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� ¸¸³ É·¨¢ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · §· ¡μÉ±¨ ´μ¢μ£μ ¤²Ö ¸¨¸É¥³ ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ±  ¢ �ˆŸˆ ´ -
¶· ¢²¥´¨Ö, ±μÉμ·μ¥ Ì · ±É¥·¨§Ê¥É¸Ö ·Ö¤μ³ μ¸μ¡¥´´μ¸É¥°. �É±²μ´ÖÕÐ¨¥ ³ £´¨ÉÒ ¨³¥ÕÉ μ¡³μÉ±¨
¸ ¡μ²ÓÏμ° ¢¥²¨Î¨´μ°  ³¶¥·-¢¨É±μ¢, · ¡μÉ ÕÐ¨¥ ´  ¸· ¢´¨É¥²Ó´μ ´¨§±¨Ì Î ¸ÉμÉ Ì (� 20 ƒÍ) ¤²Ö
¸μÌ· ´¥´¨Ö ¢¥²¨Î¨´Ò ·¥ ±É¨¢´μ° ³μÐ´μ¸É¨ ¢ · §Ê³´ÒÌ ¶·¥¤¥² Ì. ˆ¸ÉμÎ´¨±¨ ¶¨É ´¨Ö μ¡³μÉμ±
¨¸¶μ²Ó§ÊÕÉ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¤²Ö Ëμ·³¨·μ¢ ´¨Ö Éμ±μ¢ § ¤ ´´μ° Ëμ·³Ò ¨  ³¶²¨ÉÊ¤Ò. �·¨-
¢¥¤¥´Ò μ¸´μ¢´Ò¥ ±μ´¸É·Ê±É¨¢´Ò¥ μ¸μ¡¥´´μ¸É¨ ¨ ¶ · ³¥É·Ò μ¶ÒÉ´μ£μ μ¡· §Í  ³ £´¨É ,   É ±¦¥
·¥§Ê²ÓÉ ÉÒ · §· ¡μÉ±¨ ¨ ¨¸¶ÒÉ ´¨Ö Ô²¥±É·μ´´μ° ¸Ì¥³Ò ¶¨É ´¨Ö ³ £´¨É  Éμ±μ³ § ¤ ´´μ° Ëμ·³Ò.
�·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ · ¸¶·¥¤¥²¥´¨° ¶²μÉ´μ¸É¨ · §²¨Î´ÒÌ ¨μ´μ¢ ´  ³¨Ï¥´¨ ¤²Ö μ¤-
´μ£μ ¨§ ± ´ ²μ¢ Í¨±²μÉ·μ´  “-400Œ, ¶μ²ÊÎ¥´´ÒÌ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ · ³¥É·μ¢ · §· ¡μÉ ´´ÒÌ
¸± ´¥·μ¢.

The paper deals with the results of the development of new scanning system at JINR, which is
characterized by the following features. Bending magnets have windings with a large quantity of
ampere-turns operating at relatively low frequencies (� 20 Hz) to save the reactive power within
reasonable limits. Power supplies of the windings use the feedback system to generate currents of the
given shape and amplitude. The basic design features and parameters of the magnet prototype, as well
as the results of development and testing the electronic circuit for supply of the magnet by the current
with the predetermined shape are presented. The calculation results of the density distributions of the
different ions on the target in one of the beam lines of the cyclotron U-400M are presented. The
parameters of the new scanners were used in these calculations.

PACS 29.27 EG

‚‚…„…�ˆ…

‚ ¢Ò¢μ¤´ÒÌ ± ´ ² Ì Ê¸±μ·¨É¥²¥° § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¤²Ö ·Ö¤  ´ ÊÎ´ÒÌ ¨ ¶·¨±² ¤´ÒÌ
Í¥²¥° ¶·¨³¥´ÖÕÉ¸Ö μÉ±²μ´ÖÕÐ¨¥ Ê¸É·μ°¸É¢  ¸ ¶¥·¨μ¤¨Î¥¸±¨³ ¢μ§¤¥°¸É¢¨¥³ ´  ¶ÊÎμ± Å
¸± ´¥·Ò [1, 2]. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸± ´¥·μ¢ ¶μ§¢μ²Ö¥É ¸´¨§¨ÉÓ ²μ± ²Ó´Ò¥ ¶¥·¥£·¥¢Ò ³¨Ï¥-
´¥°,   É ±¦¥ μ¡¥¸¶¥Î¨ÉÓ · ¢´μ³¥·´ÊÕ § ¸¢¥É±Ê ¸É Í¨μ´ ·´ÒÌ ¨ ¤¢¨¦ÊÐ¨Ì¸Ö ³¨Ï¥´¥°.

�É±²μ´¥´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·μ¨¸Ìμ¤¨É ¢ Ô²¥±É·¨Î¥¸±¨Ì ¨²¨ ³ £´¨É´ÒÌ ¶μ²ÖÌ.
�²¥±É·¨Î¥¸±¨¥ ¶μ²Ö μ¡ÒÎ´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö Î ¸É¨Í ¸ μÉ´μ¸¨É¥²Ó´μ ´¥¢Ò¸μ±μ° Ô´¥·-
£¨¥° ¨²¨ ¤²Ö μÉ±²μ´¥´¨° ´  ´¥¡μ²ÓÏ¨¥ Ê£²Ò [3]. �·¨ ÔÉμ³, ± ± ¶· ¢¨²μ, Î ¸ÉμÉÒ
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¸± ´¨·μ¢ ´¨Ö ¤μ¢μ²Ó´μ ¢Ò¸μ±¨¥ ¨ ¤μ¸É¨£ ÕÉ ´¥¸±μ²Ó±¨Ì ±¨²μ£¥·Í. �£· ´¨Î¥´¨Ö ¶μ
 ³¶²¨ÉÊ¤ ³ ¢μ§¤¥°¸É¢ÊÕÐ¨Ì ¶μ²¥° ¢μ§´¨± ÕÉ ¨§-§  Ö¢²¥´¨° ¶·μ¡μÖ.

	μ²¥¥ · ¸¶·μ¸É· ´¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö ³ £´¨É´Ò¥ ¸± ´¥·Ò, ±μÉμ·Ò¥ Ê¸²μ¢´μ ³μ¦´μ · §-
¤¥²¨ÉÓ ´  ¤¢¥ £·Ê¶¶Ò:

Å ¢μ¡²¥·Ò Å ³ £´¨ÉÒ ¸ ¸¨´Ê¸μ¨¤ ²Ó´Ò³ Éμ±μ³ ¢ μ¡³μÉ± Ì ¨ ¸¤¢¨£μ³ Éμ±μ¢ ¢ ³ £-
´¨É Ì ¶μ Ë §¥ ¨²¨ Î ¸ÉμÉ¥;

Å ²¨´¥°´Ò¥ ¸± ´¥·Ò Å ³ £´¨ÉÒ ¸ § ¶¨É±μ° μÉ ¨´¢¥·Éμ·μ¢ ´ ¶·Ö¦¥´¨Ö (μ¡ÒÎ´μ
¤¢Ê¶μ²Ö·´Ò° ³¥ ´¤·), Ëμ·³¨·ÊÕÐ¨Ì ¢ μ¡³μÉ± Ì Éμ±¨ ¶¨²μμ¡· §´μ° Ëμ·³Ò.

�¥¸±μ²Ó±μ ¸¨¸É¥³ ¸± ´¨·μ¢ ´¨Ö É ±μ£μ É¨¶  ¡Ò²μ ¨§£μÉμ¢²¥´μ ¤²Ö ± ´ ²μ¢ Ê¸±μ·¨-
É¥²¥°, ¸μ§¤ ´´ÒÌ ¢ ‹Ÿ� �ˆŸˆ (“-400, “-400Œ [4], „–-60 [5], ˆ–-100 [2], „–-110 [3]),
¨ Ô±¸¶²Ê É¨·Ê¥É¸Ö ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö.

�É¨ ¸± ´¥·Ò · ¡μÉ ÕÉ ¢ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ 80Ä200 ƒÍ ¨ Ëμ·³¨·ÊÕÉ ³ £´¨É´Ò¥ ¶μ²Ö
 ³¶²¨ÉÊ¤μ° ¤μ 400 ƒ¸. „ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ ³ £´¨É´ÒÌ ¶μ²¥° ¶·¨ É ±¨Ì Î ¸ÉμÉ Ì
¶·¥¤¸É ¢²Ö¥É¸Ö § É·Ê¤´¨É¥²Ó´Ò³ ¨§-§  ¢Ò¸μ±μ° ·¥ ±É¨¢´μ° ³μÐ´μ¸É¨. ‘´¨¦¥´¨¥ ¦¥ Î -
¸ÉμÉÒ ¡¥§ ¨§³¥´¥´¨Ö ¶μ¤Ìμ¤  ± ¸¨¸É¥³¥ ¶¨É ´¨Ö ¶·¨¢μ¤¨É ± ´¥²¨´¥°´μ¸ÉÖ³ Éμ±μ¢ ¨
¸´¨¦¥´¨Õ ÔËË¥±É¨¢´μ¸É¨. �·¥¤¥² ¶μ ´¨§±¨³ Î ¸ÉμÉ ³ μ¶·¥¤¥²Ö¥É¸Ö ¶μ¸ÉμÖ´´μ° § ÉÊÌ -
´¨Ö μ¡³μÉμ± ³ £´¨Éμ¢ τ = L/R.

„²Ö · §· ¡μÉ ´´ÒÌ ´μ¢ÒÌ ¸± ´¥·μ¢ ¡Ò²μ ¶·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸  ¶μ²Ê-
Î¥´¨Ö μ¤´μ·μ¤´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨ ¨μ´μ¢ ´  ´¥¶μ¤¢¨¦´μ° ³¨Ï¥´¨ ± ´ ² ,
¶·¥¤´ §´ Î¥´´μ£μ ¤²Ö É¥¸É¨·μ¢ ´¨Ö ³¨±·μ¸Ì¥³ ¶ÊÎ± ³¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ [4]. �μ¸±μ²Ó±Ê
´  ¶¥·¢μ³ ÔÉ ¶¥ Ô±¸¶²Ê É Í¨¨ ´μ¢μ° ¸¨¸É¥³Ò ¸± ´¨·μ¢ ´¨Ö ¶·¥¤¶μ² £ ²μ¸Ó ¨¸¶μ²Ó§μ-
¢ ´¨¥ ¸¨¸É¥³Ò ¶¨É ´¨Ö ¸± ´¥·μ¢ μÉ ¨´¢¥·Éμ·μ¢ ´ ¶·Ö¦¥´¨Ö, ¢ ¶·μÍ¥¸¸¥ ³μ¤¥²¨·μ¢ ´¨Ö
Éμ± ¢ μ¡³μÉ± Ì ¸± ´¥·μ¢ ¸Î¨É ²¸Ö ²¨´¥°´Ò³ ¨ ÊÎ¨ÉÒ¢ ²¨¸Ó ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ ¤²Ö
¸²ÊÎ Ö, ±μ£¤  τ = 75 ³¸.

1. �ˆ‡Š�—�‘’�’��Ÿ ‘ˆ‘’…Œ� ‘Š��ˆ��‚��ˆŸ

� ¸ÉμÖÐ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  · §¢¨É¨Õ ´μ¢μ£μ ¤²Ö ¸¨¸É¥³ ¸± ´¨·μ¢ ´¨Ö ¢ �ˆŸˆ
´ ¶· ¢²¥´¨Ö, ±μÉμ·μ¥ Ì · ±É¥·¨§Ê¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ μ¸μ¡¥´´μ¸ÉÖ³¨:

Å μÉ±²μ´ÖÕÐ¨¥ ³ £´¨ÉÒ μ¡² ¤ ÕÉ μ¡³μÉ± ³¨ ¸ ¡μ²ÓÏμ° ¢¥²¨Î¨´μ°  ³¶¥·-¢¨É±μ¢,
· ¡μÉ ÕÐ¨³¨ ´  ¸· ¢´¨É¥²Ó´μ ´¨§±¨Ì Î ¸ÉμÉ Ì (� 20 ƒÍ) ¤²Ö ¸μÌ· ´¥´¨Ö ·¥ ±É¨¢´μ°
³μÐ´μ¸É¨ ¢ · §Ê³´ÒÌ ¶·¥¤¥² Ì;

Å ¨¸ÉμÎ´¨±¨ ¶¨É ´¨Ö μ¡³μÉμ± ¨¸¶μ²Ó§ÊÕÉ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¤²Ö Ëμ·³¨·μ¢ -
´¨Ö Éμ±μ¢ § ¤ ´´μ° Ëμ·³Ò ¨  ³¶²¨ÉÊ¤Ò.

’ ±μ° ¶μ¤Ìμ¤ ¶μ§¢μ²Ö¥É ¢ ·¥¦¨³¥ ·¥ ²Ó´μ£μ ¢·¥³¥´¨ ·¥£Ê²¨·μ¢ ÉÓ ¢ Ï¨·μ±¨Ì ¶·¥-
¤¥² Ì ± ± £¥μ³¥É·¨Î¥¸±¨¥ ¶ · ³¥É·Ò μ¡²ÊÎ ¥³μ° μ¡² ¸É¨, É ± ¨ μ¤´μ·μ¤´μ¸ÉÓ § ¸¢¥É±¨,
ÎÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, · ¸Ï¨·Ö¥É μ¡² ¸É¨ ¶·¨³¥´¥´¨Ö É ±¨Ì ¸¨¸É¥³. ‚ Î ¸É´μ¸É¨, ¡μ²ÓÏ¨¥
¶¥·¸¶¥±É¨¢Ò μÉ±·Ò¢ ÕÉ¸Ö ¤²Ö Ê¸±μ·¨É¥²Ó´ÒÌ · ¤¨μ²μ£¨Î¥¸±¨Ì Ê¸É ´μ¢μ±.

�£· ´¨Î¥´¨Ö ¸ÊÐ¥¸É¢¥´´Ò Éμ²Ó±μ ¤²Ö ¡Ò¸É·μ¤¢¨¦ÊÐ¨Ì¸Ö ³¨Ï¥´¥° (·Ê²μ´´ÒÌ
¶²¥´μ±).

2. �’Š‹��Ÿ�™ˆ‰ Œ�ƒ�ˆ’

‚ ¶·μÍ¥¸¸¥ ¶·μ¢¥¤¥´¨Ö · ¡μÉ ¶μ ³ £´¨É´μ³Ê ¸± ´¥·Ê ¡Ò²  · §· ¡μÉ ´  É¥Ì´¨Î¥¸± Ö
¤μ±Ê³¥´É Í¨Ö ´  ¨§£μÉμ¢²¥´¨¥ ³ ±¥É  ³ £´¨É . �  ·¨¸. 1 ¶μ± § ´  3D-³μ¤¥²Ó ±μ´¸É·Ê±-
Í¨¨ ³ £´¨É .
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�¨¸. 1. 3D-³μ¤¥²Ó ±μ´¸É·Ê±Í¨¨ ³ £´¨É 

	Ò² É ±¦¥ ¨§£μÉμ¢²¥´ ¨ Ê¸¶¥Ï´μ ¨¸¶ÒÉ ´ ¶μ²´μ³ ¸ÏÉ ¡´Ò° ³ ±¥É ³ £´¨É . Œ £´¨Éμ-
¶·μ¢μ¤ ´ ¡· ´ ¨§ Ï¨ÌÉμ¢ ´´μ£μ ¦¥²¥§ . �² ¸É¨´Ò, Ëμ·³¨·ÊÕÐ¨¥ ¶μ¶¥·¥Î´μ¥ · ¸¶·¥¤¥-
²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö, Ê¸É ´μ¢²¥´Ò ¸ § §μ· ³¨ ¤²Ö ¶·μÌμ¦¤¥´¨Ö μÌ² ¦¤ ÕÐ¥£μ ¢μ§¤ÊÌ .
�¡³μÉ±¨ ³ £´¨É  É ±¦¥ ¨³¥ÕÉ ¢μ§¤ÊÏ´Ò¥ § §μ·Ò ¤²Ö ¶·¨´Ê¤¨É¥²Ó´μ£μ ¢μ§¤ÊÏ´μ£μ μÌ² -
¦¤¥´¨Ö. Œ £´¨É´μ¥ ¶μ²¥ ¢ § §μ·¥ ³ £´¨É  ¸¢Ö§ ´μ ¸ Éμ±μ³ ¢ ± ÉÊÏ± Ì ¸μμÉ´μÏ¥´¨¥³
B = 43 ƒ¸/�. �·¥¤¢ ·¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ± § ²¨ ¢μ§³μ¦´μ¸ÉÓ ¤μ¸É¨ÎÓ ¸·¥¤´¥£μ
Éμ±  ¢ μ¡³μÉ± Ì ³ £´¨É´μ£μ ¸± ´¥·  30 �, ÎÉμ ¤²Ö ¶¨²μμ¡· §´μ£μ Éμ±  ¸μμÉ¢¥É¸É¢Ê¥É
 ³¶²¨ÉÊ¤¥ 50 �.

3. ƒ…�…��’�� ’�Š� ���ˆ‡‚�‹œ��‰ ”��Œ›

„²Ö Ëμ·³¨·μ¢ ´¨Ö Éμ±  ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò ¢ ¨´¤Ê±É¨¢´μ° ´ £·Ê§±¥ ¢ ¤ ´´μ° · -
¡μÉ¥ ¨¸¶μ²Ó§μ¢ ´ ³¥Éμ¤ Ï¨·μÉ´μ-¨³¶Ê²Ó¸´μ° ³μ¤Ê²ÖÍ¨¨ (˜ˆŒ), ¶μ§¢μ²ÖÕÐ¨° Ê¶· -
¢²ÖÉÓ  ³¶²¨ÉÊ¤μ° ´ ¶·Ö¦¥´¨Ö (Éμ± ) ´  ´ £·Ê§±¥. ‘±¢ ¦´μ¸ÉÓ Ê¶· ¢²ÖÕÐ¨Ì ¸¨£´ ²μ¢
¶¥·¨μ¤  Ê¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸´μ£μ ±μ³³ÊÉ Éμ·  μ¶·¥¤¥²Ö¥É¸Ö  ³¶²¨ÉÊ¤μ° · §´μ¸É´μ£μ ¸¨£-
´ ²  ³¥¦¤Ê  ³¶²¨ÉÊ¤μ° ¢Ìμ¤´μ£μ ¨  ³¶²¨ÉÊ¤μ° ¸¨£´ ²  μ¡· É´μ° ¸¢Ö§¨ ¸ ¤ ÉÎ¨±  Éμ± 
´ £·Ê§±¨. — ¸ÉμÉ  É ±Éμ¢μ£μ £¥´¥· Éμ·  ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò ³´μ£μ ¢ÒÏ¥ Î ¸ÉμÉÒ ¢Ìμ¤-
´μ£μ ¸¨£´ ² .

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´  Ê¶·μÐ¥´´ Ö ¸É·Ê±ÉÊ·´ Ö ¸Ì¥³  Ô²¥±É·μ´´μ°  ¶¶ · ÉÊ·Ò ¤²Ö
Ëμ·³¨·μ¢ ´¨Ö Éμ±  ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò ¢ ¨´¤Ê±É¨¢´μ° ´ £·Ê§±¥ L.

�¶¶ · ÉÊ·  ¸μ¸Éμ¨É ¨§ ¸²¥¤ÊÕÐ¨Ì μ¸´μ¢´ÒÌ Î ¸É¥°:
Å § ¤ ÕÐ¥£μ ¸¨´É¥§ Éμ·  Ëμ·³Ò ¨  ³¶²¨ÉÊ¤Ò Ê¶· ¢²ÖÕÐ¥£μ ¸¨£´ ²  (Synth);
Å É ±Éμ¢μ£μ £¥´¥· Éμ·  ¶¨²μμ¡· §´μ° Ëμ·³Ò (Clock);
Å Ê¸¨²¨É¥²Ö ¸· ¢´¥´¨Ö, § ¤ ÕÐ¥£μ Ëμ·³Ê Éμ±  ¸¨£´ ²  ¨ ¸¨£´ ²  ¸ ¨§³¥·¨É¥²Ö Éμ± 

¢ μ¡³μÉ±¥ ³ £´¨É  (Comp);
Å Ï¨·μÉ´μ-¨³¶Ê²Ó¸´μ£μ ³μ¤Ê²ÖÉμ·  (PWM);
Å ³μ¸Éμ¢μ£μ ¶·¥μ¡· §μ¢ É¥²Ö ¶μ¸ÉμÖ´´μ£μ ´ ¶·Ö¦¥´¨Ö ¢ ¨³¶Ê²Ó¸´μ¥ ¶¥·¥³¥´´μ¥

(Bridge);
Å ¨§³¥·¨É¥²Ö Éμ±  ´  ¡ §¥ ¤ ÉÎ¨±  •μ²²  ¢ μ¡³μÉ±¥ ³ £´¨É  (Sensor);
Å ¨¸ÉμÎ´¨±  ¶¨É ´¨Ö ¶μ¸ÉμÖ´´μ£μ ´ ¶·Ö¦¥´¨Ö (PS).
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�¨¸. 2. “¶·μÐ¥´´ Ö ¸É·Ê±ÉÊ·´ Ö ¸Ì¥³  Ô²¥±É·μ´´μ°  ¶¶ · ÉÊ·Ò

„²Ö μÍ¥´±¨ ¢¥²¨Î¨´ · ¡μÎ¨Ì Éμ±μ¢ ¨ ´ ¶·Ö¦¥´¨° ´  Ô²¥³¥´É Ì ¸Ì¥³Ò,   É ±¦¥ ¢Ò-
¡μ·  Ô²¥³¥´É´μ° ¡ §Ò ¤²Ö  ¶¶ · ÉÊ·Ò ¨ ¢Ò¡μ·  ¸Ì¥³Ò ¨¸ÉμÎ´¨±  ¶¨É ´¨Ö ¡Ò²  · §· -
¡μÉ ´  Ê¶·μÐ¥´´ Ö ¸Ì¥³  PSpice-³μ¤¥²¨ Ê¸É·μ°¸É¢  ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¶·μ¨¸Ìμ¤ÖÐ¨Ì
¶·μÍ¥¸¸μ¢ (·¨¸. 3).

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö £¥´¥· Í¨¨ Éμ±  ¢ ¨´¤Ê±É¨¢´μ° ´ -
£·Ê§±¥ L1 (´¨¦´ÖÖ ±·¨¢ Ö) ¶·¨ Ê¶· ¢²¥´¨¨ £¥´¥· Éμ·μ³ ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò (Input)
(¢¥·Ì´ÖÖ ±·¨¢ Ö). �¨¸Ê´μ± ¨²²Õ¸É·¨·Ê¥É ÉμÉ Ë ±É, ÎÉμ Ëμ·³  ¨  ³¶²¨ÉÊ¤  Éμ±  ¢ ¨´¤Ê±-
É¨¢´μ° ´ £·Ê§±¥ L1 ¸μμÉ¢¥É¸É¢ÊÕÉ ¶ · ³¥É· ³ ¢Ìμ¤´μ£μ ¸¨£´ ²  ¨ ¸¨´É¥§ Éμ·  Î ¸ÉμÉ ¸
±μÔËË¨Í¨¥´Éμ³ ¶·¥μ¡· §μ¢ ´¨Ö ∼ 30 �/‚ μÉ´μ¸¨É¥²Ó´μ ¢Ìμ¤´μ£μ ¸¨£´ ²  ®Input¯.

‘¨´É¥§ Éμ· Î ¸ÉμÉ μ¶·¥¤¥²Ö² ¢´ Î ²¥ ¶¨²μμ¡· §´Ò° Éμ± ¢ ´ £·Ê§±¥ ¸  ³¶²¨ÉÊ¤μ° 30 �
¸ Î ¸ÉμÉμ° 10 ƒÍ, § É¥³ ¶μ¸ÉμÖ´´Ò° ¶μ²μ¦¨É¥²Ó´Ò° ¨ μÉ·¨Í É¥²Ó´Ò° Éμ±
+3,25/−3,25 �, Ëμ·³¨·μ¢ ´¨¥ ¸¨´Ê¸μ¨¤ ²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö ¸  ³¶²¨ÉÊ¤μ° 15 � ¸μ ¸³¥-
Ð¥´¨¥³ ¶μ ¶μ¸ÉμÖ´´μ³Ê Éμ±Ê +3,25 A ¨ Î ¸ÉμÉμ° 11 ƒÍ ¨ ¶¨²μμ¡· §´Ò° Éμ± ¸ μ£· ´¨-
Î¥´¨¥³ ¢ ´ £·Ê§±¥ ¸  ³¶²¨ÉÊ¤μ° 30 � ¨ Î ¸ÉμÉμ° 10 ƒÍ.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ¶¨É ´¨Ö ¤ ´´μ°  ¶¶ · ÉÊ·Ò ´¥ É·¥¡Ê¥É¸Ö ¸É ¡¨²¨§¨·μ-
¢ ´´Ò° ·¥£Ê²¨·Ê¥³Ò° ¨¸ÉμÎ´¨± ¶¨É ´¨Ö, É ± ± ± ¸¨¸É¥³  μ¡· É´μ° ¸¢Ö§¨ μ¡¥¸¶¥Î¨¢ ¥É
¸É ¡¨²¨§ Í¨Õ  ³¶²¨ÉÊ¤Ò Éμ±  ¢ ´ £·Ê§±¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸  ³¶²¨ÉÊ¤μ° ¢Ìμ¤´μ£μ ¸¨£´ ² 
¸ ¸¨´É¥§ Éμ· .
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‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢ÒÏ¥μ¶¨¸ ´´Ò³ ¶μ¤Ìμ¤μ³ ¡Ò² · §· ¡μÉ ´, ¨§£μÉμ¢²¥´ ¨ ¨¸¶ÒÉ ´
´  ·¥ ²Ó´μ° ´ £·Ê§±¥ ¶μ²´μ³ ¸ÏÉ ¡´Ò° μ¡· §¥Í £¥´¥· Éμ·  Éμ±  ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò.

�  ·¨¸. 5Ä9 ¶·¥¤¸É ¢²¥´Ò μ¸Í¨²²μ£· ³³Ò Éμ±  ¢ μ¡³μÉ± Ì ³ £´¨É  ¶·¨ £¥´¥· Í¨¨
Éμ±μ¢ · §²¨Î´μ° Ëμ·³Ò.

� ¡μÎ¥¥ ´ ¶·Ö¦¥´¨¥ ¨¸ÉμÎ´¨±  ¶¨É ´¨Ö 250 ‚, Î ¸ÉμÉ  ¶μ¢Éμ·¥´¨Ö 10 ƒÍ, ¤¥É¥±Éμ·
Éμ±  ¢ ¨´¤Ê±É¨¢´μ¸É¨ Å ¤ ÉÎ¨± •μ²²  (ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¤¥É¥±Éμ·  34 ³‚/1 �).

�¨¸. 4. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö £¥´¥· Í¨¨ Éμ±  ¢ ¨´¤Ê±É¨¢´μ° ´ £·Ê§±¥

�¨¸. 5. ”μ·³  Éμ±  Å ®É· ¶¥Í¨Ö¯. �¶É¨³ ²Ó´  ¤²Ö ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ±μ¢ ®¸·¥¤´¨Ì¯ · §³¥·μ¢

�¨¸. 6. ”μ·³  Éμ±  Å ®¶¨² ¯. �¶É¨³ ²Ó´  ¤²Ö ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ±μ¢ ®³ ²ÒÌ¯ · §³¥·μ¢
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�¨¸. 7. ”μ·³  Éμ±  Å ®¸¨´Ê¸μ¨¤ ¯. �¶É¨³ ²Ó´  ¤²Ö ¸± ´¨·μ¢ ´¨Ö ¶ÊÎ±μ¢ ®¡μ²ÓÏ¨Ì¯ · §³¥·μ¢

¶μ Ô²²¨¶É¨Î¥¸±¨³ É· ¥±Éμ·¨Ö³

�¨¸. 8. ”μ·³  Éμ±  Å ®Ï¨·μ± Ö É· ¶¥Í¨Ö¯. Œ¨´¨³ ²Ó´Ò° Ë·μ´É μ¶·¥¤¥²Ö¥É¸Ö ´ ¶·Ö¦¥´¨¥³

¶¨É ´¨Ö

�¨¸. 9. Œ ±¸¨³ ²Ó´ Ö ¤μ¸É¨£´ÊÉ Ö  ³¶²¨ÉÊ¤  ¶¨²μμ¡· §´μ£μ Éμ±  (I = 15 �/¤¥²., ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É
600 ƒ¸/¤¥².)

4. Œ�„…‹ˆ��‚��ˆ… ����’› ‘ˆ‘’…Œ› ‘Š��ˆ��‚��ˆŸ Š���‹�
–ˆŠ‹�’���� “-400Œ „‹Ÿ ����Œ…’��‚ ��‚›• Œ�ƒ�ˆ’�›•

‘Š��…��‚

�·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ · ¡μÉÒ ´μ¢μ° ¸¨¸É¥³Ò ¸± ´¨·μ¢ ´¨Ö ¢ ± ´ ²¥, ¶·¥¤´ §´ -
Î¥´´μ³ ¤²Ö μ¡²ÊÎ¥´¨Ö ³¨±·μ¸Ì¥³ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨. ‘Ì¥³  ±μ´¥Î´μ° Î ¸É¨ ± ´ ²  ¸
´μ¢Ò³¨ ¸± ´¥· ³¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 10.
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�¨¸. 10. ‘Ì¥³  ± ´ ² : �S Å £μ·¨§μ´É ²Ó´Ò° ¸± ´¥·; VS Å ¢¥·É¨± ²Ó´Ò° ¸± ´¥·; Foil Å ¤¥£· ¤¥·

� · ³¥É·Ò ´μ¢μ° ¸¨¸É¥³Ò ¸± ´¥·μ¢ ¸²¥¤ÊÕÐ¨¥:
Å  ³¶²¨ÉÊ¤  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B0 ¤μ 1500 ƒ¸;
Å ¤²¨´  ¸± ´¥·μ¢ 30 ¸³;
Å Î ¸ÉμÉ  £μ·¨§μ´É ²Ó´μ£μ ¸± ´¥·  fx = 10 ƒÍ;
Å Î ¸ÉμÉ  ¢¥·É¨± ²Ó´μ£μ ¸± ´¥·  fy = 11 ƒÍ.
� §³¥· μ¡²ÊÎ ¥³μ° ´¥¶μ¤¢¨¦´μ° ³¨Ï¥´¨ 200×200 ³³. �¥μ¤´μ·μ¤´μ¸ÉÓ ¶μ²ÊÎ¥´´μ£μ

· ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ´¥ ¤μ²¦´  ¶·¥¢ÒÏ ÉÓ ¢¥²¨Î¨´Ò ±5%.
�μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¸¨¸É¥³Ò ¸± ´¥·μ¢ Ô´¥·£¨Ö ¶ÊÎ±  ¨μ´μ¢ Ê³¥´ÓÏ ¥É¸Ö ¤μ É·¥-

¡Ê¥³μ£μ §´ Î¥´¨Ö ´  Ëμ²Ó£¥ ¤¥£· ¤¥· , ¶·¨¢μ¤ÖÐ¥° ± Ê¢¥²¨Î¥´¨Õ Ê£²μ¢μ£μ · §¡·μ¸ 
Î ¸É¨Í.

�·¨ ³μ¤¥²¨·μ¢ ´¨¨ ¸Î¨É ²μ¸Ó, ÎÉμ ¶ÊÎμ± ¨³¥¥É £ Ê¸¸μ¢μ · ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨.
‘·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· ¶ÊÎ±  ´  ³¨Ï¥´¨ σ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥

σ =
√

σ2
0 + σ2

f . (1)

‡¤¥¸Ó σ0 Å ¸·¥¤´¥±¢ ¤· É¨Î´Ò° · §³¥· ¶ÊÎ±  ´  ³¨Ï¥´¨ ¶·¨ ¢Ò±²ÕÎ¥´´ÒÌ ¸± ´¥· Ì
¨ Ê¡· ´´μ° Ëμ²Ó£¥ ¤¥£· ¤¥· . ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤¨ ³¥É·
¶ÊÎ±  ´  ³¨Ï¥´¨ 4σ0 · ¢¥´ 8 ¸³. ‚¥²¨Î¨´  σf ¸μμÉ¢¥É¸É¢Ê¥É ¢μ§· ¸É ´¨Õ ¸·¥¤´¥±¢ ¤· -
É¨Î´μ£μ · §³¥·  ¶ÊÎ± , ¸¢Ö§ ´´μ£μ ¸ ¤μ¶μ²´¨É¥²Ó´Ò³ Ê£²μ¢Ò³ · §¡·μ¸μ³ Î ¸É¨Í, ±μÉμ-
·Ò° ¶μÖ¢²Ö¥É¸Ö ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Ëμ²Ó£¨ ¤¥£· ¤¥· . ‚¥²¨Î¨´  σf § ¢¨¸¨É μÉ Ô´¥·£¨¨
¶ÊÎ± , ³ É¥·¨ ²  ¨ Éμ²Ð¨´Ò ¢Ò¡· ´´μ° Ëμ²Ó£¨ ¨ ¨§³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì μÉ ∼ 2,2 ¤μ
∼ 11 ¸³ [6]. � · ³¥É·Ò ¶ÊÎ±μ¢ ¨μ´μ¢,   É ±¦¥ ³ É¥·¨ ² ¨ Éμ²Ð¨´  Ëμ²Ó£¨ ¤¥£· ¤¥· 
¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

‚ · ¸Î¥É Ì ¨¸¶μ²Ó§μ¢ ²¨¸Ó ²¨´¥°´Ò¥ (¸ ¶¨²μμ¡· §´μ° Ëμ·³μ° Éμ±μ¢ (·¨¸. 9)) ¸± -
´¥·Ò ¨ ÊÎ¨ÉÒ¢ ² ¸Ó ´¥²¨´¥°´μ¸ÉÓ Éμ±μ¢ ¢ μ¡³μÉ± Ì ¸± ´¥·μ¢. ˆ´¤Ê±É¨¢´μ¸ÉÓ μ¡³μÉ±¨
¸± ´¥·  ¸μ¸É ¢²Ö²  105 ³ƒ´,   Ô±¢¨¢ ²¥´É´μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ Í¥¶¨ · ¢´Ö²μ¸Ó 1,4 �³.
‘μμÉ¢¥É¸É¢¥´´μ, ¶μ¸ÉμÖ´´ Ö ¢·¥³¥´¨ LR Í¥¶¨ ¸μ¸É ¢²Ö²  75 ³¸.

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´  · ¸¸Î¨É ´´ Ö É· ¥±Éμ·¨Ö ¤¢¨¦¥´¨Ö Í¥´É·  ³ ¸¸ (–Œ) ¶ÊÎ± 
´  ³¨Ï¥´¨ ¤²Ö ¸²ÊÎ Ö º1 (40Ar16+) ¢ É ¡². 1. �´  ¸μμÉ¢¥É¸É¢Ê¥É μ¤´μ±· É´μ³Ê μ¡²ÊÎ¥-
´¨Õ ³¨Ï¥´¨ §  ¢·¥³Ö T0 = 1 ¸. �  ·¨¸. 12 ¶μ± § ´  É· ¥±Éμ·¨Ö, μ¶·¥¤¥²¥´´ Ö ¡¥§ ÊÎ¥É 
´¥²¨´¥°´μ¸É¨ Éμ±μ¢ ¢ μ¡³μÉ± Ì ¸± ´¥·μ¢. �·¨ ¸· ¢´¥´¨¨ ·¨¸Ê´±μ¢ ³μ¦´μ £μ¢μ·¨ÉÓ μ
¸ÊÐ¥¸É¢¥´´μ³ ¢²¨Ö´¨¨ ´¥²¨´¥°´μ¸É¥° ´  ¤¢¨¦¥´¨¥ –Œ.
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’ ¡²¨Í  1. � · ³¥É·Ò ¶ÊÎ±μ¢ ¨μ´μ¢, ³ É¥·¨ ² ¨ Éμ²Ð¨´  Ëμ²Ó£¨ ¤¥£· ¤¥· 

º
’¨¶ �´¥·£¨Ö, Bρ, Œ É¥·¨ ²/Éμ²Ð¨´  � §³¥· ¶ÊÎ± 
¨μ´  ŒÔ‚/´Ê±²μ´ ’² ·³ Ëμ²Ó£¨, ³±³ ´  ³¨Ï¥´¨ 4σ, ¸³

1 40Ar16+ 6,4 0,912 Ta/9 34,8 ¸³

2 40Ar16+ 6,4 0,912 Ta/12,5 45,2

3 209Bi58+ 3,8 1,012 Al/6 11,2

4 20Ne9+ 5,0 0,715 Al/20 16,2

5 40Ar16+ 4,85 0,793 Al/15 14,1

6 40Ar16+ 4,85 0,793 Al/18 15,8

7 84Kr30+ 5,55 0,95 Al/18 13,8

8 132Xe42+ 4,8 0,992 Al/10 11,9

�¨¸. 11. ’· ¥±Éμ·¨Ö ¤¢¨¦¥´¨Ö –Œ ¶ÊÎ±  ´ 

³¨Ï¥´¨

�¨¸. 12. ’· ¥±Éμ·¨Ö ¤¢¨¦¥´¨Ö –Œ ¶ÊÎ±  ´ 

³¨Ï¥´¨ ¡¥§ ÊÎ¥É  ´¥²¨´¥°´μ¸É¨

„²Ö Éμ£μ ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ É·¥¡Ê¥³ÊÕ μ¤´μ·μ¤´μ¸ÉÓ μ¡²ÊÎ¥´¨Ö,  ³¶²¨ÉÊ¤  A ±μ²¥¡ -
´¨° –Œ ¤μ²¦´  Ê¤μ¢²¥É¢μ·ÖÉÓ ¸μμÉ´μÏ¥´¨Õ

A ∼= σ + a, (2)

2a Å · §³¥· μ¡² ¸É¨ μ¡²ÊÎ¥´¨Ö.
�  ·¨¸. 13 ¨ 14 ¶μ± § ´Ò · ¸¸Î¨É ´´Ò¥ £μ·¨§μ´É ²Ó´μ¥ ρ(x) ¨ ¢¥·É¨± ²Ó´μ¥ ρ(y) · ¸-

¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ¤²Ö ¸²ÊÎ Ö º1 ¢ É ¡². 1. ’·¥¡Ê¥³Ò¥  ³¶²¨ÉÊ¤Ò ³ £´¨É´ÒÌ
¶μ²¥° ²¨´¥°´ÒÌ ¸± ´¥·μ¢ B0x = 1118 ƒ¸, B0y = 1243 ƒ¸.

‚ ¸²ÊÎ ¥ º2 (40Ar16+, É ¡². 1) ¤¨ ³¥É· ¶ÊÎ±  ´  ³¨Ï¥´¨ ∼= 45 ¸³, Éμ£¤  ¤²Ö ¶μ²ÊÎ¥´¨Ö
²¨´¥°´Ò³¨ ¸± ´¥· ³¨ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¸ ´Ê¦´μ° ´¥μ¤´μ·μ¤´μ¸ÉÓÕ É·¥¡ÊÕÉ¸Ö ¥Ð¥
¡μ²ÓÏ¨¥  ³¶²¨ÉÊ¤Ò ³ £´¨É´ÒÌ ¶μ²¥° ¢ ¸± ´¥· Ì: B0x = 1215 ƒ¸, B0y = 1345 ƒ¸. ‚ ÔÉμ³
¸²ÊÎ ¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ¸μ¢¶ ¤ ÕÉ ¸ · ¸¶·¥¤¥²¥´¨Ö³¨, ¶μ± § ´´Ò³¨ ´ 
·¨¸. 13 ¨ 14.

�  ·¨¸. 15 ¨ 16 ¶·¨¢¥¤¥´Ò · ¸¸Î¨É ´´Ò¥ £μ·¨§μ´É ²Ó´μ¥ ρ(x) ¨ ¢¥·É¨± ²Ó´μ¥ ρ(y)
· ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ¤²Ö ¸²ÊÎ Ö º3 (209Bi58+) ¢ É ¡². 1.
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�¨¸. 13. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶·¨ y = 0 �¨¸. 14. � ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¶·¨ x = 0

�¨¸. 15. � ¸¸Î¨É ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í

¶·¨ y = 0

�¨¸. 16. � ¸¸Î¨É ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í

¶·¨ x = 0

� ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¸ É·¥¡Ê¥³μ° μ¤´μ·μ¤´μ¸ÉÓÕ  ³¶²¨ÉÊ¤Ò ³ £´¨É´ÒÌ ¶μ²¥° B0x =
899 ƒ¸, B0y = 1000 ƒ¸ ²¨´¥°´Ò³¨ ¸± ´¥· ³¨ ¶μ²ÊÎ ÕÉ¸Ö ³¥´ÓÏ¥, Î¥³ ¢ ¸²ÊÎ ÖÌ º1, 2,
ÎÉμ ¸¢Ö§ ´μ ¸ ³¥´ÓÏ¨³ · §³¥·μ³ ¶ÊÎ± .

‚ ¸²ÊÎ ÖÌ ºº4Ä8 (¸³. É ¡². 1) · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ¸μ¢¶ ¤ ÕÉ ¸ · ¸¶·¥-
¤¥²¥´¨Ö³¨, ¶μ± § ´´Ò³¨ ´  ·¨¸. 15 ¨ 16, ´μ ¤²Ö ± ¦¤μ£μ ¨§ ´¨Ì É·¥¡ÊÕÉ¸Ö ¸¢μ¨ ¢¥²¨Î¨´Ò
 ³¶²¨ÉÊ¤ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¸± ´¥·μ¢. ‚ É ¡². 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢
¤²Ö ¢¸¥Ì · ¸¸³μÉ·¥´´ÒÌ ¸²ÊÎ ¥¢.

’ ¡²¨Í  2. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢

W ,
ŒÔ‚/´Ê±²μ´

Œ É¥·¨ ²/
Éμ²Ð¨´ 
Ëμ²Ó£¨,

³±³

Œ ±¸. �³¶²¨ÉÊ¤ 

�μÉ¥·¨,
%

σ ¶ÊÎ±   ³¶²¨ÉÊ¤Ò ³ £´¨É´μ£μ
�²¥³¥´É Bρ, ´  ³¨Ï¥´¨, ±μ²¥¡ ´¨° ¶μ²Ö

’² ·³ c³ –Œ ¶ÊÎ±  ¢ ¸± ´¥· Ì
Ax/Ay , ¸³ B0x/B0y , ƒ¸

40Ar16+ 6,4 0,912 8,7 Ta/9 19,7/19,9 1118/1243 67
40Ar16+ 6,4 0,912 11,3 Ta/12,2 21,4/21,56 1215/1345 68
209Bi58+ 3,8 1,01 2,8 Al/6 14,2/14,38 899/1000 46
20 Ne9+ 5,0 0,716 4,2 Al/20 14,7/14,9 658/733 37
40Ar16+ 4,85 0,793 3,5 Al/15 13,9/14,0 688/768 37
40Ar16+ 4,85 0,793 3,95 Al/18 14,4/14,7 716/804 37
84Šr30+ 5,55 0,95 3,4 Al/18 13,8/13,9 820/1103 37
132Xe42+ 4,8 0,992 3,0 Al/10 13,3/13,4 827/916 37
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�¥ ²Ó´Ò¥ ¶ÊÎ±¨ ¨μ´μ¢ ³μ£ÊÉ ¨³¥ÉÓ · ¸¶·¥¤¥²¥´¨¥ ¶²μÉ´μ¸É¨ Î ¸É¨Í ¶μ ¸¥Î¥´¨Õ
¶ÊÎ± , ´¥ ¸μ¢¶ ¤ ÕÐ¥¥ ¸ £ Ê¸¸μ¢Ò³. � ¶·¨³¥·, ¢ ¶ÊÎ±¥ ³μ¦¥É μ¡· §μ¢ ÉÓ¸Ö ±² ¸É¥·
¤¨ ³¥É·μ³ ∼ 4 ¸³, ¢ ±μÉμ·μ³ ¸μ¤¥·¦¨É¸Ö §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ Î ¸É¨Í. � ¸Î¥ÉÒ ¶μ-
± § ²¨, ÎÉμ ¤²Ö É ±μ£μ ¶ÊÎ±  ¨ ¤²Ö Î ¸ÉμÉ fx = 10 ƒÍ ¨ fy = 11 ƒÍ ´¥ Ê¤ ¥É¸Ö ¶μ-
²ÊÎ¨ÉÓ É·¥¡Ê¥³Ò° Ê·μ¢¥´Ó μ¤´μ·μ¤´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ρ(x, y). �Éμ μ¡ÑÖ¸´Ö¥É¸Ö ¢²¨Ö-
´¨¥³ ´¥²¨´¥°´μ¸É¥°, ¨¸± ¦ ÕÐ¨Ì ¤¢¨¦¥´¨¥ –Œ ¶ÊÎ±  (¸³. ·¨¸. 11, 12). �É³¥É¨³, ÎÉμ
¨¸¶μ²Ó§μ¢ ´¨¥ ¶·¥¤² £ ¥³μ° ¢ ¤ ´´μ° · ¡μÉ¥ ¸¨¸É¥³Ò ¶¨É ´¨Ö ¸± ´¥·μ¢ ¶μ§¢μ²¨É Ê¸É· -
´¨ÉÓ ´¥²¨´¥°´μ¸É¨ ¨ ¶μ²ÊÎ ÉÓ É·¥¡Ê¥³ÊÕ μ¤´μ·μ¤´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¨ ¤²Ö ¶ÊÎ±μ¢
¤¨ ³¥É·μ³ ∼ 4 ¸³.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸Ì¥³Ò ¶¨É ´¨Ö ¸± ´¥·μ¢ μÉ ¨´¢¥·Éμ·μ¢ ´ ¶·Ö¦¥´¨Ö ÔÉ  § ¤ Î 
³μ¦¥É ¡ÒÉÓ ·¥Ï¥´  ¶·¨ Ê¢¥²¨Î¥´¨¨ Î ¸ÉμÉ ¸± ´¥·μ¢ ¤μ fx = 20 ƒÍ ¨ fy = 21 ƒÍ.
�¤´ ±μ Ê¢¥²¨Î¥´¨¥ ¢ ¤¢  · §  Î ¸ÉμÉÒ · ¡μÉÒ ¸± ´¥·μ¢ ¶·¨¢¥¤¥É ± ·μ¸ÉÊ ³μÐ´μ¸É¨
¶μÉ¥·Ó, ÎÉμ ´¥¦¥² É¥²Ó´μ.

�²ÓÉ¥·´ É¨¢´Ò° ¶ÊÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ § ±²ÕÎ ¥É¸Ö ¢ ¶¥·¥Ìμ¤¥ ´  Î ¸ÉμÉÒ fx = 10 ƒÍ
¨ fy = 11,5 ƒÍ. ‚·¥³Ö ¶μ²´μ£μ μ¤´μ±· É´μ£μ μ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ T0 μ¶·¥¤¥²Ö¥É¸Ö ¨§
¸²¥¤ÊÕÐ¥£μ ¸μμÉ´μÏ¥´¨Ö:

T0 =
Nx

fx
=

Ny

fy
. (3)

‡¤¥¸Ó fx ¨ fy Å Î ¸ÉμÉÒ ±μ²¥¡ ´¨° Éμ±μ¢ ¢ £μ·¨§μ´É ²Ó´μ³ ¨ ¢¥·É¨± ²Ó´μ³ ¸± ´¥· Ì
¸μμÉ¢¥É¸É¢¥´´μ; Nx ¨ Ny Å ³¨´¨³ ²Ó´μ ¢μ§³μ¦´Ò¥ Í¥²Ò¥ Î¨¸² . �É¨ ¢¥²¨Î¨´Ò ¸¢Ö§ ´Ò
· ¢¥´¸É¢μ³

NxTx = NyTy, (4)

£¤¥ Tx ¨ Ty Å ¶¥·¨μ¤Ò ±μ²¥¡ ´¨° Éμ±μ¢ ¢ £μ·¨§μ´É ²Ó´μ³ ¨ ¢¥·É¨± ²Ó´μ³ ¸± ´¥· Ì.
�μ¤¸É ¢²ÖÖ ¢ (4) fx = 10 ƒÍ ¨ fy = 11 ƒÍ, ¶μ²ÊÎ ¥³, ÎÉμ Nx = 10, Ny = 11 ¨ ¢
¸μμÉ¢¥É¸É¢¨¨ ¸ (3) T0 = 1 ¸.

„²Ö ¸²ÊÎ Ö, ±μ£¤  fx = 10 ƒÍ ¨ fy = 11,5 ƒÍ, ¶μ²ÊÎ ¥³, ÎÉμ Nx = 20, Ny = 23,  
T0 = 2 ¸. �  ·¨¸. 17 ¶μ± § ´μ ¤¢¨¦¥´¨¥ –Œ ¶ÊÎ±  ¤¨ ³¥É·μ³ 4 ¸³ ´  ³¨Ï¥´¨ ¤²Ö Î ¸ÉμÉ
fx = 10 ƒÍ ¨ fy = 11,5 ƒÍ.

�¨¸. 17. ’· ¥±Éμ·¨Ö ¤¢¨¦¥´¨Ö –Œ ¶ÊÎ±  ´  ³¨Ï¥´¨
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�¨¸. 18. � ¸¸Î¨É ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í

¶·¨ y = 0

�¨¸. 19. � ¸¸Î¨É ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í

¶·¨ x = 0

�  ·¨¸. 18 ¨ 19 ¶·¥¤¸É ¢²¥´Ò · ¸¸Î¨É ´´Ò¥ £μ·¨§μ´É ²Ó´μ¥ ρ(x) ¨ ¢¥·É¨± ²Ó´μ¥ ρ(y)
· ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨. ˆ§ ·¨¸Ê´±μ¢ ¢¨¤´μ, ÎÉμ ´¥¡μ²ÓÏμ¥ ¨§³¥´¥´¨¥ Î ¸ÉμÉ
¸± ´¥·μ¢ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ É·¥¡Ê¥³ÊÕ μ¤´μ·μ¤´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨,
μ¤´ ±μ ¢·¥³Ö μ¤´μ±· É´μ£μ μ¡²ÊÎ¥´¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ÔÉμ³ ¢ ¤¢  · § .

‡�Š‹�—…�ˆ…

1. � §· ¡μÉ ´  ±μ´Í¥¶Í¨Ö ±μ´¸É·Ê±Í¨¨ ¸± ´¨·ÊÕÐ¥£μ ³ £´¨É  ¸ ¶μ²¥³ 1500 ƒ¸.
2. ˆ§£μÉμ¢²¥´ ¨ Ê¸¶¥Ï´μ ¨¸¶ÒÉ ´ ¶μ²´μ³ ¸ÏÉ ¡´Ò° ³ ±¥É ³ £´¨É .
3. � §· ¡μÉ ´ ¢ ·¨ ´É ¸Ì¥³Ò £¥´¥· Éμ·  Éμ±  ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò, · ¡μÉ ÕÐ¥£μ ´ 

¨´¤Ê±É¨¢´μ-·¥§¨¸É¨¢´ÊÕ ´ £·Ê§±Ê (μ¡³μÉ±Ê ³ £´¨É ).
4. �±¸¶¥·¨³¥´É ²Ó´ Ö ¸Ì¥³  ¨¸¶ÒÉ ´  ´  ·¥ ²Ó´ÊÕ ´ £·Ê§±Ê ¸ ¨´¤Ê±É¨¢´μ¸ÉÓÕ L =

106 ³ƒ´ ¨ ¸μ¶·μÉ¨¢²¥´¨¥³ R = 1,4 �³ ¶·¨ · §²¨Î´ÒÌ Ëμ·³ Ì ¢ÒÌμ¤´μ£μ Éμ±  ¨  ³¶²¨-
ÉÊ¤¥ Éμ±  ¤μ 33 �.

5. �·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ ¸Ì¥³Ò ¸± ´¨·μ¢ ´¨Ö ¨μ´´ÒÌ ¶ÊÎ±μ¢ ´  ³¨Ï¥´¨ · §-
³¥·μ³ 200 × 200 ³³. ’·¥¡Ê¥³ Ö ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶ÊÎ±  ±5% ¤μ¸É¨£ ¥É¸Ö ¤²Ö · §³¥·μ¢
¶ÊÎ±μ¢ ´  ³¨Ï¥´¨ ¶·¨ ¤¨ ³¥É·¥ ¸¥Î¥´¨Ö ¶ÊÎ± , ³¥´ÓÏ¥³ 45,2 ¸³.

6. ’·¥¡Ê¥³ Ö  ³¶²¨ÉÊ¤  ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ´¥ ¶·¥¢ÒÏ ¥É 1300 ƒ¸ ¨ ´ Ìμ¤¨É¸Ö
¢ ¤μ¶Ê¸É¨³μ³ ¶·μ¥±É´μ³ ¤¨ ¶ §μ´¥.

7. � ¡μÎ Ö Î ¸ÉμÉ  £μ·¨§μ´É ²Ó´μ£μ ¸± ´¥·  fx = 10 ƒÍ ¨ ¢¥·É¨± ²Ó´μ£μ Å fy =
11 ƒÍ.

8. �¥¡μ²ÓÏμ¥ ¨§³¥´¥´¨¥ Î ¸ÉμÉ ¸± ´¥·μ¢ (fx = 10 ƒÍ, fy = 11,5 ƒÍ) ¶μ§¢μ²Ö¥É
¶μ²ÊÎ¨ÉÓ É·¥¡Ê¥³ÊÕ μ¤´μ·μ¤´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ´  ³¨Ï¥´¨ ¶·¨ Ê³¥´ÓÏ¥´¨¨
¤¨ ³¥É·  ¶ÊÎ±  ¤μ 4 ¸³.
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