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ˆ¸¸²¥¤μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´ 
³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢
¸ ¢ ·¨ Í¨¥° ±μ´É· ¸É 

Œ¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¶·μ¢¥¤¥´μ ¨¸¸²¥¤μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò μ²¨-
£μ³¥·´μ£μ ¡¥²±  α-±·¨¸É ²²¨´ , ¢Ò¤¥²¥´´μ£μ ¨§ Ì·Ê¸É ²¨±  £² §  ¡Ò± . ˆ§³¥·¥´¨Ö ¶·μ¢¥-
¤¥´Ò ´  ³ ²μÊ£²μ¢μ³ ´¥°É·μ´´μ³ ¸¶¥±É·μ³¥É·¥ 
Œ� (ˆ��-2, �ˆŸˆ) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¢ ·¨ Í¨¨ ±μ´É· ¸É  (μ¡Ñ¥³´Ò¥ ¤μ²¨ D2O ¢ ¡ÊË¥·¥ 0, 23, 68 ¨ 90%). ˆ§ ±·¨¢ÒÌ ³ -
²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö μ¶·¥¤¥²¥´  μ¦¨¤ ¥³ Ö ÉμÎ±  ±μ³¶¥´¸ Í¨¨ (43 % D2O) ¨ ¶μ²ÊÎ¥´ 
¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ ¤²¨´Ò · ¸¸¥Ö´¨Ö α-±·¨¸É ²²¨´  ¢ ÔÉμ° ÉμÎ±¥ (2,4 · 1010 ¸³−2). ‚Ò-
Î¨¸²¥´Ò · ¤¨Ê¸ ¨´¥·Í¨¨ ¨ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ ¤²Ö ÔÉμ£μ ¡¥²± . ˆ§
 ´ ²¨§  ¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¸¤¥² ´ ¢Ò¢μ¤ μ¡ μ¤´μ·μ¤´μ³ · ¸¶·¥¤¥²¥´¨¨ · ¸¸¥¨¢ ÕÐ¥°
¶²μÉ´μ¸É¨ ¢ ´¥¤μ¸ÉÊ¶´ÒÌ ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤Ò μ¡² ¸ÉÖÌ α-±·¨¸É ²²¨´  ¨ μ¤¨´ ±μ¢μ³
¤¥°É¥·¨·μ¢ ´¨¨ ¢¸¥Ì ¶μ²¨¶¥¶É¨¤´ÒÌ ¸Ê¡Ñ¥¤¨´¨Í ¢ μ²¨£μ³¥·¥ α-±·¨¸É ²²¨´ . �¤¨´ ±μ¢μ¥
¤¥°É¥·¨·μ¢ ´¨¥ ¶μ²¨¶¥¶É¨¤´ÒÌ ¸Ê¡Ñ¥¤¨´¨Í ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡ ¨Ì μ¤¨´ ±μ¢μ° ¤μ¸ÉÊ¶´μ-
¸É¨ ¤²Ö ¢μ¤Ò,   É ±¦¥, ¢¥·μÖÉ´μ, ¨ ¤²Ö ¤·Ê£¨Ì ´¨§±μ³μ²¥±Ê²Ö·´ÒÌ ¢¥Ð¥¸É¢. ‚Ò¢μ¤Ò μ
¸É·μ¥´¨¨ α-±·¨¸É ²²¨´  (μ¤´μ·μ¤´μ¥ · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¨ μ¤¨´ -
±μ¢ Ö ¤μ¸ÉÊ¶´μ¸ÉÓ ¢¸¥Ì ¸Ê¡Ñ¥¤¨´¨Í ¤²Ö ´¨§±μ³μ²¥±Ê²Ö·´ÒÌ ¢¥Ð¥¸É¢) ¸²¥¤Ê¥É ¶·¨´¨³ ÉÓ
¢μ ¢´¨³ ´¨¥ ¶·¨ ¶μ¸É·μ¥´¨¨ ³μ¤¥²¥° Î¥É¢¥·É¨Î´μ° ¸É·Ê±ÉÊ·Ò ÔÉμ£μ ¡¥²± .
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Krivandin A.V. et al. P14-2010-65
Study of α-Crystallin
Structure by Small-Angle Neutron Scattering
with Contrast Variation

The structure of the oligomeric protein α-crystallin from the bovine eye lens has been
investigated by small-angle neutron scattering (SANS) by the contrast variation method (vol-
ume fraction of D2O was 0, 23, 68 and 90%). Experiments were carried out on YuMO
spectrometer (IBR-2 reactor, JINR). From the SANS curves the match point for α-crystallin
(43% D2O) and its average scattering length density at this point (2.4 · 1010 cm−2) have
been obtained. The radius of gyration and distance distribution functions for α-crystallin have
been calculated as well. On the basis of these calculations it was concluded that α-crystallin
has a homogeneous distribution of the scattering density in domains inaccessible for water
penetration and all parts of this protein undergo a uniform deuteration. The latter indicates
that all α-crystallin subunits have an equal accessibility for water and presumably for some
other low molecular weight substances. These conclusions on the α-crystallin structure (a
homogeneous distribution of the scattering density and an equal accessibility of all subunits
for low molecular weight substances) should be taken into account in the time of elaboration
of α-crystallin quaternary structure models.

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

Communication of the Joint Institute for Nuclear Research. Dubna, 2010
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α-±·¨¸É ²²¨´ Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ μ¸´μ¢´ÒÌ ¸É·Ê±ÉÊ·´μ-ËÊ´±Í¨μ´ ²Ó´ÒÌ
¡¥²±μ¢ Ì·Ê¸É ²¨±  £² §  ¶μ§¢μ´μÎ´ÒÌ ¦¨¢μÉ´ÒÌ [1]. 	Éμ μ²¨£μ³¥·´Ò° ¶μ²¨-
¤¨¸¶¥·¸´Ò° ¡¥²μ±, ±μÉμ·Ò° ¸μ¸Éμ¨É ¨§ ´¥±μ¢ ²¥´É´μ ¸¢Ö§ ´´ÒÌ ¶μ²¨¶¥¶É¨¤-
´ÒÌ ¸Ê¡Ñ¥¤¨´¨Í ¤¢ÊÌ É¨¶μ¢, α� ¨ αB, ¸ ³μ²¥±Ê²Ö·´μ° ³ ¸¸μ° μ±μ²μ 20 ±„ 
± ¦¤ Ö. ‘·¥¤´ÖÖ ³μ²¥±Ê²Ö·´ Ö ³ ¸¸  ´ É¨¢´μ£μ α-±·¨¸É ²²¨´  ³²¥±μ¶¨É Õ-
Ð¨Ì ¶μ ¤ ´´Ò³ · §´ÒÌ ¨¸¸²¥¤μ¢ ´¨° ¸μ¸É ¢²Ö¥É μ±μ²μ 700Ä800 ±„  [1Ä3].

α-±·¨¸É ²²¨´ ¸¶μ¸μ¡¥´ ¶·¥¶ÖÉ¸É¢μ¢ ÉÓ  £·¥£ Í¨¨ ¡¥²±μ¢ ¸ ¤¥¸É ¡¨²¨§¨-
·μ¢ ´´μ° ¸É·Ê±ÉÊ·μ° ¨ μ¡· §μ¢Ò¢ ÉÓ ¸ ´¨³¨ ±μ³¶²¥±¸Ò (Ï ¶¥·μ´μ¶μ¤μ¡´ Ö
 ±É¨¢´μ¸ÉÓ α-±·¨¸É ²²¨´ ) [1, 4Ä6]. �£·¥£ Í¨Ö ¡¥²±μ¢ ¢ Ì·Ê¸É ²¨±¥ ³μ¦¥É
¡ÒÉÓ μ¤´μ° ¨§ ¶·¨Î¨´ ¥£μ ¶μ³ÊÉ´¥´¨Ö (± É · ±ÉÒ). ‘Î¨É ¥É¸Ö, ÎÉμ Ï ¶¥·μ-
´μ¶μ¤μ¡´ Ö  ±É¨¢´μ¸ÉÓ α-±·¨¸É ²²¨´  ¸¶μ¸μ¡¸É¢Ê¥É ¶μ¤¤¥·¦ ´¨Õ ¶·μ§· Î-
´μ¸É¨ Ì·Ê¸É ²¨±  ´  ¶·μÉÖ¦¥´¨¨ ¦¨§´¨ [1].

�·μ¸É· ´¸É¢¥´´ Ö ¸É·Ê±ÉÊ·  μ²¨£μ³¥·μ¢ α-±·¨¸É ²²¨´  ¨ ¥£μ ¸Ê¡Ñ¥¤¨-
´¨Í ´¥¨§¢¥¸É´ . �Ò²μ ¢Ò¶μ²´¥´μ ±μ³¶ÓÕÉ¥·´μ¥ ³μ¤¥²¨·μ¢ ´¨¥ É·¥É¨Î´μ°
¸É·Ê±ÉÊ·Ò ¸Ê¡Ñ¥¤¨´¨Í α-±·¨¸É ²²¨´  [7] ¨ ¶·¥¤²μ¦¥´μ ´¥¸±μ²Ó±μ · §²¨Î´ÒÌ
³μ¤¥²¥° ¥£μ Î¥É¢¥·É¨Î´μ° ¸É·Ê±ÉÊ·Ò [2, 7, 8].

Œ¥Éμ¤Ò ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ ¨ ´¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö ¶μ§¢μ-
²ÖÕÉ ¨§ÊÎ ÉÓ ¸É·Ê±ÉÊ·Ê ¡¨μ²μ£¨Î¥¸±¨Ì ³ ±·μ³μ²¥±Ê² ¢ · ¸É¢μ· Ì [9, 10].

�μ²ÓÏ¨³ ¶·¥¨³ÊÐ¥¸É¢μ³ ³¥Éμ¤  ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ Ö¢²Ö-
¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ³¥´ÖÉÓ ¢ Ï¨·μ±¨Ì ¶·¥¤¥² Ì · §´μ¸ÉÓ ³¥¦¤Ê · ¸¸¥¨¢ ÕÐ¨³¨
¶²μÉ´μ¸ÉÖ³¨ ³ ±·μ³μ²¥±Ê² ¨ · ¸É¢μ·¨É¥²Ö (±μ´É· ¸É) ¶ÊÉ¥³ ¢ ·Ó¨·μ¢ ´¨Ö
¸μ¤¥·¦ ´¨Ö ¢ · ¸É¢μ·¨É¥²¥ μ¡ÒÎ´μ° (²¥£±μ°) ¢μ¤Ò (�2O) ¨ ÉÖ¦¥²μ° ¢μ¤Ò
(D2O). 	Éμ ¶μ§¢μ²Ö¥É ¶μ²ÊÎ ÉÓ Í¥´´ÊÕ ¨´Ëμ·³ Í¨Õ μ¡ μ¸μ¡¥´´μ¸ÉÖÌ ¢´Ê-
É·¥´´¥£μ ¸É·μ¥´¨Ö ³ ±·μ³μ²¥±Ê².

�¤´ ±μ ¢ ¶·¨¸ÊÉ¸É¢¨¨ D2O §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ  Éμ³μ¢ ¢μ¤μ·μ¤  ¢ μ¡² -
¸ÉÖÌ, ²¥£±μ ¤μ¸ÉÊ¶´ÒÌ ¤²Ö · ¸É¢μ·¨É¥²Ö, § ³¥Ð ¥É¸Ö ¤¥°É¥·¨¥³ ¨ É ±μ¥ ¤¥°-
É¥·¨·μ¢ ´¨¥ ³μ¦¥É ¶·¨¢μ¤¨ÉÓ ± ¨§³¥´¥´¨Õ ¸É·Ê±ÉÊ·Ò ³ ±·μ³μ²¥±Ê², ÎÉμ
Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¶·¥¶ÖÉ¸É¢¨¥³ ¢ ¨¸¶μ²Ó§μ¢ ´¨¨ ³¥Éμ¤  ¢ ·¨ Í¨¨ ±μ´-
É· ¸É  [10]. �μÔÉμ³Ê ¤²Ö ±μ··¥±É´μ£μ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  ¢ ·¨ Í¨¨ ±μ´-
É· ¸É  ´¥μ¡Ìμ¤¨³  ´ ²¨§ ¢²¨Ö´¨Ö ¤¥°É¥·¨·μ¢ ´¨Ö ´  ¸É·Ê±ÉÊ·Ê ¨§ÊÎ ¥³ÒÌ
³ ±·μ³μ²¥±Ê².
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’ ±μ°  ´ ²¨§ ³μ¦¥É ¡ÒÉÓ ¢Ò¶μ²´¥´ ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢-
¸±μ£μ · ¸¸¥Ö´¨Ö. „²¨´Ò · ¸¸¥Ö´¨Ö ¢μ¤μ·μ¤  ¨ ¤¥°É¥·¨Ö ¤²Ö ·¥´É£¥´μ¢¸±μ£μ
¨§²ÊÎ¥´¨Ö μ¤¨´ ±μ¢Ò. �μÔÉμ³Ê § ³¥´  ¢ ¡ÊË¥·¥ H2O ´  D2O ¢ ¸²ÊÎ ¥ ¶·¨-
³¥´¥´¨Ö ·¥´É£¥´μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ´¥ ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ ±μ´É· ¸É  ¨
¸· ¢´¥´¨¥ ± ·É¨´ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¤²Ö ³ ±·μ³μ²¥±Ê²
¢ ¡ÊË¥·¥, ¶·¨£μÉμ¢²¥´´μ³ ´  μ¡ÒÎ´μ° ¢μ¤¥ (H2O-¡ÊË¥·), ¨ ¢ ¡ÊË¥·¥, ¸μ-
¤¥·¦ Ð¥³ D2O, ¶μ§¢μ²Ö¥É ¸Ê¤¨ÉÓ μ ¢²¨Ö´¨¨ ¤¥°É¥·¨·μ¢ ´¨Ö ´  ¸É·Ê±ÉÊ·Ê
¨§ÊÎ ¥³ÒÌ ³ ±·μ³μ²¥±Ê². ‚ ¸²ÊÎ ¥ μ¤¨´ ±μ¢μ° ± ·É¨´Ò ³ ²μÊ£²μ¢μ£μ ·¥´É-
£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¤²Ö ³ ±·μ³μ²¥±Ê² ¢ H2O-¡ÊË¥·¥ ¨ ¢ ¡ÊË¥·¥, ¸μ¤¥·-
¦ Ð¥³ D2O, ¶·¨³¥´¥´¨¥ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò É ±¨Ì ³ ±·μ³μ²¥±Ê²
³¥Éμ¤  ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢ ·¨ Í¨¨ ±μ´-
É· ¸É  ³μ¦´μ ¸Î¨É ÉÓ ±μ··¥±É´Ò³.

‚ ÔÉμ° · ¡μÉ¥ ¸´ Î ²  ¡Ò² ¶·μ¢¥¤¥´  ´ ²¨§ ¢²¨Ö´¨Ö ¤¥°É¥·¨·μ¢ ´¨Ö ´ 
¸É·Ê±ÉÊ·Ê α-±·¨¸É ²²¨´  ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö,
  § É¥³ ¢Ò¶μ²´¥´μ ¨¸¸²¥¤μ¢ ´¨¥ Î¥É¢¥·É¨Î´μ° ¸É·Ê±ÉÊ·Ò ÔÉμ£μ ¡¥²±  ¢ · ¸-
É¢μ·¥ ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢ ·¨ Í¨¨
±μ´É· ¸É .

Œ…’�„› ˆ‘‘‹…„�‚��ˆŸ

α-±·¨¸É ²²¨´ ¢Ò¤¥²Ö²¨ ¨§ Ì·Ê¸É ²¨±μ¢ £² §  ¡Ò±  ¶·¨ ¶μ³μÐ¨ £¥²Ó-
¶·μ´¨± ÕÐ¥° Ì·μ³ Éμ£· Ë¨¨ ¨ ±μ´Í¥´É·¨·μ¢ ²¨ ³¥Éμ¤μ³ Ê²ÓÉ· Ë¨²ÓÉ· -
Í¨¨, ± ± ¢ [3]. ˆ¸¶μ²Ó§μ¢ ²¨ ¡ÊË¥·´Ò° · ¸É¢μ· (¡ÊË¥·), ¸μ¤¥·¦ Ð¨° 20 ³Œ
Na2HPO4, 20 ³Œ NaH2PO4, 100 ³Œ NaCl, 3 ³Œ NaN3, 1 ³Œ 	„’�, pH 6,8.
Šμ´Í¥´É· Í¨Õ α-±·¨¸É ²²¨´  ¢ · ¸É¢μ· Ì μ¶·¥¤¥²Ö²¨ ¸¶¥±É·μËμÉμ³¥É·¨Î¥-
¸±¨ ¶μ ¶μ£²μÐ¥´¨Õ ¶·¨ 280 ´³ (�280), ¨¸¶μ²Ó§ÊÖ Ê¤¥²Ó´Ò° ±μÔËË¨Í¨¥´É
¶μ£²μÐ¥´¨Ö �280(1 %, 1 ¸³) = 8,2, ±μÉμ·Ò° ¡Ò² ¶μ²ÊÎ¥´ ¢ ·¥§Ê²ÓÉ É¥ ¨§³¥-
·¥´¨Ö ¶μ£²μÐ¥´¨Ö �280 · ¸É¢μ·μ¢ ²¨μË¨²Ó´μ ¢Ò¸ÊÏ¥´´μ£μ α-±·¨¸É ²²¨´ .

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö α-±·¨¸É ²²¨´  ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°-
É·μ´μ¢ ¡Ò²¨ ¶·¨£μÉμ¢²¥´Ò · ¸É¢μ·Ò α-±·¨¸É ²²¨´  ¸ ±μ´Í¥´É· Í¨¥°
8,8 ³£/³² ¢ ¡ÊË¥·¥, ¸μ¤¥·¦ Ð¥³ ¸³¥¸Ó �2O ¨ 0, 23, 68 ¨ 90 % D2O (Ê± § ´Ò
μ¡Ñ¥³´Ò¥ ¶·μÍ¥´ÉÒ D2O). „²Ö ¨§³¥·¥´¨Ö Ëμ´μ¢μ£μ · ¸¸¥Ö´¨Ö ¤²Ö ± ¦¤μ£μ
· ¸É¢μ·  α-±·¨¸É ²²¨´  ¨¸¶μ²Ó§μ¢ ²¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¡ÊË¥·´Ò¥ · ¸É¢μ·Ò
¸ É ±¨³ ¦¥ ¸μ¤¥·¦ ´¨¥³ D2O. ˆ§³¥·¥´¨Ö ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢
¶·μ¢μ¤¨²¨ ´  ¸¶¥±É·μ³¥É·¥ 
Œ� (ˆ��-2, �ˆŸˆ) ¢ ¤¢ÊÌ¤¥É¥±Éμ·´μ³ ¢ ·¨-
 ´É¥ [11] ¶·¨ 20 ◦‘ Î¥·¥§ 12 Î ¶μ¸²¥ ¶·¨£μÉμ¢²¥´¨Ö ¤¥°É¥·¨·μ¢ ´´ÒÌ · ¸-
É¢μ·μ¢ ÔÉμ£μ ¡¥²± . Šμ´¢¥·É¨·μ¢ ´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ¢ § ¢¨¸¨-
³μ¸ÉÓ ±μ£¥·¥´É´μ£μ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö · ¸¸¥Ö´¨Ö μÉ ³μ¤Ê²Ö ¢¥±Éμ· 
· ¸¸¥Ö´¨Ö ¶·μ¢μ¤¨²¨ ¸ ÊÎ¥Éμ³ ¶·μ¶Ê¸± ´¨Ö μ¡· §Í  ¨ ´¥±μ£¥·¥´É´μ° ¸μ¸É -
¢²ÖÕÐ¥° · ¸¸¥Ö´¨Ö. �μ·³¨·μ¢±Ê Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¸¶¥±É·μ¢ ¶·μ¢μ¤¨²¨ ¸
¶μ³μÐÓÕ ¢ ´ ¤¨¥¢μ£μ · ¸¸¥¨¢ É¥²Ö ¶μ ¸É ´¤ ·É´μ° ¶·μÍ¥¤Ê·¥ ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ ¶·μ£· ³³Ò SAS [12].
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ˆ§³¥·¥´¨Ö ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö α-±·¨¸É ²²¨´μ³ ¨ ¶¥·-
¢¨Î´ÊÕ μ¡· ¡μÉ±Ê ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨Ö ¶·μ¢μ¤¨²¨ ¢ ˆ�•” ���, ± ± μ¶¨-
¸ ´μ ¢ · ¡μÉ¥ [5] (¨§²ÊÎ¥´¨¥ CuKα, λ = 0,154 ´³).

„ ²¥¥ μ¡· ¡μÉ±Ê ¤ ´´ÒÌ ³ ²μÊ£²μ¢μ£μ ´¥°É·μ´´μ£μ ¨ ·¥´É£¥´μ¢¸±μ£μ · ¸-
¸¥Ö´¨Ö ¢Ò¶μ²´Ö²¨ ¶·¨ ¶μ³μÐ¨ ¶·μ£· ³³Ò GNOM, ¨¸¶μ²Ó§ÊÕÐ¥° ±μ¸¢¥´´μ¥
¶·¥μ¡· §μ¢ ´¨¥ ”Ê·Ó¥ ¨ ·¥£Ê²Ö·¨§ Í¨Õ ·¥Ï¥´¨Ö [13, 14]. ‚ ·¥§Ê²ÓÉ É¥ É ±μ°
μ¡· ¡μÉ±¨ ¤²Ö ± ¦¤μ£μ μ¡· §Í  α-±·¨¸É ²²¨´  ¶μ²ÊÎ ²¨ ËÊ´±Í¨Õ · ¸¶·¥¤¥-
²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r) ¨ · ¸¸Î¨É ´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ÔÉμ° ËÊ´±Í¨¨
¸·¥¤´¨° · ¤¨Ê¸ ¨´¥·Í¨¨ Rg ¨ ¨´É¥´¸¨¢´μ¸ÉÓ · ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ° Ê£μ² I(0):

R2
g =

D∫
0

P (r)r2dr/

D∫
0

P (r)dr

¨

I(0) = 4π

D∫
0

P (r)dr,

£¤¥ D Å ¢¥·Ì´ÖÖ £· ´¨Í  μ¡² ¸É¨ μ¶·¥¤¥²¥´¨Ö ËÊ´±Í¨¨ P (r) (¶ · ³¥É· rmax

¢ ¶·μ£· ³³¥ GNOM).
� °¤¥´´Ò¥ É ± P (r), Rg ¨ I(0) Ö¢²ÖÕÉ¸Ö ¨´É¥£· ²Ó´Ò³¨ Ì · ±É¥·¨¸É¨-

± ³¨ ¶μ²¨¤¨¸¶¥·¸´μ£μ · ¸É¢μ·  α-±·¨¸É ²²¨´  ¨ ¸¢Ö§ ´Ò ¸μ ¸É·Ê±ÉÊ·´Ò³¨
¶ · ³¥É· ³¨ μÉ¤¥²Ó´ÒÌ μ²¨£μ³¥·μ¢ α-±·¨¸É ²²¨´  ¸μμÉ´μÏ¥´¨Ö³¨

R2
g =

1
I(0)

N∑
i=1

(Rg)2i (ρ̄i − ρs)2V 2
i , (1)

I(0) =
N∑

i=1

(ρ̄i − ρs)2V 2
i , (2)

P (r) =
N∑

i=1

Pi(r). (3)

‡¤¥¸Ó (Rg)i, ρ̄i, Vi ¨ Pi(r) Å · ¤¨Ê¸ ¨´¥·Í¨¨, ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ ¤²¨´Ò · ¸¸¥-
Ö´¨Ö (¸·¥¤´ÖÖ · ¸¸¥¨¢ ÕÐ Ö ¶²μÉ´μ¸ÉÓ), ¶ ·Í¨ ²Ó´Ò° μ¡Ñ¥³ ¨ ËÊ´±Í¨Ö · ¸-
¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ ¤²Ö μ¤´μ£μ i-£μ μ²¨£μ³¥·  α-±·¨¸É ²²¨´ ; N Å
Î¨¸²μ É ±¨Ì μ²¨£μ³¥·μ¢ ¢ · ¸¸¥¨¢ ÕÐ¥³ μ¡Ñ¥³¥; ρs Å ¸·¥¤´ÖÖ · ¸¸¥¨¢ ÕÐ Ö
¶²μÉ´μ¸ÉÓ · ¸É¢μ·¨É¥²Ö (¡ÊË¥· ). ‡´ Î¥´¨Ö (Rg)i, ρ̄i ¨ Pi(r) ¢Ò· ¦ ÕÉ¸Ö Î¥-
·¥§ · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¢ i-³ μ²¨£μ³¥·¥ α-±·¨¸É ²²¨´ 
ρi(�r) ± ±

(Rg)2i =

∫
Vi

[ρi(�r) − ρs] r2d�r∫
Vi

[ρi(�r) − ρs]d�r
,
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ρ̄i =
1
Vi

∫
Vi

ρi(�r)d�r,

Pi(r) = r2

〈∫
Vi

[ρi(�r′) − ρs] [ρi(�r′ − �r) − ρs]d�r′
〉

.

‡¤¥¸Ó ¸¨³¢μ² 〈 〉 μ§´ Î ¥É Ê¸·¥¤´¥´¨¥ ¶μ ¢¸¥³ μ·¨¥´É Í¨Ö³ ¢¥±Éμ·  �r; ´ -
Î ²μ ±μμ·¤¨´ É ¢ ¢Ò· ¦¥´¨¨ ¤²Ö (Rg)i ¢Ò¡· ´μ ¢ Í¥´É·¥ ³ ¸¸ i-£μ μ²¨£μ³¥· .

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

�´ ²¨§ ¢²¨Ö´¨Ö ¤¥°É¥·¨·μ¢ ´¨Ö ´  ¸É·Ê±ÉÊ·Ê α-±·¨¸É ²²¨´ , ¢Ò¶μ²-
´¥´´Ò° ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö. „²Ö  ´ ²¨§  ¢²¨Ö-
´¨Ö ¤¥°É¥·¨·μ¢ ´¨Ö ´  ¸É·Ê±ÉÊ·Ê α-±·¨¸É ²²¨´  ¡Ò²μ ¢Ò¶μ²´¥´μ ¸· ¢´¨É¥²Ó-
´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¸É·Ê±ÉÊ·Ò
α-±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥ ¨ ¢ ¡ÊË¥·¥, ¸μ¤¥·¦ Ð¥³ 90 % D2O. ˆ§³¥·¥´¨Ö
³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ´  ¤¢ÊÌ ¶·¥¶ · É Ì
α-±·¨¸É ²²¨´ , ¶μ²ÊÎ¥´´ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ¤¢ÊÌ · §´ÒÌ ¢Ò¤¥²¥´¨° ÔÉμ£μ ¡¥²± ,
Î¥·¥§ · §´Ò¥ ¶·μ³¥¦ÊÉ±¨ ¢·¥³¥´¨ (Î¥·¥§ 1, 3, 10 ¨ 30 ¸ÊÉ) ¶μ¸²¥ ¶·¨£μÉμ-
¢²¥´¨Ö ¤¥°É¥·¨·μ¢ ´´ÒÌ · ¸É¢μ·μ¢ α-±·¨¸É ²²¨´ . �¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨° α-
±·¨¸É ²²¨´  ¢ ¤¥°É¥·¨·μ¢ ´´μ³ ¡ÊË¥·¥ ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ Ô±¸¶¥·¨³¥´É  ´¥
μÉ²¨Î ²¨¸Ó μÉ ·¥§Ê²ÓÉ Éμ¢ ¨§³¥·¥´¨Ö μ¡· §Íμ¢ α-±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥.

„²Ö ¶·¨³¥·  ´  ·¨¸. 1 ¶·¨¢¥¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ±·¨¢Ò¥ ³ ²μÊ£²μ-
¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¤²Ö α-±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥ ¨ ¢ ¡ÊË¥·¥,

�¨¸. 1. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ±·¨¢Ò¥ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¤²Ö α-
±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥ (1) ¨ ¢ ¡ÊË¥·¥, ¸μ¤¥·¦ Ð¥³ 90% D2O (2). Šμ´Í¥´É· Í¨Ö
¡¥²±  8,8 ³£/³²
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�¨¸. 2. ”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ ¤²Ö α-±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥ (1)
¨ ¢ ¡ÊË¥·¥, ¸μ¤¥·¦ Ð¥³ 90% D2O (2), · ¸¸Î¨É ´´Ò¥ ¶μ ±·¨¢Ò³ ³ ²μÊ£²μ¢μ£μ ·¥´É-
£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ¶·¨¢¥¤¥´´Ò³ ´  ·¨¸. 1

¸μ¤¥·¦ Ð¥³ 90% D2O, ¨§³¥·¥´´Ò¥ Î¥·¥§ 3 ¸ÊÉ ¶μ¸²¥ ¤¥°É¥·¨·μ¢ ´¨Ö · ¸-
É¢μ·  (S = (4π sin θ)/λ Å ³μ¤Ê²Ó ¢¥±Éμ·  · ¸¸¥Ö´¨Ö; 2θ Å Ê£μ² · ¸¸¥Ö´¨Ö;
λ Å ¤²¨´  ¢μ²´Ò ¨§²ÊÎ¥´¨Ö). �  ·¨¸. 2 ¶μ± § ´Ò · ¸¸Î¨É ´´Ò¥ ¶μ ÔÉ¨³
±·¨¢Ò³ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r).

Š ± ¢¨¤´μ (·¨¸. 1, 2), ±·¨¢Ò¥ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ¨ ËÊ´±Í¨¨ P (r)
¤²Ö α-±·¨¸É ²²¨´  ¢ H2O-¡ÊË¥·¥ ¨ ¢ ¡ÊË¥·¥, ¸μ¤¥·¦ Ð¥³ 90% D2O, ¶· ±-
É¨Î¥¸±¨ ¨¤¥´É¨Î´Ò. Œ ±¸¨³ ²Ó´Ò° · §³¥· μ²¨£μ³¥·μ¢ α-±·¨¸É ²²¨´ , ¸Ê¤Ö
¶μ §´ Î¥´¨Õ r, ¶·¨ ±μÉμ·μ³ ËÊ´±Í¨¨ P (r) μ¡· Ð ÕÉ¸Ö ¢ ´μ²Ó, ¸μ¸É ¢²Ö¥É
μ±μ²μ 18 ´³ (·¨¸. 2). „²Ö · ¤¨Ê¸  ¨´¥·Í¨¨ α-±·¨¸É ²²¨´  ¢ ÔÉ¨Ì μ¡· §Í Ì
¡Ò²¨ ¶μ²ÊÎ¥´Ò §´ Î¥´¨Ö 6,07 ´³ ¤²Ö H2O-¡ÊË¥·  ¨ 6,01 ´³ ¤²Ö ¡ÊË¥· , ¸μ-
¤¥·¦ Ð¥£μ 90% D2O. � §²¨Î¨Ö ¢ ÔÉ¨Ì §´ Î¥´¨ÖÌ Rg ´ Ìμ¤ÖÉ¸Ö ¢ ¶·¥¤¥² Ì
ÉμÎ´μ¸É¨ Ô±¸¶¥·¨³¥´É .

’ ±¨³ μ¡· §μ³, ¤¥°É¥·¨·μ¢ ´¨¥ · ¸É¢μ·  ´¥ μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ£μ
¢²¨Ö´¨Ö ´  ¸É·Ê±ÉÊ·Ê α-±·¨¸É ²²¨´  (¥¸É¥¸É¢¥´´μ, ¨³¥¥É¸Ö ¢ ¢¨¤Ê ¸É·Ê±-
ÉÊ·´Ò° Ê·μ¢¥´Ó, ± ±μÉμ·μ³Ê ÎÊ¢¸É¢¨É¥²Ó´Ò ³¥Éμ¤Ò ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö,
É. ¥. ¶·¥¦¤¥ ¢¸¥£μ Î¥É¢¥·É¨Î´ Ö ¸É·Ê±ÉÊ· ). ‘²¥¤μ¢ É¥²Ó´μ, ¢ ·¨ Í¨Ö ±μ´É· -
¸É  ¶·¨ ¶μ³μÐ¨ D2O ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´  ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò
α-±·¨¸É ²²¨´  ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢.

5



�¨¸. 3. 	±¸¶¥·¨³¥´É ²Ó´Ò¥ ±·¨¢Ò¥ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¤²Ö α-
±·¨¸É ²²¨´  ¢ ¡ÊË¥·´ÒÌ · ¸É¢μ· Ì ¸ μ¡Ñ¥³´μ° ¤μ²¥° D2O, · ¢´μ° 0, 23, 68 ¨ 90%
(1, 2, 3, 4 ¸μμÉ¢¥É¸É¢¥´´μ). Šμ´Í¥´É· Í¨Ö α-±·¨¸É ²²¨´  ¢ · ¸É¢μ· Ì 8,8 ³£/³²

ˆ¸¸²¥¤μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´  ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö-
´¨Ö ´¥°É·μ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢ ·¨ Í¨¨ ±μ´É· ¸É . 	±¸¶¥·¨³¥´É ²Ó´Ò¥
±·¨¢Ò¥ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢ ¤²Ö α-±·¨¸É ²²¨´  ¢ ¡ÊË¥·¥ ¸ · §-
²¨Î´Ò³ ¸μ¤¥·¦ ´¨¥³ D2O (0, 23, 68 ¨ 90%) ¶μ± § ´Ò ´  ·¨¸. 3.

� ¸¸Î¨É ´´Ò¥ ¶μ ÔÉ¨³ ±·¨¢Ò³ §´ Î¥´¨Ö · ¤¨Ê¸  ¨´¥·Í¨¨ Rg ¨ ¨´É¥´-
¸¨¢´μ¸É¨ · ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ° Ê£μ² I(0),   É ±¦¥ μÏ¨¡±¨ ¨Ì μ¶·¥¤¥²¥´¨Ö
¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥. ”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r), ±μÉμ·Ò³
¸μμÉ¢¥É¸É¢ÊÕÉ ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡²¨Í¥ §´ Î¥´¨Ö Rg ¨ I(0), ¶μ± § ´Ò ´  ·¨¸. 4.
‚¸¥ ÔÉ¨ ËÊ´±Í¨¨ P (r) ¨ ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡²¨Í¥ §´ Î¥´¨Ö Rg ¨ I(0) ¡Ò²¨ · ¸-
¸Î¨É ´Ò ¶·¨ ¶μ³μÐ¨ ¶·μ£· ³³Ò GNOM ¤²Ö ¨´É¥·¢ ²  S = 0,077Ä0,975 ´³−1

¶·¨ §´ Î¥´¨¨ rmax = 18 ´³, Ê¸²μ¢¨¨ P (rmax) = 0 ¨ ¶ · ³¥É·¥ ·¥£Ê²Ö·¨§ Í¨¨
ALPHA = 1.

Š ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, ¨´É¥´¸¨¢´μ¸ÉÓ · ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ° Ê£μ² I(0) ¤²Ö
α-±·¨¸É ²²¨´  ¸ÊÐ¥¸É¢¥´´μ § ¢¨¸¨É μÉ ¸μ¤¥·¦ ´¨Ö D2O ¢ · ¸É¢μ·¥. � ¸¸³μ-
É·¨³ ÔÉμÉ ¢μ¶·μ¸ ¶μ¤·μ¡´¥¥ ¸ ÊÎ¥Éμ³ ¤¥°É¥·¨·μ¢ ´¨Ö ¡¥²±μ¢.

‡´ Î¥´¨Ö · ¤¨Ê¸  ¨´¥·Í¨¨ Rg ¨ ¨´É¥´¸¨¢´μ¸É¨ · ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ° Ê£μ² I(0) ¤²Ö
α-±·¨¸É ²²¨´  ¢ ¡ÊË¥·´ÒÌ · ¸É¢μ· Ì ¸ · §´μ° μ¡Ñ¥³´μ° ¤μ²¥° D2O

�¡Ñ¥³´ Ö ¤μ²Ö D2O, % Rg, ´³ I(0), μÉ´. ¥¤.
0 5,74±0,13 2,20±0,06
23 5,85±0,23 0,50±0,03
68 5,90±0,14 0,80±0,03
90 5,83±0,08 2,70±0,05
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�¨¸. 4. ”Ê´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r) ¤²Ö α-±·¨¸É ²²¨´  ¢ ¡ÊË¥·´ÒÌ
· ¸É¢μ· Ì ¸ μ¡Ñ¥³´μ° ¤μ²¥° D2O, · ¢´μ° 0, 23, 68 ¨ 90% (1, 2, 3, 4 ¸μμÉ¢¥É¸É¢¥´´μ):
  Å ·¥§Ê²ÓÉ É · ¸Î¥É  ¶μ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ±·¨¢Ò³ ³ ²μÊ£²μ¢μ£μ ´¥°É·μ´´μ£μ · ¸-
¸¥Ö´¨Ö; ¡ Å ÔÉ¨ ¦¥ ËÊ´±Í¨¨ ¶μ¸²¥ ´μ·³¨·μ¢±¨ ¶μ ¨Ì ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨Ö³

�·¥¤¶μ²μ¦¨³, ± ± ¢ [10], ÎÉμ ¡¥²±¨ ¤¥°É¥·¨·ÊÕÉ¸Ö ¶·μ¶μ·Í¨μ´ ²Ó´μ
μ¡Ñ¥³´μ° ¤μ²¥ D2O ¢ · ¸É¢μ·¥, ±μÉμ·ÊÕ μ¡μ§´ Î¨³ ± ± Y . ’μ£¤  ¤²Ö ± ¦¤μ°
i-° ¡¥²±μ¢μ° Î ¸É¨ÍÒ (¢ ´ Ï¥³ ¸²ÊÎ ¥ ¤²Ö i-£μ μ²¨£μ³¥·  α-±·¨¸É ²²¨´ )

ρ̄i = aiY + bi. (4)

“ÎÉ¥³, ÎÉμ ¤²Ö · ¸É¢μ·¨É¥²Ö, ¸μ¤¥·¦ Ð¥£μ ¸³¥¸Ó �2O ¨ D2O,

ρs = asY + bs, (5)

£¤¥ ai, bi, as, bs Å ±μ´¸É ´ÉÒ. �μ¤¸É ¢¨¢ (4), (5) ¢ (2), ¶μ²ÊÎ¨³ ±¢ ¤· É¨Î´ÊÕ
§ ¢¨¸¨³μ¸ÉÓ I(0) μÉ Y :

I(0) = Y 2
N∑

i=1

(ai − as)2V 2
i + 2Y

N∑
i=1

(ai − as)(bi − bs)V 2
i +

N∑
i=1

(bi − bs)2V 2
i .

(6)
…¸²¨ ¤²Ö ¢¸¥Ì ¡¥²±μ¢ÒÌ Î ¸É¨Í ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ · ¸¸¥Ö´¨Ö ρ̄i μ¤¨´ ±μ¢  ¨
· ¢´ 

ρ̄ = aY + b, (7)

Éμ ¢Ò· ¦¥´¨¥ (6) Ê¶·μÐ ¥É¸Ö:

I(0) = [(a − as)Y + (b − bs)]2
N∑

i=1

V 2
i . (8)
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‚ ÔÉμ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢Ê¥É ÉμÎ±  ±μ³¶¥´¸ Í¨¨ Y = (bs−b)/(a−as), ¢ ±μÉμ·μ°
I(0) ¶·¨´¨³ ¥É §´ Î¥´¨¥, · ¢´μ¥ ´Ê²Õ. …¸²¨ ¦¥ ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ · ¸¸¥Ö-
´¨Ö ¡¥²±μ¢ÒÌ Î ¸É¨Í · §²¨Î ¥É¸Ö, ¨¸É¨´´μ° ÉμÎ±¨ ±μ³¶¥´¸ Í¨¨, ¢ ±μÉμ·μ°
I(0) = 0, ´¥ ¡Ê¤¥É. ‚ ÔÉμ³ ¸²ÊÎ ¥ ³μ¦´μ £μ¢μ·¨ÉÓ μ ´¥±μÉμ·μ° Ê¸²μ¢´μ° (ÔË-
Ë¥±É¨¢´μ° [15]) ÉμÎ±¥ ±μ³¶¥´¸ Í¨¨, ¢ ±μÉμ·μ° I(0) ¶·¨´¨³ ¥É ³¨´¨³ ²Ó´μ¥
§´ Î¥´¨¥.

	±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö I(0), ¶μ²ÊÎ¥´´Ò¥ ¤²Ö α-±·¨¸É ²²¨´  ¶·¨
· §´μ° μ¡Ñ¥³´μ° ¤μ²¥ D2O ¢ · ¸É¢μ·¥ (¸³. É ¡²¨ÍÊ), Ìμ·μÏμ  ¶¶·μ±¸¨³¨-
·ÊÕÉ¸Ö ±¢ ¤· É¨Î´μ° ËÊ´±Í¨¥° AY 2 + BY + C, £¤¥ A, B, C Å ±μ´¸É ´ÉÒ
(·¨¸. 5). 	Éμ ¶μ¤É¢¥·¦¤ ¥É ¶·¥¤¶μ²μ¦¥´¨¥ μ Éμ³, ÎÉμ α-±·¨¸É ²²¨´ ¤¥°É¥·¨-
·Ê¥É¸Ö ¶·μ¶μ·Í¨μ´ ²Ó´μ μ¡Ñ¥³´μ° ¤μ²¥ D2O ¢ · ¸É¢μ·¥.

� · ¡μ²  ´  ·¨¸. 5 ¶·¨´¨³ ¥É ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥, ¡²¨§±μ¥ ± ´Ê²Õ
¶·¨ μ¡Ñ¥³´μ° ¤μ²¥ D2O ¢ · ¸É¢μ·¥ Y = 0,427. �¥§´ Î¨É¥²Ó´μ¥ ¶·¥¢ÒÏ¥´¨¥
´Ê²¥¢μ£μ Ê·μ¢´Ö ¢ ÉμÎ±¥ ³¨´¨³Ê³  ÔÉμ° ËÊ´±Í¨¨ ³μ¦¥É ¡ÒÉÓ ¸¢Ö§ ´μ ± ±
¸ μÏ¨¡± ³¨ Ô±¸¶¥·¨³¥´É , É ± ¨ ¸ ´¥¡μ²ÓÏ¨³¨ · §²¨Î¨Ö³¨ ¢ ¸·¥¤´¥° · ¸-
¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ μÉ¤¥²Ó´ÒÌ μ²¨£μ³¥·μ¢ α-±·¨¸É ²²¨´  (¤²Ö ¢ÒÖ¸´¥´¨Ö
ÔÉμ£μ ¢μ¶·μ¸  É·¥¡ÊÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö).

’ ±¨³ μ¡· §μ³, ÉμÎ±  ±μ³¶¥´¸ Í¨¨ (¨¸É¨´´ Ö, ¥¸²¨ ¢ ÔÉμ° ÉμÎ±¥ I(0) = 0,
¨²¨ ÔËË¥±É¨¢´ Ö, ¥¸²¨ I(0) ¶·¨´¨³ ¥É ¢ ÔÉμ° ÉμÎ±¥ ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥,

�¨¸. 5. 	±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ ¨´É¥´¸¨¢´μ¸É¨ ´¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö α-
±·¨¸É ²²¨´μ³ ¢ ´Ê²¥¢μ° Ê£μ² I(0) μÉ μ¡Ñ¥³´μ° ¤μ²¨ D2O ¢ ¡ÊË¥·´μ³ · ¸É¢μ·¥ ¨
¥¥  ¶¶·μ±¸¨³ Í¨Ö ±¢ ¤· É¨Î´μ° ËÊ´±Í¨¥°
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´¥ · ¢´μ¥ ´Ê²Õ) ¤μ²¦´  ´ ¡²Õ¤ ÉÓ¸Ö ¤²Ö α-±·¨¸É ²²¨´  ¶·¨³¥·´μ ¶·¨ 43 %
D2O ¢ · ¸É¢μ·¥.

‘·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ · ¸¸¥Ö´¨Ö ¤²Ö α-±·¨¸É ²²¨´  ¢ ÔÉμ° ÉμÎ±¥ ρ̄ = ρs =
2,4 ·1010 ¸³−2. ‡¤¥¸Ó ¤²Ö · ¸Î¥É  ρs ¡Ò²μ ¨¸¶μ²Ó§μ¢ ´μ ¸μμÉ´μÏ¥´¨¥ (5), ±μ-
Éμ·μ¥ ¸ ÊÎ¥Éμ³ §´ Î¥´¨° · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¤²Ö D2O ¨ �2O
(6,34 · 1010 ¨ −0,56 · 1010 ¸³−2 [9]) ³μ¦´μ § ¶¨¸ ÉÓ ± ±

ρS = (6,9Y − 0,56) · 1010 ¸³−2. (9)

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨§³¥´¥´¨¥ ¢ · §Ê³´ÒÌ ¶·¥¤¥² Ì ¶·¨ · ¸Î¥É¥ I(0)
¢ ¶·μ£· ³³¥ GNOM ¨´É¥·¢ ²  S, §´ Î¥´¨Ö rmax ¨ ¶ · ³¥É·  ·¥£Ê²Ö·¨§ Í¨¨
ALPHA ´¥ ¶·¨¢μ¤¨²μ ± ¨§³¥´¥´¨Õ §´ Î¥´¨Ö ÉμÎ±¨ ±μ³¶¥´¸ Í¨¨ ¡μ²¥¥ Î¥³ ´ 
±0,5 %. �μÔÉμ³Ê ¶μ²ÊÎ¥´´Ò¥ ¤²Ö α-±·¨¸É ²²¨´  §´ Î¥´¨Ö ÉμÎ±¨ ±μ³¶¥´¸ -
Í¨¨ ¨ ρ̄ Ö¢²ÖÕÉ¸Ö ¤μ¸É ÉμÎ´μ ´ ¤¥¦´Ò³¨. 	É¨ §´ Î¥´¨Ö ¡²¨§±¨ ± §´ Î¥´¨Ö³,
¶μ²ÊÎ¥´´Ò³ ¤²Ö ¤·Ê£¨Ì ¡¥²±μ¢ [10].

ˆ¸¶μ²Ó§ÊÖ ´ °¤¥´´μ¥ ¤²Ö α-±·¨¸É ²²¨´  §´ Î¥´¨¥ ρ̄ ¢ ÉμÎ±¥ ±μ³¶¥´¸ Í¨¨
¨ §´ Î¥´¨¥ ρ̄ ¤²Ö ´¥¤¥°É¥·¨·μ¢ ´´ÒÌ ¡¥²±μ¢ (1,9 · 1010 ¸³−2 [9]), ¶μ²ÊÎ ¥³
¢³¥¸Éμ (7) Î¨¸²μ¢ÊÕ § ¢¨¸¨³μ¸ÉÓ ¤²Ö ¸·¥¤´¥° · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ α-
±·¨¸É ²²¨´  μÉ μ¡Ñ¥³´μ° ¤μ²¨ D2O ¢ · ¸É¢μ·¥:

ρ̄ = (1,16Y + 1,9) · 1010 ¸³−2 (10)

¨ ´ Ìμ¤¨³ ¸·¥¤´¨° ±μ´É· ¸É

Δρ = ρ̄ − ρs = (−5,74Y + 2,46) · 1010 ¸³−2. (11)

� ¸¸³μÉ·¨³ É¥¶¥·Ó, ± ±¨¥ ¢Ò¢μ¤Ò ³μ¦´μ ¸¤¥² ÉÓ ´  μ¸´μ¢ ´¨¨ §´ Î¥´¨°
· ¤¨Ê¸  ¨´¥·Í¨¨ Rg , ¶μ²ÊÎ¥´´ÒÌ ¤²Ö α-±·¨¸É ²²¨´  ¢ · ¸É¢μ· Ì ¸ · §´Ò³
¸μ¤¥·¦ ´¨¥³ D2O (¸³. É ¡²¨ÍÊ).

Š ± ¢¨¤´μ ¨§ É ¡²¨ÍÒ, §´ Î¥´¨Ö Rg ¤²Ö α-±·¨¸É ²²¨´  ¶·¨ · §´μ³ ¸μ-
¤¥·¦ ´¨¨ D2O ¢ · ¸É¢μ·¥ · §²¨Î ÕÉ¸Ö ´¥§´ Î¨É¥²Ó´μ ¨ ÔÉ¨ · §²¨Î¨Ö ´ Ìμ-
¤ÖÉ¸Ö ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ Ô±¸¶¥·¨³¥´É . ˆ§ ÔÉμ£μ ¸²¥¤Ê¥É, ÎÉμ ¥¸²¨ ¸É·Ê±-
ÉÊ·¥ α-±·¨¸É ²²¨´  ¨ ¶·¨¸ÊÐ¨ ± ±¨¥-Éμ ´¥μ¤´μ·μ¤´μ¸É¨ ¶²μÉ´μ¸É¨, Éμ μ´¨
´¥¢¥²¨±¨.

�·μ¢¥¤¥³ ±μ²¨Î¥¸É¢¥´´ÊÕ μÍ¥´±Ê ¢μ§³μ¦´ÒÌ ´¥μ¤´μ·μ¤´μ¸É¥° ¶²μÉ´μ-
¸É¨ α-±·¨¸É ²²¨´  ´  μ¸´μ¢ ´¨¨ ¶μ²ÊÎ¥´´ÒÌ §´ Î¥´¨° Rg (¸³. É ¡²¨ÍÊ). �Ê-
¤¥³ ¸Î¨É ÉÓ, ÎÉμ ¸·¥¤´ÖÖ · ¸¸¥¨¢ ÕÐ Ö ¶²μÉ´μ¸ÉÓ μ²¨£μ³¥·μ¢ α-±·¨¸É ²²¨´ 
ρ̄ ÌμÉÖ ¨ ³¥´Ö¥É¸Ö §  ¸Î¥É ¤¥°É¥·¨·μ¢ ´¨Ö, ´μ ¶·¨ ± ¦¤μ³ ¸μμÉ´μÏ¥´¨¨
�2O/D2O ¢ · ¸É¢μ·¥ ¤²Ö ¢¸¥Ì μ²¨£μ³¥·μ¢ μ¤¨´ ±μ¢ . 	Éμ ¤μ¶ÊÐ¥´¨¥ ¸²¥¤Ê¥É
¨§ Éμ£μ, ÎÉμ ¢ μ¦¨¤ ¥³μ° ÉμÎ±¥ ±μ³¶¥´¸ Í¨¨ ¨´É¥´¸¨¢´μ¸ÉÓ · ¸¸¥Ö´¨Ö ¡²¨§± 
± ´Ê²Õ (¸³. ·¨¸. 5). ‚μ¸¶μ²Ó§Ê¥³¸Ö ¸μμÉ´μÏ¥´¨¥³ [9, 16]

R2
g = R2

c +
ρ̄

Δρ

(
R2

p + L2 − R2
c

)
− ρ̄2

Δρ2
L2. (12)
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‡¤¥¸Ó Rp Å · ¤¨Ê¸ ¨´¥·Í¨¨ μ¡² ¸É¨ Î ¸É¨ÍÒ (μ²¨£μ³¥·  α-±·¨¸É ²²¨´ ),
´¥¤μ¸ÉÊ¶´μ° · ¸É¢μ·¨É¥²Õ; Rc Å · ¤¨Ê¸ ¨´¥·Í¨¨ Ëμ·³Ò ÔÉμ° μ¡² ¸É¨ (· -
¤¨Ê¸ ¨´¥·Í¨¨, ±μÉμ·Ò° ¨³¥²  ¡Ò ÔÉ  μ¡² ¸ÉÓ ¶·¨ μ¤´μ·μ¤´μ³ · ¸¶·¥¤¥²¥´¨¨
¢ ´¥° · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨); L Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Í¥´É· ³¨ ³ ¸¸ ÔÉ¨Ì
μ¡² ¸É¥°; ρ̄ Å ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ ¤²¨´Ò · ¸¸¥Ö´¨Ö Î ¸É¨ÍÒ; Δρ Å ±μ´É· ¸É.
„²Ö Î ¸É¨Í ¸ μ¤´μ·μ¤´Ò³ · ¸¶·¥¤¥²¥´¨¥³ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ Rc = Rp.
�·¨ ´ ²¨Î¨¨ ´¥μ¤´μ·μ¤´μ¸É¥° ¢ · ¸¶·¥¤¥²¥´¨¨ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¢
Î ¸É¨Í¥ Rc �= Rp.

‘μμÉ´μÏ¥´¨¥ (12) ¶·¨³¥´¨³μ ¨ ¤²Ö ¶μ²¨¤¨¸¶¥·¸´ÒÌ ¸¨¸É¥³, ± ±μÉμ·Ò³
μÉ´μ¸¨É¸Ö α-±·¨¸É ²²¨´. ‚ ÔÉμ³ ¸²ÊÎ ¥ Rc, Rp ¨ L ¢ (12) Ö¢²ÖÕÉ¸Ö ¸·¥¤´¨³¨
(ÔËË¥±É¨¢´Ò³¨) §´ Î¥´¨Ö³¨, ±μÉμ·Ò¥ ¸¢Ö§ ´Ò ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¶ · ³¥-
É· ³¨ μÉ¤¥²Ó´ÒÌ Î ¸É¨Í (Rp)i, (Rc)i ¨ Li ¸μμÉ´μÏ¥´¨Ö³¨

R2
c =

N∑
i=1

(Rc)2i V
2
i

N∑
i=1

V 2
i

, (13)

R2
p =

N∑
i=1

(Rp)2i V
2
i

N∑
i=1

V 2
i

, (14)

L2 =

N∑
i=1

L2
i V

2
i

N∑
i=1

V 2
i

, (15)

£¤¥ Vi Å μ¡Ñ¥³ μ¤´μ° Î ¸É¨ÍÒ; N Å Î¨¸²μ Î ¸É¨Í ¢ · ¸¸¥¨¢ ÕÐ¥³ μ¡Ñ-
¥³¥ μ¡· §Í . Š ± ¢¨¤´μ ¨§ (12), § ¢¨¸¨³μ¸ÉÓ R2

g μÉ ρ̄/Δρ ¢ μ¡Ð¥³ ¸²ÊÎ ¥
¢Ò· ¦ ¥É¸Ö ±¢ ¤· É¨Î´μ° ËÊ´±Í¨¥°.

	±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö R2
g (¸³. É ¡²¨ÍÊ) ± ± ËÊ´±Í¨Ö μÉ ρ̄/Δρ ¨

¨Ì  ¶¶·μ±¸¨³ Í¨Ö ¶μ Ëμ·³Ê²¥ (12) ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 6 (Rc, Rp ¨ L Å
¶ · ³¥É·Ò  ¶¶·μ±¸¨³ Í¨¨). ‡´ Î¥´¨Ö ρ̄ ¨ Δρ ¡Ò²¨ · ¸¸Î¨É ´Ò ¶μ Ëμ·³Ê-
² ³ (10), (11). ‚ ·¥§Ê²ÓÉ É¥ É ±μ°  ¶¶·μ±¸¨³ Í¨¨ ¡Ò²¨ ¶μ²ÊÎ¥´Ò §´ Î¥´¨Ö
L = 0, Rc = 5,81 ± 0,07 ´³ ¨ Rp = 5,77 ± 0,08 ´³. Š ± ¢¨¤´μ, §´ Î¥´¨Ö
Rc ¨ Rp ¢ ¶·¥¤¥² Ì ÉμÎ´μ¸É¨ ¨Ì μ¶·¥¤¥²¥´¨Ö ¸μ¢¶ ¤ ÕÉ. Œ ±¸¨³ ²Ó´μ¥
¢μ§³μ¦´μ¥ · §²¨Î¨¥ ¢ §´ Î¥´¨ÖÌ Rc ¨ Rp ¸ ÊÎ¥Éμ³ ¶·¨¢¥¤¥´´ÒÌ μÏ¨¡μ± ´¥
¶·¥¢ÒÏ ¥É 0,2 ´³, ÎÉμ ¸μ¸É ¢²Ö¥É μ±μ²μ 3% μÉ ¢¥²¨Î¨´Ò · ¤¨Ê¸  ¨´¥·Í¨¨
μ²¨£μ³¥·  α-±·¨¸É ²²¨´ .

Š É ±¨³ ¦¥ ¢Ò¢μ¤ ³ μ¡ μ¤´μ·μ¤´μ¸É¨ ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´  ¶·¨¢μ-
¤¨É ¸· ¢´¥´¨¥ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r), ¶μ²ÊÎ¥´´ÒÌ ¶·¨
· §´μ³ ¸μ¤¥·¦ ´¨¨ D2O ¢ · ¸É¢μ·¥ (·¨¸. 4). 	É¨ · ¸¶·¥¤¥²¥´¨Ö ¨³¥ÕÉ μÎ¥´Ó

10



�¨¸. 6. 	±¸¶¥·¨³¥´É ²Ó´ Ö § ¢¨¸¨³μ¸ÉÓ R2
g μÉ ρ̄/Δρ ¤²Ö α-±·¨¸É ²²¨´  ¢ ¡ÊË¥·´ÒÌ

· ¸É¢μ· Ì ¸ · §´Ò³ ¸μ¤¥·¦ ´¨¥³ D2O ¨ ¥¥  ¶¶·μ±¸¨³ Í¨Ö ¶μ Ëμ·³Ê²¥ (12)

¶μÌμ¦ÊÕ Ëμ·³Ê, ÎÉμ Ìμ·μÏμ ¢¨¤´μ ¶μ¸²¥ ¨Ì ´μ·³¨·μ¢±¨ ¶μ ³ ±¸¨³ ²Ó´μ³Ê
§´ Î¥´¨Õ (·¨¸. 4, ¡). �  μ¸´μ¢ ´¨¨ ÔÉμ£μ ³μ¦´μ £μ¢μ·¨ÉÓ μ¡ μ¤¨´ ±μ¢μ³ · ¸-
¶·¥¤¥²¥´¨¨ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¢ μ²¨£μ³¥· Ì α-±·¨¸É ²²¨´  ¶·¨ · §´μ³
±μ´É· ¸É¥, ÎÉμ ¢μ§³μ¦´μ Éμ²Ó±μ ¢ ¸²ÊÎ ¥ μ¤´μ·μ¤´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶²μÉ-
´μ¸É¨. „²Ö ËÊ´±Í¨° P (r), · ¸¸Î¨É ´´ÒÌ ¶μ ¤ ´´Ò³ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö
´¥°É·μ´μ¢ (·¨¸. 4), ± ± ¨ ¢ ¸²ÊÎ ¥ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö
(·¨¸. 2), ´ ¡²Õ¤ ¥É¸Ö ³ ±¸¨³Ê³ ¶·¨ R ≈ 7 ´³ ¨ ¶² ¢´Ò° ¸¶ ¤ ± ´Ê²Õ ¶·¨
R ≈ 18. ’ ±μ° ¢¨¤ ËÊ´±Í¨° P (r) Ì · ±É¥·¥´ ¤²Ö Î ¸É¨Í ¸ ´¥¢Ò¸μ±μ° ¸É¥¶¥-
´ÓÕ  ´¨§μ³¥É·¨¨.

’ ±¨³ μ¡· §μ³, ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  §´ Î¥´¨° · ¤¨Ê¸  ¨´¥·Í¨¨ ¨ ËÊ´±Í¨°
· ¸¶·¥¤¥²¥´¨Ö ¶μ · ¸¸ÉμÖ´¨Ö³ P (r), ¢Ò¶μ²´¥´´μ£μ ¤²Ö α-±·¨¸É ²²¨´  ¶·¨
· §´ÒÌ ¸μμÉ´μÏ¥´¨ÖÌ �2O/D2O ¢ · ¸É¢μ·¥, ¶μ± §Ò¢ ÕÉ, ÎÉμ α-±·¨¸É ²²¨´
¨³¥¥É μ¤´μ·μ¤´μ¥ · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¢ μ¡² ¸ÉÖÌ, ´¥-
¤μ¸ÉÊ¶´ÒÌ ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö · ¸É¢μ·¨É¥²Ö (¢μ¤Ò), ¨ ¤¥°É¥·¨·Ê¥É¸Ö · ¢´μ-
³¥·´μ ¶μ ¢¸¥³Ê μ¡Ñ¥³Ê μ²¨£μ³¥· .

Šμ´¥Î´μ, μ¤´μ·μ¤´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¨ · ¢´μ-
³¥·´μ¸ÉÓ ¤¥°É¥·¨·μ¢ ´¨Ö §¤¥¸Ó ¸²¥¤Ê¥É ¶μ´¨³ ÉÓ ¸ ÊÎ¥Éμ³ · §·¥Ï¥´¨Ö ³¥Éμ¤ 
³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö (1Ä2 ´³). ˆ§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ´¥ ¸²¥¤Ê¥É, ÎÉμ
¤¥°É¥·¨·μ¢ ´¨¥ ± ¦¤μ° μÉ¤¥²Ó´μ° ¸Ê¡Ñ¥¤¨´¨ÍÒ α-±·¨¸É ²²¨´  É ±¦¥ ¤μ²¦´μ
¡ÒÉÓ · ¢´μ³¥·´Ò³ ¶μ ¥¥ μ¡Ñ¥³Ê. ‚ ± ¦¤μ° ¸Ê¡Ñ¥¤¨´¨Í¥, ¶μ-¢¨¤¨³μ³Ê,
¶·¥¨³ÊÐ¥¸É¢¥´´μ ¤¥°É¥·¨·ÊÕÉ¸Ö ¶μ¢¥·Ì´μ¸É´Ò¥, ²¥£±μ ¤μ¸ÉÊ¶´Ò¥ ¤²Ö ¢μ¤Ò,
 Éμ³´Ò¥ £·Ê¶¶Ò. �¤´ ±μ ¢ ¸²ÊÎ ¥ μ¤¨´ ±μ¢μ£μ ¤¥°É¥·¨·μ¢ ´¨Ö ¢¸¥Ì ¸Ê¡Ñ¥¤¨-
´¨Í ¤¥°É¥·¨·μ¢ ´¨¥ ¢ ¸·¥¤´¥³ ¶μ ¢¸¥³Ê μ¡Ñ¥³Ê μ²¨£μ³¥·  α-±·¨¸É ²²¨´ ,
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¸μ¸ÉμÖÐ¥£μ ¨§ ∼ 40 É ±¨Ì ¸Ê¡Ñ¥¤¨´¨Í, ¸ ÊÎ¥Éμ³ · §·¥Ï¥´¨Ö ³¥Éμ¤  ³ ²μ-
Ê£²μ¢μ£μ · ¸¸¥Ö´¨Ö ³μ¦¥É ¢Ò£²Ö¤¥ÉÓ · ¢´μ³¥·´Ò³.

ˆ§ μ¤¨´ ±μ¢μ£μ ¤¥°É¥·¨·μ¢ ´¨Ö ¢¸¥Ì ¸Ê¡Ñ¥¤¨´¨Í ¢ μ²¨£μ³¥·¥ α-±·¨¸É ²-
²¨´  ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ ¢¸¥ ÔÉ¨ ¸Ê¡Ñ¥¤¨´¨ÍÒ μ¤¨´ ±μ¢μ ¤μ¸ÉÊ¶´Ò
¤²Ö ³μ²¥±Ê² ¢μ¤Ò,   É ±¦¥, ¢μ§³μ¦´μ, ¨ ¤²Ö ¤·Ê£¨Ì ´¨§±μ³μ²¥±Ê²Ö·´ÒÌ ¸μ-
¥¤¨´¥´¨°, ¢ Éμ³ Î¨¸²¥ ¡¨μ²μ£¨Î¥¸±¨  ±É¨¢´ÒÌ ¢¥Ð¥¸É¢. ‚ ¸¢¥É¥ ÔÉμ£μ ³μ-
¤¥²Ó Î¥É¢¥·É¨Î´μ° ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´  ¸ É·¥Ì¸²μ°´Ò³ · ¸¶μ²μ¦¥´¨¥³
¸Ê¡Ñ¥¤¨´¨Í [2] ¶·¥¤¸É ¢²Ö¥É¸Ö ³¥´¥¥ ¢¥·μÖÉ´μ°, Î¥³ ³μ¤¥²¨, ¢ ±μÉμ·ÒÌ ¢¸¥
¸Ê¡Ñ¥¤¨´¨ÍÒ ¨³¥ÕÉ Ô±¢¨¢ ²¥´É´Ò¥ ¶μ²μ¦¥´¨Ö [7, 8].

‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ´¥¤μ¸ÉÊ¶´Ò¥ ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤Ò μ¡² ¸É¨
¢ μ²¨£μ³¥·¥ α-±·¨¸É ²²¨´  Å ÔÉμ, ¶μ-¢¨¤¨³μ³Ê, ¶·¥¦¤¥ ¢¸¥£μ ¸ ³¨ ¶μ²¨¶¥-
¶É¨¤´Ò¥ ¸Ê¡Ñ¥¤¨´¨ÍÒ (¨Ì ¢´ÊÉ·¥´´ÖÖ Î ¸ÉÓ). �μ, ±·μ³¥ ÔÉμ£μ, ³μ¦´μ ¶·¥¤-
¸É ¢¨ÉÓ ¨ ± ±¨¥-Éμ ³¥¦¸Ê¡Ñ¥¤¨´¨Î´Ò¥ μ¡² ¸É¨ ¢ μ²¨£μ³¥·¥ α-±·¨¸É ²²¨´ 
(´ ¶·¨³¥· § ³±´ÊÉÊÕ ¢´ÊÉ·¥´´ÕÕ ¶μ²μ¸ÉÓ), ±μÉμ·Ò¥ É ±¦¥ ³μ£ÊÉ ¡ÒÉÓ ´¥-
¤μ¸ÉÊ¶´Ò ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤Ò. �μ²ÊÎ¥´´Ò¥ ¢ ÔÉμ° · ¡μÉ¥ ·¥§Ê²ÓÉ ÉÒ
¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ É¥Ì μ¡² ¸ÉÖÌ μ²¨£μ³¥·  α-±·¨¸É ²²¨´ , ±Ê¤  ´¥ ¶·μ´¨-
± ¥É ¢μ¤ , · ¸¶·¥¤¥²¥´¨¥ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ Ö¢²Ö¥É¸Ö μ¤´μ·μ¤´Ò³. ˆ§
ÔÉμ£μ, ¢ Î ¸É´μ¸É¨, ¸²¥¤Ê¥É, ÎÉμ ¢ μ²¨£μ³¥·¥ α-±·¨¸É ²²¨´  ´¥ ¸μ¤¥·¦¨É¸Ö
¶μ²μ¸É¥°, ´¥¤μ¸ÉÊ¶´ÒÌ ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤Ò. 	Éμ ¸μ£² ¸Ê¥É¸Ö ± ± ¸ ´ ²¨-
Î¨¥³ ¸¢μ¡μ¤´ÒÌ ¶·μ³¥¦ÊÉ±μ¢ ³¥¦¤Ê ¸Ê¡Ñ¥¤¨´¨Í ³¨ α-±·¨¸É ²²¨´ , ±μÉμ·Ò¥
¤μ²¦´Ò ¡ÒÉÓ, ¸μ£² ¸´μ ³¨Í¥²²μ¶μ¤μ¡´μ° ³μ¤¥²¨ ¸É·μ¥´¨Ö ÔÉμ£μ ¡¥²±  [7],
É ± ¨ ¸ ¸ÊÐ¥¸É¢μ¢ ´¨¥³ μÉ±·ÒÉμ° ¶μ²μ¸É¨ ¢ ¥£μ Í¥´É· ²Ó´μ° Î ¸É¨, ¸μ£² ¸´μ
¸É·Ê±ÉÊ·´Ò³ ³μ¤¥²Ö³, ¶·¥¤²μ¦¥´´Ò³ ¢ · ¡μÉ Ì [8, 17].

‘·¥¤´¨° · ¤¨Ê¸ ¨´¥·Í¨¨ Rg, ¶μ²ÊÎ¥´´Ò° ¤²Ö α-±·¨¸É ²²¨´  ¢ ÔÉμ° · -
¡μÉ¥ ¶·¨ ¶μ³μÐ¨ ³ ²μÊ£²μ¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢, ¸μ¸É ¢²Ö¥É μ±μ²μ 5,8 ´³.
	Éμ ´  4Ä8% ³¥´ÓÏ¥ §´ Î¥´¨°, ¶μ²ÊÎ¥´´ÒÌ ´ ³¨ ³¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É-
£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¨ ¢ [3, 6]. ’ ±¨¥ · §²¨Î¨Ö ¢ · ¤¨-
Ê¸ Ì ¨´¥·Í¨¨ ¡¥²±μ¢, ¶μ²ÊÎ¥´´Ò¥ ¸ ¶μ³μÐÓÕ ³ ²μÊ£²μ¢μ£μ ´¥°É·μ´´μ£μ ¨
·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ± ± ¡Ò²μ ¶μ± § ´μ [18], ³μ£ÊÉ ¡ÒÉÓ ¸¢Ö§ ´Ò ¸
£¨¤· É Í¨¥° ¡¥²±μ¢.

‡�Š‹�—…�ˆ…

Œ¥Éμ¤μ³ ³ ²μÊ£²μ¢μ£μ ·¥´É£¥´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¶μ± § ´μ, ÎÉμ ¤¥°É¥-
·¨·μ¢ ´¨¥ ´¥ μ± §Ò¢ ¥É ¸ÊÐ¥¸É¢¥´´μ£μ ¢²¨Ö´¨Ö ´  Î¥É¢¥·É¨Î´ÊÕ ¸É·Ê±ÉÊ·Ê
α-±·¨¸É ²²¨´ . 	Éμ μ¡μ¸´μ¢Ò¢ ¥É ±μ··¥±É´μ¸ÉÓ ¶·¨³¥´¥´¨Ö ³¥Éμ¤  ¢ ·¨ Í¨¨
±μ´É· ¸É  ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´  ¶·¨ ¶μ³μÐ¨ ³ ²μÊ£²μ-
¢μ£μ · ¸¸¥Ö´¨Ö ´¥°É·μ´μ¢.

�·μ¢¥¤¥´μ ¨§³¥·¥´¨¥ ³ ²μÊ£²μ¢μ£μ ´¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö ¤²Ö · ¸É¢μ·μ¢
α-±·¨¸É ²²¨´  ¸ μ¡Ñ¥³´μ° ¤μ²¥° D2O, · ¢´μ° 0, 23, 68 ¨ 90%. �μ ¨´É¥´¸¨¢-
´μ¸É¨ ´¥°É·μ´´μ£μ · ¸¸¥Ö´¨Ö ¢ ´Ê²¥¢μ° Ê£μ² ¤²Ö α-±·¨¸É ²²¨´  μ¶·¥¤¥²¥´ 
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μ¦¨¤ ¥³ Ö ÉμÎ±  ±μ³¶¥´¸ Í¨¨ (43 % D2O) ¨ ¸·¥¤´ÖÖ ¶²μÉ´μ¸ÉÓ · ¸¸¥Ö´¨Ö
(2,4 · 1010 ¸³−2) ¢ ÔÉμ° ÉμÎ±¥.

�  μ¸´μ¢ ´¨¨ §´ Î¥´¨° · ¤¨Ê¸  ¨´¥·Í¨¨ ¨ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö ¶μ
· ¸¸ÉμÖ´¨Ö³, · ¸¸Î¨É ´´ÒÌ ¤²Ö α-±·¨¸É ²²¨´  ¶μ ¤ ´´Ò³ ³ ²μÊ£²μ¢μ£μ ´¥°-
É·μ´´μ£μ · ¸¸¥Ö´¨Ö ¤²Ö · ¸É¢μ·μ¢ ¸ · §´Ò³ μÉ´μÏ¥´¨¥³ D2O/�2O, ¸¤¥² ´
¢Ò¢μ¤ μ¡ μ¤´μ·μ¤´μ³ · ¸¶·¥¤¥²¥´¨¨ · ¸¸¥¨¢ ÕÐ¥° ¶²μÉ´μ¸É¨ ¢ ´¥¤μ¸ÉÊ¶-
´ÒÌ ¤²Ö ¶·μ´¨±´μ¢¥´¨Ö ¢μ¤Ò μ¡² ¸ÉÖÌ α-±·¨¸É ²²¨´  ¨ μ · ¢´μ³¥·´μ³ ¤¥°-
É¥·¨·μ¢ ´¨¨ α-±·¨¸É ²²¨´  ¶μ ¢¸¥³Ê μ¡Ñ¥³Ê μ²¨£μ³¥· . ‘²¥¤μ¢ É¥²Ó´μ, ¢
α-±·¨¸É ²²¨´¥ ´¥ ¸μ¤¥·¦¨É¸Ö ¶μ²μ¸É¥°, ¢ ±μÉμ·Ò¥ ´¥ ³μ¦¥É ¶·μ´¨± ÉÓ ¢μ¤ ,
¨ ¢¸¥ ¸Ê¡Ñ¥¤¨´¨ÍÒ ÔÉμ£μ ¶μ²¨¤¨¸¶¥·¸´μ£μ μ²¨£μ³¥·´μ£μ ¡¥²±  μ¤¨´ ±μ¢μ ¤μ-
¸ÉÊ¶´Ò ¤²Ö ³μ²¥±Ê² ¢μ¤Ò,   É ±¦¥, ¢μ§³μ¦´μ, ¨ ¤²Ö ¤·Ê£¨Ì ´¨§±μ³μ²¥±Ê²Ö·-
´ÒÌ ¸μ¥¤¨´¥´¨°, ¢ Éμ³ Î¨¸²¥ ¡¨μ²μ£¨Î¥¸±¨  ±É¨¢´ÒÌ ¢¥Ð¥¸É¢. 	É¨ ¢Ò¢μ¤Ò
μ ¸É·μ¥´¨¨ α-±·¨¸É ²²¨´  ¸²¥¤Ê¥É ¶·¨´¨³ ÉÓ ¢μ ¢´¨³ ´¨¥ ¶·¨ ¶μ¸É·μ¥´¨¨
³μ¤¥²¨ Î¥É¢¥·É¨Î´μ° ¸É·Ê±ÉÊ·Ò α-±·¨¸É ²²¨´ .

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ �.•. ˆ¸² ³μ¢Ê ¨ Œ.‚. �¢¤¥¥¢Ê §  ¶μ-
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