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� Í¨μ´ ²Ó´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ’μ³¸±¨° ¶μ²¨É¥Ì´¨Î¥¸±¨° Ê´¨¢¥·¸¨É¥É, ’μ³¸±, �μ¸¸¨Ö

ˆ§²ÊÎ¥´¨¥ ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢  (ˆ‚—) ´  ¶·μÉÖ¦¥´¨¨ ¡μ²¥¥ ¶μ²Ê¢¥±  ¶·¨³¥´Ö¥É¸Ö ¤²Ö ¸μ§¤ -
´¨Ö ¤¥É¥±Éμ·μ¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. ‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¶μÖ¢¨²¨¸Ó · ¡μÉÒ,  ¢Éμ·Ò ±μÉμ·ÒÌ ¶·¥¤-
² £ ²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Ì ´¨§³ ±μ£¥·¥´É´μ£μ ˆ‚— ¤²Ö ¨§³¥·¥´¨Ö ¤²¨´Ò ±μ·μÉ±μ£μ ¸£Ê¸É± , ±μÉμ·Ò°
£¥´¥·¨·Ê¥É ÔÉμ ¨§²ÊÎ¥´¨¥. „²Ö ÔÉμ° Í¥²¨ ¶·¥¤¶μ² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¤¨Ô²¥±É·¨Î¥¸±¨¥ ³¨Ï¥´¨
±μ´¨Î¥¸±μ° (¨²¨ ¡μ²¥¥ ¸²μ¦´μ°) Ëμ·³Ò ¤²Ö ¢Ò¢μ¤  ¨§²ÊÎ¥´¨Ö ¢ ¢ ±ÊÊ³ ¸ ³¨´¨³ ²Ó´Ò³¨ ¶μÉ¥-
·Ö³¨ ´  ¶¥·¥μÉ· ¦¥´¨¥. Š ¸μ¦ ²¥´¨Õ,  ·¸¥´ ²  ´ ²¨É¨Î¥¸±¨Ì ³¥Éμ¤μ¢ ¤²Ö · ¸Î¥É  ¸¶¥±É· ²Ó´μ-
Ê£²μ¢ÒÌ Ì · ±É¥·¨¸É¨± ˆ‚— (¤ ¦¥ ¤²Ö ´¥±μ£¥·¥´É´μ£μ ¸²ÊÎ Ö) μ£· ´¨Î¥´ ¶·μ¸É¥°Ï¨³¨ £¥μ³¥É·¨-
Ö³¨ ³¨Ï¥´¥°. ‚ ¤ ´´μ° · ¡μÉ¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨¥ ³¥Éμ¤Ò · ¸Î¥É  Ì · ±É¥·¨¸É¨± ˆ‚—
¨§ ´ ±²μ´´μ° ¤¨Ô²¥±É·¨Î¥¸±μ° ¶² ¸É¨´Ò, μ¸´μ¢ ´´Ò¥ ´  ³¥Éμ¤¥ ¨§μ¡· ¦¥´¨° ¨ ³¥Éμ¤¥ ¶μ²Ö·¨-
§ Í¨μ´´ÒÌ Éμ±μ¢. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ± §Ò¢ ÕÉ · §Ê³´μ¥ ¸μ£² ¸¨¥ ¸ ¤ ´´Ò³¨ ´¥¤ ¢´¥£μ
Ô±¸¶¥·¨³¥´É . �μ²ÊÎ¥´´Ò¥ ¢ ¸É ÉÓ¥ ·¥§Ê²ÓÉ ÉÒ ¤¥³μ´¸É·¨·ÊÕÉ ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ´¨Ö ˆ‚—
´¥ Éμ²Ó±μ ¤²Ö ¨§³¥·¥´¨Ö ¤²¨´Ò ¸£Ê¸É±μ¢, ´μ ¨ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¨Ì ¶μ¶¥·¥Î´μ£μ ¶·μË¨²Ö.

The Cherenkov radiation (ChR) has been used for more than half a century to create elementary
particle detectors. In recent years, works have appeared whose authors have proposed using a coherent
ChR mechanism for measuring the length of a short bunch that generates this radiation. For this purpose,
it is assumed to use dielectric targets of conical (or more complex) shape to output radiation to a vacuum
with minimal re	ectance losses. Unfortunately, the arsenal of analytical methods for calculating the
spectral and angular characteristics of the microwave (even for the incoherent case) is limited to the
simplest target geometries. The present paper uses analytical methods for calculating the characteristics
of ChR from an inclined dielectric plate, based on the image method and the polarization current method.
The simulation results show reasonable agreement with a recent experiment. The results obtained in the
article demonstrate the possibility of using ChR not only to measure the length of bunches, but also to
study the transverse proˇle of bunches.

PACS: 41.60.-m
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ˆ§²ÊÎ¥´¨¥ § ·Ö¤ , ¤¢¨¦ÊÐ¥£μ¸Ö ¸μ ¸¢¥·Ì¸¢¥Éμ¢μ° ¸±μ·μ¸ÉÓÕ ¢ ¸·¥¤¥ (¨§²ÊÎ¥´¨¥ ‚ ¢¨-
²μ¢ Ä—¥·¥´±μ¢  (ˆ‚—)), μ¡´ ·Ê¦¥´´μ¥ ¡μ²¥¥ 80 ²¥É ´ § ¤ [1, 2], Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥É¸Ö
¶·¨ ¤¥É¥±É¨·μ¢ ´¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í [3,4]. ‚ ¶μ¸²¥¤´¨¥ £μ¤Ò ¶·¥¤² £ ²μ¸Ó ¨¸¶μ²Ó-
§μ¢ ÉÓ ³¥Ì ´¨§³ ±μ£¥·¥´É´μ£μ ˆ‚— ¤²Ö · §· ¡μÉ±¨ ¨ ¸μ§¤ ´¨Ö ¨¸ÉμÎ´¨±μ¢ ¨§²ÊÎ¥´¨Ö
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¢ ’ƒÍ ¨ ¸Ê¡-’ƒÍ ¤¨ ¶ §μ´ Ì [5,6]. ‘Ì¥³Ò ¶μ¤μ¡´ÒÌ ¨¸ÉμÎ´¨±μ¢ ¶·¥¤¶μ² £ ÕÉ ¨¸¶μ²Ó§μ-
¢ ´¨¥ · ¡μÎ¥£μ μ¡Ñ¥³  ¤¨Ô²¥±É·¨± , ´ ¶·¨³¥·, ¢ ¢¨¤¥ ¶·¨§³Ò [7,8] ¤²Ö ¢Ò¢μ¤  ¨§²ÊÎ¥´¨Ö
¢ ¢ ±ÊÊ³. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μÉ¸ÊÉ¸É¢ÊÕÉ  ´ ²¨É¨Î¥¸±¨¥ ³¥Éμ¤Ò · ¸Î¥É  Ì · ±É¥·¨¸É¨±
ˆ‚—, ±μÉμ·μ¥ £¥´¥·¨·Ê¥É¸Ö ¢ · ¤¨ Éμ· Ì ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò. ‚ Í¨±²¥ · ¡μÉ [9, 10]
¡Ò² ¶·¥¤²μ¦¥´ ¶μ¤Ìμ¤ Å É ± ´ §Ò¢ ¥³Ò° ³¥Éμ¤ ¶μ²Ö·¨§ Í¨μ´´ÒÌ Éμ±μ¢, ¢ ±μÉμ·μ³
¢μ§´¨± ÕÐ¥¥ ¨§²ÊÎ¥´¨¥ μ¡Ê¸²μ¢²¥´μ ¤¨´ ³¨Î¥¸±μ° ¶μ²Ö·¨§ Í¨¥° Ô²¥±É·μ´´ÒÌ μ¡μ²μÎ¥±
 Éμ³μ¢ ³¨Ï¥´¨ ¶μ²¥³ ¶·μ²¥É ÕÐ¥£μ Î¥·¥§ ¸·¥¤Ê § ·Ö¤ . �ÉμÉ ³¥Éμ¤ ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²ÖÉÓ
¸¶¥±É· ²Ó´μ-Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ˆ‚— ¢ ±μ´¥Î´ÒÌ ³¨Ï¥´ÖÌ ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò, ´ -
¶·¨³¥· ¢ ¶² ¸É¨´¥ ¨ ¶·¨§³¥ [11].

‚ Ô±¸¶¥·¨³¥´É¥ [12] ¨¸¸²¥¤μ¢ ²¨¸Ó Ì · ±É¥·¨¸É¨±¨ μ¶É¨Î¥¸±μ£μ ˆ‚— ¶·¨ ¥£μ £¥´¥-
· Í¨¨ ¶ÊÎ±μ³ Ô²¥±É·μ´μ¢ ¸ Ô´¥·£¨¥° 255 ŒÔ‚ ¢ ´ ±²μ´´μ° ¶² ¸É¨´±¥  ²³ §  Éμ²Ð¨´μ°
L = 50 ³±³. „²Ö ¤²¨´Ò ¢μ²´Ò λ = 0,5 ³±³ ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö  ²³ §  n ≈ 2,43 [13].
—Éμ¡Ò ¢Ò¢¥¸É¨ μ¶É¨Î¥¸±μ¥ ˆ‚— ¨ ¨§¡¥¦ ÉÓ ÔËË¥±É  ¶μ²´μ£μ ¢´ÊÉ·¥´´¥£μ μÉ· ¦¥´¨Ö ´ 
¢ÒÌμ¤´μ° £· ´¨, ¢ Í¨É¨·Ê¥³μ° · ¡μÉ¥ ¨¸¸²¥¤μ¢ ²μ¸Ó ¨§²ÊÎ¥´¨¥, ¨¸¶Ê¸± ¥³μ¥ ¶μ¤ Ê£²μ³
90,5◦ μÉ´μ¸¨É¥²Ó´μ ¨³¶Ê²Ó¸  Ô²¥±É·μ´  ¨§ ¶² ¸É¨´Ò, ´ ±²μ´¥´´μ° ¶μ¤ Ê£²μ³ ψ = 50,3◦

(·¨¸. 1, a).

�¨¸. 1. “£²μ¢Ò¥ ¶¥·¥³¥´´Ò¥, ¨¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö μ¶¨¸ ´¨Ö ¨§²ÊÎ¥´¨Ö ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢  ¨ ¶¥·¥-

Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ®¢¶¥·¥¤¯; βγλ μ¡μ§´ Î ¥É ÔËË¥±É¨¢´Ò° · ¤¨Ê¸ ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö Ô²¥±É·μ´ ,
γ Å ²μ·¥´Í-Ë ±Éμ· Ô²¥±É·μ´ 

’…��…’ˆ—…‘Š�Ÿ Œ�„…‹œ

�Î¥¢¨¤´μ, ÎÉμ Éμ²Ó±μ Î ¸ÉÓ ˆ‚—, ¨¸¶Ê¸± ¥³μ£μ ¢¤μ²Ó μ¡· §ÊÕÐ¥£μ¸Ö ±μ´Ê¸  ¸ Ê£²μ³
¶·¨ ¢¥·Ï¨´¥ Θch = arccos (1/β

√
ε) (ε = n2 Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¸·¥¤Ò;

β = v/c, v Å ¸±μ·μ¸ÉÓ ¤¢¨¦¥´¨Ö § ·Ö¦¥´´μ° Î ¸É¨ÍÒ, c Å ¸±μ·μ¸ÉÓ ¸¢¥É ), ³μ¦¥É ¢Ò°É¨
¨§ ¤¨Ô²¥±É·¨±  ¢ ¢ ±ÊÊ³, Éμ£¤  ± ± Î ¸ÉÓ ¨§²ÊÎ¥´¨Ö ¨§-§  ¶μ²´μ£μ ¢´ÊÉ·¥´´¥£μ μÉ· ¦¥´¨Ö
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´¥ ¢ÒÌμ¤¨É ¨§ ³¨Ï¥´¨ (¸³. ·¨¸. 1, a). Š ± ·¥§Ê²ÓÉ É,  §¨³ÊÉ ²Ó´ Ö ¸¨³³¥É·¨Ö · ¸¶·¥-
¤¥²¥´¨Ö ˆ‚— ¢ ¢ ±ÊÊ³¥ ¡Ê¤¥É ´ ·ÊÏ ÉÓ¸Ö. „·Ê£μ° ¢ ·¨ ´É ´ ·ÊÏ¥´¨Ö  §¨³ÊÉ ²Ó´μ°
¸¨³³¥É·¨¨ ¨§²ÊÎ¥´¨Ö · ¸¸³μÉ·¥´ ¢ ¸É ÉÓ¥ [14], £¤¥ μ¶¨¸ ´Ò ¨¸¸²¥¤μ¢ ´¨Ö Ì · ±É¥·¨-
¸É¨± ˆ‚—, ¢μ§´¨± ÕÐ¥£μ ¶·¨ ¶·μ²¥É¥ § ·Ö¤  ¢ ¢ ±ÊÊ³¥ ¢¡²¨§¨ ¤¨Ô²¥±É·¨Î¥¸±μ° ³¨Ï¥´¨
(É ± ´ §Ò¢ ¥³μ¥£μ cherenkov diffraction radiation [15]). ‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¨¸¸²¥¤Ê¥³
É· ¤¨Í¨μ´´Ò° ³¥Ì ´¨§³ ˆ‚—.

‚ · ¡μÉ Ì ‚. ….� Ëμ³μ¢  [16] ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö, μ¶¨¸Ò¢ ÕÐ¨¥ ¸¶¥±É· ²Ó´μ-
Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ˆ‚— ´  ¢ÒÌμ¤¥ ¨§ ´ ±²μ´´μ°, ¡¥§£· ´¨Î´μ° ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· -
¢²¥´¨¨ ¶² ¸É¨´Ò. �É¨ ¢Ò· ¦¥´¨Ö ¶μ§¢μ²ÖÕÉ  ´ ²¨§¨·μ¢ ÉÓ  ¸¨³³¥É·¨Î´μ¥  §¨³ÊÉ ²Ó´μ¥
· ¸¶·¥¤¥²¥´¨¥ ˆ‚—, μ¤´ ±μ · ´¥¥ ¶μ¤μ¡´μ£μ  ´ ²¨§  ´¥ ¶·μ¢μ¤¨²μ¸Ó. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ,
ÎÉμ ¢ Ô±¸¶¥·¨³¥´É¥ [12] ¨¸¸²¥¤μ¢ ² ¸Ó § ¢¨¸¨³μ¸ÉÓ ¢ÒÌμ¤  ˆ‚— μÉ Ê£²  ¶μ¢μ·μÉ  ³¨-
Ï¥´¨, μÉ¸Î¨ÉÒ¢ ¥³μ£μ μÉ ´ ¶· ¢²¥´¨Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¤²Ö Ë¨±¸¨·μ¢ ´´μ£μ  §¨³Ê-
É ²Ó´μ£μ Ê£²  φ = 0◦ (É. ¥. ¢ ¶²μ¸±μ¸É¨ ·¨¸. 1, a). �·¥¤¸É ¢²Ö¥É ´¥¸μ³´¥´´Ò° ¨´É¥·¥¸
¢ÒÖ¸´¨ÉÓ § ¢¨¸¨³μ¸ÉÓ ¸¶¥±É· ²Ó´μ-Ê£²μ¢ÒÌ Ì · ±É¥·¨¸É¨± ˆ‚— μÉ ¸É¥¶¥´¨ ´ ·ÊÏ¥´¨Ö
 ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ ¢ · ¸¸³ É·¨¢ ¥³μ° £¥μ³¥É·¨¨.

‚ ¸¨¸É¥³¥ ±μμ·¤¨´ É, £¤¥ μ¸Ó z ´ ¶· ¢²¥´  ¢¤μ²Ó ¶¥·¶¥´¤¨±Ê²Ö·  ± ¢ÒÌμ¤´μ° ¶μ-
¢¥·Ì´μ¸É¨ ¶² ¸É¨´Ò (¸³. ·¨¸. 1, a), Ëμ·³Ê²Ò ¤²Ö ¨´É¥´¸¨¢´μ¸É¥° ±μ³¶μ´¥´É ˆ‚—, ¶μ-
²Ö·¨§μ¢ ´´ÒÌ ¢ ¶ · ²²¥²Ó´μ° (¶·μÌμ¤ÖÐ¥° Î¥·¥§ μ¸Ó z ¨ ¢¥±Éμ· ¸±μ·μ¸É¨ § ·Ö¦¥´´μ°
Î ¸É¨ÍÒ) ¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ° ¶²μ¸±μ¸ÉÖÌ, ¤ ÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨ (18.25), (18.26) ¨§ ¸É -
ÉÓ¨ [16]. �É¨ ¢Ò· ¦¥´¨Ö ¶μ§¢μ²ÖÕÉ · ¸¸Î¨É ÉÓ ¸¶¥±É· ²Ó´μ-Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ˆ‚—
¢ ¡¥§£· ´¨Î´μ° ¶² ¸É¨´¥ ¸ ÊÎ¥Éμ³ ÔËË¥±É  ³´μ£μ±· É´μ£μ ¶¥·¥μÉ· ¦¥´¨Ö ¨§²ÊÎ¥´¨Ö ¢´Ê-
É·¨ ¶² ¸É¨´Ò:
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+
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(
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−
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]∣∣∣∣
2
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−
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(
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, (2)

d2W

dωdΩ
=

d2W‖
dωdΩ

+
d2W⊥
dωdΩ

. (3)

‡¤¥¸Ó ¨¸¶μ²Ó§ÊÕÉ¸Ö μ¡μ§´ Î¥´¨Ö Z =
√

ε − sin2(θ), βy = −β sin (ψ), βz = β cos (ψ),
nx = sin (θ) sin (φ), ny = sin (θ) cos (φ), nz = cos (θ), θ, φ Å ¶μ²Ö·´Ò° ¨  §¨³ÊÉ ²Ó´Ò°
Ê£²Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢μ²´μ¢μ° ¢¥±Éμ· ¢ ¢ ±ÊÊ³¥ (¸³. ·¨¸. 1, a), L Å Éμ²Ð¨´  ¶² ¸É¨´Ò.


μ²¥¥ ¶·μ¸Éμ° ¤²Ö  ´ ²¨§  Ö¢²Ö¥É¸Ö ¸¨¸É¥³  ±μμ·¤¨´ É, ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 1, ¡,
£¤¥ μ¸Ó z′ ´ ¶· ¢²¥´  ¢¤μ²Ó ¨³¶Ê²Ó¸  Ô²¥±É·μ´ . �¥·¥³¥´´Ò¥ ¢ μ¡¥¨Ì ¸¨¸É¥³ Ì ¸¢Ö-
§ ´Ò ¸É ´¤ ·É´μ° ³ É·¨Í¥° ¶μ¢μ·μÉ  ´  Ê£μ² ψ, ÎÉμ ¶μ§¢μ²Ö¥É ¶·¥μ¡· §μ¢ ÉÓ ¢Ò· ¦¥-
´¨Ö (1), (2) ± ¡μ²¥¥ Ê¤μ¡´Ò³ Ê£²μ¢Ò³ ¶¥·¥³¥´´Ò³ θ′, φ′ (θ′ Å Ê£μ² ³¥¦¤Ê ¢μ²´μ¢Ò³
¢¥±Éμ·μ³ ¨ ¨³¶Ê²Ó¸μ³ Ô²¥±É·μ´ , φ′ Å  §¨³ÊÉ ²Ó´Ò° Ê£μ², ¸³. ·¨¸. 1, ¡). ‘¢Ö§Ó ³¥¦¤Ê
´ ¶· ¢²ÖÕÐ¨³¨ ±μ¸¨´Ê¸ ³¨ ¢ ÏÉ·¨Ìμ¢ ´´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É Nx = sin (θ′) sin (φ′),
Ny = sin (θ′) cos (φ′), Nz = cos (θ′) ¨ ¢ ¨¸Ìμ¤´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¤ ¥É¸Ö Ëμ·³Ê² ³¨
Nx = nx, Ny = ny cos (ψ)+nz sin (ψ), Nz = nz cos (ψ)−ny sin (ψ), ¨§ ±μÉμ·ÒÌ ¢Ò¢μ¤ÖÉ¸Ö
´¥μ¡Ìμ¤¨³Ò¥ Ëμ·³Ê²Ò:

cos (θ) = cos (θ′) cos (ψ) + sin (θ′) cos (φ′) sin (ψ), (4)

tan (φ) =
sin (θ′) sin (φ′)

sin (θ′) cos (φ′) cos (ψ) − cos (θ′) sin (ψ)
. (5)

Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, ¢Ò· ¦¥´¨Ö (1), (2) ¸¶· ¢¥¤²¨¢Ò Éμ²Ó±μ ¤²Ö ´¥μ£· ´¨Î¥´´μ° ¢
¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ¶² ¸É¨´Ò.

�μ¤Ìμ¤, ¶·¥¤²μ¦¥´´Ò° ¢ · ¡μÉ Ì [9, 10], ¶μ§¢μ²Ö¥É ÊÎ¥¸ÉÓ ±μ´¥Î´Ò¥ · §³¥·Ò ¶² -
¸É¨´Ò ¶μ ¢¸¥³ É·¥³ ´ ¶· ¢²¥´¨Ö³. �·μÍ¥¸¸ ˆ‚— ¢ ¸¨¸É¥³¥ ±μμ·¤¨´ É, ¶μ± § ´´μ°
´  ·¨¸. 1, a, ¢ ¢μ²´μ¢μ° §μ´¥ · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¶·μÖ¢²¥´¨¥ ¶μ²Ö·¨§ Í¨μ´´μ£μ ³¥-
Ì ´¨§³  ¨§²ÊÎ¥´¨Ö. ”Ê·Ó¥-±μ³¶μ´¥´É  ³ £´¨É´μ£μ ¶μ²Ö HR(r′′, ω) ¶μ²Ö·¨§ Í¨μ´´μ£μ
¨§²ÊÎ¥´¨Ö ¢ ¸·¥¤¥ ¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö μ¡² ¸ÉÓÕ, § ´¨³ ¥³μ° ¶μ²Ö·¨§ Í¨μ´´Ò³ Éμ±μ³
jR(ω), ¨´¤ÊÍ¨·μ¢ ´´Ò³ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ E0(r, ω):

jR(ω) =
∫∫∫
VT

σ(ω)E0(r, ω) e−i(k·r) d3r, (6 )

HR(r′′, ω) =
exp

(
i
√

ε
ω

c
r′′

)
r′′

i

c

[
k × jR(ω)

]
. (6¡)
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‚ Ëμ·³Ê² Ì (6 ), (6¡) σ(ω) = −iω(ε − 1)/4π Å ¶·μ¢μ¤¨³μ¸ÉÓ ¸·¥¤Ò; k =
√

ε(ω/c)e Å
¢μ²´μ¢μ° ¢¥±Éμ·; r Å · ¤¨Ê¸-¢¥±Éμ·, ¶·μ¢¥¤¥´´Ò° ¢ ÉμÎ±Ê ¸ ±μμ·¤¨´ É ³¨ {x, y, x}
¢´ÊÉ·¨ ³¨Ï¥´¨; r′′ = r′′e Å · ¤¨Ê¸-¢¥±Éμ·, μ¶·¥¤¥²ÖÕÐ¨° ±μμ·¤¨´ ÉÒ ´ ¡²Õ¤ É¥²Ö,
e = 1/

√
ε{sin (θ) sin (φ), sin (θ) cos (φ), Z} Å ¥¤¨´¨Î´Ò° ¢¥±Éμ·, ´ ¶· ¢²¥´´Ò° ¢ ÉμÎ±Ê

´ ¡²Õ¤¥´¨Ö ¢ ¢ ±ÊÊ³¥. ˆ´É¥£·¨·μ¢ ´¨¥ ¢ ¢Ò· ¦¥´¨¨ (6 ) ¶·μ¢μ¤¨É¸Ö ¶μ ¢¸¥³Ê μ¡Ñ¥³Ê
³¨Ï¥´¨.

‚ ¸²ÊÎ ¥ ¡¥¸±μ´¥Î´μ° ¢ ¶μ¶¥·¥Î´μ³ ´ ¶· ¢²¥´¨¨ ³¨Ï¥´¨ ËÊ·Ó¥-±μ³¶μ´¥´É  ¢¥±Éμ· 
Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö E0(kx, ky, z, ω) = {E0x, E0y, E0z}, ¸μ§¤ ¢ ¥³ Ö Ô²¥±É·μ´μ³ ¶·¨ ´ -
±²μ´´μ³ ¶·μ²¥É¥ ¤²Ö £¥μ³¥É·¨¨, ¶·¥¤¸É ¢²¥´´μ° ´  ·¨¸. 1, a, ¸¢μ¤¨É¸Ö ±  ´ ²¨É¨Î¥¸±μ³Ê
¢Ò· ¦¥´¨Õ

E0(kx, ky, z, ω) =

= − ie

2π2

{
kxvz , kyvz − vyvzω/c2, ω − kyvy − v2

zω/c2
}

exp
(

iz
(ω − kyvy)

vz

)
(k2

x + k2
y + ω2/c2)v2

z + (ω − kyvy)2
, (7)

¶μ ±μÉμ·μ³Ê ´ Ìμ¤ÖÉ¸Ö ¶μ²Ö·¨§ Í¨μ´´Ò° Éμ± ¨ ±μ³¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö HR (¸³.
Ëμ·³Ê²Ê (6¡)).

C¶¥±É· ²Ó´μ-Ê£²μ¢ Ö ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö ¶μ²Ö·¨§ Í¨μ´´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¢ ±Ê-
Ê³¥ μ¶·¥¤¥²Ö¥É¸Ö ¶μ ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²¥ [10]:

d2W

dωdΩ
=

d2W‖
dωdΩ

+
d2W⊥
dωdΩ

=
cr′′2

|ε|2

(∣∣√εFE

∣∣2 ∣∣∣HR
‖ (ω)

∣∣∣2 + |FH |2
∣∣HR

⊥(ω)
∣∣2) . (8)

� ¶·Ö¦¥´´μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¶μ²Ö·¨§ Í¨μ´´μ£μ ¨§²ÊÎ¥´¨Ö ¢ ¸·¥¤¥ · §²μ¦¥´  ´  ±μ³-
¶μ´¥´ÉÒ ³ £´¨É´μ£μ ¶μ²Ö, ²¥¦ Ð¨¥ ¢ ¶²μ¸±μ¸É¨ ¶ ¤¥´¨Ö Ô²¥±É·μ³ £´¨É´μ° ¢μ²´Ò ´ 
£· ´¨ÍÊ · §¤¥²  ¸·¥¤

HR
‖ (ω) =

√
HR

z (ω)2 + (HR
x (ω) sin (φ) + HR

y (ω) cos (φ))2 (9)

¨ ²¥¦ Ð¨¥ ¶¥·¶¥´¤¨±Ê²Ö·´μ ¶²μ¸±μ¸É¨ ¶ ¤¥´¨Ö ¢μ²´Ò ´  £· ´¨ÍÊ · §¤¥²  ¸·¥¤

HR
⊥(ω) = HR

x (ω) cos (φ) − HR
y (ω) sin (φ). (10)

‡¤¥¸Ó FH , FE Å ±μÔËË¨Í¨¥´ÉÒ ¶·¥²μ³²¥´¨Ö ”·¥´¥²Ö ¤²Ö μ¤´μ° ¡¥¸±μ´¥Î´μ° £· ´¨ÍÒ
· §¤¥²  ¸·¥¤:

FH =
2ε cos (θ)

ε cos (θ) +
√

ε − sin2(θ)
, (11)

FE =
2 cos (θ)

cos (θ) +
√

ε − sin2(θ)
. (12)

‘² £ ¥³Ò¥ ¢ Ëμ·³Ê²¥ (8) μ¶¨¸Ò¢ ÕÉ ¶μ²Ö·¨§ Í¨μ´´Ò¥ ±μ³¶μ´¥´ÉÒ ¸¶¥±É· ²Ó´μ°
¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ´¥ Éμ²Ó±μ ¨§²ÊÎ¥´¨Ö ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢ , ´μ ¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥-
´¨Ö ®¢¶¥·¥¤¯ (forward transition radiation), ±μÉμ·μ¥ · ¸¶·μ¸É· ´Ö¥É¸Ö ¢ ¶μ²Ê¶·μ¸É· ´¸É¢μ
z > 0 (¸³. ·¨¸. 1, a).
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�±μ´Î É¥²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¶¥±É· ²Ó´μ-Ê£²μ¢μ° ¶²μÉ´μ¸É¨ ¢ ¢ ±ÊÊ³¥ ¶μ²Ö·¨-
§ Í¨μ´´μ£μ ¨§²ÊÎ¥´¨Ö, ¢ÒÏ¥¤Ï¥£μ ¨§ ®¢ÒÌμ¤´μ°¯ £· ´¨ ³¨Ï¥´¨, ¶μ¸²¥ ¢¸¥Ì ³ É¥³ -
É¨Î¥¸±¨Ì ¶·¥μ¡· §μ¢ ´¨° ¨³¥¥É ¡μ²¥¥ ¶·μ¸Éμ° ¢¨¤ ¶μ ¸· ¢´¥´¨Õ ¸ Ëμ·³Ê²μ°
‚.…. � Ëμ³μ¢  (3):

d2W

dωdΩ
=

e2

π2c

β2
z cos2(θ)(

(1 − βyny)2 − β2
z cos2(θ)

)2

∣∣∣∣ε − 1
ε

∣∣∣∣
2
(

β2
yβ2

z sin2(φ)
(
|Z|2 + sin2(θ)

)
×

∣∣∣∣
√

ε

cos (θ) + Z

∣∣∣∣
2

+
∣∣∣∣ ε

ε cos (θ) + Z

∣∣∣∣
2 ∣∣(β2

z + βyny + βzZ − 1) sin (θ) − βyβz cos (φ)Z
∣∣2 )

×

×

∣∣∣∣∣∣∣∣
1 − exp

[
− iωL(1 − βzZ − nyβy)

βzc

]
1 − βzZ − nyβy

∣∣∣∣∣∣∣∣

2

. (13)

Š ± μÉ³¥Î ²  ¢Éμ· · ¡μÉÒ [17], ®. . . ¢ ¨§²ÊÎ¥´¨¥, ¢μ§¡Ê¦¤ ¥³μ¥ ¢ · ¤¨ Éμ·¥ ±μ´¥Î-
´μ° Éμ²Ð¨´Ò, ¢´μ¸¨É ¢±² ¤ ¶¥·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥, ±μÉμ·μ¥ ¨¸¶Ê¸± ÕÉ ¶μ²Ö·¨§μ¢ ´´Ò¥
 Éμ³Ò, ´ Ìμ¤ÖÐ¨¥¸Ö ´  £· ´¨Í¥ ¸·¥¤Ò ¸ ¢ ±ÊÊ³μ³¯.

„ ²¥¥ ¶μ± ¦¥³, ÎÉμ ¢Ò· ¦¥´¨¥ (13) μ¶¨¸Ò¢ ¥É · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö ¢ Ï¨·μ±μ³
¨´É¥·¢ ²¥ Ê£²μ¢, ¶·¨Î¥³ ¢ μ¡² ¸É¨ Ê£²μ¢ θ � γ−1 ¨§²ÊÎ¥´¨¥ ³μ¦´μ É· ±Éμ¢ ÉÓ ± ±
¶¥·¥Ìμ¤´μ¥,   ¢ μ¡² ¸É¨ Ê£²μ¢ θ � θch Å ± ± ˆ‚—.

�…‡“‹œ’�’› Œ�„…‹ˆ��‚��ˆŸ

„²Ö  ²³ §´μ° ³¨Ï¥´¨ Éμ²Ð¨´μ° 50 ³±³, ¨¸¶μ²Ó§Ê¥³μ° ¢ Ô±¸¶¥·¨³¥´É¥ [12], μ·¨¥´É¨-
·μ¢ ´´μ° ¶μ¤ Ê£²μ³ ψ = 50,3◦ (¸³. ·¨¸. 1 ¢ ¸É ÉÓ¥ [12]), ³Ò ¶·μ¢¥²¨ · ¸Î¥ÉÒ ¤¢Ê³¥·´ÒÌ
Ê£²μ¢ÒÌ · ¸¶·¥¤¥²¥´¨° ˆ‚— ¶μ ¶μ²Ö·´μ³Ê ¨  §¨³ÊÉ ²Ó´μ³Ê Ê£² ³ θ′, φ′, ¢ Éμ³ Î¨¸²¥ ¤²Ö
· §²¨Î´ÒÌ μ·¨¥´É Í¨°  ²³ §´μ° ³¨Ï¥´¨ (·¨¸. 2).

�É³¥É¨³, ÎÉμ Ê£μ² · ¸¶·μ¸É· ´¥´¨Ö ˆ‚— ¢ ¢ ±ÊÊ³¥ θ′ch ¢ ÔÉμ³ ¸²ÊÎ ¥ μ¶·¥¤¥²Ö¥É¸Ö
´¥ Éμ²Ó±μ ¸±μ·μ¸ÉÓÕ Î ¸É¨ÍÒ βc ¨ ¤¨Ô²¥±É·¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨ ¸·¥¤Ò ε, ´μ ¨ Ê£²μ³
´ ±²μ´  ψ (¸³., ´ ¶·¨³¥·, ¸É ÉÓÕ [11]):

θ′ch = ψ + arcsin (
√

ε sin (Θch) − ψ). (14)

„²Ö £¥μ³¥É·¨¨ ·¨¸. 2, a, £¤¥ Ê· ¢´¥´¨¥ (14) ´¥ ¨³¥¥É ·¥Ï¥´¨Ö, ´ ¡²Õ¤ ¥É¸Ö Éμ²Ó±μ ¶¥-
·¥Ìμ¤´μ¥ ¨§²ÊÎ¥´¨¥ ¢ ±μ´Ê¸ Ê£²μ¢ γ−1 ¢ ´ ¶· ¢²¥´¨¨ ¶·Ö³μ ¢¶¥·¥¤. �μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö
Ê£²  ´ ±²μ´  ³¨Ï¥´¨ ψ ¢±² ¤ ˆ‚— ¢μ§· ¸É ¥É μ¤´μ¢·¥³¥´´μ ¸ Ê¢¥²¨Î¥´¨¥³ · §·¥Ï¥´-
´μ£μ ¤¨ ¶ §μ´   §¨³ÊÉ ²Ó´ÒÌ Ê£²μ¢ (·¨¸. 3). �  ·¨¸. 3 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢
(¶μ ³μ¤¥²¨ ‚. ….� Ëμ³μ¢  (3)) ¤²Ö £¥μ³¥É·¨°, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 2.

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ μÉ ¶μ¶¥·¥Î´ÒÌ · §³¥·μ¢ · ¤¨ Éμ·  a × b ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢
¶μ ³μ¤¥²¨ ¶μ²Ö·¨§ Í¨μ´´ÒÌ Éμ±μ¢ § ¢¨¸ÖÉ Éμ²Ó±μ ¢ ¸²ÊÎ ¥, ±μ£¤  ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò
³¨Ï¥´¨ ³¥´ÓÏ¥ ÔËË¥±É¨¢´μ£μ · ¤¨Ê¸  ±Ê²μ´μ¢¸±μ£μ ¶μ²Ö: a, b � βγλ (λ Å ¤²¨´  ¢μ²´Ò
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�¨¸. 2. � ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢  ¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ®¢¶¥·¥¤¯ ¶μ ¶μ-

²Ö·´μ³Ê Ê£²Ê θ′ ¤²Ö · §´ÒÌ Ê£²μ¢ ´ ±²μ´  ³¨Ï¥´¨. � · ³¥É·Ò ³μ¤¥²¨·μ¢ ´¨Ö: φ′ = 0◦, n = 2,43,
λ = 0,5 ³±³, γ = 500, L = 50 ³±³, Hx,y → ∞: a) ψ = 30◦; ¡) ψ = 50,3◦; ¢) ψ = 60◦; £) ψ = 70◦
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�¨¸. 3. „¢Ê³¥·´μ¥ Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¨§²ÊÎ¥´¨Ö ‚ ¢¨²μ¢ Ä—¥·¥´±μ¢  ¨ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö

®¢¶¥·¥¤¯ (μÉ´μ¸¨É¥²Ó´μ ¸±μ·μ¸É¨ § ·Ö¤ ) ¤²Ö · §´ÒÌ Ê£²μ¢ ´ ±²μ´  ³¨Ï¥´¨ (· ¸Î¥É ¶·μ¢μ¤¨²¸Ö
¶μ ¢Ò· ¦¥´¨Õ (3) ¶·¨ ¶¥·¥Ìμ¤¥ ± Ê£² ³ θ′, φ′ (4), (5)). � · ³¥É·Ò ³μ¤¥²¨·μ¢ ´¨Ö: n = 2,43,

λ = 0,5 ³±³, γ = 500, L = 50 ³±³, Hx,y → ∞: a) ψ = 30◦; ¡) ψ = 50,3◦; ¢) ψ = 60◦; £) ψ = 70◦

¨§²ÊÎ¥´¨Ö). „²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸²ÊÎ Ö (γ ≈ 500; λ = 0,5 ³±³) ¶ · ³¥É· γλ ¸ÊÐ¥¸É-
¢¥´´μ ³¥´ÓÏ¥, Î¥³ ¶μ¶¥·¥Î´Ò¥ · §³¥·Ò · ¤¨ Éμ· , ¶μÔÉμ³Ê ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ·¥§Ê²Ó-
É ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ ³μ¤¥²¥° [16] ¨ [10] (Ëμ·³Ê²Ò (3) ¨ (13)), ¤μ²¦´Ò ¤ ¢ ÉÓ
¡²¨§±¨¥ §´ Î¥´¨Ö.

�  ·¨¸. 4 ¨ 5 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¤²Ö £¥μ³¥É·¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ·¨¸. 1, ¡
(£¥μ³¥É·¨Ö Ô±¸¶¥·¨³¥´É  [12]), ¤²Ö ¤¢ÊÌ Éμ²Ð¨´  ²³ §´μ° ³¨Ï¥´¨ (50, 100 ³±³). “± -
¦¥³, ÎÉμ Ê¢¥²¨Î¥´¨¥ Éμ²Ð¨´Ò ¢ ¤¢  · §  ¶·¨¢μ¤¨É ± ±¢ ¤· É¨Î´μ³Ê ·μ¸ÉÊ ¨´É¥´¸¨¢´μ¸É¨
ˆ‚— ¢ ³ ±¸¨³Ê³¥ (¸³. ÏÉ·¨Ìμ¢Ò¥ ²¨´¨¨), ± ± ¨ μ¦¨¤ ²μ¸Ó. Š ± ¸²¥¤Ê¥É ¨§ ·¨¸. 4, ¶μ
³¥·¥ Ê¢¥²¨Î¥´¨Ö Éμ²Ð¨´Ò ¶² ¸É¨´Ò · ¸É¢μ· Î¥·¥´±μ¢¸±μ£μ ±μ´Ê¸  ¸Ê¦ ¥É¸Ö. „²Ö Éμ²-
Ð¨´Ò 50 ³±³ Ï¨·¨´  ´  ¶μ²Ê¢Ò¸μÉ¥ · ¸¶·¥¤¥²¥´¨Ö (FWHM) ¸μ¸É ¢²Ö¥É §´ Î¥´¨¥ 0,43◦.
�±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´ Ö Ï¨·¨´  μ·¨¥´É Í¨μ´´μ° § ¢¨¸¨³μ¸É¨ ¢ÒÌμ¤  ˆ‚— ¸μ¸É -
¢¨²  2◦ (¸ ÊÎ¥Éμ³ ´ Î ²Ó´μ° · ¸Ìμ¤¨³μ¸É¨ ¶ÊÎ± ), ÎÉμ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ ¸μ£² ¸Ê¥É¸Ö ¸
¶μ²ÊÎ¥´´Ò³ §´ Î¥´¨¥³. �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò  §¨³ÊÉ ²Ó´Ò¥ § ¢¨¸¨³μ¸É¨ ¢ÒÌμ¤  ˆ‚—,
£¤¥ ´ ¡²Õ¤ ¥É¸Ö É  ¦¥ § ¢¨¸¨³μ¸ÉÓ Å ¸Ê¦¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¶·¨ Ê¢¥²¨Î¥´¨¨ Éμ²Ð¨´Ò.
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�¨¸. 4. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ˆ‚— ¶μ ¶μ²Ö·´μ³Ê Ê£²Ê ¤²Ö φ′ = 0◦ ¶μ ³μ¤¥²¨ ¶μ²Ö·¨§ Í¨μ´´ÒÌ

Éμ±μ¢ [9] ¨ ³¥Éμ¤Ê ¨§μ¡· ¦¥´¨° [16]. � · ³¥É·Ò ³μ¤¥²¨·μ¢ ´¨Ö: ψ = 50,3◦, n = 2,43, λ =

0,5 ³±³, γ = 500, Hx,y → ∞

�¨¸. 5. ‘· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ˆ‚— ¶μ  §¨³ÊÉ ²Ó´μ³Ê Ê£²Ê ¤²Ö ³ ±¸¨³Ê³  ¨§²ÊÎ¥´¨Ö θ′
ch = 90,5◦

¤²Ö É¥Ì ¦¥ Ê¸²μ¢¨°, ÎÉμ ¨ ´  ·¨¸. 4

‚ Ô±¸¶¥·¨³¥´É¥ [12]  ¢Éμ·Ò ´¥ ´ ¡²Õ¤ ²¨ ¨§³¥´¥´¨Ö ¢ÒÌμ¤  ˆ‚— ¶·¨  §¨³ÊÉ ²Ó´μ³ ¢· -
Ð¥´¨¨  ²³ §´μ° ³¨Ï¥´¨. Š ¸μ¦ ²¥´¨Õ, ¨´É¥·¢ ² Ê£²μ¢ ¶μ¢μ·μÉ  {−0,1◦, 0,1◦} (¸³. ·¨¸. 4
Í¨É¨·μ¢ ´´μ° ¸É ÉÓ¨) ¡Ò² ´¥§´ Î¨É¥²¥´ ¤²Ö μ¡´ ·Ê¦¥´¨Ö  §¨³ÊÉ ²Ó´μ°  ¸¨³³¥É·¨¨ ˆ‚—
(¤²Ö Éμ²Ð¨´Ò 50 ³±³ Δφ′ ∼ 12◦) (¸³. ·¨¸. 5).

‡�Š‹�—…�ˆ…

‘· ¢´¨¢ Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [12] ¸ ·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö, ³μ¦´μ
ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ¢ Í¥²μ³ ´ ¡²Õ¤ ¥É¸Ö · §Ê³´μ¥ ¸μ£² ¸¨¥.

‚ · ¡μÉ¥ [18] ¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Ì ´¨§³ ±μ£¥·¥´É´μ£μ ˆ‚— ¤²Ö ¨§³¥·¥´¨Ö
¤²¨É¥²Ó´μ¸É¨ Ô²¥±É·μ´´μ£μ ¸£Ê¸É± . ‚ £¥μ³¥É·¨¨ Ô±¸¶¥·¨³¥´É  [12] ˆ‚— £¥´¥·¨·Ê¥É¸Ö ¢
¸· ¢´¨É¥²Ó´μ Ê§±μ³ É¥²¥¸´μ³ Ê£²¥, ÎÉμ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ÔÉμÉ ³¥Ì ´¨§³ ¨§²ÊÎ¥´¨Ö
¤²Ö ¤¨ £´μ¸É¨±¨ ¶μ¶¥·¥Î´μ£μ ¶·μË¨²Ö Ê¸±μ·¥´´ÒÌ ¶ÊÎ±μ¢ (¢ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ μ¶É¨Î¥¸±μ£μ ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö, ¨¸¶Ê¸± ¥³μ£μ ¢ ±μ´Ê¸ Ê£²μ¢ γ−1 ¢ ¤¨ £´μ-
¸É¨Î¥¸±¨Ì ¸É ´Í¨ÖÌ [19]). ‚ μÉ²¨Î¨¥ μÉ ³¥Ì ´¨§³  ¶¥·¥Ìμ¤´μ£μ ¨§²ÊÎ¥´¨Ö ¨´É¥£· ²Ó´ Ö
¨´É¥´¸¨¢´μ¸ÉÓ ˆ‚— ¢μ§· ¸É ¥É ²¨´¥°´μ ¸ Ê¢¥²¨Î¥´¨¥³ Éμ²Ð¨´Ò ³¨Ï¥´¨, ÎÉμ ¶μ§¢μ²Ö¥É
¨¸¶μ²Ó§μ¢ ÉÓ ˆ‚— μÉ ´ ±²μ´´μ° ¶² ¸É¨´Ò ¤²Ö ¨§³¥·¥´¨Ö ¶·μË¨²Ö ´¨§±μ¨´É¥´¸¨¢´ÒÌ
¶ÊÎ±μ¢, ¶μ²ÊÎ ¥³ÒÌ ¸ ¶μ³μÐÓÕ ² §¥·´μ-¶² §³¥´´ÒÌ É¥Ì´μ²μ£¨° [20].
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� ¡μÉ  ¶μ¤¤¥·¦ ´  ¶·μ£· ³³μ° ®� Ê± ¯ Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨ �”
(£· ´É º3.1903.2017) ¨ ¶·μ£· ³³μ° · §¢¨É¨Ö � Í¨μ´ ²Ó´μ£μ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ ’μ³-
¸±μ£μ ¶μ²¨É¥Ì´¨Î¥¸±μ£μ Ê´¨¢¥·¸¨É¥É  ¶μ ¶·μ¥±ÉÊ ¢¥¤ÊÐ¨Ì Ê´¨¢¥·¸¨É¥Éμ¢ ³¨· .
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