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� Í¨μ´ ²Ó´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° Ö¤¥·´Ò° Ê´¨¢¥·¸¨É¥É ®Œˆ”ˆ¯, Œμ¸±¢ 

� ¸¸³ É·¨¢ ¥É¸Ö ³μ¤¥²Ó Ê¸±μ·¥´¨Ö ² §¥·´μ° ¶² §³Ò, ¸μ¤¥·¦ Ð¥° ¨μ´Ò ÉÖ¦¥²μ£μ ¢μ¤μ·μ¤ ,
¡Ò¸É·μ´ · ¸É ÕÐ¨³ ³ £´¨É´Ò³ ¶μ²¥³ ¤²Ö £¥´¥· Í¨¨ ´¥°É·μ´μ¢. �·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 
Ê¸±μ·¥´¨Ö ¸£Ê¸É±  ² §¥·´μ° ¶² §³Ò ¢ ³μ³¥´É ¥£μ μ¡· §μ¢ ´¨Ö. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö Éμ·μ¨-
¤ ²Ó´μ£μ ¸£Ê¸É±  ¶² §³Ò, μ¡· §Ê¥³μ£μ ¶μ¤ ¤¥°¸É¢¨¥³ ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¸Ëμ±Ê¸¨·μ¢ ´´μ£μ ¢
Éμ´±μ¥ ±μ²ÓÍμ · ¤¨Ê¸μ³ r ´  ¶μ¢¥·Ì´μ¸ÉÓ É¢¥·¤μ° ³¨Ï¥´¨, ¸μ¤¥·¦ Ð¥° ¤¥°É¥·¨° ¨ ¸³¥Ð¥´´μ°
μÉ´μ¸¨É¥²Ó´μ £¥μ³¥É·¨Î¥¸±μ£μ Í¥´É·  ±μ²ÓÍ¥¢μ£μ ¶·μ¢μ¤´¨±  ´  · ¸¸ÉμÖ´¨¥ z ¢ ¸Éμ·μ´Ê ² §¥· .
�·¥¤²μ¦¥´´ Ö ³μ¤¥²Ó ´μ¸¨É ¤μ¸É ÉμÎ´μ μ¡Ð¨° Ì · ±É¥·, É ± ± ± ²Õ¡μ¥  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´μ¥
¶² §³¥´´μ¥ μ¡· §μ¢ ´¨¥ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¸μ¢μ±Ê¶´μ¸É¨ ¶μ¤μ¡´ÒÌ Éμ·μ¨¤ ²Ó´ÒÌ
Ê±·Ê¶´¥´´ÒÌ ¶² §³¥´´ÒÌ Î ¸É¨Í. ‚ ·¥§Ê²ÓÉ É¥ ¡Ò² · §· ¡μÉ ´  ²£μ·¨É³ · ¸Î¥É  ´ Î ²Ó´μ£μ ¶μ²Ö
Ê¸±μ·¥´¨° ¨ ¸μ¸É ¢²¥´  ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¶·μ£· ³³ , ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μÉμ·μ° ¡Ò² ¶·μ¢¥¤¥´ Î¨-
¸²¥´´Ò° Ô±¸¶¥·¨³¥´É ¸ Í¥²ÓÕ ¢ÒÖ¸´¥´¨Ö μ¶É¨³ ²Ó´ÒÌ ¢·¥³¥´´ÒÌ ·¥¦¨³μ¢ Ê¸±μ·¥´¨Ö ¤¥°É·μ´μ¢,
  É ±¦¥ £¥μ³¥É·¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ r ¨ z, ´¥μ¡Ìμ¤¨³ÒÌ ¤²Ö ¶μ¸É ´μ¢±¨ Ë¨§¨Î¥¸±μ£μ Ô±¸¶¥·¨³¥´É 
´  ¢ ±ÊÊ³´μ° Ê¸É ´μ¢±¥, ³μ¤¥²¨·ÊÕÐ¥° · ¸¸³ É·¨¢ ¥³Ò° ¶·μÍ¥¸¸ Ê¸±μ·¥´¨Ö.

The model of the acceleration of a laser plasma containing ions of heavy hydrogen by a rapidly
growing magnetic ˇeld for neutron generation is examined. In this work, the results of calculating
the acceleration of a laser plasma bunch at the time of its formation are presented. Calculations were
carried out for a toroidal plasma bundle formed by a focused laser pulse in a thin ring of radius r on
the surface of a solid target containing deuterium and displaced relative to the geometric center of the
annular conductor at the distance z towards the laser. The proposed model is quite general in nature,
as any azimuthally symmetric plasma formation can be represented as a set of similar toroidal enlarged
plasma particles. As a result, an algorithm for calculating the initial ˇeld of accelerations was developed
and a corresponding program was compiled. With the use of this program a numerical experiment was
carried out in order to deˇne the optimal temporal deuteron regimes of deuteron acceleration, as well
as the geometric parameters r and z, which are necessary for setting up a physical experiment on a
vacuum installation simulating the considered acceleration process.

PACS: 52.38.Kd

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤²Ö £¥´¥· Í¨¨ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢,   É ±¦¥ ¶·¨ ·¥ ²¨§ Í¨¨ ·Ö¤ 
¨³¶² ´É Í¨μ´´ÒÌ ¨ Ô±μ²μ£¨Î¥¸±¨Ì É¥Ì´μ²μ£¨° Î ¸Éμ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ê¸É·μ°¸É¢  ´  μ¸´μ¢¥
Ô²¥±É·μ¸É É¨Î¥¸±¨Ì Ê¸±μ·¨É¥²¥° ¨μ´μ¢ ÉÖ¦¥²μ£μ ¢μ¤μ·μ¤ . �¥¤μ¸É É±μ³ ÔÉ¨Ì Ê¸É·μ°¸É¢
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Ö¢²ÖÕÉ¸Ö μ£· ´¨Î¥´¨Ö ´  Éμ± ¨ ¶²μÉ´μ¸ÉÓ Éμ±  Ê¸±μ·¥´´ÒÌ ¨μ´μ¢, ¸¢Ö§ ´´Ò¥ ¸ ¢²¨Ö´¨¥³
¶·μ¸É· ´¸É¢¥´´μ£μ § ·Ö¤ , ´¨§±¨° ±μÔËË¨Í¨¥´É ¶μ²¥§´μ£μ ¤¥°¸É¢¨Ö ¶·¨ Ê¸±μ·¥´¨¨ ¨μ-
´μ¢ ¨ ´ ²¨Î¨¥ ¸μ¶ÊÉ¸É¢ÊÕÐ¥£μ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, ¢μ§¡Ê¦¤ ¥³μ£μ Ô²¥±É·μ´ ³¨
¨μ´´μ-Ô²¥±É·μ´´μ°,  ¢ÉμÔ²¥±É·μ´´μ° ¨²¨ ¢§·Ò¢´μ° Ô³¨¸¸¨¨. �É¨ ´¥¤μ¸É É±¨ ¢ §´ Î¨-
É¥²Ó´μ° ³¥·¥ Ê¸É· ´ÖÕÉ¸Ö ¶·¨ ·¥ ²¨§ Í¨¨ ÔËË¥±É¨¢´μ£μ Ê¸±μ·¥´¨Ö ±¢ §¨´¥°É· ²Ó´μ°
¶² §³Ò.

‚ · ¡μÉ¥ [1] ¡Ò²  · ¸¸³μÉ·¥´  ¸Ì¥³  Ê¸±μ·¥´¨Ö ² §¥·´μ° ¶² §³Ò ¢ ¡Ò¸É·μ´ · ¸É Õ-
Ð¥³ ³ £´¨É´μ³ ¶μ²¥, Ëμ·³¨·Ê¥³μ³ ¶·¨ · §·Ö¤¥ ´ ±μ¶¨É¥²Ó´μ° ¥³±μ¸É¨ C, § ·Ö¦¥´´μ°
¤μ ´ ¶·Ö¦¥´¨Ö U , ´  ±μ´ÉÊ· ¢ ¢¨¤¥ ¶·μ¢μ¤ÖÐ¥£μ ±μ²ÓÍ  · ¤¨Ê¸μ³ ρ. ‘Ì¥³  É ±μ£μ Ê¸±μ-
·¥´¨Ö ¶² §³Ò ¤²Ö ¶μ¸²¥¤ÊÕÐ¥° £¥´¥· Í¨¨ ´¥°É·μ´μ¢ ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. �² §³ 
μ¡· §Ê¥É¸Ö ¢ ³μ³¥´É t, μÉ¸Î¨ÉÒ¢ ¥³Ò° μÉ ´ Î ²  · §·Ö¤  ´ ±μ¶¨É¥²Ó´μ° ¥³±μ¸É¨, ¢ ·¥-
§Ê²ÓÉ É¥ Ëμ±Ê¸¨·μ¢±¨ ¨§²ÊÎ¥´¨Ö ¨³¶Ê²Ó¸´μ£μ ² §¥·  ´  ³¨Ï¥´Ó ¨§ ¤¨Ô²¥±É·¨Î¥¸±μ£μ
¤¥°É¥·¨·μ¢ ´´μ£μ ³ É¥·¨ ² . ˆ§-§  ´ · ¸É ´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢ ¶² §³¥ ¢μ§¡Ê¦¤ ¥É¸Ö
¢¨Ì·¥¢μ° Ô²¥±É·¨Î¥¸±¨° Éμ±. �·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ÔÉμ£μ Éμ±  ¸ ³ £´¨É´Ò³ ¶μ²¥³ ¢μ§´¨-
± ¥É ¶·μ¤μ²Ó´ Ö ¶μ´¤¥·μ³μÉμ·´ Ö ¸¨² , Ê¸±μ·ÖÕÐ Ö ¶² §³¥´´Ò° ¸£Ê¸Éμ±.

�¨¸. 1. ‘Ì¥³  Ê¸±μ·¥´¨Ö ¸£Ê¸É±  ² §¥·´μ° ¶² §-

³Ò ¢ ³μ³¥´É ¥£μ μ¡· §μ¢ ´¨Ö: 1 Å ¶² §³μμ¡· -

§ÊÕÐ Ö ³¨Ï¥´Ó; 2 Å ±μ²ÓÍ¥¢μ° ±μ´ÉÊ· ¸ Éμ±μ³;
3 Å ¥³±μ¸É´Ò° ´ ±μ¶¨É¥²Ó Ô´¥·£¨¨; 4 Å · §-

·Ö¤´¨±; 5 Å ´¥°É·μ´μμ¡· §ÊÕÐ Ö ³¨Ï¥´Ó

‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  Ê¸±μ·¥´¨Ö ¸£Ê¸É±  ² §¥·´μ° ¶² §³Ò ¢
³μ³¥´É ¥£μ μ¡· §μ¢ ´¨Ö. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¤²Ö Éμ·μ¨¤ ²Ó´μ£μ ¸£Ê¸É±  ¶² §³Ò, μ¡· §Ê-
¥³μ£μ ¶μ¤ ¤¥°¸É¢¨¥³ ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¸Ëμ±Ê¸¨·μ¢ ´´μ£μ ¢ Éμ´±μ¥ ±μ²ÓÍμ · ¤¨Ê¸μ³ r
¨ Ï¨·¨´μ° a ´  ¶μ¢¥·Ì´μ¸ÉÓ É¢¥·¤μ° ³¨Ï¥´¨, ¸μ¤¥·¦ Ð¥° ¤¥°É¥·¨° ¨ ¸³¥Ð¥´´μ° μÉ-
´μ¸¨É¥²Ó´μ £¥μ³¥É·¨Î¥¸±μ£μ Í¥´É·  ±μ²ÓÍ¥¢μ£μ ¶·μ¢μ¤´¨±  ´  · ¸¸ÉμÖ´¨¥ z ¢ ¸Éμ·μ´Ê
² §¥·  (¸³. ·¨¸. 1). ’ ± Ö Ëμ±Ê¸¨·μ¢±  ³μ¦¥É μ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ¸ ¶μ³μÐÓÕ μ¶É¨Î¥¸±¨Ì
±μ´Ê¸μ¢ ( ±¸¨±μ´μ¢) ¨²¨ ¸¶¥Í¨ ²Ó´ÒÌ £μ²μ£· Ë¨Î¥¸±¨Ì ²¨´§. Œμ¤¥²Ó ´μ¸¨É ¤μ¸É ÉμÎ´μ
μ¡Ð¨° Ì · ±É¥·, É ± ± ± ²Õ¡μ¥  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´μ¥ ¶² §³¥´´μ¥ μ¡· §μ¢ ´¨¥ ³μ-
¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ ¢¨¤¥ ¸μ¢μ±Ê¶´μ¸É¨ ¶μ¤μ¡´ÒÌ Éμ·μ¨¤ ²Ó´ÒÌ Ê±·Ê¶´¥´´ÒÌ ¶² §-
³¥´´ÒÌ Î ¸É¨Í.

‚ μ¸´μ¢Ê ¨¸¶μ²Ó§Ê¥³μ° ³μ¤¥²¨ ²¥£²¨ ¸²¥¤ÊÕÐ¨¥ Ë¨§¨Î¥¸±¨¥ ¶·¥¤¸É ¢²¥´¨Ö. �μ-
¸²¥ · §·Ö¤  ´ ±μ¶¨É¥²Ó´μ° ¥³±μ¸É¨ ´  ±μ²ÓÍ¥¢μ° ¶·μ¢μ¤´¨± (¸Ê³³ ·´ Ö ¨´¤Ê±É¨¢´μ¸ÉÓ
· §·Ö¤´μ° Í¥¶¨ L) ¸μ§¤ ¥É¸Ö ´ · ¸É ÕÐ¥¥ ¢μ ¢·¥³¥´¨ ³ £´¨É´μ¥ ¶μ²¥. …£μ §´ Î¥´¨¥ ¢
μ¡² ¸É¨ μ¡· §μ¢ ´¨Ö ¶² §³¥´´μ£μ ¸£Ê¸É±  μ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éμ·μ³ ¨´¤Ê±Í¨¨ B(r, z, t) =
{Br(r, z, t), Bz(r, z, t)}, ±μÉμ·Ò° ³μ¦¥É ¡ÒÉÓ ¸ ¤μ¸É ÉμÎ´μ° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨ μ¶¨¸ ´
¸²¥¤ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨ [2]:

Br,z(r, z, t) = B0r,z(r, z) exp
[
−

(
R

2L

)
t

]
sin

[
(LC)−1/2t

]
, (1)
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£¤¥ μ0 Å ³ £´¨É´ Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¢ ±ÊÊ³ ; R Å  ±É¨¢´μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ · §·Ö¤´μ£μ
±μ´ÉÊ· ; K(k) ¨ E(k) Å ¶μ²´Ò¥ Ô²²¨¶É¨Î¥¸±¨¥ ¨´É¥£· ²Ò 1-£μ ¨ 2-£μ ·μ¤  ¸μμÉ¢¥É-
¸É¢¥´´μ,

k =
2(rρ)1/2

[(ρ + r)2 + z2]1/2
.

‚ ·¥§Ê²ÓÉ É¥ ¨§³¥´¥´¨Ö ¢μ ¢·¥³¥´¨ ³ £´¨É´μ£μ ¶μ²Ö ¢μ§´¨± ¥É  §¨³ÊÉ ²Ó´μ¥ ¢¨Ì·¥¢μ¥
Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, ±μÉμ·μ¥ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ § ±μ´μ³ ‹¥´Í  μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³
¶·¨¡²¨¦¥´´Ò³ ¢Ò· ¦¥´¨¥³:

Eϕ(r, z, t) ≈ −
(r

2

) d

dt
[Bz(r, z, t)]. (2)

‚ μ¡² ¸É¨ ±μ²ÓÍ¥¢μ£μ ¶² §³¥´´μ£μ μ¡· §μ¢ ´¨Ö ¢μ§´¨± ÕÉ É ±¦¥ §´ ±μ¶¥·¥³¥´´Ò¥
 §¨³ÊÉ ²Ó´Ò¥ Ô²¥±É·¨Î¥¸±¨¥ ¶μ²Ö, ¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥¸¥Î¥´¨¥³ ¤¢¨¦ÊÐ¥°¸Ö ¶² §³μ° ¸¨²μ-
¢ÒÌ ²¨´¨° ³ £´¨É´μ£μ ¶μ²Ö ¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ ±μ³¶μ´¥´É ³ ¢¥±Éμ·  ¸±μ·μ¸É¨. �¤´ ±μ
ÔÉ¨ ¶μ²Ö ³μ£ÊÉ μÉ¢¥Î ÉÓ Éμ²Ó±μ §  ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ § ¶ ¸¥´´μ° ´  ´ Î ²Ó´μ° ¸É ¤¨¨
μ¡· §μ¢ ´¨Ö ¶² §³Ò ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¶μ¶¥·¥Î´μ£μ ¤¢¨¦¥´¨Ö ¢ ±¨´¥É¨Î¥¸±ÊÕ Ô´¥·-
£¨Õ ¶·μ¤μ²Ó´μ£μ ¤¢¨¦¥´¨Ö. ‡´ Î¨É, ¢ ÔÉμ³ ¸²ÊÎ ¥ ·¥ÎÓ ³μ¦¥É ¨¤É¨ Éμ²Ó±μ μ¡ Ê¢¥²¨Î¥´¨¨
¨²¨ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨¨ ¶·μ¤μ²Ó´μ£μ ¤¢¨¦¥´¨Ö μÉ¤¥²Ó´ÒÌ Ë· £³¥´Éμ¢ ² §¥·´μ° ¶² §³Ò
´¥ ¡μ²¥¥ Î¥³ ¢ ¤¢  · §  ´  ¶·μÉÖ¦¥´¨¨ ¢¸¥£μ ¶·μÍ¥¸¸  · §²¥É , ÎÉμ ´¥ ¶·¥¤¸É ¢²Ö¥É
¨´É¥·¥¸  ¤²Ö ¶μ¸É ¢²¥´´ÒÌ ¢ÒÏ¥ § ¤ Î. ’ ±¨³ μ¡· §μ³, ¢ ¤ ²Ó´¥°Ï¥³ · ¸¸³μÉ·¥´¨¨
Ê± § ´´Ò³ ÔËË¥±Éμ³ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

‹ §¥·´ Ö ¶² §³  μ¡² ¤ ¥É ±μ´¥Î´μ° ¶·μ¢μ¤¨³μ¸ÉÓÕ σ, ±μÉμ· Ö ´  ´ Î ²Ó´μ° ¸É ¤¨¨
· §²¥É  ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° ‘¶¨ÉÍ¥·  [3] ¸ ¶μ¶· ¢±μ° ´ 
¶ · ³¥É· § ³ £´¨Î¥´´μ¸É¨ •μ²²  Å Ω = ω‹/ν [4]:

σ ≈ 2 · 104θ3/2

{Λ[1 + Ω2]} [�³ ·³], (3)

£¤¥

ω‹ =
eBz(r, z, t)

m
(4)

Å ±·Ê£μ¢ Ö Î ¸ÉμÉ  ‹ ·³μ· ; e, m Å § ·Ö¤ ¨ ³ ¸¸  Ô²¥±É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ;

ν ≈ 2 · 10−12nΛθ−3/2 (5)

Å Î ¸ÉμÉ  Ô²¥±É·μ´-¨μ´´ÒÌ ¸Éμ²±´μ¢¥´¨° [3];

Λ ≈ ln (7,5 · 10−6θ3/2n−1/2) (6)
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Å ±Ê²μ´μ¢¸±¨° ²μ£ ·¨Ë³ [3]; θ ¨ n Å ¸μμÉ¢¥É¸É¢¥´´μ ´ Î ²Ó´ Ö É¥³¶¥· ÉÊ· , ¢Ò· ¦¥´-
´ Ö ¢ Ô‚, ¨ Ô²¥±É·μ´´ Ö ¶²μÉ´μ¸ÉÓ ² §¥·´μ° ¶² §³Ò, Ê¸·¥¤´¥´´Ò¥ ¶μ μ¡Ñ¥³Ê ¶² §³¥´´μ£μ
¸£Ê¸É± .

� Î ²Ó´μ¥ §´ Î¥´¨¥ Ô²¥±É·μ´´μ° ¶²μÉ´μ¸É¨ ¶² §³Ò ³μ¦´μ μÍ¥´¨ÉÓ, ¨¸¶μ²Ó§ÊÖ μ¶Ê-
¡²¨±μ¢ ´´μ¥ ¢ · ¡μÉ¥ [6] ¢Ò· ¦¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ ³ ¸¸μ¢ÊÕ ¶²μÉ´μ¸ÉÓ ² §¥·´μ° ¶² §³Ò g
¸ ¶μ³μÐÓÕ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö:

g = B(S, A, Z)W 1/3, (7)

£¤¥ B(S, A, Z) Å ´¥± Ö ËÊ´±Í¨Ö μÉ ¶²μÉ´μ¸É¨ S ¶ÖÉ´  Ëμ±Ê¸¨·μ¢±¨ ¨§²ÊÎ¥´¨Ö ´  ¶² §-
³μμ¡· §ÊÕÐÊÕ ³¨Ï¥´Ó, ¸·¥¤´¥°  Éμ³´μ° ³ ¸¸Ò A ¢¥Ð¥¸É¢  ³¨Ï¥´¨, ¶μ·Ö¤±μ¢μ£μ ´μ-
³¥·  Z Ô²¥³¥´É , ¸μ¸É ¢²ÖÕÐ¥£μ ¢¥Ð¥¸É¢μ ³¨Ï¥´¨. �¥·¥Ìμ¤Ö ¢ ÔÉμ³ ¢Ò· ¦¥´¨¨ μÉ
³μÐ´μ¸É¨ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö ± ¶²μÉ´μ¸É¨ ³μÐ´μ¸É¨,   μÉ ³ ¸¸μ¢μ° ¶²μÉ´μ¸É¨ ± Ô²¥±-
É·μ´´μ°, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¤²Ö ¸²ÊÎ Ö ¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  (CD2)n (´ ¨¡μ²¥¥
μ¶É¨³ ²Ó´Ò° ³ É¥·¨ ² ¶² §³μμ¡· §ÊÕÐ¥° ³¨Ï¥´¨) ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ´ Î ²Ó-
´μ° Ô²¥±É·μ´´μ° ¶²μÉ´μ¸É¨:

n ≈ 2 · 1019q1/3(ra)−1/6 ³−3. (8)

�Éμ ¢Ò· ¦¥´¨¥ Ê¸É ´ ¢²¨¢ ¥É § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´μ° ¶²μÉ´μ¸É¨ μÉ ¶²μÉ´μ¸É¨ ³μÐ-
´μ¸É¨ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö ¨ £¥μ³¥É·¨Î¥¸±¨Ì · §³¥·μ¢ ¶² §³¥´´μ£μ ¸£Ê¸É±  ¤²Ö ¤²¨´Ò
¢μ²´Ò ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö ∼ 1 ³±³.

‘·¥¤´ÕÕ ´ Î ²Ó´ÊÕ É¥³¶¥· ÉÊ·Ê ¶² §³Ò θ, ¨¸¶μ²Ó§ÊÖ ¤ ´´Ò¥, μ¶Ê¡²¨±μ¢ ´´Ò¥ ¢ · -
¡μÉ¥ [5], ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¶²μÉ´μ¸ÉÓ ³μÐ´μ¸É¨ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö q ´  ¶μ¢¥·Ì´μ-
¸É¨ ¶² §³μμ¡· §ÊÕÐ¥° ³¨Ï¥´¨. ‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ÔÉ  ¸¢Ö§Ó ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö
¸²¥¤ÊÕÐ¨³ ¶·¨¡²¨¦¥´´Ò³ ¢Ò· ¦¥´¨¥³:

θ ≈ 10−6(q)4/9 Ô‚. (9)

‘μ£² ¸´μ § ±μ´Ê �³  ¢ ¶² §³¥ ¢μ§¡Ê¦¤ ¥É¸Ö  §¨³ÊÉ ²Ó´Ò° Éμ± ¶²μÉ´μ¸ÉÓÕ j =
σEϕ(r, z). �·¨ ÔÉμ³ ´  ²Õ¡μ° Ô²¥³¥´É ¥¤¨´¨Î´μ£μ μ¡Ñ¥³  ¶² §³¥´´μ£μ ¸£Ê¸É±  ¢ ³μ³¥´É
¥£μ μ¡· §μ¢ ´¨Ö ¡Ê¤¥É ¤¥°¸É¢μ¢ ÉÓ ¶·μ¤μ²Ó´ Ö ¶μ´¤¥·μ³μÉμ·´ Ö ¸¨² 

Fz(r, z, t) = σEϕ(r, z, t)Br(r, z, t). (10)

�ËË¥±É ´ Î ²Ó´μ£μ Ê¸±μ·¥´¨Ö ¡μ²¥¥ ´ £²Ö¤´μ ³μ¦´μ μ¶¨¸ ÉÓ ¢ É¥·³¨´ Ì ¶μ²Ö Ê¸±μ-
·¥´¨°:

f(r, z) =
[σEϕ(r, z, t)Br(r, z, t)]

Mn
, (11)

£¤¥ M Å ³ ¸¸  ¤¥°É·μ´ .
�  μ¸´μ¢ ´¨¨ Ëμ·³Ê² (1)Ä(11) ¡Ò² · §· ¡μÉ ´  ²£μ·¨É³ · ¸Î¥É  ´ Î ²Ó´μ£μ ¶μ²Ö

Ê¸±μ·¥´¨° ¨ ¸μ¸É ¢²¥´  ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¶·μ£· ³³  ¤²Ö ¶¥·¸μ´ ²Ó´μ£μ ±μ³¶ÓÕÉ¥· . ‘
¨¸¶μ²Ó§μ¢ ´¨¥³ ÔÉμ° ¶·μ£· ³³Ò ¡Ò² ¶·μ¢¥¤¥´ Î¨¸²¥´´Ò° Ô±¸¶¥·¨³¥´É ¸ Í¥²ÓÕ ¢ÒÖ¸´¥-
´¨Ö μ¶É¨³ ²Ó´ÒÌ ¢·¥³¥´´ÒÌ ·¥¦¨³μ¢ Ê¸±μ·¥´¨Ö ¤¥°É·μ´μ¢,   É ±¦¥ §´ Î¥´¨° £¥μ³¥É·¨-
Î¥¸±¨Ì ¶ · ³¥É·μ¢ r ¨ z, ´¥μ¡Ìμ¤¨³ÒÌ ¤²Ö ¶μ¸É ´μ¢±¨ ·¥ ²Ó´μ£μ Ë¨§¨Î¥¸±μ£μ Ô±¸¶¥·¨-
³¥´É  ´  ¢ ±ÊÊ³´μ° Ê¸É ´μ¢±¥, ³μ¤¥²¨·ÊÕÐ¥° · ¸¸³ É·¨¢ ¥³Ò° ¶·μÍ¥¸¸ Ê¸±μ·¥´¨Ö.



�¡ Ê¸±μ·¥´¨¨ ¶μÉμ±  Î ¸É¨Í ² §¥·´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò 1013

‚ Î¨¸²¥´´μ³ Ô±¸¶¥·¨³¥´É¥ §´ Î¥´¨Ö ¶²μÉ´μ¸É¨ ¶μÉμ±  ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö · ¸¸³ -
É·¨¢ ²¨¸Ó ¢ ¤¨ ¶ §μ´¥ q = 1013−1015 ‚É/³2,   ¶ · ³¥É·Ò · §·Ö¤´μ£μ ±μ´ÉÊ·  ¢ ·Ó¨·μ¢ -
²¨¸Ó ¢ ¸²¥¤ÊÕÐ¨Ì ¶·¥¤¥² Ì: C = 10−7−10−6 ”, L = 10−8−5 · 10−7 ƒ´, U = 10−50 ±‚,
R = 10−2−1 �³. “± § ´´Ò¥ ¤¨ ¶ §μ´Ò ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢¶μ²´¥ ·¥ ²Ó´Ò³¨ ¤²Ö ¸μ§¤ -
´¨Ö ¤¥°¸É¢ÊÕÐ¥£μ ³ ²μ£ ¡ ·¨É´μ£μ Ê¸±μ·¨É¥²Ö ¶² §³Ò. �·¥¤¢ ·¨É¥²Ó´Ò¥  ´ ²¨É¨Î¥¸±¨¥
· ¸Î¥ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¨³ ¸μμÉ¢¥É¸É¢Ê¥É ¤¨ ¶ §μ´ ¨§³¥´¥´¨Ö ´ Î ²Ó´μ° ¸±μ·μ¸É¨ ´ -
· ¸É ´¨Ö ³ £´¨É´μ£μ ¶μ²Ö 106Ä108 ’²/¸ ¸ ¥£μ ³ ±¸¨³ ²Ó´μ°  ³¶²¨ÉÊ¤μ° ´¥¸±μ²Ó±μ É¥¸² .

�  ·¨¸. 2 ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¥¤¸É ¢²¥´Ò Ì · ±É¥·´Ò¥ § ¢¨¸¨³μ¸É¨ ´ Î ²Ó´μ£μ ¶μ²Ö
Ê¸±μ·¥´¨° μÉ ¶ · ³¥É·μ¢ r ¨ z, · ¸¸Î¨É ´´Ò¥ ¤²Ö ¸²¥¤ÊÕÐ¨Ì §´ Î¥´¨°: C = 10−6 ”,
L = 10−7 ƒ´, R = 0,1 �³, U = 20 ±‚, ρ = 0,005 ³, a = 5 · 10−4, q = 1013 ‚É/³2, ¶·¨
μ¶É¨³ ²Ó´μ³ ¢·¥³¥´¨ § ¤¥·¦±¨ t0.

�¨¸. 2. • · ±É¥·´Ò¥ § ¢¨¸¨³μ¸É¨ ´ Î ²Ó´μ£μ ¶μ²Ö Ê¸±μ·¥´¨° μÉ ¶ · ³¥É·μ¢ r ¨ z.  ) ‘¥³¥°¸É¢μ
§ ¢¨¸¨³μ¸É¥° ¶μ²Ö Ê¸±μ·¥´¨° f(r, z), z Å É¥±ÊÐ Ö ±μμ·¤¨´ É  (μ¸Ó  ¡¸Í¨¸¸), r Å ¶ · ³¥É·.

¡) ‘¥³¥°¸É¢μ § ¢¨¸¨³μ¸É¥° ¶μ²Ö Ê¸±μ·¥´¨° f(r, z), r Å É¥±ÊÐ Ö ±μμ·¤¨´ É  (μ¸Ó  ¡¸Í¨¸¸), z Å

¶ · ³¥É·

�´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ Î¨¸²¥´´μ£μ Ô±¸¶¥·¨³¥´É  ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò.
1. �¶É¨³ ²Ó´μ¥ ¢·¥³Ö § ¤¥·¦±¨ ³¥¦¤Ê ´ Î ² ³¨ Ô²¥±É·¨Î¥¸±μ£μ ¨ ² §¥·´μ£μ ¨³¶Ê²Ó-

¸μ¢ ¸μ¸É ¢²Ö¥É

t0 ≈ (LC)1/2

2
tg−1

[
2
R

(
L

C

)1/2
]

.

2. �¶É¨³ ²Ó´Ò° ·¥¦¨³ Ê¸±μ·¥´¨Ö ¤μ¸É¨£ ¥É¸Ö ¶·¨ Ëμ±Ê¸¨·μ¢±¥ ² §¥·´μ£μ ¨§²ÊÎ¥-
´¨Ö ´  ³¨Ï¥´Ó, · ¸¶μ²μ¦¥´´ÊÕ ´  · ¸¸ÉμÖ´¨¨ z ≈ 0,15ρ μÉ Í¥´É·  ±μ´ÉÊ·  ¸ Éμ±μ³
¢ ´ ¶· ¢²¥´¨¨ · §²¥É  ¶² §³Ò.

3. “¸±μ·¥´¨¥ Ë· £³¥´Éμ¢ ² §¥·´μ° ¶² §³Ò · ¸É¥É ³μ´μÉμ´´μ ¸ ·μ¸Éμ³ · ¤¨Ê¸  ±μ²ÓÍ 
Ëμ±Ê¸¨·μ¢±¨, ¤μ¸É¨£ Ö ³ ±¸¨³Ê³  ¶·¨ r ≈ 0,9ρ.

4. � Î ²Ê ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö ¸μμÉ¢¥É¸É¢Ê¥É ·μ¸É ¶·μ¤μ²Ó´μ° ¸±μ·μ¸É¨ ¤¢¨¦¥´¨Ö
¨μ´μ¢ ¶² §³Ò §  1 ´¸ ¡μ²¥¥ Î¥³ ¢ 2 · § .

5. “¸±μ·¥´¨¥ ³μ´μÉμ´´μ · ¸É¥É ¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  U2C1/2/L3/2. �·¨ ÔÉμ³
Ì · ±É¥· ·μ¸É  Ê¸±μ·¥´¨Ö ¡²¨§μ± ± ²¨´¥°´μ³Ê.
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6. �  ¶² §³¥´´Ò° ¸£Ê¸Éμ± ¤¥°¸É¢Ê¥É É ±¦¥ ¶μ²¥ ¶μ´¤¥·μ³μÉμ·´ÒÌ ¸¨², ´ ¶· ¢²¥´´ÒÌ
± μ¸¨ ¸¨³³¥É·¨¨ Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò. �μÔÉμ³Ê · ¤¨Ê¸ ¶² §³¥´´μ£μ ¸£Ê¸É±  Ê³¥´ÓÏ -
¥É¸Ö. ‚ ¶·μÍ¥¸¸¥ ¥£μ Ê³¥´ÓÏ¥´¨Ö §  Ì · ±É¥·´Ò¥ ¢·¥³¥´  10Ä100 ´¸ (¢ § ¢¨¸¨³μ¸É¨ μÉ
¶ · ³¥É·μ¢ ³ £´¨É´μ° ¸¨¸É¥³Ò) ·¥§±μ (¶· ±É¨Î¥¸±¨ ¤μ ´Ê²Ö) ¸¶ ¤ ¥É ¶·μ¤μ²Ó´ Ö Ê¸±μ-
·ÖÕÐ Ö ¸¨²  ¢ ·¥§Ê²ÓÉ É¥ ¸¶ ¤  · ¤¨ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ³ £´¨É´μ£μ ¶μ²Ö.

�  μ¸´μ¢ ´¨¨ É·¥Ì ¶μ¸²¥¤´¨Ì ¢Ò¢μ¤μ¢ ³μ¦´μ ¸¤¥² ÉÓ ¶·μ£´μ§ μ ¢μ§³μ¦´μ¸É¨ £¥-
´¥· Í¨¨ ´¥°É·μ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ² §¥·´μ° ¶² §³Ò, Ê¸±μ·¥´´μ° ¢ ´¥¸É Í¨μ´ ·´μ³
³ £´¨É´μ³ ¶μ²¥. �·¨ ÔÉμ³ ¢·¥³Ö ÔËË¥±É¨¢´μ£μ Ê¸±μ·¥´¨Ö ¡Ê¤¥É ¸μ¸É ¢²ÖÉÓ 10Ä100 ´¸.
‡  ÔÉμ ¢·¥³Ö ¶·μ¤μ²Ó´ Ö ¸±μ·μ¸ÉÓ Ë·μ´É  ¶² §³¥´´μ£μ μ¡· §μ¢ ´¨Ö ³μ¦¥É Ê¢¥²¨Î¨ÉÓ¸Ö
¸ ÊÎ¥Éμ³ ¸¶ ¤  · ¤¨ ²Ó´μ° ¸μ¸É ¢²ÖÕÐ¥° ³ £´¨É´μ£μ ¶μ²Ö ¨ Ô²¥±É·μ´´μ° ¶²μÉ´μ¸É¨
¶² §³Ò ¢ ·¥§Ê²ÓÉ É¥ ¥¥ · ¸Ï¨·¥´¨Ö ¨ ¶·μÉ¥± ´¨Ö ·¥±μ³¡¨´ Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¢ ´¥-
¸±μ²Ó±μ ¤¥¸ÖÉ±μ¢ · §. ’ ±¨³ μ¡· §μ³, ¥¸²¨ ¶·¨´ÖÉÓ ¤²Ö Ê± § ´´ÒÌ ¢ÒÏ¥ ¶ · ³¥É·μ¢
Ê¸±μ·ÖÕÐ¥° ¸¨¸É¥³Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¤ ´´Ò³¨ · ¡μÉÒ [8] §´ Î¥´¨¥ ´ Î ²Ó´μ° ¸±μ·μ¸É¨
· §¤¥²  ² §¥·´μ° ¶² §³Ò ∼ 105 ³/¸, Éμ ³μ¦´μ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥´¨Ö
¶² §³Ò ¡Ê¤ÊÉ ¶μ²ÊÎ¥´Ò ¤¥°É·μ´Ò ¸ Ô´¥·£¨¥° ¢ ´¥¸±μ²Ó±μ ¤¥¸ÖÉ±μ¢ ±¨²μÔ²¥±É·μ´¢μ²ÓÉ.
’ ±¨¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ¤¥°É·μ´μ¢ ¢¶μ²´¥ ¶·¨¥³²¥³Ò ¤²Ö £¥´¥· Í¨¨ ´¥°É·μ´μ¢ ´  É¢¥·-
¤μ° ³¨Ï¥´¨, ¸μ¤¥·¦ Ð¥° É·¨É¨°.
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