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‚ Ê¸²µ¢¨ÖÌ ±¢ ´Éµ¢ ´¨Ö ¶µ¶¥·¥Î´µ£µ ¤¢¨¦¥´¨Ö Ê²ÓÉ· Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ ¢µ ¢´¥Ï´¨Ì ¶µ²ÖÌ
(£· ¢¨É Í¨µ´´µ¥ ¨/¨²¨ ³ £´¨É´µ¥ ¶µ²Ö, ¶µÉ¥´Í¨ ² ¢¥Ð¥¸É¢ ), ±µ£¤  ¤¢¨¦¥´¨¥ ´¥°É·µ´µ¢ ¢¤µ²Ó ´¥°-
É·µ´µ¢µ¤  Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´µ µ¤´µ³¥·´Ò³, ¸¥Î¥´¨¥ ¨Ì Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ∝ v−2 ¨ § ¢¨¸¨É µÉ
£¥µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ´¥°É·µ´µ¢µ¤ . ‚ÒÎ¨¸²¥´´µ¥ ¢·¥³Ö ¦¨§´¨ É -
±¨Ì µ¤´µ³¥·´ÒÌ ´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥ µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö µ¡Ñ¥³´ÒÌ ¨ ¶µ¢¥·Ì´µ¸É´ÒÌ
Ëµ´µ´µ¢,   É ±¦¥ µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö ¢¥Ð¥¸É¢µ³ ³µ¦¥É ¡ÒÉÓ ¡µ²ÓÏ¥ 102 ¸. �¡¸Ê¦¤ ÕÉ¸Ö
· §²¨Î¨Ö ¢ ¸¥Î¥´¨ÖÌ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö É·¥Ì³¥·´ÒÌ, ¤¢Ê³¥·´ÒÌ ¨ µ¤´µ³¥·´ÒÌ ´¥°É·µ´µ¢. �·¨¢¥-
¤¥´Ò Î¨¸²¥´´Ò¥ µÍ¥´±¨.

When the energy of ultracold neutrons is quantized in external ˇelds (gravitational and/or magnetic
ˇelds, a positive surface potential barrier), their motion becomes one-dimensional along a neutron guide.
The elastic scattering cross section is ∝ v−2 and is a function of the geometric characteristics of the
neutron guide cross section. The lifetime of such one-dimensional neutrons in the neutron guide relative
to the absorption of volume and surface phonons and relative to the absorption by the neutron guide
material was calculated to be > 102 s. The differences among the elastic scattering cross sections of
one-, two- and three-dimensional neutrons are discussed. The results of calculations are presented.

“¶· ¢²¥´¨¥ Ö¤¥·´Ò³¨ ·¥ ±Í¨Ö³¨ ¶µ¸·¥¤¸É¢µ³ ¸² ¡ÒÌ (¶µ ¸· ¢´¥´¨Õ ¸ Ö¤¥·´Ò³¨
¸¨² ³¨) ¢´¥Ï´¨Ì ¢µ§¤¥°¸É¢¨° ´  ¸¨¸É¥³Ê ·¥ £¨·ÊÕÐ¨Ì Î ¸É¨Í Ö¢²Ö¥É¸Ö ¢ ¦´µ° ¶·µ¡²¥-
³µ°, ¶µÔÉµ³Ê ¨¸¸²¥¤µ¢ ´¨¥ ¢µ§³µ¦´ÒÌ ¶ÊÉ¥° ¥¥ ·¥Ï¥´¨Ö ¢ · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì
¤¨ ¶ §µ´ Ì ¶·¥¤¸É ¢²Ö¥É ´ ÊÎ´Ò° ¨ ¶· ±É¨Î¥¸±¨° ¨´É¥·¥¸. ‚ ¸µ¢·¥³¥´´µ° ²¨É¥· ÉÊ·¥
µ¡¸Ê¦¤ ÕÉ¸Ö · §²¨Î´Ò¥ ¶µ¤Ìµ¤Ò. ’ ±, ´ ¶·¨³¥·, ¢ ³µ´µ£· Ë¨¨ ‚. ƒ. � ·ÒÏ¥¢¸±µ£µ [1]
µ¶¨¸ ´ Ï¨·µ±¨° ±·Ê£ Ë¨§¨Î¥¸±¨Ì Ö¢²¥´¨°, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨Ö ¶µ²Ö·¨-
§µ¢ ´´ÒÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¸ ¶µ²Ö·¨§µ¢ ´´Ò³ ¢¥Ð¥¸É¢µ³, Ê± § ´µ ´  ·¥§±µ¥ ¨§-
³¥´¥´¨¥ ¶µ¤ ¤¥°¸É¢¨¥³ ¸¢¥É  ¸¥Î¥´¨Ö ·¥§µ´ ´¸´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´  ¸ Ö¤·µ³.
„·Ê£µ° ¶µ¤Ìµ¤ ¸¢Ö§ ´ ¸ ¶µ´¨¦¥´¨¥³ ÔËË¥±É¨¢´µ° · §³¥·´µ¸É¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì Î -
¸É¨Í. ‚. ˆ. ‹ÊÐ¨±µ¢ ¢¶¥·¢Ò¥ [2, 3] Ë ±É¨Î¥¸±¨ ¶·¥¤²µ¦¨² ¸¶µ¸µ¡ ¶µ²ÊÎ¥´¨Ö ¤¢Ê³¥·´ÒÌ
(2D-) Ê²ÓÉ· Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢ (“•�), ¸µ¢¥·Ï ÕÐ¨Ì ¸¢µ¡µ¤´µ¥ ÔËË¥±É¨¢´µ ¤¢Ê³¥·-
´µ¥ ¤¢¨¦¥´¨¥ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¢¥Ð¥¸É¢ , Ê ±µÉµ·ÒÌ ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥ ‡¥³²¨
±¢ ´Éµ¢ ´  Ô´¥·£¨Ö ¢¥·É¨± ²Ó´µ£µ ¤¢¨¦¥´¨Ö. �¡ Ô±¸¶¥·¨³¥´É ²Ó´µ³ ´ ¡²Õ¤¥´¨¨ É ±¨Ì
2D-´¥°É·µ´µ¢ ¸µµ¡Ð ²µ¸Ó ¢ · ¡µÉ¥ [4]. ˆ¸¶µ²Ó§µ¢ ´¨¥ ³ £´¨É´µ£µ ¶µ²Ö ¤²Ö ¶µ²ÊÎ¥´¨Ö
2D-´¥°É·µ´µ¢ µ¡¸Ê¦¤ ²µ¸Ó ¢ [5]. ‚ · ¡µÉ Ì [6, 7] Ê± § ´µ ´  ¨§³¥´¥´¨¥ § ±µ´µ³¥·´µ¸É¥°
¶·µÉ¥± ´¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ É ±¨³¨ Ê²ÓÉ· Ìµ²µ¤´Ò³¨ ´¥°É·µ´ ³¨, µ¡Ê¸²µ¢²¥´´µ¥ ¶µ-
´¨¦¥´¨¥³ ¨Ì ÔËË¥±É¨¢´µ° · §³¥·´µ¸É¨ ¢ ¸² ¡ÒÌ ¢´¥Ï´¨Ì ¶µ²ÖÌ. ‚¥²¨Î¨´  ¢´¥Ï´¥£µ
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¢µ§¤¥°¸É¢¨Ö (∼ 10−12 Ô‚) ´  ¸¨¸É¥³Ê ¶·¨ ÔÉµ³ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ Ì · ±É¥·´ÒÌ Ô´¥·-
£¨° Ö¤¥·´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö (∼ 107 Ô‚). �Ò² ¶·¥¤²µ¦¥´ ¸¶µ¸µ¡ ¶µ²ÊÎ¥´¨Ö ÔËË¥±É¨¢´µ
µ¤´µ³¥·´ÒÌ (1D-) Ê²ÓÉ· Ìµ²µ¤´ÒÌ ´¥°É·µ´µ¢, ¸µ¢¥·Ï ÕÐ¨Ì ¸¢µ¡µ¤´µ¥ µ¤´µ³¥·´µ¥ ¤¢¨-
¦¥´¨¥ ¢¤µ²Ó ´¥°É·µ´µ¢µ¤ , Ê ±µÉµ·ÒÌ ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥ ‡¥³²¨ ±¢ ´Éµ¢ ´  Ô´¥·£¨Ö
¶µ¶¥·¥Î´µ£µ ¤¢¨¦¥´¨Ö. Š Î¥¸É¢¥´´µ ¶µ± § ´µ, ± ±¨³ µ¡· §µ³ ¤²Ö 1D-´¥°É·µ´µ¢ ¨§³¥-
´ÖÕÉ¸Ö ¢¥·µÖÉ´µ¸É¨ ´¥Ê¶·Ê£¨Ì Ö¤¥·´ÒÌ ·¥ ±Í¨° (¶µ¤ ¢²Ö¥É¸Ö ± ´ ² ¢Ò²¥É  ´¥°É·µ´  ¨§
¸µ¸É ¢´µ£µ Ö¤· ). ‚µ²´µ¢ Ö ËÊ´±Í¨Ö 1D-´¥°É·µ´  ³µ¦¥É ¡ÒÉÓ ®¶·¨£µÉµ¢²¥´ ¯ ¢ ·Ó¨·µ-
¢ ´¨¥³ ¤¢ÊÌ ¢´¥Ï´¨Ì Ê¸²µ¢¨°: ¢¥²¨Î¨´Ò ¶·¨¦¨³ ÕÐ¥£µ ¶µ²Ö (£· ¢¨É Í¨µ´´µ£µ ¨/¨²¨
³ £´¨É´µ£µ) ¨ £¥µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ´¥°É·µ´µ¢µ¤ , ÎÉµ
¢Ò§Ò¢ ¥É §´ Î¨É¥²Ó´µ¥ ¨§³¥´¥´¨¥ ¢¥²¨Î¨´Ò ¢¥·µÖÉ´µ¸É¨ Ö¤¥·´µ° ·¥ ±Í¨¨ ¤²Ö ¤ ´´µ£µ
´ ¡µ·  Î ¸É¨Í ¨ Ô´¥·£¨°. �·¨Î¨´ ³¨, µ¡Ê¸² ¢²¨¢ ÕÐ¨³¨ ¨§³¥´¥´¨¥ ¢¥²¨Î¨´ ¢¥·µÖÉ´µ-
¸É¥° Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸ ´¥°É·µ´ ³¨, Ö¢²ÖÕÉ¸Ö ¸¶¥Í¨ ²Ó´µ ®¶·¨£µÉµ¢²¥´´Ò¥¯ ¢µ²´µ¢Ò¥
ËÊ´±Í¨¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° 1D-´¥°É·µ´µ¢, ±µÉµ·Ò¥ µÉ²¨Î ÕÉ¸Ö µÉ ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° Î ¸É¨Í, ¸µ¢¥·Ï ÕÐ¨Ì É·¥Ì³¥·´µ¥ ¸¢µ¡µ¤´µ¥ ¤¢¨¦¥´¨¥.

‚ ´ ¸ÉµÖÐ¥³ ¸µµ¡Ð¥´¨¨ · ¸¸³µÉ·¥´Ò µÍ¥´±¨ ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´µ¢ ¢¡²¨§¨
¶µ¢¥·Ì´µ¸É¨ É¢¥·¤µ£µ É¥²  µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö Ëµ´µ´µ¢ ¨ ¶µ£²µÐ¥´¨Ö Ö¤· ³¨
¢¥Ð¥¸É¢ ,   É ±¦¥ µ¸µ¡¥´´µ¸É¨ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢ ¶µ ¸· ¢´¥´¨Õ ¸ ¤¢Ê-
³¥·´Ò³¨ ¨ É·¥Ì³¥·´Ò³¨ Î ¸É¨Í ³¨. �·¨¢¥¤¥´Ò ¢ÒÎ¨¸²¥´¨Ö ¤²Ö 1D-´¥°É·µ´µ¢ ¢ ´¥°É-
·µ´µ¢µ¤¥-¦¥²µ¡±¥ ±²¨´µ¢¨¤´µ£µ ¸¥Î¥´¨Ö [7], ¢ ´¥°É·µ´µ¢µ¤¥ Å ¶µ²µ³ Í¨²¨´¤·¨Î¥¸±µ³
± ´ ²¥ ¸ ¤¨ ³¥É·µ³ ± ´ ²  ∼ λlim Å £· ´¨Î´ Ö ¤²¨´  ¢µ²´Ò “•� [8], ¨ ¢ ¶µÉ¥´Í¨ ²¥
¤¢Ê³¥·´µ£µ µ¸Í¨²²ÖÉµ· .
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�Í¥´¨³ ¢·¥³Ö ¦¨§´¨ 1D-´¥°É·µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ´  ¶¥·¢µ³ (µ¸´µ¢´µ³) Ê·µ¢´¥ E1,
µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö Ëµ´µ´µ¢ ¸ ¶¥·¥Ìµ¤µ³ ´¥°É·µ´  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¨ µÉ´µ-
¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö ´¥°É·µ´  ¢¥Ð¥¸É¢µ³ ¸É¥´µ± ´¥°É·µ´µ¢µ¤ . �É¨ ¤¢  ³¥Ì ´¨§³  ®ÊÌµ-
¤ ¯ 1D-´¥°É·µ´µ¢ Ö¢²ÖÕÉ¸Ö ËÊ´¤ ³¥´É ²Ó´Ò³¨, ¨Ì ´¥²Ó§Ö ¨¸±²ÕÎ¨ÉÓ É¥Ì´µ²µ£¨Î¥¸±¨³¨
¸¶µ¸µ¡ ³¨. � ¸¸¥Ö´¨¥ 1D-´¥°É·µ´µ¢ ´  Ï¥·µÌµ¢ Éµ¸ÉÖÌ ¶µ¢¥·Ì´µ¸É¨ · ¸¸³ É·¨¢ ÉÓ¸Ö
´¥ ¡Ê¤¥É, ¶µ¸±µ²Ó±Ê ± Î¥¸É¢µ ¶µ¢¥·Ì´µ¸É¨ ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ³¥Éµ¤  ¥¥ ¶·¨£µÉµ-
¢²¥´¨Ö ¨, ±·µ³¥ Éµ£µ, ¨§¢¥¸É´Ò É¥Ì´µ²µ£¨¨, ¶µ§¢µ²ÖÕÐ¨¥ ¨§£µÉ ¢²¨¢ ÉÓ  Éµ³´µ-£² ¤±¨¥
¶µ¢¥·Ì´µ¸É¨ [9].

1.1. �Í¥´±  ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö Ëµ´µ´µ¢. ‚µ²-
´µ¢ Ö ËÊ´±Í¨Ö (‚”) ´ Î ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö 1D-´¥°É·µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ´  Ê·µ¢´¥ E1:

Ψi(r) = ψ1(y, z)L−1/2 exp (ikl), (1)

  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· :

Ψf (r) = V −1/2 exp (ipr). (2)

‡¤¥¸Ó: k = (kx, 0, 0), l = (x, 0, 0) Å µ¤´µ³¥·´Ò¥ ¢¥±Éµ·Ò ¢ ´ ¶· ¢²¥´¨¨ ²¨´¨¨ ¤¢¨¦¥´¨Ö
1D-´¥°É·µ´ ; L, V Å ²¨´¥°´Ò° · §³¥· ¨ µ¡Ñ¥³ ¶·µ¸É· ´¸É¢ ; µ¸Ó x ¢Ò¡· ´  ¢ ´ ¶· ¢²¥-
´¨¨ ¤¢¨¦¥´¨Ö; k ¨ p Å ¢µ²´µ¢Ò¥ ¢¥±Éµ·Ò ´¥°É·µ´  ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ;
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�¨¸. 1. �¥°É·µ´µ¢µ¤-¦¥²µ¡µ± ±²¨-

´µ¢¨¤´µ£µ ¸¥Î¥´¨Ö ¸ Ê£²µ³ · ¸É¢µ· 

2θ ´  ¶µ¢¥·Ì´µ¸É¨ ¢¥Ð¥¸É¢ . “²ÓÉ· -
Ìµ²µ¤´Ò° ´¥°É·µ´ ¸µ¢¥·Ï ¥É ¸¢µ-

¡µ¤´µ¥ ÔËË¥±É¨¢´µ µ¤´µ³¥·´µ¥ ¤¢¨-
¦¥´¨¥ ¢¤µ²Ó µ¸¨ x. ‚ ¶²µ¸±µ-

¸É¨ yz ¤¢¨¦¥´¨¥ ´¥°É·µ´  ²µ± ²¨-

§µ¢ ´µ: ¢¤µ²Ó µ¸¨ z Å £· ¢¨É Í¨µ´-
´Ò³ ¶µ²¥³ ¨ ¶µÉ¥´Í¨ ²µ³ US ¢¥Ð¥-

¸É¢ , ¢¤µ²Ó µ¸¨ y Å ¶µÉ¥´Í¨ ²µ³ US

¢¥Ð¥¸É¢ 

�¨¸. 2. �¥°É·µ´µ¢µ¤ Å ¶·Ö³µ°

¶µ²Ò° Í¨²¨´¤·¨Î¥¸±¨° ± ´ ² · -

¤¨Ê¸µ³ ρ0 ¢´ÊÉ·¨ ¢¥Ð¥¸É¢ . “²Ó-
É· Ìµ²µ¤´Ò° ´¥°É·µ´ ¸µ¢¥·Ï ¥É

¸¢µ¡µ¤´µ¥ ÔËË¥±É¨¢´µ µ¤´µ³¥·-
´µ¥ ¤¢¨¦¥´¨¥ ¢¤µ²Ó µ¸¨ x. ‚ ¶²µ¸-

±µ¸É¨ yz ¤¢¨¦¥´¨¥ ´¥°É·µ´  ²µ± -

²¨§µ¢ ´µ ¶µÉ¥´Í¨ ²µ³ US

ψ1(y, z) Å ²µ± ²¨§µ¢ ´´ Ö ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ yz ‚” ±¢ ´Éµ¢µ£µ Ê·µ¢´Ö E1 1D-
´¥°É·µ´  (¸³. ·¨¸. 1, 2). �µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¢ ¸ ¢¥Ð¥¸É¢µ³ · ¢¥´ [8, 10]:
V (r) = 2π�

2m−1Σνfνδ(r − rν), £¤¥ ν = (n, j), n Å ´µ³¥· Ô²¥³¥´É ·´µ° ÖÎ¥°±¨, j Å
´µ³¥·  Éµ³  ¢ Ô²¥³¥´É ·´µ° ÖÎ¥°±¥, fν Å ¤²¨´  · ¸¸¥Ö´¨Ö ´¥°É·µ´  ´  ν-³ Ö¤·¥, m Å
³ ¸¸  ´¥°É·µ´ . � ¤¨Ê¸-¢¥±Éµ· ν-£µ Ö¤·  rν = Rν + uν , £¤¥ uν Å ¸³¥Ð¥´¨¥ ν-£µ Ö¤· 
¨§ ¶µ²µ¦¥´¨Ö · ¢´µ¢¥¸¨Ö Rν ¢ ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¥. �£· ´¨Î¨³¸Ö · ¸¸³µÉ·¥´¨¥³
¤¨ ³ £´¨É´ÒÌ ³ É¥·¨ ²µ¢, Éµ£¤  ¶¥·¥Ìµ¤ 1D-´¥°É·µ´  ¨§ (1) ¢ (2) ¶·¨ ²Õ¡ÒÌ ´ Î ²Ó´ÒÌ
Ô´¥·£¨ÖÌ ´¥°É·µ´  ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ Éµ²Ó±µ ¶·¨ ¶µ£²µÐ¥´¨¨ Ëµ´µ´µ¢. ‚¥·µÖÉ´µ¸ÉÓ
¶¥·¥Ìµ¤  1D-´¥°É·µ´  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· [10]:

W = 2π�
−1(2π�

2m−1)2(2π�L/2)−1

∫
d3p(2π)−3

∫
dt exp (iεt/�)ΣνΣµ(f ±µ£

ν f ±µ£
µ +

+ δνµf ´±
ν f ´±

µ )ψ1(yν , zν)ψ1(yµ, zµ) exp (iκRν) exp (−iκRµ) ×
× 〈exp [iκû(t, ν)] exp [−iκû(0, µ)]〉, (3)

§¤¥¸Ó κ = p−k; û(t, ν) Å µ¶¥· Éµ· ¸³¥Ð¥´¨Ö ν-£µ Ö¤·   Éµ³  ±·¨¸É ²²¨Î¥¸±µ° ·¥Ï¥É±¨ ¢
£¥°§¥´¡¥·£µ¢¸±µ³ ¶·¥¤¸É ¢²¥´¨¨. �·¨³¥³ ¸²¥¤ÊÕÐ¨¥ Ê¶·µÐ ÕÐ¨¥ ¶·¥¤¶µ²µ¦¥´¨Ö. „²Ö
¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°É·µ´µ¢µ¤  ¢Ò¡¥·¥³ £ ·³µ´¨Î¥¸±ÊÕ ³µ¤¥²Ó, Éµ£¤  ¤²Ö ±µ··¥²ÖÉµ·  ¢
(3) ³µ¦¥³ § ¶¨¸ ÉÓ [11]: 〈exp [iκû(t, ν)] exp [−iκû(0, µ)]〉 ≈ exp [〈(κû(t, ν))×
(κû(0, µ))〉]; §¤¥¸Ó ¶·¥´¥¡·¥£²¨ Ë ±Éµ·µ³ „¥¡ ÖÄ“µ²²¥·  ¶·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì T
¢¥Ð¥¸É¢ , · ¸¸³µÉ·¥´¨¥³ ±µÉµ·ÒÌ ¨ µ£· ´¨Î¨³¸Ö. �·µ¨§¢¥¤¥³ Ëµ´µ´´µ¥ · §²µ¦¥´¨¥
¨ ÊÎÉ¥³ ²¨ÏÓ µ¤´µËµ´µ´´Ò¥ ¶·µÍ¥¸¸Ò. ‚±² ¤ ¢ µ¤´µËµ´µ´´Ò° ¶¥·¥Ìµ¤ ¢ (3) ¤ ¥É ¢
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¶¥·¢ÊÕ µÎ¥·¥¤Ó ´¥±µ£¥·¥´É´µ¥ ´¥Ê¶·Ê£µ¥ · ¸¸¥Ö´¨¥ [12]. �·¨ ´ Î ²Ó´µ° Ô´¥·£¨¨ 1D-
´¥°É·µ´  ³¥´ÓÏ¥ 10−7 Ô‚ ¨ £¥²¨¥¢ÒÌ (¨ ¢ÒÏ¥) É¥³¶¥· ÉÊ· Ì T ¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°-
É·µ´µ¢µ¤  ¨³¥¥³ p � k ¨ p ≈ κ. ‘ ÊÎ¥Éµ³ ¢ÒÏ¥¸± § ´´µ£µ ¤²Ö ±µ··¥²ÖÉµ·  ¢ (3)
¶µ²ÊÎ¨³ ¶·¨¡²¨¦¥´´µ ≈ pαpβ〈ûα(t, ν) ûβ(0, µ)〉, £¤¥ ¸Ê³³¨·µ¢ ´¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶µ α,
β = x, y, z. �¡µ§´ Î¨³ ËÊ·Ó¥-µ¡· § ±µ··¥²ÖÉµ·  Î¥·¥§ 〈uα(ν)uβ(µ)〉ω =

∫
dt exp (iωt)×

〈ûα(t, ν)ûβ(0, µ)〉. „²Ö ¢¥·µÖÉ´µ¸É¨ µ¤´µËµ´µ´´µ£µ ¶¥·¥Ìµ¤  1D-´¥°É·µ´  ¢ ´¥¶·¥·Ò¢-
´Ò° ¸¶¥±É· ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ±µ´¥Î´Ò³ Ê£² ³ ¢Ò²¥É  ´¥°É·µ´  ¶µ²ÊÎ¨³ ¨§ (3):

W ´±
1 ≈ 4�

2(3m2L)−1

∫
dp p4 Σν |f ´±

ν |2ψ2
1(yν , zν)〈u(ν) u(ν)〉ω . (4)

‚ ·¥§Ê²ÓÉ É¥ § ¤ Î  ¸¢¥² ¸Ó ± µ¶·¥¤¥²¥´¨Õ ËÊ·Ó¥-µ¡· §  ±µ··¥²ÖÉµ·  ¸³¥Ð¥´¨°  Éµ-
³µ¢ ¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°É·µ´µ¢µ¤ . ‚ · ¸¸³ É·¨¢ ¥³ÒÌ ±µ´¸É·Ê±Í¨ÖÌ ´¥°É·µ´µ¢µ¤µ¢
(·¨¸. 1, 2) ¨³¥¥É¸Ö É¢¥·¤µ¥ É¥²µ, µ£· ´¨Î¥´´µ¥ ¸¢µ¡µ¤´µ° ¶µ¢¥·Ì´µ¸ÉÓÕ, ¢¡²¨§¨ ±µÉµ·µ°
“•� ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨ ¸µ¢¥·Ï ¥É ¸¢µ¡µ¤´µ¥ ÔËË¥±É¨¢´µ µ¤´µ³¥·´µ¥ ¤¢¨¦¥´¨¥
¢¤µ²Ó µ¸¨ x. Šµ²¥¡ É¥²Ó´Ò° ¸¶¥±É· ±·¨¸É ²² , µ£· ´¨Î¥´´µ£µ ¶µ¢¥·Ì´µ¸ÉÓÕ, µÉ²¨Î ¥É¸Ö
µÉ ¸¶¥±É·  ¡¥¸±µ´¥Î´µ£µ ±·¨¸É ²²  É¥³, ÎÉµ ¶µÖ¢²ÖÕÉ¸Ö ¤µ¶µ²´¨É¥²Ó´Ò¥, ²µ± ²¨§µ¢ ´-
´Ò¥ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ±µ²¥¡ ´¨Ö [13]. �·¨ ´¨§±¨Ì É¥³¶¥· ÉÊ· Ì ¢µ§¡Ê¦¤¥´  Éµ²Ó±µ
¤²¨´´µ¢µ²´µ¢ Ö Î ¸ÉÓ  ±Ê¸É¨Î¥¸±¨Ì ¢¥É¢¥° ¸¶¥±É·  ±µ²¥¡ ´¨° ¸·¥¤Ò, ±µÉµ·ÊÕ ³µ¦´µ
· ¸¸³ É·¨¢ ÉÓ ¢ ±µ´É¨´Ê ²Ó´µ³ ¶·¥¤¥²¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶µ¢¥·Ì´µ¸É´Ò¥ ±µ²¥¡ ´¨Ö ¡Ê-
¤ÊÉ ¶·¥¤¸É ¢²¥´Ò Éµ²Ó±µ ·Ô²¥¥¢¸±¨³¨ ¢µ²´ ³¨, Ô±¸¶µ´¥´Í¨ ²Ó´µ § ÉÊÌ ÕÐ¨³¨ ¢ £²Ê¡Ó
¢¥Ð¥¸É¢  [14]. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ¨§¢¥¸É´µ¥ ¸µµÉ´µÏ¥´¨¥ ³¥¦¤Ê ËÊ·Ó¥-µ¡· §µ³
±µ··¥²ÖÉµ·  〈uα(ν)uβ(µ)〉ω ¨ § ¶ §¤Ò¢ ÕÐ¨³¨ ËÊ´±Í¨Ö³¨ ƒ·¨´  Ëµ´µ´´µ£µ ¶µ²Ö [11],
¨¸¶µ²Ó§ÊÖ ¢ÒÎ¨¸²¥´¨Ö · ¡µÉÒ [7], ´ ¶¨Ï¥³ ·¥§Ê²ÓÉ É ¤²Ö ±µ··¥²ÖÉµ·  ¨§ (4) ¢ ¸²ÊÎ ¥
¶¥·¥Ìµ¤  1D-´¥°É·µ´  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¸ ¶µ£²µÐ¥´¨¥³ Ô´¥·£¨¨ �ω µ¤´µ£µ ¶µ¢¥·Ì-
´µ¸É´µ£µ Ëµ´µ´ :

〈uu〉ω = �Nωξω(4ρc3
t |F |)−1[(1 − ξ2)1/2 + (1 − ξ2c2

t /c2
l )

1/2]. (5)

‡¤¥¸Ó Nω = [exp (�ω/T ) − 1]−1; ct ¨ cl Å ¸±µ·µ¸É¨ ¶µ¶¥·¥Î´µ£µ ¨ ¶·µ¤µ²Ó´µ£µ
§¢Ê±µ¢ ¢ ¢¥Ð¥¸É¢¥; ρ Å ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°É·µ´µ¢µ¤ ; cR = ξct Å ¸±µ·µ¸ÉÓ
¶µ¢¥·Ì´µ¸É´µ° ·Ô²¥¥¢¸±µ° ¢µ²´Ò, §´ Î¥´¨¥ ξ µ¶·¥¤¥²Ö¥É¸Ö ±µÔËË¨Í¨¥´Éµ³ �Ê ¸¸µ´ 
¢¥Ð¥¸É¢ , 0,874 ≤ ξ ≤ 0,955 [14]; F = 2(2 − ξ2) − 2(1 − ξ2)1/2(1 − ξ2c2

t /c2
l )

1/2 − (1 −
ξ2)−1/2(1 − ξ2c2

t /c2
l )

1/2 − (1 − ξ2)1/2(1 − ξ2c2
t /c2

l )
−1/2.

�µ¤¸É ¢²ÖÖ (5) ¢ (4) ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉµ Ô´¥·£¨Ö ´¥°É·µ´  ¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨
�

2p2/2m ≈ �ω, ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö µ±µ´Î É¥²Ó´µ ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥²¨Î¨´Ò
¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  1D-´¥°É·µ´  ¨§ ²µ± ²¨§µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·
¸ ¶µ£²µÐ¥´¨¥³ µ¤´µ£µ ¶µ¢¥·Ì´µ¸É´µ£µ Ëµ´µ´  ¢ ·¥§Ê²ÓÉ É¥ ´¥±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö:

W ´±
1(S) ≈ 3,5m1/2T 7/2ξnl(ρ�

3c3
t |F |)−1 ×

× [(1 − ξ2)1/2 + (1 − ξ2c2
t /c2

l )
1/2]Σj |f ´±

j |2Σnψ2
1(yn, zn), (6)

§¤¥¸Ó É¥³¶¥· ÉÊ·  ¢¥Ð¥¸É¢  T ¨§³¥·Ö¥É¸Ö ¢ ¥¤¨´¨Í Ì Ô´¥·£¨¨; nl Å ²¨´¥°´ Ö ±µ´-
Í¥´É· Í¨Ö  Éµ³µ¢ ¢¥Ð¥¸É¢  ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö 1D-´¥°É·µ´  (¢¤µ²Ó µ¸¨ x),
¸Ê³³¨·µ¢ ´¨¥ ¶µ j ¶·µ¢µ¤¨É¸Ö ¶µ  Éµ³ ³ Ô²¥³¥´É ·´µ° ÖÎ¥°±¨,   ¸Ê³³¨·µ¢ ´¨¥ ¶µ n
¶·µ¢µ¤¨É¸Ö ¶µ Ô²¥³¥´É ·´Ò³ ÖÎ¥°± ³ ¢ £²Ê¡Ó ¢¥Ð¥¸É¢  ´¥°É·µ´µ¢µ¤ . “Î¨ÉÒ¢ ²µ¸Ó, ÎÉµ
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¶µ¢¥·Ì´µ¸É´ Ö ·Ô²¥¥¢¸± Ö ¢µ²´  ¶·¨ Ì · ±É¥·´ÒÌ Î ¸ÉµÉ Ì (£¥²¨¥¢Ò¥ É¥³¶¥· ÉÊ·Ò) ¶·µ-
´¨± ¥É ¢ ¢¥Ð¥¸É¢µ ¸É¥´µ± ´¥°É·µ´µ¢µ¤  ´  £²Ê¡¨´Ê ∼ T (1− ξ2)1/2/�ct ξ ∼ 10−6 ¸³, É. ¥.
´  ¶µ·Ö¤µ± (¨ ¡µ²¥¥) £²Ê¡¦¥, Î¥³ ‚” 1D-´¥°É·µ´ , ¶·µ´¨± ÕÐ Ö ¢ ¢¥Ð¥¸É¢µ ´  £²Ê¡¨´Ê
∼ λlim Å £· ´¨Î´ Ö ¤²¨´  ¢µ²´Ò ¤²Ö “•�. �µÔÉµ³Ê ¶·¨ ¶µ²ÊÎ¥´¨¨ (6) ¶·¥´¥¡·¥£²¨
§ ÉÊÌ ´¨¥³ ·Ô²¥¥¢¸±µ° ¢µ²´Ò ¢¤ ²¨ µÉ ¶µ¢¥·Ì´µ¸É¨ ¸É¥´µ± ´¥°É·µ´µ¢µ¤  ¢ £²Ê¡¨´¥ ¢¥-
Ð¥¸É¢ .

�´ ²µ£¨Î´µ · ¡µÉ¥ [7] ¶µ²ÊÎ¨³ ¨§ (4) ¢¥²¨Î¨´Ê ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  1D-´¥°É·µ´  ¨§
²µ± ²¨§µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· ¢ ·¥§Ê²ÓÉ É¥ ´¥±µ£¥·¥´É´µ£µ · ¸¸¥Ö´¨Ö
¸ ¶µ£²µÐ¥´¨¥³ Ô´¥·£¨¨ �ω µ¤´µ£µ µ¡Ñ¥³´µ£µ Ëµ´µ´ :

W ´±
1(V ) ≈ 2 · 102(mΘD)1/2nl(T/ΘD)7/2Σj |f ´±

j |2M−1
j Σnψ2

1(yn, zn), (7)

§¤¥¸Ó Mj Å ³ ¸¸  Ö¤·  j-£µ  Éµ³  Ô²¥³¥´É ·´µ° ÖÎ¥°±¨.
�·¨ ¶µ²ÊÎ¥´¨¨ (6) ¨ (7) ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ¤¥¡ ¥¢¸± Ö É¥³¶¥· ÉÊ·  ΘD � T (´ -

¶·¨³¥·, ¤²Ö ±·¥³´¨Ö ΘD = 645 K [15]). ‚ Ëµ·³Ê²Ò (6) ¨ (7) ¤²Ö ¢¥²¨Î¨´ ¢¥·µÖÉ´µ¸É¥°
¶¥·¥Ìµ¤  ´¥ ¢Ìµ¤¨É Ô´¥·£¨Ö ´¥°É·µ´  ¢ ´ Î ²Ó´µ³ ¸µ¸ÉµÖ´¨¨, ¶µÔÉµ³Ê ÔÉ¨ Ëµ·³Ê²Ò
¸¶· ¢¥¤²¨¢Ò ¶·¨ ²Õ¡ÒÌ ´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ 1D-´¥°É·µ´ , ³¥´ÓÏ¨Ì ∼ 10−7 Ô‚.

1.2. �Í¥´±  ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö Ö¤· ³¨ ¢¥Ð¥-
¸É¢ . ‚¥·µÖÉ´µ¸ÉÓ ·¥ ±Í¨¨ n−γ ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¤²Ö 1D-´¥°É·µ´  ¸ ¢¥Ð¥¸É¢µ³ ¸É¥´µ±
´¥°É·µ´µ¢µ¤  ¥¸ÉÓ Wa = jσ∗

anat, £¤¥ j Å ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ¢¥·µÖÉ´µ¸É¨, σ∗
a Å ¸¥Î¥´¨¥

n − γ-·¥ ±Í¨¨ ´  µ¤´µ³ Ö¤·¥, nat Å ±µ´Í¥´É· Í¨Ö  Éµ³µ¢ ¢¥Ð¥¸É¢ . ˆ§ (1) ¸²¥¤Ê¥É
j = (�k/mL)ψ2

1(y, z). �µ¸²¥ ¸Ê³³¨·µ¢ ´¨Ö ¶µ ¢¸¥³  Éµ³ ³ ¢¥Ð¥¸É¢  ¶µ²ÊÎ¨³ µ±µ´Î -
É¥²Ó´µ:

Wa = σa(k)(�k/m)nlΣnψ2
1(yn, zn), (8)

§¤¥¸Ó σa(k) Å ¸¥Î¥´¨¥ n − γ-·¥ ±Í¨¨, µÉ´¥¸¥´´µ¥ ± µ¤´µ° Ô²¥³¥´É ·´µ° ÖÎ¥°±¥.
‚·¥³Ö ¦¨§´¨ 1D-´¥°É·µ´  ¢ ²µ± ²¨§µ¢ ´´µ³ ¸µ¸ÉµÖ´¨¨ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ¢¥Ð¥¸É¢ 

¸É¥´µ± ´¥°É·µ´µ¢µ¤  µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö ¶µ¢¥·Ì´µ¸É´µ£µ Ëµ´µ´  ¨ ¶¥·¥Ìµ¤  ¢ ´¥-
¶·¥·Ò¢´Ò° ¸¶¥±É· ¡Ê¤¥É τS = 1/W ´±

1(S), µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö µ¡Ñ¥³´µ£µ Ëµ´µ´  Å

τV = 1/W ´±
1(V ), ¨ µÉ´µ¸¨É¥²Ó´µ ¶µ£²µÐ¥´¨Ö ´¥°É·µ´  ¢¥Ð¥¸É¢µ³ ¸É¥´µ± ´¥°É·µ´µ¢µ¤  Å

τa = 1/Wa.
1.3. �Í¥´±  ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  ¢ ´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥. �¥°É·µ´µ¢µ¤ ¢

Ëµ·³¥ ¦¥²µ¡±  ±²¨´µ¢¨¤´µ£µ ¸¥Î¥´¨Ö ¸ Ê£²µ³ · ¸É¢µ·  2θ ¶µ± § ´ ´  ·¨¸. 1. —Éµ¡Ò
ÉµÎ´µ ¢ÒÎ¨¸²¨ÉÓ ¸Ê³³Ê Σnψ2

1(yn, zn), ´¥µ¡Ìµ¤¨³µ ·¥Ï¨ÉÓ Ê· ¢´¥´¨¥ ˜·¥¤¨´£¥·  ¸ ÊÎ¥-
Éµ³ ±µ´¥Î´µ¸É¨ ¢¥²¨Î¨´Ò ¶µÉ¥´Í¨ ²  US ¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°É·µ´µ¢µ¤ . �¤´ ±µ ¤²Ö
¢ÒÎ¨¸²¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  ¢ ´¥°É·µ´µ¢µ¤¥ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ Ê¤µ¢²¥É¢µ·¨-
É¥²Ó´ÊÕ µÍ¥´±Ê ÔÉµ° ¸Ê³³Ò, ¨¸Ìµ¤Ö ¨§ Î¨¸Éµ £¥µ³¥É·¨Î¥¸±¨Ì ¸µµ¡· ¦¥´¨°,  ´ ²µ£¨Î-
´ÒÌ [7].

‚ ·¨ Í¨µ´´ Ö ‚” 1D-´¥°É·µ´  ¤²Ö ¶¥·¢µ£µ Ê·µ¢´Ö E1 ¡Ê¤¥É (¶·¨ US → ∞):

ψ1(ρ, ϕ) = 2β2(2/3θ)1/2ρ exp (−βρ) cos (πϕ/2θ),

β = [12π2m2gθ sin θ/�
2(π2 + 2θ2)(π2 − θ2)]1/3, (9)

E1 = �
2β2/6m + π2

�
2β2/12mθ2 + 2mgπ2 sin θ/(π2 − θ2)θβ,

§¤¥¸Ó g Å ¢¥²¨Î¨´  Ê¸±µ·¥´¨Ö ¸¢µ¡µ¤´µ£µ ¶ ¤¥´¨Ö ¢ £· ¢¨É Í¨µ´´µ³ ¶µ²¥.
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‘ ÊÎ¥Éµ³ Ô±¸¶µ´¥´Í¨ ²Ó´µ£µ § ÉÊÌ ´¨Ö ÉµÎ´µ° ‚” 1D-´¥°É·µ´  ψ1(y, z) ¢ ¢¥Ð¥¸É¢¥
¸É¥´µ± ´¥°É·µ´µ¢µ¤  ´  £²Ê¡¨´¥ ∼ λlim ¶µ²ÊÎ¨³

Σnψ2
1(yn, zn) ≈ (λlim/al)Σnψ2

1(ρn, ϕ = θ), (10)

§¤¥¸Ó al Å ¶µ¸ÉµÖ´´ Ö ·¥Ï¥É±¨ ¢¥Ð¥¸É¢ ; ρ, ϕ Å ¶µ²Ö·´Ò¥ ±µµ·¤¨´ ÉÒ ¢ ¶²µ¸±µ¸É¨ yz.
“Î¨ÉÒ¢ Ö Ö¢´Ò° ¢¨¤ ¢ ·¨ Í¨µ´´µ° ‚” (9), ¶µ²ÊÎ¨³ µÍ¥´±Ê

ψ2
1(ρ, ϕ = θ) ≈ (8/3θ)β4ρ2 exp (−2βρ)[λlim/(ρ sin θ + λlim)]2. (11)

�µ² £ Ö θ � 1, ρ sin θ � λlim ¨ ¶¥·¥Ìµ¤Ö µÉ ¸Ê³³¨·µ¢ ´¨Ö ¶µ n ± ¨´É¥£·¨·µ¢ ´¨Õ
¶µ ρ, ¶µ²ÊÎ¨³ ¨§ (10), (11):

Σnψ2
1(yn, zn) ≈ (4/3a2

l )(βλlim/θ)3. (12)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ (12), ¨§ (6)Ä(8) ¶µ²ÊÎ¨³ ¤²Ö ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  ¢
±·¥³´¨¥¢µ³ ´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥ ¸ Ê£²µ³ · ¸É¢µ·  ±²¨´  2θ = 10◦ ¶·¨ T = 10 K:
τS = 3 · 108 ¸, τV = 6 · 108 ¸, τa = 150 ¸. „²Ö Ê£²  θ = 10◦ Ê± § ´´Ò¥ ¢·¥³¥´  Ê¢¥²¨-
Î É¸Ö ¶·¨¡²¨§¨É¥²Ó´µ ¢ 2 · § . ’ ±¨³ µ¡· §µ³, ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¢Ò¡µ·¥ ¢¥Ð¥¸É¢ 
¸É¥´µ± ´¥°É·µ´µ¢µ¤  ¨ ¶·µË¨²Ö ¸¥Î¥´¨Ö ¦¥²µ¡±  ¢·¥³Ö ¦¨§´¨ 1D-´¥°É·µ´  ³µ¦¥É ¡ÒÉÓ
µ£· ´¨Î¥´µ Éµ²Ó±µ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ ¦¨§´¨ τ0 ≈ 103 ¸.

1.4. �Í¥´±  ¢·¥³¥´¨ ¦¨§´¨ 1D-´¥°É·µ´  ¢ ´¥°É·µ´µ¢µ¤¥ Å Í¨²¨´¤·¨Î¥¸±µ³ ± -
´ ²¥. �¥°É·µ´µ¢µ¤ ¢ Ëµ·³¥ ¶µ²µ£µ ¶·Ö³µ£µ Í¨²¨´¤·¨Î¥¸±µ£µ ± ´ ²  ¢ ³ ¸¸¨¢¥ ³ É¥·¨ ² 
¶µ± § ´ ´  ·¨¸. 2. �ËË¥±É¨¢´Ò° ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö “•� ¸ ¢¥Ð¥¸É¢µ³ ¸É¥´µ±
´¥°É·µ´µ¢µ¤  · ¢¥´ US . „²Ö µ¶·¥¤¥²¥´¨Ö ´¨¦´¨Ì Ô´¥·£¥É¨Î¥¸±¨Ì Ê·µ¢´¥° ²µ± ²¨§µ-
¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö 1D-´¥°É·µ´  ¢ É ±µ³ ´¥°É·µ´µ¢µ¤¥ Ìµ·µÏ¨³ Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥,
±µ£¤  ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö “•� ¸µ ¸É¥´± ³¨ ´¥°É·µ´µ¢µ¤  ´¥µ£· ´¨Î¥´ (US → ∞).
‚ ÔÉµ³ ¸²ÊÎ ¥ Ê·µ¢´¨ Ô´¥·£¨¨ 1D-´¥°É·µ´  ¡Ê¤ÊÉ µ¶·¥¤¥²ÖÉÓ¸Ö Ê· ¢´¥´¨¥³ J|l|(κρ0) = 0,

£¤¥ κ = (2mε)1/2/�, m Å ³ ¸¸  ´¥°É·µ´ , ε Å ¸µ¡¸É¢¥´´µ¥ §´ Î¥´¨¥ Ô´¥·£¨¨, Jl(α) Å
ËÊ´±Í¨Ö �¥¸¸¥²Ö. �´¥·£¥É¨Î¥¸±¨¥ Ê·µ¢´¨ 1D-´¥°É·µ´  ¡Ê¤ÊÉ εn|l| = �

2α2
n+1,l (2mρ2

0)
−1,

§¤¥¸Ó αk,l Å k-° ´Ê²Ó ËÊ´±Í¨¨ �¥¸¸¥²Ö Jl(α) ¢ ¶µ·Ö¤±¥ ¢µ§· ¸É ´¨Ö αk,l. �¨¦´¨¥ Ô´¥·£¥-
É¨Î¥¸±¨¥ Ê·µ¢´¨ 1D-´¥°É·µ´  ²¥£±µ ´ Ìµ¤ÖÉ¸Ö ¨§ ¤ ´´ÒÌ É ¡²¨Í [16]: ¶¥·¢Ò¥ É·¨ Ê·µ¢´Ö
¨³¥ÕÉ §´ Î¥´¨Ö Ô´¥·£¨° ε00 = 2,88�

2/mρ2
0; ε01 = 7,33�

2/mρ2
0; ε02 = 13,21�

2/mρ2
0.

�·¨¢¥¤¥³ Î¨¸²¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ´¥°É·µ´µ¢µ¤  ¨§ £· Ë¨É  (US = 195 ´Ô‚). �·¨
· ¤¨Ê¸¥ ´¥°É·µ´µ¢µ¤  ρ0 = λlim = 64,8 ´³ ¶¥·¢Ò¥ É·¨ Ê·µ¢´Ö Ô´¥·£¨¨ ¡Ê¤ÊÉ 29; 74
¨ 134 ´Ô‚. �·¨ · ¤¨Ê¸¥ ρ0 = 2λlim ¶µ²ÊÎ¨³ §´ Î¥´¨Ö Ê·µ¢´¥° Ô´¥·£¨¨ 7,3; 18,6 ¨
33,5 ´Ô‚. ’ ±¨³ µ¡· §µ³, ¶·¨´ÖÉµ¥ ¶·¨¡²¨¦¥´¨¥ µ ¡¥¸±µ´¥Î´µ° ¢¥²¨Î¨´¥ ¶µÉ¥´Í¨-
 ²  ¢¥Ð¥¸É¢  ¸É¥´µ± ´¥°É·µ´µ¢µ¤  Ö¢²Ö¥É¸Ö µ¶· ¢¤ ´´Ò³ ¤²Ö ´¨¦´¨Ì Ê·µ¢´¥° Ô´¥·£¨¨
1D-´¥°É·µ´ .

‚ ¤ ²Ó´¥°Ï¥³ ´ ³ ¶µ´ ¤µ¡¨É¸Ö Ö¢´Ò° ¢¨¤ ‚” 1D-´¥°É·µ´  ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨.
‚ ·¨ Í¨µ´´Ò³ ³¥Éµ¤µ³ �¨ÉÍ  ¶µ²ÊÎ¨³ ‚”

Ψ(x, ρ, ϕ) = [2(2γ + 1)]1/2ρ−1
0 [1 − (ρ/ρ0)2]γ exp (ikx)/(2π)1/2 ¶·¨ ρ ≤ ρ0, (13)

¨ Ψ(x, ρ, ϕ) ≡ 0 ¶·¨ ρ > ρ0; §´ Î¥´¨¥ γ = (1 + 21/2)/2 ≈ 1,207 ¨ [2(2γ + 1)]1/2 ≈
2,613. „²Ö ‚” (13) Ô´¥·£¨Ö µ¸´µ¢´µ£µ ²µ± ²¨§µ¢ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¡Ê¤¥É Emin = γ(2γ +
1)(2γ − 1)−1

�
2/mρ2

0 ≈ 2,91�
2/mρ2

0, ÎÉµ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ÉµÎ´Ò³ §´ Î¥´¨¥³ Ô´¥·-
£¨¨ ε00.
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„²Ö ¢ÒÎ¨¸²¥´¨Ö τS , τV ¨ τa ¸¤¥² ¥³ µÍ¥´±Ê ¢¥²¨Î¨´Ò ¸Ê³³Ò Σnψ2
1(yn, zn), ¨¸¶µ²Ó§ÊÖ

¸µµ¡· ¦¥´¨Ö,  ´ ²µ£¨Î´Ò¥ ¶·¨¢¥¤¥´´Ò³ ¢ ¶. 1.3. “Î¨ÉÒ¢ Ö Ö¢´Ò° ¢¨¤ ‚” (13), ¶µ²ÊÎ ¥³
µÍ¥´±Ê

Σnψ2
1(yn, zn) ≈ λlim(2ρ0 + λlim)(2alρ0)−2[λlim/(ρ0 + λlim)]2. (14)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ (14), ¨§ (6)Ä(8) ¶µ²ÊÎ¨³ §´ Î¥´¨Ö ¢¥²¨Î¨´ ¢·¥³¥´¨ ¦¨§´¨
1D-´¥°É·µ´  ¢ ¶µ²µ³ Í¨²¨´¤·¨Î¥¸±µ³ ´¥°É·µ´µ¢µ¤¥ ¢´ÊÉ·¨ ¢¥Ð¥¸É¢  (±·¥³´¨°) ¶·¨
T = 10 K: ¤²Ö ρ0 = λlim − τS = 4 · 104 ¸, τV = 8 · 104 ¸, τa = 0, 02 ¸; ¤²Ö ρ0 =
10λlim − τS = 2 · 107 ¸, τV = 4 · 107 ¸, τa = 10 ¸. ’ ±¨³ µ¡· §µ³, ¶·¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³
¢Ò¡µ·¥ ¢¥Ð¥¸É¢  ¸É¥´µ± ¨ · §³¥·  ¤¨ ³¥É·  ´¥°É·µ´µ¢µ¤  ¢·¥³Ö ¦¨§´¨ 1D-´¥°É·µ´ 
¡Ê¤¥É µ£· ´¨Î¥´µ Éµ²Ó±µ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³ ¦¨§´¨.

2. “��“ƒ�… ��‘‘…Ÿ�ˆ… 1D-�…‰’����‚ „�“ƒ �� „�“ƒ…

� ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¤¢ÊÌ 1D-´¥°É·µ´µ¢ ¸  ´É¨¶ · ²²¥²Ó´Ò³¨
¸¶¨´ ³¨ (↑↓). �·¥¤¶µ² £ ¥³, ÎÉµ Ô´¥·£¨¨ ´¥°É·µ´µ¢ ¤µ¸É ÉµÎ´µ ³ ²Ò (∼ 10−10 Ô‚) ¨
Ô´¥·£¨Ö ¨Ì ¶µ¶¥·¥Î´µ£µ ¤¢¨¦¥´¨Ö µ¸É ¥É¸Ö ¢¸¥ ¢·¥³Ö ±¢ ´Éµ¢ ´´µ°. ‚ ´ Î ²Ó´µ³ (i) ¸µ-
¸ÉµÖ´¨¨ ´ ¢¸É·¥ÎÊ ¤·Ê£ ¤·Ê£Ê ¢¤µ²Ó µ¸¨ ´¥°É·µ´µ¢µ¤  (·¨¸. 1 ¨ 2) ¸¢µ¡µ¤´µ ¤¢¨¦ÊÉ¸Ö 1D-
´¥°É·µ´Ò ¸ 1D-¨³¶Ê²Ó¸ ³¨ Pi1 ¨ Pi2,   ¶µ¸²¥ · ¸¸¥Ö´¨Ö (¢ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ f ) · ¸-
Ìµ¤ÖÉ¸Ö 1D-´¥°É·µ´Ò ¸ 1D-¨³¶Ê²Ó¸ ³¨ Pf1 ¨ Pf2. ‚ ¸¨¸É¥³¥ ±µµ·¤¨´ É, µ¶¨¸Ò¢ ÕÐ¥°
µÉ´µ¸¨É¥²Ó´µ¥ ¤¢¨¦¥´¨¥ ¤¢ÊÌ 1D-´¥°É·µ´µ¢ ¢¤µ²Ó µ¸¨ ´¥°É·µ´µ¢µ¤  (µ¸¨ x), £ ³¨²ÓÉµ-
´¨ ´ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨³¥¥É ¢¨¤: H = −(�2/m)∂2/∂x2−(�2/2m)(∆1 +∆2)+F1(y1, z1)+
F2(y2, z2) + V (r1 − r2). ‡¤¥¸Ó m Å ³ ¸¸  ´¥°É·µ´ ; ∆k = ∂2/∂y2

k + ∂2/∂z2
k, k = 1, 2;

x = x1−x2; V (r1−r2) Å ¶µÉ¥´Í¨ ² ¢§ ¨³µ¤¥°¸É¢¨Ö ´¥°É·µ´µ¢ (↑↓); rk = (xk, yk, zk) Å
· ¤¨Ê¸Ò-¢¥±Éµ·Ò ´¥°É·µ´µ¢.

„²Ö 1D-´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥ (·¨¸. 1): F1(y1, z1)+F2(y2, z2) = mg(z1+
z2) + VS(y1, z1) + VS(y2, z2), £¤¥ g Å Ê¸±µ·¥´¨¥ ¸¢µ¡µ¤´µ£µ ¶ ¤¥´¨Ö, VS Å ¶µÉ¥´Í¨ ²
¢¥Ð¥¸É¢  ¸É¥´µ± ¦¥²µ¡±  (∼ 10−7 Ô‚). „²Ö 1D-´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥ Å Í¨²¨´¤·¨-
Î¥¸±µ³ ± ´ ²¥ (·¨¸. 2): F1(y1, z1)+F2(y2, z2) = VS(ρ1, ϕ1)+VS(ρ2, ϕ2), §¤¥¸Ó VS(ρ, ϕ) =
{0¶·¨ ρ < ρ0; US ¶·¨ ρ ≥ ρ0|US ∼ 10−7 Ô‚}. „²Ö 1D-´¥°É·µ´µ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ´¥°-
É·µ´µ¢µ¤¥, µ¡· §µ¢ ´´µ³ ¶µÉ¥´Í¨ ²µ³ µ¸Í¨²²ÖÉµ·´µ£µ É¨¶ : F1(y1, z1) + F2(y2, z2) =
mω2(ρ2

1 + ρ2
2)/2.

‚” ¸¨¸É¥³Ò ¤µ (i) ¨ ¶µ¸²¥ (f ) · ¸¸¥Ö´¨Ö:

Ψi = u(y1, z1)u(y2, z2)(2π�)−1/2 exp (iPix/�),

Ψf = u(y1, z1)u(y2, z2)(2π�)−1/2 exp (iPfx/�),
(15)

§¤¥¸Ó: u(y1, z1) ¨ u(y2, z2) Å ²µ± ²¨§µ¢ ´´Ò¥ ‚” ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ 1D-´¥°É·µ´µ¢ ¢
¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ ´¥°É·µ´µ¢µ¤ ; Pi ¨ Pf Å 1D-¨³¶Ê²Ó¸Ò µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö
1D-´¥°É·µ´µ¢ ¤µ ¨ ¶µ¸²¥ ¢§ ¨³µ¤¥°¸É¢¨Ö, Pi = (Pi1 − Pi2)/2, Pf = (Pf1 − Pf2)/2.

„²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  · ¸¸¥Ö´¨Ö “•� ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£µ ¶µ²Ö ´¥µ¡Ìµ¤¨³µ
¨¸¶µ²Ó§µ¢ ÉÓ Ê· ¢´¥´¨Ö ” ¤¤¥¥¢ . …¸²¨ µ£· ´¨Î¨ÉÓ¸Ö ¸²ÊÎ ¥³, ±µ£¤  1D-´¥°É·µ´Ò ´ -
Ìµ¤ÖÉ¸Ö ´  ¶¥·¢µ³ ±¢ ´Éµ¢µ³ Ê·µ¢´¥ ¨ ´¥¢µ§³µ¦¥´ ¶¥·¥Ìµ¤ ´  ¡µ²¥¥ ¢Ò¸µ±¨¥ Ê·µ¢´¨
Ô´¥·£¨¨, Éµ, ± ± ¡Ò²µ ¶µ± § ´µ ¢ [7] ´  µ¸´µ¢¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ” ¤¤¥¥¢ , ¤²Ö ¢Ò-
Î¨¸²¥´¨Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¡µ·´µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥, µ¶¨¸Ò¢ Ö
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¢§ ¨³µ¤¥°¸É¢¨¥ “•� ¶¸¥¢¤µ¶µÉ¥´Í¨ ²µ³ ”¥·³¨ VF (r1 − r2) = 4πα�
2m−1δ(r1 − r2),

£¤¥ α ≈ −18,5 Ë³ Å ¤²¨´  n − n-· ¸¸¥Ö´¨Ö [17]. �É´µ¸¨É¥²Ó´ Ö ¶µ£·¥Ï´µ¸ÉÓ É ±µ£µ
·¥Ï¥´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ÉµÎ´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö 1D-´¥°É·µ´µ¢ ¢
´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥ ¡Ê¤¥É ∼ αβ ∼ 10−10, £¤¥ β−1 ∼ 10−4 ³ Å Ì · ±É¥·´ Ö ¤²¨´ 
¤²Ö ²µ± ²¨§µ¢ ´´µ° ‚” ´¥°É·µ´  ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ ´¥°É·µ´µ¢µ¤  [7], ¨ ¤²Ö 1D-
´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥ Å Í¨²¨´¤·¨Î¥¸±µ³ ± ´ ²¥ µÉ´µ¸¨É¥²Ó´ Ö ¶µ£·¥Ï´µ¸ÉÓ ¡Ê¤¥É
∼ α/ρ0 < α/λlim ∼ 10−7.

‚¥·µÖÉ´µ¸ÉÓ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢ (↑↓) ¥¸ÉÓ dwfi = (2π/�)|Vfi|2δ(Ef − Ei)dP f ,
£¤¥ Vfi =

∫
Ψ∗

fVF (r1 − r2)Ψi dx dy1 dy2 dz1 dz2; Ei ¨ Ef Å Ô´¥·£¨Ö ¸¨¸É¥³Ò ¤µ ¨ ¶µ¸²¥
· ¸¸¥Ö´¨Ö.

„²Ö µ¶·¥¤¥²¥´¨Ö ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö dσ ´¥µ¡Ìµ¤¨³µ ¢¥·µÖÉ´µ¸ÉÓ dwfi ¶µ¤¥²¨ÉÓ ´ 
¶²µÉ´µ¸ÉÓ ¶µÉµ±  J ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. „²Ö 1D-¤¢¨¦¥´¨Ö dσ Ö¢²Ö¥É¸Ö ¡¥§· §-
³¥·´µ° ¢¥²¨Î¨´µ°, ¢ µÉ²¨Î¨¥ µÉ ¸²ÊÎ ¥¢ 3D- ¨ 2D-¤¢¨¦¥´¨Ö, ±µ£¤  ¸¥Î¥´¨Ö ¨³¥ÕÉ
· §³¥·´µ¸É¨ ¶²µÐ ¤¨ ¨ ¤²¨´Ò ¸µµÉ¢¥É¸É¢¥´´µ. �·¨ 1D-¤¢¨¦¥´¨¨ · ¸¶·¥¤¥²¥´¨¥ ´¥°-
É·µ´µ¢ ¢ ¶µ¶¥·¥Î´µ° ¶²µ¸±µ¸É¨ ´¥°É·µ´µ¢µ¤  ¶µ²´µ¸ÉÓÕ µ¶·¥¤¥²¥´µ ²µ± ²¨§µ¢ ´´Ò³¨
‚” u(y1, z1) ¨ u(y2, z2). ‚ ¶µÉµ±¥ 1D-´¥°É·µ´µ¢ ´  µ¤´µ³ ±¢ ´Éµ¢µ³ Ê·µ¢´¥ ´¥ ³µ-
¦¥É ´ Ìµ¤¨ÉÓ¸Ö ¡µ²¥¥ µ¤´µ° Î ¸É¨ÍÒ ¸ µ¤¨´ ±µ¢Ò³¨ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨. �µÔÉµ³Ê ±µ-
²¨Î¥¸É¢µ 1D-´¥°É·µ´µ¢, ¶·µÏ¥¤Ï¨Ì ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¢¤µ²Ó ´¥°É·µ´µ¢µ¤ , ¨ ¡Ê¤¥É
µ¶·¥¤¥²ÖÉÓ ¶²µÉ´µ¸ÉÓ ¶µÉµ±  ´¥°É·µ´µ¢, É. ¥. J = vi/2π�, £¤¥ vi = 2Pi/m Å µÉ´µ¸¨É¥²Ó-
´ Ö ¸±µ·µ¸ÉÓ 1D-´¥°É·µ´µ¢ ¤µ ¸Éµ²±´µ¢¥´¨Ö. ‘¥Î¥´¨¥ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢ ¡Ê¤¥É
dσ = dwfi/J = 4π2v−1

i |Vfi|2δ(Ef − Ei) dPf . �·µ¢µ¤Ö ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ±µ´¥Î´Ò³ ¨³-
¶Ê²Ó¸ ³ ¨ ÊÎ¨ÉÒ¢ Ö Éµ¦¤¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í, ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢

σ1D = 16π2v−2|Vfi|2Ei=Ef
. (16)

2.1. “¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 1D-´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥. „²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¥-
Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ¢ ´¥°É·µ´µ¢µ¤¥-¦¥²µ¡±¥ (·¨¸. 1),
¢ ± Î¥¸É¢¥ ²µ± ²¨§µ¢ ´´ÒÌ ‚” ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° ¨¸¶µ²Ó§Ê¥³ ¢ ·¨ Í¨-
µ´´ÊÕ ‚” (9). ’µ£¤ , ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ‚” (15), ¶µ²ÊÎ¨³ ¶µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö Vfi

σ1D = (5πα�β2/4mθ)2v−2. (17)

‘¤¥² ¥³ Î¨¸²¥´´Ò¥ µÍ¥´±¨, ¨¸¶µ²Ó§ÊÖ ¤ ´´Ò¥ [7]. „²Ö θ = 5◦: β−1 = 3,4 · 10−5 ³ ¨
Ô´¥·£¨¨ ¶¥·¢ÒÌ ¤¢ÊÌ ±¢ ´Éµ¢ÒÌ Ê·µ¢´¥°: E1 = 1,1 · 10−11 Ô‚, E2 = 1,7 · 10−11 Ô‚. „²Ö
θ = 0,1◦: β−1 = 4,6·10−4 ³ ¨ Ô´¥·£¨¨ ¶¥·¢ÒÌ ¤¢ÊÌ ±¢ ´Éµ¢ÒÌ Ê·µ¢´¥°: E1 = 1,5·10−10 Ô‚,
E2 = 2,3 · 10−10 Ô‚. � ¸¸³ É·¨¢ ¥³ 1D-¤¢¨¦¥´¨¥ “•� ¢¤µ²Ó ´¥°É·µ´µ¢µ¤  ¸ µÉ´µ-
¸¨É¥²Ó´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥° ε = 0,5 · 10−11 Ô‚, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É µÉ´µ¸¨É¥²Ó-
´µ° ¸±µ·µ¸É¨ v = 2(ε/m)1/2 = 4,2 ¸³/¸. �µ¸²¥ ¢ÒÎ¨¸²¥´¨° ¶µ²ÊÎ ¥³ ¨§ (17) ¤²Ö
θ = 5◦ : σ1D = 1,1 · 10−18,   ¤²Ö θ = 0,1◦: σ1D = 8,5 · 10−20.

2.2. “¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 1D-´¥°É·µ´µ¢ ¢ ´¥°É·µ´µ¢µ¤¥ Å Í¨²¨´¤·¨Î¥¸±µ³ ± ´ ²¥.
„²Ö ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ¶¥·¢µ³ Ô´¥·-
£¥É¨Î¥¸±µ³ Ê·µ¢´¥ ¢ ´¥°É·µ´µ¢µ¤¥ Å Í¨²¨´¤·¨Î¥¸±µ³ ± ´ ²¥ (·¨¸. 2), ¢ ± Î¥¸É¢¥ ²µ± ²¨-
§µ¢ ´´ÒÌ ‚” ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¸µ¸ÉµÖ´¨° ¨¸¶µ²Ó§Ê¥³ ¢ ·¨ Í¨µ´´ÊÕ ‚” ¨§ (13).
�µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö Vfi ¸ ‚” (15), ¶µ²ÊÎ¨³ (γ = 1,207):

σ1D = [8α�(2γ + 1)2/mρ2
0(4γ + 1)]2v−2. (18)
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‘¤¥² ¥³ Î¨¸²¥´´Ò¥ µÍ¥´±¨. Œ É¥·¨ ² ´¥°É·µ´µ¢µ¤  Å ±·¥³´¨°. � ¸¸³ É·¨¢ ¥³ 1D-
¤¢¨¦¥´¨¥ “•� ¢¤µ²Ó ´¥°É·µ´µ¢µ¤  ¸ µÉ´µ¸¨É¥²Ó´µ° ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¥°
ε = 0,5 · 10−11 Ô‚. „²Ö §´ Î¥´¨Ö ρ0 = λlim = 79 ´³ Ô´¥·£¨¨ ¶¥·¢ÒÌ ¤¢ÊÌ ±¢ ´Éµ¢ÒÌ
Ê·µ¢´¥° E1 = 2,88�

2/mρ2
0 = 19 ´Ô‚, E2 = 7,33�

2/mρ2
0 = 49 ´Ô‚ ¨ σ1D = 5,1 ·10−9. „²Ö

§´ Î¥´¨Ö ρ0 = 10λlim = 790 ´³ Ô´¥·£¨¨ ¶¥·¢ÒÌ ¤¢ÊÌ ±¢ ´Éµ¢ÒÌ Ê·µ¢´¥° E1 = 0,19 ´Ô‚,
E2 = 0,49 ´Ô‚ ¨ σ1D = 5,1 · 10−13.

2.3. “¶·Ê£µ¥ · ¸¸¥Ö´¨¥ 1D-´¥°É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²¥ µ¸Í¨²²ÖÉµ· . ‚ÒÎ¨¸²¨³ ¸¥Î¥-
´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ´¥°É·µ´µ¢µ¤¥ ¢¤µ²Ó µ¸¨ x, ¸É¥´±¨
±µÉµ·µ£µ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¶µÉ¥´Í¨ ² µ¸Í¨²²ÖÉµ·´µ£µ É¨¶  (¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨
´¥°É·µ´µ¢µ¤ ): V = mω2ρ2/2, ρ2 = y2+z2. �´¥·£¨Ö µ¸´µ¢´µ£µ (²µ± ²¨§µ¢ ´´µ£µ) ¸µ¸Éµ-
Ö´¨Ö ¡Ê¤¥É E0 = �ω,   ²µ± ²¨§µ¢ ´´ Ö ‚” Å u(y, z) = u(ρ, ϕ) = (λ/π)1/2 exp (−λρ2/2),
£¤¥ λ = mω/�. �µ·´µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¤ ¸É ·¥Ï¥´¨¥ ¸ µÉ´µ¸¨É¥²Ó´µ° ÉµÎ´µ¸ÉÓÕ
∼ αλ1/2 ¶µ ¸· ¢´¥´¨Õ ¸ ÉµÎ´Ò³ ·¥Ï¥´¨¥³ Ê· ¢´¥´¨° ” ¤¤¥¥¢  ¤²Ö · ¸¸¥Ö´¨Ö 1D-
´¥°É·µ´µ¢ ´  ´¨¦´¥³ Ê·µ¢´¥ Ô´¥·£¨¨ ¢ ¸²ÊÎ ¥, ±µ£¤  µÉ¸ÊÉ¸É¢ÊÕÉ ¶¥·¥Ìµ¤Ò ´¥°É·µ-
´µ¢ ³¥¦¤Ê Ê·µ¢´Ö³¨ Ô´¥·£¨¨ µ¸Í¨²²ÖÉµ· , É. ¥. ±µ£¤  Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö
1D-´¥°É·µ´µ¢ ¢¤µ²Ó µ¸¨ x ³¥´ÓÏ¥ �ω. ‘ ÊÎ¥Éµ³ ‚” (15) ¢ÒÎ¨¸²Ö¥³ Vfi ¨ ¨§ (16)
¶µ²ÊÎ ¥³

σ1D = (4α�λ/m)2v−2. (19)

2.4. �¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éµ¢. �µ²ÊÎ¥´´Ò¥ Ëµ·³Ê²Ò (16)Ä(19) ¤²Ö ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢ (↑↓) ¶µ§¢µ²ÖÕÉ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò.

‚µ-¶¥·¢ÒÌ, ¶·¨ Ô´¥·£¨ÖÌ “•�, ±µ£¤  Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ±¢ ´Éµ¢ ´¨¥ ¨Ì ¶µ¶¥-
·¥Î´µ£µ ¤¢¨¦¥´¨Ö ¢ ´¥°É·µ´µ¢µ¤¥ ¨ ¤¢¨¦¥´¨¥ ´¥°É·µ´µ¢ ¸É ´µ¢¨É¸Ö ÔËË¥±É¨¢´µ µ¤´µ-
³¥·´Ò³, ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¢µ§· ¸É ¥É ∝ v−2 ¸ Ê³¥´ÓÏ¥´¨¥³ µÉ´µ¸¨É¥²Ó´µ°
¸±µ·µ¸É¨ v, ¢ µÉ²¨Î¨¥ µÉ ¸²ÊÎ Ö ¡µ²¥¥ ¢Ò¸µ±µ° Ô´¥·£¨¨ ´¥°É·µ´µ¢, ±µ£¤  ¢²¨Ö´¨¥³ £· -
¢¨É Í¨µ´´µ£µ ¶µ²Ö ¨ ¶µÉ¥´Í¨ ²  ¢¥Ð¥¸É¢  ³µ¦´µ ¶·¥´¥¡·¥ÎÓ (σ = const), ¨²¨ ¸²ÊÎ Ö
2D-¤¢¨¦¥´¨Ö ´¥°É·µ´µ¢ ´  ¶²µ¸±µ¸É¨ (σ ∝ v−1).

‚µ-¢Éµ·ÒÌ, ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 1D-´¥°É·µ´µ¢ § ¢¨¸¨É µÉ £¥µ³¥É·¨Î¥¸±¨Ì
Ì · ±É¥·¨¸É¨± ´¥°É·µ´µ¢µ¤ : µÉ £¥µ³¥É·¨¨ ¥£µ ¶·µË¨²Ö, µÉ ¢¥²¨Î¨´Ò ¶·¨¦¨³ ÕÐ¥£µ
¶µ²Ö (£· ¢¨É Í¨µ´´µ£µ ¨/¨²¨ ³ £´¨É´µ£µ). …¸²¨ µ¡µ§´ Î¨ÉÓ Î¥·¥§ S ¢¥²¨Î¨´Ê ÔËË¥±É¨¢-
´µ° ¶²µÐ ¤¨ ²µ± ²¨§ Í¨¨¨ ‚” 1D-´¥°É·µ´  ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨ ´¥°É·µ´µ¢µ¤ , Éµ
σ1D ∝ S−2. �ÉÊ § ¢¨¸¨³µ¸ÉÓ ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. ‚¥·µÖÉ´µ¸ÉÓ µ¡´ -
·Ê¦¨ÉÓ µ¤¨´ ´¥°É·µ´ ¢ ± ±µ°-²¨¡µ ÉµÎ±¥ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ´¥°É·µ´µ¢µ¤  ∝ S−1, ¨
¤²Ö ¤·Ê£µ£µ ´¥°É·µ´  ¢¥·µÖÉ´µ¸ÉÓ É ±¦¥ ∝ S−1. �µÔÉµ³Ê ¢¥·µÖÉ´µ¸ÉÓ ¤¢Ê³ ´¥°É·µ´ ³
®¢¸É·¥É¨ÉÓ¸Ö¯ ¨ ¶·µ¢§ ¨³µ¤¥°¸É¢µ¢ ÉÓ ³¥¦¤Ê ¸µ¡µ° ∝ S−2. �´ ²µ£¨Î´µ, ¥¸²¨ µ¡µ§´ Î¨ÉÓ
Î¥·¥§ L ¢¥²¨Î¨´Ê Ì · ±É¥·´µ° ¤²¨´Ò ²µ± ²¨§ Í¨¨ ‚” 2D-´¥°É·µ´  ´ ¤ ¶µ¢¥·Ì´µ¸ÉÓÕ
¢ £· ¢¨É Í¨µ´´µ³ (¨/¨²¨ ³ £´¨É´µ³) ¶µ²¥, Éµ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö 2D-´¥°É·µ´µ¢
¡Ê¤¥É σ2D ∝ L−2 [7].

‚ § ±²ÕÎ¥´¨¥ ¸Ê³³¨·Ê¥³ ·¥§Ê²ÓÉ ÉÒ.
‘¥Î¥´¨¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ (↑↓) ¨³¥¥É ¸²¥¤ÊÕÐ¨¥ ¸· ¢´¨É¥²Ó´Ò¥ § ±µ´µ-

³¥·´µ¸É¨:
1. ‘¢µ¡µ¤´µ¥ É·¥Ì³¥·´µ¥ ¤¢¨¦¥´¨¥ ´¥°É·µ´µ¢: σ3D = const, [σ3D] = ³2.
2. ‘¢µ¡µ¤´µ¥ ÔËË¥±É¨¢´µ ¤¢Ê³¥·´µ¥ ¤¢¨¦¥´¨¥ ´¥°É·µ´µ¢ ¢¤µ²Ó ¶µ¢¥·Ì´µ¸É¨ ¢¥Ð¥-

¸É¢ : σ2D ∝ v−1L−2, [σ2D] = ³.
3. ‘¢µ¡µ¤´µ¥ ÔËË¥±É¨¢´µ µ¤´µ³¥·´µ¥ ¤¢¨¦¥´¨¥ ´¥°É·µ´µ¢ ¢¤µ²Ó µ¸¨ ´¥°É·µ´µ¢µ¤ :

σ1D ∝ v−2S−2, [σ1D] = 1.
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�µ¸·¥¤¸É¢µ³ ¢Ò¡µ·  ³ É¥·¨ ²  ¸É¥´µ± ¨ £¥µ³¥É·¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ´¥°É·µ´µ¢µ¤ 
¢·¥³Ö ¦¨§´¨ “•� ¢ ´¥°É·µ´µ¢µ¤¥ ³µ¦¥É µ¶·¥¤¥²ÖÉÓ¸Ö Éµ²Ó±µ ¸µ¡¸É¢¥´´Ò³ ¢·¥³¥´¥³
¦¨§´¨ ´¥°É·µ´ .

�² £µ¤ ·Õ ‚. ˆ. ‹ÊÐ¨±µ¢  §  ¶µ²¥§´Ò¥ µ¡¸Ê¦¤¥´¨Ö.
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