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� ¸¸³ É·¨¢ ÕÉ¸Ö ±μ´¸É·Ê±Í¨Ö ¨ μ¸μ¡¥´´μ¸É¨ · ¡μÉÒ ±μ ±¸¨ ²Ó´μ£μ Ê¸±μ·¨É¥²Ö ¤¥°É·μ´μ¢, ¢
±μÉμ·μ³ ¸ Í¥²ÓÕ μ£· ´¨Î¥´¨Ö Ô²¥±É·μ´´μ° Ô³¨¸¸¨¨ ¸ ¶μ¢¥·Ì´μ¸É¨ ´¥°É·μ´μμ¡· §ÊÕÐ¨Ì ³¨Ï¥´¥°
¨ Ê¸±μ·ÖÕÐ¨Ì ± Éμ¤´ÒÌ Ô²¥±É·μ¤μ¢ ¶·¨³¥´Ö¥É¸Ö ¸Ì¥³  ¸¨³³¥É·¨Î´μ£μ ¨μ´´μ£μ É·¨μ¤ . �¸´μ¢Ê
±μ´¸É·Ê±Í¨¨ ¸μ¸É ¢²ÖÕÉ ¤¢  ¢´¥Ï´¨Ì ± Éμ¤ , ³¥¦¤Ê ±μÉμ·Ò³¨ · ¸¶μ²μ¦¥´ ¶μ²Ò° ¢ ±ÊÊ³´μ-
¤Ê£μ¢μ° ¨¸ÉμÎ´¨± ¤¥°É·μ´μ¢, ¢Ò¶μ²´ÖÕÐ¨° ·μ²Ó Î ¸É¨Î´μ ¶·μ§· Î´μ£μ  ´μ¤ . ‚Ò¸μ±¨° ±μÔËË¨Í¨-
¥´É ¶·μ§· Î´μ¸É¨  ´μ¤ , ´¥μ¡Ìμ¤¨³Ò° ¤²Ö ÔËË¥±É¨¢´μ£μ ¶μ¤ ¢²¥´¨Ö Ô²¥±É·μ´´μ£μ Éμ± , ¶μ²ÊÎ¥´
§  ¸Î¥É ¶·¨³¥´¥´¨Ö ¨μ´´μ-μ¶É¨Î¥¸±μ° ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ ³ £´¨É´μ° ¨ ¨³³¥·¸¨μ´´μ° ²¨´§.
‚ ·¥§Ê²ÓÉ É¥ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö, ¢Ò¶μ²´¥´´μ£μ ¸ ÊÎ¥Éμ³ Î¨¸²¥´´μ£μ  ´ ²¨§  ¤¨´ ³¨±¨
Ô²¥±É·μ´μ¢, μ¶É¨³¨§¨·μ¢ ´Ò £¥μ³¥É·¨Ö ¨ · §³¥·Ò Ê¸±μ·¨É¥²Ó´μ° É·¨μ¤´μ° ¸¨¸É¥³Ò. �·¨ ÔÉμ³ ¤²Ö
Ê¸±μ·ÖÕÐ¥£μ ´ ¶·Ö¦¥´¨Ö ¸  ³¶²¨ÉÊ¤μ° 150 ±‚ ¨ Î ¸ÉμÉμ° ¸²¥¤μ¢ ´¨Ö ¨³¶Ê²Ó¸μ¢, · ¢´μ° 25 ƒÍ,
¶·μ£´μ§¨·Ê¥³Ò° ¸·¥¤´¨° ¶μÉμ± ´¥°É·μ´μ¢ ³μ¦¥É ¤μ¸É¨£ ÉÓ 1010 ¸−1.

The report deals with the design and work features of the coaxial deuteron accelerator, in which
a scheme of a symmetrical ion triode is used to limit electronic emission from the surface of neutron-
forming targets and accelerating cathode electrodes. Two external cathodes form the basis of the design,
between these cathodes a hollow vacuum-arc source of deuterons is located which plays the role of a
partially transparent anode. The high coefˇcient of anode transparency which is necessary for effective
suppression of the electron current was obtained by the use of an ion-optical system consisting of
a magnetic and immersion lenses. As a result of computer-generated simulation, performed with a
numerical analysis of the dynamics of electrons, the geometry and dimensions of the accelerating triode
system were optimized. For an accelerating voltage with an amplitude of 150 kV and a repetition rate
of 25 Hz, the predicted average neutron 	ux can reach 1010 s−1.

PACS: 52.38.Kd

�¥¤μ¸É É±μ³ ³μÐ´ÒÌ ´¥°É·μ´´ÒÌ É·Ê¡μ± (�’) [1] Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ Ô²¥±É·μ´´μ°
¶·μ¢μ¤¨³μ¸É¨ ¤¨μ¤´μ£μ § §μ· , ¸¢Ö§ ´´μ° ¸ ¨μ´´μ-Ô²¥±É·μ´´μ°,  ¢ÉμÔ²¥±É·μ´´μ° ¨²¨
¢§·Ò¢´μ° Ô³¨¸¸¨Ö³¨ ¸ ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨ ¨²¨ Ê¸±μ·ÖÕÐ¥£μ ± Éμ¤´μ£μ Ô²¥±É·μ¤ . …¥
´ ²¨Î¨¥ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ Š�„ Ê¸±μ·¥´¨Ö ¤¥°É·μ´μ¢ ¨ Ê³¥´ÓÏ¥´¨Õ ´¥°É·μ´´μ£μ
¢ÒÌμ¤ , É ± ± ± ¡μ²ÓÏ Ö Î ¸ÉÓ Ô²¥±É·¨Î¥¸±μ° ³μÐ´μ¸É¨ ¨¤¥É ´  Ê¸±μ·¥´¨¥ Ô²¥±É·μ´μ¢.

1E-mail: isaev@lenta.ru
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Š·μ³¥ Éμ£μ, ¶μ¶ ¤ ´¨¥ Ê¸±μ·¥´´ÒÌ Ô²¥±É·μ´μ¢ ¢ μ¡² ¸ÉÓ ¨¸ÉμÎ´¨±  ¤¥°É·μ´μ¢ ¶·¨¢μ¤¨É
± ¨Ì ¤¥¸É·Ê±É¨¢´μ³Ê ¢μ§¤¥°¸É¢¨Õ ´  ¥£μ Ô²¥±É·μ¤Ò, ÎÉμ Ê³¥´ÓÏ ¥É ·¥¸Ê·¸ É·Ê¡±¨.

�¡ÒÎ´μ ¶μ¤ ¢²¥´¨¥ Ô²¥±É·μ´´μ° ¶·μ¢μ¤¨³μ¸É¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó-
´ÒÌ Ô²¥±É·μ¤μ¢ (¸¥Éμ± ¨²¨ ±μ²¥Í) ¤²Ö ¸μ§¤ ´¨Ö Ô²¥±É·¨Î¥¸±μ£μ ¸³¥Ð¥´¨Ö ¢ ¶·¨± Éμ¤´μ°
μ¡² ¸É¨, ´¥ ¶μ§¢μ²ÖÕÐ¥£μ Ô²¥±É·μ´ ³, Ô³¨É¨·Ê¥³Ò³ ¸ ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨, ¶μ¶ ¤ ÉÓ
¢ Ê¸±μ·ÖÕÐ¨° § §μ·. �¤´ ±μ ¶·¨ ¡μ²ÓÏ¨Ì ¨μ´´ÒÌ Éμ± Ì ¨ (¨²¨) Ê¸±μ·ÖÕÐ¨Ì ´ ¶·Ö-
¦¥´¨ÖÌ ¸ ³ Ô²¥±É·μ¤ ¸³¥Ð¥´¨Ö ¸É ´μ¢¨É¸Ö Ô³¨ÉÉ¥·μ³ Ô²¥±É·μ´μ¢ ¨ Ê± § ´´Ò° ¸¶μ¸μ¡
¶μ¤ ¢²¥´¨Ö Ô²¥±É·μ´´μ° ¶·μ¢μ¤¨³μ¸É¨ ¶¥·¥¸É ¥É · ¡μÉ ÉÓ.

„²Ö ²¨±¢¨¤ Í¨¨ ÔÉ¨Ì μÉ·¨Í É¥²Ó´ÒÌ ÔËË¥±Éμ¢  ¢Éμ·Ò ¶·¥¤² £ ÕÉ ¨¸¶μ²Ó§μ¢ ÉÓ ¨¤¥Õ
¨μ´´μ£μ É·¨μ¤ , ¸μ¸ÉμÖÐ¥£μ ¨§ ¸¨³³¥É·¨Î´μ · ¸¶μ²μ¦¥´´ÒÌ ¶μ μÉ´μÏ¥´¨Õ ¤·Ê£ ± ¤·Ê£Ê
± Éμ¤  ¨  ´É¨± Éμ¤ ,   É ±¦¥ · ¸¶μ²μ¦¥´´μ£μ ³¥¦¤Ê ´¨³¨ Î ¸É¨Î´μ-¶·μ§· Î´μ£μ  ´μ¤-
´μ£μ Ô²¥±É·μ¤  [2].

�²¥±É·μ´, ¢Ò²¥É ÕÐ¨° ¸ ± Éμ¤  ¨²¨  ´É¨± Éμ¤ , Ê¸±μ·Ö¥É¸Ö ¢ ¸Éμ·μ´Ê Î ¸É¨Î´μ-
¶·μ§· Î´μ£μ  ´μ¤ , ¸ ±μÔËË¨Í¨¥´Éμ³ ¶·μ§· Î´μ¸É¨ S, ¢ μ¡² ¸É¨ ±μÉμ·μ£μ μ¡· §Ê¥É¸Ö
¶² §³ . ‚ ¶·μÍ¥¸¸¥ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ¢ ¶·¨ ´μ¤´μ° μ¡² ¸É¨ μ´¨ É¥·ÖÕÉ Î ¸ÉÓ ¸¢μ¥°
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ T , ΔT ≈ F (U0)L (L Å Ì · ±É¥·´Ò° ¶·μ¤μ²Ó´Ò° · §³¥· ¶² §³¥´-
´μ£μ μ¡² ±  ¢ ¶·¨ ´μ¤´μ° μ¡² ¸É¨, F (T ) Å ¶μÉ¥·¨ Ô´¥·£¨¨ ´  ¥¤¨´¨ÍÊ ¤²¨´Ò, μ¶·¥¤¥-
²Ö¥³Ò¥ Ëμ·³Ê²μ° 
¥É¥Ä
²μÌ ). �Í¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¶·¨ μ¤´μ±· É´μ³ ¶·μÌμ¦¤¥´¨¨
Ô²¥±É·μ´ ³¨ · ¡μÎ¥£μ μ¡Ñ¥³  É·¨μ¤  ÔÉ¨ ¶μÉ¥·¨ ³μ£ÊÉ ²¥¦ ÉÓ ¢ ¶·¥¤¥² Ì 0,1Ä1 Ô‚. �Éμ£μ
¤μ¸É ÉμÎ´μ ¤²Ö ¨Ì § Ì¢ É  ¢ ·¥¦¨³ ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö ¢ ¶μÉ¥´Í¨ ²Ó´μ° Ö³¥ ³¥¦¤Ê
± Éμ¤ ³¨ ¨  ´É¨± Éμ¤ ³¨ ¨ μ¡· §μ¢ ´¨Ö μ¡² ±  μÉ·¨Í É¥²Ó´μ£μ § ·Ö¤ , Î ¸É¨Î´μ ±μ³¶¥´-
¸¨·ÊÕÐ¥£μ μ¡Ñ¥³´Ò° § ·Ö¤ ¤¥°É·μ´μ¢, μ¡· §Ê¥³ÒÌ ¢ ¨μ´´μ³ ¨¸ÉμÎ´¨±¥ ¨ Ê¸±μ·Ö¥³ÒÌ μÉ
 ´μ¤  ± ± Éμ¤Ê ¨²¨  ´É¨± Éμ¤Ê.

�²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢ Ëμ·³¨·Ê¥³μ³ μ¡² ±¥, ¸μ£² ¸´μ ¸¤¥² ´´Ò³ μÍ¥´± ³, ¡Ê¤¥É

¶·¨³¥·´μ ¢ k =
1 + S

1 − S
· § (S Å ¶·μ§· Î´μ¸ÉÓ  ´μ¤ ) ¶·¥¢ÒÏ ÉÓ ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢

¢ μ¡ÒÎ´μ³ ¡¨¶μ²Ö·´μ³ ¨μ´´μ³ ¤¨μ¤¥. �μÔÉμ³Ê ¶·¨ ¡μ²ÓÏ¨Ì S ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ -
ÕÉ¸Ö Ê¸²μ¢¨Ö ¨§¢²¥Î¥´¨Ö ¤¥°É·μ´μ¢ ¨§ ¶² §³Ò ¨μ´´μ£μ ¨¸ÉμÎ´¨±  ¨ ¨Ì ¶μ¸²¥¤ÊÕÐ¥£μ
Ê¸±μ·¥´¨Ö §  ¸Î¥É ²ÊÎÏ¥° ±μ³¶¥´¸ Í¨¨ μ¡Ñ¥³´μ£μ § ·Ö¤  ¤¥°É·μ´μ¢ Ô²¥±É·μ´ ³¨.

�  ·¨¸Ê´±¥ ¶·¨¢μ¤¨É¸Ö ¸Ì¥³  ¶·¥¤² £ ¥³μ°  ¢Éμ· ³¨ �’ ´  ¡ §¥ ¢ ±ÊÊ³´μ-¤Ê£μ¢μ£μ
¨¸ÉμÎ´¨±  ¤¥°É·μ´μ¢ (‚„ˆ„) ¸ ¢´ÊÉ·¥´´¥° ¶μ²μ¸ÉÓÕ, £¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¨¤¥Ö μÉ· ¦ É¥²Ó-
´μ£μ ¨μ´´μ£μ É·¨μ¤ .

‘Ì¥³ É¨Î¥¸±¨° · §·¥§ �’ ¸ ¶μ²Ò³ ‚„ˆ„: 1 Å Ô²¥±É·μ¤ ¶μ¤¦¨£  · §·Ö¤ ; 2 Å ¨§μ²ÖÉμ·Ò; 3 Å

Ô²¥±É·μ¤Ò ¨¸ÉμÎ´¨±  ¤¥°É·μ´μ¢ (± Éμ¤ ¨  ´μ¤); 4, 5 Å Ê¸±μ·ÖÕÐ¨¥ Ô²¥±É·μ¤Ò �’; 6 Å ³ £´¨É´ Ö
²¨´§ ; 7 Å ³¨Ï¥´¨ �’



�·¨³¥´¥´¨¥ ¸Ì¥³Ò μÉ· ¦ É¥²Ó´μ£μ ¨μ´´μ£μ É·¨μ¤  ¤²Ö ¶μ¢ÒÏ¥´¨Ö ÔËË¥±É¨¢´μ¸É¨ 1017

‚„ˆ„ ¸μ¤¥·¦¨É Í¥´É· ²Ó´Ò° ±μ²ÓÍ¥¢μ° Ô²¥±É·μ¤ ¶μ¤¦¨£  ¤Ê£μ¢μ£μ · §·Ö¤ , μÉ¤¥-
²¥´´Ò° μÉ ± Éμ¤  ¨  ´μ¤  ¨¸ÉμÎ´¨±  ±μ²ÓÍ¥¢Ò³¨ ¨§μ²ÖÉμ· ³¨. �²¥±É·μ¤Ò ‚„ˆ„ ´ -
¸ÒÐ¥´Ò ¤¥°É¥·¨¥³ ¨ ¶μ¤¸μ¥¤¨´¥´Ò ± ¥³±μ¸É´μ³Ê ´ ±μ¶¨É¥²Õ Ô´¥·£¨¨, § ·Ö¦ ¥³μ³Ê μÉ
¢Ò¶·Ö³¨É¥²Ö ¤μ ´ ¶·Ö¦¥´¨Ö ¢ ´¥¸±μ²Ó±μ ±¨²μ¢μ²ÓÉ. ‚μ§³μ¦´Ò ¢ ·¨ ´ÉÒ ¨¸¶μ²Ó§μ¢ ´¨Ö
¤¢ÊÌÔ²¥±É·μ¤´μ£μ ‚„ˆ„ ¸ § ¶Ê¸±μ³ ¢  ¢Éμ±μ²¥¡ É¥²Ó´μ³ ·¥¦¨³¥ ¨²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
Ê¶· ¢²Ö¥³μ£μ É·¥ÌÔ²¥±É·μ¤´μ£μ · §·Ö¤´¨±  ¢ Í¥¶¨ Ê§²  ¶¨É ´¨Ö ‚„ˆ„.

“¸±μ·ÖÕÐ¨¥ Ô²¥±É·μ¤Ò ¸μ¥¤¨´¥´Ò ¸ ¢ÒÌμ¤μ³ £¥´¥· Éμ·  ¨³¶Ê²Ó¸´μ£μ ¢Ò¸μ±μ£μ μÉ-
·¨Í É¥²Ó´μ£μ ´ ¶·Ö¦¥´¨Ö (ƒˆ�), ·μ²Ó ±μÉμ·μ£μ ³μ¦¥É ¢Ò¶μ²´ÖÉÓ ¨³¶Ê²Ó¸´Ò° ¶μ¢ÒÏ -
ÕÐ¨° É· ´¸Ëμ·³ Éμ· ¸ Ë¥··μ³ £´¨É´Ò³ ¸¥·¤¥Î´¨±μ³ ¨²¨ £¥´¥· Éμ· �·± ¤Ó¥¢ ÄŒ ·±¸ .

�·¨ · §·Ö¤¥ ´ ±μ¶¨É¥²Ó´μ° ¥³±μ¸É¨ ³¥¦¤Ê Ô²¥±É·μ¤ ³¨ 3 ( ´μ¤μ³ ¨ ± Éμ¤μ³) ‚„ˆ„
¢μ§´¨± ¥É ¢ ±ÊÊ³´ Ö ¤Ê£ , Ô²¥±É·μ¤´Ò¥ ¶ÖÉ´  ±μÉμ·μ° ¨¸¶Ê¸± ÕÉ ¶² §³¥´´Ò¥ ¶μÉμ±¨,
¸μ¤¥·¦ Ð¨¥ ¤¥°É·μ´Ò, É ± ± ± Ô²¥±É·μ¤Ò ¨¸ÉμÎ´¨±  ¸μ¤¥·¦ É ¤¥°É¥·¨° ¢ μ±±²Õ¤¨·μ-
¢ ´´μ³ ¸μ¸ÉμÖ´¨¨. �·¨ ÔÉμ³ ¤¥°É¥·¨¥¢ Ö ¶² §³  ¸μ ¸±μ·μ¸ÉÓÕ ¶μ·Ö¤±  ¸±μ·μ¸É¨ §¢Ê± 
§ ¶μ²´Ö¥É ¶μ²μ¸ÉÓ ¢´ÊÉ·¥´´¨Ì Ô²¥±É·μ¤μ¢ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò 4 ¢ μ¡μ¨Ì ´ ¶· ¢²¥´¨ÖÌ.

‘¨´Ì·μ´´μ ¸ ÔÉ¨³ ¶·μÍ¥¸¸μ³ ´  ¢´¥Ï´¨¥ Ô²¥±É·μ¤Ò Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò 5 μÉ ƒˆ�
¶μ¤ ¥É¸Ö μÉ·¨Í É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¸  ³¶²¨ÉÊ¤μ° � 100 ±‚. ‚ ·¥§Ê²ÓÉ É¥ ¶·μ¨¸Ìμ¤¨É
¨§¢²¥Î¥´¨¥ ¤¥°É·μ´μ¢ ¨§ ¶² §³Ò ‚„ˆ„ ¨ ¶μ¸²¥¤ÊÕÐ¥¥ ¨Ì Ê¸±μ·¥´¨¥ ± ³¨Ï¥´Ö³ �’,
£¤¥ μ¸ÊÐ¥¸É¢²ÖÕÉ¸Ö ·¥ ±Í¨¨ T(d, n)4He ¨²¨ D(d, n)3He, ¸μ¶·μ¢μ¦¤ ¥³Ò¥ £¥´¥· Í¨¥°
¡Ò¸É·ÒÌ ´¥°É·μ´μ¢.

�²¥±É·μ´Ò, ¨¸¶Ê¸± ¥³Ò¥ ¸ ¶μ¢¥·Ì´μ¸É¥° ³¨Ï¥´¨ ¨ Ê¸±μ·ÖÕÐ¨Ì Ô²¥±É·μ¤μ¢ ¢ ·¥§Ê²Ó-
É É¥ ¨μ´´μ-Ô²¥±É·μ´´μ°,  ¢ÉμÔ²¥±É·μ´´μ° ¨²¨ ¢§·Ò¢´μ° Ô³¨¸¸¨°, Ê¸±μ·ÖÕÉ¸Ö ¢ ¤¨μ¤´ÒÌ
§ §μ· Ì ¨ Ëμ±Ê¸¨·ÊÕÉ¸Ö ³ £´¨É´μ° ²¨´§μ° ¢ ¶¥·¢μ³ Ê¸±μ·ÖÕÐ¥³ § §μ·¥,   § É¥³ § ³¥¤-
²ÖÕÉ¸Ö ¢μ ¢Éμ·μ³ Ê¸±μ·ÖÕÐ¥³ § §μ·¥, £¤¥ Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ¨³¥¥É ¶·μÉ¨¢μ¶μ²μ¦´Ò°
§´ ±. �·¨ ÔÉμ³ Ëμ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ³ £´¨É´μ° ²¨´§Ò ¶μ¤¡¨· ¥É¸Ö É ±, ÎÉμ¡Ò Ô²¥±É·μ´-
´Ò° ¶μÉμ± ¸¢μ¡μ¤´μ ¶·μÌμ¤¨² Î¥·¥§ ¶μ²μ¸ÉÓ ¨¸ÉμÎ´¨±  ¤¥°É·μ´μ¢.

‘É·Ê±ÉÊ·  Ô²¥±É·μ´´μ£μ μ¡² ±  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¸Í¨²²¨·ÊÕÐ¨° Ô²¥±É·μ´´Ò° ¶μ-
Éμ±. ’μ± ¢ ¢Ò¸μ±μ¢μ²ÓÉ´μ° Í¥¶¨ �’ ¸±² ¤Ò¢ ¥É¸Ö ¨§ Éμ±  Ê¸±μ·¥´´ÒÌ ¤¥°É·μ´μ¢ ¨ Éμ± 
Ô²¥±É·μ´μ¢, § Ì¢ ÉÒ¢ ¥³ÒÌ ¶² §³μ° ‚„ˆ„ ¨ ¶μ¶ ¤ ÕÐ¨Ì ´  ¥£μ Ô²¥±É·μ¤Ò. �²¥±É·μ´-
´ Ö ¸μ¸É ¢²ÖÕÐ Ö Éμ±  Ê³¥´ÓÏ ¥É¸Ö ¸ Ê¢¥²¨Î¥´¨¥³ ±μÔËË¨Í¨¥´É  ¶·μ§· Î´μ¸É¨  ´μ¤ .
�¡Ñ¥³´Ò° § ·Ö¤ μ¸Í¨²²¨·ÊÕÐ¨Ì ¢ É·¨μ¤¥ Ô²¥±É·μ´μ¢ ¸¶μ¸μ¡¸É¢Ê¥É ¡μ²¥¥ ÔËË¥±É¨¢´μ³Ê
¨§¢²¥Î¥´¨Õ ¤¥°É·μ´μ¢ ¨§ ¶² §³Ò ‚„ˆ„. ‚¸¥ ÔÉμ, ± ± ¶μ± §Ò¢ ÕÉ · ¸Î¥ÉÒ, Ê¢¥²¨Î¨¢ ¥É
Š�„ Ê¸±μ·¥´¨Ö ¤¥°É·μ´μ¢ ¶μ ¸· ¢´¥´¨Õ ¸  ´ ²μ£¨Î´μ° ¡¨¶μ²Ö·´μ° ¤¨μ¤´μ° ¸¨¸É¥³μ°
Ê¸±μ·¥´¨Ö. „²Ö ¥£μ μÍ¥´±¨ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐÊÕ Ëμ·³Ê²Ê:

η =
Id

Id + Ie
≈ (1 + S)

√
m

(1 + S)
√

m + (1 − S)
√

M
,

£¤¥ Id, m, Ie, M Å ¸μ¸É ¢²ÖÕÐ¨¥ Éμ±  ¨ ³ ¸¸Ò Ô²¥±É·μ´μ¢ ¨ ¤¥°É·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ.
„·Ê£¨³ ¶μ²μ¦¨É¥²Ó´Ò³ Ë ±Éμ·μ³, Ì · ±É¥·¨§ÊÕÐ¨³ · ¸¸³ É·¨¢ ¥³ÊÕ �’, Ö¢²Ö¥É¸Ö

¤μ¶μ²´¨É¥²Ó´ Ö ¨μ´¨§ Í¨Ö ¶² §³Ò ¢ ¶μ²μ¸É¨ ‚„ˆ„ μ¸Í¨²²¨·ÊÕÐ¨³¨ Ô²¥±É·μ´ ³¨, ÎÉμ
¶μ§¢μ²Ö¥É Ê¢¥²¨Î¨ÉÓ ¥£μ Ô³¨¸¸¨μ´´ÊÕ ¸¶μ¸μ¡´μ¸ÉÓ ¶μ ¤¥°É·μ´ ³.

‚Ò¸μ± Ö ¶·μ§· Î´μ¸ÉÓ  ´μ¤  μ¡¥¸¶¥Î¨¢ ¥É¸Ö ´ ²¨Î¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¨μ´´μ-μ¶É¨-
Î¥¸±μ° ¸¨¸É¥³Ò, ¸μ¸ÉμÖÐ¥° ¨§ ³ £´¨É´μ° ¨ ¨³³¥·¸¨μ´´μ° ²¨´§. �μ²Ó ¶μ¸²¥¤´¥° ¨£· ¥É
Ê¸±μ·ÖÕÐ¨° § §μ·. �Í¥´±  ¥¥ ¶ · ³¥É·μ¢ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¢ ·¥§Ê²ÓÉ É¥ ±μ³¶ÓÕÉ¥·´μ£μ
Ô±¸¶¥·¨³¥´É , ¢ ¶·μÍ¥¸¸¥ ±μÉμ·μ£μ ¶·μ¢μ¤¨²¸Ö Î¨¸²¥´´Ò°  ´ ²¨§ ¤¨´ ³¨±¨ Ô²¥±É·μ´μ¢
¢ ¶·¥¤² £ ¥³μ³ Ê¸É·μ°¸É¢¥ ¢ ¶ · ±¸¨ ²Ó´μ³ ¶·¨¡²¨¦¥´¨¨ ¶ÊÉ¥³ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö
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¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨°:⎧⎪⎨
⎪⎩

dy

dz
=

ϕ′(z)
2ϕ(z)

y − 1
8ϕ(z)

[
2ϕ′′(z) − e

m
B(z)2

]
r,

dr

dz
= y,

¢ ±μÉμ·μ° ±μμ·¤¨´ É  z μÉ±² ¤Ò¢ ¥É¸Ö ¢¤μ²Ó Í¥´É· ²Ó´μ° μ¸¨ �’; ËÊ´±Í¨¨ ϕ(z) ¨ B(z)
μ¶·¥¤¥²ÖÕÉ ¸μμÉ¢¥É¸É¢¥´´μ · ¸¶·¥¤¥²¥´¨Ö ¶μÉ¥´Í¨ ²  Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ ¨´¤Ê±Í¨¨
³ £´¨É´μ£μ ¶μ²Ö ´  Í¥´É· ²Ó´μ° μ¸¨ “’, · ¸¸Î¨ÉÒ¢ ¥³Ò¥ ¶μ ¸¶¥Í¨ ²Ó´Ò³ ±μ³¶ÓÕÉ¥·-
´Ò³ ¶·μ£· ³³ ³; e, m Å ¸μμÉ¢¥É¸É¢¥´´μ § ·Ö¤ ¨ ³ ¸¸  Ô²¥±É·μ´ . ‚ ± Î¥¸É¢¥ ³ £´¨É´μ°
²¨´§Ò · ¸¸³ É·¨¢ ¥É¸Ö ¶μ¸ÉμÖ´´Ò° ±μ²ÓÍ¥¢μ° ³ £´¨É ¸ ¶·μ¤μ²Ó´μ° ´ ³ £´¨Î¥´´μ¸ÉÓÕ.

�²¥±É·¨Î¥¸±μ¥ ¶μ²¥ ´  μ¸¨ ¤¨μ¤´μ° ¸¨¸É¥³Ò · ¸¸Î¨ÉÒ¢ ²μ¸Ó ´  ±μ³¶ÓÕÉ¥·¥ ³¥Éμ¤μ³
Ô±¢¨¢ ²¥´É´ÒÌ § ·Ö¤μ¢.

‚ ± Î¥¸É¢¥ ³ £´¨É´μ° ²¨´§Ò Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ ±μ²ÓÍ¥¢μ° ¶μ¸ÉμÖ´´Ò° ³ £´¨É
¸ ¶·μ¤μ²Ó´μ° ´ ³ £´¨Î¥´´μ¸ÉÓÕ. Œ £´¨É´μ¥ ¶μ²¥ ´  μ¸¨ É ±μ° ²¨´§Ò ³μ¦´μ · ¸¸Î¨É ÉÓ,
§´ Ö §´ Î¥´¨¥ ¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö ¢ Í¥´É·¥ ²¨´§Ò.

‘μ£² ¸´μ ¶·¨´Í¨¶Ê ¸Ê¶¥·¶μ§¨Í¨¨ ³ £´¨É´μ¥ ¶μ²¥ ´  μ¸¨ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
¸Ê³³Ò ³ £´¨É´ÒÌ ¶μ²¥°, ¸μ§¤ ¢ ¥³ÒÌ Éμ± ³¨ ´ ³ £´¨Î¨¢ ´¨Ö J ´  ¡μ±μ¢ÒÌ ¶μ¢¥·Ì´μ-
¸ÉÖÌ ±μ²ÓÍ¥¢μ£μ ³ £´¨É :

B(z) =
μ0a

2J

L

L/2∫
−L/2

dz0
1

[a2 + (z − z0)2]3/2
− μ0b

2J

L

L/2∫
−L/2

dz0
1

[b2 + (z − z0)2]3/2
.

‚ ÔÉμ³ ¢Ò· ¦¥´¨¨ ¢¢¥¤¥´Ò ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: μ0 Å ³ £´¨É´ Ö ¶μ¸ÉμÖ´´ Ö;
a Å ¢´ÊÉ·¥´´¨° · ¤¨Ê¸ ³ £´¨É ; b Å ¢´¥Ï´¨° · ¤¨Ê¸ ³ £´¨É ; L Å Éμ²Ð¨´  ³ £´¨É ;
z, z0 Å ¸μμÉ¢¥É¸É¢¥´´μ ¶·μ¤μ²Ó´Ò¥ ÉμÎ±¨ ´ ¡²Õ¤¥´¨Ö ¨ ÉμÎ±¨ ¨¸ÉμÎ´¨± .

‚Ò¶μ²´ÖÖ ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ μ¶¥· Í¨Õ ¨´É¥£·¨·μ¢ ´¨Ö, ¨³¥¥³

B(z) = μ0J

⎡
⎢⎢⎢⎢⎣

1√
a2 +

(
L

2
− z

)2
+

1√
a2 +

(
L

2
+ z

)2
−

− 1√
b2 +

(
L

2
− z

)2
+

1√
b2 +

(
L

2
+ z

)2

⎤
⎥⎥⎥⎥⎦ .

�Éμ ¢Ò· ¦¥´¨¥ ¸μ¤¥·¦¨É Éμ± ´ ³ £´¨Î¨¢ ´¨Ö, ±μÉμ·Ò° § É·Ê¤´¨É¥²Ó´μ μ¶·¥¤¥²¨ÉÓ ¸
Ìμ·μÏ¥° ÉμÎ´μ¸ÉÓÕ. �μÔÉμ³Ê ¡μ²¥¥ Ê¤μ¡´μ ¶¥·¥´μ·³¨·μ¢ ÉÓ ÔÉÊ Ëμ·³Ê²Ê ´  §´ Î¥´¨¥
¨´¤Ê±Í¨¨ ³ £´¨É´μ£μ ¶μ²Ö B0 ¢ Í¥´É·¥ ²¨´§Ò, ±μÉμ·ÊÕ ¤μ¸É ÉμÎ´μ ²¥£±μ ¨§³¥·¨ÉÓ.

‚ ÔÉμ³ ¸²ÊÎ ¥ Ëμ·³Ê²  ¤²Ö ³ £´¨É´μ£μ ¶μ²Ö ¶·¨μ¡·¥É ¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

B(z) =
B0

2

[
a2+

(
L

2
−z

)2
]−1/2

+

[
a2+

(
L

2
+z

)2
]−1/2

−
[
b2+

(
L

2
−z

)2
]−1/2

−
[
b2+

(
L

2
+z

)2
]−1/2

(
a2 +

L2

A

)−1/2 (
b2 +

L2

4

)−1/2
.
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� ¸¸³μÉ·¨³ ¶·¨³¥· ±μ´±·¥É´μ° ·¥ ²¨§ Í¨¨ �’ ¸ ÊÎ¥Éμ³ ·¥§Ê²ÓÉ Éμ¢ ¶·μ¢¥¤¥´´μ£μ
³ É¥³ É¨Î¥¸±μ£μ Ô±¸¶¥·¨³¥´É , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸²¥¤ÊÕÐ¥° £¥μ³¥É·¨¨ Ê¸É·μ°¸É¢ : · -
¤¨Ê¸ Ô²¥±É·μ¤μ¢ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò R = 2,5 · 10−2 ³; ¢´ÊÉ·¥´´¨° · ¤¨Ê¸ Ô²¥±É·μ-
¤μ¢ ¨μ´´μ£μ ¨¸ÉμÎ´¨±  r = 2,5 · 10−3 ³; Ï¨·¨´  Ê¸±μ·ÖÕÐ¥£μ § §μ·  d = 5 · 10−3 ³;
Éμ²Ð¨´  ±μ²ÓÍ¥¢μ£μ ³ £´¨É  H = 5 · 10−3 ³. � · ³¥É·Ò ƒˆ�:  ³¶²¨ÉÊ¤  150 ±‚ ¨
¤²¨É¥²Ó´μ¸ÉÓ ¨³¶Ê²Ó¸  0,2Ä0,3 ³±¸ ´  ¶μ²Ê¢Ò¸μÉ¥. �´¥·£¨Ö, § ¶ ¸ ¥³ Ö ¢ Í¥¶¨ ¨μ´´μ£μ
¨¸ÉμÎ´¨± , 0,5 „¦.

� ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤²Ö Ê± § ´´ÒÌ ¶ · ³¥É·μ¢ ¶·¨ Î ¸ÉμÉ¥ ¸²¥¤μ¢ ´¨° ´¥°-
É·μ´´ÒÌ ¢¸¶ÒÏ¥± 25 ƒÍ ¸·¥¤´¨° ¶μÉμ± ´¥°É·μ´μ¢, ¨§²ÊÎ ¥³Ò° ³¨Ï¥´Ö³¨ ‚�’, ³μ¦¥É
¶·¥¢ÒÏ ÉÓ 1010 ¸−1.
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