
P4-2005-107

‚. Š. ˆ£´ Éµ¢¨Î, …. �. ˜ ¡ ²¨´

�‹œ�…„� �…‰’����‚

� ¶· ¢²¥´µ ¢ ¦Ê·´ ² ®Ÿ¤¥·´ Ö Ë¨§¨± ¯



ˆ£´ Éµ¢¨Î ‚. Š., ˜ ¡ ²¨´ …. �. P4-2005-107
�²Ó¡¥¤µ ´¥°É·µ´µ¢

‘ ¶µ³µÐÓÕ ´µ¢µ£µ,  ²£¥¡· ¨Î¥¸±µ£µ ³¥Éµ¤  · ¸¸Î¨É ´µ  ²Ó¡¥¤µ ´¥°É·µ´µ¢ µÉ
¶·µ¨§¢µ²Ó´µ£µ ¢¥Ð¥¸É¢  ¸ Í¥²ÓÕ ¶·µ¢¥·±¨ ÊÉ¢¥·¦¤¥´¨Ö, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
Éµ¶²¨¢  ¨ § ³¥¤²¨É¥²Ö  ±É¨¢´µ° §µ´Ò ¢ Ê²ÓÉ· ¤¨¸¶¥·¸´µ³ ¢¨¤¥ ³µ¦´µ ¢Ò¨£· ÉÓ
¨ ¢ · §³¥· Ì ·¥ ±Éµ· , ¨ ¢ ¥£µ ±·¨É¨Î¥¸±µ° ³ ¸¸¥. ‚ ¶·¨¡²¨¦¥´¨¨ ¨§µÉ·µ¶´µ£µ
· ¸¶·¥¤¥²¥´¨Ö ¶ ¤ ÕÐ¨Ì ¨ µÉ· ¦¥´´ÒÌ ´¥°É·µ´µ¢ ¶µ± § ´µ, ÎÉµ ±µ£¥·¥´É´µ¥
· ¸¸¥Ö´¨¥ ´  µÉ¤¥²Ó´ÒÌ Î ¸É¨Í Ì ¢ ¸²ÊÎ ¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ µÎ¥´Ó ´¥§´ -
Î¨É¥²Ó´µ Ê¢¥²¨Î¨¢ ¥É É· ´¸¶µ·É´µ¥ ¸¥Î¥´¨¥, ´µ ¶·¨ § ¤ ´´µ° Éµ²Ð¨´¥ ¸É¥´±¨
Ê³¥´ÓÏ ¥É  ²Ó¡¥¤µ ¨§-§  Ê³¥´ÓÏ¥´¨Ö ¶²µÉ´µ¸É¨ ¢¥Ð¥¸É¢ . ‘ÊÐ¥¸É¢¥´´µ¥ Ê¢¥-
²¨Î¥´¨¥  ²Ó¡¥¤µ ¨³¥¥É ³¥¸Éµ Éµ²Ó±µ ¤²Ö ´¥°É·µ´µ¢ ¸ ¤²¨´ ³¨ ¢µ²´ ¶µ·Ö¤± 
· §³¥·µ¢ µ¤´µ£µ §¥·´ .

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ´¥°É·µ´´µ° Ë¨§¨±¨ ¨³. ˆ. Œ. ”· ´± 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2005

�¥·¥¢µ¤  ¢Éµ·µ¢

Ignatovich V. K., Shabalin E. P. P4-2005-107
Neutron Albedo

A new, algebraic, method is applied to calculation of neutron albedo from
substance to check the claim that use of ultradispersive fuel and moderator of an
active core can help to gain in size and mass of the reactor. In a model of isotropic
distribution of incident and re�ected neutrons it is shown that coherent scattering
on separate grains in the case of thermal neutrons increases transport cross section
negligibly, however it decreases albedo from a wall of ˇnite thickness because of
decrease of substance density. A visible increase of albedo takes place only for
neutrons with wave length of the order of the size of a single grain.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚‚…„…�ˆ…

�·µ¢¥¤¥´´µ¥ §¤¥¸Ó ¨¸¸²¥¤µ¢ ´¨¥ ¨´¨Í¨¨·µ¢ ´µ ÊÉ¢¥·¦¤¥´¨¥³, ¸¤¥² ´´Ò³
¢ · ¡µÉ¥ [1, 2], µ Éµ³, ÎÉµ ¨§£µÉµ¢²¥´¨¥  ±É¨¢´µ° §µ´Ò ·¥ ±Éµ·  ¨§ Ê²ÓÉ· ¤¨¸-
¶¥·¸´µ£µ ¶µ·µÏ±  ¸ · §³¥· ³¨ Î ¸É¨Í ¶µ·Ö¤±  10 ´³ ¶µ§¢µ²Ö¥É Ê³¥´ÓÏ¨ÉÓ
¨ ³ ¸¸Ê Éµ¶²¨¢ , ¨ · §³¥·Ò  ±É¨¢´µ° §µ´Ò. ’ ±µ¥ § ±²ÕÎ¥´¨¥ µ¸´µ¢ ´µ
´  Éµ³, ÎÉµ ¢ ¶µ·µÏ± Ì, ¶µ ¸· ¢´¥´¨Õ ¸ £µ³µ£¥´´Ò³¨ ¢¥Ð¥¸É¢ ³¨, ´¥°É·µ´
¨¸¶ÒÉÒ¢ ¥É ¤µ¶µ²´¨É¥²Ó´µ¥ ±µ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥ ´  µÉ¤¥²Ó´ÒÌ Î ¸É¨Í Ì.
	Éµ Ê³¥´ÓÏ ¥É ¤²¨´Ê ¶·µ¡¥£  ¨ ±µÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨, ÎÉµ ¸¶µ¸µ¡¸É¢Ê¥É
¡µ²¥¥ ¤µ²£µ³Ê Ê¤¥·¦ ´¨Õ ´¥°É·µ´µ¢ ¢  ±É¨¢´µ° §µ´¥ ¨ ¡µ²¥¥ ¨´É¥´¸¨¢´µ³Ê
¨Ì · §³´µ¦¥´¨Õ.

—Éµ¡Ò ¶·µ¢¥·¨ÉÓ ÔÉµ ÊÉ¢¥·¦¤¥´¨¥, ¡Ò²µ ·¥Ï¥´µ · ¸¸³µÉ·¥ÉÓ ¢µ¶·µ¸ µ¡
Ê¶·Ê£µ³  ²Ó¡¥¤µ É¥¶²µ¢ÒÌ ¨ Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ ¸ Ë¨±¸¨·µ¢ ´´µ° Ô´¥·-
£¨¥° µÉ ¶²µ¸±µ° ¸É¥´±¨, ¨§£µÉµ¢²¥´´µ° ¨§ Ê²ÓÉ· ¤¨¸¶¥·¸´µ£µ ¶µ·µÏ± . ‚
Ìµ¤¥ ¨¸¸²¥¤µ¢ ´¨Ö ¡Ò² ´ °¤¥´ ´µ¢Ò°,  ²£¥¡· ¨Î¥¸±¨° ³¥Éµ¤ · ¸Î¥É   ²Ó-
¡¥¤µ, µÉ²¨Î ÕÐ¨°¸Ö µÉ µ¡Ð¥¨§¢¥¸É´ÒÌ. ‚ ÔÉµ³ ³¥Éµ¤¥ · ¸¸³ É·¨¢ ¥É¸Ö ´¥
¶·¥µ¡· §µ¢ ´¨¥ ¶µÉµ±µ¢,   ¸Ê¤Ó¡  µ¤´µ£µ-¥¤¨´¸É¢¥´´µ£µ ´¥°É·µ´ . �·¨ ÔÉµ³
¶µ¸·¥¤¸É¢µ³ ³Ò¸²¥´´µ£µ µÉÐ¥¶²¥´¨Ö Éµ´±µ£µ ¸²µÖ ¸´ Î ²  ´ Ìµ¤¨É¸Ö  ²Ó-
¡¥¤µ ± ± ¢¥·µÖÉ´µ¸ÉÓ µÉ· ¦¥´¨Ö µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨,   § É¥³, ¤²Ö
µ¶·¥¤¥²¥´¨Ö  ²Ó¡¥¤µ µÉ ¸É¥´±¨ ¸ ±µ´¥Î´µ° Éµ²Ð¨´µ° L, ¸´µ¢  · ¸¸³ É·¨-
¢ ¥É¸Ö ¡¥¸±µ´¥Î´µ Éµ²¸É Ö ¸É¥´± , ´µ ³Ò¸²¥´´µ µÉ ´¥¥ µÉÐ¥¶²Ö¥É¸Ö ¸²µ°
Éµ²Ð¨´µ° L.

�¸´µ¢´Ò¥ ¶µ´ÖÉ¨Ö, ´¥µ¡Ìµ¤¨³Ò¥ ¤²Ö ¶·¨³¥´¥´¨Ö  ²£¥¡· ¨Î¥¸±µ£µ ³¥-
Éµ¤ , ¨§²µ¦¥´Ò ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥. ‚µ ¢Éµ·µ³ · §¤¥²¥ ´ Ìµ¤¨É¸Ö  ²Ó¡¥¤µ
µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨. „²Ö ¶·µ¸ÉµÉÒ · ¸Î¥É  ¤¥² ¥É¸Ö ¶·¥¤¶µ²µ¦¥-
´¨¥, ÎÉµ ¶ ¤ ÕÐ¨¥ ´  ¸É¥´±Ê ¨ µÉ· ¦¥´´Ò¥ ´¥°É·µ´Ò ¨³¥ÕÉ ¨§µÉ·µ¶´µ¥
· ¸¶·¥¤¥²¥´¨¥. ‚ É·¥ÉÓ¥³ · §¤¥²¥ ´ Ìµ¤¨É¸Ö  ²Ó¡¥¤µ µÉ ¸É¥´±¨ ¸ ±µ´¥Î´µ°
Éµ²Ð¨´µ°. �µ²ÊÎ¥´´Ò° ±µÔËË¨Í¨¥´É  ²Ó¡¥¤µ ¤ ²¥¥ ¸· ¢´¨¢ ¥É¸Ö ¸ É¥³, ±µ-
Éµ·Ò° ¸²¥¤Ê¥É ¨§ ¤¨ËËÊ§¨µ´´µ° É¥µ·¨¨, ¨ ¶µ± §Ò¢ ¥É¸Ö, ÎÉµ  ²£¥¡· ¨Î¥¸±¨°
³¥Éµ¤ ¶·¨³¥´¨³ ¢ ¡µ²¥¥ Ï¨·µ±µ° µ¡² ¸É¨ ¨§³¥´¥´¨Ö ¶ · ³¥É·µ¢, Î¥³ ¤¨Ë-
ËÊ§¨µ´´Ò°.

‚ Î¥É¢¥·Éµ³ · §¤¥²¥ ¶·µ¨§¢µ¤¨É¸Ö µÍ¥´±  ¢²¨Ö´¨Ö ¤¨¸¶¥·¸´µ¸É¨ ³ É¥·¨-
 ²  ´  ¢¥²¨Î¨´Ê  ²Ó¡¥¤µ. �·¨ ÔÉµ³ ±·Ê¶¨´±¨ ¶µ·µÏ±  ³µ¤¥²¨·ÊÕÉ¸Ö µ¤¨-
´ ±µ¢Ò³¨, ¸²ÊÎ °´µ · ¸¶µ²µ¦¥´´Ò³¨ ¸Ë¥· ³¨, ¨ ¨´É¥·Ë¥·¥´Í¨¥° · ¸¸¥Ö´¨Ö
´  · §´ÒÌ ±·Ê¶¨´± Ì ¶·¥´¥¡·¥£ ¥É¸Ö.
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ˆ§ ¶·Ö³ÒÌ  ´ ²¨É¨Î¥¸±¨Ì · ¸Î¥Éµ¢ ¸²¥¤Ê¥É, ÎÉµ ¶¥·¥¢µ¤ µ¤´µ·µ¤´µ£µ
¢¥Ð¥¸É¢  ¢ ¶µ·µÏ±µ¢ÊÕ Ëµ·³Ê ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ  ²Ó¡¥¤µ Éµ²Ó±µ ³¥¤-
²¥´´ÒÌ ´¥°É·µ´µ¢. 	Éµ Ê¢¥²¨Î¥´¨¥ § ³¥É´µ Éµ²Ó±µ ¤²Ö ¤²¨´ ¢µ²´ ¶µ·Ö¤± 
· §³¥·µ¢ µ¤´µ£µ §¥·´  ¶µ·µÏ±  ¨ µ¸µ¡¥´´µ ¸ÊÐ¥¸É¢¥´´µ, ±µ£¤  ± ¦¤ Ö ±·Ê-
¶¨´±  ¶µ·µÏ±  ¨³¥¥É · §Ê¶µ·Ö¤µÎ¥´´ÊÕ ¢´ÊÉ·¥´´ÕÕ ¸É·Ê±ÉÊ·Ê.

‚ ¶ÖÉµ³ · §¤¥²¥ · ¸¸³µÉ·¥´µ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ µÉ· ¦ ÕÐ¨Ì¸Ö ´¥°-
É·µ´µ¢ ¶·¨ ¨§µÉ·µ¶´µ³ · ¸¸¥Ö´¨¨ ¢´ÊÉ·¨ ¢¥Ð¥¸É¢  ¨ ¶µ± § ´µ, ÎÉµ ¢ ÔÉµ³
¸²ÊÎ ¥ µÉ±²µ´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö µÉ· ¦¥´´ÒÌ ´¥°É·µ´µ¢ µÉ ¨§µÉ·µ¶´µ£µ ´¥
¸± §Ò¢ ¥É¸Ö ´  ¢¥²¨Î¨´¥  ²Ó¡¥¤µ.

1. �‘��‚�›… ���Ÿ’ˆŸ, ˆ‘��‹œ‡“…Œ›…
‚ �‹ƒ…���ˆ—…‘Š�Œ Œ…’�„…

‚ µ¸´µ¢¥  ²£¥¡· ¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ²¥¦ É ¸²¥¤ÊÕÐ¨¥ ¶µ´ÖÉ¨Ö.
�²¥³¥´É ·´Ò¥ ¢¥±Éµ·Ò ¸µ¸ÉµÖ´¨Ö

|Ω〉 (1)

µ¶¨¸Ò¢ ÕÉ ´¥°É·µ´Ò, ²¥ÉÖÐ¨¥ ¢ ´ ¶· ¢²¥´¨¨ Ω. �´¨ µ·Éµ´µ·³¨·µ¢ ´Ò
¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

〈Ω′||Ω〉 = δ(Ω− Ω′). (2)

� ¶· ¢²¥´¨¥ Ω Ì · ±É¥·¨§Ê¥É¸Ö Ê£² ³¨ ¸ ¶µ²Ö·´µ° µ¸ÓÕ, ´ ¶· ¢²¥´´µ° ¢¤µ²Ó
¢´ÊÉ·¥´´¥° ´µ·³ ²¨ ± ¸É¥´±¥ n.

�¡Ð¨° ¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö

|ψ〉 =
∫

dΩψ(Ω)|Ω〉 (3)

µ¶¨¸Ò¢ ¥É ´¥°É·µ´, ±µÉµ·Ò° ¢ ´ ¶· ¢²¥´¨¨ |Ω〉 ²¥É¨É ¸ ¢¥·µÖÉ´µ¸ÉÓÕ ψ(Ω).
ˆ§µÉ·µ¶´µ¥ ¸µ¸ÉµÖ´¨¥ ¶ ¤ ÕÐ¨Ì ´¥°É·µ´µ¢ µ¶¨¸Ò¢ ¥É¸Ö ¢¥±Éµ·µ³

|ψ〉 =
∫

nΩ>0

dΩψ(Ω)|Ω〉 =
∫

nΩ>0

dΩ
cos θ

π
|Ω〉. (4)

�µ·³¨·µ¢µÎ´Ò° ¢¥±Éµ·. „²Ö µ¶·¥¤¥²¥´¨Ö ´µ·³Ò ²Õ¡µ£µ ¸µ¸ÉµÖ´¨Ö ¢¢µ-
¤¨É¸Ö ®´µ·³¨·µ¢µÎ´Ò° ¢¥±Éµ·¯

|e〉 =
∫
4π

dΩ|Ω〉. (5)

�·¨ ÔÉµ³ ´µ·³  N ²Õ¡µ£µ ¸µ¸ÉµÖ´¨Ö |φ〉 µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³

νφ = 〈e||φ〉. (6)
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‚ Î ¸É´µ¸É¨, ´µ·³  ¸µ¸ÉµÖ´¨° (1), (4), ¢ÒÎ¨¸²¥´´ Ö ¸ ÊÎ¥Éµ³ (2), · ¢´  ¥¤¨-
´¨Í¥:

〈e||Ω〉 =
∫
4π

dΩ′δ(Ω′ − Ω) = 1, 〈e||ψ〉 =
∫

nΩ>0

dΩψ(Ω) = 1. (7)

�¶¥· Éµ·. � ¸¸¥Ö´¨¥, ¶µ£²µÐ¥´¨¥, µÉ· ¦¥´¨¥ ¶·¨¢µ¤ÖÉ ± ¨§³¥´¥´¨Õ
¢¥±Éµ·µ¢ ¸µ¸ÉµÖ´¨Ö. 	É¨ ¨§³¥´¥´¨Ö µ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ µ¶¥· Éµ·µ¢

F̂ =
∫ ∫

|Ω〉F (Ω ← Ω′)dΩdΩ′〈Ω′|, (8)

£¤¥ F (Ω ← Ω′) Å Î¨¸²µ¢ Ö ËÊ´±Í¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¶¥·¥Ìµ¤ ´¥°É·µ´  ¨§
´ ¶· ¢²¥´¨Ö Ω′ ¢ ´ ¶· ¢²¥´¨¥ Ω. �µ¤ ¤¥°¸É¢¨¥³ µ¶¥· Éµ·  F̂ ¸µ¸ÉµÖ´¨¥

|φ〉 =
∫

φ(Ω)dΩ|Ω〉

¸ ´µ·³µ°

νφ = 〈e||φ〉 =
∫

φ(Ω)dΩ

¶·¥µ¡· §Ê¥É¸Ö ¢ ¸µ¸ÉµÖ´¨¥

|χ〉 = F̂|φ〉 =
∫ [∫

F (Ω ← Ω′)dΩ′φ(Ω′)
]

dΩ|Ω〉 (9)

¸ ´µ·³µ°

νχ = 〈e||χ〉 =
∫

dΩ
∫

F (Ω ← Ω′)dΩ′φ(Ω′). (10)

2. �‹œ�…„� �’ �…‘Š��…—�� ’�‹‘’�‰ ‘’…�Šˆ

“· ¢´¥´¨¥ ¤²Ö µÉ· ¦¥´¨Ö. �É¤¥²¨³ ³Ò¸²¥´´µ µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ°
¸É¥´±¨ ³ ²Ò° ¸²µ° Éµ²Ð¨´µ° ζ ¨ ¢¢¥¤¥³ µ¶¥· Éµ· ¢¥·µÖÉ´µ¸É¨ µÉ· ¦¥´¨Ö µÉ
ÔÉµ£µ ¸²µÖ ρ̂b = ζΣ̂b, £¤¥

Σ̂b =
∫

nΩ<0

∫

nΩ′
>0

|Ω〉dΩΣs(Ω ← Ω′)
dΩ′

cos θ′
〈Ω′| ≡

≡
∫

nΩ>0

∫

nΩ′
<0

|Ω〉dΩΣs(Ω ← Ω′)
dΩ′

| cos θ′| 〈Ω
′|. (11)
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ˆ´¤¥±¸ b µ¡µ§´ Î ¥É · ¸¸¥Ö´¨¥ µÉ ¸²µÖ ´ § ¤ ¢ Éµ ¦¥ ¶µ²Ê¶·µ¸É· ´¸É¢µ,
¢ ±µÉµ·µ³ ´ Ìµ¤¨²¸Ö ¨ ¶ ¤ ÕÐ¨° ´¥°É·µ´. �¥·¢µ¥ · ¢¥´¸É¢µ µÉ´µ¸¨É¸Ö ±
µÉ· ¦¥´¨Õ µÉ ¸²µÖ ¸²¥¢ ,   ¢Éµ·µ¥ Å ± µÉ· ¦¥´¨Õ µÉ ´¥£µ ¸¶· ¢ . Œ´µ-
¦¨É¥²Ó 1/ cos θ′ ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ ³ ²ÒÌ Ê£² Ì ¢¥·µÖÉ´µ¸ÉÓ · ¸¸¥Ö´¨Ö µÉ
¸²µÖ ¢µ§· ¸É ¥É, ¶µ¸±µ²Ó±Ê ¢µ§· ¸É ¥É ±µ²¨Î¥¸É¢µ  Éµ³µ¢ ´  ¶ÊÉ¨ ´¥°É·µ´ ,  
Σs(Ω ← Ω′) µ¡µ§´ Î ¥É ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ³ ±·µ¸±µ¶¨Î¥¸±µ¥ ¸¥Î¥´¨¥ · ¸-
¸¥Ö´¨Ö

Σs(Ω ← Ω′) = N
dσs(Ω′ → Ω)

dΩ
, (12)

¢ ±µÉµ·µ¥ ¢Ìµ¤¨É ¶²µÉ´µ¸ÉÓ · ¸¸¥¨¢ É¥²¥° N ¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥
dσ(Ω′ → Ω)/dΩ · ¸¸¥Ö´¨Ö ¨§ ´ ¶· ¢²¥´¨Ö Ω′ ¢ ´ ¶· ¢²¥´¨¥ Ω.

‚¢¥¤¥³ É ±¦¥ µ¶¥· Éµ· ¢¥·µÖÉ´µ¸É¨ ¶·µ¶Ê¸± ´¨Ö ¸²µÖ τ̂ = Î − ŝ + ρ̂f ,
£¤¥

Î =
∫

|Ω〉dΩ〈Ω|

¥¸ÉÓ ¥¤¨´¨Î´Ò° µ¶¥· Éµ·,

ŝ = ζΣtŜ, Ŝ =
∫

|Ω〉 dΩ
| cos θ| 〈Ω|, (13)

Σt = Nσt = Σa + Σs Å ³ ±·µ¸±µ¶¨Î¥¸±µ¥ ¸¥Î¥´¨¥ ¶µ²´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö,
É. ¥. ¶µ£²µÐ¥´¨Ö Σa ¨ ¶µ²´µ£µ · ¸¸¥Ö´¨Ö Σs; ρ̂f = ζΣ̂f , ¶·¨Î¥³

Σ̂f =
∫

nΩ>0

∫

nΩ′
>0

|Ω〉dΩΣs(Ω ← Ω′)
dΩ′

cos θ′
〈Ω′| ≡

≡
∫

nΩ<0

∫

nΩ′
<0

|Ω〉dΩΣs(Ω ← Ω′)
dΩ′

| cos θ′| 〈Ω
′|. (14)

ˆ´¤¥±¸ f µ§´ Î ¥É, ÎÉµ ¶µ¸²¥ · ¸¸¥Ö´¨Ö ´¥°É·µ´ µ± §Ò¢ ¥É¸Ö ¶µ ¤·Ê£ÊÕ ¸Éµ-
·µ´Ê ¢Ò¤¥²¥´´µ£µ ¸²µÖ µÉ´µ¸¨É¥²Ó´µ ¶ ¤ ÕÐ¥£µ ´¥°É·µ´ . �¥·¢µ¥ · ¢¥´¸É¢µ
µ¶¨¸Ò¢ ¥É · ¸¸¥Ö´¨¥ ´¥°É·µ´ , ¶ ¤ ÕÐ¥£µ ´  ¸²µ° ¸²¥¢ ,   ¢Éµ·µ¥ Å ¸¶· ¢ .

‚¢¥¤¥³ µ¶¥· Éµ· X̂, ¶·¥µ¡· §ÊÕÐ¨° ¸µ¸ÉµÖ´¨¥ |ψ〉 ´¥°É·µ´µ¢, ¶ ¤ Õ-
Ð¨Ì ´  ¢Ìµ¤´ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ, ¢ ¸µ¸ÉµÖ´¨¥ ´¥°É·µ´µ¢ X̂|ψ〉, ¶ ¤ ÕÐ¨Ì ´ 
¶µ¢¥·Ì´µ¸ÉÓ ¶µ¸²¥ µÉ¤¥²¥´´µ£µ ¸²µÖ. ‚¢¥¤¥³ É ±¦¥ µ¶¥· Éµ· µÉ· ¦¥´¨Ö R̂
µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨. „²Ö X̂ ¨ R̂ ³µ¦´µ § ¶¨¸ ÉÓ ¸¨¸É¥³Ê Ê· ¢´¥´¨°

X̂ = τ̂ + ρ̂bR̂X̂, R̂ = ρ̂b + τ̂ R̂X̂. (15)

‚Ò· §¨¢ X̂ ¨§ ¶¥·¢µ£µ Ê· ¢´¥´¨Ö:

X̂ = (Î − ρ̂bR̂)−1τ̂ , (16)
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¶µ¤¸É ¢¨³ ¥£µ ¢µ ¢Éµ·µ¥. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥ ¤²Ö R̂:

R̂ = ρ̂b + τ̂ R̂(Î − ρ̂bR̂)−1τ̂ . (17)

�µ¸±µ²Ó±Ê Éµ²Ð¨´  ¸²µÖ ζ ³µ¦¥É ¡ÒÉÓ ¢Ò¡· ´  ¤µ¸É ÉµÎ´µ ³ ²µ°, Éµ ¢¸¥ ³ -
É·¨ÍÒ ρ̂b,f ¨ ŝ ³ ²Ò. �µÔÉµ³Ê Ê· ¢´¥´¨¥ ³µ¦´µ § ¶¨¸ ÉÓ ¢ ²¨´¥ ·¨§µ¢ ´´µ³
¢¨¤¥:

R̂ = ρ̂b + τ̂ R̂(Î − ρ̂bR̂)−1τ̂ = ρ̂b + (Î − ŝ + ρ̂f )R̂(Î + ρ̂bR̂)(Î − ŝ + ρ̂f ) =

= R̂ + R̂ρ̂bR̂ − ŝR̂ − R̂ŝ + ρ̂fR̂ + R̂ρ̂f + ρ̂b, (18)

µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ

R̂Σ̂bR̂ + (Σ̂f − ΣtŜ)R̂ + R̂(Σ̂f − ΣtŜ) + Σ̂b = 0. (19)

�Ê¤¥³ ¨¸± ÉÓ ·¥Ï¥´¨¥ ¢ ¢¨¤¥

R̂ = R∞

∫

nΩ<0

∫

nΩ′
>0

|Ω〉dΩ
| cos θ|

π
dΩ′〈Ω′| = R∞|ψ〉〈e|. (20)

	Éµ §´ Î¨É, ÎÉµ ¶µ¤ ± ±¨³ ¡Ò Ê£²µ³ ´¥°É·µ´ ´¨ ¶ ¤ ² ´  ¶µ¢¥·Ì´µ¸ÉÓ, µÉ· -
¦¥´´Ò¥ ´¥°É·µ´Ò ¨³¥ÕÉ ¨§µÉ·µ¶´µ¥ · ¸¶·¥¤¥²¥´¨¥.

“³´µ¦¨³ Ê· ¢´¥´¨¥ (19) ¸¶· ¢  ´  ¸µ¸ÉµÖ´¨¥ |ψ〉 ¨ ¸²¥¢  ´  〈e|. ‚
·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³

〈e|[R̂Σ̂bR̂ + (Σ̂f − ΣtŜ)R̂ + R̂(Σ̂f − ΣtŜ) + Σ̂b]|ψ〉 =

= R2
∞Σb − 2(Σt − Σf )R∞ + Σb = 0, (21)

£¤¥

Σb =
∫

nΩ′
<0

dΩ
∫

nΩ′
>0

Σs(Ω ← Ω′)
dΩ′

2π
,

Σf =
∫

nΩ′
>0

dΩ
∫

nΩ′
>0

Σs(Ω ← Ω′)
dΩ′

2π

(22)

¥¸ÉÓ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ´ § ¤ ¨ ¢¶¥·¥¤ ¸µµÉ¢¥É¸É¢¥´´µ, Ê¸·¥¤´¥´´Ò¥ ¶µ Ê£² ³
¶ ¤¥´¨Ö. ‡ ³¥É¨³, ÎÉµ

Σb + Σf =
∫
4π

dΩ
∫

nΩ′
<0

Σs(Ω ← Ω′)
dΩ′

2π
= Σs

∫
2π

dΩ′

2π
= Σs. (23)
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�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (21) ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´µ ¢ ¢¨¤¥

R∞ =

√
Σt − Σf + Σb −

√
Σt − Σf − Σb√

Σt − Σf + Σb +
√

Σt − Σf − Σb

. (24)

�µ¸±µ²Ó±Ê Σf + Σb = Σs,   Σs − Σf + Σb = 2Σb Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ É· ´¸-
¶µ·É´µ£µ ¸¥Î¥´¨Ö Σtr, Éµ  ²Ó¡¥¤µ µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨ ¶·¨´¨³ ¥É
¢¨¤

R∞ =
√

Σa + Σtr −
√

Σa√
Σa + Σtr +

√
Σa

, (25)

¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É ¥¸É¥¸É¢¥´´Ò° ·¥§Ê²ÓÉ É, ÎÉµ ¶·¨ Σa = 0  ²Ó¡¥¤µ µÉ ¡¥¸-
±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨ · ¢´µ ¥¤¨´¨Í¥,   ¶·¨ Σtr/Σa → 0  ²Ó¡¥¤µ ¸É·¥³¨É¸Ö
± ´Ê²Õ.

“¡Ò¢ ´¨¥ ¶²µÉ´µ¸É¨ ´¥°É·µ´µ¢ ¢´ÊÉ·¨ ¢¥Ð¥¸É¢ . —Éµ¡Ò ´ °É¨  ²Ó¡¥¤µ
µÉ ¸É¥´±¨, ¨³¥ÕÐ¥° ±µ´¥Î´ÊÕ Éµ²Ð¨´Ê, ´¥µ¡Ìµ¤¨³µ ´ °É¨ Ê¡Ò¢ ´¨¥ ´¥°É·µ-
´µ¢ ¶·¨ Ê¤ ²¥´¨¨ µÉ £· ´¨ÍÒ · §¤¥² . 	Éµ Ê¡Ò¢ ´¨¥ µ¶¨¸Ò¢ ¥É¸Ö µ¶¥· Éµ·µ³
X̂, ¢Ò· ¦¥´¨¥ ¤²Ö ±µÉµ·µ£µ (16) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

X̂ = (Î − ρ̂bR̂)−1τ̂ ≈ Î + ρ̂bR̂ − ŝ + ρ̂f . (26)

�¶¥· Éµ· X̂ ¶·¥µ¡· §Ê¥É ¸µ¸ÉµÖ´¨¥ |ψ〉 Ê ¢Ìµ¤´µ° ¶µ¢¥·Ì´µ¸É¨ ¢ ¸µ¸ÉµÖ´¨¥
X̂|ψ〉 ´  £²Ê¡¨´¥ ζ ¢´ÊÉ·¨ ¢¥Ð¥¸É¢ . �µ·³  ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö

〈e|X̂|ψ〉 = 1 − 2ζ[Σa + Σs − Σf − Σb + Σb(1 − R∞)] =
= 1 − 2ζ[Σa + Σb(1 − R∞)] ≈ exp (−qζ). (27)

	Éµ §´ Î¨É, ÎÉµ ´  · ¸¸ÉµÖ´¨¨ z µÉ ¶µ¢¥·Ì´µ¸É¨ · §¤¥²  ¢ £²Ê¡Ó ¢¥Ð¥-
¸É¢  ¶²µÉ´µ¸ÉÓ ´¥°É·µ´µ¢ ¶ ¤ ¥É ¶·µ¶µ·Í¨µ´ ²Ó´µ X(z) = exp (−qz) =
exp(−z/L0) ¸ ¶µ± § É¥²¥³ Ô±¸¶µ´¥´ÉÒ

q = 2Σa + Σtr(1 − R∞) = 2
√

Σa(Σa + Σtr), L0 =
1

2
√

Σa(Σa + Σtr)
, (28)

¨ µ¶¥· Éµ· X̂ ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ± ±

X̂(z) = exp (−z/L0)|ψ〉〈e|. (29)

3. �‹œ�…„� �’ ‘’…�Šˆ ‘ Š��…—��‰ ’�‹™ˆ��‰ L

’¥¶¥·Ó ³µ¦´µ ´ °É¨ µÉ· ¦¥´¨¥ R̂L µÉ ¸É¥´±¨ ¸ ±µ´¥Î´µ° Éµ²Ð¨´µ° L.
„²Ö ÔÉµ£µ § ¶¨Ï¥³  ´ ²µ£¨Î´µ (15) ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¤²Ö ¶µ²Ê¡¥¸±µ´¥Î´µ°
¸É¥´±¨, µÉ¤¥²¨¢ µÉ ´¥¥ ¸²µ° ¸ ±µ´¥Î´µ° Éµ²Ð¨´µ° L:

X̂L = T̂L + R̂LR̂X̂L, R̂ = R̂L + T̂LR̂X̂L. (30)
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‡¤¥¸Ó X̂L = X̂(L),   T̂L Å µ¶¥· Éµ· ¶·µ¶Ê¸± ´¨Ö ¸É¥´±¨ Éµ²Ð¨´µ° L.
ˆ¸±²ÕÎ¨¢ T̂L ¨§ ¢Éµ·µ£µ Ê· ¢´¥´¨Ö, ¶µ²ÊÎ¨³

R̂ = R̂L + [X̂L − R̂LR̂X̂L]R̂X̂L. (31)

�É¸Õ¤  ¸²¥¤Ê¥É

R̂ − X̂LR̂X̂L = R̂L[Î− R̂X̂LR̂X̂L] → R̂L =

= [R̂ − X̂LR̂X̂L][Î − R̂X̂LR̂X̂L]−1. (32)

‡ ³¥É¨³, ÎÉµ

Î − R̂X̂LR̂X̂L =
∫

|Ω〉dΩ〈Ω| − R2
∞X2

L|ψ〉〈e| = Î− α|ψ〉〈e|, α = R2
∞X2

L,

(33)
£¤¥ XL = exp(−qL). �¡· É´ Ö ³ É·¨Í  (Î−α|ψ〉〈e|)−1 ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É -
¢²¥´  ¢ ¢¨¤¥

(Î − α|ψ〉〈e|)−1 = Î + c|ψ〉〈e|, (34)

£¤¥ c µ¶·¥¤¥²Ö¥É¸Ö ¨§ ¥¸É¥¸É¢¥´´µ£µ ¸µµÉ´µÏ¥´¨Ö

Î = (Î − α|ψ〉〈e|)(Î − α|ψ〉〈e|)−1 = (Î − α|ψ〉〈e|)(Î + c|ψ〉〈e|) =

= Î − (α − c + cα)|ψ〉〈e|, (35)

¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ α − c + cα = 0, ¨²¨

c =
α

1 − α
=

R2
∞X2

L

1 − R2
∞X2

L

. (36)

�µ¤¸É ¢¨¢ (34) ¸ ÊÎ¥Éµ³ (36) ¢ (32), ¶µ²ÊÎ¨³

R̂L = RL|ψ〉〈e|, (37)

£¤¥

RL ≡ 〈e|R̂L|ψ〉 = R∞
1 − exp(−2qL)

1 − R2
∞ exp(−2qL)

. (38)

�·¨ µÉ¸ÊÉ¸É¢¨¨ ¶µ£²µÐ¥´¨Ö ¨³¥¥³ R∞ = 1, q = 0, ¨ ¶· ¢ Ö Î ¸ÉÓ ¢Ò· ¦¥´¨Ö
(38) ¢Ò·µ¦¤ ¥É¸Ö ¢ ´¥µ¶·¥¤¥²¥´´µ¥ µÉ´µÏ¥´¨¥ 0/0. 	ÉÊ ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ
³µ¦´µ · ¸±·ÒÉÓ ¶µ ¶· ¢¨²Ê ‹µ¶¨É ²Ö, ¶·µ¤¨ËË¥·¥´Í¨·µ¢ ¢ Î¨¸²¨É¥²Ó ¨ §´ -
³¥´ É¥²Ó ¤·µ¡¨ ¢ (38) ¶µ

√
Σa, ¨ ¶µ²µ¦¨¢ Σa = 0. �µ¸±µ²Ó±Ê, ¸µ£² ¸´µ (28),

q′ ≡ dq/d
√

Σa = 2
√

Σtr,   R′
∞ ≡ dR∞/d

√
Σa = −2/

√
Σtr, ¸µ£² ¸´µ (25), Éµ

lim√
Σa→0

(
1 − exp(−2qL)

1 − R2
∞ exp(−2qL)

)
=

q′L

−R′
∞ + q′L

=
ΣtrL

1 + ΣtrL
. (39)
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Š·µ³¥  ²Ó¡¥¤µ, ¶µ²¥§´µ ¨´µ£¤  §´ ÉÓ ¨ ¶·µ¶Ê¸± ´¨¥ TL. �µ¤¸É ¢¨¢ ¢
¶¥·¢µ¥ Ê· ¢´¥´¨¥ (30) R̂L ¨§ ¢Éµ·µ£µ, ¶µ²ÊÎ¨³

X̂L = T̂L + (R̂ − T̂LR̂X̂L)R̂X̂L, (40)

µÉ±Ê¤  ¸²¥¤Ê¥É
T̂L = (Î − R̂2)X̂L(Î − R̂X̂LR̂X̂L)−1. (41)

�µ¤¸É ¢¨¢ ¸Õ¤  (20), (29) ¨ ¨¸¶µ²Ó§ÊÖ ¸µµÉ´µÏ¥´¨Ö (33)Ä(36), ¶µ²ÊÎ¨³

T̂L = TL|ψ〉〈e|, (42)

£¤¥

TL ≡ 〈e|T̂L|ψ〉 = exp (−qL)
1 − R2

∞
1 − R2

∞ exp (−2qL)
. (43)

‘· ¢´¥´¨¥ ¸ ¤¨ËËÊ§¨µ´´Ò³¨ Ëµ·³Ê² ³¨  ²Ó¡¥¤µ. ‚Ò· ¦¥´¨Ö (25) ¨
(38) µÉ²¨Î ÕÉ¸Ö µÉ Ëµ·³Ê²  ²Ó¡¥¤µ, ¶µ²ÊÎ ¥³ÒÌ ¢ ¤¨ËËÊ§¨µ´´µ³ ¶·¨¡²¨-
¦¥´¨¨. ‚ ¸²ÊÎ ¥ µÉ· ¦¥´¨Ö µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨ ¤¨ËËÊ§¨µ´´µ¥
 ²Ó¡¥¤µ (¸³., ´ ¶·¨³¥·, [3], Ëµ·³Ê²  (6.3.6), [4], Ëµ·³Ê²  (3.3)) ¨³¥¥É ¢¨¤

R∞ =
1 − 2

D

LD

1 + 2
D

LD

, (44)

£¤¥ D = 1/3(Σa+Σtr) Å ±µÔËË¨Í¨¥´É ¤¨ËËÊ§¨¨, LD=1/
√

3Σa(Σa+Σtr) Å
¤¨ËËÊ§¨µ´´ Ö ¤²¨´ . ”µ·³Ê²  (44) ²¥£±µ ¶·¨¢µ¤¨É¸Ö ± ¢¨¤Ê

R∞ =
√

Σa + Σtr −
√

(4/3)Σa√
Σa + Σtr +

√
(4/3)Σa

, (45)

¨§ ±µÉµ·µ£µ ¸²¥¤Ê¥É, ÎÉµ ¶·¨ Σtr < Σa/3  ²Ó¡¥¤µ, ±µÉµ·µ¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
¢¥·µÖÉ´µ¸ÉÓ µÉ· ¦¥´¨Ö ¨ ¤µ²¦´µ ¡ÒÉÓ ¶µ²µ¦¨É¥²Ó´µ° ¢¥²¨Î¨´µ°, ¸É ´µ¢¨É¸Ö
µÉ·¨Í É¥²Ó´Ò³.

�²Ó¡¥¤µ µÉ ¸É¥´±¨ ¸ ±µ´¥Î´µ° Éµ²Ð¨´µ° (¸³., ´ ¶·¨³¥·, [3], Ëµ·³Ê² 
(6.3.5)) ¶·¨¢µ¤¨É¸Ö ¢ ¢¨¤¥

RL =
1 − 2

D

LD
coth

(
L

LD

)

1 + 2
D

LD
coth

(
L

LD

) , (46)

¨ ¨§ ´¥£µ ¸· §Ê ¸²¥¤Ê¥É  ¡¸Ê·¤´Ò° ·¥§Ê²ÓÉ É: ¶·¨ L → 0, ±µ£¤  ¢¥·µÖÉ´µ¸ÉÓ
µÉ· ¦¥´¨Ö ¤µ²¦´  ¸É·¥³¨ÉÓ¸Ö ± ´Ê²Õ, ¢Ò· ¦¥´¨¥ (46) ¸É·¥³¨É¸Ö ± ³¨´Ê¸
¥¤¨´¨Í¥.
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�¡¸Ê·¤´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¤¨ËËÊ§¨µ´´Ò° ¶µ¤Ìµ¤
¸¶· ¢¥¤²¨¢ Éµ²Ó±µ ¶·¨ Σtr � Σa ¨ L � LD. �µ¸±µ²Ó±Ê ¶µ²ÊÎ¥´´Ò¥ ´ ³¨
¢Ò· ¦¥´¨Ö (25) ¨ (38) ´¥ ¶·¨¢µ¤ÖÉ ±  ¡¸Ê·¤Ê ´¨ ¶·¨ ± ±¨Ì §´ Î¥´¨ÖÌ ¶ · -
³¥É·µ¢, ³Ò ³µ¦¥³ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ´ Ï ¶µ¤Ìµ¤ ¸¶· ¢¥¤²¨¢ ¢ ¡µ²¥¥ Ï¨·µ±µ°
µ¡² ¸É¨, Î¥³ ¤¨ËËÊ§¨µ´´Ò°.

4. �–…�Š� ����Œ…’��‚
„‹Ÿ “‹œ’��„ˆ‘�…�‘��ƒ� ‚…™…‘’‚�

‚µ¸¶µ²Ó§Ê¥³¸Ö É¥¶¥·Ó ¶µ²ÊÎ¥´´Ò³¨ Ëµ·³Ê² ³¨ ¤²Ö  ²Ó¡¥¤µ R∞ (25) µÉ
¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨,  ²Ó¡¥¤µ RL (38) µÉ ¸É¥´±¨ Éµ²Ð¨´µ° L ¨ £²Ê¡¨´Ò
¶·µ´¨±´µ¢¥´¨Ö L0 (28). —Éµ¡Ò µÍ¥´¨ÉÓ ·µ²Ó Ê²ÓÉ· ¤¨¸¶¥·¸´µ¸É¨, ´Ê¦´µ
´ °É¨ ¥¥ ¢±² ¤ ¢ É· ´¸¶µ·É´µ¥ ¸¥Î¥´¨¥ Σtr, ±µÉµ·µ¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥ ¸Ê³³Ò Σtr = Σc

tr + ΣN ¤¢ÊÌ ¸² £ ¥³ÒÌ. �¥·¢µ¥, Σc
tr, µ¶¨¸Ò¢ ¥É ±µ£¥-

·¥´É´µ¥ · ¸¸¥Ö´¨¥ ´  ±·Ê¶¨´±¥ ¢ Í¥²µ³,   ¢Éµ·µ¥, ΣN , µÉ´µ¸¨É¸Ö ± · ¸¸¥Ö´¨Õ
´  µÉ¤¥²Ó´ÒÌ Ö¤· Ì ±·Ê¶¨´±¨. ‚Éµ·µ¥ ¸² £ ¥³µ¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, Éµ¦¥ · §-
¡¨¢ ¥É¸Ö ´  ¤¢¥ Î ¸É¨: ¨§µÉ·µ¶´ÊÕ ´¥±µ£¥·¥´É´ÊÕ Σic

N = 4πN0|bic|2, £¤¥ bic

Å ´¥±µ£¥·¥´É´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö Ö¤¥·, ¨ ±µ£¥·¥´É´ÊÕ Σc
N .

Šµ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥ ´  µÉ¤¥²Ó´ÒÌ Ö¤· Ì, ¢µµ¡Ð¥ £µ¢µ·Ö, ´¥ ¨§µÉ·µ¶´µ.
�´µ µ¶¨¸Ò¢ ¥É ¤¨Ë· ±Í¨Õ ´  ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¥ ±·Ê¶¨´±¨ ¨ ¸¨²Ó´µ
§ ¢¨¸¨É µÉ ¤²¨´Ò ¢µ²´Ò ´¥°É·µ´ . ‚ ¸²ÊÎ ¥ É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ (λ = 1,8 
A),
¢¸²¥¤¸É¢¨¥ ¶·µ¨§¢µ²Ó´µ° µ·¨¥´É Í¨¨ ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨ ± ¦¤µ° ±·Ê-
¶¨´±¨, ±µ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥ ³µ¦´µ ¸Î¨É ÉÓ ¨§µÉ·µ¶´Ò³ ¨ ¶·¥¤¸É ¢²ÖÉÓ ¢
¢¨¤¥ Σc

N = 4πN0|bc|2, £¤¥ bc Å ±µ£¥·¥´É´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö Ö¤¥·.
�Í¥´¨³ ¢¥²¨Î¨´Ê Σc

tr ¤²Ö · ¸¸¥Ö´¨Ö ´  ±·Ê¶¨´±¥ ¢ Í¥²µ³, ¶µ² £ Ö, ÎÉµ
¸·¥¤  ¸µ¸Éµ¨É ¨§ Ï ·¨±µ¢ ¢¥Ð¥¸É¢  · ¤¨Ê¸µ³ a. �³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö Ï -
·¨± , ¢ÒÎ¨¸²¥´´ Ö ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨°, · ¢´ 

B = N0bc

∫
d3r exp (iqr) =

2πN0bc

iq

∫ a

−a

rdr exp (iqr) =

= −4πN0bca

q2

(
cos (qa) − sin (qa)

qa

)
. (47)

‘µµÉ¢¥É¸É¢¥´´µ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö

dσc
s(Ω) = |B|2dΩ = a2 u2

q4

(
cos (qa) − sin (qa)

qa

)2

dΩ, (48)

£¤¥ u = 4πN0bc ¸µµÉ¢¥É¸É¢Ê¥É µ¶É¨Î¥¸±µ³Ê ¶µÉ¥´Í¨ ²Ê ¸·¥¤Ò U = �
2u/2m ≈

10−7 Ô‚. ’· ´¸¶µ·É´µ¥ ¸¥Î¥´¨¥ σtr, ±µÉµ·µ¥ ³Ò É¥¶¥·Ó ¡Ê¤¥³ ¢ÒÎ¨¸²ÖÉÓ ¢
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¸µµÉ¢¥É¸É¢¨¨ ¸ µ¡Ð¥¶·¨´ÖÉÒ³ µ¶·¥¤¥²¥´¨¥³ ± ±

σc
tr =

∫
4π

dΩ
dσc

s(Ω)
dΩ

(1 − cos θ) =
∫
4π

|B|2(1 − cos θ)dΩ,

· ¢´µ

σc
tr =

∫
4π

a2 u2

q4

(
cos (qa) − sin (qa)

qa

)2

(1 − cos θ)dΩ =

= a2 2πu2

2k4

∫ 1

0

(
cos (2kax) − sin (2kax)

2kax

)2
dx

x
= a2 πu2

k4
f(2ka), (49)

£¤¥ ËÊ´±Í¨Ö f(2ka) ¨³¥¥É  ¸¨³¶ÉµÉ¨±¨

f(2ka) =

2ka∫
0

(x cos x − sin x)2dx/x3 ≈

≈




1
2
(ln(2ka) + 0,27) ¶·¨ 2kr � 1

4
9
(ka)4 ¶·¨ 2kr 	 1.

(50)

Œ ±·µ¸±µ¶¨Î¥¸±µ¥ É· ´¸¶µ·É´µ¥ ¸¥Î¥´¨¥ ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´µ ± ±

Σc
tr = γN1σ

c
tr = γN0

σc
tr

4πN0a3/3
= γΣc

NF, F = 6π
N0

k3
g(2ka), (51)

£¤¥ N1 Å Î¨¸²µ ±·Ê¶¨´µ± ¢ ¥¤¨´¨Í¥ µ¡Ñ¥³ , ¥¸²¨ ¡Ò ¢ ´¨Ì ³µ¦´µ ¡Ò²µ ¶¥-
·¥¢¥¸É¨ ¢¥¸Ó ¸¶²µÏ´µ° ³ É¥·¨ ², γ ≤ 0,74 Å ¶²µÉ´µ¸ÉÓ Ê¶ ±µ¢±¨,   ËÊ´±Í¨Ö

g(2ka) =
f(2ka)

2ka
≈




ln(2ka) + 0,27
4ka

¶·¨ 2kr � 1

2(ka)3/9 ¶·¨ 2kr 	 1,

(52)

± ± ¶µ± §Ò¢ ¥É Î¨¸²¥´´Ò° · ¸Î¥É (¸³. ·¨¸Ê´µ±), ¨³¥¥É ³ ±¸¨³Ê³ max(g) ≈
0,25 ¶·¨ 2ka ≈ 3,5, É. ¥. ¶·¨ a ≈ 0,28λ. ’ ±¨³ µ¡· §µ³, ¤²Ö É¥¶²µ¢ÒÌ
´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò λ = 1,8 
A ³ ±¸¨³Ê³ g(x) ¸µµÉ¢¥É¸É¢Ê¥É a = 0,5 
A,
  ¤²Ö Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ ¸ ¤²¨´µ° ¢µ²´Ò 12 
A, ±µÉµ·Ò¥ ¸µµÉ¢¥É¸É¢ÊÕÉ
É¥³¶¥· ÉÊ·¥ § ³¥¤²¨É¥²Ö T = 4 Š, ³ ±¸¨³Ê³ ËÊ´±Í¨¨ g(2ka) ¤µ¸É¨£ ¥É¸Ö
¶·¨ a = 3,36 
A. �¡  ÔÉ¨ §´ Î¥´¨Ö a ³¥´ÓÏ¥ ¨²¨ ¶µ·Ö¤±  ³¥¦ Éµ³´µ£µ,
Éµ£¤  ± ± ±·Ê¶¨´±¨ Ê²ÓÉ· ¤¨¸¶¥·¸´µ£µ ¢¥Ð¥¸É¢  ¶·¥¤¶µ² £ ÕÉ¸Ö ¨³¥ÕÐ¨³¨
· §³¥·Ò, ¶µ ±· °´¥° ³¥·¥, ¡µ²ÓÏ¥ 1 ´³. ŒÒ ¡Ê¤¥³ ¶·¨´¨³ ÉÓ a = 1,5 ´³,
¶·¨ ÔÉµ³ ¢¸¥£¤  ¡Ê¤¥É 2ka � 3,5, ÎÉµ ¤ ¥É ´ ³ ¶· ¢µ ¢ ¤ ²Ó´¥°Ï¥³ ¢¸¥£¤ 
¶µ²Ó§µ¢ ÉÓ¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨³ ¢Ò· ¦¥´¨¥³ ¤²Ö g(x) ¶·¨ ¡µ²ÓÏ¨Ì x � 1.
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”Ê´±Í¨Ö g(x) (52) ¢¡²¨§¨ ³ ±¸¨³Ê³ 

‡ ³¥É¨³, ÎÉµ ³´µ¦¨É¥²Ó γ ¢Ìµ¤¨É ¢µ ¢¸¥ ¶ · ³¥É·Ò Ëµ·³Ê²Ò (25) ¨
¶µÉµ³Ê  ²Ó¡¥¤µ R∞ ¥£µ ´¥ ¸µ¤¥·¦¨É:

R∞ =

√
Σa + Σic

N + Σc
N(1 + F ) −

√
Σa√

Σa + Σic
N + Σc

N(1 + F ) +
√

Σa

. (53)

�É¸Õ¤  ¸· §Ê ¸²¥¤Ê¥É, ÎÉµ  ²Ó¡¥¤µ µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° Ê²ÓÉ· ¤¨¸¶¥·¸´µ°
¸·¥¤Ò ¢¸¥£¤  ¢ÒÏ¥, Î¥³ µÉ ¸¶²µÏ´µ°.

‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶µ ÔÉµ° ¦¥ ¶·¨Î¨´¥ £²Ê¡¨´  ¶·µ´¨±´µ¢¥´¨Ö

L0 =
1

2γ
√

Σa(Σa + Σic
N + Σc

N (1 + F ))
(54)

¸µ¤¥·¦¨É γ ¢ §´ ³¥´ É¥²¥, ¨ ÔÉµ Ê¢¥²¨Î¨¢ ¥É L0. ‘²¥¤µ¢ É¥²Ó´µ,  ²Ó¡¥¤µ
RL ∝ R∞[1 − exp (−2L/L0)] µÉ ¸É¥´±¨ c ±µ´¥Î´µ° Éµ²Ð¨´µ° L ¢ ¸²ÊÎ ¥
Ê²ÓÉ· ¤¨¸¶¥·¸´µ° ¸·¥¤Ò ³µ¦¥É µ± § ÉÓ¸Ö ³¥´ÓÏ¥, Î¥³ µÉ ¸¶²µÏ´µ°.

‚ É ¡²¨Í¥ ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ ¤²Ö · §²¨Î´ÒÌ ¢¥Ð¥¸É¢ ¨ ¤²Ö ´¥°É·µ´µ¢ ¸
· §²¨Î´µ° ¤²¨´µ° ¢µ²´Ò. ‚ ¶¥·¢µ° ±µ²µ´±¥ Ê± § ´µ ¢¥Ð¥¸É¢µ, µÉ· ¦ ÕÐ¥¥
´¥°É·µ´Ò, ‘1 µ¡µ§´ Î ¥É £· Ë¨É, ‘2 Å  ²³ §. Be Å ¡¥·¨²²¨° ¸ ¨¤¥ ²Ó´µ°
±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±µ°,   C1′ ¨ Be′ Å ¶µ·µÏ±¨ £· Ë¨É  ¨ ¡¥·¨²²¨Ö,
§¥·´  ±µÉµ·ÒÌ ¨³¥ÕÉ ¶µ²´µ¸ÉÓÕ · §Ê¶µ·Ö¤µÎ¥´´ÊÕ ¸É·Ê±ÉÊ·Ê.
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‚¥Ð¥- λ,
A g(2ka), N0 · 10−23 F ΣN Σtr Σa R∞ γL0

¸É¢µ ¸³−3

C1 1,8 0,023 0,837 0,0009 0,46 0,4604 0,00042 0,94 36

C2 1,8 0,023 1,76 0,0019 0,97 0,9708 0,00088 0,94 17

C1 12 0,096 0,837 0,25 0,00084 0,1158 0,0028 0,73 27

C1′ 12 0,096 0,837 0,25 0,46 0,6758 0,0028 0,88 11,5

C2 12 0,096 1,76 0,53 0,00176 0,5142 0,0059 0,81 9

Be 1,8 0,023 1,23 0,0013 0,9274 0,9286 0,001 0,93 16

Be 6 0,06 1,23 0,12 0,0012 0,1123 0,0033 0,71 25,5

Be′ 6 0,06 1,23 0,12 0,9274 1,037 0,0033 0,89 8,4

‚ ±µ²µ´± Ì É ¡²¨ÍÒ ¶·¨¢¥¤¥´Ò: λ Å ¤²¨´  ¢µ²´Ò ´¥°É·µ´µ¢, g(2ka) Å
§´ Î¥´¨¥ ËÊ´±Í¨¨ g(2ka) ¶·¨ Ê± § ´´µ° ¤²¨´¥ ¢µ²´Ò ¨ a = 1,5 ´³,
N0 · 10−23 Å  Éµ³ ·´ Ö ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢ , F Å ¶µ¶· ¢±  ± Σc

N , µ¡Ê-
¸²µ¢²¥´´ Ö ±µ£¥·¥´É´Ò³ · ¸¸¥Ö´¨¥³ ´  ±·Ê¶¨´± Ì ¶µ·µÏ± . ΣN Å Ê¶·Ê£µ¥
³ ±·µ¸±µ¶¨Î¥¸±µ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ´  µÉ¤¥²Ó´µ³  Éµ³¥. �·¨ ¤²¨´¥ ¢µ²´Ò
1,8 
A ÔÉµ ¸¥Î¥´¨¥ · ¢´µ ΣN = Σc

N + Σic
N . �·¨ ¤²¨´ Ì ¢µ²´ 6 ¨ 12 
A ÔÉµ ¸¥-

Î¥´¨¥ ´¥ ¸µ¤¥·¦¨É ±µ£¥·¥´É´µ° Î ¸É¨, É. ¥. ΣN = Σic
N . …¸²¨ ¦¥ ±·Ê¶¨´±¨ ¶µ-

·µÏ±  ¨³¥ÕÉ ¶µ²´µ¸ÉÓÕ · §Ê¶µ·Ö¤µÎ¥´´ÊÕ ¸É·Ê±ÉÊ·Ê, Éµ ¢ ΣN ¸´µ¢  ´Ê¦´µ
¢±²ÕÎ¨ÉÓ Σc

N . Σtr Å ³ ±·µ¸±µ¶¨Î¥¸±µ¥ É· ´¸¶µ·É´µ¥ ¸¥Î¥´¨¥ ¸ ÊÎ¥Éµ³ ¶µ-
¶· ¢±¨ ´  ±µ£¥·¥´É´µ¥ · ¸¸¥Ö´¨¥ µÉ¤¥²Ó´ÒÌ ±·Ê¶¨´µ± Σc

tr, Σa Å ³ ±·µ¸±µ-
¶¨Î¥¸±µ¥ ¸¥Î¥´¨¥ ¶µ£²µÐ¥´¨Ö Ö¤· ³¨ ¢¥Ð¥¸É¢  ¶·¨ ¤²¨´ Ì ¢µ²´, Ê± § ´´ÒÌ
¢µ ¢Éµ·µ° ±µ²µ´±¥. R∞ Å  ²Ó¡¥¤µ µÉ ¡¥¸±µ´¥Î´µ Éµ²¸Éµ° ¸É¥´±¨, γL0 Å
£²Ê¡¨´  ¶·µ´¨±´µ¢¥´¨Ö, Ê³´µ¦¥´´ Ö ´  ±µÔËË¨Í¨¥´É Ê¶ ±µ¢±¨ γ. ‚ ¸²ÊÎ ¥,
±µ£¤  γ = 0,74, ¤²¨´  L0 ´  35% ¡µ²ÓÏ¥ Ê± § ´´µ° ¢ ¶µ¸²¥¤´¥° ±µ²µ´±¥.
„²Ö ¸¶²µÏ´µ£µ ¢¥Ð¥¸É¢  ¸²¥¤Ê¥É ¢§ÖÉÓ γ = 1, ¨ ¢ ¶ÖÉµ° ±µ²µ´±¥ ¶µ¶· ¢±Ê
F = 0.

“²ÓÉ· ¤¨¸¶¥·¸´Ò° ¶µ·µÏµ± ¡¥·¨²²¨Ö ¶·¥¤¸É ¢²Ö¥É ¡µ²ÓÏµ° ¨´É¥·¥¸ ¸
ÉµÎ±¨ §·¥´¨Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ¥£µ ¤²Ö Ìµ²µ¤´µ£µ § ³¥¤²¨É¥²Ö ¶·¨ É¥³¶¥· -
ÉÊ·¥ ≈ 30 K. „²¨´  ¢µ²´Ò Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¸µ¸É ¢²Ö¥É
≈ 6 
A, ¨ ¶·¨ É ±µ° ¤²¨´¥ ¢µ²´Ò ±µ£¥·¥´É´ Ö Î ¸ÉÓ Ö¤¥·´µ£µ · ¸¸¥Ö´¨Ö Σc

N

¨¸±²ÕÎ ¥É¸Ö. ’¥³ ´¥ ³¥´¥¥, ± ± ¢¨¤´µ ¨§ É ¡²¨ÍÒ,  ²Ó¡¥¤µ µÉ ¶µ²Ê¡¥¸±µ´¥Î-
´µ° ¸·¥¤Ò ¡² £µ¤ ·Ö ±µ£¥·¥´É´µ³Ê · ¸¸¥Ö´¨Õ ´  ±·Ê¶¨´± Ì ¤µ¸É¨£ ¥É 71%.
�¤´ ±µ £²Ê¡¨´  ¶·µ´¨±´µ¢¥´¨Ö µ± §Ò¢ ¥É¸Ö ¤µ¢µ²Ó´µ ¡µ²ÓÏµ°, ¨ ¶µÔÉµ³Ê,
ÎÉµ¡Ò ¶µ²ÊÎ¨ÉÓ  ²Ó¡¥¤µ ∼ 60 %, É·¥¡Ê¥É¸Ö ¸É¥´±  Éµ²Ð¨´µ° ¡µ²¥¥ 35 ¸³.
‘¨ÉÊ Í¨Ö ³µ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´µ Ê²ÊÎÏ¥´ , ¥¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶µ·µÏµ± ¡¥-
·¨²²¨Ö ¸ ¶µ²´µ¸ÉÓÕ · §Ê¶µ·Ö¤µÎ¥´´µ° ¸É·Ê±ÉÊ·µ° ± ¦¤µ£µ §¥·´ . ’µ£¤ , ± ±
ÔÉµ ¸²¥¤Ê¥É ¨§ ¶µ¸²¥¤´¥° ¸É·µÎ±¨ É ¡²¨ÍÒ, ³µ¦´µ ¤µ¸É¨ÎÓ  ²Ó¡¥¤µ 77% ¶·¨
Éµ²Ð¨´¥ ¸É¥´±¨ ¢¸¥£µ 11 ¸³.

�·¨ ´¥ ¶µ²´µ¸ÉÓÕ · §Ê¶µ·Ö¤µÎ¥´´µ° ¸É·Ê±ÉÊ·¥ µÉ¤¥²Ó´µ£µ §¥·´  ¢±² ¤
Σc

N ¡Ê¤¥É ´¥ ¶µ²´Ò³. ‚¥²¨Î¨´Ê ÔÉµ£µ ¢±² ¤  ¶·¨ · §²¨Î´µ° É¥Ì´µ²µ£¨¨ ¶·¨-
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£µÉµ¢²¥´¨Ö ¶µ·µÏ±  ³µ¦´µ ±µ´É·µ²¨·µ¢ ÉÓ ¶µ ¶·µ¶Ê¸± ´¨Õ Ìµ²µ¤´ÒÌ ´¥°-
É·µ´µ¢ Î¥·¥§ ¶µ·µÏ±µ¢Ò¥ µ¡· §ÍÒ.

5. “ƒ‹�‚�… ��‘��…„…‹…�ˆ… �’��†…��›• �…‰’����‚
��ˆ ˆ‡�’�����Œ ��‘‘…Ÿ�ˆˆ

‚ÒÏ¥ ³Ò ¢µ¸¶µ²Ó§µ¢ ²¨¸Ó ¶·µ¸Éµ° ³µ¤¥²ÓÕ (20) ¤²Ö µ¶¥· Éµ·  µÉ· ¦¥-
´¨Ö. �µ¸³µÉ·¨³ É¥¶¥·Ó, ± ± ¨§³¥´ÖÉ¸Ö ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ, ¥¸²¨ ³Ò ÊÎÉ¥³, ÎÉµ
µÉ· ¦¥´´Ò¥ ´¥°É·µ´Ò ¨³¥ÕÉ ´¥¨§µÉ·µ¶´µ¥ · ¸¶·¥¤¥²¥´¨¥. � ¨¡µ²¥¥ ¶·µ¸Éµ
ÔÉµ ¸¤¥² ÉÓ ¢ ¸²ÊÎ ¥ ¨§µÉ·µ¶´µ£µ · ¸¸¥Ö´¨Ö, ±µ£¤  µ¶¥· Éµ· · ¸¸¥Ö´¨Ö ¨³¥¥É
¢¨¤

Σ̂b = Σs

∫

nΩ<0

∫

nΩ′
>0

|Ω〉dΩ
4π

dΩ′

cos θ′
〈Ω′| ≡

≡ Σs

∫

nΩ>0

∫

nΩ′
<0

|Ω〉dΩ
4π

dΩ′

| cos θ′| 〈Ω
′|, (55)

Σ̂b = Σs

∫

nΩ>0

∫

nΩ′
>0

|Ω〉dΩ
4π

dΩ′

cos θ′
〈Ω′| ≡

≡ Σs

∫

nΩ<0

∫

nΩ′
<0

|Ω〉dΩ
4π

dΩ′

| cos θ′| 〈Ω
′|, (56)

£¤¥ Σs Å ¶µ¸ÉµÖ´´ Ö. �¶¥· Éµ· µÉ· ¦¥´¨Ö § ¶¨Ï¥³ ¢ µ¡Ð¥³ ¢¨¤¥

R̂ =
∫

nΩ<0

∫

nΩ′
>0

|Ω〉dΩ| cos θ|R(Ω ← Ω′)
dΩ′

2π
〈Ω′|, (57)

¶·¨ ÔÉµ³ ¢ ± Î¥¸É¢¥  ²Ó¡¥¤µ ¡Ê¤¥³ ¶·¨´¨³ ÉÓ

R =
∫

nΩ<0

∫

nΩ′
>0

dΩ| cos θ|R(Ω ← Ω′)
dΩ′

2π
=

∫

nΩ′
>0

R̃(Ω′)
dΩ′

2π
, (58)

£¤¥

R̃(Ω′) =
∫

nΩ<0

dΩ| cos θ|R(Ω ← Ω′) (59)
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¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö ¤²Ö § ¤ ´´µ£µ Ê£²  ¶ ¤¥´¨Ö Ω′.
’ ±¨³ µ¡· §µ³,  ²Ó¡¥¤µ ¢ (58) µ¶·¥¤¥²¥´µ ± ± ±µÔËË¨Í¨¥´É µÉ· ¦¥´¨Ö (59),
Ê¸·¥¤´¥´´Ò° ¶µ Ê£² ³ ¶ ¤¥´¨Ö. �  µ¸´µ¢¥ ¶·¨´Í¨¶  ¤¥É ²Ó´µ£µ · ¢´µ¢¥-
¸¨Ö ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ ¶·¨ µÉ¸ÊÉ¸É¢¨¨ ¶µ£²µÐ¥´¨Ö ËÊ´±Í¨Ö R(Ω ← Ω′)
¸¨³³¥É·¨Î´  µÉ´µ¸¨É¥²Ó´µ ¶¥·¥¸É ´µ¢±¨  ·£Ê³¥´Éµ¢. ŒÒ ¶·¨³¥³, ÎÉµ µ´ 
¸¨³³¥É·¨Î´  ¨ ¶·¨ ´ ²¨Î¨¨ ¶µ£²µÐ¥´¨Ö, É. ¥.

R(Ω ← Ω′) = R(Ω′ ← Ω) = R(µ, µ′), (60)

£¤¥ µ = cos θ.
� °¤¥³ ³ É·¨Î´Ò° Ô²¥³¥´É Ê· ¢´¥´¨Ö (19) ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨ 〈Ω| ¨

|Ω′〉:

〈Ω|
[
R̂Σ̂bR̂ + (Σ̂f − ΣtŜ)R̂ + R̂(Σ̂f − ΣtŜ) + Σ̂b

]
|Ω′〉 = 0, (61)

�µ¤¸É ¢¨¢ ¸Õ¤  (55)Ä(57) ¨ ¢Ò· ¦¥´¨¥

Ŝ =
∫

|Ω〉 dΩ
| cos θ| 〈Ω| (62)

¤²Ö Ŝ, ¶·¨¢¥¤¥³ Ê· ¢´¥´¨¥ ± ¢¨¤Ê

α

2
[1 + µQ(µ)] [1 + µ′Q(µ′)] = (µ + µ′)R(µ, µ′), (63)

£¤¥ α = Σs/Σt,

Q(µ) =

1∫
0

R(µ, µ′)dµ′ =

1∫
0

R(µ, µ′)dµ′. (64)

�É¸Õ¤  ¶µ²ÊÎ ¥É¸Ö ¨´É¥£· ²Ó´µ¥ Ê· ¢´¥´¨¥

R(µ, µ′) =
α

2
[1 + µQ(µ)] [1 + µ′Q(µ′)]

µ + µ′ . (65)

‚¢¥¤¥³ µ¡µ§´ Î¥´¨¥ H(µ) = 1 + µQ(µ). ’µ£¤  Ê· ¢´¥´¨¥ (65) § ¶¨Ï¥É¸Ö
¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

R(µ, µ′) =
α

2
H(µ)H(µ′)

µ + µ′ . (66)

�·µ¨´É¥£·¨·Ê¥³ (66) ¶µ µ′, Ê³´µ¦¨³ ·¥§Ê²ÓÉ É ´  µ ¨ ¶·¨¢¥¤¥³ Ê· ¢´¥´¨¥ ±
¢¨¤Ê

H(µ) = 1 +
αµ

2
H(µ)

1∫
0

H(µ′)
µ + µ′ dµ′, (67)
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µÉ±Ê¤  ¸²¥¤Ê¥É, ÎÉµ

1
H(µ)

= 1 − αµ

2

1∫
0

H(µ′)
µ + µ′ dµ′. (68)

	Éµ ¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ¥É ¸ Ê· ¢´¥´¨¥³ (5) ¨§ £² ¢Ò 9.3 ±´¨£¨ [6], ¶µ²ÊÎ¥´´Ò³
¸ ¶µ³µÐÓÕ ±¨´¥É¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö, £¤¥ É ±¦¥ ¶·¨¢µ¤¨É¸Ö ¥£µ ·¥Ï¥´¨¥.

�¤´ ±µ ¤²Ö µ¶·¥¤¥²¥´¨Ö  ²Ó¡¥¤µ ¸ ³µ ·¥Ï¥´¨¥ ´¥ É·¥¡Ê¥É¸Ö. „¥°¸É¢¨-
É¥²Ó´µ, ¶·µ¨´É¥£·¨·Ê¥³ µ¡¥ Î ¸É¨ Ê· ¢´¥´¨Ö (63) ¶µ dµ ¨ dµ′. ‚ ·¥§Ê²ÓÉ É¥
¶µ²ÊÎ¨³ Ê· ¢´¥´¨¥ ¤²Ö  ²Ó¡¥¤µ

α(1 + R)2 = 4R. (69)

�¥Ï¥´¨¥ ÔÉµ£µ Ê· ¢´¥´¨Ö

R =
√

Σt −
√

Σa√
Σt +

√
Σa

(70)

¶µ²´µ¸ÉÓÕ ¸µ¢¶ ¤ ¥É ¸ (25), ¶µ¸±µ²Ó±Ê ¢ ¤ ´´µ³ ¸²ÊÎ ¥ Σtr = 2Σb ≡ Σs.
’ ±¨³ µ¡· §µ³, µÉ±²µ´¥´¨¥ µÉ ¨§µÉ·µ¶¨¨, ¶µ ±· °´¥° ³¥·¥ ¢ ¸²ÊÎ ¥

¨§µÉ·µ¶´µ£µ · ¸¸¥Ö´¨Ö, ´¨± ± ´¥ ¸± § ²µ¸Ó ´  ¢¥²¨Î¨´¥  ²Ó¡¥¤µ, ´ °¤¥´´µ£µ
¸ ¶µ³µÐÓÕ ¶·µ¸Éµ° ³µ¤¥²¨ (20).

‡�Š‹	—…�ˆ…

ˆÉ ±, ´ ³ Ê¤ ²µ¸Ó ´ °É¨ ´µ¢Ò°,  ²£¥¡· ¨Î¥¸±¨° ¶µ¤Ìµ¤ ± · ¸Î¥ÉÊ  ²Ó-
¡¥¤µ µÉ · §²¨Î´ÒÌ ¢¥Ð¥¸É¢. 	ÉµÉ ¶µ¤Ìµ¤ ¨³¥¥É ¡µ²¥¥ Ï¨·µ±ÊÕ ¶·¨³¥´¨³µ¸ÉÓ
¶µ ¸· ¢´¥´¨Õ ¸ ¤¨ËËÊ§¨µ´´Ò³. �´ ¶·¨¢µ¤¨É ± É ±µ³Ê ¦¥ Ê£²µ¢µ³Ê · ¸¶·¥-
¤¥²¥´¨Õ µÉ· ¦ ¥³ÒÌ ´¥°É·µ´µ¢, ± ± ¨ µ¡ÒÎ´µ¥ ±¨´¥É¨Î¥¸±µ¥ Ê· ¢´¥´¨¥. ‘
¶µ³µÐÓÕ ÔÉµ£µ ¶µ¤Ìµ¤  ³Ò ¸³µ£²¨ µÍ¥´¨ÉÓ ·µ²Ó ±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö ´ 
µÉ¤¥²Ó´ÒÌ ±·Ê¶¨´± Ì ¢ Ê²ÓÉ· ¤¨¸¶¥·¸´ÒÌ ³ É¥·¨ ² Ì. ˆ§ ÔÉ¨Ì µÍ¥´µ± ¢¨¤´µ,
ÎÉµ ¤²Ö É¥¶²µ¢ÒÌ ´¥°É·µ´µ¢ Ê²ÓÉ· ¤¨¸¶¥·¸´µ¸ÉÓ ´¥ ¤ ¥É ¢Ò¨£·ÒÏ , ´µ µ´ 
³µ¦¥É µ± § ÉÓ¸Ö ¶µ²¥§´µ° ¤²Ö Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢, µ¸µ¡¥´´µ ¥¸²¨ ¢µ§³µ¦´µ
¸µ§¤ ´¨¥ ¶µ·µÏ±µ¢ÒÌ ³ É¥·¨ ²µ¢ ¸ · §Ê¶µ·Ö¤µÎ¥´´µ° ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·µ°
± ¦¤µ£µ §¥·´ .
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