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Œμ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¸μÊ¤ ·¥´¨Ö ´ ´μ±² ¸É¥·μ¢
¸ ³¥É ²²¨Î¥¸±μ° É¢¥·¤μ° ¶μ¢¥·Ì´μ¸ÉÓÕ

‚ · ¡μÉ¥ ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨° ³¥Éμ¤ ³¨ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ § ¢¨-
¸¨³μ¸É¨ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö ³¥É ²²¨Î¥¸±¨Ì ´¥§ ·Ö¦¥´´ÒÌ ´ ´μ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ²
¸ ³¥É ²²¨Î¥¸±μ° É¢¥·¤μ° ¶μ¢¥·Ì´μ¸ÉÓÕ μÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¢ ¶ÊÎ±¥, · §³¥· 
´ ´μ±² ¸É¥·μ¢ ¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ´ ´μ±² ¸É¥·μ¢. ˆ¸¸²¥¤μ¢ ´  § ¢¨¸¨-
³μ¸ÉÓ Éμ²Ð¨´Ò ¶μ¢¥·Ì´μ¸É´μ£μ ¸²μÖ ¸ ´μ¢μ° ¸É·Ê±ÉÊ·μ°, ±μÉμ·Ò° μ¡· §Ê¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥
μ¡²ÊÎ¥´¨Ö ³ É¥·¨ ²  ´ ´μÎ ¸É¨Í ³¨, μÉ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ ¶ · ³¥É·μ¢ ¶ÊÎ±  ´ ²¥É -
ÕÐ¨Ì ´ ´μ±² ¸É¥·μ¢. �¡´ ·Ê¦¥´  § ¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö  Éμ³μ¢ ±² ¸É¥· 
¢ ³ É¥·¨ ² ³¨Ï¥´¨ ¨ Éμ²Ð¨´Ò μ¸ ¦¤ ¥³μ£μ ¸²μÖ μÉ ±μ²¨Î¥¸É¢   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì
±² ¸É¥· Ì, Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ¶ÊÎ± ³¨ ±² ¸É¥·μ¢. “¸É -
´μ¢²¥´μ, ÎÉμ Éμ²Ð¨´  μ¸ ¦¤ ¥³μ£μ ¸²μÖ, ¢ μÉ²¨Î¨¥ μÉ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö, ¶¥·¥¸É ¥É
§ ¢¨¸¥ÉÓ μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì N , Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨± 
ω ¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ±² ¸É¥·μ¢ E ¶·¨ Ê¢¥²¨Î¥´¨¨ N , ω ¨ E. �μ± § ´μ, ÎÉμ ¸Ê-
Ð¥¸É¢Ê¥É § ¢¨¸¨³μ¸ÉÓ Ì · ±É¥·¨¸É¨± · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ·¥¦¨³μ¢ (soft landing,
droplet spreading ¨ implantation) μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì. ˆ¸¸²¥¤μ-
¢ ´´Ò¥ ¶·μ¡²¥³Ò ³μ£ÊÉ ¶·¥¤¸É ¢²ÖÉÓ ¨´É¥·¥¸ ¤²Ö ¶μ²ÊÎ¥´¨Ö ³ É¥·¨ ²  ¶μ¢¥·Ì´μ¸É´μ£μ
¸²μÖ ¸ ´μ¢Ò³¨ Ë¨§¨Î¥¸±¨³¨ ¨ Ì¨³¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÐ¨³¨¸Ö
μÉ ¸¢μ°¸É¢ μ¸´μ¢´μ£μ ³ É¥·¨ ² .

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨° �ˆŸˆ.
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Batgerel B., Nikonov E. G., Puzynin I. V. P11-2013-61
Molecular Dynamic Simulation of Impact of Nanocluster
with Metallic Solid Surface

We have simulated the impact of uncharged metal nanoclusters beam with solid metal
surface by molecular dynamics. The penetration depth of clusters atoms in solid material and
thickness of deposited layer on the surface are studied, depending on the energy of incident
particles in the beam, the size of nanoclusters and the frequency of beam. It has been found
that the penetration depth and thickness of the surface layer are dependent on the above
parameters of nanocluster. It was also found that the thickness of deposited layer is not
dependent on size of cluster and frequency of the beam, while incident energy is increasing.
The studied problems may be of interest to obtain new materials, which have surface layer with
new physical and chemical properties that signiˇcantly differ from those of base materials.

The investigation has been performed at the Laboratory of Information Technologies,
JINR.
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‚ ¸¢Ö§¨ ¸ · §¢¨É¨¥³ ´ ´μÉ¥Ì´μ²μ£¨° Ê¢¥²¨Î¨²¸Ö ¨´É¥·¥¸ ± ³μ¤¥²¨·μ-
¢ ´¨Õ ¶·μÍ¥¸¸μ¢, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¶·¨ μ¡²ÊÎ¥´¨¨ ³ É¥·¨ ²μ¢ ¶ÊÎ± ³¨ ¢Ò¸μ-
±μÔ´¥·£¥É¨Î¥¸±¨Ì ´ ´μÎ ¸É¨Í [1]. �¡²ÊÎ¥´¨¥ ±μ´¸É·Ê±Í¨μ´´ÒÌ ³ É¥·¨ ²μ¢
¨³¶Ê²Ó¸´Ò³¨ ¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨³¨ ¶ÊÎ± ³¨ ± ± § ·Ö¦¥´´ÒÌ Î ¸É¨Í (Ô²¥±-
É·μ´μ¢ ¨ ¨μ´μ¢), É ± ¨ ´¥°É· ²Ó´ÒÌ (´¥§ ·Ö¦¥´´ÒÌ) ´ ´μÎ ¸É¨Í Ö¢²Ö¥É¸Ö
μ¤´¨³ ¨§ ´ ¨¡μ²¥¥ ÔËË¥±É¨¢´ÒÌ ¸μ¢·¥³¥´´ÒÌ É¥Ì´μ²μ£¨Î¥¸±¨Ì ³¥Éμ¤μ¢ ¶μ-
²ÊÎ¥´¨Ö ´ ´μ³ É¥·¨ ²μ¢ ¸ ´μ¢Ò³¨ Ë¨§¨Î¥¸±¨³¨, Ì¨³¨Î¥¸±¨³¨ ¨ ¸É·Ê±ÉÊ·-
´Ò³¨ ¸¢μ°¸É¢ ³¨ [1Ä5]. ‚§ ¨³μ¤¥°¸É¢¨¥ § ·Ö¦¥´´ÒÌ ¶ÊÎ±μ¢ ¸ Éμ´±¨³ ¶μ-
¢¥·Ì´μ¸É´Ò³ ¸²μ¥³ μ¡²ÊÎ ¥³μ£μ ³ É¥·¨ ²  ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ¶μÖ¢²¥´¨Õ
´μ¢ÒÌ ¸É·Ê±ÉÊ· ¢ ¶μ¢¥·Ì´μ¸É´μ³ ¸²μ¥ ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ´μ¢ÒÌ Ë¨§¨Î¥¸±¨Ì
¨ Ì¨³¨Î¥¸±¨Ì ¸¢μ°¸É¢ ¶μ¢¥·Ì´μ¸É¨ μ¡²ÊÎ ¥³μ£μ ¢¥Ð¥¸É¢  [6Ä8].

‚ · ¡μÉ Ì [9Ä11] ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ ³μ-
¤¨Ë¨± Í¨¨ É¢¥·¤μ° ¶μ¢¥·Ì´μ¸É¨ ¶·¨ μ¡²ÊÎ¥´¨¨ ¶ÊÎ± ³¨ Î ¸É¨Í ¸ Ô´¥·£¨Ö³¨
¸Éμ²±´μ¢¥´¨Ö μÉ < 0,1 ¤μ > 3 Ô‚/ Éμ³.

‚ · ¡μÉ¥ [12] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¸Éμ²±´μ-
¢¥´¨Ö ³¥É ²²¨Î¥¸±¨Ì ´ ´μ±² ¸É¥·μ¢ ³¥¦¤Ê ¸μ¡μ° ¨ ¸ ³¥É ²²¨Î¥¸±μ° ¶μ¢¥·Ì-
´μ¸ÉÓÕ ¢ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó
¢ · ³± Ì ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö. �¡´ ·Ê¦¥´ ´μ¢Ò° ³¥-
Ì ´¨§³ μ¡· §μ¢ ´¨Ö ¸¢Ö§ ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¸¨¸É¥³ Ì ®±² ¸É¥·Ä±² ¸É¥·¯ ¨
®±² ¸É¥·Ä¶μ¤²μ¦± ¯ ¡¥§ ¶² ¢²¥´¨Ö ´  ±μ´É ±É¥. ‚ [9Ä12] ¶·μ¢¥¤¥´ É ±¦¥
Ë¨§¨Î¥¸±¨°  ´ ²¨§ ÔÉμ£μ ¶·μÍ¥¸¸ .

–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ³¥Éμ¤ ³¨ ³μ²¥±Ê²Ö·´μ° ¤¨-
´ ³¨±¨ § ¢¨¸¨³μ¸É¨ ¢¥²¨Î¨´Ò £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö ³¥É ²²¨Î¥¸±¨Ì ´ -
´μ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ² ¸ ³¥É ²²¨Î¥¸±μ° É¢¥·¤μ° ¶μ¢¥·Ì´μ¸ÉÓÕ μÉ Ô´¥·£¨¨
´ ²¥É ÕÐ¨Ì Î ¸É¨Í ¢ ¶ÊÎ±¥, · §³¥·  ´ ´μ±² ¸É¥·μ¢ ¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ
¨¸ÉμÎ´¨±  ´ ´μ±² ¸É¥·μ¢. ’ ±¦¥ ¨¸¸²¥¤μ¢ ´  § ¢¨¸¨³μ¸ÉÓ Éμ²Ð¨´Ò ¶μ¢¥·Ì-
´μ¸É´μ£μ ¸²μÖ ¸ ´μ¢μ° ¸É·Ê±ÉÊ·μ°, ±μÉμ·Ò° μ¡· §Ê¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö
³ É¥·¨ ²  ´ ´μÎ ¸É¨Í ³¨, μÉ ¶¥·¥Î¨¸²¥´´ÒÌ ¢ÒÏ¥ ¶ · ³¥É·μ¢ ¶ÊÎ±  ´ ²¥-
É ÕÐ¨Ì ´ ´μ±² ¸É¥·μ¢. �μ± § ´μ, ÎÉμ ¶·Ö³μ° § ¢¨¸¨³μ¸É¨ Éμ²Ð¨´Ò ¶μ¢¥·Ì-
´μ¸É´μ£μ ¸²μÖ μÉ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö ´ ´μ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ² ¸ É¢¥·-
¤μ° ¶μ¢¥·Ì´μ¸ÉÓÕ ´¥ ´ ¡²Õ¤ ¥É¸Ö. ˆ¸¸²¥¤μ¢ ´´Ò¥ ¶·μ¡²¥³Ò Ö¢²ÖÕÉ¸Ö  ±ÉÊ-
 ²Ó´Ò³¨ ¢ ¶·¨±² ¤´ÒÌ § ¤ Î Ì, ¸¢Ö§ ´´ÒÌ ¸ μ¡²ÊÎ¥´¨¥³ É¢¥·¤ÒÌ ¶μ¢¥·Ì´μ-
¸É¥° ´ ´μÎ ¸É¨Í ³¨ ¤²Ö ¶μ²ÊÎ¥´¨Ö ³ É¥·¨ ²  ¶μ¢¥·Ì´μ¸É´μ£μ ¸²μÖ ¸ ´μ¢Ò³¨
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Ë¨§¨Î¥¸±¨³¨ ¨ Ì¨³¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨, ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÐ¨³¨¸Ö μÉ
¸¢μ°¸É¢ μ¸´μ¢´μ£μ ³ É¥·¨ ² .

1. Œ…’�„› Œ�‹…Š“‹Ÿ���‰ „ˆ��ŒˆŠˆ

Œμ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ μ¸´μ¢ ´μ ´  ¶·¥¤¸É ¢²¥´¨¨
μ¡Ñ¥±Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ¢¨¤¥ ¸¨¸É¥³Ò ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ( Éμ³μ¢
¨²¨ ³μ²¥±Ê²). �¢μ²ÕÍ¨Ö ¸¨¸É¥³Ò ¶·μ¨¸Ìμ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ¤¢¨¦¥´¨Ö Ê¶μ³Ö-
´ÊÉÒÌ ¢ÒÏ¥ Î ¸É¨Í. Šμμ·¤¨´ ÉÒ Î ¸É¨Í ¢ ± ¦¤Ò° ¶μ¸²¥¤ÊÕÐ¨° ³μ³¥´É
¢·¥³¥´¨ ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ¸·¥¤¸É¢μ³ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö, ¢
±μÉμ·Ò¥ ¢Ìμ¤ÖÉ ¶μÉ¥´Í¨ ²Ò ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨Í ³¥¦¤Ê ¸μ¡μ° ¨ ¢´¥Ï´¥°
¸·¥¤μ°.

‚ § ¢¨¸¨³μ¸É¨ μÉ É¨¶  Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ³μ²¥±Ê²Ö·´ Ö ¤¨´ ³¨±  ¶μ¤-
· §¤¥²Ö¥É¸Ö ´  ¸²¥¤ÊÕÐ¨¥ ¸¨¸É¥³Ò ³μ¤¥²¨·μ¢ ´¨Ö: ±² ¸¸¨Î¥¸± Ö ³μ²¥±Ê²Ö·-
´ Ö ¤¨´ ³¨± , ±¢ ´Éμ¢ Ö ³μ²¥±Ê²Ö·´ Ö ¤¨´ ³¨± , ·¥²ÖÉ¨¢¨¸É¸± Ö ³μ²¥±Ê²Ö·-
´ Ö ¤¨´ ³¨± , ·¥²ÖÉ¨¢¨¸É¸± Ö ±¢ ´Éμ¢ Ö ³μ²¥±Ê²Ö·´ Ö ¤¨´ ³¨± .

� ¸¸³μÉ·¨³ ¢ ·¨ ´É ±² ¸¸¨Î¥¸±μ° ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ [13]. �´ 
μ¸´μ¢ ´  ´  ¸²¥¤ÊÕÐ¨Ì ¶μ²μ¦¥´¨ÖÌ.

• „²Ö μ¶¨¸ ´¨Ö ¤¢¨¦¥´¨Ö  Éμ³μ¢ ¨²¨ Î ¸É¨Í ¶·¨³¥´Ö¥É¸Ö ±² ¸¸¨Î¥¸± Ö
³¥Ì ´¨± . ‡ ±μ´ ¤¢¨¦¥´¨Ö Î ¸É¨Í ´ Ìμ¤ÖÉ ¶·¨ ¶μ³μÐ¨  ´ ²¨É¨Î¥¸±μ° ³¥-
Ì ´¨±¨.

• ‘¨²Ò ³¥¦ Éμ³´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ Ëμ·³¥ ±² ¸-
¸¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²Ó´ÒÌ ¸¨² (± ± £· ¤¨¥´É ¶μÉ¥´Í¨ ²Ó´μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò).

• ’μÎ´μ¥ §´ ´¨¥ É· ¥±Éμ·¨° ¤¢¨¦¥´¨Ö Î ¸É¨Í ¸¨¸É¥³Ò ´  ¡μ²ÓÏ¨Ì ¶·μ-
³¥¦ÊÉ± Ì ¢·¥³¥´¨ ´¥ Ö¢²Ö¥É¸Ö ´¥μ¡Ìμ¤¨³Ò³ ¤²Ö ¶μ²ÊÎ¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ³ -
±·μ¸±μ¶¨Î¥¸±μ£μ (É¥·³μ¤¨´ ³¨Î¥¸±μ£μ) Ì · ±É¥· .

• � ¡μ·Ò ±μ´Ë¨£Ê· Í¨°, ¶μ²ÊÎ ¥³Ò¥ ¢ Ìμ¤¥ · ¸Î¥Éμ¢ ³¥Éμ¤μ³ ³μ²¥±Ê-
²Ö·´μ° ¤¨´ ³¨±¨, · ¸¶·¥¤¥²¥´Ò ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ ´¥±μÉμ·μ° ¸É É¨¸É¨Î¥¸±μ°
ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö, ´ ¶·¨³¥·, μÉ¢¥Î ÕÐ¥° ³¨±·μ± ´μ´¨Î¥¸±μ³Ê · ¸-
¶·¥¤¥²¥´¨Õ.

’ ±¨³ μ¡· §μ³, ¢ μ¸´μ¢¥ ³¥Éμ¤μ¢ ±² ¸¸¨Î¥¸±μ° ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨
²¥¦¨É ³μ¤¥²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ ³´μ£μÎ ¸É¨Î´μ° ¸¨¸É¥³¥, ¢ ±μÉμ·μ° ¢¸¥ Î -
¸É¨ÍÒ ( Éμ³Ò ¨²¨ ³μ²¥±Ê²Ò) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ³ É¥·¨ ²Ó´Ò¥ ÉμÎ±¨. �μ¢¥-
¤¥´¨¥ μÉ¤¥²Ó´μ° Î ¸É¨ÍÒ μ¶¨¸Ò¢ ¥É¸Ö ±² ¸¸¨Î¥¸±¨³¨ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö
�ÓÕÉμ´ , ±μÉμ·Ò¥ ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¢ É ±μ³ ¢¨¤¥ [13]:

mi
d2ri

dt2
= �fi. (1)

‡¤¥¸Ó i Å ´μ³¥· Î ¸É¨ÍÒ (1 � i � N); N Å ¶μ²´μ¥ Î¨¸²μ Î ¸É¨Í; mi Å
³ ¸¸  Î ¸É¨ÍÒ; �fi Å · ¢´μ¤¥°¸É¢ÊÕÐ Ö ¢¸¥Ì ¸¨², ¤¥°¸É¢ÊÕÐ¨Ì ´  Î ¸É¨ÍÊ,
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¨³¥ÕÐ Ö ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥:

�fi = −∂U(�r1, . . . , �rN )
∂ri

+ �f ex
i , (2)

£¤¥ U Å ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨; �f ex
i Å ¸¨² , μ¡Ê¸²μ-

¢²¥´´ Ö ¢´¥Ï´¨³¨ ¶μ²Ö³¨.
�μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê Î ¸É¨Í ³¨ ³μ¦¥É ¡ÒÉÓ § ¤ ´ ¢ ¢¨¤¥

¸¨²μ¢μ£μ ¶μ²Ö [15]:

U =

Œ¥¦³μ²¥±Ê²Ö·´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥︷ ︸︸ ︷∑
Ubond +

∑
Uangle +

∑
Udihed +

∑
Uinv +

+
∑

Upair +
∑

U3−body +
∑

U4−body+

+
∑

UTersoff +
∑

Umetal.

‡¤¥¸Ó Ubond Å ¶μÉ¥´Í¨ ², μ¶¨¸Ò¢ ÕÐ¨° ´¥¶μ¸·¥¤¸É¢¥´´μ¥ ¶·Ö³μ¥ ¢§ ¨³μ-
¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ (Î ¸É¨Í ³¨); Uangle Å ¶μÉ¥´Í¨ ², μ¶¨¸Ò¢ ÕÐ¨°
´¥¶·Ö³μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ (Î ¸É¨Í ³¨); Udihed Å ¶μÉ¥´Í¨ ²,
μ¶¨¸Ò¢ ÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ (Î ¸É¨Í ³¨), ¢μ§´¨± ÕÐ¥¥ ¢
·¥§Ê²ÓÉ É¥ ¤¥°¸É¢¨Ö Éμ·¸¨μ´´ÒÌ ¸¨² ¢´ÊÉ·¨ ³μ²¥±Ê²Ò; Uinv Å ¶μÉ¥´Í¨ ²,
μ¶¨¸Ò¢ ÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê  Éμ³ ³¨ (Î ¸É¨Í ³¨), ¢μ§´¨± ÕÐ¥¥ ¨§-
§  μ¸μ¡¥´´μ¸É¥° £¥μ³¥É·¨Î¥¸±μ£μ · ¸¶μ²μ¦¥´¨Ö É·¥Ì  Éμ³μ¢ ¢μ±·Ê£ ´¥±μ-
Éμ·μ£μ Í¥´É· ²Ó´μ£μ ¢´ÊÉ·¨ ³μ²¥±Ê²Ò; Upair, U3−body Å ³´μ£μÎ ¸É¨Î´Ò¥
¶μÉ¥´Í¨ ²Ò; U4−body, UTersoff Å ¶μÉ¥´Í¨ ²Ò, ¨¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö μ¶¨¸ ´¨Ö
³´μ£μ±μ³¶μ´¥´É´ÒÌ ¸¨¸É¥³; Umetal Å ³¥É ²²¨Î¥¸±¨° ¶μÉ¥´Í¨ ².

‚ ¤ ´´μ° · ¡μÉ¥ ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¶ÊÎ±μ¢ ´ ´μ±² ¸É¥-
·μ¢ ¸ ³¥É ²²¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸ÉÓÕ ¨¸¶μ²Ó§μ¢ ²¸Ö ¶μÉ¥´Í¨ ² ‘ ÉÉμ´ Ä—¥´ :

Umetal =
1
2

N∑
i=1

N∑
j �=i

Vij(rij) +
N∑

i=1

F (ρi), ρi =
N∑

i=1,i�=j

ρij(rij),

£¤¥ Vij(rij) = ε(a/rij)n Å ¶μÉ¥´Í¨ ² ¶ ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö; ρij(rij) =
(a/rij)m Å ¢±² ¤ ¢ ¶²μÉ´μ¸ÉÓ § ·Ö¤  i-£μ  Éμ³  μÉ j-£μ  Éμ³ ; F (ρi) =
−cε

√
ρi Å ËÊ´±Í¨Ö ®¶μ£·Ê¦¥´¨Ö¯, ±μÉμ· Ö ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ô´¥·£¨Õ, ´¥-

μ¡Ìμ¤¨³ÊÕ ¤²Ö ¶¥·¥³¥Ð¥´¨Ö i-£μ  Éμ³  ¢ Ô²¥±É·μ´´μ¥ μ¡² ±μ.
‡´ Î¥´¨Ö ¢¥²¨Î¨´ ¶ · ³¥É·μ¢ a, c, ε, m ¨ n ¤²Ö ¶μÉ¥´Í¨ ²  ‘ ÉÉμ´ Ä—¥´ 

¶·¨¢¥¤¥´Ò ¢ É ¡². 1.
‚ ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì É¥³¶¥· ÉÊ·  ¸¨¸É¥³Ò ¶μ¤¤¥·¦¨¢ ¥É¸Ö §  ¸Î¥É

Ô´¥·£μμ¡³¥´  ¸ ¢´¥Ï´¥° ¸·¥¤μ°. „¥É ²Ó´Ò° ÊÎ¥É ¢§ ¨³μ¤¥°¸É¢¨Ö Î ¸É¨ÍÒ
¸ ¢´¥Ï´¥° ¸·¥¤μ° Î ¸Éμ ´¥¢μ§³μ¦¥´. „²Ö ÊÎ¥É  ÔËË¥±Éμ¢ Ô´¥·£μμ¡³¥´ 
¸ ¢´¥Ï´¥° ¸·¥¤μ° ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥  ²£μ·¨É³Ò Å É¥·³μ¸É ÉÒ. ‚ ³μ-
²¥±Ê²Ö·´μ° ¤¨´ ³¨±¥ É¥³¶¥· ÉÊ·  ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò ¢¢μ¤¨É¸Ö Î¥·¥§
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’ ¡²¨Í  1. ‡´ Î¥´¨Ö ¶ · ³¥É·μ¢ ¤²Ö ¶μÉ¥´Í¨ ²  ‘ ÉÉμ´ Ä—¥´ 

Œ¥É ²² a, �A c ε, Ô‚ m n

Al 4,05 16,399 0,0331 6 7

Cu 3,61 39,755 0,0124 6 9

Ê¤¥²Ó´μ¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨. ‚Ò· ¦¥´¨¥ ¤²Ö ¸·¥¤´¥°
±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¨ ¸¨¸É¥³Ò ¨³¥¥É ¢¨¤

E =

N∑
i=1

miv
2
i

2N
, (3)

£¤¥ mi Å ³ ¸¸  Î ¸É¨ÍÒ; vi Å ¸±μ·μ¸ÉÓ Î ¸É¨ÍÒ; N Å ¶μ²´μ¥ Î¨¸²μ Î ¸É¨Í.
ˆ§ ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±¨ ¨§¢¥¸É´μ, ÎÉμ ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¸¨¸É¥³Ò

¨ ¥¥ É¥³¶¥· ÉÊ·  ¸¢Ö§ ´Ò ¸²¥¤ÊÕÐ¨³ ¸μμÉ´μÏ¥´¨¥³:

E =
3kT

2
, (4)

k Å ¶μ¸ÉμÖ´´ Ö �μ²ÓÍ³ ´ .
ˆ§ (3) ¨ (4) ¶μ²ÊÎ¨³ ³£´μ¢¥´´μ¥ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò

T =

N∑
i=1

miv
2
i

3Nk
.

„ ²¥¥, ¶·μ¢¥¤Ö Ê¸·¥¤´¥´¨¥ ¶μ ¢·¥³¥´¨, ¶μ²ÊÎ¨³ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò
¸¨¸É¥³Ò:

T̄ =
1

3Nkτ

t0+τ∫
t0

N∑
i=1

miv
2
i dt.

ˆ¸¶μ²Ó§μ¢ ´¨¥ É¥·³μ¸É É  μ¸μ¡¥´´μ ¢ ¦´μ ´  ÔÉ ¶¥ ·¥² ±¸ Í¨¨ ¸¨¸É¥³Ò.
‚ ¸²ÊÎ ¥ Ê¸É ´μ¢¨¢Ï¥£μ¸Ö É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö É¥³¶¥· ÉÊ·  É¥·-
³μ¸É É  ¨ ¸·¥¤´ÖÖ É¥³¶¥· ÉÊ·  ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò ¤μ²¦´Ò ¸μ¢¶ ¤ ÉÓ.
�´¥·£¨¨ ¶μ¤¸¨¸É¥³ μ¡ÒÎ´μ ³´μ£μ ³¥´ÓÏ¥ Ô´¥·£¨¨ É¥·³μ¸É É , ÔÉμ Ö¢²Ö¥É¸Ö
Ê¸²μ¢¨¥³ ¶·¨¡²¨¦¥´´μ£μ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö. �·¨ ³μ¤¥²¨·μ-
¢ ´¨¨ ³¥Éμ¤ ³¨ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ μ¡ÒÎ´μ Ë¨±¸¨·ÊÕÉ É¥³¶¥· ÉÊ·Ê
É¥·³μ¸É É . ’¥³¶¥· ÉÊ·  ³μ²¥±Ê²Ö·´μ° ¸¨¸É¥³Ò ³μ¦¥É ¶·¨ ÔÉμ³ ³¥´ÖÉÓ¸Ö
¢¸²¥¤¸É¢¨¥ · §²¨Î´ÒÌ ¶·¨Î¨´. � ¶·¨³¥·, ¨§-§  ±μ´¥Î´μ£μ Ï £  ¨´É¥£·¨·μ¢ -
´¨Ö Î ¸É¨Í  ³μ¦¥É μ± § ÉÓ¸Ö ¢ ±² ¸¸¨Î¥¸±¨ § ¶·¥Ð¥´´μ° μ¡² ¸É¨. �Éμ ¶·¨-
¢¥¤¥É ± ·¥§±μ³Ê ¸± Î±Ê Ô´¥·£¨¨,   § É¥³ ¨ É¥³¶¥· ÉÊ·Ò. � ¨¡μ²¥¥ Î ¸Éμ
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¢¸É·¥Î ÕÐ¨³¨¸Ö ³μ¤¥²Ö³¨ É¥·³μ¸É Éμ¢ Ö¢²ÖÕÉ¸Ö: ±μ²²¨§¨μ´´Ò° É¥·³μ¸É É,
μ¸´μ¢ ´´Ò° ´  ¸Éμ²±´μ¢¨É¥²Ó´μ° ¤¨´ ³¨±¥, É¥·³μ¸É É �¥·¥´¤¸¥´ , ¨¸¶μ²Ó§Ê-
ÕÐ¨° ¢ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö §´ ±μ¶¥·¥³¥´´μ¥ ´¥²¨´¥°´μ¥ É·¥´¨¥, É¥·³μ¸É É
�¢ ´¸ , ‹ ´¦¥¢¥´ , 	´¤¥·¸¥´ , �μ§ Ä•Ê¢¥·  ¨ ¤·. ‚ Î ¸É´μ¸É¨, É¥·³μ¸É É
�¢ ´¸  ¨³¥¥É ¸²¥¤ÊÕÐ¥¥ μ¶·¥¤¥²¥´¨¥:

dri(t)
dt

= vi(t),

dvi(t)
dt

=
fi(t)
mi

− χ(t)vi(t),

dT (t)
dt

= 0 ⇒ χ(t) =
∑

vi(t)fi(t)∑
miv2

i (t)
.

„²Ö μ¡¥¸¶¥Î¥´¨Ö É¥·³μ¤¨´ ³¨Î¥¸±μ£μ · ¢´μ¢¥¸¨Ö ¶·¨ ³μ¤¥²¨·μ¢ ´¨¨
¸²μ¦´ÒÌ ³´μ£μ±μ³¶μ´¥´É´ÒÌ ¸¨¸É¥³, ± ± ¶· ¢¨²μ, É ±¦¥ Ë¨±¸¨·Ê¥É¸Ö ¤ -
¢²¥´¨¥ ¢ ¸¨¸É¥³¥. „²Ö ·¥Ï¥´¨Ö ¤ ´´μ° § ¤ Î¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö É ± ´ §Ò¢ ¥³Ò¥
¡ ·μ¸É ÉÒ. � ¨¡μ²¥¥ Î ¸Éμ ¨¸¶μ²Ó§Ê¥³Ò³¨ ³μ¤¥²Ö³¨ ¡ ·μ¸É Éμ¢ Ö¢²ÖÕÉ¸Ö:
¡ ·μ¸É É �¥·¥´¤¸¥´ , ¡ ·μ¸É É ‹ ´¦¥¢¥´  ¨ ¡ ·μ¸É É �μ§ Ä•Ê¢¥· .

„²Ö ¨´É¥£·¨·μ¢ ´¨Ö ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) ´¥μ¡Ìμ¤¨³μ § ¤ ÉÓ ´ Î ²Ó-
´Ò¥ ±μμ·¤¨´ ÉÒ, ¨³¶Ê²Ó¸Ò Î ¸É¨Í ¨ £· ´¨Î´Ò¥ Ê¸²μ¢¨Ö. �·¨ ÔÉμ³ ¤²Ö
±μ··¥±É´μ£μ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨
´Ê¦´μ ÊÎ¨ÉÒ¢ ÉÓ ¸²¥¤ÊÕÐ¥¥.

„²¨´  É· ¥±Éμ·¨¨ ¢ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¥ · ¢´Ö¥É¸Ö Ï £Ê ¨´É¥£·¨·μ¢ -
´¨Ö, Ê³´μ¦¥´´μ³Ê ´  Î¨¸²μ ¶·μ¨§¢¥¤¥´´ÒÌ Ï £μ¢. ‚Ò¡μ· ¤²¨´Ò É· ¥±Éμ·¨¨
¢ §´ Î¨É¥²Ó´μ° ¸É¥¶¥´¨ ¸¢Ö§ ´ ¸ ¶μ´ÖÉ¨¥³ Ô·£μ¤¨Î´μ¸É¨ É· ¥±Éμ·¨¨. ‚ ³μ-
²¥±Ê²Ö·´μ° ¤¨´ ³¨±¥ μ¡ÒÎ´μ ¨³¥ÕÉ ¤¥²μ ¸μ ¸·¥¤´¨³¨ ¢¥²¨Î¨´ ³¨ ¢¤μ²Ó
É· ¥±Éμ·¨¨ (¨²¨ ¸μ ¸·¥¤´¨³¨ ¶μ ¢·¥³¥´¨). ‚ Ô±¸¶¥·¨³¥´É¥ μ¡ÒÎ´μ ¨³¥ÕÉ
¤¥²μ ¸ ¢¥²¨Î¨´ ³¨, ¸·¥¤´¨³¨ ¶μ  ´¸ ³¡²Õ. „²Ö Éμ£μ ÎÉμ¡Ò ¸· ¢´¥´¨¥ ¸É É¨-
¸É¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨± ¸¨¸É¥³Ò ¸ ·¥§Ê²ÓÉ É ³¨ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±¨Ì
· ¸Î¥Éμ¢ ¡Ò²μ ±μ··¥±É´Ò³, ´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò É· ¥±Éμ·¨Ö μ¡² ¤ ²  ¤μ¸É -
ÉμÎ´μ Ìμ·μÏ¨³¨ Ô·£μ¤¨Î¥¸±¨³¨ ¸¢μ°¸É¢ ³¨ [13]. �¥ ²Ó´μ ÔÉμ μ§´ Î ¥É, ÎÉμ
§  ¢·¥³Ö ¨´É¥£·¨·μ¢ ´¨Ö ¸¨¸É¥³  ¤μ²¦´  ³´μ£μ · § ¶μ¡Ò¢ ÉÓ ¢μ ¢¸¥Ì §´ Î¨-
³ÒÌ μ¡² ¸ÉÖÌ ±μ´Ë¨£Ê· Í¨μ´´μ£μ ¶·μ¸É· ´¸É¢ , É. ¥. ¢·¥³Ö ¨´É¥£·¨·μ¢ ´¨Ö
¤μ²¦´μ ¡ÒÉÓ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ τ Å ¢·¥³¥´¨ ¶·¥μ¤μ²¥´¨Ö Ô´¥·£¥É¨Î¥¸±μ£μ
¡ ·Ó¥· :

τ ∼ 3M exp
U

kT
, (5)

£¤¥ M Å ±μ²¨Î¥¸É¢μ Éμ·¸¨μ´´ÒÌ Ê£²μ¢ ¢ ³μ²¥±Ê²¥; U Å §´ Î¥´¨¥ Ô´¥·£¥É¨-
Î¥¸±μ£μ ¡ ·Ó¥· ; k Å ¶μ¸ÉμÖ´´ Ö �μ²ÓÍ³ ´ ; T Å É¥³¶¥· ÉÊ· .

ˆ¸¶μ²Ó§ÊÖ (5), ³μ¦´μ μÍ¥´¨ÉÓ ³¨´¨³ ²Ó´ÊÕ ¤²¨´Ê É· ¥±Éμ·¨¨, ±μÉμ· Ö
¤μ²¦´  ¡ÒÉÓ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥, Î¥³ ¢·¥³Ö, ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ¶·¥μ¤μ²¥´¨Ö
± ¦¤μ£μ ¨§ Ô´¥·£¥É¨Î¥¸±¨Ì ¡ ·Ó¥·μ¢.
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‚ · ³± Ì ±² ¸¸¨Î¥¸±μ° ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥-
´¨° ¤¢¨¦¥´¨Ö Î ¸É¨Í ¸¨¸É¥³Ò μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥É¸Ö ³¥Éμ¤ ‚¥·²¥. „¨¸±·¥-
É¨§ Í¨Ö ±² ¸¸¨Î¥¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö (1), (2) ¶·μ¨§¢μ¤¨É¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

�fi = −�∇i

∑
j

U(rij).

‡ É¥³ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´μ¢Ò¥ ±μμ·¤¨´ ÉÒ Î ¸É¨Í, ¨§ ±μÉμ·ÒÌ μ¶·¥¤¥²ÖÕÉ¸Ö
· ¢´μ¤¥°¸É¢ÊÕÐ¨¥ ¸¨²Ò:

�ri(t + Δt) = �ri(t) + �vi(t)Δt +
ai(t)

2
Δt2.

‡¤¥¸Ó a Å Ê¸±μ·¥´¨¥, a(t + Δt) = [f(t + Δt)]/m.
„ ²¥¥ μ¶·¥¤¥²ÖÕÉ¸Ö ¸±μ·μ¸É¨  Éμ³μ¢:

v(t + Δt) = v(t) +
a(t + Δt) + a(t)

2
Δt.

�¤´μ° ¨§ ´ ¨¡μ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ¶·μ¡²¥³ ¶·μÍ¥¤Ê·Ò ¨´É¥£·¨·μ¢ ´¨Ö
Ö¢²Ö¥É¸Ö ¢Ò¡μ· Ï £ . �·¨ ¡μ²ÓÏμ³ Ï £¥ ¶μ£·¥Ï´μ¸É¨ ¨´É¥£·¨·μ¢ ´¨Ö ³μ£ÊÉ
¡ÒÉÓ §´ Î¨É¥²Ó´Ò³¨, ÎÉμ ¶·¨¢¥¤¥É ± ´¥¸É ¡¨²Ó´μ¸É¨ É· ¥±Éμ·¨¨. �·¨ ³ ²μ³
Ï £¥ ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¢·¥³Ö · ¸Î¥É . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Ï £ ¨´É¥£·¨-
·μ¢ ´¨Ö ¡Ò² ¢Ò¡· ´ · ¢´Ò³ Δt = 10−15 ¸ = 1 Ë¸. ‚ Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö,
μ¶¨¸Ò¢ ÕÐ¨Ì ¨§³¥´¥´¨Ö ¶μ · §²¨Î´Ò³ ¸É¥¶¥´Ö³ ¸¢μ¡μ¤Ò, ¢·¥³¥´´Ò¥ Ì · ±-
É¥·¨¸É¨±¨ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ . „²Ö ¤μ¸É ÉμÎ´μ ÉμÎ´μ£μ
¢ÒÎ¨¸²¥´¨Ö ·¥Ï¥´¨Ö ¶μ ¡Ò¸É·Ò³ ¨ ³¥¤²¥´´Ò³ ¶¥·¥³¥´´Ò³ Ï £¨ ¨´É¥£·¨-
·μ¢ ´¨Ö ¶μ ´¨³ ³μ£ÊÉ · §²¨Î ÉÓ¸Ö. �μ ¡Ò¸É·Ò³ ¶¥·¥³¥´´Ò³ ³μ¦¥É ¡ÒÉÓ
¢Ò¡· ´ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¨° Ï £ [13]. ‚ ³¥Éμ¤¥ ‚¥·²¥ Ï £ ¨´É¥£·¨·μ¢ ´¨Ö
¡¥·¥É¸Ö ¥¤¨´Ò³. � Î ²Ó´Ò¥ ¸±μ·μ¸É¨  Éμ³μ¢ ¢Ò¡¨· ÕÉ¸Ö ¸ ¶μ³μÐÓÕ £¥´¥-
· Éμ·  ¸²ÊÎ °´ÒÌ Î¨¸¥² ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ · ¸¶·¥¤¥²¥´¨¥³ Œ ±¸¢¥²²  ¶·¨
§ ¤ ´´μ° É¥³¶¥· ÉÊ·¥.

� ¨¡μ²¥¥ ¨¸¶μ²Ó§Ê¥³Ò³¨ ³μ¤¨Ë¨± Í¨Ö³¨ ³¥Éμ¤  ‚¥·²¥ Ö¢²ÖÕÉ¸Ö ¸²¥-
¤ÊÕÐ¨¥.

Œ¥Éμ¤ Velocity Verlet. ‚ · ³± Ì ¤ ´´μ£μ ³¥Éμ¤  ¨´É¥£·¨·μ¢ ´¨¥ Ê· ¢´¥-
´¨° ¤¢¨¦¥´¨Ö ¶·μ¨§¢μ¤¨É¸Ö ¶μ É ±μ° ¸Ì¥³¥.

• ‚ ´ Î ²¥ ± ¦¤μ£μ Ï £  § ¤ ÕÉ¸Ö ¨²¨ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´  ¶·¥¤Ò¤ÊÐ¥³
Ï £¥ ¢¥²¨Î¨´Ò t : r(t), v(t), f(t).

• ‡ É¥³ ¢ÒÎ¨¸²ÖÕÉ¸Ö §´ Î¥´¨Ö ¸±μ·μ¸É¥° Î ¸É¨Í ¢ ³μ³¥´É ¢·¥³¥´¨ t +
(Δt/2) ¨ ±μμ·¤¨´ É ´μ¢μ£μ ³¥¸Éμ´ Ìμ¦¤¥´¨Ö Î ¸É¨Í:

v

(
t +

Δt

2

)
= v(t) +

Δt

2
f(t)
m

,

r(t + Δt) = r(t) + Δt v

(
t +

Δt

2

)
.
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• �μ¸²¥ ÔÉμ£μ ¶¥·¥¸Î¨ÉÒ¢ ÕÉ¸Ö ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¨¥ ´  Î ¸É¨ÍÊ ¢ ³μ³¥´É
¢·¥³¥´¨ t + Δt:

f(t + Δt) ← f(t).

• „ ²¥¥ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö §´ Î¥´¨Ö ¸±μ·μ¸É¥° ´  ¸²¥¤ÊÕÐ¥³ Ï £¥:

v(t + Δt) = v

(
t +

Δt

2

)
+

Δt

2
f(t + Δt)

m
.

Œ¥Éμ¤ Leapfrog Verlet. �ÉμÉ ³¥Éμ¤ ·¥ ²¨§Ê¥É¸Ö ¶μ ¸²¥¤ÊÕÐ¥° ¸Ì¥³¥.
• ‚ ´ Î ²¥ ± ¦¤μ£μ Ï £  § ¤ ÕÉ¸Ö ¨²¨ · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö ´  ¶·¥¤Ò¤ÊÐ¥³

Ï £¥ ¢¥²¨Î¨´Ò t : r(t), f(t−Δt) ¨ ¸±μ·μ¸É¨ v(t− (Δt/2)) ¢ ³μ³¥´É ¢·¥³¥´¨
t − (Δt/2).

• �μ¸²¥ ÔÉμ£μ ¶¥·¥¸Î¨ÉÒ¢ ÕÉ¸Ö ¸¨²Ò, ¤¥°¸É¢ÊÕÐ¨¥ ´  Î ¸É¨ÍÊ ¢ ³μ³¥´É
¢·¥³¥´¨ t − Δt:

f(t) ← f(t − Δt).

• „ ²¥¥ ¢ÒÎ¨¸²ÖÕÉ¸Ö §´ Î¥´¨Ö ¸±μ·μ¸É¥° ¢ ³μ³¥´É ¢·¥³¥´¨ t + (Δt/2):

v

(
t +

Δt

2

)
= v

(
t − Δt

2

)
+ Δt

f(t)
m

,

±μμ·¤¨´ ÉÒ ´μ¢μ£μ ¶μ²μ¦¥´¨Ö Î ¸É¨Í:

r(t + Δt) = r(t) + Δt v

(
t +

Δt

2

)

¨ §´ Î¥´¨Ö ¸±μ·μ¸É¨ ¢ ³μ³¥´É ¢·¥³¥´¨ t:

v(t) =
1
2

[
v

(
t − Δt

2

)
+ v

(
t +

Δt

2

)]
.

„²Ö  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö · ¸¸Î¨ÉÒ¢ ÕÉ¸Ö · §²¨Î´Ò¥ Ì -
· ±É¥·¨¸É¨±¨ ¸¨¸É¥³Ò. Š¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö:

Ekin(t) =
1
2

N∑
i=1

miv
2
i (t),

É¥³¶¥· ÉÊ· :

T (t) =
2
kd

Ekin,

£¤¥ ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò

d = 3N − 3Nfrozen − Nconstraints − 3 − p,

¤²Ö ¶¥·¨μ¤¨Î¥¸±μ£μ £· ´¨Î´μ£μ Ê¸²μ¢¨Ö p = 3, ¤²Ö ´¥¶¥·¨μ¤¨Î¥¸±μ£μ £· ´¨Î-
´μ£μ Ê¸²μ¢¨Ö p = 0.
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2. ���ƒ��ŒŒ��… ��…‘�…—…�ˆ…
„‹Ÿ Œ�‹…Š“‹Ÿ���-„ˆ��Œˆ—…‘Š�ƒ� ���ƒ��ŒŒˆ��‚��ˆŸ

‚ ¤ ´´μ° · ¡μÉ¥ ±μ³¶ÓÕÉ¥·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ¶·μ¢μ¤¨²μ¸Ó ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ¶ ±¥É  ¶·μ£· ³³ Las Palmeras Molecular Dynamics (LPMD) [14].
„ ´´Ò° ¶ ±¥É, ¢ μÉ²¨Î¨¥ μÉ ³´μ¦¥¸É¢  ¶·μ£· ³³´ÒÌ ¶·μ¤Ê±Éμ¢, ¶·¥¤´ §´ -
Î¥´´ÒÌ ¤²Ö ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ£μ ³μ¤¥²¨·μ¢ ´¨Ö (DL POLY [15], Gro-
macs, Moldy, Moscito ¨ ¤·.), Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö
¶·μ¡²¥³, ¸Ëμ·³Ê²¨·μ¢ ´´ÒÌ ¢ ¤ ´´μ° · ¡μÉ¥.

�·μ£· ³³  LPMD ¶·¥¤´ §´ Î¥´  ¤²Ö ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ£μ ³μ¤¥-
²¨·μ¢ ´¨Ö ± ± · ¢´μ¢¥¸´ÒÌ, É ± ¨ ´¥· ¢´μ¢¥¸´ÒÌ ¶·μÍ¥¸¸μ¢, É ±¨Ì ± ± · ¸-
¶·μ¸É· ´¥´¨¥ Ê¤ ·´ÒÌ ¢μ²´, ¡μ³¡ ·¤¨·μ¢±  ¸´ ·Ö¤ ³¨ ³¨Ï¥´¨, ±² ¸É¥·´ÒÌ
¸Éμ²±´μ¢¥´¨°, · ¸¶·μ¸É· ´¥´¨¥ É¥¶²  ¨ É. ¤.

� ±¥É ·¥ ²¨§μ¢ ´ ´  Ö§Ò±¥ ¶·μ£· ³³¨·μ¢ ´¨Ö C++, ¨³¥¥É ³μ¤Ê²Ó´ÊÕ  ·-
Ì¨É¥±ÉÊ·Ê. ”Ê´±Í¨μ´ ²Ó´μ¸ÉÓ ¶·μ£· ³³´μ° ¸¨¸É¥³Ò ³μ¦¥É ¡ÒÉÓ · ¸Ï¨·¥´ 
§  ¸Î¥É ¶μ¤±²ÕÎ¥´¨Ö plugin-³μ¤Ê²¥°, ±μÉμ·Ò¥ ¢Ò§Ò¢ ÕÉ¸Ö ¶μ ³¥·¥ ´¥μ¡Ìμ-
¤¨³μ¸É¨ ¢μ ¢·¥³Ö § ¶Ê¸±  μ¸´μ¢´μ° ¶·μ£· ³³Ò. „ ´´Ò° ¶·μ£· ³³´Ò° ¶ ±¥É
¸μ¤¥·¦¨É É ±¦¥ ´ ¡μ· ³μ¤Ê²¥° ¤²Ö ¢¨§Ê ²¨§ Í¨¨ ¶·μÍ¥¸¸μ¢ ³μ¤¥²¨·μ¢ ´¨Ö ¢
·¥ ²Ó´μ³ ¢·¥³¥´¨.

3. �…‡“‹œ’�’› Œ�„…‹ˆ��‚��ˆŸ

„²Ö ³μ¤¥²¨·μ¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ² ¸Ó ¸²¥¤ÊÕÐ Ö ±μ´Ë¨£Ê· Í¨Ö ¸¨¸É¥³Ò:
®¸´ ·Ö¤Ä³¨Ï¥´Ó¯. �  ´¥¶μ¤¢¨¦´ÊÕ ³¨Ï¥´Ó ´ ²¥É ¥É ¶ÊÎμ± ´ ´μÎ ¸É¨Í
(´ ´μ±² ¸É¥·μ¢) (¸³. ·¨¸. 1). Œ¨Ï¥´Ó ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³¥É ²²¨Î¥¸±¨°

�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É 

¶·Ö³μÊ£μ²Ó´Ò° ¶ · ²²¥²¥¶¨¶¥¤ ¸ £¥μ³¥É·¨Î¥-
¸±¨³¨ · §³¥· ³¨ 54,15 × 108,3 × 108,3 �A ¨
¸μ¸Éμ¨É ¨§ 54000  Éμ³μ¢ ³¥¤¨. Œμ¤¥²¨·μ¢ -
´¨¥ ¶·μ¢μ¤¨²μ¸Ó ¤²Ö ±² ¸É¥·μ¢, ¸μ¸ÉμÖÐ¨Ì ¨§
13, 55 ¨ 147  Éμ³μ¢ ³¥¤¨, ¸ ¶μ¶¥·¥Î´Ò³¨ · §-
³¥· ³¨ 5,86, 12,17 ¨ 15,82 �A ¸μμÉ¢¥É¸É¢¥´´μ.
� ¸¸³ É·¨¢ ²¨¸Ó ¤¢  ¢ ·¨ ´É : μ¡²ÊÎ¥´¨¥ ³¨-
Ï¥´¨ μ¤¨´μÎ´Ò³¨ ´ ´μÎ ¸É¨Í ³¨ ¨ μ¡²ÊÎ¥´¨¥
³¨Ï¥´¨ ¶ÊÎ±μ³ ´ ´μÎ ¸É¨Í ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥-
É ÕÐ¨Ì ±² ¸É¥·μ¢, · ¢´ÒÌ 0,1, 1,0, 10 Ô‚/ Éμ³.
‚ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¢ ¤¢  ÔÉ ¶ . ‘´ Î ² 
¶¥·¥¤ ´¥¶μ¸·¥¤¸É¢¥´´Ò³ ¸Éμ²±´μ¢¥´¨¥³ μ¸ÊÐ¥-

¸É¢²Ö² ¸Ó ¸¶¥Í¨ ²Ó´ Ö ¶·μÍ¥¤Ê·  ¶μ¤£μÉμ¢±¨ ±² ¸É¥·μ¢. ‡ É¥³ ¢¥²μ¸Ó ³μ¤¥²¨-
·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¸Éμ²±´μ¢¥´¨Ö ¸Ëμ·³¨·μ¢ ´´ÒÌ ¶¥·¥¤ ÔÉ¨³ ´ ´μ±² ¸É¥·μ¢
¸ É¢¥·¤μ° ¶μ¢¥·Ì´μ¸ÉÓÕ.
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3.1. �·μÍ¥¤Ê·  ¶μ¤£μÉμ¢±¨ ´ ´μ±² ¸É¥·μ¢. „ ´´ Ö ¶·μÍ¥¤Ê·  ´¥μ¡Ìμ-
¤¨³  ¤²Ö ÊÎ¥É  ·¥ ²Ó´ÒÌ Ê¸²μ¢¨° μ¡· §μ¢ ´¨Ö ¶ÊÎ±μ¢ ±² ¸É¥·μ¢ ¢ Ô±¸¶¥·¨-
³¥´É Ì, ¶μ¸±μ²Ó±Ê ¸É·Ê±ÉÊ·  ·¥ ²Ó´ÒÌ ´ ´μ· §³¥·´ÒÌ ±² ¸É¥·μ¢ ¸ÊÐ¥¸É¢¥´´μ
μÉ²¨Î ¥É¸Ö μÉ £· ´¥Í¥´É·¨·μ¢ ´´μ° ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨. ‘´ Î ²  ¨§

’ ¡²¨Í  2. � ¸¶·¥¤¥²¥´¨¥
±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·
¢ ¶¥·¢μ´ Î ²Ó´ÒÌ ´ ´μ-
Î ¸É¨Í Ì ¸ ¶·¥μ¡² ¤ ´¨-
¥³ £· ´¥Í¥´É·¨·μ¢ ´´ÒÌ
¸É·Ê±ÉÊ·

i j k l NCAN

1 1 0 0 0,15
1 2 0 0 7,22
1 2 1 1 7,22
1 3 1 1 23,42
1 4 2 1 62,00

’ ¡²¨Í  3. � ¸¶·¥¤¥²¥´¨¥
±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·
¶μ¸²¥ ¶·μÍ¥¤Ê·Ò ¶μ¤£μ-
Éμ¢±¨ ´ ´μ±² ¸É¥·μ¢

i j k l NCAN

1 0 0 0 1,03
1 1 0 0 1,47
1 2 0 0 6,45
1 2 1 1 6,30
1 3 0 0 2,79
1 3 1 1 18,48
1 3 2 2 5,13
1 4 1 1 0,29
1 4 2 1 28,01
1 4 2 2 27,27
1 4 3 3 1,47
1 5 4 4 1,17
1 5 5 5 0,15

¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ° £· ´¥Í¥´É·¨·μ¢ ´´μ° ±·¨-
¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ¢Ò¡¨· ¥É¸Ö ´¥μ¡Ìμ¤¨³μ¥
¤²Ö ¶μ²ÊÎ¥´¨Ö μ¶É¨³ ²Ó´μ° (± ± ¶· ¢¨²μ, ¨±μ-
¸ Ô¤·¨Î¥¸±μ°) ¸É·Ê±ÉÊ·Ò ´ ´μ±² ¸É¥·  Î¨¸²μ (13,
55, 147 . . . )  Éμ³μ¢, ´ Ìμ¤ÖÐ¨Ì¸Ö ´  ´ ¨³¥´ÓÏ¨Ì
· ¸¸ÉμÖ´¨ÖÌ μÉ Í¥´É· ²Ó´μ£μ  Éμ³ . ‚ ´ Î ²Ó´μ³
¸μ¸ÉμÖ´¨¨ ´ ´μÎ ¸É¨ÍÒ · §³¥·μ³ 14,44 �A ¨³¥ÕÉ
¸É·Ê±ÉÊ·Ê £· ´¥Í¥´É·¨·μ¢ ´´μ° ±Ê¡¨Î¥¸±μ° ±·¨-
¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨. ‘²¥¤ÊÕÐ¨³ Ï £μ³ Ö¢²Ö-
¥É¸Ö É¥·³ ²¨§ Í¨Ö ´ ´μÎ ¸É¨Í ¡¥§ ÊÎ¥É  £· ´¨Î-
´ÒÌ Ê¸²μ¢¨°. ‡ É¥³ ¶μ¸É¥¶¥´´μ ´ £·¥¢ ¥³ ¶μ²Ê-
Î¨¢Ï¨°¸Ö ±² ¸É¥· ¤μ É¥³¶¥· ÉÊ·Ò T = 1800 Š
¢ É¥Î¥´¨¥ 105 Ï £μ¢ ¶μ ¢·¥³¥´¨ (Ï £ ¶μ ¢·¥-
³¥´¨ · ¢¥´ 1 Ë¸, É¥³¶¥· ÉÊ·  ¶² ¢²¥´¨Ö ³¥¤¨
T = 1356 Š), ¶μÉμ³ μÌ² ¦¤ ¥³ ¤μ É¥³¶¥· ÉÊ·Ò
T = 300 Š ¨ ¶·μ¢μ¤¨³ ¶·μÍ¥¤Ê·Ê É¥·³ ²¨§ -
Í¨¨ ¢ É¥Î¥´¨¥ 105 Ï £μ¢ ¸ Ï £μ³ 1 Ë¸. „μ-
¸É¨¦¥´¨¥ ±² ¸É¥·μ³ μ¶É¨³ ²Ó´μ° ¸É·Ê±ÉÊ·Ò ¶μ¤-
É¢¥·¦¤ ¥É¸Ö Ê¸É ´μ¢²¥´¨¥³ ¶ ·´ÒÌ ¸É·Ê±ÉÊ· É¨¶ 
1-5-5-5, Ì · ±É¥·´ÒÌ ¤²Ö ¨±μ¸ Ô¤·¨Î¥¸±¨Ì ·¥Ï¥-
ÉμÎ´ÒÌ ¸É·Ê±ÉÊ·, ÎÉμ ¢ÒÖ¢²Ö¥É¸Ö ¢ · ³± Ì ¸É·Ê±-
ÉÊ·´μ£μ  ´ ²¨§  ³¥Éμ¤μ³ CAN (Common Neigh-
bor Analysis) [14]. ‘ÊÉÓ ¤ ´´μ£μ ³¥Éμ¤  ¸μ¸Éμ¨É
¢  ´ ²¨§¥ ¢§ ¨³´μ£μ · ¸¶μ²μ¦¥´¨Ö ¸μ¸¥¤´¨Ì  Éμ-
³μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±·¨¸É ²²μ£· Ë¨Î¥¸±¨Ì ¨´-
¤¥±¸μ¢. Š ¦¤ Ö ¶ ·   Éμ³μ¢ Ì · ±É¥·¨§Ê¥É¸Ö ´ ¡μ-
· ³¨ Î¨¸¥² Î¥ÉÒ·¥Ì ¨´¤¥±¸μ¢ (i, j, k, l). ‡¤¥¸Ó ¨´-
¤¥±¸ i · ¢¥´ 1 ¤²Ö ¡²¨§±¨Ì ¸μ¸¥¤¥° ¨ 2 ¤²Ö μ¸É ²Ó-
´ÒÌ, ¢Éμ·μ° ¨´¤¥±¸ j · ¢¥´ Î¨¸²Ê μ¡Ð¨Ì ¡²¨§-
±¨Ì ¸μ¸¥¤¥°, É·¥É¨° ¨´¤¥±¸ k · ¢¥´ Î¨¸²Ê ¡μ´¤μ¢
(±μ¢ ²¥´É´ÒÌ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥°) ¸·¥¤¨ j μ¡Ð¨Ì
¡²¨§±¨Ì ¸μ¸¥¤¥° ¨ Î¥É¢¥·ÉÒ° ¨´¤¥±¸ l · ¢¥´ ¤²¨´¥
´ ¨¡μ²ÓÏ¨Ì ¸¢Ö§ ´´ÒÌ ¡μ´¤μ¢ ¸·¥¤¨ μ¡Ð¨Ì ¡²¨§-
±¨Ì ¸μ¸¥¤¥°. � ¸¶·¥¤¥²¥´¨¥ ¸É·Ê±ÉÊ· ¸ · §²¨Î´Ò³¨ ±·¨¸É ²²μ£· Ë¨Î¥¸±¨³¨
¨´¤¥±¸ ³¨, ¤¥³μ´¸É·¨·ÊÕÐ¨³¨ ¶·¥μ¡² ¤ ´¨¥ ¨±μ¸ Ô¤·¨Î¥¸±¨Ì ·¥Ï¥ÉμÎ´ÒÌ
¸É·Ê±ÉÊ· ¢ ·¥§Ê²ÓÉ É¥ ¶·μÍ¥¤Ê·Ò ¶μ¤£μÉμ¢±¨ ´ ´μ±² ¸É¥·μ¢, ¶·¥¤¸É ¢²¥´μ
¢ É ¡². 2 ¨ 3. NCAN Å μÉ´μ¸¨É¥²Ó´μ¥ ±μ²¨Î¥¸É¢μ ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·
¸ μ¶·¥¤¥²¥´´Ò³¨ ¨´¤¥±¸ ³¨ (¢ ¶·μÍ¥´É Ì).
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3.2. Œμ¤¥²¨·μ¢ ´¨¥ ¶·μÍ¥¸¸μ¢ ¸Éμ²±´μ¢¥´¨Ö. �μ¸²¥ μ¡· §μ¢ ´¨Ö ´ -
´μ±² ¸É¥·μ¢ ¢Ò¶μ²´Ö²¨¸Ó ¢ÒÎ¨¸²¥´¨Ö ¶μ ³μ¤¥²¨·μ¢ ´¨Õ ¶·μÍ¥¸¸μ¢ ¸Éμ²±´μ-
¢¥´¨Ö ¸ ³¥É ²²¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸ÉÓÕ. ‘´ Î ²  ³μ¤¥²¨·μ¢ ²μ¸Ó ¸Éμ²±´μ¢¥-
´¨¥ μ¤¨´μÎ´ÒÌ ´ ´μ±² ¸É¥·μ¢, § É¥³ ¸Éμ²±´μ¢¥´¨¥ ¶ÊÎ±  ¨Ì É·¥Ì ±² ¸É¥·μ¢
¸ ¶μ¢¥·Ì´μ¸ÉÓÕ. ‚ ·¥§Ê²ÓÉ É¥ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ ¡μ³¡ ·¤¨·μ¢ ´¨Ö

�¨¸. 2. Š² ¸É¥·Ò N = 13, E = 0,1 Ô‚/ Éμ³, t = 3, 3,5, 6, 10 ¶¸

�¨¸. 3. Š² ¸É¥·Ò N = 13, E = 1,0 Ô‚/ Éμ³, t = 1,75, 3, 4, 10 ¶¸

�¨¸. 4. Š² ¸É¥·Ò N = 13, E = 10 Ô‚/ Éμ³, t = 1,25, 1,3, 1,5, 10 ¶¸
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¶μ¢¥·Ì´μ¸É¨ μ¤¨´μÎ´Ò³¨ ´ ´μÎ ¸É¨Í ³¨ ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ ± ·É¨´Ê.
�¨¸. 2Ä4 ¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ -
Ð¨Ì N = 13  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í
0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ. �¨¸. 5Ä7 ¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ
³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ Ð¨Ì N = 55  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ

�¨¸. 5. Š² ¸É¥·Ò N = 55, E = 0,1 Ô‚/ Éμ³, t = 3, 4, 4,5, 10 ¶¸

�¨¸. 6. Š² ¸É¥·Ò N = 55, E = 1,0 Ô‚/ Éμ³, t = 1,75, 2,5, 3, 10 ¶¸

�¨¸. 7. Š² ¸É¥·Ò N = 55, E = 10 Ô‚/ Éμ³, t = 1,25, 2, 3, 5 ¶¸
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Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í 0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ.
�¨¸. 8Ä10 ¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ -

�¨¸. 8. Š² ¸É¥·Ò N = 147, E = 0,1 Ô‚/ Éμ³, t = 3, 3,5, 4, 4,5, 5, 6, 8, 10 ¶¸

�¨¸. 9. Š² ¸É¥·Ò N = 147, E = 1,0 Ô‚/ Éμ³, t = 1,7, 2, 2,5, 3, 4, 5, 8, 10 ¶¸
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Ð¨Ì N = 147  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í
0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ. �  ·¨¸. 11 ¶·¥¤¸É ¢²¥´ Ë·μ´É ²Ó´Ò°
¢ ·¨ ´É ·¨¸. 10 ¶·¨ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ ³μ¤¥²¨·μ¢ ´¨Ö.

‚ ·¥§Ê²ÓÉ É¥ ³μ¤¥²¨·μ¢ ´¨Ö ¶·μÍ¥¸¸μ¢ ¡μ³¡ ·¤¨·μ¢ ´¨Ö ¶μ¢¥·Ì´μ¸É¨
¶ÊÎ± ³¨ ´ ´μÎ ¸É¨Í, ¸μ¸ÉμÖÐ¨³¨ ¨§ É·¥Ì ±² ¸É¥·μ¢, ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤Ê-
ÕÐÊÕ ± ·É¨´Ê. �¨¸. 12Ä14 ¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö
¶ÊÎ±μ¢ ±² ¸É¥·μ¢, ¸μ¤¥·¦ Ð¨Ì N = 13  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E

�¨¸. 10. Š² ¸É¥·Ò N = 147, E = 10 Ô‚/ Éμ³, t = 1,2, 1,3, 1,5, 2, 3, 4, 5, 10 ¶¸

�¨¸. 11. ”·μ´É ²Ó´Ò° ¢ ·¨ ´É ·¨¸. 10 ¶·¨ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ ³μ¤¥²¨·μ¢ ´¨Ö

13



�¨¸. 12. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 13, E = 0,1 Ô‚/ Éμ³, t = 3,5, 10, 13, 20 ¶¸

�¨¸. 13. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 13, E = 1,0 Ô‚/ Éμ³, t = 2, 10, 12, 20 ¶¸

�¨¸. 14. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 13, E = 10 Ô‚/ Éμ³, t = 1,3, 8, 11,2, 20 ¶¸

´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í 0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ. �¨¸. 15Ä17
¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤²Ö ¶ÊÎ±μ¢ ±² ¸É¥·μ¢, ¸μ¤¥·¦ -
Ð¨Ì N = 55  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í 0,1,
1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ. �¨¸. 18Ä20 ¤¥³μ´¸É·¨·ÊÕÉ ·¥§Ê²ÓÉ ÉÒ ³μ-
¤¥²¨·μ¢ ´¨Ö ¤²Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ Ð¨Ì N = 147  Éμ³μ¢, ¶·¨ §´ Î¥´¨ÖÌ
Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í 0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É¸É¢¥´´μ.
�  ·¨¸. 21 ¶·¥¤¸É ¢²¥´ Ë·μ´É ²Ó´Ò° ¢ ·¨ ´É ·¨¸. 20 ¶·¨ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ
³μ¤¥²¨·μ¢ ´¨Ö.

�μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶μ¢¥·Ì´μ¸É¨ ³¨Ï¥´¨ ´ ´μ±² ¸É¥· ³¨ ¨¸¸²¥¤μ¢ ² ¸Ó § -
¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö h ¸μ¸É ¢²ÖÕÐ¨Ì Î ¸É¨Í ´ ´μ±² ¸É¥·μ¢ ¢
³ É¥·¨ ² ³¨Ï¥´¨ ¨ Éμ²Ð¨´Ò d ¶μ¢¥·Ì´μ¸É´μ£μ ¸²μÖ, μ¡· §μ¢ ´´μ£μ ¢ ·¥§Ê²Ó-
É É¥ μ¡²ÊÎ¥´¨Ö, μÉ ¢¥²¨Î¨´Ò ´ ´μ±² ¸É¥·  ¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ´ ´μ±² -
¸É¥·μ¢ ¶μ¸²¥ É¥·³ ²¨§ Í¨¨ ¢¸¥° ¸¨¸É¥³Ò (¸³. ·¨¸. 22).

ˆ¸¸²¥¤μ¢ ´¨Ö £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö ´ ´μ±² ¸É¥·μ¢ ¢ μ¡²ÊÎ ¥³Ò° ³ -
É¥·¨ ² ¶·μ¢μ¤¨² ¸Ó ¤²Ö ±² ¸É¥·μ¢, ¸μ¤¥·¦ Ð¨Ì N = 13, 55 ¨ 147  Éμ³μ¢, ¶·¨
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�¨¸. 15. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 55, E = 0,1 Ô‚/ Éμ³, t = 3,2, 5, 8, 10, 13,
15, 18, 20 ¶¸

�¨¸. 16. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 55, E = 1,0 Ô‚/ Éμ³, t = 1,8, 3, 6,7, 10, 11,6, 13,
15, 20 ¶¸

�¨¸. 17. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 55, E = 10 Ô‚/ Éμ³, t = 1,3, 4, 6,4, 8, 10,
11,4, 15, 20 ¶¸
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�¨¸. 18. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 147, E = 0,1 Ô‚/ Éμ³, t = 3,3, 5, 8, 10, 13, 15,
18, 20 ¶¸

�¨¸. 19. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 147, E = 1,0 Ô‚/ Éμ³, t = 1,8, 5, 6,7, 10, 11,6, 13,
15, 20 ¶¸

�¨¸. 20. �ÊÎ±¨ ±² ¸É¥·μ¢ N = 147, E = 10 Ô‚/ Éμ³, t = 1,3, 2, 4, 6,4, 10, 11,4,
15, 20 ¶¸
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�¨¸. 21. ”·μ´É ²Ó´Ò° ¢ ·¨ ´É ·¨¸. 20 ¶·¨ É¥Ì ¦¥ Ê¸²μ¢¨ÖÌ ³μ¤¥²¨·μ¢ ´¨Ö

�¨¸. 22. ‘Ì¥³ É¨Î¥¸±μ¥ ¨§μ¡· ¦¥´¨¥ ¢§ -
¨³μ¤¥°¸É¢¨Ö ´ ´μ±² ¸É¥·μ¢ ¸ ¶μ¢¥·Ì´μ-
¸ÉÓÕ: d Å Éμ²Ð¨´  ¶μ¢¥·Ì´μ¸É´μ£μ ¸²μÖ,
h Å £²Ê¡¨´  ¶·μ´¨±´μ¢¥´¨Ö Î ¸É¨Í ´ -
´μ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ² ³¨Ï¥´¨

�¨¸. 23. ‡ ¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö h ´ ´μ±² ¸É¥·μ¢ ¢ μ¡²ÊÎ ¥³Ò° ³ É¥·¨ ²
μÉ ¢·¥³¥´¨ ¤²Ö N = 147 ¶·¨ E = 10 Ô‚/ Éμ³
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�¨¸. 24. ‡ ¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö h ´ ´μ±² ¸É¥·μ¢ ¨ Éμ²Ð¨´Ò ¶μ¢¥·Ì-
´μ¸É´μ£μ ¸²μÖ d μÉ Ô´¥·£¨¨

§´ Î¥´¨ÖÌ Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μÎ ¸É¨Í 0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¸μμÉ¢¥É-
¸É¢¥´´μ. �  ·¨¸. 23 ¶·¨¢¥¤¥´Ò £· Ë¨±¨ § ¢¨¸¨³μ¸É¨ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö
´ ´μ±² ¸É¥·μ¢ ¢ μ¡²ÊÎ ¥³Ò° ³ É¥·¨ ² h μÉ ¢·¥³¥´¨ ¤²Ö Î¨¸²  Î ¸É¨Í ¢ ±² -
¸É¥·¥ N = 147 ¶·¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì Î ¸É¨Í E = 10 Ô‚/ Éμ³. „ ´´Ò¥
£· Ë¨±¨ ´ £²Ö¤´μ ¤¥³μ´¸É·¨·ÊÕÉ μ¸´μ¢´Ò¥ μ¸μ¡¥´´μ¸É¨ ¶·μÍ¥¸¸μ¢ ¶·μ´¨±-
´μ¢¥´¨Ö  Éμ³μ¢ ´ ´μ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ² ³¨Ï¥´¨. �  ·¨¸. 24 ¶·¨¢¥¤¥´Ò
£· Ë¨±¨ § ¢¨¸¨³μ¸É¨ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö h ¨ Éμ²Ð¨´Ò ¶μ¢¥·Ì´μ¸É´μ£μ
¸²μÖ d μÉ Ô´¥·£¨¨ E ´ ²¥É ÕÐ¨Ì ´ ´μ±² ¸É¥·μ¢ 0,1, 1,0 ¨ 10 Ô‚/ Éμ³ ¤²Ö
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±² ¸É¥·μ¢, ¸μ¤¥·¦ Ð¨Ì N = 13, 55 ¨ 147  Éμ³μ¢, ¨ ¤²Ö ¸²ÊÎ ¥¢ μ¤¨´μÎ-
´ÒÌ ´ ´μ±² ¸É¥·μ¢ (Single, T = ∞),   É ±¦¥ ¶ÊÎ±  ¨§ É·¥Ì ´ ´μ±² ¸É¥·μ¢
(T = 4, 5, 6 ¶¸).

‡�Š‹	—…�ˆ…

ˆ¸¸²¥¤μ¢ ´¨¥ § ¢¨¸¨³μ¸É¨ ¶²μÉ´μ¸É¨ ¨ É¥³¶¥· ÉÊ·Ò μÉ Ô´¥·£¨¨ ¢ ¸¨-
¸É¥³¥ ®±² ¸É¥·Ä¶μ¢¥·Ì´μ¸ÉÓ¯ ¤ ²¥±μ ´¥ É·¨¢¨ ²Ó´ Ö § ¤ Î  [9Ä11]. Œ¥Éμ¤
³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ ´ ¨¡μ²¥¥ ÔËË¥±É¨¢´ÒÌ ¨´¸É·Ê-
³¥´Éμ¢ ¨¸¸²¥¤μ¢ ´¨Ö É ±μ£μ É¨¶  § ¤ Î ¨ ¶μ§¢μ²Ö¥É ¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö
¸ ¢Ò¸μ±¨³ · §·¥Ï¥´¨¥³ ¶μ ¶·μ¸É· ´¸É¢¥´´Ò³ ¨ ¢·¥³¥´´Ò³ ±μμ·¤¨´ É ³.
�¡ÒÎ´μ ¤²Ö Ê¤μ¡¸É¢   ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö ³¨Ï¥´Ó · §¡¨¢ ÕÉ
´  ±μ´¥Î´μ¥ ±μ²¨Î¥¸É¢μ ¸²μ¥¢ Ë¨±¸¨·μ¢ ´´μ° Éμ²Ð¨´Ò a0 ¢¤μ²Ó ¤¢¨¦¥´¨Ö
´ ²¥É ÕÐ¨Ì ±² ¸É¥·μ¢ (μ¡ÒÎ´μ ±μμ·¤¨´ É´ Ö μ¸Ó z). ‚¸¥ ¶μ²ÊÎ¥´´Ò¥ ¤ ´-
´Ò¥ (¤²Ö ±μμ·¤¨´ É ¶μ²μ¦¥´¨Ö Î ¸É¨Í, ¸±μ·μ¸É¥° ¨ É. ¤.)  ´ ²¨§¨·ÊÕÉ¸Ö ¢
± ¦¤μ³ ¨§ É ±¨Ì ¸²μ¥¢ (´ ¶·¨³¥· ¢ÒÎ¨¸²¥´¨¥ ¸·¥¤´¥° ¢¥²¨Î¨´Ò ¸±μ·μ¸É¨
¨ É. ¶.). „²Ö ± ¦¤μ£μ É ±μ£μ ¸²μÖ · ¸¸Î¨ÉÒ¢ ¥É¸Ö ¨§³¥´¥´¨¥ ¢¥²¨Î¨´ ¶²μÉ-
´μ¸É¨ ¨ É¥³¶¥· ÉÊ·Ò ´  ± ¦¤μ³ ¢·¥³¥´´μ³ Ï £¥ ¤²Ö ³¨Ï¥´¨ ¨ ¸´ ·Ö¤ .
	´ ²¨§ ·¥§Ê²ÓÉ Éμ¢ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢μ¤ μ ´ ²¨Î¨¨ É·¥Ì
¨´É¥·¢ ²μ¢ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ±² ¸É¥·μ¢ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ, ±μÉμ·Ò¥ ¸ÊÐ¥-
¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö ¶μ Ì · ±É¥·¨¸É¨± ³ μ¸´μ¢´ÒÌ ¶·μÍ¥¸¸μ¢, ¶·μ¨¸Ìμ¤ÖÐ¨Ì
¶·¨ ¢§ ¨³μ¤¥°¸É¢¨¨ ±² ¸É¥·μ¢ ¸ ³ É¥·¨ ²μ³ ¶μ¢¥·Ì´μ¸É¨. �¥¦¨³Ò ¸μÊ¤ ·¥-
´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ É·¥³ ¨´É¥·¢ ² ³ Ô´¥·£¨¨, ¢ ¸¶¥Í¨ ²Ó´μ° ²¨É¥· ÉÊ·¥
μ¡ÒÎ´μ ´ §Ò¢ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. �·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ±² ¸É¥-
·μ¢ 0 < E < 0,1 Ô‚/ Éμ³ ¶·μ¨¸Ìμ¤¨É ´ ²¨¶ ´¨¥ ±² ¸É¥·μ¢ ´  ¶μ¢¥·Ì´μ¸ÉÓ
(Soft landing). �·¨ Ô´¥·£¨ÖÌ E ¶μ·Ö¤±  1 Ô‚/ Éμ³ ´ Î¨´ ¥É¸Ö μ¸ ¦¤¥´¨¥
±² ¸É¥·μ¢ ´  ¶μ¢¥·Ì´μ¸ÉÓ ¸ Î ¸É¨Î´μ° ¤¥Ëμ·³ Í¨¥° ´ ²¥É ÕÐ¨Ì ±² ¸É¥·μ¢
(Droplet spreading). ˆ ´ ±μ´¥Í, ¶·¨ Ô´¥·£¨ÖÌ E > 10 Ô‚/ Éμ³ ¶·μ¨¸Ìμ¤¨É
£²Ê¡μ±μ¥ ¶·μ´¨±´μ¢¥´¨¥ ±² ¸É¥·μ¢ ¢ ³ É¥·¨ ² ¶μ¢¥·Ì´μ¸É¨ ¸ μ¡· §μ¢ ´¨¥³
¸É·Ê±ÉÊ·Ò ¶μ¢¥·Ì´μ¸É´μ£μ ¸²μÖ (Implantation). �·μÍ¥¸¸Ò, ¢μ§´¨± ÕÐ¨¥ ¶·¨
¸μÊ¤ ·¥´¨ÖÌ ±² ¸É¥·μ¢ ¸ ¶μ¢¥·Ì´μ¸ÉÓÕ ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨° ¨§ Ê± § ´´ÒÌ
¢ÒÏ¥ ¨´É¥·¢ ²μ¢, Ì · ±É¥·¨§ÊÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´μ · §´Ò³¨ · ¸¶·¥¤¥²¥´¨Ö³¨
¶²μÉ´μ¸É¨ ¨ É¥³¶¥· ÉÊ·Ò,   É ±¦¥ ¢¥²¨Î¨´ ³¨ Ô´¥·£¨¨ μ¸ ¦¤¥´¨Ö.

Soft landing. �·¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ±² ¸É¥·μ¢ 0 < E < 0,1 Ô‚/ Éμ³
¶μ¢¥·Ì´μ¸ÉÓ ³¨Ï¥´¨ ´¥ · §·ÊÏ ¥É¸Ö ¨ ¸É·Ê±ÉÊ·  ±² ¸É¥·  μ¸É ¥É¸Ö μÎ¥´Ó
¡²¨§±μ° ± ¶¥·¢μ´ Î ²Ó´μ³Ê ¸μ¸ÉμÖ´¨Õ. �¡Ð¨³ ¸¢μ°¸É¢μ³ ¶·μÍ¥¸¸  ´ ²¨¶ -
´¨Ö Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ±² ¸É¥· ¨³¥¥É ²μ± ²¨§μ¢ ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ´μ¸É¨
¨ É¥³¶¥· ÉÊ·Ò ¨ É¥³¶¥· ÉÊ·  ¢ ¤ ´´μ³ ¶·μÍ¥¸¸¥ ¢¸¥£¤  ´¨¦¥ É¥³¶¥· ÉÊ·Ò
¶² ¢²¥´¨Ö. ‚ ´ Î ²¥ ¶·μÍ¥¸¸  ¸μÊ¤ ·¥´¨Ö É¥³¶¥· ÉÊ·  ±² ¸É¥·  ¢μ ¢´¥Ï´¥³
¸²μ¥ ¢μ§· ¸É ¥É ¤μ ¸¢μ¥£μ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö. �²μÉ´μ¸ÉÓ ±² ¸É¥·  Ê¢¥-
²¨Î¨¢ ¥É¸Ö ¶·¨³¥·´μ ¢ ¤¢  · §  ¶μ ¸· ¢´¥´¨Õ ¸ ¶¥·¢μ´ Î ²Ó´Ò³ §´ Î¥´¨¥³
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 ´ ²μ£¨Î´μ ·¥§Ê²ÓÉ É ³ · ¡μÉ [9Ä11]. Š ± ¨ μ¦¨¤ ²μ¸Ó, ¤²Ö É¢¥·¤μ£μ É¥² 
´¥ ´ ¡²Õ¤ ¥É¸Ö ¢¨¤¨³ÒÌ ¨§³¥´¥´¨° ¢ · ¸¶·¥¤¥²¥´¨¨ ¶²μÉ´μ¸É¨ ¢ ³ É¥·¨ ²¥
³¨Ï¥´¨ (¸³. ·¨¸. 2, 5, 8) ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö μ¤¨´μÎ´Ò³¨ ±² ¸É¥· ³¨, ´¥§ -
¢¨¸¨³μ μÉ · §³¥·  ±² ¸É¥·μ¢. 	´ ²μ£¨Î´ Ö ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ¸²ÊÎ ¥
μ¡²ÊÎ¥´¨Ö ¶ÊÎ± ³¨ ±² ¸É¥·μ¢ (¸³. ·¨¸. 12, 15, 18). ƒ²Ê¡¨´  ¶·μ´¨±´μ¢¥´¨Ö h
¶·¨ ¤ ´´ÒÌ Ô´¥·£¨ÖÌ ¸Éμ²±´μ¢¥´¨Ö ¸² ¡μ § ¢¨¸¨É μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É -
ÕÐ¥³ ±² ¸É¥·¥ ¨ ¶· ±É¨Î¥¸±¨ · ¢´  ´Ê²Õ (·¨¸. 23, 24). � ¶·μÉ¨¢, Éμ²Ð¨´ 
μ¸ ¦¤ ¥³μ£μ ¸²μÖ d ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ¥É¸Ö μÉ ´Ê²Ö, Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³
Î¨¸²   Éμ³μ¢ ¢ ±² ¸É¥·¥ ¨ ¶ ¤ ¥É ¸ ·μ¸Éμ³ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨± 
¶ÊÎ±  ±² ¸É¥·μ¢.

Droplet spreading. �·¨ Ô´¥·£¨ÖÌ E ¶μ·Ö¤±  1 Ô‚/ Éμ³ ¢¥²¨Î¨´Ò É¥³-
¶¥· ÉÊ·Ò ¨ ¶²μÉ´μ¸É¨ ³ É¥·¨ ²  ³¨Ï¥´¨ ¸É ´μ¢ÖÉ¸Ö ´¥μ¤´μ·μ¤´Ò³¨ ¢¤μ²Ó
´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ±² ¸É¥·μ¢ ¶μ ¸· ¢´¥´¨Õ ¸ ·¥¦¨³μ³ Soft landing ¨
´¥ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ¤μ ¶¥·¢μ´ Î ²Ó´ÒÌ §´ Î¥´¨° É¥³¶¥· ÉÊ·Ò ¨ ¶²μÉ´μ-
¸É¨, ±μÉμ·Ò¥ ¡Ò²¨ ¤μ ¸μÊ¤ ·¥´¨Ö (¸³. ·¨¸. 3, 6, 9 ¤²Ö μ¤¨´μÎ´ÒÌ ±² ¸É¥·μ¢
¨ ·¨¸. 13, 16, 19 ¤²Ö ¶ÊÎ±μ¢). �·¨ ÔÉμ³ Ê¢¥²¨Î¨¢ ¥É¸Ö £²Ê¡¨´  ¶·μ´¨±´μ¢¥-
´¨Ö h ¨ Ê³¥´ÓÏ ¥É¸Ö Éμ²Ð¨´  μ¸ ¦¤ ¥³μ£μ ¸²μÖ d (·¨¸. 23, 24). Š·μ³¥ Éμ£μ,
¶μÖ¢²Ö¥É¸Ö Ö¢´ Ö § ¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö h μÉ Î¨¸²   Éμ³μ¢
¢ ´ ²¥É ÕÐ¥³ ±² ¸É¥·¥.

Implantation. �·¨ Ô´¥·£¨ÖÌ E > 10 Ô‚/ Éμ³ ¸É ´μ¢ÖÉ¸Ö μÎ¥¢¨¤´Ò³¨ ¨§-
³¥´¥´¨Ö ¸É·Ê±ÉÊ·Ò ³ É¥·¨ ²  ³¨Ï¥´¨ ¶μ¸²¥ ¸μÊ¤ ·¥´¨Ö ¸ ±² ¸É¥· ³¨
(¸³. ·¨¸. 4, 7, 10, 11). �·¨Î¥³ μÎ¥¢¨¤´μ É ±¦¥, ÎÉμ ¸É·Ê±ÉÊ·´Ò¥ ¨§³¥´¥´¨Ö
¶·¨ μ¡²ÊÎ¥´¨¨ ¶ÊÎ± ³¨ ±² ¸É¥·μ¢ Ö¢²ÖÕÉ¸Ö §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¸ÊÐ¥¸É¢¥´-
´Ò³¨ (·¨¸. 14, 17, 20, 21). 	´ ²μ£¨Î´Ò¥ ¢Ò¢μ¤Ò ³μ¦´μ ¸¤¥² ÉÓ ¨ ¢ ·¥§Ê²ÓÉ É¥
 ´ ²¨§  § ¢¨¸¨³μ¸É¨ É¥³¶¥· ÉÊ·Ò ¨ ¶²μÉ´μ¸É¨ μÉ ¢·¥³¥´¨. ƒ²Ê¡¨´  ¶·μ´¨±-
´μ¢¥´¨Ö h ¶·¨ ¤ ´´ÒÌ Ô´¥·£¨ÖÌ ¶·μ¤μ²¦ ¥É Ê¢¥²¨Î¨¢ ÉÓ¸Ö ¨ Ö¢´μ § ¢¨¸¨É
μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì ¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨± 
¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ³¨Ï¥´¨ ¶ÊÎ± ³¨ ±² ¸É¥·μ¢. ’μ²Ð¨´  μ¸ ¦¤ ¥³μ£μ ¸²μÖ
d ¶¥·¥¸É ¥É Ê¢¥²¨Î¨¢ ÉÓ¸Ö ¸ ·μ¸Éμ³ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì
¨ Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  (·¨¸. 23, 24).

�¥·¸¶¥±É¨¢Ò ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤μ¢ ´¨°. Š ± ¶μ± § ²¨ ¨¸¸²¥¤μ¢ ´¨Ö,
¶·μ¢¥¤¥´´Ò¥ ¢ ¤ ´´μ° · ¡μÉ¥, ¶·μÍ¥¸¸Ò, ¶·μ¨¸Ìμ¤ÖÐ¨¥ ¢ ¸¨¸É¥³¥ ®¸´ ·Ö¤Ä
³¨Ï¥´Ó¯, ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö μ¤¨´μÎ´Ò³¨ ±² ¸É¥· ³¨ ¨ ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö
¶ÊÎ± ³¨ ±² ¸É¥·μ¢ ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö ¶μ ·Ö¤Ê ¶ · ³¥É·μ¢. �¡´ ·Ê¦¥´ 
§ ¢¨¸¨³μ¸ÉÓ £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö  Éμ³μ¢ ±² ¸É¥·  ¢ ³ É¥·¨ ² ³¨Ï¥´¨ ¨
Éμ²Ð¨´Ò μ¸ ¦¤ ¥³μ£μ ¸²μÖ μÉ ±μ²¨Î¥¸É¢   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì,
Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ¢ ¸²ÊÎ ¥ μ¡²ÊÎ¥´¨Ö ¶ÊÎ± ³¨ ±² ¸É¥·μ¢. �μ-
± § ´μ É ±¦¥, ÎÉμ Éμ²Ð¨´  μ¸ ¦¤ ¥³μ£μ ¸²μÖ, ¢ μÉ²¨Î¨¥ μÉ £²Ê¡¨´Ò ¶·μ-
´¨±´μ¢¥´¨Ö, ¶¥·¥¸É ¥É § ¢¨¸¥ÉÓ μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì N ,
Î ¸ÉμÉÒ ¨³¶Ê²Ó¸´μ£μ ¨¸ÉμÎ´¨±  ω ¨ Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ±² ¸É¥·μ¢ E ¶·¨
Ê¢¥²¨Î¥´¨¨ N , ω ¨ E. �¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ§¢μ²ÖÕÉ ¸¤¥² ÉÓ ¢Ò-
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¢μ¤ μ § ¢¨¸¨³μ¸É¨ Ì · ±É¥·¨¸É¨± · §²¨Î´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ·¥¦¨³μ¢ (Soft
landing, Droplet spreading ¨ Implantation) μÉ Î¨¸²   Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² -
¸É¥· Ì. ’ ±¨³ μ¡· §μ³, Ê¢¥²¨Î¨¢ Ö Î¨¸²μ  Éμ³μ¢ ¢ ´ ²¥É ÕÐ¨Ì ±² ¸É¥· Ì,
³μ¦´μ ¶¥·¥Ìμ¤¨ÉÓ μÉ μ¤´μ£μ ·¥¦¨³  ± ¤·Ê£μ³Ê. „ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤μ¢ ´¨Ö
¶μ§¢μ²ÖÉ ¶μ²ÊÎ¨ÉÓ ¡μ²¥¥ ¶μ²´ÊÕ ¨ ÉμÎ´ÊÕ ± ·É¨´Ê μ¶¨¸ ´´ÒÌ ¢ÒÏ¥ ÔËË¥±-
Éμ¢. Š·μ³¥ Éμ£μ, ´  ´ Ï ¢§£²Ö¤, ¢Ò§Ò¢ ¥É ´¥¸μ³´¥´´Ò° ¨´É¥·¥¸ ¨¸¸²¥¤μ¢ ´¨¥
Ì · ±É¥·¨¸É¨± ¸¨¸É¥³Ò ®¸´ ·Ö¤Ä³¨Ï¥´Ó¯ ¶·¨ · §²¨Î´ÒÌ ¶ · ³¥É· Ì ³¥É ²-
²¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢ ¨ ¢ÒÖ¸´¥´¨¥ Ê¸²μ¢¨° ¶¥·¥Ìμ¤μ¢ ³¥¦¤Ê · §²¨Î´Ò³¨
·¥¦¨³ ³¨ ¶·μÍ¥¸¸μ¢ ¸Éμ²±´μ¢¥´¨°.

� ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ º12-01-00396 .
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