
P11-2007-106

ˆ.‚. �³¨·Ì ´μ¢, �.�. „¨¤Ò±, „. ‡. ŒÊ§ Ë ·μ¢,
ˆ. ‚. �Ê§Ò´¨´, ’. �. �Ê§Ò´¨´ , �. �. ‘ ·± ·, ˆ. ‘ ·Ì ¤μ¢,
‡. �. ˜ ·¨¶μ¢

ˆ‘‘‹…„�‚��ˆ… ’…Œ�…��’“��›• 	””…Š’�‚
‚ Œ�„…‹ˆ ’…�Œˆ—…‘Š�ƒ� �ˆŠ�
‚ ‚›‘�Š���ˆ…�’ˆ��‚����Œ �ˆ��‹ˆ’ˆ—…‘Š�Œ
ƒ��”ˆ’… ��ˆ �
‹“—…�ˆˆ ’Ÿ†…‹›Œˆ ˆ���Œˆ
86Kr ˆ 209Bi ‚›‘�Šˆ• 	�…�ƒˆ‰

� ¶· ¢²¥´μ ´  VI � Í¨μ´ ²Ó´ÊÕ ±μ´Ë¥·¥´Í¨Õ ¶μ ¶·¨³¥´¥´¨Õ
·¥´É£¥´μ¢¸±μ£μ, ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥´¨° ´¥°É·μ´μ¢ ¨ Ô²¥±É·μ´μ¢ ¤²Ö
¨¸¸²¥¤μ¢ ´¨Ö ³ É¥·¨ ²μ¢ (�‘�	-2007), Œμ¸±¢ , 12Ä17 ´μÖ¡·Ö 2007 £.



�³¨·Ì ´μ¢ ˆ. ‚. ¨ ¤·. P11-2007-106
ˆ¸¸²¥¤μ¢ ´¨¥ É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢ ¢ ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨±  ¢
¢Ò¸μ±μμ·¨¥´É¨·μ¢ ´´μ³ ¶¨·μ²¨É¨Î¥¸±μ³ £· Ë¨É¥ ¶·¨ μ¡²ÊÎ¥´¨¨
ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ 86Kr ¨ 209Bi ¢Ò¸μ±¨Ì Ô´¥·£¨°

‚Ò¶μ²´¥´Ò ¨¸¸²¥¤μ¢ ´¨Ö É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢ ¢  ´¨§μÉ·μ¶´μ³ ³ É¥·¨ ²¥ Å ¢Ò¸μ±μ-
μ·¨¥´É¨·μ¢ ´´μ³ ¶¨·μ²¨É¨Î¥¸±μ³ £· Ë¨É¥ (‚��ƒ) ¶·¨ μ¡²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ 86Kr
(253 ŒÔ‚) ¨ 209Bi (710 ŒÔ‚) ¢ · ³± Ì É·¥Ì³¥·´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± . �·μ¢¥¤¥´Ò ¨¸-
¸²¥¤μ¢ ´¨Ö É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢ ¢ ³μ¤¥²¨ ¶·¨ ¨§³¥´¥´¨¨ ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö g. �μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ‚��ƒ ¨μ´ ³¨ ¢¨¸³ÊÉ  É¥³¶¥· ÉÊ·  ´  ¶μ¢¥·Ì-
´μ¸É¨ ³¨Ï¥´¨ ³μ¦¥É ¶·¥¢ÒÏ ÉÓ É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ¨ ¤ ¦¥ É¥³¶¥· ÉÊ·Ê ¨¸¶ ·¥´¨Ö ¶·¨ §´ Î¥-
´¨ÖÌ ±μ´¸É ´ÉÒ Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g � 1, 5gk, £¤¥ gk = 3, 12 · 1012 ‚É/(¸³3·Š).
�·¨ μ¡²ÊÎ¥´¨¨ ‚��ƒ ¨μ´ ³¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚ É¥³¶¥· ÉÊ·  ´  ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨
´¥ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ¶·¨ §´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö g � 4, 5gk. ˆ¸¶μ²Ó§ÊÖ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¨§³¥´¥´¨Ö³ ¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨
³μ´μ±·¨¸É ²²  ‚��ƒ, μ¡²ÊÎ¥´´μ£μ ¨μ´ ³¨ 209Bi (710 ŒÔ‚) ¨ 86Kr (253 ŒÔ‚), ´  μ¸´μ¢ ´¨¨
· ¸Î¥Éμ¢ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ´ ²¨Î¨¨ ¸É·Ê±ÉÊ· É¨¶  ±· É¥·μ¢ ´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡-
²ÊÎ¥´¨¨ ¨μ´ ³¨ 209Bi ¨ ¨Ì μÉ¸ÊÉ¸É¢¨¨ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ 86Kr ¡² £μ¤ ·Ö · §¢¨Éμ° ¢
¤ ´´μ° · ¡μÉ¥ ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± , ±μÉμ· Ö ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ ¤ ´´Ò¥ μÉ²¨Î¨Ö ¶·¨ §´ Î¥-
´¨ÖÌ ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ¤¢μ°´μ³Ê ´¥· ¢¥´¸É¢Ê:
1, 5gk � g � 4, 5gk. ‘¤¥² ´Ò ¢ÒÎ¨¸²¥´¨Ö ³ ±¸¨³ ²Ó´ÒÌ · §³¥·μ¢ μ¡² ¸É¨ ¢ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨
¨μ´ ³¨ ¢¨¸³ÊÉ , ¢ ¶·¥¤¥² Ì ±μÉμ·μ° É¥³¶¥· ÉÊ·  ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ‚��ƒ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2007

Amirkhanov I. V. et al. P11-2007-106
Temperature Effect Studies in Frame of Thermal Spike Model at Highly Oriented
Pyrolytic Graphite under Irradiation with 86Kr and 209Bi High-Energy Heavy Ions

The studies of temperature effects in anisotropic material Å highly oriented pyrolytic graphite (HOPG)
under irradiation with 86Kr (253 MeV) and 209Bi (710 MeV) heavy ions in frame of three dimensional
thermal spike model were carried out. The temperature effects versus the changes of electron-phonon
interaction coefˇcients g are considered this model. It was shown that the surface temperature of
HOPG target under irradiation with 209Bi ions can be higher than melting temperature or evaporation
temperature of HOPG if the values of electron-phonon interaction coefˇcient g satisfy the inequality
g � 1.5gk, where gk = 3.12 · 1012 W/(cm3 · K). Surface temperature of HOPG under irradiation
with 86Kr ions is less than melting temperature if the values of electron-phonon interaction coefˇcient g
satisfy the inequality g � 4.5gk. It is possible to conclude, using made calculations and experimental
data from surface structure studies of single crystal HOPG after irradiation with 209Bi (710 MeV) and
86Kr (253 MeV), that developed in this work thermal spike model allows one to explain the creation
of crater like structures after 209Bi ion irradiation and absence such structures in the case of 86Kr ion
irradiation. Such experimental data can take place if electron-phonon interaction coefˇcients g satisfy the
inequality 1.5gk � g � 4.5gk. The estimations of maximum sizes of volume in HOPG under irradiation
with bismuth ions where temperature can be higher than melting temperature are made.

The investigation has been performed at the Laboratory of Information Technologies, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2007
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‚ É¥Î¥´¨¥ ¶μ¸²¥¤´¨Ì ¤¥¸ÖÉ¨²¥É¨° ¡μ²ÓÏμ¥ ¢´¨³ ´¨¥ ¶·¨¢²¥± ÕÉ ´ ÊÎ´μ-
¨¸¸²¥¤μ¢ É¥²Ó¸±¨¥ · ¡μÉÒ ¶μ ¨§ÊÎ¥´¨Õ ³ ²μ· §³¥·´ÒÌ ¸É·Ê±ÉÊ·, μ¡² ¤ Õ-
Ð¨Ì Ê´¨± ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨, ´ ¶·¨³¥·, ®±¢ ´Éμ¢Ò¥ ÉμÎ±¨¯ (£¥É¥·μ¸É·Ê±-
ÉÊ·Ò [1, 2] ¸ ¶·μ¸É· ´¸É¢¥´´Ò³ μ£· ´¨Î¥´¨¥³ § ·Ö¤  ¶μ ¢¸¥³ É·¥³ ¨§³¥-
·¥´¨Ö³) ¨ ¤·Ê£¨¥ ´ ´μ¸É·Ê±ÉÊ·Ò. ’ ±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¶μ²Ó§ÊÕÉ¸Ö ¶μ¶Ê²Ö·-
´μ¸ÉÓÕ ¶· ±É¨Î¥¸±¨ ¢μ ¢¸¥Ì Í¥´É· Ì ¶μ ¨§ÊÎ¥´¨Õ Ë¨§¨±¨ É¢¥·¤μ£μ É¥² .
‡´ Î¨É¥²Ó´μ¥ · §¢¨É¨¥ ¶μ²ÊÎ¨²¨ É ±¦¥ · ¡μÉÒ, ¸¢Ö§ ´´Ò¥ ¸ ¶μ²ÊÎ¥´¨¥³ ´ -
´μ¸É·Ê±ÉÊ· ¢ ³ É¥·¨ ² Ì ¶·¨ ¢μ§¤¥°¸É¢¨¨ ´  ´¨Ì Ê¸±μ·¥´´ÒÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢
· §²¨Î´ÒÌ Ô´¥·£¨° (¸³., ´ ¶·¨³¥·, [3, 4]).

�É³¥É¨³, ÎÉμ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¤ ²¥±μ ´¥ Ö¸´Ò ³¥Ì ´¨§³Ò ¢§ ¨³μ-
¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¸ É¢¥·¤Ò³¨ É¥² ³¨ [5, 6], ´¥¸³μÉ·Ö ´ 
¤μ¸É ÉμÎ´μ ¶·μ¤μ²¦¨É¥²Ó´μ¥ ¢·¥³Ö, ¢ É¥Î¥´¨¥ ±μÉμ·μ£μ É ±¨¥ · ¡μÉÒ ¶·μ¢μ-
¤ÖÉ¸Ö (¸³., ´ ¶·¨³¥·, [7, 8] ¨ Í¨É¨·μ¢ ´´ÊÕ É ³ ²¨É¥· ÉÊ·Ê). ‘ÊÐ¥¸É¢ÊÕÐ¨¥
³μ¤¥²¨ ¤²Ö ¨§ÊÎ¥´¨Ö ´ ¡²Õ¤ ¥³ÒÌ ÔËË¥±Éμ¢ ¶·¨ ¢μ§¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í ´  ³ É¥·¨ ²Ò, É ±¨¥ ± ± É¥·³¨Î¥¸±¨° ¶¨± [9Ä14], ±Ê-
²μ´μ¢¸±¨° ¢§·Ò¢ [15, 16], ¤¢μ°´μ° Ô²¥±É·¨Î¥¸±¨° ¸²μ°, ³μ¤¥²Ó ¤¢ÊÌ±μ³¶μ-
´¥´É´μ° ¶² §³Ò ¸ Ìμ²μ¤´Ò³¨ ¨μ´ ³¨ ¨ £μ·ÖÎ¨³¨ Ô²¥±É·μ´ ³¨ [17] ¨²¨ ¨Ì
±μ³¡¨´ Í¨¨, ¤ ¦¥ ¤²Ö ¸É·Ê±ÉÊ· μ¤´μ£μ ±² ¸¸  ¨´μ£¤  ´¥ ³μ£ÊÉ μ¡ÑÖ¸´¨ÉÓ
¶·μ¨¸Ìμ¤ÖÐ¨¥ ¶·μÍ¥¸¸Ò.

�¤´¨³ ¨§ ´ ¶· ¢²¥´¨° ¢ ´ ´μ· §³¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¨ É¥Ì´μ²μ£¨ÖÌ
Ö¢²Ö¥É¸Ö ¸μ§¤ ´¨¥ ¸É·Ê±ÉÊ· ´  μ¸´μ¢¥ Ê£²¥·μ¤ , ´ ¶·¨³¥·, ËÊ²²¥·¥´μ¢ Å
¸É·Ê±ÉÊ·, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ° ¸Ë¥·¨Î¥¸±μ¥ μ¡· §μ¢ ´¨¥ ¨§ 60  Éμ³μ¢ Ê£²¥-
·μ¤  (‘60), Ê£²¥·μ¤´Ò¥ ´ ´μÉ·Ê¡±¨ ¨ ¤·. Š Ê£²¥·μ¤´Ò³ ¸É·Ê±ÉÊ· ³, ¶·¥¤¸É -
¢²ÖÕÐ¨³ §´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸, μÉ´μ¸¨É¸Ö ¨ ¢Ò¸μ±μμ·¨¥´É¨·μ¢ ´´Ò° ¶¨·μ-
²¨É¨Î¥¸±¨° £· Ë¨É (‚��ƒ) [18]. ˆ§ÊÎ¥´¨¥ ÔÉμ£μ μ¡Ñ¥±É  ¶·¨ ¢μ§¤¥°¸É¢¨¨ ´ 
´¥£μ ÉÖ¦¥²ÒÌ ¨μ´μ¢ ³μ¦¥É ¤ ÉÓ ¢ ¦´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¶·μÍ¥¸¸ Ì ¢§ ¨³μ¤¥°-
¸É¢¨Ö É ±¨Ì Î ¸É¨Í ¸ ¸¨²Ó´μ ´¥μ¤´μ·μ¤´μ° ¸É·Ê±ÉÊ·μ° Å ±¢ §¨μ¤´μ³¥·´Ò³¨
³μ´μ±·¨¸É ²² ³¨ ‚��ƒ. ‘Ì¥³ É¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ‚��ƒ ¶·¥¤¸É ¢²¥´  ´ 
·¨¸. 1. ‚¨¤´μ, ÎÉμ ¶ · ³¥É·Ò ·¥Ï¥É±¨ ¢¤μ²Ó ¶²μÉ´μÊ¶ ±μ¢ ´´ÒÌ ¶²μ¸±μ¸É¥°
¨ ³¥¦¤Ê ¶²μ¸±μ¸ÉÖ³¨ §´ Î¨É¥²Ó´μ · §²¨Î ÕÉ¸Ö, ¢¸²¥¤¸É¢¨¥ Î¥£μ É¥¶²μ¶·μ¢μ¤-
´μ¸ÉÓ ‚��ƒ μÉ²¨Î ¥É¸Ö ¢¤μ²Ó ÔÉ¨Ì ¢§ ¨³´μ-¶¥·¶¥´¤¨±Ê²Ö·´ÒÌ ´ ¶· ¢²¥´¨°
¤μ 300 · §. ˆ´É¥·¥¸ ± É ±¨³ § ¤ Î ³ μ¡Ê¸²μ¢²¥´ ¶·μ¢μ¤ÖÐ¨³¨¸Ö ¨¸¸²¥¤μ¢ ´¨-
Ö³¨ ¢ μ¡² ¸É¨ · ¤¨ Í¨μ´´μ° Ë¨§¨±¨ ±μ´¤¥´¸¨·μ¢ ´´ÒÌ ¸·¥¤ ¨ ´ ¶· ¢²¥´ ´ 
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¨§ÊÎ¥´¨¥ ¨§³¥´¥´¨° ¸¢μ°¸É¢ ³ É¥·¨ ²μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨, ¶·¨ ¢Ò¸μ±μ¤μ§´μ°
¨μ´´μ° ¨³¶² ´É Í¨¨, ¢ ¸μ¢·¥³¥´´ÒÌ ´ ´μÉ¥Ì´μ²μ£¨ÖÌ,   É ±¦¥ ¢ ¦¥´ ¤²Ö
· §¢¨É¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³μ¤¥²¥°, μ¶¨¸Ò¢ ÕÐ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö § ·Ö¦¥´´ÒÌ
Î ¸É¨Í ¸ ³ É¥·¨ ² ³¨ [19Ä27], ¨ · §· ¡μÉ±¨ ÔËË¥±É¨¢´ÒÌ Î¨¸²¥´´ÒÌ ¸Ì¥³ ¨
 ²£μ·¨É³μ¢ ¤²Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ³ É¥³ É¨Î¥¸±μ° Ë¨§¨±¨, Ëμ·³Ê²¨·Ê¥³ÒÌ
¶·¨ ¸μ§¤ ´¨¨ ¨ ³μ¤¨Ë¨± Í¨¨ ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ³μ¤¥²¥° ¤²Ö ·¥Ï¥´¨Ö ¢ÒÏ¥Ê± -
§ ´´ÒÌ § ¤ Î.

�¨¸. 1. ‘Ì¥³Ò ¸²μ¥¢μ° ¸É·Ê±ÉÊ·Ò ‚��ƒ:   Å ¢¨¤ ¸¡μ±Ê; ¡ Å ¢¨¤ ¸¢¥·ÌÊ

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö Î¨¸²¥´´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ É¥¶²μ¢ÒÌ
¶·μÍ¥¸¸μ¢ ¢ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ¨
¨μ´ ³¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚ ¢ · ³± Ì ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± 
[19, 23, 25, 28Ä31].

1. Œ�„…‹œ ’…�Œˆ—…‘Šˆ• �””…Š’�‚ ‚ ‚��ƒ ��ˆ ��‹“—…�ˆˆ
ˆ���Œˆ

„²Ö  ´¨§μÉ·μ¶´ÒÌ ³ É¥·¨ ²μ¢ ¸ ÊÎ¥Éμ³  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ ¸¨¸É¥³ 
Ê· ¢´¥´¨° ¤²Ö μ¶·¥¤¥²¥´¨Ö ·¥Ï¥ÉμÎ´μ° ¨ Ô²¥±É·μ´´μ° É¥³¶¥· ÉÊ· (³μ¤¥²Ó
É¥·³¨Î¥¸±μ£μ ¶¨± ) ¢ Í¨²¨´¤·¨Î¥¸±μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É ¢ É·¥Ì³¥·´μ³ ¸²Ê-
Î ¥ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥ [19, 23, 25, 28Ä31]
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�¸Ó z ´ ¶· ¢²¥´  ¶¥·¶¥´¤¨±Ê²Ö·´μ μ¡²ÊÎ ¥³μ° ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨,
É. ¥. ¶μ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ÉÖ¦¥²μ£μ ¨μ´ . �·μ¨§¢μ¤´ Ö ¶μ Ê£²Ê μÉ¸ÊÉ-
¸É¢Ê¥É ¢¢¨¤Ê Í¨²¨´¤·¨Î¥¸±μ° ¸¨³³¥É·¨¨ Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó
ÉÖ¦¥²μ£μ ¨μ´ . ‡¤¥¸Ó Te(r, z, t) ¨ Ti(r, z, t) Å É¥³¶¥· ÉÊ·Ò ¢ Ô²¥±É·μ´´μ°

¨ ·¥Ï¥ÉμÎ´μ° ¶μ¤¸¨¸É¥³ Ì, Ce(Te), Ci(Ti) ¨ λe(Te), λ
‖,⊥
i (Ti) Å ¸μμÉ¢¥É-

¸É¢¥´´μ Ê¤¥²Ó´Ò¥ É¥¶²μ¥³±μ¸É¨ ¨ É¥¶²μ¶·μ¢μ¤´μ¸É¨ Ô²¥±É·μ´μ¢ ¨ ·¥Ï¥É±¨,
¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸ÖÐ¨¥ μÉ É¥³¶¥· ÉÊ·Ò. ‚ ¤ ´´μ° · ¡μÉ¥ §´ Î¥´¨Ö ÔÉ¨Ì
É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¢Ò¡¨· ÕÉ¸Ö · ¢´Ò³¨ ¨Ì §´ Î¥´¨Ö³ ¶·¨ ±μ³-
´ É´μ° É¥³¶¥· ÉÊ·¥. ‘¨³¢μ²Ò ®‖¯ ¨ ®⊥¯ μ§´ Î ÕÉ, ÎÉμ É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ
§ ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö,   ¨³¥´´μ: ¢¤μ²Ó ¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ¶μ¢¥·Ì´μ¸É¨.
g(Te) Å ±μÔËË¨Í¨¥´É, Ì · ±É¥·¨§ÊÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´´μ° ¶μ¤-
¸¨¸É¥³Ò ¸ ·¥Ï¥É±μ° (¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸ÖÐ¨° μÉ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ
£ § ). ”Ê´±Í¨Ö A(r, z, t) Å μ¡Ñ¥³´ Ö ¶²μÉ´μ¸ÉÓ ¢´μ¸¨³μ° ¨μ´μ³ ³μÐ´μ¸É¨.
�´  ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ£μ ¢Ò· ¦¥-
´¨Ö, ¢¢¥¤¥´´μ£μ ¢ · ¡μÉ Ì [32, 33]:

A(r, z, t) = b exp
(
− (t − t0)2

2δ2
t

)
exp

(
− r

r0

)
Sinel(z),

£¤¥ t0 � (1−5) ·10−15 ¸ Å ¢·¥³Ö ¤μ¸É¨¦¥´¨Ö Ô²¥±É·μ´ ³¨ · ¢´μ¢¥¸´μ£μ · ¸-
¶·¥¤¥²¥´¨Ö, É. ¥. ¢·¥³Ö ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  δ-Ô²¥±É·μ´μ¢ ¸μ ¸·¥¤´¥° Ô´¥·£¨¥°
εe; ¶μ²ÊÏ¨·¨´  · ¸¶·¥¤¥²¥´¨Ö ¶μ ¢·¥³¥´¨ t ¶·¨´ÖÉ  · ¢´μ° σt = t0 [25].
‘±μ·μ¸ÉÓ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ¸¶ ¤ , ¨²¨ ¶·μ¸É· ´¸É¢¥´´ Ö Ï¨·¨´  ¢Ò¸μ±μ-
¢μ§¡Ê¦¤¥´´μ° μ¡² ¸É¨, r0 � 2, 5 ´³ [32] ¨ r0 � 1 ´³ [33]. Sinel(z) Å § ¢¨¸¨-
³μ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ ¨μ´μ¢ μÉ £²Ê¡¨´Ò ¢ ³¨Ï¥´¨.
�´  · ¸¸Î¨É ´  ¶μ ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ° ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³¥
SRIM-2003 ¨ ¶·¨¢¥¤¥´  ´¨¦¥ ¤²Ö ¨μ´μ¢ ¢¨¸³ÊÉ  (·¨¸. 2,  ) ¨ ¤²Ö ¨μ´μ¢ ±·¨¶-
Éμ´  (·¨¸. 2, ¡).

�μ·³¨·ÊÕÐ¨° ³´μ¦¨É¥²Ó b μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨

∞∫
0

dt

rm∫
0

2πrA(r, z, t)dr = Sinel(z);

´ Î ²Ó´Ò¥ Ê¸²μ¢¨Ö § ¶¨Ï¥³ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

Te,i(r, z, 0) = T0 = 300 K, (3)

  £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ± ±

∂Te,i(r, z, t)
∂r

∣∣∣∣
r=0

= 0,
∂Te,i(r, z, t)

∂z

∣∣∣∣
z=0

= 0,

Te,i(Rmax, z, t) = Te,i(r, Zmax, t) = T0. (4)
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ Sinel(z) =
− (∂E/∂z)inel ¨μ´μ¢ ¢¨¸³ÊÉ  209Bi ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ( ) ¨ ¨μ´μ¢ ±·¨¶Éμ´  86Kr ¸
Ô´¥·£¨¥° 253 ŒÔ‚ (¡) μÉ £²Ê¡¨´Ò ¢ ‚��ƒ

‚ (4) Rmax Å · ¤¨Ê¸ Ê¤ ²¥´¨Ö μÉ É· ¥±Éμ·¨¨ ¨μ´ ,   Zmax Å £²Ê¡¨´ , ¶·¥-
¢ÒÏ ÕÐ Ö ¤²¨´Ê ¶·μ¥±É¨¢´μ£μ ¶·μ¡¥£  ¨μ´ , ¶·¨ ±μÉμ·ÒÌ ·¥Ï¥É±Ê ³μ¦´μ
¸Î¨É ÉÓ ´¥¢μ§³ÊÐ¥´´μ°,   ¥¥ É¥³¶¥· ÉÊ·Ê ¶·¨ r > Rmax ¨ z > Zmax · ¢´μ°
T0. ’¥³ ¸ ³Ò³ ´ Î ²Ó´Ò¥ ¨ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö μ§´ Î ÕÉ, ÎÉμ ¢ ´ Î ²Ó´Ò°
³μ³¥´É ¢·¥³¥´¨ Ô²¥±É·μ´´ Ö ¨ ¨μ´´ Ö ¶μ¤¸¨¸É¥³Ò ¨³¥ÕÉ É¥³¶¥· ÉÊ·Ê, · ¢-
´ÊÕ ±μ³´ É´μ°,   £· ´¨Í  z = 0 É¥¶²μ¨§μ²¨·μ¢ ´ . Š·μ³¥ Éμ£μ, É¥³¶¥· ÉÊ·Ò
Ô²¥±É·μ´´μ£μ £ §  ¨ ·¥Ï¥É±¨ ´  ¡μ²ÓÏμ³ · ¸¸ÉμÖ´¨¨ μÉ É· ¥±Éμ·¨¨ ¨μ´ 
É ±¦¥ · ¢´Ò ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥.

”¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¸¨¸É¥³Ò ¤²Ö ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ‚��ƒ
(·¨¸. 1) ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ T = 300 K [18, 34Ä36] ¶·¨¢¥¤¥´Ò ¢
É ¡². 1.

‚ · ¡μÉ Ì [19, 23] ¡Ò²μ ¶·¥¤²μ¦¥´μ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥-
´¨Ö ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g:

g =
π2meS

2n

6τ0TD
,

£¤¥ TD Å É¥³¶¥· ÉÊ·  „¥¡ Ö; τ0 Å ¢·¥³Ö ¸¢μ¡μ¤´μ£μ ¶·μ¡¥£  Ô²¥±É·μ´μ¢ ¶·¨
T = TD; S Å ¸±μ·μ¸ÉÓ §¢Ê± ; n Å Î¨¸²μ ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´μ¢ ¢ ¥¤¨´¨Í¥
μ¡Ñ¥³ ; me Å ³ ¸¸  Ô²¥±É·μ´ , ¨²¨ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

g =
π4(kBnS)2

18λe(Te)
,

£¤¥ λe(Te) Å É¥¶²μ¶·μ¢μ¤´μ¸ÉÓ Ô²¥±É·μ´´μ£μ £ § ; kB Å ¶μ¸ÉμÖ´´ Ö 
μ²ÓÍ-
³ ´ . ˆ§ ¶μ¸²¥¤´¥° Ëμ·³Ê²Ò ¢¨¤´μ, ÎÉμ ±μÔËË¨Í¨¥´É ¢§ ¨³μ¤¥°¸É¢¨Ö g § -

4



’ ¡²¨Í  1. � · ³¥É·Ò ‚��ƒ ¨ Ô´¥·£¥É¨Î¥¸±¨¥ ¶μÉ¥·¨ ¨μ´μ¢ ´  ¢Ìμ¤¥ ¢ ³¨Ï¥´Ó

’¥¶²μ¥³±μ¸ÉÓ Ô²¥±É·μ´´μ£μ £ §  Ce(T0) = 3, 73 · 10−2 „¦/(¸³3· Š)

’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ Ô²¥±É·μ´´μ£μ £ §  λ⊥
e (T0) = 5, 60 ‚É/(¸³ · Š);

λ
‖
e(T0) = 5, 60 · 10−3 ‚É/(¸³ · Š)

’¥¶²μ¥³±μ¸ÉÓ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ Ci(T0) = 1, 60 „¦/(¸³3· Š)

’¥¶²μ¶·μ¢μ¤´μ¸ÉÓ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ λ⊥
i (T0) = 20 ‚É/(¸³Š);

λ
‖
i (T0) = 5, 7 · 10−2 ‚É/(¸³· Š)

	´¥·£¥É¨Î¥¸±¨¥ ¶μÉ¥·¨ ¶·¨ ¢Ìμ¤¥ ¢ ‚��ƒ SBi
inel(Z = 0) = 4, 4 · 10−8 „¦/¸³

¤²Ö ¨μ´μ¢ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚

	´¥·£¥É¨Î¥¸±¨¥ ¶μÉ¥·¨ ¶·¨ ¢Ìμ¤¥ ¢ ‚��ƒ SKr
inel(Z = 0) = 1, 84 · 10−8 „¦/¸³

¤²Ö ¨μ´μ¢ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚

¢¨¸¨É μÉ É¥¶²μ¶·μ¢μ¤´μ¸É¨ Ô²¥±É·μ´´μ£μ £ § , É. ¥. É ±¦¥ § ¢¨¸¨É μÉ ´ ¶· -

¢²¥´¨Ö. �·¨ ¶μ¤¸É ´μ¢±¥ §´ Î¥´¨° λ⊥
e (Te) ¨ λ

‖
e(Te) ¢ ¶μ¸²¥¤´ÕÕ Ëμ·³Ê²Ê

¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ §´ Î¥´¨Ö:

g(λ⊥
e ) = 3, 12 · 1012 ‚É/(¸³3 · K) ¨ g(λ‖

e) = 3, 12 · 1015 ‚É/(¸³3 · K).

’ ± ± ± ¶ · ³¥É· g § ¢¨¸¨É μÉ ´ ¶· ¢²¥´¨Ö, § ¤ ÎÊ ¡Ê¤¥³ ·¥Ï ÉÓ ¶·¨

· §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ÔÉμ£μ ¶ · ³¥É·  ¢ μÉ·¥§±¥ g(λ⊥
e ) � g � g(λ‖

e).

2. Œ…’�„ —ˆ‘‹…���ƒ� �…˜…�ˆŸ

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1)Ä(4) Í¥²¥¸μμ¡· §´μ ¢¢¥¸É¨ ¡¥§· §³¥·-

´Ò¥ ¶¥·¥³¥´´Ò¥,   ¨³¥´´μ:
�

T e = Te/T0,
�

T i = Ti/T0,
�
r = r/Δr,

�
z = z/Δz,

�

t = t/Δt, £¤¥ Δr, Δz ¨ Δt Å ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö · ¸¸ÉμÖ´¨Ö ¨ ¢·¥³¥´¨.
	É¨ ¥¤¨´¨ÍÒ ¢Ò¡· ´Ò ¢ ¢¨¤¥ Δt = α1t0 ¨ Δr = Δz = α2r0. ‡¤¥¸Ó α1, α2 Å
¶·μ¨§¢μ²Ó´Ò¥ ¡¥§· §³¥·´Ò¥ ±μ´¸É ´ÉÒ. ‡´ Î¥´¨Ö ÔÉ¨Ì ±μ´¸É ´É ¶μ²μ¦¨³
· ¢´Ò³¨: α1 = α2 = 100. ’μ£¤  ¸¨¸É¥³Ê Ê· ¢´¥´¨° (1)Ä(2) ³μ¦´μ § ¶¨¸ ÉÓ ¢
¢¨¤¥ (¢¥·Ì´¨¥ §´ Î±¨ ´ ¤ ¡¥§· §³¥·´Ò³¨ ¢¥²¨Î¨´ ³¨ μ¶ÊÐ¥´Ò)

∂Te

∂ t
= k⊥

e

{
1
r

∂Te

∂ r
+

∂2Te

∂ r2

}
+ k‖

e

∂2Te

∂ z2
− gge(Te − Ti) + A(r, z, t), (5)

∂Ti

∂ t
= k⊥

i

{
1
r

∂Ti

∂ r
+

∂2Ti

∂ r2

}
+ k

‖
i

∂2Ti

∂ z2
+ ggi(Te − Ti), (6)
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£¤¥

A(r, z, t) = Am
0 exp

(
−α2

1(t − 0, 05)/2
)

exp (−α2r)μm(z).

� Î ²Ó´Ò¥ ¨ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö (3)Ä(4) § ¶¨¸Ò¢ ÕÉ¸Ö ¢ ¢¨¤¥

Tβ(t, z, 0) = 1;
∂Tβ

∂r

∣∣∣∣
r=0

= 0;
∂Tβ

∂z

∣∣∣∣
z=0

= 0; (7)

Tβ(Rmax, z, t) = 1; Tβ(r, Zmax, t) = 1, (8)

£¤¥ k
⊥,‖
β =

λ
⊥,‖
β (T0)α1t0

Cβ(α1t0)2
, gβ =

α1t0
Cβ

, μKr,Bi =
SKr,Bi

inel (z)

SKr,Bi
inel (0)

,

AKr,Bi
0 =

bSKr,Bi
inel (0)α1t0

CeT0
, β = i, e.

�·¨¢¥¤¥´´Ò¥ ¡¥§· §³¥·´Ò¥ ±μÔËË¨Í¨¥´ÉÒ ¶·¨´¨³ ÕÉ §´ Î¥´¨Ö k⊥
e �

0, 15, k
‖
e � 1, 5 · 10−4, k⊥

i � 1, 25 · 10−2, k
‖
i � 3, 56 · 10−5, ge � 8, 35,

gi � 0, 19, ABi
0 � 2, 5 · 106, AKr

0 � 1, 04 · 106, Rmax = 0, 5, Zmax = 400.
„²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò (5)Ä(8) ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ Ö¢´ÊÕ ¤¢ÊÌ-

¸²μ°´ÊÕ ±μ´¥Î´μ-· §´μ¸É´ÊÕ ¸Ì¥³Ê ¶μ·Ö¤±   ¶¶·μ±¸¨³ Í¨¨ O(ht + h2
r + h2

z)
[37Ä39].

„²Ö ¶·μ¢¥·±¨ ¸Ìμ¤¨³μ¸É¨ · §´μ¸É´ÒÌ ¸Ì¥³ ¶·μ¢μ¤¨²¸Ö Î¨¸²¥´´Ò°  ´ ²¨§
·¥Ï¥´¨° ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ Ï £ Ì hr, ht ¨ ´  ¸£ÊÐ ÕÐ¥°¸Ö ¸¥É±¥ ¶μ z, É. ¥.
hz, hz/2, hz/4 (hr = 5·10−3, hz = 3·10−2, ht = 3·10−6). �¨¦¥ ¶·¥¤¸É ¢²¥´Ò
·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  ¢ ÉμÎ±¥ r = 0, z = 0:

max
0�t�0,3

∣∣∣T e
hz

(0, 0, t)− T e
hz/2(0, 0, t)

∣∣∣ = 8, 3 · 10−4 ¶·¨ t = 0, 075;

max
0�t�0,3

∣∣∣T e
hz/2(0, 0, t) − T e

hz/4(0, 0, t)
∣∣∣ = 3, 17 · 10−4 ¶·¨ t = 0, 074;

max
0�t�0,3

∣∣∣T e
hz

(0, 0, t) − T e
hz/2(0, 0, t)

∣∣∣ = 6, 32 · 10−5 ¶·¨ t = 0, 029;

max
0�t�0,3

∣∣∣T e
hz/2(0, 0, t) − T e

hz/4(0, 0, t)
∣∣∣ = 2, 1 · 10−5 ¶·¨ t = 0, 029.

Š ± ¢¨¤´μ, ´ °¤¥´´Ò¥ · §´μ¸É¨ ¶·μË¨²¥° É¥³¶¥· ÉÊ· ´  ¸£ÊÐ ÕÐ¥°¸Ö ¸¥É±¥
Ê³¥´ÓÏ ÕÉ¸Ö, ÎÉμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡ Ê¸Éμ°Î¨¢μ¸É¨ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨°. „ ²Ó-
´¥°Ï¨¥ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¶·¨ §´ Î¥´¨ÖÌ Ï £μ¢ hr = 5 · 10−3, hz =
3 · 10−2, ht = 3 · 10−6.
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3. ��‘“†„…�ˆ… ��‹“—…��›• �…‡“‹œ’�’�‚

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1)Ä(4) ¡Ò²¨ ¶·μ ´ ²¨§¨·μ¢ ´Ò ¢·¥³¥´-
´Ò¥ ¨ ±μμ·¤¨´ É´Ò¥ § ¢¨¸¨³μ¸É¨ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  Te( r, z, t) ¨
·¥Ï¥É±¨ Ti( r, z, t) ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¨ ±·¨¶Éμ´ .

�  ·¨¸. 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ· ·¥Ï¥É±¨ ´ 
¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¨ ±·¨¶Éμ´  ¶·¨ · §´ÒÌ
§´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g. ˆ§ ÔÉ¨Ì ·¨-
¸Ê´±μ¢ ¢¨¤´μ, ÎÉμ, ´ Î¨´ Ö ¸μ §´ Î¥´¨Ö ¶ · ³¥É·  g ≈ 1, 5gk, É¥³¶¥· ÉÊ·  ´ 
¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ³μ¦¥É ¶·¥¢ÒÏ ÉÓ É¥³¶¥-
· ÉÊ·Ê ¶² ¢²¥´¨Ö. 	ÉμÉ ¦¥ ¶·μÍ¥¸¸ ¶·¨ μ¡²ÊÎ¥´¨¨ ‚��ƒ ¨μ´ ³¨ ±·¨¶Éμ´ 
´ Î¨´ ¥É¸Ö ¸ ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥£μ §´ Î¥´¨Ö ±μ´¸É ´ÉÒ g ≈ 4, 5gk.

�¨¸. 3. ‚·¥³¥´´Ò¥ § ¢¨¸¨³μ¸É¨ É¥³¶¥· ÉÊ·Ò ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ´  ¶μ¢¥·Ì-
´μ¸É¨ ¶¨·μ£· Ë¨É  ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ( ) ¨ ±·¨¶Éμ´  (¡) ¶·¨ · §´ÒÌ
§´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  ¢§ ¨³μ¤¥°¸É¢¨Ö (¤²Ö ¢¨¸³ÊÉ : 1 Å gk = 3, 12 · 1012, 2 Å
g = 1, 25gk, 3 Å g = 1, 5gk, 4 Å g = 2gk; ¤²Ö ±·¨¶Éμ´ : 1 Å gk = 3, 12 · 1012, 2 Å
g = 2gk, 3 Å g = 4, 5gk, 4 Å g = 7gk; ÏÉ·¨Ìμ¢μ° ²¨´¨¥° μ¡μ§´ Î¥´  É¥³¶¥· ÉÊ· 
¶² ¢²¥´¨Ö ‚��ƒ). ‡¤¥¸Ó ¨ ´¨¦¥ ®‘¯ μ¡μ§´ Î ¥É ‚��ƒ (carbon)

�¸´μ¢´Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [31, 34, 35] ¶·¨ μ¡²ÊÎ¥´¨¨ ‚��ƒ
¨μ´ ³¨ ¢¨¸³ÊÉ  ¨ ±·¨¶Éμ´  ¸²¥¤ÊÕÐ¨¥:

1. �·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ (¨μ´¨§ -
Í¨μ´´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ SBi

inel(z ∝ 0) = 27, 6 ±Ô‚/´³) ³¥Éμ¤ ³¨ ¸± ´¨·ÊÕÐ¥°
ÉÊ´´¥²Ó´μ° ³¨±·μ¸±μ¶¨¨ ¡Ò²¨ μ¡´ ·Ê¦¥´Ò ¸É·Ê±ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö, ¶·¥¤¸É -
¢²ÖÕÐ¨¥ ¸μ¡μ° ±· É¥·Ò ¸ £²Ê¡¨´μ° Hcr > 1 ´³ ¨ ¤¨ ³¥É·μ³ ´  ¶μ¢¥·Ì´μ-
¸É¨ Dcr ≈ 5−7 ´³, ¶μ¢¥·Ì´μ¸É´ Ö ¶²μÉ´μ¸ÉÓ ±μÉμ·ÒÌ ¶·¨³¥·´μ ´  ¶μ·Ö¤μ±
³¥´ÓÏ¥ ¶²μÉ´μ¸É¨ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ¢¨¸³ÊÉ  [31, 34, 35]. ’ ±¨¥ ¸É·Ê±-
ÉÊ·Ò, ¶μ-¢¨¤¨³μ³Ê, μ¡Ê¸²μ¢²¥´Ò É¥·³μË²Ê±ÉÊ Í¨μ´´Ò³¨ ÔËË¥±É ³¨ ¶·¨ ¶μ-
É¥·ÖÌ Ô´¥·£¨¨ ¨μ´μ¢ ¢¨¸³ÊÉ  ´  ¨μ´¨§ Í¨Õ ´  ¢Ìμ¤¥ ¢ ³¨Ï¥´Ó ‚��ƒ. 	Éμ
¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ÔÉ¨ ¶μÉ¥·¨ ¸· ¢´¨³Ò ¸ ¶μ·μ£μ¢Ò³¨ §´ Î¥´¨Ö³¨
¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ (SBi

inel(z = 0) ∝ SThreshold
inel ) ¤²Ö ¢μ§´¨±´μ¢¥-
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´¨Ö ¶¥·¥£·¥Éμ° μ¡² ¸É¨ ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ ¸ É¥³¶¥· ÉÊ·μ° ¢ÒÏ¥ É¥³¶¥· -
ÉÊ· ¶² ¢²¥´¨Ö (T Bi

i (z ∝ 0) � Tmelt,C ¶·¨ §´ Î¥´¨¨ ±μ´¸É ´ÉÒ g � 1, 5gk

(¸³. ·¨¸. 3,  , ±·¨¢ Ö 3)) ¨²¨ ¤ ¦¥ ¨¸¶ ·¥´¨Ö (T Bi
i (z ∝ 0) > Tsubl,C) ‚��ƒ.

�μÔÉμ³Ê μ¡´ ·Ê¦¥´´Ò¥ ¸É·Ê±ÉÊ·Ò (±· É¥·Ò) ³μ£ÊÉ ¡ÒÉÓ μ¡ÑÖ¸´¥´Ò ¢ · ³-
± Ì ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨±  §  ¸Î¥É ·¥§±μ£μ Ê¢¥²¨Î¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢
¨¸¶ ·¥´¨Ö  Éμ³μ¢ £· Ë¨É  ¸ ¶μ¢¥·Ì´μ¸É¨ ¢ μ¡² ¸É¨ É·¥±  ¨μ´  ¢¨¸³ÊÉ  ¸
¢Ò¸μ±¨³¨ É¥³¶¥· ÉÊ· ³¨ ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨.

2. �·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ±·¨¶Éμ´  ¶μ¤μ¡´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥´¨°
´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ μ¡´ ·Ê¦¥´μ ´¥ ¡Ò²μ. �É³¥É¨³, ÎÉμ ¨μ´¨§ Í¨μ´´Ò¥
¶μÉ¥·¨ Ô´¥·£¨¨ ¨μ´μ¢ ±·¨¶Éμ´  ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ ¡μ²¥¥ Î¥³ ¢ ¤¢  · § 
³¥´ÓÏ¥, Î¥³ ¤²Ö ¨μ´μ¢ ¢¨¸³ÊÉ  (SKr

inel(z ∝ 0) = 12 ±Ô‚/´³). �μÔÉμ³Ê ¶·¨
μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ±·¨¶Éμ´ , ¶μ-¢¨¤¨³μ³Ê, SKr

inel(z = 0) < SThreshold
inel ¨ ¸μμÉ-

¢¥É¸É¢¥´´μ T Kr
i (z ∝ 0) < Tmelt,C.

ˆ¸Ìμ¤Ö ¨§ ·¥§Ê²ÓÉ Éμ¢, ¶·¥¤¸É ¢²¥´´ÒÌ ´  ·¨¸. 3 ¤²Ö ‚��ƒ, μ¡²ÊÎ¥´´μ£μ
¨μ´ ³¨ ±·¨¶Éμ´  (T Kr

i (z ∝ 0) < Tmelt,C (¸³. ·¨¸. 3, ¡, ±·¨¢ Ö 3)) ¨ ¢¨¸-
³ÊÉ  (T Bi

i (z ∝ 0) � Tmelt,C), ±μ´¸É ´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¤μ²¦´  Ê¤μ¢²¥É¢μ·ÖÉÓ ¤¢μ°´μ³Ê ´¥· ¢¥´¸É¢Ê 1, 5gk � g � 4, 5gk.

�  ·¨¸. 4 ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ£μ · ¤¨Ê¸  μ¡² ¸É¨, £¤¥ É¥³-
¶¥· ÉÊ·  ·¥Ï¥É±¨ ³μ¦¥É ¶·¥¢ÒÏ ÉÓ É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ‚��ƒ, μÉ §´ Î¥-
´¨° ±μ´¸É ´ÉÒ Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g ¶·¨ μ¡²ÊÎ¥´¨¨ ‚��ƒ
¨μ´ ³¨ ¢¨¸³ÊÉ  ¨ ±·¨¶Éμ´ . ˆ§ ÔÉ¨Ì ·¨¸Ê´±μ¢ ¢¨¤´μ, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨
±μ´¸É ´ÉÒ g · §³¥· ³ ±¸¨³ ²Ó´μ° μ¡² ¸É¨ ¸´ Î ²  ¡Ò¸É·μ · ¸É¥É, ´μ ¶μ¸É¥-
¶¥´´μ ¸É ¡¨²¨§¨·Ê¥É¸Ö ¨ ¢ÒÌμ¤¨É ´  ´ ¸ÒÐ¥´¨¥.

�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ£μ · ¤¨Ê¸  μ¡² ¸É¨, £¤¥ É¥³¶¥· ÉÊ·  ¶·¥¢ÒÏ ¥É É¥³-
¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ‚��ƒ, μÉ §´ Î¥´¨° ¶ · ³¥É·  g ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ 
¨ ±·¨¶Éμ´ 

	Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ, ´ Î¨´ Ö ¸ ´¥±μÉμ·μ£μ §´ Î¥´¨Ö ¶ · ³¥-
É·  g, ³ ±¸¨³ ²Ó´Ò° ¤¨ ³¥É· ®· ¸¶² ¢²¥´´μ°¯ μ¡² ¸É¨ ¨²¨, ÎÉμ ¡μ²¥¥ ÉμÎ´μ,
μ¡² ¸É¨, ´ £·¥Éμ° ¤μ É¥³¶¥· ÉÊ·Ò ¢ÒÏ¥ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö, ´¥ ¡Ê¤¥É · -
¸É¨, É. ¥. ¶·¥¤¸É ¢²¥´´ Ö ³μ¤¥²Ó ´¥ ¶·μÉ¨¢μ·¥Î¨¢  ¨  ¤¥±¢ É´μ μ¶¨¸Ò¢ ¥É
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Ö¢²¥´¨Ö ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¢Ò¸μ±μ¨μ´¨§¨·ÊÕÐ¨Ì ¨μ´μ¢ Î¥·¥§ ±¢ §¨μ¤´μ³¥·-
´ÊÕ ¸É·Ê±ÉÊ·Ê ‚��ƒ. ‚ ¤ ²Ó´¥°Ï¨Ì ¶·¥¤¸É ¢²¥´´ÒÌ ·¨¸Ê´± Ì §´ Î¥´¨¥
¶ · ³¥É·  g ¢§ÖÉμ ¢ ¢¨¤¥ g = 2gk.

�  ·¨¸. 5, 6 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´-
´μ£μ £ §  ¨ ·¥Ï¥É±¨ ´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ 
¨ ¨μ´ ³¨ ±·¨¶Éμ´  ¤²Ö · §´ÒÌ · ¸¸ÉμÖ´¨° μÉ μ¸¨ OZ. ˆ§ ÔÉ¨Ì ·¨¸Ê´±μ¢
¢¨¤´μ, ÎÉμ ¶·¨ μ¡²ÊÎ¥´¨¨ ¢¨¸³ÊÉμ³, ´ Î¨´ Ö ¸μ ¢·¥³¥´¨ t = 0, 062 · 10−13 c,
É¥³¶¥· ÉÊ·  ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ¶¨·μ£· Ë¨É ,   ¶·¨ μ¡²ÊÎ¥-
´¨¨ ±·¨¶Éμ´μ³ É¥³¶¥· ÉÊ·  ³¨Ï¥´¨ ´¥ ¤μÌμ¤¨É ¤μ É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö
¶¨·μ£· Ë¨É .

�¨¸. 5. ‚·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¨ ´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  μÉ · ¸¸ÉμÖ´¨° ¤μ μ¸¨
É·¥±  ¨μ´  ¶·¨ §´ Î¥´¨ÖÌ 1 Å r = 0; 2 Å r = 20; 3 Å r = 40 �A. ˜É·¨Ìμ¢μ° ²¨´¨¥°
μ¡μ§´ Î¥´  É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö ‚��ƒ

�¨¸. 6. ‚·¥³¥´´Ò¥ § ¢¨¸¨³μ¸É¨ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¨ ´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ±·¨¶Éμ´  μÉ · ¸¸ÉμÖ´¨° ¤μ μ¸¨
É·¥±  ¶·¨ §´ Î¥´¨ÖÌ 1 Å r = 0; 2 Å r = 20; 3 Å r = 40 �A
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�  ·¨¸. 7 ¶·¥¤¸É ¢²¥´  ¢·¥³¥´´ Ö ¤¨´ ³¨±  ¨§³¥´¥´¨° ¨§μÉ¥·³¨Î¥¸±μ°
¶μ¢¥·Ì´μ¸É¨ Å ¶μ¢¥·Ì´μ¸É¨, £¤¥ É¥³¶¥· ÉÊ·  · ¢´  É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö
‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ .

�¨¸. 7. „¨´ ³¨±  ¤¢¨¦¥´¨Ö ¨§μÉ¥·³¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨, É. ¥. ¶μ¢¥·Ì´μ¸É¨, £¤¥ É¥³-
¶¥· ÉÊ·  · ¢´  É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö ‚��ƒ, ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ´  ¢·¥-
³¥´´μ³ ¨´É¥·¢ ²¥ Δt = 6, 0 · 10−15 − 8, 4 · 10−15 c (· §³¥·Ò Í¨²¨´¤· : ¤¨ ³¥É·
D = 100 �A ¶·¨ £²Ê¡¨´¥ Z = 2, 1 · 105 �A)

‡�Š‹
—…�ˆ…

‚ · ¡μÉ¥ ´  μ¸´μ¢¥ ²¨´¥°´μ° ¤¢ÊÌÉ¥³¶¥· ÉÊ·´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ
¶¨±  ¶μ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ  ´ ²¨§  É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ § 
¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ¶·¨ μ¡²ÊÎ¥´¨¨ ³μ´μ±·¨¸É ²²¨Î¥¸±μ£μ ¢Ò¸μ±μ-
μ·¨¥´É¨·μ¢ ´´μ£μ ¶¨·μ²¨É¨Î¥¸±μ£μ £· Ë¨É  ¨μ´ ³¨ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥°
710 ŒÔ‚ ¨ ¨μ´ ³¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚. ‚Ò¶μ²´¥´  ´ ²¨§ ÉμÎ-
´μ¸É¨ ¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨° ¨ ¶μ± § ´μ, ÎÉμ ¸Ì¥³  Ê¸Éμ°Î¨¢ . �·μ¢¥¤¥´Ò ¨¸¸²¥-
¤μ¢ ´¨Ö É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢ ¢ ³μ¤¥²¨ ¢ § ¢¨¸¨³μ¸É¨ μÉ ±μÔËË¨Í¨¥´É 
Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g.

1. �μ± § ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ‚��ƒ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥°
710 ŒÔ‚ É¥³¶¥· ÉÊ·  ´  ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨ ³μ¦¥É ¶·¥¢ÒÏ ÉÓ É¥³-
¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö ¨ ¤ ¦¥ É¥³¶¥· ÉÊ·Ê ¨¸¶ ·¥´¨Ö-¢μ§£μ´±¨ ¶·¨ §´ Î¥-
´¨ÖÌ ±μ´¸É ´ÉÒ Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g � g3 = 1, 5gk,
£¤¥ gk = 3, 12 · 1012 ‚É/(¸³3·Š) (¸³. ·¨¸. 3,  ).

2. �·¨ μ¡²ÊÎ¥´¨¨ ‚��ƒ ¨μ´ ³¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚ É¥³-
¶¥· ÉÊ·  ´  ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨ ´¥ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥-
´¨Ö ¶·¨ §´ Î¥´¨ÖÌ ±μÔËË¨Í¨¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
g � g3 = 4, 5gk (¸³. ·¨¸. 3, ¡).
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3. ˆ¸Ìμ¤Ö ¨§ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ¨§ÊÎ¥´¨Õ ¨§³¥´¥´¨° ¸É·Ê±-
ÉÊ·Ò ¶μ¢¥·Ì´μ¸É¨ ³μ´μ±·¨¸É ²²  ‚��ƒ, μ¡²ÊÎ¥´´μ£μ ¨μ´ ³¨ ¢¨¸³ÊÉ 
¸ Ô´¥·£¨¥° 710 ŒÔ‚ ¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨¥° 253 ŒÔ‚ [27, 34, 35], ´ 
μ¸´μ¢ ´¨¨ · ¸Î¥Éμ¢ ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¤²Ö μ¡ÑÖ¸´¥´¨Ö ´ ²¨Î¨Ö
¸É·Ê±ÉÊ· É¨¶  ±· É¥·μ¢ (¸ £²Ê¡¨´μ° Hcr > 1 ´³ ¨ ¤¨ ³¥É·μ³ ´  ¶μ¢¥·Ì-
´μ¸É¨ Dcr ≈ 5−7 ´³) ´  ¶μ¢¥·Ì´μ¸É¨ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨
¢¨¸³ÊÉ  ¨ ¨Ì μÉ¸ÊÉ¸É¢¨Ö ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ¨μ´ ³¨ ±·¨¶Éμ´  ³μ¦´μ
¨¸¶μ²Ó§μ¢ ÉÓ · §¢¨ÉÊÕ ¢ ¤ ´´μ° · ¡μÉ¥ ³μ¤¥²Ó É¥·³¨Î¥¸±μ£μ ¶¨± , ±μ-
Éμ· Ö ¶μ§¢μ²Ö¥É μ¡ÑÖ¸´¨ÉÓ ¤ ´´Ò¥ μÉ²¨Î¨Ö ¶·¨ §´ Î¥´¨ÖÌ ±μÔËË¨Í¨-
¥´É  Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ¤¢μ°´μ³Ê
´¥· ¢¥´¸É¢Ê 1, 5gk � g � 4, 5gk.

Œ ±¸¨³ ²Ó´Ò° · §³¥· μ¡² ¸É¨ ¢ ‚��ƒ ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ , ¢
±μÉμ·μ° É¥³¶¥· ÉÊ·  ¢¡²¨§¨ ¶μ¢¥·Ì´μ¸É¨ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö,
· ¢¥´ Dmelt

max � 60 �A, Zmelt
max � 203 · 103 �A (Dmelt

max Å μÍ¥´±  ³ ±¸¨³ ²Ó-
´μ£μ ¤¨ ³¥É·  ¨ Zmelt

max Å μÍ¥´±  ³ ±¸¨³ ²Ó´μ° £²Ê¡¨´Ò, £¤¥ ³μ¦¥É ¶·μ¨¸-
Ìμ¤¨ÉÓ ¶² ¢²¥´¨¥). � ¸Î¥É´Ò¥ ¤ ´´Ò¥ ¶μ²ÊÎ¥´Ò ¶·¨ §´ Î¥´¨¨ ±μÔËË¨Í¨¥´É 
Ô²¥±É·μ´-Ëμ´μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö g ≈ 2, 0gk = 6, 24 · 1012 ‚É/(¸³3·Š).

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �””ˆ, £· ´ÉÒ º06-01-
00228 ¨ º05-01-00645- .
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