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� ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ³¥Ì ´¨§³  ¶·μÉ¥± ´¨Ö ·¥ ±Í¨¨ p(d, γ)3He ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨-
Ï¥´¨ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö ¶·¨ Ô´¥·£¨ÖÌ ¶·μÉμ´μ¢ 11Ä19 ±Ô‚. �±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ´  ¶ÊÎ±¥
¶·μÉμ´μ¢ ¸¨²Ó´μÉμÎ´μ£μ ¨³¶Ê²Ó¸´μ£μ Ê¸±μ·¨É¥²Ö •μ²²  (’�“, ’μ³¸±). ˆ§³¥·¥´Ò § ¢¨¸¨³μ¸É¨
 ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¨ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö
¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸ ¨³¥ÕÐ¨³¨¸Ö ¤ ´´Ò³¨.
� ¡²Õ¤ ¥É¸Ö ¸μ£² ¸¨¥ ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨ ´ ¸ÉμÖÐ¥° · ¡μÉÒ ¨ Ô±¸¶¥·¨³¥´É , ¢Ò¶μ²´¥´´μ£μ ±μ²-
² ¡μ· Í¨¥° LUNA ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ £ §μμ¡· §´μ£μ ¤¥°É¥·¨Ö.

The article is devoted to the study of the d(p, γ)3He reaction mechanism with using of the zirconium
deuterated target at proton energies of 11Ä19 keV. The experiment was carried out using the plasma
high-current pulsed Hall ion accelerator (TPU, Tomsk). The dependence of the astrophysical S-factor
and the effective cross section for pd-reaction on the energy of collision of protons with deuterons were
measured. The results are compared with the literature. There is agreement between the results of the
present work and the experiment performed by the LUNA collaboration with the target of deuterium gas.

PACS: 25.40.Ep; 26.65.+t; 95.30.-k
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‚‚…„…�ˆ…

ˆ´É¥·¥¸ ± ¨§ÊÎ¥´¨Õ Ö¤¥·´μ° ·¥ ±Í¨¨

p + d → 3He + γ (1)

¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ (∼ ±Ô‚) μ¡Ê-
¸²μ¢²¥´ ¸²¥¤ÊÕÐ¨³¨ ¢μ§³μ¦´μ¸ÉÖ³¨: É¥¸É¨·μ¢ ´¨¥³ É¥μ·¥É¨Î¥¸±¨Ì · ¡μÉ, ¶μ¸¢ÖÐ¥´-
´ÒÌ ·¥Ï¥´¨Õ É·¥ÌÉ¥²Ó´ÒÌ § ¤ Î ´  μ¸´μ¢¥ ¸μ¢·¥³¥´´ÒÌ ¶·¥¤¸É ¢²¥´¨° μ ¶μÉ¥´Í¨ ²¥
´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ · ³± Ì ·¥ ²¨¸É¨Î¥¸±¨Ì ¤¢ÊÌÎ ¸É¨Î´ÒÌ, ¤¢ÊÌÎ -
¸É¨Î´ÒÌ ¶²Õ¸ É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨² [1Ä4]; ¶μ²ÊÎ¥´¨¥³ ¨´Ëμ·³ Í¨¨ μ ¸É·Ê±ÉÊ·¥ μ¡³¥´-
´ÒÌ ³¥§μ´´ÒÌ Éμ±μ¢ ¨ μ¶·¥¤¥²¥´¨¥³ ¨Ì ¢±² ¤  ¢ pd-¢§ ¨³μ¤¥°¸É¢¨¥ [5Ä7]; ¶·μ¢¥·±μ°
¨ μ¶·¥¤¥²¥´¨¥³ ¢¥²¨Î¨´Ò ¨§³¥´¥´¨Ö  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ § 
¸Î¥É ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í [8]; · §·¥Ï¥´¨¥³
´¥±μÉμ·ÒÌ  ±ÉÊ ²Ó´ÒÌ ¶·μ¡²¥³, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ μ¡² ¸É¨  ¸É·μË¨§¨±¨ [9Ä13].

Š ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¡Ò²μ ¢Ò¶μ²´¥´μ É·¨ Ô±¸¶¥·¨³¥´É  [14Ä16] ¶μ ¨¸¸²¥¤μ¢ ´¨Õ
§ ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μ-
Éμ´μ¢ ¸ ¤¥°É·μ´ ³¨ (¸³. É ¡². 1).

’ ¡²¨Í  1. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨ · ¸Î¥É´Ò¥ §´ Î¥´¨Ö  ¸É·μË¨§¨Î¥¸±¨Ì Spd-Ë ±Éμ·μ¢,   É ±¦¥
§´ Î¥´¨Ö ¶ · ³¥É·μ¢ ²¨´¥°´μ°  ¶¶·μ±¸¨³ Í¨¨ ¢¥²¨Î¨´Ò Spd(E) = S0 + S′

0E (E Å Ô´¥·£¨Ö
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¸. Í. ³.)

�μ³¥· · ¡μÉÒ S0, Ô‚ · ¡ S′
0, Ô‚ · ¡ · ±Ô‚−1 Spd(0), Ô‚ · ¡ Spd(E), Ô‚ · ¡

[17] Å Å 0,185 ± 0,005 Å

[14] Å Å 0,25 ± 0,04 Å

[15] 0,166 ± 0,005 0,0071 ± 0,0004 0,166 ± 0,014 Å

[16] 0,216 ± 0,006 0,0059 ± 0,0004 0,216 ± 0,010 Å

Å Å Å
0,237 ± 0,061

(E = 8,28 ±Ô‚)

[18] Å Å Å
0,277 ± 0,064

(E = 9,49 ±Ô‚)

Å Å Å
0,298 ± 0,065

(E = 10,10 ±Ô‚)

‡ ¢¨¸¨³μ¸ÉÓ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°-
É·μ´ ³¨ ´μ¸¨É ¶· ±É¨Î¥¸±¨ ²¨´¥°´Ò° Ì · ±É¥·, ± ± ¨ ¸²¥¤μ¢ ²μ μ¦¨¤ ÉÓ, ´  μ¸´μ¢ ´¨¨
 ´ ²¨§  ¢±² ¤μ¢ s- ¨ p-¢μ²´ ¢ ¸¥Î¥´¨¥ · ¤¨ Í¨μ´´μ£μ § Ì¢ É  ¶·μÉμ´  ¤¥°É·μ´μ³ [14, 15].

ˆ§³¥·¥´´μ¥ §´ Î¥´¨¥ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ ¢ μ¡² ¸É¨ ¶¨±  ƒ ³μ¢  [16] ¡μ²ÓÏ¥
´  ∼ 15% ¨ ³¥´ÓÏ¥ ´  ∼ 20%, Î¥³ ·¥§Ê²ÓÉ ÉÒ Ô±¸É· ¶μ²ÖÍ¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ [15] ¨ [14] ¨§ μ¡² ¸É¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ-
´ ³¨ ¢ Ê± § ´´ÊÕ μ¡² ¸ÉÓ Ô´¥·£¨° ¸μμÉ¢¥É¸É¢¥´´μ. ‡´ Î¥´¨¥ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨
¶·¨ ´Ê²¥¢μ° Ô´¥·£¨¨ pd-¸Éμ²±´μ¢¥´¨Ö [16] ´  Ê·μ¢´¥ 3σ (σ Å ¸É É¨¸É¨Î¥¸± Ö μÏ¨¡± 
¨§³¥·¥´¨Ö ¢¥²¨Î¨´Ò S) μÉ²¨Î ¥É¸Ö ± ± μÉ · ¸Î¥É´μ£μ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò Spd [17], É ±
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¨ μÉ ·¥§Ê²ÓÉ É  Ô±¸É· ¶μ²ÖÍ¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [15] ¨§ μ¡² ¸É¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì
Ô´¥·£¨° ± §´ Î¥´¨Õ Ô´¥·£¨¨, · ¢´μ³Ê 0.

“± § ´´Ò° Ô±¸¶¥·¨³¥´É ²Ó´Ò° · §¡·μ¸ μ¡ÑÖ¸´Ö¥É¸Ö ¸²μ¦´μ¸ÉÓÕ ¨§³¥·¥´¨Ö ¸¥Î¥´¨°
¢¥²¨Î¨´μ° ¢ ´ ´μ¡ ·´Ò ¶·¨ ³ ²ÒÌ ÔËË¥±É¨¢´ÒÌ Éμ²Ð¨´ Ì ³¨Ï¥´¥°. ’ ±, μ¸´μ¢´μ° ¢Ò-
Ìμ¤ ¶·μ¤Ê±Éμ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° μ¡¥¸¶¥Î¨¢ ¥É¸Ö Éμ²Ð¨´ ³¨ ¢ 1017  Éμ³/¸³2. ˆ³¥´´μ
¶μÔÉμ³Ê ¤²Ö ¶μ¸É ´μ¢±¨ pd-Ô±¸¶¥·¨³¥´É  ´ ³¨ ¶·¨³¥´Ö² ¸Ó ³¥Éμ¤¨±  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
¸μ§¤ ´´μ£μ ´ ³¨ · ´¥¥ ¸¨²Ó´μÉμÎ´μ£μ ¨³¶Ê²Ó¸´μ£μ Ê¸±μ·¨É¥²Ö •μ²²  ¸ § ³±´ÊÉÒ³ Ô²¥±-
É·μ´´Ò³ Éμ±μ³ [19Ä22]. ‘ ¶μ³μÐÓÕ ¤ ´´μ£μ Ê¸±μ·¨É¥²Ö ³μ¦´μ ¶μ²ÊÎ ÉÓ ¶ÊÎ±¨ Ê¸±μ-
·¥´´ÒÌ ¨μ´μ¢ ¶² §³Ò H+, D+, 3He+, 4He+ ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° 2Ä20 ±Ô‚ [18Ä22].
‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê¸±μ·¨É¥²Ö •μ²²  ¡Ò²¨ ¢¶¥·¢Ò¥ ¢Ò¶μ²´¥´Ò Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¨§³¥-
·¥´¨Õ §´ Î¥´¨°  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¨ ¸¥Î¥´¨° dd-·¥ ±Í¨¨ ¢ μ¡² ¸É¨ Ô´¥·£¨°
¸Éμ²±´μ¢¥´¨Ö ¤¥°É·μ´μ¢ 2,2Ä6,3 ±Ô‚ [19Ä22],   É ±¦¥ pd-·¥ ±Í¨¨ ¢ μ¡² ¸É¨ Ô´¥·£¨°
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ 8Ä10 ±Ô‚ [18]. �μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ [18Ä22]
¸¢¨¤¥É¥²Ó¸É¢μ¢ ²¨ μ ¶¥·¸¶¥±É¨¢´μ¸É¨ ¸μ§¤ ´´μ° ³¥Éμ¤¨±¨ ¤²Ö ¶·¥Í¨§¨μ´´μ£μ ¨§³¥·¥-
´¨Ö Ì · ±É¥·¨¸É¨± Ö¤¥·´ÒÌ ·¥ ±Í¨° ¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨°. �¥§Ê²ÓÉ ÉÒ [18]
(¸³. É ¡². 1) ¸²Ê¦¨²¨ ¸¢μ¥μ¡· §´μ° £ · ´É¨¥° ¢μ§³μ¦´μ¸É¨ ¢Ò¶μ²´¥´¨Ö ¡μ²¥¥ É·Ê¤μ-
¥³±μ£μ Ô±¸¶¥·¨³¥´É  ¶μ ¨§ÊÎ¥´¨Õ pd-·¥ ±Í¨¨ (¢ÒÌμ¤ γ-±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨ ¢ ¨¸-
¸²¥¤Ê¥³μ° μ¡² ¸É¨ Ô´¥·£¨° Î ¸É¨Í ¢μ ¢Ìμ¤´μ³ ± ´ ²¥ ¢ ¸·¥¤´¥³ ´  4Ä5 ¶μ·Ö¤±μ¢
³¥´ÓÏ¥, Î¥³ ¢ÒÌμ¤ ´¥°É·μ´μ¢ ¨§ dd-·¥ ±Í¨¨ ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¨´É¥·¢ ²  Ô´¥·£¨°
¸Éμ²±´μ¢¥´¨Ö ¤¥°É·μ´μ¢) ¢ ¡μ²¥¥ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢
¸ ¤¥°É·μ´ ³¨.

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö  ±É¨¢´μ ¨§ÊÎ ÕÉ¸Ö ³¥Ì ´¨§³Ò Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨ ¢ ·¥ ±-
Í¨ÖÌ ¸ ÊÎ ¸É¨¥³ ²¥£±¨Ì Ö¤¥·. ‚  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ [8] μ¦¨¤ ¥³μ¥ Ê¢¥²¨Î¥´¨¥
§´ Î¥´¨Ö S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ ¸μ¸É ¢²Ö¥É ∼ 6 % ¶·¨ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´ 
¸ ¤¥°É·μ´μ³ 2,5 ±Ô‚ (¢ ¸. Í. ³.) ¨ ∼ 20 % ¶·¨ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö 1 ±Ô‚. ’¥³ ´¥ ³¥´¥¥
É·¥¡Ê¥É¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶·μ¢¥·±  ¢Ò¢μ¤μ¢ [8], ´¥μ¡Ìμ¤¨³μ¸ÉÓ ±μÉμ·μ° μ¸´μ¢ ´  ´ 
¶·¨³¥·¥ ¨§ÊÎ¥´¨Ö ³¥Ì ´¨§³  ¶·μÉ¥± ´¨Ö dd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤ Ì ³¥É ²²μ¢. „²Ö ·¥ ±Í¨°
d(d, n)3He, d(d, p)3H, ¢ μ¡² ¸É¨ Ô´¥·£¨° ¶¨±  ƒ ³μ¢ , · ¸Î¥ÉÒ ¢  ¤¨ ¡ É¨Î¥¸±μ³ ¶·¥¤¥²¥
¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ ´¥§´ Î¨É¥²Ó´μ³ ¢²¨Ö´¨¨ ÔËË¥±É  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ´  ¶μ-
¢¥¤¥´¨¥ S-Ë ±Éμ·  ¢ μ¡² ¸É¨ Ê²ÓÉ· ´¨§±¨Ì Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¤¥°É·μ´μ¢ (¶μÉ¥´Í¨ ²
Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö ¤²Ö dd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ £ §μμ¡· §´μ³ ¤¥°É¥·¨¨,
Ue = 27 Ô‚ [8]). �¤´ ±μ Ô±¸¶¥·¨³¥´ÉÒ, ¢Ò¶μ²´¥´´Ò¥ ´  ³¥É ²²¨Î¥¸±¨Ì ³¨Ï¥´ÖÌ, ´ ¸Ò-
Ð¥´´ÒÌ ¤¥°É¥·¨¥³, ¶μ± § ²¨, ÎÉμ ¢¥²¨Î¨´  ¶μÉ¥´Í¨ ²  Ô²¥±É·μ´´μ£μ Ô±· ´¨·μ¢ ´¨Ö Ue

¢ ÔÉμ³ ¸²ÊÎ ¥ ¢μ§· ¸É ¥É ¶μÎÉ¨ ´  ¶μ·Ö¤μ± [23Ä25] (Ue = 200−300 Ô‚ ¨ ¤ ¦¥ 600 Ô‚), ÎÉμ
¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´μ³Ê ·μ¸ÉÊ S-Ë ±Éμ·  ¸ Ê³¥´ÓÏ¥´¨¥³ Ô´¥·£¨° ¤¥°É·μ´μ¢ ¢ μ¡² ¸É¨
Ô´¥·£¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ²μ¦¥´¨Õ ¶¨±  ƒ ³μ¢ . �¥ ¨¸±²ÕÎ¥´μ, ÎÉμ ¨ ¤²Ö pd-·¥ ±Í¨¨
¢μ§³μ¦´μ É ±μ¥ ¦¥ ¶·μÖ¢²¥´¨¥ ÔËË¥±É  Ô±· ´¨·μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶·μÉμ´μ¢ ¸
¤¥°É·μ´ ³¨ ¢ ³¥É ²²¨Î¥¸±¨Ì ³¨Ï¥´ÖÌ, ´ ¸ÒÐ¥´´ÒÌ ¤¥°É¥·¨¥³.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Í¥²ÓÕ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö²μ¸Ó ¨§³¥·¥´¨¥ S-Ë ±Éμ·  ¤²Ö pd-
·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö, ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¶·μÉμ´μ¢ 11Ä19 ±Ô‚.
�·μ¢¥¤¥´¨¥ ¨¸¸²¥¤μ¢ ´¨° pd-·¥ ±Í¨¨ ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö (ZrD2) ¶μ§¢μ²¨É É ±¦¥ ¨§-
¢²¥ÎÓ ¨´Ëμ·³ Í¨Õ μ ¢μ§³μ¦´μ³ Ê¸¨²¥´¨¨ ¶·μÍ¥¸¸  ¶·μÉ¥± ´¨Ö ¤ ´´μ° ·¥ ±Í¨¨ §  ¸Î¥É
´ ²¨Î¨Ö ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨.

�¨¦¥ ¶·¨¢¥¤¥´Ò μ¶¨¸ ´¨¥ ¸μ§¤ ´´μ° Ô±¸¶¥·¨³¥´É ²Ó´μ° Ê¸É ´μ¢±¨ ¨ ·¥§Ê²ÓÉ ÉÒ ¨¸-
¸²¥¤μ¢ ´¨Ö pd-·¥ ±Í¨¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¢¥·¤μÉ¥²Ó´ÒÌ ³¨Ï¥´¥° ¨§ ¤¥°É¥·¨¤μ¢ ¨ ¨³-
¶Ê²Ó¸´μ£μ Ê¸±μ·¨É¥²Ö •μ²² .
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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¨:

σ(E) =
Spd(E)

E
exp

(
− β√

E

)
. (2)

‚ ¸²ÊÎ ¥ pd-·¥ ±Í¨¨ β = 31,29
√

μ, 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¨ ¢ ¸. Í. ³., Spd(E) Å  ¸É·μË¨§¨Î¥¸±¨° S-Ë ±Éμ· ¤²Ö pd-·¥ ±Í¨¨. ‚Ò· ¦¥-
´¨¥ ¤²Ö ¶μ²´μ£μ Î¨¸²  § ·¥£¨¸É·¨·μ¢ ´´ÒÌ £ ³³ -±¢ ´Éμ¢ N tot

γ ´  ¡¥¸±μ´¥Î´μ Éμ²¸Éμ°
³¨Ï¥´¨ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´μ ¢ ¢¨¤¥

N tot
γ = Npεγ

∞∫
0

f(E) dE

∞∫
E

σpd(E′)n(x)
(
−dE′

dx

)−1

dE′, (3)

£¤¥ σpd(E) Å ¸¥Î¥´¨¥ pd-·¥ ±Í¨¨; dE′/dx Å Ê¤¥²Ó´Ò¥ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·μÉμ´μ¢ ¢
³¨Ï¥´¨; n(x) Å ¶²μÉ´μ¸ÉÓ ¤¥°É·μ´μ¢ ¢ ³¨Ï¥´¨ ´  £²Ê¡¨´¥ x; f(E) Å ËÊ´±Í¨Ö · ¸-
¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¶·μÉμ´μ¢, ¶ ¤ ÕÐ¨Ì ´  ³¨Ï¥´Ó, ¸μ ¸·¥¤´¨³ §´ Î¥´¨¥³ Ep; εγ Å
ÔËË¥±É¨¢´μ¸ÉÓ ·¥£¨¸É· Í¨¨ £ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨; Np Å Î¨¸²μ ¶·μÉμ´μ¢, ¶μ-
¶ ¢Ï¨Ì ¢ ³¨Ï¥´Ó. ‚Ò· ¦¥´¨¥ (3) ¨¸¶μ²Ó§Ê¥É¸Ö ¤²Ö ¤ ²Ó´¥°Ï¨Ì ¶·¥μ¡· §μ¢ ´¨°, ÎÉμ¡Ò
μ¶·¥¤¥²¨ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ S-Ë ±Éμ· . ’ ±, ¢¢μ¤Ö ËÊ´±Í¨Õ P (E) [18, 26]:

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′
,

£¤¥ 2πη(E) =
β√
E

¨ D(E) = − 1
E

dx

dE
, 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, ³μ¦´μ § ¶¨¸ ÉÓ ¸·¥¤´¥¥ §´ Î¥´¨¥ S-Ë ±Éμ·  ¨ ¸·¥¤´¥° Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö:

Spd(E) =
∞∫
0

Spd(E)P (E) dE, Ecol =
∞∫
0

EP (E) dE. �·¨ ÔÉμ³ Spd(E) ≈ Spd(E) =

Spd(Ecol) [18, 26]. ˆ³¥´´μ ¢ ÔÉμ³ ¸³Ò¸²¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö S-Ë ±Éμ·  ¤²Ö
pd-·¥ ±Í¨¨ μ¶·¥¤¥²ÖÕÉ¸Ö Î¥·¥§ Î¨¸²μ § ·¥£¨¸É·¨·μ¢ ´´ÒÌ £ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨
N exp

γ ± ± [18, 26]

Spd(Ecol) =
N exp

γ

Npεγ

∞∫
0

e−2πηD(E) dE
∞∫
E

n(x(E, E′)) f(E′) dE′
. (4)
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‚ ¸²ÊÎ ¥ ¸¨²Ó´μ ¶μ¤¡ ·Ó¥·´ÒÌ Ô´¥·£¨°, ±μ£¤  ËÊ´±Í¨Ö P(E) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° Ê§±¨°
¶¨±, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¢ÒÌμ¤  (3) ³μ¦´μ ¢μ¸¶μ²Ó§μ¢ ÉÓ¸Ö ³¥Éμ¤μ³ ‹ ¶² ¸  ¨ § ¶¨¸ ÉÓ
¢Ò· ¦¥´¨¥ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¢ÒÌμ¤  £ ³³ -±¢ ´Éμ¢ N exp

γ ¨§ ¤ ´´μ° ·¥ ±Í¨¨ ¢
¶·μ¸Éμ³ ¢¨¤¥ Î¥·¥§ ÔËË¥±É¨¢´μ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ σ̃pd(Em) [26]:

N exp
γ = Npntεγ σ̃pd(Em) leff(Em)K(Em), (5)

£¤¥ ÔËË¥±É¨¢´Ò° ¶·μ¡¥£ ¶·μÉμ´  ¢ ³¨Ï¥´¨ leff =
√

2π

−ϕ(2)(Em)
dx

dE
(Em); Em Å §´ Î¥-

´¨¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ³¨Ï¥´¨ ¢ ³ ±¸¨³Ê³¥ ËÊ´±Í¨¨ P (E);

ϕ(2)(Em) Å ¢Éμ· Ö ¶·μ¨§¢μ¤´ Ö μÉ ln (P (E)) ¶·¨ Em. ‚¥²¨Î¨´  K(Em) =
∞∫

Em

f(E) dE

μ¶·¥¤¥²Ö¥É ¤μ²Õ ¶¥·¢μ´ Î ²Ó´μ£μ ¶μÉμ±  ¶·μÉμ´μ¢, ¤ ÕÐÊÕ ¢±² ¤ ¢ ¢ÒÌμ¤ £ ³³ -±¢ ´Éμ¢
¨§ pd-·¥ ±Í¨¨. �·¨ ¡μ²ÓÏ¨Ì Ô´¥·£¨ÖÌ K(Em) → 1.

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¥´¨¨
¶μÉμ±  ¶·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¨¨
¢ ¶·μÍ¥¸¸¥ É· ´¸¶μ·É¨·μ¢±¨, μ · ¸¶·¥¤¥²¥´¨¨ ±μ´Í¥´É· Í¨¨ ¤¥°É¥·¨Ö ¶μ £²Ê¡¨´¥ ³¨-
Ï¥´¨.

2. �Š‘�…�ˆŒ…�’�‹œ��Ÿ “‘’���‚Š�

�±¸¶¥·¨³¥´É ¶μ ¨§³¥·¥´¨Õ  ¸É·μË¨§¨Î¥¸±¨Ì S-Ë ±Éμ·μ¢ ¤²Ö pd-·¥ ±Í¨¨ ¶·μ¢μ¤¨²¸Ö
´  ¨³¶Ê²Ó¸´μ³ ¶² §³¥´´μ³ Ê¸±μ·¨É¥²¥ •μ²²  [18Ä22] ¶·¨ Ô´¥·£¨ÖÌ ¶·μÉμ´´μ£μ ¶ÊÎ± 
¢ ¨´É¥·¢ ²¥ Ep = 11Ä19 ±Ô‚. �´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·μÉμ´μ¢ ¢ ¶ÊÎ±¥ μ¶¨¸Ò-
¢ ²μ¸Ó ËÊ´±Í¨¥° ƒ Ê¸¸  ¸μ ¸·¥¤´¨³ · §¡·μ¸μ³ FWHM = 0,16Ep. ˆ´É¥´¸¨¢´μ¸ÉÓ Ê¸±μ-
·¥´´μ£μ ¶μÉμ±  ¶·μÉμ´μ¢ ¢ ¨³¶Ê²Ó¸¥ ¸μ¸É ¢²Ö²  5 · 1014 ¸−1 ¶·¨ ¤²¨É¥²Ó´μ¸É¨ ¨³¶Ê²Ó¸ 
10 ³±¸ ¨ Î ¸ÉμÉ¥ ¸²¥¤μ¢ ´¨Ö ∼ 5 · 10−2 ƒÍ.

‚ ± Î¥¸É¢¥ ³¨Ï¥´¥° ¨¸¶μ²Ó§μ¢ ²¸Ö ¤¥°É¥·¨¤ Í¨·±μ´¨Ö. ’μ²Ð¨´  ´ ´¥¸¥´´μ£μ ¸²μÖ
¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö ¸μ¸É ¢²Ö²  ∼ 1,5Ä2 ³±³. „¨ ³¥É· ³¨Ï¥´¨ Å 97 ³³. �¥£¨¸É· Í¨Ö
£ ³³ -±¢ ´Éμ¢ ¸ Ô´¥·£¨¥° Eγ = 5,5 ŒÔ‚ ¨§ pd-·¥ ±Í¨¨ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¢μ¸Ó³ÓÕ ¤¥É¥±Éμ-
· ³¨ ´  μ¸´μ¢¥ ±·¨¸É ²²μ¢ NaI(Tl) (100×100×400 ³³), · ¸¶μ²μ¦¥´´Ò³¨ ¢μ±·Ê£ ³¨Ï¥´¨.
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¤Ö-
Ð Ö¸Ö ´  · ¸¸ÉμÖ´¨¨ 1 ¸³ ´ ¤ ¶μÉ¥´Í¨ ²μ³ 100 ‚.

„²Ö ¨§³¥·¥´¨Ö · ¸¶·¥¤¥²¥´¨Ö ¤¥°É·μ´μ¢ ¶μ £²Ê¡¨´¥ ³¨Ï¥´¨ ¶·¨³¥´Ö²¸Ö ³¥Éμ¤ ¤¥°-
É·μ´μ¢ μÉ¤ Î¨ (ERD-³¥Éμ¤) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ÊÎ±   ²ÓË -Î ¸É¨Í ¸ Ô´¥·£¨¥° 2,3 ŒÔ‚,
¸μ§¤ ¢ ¥³μ£μ ¸ ¶μ³μÐÓÕ Ê¸±μ·¨É¥²Ö ‚ ´ ¤¥ ƒ·  Ë  [27Ä29]. Š·μ³¥ ÔÉμ£μ, μ¤´μ¢·¥³¥´´μ
¸ ·¥£¨¸É· Í¨¥° ¤¥°É·μ´μ¢ μÉ¤ Î¨ ¤¥É¥±É¨·μ¢ ²¨¸Ó  ²ÓË -Î ¸É¨ÍÒ, · ¸¸¥Ö´´Ò¥ ´  Ö¤· Ì
³¨Ï¥´¨ ¢ § ¤´ÕÕ ¶μ²Ê¸Ë¥·Ê (RBS-¸¶¥±É·). ‘μ¢³¥¸É´Ò°  ´ ²¨§ ERD- ¨ RBS-¸¶¥±É·μ¢
¶μ§¢μ²Ö¥É ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ μ¶·¥¤¥²ÖÉÓ · ¸¶·¥¤¥²¥´¨¥ ¤¥°É·μ´μ¢ ¨  Éμ³μ¢ ¶·¨³¥¸¥°
¶μ £²Ê¡¨´¥ ³¨Ï¥´¨. ‚ ±ÊÊ³¨·μ¢ ´¨¥ ¨§³¥·¨É¥²Ó´μ° ± ³¥·Ò Ê¸±μ·¨É¥²Ö μ¸ÊÐ¥¸É¢²Ö²μ¸Ó
¶·¨³¥´¥´¨¥³ ¸ÊÌμ£μ Ëμ·¢ ±ÊÊ³´μ£μ ´ ¸μ¸  ¸ Í¥μ²¨Éμ¢μ° ²μ¢ÊÏ±μ°, ÉÊ·¡μ³μ²¥±Ê²Ö·´μ£μ
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¨ ±·¨μ£¥´´μ£μ ´ ¸μ¸μ¢. “·μ¢¥´Ó · ¡μÎ¥£μ ¢ ±ÊÊ³  ¢ ¨§³¥·¨É¥²Ó´μ° ± ³¥·¥ ¸μ¸É ¢²Ö²
∼ 10−7 ³³ ·É. ¸É.

�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  Eγ = 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% ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨¨ ¶·μÉμ´μ¢ Ep = 11Ä19 ±Ô‚.

�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´ Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· £ ³³ -±¢ ´Éμ¢, ¶μ²ÊÎ¥´´Ò° ¢ μ¤´μ° ¨§
Ô±¸¶μ§¨Í¨° ¸ ³¨Ï¥´ÓÕ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö.

�¨¸. 1. ‘Ê³³ ·´μ¥ Ô´¥·£¥É¨Î¥¸±μ¥ · ¸¶·¥¤¥²¥´¨¥ ¸μ¡ÒÉ¨°, § ·¥£¨¸É·¨·μ¢ ´´ÒÌ ¢μ¸Ó³ÓÕ ¤¥É¥±Éμ-
· ³¨ NaI(Tl) ¢ Ô±¸¶μ§¨Í¨¨ ¸ ³¨Ï¥´ÓÕ ¨§ ZrD2 ¶·¨ Ô´¥·£¨¨ ¶·μÉμ´μ¢ 19 ±Ô‚

Š ²¨¡·μ¢±  ¸¶¥±É·μ³¥É·¨Î¥¸±¨Ì ± ´ ²μ¢ ¢μ¸Ó³¨ £ ³³ -¤¥É¥±Éμ·μ¢ μ¸ÊÐ¥¸É¢²Ö² ¸Ó ¸
¶μ³μÐÓÕ ¸É ´¤ ·É´ÒÌ ¨¸ÉμÎ´¨±μ¢ £ ³³ -±¢ ´Éμ¢ Å 60Co, 137Cs, PuÄBe. �´¥·£¥É¨Î¥-
¸±μ¥ · §·¥Ï¥´¨¥, ¨§³¥·¥´´μ¥ ¸ ¶μ³μÐÓÕ ¨¸ÉμÎ´¨±  60Co ¨ Ê¸·¥¤´¥´´μ¥ ¶μ ¢¸¥³ ¢μ¸Ó³¨
¤¥É¥±Éμ· ³, ¸μ¸É ¢¨²μ 4,3 % ´  ²¨´¨¨ ¶¨±  ¶μ²´μ£μ ¶μ£²μÐ¥´¨Ö ¸ Ô´¥·£¨¥° 2,5 ŒÔ‚.

3. ��‘’���‚Š� �Š‘�…�ˆŒ…�’�
ˆ ���‹ˆ‡ �Š‘�…�ˆŒ…�’�‹œ�›• „���›•

�±¸¶¥·¨³¥´É ¢±²ÕÎ ² ¢ ¸¥¡Ö Ô±¸¶μ§¨Í¨¨ ´  ¶ÊÎ±¥ Ê¸±μ·¥´´ÒÌ ¶·μÉμ´μ¢ ¸ ³¨Ï¥´ÓÕ
¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö. 	Ò²¨ ¢Ò¶μ²´¥´Ò ¨§³¥·¥´¨Ö S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨, ¶·μÉ¥-
± ÕÐ¥° ¢ ¤¥°É¥·¨¤¥ Í¨·±μ´¨Ö, ¢ ¤¨ ¶ §μ´¥ Ô´¥·£¨° ¶·μÉμ´μ¢ Ep = 11Ä19 ±Ô‚. ‚ É ¡². 2
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’ ¡²¨Í  2. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ (¤²Ö ³¨Ï¥´¨ ZrD2)

Ep,
±Ô‚

Ecol,
±Ô‚

Np,
1016

Em,
±Ô‚

Spd, Ô‚ · ¡
(´ ¸ÉμÖÐ Ö

· ¡μÉ )

S0, Ô‚ · ¡
[16]

S′
0,

Ô‚ · ¡ · ±Ô‚−1

[16]

σpd(Em),
10−9 ¡

11 6,306 192,2 6,808 0,246 ± 0,020

0,192 ± 0,048 0,0087 ± 0,0055

1,85 ± 0,21
13 7,351 68,68 8,005 0,255 ± 0,020 4,07 ± 0,41
15 8,383 77,2 9,196 0,265 ± 0,018 6,27 ± 0,44
17 9,403 51,1 10,383 0,275 ± 0,018 9,08 ± 0,53
19 10,413 32,3 11,570 0,281 ± 0,016 13,1 ± 0,93

¶·¨¢¥¤¥´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).

‡´ Î¥´¨Ö σpd(Em) μ¶·¥¤¥²Ö²¨¸Ó ¨§ Ê· ¢´¥´¨Ö (5) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ô±¸¶¥·¨³¥´-
É ²Ó´μ ¨§³¥·¥´´ÒÌ ¢ÒÌμ¤μ¢ £ ³³ -±¢ ´Éμ¢ ¨§ pd-·¥ ±Í¨¨ ¨ ¢ÒÎ¨¸²¥´´ÒÌ §´ Î¥´¨° ÔË-
Ë¥±É¨¢´μ° ¤²¨´Ò ¶·μ¡¥£  ¶·μÉμ´  ¢ ³¨Ï¥´¨ leff(Em) ¨ ¢¥²¨Î¨´Ò K(Em).

�  ·¨¸. 2 ¶·¨¢¥¤¥´  ¨§³¥·¥´´ Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö
§ ¢¨¸¨³μ¸ÉÓ  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μ-
Éμ´μ¢ ¸ ¤¥°É·μ´ ³¨ ¢ ¨´É¥·¢ ²¥ 6,3Ä10,4 ±Ô‚. �  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ¶·¥¤¸É ¢²¥´Ò  ´ ²μ-
£¨Î´Ò¥ § ¢¨¸¨³μ¸É¨, ¨§³¥·¥´´Ò¥ ¢ · ¡μÉ Ì [15] ¨ [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 [16], ¢Ò¶μ²´¥´´μ° ¢ £ §μμ¡· §´μ³
¤¥°É¥·¨¨, ¨ ¶·¥¢ÒÏ ÕÉ ·¥§Ê²ÓÉ ÉÒ [15], ¶μ²ÊÎ¥´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¨Ï¥´¨ ¨§ ÉÖ¦¥-
²μ° ¢μ¤Ò (D2O). �·¨Î¨´  É ±μ£μ · ¸Ìμ¦¤¥´¨Ö ¸ ·¥§Ê²ÓÉ É ³¨ [15] μ¸É ¥É¸Ö ´¥ Ö¸´μ°.

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

´μ¢ ¸ ¤¥°É·μ´ ³¨: É¥³´Ò¥ ±·Ê¦±¨ Å ´ ¸ÉμÖÐ Ö · ¡μÉ ; É¥³´Ò¥ ±¢ ¤· ÉÒ Å [16] (μ¶ÒÉ ¸ £ §μ¢μ°
¤¥°É¥·¨¥¢μ° ³¨Ï¥´ÓÕ); ¸¢¥É²Ò¥ ±¢ ¤· ÉÒ Å [15] (μ¶ÒÉ ¸ ³¨Ï¥´ÓÕ ¨§ § ³μ·μ¦¥´´μ° ÉÖ¦¥²μ°

¢μ¤Ò). ‘¶²μÏ´Ò¥ ²¨´¨¨ Å ·¥§Ê²ÓÉ É Ë¨É¨·μ¢ ´¨Ö ¤ ´´ÒÌ · ¡μÉ [15] ¨ [16]
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� ²¨Î¨¥ · ¸ÉÊÐ¥° ²¨´¥°´μ° § ¢¨¸¨³μ¸É¨  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  μÉ Ô´¥·£¨¨
¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨, ¨§³¥·¥´´μ° ¢ · ¡μÉ Ì [15, 16], ¶μ¤É¢¥·¦¤ ¥É¸Ö
¢ ¶·¥¤¥² Ì μÏ¨¡μ± ¨§³¥·¥´¨Ö ¤ ´´Ò³¨ ´ ¸ÉμÖÐ¥° · ¡μÉÒ. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸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¨ ´¥ ¶μ§¢μ-
²ÖÕÉ ¸ ¢Ò¸μ±μ° ÉμÎ´μ¸ÉÓÕ μ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò ²¨´¥°´μ° ËÊ´±Í¨μ´ ²Ó´μ° § ¢¨¸¨³μ-
¸É¨ Spd(E) = S0 + S′

0E. ’¥³ ´¥ ³¥´¥¥ ·¥§Ê²ÓÉ ÉÒ ¢Ò¶μ²´¥´´μ£μ ¢¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´É 
¶μ ¨§³¥·¥´¨Õ §´ Î¥´¨°  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ³¨-
Ï¥´¨ ¨§ ¤¥°É¥·¨¤  Í¨·±μ´¨Ö, ¢ ¶·¥¤¥² Ì μÏ¨¡μ± ¨§³¥·¥´¨Ö ´¥ μÉ²¨Î ÕÉ¸Ö μÉ §´ Î¥´¨°
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¢¥²¨Î¨´Ò, ¨§³¥·¥´´ÒÌ ¢ £ §μμ¡· §´μ³ ¤¥°É¥·¨¨ [16]. �Éμ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É μ Éμ³, ÎÉμ ÔËË¥±É Ê¸¨²¥´¨Ö pd-·¥ ±Í¨¨ §  ¸Î¥É ÔËË¥±É  Ô²¥±É·μ´´μ° Ô±· ´¨·μ¢±¨,
¥¸²¨ μ´ ¨ ¸ÊÐ¥¸É¢Ê¥É, ´¥ ¶·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° ¢Ò¢μ¤ ¶μ¤É¢¥·-
¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ É¥μ·¥É¨Î¥¸±¨Ì μÍ¥´μ±.

„²Ö μ¶·¥¤¥²¥´¨Ö  ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨° S-Ë ±Éμ·  ¤²Ö pd-·¥ ±Í¨¨, ¶·μÉ¥± ÕÐ¥° ¢ ³¥-
É ²² Ì, ´ ¸ÒÐ¥´´ÒÌ ¤¥°É¥·¨¥³,   É ±¦¥ ¶ · ³¥É·μ¢ S0 ¨ S′

0 ¸ ²ÊÎÏ¥° ÉμÎ´μ¸ÉÓÕ ´¥μ¡Ìμ-
¤¨³μ ¶·μ¢¥¤¥´¨¥ pd-Ô±¸¶¥·¨³¥´Éμ¢ ¢ Ï¨·μ±μ³ ¨´É¥·¢ ²¥ Ô´¥·£¨° ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢
¸ ¤¥°É·μ´ ³¨ ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì ¨´É¥´¸¨¢´μ¸ÉÖÌ ¶·μÉμ´μ¢ ¶ÊÎ± .

�  ·¨¸. 3 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ σpd(Em) μÉ Ô´¥·-
£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ´ ³¨ Em.

�  ÔÉμ³ ¦¥ ·¨¸Ê´±¥ ¶·¨¢¥¤¥´  · ¸Î¥É´ Ö ¶μ Ê· ¢´¥´¨Õ (2) § ¢¨¸¨³μ¸ÉÓ ¸¥Î¥´¨Ö
pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨, ¶μ²ÊÎ¥´´ Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì §´ Î¥´¨°  ¸É·μ-
Ë¨§¨Î¥¸±μ£μ S-Ë ±Éμ· , ´ °¤¥´´ÒÌ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥. Š ± ¢¨¤´μ, · ¸Î¥É´ Ö § ¢¨¸¨-
³μ¸ÉÓ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ § ¢¨¸¨³μ¸ÉÓÕ Ô±¸¶¥·¨³¥´É ²Ó´μ ¨§³¥-

�¨¸. 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

(5); ±·¨¢ Ö Å · ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨, ¢ÒÎ¨¸²¥´´Ò¥ ¶μ Ëμ·³Ê²¥ (2) ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ §´ Î¥´¨°  ¸É·μË¨§¨Î¥¸±μ£μ S-Ë ±Éμ· , ´ °¤¥´´ÒÌ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥; ¸¢¥É²Ò¥ ±·Ê¦±¨ Å

§´ Î¥´¨Ö ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° pd-·¥ ±Í¨¨, ¨§³¥·¥´´Ò¥ ¢ [16]
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·¥´´μ£μ ÔËË¥±É¨¢´μ£μ ¸¥Î¥´¨Ö pd-·¥ ±Í¨¨ μÉ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨Ö ¶·μÉμ´μ¢ ¸ ¤¥°É·μ-
´ ³¨, ¶μ²ÊÎ¥´´μ° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¨§³¥·¥´´ÒÌ ¢ÒÌμ¤μ¢ £ ³³ -±¢ ´Éμ¢ ¨§ Ê· ¢´¥´¨Ö (5).
Š·μ³¥ ÔÉμ£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 [16] ¢ ¶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··¥±É´μ¸É¨  ´ ²¨É¨Î¥¸±μ£μ ¶μ¤Ìμ¤  μ¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ¢¥²¨Î¨´Ò σpd(Em), · ¸-
¸³μÉ·¥´´μ£μ ´ ³¨ ¢ [26].

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ˆ.�. —¥¶Ê·Î¥´±μ §  μ¡¥¸¶¥Î¥´¨¥ ¡¥¸¶¥·¥¡μ°´μ° · -
¡μÉÒ Ê¸±μ·¨É¥²Ö ‚ ´ ¤¥ ƒ·  Ë  ¨ …. ˆ.�´¤·¥¥¢Ê §  ¶μ³μÐÓ ¢ μËμ·³²¥´¨¨ ·Ê±μ¶¨¸¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Ë¨´ ´¸μ¢μ° ¶μ¤¤¥·¦±¥ �μ¸¸¨°¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° (£· ´É º12-02-00086-a), £· ´É  ¶μ²´μ³μÎ´μ£μ ¶·¥¤¸É ¢¨É¥²Ö �· ¢¨É¥²Ó-
¸É¢  �μ²ÓÏ¨ ¢ �ˆŸˆ, Î ¸É¨Î´μ ¶·¨ ¶μ¤¤¥·¦±¥ Œ¨´¨¸É¥·¸É¢  μ¡· §μ¢ ´¨Ö ¨ ´ Ê±¨
�” (¶·μ¥±É º2.1704.2011 £μ¸Ê¤ ·¸É¢¥´´μ£μ § ¤ ´¨Ö �ˆ� ®� Ê± ¯) ¨ Î ¸É¨Î´μ £· ´É 
º2023/ƒ”3 Œ�� �Š.
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