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�·¨´Í¨¶¨ ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ±  ¤²Ö ²ÊÎ¥¢µ° É¥· ¶¨¨ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ

� ¸¸³µÉ·¥´Ò ¨ µ¶·¥¤¥²¥´Ò µ¸´µ¢´Ò¥ É·¥¡µ¢ ´¨Ö ± ¶ · ³¥É· ³ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± .
�·¥¤²µ¦¥´  ¸Ì¥³  Ëµ·³¨·µ¢ ´¨Ö ¨ · ¸¸³µÉ·¥´µ Î¥ÉÒ·¥ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ´  Ë -
§µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶ÊÉ¥³ Ëµ±Ê¸¨·µ¢±¨ ¸ ¶µ³µÐÓÕ ³ £´¨É´ÒÌ
±¢ ¤·Ê¶µ²Ó´ÒÌ ²¨´§ § Éµ·³µ¦¥´´µ£µ Ï¨·µ±µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ ¢ Ê§±¨° ¶ÊÎµ± ¸ ¶µ¶¥·¥Î´Ò³¨ · §-
³¥· ³¨ µ±µ²µ 1 ¸³ ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö. �  µ¸´µ¢ ´¨¨ ¶·µ¢¥¤¥´´ÒÌ · ¸Î¥Éµ¢ ¨ µÍ¥´µ± ¶µ± § ´µ,
ÎÉµ ¤²Ö ¸ÊÐ¥¸É¢ÊÕÐ¥° ·ÊÉ¨´´µ° ¨´É¥´¸¨¢´µ¸É¨ ¢Ò¢¥¤¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  2,5 ³±� ¢µ§³µ¦´µ
¶µ²ÊÎ¨ÉÓ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¸± ´¨·ÊÕÐ¨° ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥° 160 ŒÔ‚, ¨´É¥´-
¸¨¢´µ¸ÉÓÕ ¤µ 0,8 ´�, ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³ ¨ ³µÐ´µ¸ÉÓÕ ¤µ§Ò ¢ ¶¨±¥ �·Ô££  ¤µ
400 ƒ·/³¨´, ÎÉµ ¸ § ¶ ¸µ³ ¶·¥¢ÒÏ ¥É ¨´É¥´¸¨¢´µ¸ÉÓ ¨ ³µÐ´µ¸ÉÓ ¤µ§Ò, µ¶·¥¤¥²¥´´Ò¥ É·¥¡µ¢ ´¨Ö³¨
± É ±µ³Ê ¶ÊÎ±Ê. „²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 200 ŒÔ‚ · ¸Î¥É´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ± 
¢ 2,0 · §  ¡µ²ÓÏ¥. ‚ ¶·¥¤²µ¦¥´´ÒÌ ¢ ·¨ ´É Ì ± ´ ²  ¸± ´¨·µ¢ ´¨¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§  ¶¥·ÉÊ·Ê
µ±µ´¥Î´ÒÌ ²¨´§ ¤¢Ê³Ö ³ £´¨É ³¨, µÉ±²µ´ÖÕÐ¨³¨ ¶ÊÎµ± ¢ £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ-
¸ÉÖÌ ¨ Ê¸É ´µ¢²¥´´Ò³¨ ¶¥·¥¤ µ±µ´¥Î´Ò³¨ ²¨´§ ³¨ ¢¶²µÉ´ÊÕ ± ´¨³,   ´¥µ¡Ìµ¤¨³µ¥ ¨§³¥´¥´¨¥ ¤µ§Ò
¢ ± ¦¤µ³ Ô²¥³¥´É ·´µ³ µ¡Ñ¥³¥ µ¡²ÊÎ¥´¨Ö ¶·¨ ¶¨±¸¥²Ó´µ³ ¸± ´¨·µ¢ ´¨¨ ¤µ¸É¨£ ¥É¸Ö ¸ ¶µ³µÐÓÕ
 ¢Éµ³ É¨§¨·µ¢ ´´µ£µ Ê¶· ¢²¥´¨Ö Î¨¸²µ³ Í¨±²µ¢ Ê¸±µ·¥´¨Ö ¢ Ë §µÉ·µ´¥ §  ¢·¥³Ö Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ
É ±µ£µ µ¡Ñ¥³  ¢ ¨´É¥·¢ ²¥ µÉ 0,1 ¤µ 1 ¸. �¥ ²¨§ Í¨Ö ³¥Éµ¤¨±¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± 
¶µ§¢µ²¨É ¢ ¶· ±É¨Î¥¸±µ³ ¶² ´¥ ¶µ¢Ò¸¨ÉÓ ¸É¥¶¥´Ó ±µ´Ëµ·³´µ¸É¨ ¶·µÉµ´´µ£µ µ¡²ÊÎ¥´¨Ö, ¨¸±²ÕÎ¨ÉÓ
¶·¨³¥´¥´¨¥ ¨´¤¨¢¨¤Ê ²Ó´µ ¨§£µÉ ¢²¨¢ ¥³ÒÌ ¡µ²Õ¸µ¢ ¨ Ë¨£Ê·´ÒÌ ±µ²²¨³ Éµ·µ¢ ¨ ¢ 2Ä3 · §  Ê¢¥-
²¨Î¨ÉÓ ¶·µ¶Ê¸±´ÊÕ ¸¶µ¸µ¡´µ¸ÉÓ ³¥¤¨±µ-É¥Ì´¨Î¥¸±µ£µ ±µ³¶²¥±¸  ‹Ÿ� �ˆŸˆ ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ,
Ê³¥´ÓÏ¨ÉÓ ¢·¥³Ö · ¡µÉÒ Ë §µÉ·µ´ , ¢Ò¤¥²Ö¥³µ¥ ´  ¶·µ¢¥¤¥´¨¥ ¶·µÉµ´´µ° É¥· ¶¨¨.

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

‘µµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2005

Morozov N. A., Savchenko O. V. P9-2005-58
Principal Possibility of Shaping a Scanned Proton Beam
for Application in Radiation Therapy at the JINR LNP Phasotron

Basic requirements for parameters of the scanned proton beam are considered and determined. A
scheme of shaping a scanned proton beam at the JINR LNP Phasotron with the help of the magnetic
quadrupole lenses, which focus a decelerated wide proton beam to a narrow beam with a transverse size
of about 1 cm on the object of irradiation, is proposed and considered. The calculations have shown that
at the 2.5-µA intensity of the extracted proton beam it is possible to provide at the JINR LNP Phasotron
a scanned proton beam with the energy 160 MeV, the intensity up to 0.8 nA, transverse sizes about 1 cm
and dose rate in the Bragg peak up to 400 Gy/min, which signiˇcantly exceeds the intensity and dose
rate determined by the requirements for such a beam. For the protons with the energy 200 MeV the
calculated intensity of a scanned beam is twice as much. At the proposed variants of the channel the
process of scanning is realized through the aperture of the end lenses by two magnets bending the beam
in the vertical and horizontal planes and arranged nearly to the end lenses. The necessary change of dose
in each elementary volume of irradiation by the pixel scanning method is provided with the help of an
automatic control system by changing the number of acceleration cycles at the Phasotron during exposure
time of one such volume in the time range from 0.1 to 1 s. The realization of the scanned proton beam
method will allow one in practice to raise the degree of the conformity of proton irradiation, eliminate
the individual boli and ˇgured collimators and increase about 2 or 3 times the throughput capacity of the
JINR LNP Medico-Technical Complex or correspondingly decrease the beam time of the Phasotron for
proton therapy.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2005
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�ÊÎ±¨ ¶·µÉµ´µ¢ ¨ ¡µ²¥¥ ÉÖ¦¥²ÒÌ ¨µ´µ¢, ¶·¨³¥´Ö¥³Ò¥ ¢ ²ÊÎ¥¢µ° É¥· ¶¨¨,
µ¡² ¤ ÕÉ Ìµ·µÏµ ¨§¢¥¸É´Ò³¨ ¶·¥¨³ÊÐ¥¸É¢ ³¨ ¶µ c· ¢´¥´¨Õ ¸ Ô²¥±É·µ´´µ-
ËµÉµ´´Ò³ ¨§²ÊÎ¥´¨¥³. �¥ ²¨§ Í¨Ö ÔÉ¨Ì ¶·¥¨³ÊÐ¥¸É¢ É·¥¡Ê¥É · §· ¡µÉ±¨ ¨
¶·¨³¥´¥´¨Ö ¸²µ¦´ÒÌ Ë¨§¨±µ-É¥Ì´¨Î¥¸±¨Ì ¸·¥¤¸É¢ ¨ ³¥Éµ¤¨±, ´¥µ¡Ìµ¤¨³ÒÌ
¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¤µ§´ÒÌ ¶µ²¥° ¨  ¶¶ · ÉÊ·Ò ¤²Ö ¨Ì ¨§³¥·¥´¨°, ÉµÎ´µ£µ
µ¶·¥¤¥²¥´¨Ö ¶µ²µ¦¥´¨Ö µ¶ÊÌµ²¨ ¢´ÊÉ·¨ É¥²  ¶ Í¨¥´É , ¸µ¢³¥Ð¥´¨Ö ¤µ§´µ£µ
³ ±¸¨³Ê³  ¸ µ¶ÊÌµ²ÓÕ ¨ ¢¥·¨Ë¨± Í¨¨ ¶·µÍ¥¸¸  µ¡²ÊÎ¥´¨Ö.

‘µ¢·¥³¥´´Ò° ÔÉ ¶ · §¢¨É¨Ö ¶·µÉµ´´µ° ²ÊÎ¥¢µ° É¥· ¶¨¨ Ì · ±É¥·¨§Ê¥É¸Ö
¸¨²Ó´µ° ±µ´±Ê·¥´Í¨¥° ¸ Ìµ·µÏµ · §¢¨Éµ° É¥Ì´¨±µ° ³¥£ ¢µ²ÓÉ´µ° Ô²¥±É·µ´-
´µ° ¨ £ ³³ -É¥· ¶¨¨. Œ´µ£µ²¥¶¥¸É±µ¢Ò¥ ±µ²²¨³ Éµ·Ò, Ê¶· ¢²Ö¥³Ò¥ ±µ³¶ÓÕ-
É¥·µ³, Ï¨·µ±¨¥ ¢µ§³µ¦´µ¸É¨ ·µÉ Í¨µ´´µ£µ, ³´µ£µ¶µ²Ó´µ£µ ¨ ±µ´¢¥·£¥´É´µ£µ
µ¡²ÊÎ¥´¨Ö, Ìµ·µÏµ · §¢¨ÉÒ¥ ±µ³¶ÓÕÉ¥·´Ò¥ ¸¨¸É¥³Ò µ¶É¨³¨§ Í¨¨ ¨ ¶² ´¨-
·µ¢ ´¨Ö ²ÊÎ¥¢µ£µ ²¥Î¥´¨Ö ¶µ§¢µ²¨²¨ Ëµ·³¨·µ¢ ÉÓ ±µ´Ëµ·³´Ò¥ ³¨Ï¥´¨ ¤µ§-
´Ò¥ ¶µ²Ö, ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ Ê¤µ¢²¥É¢µ·ÖÕÐ¨¥ ¶µÉ·¥¡´µ¸ÉÖ³ ±²¨´¨Î¥¸±µ°
µ´±µ²µ£¨¨.

‚ Éµ ¦¥ ¢·¥³Ö £² ¢´µ¥ ¶·¥¨³ÊÐ¥¸É¢µ ¶·µÉµ´´µ£µ ¨§²ÊÎ¥´¨Ö Å µÉ¸ÊÉ-
¸É¢¨¥ ²ÊÎ¥¢µ£µ ¶µ¢·¥¦¤¥´¨Ö É± ´¥° §  ³¨Ï¥´ÓÕ Å ¢ ¸ÊÐ¥¸É¢¥´´µ° ³¥·¥ ´¨-
¢¥²¨·Ê¥É¸Ö ´¥¤µ¸É ÉµÎ´µ¸ÉÓÕ ¶ ¸¸¨¢´ÒÌ ¸·¥¤¸É¢ Ëµ·³¨·µ¢ ´¨Ö ¤µ§´µ£µ ¶µ²Ö
(¨´¤¨¢¨¤Ê ²Ó´µ ¨§£µÉ ¢²¨¢ ¥³Ò¥ ¡µ²Õ¸Ò, Ë¨£Ê·´Ò¥ ±µ²²¨³ Éµ·Ò, ¶·µ¸ÉÒ¥
¨ ±µ³¡¨´¨·µ¢ ´´Ò¥ · ¸¸¥¨¢ É¥²¨, ´ ¡µ·Ò £·¥¡¥´Î ÉÒÌ Ë¨²ÓÉ·µ¢). ‘É¥¶¥´Ó
±µ´Ëµ·³´µ¸É¨ ³¨Ï¥´¨ ¨ ¤µ§´µ£µ ¶µ²Ö, ¶µ²ÊÎ¥´´ Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ÔÉ¨Ì
¸·¥¤¸É¢, ´¥ ¢¸¥£¤  µ± §Ò¢ ¥É¸Ö ¢ÒÏ¥, Î¥³ Ê ³¥£ ¢µ²ÓÉ´µ£µ £ ³³ -¨§²ÊÎ¥´¨Ö
¶·¨ ·µÉ Í¨µ´´µ³ ¨²¨ ±µ´¢¥·£¥´É´µ³ µ¡²ÊÎ¥´¨¨. ‚Ò¸µ± Ö ¸É¥¶¥´Ó ±µ´Ëµ·³-
´µ¸É¨ Ê ¶·µÉµ´´µ£µ ¶ÊÎ±  ¤µ¸É¨£ ¥É¸Ö Éµ²Ó±µ ´  § ¤´¥° ¶µ¢¥·Ì´µ¸É¨ ³¨Ï¥´¨,
¢ Éµ ¢·¥³Ö ± ± ´  ¶¥·¥¤´¥° ¨ ¡µ±µ¢µ° £· ´¨Í Ì ³¨Ï¥´¨ ±µ´Ëµ·³´µ¸ÉÓ ³¨-
Ï¥´¨ ¨ ¤µ§´µ£µ ¶µ²Ö ¶·¨ µ¡²ÊÎ¥´¨¨ ¸ µ¤´µ£µ ´ ¶· ¢²¥´¨Ö µ¡¥¸¶¥Î¨ÉÓ ´¥
Ê¤ ¥É¸Ö. 	Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ µ±µ²µ µ¤´µ° É·¥É¨ µ¸É ´ ¢²¨¢ ÕÐ¨Ì¸Ö
¶·µÉµ´µ¢ ¢Ò¤¥²ÖÕÉ ¤µ§Ê ¢´¥ µ¡²ÊÎ ¥³µ° ³¨Ï¥´¨. �·¨³¥´¥´¨¥ · ¸¸¥¨¢ É¥-
²¥° ¨ Ë¨£Ê·´ÒÌ ±µ²²¨³ Éµ·µ¢ ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¤µ§´µ£µ ¶µ²Ö §´ Î¨É¥²Ó´µ
¸´¨¦ ¥É ÔËË¥±É¨¢´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  ¤µ¸ÉÊ¶´µ° ¨´É¥´-
¸¨¢´µ¸É¨ ¨ ÊÌÊ¤Ï ¥É · ¤¨ Í¨µ´´ÊÕ µ¡¸É ´µ¢±Ê ¢ §µ´¥ · §³¥Ð¥´¨Ö ¶ Í¨¥´É .

‚ ¶µ¸²¥¤´¨¥ ¤¢  ¤¥¸ÖÉ¨²¥É¨Ö ´ ³¥É¨²¨¸Ó ¶ÊÉ¨ ¤ ²Ó´¥°Ï¥£µ · §¢¨É¨Ö ¶·µ-
Éµ´´µ° ²ÊÎ¥¢µ° É¥· ¶¨¨, ¶µ§¢µ²ÖÕÐ¨¥ ¶·¥µ¤µ²¥ÉÓ ´ §¢ ´´Ò¥ µ£· ´¨Î¥´¨Ö ¨
´¥¤µ¸É É±¨ ¨ ¢ ¶µ²´µ° ³¥·¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¥¨³ÊÐ¥¸É¢  ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢.
	Éµ ¸µ§¤ ´¨¥ Ê¸É·µ°¸É¢ ¤²Ö ·µÉ Í¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢µ±·Ê£ ²¥¦ Ð¥£µ ¶ -
Í¨¥´É  (¸¨¸É¥³  ƒ ´É·¨) ¨ £¨¡±µ¥ Ëµ·³¨·µ¢ ´¨¥ ¤µ§´ÒÌ ¶µ²¥° ¶ÊÉ¥³ É·¥Ì-
³¥·´µ£µ Ê¶· ¢²Ö¥³µ£µ ¸± ´¨·µ¢ ´¨Ö ¶·µÉµ´´Ò³ ¶ÊÎ±µ³ ¨²¨ ¶ÊÎ±µ³ ÉÖ¦¥²ÒÌ
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¨µ´µ¢ ¸ ¨§³¥´¥´¨¥³ Ô´¥·£¨¨ ¨ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  ¢ ± ¦¤µ³ Ô²¥³¥´É ·-
´µ³ µ¡Ñ¥³¥ µ¡²ÊÎ ¥³µ° ³¨Ï¥´¨ [1Ä3]. ’ ±µ° ¶µ¤Ìµ¤ ¸µ§¤ ¥É ¢µ§³µ¦´µ¸É¨
¶µ²ÊÎ¥´¨Ö ¸É¥¶¥´¨ ±µ´Ëµ·³´µ¸É¨ ³¨Ï¥´¨ ¨ ¤µ§´µ£µ ¶µ²Ö, ´¥¤µ¸ÉÊ¶´Ò¥ ¤²Ö
¤·Ê£¨Ì ¢¨¤µ¢ ¨§²ÊÎ¥´¨Ö [4].

‚ ´ ¸ÉµÖÐe¥ ¢·¥³Ö Ê¦¥ ¸µ§¤ ´Ò ¨ ËÊ´±Í¨µ´¨·ÊÕÉ ¸± ´¨·ÊÕÐ¨¥ ¶ÊÎ±¨
¶·µÉµ´µ¢ ¢ �SI (˜¢¥°Í ·¨Ö) [5] ¨ ¨µ´µ¢ Ê£²¥·µ¤  ¢ GSI (ƒ¥·³ ´¨Ö) [6]. –¥-
²Ò° ·Ö¤ ¸± ´¨·ÊÕÐ¨Ì ¶ÊÎ±µ¢ ¶·¥¤¶µ² £ ¥É¸Ö ¸µ§¤ ÉÓ ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³
¨ ¢ ¤·Ê£¨Ì Í¥´É· Ì ¶·µÉµ´´µ° ¨ ÉÖ¦¥²µ¨µ´´µ° É¥· ¶¨¨ [7].

�  ¶·µÉµ´´ÒÌ ¶ÊÎ± Ì ³¥¤¨±µ-É¥Ì´¨Î¥¸±µ£µ ±µ³¶²¥±¸  ‹Ÿ� �ˆŸˆ Ê¦¥
·¥ ²¨§µ¢ ´ ·Ö¤ É¥Ì´¨Î¥¸±¨Ì ¸·¥¤¸É¢ ¨ ³¥Éµ¤¨±, ´ ¶· ¢²¥´´ÒÌ ´  ¨¸¶µ²Ó-
§µ¢ ´¨¥ ¢ ²ÊÎ¥¢µ° É¥· ¶¨¨ ´ ¨¡µ²¥¥ ¢ ¦´ÒÌ ¶·¥¨³ÊÐ¥¸É¢ ¶ÊÎ±µ¢ ÉÖ¦¥²ÒÌ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í. ’ ±, ¢¶¥·¢Ò¥ ¢ ³¨·µ¢µ° ¶· ±É¨±¥ ¡Ò² ¶·¨³¥´¥´ ³¥-
Éµ¤ ¸± ´¨·ÊÕÐ¥£µ ·oÉ Í¨µ´´µ£µ µ¡²ÊÎ¥´¨Ö £²Ê¡µ±µ · ¸¶µ²µ¦¥´´ÒÌ µ¶ÊÌµ-
²¥° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶¨±  �·Ô££  ´¥¶µ¤¢¨¦´µ£µ £µ·¨§µ´É ²Ó´µ£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  [8], ±µ£¤  ¢ ¶·µ¸¢¥É ¶¨Ð¥¢µ¤  ¢¢µ¤¨É¸Ö ³¨´¨ ÉÕ·´Ò° ¶µ²Ê¶·µ¢µ¤´¨±µ-
¢Ò° ¤ ÉÎ¨±, ¸¨£´ ² ¸ ±µÉµ·µ£µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢ ¸¨¸É¥³¥ µ¡· É´µ° ¸¢Ö§¨ ¤²Ö  ¢-
Éµ³ É¨Î¥¸±µ£µ ·¥£Ê²¨·µ¢ ´¨Ö Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¨ ¢· Ð¥´¨¨ ¶ Í¨-
¥´É ; · §· ¡µÉ ´   ¶¶ · ÉÊ·  ¤²Ö ¸¨³Ê²ÓÉ ´´µ£µ µ¡²ÊÎ¥´¨Ö µ¶ÊÌµ²¥° ¸²µ¦´µ°
Ëµ·³Ò ¸ ¶µ³µÐÓÕ ³´µ£µ¸¥±Í¨µ´´µ° ¸¨¸É¥³Ò ±µ²²¨³ Éµ·µ¢ ¨ § ³¥¤²¨É¥²¥°
[9]; ¢¶¥·¢Ò¥ ¢ �µ¸¸¨¨ ·¥ ²¨§µ¢ ´  ³¥Éµ¤¨±  É·¥Ì³¥·´µ° ±µ´Ëµ·³´µ° ¶·µ-
Éµ´´µ° É¥· ¶¨¨ ´  µ¸´µ¢¥ ¶ ¸¸¨¢´ÒÌ ¸·¥¤¸É¢ Ëµ·³¨·µ¢ ´¨Ö ¤µ§´ÒÌ ¶µ²¥°,
¸É ¢Ï Ö ¢µ§³µ¦´µ° ¶µ¸²¥ ¶µÖ¢²¥´¨Ö ¢ ³¥¤¨Í¨´¸±¨Ì ÊÎ·¥¦¤¥´¨ÖÌ Œµ¸±¢Ò,
µÉ±Ê¤  ¡µ²Ó´Ò¥ ´ ¶· ¢²ÖÕÉ¸Ö ¤²Ö ¶·µÉµ´´µ° É¥· ¶¨¨ ¢ „Ê¡´Ê, ¤µ¸ÉÊ¶´ÒÌ
¨³¶µ·É´ÒÌ ·¥´É£¥´µ¢¸±¨Ì Éµ³µ£· Ëµ¢, ŸŒ�-Éµ³µ£· Ëµ¢ ¨ § ·Ê¡¥¦´ÒÌ ¶·µ-
£· ³³ ¶² ´¨·µ¢ ´¨Ö ¶·µÉµ´´µ£µ ²ÊÎ¥¢µ£µ ²¥Î¥´¨Ö [10]. ‚ �µ¸¸¨¨ É ±¨¥ ·¥´É-
£¥´µ¢¸±¨¥ ±µ³¶ÓÕÉ¥·´Ò¥ Éµ³µ£· ËÒ ¶µ±  ´¥ ¢Ò¶Ê¸± ÕÉ¸Ö [17]. ‘²¥¤ÊÕÐ¨³
Ï £µ³ ¢ ´ ¶· ¢²¥´¨¨ ´ ¨¡µ²¥¥ ¶µ²´µ£µ ¨¸¶µ²Ó§µ¢ ´¨Ö ¶·¥¨³ÊÐ¥¸É¢ ¶·µÉµ´-
´ÒÌ ¶ÊÎ±µ¢ ³µ¦¥É ¸É ÉÓ ¶µ²ÊÎ¥´¨¥ ¨ ¶·¨³¥´¥´¨¥ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ
¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 160Ä200 ŒÔ‚ ¶µ ³¥Éµ¤Ê ¶¨±-
¸¥²Ó´µ£µ ¸± ´¨·µ¢ ´¨Ö, · §· ¡µÉ ´´µ³Ê ¢ PSI [5].

�¤´ ±µ · §´¨Í  ¢ ¨´É¥´¸¨¢´µ¸ÉÖÌ ¶¥·¢¨Î´ÒÌ ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢ (20 ³±�
®µÉÐ¥¶²¥´´µ£µ¯ ¶ÊÎ±  ¢ PSI ¨ 2,5 ³±� ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ) ¨ ¡µ²¥¥
¢Ò¸µ± Ö Ô´¥·£¨Ö ¢Ò¢¥¤¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ
(660 ŒÔ‚ ¶µ ¸· ¢´¥´¨Õ c 590 ŒÔ‚ ¢ PSI), ¶·¨¢µ¤ÖÐ Ö ± Ê¢¥²¨Î¥´¨Õ ¶µÉ¥·Ó
¶ÊÎ±  ¶·¨ ¥£µ Éµ·³µ¦¥´¨¨, ¤¥² ÕÉ µ¸ÊÐ¥¸É¢²¥´¨¥ ÔÉµ£µ Ï £ , ´  ¶¥·¢Ò°
¢§£²Ö¤, ´e ¸µ¢¸¥³ µÎ¥¢¨¤´Ò³.

�¥·¢µ¥ ¶·¥¤²µ¦¥´¨¥ ¨ ¶·¥¤¢ ·¨É¥²Ó´Ò¥ µÍ¥´±¨, ± ¸ ÕÐ¨¥¸Ö ¢µ§³µ¦-
´µ¸É¨ Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ‹Ÿ�
�ˆŸˆ, ¡Ò²¨ ¸¤¥² ´Ò ¥Ð¥ ¢ 2003 £. [11], ¨ Í¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö
¶·µ¢¥¤¥´¨¥ ¤¥É ²Ó´ÒÌ · ¸Î¥Éµ¢ ¨ · ¸¸³µÉ·¥´¨¥ ·Ö¤  ÊÉµÎ´¥´¨° ¨ ¤µ¡ ¢²¥´¨°,
¶µ¤É¢¥·¦¤ ÕÐ¨Ì ¶·¨´Í¨¶¨ ²Ó´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¸µ§¤ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µ-
Éµ´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ �ˆŸˆ.
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1. �‘��‚�›… ’�…��‚��ˆŸ
Š ‘Š��ˆ�“�™…Œ“ ���’����Œ“ �“—Š“

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ µ¡Ñ¥±É µ¡²ÊÎ¥´¨Ö (³¨Ï¥´Ó), ¢¶¨¸ ´´Ò°
¢ ±Ê¡ µ¡Ñ¥³µ³ 7×7×7 = 343 ¸³3, ±µÉµ·Ò° ´ ¤µ µ¡²ÊÎ¨ÉÓ ¶µ ³¥Éµ¤Ê ¶¨±¸¥²Ó-
´µ£µ ¸± ´¨·µ¢ ´¨Ö ¶·µÉµ´´Ò³ ¶ÊÎ±µ³ ¸ ¶µ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ S = 1 × 1 ¸³
¨ ¸ ¶µ¸²µ°´Ò³ Ï £µ³ ¶µ £²Ê¡¨´¥ Éµ¦¥ 1 ¸³. 	Éµ µ§´ Î ¥É, ÎÉµ ¢¥¸Ó µ¡Ñ¥³
µ¡²ÊÎ¥´¨Ö ´¥µ¡Ìµ¤¨³µ ¶µ¤· §¤¥²¨ÉÓ ´  n = 343 Ô²¥³¥´É ·´ÒÌ µ¡Ñ¥³a, ¢ ± -
¦¤Ò° ¨§ ±µÉµ·ÒÌ É·¥¡Ê¥É¸Ö ¶µ¤¢¥¸É¨ ¶·µÉµ´´Ò° ¶ÊÎµ± § ¤ ´´µ° Ô´¥·£¨¨ (¨²¨
¶·µ¡¥£ ) ¨ É ±µ° ¨´É¥´¸¨¢´µ¸É¨ (¨²¨ Ô±¸¶µ§¨Í¨¨), ÎÉµ¡Ò ¸Ê³³ ·´µ¥ ¤µ§´µ¥
¶µ²¥ µ± § ²µ¸Ó ±µ´Ëµ·³´Ò³ (´ ¶·¨³¥· ¶µ 90 %-° ¨§µ¤µ§¥) Ëµ·³¥ ¢Ò¡· ´´µ°
³¨Ï¥´¨.

�· ±É¨Î¥¸±¨ ¸± ´¨·µ¢ ´¨¥ ¶·µÉµ´´Ò³ ¶ÊÎ±µ³ ¢Ò¶µ²´Ö¥É¸Ö ¶µ¸²µ°´µ,
¶·¨Î¥³ ¤²Ö ³ ±¸¨³ ²Ó´µ£µ ¶·µ¡¥£  ¶·µÉµ´´µ£µ ¶ÊÎ±  ¥£µ ¨´É¥´¸¨¢´µ¸ÉÓ
¤µ²¦´  ¡ÒÉÓ ´ ¨¡µ²ÓÏ¥°,   ¶µ ³¥·¥ ¶¥·¥Ìµ¤  ´  ± ¦¤Ò° ¶µ¸²¥¤ÊÕÐ¨° ¸²µ°
¸ ³¥´ÓÏ¨³ ¶·µ¡¥£µ³ ¤²Ö µ¡¥¸¶¥Î¥´¨Ö µ¤´µ·µ¤´µ¸É¨ ¤µ§´µ£µ ¶µ²Ö ¢ ¶²µ¸±µ°
Î ¸É¨ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ±·¨¢µ° �·Ô££  ¨´É¥´¸¨¢´µ¸ÉÓ ¶ÊÎ±  (¨²¨ ¥£µ Ô±¸¶µ-
§¨Í¨Ö) ¤µ²¦´  Ê³¥´ÓÏ ÉÓ¸Ö §  ¸Î¥É ¸Ê³³¨·µ¢ ´¨Ö ¶µ¸²¥¤µ¢ É¥²Ó´ÒÌ ±·¨¢ÒÌ
�·Ô££ , ÎÉµ ³µ¦¥É § ³¥É´µ ¸´¨§¨ÉÓ É·¥¡µ¢ ´¨Ö ± ¸·¥¤´¥° ³µÐ´µ¸É¨ ¤µ§Ò ¸± -
´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¨²¨ Ê³¥´ÓÏ¨ÉÓ Î¨¸²µ Ô²¥³¥´É ·´ÒÌ µ¡Ñ¥³µ¢
¤µ nÔË = 49×2 ≈ 100, µ¡²ÊÎ ¥³ÒÌ ¶ÊÎ±µ³ ¸ ³ ±¸¨³ ²Ó´µ° ³µÐ´µ¸ÉÓÕ ¤µ§Ò.

‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö Ô´¥·£¨¨ ¶·µÉµ´µ¢ 160 ŒÔ‚, nÔË ≈ 100, ¤µ§Ò µ¤´µ£µ
¸¥ ´¸  µ¡²ÊÎ¥´¨Ö D = 2 ƒ· ¨ ¸Ê³³ ·´µ£µ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö t = 1 ³¨´
(¨²¨ 60/100 = 0,60 ¸ Å ³ ±¸¨³ ²Ó´µ£µ ¢·¥³¥´¨ Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ Ô²¥³¥´-
É ·´µ£µ µ¡Ñ¥³ ) ³µÐ´µ¸ÉÓ ¤µ§Ò ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¢ ³ ±¸¨³Ê³¥ ±·¨¢µ°
�·Ô££  ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ

dD

dt
= K¡

Ip

S

dE

dx
=

DnÔË

t
=

2 · 100
1

≈ 200 ƒ·/³¨´,

£¤¥ Ip Å ¨´É¥´¸¨¢´µ¸ÉÓ § Éµ·³µ¦¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ± ; S ≈ 1 ¸³2 Å
¶²µÐ ¤Ó ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ¶ÊÎ± ; K¡ ≈ 2 Å µÉ´µÏ¥´¨¥ ¤µ§Ò ¢ ¶¨±¥
�·Ô££  ± ¢Ìµ¤´µ° ¤µ§¥; dE/dx ≈ 4,7 ŒÔ‚/£/¸³2 Å ¨µ´¨§ Í¨µ´´Ò¥ ¶µÉ¥·¨ ´ 
¢Ìµ¤¥ ±·¨¢µ° �·Ô££ .

’ ± Ö ³µÐ´µ¸ÉÓ ¤µ§Ò ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥´¸¨¢´µ¸É¨ § Éµ·³µ¦¥´´µ£µ ¶·µ-
Éµ´´µ£µ ¶ÊÎ± 

Ip =
DnÔË

560t
=

2 · 100
560

≈ 0,4 ´�.

” §µÉ·µ´ ‹Ÿ� �ˆŸˆ µ¡² ¤ ¥É µ¤´µ° µ¸µ¡¥´´µ¸ÉÓÕ, ¢¥¸Ó³  ¶µ²¥§´µ°
¤²Ö Ê¶· ¢²¥´¨Ö ¨´É¥´¸¨¢´µ¸ÉÓÕ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± . ”Ê´±Í¨µ-
´¨·µ¢ ´¨¥ Ë §µÉ·µ´  ¶·µ¨¸Ìµ¤¨É ¸ Î ¸ÉµÉµ° ³µ¤Ê²ÖÍ¨¨ 250 ƒÍ, É. ¥. §  1 ¸
¶·µ¨¸Ìµ¤¨É 250 ¶µ²´ÒÌ Í¨±²µ¢ Ê¸±µ·¥´¨Ö, Î¨¸²µ ±µÉµ·ÒÌ ¸ ¶µ³µÐÓÕ ¸Ê-
Ð¥¸É¢ÊÕÐ¥° ´  Ë §µÉ·µ´¥ ¸¨¸É¥³Ò ³µ¦´µ ¨§³¥´ÖÉÓ ¢ ³¥´ÓÏÊÕ ¸Éµ·µ´Ê ¶µ
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²Õ¡µ° ´ ¶¥·¥¤ § ¤ ´´µ° ¶·µ£· ³³¥ ¶ÊÉ¥³ Ëµ·³¨·µ¢ ´¨Ö ¨³¶Ê²Ó¸µ¢ Ê¶· ¢²¥-
´¨Ö § Ì¢ Éµ³ ¶ÊÎ±  ¤²¨É¥²Ó´µ¸ÉÓÕ µ±µ²µ 500 ³±¸ ¢ ´ Î ²¥ ± ¦¤µ£µ Í¨±² 
Ê¸±µ·¥´¨Ö ¶·µÉµ´µ¢, ¤²ÖÐ¥£µ¸Ö 4 ³¸.

…¸²¨ ¤²Ö ¸± ´¨·µ¢ ´¨Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  ¨¸¶µ²Ó§µ¢ ÉÓ µÉ±²µ´ÖÕÐ¨°
³ £´¨É ¸ ¤¨¸±·¥É´µ° Ê¸É ´µ¢±µ° ¨ ±µ´É·µ²¥³ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö ± ¦¤µ£µ
´ ¶· ¢²¥´¨Ö ¶ÊÎ±  ¢ § ¤ ´´Ò° Ô²¥³¥´É ·´Ò° µ¡Ñ¥³ (³¥Éµ¤¨±  ¶¨±¸¥²Ó´µ£µ
¸± ´¨·µ¢ ´¨Ö), Éµ É ± Ö ¢µ§³µ¦´µ¸ÉÓ Ê¶· ¢²¥´¨Ö Í¨±² ³¨ Ê¸±µ·¨É¥²Ö ¶µ-
§¢µ²Ö¥É µÉ±²ÕÎ ÉÓ Ë §µÉ·µ´ ¢µ ¢·¥³Ö ¶·µÍ¥¸¸  ¨§³¥´¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö
¶·¨ ¶¥·¥Ìµ¤ Ì ¶ÊÎ±  µÉ µ¤´µ£µ Ô²¥³¥´É ·´µ£µ µ¡Ñ¥³  µ¡²ÊÎ¥´¨Ö ± ¤·Ê£µ³Ê,
¸µ¸¥¤´¥³Ê µ¡Ñ¥³Ê, ¶·¨ ¶¥·¥Ìµ¤ Ì ¶ÊÎ±  ¸ µ¤´µ° ¸É·µ±¨ ¸± ´¨·µ¢ ´¨Ö ´  ¤·Ê-
£ÊÕ, ¢µ ¢·¥³Ö Ê¸É ´µ¢±¨ ¶µ¸²µ°´ÒÌ § ³¥¤²¨É¥²¥°,   É ±¦¥ ¶·¨ ¶µ²ÊÎ¥´¨¨ ¢
± ¦¤µ³ Ô²¥³¥´É ·´µ³ µ¡Ñ¥³¥ µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö § ¤ ´´µ° ¸Ê³³ ·´µ° ¤µ§Ò
¶·µÉµ´´µ£µ ¶ÊÎ± .

„²Ö Ô´¥·£¨¨ ¶·µÉµ´µ¢ 200 ŒÔ‚, µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö · §³¥·µ³ 10 × 10 ×
10 = 103 ¸³3, n = 103 Ô²¥³¥´É ·´ÒÌ µ¡Ñ¥³µ¢, nÔË ≈ 100 × 3 = 300, ¤µ§Ò
µ¤´µ£µ ¸¥ ´¸  µ¡²ÊÎ¥´¨Ö D = 2 ƒ· ¨ ¸Ê³³ ·´µ£µ ¢·¥³¥´¨ µ¡²ÊÎ¥´¨Ö t =
2 ³¨´ ³µÐ´µ¸ÉÓ ¤µ§Ò ¢ ³ ±¸¨³Ê³¥ ±·¨¢µ° �·Ô££  ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ

dD

dt
=

DnÔË

t
=

2 · 300
2

= 300 ƒ·/³¨´,

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¨´É¥´¸¨¢´µ¸É¨ ¶·µÉµ´´µ£µ ¶ÊÎ± 

Ip =
DnÔË

540t
=

2 · 300
540 · 2 ≈ 0,6 ´�

¶·¨ ³ ±¸¨³ ²Ó´µ³ ¢·¥³¥´¨ Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ Ô²¥³¥´É ·´µ£µ µ¡Ñ¥³  t/nÔË =
120/300 = 0,40 ¸ (250·0,40 = 100 Í¨±²µ¢ Ê¸±µ·¥´¨Ö, ¶µ§¢µ²ÖÕÐ¨Ì ±µ´É·µ²¨-
·µ¢ ÉÓ ¶µ¤¢µ¤¨³ÊÕ ¤µ§Ê ¸ ÉµÎ´µ¸ÉÓÕ 100±1 Í¨±²µ¢ Ê¸±µ·¥´¨Ö, ¨²¨ ≈ ±1 %).

’ ±¨³ µ¡· §µ³, É·¥¡µ¢ ´¨Ö ± ¸± ´¨·ÊÕÐ¥³Ê ¶·µÉµ´´µ³Ê ¶ÊÎ±Ê ³µ£ÊÉ
¡ÒÉÓ ¸Ëµ·³Ê²¨·µ¢ ´Ò ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

1. „²Ö µ¶ÊÌµ²¥° µ¡Ñ¥³µ³ µ±µ²µ 300 ¸³3, · ¸¶µ²µ¦¥´´ÒÌ ¢ µ¡² ¸É¨ £µ-
²µ¢Ò ¨ Ï¥¨ ¶ Í¨¥´É , ´¥µ¡Ìµ¤¨³µ ¸Ëµ·³¨·µ¢ ÉÓ ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥°
160 ŒÔ‚, ¨´É¥´¸¨¢´µ¸ÉÓÕ 0,4 ´�, ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ 1×1 ¸³ ¨ ³µÐ´µ-
¸ÉÓÕ ¤µ§Ò ¢ µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ´¥ ³¥´¥¥ 200 ƒ·/³¨´ ¶·¨ ¸Ê³³ ·´µ³ ¢·¥³¥´¨
µ¡²ÊÎ¥´¨Ö µ±µ²µ 1 ³¨´.

2. „²Ö µ¶ÊÌµ²¥° µ¡Ñ¥³µ³ µ±µ²µ 1000 ¸³3, · ¸¶µ²µ¦¥´´ÒÌ ¢ µ¡² ¸É¨
ÉÊ²µ¢¨Ð  ¶ Í¨¥´É , ´¥µ¡Ìµ¤¨³µ ¸Ëµ·³¨·µ¢ ÉÓ ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥°
200 ŒÔ‚, ¨´É¥´¸¨¢´µ¸ÉÓÕ 0,6 ´�, ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ 1×1 ¸³ ¨ ³µÐ´µ-
¸ÉÓÕ ¤µ§Ò ¢ µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ´¥ ³¥´¥¥ 300 ƒ·/³¨´ ¶·¨ ¸Ê³³ ·´µ³ ¢·¥³¥´¨
µ¡²ÊÎ¥´¨Ö ¤µ 2 ³¨´.

‘ ÊÎ¥Éµ³ ¢·¥³¥´¨ ¶¥·¥Ìµ¤  ¶ÊÎ±  µÉ µ¤´µ£µ Ô²¥³¥´É ·´µ£µ µ¡Ñ¥³  ±
¸µ¸¥¤´¥³Ê (≈ 10−2 ¸), ¸ µ¤´µ° ¸É·µ±¨ ´  ¤·Ê£ÊÕ (≈ 10−2 ¸),   É ±¦¥ ¢·¥³¥´¨
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Ê¸É ´µ¢±¨ ¶² ¸É¨´ § ³¥¤²¨É¥²Ö ¤²Ö ¨§³¥´¥´¨Ö ¶·µ¡¥£  ¶·µÉµ´µ¢ ¶ÊÎ±  (≈ 1 ¸)
¶µ²´µ¥ ¢·¥³Ö Ëµ·³¨·µ¢ ´¨Ö µ¤´µ£µ ¤µ§´µ£µ ¶µ²Ö Ê¢¥²¨Î¨É¸Ö ¤µ 70 ¸ ¤²Ö
µ¶ÊÌµ²¥° µ¡Ñ¥³µ³ µ±µ²µ 350 ¸³3 ¨ ¤µ 140 ¸ ¤²Ö µ¶ÊÌµ²¥° µ¡Ñ¥³µ³ µ±µ²µ
1000 ¸³3. ‘ ÊÎ¥Éµ³ ·¥ ²Ó´ÒÌ Ëµ·³ ¨ · §³¥·µ¢ µ¶ÊÌµ²¥°, ¢¶¨¸ ´´ÒÌ ¢ ±Ê¡
350 ¨²¨ 1000 ¸³3, ¢·¥³Ö µ¡²ÊÎ¥´¨Ö Ê³¥´ÓÏ ¥É¸Ö ¶·¨³¥·´µ ¶·µ¶µ·Í¨µ´ ²Ó´µ
¶²µÐ ¤¨ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö µ¶ÊÌµ²¨. ’ ±, ¤²Ö µ¶ÊÌµ²¥° ¸ S ≈ 25 ¸³2 ¨
S ≈ 50 ¸³2 ¢·¥³Ö µ¡²ÊÎ¥´¨Ö Ê³¥´ÓÏ¨É¸Ö ¤µ 35 ¨ 70 ¸ ¸µµÉ¢¥É¸É¢¥´´µ.

2. ‚��ˆ��’› Š���‹� „‹Ÿ ”��Œˆ��‚��ˆŸ ‘Š��ˆ�“�™…ƒ�
���’����ƒ� �“—Š� �� ”�‡�’���… ‹Ÿ� �ˆŸˆ

�µ²ÊÎ¥´¨¥ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µ-
Éµ´´µ£µ ¶ÊÎ±  µ±µ²µ 1 ´� ¢ Ê¸²µ¢¨ÖÌ, ±µ£¤  Ô±¢¨¢ ²¥´É´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¢Ò-
¢¥¤¥´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ¶·¨³¥·´µ ¢ 20 · § ³¥´ÓÏ¥, Î¥³ ¢ PSI, ¢µ§³µ¦´µ
Éµ²Ó±µ §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö ¶µ²´µ£µ Ë §µ¢µ£µ µ¡Ñ¥³  ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¢
É ±µ¥ ¦¥ Î¨¸²µ · §. �µÔÉµ³Ê ¸Ì¥³  Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¤µ²¦´  µ¸´µ¢Ò¢ ÉÓ¸Ö ´  Ê¢¥²¨Î¥´¨¨ ¨¸¶µ²Ó-
§Ê¥³µ° ¤µ²¨ § Éµ·³µ¦¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  ¢ÒÌµ¤¥ § ³¥¤²¨É¥²Ö ¶ÊÉ¥³
Ê¢¥²¨Î¥´¨Ö · §³¥·µ¢ µ£· ´¨Î¨¢ ÕÐ¥£µ ±µ²²¨³ Éµ·  ¸ ¶µ¸²¥¤ÊÕÐ¥° Ëµ±Ê¸¨-
·µ¢±µ° Ï¨·µ±µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ Ê§±¨° ¶ÊÎµ± ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨
µ±µ²µ 1 ¸³ ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö. �· ±É¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ Ê£²Ò ¸Ìµ-
¤¨³µ¸É¨ ¶ÊÎ±  ¶µ¸²¥ µ±µ´¥Î´µ° ²¨´§Ò ¤µ²¦´Ò ¡ÒÉÓ ¢ 2Ä3 · §  ¡µ²ÓÏ¥, Î¥³
¢ PSI,   ¨³¶Ê²Ó¸´Ò° · §¡·µ¸ ¶ÊÎ±  ¢µ§· ¸É¥É ¢ 1,5Ä2 · § . �¨¦¥ · ¸¸³ É·¨-
¢ ÕÉ¸Ö Î¥ÉÒ·¥ ¢ ·¨ ´É  ¶·¥¤²µ¦¥´´µ° ¸Ì¥³Ò Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¸ Î ¸É¨Î´Ò³ ¨¸¶µ²Ó§µ¢ ´¨¥³
Ô²¥³¥´Éµ¢ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ± ´ ²µ¢ º 8, 10, 11 ¨ É· ±É  ’.

�¡Ð Ö ¸Ì¥³  ¶¥·¢µ£µ ¨§ ¢µ§³µ¦´ÒÌ ¢ ·¨ ´Éµ¢ ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ -
´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. ‚Ò¢¥¤¥´´Ò°
¨§ ± ³¥·Ò Ë §µÉ·µ´  ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥° 660 ŒÔ‚ Éµ·³µ§¨É¸Ö ¢
Ê£²¥·µ¤´µ³ § ³¥¤²¨É¥²¥ ¤µ Ô´¥·£¨¨ 160 ŒÔ‚ (¨³¶Ê²Ó¸ 570 ŒÔ‚/c, ¶·µ¡¥£
20 £/¸³2 Ê£²¥·µ¤ ). ‚ ÔÉµ³ ¢ ·¨ ´É¥ ²¨´§  Œ‹-3 (Q3) c  ¶¥·ÉÊ·µ° 12 ¸³ Ëµ-
±Ê¸¨·Ê¥É § Éµ·³µ¦¥´´Ò° ¶·µÉµ´´Ò° ¶ÊÎµ± ´  ¸¥·¥¤¨´Ê ²¨´§Ò Œ‹�Š É ±¦¥
¸  ¶¥·ÉÊ·µ° 12 ¸³, ±µÉµ· Ö ¸²Ê¦¨É ¶µ²¥¢µ° ²¨´§µ°, § É¥³ ¶·µÉµ´´Ò° ¶ÊÎµ±
´ ¶· ¢²Ö¥É¸Ö ¶µ ¢ ±ÊÊ³-¶·µ¢µ¤Ê §  ¤¢ÊÌ³¥É·µ¢ÊÕ § Ð¨É´ÊÕ ¡¥Éµ´´ÊÕ ¸É¥´Ê,  
§ É¥³ É·¨ µ±µ´¥Î´Ò¥ ²¨´§Ò Œ‹-29 ¸  ¶¥·ÉÊ·µ° 20 ¸³, ¢±²ÕÎ¥´´Ò¥ ¶µ ¸Ì¥³¥
É·¨¶²¥É , Ëµ±Ê¸¨·ÊÕÉ ¶·µÉµ´Ò ¨§ µ¡² ¸É¨ ¶·µ³¥¦ÊÉµÎ´µ£µ ¨§µ¡· ¦¥´¨Ö ¢
Ê§±¨° ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³ ´  µ¡Ñ¥±É¥ µ¡-
²ÊÎ¥´¨Ö, · ¸¶µ²µ¦¥´´µ³ ´  · ¸¸ÉµÖ´¨¨ µ±µ²µ 1 ³ µÉ § ¤´¥£µ ±· Ö ¶µ¸²¥¤´¥°
²¨´§Ò Œ‹-29. Œ £´¨É ‘�-37 µÉ±²µ´Ö¥É ¶ÊÎµ± ´  Ê£µ² 47◦, µÎ¨Ð ¥É ¥£µ µÉ
¶·¨³¥¸¨ ¢Éµ·¨Î´ÒÌ Î ¸É¨Í ¨  ´ ²¨§¨·Ê¥É ¥£µ ¶µ ¨³¶Ê²Ó¸Ê. ™¥²¥¢Ò¥ ±µ²²¨-
³ Éµ·Ò, Ê¸É ´µ¢²¥´´Ò¥ ´  ¢ÒÌµ¤¥ Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö ¨ ´  ¢Ìµ¤¥ ¢ ²¨´§Ê
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�¨¸. 1. CÌ¥³  ¶¥·¢µ£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¸ ¢Ò¢o¤o³ ¶ÊÎ±  ¢ ² ¡µ· Éµ·¨Õ º 2. ‡ ¤¥°¸É¢µ¢ ´´Ò¥ Ô²¥³¥´ÉÒ ± ´ ²  ¢Ò¤¥-
²¥´Ò ¶¥·¥±·¥¸É´µ° ÏÉ·¨Ìµ¢±µ°

Œ‹�Š, § ¤ ÕÉ ¨³¶Ê²Ó¸´Ò° · §¡·µ¸ ¸Ëµ·³¨·µ¢ ´´µ£µ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´-
´µ£µ ¶ÊÎ± . „¢  ³ £´¨É  ‘Œ, · §³¥Ð¥´´Ò¥ ¢ ´¨Ï¥ ¤¢ÊÌ³¥É·µ¢µ° § Ð¨É´µ°
¸É¥´Ò ¶¥·¥¤ µ±µ´¥Î´Ò³¨ ²¨´§ ³¨, µ¡¥¸¶¥Î¨¢ ÕÉ ¸± ´¨·µ¢ ´¨¥ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¢ £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸ÉÖÌ.
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�¡Ð Ö ¸Ì¥³  · ¸¶µ²µ¦¥´¨Ö ¢Éµ·µ£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö
¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô²¥³¥´Éµ¢ ± ´ ²  º 10
¨ ¢Ò¢µ¤µ³ ¶ÊÎ±  ¢ ¶·µÍ¥¤Ê·´ÊÕ ± ¡¨´Ê ¤²Ö ´¥°É·µ´´µ° É¥· ¶¨¨ ¶µ± § ´ 
´  ·¨¸. 2. ‚ ÔÉµ³ ¢ ·¨ ´É¥ § Éµ·³µ¦¥´´Ò¥ ¶·µÉµ´Ò Ëµ±Ê¸¨·ÊÕÉ¸Ö ²¨´§µ°
Œ‹-3 (Q3) ´  ¸¥·¥¤¨´Ê ¢Éµ·µ° ²¨´§Ò Œ‹-3, · ¸¶µ²µ¦¥´´µ° ³¥¦¤Ê ³ £´¨É ³¨
‘�-57 ¨ Œ‘-4 ¨ ¢Ò¶µ²´ÖÕÐ¥° ËÊ´±Í¨Õ ¶µ²¥¢µ° ²¨´§Ò ¸ µ¡· §µ¢ ´¨¥³ ¢ ´¥°
¶·µ³¥¦ÊÉµÎ´µ£µ ¨§µ¡· ¦¥´¨Ö ±µ²²¨³ Éµ·  Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö. ‡ É¥³
¶·µÉµ´´Ò° ¶ÊÎµ± ´ ¶· ¢²Ö¥É¸Ö ¶µ ¢ ±ÊÊ³-¶·µ¢µ¤Ê ¢ ¶·µÍ¥¤Ê·´ÊÕ ± ¡¨´Ê ¤²Ö
´¥°É·µ´´µ° É¥· ¶¨¨, £¤¥ É·¨ µ±µ´¥Î´Ò¥ ²¨´§Ò Œ‹-29 ¸  ¶¥·ÉÊ·µ° 20 ¸³,
¢±²ÕÎ¥´´Ò¥ ¶µ ¸Ì¥³¥ É·¨¶²¥É , Ëµ±Ê¸¨·ÊÕÉ ¶·µÉµ´Ò ¨§ µ¡² ¸É¨ ¶·µ³¥¦Ê-
ÉµÎ´µ£µ ¨§µ¡· ¦¥´¨Ö ¢ Ê§±¨° ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨
µ±µ²µ 1 ¸³ ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö, · ¸¶µ²µ¦¥´´µ³ ´  · ¸¸ÉµÖ´¨¨ µ±µ²µ 1 ³
µÉ § ¤´¥£µ ±· Ö ¶µ¸²¥¤´¥° ²¨´§Ò Œ‹-29. Œ £´¨ÉÒ ‘�-37, ‘�-10 ¨ ‘�-57
µÉ±²µ´ÖÕÉ ¶·µÉµ´´Ò° ¶ÊÎµ± ´  ¸Ê³³ ·´Ò° Ê£µ² 54◦ ¨  ´ ²¨§¨·ÊÕÉ ¥£µ ¶µ
¨³¶Ê²Ó¸Ê. �·Ö³µÊ£µ²Ó´Ò° ±µ²²¨³ Éµ·, Ê¸É ´µ¢²¥´´Ò° ¶¥·¥¤ ¢Éµ·µ° ²¨´-
§µ° Œ‹-3, ¶µ§¢µ²Ö¥É § ¤ ¢ ÉÓ ¨³¶Ê²Ó¸´Ò° · §¡·µ¸ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¨ · §³¥·Ò ¶ÊÎ±  ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö. „¢  ³ £´¨É  ‘Œ, Ê¸É ´µ¢²¥´-
´Ò¥ ¶¥·¥¤ µ±µ´¥Î´Ò³¨ ²¨´§ ³¨ ¢ ´¥°É·µ´´µ° ± ¡¨´¥, µ¡¥¸¶¥Î¨¢ ÕÉ ¸± ´¨-
·µ¢ ´¨¥ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ £µ·¨§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸ÉÖÌ.

�µ²µ¦¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¢Éµ·µ£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ -
´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö
£µÉµ¢µ£µ ¶·µÍ¥¤Ê·´µ£µ ¶µ³¥Ð¥´¨Ö ¨ Ê¸É ´µ¢²¥´´µ£µ ¢ ´¥³ µ¡µ·Ê¤µ¢ ´¨Ö ¤²Ö
µ¡²ÊÎ¥´¨Ö ¶ Í¨¥´Éµ¢ ¢ ¶µ²µ¦¥´¨¨ ¸¨¤Ö, µ¤´ ±µ µ£· ´¨Î¥´¨Ö  ¶¥·ÉÊ·Ò ± -
´ ²  ³¥¦¶µ²Õ¸´Ò³¨ § §µ· ³¨ ³ £´¨Éµ¢ Œ‘-4 ¨ ‘�-56 (¤µ 8 ¸³) ¤µ²¦´Ò
¶·¨¢µ¤¨ÉÓ ± Ê³¥´ÓÏ¥´¨Õ ¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ± .

‘Ì¥³  · ¸¶µ²µ¦¥´¨Ö É·¥ÉÓ¥£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸± -
´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô²¥³¥´Éµ¢ ± ´ ²  º 11 ¶µ-
± § ´  ´  ·¨¸. 3. ‡¤¥¸Ó, ± ± ¨ ¢µ ¢Éµ·µ³ ¢ ·¨ ´É¥, É·¨ ³ £´¨É  Å ‘�-37,
‘�-10 ¨ ‘�-57 Å  ´ ²¨§¨·ÊÕÉ § Éµ·³µ¦¥´´Ò° ¶·µÉµ´´Ò° ¶ÊÎµ± ¶µ ¨³-
¶Ê²Ó¸Ê. ‹¨´§  Œ‹-3 Ëµ±Ê¸¨·Ê¥É ¶·µÉµ´´Ò° ¶ÊÎµ± ´  ¸¥·¥¤¨´Ê ²¨´§Ò Œ‹�Š,
Ê¸É ´µ¢²¥´´µ° ¶µ¸²¥ ³ £´¨É  ‘�-57,   É·¨ µ±µ´¥Î´Ò¥ ²¨´§Ò Œ‹-29 ¸  ¶¥·ÉÊ-
·µ° 20 ¸³, ¢±²ÕÎ¥´´Ò¥ ¶µ ¸Ì¥³¥ É·¨¶²¥É  ¨ Ê¸É ´µ¢²¥´´Ò¥ ¢ § ²¥ Î¥É¢¥·Éµ°
¶·¨¸É·µ°±¨ ± §¤ ´¨Õ Ë §µÉ·µ´ , Ëµ±Ê¸¨·ÊÕÉ ¶·µÉµ´Ò ¨§ µ¡² ¸É¨ ¶·µ³¥¦Ê-
ÉµÎ´µ£µ ¨§µ¡· ¦¥´¨Ö ´  µ¡Ñ¥±É µ¡²ÊÎ¥´¨Ö.

„µ¸Éµ¨´¸É¢µ³ ÔÉµ° ¸Ì¥³Ò Ö¢²Ö¥É¸Ö · ¸¶µ²µ¦¥´¨¥ ³ £´¨É´ÒÌ Ô²¥³¥´Éµ¢
± ´ ² , ¶µ¤²¥¦ Ð¨Ì Ê¸É ´µ¢±¥, ¢ §µ´¥ ¤¥°¸É¢¨Ö ¶µ¤Ñ¥³´ÒÌ ±· ´µ¢ ¢ ² ¡µ· -
Éµ·¨¨ º 4 ¨ Î¥É¢¥·Éµ° ¶·¨¸É·µ°±e §¤ ´¨Ö Ë §µÉ·µ´ .

‚ ¸Ì¥³¥ Î¥É¢¥·Éµ£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ± , ¶·¥¤¸É ¢²¥´´µ° ´  ·¨¸. 4, ¨¸¶µ²Ó§ÊÕÉ¸Ö Ô²¥³¥´ÉÒ ± ´ ² 
º 8 ¸ ¶µ¢µ·µÉµ³ ¶ÊÎ±  ¢ ¶·µÍ¥¤Ê·´ÊÕ ± ¡¨´Ê º 2. ‚ ÔÉµ° ¸Ì¥³¥ É·¨ ³ £-
´¨É  Å ‘�-37, ‘�-10 ¨ ‘�-57 Å ¶µ¢µ· Î¨¢ ÕÉ § Éµ·³µ¦¥´´Ò° ¶ÊÎµ± ¶·µ-
Éµ´µ¢ ´  ¸Ê³³ ·´Ò° Ê£µ² ≈ 28◦ ¨  ´ ²¨§¨·ÊÕÉ ¥£µ ¶µ ¨³¶Ê²Ó¸Ê, ³ £´¨É
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‘�-56 µÉ±²µ´ÖeÉ ¶ÊÎµ± ´  ≈ 28◦ ¢ ÉÊ ¦¥ ¸Éµ·µ´Ê, ²¨´§  Œ‹-3 Ëµ±Ê¸¨·Ê¥É
¶·µÉµ´´Ò° ¶ÊÎµ± ´  ¸¥·¥¤¨´Ê ²¨´§Ò ’1, ¢Ò¶µ²´ÖÕÐ¥° ¢ ÔÉµ° ¸Ì¥³¥ ·µ²Ó ¶µ-
²¥¢µ° ²¨´§Ò,   É·¨ µ±µ´¥Î´Ò¥ ²¨´§Ò Œ‹-29, ¢±²ÕÎ¥´´Ò¥ ¶µ ¸Ì¥³¥ É·¨¶²¥É 
¨ Ê¸É ´µ¢²¥´´Ò¥ ¢ ± ¡¨´¥ º 2, Ëµ±Ê¸¨·ÊÕÉ ¶·µÉµ´Ò ¨§ µ¡² ¸É¨ ¶·µ³¥¦ÊÉµÎ-
´µ£µ ¨§µ¡· ¦¥´¨Ö ¢ Ê§±¨° ¶ÊÎµ± ¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³ ´ 
µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö. ‘± ´¨·ÊÕÐ¨¥ ³ £´¨ÉÒ ‘Œ Ê¸É ´ ¢²¨¢ ÕÉ¸Ö ´¥¶µ¸·¥¤-
¸É¢¥´´µ ¶¥·¥¤ É·¥³Ö µ±µ´¥Î´Ò³¨ ²¨´§ ³¨, ¤²Ö Î¥£µ ´¥µ¡Ìµ¤¨³µ µ¡· §µ¢ ÉÓ
´¨ÏÊ ¢ ¸É¥´¥ ± ¡¨´Ò º 2. ” ±É¨Î¥¸±¨ ÔÉµ  Ì·µ³ É¨Î¥¸±¨° ¢ ·¨ ´É ¸ ¶µ¢µ-
·µÉµ³ ¶ÊÎ±  ¢ µ¤´Ê ¸Éµ·µ´Ê.

�·¥¨³ÊÐ¥¸É¢µ³ Î¥É¢¥·Éµ£µ ¢ ·¨ ´É  Ö¢²Ö¥É¸Ö ¨¸¶µ²Ó§µ¢ ´¨¥ £µÉµ¢µ£µ ± -
´ ²  º8 ¨ ¸ÊÐ¥¸É¢ÊÕÐ¥° ± ¡¨´Ò º 2 ¸ µ¡µ·Ê¤µ¢ ´¨¥³ ¤²Ö µ¡²ÊÎ¥´¨Ö ¶ Í¨-
¥´Éµ¢ ¢ ¶µ²µ¦¥´¨¨ ²¥¦ , µ¤´ ±µ ¤²Ö ÔÉµ£µ ¢ ·¨ ´É  ± ´ ²  ¸²¥¤Ê¥É µ¦¨¤ ÉÓ
¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥° ³µÐ´µ¸É¨ ¤µ§Ò ¢ µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ¨§-§  · ¸ÉÖ´ÊÉµ¸É¨
± ´ ²  º 8.

� §Ê³¥¥É¸Ö, ¢µ§³µ¦´Ò ¨ ¤·Ê£¨¥ ¢ ·¨ ´ÉÒ · §³¥Ð¥´¨Ö ± ´ ²  ¤²Ö Ëµ·-
³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± , µ¡Ð¥° µ¸µ¡¥´´µ¸ÉÓÕ ±µÉµ·ÒÌ
¤µ²¦´µ ¡ÒÉÓ ¡µ²ÓÏµ¥ (10Ä15 ³) · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶µ²¥¢µ° ¨ µ±µ´¥Î´µ° ²¨´-
§ ³¨, ÎÉµ Éµ²Ó±µ ¨ ¶µ§¢µ²Ö¥É Ëµ·³¨·µ¢ ÉÓ ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ¶·µÉµ´´Ò°
¶ÊÎµ± ¸ ¶·¨¥³²¥³µ° ¨´É¥´¸¨¢´µ¸ÉÓÕ ¨ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³.

3. �…‡“‹œ’�’› ��‘—…’� ����Œ…’��‚ ‘Š��ˆ�“�™…ƒ�
���’����ƒ� �“—Š� „‹Ÿ —…’›�…• ‚��ˆ��’�‚ …ƒ�

”��Œˆ��‚��ˆŸ

� ¸Î¥É ¶ · ³¥É·µ¢ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¡Ò² µ¸ÊÐ¥¸É¢²¥´
¤¢Ê³Ö ³¥Éµ¤ ³¨. ‚ ¶¥·¢µ³ ¨§ ´¨Ì · ¸Î¥É ¶·µ¢µ¤¨²¸Ö  ´ ²¨É¨Î¥¸±¨ ¢ ¶·¨¡²¨-
¦¥´¨¨ Éµ´±¨Ì ²¨´§ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·¥¤¸É ¢²¥´¨° £¥µ³¥É·¨Î¥¸±µ° µ¶É¨±¨
´  µ¸´µ¢¥ Ô±¢¨¢ ²¥´É´µ° µ¶É¨Î¥¸±µ° ¸Ì¥³Ò, ¸µ£² ¸´µ ±µÉµ·µ° ¶¥·¢ Ö ¶ · 
±¢ ¤·Ê¶µ²Ó´ÒÌ ²¨´§ (µ¡Ñ¥±É¨¢) Ëµ±Ê¸¨·Ê¥É ¨§µ¡· ¦¥´¨¥ ¨¸ÉµÎ´¨±  Î ¸É¨Í
´  ¸¥·¥¤¨´Ê ¢Éµ·µ° (¶µ²¥¢µ°) ²¨´§Ò,   µ±µ´¥Î´ Ö ±µ³¡¨´ Í¨Ö ±¢ ¤·Ê¶µ²Ó´ÒÌ
²¨´§ (É·¨¶²¥É) Ëµ±Ê¸¨·Ê¥É ¶·µ³¥¦ÊÉµÎ´µ¥ ¨§µ¡· ¦¥´¨¥ ´  µ¡Ñ¥±É µ¡²ÊÎ¥´¨Ö.
�É±²µ´ÖÕÐ¨° ³ £´¨É ¶¥·¥¤ ¢Éµ·µ° (¶µ²¥¢µ°) ²¨´§µ° ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ
¨³¶Ê²Ó¸´Ò° · §¡·µ¸ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± .

‚µ ¢Éµ·µ³ ³¥Éµ¤¥ Î¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¶·µ¢µ¤¨²¨¸Ó ´  	‚Œ ¶µ ¶·µ£· ³³¥
DYNAC [12] ¶ÊÉ¥³ £¥´¥· Í¨¨ ´ ¡µ·  ´ Î ²Ó´ÒÌ Î ¸É¨Í (µ¡ÒÎ´µ 50 000), § -
±²ÕÎ¥´´µ£µ ¢´ÊÉ·¨ ¨¸Ìµ¤´µ£µ Ë §µ¢µ£µ µ¡Ñ¥³ , µ¶·¥¤¥²Ö¥³µ£µ ¶ · ³¥É· ³¨
§ Éµ·³µ¦¥´´µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ ´  ¢ÒÌµ¤¥ Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö, ¸ ¶µ-
¸²¥¤ÊÕÐ¨³ ¶·µÌµ¦¤¥´¨¥³ Î ¸É¨Í Î¥·¥§ ¢¸¥ ³ £´¨É´Ò¥ Ô²¥³¥´ÉÒ ± ´ ²  ¤µ
µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö. �·¨ ÔÉµ³ ¶·µ¢µ¤¨²µ¸Ó ¢ ·Ó¨·µ¢ ´¨¥ £· ¤¨¥´Éµ¢ ³ £´¨É-
´µ£µ ¶µ²Ö ¢ ±¢ ¤·Ê¶µ²Ó´ÒÌ ²¨´§ Ì É ±, ÎÉµ¡Ò ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ¶µ²ÊÎ¨ÉÓ
³ ±¸¨³ ²Ó´ÊÕ ¨´É¥´¸¨¢´µ¸ÉÓ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¨ ¥£µ ³¨-
´¨³ ²Ó´ÒÌ · §³¥· Ì.
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� ¸¸³µÉ·¨³ ´¥±µÉµ·Ò¥ Ì · ±É¥·´Ò¥ µ¸µ¡¥´´µ¸É¨ · ¸Î¥É  ¢ ¶·¨¡²¨¦¥´¨¨
Éµ´±¨Ì ²¨´§ ´  ¶·¨³¥·¥ ¶¥·¢µ£µ ¢ ·¨ ´É  ± ´ ² .

�¶É¨Î¥¸± Ö ¸Ì¥³  ¶¥·¢µ£µ ¢ ·¨ ´É  ± ´ ²  ¤²Ö ¶µ²ÊÎ¥´¨Ö ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 5. � ¸Î¥ÉÒ ¶ · ³¥É·µ¢ ¸± ´¨·ÊÕ-
Ð¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± , ¢Ò¶µ²´¥´´Ò¥ ¸µ£² ¸´µ ÔÉµ° µ¶É¨Î¥¸±µ° ¸Ì¥³¥ ¶µ
 ´ ²¨É¨Î¥¸±¨³ Ëµ·³Ê² ³ (4), (6) ¨ (7) · ¡µÉÒ [13], ¨ · ¸Î¥ÉÒ ·¥¦¨³  ¶¨É -
´¨Ö Ëµ±Ê¸¨·ÊÕÐ¨Ì ²¨´§, ¢Ò¶µ²´¥´´Ò¥ ¶µ ¶·¨¡²¨¦¥´´Ò³ Ëµ·³Ê² ³ (3.29) ¨
(3.39) · ¡µÉÒ [14], ¶·¨¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¨³ ·¥§Ê²ÓÉ É ³.

‘·¥¤´¥±¢ ¤· É¨Î´Ò° Ê£µ² ³´µ£µ±· É´µ£µ ±Ê²µ´µ¢¸±µ£µ · ¸¸¥Ö´¨Ö ¶·µ-
Éµ´µ¢ ¢ ¡²µ± Ì Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö, ¢ÒÎ¨¸²¥´´Ò° ¸ ÊÎ¥Éµ³ ¨§³¥´¥´¨Ö
Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ ¶·µÍ¥¸¸¥ Éµ·³µ¦¥´¨Ö, · ¢´Ö¥É¸Ö ¶¥·¥¤ ±µ²²¨³ -
Éµ·µ³ Š1 √

〈Θ2〉c = 0,60 · 10−1 · ¤ ≈ 3, 44◦.

‘·¥¤´¥±¢ ¤· É¨Î´Ò° · ¤¨Ê¸ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶¥·¥¤ ±µ²²¨³ Éµ·µ³ Š1,
¢ÒÎ¨¸²¥´´Ò° É ±¦¥ ¸ ÊÎ¥Éµ³ ¨§³¥´¥´¨Ö Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ ¶·µÍ¥¸¸¥
Éµ·³µ¦¥´¨Ö, ¸µ¸É ¢²Ö¥É√

〈r2〉c ≈ 4,32 £/¸³2 (Ê£²¥·µ¤ ) ≈ 2,7 ¸³.

‘ ÊÎ¥Éµ³ · §³¥·µ¢ (r0 = 1,5 ¸³) ¨ Ê£²µ¢µ° · ¸Ìµ¤¨³µ¸É¨ (Θ0 = 4 ×
10−3 · ¤) ¶¥·¢¨Î´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ÔÉ¨ ¢¥²¨Î¨´Ò ¸É ´µ¢ÖÉ¸Ö · ¢´Ò³¨√

〈Θ2〉¶ ≈ 3,5◦ ¨
√
〈r2〉¶ ≈ 3,1 ¸³.

ˆ³¶Ê²Ó¸´ Ö ¤¨¸¶¥·¸¨Ö § Éµ·³µ¦¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  ¢Ìµ¤¥ ±µ²-
²¨³ Éµ·  Š1 ¸µ¸É ¢²Ö¥É

∆P0

P0
≈ 8,3 % (Ï¨·¨´  ´  ¶µ²Ê¢Ò¸µÉ¥ (˜�‚) ¨³¶Ê²Ó¸´µ£µ · ¸¶·¥¤¥²¥´¨Ö).

“¶·Ê£¨¥ ¨ ´¥Ê¶·Ê£¨¥ Ö¤¥·´Ò¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¡²µ± Ì Ê£²¥·µ¤´µ£µ § -
³¥¤²¨É¥²Ö Ê³¥´ÓÏ ÕÉ ¨´É¥´¸¨¢´µ¸ÉÓ § Éµ·³µ¦¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´ 
Ë ±Éµ·

�−nσt = �−2,7 ≈ 1/15 = 0,0667,

£¤¥ n = 9 · 1024 c³−2 Å Î¨¸²µ Ö¤¥· Ê£²¥·µ¤  ´  ¶ÊÉ¨ ¶·µÉµ´´µ£µ ¶ÊÎ± ; σt ≈
0,3 · 10−24 c³2 Å Ê¸·¥¤´¥´´µ¥ ¢ ¤¨ ¶ §µ´¥ Ô´¥·£¨¨ 160Ä660 ŒÔ‚ §´ Î¥´¨¥
¶µ²´µ£µ ¸¥Î¥´¨Ö ¢§ ¨³µ¤¥°¸É¢¨Ö ¶·µÉµ´µ¢ ¸ Ö¤· ³¨ Ê£²¥·µ¤ .

ˆ´É¥´¸¨¢´µ¸ÉÓ Ip ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ³µ¦´µ µÍ¥´¨ÉÓ
¶µ ¸²¥¤ÊÕÐ¥° ¶·¨¡²¨¦¥´´µ° Ëµ·³Ê²¥:

Ip = I0�
−nσ̄

(
1 − �−r2

0/〈r2〉n

) Ω
π〈Θ2〉¶

S³²¶±

S¨±1

ΩŒ‹-29

ΩQ3

∆P/P

∆P0/P0
,
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£¤¥ I0 = 1 ³±� = 6,25 · 1012 ¸−1 Å ¨´É¥´¸¨¢´µ¸ÉÓ ¶¥·¢¨Î´µ£µ ¶·µÉµ´´µ£µ

¶ÊÎ± ; r0 = 4 ¸³ Å · ¤¨Ê¸ ±µ²²¨³ Éµ·  Š1; Ω =
π · 5, 5 · 3
(230)2

≈ 10−3 ¸p Å

É¥²¥¸´Ò° Ê£µ², ¸ÉÖ£¨¢ ¥³Ò° ÔËË¥±É¨¢´µ°  ¶¥·ÉÊ·µ° ²¨´§Ò Œ‹-3 ¨§ ÉµÎ±¨
· ¸¶µ²µ¦¥´¨Ö ±µ²²¨³ Éµ·  Š1; S³²¶± = π · 5,5 · 3 = 52 ¸³2 Å ¶²µÐ ¤Ó ÔË-
Ë¥±É¨¢´µ°  ¶¥·ÉÊ·Ò ²¨´§Ò Œ‹�Š; S¨±1 = π〈r2〉nM£M¢ = π · 3,12 · 4 · 1,28 =
155 ¸³2 Å ¶²µÐ ¤Ó Ê¢¥²¨Î¥´´ÒÌ ¢ M£M¢ · § ²¨´§µ° Œ‹-3 ¸·¥¤´¥±¢ ¤· -

É¨Î´ÒÌ · §³¥·µ¢ ¶ÊÎ± ; ΩŒ‹-29 =
π · 9,5 · 7
(1430)2

≈ 10−4 ¸p Å É¥²¥¸´Ò° Ê£µ²,

¸ÉÖ£¨¢ ¥³Ò° ÔËË¥±É¨¢´µ°  ¶¥·ÉÊ·µ° ²¨´§Ò Œ‹-29 ¨§ ¸·¥¤´¥° ÉµÎ±¨ ²¨´§Ò

Œ‹�Š; ΩQ3 =
π · 5,5 · 3,6

(550)2
≈ 2 · 10−4 ¸p Å É¥²¥¸´Ò° Ê£µ², ¸ÉÖ£¨¢ ¥³Ò° ÔË-

Ë¥±É¨¢´µ°  ¶¥·ÉÊ·µ° ²¨´§Ò Œ‹-3 ¨§ ¸·¥¤´¥° ÉµÎ±¨ ²¨´§Ò Œ‹�Š; ∆P/P ≈
3,6 % (˜�‚) Å ¨³¶Ê²Ó¸´Ò° ¨´É¥·¢ ², µ¶·¥¤¥²Ö¥³Ò° ¤¨¸¶¥·¸¨µ´´µ° É· ¥±-
Éµ·¨¥° P0 − 0,018P0 µÉ Í¥´É·  ³ £´¨É  ‘�-37 ¤µ ¢Ìµ¤´µ°  ¶¥·ÉÊ·Ò ²¨´§Ò
Œ‹�Š.

‘ ÔÉ¨³¨ §´ Î¥´¨Ö³¨ ¢¥²¨Î¨´

Ip = (6,25 · 1012 · 0,067) · (0,81 · 0,084 · 0,336 · 0,5 · 0,435) =

= 4,16 · 1111 · 0,005 ≈ 2,08 · 109 ¸−1 · ³±�−1.

�²µÐ ¤Ó ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¢ Ëµ±Ê¸¥ É·¨¶²¥É  ²¨´§ Œ‹-29 µ¶·¥¤¥²Ö-
¥É¸Ö Ê³¥´ÓÏ¥´´Ò³¨ ¢ 8 · § · §³¥· ³¨ ÔËË¥±É¨¢´µ°  ¶¥·ÉÊ·Ò ²¨´§Ò Œ‹�Š
¨ ¸µ¸É ¢²Ö¥É

S =
11
8

× 6
8

= 1,38 × 0,75 ≈ 1 ¸³2.

�É¸Õ¤  ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ¶·µÉµ´µ¢ ¢ Ëµ±Ê¸¥ É·¨¶²¥É  ²¨´§Ò Œ‹-29 · ¢-

´Ö¥É¸Ö Jp =
Ip

S
=

2,08 · 109

1, 0
≈ 2,1·109 ¸³−2 ·¸−1 ·³±�−1 ¨ ³µÐ´µ¸ÉÓ ¤µ§Ò ´ 

¢Ìµ¤¥ ±·¨¢µ° �·Ô££  ¸µ¸É ¢¨É
dD0

dt
= Jp

dE

dx
= 2,1·109·4,7·1,6·10−6·60·10−4 ≈

94 ƒ·/(³¨´ · ³±�).
‚¢¨¤Ê Éµ£µ, ÎÉµ ¤µ§  ¢ ³ ±¸¨³Ê³¥ ±·¨¢µ° �·Ô££  ¶·¨³¥·´µ ¢ ¤¢  · § 

¡µ²ÓÏ¥, Î¥³ ¤µ§  ´  ¢Ìµ¤¥,   ·ÊÉ¨´´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ´¥· ¸ÉÖ´ÊÉµ£µ ¢µ ¢·¥-
³¥´¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸µ¸É ¢²Ö¥É 2,5 ³±�, ³µÐ´µ¸ÉÓ ¤µ§Ò ¢ ¤µ§µ¢µ³ ³ ±¸¨-
³Ê³¥ ¡Ê¤¥É ¶·¨¡²¨¦ ÉÓ¸Ö ±

dD

dt
≈ 94 · 2 · 2,5 ≈ 470 ƒ·/³¨´.

ÎÉµ ¸ § ¶ ¸µ³ ¶·¥¢µ¸Ìµ¤¨É ¢¥²¨Î¨´Ê dD/dt ≈ 200 ƒ·/³¨´, µ¶·¥¤¥²¥´´ÊÕ
¢ ¶. 1 ± ± µ¶É¨³ ²Ó´ Ö ¤µ§  ¤²Ö ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 160 ŒÔ‚,  
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¨´É¥´¸¨¢´µ¸ÉÓ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ · ¸Î¥É¥ ´  2,5 ³±� ¨´É¥´-
¸¨¢´µ¸É¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ±  ¸µ¸É ¢¨É

Ip = 2,08 · 109 · 2,5 = 5,2 · 109 c−1 ≈ 0,83 ´�.

„²Ö ¶ÊÎ±  ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 200 ŒÔ‚  ´ ²µ£¨Î´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¶·¨-
¢µ¤ÖÉ ± ¸²¥¤ÊÕÐ¨³ §´ Î¥´¨Ö³ ÔÉ¨Ì ¢¥²¨Î¨´:√

〈Θ2〉c ≈
√
〈Θ2〉¶ = 5,5 · 10−2 · ¤ = 3,15◦;

√
〈r2〉c ≈ 2, 37 ¸³,

√
〈r2〉¶ ≈ 2, 8 ¸³;

�−nσt = �−2,55 ≈ 1
13,2

;
∆P0

P0
≈ 6,3 %;

Ip = I0�
−nσ̄t

(
1 − �

− r2
0

〈r2〉¶

)
Ω

π 〈Θ2〉¶

S³²¶±

S¨±1

ΩŒ‹-29

ΩQ3

∆P/P

∆P0/P0
=

= I0 · 0,076 · 0,88 · 0,1 · 0,336 · 0, 5 · 0,57 ≈ 4,0 · 109 ¸−1 · ³±�−1;

Jp =
Ip

S
=

4,0 · 109

1,0
≈ 4,0 · 109 ¸³−2 · ¸−1 · ³±�−1;

dD0

dt
= J

dE

dx
= 4,0 · 109 · 4,5 · 1,6 · 10−6 · 60 · 10−4 ≈ 170 ƒ·/(³¨´ · ³±�).

‚ ³ ±¸¨³Ê³¥ ±·¨¢µ° �·Ô££  ¤²Ö ·ÊÉ¨´´µ° ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î´µ£µ ¶·µ-
Éµ´´µ£µ ¶ÊÎ±  2,5 ³±� ³µÐ´µ¸ÉÓ ¤µ§Ò ¡Ê¤¥É ¤µ¸É¨£ ÉÓ §´ Î¥´¨Ö:

dD

dt
≈ 170 · 2 · 2,5 ≈ 850 ƒ·/³¨´;

ÎÉµ ¢ 2,8 · §  ¡µ²ÓÏ¥ µ¶É¨³ ²Ó´µ° ¤µ§Ò 300 ƒ·/³¨´, · ¸¸Î¨É ´´µ° ¢ ¶. 1 ¤²Ö
Ô´¥·£¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  200 ŒÔ‚. �·¨ ÔÉµ³ ¨´É¥´¸¨¢´µ¸ÉÓ ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ · ¸Î¥É¥ ´  2,5 ³±� ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î´µ£µ ¶ÊÎ± 
¸µ¸É ¢¨É Ip = 4,0 · 109 · 2,5 = 1010 c−1 = 1,6 ´�.

�µ É ±µ° ¦¥ ¸Ì¥³¥ ¢ ¶·¨¡²¨¦¥´¨¨ Éµ´±¨Ì ²¨´§ ¡Ò²¨ ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ
¤²Ö ¢Éµ·µ£µ, É·¥ÉÓ¥£µ ¨ Î¥É¢¥·Éµ£µ ¢ ·¨ ´Éµ¢ ± ´ ² , ¨ ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¸Ê³³¨·µ¢ ´Ò ¢ É ¡². 1.

� ¨¡µ²¥¥ ÉµÎ´Ò¥ ¨ ¤¥É ²Ó´Ò¥ · ¸Î¥ÉÒ ¶ · ³¥É·µ¢ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´-
´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 160 ŒÔ‚ ¤²Ö ¢¸¥Ì ¢ ·¨ ´Éµ¢ ± ´ ²  ¡Ò²¨ ¢Ò¶µ²´¥´Ò
¶µ ¶·µ£· ³³¥ DYNAC ¤²Ö ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° § Éµ·³µ¦¥´´µ£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ´  ¢ÒÌµ¤¥ Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö, Ì · ±É¥·¨§Ê¥³ÒÌ ´µ·³ ²Ó´Ò³¨
· ¸¶·¥¤¥²¥´¨Ö³¨ ¸ ¤¨¸¶¥·¸¨Ö³¨:
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�¨¸. 6. P¥§Ê²ÓÉ ÉÒ · ¸Î¥Éa ¶µ ¶·µ£· ³³¥ DYNAC ¶ · ³¥É·µ¢ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´-
´µ£µ ¶ÊÎ±  ¤²Ö ¶¥·¢µ£µ ¨ É·¥ÉÓ¥£µ ¢ ·¨ ´Éµ¢ ± ´ ² 

σx = σy =
√
〈r2〉¶ /2 = 2,2 ¸³;

σx′ = σy′ =
√
〈Θ2〉¶ /2 = 43 ³· ¤;

σE = 10,2 ŒÔ‚;

¨ ¤²Ö ¤¢ÊÌ ±µ²²¨³ Éµ·µ¢ ´  ¢Ìµ¤¥ Ê£²¥·µ¤´µ£µ § ³¥¤²¨É¥²Ö: ±·Ê£²µ£µ Å
¤¨ ³¥É·µ³ 8 ¸³ ¨ Ð¥²¥¢µ£µ Å · §³¥·µ³ 3 × 7 ¸³.

‚ Ìµ¤¥ · ¸Î¥Éµ¢ ¡Ò²¨ µ¶·¥¤¥²¥´Ò: µ£¨¡ ÕÐ¨¥ ¶ÊÎ±  ¢ ± ´ ²¥; ¤µ²Ö
¶ÊÎ± , ¶·µÏ¥¤Ï¥£µ Î¥·¥§ Ô²¥³¥´ÉÒ ± ´ ² ; £µ·¨§µ´É ²Ó´µ¥, ¢¥·É¨± ²Ó´µ¥ ¨
Ô´¥·£¥É¨Î¥¸±µ¥ · ¸¶·¥¤¥²¥´¨Ö Î ¸É¨Í ¶ÊÎ±  ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö.

�¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¶µ ¶·µ£· ³³¥ DYNAC ¤²Ö ¶¥·¢µ£µ ¨
É·¥ÉÓ¥£µ ¢ ·¨ ´Éµ¢ ± ´ ²  ¢ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶µ± § ´Ò ´  ·¨¸. 6 ¨ 7,
  ¢¸Ö ¸µ¢µ±Ê¶´µ¸ÉÓ ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥É  ¤²Ö Î¥ÉÒ·¥Ì ¢ ·¨ ´Éµ¢
± ´ ²  ¶·¥¤¸É ¢²¥´  ¢ É ¡². 1 ¨ 2.
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4. ��‘“†„…�ˆ… ��‹“—…��›• �…‡“‹œ’�’�‚ ��‘—…’�
ˆ �…Š�’��›• �‘��…���‘’…‰ �…�‹ˆ‡�–ˆˆ

‘Š��ˆ�“�™…ƒ� ���’����ƒ� �“—Š�
�� ”�‡�’���… ‹Ÿ� �ˆŸˆ

�´ ²¨§ ·¥§Ê²ÓÉ Éµ¢ ¶·µ¢¥¤¥´´ÒÌ · ¸Î¥Éµ¢ · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ± ´ ² 
¤²Ö Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 160 ŒÔ‚ ¶µ-
§¢µ²Ö¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò.

1. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¤¢Ê³Ö ´¥§ ¢¨¸¨³Ò³¨ ³¥Éµ¤ ³¨ (¢
¶·¨¡²¨¦¥´¨¨ Éµ´±¨Ì ²¨´§ ¨ ¶µ ¶·µ£· ³³¥ DYNAC), ¸µ£² ¸ÊÕÉ¸Ö ¢ ¶·¥¤¥² Ì
Ë ±Éµ·  1,5.

2. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨ (≈ 0,8 ´�) ¨ Ê¸·¥¤´¥´´µ° ¶µ
µ¡Ñ¥³Ê ¸± ´¨·µ¢ ´¨Ö ³µÐ´µ¸É¨ ¤µ§Ò (2Ä4 ƒ·/³¨´), ¶µ²ÊÎ¥´´Ò¥ ¤²Ö ¶¥·¢µ£µ,
¢Éµ·µ£µ ¨ É·¥ÉÓ¥£µ ¢ ·¨ ´Éµ¢ ± ´ ² , ¶·¥¢ÒÏ ÕÉ ¤µ ¤¢ÊÌ · § É·¥¡Ê¥³Ò¥ §´ -
Î¥´¨Ö, µ¶·¥¤¥²¥´´Ò¥ ¢ ¶. 1.

3. ˆ´É¥´¸¨¢´µ¸ÉÓ ¨ ³µÐ´µ¸ÉÓ ¤µ§Ò ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¤²Ö Î¥É¢¥·-
Éµ£µ ¢ ·¨ ´É  ± ´ ²  ¢ ´¥¸±µ²Ó±µ · § ³¥´ÓÏ¥, Î¥³ ¤²Ö µ¸É ²Ó´ÒÌ ¢ ·¨ ´Éµ¢
± ´ ² .

4. “³¥´ÓÏ¥´¨¥ · §³¥·µ¢ ±µ²²¨³ Éµ·  Š1 ´  ¢ÒÌµ¤¥ Ê£²¥·µ¤´µ£µ § -
³¥¤²¨É¥²Ö, ± ± ¨ µ¦¨¤ ²µ¸Ó, ¶·¨¢µ¤¨É ± Ê²ÊÎÏ¥´¨Õ ¨³¶Ê²Ó¸´µ£µ · §¡·µ¸ 
¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶·¨ §´ Î¨É¥²Ó´µ³ Ê³¥´ÓÏ¥´¨¨ ¥£µ ¨´É¥´-
¸¨¢´µ¸É¨.

5. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö £· ¤¨¥´Éµ¢ ³ £´¨É´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ ²¨´§ ´¥ ¶·¥-
¢ÒÏ ÕÉ ³ ±¸¨³ ²Ó´µ ¤µ¶Ê¸É¨³ÒÌ ¢¥²¨Î¨´ ¤²Ö ¢¸¥Ì ¢ ·¨ ´Éµ¢ ± ´ ²  Ëµ·-
³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± .

’ ±¨³ µ¡· §µ³, ¶µ Ê·µ¢´Õ É·¥¡Ê¥³µ° ¨´É¥´¸¨¢´µ¸É¨ ¨ ³µÐ´µ¸É¨ ¤µ§Ò,  
É ±¦¥ ¤µ¶Ê¸É¨³Ò³ §´ Î¥´¨Ö³ £· ¤¨¥´É  ³ £´¨É´µ£µ ¶µ²Ö ¢ ¨³¥ÕÐ¨Ì¸Ö ±¢ -
¤·Ê¶µ²Ó´ÒÌ ²¨´§ Ì ´¥ ¸ÊÐ¥¸É¢Ê¥É µ£· ´¨Î¥´¨° ¤²Ö ·¥ ²¨§ Í¨¨ ¸± ´¨·ÊÕÐ¥£µ
¶·µÉµ´´µ£µ ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ.

„µ¸É¨¦¥´¨¥ É ±µ£µ Ê·µ¢´Ö ¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ-
±  ¶µ²ÊÎ ¥É¸Ö §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö ¥£µ ¶µ²´µ£µ Ë §µ¢µ£µ µ¡Ñ¥³ , ÎÉµ ¶· ±É¨-
Î¥¸±¨ ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ ¢ 2Ä3 · §  Ê£²µ¢ ¸Ìµ¤¨³µ¸É¨ É ±µ£µ ¶ÊÎ±  ´ 
µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö ¨ ¥£µ · §³¥·µ¢ ´  ¢Ìµ¤¥ ¢ µ¡Ñ¥±É µ¡²ÊÎ¥´¨Ö.

�  ·¨¸. 8 ¶µ± § ´Ò ¤²Ö ¸· ¢´¥´¨Ö ±µ´ÉÊ·Ò (¶µ ˜�‚ Å Ï¨·¨´¥ ´  ¶µ-
²Ê¢Ò¸µÉ¥ ¶µ¶¥·¥Î´µ£µ · ¸¶·¥¤¥²¥´¨Ö) ¸± ´¨·ÊÕÐ¨Ì ¶·µÉµ´´ÒÌ ¶ÊÎ±µ¢ ¤²Ö
Ê¸²µ¢¨° ¶µ²ÊÎ¥´¨Ö ¢ PSI ¨ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ, ¶µ¸É·µ¥´´Ò¥ ¸ ÊÎ¥Éµ³
¸Ìµ¤¨³µ¸É¨ ¨ ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¶·¨ § ³¥¤²¥´¨¨ ¢ ¢µ¤¥. Œ¨´¨³ ²Ó-
´Ò¥ · §³¥·Ò ¶ÊÎ±  ¢ ¢µ§¤ÊÌ¥ ¤²Ö PSI ¸µ¸É ¢²ÖÕÉ 6 ³³ (˜�‚), ¤²Ö Ë §µÉ·µ´ 
µ´¨ ¶·¨´ÖÉÒ · ¢´Ò³¨ 9 ³³ (˜�‚). Œ´µ£µ±· É´µ¥ ±Ê²µ´µ¢¸±µ¥ · ¸¸¥Ö´¨¥
¶·¨ § ³¥¤²¥´¨¨ ¶ÊÎ±  ¶·µÉµ´µ¢ ¢ ¢µ¤¥ ¶·¨¢µ¤¨É ´  ¤²¨´¥ ¶·µ¡¥£  17,5 ¸³ ±
ÊÏ¨·¥´¨Õ ¡¥¸±µ´¥Î´µ Ê§±µ£µ ¶ÊÎ±  ¤µ ¤¨ ³¥É·  9,2 ³³ (˜�‚).
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�¨¸. 8. P ¸Î¥É´Òe · §³¥·Ò ¸± ´¨·ÊÕÐ¨x ¶·µÉµ´´Òx ¶ÊÎ±µ¢ ¸ Ô´¥·£¨¥° 160 ŒÔ‚ ¢
PSI ¨ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¶·¨ ¶µ²´µ³ Éµ·³µ¦¥´¨¨ ¶·µÉµ´µ¢ ¢ ¢µ¤¥:  , ¡ Å ¶·¨
¨´É¥´¸¨¢´µ¸É¨ ≈ 1 ´� (PSI ¨ Ë §µÉ·µ´); ¢ Å ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ≈ 0,2 ´�, ¸´¨¦¥´´µ°
¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö  ¶¥·ÉÊ·Ò ¶µ²¥¢µ° ²¨´§Ò ¤µ 8 ¸³ ¨  ¶¥·ÉÊ·Ò µ±µ´¥Î´µ° ²¨´§Ò ¤µ
14 ¸³ (Ë §µÉ·µ´)

‚ ·¥§Ê²ÓÉ É¥ · §³¥·Ò ¶ÊÎ±  ¢ PSI ¸µ¸É ¢²ÖÕÉ ´  ¢Ìµ¤¥ 9 ³³ ¨ ¢ ¶¨±¥
�·Ô££  11 ³³ (·¨¸. 8,  ), ¤²Ö ¶ÊÎ±  ´  Ë §µÉ·µ´¥ ÔÉ¨ · §³¥·Ò Ê¢¥²¨Î¨¢ ÕÉ¸Ö,
¸µµÉ¢¥É¸É¢¥´´µ, ¤µ 16 ¨ 13 ³³ (·¨¸. 8, ¡).

’ ±µ¥ Ê¢¥²¨Î¥´¨¥ · §³¥·µ¢ ¶ÊÎ±  ´¥ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤²Ö µ¡Ñ-
¥±Éµ¢ µ¡²ÊÎ¥´¨Ö ¸ · §³¥· ³¨ ¢´ÊÉ·¥´´¨Ì ¸É·Ê±ÉÊ· ¡µ²¥¥ 1 ¸³ ¨ ¶µÔÉµ³Ê
´¥ ³µ¦¥É ¶·¨¢¥¸É¨ ± § ³¥É´µ³Ê µ£· ´¨Î¥´¨Õ µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ É ±µ£µ
¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ± .

‚ Éµ ¦¥ ¢·¥³Ö · ¸Î¥É´µ¥ §´ Î¥´¨¥ ¸·¥¤´¥° ³µÐ´µ¸É¨ ¤µ§Ò ¶·¨ µ¡²Ê-
Î¥´¨¨ µ¶ÊÌµ²¥° ¸ ¶µ¶¥·¥Î´Ò³ ¸¥Î¥´¨¥³ ≈ 25 ¸³2 ¸µ¸É ¢²Ö¥É ≈ 8 ƒ·/³¨´
¶·¨ 2,5 ³±� ¶¥·¢¨Î´µ£µ ¶ÊÎ± , ÎÉµ ¶·¨³¥·´µ ´  ¶µ·Ö¤µ± ¶·¥¢ÒÏ ¥É ³µÐ-
´µ¸ÉÓ ¤µ§Ò ¢ ¶·µÉµ´´µ³ ¶ÊÎ±¥, ¸Ëµ·³¨·µ¢ ´´µ³ ¢ ± ¡¨´¥ º 1 ¸ ¶µ³µÐÓÕ
¶ ¸¸¨¢´ÒÌ ¸·¥¤¸É¢ Ëµ·³¨·µ¢ ´¨Ö (≈ 0,8 ƒ·/³¨´ ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î-
´µ£µ ¶ÊÎ±  2,5 ³±�) [18]. 	Éµ ¶µ§¢µ²Ö¥É §  ¸Î¥É ¸´¨¦¥´¨Ö ¨´É¥´¸¨¢´µ¸É¨
¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¢ ´¥¸±µ²Ó±µ · § ¶ÊÉ¥³ Ê³¥´ÓÏ¥´¨Ö  ¶¥·-
ÉÊ·Ò ¶µ²¥¢µ° ¨ µ±µ´¥Î´µ° ²¨´§,   É ±¦¥ Ê¢¥²¨Î¥´¨Ö · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ÔÉ¨³¨
²¨´§ ³¨ ¶µ²ÊÎ¨ÉÓ · §³¥·Ò ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¶·¨ ¥£µ Éµ·³µ¦¥´¨¨ ¢ ¢µ¤¥,
¶· ±É¨Î¥¸±¨ ´¥ µÉ²¨Î ÕÐ¨¥¸Ö µÉ · §³¥·µ¢ ¶ÊÎ±  ¢ PSI (·¨¸. 8, ¢).
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‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ³¥Éµ¤¨±  µ¡²ÊÎ¥´¨Ö ¸± ´¨·ÊÕÐ¨³ ¶·µÉµ´´Ò³ ¶ÊÎ-
±µ³ µ¡² ¤ ¥É ¶µ¢ÒÏ¥´´µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓÕ ± ¶·µ¸É· ´¸É¢¥´´µ° ´¥¸É ¡¨²Ó-
´µ¸É¨ ¶ÊÎ± , ± ³ ²Ò³ ¸³¥Ð¥´¨Ö³ µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö ± ± Í¥²µ£µ ¨²¨ ± ¨§-
³¥´¥´¨Õ ¶µ²µ¦¥´¨Ö ¥£µ ¢´ÊÉ·¥´´¨Ì ¸É·Ê±ÉÊ· ¢µ ¢·¥³Ö ¸± ´¨·µ¢ ´¨Ö. �·¨
Ï £¥ ¸± ´¨·µ¢ ´¨Ö 2σ ≈ 10 ³³ ¸³¥Ð¥´¨¥ ¶ÊÎ±  ¨²¨ µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö ´ 
∆X = 1 ³³ ¶·¨¢µ¤¨É ± ´¥· ¢´µ³¥·´µ¸É¨ ¤µ§´µ£µ ¶µ²Ö ¤µ X∆X/2σ2 = 10 %,
¤²Ö Ï £  ¸± ´¨·µ¢ ´¨Ö σ ≈ 5 ³³ ´¥· ¢´µ³¥·´µ¸ÉÓ Ê³¥´ÓÏ ¥É¸Ö ¤µ 4 %. „²Ö
Ê³¥´ÓÏ¥´¨Ö ¢²¨Ö´¨Ö ÔÉµ£µ ÔËË¥±É  ¶·¨³¥´ÖÕÉ É ³, £¤¥ ÔÉµ ¢µ§³µ¦´µ, ¦¥¸É-
±ÊÕ Ë¨±¸ Í¨Õ ¶ Í¨¥´É  (¤µ 1 ³³) ¨²¨ ³´µ£µ±· É´µ¥ ¸± ´¨·µ¢ ´¨¥ µ¡Ñ¥±É 
µ¡²ÊÎ¥´¨Ö. �µ µÉ´µÏ¥´¨Õ ± ³¥¤¨±µ-É¥Ì´¨Î¥¸±µ³Ê ±µ³¶²¥±¸Ê ‹Ÿ� �ˆŸˆ,
£¤¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·µÌµ¤ÖÉ µ¡²ÊÎ¥´¨¥ ¶ Í¨¥´ÉÒ ¢ µ¸´µ¢´µ³ ¸ µ¶ÊÌµ-
²Ö³¨ ¢ µ¡² ¸É¨ £µ²µ¢Ò, ¤µ¶Ê¸± ÕÐ¥° ¦¥¸É±ÊÕ Ë¨±¸ Í¨Õ, ÔÉµ ´¥ ¶·¨¢¥¤¥É ±
¸±µ²Ó-´¨¡Ê¤Ó §´ Î¨É¥²Ó´µ³Ê µ£· ´¨Î¥´¨Õ µ¡² ¸É¨ ¶·¨³¥´¨³µ¸É¨ ¸± ´¨·ÊÕ-
Ð¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± .

„²Ö ±µ´É·µ²Ö ¨ ±µ³¶¥´¸ Í¨¨ ´¥¸É ¡¨²Ó´µ¸É¥° ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¶µÉ·¥¡Ê¥É¸Ö · §· ¡µÉ±  ¨ ¸µ§¤ ´¨¥  ¶¶ · ÉÊ·Ò ¤²Ö ¡Ò¸É·µ£µ µ¶¥· É¨¢-
´µ£µ ¨§³¥·¥´¨Ö ¶ · ³¥É·µ¢ É ±µ£µ ¶ÊÎ± .

Š·µ³¥ Éµ£µ, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ÊÐ¥-
¸É¢¥´´µ ¶µ¢ÒÏ ÕÉ¸Ö É·¥¡µ¢ ´¨Ö ± µ¡¥¸¶¥Î¥´¨Õ · ¤¨ Í¨µ´´µ° ¡¥§µ¶ ¸´µ¸É¨
¶ Í¨¥´É  ´  ¸²ÊÎ ° ®µ¸É ´µ¢±¨¯ ¶ÊÎ±  ¢ ± ±µ³-²¨¡µ ¶¨±¸¥²¥. ‘¨¸É¥³  § -
Ð¨ÉÒ µÉ É ±¨Ì ¸²ÊÎ ¥¢ É ±¦¥ ¤µ²¦´  ¢±²ÕÎ ÉÓ  ¶¶ · ÉÊ·Ê ¤²Ö ¡Ò¸É·µ£µ
·¥ £¨·µ¢ ´¨Ö ´  ¨§³¥´¥´¨Ö § ¤ ´´µ£µ ·¥¦¨³  ¸± ´¨·µ¢ ´¨Ö ¨ ¢³¥¸É¥ ¸ ¶·¨-
¡µ· ³¨ ¤²Ö ¨§³¥·¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¢ ¸± ´¨·ÊÕÐ¥³ ³ £´¨É¥ ¢ ¸²ÊÎ ¥
´¥ÏÉ É´µ° ¸¨ÉÊ Í¨¨ ¢Ò· ¡ ÉÒ¢ ÉÓ ¸¨£´ ² ´  µÉ±²ÕÎ¥´¨¥ Ê¸±µ·¨É¥²Ö, ¶¥·¥-
±·ÒÉ¨¥ ¶ÊÎ±  Ï¨¡¥·´Ò³ § É¢µ·µ³ ¨²¨ µÉ±²ÕÎ¥´¨¥ µ¤´µ£µ ¨§ ¶µ¢µ·µÉ´ÒÌ
³ £´¨Éµ¢ ¢ ± ´ ²¥ Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ± .

ˆ§³¥·¥´¨Ö ¶ · ³¥É·µ¢ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¨ ±µ´É·µ²Ó ¨Ì
¸µµÉ¢¥É¸É¢¨Ö § ¤ ´´µ° ¶·µ£· ³³¥ µ¡²ÊÎ¥´¨Ö ´¥ ³µ£ÊÉ ¡ÒÉÓ ¢ ¶µ²´µ° ³¥·¥ µ¸Ê-
Ð¥¸É¢²¥´Ò ¤µ§¨³¥É·¨Î¥¸±µ°  ¶¶ · ÉÊ·µ°, ¨³¥ÕÐ¥°¸Ö ¢ ³¥¤¨±µ-É¥Ì´¨Î¥¸±µ³
±µ³¶²¥±¸¥ ‹Ÿ� �ˆŸˆ. ’ ±, ¥¸²¨ ³µ´¨Éµ·¨·µ¢ ´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·Ê-
ÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ³µ¦´µ ¡Ê¤¥É ·¥ ²¨§µ¢ ÉÓ ¸ ¶µ³µÐÓÕ ¤¥°¸É¢ÊÕÐ¨Ì
¶²µ¸±¨Ì ¨µ´¨§ Í¨µ´´ÒÌ ± ³¥·, ¸¨£´ ² ¸ ±µÉµ·ÒÌ ¶µ¸²¥ ¤µ¸É¨¦¥´¨Ö § ¤ ´-
´µ° ¤µ§Ò ¢ Ô²¥³¥´É ·´µ³ µ¡Ñ¥³¥ µ¡²ÊÎ¥´¨Ö µÉ±²ÕÎ ¥É Ê¸±µ·¨É¥²Ó ´  ¢·¥³Ö
¶¥·¥Ìµ¤  ± ¸²¥¤ÊÕÐ¥³Ê Ô²¥³¥´É ·´µ³Ê µ¡Ñ¥³Ê, Éµ ¨§³¥·¥´¨¥ ¶·µ¸É· ´¸É¢¥´-
´ÒÌ ¤µ§´ÒÌ Ì · ±É¥·¨¸É¨± ´¥²Ó§Ö µ¸ÊÐ¥¸É¢¨ÉÓ ¨³¥ÕÐ¨³¸Ö ¨§µ¤µ§µ£· Ëµ³,
· ¡µÉ ÕÐ¨³ ´  ¸¢Ö§¨ ¸ 	‚Œ [15]. 	ÉµÉ ¨§µ¤µ§µ£· Ë µ¡² ¤ ¥É ¶·¥¢µ¸Ìµ¤-
´Ò³ ¶·µ¸É· ´¸É¢¥´´Ò³ · §·¥Ï¥´¨¥³ (¤µ 0,2 ³³), µ¤´ ±µ ¢·¥³Ö ¨§³¥·¥´¨Ö
µ¤´µ£µ É·¥Ì³¥·´µ£µ ¤µ§´µ£µ ¶µ²Ö ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ³¨´ÊÉ, ÎÉµ
¶µ²´µ¸ÉÓÕ ¨¸±²ÕÎ ¥É ¥£µ ¶·¨³¥´¥´¨¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¢ ¤¨´ ³¨Î¥¸±µ³ ·¥¦¨³¥
¶·µ¸É· ´¸É¢¥´´ÒÌ ¤µ§´ÒÌ Ì · ±É¥·¨¸É¨± ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± .

„²Ö Í¥²¥° É ±µ° µ¶¥· É¨¢´µ° ¤µ§¨³¥É·¨¨ ¶·¥¤² £ ¥É¸Ö · §· ¡µÉ ÉÓ ¨ ¸µ-
§¤ ÉÓ ¡Ò¸É·Ò¥, ¶µ²´µ¸ÉÓÕ  ¢Éµ³ É¨§¨·µ¢ ´´Ò¥ ¨§µ¤µ§µ£· ËÒ ´  µ¸´µ¢¥ ¨¸-
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�¨¸. 9. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¤¢ÊÌ ¨§µ¤µ§µ£· Ëo¢ ´  µ¸´µ¢¥ ¨¸¶µ²Ó§µ¢ ´¨Ö Í¨Ë·µ¢ÒÌ
¢¨¤¥µ± ³¥· ¸ �‡‘-³ É·¨Í¥°

¶µ²Ó§µ¢ ´¨Ö µÉ´µ¸¨É¥²Ó´µ ¤¥Ï¥¢ÒÌ ¨ ¶µ²ÊÎ¨¢Ï¨Ì Ï¨·µ±µ¥ · ¸¶·µ¸É· ´¥´¨¥
³¨´¨ ÉÕ·´ÒÌ Í¨Ë·µ¢ÒÌ ¢¨¤¥µ± ³¥· ¸ �‡‘-³ É·¨Í¥°, · ¡µÉ ÕÐ¨Ì ´  ¸¢Ö§¨
¸ 	‚Œ. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¤¢ÊÌ É ±¨Ì ¶·¨¡µ·µ¢ ¶µ± § ´  ´  ·¨¸. 9. ‚
¶¥·¢µ³ ¨§ ´¨Ì, ¶·¥¤´ §´ Î¥´´µ³ ¤²Ö ¨§³¥·¥´¨Ö ¶µ¶¥·¥Î´ÒÌ ¤µ§´ÒÌ · ¸¶·¥¤¥-
²¥´¨° ¨ ±µ´É·µ²Ö ¶· ¢¨²Ó´µ¸É¨ ¶µ²µ¦¥´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± 
¢ ¶·µÍ¥¸¸¥ µ¡²ÊÎ¥´¨Ö, ¶¥·¶¥´¤¨±Ê²Ö·´µ ¶·µÉµ´´µ³Ê ¶ÊÎ±Ê Ê¸É ´ ¢²¨¢ ¥É¸Ö
¶² ¸É¨´  ¨§ ¸Í¨´É¨²²¨·ÊÕÐ¥° ¶² ¸É³ ¸¸Ò Éµ²Ð¨´µ° ≈ 2 ³³ ¨ · §³¥·µ³,
¶·¥¢ÒÏ ÕÐ¨³ · §³¥·Ò µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö (µ±µ²µ 10×10 ¸³). �·¨ ¶·µÌµ¦¤¥-
´¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  Î¥·¥§ ¸Í¨´É¨²²ÖÉµ· ¢ ´¥³ ¢µ§´¨± ¥É ¸¢¥Î¥´¨¥, ¨´É¥´-
¸¨¢´µ¸ÉÓ ±µÉµ·µ£µ ¢ ± ¦¤µ° ÉµÎ±¥ ¶·µ¶µ·Í¨µ´ ²Ó´  ¶µ£²µÐ¥´´µ° ¤µ§¥. �µ-
¢¥·Ì´µ¸ÉÓ ¶² ¸É¨´Ò Î¥·¥§ µÉ· ¦¥´¨¥ ¢ §¥·± ²¥ ¶·µ¸³ É·¨¢ ¥É¸Ö µ¡Ñ¥±É¨¢µ³
¢¨¤¥µ± ³¥·Ò, ¢ ±µÉµ·µ° ¸¢¥Éµ¢µ¥ ¨§µ¡· ¦¥´¨¥ ¶µ¶¥·¥Î´µ£µ · ¸¶·¥¤¥²¥´¨Ö
¶ÊÎ±  §  ¢·¥³Ö µ¡²ÊÎ¥´¨Ö µ¤´µ£µ Ô²¥³¥´É ·´µ£µ µ¡Ñ¥³  (µ±µ²µ 0, 1 ¸) Ë¨±¸¨-
·Ê¥É¸Ö ´  �‡‘-³ É·¨Í¥ ¨ § É¥³ ¢µ ¢·¥³Ö ¸Î¨ÉÒ¢ ´¨Ö ¢ ¶·µ³¥¦ÊÉ± Ì, ´¥µ¡Ìµ-
¤¨³ÒÌ ¤²Ö ¶¥·¥³¥Ð¥´¨Ö ¶ÊÎ±  ¨ µ¡²ÊÎ¥´¨Ö ¸²¥¤ÊÕÐ¥£µ ¶¨±¸¥²Ö, ¶·¥¢· Ð -
¥É¸Ö ¢ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸ÉÓ ¨³¶Ê²Ó¸µ¢, ±µÉµ·Ò¥ ¢ µÍ¨Ë·µ¢ ´´µ³ ¢¨¤¥ ¶µ¸ÉÊ-
¶ ÕÉ ¢ 	‚Œ, £¤¥ ¶µ ¨§¢¥¸É´Ò³ ¶·µ£· ³³ ³ ¶·¥µ¡· §ÊÕÉ¸Ö ¢ ¶²µ¸±µ¥ ¶µ¶¥-
·¥Î´µ¥ ¨§µ¤µ§´µ¥ · ¸¶·¥¤¥²¥´¨¥ µ¤´µ£µ ¶µ²µ¦¥´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¨²¨
¸Ê³³ ·´µ¥ ¤µ§´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¶µ¸²¥ § ¢¥·Ï¥´¨Ö ¶·µÍ¥¸¸  ¸± ´¨·µ¢ ´¨Ö.

‚µ ¢Éµ·µ³ ¶·¨¡µ·¥, ¶·¥¤´ §´ Î¥´´µ³ ¤²Ö ¨§³¥·¥´¨Ö ¶·µ¤µ²Ó´ÒÌ ¤µ§-
´ÒÌ ¶µ²¥° ¢ ¶¥·¨µ¤ ¶µ¤£µÉµ¢±¨ ¸¥ ´¸  ²ÊÎ¥¢µ° É¥· ¶¨¨, ¸± ´¨·ÊÕÐ¨° ¶·µ-
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Éµ´´Ò° ¶ÊÎµ± ¢Ìµ¤¨É ¢ ¡µ²ÓÏµ° ¸Í¨´É¨²²ÖÉµ· · §³¥·a³¨ 10 × 10 × 20 ¸³
¶ · ²²¥²Ó´µ ¥£µ ¡µ²ÓÏµ° £· ´¨ ¨ ¶µ²´µ¸ÉÓÕ µ¸É ´ ¢²¨¢ ¥É¸Ö ¢ ´¥³. ‚µ§´¨-
± ÕÐ Ö ¢ ¸Í¨´É¨²²ÖÉµ·¥ µ¡² ¸ÉÓ ¸¢¥Î¥´¨Ö ¶·µ¸³ É·¨¢ ¥É¸Ö ¸ ¤¢ÊÌ ¢§ ¨³´µ-
¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ´ ¶· ¢²¥´¨°, ¸ ¶µ³µÐÓÕ ¸¨¸É¥³Ò §¥·± ² µÉµ¡· ¦ ¥É¸Ö
µ¡Ñ¥±É¨¢µ³ Í¨Ë·µ¢µ° ¢¨¤¥µ± ³¥·Ò ´  �‡‘-³ É·¨ÍÊ ¢ ¢¨¤¥ ¤¢ÊÌ ´¥¶¥·¥±·Ò-
¢ ÕÐ¨Ì¸Ö µ¡² ¸É¥° ¨ § É¥³ ¶µ¸²¥ ¸Î¨ÉÒ¢ ´¨Ö ¨ µ¡· ¡µÉ±¨ ´  	‚Œ ¶·¥-
µ¡· §Ê¥É¸Ö ¢ ¤¢¥ ¤¢ÊÌ³¥·´Ò¥ ¶·µ¥±Í¨¨ ¶·µ¤µ²Ó´µ£µ ¤µ§´µ£µ · ¸¶·¥¤¥²¥´¨Ö
¨²¨, ¶µ¸²¥ § ¢¥·Ï¥´¨Ö ¶·µÍ¥¸¸  ¸± ´¨·µ¢ ´¨Ö, µÉµ¡· ¦ ¥É¸Ö ¢ ¶µ¸²¥¤µ¢ -
É¥²Ó´µ¸ÉÓ ¤¢ÊÌ³¥·´ÒÌ ¨²¨ É·¥Ì³¥·´ÒÌ ¶·µ¥±Í¨° ¸Ê³³ ·´µ£µ ¤µ§´µ£µ · ¸-
¶·¥¤¥²¥´¨Ö.

�Í¥´¨³ ¸¢¥Éµ¢µ° ¶µÉµ± ´  �‡‘-³ É·¨Í¥ ¶·¨ ³µÐ´µ¸É¨ ¤µ§Ò ´  ¢Ìµ¤¥
±·¨¢µ° �·Ô££ , · ¢´µ°

dD

dt
= Jp

dE

dx
≈ 230 ƒ·/³¨´ =

230 · 104 · 10−7

60
≈ 3,9 ³„¦/(¸ · £)

¤²Ö Ô´¥·£¨¨ ¶·µÉµ´µ¢ 160 ŒÔ‚ ¨ ¨´É¥´¸¨¢´µ¸É¨ ¶¥·¢¨Î´µ£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  2,5 ³±�. ‚ ÔÉµ³ ¸²ÊÎ ¥ Jp ≈ 5 · 109 c³−2 · ¸−1.

�·¨ Éµ²Ð¨´¥ ¸Í¨´É¨²²ÖÉµ·  2 ³³ ±µ²¨Î¥¸É¢µ ¸¢¥Éµ¢µ° Ô´¥·£¨¨ ¸ 1 ¸³2

¶µ¢¥·Ì´µ¸É¨ ¸Í¨´É¨²²ÖÉµ· , ¶µ±·ÒÉµ£µ ¸ µ¤´µ° ¸Éµ·µ´Ò µÉ· ¦ ÕÐ¥° Ëµ²Ó-
£µ° ¨§  ²Õ³¨´¨Ö, ¶·¨ ±µ´¢¥·¸¨µ´´µ° ÔËË¥±É¨¢´µ¸É¨ ¶² ¸É³ ¸¸µ¢µ£µ ¸Í¨´-
É¨²²ÖÉµ·  ≈ 2 % ¸µ¸É ¢¨É §  ¢·¥³Ö Ô±¸¶µ§¨Í¨¨ 0,1 ¸

dF

dS
=

dD

dt
· 0,2 · 2 · 10−2 · 2 · 0,1 = 3,1 ³„¦/c³2.

„²Ö µ¡Ñ¥±É¨¢  ¢¨¤¥µ± ³¥·Ò ¸ µÉ´µ¸¨É¥²Ó´Ò³ µÉ¢¥·¸É¨¥³ O ¨ Ê³¥´ÓÏ¥-
´¨¥³ ¨§µ¡· ¦¥´¨Ö ¢ k · § ¶²µÉ´µ¸ÉÓ ¸¢¥Éµ¢µ° Ô´¥·£¨¨ ´  1 ¸³2 �‡‘-³ É·¨ÍÒ
µ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

df

dS
=

dF

dS

1
n2

1
2π

π

4
(O)2

k2

(k + 1)2
=

dF

dS
· 1,97 · 10−2 ≈ 52 ´„¦ /c³2,

£¤¥ n = 1,959 Å ¶µ± § É¥²Ó ¶·¥²µ³²¥´¨Ö ¶µ²¨¸É¨·µ² ; O =
D

f
= 1 : 1,5 Å

µÉ´µ¸¨É¥²Ó´µ¥ µÉ¢¥·¸É¨¥ µ¡Ñ¥±É¨¢  ¢¨¤¥µ± ³¥·Ò; k = 6 Å ±µÔËË¨Í¨¥´É
Ê³¥´ÓÏ¥´¨Ö ¨§µ¡· ¦¥´¨Ö ´  �‡‘-³ É·¨Í¥. 	Éµ §´ Î¥´¨¥ ¢ 170 · § ¡µ²ÓÏ¥
³¨´¨³ ²Ó´µ° Ô±¸¶µ§¨Í¨¨ ´  �‡‘-³ É·¨Í¥ (300 ¶„¦/¸³2),   §´ Î¥´¨¥ Jp ≈
5 · 109 c³−2 · ¸−1 ¶·¨³¥·´µ ´  É·¨ ¶µ·Ö¤±  ¶·¥¢ÒÏ ¥É ¶µ·µ£µ¢µ¥ §´ Î¥´¨¥
¶²µÉ´µ¸É¨ ¶µÉµ±  ·¥²ÖÉ¨¢¨¸É¸±¨Ì § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·¨ ¨Ì ·¥£¨¸É· Í¨¨ ¸
¶µ³µÐÓÕ É¥²¥¢¨§¨µ´´µ° ± ³¥·Ò ´  µ¸´µ¢¥ �‡‘-³ É·¨ÍÒ [16], ÎÉµ £ · ´É¨-
·Ê¥É Ê¢¥·¥´´ÊÕ ·¥£¨¸É· Í¨Õ ¤µ§µ¢ÒÌ Ì · ±É¥·¨¸É¨± ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´-
´µ£µ ¶ÊÎ±  ¢µ ¢·¥³Ö ¶·µ¢¥¤¥´¨Ö ¨§³¥·¥´¨° ¨²¨ µ¸ÊÐ¥¸É¢²¥´¨Ö ±µ´É·µ²Ö ¥£µ
¶ · ³¥É·µ¢ ¶·¨ µ¡²ÊÎ¥´¨¨ µ¶ÊÌµ²¨.
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‚µ ¢Éµ·µ³ ¨§µ¤µ§µ£· Ë¥ ¶·¨ ¨§³¥·¥´¨¨ ¶·µ¤µ²Ó´ÒÌ ¤µ§µ¢ÒÌ · ¸¶·¥¤¥-
²¥´¨° ¢¥²¨Î¨´  df/dS ¡Ê¤¥É ¥Ð¥ ¢ ´¥¸±µ²Ó±µ · § ¡µ²ÓÏ¥ §  ¸Î¥É Ê¢¥²¨Î¥´¨Ö
Éµ²Ð¨´Ò ¸¢¥ÉÖÐ¥°¸Ö µ¡² ¸É¨ oÉ 0,2 ¤µ 1 ¸³, ÎÉµ ¶µ§¢µ²¨É ¶·µ¢µ¤¨ÉÓ ¨§³¥·¥-
´¨Ö ¶·¨ ³¥´ÓÏ¨Ì Ô±¸¶µ§¨Í¨ÖÌ.

�¨¸. 10. „¥°¸É¢¨¥ ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éµ¢ (‘Œ) Î¥·¥§  ¶¥·ÉÊ·Ê ¸¨¸É¥³Ò µ±µ´¥Î´ÒÌ
²¨´§:   Å Î¥·¥§ É·¨¶²¥É ²¨´§ Œ‹-29; ¡ Å Î¥·¥§ ±¢ ¤·Ê¶²¥É ²¨´§ Œ‹-29, Ô±¢¨¢ ²¥´É-
´Ò° µ¸¥¸¨³³¥É·¨Î´µ° ²¨´§¥; ¢ Å ¢¨¤ Î¥·¥§  ¶¥·ÉÊ·Ê ²¨´§Ò
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‚ ¶·¥¤²µ¦¥´´µ³ ³¥Éµ¤¥ Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± 
¸± ´¨·ÊÕÐ¨¥ ³ £´¨ÉÒ ¶·¨´Í¨¶¨ ²Ó´µ ´¥ ³µ£ÊÉ ¡ÒÉÓ Ê¸É ´µ¢²¥´Ò ¶µ¸²¥ É·¥Ì
µ±µ´¥Î´ÒÌ ²¨´§ Œ‹-29 ¨§-§  ³ ²µ£µ · ¸¸ÉµÖ´¨Ö ¤µ µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö (µ±µ²µ
1 ³). � ¨¡µ²¥¥ µ¶É¨³ ²Ó´Ò³ ¡Ê¤¥É · §³¥Ð¥´¨¥ ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éµ¢ ¶¥·¥¤
µ±µ´¥Î´Ò³¨ ²¨´§ ³¨ ¢¶²µÉ´ÊÕ ± ´¨³. �  ·¨¸. 10,   ¶µ± § ´µ ¢²¨Ö´¨¥ É·¥Ì
µ±µ´¥Î´ÒÌ ²¨´§ ´  µÉ±²µ´ÖÕÐ¥¥ ¤¥°¸É¢¨¥ ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éµ¢.

“³¥´ÓÏ¥´¨¥ µÉ±²µ´ÖÕÐ¥£µ ¤¥°¸É¢¨Ö ¶µ¢ÒÏ ¥É É·¥¡µ¢ ´¨¥ ± µÉ±²µ´ÖÕ-
Ð¥° ¸¶µ¸µ¡´µ¸É¨ ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éµ¢, ±µÉµ· Ö ¤²Ö ÔÉµ£µ ±µ´±·¥É´µ£µ ¸²Ê-
Î Ö ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ 0,035 ’²·³ ¤²Ö £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸É¨ ¨ 0,077 ’²·³
¤²Ö ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸É¨. �·¨³¥´¥´¨¥ ¢ ± Î¥¸É¢¥ µ±µ´¥Î´µ° ¸¨¸É¥³Ò ²¨´§
±¢ ¤·Ê¶²¥É , Ô±¢¨¢ ²¥´É´µ£µ µ¸¥¸¨³³¥É·¨Î´µ° ²¨´§¥ [14], Ê³¥´ÓÏ ¥É ¨ ¢Ò-
· ¢´¨¢ ¥É ÔÉµ ¢²¨Ö´¨¥ ¤µ ≈ 0,04 ’²·³ (·¨¸. 10, ¡).

‘± ´¨·µ¢ ´¨¥ Î¥·¥§  ¶¥·ÉÊ·Ê µ±µ´¥Î´µ° ¸¨¸É¥³Ò ²¨´§ ¶·¨¢µ¤¨É ± ´¥±µ-
Éµ·Ò³ ¶µÉ¥·Ö³ ¶ÊÎ±  ´  ¸É¥´± Ì ¢ ±ÊÊ³-¶·µ¢µ¤  (·¨¸. 10, ¢) ¨ Ê³¥´ÓÏ¥´¨Õ
¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ´  ¢ÒÌµ¤¥ ²¨´§ ¢ ¸·¥¤´¥³ ´  10Ä15 %, ÎÉµ
Ê¢¥²¨Î¨¢ ¥É ¢·¥³Ö ¸± ´¨·µ¢ ´¨Ö ¤²Ö ¶µ²ÊÎ¥´¨Ö § ¤ ´´µ° ¤µ§Ò ¢ µ¡Ñ¥³¥ µ¡-
²ÊÎ¥´¨Ö ¶·¨³¥·´µ ´  É ±ÊÕ ¦¥ ¢¥²¨Î¨´Ê. �·¨ Î ¸ÉµÉ¥ ³µ¤Ê²ÖÍ¨¨ Ë §µÉ·µ´ ,
· ¢´µ° 250 ƒÍ, ¤µ¶Ê¸É¨³ Ö ¶µ£·¥Ï´µ¸ÉÓ µÉ¶Ê¸± ¥³µ° ¤µ§Ò ¢ ±2 % µ¶·¥¤¥²Ö¥É
³¨´¨³ ²Ó´ÊÕ ¤²¨É¥²Ó´µ¸ÉÓ Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ ¶¨±¸¥²Ö ¢ ≈ 0,1 ¸ (≈ 25 ³ -
±·µ¨³¶Ê²Ó¸µ¢ ¶ÊÎ±  Ë §µÉ·µ´ ). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¤²Ö ¢·¥³¥´¨ Ê¸É ´µ¢²¥´¨Ö
³ £´¨É´µ£µ ¶µ²Ö ∼ 10−2 ¸ (¢ �SI ÔÉµ ¢·¥³Ö ¤µ¢¥¤¥´µ ¤µ 10−3 ¸ [19]) ¨ ¢·¥³¥´¨
¶¥·¥Ìµ¤  ´  µÎ¥·¥¤´µ° ¸²µ° µ¡²ÊÎ¥´¨Ö ∼ 1 ¸ ¸Ê³³ ·´µ¥ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö µ¶Ê-
Ìµ²¨ ¸µ ¸·¥¤´¨³ µ¡Ñ¥³µ³ 5×5×7 ≈ 175 ¸³3 ¸µ¸É ¢¨É (¤²Ö nÔË = 25×2 = 50,
n = 175, n¸² = 7) nÔË ·0,1+n ·10−2+n¸² ·1 ≈ 50 ·0,1+170 ·10−2+7 ·1 ≈ 14 c,
ÎÉµ ¶·¨ ³µÐ´µ¸É¨ ¤µ§Ò ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ≈ 400 ƒ·/³¨´ ¶·¨¢µ¤¨É ± ¸·¥¤-
´¥° ¤µ§¥ ¢ µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö D = (dD/dt)(t/nÔË) = 400 ·5/60 ·1/50 ≈ 0,7 ƒ·
§  ¢·¥³Ö µ¡²ÊÎ¥´¨Ö 14 ¸. 	Éµ µ¡¥¸¶¥Î¨¢ ¥É ¡µ²ÓÏÊÕ ¸¢µ¡µ¤Ê ¢ ¢Ò¡µ·¥ Î¨¸² 
Ë· ±Í¨° ¨ ¶µ²¥° µ¡²ÊÎ¥´¨Ö ¤²Ö ± ¦¤µ£µ ¶ Í¨¥´É  ¨ ¢ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ¸É¨
(¶µÖ¢²¥´¨Ö ´¥¸É ¡¨²Ó´µ¸É¥°) ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ Ê¸·¥¤´¥´¨¥ ¢ ¶·¥¤¥² Ì µ¤-
´µ£µ ¶µ²Ö µ¡²ÊÎ¥´¨Ö ¶ÊÉ¥³ ³´µ£µ±· É´µ£µ ¶µ¢Éµ·¥´¨Ö Í¨±²µ¢ ¸± ´¨·µ¢ ´¨Ö
¨²¨ Ê²ÊÎÏ ÉÓ ± Î¥¸É¢µ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¶ÊÉ¥³ ¸´¨¦¥´¨Ö ¥£µ ¨´É¥´¸¨¢-
´µ¸É¨.

�·¨´Í¨¶ ¤¥°¸É¢¨Ö ¨ ¶·¨³¥·´Ò¥ ¶ · ³¥É·Ò ¸± ´¨·ÊÕÐ¥£µ ³ £´¨É , µ¡¥¸-
¶¥Î¨¢ ÕÐ¥£µ ¤²¨É¥²Ó´µ¸ÉÓ Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ ¶¨±¸¥²Ö ¤µ 0,1 ¸ ¨ ¢·¥³Ö Ê¸É -
´µ¢²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¶·¨ ¶¥·¥Ìµ¤¥ ´  ¸µ¸¥¤´¨° ¶¨±¸¥²Ó ¤µ 10−2 c
(2Ä3 ³ ±·µ¨³¶Ê²Ó¸  ¶ÊÎ±  Ë §µÉ·µ´ ), ¶µ± § ´Ò ´  ·¨¸. 11.

‚ 2004 £. ´  ²ÊÎ¥¢µ¥ ²¥Î¥´¨¥ 100 ¶ Í¨¥´Éµ¢ ´  ¶·µÉµ´´ÒÌ ¶ÊÎ± Ì Ë -
§µÉ·µ´  ¸ ¶·¨³¥´¥´¨¥³ ¶ ¸¸¨¢´ÒÌ ¸·¥¤¸É¢ Ëµ·³¨·µ¢ ´¨Ö ¤µ§´µ£µ ¶µ²Ö ¡Ò²µ
§ É· Î¥´µ 760 Î ¸µ¢. ‚ ¸·¥¤´¥³ § É· ÉÒ ¢·¥³¥´¨ · ¡µÉÒ Ê¸±µ·¨É¥²Ö ´  µ¤´µ£µ
¶ Í¨¥´É  ¸µ¸É ¢¨²¨ 7,6 Î ≈ 450 ³¨´. ŒµÐ´µ¸ÉÓ ¤µ§Ò ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¶·µ-
Éµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 150 ŒÔ‚ ¤µ¸É¨£ ²  ≈ 1 ƒ·/³¨´ ¶·¨ ¨´É¥´¸¨¢´µ¸É¨
¢Ò¢¥¤¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  2,5 ³±�. �·¨ ¸·¥¤´¥° ¤µ§¥ ´  ±Ê·¸ ²¥Î¥´¨Ö
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�¨¸. 11.  ) �·¨´Í¨¶ ¤¥°¸É¢¨Ö ¨ ¶·¨³¥·´Ò¥ ¶ · ³¥É·Ò ¸± ´¨·ÊÕÐ¥£µ ³ £´¨É . ¡) ˆ§-
³¥´¥´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ¶·¨ ¶¨±¸¥²Ó´µ³ ¸± ´¨·µ¢ ´¨¨

µ¤´µ£µ ¶ Í¨¥´É  ∼ 30 ƒ· Î¨¸Éµ¥ ¢·¥³Ö µ¡²ÊÎ¥´¨Ö µ¤´µ£µ ¶ Í¨¥´É  ¸µ¸É ¢²Ö²µ
30/1 ≈ 30 ³¨´, ÎÉµ µ¶·¥¤¥²Ö¥É ÔËË¥±É¨¢´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ¢·¥³¥´¨ Ë §µ-
É·µ´  ´  Ê·µ¢´¥ 30/450 ≈ 7 %. �¸É ²Ó´µ¥ ¢·¥³Ö (∼ 90 %) § ´¨³ ²  Ê¸É ´µ¢± 
¨´¤¨¢¨¤Ê ²Ó´ÒÌ ¡µ²Õ¸µ¢, Ë¨£Ê·´ÒÌ ±µ²²¨³ Éµ·µ¢, £·¥¡¥´Î ÉÒÌ Ë¨²ÓÉ·µ¢ ¨
¢¥·¨Ë¨± Í¨Ö µ¡²ÊÎ¥´¨Ö ¸ ¶µ³µÐÓÕ Ô±¸¶µ´¨·µ¢ ´¨Ö ·¥´É£¥´µ¢¸±µ° ¶²¥´±¨ ¨
¥¥ ¶·µÖ¢²¥´¨Ö.

�¥·¥Ìµ¤ ´  ³¥Éµ¤¨±Ê µ¡²ÊÎ¥´¨Ö ¸± ´¨·ÊÕÐ¨³ ¶·µÉµ´´Ò³ ¶ÊÎ±µ³ ¶µ§¢µ-
²Ö¥É ¨¸±²ÕÎ¨ÉÓ ¶·¨³¥´¥´¨¥ É ±¨Ì ¶ ¸¸¨¢´ÒÌ ¸·¥¤¸É¢ Ëµ·³¨·µ¢ ´¨Ö ¤µ§´ÒÌ
¶µ²¥°, ± ± ¡µ²Õ¸Ò, ±µ²²¨³ Éµ·Ò, £·¥¡¥´Î ÉÒ¥ Ë¨²ÓÉ·Ò, ¨ É¥³ ¸ ³Ò³ µ¸¢µ-
¡µ¤¨ÉÓ ³¥¸Éµ ¶¥·¥¤ ¶ Í¨¥´Éµ³ ¤²Ö · §³¥Ð¥´¨Ö ¸·¥¤¸É¢ ¤¨ £´µ¸É¨±¨ ¸± ´¨-
·ÊÕÐ¥£µ ¶ÊÎ±  ¨ ¢¥·¨Ë¨± Í¨¨ µ¡²ÊÎ¥´¨Ö (Éµ´±µ£µ ·¥´É£¥´µ¢¸±µ£µ Ô±· ´  ¸
·¥£¨¸É· Í¨¥° ¨§µ¡· ¦¥´¨Ö ´  Í¨Ë·µ¢ÊÕ ± ³¥·Ê ¸ �‡‘-³ É·¨Í¥° ¨ ¶µ¸²¥¤Ê-
ÕÐ¥° ¶¥·¥¤ Î¥° ¨´Ëµ·³ Í¨¨ ¢ 	‚Œ). �·¨³¥·´ Ö ¸Ì¥³  É ±µ£µ · §³¥Ð¥´¨Ö
¶µ± § ´  ´  ·¨¸. 12.

�¥ ²¨§ Í¨Ö ³¥Éµ¤¨±¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶µ§¢µ²¨É ¢ ¶· ±-
É¨Î¥¸±µ³ ¶² ´¥ ¢ 2Ä3 · §  Ê¢¥²¨Î¨ÉÓ ¶·µ¶Ê¸±´ÊÕ ¸¶µ¸µ¡´µ¸ÉÓ ³¥¤¨±µ-É¥Ì´¨-
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�¨¸. 12. CÌ¥³  · §³¥Ð¥´¨Ö µ¡µ·Ê¤µ¢ ´¨Ö ¤²Ö µ¡²ÊÎ¥´¨Ö ¶ Í¨¥´É  ¨ ¢¥·¨Ë¨± Í¨¨
µ¡²ÊÎ¥´¨Ö ´  µ±µ´¥Î´µ³ ÊÎ ¸É±¥ Ëµ·³¨·µ¢ ´¨Ö ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± 

Î¥¸±µ£µ ±µ³¶²¥±¸  ‹Ÿ� �ˆŸˆ ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¸µ±· É¨ÉÓ ¢·¥³Ö · ¡µÉÒ
Ë §µÉ·µ´ , ¢Ò¤¥²Ö¥³o¥ ´  ¶·µÉµ´´µ¥ ²ÊÎ¥¢µ¥ ²¥Î¥´¨¥.

‡�Š‹�—…�ˆ…

� ¸¸³µÉ·¥´Ò ¨ µ¶·¥¤¥²¥´Ò µ¸´µ¢´Ò¥ É·¥¡µ¢ ´¨Ö ± ¶ · ³¥É· ³ ¸± ´¨-
·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ± . „²Ö µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö µ¡Ñ¥³µ³ µ±µ²µ 350 ¸³
¨ ¤µ§Ò µ¤´µ£µ ¸¥ ´¸  µ¡²ÊÎ¥´¨Ö 2 ƒ· ³µÐ´µ¸ÉÓ ¤µ§Ò ¢ ³ ±¸¨³Ê³¥ ±·¨¢µ°
�·Ô££  ¢ ¸²ÊÎ ¥ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° 160 ŒÔ‚ ¨ ¶µ¶¥·¥Î´Ò³¨ · §³¥-
· ³¨ 1 × 1 ¸³ ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ µ±µ²µ 200 ƒp/³¨´ ¤²Ö ¸Ê³³ ·´µ£µ ¢·¥³¥´¨
µ¡²ÊÎ¥´¨Ö ≈ 1 ³¨´ ¶·¨ ¨´É¥´¸¨¢´µ¸É¨ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  µ±µ²µ 0,4 ´�.
„²Ö µ¡Ñ¥±É  µ¡²ÊÎ¥´¨Ö 1000 ¸³3 ¨ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 200 ŒÔ‚ É·¥¡Ê¥³ Ö
³µÐ´µ¸ÉÓ ¤µ§Ò Ê¢¥²¨Î¨¢ ¥É¸Ö ¤µ 300 ƒ·/³¨´ ¶·¨ ¸Ê³³ ·´µ³ ¢·¥³¥´¨ µ¤´µ£µ
¸¥ ´¸  µ¡²ÊÎ¥´¨Ö µ±µ²µ 2 ³¨´ ¨ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  0,6 ´�.

�·¥¤²µ¦¥´  ¸Ì¥³  Ëµ·³¨·µ¢ ´¨Ö ¨ · ¸¸³µÉ·¥´Ò Î¥ÉÒ·¥ ¢ ·¨ ´É  ± -
´ ²  ¤²Ö Ëµ·³¨·µ¢ ´¨Ö ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ
¶ÊÎ±  ¶ÊÉ¥³ Ëµ±Ê¸¨·µ¢±¨ ¸ ¶µ³µÐÓÕ ³ £´¨É´ÒÌ ±¢ ¤·Ê¶µ²Ó´ÒÌ ²¨´§ Œ‹-29
¸  ¶¥·ÉÊ·µ° 20 ¸³ § Éµ·³µ¦¥´´µ£µ Ï¨·µ±µ£µ ¶ÊÎ±  ¶·µÉµ´µ¢ ¢ Ê§±¨° ¶ÊÎµ±
¸ ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³ ´  µ¡Ñ¥±É¥ µ¡²ÊÎ¥´¨Ö.

�  µ¸´µ¢ ´¨¨ ¶·µ¢¥¤¥´´ÒÌ · ¸Î¥Éµ¢ ¨ µÍ¥´µ± ¶µ± § ´µ, ÎÉµ ¶·¨ ¸ÊÐ¥-
¸É¢ÊÕÐ¥° ·ÊÉ¨´´µ° ¨´É¥´¸¨¢´µ¸É¨ ¢Ò¢¥¤¥´´µ£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  2,5 ³±�
¨³¥¥É¸Ö ¶·¨´Í¨¶¨ ²Ó´ Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¨ÉÓ ´  Ë §µÉ·µ´¥ ‹Ÿ� �ˆŸˆ
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¸± ´¨·ÊÕÐ¨° ¶·µÉµ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥° 160 ŒÔ‚, ¨´É¥´¸¨¢´µ¸ÉÓÕ ¤µ
0,8 ´�, ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ µ±µ²µ 1 ¸³ ¨ ³µÐ´µ¸ÉÓÕ ¤µ§Ò ¢ ¶¨±¥
�·Ô££  ¤µ 400 ƒ·/³¨´, ÎÉµ ¸ § ¶ ¸µ³ ¶·¥¢ÒÏ ¥É ¨´É¥´¸¨¢´µ¸ÉÓ ¨ ³µÐ´µ¸ÉÓ
¤µ§Ò, µ¶·¥¤¥²¥´´Ò¥ É·¥¡µ¢ ´¨Ö³¨ ± É ±µ³Ê ¶ÊÎ±Ê. „²Ö ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥°
200 ŒÔ‚ · ¸Î¥É´ Ö ¨´É¥´¸¨¢´µ¸ÉÓ ¸± ´¨·ÊÕÐ¥£µ ¶ÊÎ±  ¢ 2,0 · §  ¡µ²ÓÏ¥.

‚ ¶·¥¤²µ¦¥´´ÒÌ ¢ ·¨ ´É Ì ± ´ ²  ¸± ´¨·µ¢ ´¨¥ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§
 ¶¥·ÉÊ·Ò µ±µ´¥Î´ÒÌ ²¨´§ ¤¢Ê³Ö ³ £´¨É ³¨, µÉ±²µ´ÖÕÐ¨³¨ ¶ÊÎµ± ¢ £µ·¨-
§µ´É ²Ó´µ° ¨ ¢¥·É¨± ²Ó´µ° ¶²µ¸±µ¸ÉÖÌ ¨ Ê¸É ´µ¢²¥´´Ò³¨ ¶¥·¥¤ µ±µ´¥Î´Ò³¨
²¨´§ ³¨ ¢¶²µÉ´ÊÕ ± ´¨³,   ´¥µ¡Ìµ¤¨³µ¥ ¨§³¥´¥´¨¥ ¤µ§Ò ¢ ± ¦¤µ³ Ô²¥³¥´É ·-
´µ³ µ¡Ñ¥³¥ µ¡²ÊÎ¥´¨Ö ¶·¨ ¶¨±¸¥²Ó´µ³ ¸± ´¨·µ¢ ´¨¨ ¤µ¸É¨£ ¥É¸Ö ¸ ¶µ³µÐÓÕ
 ¢Éµ³ É¨§¨·µ¢ ´´µ£µ Ê¶· ¢²¥´¨Ö Î¨¸²µ³ Í¨±²µ¢ Ê¸±µ·¥´¨Ö ¢ Ë §µÉ·µ´¥ § 
¢·¥³Ö Ô±¸¶µ§¨Í¨¨ µ¤´µ£µ É ±µ£µ µ¡Ñ¥³  ¢ ¨´É¥·¢ ²¥ µÉ 0,1 ¤µ 1 ¸.

„²Ö ·¥ ²¨§ Í¨¨ ± ±µ£µ-²¨¡µ ¢Ò¡· ´´µ£µ ¢ ·¨ ´É  ± ´ ²  ¢ ´ ²¨Î¨¨ ¨³¥-
ÕÉ¸Ö ¢¸¥ ´¥µ¡Ìµ¤¨³Ò¥ ³ £´¨É´Ò¥ Ô²¥³¥´ÉÒ, ¨ µ¸´µ¢´Ò¥ § É· ÉÒ ¶µÉ·¥¡ÊÕÉ¸Ö
´  · §· ¡µÉ±Ê ¨ ¸µ§¤ ´¨¥ ¨¸ÉµÎ´¨±µ¢ ¶¨É ´¨Ö ¨  ¢Éµ³ É¨§¨·µ¢ ´´µ° ¸¨¸É¥³Ò
Ê¶· ¢²¥´¨Ö ¨ ±µ´É·µ²Ö Éµ± ³¨ ¢µ§¡Ê¦¤¥´¨Ö ¸± ´¨·ÊÕÐ¨Ì ³ £´¨Éµ¢.

�¥ ²¨§ Í¨Ö ³¥Éµ¤¨±¨ ¸± ´¨·ÊÕÐ¥£µ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¶µ§¢µ²¨É ¢ ¶· ±-
É¨Î¥¸±µ³ ¶² ´¥ ¶µ¢Ò¸¨ÉÓ ¸É¥¶¥´Ó ±µ´Ëµ·³´µ¸É¨ ¶·µÉµ´´µ° É¥· ¶¨¨, ¨¸-
±²ÕÎ¨ÉÓ ¶·¨³¥´¥´¨¥ ¨´¤¨¢¨¤Ê ²Ó´µ ¨§£µÉ ¢²¨¢ ¥³ÒÌ ¡µ²Õ¸µ¢ ¨ Ë¨£Ê·´ÒÌ
±µ²²¨³ Éµ·µ¢ ¨ ¢ 2Ä3 · §  Ê¢¥²¨Î¨ÉÓ ¶·µ¶Ê¸±´ÊÕ ¸¶µ¸µ¡´µ¸ÉÓ ³¥¤¨±µ-É¥Ì´¨-
Î¥¸±µ£µ ±µ³¶²¥±¸  ‹Ÿ� �ˆŸˆ ¨²¨, ¸µµÉ¢¥É¸É¢¥´´µ, Ê³¥´ÓÏ¨ÉÓ ¢·¥³Ö · ¡µÉÒ
Ë §µÉ·µ´ , ¢Ò¤¥²Ö¥³o¥ ´  ¶·µ¢¥¤¥´¨¥ ¶·µÉµ´´µ° É¥· ¶¨¨.
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