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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ·Ö¤¥ ² ¡μ· Éμ·¨° ¸μ§¤ ÕÉ¸Ö ¨¸ÉμÎ´¨±¨ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ·¥´É-
£¥´μ¢¸±μ£μ ¨ £ ³³ -¨§²ÊÎ¥´¨Ö ´  μ¸´μ¢¥ ÔËË¥±É  μ¡· É´μ£μ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö (�Š�)
² §¥·´ÒÌ ËμÉμ´μ¢ ´  ¶ÊÎ±¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢. ‘μ¢·¥³¥´´Ò¥ É¥Ì´μ²μ£¨¨ ¶μ§¢μ²ÖÕÉ
μ¡¥¸¶¥Î¨ÉÓ É ±ÊÕ ±μ´Í¥´É· Í¨Õ Ô²¥±É·μ´μ¢ ¨ ËμÉμ´μ¢ ¢ ÉμÎ±¥ ¢¸É·¥Î¨, ¶·¨ ±μÉμ·μ° ´  ± ¦¤Ò°
¶¥·¢¨Î´Ò° Ô²¥±É·μ´ ¡Ê¤¥É ¶·¨Ìμ¤¨ÉÓ¸Ö ´¥¸±μ²Ó±μ ¨¸¶ÊÐ¥´´ÒÌ ¦¥¸É±¨Ì ËμÉμ´μ¢. ‚ μÉ²¨Î¨¥ μÉ
Ìμ·μÏμ ¨§¢¥¸É´μ£μ ´¥²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š�, ¢ ±μÉμ·μ³ ´ Î ²Ó´Ò° Ô²¥±É·μ´ ®¶μ£²μÐ ¥É¯ ´¥-
¸±μ²Ó±μ ² §¥·´ÒÌ ËμÉμ´μ¢ ¨ ¨¸¶Ê¸± ¥É μ¤¨´ ®¦¥¸É±¨°¯, · ¸¸³ É·¨¢ ¥³Ò° ¶·μÍ¥¸¸ ³μ¦¥É ¡ÒÉÓ
´ §¢ ´ ³´μ£μ±· É´Ò³ ¶·μÍ¥¸¸μ³ �Š�, Ì · ±É¥·¨§Ê¥³Ò³ ¸·¥¤´¨³ Î¨¸²μ³ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢.
‚ ¤ ´´μ° · ¡μÉ¥ ¶·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ Ì · ±É¥·¨¸É¨± ¶ÊÎ±  μ¡· É´μ · ¸¸¥Ö´´ÒÌ ±¢ ´Éμ¢
³¥Éμ¤μ³ Œμ´É¥-Š ·²μ ¨ ¶μ± § ´μ, ÎÉμ ¤ ¦¥ ¢ ¸²ÊÎ ¥ ¦¥¸É±μ° ±μ²²¨³ Í¨¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ Ëμ-
Éμ´´μ£μ ¶ÊÎ±  ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö ³μ¦¥É ÊÌÊ¤Ï ÉÓ¸Ö ¨§-§  ¢±² ¤  ¶·μÍ¥¸¸μ¢ ³´μ£μ-
±· É´μ£μ ¨¸¶Ê¸± ´¨Ö ËμÉμ´μ¢, ±μÉμ·Ò¥ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨ · §· ¡μÉ±¥ ´μ¢ÒÌ ¨¸ÉμÎ´¨±μ¢
¨§²ÊÎ¥´¨Ö ´  μ¸´μ¢¥ �Š�.

A few laboratories are developing monochromatic sources of X-rays and gamma quanta based
on Compton backscattering (CBS) process of laser photons by relativistic electrons. The modern
technologies can provide such a photon concentration in the interaction point where each electron can
emit a few hard photons. In contrast with the well-known nonlinear CBS process where an initial
electron ®absorbs¯ a few laser photons and emits one hard photon, the above-mentioned process may
be named as multiple CBS process and can be characterized by a mean number of emitted photons. In
this paper we developed an approach based on Monte Carlo technique allowing us to simulate spectral
distributions of photons emitted into a narrow collimator for linear CBS process and for nonlinear
one with taking into account multiplicity of collisions and showed that monochromaticity of radiation
is worsening due to multiple CBS process. For design and construction of new CBS sources there
should be foreseen such an effect.

PACS: 29.27.Fh; 41.60.-m
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�±μ²μ ¶μ²Ê¢¥±  ´ § ¤ ¢ · ¡μÉ Ì [1, 2] ¡Ò² ¶·¥¤²μ¦¥´ ³¥Éμ¤ ¶μ²ÊÎ¥´¨Ö
³μ´μÌ·μ³ É¨Î¥¸±¨Ì ¶ÊÎ±μ¢ £ ³³ -±¢ ´Éμ¢, μ¸´μ¢ ´´Ò° ´  ¶·μÍ¥¸¸¥ μ¡· É-
´μ£μ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö (�Š�) ² §¥·´ÒÌ ËμÉμ´μ¢ ´  ¶ÊÎ±¥ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢. ‚ 1980-Ì ££. ¶μ¤μ¡´Ò¥ ¶ÊÎ±¨ ´ Î ²¨ Ï¨·μ±μ ¨¸¶μ²Ó§μ-
¢ ÉÓ¸Ö ¢ ¨¸¸²¥¤μ¢ ´¨ÖÌ ËμÉμÖ¤¥·´ÒÌ ·¥ ±Í¨°. Œμ´μÌ·μ³ É¨Î¥¸±¨¥ ¶μ²Ö·¨§μ-
¢ ´´Ò¥ ¶ÊÎ±¨ γ-±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° � 102 ŒÔ‚ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ³¥Éμ¤μ³ �Š�
´  £¨£ Ô²¥±É·μ´¢μ²ÓÉ´ÒÌ Ô²¥±É·μ´´ÒÌ ¶ÊÎ± Ì ´ ±μ¶¨É¥²¥° [3Ä5]. ‚ ¶μ¸²¥¤-
´¨¥ £μ¤Ò ¶·μ£·¥¸¸ ² §¥·´ÒÌ É¥Ì´μ²μ£¨° ¨ Ê¸±μ·¨É¥²Ó´μ° É¥Ì´¨±¨ ¶μ§¢μ²¨²
¶·¨¸ÉÊ¶¨ÉÓ ± · §· ¡μÉ±¥ ¶·¨´Í¨¶¨ ²Ó´μ ´μ¢ÒÌ ¨´É¥´¸¨¢´ÒÌ ¨¸ÉμÎ´¨±μ¢ ³μ-
´μÌ·μ³ É¨Î¥¸±μ£μ ·¥´É£¥´μ¢¸±μ£μ [6Ä8] ¨ £ ³³ -¨§²ÊÎ¥´¨Ö [9] ¶·¨ · ¸¸¥Ö´¨¨
² §¥·´ÒÌ ËμÉμ´μ¢ ´  Ô²¥±É·μ´´ÒÌ ¶ÊÎ± Ì ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²¥° ¨ ·¥Í¨·±Ê-
²ÖÉμ·μ¢.

�¸´μ¢´μ¥ ¶·¥¨³ÊÐ¥¸É¢μ ¶μ²ÊÎ¥´¨Ö ·¥´É£¥´μ¢¸±μ£μ ¨ £ ³³ -¨§²ÊÎ¥´¨Ö Î¥-
·¥§ ³¥Ì ´¨§³ �Š� § ±²ÕÎ ¥É¸Ö ¢ ¢μ§³μ¦´μ¸É¨ ¸μ§¤ ´¨Ö ¶ÊÎ±  ³μ´μÌ·μ³ É¨-
Î¥¸±μ£μ ¨§²ÊÎ¥´¨Ö ¸ Ï¨·¨´μ° ²¨´¨¨ ³¥´¥¥ 1 % ¶·¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Ê£²μ¢μ°
±μ²²¨³ Í¨¨.

ˆ§ ±¨´¥³ É¨±¨ ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š�

p0 + k0 = p1 + k1

(pi, ki Å 4-¨³¶Ê²Ó¸Ò Ô²¥±É·μ´  ¨ ËμÉμ´ ; ¨´¤¥±¸Ò i = 0, 1 ¸μμÉ¢¥É¸É¢ÊÕÉ
´ Î ²Ó´μ³Ê ¨ ±μ´¥Î´μ³Ê ¸μ¸ÉμÖ´¨Ö³) ¸²¥¤Ê¥É, ÎÉμ ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ ¶ÊÎ± 
· ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ´  Ê·μ¢´¥ ∼ 1% ¤μ¸É¨£ ¥É¸Ö ¶·¨ ±μ²²¨³ Í¨¨ · ¸¸¥Ö´-
´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¨´É¥·¢ ² Ê£²μ¢, §´ Î¨É¥²Ó´μ ³¥´ÓÏ¨Ì γ−1

0 (γ0 Å ²μ·¥´Í-
Ë ±Éμ· ´ Î ²Ó´μ£μ Ô²¥±É·μ´ ). �·¨ É ±μ° ±μ²²¨³ Í¨¨ ¸ÊÐ¥¸É¢¥´´μ Ê³¥´Ó-
Ï ¥É¸Ö ¨´É¥´¸¨¢´μ¸ÉÓ ·¥´É£¥´μ¢¸±μ£μ (£ ³³ ) ¶ÊÎ± , ¨, ÎÉμ¡Ò ¤μ¸É¨ÎÓ ¨´É¥´-
¸¨¢´μ¸É¨, É·¥¡Ê¥³μ° ¤²Ö ¶·¨²μ¦¥´¨°, ´¥μ¡Ìμ¤¨³μ ²¨¡μ Ê¢¥²¨Î¨¢ ÉÓ ³μÐ-
´μ¸ÉÓ ² §¥·´μ° ¢¸¶ÒÏ±¨ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ±μ´Í¥´É· Í¨Õ ËμÉμ´μ¢ ¢ ÉμÎ±¥
¢¸É·¥Î¨ [10, 11], ²¨¡μ ¨¸¶μ²Ó§μ¢ ÉÓ Ô²¥±É·μ´´Ò° ¶ÊÎμ± ·¥Í¨·±Ê²ÖÉμ·  [12].
�¤´ ±μ ¥¸²¨ ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê Ô²¥±É·μ´ ¨¸¶ÒÉÒ-
¢ ¥É ´¥¸±μ²Ó±μ ¢§ ¨³μ¤¥°¸É¢¨°, É¥·ÖÖ Ô´¥·£¨Õ ¢ ± ¦¤μ³ ¨§ ´¨Ì, Éμ ¢ § ¤ ´-
´ÊÕ Ê£²μ¢ÊÕ  ¶¥·ÉÊ·Ê ¡Ê¤ÊÉ ¨¸¶Ê¸± ÉÓ¸Ö ËμÉμ´Ò ¸ ¡μ²¥¥ Ï¨·μ±¨³ ¸¶¥±É·μ³
Ô´¥·£¨°, ÎÉμ ¶·¨¢¥¤¥É ± ÊÏ¨·¥´¨Õ ¸¶¥±É· ²Ó´μ° ²¨´¨¨ ¨ ± ÊÌÊ¤Ï¥´¨Õ ³μ-
´μÌ·μ³ É¨Î´μ¸É¨.

�·μÍ¥¸¸ ³´μ£μ±· É´μ£μ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ£μ Ô²¥±-
É·μ´  ´  ² §¥·´ÒÌ ËμÉμ´ Ì Ö¢²Ö¥É¸Ö ¤¨¸±·¥É´Ò³ ¨ ´¥ μ¶¨¸Ò¢ ¥É¸Ö ¢ · ³± Ì
±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ¤¨´ ³¨±¨, ±μÉμ· Ö ´¥ ÊÎ¨ÉÒ¢ ¥É ±¢ ´Éμ¢Ò¥ ÔËË¥±ÉÒ
μÉ¤ Î¨. ‚ ·Ö¤¥ · ¡μÉ (¸³., ´ ¶·¨³¥·, [13] ¨ Í¨É¨·μ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê)
¶·μÍ¥¸¸ �Š� μ¶¨¸Ò¢ ¥É¸Ö ± ± ±² ¸¸¨Î¥¸±¨° ¶·μÍ¥¸¸ Éμ³¸μ´μ¢¸±μ£μ · ¸¸¥Ö-
´¨Ö, μ¤´ ±μ μ¡² ¸ÉÓ ¶·¨³¥´¨³μ¸É¨ ¤ ´´μ£μ ¶μ¤Ìμ¤  ´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²ÖÉÓ
¤²Ö ± ¦¤μ£μ ±μ´±·¥É´μ£μ ¸²ÊÎ Ö ¸ ÊÎ¥Éμ³ ¢±² ¤  ±· É´ÒÌ ¶·μÍ¥¸¸μ¢.
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—¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ ¶·¨ ¸Éμ²±´μ¢¥´¨¨ Ô²¥±É·μ´´ÒÌ ¨ ËμÉμ´´ÒÌ
¶ÊÎ±μ¢ (Î¨¸²μ ¢§ ¨³μ¤¥°¸É¢¨°) μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£· ²Ó´μ° ¸¢¥É¨³μ¸ÉÓÕ L ¨
¸¥Î¥´¨¥³ ¶·μÍ¥¸¸  σ:

Nph = Lσ. (1)

ˆ´É¥£· ²Ó´ Ö ¸¢¥É¨³μ¸ÉÓ L Ì · ±É¥·¨§Ê¥É ®¶¥·¥±·ÒÉ¨¥¯ ¢ ¶·μ¸É· ´¸É¢¥ ¨
¢μ ¢·¥³¥´¨ Ô²¥±É·μ´´μ£μ ¨ ² §¥·´μ£μ ¶ÊÎ±μ¢, ¨, ´ ¶·¨³¥·, ¤²Ö ®²μ¡μ¢μ£μ¯
¸Éμ²±´μ¢¥´¨Ö ² §¥·´μ£μ ¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±μ¢, ±μÉμ·Ò¥ · ¸¶·μ¸É· ´ÖÕÉ¸Ö
¢¤μ²Ó μ¸¨ z ¨ μ¶¨¸Ò¢ ÕÉ¸Ö £ Ê¸¸μ¢Ò³¨ · ¸¶·¥¤¥²¥´¨Ö³¨ ¸ Ë¨±¸¨·μ¢ ´´Ò³¨
¶ · ³¥É· ³¨ ¶μ ¢¸¥³ É·¥³ ±μμ·¤¨´ É ³, ¸¢¥É¨³μ¸ÉÓ L ¢ÒÎ¨¸²Ö¥É¸Ö  ´ ²¨É¨-
Î¥¸±¨ [14, 15] ¨ ´¥ § ¢¨¸¨É μÉ ¤²¨É¥²Ó´μ¸É¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¸£Ê¸É±μ¢:

L =
(1 + β0)NeNL

2π
√

σ2
Lx + σ2

ex

√
σ2

Ly + σ2
ey

, (2)

£¤¥ ¶ · ³¥É·Ò £ Ê¸¸¨ ´μ¢ σex, σey , σLx, σLy μ¶¨¸Ò¢ ÕÉ ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò
¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ (¨´¤¥±¸ L μÉ´μ¸¨É¸Ö ± ² §¥·´μ³Ê ¶ÊÎ±Ê, ¨´¤¥±¸ e Å
± Ô²¥±É·μ´´μ³Ê). ‚ Ëμ·³Ê²¥ (2) Î¥·¥§ β0c μ¡μ§´ Î¥´  ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ ¢
¸£Ê¸É±¥, Ne(NL) Å ¶μ²´μ¥ Î¨¸²μ Ô²¥±É·μ´μ¢ (ËμÉμ´μ¢) ¢ ¸£Ê¸É±¥.

‚ ¤ ´´μ° ¸É ÉÓ¥ ³Ò ¡Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ ®²μ¡μ¢μ¥¯ (head-on)
¸Éμ²±´μ¢¥´¨¥ Ô²¥±É·μ´´μ£μ ¨ ² §¥·´μ£μ ¶ÊÎ±μ¢.

‘·¥¤´¥¥ Î¨¸²μ ËμÉμ´μ¢, ¨¸¶Ê¸± ¥³ÒÌ ± ¦¤Ò³ Ô²¥±É·μ´μ³ k̄ ¶·¨ ¥£μ ¶·μ-
Ìμ¦¤¥´¨¨ Î¥·¥§ ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê (¶·¨ Ê¸²μ¢¨¨ ¶μ¸ÉμÖ´¸É¢  ¸¥Î¥´¨Ö σ),
μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö (1):

k̄ =
Nph

Ne
=

Lσ

Ne
. (3)

‚¥²¨Î¨´ , μ¶·¥¤¥²Ö¥³ Ö Ëμ·³Ê²μ° (3), ¢ · ¡μÉ¥ [16] ´ §Ò¢ ¥É¸Ö ®±μÔË-
Ë¨Í¨¥´Éμ³ ±μ´¢¥·¸¨¨¯ (conversion coefˇcient), ¢ · ¡μÉ¥ [13] Å ®±¢ ´Éμ¢μ°
ÔËË¥±É¨¢´μ¸ÉÓÕ¯ (quantum efˇciency).

‘ ´ Ï¥° ÉμÎ±¨ §·¥´¨Ö, É¥·³¨´ ®¸·¥¤´¥¥ Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ±¢ ´Éμ¢¯
Ö¢²Ö¥É¸Ö ¡μ²¥¥ ÉμÎ´Ò³, ¶μ¸±μ²Ó±Ê μ´ ¶μ¤Î¥·±¨¢ ¥É ÉμÉ Ë ±É, ÎÉμ ¤ ´´Ò°
¶·μÍ¥¸¸ Ö¢²Ö¥É¸Ö ¸ÉμÌ ¸É¨Î¥¸±¨³, ¨ Ô²¥±É·μ´ ³μ¦¥É ¨¸¶Ê¸± ÉÓ · §²¨Î´μ¥ Î¨-
¸²μ ËμÉμ´μ¢ (k = 0, 1, 2, . . .), ¨¸¶ÒÉÒ¢ Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ ´¥¸±μ²Ó±μ ¸Éμ²±-
´μ¢¥´¨° ¸ ² §¥·´Ò³¨ ËμÉμ´ ³¨.

„²Ö ¶·μ¸É¥°Ï¥£μ ¸²ÊÎ Ö  §¨³ÊÉ ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ ¶ÊÎ±μ¢ (σ2
Lx = σ2

Ly =
ρ2

L/2; σ2
ex = σ2

ey = ρ2
e/2; ρL, ρe Å · ¤¨Ê¸Ò ² §¥·´μ£μ ¨ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢

¢ ÉμÎ±¥ ¢¸É·¥Î¨) ¶·¨ Ê¸²μ¢¨¨ ρ2
e � ρ2

L ¨§ Ëμ·³Ê² (1)Ä(3) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ

k̄ ≈ 2NLσ

πρ2
L

= 2n0σ�L, (4)

£¤¥ �L ∼ cτL Å ÔËË¥±É¨¢´ Ö ¤²¨´  ² §¥·´μ£μ ¸£Ê¸É± ; n0 Å ±μ´Í¥´É· Í¨Ö
² §¥·´ÒÌ ËμÉμ´μ¢ ¢ μ¡² ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚μμ¡Ð¥ £μ¢μ·Ö, ±μ´Í¥´É· Í¨Ö
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n0 Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ±μμ·¤¨´ É ¨ ¢·¥³¥´¨, μ¤´ ±μ ¤²Ö Ê¶·μÐ¥´¨Ö ¢ÒÎ¨¸²¥-
´¨° ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ¶μ² £ ÉÓ

n0 =
A

�ω0

1
πρ2

L�L
= const,

£¤¥ A Å Ô´¥·£¨Ö ¢¸¶ÒÏ±¨; �ω0 Å Ô´¥·£¨Ö ² §¥·´μ£μ ËμÉμ´ . ‚Ò· §¨¢ ±μ´-
Í¥´É· Í¨Õ ËμÉμ´μ¢ Î¥·¥§ ¶μÉμ± ² §¥·´μ° ³μÐ´μ¸É¨ n0 = I0/�ω0 · c ¨ ¶μ¤-
¸É ¢¨¢ ¶μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥ ¢ (4), ¶μ²ÊÎ¨³

k̄ = 2
I0τLσ

�ω0
. (5)

Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, Ëμ·³Ê²  (5) ¶μ²ÊÎ¥´  ¢ ¤μ¸É ÉμÎ´μ £·Ê¡μ³ ¶·¨-
¡²¨¦¥´¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¸Éμ²±´μ¢¥´¨Õ ¶ÊÎ±μ¢, Ì · ±É¥·´Ò¥ · §³¥·Ò ±μ-
Éμ·ÒÌ μ¸É ÕÉ¸Ö ¶μ¸ÉμÖ´´Ò³¨ ¢ ¶·μ¸É· ´¸É¢¥ ¨ ¢μ ¢·¥³¥´¨. ‚ ·¥ ²Ó´ÒÌ Ô±¸-
¶¥·¨³¥´É Ì ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò ² §¥·´μ£μ ¶ÊÎ±  μ¶·¥¤¥²ÖÕÉ¸Ö ·Ô²¥¥¢¸±μ°
¤²¨´μ°,   Ô²¥±É·μ´´μ£μ ¶ÊÎ±  Å ¶μ¶¥·¥Î´Ò³ Ô³¨ÉÉ ´¸μ³ ¨ ¡¥É -ËÊ´±Í¨¥°
Ê¸±μ·¨É¥²Ö. “Î¥É ·¥ ²Ó´ÒÌ ¶μ¶¥·¥Î´ÒÌ ¨ ¶·μ¤μ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ¶ÊÎ-
±μ¢ (3D-· ¸¸³μÉ·¥´¨¥) ¡Ò² ¢Ò¶μ²´¥´ ¢ · ¡μÉ¥ [13]. �¢Éμ·Ò ÔÉμ° · ¡μÉÒ
¶μ²ÊÎ¨²¨ ¢Ò· ¦¥´¨Ö, ÊÎ¨ÉÒ¢ ÕÐ¨¥ Ô¢μ²ÕÍ¨Õ ¶μ¶¥·¥Î´ÒÌ · ¸¶·¥¤¥²¥´¨°
² §¥·´μ£μ ¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±μ¢ ¶μ ³¥·¥ ¨Ì ¶·μÌμ¦¤¥´¨Ö Î¥·¥§ μ¡² ¸ÉÓ
¢§ ¨³μ¤¥°¸É¢¨Ö. �Í¥´±  ¢¥²¨Î¨´Ò k̄ ¤²Ö ·¥ ²Ó´ÒÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢
¶μ Ëμ·³Ê² ³ (16), (17) · ¡μÉÒ [13] ¶·¨¢μ¤¨É ± ·¥§Ê²ÓÉ ÉÊ, ±μÉμ·Ò°, ± ± ¨
μ¦¨¤ ²μ¸Ó, ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ μÍ¥´±¨ (5) (¢ ´¥¸±μ²Ó±μ · §).

’μ²Ð¨´Ê ®¸¢¥Éμ¢μ°¯ ³¨Ï¥´¨ ¡Ê¤¥³ ¢Ò· ¦ ÉÓ ¢ ¤²¨´ Ì ¸¢μ¡μ¤´μ£μ ¶·μ-
¡¥£  ³¥¦¤Ê ¸Éμ²±´μ¢¥´¨Ö³¨ Ô²¥±É·μ´  ¸ ËμÉμ´ ³¨ ¢ ¶·¨¡²¨¦¥´¨¨ ´Ê²¥¢μ°
Ô´¥·£¨¨ Ô²¥±É·μ´  (É ± ´ §Ò¢ ¥³ Ö Éμ³¸μ´μ¢¸± Ö ¤²¨´ )

�T =
1

2n0σT
, (6)

±μÉμ· Ö ´¥ § ¢¨¸¨É μÉ Ô´¥·£¨¨ Ô²¥±É·μ´ , σT = (8/3)πr2
0. ’μ£¤  ¢ ± Î¥¸É¢¥

£·Ê¡μ° μÍ¥´±¨ Î¨¸²  ¸Éμ²±´μ¢¥´¨°, ¸¶· ¢¥¤²¨¢μ° ¤²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸ 
�Š� ¶·¨ x0 � 1, ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ëμ·³Ê²Ê

k̄ ∼ kT =
�L

�T
.

‚ 2008 £. ´ Î ² ¸Ó ·¥ ²¨§ Í¨Ö ¶·μ¥±É  ELI-NP, μ¤´μ° ¨§ μ¸´μ¢´ÒÌ Í¥²¥°
±μÉμ·μ£μ Ö¢²Ö¥É¸Ö ¸μ§¤ ´¨¥ ³μ´μÌ·μ³ É¨Î¥¸±μ£μ ¨¸ÉμÎ´¨±  £ ³³ -±¢ ´Éμ¢ ¸
Ô´¥·£¨¥° � 10 ŒÔ‚ ¨ ³μ´μÌ·μ³ É¨Î´μ¸ÉÓÕ ²ÊÎÏ¥ 0,2 % ¤²Ö ¨¸¸²¥¤μ¢ ´¨°
¶μ ËμÉμÖ¤¥·´μ° Ë¨§¨±¥. ‚ ÔÉμ³ ¶·μ¥±É¥ ¶² ´¨·Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μÍ¥¸¸
±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ËμÉμ´μ¢ ¶¥É ¢ ÉÉ´μ£μ ² §¥·  ´  ¶ÊÎ±¥ Ô²¥±É·μ´μ¢
¸ Ô´¥·£¨¥° ∼ 720 ŒÔ‚ [17]. �μ μÍ¥´± ³ [18] ¢ÒÌμ¤ £ ³³ -±¢ ´Éμ¢ ³μ¦¥É
¤μ¸É¨£ ÉÓ ¢¥²¨Î¨´Ò Nph ∼ 7 · 109 ¶·¨ · ¸¸¥Ö´¨¨ ² §¥·´μ° ¢¸¶ÒÏ±¨ ¸ ¤²¨-
É¥²Ó´μ¸ÉÓÕ ∼ 10−11 ¸, Ô´¥·£¨¥° A = 5 „¦ ¨ · ¤¨Ê¸μ³ Ëμ±Ê¸  ρL = 10 ³±³



‘’�’ˆ‘’ˆ—…‘Š�… Œ�„…‹ˆ��‚��ˆ… ���–…‘‘� 1807

(I0 ∼ 1017 ‚É/¸³2) ´  ¸£Ê¸É±¥ Ô²¥±É·μ´μ¢ ¸ § ·Ö¤μ³ 1 ´Š² (Î¨¸²μ Ô²¥±É·μ´μ¢ ¢
¸£Ê¸É±¥ ¨²¨ § ¸¥²¥´´μ¸ÉÓ Ne = 6,25 · 109). „²Ö ¶ÊÎ±μ¢ ¸ Ê± § ´´Ò³¨ Ì · ±É¥-
·¨¸É¨± ³¨ ¸·¥¤´¥¥ Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ ¤μ¸É¨£ ¥É ¢¥²¨Î¨´Ò k̄ = 1,12,
Éμ£¤  ± ± μÍ¥´±  (5) ¤ ¥É k̄ ∼ 5,6. ’ ±¨³ μ¡· §μ³, ÊÎ¥É 3D-£¥μ³¥É·¨¨ ¸É ²-
±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ ³μ¦¥É ¡ÒÉÓ ¢±²ÕÎ¥´ ¢¢¥¤¥´¨¥³ ¢ Ëμ·³Ê²Ê (5) ¤μ¶μ²-
´¨É¥²Ó´μ£μ ±μÔËË¨Í¨¥´É  S < 1 (¢ Î ¸É´μ¸É¨, ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥
S = 0,2).

‚ ¸É ÉÓ¥ [19] · ¸¸³ É·¨¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ £¥´¥· Í¨¨ £ ³³ -±¢ ´Éμ¢ ¶·¨
· ¸¸¥Ö´¨¨ ² §¥·´ÒÌ ËμÉμ´μ¢ ´  ¶ÊÎ±¥ Ô²¥±É·μ´μ¢ ¸ Ô´¥·£¨¥° 1 ƒÔ‚. „²Ö
² §¥·´μ° ¢¸¶ÒÏ±¨ ¸ Ô´¥·£¨¥° A = 4 „¦, ¤²¨É¥²Ó´μ¸ÉÓÕ 25 Ë¸ ¨ · ¤¨Ê¸μ³
Ëμ±Ê¸  ρL = 4 ³±³  ¢Éμ·Ò μÍ¥´¨²¨ ¢ÒÌμ¤ £ ³³ -±¢ ´Éμ¢ Nph = 7,3 · 109

¤²Ö Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  ¸ § ·Ö¤μ³ 1 ´Š², ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¸·¥¤´¥³Ê Î¨¸²Ê
¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ k̄ = 1,17.

‘¥Î¥´¨¥ ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� ³¥¤²¥´´μ (²μ£ ·¨Ë³¨Î¥¸±¨) · ¸É¥É ¸
Ê¡Ò¢ ´¨¥³ Ô´¥·£¨¨ Ô²¥±É·μ´ , ¶μÔÉμ³Ê ¢ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  ¨§³¥´¥´¨¥³ ¸¥-
Î¥´¨Ö ³μ¦´μ ¶·¥´¥¡·¥ÎÓ (¢ ÔÉμ³ ¸²ÊÎ ¥ ¶·μÍ¥¸¸ �Š� ³μ¦´μ μ¶¨¸Ò¢ ÉÓ ¢
É¥·³¨´ Ì Éμ³¸μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö [13]), ¢¥·μÖÉ´μ¸ÉÓ ¨¸¶Ê¸± ´¨Ö k ËμÉμ´μ¢
(k = 0, 1, 2, . . .) μ¶¨¸Ò¢ ¥É¸Ö · ¸¶·¥¤¥²¥´¨¥³ �Ê ¸¸μ´ , ¥¤¨´¸É¢¥´´Ò° ¶ · -
³¥É· ±μÉμ·μ£μ · ¢¥´ k̄ [20, 21]. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¨ k̄ = 1 ¤μ²Ö Ô²¥±É·μ´μ¢,
¶·μÏ¥¤Ï¨Ì Î¥·¥§ ² §¥·´ÊÕ ³¨Ï¥´Ó ¡¥§ ¸Éμ²±´μ¢¥´¨°, ¨ ¢¥·μÖÉ´μ¸ÉÓ μ¤´μ£μ
¸Éμ²±´μ¢¥´¨Ö · ¢´Ò 0,368, Éμ£¤  ± ± ¤μ²Ö Ô²¥±É·μ´μ¢, ¨¸¶ÒÉ ¢Ï¨Ì ¡μ²¥¥ μ¤-
´μ£μ · ¸¸¥Ö´¨Ö, 0,264. ˆ§³¥´¥´¨¥ Ô´¥·£¨¨ Ô²¥±É·μ´  ¢¤μ²Ó É· ¥±Éμ·¨¨ § 
¸Î¥É ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö ¶·¨¢¥¤¥É ± ¨§³¥´¥´¨Õ ¸¶¥±É·  ¨¸¶ÊÐ¥´´ÒÌ
±¢ ´Éμ¢.

�·¨ Ê¢¥²¨Î¥´¨¨ ³μÐ´μ¸É¨ ² §¥·´μ° ¢¸¶ÒÏ±¨ ¶·μÍ¥¸¸ �Š� ³μ¦¥É ¸É ÉÓ
´¥²¨´¥°´Ò³, ÎÉμ ¶·¨¢¥¤¥É ± ¶μÖ¢²¥´¨Õ ¢ ¸¶¥±É·¥ ¨§²ÊÎ¥´¨Ö ¢Ò¸Ï¨Ì £ ·³μ-
´¨± ¨ ´¥±μÉμ·μ³Ê Ê³¥´ÓÏ¥´¨Õ ¨´É¥´¸¨¢´μ¸É¨ ¶¥·¢μ° £ ·³μ´¨±¨.

ˆ§¢¥¸É´μ, ÎÉμ ¢ ´¥²¨´¥°´μ³ ¶·μÍ¥¸¸¥ �Š�

p0 + nk0 = p1 + k1

Î¨¸²μ ®¶μ£²μÐ¥´´ÒÌ¯ ËμÉμ´μ¢ n ¢ ± ¦¤μ³  ±É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ¸²Ê-
Î °´μ° ¢¥²¨Î¨´μ° ¸μ ¸¢μ¨³ § ±μ´μ³ · ¸¶·¥¤¥²¥´¨Ö, ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É¸Ö
´ ¶·Ö¦¥´´μ¸ÉÓÕ ¶μ²Ö (¶ · ³¥É·μ³ ´¥²¨´¥°´μ¸É¨ ¶·μÍ¥¸¸  a0) ¨ ´ Î ²Ó´μ°
Ô´¥·£¨¥° ËμÉμ´  ¨ Ô²¥±É·μ´  (±¨´¥³ É¨±μ° ¶·μÍ¥¸¸ ). ‚±² ¤ ®¢Ò¸Ï¨Ì¯ £ ·-
³μ´¨± (n � 2) ¢ ¸¶¥±É· ¨§²ÊÎ¥´¨Ö ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ¤μ¶μ²´¨É¥²Ó´Ò³ ³ ±-
¸¨³Ê³ ³ ¢ ¦¥¸É±μ° Î ¸É¨ ¸¶¥±É· , ÎÉμ ÊÌÊ¤Ï¨É Ëμ´μ¢Ò¥ Ê¸²μ¢¨Ö ¶·¨ · ¡μÉ¥
¸ ³μ´μÌ·μ³ É¨Î¥¸±¨³ ¶ÊÎ±μ³.

� · ³¥É· a0, Ì · ±É¥·¨§ÊÕÐ¨° ´ ¶·Ö¦¥´´μ¸ÉÓ ¶μ²Ö ¢ ² §¥·´μ° ¢¸¶ÒÏ±¥
(¶ · ³¥É· ´¥²¨´¥°´μ¸É¨), ¢ ´ ¸ÉμÖÐ¥° ¸É ÉÓ¥ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· -
§μ³ [26]:

a2
0 = 2

( e

mc2

)2

〈AμAμ〉,



1808 ��’›‹ˆ–›� �.�., Š�‹œ—“†Šˆ� �.Œ.

£¤¥ Aμ Å 4-¢¥±Éμ· ±² ¸¸¨Î¥¸±μ£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö, μ¶¨¸Ò¢ ÕÐ¥£μ
² §¥·´ÊÕ ¢¸¶ÒÏ±Ê, μ¸É ²Ó´Ò¥ μ¡μ§´ Î¥´¨Ö ¸É ´¤ ·É´Ò¥. �·¨ ±¢ ´Éμ¢μ³ · ¸-
¸³μÉ·¥´¨¨ ÔÉμÉ ¶ · ³¥É· μ¶·¥¤¥²Ö¥É¸Ö Î¥·¥§ ±μ´Í¥´É· Í¨Õ ËμÉμ´μ¢ n0 ¢
² §¥·´μ° ¢¸¶ÒÏ±¥:

a2
0 = 4αλ̄2

eλ0n0 =
2α

πc

�

m2c3
I0λ

0
2. (7)

‚ ¢Ò· ¦¥´¨¨ (7) α =
e2

�c
=

1
137

Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò; λe =

�/mc Å ±μ³¶Éμ´μ¢¸± Ö ¤²¨´  ¢μ²´Ò Ô²¥±É·μ´ ; λ0 Å ¤²¨´  ¢μ²´Ò ËμÉμ´μ¢
² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö; I0 Å ³μÐ´μ¸ÉÓ ´  ¥¤¨´¨ÍÊ ¶²μÐ ¤¨ Ëμ±Ê¸´μ£μ ¶ÖÉ´ .

„²Ö μÍ¥´±¨ ¶ · ³¥É·  a0 Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ®¨´¦¥´¥·´ Ö¯ Ëμ·³Ê²  [26]:

a0 = 0,85 · 10−9λ0 [³±³] · I1/2
0 [‚É/c³2].

�É³¥É¨³, ÎÉμ ¢ ²¨É¥· ÉÊ·¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ¢¥²¨Î¨´  ξ2 = a2
0/2

(¸³., ´ ¶·¨³¥·, [25]).
„²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š�, ¢Ò· §¨¢ ¢¥²¨Î¨´Ê I0 Î¥·¥§ ¶ · ³¥É· a0 ¨§

Ëμ·³Ê²Ò (7) ¨ ¶μ¤¸É ¢¨¢ ¶μ²ÊÎ¥´´μ¥ ¢Ò· ¦¥´¨¥ ¢ (5), ¶μ²ÊÎ¨³

k̄ =
4
3
απa2

0N0, (8)

£¤¥ N0 = cτL/λ0 Å Î¨¸²μ ¶¥·¨μ¤μ¢ ¢ ² §¥·´μ° ¢¸¶ÒÏ±¥. �·¨ ¢Ò¢μ¤¥ Ëμ·-
³Ê²Ò (8) ¨¸¶μ²Ó§μ¢ ²μ¸Ó ±² ¸¸¨Î¥¸±μ¥ Éμ³¸μ´μ¢¸±μ¥ ¸¥Î¥´¨¥ σT = (8/3)πr2

0 ,
r0 = αλe.

”μ·³Ê²  (8) μÉ²¨Î ¥É¸Ö ³´μ¦¨É¥²¥³ 2 μÉ ¸É ´¤ ·É´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö
Î¨¸²  ËμÉμ´μ¢, ¨¸¶Ê¸± ¥³ÒÌ ¢ μ´¤Ê²ÖÉμ·¥ ¤²¨´μ° N0λu (λu Å ¶¥·¨μ¤ μ´-
¤Ê²ÖÉμ· ). �Éμ μ¡ÑÖ¸´Ö¥É¸Ö É ± ´ §Ò¢ ¥³Ò³ Ê¤¢μ¥´¨¥³ Î ¸ÉμÉÒ ±μ²¥¡ ´¨°
Ô²¥±É·μ´  ¢ ¶μ²¥ ¶²μ¸±μ° ¢μ²´Ò (®¸¢¥Éμ¢μ³ μ´¤Ê²ÖÉμ·¥¯) ¨ ¸¢μ¤¨É¸Ö ± § -
³¥´¥ λu → 2λ0, K → a0 ¢μ ¢¸¥Ì Ëμ·³Ê² Ì, μ¶¨¸Ò¢ ÕÐ¨Ì Ì · ±É¥·¨¸É¨±¨
μ´¤Ê²ÖÉμ·´μ£μ ¨§²ÊÎ¥´¨Ö. ‹¨´¥°´Ò° ¶·μÍ¥¸¸ �Š� Ì · ±É¥·¨§Ê¥É¸Ö ³ ²μ-
¸ÉÓÕ ¶ · ³¥É·  a2

0 (a2
0 � 1), μ¤´ ±μ ¶·¨ ¤μ¸É ÉμÎ´μ° ¤²¨É¥²Ó´μ¸É¨ ² §¥·´μ°

¢¸¶ÒÏ±¨ (N0 � 1) ¸·¥¤´¥¥ Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ (8) ³μ¦¥É ¶·¥¢Ò-
Ï ÉÓ ¥¤¨´¨ÍÊ. ‚ ´¥²¨´¥°´μ³ ¸²ÊÎ ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸  ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö
´ ¶·Ö¦¥´´μ¸ÉÓÕ ¶μ²Ö (¶ · ³¥É·μ³ a0), ¶μÔÉμ³Ê ¶·μ¸Éμ° Ëμ·³Ê²Ò,  ´ ²μ£¨Î-
´μ° (8), ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ ¸ÊÐ¥¸É¢Ê¥É.

‚ · ¡μÉ¥ [22] μ¶¨¸ ´ ±μ¤, ¶μ§¢μ²ÖÕÐ¨° ÊÎ¨ÉÒ¢ ÉÓ ´¥²¨´¥°´Ò¥ ÔËË¥±ÉÒ
¨ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  ¨ ² §¥·´μ° ¢¸¶ÒÏ±¨
¢ ³¥¸É¥ ¢¸É·¥Î¨, μ¤´ ±μ ÔËË¥±ÉÒ ±μ²²¨³ Í¨¨ ´¥ ¡Ò²¨ · ¸¸³μÉ·¥´Ò.

�¢Éμ·Ò ³´μ£μÎ¨¸²¥´´ÒÌ · ¡μÉ  ´ ²¨§¨·μ¢ ²¨ ¢²¨Ö´¨¥ ´  ³μ´μÌ·μ³ É¨Î-
´μ¸ÉÓ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ¶ÊÎ±  £ ³³ -±¢ ´Éμ¢ É ±¨Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ì -
· ±É¥·¨¸É¨±, ± ± · §³¥·Ò ¨ ¤²¨É¥²Ó´μ¸ÉÓ ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ±μ¢ [13], · §-
³¥·Ò Ëμ·³¨·ÊÕÐ¥£μ ±μ²²¨³ Éμ·  [23], Ô³¨ÉÉ ´¸ ´ Î ²Ó´μ£μ Ô²¥±É·μ´´μ£μ
¶ÊÎ±  [24], μ¤´ ±μ ÔËË¥±É ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ´  ² §¥·´ÒÌ
ËμÉμ´ Ì · ´¥¥ ´¥ · ¸¸³ É·¨¢ ²¸Ö.
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�μÔÉμ³Ê ¤¥É ²Ó´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¢²¨Ö´¨Ö ³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö Ô²¥±-
É·μ´μ¢ ´  μ¸´μ¢´Ò¥ Ì · ±É¥·¨¸É¨±¨ ËμÉμ´´μ£μ ¶ÊÎ±  (¸¶¥±É· ²Ó´μ¥ ¨ Ê£²μ-
¢μ¥ · ¸¶·¥¤¥²¥´¨Ö, ¢ÒÌμ¤ £ ³³ -±¢ ´Éμ¢ ¢ § ¤ ´´ÊÕ  ¶¥·ÉÊ·Ê) ¶·¥¤¸É ¢²ÖÕÉ
´¥¸μ³´¥´´Ò° ¨´É¥·¥¸. ‚ ¶·¥¤² £ ¥³μ° ¸É ÉÓ¥ · §¢¨¢ ¥É¸Ö ¶μ¤Ìμ¤, ¶μ§¢μ²ÖÕ-
Ð¨° ÊÎ¨ÉÒ¢ ÉÓ μÉ³¥Î¥´´ÊÕ ¢ÒÏ¥ ¸ÉμÌ ¸É¨Î´μ¸ÉÓ ¶·μÍ¥¸¸  �Š� ¢ ²¨´¥°´μ³
¨ ´¥²¨´¥°´μ³ ·¥¦¨³ Ì.

ˆ§²μ¦¥´¨¥ ¢¥¤¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. ‚ · §¤. 1 § ¶¨¸Ò¢ ÕÉ¸Ö ¤¨ËË¥-
·¥´Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö ¸ ÊÎ¥Éμ³ ´¥²¨´¥°´ÒÌ ÔËË¥±Éμ¢, ¶μ§¢μ²ÖÕÐ¨¥ ¶μ²ÊÎ¨ÉÓ
· ¸¶·¥¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¨¸¶Ê¸É¨ÉÓ k ËμÉμ´μ¢ ± ± ¢ ²¨´¥°´μ³, É ± ¨ ¢ ´¥-
²¨´¥°´μ³ ·¥¦¨³ Ì. ‚ · §¤. 2 μ¶¨¸Ò¢ ¥É¸Ö  ²£μ·¨É³ ³μ¤¥²¨·μ¢ ´¨Ö ³¥Éμ¤μ³
Œμ´É¥-Š ·²μ. � §¤. 3 ¶μ¸¢ÖÐ¥´ ¨§ÊÎ¥´¨Õ ËμÉμ´´ÒÌ ¸¶¥±É·μ¢ ¤²Ö ±μ²²¨³¨-
·μ¢ ´´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ²¨´¥°´μ³ ¨ ´¥²¨´¥°´μ³ ¸²ÊÎ ÖÌ. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²Ó-
É Éμ¢ ¨ ¢Ò¢μ¤Ò ¶·¨¢¥¤¥´Ò ¢ § ±²ÕÎ¥´¨¨.

1. �‘��‚�›… •���Š’…�ˆ‘’ˆŠˆ ���–…‘‘� ����’��ƒ�
Š�Œ�’���‚‘Š�ƒ� ��‘‘…Ÿ�ˆŸ

‘¥Î¥´¨¥ �Š� ´ ¨¡μ²¥¥ ¶·μ¸Éμ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥
¶¥·¥³¥´´Ò¥

x0 =
2p0k0

(mc2)2
=

2(1 + β0)γ0�ω0

mc2
,

y = 1 − p0k1

p0k0
≈ �ω

γ0mc2
.

‡¤¥¸Ó ±μ³¶μ´¥´ÉÒ ´ Î ²Ó´ÒÌ 4-¨³¶Ê²Ó¸μ¢ Î ¸É¨Í ¨³¥ÕÉ ¢¨¤

k0 =
{

�ω0, 0, 0, −�ω0

c

}
, p0 = {γ0mc2, 0, 0, γ0β0 mc},

  4-¨³¶Ê²Ó¸ · ¸¸¥Ö´´μ£μ ËμÉμ´  μ¡μ§´ Î¥´ Î¥·¥§ k1 = {�ω, �ω sin θ/c, 0,
�ω cos θ/c}. ‚ ¶μ¸²¥¤´¥° Ëμ·³Ê²¥ Î¥·¥§ θ μ¡μ§´ Î ¥É¸Ö ¶μ²Ö·´Ò° Ê£μ² ¢Ò-
²¥É  · ¸¸¥Ö´´μ£μ ËμÉμ´ . Š ± ¨ ¢μ ¢¸¥Ì ¶·μÍ¥¸¸ Ì ¨§²ÊÎ¥´¨Ö ·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Î ¸É¨Í, Ì · ±É¥·´μ¥ §´ Î¥´¨¥ Ê£²  θ μ¶·¥¤¥²Ö¥É¸Ö μ¡· É´Ò³ ²μ·¥´Í-
Ë ±Éμ·μ³: θ � 1/γ0. ‘²¥¤ÊÖ · ¡μÉ¥ [25], § ¶¨Ï¥³ ¸¥Î¥´¨¥ ´¥²¨´¥°´μ£μ ¶·μ-
Í¥¸¸  �Š� ¸ ¶μ£²μÐ¥´¨¥³ n ËμÉμ´μ¢, ¨¸¶μ²Ó§ÊÖ ¨´¢ ·¨ ´É´Ò¥ ¶¥·¥³¥´´Ò¥:

dσ(n)

dy
=

4πr2
0

x0a2
0

{
−4J2

n +
a2
0

2

(
1 − y +

1
1 − y

)
(J2

n−1 + J2
n+1 − 2J2

n)
}

. (9)

‚ (9) J2
m Å ËÊ´±Í¨Ö 	¥¸¸¥²Ö ¶μ·Ö¤±  m = n− 1, n, n + 1 μÉ μ¤´μ£μ ¨ Éμ£μ

¦¥  ·£Ê³¥´É 

zn =
√

2na0

√
y

(1 − y)nx0

[
1 − y

1 − y

(1 + a2
0/2)

nx0

]
. (10)
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—¨¸²μ ®¶μ£²μÐ¥´´ÒÌ¯ ËμÉμ´μ¢ n ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ ³μ¦¥É ¡ÒÉÓ
¸μ¶μ¸É ¢²¥´μ ¸ ´μ³¥·μ³ £ ·³μ´¨±¨ · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ±² ¸¸¨Î¥¸±μ°.

ˆ´É¥£·¨·ÊÖ ¢Ò· ¦¥´¨Ö (9) ¶μ ¶¥·¥³¥´´μ° y, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶ ·Í¨ ²Ó-
´Ò¥ ¸¥Î¥´¨Ö ´¥²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� ¸ ¶μ£²μÐ¥´¨¥³ n ² §¥·´ÒÌ ËμÉμ´μ¢:

σ(n) =

y(n)
max∫
0

dσ(n)

dy
dy. (11)

�μ²´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¶μ²ÊÎ ¥É¸Ö ¸Ê³³¨·μ¢ ´¨¥³ ¶ ·Í¨ ²Ó´ÒÌ ¸¥Î¥-
´¨° (11) ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ Î¨¸² ³ ¶μ£²μÐ¥´´ÒÌ ËμÉμ´μ¢:

σnonlin = σtot =
∞∑

n=1

σ(n) ≈
nmax∑
n=1

σ(n). (12)

‚ ¶μ¸²¥¤´¥³ ¢Ò· ¦¥´¨¨ ³ ±¸¨³ ²Ó´μ¥ Î¨¸²μ ¸² £ ¥³ÒÌ nmax ¡Ê¤¥É ¢
¤ ²Ó´¥°Ï¥³ ¢Ò¡¨· ÉÓ¸Ö ¶μ ±·¨É¥·¨Õ

σ(nmax)

σ(1)
< 0,005. (13)

�μ ¨§¢¥¸É´Ò³ ¶μ²´μ³Ê ¸¥Î¥´¨Õ σtot (13) ¨ ¶ ·Í¨ ²Ó´Ò³ ¸¥Î¥´¨Ö³
σ(n) (11) μ¶·¥¤¥²ÖÕÉ¸Ö ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  ¸ ¶μ£²μÐ¥´¨¥³ Ë¨±¸¨·μ¢ ´-
´μ£μ Î¨¸²  ËμÉμ´μ¢ n:

Pnonlin(n) =
σ(n)

σtot
. (14)

�·Ö³Ò³¨ · ¸Î¥É ³¨ ³μ¦´μ ¶μ± § ÉÓ, ÎÉμ ¤²Ö ¶ · ³¥É·  ´¥²¨´¥°´μ¸É¨
a0 = 0,2 ¢±² ¤ ¶ ·Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° σ(2) +σ(3) ´¥ ¶·¥¢ÒÏ ¥É 2 % μÉ ¸¥Î¥´¨Ö
σ(1), ±μÉμ·μ¥, ¢ ¸¢μÕ μÎ¥·¥¤Ó, μÉ²¨Î ¥É¸Ö μÉ ¸¥Î¥´¨Ö ²¨´¥°´μ£μ �Š� É ±¦¥
´¥ ¡μ²¥¥, Î¥³ ´  2 %. ’ ±¨³ μ¡· §μ³, ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  a0

(a0 � 0,2) ´¥²¨´¥°´Ò³¨ ¶·μÍ¥¸¸ ³¨ ³μ¦´μ ¶·¥´¥¡·¥£ ÉÓ.
‚ · ¡μÉ¥ [27] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¤²Ö ¸²ÊÎ Ö a0 � 1 ¶ ·Í¨ ²Ó´Ò¥ ¸¥Î¥´¨Ö

§ ¢¨¸ÖÉ μÉ ¶ · ³¥É·  a0 ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

dσ(n)

dy
∼ (a2

0)
n−1.

�μ¤μ¡´ Ö § ¢¨¸¨³μ¸ÉÓ μ¡¥¸¶¥Î¨¢ ¥É Ìμ·μÏÊÕ ¸Ìμ¤¨³μ¸ÉÓ ¸Ê³³Ò (12) ¤²Ö Ê³¥-
·¥´´ÒÌ ¨´É¥´¸¨¢´μ¸É¥° ² §¥·´μ£μ ¨³¶Ê²Ó¸  (a0 
 1). ’ ±, ´ ¶·¨³¥·, ¤²Ö
¢Ò¶μ²´¥´¨Ö ±·¨É¥·¨Ö (13) ¶·¨ a0 = 3 ¢ ¸Ê³³¥ (12) ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ
42 ¸² £ ¥³ÒÌ (¤²Ö x0 = 0,1).

„¢¨¦¥´¨¥ Ô²¥±É·μ´  ¢ ¶μ²¥ ¸¢¥·Ì¸¨²Ó´μ° ¢μ²´Ò (a0 � 1)  ´ ²μ£¨Î´μ
¤¢¨¦¥´¨Õ Ô²¥±É·μ´  ¢ ¶μ²¥ ¢¨££²¥· ,   ¨§²ÊÎ¥´¨¥ μ¶¨¸Ò¢ ¥É¸Ö ¨§¢¥¸É´Ò³¨
Ëμ·³Ê² ³¨ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö [28].
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‚ ¶μ²¥ Í¨·±Ê²Ö·´μ-¶μ²Ö·¨§μ¢ ´´μ° ¢μ²´Ò É· ¥±Éμ·¨Ö Ô²¥±É·μ´  ¡Ê¤¥É
¸¶¨· ²Ó´μ°. ‚ ¸¨¸É¥³¥, £¤¥ ¢ ¸·¥¤´¥³ Ô²¥±É·μ´ ¶μ±μ¨É¸Ö (R-¸¨¸É¥³ ), μ·¡¨É 
¡Ê¤¥É ±·Ê£μ¢μ°, ¶μ ´¥° Ô²¥±É·μ´ ¢· Ð ¥É¸Ö ¸μ ¸±μ·μ¸ÉÓÕ

βR =
vR

c
=

a0√
2
√

1 + a2
0/2

¨ ¨¸¶Ê¸± ¥É ËμÉμ´Ò ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö, Î¨¸²μ ±μÉμ·ÒÌ §  μ¡μ·μÉ
¤ ¥É¸Ö Ëμ·³Ê²μ° [29]

nph =
5√
3
παγR =

5√
3

πα√
1 − β2

R

=
5√
3
πα

√
1 +

a2
0

2
≈ 5√

6
παa0.

—¨¸²μ ËμÉμ´μ¢ Ö¢²Ö¥É¸Ö ¨´¢ ·¨ ´É´μ° ¢¥²¨Î¨´μ°, ¶μÔÉμ³Ê μ¸É ¥É¸Ö É¥³ ¦¥
¸ ³Ò³ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. ‡´ Ö Î¨¸²μ μ¡μ·μÉμ¢ Ô²¥±É·μ´  (Î¨¸²μ ¶¥·¨μ-
¤μ¢ ¢μ²´Ò N0), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸·¥¤´¥¥ Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢, ¸· ¢´¨¢
±μÉμ·μ¥ ¸ Ëμ·³Ê²μ° (8), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê ¸¥Î¥´¨Ö ´¥²¨´¥°´μ£μ �Š�
¤²Ö a0 � 1:

σ � 15
4
√

6
σT

a0
.

�μ²ÊÎ¥´´ Ö μÍ¥´±  ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ · ¸Î¥É  ¶μ Ëμ·³Ê²¥ (12) ¤²Ö
a0 = 3 ¸ ÉμÎ´μ¸ÉÓÕ μ±μ²μ 10 %. �μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö ¶ · ³¥É·  a0 (´ ¶·¨-
³¥·, ¶·¨ a0 > 5) Ëμ·³Ê²  (12) ´¥ μ¡¥¸¶¥Î¨¢ ¥É Ìμ·μÏ¥° ¸Ìμ¤¨³μ¸É¨ ·Ö¤ .
„²Ö ¸Éμ²Ó ¸¨²Ó´ÒÌ ¶μ²¥° ¨¸¶μ²Ó§Ê¥³Ò° ¢ ¸É ÉÓ¥ ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  É¥-
μ·¨¨ ¢μ§³ÊÐ¥´¨° [25], Ê¦¥ ´¥ · ¡μÉ ¥É ¨ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤·Ê£¨¥
¶·¨¡²¨¦¥´¨Ö.

„²Ö ¶·μ¸ÉμÉÒ ´ Î´¥³ · ¸¸³μÉ·¥´¨¥ ¸ ²¨´¥°´μ£μ ¸²ÊÎ Ö �Š� (a0 → 0),
¤²Ö ±μÉμ·μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¨ ¶μ²´μ¥ ¸¥Î¥´¨Ö § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

dσ

dy
=

2πr2
0

x0

[
1

1 − y
+ 1 − y − 4y

x0(1 − y)

(
1 − y

x0(1 − y)

)]
, (15)

σ =
2πr2

0

x0

[(
1 − 4

x0
− 8

x2
0

)
ln (1 + x0) +

8
x0

+
1
2
− 1

2(1 + x0)2

]
. (16)

‚ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥, ±μ£¤  x0 → 0, ¶μ²´μ¥ ¸¥Î¥´¨¥ ¸μ¢¶ ¤ ¥É ¸ Éμ³¸μ-
´μ¢¸±¨³ ¸¥Î¥´¨¥³ σT = (8/3)πr2

0 .
„²Ö ´¥²¨´¥°´μ£μ ¶·μÍ¥¸¸  n-£μ ¶μ·Ö¤±  ¸¶¥±É· ²Ó´ Ö ¶¥·¥³¥´´ Ö y(n) ¢

Ëμ·³Ê² Ì (4), (5) ¡Ê¤¥É § ¢¨¸¥ÉÓ μÉ ¶ · ³¥É·  a0:

y(n) =
nx0

1 + nx0 + γ2
0θ2 + a2

0/2
, (17)

¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶·¥¤¥²Ò ¨§³¥´¥´¨Ö ÔÉμ° ¶¥·¥³¥´´μ° ¡Ê¤ÊÉ μ¶·¥¤¥²ÖÉÓ¸Ö
´¥· ¢¥´¸É¢ ³¨

0 � y � y(n)
max =

nx0

1 + nx0 + a2
0/2

. (18)
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„²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� (a0 → 0) ±μ²²¨³ Í¨Ö ¨§²ÊÎ¥´¨Ö ¢ ±μ´Ê¸ θc

¶·¨¢μ¤¨É ± ®μ¡·¥§ ´¨Õ¯ ³Ö£±μ° Î ¸É¨ ¸¶¥±É· ,   ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ ®μ¸É ¢-
Ï¥°¸Ö¯ Î ¸É¨ ³μ¦´μ μÍ¥´¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Δ�ω

�ω
=

Δy

y
≈ γ2

0θ2
c

1 + x0 + γ2
0θ2

c

. (19)

‚ ´¥²¨´¥°´μ³ ¶·μÍ¥¸¸¥ �Š� § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨° dσ(n)/dΩ μÉ Ê£²  ¢Ò-
²¥É  ËμÉμ´  ¨³¥¥É ¸²μ¦´Ò° Ì · ±É¥· (·¨¸. 1).

Š ± ¸²¥¤Ê¥É ¨§ ·¨¸Ê´± , ³ ±¸¨³Ê³ ¢ ¸¥Î¥´¨¨ ¨§²ÊÎ¥´¨Ö ¤²Ö n = 1 (± ±
¨ ¢ ¸²ÊÎ ¥ ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š�) ¸μμÉ¢¥É¸É¢Ê¥É ´Ê²¥¢μ³Ê Ê£²Ê ¢Ò²¥É 
· ¸¸¥Ö´´μ£μ ËμÉμ´ . �¤´ ±μ ³ ±¸¨³Ê³Ò ¢ Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ¢Ò¸Ï¨Ì
£ ·³μ´¨± ¸μμÉ¢¥É¸É¢ÊÕÉ Ê£² ³ ¶μ·Ö¤±  γ−1

0 . Ÿ¸´μ, ÎÉμ ¶·¨ ¦¥¸É±μ° ±μ²²¨³ -

�¨¸. 1. “£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Î¨¸² 
®¶μ£²μÐ¥´´ÒÌ¯ ËμÉμ´μ¢ n: a) ¨§²ÊÎ¥´¨¥ ·¥´É£¥´μ¢¸±¨Ì ËμÉμ´μ¢; ¡) ¨§²ÊÎ¥´¨¥
γ-±¢ ´Éμ¢
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Í¨¨ ¨§²ÊÎ¥´¨Ö (θc � γ−1
0 ) ¢±² ¤ ¢Ò¸Ï¨Ì £ ·³μ´¨± ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¨° ¸¶¥±É·

¡Ê¤¥É ¶μ¤ ¢²¥´.

2. Œ�„…‹ˆ��‚��ˆ… ���–…‘‘� �Š� Œ…’�„�Œ Œ��’…-Š��‹�

�·¨ ²μ¡μ¢μ³ ¸Éμ²±´μ¢¥´¨¨ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢ ¸ ² §¥·-
´Ò³¨ ËμÉμ´ ³¨ Ê£²Ò · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ²¥¦ É ¢ ¨´É¥·¢ ²¥ ∼ x0/γ0, É. ¥.
¶· ±É¨Î¥¸±¨ ¢μ ¢¸¥Ì ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¨´É¥·¥¸ ¸²ÊÎ ÖÌ ¸μμÉ¢¥É¸É¢ÊÕÉ Ê£² ³
¢ ¤¥¸ÖÉ±¨ ³¨±·μ· ¤¨ ´ (¨ ³¥´ÓÏ¥). �μÔÉμ³Ê ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨ ¡Ê¤¥É ¨¸-
¶μ²Ó§μ¢ ÉÓ¸Ö ¶·¨¡²¨¦¥´¨¥ ®¶·Ö³μ-¢¶¥·¥¤¯, ±μÉμ·μ¥ Ê¸¶¥Ï´μ ¶·¨³¥´Ö¥É¸Ö ¢
§ ¤ Î Ì μ ¶·μÌμ¦¤¥´¨¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢ Î¥·¥§ ¢¥Ð¥¸É¢μ.

�·μÌμ¦¤¥´¨¥ Ô²¥±É·μ´μ¢ Î¥·¥§ ®¸¢¥Éμ¢ÊÕ ³¨Ï¥´Ó¯ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
¸ÉμÌ ¸É¨Î¥¸±¨° ¶·μÍ¥¸¸, £¤¥ ±μ²¨Î¥¸É¢μ ¸Éμ²±´μ¢¥´¨° ´  ¶ÊÉ¨ �L ¨ ¶μÉ¥·¨
Ô´¥·£¨¨ ¢ ± ¦¤μ³ ¨§ ´¨Ì Ö¢²ÖÕÉ¸Ö ¸²ÊÎ °´Ò³¨. Š¨´¥É¨Î¥¸±¨¥ Ê· ¢´¥´¨Ö ¤²Ö
¢¥·μÖÉ´μ¸É¨ Éμ£μ, ÎÉμ Ô²¥±É·μ´ ¨¸¶ÒÉ ¥É k ¸Éμ²±´μ¢¥´¨°, ¨ ¤²Ö ¶²μÉ´μ¸É¨
¢¥·μÖÉ´μ¸É¨, ±μÉμ· Ö μ¶¨¸Ò¢ ¥É ¸¶¥±É· Ô²¥±É·μ´μ¢, ¶·μÏ¥¤Ï¨Ì Î¥·¥§ ³¨-
Ï¥´Ó, ¶μ²ÊÎ¥´Ò ¢ [20]. ’ ³ ¦¥ ¶·¨¢¥¤¥´Ò ¶·¨¡²¨¦¥´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨°
¤²Ö ¸·¥¤´¥£μ Î¨¸²  ¸Éμ²±´μ¢¥´¨° ¨ ¤²Ö ³μ³¥´Éμ¢ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥-
²¥´¨Ö. ’μÎ´μ¥ ·¥Ï¥´¨¥ § ¤ Î¨ μ ¶·μÌμ¦¤¥´¨¨ Ô²¥±É·μ´μ¢ Î¥·¥§ ² §¥·´ÊÕ
¢¸¶ÒÏ±Ê ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ, ±μÉμ·Ò° § ±²ÕÎ ¥É¸Ö ¢ ¶μ-
¸²¥¤μ¢ É¥²Ó´μ³ ³μ¤¥²¨·μ¢ ´¨¨ ¸²ÊÎ °´μ° ¤²¨´Ò ¶·μ¡¥£  ³¥¦¤Ê ¸Éμ²±´μ¢¥-
´¨Ö³¨ É¨¶  ¢§ ¨³μ¤¥°¸É¢¨Ö (¢ ¸²ÊÎ ¥ ÊÎ¥É  ´¥²¨´¥°´ÒÌ ÔËË¥±Éμ¢) ¨ ¸²ÊÎ °-
´μ° ¶μÉ¥·¨ Ô´¥·£¨¨ ¢ ¸Éμ²±´μ¢¥´¨¨. ‚ · ¡μÉ¥ [30] ¶μ± § ´μ, ÎÉμ ¶μ²ÊÎ¥´´Ò¥
¢ ¸É ÉÓ¥ [20] ¶·¨¡²¨¦¥´´Ò¥ Ëμ·³Ê²Ò ¤²Ö ¸·¥¤´¥£μ Î¨¸²  ¸Éμ²±´μ¢¥´¨° ¨
¶¥·¢ÒÌ ¤¢ÊÌ ³μ³¥´Éμ¢ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·μ´μ¢ Ìμ·μÏμ
¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ ¸É É¨¸É¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö.

‚ ¤ ´´μ° · ¡μÉ¥ ³¥Éμ¤ Œμ´É¥-Š ·²μ ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö  ´ ²¨§  Ô´¥·£¥É¨-
Î¥¸±¨Ì ¸¶¥±É·μ¢ ¨¸¶ÊÐ¥´´ÒÌ ±¢ ´Éμ¢.

�·¨ ·¥Ï¥´¨¨ ²¨´¥°´μ° § ¤ Î¨ �Š� ³μ¤¥²¨·μ¢ ´¨¥ ¸²ÊÎ °´μ° É· ¥±Éμ-
·¨¨ Ô²¥±É·μ´ , ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ ² §¥·´ÊÕ ¢¸¶ÒÏ±Ê, ¸μ¸Éμ¨É ¨§ ¸²¥¤ÊÕÐ¨Ì
ÔÉ ¶μ¢.

• ‚ÒÎ¨¸²¥´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö σ (Ëμ·³Ê²  (16)) ¶·¨
É¥±ÊÐ¥³ §´ Î¥´¨¨ Ô´¥·£¨¨ Ô²¥±É·μ´ .

• Œμ¤¥²¨·μ¢ ´¨¥ ¤²¨´Ò ¶·μ¡¥£ . „²¨´  ¶·μ¡¥£  Ô²¥±É·μ´  ³¥¦¤Ê ¸Éμ²±-
´μ¢¥´¨Ö³¨ ¨³¥¥É Ô±¸¶μ´¥´Í¨ ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥, ¨ ¢ÒÎ¨¸²¥´¨¥ ¸²ÊÎ °´μ°

¤²¨´Ò ¶·μ¡¥£  ¶·μ¨§¢μ¤¨É¸Ö ¶μ Ëμ·³Ê²¥ �k = − 1∑
(γ0, �ω0)

ln η, £¤¥ η Å ¸²Ê-

Î °´μ¥ Î¨¸²μ, · ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´´μ¥ ¢ ¨´É¥·¢ ²¥ (0, 1),
∑

(γ0, �ω0) =
2n0σ Å ¶μ²´μ¥ ³ ±·μ¸±μ¶¨Î¥¸±μ¥ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸ .

• Œμ¤¥²¨·μ¢ ´¨¥ ´ Î ²Ó´μ£μ Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  Ô²¥±É·μ´´μ£μ
¶ÊÎ±  (¢ ¶·¥¤¶μ²μ¦¥´¨¨ £ Ê¸¸μ¢¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¸ ¶ · ³¥É·μ³ σE =
0,2%) ¶·μ¢μ¤¨²μ¸Ó ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨.
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• Œμ¤¥²¨·μ¢ ´¨¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·¨ ¸Éμ²±´μ¢¥´¨¨. ‘²ÊÎ °´μ¥ §´ Î¥-
´¨¥ ¢¥²¨Î¨´Ò y ¨§ · ¸¶·¥¤¥²¥´¨Ö (15) ³μ¤¥²¨·Ê¥É¸Ö ³¥Éμ¤μ³ �¥°³ ´  [31].
�μÉ¥·Ö Ô´¥·£¨¨ (Ô´¥·£¨Ö · ¸¸¥Ö´´μ£μ ±¢ ´É ) ´ Ìμ¤¨É¸Ö ¶μ Ëμ·³Ê²¥ �ω =
yγmc2. �É  Ô´¥·£¨Ö ¢ÒÎ¨É ¥É¸Ö ¨§ Ô´¥·£¨¨ Ô²¥±É·μ´  ´  ¶·¥¤Ò¤ÊÐ¥³ Ï £¥,
¨ É¥³ ¸ ³Ò³ ÊÎ¨ÉÒ¢ ¥É¸Ö ¥¥ ¨§³¥´¥´¨¥ ¢¤μ²Ó É· ¥±Éμ·¨¨.

• ‚ÒÎ¨¸²¥´¨¥ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ±¢ ´É . �μ²Ö·´Ò° Ê£μ² ¢Ò²¥É  ±¢ ´-
É  ´ Ìμ¤¨É¸Ö ¶μ Ô´¥·£¨¨ ±¢ ´É  ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (17) ¤²Ö n = 1, a0 = 0.

• Œμ¤¥²¨·μ¢ ´¨¥ ¶·¥±· Ð ¥É¸Ö ¶μ¸²¥ ¢Ò²¥É  Ô²¥±É·μ´  ¨§ ³¨Ï¥´¨.
�·¨ ·¥Ï¥´¨¨ § ¤ Î¨ �Š� ¸ ÊÎ¥Éμ³ ´¥²¨´¥°´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ³μ¤¥-

²¨·μ¢ ´¨¥ ¸²ÊÎ °´μ° É· ¥±Éμ·¨¨ Ô²¥±É·μ´ , ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ ² §¥·´ÊÕ
¢¸¶ÒÏ±Ê, ¸μ¸Éμ¨É ¨§ ¸²¥¤ÊÕÐ¨Ì ÔÉ ¶μ¢.

• —¨¸²¥´´μ¥ ¨´É¥£·¨·μ¢ ´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° (7) ¨ ¸μ¸É ¢²¥-
´¨¥ É ¡²¨Í ¶μ²´ÒÌ ¸¥Î¥´¨° (12) ¨ ¢¥·μÖÉ´μ¸É¥° Pnonlin(n) ¸Éμ²±´μ¢¥´¨° ¸
¶μ£²μÐ¥´¨¥³ Ë¨±¸¨·μ¢ ´´μ£μ Î¨¸²  ËμÉμ´μ¢ (14).

• Œμ¤¥²¨·μ¢ ´¨¥ ¤²¨´Ò ¶·μ¡¥£ . „²¨´  ¶·μ¡¥£  Ô²¥±É·μ´  ³¥¦¤Ê ¸Éμ²±-
´μ¢¥´¨Ö³¨ ¨³¥¥É Ô±¸¶μ´¥´Í¨ ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨¥, ¨ ¢ÒÎ¨¸²¥´¨¥ ¸²ÊÎ °´μ°

¤²¨´Ò ¶·μ¡¥£  ¶·μ¨§¢μ¤¨É¸Ö ¶μ Ëμ·³Ê²¥ �k = − 1∑
(γ0, �ω0)

ln η, £¤¥ η Å

¸²ÊÎ °´μ¥ Î¨¸²μ, · ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´´μ¥ ¢ ¨´É¥·¢ ²¥ (0, 1).
• Œμ¤¥²¨·μ¢ ´¨¥ Î¨¸²  ¶μ£²μÐ¥´´ÒÌ ËμÉμ´μ¢. ‘²ÊÎ °´μ¥ Î¨¸²μ ¶μ£²μ-

Ð¥´´ÒÌ ËμÉμ´μ¢ n ´ Ìμ¤¨É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢¥·μÖÉ´μ¸ÉÖ³¨ (14).
• Œμ¤¥²¨·μ¢ ´¨¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·¨ ¸Éμ²±´μ¢¥´¨¨. ‘²ÊÎ °´μ¥ §´ Î¥-

´¨¥ ¢¥²¨Î¨´Ò y(n) ¨§ · ¸¶·¥¤¥²¥´¨Ö (7) ¶·¨ μ¶·¥¤¥²¥´´μ³ ¢ÒÏ¥ §´ Î¥´¨¨
n ´ Ìμ¤¨É¸Ö ³¥Éμ¤μ³ �¥°³ ´ . �μÉ¥·Ö Ô´¥·£¨¨ (Ô´¥·£¨Ö · ¸¸¥Ö´´μ£μ ±¢ ´É )
´ Ìμ¤¨É¸Ö ¶μ Ëμ·³Ê²¥ �ω(n) = y(n)γmc2. �É  Ô´¥·£¨Ö ¢ÒÎ¨É ¥É¸Ö ¨§ Ô´¥·£¨¨
Ô²¥±É·μ´  ´  ¶·¥¤Ò¤ÊÐ¥³ Ï £¥, ¨ É¥³ ¸ ³Ò³ ÊÎ¨ÉÒ¢ ¥É¸Ö ¥¥ ¨§³¥´¥´¨¥ ¢¤μ²Ó
É· ¥±Éμ·¨¨.

• ‚ÒÎ¨¸²¥´¨¥ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ±¢ ´É . �μ²Ö·´Ò° Ê£μ² ¢Ò²¥É  ±¢ ´-
É  ´ Ìμ¤¨É¸Ö ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (17).

• Œμ¤¥²¨·μ¢ ´¨¥ ¶·¥±· Ð ¥É¸Ö ¶μ¸²¥ ¢Ò²¥É  Ô²¥±É·μ´  ¨§ ³¨Ï¥´¨.

3. �…‡“‹œ’�’› Œ�„…‹ˆ��‚��ˆŸ

‚ · ¡μÉ¥ [32]  ¢Éμ·Ò ¤²Ö Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ËμÉμ´μ¢ �Š�
¶·¥¤²μ¦¨²¨ ¶·μ¶Ê¸± ÉÓ Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¸ Ô´¥·£¨¥° E0 = 5,8 ƒÔ‚ ¶μ¸²¥-
¤μ¢ É¥²Ó´μ Î¥·¥§ 10 μ¡² ¸É¥° ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ² §¥·´Ò³¨ ¶ÊÎ± ³¨. • · ±É¥-
·¨¸É¨±¨ ² §¥·´μ° ¢¸¶ÒÏ±¨ (�ω0 = 0,117 Ô‚, A = 0,25 „¦, · §³¥· Ëμ±Ê¸´μ£μ
¶ÖÉ´  ∼ 20 ³±³) ¸μμÉ¢¥É¸É¢μ¢ ²¨ ¶ · ³¥É·Ê ´¥²¨´¥°´μ¸É¨ a0 = 0,485.

Š ± ¸²¥¤Ê¥É ¨§ ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö, ¶·μ¢¥¤¥´´μ£μ  ¢Éμ· ³¨ Ê± -
§ ´´μ° ¸É ÉÓ¨, ¸·¥¤´¥¥ Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ Ô²¥±É·μ´μ³ ¶μ¸²¥ ¶·μÌμ-
¦¤¥´¨Ö ¢¸¥Ì μ¡² ¸É¥° ¢§ ¨³μ¤¥°¸É¢¨Ö ¤μ¸É¨£ ¥É ¢¥²¨Î¨´Ò k̄ = 16,6 (¶μ²´μ¥
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Î¨¸²μ ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ Nph = 8,3 · 1011 ¤²Ö ´ Î ²Ó´μ° § ¸¥²¥´´μ¸É¨
Ô²¥±É·μ´´μ£μ ¸£Ê¸É±  Ne = 5 · 1010).

�  ·¨¸. 2 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ËμÉμ´´μ£μ ¸¶¥±É·  ¶μ ´ -
Ï¥° ³μ¤¥²¨ ¤²Ö Ê± § ´´ÒÌ ¶ · ³¥É·μ¢. �¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢ ´ Ï¥³ · ¸Î¥É¥
¨¸¶μ²Ó§Ê¥É¸Ö ¤μ¸É ÉμÎ´μ¥ £·Ê¡μ¥ ¶·¨¡²¨¦¥´¨¥ (´¥ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¶μ¶¥·¥Î´Ò°
¨ ¶·μ¤μ²Ó´Ò° ¶·μË¨²¨ ² §¥·´μ£μ ¶ÊÎ± ), Ëμ·³  ¶μ²ÊÎ¥´´μ£μ ¸¶¥±É·  Ê¤μ¢²¥-
É¢μ·¨É¥²Ó´μ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ Í¨É¨·Ê¥³μ° ¸É ÉÓ¥.

�¨¸. 2. ‘¶¥±É· ¨§²ÊÎ¥´¨Ö ¢ ¶μ²´Ò° ±μ´Ê¸ ¶·¨ ´¥²¨´¥°´μ³ ±μ³¶Éμ´μ¢¸±μ³ · ¸¸¥Ö´¨¨
¤²Ö a0 = 0,485 ¨ k̄ = 16,6

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ Ê¢¥²¨Î¥´¨¥ ¢±² ¤  ¢Ò¸Ï¨Ì £ ·³μ´¨± ¢ ·¥§Ê²ÓÉ¨·ÊÕÐ¨°
¸¶¥±É· ¢ ´ Ï¥³ ³μ¤¥²¨·μ¢ ´¨¨. Š ± ¸²¥¤Ê¥É ¨§ £¨¸Éμ£· ³³Ò, ¶·¨¢¥¤¥´´μ°
´  ·¨¸. 2, ¢±² ¤ ¢Éμ·μ° ¨ É·¥ÉÓ¥° £ ·³μ´¨± ¢ μ¡Ð¨° ¢ÒÌμ¤ ¸μ¸É ¢²Ö¥É 5,5 %,
Éμ£¤  ± ±  ´ ²μ£¨Î´Ò° ·¥§Ê²ÓÉ É ¨§ · ¡μÉÒ [32] (¸³. ·¨¸. 13) Å μ±μ²μ 1,5 %.
‚μ§³μ¦´μ, ÔÉμ μ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉμ ¢ ´ Ï¥° ³μ¤¥²¨ ±μ´Í¥´É· Í¨Ö ËμÉμ´μ¢ ¢
² §¥·´μ³ ¨³¶Ê²Ó¸¥ μ¸É ¥É¸Ö ¶μ¸ÉμÖ´´μ° ¢¤μ²Ó É· ¥±Éμ·¨¨ ²Õ¡μ£μ Ô²¥±É·μ´ .

�  ·¨¸. 3 ¶μ± § ´Ò ¸¶¥±É· ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ (¢
¶μ²´Ò° ±μ´Ê¸) ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° Ô²¥±É·μ´μ¢ (E0 = 50, 720, 2500 ŒÔ‚)
¨ Ô´¥·£¨¨ ² §¥·´ÒÌ ËμÉμ´μ¢ �ω0 = 1,17 Ô‚ ¢ ³¨Ï¥´¨, £¤¥ ¸·¥¤´¥¥ Î¨¸²μ
¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ k̄ = 1.

‘¶²μÏ´ Ö ±·¨¢ Ö ´  ÔÉ¨Ì ·¨¸Ê´± Ì ¶μ± §Ò¢ ¥É ¸¶¥±É· · ¸¸¥Ö´´ÒÌ ËμÉμ-
´μ¢ ¶μ¸²¥ ¶¥·¢μ£μ ¸Éμ²±´μ¢¥´¨Ö Ô²¥±É·μ´  ¢ ² §¥·´μ° ¢¸¶ÒÏ±¥, ±μÉμ·Ò° μ¶¨-
¸Ò¢ ¥É¸Ö Ëμ·³Ê²μ° (12). �²μÐ ¤Ó ¶μ¤ £¨¸Éμ£· ³³μ° · ¢´  ¸·¥¤´¥³Ê Î¨¸²Ê
¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ k̄,   Î ¸ÉÓ £¨¸Éμ£· ³³Ò ¢ÒÏ¥ ¸¶²μÏ´μ° ±·¨¢μ° ¸μμÉ¢¥É-
¸É¢Ê¥É ¨§²ÊÎ¥´¨Õ ËμÉμ´μ¢ ¶·¨ ±· É´ÒÌ ¸Éμ²±´μ¢¥´¨ÖÌ (k > 1). ˆ§ ¸· ¢´¥´¨Ö
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�¨¸. 3. ‘¶¥±É· ²Ó´Ò¥ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¤²Ö Ô´¥·£¨° Ô²¥±É·μ´μ¢
E0 = 50 ŒÔ‚ ( ), 720 ŒÔ‚ (¡), 2500 ŒÔ‚ (¢) ¶·¨ Ô´¥·£¨¨ ² §¥·´ÒÌ ËμÉμ´μ¢ �ω0 =
1,17 Ô‚ ¨ k̄ = 1

¶μ²ÊÎ¥´´ÒÌ £¨¸Éμ£· ³³ ¢¨¤´μ, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ ¶·μ-
¨¸Ìμ¤¨É § ³¥É´μ¥ ¨¸± ¦¥´¨¥ ËμÉμ´´μ£μ ¸¶¥±É·  ¶μ ¸· ¢´¥´¨Õ ¸ É· ¤¨Í¨μ´´μ
¨¸¶μ²Ó§Ê¥³Ò³ · ¸¶·¥¤¥²¥´¨¥³ (15).

‚ÒÎ¨¸²¥´´ Ö ¤¨¸¶¥·¸¨Ö Î¨¸²  ¸Éμ²±´μ¢¥´¨° ¤²Ö ¸²ÊÎ Ö, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¥£μ ³ ±¸¨³ ²Ó´μ³Ê ¨¸± ¦¥´¨Õ ¸¶¥±É·  (E0 = 2500 ŒÔ‚, ¸³. ·¨¸. 3, ¢), ¢
¶·¥¤¥² Ì ¶μ£·¥Ï´μ¸É¨ ³μ¤¥²¨·μ¢ ´¨Ö · ¢´  ¸·¥¤´¥³Ê §´ Î¥´¨Õ Î¨¸²  ¸Éμ²±-
´μ¢¥´¨° k̄, ¶μÔÉμ³Ê · ¸¶·¥¤¥²¥´¨¥ ¶μ Î¨¸²Ê ¸Éμ²±´μ¢¥´¨° ¸μ¢¶ ¤ ¥É ¸ ¶Ê ¸-
¸μ´μ¢¸±¨³ ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸²ÊÎ Ö (É¥³ ¡μ²¥¥ ¤²Ö Ô´¥·£¨° Ô²¥±É·μ´μ¢
E0 � 1 ƒÔ‚).

Š ± ¨§¢¥¸É´μ, ËμÉμ´Ò ¸ Ô´¥·£¨¥° ¢¡²¨§¨ ³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¸¶¥±É· 
¨§²ÊÎ ÕÉ¸Ö ¢ ±μ´Ê¸ θ � 1/γ0, ¶μÔÉμ³Ê ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ÔËË¥±ÉÒ ±· É´μ-
¸É¨ ¨§²ÊÎ¥´¨Ö, ¨¸± ¦ ÕÐ¨¥ ¸¶¥±É·, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° μ¤´μ±· É´μ³Ê · ¸¸¥Ö-
´¨Õ, ¡Ê¤ÊÉ ¢²¨ÖÉÓ ¨ ´  ¸¶¥±É· ±μ²²¨³¨·μ¢ ´´μ£μ ¨§²ÊÎ¥´¨Ö ¶·¨ θc � 1/γ0.
Š ± ¸²¥¤Ê¥É ¨§ ·¨¸. 3, ¸¶¥±É· ±μ²²¨³¨·μ¢ ´´μ£μ ¨§²ÊÎ¥´¨Ö ¡Ê¤¥É ®μ¡μ£ Ð ÉÓ-
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¸Ö¯ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³¨ ±¢ ´É ³¨, ¶·¨Î¥³ ÔÉμÉ ÔËË¥±É ¡Ê¤¥É ¶·μÖ¢²ÖÉÓ¸Ö
É¥³ ¸¨²Ó´¥¥, Î¥³ ¢ÒÏ¥ Ô´¥·£¨Ö ´ Î ²Ó´μ£μ Ô²¥±É·μ´´μ£μ ¶ÊÎ± .

�  ·¨¸. 4,   ¶μ± § ´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¸¶¥±É·μ¢ ±μ²²¨³¨·μ¢ ´-
´μ£μ ¨§²ÊÎ¥´¨Ö ¤²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š�. Œμ¤¥²¨·μ¢ ´¨¥ ¶·μ¢μ¤¨²μ¸Ó
¤²Ö ´ Î ²Ó´μ° Ô´¥·£¨¨ Ô²¥±É·μ´μ¢ E0 = 720 ŒÔ‚ ¸ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·μ-
¸μ³ σE = 0,2% ¤²Ö Ô´¥·£¨¨ ² §¥·´ÒÌ ËμÉμ´μ¢ 2,33 Ô‚, Ê£²  ±μ²²¨³ Í¨¨
θc = 0,1 ³· ¤ ¨ ¸·¥¤´¥£μ Î¨¸²  ¨¸¶ÊÐ¥´´ÒÌ ËμÉμ´μ¢ k̄ = 1,1. �  ·¨¸. 4, ¡
¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤²Ö ¡μ²¥¥ Éμ´±μ° ³¨Ï¥´¨, £¤¥ k̄ = 0,05.

�¨¸. 4. ‘¶¥±É· · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¤²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� ¶·¨ ¦¥¸É±μ° ±μ²-
²¨³ Í¨¨ (γ0θc = 0,14): a) ¤²Ö ¸²ÊÎ Ö k̄ = 1,1; ¡) ¤²Ö ¸²ÊÎ Ö k̄ = 0,05
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ˆ§ ·¨¸Ê´±  ¸²¥¤Ê¥É, ÎÉμ ¤²Ö ² §¥·´μ° ³¨Ï¥´¨, ¢ ±μÉμ·μ° Ô²¥±É·μ´ ¢
¸·¥¤´¥³ ¨§²ÊÎ ¥É μ±μ²μ 1 ËμÉμ´ , ¢±² ¤ ±· É´ÒÌ ¸Éμ²±´μ¢¥´¨° ¶·¨¢μ¤¨É ±
¶μÖ¢²¥´¨Õ ®³Ö£±¨Ì¯ ËμÉμ´μ¢ ¢´¥ μ¸´μ¢´μ° ¸¶¥±É· ²Ó´μ° ²¨´¨¨. �·¨  ¶¶·μ±-
¸¨³ Í¨¨ Ëμ·³Ò ²¨´¨¨ £ Ê¸¸¨ ´μ³ ®³Ö£± Ö¯ Î ¸ÉÓ ¸¶¥±É·  ¨§²ÊÎ¥´¨Ö, ±μÉμ· Ö
μ¸É ² ¸Ó ¢´¥ ¸¶¥±É· ²Ó´μ° ²¨´¨¨, ¸μ¸É ¢²Ö¥É μ±μ²μ 23% μÉ ¶μ²´μ° ¨´É¥´-
¸¨¢´μ¸É¨. Šμ²²¨³ Í¨Ö θc = 0,1 ¸μμÉ¢¥É¸É¢Ê¥É ¶μ²´μ° Ï¨·¨´¥ ¸¶¥±É· ²Ó´μ°
²¨´¨¨ FWHM= 2,36σph = 0,32 ŒÔ‚, É. ¥. ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ μ¸´μ¢´μ° ²¨-
´¨¨ ¸μ¸É ¢²Ö¥É μ±μ²μ 1,8 %, Éμ£¤  ± ± Í¥´É· ÉÖ¦¥¸É¨ ¸¶¥±É·  ®³Ö£±¨Ì¯ Ëμ-
Éμ´μ¢ ¸μμÉ¢¥É¸É¢Ê¥É Ô´¥·£¨¨ 17,1 ŒÔ‚, É. ¥. ¸³¥Ð¥´ μÉ´μ¸¨É¥²Ó´μ ¶μ²μ¦¥´¨Ö
μ¸´μ¢´μ° ²¨´¨¨ ¶·¨³¥·´μ ´  5σph (¸³. ·¨¸. 4, a).

�·¨ Ê³¥´ÓÏ¥´¨¨ Éμ²Ð¨´Ò ¸¢¥Éμ¢μ° ³¨Ï¥´¨ ¶·¨³¥·´μ ¢ 20 · § ¢±² ¤
±· É´ÒÌ ¶·μÍ¥¸¸μ¢ ¨¸Î¥§ ¥É,   ¸¶¥±É· ²Ó´ Ö ²¨´¨Ö Ìμ·μÏμ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö
£ Ê¸¸¨ ´μ³ ¶· ±É¨Î¥¸±¨ ¸ É¥³¨ ¦¥ ¶ · ³¥É· ³¨ (¸³. ·¨¸. 4, ¡).

’ ±¨³ μ¡· §μ³, Ê¢¥²¨Î¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ±μ²²¨³¨·μ¢ ´´μ£μ ¶ÊÎ±  £ ³-
³ -±¢ ´Éμ¢, ¸¢Ö§ ´´μ¥ ¸ Ê¢¥²¨Î¥´¨¥³ ®Éμ²Ð¨´Ò¯ ² §¥·´μ° ³¨Ï¥´¨, ¸ ´¥¨§-
¡¥¦´μ¸ÉÓÕ ¢¥¤¥É ± ¶μÖ¢²¥´¨Õ ËμÉμ´μ¢ ¸ Ô´¥·£¨Ö³¨, ²¥¦ Ð¨³¨ ¢´¥ ¸¶¥±-
É· ²Ó´μ° ²¨´¨¨.

�¥²¨´¥°´Ò° ¶·μÍ¥¸¸ �Š� ¨²²Õ¸É·¨·Ê¥É¸Ö ·¨¸. 5, a, £¤¥ ¶μ± § ´ ¸¶¥±É·
¨§²ÊÎ¥´¨Ö ¶·¨ a0 = 1 (μ¸É ²Ó´Ò¥ ¶ · ³¥É·Ò É¥ ¦¥, ÎÉμ ¨ · ´¥¥). ‚ ÔÉμ³
¸²ÊÎ ¥ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¸ ®¶μ£²μÐ¥´¨¥³¯ μ¤´μ£μ ËμÉμ´  · ¢´  64 %,
¤¢ÊÌ Å 21 %, É·¥Ì Å 8 %. ‚±² ¤ ¢ ¸¥Î¥´¨¥ ¶·μÍ¥¸¸μ¢ ¸ n > 3 ¸μ¸É ¢²Ö¥É
μ±μ²μ 7 %. �  ·¨¸Ê´±¥ ¶·¨¢¥¤¥´Ò ¸¶¥±É· ²Ó´Ò¥ ²¨´¨¨ ¤²Ö n = 1 ¨ n = 2.
„²Ö Éμ²Ð¨´Ò ² §¥·´μ° ³¨Ï¥´¨ �L = 0,5�T ³μ¤¥²¨·μ¢ ´¨¥ ¤ ¥É ¸·¥¤´¥¥ Î¨¸²μ
¸Éμ²±´μ¢¥´¨° (¶μ²´μ¥ Î¨¸²μ ËμÉμ´μ¢ ¢ ¸¶¥±É·¥) k̄ = 0,436, Éμ£¤  ± ± Î¨¸²μ
ËμÉμ´μ¢ ¢ ¶¥·¢μ³ ¶¨±¥ ±μ²²¨³¨·μ¢ ´´μ£μ ¸¶¥±É·  (¢ · ¸Î¥É¥ ´  ´ Î ²Ó´Ò°
Ô²¥±É·μ´) ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê k1 = 0,012,   ¢μ ¢Éμ·μ³ ¶¨±¥ k2 = 0,0001.

„²Ö ¸· ¢´¥´¨Ö ´  ·¨¸. 5, ¡ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö É¥Ì
¦¥ ¶ · ³¥É·μ¢ ¶·¨ Ê¢¥²¨Î¥´¨¨ Ê£²  ±μ²²¨³ Í¨¨ ¢ ¤¢  · §  (θc = 0,0002). �·¨
´¥¨§³¥´´μ³ ¸·¥¤´¥³ Î¨¸²¥ ¸Éμ²±´μ¢¥´¨° ¨´É¥´¸¨¢´μ¸ÉÓ ¢ ¶¥·¢μ³ ¶¨±¥ Ê¢¥-
²¨Î¨² ¸Ó ¶·¨³¥·´μ ¢ ¤¢  · § : k1 = 0,0227, Éμ£¤  ± ± ¨´É¥´¸¨¢´μ¸ÉÓ ¢Éμ·μ£μ
¶¨±  ¢μ§·μ¸²  ¢ 14 · §: k2 = 0,0014. �μ¸²¥¤´¥¥ ¸μμÉ´μÏ¥´¨¥ μ¡ÑÖ¸´Ö¥É¸Ö
É¥³ Ë ±Éμ³, ÎÉμ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢Ò¸Ï¨Ì £ ·³μ´¨± ¨³¥¥É ³ ±¸¨³Ê³
¤²Ö Ê£²μ¢, ¸· ¢´¨³ÒÌ ¸ γ−1 (¸³. ·¨¸. 1).

�·μÍ¥¸¸ �Š� ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö £¥´¥· Í¨¨ ³μ´μÌ·μ³ É¨Î¥¸±¨Ì ·¥´É£¥-
´μ¢¸±¨Ì ¶ÊÎ±μ¢ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸· ¢´¨É¥²Ó´μ ±μ³¶ ±É´ÒÌ Ô²¥±É·μ´´ÒÌ
Ê¸±μ·¨É¥²¥° ¸ Ô´¥·£¨¥° E0 ∼ 50 ŒÔ‚ [7, 10, 23]. ’ ±, ´ ¶·¨³¥·, ¢ · ¡μÉ¥ [13]
· ¸¸³ É·¨¢ ²¸Ö ¶·μÍ¥¸¸ �Š� ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶ · ³¥É·μ¢: Ô´¥·£¨Ö Ô²¥±É·μ´μ¢
50 ŒÔ‚; · ¤¨Ê¸ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  10 ³±³; Ô´¥·£¨Ö ² §¥·´μ° ¢¸¶ÒÏ±¨ 1 „¦;
¤²¨´  ¢μ²´Ò 1 ³±³; · ¤¨Ê¸ Ëμ±Ê¸  20 ³±³.

�¢Éμ·Ò · ¡μÉÒ ¶μ²ÊÎ¨²¨ μÍ¥´±Ê ®±¢ ´Éμ¢μ° ÔËË¥±É¨¢´μ¸É¨¯ (¨²¨ ¸·¥¤-
´¥£μ Î¨¸²  · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢) k̄ = 0,256. �·¨ Ê¢¥²¨Î¥´¨¨ Ô´¥·£¨¨ ¢¸¶ÒÏ±¨
¤μ 8 „¦ ¸·¥¤´¥¥ Î¨¸²μ ËμÉμ´μ¢ ¡Ê¤¥É § ³¥É´μ ¶·¥¢ÒÏ ÉÓ ¥¤¨´¨ÍÊ (k̄ ∼ 2).
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�¨¸. 5. ‘¶¥±É· · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¤²Ö ´¥²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� ¶·¨ a0 = 1 (¶μ-
± § ´Ò ¢±² ¤Ò Éμ²Ó±μ ¤¢ÊÌ ¶¥·¢ÒÌ ¶¨±μ¢). Šμ²²¨³ Í¨Ö γ0θc = 0,14 (a); ±μ²²¨³ Í¨Ö
γ0θc = 0,28 (¡)

‚²¨Ö´¨¥ ÔËË¥±É  ±· É´μ¸É¨ ´  Ëμ·³Ê ±μ²²¨³¨·μ¢ ´´μ£μ ¸¶¥±É·  ¢ ÔÉμ³ ¸²Ê-
Î ¥ ¨²²Õ¸É·¨·Ê¥É¸Ö ·¨¸. 6.

�  ·¨¸. 6,   ¶·¨¢¥¤¥´ ¸¶¥±É· · ¸¸¥Ö´´μ£μ ¨§²ÊÎ¥´¨Ö ¤²Ö ¸²¥¤ÊÕÐ¨Ì ¶ · -
³¥É·μ¢: E0 ∼ 50 ŒÔ‚, �ω0 = 1,17 Ô‚ (x0 = 0,0009), θc = 0,001 · ¤ ≈ 0,1 γ−1,
�L = 2�T (²¨´¥°´Ò° ·¥¦¨³). Š ± ¸²¥¤Ê¥É ¨§ ·¨¸Ê´± , ¸¶¥±É· ²Ó´ Ö ²¨´¨Ö Ìμ-
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�¨¸. 6. ‘¶¥±É· · ¸¸¥Ö´´ÒÌ ËμÉμ´μ¢ ¤²Ö ²¨´¥°´μ£μ ¶·μÍ¥¸¸  �Š� ¨ ±¨´¥³ É¨±¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¨§²ÊÎ¥´¨Õ ·¥´É£¥´μ¢¸±¨Ì ËμÉμ´μ¢ ¤²Ö �L ∼ 2�T (a) ¨ �L ∼ 0,2�T (¡)

·μÏμ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö £ Ê¸¸¨ ´μ³, ¶·¨Î¥³ ¶μ²´ Ö Ï¨·¨´  ´  ¶μ²Ê¢Ò¸μÉ¥
· ¢´  FWHM= 0,53 ±Ô‚,   ³μ´μÌ·μ³ É¨Î´μ¸ÉÓ FWHM 〈hω〉 ≈ 1,2%. �μ-
²ÊÎ¥´´μ¥ §´ Î¥´¨¥ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ μÍ¥´±μ°, ¶μ²ÊÎ¥´´μ° ¨§ ¸μμÉ´μÏ¥-
´¨Ö (16). ‘ Ê³¥´ÓÏ¥´¨¥³ Éμ²Ð¨´Ò ² §¥·´μ° ³¨Ï¥´¨ ¢ 10 · § (¸³. ·¨¸. 6, ¡)
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¶μ²μ¦¥´¨¥ ³ ±¸¨³Ê³  ¨ Ï¨·¨´  ¸¶¥±É· ²Ó´μ° ²¨´¨¨ ´¥ ¨§³¥´¨²¨¸Ó, ÎÉμ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ¶·¨ Ê¸²μ¢¨¨ x0 � 1 (Éμ³¸μ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥)
¢±² ¤μ³ ±· É´ÒÌ ¶·μÍ¥¸¸μ¢ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ.

‡�Š‹�—…�ˆ…

�³¡¨Í¨μ§´ÊÕ Í¥²Ó Å ¸μ§¤ ÉÓ ¨¸ÉμÎ´¨± γ-¨§²ÊÎ¥´¨Ö ¸ Ô´¥·£¨¥° ¢ÒÏ¥
10 ŒÔ‚ ¨ ³μ´μÌ·μ³ É¨Î´μ¸ÉÓÕ ∼ 0,1 % Å ¶·¥¤¶μ² £ ¥É¸Ö ·¥ ²¨§μ¢ ÉÓ ¢
¶·μ¥±É¥ ELI-NP [17]. ‹¥£±μ μÍ¥´¨ÉÓ, ÎÉμ ¤²Ö ±μ²²¨³ Í¨¨ θc ∼ 0,03γ−1,
±μÉμ· Ö ¶·¨¢μ¤¨É ± Ï¨·¨´¥ ²¨´¨¨ ∼ 0,1%, Éμ²Ó±μ 0,15 % ¶μ²´μ£μ Î¨¸² 
ËμÉμ´μ¢ ¸¶¥±É·  ²¨´¥°´μ£μ �Š� ¶μ¶ ¤ ÕÉ ¢ ±μ²²¨³ Éμ·. Ÿ¸´μ, ÎÉμ ¤²Ö
¤μ¸É¨¦¥´¨Ö · §Ê³´μ° ¨´É¥´¸¨¢´μ¸É¨ ±μ²²¨³¨·μ¢ ´´μ£μ ¶ÊÎ±  ¸ ´¥μ¡Ìμ¤¨³μ-
¸ÉÓÕ ´ ¤μ ¶μ¢ÒÏ ÉÓ ¶μ²´μ¥ Î¨¸²μ ËμÉμ´μ¢ ¢ ¸¶¥±É·¥ (Î¨¸²μ ¸Éμ²±´μ¢¥´¨°
´ Î ²Ó´μ£μ Ô²¥±É·μ´  ¸ ² §¥·´Ò³¨ ËμÉμ´ ³¨). ‚ ÔÉμ³ ¸²ÊÎ ¥, ± ± ¶μ± § ´μ
¢ ¤ ´´μ° ¸É ÉÓ¥, ´ ·Ö¤Ê ¸ ¤·Ê£¨³¨ Ë ±Éμ· ³¨, ¢¥¤ÊÐ¨³¨ ± ÊÌÊ¤Ï¥´¨Õ ³μ-
´μÌ·μ³ É¨Î´μ¸É¨ ·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ¶ÊÎ± , ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ÔËË¥±ÉÒ
³´μ£μ±· É´μ£μ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢.

�¤´ ±μ ¶·¨ ¸μ§¤ ´¨¨ ¨¸ÉμÎ´¨±μ¢ ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö, £¤¥ ² §¥·-
´Ò¥ ËμÉμ´Ò · ¸¸¥¨¢ ÕÉ¸Ö ´  Ô²¥±É·μ´ Ì ¸ Ô´¥·£¨¥° ³¥´¥¥ 100 ŒÔ‚, Ê± -
§ ´´Ò³ ±¢ ´Éμ¢Ò³ ÔËË¥±Éμ³ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ,   · ¸Î¥É Ì · ±É¥·¨¸É¨±
·¥§Ê²ÓÉ¨·ÊÕÐ¥£μ ¶ÊÎ±  ³μ¦´μ ¶·μ¢μ¤¨ÉÓ ´  μ¸´μ¢¥ ±² ¸¸¨Î¥¸±μ° Ô²¥±É·μ-
¤¨´ ³¨±¨.

‚ ´¥¤ ¢´¥° · ¡μÉ¥ [33] ¶·¥¤² £ ¥É¸Ö ±μ´Í¥¶Í¨Ö γÄγ-±μ²² °¤¥·  ¤²Ö ¤¥-
É ²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö Ì · ±É¥·¨¸É¨± Ì¨££¸μ¢¸±μ£μ ¡μ§μ´ , ¢ ±μÉμ·μ° · ¸-
¸³ É·¨¢ ¥É¸Ö ¸Éμ²±´μ¢¥´¨¥ £ ³³ -¶ÊÎ±μ¢, ¶μ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ �Š� ² -
§¥·´ÒÌ ËμÉμ´μ¢ ¸ �ω0 = 3,53 Ô‚ ´  Ô²¥±É·μ´ Ì ¸ Ô´¥·£¨¥° E0 = 80 ƒÔ‚
(x0 = 4,3). �¢Éμ·Ò ¶·μ¥±É  ¶·¥¤² £ ÕÉ ¤μ¸É¨ÎÓ ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±μ¢
γ-±¢ ´Éμ¢, ¸· ¢´¨³μ° ¸ ¨´É¥´¸¨¢´μ¸ÉÓÕ ´ Î ²Ó´ÒÌ Ô²¥±É·μ´´ÒÌ ¶ÊÎ±μ¢
(k̄ = 1,2; ¸³. É ¡². 1 ¨ 2 ¢ [33]). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö · ¸Î¥É  ·¥ ²Ó´μ°
¸¢¥É¨³μ¸É¨ γÄγ-¶ÊÎ±μ¢ ´¥μ¡Ìμ¤¨³μ ±μ··¥±É´μ ÊÎ¨ÉÒ¢ ÉÓ ÔËË¥±É ±· É´μ£μ
¨¸¶Ê¸± ´¨Ö γ-±¢ ´Éμ¢ ´ Î ²Ó´Ò³ Ô²¥±É·μ´μ³, ¢±² ¤ ±μÉμ·μ£μ ¢ ¨¸± ¦¥´¨¥
γÄe-¸¶¥±É·  ¶μ¢ÒÏ ¥É¸Ö ¸ ·μ¸Éμ³ Ô´¥·£¨¨ Ô²¥±É·μ´μ¢. ‚ ¸É ÉÓ¥ [34] ± Î¥-
¸É¢¥´´μ · ¸¸³ É·¨¢ ²¸Ö ÔËË¥±É ¨§²ÊÎ¥´¨Ö ´ Î ²Ó´Ò³ Ô²¥±É·μ´μ³ ¤¢ÊÌ ËμÉμ-
´μ¢ ¨ ¥£μ ¢²¨Ö´¨¥ ´  ¸¢¥É¨³μ¸ÉÓ Lγγ γÄγ-±μ²² °¤¥· . �¤´ ±μ ¤²Ö ±μ··¥±É´ÒÌ
· ¸Î¥Éμ¢ ¸¢¥É¨³μ¸É¨ Lγγ ´¥μ¡Ìμ¤¨³μ · ¸¸³ É·¨¢ ÉÓ ¶·μÍ¥¸¸ �Š� ± ± ¸ÉμÌ -
¸É¨Î¥¸±¨° ¨ ³μ¤¥²¨·μ¢ ÉÓ ÔÉμÉ ¶·μÍ¥¸¸ ¸ ¤¥É ²Ó´Ò³ ÊÎ¥Éμ³ ¢¥·μÖÉ´μ¸É´ÒÌ
§ ±μ´μ¢.

�¢Éμ·Ò ¶·¨§´ É¥²Ó´Ò ‹.‚.�Ê§Ò·¥¢¨Î, „. �. ‚¥·¨£¨´Ê ¨ �.‚.	μ£¤ ´μ¢Ê
§  ¶μ³μÐÓ ¢ ¶μ¤£μÉμ¢±¥ ·Ê±μ¶¨¸¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ · ³± Ì ¶·μ¥±É  º0.339.2012 ƒμ¸§ ¤ ´¨Ö ®� Ê± ¯.
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