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� ¸¸³μÉ·¥´μ ¢²¨Ö´¨¥ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·¨ § Ì¢ É¥ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢  Éμ³ ³¨ ²¥£-
±μ£μ ¨§μÉμ¶  10B, ¢ ·¥§Ê²ÓÉ É¥ ±μÉμ·ÒÌ μ¡· §ÊÕÉ¸Ö α-Î ¸É¨ÍÒ ¸ Ô´¥·£¨Ö³¨ 1,77 (¢ÒÌμ¤
93%) ¨ 1,46 ŒÔ‚ (¢ÒÌμ¤ 7%) ¨ Ö¤·  μÉ¤ Î¨ 7Li ¸ Ô´¥·£¨Ö³¨ 1,01 ¨ 0,84 ŒÔ‚, ´  ¤¥-
Ë¥±Éμμ¡· §μ¢ ´¨¥ ¢  ³μ·Ë´μ³ ³¥É ²²¨Î¥¸±μ³ ¸¶² ¢¥ Fe77Ni2Si14B7 ¶·¨ μ¡²ÊÎ¥´¨¨ ¢
·¥ ±Éμ·¥ ˆ	�-2 ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± . �μ± § ´μ, ÎÉμ ¢±² ¤
¢ μ¡· §μ¢ ´¨¥ · ¤¨ Í¨μ´´ÒÌ ¤¥Ë¥±Éμ¢ ¶·¨ Ê¶·Ê£μ³ · ¸¸¥Ö´¨¨ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨
7Li ¶·¥¢ÒÏ ¥É ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ §  ¸Î¥É Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ´ 
Ö¤· Ì ¤ ´´μ£μ ¡μ·¸μ¤¥·¦ Ð¥£μ  ³μ·Ë´μ£μ ¸¶² ¢  ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò. ‚ÒÎ¨-
¸²¥´ ±μÔËË¨Í¨¥´É ¶μ£²μÐ¥´¨Ö É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢ ¶·¨ ¶·μÌμ¦¤¥´¨¨ ¨Ì Î¥·¥§ μ¡· §¥Í § 
¸Î¥É Ö¤¥·´μ° ·¥ ±Í¨¨ § Ì¢ É . �·μ¢¥¤¥´Ò μÍ¥´±¨ μÉ´μ¸¨É¥²Ó´μ£μ ±μ²¨Î¥¸É¢  α-Î ¸É¨Í ¨
Ö¤¥· μÉ¤ Î¨ 7Li, μ¡· §ÊÕÐ¨Ì¸Ö ´  · ¸¸ÉμÖ´¨ÖÌ μÉ ¡μ±μ¢ÒÌ ¶μ¢¥·Ì´μ¸É¥° μ¡· §Íμ¢, ³¥´Ó-
Ï¨Ì ¨Ì ¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢, ¨ ¨³¥ÕÐ¨Ì ¢μ§³μ¦´μ¸É¨ ¶μ±¨´ÊÉÓ μ¡²ÊÎ ¥³Ò¥ μ¡· §ÍÒ
¸¶² ¢  Fe77Ni2Si14B7 ¨ É¥³ ¸ ³Ò³ ¶· ±É¨Î¥¸±¨ ´¥ ¢´μ¸ÖÐ¨Ì ¢±² ¤ ¢ ¤¥Ë¥±Éμμ¡· §μ¢ -
´¨¥. �μ²ÊÎ¥´  ¶·¨¡²¨¦¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° μÉ £²Ê¡¨´Ò ¢ μ¡²ÊÎ ¥³ÒÌ
μ¡· §Í Ì ¸¶² ¢ .

� ¡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

Golubok D. S., Didyk A.Yu., Hofman A. P17-2007-115
Estimation of Damage Dose at Fe77Ni2Si14B7

Amorphous Alloy Irradiated with Neutrons on IBR-2

Damage creation in amorphous alloy Fe77Ni2Si14B7 under irradiation at IBR-2 reactor
of the Frank Laboratory of Neutron Physics is considered. The in
uence of α-particles with
energies of 1.77 MeV (yield 93%) and 1.46 MeV (yield 7%) and 7Li recoils with energies
1.01 MeV (yield 93%) and 0.84 MeV (yield 7 %) produced at thermal neutrons capture
reactions and light 10B isotopes on radiation defects creation is calculated. It was shown
the production of damage at the elastic scattering processes by α-particles and 7Li recoils
is more than one order value bigger in comparison with production by fast neutrons elastic
scattering processes. The absorption coefˇcient of thermal neutrons at their passing through the
amorphous Fe77Ni2Si14B7 samples versus the depth is presented. The estimations of relative
quantities of α-particles and 7Li recoils produced in the capture reactions at the distances from
the lateral surfaces of samples less than their projected ranges and having possibilities to 
y
out from irradiated Fe77Ni2Si14B7 alloy samples, thus contributing little to damage creation,
are presented. Approximate analytical dependence of damage dose versus the depth between
the lateral surfaces is obtained.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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ˆ§ÊÎ¥´¨¥ μ¸μ¡¥´´μ¸É¥° ¶μ¢¥¤¥´¨Ö ³ É¥·¨ ²μ¢ ¶·¨ ¢μ§¤¥°¸É¢¨¨ ´  ´¨Ì
· §²¨Î´ÒÌ ¢¨¤μ¢ ¨§²ÊÎ¥´¨° Ö¢²Ö¥É¸Ö ¢ ¦´μ° ¨  ±ÉÊ ²Ó´μ° ¨¸¸²¥¤μ¢ É¥²Ó-
¸±μ° § ¤ Î¥° [1Ä4]. �¸μ¡¥´´Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¸· ¢´¨É¥²Ó´Ò¥ ¨¸-
¸²¥¤μ¢ ´¨Ö ¨§³¥´¥´¨° ¸¢μ°¸É¢ ³ É¥·¨ ²μ¢ ¶μ¤ ¤¥°¸É¢¨¥³ · §²¨Î´ÒÌ Î ¸É¨Í,
É ±¨Ì ± ± ²¥£±¨¥ ¨ ÉÖ¦¥²Ò¥ ¨μ´Ò, ¡Ò¸É·Ò¥ ´¥°É·μ´Ò ¨ Ô²¥±É·μ´Ò [3Ä5].
�Éμ μ¡Ê¸²μ¢²¥´μ · §²¨Î¨¥³ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É·μ¢ ¶¥·¢¨Î´μ ¢Ò¡¨ÉÒÌ  Éμ-
³μ¢, ¤²¨´ ¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£μ¢ ¢μ§¡Ê¦¤¥´´ÒÌ Ô²¥±É·μ´μ¢, μ¡· §μ¢ ´´ÒÌ § 
¸Î¥É ¨μ´¨§ Í¨μ´´ÒÌ ¶μÉ¥·Ó Ô´¥·£¨¨, É¥¶²μ¢Ò³¨ ÔËË¥±É ³¨ É¨¶  ®É¥¶²μ¢μ£μ
¶¨± ¯, ¸É·Ê±ÉÊ·´μ-Ë §μ¢Ò³¨ ¶·¥¢· Ð¥´¨Ö³¨, · ¤¨ Í¨μ´´μ-¸É¨³Ê²¨·μ¢ ´´μ°
¤¨ËËÊ§¨¥° ¨ ·Ö¤μ³ ¤·Ê£¨Ì Ë ±Éμ·μ¢.

’ ±¦¥ ¨´É¥·¥¸´μ ¨§ÊÎ¥´¨¥ ¶μ¢¥¤¥´¨Ö  ³μ·Ë´ÒÌ ³¥É ²²¨Î¥¸±¨Ì ¸¶² ¢μ¢,
±μÉμ·Ò¥ Ì · ±É¥·¨§ÊÕÉ¸Ö μÉ¸ÊÉ¸É¢¨¥³ ¤ ²Ó´¥£μ ¶μ·Ö¤±  ·¥Ï¥É±¨. �μÔÉμ³Ê
¨¸¸²¥¤μ¢ ´¨¥ ¨§³¥´¥´¨° ¨Ì ¸¢μ°¸É¢ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¤²Ö ¶μ´¨³ ´¨Ö
¶·μÍ¥¸¸μ¢ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¢ ¸É·Ê±ÉÊ· Ì, ¢ ±μÉμ·ÒÌ μÉ¸ÊÉ¸É¢Ê¥É ¤ ²Ó´¨°
¶μ·Ö¤μ± ¢ ·¥Ï¥É±¥, É. ¥. Ë ±É¨Î¥¸±¨ ¸μ¸ÉμÖÐ¨Ì ¨§ μ¤´¨Ì ¤¥Ë¥±Éμ¢. ‚ ¸¢Ö§¨ ¸
¢ÒÏ¥¨§²μ¦¥´´Ò³  ³μ·Ë´Ò° ¸¶² ¢ Fe77Ni2Si14B7 ¡Ò² μ¡²ÊÎ¥´ ¨μ´ ³¨ ¢Ò¸μ-
±¨Ì Ô´¥·£¨°,   ¨³¥´´μ ¨μ´ ³¨  ·£μ´  ¨ ±·¨¶Éμ´  ¸ Ô´¥·£¨Ö³¨ 155 ¨ 253 ŒÔ‚
¸μμÉ¢¥É¸É¢¥´´μ,   É ±¦¥ ´¥°É·μ´ ³¨ ¸¶¥±É·  ¤¥²¥´¨Ö ¢ ·¥ ±Éμ·¥ ˆ	�-2 ‹ -
¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´±  �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ 
Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°.

–¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö μ¶·¥¤¥²¥´¨¥ ¶μ²´μ£μ ¸¥Î¥´¨Ö ¤¥Ë¥±-
Éμμ¡· §μ¢ ´¨Ö σd(X) ¨ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° Dn(X) μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¨
¢±² ¤  ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·¨ μ¡²ÊÎ¥´¨¨ ¤ ´´μ£μ ¡μ·¸μ¤¥·¦ Ð¥£μ
 ³μ·Ë´μ£μ ¸¶² ¢  ¢ ·¥ ±Éμ·¥ ˆ	�-2.

1. ‚›—ˆ‘‹…�ˆ… „…”…Š’�����‡�‚��ˆŸ ‚ �Œ��”��Œ
‘�‹�‚… Fe77Ni2Si14B7 ��ˆ ��‹“—…�ˆˆ �…‰’����Œˆ

‘�…Š’�� „…‹…�ˆŸ ‚ �…�Š’��… ˆ��-2

�¡²ÊÎ¥´¨¥ μ¡· §Íμ¢  ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 ¡Ò²μ ¶·μ¢¥¤¥´μ ´ 
¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ˆ	�-2 ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ°
Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´±  �ˆŸˆ ´  Ê¸É ´μ¢±¥ �…ƒ�’� ¸ ¶´¥¢³ É¨Î¥¸±μ°
É· ´¸¶μ·É¨·μ¢±μ° μ¡· §Íμ¢ ¢  ±É¨¢´ÊÕ §μ´Ê ·¥ ±Éμ·  [6].
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‚ ¤ ´´μ³ · ¸¸³μÉ·¥´¨¨ ¤²Ö ¶·μ¸ÉμÉÒ ¢Ò¡¥·¥³ ¸¥Î¥´¨¥ ¤¥Ë¥±Éμμ¡· §μ¢ -
´¨Ö σd μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¨¸Ìμ¤Ö ¨§ ²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ ¤²Ö ·¥ ±Éμ·μ¢
¸ Ô´¥·£¥É¨Î¥¸±¨³¨ ¸¶¥±É· ³¨ ´¥°É·μ´μ¢, ¡²¨§±¨³¨ ± Ô´¥·£¥É¨Î¥¸±μ³Ê ¸¶¥±-
É·Ê ·¥ ±Éμ·  ˆ	�-2. ‚ É ¡². 1 ¶·¥¤¸É ¢²¥´Ò ¤ ´´Ò¥ ¶μ μ¸´μ¢´Ò³ ¶ · ³¥-
É· ³ ´¥°É·μ´μ¢, Ì · ±É¥·¨§ÊÕÐ¨³ ¶·μ¢¥¤¥´´μ¥ μ¡²ÊÎ¥´¨¥ μ¡· §Íμ¢  ³μ·Ë-
´μ£μ ³¥É ²²¨Î¥¸±μ£μ ¸¶² ¢  Fe77Ni2Si14B7 ´  ·¥ ±Éμ·¥ ˆ	�-2 [6Ä8]. ‡¤¥¸Ó
σd Å ¸¥Î¥´¨¥ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¤²Ö ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ (En > 0, 1 ŒÔ‚)
¨§ ²¨É¥· ÉÊ·´ÒÌ ¤ ´´ÒÌ [9, 10]; σ∗

capture Å ¸¥Î¥´¨¥ § Ì¢ É  ´¥°É·μ´  ¢ ·¥ ±-
Í¨¨

1n0 + 10B −→ 7Li (E(1)
Li = 1, 01 ŒÔ‚) + 4α2+(E(1)

α = 1, 77 ŒÔ‚), (1.1)

1n0 + 10B −→ 7Li (E(2)
Li = 0, 84 ŒÔ‚) + 4α2+(E(2)

α = 1, 46 ŒÔ‚). (1.2)

4α2+-Î ¸É¨ÍÒ ¨¸¶Ê¸± ÕÉ¸Ö ¶μ ¤¢Ê³ ± ´ ² ³, μÉ¢¥Î ÕÐ¨³ μ¸´μ¢´μ³Ê ¸μ¸Éμ-
Ö´¨Õ 7Li ¶·¨ Ô´¥·£¨¨ ·¥ ±Í¨¨ Q = 2, 78 ŒÔ‚ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ · ¸¶ ¤  0,93
¨ ¶¥·¢μ³Ê ¢μ§¡Ê¦¤¥´´μ³Ê ¸μ¸ÉμÖ´¨Õ 7Li ¶·¨ Ô´¥·£¨¨ ·¥ ±Í¨¨ Q = 2, 3 ŒÔ‚
¸ ¢¥·μÖÉ´μ¸ÉÓÕ · ¸¶ ¤  0,07 (¸³. [11], ¸. 390). ‡ ³¥É¨³, ÎÉμ ¶·¨ · ¸¶ ¤¥
Ö¤·  10B ¶μ ¶·μÍ¥¸¸Ê (1) α-Î ¸É¨Í  ¨ Ö¤·μ μÉ¤ Î¨ 7Li ¶μ²ÊÎ ÕÉ Ô´¥·£¨¨,
²¥£±μ ¢ÒÎ¨¸²Ö¥³Ò¥ ¨§ § ±μ´μ¢ ¸μÌ· ´¥´¨Ö ¨³¶Ê²Ó¸  (−→pα = −−→pLi) ¨ Ô´¥·£¨¨
(Q = Eα + ELi) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢Ò· ¦¥´¨Ö³¨

E(1),(2)
α =

Q

1 + Mα/MLi
, (2.1)

E
(1),(2)
Li = E1,2

α

Mα

MLi
. (2.2)

‡´ Î¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ô´¥·£¨° 4α2+-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¶·¨¢¥¤¥´Ò
¢ ¸±μ¡± Ì ¢ (1.1) ¨ (1.2).

’ ¡²¨Í  1

’¨¶ �´¥·£¨Ö, ”²Õ¥´¸, σd, ¸.´. . · ¸³2/n σ∗
capture,

´¥°É·μ´μ¢ En, Ô‚ ¸³−2 [3, 9] ¡

’¥¶²μ¢Ò¥ 0, 01 − 0, 45 ΦTherm
n = 2, 1 · 1017 Ä 3838 [10]

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

	Ò¸É·Ò¥ 105 − 2, 0 · 107 ΦFast
n = 1, 8 · 1017 ≈ (2 − 4) · 10−22 Ä

Š ± ¢¨¤´μ, ¶μÉμ± ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¸ Ô´¥·£¨Ö³¨ En > 0, 1 ŒÔ‚, ±μÉμ-
·Ò¥ ¸¶μ¸μ¡´Ò ¸μ§¤ ¢ ÉÓ ÉμÎ¥Î´Ò¥ ¤¥Ë¥±ÉÒ ¶μ ”·¥´±¥²Õ (¢ ± ´¸¨¨ ¨ ³¥¦¤μ-
Ê§¥²Ó´Ò¥  Éμ³Ò), ¸μ¸É ¢²Ö¥É ΦFast

n = 1, 8 · 1017 ¸³−2. „μ§  ¶μ¢·¥¦¤¥´¨° ¶·¨
É ±μ³ Ë²Õ¥´¸¥ μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ ¸μ¸É ¢¨É
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DFast
n = σdΦFast

n ≈ (3, 6 − 7, 2) · 10−5 ¸. ´.  . (3)

�Í¥´¨³ ¤ ²¥¥ ¶μ²´μ¥ ±μ²¨Î¥¸É¢μ  ±Éμ¢ · ¸¶ ¤μ¢ Ö¤¥· ¡μ·  10B, É. ¥. ¶μ²´μ¥

Î¨¸²μ α-Î ¸É¨Í Nα ¸ Ô´¥·£¨Ö³¨ E
(1)
α = 1, 77 ŒÔ‚ (· ¸¶ ¤ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ

0,93) ¨ E
(2)
α = 1,46 ŒÔ‚ (· ¸¶ ¤ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ 0,07) ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¸

Ô´¥·£¨Ö³¨ E
(1)
Li = 1, 01 ŒÔ‚ (·¥ ±Í¨Ö (1.1)) ¨ E

(2)
Li = 0, 84 ŒÔ‚ (·¥ ±Í¨Ö

(1.2)),   § É¥³ ¢ÒÎ¨¸²¨³ ¢±² ¤ μÉ ¶μ²´ÒÌ Ë²Õ¥´¸μ¢ μ¡²ÊÎ¥´¨Ö α-Î ¸É¨Í ³¨
¨ Ö¤· ³¨ μÉ¤ Î¨ 7Li ¢ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ Dα,Li

n .
�μ²´μ¥ Î¨¸²μ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ, ¨¸¶μ²Ó§ÊÖ

¢Ò· ¦¥´¨¥

Nα,Li = σ∗
captureΦ

Therm
n N

10B
nuclei, (4)

£¤¥ N
10B
nuclei Å Î¨¸²μ Ö¤¥· 10B ¢ μ¡· §Í Ì  ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 ¸

Éμ²Ð¨´μ° H = 25 ³±³ = 2, 5 · 10−3 ¸³ ¨ ¶²μÐ ¤ÓÕ 1, 0 × 1, 0 ¸³ ¤²Ö ¢¸¥Ì
¨§ÊÎ¥´´ÒÌ μ¡· §Íμ¢. �Éμ³ ·´ Ö ¶²μÉ´μ¸ÉÓ  ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7

¶·¨ ¥£μ ¶²μÉ´μ¸É¨ ρFeNiSiB = 6, 724 £/¸³3 ¸μ¸É ¢²Ö¥É nFeNiSiB = 8, 286 ×
1022  Éμ³/¸³3. ‘²¥¤μ¢ É¥²Ó´μ, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ÎÉμ ¶μ²´μ¥ Î¨¸²μ Ö¤¥·
10B, ±μÉμ·μ£μ ¢ ¶·¨·μ¤´μ³ Ì¨³¨Î¥¸±μ³ Ô²¥³¥´É¥ ¡μ·¥ ¸μ¤¥·¦¨É¸Ö 19,8 %,
¢ ¥¤¨´¨Í¥ μ¡Ñ¥³  μ¡· §Í   ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 ¸μ¸É ¢¨É n10B =
1, 16 · 1021  É.10B/¸³3,   ¢ μ¡Ñ¥³¥

VFeNiSiB = (1, 0 × 1, 0 × 2, 5) · 10−3 ¸³3 (5)

¸μ¸É ¢¨É N
10B
nuclei = n10BVFeNiSiB ≈ 2, 875·1018 Ö¤¥·. ˆ¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ (4),

³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ÎÉμ ¶μ²´μ¥ Î¨¸²μ α-Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨ 1,77 ¨ 1,46 ŒÔ‚
¨ Ö¤¥· μÉ¤ Î¨ 7Li ¸ Ô´¥·£¨Ö³¨ 1,01 ¨ 0,84 ŒÔ‚, μ¡· §μ¢ ¢Ï¨Ì¸Ö ¢ μ¡Ñ¥³¥
VFeNiSiB = 2, 5 · 10−3 ¸³3 ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨° (1.1) ¨ (1.2), · ¢´μ

Nα,Li = 2, 32 · 1015. (6)

‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±μ³¶ÓÕÉ¥·´μ° ¶·μ£· ³³Ò TRIM-98 [12] ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò

Ê¶·Ê£¨¥ ¶μÉ¥·¨ Ô´¥·£¨¨ Sα,Li
elast(z) = −

(
∂E

∂z

)α,Li

elast

(z) ¨ ¸¥Î¥´¨Ö ¤¥Ë¥±Éμμ¡· -

§μ¢ ´¨Ö σα,Li
d (z) =

Sα,Li
elast(z)

EdnFeNiSiB
¶·¨ ¶μ·μ£μ¢μ° ¢¥²¨Î¨´¥ Ô´¥·£¨¨ ¸³¥Ð¥´¨Ö

 Éμ³μ¢  ³μ·Ë´μ£μ ¸¶² ¢ , · ¢´μ° Ed = 20 Ô‚; μ¶·¥¤¥²¥´Ò É ±¦¥ §´ Î¥´¨Ö

´¥Ê¶·Ê£¨Ì ¶μÉ¥·Ó Ô´¥·£¨¨ Sα,Li
inel (z) = −

(
∂E

∂x

)α,Li

inel

(z) ¨ ¢¥²¨Î¨´Ò ¶·μ¥±É¨¢-

´ÒÌ ¶·μ¡¥£μ¢ α-Î ¸É¨Í (Rα
p ) ¨ Ö¤¥· μÉ¤ Î¨ 7Li (RLi

p ) ¢ ³¨Ï¥´¨. ‚ É ¡². 2.1 ¨
2.2 ¶·¥¤¸É ¢²¥´Ò ¶ · ³¥É·Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¶·μÍ¥¸¸Ò ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨
α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¸  ³μ·Ë´Ò³ ¸¶² ¢μ³ Fe77Ni2Si14B7.
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’ ¡²¨Í  2.1. � · ³¥É·Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥ α-Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨
E1

α = 1, 77 ¨ E2
α = 1, 46 ŒÔ‚ ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¸ Ô´¥·£¨Ö³¨ E1

Li = 1, 01 ŒÔ‚ ¨
E2

Li = 0, 84 ŒÔ‚ ¸  ³μ·Ë´Ò³ ¸¶² ¢μ³ Fe77Ni2Si14B7 ¶·¨ ¶μ·μ£μ¢μ° Ô´¥·£¨¨
¸³¥Ð¥´¨Ö Ed = 20 Ô‚. „²Ö α-Î ¸É¨Í

Rα
p , ³±³ —¨¸²μ σα

d , σα
d , Sα

inel, Sα
inel,

¢ ± ´¸¨° ¸. ´.  . · ¸³2/α ¸. ´.  . · ¸³2/α ±Ô‚/´³ ±Ô‚/´³
Nα

V , ¢ ±./α

E
(1)
α =1,77 ŒÔ‚ z ≈ 0 ³±³ zm

α,1 ≈ 3,2 ³±³ z ≈ 0 ³±³ zm ≈ 1,85 ³±³

E
(2)
α =1,46 ŒÔ‚ zm

α,2 ≈ 2,6 ³±³ zm ≈ 1,25 ³±³

3,15 ± 0,18 207,6 ≈ 1,24 · 10−18 ≈ 4,67 · 10−17 0,59 0,67

2,56 ± 0,17 201,7 ≈ 1,01 · 10−18 ≈ 4,86 · 10−17 0,67 0,67

’ ¡²¨Í  2.2. „²Ö Ö¤¥· μÉ¤ Î¨ 7Li

7Li, RLi
p , ³±³ —¨¸²μ σLi

d , σLi
d , SLi

inel,
ELi, ŒÔ‚ ¢ ± ´¸¨°, ¸. ´.  . · ¸³2/α ¸. ´.  . · ¸³2/α ±Ô‚/´³

NLi
V , ¢ ±./Li z ≈ 0 ³±³ zm

Li,1 ≈ 1,50 ³±³ z ≈ 0 ³±³
zm
Li,2 ≈ 1,29 ³±³

1,01 1,48 ± 0,16 432,5 ≈ 6,97 · 10−18 ≈ 1, 05 · 10−16 0,99

0,84 1,31 ± 0,16 422,8 ≈ 6, 97 · 10−18 ≈ 9, 84 · 10−17 0,94

‚ É ¡². 2.1 ¢¥·Ì´¨¥ §´ Î¥´¨Ö μÉ´μ¸ÖÉ¸Ö ± ¶ · ³¥É· ³, Ì · ±É¥·¨§ÊÕÐ¨³

¶·μÌμ¦¤¥´¨¥ Î¥·¥§ μ¡· §¥Í α-Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨ E
(1)
α = 1, 77 ŒÔ‚,   ´¨¦-

´¨¥ Å ¸ Ô´¥·£¨Ö³¨ E
(2)
α = 1, 46 ŒÔ‚ ¸μμÉ¢¥É¸É¢¥´´μ.

Š ± ¢¨¤´μ ¨§ É ¡². 2.1 ¨ 2.2, μÉ²¨Î¨Ö ¢ ¶μ²´μ³ Î¨¸²¥ ¸μ§¤ ´´ÒÌ ¢ ± ´¸¨°
(Nα,Li

V ), ¸¥Î¥´¨ÖÌ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö (σα,Li
d (z)) ¨ ´¥Ê¶·Ê£¨Ì ¶μÉ¥·ÖÌ Ô´¥·£¨¨

(Sα,Li
inel (z)) ¢ ¶·μ¥±É¨¢´ÒÌ ¶·μ¡¥£ Ì (Rα,Li

p ) ´¥§´ Î¨É¥²Ó´Ò¥ ± ± ¤²Ö α-Î ¸É¨Í,

É ± ¨ ¤²Ö Ö¤¥· μÉ¤ Î¨ 7Li · §´ÒÌ Ô´¥·£¨° (E(1)
α,Li, E

(2)
α,Li). �μÔÉμ³Ê ¤ ²¥¥ ¡Ê¤¥³

¸Î¨É ÉÓ, É ± ± ± ÔÉμ ´¥ ¶·¨´Í¨¶¨ ²Ó´μ ¨ ´¥§´ Î¨É¥²Ó´μ ¢²¨Ö¥É ´  ·¥§Ê²ÓÉ ÉÒ,
ÎÉμ ¢¸¥ α-Î ¸É¨ÍÒ ¨ Ö¤·  μÉ¤ Î¨ ¨³¥ÕÉ Ô´¥·£¨¨ Eα = 1, 77 ¨ ELi = 1, 01 ŒÔ‚
¸μμÉ¢¥É¸É¢¥´´μ.

ˆ¸¶μ²Ó§ÊÖ ¶μ²ÊÎ¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö Î¨¸²  ¢ ± ´¸¨°, ¸μ§¤ ¢ ¥³ÒÌ μ¤´μ°
α-Î ¸É¨Í¥° Nα

V = 220 ¨ μ¤´¨³ Ö¤·μ³ μÉ¤ Î¨ 7Li NLi
V = 432, 5, ¨ ¶μ²´μ¥ Î¨¸²μ

μ¡· §μ¢ ¢Ï¨Ì¸Ö α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ Nα,Li = 2, 32 · 1015 (¸³. ¢Ò· ¦¥´¨¥
(6)), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶μ²´μ¥ Î¨¸²μ ¸μ§¤ ´´ÒÌ ¢ ± ´¸¨° (ÉμÎ¥Î´ÒÌ ¤¥Ë¥±Éμ¢)
§  ¸Î¥É Ö¤¥·´μ° ·¥ ±Í¨¨ (1) Nα,Li

V,total = Nα
V Nα + NLi

V NLi ≡ Nα,Li(Nα
V + NLi

V )
¨ § É¥³ ´ °É¨ ¤μ§Ê ¶μ¢·¥¦¤¥´¨° Dα+Li

d μÉ ¶μ²´μ£μ Î¨¸²  α-Î ¸É¨Í (Nα) ¨
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Ö¤¥· μÉ¤ Î¨ 7Li (NLi) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢Ò· ¦¥´¨Ö

Dα+Li
d = Dα

d + DLi
d =

NαNα
V

nFeNiSiH
+

NLiN
Li
V

nFeNiSiH
= 7, 3 · 10−3 ¸. ´.  . (7)

ˆ§ ¸· ¢´¥´¨Ö §´ Î¥´¨° DFast
n ≈ (5, 4 − 10, 8) · 10−5 ¸. ´.  . ¨ Dα+Li

d =
7, 3 · 10−3 ¸. ´.  . ¢¨¤´μ, ÎÉμ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ μÉ α-Î ¸É¨Í (Dα

d = 2, 46 ×
10−3 ¸. ´.  .) ¨ Ö¤¥· μÉ¤ Î¨ 7Li (DLi

d = 4, 84 · 10−3 ¸. ´.  .) ¨§ Ö¤¥·´ÒÌ ·¥ ±Í¨°
(1.1), (1.2) ¡μ²¥¥ Î¥³ ´  ¤¢  ¶μ·Ö¤±  ¢¥²¨Î¨´Ò ¶·¥¢ÒÏ ¥É ¤¥Ë¥±Éμμ¡· §μ¢ -
´¨¥ μÉ ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢.

2. ��‘—…’› �‘‹��‹…�ˆŸ ��’�Š� �…‰’����‚ ��
��ƒ‹�™…�ˆ… ��ˆ ���•�†„…�ˆˆ ”�‹œƒˆ �Œ��”��ƒ�

‘�‹�‚� Fe77Ni2Si14B7 ˆ “Œ…�œ˜…�ˆŸ
„…”…Š’�����‡�‚��ˆŸ ‡� ‘—…’ ‚›‹…’� ���„“Š’�‚

„…‹…�ˆŸ Ÿ„…� 10‚ ��„ „…‰‘’‚ˆ…Œ ’…�‹�‚›• �…‰’����‚
ˆ‡ ����‡–�

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¢ ¶μ²Ê¶·μ-
¢μ¤´¨±μ¢ÒÌ ³μ´μ±·¨¸É ²²μ¢ (��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), (8)

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 (−λZZ) ¶·¨ 0 < Z � H. (9)

Š ± ²¥£±μ ¶μ± § ÉÓ, λZ ≡ σcapturen10B, £¤¥ n10B = 1, 16×
1021  É.10B/¸³3 Å Î¨¸²μ  Éμ³μ¢ 10‚ ¢ 1 ¸³3,   Φn,0 = Φn(Z = 0) ≡
2, 1 · 1017 ¸³−2 (¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¢ ¤ ´´μ° · ¡μÉ¥ ¸²ÊÎ Ö μ¡²ÊÎ¥´¨Ö
μ¡· §Íμ¢ ´  ·¥ ±Éμ·¥ ˆ	�-2).

’μ£¤  ³μ¦´μ ´ ¶¨¸ ÉÓ, ÎÉμ Î¨¸²μ É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢, ¤μ¸É¨£ ÕÐ¨Ì
μ¡· É´μ° ¸Éμ·μ´Ò Ëμ²Ó£¨ ¸ Éμ²Ð¨´μ° H = 2, 5 · 10−3 ¸³  ³μ·Ë´μ£μ ¸¶² ¢ 
Fe77Ni2Si14B7, · ¢´μ

ΦTherm
n (Z = H = 0, 005 ¸³) = 2, 08 · 1017 ¸³−2. (10)

‘²¥¤μ¢ É¥²Ó´μ, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¶·μÍ¥¸¸μ³ ¶μ£²μÐ¥´¨Ö É¥¶²μ¢ÒÌ
´¥°É·μ´μ¢ ¶·¨ É ±¨Ì Éμ²Ð¨´ Ì μ¡· §Íμ¢ ¤ ´´μ£μ  ³μ·Ë´μ£μ ¸¶² ¢  ³μ¦´μ
¶·¥´¥¡·¥ÎÓ (±μÔËË¨Í¨¥´É ¶μ£²μÐ¥´¨Ö ¸μ¸É ¢²Ö¥É Éμ²Ó±μ 1 %).
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‚ É ¡². 2.1 ¨ 2.2 ¶·¥¤¸É ¢²¥´Ò §´ Î¥´¨Ö σα,Li
d (z) ¨ Sα,Li

inel (z) ¶·¨ ³ ±¸¨-
³ ²Ó´μ° Ô´¥·£¨¨ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li, É. ¥. ¢ ³¥¸É¥ · ¸¶ ¤  Ö¤¥· 10B
¶·¨ z ≈ 0 ³±³ (ÔÉμ ± ± ¡Ò ¸²ÊÎ ° ®¢Ìμ¤ ¯ Î ¸É¨ÍÒ ¢ ³¨Ï¥´Ó) ¨ ¢ ³ ±¸¨³Ê³ Ì
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢¥²¨Î¨´, ¥¸²¨ ÔÉμÉ ³ ±¸¨³Ê³ ¤μ¸É¨£ ¥É¸Ö. � ¶·¨³¥·, ¤²Ö
Ö¤¥· μÉ¤ Î¨ 7Li §´ Î¥´¨Ö ³ ±¸¨³ ²Ó´ÒÌ ´¥Ê¶·Ê£¨Ì ¶μÉ¥·Ó Ô´¥·£¨¨ 7Li ¸μ¢¶ -
¤ ÕÉ ¸μ §´ Î¥´¨Ö³¨ ¢ ³¥¸É¥ · ¸¶ ¤  Ö¤¥· 10B, É. ¥. ¶·¨ z ≈ 0 ³±³. ‚¨¤´μ, ÎÉμ
¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ ¢ ¶¨± Ì ¸³¥Ð¥´¨° α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¶·¨ §´ -
Î¥´¨ÖÌ z ≈ z1

α = 3, 2, z ≈ z1
Li = 1, 5 ³±³ ¶·¨³¥·´μ ¢ 40 ¨ 15 · § ¶·¥¢ÒÏ ÕÉ

§´ Î¥´¨Ö ¢ ³¥¸É¥ · ¸¶ ¤  10B (®´  ¢Ìμ¤¥ ¢ ³¨Ï¥´Ó¯, É. ¥. ¶·¨ z ≈ 0 ³±³).
‚ÒÎ¨¸²¨³ ¤ ²¥¥ Ï¨·¨´Ò · ¸¶·¥¤¥²¥´¨° · ¤¨ Í¨μ´´ÒÌ ¤¥Ë¥±Éμ¢, É. ¥.

¤¨ ¶ §μ´Ò ¨§³¥´¥´¨° ¶μ ¶·μ¡¥£ ³, ¶·¨ ±μÉμ·ÒÌ §´ Î¥´¨Ö ¸¥Î¥´¨° ¢μ§· ¸É ÕÉ
¤μ ³ ±¸¨³ ²Ó´ÒÌ ¶·¨ ¶·μ¡¥£ Ì Î ¸É¨Í,   § É¥³ Ê³¥´ÓÏ ÕÉ¸Ö μÉ ³ ±¸¨³ ²Ó-
´ÒÌ ¤μ ¶·¨³¥·´μ ¢¤¢μ¥ ³¥´ÓÏ¨Ì, É. ¥. μ¶·¥¤¥²¨³ ¤¨¸¶¥·¸¨¨ · ¸¶·¥¤¥²¥´¨°.
„¨¸¶¥·¸¨¨ · ¸¶·¥¤¥²¥´¨° ¸μ¸É ¢²ÖÕÉ ΔRα

p ≈ ΔRα
p,·μ¸É + ΔRα

p,¸¶ ¤ = 0, 9 ¨

ΔRLi
p ≈ ΔRLi

p,·μ¸É + ΔRLi
p,¸¶ ¤ = 0, 5 ³±³. „²Ö Ê¤μ¡¸É¢  § ¶¨¸¨ ¶μ¸²¥¤ÊÕÐ¨Ì

¢Ò· ¦¥´¨° ¢¢¥¤¥³ μ¡μ§´ Î¥´¨¥ Rα,Li ≡ Rα,Li
p − ΔRα,Li

p,·μ¸É. �¨¦´¨¥ ¨´¤¥±¸Ò
®·μ¸É¯ ¨ ®¸¶ ¤¯ ¸μμÉ¢¥É¸É¢ÊÕÉ Ê¢¥²¨Î¥´¨Õ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¶μ ³¥·¥ ¤¢¨-
¦¥´¨Ö ¤¥Ë¥±Éμμ¡· §ÊÕÐ¨Ì α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ± μ¡² ¸ÉÖ³ ¢¶²μÉÓ ¤μ
¶¨±μ¢ ¶μ¢·¥¦¤¥´¨° ¶μ ¶·μ¡¥£ ³ Î ¸É¨Í ¨ Ê³¥´ÓÏ¥´¨Õ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö
§  ¶¨± ³¨ ¶μ¢·¥¦¤¥´¨° ¢¶²μÉÓ ¤μ ´Ê²Ö. �·¨ ÔÉμ³ ¶¨±¨ ¸¥Î¥´¨° ¤¥Ë¥±-
Éμμ¡· §μ¢ ´¨Ö μÉ α-Î ¸É¨Í ¨ μÉ Ö¤¥· μÉ¤ Î¨ 7Li ´¥¸¨³³¥É·¨Î´Ò¥, É ± ± ±
 ¸¨³³¥É·¨¨ ¤μ ¶¨±  ¨ §  ¶¨±μ³ ΔRα

p,·μ¸É = 0, 65,   ΔRα
p,¸¶ ¤ = 0, 25 ³±³ ¤²Ö

α-Î ¸É¨Í ¨ ΔRLi
p,·μ¸É = 0, 3 ¨ ΔRLi

p,¸¶ ¤ = 0, 2 ³±³ ¤²Ö Ö¤¥· μÉ¤ Î¨ 7Li. „²Ö

¶¨±  ¸³¥Ð¥´¨° μÉ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¨³¥¥³ μÉ´μÏ¥´¨Ö
ΔRα

p

Rα
p

= 0, 28

¨
ΔRLi

p

RLi
p

= 0, 33. �Í¥´¨³ ¶·μÍ¥´É´μ¥ ¸μμÉ´μÏ¥´¨¥ ³¥¦¤Ê ¸μ§¤ ¢ ¥³Ò³¨

α-Î ¸É¨Í ³¨ ¨ Ö¤· ³¨ μÉ¤ Î¨ 7Li ÉμÎ¥Î´Ò³¨ ¤¥Ë¥±É ³¨ ¢ μ¡² ¸É¨ ¶¨±  ¸³¥-
Ð¥´¨° (É. ¥. ¶·¨ Rα,Li < Z < Rα,Li

p + ΔRα,Li
p,¸¶ ¤) ¶μ μÉ´μÏ¥´¨Õ ± ¶μ²´μ³Ê

Î¨¸²Ê ¸μ§¤ ¢ ¥³ÒÌ ¤¥Ë¥±Éμ¢ Nα,Li
V (¸³. É ¡². 2.1 ¨ 2.2) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸

¢Ò· ¦¥´¨Ö³¨

ηα,Li =
1

Nα,Li
V

Rα,Li
p +ΔRα,Li

p,¸¶ ¤∫
Rα,Li

σα,Li
d dZ =

{
81 % ¤²Ö 4α2-Î ¸É¨Í;
68 % ¤²Ö 7Li. (11)

ˆ§ ¶μ²ÊÎ¥´´ÒÌ §´ Î¥´¨° ¤²Ö ±μÔËË¨Í¨¥´Éμ¢ ηα,Li ³μ¦´μ ¸¤¥² ÉÓ ¢Ò-
¢μ¤, ÎÉμ μ¸´μ¢´μ¥ Î¨¸²μ ÉμÎ¥Î´ÒÌ ¤¥Ë¥±Éμ¢ μÉ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li
¸μ§¤ ¥É¸Ö ¢ ¶¨±¥ ¸³¥Ð¥´¨°.

�É³¥É¨³, ÎÉμ Ö¤¥·´Ò¥ ·¥ ±Í¨¨ (1) ³μ£ÊÉ · ¢´μ¢¥·μÖÉ´μ ¶·μ¨¸Ìμ¤¨ÉÓ ¶μ
¢¸¥° Éμ²Ð¨´¥ μ¡· §Í   ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 (H = 2, 5 · 10−3 ¸³).
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�·¨ ÔÉμ³ ¢Ò²¥É α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¢ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ´ ¶· ¢²¥´¨¨
· ¢´μ¢¥·μÖÉ´μ ¶·μ¨¸Ìμ¤¨É ¢ £¥μ³¥É·¨¨ 4π ¢ μ¡Ñ¥³¥ μ¡²ÊÎ ¥³μ£μ μ¡· §Í . �·¨
ÔÉμ³ Ö¸´μ, ÎÉμ ¨§ Í¥´É· ²Ó´ÒÌ Î ¸É¥° μ¡· §Í   ³μ·Ë´μ£μ ¸¶² ¢  ¸ Ï¨·¨´ ³¨

ΔHα,Li = H−2(Rα,Li
p +ΔRα,Li

p,¸¶ ¤) =
{

18, 1 ³±³ ¤²Ö 4α2+,
21, 6 ³±³ ¤²Ö 7Li

(12.1)
(12.2)

μ¡· §μ¢ ¢Ï¨¥¸Ö ¢ ÔÉ¨Ì μ¡² ¸ÉÖÌ α-Î ¸É¨ÍÒ (12.1) ¨ Ö¤·  μÉ¤ Î¨ 7Li (12.2)
´¥ ³μ£ÊÉ ¶μ±¨´ÊÉÓ μ¡· §¥Í ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ ¢ ¤ ´´μ°
μ¡² ¸É¨ Ö¢²Ö¥É¸Ö μ¤´μ·μ¤´Ò³. �μÔÉμ³Ê ¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¶μ ¸¥Î¥´¨Õ
μ¡· §Í  ¸ Ï¨·¨´μ° ΔHα = H − 2(Rα

p + ΔRα
p,¸¶ ¤) ≈ 18, 1 ³±³ ¤μ§  ¶μ¢·¥-

¦¤¥´¨° ¡Ê¤¥É μ¤´μ·μ¤´μ° ¨ · ¢´μ° Dα+Li
n = 7, 3 · 10−3 ¸. ´.  . (7).

‚ Éμ ¦¥ ¢·¥³Ö α-Î ¸É¨ÍÒ ¨ Ö¤·  μÉ¤ Î¨ 7Li, μ¡· §μ¢ ¢Ï¨¥¸Ö ¢ ¶·¨²¥£ -
ÕÐ¨Ì ± Í¥´É· ²Ó´μ³Ê ¸²μÕ ¤¢ÊÌ ¡μ±μ¢ÒÌ ¸²μÖÌ ¸ Ï¨·¨´ ³¨ 0 � Z � Rα,Li

(¸²μ¨ ¸²¥¢  μÉ Í¥´É· ²Ó´μ£μ ¸²μÖ) ¨ − Rα,Li � Z � H (¸²μ¨ ¸¶· ¢  μÉ
Í¥´É· ²Ó´μ£μ ¸²μÖ), ³μ£ÊÉ ¶μ±¨¤ ÉÓ μ¡· §¥Í, Ê³¥´ÓÏ Ö ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥
¢ ¸²μÖÌ ¸²¥¢  ¨ ¸¶· ¢  μÉ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¶·¨ Rα,Li � Z � H − Rα,Li.
‘Ì¥³ É¨Î¥¸±¨ ÔÉμ ¶·¥¤¸É ¢²¥´μ ´  ·¨¸Ê´±¥.

‘²¥¤μ¢ É¥²Ó´μ, α-Î ¸É¨ÍÒ, ¢Ò²¥É ÕÐ¨¥ ¢ ¸Éμ·μ´Ê ¶μ¢¥·Ì´μ¸É¥° ¸ £²Ê-
¡¨´

Z � Rα (13.1)

¢ ²¥¢ÊÕ ¸Éμ·μ´Ê μÉ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¨ ¶·¨

H − Rα,Li � Z � H (13.2)

¢ ¶· ¢ÊÕ ¸Éμ·μ´Ê, ³μ£ÊÉ ¶μ±¨´ÊÉÓ μ¡²ÊÎ ¥³Ò° μ¡· §¥Í, Ê³¥´ÓÏ Ö É¥³ ¸ ³Ò³
¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ ¢ ÔÉ¨Ì ¤¢ÊÌ ¸²μÖÌ ¸¶² ¢  Fe77Ni2Si14B7 (¶·¨ Éμ²Ð¨´¥
Ëμ²Ó£¨ H = 2, 5 · 10−3 ¸³), ´μ ¶·¨ ÔÉμ³ Ö¤·  μÉ¤ Î¨ 7Li, ¤¢¨£ ÕÐ¨¥¸Ö ¢´ÊÉ·Ó
μ¡· §Í , μ¸É ÕÉ¸Ö ¢ μ¡· §Í¥. ˆ ´ μ¡μ·μÉ, ¥¸²¨ Ö¤·  μÉ¤ Î¨ 7Li ¢Ò²¥É ÕÉ
¨§ ¸²μ¥¢, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Ö³ (13) ¤²Ö 7Li, Éμ α-Î ¸É¨ÍÒ μ¸É ÕÉ¸Ö ¢
μ¡· §Í¥. ‘²¥¤μ¢ É¥²Ó´μ, ¢Ò²¥É α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¨§ μ¡· §Í  ¶μ´¨-
¦ ¥É Ê·μ¢¥´Ó ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö ¢ ¡μ±μ¢ÒÌ ¸²μÖÌ μ¡· §Í   ³μ·Ë´μ£μ ¸¶² ¢ 
Fe77Ni2Si14B7.

�Í¥´¨³ ±μ²¨Î¥¸É¢μ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li, ±μÉμ·Ò¥ ¶μ±¨¤ ÕÉ μ¡· -
§¥Í. �´¨ ¢Ò²¥É ÕÉ ¸ £²Ê¡¨´ Z1 ¨ Z2 ¶μ ´ ¶· ¢²¥´¨Õ ± ¡μ±μ¢Ò³ ¶μ¢¥·Ì´μ¸ÉÖ³
¨ ³μ£ÊÉ ¶μ±¨¤ ÉÓ μ¡· §¥Í ¸μ£² ¸´μ Ê¸²μ¢¨Ö³

0 � Z1 � Rα,Li, (14.1)

H − Rα,Li < Z2 < H. (14.2)

‚¢¥¤¥³ Ì · ±É¥·´Ò¥ ¤¨ ¶ §μ´Ò ¨§³¥´¥´¨Ö Ê£²μ¢ Θα(Z) (¤²Ö α-Î ¸É¨Í) ¨
ΘLi(Z) (¤²Ö Ö¤¥· μÉ¤ Î¨ 7Li), ¢ ±μÉμ·ÒÌ ¢¸¥ ¶·μ¤Ê±ÉÒ Ö¤¥·´ÒÌ ·¥ ±Í¨°
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‘É·Ê±ÉÊ·  ¶μ¶¥·¥Î´μ£μ ¸·¥§  Ëμ²Ó£¨  ³μ·Ë´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 ¸ Éμ²Ð¨´μ°
H = 25 ³±³ ¸ ´ ¶· ¢²¥´¨Ö³¨ ¢Ò²¥É  4α2+-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ± ¶μ¢¥·Ì´μ¸É¨

(1.1), (1.2) ¶μ±¨¤ ÕÉ μ¡· §¥Í ¸ μ¡¥¨Ì ¡μ±μ¢ÒÌ ¶μ¢¥·Ì´μ¸É¥° ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ Ê¸²μ¢¨Ö³¨ (¤ ²¥¥ Ê£²Ò α ¤²Ö Ê¤μ¡¸É¢  μ¡μ§´ Î¥´Ò Θ (¸³. ·¨¸Ê´μ±))

Θα ⊆ [−Θα
max(Z), Θα

max(Z)], (15.1)

ΘLi ⊆ [−ΘLi
max(Z), ΘLi

max(Z)], (15.2)

  ¸ ³¨ Ê£²Ò Θα
max ¨ ΘLi

max Ê¤μ¢²¥É¢μ·ÖÕÉ ¸μμÉ´μÏ¥´¨Ö³

cosΘα,Li
max(Z) =

⎧⎪⎨
⎪⎩

Z

Rα,Li
, ¥¸²¨ Z Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ (14.1),

H − Z

Rα,Li
, ¥¸²¨ Z Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ (14.2).

(16)

ˆ§ Ê¸²μ¢¨° ´  Ê£²Ò Θα ¨ ΘLi (15) ¨ ¨§ ¢Ò· ¦¥´¨° (16) ¸²¥¤Ê¥É, ÎÉμ ¤²Ö É ±¨Ì
α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li Î ¸É¨ ¨Ì ¶μ²´ÒÌ ¶·μ¡¥£μ¢ ¸ ¶¨± ³¨ ¸³¥Ð¥´¨°,
¢ ±μÉμ·ÒÌ ¨ μ¡· §Ê¥É¸Ö μ¸´μ¢´μ¥ ±μ²¨Î¥¸É¢μ ÉμÎ¥Î´ÒÌ ¤¥Ë¥±Éμ¢ (¸³. ¢Ò· -
¦¥´¨¥ (11)), ³μ£ÊÉ · ¸¶μ² £ ÉÓ¸Ö Éμ²Ó±μ §  ¶·¥¤¥² ³¨ ¡μ±μ¢ÒÌ ¶μ¢¥·Ì´μ¸É¥°
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μ¡²ÊÎ ¥³μ£μ μ¡· §Í . ‘²¥¤μ¢ É¥²Ó´μ, ¢±² ¤ ³¨ μÉ É ±¨Ì Î ¸É¨Í ¢ ¤¥Ë¥±Éμ-
μ¡· §μ¢ ´¨¥ ³μ¦´μ ¸ ¤μ¸É ÉμÎ´μ° ÉμÎ´μ¸ÉÓÕ ¶·¥´¥¡·¥ÎÓ. Ÿ¸´μ, ÎÉμ § ¢¨¸¨-
³μ¸É¨ ¤μ§ ¶μ¢·¥¦¤¥´¨° ¸¶· ¢  ¨ ¸²¥¢  μÉ Í¥´É· ²Ó´μ° μ¡² ¸É¨ (¸³. ·¨¸Ê´μ±)
¶·¨ Z, Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Ö³ (14.1) ¨ (14.2), ¡Ê¤ÊÉ  ´ ²μ£¨Î´Ò³¨ ¨
¸¨³³¥É·¨Î´Ò³¨ μÉ´μ¸¨É¥²Ó´μ Í¥´É·  μ¡· §Í .

�É´μÏ¥´¨Ö · §´μ¸É¥° K(Θα,Li) ³¥¦¤Ê ¶²μÐ ¤Ö³¨ ¶μ¢¥·Ì´μ¸É¥° ¸Ë¥· ¸
· ¤¨Ê¸ ³¨ Sα,Li = 4π(Rα,Li)2 ¨ ¶²μÐ ¤Ö³¨ μ¸´μ¢ ´¨° Sα,Li

¸¥±Éμ· =
2π[Rα,Li]2(1 − cosΘα,Li

max) ®Ï ·μ¢ÒÌ ¸¥±Éμ·μ¢¯ ¸ · ¤¨Ê¸ ³¨ Rα,Li sin Θα,Li

(Ê£²Ò ¶·¨ ¨Ì ¢¥·Ï¨´ Ì 2Θα ¨ 2ΘLi) ± ¶²μÐ ¤Ö³ ¸Ë¥· Sα,Li, ± ± ²¥£±μ ¶μ-
± § ÉÓ, ¨³¥ÕÉ ¢¨¤

K(Θα,Li) = 0, 5
[
1 +

Z

Rα,Li

]
¶·¨ 0 � Z � Rα,Li, (17.1)

K(Θα,Li) = 0, 5
[
1 +

H − Z

Rα,Li

]
¶·¨ H − Rα,Li < Z < H. (17.2)

ˆ³¥´´μ ÔÉ¨ μÉ´μÏ¥´¨Ö ¨ μ¶·¥¤¥²ÖÕÉ μÉ´μ¸¨É¥²Ó´ÊÕ ¤μ²Õ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤ 
¨§ ·¥ ±Í¨° (1.1), (1.2), ±μÉμ·Ò¥ ¨ ¤ ÕÉ ¢±² ¤ ¢ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥.

’μ£¤  § ¢¨¸¨³μ¸ÉÓ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° ¶μ μ¡· §ÍÊ  ³μ·Ë´μ£μ ¸¶² ¢ 
Fe77Ni2Si14B7 §  ¸Î¥É α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Dα,Li
d (Z) = 0, 5Dα

d

[
1 +

Z

Rα

]
+ 0, 5DLi

d

[
1 +

Z

RLi

]
¶·¨ 0 � Z � RLi, (18.1)

Dα,Li
d (Z) = DLi

d + 0, 5Dα
d

[
1 +

Z

Rα

]
¶·¨ RLi � Z � Rα, (18.2)

Dα,Li
d (Z) = Dα

d + DLi
d ¶·¨ Rα � Z � H − Rα, (18.3)

Dα,Li
d (Z) = DLi

d + 0, 5Dα
d

[
1 +

Z

Rα

]
¶·¨ H − Rα � Z � H − RLi, (18.4)

Dα,Li
d (Z) = 0, 5Dα

d

[
1 +

Z

Rα

]
+ 0, 5DLi

d

[
1 +

Z

RLi

]
¶·¨ H − RLi � Z � H.

(18.5)
‚ÒÎ¨¸²¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° (18) μÉ ¶·μ¤Ê±Éμ¢ · ¸¶ ¤  ¨§ ·¥-
 ±Í¨° (1.1), (1.2) ¶μ £²Ê¡¨´¥ ¢ μ¡· §Í¥ ¶·¨¡²¨¦¥´´ Ö, É ± ± ± ´¥ ÊÎ¨ÉÒ¢ ²¨¸Ó
¢±² ¤Ò ¢ ¤¥Ë¥±Éμμ¡· §μ¢ ´¨¥ μÉ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li, ¶μ±¨´Ê¢Ï¨Ì μ¡-
²ÊÎ ¥³Ò° ´¥°É·μ´ ³¨ μ¡· §¥Í, ¢ μ¡² ¸ÉÖÌ μÉ ³¥¸É  · ¸¶ ¤  Ö¤·  10B ¤μ ³¥¸É 
¨Ì ¢Ò²¥É  ¨§ μ¡· §Í , ¨¸Ìμ¤Ö ¨§ μÍ¥´μ± ¢ ¢Ò· ¦¥´¨¨ (11).
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�  μ¸´μ¢ ´¨¨ ¢Ò¶μ²´¥´´ÒÌ · ¸Î¥Éμ¢ ¸¥Î¥´¨Ö ¤¥Ë¥±Éμμ¡· §μ¢ ´¨Ö σd(Z)
¤²Ö μ¶·¥¤¥²¥´¨Ö ¶μ²´μ° ¤μ§Ò ¶μ¢·¥¦¤¥´¨° ¢  ³μ·Ë´μ³ ³¥É ²²¨Î¥¸±μ³ ¸¶² ¢¥
Fe77Ni2Si14B7 ¶·¨ ¥£μ μ¡²ÊÎ¥´¨¨ ¢ ¨³¶Ê²Ó¸´μ³ ·¥ ±Éμ·¥ ˆ	�-2 [6Ä8] ¡Ò-
¸É·Ò³¨ ´¥°É·μ´ ³¨ (En > 0, 1 ŒÔ‚), α-Î ¸É¨Í ³¨ (Eα = 1, 77 ŒÔ‚) ¨
Ö¤· ³¨ μÉ¤ Î¨ 7Li ¨§ Ö¤¥·´ÒÌ ·¥ ±Í¨° (1.1), (1.2) ¶·¨ § Ì¢ É¥ É¥¶²μ¢ÒÌ ´¥°-
É·μ´μ¢ (¤¨ ¶ §μ´ Ô´¥·£¨° 0, 01 < En < 0, 45 Ô‚) ³μ¦´μ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥
μ¸´μ¢´Ò¥ ¢Ò¢μ¤Ò.

1. „μ§  ¶μ¢·¥¦¤¥´¨° μÉ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¡μ²¥¥ Î¥³ ´  ¶μ·Ö¤μ±
¶·¥¢ÒÏ ¥É ¤μ§Ê ¶μ¢·¥¦¤¥´¨° ¢ÒÏ¥Ê± § ´´μ£μ  ³μ·Ë´μ£μ ¸¶² ¢  §  ¸Î¥É
Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö ¡Ò¸É·ÒÌ ´¥°É·μ´μ¢ (En > 0, 1 ŒÔ‚).

2. ˆ§-§  ³ ²μ° Éμ²Ð¨´Ò μ¡· §Íμ¢ ¨§ÊÎ¥´´μ£μ ¸¶² ¢  Fe77Ni2Si14B7 (H =
2, 5 · 10−3 ¸³) ¸Ê³³ ·´ Ö ¤μ§  ¶μ¢·¥¦¤¥´¨° §  ¸Î¥É Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö
¡Ò¸É·ÒÌ ´¥°É·μ´μ¢, α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¨§ Ö¤¥·´ÒÌ ·¥ ±Í¨°
(1.1), (1.2) ¨³¥¥É ´¥μ¤´μ·μ¤´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶μ Éμ²Ð¨´¥ μ¡· §Í  (¸³.
¢Ò· ¦¥´¨Ö ¢ (18)).

3. “± § ´´ Ö ¢ ¶. 2 ´¥μ¤´μ·μ¤´μ¸ÉÓ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° ¶μ Éμ²Ð¨´¥ μ¡Ê-
¸²μ¢²¥´  ¢Ò²¥Éμ³ Î ¸É¨ α-Î ¸É¨Í ¨ Ö¤¥· μÉ¤ Î¨ 7Li ¨§ μ¡· §Í , ÎÉμ
¨ ¶·¨¢μ¤¨É ± Ê³¥´ÓÏ¥´¨Õ ¤μ§Ò ¶μ¢·¥¦¤¥´¨° ¶μ ³¥·¥ ¶·¨¡²¨¦¥´¨Ö ±
¡μ±μ¢Ò³ ¶μ¢¥·Ì´μ¸ÉÖ³ μ¡· §Íμ¢  ³μ·Ë´μ£μ ¸¶² ¢ .
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