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„¢  ¢ ·¨ ´É  ¨´¦¥±Í¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¢ ¡Ê¸É¥· ´Ê±²μÉ·μ´ 

� ¸¸³ É·¨¢ ¥É¸Ö Ê¸±μ·¥´¨¥ ¨μ´μ¢ Ê· ´  ¸ § ·Ö¤μ³ Z = 32 ¨  Éμ³´μ° ³ ¸¸μ° A = 238. “¸±μ-
·¥´¨¥ ¢ ¶¥·¢μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , · ¡μÉ ÕÐ¥£μ ´  Î ¸ÉμÉ¥ f1 = 10 ŒƒÍ, ´ Î¨´ ¥É¸Ö
¸ Ô´¥·£¨¨ Wi = 11,25 ±Ô‚/´Ê±²μ´. Šμ´¥Î´ Ö Ô´¥·£¨Ö ¨μ´μ¢ Wi1 = 500 ±Ô‚/´Ê±²μ´ ¤μ¸É¨£ ¥É¸Ö ´ 
¤²¨´¥ L1 = 2,5 ³. ŒμÐ´μ¸ÉÓ ¢μ§¡Ê¦¤¥´¨Ö ¢μ²´μ¢μ¤  P1 = 3 Œ‚É, Ëμ±Ê¸¨·ÊÕÐ¥¥ ¨μ´Ò ¸μ²¥´μ¨-
¤ ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ B1 = 1,5 ’². ‚μ ¢Éμ·μ° ¸¥±Í¨¨, ¢μ§¡Ê¦¤ ¥³μ° ´  Î ¸ÉμÉ¥ f2 = 150 ŒƒÍ,
¨μ´Ò Ê¸±μ·ÖÕÉ¸Ö ¤μ Ô´¥·£¨¨ Wi2 = 5,6 ŒÔ‚/´Ê±²μ´ ´  ¤²¨´¥ L2 = 12,5 ³. ”μ±Ê¸¨·ÊÕÐ¥¥ ¨μ´Ò
³ £´¨É´μ¥ ¶μ²¥ B2 = 2 ’². ŒμÐ´μ¸ÉÓ ¢μ§¡Ê¦¤¥´¨Ö É ±¦¥ · ¢´  P2 = 3 Œ‚É.

“¸±μ·¥´¨¥ ¨μ´μ¢ ¢ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ±μ ±¸¨ ²Ó´ÒÌ ¶μ²Ê¢μ²´μ¢ÒÌ ·¥§μ´ Éμ·μ¢ ´ Î¨´ ¥É¸Ö ¸
Ô´¥·£¨¨ Wi = 84 ±Ô‚/´Ê±²μ´. � ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ´  § §μ· Ì · ¢´  E1 = 100 ±‚/c³. Šμ´¥Î´ÊÕ
Ô´¥·£¨Õ Wi1 = 500 ±Ô‚/´Ê±²μ´ ¨μ´Ò ¶·¨μ¡·¥É ÕÉ ´  ¤²¨´¥ L1 = 3,6 ³ ¶·¨ ¶·μÌμ¦¤¥´¨¨ 30 ·¥§μ´ -
Éμ·μ¢. — ¸ÉμÉ  ¢μ§¡Ê¦¤¥´¨Ö ·¥§μ´ Éμ·μ¢ f2 = 150 ŒƒÍ, ³μÐ´μ¸ÉÓ ¢μ§¡Ê¦¤¥´¨Ö ± ¦¤μ£μ ·¥§μ´ Éμ· 
P = 50 ±‚É. ”μ±Ê¸¨·μ¢±  ¶ÊÎ±  ¨μ´μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ±¢ ¤·Ê¶μ²Ó´Ò³¨ ²¨´§ ³¨, · ¸¶μ²μ¦¥´´Ò³¨
³¥¦¤Ê ·¥§μ´ Éμ· ³¨. ƒ· ¤¨¥´É ³ £´¨É´μ£μ ¶μ²Ö ¢ ²¨´§ Ì G = 4,8 ±ƒ¸/¸³. „²¨´  H-·¥§μ´ Éμ· , ¢
±μÉμ·μ³ ¨μ´Ò Ê¸±μ·ÖÕÉ¸Ö ¤μ Ô´¥·£¨¨ Wi2 = 5 ŒÔ‚/´Ê±²μ´, · ¢´  L2 = 17 ³. � ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö
´  § §μ· Ì E2 = 250 ±‚/c³, Ëμ±Ê¸¨·μ¢±  ¶ÊÎ±  ¨μ´μ¢ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ±¢ ¤·Ê¶μ²Ó´Ò³¨ ²¨´§ ³¨,
· ¸¶μ²μ¦¥´´Ò³¨ ¢´ÊÉ·¨ É·Ê¡μ± ¤·¥°Ë . ƒ· ¤¨¥´É ³ £´¨É´μ£μ ¶μ²Ö ¢ ²¨´§ Ì G = 7,25 ±ƒ¸/¸³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚. ˆ. ‚¥±¸²¥·  ¨ �.Œ. � ²¤¨´ 
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‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2008

Dolya S.N., Reshetnikova K.A. P9-2008-76
Two Variants of Injection of Heavy Ions into the Nuclotron Booster

The acceleration of uranium ions with the charge Z = 32 and atomic mass A = 238 is discussed. In
the ˇrst section of the spiral waveguide working at the frequency f1 = 10 MHz with the RF power P =
3 MW, ions are accelerated from Wi = 11.25 keV/nucleon to Wi1 = 500 keV/nucleon on the length
L1 = 2.5 m. The magnetic ˇeld focusing ions B1 = 1.5 T. The second section working at the frequency
f2 = 150 MHz has the length L2 = 12.5 m. The focusing magnetic ˇeld B2 = 2 T. The ˇnal energy
of ions Wi2 = 5.6 MeV/nucleon.

The acceleration of ions in coaxial resonators begins from the energy Wi = 84 keV/nucleon to Wi1 =
500 keV/nucleon on the length L1 = 3.6 m after crossing 30 resonators. The RF power of each resonator
P = 50 kW, frequency f2 = 150 MHz, high voltage on each gap E1 = 100 kV/cm. Focusing of the
ion beam is realized by quadrupole magnetic lenses between the resonators. The gradient of the magnetic
ˇeld G = 4.8 kGs/cm. The ˇnal energy of the accelerated ions Wi2 = 5 MeV/nucleon is achieved in the
H-resonator, which has the length L2 = 17 m, high voltage on each gap E1 = 250 kV/cm, frequency
f2 = 150 MHz. Focusing of the ion beam is realized by quadrupole magnetic lenses inside the drift tube,
the gradient magnetic ˇeld G = 7.25 kGs/cm.

The investigation has been performed at the Veksler and Baldin Laboratory of High Energy Physics,

JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2008



1. ‘�ˆ��‹œ�›‰ ‚�‹��‚�„

ˆ´É¥·¥¸ ± Ô±¸¶¥·¨³¥´É ³ ¸ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¸É¨³Ê²¨·Ê¥É ¶μ¨¸± § ³¥¤-
²ÖÕÐ¨Ì ¸É·Ê±ÉÊ·, ¶·¨£μ¤´ÒÌ ¤²Ö ÔËË¥±É¨¢´μ£μ Ê¸±μ·¥´¨Ö ¨μ´μ¢.

�¤¨´ ¨§ ¢ ·¨ ´Éμ¢ ¶μ²ÊÎ¥´¨Ö § ³¥¤²¥´´μ° ¢μ²´Ò Å ¸¶¨· ²Ó´Ò° ¢μ²´μ-
¢μ¤, μ¡² ¤ ÕÐ¨° ·Ö¤μ³ ¤μ¸Éμ¨´¸É¢. �·¥¦¤¥ ¢¸¥£μ ¸²¥¤Ê¥É μÉ³¥É¨ÉÓ ³ ²Ò¥
¶μ¶¥·¥Î´Ò¥ · §³¥·Ò ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ÎÉμ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö
Ëμ±Ê¸¨·μ¢±¨ ¶ÊÎ±μ¢ ¸μ²¥´μ¨¤ ²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥. „¨ ³¥É· ¢´¥Ï´¥£μ Í¨-
²¨´¤·  ¢ ±ÊÊ³´μ£μ ±μ¦ÊÌ  ¢μ²´μ¢μ¤  ¢Ò¡¨· ¥É¸Ö ¸±μ·¥¥ ¨§ Ê¸²μ¢¨° ¸±μ·μ¸É¨
μÉ± Î±¨, Î¥³ ¨§ Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¸É·Ê±ÉÊ·Ò. “ ¸¶¨· ²Ó´μ£μ ¢μ²-
´μ¢μ¤  ¢ Ï¨·μ±μ° μ¡² ¸É¨ Î ¸ÉμÉ ¶· ±É¨Î¥¸±¨ μÉ¸ÊÉ¸É¢Ê¥É ¤¨¸¶¥·¸¨Ö, Éμ ¥¸ÉÓ
´¥É § ¢¨¸¨³μ¸É¨ Ë §μ¢μ° ¸±μ·μ¸É¨ ¢μ²´Ò μÉ Î ¸ÉμÉÒ.

�¥¤μ¸É É± ³¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤  Ö¢²ÖÕÉ¸Ö: ³ ²Ò° Ï £ ´ ³μÉ±¨ ¸¶¨-
· ²¨, ´¥μ¡Ìμ¤¨³Ò° ¶·¨ ¡μ²ÓÏ¨Ì § ³¥¤²¥´¨ÖÌ, ¨ ¡μ²ÓÏμ¥ ¶¥·¥´ ¶·Ö¦¥´¨¥ Å
¶·¥¢ÒÏ¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö ´  ¸¶¨· ²¨ ´ ¤ ¶μ²¥³ ´  ¥¥ μ¸¨. „²Ö ¸μ-
Ì· ´¥´¨Ö ¸¨´Ì·μ´¨§³  ³¥¦¤Ê ¢μ²´μ° ¨ Ê¸±μ·Ö¥³Ò³¨ Î ¸É¨Í ³¨ ´¥μ¡Ìμ¤¨³μ
Ê¢¥²¨Î¨¢ ÉÓ Ï £ ¸¶¨· ²¨ ¶·¨ ¶·μ¤¢¨¦¥´¨¨ ¢¤μ²Ó μ¸¨ ¢μ²´μ¢μ¤ . 	Éμ ¶·¨¢μ-
¤¨É ± Éμ³Ê, ÎÉμ ¢¸¥ ¡μ²ÓÏ Ö Î ¸ÉÓ ³μÐ´μ¸É¨ · ¸¶·μ¸É· ´Ö¥É¸Ö ¢´¥ ¸¶¨· ²¨,
³¥¦¤Ê ¸¶¨· ²ÓÕ ¨ ±μ¦ÊÌμ³, ¶μ²¥ ´  μ¸¨ Ê³¥´ÓÏ ¥É¸Ö ¨ ¸¶¨· ²Ó ± ± Ê¸±μ·Ö-
ÕÐ Ö ¸É·Ê±ÉÊ·  ¸É ´μ¢¨É¸Ö ´¥ÔËË¥±É¨¢´μ°.

— ¸É¨Î´μ ÔÉ¨ ´¥¤μ¸É É±¨ ³μ¦´μ ¶·¥μ¤μ²¥ÉÓ, ¥¸²¨ ´ ³ ÉÒ¢ ÉÓ ¸¶¨· ²Ó
´  ±μ´Ê¸´Ò° ± ·± ¸ ¸ Ê³¥´ÓÏ ÕÐ¨³¸Ö · ¤¨Ê¸μ³. 	Éμ ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥-
´¨Õ Ï £  ´ ³μÉ±¨ ¢ ³¥¸É¥ ¢¢μ¤  ³μÐ´μ¸É¨ (¢ ´ Î ²¥ ¸¶¨· ²Ó´μ£μ ¢μ²´μ-
¢μ¤ ), Ê³¥´ÓÏ¥´¨Õ ¶¥·¥´ ¶·Ö¦¥´¨Ö ¨ ¸μÌ· ´¥´¨Õ ÔËË¥±É¨¢´μ¸É¨ Ê¸±μ·¥´¨Ö
´  §´ Î¨É¥²Ó´μ° Î ¸É¨ ¸¶¨· ²¨.

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ ¤¢¥ ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ¢μ§-
¡Ê¦¤ ¥³Ò¥ ´  Î ¸ÉμÉ Ì f1 = 10 ŒƒÍ ¨ f2 = 150 ŒƒÍ. � Î ²Ó´ÊÕ Ë §μ¢ÊÕ
¸±μ·μ¸ÉÓ ¢Ò¡¥·¥³ βË § = 5·10−3, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ´  É·Ê¡±¥
· ¢´μ U = 90 ±‚ ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ ¨μ´μ¢ Ê· ´  ¸ § ·Ö¤μ³ Z = 32 ¨
 Éμ³´μ° ³ ¸¸μ° A = 238. Šμ´¥Î´ Ö Ô´¥·£¨Ö ¨μ´μ¢ Å 5,6 ŒÔ‚/´Ê±²μ´, μ¡Ð Ö
¤²¨´  Ê¸±μ·¨É¥²Ö Å 16 ³. �  ·¨¸. 1 ¶μ± § ´ μ¡Ð¨° ¢¨¤ ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ
¢μ²´μ¢μ¤ .

„ ²¥¥ ¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö Ëμ±Ê¸¨-
·μ¢±¨ ¨ Ê¸±μ·¥´¨Ö Î ¸É¨Í ¢ ¸É·Ê±ÉÊ·¥, ¸μ¸ÉμÖÐ¥° ¨§ ¨μ´´μ£μ ¨¸ÉμÎ´¨± ,
Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨, £·Ê¶¶¨·μ¢ É¥²Ö ¨ ¤¢ÊÌ ¸¥±Í¨° ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ ,
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�¨¸. 1. �¡Ð¨° ¢¨¤ ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ 

�¨¸. 2. ‘Ì¥³  Ê¸±μ·¨É¥²Ö: 1 Å ¨μ´´Ò° ¨¸ÉμÎ´¨±; 2 Å Ê¸±μ·¨É¥²Ó´ Ö É·Ê¡± ; 3 Å
Ëμ±Ê¸¨·ÊÕÐ¨¥ É·¨¶²¥ÉÒ ´  ¶μ¸ÉμÖ´´ÒÌ ³ £´¨É Ì; 4 Å £·Ê¶¶¨·μ¢ É¥²Ó; 5 Å ± ÉÊÏ±¨
Ëμ±Ê¸¨·ÊÕÐ¥£μ ¸μ²¥´μ¨¤ ; 6 Å ¶¥·¢ Ö ¸¥±Í¨Ö ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ¢μ§¡Ê¦¤ ¥³ Ö
´  Î ¸ÉμÉ¥ f1 = 10 ŒƒÍ; 7 Å ¢Éμ· Ö ¸¥±Í¨Ö ¢μ²´μ¢μ¤ , Î ¸ÉμÉ  f2 = 150 ŒƒÍ

· ¡μÉ ÕÐ¨Ì ´  Î ¸ÉμÉ Ì f1 = 10 ŒƒÍ ¨ f2 = 150 ŒƒÍ. ‘Ì¥³  ¶·¥¤² £ ¥³μ£μ
Ê¸±μ·¨É¥²Ö ¶·¨¢¥¤¥´  ´  ·¨¸. 2.

“¸±μ·¨É¥²Ó ´  ¡¥£ÊÐ¥° ¢μ²´¥ ³μ¦¥É · ¡μÉ ÉÓ ¢ Î ¸ÉμÉ´μ³ ·¥¦¨³¥ ¸ Î -
¸ÉμÉμ° ¶μ¸Ò²μ± 100 ƒÍ ¨ ¤²¨É¥²Ó´μ¸ÉÓÕ ‚—-¨³¶Ê²Ó¸  τ = 1 ³±¸. ‚μ§³μ¦-
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�¨¸. 3. Š·¨¢ Ö, μÉ· ¦ ÕÐ Ö ´ ±μ¶²¥´¨¥ ¶ÊÎ±  ¨μ´μ¢ ¢ ¡Ê¸É¥·¥ Ni/N0 (N0 Å ¨´-
É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö) ¢ § ¢¨¸¨³μ¸É¨ μÉ Î¨¸²  ¨´¦¥±É¨·Ê¥³ÒÌ
¨³¶Ê²Ó¸μ¢

´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ±μ·μÉ±μ£μ ¨³¶Ê²Ó¸  ¢Ò¸μ±μÎ ¸ÉμÉ´μ° ³μÐ´μ¸É¨ μ¸´μ-
¢ ´  ´  Éμ³, ÎÉμ §¤¥¸Ó ´¥É ´¥μ¡Ìμ¤¨³μ¸É¨ ¢μ§¡Ê¦¤ ÉÓ ¢Ò¸μ±μ¤μ¡·μÉ´Ò¥ ·¥-
§μ´ Éμ·Ò. �·¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  Éμ±  ¶ÊÎ±  100 ´¸ μÉ±·Ò¢ ¥É¸Ö ¢μ§-
³μ¦´μ¸ÉÓ Ê²μ¦¨ÉÓ ¶μ ¶¥·¨³¥É·Ê Í¨±²¨Î¥¸±μ£μ Ê¸±μ·¨É¥²Ö ¤μ 100 ¨³¶Ê²Ó¸μ¢
¨´¦¥±É¨·Ê¥³μ£μ ¶ÊÎ± . �·¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  Éμ±  ¶ÊÎ±  100 ´¸ Ê¸±μ-
·¨É¥²Ó ¡Ê¤¥É · ¡μÉ ÉÓ ¢ μ¤´μ¸£Ê¸É±μ¢μ³ ·¥¦¨³¥ ¨, ¶·¨ ¶μ¸ÉμÖ´´μ³ ¶μ²¥ ¢
¡Ê¸É¥·¥, ¢μ§³μ¦´μ ´ ±μ¶²¥´¨¥ ¤¥¸ÖÉ±μ¢ ¨³¶Ê²Ó¸μ¢ Éμ±  μÉ ²¨´¥°´μ£μ Ê¸±μ-
·¨É¥²Ö.

�·¥¤¶μ²μ¦¨³, ÎÉμ ¨μ´´Ò° ¨¸ÉμÎ´¨± ¸¶μ¸μ¡¥´ ¢Ò¤ ¢ ÉÓ Ni = 108 Î ¸É./
¨³¶. ¸ Î ¸ÉμÉμ° 100 ƒÍ ¶·¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  100 ´¸. �·μ¸Éμ É ±
´ ±μ¶¨ÉÓ Ni = 1010 Î ¸É¨Í §  100 ¨³¶Ê²Ó¸μ¢, É¥³ ´¥ ³¥´¥¥, ´¥ Ê¤ ¸É¸Ö. „¥²μ
¢ Éμ³, ÎÉμ ¶·¨ ¨´¦¥±Í¨¨ ± ¦¤μ£μ ¸²¥¤ÊÕÐ¥£μ ÍÊ£  ¸£Ê¸É±μ¢ ¨§ ²¨´¥°´μ£μ
Ê¸±μ·¨É¥²Ö ¡Ê¤¥É ®¶μ·É¨ÉÓ¸Ö¯ Ê¦¥ ´ ±μ¶²¥´´Ò° ¶ÊÎμ±. ‘μ¡¸É¢¥´´μ ¶·μÍ¥¸¸
´ ±μ¶²¥´¨Ö μ¶¨¸Ò¢ ¥É¸Ö ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨¥³:

dNi/dn = N0 − αNi, (1)

£¤¥ Ni Å ¨´É¥´¸¨¢´μ¸ÉÓ ´ ±μ¶²¥´´μ£μ ¶ÊÎ± ; N0 = 108 Å ¨´É¥´¸¨¢´μ¸ÉÓ ¨´-
¦¥±É¨·Ê¥³μ£μ ¶ÊÎ± ; α = 10−2 Å ±μÔËË¨Í¨¥´É ¶μÉ¥·Ó ¶ÊÎ±  ¶·¨ ¨´¦¥±Í¨¨
¸²¥¤ÊÕÐ¥° ¶μ·Í¨¨; n Å 1, 2, 3 Å ±μ²¨Î¥¸É¢μ ¨´¦¥±É¨·Ê¥³ÒÌ ¨³¶Ê²Ó¸μ¢
¨§ ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö. …¸²¨ ¡Ò ´¥ ¡Ò²μ ¶μÉ¥·Ó, Éμ ¨´É¥´¸¨¢´μ¸ÉÓ Ni Å
´ ±μ¶²¥´´μ£μ ¶ÊÎ±  §  100 ¨³¶Ê²Ó¸μ¢ (Ë¨§¨Î¥¸±μ¥ ¢·¥³Ö · ¢´μ t = 1 ¸) Å
¡Ò²  ¡Ò · ¢´  Ni = 1010. ‘ ÊÎ¥Éμ³ ¶μÉ¥·Ó ÔÉ  ¨´É¥´¸¨¢´μ¸ÉÓ §  100 ¨³¶Ê²Ó-
¸μ¢ ³¥´ÓÏ¥: Ni = 6·109, ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¶μÉ¥·Ó Î ¸É¨Í §  ¢·¥³Ö t = 1 ¸
¢ ¡Ê¸É¥·¥ ¨§-§  ¶²μÌμ£μ ¢ ±ÊÊ³  ´¥ ¡Ê¤¥É. �  ·¨¸. 3 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ
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´ ±μ¶²¥´¨Ö Î¨¸²  ¨μ´μ¢ ¢ ¡Ê¸É¥·¥ μÉ ¢·¥³¥´¨. ŠμÔËË¨Í¨¥´É ¶μÉ¥·Ó ¶ÊÎ±  α
¶·¨ ¨´¦¥±Í¨¨ ± ¦¤μ° ¸²¥¤ÊÕÐ¥° ¶μ·Í¨¨ ¶μ²μ¦¥´ · ¢´Ò³ α = 10−2.

‡ ³¥É¨³, ÎÉμ ¥¸²¨ ¨μ´´Ò° ¨¸ÉμÎ´¨± ¢Ò¤ ¸É 2·109 ¨μ´μ¢ ¢ ¨³¶Ê²Ó¸¥ ¤²¨-
É¥²Ó´μ¸ÉÓÕ 7 ³±¸ (¶·¥¤¶μ² £ ¥³μ¥ ¢·¥³Ö μ¤´μ£μ μ¡μ·μÉ  ¢ ¡Ê¸É¥·¥), Éμ ´¥μ¡-
Ìμ¤¨³μ¸É¨ · ¡μÉ ÉÓ ¢ Î ¸ÉμÉ´μ³ ·¥¦¨³¥ ´¥ ¡Ê¤¥É.

1.1. Œμ¤¥²Ó ¶ÊÎ±  ¨ Ê¸±μ·¨É¥²Ó´ Ö É·Ê¡± . �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¨μ´Ò
¡Ê¤ÊÉ ¨´¦¥±É¨·μ¢ ÉÓ¸Ö ¢ Ê¸±μ·¨É¥²Ó ¨§ Ô²¥±É·μ´´μ-²ÊÎ¥¢μ£μ ¨¸ÉμÎ´¨±  [1, 2].
‚μ§Ó³¥³ ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò ¶ÊÎ± : · ¤¨Ê¸ ¶ÊÎ±  r0 = 0,5 ¸³, ³ ±¸¨³ ²Ó-
´ Ö · ¤¨ ²Ó´ Ö ¸±μ·μ¸ÉÓ ¢ ¶ÊÎ±¥ βr < 2 · 10−5. ’μ£¤  ¶·μ¨§¢¥¤¥´¨¥ πr0βr

· ¢´μ πr0βr = 0,1π·³³·³· ¤, ÎÉμ ¡²¨§±μ ± Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´μ³Ê
´μ·³ ²¨§μ¢ ´´μ³Ê Ô³¨ÉÉ ´¸Ê [2]. ˆ´É¥´¸¨¢´μ¸ÉÓ ¨μ´μ¢ ¨§ ¨¸ÉμÎ´¨±  ¢ ±μ-
·μÉ±μ³ ¨³¶Ê²Ó¸¥ τ = 100 ´¸ ¶Ê¸ÉÓ ¸μ¸É ¢²Ö¥É Ni = 108 ¨μ´μ¢/¨³¶. ‚ÒÉÖ£¨-
¢ ÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¨§ ¨¸ÉμÎ´¨±  ¶·¨³¥³ · ¢´Ò³ U = 10 ±‚. „ ²ÓÏ¥ ¨μ´Ò
¶μ¶ ¤ ÕÉ ¢ Ê¸±μ·¨É¥²Ó´ÊÕ É·Ê¡±Ê ¸ ¶μ¸ÉμÖ´´Ò³ £· ¤¨¥´Éμ³ Ô²¥±É·¨Î¥¸±μ£μ
¶μ²Ö Ez, ¢Ò¡· ´´Ò³ É ±, ÎÉμ¡Ò μ¡¥¸¶¥Î¨ÉÓ · ¤¨ ²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê ¨μ´´μ£μ
¶ÊÎ± , ¢ÒÉÖ£¨¢ ¥³μ£μ ¨§ ¨¸ÉμÎ´¨± .

’·Ê¡±Ê ¢μ§Ó³¥³ ¸ ¶μ¸ÉμÖ´´Ò³ £· ¤¨¥´Éμ³ α = 0,4 ±‚/¸³2 ¨ ¤²¨´μ°
20 ¸³, ÎÉμ¡Ò ¶μ²¥ ´  ´¥° ¢μ§· ¸É ²μ μÉ ´ Î ²Ó´μ£μ U = 10 ±‚ ¤μ ±μ´¥Î-
´μ£μ U = 90 ±‚, ÔÉμ É ± ´ §Ò¢ ¥³μ¥ ¶μ²¥ ¸ · ¸ÉÊÐ¨³ £· ¤¨¥´Éμ³ ¶μÉ¥´Í¨ ² 
¢¤μ²Ó Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨. ’μ£¤  Ëμ±Ê¸¨·ÊÕÐ¥¥ Ê¸±μ·Ö¥³Ò¥ ¨μ´Ò ¶μ²¥
ErËμ±Ê¸ = (r/2)dEz/dz = 100 ‚/¸³. 	Éμ ³¥´ÓÏ¥ ±Ê²μ´μ¢¸±μ£μ ¤¥Ëμ±Ê¸¨·ÊÕ-
Ð¥£μ ¶μ²Ö, ´μ, É¥³ ´¥ ³¥´¥¥, §´ Î¨É¥²Ó´μ£μ · §²¥É  ¶ÊÎ±  §  ¢·¥³Ö ¶·μ²¥É 
É·Ê¡±¨ ´¥ ¶·μ¨¸Ìμ¤¨É. ‘ ·μ¸Éμ³ · ¤¨Ê¸  ¶ÊÎ±  · ¸É ²±¨¢ ÕÐ¥¥ ±Ê²μ´μ¢¸±μ¥
¶μ²¥ Ê³¥´ÓÏ ¥É¸Ö,   Ëμ±Ê¸¨·ÊÕÐ¥¥ ErËμ±Ê¸ · ¸É¥É ¨ · ¤¨Ê¸ ¶ÊÎ±  ¢ÒÌμ¤¨É ´ 
¸É Í¨μ´ ·´μ¥ §´ Î¥´¨¥. ’μ± ¶ÊÎ±  ¨μ´μ¢ Ii = ZNi/τ = 5 ³�. ‡ ¢¨¸¨³μ¸ÉÓ
· ¤¨ ²Ó´μ£μ · §³¥·  ¶ÊÎ±  ¶·¨ ¶·μ²¥É¥ ¸±¢μ§Ó É·Ê¡±Ê ¶·¨¢¥¤¥´  ´  ·¨¸. 4.

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ · ¤¨Ê¸  ¶ÊÎ±  μÉ ¤²¨´Ò ¶·¨ ¶·μ²¥É¥ Î¥·¥§ Ê¸±μ·¨É¥²Ó´ÊÕ É·Ê¡±Ê
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1.2. �¥·¢ Ö ¸¥±Í¨Ö ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ¢μ§¡Ê¦¤ ¥³ Ö ´  Î ¸ÉμÉ¥
f1 = 10 ŒƒÍ. ˆμ´Ò Ê· ´  ¸ § ·Ö¤μ³ Z = 32, ¶·μÏ¥¤Ï¨¥ · §´μ¸ÉÓ ¶μÉ¥´Í¨ -
²μ¢ U = 90 ±Ô‚ (Ô´¥·£¨Ö ¨μ´μ¢ E = 12,1 ±Ô‚/´Ê±²μ´), ¨³¥ÕÉ μÉ´μ¸¨É¥²Ó´ÊÕ
¸±μ·μ¸ÉÓ ¶μ·Ö¤± 

βz = (2ZeU/AMpc
2)1/2 = 5 · 10−3. (2)

’ ±μ° ¦¥ ¤μ²¦´  ¡ÒÉÓ ´ Î ²Ó´ Ö Ë §μ¢ Ö ¸±μ·μ¸ÉÓ ¢μ²´Ò ¢ ¸¶¨· ²Ó´μ³ ¢μ²-
´μ¢μ¤¥, ÎÉμ μ¤´μ§´ Î´μ μ¶·¥¤¥²Ö¥É Ï £ ¨ · ¤¨Ê¸ ¸¶¨· ²¨. “¢¥²¨Î¥´¨¥ Ë §μ-
¢μ° ¸±μ·μ¸É¨ (Ê¢¥²¨Î¥´¨¥ Ï £  ¸¶¨· ²¨ ¶·¨ § ¤ ´´μ³ · ¤¨Ê¸¥) μ¶·¥¤¥²Ö¥É¸Ö
É¥³¶μ³ Ê¸±μ·¥´¨Ö, Ë ±É¨Î¥¸±¨ Ez-¶μ²¥³, ¢ÒÎ¨¸²Ö¥³Ò³ ¨§ ¢¥±Éμ·  ¶μÉμ± 
³μÐ´μ¸É¨ ¸ ÊÎ¥Éμ³ § ÉÊÌ ´¨Ö ¢ ¸¶¨· ²¨.

�¨¸. 5. � ¸Î¥É´Ò° Ï £ ¸¶¨· ²¨ ¢
¶¥·¢μ° ¸¥±Í¨¨ ¢μ²´μ¢μ¤ 

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ¶·μ¤μ²Ó´μ£μ
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ
¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ ¢ ¶¥·¢μ° ¸¥±-
Í¨¨. ‚¥·Ì´ÖÖ ±·¨¢ Ö Å ´ ¶·Ö¦¥´-
´μ¸ÉÓ ¶μ²Ö ´  ¸¶¨· ²¨, ´¨¦´ÖÖ Å ´ 
¥¥ μ¸¨. — ¸ÉμÉ  f1 = 10 ŒƒÍ

„¢ÊÌ§ §μ·´Ò° £·Ê¶¶¨·μ¢ É¥²Ó ¸ ´ ¶·Ö¦¥´¨¥³ ´  § §μ· Ì 3,5 ±‚ ¶¥·¥¢μ¤¨É
¶ÊÎμ± ¨§ ´ Î ²Ó´μ° μ¡² ¸É¨ Ë § +−90◦ ¢ ±μ´¥Î´ÊÕ μ¡² ¸ÉÓ Ë § +−15◦

´  ¤²¨´¥ 62 ¸³, É ±¨³ μ¡· §μ³, ÔËË¥±É¨¢´μ¸ÉÓ £·Ê¶¶¨·μ¢±¨ ¡Ê¤¥É · ¢´ 
50 %. �·¨ ¤μ¡·μÉ´μ¸É¨ ±μ´ÉÊ·  Q = 100 ¶μÉ·¥¡²Ö¥³ Ö ³μÐ´μ¸ÉÓ ¡Ê¤¥É
· ¢´  P = 35 ‚É. „²¨´  É·Ê¡±¨ ¤·¥°Ë  ¢ £·Ê¶¶¨·μ¢ É¥²¥ · ¢´  7 ¸³, μ´
¸μ¤¥·¦¨É ¤¢  § §μ·  ¶μ 0,5 ¸³. ”μ±Ê¸¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¢ μ¡² ¸É¨
£·Ê¶¶¨·μ¢ É¥²Ö · ¢´μ B = 1,5 ’². �μ²¥ ¤μ²¦´μ ¨³¥ÉÓ É ±μ¥ ¦¥ ´ ¶· ¢²¥´¨¥,
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�¨¸. 7. Š·¨¢ Ö ´ ¡μ·  Ô´¥·£¨¨ ¢
¶¥·¢μ° ¸¥±Í¨¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ
¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ

�¨¸. 8. � ¤¨ ²Ó´Ò° · §³¥· ¶ÊÎ±  ¢ ¶¥·¢μ°
¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ . ‚¥·Ì´ÖÖ
±·¨¢ Ö Å ¶·μË¨²Ó ± ·± ¸ , ´  ±μÉμ·Ò°
´ ³μÉ ´  ¸¶¨· ²Ó. ”μ±Ê¸¨·ÊÕÐ¥¥ ¨μ´Ò
¶μ²¥: B = 1,5 ’²

± ± ¨ ¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥, ÎÉμ¡Ò ´¥ Ê¸É· ¨¢ ÉÓ ± ¸¶ -μ¡² ¸É¨, £¤¥ Î ¸É¨ÍÒ
ÔËË¥±É¨¢´μ ¶¥·¥¢μ¤ÖÉ ¸¢μÕ ¸±μ·μ¸ÉÓ ¨§ ¶μ¸ÉÊ¶ É¥²Ó´μ° ¢μ ¢· Ð É¥²Ó´ÊÕ.

�  ·¨¸. 5 ¶·¨¢¥¤¥´ · ¸Î¥É´Ò° Ï £ ¸¶¨· ²¨ ¢ ¶¥·¢μ° ¸¥±Í¨¨. „²Ö Ê¢¥-
²¨Î¥´¨Ö Ï £  ¸¶¨· ²¨ ´  ´ Î ²Ó´μ³ ÊÎ ¸É±¥ (¢ ³¥¸É¥ ¢¢μ¤  ³μÐ´μ¸É¨) ¨
Ê³¥´ÓÏ¥´¨Ö ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ÔÉμ³ ³¥¸É¥ ¶·μË¨²Ó ± ·-
± ¸ , ´  ±μÉμ·Ò° ´ ³ ÉÒ¢ ¥É¸Ö ¸¶¨· ²Ó, ¢Ò¡· ´ ±μ´Ê¸´Ò³. � Î ²Ó´Ò° · ¤¨Ê¸
´ ³μÉ±¨ ¸¶¨· ²¨ Å 5 ¸³, ¤²¨´  ±μ´Ê¸´μ° Î ¸É¨ Å 1,25 ³, ±μ´¥Î´Ò° · ¤¨Ê¸
´ ³μÉ±¨ ¸¶¨· ²¨ Å 2,5 ¸³, ¤²¨´  Í¨²¨´¤·¨Î¥¸±μ° Î ¸É¨ ¸¶¨· ²Ó´μ£μ ¢μ²-
´μ¢μ¤  Å 1,25 ³, μ¡Ð Ö ¤²¨´  ¶¥·¢μ° ¸¥±Í¨¨ Å 2,5 ³, ¢¢μ¤¨³ Ö ³μÐ´μ¸ÉÓ
P = 3 Œ‚É.

�  ·¨¸. 6 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢¤μ²Ó ¶¥·¢μ°
¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ . �¨¦´ÖÖ ±·¨¢ Ö Å ¶μ²¥ ´  μ¸¨, ¢¥·Ì´ÖÖ Å
´  ¸¶¨· ²¨. �  ·¨¸. 7 ¶·¨¢¥¤¥´ ´ ¡μ· Ô´¥·£¨¨ ¨μ´ ³¨ ¢ ¶¥·¢μ° ¸¥±Í¨¨ ¢
§ ¢¨¸¨³μ¸É¨ μÉ ¤²¨´Ò ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ . �  ·¨¸. 8 ¶μ± § ´μ · ¤¨ ²Ó´μ¥
¤¢¨¦¥´¨¥ Î ¸É¨Í ¶ÊÎ± . ’ ³ ¦¥ ¢¥·Ì´ÖÖ ²μ³ ´ Ö ±·¨¢ Ö Å ÔÉμ ¶·μË¨²Ó
´ ³μÉ±¨ ¸¶¨· ²¨. ‚¨¤´μ, ÎÉμ · ¤¨Ê¸ ¶ÊÎ±  ¢¸¥ ¢·¥³Ö μ¸É ¥É¸Ö ³¥´ÓÏ¥ · ¤¨Ê¸ 
¸¶¨· ²¨.

‚Éμ· Ö ¸¥±Í¨Ö ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤  ¤μ²¦´  · ¡μÉ ÉÓ ´  Î ¸ÉμÉ¥ f2 =
150 ŒƒÍ, ÎÉμ ¢ 15 · § ¢ÒÏ¥, Î¥³ Î ¸ÉμÉ  ¢ ¶¥·¢μ° ¸¥±Í¨¨. „²Ö Ë §μ¢μ£μ ¤¢¨-
¦¥´¨Ö ÔÉμ μ§´ Î ¥É, ÎÉμ ³ ¸ÏÉ ¡ (· §³¥· ¶μÉ¥´Í¨ ²Ó´μ° Ö³Ò) ¸μ±· Ð ¥É¸Ö
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’ ¡²¨Í  1. � · ³¥É·Ò ¶¥·¢μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ 

� Î ²Ó´Ò° · ¤¨Ê¸ ¸¶¨· ²¨, ¸³ 5
Šμ´¥Î´Ò° · ¤¨Ê¸ ¸¶¨· ²¨, ¸³ 2,5
„²¨´  ±μ´Ê¸´μ° Î ¸É¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ³ 1,25
„²¨´  Í¨²¨´¤·¨Î¥¸±μ° Î ¸É¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ³ 1,25
� ¡μÎ Ö Î ¸ÉμÉ  f1, ŒƒÍ 10
� Î ²Ó´Ò° Ï £ ¸¶¨· ²¨ , ³³ 1,5
Šμ´¥Î´Ò° Ï £ ¸¶¨· ²¨, ³³ 2,5
� ¤¨Ê¸ ¢´¥Ï´¥£μ Í¨²¨´¤· , ¸³ 7,5
ŒμÐ´μ¸ÉÓ ¢μ§¡Ê¦¤¥´¨Ö, Œ‚É 3
�¡Ð Ö ¤²¨´  ¶¥·¢μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ³ 2,5
”μ±Ê¸¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥, ’² 1,5
� Î ²Ó´ Ö Ô´¥·£¨Ö ¨μ´μ¢, ±Ô‚/´Ê±²μ´ 11,5
Šμ´¥Î´ Ö Ô´¥·£¨Ö ¨μ´μ¢, ±Ô‚/´Ê±²μ´ 500
‘·¥¤´¨° É¥³¶ ´ ¡μ·  Ô´¥·£¨¨, ±Ô‚/³·´Ê±²μ´ 200

¢ 15 · §. �  ·¨¸. 9. ¶·¨¢¥¤¥´  Ë §μ¢ Ö ¶·μÉÖ¦¥´´μ¸ÉÓ ¸£Ê¸É±  ¢ § ¢¨¸¨³μ¸É¨
μÉ ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ. Šμ²¥¡ ´¨Ö  ¶¥·¨μ¤¨Î¥¸±¨¥, ´ Î ²Ó´ Ö Ë §μ¢ Ö
Ï¨·¨´  ¸£Ê¸É±  ∼ 30◦, ±μ´¥Î´ Ö Å ¶μ·Ö¤±  1◦.

�¨¸. 9. ” §μ¢μ¥ ¤¢¨¦¥´¨¥ ¢ ¶¥·¢μ° ¸¥±Í¨¨

1.3. ‚Éμ· Ö ¸¥±Í¨Ö ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ¢μ§¡Ê¦¤ ¥³μ£μ ´  Î ¸ÉμÉ¥
f2 = 150 ŒƒÍ. ‚μ ¢Éμ·μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , É ± ¦¥ ± ± ¨
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¢ ¶¥·¢μ°, ´¥μ¡Ìμ¤¨³Ò° ¤²Ö Ê¸±μ·¥´¨Ö Ï £ ¸¶¨· ²¨ μ¶·¥¤¥²Ö²¸Ö Î¥·¥§ ´ -
¡μ· Ô´¥·£¨¨ ¢ Ô²¥±É·¨Î¥¸±μ³ ¶μ²¥ ¢μ²´Ò, ¢ÒÎ¨¸²Ö¥³μ³ ¨§ ¶μÉμ±  ¢¢¥¤¥´´μ°
Ô´¥·£¨¨. ˜ £ ¢Ò¡¨· ²¸Ö É ±, ÎÉμ¡Ò ¸¨´Ì·μ´´ Ö Î ¸É¨Í  ´ Ìμ¤¨² ¸Ó ¢ μ¤´μ°
¨ Éμ° ¦¥ Ë §¥ (¸¨´Ì·μ´´μ°) ¨ ´¥¶·¥·Ò¢´μ Ê¸±μ·Ö² ¸Ó ¶μ²¥³ § ³¥¤²¥´´μ° ¡¥-
£ÊÐ¥° ¢μ²´Ò. � Î ²Ó´ Ö Ë §μ¢ Ö ¸±μ·μ¸ÉÓ ¢μ²´Ò ¢Ò¡· ´  · ¢´μ° βË = 0,03,
±μ´¥Î´ Ö Å βË = 0,1. � Î ²Ó´Ò° · ¤¨Ê¸ ´ ³μÉ±¨ Å 1,25 ¸³, ±μ´¥Î´Ò° Å
0,7 ¸³. ‚¢μ¤¨³ Ö ³μÐ´μ¸ÉÓ P = 3 Œ‚É, ¤²¨´  ¢Éμ·μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ
¢μ²´μ¢μ¤  l = 12,7 ³.

�  ·¨¸. 10 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ · ¸Î¥É´μ£μ Ï £  ¸¶¨· ²¨ μÉ ¶·μ¤μ²Ó´μ°
±μμ·¤¨´ ÉÒ ¢ ¢μ²´μ¢μ¤¥.

�¨¸. 10. � ¸Î¥É´Ò° Ï £ ¸¶¨· ²¨ �¨¸. 11. ‡ ¢¨¸¨³μ¸ÉÓ ·μ¸É  Ô´¥·£¨¨ ¨μ-
´μ¢ μÉ ¶·μ¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ

‚¨¤´μ, ÎÉμ Ï £ ´ ³μÉ±¨ ¸¶¨· ²¨ ¸´ Î ²  Ê¢¥²¨Î¨¢ ¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ É¥³¶μ³ ´ ¡μ·  Ô´¥·£¨¨ ¨μ´ ³¨, ¶μÉμ³ Ê³¥´ÓÏ ¥É¸Ö. ‘ ³μ §´ Î¥´¨¥ Ï £ 
¸¶¨· ²¨ ²¥¦¨É ¢ ¶·¥¤¥² Ì h = 2,2Ä3,2 ³³.

�  ·¨¸. 11 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ Ê¢¥²¨Î¥´¨Ö Ô´¥·£¨¨ ¨μ´μ¢ μÉ ¶·μ¤μ²Ó-
´μ° ±μμ·¤¨´ ÉÒ ¢ ¢μ²´μ¢μ¤¥. � Î ²Ó´ Ö Ë §μ¢ Ö ¸±μ·μ¸ÉÓ βË = 0,03 ¸μμÉ¢¥É-
¸É¢Ê¥É Ô´¥·£¨¨ ¨μ´μ¢ 500 ±Ô‚/´Ê±²μ´, ±μ´¥Î´ Ö Å βË = 0,1 Å Ô´¥·£¨¨ ¨μ´μ¢
5,0 ŒÔ‚/´Ê±²μ´, É¨¶¨Î´μ° ¤²Ö ¨´¦¥±Éμ·μ¢ ¢ Í¨±²¨Î¥¸±¨¥ Ê¸±μ·¨É¥²¨. ‚¨¤´μ,
ÎÉμ É ±μ° ´ ¡μ· Ô´¥·£¨¨ ¶μ²ÊÎ ¥É¸Ö ´  ¤²¨´¥ Ê¸±μ·¨É¥²Ö, · ¢´μ° L = 12,7 ³.

� ¸¶·¥¤¥²¥´¨¥ ¶·μ¤μ²Ó´μ£μ, Ê¸±μ·ÖÕÐ¥£μ Î ¸É¨ÍÒ ¶μ²Ö ¶μ± § ´μ ´ 
·¨¸. 12. �² £μ¤ ·Ö ±μ´Ê¸´μ³Ê ¶·μË¨²Õ ± ·± ¸ , ´  ±μÉμ·Ò° ´ ³μÉ ´  ¸¶¨-
· ²Ó, ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ´  ¸¶¨· ²¨ ¢ ³¥¸É¥ ¢¢μ¤  ³μÐ´μ¸É¨ Å ¶μ·Ö¤± 
75 ±‚/¸³, ¸¶ ¤ ´ ¶·Ö¦¥´´μ¸É¨ ¶μ²Ö ´  μ¸¨ ¸² ¡Ò°, ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ¢
±μ´Í¥ Ê¸±μ·¨É¥²Ö Å ¡μ²¥¥ 25 ±‚/¸³. Šμ´¥Î´ Ö Ô´¥·£¨Ö ¨μ´μ¢ Å 5,6 ŒÔ‚/
´Ê±²μ´.
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�¨¸. 12. � ¸¶·¥¤¥²¥´¨¥ ¶·μ¤μ²Ó´μ£μ
¶μ²Ö ¢¤μ²Ó μ¸¨ Ê¸±μ·¨É¥²Ö. ‚¥·Ì-
´ÖÖ ±·¨¢ Ö Å ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ´ 
¸¶¨· ²¨, ´¨¦´ÖÖ Å ´  ¥¥ μ¸¨

�¨¸. 13. � ¤¨ ²Ó´μ¥ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¶·¨
Ê¸±μ·¥´¨¨ ¢μ ¢Éμ·μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ
¢μ²´μ¢μ¤ . ”μ±Ê¸¨·ÊÕÐ¥¥ ¶μ²¥ B = 2 ’²

’ ¡²¨Í  2. � · ³¥É·Ò ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ¢μ§¡Ê¦¤ ¥³μ£μ ´  Î ¸ÉμÉ¥ f2 =
150 ŒƒÍ

� Î ²Ó´Ò° · ¤¨Ê¸ ´ ³μÉ±¨, ¸³ 1,25
Šμ´¥Î´Ò° · ¤¨Ê¸ ´ ³μÉ±¨, ¸³ 0,7
� Î ²Ó´Ò° Ï £ ¢¨´É , ³³ 2,2
Šμ´¥Î´Ò° Ï £ ¢¨´É , ³³ 2,5
� ¤¨Ê¸ ±μ¦ÊÌ , ¸³ 7,5
‚¢μ¤¨³ Ö ³μÐ´μ¸ÉÓ, Œ‚É 3
�¡Ð Ö ¤²¨´  ¢μ²´μ¢μ¤ , ³ 12,7
”μ±Ê¸¨·ÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥, ’² 2
‘·¥¤´¨° É¥³¶ Ê¸±μ·¥´¨Ö ±Ô‚/³·´Ê±²μ´ 340

‚¨¤´μ, ÎÉμ ¡² £μ¤ ·Ö ±μ´Ê¸´μ° Î ¸É¨ ´ ³μÉ±¨ ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ¶μ
¤²¨´¥ ¢μ²´μ¢μ¤  ¸¶ ¤ ¥É ¤μ¸É ÉμÎ´μ ¶² ¢´μ. ‘·¥¤´ÖÖ  ³¶²¨ÉÊ¤´ Ö ´ ¶·Ö¦¥´-
´μ¸ÉÓ ¶μ²Ö ¶·¥¢μ¸Ìμ¤¨É 25 ±‚/¸³, ÎÉμ ¶μ§¢μ²Ö¥É ¨μ´ ³ ÔËË¥±É¨¢´μ ´ ¡¨· ÉÓ
Ô´¥·£¨Õ. Œ ±¸¨³ ²Ó´ Ö ´ ¶·Ö¦¥´´μ¸ÉÓ ´  ¶μ¢¥·Ì´μ¸É¨ ¸¶¨· ²¨ ´¥ ¶·¥¢μ¸-
Ìμ¤¨É 75 ±‚/¸³.

�  ·¨¸. 13. ¶μ± § ´μ · ¤¨ ²Ó´μ¥ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶·μ-
¤μ²Ó´μ° ±μμ·¤¨´ ÉÒ.
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�·¨¢¥¤¥³ μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ.
„²Ö § ¤ ´´μ° ³μÐ´μ¸É¨ £¥´¥· Éμ·  (P = 3 Œ‚É) ´ Ìμ¤¨² ¸Ó  ³¶²¨-

ÉÊ¤  ¢μ²´Ò, ¨ ± ¦¤Ò° · § Ï £ ¸¶¨· ²¨ ¶μ¤¡¨· ²¸Ö É ±¨³, ÎÉμ¡Ò ¸¨´Ì·μ´´ Ö
Î ¸É¨Í  (φs = 65◦, cosφs = 0,9) Ê¸±μ·Ö² ¸Ó ¸ É¥³¶μ³, μ¶·¥¤¥²Ö¥³Ò³ ´ ¶·Ö-
¦¥´´μ¸ÉÓÕ ¶μ²Ö ´  μ¸¨ ¸¶¨· ²¨. ’ ±¨³ ¸¶μ¸μ¡μ³ ¤²Ö ¤¢ÊÌ §´ Î¥´¨° Î ¸ÉμÉÒ
· ¸¸Î¨É ´Ò · ¤¨Ê¸ ´ ³μÉ±¨ ¨ Ï £ ¸¶¨· ²¨.

‡ ³¥¤²¥´¨¥ ¢ ¸¨¸É¥³¥ μ± § ²μ¸Ó ¡²¨§±¨³ ± Éμ³Ê, ÎÉμ ¤ ¥É ¶·μ¸Éμ¥ ¶·¨-
¡²¨¦¥´¨¥ vË = c · tgψ <<1, £¤¥ c Å ¸±μ·μ¸ÉÓ ¸¢¥É ,   tgψ Å É ´£¥´¸ Ê£² 
´ ³μÉ±¨ ¸¶¨· ²¨, · ¢´Ò° μÉ´μÏ¥´¨Õ Ï £  ´ ³μÉ±¨ h ± 2πR Å ¶¥·¨³¥É·Ê
¢¨É± : tgψ = h/2πR <<1.

	Éμ ¸μμÉ´μÏ¥´¨¥ ¨³¥¥É ¶·μ¸Éμ° ¸³Ò¸²: μÉ´μÏ¥´¨¥ Ë §μ¢μ° ¸±μ·μ¸É¨ ±
¸±μ·μ¸É¨ ¸¢¥É  ¢ ¢ ±ÊÊ³¥ · ¢´μ μÉ´μÏ¥´¨Õ ¶ÊÉ¥°, ¶·μÌμ¤¨³ÒÌ ¢μ²´μ° ¢¤μ²Ó
¸¶¨· ²¨ ¨ ¢¤μ²Ó ¥¥ μ¸¨. ‚²¨Ö´¨¥ ±μ¦ÊÌ  (¢ ±ÊÊ³´μ£μ ¶ É·Ê¡± ), ¤¨Ô²¥±É·¨± 
³¥¦¤Ê ±μ¦ÊÌμ³ ¨ ¸¶¨· ²ÓÕ ¨ Î ¸É¨Î´μ¥ § ¶μ²´¥´¨¥ ¤¨Ô²¥±É·¨±μ³ ¶·μ¸É· ´-
¸É¢  ¢´ÊÉ·¨ ¸¶¨· ²¨ ¶·¨¢μ¤¨É ± ´¥¡μ²ÓÏ¨³ ¨§³¥´¥´¨Ö³ Ï £  ¸¶¨· ²¨.

� ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ¢ É ±μ° ¸¨¸É¥³¥ ¶ ¤ ¥É μÉ ´ Î ²  ± ±μ´ÍÊ ¸¶¨-
· ²¨, ´μ ¶·¨ ¢Ò¡· ´´ÒÌ ¶ · ³¥É· Ì ¢ ±μ´Í¥ μ¸É ¥É¸Ö ¤μ¸É ÉμÎ´μ ¢Ò¸μ±μ° ∼
25 ±‚/c³. ‘É·Ê±ÉÊ·  ¶μ²Ö ¢ ¸¶¨· ²Ó´μ³ ¢μ²´μ¢μ¤¥ Ö¢²Ö¥É¸Ö · ¸ÉÊÐ¥° μÉ μ¸¨
¸¨¸É¥³Ò ± ¸¶¨· ²¨, ¨ ¶¥·¥´ ¶·Ö¦¥´¨¥ (μÉ´μÏ¥´¨¥ ¶μ²Ö ´  ¸¶¨· ²¨ ± ¶μ²Õ
´  μ¸¨) ¡Ò¸É·μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ · ¤¨ ²Ó´μ° ¡¥§· §³¥·´μ° ¶¥·¥³¥´´μ°
x = k1R = 2πR/λ§ ³¥¤², £¤¥ λ§ ³¥¤² Å ¤²¨´  ¢μ²´Ò ¢ ¸¨¸É¥³¥.

�μ¶¥·¥Î´Ò¥ · §³¥·Ò ¸£Ê¸É±μ¢ Å r0 = 0,5 ¸³; Ëμ±Ê¸¨·ÊÕÐ¥¥ ³ £´¨É´μ¥
¶μ²¥: ¢ μ¡² ¸É¨ £·Ê¶¶¨·μ¢ É¥²Ö ¨ ¶¥·¢μ° ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤  B =
1,5 ’², ¢ μ¡² ¸É¨ ¢Éμ·μ° ¸¥±Í¨¨ B = 2 ’².

� §· ¡μÉ ´  ³ É¥³ É¨Î¥¸± Ö ³μ¤¥²Ó Ê¸±μ·¨É¥²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ ´  ¡ §¥
¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ . ‡´ Î¨É¥²Ó´Ò° ¶·μÍ¥´É (50 %) Î ¸É¨Í, ¢ÒÏ¥¤Ï¨Ì ¨§
¨μ´´μ£μ ¨¸ÉμÎ´¨± , Ê¸±μ·¨²¨¸Ó ¨ ¶·¨μ¡·¥²¨ Ô´¥·£¨Õ 5,6 ŒÔ‚/´Ê±²μ´. �¡Ð Ö
¤²¨´  Ê¸±μ·¨É¥²Ö Å 16 ³.

2. �…‡���’���›… ‘’�“Š’“�›

2.1. Œμ¤¥²Ó ¶ÊÎ±  ¨ ¥£μ ¶·μÌμ¦¤¥´¨¥ Î¥·¥§ Ê¸±μ·¨É¥²Ó´ÊÕ É·Ê¡±Ê ¸ Ëμ-
±Ê¸¨·μ¢±μ° ¶ÊÎ±  ¶μ¸ÉμÖ´´Ò³¨ ³ £´¨É ³¨. �·¨ Ê¸±μ·¥´¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢
¸ ¶μ³μÐÓÕ ¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ ·¥§μ´ Éμ·μ¢ ¢·¥³¥´  ¶·μ²¥É  ¨μ´ ³¨ Ê¸±μ·ÖÕ-
Ð¨Ì § §μ·μ¢ ¶μ²ÊÎ ÕÉ¸Ö ¡μ²ÓÏ¨³¨, ÎÉμ ¶·¨¢μ¤¨É ± ´¥μ¡Ìμ¤¨³μ¸É¨ ¨¸¶μ²Ó§μ-
¢ ´¨Ö ´¨§±¨Ì Î ¸ÉμÉ. ‚ ·¥§Ê²ÓÉ É¥ · §³¥·Ò ·¥§μ´ Éμ·μ¢ μ± §Ò¢ ÕÉ¸Ö ´¥¤μ¶Ê-
¸É¨³μ ¡μ²ÓÏ¨³¨, É ± Î¥É¢¥·ÉÓ¢μ²´μ¢Ò° ±μ ±¸¨ ²Ó´Ò° ·¥§μ´ Éμ· ´  Î ¸ÉμÉÊ
10 ŒƒÍ ¡Ê¤¥É ¨³¥ÉÓ ¤²¨´Ê 7,5 ³, É ±μ£μ ¦¥ ¶μ·Ö¤±  (¤²Ö ¤μ¸É¨¦¥´¨Ö ¢Ò¸μ±μ°
¤μ¡·μÉ´μ¸É¨) ¤μ²¦´Ò ¡ÒÉÓ ¨ ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò. �·¨ · ¡μÉ¥ ´  Î ¸ÉμÉ Ì
¶μ·Ö¤±  150 ŒƒÍ ´¥μ¡Ìμ¤¨³Ò ¸· ¢´¨É¥²Ó´μ ¡μ²ÓÏ¨¥ ´ Î ²Ó´Ò¥ ¸±μ·μ¸É¨
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¨μ´μ¢. �¨¦¥ ¡Ê¤¥É · ¸¸³μÉ·¥´ ¸²ÊÎ °, ±μ£¤  ´ ¶·Ö¦¥´¨¥ ´  Ê¸±μ·¨É¥²Ó´μ°
É·Ê¡±¥ · ¢´μ U = 625 ±‚.

	ËË¥±É¨¢´Ò³ ¨¸ÉμÎ´¨±μ³ ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢ Ö¢²Ö¥É¸Ö Ô²¥±É·μ´´μ-
²ÊÎ¥¢μ° ¨¸ÉμÎ´¨± ¨μ´μ¢ [1]. ˆμ´Ò ¢ ´¥³ μ¡· §ÊÕÉ¸Ö ¨ Ê¤¥·¦¨¢ ÕÉ¸Ö ¢ ¶μ²¥
Ô²¥±É·μ´´μ° ¸É·Ê´Ò, Ê¤¥·¦¨¢ ¥³μ° ¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¶·μ¤μ²Ó´Ò³
³ £´¨É´Ò³ ¶μ²¥³.

�·¥¤¶μ²μ¦¨³, ÎÉμ μÉ´μ¸¨É¥²Ó´Ò¥ · ¤¨ ²Ó´Ò¥ ¸±μ·μ¸É¨ Î ¸É¨Í ¢ É ±μ³
¨¸ÉμÎ´¨±¥ βr ∼ 2 · 10−5, ¢ÒÉÖ£¨¢ ÕÐ¥¥ ¨μ´Ò ´ ¶·Ö¦¥´¨¥ U = 10 ±‚; Î¨¸²μ
¨μ´μ¢ ¢ ¨³¶Ê²Ó¸¥ Ni = 2 · 109; ¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  τ = 8 ³±¸. ‡ ·Ö¤
¨μ´μ¢ ¶μ²μ¦¨³ · ¢´Ò³ Z = 32,  Éμ³´Ò° ¢¥¸ Å A = 238. � ¤¨Ê¸ ¶ÊÎ± 
¨μ´μ¢ ¶μ²μ¦¨³ · ¢´Ò³ r0 = 5 ³³, Î ¸É¨ÍÒ · ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´Ò ¢´ÊÉ·¨
±·Ê£  ¸ ÔÉ¨³ · ¤¨Ê¸μ³ ¨ ¨³¥ÕÉ ¸²ÊÎ °´Ò¥ ¸±μ·μ¸É¨ ´¥ ¡μ²¥¥ ´¥±μÉμ·μ°
βr = + − 2 · 10−5.

ˆ§¢¥¸É´μ [2], ÎÉμ ¢ É ±μ³ ¨¸ÉμÎ´¨±¥ ¸ μ¤¨´ ±μ¢μ° ¨´É¥´¸¨¢´μ¸ÉÓÕ ¶·¨-
¸ÊÉ¸É¢Ê¥É ¶·¨³¥·´μ ¶ÖÉÓ § ·Ö¤´μ¸É¥°, · ¸¶μ²μ¦¥´´ÒÌ ¸¨³³¥É·¨Î´μ μÉ´μ¸¨-
É¥²Ó´μ ¸·¥¤´¥° É ±, ÎÉμ Î¨¸²μ ¨μ´μ¢ ¸ § ·Ö¤μ³ Z = 30, 31, 33 ¨ 34 ¶·¥¤-
¶μ² £ ¥É¸Ö É ±¨³ ¦¥, ± ± Ê Z = 32. �¡Ð¥¥ Î¨¸²μ ¢Ò¢¥¤¥´´ÒÌ ¨§ ¨¸ÉμÎ´¨± 
¨μ´μ¢ · ¢´Ö¥É¸Ö, É ±¨³ μ¡· §μ³, Ni = 1010.

�·¥¤² £ ¥É¸Ö ¶μ¸É ¢¨ÉÓ ¶·Ö³μ ¢ É·Ê¡±¥ ¶μ¸ÉμÖ´´Ò¥ ³ £´¨ÉÒ ¨§ ³ É¥·¨ ² 
NdFeB. ƒ· ¤¨¥´ÉÒ ¤²Ö Ëμ±Ê¸¨·μ¢±¨ É·¥¡ÊÕÉ¸Ö ´¥¡μ²ÓÏ¨¥, ³ £´¨ÉÒ ¶¨É ´¨Ö
´¥ É·¥¡ÊÕÉ. 	Éμ μÎ¥´Ó ¶μÌμ¦¥ ´  ¸É·Ê±ÉÊ·Ê ¸ É·Ê¡± ³¨ ¤·¥°Ë , Éμ²Ó±μ
§  ¢·¥³Ö ¶·μ²¥É  É·Ê¡±¨ ¤·¥°Ë  (μ¡² ¸É¨, £¤¥ ¥¸ÉÓ ³ £´¨É´μ¥ ¶μ²¥ ¨ ´¥É
Ô²¥±É·¨Î¥¸±μ£μ), ´ ¶· ¢²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ´¥ ¨§³¥´Ö¥É¸Ö. ‚ ·¨ ´É
· ¸¸É ´μ¢±¨ ²¨´§ ¢¤μ²Ó Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨ ¨ £· ¤¨¥´ÉÒ ¢ ²¨´§ Ì, ¶μ± § ´
´  ·¨¸. 14.

�¨¸. 14. � ¸¶·¥¤¥²¥´¨¥ £· ¤¨¥´Éμ¢ ³ £´¨É´μ£μ ¶μ²Ö ¢¤μ²Ó Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨.
„²¨´  É·Ê¡μ± ¤·¥°Ë  Å 300 ³³, ¤²¨´  Ê¸±μ·ÖÕÐ¨Ì § §μ·μ¢ Å 100 ³³
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’ ¡²¨Í  3. ƒ· ¤¨¥´ÉÒ ¨ · ¸¶·¥¤¥²¥´¨¥ ´ ¶·Ö¦¥´´μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢¤μ²Ó
Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨

„²¨´ , ¸³ � ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ƒ· ¤¨¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö
¶μ²Ö, ±‚/¸³ ¢ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì, ƒ¸/¸³

5 (Ê¸±. § §μ·) 15 0
30 (³ £´. ²¨´§ ) 0 95,7
10 (Ê¸±. § §μ·) 20 0

30 (³ £´. ²¨´§ ) 0 Ä124,44
10 (Ê¸±. § §μ·) 20 0

30 (³ £´. ²¨´§ ) 0 95,7
25 (Ê¸±. § §μ·) 15 0

30 (³ £´. ²¨´§ ) 0 191,22
10 (Ê¸±. § §μ·) 20 0

30 (³ £´. ²¨´§ ) 0 Ä294,65
10 (Ê¸±. § §μ·) 20 0

30 (³ £´. ²¨´§ ) 0 191,22

’ ¡²¨Í  4. � · ³¥É·Ò ¨μ´´μ£μ ¶ÊÎ± , ¶·μÌμ¤ÖÐ¥£μ ¸±¢μ§Ó Ê¸±μ·¨É¥²Ó´ÊÕ É·Ê¡±Ê

‡ ·Ö¤´μ¸ÉÓ ¨μ´μ¢ Z Z = 30Ä34
—¨¸²μ ¨μ´μ¢ ¢ ¨³¶Ê²Ó¸¥ Ni 2·109, ¤²Ö ± ¦¤μ°

§ ·Ö¤´μ¸É¨
„²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  τ , ³±¸ 8
Œ ±¸¨³ ²Ó´ Ö ¶μ¶¥·¥Î´ Ö ¸±μ·μ¸ÉÓ ¨μ´μ¢ βr 2·10−5

Œ ±¸¨³ ²Ó´ Ö Ô´¥·£¨Ö Ì μÉ¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö 48
Mc2β2

r /2, Ô‚
� ¤¨Ê¸ ¶ÊÎ±  ¨μ´μ¢ r0, ¸³ 0,5
‚ÒÉÖ£¨¢ ÕÐ¥¥ ¨μ´Ò ´ ¶·Ö¦¥´¨¥, ±‚ 10
�É´μ¸¨É¥²Ó´ Ö ¶·μ¤μ²Ó´ Ö ¸±μ·μ¸ÉÓ ¨μ´μ¢ βz 1,7·10−3

�Éμ³´ Ö ³ ¸¸  ¨μ´μ¢ A 238

�¡Ð Ö ¤²¨´  Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨ Å 2500 ³³, ± ´¥° ¶·¨²μ¦¥´  · §-
´μ¸ÉÓ ¶μÉ¥´Í¨ ²μ¢ 625 ±‚.

�·¨ ÔÉμ³ Ê¤ ¥É¸Ö ¶·μ¢¥¸É¨ ¶ÊÎμ± ´  · ¸¸ÉμÖ´¨¥ 2500 ³³, ¤μ ¢ÒÌμ¤  ¨§
Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨ ¡¥§ ¸ÊÐ¥¸É¢¥´´μ£μ Ê¢¥²¨Î¥´¨Ö · ¤¨Ê¸  ¶ÊÎ± .

�  ·¨¸. 15. ¶μ± § ´  μ£¨¡ ÕÐ Ö ¶ÊÎ±  ¢ Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¥. � ¤¨Ê¸
¶ÊÎ±  ´  ¢ÒÌμ¤¥ Å ¶μ·Ö¤±  ´ Î ²Ó´μ£μ, r0 = 0,5 ¸³.

12



�¨¸. 15. ‡ ¢¨¸¨³μ¸ÉÓ · ¤¨Ê¸  ¶ÊÎ±  μÉ ¤²¨´Ò ¢ Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¥, ¢ ±μÉμ·ÊÕ
¢¸É·μ¥´Ò ¤¢  Ëμ±Ê¸¨·ÊÕÐ¨Ì É·¨¶²¥É  ±¢ ¤·Ê¶μ²Ó´ÒÌ ³ £´¨É´ÒÌ ²¨´§. � ¤¨Ê¸ ¶ÊÎ± 
´  ¢ÒÌμ¤¥ ¨§ É·Ê¡±¨ É ±μ° ¦¥, ± ± ´  ¢Ìμ¤¥ ¢ É·Ê¡±Ê

2.2. �¥§μ´ ´¸´Ò° ¶·¥¤Ê¸±μ·¨É¥²Ó ´  ¡ §¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ±μ ±¸¨-
 ²Ó´ÒÌ ¶μ²Ê¢μ²´μ¢ÒÌ ·¥§μ´ Éμ·μ¢. �¤´μ° ¨§ ÔËË¥±É¨¢´ÒÌ ¸É·Ê±ÉÊ· ¤²Ö
Ê¸±μ·¥´¨Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢ Ö¢²Ö¥É¸Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¨§ μ¤¨´μÎ´ÒÌ ¶μ²Ê-
¢μ²´μ¢ÒÌ ±μ ±¸¨ ²Ó´ÒÌ ·¥§μ´ Éμ·μ¢, ¢ ± ¦¤μ³ ¨§ ±μÉμ·ÒÌ  ³¶²¨ÉÊ¤  ´ ¶·Ö-
¦¥´¨Ö ¨ Ë §  ¶μ²Ö ³μ£ÊÉ Ê¸É ´ ¢²¨¢ ÉÓ¸Ö ´¥§ ¢¨¸¨³μ. �Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ
¸É·Ê±ÉÊ·Ê ¨§ 30 ·¥§μ´ Éμ·μ¢, ´ ¸É·μ¥´´ÒÌ ´  Î ¸ÉμÉÊ f2 = 150 ŒƒÍ. � Î ²Ó-
´ÊÕ μÉ´μ¸¨É¥²Ó´ÊÕ ¸±μ·μ¸ÉÓ ¨μ´μ¢ Ê· ´  ¸ § ·Ö¤μ³ Z = 32 ¨  Éμ³´μ° ³ ¸¸μ°
A = 238 ¢μ§Ó³¥³ É ±μ°, ± ± Ö ¶μ²ÊÎ ¥É¸Ö ¶μ¸²¥ Ê¸±μ·¨É¥²Ó´μ° É·Ê¡±¨ ¸ · §-
´μ¸ÉÓÕ ¶μÉ¥´Í¨ ²μ¢ U = 625 ±‚, β´ Î ²Ó´ = 0,013. „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸ 
Éμ±  ¶·¨³¥³ · ¢´μ° τ = 8 ³±¸, Î¨¸²μ ¨μ´μ¢ Ni ¢ ¨³¶Ê²Ó¸¥ ¢μ§Ó³¥³ Ni =
1010, Ë §μ¢ÊÕ ¶·μÉÖ¦¥´´μ¸ÉÓ ¸£Ê¸É±  Å Δφ = +−15◦. �  ·¨¸. 16 ¶·¨¢¥¤¥´ 
¸Ì¥³  ¶·¥¤Ê¸±μ·¨É¥²Ö.

„²¨´Ê ¢¸¥Ì § §μ·μ¢ ¶μ²μ¦¨³ · ¢´μ° l = 1 ¸³, ¤¨ ³¥É· É·Ê¡μ± ¤·¥°Ë 
¨ ¶μ²ÊÉ·Ê¡μ± (μ¡· §ÊÕÐ¨Ì Ê¸±μ·ÖÕÐ¨¥ ¶·μ³¥¦ÊÉ±¨) ¢μ§Ó³¥³ · ¢´Ò³ 2 ¸³.
� ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Í¥´É· ³¨ § §μ·μ¢ · ¢´μ, ± ± μ¡ÒÎ´μ, βλ/2, ¨ ÔÉ  ¢¥²¨Î¨´ 
´¥¶·¥·Ò¢´μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¶μ ³¥·¥ Ê¸±μ·¥´¨Ö Î ¸É¨Í. ”μ±Ê¸¨·ÊÕÐ¨¥ Ô²¥-
³¥´ÉÒ ¶·¥¤¶μ² £ ¥É¸Ö · §³¥¸É¨ÉÓ ¢ ¶·μ¸É· ´¸É¢¥ ³¥¦¤Ê ·¥§μ´ Éμ· ³¨. ‚¨¤´μ
(¨§ ·¨¸. 16), ÎÉμ ¶·μÉÖ¦¥´´μ¸ÉÓ ³ £´¨É´μ° ±¢ ¤·Ê¶μ²Ó´μ° ²¨´§Ò · ¢´  5 ¸³.
�  ·¨¸. 17 ¶·¨¢¥¤¥´ ¢¨¤ ¸¢¥·ÌÊ μ¤´μ° ¨§ ¶μ²Ê¸¥±Í¨° ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ-
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�¨¸. 16. ‘Ì¥³  ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ·¨É¥²Ö ¨μ´μ¢

�¨¸. 17. ‚¨¤ ¸¢¥·ÌÊ ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ·¨É¥²Ö
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·¨É¥²Ö. „²Ö ¢Ò¡· ´´μ° ¤²¨´Ò ¢μ²´Ò λ = 2 ³, ¢Ò¸μÉ  ¶μ²Ê¢μ²´μ¢ÒÌ ·¥§μ-
´ Éμ·μ¢ ¸μ¸É ¢¨É 1 ³. „¨ ³¥É· ´ ·Ê¦´μ£μ ±μ ±¸¨ ²  · ¢¥´ 60 ³³, ¤¨ ³¥É·
¢´ÊÉ·¥´´¥£μ ¶·μ¢μ¤´¨±  · ¢¥´ 20 ³³, ·¥§μ´ Éμ·Ò ¸μ¥¤¨´¥´Ò ³¥¦¤Ê ¸μ¡μ°
Í¨²¨´¤· ³¨ ¸ ¤¨ ³¥É·μ³ 40 ³³. �¥·¨μ¤ ¸É·Ê±ÉÊ·Ò Å 120 ³³, ¤²¨´Ò É·Ê¡μ±
¤·¥°Ë  Å ³¥´¥¥ 40 ³³.

�  ·¨¸. 18 ¤ ´ μ¡Ð¨° ¢¨¤ ¶μ²Ê¸¥±Í¨¨ ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ·¨É¥²Ö. “¸±μ-
·¨É¥²Ó ¸μ¤¥·¦¨É 30 ´¥§ ¢¨¸¨³μ ¢μ§¡Ê¦¤ ¥³ÒÌ ¶μ²Ê¢μ²´μ¢ÒÌ ±μ ±¸¨ ²Ó´ÒÌ
·¥§μ´ Éμ· , ´ ¸É·μ¥´´ÒÌ ´  Î ¸ÉμÉÊ f2 = 150 ŒƒÍ. �³¶²¨ÉÊ¤  ¨ Ë §  ¢
± ¦¤μ³ ¨§ ·¥§μ´ Éμ·μ¢ ³μ£ÊÉ ¶μ¤¡¨· ÉÓ¸Ö ´¥§ ¢¨¸¨³μ, ¢μ§³μ¦´μ ¶² ¢´μ¥ ·¥-
£Ê²¨·μ¢ ´¨¥ Ô´¥·£¨¨ (Ê³¥´ÓÏ¥´¨¥), μ¸ÊÐ¥¸É¢²Ö¥³μ¥ ¶ÊÉ¥³ μÉ±²ÕÎ¥´¨Ö Î -
¸É¨ ·¥§μ´ Éμ·μ¢. �¡Ð Ö ¤²¨´  ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ·¨É¥²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢
· ¢´  3,6 ³.

�¨¸. 18. �¡Ð¨° ¢¨¤ ¶μ²Ê¸¥±Í¨¨ ·¥§μ´ ´¸´μ£μ ¶·¥¤Ê¸±μ·¨É¥²Ö ÉÖ¦¥²ÒÌ ¨μ´μ¢

�Í¥´±¨ ÏÊ´Éμ¢μ£μ ¸μ¶·μÉ¨¢²¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ μ´μ · ¢´μ RÏÊ´É =
100 ±�³/·¥§μ´ Éμ·. 	Éμ μ§´ Î ¥É, ÎÉμ ¶·¨ ¢¢μ¤¨³μ° ¢ ± ¦¤Ò° ·¥§μ´ Éμ·
³μÐ´μ¸É¨ P = 50 ±‚É  ³¶²¨ÉÊ¤  ´ ¶·Ö¦¥´¨Ö ´  § §μ· Ì ¡Ê¤¥É · ¢´  U =
100 ±‚. �  ·¨¸. 19 ¶·¨¢¥¤¥´ £· Ë¨± ´ ¡μ·  Ô´¥·£¨¨ Î ¸É¨Í ³¨ ¢ § ¢¨¸¨³μ¸É¨
μÉ ¤²¨´Ò ¸É·Ê±ÉÊ·Ò. ‘¨´Ì·μ´´ Ö Ë §  ¢Ò¡· ´  É ±μ°, ÎÉμ cosφs = 0,9.
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�¨¸. 19. � ¡μ· Ô´¥·£¨¨ ¨μ´ ³¨ ¢ ·¥§μ´ ´¸´μ³ ¶·¥¤Ê¸±μ·¨É¥²¥

�¨¸. 20. � ¤¨ ²Ó´μ¥ ¤¢¨¦¥´¨¥ ¨μ´μ¢ ¢ ·¥§μ´ ´¸´μ³ ¶·¥¤Ê¸±μ·¨É¥²¥

‚¨¤´μ, ÎÉμ Ô´¥·£¨Ö ¶μ·Ö¤±  500 ±Ô‚/´Ê±²μ´, ¤μ¸É ÉμÎ´ Ö ¤²Ö ¤ ²Ó´¥°-
Ï¥£μ Ê¸±μ·¥´¨Ö ¢ �-·¥§μ´ Éμ·¥ ¨²¨ ¸¥±Í¨¨ ¸¶¨· ²Ó´μ£μ ¢μ²´μ¢μ¤ , ´ ¡¨· -
¥É¸Ö ¶·¨ ÔÉμ³ ´  ¤²¨´¥ 3,6 ³.
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�  ·¨¸. 20 ¶·¨¢¥¤¥´ £· Ë¨± · ¤¨ ²Ó´μ£μ ¤¢¨¦¥´¨Ö Î ¸É¨Í ¢ É ±μ³ ¶·¥-
¤Ê¸±μ·¨É¥²¥. ƒ· ¤¨¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö ¢ ²¨´§ Ì, · ¸¶μ²μ¦¥´´ÒÌ ³¥¦¤Ê
·¥§μ´ Éμ· ³¨, · ¢´Ò G = 4,8 ±ƒ¸/¸³.

‚¨¤´μ, ÎÉμ ¶·¨ £· ¤¨¥´É¥ ³ £´¨É´μ£μ ¶μ²Ö ¢ ±¢ ¤·Ê¶μ²Ó´ÒÌ ²¨´§ Ì ¶μ-
·Ö¤±  5 ±ƒ¸/¸³ Ê¤ ¥É¸Ö ¶·μ¢¥¸É¨ ¶ÊÎμ± ¡¥§ ¶μÉ¥·Ó ¨ ¶μ²ÊÎ¨ÉÓ ±μ´¥Î´Ò° · §-
³¥· ¶ÊÎ±  r0 = 0,5 ¸³ ¶μ·Ö¤±  ´ Î ²Ó´μ£μ.

2.3. “¸±μ·¥´¨¥ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ¸ ¶μ³μÐÓÕ ³´μ£μ§ §μ·´μ£μ ·¥§μ´ Éμ· 
¸ É·Ê¡± ³¨ ¤·¥°Ë . „²Ö ¤μ¸É¨¦¥´¨Ö ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ Ô´¥·£¨¨ ¶μ·Ö¤± 
5 ŒÔ‚/´Ê±²μ´ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ·¥§μ´ Éμ· ¸ É·Ê¡± ³¨ ¤·¥°Ë . � ¸¸³μ-
É·¨³ ·¥§μ´ Éμ·, ¸μ¤¥·¦ Ð¨° 148 É·Ê¡μ± ¤·¥°Ë . ‚¥²¨Î¨´Ê § §μ·  ¢μ§Ó³¥³
¶μ¸ÉμÖ´´μ°: l = 1 ¸³, ¤²¨´  É·Ê¡μ± ¤·¥°Ë  ¤μ²¦´  ¢μ§· ¸É ÉÓ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ ¸μμÉ´μÏ¥´¨¥³ lÉ·Ê¡±¨ = βλ/2 Ä 1¸³, ´ ¶·Ö¦¥´¨¥ ´  § §μ· Ì ¶·¨³¥³ · ¢´Ò³
U§ §μ·  = 250 ±‚.

�  ·¨¸. 21 ¶·¨¢¥¤¥´ ´ ¡μ· Ô´¥·£¨¨ ¨μ´ ³¨ ¸ § ·Ö¤μ³ Z = 32 ¨  Éμ³-
´μ° ³ ¸¸μ° A = 238 ¢ É ±μ³ ·¥§μ´ Éμ·¥. ‚¨¤´μ, ÎÉμ ±μ´¥Î´ Ö Ô´¥·£¨Ö
5 ŒÔ‚/´Ê±²μ´ ´ ¡¨· ¥É¸Ö ¶·¨ ÔÉμ³ ´  ¤²¨´¥ L = 14 ³.

�  ·¨¸. 22 ¶·¨¢¥¤¥´  μ£¨¡ ÕÐ Ö ¶ÊÎ±  ¨μ´μ¢ ¶·¨ ¥£μ ¤¢¨¦¥´¨¨ ¢¤μ²Ó
·¥§μ´ Éμ· . ”μ±Ê¸¨·ÊÕÐ¨¥ ²¨´§Ò · §³¥Ð¥´Ò ¢ É·Ê¡± Ì ¤·¥°Ë . ƒ· ¤¨¥´É
³ £´¨É´μ£μ ¶μ²Ö ¢ ²¨´§ Ì Å 7,25 ±ƒ¸/¸³.

‚¨¤´μ, ÎÉμ · ¤¨ ²Ó´Ò° · §³¥· ¶ÊÎ±  ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ ¡μ²¥¥ 1 ¸³.

�¨¸. 21. ‡ ¢¨¸¨³μ¸ÉÓ ´ ¡μ·  Ô´¥·£¨¨
¢ �-·¥§μ´ Éμ·¥ μÉ ¤²¨´Ò ·¥§μ´ Éμ· .
�¨¦´ÖÖ ±·¨¢ Ö Å ¸¨´Ì·μ´´ Ö Ë § 
φs = 600, ¤¢¥ ¢¥·Ì´¨¥ ±·¨¢Ò¥ Å 70 ¨
80◦ £· ¤Ê¸μ¢ ¸μμÉ¢¥É¸É¢¥´´μ

�¨¸. 22. �£¨¡ ÕÐ Ö ¶ÊÎ±  ¢ ¸²ÊÎ ¥ ¸¨´-
Ì·μ´´μ° Ë §Ò, · ¢´μ° φs = 60◦, ´¨¦´ÖÖ
±·¨¢ Ö; 70 ¨ 80◦ Å ¤¢¥ ¢¥·Ì´¨¥ ±·¨¢Ò¥
¸μμÉ¢¥É¸É¢¥´´μ
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