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�§ ·Ö´ �.‘. ¨ ¤·. P13-2017-34
Šμ³¶¥´¸ Í¨Ö Ê£²μ¢μ£μ ÏÊ³μ¢μ£μ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ¶·¥Í¨§¨μ´´μ³
² §¥·´μ³ ¨´±²¨´μ³¥É·¥

�·¥¤²μ¦¥´  ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ·¥ ²¨§μ¢ ´  ³¥Éμ¤¨±  ±μ³¶¥´¸ Í¨¨ Ê£²μ-
¢μ£μ ÏÊ³μ¢μ£μ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ¶·¥Í¨§¨μ´´μ³ ² §¥·´μ³ ¨´±²¨´μ³¥É-
·¥ (�‹ˆ). „μ¸É¨£´ÊÉμ ¡μ²¥¥ Î¥³ 30-±· É´μ¥ Ê³¥´ÓÏ¥´¨¥ ¸¶¥±É· ²Ó´μ° ¶²μÉ-
´μ¸É¨ ÏÊ³μ¢ �‹ˆ ¤μ Ê·μ¢´Ö 10−8 · ¤/ƒÍ1/2 ´  Î ¸ÉμÉ¥ 5 · 10−5 ƒÍ. ˆ§³¥·¥´
ÏÊ³ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ , ¢ÒÌμ¤ÖÐ¥£μ ¨§ μ¤´μ³μ¤μ¢μ£μ μ¶É¨Î¥¸-
±μ£μ ¢μ²μ±´  ¢ ¢ ±ÊÊ³´ÒÌ ¨ É¥·³μ¸É ¡¨²Ó´ÒÌ Ê¸²μ¢¨ÖÌ. �³¶²¨ÉÊ¤  ¸ÊÉμÎ´ÒÌ
±μ²¥¡ ´¨° ¤μ¸É¨£ ¥É 0,4 ³±· ¤.

	 ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2017

Azaryan N. et al. P13-2017-34
The Compensation of the Noise Due to Angular Oscillations of the Laser Beam
in the Precision Laser Inclinometer

An experimental method for the compensation of the noise originated by the laser
ray angular oscillations was proposed and experimentally proved for the Precision
Laser Inclinometer (PLI). The PLI noise spectral density was reduced by factor 30 x
and reached 10−8 rad/Hz1/2 level at the frequency of 5 ·10−5 Hz. The angular noise
of a laser ray leaving the one-mode optical ˇber in the vacuum and in stabilized
temperature conditions has been measured. The amplitude of the oscillations for
one-day observation reached 0.46 μrad.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2017



‚‚…„…�ˆ…

‚ · ¡μÉ Ì [1Ä4] ¶·¥¤²μ¦¥´  ´μ¢ Ö ³¥Éμ¤¨±  ¤¥É¥±É¨·μ¢ ´¨Ö Ê£²μ¢μ£μ ¤¢¨-
¦¥´¨Ö ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨ Å ¶·¥Í¨§¨μ´´Ò° ² §¥·´Ò° ¨´±²¨´μ³¥É· (�‹ˆ).

±¸¶¥·¨³¥´É ²Ó´μ ¤μ¸É¨£´ÊÉ  ¶·¨ ·¥£¨¸É· Í¨¨ Ê£²μ¢μ£μ ´ ±²μ´  ¶μ¢¥·Ì-
´μ¸É¨ ‡¥³²¨ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ 10−10 · ¤/ƒÍ1/2 ¢ μ¡² ¸É¨ Î ¸ÉμÉ 10−2Ä1 ƒÍ.

‚ ¶¥·¢ÒÌ ¨§³¥·¥´¨ÖÌ ¸ �‹ˆ ¶·μ¤μ²¦¨É¥²Ó´μ¸ÉÓÕ ¡μ²¥¥ ´¥¸±μ²Ó±¨Ì
Î ¸μ¢ ¡Ò²¨ μ¡´ ·Ê¦¥´Ò ÏÊ³μ¢Ò¥ ¸¨£´ ²Ò ´  Ê·μ¢´¥ ´¥¸±μ²Ó±¨Ì ³¨±·μ· -
¤¨ ´. „ ²Ó´¥°Ï¥¥ ¨¸¸²¥¤μ¢ ´¨¥ ¶μ± § ²μ: μ¸´μ¢´ Ö ¶·¨Î¨´  ¶μ¤μ¡´ÒÌ ¨§³¥-
´¥´¨° Å ÏÊ³μ¢μ¥ Ê£²μ¢μ¥ ±μ²¥¡ ´¨¥ μ¸¨ ² §¥·´μ£μ ²ÊÎ .

�·μ¡²¥³  ¸É ¡¨²¨§ Í¨¨ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ±· °´¥ ¢ ¦´ 
¢ É ±¨Ì μ¡² ¸ÉÖÌ, ± ±  Éμ³´μ-¸¨²μ¢ Ö ³¨±·μ¸±μ¶¨Ö, ² §¥·´ Ö ²¨Éμ£· Ë¨Ö,
² §¥·´ Ö ·¥¶¥·´ Ö ²¨´¨Ö ¨ ¤·Ê£¨¥ [5Ä8]. �¡ÒÎ´μ ¸É ¡¨²¨§ Í¨Ö Ê£²μ¢μ£μ ¶μ-
²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¤μ¸É¨£ ¥É¸Ö ¶·¨ ¶μ³μÐ¨ ¤¥É¥±É¨·μ¢ ´¨Ö ¶μ²μ¦¥´¨Ö
² §¥·´μ£μ ²ÊÎ  ¶μ§¨Í¨μ´´μ-ÎÊ¢¸É¢¨É¥²Ó´Ò³ ËμÉμ¶·¨¥³´¨±μ³ ¨ ¶μ¸²¥¤ÊÕÐ¥°
±μ··¥±Í¨¥° Ê£²μ¢μ£μ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¶·¥Í¨§¨μ´´Ò³ Ê£²μ¢Ò³ ¶μ§¨-
Í¨μ´¥·μ³ [9Ä11]. 
ÉμÉ ¸¶μ¸μ¡ ¶μ§¢μ²¨² Ê²ÊÎÏ¨ÉÓ ¸É ¡¨²Ó´μ¸ÉÓ ´ ¶· ¢²¥´¨Ö
¨§²ÊÎ¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¤μ 10−7 · ¤.

„²Ö ¶·¥Í¨§¨μ´´μ£μ ² §¥·´μ£μ ¨´±²¨´μ³¥É·  ´¥μ¡Ìμ¤¨³  ¡μ²¥¥ ¶μ²´ Ö
±μ³¶¥´¸ Í¨Ö ÏÊ³  Ê£²μ¢μ£μ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ´¨§±μÎ ¸ÉμÉ-
´μ³ [10−6 ƒÍ; 10−4 ƒÍ] ¤¨ ¶ §μ´¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ ¶·μ¤μ²¦¨É¥²Ó´μ¸É¨
¨§³¥·¥´¨Ö μÉ 3 Î ¤μ ´¥¸±μ²Ó±¨Ì ¸ÊÉμ±. ‘¨¸É¥³  ±μ³¶¥´¸ Í¨¨ É·¥¡Ê¥É ¤²Ö
¸¢μ¥° ·¥ ²¨§ Í¨¨ ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ£μ ¶·μ¸É· ´¸É¢ , ÎÉμ ¶·μ¡²¥³ É¨Î´μ ¢
±μ³¶ ±É´μ³ ¤¨§ °´¥ ÎÊ¢¸É¢¨É¥²Ó´μ£μ Ô²¥³¥´É  �‹ˆ.

‚ · ¡μÉ¥ ¶·¥¤² £ ¥É¸Ö ¨ ¨¸¸²¥¤Ê¥É¸Ö ¸¶μ¸μ¡ ÔËË¥±É¨¢´μ£μ Ê³¥´ÓÏ¥´¨Ö
ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ¶·¥Í¨§¨μ´´μ³ ² §¥·´μ³ ¨´±²¨´μ-
³¥É·¥.

˜“Œ�‚�… “ƒ‹�‚�… Š�‹…���ˆ… ‹�‡…���ƒ� ‹“—�

“£²μ¢μ¥ ¡²Ê¦¤ ´¨¥ μ¸¨ ² §¥·´μ£μ ²ÊÎ  ¸¢Ö§ ´μ ¸ É¥¶²μ¢Ò³¨ ¶·μÍ¥¸¸ ³¨
¢  ±É¨¢´μ° §μ´¥ ² §¥·´μ£μ ¨¸ÉμÎ´¨±  ¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ì μÉ¨Î¥¸±¨° ¶·μ-
Í¥¸¸, ¢ μ¸´μ¢´μ³ ¸¢Ö§ ´´Ò° ¸ ¤¥Ëμ·³ Í¨¥° ·¥§μ´ Éμ·  ² §¥·  ¢¸²¥¤¸É¢¨¥
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	¨¸. 1. ‘Ì¥³  μ´² °´-¸É ¡¨²¨§ Í¨¨ Ê£²μ¢μ£μ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¶·¨ ¶μ³μÐ¨
¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨

Ë²Ê±ÉÊ Í¨° É¥³¶¥· ÉÊ·Ò  ±É¨¢´μ° §μ´Ò ² §¥· . ‚ · ¡μÉ Ì [12Ä19] ¨¸¸²¥¤μ-
¢ ²¨¸Ó ¤μ²£μ¢·¥³¥´´Ò¥ (¤μ 5 Î) Ê£²μ¢Ò¥ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  μÉ £¥²¨°-
´¥μ´μ¢μ£μ ² §¥· , ¶μ²Ê¶·μ¢μ¤´¨±μ¢μ£μ μ¤´μ³μ¤μ¢μ£μ ² §¥· , ² §¥·  ¸ μ¶Éμ¢μ-
²μ±μ´´Ò³ ¢ÒÌμ¤μ³. ‘·¥¤´ÖÖ ¢¥²¨Î¨´  ±μ²¥¡ ´¨° ¤μ¸É¨£ ¥É ¤¥¸ÖÉ±μ¢ ³¨±·μ-
· ¤¨ ´. �·μ¨§¢μ¤¨É¥²¨ ² §¥·´ÒÌ ¨¸ÉμÎ´¨±μ¢ Ê± §Ò¢ ÕÉ ¢¥²¨Î¨´Ê Ê£²μ¢μ°
¸É ¡¨²Ó´μ¸É¨ ´ ¶· ¢²¥´¨Ö ¨§²ÊÎ¥´¨Ö ² §¥·´μ£μ ²ÊÎ  (Pointing stability (PS)).
‚ ²ÊÎÏ¨Ì μ¡· §Í Ì É¢¥·¤μÉ¥²Ó´ÒÌ ² §¥·μ¢ ¢¥²¨Î¨´  PS < 10 ³±· ¤.

‚ · ¡μÉ Ì [9Ä11] Ê£²μ¢μ¥ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¸É ¡¨²¨§¨·μ¢ ´μ ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨. �  ·¨¸. 1 ¶μ± § ´  ¸Ì¥³  μ´² °´-
¸É ¡¨²¨§ Í¨¨ Ê£²μ¢μ£μ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¶·¨ ¶μ³μÐ¨ ¸¨¸É¥³Ò μ¡· É-
´μ° ¸¢Ö§¨.

‹ÊÎ ² §¥·  ´ ¶· ¢²Ö¥É¸Ö ´  ±¢ ¤· ´É´Ò° ËμÉμ¶·¨¥³´¨± QPr1'. �  QPr1'
μ¶·¥¤¥²Ö¥É¸Ö ¶μ²μ¦¥´¨¥ Í¥´É·  ² §¥·´μ£μ ¶ÖÉ´  ¢μ ¢·¥³¥´¨ ¨ ¶μ ÔÉ¨³ ¤ ´´Ò³
¢ÒÎ¨¸²Ö¥É¸Ö ¸³¥Ð¥´¨¥ ¶μ ¤¢Ê³ μ·Éμ£μ´ ²Ó´Ò³ ´ ¶· ¢²¥´¨Ö³. ‡´ Ö · ¸¸ÉμÖ-
´¨¥ μÉ ² §¥·  ¤μ QPr1' ¢¥²¨Î¨´Ò ¸³¥Ð¥´¨° ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ , μ¶·¥¤¥²Ö¥³
¶μ²Ö·´Ò° ¨  §¨³ÊÉ ²Ó´Ò° Ê£²Ò θ, ψ.

— ¸ÉÓ ² §¥·´μ£μ ²ÊÎ  μÉ±²μ´Ö¥É¸Ö ¶μ²Ê¶·μ§· Î´Ò³ §¥·± ²μ³ SM1 ¨ ´ -
¶· ¢²Ö¥É¸Ö ´  §¥·± ²μ ¸ ¶Ó¥§μÔ²¥±É·¨Î¥¸±¨³ Ê£²μ¢Ò³ ¶·¨¢μ¤μ³. “£²Ò θ, ψ
¶·¨ ¶μ³μÐ¨ ¸¨¸É¥³Ò μ¡· É´μ° ¸¢Ö§¨ ¢ ·¥¦¨³¥ μ´² °´ ®É· ´¸Ëμ·³¨·ÊÕÉ¸Ö¯ ¢
¸É ¡¨²¨§¨·ÊÕÐ¨¥ ¶¥·¥³¥Ð¥´¨Ö ¶Ó¥§μÔ²¥³¥´Éμ¢, ±μÉμ·Ò¥ ´ ±²μ´ÖÕÉ §¥·± ²μ
´  ¶·μÉ¨¢μ¶μ²μ¦´Ò¥ Ê£²Ò Å θ, −ψ, ÎÉμ ¸É ¡¨²¨§¨·Ê¥É Ê£²μ¢μ¥ ¶μ²μ¦¥´¨¥
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² §¥·´μ£μ ²ÊÎ . �´μ ¤¥É¥±É¨·Ê¥É¸Ö ¢Éμ·Ò³ ±¢ ¤· ´É´Ò³ ËμÉμ¶·¨¥³´¨±μ³
QPr2 ¨  ´ ²¨§¨·Ê¥É¸Ö 	‘. �·¨ ¶μ³μÐ¨ ¶μ²Ê¶·μ§· Î´μ£μ §¥·± ²  SM2 ¸É ¡¨-
²¨§¨·μ¢ ´´Ò° ² §¥·´Ò° ²ÊÎ ¨¸¶μ²Ó§Ê¥É¸Ö ¶μ ´ §´ Î¥´¨Õ.

�£· ´¨Î¥´¨¥³ ¢ ÉμÎ´μ¸É¨ ¸É ¡¨²¨§ Í¨¨ ¶μ¤μ¡´μ° ¸¨¸É¥³Ò Ö¢²Ö¥É¸Ö ³¨-
´¨³ ²Ó´μ¸ÉÓ Ï £  Ê£²  ´ ±²μ´  5 · 10−8 · ¤ ¢ ¶Ó¥§μÔ²¥±É·¨Î¥¸±μ³ Ê£²μ¢μ³
¶μ§¨Í¨μ´¥·¥ §¥·± ²  [12]. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶Ó¥§μÔ²¥±É·¨Î¥¸±¨Ì ¶μ§¨Í¨μ´¥·μ¢
¢ ± Î¥¸É¢¥ ®¤¢¨£ É¥²Ö¯ Ê£²μ¢μ£μ ´ ±²μ´  §¥·± ²  É ±¦¥ μ£· ´¨Î¥´μ ´¥²¨´¥°-
´Ò³ £¨¸É¥·¥§¨¸μ³ ¢ ¨Ì ¸³¥Ð¥´¨ÖÌ, ¤μ¸É¨£ ÕÐ¨³ 15% μÉ ¢¥²¨Î¨´Ò μ¡Ð¥£μ
¸³¥Ð¥´¨Ö [13]. ‚Éμ·Ò³ μ£· ´¨Î¥´¨¥³ Ö¢²Ö¥É¸Ö ³¨´¨³ ²Ó´ Ö ¢¥²¨Î¨´  ·¥£¨-
¸É·¨·Ê¥³μ£μ ¸³¥Ð¥´¨Ö ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ  ´  ±¢ ¤· ´É´μ³ ËμÉμ¶·¨¥³´¨±¥.
‚ · ¡μÉ¥ [14] μ¶·¥¤¥²¥´  ÉμÎ´μ¸ÉÓ Δx ·¥£¨¸É· Í¨¨ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ 
´  ±¢ ¤· ´É´μ³ ËμÉμ¶·¨¥³´¨±¥,

Δx =
π

8
D

ΔU

U
, (1)

£¤¥ D Å ¤¨ ³¥É· ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ  ´  ±¢ ¤· ´É´μ³ ËμÉμ¶·¨¥³´¨±¥;
ΔU Å ÏÊ³ ·¥£¨¸É·¨·ÊÕÐ¥£μ 24-¡¨É´μ£μ �–�; U Å ¸Ê³³ ·´Ò° ¸¨£´ ² ¸
±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨± . �·¨ D = 5 ³³, ΔU = 2 ³±‚, U = 0,5 ‚ ¶μ²Ê-
Î ¥³ Δx = 8·10−8 ³. �·¨ · ¸¸ÉμÖ´¨¨ 0,5 ³ ³¥¦¤Ê ² §¥·μ³ ¨ QPr μ£· ´¨Î¥´¨¥
´  ³¨´¨³ ²Ó´μ ·¥£¨¸É·¨·Ê¥³Ò° ´ ±²μ´ ² §¥·´μ£μ ²ÊÎ  ¸μ¸É ¢¨É 1,6·10−7 · ¤.

Š ± ¢¨¤´μ ¨§ · ¸¸³μÉ·¥´¨Ö,  ±É¨¢´Ò¥ ³¥Éμ¤Ò ¸É ¡¨²¨§ Í¨¨ Ê£²μ¢μ£μ ¶μ-
²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ´¥¤μ¸É ÉμÎ´Ò ¤²Ö ¨Ì ¶·¨³¥´¥´¨Ö ¢ �‹ˆ.

‘ˆ‘’…Œ� Š�Œ�…�‘�–ˆˆ “ƒ‹�‚�ƒ� „‚ˆ†…�ˆŸ ‹�‡…���ƒ�
‹“—� ‚ ��…–ˆ‡ˆ����Œ ‹�‡…���Œ ˆ�Š‹ˆ��Œ…’�…

„²Ö ·¥£¨¸É· Í¨¨ ³¥¤²¥´´μ ¨§³¥´ÖÕÐ¨Ì¸Ö ´ ±²μ´μ¢ §¥³´μ° ¶μ¢¥·Ì´μ¸É¨
¢ Î ¸ÉμÉ´μ³ ¤¨ ¶ §μ´¥ [10−6 ƒÍ; 10−4 ƒÍ] ´¥μ¡Ìμ¤¨³μ ¤μ¸É¨¦¥´¨¥ ÉμÎ´μ¸É¥°
¸É ¡¨²¨§ Í¨¨ Ê£²μ¢μ£μ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ²ÊÎÏ¥ 10−8 · ¤. � ¶·¨³¥·,
± É ±μ£μ ·μ¤  Ö¢²¥´¨Ö³ μÉ´μ¸¨É¸Ö Ê£²μ¢μ° ´ ±²μ´ ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨ ‹Ê´μ°
¨ ‘μ²´Í¥³. ‡ ·¥£¨¸É·¨·μ¢ ´´Ò° £¨¤·μ¸É É¨Î¥¸±μ° Ê·μ¢´¥¢μ° ¸¨¸É¥³μ° HLS
Ê£μ² ´ ±²μ´  §¥³´μ° ¶μ¢¥·Ì´μ¸É¨ ‹Ê´μ° ¨ ‘μ²´Í¥³ ¸μ¸É ¢¨² 2·10−7 · ¤ [20].
‘μμÉ¢¥É¸É¢¥´´μ, ¤²Ö ´ ¤¥¦´μ° ·¥£¨¸É· Í¨¨ ÔÉμ£μ Ö¢²¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¸É ¡¨-
²¨§¨·μ¢ ÉÓ ÏÊ³μ¢μ¥ Ê£²μ¢μ¥ ±μ²¥¡ ´¨¥ ² §¥·´μ£μ ²ÊÎ  ¸ ÉμÎ´μ¸ÉÓÕ ´¥ ÌÊ¦¥
10−8 · ¤ §  ¶¥·¨μ¤ ´ ¡²Õ¤¥´¨Ö ¸ÊÉ±¨ ¨ ¡μ²¥¥.

�·¨ ·¥£¨¸É· Í¨¨ Ê£²μ¢μ£μ ´ ±²μ´  ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨ ¢ �‹ˆ ¢ ± Î¥-
¸É¢¥ ·¥¶¥·´μ° (¸μÌ· ´ÖÕÐ¥° £μ·¨§μ´É ²Ó´μ¥ ¶μ²μ¦¥´¨¥) ¨¸¶μ²Ó§Ê¥É¸Ö ¶μ-
¢¥·Ì´μ¸ÉÓ ¦¨¤±μ¸É¨ (·¨¸. 2).

‹ §¥·´Ò° ²ÊÎ, μÉ· ¦ Ö¸Ó μÉ £μ·¨§μ´É ²Ó´μ° ¶μ¢¥·Ì´μ¸É¨ ¦¨¤±μ¸É¨, μÉ-
±²μ´Ö¥É¸Ö ´  ¤¢μ°´μ° Ê£μ² ϑ = 2β ´ ±²μ´  β §¥³´μ° ¶μ¢¥·Ì´μ¸É¨. “£²μ¢μ¥
¶μ²μ¦¥´¨¥ ² §¥·´μ£μ ²ÊÎ  ¨§³¥·Ö¥É¸Ö ±¢ ¤· ´É´Ò³ ËμÉμ¶·¨¥³´¨±μ³.
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The position of the laser
before and after tilting

Quadrant photodetector
before and after tilting

Laser beam after tilting

� �� 2

�

The angle of inclination
of the ground surface

The vessel with the liquid
before and after tilting

	¨¸. 2. �·¨´Í¨¶ · ¡μÉÒ ¶·¥Í¨§¨μ´´μ£μ ² §¥·´μ£μ ¨´±²¨´μ³¥É· 

Laser

Laser beam S reflected from prism

Laser beam R reflected from liquid

Prism

The cuvette with the liquid

QPr1

QPr2

	¨¸. 3. 	¥£¨¸É· Í¨Ö ÏÊ³  Ê£²μ¢μ£μ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ �‹ˆ

‚ ÔÉ¨Ì ¨§³¥·¥´¨ÖÌ ÏÊ³ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¸³¥Ï¨¢ ¥É¸Ö
¸ ¸¨£´ ²μ³ ´ ±²μ´  §¥³´μ° ¶μ¢¥·Ì´μ¸É¨, ÎÉμ μ£· ´¨Î¨¢ ¥É ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ
�‹ˆ.

„²Ö μ¶·¥¤¥²¥´¨Ö ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ´ ³¨ ¶·¥¤²μ¦¥´
´μ¢Ò° ¸¶μ¸μ¡ ¥£μ ·¥£¨¸É· Í¨¨. �  ·¨¸. 3 ¶μ± § ´  ¸Ì¥³  ·¥£¨¸É· Í¨¨ ¸¨£´ ² 
¨ ÏÊ³  PS ¢ �‹ˆ.

„²Ö ÔÉμ£μ ¢ �‹ˆ ¨¸¶μ²Ó§Ê¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò° (·¥¶¥·´Ò°) ² §¥·´Ò°
²ÊÎ R, μÉ· ¦¥´´Ò° μÉ ´¨¦´¥° £· ´¨ ¶μ¢μ·μÉ´μ° ¶·¨§³Ò (	rism). 
ÉμÉ ²ÊÎ
¨³¥¥É ¶·¨³¥·´μ μ¤¨´ ±μ¢ÊÕ ¸ ¸¨£´ ²Ó´Ò³ ²ÊÎμ³ S É· ¥±Éμ·¨Õ · ¸¶·μ¸É· -
´¥´¨Ö, ¨ ¥£μ ¶μ²μ¦¥´¨¥ ·¥£¨¸É·¨·Ê¥É¸Ö ¤μ¶μ²´¨É¥²Ó´Ò³ ±¢ ¤· ´É´Ò³ ËμÉμ-
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¶·¨¥³´¨±μ³ QPr2. ’ ±¨³ μ¡· §μ³, QPr1 ·¥£¨¸É·¨·Ê¥É ´ ±²μ´ ¸¨£´ ²Ó´μ£μ
² §¥·´μ£μ ²ÊÎ  ¸ ÏÊ³μ³ ®Pointing Stability¯,   QPr2 ·¥£¨¸É·¨·Ê¥É Éμ²Ó±μ ÏÊ³
®Pointing Stability¯ ·¥¶¥·´μ£μ ²ÊÎ  R. ˆ¸¶μ²Ó§ÊÖ ¶·¨³¥·´μ μ¤¨´ ±μ¢ÊÕ £¥μ-
³¥É·¨Õ · ¸¶μ²μ¦¥´¨Ö ¸¨£´ ²Ó´μ£μ ¨ ·¥¶¥·´μ£μ ²ÊÎ¥°, ¢ÒÎÉ¥³ ¸¨£´ ² ¸ ±¢ ¤-
· ´É´μ£μ ËμÉμ¶·¨¥³´¨±  QPr1 ¨§ ¸¨£´ ²  ¸ QPr2. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ¨³
¸¨£´ ² ´ ±²μ´  §¥³´μ° ¶μ¢¥·Ì´μ¸É¨ ¡¥§ ÏÊ³  ®Pointing Stability¯.

’μÎ´μ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸¨£´ ²μ¢ ¢ QPr1 ¨ QPr2 μ¶·¥¤¥²Ö¥É¸Ö ¨§ Ëμ·³Ê²Ò
(1). ˆ¸¶μ²Ó§ÊÖ Ëμ±Ê¸¨·μ¢±Ê ² §¥·´μ£μ ²ÊÎ  ´  ±¢ ¤· ´É´Ò° ËμÉμ¶·¨¥³´¨±,
³μ¦´μ Ê³¥´ÓÏ¨ÉÓ ¤¨ ³¥É· ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ  ¤μ 100 ³±³ ¨ Ê¢¥²¨Î¨ÉÓ
ÉμÎ´μ¸ÉÓ ¨§³¥·¥´¨Ö Ê£²μ¢μ£μ ¶μ²μ¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¤μ 4 · 10−9 · ¤.

�Š‘�…�ˆŒ…�’�‹œ��Ÿ “‘’���‚Š�

�  ·¨¸. 4 ¶μ± § ´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¤¥°¸É¢ÊÕÐ¥£μ �‹ˆ ¸ ¢μ§³μ¦-
´μ¸ÉÓÕ ·¥£¨¸É· Í¨¨ ÏÊ³μ¢μ£μ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ .

‚ Ô±¸¶¥·¨³¥´É Ì ¨¸¶μ²Ó§μ¢ ²¸Ö μ¤´μ³μ¤μ¢Ò° ² §¥·´Ò° ¨¸ÉμÎ´¨± Ë¨·³Ò
Thorlabs S1FC635 ¸ ¢Ò¢μ¤μ³ ¨§²ÊÎ¥´¨Ö Î¥·¥§ μ¤´μ³μ¤μ¢μ¥ ¢μ²μ±´μ. ‹ §¥·-
´Ò° ²ÊÎ ¶·¨ ¶μ³μÐ¨ μ¶É¨Î¥¸±μ£μ ¢μ²μ±´  ¶μ¤ ¢ ²¸Ö ¢ ¢ ±ÊÊ³´ÊÕ ± ³¥·Ê
�‹ˆ. ‘ ¶μ³μÐÓÕ ±μ²²¨³ Éμ·  μ´ · ¸Ï¨·Ö²¸Ö ¤μ ¤¨ ³¥É·  1 ¸³ ¨ Ëμ±Ê¸¨-
·μ¢ ²¸Ö ²¨´§μ° ´  ¶μ¢¥·Ì´μ¸ÉÓ ±¢ ¤· ´É´ÒÌ ËμÉμ¶·¨¥³´¨±μ¢ QPr1 ¨ QPr2 ¸

L
as

er

Top viewCollimator lens

Fiber optic
feedthrough

Electrical
feedthrough P

Prism

Vacuum volume

Blocking screen

PC ADC
Laser beam from prism

Side view

Laser beam from prism

Laser beam from liquid

QPr1’

QPr2’ Optical

Cuvette with liquid

Laser beam from liquid

	¨¸. 4. �·¥Í¨§¨μ´´Ò° ² §¥·´Ò° ¨´±²¨´μ³¥É· ¸ ¢μ§³μ¦´μ¸ÉÓÕ ±μ³¶¥´¸ Í¨¨ ÏÊ³μ¢μ£μ
Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ 
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¶ÖÉ´μ³ ¤¨ ³¥É·μ³ 100 ³±³. ”μ±Ê¸´μ¥ · ¸¸ÉμÖ´¨¥ ²¨´§Ò 750 ³³. �·¨ ¸¢μ¥³
¤¢¨¦¥´¨¨ μÉ ±μ²²¨³ Éμ·  ² §¥·´Ò° ²ÊÎ ¶·¨ ¶μ³μÐ¨ ¶·¨§³Ò ´ ¶· ¢²Ö²¸Ö ´ 
¶μ¢¥·Ì´μ¸ÉÓ ¦¨¤±μ¸É¨ ¨ μÉ· ¦ ²¸Ö μÉ ´¥¥. ’ ±¦¥ ¨³¥²¨¸Ó ¤μ¶μ²´¨É¥²Ó´Ò¥
μÉ· ¦¥´¨Ö ²ÊÎ  μÉ ¤¢ÊÌ £· ´¥° ¶·¨§³Ò. �É· ¦¥´´Ò¥ ²ÊÎ¨ ¨³¥²¨ ´¥¡μ²ÓÏμ¥
(0,01 · ¤) Ê£²μ¢μ¥ · ¸Ìμ¦¤¥´¨¥ ¨ ¶μ¤ ¢ ²¨¸Ó ´  ±¢ ¤· ´É´Ò¥ ËμÉμ¶·¨¥³´¨±¨
QPr1 ¨ QPr2. ‹ÊÎ, μÉ· ¦¥´´Ò° μÉ ¤ ²Ó´¥° μÉ ¶μ¢¥·Ì´μ¸É¨ ¦¨¤±μ¸É¨ £· ´¨
¶·¨§³Ò, ´¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ¨ ¡²μ±¨·μ¢ ²¸Ö ´¥¶·μ§· Î´Ò³ Ô±· ´μ³.

‚¥²¨Î¨´  ³μÐ´μ¸É¨ ¢ μÉ· ¦¥´´ÒÌ ²ÊÎ Ì S ¨ R μÉ²¨Î ¥É¸Ö ¢ 1,12 · § .
‘¨£´ ²Ó´Ò° ²ÊÎ, μÉ· ¦¥´´Ò° μÉ ¶μ¢¥·Ì´μ¸É¨ ¦¨¤±μ¸É¨, ¨³¥¥É ³¥´ÓÏÊÕ ³μÐ-
´μ¸ÉÓ, Î¥³ ·¥¶¥·´Ò° ²ÊÎ, μÉ· ¦¥´´Ò° μÉ £· ´¨ ¶·¨§³Ò. 	 §´¨Í  ¢ ³μÐ´μ¸É¨
²ÊÎ¥° ±μ³¶¥´¸¨·μ¢ ² ¸Ó ¶²μ¸±μ¶ · ²²¥²Ó´μ° ¶² ¸É¨´±μ°, Ê¸É ´μ¢²¥´´μ° ¶μ¤
´¥μ¡Ìμ¤¨³Ò³ Ê£²μ³ ´  É· ¥±Éμ·¨¨ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ , μÉ· ¦¥´´μ£μ μÉ
¶·¨§³Ò ´¥¶μ¸·¥¤¸É¢¥´´μ ¶¥·¥¤ ±¢ ¤· ´É´Ò³ ËμÉμ¶·¨¥³´¨±μ³ QPr2. ‚Ò· ¢-
´¨¢ ´¨¥ ³μÐ´μ¸É¥° ¸¨£´ ²μ¢ S ¨ R ¶μ§¢μ²Ö¥É ¢ÒÎ¨É ÉÓ R ¨§ S ¡¥§ ¸ÊÐ¥¸É¢¥´-
´μ° ¸¨¸É¥³ É¨Î¥¸±μ° μÏ¨¡±¨ ¢ · §´μ¸É´μ³ ¸¨£´ ²¥.

‘¨£´ ²Ò ¸ ±¢ ¤· ´É´ÒÌ ËμÉμ¶·¨¥³´¨±μ¢ ¶μ¤ ¢ ²¨¸Ó Î¥·¥§ Ô²¥±É·¨Î¥¸-
±¨° ¢ ±ÊÊ³´Ò° · §Ñ¥³ ´  ·¥£¨¸É·¨·ÊÕÐ¨° 24-¡¨É´Ò° �–� DT9824 ¨ § É¥³
´  ±μ³¶ÓÕÉ¥·.

‘¨£´ ²Ó´Ò° ²ÊÎ Õ¸É¨·μ¢ ²¸Ö ´  Í¥´É· ±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨± 
QPr1 ¶·¨ ¶μ³μÐ¨ ¶μ§¨Í¨μ´¥·μ¢ ¨´±²¨´μ³¥É· , · ¸¶μ²μ¦¥´´ÒÌ ´  μ¸´μ¢ ´¨¨
¨´±²¨´μ³¥É·  ¢´¥ ¢ ±ÊÊ³´μ£μ μ¡Ñ¥³ . �ÖÉ´μ ·¥¶¥·´μ£μ ²ÊÎ  Ê¸É ´ ¢²¨¢ ²μ¸Ó
´  Í¥´É· ±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨± , ¶μ§¨Í¨μ´¨·Ê¥³μ£μ ¶·¨ ¶μ³μÐ¨ ¤¢ÊÌ-
±μμ·¤¨´ É´μ£μ ²¨´¥°´μ£μ ¶μ§¨Í¨μ´¥·  P.

‚ Ô±¸¶¥·¨³¥´É¥ ¤²¨É¥²Ó´μ¸ÉÓ μ¤´μ£μ ¨§³¥·¥´¨Ö ¡Ò²  0,1 ¸, ¶·μ¤μ²¦¨-
É¥²Ó´μ¸ÉÓ ´ ¡²Õ¤¥´¨Ö Å 6 Î.

�…‡“‹œ’�’› ˆ‡Œ…�…�ˆ‰

�  ·¨¸. 5 ¶μ± § ´Ò Ê£²μ¢Ò¥ ¸³¥Ð¥´¨Ö ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ  ´  ¸¨£´ ²Ó-
´μ³ QPr1 ¨ ·¥¶¥·´μ³ QPr2 ±¢ ¤· ´É´ÒÌ ËμÉμ¶·¨¥³´¨± Ì ¢ μ¤´μ³ ´ ¶· ¢-
²¥´¨¨.

Š ± ¢¨¤´μ, ´ ¡²Õ¤ ¥É¸Ö ±μ··¥²ÖÍ¨Ö Ê£²μ¢ÒÌ ¸³¥Ð¥´¨° ¸¨£´ ²Ó´μ£μ ² -
§¥·´μ£μ ²ÊÎ  ¸ Ê£²μ¢Ò³¨ ¸³¥Ð¥´¨Ö³¨ ·¥Ë¥·¥´¸´μ£μ ² §¥·´μ£μ ²ÊÎ .

�  ·¨¸. 6 ¶μ± § ´Ò ±μ²¥¡ ´¨Ö §¥³´μ° ¶μ¢¥·Ì´μ¸É¨, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¢Ò-
Î¨É ´¨¨ ¸¨£´ ²μ¢ QPr1 ¨§ ¸¨£´ ²μ¢ QPr2.

Š ± ¢¨¤´μ ¨§ ·¨¸. 6, Ê£²μ¢μ° ÏÊ³ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  §´ Î¨É¥²Ó´μ
¶μ¤ ¢²¥´ ¢ ¨¸¶μ²Ó§Ê¥³μ° ¶·μÍ¥¤Ê·¥. „ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¶μ¸²¥ ¢ÒÎ¨É ´¨Ö,
¤ ²¥¥ Ê³´μ¦ ²¨¸Ó ´  ± ²¨¡·μ¢μÎ´μ° ±μÔËË¨Í¨¥´É K = 336 ³±· ¤/‚ ¨  ´ -
²¨§¨·μ¢ ²¨¸Ó ¢ · ¤¨ ´´μ° ³¥·¥.

�  ·¨¸. 7 ¶μ± § ´ ·¥§Ê²ÓÉ É ËÊ·Ó¥- ´ ²¨§  ¤ ´´ÒÌ ¶μ ±μ²¥¡ ´¨Õ ¸¨£´ ²Ó-
´μ£μ ² §¥·´μ£μ ²ÊÎ , μÉ· ¦¥´´μ£μ μÉ ¦¨¤±μ¸É¨ ¤μ ¨ ¶μ¸²¥ ¢ÒÎ¨É ´¨Ö ÏÊ³ 
Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ .
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	¨¸. 5. “£²μ¢Ò¥ ¸³¥Ð¥´¨Ö ¶ÖÉ¥´ ² §¥·´ÒÌ ²ÊÎ¥° ´  ±¢ ¤· ´É´ÒÌ ËμÉμ¶·¨¥³´¨± Ì
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	¨¸. 6. 	¥§Ê²ÓÉ É ¢ÒÎ¨É ´¨Ö Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ·¥¶¥·´μ£μ ²ÊÎ  ¨§ É ±μ¢ÒÌ ¸¨£´ ²Ó-
´μ£μ
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	¨¸. 7. ‘¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨ ¤²Ö ¸¨£´ ²Ó-
´μ£μ ²ÊÎ  ¤μ ¨ ¶μ¸²¥ ¢ÒÎ¨É ´¨Ö ·¥¶¥·´μ£μ ²ÊÎ 

Š ± ¢¨¤´μ ¨§ ·¨¸. 7, ¤μ¸É¨£´ÊÉμ §´ Î¨É¥²Ó´μ¥ Å ¤μ 30 · § Å Ê³¥´ÓÏ¥-
´¨¥ ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ
[5·10−5 ƒÍ; 10−1 ƒÍ]. ‘¶¥±É· ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ÏÊ³  ¢ Î ¸ÉμÉ´μ³ ¤¨ ¶ §μ´¥
[5 · 10−5 ƒÍ; 10−4 ƒÍ] Ê³¥´ÓÏ¨²¨¸Ó ¤μ 10−8 · ¤/ƒÍ1/2.

˜“Œ�‚�… “ƒ‹�‚�… „‚ˆ†…�ˆ… ‹�‡…���ƒ� ‹“—�

‚ Ô±¸¶¥·¨³¥´É¥ ±¢ ¤· ´É´Ò³ ËμÉμ¶·¨¥³´¨±μ³ QPr2 ¨§³¥·Ö²μ¸Ó ¤¢¨¦¥-
´¨¥ ¶ÖÉ´  ² §¥·´μ£μ ²ÊÎ , μÉ· ¦¥´´μ£μ μÉ ¶·¨§³Ò. ‚ ¸¨²Ê ¢Ò¸μ±μ° É¥³¶¥-
· ÉÊ·´μ° ¸É ¡¨²Ó´μ¸É¨ ¡¥Éμ´´μ£μ ¶μ²  10−2 ◦‘ §  ¸ÊÉ±¨ [21] ²¨´¥°´Ò¥ ¸³¥-
Ð¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¨§-§  É¥³¶¥· ÉÊ·´μ° ´¥¸É ¡¨²Ó´μ¸É¨ ´¥§´ Î¨É¥²Ó´Ò ¨
´¥ ¶·¥¢ÒÏ ÕÉ 10−9 ³. ‘ÊÐ¥¸É¢¥´´μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ ±ÊÊ³  ¶· ±É¨Î¥¸±¨
¨¸±²ÕÎ¨²μ ±μ²¥¡ ´¨Ö ² §¥·´μ£μ ²ÊÎ  ¨§-§  ¢ ·¨ Í¨° É¥³¶¥· ÉÊ·Ò ¢μ§¤ÊÏ´μ°
¸·¥¤Ò. ‘²¥¤μ¢ É¥²Ó´μ, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ¤ ´´Ò¥ (·¨¸. 5) ¶μ Ê£²μ¢μ³Ê ¤¢¨¦¥-
´¨Õ ·¥¶¥·´μ£μ ² §¥·´μ£μ ²ÊÎ  μ¶¨¸Ò¢ ÕÉ ¨³¥´´μ Ê£²μ¢μ¥ ÏÊ³μ¢μ¥ ¸³¥Ð¥´¨¥
² §¥·´μ£μ ²ÊÎ .

„²Ö ± ²¨¡·μ¢±¨ ¨§³¥·¥´¨° ÏÊ³μ¢μ£μ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ 
³Ò ¤μ²¦´Ò ¸³¥¸É¨ÉÓ ±¢ ¤· ´É´Ò° ËμÉμ¶·¨¥³´¨±, ·¥£¨¸É·¨·ÊÕÐ¨° ² §¥·´Ò°
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	¨¸. 8. �¶·¥¤¥²¥´¨¥ ¢¥²¨Î¨´Ò ÏÊ³μ¢μ£μ Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¶μ ¢¥²¨-
Î¨´¥ ± ²¨¡·μ¢ ´´μ£μ Ê£²μ¢μ£μ ´ ±²μ´  ¨´±²¨´μ³¥É· 

²ÊÎ R, μÉ· ¦¥´´Ò° μÉ ¶·¨§³Ò, ´  ¨§¢¥¸É´μ¥ ± ²¨¡·μ¢μÎ´μ¥ · ¸¸ÉμÖ´¨¥ Δx.
‡´ Ö · ¸¸ÉμÖ´¨¥ Llas μÉ ² §¥·´μ£μ ¨¸ÉμÎ´¨±  ¤μ ±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨± 
QPr2, μ¶·¥¤¥²Ö¥³ ± ²¨¡·μ¢μÎ´Ò° Ê£μ² ψ = Δx/Llas. ‡ ·¥£¨¸É·¨·μ¢ ´´Ò°
¶·¨ ± ²¨¡·μ¢μÎ´μ³ ¸³¥Ð¥´¨¨ ¸¨£´ ² ΔUlas ¸ QPr2 ¢ ¢μ²ÓÉ Ì ¸μμÉ´μ¸¨³ ¸
´ °¤¥´´Ò³ ± ²¨¡·μ¢μÎ´Ò³ Ê£²μ³ ¨ ¨§ ¢Ò· ¦¥´¨Ö

Klas =
ψ

ΔUlas
=

Llas

Δx
ΔUlas (2)

μ¶·¥¤¥²Ö¥³ ± ²¨¡·μ¢μÎ´Ò° ±μÔËË¨Í¨¥´É Klas.

ˆ¸¶μ²Ó§ÊÖ ÉμÉ Ë ±É, ÎÉμ ¢ ±¢ ¤· ´É´ÒÌ ËμÉμ¶·¨¥³´¨± Ì QPr1 ¨ QPr2
ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ μ¤¨´ ±μ¢  ¨ ² §¥·´Ò¥ ²ÊÎ¨ ¸Ëμ±Ê¸¨·μ¢ ´Ò ´  ¨Ì ¶μ¢¥·Ì´μ¸-
É¨, ³μ¦´μ ¶·¨³¥´¨ÉÓ ± ²¨¡·μ¢±Ê ¨´±²¨´μ³¥É·  ¤²Ö μ¶·¥¤¥²¥´¨Ö ± ²¨¡·μ¢μÎ-
´μ£μ ±μÔËË¨Í¨¥´É  Klas. �  ·¨¸. 8 ¸Ì¥³ É¨Î´μ ¶μ± § ´μ Ê£²μ¢μ¥ ¤¢¨¦¥´¨¥
² §¥·´μ£μ ²ÊÎ , μÉ· ¦¥´´μ£μ μÉ ¶μ¢¥·Ì´μ¸É¨ ¦¨¤±μ¸É¨, ¨ ²ÊÎ  μÉ ² §¥· .
�·¨ Ê¸²μ¢¨¨ · ¢¥´¸É¢  ¸³¥Ð¥´¨° Δx ¶ÖÉ¥´ ² §¥·´ÒÌ ²ÊÎ¥° ´  QPr1 ¨ QPr2
¸¨£´ ²Ò ¸ ËμÉμ¶·¨¥³´¨±μ¢ ¡Ê¤ÊÉ · ¢´Ò: ΔUlas = ΔUliq.
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‘²¥¤μ¢ É¥²Ó´μ, Ê£μ² ´ ±²μ´  ² §¥·´μ£μ ²ÊÎ  ψ ¨ Ê£μ² ´ ±²μ´  ¶μ¢¥·Ì´μ-
¸É¨ ‡¥³²¨ β ¸¢Ö§ ´Ò ¸μμÉ´μÏ¥´¨¥³

ψ = β
2Lliq

Llas
. (3)

ˆ¸¶μ²Ó§ÊÖ (1), (2) ¨ Ê¸²μ¢¨¥ ΔUlas = ΔUliq, μ¶·¥¤¥²¨³ § ¢¨¸¨³μ¸ÉÓ ± ²¨-
¡·μ¢μÎ´μ£μ ±μÔËË¨Í¨¥´É  ² §¥·´μ£μ ²ÊÎ  Klas = ψΔUlas μÉ ± ²¨¡·μ¢μÎ´μ£μ
±μÔËË¨Í¨¥´É  ¨´±²¨´μ³¥É·  Kinc = βΔUliq:

Klas =
2Lliq

Llas
Kinc. (4)

’ ±¨³ μ¡· §μ³, ¶·¨ · ¸¸ÉμÖ´¨ÖÌ Lliq = 0,4 ³, Llas = 0,75 ³

Klas = 1,07Kinc. (5)

�·¨³¥´ÖÖ ¸μμÉ´μÏ¥´¨¥ (5), ³μ¦´μ ¤ ´´Ò¥ ¸ QPr2 ¢Ò· §¨ÉÓ ¢ · ¤¨ ´-
´μ° ³¥·¥ ¨ μ¶·¥¤¥²¨ÉÓ Ê£²μ¢μ¥ ÏÊ³μ¢μ¥ ¤¢¨¦¥´¨¥ ² §¥·´μ£μ ²ÊÎ , ¨¸¶μ²Ó§ÊÖ
± ²¨¡·μ¢μÎ´Ò° ±μÔËË¨Í¨¥´É ¨´±²¨´μ³¥É· .

�  ·¨¸. 9, 10 ¶μ± § ´Ò ÏÊ³μ¢Ò¥ Ê£²μ¢Ò¥ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  §  ¶¥-
·¨μ¤ 24 Î ¢ ¢¥·É¨± ²Ó´ÒÌ ¨ £μ·¨§μ´É ²Ó´ÒÌ ´ ¶· ¢²¥´¨ÖÌ ´  ¶μ¢¥·Ì´μ¸É¨
±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨±  QPr2.
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	¨¸. 9. “£²μ¢Ò¥ ÏÊ³μ¢Ò¥ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ¢¥·É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ´ 
¶μ¢¥·Ì´μ¸É¨ ±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨±  QPr2
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	¨¸. 10. “£²μ¢Ò¥ ÏÊ³μ¢Ò¥ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨
´  ¶μ¢¥·Ì´μ¸É¨ ±¢ ¤· ´É´μ£μ ËμÉμ¶·¨¥³´¨±  QPr2
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	¨¸. 11. ‘¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ÏÊ³μ¢ÒÌ Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ² §¥·´μ£μ ²ÊÎ  ¢ ¢¥·-
É¨± ²Ó´μ³ ´ ¶· ¢²¥´¨¨

„¨ ¶ §μ´ ¨§³¥´¥´¨Ö  ³¶²¨ÉÊ¤Ò Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° §  ¸ÊÉ±¨ ¸μ¸É ¢¨²
0,40 ³±· ¤ ¢ ¢¥·É¨± ²Ó´μ³ ¨ 0,33 ³±· ¤ ¢ £μ·¨§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨ÖÌ.

�  ·¨¸. 11 ¨ 12 ¶·¥¤¸É ¢²¥´ ·¥§Ê²ÓÉ É ËÊ·Ó¥- ´ ²¨§  ¤ ´´ÒÌ ´  ·¨¸. 9
¨ 10.
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	¨¸. 12. ‘¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ÏÊ³μ¢ÒÌ Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ² §¥·´μ£μ ²ÊÎ  ¢ £μ·¨-
§μ´É ²Ó´μ³ ´ ¶· ¢²¥´¨¨

Š ± ¢¨¤´μ ¨§ ·¨¸. 11 ¨ 12, ´ Î¨´ Ö ¸ Î ¸ÉμÉÒ 0,01 ƒÍ ¨ ¢ÒÏ¥ ·¥£¨¸É·¨-
·Ê¥É¸Ö ÏÊ³ Ê£²μ¢ÒÌ ¤¢¨¦¥´¨° ² §¥·´μ£μ ²ÊÎ  ¸μ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸ÉÓÕ
10−10 · ¤/ƒÍ1/2 ¨ ³¥´¥¥. 
É  ¢¥²¨Î¨´  ³¥´ÓÏ¥ ³¨´¨³ ²Ó´μ° ¸¶¥±É· ²Ó´μ°
¶²μÉ´μ¸É¨ μÉË¨²ÓÉ·μ¢ ´´μ£μ ¸¨£´ ²  (¸³. ·¨¸. 7). ’ ±¨³ μ¡· §μ³, ¤²Ö Î ¸ÉμÉ
¢ÒÏ¥ 0,01 ƒÍ ´¥ É·¥¡Ê¥É¸Ö ÊÎ¥É  ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ .

��‘“†„…�ˆ…

“Î¥É ÏÊ³μ¢ÒÌ Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ² §¥·´μ£μ ²ÊÎ  · ¸Ï¨·¨² ¢Ò¸μ±μÎÊ¢¸É-
¢¨É¥²Ó´μ¥ ¶·¨³¥´¥´¨¥ �‹ˆ ¢ μ¡² ¸É¨ ´¨§±¨Ì Î ¸ÉμÉ. 
Éμ ¶μ§¢μ²¨É ´ ¡²Õ-
¤ ÉÓ ³¨±·μ¸¥°¸³¨Î¥¸±¨¥ Ö¢²¥´¨Ö ¢ ¤¨ ¶ §μ´¥ Î ¸ÉμÉ [10−6 ƒÍ; 4 ƒÍ] ¸ ÎÊ¢¸É-
¢¨É¥²Ó´μ¸ÉÓÕ 10−8 · ¤ ¨ ¢ÒÏ¥. �μ ¢³¥¸É¥ ¸ É¥³ ¤²Ö ³´μ£¨Ì Ë¨§¨Î¥¸±¨Ì Ô±¸-
¶¥·¨³¥´Éμ¢ ´ ¡²Õ¤ ¥³Ò¥ ³¨±·μ¸¥°¸³¨Î¥¸±¨¥ ±μ²¥¡ ´¨Ö Ö¢²ÖÕÉ¸Ö ÏÊ³μ³, ´¥
¶μ§¢μ²ÖÕÐ¨³ ¤μ¸É¨ÎÓ ¶·¥¤¥²Ó´ÒÌ ¶μ ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¶ · ³¥É·μ¢.

Š É ±μ£μ ·μ¤  Ê¸É ´μ¢± ³ μÉ´μ¸ÖÉ¸Ö ±·Ê¶´μ³ ¸ÏÉ ¡´Ò¥ Ê¸±μ·¨É¥²¨ ±μ²-
² °¤¥·Ò, ¨´É¥·Ë¥·μ³¥É·¨Î¥¸±¨¥ ¤¥É¥±Éμ·Ò £· ¢¨É Í¨μ´´ÒÌ ¢μ²´, ¡μ²ÓÏ¨¥
μ¶É¨Î¥¸±¨¥ É¥²¥¸±μ¶Ò, É¥Ì´μ²μ£¨Î¥¸±¨¥ Ê¸É ´μ¢±¨ ¶μ ¶·μ¨§¢μ¤¸É¢Ê ³¨±·μ-
¸Ì¥³ ¨ ¤·.

’ ±¨³ μ¡· §μ³, ±μ³¶¥´¸ Í¨Ö ¢²¨Ö´¨Ö ³¨±·μ¸¥°¸³¨Î¥¸±¨Ì ±μ²¥¡ ´¨° Ö¢-
²Ö¥É¸Ö  ±ÉÊ ²Ó´μ° § ¤ Î¥°.
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�· ±É¨Î¥¸±¨, § ¤ Î  ¸É ¡¨²¨§ Í¨¨ ¶μ²μ¦¥´¨Ö ±·Ê¶´μ³ ¸ÏÉ ¡´ÒÌ Ë¨§¨-
Î¥¸±¨Ì Ê¸É ´μ¢μ± ¸¢μ¤¨É¸Ö ± ¸μ§¤ ´¨Õ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ° ¶² ÉËμ·³Ò, ¸¥°¸-
³μ¨§μ²¨·μ¢ ´´μ° μÉ Ê£²μ¢ÒÌ ±μ²¥¡ ´¨° ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨. …¥ ¢μ§³μ¦´μ
¸μ§¤ ÉÓ, ¨¸¶μ²Ó§ÊÖ ¤ ´´Ò¥, ¶μ²ÊÎ ¥³Ò¥ ¸ �‹ˆ. �·¨ ¤μ¸É¨£´ÊÉμ° ± ²¨¡·μ-
¢μÎ´μ° ÉμÎ´μ¸É¨ 0,5% [22] ¢¶μ²´¥ ¢μ§³μ¦´μ Ê³¥´ÓÏ¨ÉÓ ¢²¨Ö´¨¥ ±μ²¥¡ ´¨°
³¨±·μ¸¥°¸³¨Î¥¸±μ£μ ¶¨±  ¤μ Ê·μ¢´Ö 10−9 · ¤. �  μ¸´μ¢¥ ±μ´Í¥¶Í¨¨ ¸¥°¸-
³μ¨§μ²¨·μ¢ ´´μ° ¶² ÉËμ·³Ò ¢ μÉ´μÏ¥´¨¨ Ê¸±μ·¨É¥²¥° ±μ²² °¤¥·μ¢ ³μ¦´μ
¸É ¡¨²¨§¨·μ¢ ÉÓ Ê£²μ¢μ¥ ¶μ²μ¦¥´¨¥ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ Ô²¥³¥´Éμ¢ (Ê¸±μ·¨É¥²Ó-
´ÒÌ ¡²μ±μ¢ Ëμ±Ê¸¨·ÊÕÐ¨Ì Ê¸É·μ°¸É¢ ¨ ¤·.) ¸ Ê± § ´´μ° ÉμÎ´μ¸ÉÓÕ. �·¨
¤μ¸É¨¦¥´¨¨ Ê£²μ¢μ° ¸É ¡¨²¨§ Í¨¨ ±μ²² °¤¥·  μ¦¨¤ ¥É¸Ö Ê¢¥²¨Î¥´¨¥ ¸¢¥É¨-
³μ¸É¨ (¸É ´¥É ¢μ§³μ¦´Ò³ Ê³¥´ÓÏ¨ÉÓ ¤¨ ³¥É· Ëμ±Ê¸μ¢ Î ¸É¨Í).

‡�Š‹	—…�ˆ…


±¸¶¥·¨³¥´É ²Ó´μ ¢ ¶·¥Í¨§¨μ´´μ³ ² §¥·´μ³ ¨´±²¨´μ³¥É·¥ μ¸ÊÐ¥¸É¢²¥-
´  ±μ³¶¥´¸ Í¨Ö ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¢ ¢ ±ÊÊ³´ÒÌ ¨ É¥·-
³μ¸É ¡¨²Ó´ÒÌ Ê¸²μ¢¨ÖÌ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¤μ¶μ²´¨É¥²Ó´μ£μ ·¥¶¥·´μ£μ ²ÊÎ 
² §¥· .

˜Ê³ ¶·¥Í¨§¨μ´´μ£μ ² §¥·´μ£μ ¨´±²¨´μ³¥É·  ¡Ò² ¶μ´¨¦¥´ ¡μ²¥¥ Î¥³
¢ 30 · § ¤μ Ê·μ¢´Ö 10−8 · ¤/ƒÍ1/2 ´  Î ¸ÉμÉ¥ 5 · 10−5 ƒÍ. Šμ³¶¥´¸ Í¨Ö
¸ÊÐ¥¸É¢¥´´  ¢ μ¡² ¸É¨ Î ¸ÉμÉ [5 · 10−5 ƒÍ; 0,1 ƒÍ]. „μ¸É¨£´ÊÉÒ° Ê·μ¢¥´Ó
ÏÊ³μ¢ ¶μ§¢μ²¨É ´ ¡²Õ¤ ÉÓ É ±μ¥ ³¨±·μ¸¥°¸³¨Î¥¸±μ¥ Ö¢²¥´¨¥, ± ± Ê£²μ¢μ°
´ ±²μ´ ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨ ‹Ê´μ° ¨ ‘μ²´Í¥³.


±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´Ò ¶ · ³¥É·Ò ÏÊ³  Ê£²μ¢μ£μ ¤¢¨¦¥´¨Ö ² §¥·-
´μ£μ ²ÊÎ  §  ¸ÊÉ±¨. „¨ ¶ §μ´ ¨§³¥´¥´¨Ö  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨Ö ¢ ¢¥·É¨± ²Ó´μ³
´ ¶· ¢²¥´¨¨ ¸μ¸É ¢¨² 0,40 ³±· ¤ ¨ ¢ £μ·¨§μ´É ²Ó´μ³ 0,33 ³±· ¤. ”Ê·Ó¥-
 ´ ²¨§ ÏÊ³  ¶μ± § ², ÎÉμ ÊÎ¥É ÏÊ³  ¸ÊÐ¥¸É¢¥´ μÉ Î ¸ÉμÉ 10−5 ƒÍ ¤μ 0,01 ƒÍ.
‚ ¢Ò¸μ±μÎ ¸ÉμÉ´μ° μ¡² ¸É¨ μÉ 0,01 ƒÍ ¨ ¢ÒÏ¥ ¢¥²¨Î¨´  ÏÊ³  Ê£²μ¢μ£μ ¤¢¨-
¦¥´¨Ö ² §¥·´μ£μ ²ÊÎ  ¸É ´μ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´μ ³¥´ÓÏ¥ ´ ¡²Õ¤ ¥³ÒÌ ³¨±·μ-
¸¥°¸³¨Î¥¸±¨Ì ±μ²¥¡ ´¨° ¶μ¢¥·Ì´μ¸É¨ ‡¥³²¨.

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¡² £μ¤ ·ÖÉ ƒ. ‚. ’·Ê¡´¨±μ¢ , ƒ. „. ˜¨·±μ¢ ,
‚.�. �¥¤´Ö±μ¢  ¨ ‚.‚. ƒ² £μ²¥¢  §  ´¥¨§³¥´´Ò° ¨´É¥·¥¸ ¨ ¶μ¤¤¥·¦±Ê ¨¸-
¸²¥¤μ¢ ´¨° ¸ �‹ˆ.

„Ê¡´¥´¸± Ö £·Ê¶¶  ¡² £μ¤ ·¨É BMBF (ƒ¥·³ ´¨Ö) §  Ë¨´ ´¸μ¢ÊÕ ¶μ¤-
¤¥·¦±Ê, μ¡¥¸¶¥Î¨¢ ÕÐÊÕ Ô±¸¶¥·¨³¥´ÉÒ ¸ �‹ˆ.
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