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� ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§³¥·¥´¨Õ § ¢¨¸¨³μ¸É¥° ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö ¨  ¸É·μË¨§¨Î¥¸±μ£μ
S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö, μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ-
´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ 6,0Ä23,3 ±Ô‚. �±¸¶¥·¨³¥´É ¢Ò¶μ²´Ö²¸Ö ´  ¸¨²Ó´μÉμÎ´μ³ ¶² §³¥´-
´μ³ Ê¸±μ·¨É¥²¥ •μ²²  �ˆ ’�“ (’μ³¸±). �¥£¨¸É· Í¨Ö £ ³³ -±¢ ´Éμ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¢ pd-·¥ ±Í¨¨
¸ Ô´¥·£¨¥° 5,5 ŒÔ‚, μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸ ¶μ³μÐÓÕ ¢μ¸Ó³¨ ¸Í¨´É¨²²ÖÍ¨μ´´ÒÌ ¸¶¥±É·μ³¥É·μ¢ ´ 
μ¸´μ¢¥ ±·¨¸É ²²μ¢ NaI(Tl) (400 × 100 × 100 ³³), · ¸¶μ²μ¦¥´´ÒÌ ¢μ±·Ê£ ³¨Ï¥´¨. �¥§Ê²ÓÉ É ´ -
¸ÉμÖÐ¥° · ¡μÉÒ ± ± ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ ´ Ï¥° ¶·¥¤Ò¤ÊÐ¥° · ¡μÉÒ, ¶μ²ÊÎ¥´´Ò³ ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 7,3Ä12,7 ±Ô‚, É ± ¨ ´ Ìμ¤¨É¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² -
¸¨¨ ¸ ·¥§Ê²ÓÉ Éμ³, ¶μ²ÊÎ¥´´Ò³ ±μ²² ¡μ· Í¨¥° LUNA ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £ §μμ¡· §´μ° ¤¥°É¥·¨¥¢μ°
³¨Ï¥´¨.

The work is dedicated to measuring of the effective cross section and astrophysical S factor depen-
dences for pd reaction in deuteride zirconium in the protons with deuterons collision energy range of
6.0Ä23.3 keV. The experiment was performed using a high-current plasma Hall accelerator of the NR
TPU (Tomsk). Registration of gamma rays produced in the pd reaction with the energy of 5.5 MeV
was carried out using 8 scintillation spectrometers based on crystals of NaI(Tl) (400 × 100 × 100 mm)
located around the deuteride zirconium target. The result of this work is the same as a result of our
previous work, obtained in the range of collision energies of protons with deuterons 7.3Ä12.7 keV, and
is in good agreement with the result obtained by the LUNA collaboration with gaseous deuterium target.
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ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ Ö¤¥·´μ° ·¥ ±Í¨¨

p + d → 3He + γ (5,5 ŒÔ‚) (1)

¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ μ¡Ê¸²μ¢²¥´ ¢μ§-
³μ¦´μ¸ÉÓÕ:

1) μ¡ÑÖ¸´¥´¨Ö · §²¨Î¨Ö ³¥¦¤Ê ¤¢Ê³Ö ´ ¡μ· ³¨ §´ Î¥´¨° ¤²¨´ · ¸¸¥Ö´¨Ö, ¶μ²ÊÎ¥´´ÒÌ
¤²Ö É·¥ÌÉ¥²Ó´ÒÌ ¸¨¸É¥³ ¢ Ô±¸¶¥·¨³¥´É Ì ¶μ nd- ¨ pd-· ¸¸¥Ö´¨Õ [1Ä4];

2) ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ Ô±¸É· ¶μ²ÖÍ¨¨ §´ Î¥´¨° ¸¥Î¥´¨Ö pd-· ¸¸¥Ö´¨Ö, ¨§³¥·¥´-
´ÒÌ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ∼ŒÔ‚, ¢ ´¨§±μÔ´¥·£¥É¨Î¥¸±ÊÕ μ¡² ¸ÉÓ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
§´ Î¥´¨Ö³¨ §¥·± ²Ó´μ° ·¥ ±Í¨¨ d(n, γ)t [5Ä7];

3) ¶·μ¢¥·±¨ ¨ μ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ¨§³¥´¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-
·¥ ±Í¨¨ §  ¸Î¥É Ö¤¥·´μ£μ Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í [8];

4) Ê¸É· ´¥´¨Ö ´¥±μÉμ·ÒÌ  ±ÉÊ ²Ó´ÒÌ ¶·μ¡²¥³, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ μ¡² ¸É¨  ¸É·μË¨-
§¨±¨ [9Ä13].

Š·μ³¥ ÔÉμ£μ, μ¤´μ§´ Î´ Ö ¨´Ëμ·³ Í¨Ö μ ¢±² ¤¥ ¢ pd-¢§ ¨³μ¤¥°¸É¢¨¥ μ¡³¥´´ÒÌ ³¥§μ´-
´ÒÌ Éμ±μ¢ [5Ä7] ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´  ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ¢ÒÌμ¤  £ ³³ -±¢ ´Éμ¢ ¸ Ô´¥·£¨¥°
5,5 ŒÔ‚ ¨§ ·¥ ±Í¨¨ (1) ¢ § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ-
´ ³¨. �Éμ ÊÉ¢¥·¦¤¥´¨¥ ¸²¥¤Ê¥É ¨§ Éμ£μ, ÎÉμ Ì · ±É¥·¨¸É¨±¨ p(d, γ)3He-·¥ ±Í¨¨ ¢ μ¡² -
¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨° ¢¥¸Ó³  ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢±² ¤Ê ¢ pd-¢§ ¨³μ¤¥°¸É¢¨¥ μ¡³¥´´ÒÌ
³¥§μ´´ÒÌ Éμ±μ¢.

„μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¢Ò¶μ²´¥´μ ¶ÖÉÓ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ ¨§³¥·¥´¨Õ § ¢¨¸¨³μ¸É¨
 ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°-
É·μ´ ³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¥° ¨§: £ §μμ¡· §´μ£μ ¤¥°É¥·¨Ö (¢μ¤μ·μ¤ ) [14]; § ³μ·μ-
¦¥´´μ° ÉÖ¦¥²μ° ¢μ¤Ò D2O [15, 16]; ¤¥°É¥·¨¤μ¢ Í¨·±μ´¨Ö [18] ¨ É¨É ´  [19] (¸³. É ¡². 1).

‚Ò¶μ²´¥´¨¥ Ô±¸¶¥·¨³¥´Éμ¢ ¸ ³¨Ï¥´Ö³¨ ¨§ ¤¥°É¥·¨¤μ¢ Í¨·±μ´¨Ö ¨ É¨É ´  [17, 18]
¡Ò²μ ¶·μ¤¨±Éμ¢ ´μ ´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¶μ²ÊÎ¥´¨Ö μÉ¢¥É  ´  ¢μ¶·μ¸, ¸¢Ö§ ´´Ò° ¸ μ¶·¥¤¥²¥-
´¨¥³ Ë ±Éμ·  Ê¸¨²¥´¨Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ Ê± § ´´ÒÌ ¤¥°É¥·¨¤ Ì ³¥É ²²μ¢, § 
¸Î¥É ¢μ§³μ¦´μ° Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨.

•μÉÖ μ¦¨¤ ¥³μ¥ Ê¢¥²¨Î¥´¨¥ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨,
¸μ£² ¸´μ μÍ¥´± ³ ¢  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ [8], ³ ²μ (³¥´¥¥ 6 % ¶·¨ Ô´¥·£¨¨
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 2,5 ±Ô‚), É¥³ ´¥ ³¥´¥¥ É·¥¡μ¢ ² ¸Ó Ô±¸¶¥·¨³¥´-
É ²Ó´ Ö ¶·μ¢¥·±  ¢Ò¢μ¤μ¢ ¤ ´´μ° · ¡μÉÒ.

„μ¶μ²´¨É¥²Ó´Ò³ Éμ²Î±μ³, ¸É¨³Ê²¨·ÊÕÐ¨³ ¨´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ pd-·¥ ±Í¨¨ ¢ ¤¥°É¥-
·¨¤ Ì ³¥É ²²μ¢, Ö¢²Ö²μ¸Ó Ô±¸¶¥·¨³¥´É ²Ó´μ¥ μ¡´ ·Ê¦¥´¨¥ § ³¥É´μ£μ ¢±² ¤  ¢ §´ Î¥´¨¥
 ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö dd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤ Ì ·Ö¤  ³¥É ²²μ¢,
¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨° §  ¸Î¥É ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì ¤¥°É·μ´μ¢ [21Ä28].

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ´ ³¨ ¢¶¥·¢Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¨²Ó´μÉμÎ´μ£μ ¨³¶Ê²Ó¸´μ£μ ¶² §³¥´-
´μ£μ Ê¸±μ·¨É¥²Ö •μ²²  �ˆ ’�“ (’μ³¸±) ¡Ò²¨ ¢Ò¶μ²´¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¨§ÊÎ¥´¨Õ
pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤ Ì Í¨·±μ´¨Ö ¨ É¨É ´  ¢ ¨´É¥·¢ ² Ì Ô´¥·£¨° ¸Éμ²±-
´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 7,3Ä12,7 ±Ô‚ ¨ 6,0Ä12,7 ±Ô‚ ¸μμÉ¢¥É¸É¢¥´´μ [18, 19].

�¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¶·μ¢¥¤¥´¨¨ ¤ ´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢,
¸²¥¤ÊÕÐ¨¥.
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’ ¡²¨Í  1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±¨Ì S-Ë ±Éμ·μ¢,   É ±¦¥
§´ Î¥´¨Ö ¶ · ³¥É·μ¢ ²¨´¥°´μ°  ¶¶·μ±¸¨³ Í¨¨ ¢¥²¨Î¨´Ò Spd(E): S0, S′

0, Spd(E) = S0 + S′
0 ·

E, E Å Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¸. Í. ³., ΔEp Å ¨´É¥·¢ ² Ô´¥·£¨°
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¸. Í. ³.

� ¡μÉ  Œ¨Ï¥´Ó
ΔEp,

S0, Ô‚ · ¡ S′
0, Spd(0),

Ue±Ô‚ Ô‚ · ¡ · ±Ô‚−1 Ô‚ · ¡

[20] � ¸Î¥É 0,185 ± 0,005

[15] D2O 16Ä32 0,25 ± 0,04

[16] D2O 6,7Ä53,3 0,166 ± 0,005 0,0071 ± 0,0004 0,166 ± 0,014

[14] ƒ § D2(H2) 2,7Ä32,3 0,216 ± 0,006 0,0059 ± 0,0004 0,216 ± 0,010

[17] D2O 2,7Ä21,6 Spd(E = 8,1 ±Ô‚)= 0,237 ± 0,071

Spd(E = 9,3 ±Ô‚)= 0,277 ± 0,064

Spd(E = 9,9 ±Ô‚)= 0,298 ± 0,065

[18] ZrD2 7,3Ä12,7 0,223 ± 0,042 0,0062 ± 0,0042 0,223 ± 0,049

[19] TiD2 6Ä12,7 Spd(E = 6 ±Ô‚)= 0,30 ± 0,04 242 ± 64
Spd(E = 7,3 ±Ô‚) = 0,29 ± 0,03

Spd(E = 8,7 ±Ô‚) = 0,29 ± 0,03

Spd(E = 10 ±Ô‚) = 0,29 ± 0,02

Spd(E = 11,3 ±Ô‚)= 0,29 ± 0,02

Spd(E = 12,7 ±Ô‚)= 0,30 ± 0,02

1. ˆ§³¥·¥´  § ¢¨¸¨³μ¸ÉÓ  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¨ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-
·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö, μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°-
É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ 7,3Ä12,7 ±Ô‚ [18]. �μ²ÊÎ¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö S-Ë ±Éμ·  ´ Ìμ¤ÖÉ¸Ö
¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ · ¡μÉμ° [14], ¢Ò¶μ²´¥´´μ° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £ §μμ¡· §´μ£μ ¤¥°É¥-
·¨Ö ¶·¨ ³ ²ÒÌ ¤ ¢²¥´¨ÖÌ. �Éμ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ ÔËË¥±É Ê¸¨²¥´¨Ö pd-·¥ ±Í¨¨
§  ¸Î¥É ÔËË¥±É  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö, ¥¸²¨ ¨ ¸ÊÐ¥¸É¢Ê¥É, Éμ ´¥ ¶·μÖ¢²Ö¥É¸Ö
´  ´ ¡²Õ¤ ¥³μ³ Ê·μ¢´¥ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö. ˆ§ ÔÉμ£μ ¸²¥¤Ê¥É, ÎÉμ ¢²¨Ö´¨¥ ¤ ´´μ£μ
ÔËË¥±É  ´  ¨´É¥´¸¨¢´μ¸ÉÓ ¶·μÉ¥± ´¨Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö ¸ÊÐ¥¸É¢¥´´μ
³¥´ÓÏ¥, Î¥³ ¤²Ö dd-·¥ ±Í¨¨. � °¤¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ Spd ¶·¥¢Ò-
Ï ÕÉ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ [16], ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ÉÖ¦¥²μ° ¢μ¤Ò
D2O. �·¨Î¨´  · ¸Ìμ¦¤¥´¨Ö μ¸É ¥É¸Ö ¶μ±  ´¥ ¶μ´ÖÉ´μ°.

2. � ²¨Î¨¥ ¸¶ ¤ ÕÐ¥° § ¢¨¸¨³μ¸É¨ S-Ë ±Éμ·  ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ³¨Ï¥´ÓÕ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö ¢ ¨´É¥·¢ ²¥
7,3Ä12,7 ±Ô‚ ¶μ¤É¢¥·¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ · ¡μÉ [14] ¨ [16]. ‘É É¨¸É¨Î¥¸±¨¥ μÏ¨¡±¨ ´ °¤¥´-
´ÒÌ §´ Î¥´¨° ¢¥²¨Î¨´Ò Spd(E) ¨ μ£· ´¨Î¥´´Ò° ¨´É¥·¢ ² ¨§³¥´¥´¨Ö ¤ ´´μ° ¢¥²¨Î¨´Ò
¶μ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, Ê± § ´´Ò° ¢ÒÏ¥, ´¥ ¶μ§¢μ²¨²¨ ¸ É·¥¡Ê-
¥³μ° ÉμÎ´μ¸ÉÓÕ μ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò S0 ¨ S′

0 ²¨´¥°´μ° ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ¸É¨
Spd(E) = S0 + S′

0 · E.
3. ˆ§ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¨¸¸²¥¤μ¢ ´¨Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥

Í¨·±μ´¨Ö [18], ¸²¥¤μ¢ ²μ, ÎÉμ ¤²Ö μ¶·¥¤¥²¥´¨Ö S0 ¨ S′
0 ¸ ²ÊÎÏ¥° ÉμÎ´μ¸ÉÓÕ ´¥μ¡Ìμ¤¨³μ

¶·μ¢¥¤¥´¨¥ ¨¸¸²¥¤μ¢ ´¨° ¤ ´´μ° ·¥ ±Í¨¨ ¢ ¡μ²¥¥ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ-
¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¨ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¨´É¥´¸¨¢´μ¸ÉÖÌ ¶·μÉμ´´ÒÌ ¶ÊÎ±μ¢.

4. ‚¶¥·¢Ò¥ ´  ¤μ¸Éμ¢¥·´μ³ Ê·μ¢´¥ Ô±¸¶¥·¨³¥´É ²Ó´μ μ¡´ ·Ê¦¥´μ Ö¢²¥´¨¥ Ô²¥±É·μ´-
´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ É¨É ´  [19] ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±-
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´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ (6,0Ä12,7 ±Ô‚). ˆ§³¥·¥´´μ¥ §´ Î¥´¨¥ ¶μÉ¥´Í¨ ²  Ô²¥±-
É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö pd-·¥ ±Í¨¨ μ± § ²μ¸Ó · ¢´Ò³ (242±64) Ô‚. �μ²ÊÎ¥´ ¸μ¢¸¥³
´¥μ¦¨¤ ´´Ò° ·¥§Ê²ÓÉ É, É ± ± ±, ¸μ£² ¸´μ É¥μ·¥É¨Î¥¸±¨³ μÍ¥´± ³, ¶·μÖ¢²¥´¨¥ ÔËË¥±É 
Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¢ Ê± § ´´μ° μ¡² ¸É¨ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°-
É·μ´ ³¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ³ Ê·μ¢´¥ ¶· ±É¨Î¥¸±¨ ¨¸±²ÕÎ¥´μ. �·¨·μ¤ 
¸Éμ²Ó §´ Î¨³μ£μ ¶μ ¢¥²¨Î¨´¥ ÔËË¥±É  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö pd-·¥ ±Í¨¨, ¶·μ-
É¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ É¨É ´ , μ¸É ¥É¸Ö ¶μ±  ´¥ ¶μ´ÖÉ´μ°. �¥¶μ´ÖÉ´μ ¨ Éμ, ÎÉμ ¶μÉ¥´Í¨ ²
Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö pd-·¥ ±Í¨¨ ¡μ²¥¥ Î¥³ ¢ ¤¢  · §  ¶·¥¢ÒÏ ¥É  ´ ²μ£¨Î-
´ÊÕ ¢¥²¨Î¨´Ê ¤²Ö dd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ Éμ° ¦¥ μ¡² ¸É¨  ¸É·μË¨§¨Î¥¸±¨Ì Ô´¥·£¨°
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ μ¤´μ£μ ¨ Éμ£μ ¦¥ ³ É¥·¨ ² . ˆ§³¥·¥´  É ±¦¥ § ¢¨¸¨³μ¸ÉÓ
Ë ±Éμ·  Ê¸¨²¥´¨Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨. ” ±Éμ·
Ê¸¨²¥´¨Ö ¶·¨ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö 6 ±Ô‚ ¸μ¸É ¢¨² 23 %.

„²Ö ¶·μÖ¸´¥´¨Ö ¶·¨·μ¤Ò Ô±¸¶¥·¨³¥´É ²Ó´μ μ¡´ ·Ê¦¥´´μ£μ · §²¨Î¨Ö ³¥¦¤Ê § ¢¨¸¨-
³μ¸ÉÖ³¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢
¸ ¤¥°É·μ´ ³¨, ¨§³¥·¥´´Ò³¨ ¢ ¤¥°É¥·¨¤ Ì É¨É ´  [19] ¨ Í¨·±μ´¨Ö [18],   É ±¦¥ ³¥¦¤Ê
·¥§Ê²ÓÉ É ³¨ [19] ¨ ¶μ²ÊÎ¥´´Ò³¨ ¸ ³¨Ï¥´Ö³¨ ¨§ ÉÖ¦¥²μ° ¢μ¤Ò D2O [15Ä17] ´ ³¨ ¡Ò²μ
¶·¨´ÖÉμ ·¥Ï¥´¨¥ μ ´¥μ¡Ìμ¤¨³μ¸É¨ ¶·μ¤μ²¦¥´¨Ö ¨¸¸²¥¤μ¢ ´¨° ¤ ´´μ° ·¥ ±Í¨¨ ¸ ³¨Ï¥-
´Ö³¨ ¨§ ¤¥°É¥·¨¤μ¢ Í¨·±μ´¨Ö ¨ É¨É ´  ¢ ¡μ²¥¥ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶² §³¥´´μ£μ Ê¸±μ·¨É¥²Ö •μ²² .

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Í¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ´  ¶¥·¢μ³ ÔÉ ¶¥ ¶·μ¤μ²¦¥´¨Ö ¨¸¸²¥¤μ¢ ´¨°
pd-·¥ ±Í¨¨ Ö¢²Ö²μ¸Ó ¶μ¢Éμ·¥´¨¥ μ¶ÒÉ  ¸ ³¨Ï¥´ÓÕ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö ¸ ¸ÊÐ¥¸É¢¥´-
´Ò³ · ¸Ï¨·¥´¨¥³ ¨¸¸²¥¤Ê¥³μ£μ ¤¨ ¶ §μ´  Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨
μÉ 6,0 ¤μ 23,3 ±Ô‚.

1. Œ…’�„ ˆ‡Œ…�…�ˆŸ

�±¸¶¥·¨³¥´É ²Ó´μ¥ μ¶·¥¤¥²¥´¨¥ §´ Î¥´¨°  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¨ ÔËË¥±É¨¢-
´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ ¢ μ¡² ¸É¨  ¸É·μË¨§¨Î¥¸±¨Ì Ô´¥·£¨° μ¸´μ¢ ´μ ´  ¨§³¥·¥´¨¨
¢ÒÌμ¤  £ ³³ -±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° 5,5 ŒÔ‚ ¨§ ·¥ ±Í¨¨ (1) ¨ ´  ¨¸¶μ²Ó§μ¢ ´¨¨ ¶ · -
³¥É·¨§ Í¨¨ § ¢¨¸¨³μ¸É¨ ¸¥Î¥´¨Ö ¤ ´´μ° ·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢
¸ ¤¥°É·μ´ ³¨ [17]:

N tot
γ = Npεγ

∞∫
0

f (E) dE

∞∫
0

σpd (E′)n (x)
(
−dE′

dx

)−1

dE′, (2)

σ(E) =
Spd(E)

E
exp

(
− β√

E

)
. (3)

‚ ¸²ÊÎ ¥ pd-·¥ ±Í¨¨ β = 31,29
√

μ, £¤¥ β/
√

E Å ¶ · ³¥É· ‡μ³³¥·Ë¥²Ó¤ , μ Å ¶·¨¢¥-
¤¥´´ Ö ³ ¸¸  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í ¢μ ¢Ìμ¤´μ³ ± ´ ²  ·¥ ±Í¨¨ ¢ ¥¤¨´¨Í Ì  . ¥. ³.,
E Å Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸; Spd(E) Å
 ¸É·μË¨§¨Î¥¸±¨° S-Ë ±Éμ· ¤²Ö pd-·¥ ±Í¨¨; N tot

γ Å ¶μ²´μ¥ Î¨¸²μ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ
£ ³³ -±¢ ´Éμ¢; σpd(E) Å ¸¥Î¥´¨¥ pd-·¥ ±Í¨¨; dE/dx Å Ê¤¥²Ó´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·μ-
Éμ´μ¢ ¢ ³¨Ï¥´¨; n(x) Å ¶²μÉ´μ¸ÉÓ ¤¥°É·μ´μ¢ ¢ ³¨Ï¥´¨ ´  £²Ê¡¨´¥ x; f(E) Å ËÊ´±Í¨Ö
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· ¸¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¶·μÉμ´μ¢, ¶ ¤ ÕÐ¨Ì ´  ³¨Ï¥´Ó; εγ Å ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· -
Í¨¨ £ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨; Np Å Î¨¸²μ ¶·μÉμ´μ¢, ¶μ¶ ¢Ï¨Ì ¢ ³¨Ï¥´Ó.

„ ´´ Ö ¶ · ³¥É·¨§ Í¨Ö ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ (3) ¶·¥¤¶μ² £ ¥É ¢§ ¨³μ¤¥°¸É¢¨¥ ®£μ²ÒÌ¯
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨.

‘ ÊÎ¥Éμ³ Ô´¥·£¥É¨Î¥¸±μ£μ · §¡·μ¸  ¤¥°É·μ´μ¢, ¶ ¤ ÕÐ¨Ì ´  ¤¥°É¥·¨¥¢ÊÕ ³¨Ï¥´Ó,  
É ±¦¥ ±Ê²μ´μ¢¸±¨Ì ¶μÉ¥·Ó Ô´¥·£¨¨ ¶·μÉμ´μ¢ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¨Ì ¸  Éμ³ ³¨
(³μ²¥±Ê² ³¨ ³¨Ï¥´¨) Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μ¶·¥¤¥-
²ÖÕÉ¸Ö ± ± [18, 19, 21Ä23]:

Spd(E) =

∞∫
0

Spd(E)P (E)dE = S(Ecol) =
N exp

γ

Npεγ

∞∫
0

f(E) dE
∞∫
0

e−2πηn(x′)
E′(E, x′)

dx′
, (4)

£¤¥ 2πη = β/
√

E,

P (E) =
e−2πηD(E)

∞∫
E

n(x(E, E′))f(E′) dE′

∞∫
0

e−2πηD(E) dE
∞∫
E

n(x(E, E′))f(E′) dE′
, (5)

D(E) = − 1
E

dx

dE
, (6)

Ecol =

∞∫
0

EP (E) dE; (7)

Spd(E) = Spd(Ecol), (8)

£¤¥ N exp
γ Å Î¨¸²μ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ £ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨; n(x′) Å ¶²μÉ-

´μ¸ÉÓ ¤¥°É·μ´μ¢ ³¨Ï¥´¨ ´  £²Ê¡¨´¥ x′; E′(Ecm, x′) Å Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´  ¸
¤¥°É·μ´μ³ ¢ ³¨Ï¥´¨ ´  £²Ê¡¨´¥ x′; P (E) Å ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¢¥·μÖÉ´μ¸É¨ ¸Éμ²±-
´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¸ ¶μ¸²¥¤ÊÕÐ¥° ·¥£¨¸É· Í¨¥° ¢ÒÌμ¤  £ ³³ -±¢ ´Éμ¢ ¨§
pd-·¥ ±Í¨¨; Ecol Å Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, Ê¸·¥¤´¥´´ Ö ¶μ ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö P (E).

„²Ö μ¶·¥¤¥²¥´¨Ö ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ ¢Ò· ¦¥´¨¥ ¤²Ö ¢ÒÌμ¤  £ ³³ -
±¢ ´Éμ¢ ¨§ ¤ ´´μ° ·¥ ±Í¨¨ Nγ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¶·μ¸Éμ³ ¢¨¤¥ [29]:

N exp
γ = Npntεγ σ̃pd(Em)leff(Em)K(Em), (9)

leff =

√
2π

−ϕ(2)(Em)
dx

dE
(Em), (10)

K(Em) =

∞∫
Em

f(E) dE =
2E

3/2
m

β
, (11)
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£¤¥ leff(Em) Å ÔËË¥±É¨¢´Ò° ¶·μ¡¥£ ¶·μÉμ´  ¢ ³¨Ï¥´¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° Ô´¥·£¨¨ ¸Éμ²±-
´μ¢¥´¨Ö ¶·μÉμ´  ¸ ¤¥°É·μ´μ³ Em; Em Å §´ Î¥´¨¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢
¸ ¤¥°É·μ´ ³¨ ³¨Ï¥´¨, μ¶·¥¤¥²Ö¥³μ¥ Ê· ¢´¥´¨¥³ ¤²Ö Ô±¸É·¥³ ²Ó´μ° ÉμÎ±¨ ËÊ´±Í¨¨

ϕ0(E) = −β/
√

E + ln
∞∫
E

f(E′) dE′: β/E
3/2
m − f(Em)/

∞∫
Em

f(E′) dE′ = 0 (¤ ´´μ¥ §´ -

Î¥´¨¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¸μμÉ¢¥É¸É¢Ê¥É ¶μ²μ¦¥´¨Õ ³ ±¸¨-

³Ê³  ËÊ´±Í¨¨ P (E)); ϕ
(2)
0 (Em) Å ¢Éμ· Ö ¶·μ¨§¢μ¤´ Ö ËÊ´±Í¨¨ ϕ0(E) ¢ ÉμÎ±¥ Em;

K(Em) Å ¤μ²Ö ¶¥·¢μ´ Î ²Ó´μ£μ ¶μÉμ±  ¶·μÉμ´μ¢, ¤ ¢Ï Ö ¢±² ¤ ¢ ¢ÒÌμ¤ £ ³³ -±¢ ´Éμ¢
¨§ pd-·¥ ±Í¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Em ¢
¸. Í. ³.; σ̃pd(Em) Å ÔËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ pd-·¥ ±Í¨¨, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ Ô´¥·£¨¨ ¸Éμ²±´μ-
¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Em; f(Em) Å §´ Î¥´¨¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢,
¶ ¤ ÕÐ¨Ì ´  ³¨Ï¥´Ó, § ¢¨¸ÖÐ¥¥ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¢ ÉμÎ±¥ Em.

�ËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ pd-·¥ ±Í¨¨, ¸μ£² ¸´μ ¢Ò· ¦¥´¨Õ (9), μ¶·¥¤¥²Ö¥É¸Ö ± ±

σ̃pd(Em) =
N exp

γ

Np(d)εγntleff(Em)K(Em)
. (12)

Š ± ¢¨¤´μ ¨§ ¶·¨¢¥¤¥´´ÒÌ ¢Ò· ¦¥´¨°, ¤²Ö ¶· ¢¨²Ó´μ° ¨´É¥·¶·¥É Í¨¨ ¶μ²ÊÎ¥´´ÒÌ ¤ ´-
´ÒÌ ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ μ¤´μ§´ Î´ÊÕ ¨´Ëμ·³ Í¨Õ μ¡ Ô´¥·£¥É¨Î¥¸±μ³ · ¸¶·¥¤¥²¥´¨¨ ¶μ-
Éμ±  ¶·μÉμ´μ¢, ¶ ¤ ÕÐ¨Ì ´  ³¨Ï¥´Ó, μ ¥£μ ¸μ¸É ¢¥, μ¡ ÔËË¥±É¨¢´μ¸É¨ É· ´¸¶μ·É¨·μ¢±¨
¶ÊÎ±  ¶·μÉμ´μ¢ μÉ ¨¸ÉμÎ´¨±  ¨μ´μ¢ ¤μ ³¨Ï¥´¨, μ ¢¥·μÖÉ´μ¸É¨ ¥£μ ´¥°É· ²¨§ Í¨¨ ¢ ¶·μ-
Í¥¸¸¥ É· ´¸¶μ·É¨·μ¢±¨, μ · ¸¶·¥¤¥²¥´¨¨ ±μ´Í¥´É· Í¨¨ ¤¥°É¥·¨Ö ¶μ £²Ê¡¨´¥ ³¨Ï¥´¨.

2. ��‘’���‚Š� �Š‘�…�ˆŒ…�’�

�¶·¥¤¥²¥´¨¥ § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μ-
Éμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ 6,0Ä23,3 ±Ô‚ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö ¢Ò¶μ²´Ö²μ¸Ó ¸ ¨¸-
¶μ²Ó§μ¢ ´¨¥³ ¸¨²Ó´μÉμÎ´μ£μ ¶² §³¥´´μ£μ Ê¸±μ·¨É¥²Ö •μ²² . �¥£¨¸É· Í¨Ö £ ³³ -±¢ ´Éμ¢
¨§ pd-·¥ ±Í¨¨ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸ ¶μ³μÐÓÕ ¢μ¸Ó³¨ ¸Í¨´É¨²²ÖÍ¨μ´´ÒÌ ¤¥É¥±Éμ·μ¢, ´ 
μ¸´μ¢¥ ±·¨¸É ²²μ¢ NaI(Tl) (100 × 100 × 400 ³³), · ¸¶μ²μ¦¥´´ÒÌ ¢μ±·Ê£ ³¨Ï¥´¨ ¨§
¤¥°É¥·¨¤  Í¨·±μ´¨Ö. �  ·¨¸. 1 ¶·¨¢¥¤¥´  ¸Ì¥³  Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨.

�¨¸. 1. �±¸¶¥·¨³¥´É ²Ó´ Ö Ê¸É ´μ¢± : 1 Å É¢¥·¤μÉ¥²Ó´ Ö ³¨Ï¥´Ó ¨§ ZrD2; 2 Å ³´μ£μ¸¥ÉμÎ´Ò°
 ´ ²¨§ Éμ· Ô´¥·£¨¨; 3 Å ¤¥É¥±Éμ·Ò £ ³³ -±¢ ´Éμ¢ ´  μ¸´μ¢¥ ±·¨¸É ²²μ¢ NaI(Tl); 4 Å ±μ·¶Ê¸

¶² §³¥´´μ£μ Ê¸±μ·¨É¥²Ö •μ²² ; 5 Å ¸¥É± 
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‚ ± Î¥¸É¢¥ ³¨Ï¥´¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ¤¥°É¥·¨¤ Í¨·±μ´¨Ö. � ´¥¸¥´¨¥ ¸²μÖ ¤¥°É¥·¨¤ 
Í¨·±μ´¨Ö ´  ¶μ¤²μ¦±Ê ¨§ ´¥·¦ ¢¥ÕÐ¥° ¸É ²¨ μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ³¥Éμ¤¨±¨
³ £´¥É·μ´´μ£μ · ¸¶Ò²¥´¨Ö. ’μ²Ð¨´  ´ ´¥¸¥´´μ£μ ¸²μÖ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö ¸μ¸É -
¢²Ö²  ∼ 1,5−2,0 ³±³. � ¸¶·¥¤¥²¥´¨¥ ¤¥°É·μ´μ¢ ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ¶ ¤ ÕÐ¥£μ ´  ³¨-
Ï¥´Ó ¶ÊÎ±  ¶·μÉμ´μ¢ ¨§³¥·Ö²μ¸Ó ´  Ê¸±μ·¨É¥²¥ ‚ ´ ¤¥ ƒ·  Ë  ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ¸¶¥±É·μ¢
EDR ¨ RBS [30Ä32]. ˆ§³¥·¥´¨¥ Ô´¥·£¥É¨Î¥¸±μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢, ¶ ¤ ÕÐ¨Ì ´ 
³¨Ï¥´Ó, μ¸ÊÐ¥¸É¢²Ö²μ¸Ó ¸ ¶μ³μÐÓÕ ³´μ£μ¸¥ÉμÎ´μ£μ Ô²¥±É·μ¸É É¨Î¥¸±μ£μ ¸¶¥±É·μ³¥É· 
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í,   ¨§³¥·¥´¨¥ ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ¶·μÉμ´μ¢ ¢ ¶ÊÎ±¥
¶·μ¨§¢μ¤¨²μ¸Ó ¸ ¶μ³μÐÓÕ ²¨´¥°±¨ Í¨²¨´¤·μ¢ ” · ¤¥Ö, Ê¸É ´μ¢²¥´´ÒÌ ¶μ · ¤¨Ê¸Ê ³¨-
Ï¥´¨. ˆ´É¥´¸¨¢´μ¸ÉÓ Ê¸±μ·¥´´μ£μ ¶μÉμ±  ¶·μÉμ´μ¢ ¢ ¨³¶Ê²Ó¸¥ ¸μ¸É ¢²Ö²  5 · 1014 ¶·¨
¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸  10 ³±¸ ¨ Î ¸ÉμÉ¥ ¸²¥¤μ¢ ´¨Ö ∼ 5 · 10−2 ƒÍ. �·¨³¥¸Ó ³μ²¥±Ê-
²Ö·´ÒÌ ¨μ´μ¢ ¢μ¤μ·μ¤  ¢ ¶ÊÎ±¥ Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¸μ¸É ¢²Ö²  (9,8 ± 2,0)% [33],  
¤μ²Ö ´¥°É· ²μ¢, μ¡· §ÊÕÐ¨Ì¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶·μÍ¥¸¸  ¶¥·¥§ ·Ö¤±¨ ¨μ´μ¢ ¢μ¤μ·μ¤  ´ 
μ¸É ÉμÎ´μ³ £ §¥ ¢ ¨§³¥·¨É¥²Ó´μ° ± ³¥·¥ Ê¸±μ·¨É¥²Ö ¶·¨ É· ´¸¶μ·É¨·μ¢±¥ ¨Ì μÉ ¨μ´´μ£μ
¨¸ÉμÎ´¨±  ¤μ ³¨Ï¥´¨, ¡Ò²  ³¥´ÓÏ¥ 2,4% ´  95%-³ Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨ [33]. Šμ²¨-
Î¥¸É¢μ ¶·μÉμ´μ¢, ¶·μ¢§ ¨³μ¤¥°¸É¢μ¢ ¢Ï¨Ì ¸ ³¨Ï¥´ÓÕ ¢ ± ¦¤μ³ ¨³¶Ê²Ó¸¥ Ê¸±μ·¨É¥²Ö,
μ¶·¥¤¥²Ö²μ¸Ó ¨´É¥£·¨·μ¢ ´¨¥³ Éμ±  ³¨Ï¥´¨. �·¨ ÔÉμ³ ¤²Ö ¶μ¤ ¢²¥´¨Ö Ô³¨¸¸¨¨ Ô²¥±É·μ-
´μ¢ ¨§ ³¨Ï¥´¨ ¶¥·¥¤ ´¥° Ê¸É ´ ¢²¨¢ ² ¸Ó ¸¥É±  (¸ ¶·μ§· Î´μ¸ÉÓÕ 93 %), ´ Ìμ¤ÖÐ Ö¸Ö
´  · ¸¸ÉμÖ´¨¨ 1 ¸³ ¶μ¤ ¶μÉ¥´Í¨ ²μ³ −100 ‚.

�ËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ £ ³³ -±¢ ´Éμ¢ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±μ° μ¶·¥¤¥-
²Ö² ¸Ó ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ. �·¨ ¶μ·μ£¥ ·¥£¨¸É·¨·ÊÕÐ¥°  ¶¶ · ÉÊ·Ò 3 ŒÔ‚ μ´  ¸μ-
¸É ¢¨²  εγ = 0,300 ± 0,006. ‚Ò¡μ· ¤ ´´μ£μ Ô´¥·£¥É¨Î¥¸±μ£μ ¶μ·μ£  ¡Ò² μ¡Ê¸²μ¢²¥´
´¥μ¡Ìμ¤¨³μ¸ÉÓÕ ¶μ¤ ¢²¥´¨Ö ¢±² ¤  Ëμ´  §  ¸Î¥É ·¥£¨¸É· Í¨¨ ´¥°É·μ´μ¢ ¨§ dd-·¥ ±Í¨¨,
¶·μÉ¥± ´¨¥ ±μÉμ·μ° ¢μ§³μ¦´μ ¨§-§  ´ ²¨Î¨Ö ¶·¨³¥¸¨ ¤¥°É·μ´μ¢ ¢ ¶ÊÎ±¥ ¶·μÉμ´μ¢ (¶·¨-
³¥¸Ó ¤¥°É¥·¨Ö ¢ ¢μ¤μ·μ¤¥ ¸μ¸É ¢²Ö²  ∼ 10−4).

‚ É¥Î¥´¨¥ Ô±¸¶¥·¨³¥´É  ´¥¶·¥·Ò¢´μ ¶·μ¢μ¤¨²¨¸Ó ¨§³¥·¥´¨Ö Ëμ´ , μ¡Ê¸²μ¢²¥´´μ£μ
±μ¸³¨Î¥¸±¨³ ¨§²ÊÎ¥´¨¥³ ¨ ¥¸É¥¸É¢¥´´μ° · ¤¨μ ±É¨¢´μ¸ÉÓÕ. „²Ö ÔÉμ£μ ¢ ¶·μ³¥¦ÊÉ± Ì
³¥¦¤Ê · ¡μÎ¨³¨ ¨³¶Ê²Ó¸ ³¨ Ê¸±μ·¨É¥²Ö ¤²¨É¥²Ó´μ¸ÉÓÕ 10 ³±¸, ¢ É¥Î¥´¨¥ ±μÉμ·ÒÌ ¶Ê-
Îμ± Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¶ ¤ ² ´  ³¨Ï¥´Ó ¨§ ZrD2, ·¥£¨¸É·¨·μ¢ ²¨¸Ó ¸μ¡ÒÉ¨Ö Ëμ´ 
¢ É¥Î¥´¨¥ É ±μ£μ ¦¥ ¶·μ³¥¦ÊÉ±  ¢·¥³¥´¨. �¶·¥¤¥²¥´´Ò° É ±¨³ μ¡· §μ³ Ê·μ¢¥´Ó Ëμ´ 
¸μ¸É ¢²Ö² 12Ä1,5% ¤²Ö ¤¨ ¶ §μ´  Ô´¥·£¨° ¶·μÉμ´μ¢ Ep = 9,0−35,0 ±Ô‚.

‚ É ¡². 2 ¶·¨¢¥¤¥´Ò μ¸´μ¢´Ò¥ ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¶·μ¢¥¤¥´¨¨ pd-Ô±¸¶¥·¨³¥´É .
‡´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  μ¶·¥¤¥²Ö²¨¸Ó ¶μ Ëμ·³Ê²¥ (4).

�  ·¨¸. 2 ¶·¨¢¥¤¥´  ¨§³¥·¥´´ Ö § ¢¨¸¨³μ¸ÉÓ  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-
·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ 6,0Ä23,3 ±Ô‚,
¶μ²ÊÎ¥´´ Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö. �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥
¶·¨¢¥¤¥´Ò  ´ ²μ£¨Î´Ò¥ § ¢¨¸¨³μ¸É¨, ¨§³¥·¥´´Ò¥ ¢ · ¡μÉ Ì [14] ¨ [16].

Š ± ¢¨¤´μ ¨§ ·¨¸. 2, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ´ Ìμ-
¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [14], ¢Ò¶μ²´¥´´μ° ¸ ³¨Ï¥´ÓÕ, § -
¶μ²´¥´´μ° £ §μμ¡· §´Ò³ ¤¥°É¥·¨¥³. �Éμ É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ Éμ³, ÎÉμ § ¢¨¸¨³μ-
¸É¨ ¢ÒÌμ¤μ¢ pd-·¥ ±Í¨¨, ¨§³¥·¥´´Ò¥ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö ¨ ¢ £ §μμ¡· §´μ³ ¤¥°É¥·¨¨
¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 6,0Ä23,3 ±Ô‚, ´¥ · §²¨Î -
ÕÉ¸Ö ³¥¦¤Ê ¸μ¡μ° ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ μÏ¨¡μ± ¨§³¥·¥´¨Ö §´ Î¥´¨° ¤ ´´μ°
¢¥²¨Î¨´Ò. � ÔÉμ, ¢ ¸¢μÕ μÎ¥·¥¤Ó, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É μ¡ μÉ¸ÊÉ¸É¢¨¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´μ
´ ¡²Õ¤ ¥³μ³ Ê·μ¢´¥ Ê¸¨²¥´¨Ö ¨´É¥´¸¨¢´μ¸É¨ ¶·μÉ¥± ´¨Ö pd-·¥ ±Í¨¨ §  ¸Î¥É ´ ²¨Î¨Ö
ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨.



862 �Ò¸É·¨Í±¨° ‚. Œ. ¨ ¤·.

’ ¡²¨Í  2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶μ²ÊÎ¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥ ¸ ³¨Ï¥´ÓÕ ¨§ ¤¥°É¥·¨¤ 
Í¨·±μ´¨Ö

Ep, Ecol, Np, Em, Spd, S0, S′
0, spd(Em),

±Ô‚ ±Ô‚ 1016 ±Ô‚ Ô‚ · ¡ Ô‚ · ¡ Ô‚ · ¡ · ±Ô‚−1 10−9 ¡

9 5,28 489,9 5,63 0,247 ± 0,036 0,89
11 6,35 223,2 6,83 0,253 ± 0,032 2,05
13 7,41 137,88 8,03 0,260 ± 0,029 3,84
15 8,45 78,57 9,22 0,266 ± 0,027 6,29
17 9,48 44,73 10,41 0,272 ± 0,030 9,40
19 10,49 25,25 11,59 0,278 ± 0,032 13,13
21 11,49 16,646 12,77 0,284 ± 0,031 17,43
23 12,49 10,44 13,94 0,290 ± 0,033 22,26
25 13,47 8,529 15,12 0,295 ± 0,032 0,210 ± 0,001 0,0078 ± 0,0005 27,56
27 14,44 6,61 16,29 0,301 ± 0,031 33,30
29 15,41 9,39 17,45 0,307 ± 0,026 39,41
30 15,89 5,4 18,03 0,310 ± 0,024 42,60
31 16,37 10,2 18,61 0,313 ± 0,027 45,87
32 16,84 6,19 19,19 0,315 ± 0,026 49,21
33 17,32 7,4 19,77 0,318 ± 0,024 52,62
34 17,79 6,15 20,35 0,321 ± 0,023 56,10
35 18,26 44,636 20,93 0,324 ± 0,023 59,64

�·¨³¥Î ´¨¥. Np Å Î¨¸²μ ¶·μÉμ´μ¢, ¶μ¶ ¢Ï¨Ì ¢ ³¨Ï¥´Ó; Ecol Å ¸·¥¤´ÖÖ Ô´¥·£¨Ö ¸Éμ²±´μ-
¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, μ¶·¥¤¥²Ö¥³ Ö Ê· ¢´¥´¨¥³ (8); Ep Å Ô´¥·£¨Ö ¶·μÉμ´μ¢, ¶μ¶ ¢Ï¨Ì
¢ ³¨Ï¥´Ó (¢ ². ¸.); Em Å Ô´¥·£¨Ö ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ³ ±-
¸¨³Ê³Ê ËÊ´±Í¨¨ P (E); S0 Å §´ Î¥´¨¥  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨, ¸μμÉ¢¥É-
¸É¢ÊÕÐ¥¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´  ¸ ¤¥°É·μ´μ³, · ¢´μ° ´Ê²Õ; S′

0 Å ¶ · ³¥É· ²¨´¥°´μ°
 ¶¶·μ±¸¨³ Í¨¨ § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´ 
¸ ¤¥°É·μ´μ³.

‚ Éμ ¦¥ ¢·¥³Ö ¨§³¥·¥´´Ò¥ ´ ³¨ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¶·¥¢ÒÏ ÕÉ
·¥§Ê²ÓÉ ÉÒ [16], ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ÉÖ¦¥²μ° ¢μ¤Ò (D2O). ’ ±μ¥
¦¥ · ¸Ìμ¦¤¥´¨¥ ´ ¡²Õ¤ ¥É¸Ö ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ´ ³¨ · ´¥¥ ¸ ³¨Ï¥´ÓÕ
¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö [18], ¨ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [16]. ’ ±¨³ μ¡· §μ³, ¶·¨Î¨´  É ±μ£μ
· ¸Ìμ¦¤¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ [16] μ¸É ¥É¸Ö ¢¸¥ ¥Ð¥ ´¥ Ö¸´μ°.

� ²¨Î¨¥ · ¸ÉÊÐ¥° ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¸ Ê¢¥²¨Î¥-
´¨¥³ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Spd(E) = S0 + S′

0 · E, ¨§³¥·¥´´μ°
¢ · ¡μÉ Ì [14, 16], ¶μ¤É¢¥·¦¤ ¥É¸Ö ¢ ¶·¥¤¥² Ì μÏ¨¡μ± ¨§³¥·¥´¨Ö ¤ ´´Ò³¨ ´ ¸ÉμÖÐ¥°
· ¡μÉÒ.

�  ·¨¸. 3 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ¨§³¥·¥´´μ£μ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨
σ̃pd(Em) μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Em (Em Å Ô´¥·£¨Ö ¸Éμ²±-
´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ³ ±¸¨³Ê³¥ ËÊ´±Í¨¨ P (E)). ‡´ Î¥´¨Ö σ̃pd(Em) μ¶·¥-
¤¥²Ö²¨¸Ó ¨§ Ê· ¢´¥´¨Ö (10) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥·¥´´μ£μ ¢ÒÌμ¤ 
£ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨ ¨ ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° ÔËË¥±É¨¢´μ° ¤²¨´Ò ¶·μ¡¥£  ¶·μ-
Éμ´  ¢ ³¨Ï¥´¨ leff(Em) ¨ ¢¥²¨Î¨´Ò K(Em).

�±¸¶¥·¨³¥´É ²Ó´μ ´ °¤¥´´Ò¥ §´ Î¥´¨Ö ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ σ̃pd(Em)
¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 6,0Ä23,3 ±Ô‚ ¶·¨¢¥¤¥´Ò



ˆ¸¸²¥¤μ¢ ´¨¥ ·¥ ±Í¨¨ D(p, γ)3He ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö 863

�¨¸. 2. ‡ ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μ-

Éμ´μ¢ ¸ ¤¥°É·μ´ ³¨: É¥³´Ò¥ ±¢ ¤· ÉÒ Å ´ ¸ÉμÖÐ Ö · ¡μÉ ; ¸¢¥É²Ò¥ ·μ³¡Ò Å · ¡μÉ  [14] (μ¶ÒÉ
¸ £ §μ¢μ° ¤¥°É¥·¨¥¢μ° ³¨Ï¥´ÓÕ); É¥³´Ò¥ ±·Ê¦±¨ Å ´ Ï  ¶·¥¤Ò¤ÊÐ Ö · ¡μÉ  [18] ¸ ³¨Ï¥´ÓÕ

¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö; É¥³´Ò¥ É·¥Ê£μ²Ó´¨±¨ Å · ¡μÉ  [16] (μ¶ÒÉ ¸ ³¨Ï¥´ÓÕ ¨§ § ³μ·μ¦¥´´μ°

ÉÖ¦¥²μ° ¢μ¤Ò); ¸¶²μÏ´ Ö ²¨´¨Ö Å ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·μ¢ ´¨Ö ¤ ´´ÒÌ ´ ¸ÉμÖÐ¥° · ¡μÉÒ

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸

¤¥°É·μ´ ³¨: É¥³´Ò¥ ±·Ê¦±¨ Å ·¥§Ê²ÓÉ ÉÒ ´ ¸ÉμÖÐ¥° · ¡μÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·-
³Ê²Ò (10); ¸¶²μÏ´ Ö ±·¨¢ Ö Å · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ Ëμ·-

³Ê²¥ (3); ¸¢¥É²Ò¥ ±·Ê¦±¨ Å §´ Î¥´¨Ö ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° pd-·¥ ±Í¨¨, ¨§³¥·¥´´Ò¥ ¢ · ¡μÉ¥ [16]
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¢ É ¡². 2. Š·μ³¥ Éμ£μ, ´  ·¨¸. 3 μÉμ¡· ¦¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ÔËË¥±É¨¢-
´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨, ¨§³¥·¥´´Ò¥ ¸ £ §μμ¡· §´μ° ¤¥°É¥·¨¥¢μ° ³¨Ï¥´ÓÕ [16].

•μ·μÏ¥¥ ¸μ£² ¸¨¥ ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¨ · ¡μÉÒ [14] ¢ ¶² ´¥ ¨§¢²¥-
Î¥´¨Ö ¨´Ëμ·³ Í¨¨ μ ¢¥²¨Î¨´¥ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É, ¸ μ¤-
´μ° ¸Éμ·μ´Ò, μ ±μ··¥±É´μ¸É¨  ´ ²¨É¨Î¥¸±μ£μ ¶μ¤Ìμ¤  μ¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ¢¥²¨Î¨´Ò
σ̃pd(Em) [26],   ¸ ¤·Ê£μ° Å μ¡ μÉ¸ÊÉ¸É¢¨¨ Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¤²Ö pd-·¥ ±Í¨¨,
¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö.

‚ § ±²ÕÎ¥´¨¥ ³μ¦´μ μÉ³¥É¨ÉÓ ¸²¥¤ÊÕÐ¥¥.
1. �¥§Ê²ÓÉ ÉÒ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¶μ ¨§³¥·¥´¨Õ § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-

Ë ±Éμ·  μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö ¸μ¢¶ -
¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨ ´ Ï¥° ¶·¥¤Ò¤ÊÐ¥° · ¡μÉÒ [18], ¶μ²ÊÎ¥´´Ò³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨°
¸Éμ²±´μ¢¥´¨Ö 7,3Ä12,7 ±Ô‚.

2. �¥§Ê²ÓÉ ÉÒ ´ ¸ÉμÖÐ¥° · ¡μÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¤²Ö ¨´É¥·¢ ²  Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 12,7Ä23,3 ±Ô‚, ´ Ìμ¤ÖÉ¸Ö ¢ Ìμ·μÏ¥³ ¸μ£² ¸¨¨ ¸ ·¥§Ê²ÓÉ É ³¨,
¶μ²ÊÎ¥´´Ò³¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £ §μμ¡· §´μ° ¤¥°É¥·¨¥¢μ° ³¨Ï¥´¨ [14].

3. ˆ§³¥·¥´´Ò¥ §´ Î¥´¨Ö S-Ë ±Éμ·  ¢ Ê± § ´´μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μ-
Éμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¶·¥¢ÒÏ ÕÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ¢ · ¡μÉ¥ [16] ¸
¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ÉÖ¦¥²μ° ¢μ¤Ò D2O. �·¨Î¨´  · ¸Ìμ¦¤¥´¨Ö ³¥¦¤Ê ·¥§Ê²ÓÉ -
É ³¨, ¶μ²ÊÎ¥´´Ò³¨ ´ ³¨ ¢ ´ ¸ÉμÖÐ¥° ¨ ¶·¥¤Ò¤ÊÐ¥° [18] · ¡μÉ Ì ¨ ¢ · ¡μÉ¥ ¸ ³¨Ï¥´ÓÕ
¨§ D2O [16], μ¸É ¥É¸Ö ¶μ±  ´¥ Ö¸´μ°.

4. ˆ§³¥·¥´´Ò¥ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ ¢ Ê± § ´´μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨¨
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ¸Ö Ëμ·³Ê²μ° (9) ¸ ¨¸¶μ²Ó§μ-
¢ ´¨¥³ ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° ÔËË¥±É¨¢´μ° ¤²¨´Ò ¶·μ¡¥£  ¶·μÉμ´μ¢ ¢ ¤¥°É¥·¨¤¥ Í¨·-
±μ´¨Ö ¨ ¢¥²¨Î¨´Ò K(E), Ì · ±É¥·¨§ÊÕÐ¥° ¤μ²Õ ¶·μÉμ´μ¢, ¤ ¢Ï¨Ì ¢±² ¤ ¢ ¢ÒÌμ¤ £ ³³ -
±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨.

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¸¨ÉÊ Í¨Ö ¢ ¶² ´¥ ¨§ÊÎ¥´¨Ö pd-·¥ ±Í¨¨ ¢ ³¥É ²² Ì, ´ ¸ÒÐ¥´-
´ÒÌ ¤¥°É¥·¨¥³, ¸²¥¤ÊÕÐ Ö.

�¥§Ê²ÓÉ ÉÒ ¤¢ÊÌ pd-Ô±¸¶¥·¨³¥´Éμ¢ ¸ ³¨Ï¥´ÓÕ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö, μ¤¨´ ¨§ ±μ-
Éμ·ÒÌ ¢Ò¶μ²´¥´ ´ ³¨ · ´¥¥ [18],   ¢Éμ·μ° Å ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ¡
μÉ¸ÊÉ¸É¢¨¨ ´  Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ¥³μ³ Ê·μ¢´¥ Ê¸¨²¥´¨Ö pd-·¥ ±Í¨¨ ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° 6,0Ä23,3 ±Ô‚ §  ¸Î¥É ´ ²¨Î¨Ö ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢§ ¨³μ¤¥°¸É¢Ê-
ÕÐ¨Ì ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨.

—Éμ ± ¸ ¥É¸Ö ¨¸¸²¥¤μ¢ ´¨Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ É¨É ´ , Éμ ´  Ô±¸¶¥-
·¨³¥´É ²Ó´μ ¤μ¸Éμ¢¥·´μ³ Ê·μ¢´¥ ´ ³¨ μ¡´ ·Ê¦¥´μ Ê¸¨²¥´¨¥ ¤ ´´μ° ·¥ ±Í¨¨ ¢ ¨´É¥·¢ ²¥
Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ μÉ 5,3 ¤μ 10,5 ±Ô‚ [19].

� °¤¥´´μ¥ §´ Î¥´¨¥ ¶μÉ¥´Í¨ ²  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö pd-·¥ ±Í¨¨ ¢ ¤¥°-
É¥·¨¤¥ É¨É ´  ´¥μ¦¨¤ ´´μ μ± § ²μ¸Ó ¤μ¸É ÉμÎ´μ ¡μ²ÓÏ¨³ (Ue = (242 ± 64) Ô‚) ¤ ¦¥
¶μ ¸· ¢´¥´¨Õ ¸ ¨§³¥·¥´´Ò³ · ´¥¥ ¶μÉ¥´Í¨ ²μ³ Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö dd-
·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ É¨É ´¥ (Ue = (125 ± 34) Ô‚ [21]).

�·¨·μ¤  ¸Éμ²Ó §´ Î¨É¥²Ó´μ£μ ¶μ ¢¥²¨Î¨´¥ ¶μÉ¥´Í¨ ²  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö
¤²Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ É¨É ´  μ¸É ¥É¸Ö ¶μ±  ´¥ ¨§¢¥¸É´μ°.

„²Ö ¶·μÖ¸´¥´¨Ö ¶·¨·μ¤Ò ¸Éμ²Ó ¸ÊÐ¥¸É¢¥´´μ£μ · ¸Ìμ¦¤¥´¨Ö ¢ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ É Ì
¨§ÊÎ¥´¨Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤ Ì É¨É ´  ¨ Í¨·±μ´¨Ö ´¥μ¡Ìμ¤¨³μ ¶·μ¢¥¸É¨ ¨§ÊÎ¥´¨¥
¤ ´´μ° ·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ É¨É ´  ¢ · ¸Ï¨·¥´´μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, ¶μ ±· °´¥° ³¥·¥ ¢ É ±μ³ ¦¥ ¨´É¥·¢ ²¥ Ô´¥·£¨°, ± ± ¨ ¢ ¸²ÊÎ ¥
¨§ÊÎ¥´¨Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö.
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�μ¤É¢¥·¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¶·¥¤Ò¤ÊÐ¥° · ¡μÉÒ [19] ¶μ§¢μ²¨É ¶·μÖ¸´¨ÉÓ ¶·¨·μ¤Ê
· §²¨Î¨Ö ¢ ³¥Ì ´¨§³ Ì ¶·μÉ¥± ´¨Ö pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤ Ì É¨É ´  ¨ Í¨·±μ´¨Ö.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¨¸±·¥´´ÕÕ ¡² £μ¤ ·´μ¸ÉÓ ‚¨É.Œ. 	Ò¸É·¨Í±μ³Ê §  ¶²μ¤μÉ¢μ·´Ò¥
¤¨¸±Ê¸¸¨¨ ¨ ¶μ¸ÉμÖ´´Ò° ¨´É¥·¥¸ ± · ¡μÉ¥.
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