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�±¸¥´μ¢ ‚. ‹. ¨ ¤·. P3-2014-59
�¥Ë²¥±Éμ³¥É·¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¢ ¸¢Ö§¨
¸ ¶·¥¤¸É ¢²¥´¨¥³ ´¥°É·μ´  ¢μ²´μ¢Ò³ ¶ ±¥Éμ³

�¶¨¸ ´ ¶·¥¤¢ ·¨É¥²Ó´Ò° Ô±¸¶¥·¨³¥´É ¶μ ·¥£¨¸É· Í¨¨ ´¥°É·μ´μ¢ μÉ ¶ ¤ Õ-
Ð¥£μ ´  ¸É¥±²Ö´´ÊÕ ¶² ¸É¨´Ê ¶ÊÎ±  ´¥°É·μ´μ¢ ¸ ¢μ²´μ¢Ò³¨ ¢¥±Éμ· ³¨ ³¥´ÓÏ¥
±·¨É¨Î¥¸±μ£μ §´ Î¥´¨Ö. 
±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥  ´ ²¨§¨·μ¢ ²¨¸Ó ¨¸Ìμ¤Ö ¨§
¶·¥¤¸É ¢²¥´¨Ö ´¥°É·μ´  ¢μ²´μ¢Ò³ ¶ ±¥Éμ³. ‡´ Î¥´¨¥ ¶·μ¶Ê¸± ´¨Ö ´¥°É·μ´μ¢
Î¥·¥§ ¶² ¸É¨´Ê ¨§ ¸É¥±² , μ£· ´¨Î¨¢ ÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ´¥°É·μ´  ¢μ²´μ¢Ò³
¶ ±¥Éμ³, ¸μ¸É ¢¨²μ (3,0 ± 1,0) · 10−5.

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

‘μμ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2014

Aksenov V. L. et al. P3-2014-59
Re�ectometric Investigations in Connection with Neutron Wave
Packet Representation

A preliminary experiment on neutron re�ection from a glass plate with wave
vectors lower than the critical one is described. The data have been analyzed by
neutron wave packet representation. The limiting value of neutron transmission
through the glass plate for the neutron wave packet representation is deˇned as
(3.0 ± 1.0) · 10−5.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2014



‚‚…„…�ˆ…

‚ [1, 2] ¶μ± § ´μ, ÎÉμ ´ ¸ÉμÖÐ Ö ±¢ ´Éμ¢ Ö É¥μ·¨Ö · ¸¸¥Ö´¨Ö ¶·μÉ¨-
¢μ·¥Î¨¢ . —Éμ¡Ò · §·¥Ï¨ÉÓ ¶·μÉ¨¢μ·¥Î¨Ö, ´¥μ¡Ìμ¤¨³μ μ¶¨¸ ´¨¥ ´¥°É·μ´ 
¶²μ¸±μ° ¢μ²´μ° § ³¥´¨ÉÓ ¶·¥¤¸É ¢²¥´¨¥³ ¢μ²´μ¢Ò³ ¶ ±¥Éμ³ ¨ ¢¢¥¸É¨ ´¥-
²¨´¥°´μ¸ÉÓ ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥°É·μ´  ¸ ¢¥Ð¥¸É¢μ³. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ²Õ¡μ¥
¢μ§³μ¦´μ¥ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ ¶·μÖ¢²¥´¨¥ ¶·¥¤¸É ¢²¥´¨Ö ´¥°É·μ´  ¢μ²´μ¢Ò³
¶ ±¥Éμ³ Ö¢²Ö¥É¸Ö ¢ ¦´Ò³. �¤´μ É ±μ¥ ¶·μÖ¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¸μμÉ´¥¸¥´μ ¸
 ´μ³ ²¨¥° Ê²ÓÉ· Ìμ²μ¤´ÒÌ ´¥°É·μ´μ¢ (“•�) Å ¢Ò¸μ±¨³ ±μÔËË¨Í¨¥´Éμ³ ¶μ-
É¥·Ó ¶·¨ μ¤´μ±· É´μ³ ¸Éμ²±´μ¢¥´¨¨ ´¥°É·μ´  ¸μ ¸É¥´± ³¨ ¢ Ô±¸¶¥·¨³¥´É Ì
¶μ Ì· ´¥´¨Õ “•� [3]. ‚μ§³μ¦´μ¥ μ¡ÑÖ¸´¥´¨¥ ÔÉμ°  ´μ³ ²¨¨ [4] ¸μ¸Éμ¨É
¢ ¶·¥¤¸É ¢²¥´¨¨ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸¢μ¡μ¤´μ£μ ´¥°É·μ´  ¢μ²´μ¢Ò³ ¶ ±¥Éμ³.
‘μμÉ¢¥É¸É¢¥´´μ ¸ ÔÉμ° ¨¤¥¥° ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ´¥°É·μ´  ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´ 
¸¨´£Ê²Ö·´Ò³ ¢μ²´μ¢Ò³ ¶ ±¥Éμ³ ¤¥ 	·μ°²Ö [5]

ψdB(s, k, r, t) = C exp (ikr − iwt){exp (−s|r − kt|)/|r − kt|}, (1)

£¤¥ k = v Å ¸±μ·μ¸ÉÓ ´¥°É·μ´  (¢ ¥¤¨´¨Í Ì h = m = 1); C = (s/2π)1/2; w =
(k2 − s2)/2 Å £· ´¨Î´ Ö Ô´¥·£¨Ö ¶ ±¥É ; s Å Ï¨·¨´  ¶ ±¥É  ¢ ¶·μ¸É· ´¸É¢¥
³μ³¥´É .

‚μ²´μ¢μ° ¶ ±¥É ¶·¥¤¸É ¢¨³ · §²μ¦¥´¨¥³ ”Ê·Ó¥

ψ(s, k, r, t) =
∫

a(p, k, s) exp [ipr − iw(p, k)t] d3p, (2)

£¤¥ ¢ ¸¶¥±É·¥ |a(p, k, s)|2 ¥¸ÉÓ §´ Î¥´¨Ö ¢μ²´μ¢μ£μ ¢¥±Éμ·  p, ¶·¥¢ÒÏ ÕÐ¨¥
±·¨É¨Î¥¸±μ¥ §´ Î¥´¨¥: p = (U0)1/2, U0 = 4πN0b.

ŒÒ ³μ¦¥³ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ η ≈
∫

P>Pc

|a(p, k, s)|2d3p ≈

s/pc, · ¢´μ° ¤μ²¥ É ±¨Ì §´ Î¥´¨° ¢μ²´μ¢μ£μ ¢¥±Éμ·  ¢ ¶μ²´μ³ ¸¶¥±É·¥, ´¥°-
É·μ´ ³μ¦¥É ¶·μ´¨± ÉÓ Î¥·¥§ ¸É¥´±¨ ´ ¤ ¥¥ ¶μÉ¥´Í¨ ²μ³. ‚ ¸²ÊÎ ¥ Éμ²¸ÉÒÌ
¸É¥´μ± ¢¥·μÖÉ´μ¸ÉÓ É ±μ£μ ¶·μÌμ¦¤¥´¨Ö ³μ¦¥É ¡ÒÉÓ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥ ¢¥-
·μÖÉ´μ¸É¨ ÉÊ´´¥²¨·μ¢ ´¨Ö Î¥·¥§ ¸É¥´±Ê.

‚ ²¨´¥°´μ° É¥μ·¨¨ É ±μ¥ μ¡ÑÖ¸´¥´¨¥ ´¥ ¸· ¡ ÉÒ¢ ¥É, ¶μÉμ³Ê ÎÉμ μÉ· ¦¥-
´¨¥ μÉ ¸É¥´±¨ · ¡μÉ ¥É ¶μ¤μ¡´μ Ë¨²ÓÉ·Ê. — ¸ÉÓ ¢μ²´μ¢μ£μ ¶ ±¥É  ¸ p2 > p2

c

¢ÒÌμ¤¨É Î¥·¥§ ¸É¥´±Ê, Î ¸ÉÓ ¸ p2 < p2
c μ¸É ¥É¸Ö ¢ ¸μ¸Ê¤¥, ¨ ÔÉ¨ ±μ³¶μ´¥´ÉÒ

μ¡· §ÊÕÉ “•�. ‚ ´¥²¨´¥°´μ° É¥μ·¨¨ ³Ò ³μ¦¥³ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¶ ±¥É
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¥¸ÉÓ ¸¢μ°¸É¢μ ´¥°É·μ´ , ¨ ¶μÔÉμ³Ê ´¥°É·μ´Ò, ±μÉμ·Ò¥ μ¸É ÕÉ¸Ö ¢ ¸μ¸Ê¤¥, ¢μ¸-
¸É ´ ¢²¨¢ ÕÉ Ëμ·³Ê ¶ ±¥É . ’ ±¨³ μ¡· §μ³, ¤μ²Ö ±μ³¶μ´¥´É ¶²μ¸±μ° ¢μ²´Ò
¸ p2 > p2

c ¤ ¥É ¢¥·μÖÉ´μ¸ÉÓ ¶·μ´¨±´μ¢¥´¨Ö ´¥°É·μ´  Î¥·¥§ ¸É¥´±Ê.
…¸²¨  ´μ³ ²Ó´Ò¥ ¶μÉ¥·¨ “•� ¢ ¸μ¸Ê¤¥ ¶·μ¨¸Ìμ¤ÖÉ ¶μ ÔÉμ³Ê ³¥Ì ´¨§³Ê,

Éμ£¤  μ´¨ ¤ ÕÉ ¨´Ëμ·³ Í¨Õ μ §´ Î¥´¨¨ s. �Í¥´±¨ ¢ [4] ¶μ± §Ò¢ ÕÉ, ÎÉμ
Ï¨·¨´  s ¤²Ö “•� ¤μ²¦´  ¡ÒÉÓ ¶μ·Ö¤±  5 · 10−5k ¨²¨ Ï¨·¨´  ¶ ±¥É  ¢
¶·μ¸É· ´¸É¢¥ ¤μ²¦´  Ê³¥´ÓÏ ÉÓ¸Ö ¸ Ô´¥·£¨¥° ´¥°É·μ´ . �¥·¢Ò° Ô±¸¶¥·¨³¥´É
¶μ ¶μ¤±·¨É¨Î¥¸±μ³Ê ¶·μ¶Ê¸± ´¨Õ [6Ä8] ¤ ² ·¥§Ê²ÓÉ ÉÒ μ ¶·¥¤¶μÎÉ¨É¥²Ó´μ°
´¥§ ¢¨¸¨³μ¸É¨ · §³¥·  ¢μ²´μ¢μ£μ ¶ ±¥É  μÉ Ô´¥·£¨¨ ´¥°É·μ´ . 
±¸¶¥·¨³¥´É
¶μ ¶·μ¶Ê¸± ´¨Õ Ìμ²μ¤´ÒÌ ´¥°É·μ´μ¢ Î¥·¥§ £ § 4He [9] ¶μ± §Ò¢ ¥É, ÎÉμ Ï¨-
·¨´  ¢μ²´μ¢μ£μ ¶ ±¥É  ¶·μ¶μ·Í¨μ´ ²Ó´  ¢μ²´μ¢μ³Ê Î¨¸²Ê ´¥°É·μ´ . 
Éμ · §-
´μ£² ¸¨¥ ³μ¦¥É ¡ÒÉÓ ·¥Ï¥´μ ¶·μ¢¥¤¥´¨¥³ ´μ¢ÒÌ Ô±¸¶¥·¨³¥´Éμ¢. �·μ¡²¥³ 
¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ³Ò ´¥ §´ ¥³, ± ± ¶ ±¥É · ¸¶·μ¸É· ´Ö¥É¸Ö ¢´ÊÉ·¨ ¸·¥¤Ò,
±μ£¤  ¸·¥¤´ÖÖ ´μ·³ ²Ó´ Ö ±μ³¶μ´¥´É  ¸±μ·μ¸É¨ ¥¸ÉÓ ³´¨³ Ö. �¤´ ±μ ³Ò
§´ ¥³, ÎÉμ ±μ³¶μ´¥´É , ¶ · ²²¥²Ó´ Ö £· ´¨Í¥ · §¤¥² , ¢´ÊÉ·¨ ¸·¥¤Ò ¤μ²¦´ 
¡ÒÉÓ É ±μ° ¦¥, ± ± ¢´¥ ¸·¥¤Ò. �μÔÉμ³Ê ³Ò ³μ¦¥³ μ¦¨¤ ÉÓ, ÎÉμ ¶·μ¶ÊÐ¥´-
´Ò¥ ´¥°É·μ´Ò ¢ÒÌμ¤ÖÉ ¢ μ¸´μ¢´μ³ ¸ Éμ·Í  §¥·± ²  ¨ ¢¥·μÖÉ´μ¸ÉÓ ¶·μ¶Ê¸± -
´¨Ö ¥¸ÉÓ ¶μ·Ö¤±  10−5. ŒÒ É ±¦¥ ¤μ²¦´Ò ¡· ÉÓ ¢ · ¸Î¥É, ÎÉμ ¶ ±¥É ¤μ²£μ
μ¸É ¥É¸Ö ¢ ¸·¥¤¥, ¨ ¶μÔÉμ³Ê É¥¶²μ¢Ò¥ Ë²Ê±ÉÊ Í¨¨ ³μ£ÊÉ ¤μ¡ ¢¨ÉÓ Ô´¥·£¨Õ,
¤μ¸É ÉμÎ´ÊÕ ¤²Ö ®¢ÒÉ·ÖÌ¨¢ ´¨Ö¯ ´¥°É·μ´  ¨§ §¥·± ²  ¸ Ô´¥·£¨¥° ¢ÒÏ¥ ±·¨-
É¨Î¥¸±μ°.

�¥¤ ¢´¥¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ´  ¸ ³μ³ ¤¥²¥ ¶·μ¨¸Ìμ¤¨É ´¥-
¡μ²ÓÏμ¥ ´ £·¥¢ ´¨¥ ´¥°É·μ´μ¢ ¢´ÊÉ·¨ ¸μ¸Ê¤  ¨ ¶¥·¥¤ ´´ Ö Ô´¥·£¨Ö ¸μ¸É -
¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤±  μ¶É¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ¸É¥´±¨. �μÔÉμ³Ê ³Ò ¤μ²¦´Ò
¶μ¸³μÉ·¥ÉÓ ´  ¶·μ¶ÊÐ¥´´Ò¥ ´¥°É·μ´Ò Î¥·¥§ Éμ·¥Í ¡¥§ ¨§³¥´¥´¨Ö ¨Ì Ô´¥·-
£¨¨ ¨ ´¥°É·μ´Ò, ¢ÒÌμ¤ÖÐ¨¥ Î¥·¥§ μ¡· É´ÊÕ ¸Éμ·μ´Ê §¥·± ²  ¸ ´¥¡μ²ÓÏ¨³
¨§³¥´¥´¨¥³ Ô´¥·£¨¨. ’ ±¦¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¶μ ¶·μ¶Ê¸± ´¨Õ ´¥°É·μ´μ¢ Î¥-
·¥§ §¥·± ²μ ³μ£ÊÉ ¡ÒÉÓ ¤¨ËËÊ§´μ · ¸¸¥Ö´´Ò¥ ´¥°É·μ´Ò ´  Ï¥·μÌμ¢ Éμ¸ÉÖÌ
¶μ¢¥·Ì´μ¸É¨, ±μ´Í¥´É·¨·ÊÕÐ¨¥¸Ö ¢μ±·Ê£ ´ ¶· ¢²¥´¨Ö ¶ ¤ ÕÐ¥£μ ¨ μÉ· ¦¥´-
´μ£μ ¶ÊÎ±μ¢ ´¥°É·μ´μ¢.

Œ…’�„ �…ƒˆ‘’��–ˆˆ �…‰’����‚,
�Š‘�…�ˆŒ…�’�‹œ�›… „���›… ˆ ˆ• ��‘“†„…�ˆ…

ˆ¸¸²¥¤μ¢ ´¨Ö ¶μ ¶·μ¶Ê¸± ´¨Õ ¨ μÉ· ¦¥´¨Õ ´¥°É·μ´μ¢ ¶·μ¢¥¤¥´Ò ´  ·¥-
Ë²¥±Éμ³¥É·¥ ®�¤ ³¯ (ILL, ƒ·¥´μ¡²Ó, ”· ´Í¨Ö). ‘Ì¥³  ¨§³¥·¥´¨° ¢±²ÕÎ ² 
³μ´μÌ·μ³ Éμ· ¨§ ¢Ò¸μ±μμ·¨¥´É¨·μ¢ ´´μ£μ ¶¨·μ²¨É¨Î¥¸±μ£μ £· Ë¨É , ¡¥·¨²-
²¨¥¢Ò° Ë¨²ÓÉ·, ¶¥·¢ÊÕ ¤¨ Ë· £³Ê ¨§ ± ¤³¨Ö, ¢Éμ·ÊÕ ¤¨ Ë· £³Ê ¶¥·¥¤ ¨¸¸²¥-
¤Ê¥³Ò³ μ¡· §Íμ³, μ¡· §¥Í, É·¥ÉÓÕ ¤¨ Ë· £³Ê ¶¥·¥¤ ¤¥É¥±Éμ·μ³ ´¥°É·μ´μ¢ ¨
¸ ³ ¤¥É¥±Éμ·. Œμ´μÌ·μ³ Éμ· ¨³¥¥É ¢¥·É¨± ²Ó´ÊÕ Ëμ±Ê¸¨·μ¢±Ê ¸ · ¤¨Ê¸μ³
±·¨¢¨§´Ò 6428 ³³. �´ ¸μ¡· ´ ¨§ ¸¥³¨ ¶² ¸É¨´ · §³¥·μ³ 50 × 17 × 2 ³³.
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‚ ±·¨¸É ²²¥ £· Ë¨É  μÉ· ¦ ÕÐ¥° Ö¢²Ö¥É¸Ö ¶²μ¸±μ¸ÉÓ (002) ¸ Ê£²μ³ μÉ-
· ¦¥´¨Ö θB = 40,968◦ ¨ ¶ · ³¥É·μ³ ·¥Ï¥É±¨ d002 = 3,3555 �A. Œμ§ -
¨Î´μ¸ÉÓ £· Ë¨É  (FWHM Å Full Width at Half Maximum) ¸μ¸É ¢²Ö¥É ¶μ
¢¥·É¨± ²¨ 0,614◦, ¶μ £μ·¨§μ´É ²¨ 0,568◦. Šμ²²¨³ Í¨Ö ³μ´μÌ·μ³ Éμ·  α
(Δλ/λ = Δd/d + α cot (θB)) ¶μ ¢¥·É¨± ²¨ 6,127◦, ¶μ £μ·¨§μ´É ²¨ 0,95◦.
Œμ´μÌ·μ³ É¨§ Í¨Ö ¶ÊÎ±  Δλ/λ ¡¥§ ±μ²²¨³ Í¨¨ ¸μ¸É ¢²Ö¥É 1,91 %, ¸ ±μ²-
²¨³ Í¨¥° 2 ³· ¤ Å 0,59 % (· ¸Î¥É Å 0,65%). ‘ ¶μ³μÐÓÕ ³μ´μÌ·μ³ Éμ· ,
¡¥·¨²²¨¥¢μ£μ Ë¨²ÓÉ·  ¨ ¤¢ÊÌ ¶¥·¢ÒÌ ¤¨ Ë· £³ ¡Ò² ¸Ëμ·³¨·μ¢ ´ ³μ´μÌ·μ³ -
É¨Î´Ò° ¨ ±μ²²¨³¨·μ¢ ´´Ò° ¶ÊÎμ± ¸ ¤²¨´μ° ¢μ²´Ò 4,41 �A. �μÉμ± ´¥°É·μ´μ¢
´  μ¡· §Í¥ ¡¥§ ±μ²²¨³ Í¨¨ ¶ÊÎ±  ¨ ¢Ò¸μÉ¥ 52 ³³ ¶·¨ ³ ±¸¨³ ²Ó´μ° ³μÐ´μ-
¸É¨ ·¥ ±Éμ·  58,2 Œ‚É ¸μ¸É ¢²Ö¥É (2,55 ± 0,004) · 106 ¸³−2 · ¸−1. �¡· §Íμ³
¸²Ê¦¨²  ¶² ¸É¨´  ¸É¥±²  ®�oat glass¯ · §³¥·μ³ 15 × 15 × 0,4 ¸³. �ÊÎμ±
´¥°É·μ´μ¢ ´ ¶· ¢²Ö²¸Ö ¶μ¤ Ê£²μ³ ¸±μ²Ó¦¥´¨Ö 4,35 ³· ¤ (0,25◦), ¢ Éμ ¢·¥³Ö
± ± ±·¨É¨Î¥¸±¨° Ê£μ² ´¥°É·μ´μ¢ ¸ ¤²¨´μ° ¢μ²´Ò 4,4 �A ´  ¸É¥±²¥ ¸μ¸É ¢²Ö²
4,8 ³· ¤ (0,275◦). „²Ö ¨¸±²ÕÎ¥´¨Ö ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  ³¨³μ ¶·¥²μ³²ÖÕÐ¥°
´¥°É·μ´Ò ¶μ¢¥·Ì´μ¸É¨ μ¡· §Í  ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ¨¸±²ÕÎ¥´¨Ö ¥£μ ¢²¨Ö´¨Ö
´  ¤¥É¥±Éμ· ¡Ò²¨ Ê¸É ´μ¢²¥´Ò ± ¤³¨¥¢Ò¥ μ£· ´¨Î¨É¥²¨ ¶ÊÎ±  (·¨¸. 1). ’ ±,
¢μ-¶¥·¢ÒÌ, Éμ·¥Í μ¡· §Í  ¸μ ¸Éμ·μ´Ò ¶ÊÎ±  (¢Ìμ¤´μ° Éμ·¥Í) ¶¥·¥±·Ò¢ ²¸Ö § -
¶μ¤²¨Íμ ¸ ¶·¥²μ³²ÖÕÐ¥° ¶μ¢¥·Ì´μ¸ÉÓÕ ± ¤³¨¥¢μ° ²¥´Éμ° Éμ²Ð¨´μ° 0,5 ³³.
‚μ-¢Éμ·ÒÌ, ¶·Ö³μÊ£μ²Ó´¨± · §³¥·μ³ 1 × 2 ¸³ ¨§ ± ¤³¨Ö Éμ²Ð¨´μ° 0,75 ³³
Ê¸É ´ ¢²¨¢ ²¸Ö ¸Éμ·μ´μ° 1 ¸³ ¶·¥²μ³²ÖÕÐ¥° ¶μ¢¥·Ì´μ¸É¨ ¢¡²¨§¨ ¢ÒÌμ¤´μ£μ
Éμ·Í  μ¡· §Í .

„¥É¥±Éμ· ´¥°É·μ´μ¢ ¶·¥¤¸É ¢²Ö² ¸μ¡μ° £ §μμ¡· §´Ò° £¥²¨¥¢Ò° ¸Î¥ÉÎ¨±
¤¨ ³¥É·μ³ 1 ¸³, μ±·Ê¦¥´´Ò° ¸²μ¥³ § Ð¨ÉÒ ¨§ ¡μ·¨·μ¢ ´´μ£μ ¶μ²¨ÔÉ¨²¥´ 
Éμ²Ð¨´μ° 5 ³³. „¥É¥±Éμ· ¡Ò² § Ð¨Ð¥´ ¤μ¶μ²´¨É¥²Ó´μ ¢Éμ·Ò³ ¸²μ¥³ § Ð¨ÉÒ

�¨¸. 1. ‘Ì¥³  Ô±¸¶¥·¨³¥´É  ¶μ ¨§³¥·¥´¨Õ ¶·μ¶Ê¸± ´¨Ö ´¥°É·μ´μ¢ Î¥·¥§ £· ´¨ÍÊ
· §¤¥²  ®¢ ±ÊÊ³Ä¸É¥±²μ¯
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¨§ ¶μ²¨ÔÉ¨²¥´  Éμ²Ð¨´μ° 5 ³³ ¨ ¸²μ¥³ ± ¤³¨Ö Éμ²Ð¨´μ° 0,75 ³³. 
Éμ
¶μ§¢μ²¨²μ ¸´¨§¨ÉÓ Ëμ´μ¢Ò° ¸Î¥É ¢ 10 · § Å ¤μ 0,004 c−1.

	Ò²¨ ¸¤¥² ´Ò ¤¢¥ Ô±¸¶μ§¨Í¨¨ ¶μ 8 ¨ 6 Î ¸μμÉ¢¥É¸É¢¥´´μ, ¸ ¢Ìμ¤´Ò³¨
¤¨ Ë· £³ ³¨ 0,2 ¨ 0,4 ³³. �·¨ ÔÉμ³ ¨´É¥´¸¨¢´μ¸ÉÓ μÉ· ¦¥´´μ£μ ¶ÊÎ±  IR

¤²Ö ÔÉ¨Ì ¤¨ Ë· £³ ¸μ¸É ¢¨²  ¸μμÉ¢¥É¸É¢¥´´μ 100 ¨ 400 c−1.
�  ·¨¸. 2 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ μÉ´μÏ¥´¨Ö η = I(θ)/IR ¨´É¥´¸¨¢´μ¸É¨

¸Î¥É  I(θ) ± ¨´É¥´¸¨¢´μ¸É¨ ¸Î¥É  μÉ· ¦¥´´μ£μ ¶ÊÎ±  IR μÉ Ê£²  ¤¥É¥±Éμ·  θ.
‡ ¢¨¸¨³μ¸ÉÓ ¤²Ö ¤¨ Ë· £³ Ï¨·¨´μ° 0,4 ³³ ¶·μÌμ¤¨É ´¨¦¥ § ¢¨¸¨³μ¸É¨ ¤²Ö
¤¨ Ë· £³ Ï¨·¨´μ° 0,2 ³³. ‡ ¢¨¸¨³μ¸É¨ ¢ ¤¨ ¶ §μ´ Ì θ, · ¢´ÒÌ 0,08Ä0,15◦

¨ 0,23Ä0,27◦, ³μ¦´μ μ¶¨¸ ÉÓ Ëμ·³Ê²μ° η = χ + Ib/IR, £¤¥ χ = 5 · 10−5,
Ib = 4 · 10−3 Å ¨´É¥´¸¨¢´μ¸ÉÓ Ëμ´μ¢μ£μ ¸Î¥É . ‚ Éμ ¦¥ ¢·¥³Ö Ê § ¢¨¸¨³μ¸É¨
¤²Ö ¤¨ Ë· £³ 0,4 ³³ ¶·¨ Ê£²¥ ¸±μ²Ó¦¥´¨Ö 0,05◦ (0,8725 ³· ¤) (θ = 0,2◦)
´ ¡²Õ¤ ¥É¸Ö ³ ±¸¨³Ê³ η³ ±¸ ≈ 9 · 10−5. 
ÉμÉ ³ ±¸¨³Ê³ ³μ¦¥É μ¡ÑÖ¸´ÖÉÓ¸Ö
· ¸¸¥Ö´¨¥³ ´¥°É·μ´μ¢ ´  ¶μ¢¥·Ì´μ¸É¨ ¸É¥±²Ö´´μ° ¶² ¸É¨´Ò, ´ ²¨Î¨¥³ ¶·¥-
²μ³²¥´´ÒÌ ´¥°É·μ´μ¢ ¨ · ¸¸¥Ö´¨¥³ ¶·¥²μ³²¥´´ÒÌ ´¥°É·μ´μ¢ ´  ´¥μ¤´μ·μ¤-
´μ¸ÉÖÌ ¶²μÉ´μ¸É¨ ¢ ¸É¥±²Ö´´μ° ¶² ¸É¨´¥.

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ μÉ´μÏ¥´¨Ö η = I(θ)/IR ¨´É¥´¸¨¢´μ¸É¨ ¸Î¥É  I(θ) ± ¨´É¥´¸¨¢´μ-
¸É¨ ¸Î¥É  μÉ· ¦¥´´μ£μ ¶ÊÎ±  IR μÉ Ê£²  ¤¥É¥±Éμ·  θ

�μ¸³μÉ·¨³, ³μ¦¥É ²¨ · ¸Ìμ¤¨³μ¸ÉÓ ¶ ¤ ÕÐ¥£μ ´  ¶² ¸É¨´Ê ¶ÊÎ±  ´¥°-
É·μ´μ¢ μ¡ÑÖ¸´¨ÉÓ ¨¸±μ³Ò° ÔËË¥±É ´ ²¨Î¨Ö ¶·¥²μ³²¥´´ÒÌ ´¥°É·μ´μ¢. „²Ö
Ê£²  ¸±μ²Ó¦¥´¨Ö ¶ ¤ ÕÐ¥£μ ¶ÊÎ±  θi, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¶·¥²μ³²¥´´μ³Ê ¶ÊÎ±Ê
¸ Ê£²μ³ ¸±μ²Ó¦¥´¨Ö θrefr = 0,8725 ³· ¤ ¢ ¸É¥±²Ö´´μ° ¶² ¸É¨´¥ ¸ ±·¨É¨Î¥-
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¸±¨³ Ê£²μ³ ¸±μ²Ó¦¥´¨Ö θc = 4,8 ³· ¤, ¨³¥¥³ θi = ((0,8725)2 + (4,8)2)1/2 =
4,88 ³· ¤. „²Ö ¸·¥¤´¥±¢ ¤· É¨Î´μ£μ μÉ±²μ´¥´¨Ö Ê£²  ¸±μ²Ó¦¥´¨Ö ¶·¨ ¤¨ -
Ë· £³ Ì Ï¨·¨´μ° 0,4 ³³ ¨³¥¥³ · ¸Î¥É´μ¥ §´ Î¥´¨¥ δθi = 0,078 ³· ¤,   ¨§-
³¥´¥´¨¥ Ê£²  ¸±μ²Ó¦¥´¨Ö μÉ ¥£μ ¸·¥¤´¥£μ §´ Î¥´¨Ö θav = 4,35 ³· ¤ ¸μ¸É ¢²Ö¥É
Δθi = 0,53 ³· ¤.

ˆ¸¶μ²Ó§ÊÖ £ Ê¸¸μ¢μ · ¸¶·¥¤¥²¥´¨¥ Ê£²  ¸±μ²Ó¦¥´¨Ö, ¶μ²ÊÎ ¥³ ¤²Ö ¨´-
É¥´¸¨¢´μ¸É¨ ´¥°É·μ´μ¢ ¶μ ´ ¶· ¢²¥´¨Õ ¸ Ê£²μ³ ¸±μ²Ó¦¥´¨Ö 4,88 ³· ¤ ¶μ
μÉ´μÏ¥´¨Õ ± ¨´É¥´¸¨¢´μ¸É¨ ´¥°É·μ´μ¢ ¶μ ´ ¶· ¢²¥´¨Õ ¸ Ê£²μ³ ¸±μ²Ó¦¥´¨Ö
4,35 ³· ¤ §´ Î¥´¨¥ exp (−(Δθi/δθi)2/2) = 9,4 ·10−11, ÎÉμ £μ· §¤μ ³¥´ÓÏ¥ ´ -
¡²Õ¤ ¥³μ£μ Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ´ ¤ ¸·¥¤´¨³ Ê·μ¢´¥³, · ¢´μ£μ Δη =
(3,0±1,0)·10−5. ‚ ·¥§Ê²ÓÉ É¥ ³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¨³¥¥É¸Ö ¡μ²¥¥ ¶² ¢´μ
¸¶ ¤ ÕÐ¥¥ ¶μ ¸· ¢´¥´¨Õ ¸ £ Ê¸¸μ¢Ò³ · ¸¶·¥¤¥²¥´¨¥ ¶μÉμ±  ´¥°É·μ´μ¢. 
Éμ
¸¶ ¤ ´¨¥ ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ, ¢ Î ¸É´μ¸É¨, ¸ ¶·μÖ¢²¥´¨¥³ ´¥°É·μ´´μ£μ ¢μ²-
´μ¢μ£μ ¶ ±¥É .

�Î¥¢¨¤´μ, ÎÉμ ¤²Ö ´ ¤¥¦´μ¸É¨ ¢Ò¢μ¤μ¢ μÉ´μ¸¨É¥²Ó´μ ¶·μÖ¢²¥´¨Ö ¢μ²-
´μ¢μ£μ ¶ ±¥É  ¨§³¥·¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¶·μ¤μ²¦¨ÉÓ, ¶·¨´Ö¢ ³¥·Ò ± ± ¤²Ö
Ê¢¥²¨Î¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶ÊÎ±  ´¥°É·μ´μ¢, É ± ¨ ¤²Ö ¶μ´¨¦¥´¨Ö Ê·μ¢´Ö
Ëμ´μ¢μ£μ ¸Î¥É . „²Ö μ¶·¥¤¥²¥´¨Ö ¶·¨·μ¤Ò Ëμ´μ¢μ£μ ¸Î¥É  ´¥μ¡Ìμ¤¨³μ ¢Ò-
¶μ²´¨ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö ¤¨ËËÊ§´μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ´  Ï¥·μÌμ¢ Éμ¸ÉÖÌ
¶μ¢¥·Ì´μ¸É¨ ¨ ¢ÒÌμ¤  ± ´ ²¨·Ê¥³ÒÌ ¢ ¸É¥±²Ö´´μ° ¶² ¸É¨´¥ ´¥°É·μ´μ¢ ¸ ¥¥
Éμ·Í .

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ÔËË¥±É ¢μ§³μ¦´μ£μ ¶·μ-
Ö¢²¥´¨Ö Ï¨·¨´Ò ¢μ²´μ¢μ£μ ¶ ±¥É  ¢ ¶·μ¶Ê¸± ´¨¨ ´¥°É·μ´μ¢ Î¥·¥§ £· ´¨ÍÊ
¢ ±ÊÊ³  ¸μ ¸É¥±²μ³ ´¥ ¶·¥¢ÒÏ ¥É (3,0 ± 1,0) · 10−5.
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