
P9-2010-150

‘.�. „μ²Ö

‹ˆ�…‰��-–ˆŠ‹ˆ—…‘Šˆ‰ “‘Š��ˆ’…‹œ ���’���‚
‘ ��…�ƒˆ…‰ 0,8 ƒÔ‚ �� ��‡… ��ŸŒ�“ƒ�‹œ��ƒ�
�…‡���’��� ‘ E110-‚�‹��‰



„μ²Ö ‘.�. P9-2010-150
‹¨´¥°´μ-Í¨±²¨Î¥¸±¨° Ê¸±μ·¨É¥²Ó ¶·μÉμ´μ¢ ¸ Ô´¥·£¨¥° 0,8 ƒÔ‚
´  ¡ §¥ ¶·Ö³μÊ£μ²Ó´μ£μ ·¥§μ´ Éμ·  ¸ E110-¢μ²´μ°

� ¸¸³ É·¨¢ ¥É¸Ö Ê¸±μ·¥´¨¥ ¶·μÉμ´μ¢ ¢ ·¥§μ´ Éμ·¥ ¸ ¶ · ³¥É· ³¨: ¤²¨´ 
l = 10 ³, Ï¨·¨´  b = 20 ³, ¢Ò¸μÉ  a = 1,01 ³, · ¸¶μ²μ¦¥´´μ³ ³¥¦¤Ê ¤¢Ê³Ö
¶μ¢μ·μÉ´Ò³¨ (180 ◦) ³ £´¨É ³¨ ¸ ¨§μÌ·μ´´Ò³ ³ £´¨É´Ò³ ¶μ²¥³. �¥§μ´ Éμ· ´ -
£·Ê¦¥´ ·Ö¤ ³¨ ¶² ¸É¨´ (É·Ê¡μ±) ¤·¥°Ë , ¢ ´¥³ ¢μ§¡Ê¦¤ ¥É¸Ö ¢μ²´  É¨¶  E110 ´ 
Î ¸ÉμÉ¥ f0 = 148,5 ŒƒÍ, ³μÐ´μ¸ÉÓ ¢μ§¡Ê¦¤¥´¨Ö P1 = 5,65 Œ‚É. „μ¶μ²´¨É¥²Ó´μ
¢ ·¥§μ´ Éμ· ¶μ¤ ¥É¸Ö ³μÐ´μ¸ÉÓ P2 = 8 Œ‚É, ±μÉμ· Ö ¶¥·¥¤ ¥É¸Ö ¢ ¶ÊÎμ± ¶·μÉμ-
´μ¢ ¸ ¶ · ³¥É· ³¨: ±μ´¥Î´ Ö Ô´¥·£¨Ö 0,8 ƒÔ‚, ¨³¶Ê²Ó¸´Ò° Éμ± ¶ÊÎ±  I = 10 ³�,
¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  25 ³±¸, Î ¸ÉμÉ  ¶μ¢Éμ·¥´¨Ö 10 ƒÍ. �¡¸Ê¦¤ ¥É¸Ö ¢μ§³μ¦-
´μ¸ÉÓ ¸μ§¤ ´¨Ö ´  ¡ §¥ É ±μ£μ Ê¸±μ·¨É¥²Ö ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ´¥°É·μ´μ¢ ¸
¨´É¥´¸¨¢´μ¸ÉÓÕ In = 3 · 1014 ¸−1.

� ¡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¡´ , 2010

Dolya S. N. P9-2010-150
Linear-Circular Proton Accelerator with Energy 0.8 GeV
on the Basis of a Rectangular Cavity with Wave E110

We consider the acceleration of protons in the cavity with parameters: length
l = 10 m, width b = 20 m, height a = 1.01 m, located between the two steering
(180 ◦) magnets with isochronous magnetic ˇeld. The resonator is loaded with rows
of plates (tubes) of the drift, it is excited by a wave of type E110 at a frequency
of f0 = 148.5 MHz, the excitation power P1 = 5.65 MW. Additionally, the cavity
is fed power P2 = 8 MW, which is transmitted into a beam of protons with the
parameters: the ˇnal energy 0.8 GeV, the pulse beam current I = 10 mA, pulse
width 25 μs, repetition rate 10 Hz. We discuss the possibility of creating, on the
basis of such an accelerator, a pulsed neutron source with intensity In = 3 ·1014 s−1.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2010



‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¶·¨ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¢ Ë¨§¨±¥ ±μ´¤¥´¸¨·μ¢ ´´μ£μ ¸μ-
¸ÉμÖ´¨Ö ¢¥Ð¥¸É¢  ¢¸¥ ¥Ð¥ ¸ÊÐ¥¸É¢Ê¥É ¤μ¢μ²Ó´μ ¸¨²Ó´Ò° ®´¥°É·μ´´Ò°¯ £μ²μ¤.
�Éμ μ§´ Î ¥É, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥°É·μ´´ÒÌ ¨¸ÉμÎ´¨±μ¢
Ö¢´μ ³¥´ÓÏ¥, Î¥³ § ¤ Î, É·¥¡ÊÕÐ¨Ì ´¥°É·μ´μ¢ ¤²Ö ¸¢μ¥£μ ·¥Ï¥´¨Ö.

ˆŒ�“‹œ‘�›… �…‰’����›… ˆ‘’�—�ˆŠˆ

�·¨´Í¨¶ ¤¥°¸É¢¨Ö ´¥°É·μ´´μ£μ ¨¸ÉμÎ´¨± , μ¸´μ¢ ´´μ£μ ´  ·¥ ±Í¨¨ ¸± -
²Ò¢ ´¨Ö, Ìμ·μÏμ ¨§¢¥¸É¥´ [1]. Šμ£¤  ¢Ò¸μ±μÔ´¥·£¥É¨Î´Ò° ¶·μÉμ´ ¶μ¶ ¤ ¥É
¢ Ö¤·μ, μ´ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¢§ ¨³μ¤¥°¸É¢Ê¥É ¸ ¥£μ ´Ê±²μ´ ³¨, ¶¥·¥¤ ¢ Ö ¨³
Î ¸ÉÓ ¸¢μ¥° Ô´¥·£¨¨. �μ²ÊÎ¨¢Ï¨¥ Ô´¥·£¨Õ ´Ê±²μ´Ò, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¢§ ¨³μ-
¤¥°¸É¢ÊÕÉ ¸ ¤·Ê£¨³¨ ´Ê±²μ´ ³¨. ‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¢´ÊÉ·¨Ö¤¥·´μ£μ ± ¸± ¤ 
Ô´¥·£¨Ö ´ ²¥É¥¢Ï¥£μ ¶·μÉμ´  ¶¥·¥· ¸¶·¥¤¥²Ö¥É¸Ö ¶μ ¢¸¥ ¡μ²ÓÏ¥³Ê ±μ²¨Î¥-
¸É¢Ê ´Ê±²μ´μ¢ Ö¤·  ¨ Î¥·¥§ ´¥±μÉμ·μ¥ ¢·¥³Ö μ¡· §Ê¥É¸Ö ¸μ¸É ¢´μ¥ Ö¤·μ. — ¸ÉÓ
´Ê±²μ´μ¢ ¢ ¶·μÍ¥¸¸¥ · §¢¨É¨Ö ¢´ÊÉ·¨Ö¤¥·´μ£μ ± ¸± ¤  ¢Ò²¥É ¥É ¨§ Ö¤· . ’ -
±μ° ¶·μÍ¥¸¸ ´ §Ò¢ ¥É¸Ö ¸± ²Ò¢ ´¨¥³ ¨²¨ ¢Ò¡¨¢ ´¨¥³.

‘ÊÉÓ ¶·¥¤²μ¦¥´¨Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ¡Ò ¸μ§¤ ÉÓ ¨³¶Ê²Ó¸´Ò° ´¥°É·μ´´Ò°
¨¸ÉμÎ´¨± ´  ¡ §¥ ¶·μÉμ´´μ£μ Ê¸±μ·¨É¥²Ö ¸μ ¸²¥¤ÊÕÐ¨³¨ ¶ · ³¥É· ³¨: Ô´¥·-
£¨Ö ¶·μÉμ´μ¢ Wfin = 0,8 ƒÔ‚, ¨³¶Ê²Ó¸´Ò° Éμ± ¶ÊÎ±  ¶·μÉμ´μ¢ Ip = 10 ³�,
¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  τp = 25 ³±¸, Î ¸ÉμÉ  ¸· ¡ ÉÒ¢ ´¨Ö F = 10 ƒÍ.

‹μ£¨±  ¶μ¸É·μ¥´¨Ö ¨³¶Ê²Ó¸´ÒÌ ´¥°É·μ´´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¸²¥¤ÊÕÐ Ö. ˆ§-
³¥·¥´¨¥ ¸±μ·μ¸É¨ · ¸¸¥Ö´´ÒÌ ´¥°É·μ´μ¢ Ê¤μ¡´μ ¶·μ¢μ¤¨ÉÓ ¶μ ¨§³¥·¥´¨Õ
¢·¥³¥´¨ ¶·μ²¥É  ´¥°É·μ´μ¢ μÉ ³¨Ï¥´¨ ¤μ ¤¥É¥±Éμ· . ‘±μ·μ¸ÉÓ É¥¶²μ¢μ£μ
´¥°É·μ´  Vn = 2,2 ±³/c, ¨ ¶·¨ · §Ê³´μ° ¤²¨´¥ ± ´ ²  lch = 10 ³ ´¥°É·μ´
¡Ê¤¥É ¶·μ²¥É ÉÓ ÔÉμ · ¸¸ÉμÖ´¨¥ §  ¢·¥³Ö τ1 = 5 ³¸. � §·¥Ï¥´¨¥ 1 % ¶μ ¢·¥-
³¥´¨ ¶·μ²¥É  ¸Î¨É ¥É¸Ö ®Ìμ·μÏ¨³¯, ¨ ÔÉμ §´ Î¨É, ÎÉμ ¤²¨É¥²Ó´μ¸ÉÓ ¢¸¶ÒÏ±¨
´¥°É·μ´´μ£μ ¨³¶Ê²Ó¸  ¤μ²¦´  ¡ÒÉÓ ±μ·μÎ¥ τ2 < 50 ³±¸.

— ¸ÉμÉ  ¸· ¡ ÉÒ¢ ´¨Ö Ê¸±μ·¨É¥²Ö ´¥ ³μ¦¥É ¡ÒÉÓ ¸²¨Ï±μ³ ¡μ²ÓÏμ°:
´ ¤μ, ÎÉμ¡Ò ¡Ò¸É·Ò¥ ´¥°É·μ´Ò μÉ ¸²¥¤ÊÕÐ¥° ¢¸¶ÒÏ±¨ ¶·¨²¥É¥²¨ ´  ³¨-
Ï¥´Ó ¶μ§¦¥ ³¥¤²¥´´ÒÌ (É¥¶²μ¢ÒÌ) ´¥°É·μ´μ¢ μÉ ¶·¥¤Ò¤ÊÐ¥£μ ¸· ¡ ÉÒ¢ ´¨Ö.
�μ¸±μ²Ó±Ê ¢·¥³Ö ¶·μ²¥É  É¥¶²μ¢Ò³ ´¥°É·μ´μ³ · ¸¸ÉμÖ´¨Ö (¡ §Ò) lch = 10 ³
¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  5 ³¸, ¢·¥³Ö ³¥¦¤Ê ¢¸¶ÒÏ± ³¨ ¤μ²¦´μ ¡ÒÉÓ
´¥ ³¥´¥¥ 10 ³¸ ¨ Î ¸ÉμÉ  ¸· ¡ ÉÒ¢ ´¨Ö F < 100 ƒÍ. �·¨ ¤²¨´¥ ± ´ ²μ¢
lch = 100 ³ Î ¸ÉμÉ  ¸· ¡ ÉÒ¢ ´¨Ö ¤μ²¦´  ¡ÒÉÓ ³¥´ÓÏ¥ F < 10 ƒÍ.

‘·¥¤´¨°, §  1 ¸, ¶μÉμ± ´¥°É·μ´μ¢ ¤μ²¦¥´ ¡ÒÉÓ, ¶μ ¢μ§³μ¦´μ¸É¨, ¡μ²Ó-
Ï¨³, ¶μ·Ö¤±  1014 ¸−1, ¨ ÔÉμ É·¥¡Ê¥É ¡μ²ÓÏμ£μ ¨³¶Ê²Ó¸´μ£μ Éμ±  ¶·μÉμ´μ¢ Å
¤¥¸ÖÉ±¨ ³¨²²¨ ³¶¥·.
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�¡ÒÎ´Ò° ²¨´¥°´Ò° Ê¸±μ·¨É¥²Ó ¶·μÉμ´μ¢ ¸ É·Ê¡± ³¨ ¤·¥°Ë  ¸μ¸Éμ¨É ¨§
Í¨²¨´¤·¨Î¥¸±μ£μ ·¥§μ´ Éμ· , ¢ ±μÉμ·μ³ ¢μ§¡Ê¦¤ ¥É¸Ö ¢μ²´  E010, É ± ´ §Ò-
¢ ¥³ Ö ¸É·Ê±ÉÊ·  �²Ó¢ ·¥¸ . ’·Ê¡±¨ ¤·¥°Ë  · ¸¶μ²μ¦¥´Ò ´  μ¸¨ ·¥§μ´ Éμ· 
¨ · ¸¸É ¢²¥´Ò É ±¨³ μ¡· §μ³, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ·¥§μ´ ´¸ ³¥¦¤Ê ¢μ²´μ° ¨ Ê¸±μ-
·Ö¥³μ° Î ¸É¨Í¥°. ’ ± Ö ¸É·Ê±ÉÊ·  Ö¢²Ö¥É¸Ö ·¥§μ´ ´¸´μ° ¨ · ¸¸Î¨É ´  (¶·¨
§ ¤ ´´μ³ μÉ´μÏ¥´¨¨ Z/A, £¤¥ Z Å § ·Ö¤ Î ¸É¨ÍÒ, A Å  Éμ³´ Ö ³ ¸¸ )
Éμ²Ó±μ ´  μ¤´Ê μ¶·¥¤¥²¥´´ÊÕ ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ. �·μ¸É· ´¸É¢¥´´Ò° ¶¥·¨μ¤
É ±μ° ¸É·Ê±ÉÊ·Ò · ¢¥´ L = βλ0, £¤¥ β = V/c, V Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ,
c = 3 ·1010 ¸³/c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¢ ¢ ±ÊÊ³¥; λ0 = c/f0 Å ¤²¨´  ¢μ²´Ò Ê¸±μ-
·¥´¨Ö, f0 Å Î ¸ÉμÉ  Ê¸±μ·ÖÕÐ¥£μ ‚—-¶μ²Ö. „²Ö Î ¸É¨ÍÒ, ¨³¥ÕÐ¥° ¤·Ê£ÊÕ
¸±μ·μ¸ÉÓ, É·Ê¡±¨ ¤·¥°Ë  ´ ¤μ · ¸¸É ¢²ÖÉÓ ¨´ Î¥.

‚ · ¡μÉ¥ ¶·¥¤² £ ¥É¸Ö ¢³¥¸Éμ Í¨²¨´¤·¨Î¥¸±μ£μ ·¥§μ´ Éμ·  ¨¸¶μ²Ó§μ¢ ÉÓ
¶·Ö³μÊ£μ²Ó´Ò° ·¥§μ´ Éμ·, ¢ ±μÉμ·μ³ ¸²¥¤Ê¥É · ¸¸É ¢¨ÉÓ ´¥¸±μ²Ó±μ ·Ö¤μ¢ ¶² -
¸É¨´ ¤·¥°Ë . �² ¸É¨´Ò ¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ê¤μ¡´¥¥ ¨¸¶μ²Ó§μ¢ ÉÓ ¶μÉμ³Ê, ÎÉμ
¶·¨ Ê¸±μ·¥´¨¨ ¶ÊÎμ± ¡Ê¤¥É ¸³¥Ð ÉÓ¸Ö ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨, ± ± ¢ Í¨-
±²μÉ·μ´ Ì, ¨ ´  ¸É¥´± Ì É·Ê¡μ± ¤·¥°Ë  ¢μ§³μ¦´Ò ¶μÉ¥·¨ ¶ÊÎ± . �·¨ ¨¸¶μ²Ó-
§μ¢ ´¨¨ ¶² ¸É¨´ ¤·¥°Ë  ¶ÊÎμ± ¡Ê¤¥É ¤¢¨£ ÉÓ¸Ö ¢´ÊÉ·¨ ´¨Ì É ± ¦¥, ± ± ¢´ÊÉ·¨
¤Ê ´Éμ¢ Í¨±²μÉ·μ´ .

�¥§μ´ Éμ· ¤μ²¦¥´ ¡ÒÉÓ · ¸¶μ²μ¦¥´ ¢´ÊÉ·¨ ¤¢ÊÌ ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢,
±μÉμ·Ò¥ μÉ¸ÉμÖÉ ¤·Ê£ μÉ ¤·Ê£  ¶·¨³¥·´μ ´  · ¸¸ÉμÖ´¨¨ L ≈ 15 ³. ‚ ·¥§μ-
´ Éμ·¥ c ¤²¨´μ° l = 10 ³, ¸ ´ ¶·Ö¦¥´´μ¸ÉÓÕ ¶μ²Ö E sin φs = 1 Œ‚/³, φsÄ
¸¨´Ì·μ´´ Ö Ë § , sin φs = 0,866, ¶·μÉμ´ ¡Ê¤¥É ´ ¡¨· ÉÓ Ô´¥·£¨Õ ΔW·¥§ =
20 ŒÔ‚ §  μ¡μ·μÉ, ¨ ¶μ¸²¥ 40 μ¡μ·μÉμ¢ ¶ÊÎμ± ³μ¦´μ ¡Ê¤¥É ¢Ò¢μ¤¨ÉÓ ´ 
³¨Ï¥´Ó. ‘Ì¥³  Ê¸±μ·¨É¥²Ö ¶μ± § ´  ´  ·¨¸. 1.

�¨¸. 1. ‘É·Ê±ÉÊ·  Ê¸±μ·¨É¥²Ö: 1 Å ¶·Ö³μÊ£μ²Ó´Ò° ·¥§μ´ Éμ· ¸ ¢μ²´μ° É¨¶  E110;
2 Å ¶² ¸É¨´Ò ¤·¥°Ë , ¶μ¤¢¥Ï¥´´Ò¥ ´  ÏÉ ´£ Ì; 3 Å ¶μ¢μ·μÉ´Ò¥ (180 ◦) ³ £´¨ÉÒ;
4 Å μ·¡¨ÉÒ ¶ÊÎ± ; 5 Å ¸¨¸É¥³  ¢´¥Ï´¥° ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ Ê¸±μ·¨É¥²Ó; 6 Å ¸¨¸É¥³ 
¢Ò¢μ¤  ¶ÊÎ±  ¨§ Ê¸±μ·¨É¥²Ö
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�¨¸. 2. �μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ·¥§μ´ Éμ· : 1 Å ¶·Ö³μÊ£μ²Ó´Ò° ·¥§μ´ Éμ· ¸ ¢μ²´μ° É¨¶ 
E110; 2 Å ¶² ¸É¨´Ò ¤·¥°Ë , § ±·¥¶²¥´´Ò¥ ´  ÏÉ ´£ Ì

�·Ö³μÊ£μ²Ó´Ò° ·¥§μ´ Éμ· ¡Ê¤¥É μÉ²¨Î ÉÓ¸Ö μÉ μ¡ÒÎ´μ£μ, ±·Ê£²μ£μ, ¶·¥-
¦¤¥ ¢¸¥£μ É¥³, ÎÉμ ¢ ´¥³ ¤μ²¦´Ò ¡ÒÉÓ Ê¸É ´μ¢²¥´Ò ´¥¸±μ²Ó±μ ·Ö¤μ¢ ¶² ¸É¨´
¤·¥°Ë , ± ¦¤Ò° ·Ö¤ ¶μ¤ ¸¢μÕ Ô´¥·£¨Õ ¶·μÉμ´μ¢. �  ·¨¸. 2 ¶μ± § ´μ, ± ±
¶² ¸É¨´Ò ¤·¥°Ë  ³μ£ÊÉ ¡ÒÉÓ § ±·¥¶²¥´Ò ± ¢¥·Ì´¥³Ê ¨ ´¨¦´¥³Ê ¤´¨ÐÊ ·¥§μ-
´ Éμ· .

��‡Œ…�› �…‡���’���

‚ ³ £´¨É´μ³ ¶μ²¥ ¸μ ¸·¥¤´¥° ´ ¶·Ö¦¥´´μ¸ÉÓÕ B ¶ÊÎμ± ¶μ¢μ· Î¨¢ ¥É¸Ö
¶μ · ¤¨Ê¸Ê

rb = V/ωB. (1)

„²Ö ±μ´¥Î´μ° ¸±μ·μ¸É¨ V = 2,5 · 1010 ¸³/c, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ô´¥·£¨¨
¶·μÉμ´μ¢ Wfin = 0,8 ƒÔ‚, ¤²Ö ¸·¥¤´¥£μ ¶μ²Ö B = 7,4 ±ƒ¸ §´ Î¥´¨¥ Î ¸ÉμÉÒ
¢· Ð¥´¨Ö ¶μ²ÊÎ¨É¸Ö · ¢´Ò³

ωB = eB/(Mcγ), (2)

ωB = 4 ·107, · ¤¨Ê¸ ¢· Ð¥´¨Ö ¶μ²ÊÎ¨É¸Ö · ¢´Ò³ rb = 6,25 ³, ¸μμÉ¢¥É¸É¢¥´´μ,
¤¨ ³¥É· ¶μ²Õ¸´μ£μ ´ ±μ´¥Î´¨±  ³ £´¨É  ¤μ²¦¥´ ¡ÒÉÓ ¶μ·Ö¤±  D = 14 ³. „²Ö
¸· ¢´¥´¨Ö ´  ·¨¸. 3 ¶·¨¢¥¤¥´ μ¡Ð¨° ¢¨¤ Í¨±²μÉ·μ´  PSI [2], £¤¥ ´ Î ²Ó´ Ö
Ô´¥·£¨Ö ¶·μÉμ´μ¢ ¸μ¸É ¢²Ö¥É Win = 72 ŒÔ‚, ±μ´¥Î´ Ö Ô´¥·£¨Ö · ¢´  Wfin =
590 ŒÔ‚, ¤¨ ³¥É· ³ £´¨É  ∼ 9 ³.

�μ²¥ ¢ ·¥§μ´ Éμ·¥ · ¸¶·¥¤¥²¥´μ ¶μ ¢¥·É¨± ²¨ ± ± sin (πz/a), £¤¥ ¢¥·-
É¨± ²Ó´ Ö ±μμ·¤¨´ É  z μÉ¸Î¨ÉÒ¢ ¥É¸Ö μÉ ´¨¦´¥° ¶²μ¸±μ¸É¨ ·¥§μ´ Éμ· . � 
´¨¦´¥³ ¤´¨Ð¥ ¶·¨ z = 0 ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö · ¢´  ´Ê²Õ; ¢
Í¥´É·¥ ·¥§μ´ Éμ· , ¢ ³¥¤¨ ´´μ° ¶²μ¸±μ¸É¨, ¶·¨ z = a/2 ¶μ²¥ ³ ±¸¨³ ²Ó´μ;
´  ¢¥·Ì´¥³ ¤´¨Ð¥ ·¥§μ´ Éμ·  ¶·¨ z = a ¶μ²¥ ¸´μ¢  · ¢´μ ´Ê²Õ.
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�¨¸. 3. �¡Ð¨° ¢¨¤ Í¨±²μÉ·μ´  PSI

�μ £μ·¨§μ´É ²Ó´μ° ±μμ·¤¨´ É¥ ¶μ²¥ · ¸¶·¥¤¥²¥´μ Éμ¦¥ ¶μ ¸¨´Ê¸Ê: E =
sin πy/b, É ± ÎÉμ ´  ²¥¢μ° ¢¥·É¨± ²Ó´μ° ¸É¥´±¥ ·¥§μ´ Éμ·  ¶·¨ y = 0 ¶μ²¥
· ¢´μ ´Ê²Õ; ¢ Í¥´É·¥ ·¥§μ´ Éμ·  ¶·¨ y = b/2 ¶μ²¥ ³ ±¸¨³ ²Ó´μ; ´  ¶· ¢μ°
¸É¥´±¥ ·¥§μ´ Éμ·  ¶μ²¥ ¸´μ¢  · ¢´μ ´Ê²Õ. ’ ±¨³ μ¡· §μ³, · ¡μÎ¥° Ö¢²Ö-
¥É¸Ö Éμ²Ó±μ ¸·¥¤´ÖÖ μ¡² ¸ÉÓ ¶·Ö³μÊ£μ²Ó´μ£μ ·¥§μ´ Éμ· , ÎÉμ Ìμ·μÏμ ¢¨¤´μ
´  ·¨¸. 4 [3].

‚ ´ Ï¥³ ¸²ÊÎ ¥, ±μ£¤  · ¤¨Ê¸ ¶μ¢μ·μÉ  ¶ÊÎ±  ¢ ³ £´¨É´μ³ ¶μ²¥ ¸μ¸É -
¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  6,25 ³, ¶·¨³¥·´μ ´ ¸Éμ²Ó±μ ¦¥ ¤μ²¦´  · ¸¶·μ¸É· -
´ÖÉÓ¸Ö ®Ê¸±μ·ÖÕÐ Ö¯ Ð¥²Ó, É. ¥. ¶μ¶¥·¥Î´Ò° ¶μ²Ê· §³¥· ·¥§μ´ Éμ·  ¤μ²¦¥´
¡ÒÉÓ ¶μ·Ö¤±  b/2 = 10 ³.

� ¸¸Î¨É ¥³ ¤²¨´Ê ¢μ²´Ò ¤²Ö ±μ²¥¡ ´¨Ö É¨¶  ’Œ110 ¨²¨, ÎÉμ Éμ ¦¥ ¸ ³μ¥,
E110, ¢μ§¡Ê¦¤ ¥³μ£μ ¢ ·¥§μ´ Éμ·¥ ¸ ¶μ¶¥·¥Î´Ò³¨ · §³¥· ³¨ a = 1,01 ³,
b = 20 ³:

λ0 = 2/[(n/a)2 + (m/b)2]1/2, (3)

£¤¥ n = 1 Å ¨´¤¥±¸ ¢¥·É¨± ²Ó´μ£μ ´ ¶· ¢²¥´¨Ö, ´ §μ¢¥³ ¥£μ z; m = 1 Å
¨´¤¥±¸ ¤²Ö ¶μ¶¥·¥Î´μ£μ ´ ¶· ¢²¥´¨Ö (ÔÉμ ®¡Ò¢Ï¥¥¯ · ¤¨ ²Ó´μ¥ ´ ¶· ¢²¥-
´¨¥), ´ §μ¢¥³ ¥£μ y. �μ¤¸É ¢²ÖÖ ¢ Ëμ·³Ê²Ê (3) Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö, ¶μ-
²ÊÎ¨³ ·¥§μ´ ´¸´ÊÕ ¤²¨´Ê ¢μ²´Ò λ0 = 2,02 ³, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É Î ¸ÉμÉ¥
f0 = c/λ0 = 148,5 ŒƒÍ. ˆ§¢¥¸É´μ, ÎÉμ É·Ê¡±¨ ¤·¥°Ë  ´¥ ¸¨²Ó´μ ¨¸± ¦ ÕÉ
¸μ¡¸É¢¥´´ÊÕ Î ¸ÉμÉÊ ·¥§μ´ Éμ· .

‚Ò¡¥·¥³ ¸¨´Ì·μ´´ÊÕ Ë §Ê ¤²Ö Ê¸±μ·¥´¨Ö ¶·μÉμ´μ¢ ¢ ·¥§μ´ Éμ·¥ · ¢´μ°
φs = 60 ◦, sin φs = 0,866. ”μ·³Ê² , ¸¢Ö§Ò¢ ÕÐ Ö ¢Ò¸μ±μÎ ¸ÉμÉ´ÊÕ ³μÐ-
´μ¸ÉÓ P ¸ ´ ¶·Ö¦¥´¨¥³ ³¥¦¤Ê Éμ·Í¥¢Ò³¨ ¸É¥´± ³¨ ·¥§μ´ Éμ·  U , ¢Ò£²Ö¤¨É
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�¨¸. 4. “¸±μ·ÖÕÐ¨° ·¥§μ´ Éμ· Í¨±²μÉ·μ´  PSI

¸²¥¤ÊÕÐ¨³ μ¡· §μ³:
P = U2/2RÏ, (4)

£¤¥ RÏ Å É ± ´ §Ò¢ ¥³μ¥ ÏÊ´Éμ¢μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ·¥§μ´ Éμ· . ˜Ê´Éμ¢μ¥
¸μ¶·μÉ¨¢²¥´¨¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ Î¥·¥§ Ì · ±É¥·¨¸É¨Î¥-
¸±μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ρs ¨ ¤μ¡·μÉ´μ¸ÉÓ ·¥§μ´ Éμ·  Q, RÏ = ρsQ. „μ¡·μÉ´μ¸ÉÓ
·¥§μ´ Éμ·  ³μ¦´μ μÍ¥´¨ÉÓ ± ± μÉ´μÏ¥´¨¥ μ¡Ñ¥³  ·¥§μ´ Éμ·  ± μ¡Ñ¥³Ê ¸±¨´-
¸²μÖ:

Q = V/Vs, (5)

£¤¥ V = abl Å μ¡Ñ¥³ ·¥§μ´ Éμ· ; Vs = 2δ(ab+al+ bl) Å μ¡Ñ¥³, § ´¨³ ¥³Ò°
¸±¨´-¸²μ¥³. ’μ²Ð¨´  ¸±¨´-¸²μÖ · ¢´  δ = c/(2πσω0)1/2, £¤¥ σ Å ¶·μ¢μ¤¨-
³μ¸ÉÓ; ω0 Å ±·Ê£μ¢ Ö Î ¸ÉμÉ . „²Ö ³¥¤¨ δ = 5,38 · 10−6 ³, ¨, ¶μ¤¸É ¢²ÖÖ
Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö, ¶μ²ÊÎ ¥³ Q = 8 · 104.

‚ ¶· ±É¨Î¥¸±μ° ¸¨¸É¥³¥ ¥¤¨´¨Í ·¥§μ´ ´¸´ Ö Î ¸ÉμÉ  ·¥§μ´ Éμ·  ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥

ω0 = π/(εμ)1/2[l/a2 + l/b2]1/2, (6)

§ ¶ ¸¥´´ Ö Ô´¥·£¨Ö
W = (ε/2) ∫ E2dV. (7)

�μ¸±μ²Ó±Ê μ¡Ñ¥³ ·¥§μ´ Éμ·  · ¢¥´ V = abl, Éμ § ¶ ¸¥´´ Ö Ô´¥·£¨Ö · ¢´ 

W = (ε/2)E2abl(4/π2). (8)
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‘Î¨É Ö, ÎÉμ E2l2 = U2, £¤¥ l Å ¶·μ¤μ²Ó´Ò° · §³¥· ·¥§μ´ Éμ· , ¶μ²ÊÎ ¥³

W = (ε/2)U2(4/π2)(ab/l). (9)

�μ¤¸É ¢²ÖÖ W ¢ ¢Ò· ¦¥´¨¥ ¤²Ö Ì · ±É¥·¨¸É¨Î¥¸±μ£μ ¸μ¶·μÉ¨¢²¥´¨Ö ρs, ±μ-
Éμ·μ¥ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥ ρs = U2/2ω0W , £¤¥ ω0 Å ±·Ê£μ¢ Ö Î ¸ÉμÉ 
±μ²¥¡ ´¨°, ω0 = 2πf0; W Å § ¶ ¸¥´´ Ö ¢ ·¥§μ´ Éμ·¥ Ô´¥·£¨Ö, ´ Ìμ¤¨³, ÎÉμ

ρs = U2/2ω0W = {2π/(εμ)1/2[l/a2 + l/b2]1/2(ab/l)ε(2/π2)}−1
. (10)

�μ¸²¥ ¸μ±· Ð¥´¨Ö ´  ε1/2 ¨ ´¥¸²μ¦´ÒÌ ¶·¥μ¡· §μ¢ ´¨° ¶μ²ÊÎ¨³

ρs = (π/4)[l/(a2 + b2)1/2]Z0, (11)

£¤¥ (μ/ε)1/2 = Z0 = 377 �³ Å ¢μ²´μ¢μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ¢ ±ÊÊ³  ¢ ¶· ±É¨Î¥-
¸±μ° ¸¨¸É¥³¥ ¥¤¨´¨Í.

�·¨ ¶μ¤¸É ´μ¢±¥ Í¨Ë· ´ Ìμ¤¨³, ÎÉμ Ì · ±É¥·¨¸É¨Î¥¸±μ¥ ¸μ¶·μÉ¨¢²¥´¨¥
·¥§μ´ Éμ·  ρs = 148 �³, ÏÊ´Éμ¢μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ·¥§μ´ Éμ·  RÏ = ρsQ =
11,8 Œ�³, ¨ ¤²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ´ ¶·Ö¦¥´¨¥ U sin φs = 10 Œ‚, ³¥¦¤Ê
Éμ·Í ³¨ ·¥§μ´ Éμ·  ¶μÉ·¥¡Ê¥É¸Ö ³μÐ´μ¸ÉÓ

P = U2/2RÏ = 5, 65 Œ‚É. (12)

‚Ò¸μ±μÎ ¸ÉμÉ´ Ö ³μÐ´μ¸ÉÓ, ´¥μ¡Ìμ¤¨³ Ö ¤²Ö Ê¸±μ·¥´¨Ö ¶ÊÎ± , ¶μÉ·¥¡Ê-
¥É¸Ö ¡μ²ÓÏ Ö, É ± ± ± Éμ²Ó±μ ³μÐ´μ¸ÉÓ, ¶¥·¥¤ ¢ ¥³ Ö ¢ ¶ÊÎμ±, ¶·¨ Éμ±¥ ¶ÊÎ± 
Jb = 10 ³� ¨ Ô´¥·£¨¨ Wp = 0,8 ƒÔ‚ ¤μ²¦´  ¡ÒÉÓ ´¥ ³¥´¥¥ Pacc = 8 Œ‚É.

ŒμÐ´μ¸ÉÓ ¸μ§¤ ´´μ£μ ´  ¡ §¥ ² ³¶Ò ‚—-£¥´¥· Éμ·  ƒˆ-27� ¸μ¸É ¢²Ö¥É
5 Œ‚É [4], É ± ÎÉμ ¶μÉ·¥¡ÊÕÉ¸Ö ¶μ ±· °´¥° ³¥·¥ 2 É ±¨Ì £¥´¥· Éμ· , ¶¥·¥-
¤ ÕÐ¨Ì ‚—-³μÐ´μ¸ÉÓ ¢ ¶ÊÎμ±.

‚�…Œ…���Ÿ ‘’�“Š’“�� ����’› “‘Š��ˆ’…‹Ÿ

�¥·¨μ¤ ±μ²¥¡ ´¨° ¢Ò¸μ±μÎ ¸ÉμÉ´μ£μ ¶μ²Ö · ¢¥´ T = 1/f0 = 6,7 ´¸.
—Éμ¡Ò ¢ ·¥§μ´ Éμ·¥ Ê¸É ´μ¢¨²μ¸Ó · ¡μÎ¥¥ ´ ¶·Ö¦¥´¨¥, ¶μÉ·¥¡Ê¥É¸Ö ¢·¥³Ö
τHF = 3QT , ¶·¨³¥·´μ · ¢´μ¥ 1,6 ³¸.

�Ê¸ÉÓ ¸·¥¤´¨° ¶¥·¨³¥É· μ·¡¨ÉÒ ¢ Ê¸±μ·¨É¥²¥ · ¢¥´: Π = 50 ³, Éμ-
£¤  ¶μ²´ Ö ¤²¨´  Ê¸±μ·¥´¨Ö ¶·μÉμ´  ¡Ê¤¥É · ¢´  Lacc = ΠN = 2 ±³, £¤¥
N = 40 Å Î¨¸²μ μ¡μ·μÉμ¢ ¶ÊÎ±  ¢´ÊÉ·¨ Ê¸±μ·¨É¥²Ö, §  ±μÉμ·μ¥ ´ ¡¨· ¥É¸Ö
±μ´¥Î´ Ö Ô´¥·£¨Ö. �Éμ Î¨¸²μ μ¡μ·μÉμ¢ μ¶·¥¤¥²Ö¥É¸Ö ± ± N = Wfin/ΔW·¥§,
Wfin = 0,8 ƒÔ‚ Å ±μ´¥Î´ Ö Ô´¥·£¨Ö ¶·μÉμ´μ¢; ΔW·¥§ = 20 ŒÔ‚ Å ´ ¡μ·
Ô´¥·£¨¨ §  μ¤¨´ μ¡μ·μÉ. ‘·¥¤´ÖÖ ¸±μ·μ¸ÉÓ ¶·μÉμ´  ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö Vav

¸μ¸É ¢²Ö¥É ¶·¨³¥·´μ c/2, £¤¥ c = 3 ·105 ±³/c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¢ ¢ ±ÊÊ³¥, ¨²¨
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Vav = 1,5 · 105 ±³/c. �·¨ ÔÉμ³ ¢·¥³Ö Ê¸±μ·¥´¨Ö Å ¢·¥³Ö, ±μÉμ·μ¥ ¶·μ¢μ¤¨É
¶·μÉμ´ ¢´ÊÉ·¨ Ê¸±μ·¨É¥²Ö, · ¢´μ τacc = Lacc/Vav ≈ 15 ³±¸.

ŒμÐ´μ¸ÉÓ, ±μÉμ·ÊÕ ´ ¤μ ¶¥·¥¤ ¢ ÉÓ ¢ ¶ÊÎμ±, Pacc = 8 Œ‚É ¶μÎÉ¨ ¢ 2
· §  ¡μ²ÓÏ¥ ³μÐ´μ¸É¨, ´¥μ¡Ìμ¤¨³μ° ¤²Ö ¶μ¤Ñ¥³  ¶μ²Ö ¢ ·¥§μ´ Éμ·¥ ¤μ §´ -
Î¥´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ U sin φs = 10 Œ‚. ŒμÐ´μ¸ÉÓ, ¨¤ÊÐÊÕ ¢ ¶ÊÎμ±,
¶μ-¢¨¤¨³μ³Ê, ´ ¤μ ¶μ¤¢μ¤¨ÉÓ μÉ ´¥¸±μ²Ó±¨Ì £¥´¥· Éμ·μ¢, ¶μ ±· °´¥° ³¥·¥
¤¢ÊÌ, ¸Ê³³¨·μ¢ ÉÓ ´  ·¥§μ´ Éμ·¥ ¨ Ê¢¥²¨Î¨¢ ÉÓ ¥¥ ¶μ¸É¥¶¥´´μ, ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ § ¶μ²´¥´¨¥³ ¶ÊÎ±μ³ Ê¸±μ·¨É¥²Ö. ‚·¥³Ö ¶μ¤Ñ¥³  ³μÐ´μ¸É¨, É ±¨³
μ¡· §μ³, ¸μ¸É ¢¨É τacc = 15 ³±¸; É ±¦¥ ¶μ¸É¥¶¥´´μ, ¢μ ¨§¡¥¦ ´¨¥ ¶μÉ¥·Ó
¶ÊÎ±  ¨ ¶·μ¡μ¥¢, ³μÐ´μ¸ÉÓ, ¨¤ÊÐÊÕ ¢ ¶ÊÎμ±, ´ ¤μ ¸´¨¦ ÉÓ. �·¨ ¤²¨É¥²Ó-
´μ¸É¨ ®¸Éμ² ¯ Ê¸±μ·¥´¨Ö τacc1 = 10 ³±¸ ¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  Ê¸±μ·¥´¨Ö
¡Ê¤¥É τacc2 = τacc1 + τacc = 25 ³±¸.

�μ¸²¥ μÉ±²ÕÎ¥´¨Ö £¥´¥· Éμ·μ¢, ¶¥·¥¤ ÕÐ¨Ì ³μÐ´μ¸ÉÓ ¢ ¶ÊÎμ±, ³μ¦´μ
¡Ê¤¥É μÉ±²ÕÎ ÉÓ £¥´¥· Éμ·, ¢μ§¡Ê¦¤ ÕÐ¨° ‚—-¶μ²¥ ¢ ·¥§μ´ Éμ·¥. �·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ ¤²Ö Ê¸±μ·¥´¨Ö ¶·μÉμ´μ¢ ¡μ²¥¥ ´¨§±μ° Î ¸ÉμÉÒ, ´ ¶·¨³¥· f =
50 ŒƒÍ, ¢·¥³Ö ¶μ¤Ñ¥³  ¶μ²Ö τ50 = 7 ³¸ ¸É ´μ¢¨É¸Ö ¸· ¢´¨³Ò³ ¸μ ¢·¥³¥´¥³
¶ Ê§Ò ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ τp = 10 ³¸ ¶·¨ Î ¸ÉμÉ¥ ¸· ¡ ÉÒ¢ ´¨Ö F = 100 ƒÍ.
’μ£¤  ¨³¥¥É ¸³Ò¸² ¶μ¤¤¥·¦¨¢ ÉÓ ¶μ¸ÉμÖ´´μ° ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ¢ ·¥§μ´ -
Éμ·¥ E sinφs = 1 Œ‚/³,   ¤μ¶μ²´¨É¥²Ó´ÊÕ ‚—-³μÐ´μ¸ÉÓ ¢¢μ¤¨ÉÓ Éμ²Ó±μ ´ 
¢·¥³Ö Ê¸±μ·¥´¨Ö ¶ÊÎ± .

‚�‡Œ�†��‘’ˆ ˆŒ�“‹œ‘�›• ’�ˆ�„�‚ ƒˆ-27�, ƒˆ-52�

�·¨ · ¡μÉ¥ ¸ ±μ·μÉ±¨³¨ ¨³¶Ê²Ó¸ ³¨ ¸ ¤²¨É¥²Ó´μ¸ÉÓÕ ¨³¶Ê²Ó¸  ¶μ μ¸´μ-
¢ ´¨Õ τb = 40 ³±¸ · ¡μÉ  ² ³¶Ò ƒˆ-27� ¸ Î ¸ÉμÉμ° F = 10 ƒÍ ´¥ ¤μ²¦´  ¢Ò-
§¢ ÉÓ μ¸μ¡ÒÌ ¶·μ¡²¥³. ˆ´μ¥ ¤¥²μ · ¡μÉ  £¥´¥· Éμ·μ¢, μÉ ±μÉμ·ÒÌ ¶μ¤¢μ¤¨É¸Ö
³μÐ´μ¸ÉÓ, ¨¤ÊÐ Ö ´  · ¸± Î±Ê ·¥§μ´ Éμ· . ‚ ¸¨²Ê ¡μ²ÓÏμ° ¤²¨É¥²Ó´μ¸É¨
¨³¶Ê²Ó¸  §¤¥¸Ó É ±¦¥ ¶μÉ·¥¡Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ´¥¸±μ²Ó±¨Ì ¢Ò¸μ±μÎ ¸ÉμÉ-
´ÒÌ £¥´¥· Éμ·μ¢, ¶μ¸±μ²Ó±Ê ¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ ² ³¶Ò ƒˆ-27� μÉ´μ¸¨É¥²Ó´μ
´¥¢¥²¨± , ¶μ·Ö¤±  25 ±‚É [4]. „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ² ³¶Ò ƒˆ-52� ³μ-
¦¥É ¤μ¸É¨£ ÉÓ 2 ³¸ ¶·¨ ¨³¶Ê²Ó¸´μ° ³μÐ´μ¸É¨ 5 Œ‚É ¨ ¸·¥¤´¥° ³μÐ´μ¸É¨
400 ±‚É [4].

„ˆ��ŒˆŠ� ���’���‚ ‚ ��‚���’�›• Œ�ƒ�ˆ’�•

� ¸¸Î¨É ¥³ ¤²Ö ´ Î ²Ó´μ° Î ¸É¨ Ê¸±μ·¨É¥²Ö, γ ≈ 1, ¶·¨ ± ±μ³ Éμ±¥ ¶ÊÎ± 
¶·μÉμ´μ¢ ¡Ê¤¥É ¶μ²ÊÎ ÉÓ¸Ö ±Ê²μ´μ¢¸±¨° ¸¤¢¨£ ¡¥§· §³¥·´μ° Î ¸ÉμÉÒ

Δνtr = ωp/ωtr < 1. (13)

‚ ÔÉμ° Ëμ·³Ê²¥ ωp Å ¶² §³¥´´ Ö Î ¸ÉμÉ  ±μ²¥¡ ´¨° ¶·μÉμ´μ¢ ¢ Í¨²¨´¤·¨-
Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É, ωp = (2πe2nr/M)1/2; ωtr Å Î ¸ÉμÉ  ¶μ¶¥·¥Î´ÒÌ
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±μ²¥¡ ´¨°. “¸²μ¢¨¥ μ£· ´¨Î¥´¨Ö μ¡Ñ¥³´μ° ¶²μÉ´μ¸É¨ Î ¸É¨Í ¢ ¶ÊÎ±¥ ³μ¦¥É
¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

ωp < ωB, (14)

±μÉμ·μ¥ ¸¤¥² ´μ ¢ ¶·¥¤¶μ²μ¦¥´¨¨, ÎÉμ Î ¸ÉμÉ  ¶μ¶¥·¥Î´ÒÌ ±μ²¥¡ ´¨° · ¢´ 
Î ¸ÉμÉ¥ μ¡· Ð¥´¨Ö ¨ ±Ê²μ´μ¢¸±¨° ¸¤¢¨£ Î ¸ÉμÉÒ · ¢¥´ ¸ ³μ° Î ¸ÉμÉ¥, É. ¥.
Δνtr = 1. ’ ±¨³ μ¡· §μ³, ÎÉμ¡Ò ±Ê²μ´μ¢¸±¨° ¸¤¢¨£ Î ¸ÉμÉÒ ¡Ò² ³¥´ÓÏ¥
Î ¸ÉμÉÒ μ¡· Ð¥´¨Ö, μ¡Ñ¥³´ Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ ¶ÊÎ±¥ nr ¤μ²¦´  ¡ÒÉÓ
³¥´ÓÏ¥:

nr < ω2
BM/(2πe2). (15)

ˆ§ Ëμ·³Ê²Ò (15) ´ Ìμ¤¨³, ÎÉμ ¶¨±μ¢ Ö ¶²μÉ´μ¸ÉÓ Î ¸É¨Í ¢ ¶ÊÎ±¥ ¤μ²¦´ 
¡ÒÉÓ nr < 1,7 ·109 ¸³−3. ˆ§-§  ³¨±·μ¸É·Ê±ÉÊ·Ò (£·Ê¶¶¨·μ¢±¨) ¶ÊÎ±  ¸·¥¤´ÖÖ
¶²μÉ´μ¸ÉÓ ¶·μÉμ´μ¢ ¢ ¶ÊÎ±¥ ñ ¡Ê¤¥É ¶·¨³¥·´μ ´  ¶μ·Ö¤μ± ³¥´ÓÏ¥ ¶¨±μ¢μ°:
ñ < 1,7 · 108 ¸³−3.

‘μμÉ¢¥É¸É¢ÊÕÐ¨° ¸·¥¤´¥° ¶²μÉ´μ¸É¨ Î ¸É¨Í ñ < 1,7 · 108 ¸³−3 Éμ± ¤μ²-
¦¥´ ¡ÒÉÓ ³¥´ÓÏ¥, Î¥³

Jl < 1,6 · 10−19ñV S, (16)

£¤¥ V = 4,23·109 ¸³/c Å ¸±μ·μ¸ÉÓ ¶·μÉμ´μ¢ ¢ ´ Î ²¥ Ê¸±μ·¥´¨Ö; S = 1 ¸³2 Å
¶μ¶¥·¥Î´μ¥ ¸¥Î¥´¨¥ ¶ÊÎ± . �μ¤¸É ¢²ÖÖ Í¨Ë·Ò ¢ Ëμ·³Ê²Ê (16), ¶μ²ÊÎ ¥³ Jl <
115 ³�, ÎÉμ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ É·¥¡Ê¥³μ£μ Éμ±  ¶ÊÎ±  Jb = 10 ³�.

‚ ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²ÖÌ ¤μ¸É¨£´ÊÉÒ¥ ¨³¶Ê²Ó¸´Ò¥ Éμ±¨ ¶ÊÎ±  É ±¦¥ §´ -
Î¨É¥²Ó´μ ¶·¥¢μ¸Ìμ¤ÖÉ ¢¥²¨Î¨´Ê Jb = 10 ³�.

ˆ�†…Š–ˆŸ ‚ ˆ‡�•�����… ��‹…

� °¤¥³ É·¥¡Ê¥³Ò° · ¤¨Ê¸ ¨´¦¥±Í¨¨ ¨ · ¤¨Ê¸ ¶ÊÎ±  ¶μ¸²¥ ¶¥·¢μ£μ ¶μ²Ê-
μ¡μ·μÉ  ¶·¨ £μ·¨§μ´É ²Ó´μ° ¨´¦¥±Í¨¨ ¶ÊÎ± . �Ê¤¥³ ¸Î¨É ÉÓ ¶μ²¥ ¢ Í¥´É·¥
B0 = 4 ±ƒ¸ ¨ ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·£¨Õ ¶·μÉμ´  Win = 10 ŒÔ‚. ˆ§μÌ·μ´´ Ö
Í¨±²μÉ·μ´´ Ö Î ¸ÉμÉ  ωB = 4 · 107; ¶μ Ëμ·³Ê²¥ R = V/ωB ³μ¦´μ ´ °É¨ · -
¤¨Ê¸ ¢· Ð¥´¨Ö ¶ÊÎ±  ¢ ³ £´¨É´μ³ ¶μ²¥: R10 = V/ωB = 105 ¸³, £¤¥ ¨´¤¥±¸ 10
Ê± §Ò¢ ¥É ´  Ô´¥·£¨Õ ¨´¦¥±Í¨¨ ¶ÊÎ± ; É ±ÊÕ Ô´¥·£¨Õ ¶·μÉμ´Ò ¶·¨μ¡·¥É ÕÉ
¶μ¸²¥ μ¤´μ±· É´μ£μ ¶·μÌμ¦¤¥´¨Ö ·¥§μ´ Éμ· .

�μ¸²¥ ¢Éμ·μ£μ ¶·μÌμ¦¤¥´¨Ö ·¥§μ´ Éμ·  · ¤¨Ê¸ ¢· Ð¥´¨Ö ¶·μÉμ´  Ê¢¥²¨-
Î¨É¸Ö ¤μ R20 = 148 ¸³, Ï £ μ·¡¨ÉÒ ¶·¨ ¨´¦¥±Í¨¨ ¸μ¸É ¢¨É Δrin = 43 ¸³, ¨
ÔÉμ μ§´ Î ¥É, ÎÉμ ¨´Ë²¥±Éμ· Å ¶μ¢μ·μÉ´Ò° ³ £´¨É Å ¤μ²¦¥´ ¨³¥ÉÓ ¶μ¶¥-
·¥Î´Ò° ¶μ²Ê· §³¥· É ±μ£μ ¦¥ ¶μ·Ö¤± .

�·¨ ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ³Ö£±μËμ±Ê¸¨·ÊÕÐ¥¥ ¶μ²¥ ¨´¦¥±Éμ·, ¶μ-¢¨¤¨³μ³Ê,
´ ¤μ · ¸¶μ² £ ÉÓ ¢¥·É¨± ²Ó´μ.
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����‹‹…‹œ�›‰ �…�…��‘ �“—Š�

�·¨ ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ³ £´¨É´μ¥ ¶μ²¥ ´ Î ²Ó´Ò° · ¤¨Ê¸ μ·¡¨ÉÒ R10 =
V/ωB = 105 ¸³ ³μ¦´μ ¢Ò¡· ÉÓ · ¢´μ¢¥¸´Ò³. �¤´ ±μ ¶μ¸²¥ ¢Éμ·μ£μ ¶·μÌμ-
¦¤¥´¨Ö ·¥§μ´ Éμ·  · ¢´μ¢¥¸´Ò° · ¤¨Ê¸ Ê¢¥²¨Î¨É¸Ö ¤μ R20 = 148 ¸³, ¢ Éμ
¢·¥³Ö ± ± ¶μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¶μ¢μ·μÉ´μ£μ ³ £´¨É  · ¤¨Ê¸ μ¸É ´¥É¸Ö ¶·¥¦-
´¨³, ¨ ÔÉμ μ§´ Î ¥É, ÎÉμ É·¥¡Ê¥É¸Ö ¶ · ²²¥²Ó´Ò° ¶¥·¥´μ¸ ¶ÊÎ±  ¶μ · ¤¨Ê¸Ê
´  · ¸¸ÉμÖ´¨¥ R20−R10 = 43 ¸³.

’ ±μ° ¶¥·¥´μ¸ ¶ÊÎ±  ³μ¦´μ μ¸ÊÐ¥¸É¢¨ÉÓ ¶ ·μ° ¶μ¢μ·μÉ´ÒÌ ³ £´¨Éμ¢,
μ¤¨´ ¨§ ±μÉμ·ÒÌ ¤μ²¦¥´ μÉ±²μ´ÖÉÓ ¶ÊÎμ± ´ ·Ê¦Ê ´  Ê£μ² θ1/2 = (R20−
R10)/L, £¤¥ L ≈ 15 ³ Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê ¶μ¢μ·μÉ´Ò³¨ ³ £´¨É ³¨; ¤·Ê£μ°
¤μ²¦¥´ ¶μ¢¥·´ÊÉÓ ¶ÊÎμ± ´  É ±μ° ¦¥ Ê£μ² ¢´ÊÉ·Ó. „²Ö ¶¥·¢μ£μ ¶μ²Êμ¡μ·μÉ 
Ê£μ² ¶μ²ÊÎ ¥É¸Ö · ¢´Ò³ θ1/2 = 26 ³· ¤, ¨ ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Ô´¥·£¨¨ Î ¸É¨Í
¶ÊÎ±  ÔÉμÉ Ê£μ² ¡Ê¤¥É Ê³¥´ÓÏ ÉÓ¸Ö. ‚ ¶·¥¤² £ ¥³μ³ Ê¸±μ·¨É¥²¥ μ·¡¨É  ´¥
¶ · ²²¥²Ó´  μ¸¨ ·¥§μ´ Éμ· .

‚›‚�„ —�‘’ˆ– ˆ‡ “‘Š��ˆ’…‹Ÿ

�É´μ¸¨É¥²Ó´Ò° Ï £ ¸¶¨· ²¨ ¶·¨ ¢Ò¢μ¤¥ ¶·μÉμ´μ¢ ¨§ Ê¸±μ·¨É¥²Ö ³μ¦´μ
§ ¶¨¸ ÉÓ ¢ ¢¨¤¥

Δr/r = ΔV/V = Δβ/β. (17)

„¨ËË¥·¥´Í¨·ÊÖ ¢Ò· ¦¥´¨¥ β = (1 − γ−2)1/2, ¶μ²ÊÎ ¥³ Δβ = 1/2(1 −
γ−2)−1/2(2γ−3)Δγ ¨²¨ Δβ = Δγ/βγ3, Δβ/β = Δγ/β2γ3, ¨ ¤²Ö Ï £  μ·-
¡¨ÉÒ ¶·¨ ¢Ò¢μ¤¥ ¶μ²ÊÎ ¥É¸Ö Ëμ·³Ê² 

Δr = rfinΔβ/β = rfinβ−2γ−2(Δγ/γ). (18)

�·μ¸É· ´¸É¢¥´´ Ö ±μ´Ë¨£Ê· Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢
·¥§μ´ Éμ·¥ É ±μ¢ , ÎÉμ ¶·¨ ¡μ²ÓÏ¨Ì · ¤¨Ê¸ Ì r ≈ rfin ´ ¡μ· Ô´¥·£¨¨ § 
μ¡μ·μÉ ³¥´ÓÏ¥, Î¥³ ¢ Í¥´É·¥ Ê¸±μ·¨É¥²Ö, ¨ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê, ¶·¨³¥·´μ
· ¢´ÊÕ Δγ/γ = 5 · 10−3, Éμ£¤  ¤²Ö ±μ´¥Î´ÒÌ §´ Î¥´¨° γ = 1,85 ¨ β = 0,83
¶μ²ÊÎ¨³, ÎÉμ Ï £ μ·¡¨ÉÒ ¶·¨ ¢Ò¢μ¤¥ ¶ÊÎ±  ¨§ ³ £´¨É´μ£μ ¶μ²Ö Δr ≈ 1,3 ¸³.

‚�‡Œ�†��‘’ˆ �…‰’�����ƒ� ˆ‘’�—�ˆŠ�

�Ê ¨, ´ ±μ´¥Í, μÍ¥´¨³, ± ±¨³ ³μ¦¥É ¶μ²ÊÎ¨ÉÓ¸Ö ¸·¥¤´¨° ¶μÉμ± ´¥°-
É·μ´μ¢ ¤²Ö ³¨Ï¥´¨ ¨§ Ê· ´ -238. ‚ÒÌμ¤ ´¥°É·μ´μ¢ ´  μ¤¨´ ¶·μÉμ´ ¤²Ö
Ê· ´  ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ∼ 20. „²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  ¶ÊÎ±  ³μ¦´μ ¢§ÖÉÓ
τacc2 = 25 ³±¸, Î ¸ÉμÉÊ ¸· ¡ ÉÒ¢ ´¨Ö F = 10 ƒÍ. �μ¤¸É ¢¨¢ ¢¸¥ Í¨Ë·Ò,
¶μ²ÊÎ¨³ In = 3 · 1014 ¸−1.
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