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Œμ²μ± ´μ¢ �. ƒ. P18-2007-90
”μ·³¨·μ¢ ´¨¥ £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö
· ¤¨μÉ¥· ¶¥¢É¨Î¥¸±μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  Ë §μÉ·μ´  ‹Ÿ� �ˆŸˆ

� ¤¨μÉ¥· ¶¨Ö ¶·μÉμ´´Ò³¨ ¶ÊÎ± ³¨ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´Ò¥ ¶·¥¨³ÊÐ¥¸É¢  ¶μ ¸· ¢´¥´¨Õ
¸ £ ³³ -É¥· ¶¨¥° ¨ ¶ÊÎ± ³¨ Ô²¥±É·μ´μ¢. �·μÉμ´Ò ¢Ò¤¥²ÖÕÉ ³ ±¸¨³ ²Ó´ÊÕ Ô´¥·£¨Õ ¢
±μ´Í¥ ¶·μ¡¥£ , μ¡· §ÊÖ ¶¨± �·Ô££ , ¸² ¡μ · ¸¸¥¨¢ ÕÉ¸Ö ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨. �·¨
Ëμ·³¨·μ¢ ´¨¨ · ¤¨μÉ¥· ¶¥¢É¨Î¥¸±μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  ´  Ë §μÉ·μ´¥ ‹Ÿ� �ˆŸˆ ¢Ò-
¢¥¤¥´´Ò° ¶·μÉμ´´Ò° ¶ÊÎμ± ¸ ´¥μ¡Ìμ¤¨³μ° Ô´¥·£¨¥° ¶μ²ÊÎ ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ § ³¥¤²¥´¨Ö
¢Ò¢¥¤¥´´μ£μ ¶ÊÎ±  660 ŒÔ‚ ¢ Ê£²¥·μ¤´μ³ § ³¥¤²¨É¥²¥. „²Ö μÎ¨¸É±¨ ¶ÊÎ±  μÉ ¶·¨³¥¸¨
¢Éμ·¨Î´ÒÌ Î ¸É¨Í ¨ Ê²ÊÎÏ¥´¨Ö Ëμ·³Ò ¶¨±  �·Ô££  ¨¸¶μ²Ó§Ê¥É¸Ö ³ £´¨É´Ò°  ´ ²¨§ ¨
±μ³¶¥´¸¨·ÊÕÐ¨° ±²¨´ ¨§ μ·£¸É¥±² , ¢Ò· ¢´¨¢ ÕÐ¨° Ô´¥·£¨Õ ¶ÊÎ±  ¢ μ¡² ¸É¨ ²¨´¥°-
´μ° ¤¨¸¶¥·¸¨¨. „²Ö · ¸Ï¨·¥´¨Ö £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
· §³¥· ³¨ μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨ ¶·¨³¥´Ö¥É¸Ö ´ ¡μ· £·¥¡¥´Î ÉÒÌ Ë¨²ÓÉ·μ¢, ¶μ§¢μ²ÖÕÐ¨Ì
Ëμ·³¨·μ¢ ÉÓ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸ ¶²μ¸±μ° ¢¥·Ï¨´μ° ¶·μÉÖ¦¥´´μ¸ÉÓÕ μÉ 2 ¤μ 5 ¸³.
ˆ§ÊÎ ²μ¸Ó ¢²¨Ö´¨¥ · §³¥·μ¢ ¨ ³ É¥·¨ ²  ±μ²²¨³ Éμ·μ¢ ´  Ëμ·³Ê £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸-
¶·¥¤¥²¥´¨Ö. �μ± § ´μ, ÎÉμ ¶·¨ ³ ²ÒÌ · §³¥· Ì  ¶¥·ÉÊ· ±μ²²¨³ Éμ·μ¢ £²Ê¡¨´´μ¥ ¤μ§´μ¥
· ¸¶·¥¤¥²¥´¨¥ ¨¸± ¦ ¥É¸Ö, ´  ³ ²ÒÌ Éμ²Ð¨´ Ì ´ ¡²Õ¤ ¥É¸Ö § ³¥É´Ò° ¢±² ¤ Î ¸É¨Í, · ¸-
¸¥¨¢ ÕÐ¨Ì¸Ö ¢ ¸É¥´± Ì ±μ²²¨³ Éμ· , μ¸μ¡¥´´μ ¢ ±μ²²¨³ Éμ· Ì ¨§ ³ É¥·¨ ²  ¸ ¢Ò¸μ±¨³
 Éμ³´Ò³ ´μ³¥·μ³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚. �. „¦¥²¥¶μ¢  �ˆŸˆ.

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2007

Molokanov A.G. P18-2007-90
Forming of the Depth-Dose Distribution
of the Radiotherapy Proton Beam of the JINR Phasotron

Radiation therapy with proton beams has a number of important advantages over conven-
tional radiation therapy with photons and electrons based on the energy deposition processes
which give a well deˇned range in   tissue, a Bragg peak of ionization in the depth-dose
distribution and slow lateral scattering. The radiotherapy proton beam at the JINR Phasotron
is formed by means of slowing down of the initial 660 MeV beam in the carbon degrader.
For clearance of the slowed down proton beam from contaminations of secondary particles
and improvement of the Bragg peak shape the magnetic analysis of the beam and compensate
wedge is used. The set of ridge ˇlters transform the Bragg peak to the depth-dose distribu-
tion with a 	at top from 2 to 5 cm for large target irradiation. In	uence of the collimators
material and aperture on the shape of the proton beam depth-dose distributions was studied.
For the small sizes of collimator aperture the shape of the depth-dose distribution is distorted
especially in collimators made of materials with large atomic number.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Problems,
JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2007
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� ¤¨μÉ¥· ¶¨Ö ¶·μÉμ´´Ò³¨ ¶ÊÎ± ³¨ ¨³¥¥É ¸ÊÐ¥¸É¢¥´´Ò¥ ¶·¥¨³ÊÐ¥¸É¢ 
¶μ ¸· ¢´¥´¨Õ ¸ £ ³³ -É¥· ¶¨¥° ¨ ¶ÊÎ± ³¨ Ô²¥±É·μ´μ¢. �·μÉμ´Ò ¢Ò¤¥²ÖÕÉ
³ ±¸¨³ ²Ó´ÊÕ Ô´¥·£¨Õ ¢ ±μ´Í¥ ¶·μ¡¥£ , μ¡· §ÊÖ ¶¨± �·Ô££ , ¸² ¡μ · ¸¸¥¨¢ -
ÕÉ¸Ö ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨.

�¸´μ¢´Ò³ ¶·¥¨³ÊÐ¥¸É¢μ³ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢ ¢ · ¤¨μÉ¥· -
¶¨¨ Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ Ëμ·³¨·μ¢ ´¨Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ ¤μ§´ÒÌ · ¸¶·¥-
¤¥²¥´¨°, μ¡² ¸ÉÓ ³ ±¸¨³ ²Ó´μ° ¤μ§Ò ±μÉμ·ÒÌ ´ ¨¡μ²¥¥ ¡²¨§±μ ¸μ¢¶ ¤ ¥É ¸
Ëμ·³μ° μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨ ¨ ·¥§±μ ¸¶ ¤ ¥É §  ¥¥ £· ´¨Í ³¨. 
Éμ ¶μ§¢μ²Ö¥É
μ¡²ÊÎ ÉÓ ³¨Ï¥´¨, · ¸¶μ²μ¦¥´´Ò¥ ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨ μÉ ±·¨É¨Î¥-
¸±¨Ì μ·£ ´μ¢, μ¡²ÊÎ¥´¨¥ ±μÉμ·ÒÌ ³μ¦¥É ¶·¨¢¥¸É¨ ± ¸¥·Ó¥§´Ò³ μ¸²μ¦´¥´¨Ö³.

É  ³¥Éμ¤¨±  ´ §Ò¢ ¥É¸Ö É·¥Ì³¥·´μ° ±μ´Ëμ·³´μ° · ¤¨μÉ¥· ¶¨¥° ¨ ¶·¨³¥´Ö-
¥É¸Ö ¶·¨ ²¥Î¥´¨¨ ¶ Í¨¥´Éμ¢ ´  ¶·μÉμ´´μ³ ¶ÊÎ±¥ Ë §μÉ·μ´  ‹Ÿ� �ˆŸˆ [1].

�¥ ²¨§ Í¨Ö ÔÉ¨Ì ¶·¥¨³ÊÐ¥¸É¢ ¶·¥¤ÑÖ¢²Ö¥É ¢Ò¸μ±¨¥ É·¥¡μ¢ ´¨Ö ± ± Î¥-
¸É¢Ê Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ± , ¢Ò¸μ±μ° ÉμÎ´μ¸É¨ ¤μ§¨³¥É·¨¨, ¶² ´¨·μ¢ ´¨Ö, Ë¨±-
¸ Í¨¨ ¶ Í¨¥´É  ´  ¶ÊÎ±¥.

‚ · ¡μÉ¥ μ¶¨¸Ò¢ ÕÉ¸Ö ¸¨¸É¥³  É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¨ Ëμ·³¨·μ¢ ´¨Ö
£²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö, ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö ¶ · ³¥É·μ¢ ¶ÊÎ± 
¢ ± ¡¨´¥ º1 ¤²Ö μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢ ´  Ë §μÉ·μ´¥ ‹Ÿ� �ˆŸˆ.

1. ‘ˆ‘’…Œ� ’���‘���’ˆ��‚Šˆ ˆ ”��Œˆ��‚��ˆŸ
���’����ƒ� �“—Š�

�¸μ¡¥´´μ¸ÉÓÕ Ëμ·³¨·μ¢ ´¨Ö ±²¨´¨Î¥¸±μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  Ë §μÉ·μ´ 
‹Ÿ� �ˆŸˆ Ö¢²Ö¥É¸Ö § ³¥¤²¥´¨¥ ¢Ò¢¥¤¥´´μ£μ ¶¥·¢¨Î´μ£μ ¶ÊÎ±  ¸ Ô´¥·£¨¥°
660 ŒÔ‚ ¤μ É·¥¡Ê¥³μ° ¤²Ö ¶·μ¢¥¤¥´¨Ö · ¤¨μÉ¥· ¶¨¨ ¸·¥¤´¥° Ô´¥·£¨¨ 70Ä
250 ŒÔ‚. ‚ ¶·μÍ¥¸¸¥ § ³¥¤²¥´¨Ö ¶ÊÎμ± § £·Ö§´Ö¥É¸Ö ¶·¨³¥¸Ö³¨ ¢Éμ·¨Î´ÒÌ
Î ¸É¨Í, μ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°, Ë §μ¢Ò° μ¡Ñ¥³
¶ÊÎ±  ¶·¨ ÔÉμ³ ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É¸Ö. �μÔÉμ³Ê ¶·¨ Ëμ·³¨·μ¢ ´¨¨
¶ÊÎ±  ¤²Ö ²ÊÎ¥¢μ° É¥· ¶¨¨ ¶·¨³¥´Ö¥É¸Ö ³ £´¨É´Ò°  ´ ²¨§, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ-
·μ£μ ¶ÊÎμ± μÎ¨Ð ¥É¸Ö μÉ ¶·¨³¥¸¥° ¢Éμ·¨Î´ÒÌ Î ¸É¨Í ¨ ¶·μÉμ´μ¢ ¸ Ô´¥·£¨Ö³¨,
¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÐ¨³¨¸Ö μÉ ¸·¥¤´¥° Ô´¥·£¨¨ ¨ ¨¸± ¦ ÕÐ¨³¨ £²Ê¡¨´´μ¥
¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥. �¤´ ±μ ¥¸²¨ ¶·μ¸Éμ Ê¤ ²ÖÉÓ ¨§ ¶ÊÎ±  ¢¸¥ ¶·μÉμ´Ò, ´¥
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�¨¸. 1. ‘Ì¥³  ± ´ ²  ¤²Ö Ëμ·³¨·μ¢ ´¨Ö § ³¥¤²¥´´ÒÌ · ¤¨μÉ¥· ¶¥¢É¨Î¥¸±¨Ì ¶·μÉμ´-
´ÒÌ ¶ÊÎ±μ¢ ¢ ¤¢ÊÌ ¶·μÍ¥¤Ê·´ÒÌ ± ¡¨´ Ì Ë §μÉ·μ´  ‹Ÿ� �ˆŸˆ

¶μ¶ ¤ ÕÐ¨¥ ¢ Ê§±¨° ¤¨ ¶ §μ´ Ô´¥·£¨¨, ÔÉμ ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê ¸´¨-
¦¥´¨Õ ±μ²¨Î¥¸É¢  ¶·μÉμ´μ¢ ¢ ¶ÊÎ±¥, ¶μ´¨¦¥´¨Õ ³μÐ´μ¸É¨ ¤μ§Ò ¢ ± ¡¨´¥ ¨
Ê¢¥²¨Î¥´¨Õ ¢·¥³¥´¨ μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢.

‘Ì¥³  ± ´ ²  ¤²Ö Ëμ·³¨·μ¢ ´¨Ö ¨ É· ´¸¶μ·É¨·μ¢±¨ ¶·μÉμ´´μ£μ ¶ÊÎ± 
¢ ¤¢¥ ¶·μÍ¥¤Ê·´Ò¥ ± ¡¨´Ò ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. ‚Ò¢¥¤¥´´Ò° ¨§ ± ³¥·Ò
Ë §μÉ·μ´  ¶·μÉμ´´Ò° ¶ÊÎμ± ¸ ¶μ³μÐÓÕ ³ £´¨Éμ¢ Ëμ±Ê¸¨·Ê¥É¸Ö ´  ¢Ìμ¤ Ê£²¥-
·μ¤´μ£μ § ³¥¤²¨É¥²Ö, ¢ ±μÉμ·μ³ Ô´¥·£¨Ö ¶ÊÎ±  Ê³¥´ÓÏ ¥É¸Ö ¤μ ´¥μ¡Ìμ¤¨³μ°
¸·¥¤´¥° Ô´¥·£¨¨. �ÊÎμ±  ´ ²¨§¨·Ê¥É¸Ö ¸¨¸É¥³μ° ¨§ É·¥Ì ³ £´¨Éμ¢ ‘�-37,
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‘�-10 ¨ ‘�-57, ±μÉμ·Ò¥ μÉ±²μ´ÖÕÉ ¶ÊÎμ± ´  Ê£²Ò 32, 9,5 ¨ 14,5◦, ¸μμÉ¢¥É-
¸É¢¥´´μ. � §·¥Ï¥´¨¥  ´ ²¨§¨·ÊÕÐ¥° ³ £´¨É´μ° ¸¨¸É¥³Ò § ¢¨¸¨É μÉ Ï¨·¨´Ò
±μ²²¨³ Éμ·μ¢ ´  ¢ÒÌμ¤¥ Ê£²¥·μ¤´μ£μ § ³¥¤²¨É¥²Ö Š1 ¨ §  ¸¨¸É¥³μ° ³ £´¨Éμ¢.

„Ê¡²¥É ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ „3, · ¸¶μ²μ¦¥´´Ò° ´  ¢ÒÌμ¤¥ ±μ²²¨³ Éμ· 
¨§ § Ð¨É´μ° ¸É¥´Ò, Ëμ±Ê¸¨·Ê¥É ¶·μÉμ´´Ò° ¶ÊÎμ± ¢ ÉμÎ±¥ ´  · ¸¸ÉμÖ´¨¨
μ±μ²μ 150 ¸³ §  ¶μ¢μ·μÉ´Ò³ ³ £´¨Éμ³ ‘�-57, £¤¥ · ¸¶μ² £ ¥É¸Ö  ¢Éμ³ É¨§¨-
·μ¢ ´´ Ö ±μ²²¨³ Éμ·´ Ö ¸¨¸É¥³  �Š‘.

„¢  ¤Ê¡²¥É  ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Œ‹-10 ¨ ¶ÖÉÓ É·¨¶²¥Éμ¢ (’1Ä’5) ¸²Ê-
¦ É ¤²Ö É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  ¢ ¶·μÍ¥¤Ê·´Ò¥ ¶μ³¥Ð¥´¨Ö ¨ ±μ³¶¥´¸ Í¨¨
²¨´¥°´μ° ¤¨¸¶¥·¸¨¨ ¢ ± ¡¨´¥ μ¡²ÊÎ¥´¨Ö. Œ £´¨É ‘�-56 ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö
· §¢μ¤±¨ ¶ÊÎ±  ¢ ± ¡¨´Ò μ¡²ÊÎ¥´¨Ö º1 ¨ º2. �μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ¶·μ-
Éμ´´ÒÌ ¶ÊÎ±μ¢ ¢ ± ¦¤μ° ¨§ ¶·μÍ¥¤Ê·´ÒÌ ± ¡¨´ Ëμ·³¨·Ê¥É¸Ö ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ¸¨¸É¥³Ò μ¸´μ¢´ÒÌ ¨ ¨´¤¨¢¨¤Ê ²Ó´ÒÌ ±μ²²¨³ Éμ·μ¢, Ê¸É ´ ¢²¨¢ ¥³ÒÌ
´¥¶μ¸·¥¤¸É¢¥´´μ ¶¥·¥¤ μ¡²ÊÎ ¥³Ò³ μ¡Ñ¥±Éμ³. ’· ´¸¶μ·É¨·μ¢±  ¶ÊÎ±  μ¸Ê-
Ð¥¸É¢²Ö¥É¸Ö ¢´ÊÉ·¨ ¢ ±ÊÊ³´μ£μ ± ´ ² .

‡ ³¥¤²¥´´Ò° ¶·μÉμ´´Ò° ¶ÊÎμ± ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ ¸¨¸É¥³Ê É·¥Ì
¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢ ¶·¨μ¡·¥É ¥É ²¨´¥°´ÊÕ ¤¨¸¶¥·¸¨Õ, É· ¥±Éμ·¨¨ Î ¸É¨Í ¸
· §²¨Î´Ò³¨ Ô´¥·£¨Ö³¨ ¶·μ¸É· ´¸É¢¥´´μ · §¤¥²ÖÕÉ¸Ö, ¶·¨ ÔÉμ³ ¸·¥¤´ÖÖ Ô´¥·-
£¨Ö ¶·μÉμ´μ¢ § ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò μÉ±²μ´¥´¨Ö μÉ μ¸¨ ¶ÊÎ±  ¢ £μ·¨§μ´É ²Ó-
´μ° ¶²μ¸±μ¸É¨. 
Éμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¢ ³ £´¨É´μ³ ¶μ²¥ ¶·μÉμ´Ò ¸ ¡μ²¥¥
¢Ò¸μ±¨³ ¨³¶Ê²Ó¸μ³ μÉ±²μ´ÖÕÉ¸Ö ´  ³¥´ÓÏ¨° Ê£μ², Î¥³ ¶·μÉμ´Ò ¸ ´¨§±¨³
¨³¶Ê²Ó¸μ³.

�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° Ì · ±É¥·¨¸É¨±  ´ ²¨§¨·ÊÕ-
Ð¥° ³ £´¨É´μ° ¸¨¸É¥³Ò ´  ¶ÊÎ±¥ ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥° 180 ŒÔ‚ ¢ ¶·μÍ¥¤Ê·-
´μ° ± ¡¨´¥ º1. 
É¨ ¨§³¥·¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ §  ¸¨¸É¥³μ° ¶μ¢μ·μÉ´ÒÌ
³ £´¨Éμ¢ ´ ¡²Õ¤ ¥É¸Ö § ¢¨¸¨³μ¸ÉÓ ¨³¶Ê²Ó¸  ¨ Ô´¥·£¨¨ μÉ ¢¥²¨Î¨´Ò μÉ±²μ´¥-
´¨Ö μÉ μ¸¨ ¶ÊÎ± . �·¨¢¥¤¥´Ò É ±¦¥ § ¢¨¸¨³μ¸É¨ ¨´É¥´¸¨¢´μ¸É¨ ¨ ¤¨¸¶¥·¸¨¨
¶·μ¡¥£  ¶ÊÎ± , Ì · ±É¥·¨§ÊÕÐ¨¥ μÉ´μ¸¨É¥²Ó´ÊÕ ÔËË¥±É¨¢´μ¸ÉÓ É· ´¸¶μ·É¨-
·μ¢±¨ ¶ÊÎ±  ¨ ¤¨¸¶¥·¸¨Õ ¶·μ¡¥£  ¶·μÉμ´μ¢, μ¡Ê¸²μ¢²¥´´ÊÕ Ì·μ³ É¨Î¥¸±¨³¨
 ¡¥·· Í¨Ö³¨ ±¢ ¤·Ê¶μ²Ó´μ£μ ¤Ê¡²¥É  „3.

‘ ¶μ³μÐÓÕ  ¢Éμ³ É¨§¨·μ¢ ´´μ° ±μ²²¨³ Éμ·´μ° ¸¨¸É¥³Ò �Š‘ ¡Ò²μ
¸Ëμ·³¨·μ¢ ´μ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸ ¶²μ¸±μ° ¢¥·Ï¨-
´μ° ¶·μÉÖ¦¥´´μ¸ÉÓÕ ¤μ 5 ¸³ [2, 3]. �¤´ ±μ ´¨§± Ö ¨´É¥´¸¨¢´μ¸ÉÓ ¨ ¸²μ¦-
´μ¸ÉÓ ´ ¸É·μ°±¨ É ±μ£μ ¶ÊÎ±  ´¥ ¶μ§¢μ²¨²¨ ÔËË¥±É¨¢´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¥£μ ¤²Ö
¶·μ¢¥¤¥´¨Ö · ¤¨μÉ¥· ¶¨¨. ‚ ¤ ²Ó´¥°Ï¥³ �Š‘ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¤²Ö μ¡·¥§ ´¨Ö
¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ ¶ÊÎ± , ¶·¨ ÔÉμ³ ¢ ± ¡¨´Ê ¢Ò¢μ¤¨²¸Ö ¶·μÉμ´´Ò°
¶ÊÎμ± ¸ ¤μ¸É ÉμÎ´μ Ï¨·μ±¨³ ¨³¶Ê²Ó¸´Ò³ · ¸¶·¥¤¥²¥´¨¥³, ´μ ·¥§±μ μ¡·¥§ ´-
´Ò° ¸μ ¸Éμ·μ´Ò ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° Î ¸É¨ ¸¶¥±É· , ÎÉμ Ê³¥´ÓÏ ²μ μ¡² ¸ÉÓ
¸¶ ¤  ¶ÊÎ±  §  ¶¨±μ³ �·Ô££  μÉ 80 ¤μ 20% ¤μ 11 ³³.

�·μ¡¥£ ¶·μÉμ´μ¢ §   ´ ²¨§¨·ÊÕÐ¥° ³ £´¨É´μ° ¸¨¸É¥³μ° ³μ¦¥É ¡ÒÉÓ  ¶-
¶·μ±¸¨³¨·μ¢ ´ ²¨´¥°´μ° § ¢¨¸¨³μ¸ÉÓÕ μÉ £μ·¨§μ´É ²Ó´μ° ±μμ·¤¨´ ÉÒ ¶ÊÎ± .

É  · §´¨Í  ¶·μ¡¥£μ¢ ³μ¦¥É ¡ÒÉÓ Ê¸É· ´¥´  ¸ ¶μ³μÐÓÕ ±μ³¶¥´¸¨·ÊÕÐ¥£μ
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�¨¸. 2. • · ±É¥·¨¸É¨±¨  ´ ²¨§¨·ÊÕÐ¥° ³ £´¨É´μ° ¸¨¸É¥³Ò ¤²Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¸μ
¸·¥¤´¥° Ô´¥·£¨¥° 180 ŒÔ‚ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò μÉ±²μ´¥´¨Ö μÉ μ¸¨ ¶ÊÎ±  ¢
£μ·¨§μ´É ²Ó´μ° ¶²μ¸±μ¸É¨

±²¨´ , Ê¸É ´ ¢²¨¢ ¥³μ£μ ¢ μ¡² ¸É¨ ²¨´¥°´μ° ¤¨¸¶¥·¸¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ± ,
±μÉμ·Ò° Ê· ¢´¨¢ ¥É μ¸É ÉμÎ´ÊÕ Ô´¥·£¨Õ ¶·μÉμ´μ¢ ¢ · §²¨Î´ÒÌ Î ¸ÉÖÌ ¶ÊÎ± ,
¢ ·¥§Ê²ÓÉ É¥ ÔÉμ° ±μ³¶¥´¸ Í¨¨ · §´¨ÍÒ ¶·μ¡¥£μ¢ ¶·μÉμ´μ¢ ¢ ¶ÊÎ±¥ Ê²ÊÎÏ -
¥É¸Ö Ëμ·³  £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö.

„²Ö Ëμ·³¨·μ¢ ´¨Ö ¶ÊÎ±  ¸ ¡μ²¥¥ ±·ÊÉÒ³ ¸¶ ¤μ³ ¤μ§Ò §  ¶¨±μ³ �·Ô££  ¢
μ¡² ¸É¨ ²¨´¥°´μ° ¤¨¸¶¥·¸¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  Ê¸É ´μ¢²¥´ § ³¥¤²¨É¥²Ó, ¢Ò-
¶μ²´¥´´Ò° ¢ ¢¨¤¥ ±²¨´  ¨§ μ·£¸É¥±² . ’μ²Ð¨´  § ³¥¤²¨É¥²Ö ³ ±¸¨³ ²Ó´  ¢
³¥¸É¥ ¶·μÌμ¦¤¥´¨Ö ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ ¶·μÉμ´μ¢ ¨ ¸¶ ¤ ¥É ¤μ ´Ê²Ö É ³, £¤¥
¶·μÌμ¤ÖÉ Î ¸É¨ÍÒ ¸ ³¨´¨³ ²Ó´μ° Ô´¥·£¨¥°. �·¨ ¶· ¢¨²Ó´μ³ ¢Ò¡μ·¥ ¶ · ³¥-
É·μ¢ ±²¨´  Ô´¥·£¨¨ ¶·μÉμ´μ¢ ¢Ò· ¢´¨¢ ÕÉ¸Ö, ¢ ·¥§Ê²ÓÉ É¥ Î¥£μ ¶¨± �·Ô££ 
¸É ´μ¢¨É¸Ö ¡μ²¥¥ μ¸É·Ò³ ¨ μ¡² ¸ÉÓ ¸¶ ¤  ¤μ§Ò §  ´¨³ Ê³¥´ÓÏ ¥É¸Ö.

�μ¤μ¡´Ò° ³¥Éμ¤ ¨¸¶μ²Ó§μ¢ ²¸Ö ¶·¨ Ëμ·³¨·μ¢ ´¨¨ ¶¨-³¥§μ´´μ£μ ¶ÊÎ± 
¢ LAMPF, ‹μ¸-�² ³μ¸, ‘˜� [4, 5], · ¡μÉ  ¶μ ¨¸¶μ²Ó§μ¢ ´¨Õ ±²¨´  ¤²Ö
Ëμ·³¨·μ¢ ´¨Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¶·μ¢μ¤¨² ¸Ó ¢ ‹Ÿ� �ˆŸˆ [6].
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�¨¸. 3. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö μÉ ¢¸¥£μ ¶ÊÎ±  (�), ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° (�)
¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ° (�) ¥£μ Î ¸É¥°

� · ³¥É·Ò ±²¨´  ¡Ò²¨ μ¶·¥¤¥²¥´Ò ´  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ ¶·μ¢¥¤¥´´ÒÌ
¨§³¥·¥´¨° Ô´¥·£¨° ¨ ¶·μ¡¥£μ¢ ¶·μÉμ´μ¢, ¶·μÏ¥¤Ï¨Ì ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ-
´¨ÖÌ μÉ μ¸¨ ¶ÊÎ± .

‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ´¥μ¤´μ·μ¤´μ£μ § ³¥¤²¥´¨Ö ¶·μ¨¸Ìμ¤¨É ±μ³¶¥´¸ Í¨Ö
· §´¨ÍÒ ¢ Ô´¥·£¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¨ Ô´¥·£¨Ö ¶·μÉμ´μ¢ ¢ · §²¨Î´ÒÌ Î ¸ÉÖÌ
¶ÊÎ±  ¢Ò· ¢´¨¢ ¥É¸Ö. � §¡·μ¸ ¶·μ¡¥£μ¢ ¶·μÉμ´μ¢ §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É¸Ö,
¨ ¶¨± �·Ô££  ¸É ´μ¢¨É¸Ö ¡μ²¥¥ μ¸É·Ò³, μ¡² ¸ÉÓ ¸¶ ¤  ¤μ§Ò §  ¶¨±μ³ �·Ô££ 
Ê³¥´ÓÏ ¥É¸Ö.

�  ·¨¸. 3 ¶μ± § ´Ò £²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¢ ± ¡¨´¥ º1 ¢¸¥£μ
¶·μÉμ´´μ£μ ¶ÊÎ±  ¨ ¥£μ μÉ¤¥²Ó´ÒÌ Î ¸É¥°, ´¨§±μÔ´¥·£¥É¨Î¥¸±μ° ¨ ¶μ¤Éμ·-
³μ¦¥´´μ° ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ°, ¸· ¢´¥´¨¥ ±μÉμ·ÒÌ ¶μ¤É¢¥·¦¤ ¥É ¶· ¢¨²Ó-
´μ¸ÉÓ · ¸Î¥É  ¶ · ³¥É·μ¢ ±μ³¶¥´¸¨·ÊÕÐ¥£μ ±²¨´ .

ƒ²Ê¡¨´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸Ëμ·³¨·μ¢ ´´μ£μ É ±¨³ ¸¶μ¸μ¡μ³ ¶ÊÎ± 
¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 4. Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ±·ÊÉ¨§´  ¸¶ ¤  ¤μ§Ò §  ¶¨-
±μ³ �·Ô££  § ¢¨¸¨É μÉ Ï¨·¨´Ò Ð¥²¥¢μ£μ ±μ²²¨³ Éμ·  Š1. �¶É¨³ ²Ó´Ò³ ¤²Ö
±²¨´¨Î¥¸±μ£μ ¶ÊÎ±  Ö¢²Ö¥É¸Ö ±μ²²¨³ Éμ· Ï¨·¨´μ° 2 ¸³. �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥
¶·¨¢¥¤¥´  ±·¨¢ Ö �·Ô££  ¤²Ö ¶ÊÎ± , ¸Ëμ·³¨·μ¢ ´´μ£μ ¡¥§ ¨¸¶μ²Ó§μ¢ ´¨Ö ±μ³-
¶¥´¸¨·ÊÕÐ¥£μ ±²¨´ . ˆ§ ¸· ¢´¥´¨Ö ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨° ¸²¥¤Ê¥É, ÎÉμ · ¸¸Éμ-
Ö´¨¥, ´  ±μÉμ·μ³ ¶·μ¨¸Ìμ¤¨É ¸¶ ¤ ¤μ§Ò μÉ 80 ¤μ 20%, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
±²¨´  Ê³¥´ÓÏ ¥É¸Ö ¸ 11 ¤μ 7 ³³.
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�¨¸. 4. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶ÊÎ±  ¶·¨ · §²¨Î´μ° Ï¨·¨´¥ ±μ²²¨³ Éμ· 
¸ ±μ³¶¥´¸¨·ÊÕÐ¨³ ±²¨´μ³ ¨ ¡¥§ ±²¨´ 

�·¨ ÔÉμ³ ³μÐ´μ¸ÉÓ ¤μ§Ò ¶·μÉμ´´μ£μ ¶ÊÎ±  ¢ ¶¨±¥ �·Ô££  É ±¦¥ ¢μ§· -
¸É ¥É ¨ ¸É ´μ¢¨É¸Ö · ¢´μ° 1,2 ƒ·/³¨´ ´  1 ³±� ¢Ò¢¥¤¥´´μ£μ ¶ÊÎ± .

2. Œ�„ˆ”ˆŠ�–ˆŸ ƒ‹“�ˆ��›• „�‡�›• ��‘��…„…‹…�ˆ‰
‘ ��Œ�™œ� ƒ�…�…�—�’›• ”ˆ‹œ’��‚

�·¨ μ¡²ÊÎ¥´¨¨ ¶ Í¨¥´Éμ¢ ´  ¶·μÉμ´´μ³ ¶ÊÎ±¥ ¤²Ö · ¢´μ³¥·´μ£μ μ¡²ÊÎ¥-
´¨Ö ³¨Ï¥´¨ É·¥¡Ê¥É¸Ö · ¸Ï¨·¨ÉÓ ¨³¥ÕÐ¥¥¸Ö £²Ê¡¨´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥-
´¨¥ Å ¶¨± �·Ô££  ¤μ 2Ä5 ¸³ ¢ § ¢¨¸¨³μ¸É¨ μÉ · §³¥·μ¢ μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨.
� ¨¡μ²¥¥ ¶·μ¸ÉÒ³ ¨ Ê¤μ¡´Ò³ Ê¸É·μ°¸É¢μ³ ¤²Ö ÔÉμ£μ Ö¢²Ö¥É¸Ö £·¥¡¥´Î ÉÒ°
Ë¨²ÓÉ·. ƒ·¥¡¥´Î ÉÒ° Ë¨²ÓÉ· Å ÔÉμ Ê¸É ´ ¢²¨¢ ¥³Ò° ´  ¶ÊÉ¨ ¶ÊÎ±  ÉÖ¦¥²ÒÌ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í § ³¥¤²¨É¥²Ó, Éμ²Ð¨´  ±μÉμ·μ£μ ³¥´Ö¥É¸Ö ¢ ¶μ¶¥·¥Î´μ³
¸¥Î¥´¨¨ ¶ÊÎ±  ¶μ μ¶·¥¤¥²¥´´μ³Ê § ±μ´Ê (·¨¸. 5). — ¸É¨ÍÒ, ¶·μÌμ¤ÖÐ¨¥ Î¥-
·¥§ · §²¨Î´Ò¥ ÊÎ ¸É±¨ £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ·  (· §²¨Î´ÊÕ Éμ²Ð¨´Ê ¢¥Ð¥¸É¢ 
£·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· ) ¨ É¥·ÖÕÐ¨¥ ¶·¨ ÔÉμ³ Î ¸ÉÓ ¶¥·¢μ´ Î ²Ó´μ° Ô´¥·£¨¨,
μ¡· §ÊÕÉ ´ ¡μ· ¶¨±μ¢ �·Ô££  ¸ Ê³¥´ÓÏ¥´´Ò³ ¶·μ¡¥£μ³. ‘ ¶μ³μÐÓÕ · ¸¸¥¨-
¢ É¥²Ö ¶ÊÎμ± ¶¥·¥³¥Ï¨¢ ¥É¸Ö, ¨ ¢ ·¥§Ê²ÓÉ É¥ ¸Ê³³¨·μ¢ ´¨Ö ÔÉ¨Ì ¸¤¢¨´ÊÉÒÌ
¶¨±μ¢ ¸ ´¥§ ³¥¤²¥´´μ° Î ¸ÉÓÕ ¶ÊÎ±  Ëμ·³¨·Ê¥É¸Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ ¤μ§´μ¥
· ¸¶·¥¤¥²¥´¨¥.
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�¨¸. 5. ‘Ì¥³  ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ·  ¨ ·¥§Ê²ÓÉ É · ¸Î¥É  ³μ¤¨-
Ë¨Í¨·μ¢ ´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö

Šμ´Ë¨£Ê· Í¨Ö £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ·  ¤μ²¦´  ¡ÒÉÓ · ¸¸Î¨É ´  É ±¨³ μ¡· -
§μ³, ÎÉμ¡Ò ¶·μÏ¥¤Ï¨¥ Î¥·¥§ ´¥£μ ¶·μÉμ´Ò ¶·¨ ¸³¥Ï¨¢ ´¨¨ μ¡· §μ¢Ò¢ ²¨
§ ¤ ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ (¶²μ¸±ÊÕ ¢¥·Ï¨´Ê ¸ ¶μ¸ÉμÖ´´μ° ³μÐ´μ¸ÉÓÕ ¤μ§Ò § -
¤ ´´μ° ¶·μÉÖ¦¥´´μ¸É¨). Šμ²¨Î¥¸É¢μ ¨¸¶μ²Ó§Ê¥³ÒÌ Ï £μ¢ £·¥¡¥´Î Éμ£μ Ë¨²Ó-
É·  μ¶·¥¤¥²Ö¥É¸Ö É·¥¡μ¢ ´¨Ö³¨ ± ¶·μÉÖ¦¥´´μ¸É¨ ¶²μ¸±μ° ¢¥·Ï¨´Ò £²Ê¡¨´-
´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨ ¥£μ μ¤´μ·μ¤´μ¸É¨. ˜ £ £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· 
T ¨ Éμ²Ð¨´  · ¸¸¥¨¢ É¥²Ö ¤μ²¦´Ò μ¡¥¸¶¥Î¨ÉÓ · ¢´μ³¥·´μ¥ ¸³¥Ï¨¢ ´¨¥ ¢ ¶μ-
¶¥·¥Î´μ³ ¸¥Î¥´¨¨ ¤μ§´μ£μ ¶μ²Ö ¶·μÉμ´μ¢, ¶·μÏ¥¤Ï¨Ì · §²¨Î´Ò¥ Éμ²Ð¨´Ò
¢¥Ð¥¸É¢  ¢ ÔÉμ³ Ë¨²ÓÉ·¥.

‚ ‹Ÿ� �ˆŸˆ ¶·¥¤²μ¦¥´  ²¨´¥°´μ-¸ÉÊ¶¥´Î É Ö ±μ´¸É·Ê±Í¨Ö £·¥¡¥´Î -
Éμ£μ Ë¨²ÓÉ·  [7], ¸Ì¥³  ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ±μÉμ·μ£μ ¶·¨¢¥¤¥´  ´  ·¨¸. 5.
”¨²ÓÉ· ´ ¡¨· ¥É¸Ö ¨§ ¶² ¸É¨´, ±μ²¨Î¥¸É¢μ, ³ É¥·¨ ² ¨ · §³¥·Ò ±μÉμ·ÒÌ ¢Ò-
¡¨· ÕÉ¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ Ëμ·³Ò £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¨¸Ìμ¤-
´μ£μ ¶ÊÎ±  ¨ É·¥¡Ê¥³μ° ¶·μÉÖ¦¥´´μ¸É¨ ¶²μ¸±μ£μ ³ ±¸¨³Ê³  Ëμ·³¨·Ê¥³μ£μ
¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö.

‚ É ±μ³ £·¥¡¥´Î Éμ³ Ë¨²ÓÉ·¥ ¶·¥μ¡· §μ¢ ´¨¥ £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸-
¶·¥¤¥²¥´¨Ö ¶·μ¨¸Ìμ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ¸Ê³³¨·μ¢ ´¨Ö ¨³¥ÕÐ¥°¸Ö ¨¸Ìμ¤´μ° ±·¨-
¢μ° �·Ô££  ¸ ·Ö¤μ³ É ±¨Ì ¦¥ ±·¨¢ÒÌ �·Ô££ , ¸³¥Ð¥´´ÒÌ μÉ´μ¸¨É¥²Ó´μ ¨¸-
Ìμ¤´μ° ´  Éμ²Ð¨´Ê ti, ¨ ¸ ¢¥²¨Î¨´ ³¨ μÉ´μ¸¨É¥²Ó´μ° ¨´É¥´¸¨¢´μ¸É¨ ρi =
Δxi/T , £¤¥ Δxi Å Éμ²Ð¨´  i-° ¶² ¸É¨´Ò,   T Å Ï £ £·¥¡¥´Î Éμ£μ Ë¨²Ó-
É· , μ¶·¥¤¥²ÖÕÐ¨³¨¸Ö Î ¸ÉÓÕ ¶ÊÎ± , ¶·μÏ¥¤Ï¥£μ ¤ ´´ÊÕ Éμ²Ð¨´Ê ¢¥Ð¥¸É¢ 
Ë¨²ÓÉ· .

�  ·¨¸. 5 ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· , £¤¥ ± μ¸´μ¢-
´μ³Ê ¶¨±Ê �·Ô££  ¤μ¡ ¢²ÖÕÉ¸Ö ¥Ð¥ Î¥ÉÒ·¥ É ±¨Ì ¦¥ ¶¨± , § ³¥¤²¥´´ÒÌ ¢
¶² ¸É¨´ Ì £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· .
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�¨¸. 6. ƒ²Ê¡¨´´μ-¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¡¥§ £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· 
¨ ¸ Î¥ÉÒ·Ó³Ö · §²¨Î´Ò³¨ £·¥¡¥´Î ÉÒ³¨ Ë¨²ÓÉ· ³¨

�  ·¨¸. 6 ¨§μ¡· ¦¥´ ´ ¡μ· £²Ê¡¨´´ÒÌ ¤μ§´ÒÌ · ¸¶·¥¤¥²¥´¨° ¶·μÉμ´´μ£μ
¶ÊÎ± , ¸Ëμ·³¨·μ¢ ´´ÒÌ ¸ ¶μ³μÐÓÕ Î¥ÉÒ·¥Ì £·¥¡¥´Î ÉÒÌ Ë¨²ÓÉ·μ¢, ±μÉμ-
·Ò¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤²Ö · ¤¨μÉ¥· ¶¨¨ ¶ Í¨¥´Éμ¢. ‚Ò¡μ· £·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· 
μ¶·¥¤¥²Ö¥É¸Ö · §³¥· ³¨ μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨.

3. ”��Œˆ��‚��ˆ… �“—Š� ‚ ��„ˆ�’…���…‚’ˆ—…‘Š�‰
Š��ˆ�…

�ÊÎμ± ¢ÒÌμ¤¨É ¢ ± ¡¨´Ê ¨§ ¢ ±ÊÊ³´μ£μ ± ´ ²  ¨ ¶¥·¥¸¥± ¥É ¨μ´¨§ Í¨μ´-
´Ò¥ ³μ´¨Éμ·´Ò¥ ± ³¥·Ò ¨ ³´μ£μ¶·μ¢μ²μÎ´Ò¥ ¶·μË¨²μ³¥É·Ò, ±μÉμ·Ò¥ ±μ´-
É·μ²¨·ÊÕÉ ± ± μÉ¶Ê¸± ¥³ÊÕ ¶·¨ μ¡²ÊÎ¥´¨¨ ¤μ§Ê, É ± ¨ £μ·¨§μ´É ²Ó´Ò° ¨
¢¥·É¨± ²Ó´Ò° ¶·μË¨²¨ ¶ÊÎ± . „ ²¥¥ ¶μ Ìμ¤Ê ¶ÊÎ±  · ¸¶μ² £ ¥É¸Ö ³ ¸¸¨¢´Ò°
±μ²²¨³ Éμ· Š1, μ¡·¥§ ÕÐ¨° ¶¥·¨Ë¥·¨Î¥¸±ÊÕ Î ¸ÉÓ ¶ÊÎ±  ¨ Ëμ´ μÉ ¶·μÉμ´μ¢,
· ¸¸¥Ö´´ÒÌ ´  ¸É¥´± Ì ¢ ±ÊÊ³´μ£μ ± ´ ²  É· ´¸¶μ·É¨·μ¢±¨ ¶ÊÎ±  (·¨¸. 7).
�  ¢ÒÌμ¤¥ ±μ²²¨³ Éμ·  Š1 Ê¸É ´ ¢²¨¢ ¥É¸Ö μ¤¨´ ¨§ ¸³¥´´ÒÌ £·¥¡¥´Î ÉÒÌ
Ë¨²ÓÉ·μ¢. �·μ³¥¦ÊÉμÎ´Ò° ±μ²²¨³ Éμ· Š2 μ¡·¥§ ¥É ¶·μÉμ´Ò, · ¸¸¥Ö¢Ï¨¥¸Ö
¢ ¸¨¸É¥³¥ ³μ´¨Éμ·¨·μ¢ ´¨Ö ¶ÊÎ± , ±μ²²¨³ Éμ·¥ Š1 ¨ ¢ £·¥¡¥´Î Éμ³ Ë¨²ÓÉ·¥.
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�¨¸. 7. ‘Ì¥³  Ëμ·³¨·μ¢ ´¨Ö ¨ ¨§³¥·¥´¨Ö ¶ · ³¥É·μ¢ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¢ ± ¡¨´¥
º1. Šμ²²¨³ Éμ·Ò Š1, Š2 ¨ Ëμ·³¨·ÊÕÐ¨° ±μ²²¨³ Éμ· ”Š, £·¥¡¥´Î ÉÒ° Ë¨²ÓÉ· ¨
¤μ¶μ²´¨É¥²Ó´Ò° § ³¥¤²¨É¥²Ó

”μ·³¨·ÊÕÐ¨° ±μ²²¨³ Éμ· ”Š, Ëμ·³  ±μÉμ·μ£μ ¢ÒÎ¨¸²Ö¥É¸Ö ¤²Ö ± ¦¤μ£μ
¶μ²Ö μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´É , · ¸¶μ² £ ¥É¸Ö ¶¥·¥¤ ¶ Í¨¥´Éμ³ ¨ Ëμ·³¨·Ê¥É ¶μ¶¥-
·¥Î´μ¥ ¸¥Î¥´¨¥ ¶ÊÎ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ëμ·³¥ μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨.

ˆ§ÊÎ ²μ¸Ó ¢²¨Ö´¨¥ · §³¥·μ¢ ¨ ³ É¥·¨ ²  ±μ²²¨³ Éμ·μ¢ ´  Ëμ·³Ê £²Ê-
¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö. �·¨ ¶·μÌμ¦¤¥´¨¨ ¶ÊÎ±  Î¥·¥§ ±μ²²¨³ Éμ·Ò
μÉ· ¦¥´¨¥ ¶·μÉμ´μ¢ μÉ ¸É¥´μ± ±μ²²¨³ Éμ·  ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ ´¥μ¤-
´μ·μ¤´μ¸É¨ ¶·μË¨²Ö ¶ÊÎ± , É ± ´ §Ò¢ ¥³μ³Ê ±μ²²¨³ Éμ·´μ³Ê ÔËË¥±ÉÊ [8].
‚μ§· ¸É ´¨¥ ¤μ§Ò ´  £· ´¨Í¥  ¶¥·ÉÊ·Ò ±μ²²¨³ Éμ·  μ¡Ê¸²μ¢²¥´μ Î ¸É¨Í ³¨,
· ¸¸¥Ö´´Ò³¨ ¢ ¸É¥´± Ì ±μ²²¨³ Éμ·  ¨ ¨³¥ÕÐ¨³¨ Ô´¥·£¨Õ ´¨¦¥, Î¥³ ¢ μ¸´μ¢-
´μ³ ¶ÊÎ±¥. �¥μ¤´μ·μ¤´μ¸ÉÓ ¶·μË¨²Ö ¶ÊÎ±  Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ § ·Ö¤  Z

�¨¸. 8. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´´μ£μ ¶ÊÎ±  ¤²Ö · §²¨Î´ÒÌ ¤¨ ³¥É·μ¢
±μ²²¨³ Éμ·μ¢
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�¨¸. 9. ƒ²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¶·μÉμ´´μ£μ ¶ÊÎ±  ¤²Ö
±·Ê£²ÒÌ ±μ²²¨³ Éμ·μ¢ · §²¨Î´μ£μ ¤¨ ³¥É· 

³ É¥·¨ ²  ±μ²²¨³ Éμ· . �¸μ¡¥´´μ § ³¥É´μ ÔÉμÉ ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¶·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ Ê§±¨Ì ±μ²²¨³ Éμ·μ¢.

ˆ§³¥·¥´¨Ö £²Ê¡¨´´ÒÌ ¤μ§´ÒÌ · ¸¶·¥¤¥²¥´¨° ¢¤μ²Ó μ¸¨ ¶ÊÎ±  ¶·μ¢μ¤¨-
²¨¸Ó ¢ ¢μ¤Ö´μ³ Ë ´Éμ³¥ ³¨´¨ ÉÕ·´Ò³ Si-¤¥É¥±Éμ·μ³. �  ·¨¸. 8, 9 ¶·¨¢¥¤¥´Ò
·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° ¤²Ö ´ ÉÊ· ²Ó´μ£μ ¨ ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ ¶ÊÎ±μ¢ §  ±μ²-
²¨³ Éμ· ³¨ ¨§ ³¥¤¨ ¨ ¨§ ¸¶² ¢  ‚Ê¤  (Cerrobend Å Pb Å 25%, Sn Å 12,5 %,
Bi Å 50 % ¨ Cd Å 12,5 %).

”μ·³  £²Ê¡¨´´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¢ μ¡² ¸É¨ ¶¨±  �·Ô££  ¶· ±-
É¨Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö ¤²Ö ±μ²²¨³ Éμ·μ¢ ¤¨ ³¥É·μ³ ¡μ²¥¥ 2 ¸³, ¸¶² ¢ ‚Ê¤ 
¤ ¥É § ³¥É´Ò° ¢±² ¤ ´  ³ ²ÒÌ £²Ê¡¨´ Ì Ê¦¥ ¤²Ö ±μ²²¨³ Éμ·μ¢ ¤¨ ³¥É·μ³
³¥´¥¥ 3 ¸³. „²Ö ±μ²²¨³ Éμ·μ¢ ¤¨ ³¥É·μ³ μ±μ²μ 1 ¸³ ¨ ³¥´ÓÏ¥ ´ ¡²Õ¤ ¥É¸Ö
§ ³¥É´μ¥ ¨¸± ¦¥´¨¥ Ëμ·³Ò ±·¨¢μ° �·Ô££ , μ¸μ¡¥´´μ ¤²Ö ±μ²²¨³ Éμ·μ¢ ¨§ ³ -
É¥·¨ ²  ¸ ¢Ò¸μ±¨³  Éμ³´Ò³ ´μ³¥·μ³ Å ¸¶² ¢  ‚Ê¤ . 
É¨ ¨§³¥´¥´¨Ö Ëμ·³Ò
¶¨±  �·Ô££  ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ ¶² ´¨·μ¢ ´¨¨ μ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éμ¢
¨ ¢Ò¡μ·¥ ³ É¥·¨ ²  ±μ²²¨³ Éμ· , μ¸μ¡¥´´μ ¤²Ö ³ ²ÒÌ ³¨Ï¥´¥° · §³¥· ³¨
³¥´¥¥ 2 ¸³.

4. �‘��‚�›… �…‡“‹œ’�’›

‘ ¶μ³μÐÓÕ ±μ³¶¥´¸¨·ÊÕÐ¥£μ ±²¨´ , Ê¸É ´μ¢²¥´´μ£μ ¢ μ¡² ¸É¨ ²¨´¥°-
´μ° ¤¨¸¶¥·¸¨¨ ¶·μÉμ´´μ£μ ¶ÊÎ± , ±μÉμ·Ò° Ê· ¢´¨¢ ¥É μ¸É ÉμÎ´ÊÕ Ô´¥·£¨Õ
¶·μÉμ´μ¢ ¢ · §²¨Î´ÒÌ Î ¸ÉÖÌ ¶ÊÎ± , Ê²ÊÎÏ¥´  Ëμ·³  £²Ê¡¨´´μ£μ ¤μ§´μ£μ
· ¸¶·¥¤¥²¥´¨Ö Å μ¡² ¸ÉÓ ¸¶ ¤  ¤μ§Ò §  ¶¨±μ³ �·Ô££  Ê³¥´ÓÏ¥´  ¢ 1,5 · § .
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� ¸¸Î¨É ´ ¨ ¨§£μÉμ¢²¥´ ´ ¡μ· £·¥¡¥´Î ÉÒÌ Ë¨²ÓÉ·μ¢, ³μ¤¨Ë¨Í¨·ÊÕÐ¨Ì
¶¨± �·Ô££  ¢ £²Ê¡¨´´Ò¥ ¤μ§´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸ ¶²μ¸±μ° ¢¥·Ï¨´μ° · §²¨Î´μ°
¶·μÉÖ¦¥´´μ¸É¨. �·¨ μ¡²ÊÎ¥´¨¨ ¶ Í¨¥´Éμ¢ £·¥¡¥´Î ÉÒ° Ë¨²ÓÉ· ¢Ò¡¨· ¥É¸Ö ¢
§ ¢¨¸¨³μ¸É¨ μÉ · §³¥·  μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨.

ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ · §³¥·μ¢ ¨ ³ É¥·¨ ²  ±μ²²¨³ Éμ·μ¢ ´  Ëμ·³Ê £²Ê¡¨´-
´μ£μ ¤μ§´μ£μ · ¸¶·¥¤¥²¥´¨Ö. �μ± § ´μ, ÎÉμ ¶·¨ ³ ²ÒÌ · §³¥· Ì  ¶¥·ÉÊ· ±μ²-
²¨³ Éμ·μ¢ £²Ê¡¨´´μ¥ ¤μ§´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨¸± ¦ ¥É¸Ö, ´  ³ ²ÒÌ Éμ²Ð¨´ Ì
´ ¡²Õ¤ ¥É¸Ö § ³¥É´Ò° ¢±² ¤ Î ¸É¨Í, · ¸¸¥¨¢ ÕÐ¨Ì¸Ö ¢ ¸É¥´± Ì ±μ²²¨³ Éμ· ,
μ¸μ¡¥´´μ ¢ ±μ²²¨³ Éμ· Ì ¨§ ³ É¥·¨ ²  ¸ ¢Ò¸μ±¨³  Éμ³´Ò³ ´μ³¥·μ³.
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