Ê³³ ·´μ 26,036 30,408

— ¸ÉμÉ  7,32 ŒƒÍ

‚´ÊÉ·¥´´¨° ¶·μ¢μ¤´¨±

0Ä3070 „Ê ´É 2,426 3,063

3070Ä4010 ˜Éμ± 12,448 12,608

5120 ‡ ±μ· Î¨¢ ÕÐ Ö
¶² ¸É¨´ 

1,340 1,340

‚´¥Ï´¨° ¶·μ¢μ¤´¨±

0Ä2242 �² ±¨·μ¢±  0,502 0,602

2242Ä3070 � É·Ê¡μ± 0,851 1,991

3070Ä5120 	 ± ·¥§μ´ Éμ·  2,173 2,205

‘Ê³³ ·´μ 19,740 21,809
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‚¨¤´μ, ÎÉμ · ¸¸¥¨¢ ¥³Ò¥ ³μÐ´μ¸É¨, ¶μ²ÊÎ¥´´Ò¥ Î¨¸²¥´´Ò³ (3D) · ¸Î¥Éμ³, ´¥¸±μ²Ó±μ
¡μ²ÓÏ¥ ¤²Ö μ¡¥¨Ì Î ¸ÉμÉ. ‚ Í¥²μ³ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · ¸Î¥Éμ¢ μÉ²¨Î ÕÉ¸Ö ´¥ ¡μ²¥¥ Î¥³
´  10%, μÉ²¨Î¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¸Î¥É  Î ¸ÉμÉÒ ·¥§μ´ Éμ·  ´¥ ¶·¥¢ÒÏ ¥É 1%, ÎÉμ ´¥´ -
³´μ£μ ¶·¥¢ÒÏ ¥É μÏ¨¡±Ê Î¨¸²¥´´μ£μ (3D) · ¸Î¥É .

‡�Š‹�—…�ˆ…

‚Ò¡· ´  £¥μ³¥É·¨Ö ¢Ò¸μ±μÎ ¸ÉμÉ´μ° Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò Í¨±²μÉ·μ´  „–-280, · §-
· ¡ ÉÒ¢ ¥³μ£μ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨-
ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°.

�¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ · ¸Î¥É  ¶ · ³¥É·μ¢ μ¸´μ¢´μ£μ Ê¸±μ·ÖÕÐ¥£μ ·¥§μ´ Éμ·  ¶μ²´μ-
¸ÉÓÕ ¶μ¤É¢¥·¤¨²¨ ¶· ¢¨²Ó´μ¸ÉÓ ¶·¥¤¢ ·¨É¥²Ó´ÒÌ · ¸Î¥Éμ¢, ¢Ò¶μ²´¥´´ÒÌ ¶μ ¶·μ£· ³³¥
‘oaxresonator, ¢ Î ¸É´μ¸É¨, ¶μ Î ¸ÉμÉ¥ · §²¨Î¨¥ ¢ ·¥§Ê²ÓÉ É¥ ¶·¥¤¢ ·¨É¥²Ó´μ£μ ¨ Î¨¸²¥´-
´μ£μ · ¸Î¥Éμ¢ μ¤´μ° ¨ Éμ° ¦¥ ³μ¤¥²¨ ´¥ ¶·¥¢Ò¸¨²μ 1%.

� ¸¸Î¨É ´  ³μÐ´μ¸ÉÓ ¶μÉ¥·Ó ¤²Ö ³μ¤¥²¨ ¸ ¤¢Ê³Ö · §´Ò³¨ ¶μ²μ¦¥´¨Ö³¨ § ±μ· Î¨¢ -
ÕÐ¥° ¶² ¸É¨´Ò (μÉ Í¥´É·  Í¨±²μÉ·μ´ ) 5120 ¨ 4010 ³³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì É·¥¡Ê¥³μ³Ê
¤¨ ¶ §μ´Ê Î ¸ÉμÉ 7,32Ä10,38 ŒƒÍ.

�μ ·¥§Ê²ÓÉ É ³ Î¨¸²¥´´μ£μ · ¸Î¥É  ¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö
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