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�¸μ¡¥´´μ¸É¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´μ¢ ¸¶¥±É·  ¤¥²¥´¨Ö ·¥ ±Éμ· 
´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ˆ��-2 ¸ ¡μ·¸μ¤¥·¦ Ð¨³¨
¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò³¨ ³μ´μ±·¨¸É ²² ³¨ BN, BP(AIIIBV) ¨ B4C(AIIIBIV)

‚Ò¶μ²´¥´Ò · ¸Î¥ÉÒ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¢ ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ³μ´μ±·¨¸É ²² Ì B4C
(AIIIBIV), BN ¨ BP(AIIIBV) ¶·¨ ¨Ì μ¡²ÊÎ¥´¨¨ ¢ ·¥ ±Éμ·¥ ´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ˆ��-2
´¥°É·μ´ ³¨ ¸¶¥±É·  ¤¥²¥´¨Ö. 	μ± § ´μ, ÎÉμ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ ¶μ ³¥Ì ´¨§³Ê Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö μÉ ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° 4α2+-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¶·¨ § Ì¢ É¥
É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ Ö¤· ³¨ ²¥£±μ£μ ¨§μÉμ¶  ¡μ·  (10‚) ¡μ²¥¥ Î¥³ ´  ¤¢  ¶μ·Ö¤±  ¶·¥¢Ò-
Ï ¥É ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ (En > 0, 1 ŒÔ‚). � ¸Î¥ÉÒ ¶μ§¢μ²ÖÕÉ
¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ É ±μ¥ μ¡²ÊÎ¥´¨¥ ³μ¦¥É ¸μ§¤ ¢ ÉÓ · §¢¨ÉÊÕ ¢ ± ´¸¨μ´´ÊÕ ¤¥Ë¥±É´ÊÕ
¸É·Ê±ÉÊ·Ê ¢ ¡μ·¸μ¤¥·¦ Ð¨Ì ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ³μ´μ±·¨¸É ²² Ì (		Š) ¶·¨ μ¤´μ·μ¤´μ³
· ¸¶·¥¤¥²¥´¨¨ ¢ ± ´¸¨° ¶μ μ¡Ñ¥³Ê. 
Éμ ³μ¦¥É ¨³¥ÉÓ ¢ ¦´μ¥ §´ Î¥´¨¥ ¤²Ö É¥Ì´μ²μ-
£¨Î¥¸±μ£μ ¶·¨³¥´¥´¨Ö, ´ ¶·¨³¥·, ¤²Ö ¡μ²¥¥ ÔËË¥±É¨¢´μ° ¤¨ËËÊ§¨¨ É¥Ì´μ²μ£¨Î¥¸±¨Ì
Ì¨³¨Î¥¸±¨Ì ¶·¨³¥¸¥° ¶μ ¢ ± ´¸¨μ´´μ³Ê ³¥Ì ´¨§³Ê ¶·¨ ´ ´¥¸¥´¨¨ ¨Ì ´  ¶μ¢¥·Ì´μ¸ÉÓ
¨²¨ ¨³¶² ´É Í¨¨ ¢ ¶μ¢¥·Ì´μ¸ÉÓ 		Š ¶·¨ μÉ¦¨£¥.

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

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

Didyk A.Yu., Hofman A. P17-2007-116
Peculiarities of Neutron Interaction of Fast Neutron
Reactor IBR-2 with Boron-Containing Semiconductor
Single Crystals BN, BP(AIIIBV) and B4C(AIIIBIV)

Calculations of damage creation at semiconductor single crystals B4C(AIIIBIV) and BN,
BP(AIIIBV) under their irradiation in fast neutron reactor IBR-2 with ˇssion spectrum neutrons
were carried out. It was shown that damage creation by elastic scattering mechanism on
semiconductor atoms of ˇssion fragments as 4α2+-particles and nuclear recoil 7Li produced
by thermal neutrons in nuclear reactions with light isotope of 10B is more than two orders
higher than damage creation by fast neutrons (En > 0.1 MeV). Calculation shows that
such irradiations allow creating developed vacancies structure at single crystal semiconductors
(SCS) with homogeneous vacancy distribution. This effect can be used for technological
applications, for example for more effective diffusion of technological chemical impurities
using vacancies mechanism after covering of SCS surface or its implantation to the layer near
surface at the processes of annealing.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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ˆ§ÊÎ¥´¨¥ ¢²¨Ö´¨Ö · §²¨Î´ÒÌ ¢¨¤μ¢ μ¡²ÊÎ¥´¨Ö ¨ ¸· ¢´¥´¨¥ ¨Ì ¢μ§¤¥°-
¸É¢¨Ö ´  ¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò¥ ³μ´μ±·¨¸É ²²Ò (		Š), ± ± ¶· ¢¨²μ, ¢Ìμ¤Ö-
Ð¨¥ ¢ Ô²¥±É·μ´´Ò¥ Ê¸É·μ°¸É¢ , ±μÉμ·Ò¥ ´ Ìμ¤ÖÉ ¶·¨³¥´¥´¨¥ ¢ ¨¸¸²¥¤μ¢ -
´¨ÖÌ ¢ ±μ¸³¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥, Ö¤¥·´μ-Ë¨§¨Î¥¸±¨Ì Ê¸É ´μ¢± Ì (Ö¤¥·´ÒÌ
¨ É¥·³μÖ¤¥·´ÒÌ ·¥ ±Éμ· Ì ¨ ¨¸ÉμÎ´¨± Ì ´¥°É·μ´μ¢), Ö¢²Ö¥É¸Ö ¢ ¦´μ° § -
¤ Î¥°. ‚ ¶μ¸²¥¤´¨¥ ¤¥¸ÖÉ¨²¥É¨Ö ¸ÊÐ¥¸É¢¥´´μ¥ · §¢¨É¨¥ ¶μ²ÊÎ¨²¨ ´ ÊÎ´μ-
¨¸¸²¥¤μ¢ É¥²Ó¸±¨¥ · ¡μÉÒ ¢ Í¥²μ³ ·Ö¤¥ Ê¸±μ·¨É¥²Ó´ÒÌ Í¥´É·μ¢ ¶μ ¨§ÊÎ¥´¨Õ
¶μ¤ ¤¥°¸É¢¨¥³ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¶·μÍ¥¸¸μ¢ · ¤¨ Í¨μ´´μ° ¤¥¸É·Ê±-
Í¨¨, · ¸¶Ò²¥´¨Ö ¶μ¢¥·Ì´μ¸É¨, ¨§³¥´¥´¨Ö Ë §μ¢μ£μ ¸μ¸É ¢ ,  ³μ·Ë¨§ Í¨¨,
μ¡· §μ¢ ´¨Ö ®É·¥±μ¢¯, ¶μ ¢μ§³μ¦´Ò³ ¶·¨³¥´¥´¨Ö³ · ¤¨ Í¨μ´´ÒÌ É¥Ì´μ²μ-
£¨° ¢ ¸μ§¤ ´¨¨ ´μ¢ÒÌ ³ É¥·¨ ²μ¢, ±μÉμ·Ò¥ ´¥²Ó§Ö ¶μ²ÊÎ¨ÉÓ É· ¤¨Í¨μ´´Ò³¨
³¥Éμ¤ ³¨, ¢ μ¸μ¡¥´´μ¸É¨ ÔÉμ ± ¸ ¥É¸Ö ¸²ÊÎ Ö ´¥· ¸É¢μ·¨³μ¸É¨ ±μ³¶μ´¥´Éμ¢,
Í¥²¥´ ¶· ¢²¥´´μ£μ ¨§³¥´¥´¨Ö ¸¢μ°¸É¢ ³ É¥·¨ ²μ¢, ¶·¨³¥´¥´¨Ö ¡Ò¸É·ÒÌ ÉÖ-
¦¥²ÒÌ § ·Ö¦¥´´ÒÌ ¨μ´μ¢ ¨ ±² ¸É¥·μ¢ Î ¸É¨Í (‘10, ‘20, ‘30, ‘60, Au4) ¤²Ö
¢μ§³μ¦´μ£μ ¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ´ ´μÉ¥Ì´μ²μ£¨ÖÌ. 	μ³¨³μ ¢ ¦´ÒÌ É¥Ì´μ²μ£¨-
Î¥¸±¨Ì ¶·¨³¥´¥´¨° ¨ ¶·¨±² ¤´ÒÌ · ¡μÉ É ±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¨³¥ÕÉ ¶¥·¢μ¸É¥-
¶¥´´μ¥ §´ Î¥´¨¥ ¤²Ö ËÊ´¤ ³¥´É ²Ó´μ° · ¤¨ Í¨μ´´μ° Ë¨§¨±¨ É¢¥·¤μ£μ É¥² .

	μ-¶·¥¦´¥³Ê ¢ ¦´μ¥ §´ Î¥´¨¥ ¨³¥¥É ¶·μ¡²¥³  ¨μ´´μ£μ ²¥£¨·μ¢ ´¨Ö 		Š
É¥Ì´μ²μ£¨Î¥¸±¨³¨ ¶·¨³¥¸Ö³¨ Å ¤μ´μ·´Ò³¨ ¨²¨  ±Í¥¶Éμ·´Ò³¨. ‚ ·Ö¤¥ ¸²Ê-
Î ¥¢ § É·Ê¤´¨É¥²Ó´μ ¢¢¥¸É¨ ´¥μ¡Ìμ¤¨³Ò¥ É¥Ì´μ²μ£¨Î¥¸±¨¥ ¶·¨³¥¸¨ ¢ ¶·μ-
Í¥¸¸¥ ¢Ò· Ð¨¢ ´¨Ö 		Š. 	μÔÉμ³Ê, ± ± ¶· ¢¨²μ, ¨¸¶μ²Ó§ÊÕÉ¸Ö ¤¢  ¸¶μ¸μ¡ :
¶·Ö³ Ö ¨μ´´ Ö ¨³¶² ´É Í¨Ö ´¥μ¡Ìμ¤¨³μ£μ É¨¶  ¶·¨³¥¸¨ ´  Ê¸±μ·¨É¥²ÖÌ ³ -
²ÒÌ Ô´¥·£¨° (¤μ ¸μÉ¥´ ±Ô‚) Å ¨³¶² ´É Éμ· Ì, ¨²¨ ´ ´¥¸¥´¨¥ ´ ¶Ò²¥´¨¥³
¤ ´´μ£μ É¥Ì´μ²μ£¨Î¥¸±μ£μ Ì¨³¨Î¥¸±μ£μ Ô²¥³¥´É  ´  ¶μ¢¥·Ì´μ¸ÉÓ. ‡ É¥³ ¶·¨
¤²¨É¥²Ó´ÒÌ μÉ¦¨£ Ì ³μ¦´μ ¤μ¡¨ÉÓ¸Ö ¸±μ²Ó±μ-´¨¡Ê¤Ó Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ°  ¤-
£¥§¨¨, ´μ ´  μÉ´μ¸¨É¥²Ó´μ ³ ²Ò¥ £²Ê¡¨´Ò ¶·¨ §´ Î¨É¥²Ó´μ° ´¥μ¤´μ·μ¤´μ-
¸É¨ ¶¥·¥³¥Ï¨¢ ´¨Ö (¶μ Ô±¸¶μ´¥´Í¨ ²Ó´μ³Ê § ±μ´Ê · ¸¶·¥¤¥²¥´¨Ö). Š·μ³¥
Éμ£μ, ¨³¥¥É¸Ö ¨ ¶·μ¡²¥³  ¤μ¸É¨¦¥´¨Ö ´ ¤¥¦´μ£μ É¥¶²μ¢μ£μ ¨ Ô²¥±É·¨Î¥¸±μ£μ
±μ´É ±É  ¤²Ö Ì¨³¨Î¥¸±¨Ì Ô²¥³¥´Éμ¢, ±μÉμ·Ò¥ ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¢¢¨¤Ê ¨Ì ¢§ -
¨³´μ° ´¥· ¸É¢μ·¨³μ¸É¨ ¤μ μ¡· §μ¢ ´¨Ö É¢¥·¤μ£μ · ¸É¢μ· . ’ ± Ö ¶·μ¡²¥³ 
¨³¥¥É ³¥¸Éμ, ¢ Î ¸É´μ¸É¨, ¶·¨ ¸μ§¤ ´¨¨ ³μÐ´ÒÌ ³ £´¥É·μ´μ¢, É ± ± ± ¢ ´¨Ì
¶·¨³¥´Ö¥É¸Ö ¢μ²ÓË· ³ (¤²Ö ± Éμ¤μ¢), ± ±μÉμ·μ³Ê ´¥μ¡Ìμ¤¨³μ ´ ¤¥¦´μ ¨ ´ 
¤²¨É¥²Ó´Ò° ¶¥·¨μ¤ Ô±¸¶²Ê É Í¨¨ ¶·¨¸μ¥¤¨´¨ÉÓ ³¥¤´Ò¥ ±μ´É ±ÉÒ.
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‚ ·Ö¤¥ · ¡μÉ [1Ä4] ¤²Ö Ê²ÊÎÏ¥´¨Ö  ¤£¥§¨¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ÉÖ¦¥²Ò¥ ¨μ´Ò
¢Ò¸μ±¨Ì Ô´¥·£¨°, ¶·¨ ÔÉμ³ ¸²μ°-¶μ¤²μ¦±  ¨ ´ ´¥¸¥´´Ò° ´  ´¥¥ ¡μ²¥¥ Éμ´±¨°
¸²μ° ¤·Ê£μ£μ Ô²¥³¥´É  μ¡²ÊÎ ²¨¸Ó ¢Ò¸μ±μ¨μ´¨§¨·ÊÕÐ¨³¨ ¡Ò¸É·Ò³¨ ¨μ´ ³¨
[5]. 
Éμ μ¡²ÊÎ¥´¨¥ ¸μ¢³¥¸É´μ ¸ ¶μ¸²¥· ¤¨ Í¨μ´´Ò³¨ μÉ¦¨£ ³¨ ¶·¨¢μ¤¨²μ
± ¶¥·¥³¥Ï¨¢ ´¨Õ ¤ ¦¥ ´¥¸³¥Ï¨¢ ¥³ÒÌ ±μ³¶μ´¥´Éμ¢ [3]. � ¶·¨³¥·, É ± Ö
· ¡μÉ  ¡Ò²  ¢Ò¶μ²´¥´  ¤²Ö ¤¢ÊÌ¸²μ°´ÒÌ ¸¨¸É¥³, É ±¨Ì ± ± Ag-Co ¨ Ag-Ni
[3].

‘μ§¤ ´¨¥ · §¢¨Éμ° ¢ ± ´¸¨μ´´μ° ¸É·Ê±ÉÊ·Ò, ¤μ¸É ÉμÎ´μ · ¢´μ³¥·´μ · ¸-
¶·¥¤¥²¥´´μ° ¶μ μ¡Ñ¥³Ê 		Š, Å μ¤´  ¨§ ¢μ§³μ¦´μ¸É¥° ¤²Ö ¤¨ËËÊ§¨μ´´μ£μ
¶¥·¥· ¸¶·¥¤¥²¥´¨Ö ´¥μ¤´μ·μ¤´μ · ¸¶·¥¤¥²¥´´ÒÌ ¶·¨³¥¸¥°.

–¥²Ó ´ ¸ÉμÖÐ¥° · ¡μÉÒ Å ¶·μ¤¥³μ´¸É·¨·μ¢ ÉÓ ¢μ§³μ¦´μ¸É¨ ¶μ ¸μ§¤ -
´¨Õ ¤μ¸É ÉμÎ´μ μ¤´μ·μ¤´μ° ¢ ± ´¸¨μ´´μ° ¸É·Ê±ÉÊ·Ò ¢ ³μ´μ±·¨¸É ²² Ì ¡μ·-
¸μ¤¥·¦ Ð¨Ì ¶μ²Ê¶·μ¢μ¤´¨±μ¢ ¸ ¢Ò¸μ±¨³¨ ±μ´Í¥´É· Í¨Ö³¨ ¶·¨³¥¸¥° ¨§μÉμ¶ 
¡μ·  10‚ §  ¸Î¥É Ö¤¥·´ÒÌ ·¥ ±Í¨° § Ì¢ É  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢.

1. “—…’ ‚‹ˆŸ�ˆŸ ���„“Š’�‚ „…‹…�ˆŸ ��ˆ ‡�•‚�’…
’…�‹�‚›• �…‰’����‚ �� ���–…‘‘›

„…”…Š’�����‡�‚��ˆŸ ‚ ���‘�„…�†�™ˆ• Œ�’…�ˆ�‹�•

Ÿ¤¥·´ Ö ·¥ ±Í¨Ö § Ì¢ É  ´¥°É·μ´  Ö¤· ³¨ 10‚ ¸ μ¡· §μ¢ ´¨¥³ α-Î ¸É¨Í
Ö¤¥· μÉ¤ Î¨ 7Li ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ° [6]

1n0 + 10B → 7Li + 4α2+ ¶·¨ p1 = 0, 93, Q1 = 2, 78 ŒÔ‚; (1.1)

1n0 + 10B → 7Li + 4α2+ ¶·¨ p2 = 0, 07, Q2 = 2, 30 ŒÔ‚. (1.2)

‚ ¢Ò· ¦¥´¨ÖÌ (1.1) ¨ (1.2) Q1,2 Å Ô´¥·£¥É¨Î¥¸±¨¥ ¢ÒÌμ¤Ò ·¥ ±Í¨°;
p1,2 Å ¢¥·μÖÉ´μ¸É¨ ¤ ´´μ£μ · ¸¶ ¤ . 	·¨ ÔÉμ³ Q1 = 2, 78 ŒÔ‚ ¸μμÉ¢¥É-
¸É¢Ê¥É · ¸¶ ¤Ê 10‚ ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  7Li,   Q2 = 2, 3 ŒÔ‚ Å ¢
¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  7Li [6].

‚ É ¡². 1.1 ¨ 1.2 ¶·¥¤¸É ¢²¥´Ò ¶ · ³¥É·Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¸ ¶μ²Ê¶·μ¢μ¤´¨±μ¢Ò³¨ ³μ´μ±·¨¸É ²² ³¨
BN, BP ¨ B4C ¸ ¢Ò¸μ±¨³¨ ±μ´Í¥´É· Í¨Ö³¨  Éμ³μ¢ 10,81‚ (¢ ¶·¨·μ¤´μ³ ¸μ-
¸É ¢¥ ¡μ·  19,8 % 10‚ ¨ 80,2% 11‚). ‡´ Î¥´¨Ö N , Rα

p , Nα
V , Sα

inel, σmax
α ¢ÒÎ¨-

¸²¥´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò TRIM [7].
‚ÒÎ¨¸²¥´¨¥ ¶ · ³¥É·μ¢, Ì · ±É¥·¨§ÊÕÐ¨Ì ¶·μÌμ¦¤¥´¨¥ ¨μ´μ¢ Î¥·¥§

		Š, ¢Ò¶μ²´¥´μ ´  μ¸´μ¢¥ ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò TRIM [7]. ’μ²Ð¨´Ê
μ¡· §Íμ¢ 		Š ¸Î¨É ¥³ μ¤¨´ ±μ¢μ° ¨ · ¢´μ° Zmax = 50 ³±³. 	μ·μ£μ¢ Ö Ô´¥·-
£¨Ö ¸³¥Ð¥´¨Ö ¤²Ö ¢¸¥Ì 		Š ¢Ò¡· ´  · ¢´μ° Ed = 20 Ô‚. ‚ É ¡². 1 Nα,Li

V Å
Î¨¸²μ ¢ ± ´¸¨°, ¸μ§¤ ¢ ¥³ÒÌ μ¤´μ° α-Î ¸É¨Í¥° ¨²¨ Ö¤·μ³ μÉ¤ Î¨ 7Li. ‚
¸Éμ²¡Í¥ ¤²Ö Sα

inel ¶¥·¢ Ö Í¨Ë·  μÉ´μ¸¨É¸Ö ± §´ Î¥´¨Õ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó
´  ¢Ìμ¤¥ ¢ ³¨Ï¥´Ó,   ¢Éμ· Ö Å ¢ ³ ±¸¨³Ê³¥ ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨
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’ ¡²¨Í  1.1. • · ±É¥·¨¸É¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ α-Î ¸É¨Í ¸
Ô´¥·£¨¥° Eα = 1, 77 ŒÔ‚, μ¡· §μ¢ ´´ÒÌ ¢ ·¥ ±Í¨¨ (1.1) ¸ É¥¶²μ¢Ò³¨ ´¥°É·μ´ ³¨,

¸ ¡μ·¸μ¤¥·¦ Ð¨³¨ ��Š

		Š ρ, N , T¶², Rα
p , Nα

V , Sα
inel, σmax

α ,
£/¸³3  Éμ³/¸³3 K ³±³ ¢ ±./α ±Ô‚/´³ ¸. ´.  . · ¸³2/α

B� 2,89 0, 833 · 1023 1400 4, 72 ± 0, 10 142,9 0,34/0,43 3, 40 · 10−17

B4C 2,52 1, 373 · 1023 2723 4, 26 ± 0, 07 106,4 0,36/0,53 2, 37 · 10−17

BN 2,34 1, 135 · 1023 3000 4, 87 ± 0, 10 130,4 0,34/0,46 2, 70 · 10−17

’ ¡²¨Í  1.2. • · ±É¥·¨¸É¨Î¥¸±¨¥ ¶ · ³¥É·Ò ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ Ö¤¥· μÉ¤ Î¨ 7Li
¸ Ô´¥·£¨¥° ELi = 1, 01 ŒÔ‚, μ¡· §μ¢ ´´ÒÌ ¢ ·¥ ±Í¨¨ (1.1) ¸ É¥¶²μ¢Ò³¨

´¥°É·μ´ ³¨, ¸ ¡μ·¸μ¤¥·¦ Ð¨³¨ ��Š

		Š ρ, N , T¶², RLi
p , Nα

V , SLi
inel, σmax

Li ,
£/¸³3  Éμ³/¸³3 K ³±³ ¢ ±./Li ±Ô‚/´³ ¸. ´.  . · ¸³2/Li

BP 2,89 0, 833 · 1023 1400 2, 13 ± 0, 14 316,8 0,71 6, 80 · 10−17

B4C 2,52 1, 373 · 1023 2723 1, 88 ± 0, 07 244,4 0,79 5, 60 · 10−17

BN 2,34 1, 373 · 1023 3000 2, 27 ± 0, 10 292,7 0,91 5, 85 · 10−17

α-Î ¸É¨Í; σmax
α,Li Å ¸¥Î¥´¨¥ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö §  ¸Î¥É Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö

α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¢ ³ ±¸¨³Ê³¥ (¢ ¶¨±¥ �·Ô££ ).

‚ · ¡μÉ¥ [3] μ¡¸Ê¦¤ ¥É¸Ö μ¡· §μ¢ ´¨¥ ¤¥Ë¥±Éμ¢ ¶μ¤ ¤¥°¸É¢¨¥³ ´¥°É·μ´μ¢
¸¶¥±É·  ¤¥²¥´¨Ö ·¥ ±Éμ·  ´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ˆ��-2 [4] ‹ ¡μ· Éμ·¨¨ ´¥°-
É·μ´´μ° Ë¨§¨±¨ �ˆŸˆ, É. ¥. ´¥¶μ¸·¥¤¸É¢¥´´μ §  ¸Î¥É Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¡Ò-
¸É·ÒÌ ´¥°É·μ´μ¢ (¶·¨ En > 0, 1 ŒÔ‚) ¨ Ö¤¥·´ÒÌ ·¥ ±Í¨° (1.1), (1.2) μÉ É¥¶²μ-
¢ÒÌ ´¥°É·μ´μ¢ (¶·¨ 0, 01 < En < 0, 45 Ô‚) ¢  ³μ·Ë´μ³ ¸¶² ¢¥ Fe77Ni2Si14B7.
‚ É ¡². 2 ¶·¨¢¥¤¥´μ ¸μμÉ´μÏ¥´¨¥ ¶μ²´ÒÌ ¶μÉμ±μ¢ ´¥°É·μ´μ¢ · §²¨Î´ÒÌ
Ô´¥·£¨° Φn ¶·¨ μ¡²ÊÎ¥´¨¨ ¤ ´´μ£μ  ³μ·Ë´μ£μ ¸¶² ¢  ¢ ± ´ ²¥ Ê¸É ´μ¢±¨
�…ƒ�’� ¸ ± ´ ²μ³ ¶´¥¢³ É¨Î¥¸±μ° É· ´¸¶μ·É¨·μ¢±¨ ±μ´É¥°´¥·μ¢ ¸ μ¡· §-
Í ³¨ ¢  ±É¨¢´ÊÕ §μ´Ê ·¥ ±Éμ·  ˆ��-2 [9Ä12].

‚ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¶μ²´μ£μ Î¨¸²  N10B  Éμ³μ¢
10B ¢ 		Š BP, B4C ¨ BN, Î¨¸²μ μ¡· §μ¢ ¢Ï¨Ì¸Ö α-Î ¸É¨Í (Nα) ¨ Ö¤¥· μÉ¤ Î¨
7Li (NLi), ¶μ²ÊÎ¥´´ÒÌ ¨§ ¢Ò· ¦¥´¨Ö (¶·¨ ÔÉμ³ Nα ≡ NLi)

Nα,Li = N10BσcaptureΦTherm
n , (2)

  É ±¦¥ ¶·¨¢¥¤¥´Ò ¤μ§Ò ¶μ¢·¥¦¤¥´¨° μÉ α-Î ¸É¨Í (Dα) ¨ Ö¤¥· μÉ¤ Î¨
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’ ¡²¨Í  2. • · ±É¥·¨¸É¨±¨ ´¥°É·μ´μ¢ ¶μ ¨Ì Ô´¥·£¨Ö³ ¨ ´ ¡· ´´Ò³ Ë²Õ¥´¸ ³
¶·¨ μ¡²ÊÎ¥´¨¨ ¸¶² ¢  Fe77Ni2Si14B7 [3], σFast

n Å μ·¨¥´É¨·μ¢μÎ´μ¥ ¸¥Î¥´¨¥
¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì ¶·¨ En > 0, 1 ŒÔ‚, σcapture Å

¸¥Î¥´¨¥ ·¥ ±Í¨° (1.1), (1.2) § Ì¢ É  É¥¶²μ¢μ£μ ´¥°É·μ´ 

’¨¶ 
´¥·£¨Ö, ”²Õ¥´¸, σFast
d , σcapture,

´¥°É·μ´μ¢ En, Ô‚ ¸³−2 ¸. ´.  . · ¸³2/n ¡

’¥¶²μ¢Ò¥ 0, 01 − 0, 45 ΦTherm
n = 2, 1 · 1017 Ä 3838 [3]

�¥§μ´ ´¸´Ò¥ 0, 45 − 105 ΦRezon
n = 4, 7 · 1017 Ä Ä

�Ò¸É·Ò¥ 105 − 2 · 107 ΦFast
n = 1, 8 · 1017 ≈ (2−4) · 10−22 Ä

7Li (DLi) ¢ ¸²μ¥ Éμ²Ð¨´μ° Zmax = 50 ³±³ ¨ ¶²μÐ ¤ÓÕ 1 × 1 ¸³:

Dα,Li = Nα,Li
V Nα,Li/NZmax , (3)

£¤¥ NZmax Å ¶μ²´μ¥ Î¨¸²μ  Éμ³μ¢ ¢ μ¡· §Í¥ 		Š ¢ ¤ ´´μ³ ¸²μ¥. Š·μ³¥ Éμ£μ,
¢ É ¡². 3 ¶·¥¤¸É ¢²¥´Ò ¶μ²´Ò¥ ¸¥Î¥´¨Ö ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö:

Dtotal
α,Li = Dα + DLi. (4)

’ ¡²¨Í  3. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¶μ²´μ£μ Î¨¸²  N10B  Éμ³μ¢ 10B ¢ ��Š BP, B4C ¨
BN, Î¨¸²μ μ¡· §μ¢ ¢Ï¨Ì¸Ö α-Î ¸É¨Í (Nα) ¨ Ö¤¥· μÉ¤ Î¨ 7Li (NLi), ¤μ§Ò

¶μ¢·¥¦¤¥´¨° μÉ α-Î ¸É¨Í (Dα) ¨ μÉ Ö¤¥· μÉ¤ Î¨ NLi (DLi), ¶μ²´μ¥ ¸¥Î¥´¨¥
¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö Dtotal

α,Li ¶·¨ Ë²Õ¥´¸¥ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢
ΦTherm

n = 2, 1 · 1017 ¸³−2 ¨ Éμ²Ð¨´¥ μ¡· §Íμ¢ Zmax = 50 ³±³

		Š —¨¸²μ  Éμ³μ¢ —¨¸²μ  Éμ³μ¢ ΦTherm
n , σcapture, Nα/NLi, Dα/DLi, Dtotal

α,Li

NZmax ¢ μ¡Ñ¥³¥ ¡μ·  10B ¸³−2 ¡ ×1016 ×10−3¸. ´.  .×10−3¸. ´.  .
V = 0, 005 ¸³3 ¢ μ¡Ñ¥³¥ V

BP 4,165 · 1020 4,12 · 1019 2, 1 · 1017 3838 3,32 1,11/2,47 3,58

B4C 6,865 · 1021 1,09 · 1020 2,1 · 1017 3838 8,79 1,35/3,13 4,48

BN 5,675 · 1020 5,62 · 1019 2,1 · 1017 3838 4,53 1,03/2,33 3,36

Š ± ¢¨¤´μ ¨§ É ¡². 2, ¤μ§  ¶μ¢·¥¦¤¥´¨° ¢ 		Š (BN, BP ¨ B4C) ¶·¨
Ë²Õ¥´¸¥ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ΦFast

n = 2, 1 · 1017 ¸³−2 ¨ ¸¥Î¥´¨¨ ¤¥Ë¥±Éμμ¡· -
§μ¢ ´¨Ö σFast

d ≈ (2−4) · 10−22 ¸. ´.  . · ¸³2/n (Ë²Õ¥´¸ ¢§ÖÉ, ± ± ¢ · ¡μÉ Ì [3])
¸μ¸É ¢²Ö¥É

DFast
n = σFast

d ΦFast
n ≈ (3, 6 ± 7, 2) · 10−5 ¸. ´.  . (5)
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ˆ§ ¸· ¢´¥´¨Ö §´ Î¥´¨° Dtotal
α,Li > 10−3 ¸. ´.  . (¸³. É ¡². 3) ¨ DFast

n ≈ (3, 6 ±
7, 2) · 10−5 ¸. ´.  . (5) ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ ¢ ¡μ·-
¸μ¤¥·¦ Ð¨Ì 		Š ¶·¨ ¢μ§¤¥°¸É¢¨¨ ´  ´¨Ì ¶μ²´μ£μ ¸¶¥±É·  ´¥°É·μ´μ¢ ¤¥-
²¥´¨Ö (¡¥§ ± ¤³¨¥¢ÒÌ ¶μ£²μÉ¨É¥²¥°) ·¥ ±Éμ·  ´  ¡Ò¸É·ÒÌ ´¥°É·μ´ Ì É¨¶ 
ˆ��-2 (‹�” �ˆŸˆ) ¶·μ¨¸Ìμ¤¨É ¶·¥¨³ÊÐ¥¸É¢¥´´μ §  ¸Î¥É Ö¤¥·´ÒÌ ·¥ ±-
Í¨° (1.1), (1.2). 	·¨ ÔÉμ³ ¸μ§¤ ¢ ¥³Ò¥ · ¤¨ Í¨μ´´Ò¥ ¤¥Ë¥±ÉÒ ¶· ±É¨Î¥¸±¨
· ¢´μ³¥·´μ · ¸¶·¥¤¥²¥´Ò ¶μ μ¡Ñ¥³Ê μ¡²ÊÎ ¥³ÒÌ 		Š ¶·¨ ¢Ò¡μ·¥ μ¡· §Íμ¢
¸ Éμ²Ð¨´ ³¨ É ±¨³¨, ÎÉμ¡Ò μ¸² ¡²¥´¨¥ ¶ÊÎ±  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ §  ¸Î¥É
¨Ì ¢¸ÉÊ¶²¥´¨Ö ¢ ·¥ ±Í¨¨ (1.1), (1.2), É. ¥. ¶μ£²μÐ¥´¨Ö ´  Éμ²Ð¨´¥ μ¡· §Í ,
¡Ò²μ μÉ´μ¸¨É¥²Ó´μ ´¥¡μ²ÓÏ¨³ (´¥¸±μ²Ó±μ ¶·μÍ¥´Éμ¢ μÉ §´ Î¥´¨Ö ´  ¢Ìμ¤¥ ¢
μ¡· §¥Í). ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ´¨¦¥.

‚ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¢ Ì¨³¨Î¥¸±¨° ¸μ¸É ¢ 		Š É¨¶  �IIIBIV (‚4‘) ¨
AIIIBV (‚� ¨ ‚N) ¢Ìμ¤ÖÉ Éμ²Ó±μ ²¥£±¨¥ Ì¨³¨Î¥¸±¨¥ Ô²¥³¥´ÉÒ,  ±É¨¢ Í¨¨
¶·μ¤Ê±Éμ¢ ¨Ì · ¸¶ ¤  ¸ ¡μ²ÓÏ¨³¨ ¶¥·¨μ¤ ³¨ ¶μ²Ê· ¸¶ ¤  ¶· ±É¨Î¥¸±¨ ´¥
¡Ê¤¥É.

�μ ¢ ¸²ÊÎ ÖÌ, ±μ£¤  § Ì¢ É É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ Ö¤· ³¨ 10B (¸³. Ö¤¥·´ÊÕ
·¥ ±Í¨Õ (1.1)) ¶·μ¨¸Ìμ¤¨É ¢¡²¨§¨ ¡μ±μ¢ÒÌ ¸Éμ·μ´ 		Š ¨ · ¸¶ ¤ Ö¤¥· 10B
¶·μ¨¸Ìμ¤¨É ¢ £¥μ³¥É·¨¨ 4π, Éμ α-Î ¸É¨ÍÒ ¨  Éμ³Ò μÉ¤ Î¨ 7Li, ¢Ò²¥É ÕÐ¨¥
¢ ¸Éμ·μ´Ê ¡μ±μ¢ÒÌ ¶μ¢¥·Ì´μ¸É¥° 		Š ¸ £²Ê¡¨´ Z < Rα

p ¨ Z < RLi
p ¸μμÉ¢¥É-

¸É¢¥´´μ, ³μ£ÊÉ ¶μ±¨´ÊÉÓ μ¡²ÊÎ ¥³Ò° μ¡· §¥Í. ’ ± ± ± ¶· ±É¨Î¥¸±¨ 60Ä70%
ÉμÎ¥Î´ÒÌ ¤¥Ë¥±Éμ¢ μ¡· §ÊÕÉ¸Ö ¢ §μ´¥ ¶¨±  �·Ô££  Å ³ ±¸¨³Ê³  ¤¥Ë¥±Éμ-
μ¡· §μ¢ ´¨Ö, Éμ É ±¨¥ α-Î ¸É¨ÍÒ ¨ Ö¤·  μÉ¤ Î¨ 7Li ¡Ê¤ÊÉ ´¥¸±μ²Ó±μ § ´¨¦ ÉÓ
§´ Î¥´¨Ö ¤μ§Ò ¶μ¢·¥¦¤¥´¨°, ´ Î¨´ Ö μÉ £²Ê¡¨´, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨Ì ¶·μ¥±-
É¨¢´Ò³ ¶·μ¡¥£ ³, ¨ ²¨´¥°´μ Ê³¥´ÓÏ ÉÓ¸Ö ¶μ ³¥·¥ ¶·¨¡²¨¦¥´¨Ö ± ¡μ±μ¢Ò³
¶μ¢¥·Ì´μ¸ÉÖ³. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ · ¸Î¥ÉÒ ¡Ò²¨ ¢Ò¶μ²´¥´Ò ¢ · ¡μÉ¥ [8].

Ÿ¸´μ, ÎÉμ ¶μ ³¥·¥ ¶·μÌμ¦¤¥´¨Ö É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ¸ Ô´¥·£¨Ö³¨ 0, 01 <
ETherm

n < 0, 45 Ô‚ Î¥·¥§ ¶²μ¸±μ¶ · ²²¥²Ó´Ò¥ ¶² ¸É¨´±¨ μ¡· §Íμ¢ 		Š ¡Ê¤¥É
¶·μ¨¸Ìμ¤¨ÉÓ ¨Ì ¶μ£²μÐ¥´¨¥ §  ¸Î¥É ¢¸ÉÊ¶²¥´¨Ö ¢ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ (1.1) ¨
(1.2). 
ÉμÉ ¶·μÍ¥¸¸, ± ± ¨ ¶·μÍ¥¸¸ · ¤¨μ ±É¨¢´μ£μ · ¸¶ ¤ , ³μ¦´μ μ¶¨¸ ÉÓ
¤¨ËË¥·¥´Í¨ ²Ó´Ò³ Ê· ¢´¥´¨¥³

dΦn(Z)
dZ

= −λZΦn(Z), (6)

μÉ±Ê¤  ´ Ìμ¤¨³ μ¡ÐÊÕ § ¢¨¸¨³μ¸ÉÓ Î¨¸²  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢, ¤μÏ¥¤Ï¨Ì ¤μ
£²Ê¡¨´Ò Z μÉ ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í , ´ ¶·¨³¥· 		Š:

Φn(Z) = ΦTherm
n,0 exp (−λZ × Z) ¶·¨ 0 � Z � Zmax. (7)

Š ± ²¥£±μ ¶μ± § ÉÓ, λZ ≡ σcaptureρ10B, £¤¥ ρ10B Å Î¨¸²μ  Éμ³μ¢ 10‚
¢ 1 ¸³3,   ΦTherm

n,0 = ΦTherm
n (Z = 0) ≡ 2, 1 · 1017 ¸³−2 (¤²Ö · ¸¸³ É·¨-

¢ ¥³μ£μ ¢ ¤ ´´μ° · ¡μÉ¥ ¸²ÊÎ Ö μ¡²ÊÎ¥´¨Ö μ¡· §Íμ¢ ´  ± ´ ²¥ �…ƒ�’� ¸
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¶´¥¢³ É¨Î¥¸±μ° É· ´¸¶μ·É¨·μ¢±μ° ¨Ì ¢  ±É¨¢´ÊÕ §μ´Ê ·¥ ±Éμ·  ˆ��-2 ‹�”
¨³. ˆ.Œ. ”· ´±  �ˆŸˆ (¸³. [9Ä12])).

Ÿ¸´μ, ÎÉμ ´ ¨¡μ²ÓÏ¥¥ ¶μ£²μÐ¥´¨¥ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ §  ¸Î¥É Ö¤¥·´ÒÌ
·¥ ±Í¨° (1.1), (1.2) ¡Ê¤¥É ¶·μ¨¸Ìμ¤¨ÉÓ ¢ 		Š B4C, ¢ ±μÉμ·μ³ ¢ 1 ¸³3 ´  μ¤¨´
 Éμ³ Ê£²¥·μ¤  ¶·¨Ìμ¤¨É¸Ö Î¥ÉÒ·¥  Éμ³  ¡μ· .

„²Ö ¢ÒÎ¨¸²¥´¨Ö £²Ê¡¨´ ¤²Ö ¶μÉμ±μ¢ ¤μ¸É¨£Ï¨Ì ¨Ì É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢
´¥μ¡Ìμ¤¨³μ ·¥Ï¨ÉÓ Ê· ¢´¥´¨Ö ¤²Ö §´ Î¥´¨° Zj :

kj = ΦTherm
n (Z = Zj)/ΦTherm

n,0 . (8)

	·¨ §´ Î¥´¨¨ kj = 0, 5 £²Ê¡¨´Ê Z = Z1/2 ³μ¦´μ ´ §¢ ÉÓ £²Ê¡¨´μ° ¶μ²Ê¶μ£²μ-
Ð¥´¨Ö ¶μÉμ±  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢. ˆ¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨Ö (7) ¨ (8), ´ Ìμ¤¨³
Ê· ¢´¥´¨¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö £²Ê¡¨´ Zj ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ §´ Î¥´¨° kj

¶·¨ j = 1, 5:

Zj = − ln (kj)
σcaptureρ10B

. (9)

	ÊÉ¥³ ¶μ¤¸É ´μ¢±¨ ¢ ¢Ò· ¦¥´¨¥ (9) §´ Î¥´¨° ±μÔËË¨Í¨¥´Éμ¢ kj ¤²Ö ¢¸¥Ì
É·¥Ì ¶μ²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ³μ´μ±·¨¸É ²²μ¢ (BP, B4C ¨ BN) ¶·¨ ¶ÖÉ¨ §´ Î¥´¨ÖÌ
±μÔËË¨Í¨¥´Éμ¢ kj = 0, 9, 0, 7, 0, 5, 0, 3 ¨ 0,1 ¡Ò²¨ ´ °¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
£²Ê¡¨´Ò ¢ μ¡· §Í Ì (Zj , j = 1, 5), ±μÉμ·Ò¥ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 4.

’ ¡²¨Í  4. �Éμ³´ Ö ¶²μÉ´μ¸ÉÓ  Éμ³μ¢ 10Bρ10B ( Éμ³/¸³3), £²Ê¡¨´ 
¶μ²Ê¶μ£²μÐ¥´¨Ö ¨¸Ìμ¤´μ£μ ¶μÉμ±  ´¥°É·μ´μ¢ Z1/2 (³±³), ¤μ²Ö ´¥°É·μ´μ¢,

¶·μÏ¥¤Ï¨Ì Î¥·¥§ μ¡· §¥Í ¸ Éμ²Ð¨´μ° k = Φ(Z = Zmax)/Φn,0, Zmax = 50 ³±³

		Š ρ10B, λZ ≡ Z1, ³±³ Z2, ³±³ Z3, ³±³ Z4, ³±³ Z5, ³±³
 Éμ³/¸³3 σcaptureρ10B, k1 = 0, 9 k2 = 0, 7 k3 = 0, 5 k4 = 0, 3 k5 = 0, 1

³±³

BP 0, 82 · 1022 3, 15 · 10−3 33 113 220 359 731

B4C 2, 17 · 1022 8, 33 · 10−3 13 43 83 136 276

BN 1, 12 · 1022 4, 30 · 10−3 24 83 161 263 535

	μ¸²¥ ¶·μÌμ¦¤¥´¨Ö ¸²μ¥¢ 		Š ¸ μ¤¨´ ±μ¢Ò³¨ Éμ²Ð¨´ ³¨ Zmax =
50 ³±³ ±μ²¨Î¥¸É¢μ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ μÉ ¨¸Ìμ¤´μ£μ §´ Î¥´¨Ö Ë²Õ¥´¸  ´ 
¢Ìμ¤¥ ¢ μ¡· §ÍÒ (ΦTherm

n,0 = ΦTherm
n (Z = 0) ≡ 2, 1 · 1017 ¸³−2) ¸μ¸É ¢¨É (¸³.

¢Ò· ¦¥´¨¥ (7))

⎧⎨
⎩

BP − ΦTherm
n,BP (Zmax = 50 ³±³) = 1, 79 · 1017 ¸³−2 (85 %);

B4C − ΦTherm
n,B4C (Zmax = 50 ³±³) = 1, 38 · 1017 ¸³−2 (66 %);

BN − ΦTherm
n,BN (Zmax = 50 ³±³) = 1, 69 · 1017 ¸³−2 (80 %).

(10)
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‚ ¸±μ¡± Ì Ê± § ´ ¶·μÍ¥´É ¶·μÏ¥¤Ï¨Ì Î¥·¥§ ¸²μ¨ ¸ Zmax = 50 ³±³
		Š É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ¶μ μÉ´μÏ¥´¨Õ ± ¨¸Ìμ¤´μ³Ê Ë²Õ¥´¸Ê. ‚¨¤´μ,
ÎÉμ ¶μ£²μÐ¥´¨¥ ¶·μÏ¥¤Ï¨Ì Î¥·¥§ É ±¨¥ ¸²μ¨ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ´¥ ¸Éμ²Ó
§´ Î¨É¥²Ó´μ¥.

‚›‚�„›

� ¸Î¥ÉÒ ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ É ±μ¥ μ¡²ÊÎ¥´¨¥ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
¸μ§¤ ¢ ÉÓ · §¢¨ÉÊÕ ¢ ± ´¸¨μ´´ÊÕ ¤¥Ë¥±É´ÊÕ ¸É·Ê±ÉÊ·Ê ¢ ¡μ·¸μ¤¥·¦ Ð¨Ì ¶μ-
²Ê¶·μ¢μ¤´¨±μ¢ÒÌ ³μ´μ±·¨¸É ²² Ì ¶·¨ ¤μ¸É ÉμÎ´μ μ¤´μ·μ¤´μ³ · ¸¶·¥¤¥²¥-
´¨¨ ¢ ± ´¸¨° ¶μ μ¡Ñ¥³Ê. 
Éμ ³μ¦¥É ¨³¥ÉÓ ¢ ¦´μ¥ §´ Î¥´¨¥ ¤²Ö É¥Ì´μ²μ£¨-
Î¥¸±μ£μ ¶·¨³¥´¥´¨Ö, ´ ¶·¨³¥·, ¤²Ö ¡μ²¥¥ ÔËË¥±É¨¢´μ° ¤¨ËËÊ§¨¨ É¥Ì´μ²μ-
£¨Î¥¸±¨Ì Ì¨³¨Î¥¸±¨Ì ¶·¨³¥¸¥° ¶μ ¢ ± ´¸¨μ´´μ³Ê ³¥Ì ´¨§³Ê ¶·¨ ´ ´¥¸¥´¨¨
¨Ì ´  ¶μ¢¥·Ì´μ¸ÉÓ ¨²¨ ¨³¶² ´É Í¨¨ ¢ ¶μ¢¥·Ì´μ¸ÉÓ 		Š ¶·¨ ¶μ¸²¥· ¤¨ Í¨-
μ´´μ³ μÉ¦¨£¥.
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