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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ ¢Ò¸μ±¨Ì É¥³¶¥· ÉÊ· ���, Œμ¸±¢ 

‚ μ¤´μ³¥·´μ° £¥μ³¥É·¨¨ ¨¸¸²¥¤Ê¥É¸Ö ¶·μÍ¥¸¸ Ëμ·³¨·μ¢ ´¨Ö ¨ Ê¸±μ·¥´¨Ö Ô²¥±É·μ´´ÒÌ ¸£Ê¸É-
±μ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¸ ³μ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¶·μ-
Ìμ¤ÖÐ¥£μ Î¥·¥§ ·¥§±ÊÕ £· ´¨ÍÊ ¶² §³Ò. �μ± § ´μ, ÎÉμ ¶·μÍ¥¸¸ § Ì¢ É  Ô²¥±É·μ´μ¢ ¢ Ê¸±μ·ÖÕÐ¥¥
±¨²Ó¢ É¥·´μ¥ ¶μ²¥ μ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¨¥° Ô²¥±É·μ´μ¢ ¨ ´μ¸¨É ¶μ·μ£μ¢Ò° Ì · ±É¥·. �·μ¢¥¤¥´μ
Î¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸  Ê¸±μ·¥´¨Ö § Ì¢ Î¥´´μ£μ ¸£Ê¸É± .

The formation and acceleration of an electron bunch produced due to electron self-injection into a
wake wave that is generated by a laser pulse propagating through a sharp boundary of semi-bounded
plasma is studied in one-dimensional geometry. It is shown that the process of electron trapping in the
accelerating wakeˇeld is determined by the energy of electrons and is of a threshold nature. Numerical
simulation of the acceleration process of the trapped bunch is carried out.

PACS: 52.38.Kd; 41.75.Jv
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�·μ¢¥¤¥´´Ò¥ ¢ ·Ö¤¥ ² ¡μ· Éμ·¨° Ê¸¶¥Ï´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ² §¥·´μ-¶² §³¥´´μ³Ê
Ê¸±μ·¥´¨Õ ¸£Ê¸É±μ¢ Ô²¥±É·μ´μ¢ (¸³., ´ ¶·¨³¥·, [1]) ¶·μ¤¥³μ´¸É·¨·μ¢ ²¨ Ê¸±μ·¥´¨¥ Ô²¥±-
É·μ´μ¢ ¤μ Ô´¥·£¨¨ ¢ ´¥¸±μ²Ó±μ ƒÔ‚ ´  ¤²¨´¥ ∼ 10 ¸³ ¨ ¶μ± § ²¨ ¶¥·¸¶¥±É¨¢Ò ¸μ§¤ ´¨Ö
´μ¢μ£μ ±² ¸¸  ³ ²μ£ ¡ ·¨É´ÒÌ ´¥¤μ·μ£¨Ì Ê¸±μ·¨É¥²¥° Ô²¥±É·μ´μ¢. �¸´μ¢´μ° § ¤ Î¥°
Ö¢²Ö¥É¸Ö Ê²ÊÎÏ¥´¨¥ ± Î¥¸É¢  ¸£Ê¸É±  Ê¸±μ·¥´´ÒÌ Ô²¥±É·μ´μ¢, ±μÉμ·μ¥ ¢ ¡μ²ÓÏμ° ¸É¥-
¶¥´¨ § ¢¨¸¨É μÉ ¸¶μ¸μ¡  ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ Ê¸±μ·ÖÕÐ¥¥ ±¨²Ó¢ É¥·´μ¥ ¶μ²¥ ² §¥·-
´μ£μ ¨³¶Ê²Ó¸ .

�¤¨´ ¨§ ¨´É¥´¸¨¢´μ ¨¸¸²¥¤Ê¥³ÒÌ ³¥Éμ¤μ¢ ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·´μ¥
¶μ²¥ Å ¢¢μ¤ Ô²¥±É·μ´μ¢ ¢ Ê¸±μ·ÖÕÐÊÕ ² §¥·´μ-¶² §³¥´´ÊÕ ¸¨¸É¥³Ê, μ¸´μ¢ ´´Ò° ´ 
Ö¢²¥´¨¨ ¸ ³μ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ² §¥·´μ£μ ¨³¶Ê²Ó¸  Î¥·¥§ ¶μ¶¥·¥Î-
´ÊÕ ´¥μ¤´μ·μ¤´μ¸ÉÓ ¶² §³Ò [2]. �¥·¸¶¥±É¨¢´Ò° ¸¶μ¸μ¡ ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¶² §³Ò
¸ ¢μ¸Ìμ¤ÖÐ¨³ £· ¤¨¥´Éμ³ ¥¥ ¶²μÉ´μ¸É¨ ¡Ò² ¶·¥¤²μ¦¥´ ¢ · ¡μÉ¥ [3], ¢ ±μÉμ·μ° ¶μ¸·¥¤-
¸É¢μ³ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ± § ´μ, ÎÉμ ¢ μ¶·¥¤¥²¥´´ÒÌ Ê¸²μ¢¨ÖÌ ¶· ±É¨Î¥¸±¨
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¢ μ¤´μ³¥·´μ° £¥μ³¥É·¨¨ ¢§ ¨³μ¤¥°¸É¢¨¥ ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¸ ¶² §³μ° ¢Ò§Ò¢ ¥É £¥´¥-
· Í¨Õ Ô²¥±É·μ´´ÒÌ ¸£Ê¸É±μ¢ ¢ ²μ± ²¨§μ¢ ´´μ° μ¡² ¸É¨ ¶·μ¸É· ´¸É¢  ¢¡²¨§¨ ¶¥·¥Ìμ¤ 
¥¥ ¶·μË¨²Ö ¶²μÉ´μ¸É¨ ´  ¶² Éμ. ’¥μ·¥É¨Î¥¸±¨°  ´ ²¨§ ÔÉμ£μ Ö¢²¥´¨Ö [4Ä6] ¶μ± § ², ÎÉμ
¤²Ö ¶· ±É¨Î¥¸±μ° ·¥ ²¨§ Í¨¨ ¤ ´´μ£μ ¸¶μ¸μ¡  ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ [3] ´¥μ¡Ìμ¤¨³ ² -
§¥·´Ò° ¨³¶Ê²Ó¸ μÎ¥´Ó ¡μ²ÓÏμ° ¨´É¥´¸¨¢´μ¸É¨ ¸ ¢¥²¨Î¨´μ° ¡¥§· §³¥·´μ£μ ¢¥±Éμ·´μ£μ
¶μÉ¥´Í¨ ²  a0 = |e|A0/mc2 ∼ 10. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ ¸Ìμ¤´ÒÌ Ê¸²μ¢¨ÖÌ  ´ ²μ£¨Î´Ò°
¶·μÍ¥¸¸ £¥´¥· Í¨¨ ¸£Ê¸É±μ¢ Ô²¥±É·μ´μ¢ É ±¦¥ ¨§ÊÎ ²¸Ö ¶μ¸·¥¤¸É¢μ³ Î¨¸²¥´´μ£μ ³μ¤¥-
²¨·μ¢ ´¨Ö ¢ · ¡μÉ¥ [7], ¢ ±μÉμ·μ° ¤²Ö ¸ ³μ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê
¶·¨ ¶·μÌμ¦¤¥´¨¨ ² §¥·´μ£μ ¨³¶Ê²Ó¸  Î¥·¥§ ·¥§±ÊÕ £· ´¨ÍÊ ¶² §³Ò ¨ ¶μ¸²¥¤ÊÕÐ¥£μ ¨Ì
§ Ì¢ É  ¨ Ê¸±μ·¥´¨Ö ¢ ´¥° ¡Ò²μ ¤μ¸É ÉμÎ´μ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥°  ³¶²¨ÉÊ¤Ò ² §¥·´μ£μ
¨³¶Ê²Ó¸  a0 ∼ 1.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢ÒÖ¸´ÖÕÉ¸Ö μ¸μ¡¥´´μ¸É¨ Ë¨§¨Î¥¸±μ£μ ³¥Ì ´¨§³  ¶·μÍ¥¸¸  £¥´¥-
· Í¨¨ ¸£Ê¸É±μ¢ Ô²¥±É·μ´μ¢ ¶·¨ μÉ´μ¸¨É¥²Ó´μ ´¨§±¨Ì ¨´É¥´¸¨¢´μ¸ÉÖÌ ² §¥·´μ£μ ¨³¶Ê²Ó¸ ,
μ¶·¥¤¥²ÖÕÉ¸Ö ´¥μ¡Ìμ¤¨³Ò¥ Ê¸²μ¢¨Ö ¨Ì ¸ ³μ¨´¦¥±Í¨¨ ¨ § Ì¢ É  ±¨²Ó¢ É¥·´μ° ¢μ²´μ° ¤²Ö
¶μ¸²¥¤ÊÕÐ¥£μ Ê¸±μ·¥´¨Ö.
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� ¸¸³μÉ·¨³ ¶μ²Êμ£· ´¨Î¥´´ÊÕ ¶² §³Ê ¨ ¨¸¶μ²Ó§Ê¥³ ¤²Ö ¥¥ μ¶¨¸ ´¨Ö ³μ¤¥²Ó Ìμ²μ¤-
´μ° ¶² §³Ò, ¢ ±μÉμ·μ° ¶μ¤¢¨¦´Ò³¨ Ö¢²ÖÕÉ¸Ö ²¨ÏÓ Ô²¥±É·μ´Ò,   ¨μ´Ò μ¡· §ÊÕÉ ´¥¶μ-
¤¢¨¦´Ò° μ¤´μ·μ¤´Ò° ¶μ²μ¦¨É¥²Ó´μ § ·Ö¦¥´´Ò° Ëμ´. �  £· ´¨ÍÊ ¶² §³Ò, ±μÉμ·ÊÕ ¤²Ö
¶·μ¸ÉμÉÒ ¡Ê¤¥³ ¸Î¨É ÉÓ ·¥§±μ°, ´μ·³ ²Ó´μ ± ¥¥ ¶μ¢¥·Ì´μ¸É¨ ¢¤μ²Ó μ¸¨ z, ´ Î ²μ ±μÉμ·μ°
¸μ¢¶ ¤ ¥É ¸ £· ´¨Í¥° ¶² §³Ò, ¶ ¤ ¥É ² §¥·´Ò° ¨³¶Ê²Ó¸, Î ¸ÉμÉ  ¢μ²´Ò ±μÉμ·μ£μ ³´μ£μ
¡μ²ÓÏ¥ ¶² §³¥´´μ° Î ¸ÉμÉÒ, É. ¥. ¶² §³  ¸Î¨É ¥É¸Ö · §·¥¦¥´´μ°.

‚ μ¤´μ³¥·´μ° £¥μ³¥É·¨¨ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö Ô²¥±É·μ´μ¢ ¶² §³Ò ¶μ¤ ¢μ§¤¥°¸É¢¨¥³
Í¨·±Ê²Ö·´μ-¶μ²Ö·¨§μ¢ ´´μ£μ ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¨³¥ÕÉ ¢¨¤
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£¤¥ A(z, t) Å  ³¶²¨ÉÊ¤  μ£¨¡ ÕÐ¥° ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨ ²  ² §¥·´μ£μ ¨³¶Ê²Ó¸ ; ϕ(z, t) Å
¸± ²Ö·´Ò° ¶μÉ¥´Í¨ ² ¶μ²Ö · §¤¥²¥´¨Ö § ·Ö¤μ¢; P ¨ u Å ¨³¶Ê²Ó¸ ¨ ¸±μ·μ¸ÉÓ Ô²¥±É·μ´ ;
− |e| ¨ m Å ¥£μ § ·Ö¤ ¨ ³ ¸¸ . �μ²¥ · §¤¥²¥´¨Ö § ·Ö¤μ¢ ¢μ§´¨± ¥É ¢¸²¥¤¸É¢¨¥ ¢μ§¤¥°-
¸É¢¨Ö ² §¥·´μ£μ ¨³¶Ê²Ó¸  ´  Ô²¥±É·μ´Ò, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·μ£μ Ô²¥±É·μ´ ¸³¥Ð ¥É¸Ö μÉ
¸¢μ¥£μ ¶¥·¢μ´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö · ¢´μ¢¥¸¨Ö z0. �μÔÉμ³Ê Ê· ¢´¥´¨Ö (1) ¤²Ö ¶μ²´μÉÒ
§ ³Ò± ÕÉ¸Ö Ê· ¢´¥´¨¥³ �Ê ¸¸μ´  d2ϕ/dz2 = 4π |e| (n − n0), £¤¥ n ¨ n0 Å ¶²μÉ´μ¸É¨
Ô²¥±É·μ´μ¢ ¨ ¨μ´´μ£μ Ëμ´ .

‘μ£² ¸´μ · ¡μÉ¥ [7] ¶·μË¨²Ó ² §¥·´μ£μ ¨³¶Ê²Ó¸  ³μ¦´μ ¸Î¨É ÉÓ ´¥¨§³¥´´Ò³, ¶μ-
ÔÉμ³Ê ¥£μ ¢μ§¤¥°¸É¢¨¥ ´  · §´Ò¥ Ô²¥±É·μ´Ò ¶² §³Ò μÉ²¨Î ¥É¸Ö ²¨ÏÓ ¸¤¢¨£μ³ ¶μ ¢·¥³¥´¨
Δz0/Vgr, £¤¥ Δz0 Å ¶¥·¢μ´ Î ²Ó´μ¥ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Ô²¥±É·μ´ ³¨ ¤μ ¢μ§¤¥°¸É¢¨Ö ² -
§¥·´μ£μ ¨³¶Ê²Ó¸ , Vgr Å ¥£μ £·Ê¶¶μ¢ Ö ¸±μ·μ¸ÉÓ. �μ § ¢¥·Ï¥´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ² -
§¥·´μ£μ ¨³¶Ê²Ó¸  ¸ Ô²¥±É·μ´μ³ ¤ ²Ó´¥°Ï¥¥ ¥£μ ¤¢¨¦¥´¨¥ ¢ μ¡² ¸É¨ z > 0 ¶·μ¨¸Ìμ¤¨É
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²¨ÏÓ ¶μ¤ ¤¥°¸É¢¨¥³ ¶μ²Ö · §¤¥²¥´¨Ö § ·Ö¤μ¢ ¢ ¶² §³¥ Ez , ¢¥²¨Î¨´  ±μÉμ·μ£μ ¶·¨ Ê¸²μ-
¢¨¨ ¸μÌ· ´¥´¨Ö ¶μ·Ö¤±  Ô²¥±É·μ´μ¢ § ¢¨¸¨É μÉ ¸³¥Ð¥´¨Ö Ô²¥±É·μ´  μÉ´μ¸¨É¥²Ó´μ ¥£μ
´ Î ²Ó´μ£μ ¶μ²μ¦¥´¨Ö z0 ¨ μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° Ez = 4π |e|n0(z − z0). ‚ ·¥§Ê²Ó-
É É¥ ± ¦¤Ò° ¨§ Ô²¥±É·μ´μ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·¥²ÖÉ¨¢¨¸É¸±¨° μ¸Í¨²²ÖÉμ· ¸ ¨´É¥£· ²μ³
Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö:

√
m2c4 + P 2c2 + 2πe2n0(z − z0)2 = Eos, (2)

£¤¥ Eos Å ¶μ²´ Ö Ô´¥·£¨Ö μ¸Í¨²²ÖÉμ· . ’ ±¨³ μ¡· §μ³, ¢μ§¤¥°¸É¢¨¥ ² §¥·´μ£μ ¨³¶Ê²Ó¸ 
´  ¶² §³Ê ¸¢μ¤¨É¸Ö ± ¢μ§¡Ê¦¤¥´¨Õ ¢ ´¥° ¸¨¸É¥³Ò ¶² §³¥´´ÒÌ μ¸Í¨²²ÖÉμ·μ¢ ¸ μ¤¨´ ±μ¢μ°
Ô´¥·£¨¥° Eos.

‘μμÉ´μÏ¥´¨¥ (2) ¸¶· ¢¥¤²¨¢μ ¤²Ö ²Õ¡μ£μ Ô²¥±É·μ´  ¶² §³Ò ¤μ É¥Ì ¶μ·, ¶μ±  μ´ ´¥
¢ÒÌμ¤¨É §  ¶·¥¤¥²Ò ¨μ´´μ£μ Ëμ´ , É. ¥. ´¥ ¶¥·¥¸¥± ¥É £· ´¨ÍÒ ´¥¢μ§³ÊÐ¥´´μ° ¶² §³Ò.
�·¨ ÔÉμ³ Ê¸²μ¢¨¨ É· ¥±Éμ·¨¨ μ¸Í¨²²ÖÉμ·´μ£μ ¤¢¨¦¥´¨Ö ¢¸¥Ì Ô²¥±É·μ´μ¢ ¶² §³Ò Ö¢²Ö-
ÕÉ¸Ö ¶μ¤μ¡´Ò³¨ ¸ ¶μ¸ÉμÖ´´Ò³ ¸¤¢¨£μ³ ¶μ Ë §¥ ³¥¦¤Ê ´¨³¨. ˆ´ Ö ¸¨ÉÊ Í¨Ö ¢μ§´¨± ¥É
¤²Ö Ô²¥±É·μ´μ¢, ±μ£¤  μ´¨ ¢ÒÌμ¤ÖÉ §  ¶·¥¤¥²Ò ¨μ´´μ£μ Ëμ´  ¢ μ¡² ¸ÉÓ ¢ ±ÊÊ³  z < 0.
‚ ÔÉμ° μ¡² ¸É¨ ¸¨² , ¢μ§¢· Ð ÕÐ Ö Ô²¥±É·μ´ μ¡· É´μ ± Í¥´É·Ê ¥£μ μ¸Í¨²²ÖÍ¨°, ¶·¨ ´¥-
¨§³¥´´μ³ ¶μ·Ö¤±¥ Ô²¥±É·μ´μ¢ Ê¦¥ ´¥ § ¢¨¸¨É μÉ ¥£μ ¸³¥Ð¥´¨Ö. �μÔÉμ³Ê ±μ£¥·¥´É´μ¸ÉÓ
É· ¥±Éμ·¨° Ô²¥±É·μ´μ¢, ¢μ§¢· Ð ÕÐ¨Ì¸Ö ¨§ ¢ ±ÊÊ³ , ± ± ³¥¦¤Ê ¸μ¡μ°, É ± ¨ ¸ Ô²¥±É·μ-
´ ³¨, ´¥ ¢ÒÌμ¤ÖÐ¨³¨ ¢ μ¡² ¸ÉÓ z < 0, ´ ·ÊÏ ¥É¸Ö, ÎÉμ ¶·¨¢μ¤¨É ± ¨Ì ¶¥·¥³¥Ï¨¢ ´¨Õ
¨ ¢ ¨Éμ£¥ ± ¸ ³μ¨´¦¥±Í¨¨ ¢ ±¨²Ó¢ É¥·´μ¥ ¶μ²¥ ² §¥·´μ£μ ¨³¶Ê²Ó¸ .
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—¨¸²¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸  ¸ ³μ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·´μ¥ ¶μ²¥
¶·μ¢μ¤¨²μ¸Ó ¤²Ö ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¸ μ£¨¡ ÕÐ¥°, § ¢¨¸¨³μ¸ÉÓ ±μÉμ·μ° μÉ ¢·¥³¥´¨
´  £· ´¨Í¥ ¶² §³Ò (z = 0) ¨³¥¥É ¢¨¤ a = a0 cos2 (t/τL) sign (πτL/2 − |t|), £¤¥ a0 =
|e|A0/mc2 = 0,827 Å ¡¥§· §³¥·´ Ö  ³¶²¨ÉÊ¤  ¢¥±Éμ·´μ£μ ¶μÉ¥´Í¨ ² , τL Å ¤²¨-
É¥²Ó´μ¸ÉÓ ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¥£μ ¤²¨É¥²Ó´μ¸É¨ ´  ¶μ²μ¢¨´¥ ¢Ò¸μÉÒ
τFWHM = 1,143 τL = 25 Ë¸. �·¨´ÖÉμ, ÎÉμ £·Ê¶¶μ¢ Ö ¸±μ·μ¸ÉÓ Vgr · ¸¶·μ¸É· ´¥´¨Ö ² §¥·-

´μ£μ ¨³¶Ê²Ó¸  ¢ ¶² §³¥ ¸μμÉ¢¥É¸É¢Ê¥É γ-Ë ±Éμ·Ê γph = 1/
√

1 − V 2
gr/c2 = 30. �²μÉ´μ¸ÉÓ

¶² §³Ò μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö k0/kp = γph, £¤¥ k0 Å ¢μ²´μ¢μ° ¢¥±Éμ· ¢Ò¸μ±μ-
Î ¸ÉμÉ´μ£μ § ¶μ²´¥´¨Ö ² §¥·´μ£μ ¨³¶Ê²Ó¸ , ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¤²¨´¥ ¢μ²´Ò λ0 = 1 ³±³,
kp =

√
4πe2n0/(mc2).

�  ·¨¸. 1,   ¶μ± § ´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ´μ¢ ´  Ë §μ¢μ° ¶²μ¸±μ¸É¨ z, P ¢ ÉμÉ ³μ-
³¥´É, ±μ£¤  ¶·¨ ¢μ§¢· Ð¥´¨¨ ¨Ì ¨§ ¢ ±ÊÊ³  ´ Î¨´ ¥É¸Ö ¶·μÍ¥¸¸ ¶¥·¥³¥Ï¨¢ ´¨Ö Ô²¥±É·μ-
´μ¢. �²¥±É·μ´Ò ´  Ë §μ¢μ° ¶²μ¸±μ¸É¨ z, P ¶μ± §Ò¢ ÕÉ¸Ö ÉμÎ± ³¨, ¶·¨Î¥³ Ô²¥±É·μ´Ò,
´¥ ¢Ò²¥É ¢Ï¨¥ ¢ ¢ ±ÊÊ³, ¸²¨²¨¸Ó ¢ Éμ²¸ÉÊÕ ¸¶²μÏ´ÊÕ ²¨´¨Õ. ‹ §¥·´Ò° ¨³¶Ê²Ó¸ ¶μ± § ´
ÏÉ·¨Ìμ¢μ° ²¨´¨¥°, ±¨²Ó¢ É¥·´Ò° ¶μÉ¥´Í¨ ² Å Éμ´±μ° ¸¶²μÏ´μ° ²¨´¨¥°.

�·μ¢¥¤¥´´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸  § Ì¢ É  Ô²¥±É·μ´μ¢ Ê¸±μ·ÖÕÐ¨³ ±¨²Ó¢ É¥·´Ò³
¶μ²¥³ ¶μ± § ²μ, ÎÉμ ¤ ´´Ò° ¶·μÍ¥¸¸ ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²Ö¥É¸Ö Ô´¥·£¨¥° μ¸Í¨²²ÖÍ¨° Ô²¥±-
É·μ´μ¢ Eos ¨ ¨³¥¥É ¶μ·μ£μ¢Ò° Ì · ±É¥·. „²Ö ¢ÒÖ¢²¥´¨Ö ¥£μ μ¸μ¡¥´´μ¸É¥° ¶·¨¢¥¤¥´´Ò¥
¢ÒÏ¥ ¶ · ³¥É·Ò ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¡Ò²¨ ¶μ¤μ¡· ´Ò É ±¨³ μ¡· §μ³, ÎÉμ¡Ò Ô´¥·£¨Ö
¢μ§¡Ê¦¤¥´´ÒÌ ¶² §³¥´´ÒÌ μ¸Í¨²²ÖÉμ·μ¢ ¡Ò²  · ¢´  ¶μ·μ£μ¢μ³Ê §´ Î¥´¨Õ Eos th, ¶·¨
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�¨¸. 1. � ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ´μ¢ ¶² §³Ò ´  Ë §μ¢μ° ¶²μ¸±μ¸É¨ z, P ¢ · §´Ò¥ ³μ³¥´ÉÒ ¢·¥³¥´¨.

 ) � Î ²μ ¶·μÍ¥¸¸  ¶¥·¥³¥Ï¨¢ ´¨Ö Ô²¥±É·μ´μ¢; ¡) ³μ³¥´É ¸ ³μ¨´¦¥±Í¨¨ Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·-

´μ¥ ¶μ²¥

±μÉμ·μ³ ¶·μ¨¸Ìμ¤¨É § Ì¢ É ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê Éμ²Ó±μ μ¤´μ£μ Ô²¥±É·μ´ . �ÉμÉ Ô²¥±-
É·μ´ ´  ·¨¸. 1, ¡ ¶μ± § ´ ¡μ²ÓÏ¨³ ±·Ê¦±μ³.

ˆ§ ·¨¸. 1,  , ¡ ´ £²Ö¤´μ ¢¨¤´μ, ÎÉμ ¨§-§  ´ ·ÊÏ¥´¨Ö ±μ£¥·¥´É´μ¸É¨ ±μ²¥¡ É¥²Ó´ÒÌ ¤¢¨-
¦¥´¨° Ô²¥±É·μ´μ¢ ¶·μ¨¸Ìμ¤¨É ¨Ì ¶¥·¥³¥Ï¨¢ ´¨¥ ¢¡²¨§¨ £· ´¨ÍÒ ¶² §³Ò ¢ ´¥±μÉμ·μ°
μ¡² ¸É¨, · §³¥· ±μÉμ·μ° ³´μ£μ ³¥´ÓÏ¥ ¤²¨´Ò ¶² §³¥´´μ° ¢μ²´Ò. �·¨ ÔÉμ³ Ô²¥±É·μ´Ò
¨§ ¢ ±ÊÊ³  ¶μ¤Ìμ¤ÖÉ ± μ¡² ¸É¨ ¶¥·¥³¥Ï¨¢ ´¨Ö ¸μ ¸±μ·μ¸ÉÓÕ, ¡²¨§±μ° ± ³ ±¸¨³ ²Ó´μ°
¢ ¶μ²μ¦¨É¥²Ó´μ³ ´ ¶· ¢²¥´¨¨ μ¸¨ z,   Ô²¥±É·μ´Ò ¨§ ¶² §³Ò Å ¸ ´ ¨¡μ²ÓÏ¥° ¸±μ·μ-
¸ÉÓÕ ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ´ ¶· ¢²¥´¨¨, É ± ÎÉμ μ± §Ò¢ ÕÉ¸Ö ¢ ¶·μÉ¨¢μË §¥ ± ´¥±μÉμ·μ°
Î ¸É¨ Ô²¥±É·μ´μ¢, ¶·¨²¥É¥¢Ï¨Ì ¨§ ¢ ±ÊÊ³ . ‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¶·μÉ¨¢μÉμ±  ¶·μ¨¸Ìμ¤¨É
¨´É¥´¸¨¢´μ¥ ¶¥·¥³¥Ï¨¢ ´¨¥ Ô²¥±É·μ´μ¢ ¨ ¨Ì ¸ ³μ¨´¦¥±Í¨Ö ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê, ±μ-
Éμ· Ö ³μ¦¥É § ¢¥·Ï¨ÉÓ¸Ö § Ì¢ Éμ³ Î ¸É¨ ¨´¦¥±É¨·μ¢ ´´ÒÌ Ô²¥±É·μ´μ¢ ¤²Ö ¤ ²Ó´¥°Ï¥£μ
Ê¸±μ·¥´¨Ö.

‚ ´ ¨¡μ²¥¥ ¢Ò£μ¤´ÒÌ Ê¸²μ¢¨ÖÌ ¤²Ö § Ì¢ É  ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê μ± §Ò¢ ¥É¸Ö ÉμÉ
Ô²¥±É·μ´, ±μÉμ·Ò° ¶·¨ ¸ ³μ¨´¦¥±Í¨¨ ¨³¥¥É ³ ±¸¨³ ²Ó´ÊÕ ¸±μ·μ¸ÉÓ, É. ¥. ´ Ìμ¤¨É¸Ö
¢¡²¨§¨ ¸¢μ¥£μ Í¥´É·  μ¸Í¨²²ÖÍ¨°, ¨ μ¤´μ¢·¥³¥´´μ ¶μ¶ ¤ ¥É ¢ Ë §Ê ±¨²Ó¢ É¥·´μ° ¢μ²´Ò,
¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ³ ±¸¨³Ê³Ê ¥¥ ¶μÉ¥´Í¨ ² . ‡ ³¥´¨¢ ´¥¸É Í¨μ´ ·´Ò° ±¨²Ó¢ É¥·´Ò° ¶μ-
É¥´Í¨ ² ¢ μ¡² ¸É¨ ¶¥·¥³¥Ï¨¢ ´¨Ö ´  ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¸É Í¨μ´ ·´Ò°, ¢μ§¡Ê¦¤ ¥³Ò°
¢ ¶² §³¥ ² §¥·´Ò³ ¨³¶Ê²Ó¸μ³ ¸ É¥³¨ ¦¥ Ì · ±É¥·¨¸É¨± ³¨, ³μ¦´μ μÍ¥´¨ÉÓ ¢¥²¨Î¨´Ê ¶μ-
·μ£μ¢μ° Ô´¥·£¨¨ ¶² §³¥´´ÒÌ μ¸Í¨²²ÖÉμ·μ¢ Eos th. „²Ö ¸É Í¨μ´ ·´μ£μ ¶μÉ¥´Í¨ ²  Ë § 
¥£μ ³ ±¸¨³Ê³  ´  ·¨¸. 1, ¡ ¶μ³¥Î¥´  ¢¥·É¨± ²Ó´μ° ÏÉ·¨Ìμ¢μ° ²¨´¨¥°.

�¥·¥¶ ¤ §´ Î¥´¨° ¶μÉ¥´Í¨ ²  ¢ ¸É Í¨μ´ ·´μ° ±¨²Ó¢ É¥·´μ° ¢μ²´¥ ¢Ò· ¦ ¥É¸Ö Î¥-

·¥§ Ô´¥·£¨Õ ¶² §³¥´´ÒÌ μ¸Í¨²²ÖÉμ·μ¢, ¥¥ μ¡· §ÊÕÐ¨Ì, |e|Δϕ/mc2 = 2
√

1 − γ−2
ph ×

×
√

E2
os/m2c4 − 1. �·¨ Ô´¥·£¨¨ ¨´¦¥±Í¨¨ Ô²¥±É·μ´  Einj = Eos ¥£μ § Ì¢ É ¢ ±¨²Ó-

¢ É¥·´ÊÕ ¢μ²´Ê ¢μ§³μ¦¥´ ¢ Éμ³ ¸²ÊÎ ¥, ¥¸²¨ ¢ μ¡² ¸É¨ Ë §Ò ³¨´¨³ ²Ó´μ£μ §´ Î¥´¨Ö
±¨²Ó¢ É¥·´μ£μ ¶μÉ¥´Í¨ ²  ¸±μ·μ¸ÉÓ Ô²¥±É·μ´  ¸· ¢´Ö¥É¸Ö ¸ Ë §μ¢μ° ¸±μ·μ¸ÉÓÕ ±¨²Ó-
¢ É¥·´μ° ¢μ²´Ò. �É¸Õ¤  ¶μ²ÊÎ ¥³ ¤²Ö μÍ¥´±¨ ¢¥²¨Î¨´Ò ¶μ·μ£μ¢μ° Ô´¥·£¨¨ ¶·μÍ¥¸¸ 
¸ ³μ¨´¦¥±Í¨¨ ¨ § Ì¢ É  Ô²¥±É·μ´μ¢ ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê Ëμ·³Ê²Ê, £· Ë¨± ±μÉμ·μ°
¢ § ¢¨¸¨³μ¸É¨ μÉ γph ¶μ± § ´ ´  ·¨¸. 2 ¢ ¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö:

Eos th = mc2
(
−γph +

√
72 (γ2

ph − 1)
) /

(8γ2
ph − 9). (3)
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ° Ô´¥·£¨¨

¶·μÍ¥¸¸  ¸ ³μ¨´¦¥±Í¨¨ ¨ § Ì¢ É  Ô²¥±É·μ-
´μ¢ ±¨²Ó¢ É¥·´μ° ¢μ²´μ° μÉ ¥¥ γ-Ë ±Éμ· .

Š¢ ¤· ÉÒ Å ³μ¤¥²¨·μ¢ ´¨¥; ¸¶²μÏ´ Ö ²¨-

´¨Ö Å μÍ¥´±  ¶μ Ëμ·³Ê²¥ (3)

�¨¸. 3. ˆ§³¥´¥´¨¥ ¢μ ¢·¥³¥´¨ ¢ ¶·μÍ¥¸¸¥ Ê¸±μ·¥-

´¨Ö ¤²¨´Ò Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  Lb rms (±·Ê¦±¨),
μÉ´μ¸¨É¥²Ó´μ£μ · §¡·μ¸  ¶μ Ô´¥·£¨¨ ³¥¦¤Ê Ô²¥±-

É·μ´ ³¨ ¢ ´¥³ ΔE/ 〈E〉 (·μ³¡Ò) ¨ ¨Ì ¸·¥¤´¥° Ô´¥·-

£¨¨ 〈E〉 (±¢ ¤· ÉÒ)

…¸²¨  ³¶²¨ÉÊ¤  ² §¥·´μ£μ ¨³¶Ê²Ó¸  É ±μ¢ , ÎÉμ Ô´¥·£¨Ö ¶² §³¥´´ÒÌ μ¸Í¨²²ÖÉμ·μ¢
¶·¥¢ÒÏ ¥É ¶μ·μ£μ¢ÊÕ, Éμ ¢ ±¨²Ó¢ É¥·´ÊÕ ¢μ²´Ê § Ì¢ ÉÒ¢ ¥É¸Ö ´¥ ¥¤¨´¨Î´Ò° Ô²¥±É·μ´,
  Ô²¥±É·μ´´Ò° ¸£Ê¸Éμ±, ±μÉμ·Ò° ¢ ¤ ²Ó´¥°Ï¥³ Ê¸±μ·Ö¥É¸Ö ¥¥ ±¨²Ó¢ É¥·´Ò³ ¶μÉ¥´Í¨ -
²μ³. �  ·¨¸. 3, ¢ ± Î¥¸É¢¥ ¶·¨³¥· , ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸ 
¸ ³μ¨´¦¥±Í¨¨, § Ì¢ É  ¨ Ê¸±μ·¥´¨Ö Ô²¥±É·μ´μ¢ ¶·¨ ¢μ§¤¥°¸É¢¨¨ ´  ¶² §³Ê ² §¥·´μ£μ
¨³¶Ê²Ó¸   ³¶²¨ÉÊ¤Ò a0 = 1,06, ±μÉμ·Ò° ¶·¨ γph = 30 ¢μ§¡Ê¦¤ ¥É ¢ ´¥° ¶² §³¥´´Ò¥
μ¸Í¨²²ÖÉμ·Ò ¸ Ô´¥·£¨¥° Eos = 1,16 mc2 > Eos th ≈ 1,072 mc2 ¨ £¥´¥·¨·Ê¥É ¤μ¸É ÉμÎ´μ
±μ·μÉ±¨° ¸£Ê¸Éμ± Ô²¥±É·μ´μ¢, ¶·¨£μ¤´Ò° ¤²Ö ³μ´μÔ´¥·£¥É¨Î¥¸±μ£μ Ê¸±μ·¥´¨Ö.

‡�Š‹�—…�ˆ…

� ¸¸³μÉ·¥´ Ë¨§¨Î¥¸±¨° ³¥Ì ´¨§³ £¥´¥· Í¨¨ ¸£Ê¸É±μ¢ Ô²¥±É·μ´μ¢ ² §¥·´Ò³ ¨³¶Ê²Ó-
¸μ³ Ê³¥·¥´´μ° ¨´É¥´¸¨¢´μ¸É¨ a0 ∼ 1, ¶·μÌμ¤ÖÐ¨³ Î¥·¥§ ·¥§±ÊÕ £· ´¨ÍÊ ¶² §³Ò. �μ± -
§ ´μ, ÎÉμ ¤ ´´μ¥ Ö¢²¥´¨¥ ³μ¦¥É μ¡¥¸¶¥Î¨ÉÓ ¨´¦¥±Í¨Õ Ô²¥±É·μ´μ¢ ¶² §³Ò ¢ ±¨²Ó¢ É¥·-
´ÊÕ ¢μ²´Ê ² §¥·´μ£μ ¨³¶Ê²Ó¸  ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨Ì § Ì¢ Éμ³ ¨ Ê¸±μ·¥´¨¥³ ¢ ´¥° ¢ ¢¨¤¥
±μ·μÉ±¨Ì Ô²¥±É·μ´´ÒÌ ¸£Ê¸É±μ¢ ¤²¨É¥²Ó´μ¸É¨ ∼ 10 Ë¸ ¤μ Ô´¥·£¨¨, ¡²¨§±μ° ± 1 ƒÔ‚,
¨ ¸ μÉ´μ¸¨É¥²Ó´Ò³ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·μ¸μ³ ¢ ´¥¸±μ²Ó±μ ¶·μÍ¥´Éμ¢.

ˆ¸¸²¥¤μ¢ ´¨¥ ¢Ò¶μ²´¥´μ §  ¸Î¥É £· ´É  �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ Ëμ´¤  (¶·μ¥±É
º14-50-00124).
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