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ˆ¸¸²¥¤μ¢ ´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¢ ¸¡μ·± Ì Ta|CD2|Ta,
Ta|Ta|CD2|Ta|Ta ¨ Nb|CD2|Nb ¶μ¸²¥ ¢μ§¤¥°¸É¢¨Ö ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ°
 ·£μ´μ¢μ° ¶² §³Ò ´  Ê¸É ´μ¢±¥ �”-4

‘¡μ·±¨ ¨§ Ëμ²Ó£ Ta|CD2|Ta, Ta|Ta|CD2|Ta|Ta ¨ Nb|CD2|Nb ¡Ò²¨ μ¡²ÊÎ¥´Ò
30 ¨³¶Ê²Ó¸ ³¨  ·£μ´μ¢μ° ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ´  Ê¸É ´μ¢±¥ ®�² §³¥´-
´Ò° Ëμ±Ê¸¯ (�”-4). �μ¸²¥ μ¡²ÊÎ¥´¨Ö ¢¸¥ μ¡· §ÍÒ Ëμ²Ó£ ¨¸¸²¥¤μ¢ ²¨ ³¥Éμ¤μ³
·¥£¨¸É· Í¨¨ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (ERDA) ¸ μ¡¥¨Ì ¸Éμ·μ´ ± ¦¤μ°
Ëμ²Ó£¨. �¡´ ·Ê¦¥´μ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¢ ¸Éμ¶± Ì Ëμ²Ó£.

±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ ¸¢¥·Ì£²Ê¡μ±μ³Ê ¶·μ´¨±´μ¢¥´¨Õ ²¥£±¨Ì £ -
§μ¢ÒÌ ¶·¨³¥¸¥° (¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö) μ¡ÑÖ¸´ÖÕÉ¸Ö ´  μ¸´μ¢¥ ¢μ§¤¥°¸É¢¨Ö ´ 
Ëμ²Ó£¨ Ê¤ ·´ÒÌ ¢μ²´ ¨ Ê¸±μ·¥´´μ° ¤¨ËËÊ§¨¨ ¶μ¤ ¤¥°¸É¢¨¥³ ¢´¥Ï´¥° ¸¨²Ò.
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Investigation of the Distribution of Deuterium and Hydrogen in the Ta|CD2|Ta,
Ta|Ta|‘D2|Ta|Ta and Nb|CD2|Nb Assemblies after Exposure to High-Temperature
Argon Plasma at the PF-4 Set-Up

Assemblies of Ta|CD2|Ta, Ta|Ta|CD2|Ta|Ta and Nb|CD2|Nb foils were irradiated
by 30 pulses of high-temperature argon plasma on the ©Plasma Focusª (PF-4) set-
up. After irradiation, all the samples of foils were investigated by registration of
hydrogen and deuterium recoils (ERDA) on both sides of each foil. Redistribution
of hydrogen and deuterium in the stacks of foils was found. Experimental results
on ultra-deep penetration of light gaseous impurities as hydrogen and deuterium are
explained based on the effects of shock waves on the foil and accelerated diffusion
by an external force.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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‡  ¶μ¸²¥¤´¨¥ £μ¤Ò ¢ ¸¢Ö§¨ ¸ Ê¸¶¥Ì ³¨ ¢ ² §¥·´μ° É¥Ì´¨±¥ ¨ ¸μ§¤ ´¨¨
³μÐ´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ² §¥·μ¢ ¢ ¶¨±μ- (10−12 ¸) ¨ Ë¥³Éμ¸¥±Ê´¤´ÒÌ (10−15 ¸)
¤¨ ¶ §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¨ Ô´¥·£¨¨ [1Ä4]. �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 ¸ Í¥²ÓÕ ¸μ§¤ ´¨Ö ² §¥·´μ£μ Ê¶· ¢²Ö¥³μ£μ
Ö¤¥·´μ£μ ¸¨´É¥§ .

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¥·³μÖ¤¥·´ÒÌ ·¥ ±Í¨° ¢ ¢¨¤¥ £¥²¨Ö. �μÔÉμ³Ê ¨§ÊÎ¥-
´¨¥ ¶·μÍ¥¸¸μ¢ ´ ±μ¶²¥´¨Ö ¨  ¤¸μ·¡Í¨¨Ä¤¥¸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 ²²¨Î¥¸±¨Ì Ëμ²Ó£ Ì ¶μ ÔËË¥±É ³, μ¡Ê¸²μ¢²¥´´Ò³ ¶·μÍ¥¸¸ ³¨ ¶¥-
·¥· ¸¶·¥¤¥²¥´¨Ö ²¥£±μ° ¶·¨³¥¸¨ ¢μ¤μ·μ¤ , ¢¸¥£¤  ¶·¨¸ÊÉ¸É¢ÊÕÐ¥£μ ¢ ³¥É ²-
² Ì, ¨ ¤¥°É¥·¨Ö, ¸μ¤¥·¦ Ð¥£μ¸Ö ¢ ¤¥°É¥·¨·μ¢ ´´μ³ ¶μ²¨ÔÉ¨²¥´¥ (‘D2)n, μÉ
¨³¶Ê²Ó¸´μ°  ·£μ´μ¢μ° ¶² §³Ò, ±μÉμ·Ò¥ ¨§ÊÎ ²¨¸Ó ³¥Éμ¤μ³ ¤¥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 backscatter-
ing spectrometry Å RBS).

Œ…’�„ˆŠ� ˆ‘‘‹…„�‚��ˆ‰

‚ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ³¥Éμ¤¨±  μ¡²ÊÎ¥´¨Ö ´ ¡μ·  Ëμ²Ó£
¨§ ³¥É ²²μ¢ ´  Ê¸É ´μ¢±¥ �”-4 (®�² §³¥´´Ò° Ëμ±Ê¸¯) ¢ ”¨§¨Î¥¸±μ³ ¨´¸É¨-
ÉÊÉ¥ ¨³. �.�.‹¥¡¥¤¥¢  ��� [3Ä5] ¤²Ö ¶μ²ÊÎ¥´¨Ö ³μÐ´ÒÌ ¶μÉμ±μ¢ ¶² §³Ò ¨
¨§ÊÎ¥´¨Ö ¥¥ ¢μ§¤¥°¸É¢¨Ö ´  ³ É¥·¨ ²Ò. �¡²ÊÎ¥´¨¥ μ¡· §Íμ¢ ¸¡μ·μ± ³¥É ²-
²μ¢ Ta, Nb ¨ ¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  ¶·μ¢μ¤¨²μ¸Ó  ·£μ´μ¢μ° ¢Ò¸μ-
±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³μ°. � · ³¥É·Ò �”-4 ¸²¥¤ÊÕÐ¨¥: Ô´¥·£¨Ö ±μ´¤¥´¸ -
Éμ·´μ° ¡ É ·¥¨ 3,6Ä4 ±„¦, ³ ±¸¨³ ²Ó´Ò° Éμ± ≈ 400 ±�, ¸±μ·μ¸ÉÓ ¶² §³¥´-
´μ£μ ¶μÉμ±  ¤μ 108 ¸³/¸, ¶²μÉ´μ¸ÉÓ ¶² §³Ò ¤μ ≈ 1018 ¸³−3, ¤²¨É¥²Ó´μ¸ÉÓ
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¶² §³¥´´μ£μ ¨³¶Ê²Ó¸  50Ä100 ´¸, ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨, ¢´μ¸¨³μ° ¢ ¶μ¢¥·Ì-
´μ¸ÉÓ ³¨Ï¥´¨ ¤μ ∼ 108−109 ‚É/¸³2, ¢ÒÌμ¤ ´¥°É·μ´μ¢ ¤μ ∼ 108 §  ¨³¶Ê²Ó¸

�¨¸. 1. ‘¡μ·±  ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£
¤²Ö μ¡²ÊÎ¥´¨Ö μ¡· §Íμ¢ ¨³¶Ê²Ó¸´μ°
 ·£μ´μ¢μ° ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §-
³μ° ´  ¶² §³¥´´μ³ Ëμ±Ê¸¥ �”-4 [4, 5]
(¶μÉμ± ¶² §³Ò ¸´¨§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¨´  ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨;
5 Å ¤¢¥ ¨²¨ Î¥ÉÒ·¥ Ëμ²Ó£¨ ¨§ μ¤´μ£μ
³ É¥·¨ ² ; 6 Å ¤¥°É¥·¨·μ¢ ´´Ò° ¶μ-
²¨ÔÉ¨²¥´ (CD2)n

¤¥°É¥·¨¥¢μ° ¶² §³Ò, ¢·¥³Ö ³¥¦¤Ê ¨³-
¶Ê²Ó¸ ³¨ ¤²Ö Î ¸É¨Î´μ£μ μÌ² ¦¤¥´¨Ö ³¨-
Ï¥´¨ ´¥ ³¥´¥¥ 5Ä6 ³¨´.

‚ ¢Ò¶μ²´¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶μ
¨§ÊÎ¥´¨Õ ¢μ§¤¥°¸É¢¨Ö  ·£μ´μ¢μ° ¢Ò¸μ-
±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò · ¸¸ÉμÖ´¨¥ μÉ
 ´μ¤´μ° ¢¸É ¢±¨ ¤μ ³¨Ï¥´¨ ¸μ¸É ¢²Ö²μ
45 ³³ (·¨¸. 1). �·¨ ¢μ§¤¥°¸É¢¨¨ ¤¥°É¥-
·¨¥¢μ° ¶² §³Ò ´  μ¡· §ÍÒ μ¸ÊÐ¥¸É¢²Ö-
²μ¸Ó É ±¦¥ ¨§³¥·¥´¨¥ ¢ÒÌμ¤  ´¥°É·μ-
´μ¢ ¨§ É¥·³μÖ¤¥·´μ° ·¥ ±Í¨¨ 2

1d + 2
1d →

n + 3
2He ¨§ ¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨-

²¥´  ´¥°É·μ´´Ò³¨ ¤¥É¥±Éμ· ³¨, μ¶¨¸ ´-
´Ò³¨ ¢ [6, 7].

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´  ¸Ì¥³  μ¡²Ê-
Î¥´¨Ö ´  Ê¸É ´μ¢±¥ �”-4.

‚μ ¢¸¥Ì É·¥Ì ¸²ÊÎ ÖÌ Éμ²Ð¨´  ¤¥°-
É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  ¸μ¸É ¢²Ö² 
240 ³±³.

„²Ö ¨§ÊÎ¥´¨Ö ¢μ§¤¥°¸É¢¨Ö ¨¸¶μ²Ó§μ-
¢ ² ¸Ó  ·£μ´μ¢ Ö ¶² §³ , ¶μ¸±μ²Ó±Ê ¶·¨
³ ±¸¨³ ²Ó´μ° Ô´¥·£¨¨ ¨μ´μ¢  ·£μ´  ¤μ

10 ±Ô‚ ´  �”-4 ¶·μ¡¥£ É ±¨Ì ¨μ´μ¢ ¢ Ëμ²Ó£ Ì ³ ²,   ¨Ì ±μ´Í¥´É· Í¨Ö μÉ-
´μ¸¨É¥²Ó´μ ´¨§± Ö. „²Ö Ê¤μ¡¸É¢ , ± ± ¨ ¢ · ¡μÉ Ì [8, 9, 14, 15] ¨ ¢ ³μ´μ-
£· Ë¨¨ [16], ¨¸¶μ²Ó§μ¢ ´Ò μ¡μ§´ Î¥´¨Ö ¤²Ö Ëμ²Ó£ ¢ ¢¨¤¥ 1Œ¥É-12, ¢¥·Ì´¨¥
¨´¤¥±¸Ò μ¡μ§´ Î ÕÉ: 1 Å ¶¥·¥¤´ÖÖ ¸Éμ·μ´ , 2 Å ¤ ²Ó´ÖÖ ¸Éμ·μ´ ,   Í¨Ë· 
·Ö¤μ³ (§¤¥¸Ó 1) Å ´μ³¥· Ëμ²Ó£¨ ¢ ¸¡μ·±¥.

ERDA-ˆ‘‘‹…„�‚��ˆŸ “��“ƒ���‘‘…Ÿ��›• Ÿ„…� �’„�—ˆ
‚�„���„� ˆ „…‰’…�ˆŸ

‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¸¡μ·±¨ ¨§ Ëμ²Ó£:
1) Ta-1|(CD2)n|Ta-2 c Éμ²Ð¨´μ° Ëμ²Ó£ ¶μ 100 ³±³;
2) Ta-1|Ta-2|(CD2)n|Ta-3|Ta-4 ¸ Éμ²Ð¨´μ° Ëμ²Ó£ ¶μ 50 ³±³;
3) Nb-1|(CD2)n|Nb-2 ¸ Éμ²Ð¨´μ° Ëμ²Ó£ ¶μ 105 ³±³.
‚¸¥ 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 � ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ
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¨´¸É¨ÉÊÉ  Ö¤¥·´μ° Ë¨§¨±¨ ¨³. „. ‚. ‘±μ¡¥²ÓÍÒ´  Œƒ“. �¡· ¡μÉ±  ¸¶¥±É·μ¢
¶·μ¢μ¤¨² ¸Ó ¸ ¶·¨³¥´¥´¨¥³ ¸É ´¤ ·É´μ° ¶·μ£· ³³Ò SIMNRA 6.06.

ERDA-¨¸¸²¥¤μ¢ ´¨Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°-
É¥·¨Ö ¢ ´ ¡μ·¥ Ëμ²Ó£ Ta-1|(CD2)n|Ta-2. �  ·¨¸. 2 ¶μ± § ´ ¸¶¥±É· ERDA,
¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥ ¨§ 1-° ¸¡μ·±¨ (1Ta-1). ‚¨¤´μ, ÎÉμ ¤¥°É¥·¨°
¶·¨¸ÊÉ¸É¢Ê¥É ¢ ¢¨¤¥ § ÉÖ´ÊÉμ£μ Ì¢μ¸É  ´  £· Ë¨±¥.

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É· ERDA ( ), ¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥
¨§ 1-° ¸¡μ·±¨ Ta-12, ¨ ±μ´Í¥´É· Í¨¨ É ´É ² , ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡).

ˆ§ ¸¶¥±É·  ERDA (·¨¸. 3,  ) ¨ · ¸¶·¥¤¥²¥´¨Ö ±μ´Í¥´É· Í¨° (·¨¸. 3, ¡)
³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ±μ´Í¥´É· Í¨Ö ¢μ¤μ·μ¤  ¸μ¸É ¢²Ö¥É ¢ ³ ±¸¨³Ê³¥ ¤μ
35  É.%,   ±μ´Í¥´É· Í¨Ö ¤¥°É¥·¨Ö § ÉÖ´ÊÉ  ´  ¡μ²ÓÏÊÕ £²Ê¡¨´Ê ¨ ¢ ³ ±¸¨-

�¨¸. 2. ‘¶¥±É· ERDA, ¨§³¥·¥´´Ò° ¢ 1Ta-1

�¨¸. 3. ‘¶¥±É· ERDA, ¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥ ¨§ 1-° ¸¡μ·±¨ Ta-12 ( ), ¨ ±μ´-
Í¥´É· Í¨¨ É ´É ² , ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡)
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³Ê³¥ ¤μ¸É¨£ ¥É μ±μ²μ 29  É.%. �μÔÉμ³Ê ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¨³¥¥É
³¥¸Éμ μ¡· É´μ¥ ¶·μ´¨±´μ¢¥´¨¥ ¤¥°É¥·¨Ö ¨§ ¤¥°É¥·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´  ¢
¶¥·¢ÊÕ É ´É ²μ¢ÊÕ Ëμ²Ó£Ê.

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ERDA ¨§ 1-° ¸¡μ·±¨ 1Ta-2 ( ) ¨
Ta-22 (¡).

�¨¸. 4. ‘¶¥±É·Ò ERDA ¨§ 1-° ¸¡μ·±¨ 1Ta-2 ( ) ¨ Ta-22 (¡)

‚¨¤´μ, ÎÉμ §¤¥¸Ó É ±¦¥ ¤¥°É¥·¨° ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ¢¨¤¥ § ÉÖ´ÊÉÒÌ Ì¢μ¸Éμ¢
´  £· Ë¨± Ì, ± ± ¨ ´  ·¨¸. 2.

�·¨¢¥¤¥³ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤  ¨
¤¥°É¥·¨Ö Σ,   É ±¦¥ ¨Ì ±μ´Í¥´É· Í¨¨ ¢ ³ ±¸¨³Ê³ Ì ¤²Ö μ¡¥¨Ì Ta-Ëμ²Ó£
¢ ¸¡μ·±¥ 1.

ˆ³¥¥³:

Σ
1Ta-1
D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣTa-12

D = 2,37 · 1017  É./¸³2; nTa-12

D,max = 30  É.%;

ΣTa-12

H = 9,36 · 1016  É./¸³2; nTa-12

H,max = 35  É.%

Σ
1Ta-2
D = 4,42 · 1015  É./¸³2; n

1Ta-2
D,max = 0,9  É.%;

Σ
1Ta-2
H = 2,81 · 1016  É./¸³2; n

1Ta-2
H,max = 9,5  É.%;

ΣTa-22

D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣTa-22

H = 4,94 · 1016  É./¸³2; nTa-22

H,max = 17  É.%.

ERDA-¨¸¸²¥¤μ¢ ´¨Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°É¥-
·¨Ö ¢ ´ ¡μ·¥ Ëμ²Ó£ Ta-1|Ta-2|(CD2)n|Ta-3|Ta-4. �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò
¸¶¥±É·Ò ERDA ¨§ ¶¥·¢μ° Ëμ²Ó£¨ 2-° ¸¡μ·±¨ 1Ta-1 ( ) ¨ Ta-12 (¡).

�  ·¨¸. 6 ¶μ± § ´ ¸¶¥±É· ERDA ¢μ ¢Éμ·μ° Ëμ²Ó£¥ ¨§ 2-° ¸¡μ·±¨ 1Ta-2.
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�¨¸. 5. ‘¶¥±É·Ò ERDA ¨§ 2-° ¸¡μ·±¨ 1Ta-1 ( ) ¨ Ta-12 (¡)

�¨¸. 6. ‘¶¥±É· ERDA ¨§ ¢Éμ·μ° Ëμ²Ó£¨ 2-° ¸¡μ·±¨ 1Ta-2

�¨¸. 7. ‘¶¥±É· ERDA, ¨§³¥·¥´´Ò° ¢μ ¢Éμ·μ° Ëμ²Ó£¥ ¨§ 2-° ¸¡μ·±¨ Ta-22 ( ), ¨
±μ´Í¥´É· Í¨¨ É ´É ² , ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡)

�  ·¨¸. 7 ¶·¥¤¸É ¢²¥´ ¸¶¥±É· ERDA ( ), ¨§³¥·¥´´Ò° ¢μ ¢Éμ·μ° Ëμ²Ó£¥ ¨§
2-° ¸¡μ·±¨ Ta-22, ¨ ±μ´Í¥´É· Í¨¨ É ´É ² , ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡).

�  ·¨¸. 8 ¶·¨¢¥¤¥´Ò ¸¶¥±É·Ò ERDA ( ), ¨§³¥·¥´´Ò¥ ¢ É·¥ÉÓ¥° Ëμ²Ó£¥ ¨§
2-° ¸¡μ·±¨ 1Ta-3 ( ) ¨ Ta-32 (¡).
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�¨¸. 8. ‘¶¥±É·Ò ERDA, ¨§³¥·¥´´Ò¥ ¢ É·¥ÉÓ¥° Ëμ²Ó£¥ 1Ta-3 ( ) ¨ Ta-32 (¡)

�¨¸. 9. ‘¶¥±É·Ò ERDA, ¨§³¥·¥´´Ò¥ ¢ Î¥É¢¥·Éμ° Ëμ²Ó£¥ ¨§ 2-° ¸¡μ·±¨ 1Ta-4 ( ) ¨
Ta-42 (¡)

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò ERDA ( ), ¨§³¥·¥´´Ò¥ ¢ Î¥É¢¥·Éμ° Ëμ²Ó-
£¥ ¨§ 2-° ¸¡μ·±¨ 1Ta-4 ( ) ¨ Ta-42 (¡).

�·¨¢¥¤¥³ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤  ¨
¤¥°É¥·¨Ö Σ,   É ±¦¥ ¨Ì ±μ´Í¥´É· Í¨¨ ¢ ³ ±¸¨³Ê³ Ì ¤²Ö Î¥ÉÒ·¥Ì Ta-Ëμ²Ó£ ¢
¸¡μ·±¥ 2. ˆ³¥¥³:

Σ
1Ta-1
D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

Σ
1Ta-1
H = 2,74 · 1016  É./¸³2; n

1Ta-1
H,max = 11  É.%;

ΣTa-12

D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣTa-12

H = 4,2 · 1016  É./¸³2; nTa-12

H,max = 14  É.%;

Σ
1Ta-2
D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

Σ
1Ta-2
H = 5,25 · 1016  É./¸³2; n

1Ta-2
H,max = 14  É.%;

ΣTa-22

D = 1,55 · 1017  É./¸³2; nTa-22

D,max = 32  É.%;

ΣTa-22

H = 6,4 · 1016  É./¸³2; nTa-22

H,max = 21  É.%;

Σ
1Ta-3
D = 9,4 · 1015  É./¸³2; nTa-32

D,max = 1,7  É.%;
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Σ
1Ta-3
H = 6,6 · 1016  É./¸³2; n

1Ta-3
H,max = 18  É.%;

ΣTa-32

D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣTa-32

H = 4,99 · 1016  É./¸³2; nTa-32

H,max = 12,7  É.%;

Σ
1Ta-4
D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

Σ
1Ta-4
H = 4,78 · 1016  É./¸³2; n

1Ta-4
H,max = 12  É.%;

ΣTa-42

D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣTa-42

H = 4,36 · 1016  É./¸³2; nTa-42

H,max = 11,5  É.%.

ERDA-¨¸¸²¥¤μ¢ ´¨Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ·μ¤  ¨ ¤¥°É¥-
·¨Ö ¢ ´ ¡μ·¥ Ëμ²Ó£ Nb-1|(CD2)n|Nb-2. �  ·¨¸. 10 ¶·¥¤¸É ¢²¥´ ¸¶¥±É· ERDA,
¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥ 3-° ¸¡μ·±¨ 1Nb-1.

�¨¸. 10. ‘¶¥±É· ERDA ¨§ ¶¥·¢μ° Ëμ²Ó£¨ 3-° ¸¡μ·±¨ 1Nb-1

�¨¸. 11. ‘¶¥±É· ERDA, ¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥ ¨§ 3-° ¸¡μ·±¨ Nb-12 ( ), ¨
±μ´Í¥´É· Í¨¨ ´¨μ¡¨Ö, ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡)
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�¨¸. 12. ‘¶¥±É·Ò ERDA, ¨§³¥·¥´´Ò¥ ¢μ ¢Éμ·μ° Ëμ²Ó£¥ 3-° ¸¡μ·±¨ 1Nb-2 ( ) ¨
Nb-22 (¡)

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´ ¸¶¥±É· ERDA ( ), ¨§³¥·¥´´Ò° ¢ ¶¥·¢μ° Ëμ²Ó£¥
¨§ 3-° ¸¡μ·±¨ Nb-12() ¨ ±μ´Í¥´É· Í¨¨ ´¨μ¡¨Ö, ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö (¡).

�  ·¨¸. 12 ¶μ± § ´Ò ¸¶¥±É·Ò ERDA, ¨§³¥·¥´´Ò¥ ¢μ ¢Éμ·μ° Ëμ²Ó£¥ 3-°
¸¡μ·±¨ 1Nb-2 ( ) ¨ Nb-22 (¡).

�·¨¢¥¤¥³ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¨´É¥£· ²Ó´ÒÌ ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤  ¨
¤¥°É¥·¨Ö Σ,   É ±¦¥ ¨Ì ±μ´Í¥´É· Í¨¨ ¢ ³ ±¸¨³Ê³ Ì ¤²Ö μ¡¥¨Ì Nb-Ëμ²Ó£ ¢
¸¡μ·±¥ 3. ˆ³¥¥³:

Σ
1Nb-1
D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

Σ
1Nb-1
H = 6,8 · 1016  É./¸³2; n

1Nb-1
H,max = 18  É.%;

ΣNb-12

D = 6,9 · 1016  É./¸³2; nNb-12

D,max = 14  É.%;

ΣNb-12

H = 6,1 · 1016  É./¸³2; nNb-12

H,max = 23  É.%;

Σ
1Nb-2
D = 1,15 · 1016  É./¸³2; n

1Nb-2
H,max = 1,9  É.%;

Σ
1Nb-2
H = 1,05 · 1017  É./¸³2; n

1Nb-2
H,max = 21  É.%;

ΣNb-22

D ⇒ ³ ² Ö ±μ´Í¥´É· Í¨Ö;

ΣNb-22

H = 4,6 · 1016  É./¸³2; nNb-22

H,max = 11  É.%.

��‘“†„…�ˆ… �…‡“‹œ’�’�‚

‘· ¢´¨¢ Ö ·¨¸. 7,   ¨ ·¨¸. 11,   ¸ ·¨¸. 3,  , ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ  ¶-
¶·μ±¸¨³ Í¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¸¶¥±É·  ´  ·¨¸. 3,   ¶·μ¢¥¤¥´  ´¥ ¢¶μ²´¥
±μ··¥±É´μ. ˆ§ ¸· ¢´¥´¨Ö ¸¶¥±É·μ¢ Ta-22 (·¨¸. 7,  ) ¨ Nb-12 (·¨¸. 11,  ) ¢¨¤´μ,
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ÎÉμ ¢μ¤μ·μ¤ · ¸¶·μ¸É· ´Ö¥É¸Ö ´  ¢¸Õ Éμ²Ð¨´Ê Ëμ²Ó£,   ¤¥°É¥·¨° ¶·μ´¨± ¥É
Éμ²Ó±μ ¤μ μ¶·¥¤¥²¥´´ÒÌ £²Ê¡¨´. ’¥³ ´¥ ³¥´¥¥ ³μ¦´μ ¸¤¥² ÉÓ μ¤´μ§´ Î´Ò°
¢Ò¢μ¤ ¶μ ¢¸¥³ É·¥³ ¸¡μ·± ³, ÎÉμ ¢ Ëμ²Ó£ Ì Ta-12 (¸¡μ·±  1), Ta-22 (¸¡μ·±  2)
¨ Nb-12, ¶·¨³Ò± ÕÐ¨Ì ± ¤¥°É¥·¨·μ¢ ´´μ³Ê ¶μ²¨ÔÉ¨²¥´Ê (CD2)n, μ¸μ¡¥´´μ
± ¡²¨¦´¥° ± �”-4, ¤¥°É¥·¨° · ¸¶·μ¸É· ´Ö¥É¸Ö ´  §´ Î¨É¥²Ó´ÊÕ £²Ê¡¨´Ê, ¶·¨
ÔÉμ³ ¶·¨²¨¶ ´¨Ö ¶μ²¨ÔÉ¨²¥´  ± ³¥É ²²¨Î¥¸±¨³ Ëμ²Ó£ ³ ´¥ ´ ¡²Õ¤ ²μ¸Ó,  
¤¥°É¥·¨·μ¢ ´´Ò¥ Ëμ²Ó£¨ (CD2)n ¢´¥Ï´¥ ¶·μ¨§¢μ¤¨²¨ ¢¶¥Î É²¥´¨¥ ´¥¶μ¢·¥-
¦¤¥´´ÒÌ. �μ³¨³μ ÔÉμ£μ, ± ± ¢¨¤´μ ¨§ ·¨¸. 4,  , 8,   ¨ 12,  , ¢ ÔÉ¨Ì Ëμ²Ó£ Ì
¤¥°É¥·¨° ¶·¨¸ÊÉ¸É¢Ê¥É ¨ ¶·μ´¨± ¥É ´  §´ Î¨É¥²Ó´ÊÕ £²Ê¡¨´Ê.

�¡´ ·Ê¦¥´´μ¥ Ö¢²¥´¨¥ ¸¢¥·Ì£²Ê¡μ±μ£μ ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤μ·μ¤ ,   É ±¦¥
¨ ¤¥°É¥·¨Ö (¸³. [11, 12, 16Ä19]) ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢μ§¤¥°¸É¢¨¥³ ³μÐ´ÒÌ
Ê¤ ·´ÒÌ ¢μ²´ [1Ä5, 12Ä15, 16Ä19] ´  ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö
¸ ¶¥·¥´μ¸μ³ ¨Ì ± ± ²¥£±¨Ì ¨ ¸² ¡μ¸¢Ö§ ´´ÒÌ ¶·¨³¥¸¥° ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò.

„·Ê£¨³ ¡μ²¥¥ · §· ¡μÉ ´´Ò³ ¶μ¤Ìμ¤μ³ (¸³. [11, 12, 16Ä18]) Ö¢²Ö¥É¸Ö · ¸-
¸³μÉ·¥´¨¥ Ê¸±μ·¥´´μ° ¤¨ËËÊ§¨¨ ¶·¨³¥¸¥° ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¨Ì ¤¢¨¦ÊÐ¨Ì
¸¨² F (¸³. ³μ´μ£· Ë¨Õ [10]). ’μ£¤  § ±μ´Ò ”¨±  ¤²Ö ¶μÉμ±  Î ¸É¨Í ¸²¥¤Ê¥É
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ (¸³. [10] ¨ [19])

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
, §¤¥¸Ó K Å ±μÔËË¨Í¨¥´É ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨. ‘·¥¤´ÖÖ

¤μ¶μ²´¨É¥²Ó´ Ö ¸±μ·μ¸ÉÓ ± ¦¤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, 11, 12, 16Ä18]. 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 ¢μ²´Ò ¸¦ É¨Ö ¨ ¢μ²´μ° · §·Ö¦¥´¨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¥¸±ÊÕ ¸¢Ö§Ó ¨ (¨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´.

�μ²ÊÎ¥´´Ò¥ ¢ ¤ ´´μ° · ¡μÉ¥ ·¥§Ê²ÓÉ ÉÒ ¸μ£² ¸ÊÕÉ¸Ö ¸ · ´¥¥ ¢Ò¶μ²´¥´-
´Ò³¨ ¨¸¸²¥¤μ¢ ´¨Ö³¨ ¢ ¸¡μ·± Ì Ëμ²Ó£ Nb|CD2|Nb, μ¡²ÊÎ¥´´ÒÌ ¢μ¤μ·μ¤´μ°
¶² §³μ° [8], ¢ ¸¡μ·± Ì Ëμ²Ó£ Ta|CD2|Ta, μ¡²ÊÎ¥´´ÒÌ  §μÉ´μ° ¢Ò¸μ±μÉ¥³¶¥-
· ÉÊ·´μ° ¶² §³μ° [17, 18] (¸³. É ±¦¥ [16]),   É ±¦¥ · ¸¶·¥¤¥²¥´¨Ö ¤¥°É¥·¨Ö
¨ ¢μ¤μ·μ¤  ¢ ¢μ²ÓË· ³μ¢ÒÌ Ëμ²Ó£ Ì ¸ ÉÖ¦¥²μ° ¢μ¤μ° [19].
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ± Î¥¸É¢μ Ëμ²Ó£ ¶μ¸²¥ ¢μ§¤¥°¸É¢¨Ö ¢Ò¸μ±μÉ¥³¶¥· -
ÉÊ·´μ° ¶² §³Ò ´  ¡²¨¦´¨Ì ± �”-4 ¸Éμ·μ´ Ì ¶¥·¢ÒÌ Ëμ²Ó£ ¢ ¸¡μ·± Ì ¤ ²¥±μ
μÉ ¸μ¢¥·Ï¥´´μ£μ ¤²Ö ´ ¤¥¦´ÒÌ ±μ²¨Î¥¸É¢¥´´ÒÌ RBS- ¨ ERDA-¨¸¸²¥¤μ¢ ´¨°.

�·¨ ¨§³¥·¥´¨¨ ¢ÒÌμ¤  ´¥°É·μ´μ¢ ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·-
´μ° ¶² §³Ò  ·£μ´  ´  ¸¡μ·±¨ Ta|CD2|Ta, Ta|Ta|CD2|Ta|Ta ¨ Nb|CD2|Nb ¶·¨
μÉ¤¥²Ó´ÒÌ ¨³¶Ê²Ó¸ Ì ¶² §³Ò ´ ¡²Õ¤ ²¨¸Ó ¢ÒÌμ¤Ò ´¥°É·μ´μ¢, ¶·¥¢ÒÏ ÕÐ¨¥
¸·¥¤´¨° Ê·μ¢¥´Ó Ëμ´ .

‡�Š‹	—…�ˆ…

‚ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö ¸¡μ·μ± ¨§ Ëμ²Ó£ Ta|CD2|Ta, Ta|Ta|CD2|Ta|Ta ¨
Nb|CD2|Nb 30 ¨³¶Ê²Ó¸ ³¨  ·£μ´μ¢μ° ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ´  Ê¸É -
´μ¢±¥ ®�² §³¥´´Ò° Ëμ±Ê¸¯ (�”-4) ³¥Éμ¤μ³ ·¥£¨¸É· Í¨¨ Ö¤¥· μÉ¤ Î¨ ¢μ¤μ-
·μ¤  ¨ ¤¥°É¥·¨Ö (ERDA) μ¡´ ·Ê¦¥´μ ¸¢¥·Ì£²Ê¡μ±μ¥ ¶·μ´¨±´μ¢¥´¨¥ ¢μ¤μ·μ¤ 
¨ ¤¥°É¥·¨Ö ¢ ¸Éμ¶± Ì Ëμ²Ó£. „ ´´Ò° ÔËË¥±É ¸¢Ö§Ò¢ ¥É¸Ö ¸ ¢μ§¤¥°¸É¢¨¥³ ´ 
μ¡²ÊÎ¥´´Ò¥ ³ É¥·¨ ²Ò Ê¤ ·´ÒÌ ¢μ²´ ¨ c Ê¸±μ·¥´´μ° ¤¨ËËÊ§¨¥° ¶μ¤ ¤¥°-
¸É¢¨¥³ ¢´¥Ï´¥° ¸¨²Ò [8Ä10].
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