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�³¨·Ì ´μ¢ ˆ. ‚. ¨ ¤·. P11-2007-105
�·¨³¥´¥´¨¥ ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨±  ¤²Ö · ¸Î¥É  É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢
¢ ¤¢ÊÌ¸²μ°´ÒÌ ¸É·Ê±ÉÊ· Ì ¶·¨ μ¡²ÊÎ¥´¨¨ ¨Ì ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°

‚ · ³± Ì ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨±  ¢ É·¥Ì³¥·´μ³ ¸²ÊÎ ¥ · ¸¸Î¨É ´Ò É¥³¶¥· ÉÊ·Ò
¢ ¤¢ÊÌ¸²μ°´ÒÌ ¸É·Ê±ÉÊ· Ì, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ° ³ ¸¸¨¢´ÊÕ ¶μ¤²μ¦±Ê ¨ ´ ´¥¸¥´´Ò°
´  ´¥¥ μÉ´μ¸¨É¥²Ó´μ Éμ´±¨° ¸²μ° ¨§ ¤·Ê£μ£μ ³ É¥·¨ ² , ¶·¨ ¨Ì μ¡²ÊÎ¥´¨¨ ¡Ò¸É·Ò³¨
ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¸ ¢Ò¸μ±¨³¨ ¨μ´¨§ Í¨μ´´Ò³¨ ¶μÉ¥·Ö³¨ Ô´¥·£¨¨. „¥É ²Ó´μ ¨¸¸²¥¤μ-
¢ ´Ò ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ· ´  £· ´¨Í¥ · §¤¥²  É ±μ° ¤¢ÊÌ¸²μ°´μ° ¸É·Ê±ÉÊ·Ò ´  ¶·¨³¥·¥
Ni-W ¢ § ¢¨¸¨³μ¸É¨ μÉ ¢¥²¨Î¨´Ò ±μÔËË¨Í¨¥´É  ±μ´¢¥±É¨¢´μ£μ É¥¶²μμ¡³¥´  θ, Ì · ±-
É¥·¨§ÊÕÐ¥£μ ¨§³¥´¥´¨¥ £· ¤¨¥´É  É¥³¶¥· ÉÊ· ´  £· ´¨Í¥ · §¤¥² ,   ¸²¥¤μ¢ É¥²Ó´μ, ¨
μ¶·¥¤¥²ÖÕÐ¥£μ É¨¶ É¥¶²μ¢μ£μ ±μ´É ±É . � ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ± ± ¤²Ö ´¥²¨´¥°´μ£μ ¸²Ê-
Î Ö ¸ É¥¶²μË¨§¨Î¥¸±¨³¨ ±μ´¸É ´É ³¨, § ¢¨¸ÖÐ¨³¨ μÉ É¥³¶¥· ÉÊ·Ò, É ± ¨ ¤²Ö ²¨´¥°´μ£μ
¸²ÊÎ Ö ¸ ´¥ § ¢¨¸ÖÐ¨³¨ μÉ É¥³¶¥· ÉÊ·Ò É¥¶²μË¨§¨Î¥¸±¨³¨ ±μ´¸É ´É ³¨. “¸É ´μ¢²¥´μ,
ÎÉμ ¶·¨ ÊÎ¥É¥ § ¢¨¸¨³μ¸É¨ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò · ¸¸Î¨É ´´Ò¥
É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³
¢ ¸²ÊÎ ¥ ¶μ¸ÉμÖ´´ÒÌ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢, ¢§ÖÉÒÌ ¶·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥.
�¸μ¡¥´´μ¸ÉÓ ´¥²¨´¥°´μ° ³μ¤¥²¨ ¢ Éμ³, ÎÉμ É¥¶²μ¢Ò¥ ¶·μÍ¥¸¸Ò ¢ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¥ §´ Î¨É¥²Ó´μ ³¥¤²¥´´¥¥, Î¥³ ¢ ²¨´¥°´μ³ ¸²ÊÎ ¥. �μ± § ´μ, ÎÉμ ¶·¨ Ê¢¥²¨Î¥´¨¨
±μÔËË¨Í¨¥´É  θ ¶·μ¨¸Ìμ¤¨É ¶¥·¥Ìμ¤ μÉ ¸²ÊÎ Ö ´¥¨¤¥ ²Ó´μ£μ ±μ´É ±É  ± ¨¤¥ ²Ó´μ³Ê ±μ´-
É ±ÉÊ.

� ¡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. P11-2007-105
The Use of Nonlinear Thermal Spike Model for Calculations of Temperature Effects
at Two Layer Structures under Their Irradiation with High Energy Heavy Ions

Temperatures at two layer structures, presenting massive substrate and surface cover
by relatively thin layer from another material, under irradiation with swift heavy ions with
high ionizing energy loss in frame of thermal spike model in three dimensional case were
calculated. The temperature changes near the separate boundary of such a two layer structure
on the example of Ni-W of the convective warm exchanging coefˇcient θ are studied in detail.
Parameter θ characterizes the changes of temperature gradient near the separate boundary, i. e.
determines the type of heat contact. It was established that calculated temperatures of electronic
and lattice subsystems for nonlinear model (characterized by thermal physical coefˇcients
depending on the temperature) are much less than ones in the linear model (characterized by
thermal physical coefˇcients without dependence on the temperature). The peculiarity of the
nonlinear model is that the characteristic time of the thermal processes in such a crystalline
lattice are much slower than in the linear model. It was shown that transition from nonideal
case of heat contact to ideal case of heat contact takes place at increasing of coefˇcient θ.

The investigation has been performed at the Laboratory of Information Technologies,
JINR.
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‚ ¶μ¸²¥¤´¨¥ £μ¤Ò §´ Î¨É¥²Ó´Ò¥ Ê¸¨²¨Ö ÊÎ¥´ÒÌ ¡Ò²¨ ´ ¶· ¢²¥´Ò ´  ¸μ-
§¤ ´¨¥ ¸²μ¨¸ÉÒÌ ¸É·Ê±ÉÊ· ¸ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò³¨ ¸¢μ°¸É¢ ³¨ ¶μ¢¥·Ì´μ¸É¨,
¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ° ¤μ¸É ÉμÎ´μ Éμ´±μ¥ (¤μ ´¥¸±μ²Ó±¨Ì ³¨±·μ³¥É·μ¢) ¶μ-
±·ÒÉ¨¥, ´ ´¥¸¥´´μ¥ É¥³ ¨²¨ ¨´Ò³ ¸¶μ¸μ¡μ³ ´  ¡μ²¥¥ ³ ¸¸¨¢´ÊÕ ¶μ¤²μ¦±Ê
[1Ä5]. ’ ± Ö ¸É·Ê±ÉÊ·  §  ¸Î¥É ¶·¨¸ÊÐ¨Ì ³ É¥·¨ ²Ê Éμ´±μ£μ ¶μ±·ÒÉ¨Ö ¸¢μ°¸É¢
¶μ§¢μ²Ö¥É ¢ Í¥²μ³ Ê²ÊÎÏ¨ÉÓ ±μ··μ§¨μ´´Ò¥, É¥¶²μË¨§¨Î¥¸±¨¥ ¨ Ô²¥±É·μË¨-
§¨Î¥¸±¨¥ ¸¢μ°¸É¢ ,   É ±¦¥ ¶μ¢Ò¸¨ÉÓ ¨§´μ¸μ¸Éμ°±μ¸ÉÓ ¨§¤¥²¨° ¨§ ¤¢ÊÌ¸²μ°-
´ÒÌ ³ É¥·¨ ²μ¢ ¶·¨ ¸μÌ· ´¥´¨¨ ³¥Ì ´¨Î¥¸±¨Ì ¸¢μ°¸É¢ ³ É¥·¨ ²  ¶μ¤²μ¦±¨.
— ¸Éμ É ±¨¥ ³ É¥·¨ ²Ò ´¥ μ¡· §ÊÕÉ £μ³μ£¥´¨§¨·μ¢ ´´Ò° É¢¥·¤Ò° · ¸É¢μ·
¸ ¢Ò¤¥²¥´¨¥³ ´μ¢μ° Ë §Ò, É. ¥. μ´¨ ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¤·Ê£ ¸ ¤·Ê£μ³ [1Ä3].
�μÔÉμ³Ê § ¤ Î  Ê¢¥²¨Î¥´¨Ö ±μÔËË¨Í¨¥´É   ¤£¥§¨¨, É. ¥. ¢§ ¨³´μ£μ ¶¥·¥³¥-
Ï¨¢ ´¨Ö ±μ³¶μ´¥´É ¤¢ÊÌ¸²μ°´ÒÌ ¸É·Ê±ÉÊ·, ¶·¥¤¸É ¢²Ö¥É¸Ö ¢¥¸Ó³  ¢ ¦´μ°. ‚
Î ¸É´μ¸É¨, ¢ ·Ö¤¥ · ¡μÉ ¤²Ö Ê¢¥²¨Î¥´¨Ö ¢§ ¨³´μ£μ ¶¥·¥³¥Ï¨¢ ´¨Ö ±μ³¶μ´¥´É
¢¡²¨§¨ £· ´¨ÍÒ · §¤¥²  ¨¸¶μ²Ó§ÊÕÉ¸Ö ¡Ò¸É·Ò¥ ÉÖ¦¥²Ò¥ ¨μ´Ò ¸ ¢Ò¸μ±¨³¨ ¨μ-
´¨§ Í¨μ´´Ò³¨ ¶μÉ¥·Ö³¨ Ô´¥·£¨¨ ¨ ¶·μ¥±É¨¢´Ò³¨ ¶·μ¡¥£ ³¨, § ¢¥¤μ³μ ¶·¥-
¢ÒÏ ÕÐ¨³¨ Éμ²Ð¨´Ê ´ ´¥¸¥´´μ£μ ¶μ±·ÒÉ¨Ö [1, 2, 4, 5]. ‚ · ³± Ì ³μ¤¥²¨
É¥·³¨Î¥¸±μ£μ ¶¨±  [6Ä17] ¶·¨ É ±μ³ ¢μ§¤¥°¸É¢¨¨ §  ¸Î¥É ¢Ò¸μ±¨Ì ¨μ´¨§ Í¨-
μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ Sinel = − (∂E/∂z)inel ¨μ´ , ¶·μÏ¨¢ ÕÐ¥£μ μ¡  ¸²μÖ,
¨ ¶μ¸²¥¤ÊÕÐ¥£μ · §μ£·¥¢  μ¡² ¸É¨ ¢¤μ²Ó É· ¥±Éμ·¨¨ ¨μ´  ¶·μ¨¸Ìμ¤¨É ·¥§±μ¥
¢μ§· ¸É ´¨¥ É¥³¶¥· ÉÊ·Ò ¨, ± ± ¸²¥¤¸É¢¨¥, Ê¢¥²¨Î¥´¨¥ ¢§ ¨³´μ£μ ¶¥·¥³¥Ï¨-
¢ ´¨Ö ±μ³¶μ´¥´É ( ¤£¥§¨¨) [1, 2, 4, 5]. ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ É ±¨Ì ¶·μÍ¥¸¸μ¢
μ¡Ê¸²μ¢²¥´ μ¸μ¡¥´´μ¸ÉÖ³¨ · ¤¨ Í¨μ´´ÒÌ ¨§³¥´¥´¨° ¢ ³ É¥·¨ ² Ì, ±μÉμ·Ò¥
¨³¥ÕÉ ´¥ Éμ²Ó±μ ËÊ´¤ ³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö ¶μ´¨³ ´¨Ö μ¸´μ¢´ÒÌ § ±μ´μ-
³¥·´μ¸É¥° ¢§ ¨³μ¤¥°¸É¢¨Ö ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¸ ±μ´¤¥´¸¨·μ¢ ´´Ò³¨
¸·¥¤ ³¨, ´μ ¨ ¢ ¦´Ò ¤²Ö ¶·¨±² ¤´ÒÌ Í¥²¥°,   ¨³¥´´μ ¤²Ö ¨¸¶μ²Ó§μ¢ ´¨Ö
¤ ´´ÒÌ ÔËË¥±Éμ¢ ¢ · §¢¨É¨¨ ´μ¢ÒÌ É¥Ì´μ²μ£¨° ¨ ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨¨ Ê¦¥
¨³¥ÕÐ¨Ì¸Ö.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¶·¨³¥´¥´¨¥ ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± 
¢ É·¥Ì³¥·´μ³ ¸²ÊÎ ¥ [18Ä22] ¤²Ö ¢ÒÎ¨¸²¥´¨Ö É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ (Ti) ¨
Ô²¥±É·μ´μ¢ (Te) ¢ ¤¢ÊÌ¸²μ°´μ³ ³ É¥·¨ ²¥ ´  ¶·¨³¥·¥ ¸É·Ê±ÉÊ·Ò Ni(2 ³±³)/W
¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ 209Bi ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ¸ ÊÎ¥Éμ³ § ¢¨¸¨³μ¸É¨ É¥¶²μ-
Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò ¶·¨ ´¥¨¤¥ ²Ó´μ³ É¥¶²μ¢μ³ ±μ´É ±É¥
´  £· ´¨Í¥ · §¤¥²  ³ É¥·¨ ²μ¢.
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‚ · ¡μÉ Ì [6Ä17] ¡Ò²  ¢¢¥¤¥´  ¸¨¸É¥³  ¤¢ÊÌ ¸¢Ö§ ´´ÒÌ Ê· ¢´¥´¨° ¢ Î ¸É-
´ÒÌ ¶·μ¨§¢μ¤´ÒÌ ¤²Ö É¥³¶¥· ÉÊ· Ô²¥±É·μ´μ¢ Te (r, t) ¨ ·¥Ï¥É±¨ Ti (r, t). „ ´-
´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¸É ÉμÎ´μ Ï¨·μ±μ ¶·¨³¥´Ö¥É¸Ö
¤²Ö ¢ÒÎ¨¸²¥´¨° ¨ μÍ¥´μ± É¥³¶¥· ÉÊ·Ò ·¥Ï¥É±¨ ¢ ®É·¥±¥¯ ÉÖ¦¥²μ£μ ¨μ´ 
[6Ä8, 20Ä25]. ‘ ÊÎ¥Éμ³  ´¨§μÉ·μ¶¨¨ ¨  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ ´¥Ê¶·Ê£¨Ì ¶μ-
É¥·Ó Ô´¥·£¨¨ ÉÖ¦¥²μ£μ ¨μ´  ¢Ò¸μ±μ° Ô´¥·£¨¨ Sinel = − (∂E/∂z)inel ¸¨¸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 ¢ μ¡μ¨Ì ¸²μÖÌ ³μ-
¦¥É ¡ÒÉÓ § ¶¨¸ ´  ¢ ¢¨¤¥ [18Ä21]⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ce,v (Te,v)
∂Te,v

∂t
=

1
r

∂

∂r

(
rχe,v(Te,v)

∂Te,v

∂r

)
+

+
∂

∂z

(
χe,v(Te,v)

∂Te,v

∂z

)
−

−gv (Te,v) (Te,v − Ti,v) + Av (r, z, t) ,

Ci,v (Ti,v)
∂Ti,v

∂t
=

1
r

∂

∂r

(
rχi,v(Ti,v)

∂Ti,v

∂r

)
+

+
∂

∂z

(
χi,v(Ti,v)

∂Ti,v

∂z

)
+ gv (Te,v) (Te,v − Ti,v) .

(1)

�¸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´ . ˆ´¤¥±¸ v = 1 ¢ Ê· ¢´¥´¨ÖÌ μÉ´μ¸¨É¸Ö ± ¶¥·¢μ³Ê ¸²μÕ, É. ¥. ¶·¨
¨§³¥´¥´¨¨ ±μμ·¤¨´ ÉÒ z ¢ ¨´É¥·¢ ²¥ 0 � z � H ,   ¨´¤¥±¸ v = 2 μÉ´μ¸¨É¸Ö
±μ ¢Éμ·μ³Ê ¸²μÕ. ‡¤¥¸Ó Te,v(r, z, t) ¨ Ti,v(r, z, t)(v = 1, 2) Å É¥³¶¥· ÉÊ·Ò ¢
Ô²¥±É·μ´´ÒÌ ¨ ·¥Ï¥ÉμÎ´ÒÌ ¶μ¤¸¨¸É¥³ Ì ¢ μ¡μ¨Ì ¸²μÖÌ; Ce,v (Te,v), Ci,v (Ti,v)
¨ χe,v (Te,v), χi,v (Ti,v) Å ¸μμÉ¢¥É¸É¢¥´´μ É¥¶²μ¥³±μ¸É¨ ¨ É¥¶²μ¶·μ¢μ¤´μ-
¸É¨ Ô²¥±É·μ´μ¢ ¨ ·¥Ï¥Éμ±, § ¢¨¸ÖÐ¨¥ μÉ É¥³¶¥· ÉÊ·Ò; gv (Te,v) Å ±μÔËË¨-
Í¨¥´ÉÒ, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´´ÒÌ ¨ ·¥Ï¥ÉμÎ´ÒÌ ¶μ¤-
¸¨¸É¥³ (¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸ÖÐ¨¥ μÉ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´μ¢). ”Ê´±Í¨Ö
A(r, z, t) Å μ¡Ñ¥³´ Ö ¶²μÉ´μ¸ÉÓ ¢´μ¸¨³ÒÌ ¨μ´μ³ ³μÐ´μ¸É¥° ¢ μ¡μ¨Ì ³ -
É¥·¨ ² Ì Å ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ£μ
¢Ò· ¦¥´¨Ö [18Ä21]

Av (r, z, t) = b exp
(
− (t − t0)2

2δ2
t

)
exp

(
− r

r0

)
Sinel (z) ,

£¤¥ Sinel(z) Å § ¢¨¸¨³μ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ ¨μ´μ¢
μÉ £²Ê¡¨´Ò ¢ ³¨Ï¥´¨. ‡¤¥¸Ó r0 = 1 ´³ Å ¸±μ·μ¸ÉÓ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ¸¶ ¤ ,
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¨²¨ ¶·μ¸É· ´¸É¢¥´´ Ö Ï¨·¨´  ¢Ò¸μ±μ¢μ§¡Ê¦¤¥´´μ° μ¡² ¸É¨; t0 = 10−15 ¸ Å
¢·¥³Ö ¤μ¸É¨¦¥´¨Ö Ô²¥±É·μ´ ³¨ · ¢´μ¢¥¸´μ£μ · ¸¶·¥¤¥²¥´¨Ö [14].

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ Ê¤¥²Ó´ÒÌ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨ Sinel(z) =
− (∂E/∂z)inel

”Ê´±Í¨Ö Sinel(z) · ¸¸Î¨É ´  ¶μ ´ ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³μ° ±μ³¶ÓÕÉ¥·-
´μ° ¶·μ£· ³³¥ SRIM-2003 ¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 1 ¤²Ö ¨μ´μ¢ 209Bi c Ô´¥·£¨¥°
710 ŒÔ‚ ¶·¨ μ¡²ÊÎ¥´¨¨ ¤¢ÊÌ¸²μ°´μ° ¸É·Ê±ÉÊ·Ò Ni(2 ³±³)/W.

‘¨¸É¥³Ê (1) ·¥Ï ¥³ ¸μ ¸²¥¤ÊÕÐ¨³¨ ´ Î ²Ó´Ò³¨ ¨ £· ´¨Î´Ò³¨ Ê¸²μ-
¢¨Ö³¨:

Te,v (r, z, t = 0) = T0, Ti,v (r, z, t = 0) = T0, (2)

∂Te,v (r, z, t)
∂r

∣∣∣∣
r=0

= 0,
∂Ti,v (r, z, t)

∂r

∣∣∣∣
r=0

= 0,

Te,v (r = Rmax, z, t) = T0, Ti,v (r = Rmax, z, t) = T0, (3)

∂Te,1 (r, z, t)
∂z

∣∣∣∣
z=0

= 0,
∂Ti,1 (r, z, t)

∂z

∣∣∣∣
z=0

= 0,

Te,2 (r, z = Zmax, t) = T0, Ti,2 (r, z = Zmax, t) = T0,

£¤¥

v = 1, 2, 0 < r < Rmax, 0 < z < Zmax, 0 < t < tmax, T0 = 300 K,

¨ Ê¸²μ¢¨Ö³¨ ¸μ¶·Ö¦¥´¨Ö ´  £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ ³ É¥·¨ ²μ¢

χe,1 (Te,1)
∂Te,1 (r, z = H − 0, t)

∂z
= χe,2 (Te,2)

∂Te,2 (r, z = H + 0, t)
∂z

,
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− χe,1 (Te,1)
∂Te,1 (r, z = H − 0, t)

∂z
=

= θ [Te,1 (r, z = H − 0, t) − Te,2 (r, z = H + 0, t)] , (4)

χi,1 (Ti,1)
∂Ti,1 (r, z = H − 0, t)

∂z
= χi,2 (Ti,2)

∂Ti,2 (r, z = H + 0, t)
∂z

,

− χi,1 (Ti,1)
∂Ti,1 (r, z = H − 0, t)

∂z
=

= θ [Ti,1 (r, z = H − 0, t) − Ti,2 (r, z = H + 0, t)] ,

£¤¥ 0 < r < Rmax, 0 < t < tmax, θ Å ±μÔËË¨Í¨¥´É ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ-
¤ Î¨.

„ ²¥¥ ¶·¥¤¶μ² £ ¥³, ÎÉμ Rp < Zmax � lp, H < Rp, £¤¥ Rp Å ¤²¨´ 
¶·μ¥±É¨¢´μ£μ ¶·μ¡¥£  ¨μ´ ; lp Å Éμ²Ð¨´  ¢Éμ·μ£μ ¸²μÖ; Rmax Å ³ ±¸¨³ ²Ó-
´Ò° · ¤¨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·¥.

‚ Ê¸²μ¢¨ÖÌ (4) θ Å ±μÔËË¨Í¨¥´É ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ¤ Î¨, ±μÉμ·Ò°, ¢
μÉ²¨Î¨¥ μÉ χ, ´¥ Ö¢²Ö¥É¸Ö Ë¨§¨Î¥¸±μ° Ì · ±É¥·¨¸É¨±μ° É¥² . …¸²¨ ¨¸¶μ²Ó§μ-
¢ ÉÓ É¥·³μ¤¨´ ³¨Î¥¸±ÊÕ  ´ ²μ£¨Õ, Éμ ±μÔËË¨Í¨¥´É ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ-
¤ Î¨ ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ± ± ®ËÊ´±Í¨Õ ¶·μÍ¥¸¸ ¯, § ¢¨¸ÖÐÊÕ μÉ ¡μ²ÓÏμ£μ
Î¨¸²  · §²¨Î´ÒÌ Ë ±Éμ·μ¢: Ëμ·³Ò ¨ · §³¥·μ¢ É¥² , É¥³¶¥· ÉÊ·Ò, ¤ ¢²¥´¨Ö,
Ë¨§¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¸·¥¤Ò ¨ ¤·. „¨ ¶ §μ´ Î¨¸²¥´´ÒÌ §´ Î¥´¨° θ ¸μ¸É ¢²Ö¥É
10−3 Ä 102 ‚É/(¸³2 · Š) [25].

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) Í¥²¥¸μμ¡· §´μ ¢¢¥¸É¨ ¡¥§· §³¥·´Ò¥
¶¥·¥³¥´´Ò¥,   ¨³¥´´μ:

T̄e,v =
Te,v

T0
, T̄i,v =

Ti,v

T0
, r̄ =

r

Δr
, z̄ =

z

Δz
, t̄ =

t

Δt
,

£¤¥ Δr, Δz ¨ Δt Å ¥¤¨´¨ÍÒ ¨§³¥·¥´¨Ö · ¸¸ÉμÖ´¨Ö ¨ ¢·¥³¥´¨. 	É¨ ¥¤¨´¨ÍÒ
¢Ò¡· ´Ò ¢ ¢¨¤¥ Δt = αt0 ¨ Δr = Δz = αr0. ‡¤¥¸Ó α = 100 Å ¶·μ¨§¢μ²Ó´ Ö
¡¥§· §³¥·´ Ö ±μ´¸É ´É . ’μ£¤  ¸¨¸É¥³Ê Ê· ¢´¥´¨° (1) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

4



(´ ¤Î¥·±¨¢ ´¨¥ ¡¥§· §³¥·´ÒÌ ¢¥²¨Î¨´ μ¶ÊÐ¥´μ)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂Te,v

∂t
=

B1

Ce,v (Te,v)

[
1
r

∂

∂r

(
rχe,v(Te,v)

∂Te,v

∂r

)
+

+
∂

∂z

(
χe,v(Te,v)

∂Te,v

∂z

) ]
−

−B3gv (Te,v)
Ce,v (Te,v)

(Te,v − Ti,v) +
Av (r, z, t)
Ce,v (Te,v)

,

∂Ti,v

∂t
=

B2

Ci,v (Ti,v)

[
1
r

∂

∂r

(
rχi,v(Ti,v)

∂Ti,v

∂r

)
+

+
∂

∂z

(
χi,v(Ti,v)

∂Ti,v

∂z

) ]
+

B4gv (Te,v)
Ci,v (Ti,v)

(Te,v − Ti,v) ,

(5)

£¤¥

B1 =
χe,v(T0)αt0

Ce,v(T0) (αr0)
2 , B2 =

χi,v(T0)αt0

Ci,v(T0) (αr0)
2 ,

B3 =
gv(T0)αt0
Ce,v(T0)

, B4 =
gv(T0)αt0
Ci,v(T0)

.

�·¨ ±μ³´ É´μ° É¥³¶¥· ÉÊ·¥ T0 = 300 K É¥¶²μË¨§¨Î¥¸±¨¥ ¶ · ³¥É·Ò
´¨±¥²Ö ¨ ¢μ²ÓË· ³  ¸²¥¤ÊÕÐ¨¥ [6, 7]:

CNi
e (T0) = 2, 733 · 10−2 „¦

¸³3 · K , χNi
e (T0) = 4, 11

‚É

¸³ · K ,

gNi (T0) = 4, 05 · 1012 ‚É

¸³3 · K , CW
e (T0) = 3, 5 · 10−2 „¦

¸³3 · K ,

χW
e (T0) = 5, 25

‚É

¸³ · K , gW (T0) = 1, 24 · 1012 ‚É

¸³3 · K ,

CNi
i (T0) = 3, 91

„¦

¸³3 · K , χNi
i (T0) = 0, 91

‚É

¸³ · K ,

SNi
inel (0) = 1, 09 · 10−7 „¦

¸³
, CW

i (T0) = 2, 71
„¦

¸³3 · K ,

χW
i (T0) = 1, 74

‚É

¸³ · K , SW
inel (H) = 1, 36 · 10−7 „¦

¸³
.

�¥²¨´¥°´Ò¥ ¶ · ³¥É·Ò ³μ¤¥²¨, ´μ·³¨·μ¢ ´´Ò¥ ´  §´ Î¥´¨Ö ¶·¨ ±μ³´ É-
´μ° É¥³¶¥· ÉÊ·¥ T0 = 300 K, ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤ [6]:

CNi
e (Te) =

{
Te ¶·¨ Te � T Ni

F

128, 16 ¶·¨ Te > T Ni
F ,
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CW
e (Te) =

{
Te ¶·¨ Te � T W

F

224, 3 ¶·¨ Te > T W
F ,

χNi
e (Te) =

⎧⎨
⎩

0, 973
Te

+ 0, 026 · Te ¶·¨ Te � T Ni
F

3, 53 · 10−4 · T 3/2
e ¶·¨ Te > T Ni

F ,

χW
e (Te) =

⎧⎨
⎩

0, 973
Te

+ 0, 026 · Te ¶·¨ Te � T W
F

2, 9917 · 10−4 · T 3/2
e ¶·¨ Te > T W

F ,

CNi
i (Ti) =

{
0, 876 + 0, 128 · Ti − 0, 667 · T 2

i ¶·¨ Ti � T Ni
melt

1, 393 ¶·¨ Ti > T Ni
melt,

CW
i (Ti) =

⎧⎨
⎩

0, 906 + 0, 113 · Ti − 0, 0219 · T 2
i + 0, 0022 · T 3

i

¶·¨ Ti � T W
melt

1, 2 ¶·¨ Ti > T W
melt,

χNi
i (Ti) =

⎧⎨
⎩

3, 079 − 3, 53 · Ti + 1, 793 · T 2
i − 0, 3667 · T 3

i + 0, 0264 · T 4
i

¶·¨ Ti � T Ni
melt

0, 4528 ¶·¨ Ti > T Ni
melt,

χW
i (Ti) =

⎧⎨
⎩

1, 509 + 0, 717 · Ti + 0, 241 · T 2
i − 0, 0351 · T 3

i + 0, 00178 · T 4
i

¶·¨ Ti � T W
melt

0, 5632 ¶·¨ Ti > T W
melt,

g (Te) =
1

χe (Te)
,

£¤¥ T Ni
F = 454,3, T W

F = 736,6 ¨ T Ni
melt = 5,75; T W

melt = 11 Å ¡¥§· §³¥·´Ò¥
É¥³¶¥· ÉÊ·Ò ”¥·³  ¨ ¶² ¢²¥´¨Ö ¤²Ö ³ É¥·¨ ²μ¢.
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2. Œ…’�„ —ˆ‘‹…���ƒ� �…˜…�ˆŸ

„²Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ¸¨¸É¥³Ò ¡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) [26Ä28].

„²Ö ¶·μ¢¥·±¨ ¸Ìμ¤¨³μ¸É¨ · §´μ¸É´ÒÌ ¸Ì¥³ ¶μ z ¶·μ¢μ¤¨²¸Ö Î¨¸²¥´´Ò°
 ´ ²¨§ ¶μ²ÊÎ¥´´ÒÌ ·¥Ï¥´¨° ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ Ï £ Ì hr, ht ¨ ´  ¸£ÊÐ Õ-
Ð¥°¸Ö ¸¥É±¥ ¶μ z, É. ¥. ¶·¨ hz, hz/2, hz/4 (hr = 5 · 10−3, hz = 3 · 10−2,
ht = 3 · 10−6). �¨¦¥ ¶·¥¤¸É ¢²¥´ ·¥§Ê²ÓÉ É Î¨¸²¥´´μ£μ  ´ ²¨§  ¢ ÉμÎ±¥
r = 0, z = 0:

max
0�t�30

∣∣∣ T e
hz

(0, 0, t) − T e
hz/2 (0, 0, t)

∣∣∣ ≈ 8, 3 · 10−7 ¶·¨ t ≈ 0, 075;

max
0�t�30

∣∣∣T e
hz/2 (0, 0, t) − T e

hz/4 (0, 0, t)
∣∣∣ ≈ 4, 17 · 10−7 ¶·¨ t ≈ 0, 074;

max
0�t�30

∣∣∣ T i
hz

(0, 0, t) − T i
hz/2 (0, 0, t)

∣∣∣ ≈ 5, 32 · 10−8 ¶·¨ t ≈ 0, 029;

max
0�t�30

∣∣∣T i
hz/2 (0, 0, t) − T i

hz/4 (0, 0, t)
∣∣∣ ≈ 2, 7 · 10−8 ¶·¨ t ≈ 0, 029.

Š ± ¢¨¤´μ, ´ °¤¥´´Ò¥ · §´μ¸É¨ ¶·μË¨²¥° É¥³¶¥· ÉÊ· ´  ¸£ÊÐ ÕÐ¥°¸Ö
¶μ z ¸¥É±¥ Ê³¥´ÓÏ ÕÉ¸Ö.

3. ��‘“†„…�ˆ… ��‹“—…��›• �…‡“‹œ’�’�‚

�·¨ ·¥Ï¥´¨¨ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (5) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ´ Î ²Ó´Ò³¨ ¨
£· ´¨Î´Ò³¨ Ê¸²μ¢¨Ö³¨ ¨ Ê¸²μ¢¨Ö³¨ ¸μ¶·Ö¦¥´¨Ö ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¨ ¶·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) ¤¢ÊÌ¸²μ°´μ° ¸É·Ê±ÉÊ·Ò Ni(2 ³±³)/W
¶·¨ μ¡²ÊÎ¥´¨¨ ¥¥ ¨μ´ ³¨ ¢¨¸³ÊÉ  c Ô´¥·£¨¥° 710 ŒÔ‚.

�  ·¨¸. 2, 3 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ· Ô²¥±É·μ´-
´μ£μ £ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ (¡) ´  ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  ´¨-
±¥²Ö ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r μÉ É· ¥±Éμ·¨¨ ¨μ´  ¢ · ³± Ì ²¨´¥°´μ°,
É. ¥. ¡¥§ § ¢¨¸¨³μ¸É¨ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò (·¨¸. 2),
¨ ´¥²¨´¥°´μ° (¸ § ¢¨¸¨³μ¸ÉÓÕ É¥¶²μË¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ μÉ É¥³¶¥· ÉÊ·Ò
(·¨¸. 3)) ³μ¤¥²¥° É¥·³¨Î¥¸±μ£μ ¶¨± . ˆ§ ¸· ¢´¥´¨Ö ÔÉ¨Ì £· Ë¨±μ¢ ¢¨¤´μ, ÎÉμ
¢ ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¨ §´ Î¨É¥²Ó´μ ³¥´ÓÏ¥, Î¥³ ¢ ²¨´¥°´μ° ³μ¤¥²¨. �¸μ¡¥´´μ ¸²¥¤Ê¥É ¶μ¤-
Î¥·±´ÊÉÓ, ÎÉμ ¢ ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥¶²μ¢Ò¥ ¶·μÍ¥¸¸Ò ¢ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¥ ¶·μ¨¸Ìμ¤ÖÉ §´ Î¨É¥²Ó´μ ³¥¤²¥´´¥¥, Î¥³ ¢ ²¨´¥°´μ³ ¸²ÊÎ ¥.

�´ ²μ£¨Î´Ò¥ ¢Ò¢μ¤Ò ³μ¦´μ ¸¤¥² ÉÓ ¨ ¤²Ö ¢Éμ·μ£μ ¸²μÖ (¢μ²ÓË· ³) ¨§
·¨¸. 4, 5, £¤¥ ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ
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�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ (¡) ´  ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  ¶¥·¢μ£μ ¸²μÖ (´¨±¥²Ó) ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨
¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 20;
3 Å r = 40 �A) μÉ É· ¥±Éμ·¨¨ ¨μ´  ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± .
˜É·¨Ìμ¢Ò³¨ ²¨´¨Ö³¨ μ¡μ§´ Î¥´Ò É¥³¶¥· ÉÊ·Ò ¶² ¢²¥´¨Ö ¨ ¨¸¶ ·¥´¨Ö ´¨±¥²Ö

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ (¡) ´  ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  ¶¥·¢μ£μ ¸²μÖ (´¨±¥²Ó) ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨
¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 50;
3 Å r = 100 �A) μÉ É· ¥±Éμ·¨¨ ¨μ´  ¢ · ³± Ì ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± .
˜É·¨Ìμ¢μ° ²¨´¨¥° μ¡μ§´ Î¥´  É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö ´¨±¥²Ö

£ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ (¡) ¢ ÉμÎ±¥ z = H + hz ´  · §²¨Î´ÒÌ
· ¸¸ÉμÖ´¨ÖÌ r μÉ É· ¥±Éμ·¨¨ ¨μ´  ¢ · ³± Ì ²¨´¥°´μ° (·¨¸. 4) ¨ ´¥²¨´¥°´μ°
(·¨¸. 5) ³μ¤¥²¥° É¥·³¨Î¥¸±μ£μ ¶¨± .
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ (¡) ¶·¨ z = H + hz ¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ´ 
· §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 20; 3 Å r = 40 �A) μÉ É· ¥±Éμ·¨¨
¨μ´  ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± . ˜É·¨Ìμ¢μ° ²¨´¨¥° μ¡μ§´ Î¥´ 
É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö ¢μ²ÓË· ³ 

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ μÉ ¢·¥³¥´¨ É¥³¶¥· ÉÊ·Ò Ô²¥±É·μ´´μ£μ £ §  ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ (¡) ¶·¨ z = H + hz ¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¢¨¸³ÊÉ  ¸ Ô´¥·£¨¥° 710 ŒÔ‚ ´ 
· §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 50; 3 Å r = 100 �A) μÉ É· ¥±Éμ·¨¨
¨μ´  ¢ · ³± Ì ´¥²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± 

�  ·¨¸. 6 ¶·¥¤¸É ¢²¥´Ò ¢·¥³¥´´Ò¥ § ¢¨¸¨³μ¸É¨ · §´μ¸É¨ É¥³¶¥· ÉÊ· ¢
¸²μÖÌ ´  £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ ³ É¥·¨ ²μ¢ (É. ¥. ¶·¨ z = H = 2 · 104 �A)
¤²Ö Ô²¥±É·μ´´μ° ¶μ¤¸¨¸É¥³Ò ( ) ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ (¡) ¢ ¸²ÊÎ ¥ ´¥-
¨¤¥ ²Ó´μ£μ ±μ´É ±É  ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ÔËË¥±É¨¢´μ£μ ±μÔËË¨Í¨¥´É 
±μ´¢¥±É¨¢´μ° É¥¶²μμÉ¤ Î¨ θ = 104, 105, 106, 107 ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨
É¥·³¨Î¥¸±μ£μ ¶¨± . �É³¥É¨³, ÎÉμ ¶·¨ §´ Î¥´¨ÖÌ θ, ¢§ÖÉÒÌ ¨§ ¨´É¥·¢ ² , Ê± -
§ ´´μ£μ ¢ [25], ·¥Ï¥´¨Ö ¸¨¸É¥³Ò ± Î¥¸É¢¥´´μ ´¥ μÉ²¨Î ÕÉ¸Ö ¨ ¸μ¢¶ ¤ ÕÉ ¸
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�¨¸. 6. ‚·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ · §´μ¸É¨ É¥³¶¥· ÉÊ· (¢  ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨ÖÌ) ¢ ¸²μÖÌ
´  £· ´¨Í¥ · §¤¥²  ¤¢ÊÌ ³ É¥·¨ ²μ¢ ¤²Ö Ô²¥±É·μ´´μ° ¶μ¤¸¨¸É¥³Ò ( ) ¨ ±·¨¸É ²²¨Î¥-
¸±μ° ·¥Ï¥É±¨ (¡) ¢ ¸²ÊÎ ¥ ´¥¨¤¥ ²Ó´μ£μ ±μ´É ±É  ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ÔËË¥±É¨¢-
´μ£μ ±μÔËË¨Í¨¥´É  ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ¤ Î¨ θ (1 Å θ = 104; 2 Å θ = 105; 3 Å
θ = 106; 4 Å θ = 107) ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨ É¥·³¨Î¥¸±μ£μ ¶¨± 

�¨¸. 7. ‡ ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´ÒÌ ( ) ¨ ·¥Ï¥ÉμÎ´ÒÌ (¡) É¥³¶¥· ÉÊ· ¢ ¸²μÖÌ μÉ £²Ê¡¨´Ò
z (£²Ê¡¨´  · §¤¥²  ¸²μ¥¢ H = 20 · 103 �A) ¢ · ³± Ì ²¨´¥°´μ° ³μ¤¥²¨ (θ = 107,
t = 0, 06 · 10−13 ¸) ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 20; 3 Å
r = 40 �A) μÉ É· ¥±Éμ·¨¨ ¨μ´ 

·¥§Ê²ÓÉ É ³¨ ¶·¨ θ = 104. „²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ÔÉμ£μ ±μÔËË¨Í¨¥´É 
³Ò ¢§Ö²¨ ¥£μ §´ Î¥´¨¥ §  ¶·¥¤¥² ³¨ Ê± § ´´μ£μ ¨´É¥·¢ ² . ‚¨¤´μ, ÎÉμ ¶·¨
Ê¢¥²¨Î¥´¨¨ ±μÔËË¨Í¨¥´É  ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ¤ Î¨ θ · §´μ¸É¨ É¥³¶¥· ÉÊ·
´  £· ´¨Í¥ Ê³¥´ÓÏ ÕÉ¸Ö.

�  ·¨¸. 7, 8 ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ Ô²¥±É·μ´´ÒÌ ¨ ·¥Ï¥ÉμÎ´ÒÌ É¥³-
¶¥· ÉÊ· μÉ z ¢ · ³± Ì ²¨´¥°´μ° ¨ ´¥²¨´¥°´μ° ³μ¤¥²¥° É¥·³¨Î¥¸±μ£μ ¶¨± 
¤²Ö · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨° μÉ μ¸¨ É·¥±  r = 0, 20, 40 �A. ‚¨¤´μ, ÎÉμ ·¥-
Ï¥ÉμÎ´ Ö É¥³¶¥· ÉÊ·  ¢ ¶¥·¢μ³ ¸²μ¥ ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¢Éμ·μ£μ ¸²μÖ
¨ · ¸É¥É ¡μ²¥¥ ¡Ò¸É·μ ¨§-§  ¸μμÉ´μÏ¥´¨Ö ±μÔËË¨Í¨¥´Éμ¢, Ì · ±É¥·¨§ÊÕÐ¨Ì
É¥¶²μ¢Ò¥ ¶·μÍ¥¸¸Ò.
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�¨¸. 8. ‡ ¢¨¸¨³μ¸ÉÓ Ô²¥±É·μ´´ÒÌ ( ) ¨ ·¥Ï¥ÉμÎ´ÒÌ (¡) É¥³¶¥· ÉÊ· ¢ ¸²μÖÌ μÉ £²Ê¡¨´Ò
z (£²Ê¡¨´  · §¤¥²  ¸²μ¥¢ H = 20 · 103 �A) ¢ · ³± Ì ´¥²¨´¥°´μ° ³μ¤¥²¨ (θ = 107,
t = 0, 06 · 10−13 ¸) ´  · §²¨Î´ÒÌ · ¸¸ÉμÖ´¨ÖÌ r (1 Å r = 0; 2 Å r = 20; 3 Å
r = 40 �A) μÉ É· ¥±Éμ·¨¨ ¨μ´ 

‚›‚�„›

‚ · ¡μÉ¥ ´  μ¸´μ¢¥ ²¨´¥°´μ° ¨ ´¥²¨´¥°´μ° ³μ¤¥²¥° É¥·³¨Î¥¸±μ£μ ¶¨± 
¶μ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´μ£μ  ´ ²¨§  É¥³¶¥· ÉÊ·´ÒÌ ÔËË¥±Éμ¢ ¢ ¤¢ÊÌ-
¸²μ°´μ³ ³ É¥·¨ ²¥ Ni(2 ³±³)/W ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ 209Bi ¸ Ô´¥·£¨¥°
710 ŒÔ‚ ¶·¨ ´¥¨¤¥ ²Ó´ÒÌ Ê¸²μ¢¨ÖÌ É¥¶²μ¶¥·¥¤ Î¨ (É¥¶²μ¢μ£μ ±μ´É ±É )
¢ ¶²μ¸±μ¸É¨ ¸ÉÒ±μ¢±¨ ³ É¥·¨ ²μ¢. ‚Ò¶μ²´¥´ Î¨¸²¥´´Ò°  ´ ²¨§ ÉμÎ´μ¸É¨
¸Ì¥³Ò ¢ÒÎ¨¸²¥´¨°. �μ ·¥§Ê²ÓÉ É ³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ³μ¦´μ
¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò.

1. Š ± ¶μ± § ´μ Î¨¸²¥´´Ò³  ´ ²¨§μ³ ³μ¤¥²¨ É¥¶²μ¢μ£μ ¶¨± , ¢¸¥ ¶·μ-
Í¥¸¸Ò ¢ ²¨´¥°´μ° ³μ¤¥²¨ (¤μ¸É¨¦¥´¨¥ ³ ±¸¨³Ê³μ¢ É¥³¶¥· ÉÊ·, ¢·¥³¥´ 
¢Ò· ¢´¨¢ ´¨Ö É¥³¶¥· ÉÊ· ¢ Ô²¥±É·μ´´μ° ¨ ·¥Ï¥ÉμÎ´μ° ¶μ¤¸¨¸É¥³ Ì,
¢·¥³¥´  ¤μ¸É¨¦¥´¨Ö É¥³¶¥· ÉÊ· ¶² ¢²¥´¨Ö ¨ ¨¸¶ ·¥´¨Ö ¸ ¶μ¢¥·Ì´μ¸É¨
´ ´¥¸¥´´μ£μ ¸²μÖ Ni) ¶·μ¨¸Ìμ¤ÖÉ §  ³¥´ÓÏ¨¥ ¢·¥³¥´ , Î¥³ ¢ ´¥²¨´¥°-
´μ° ³μ¤¥²¨.

2. �·¨ §´ Î¨É¥²Ó´μ³ Ê¢¥²¨Î¥´¨¨ ±μÔËË¨Í¨¥´É  ±μ´¢¥±É¨¢´μ° É¥¶²μμÉ-
¤ Î¨ θ ´¥¨¤¥ ²Ó´Ò¥ Ê¸²μ¢¨Ö ¸μ¶·Ö¦¥´¨Ö ¶·¨¡²¨¦ ÕÉ¸Ö ± ¨¤¥ ²Ó´Ò³
Ê¸²μ¢¨Ö³.

3. ‚ ²¨´¥°´μ° ³μ¤¥²¨ ¢ ÉμÎ±¥ r = 0, z = 0 É¥³¶¥· ÉÊ·  ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ Ê¦¥ Î¥·¥§ t = 4, 5 · 10−15 ¸ ¤²Ö ´¨±¥²Ö ¨ t = 6, 6 · 10−15 ¸ ¤²Ö
¢μ²ÓË· ³  ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö,   ¢ ´¥²¨´¥°´μ³ ¸²ÊÎ ¥
ÔÉμÉ ¶·μÍ¥¸¸ ¤²Ö ´¨±¥²Ö ´ ¸ÉÊ¶ ¥É Éμ²Ó±μ Î¥·¥§ t = 1, 8 · 10−13 ¸.

4. ‚Ò· ¢´¨¢ ´¨¥ É¥³¶¥· ÉÊ· Ô²¥±É·μ´´μ£μ £ §  ¨ ±·¨¸É ²²¨Î¥¸±μ° ·¥-
Ï¥É±¨ ¢ ²¨´¥°´μ° ³μ¤¥²¨ ´ ¸ÉÊ¶ ¥É Î¥·¥§ t = 0, 25 ·10−15 ¸ ¤²Ö ´¨±¥²Ö
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¨ t = 0, 35 · 10−15 ¸ ¤²Ö ¢μ²ÓË· ³ ,   ¢ ´¥²¨´¥°´μ° ³μ¤¥²¨ Î¥·¥§
t = 3 · 10−13 ¸ ¤²Ö ´¨±¥²Ö ¨ t = 6, 5 · 10−13 ¸ ¤²Ö ¢μ²ÓË· ³ .

5. �  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ³μ¦´μ ¢Ò¤¥²¨ÉÓ Ì · ±É¥·´Ò¥ · §-
³¥·Ò μ¡² ¸É¥°, £¤¥ É¥³¶¥· ÉÊ·  ¶·¥¢ÒÏ ¥É É¥³¶¥· ÉÊ·Ê ¶² ¢²¥´¨Ö (¨
¨¸¶ ·¥´¨Ö ¤²Ö ¶¥·¢μ£μ ¸²μÖ ¢ ²¨´¥°´μ° ³μ¤¥²¨). �μ¢¥·Ì´μ¸ÉÓ Ê·μ¢´Ö
É¥³¶¥· ÉÊ·Ò, · ¢´μ° É¥³¶¥· ÉÊ·¥ ¶² ¢²¥´¨Ö, ¤μ¸É¨£ ¥É ³ ±¸¨³ ²Ó´μ£μ
· §³¥·  ¤²Ö ´¨±¥²Ö Dmelt

max (z = 0) ≈ 222 �A, Dmelt
max (z = H) ≈ 219 �A, ¤²Ö

¢μ²ÓË· ³  Dmelt
max (z = H) ≈ 80 �A ¨ Zmelt

max (r = 0) ≈ 4, 4·104 �A (Dmelt
max Å

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

¡¨´Ò · ¸¶² ¢²¥´´μ° μ¡² ¸É¨). �´ ²μ£¨Î´ Ö ¶μ¢¥·Ì´μ¸ÉÓ ¤²Ö É¥³¶¥-
· ÉÊ·Ò ¨¸¶ ·¥´¨Ö ¢ ´¨±¥²¥ ¨³¥¥É · §³¥·Ò Devap

max (z = 0) ≈ 149 �A ¨
Dmelt

max (z = H) ≈ 147 �A.

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