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�¤¨Ð¥¢ �. �. ¨ ¤·. P1-2005-11
�¡´ ·Ê¦¥´¨¥ ¶ · ³¥É·¨Î¥¸±µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö
Ê³¥·¥´´µ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÉµ´µ¢ ¢ ±·¨¸É ²² Ì

‚¶¥·¢Ò¥ § ·¥£¨¸É·¨·µ¢ ´Ò ¸¶¥±É· ²Ó´Ò¥ ³ ±¸¨³Ê³Ò ¶ · ³¥É·¨Î¥¸±µ£µ ·¥´É-
£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ Ê³¥·¥´´µ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÉµ´µ¢ ¸
· §²¨Î´Ò³¨ ±·¨¸É ²² ³¨. �µ²µ¦¥´¨Ö ³ ±¸¨³Ê³µ¢ ¨§²ÊÎ¥´¨Ö ¢ ¸¶¥±É· Ì § ¢¨¸ÖÉ
µÉ Ê£²  µ·¨¥´É Í¨¨ ±·¨¸É ²²  ¨ ¸µµÉ¢¥É¸É¢ÊÕÉ É¥µ·¥É¨Î¥¸±¨³ §´ Î¥´¨Ö³. ˆ§³¥-
·¥´¨Ö ¢Ò¶µ²´¥´Ò c ±·¨¸É ²² ³¨ ±·¥³´¨Ö ¨ £· Ë¨É  ´  ¶ÊÎ±¥ ¶·µÉµ´µ¢ 5 ƒÔ‚
´Ê±²µÉ·µ´  ‹‚	 �ˆŸˆ.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¨³¥´¨ ‚. ˆ. ‚¥±¸²¥·  ¨
�. Œ. � ²¤¨´  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2005

Adischev Yu. N. et al. P1-2005-11
Observation of Parametric X-Ray Radiation from
Moderately Relativistic Protons in Crystals

Spectral maxima of parametric X-ray radiation from moderately relativistic pro-
tons interacting with different crystals have been observed for the ˇrst time. The
radiation maxima positions in the spectra depend on the crystal angle and correspond
to the theoretical values. The measurements have been performed with silicon and
graphite crystals at the Nuclotron (LHE, JINR) external beam of protons with the
energy 5 GeV.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energies, JINR.
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� · ³¥É·¨Î¥¸±µ¥ ·¥´É£¥´µ¢¸±µ¥ ¨§²ÊÎ¥´¨¥ (��ˆ) ¡Ò¸É·ÒÌ § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¢ ±·¨¸É ²² Ì ¢µ§´¨± ¥É ¢ ·¥§Ê²ÓÉ É¥ ¤¨Ë· ±Í¨¨ ¶µ²Ö ¢¨·ÉÊ ²Ó´ÒÌ
ËµÉµ´µ¢ ¡Ò¸É·µ° § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ´  ±·¨¸É ²²µ£· Ë¨Î¥¸±¨Ì ¶²µ¸±µ¸ÉÖÌ.
�µ¸²¥ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° [1Ä3] ¶ · ³¥É·¨Î¥¸±µ¥ ·¥´É£¥´µ¢¸±µ¥ ¨§-
²ÊÎ¥´¨¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¨ ¨¸¸²¥¤µ¢ ´µ ´  ¶ÊÎ± Ì Ô²¥±É·µ´µ¢ · §²¨Î´µ°
Ô´¥·£¨¨ [4, 5].

• · ±É¥·¨¸É¨±¨ ��ˆ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¢ ±·¨¸É ²²¥ µ¶·¥¤¥²ÖÕÉ¸Ö ¥¥
¸±µ·µ¸ÉÓÕ v ¨ ´¥ § ¢¨¸ÖÉ µÉ §´ ±  § ·Ö¤  ¨ ³ ¸¸Ò Î ¸É¨ÍÒ. “¢¥²¨Î¥´¨¥
§ ·Ö¤  Z Î ¸É¨ÍÒ ¤µ²¦´µ ¶·¨¢µ¤¨ÉÓ ± ·µ¸ÉÊ ¨´É¥´¸¨¢´µ¸É¨ ��ˆ ¶·µ¶µ·-
Í¨µ´ ²Ó´µ Z2 [6]. �·µ¢¥·±  Ê± § ´´ÒÌ ¶µ²µ¦¥´¨° É¥µ·¨¨ ��ˆ ¨ Ö¢¨² ¸Ó
Í¥²ÓÕ ´ ¸ÉµÖÐ¨Ì ¨ ¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ ´  ¶ÊÎ± Ì ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ö¤¥·. ‘µµÉ´µÏ¥´¨¥, µ¶·¥¤¥²ÖÕÐ¥¥ Ô´¥·£¨Õ ±¢ ´Éµ¢ ��ˆ, ¨³¥¥É ¢¨¤ [7]

En = n
2π�c

d

β sin θB

1 −
√

ε β cos θD cos θy
, (1)

£¤¥ n Å ¶µ·Ö¤µ± ¤¨Ë· ±Í¨¨; d Å ³¥¦¶²µ¸±µ¸É´µ¥ · ¸¸ÉµÖ´¨¥; θB Å Ê£µ²
µ·¨¥´É Í¨¨ ¶²µ¸±µ¸É¥° ±·¨¸É ²²  µÉ´µ¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö ¸±µ·µ¸É¨ Î -
¸É¨ÍÒ (¸³. ·¨¸. 1); θD, θy Å Ê£²Ò, µ¶·¥¤¥²ÖÕÐ¨¥ ´ ¶· ¢²¥´¨¥ ·¥£¨¸É· Í¨¨
¨§²ÊÎ¥´¨Ö; β = v/c; ε Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·µ´¨Í ¥³µ¸ÉÓ ³ É¥·¨ ²  ³¨Ï¥´¨.
„¥É¥±Éµ· · ¸¶µ²µ¦¥´ ¶µ¤ Ê£²µ³ θD ¢ ¶²µ¸±µ¸É¨ ¤¨Ë· ±Í¨¨ ¨ ¸³¥Ð¥´ ´ 
Ê£µ² θy ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¶²µ¸±µ¸É¨ ¤¨Ë· ±Í¨¨. �²µ¸±µ¸ÉÓ ¤¨-
Ë· ±Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö ¢¥±Éµ· ³¨ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ ¨ ´µ·³ ²¨ ± ¶²µ¸±µ¸ÉÖ³
±·¨¸É ²² . „²Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í (β ≈1) ¢ ·¥´É£¥´µ¢¸±µ³ ¤¨ ¶ -
§µ´¥ Î ¸ÉµÉ (ε ≈1) Ëµ·³Ê²  (1) ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¸µ¢¶ ¤ ¥É ¸ Ê¸²µ¢¨¥³
�·Ô££ Ä‚Ê²ÓË  ¤²Ö ¤¨Ë· ±Í¨¨ ·¥ ²Ó´ÒÌ ËµÉµ´µ¢ ¢ ±·¨¸É ²²¥.

…¤¨´¸É¢¥´´ Ö ¶µ¶ÒÉ±  ¨¸¸²¥¤µ¢ ´¨Ö ��ˆ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í
¡Ò²  ¶·¥¤¶·¨´ÖÉ  ¢ 1992 £. ´  ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 70 ƒÔ‚ ¢ ˆ”‚	
[8]. �¤´ ±µ ¶·¨³¥´Ö¢Ï¨°¸Ö ¤²Ö ¸¶¥±É· ²Ó´ÒÌ ¨§³¥·¥´¨° ¸Í¨´É¨²²ÖÍ¨µ´´Ò°
¤¥É¥±Éµ· µ¡² ¤ ² ´¨§±¨³ Ô´¥·£¥É¨Î¥¸±¨³ · §·¥Ï¥´¨¥³, ÎÉµ ´¥ ¶µ§¢µ²¨²µ § -
·¥£¨¸É·¨·µ¢ ÉÓ ²¨´¨Õ ��ˆ ¢ ¸¶¥±É·¥ ¨§²ÊÎ¥´¨Ö. ’¥³ ´¥ ³¥´¥¥ ´ ¡²Õ¤ ¢ÏÊ-
Õ¸Ö § ¢¨¸¨³µ¸ÉÓ ¨´É¥£· ²Ó´µ£µ ¢ÒÌµ¤  ¨§²ÊÎ¥´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ³ Ô´¥·£¥-
É¨Î¥¸±µ³ ¤¨ ¶ §µ´¥ µÉ Ê£²  ¢Ò²¥É  ËµÉµ´µ¢  ¢Éµ·Ò µ¡ÑÖ¸´Ö²¨ ·¥£¨¸É· Í¨¥°
��ˆ ¶·µÉµ´µ¢.

‚ ´ Ï¥° · ¡µÉ¥ ¤ ¥É¸Ö ¶¥·¢µ¥ Ê¡¥¤¨É¥²Ó´µ¥ ¸¢¨¤¥É¥²Ó¸É¢µ ¸ÊÐ¥¸É¢µ¢ ´¨Ö
��ˆ ¤²Ö ÉÖ¦¥²ÒÌ Î ¸É¨Í. ‚¶¥·¢Ò¥ Ê¤ ²µ¸Ó § ·¥£¨¸É·¨·µ¢ ÉÓ ²¨´¨¨ ��ˆ ¢
¸¶¥±É· Ì ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶·µÉµ´µ¢. � ¡µÉÒ ¢Ò¶µ²´Ö²¨¸Ó ´  ¢Ò¢¥¤¥´´µ³
¨§ ´Ê±²µÉ·µ´  ‹‚	 �ˆŸˆ ¶ÊÎ±¥ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° 5 ƒÔ‚.

‘Ì¥³  Ô±¸¶¥·¨³¥´É  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 1. �ÊÎµ± ¶·µÉµ´µ¢ ¶ ¤ ² ´ 
±·¨¸É ²², µ·¨¥´É¨·µ¢ ´´Ò° ¡µ²ÓÏµ° £· ´ÓÕ ¶µ¤ Ê£²µ³ θB = 22,5◦ ± µ¸¨
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�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É : S Å ¨µ´¨§ Í¨µ´´Ò° ³µ´¨Éµ· ¶ÊÎ± ; Mx, My Å ¨µ´¨-
§ Í¨µ´´Ò¥ ¶·µË¨²µ³¥É·Ò ¶ÊÎ± ; θB Å Ê£µ² µ·¨¥´É Í¨¨ ±·¨¸É ²² ; θD , θy Å Ê£²Ò
¤¥É¥±É¨·µ¢ ´¨Ö

¶ÊÎ± . �µ²ÓÏ Ö £· ´Ó ±·¨¸É ²²  ¡Ò²  ¶ · ²²¥²Ó´  ¶²µÉ´µÊ¶ ±µ¢ ´´Ò³ ±·¨-
¸É ²²µ£· Ë¨Î¥¸±¨³ ¶²µ¸±µ¸ÉÖ³. Š·¨¸É ²² Ê¸É ´ ¢²¨¢ ²¸Ö ¢¥·É¨± ²Ó´µ, ¶µ-
ÔÉµ³Ê ¶²µ¸±µ¸ÉÓ ¤¨Ë· ±Í¨¨ ¸µ¢¶ ¤ ²  ¸ £µ·¨§µ´É ²Ó´µ° ¶²µ¸±µ¸ÉÓÕ. �¥£¨-
¸É· Í¨Ö ËµÉµ´µ¢ ¢µ§´¨± ÕÐ¥£µ ¶ · ³¥É·¨Î¥¸±µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö
¶·µ¨§¢µ¤¨² ¸Ó ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò³ ±·¥³´¨¥¢Ò³ ¤¥É¥±Éµ·µ³, · §³¥Ð¥´´Ò³
¶µ¤ Ê£²µ³ θD = 2θB = 45◦ ´  · ¸¸ÉµÖ´¨¨ L = 480 ³³ ¶µ £µ·¨§µ´É ²¨ µÉ
³¨Ï¥´¨. Š·µ³¥ Éµ£µ, ¤¥É¥±Éµ· ¡Ò² ¸³¥Ð¥´ ¢´¨§ µÉ ¶²µ¸±µ¸É¨ ¤¨Ë· ±Í¨¨ ´ 
72 ³³, ÎÉµ¡Ò µ± § ÉÓ¸Ö ¢ ³ ±¸¨³Ê³¥ Ê£²µ¢µ£µ · ¸¶·¥¤¥²¥´¨Ö ��ˆ, µÉ¸ÉµÖÐ¥³
µÉ ÔÉµ° ¶²µ¸±µ¸É¨ ´  Ê£µ² θy= 1/γ = 0,158, £¤¥ γ Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éµ·
¶·µÉµ´µ¢. � ¡µÎ Ö ¶²µÐ ¤Ó ¤¥É¥±Éµ·  ¸µ¸É ¢²Ö²  12 ³³2. ‚ Ô±¸¶¥·¨³¥´É¥
¨¸¶µ²Ó§µ¢ ² ¸Ó ¡·Ô££µ¢¸± Ö £¥µ³¥É·¨Ö.

� ¤ ÕÐ¨° ´  ±·¨¸É ²² ¶ÊÎµ± ³µ´¨Éµ·¨·µ¢ ²¸Ö ¨µ´¨§ Í¨µ´´µ° ± ³¥·µ°
S. ˆµ´¨§ Í¨µ´´Ò¥ ¶·µË¨²µ³¥É·Ò Mx, My ¤ ¢ ²¨ · ¸¶·¥¤¥²¥´¨¥ Î ¸É¨Í ¢
¶ÊÎ±¥. • · ±É¥·´Ò¥ · §³¥·Ò ¶ÊÎ±  ¸µ¸É ¢²Ö²¨ σx = 3 ³³, σy = 6 ³³. ‚
´ Î ²¥ ¨§³¥·¥´¨° ¡Ò²µ ¶·µ¢¥¤¥´µ µ¡²ÊÎ¥´¨¥ ¸¡µ·´ÒÌ ³¨Ï¥´¥° ¨§ Éµ´±¨Ì
¶² ¸É¨´  ²Õ³¨´¨Ö ¨ ¶µ²¨ÔÉ¨²¥´  ¢ ³¥¸É¥ · ¸¶µ²µ¦¥´¨Ö ±·¨¸É ²²  ¨ ¨µ´¨-
§ Í¨µ´´µ° ± ³¥·Ò. �µ ¨§³¥·¥´¨Ö³ ´ ¢¥¤¥´´µ° ¢ ³¨Ï¥´ÖÌ · ¤¨µ ±É¨¢´µ¸É¨
¡Ò²  ¶·µ¢¥¤¥´  ± ²¨¡·µ¢±  ¨µ´¨§ Í¨µ´´µ£µ ³µ´¨Éµ· .

Š ²¨¡·µ¢±  ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ¤¥É¥±Éµ·  ¶·µ¨§¢µ¤¨² ¸Ó ¶µ ²¨´¨Ö³ Ì -
· ±É¥·¨¸É¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö, ¢µ§¡Ê¦¤ ¥³µ£µ ¢ ³¥¤´µ° ³¨Ï¥´¨ ¶·µÉµ´´Ò³
¶ÊÎ±µ³. �  ·¨¸. 2 ¶µ± § ´ ¨§³¥·¥´´Ò° ¸¶¥±É· Ì · ±É¥·¨¸É¨Î¥¸±µ£µ ¨§²ÊÎ¥-
´¨Ö  Éµ³µ¢ ³¥¤¨. � ¸¶·¥¤¥²¥´¨¥ Ë¨É¨·µ¢ ²µ¸Ó ¸Ê³³µ° £ Ê¸¸µ¢¸±¨Ì · ¸¶·¥-
¤¥²¥´¨°. 	´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ ¤¥É¥±Éµ·  ¢ Ô±¸¶¥·¨³¥´É¥ ´  Kα-²¨´¨¨
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�¨¸. 2. Š ²¨¡·µ¢µÎ´Ò° ¸¶¥±É· ¸ ³ ±¸¨³Ê³ ³¨ Ì · ±É¥·¨¸É¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö ³¥¤¨,
¢µ§¡Ê¦¤ ¥³µ£µ ¢ ³¥¤´µ° ³¨Ï¥´¨ ¶·µÉµ´´Ò³ ¶ÊÎ±µ³. �µ± § ´  É ±¦¥ ±·¨¢ Ö Ë¨É¨·µ-
¢ ´¨Ö ¸¶¥±É·  ¸Ê³³µ° ¤¢ÊÌ £ Ê¸¸µ¢¸±¨Ì · ¸¶·¥¤¥²¥´¨°

Ì · ±É¥·¨¸É¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö ³¥¤¨ ¸ Ô´¥·£¨¥° 8,046 ±Ô‚ (¶¥·¢Ò° ¶¨±) ¸µ-
¸É ¢¨²µ µ±µ²µ 320 Ô‚ (Ô´¥·£¥É¨Î¥¸± Ö Ï¨·¨´  ± ´ ²  ¸¶¥±É·µ³¥É·¨Î¥¸±µ£µ
É· ±É  10,67 Ô‚).

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ ¶·¨ ¢§ ¨³µ¤¥°-
¸É¢¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ±·¨¸É ²²µ³ (100) ±·¥³´¨Ö. Š·¨¸É ²² ¶·¥¤¸É ¢²Ö²
¸µ¡µ° ±·Ê£²ÊÕ ¶² ¸É¨´Ê ¤¨ ³¥É·µ³ 100 ³³ ¨ Éµ²Ð¨´µ° 300 ³±³. ˆ¸¶µ²Ó§µ-
¢ ´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ µ¡· §ÍÒ ±·¨¸É ²²µ¢ ±·¥³´¨Ö ¡Ò²¨ ¶·¨£µÉµ¢²¥´Ò ¨
¶·µÉ¥¸É¨·µ¢ ´Ò ¢ Œˆ	’ (‡¥²¥´µ£· ¤). �  ·¨¸Ê´±¥ ³ ±¸¨³Ê³Ò, µ¡µ§´ Î¥´-
´Ò¥ α ¨ β, µÉ¢¥Î ÕÉ Ì · ±É¥·¨¸É¨Î¥¸±µ³Ê ¨§²ÊÎ¥´¨Õ  Éµ³µ¢ ´¨±¥²Ö ±µ·¶Ê¸ 
¤¥É¥±Éµ·  (Eα = 7,48 ±Ô‚, Eβ = 8,26 ±Ô‚), ¢µ§¡Ê¦¤ ¥³µ£µ Î ¸É¨Í ³¨ £ ²µ
¶ÊÎ±  (¶·µÉµ´Ò, · ¸¸¥Ö´´Ò¥ ¢ ¢¥Ð¥¸É¢¥ ¶µ É· ±ÉÊ É· ´¸¶µ·É¨·µ¢±¨, ¨ ¢Éµ-
·¨Î´Ò¥ Î ¸É¨ÍÒ). �¨¸. 3,   ¸µµÉ¢¥É¸É¢Ê¥É ¸¨³³¥É·¨Î´µ³Ê ¸²ÊÎ Õ θ = 0,5θD =
22,5◦. �µ²µ¦¥´¨¥ ³ ±¸¨³Ê³  γ ¶·¨ Eγ = 11,4 ±Ô‚ ¸µ£² ¸Ê¥É¸Ö ¸µ §´ Î¥´¨¥³,
· ¸¸Î¨É ´´Ò³ ¶µ (1) E1 = 11,15 ±Ô‚, Éµ ¥¸ÉÓ ¸µµÉ¢¥É¸É¢Ê¥É ��ˆ ¶·µÉµ´µ¢ ´ 
¶²µ¸±µ¸ÉÖÌ (400) ±·¥³´¨Ö. Š ± ¨ µ¦¨¤ ¥É¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö (1), ²¨´¨Ö ��ˆ
¸³¥Ð ¥É¸Ö ¢ ³Ö£±ÊÕ µ¡² ¸ÉÓ ¸ Ê³¥´ÓÏ¥´¨¥³ Ê£²  µ·¨¥´É Í¨¨ ±·¨¸É ²²  Å
·¨¸. 3, ¡ ¤²Ö θB = 20◦. ‡¤¥¸Ó Eγ = 10,21 ±Ô‚, · ¸Î¥É´µ¥ §´ Î¥´¨¥ · ¢´µ
9,96 ±Ô‚. ‚ÒÌµ¤ ��ˆ ¨§ ±·¨¸É ²²  ±·¥³´¨Ö ¸µ¸É ¢²Ö¥É 2,25·10−6 ¨ 2,05·10−6

ËµÉµ´/¶·µÉµ´/¸· ¸µµÉ¢¥É¸É¢¥´´µ. 	É¨ ¢¥²¨Î¨´Ò ¶µ²ÊÎ¥´Ò ¨§ ¸¶¥±É·µ¢ ¶µ¸²¥
¶¥·¥¸Î¥É , ÊÎ¨ÉÒ¢ ÕÐ¥£µ µ¸² ¡²¥´¨¥ ¨§²ÊÎ¥´¨Ö ´  ¶ÊÉ¨ ± ¤¥É¥±Éµ·Ê ¨ ¥£µ
ÔËË¥±É¨¢´µ¸ÉÓ. 	Éµ ¶·¨³¥·´µ ¢¤¢µ¥ ³¥´ÓÏ¥ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´µ± ¢ÒÌµ¤ 
��ˆ [7]. ‘Ê³³ ·´ÊÕ ¶µ£·¥Ï´µ¸ÉÓ, ¢ µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥³ÊÕ ¡Ò¸É·µ¤¥°-
¸É¢¨¥³ ¸¶¥±É·µ³¥É· , ³Ò µÍ¥´¨¢ ¥³ ¢ 40 %.
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�¨¸. 3. ‘¶¥±É·Ò ¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ±·¨-
¸É ²²µ³ (100) ±·¥³´¨Ö. “£²Ò µ·¨¥´É Í¨¨:  ) θB = 22,5◦; ¡) 20◦

‚ · ¡µÉ¥ [9] ¨¸¸²¥¤µ¢ ²µ¸Ó ��ˆ ¢ ±·¨¸É ²²¥ ±·¥³´¨Ö Éµ²Ð¨´µ° 20 ³±³
µÉ Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° 4 ŒÔ‚, Éµ ¥¸ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éµ· Î ¸É¨Í γe =
8,83 ¡Ò² ¡²¨§µ± ´ Ï¥³Ê ¸²ÊÎ Õ ¤²Ö ¶·µÉµ´µ¢ γp = 6,33. “£²Ò µ·¨¥´É -
Í¨¨ ±·¨¸É ²²  ¨ ·¥£¨¸É· Í¨¨ ¨§²ÊÎ¥´¨Ö ¶·¨³¥·´µ ¸µµÉ¢¥É¸É¢µ¢ ²¨ ´ Ï¨³,
´µ £¥µ³¥É·¨Ö Ô±¸¶¥·¨³¥´É  ¡Ò²  ¨´µ° Ä £¥µ³¥É·¨Ö ‹ ÊÔ. Š·¨¸É ²²µ£· Ë¨Î¥-
¸±¨¥ (110) ¶²µ¸±µ¸É¨, ´  ±µÉµ·ÒÌ ¶·µ¨¸Ìµ¤¨²  ¤¨Ë· ±Í¨Ö ¶µ²Ö ¢¨·ÉÊ ²Ó´ÒÌ
ËµÉµ´µ¢ Î ¸É¨Í, ¡Ò²¨ ¶¥·¶¥´¤¨±Ê²Ö·´Ò ¡µ²ÓÏ¨³ £· ´Ö³ ±·¨¸É ²² . ‚ÒÌµ¤
��ˆ Ô²¥±É·µ´µ¢ ¢ Ô±¸¶¥·¨³¥´É¥ [9], ¨§³¥·¥´´Ò° ¢ ³ ±¸¨³Ê³¥, ¸ ´¥¡µ²ÓÏ¨³
¢±² ¤µ³ ±µ£¥·¥´É´µ£µ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ ¸µ¸É ¢²Ö²
µ±µ²µ 5·10−6 ËµÉµ´/Ô²¥±É·µ´/¸·, ÎÉµ ¡µ²¥¥ Î¥³ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É ¢ÒÌµ¤
��ˆ ´  ¶·µÉµ´ Ì ¢ ´ Ï¥³ Ô±¸¶¥·¨³¥´É¥. ’ ± ± ± Ê¸²µ¢¨Ö ¤¢ÊÌ Ô±¸¶¥·¨-
³¥´Éµ¢ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ÕÉ¸Ö, ¶·µ¢¥¤¥´´µ¥ ¸µ¶µ¸É ¢²¥´¨¥ ´µ¸¨É Éµ²Ó±µ
µ·¨¥´É¨·µ¢µÎ´Ò° Ì · ±É¥·.
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˜¨·¨´  ¨§³¥·¥´´ÒÌ ³ ±¸¨³Ê³µ¢ ��ˆ ¶·¥¢µ¸Ìµ¤¨É · §·¥Ï¥´¨¥ ¤¥É¥±-
Éµ·  ¨ µ¶·¥¤¥²Ö¥É¸Ö ¶µ¶¥·¥Î´Ò³¨ · §³¥· ³¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ´  ³¨Ï¥´¨,
¶µ¸±µ²Ó±Ê ¤¥É¥±Éµ· · ¸¶µ² £ ²¸Ö ¤µ¸É ÉµÎ´µ ¡²¨§±µ ± ³¨Ï¥´¨.

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ ´  ±·¨¸É ²²¥
¶¨·µ²¨É¨Î¥¸±µ£µ £· Ë¨É  Éµ²Ð¨´µ° 2 ³³ ¨ · §³¥·µ³ 20·30 ³³ ¸ Ê£²µ³ ³µ§ -

�¨¸. 4. ‘¶¥±É·Ò ¨§²ÊÎ¥´¨Ö, ¨§³¥·¥´´Ò¥ ¶·¨ ¢§ ¨³µ¤¥°¸É¢¨¨ ¶·µÉµ´´µ£µ ¶ÊÎ±  ¸ ±·¨-
¸É ²²µ³ £· Ë¨É . “£²Ò µ·¨¥´É Í¨¨:  ) θB = 22,5◦; ¡) 25◦

¨Î´µ¸É¨ µ±µ²µ 0,4◦. ‡¤¥¸Ó α ¨ β É ±¦¥ µ¡µ§´ Î ÕÉ ³ ±¸¨³Ê³Ò Ì · ±É¥·¨¸É¨-
Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö  Éµ³µ¢ ´¨±¥²Ö ±µ·¶Ê¸  ¤¥É¥±Éµ· . ‚ ¸¨³³¥É·¨Î´µ³ ¸²ÊÎ ¥
( ) ³ ±¸¨³Ê³ γ ¶·¨ Eγ = 9,5 ±Ô‚ µÉ¢¥Î ¥É ³ ±¸¨³Ê³Ê ¢Éµ·µ£µ ¶µ·Ö¤±  ¶ · -
³¥É·¨Î¥¸±µ£µ ¨§²ÊÎ¥´¨Ö ¶·µÉµ´µ¢ ´  ¶²µ¸±µ¸ÉÖÌ (002) £· Ë¨É . ˆ§²ÊÎ¥´¨¥,
¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ ¶¥·¢µ³Ê ¶µ·Ö¤±Ê ¤¨Ë· ±Í¨¨ (E1 = 4,51 ±Ô‚), ¶µ£²µÐ ¥É¸Ö
¢ ¢µ§¤ÊÌ¥ ´  ¶ÊÉ¨ ± ¤¥É¥±Éµ·Ê. —Éµ¡Ò ´ ¡²Õ¤ ÉÓ ¸³¥Ð¥´¨¥ ³ ±¸¨³Ê³  ��ˆ,
Ê£µ² µ·¨¥´É Í¨¨ ±·¨¸É ²²  ¡Ò² Ê¢¥²¨Î¥´ ¸ Í¥²ÓÕ ¨§¡¥¦ ÉÓ ´ ²µ¦¥´¨Ö ´ 
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³ ±¸¨³Ê³ β •�ˆ ´¨±¥²Ö Å ·¨¸. 4, ¡ ¤²Ö θB = 25◦. ‡¤¥¸Ó Eγ = 10,35 ±Ô‚, ÎÉµ
¸µµÉ¢¥É¸É¢Ê¥É · ¸Î¥É´µ³Ê ¶µ²µ¦¥´¨Õ ²¨´¨¨ ��ˆ Å E2 = 9,97 ±Ô‚.

‡ ·¥£¨¸É·¨·µ¢ ´´Ò¥ ¢ ¸¶¥±É· Ì ²¨´¨¨, ¶µ²µ¦¥´¨¥ ±µÉµ·ÒÌ ¸µ£² ¸Ê¥É¸Ö
¸ · ¸Î¥É´Ò³¨ ¤²Ö ¨¸¸²¥¤µ¢ ´´ÒÌ ±·¨¸É ²²µ¢ ±·¥³´¨Ö ¨ £· Ë¨É  ¶·¨ · §´µ°
µ·¨¥´É Í¨¨ ¨Ì ´  ¶ÊÎ±¥, µ¤´µ§´ Î´µ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ ´ ¡²Õ¤¥´¨¨ ¢ ´ Ï¥³
Ô±¸¶¥·¨³¥´É¥ ¶ · ³¥É·¨Î¥¸±µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö Ê³¥·¥´´µ ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì ¶·µÉµ´µ¢. �¥§Ê²ÓÉ ÉÒ Ô±¸¶¥·¨³¥´É  ¶µ¤É¢¥·¦¤ ÕÉ ¢Ò¢µ¤Ò É¥µ·¨¨
µ ´¥§ ¢¨¸¨³µ¸É¨ ¸¶¥±É· ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± ��ˆ µÉ §´ ±  § ·Ö¤  ¨ ³ ¸¸Ò
Î ¸É¨Í. Œ¥´ÓÏ Ö ¢¥²¨Î¨´  ¨§³¥·¥´´µ£µ ¢ÒÌµ¤  ��ˆ ¶µ ¸· ¢´¥´¨Õ ¸ É¥µ·¥-
É¨Î¥¸±¨³¨ µÍ¥´± ³¨,   É ±¦¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ´  Ô²¥±É·µ´ Ì [8] ³µ¦¥É ¡ÒÉÓ
¸¢Ö§ ´  ¸ ´¥±µ´É·µ²¨·Ê¥³Ò³¨ ¶·µ¸Î¥É ³¨ ¤¥É¥±Éµ·  ¶·¨ ¢Ò¸µ±µ° Ëµ´µ¢µ°
§ £·Ê§±¥.

‚ ¤ ²Ó´¥°Ï¨Ì Ô±¸¶¥·¨³¥´É Ì §´ Î¥´¨¥ ¢ÒÌµ¤  ��ˆ ¤²Ö ¶·µÉµ´µ¢ ¡Ê-
¤¥É ÊÉµÎ´ÖÉÓ¸Ö. �² ´¨·Ê¥É¸Ö É ±¦¥ ¶·µ¢¥¤¥´¨¥ Ô±¸¶¥·¨³¥´É  ´  ¶ÊÎ±¥ Ö¤¥·
Ê£²¥·µ¤  ¸ Í¥²ÓÕ ¶·µ¢¥·±¨ Z2-§ ¢¨¸¨³µ¸É¨ ¢ÒÌµ¤  ��ˆ.

�¢Éµ·Ò ¢Ò· ¦ ÕÉ ¨¸±·¥´´ÕÕ ¡² £µ¤ ·´µ¸ÉÓ ˆ. ƒ. ƒ·¨£µ·Ó¥¢µ° ¨ �. �. �´-
Éµ´µ¢Ê §  ¶·¥¤µ¸É ¢²¥´´Ò° ¤²Ö ¨¸¸²¥¤µ¢ ´¨° µ¡· §¥Í ¢Ò¸µ±µ± Î¥¸É¢¥´´µ£µ
±·¨¸É ²²  ¶¨·µ²¨É¨Î¥¸±µ£µ £· Ë¨É , ¨§£µÉµ¢²¥´´µ£µ ��� ®�Éµ³£· Ë �ƒ¯
(www.optigraph.fta-berlin.de),   É ±¦¥ ‚. �. � ³¡²¥¢¸±µ³Ê §  ¶·µ¢¥¤¥´´Ò¥ ¨§-
³¥·¥´¨Ö ´ ¢¥¤¥´´µ°  ±É¨¢´µ¸É¨ µ¡²ÊÎ¥´´ÒÌ ¶·µÉµ´´Ò³ ¶ÊÎ±µ³ ³¨Ï¥´¥° ¸
Í¥²ÓÕ ± ²¨¡·µ¢±¨ ¨µ´¨§ Í¨µ´´µ£µ ³µ´¨Éµ· .

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ ¶µ¤¤¥·¦±¥ Œ¥¦¤Ê´ ·µ¤´µ£µ ´ ÊÎ´µ-É¥Ì´¨Î¥¸±µ£µ
Í¥´É·  (£· ´É #2140) ¨ �µ¸¸¨°¸±µ£µ Ëµ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
(£· ´É #03-02017578).

‹ˆ’…��’“��

1. ’¥·-Œ¨± Ô²Ö´ Œ. ‹. ‚²¨Ö´¨¥ ¸·¥¤Ò ´  Ô²¥±É·µ³ £´¨É´Ò¥ ¶·µÍ¥¸¸Ò ¶·¨ ¢Ò¸µ±¨Ì
Ô´¥·£¨ÖÌ. …·¥¢ ´: ˆ§¤-¢µ �� �·³‘‘�, 1969. ‘. 343.

2. ƒ ·¨¡Ö´ ƒ. Œ., Ÿ´ ˜¨ // †	’”. 1971. ’. 1. ‘. 930.

3. � ·ÒÏ¥¢¸±¨° ‚. ƒ., ”¥· ´ÎÊ± ˆ. „. // †	’”. 1971. ’. 61. ‘. 944.

4. Schagin A. V., Maruyama X. K. // Accelerator-Based Atomic Physics Technique and
Applications / Eds. S. M. Shafroth, J. C. Austin. New York, 1997. P. 279.

5. Rullhusen P., Artru X., Dhez P. Novel radiation sources using relativistic electrons.
World Scientiˇc, 1998.

6. Pivovarov Yu. L., Kunashenko Yu. P., Vorobiev S. A. // Radiation Effects. 1986. V. 100.
P. 51.

7. Nitta H. // Phys. Rev. B. 1992. V. 45. P. 7621.

6



8. Afanasenko V. P., Baryshevsky V. G., Zuevsky R. F. et al. // Phys. Letters A. 1992.
V. 170. P. 315.

9. Morokhovskyi V. V., Frendenberger J., Genz H. et al. // Phys. Rev. B. 2000. V. 61.
P. 3347.

�µ²ÊÎ¥´µ 22 Ë¥¢· ²Ö 2005 £.



�¥¤ ±Éµ· Œ. ˆ. ‡ ·Ê¡¨´ 

�µ¤¶¨¸ ´µ ¢ ¶¥Î ÉÓ 31.03.2005.
”µ·³ É 60× 90/16. �Ê³ £  µË¸¥É´ Ö. �¥Î ÉÓ µË¸¥É´ Ö.

“¸². ¶¥Î. ². 0,44. “Î.-¨§¤. ². 0,53. ’¨· ¦ 385 Ô±§. ‡ ± § º 54846.

ˆ§¤ É¥²Ó¸±¨° µÉ¤¥² �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
141980, £. „Ê¡´ , Œµ¸±µ¢¸± Ö µ¡²., Ê². †µ²¨µ-ŠÕ·¨, 6.

E-mail: publish@pds.jinr.ru
www.jinr.ru/publish/


