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� §¢¨É ÔËË¥±É¨¢´Ò° ¶μ¤Ìμ¤ ¤²Ö Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¸É Í¨μ´ ·´μ£μ · ¸¸¥Ö´¨Ö ¨ ÉÊ´-
´¥²Ó´μ£μ ¶¥·¥´μ¸  ¢ ¶·μ¨§¢μ²Ó´μ³ μ¤´μ³¥·´μ³ ¶μÉ¥´Í¨ ²¥. � §· ¡μÉ ´Ò  ²£μ·¨É³Ò ¨ ¶·μ£· ³³Ò,
¶·μ¢¥¤¥´Ò É¥¸Éμ¢Ò¥ · ¸Î¥ÉÒ. ˆ¸¸²¥¤μ¢ ´  ¸Ìμ¤¨³μ¸ÉÓ ³¥Éμ¤ .

The problem of numerical simulation of steady state scattering and tunneling transfer of electrons
was considered. It was analyzed for 1D potential barrier with arbitrary shape. The effective numerical
approach for decision of the problem was developed on the basis of the transform matrix method. For
testing of the approach the computer programs were constructed and applied to calculations of tunneling
processes. In numerical experiments the convergence of the proposed method was investigated.
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1. ‚‚…„…�ˆ…. ��‘’���‚Š� ‡�„�—ˆ

”¨§¨Î¥¸±¨¥ § ±μ´μ³¥·´μ¸É¨ μ¡Ñ¥¤¨´ÖÕÉ ¸ ³Ò¥ · §´μμ¡· §´Ò¥ Ö¢²¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸
ÉÊ´´¥²Ó´Ò³ ÔËË¥±Éμ³: α-· ¸¶ ¤ ¨ ÔËË¥±É „¦μ§¥Ë¸μ´ , Ìμ²μ¤´ÊÕ Ô³¨¸¸¨Õ Ô²¥±É·μ´μ¢
¨ ¶·¨³¥¸´ÊÕ ¶·μ¢μ¤¨³μ¸ÉÓ ¶μ²Ê¶·μ¢μ¤´¨±μ¢, ´¨§±μÉ¥³¶¥· ÉÊ·´Ò¥ Ì¨³¨Î¥¸±¨¥ ·¥ ±Í¨¨
¨ ³´μ¦¥¸É¢μ ¤·Ê£¨Ì. ‘ÊÐ¥¸É¢¥´´ÊÕ ·μ²Ó ÔËË¥±ÉÒ ±¢ ´Éμ¢μ£μ ÉÊ´´¥²¨·μ¢ ´¨Ö ¨£· ÕÉ ¢
¶¥·¸¶¥±É¨¢´ÒÌ Ê¸É·μ°¸É¢ Ì ´ ´μÔ²¥±É·μ´¨±¨ (¸³., ´ ¶·¨³¥·, [1]).

’μÎ´Ò¥  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö ¤²Ö § ¤ Î¨ ÉÊ´´¥²Ó´μ£μ ¶¥·¥´μ¸  ³μ£ÊÉ ¡ÒÉÓ ¶μ²Ê-
Î¥´Ò ²¨ÏÓ ¤²Ö μ£· ´¨Î¥´´μ£μ Î¨¸²  ¶μÉ¥´Í¨ ²Ó´ÒÌ ¡ ·Ó¥·μ¢. ˜¨·μ±μ ¶·¨³¥´Ö¥³μ¥ ¶·¨-
¡²¨¦¥´¨¥ ‚¥´ÉÍ¥²ÖÄŠ· ³¥·¸ Ä
·¨²²ÕÔ´  ¨³¥¥É ¨§¢¥¸É´Ò¥ μ£· ´¨Î¥´¨Ö ¨ ´¥ ¶μ§¢μ²Ö¥É
¤μ¸É¨£ ÉÓ Ê¤μ¢²¥É¢μ·¨É¥²Ó´μ° ÉμÎ´μ¸É¨. Š·μ³¥ Éμ£μ, ÔÉμÉ ³¥Éμ¤ ´¥ ¶μ§¢μ²Ö¥É  ¤¥±¢ É´μ
ÊÎ¨ÉÒ¢ ÉÓ ·¥§μ´ ´¸´Ò¥ ÔËË¥±ÉÒ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢¥¸Ó³   ±ÉÊ ²Ó´μ · §¢¨É¨¥ ÔËË¥±É¨¢-
´ÒÌ ³¥Éμ¤μ¢ Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ÉÊ´´¥²Ó´μ£μ É· ´¸¶μ·É  Î¥·¥§ ¶μÉ¥´Í¨ ²Ó´Ò¥
¡ ·Ó¥·Ò ¶·μ¨§¢μ²Ó´μ° Ëμ·³Ò. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¸ ÔÉμ° Í¥²ÓÕ  ´ ²¨§¨·Ê¥É¸Ö ¨ · §¢¨-
¢ ¥É¸Ö ³¥Éμ¤ ¶¥·¥¤ ÉμÎ´ÒÌ ³ É·¨Í [2Ä5].

ŠμÔËË¨Í¨¥´É ÉÊ´´¥²Ó´μ£μ ¶¥·¥´μ¸  ¢ μ¤´μ³¥·´μ° £¥μ³¥É·¨¨ μ¶·¥¤¥²Ö¥É¸Ö ·¥Ï¥´¨¥³
±· ¥¢μ° § ¤ Î¨ ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¸É Í¨μ´ ·´μ£μ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· 

d2ψ

dx2
+

2m

�2
(E − V (x))ψ = 0, x ∈ [0, a], (1)
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£¤¥ V (x) Å ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·, ¸μ¸·¥¤μÉμÎ¥´´Ò° ¢ μ¡² ¸É¨ 0 < x < a. ‘³¥Ï ´´Ò¥
±· ¥¢Ò¥ Ê¸²μ¢¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ´¥¶·¥·Ò¢´μ¸ÉÓÕ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¨ ¥¥ ¶¥·¢μ° ¶·μ-
¨§¢μ¤´μ° ´  £· ´¨Í Ì ¡ ·Ó¥· . ŠμÔËË¨Í¨¥´É ÉÊ´´¥²¨·μ¢ ´¨Ö D μ¶·¥¤¥²Ö¥É¸Ö [6] ± ±
μÉ´μÏ¥´¨¥ ¶²μÉ´μ¸É¨ ¶μÉμ±  ¢ ¶·μÏ¥¤Ï¥° ¢μ²´¥ ± ¶²μÉ´μ¸É¨ ¶μÉμ±  ¢ ¶ ¤ ÕÐ¥° ¢μ²´¥.
‚ μ¡Ð¥° ¶μ¸É ´μ¢±¥ § ¤ Î¨, ±μ£¤  ¡ ·Ó¥· ´¥²Ó§Ö ¸Î¨É ÉÓ ¸μ¸·¥¤μÉμÎ¥´´Ò³ ´  ´¥±μÉμ·μ³
±μ´¥Î´μ³ ¨´É¥·¢ ²¥, ¢μ²´μ¢Ò¥  ³¶²¨ÉÊ¤Ò μ¶·¥¤¥²ÖÕÉ¸Ö  ¸¨³¶ÉμÉ¨±μ° Ê· ¢´¥´¨Ö (1).

2. Œ…’�„ �…�…„�’�—�›• Œ�’�ˆ–

�¸´μ¢´Ò³ ¶·¨´Í¨¶μ³ ÔÉμ£μ ³¥Éμ¤  Ö¢²Ö¥É¸Ö ¸¥£³¥´É Í¨Ö ¡ ·Ó¥·  ¨ ¶μ¸²¥¤ÊÕÐ Ö  ¶-
¶·μ±¸¨³ Í¨Ö ËÊ´±Í¨¨ ¶μÉ¥´Í¨ ²  É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ´  ± ¦¤μ³ ¸¥£³¥´É¥ ¢μ²´μ¢Ò¥
ËÊ´±Í¨¨ ¨³¥²¨ ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ¥  ´ ²¨É¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ [2, 3]. 	 ¨¡μ²¥¥ ¶·¨¥³²¥-
³Ò³¨ ¢ ÔÉμ³ μÉ´μÏ¥´¨¨ Ö¢²ÖÕÉ¸Ö ¶μ¸ÉμÖ´´Ò¥ ¨ ²¨´¥°´Ò¥ ËÊ´±Í¨¨.

‚ ¸²ÊÎ ¥ ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´μ° ¨´É¥·¶μ²ÖÍ¨¨ ´  ± ¦¤μ³ ¸¥£³¥´É¥ ËÊ´¤ ³¥´É ²Ó´μ¥
·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ¶·¥¤¸É ¢²Ö¥É¸Ö ¸Ê¶¥·¶μ§¨Í¨¥° ¤¢ÊÌ ¶²μ¸±¨Ì ¢μ²´. ‘ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ Ê¸²μ¢¨° ´¥¶·¥·Ò¢´μ¸É¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¨ ¥¥ ¶¥·¢μ° ¶·μ¨§¢μ¤´μ° ¨
£· ´¨Î´ÒÌ Ê¸²μ¢¨° ¨¸Ìμ¤´ Ö § ¤ Î  ³μ¦¥É ¡ÒÉÓ ¸¢¥¤¥´  ± ·¥Ï¥´¨Õ ¸²¥¤ÊÕÐ¥° ¸¨¸É¥³Ò
²¨´¥°´ÒÌ Ê· ¢´¥´¨° (

0
T

)
= M

(
R
1

)
, M =

N∏
k=0

Mk, (2)

£¤¥ T ¨ R Å  ³¶²¨ÉÊ¤Ò ¶ ¤ ÕÐ¥° ¨ ¶·μÏ¥¤Ï¥° ¢μ²´ ¸μμÉ¢¥É¸É¢¥´´μ; D = |T |2, M Å
¶¥·¥¤ ÉμÎ´ Ö ³ É·¨Í  ¤²Ö μ¡² ¸É¨, ¸μ¤¥·¦ Ð¥° ¡ ·Ó¥·, ¶μ²ÊÎ ¥³ Ö ¶ÊÉ¥³ ¶¥·¥³´μ¦¥´¨Ö
¶¥·¥¤ ÉμÎ´ÒÌ ³ É·¨Í Mk ¢ ± ¦¤μ° ÉμÎ±¥ ¸μ¶·Ö¦¥´¨Ö ¸¥£³¥´Éμ¢.

�´ ²μ£¨Î´Ò¥ · ¸¸Ê¦¤¥´¨Ö ³μ¦´μ ¶·μ¢¥¸É¨ ¤²Ö ¸²ÊÎ Ö ±Ê¸μÎ´μ-²¨´¥°´μ°  ¶¶·μ±¸¨-
³ Í¨¨. ‚ ÔÉμ³ ¸²ÊÎ ¥  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  ´  ¸¥£³¥´É¥ ¡Ê¤¥É
¶·¥¤¸É ¢²ÖÉÓ ¸μ¡μ° ²¨´¥°´ÊÕ ±μ³¡¨´ Í¨Õ ËÊ´±Í¨° �°·¨ (¸³. [6Ä8]).

� ¸¸³ É·¨¢ ¥³Ò¥ ³¥Éμ¤Ò  ¤¥±¢ É´μ ÊÎ¨ÉÒ¢ ÕÉ · §²¨Î´Ò¥ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨¥ ÔË-
Ë¥±ÉÒ, ´ ¶·¨³¥·, ·¥§μ´ ´¸ ¶·μ´¨Í ¥³μ¸É¨ [9] ¶·¨ ¸μ¢¶ ¤¥´¨¨ Ô´¥·£¥É¨Î¥¸±μ£μ Ê·μ¢´Ö
Î ¸É¨ÍÒ ¸ Ê·μ¢´Ö³¨ ¸¢Ö§´ÒÌ ¸μ¸ÉμÖ´¨° ¢ ¶μÉ¥´Í¨ ²Ó´μ° Ö³¥.

‚ [4, 5] ³Ò ¶·μ¢¥²¨ ¤¥É ²Ó´Ò¥ Î¨¸²¥´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¸Ìμ¤¨³μ¸É¨ μ¶¨¸ ´´ÒÌ ³¥Éμ-
¤¨±. ‘ÊÐ¥¸É¢¥´´Ò³ ´¥¤μ¸É É±μ³ ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´μ° ¨´É¥·¶μ²ÖÍ¨¨ Ö¢²Ö¥É¸Ö ´ ·ÊÏ¥´¨¥
¸Ìμ¤¨³μ¸É¨ ¢ ¸²ÊÎ ¥, ±μ£¤  Ô´¥·£¥É¨Î¥¸±¨° Ê·μ¢¥´Ó Î ¸É¨ÍÒ ¸μ¢¶ ¤ ¥É ¸ μ¤´¨³ ¨§ §´ -
Î¥´¨° Vj , ¶·¨¡²¨¦ ÕÐ¨Ì ¶μÉ¥´Í¨ ². 	  ¶·¨³¥·¥ ³μ¤¥²Ó´μ° § ¤ Î¨ μ ¶¥·¥´μ¸¥ Î¥·¥§
É·¥Ê£μ²Ó´Ò° ¡ ·Ó¥· ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ, ÎÉμ ¢ ¸²ÊÎ ¥ E ≈ Vj ¶·μ¨¸Ìμ¤¨É ¸ÊÐ¥¸É¢¥´´μ¥
ÊÌÊ¤Ï¥´¨¥ ¸Ìμ¤¨³μ¸É¨.

	¥¤μ¸É É±μ³ ¶μ¤Ìμ¤  ´  μ¸´μ¢¥ ±Ê¸μÎ´μ-²¨´¥°´μ°  ¶¶·μ±¸¨³ Í¨¨ Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¨-
É¥²Ó´ Ö ´¥Ê¸Éμ°Î¨¢μ¸ÉÓ ¤²Ö ¸É·Ê±ÉÊ· ¸ ³¥¤²¥´´μ ³¥´ÖÕÐ¨³¸Ö ¢ ¶·μ¸É· ´¸É¢¥ ¶μÉ¥´Í¨ -
²μ³, μ¡Ê¸²μ¢²¥´´ Ö Ô±¸¶μ´¥´Í¨ ²Ó´Ò³ ·μ¸Éμ³ ËÊ´±Í¨¨ �°·¨ ¢Éμ·μ£μ ·μ¤  [5].

„²Ö ¶·¥μ¤μ²¥´¨Ö ÔÉ¨Ì ¶·μ¡²¥³ ´ ³¨ ¡Ò² ¶μ¸É·μ¥´ £¨¡·¨¤´Ò°  ²£μ·¨É³, ±μÉμ·Ò°
±μ³¡¨´¨·Ê¥É  ¶¶·μ±¸¨³ Í¨Õ ¶μÉ¥´Í¨ ²  ¶μ¸ÉμÖ´´Ò³¨ ¨²¨ ²¨´¥°´Ò³¨ Ô²¥³¥´É ³¨ ¢ § -
¢¨¸¨³μ¸É¨ μÉ £¥μ³¥É·¨¨ ¶μÉ¥´Í¨ ² . ‚Ò¡μ· ¸¶μ¸μ¡   ¶¶·μ±¸¨³ Í¨¨ ¤¥² ¥É¸Ö ´  μ¸´μ¢¥
 ¡¸μ²ÕÉ´μ£μ §´ Î¥´¨Ö ´ ±²μ´  ± ¸ É¥²Ó´μ° ± £· Ë¨±Ê ¶μÉ¥´Í¨ ² , É. ¥. ´  μ¸´μ¢¥ §´ Î¥-
´¨Ö dV /dx. � ¨³¥´´μ, ¥¸²¨ dV /dx < p, Éμ ¨¸¶μ²Ó§Ê¥É¸Ö ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´ Ö  ¶¶·μ±¸¨-
³ Í¨Ö ±μ´¸É ´É ³¨, ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ¨¸¶μ²Ó§Ê¥É¸Ö ±Ê¸μÎ´μ-²¨´¥°´ Ö  ¶¶·μ±¸¨³ Í¨Ö.



Œ¥Éμ¤ ¶¥·¥¤ ÉμÎ´ÒÌ ³ É·¨Í ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ÉÊ´´¥²Ó´μ£μ ¶¥·¥´μ¸  781

Œ¥Éμ¤ ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ ´  ±μ³¡¨´¨·μ¢ ´´μ³ ¡ ·Ó¥·¥ (¢ ¡¥§· §³¥·´ÒÌ ¶¥·¥-
³¥´´ÒÌ):

V (x) =

⎧⎨
⎩

1, x ∈ [0, 0,5],

1 − 0,5x, x ∈ [0, 0,5].

ˆ¸¶μ²Ó§μ¢ ´¨¥ ± ±μ£μ-²¨¡μ μ¤´μ£μ ¨§ · ¸¸³μÉ·¥´´ÒÌ ³¥Éμ¤μ¢  ¶¶·μ±¸¨³ Í¨¨ ¤²Ö
É ±μ£μ ¡ ·Ó¥·  ¶μ Ê¶μ³Ö´ÊÉÒ³ ¢ÒÏ¥ ¶·¨Î¨´ ³ ´¥ÔËË¥±É¨¢´μ. ’ ±¨³ μ¡· §μ³, ¶·¥¤²μ-
¦¥´´Ò° ¶μ²Ê ´ ²¨É¨Î¥¸±¨° ³¥Éμ¤ ¶¥·¥¤ ÉμÎ´ÒÌ ³ É·¨Í ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ ÉÊ´´¥²Ó-
´μ£μ ¶¥·¥´μ¸  ¶·¨³¥´¨³ ¤²Ö ¶μÉ¥´Í¨ ²μ¢ ²Õ¡μ° ±μ´Ë¨£Ê· Í¨¨ ¨ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ
¢ÒÎ¨¸²¥´¨Ö ¸ ¦¥² ¥³μ° ÉμÎ´μ¸ÉÓÕ. Š·μ³¥ Éμ£μ, ÔÉμÉ ³¥Éμ¤ μ¡² ¤ ¥É ¶·μ¸Éμ°  ²£μ·¨É-
³¨Î¥¸±μ° ¸É·Ê±ÉÊ·μ°, ÎÉμ μ¡²¥£Î ¥É ¥£μ ¶·μ£· ³³´ÊÕ ·¥ ²¨§ Í¨Õ.

3. Œ�’�ˆ—�›‰ Œ…’�„ �� �‘��‚… ��‡��‘’��‰ ‘•…Œ› �„�Œ‘�


μ²¥¥ ÔËË¥±É¨¢´Ò° ³ É·¨Î´Ò° ³¥Éμ¤ ³μ¦¥É ¡ÒÉÓ ¶μ¸É·μ¥´ ´  μ¸´μ¢¥ ´¥Ö¢´μ° μ¤´μ-
Ï £μ¢μ° ¸Ì¥³Ò �¤ ³¸  ¢Éμ·μ£μ ¶μ·Ö¤±   ¶¶·μ±¸¨³ Í¨¨ [10]. �±¢¨¢ ²¥´É´μ° Ëμ·³Ê²¨-
·μ¢±μ° ¤²Ö Ê· ¢´¥´¨Ö (1) Ö¢²Ö¥É¸Ö ¸¨¸É¥³  (¢ ¡¥§· §³¥·´ÒÌ ¶¥·¥³¥´´ÒÌ, V0 Å ¢Ò¸μÉ 
¶μÉ¥´Í¨ ²Ó´μ° ¸É·Ê±ÉÊ·Ò):⎧⎪⎪⎪⎨

⎪⎪⎪⎩

dψ

dx
= p,

dp

dx
= −k(x)ψ,

k(x) =
2mV0a

2

�2
[E − V (x)], 0 < x < 1. (3)

�·¨³¥´ÖÖ ± (3) Ê± § ´´Ò° ³¥Éμ¤, ¶μ²ÊÎ¨³ ¸²¥¤ÊÕÐ¨¥ ·¥±Ê··¥´É´Ò¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö
μ¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ¨¸±μ³ÒÌ ËÊ´±Í¨° ´  ´μ¢μ³ ¸²μ¥:

ψi+1 = ψi +
h

2
(pi+1 + pi), pi+1 = pi −

h

4
(ki+1 + ki)(ψi+1 + ψi).

‘²¥¤¸É¢¨¥³ ÔÉ¨Ì ¸μμÉ´μÏ¥´¨° ¡Ê¤¥É ³ É·¨Î´μ¥ Ê· ¢´¥´¨¥, ¸¢Ö§Ò¢ ÕÐ¥¥ §´ Î¥´¨Ö ËÊ´±-
Í¨° ψ(x) ¨ p(x) ´  ¸²μÖÌ i ¨ i + 1:⎛

⎜⎝ 1 −h

2
h

4
(ki+1 + ki) 1

⎞
⎟⎠

(
ψi+1

pi+1

)
=

⎛
⎜⎝ 1

h

2
−h

4
(ki+1 + ki) 1

⎞
⎟⎠

(
ψi

pi

)
,

ÎÉμ Ô±¢¨¢ ²¥´É´μ (
ψi+1

pi+1

)
= Qi+1

(
ψi

pi

)
. (4)

’μ£¤  ¸¢Ö§Ó ³¥¦¤Ê §´ Î¥´¨Ö³¨ ËÊ´±Í¨° ¢ £· ´¨Î´ÒÌ ÉμÎ± Ì · ¸¸³ É·¨¢ ¥³μ° μ¡² ¸É¨
¡Ê¤¥É ¨³¥ÉÓ ¢¨¤ (

ψN

pN

)
=

N∏
i=1

Qi

(
ψ0

p0

)
= Q

(
ψ0

p0

)
.
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‘ ÊÎ¥Éμ³ £· ´¨Î´ÒÌ Ê¸²μ¢¨° ¶μ²ÊÎ¨³ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥´¨°(
T

ikLT

)
= Q

(
1 + R

ikR(1 − R)

)
, (5)

±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ ²¥£±μ · §·¥Ï¥´  μÉ´μ¸¨É¥²Ó´μ T .
˜ £ · §¡¨¥´¨Ö h ¤μ²¦¥´ ¡ÒÉÓ ¢Ò¡· ´ É ±¨³ μ¡· §μ³, ÎÉμ¡Ò ³ É·¨Í  ±μÔËË¨Í¨¥´Éμ¢

¢ ¶· ¢μ° Î ¸É¨ (4) ¡Ò²  μ¡· É¨³ , ÎÉμ ¶·¨¢μ¤¨É ± Ê¸²μ¢¨Õ

1 − h2

8
|ki+1 + ki| > 0, i = 0, . . . , N − 1.

�É³¥É¨³, ÎÉμ ¶·¥¤²μ¦¥´´Ò° ³¥Éμ¤ ¶μ§¢μ²Ö¥É μ¤´μ¢·¥³¥´´μ μ¶·¥¤¥²ÖÉÓ ± ± ¢μ²´μ¢ÊÕ
ËÊ´±Í¨Õ, É ± ¨ ¥¥ ¶·μ¨§¢μ¤´ÊÕ, ÎÉμ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó§μ¢ ÉÓ ¥£μ ¶·¨ · ¸Î¥É Ì ÉÊ´´¥²Ó-
´μ£μ ¶¥·¥´μ¸  ³¥Éμ¤μ³ ÉÊ´´¥²Ó´μ£μ £ ³¨²ÓÉμ´¨ ´  
 ·¤¨´  [11]. �·¥¤²μ¦¥´´Ò° ³¥Éμ¤
¸¢μ¡μ¤¥´ μÉ ´¥¤μ¸É É±μ¢, ¶·¨¸ÊÐ¨Ì ³ É·¨Î´μ³Ê ³¥Éμ¤Ê ´  μ¸´μ¢¥ ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´μ°
¨²¨ ±Ê¸μÎ´μ-²¨´¥°´μ°  ¶¶·μ±¸¨³ Í¨¨. ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ± §Ò¢ ÕÉ É ±¦¥, ÎÉμ ¶·¥¨³Ê-
Ð¥¸É¢μ³ ¤ ´´μ£μ ¶μ¤Ìμ¤  ¶¥·¥¤ £¨¡·¨¤´Ò³ ³¥Éμ¤μ³ Ö¢²Ö¥É¸Ö ¸μ±· Ð¥´¨¥ § É· É ¢ÒÎ¨-
¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢ §  ¸Î¥É μÉ± §  μÉ ®¤μ·μ£μ¸ÉμÖÐ¨Ì¯ ¢ÒÎ¨¸²¥´¨° Í¨²¨´¤·¨Î¥¸±¨Ì
ËÊ´±Í¨° �°·¨. ’ ±, ¤²Ö ¶ · ¡μ²¨Î¥¸±μ£μ ¡ ·Ó¥·  ¢·¥³Ö ¢ÒÎ¨¸²¥´¨Ö ´  ¸¨¸É¥³¥ ¸ ¶·μ-
Í¥¸¸μ·μ³ Intel Core 2 Duo 1.86 GHz ¢ 53-¡¨É´μ°  ·¨Ë³¥É¨±¥ ¶·¨ Î¨¸²¥ ÉμÎ¥± · §¡¨¥´¨Ö
N = 5 · 103 ¸ ¶μ³μÐÓÕ £¨¡·¨¤´μ£μ ³¥Éμ¤  ¸μ¸É ¢¨²μ 100,4 ¸,   ¸ ¶μ³μÐÓÕ μ¶¨¸ ´´μ£μ
³¥Éμ¤  �¤ ³¸  Å ¢¸¥£μ 5,4 ¸.

—¨¸²¥´´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¸Ìμ¤¨³μ¸É¨ ´  ¶·μ¸ÉÒÌ ¡ ·Ó¥· Ì (¶·Ö³μÊ£μ²Ó´μ³ ¨ É· ¶¥-
Í¨¥¢¨¤´μ³) ¶μ± § ²μ Ìμ·μÏÊÕ ¸Ìμ¤¨³μ¸ÉÓ ³¥Éμ¤ . Œ¥Éμ¤ ¡Ò² ¶·μÉ¥¸É¨·μ¢ ´ É ±¦¥ ´ 
¡μ²¥¥ ¸²μ¦´μ³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶μÉ¥´Í¨ ²¥ �¥Ï²ÖÄ’¥²²¥· :

V (x) = ± V0

ch2ax
,

¤²Ö ±μÉμ·μ£μ ¨§¢¥¸É´μ ÉμÎ´μ¥  ´ ²¨É¨Î¥¸±μ¥ ·¥Ï¥´¨¥ [6, 8]. Š ÔÉμ° § ¤ Î¥ ³μ¦´μ ¸¢¥¸É¨,
´ ¶·¨³¥·, ¶·μ¡²¥³Ê ¡ ²²¨¸É¨Î¥¸±μ£μ É· ´¸¶μ·É  Ô²¥±É·μ´μ¢ Î¥·¥§ ¸Ê¦ ÕÐ¨¥¸Ö ± ´ ²Ò

�¡¸μ²ÕÉ´ Ö ¶μ£·¥Ï´μ¸ÉÓ ³¥Éμ¤  ¤²Ö s = 0,998 ( ), 0,676 (¡)
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¸ · §³¥·´Ò³ ±¢ ´Éμ¢ ´¨¥³ ¢ ¸É·Ê±ÉÊ· Ì ´ ´μÔ²¥±É·μ´¨±¨ [12]. • · ±É¥· ¶¥·¥´μ¸  Ô²¥±-

É·μ´μ¢ μ¶·¥¤¥²Ö¥É¸Ö, ¢ μ¸´μ¢´μ³, ¡¥§· §³¥·´Ò³ ¶ · ³¥É·μ³ s =
1
2

[√
1 +

8mV0

a2�2
− 1

]
.

‚ · ¸Î¥É Ì ¨¸¸²¥¤μ¢ ² ¸Ó § ¢¨¸¨³μ¸ÉÓ ´μ·³Ò · §´μ¸É¨ ÉμÎ´μ£μ, D(E), ¨ Î¨¸²¥´´μ£μ,
DN (E), ·¥Ï¥´¨°:

f(N) = ‖D(E) − DN (E)‖ = max
E

|D(E) − DN (E)|

± ± ËÊ´±Í¨Ö Î¨¸²  ÉμÎ¥± · §¡¨¥´¨Ö N ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  s (§¤¥¸Ó
DN (E) Å · ¸¸Î¨É ´´μ¥ Î¨¸²¥´´μ §´ Î¥´¨¥ ±μÔËË¨Í¨¥´É  ¶·μ´¨Í ¥³μ¸É¨ ¶·¨ § ¤ ´-
´ÒÌ E ¨ N ). 	  ·¨¸.   ¨ ¡ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¤²Ö · ¸¸¥Ö´¨Ö ´ 
¶μÉ¥´Í¨ ²Ó´μ° Ö³¥ �¥Ï²ÖÄ’¥²²¥·  ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  s. Š ± ¢¨¤´μ
¨§ ·¨¸Ê´±μ¢, ³¥Éμ¤ μ¡² ¤ ¥É ¤μ¸É ÉμÎ´μ Ìμ·μÏ¥° ¸Ìμ¤¨³μ¸ÉÓÕ.

‡�Š‹�—…�ˆ…

� §¢¨ÉÒ° ³ É·¨Î´Ò° ¶μ¤Ìμ¤ Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ³¥Éμ¤μ³ ³μ¤¥²¨·μ¢ ´¨Ö ¸É Í¨-
μ´ ·´μ£μ ÉÊ´´¥²Ó´μ£μ ¶¥·¥´μ¸  ¤²Ö Ï¨·μ±μ£μ ±·Ê£  § ¤ Î. �·¥¨³ÊÐ¥¸É¢μ ³ É·¨Î´μ£μ
³¥Éμ¤  ´  μ¸´μ¢¥ · §´μ¸É´μ° ¸Ì¥³Ò �¤ ³¸  ¢Éμ·μ£μ ¶μ·Ö¤±  ¸μ¸Éμ¨É ¢ ¸μ±· Ð¥´¨¨ § -
É· É ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢. �Éμ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´μ ¶·¨ ·¥Ï¥´¨¨ ¤¢Ê³¥·´ÒÌ ¨ É·¥Ì-
³¥·´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì § ¤ Î: ±μÔËË¨Í¨¥´É ¶·μ´¨Í ¥³μ¸É¨ ¢ ± ¦¤μ° ÉμÎ±¥ ³μ¦´μ, ± ±
¶· ¢¨²μ, · ¸¸Î¨ÉÒ¢ ÉÓ ¢ μ¤´μ³¥·´μ° ³μ¤¥²¨, ´μ ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¥£μ · ¸Î¥É  ¢
¡μ²ÓÏμ³ ³ ¸¸¨¢¥ ÉμÎ¥± ´  ± ¦¤μ³ ¢·¥³¥´´μ³ ¸²μ¥.

�² £μ¤ ·´μ¸É¨. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó-
´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (¶·μ¥±É º09-01-00448 ) ¨ �·μ£· ³³Ò ‘μÕ§´μ£μ £μ¸Ê¤ ·¸É¢ 
®‘Šˆ”-ƒ�ˆ„¯ (¶·μ¥±É º209·420).
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