
P13-2015-62

�.�. „¨¤Ò±, ƒ. ƒ. �μ´¤ ·¥´±μ1, �. �. …·¨¸±¨´1,2,
�. �.Šμ¡§¥¢, ‚. Ÿ. �¨±Ê²¨´2, �. ‚. ‘¨²¨´2, ˆ. ‚. ‚μ²μ¡Ê¥¢2,
‚. �¥²μÊ¸3, Ÿ. ‚ ¸Ö±3, …. • ¥¢¸± 3

��‘��…„…‹…�ˆ… „…‰’…�ˆŸ ˆ ‚	„	�	„�

‚ Zr-, Ni- ˆ Ti-‘�	�Š�• ”	‹œƒ
��ˆ ‚	‡„…‰‘’‚ˆˆ ˆŒ�“‹œ‘�	‰ „…‰’…�ˆ…‚	‰

‚›‘	Š	’…Œ�…��’“��	‰ �‹�‡Œ›

� ¶· ¢²¥´μ ¢ ¦Ê·´ ² ®�μ¢¥·Ì´μ¸ÉÓ. �¥´É£¥´μ¢¸±¨¥, ¸¨´Ì·μÉ·μ´´Ò¥
¨ ´¥°É·μ´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö¯

1 � Í¨μ´ ²Ó´Ò° ¨¸¸²¥¤μ¢ É¥²Ó¸±¨° Ê´¨¢¥·¸¨É¥É ®‚Ò¸Ï Ö Ï±μ²  Ô±μ´μ-
³¨±¨¯, Œμ¸±¢ 
2 ”¨§¨Î¥¸±¨° ¨´¸É¨ÉÊÉ ¨³. �.�.‹¥¡¥¤¥¢  ���, Œμ¸±¢ 
3 � Í¨μ´ ²Ó´Ò° Í¥´É· Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, 	É¢μÍ±, �μ²ÓÏ 



„¨¤Ò± �.�. ¨ ¤·. P13-2015-62
� ¸¶·¥¤¥²¥´¨¥ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¢ Zr-, Ni- ¨ Ti-¸¡μ·± Ì Ëμ²Ó£ ¶·¨ ¢μ§¤¥°-
¸É¢¨¨ ¨³¶Ê²Ó¸´μ° ¤¥°É¥·¨¥¢μ° ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò

Œ¥Éμ¤μ³ ·¥£¨¸É· Í¨¨ Ö¤¥· μÉ¤ Î¨ ¤¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ (ERD�) ¨§ÊÎ¥´
¶·μÍ¥¸¸ ´ ±μ¶²¥´¨Ö ¨ ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶·¨ ¨³¶Ê²Ó¸´μ³
¢μ§¤¥°¸É¢¨¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò (ˆ‚’„�) ´  Ê¸É ´μ¢±¥
®�² §³¥´´Ò° Ëμ±Ê¸¯ (�”-4) ¢ ¸¡μ·± Ì ¨§ ¤¢ÊÌ Ni-, Ti- ¨²¨ Zr-Ëμ²Ó£ ¢Ò¸μ±μ°
Î¨¸ÉμÉÒ. “¸É ´μ¢²¥´μ, ÎÉμ ¶·¨ ˆ‚’„� ¶·μ¨¸Ìμ¤¨É ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¨³¶² ´-
É¨·μ¢ ´´μ£μ ¤¥°É¥·¨Ö ¨ £ §μ¢μ° ¶·¨³¥¸¨ ¢μ¤μ·μ¤  ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò ¢ ¸¡μ·-
± Ì ¨§ ¨§ÊÎ¥´´ÒÌ Zr-, Ni- ¨ Ti-Ëμ²Ó£, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ ÕÐ¨¥ ¶·μ¡¥£¨ ¨μ´μ¢
¤¥°É¥·¨Ö (¶·¨ ¨Ì ³ ±¸¨³ ²Ó´μ° ¸±μ·μ¸É¨ ¤μ ∼ 108 ¸³/¸).

Š ± ¨ ¢ · ´¥¥ ¢Ò¶μ²´¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ, μ¡´ ·Ê¦¥´´μ¥ Ö¢²¥´¨¥ ³μ¦¥É
¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢Ò´μ¸μ³ ¨³¶² ´É¨·μ¢ ´´μ£μ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶μ¤ ¢μ§¤¥°-
¸É¢¨¥³ ³μÐ´ÒÌ Ê¤ ·´ÒÌ ¢μ²´, μ¡· §Ê¥³ÒÌ ¢ ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£ Ì μÉ ˆ‚’„�,
¨ (¨²¨) Ê¸±μ·¥´¨¥³ ¤¨ËËÊ§¨¨  Éμ³μ¢ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶μ¤ ¤¥°¸É¢¨¥³ ¢μ²´Ò
¸¦ É¨Ö-· ¸ÉÖ¦¥´¨Ö ´  Ë·μ´É¥ Ê¤ ·´μ° ¢μ²´Ò ¸ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ ¤¥°É¥·¨Ö ¨
¢μ¤μ·μ¤  ´  ¡μ²ÓÏ¨¥ £²Ê¡¨´Ò.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �.”²¥·μ¢  	ˆŸˆ.

�·¥¶·¨´É 	¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2015

Didyk A.Yu. et al. P13-2015-62
The Distribution of Deuterium and Hydrogen in Zr, Ni and Ti Foil Assemblies after
Exposure to Pulsed High-Temperature Deuterium Plasma

The accumulation and redistribution of deuterium and hydrogen in the assem-
blies of two high-purity Ni, Ti or Zr foils under high-temperature pulsed action of
deuterium plasma at the ªPlasma Focusª (PF-4) set-up was studied by the method of
registration of recoil deuterons and protons (ERDA). It was found that redistribution
of implanted deuterium and hydrogen gas impurities in the assemblies of the stud-
ied Zr, Ni and Ti foils takes place to large depths greatly exceeding the ranges of
deuterium ions (at their maximum speeds of up to 108 cm/s). As in earlier studies,
the observed phenomenon can be explained by the redistribution of the implanted
deuterium and hydrogen under the in
uence of powerful shock waves formed in
the metal foil under the action of high-temperature pulsed plasma, and (or) the ac-
celeration of the diffusion of deuterium and hydrogen atoms under the in
uence
of compression-expansion waves at the front of the shock wave accompanied by
redistribution of hydrogen and deuterium to great depths.

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§¤ -
´¨¥³ ³μÐ´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ² §¥·μ¢ ¢ ¶¨±μ- ¨ Ë¥³Éμ¸¥±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¨ Ô´¥·£¨¨ [1, 2]. �Éμ ´ ¶· ¢²¥´¨¥ · §¢¨¢ ²μ¸Ó ± ± ¤²Ö
¨§ÊÎ¥´¨Ö ¢μ§¤¥°¸É¢¨Ö ±μ·μÉ±¨Ì ¨³¶Ê²Ó¸μ¢ ´  ±μ´¤¥´¸¨·μ¢ ´´Ò¥ ¸·¥¤Ò, É. ¥.
¸ Í¥²ÓÕ ¤¥É ²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö É ±¨Ì ¶·μÍ¥¸¸μ¢, ± ± ² §¥·´μ¥ · ¸¶Ò²¥´¨¥,
 ¡²ÖÍ¨Ö, ¶¥·¥· ¸¶·¥¤¥²¥´¨¥ ¶·¨³¥¸¥°, ¢μ§´¨±´μ¢¥´¨¥ ´μ¢ÒÌ ¨ · ¸É¢μ·¥´¨¥
¸É ·ÒÌ Ë §, É ± ¨ ¤²Ö ¨§ÊÎ¥´¨Ö ¢²¨Ö´¨Ö ¨ ¢μ§´¨±´μ¢¥´¨Ö ³μÐ´ÒÌ Ê¤ ·´ÒÌ
¢μ²´ ¨ ¨Ì ¶·μÖ¢²¥´¨° [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 ¸ Í¥²ÓÕ ¸μ§¤ ´¨Ö 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, ±μ£¤  É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ (Ô²¥±É·μ´´ Ö, ²ÊÎ¨¸É Ö ¨ Ëμ´μ´´ Ö) ´¥ Ê¸¶¥-
¢ ¥É μÌ² ¤¨ÉÓ ³¨Ï¥´Ó §  ¢·¥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¡· §ÊÕ-
ÐÊÕ¸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¥·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 ¨ ´ ±μ¶²¥´¨Ö ¨μ´μ¢ μÉ ¨³¶Ê²Ó¸´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò ¨
¶·¨¸ÊÉ¸É¢ÊÕÐ¥° £ §μ¢μ° ¶·¨³¥¸¨ Å ¢μ¤μ·μ¤ , ±μÉμ·Ò¥ ¨§ÊÎ ²¨¸Ó ³¥Éμ¤μ³
¤¥É¥±É¨·μ¢ ´¨Ö Ö¤¥· μÉ¤ Î¨ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  (elastic recoil detection Å
ERD�) ¨ ·¥§¥·Ëμ·¤μ¢¸±μ£μ μ¡· É´μ£μ · ¸¸¥Ö´¨Ö (Rutherford backscattering
spectrometry 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 ¶μÉμ±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¢. � · 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 ¶² §³¥´´μ£μ ¨³¶Ê²Ó¸  50Ä100 ´¸, ¶²μÉ´μ¸ÉÓ ¢´μ¸¨³μ° ¢ ¶μ¢¥·Ì´μ¸ÉÓ
³¨Ï¥´¨ ¤μ ∼ 108Ä109 ‚É/¸³2, ¢ÒÌμ¤ ´¥°É·μ´μ¢ ¤μ ∼ 108 §  ¨³¶Ê²Ó¸ ¤¥°É¥·¨-
¥¢μ° ¶² §³Ò, ¢·¥³Ö ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¤²Ö Î ¸É¨Î´μ£μ μÌ² ¦¤¥´¨Ö ³¨Ï¥´¨
´¥ ³¥´¥¥ 5Ä6 ³¨´. � §·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 ¤¥°É¥·¨¥³ ¤μ · ¡μÎ¥£μ ¤ ¢²¥´¨Ö μÉ 2 ¤μ 4 ’μ··.

‚ ¢Ò¶μ²´¥´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶μ ¨§ÊÎ¥´¨Õ ¢μ§¤¥°¸É¢¨Ö ¤¥°É¥·¨¥¢μ° ¢Ò-
¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò · ¸¸ÉμÖ´¨¥ μÉ  ´μ¤´μ° ¢¸É ¢±¨ ¤μ ³¨Ï¥´¨ ¸μ-
¸É ¢²Ö²μ 25 ³³ (·¨¸. 1). �·¨ ¢μ§¤¥°¸É¢¨¨ ¤¥°É¥·¨¥¢μ° ¶² §³Ò ´  μ¡· §ÍÒ
μ¸ÊÐ¥¸É¢²Ö²μ¸Ó É ±¦¥ ¨§³¥·¥´¨¥ ¢ÒÌμ¤  ´¥°É·μ´μ¢ ¶μ É¥·³μÖ¤¥·´μ° ·¥ ±-
Í¨¨ 2

1D + 2
1D → n + 3

2He ¨§ ¤¥°É¥·¨¥¢μ° ¶² §³Ò ¨ ³¨Ï¥´¥° ´¥°É·μ´´Ò³¨
¤¥É¥±Éμ· ³¨ [6, 7].

”μ²Ó£¨ ¨§ ´¨±¥²Ö (99,98 %) Éμ²Ð¨´μ° 0,25 ³³, É¨É ´  (99,6 %) Éμ²Ð¨´μ°
0,25 ³³ ¨ Í¨·±μ´¨Ö (99,8 %) Éμ²Ð¨´μ° 0,3 ³³ (Ë¨·³  Goodfellow Cambridge
Limited) ¡Ò²¨ μ¡²ÊÎ¥´Ò ´  Ê¸É ´μ¢±¥ �”-4 [3Ä5] ¢ ¸¡μ·±¥ ¨§ ¤¢ÊÌ ¶²μÉ´μ
¶·¨¦ ÉÒÌ Ëμ²Ó£ ¶ÖÉ´ ¤Í ÉÓÕ ¨³¶Ê²Ó¸ ³¨ ¤¥°É¥·¨¥¢μ° ¶² §³Ò (·¨¸. 1). ‚¸¥
Ëμ²Ó£¨ ¨³¥²¨ · §³¥· 10× 15 ³³, ¸ ÉμÎ´μ¸ÉÓÕ ¶μ Éμ²Ð¨´¥ ± 10% ¨ ¶μ £ ¡ -
·¨É´Ò³ · §³¥· ³ ± 0,5 ³³. „²Ö Ê¤μ¡¸É¢  ¢¢¥¤¥³ ¸¨³¢μ²¨Î¥¸±μ¥ μ¡μ§´ Î¥´¨¥
¸¡μ·±¨ Ëμ²Ó£ ¢ ¢¨¤¥ 1Œ¥É-1|Œ¥É-22.

�¨¸. 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 
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‚¸¥ 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¢ ¶·μ¢μ¤¨² ¸Ó ¸
¶·¨³¥´¥´¨¥³ ¸É ´¤ ·É´μ° ¶·μ£· ³³Ò SIMNRA 6.06 [10].

RBS- ˆ ERDA-ˆ‘‘‹…„�‚��ˆŸ �ˆŠ…‹…‚›• ”�‹œƒ

�  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨μ´μ¢ £¥²¨Ö ¨ ERD� ¤²Ö Ö¤¥· μÉ-
¤ Î¨ ¶·μÉμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨
1Ni-1 ¢ ¸¡μ·±¥. ‚ É ¡². 1 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕ-
Ð¥¥ ¸¶¥±É·Ê ERDA ´  ·¨¸. 2, ¸¶· ¢ .

�¨¸. 2. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Ni-1

’ ¡²¨Í  1

ƒ²Ê¡¨´ ,
H, % D, % C, % Ni, % W, %×1015  É./¸³2

150 4,0 0,2 11,3 81,0 3,5
350 3,5 0,1 Å 92,9 3,5
550 0,5 Å Å 96,0 3,5
950 0,3 Å Å 96,2 3,5
1450 0,2 Å Å 96,3 3,5
1950 0,2 Å Å 96,3 3,5
4950 Å Å Å 96,5 3,5

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨ Ni-12

¢ ¸¡μ·±¥. ‚ É ¡². 2 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 3, ¸¶· ¢ .
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�¨¸. 3. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Ni-12

’ ¡²¨Í  2

ƒ²Ê¡¨´ ,
H, % D, % C, % Ni, %×1015  É./¸³2

150 12,0 0,3 14,7 73,0
350 8,5 0,2 5,3 86,0
550 2,0 0,1 Å 97,9
950 0,5 Å Å 99,5
1450 0,5 Å Å 99,5
1950 0,4 Å Å 99,6
2950 0,4 Å Å 99,6
4950 Å Å Å 100,0

�¨¸. 4. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Ni-2

�  ·¨¸. 4 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ 1Ni-2
¢ ¸¡μ·±¥. ‚ É ¡². 3 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 4, ¸¶· ¢ .
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’ ¡²¨Í  3

ƒ²Ê¡¨´ ,
H, % D, % Ni, %×1015  É./¸³2

150 7,0 0,2 92,8
300 6,0 0,1 93,9
500 1,0 Å 99,0
900 0,5 Å 99,5
1400 0,3 Å 99,7
1900 0,3 Å 99,7
2900 0,3 Å 99,7
4900 Å Å 100,0

�  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ Ni-22

¢ ¸¡μ·±¥. ‚ É ¡². 4 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 5, ¸¶· ¢ .

�¨¸. 5. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Ni-22

’ ¡²¨Í  4

ƒ²Ê¡¨´ ,
H, % D, % C, % Ni, %×1015  É./¸³2

150 17,0 0,3 14,7 68,0
350 15,0 0,2 5,3 79,5
550 7,0 0,1 Å 92,9
950 7,0 Å Å 93,0
1450 6,0 Å Å 94,0
1950 6,0 Å Å 94,0
2950 5,0 Å Å 95,0
4950 Å Å Å 100,0
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�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨ 1Ti-1
¢ ¸¡μ·±¥. ‚ É ¡². 5 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 6, ¸¶· ¢ .

�¨¸. 6. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Ti-1

’ ¡²¨Í  5

ƒ²Ê¡¨´ ,
H, % D, % O,% Ti, % Fe,% Zn, % Pb,%×1015  É./¸³2

150 5,0 1,0 3,5 70,0 14,0 5,0 1,5
350 1,5 1,0 Å 76,0 15,0 5,0 1,5
650 1,2 1,4 Å 74,9 16,0 5,0 1,5
1050 1,2 1,7 Å 73,6 17,0 5,0 1,5
1550 1,1 1,7 Å 73,7 17,0 5,0 1,5
2050 1,0 0,8 Å 74,7 17,0 5,0 1,5
3050 1,0 0,5 Å 75,0 17,0 5,0 1,5
4950 Å Å Å 76,5 17,0 5,0 1,5

�  ·¨¸. 7 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨ Ti-12

¢ ¸¡μ·±¥. ‚ É ¡². 6 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 7, ¸¶· ¢ .

�  ·¨¸. 8 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ 1Ti-2
¢ ¸¡μ·±¥. ‚ É ¡². 7 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 8, ¸¶· ¢ .
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�¨¸. 7. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Ti-12

’ ¡²¨Í  6

ƒ²Ê¡¨´ ,
H, % D, % O, % Ti,% Fe,%×1015  É./¸³2

150 12,0 0,8 17,2 68,0 2,0
350 5,0 1,0 19,0 75,0 Å
550 2,5 1,1 10,4 86,0 Å
950 1,5 0,9 5,6 92,0 Å
1350 0,5 0,9 Å 98,6 Å
1750 0,4 0,6 Å 99,0 Å
2250 0,4 0,3 Å 99,3 Å
3250 0,2 0,1 Å 99,7 Å
6350 Å Å Å 100,0 Å

�¨¸. 8. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Ti-2
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’ ¡²¨Í  7

ƒ²Ê¡¨´ ,
H, % D, % O, % Ti,% Fe,%×1015  É./¸³2

150 12,0 0,1 35,9 50,0 2.,0
350 9,0 0,1 25,9 65,0 Å
650 5,0 0,1 19,9 75,0 Å
1050 3,0 Å 14,0 83,0 Å
1550 1,5 Å 9,5 89,0 Å
2050 0,7 Å Å 96,0 Å
2050 0,6 Å Å 98,0 Å
4050 Å Å Å 100,0 Å

�  ·¨¸. 9 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ Ti-22

¢ ¸¡μ·±¥. ‚ É ¡². 8 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 9, ¸¶· ¢ .

�¨¸. 9. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Ti-22

’ ¡²¨Í  8

ƒ²Ê¡¨´ ,
H, % D, % O, % Ti,% Fe,%×1015  É./¸³2

150 14,0 0,1 15,9 68,0 2,0
350 7,0 0,1 7,9 85,0 Å
650 3,5 0,1 4,4 92,0 Å
1050 2,3 Å Å 97,7 Å
1850 1,1 Å Å 98,9 Å
2850 0,7 Å Å 99,3 Å
5850 Å Å Å 100,0 Å
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�  ·¨¸. 10 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨ 1Zr-1
¢ ¸¡μ·±¥. ‚ É ¡². 9 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 10, ¸¶· ¢ .

�¨¸. 10. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Zr-1

’ ¡²¨Í  9

ƒ²Ê¡¨´ ,
H, % D, % O,% ‘u, % Zr, % W, %×1015  É./¸³2

150 4,0 0,1 58,4 35,0 0,0 2,5
350 3,0 0,15 45,85 20,0 29,0 2,0
550 2,0 0,2 35,8 Å 60,0 2,0
950 0,9 0,5 24,6 Å 72,0 2,0
1350 0,5 0,4 17,1 Å 80,0 2,0
1750 0,5 0,3 12,3 Å 85,0 2,0
2250 0,5 0,4 7,1 Å 90,0 2,0
2750 0,4 0,1 1,5 96,0 2,0
3750 Å Å Å Å 98,0 2,0

�  ·¨¸. 11 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ê¶·Ê£μ· ¸¸¥Ö´´ÒÌ
Ö¤¥· ¢μ¤μ·μ¤  (¶·μÉμ´μ¢) ¨ ¤¥°É¥·¨Ö (¤¥°É·μ´μ¢) μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì-
´μ¸É¨ ¶¥·¢μ° Ëμ²Ó£¨ Zr-12 ¢ ¸¡μ·±¥. ‚ É ¡². 10 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥
Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¸¶¥±É·Ê ERDA ´  ·¨¸. 11, ¸¶· ¢ .

�  ·¨¸. 12 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¡²¨¦´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ 1Zr-2
¢ ¸¡μ·±¥. ‚ É ¡². 11 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 12, ¸¶· ¢ .
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�¨¸. 11. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Zr-12

’ ¡²¨Í  10

ƒ²Ê¡¨´ ,
H, % D, % O,% Zr, % W, %×1015  É./¸³2

150 10,0 0,2 54,6 35,0 0,2
350 8,0 0,2 44,5 47,0 0,3
550 5,0 0,2 34,4 60,0 0,4
950 3,5 0,1 24,0 72,0 0,4
1350 2,5 0,1 17,0 80,0 0,4
1750 2,0 0,1 12,5 85,0 0,4
2250 1,5 0,1 8,0 90,0 0,4
2750 0,2 0,1 3,3 96,0 0,4
3750 Å Å Å 99,6 0,4

�¨¸. 12. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ 1Zr-2
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’ ¡²¨Í  11

ƒ²Ê¡¨´ ,
H, % D, % O,% Zr, % W, %×1015  É./¸³2

150 12,0 0,05 52,75 35,0 0,2
350 10,0 0,05 39,65 50,0 0,3
550 5,0 0,05 30,45 64,0 0,5
950 2,2 0,05 20,25 77,0 0,5
1350 1,0 Å 12,0 86,5 0,5
1750 0,7 Å 5,8 93,0 0,5
2250 0,6 Å Å 98,9 0,5
2750 0,1 Å Å 99,4 0,5
3750 Å Å Å 99,5 0,5

�  ·¨¸. 13 ¶·¥¤¸É ¢²¥´Ò ¸¶¥±É·Ò RBS ¨ ERD� ¤²Ö Ö¤¥· μÉ¤ Î¨ ¶·μ-
Éμ´μ¢ ¨ ¤¥°É·μ´μ¢ μÉ ¤ ²Ó´¥° ± �”-4 ¶μ¢¥·Ì´μ¸É¨ ¢Éμ·μ° Ëμ²Ó£¨ Zr-22

¢ ¸¡μ·±¥. ‚ É ¡². 12 ¶·¨¢¥¤¥´μ · ¸¶·¥¤¥²¥´¨¥ Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥
¸¶¥±É·Ê ERDA ´  ·¨¸. 13, ¸¶· ¢ .

�¨¸. 13. RBS ¨ ERDA ¸ ¶μ¢¥·Ì´μ¸É¨ Ëμ²Ó£¨ Zr-22

’ ¡²¨Í  12

ƒ²Ê¡¨´ ,
H, % D, % O,% Zr, % W, %×1015  É./¸³2

150 13,0 0,03 51,77 35,0 0,2
350 10,0 0,03 39,67 50,0 0,3
550 4,0 0,03 30,47 65,0 0,5
950 2,0 0,03 19,97 77,5 0,5
1350 1,0 Å 12,0 86,5 0,5
1750 1,0 Å 5,5 93,0 0,5
2250 1,0 Å Å 98,5 0,5
2750 0,1 Å Å 99,4 0,5
3750 Å Å Å 99,5 0,5
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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
¢¥¸Ó³  ¤ ²¥±μ μÉ ´¥μ¡Ìμ¤¨³μ£μ ¤²Ö ´ ¤¥¦´ÒÌ ±μ²¨Î¥¸É¢¥´´ÒÌ RBS- ¨ ERDA-
¨¸¸²¥¤μ¢ ´¨°.

�·¨ ¢μ§¤¥°¸É¢¨¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¶² §³Ò ¤¥°É¥·¨Ö ´  ¸¡μ·±¨ Ëμ²Ó£
Ti|Ti, Ni|Ni ¨ Zr|Zr ¶·¥¢ÒÏ¥´¨¥ ¢ÒÌμ¤  ´¥°É·μ´μ¢ ´ ¤ Ëμ´μ³ ´ ¡²Õ¤ ²μ¸Ó
¶·¨ Ìμ·μÏ¥° Ëμ·³¥ ¨  ³¶²¨ÉÊ¤¥ ¸¨£´ ²μ¢ μÉ �”-4 ¶μ ³¥·¥ ´ ±μ¶²¥´¨Ö
¨³¶² ´É¨·μ¢ ´´μ£μ ¤¥°É¥·¨Ö.

�  ¶μ¢¥·Ì´μ¸É¨ μ¡· §Íμ¢ ¶·¨ ¸´ÖÉ¨¨ ¸¶¥±É·μ¢ RBS ¨ ERDA ¢¸¥£¤ 
¶·¨¸ÊÉ¸É¢Ê¥É Ê£²¥¢μ¤μ·μ¤´ Ö ¶²¥´± , ±μÉμ· Ö É ±¦¥ ³μ¦¥É ¨§³¥´ÖÉÓ ±μ´Í¥´-
É· Í¨¨ ÔÉ¨Ì Ô²¥³¥´Éμ¢ ¶·¨ μ¡· ¡μÉ±¥  ¶¶·μ±¸¨³ Í¨¨ ¸¶¥±É·μ¢ ¶·μ£· ³³μ°
SIMNRA 6.06 [10].

�·¨ μ¡· ¡μÉ±¥ ¸¶¥±É·μ¢ RBS (¸³. ·¨¸. 2Ä13, ¸²¥¢ ) ¤²Ö ¡μ²¥¥ ÉμÎ´μ°
 ¶¶·μ±¸¨³ Í¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ¢¢μ¤¨²¨¸Ó ¤μ¶μ²´¨É¥²Ó´Ò¥ Ô²¥-
³¥´ÉÒ, É ±¨¥ ± ± Ê£²¥·μ¤, ±¨¸²μ·μ¤, ¦¥²¥§μ, ³¥¤Ó ¨ ¢μ²ÓË· ³.

’¥³ ´¥ ³¥´¥¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´μ° ¶·μ¢¥·±  ´ ²¨Î¨Ö ¢ μ¡²ÊÎ¥´´ÒÌ
μ¡· §Í Ì ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ ³¥É ²²μ¢ ´  · ¸É·μ¢μ³ ³¨±·μ¸±μ¶¥ ¸ §μ´¤μ¢Ò³
·¥´É£¥´μ¢¸±¨³  ´ ²¨§μ³. �Éμ ± ¸ ¥É¸Ö ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ³¥¤¨ ¨ ¢μ²ÓË· ³ ,
±μÉμ·Ò¥ ¸μ¸É ¢²ÖÕÉ ³ É¥·¨ ²Ò  ´μ¤´μ° ¢¸É ¢±¨ �”-4.

Š ± ¢¨¤´μ ¨§ É ¡². 1Ä12, ¶·μ¨¸Ìμ¤¨É ¶·μ´¨±´μ¢¥´¨¥ ¤¥°É¥·¨Ö ´  μ¡· É-
´ÊÕ ¸Éμ·μ´Ê ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£. �Éμ § ³¥É´μ ´  ¡²¨¦ °Ï¨Ì ± �”-4 Ëμ²Ó-
£ Ì, ´μ ÔËË¥±É ¶·μÖ¢²Ö¥É¸Ö ¨ ´  ¢Éμ·ÒÌ Ëμ²Ó£ Ì ¢ ¸¡μ·± Ì. 	¸μ¡¥´´μ ÔËË¥±É
§´ Î¨É¥²¥´ ´  É¨É ´μ¢ÒÌ (É ¡². 5 ¨ 6) ¨ Í¨·±μ´¨¥¢ÒÌ (É ¡². 9 ¨ 10) Ëμ²Ó£ Ì.

‚μ ¢¸¥Ì Ëμ²Ó£ Ì ¶·¨¸ÊÉ¸É¢μ¢ ² ¢ ± Î¥¸É¢¥ £ §μ¢μ° ¶·¨³¥¸¨ ¢μ¤μ·μ¤, ¶¥·¥-
· ¸¶·¥¤¥²¥´¨¥ ±μÉμ·μ£μ É ±¦¥ Ì · ±É¥·¨§Ê¥É ¶·μÍ¥¸¸Ò ¶¥·¥´μ¸  ²¥£±¨Ì ¶·¨-
³¥¸¥° ¶μ Éμ²Ð¨´¥ Ëμ²Ó£. Š ± ¢¨¤´μ ¨§ ¸· ¢´¥´¨Ö ±μ´Í¥´É· Í¨° ¢μ¤μ·μ¤ 
´  ¡²¨¦ °Ï¨Ì ¨ Ê¤ ²¥´´ÒÌ μÉ �”-4 ¸Éμ·μ´ Ì Ëμ²Ó£, ¢¥§¤¥ ±μ´Í¥´É· Í¨Ö
¢μ¤μ·μ¤  ¸¨²Ó´μ Ê¢¥²¨Î¨¢ ¥É¸Ö μÉ ¶¥·¢μ° ±μ ¢Éμ·μ° Ëμ²Ó£¥ ¢ ¸¡μ·± Ì. � 
´¨±¥²¥¢ÒÌ Ëμ²Ó£ Ì ÔËË¥±É ¸μ¸É ¢²Ö¥É μÉ 4 ¤μ 12% (É ¡². 1 ¨ 2) ¨ μÉ 7 ¤μ
17 % (É ¡². 3 ¨ 4); ´  É¨É ´μ¢ÒÌ Ëμ²Ó£ Ì Å μÉ 5 ¤μ 12 % (É ¡². 5 ¨ 6) ¨ μÉ 12
¤μ 14% (É ¡². 7 ¨ 8); ´  Í¨·±μ´¨¥¢ÒÌ Ëμ²Ó£ Ì Å μÉ 4 ¤μ 10 % (É ¡². 9 ¨ 10)
¨ μÉ 12 ¤μ 13% (É ¡². 11 ¨ 12).

	¡´ ·Ê¦¥´´μ¥ Ö¢²¥´¨¥ ¸¢¥·Ì£²Ê¡μ±μ£μ ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤μ·μ¤ ,   É ±¦¥
¤¥°É¥·¨Ö (¸³. [12, 13, 17Ä19]) ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢μ§¤¥°¸É¢¨¥³ ³μÐ´ÒÌ
Ê¤ ·´ÒÌ ¢μ²´ [1Ä5, 13Ä19] ´  ¶¥·¥· ¸¶·¥¤¥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. É ±¦¥ [12, 13, 17Ä19]) Ö¢²Ö-
¥É¸Ö Ê¸±μ·¥´´ Ö ¤¨ËËÊ§¨Ö ¶·¨³¥¸¥° ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¥° ¤¢¨¦ÊÐ¥° ¸¨²Ò F
(¸³. [11]). ’μ£¤  § ±μ´Ò ”¨±  ¤²Ö ¶μÉμ±  Î ¸É¨Í ¸²¥¤Ê¥É ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥
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([11] ¨ [20])

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, 12, 13, 17Ä19]. 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° · ¸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¥¸±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´.

‡�Š‹�—…�ˆ…

Œ¥Éμ¤μ³ ·¥£¨¸É· Í¨¨ Ö¤¥· μÉ¤ Î¨ ¤¥°É·μ´μ¢ ¨ ¶·μÉμ´μ¢ (ERD�) ¨§Ê-
Î¥´ ¶·μÍ¥¸¸ ´ ±μ¶²¥´¨Ö ¨ ¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶·¨ ¨³-
¶Ê²Ó¸´μ³ ¢μ§¤¥°¸É¢¨¨ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ° ¤¥°É¥·¨¥¢μ° ¶² §³Ò ´  Ê¸É -
´μ¢±¥ ®�² §³¥´´Ò° Ëμ±Ê¸¯ (�”-4) ¢ ¸¡μ·± Ì ¨§ ¤¢ÊÌ Ni-, Ti- ¨²¨ Zr-Ëμ²Ó£
¢Ò¸μ±μ° Î¨¸ÉμÉÒ. “¸É ´μ¢²¥´μ, ÎÉμ ¶·¨ ˆ‚’„� ¶·μ¨¸Ìμ¤¨É ¶¥·¥· ¸¶·¥¤¥-
²¥´¨¥ ¨³¶² ´É¨·μ¢ ´´μ£μ ¤¥°É¥·¨Ö ¨ £ §μ¢μ° ¶·¨³¥¸¨ ¢μ¤μ·μ¤  ´  ¡μ²ÓÏ¨¥
£²Ê¡¨´Ò ¢ ¸¡μ·± Ì ¨§ ¨§ÊÎ¥´´ÒÌ Zr-, Ni- ¨ Ti-Ëμ²Ó£, §´ Î¨É¥²Ó´μ ¶·¥¢ÒÏ Õ-
Ð¨¥ ¶·μ¡¥£¨ ¨μ´μ¢ ¤¥°É¥·¨Ö (¶·¨ ¨Ì ³ ±¸¨³ ²Ó´μ° ¸±μ·μ¸É¨ ¤μ ∼ 108 ¸³/¸).

	¡´ ·Ê¦¥´´μ¥ Ö¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ μ¡ÑÖ¸´¥´μ ¢Ò´μ¸μ³ ¨³¶² ´É¨·μ¢ ´-
´μ£μ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶μ¤ ¢μ§¤¥°¸É¢¨¥³ ³μÐ´ÒÌ Ê¤ ·´ÒÌ ¢μ²´, μ¡· §Ê¥-
³ÒÌ ¢ ³¥É ²²¨Î¥¸±¨Ì Ëμ²Ó£ Ì μÉ ˆ‚’„�, ¨ (¨²¨) Ê¸±μ·¥´¨¥³ ¤¨ËËÊ§¨¨  Éμ-
³μ¢ ¤¥°É¥·¨Ö ¨ ¢μ¤μ·μ¤  ¶μ¤ ¤¥°¸É¢¨¥³ ¢μ²´Ò ¸¦ É¨Ö-· ¸ÉÖ¦¥´¨Ö ´  Ë·μ´É¥
Ê¤ ·´μ° ¢μ²´Ò ¸ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥³ ¤¥°É¥·¨Ö ¨ ¢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¢ [11Ä13].
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