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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°

Œ¥Éμ¤μ³ ·¥£¨¸É· Í¨¨ Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  (ERD) ¨§ÊÎ¥´ ¶·μÍ¥¸¸ ´ ±μ¶²¥-
´¨Ö ¨ ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ¢μ¤μ·μ¤  ¶·¨ ¨³¶Ê²Ó¸´μ³ ¢μ§¤¥°¸É¢¨¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¢μ¤μ·μ¤´μ°
¶² §³Ò μÉ Ê¸É ´μ¢±¨ ®�² §³¥´´Ò° Ëμ±Ê¸¯ Å �”-4 ¢ ¸¡μ·±¥ ¨§ É·¥Ì ´¨μ¡¨¥¢ÒÌ Ëμ²Ó£ ¢Ò¸μ±μ°
Î¨¸ÉμÉÒ. “¸É ´μ¢²¥´μ, ÎÉμ ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Î¨¸²  ¨³¶Ê²Ó¸μ¢ ¢μ¤μ·μ¤´μ° ¶² §³Ò ¶·μ¨¸Ìμ-
¤¨É ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¨³¶² ´É¨·μ¢ ´´μ£μ ¢μ¤μ·μ¤  ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò ¢ ¸¡μ·±¥ ¨§ ´¨μ¡¨¥¢ÒÌ
Ëμ²Ó£, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¨¥ ¶·μ¡¥£¨ ¨μ´μ¢ ¢μ¤μ·μ¤  (¶·¨ ¨Ì ³ ±¸¨³ ²Ó´μ° ¸±μ·μ¸É¨ ¤μ
∼ 108 ¸³/¸). Œ ±¸¨³ ²Ó´ Ö ±μ´Í¥´É· Í¨Ö ¢μ¤μ·μ¤  ¤μ 60  É. % ¶·¨ ¢μ§¤¥°¸É¢¨¨ 20 ¨³¶Ê²Ó¸μ¢ ¢μ-
¤μ·μ¤´μ° ¶² §³Ò ¤μ¸É¨£ ¥É¸Ö ¢ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ É·¥ÉÓ¥° Nb-Ëμ²Ó£¨. �¡´ ·Ê¦¥´´μ¥
Ö¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢Ò´μ¸μ³ ¨³¶² ´É¨·μ¢ ´´μ£μ ¢μ¤μ·μ¤  ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ³μÐ´ÒÌ
Ê¤ ·´ÒÌ ¢μ²´, μ¡· §Ê¥³ÒÌ ¢ ´¨μ¡¨¥¢ÒÌ Ëμ²Ó£ Ì μÉ ¨³¶Ê²Ó¸´μ° ¢μ¤μ·μ¤´μ° ¶² §³Ò, ¨ (¨²¨) Ê¸±μ-
·¥´¨¥³ ¤¨ËËÊ§¨¨  Éμ³μ¢ ¢μ¤μ·μ¤  ¶μ¤ ¤¥°¸É¢¨¥³ ¢μ²´Ò ¸¦ É¨Ö-· ¸ÉÖ¦¥´¨Ö ´  Ë·μ´É¥ Ê¤ ·´μ°
¢μ²´Ò ¸ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ ¢μ¤μ·μ¤  ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò. �´ ²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥ μ¡´ ·Ê¦¥´μ
¢ ¸¡μ·± Ì ¨§ ¤¢ÊÌ ¨²¨ É·¥Ì ¨ ¡μ²¥¥ Ëμ²Ó£ ¨§ ´¨±¥²Ö, ¢ ´ ¤¨Ö, ´¨μ¡¨Ö, É ´É ²  · §²¨Î´ÒÌ Éμ²Ð¨´,
¢±²ÕÎ Ö ¨ ¸¡μ·±¨ Ëμ²Ó£ ¨§ · §´μ·μ¤´ÒÌ ³ É¥·¨ ²μ¢, ±μÉμ·Ò¥ ¡Ò²¨ É ±¦¥ ¨§ÊÎ¥´Ò.

The method of elastic recoil detection (ERD) has been used for the study of storage and redistribution
processes of hydrogen atoms under the in	uence of pulse high temperature hydrogen plasma obtained
using the ®Plasma Focus¯ PF-4 set-up in three high purity niobium foils. It was established that with an
increase of number of PF-4 set-up pulses there occur spreading and transfer of implanted hydrogen atoms
to large depths in three Nb-foils which are signiˇcantly larger than the projected range of hydrogen ions
(with the velocity ∼ 108 ¸m/s). The maximum hydrogen concentration up to 60 at. % is reached in the
nearest to PF-4 surface of the third Nb-foil at 20 impulses of the PF-4 set-up. The observed phenomenon
can be described by transfer of implanted hydrogen atoms under the action of powerful shock waves,
created by pulse hydrogen plasma and (or) by accelerating hydrogen atom diffusion under the in	uence
of compression-straining wave at the front of the shock wave at redistribution of hydrogen atoms at
large depths. Similar behavior was discovered and described also in series of nickel, vanadium, niobium
and tantalum foils (two or three foils and more in a series) including series of foils from heterogeneous
(different) materials, which were studied, too.

PACS: 52.77.-j
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‡  ¶μ¸²¥¤´¨¥ £μ¤Ò ¢ ¸¢Ö§¨ ¸ Ê¸¶¥Ì ³¨ ¢ ² §¥·´μ° É¥Ì´¨±¥ ¨ ¸μ§¤ ´¨¥³ ³μÐ´ÒÌ ¨³-
¶Ê²Ó¸´ÒÌ ² §¥·μ¢ ¢ ¶¨±μ- (10−12 ¸) ¨ Ë¥³Éμ- (10−15 ¸) ¸¥±Ê´¤´ÒÌ ¤¨ ¶ §μ´ Ì §´ Î¨É¥²Ó-
´μ¥ · §¢¨É¨¥ ¶μ²ÊÎ¨²  μÉ´μ¸¨É¥²Ó´μ ´μ¢ Ö μ¡² ¸ÉÓ ´ Ê±¨ Å Ë¨§¨±  ¢Ò¸μ±μ° ¶²μÉ´μ¸É¨
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Ô´¥·£¨¨ [1, 2]. �Éμ ´ ¶· ¢²¥´¨¥ · §¢¨¢ ²μ¸Ó ± ± ¶μ ¶ÊÉ¨ ¨¸¸²¥¤μ¢ ´¨Ö ¢μ§¤¥°¸É¢¨Ö ±μ-
·μÉ±¨Ì ¨³¶Ê²Ó¸μ¢ ´  ±μ´¤¥´¸¨·μ¢ ´´Ò¥ ¸·¥¤Ò, É. ¥. ¸ Í¥²ÓÕ ¨§ÊÎ¥´¨Ö É ±¨Ì ¶·μÍ¥¸¸μ¢,
± ± ² §¥·´μ¥ · ¸¶Ò²¥´¨¥,  ¡²ÖÍ¨Ö, ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¶·¨³¥¸¥°, ¢μ§´¨±´μ¢¥´¨¥ ´μ¢ÒÌ ¨
· ¸É¢μ·¥´¨¥ ¸É ·ÒÌ Ë §, É ± ¨ ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ¨ ¢μ§´¨±´μ¢¥´¨Ö ³μÐ´ÒÌ Ê¤ ·´ÒÌ
¢μ²´ [3, 4]. �μ³¨³μ ÔÉμ£μ ¸Ëμ·³¨·μ¢ ²μ¸Ó ¨ ¤·Ê£μ¥ ¢ ¦´μ¥ ´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤μ¢ ´¨°
¶μ ¢μ§¤¥°¸É¢¨Õ ³μÐ´ÒÌ ¨³¶Ê²Ó¸μ¢ ² §¥·´μ£μ ¨§²ÊÎ¥´¨Ö, ¨³¥ÕÐ¥¥ Í¥²ÓÕ ¸μ§¤ ´¨¥ ² -
§¥·´μ£μ Ê¶· ¢²Ö¥³μ£μ Ö¤¥·´μ£μ ¸¨´É¥§ . ‚ É ±¨Ì ¶·μÍ¥¸¸ Ì μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Ô±¸É·¥³ ²Ó´μ
¢Ò¸μ±μ¥ Ô´¥·£μ¢Ò¤¥²¥´¨¥ ¢ ¢¥Ð¥¸É¢μ, É ± ± ± É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ (Ô²¥±É·μ´´ Ö, ²ÊÎ¨-
¸É Ö ¨ Ëμ´μ´´ Ö) ´¥ Ê¸¶¥¢ ¥É ¶μ¢²¨ÖÉÓ ´  μÌ² ¦¤¥´¨¥ ³¨Ï¥´¨ §  ¢·¥³Ö ¨³¶Ê²Ó¸´μ£μ
´ £·¥¢ . �¤´ ±μ ¢ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¤²¨´  ¢μ²´Ò ² §¥·  ³ ² ,   ¢Ò¸μ±μÎ ¸ÉμÉ´Ò° ¸±¨´-
ÔËË¥±É §´ Î¨É¥²Ó´μ Ê³¥´ÓÏ ¥É £²Ê¡¨´Ê ¶·μ´¨±´μ¢¥´¨Ö ¸¢¥É  ¢ É¢¥·¤μ¥ É¥²μ,   É ±¦¥ ¨
¢ μ¡· §ÊÕÐÊÕ¸Ö ¶·¨ ÔÉμ³ ¶²μÉ´ÊÕ ¶·¨¶μ¢¥·Ì´μ¸É´ÊÕ ¶² §³Ê, §¤¥¸Ó ¨³¥ÕÉ ³¥¸Éμ ²¨ÏÓ
¶μ¢¥·Ì´μ¸É´Ò¥ ÔËË¥±ÉÒ.

Š ± ¨§¢¥¸É´μ, ¶·¨ · ¡μÉ¥ É¥·³μÖ¤¥·´ÒÌ ·¥ ±Éμ·μ¢ ¢ ³ É¥·¨ ²¥ ¶¥·¢μ° ¸É¥´±¨ ¤μ²¦´μ
¶·μ¨¸Ìμ¤¨ÉÓ ´ ±μ¶²¥´¨¥ ±μ³¶μ´¥´Éμ¢ ¶² §³Ò (¤¥°É¥·¨Ö ¨ É·¨É¨Ö) ¨ ¶·μ¤Ê±Éμ¢ É¥·³μ-
Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ ¢¨¤¥ £¥²¨Ö. �μÔÉμ³Ê ¨§ÊÎ¥´¨¥ ¶·μÍ¥¸¸μ¢ ´ ±μ¶²¥´¨Ö ¨  ¤¸μ·¡Í¨¨-
¤¥¸μ·¡Í¨¨ ²¥£±¨Ì £ §μ¢ ¨ μ¸μ¡¥´´μ É·¨É¨Ö ¨³¥¥É ¢ ¦´¥°Ï¥¥ §´ Î¥´¨¥ [3, 4].

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨§ÊÎ¥´¨¥ · ¸¶·μ¸É· ´¥´¨Ö Ê¤ ·´ÒÌ ¢μ²´ ¢ ³¥É ²-
²¨Î¥¸±¨Ì Ëμ²Ó£ Ì ¶μ ÔËË¥±É ³, ¢μ§³μ¦´μ, μ¡Ê¸²μ¢²¥´´Ò³ ¶·μÍ¥¸¸ ³¨ ¶¥·¥· ¸¶·¥¤¥-
²¥´¨Ö ¨ ´ ±μ¶²¥´¨Ö ¨μ´μ¢ μÉ ¨³¶Ê²Ó¸´μ° ¢μ¤μ·μ¤´μ° ¨ ¤¥°É¥·¨¥¢μ° ¶² §³Ò. ‚Ò¡μ·
ÔÉ¨Ì ¤¢ÊÌ É¨¶μ¢ ¶² §³Ò μ¡Ê¸²μ¢²¥´ ¢μ§³μ¦´μ¸ÉÓÕ ·¥£¨¸É· Í¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤¥-
É¥±É¨·μ¢ ´¨Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ  Éμ³μ¢ μÉ¤ Î¨ (elastic recoil detection Å ERD) ¢μ¤μ·μ¤ 
¨ ¤¥°É¥·¨Ö ¶·¨ ·¥§¥·Ëμ·¤μ¢¸±μ³ μ¡· É´μ³ · ¸¸¥Ö´¨¨ (Rutherford backscattering spect-
rometry Å RBS).
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‚ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ³¥Éμ¤¨±  μ¡²ÊÎ¥´¨Ö ´ ¡μ·  Ëμ²Ó£ ¨§ ³¥É ²²μ¢,
‚’‘�-±¥· ³¨±, ³¥É ²²¨Î¥¸±¨Ì ¸¶² ¢μ¢, ³´μ£μ¸²μ°´ÒÌ ¸É·Ê±ÉÊ· ¨ ¶μ²¨³¥·´ÒÌ ¶²¥´μ±
´  Ê¸É ´μ¢±¥ �”-4 ¢ ”¨§¨Î¥¸±μ³ ¨´¸É¨ÉÊÉ¥ ¨³. �.�. ‹¥¡¥¤¥¢  ��� [3Ä5].

�·¨³¥´¥´¨¥ Ê¸É ´μ¢μ± É¨¶  ®¶² §³¥´´μ£μ Ëμ±Ê¸ ¯ (�”) ¤²Ö ¶μ²ÊÎ¥´¨Ö ³μÐ´ÒÌ ¶μ-
Éμ±μ¢ ¶² §³Ò ¨ ¨§ÊÎ¥´¨¥ ¥¥ ¢μ§¤¥°¸É¢¨Ö ´  ³ É¥·¨ ²Ò ¶·¥¤¸É ¢²Ö¥É¸Ö É ±¦¥ ¢¥¸Ó³   ±-
ÉÊ ²Ó´Ò³ ¸ ÉμÎ±¨ §·¥´¨Ö ¢μ§³μ¦´μ¸É¨ ³μ¤¥²¨·μ¢ ´¨Ö É ±¨Ì ¶·μÍ¥¸¸μ¢. ‘·¥¤¨  ±É¨¢´μ
· ¡μÉ ÕÐ¨Ì Ê¸É ´μ¢μ± É¨¶  �” ³μ¦´μ ¢Ò¤¥²¨ÉÓ Ê¸É ´μ¢±Ê �”-4 ¢ ”¨§¨Î¥¸±μ³ ¨´¸É¨-
ÉÊÉ¥ ���. � · ³¥É·Ò �”-4 ¸²¥¤ÊÕÐ¨¥: Ô´¥·£¨Ö ±μ´¤¥´¸ Éμ·´μ° ¡ É ·¥¨ Å 3,6Ä4 ±„¦,
³ ±¸¨³ ²Ó´Ò° Éμ± ≈ 400 ±�, ¸±μ·μ¸ÉÓ ¶² §³¥´´μ£μ ¶μÉμ±  Å ¤μ 108 ¸³/¸, ¶²μÉ´μ¸ÉÓ
¶² §³Ò ¤μ ≈ 1018 ¸³−3, ¤²¨É¥²Ó´μ¸ÉÓ ¶² §³¥´´μ£μ ¨³¶Ê²Ó¸  50Ä100 ´¸, ¶²μÉ´μ¸ÉÓ ¢´μ-
¸¨³μ° ¢ ¶μ¢¥·Ì´μ¸ÉÓ ³¨Ï¥´¨ ¤μ ∼ 108−109 ‚É/¸³2, ¢ÒÌμ¤ ´¥°É·μ´μ¢ Å ¤μ ∼ 108 § 
¨³¶Ê²Ó¸ ¤¥°É¥·¨¥¢μ° ¶² §³Ò, ¢·¥³Ö ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¤²Ö Î ¸É¨Î´μ£μ μÌ² ¦¤¥´¨Ö ³¨-
Ï¥´¨ Å ´¥ ³¥´¥¥ 5Ä6 ³¨´.

‚ ¢Ò¶μ²´¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶μ ¨§ÊÎ¥´¨Õ ¢μ§¤¥°¸É¢¨Ö ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ°
¶² §³Ò · ¸¸ÉμÖ´¨¥ μÉ  ´μ¤´μ° ¢¸É ¢±¨ (·¨¸. 1) ¸μ¸É ¢²Ö²μ 35 ³³. „²Ö ¨§ÊÎ¥´¨Ö Ê¤ ·´ÒÌ
¢μ²´ ¨¸¶μ²Ó§μ¢ ² ¸Ó ¢μ¤μ·μ¤´ Ö ¨ ¤¥°É¥·¨¥¢ Ö ¶² §³ . �·¨ ¢μ§¤¥°¸É¢¨¨ ¤¥°É¥·¨¥¢μ°
¶² §³Ò ´  μ¡· §ÍÒ μ¸ÊÐ¥¸É¢²Ö²μ¸Ó É ±¦¥ ¨§³¥·¥´¨¥ ¢ÒÌμ¤  ´¥°É·μ´μ¢ ¨§ É¥·³μÖ¤¥·´μ°
·¥ ±Í¨¨ 2D1+ + 2D1+ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´¥°É·μ´´ÒÌ ¤¥É¥±Éμ·μ¢, μ¶¨¸ ´´ÒÌ ¢ [6, 7].
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�¨¸. 1. ‘¡μ·±  Nb-Ëμ²Ó£ ¤²Ö ¨§ÊÎ¥´¨Ö ¢μ§¤¥°¸É¢¨Ö ¨³¶Ê²Ó¸μ¢ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ´ 

μ¡· §ÍÒ ´  �”-4 [4, 5] (¶μÉμ± ¸´¨§Ê): 1 Å ´¨¦´ÖÖ Î ¸ÉÓ ¤¨¸±μ¢μ£μ ¤¥·¦ É¥²Ö μ¡· §Íμ¢ ´  Î¥ÉÒ·¥

¸¡μ·±¨ ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ •18�10’ (�‘); 2 Å ¶¥·¥¤´ÖÖ ¤¨ Ë· £³  ¸ ¤¨ ³¥É·μ³ μÉ¢¥·¸É¨Ö
3, · ¢´Ò³ 10 ¨²¨ 15 ³³; 4 Å ¶·¨¦¨³´ Ö ¶² ¸É¨´  ¨§ �‘; 5Ä8 Å ´ ¡μ· Ëμ²Ó£ ¨§ μ¤´μ£μ ¨²¨

· §²¨Î´ÒÌ ³ É¥·¨ ²μ¢. 6∗ μ§´ Î ¥É, ÎÉμ Ëμ²Ó£  ¶μ¤¢¥·£´ÊÉ  ¸ § Î¥·´¥´´μ° ¸Éμ·μ´Ò ´¥±μÉμ·μ°

μ¡· ¡μÉ±¥
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2.1. ˆ¸¸²¥¤μ¢ ´¨¥ Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö. �¡· §ÍÒ
Ëμ²Ó£ ¨§ ´¨μ¡¨Ö Î¨¸ÉμÉμ° 99,9% ¨ ¸ Éμ²Ð¨´μ° 110 ³±³ ¡Ò²¨ μ¡²ÊÎ¥´Ò ´  Ê¸É ´μ¢±¥
�”-4 [3Ä5] ¢ ¸¡μ·±¥ ¨§ É·¥Ì ¶²μÉ´μ ¶·¨¦ ÉÒÌ Nb-Ëμ²Ó£ ¤¢ ¤Í ÉÓÕ ¨³¶Ê²Ó¸ ³¨ ¢μ¤μ·μ¤-
´μ° ¶² §³Ò. � §·Ö¤´ Ö ¢ ±ÊÊ³´ Ö ± ³¥·  Ê¸É ´μ¢±¨ �”-4 ¶μ¸²¥ · ¡μÉÒ ´  ¤¥°É¥·¨¥¢μ°
¶² §³¥ ¡Ò²  μÉ± Î ´  ¤μ 10−3 ’μ··,   § É¥³ ¢´μ¢Ó ´ ¶μ²´¥´  Î¨¸ÉÒ³ ¢μ¤μ·μ¤μ³ ¤μ
· ¡μÎ¥£μ ¤ ¢²¥´¨Ö μÉ 2 ¤μ 3 ’μ··. „²Ö ¸´¨¦¥´¨Ö ´ £·¥¢  ³¨Ï¥´¨ ¶¥·¨μ¤¨Î´μ¸ÉÓ ¸²¥¤μ-
¢ ´¨Ö ¨³¶Ê²Ó¸μ¢ �”-4 ¶·¥¢ÒÏ ²  5Ä6 ³¨´. �·¨ ÔÉμ³ ¢ÒÌμ¤  ´¥°É·μ´μ¢ ¨§ ¢μ¤μ·μ¤´μ°
¶² §³Ò, ¥¸É¥¸É¢¥´´μ, ´¥ ´ ¡²Õ¤ ²μ¸Ó [6, 7],   Ê·μ¢¥´Ó ´¥°É·μ´´μ£μ Ëμ´  ¤²Ö μ¡μ¨Ì ¤¥É¥±-
Éμ·μ¢ ¸μ¸É ¢²Ö² ¶·¨³¥·´μ 30Ä40 ¨³¶Ê²Ó¸μ¢ §  10 ¸. „²Ö Ê¤μ¡¸É¢  ¢¢¥¤¥³ ¸¨³¢μ²¨Î¥¸±μ¥
μ¡μ§´ Î¥´¨¥ É ±μ° Nb-¸¡μ·±¨ Ëμ²Ó£ ¢ ¢¨¤¥ 1Nb-12 | 1Nb-22 | 1Nb-32.

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´ ¸¶¥±É· ERD ¤²Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· ¢μ¤μ·μ¤  (¶·μÉμ´μ¢) ¨,
¢μ§³μ¦´μ, ¤¥°É¥·¨Ö (¤¥°É·μ´μ¢) μÉ ¶¥·¥¤´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ É·¥ÉÓ¥° Nb-Ëμ²Ó£¨ ¢
¸¡μ·±¥. ‘¶¥±É· ¸μμÉ¢¥É¸É¢Ê¥É ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ É·¥ÉÓ¥° Nb-Ëμ²Ó£¨ ¸ ³ ±¸¨-
³ ²Ó´μ° ¨§³¥·¥´´μ° ¨´É¥£· ²Ó´μ° ±μ´Í¥´É· Í¨¥° ¢μ¤μ·μ¤  μÉ ¢μ§¤¥°¸É¢¨Ö 20 ¨³¶Ê²Ó¸μ¢
¢μ¤μ·μ¤´μ° ¶² §³Ò.

‚¢¨¤Ê Éμ£μ, ÎÉμ ¤μ ¨¸¸²¥¤μ¢ ´¨Ö ¤ ´´μ° ¸¥·¨¨ Nb-μ¡· §Íμ¢ Ê¸É ´μ¢±  �”-4 · ¡μÉ ² 
´  ¤¥°É¥·¨¨, ¨ ¢ ¶μ¢¥·Ì´μ¸É¨ ¢¸¥Ì ¢´ÊÉ·¥´´¨Ì Ô²¥³¥´Éμ¢ · §·Ö¤´μ° ± ³¥·Ò ³μ£ ´ ±μ-
¶¨ÉÓ¸Ö ¤¥°É¥·¨°, · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¨ ¤²Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ ¨μ´μ¢ ¤¥°É¥·¨Ö. Ÿ¸´μ
É ±¦¥, ÎÉμ ¢ μ¡· §Í Ì Ëμ²Ó£ ¨§ ´¨μ¡¨Ö É ±¦¥ ¶·¨¸ÊÉ¸É¢μ¢ ² ¢μ¤μ·μ¤ ¢ ± Î¥¸É¢¥ É¥Ì´μ²μ-
£¨Î¥¸±μ° ¶·¨³¥¸¨, ¶μÔÉμ³Ê ¨¸Ìμ¤´ Ö ±μ´Í¥´É· Í¨Ö ¢μ¤μ·μ¤  ¡Ò²  ¨§³¥·¥´  ¢ ¨¸Ìμ¤´μ°
Ëμ²Ó£¥ ¨§ ´¨μ¡¨Ö ¶¥·¥¤ ¢μ§¤¥°¸É¢¨¥³ ¨³¶Ê²Ó¸μ¢ ¢μ¤μ·μ¤´μ° ¶² §³Ò (¸³. É ±¦¥ § ±²ÕÎ¥-
´¨¥). ’. ¥. ÔÉμÉ ¸¶¥±É· ¸μμÉ¢¥É¸É¢Ê¥É Ëμ²Ó£¥ 1Nb-3 ¢ μ¡μ§´ Î¥´¨ÖÌ, ¢¢¥¤¥´´ÒÌ ¢ÒÏ¥.
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�¨¸. 2. ‘¶¥±É· Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¸ ¶μ¢¥·Ì´μ¸É¨ 1Nb-3-Ëμ²Ó£¨

‚¸¥ ERD-¸¶¥±É·Ò ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³  ´ ²¨§¨·ÊÕÐ¥£μ ¶ÊÎ±  ¨μ´μ¢ £¥-
²¨Ö ¸ Ô´¥·£¨¥° 2,3 ŒÔ‚ ¶·¨ ¸±μ²Ó§ÖÐ¥³ Ê£²¥ ¶ ¤¥´¨Ö ´  μ¡· §¥Í ¢ 15◦ ´  Ô²¥±É·μ¸É É¨-
Î¥¸±μ³ £¥´¥· Éμ·¥ �ƒ-5 ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ.”· ´±  �ˆŸˆ [8, 9].
�¡· ¡μÉ±  ¸¶¥±É·μ¢ ¡Ò²  ¶·μ¢¥¤¥´  ¸ ¶·¨³¥´¥´¨¥³ ¸É ´¤ ·É´μ° ¶·μ£· ³³Ò SIMNRA
6.05. Š ± ¢¨¤´μ, Î¨¸²μ ¨³¶Ê²Ó¸μ¢ ¢ μ¡² ¸É¨ μÉ 800 ¤μ 1000 ± ´ ²μ¢ ¸μ¸É ¢²Ö¥É Éμ²Ó±μ
1 ¨³¶Ê²Ó¸ ¶·¨ §´ Î¥´¨¨ ¢ ³ ±¸¨³Ê³¥ ∼ 260 μÉ¸Î¥Éμ¢. Œμ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ÔÉ 
Î ¸ÉÓ ¸¶¥±É·  ¸μμÉ¢¥É¸É¢Ê¥É Ê·μ¢´Õ Ëμ´ .

ˆ§³¥·¥´¨¥ ¸¶¥±É·μ¢ ERD ¡Ò²μ ¢Ò¶μ²´¥´μ ´  μ¡¥¨Ì ¸Éμ·μ´ Ì ± ¦¤μ° ¨§ É·¥Ì Nb-
Ëμ²Ó£ ¢ ¸¡μ·±¥ 1Nb-12|1Nb-22|1Nb-32. ˆ§³¥·¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö  Éμ³μ¢ ¢μ¤μ·μ¤  ¨
¤¥°É¥·¨Ö ¶μ £²Ê¡¨´¥ ¨ μÍ¥´μÎ´Ò¥ §´ Î¥´¨Ö ¨Ì ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° (CH ¨ CD ¢
¥¤¨´¨Í Ì  Éμ³/¸³2) ¶·¥¤¸É ¢²¥´Ò ¶μ¶ ·´μ ¤²Ö ¡²¨¦´¥° ¨ ¤ ²Ó´¥° ±  ´μ¤Ê ¸Éμ·μ´ Ê¸É -
´μ¢±¨ �”-4 ¤²Ö ± ¦¤μ° ¨§ É·¥Ì Ëμ²Ó£ ´  ·¨¸. 3 ¨ 4, ·¨¸. 5 ¨ 6 ¨ ·¨¸. 7 ¨ 8 ¸μμÉ¢¥É¸É¢¥´´μ.
� ¸Î¥É´μ¥ · ¸¶·¥¤¥²¥´¨¥ ´  ·¨¸. 7 ¸μμÉ¢¥É¸É¢Ê¥É ¸¶¥±É·Ê ´  ·¨¸. 2.

�¨¸. 3. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢
1Nb-1-Ëμ²Ó£¥

�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢

Nb-12-Ëμ²Ó£¥
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�¨¸. 5. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢
1Nb-2-Ëμ²Ó£¥

�¨¸. 6. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢

Nb-22-Ëμ²Ó£¥

�¨¸. 7. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢
1Nb-3-Ëμ²Ó£¥

�¨¸. 8. � ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢

Nb-32-Ëμ²Ó£¥

Š ± ¢¨¤´μ, ±μ´Í¥´É· Í¨Ö ¤¥°É¥·¨Ö É ±μ¢ , ÎÉμ ¥¥ ³μ¦´μ ¸Î¨É ÉÓ ¸¨¸É¥³ É¨Î¥c±μ°
μÏ¨¡±μ° ¨§³¥·¥´¨° ¨ Ëμ´μ³.

�· ¢ Ö ±· °´ÖÖ ÉμÎ±  ´  £· Ë¨±¥ ¸ nH = 2,01 ·1017 ¸³−2 É ±¦¥ ¶·¥¢ÒÏ ¥É ¨¸Ìμ¤´ÊÕ
¶μ¢¥·Ì´μ¸É´ÊÕ ±μ´Í¥´É· Í¨Õ ¢μ¤μ·μ¤  ¢ Nb-Ëμ²Ó£ Ì. �·¨ ³ ±¸¨³ ²Ó´μ° ¨´É¥£· ²Ó´μ°
±μ´Í¥´É· Í¨¨ ¢μ¤μ·μ¤  ¤²Ö ¶¥·¢μ° ¶μ¢¥·Ì´μ¸É¨ É·¥ÉÓ¥° Ëμ²Ó£¨ 1Nb-3 (8,75 · 1017 ¸³−2)
μÉ´μ¸¨É¥²Ó´ Ö ±μ´Í¥´É· Í¨Ö ¢μ¤μ·μ¤  ¢ ³¥É ²²¨Î¥¸±μ³ £¨¤·¨¤¥ ´¨μ¡¨Ö ¸μ¸É ¢²Ö¥É 58%,
É. ¥. £¨¤·¨¤ ³μ¦´μ μ¶¨¸ ÉÓ ´  ÔÉ¨Ì £²Ê¡¨´ Ì Ëμ·³Ê²μ° Nb1H1,5

2.2. �¥´É£¥´μ¸É·Ê±ÉÊ·´Ò°  ´ ²¨§. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨§³¥·¥´¨¥ ±μ´Í¥´É· Í¨¨
¢ Nb-Ëμ²Ó£ Ì ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ³¥Éμ¤μ³ ERD ¡Ò²μ ¶·μ¢¥¤¥´μ Î¥·¥§ μ¤¨´ £μ¤ ¶μ¸²¥
¢μ§¤¥°¸É¢¨Ö ´  ´¨Ì ¤¢ ¤Í ÉÓÕ ¨³¶Ê²Ó¸ ³¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò.
�Éμ ¡Ò²μ ¸¤¥² ´μ ¸¶¥Í¨ ²Ó´μ ¸ É¥³, ÎÉμ¡Ò ¶·μ¢¥·¨ÉÓ ´ ²¨Î¨¥ ¨²¨ μÉ¸ÊÉ¸É¢¨¥ ¶·μÍ¥¸¸μ¢
¤¥¸μ·¡Í¨¨ ¢μ¤μ·μ¤  ¢ É¥Î¥´¨¥ ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨ ®¢Ò¤¥·¦¨¢ ´¨Ö¯. Š ± ¶μ± § ²¨ ¨§-
³¥·¥´¨Ö, ¤¥¸μ·¡Í¨Ö ¢μ¤μ·μ¤  μÉ¸ÊÉ¸É¢Ê¥É ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ ¢Ò¶μ²´¥´´ÒÌ ¨§³¥·¥´¨°
¶·¨ ¶·¨³¥´¥´¨¨ ³¥Éμ¤  ERD. „²Ö μ¶·¥¤¥²¥´¨Ö ¸μ¸ÉμÖ´¨Ö, ¢ ±μÉμ·μ³ ´ Ìμ¤¨²¸Ö ¨ ´ Ìμ-
¤¨É¸Ö ¢μ¤μ·μ¤, ¡Ò²¨ ¢Ò¶μ²´¥´Ò ·¥´É£¥´μ¸É·Ê±ÉÊ·´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö É ±¦¥ ¸ ¤¢ÊÌ ¸Éμ·μ´
¢¸¥Ì É·¥Ì Ëμ²Ó£ ¨§ ¸¡μ·±¨ 1Nb-12|1Nb-22|1Nb-32. ˆ¸¸²¥¤μ¢ ´¨Ö μ¤´μ§´ Î´μ ¶μ± § ²¨,
ÎÉμ ¢μ ¢¸¥Ì É·¥Ì Ëμ²Ó£ Ì ¶·¨¸ÊÉ¸É¢ÊÕÉ Ë §Ò, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ £¨¤·¨¤Ê ´¨μ¡¨Ö Å NbH.
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�¨¸. 9. � ¸¶·¥¤¥²¥´¨¥ ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤  ¸ μ¡¥¨Ì ¸Éμ·μ´ Nb-Ëμ²Ó£ ¢ § ¢¨¸¨³μ-

¸É¨ μÉ ´μ³¥·  Ëμ²Ó£¨ ¨²¨ μÉ £²Ê¡¨´Ò ¢ ¸¡μ·±¥ ¨§ É·¥Ì Ëμ²Ó£

�¡Ñ¥³´ Ö ¤μ²Ö £¨¤·¨¤´μ° ´¨μ¡¨Ö Ë §Ò ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ μÍ¥´μÎ´Ò³¨ §´ Î¥´¨Ö³¨,
¸¤¥² ´´Ò³¨ ¶μ ³¥Éμ¤Ê ERD- ´ ²¨§  (¸³. ·¨¸. 3Ä8).

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò ¸¢μ¤´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ ¨§³¥·¥´¨Õ ³¥Éμ¤μ³ ERD ¨´É¥£· ²Ó´ÒÌ
±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤ . �Í¥´μÎ´Ò¥ §´ Î¥´¨Ö ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¸μ¥¤¨´¥´Ò
¶·Ö³Ò³¨ ²¨´¨Ö³¨.

‡�Š‹	—…�ˆ…

‚ ¶·μ¢¥¤¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¡Ò² ¶·¨³¥´¥´ ¶·μ¸Éμ° ³¥Éμ¤ μ¶·¥¤¥²¥´¨Ö ±μ´Í¥´É· -
Í¨¨ ²¥£±¨Ì ¶·¨³¥¸¥° ¢μ¤μ·μ¤  ¢ ¸¡μ·± Ì ¨§ Nb-Ëμ²Ó£ ¸ Éμ²Ð¨´μ° ¶μ 110 ³±³ ± ¦¤ Ö.

“¸É ´μ¢²¥´μ, ÎÉμ ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Î¨¸²  ¨³¶Ê²Ó¸μ¢ ¢μ¤μ·μ¤´μ° ¶² §³Ò ¶·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ Ê¸É ´μ¢±¨ �”-4 ¶·μ¨¸Ìμ¤¨É ¶¥·¥´μ¸ ¨³¶² ´É¨·μ¢ ´´μ£μ ¢μ¤μ·μ¤  ´  ¡μ²Ó-
Ï¨¥ £²Ê¡¨´Ò (¸³. ·¨¸. 9), §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¨¥ ¶·μ¡¥£¨ ¨μ´μ¢ ¤¥°É¥·¨Ö ¸μ ¸±μ-
·μ¸ÉÖ³¨ ¶μ·Ö¤±  108 ¸³/¸ [10Ä14]. �·¨ ÔÉμ³ ³ ±¸¨³ ²Ó´ Ö ±μ´Í¥´É· Í¨Ö ¤μ 60  É.%
(¶·¨ 20 ¨³¶Ê²Ó¸ Ì ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ´  �”-4) ¤μ¸É¨£ ¥É¸Ö ¸ ¡²¨¦´¥°
¸Éμ·μ´Ò É·¥ÉÓ¥° Ëμ²Ó£¨, É. ¥. ¢ μ¡μ§´ Î¥´¨ÖÌ ¤ ´´μ° · ¡μÉÒ ¸ 1Nb-3-Ëμ²Ó£¨
(¸³. É ±¦¥ [11Ä14]).

�¥´É£¥´μ¸É·Ê±ÉÊ·´Ò³  ´ ²¨§μ³ ¶μ± § ´μ, ÎÉμ ¢ Ëμ²Ó£ Ì ¨§ ´¨μ¡¨Ö μ¡· §Ê¥É¸Ö £¨-
¤·¨¤´ Ö Ë §  NbH, μÉ´μ¸¨É¥²Ó´ Ö μ¡Ñ¥³´ Ö ¤μ²Ö ÔÉμ° Ë §Ò, ¢ ¶·¨´Í¨¶¥, ¸μ£² ¸Ê¥É¸Ö ¸
¨§³¥·¥´´Ò³¨ §´ Î¥´¨Ö³¨ ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤  ¢ ´¨μ¡¨¥¢ÒÌ Ëμ²Ó£ Ì.

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨ ´ ±μ¶²¥´¨¨ ¢μ¤μ·μ¤  ¢ ¶μ¢¥·Ì´μ¸É´ÒÌ ¸²μÖÌ ³¥É ²²μ¢
¶·μ¨¸Ìμ¤¨É μ±· Ï¨¢ ´¨¥ ¶μ¢¥·Ì´μ¸É¨ ¶·¨ ¤μ¸É ÉμÎ´μ ¢Ò¸μ±¨Ì ±μ´Í¥´É· Í¨ÖÌ ¢μ¤μ·μ¤ 
¨ ¥£μ ¨§μÉμ¶μ¢ (¸³., ´ ¶·¨³¥·, [15]). Š ± Ìμ·μÏμ ¢¨¤´μ, ¸ ¶·¨³¥´¥´¨¥³ μ¶É¨Î¥¸±μ°
³¨±·μ¸±μ¶¨¨ ´  ³¥É ²²μ£· Ë¨Î¥¸±μ³ ³¨±·μ¸±μ¶¥ NEOPHOT ¢ ³ ±¸¨³ ²Ó´μ³ ´ ¸ÒÐ¥´-
´μ³ ¢μ¤μ·μ¤μ³ ¨²¨ ¤¥°É¥·¨¥³ ¸²μ¥ ³¥É ²²  ´ ¡²Õ¤ ¥É¸Ö μ±· Ï¨¢ ´¨¥, Í¢¥É ±μÉμ·μ£μ
· §²¨Î¥´ ¤²Ö · §´ÒÌ ³¥É ²²μ¢. � ¶·¨³¥·, ¶ ²² ¤¨° μ±· Ï¨¢ ¥É¸Ö ¢ ¸¨´¨° Í¢¥É,   ¢ -
´ ¤¨° Å ¢ §μ²μÉ¨¸ÉÒ° (¸³. É ±¦¥ [16Ä18]). �·¨ Éμ³ ¤¨ ³¥É· μ±· Ï¥´´μ£μ ±·Ê£  (10
¨²¨ 15 ³³) ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¤¨ ³¥É·Ê ¢Ìμ¤´μ° ¤¨ Ë· £³Ò ¢ ¸¡μ·±¥ ¨§ Ëμ²Ó£
(·¨¸. 1, ¶μ§. 3). �ÉμÉ Ë ±É ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ¶μ¶ ¤ ´¨¥ ¶² §³¥´´ÒÌ ¶μÉμ-
±μ¢ ´¥¶μ¸·¥¤¸É¢¥´´μ ¸ ±· ¥¢ ¸¡μ·±¨ ¨¸±²ÕÎ ²μ¸Ó. �μ³¨³μ ÔÉμ£μ ¢ · ¡μÉ¥ [10] ¡Ò²μ
¨§ÊÎ¥´μ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¶·¨ ¢μ§¤¥°¸É¢¨¨ 20 ¨³¶Ê²Ó¸μ¢ ¢Ò¸μ±μ-
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É¥³¶¥· ÉÊ·´μ° ¢μ¤μ·μ¤´μ° ¶² §³Ò ´  ¸¡μ·±Ê ¨Ì É·¥Ì Ëμ²Ó£, ±Ê¤  ¢Ìμ¤ÖÉ: a) ¶¥·¥¤´ÖÖ
¡²¨¦´ÖÖ ±  ´μ¤Ê �”-4 Nb-Ëμ²Ó£  (¸ Éμ²Ð¨´μ° 110 ³±³), ¡) ¶·μ³¥¦ÊÉμÎ´ Ö Ëμ²Ó£  ¨§
¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  (CD2)n (¸ Éμ²Ð¨´μ° 210 ³±³) ¨ ¢) ¶μ¸²¥¤´ÖÖ Nb-Ëμ²Ó£ 
(¸ Éμ²Ð¨´μ° 110 ³±³), ¶·¨¦ É Ö ¶²μÉ´μ ± ¶¥·¥¤´¥° ¤¨ Ë· £³¥ Ëμ²Ó£ (·¨¸. 1, ¶μ§. 3).
“¸É ´μ¢²¥´μ, ÎÉμ ¶·μ¨¸Ìμ¤¨É ´ ±μ¶²¥´¨¥ ¢μ¤μ·μ¤  ¢ Ëμ²Ó£¥ ¢ ¤μ 45  É.% ¸ μ¤´μ° ¸Éμ-
·μ´Ò Ëμ²Ó£¨ ¨ ¤μ 41  É.% ¸ ¤·Ê£μ°. �·¨ ÔÉμ³ μ¡´ ·Ê¦¥´ ®¢Ò´μ¸¯ ¤¥°É¥·¨Ö ¨§ Ëμ²Ó£¨
¡ ¢ μ¡Ñ¥³ ¨ ´  ¶μ¢¥·Ì´μ¸ÉÓ Ëμ²Ó£¨ ¢ ¨§ ´¨μ¡¨Ö. �¥¸³μÉ·Ö ´  ´¨§±ÊÕ É¥³¶¥· ÉÊ·Ê
· §³Ö£Î¥´¨Ö (120Ä125 ◦C) ¨ É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö (125Ä132 ◦C) ¤²Ö μ¡ÒÎ´μ£μ (CH2)n ¨
¡²¨§±¨Ì ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì É¥³¶¥· ÉÊ· ¤²Ö ¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  (CD2)n, É¥³¶¥-
· ÉÊ·´μ° ¤¥Ëμ·³ Í¨¨ ¨ · §·ÊÏ¥´¨Ö μ¡· §Í , · ¸¶μ²μ¦¥´´μ£μ ³¥¦¤Ê ¤¢Ê³Ö Nb-Ëμ²Ó£ ³¨,
´¥ ´ ¡²Õ¤ ¥É¸Ö.

‚ Ô´Í¨±²μ¶¥¤¨¨ [3, ¸. 375] ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¨§ÊÎ¥´¨¨ ¢μ§-
¤¥°¸É¢¨Ö ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò ´  ´ ±μ¶²¥´¨¥ ¤¥°É¥·¨Ö ¢ ¶μ¢¥·Ì-
´μ¸É´μ³ ¸²μ¥ μ¡· §Íμ¢ ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ (25Cr12MnMo20W) ¨ Î¨¸Éμ£μ ¢μ²ÓË· ³ 
(W) ¢ § ¢¨¸¨³μ¸É¨ μÉ Î¨¸²  ¨³¶Ê²Ó¸μ¢. ‘¤¥² ´ ¢Ò¢μ¤, ÎÉμ ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Î¨¸² 
¨³¶Ê²Ó¸μ¢ ¤¥°É¥·¨¥¢μ° ¶² §³Ò ¶·μ¨¸Ìμ¤¨É μ¡· §μ¢ ´¨¥ ®· §¢¨Éμ°¯ ¶μ¢¥·Ì´μ¸É¨, É. ¥.
¶μ¢¥·Ì´μ¸ÉÓ ¶·¥¢· Ð ¥É¸Ö ¨§ 2-³¥·´μ° ¢ 3-³¥·´ÊÕ, ¸ ±μÉμ·μ° ÔËË¥±É¨¢´μ ¶·μ¨¸Ìμ¤¨É
¤¥¸μ·¡Í¨Ö ¨³¶² ´É¨·μ¢ ´´μ£μ ¤¥°É¥·¨Ö. �μÌμ¦¨° ÔËË¥±É ¨³¥¥É ³¥¸Éμ ¨ ¸ μ¡· §Í ³¨
´¨μ¡¨Ö ¢ ¶·¥¤¸É ¢²¥´´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ É Ì. Šμ´Í¥´É· Í¨Ö ¢μ¤μ·μ¤  ¢
¶¥·¢μ³ ¸²μ¥ ´¥ Ê¢¥²¨Î¨¢ ¥É¸Ö, ¤μ¸É¨£ Ö ¶·¨ 20 ¨³¶Ê²Ó¸ Ì ¢μ¤μ·μ¤´μ° ¶² §³Ò ¨´É¥£· ²Ó-
´μ£μ §´ Î¥´¨Ö CH > 2,46 · 1017 ¸³−2, ±μÉμ·μ¥ ²¨ÏÓ ´¥§´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ¥É ¨¸Ìμ¤´ÊÕ
¶μ¢¥·Ì´μ¸É´ÊÕ ±μ´Í¥´É· Í¨Õ (∼ CH > 2,01 · 1017 ¸³−2).

ˆ§³¥·¥´¨Ö ±μ´Í¥´É· Í¨¨ ¢μ¤μ·μ¤  ¶μ £²Ê¡¨´¥ ¨ ¨´É¥£· ²Ó´ Ö ±μ´Í¥´É· Í¨Ö ¢μ¤μ-
·μ¤  ¢ ¶·¨¶μ¢¥·Ì´μ¸É´μ³ ¸²μ¥ ¢¥¤ÊÉ ¸¥¡Ö ¨´ Î¥, Î¥³ ¢ · ¡μÉ¥ [3]. Š ± ¢¨¤´μ, ¶·μ¨¸-
Ìμ¤¨É ´ ±μ¶²¥´¨¥ ¨³¶² ´É¨·μ¢ ´´μ£μ ¢μ¤μ·μ¤ ,   ¢μ§³μ¦´μ, ¨ ¢Ò´μ¸ ¢μ¤μ·μ¤ , ±μÉμ-
·Ò° ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ´¨μ¡¨¨ ¢ ± Î¥¸É¢¥ É¥Ì´μ²μ£¨Î¥¸±μ° ¶·¨³¥¸¨, ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò ¢
¸¡μ·±¥ ¨§ Ëμ²Ó£ ¶μ ³¥·¥ Ê¢¥²¨Î¥´¨Ö Î¨¸²  ¨³¶Ê²Ó¸μ¢ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¢μ¤μ·μ¤´μ°
¶² §³Ò [10Ä14].

�¡´ ·Ê¦¥´´μ¥ Ö¢²¥´¨¥ ¸¢¥·Ì£²Ê¡μ±μ£μ ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤μ·μ¤ ,   É ±¦¥ ¨ ¤¥°É¥-
·¨Ö ([10Ä14]), ¶·¥¤¶μ²μ¦¨É¥²Ó´μ, ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢μ§¤¥°¸É¢¨¥³ ³μÐ´ÒÌ Ê¤ ·´ÒÌ
¢μ²´ [1Ä5, 19Ä24] ´  ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¸ ¢Ò´μ¸μ³ ¥£μ ± ± ²¥£±μ° ¨ ¸² ¡μ-
¸¢Ö§ ´´μ° ¶·¨³¥¸¨ ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò. Œμ¦´μ ¶·¨¢¥¸É¨ ¤ ²¥±ÊÕ  ´ ²μ£¨Õ: ¤¢¨¦¥´¨¥
¢μ¤μ·μ¤  ³μ¦´μ ¸· ¢´¨ÉÓ ¸ É¥³, ± ± ¢Ò¸μ± Ö ¶·¨²¨¢´ Ö ¢μ²´  ¢Ò´μ¸¨É ¸¥·Ë¨´£¨¸É  (surf-
ing) ´  ¡μ²ÓÏ¨¥ · ¸¸ÉμÖ´¨Ö ´  ¸¢μ¥³ £·¥¡´¥. �μ ¤ ´´Ò° ¶μ¤Ìμ¤ É·¥¡Ê¥É ¢¸¥¸Éμ·μ´´¥£μ
· §¢¨É¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ³μ¤¥²Ó´μ£μ ¶μ¤Ìμ¤  ¨ ¥£μ ¤¥É ²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö. ‚ ± -
Î¥¸É¢¥ ¤·Ê£μ£μ, ¡μ²¥¥ · §· ¡μÉ ´´μ£μ ¶μ¤Ìμ¤  ³μ¦´μ ¢Ò¤¥²¨ÉÓ É· ¤¨Í¨μ´´Ò° ¶μ¤Ìμ¤,
μ¸´μ¢ ´´Ò° ´  Ê¸±μ·¥´´μ° ¤¨ËËÊ§¨¨ ¶·¨³¥¸¥° ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¨Ì ¤¢¨¦ÊÐ¨Ì ¸¨² F
(¸³. ³μ´μ£· Ë¨Õ [10]). ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ¶μ¤Ìμ¤μ³, § ±μ´Ò ”¨±  ¤²Ö ¶μÉμ±  Î ¸É¨Í
¸²¥¤Ê¥É ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ([25, ¸. 11] ¨ [26, ¸. 300]):

J = −D
−→
·∇C(R) + K ·

〈
V

〉
F

, (1)

∂C(R)
∂t

= ∇
[
D · ∇C(R)

]
− K · ∇

〈
V

〉
F

, (2)

£¤¥ ¢´¥Ï´ÖÖ ¤¢¨¦ÊÐ Ö ¸¨²  F ¶·¨¤ ¥É ± ¦¤μ³Ê  Éμ³Ê ¸·¥¤´ÕÕ ¤μ¶μ²´¨É¥²Ó´ÊÕ ¸±μ-
·μ¸ÉÓ

〈
V

〉
F
, K Å ±μÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨. ‘·¥¤´ÖÖ ¤μ¶μ²´¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ
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± ¦¤μ£μ  Éμ³ 
〈
V

〉
F
, ¶·¥¤¶μ²μ¦¨É¥²Ó´μ, ³μ¦¥É ¡ÒÉÓ ¸μ¶μ¸É ¢²¥´  ¸μ ¸±μ·μ¸ÉÓÕ · ¸¶·μ-

¸É· ´¥´¨Ö Ê¤ ·´μ° ¢μ²´Ò, ±μÉμ· Ö, ± ± ¨§¢¥¸É´μ, ¶·¥¢ÒÏ ¥É ¸±μ·μ¸ÉÓ · ¸¶·μ¸É· ´¥´¨Ö
§¢Ê±  ¢ ³ É¥·¨ ²¥ ¢ ´¥¸±μ²Ó±μ · § [1Ä6, 23, 24]. Š ± ¨§¢¥¸É´μ, ¶·¨ ³μÐ´μ³ ¨³¶Ê²Ó¸´μ³
¢μ§¤¥°¸É¢¨¨ ¢´ Î ²¥ ¢ ³ É¥·¨ ²¥ · ¸¶·μ¸É· ´Ö¥É¸Ö Ê¶·Ê£ Ö ¢μ²´ , ±μÉμ· Ö ´  μ¶·¥¤¥-
²¥´´μ° £²Ê¡¨´¥ RE−S , § ¢¨¸ÖÐ¥° μÉ ³ É¥·¨ ²  ¨ ¶²μÉ´μ¸É¨ ³μÐ´μ¸É¨ ¨³¶Ê²Ó¸  ´ 
¶μ¢¥·Ì´μ¸É¨, É· ´¸Ëμ·³¨·Ê¥É¸Ö ¢ Ê¤ ·´ÊÕ ¢μ²´Ê ¸ ±·ÊÉÒ³ ¶¥·¥¤´¨³ Ë·μ´Éμ³ Å ¢μ²´Ê
¸¦ É¨Ö ¨ ¢μ²´Ê · ¸ÉÖ¦¥´¨Ö §  Ë·μ´Éμ³ Ê¤ ·´μ° ¢μ²´Ò. �μÔÉμ³Ê ´  μÉ´μ¸¨É¥²Ó´μ ´¥-
¡μ²ÓÏ¨Ì £²Ê¡¨´ Ì R < RE−S ¢ ± Î¥¸É¢¥ ¤μ¶μ²´¨É¥²Ó´μ° ¸±μ·μ¸É¨ ²¥£±μ£μ ´¥ ¸¢Ö§ ´´μ£μ
Ì¨³¨Î¥¸±μ° ¸¢Ö§ÓÕ ¨ (¨²¨) ¸² ¡μ ¸¢Ö§ ´´μ£μ ¶·¨³¥¸´μ£μ  Éμ³ 

〈
V

〉
F
, ¢μ§³μ¦´μ, ¸²¥¤Ê¥É

¢Ò¡¨· ÉÓ ¸±μ·μ¸ÉÓ μ¡Ñ¥³´μ° ¶·μ¤μ²Ó´μ° V|| ¨²¨ ¶μ¶¥·¥Î´μ° V⊥ Ê¶·Ê£¨Ì ¢μ²´.
�´ ²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥ ¸  ´μ³ ²Ó´Ò³ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ μ¡´ ·Ê¦¥´μ ¨ ¢ ¸¡μ·± Ì

Ëμ²Ó£ (¶μ ¤¢¥, É·¨ ¢ ¸¡μ·±¥) ¨§ ¢ ´ ¤¨Ö, ´¨μ¡¨Ö ¨ É ´É ² , ¢±²ÕÎ Ö ¨ Ëμ²Ó£¨ ¨§ · §´μ-
·μ¤´ÒÌ · §²¨Î´ÒÌ ³ É¥·¨ ²μ¢, ±μÉμ·Ò¥ ¡Ò²¨ É ±¦¥ ¨§ÊÎ¥´Ò.

Š ¸ É¥²Ó´μ ¸¡μ·μ± ¨§ μ¤´μ·μ¤´ÒÌ (¤ ´´ Ö · ¡μÉ  ¨ [11Ä14]) ¨²¨ · §´μ·μ¤´ÒÌ [10]
Ëμ²Ó£, ¢ ±μÉμ·ÒÌ É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¢Ò´μ¸ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¤²Ö ¤¥°É¥·¨¥¢μ° ¶² §³Ò)
´  §´ Î¨É¥²Ó´Ò¥ £²Ê¡¨´Ò, ¶·¨³¥´¥´¨¥ ¢Ò· ¦¥´¨° (1) ¨ (2) ¸²¥¤Ê¥É ¶·¨´¨³ ÉÓ ¢μ ¢´¨-
³ ´¨¥ ¸ ÊÎ¥Éμ³ ¢μ§´¨±´μ¢¥´¨Ö ´  £· ´¨Í¥ · §¤¥²  ³¥É ²²Ä£ §Ä³¥É ²² ¨ É. ¤. μÉ· ¦¥´´μ°
¢μ²´Ò ¨ ¥¥ ¸Ê¶¥·¶μ§¨Í¨¨ ¸ ¶ ¤ ÕÐ¥° ¢μ²´μ°,   É ±¦¥ ¨ ¨§³¥´¥´¨¥ ¸±μ·μ¸É¨ · ¸¶·μ¸É· -
´¥´¨Ö ¢μ²´ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¸μ¸É ¢  ¸²μÖ.

�·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¨ ¶¥·¸¶¥±É¨¢´Ò³ ¶·μ¢¥¤¥´¨¥ ¡μ²¥¥ ¤¥É ²Ó´ÒÌ ¨¸¸²¥¤μ¢ ´¨°
¶μ ¢ÒÖ¸´¥´¨Õ μ¸μ¡¥´´μ¸É¥° μ¡´ ·Ê¦¥´´μ£μ Ö¢²¥´¨Ö. �μ³¨³μ ÔÉμ£μ ¸²¥¤Ê¥É · ¸¸³μÉ·¥ÉÓ
± ± É¥μ·¥É¨Î¥¸±¨¥  ¸¶¥±ÉÒ ¶μ ¢²¨Ö´¨Õ Ê¤ ·´ÒÌ ¢μ²´ ´  ®Ê¤ ·´μ-¢μ²´μ¢ÊÕ ¤¨ËËÊ§¨Õ¯
²¥£±¨Ì ¶·¨³¥¸¥° ¢ ³¥É ²² Ì, É ± ¨ ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  Ê¸±μ·¥´´μ° ¤¨ËËÊ§¨¨ ¶·¨-
³¥¸¥° ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¨Ì ¤¢¨¦ÊÐ¨Ì ¸¨². Š ± ¢¨¤´μ, ¢ ¢ÒÏ¥μ¶¨¸ ´´μ³ ¢¨¤¥ ¤ ´´Ò¥
¶μ¤Ìμ¤Ò ¸¡²¨¦ ÕÉ¸Ö.

Œμ¦´μ ¶·¨¢¥¸É¨ ¸²¥¤ÊÕÐ¨¥ μÍ¥´±¨. ‘±μ·μ¸ÉÓ §¢Ê±  ¢ ³¥É ²² Ì ¶·¥¢ÒÏ ¥É V �
2,0 · 105 c³/¸, ¤²¨É¥²Ó´μ¸ÉÓ ¤¥°¸É¢¨Ö ¨³¶Ê²Ó¸  ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò Å ¶μ·Ö¤± 
50Ä100 ´¸, É. ¥. ÔÉμ ¢·¥³Ö ¸μ¸É ¢²Ö¥É t = (0,5−1,0) · 10−7 ¸, ¸²¥¤μ¢ É¥²Ó´μ, ³ ±¸¨³ ²Ó´ Ö
£²Ê¡¨´  ¢Ò´μ¸  ²¥£±¨Ì ¶·¨³¥¸¥° ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ³μ¦¥É ¶·¥¢ÒÏ ÉÓ §´ Î¥´¨¥ R ≈
V t > 100−200 ³±³. �Í¥´μÎ´μ¥ §´ Î¥´¨¥ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤μ·μ¤  ´ Ìμ¤¨É¸Ö ¢
Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¶μ ¶μ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ §´ Î¥´¨Ö³¨ [10Ä14].

�·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¶·μ¢¥¸É¨ ¤¥É ²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¨ ÊÉμÎ´¨ÉÓ ·¥§Ê²ÓÉ ÉÒ Ô±¸-
¶¥·¨³¥´Éμ¢ ¶μ μ¡· §μ¢ ´¨Õ £¨¤·¨¤´ÒÌ Ë § ¢ ´ ¡μ·¥ Ëμ²Ó£ ¶·¨ ¢μ§¤¥°¸É¢¨¨ ¨³¶Ê²Ó¸´μ°
¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¢μ¤μ·μ¤´μ° ¶² §³Ò ¸ ¶·¨³¥´¥´¨¥³ ·¥´É£¥´μ¸É·Ê±ÉÊ·´μ£μ  ´ ²¨§ 
¨ ¸ ³ ²μÊ£²μ¢Ò³ · ¸¸¥Ö´¨¥³ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨Ö.

�¢Éμ· · ¡μÉÒ ¢Ò· ¦ ¥É ¸¥·¤¥Î´ÊÕ ¡² £μ¤ ·´μ¸ÉÓ ‚. Ÿ.�¨±Ê²¨´Ê §  ¶·¥¤μ¸É ¢²¥´-
´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢¥¸É¨ ¨³¶Ê²Ó¸´ÊÕ ¶² §³¥´´ÊÕ μ¡· ¡μÉ±Ê ³ É¥·¨ ²μ¢ ´  Ê¸É ´μ¢±¥
®�² §³¥´´Ò° Ëμ±Ê¸¯ Å �”-4 ”¨§¨Î¥¸±μ£μ ¨´¸É¨ÉÊÉ  ¨³. �.�. ‹¥¡¥¤¥¢  ���.
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