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Fireball as a Macroscopic Manifestation of the �-Decay

of the Radioactive Phosphor into Bound States

This paper substantiates a hypothesis that the natural fireball represents an area

of space where the chain nuclear reaction of the bound state �-decay of radioactive

phosphorus nuclei takes place.

The investigation has been performed at the Bogoliubov Laboratory of Theoreti-

cal Physics, JINR.
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Øàðîâàÿ ìîëíèÿ êàê ìàêðîñêîïè÷åñêîå ïðîÿâëåíèå �-ðàñïàäà

ÿäåð ðàäèîàêòèâíîãî ôîñôîðà â ñâÿçàííîå ñîñòîÿíèå
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ïàäà ÿäåð ðàäèîàêòèâíîãî ôîñôîðà â ñâÿçàííîå ñîñòîÿíèå.
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‚¸¥ É·Ê¤´µ¸É¨ ¸ÊÐ¥¸É¢µ¢ ¢Ï¨Ì É¥µ·¨° Ï ·µ¢µ° ³µ²´¨¨ (˜Œ) ¡Ò²¨ ¸¢Ö-
§ ´Ò ¸ É¥³, ÎÉµ ¶µ Ê³µ²Î ´¨Õ ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ ˜Œ Å ÔÉµ ¶² §³µ¨¤. „²Ö
¶µ¤¤¥·¦ ´¨Ö ³ ±·µ¸±µ¶¨Î¥¸±µ£µ µ¡Ñ¥³  ¢µ§¤ÊÌ  (¸³¥¸¨  §µÉ , ±¨¸²µ·µ¤ , ¢µ-
¤Ö´ÒÌ ¶ ·µ¢ ¨ É. ¶.) ¢ ¨µ´¨§¨·µ¢ ´´µ³ ¸µ¸ÉµÖ´¨¨ É·¥¡Ê¥É¸Ö µ£·µ³´ Ö Ô´¥·£¨Ö,
±µÉµ·ÊÕ ´¥µ¡Ìµ¤¨³µ µÉ±Ê¤ -Éµ Î¥·¶ ÉÓ. Œ´µ£¨¥ Ô±¸¶¥·¨³¥´É Éµ·Ò, ¢±²ÕÎ Ö
É ±¨Ì ¨§¢¥¸É´ÒÌ ¸¶¥Í¨ ²¨¸Éµ¢, ± ± �. ‹. Š ¶¨Í , ´¥µ¤´µ±· É´µ ¶·¥¤¶·¨´¨-
³ ²¨ ¶µ¶ÒÉ±¨ ¸µ§¤ ´¨Ö ¤µ²£µ¦¨¢ÊÐ¥£µ Ï ·µ¢µ£µ ¶² §³µ¨¤  ¢ ² ¡µ· Éµ·´ÒÌ
Ê¸²µ¢¨ÖÌ. �¤´ ±µ ´¨± ±¨Ì ·¥ ²Ó´ÒÌ ¸¶µ¸µ¡µ¢ ¶µ¤¶¨É±¨ Ô´¥·£¨¥° ¨§µ²¨·µ-
¢ ´´ÒÌ ¸£Ê¸É±µ¢ ¶² §³Ò ¤²Ö ¶µ¤¤¥·¦ ´¨Ö ¨Ì ¢ ¸É Í¨µ´ ·´µ³ ¸µ¸ÉµÖ´¨¨ ¢
É¥Î¥´¨¥ ´¥¸±µ²Ó±¨Ì ³¨´ÊÉ (  ¨³¥´´µ ¸Éµ²Ó±µ ¢·¥³¥´¨ ¦¨¢¥É ˜Œ ¢ ¶·¨·µ¤-
´ÒÌ Ê¸²µ¢¨ÖÌ) ´ °É¨ É ± ¨ ´¥ Ê¤ ²µ¸Ó.

–¥²Ó ´ ¸ÉµÖÐ¥° · ¡µÉÒ Å µ¡µ¸´µ¢ ´¨¥ £¨¶µÉ¥§Ò µ Éµ³, ÎÉµ ˜Œ, ¨´µ-
£¤  ´ ¡²Õ¤ ÕÐ Ö¸Ö ¢ ¶·¨·µ¤´ÒÌ Ê¸²µ¢¨ÖÌ, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° µ¡² ¸ÉÓ ¶·µ-
¸É· ´¸É¢ , ¢ ±µÉµ·µ° ¶·µÉ¥± ¥É Í¥¶´ Ö Ö¤¥·´ Ö ·¥ ±Í¨Ö ¨´¤ÊÍ¨·µ¢ ´´µ£µ
β-· ¸¶ ¤  Ö¤¥· · ¤¨µ ±É¨¢´µ£µ Ëµ¸Ëµ·  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥. ‚ ¸¢Ö§¨
¸ ÔÉ¨³ ´ ¡²Õ¤ ¥³µ¥ Ö¢²¥´¨¥ ´¥¤µ¸É ÉµÎ´µ µ¡µ¸´µ¢ ´´µ ´ §Ò¢ ¥É¸Ö ˜Œ,
¶µ¸±µ²Ó±Ê ± Ë¨§¨±¥ Ô²¥±É·¨Î¥¸±µ£µ · §·Ö¤  ¢ £ § Ì µ´µ ¨³¥¥É ¢¥¸Ó³  µ¶µ¸·¥-
¤µ¢ ´´µ¥ µÉ´µÏ¥´¨¥.

1. ”…��Œ…��‹�ƒˆ—…‘Š�Ÿ Œ�„…‹œ
˜���‚�‰ Œ�‹�ˆˆ

�¸´µ¢´ Ö £¨¶µÉ¥§ , µ¡µ¸´µ¢Ò¢ ¥³ Ö ´¨¦¥, ¢¶¥·¢Ò¥ ¡Ò²  ¸Ëµ·³Ê²¨·µ¢ ´ 
¢ · ¡µÉ¥ [1, c. 4]. ‹µ£¨±  ¥¥ ¶·µ¨¸Ìµ¦¤¥´¨Ö É ±µ¢ .

1. ˜Œ ¢¸¥£¤  µ¸É ¢²Ö¥É ¶µ¸²¥ ¸¥¡Ö § ¶ Ì ¸¥·Ò, µ§µ´  ¨ µ±¨¸²µ¢  §µÉ  [2].
2. ‘¥·  ³µ¦¥É µ¡· §µ¢ ÉÓ¸Ö Éµ²Ó±µ ¢ ·¥§Ê²ÓÉ É¥ β-· ¸¶ ¤  Ëµ¸Ëµ·  [3].
3. �µ¸ÉµÖ´´ Ö ¸±µ·µ¸É¨ β-· ¸¶ ¤  ¸¨²Ó´µ § ¢¨¸¨É µÉ ¸É¥¶¥´¨ ¨µ´¨§ Í¨¨

· ¸¶ ¤ ÕÐ¥£µ¸Ö · ¤¨µ´Ê±²¨¤  [4Ä6]. �¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  ¨µ´¨§¨·µ¢ ´´µ£µ
· ¤¨µËµ¸Ëµ·  ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 15Ä20 ³¨´, ÎÉµ ¸µ¨§³¥·¨³µ ¸µ ¢·¥³¥´¥³
¦¨§´¨ ˜Œ ¢ ¶·¨·µ¤´ÒÌ Ê¸²µ¢¨ÖÌ.
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4. � ¤¨µËµ¸Ëµ· Ö¢²Ö¥É¸Ö · ¸¶·µ¸É· ´¥´´Ò³ ¢ ¶·¨·µ¤¥ Ô²¥³¥´Éµ³. �´
µ¡´ ·Ê¦¥´ ¢ ¤µ¦¤¥¢µ° ¢µ¤¥ ¢ ³ ±·µ¸±µ¶¨Î¥¸±¨Ì ±µ²¨Î¥¸É¢ Ì [7].

‘µ£² ¸´µ [1] Ë¥´µ³¥´µ²µ£¨Î¥¸± Ö ³µ¤¥²Ó ˜Œ, µ¸´µ¢ ´´ Ö ´  ¨§²µ¦¥´-
´ÒÌ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ [2Ä5, 7] ¨ É¥µ·¥É¨Î¥¸±¨Ì µÍ¥´± Ì [4],
µ¶¨¸Ò¢ ¥É¸Ö ¸¨¸É¥³µ° Ê· ¢´¥´¨°



dN1

dt
= −λ1N1 + λ3N2 − β12N1N2 + β22N

2
2 + q1 − q2,

dN2

dt
= −(λ1 + λ2 + λ3)N2 + β21N2N1 − β22N

2
2 + q2,

dN3

dt
= λ1N1 + (λ1 + λ2)N2,

(1)

£¤¥ N1 Å Î¨¸²µ ´¥¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ 32
15P (3315P); N2 Å Î¨¸²µ ¢µ§¡Ê¦¤¥´-

´ÒÌ  Éµ³µ¢ 32
15P (3315P), ¸ L- ¨²¨ K-µ¡µ²µÎ±¨ ±µÉµ·ÒÌ Ê¤ ²¥´ µ¤¨´ (¨²¨ ¡µ-

²¥¥) Ô²¥±É·µ´; N3 Å Î¨¸²µ  Éµ³µ¢ ¨§µÉµ¶  ¸¥·Ò 32
16S (3316S); q1 Å ¨´É¥´¸¨¢-

´µ¸ÉÓ ¢´¥Ï´¥£µ ¨¸ÉµÎ´¨±   Éµ³µ¢ · ¤¨µËµ¸Ëµ·  (˜Œ ´ Ìµ¤¨É¸Ö ¢µ ¢´¥Ï´¥°
¸·¥¤¥, ¸µ¤¥·¦ Ð¥° ÔÉ¨  Éµ³Ò, ¨ § Ì¢ ÉÒ¢ ¥É ¨Ì ¢µ ¢·¥³Ö ¶µ²¥É ); q2 Å ¨´-
É¥´¸¨¢´µ¸ÉÓ ¨¸ÉµÎ´¨±  ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ 32

15P (3315P), µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨
¢Ò·Ò¢ ´¨¨ Ô²¥±É·µ´µ¢ ¨§ K- ¨ L-µ¡µ²µÎ¥±  Éµ³µ¢ · ¤¨µËµ¸Ëµ·  §  ¸Î¥É ³¥-
Ì ´¨§³µ¢, µÉ²¨Î´ÒÌ µÉ ·¥§µ´ ´¸´µ° ËµÉµ¨µ´¨§ Í¨¨ ¨²¨ ¨µ´¨§ Í¨¨ µÉ Ê¤ · 
µ¦¥-Ô²¥±É·µ´µ³, Ê¸±µ·¥´´Ò³ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ˜Œ (´ ¶·¨³¥·, §  ¸Î¥É
ÔËË¥±É  �¥´´¨´£  ¨ É. ¶.).

Š·µ³¥ Éµ£µ, ¢ ¸µµÉ´µÏ¥´¨¨ (1) ¨¸¶µ²Ó§µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö:
λ1 Å ¶µ¸ÉµÖ´´ Ö β-· ¸¶ ¤  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·; λ2 Å ¶µ¸ÉµÖ´´ Ö ¨´-
¤ÊÍ¨·µ¢ ´´µ£µ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ (¢ ¤¨¸±·¥É´Ò° ¸¶¥±É·, ´ 
¢ ± ´¸¨Õ ¢ K- ¨²¨ L-µ¡µ²µÎ±¥)∗; λ3 Å ¢¥·µÖÉ´µ¸ÉÓ ¸¶µ´É ´´µ£µ ¶¥·¥Ìµ¤ 
(¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨) Ô²¥±É·µ´  ´  K(L)-µ¡µ²µÎ±Ê ¢µ§¡Ê¦¤¥´´µ£µ (²¨¡µ ¨µ´¨-
§¨·µ¢ ´´µ£µ)  Éµ³  32

15P (3315P) c M -, N -,. . . µ¡µ²µÎ¥± ¨²¨ ¨§ ´¥¶·¥·Ò¢´µ£µ
¸¶¥±É· ∗∗; β12 Å ±µ´¸É ´É  ¸±µ·µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¨µ´¨§ Í¨¨  Éµ³µ¢ 32

15P
(®µ¡¤¨· ´¨Ö¯ K- ¨ L-µ¡µ²µÎ¥±  Éµ³  32

15P) γ-±¢ ´É ³¨, µ¡· §ÊÕÐ¨³¨¸Ö ¶·¨
¨´¤ÊÍ¨·µ¢ ´´µ³ β-· ¸¶ ¤¥ Ëµ¸Ëµ·  32

15P,   É ±¦¥ µ¦¥-Ô²¥±É·µ´ ³¨, · §µ£´ ´-
´Ò³¨ Ô²¥±É·µ¸É É¨Î¥¸±¨³ ¶µ²¥³, ¸µ§¤ ¢ ¥³Ò³ É¥²µ³ ˜Œ; β21 Å ¶¥·¥±·¥¸É-
´Ò° ±µÔËË¨Í¨¥´É (µÎ¥¢¨¤´µ, ÎÉµ β12 = β21); ±µÔËË¨Í¨¥´É β22 Å ±µ´¸É ´É 

∗�µ¸ÉµÖ´´ Ö λ2 ¤²Ö K- ¨ L-µ¡µ²µÎ¥± µÉ²¨Î ¥É¸Ö ¶µÎÉ¨ ´  ¶µ·Ö¤µ± (λ2K � λ2L). ‚
¤ ´´µ° ¸É ÉÓ¥ ¨¸¶µ²Ó§Ê¥É¸Ö ´¥±µÉµ·µ¥ ¸·¥¤´¥¢§¢¥Ï¥´´µ¥ §´ Î¥´¨¥ λ2. Š·µ³¥ Éµ£µ, ´¥µ¡Ìµ¤¨³µ
µÉ³¥É¨ÉÓ, ÎÉµ ËµÉµ´Ò µ¸ÊÐ¥¸É¢²ÖÕÉ ·¥§µ´ ´¸´µ¥ ¢Ò·Ò¢ ´¨¥ Ô²¥±É·µ´µ¢ Éµ²Ó±µ ¨§ L-µ¡µ²µÎ±¨,
¢ Éµ ¢·¥³Ö ± ± Ô²¥±É·µ´Ò, · §µ£´ ´´Ò¥ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ É¥²  ˜Œ, ®µ¡¤¨· ÕÉ¯ ± ± L-, É ±
¨ K-µ¡µ²µÎ±Ê  Éµ³µ¢ · ¤¨µËµ¸Ëµ· .

∗∗‚  Éµ³¥ Ëµ¸Ëµ· , ´ Ìµ¤ÖÐ¥³¸Ö ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, § ¶µ²´¥´Ò K- ¨ L-µ¡µ²µÎ±¨,  
M -µ¡µ²µÎ±  § ¶µ²´¥´  Î ¸É¨Î´µ.
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¸±µ·µ¸É¨ ¢Ò¡ÒÉ¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ Ëµ¸Ëµ·  ¨§-§  ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê
¸µ¡µ°∗.

ˆ³¥ÕÉ¸Ö ¢¥¸±¨¥ µ¸´µ¢ ´¨Ö ¸Î¨É ÉÓ, ÎÉµ q2 ≈ β10N1 + β11N
2
1 + β20N2.

�¥·¢µ¥ ¸² £ ¥³µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ¶·µÍ¥¸¸µ¢ ¨µ´¨§ Í¨¨ ³µ²¥±Ê² ¢µ§¤ÊÌ 
§  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ β-Ô²¥±É·µ´ ³¨ ¸ Ô´¥·£¨¥° Ee ∼ 1 ŒÔ‚, ·µ¦¤ Õ-
Ð¨³¨¸Ö ¢ ·¥§Ê²ÓÉ É¥ β-· ¸¶ ¤  Ö¤¥· · ¤¨µËµ¸Ëµ·  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·.
„ ´´µ¥ ¸² £ ¥³µ¥ ¢¥¸Ó³  §´ Î¨É¥²Ó´µ. „¥²µ ¢ Éµ³, ÎÉµ ¶µ·Ö¤±  105 ´¨§±µÔ´¥·-
£¥É¨Î¥¸±¨Ì Ô²¥±É·µ´µ¢ µ¡· §ÊÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¸Éµ²±´µ¢¥´¨° ¢Ò¸µ±µÔ´¥·£¥-
É¨Î¥¸±¨Ì β-Ô²¥±É·µ´µ¢ ¸ ³µ²¥±Ê² ³¨ ¢µ§¤ÊÌ , ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ, · §£µ´ÖÖ¸Ó
Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ˜Œ ¨ ¸É ²±¨¢ Ö¸Ó ¸ ¤·Ê£¨³¨ ³µ²¥±Ê² ³¨ ¢µ§¤ÊÌ , ¢Ò-
§Ò¢ ¥É Ô²¥±É·µ´´ÊÕ ² ¢¨´Ê. �¡· §ÊÕÐ¨¥¸Ö ¶·¨ ÔÉµ³ ¸¢µ¡µ¤´Ò¥ Ô²¥±É·µ´Ò
(Ne ∼ 1017 ÷ 1022) É ±¦¥ · §£µ´ÖÕÉ¸Ö Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ˜Œ ¨ ¢§ ¨³µ-
¤¥°¸É¢ÊÕÉ ¸  Éµ³ ³¨ · ¤¨µËµ¸Ëµ· , ®µ¡¤¨· Ö¯ Ê ´¨Ì K- ¨ L-µ¡µ²µÎ±¨.

‚Éµ·µ¥ ¸² £ ¥³µ¥ ¸µµÉ¢¥É¸É¢Ê¥É ¢±² ¤Ê ¶·µÍ¥¸¸µ¢ ¨µ´¨§ Í¨¨  Éµ³µ¢ · -
¤¨µËµ¸Ëµ·  ´¥¶µ¸·¥¤¸É¢¥´´µ β-Ô²¥±É·µ´ ³¨. �´¨ É ±¦¥ ®µ¡¤¨· ÕÉ¯ K- ¨
L-µ¡µ²µÎ±¨ · ¤¨µËµ¸Ëµ· .

’·¥ÉÓ¥ ¸² £ ¥³µ¥ µ¶¨¸Ò¢ ¥É ¢±² ¤ ¤¢Ê±· É´µ ¨µ´¨§¨·µ¢ ´´ÒÌ Ô²¥±É·µ´-
´Ò³ Ê¤ ·µ³  Éµ³µ¢ · ¤¨µËµ¸Ëµ· , ¶µÖ¢²ÖÕÐ¨Ì¸Ö ¢ É¥²¥ ˜Œ §  ¸Î¥É Éµ£µ,
ÎÉµ ¶·¨ ¨µ´¨§ Í¨¨ ³µ²¥±Ê² ¢µ§¤ÊÌ  ¢ µ¡² ¸É¨ ¶·µÉ¥± ´¨Ö Í¥¶´µ° ¸Ê¡ Éµ³´µ°
·¥ ±Í¨¨ µ¡· §Ê¥É¸Ö ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´µ¢. �µ·Ö¤±µ¢Ò¥
µÍ¥´±¨ £µ¢µ·ÖÉ µ Éµ³, ÎÉµ ¢¥²¨Î¨´  ¨¸ÉµÎ´¨±  q2 ¢ ¸²ÊÎ ¥ ¸É Í¨µ´ ·´µ£µ £µ-
·¥´¨Ö ˜Œ É ±µ¢ , ÎÉµ ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ ±µ³¶¥´¸¨·Ê¥É Ê¡Ò²Ó ®¨µ´µ¢¯
· ¤¨µËµ¸Ëµ·  λ0N2

∗∗. ‚ ´¥¸É Í¨µ´ ·´Ò¥ ¶·µÍ¥¸¸Ò (¢§·Ò¢ ˜Œ) ¨¸ÉµÎ´¨±
q2 ´ Î¨´ ¥É ¤ ¢ ÉÓ § ³¥É´Ò° ¢±² ¤ §  ¸Î¥É ´¥²¨´¥°´µ£µ Î²¥´  β11N

2
1 Éµ²Ó±µ

¶·¨ ¢Ò¸µ±¨Ì ±µ´Í¥´É· Í¨ÖÌ ¶ ·µ¢ ¸µ¥¤¨´¥´¨° · ¤¨µËµ¸Ëµ· .
� ¤¨µËµ¸Ëµ· µ¡· §Ê¥É¸Ö ¢ ¨µ´µ¸Ë¥·¥ ¢ ·¥§Ê²ÓÉ É¥ Ö¤¥·´ÒÌ ·¥ ±Í¨°

29
14Si(α, p)3215P, 31

15P(d, p)3215P, 31
15P(n, γ)3215P, 32

16S(d, 2p)3215P, 33
16S(p, 2p)3215P,

35
17Cl(n, α)3215P, 32

16S(n, p)3215P ¨ 63
29Cu+p → 232

15P,   É ±¦¥ 32
15P(n, γ)3315P,

33
16S(n, p)3315P, 35

17Cl(γ, 2p)3315P, 37
17Cl(γ, α)3315P, 65

29Cu+p → 233
15P.

‚µ§´¨±´Ê¢ ¢ ¨µ´µ¸Ë¥·¥, µ¡² ±   Éµ³ ·´µ£µ · ¤¨µËµ¸Ëµ·  µ¶Ê¸± ÕÉ¸Ö ´ 
§¥³²Õ ¶µ¤ ¤¥°¸É¢¨¥³ ¸¨²Ò ÉÖ¦¥¸É¨.

”µ¸Ëµ· Å Ì¨³¨Î¥¸±¨  ±É¨¢´Ò° Ô²¥³¥´É. �µÔÉµ³Ê ¶µ¸²¥ µ¡· §µ¢ ´¨Ö
¨§µÉµ¶µ¢ 32

15P ¨ 33
15P ¢ ¢¥·Ì´¨Ì ¸²µÖÌ  É³µ¸Ë¥·Ò §  ¸Î¥É · ¸Ð¥¶²¥´¨Ö Ö¤¥·

∗�µ²´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨°, µ¶¨¸Ò¢ ÕÐ¨Ì ±¨´¥É¨±Ê ˜Œ, ±µ´¥Î´µ ¦¥ ¤µ²¦´  É ±¦¥ ÊÎ¨-
ÉÒ¢ ÉÓ ¤¨´ ³¨±Ê ËµÉµ´µ¢, Ô²¥±É·µ´µ¢, ³µ²¥±Ê²  §µÉ , ±¨¸²µ·µ¤ , µ§µ´ , µ±¨¸²µ¢  §µÉ  ¨ É. ¶.
�¤´ ±µ Í¥²ÓÕ ´ ¸ÉµÖÐ¥° · ¡µÉÒ Ö¢²Ö¥É¸Ö µ¡ÑÖ¸´¥´¨¥ ¶·µ¨¸Ìµ¦¤¥´¨Ö ¨¸ÉµÎ´¨±  Ô´¥·£¨¨ ˜Œ.
�µÔÉµ³Ê ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨° (1) ¨¸±²ÕÎ¥´Ò ®¶¥·¥´µ¸Î¨±¨ ¢§ ¨³µ¤¥°¸É¢¨Ö¯. ˆÌ ¢²¨Ö´¨¥ ¨´-
É¥£· ²Ó´µ ÊÎ¨ÉÒ¢ ¥É¸Ö ¸ ¶µ³µÐÓÕ ±¨´¥É¨Î¥¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢.

∗∗�¥ ²Ó´µ ¢¥²¨Î¨´  λ3N2 µÉ´Õ¤Ó ´¥ ³ ² . �µ ¸ ³µ¸µ£² ¸µ¢ ´´µ¸ÉÓ · §²¨Î´ÒÌ ®ËµÉµ´-
´ÒÌ¯ µÍ¥´µ± £µ¢µ·¨É µ Éµ³, ÎÉµ · §²¨Î´Ò¥ ®Ô²¥±É·µ´´Ò¥¯ ¶·µÍ¥¸¸Ò, ¶·µÉ¥± ÕÐ¨¥ ¢ É¥²¥ ˜Œ,
¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ ±µ³¶¥´¸¨·ÊÕÉ ¤·Ê£ ¤·Ê£ !
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±µ¸³¨Î¥¸±¨³¨ ²ÊÎ ³¨ [7] ¶ ·Ò  Éµ³ ·´µ£µ · ¤¨µËµ¸Ëµ·  ³¥¤²¥´´µ µ¶Ê¸± -
ÕÉ¸Ö ± ‡¥³²¥ ¨ ¡Ò¸É·µ ¢¸ÉÊ¶ ÕÉ ¢ ·¥ ±Í¨Õ ¸ ±¨¸²µ·µ¤µ³. ‚ ·¥§Ê²ÓÉ É¥ ÔÉµ°
·¥ ±Í¨¨ µ¡· §Ê¥É¸Ö ¶ÖÉ¨µ±¨¸Ó Ëµ¸Ëµ·  P2O5. ‚ ¤ ²Ó´¥°Ï¥³ µ´  ¢§ ¨³µ-
¤¥°¸É¢Ê¥É ¸ ¶ · ³¨ ¢µ¤Ò, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ µ¡· §Ê¥É¸Ö Ëµ¸Ëµ·´ Ö ±¨¸²µÉ 
H3PO4. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ ±µ´É¥±¸É¥ · ¸¸³ É·¨¢ ¥³µ° § ¤ Î¨ Î¥·¥§ N2 µ¡µ-
§´ Î¥´µ Î¨¸²µ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ Ëµ¸Ëµ·  32

15P ¨ 33
15P, ¢Ìµ¤ÖÐ¨Ì ¢ ¸µ¸É ¢

³µ²¥±Ê² P2O5 ¨ H3PO4, ¸ L- ¨²¨ K-µ¡µ²µÎ±¨ ±µÉµ·ÒÌ µ¤¨´ (¨²¨ ¡µ²¥¥)
Ô²¥±É·µ´ ¶¥·¥Ï¥² ´  ¡µ²¥¥ ¢Ò¸µ±¨° ¤¨¸±·¥É´Ò° Ô´¥·£¥É¨Î¥¸±¨° Ê·µ¢¥´Ó ¨²¨
¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·. �¤´ ±µ ¤²Ö ±· É±µ¸É¨ ³Ò ¤ ²¥¥ ¢¸Õ¤Ê, £¤¥ ·¥ÎÓ ¨¤¥É
µ ¶ · ³¥É·¥ N2, ¡Ê¤¥³ Ê¶µÉ·¥¡²ÖÉÓ É¥·³¨´ ®¨µ´ Ëµ¸Ëµ· ¯.

Š ¦¤Ò° β-· ¸¶ ¤ Ö¤·  32
15P ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¨¸¶Ê¸± ´¨¥³ ¤¢ÊÌ ËµÉµ´µ¢ ¸

Ô´¥·£¨¥° µ±µ²µ 350 Ô‚ ± ¦¤Ò°∗. ˆ³¥´´µ ®¢¸É·ÖÌ¨¢ ´¨¥¯ K-µ¡µ²µÎ±¨ ¶·¨
β-· ¸¶ ¤¥ 32

15P ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ¢µ§¡Ê¦¤¥´´µ£µ  Éµ³  32
16S, ¨¸¶Ê¸± Õ-

Ð¥£µ ¢ ¶·µÍ¥¸¸¥ ¤¥¢µ§¡Ê¦¤¥´¨Ö ¤¢  ËµÉµ´ , Ô´¥·£¨Ö ±µÉµ·ÒÌ ¶· ±É¨Î¥¸±¨ ¸µ-
¢¶ ¤ ¥É ¸ Ô´¥·£¨¥° ¸¢Ö§¨ Ô²¥±É·µ´µ¢, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  L-µ¡µ²µÎ±¥  Éµ³  32

15P.
Š·µ³¥ Éµ£µ, µ¤´¨³ ¨§ µ¸´µ¢´ÒÌ ³¥Ì ´¨§³µ¢ ¤¥¢µ§¡Ê¦¤¥´¨Ö  Éµ³  ¸¥·Ò Ö¢²Ö-
¥É¸Ö µ¦¥-ÔËË¥±É. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢³¥¸Éµ ¤¢ÊÌ ³Ö£±¨Ì ·¥´É£¥´µ¢¸±¨Ì ËµÉµ´µ¢
¢ ¢ÒÌµ¤´µ³ ± ´ ²¥ ·¥ ±Í¨¨ ¶µÖ¢²Ö¥É¸Ö ´¥¸±µ²Ó±µ Ô²¥±É·µ´µ¢ (1 � ne � 5,
¥¸²¨ Ô²¥±É·µ´Ò ¢Ò·Ò¢ ÕÉ¸Ö ¨§ M -µ¡µ²µÎ±¨)∗∗.

ˆ§-§  ¸µ¢¶ ¤¥´¨Ö Ô´¥·£¨° γ-±¢ ´Éµ¢ ¸ Ô´¥·£¨¥° ®µ¡¤¨· ´¨Ö¯ L-µ¡µ²µÎ±¨
 Éµ³  · ¤¨µËµ¸Ëµ·  ¸É ´µ¢¨É¸Ö ¢µ§³µ¦´Ò³ ¥£µ ·¥§µ´ ´¸´µ¥ ¢µ§¡Ê¦¤¥´¨¥
(¨²¨ ¨µ´¨§ Í¨Ö). ‚ ¶·µÍ¥¸¸ ¨µ´¨§ Í¨¨ · ¤¨µËµ¸Ëµ·  µ¶·¥¤¥²¥´´ÊÕ ²¥¶ÉÊ
¢´µ¸ÖÉ Ê¸±µ·¥´´Ò¥ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ É¥²  ˜Œ µ¦¥-Ô²¥±É·µ´Ò (®µ¡¤¨-
· ÕÐ¨¥¯ ± ± L-, É ± ¨ K-µ¡µ²µÎ±Ê),   É ±¦¥  Éµ³´Ò¥ ¸Éµ²±´µ¢¥´¨Ö∗∗∗. ‚
·¥§Ê²ÓÉ É¥ µÉ±·Ò¢ ¥É¸Ö ± ´ ² β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥, ¨ ¶·¨ µ¶·¥-
¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ ³µ¦¥É ´ Î ÉÓ¸Ö Í¥¶´ Ö Ö¤¥·´ Ö ·¥ ±Í¨Ö. „ ´´ Ö ·¥ ±Í¨Ö
´¥ ¥¸ÉÓ Í¥¶´ Ö ·¥ ±Í¨Ö ¤¥²¥´¨Ö, ¨ ¢ ´¥° § ¤¥°¸É¢µ¢ ´Ò ´¥ Éµ²Ó±µ Ö¤¥·´Ò¥,
´µ ¨  Éµ³´Ò¥ (¨ ¤ ¦¥ ³µ²¥±Ê²Ö·´Ò¥) ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. ‚ ÔÉµ³ ¸µ¸Éµ¨É ¥¥
 ¡¸µ²ÕÉ´ Ö Ê´¨± ²Ó´µ¸ÉÓ. �´  ²¥¦¨É ´  ¸ÉÒ±¥ ³µ²¥±Ê²Ö·´µ°,  Éµ³´µ° ¨
Ö¤¥·´µ° Ë¨§¨±¨.

‘ ³  ¢µ§³µ¦´µ¸ÉÓ ¶·µÉ¥± ´¨Ö É ±µ° Ô±§µÉ¨Î¥¸±µ° ·¥ ±Í¨¨ ¸¢Ö§ ´  ¸µ
¸¶¥Í¨Ë¨Î¥¸±¨³ ¸É·µ¥´¨¥³ Ô²¥±É·µ´´ÒÌ µ¡µ²µÎ¥± Ëµ¸Ëµ· . ˆ³¥´´µ ´ §¢ -

∗‚µ§¡Ê¦¤¥´´Ò°  Éµ³ 32
16S, µ¡· §ÊÕÐ¨°¸Ö ¢ ·¥§Ê²ÓÉ É¥ β-· ¸¶ ¤  32

15P, ¨¸¶Ê¸± ¥É ¨ ¤·Ê£¨¥
ËµÉµ´Ò. �¤´ ±µ ¨³¥´´µ ¶·µÍ¥¸¸Ò, ¶·µÉ¥± ÕÐ¨¥ ¢ K- ¨ L-µ¡µ²µÎ± Ì, µÉ¢¥Î ÕÉ §  Ë¨§¨±Ê ˜Œ.

∗∗„¥¢µ§¡Ê¦¤¥´¨¥ ¸¥·Ò ³µ¦¥É µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ³´µ£¨³¨ ¸¶µ¸µ¡ ³¨: ´  ¢ÒÌµ¤¥ ³µ£ÊÉ ¶µ-
Ö¢¨ÉÓ¸Ö ¤¢  ËµÉµ´  ¸ Ô´¥·£¨¥° Eγ ≈ 350 Ô‚, µ¤¨´ É ±µ° ËµÉµ´ ¨ ´¥¸±µ²Ó±µ Ô²¥±É·µ´µ¢, ´¨
µ¤´µ£µ ËµÉµ´  ¨ ³´µ£µ µ¦¥-Ô²¥±É·µ´µ¢. …¸²¨ ¢µ§¡Ê¦¤¥´´Ò°  Éµ³ ¸¥·Ò ¢Ìµ¤¨² ¢ ´¥¸É ¡¨²Ó´ÊÕ
³µ²¥±Ê²Ê PSO5, Éµ ¢µ§¡Ê¦¤¥´¨¥ ³µ¦¥É ¶¥·¥¤ ÉÓ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ  Éµ³Ê Ëµ¸Ëµ· , ÎÉµ ¶·¨¢¥¤¥É
± ·¥§µ´ ´¸´µ³Ê ®µ¡¤¨· ´¨Õ¯ ¥£µ L-µ¡µ²µÎ±¨.

∗∗∗‚¸¥ ³¥Ì ´¨§³Ò ¨µ´¨§ Í¨¨, ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ Î¨¸²Ê ®¨µ´µ¢¯ · ¤¨µËµ¸Ëµ·  N2 ¨ Î¨¸²Ê
´¥¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ · ¤¨µËµ¸Ëµ· , ¨´É¥£· ²Ó´µ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ Î²¥´  β12N1N2.
�¸É ²Ó´Ò¥ ³¥Ì ´¨§³Ò µ¶¨¸Ò¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ ÔËË¥±É¨¢´µ£µ ¨¸ÉµÎ´¨±  q2.
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‘Ì¥³  Ê·µ¢´¥° ¶·¨·µ¤´µ£µ ·¥´É£¥´µ¢¸±µ£µ ² §¥· 

´¨¥ ÔÉµ£µ Ô²¥³¥´É  ¤ ²µ ¨³Ö Ö¢²¥´¨Õ Ëµ¸Ëµ·¥¸Í¥´Í¨¨ (É. ¥. ²Õ³¨´¥¸Í¥´Í¨¨,
¶·µ¤µ²¦ ÕÐ¥°¸Ö §´ Î¨É¥²Ó´µ¥ ¢·¥³Ö ¶µ¸²¥ ¶·¥±· Ð¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö)∗.

Œ¥É ¸É ¡¨²Ó´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´µ£µ  Éµ³  Ëµ¸Ëµ· , Ê ±µÉµ·µ£µ ¨³¥¥É¸Ö
¢ ± ´¸¨Ö (¤Ò·± ) ´  K- ¨²¨ L-µ¡µ²µÎ±¥, ¨ ´ ²¨Î¨¥ ¨¸ÉµÎ´¨±  q2 ¶·¨¢µ-
¤ÖÉ ± Éµ³Ê, ÎÉµ ¶·¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ¨Ì §´ Î¥´¨ÖÌ N1 ¸É ´µ¢¨É¸Ö ¢µ§³µ¦-
´Ò³ ¢Ò¶µ²´¥´¨¥ ¸µµÉ´µÏ¥´¨Ö |λ0 − q2N

−1
2 | � β12N1, É. ¥. ´  ³¥É ¸É ¡¨²Ó-

´µ³ (¶·µ³¥¦ÊÉµÎ´µ³) Ê·µ¢´¥ ³µ¦¥É ´ ±µ¶¨ÉÓ¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥ ±µ²¨-
Î¥¸É¢µ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ Ëµ¸Ëµ·  ¸ ¢ ± ´¸¨¥° (Ô²¥±É·µ´´µ° ¤Ò·±µ°) ´ 
L-µ¡µ²µÎ±¥.

ˆ³¥´´µ ÔÉµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶·¥¢· Ð ¥É ˜Œ ¢ ¸¢µ¥µ¡· §´Ò° ·¥´É£¥´µ¢-
¸±¨° ² §¥· ¸ Ö¤¥·´µ° ´ ± Î±µ°∗∗. Š² ¸¸¨Î¥¸± Ö É·¥ÌÊ·µ¢´¥¢ Ö ¸Ì¥³  É ±µ£µ
² §¥·  ¶·¥¤¸É ¢²¥´  ´  ·¨¸Ê´±¥. �·¨Î¥³ Ö¤¥·´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¶¥·¥¤ ÕÉ
¸¢µÕ Ô´¥·£¨Õ ´   Éµ³´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò ¢ ·¥§Ê²ÓÉ É¥ β-· ¸¶ ¤  Ö¤¥· · -
¤¨µËµ¸Ëµ· !

�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¸µ£² ¸´µ ¶µ·Ö¤±µ¢Ò³ µÍ¥´± ³ ¨³¥¥É ³¥¸Éµ
¸µµÉ´µÏ¥´¨¥ λ3 � λ1 + λ2. Œ¥É ¸É ¡¨²Ó´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´µ£µ  Éµ³  · -
¤¨µËµ¸Ëµ·  ¢¥¸Ó³  µÉ´µ¸¨É¥²Ó´ . �·µ¸Éµ ¨¸ÉµÎ´¨± q2 ¤µ¸É ÉµÎ´µ ¢¥²¨± ¨
¢ ¸²ÊÎ ¥ ¸É Í¨µ´ ·´µ£µ É¥Î¥´¨Ö ·¥ ±Í¨¨ ¶·µ¶µ·Í¨µ´ ²¥´ N2. „¢  ÔËË¥±É 
±µ³¶¥´¸¨·ÊÕÉ ¤·Ê£ ¤·Ê£  ¶· ±É¨Î¥¸±¨ ¶µ²´µ¸ÉÓÕ, µ Î¥³ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É Ô³-
¶¨·¨Î¥¸±¨° Ë ±É ¸ÊÐ¥¸É¢µ¢ ´¨Ö ˜Œ.

„²Ö Éµ£µ ÎÉµ¡Ò ¡µ²¥¥ ¤¥É ²Ó´µ · §µ¡· ÉÓ¸Ö ¢ ³¥Ì ´¨§³¥ ÔÉµ° ±µ³¶¥´¸ -
Í¨¨, ¶·¥¤¸É ¢¨³ ±µÔËË¨Í¨¥´É β10 ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

β10 = Ne

EK∫
EL

νe(E)Pe(E)f(E)dE, (2)

∗‚·¥³Ö ¢Ò¸¢¥Î¨¢ ´¨Ö ²Õ³¨´µËµ·  ³µ¦¥É ¸µ¸É ¢²ÖÉÓ Î ¸Ò, ¸ÊÉ±¨ ¨ ¤ ¦¥ ³¥¸ÖÍÒ! �µ
¸Éµ²Ó ¡µ²ÓÏ¨¥ ¢·¥³¥´  ¢Ò¸¢¥Î¨¢ ´¨Ö ²Õ³¨´µËµ·  ¸¢Ö§ ´Ò ¸ ³µ²¥±Ê²Ö·´Ò³¨ ¶·µÍ¥¸¸ ³¨. ‚·¥³Ö
¦¨§´¨ Ô²¥±É·µ´´µ° ¤Ò·±¨ ´  K- ¨²¨ L-µ¡µ²µÎ±¥ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥. …¸²¨ ¡Ò ´¥ ´ ²¨Î¨¥
¨¸ÉµÎ´¨±  q2, Éµ µ ³¥É ¸É ¡¨²Ó´µ¸É¨ Ê·µ¢´Ö N2 ´¥ ³µ£²µ ¡Ò ¨¤É¨ ´¨± ±µ° ·¥Î¨.

∗∗�¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ µÉ²¨Î¨É¥²Ó´µ° µ¸µ¡¥´´µ¸ÉÓÕ ÔÉµ£µ ·¥´É£¥´µ¢¸±µ£µ ² §¥· 
Ö¢²Ö¥É¸Ö ³ ² Ö ¨´É¥´¸¨¢´µ¸ÉÓ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö. ‡´ Î¨É¥²Ó´ Ö ¤µ²Ö ËµÉµ´µ¢ ¸ Ô´¥·-
£¨¥° Eγ ≈ 350 Ô‚ ¶µ£²µÐ ¥É¸Ö ¢´ÊÉ·¨ É¥²  ˜Œ. �µ²µ¢¨´  ¨§ ´¨Ì Å  Éµ³ ³¨ · ¤¨µËµ¸Ëµ· ,
¨ ¥Ð¥ Î ¸ÉÓ Å ³µ²¥±Ê² ³¨ ¢µ§¤ÊÌ .
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£¤¥ νe Å Î¨¸²µ ¸Éµ²±´µ¢¥´¨° Ô²¥±É·µ´µ¢ ¸  Éµ³ ³¨ · ¤¨µËµ¸Ëµ·  ¢ ¥¤¨´¨ÍÊ
¢·¥³¥´¨, Pe Å ¢¥·µÖÉ´µ¸ÉÓ ®µ¡¤¨· ´¨Ö¯ L-µ¡µ²µÎ±¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³,
Ne Å Î¨¸²µ ¸¢µ¡µ¤´ÒÌ Ô²¥±É·µ´µ¢ ¢ µ¡Ñ¥³¥ ˜Œ, f(E) Å ËÊ´±Í¨Ö · ¸-
¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ Ô´¥·£¨Ö³, ´µ·³¨·µ¢ ´´ Ö ´  ¥¤¨´¨ÍÊ, EL(K) Å
Ô´¥·£¨Ö ¨µ´¨§ Í¨¨ L(K)-µ¡µ²µÎ±¨  Éµ³  · ¤¨µËµ¸Ëµ· . �µ²ÓÏ Ö ¢¥²¨Î¨´ 
Ne ∼ 1022 ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ¤ ¦¥ ¶·¨ µÉ´µ¸¨É¥²Ó´µ ³ ²ÒÌ ¢¥²¨Î¨´ Ì
¢¥·µÖÉ´µ¸É¨ ¨µ´¨§ Í¨¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³ Pe ∼ 10−16 ÷ 10−18 ³Ò ¶·¨-
Ìµ¤¨³ ± µÍ¥´±¥ ¢¥²¨Î¨´Ò β10 ∼ 1012 ÷ 1013 ¸−1. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ ¤²Ö
¶µ¤¤¥·¦ ´¨Ö ¸É Í¨µ´ ·´µ£µ É¥Î¥´¨Ö ·¥ ±Í¨¨ ´¥µ¡Ìµ¤¨³µ ¢Ò¶µ²´¥´¨¥ Ê¸²µ-
¢¨Ö λ3N2 = β10N1,   ¢¥²¨Î¨´  N1 ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥ ¢¥²¨Î¨´Ò N2, Éµ
µÉ¸Õ¤  ¸²¥¤Ê¥É, ÎÉµ λ3 ∼ 1013 ÷ 1014 ¸−1. �µ ÔÉµ µ§´ Î ¥É, ÎÉµ ¢·¥³Ö ¦¨§´¨
Ô²¥±É·µ´´ÒÌ ¤Ò·µ± ´  L-µ¡µ²µÎ±¥ · ¤¨µËµ¸Ëµ·  ¸µ¸É ¢²Ö¥É 10−13÷10−14 ¸,
ÎÉµ, ¢ µ¡Ð¥³ ¨ Í¥²µ³, ¸µ£² ¸Ê¥É¸Ö ¸µ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨³¨ ¤ ´´Ò³¨.

�·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ µÍ¥´±¨ Î·¥§¢ÒÎ °´µ £·Ê¡Ò ¨§-§  ¶· ±É¨Î¥¸±¨ ¶µ²´µ£µ
µÉ¸ÊÉ¸É¢¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µÔÉµ³Ê ¨³¥¥É ¸³Ò¸² µ¡¸Ê¤¨ÉÓ µ¤¨´
¨§ ¢¥¸Ó³  ´¥µ¡ÒÎ´ÒÌ ³¥Ì ´¨§³µ¢ Ê³¥´ÓÏ¥´¨Ö ¢¥²¨Î¨´Ò λ3. ‚ É¥µ·¥É¨Î¥¸±¨Ì
· ¸Î¥É Ì µ¡ÒÎ´µ ¢ÒÎ¨¸²Ö¥É¸Ö ¢¥²¨Î¨´  λ3 ¤²Ö  Éµ³  ¸ § ¶µ²´¥´´Ò³¨ Ô²¥±-
É·µ´´Ò³¨ µ¡µ²µÎ± ³¨. �·¨ ÔÉµ³ ¸Î¨É ¥É¸Ö, ÎÉµ ¶¥·¥Ìµ¤ ´  ¤Ò·±Ê ¢ L- ¨²¨
K-µ¡µ²µÎ±Ê ¶·µ¨¸Ìµ¤¨É ¸ M -µ¡µ²µÎ±¨. ‚ É¥²¥ ˜Œ  Éµ³Ò · ¤¨µËµ¸Ëµ· 
´ Ìµ¤ÖÉ¸Ö ¢ ¨µ´¨§¨·µ¢ ´´µ³ ¸µ¸ÉµÖ´¨¨, ¶µ¸±µ²Ó±Ê Ô²¥±É·µ´Ò, ´ Ìµ¤ÖÐ¨¥¸Ö
´  M -µ¡µ²µÎ±¥  Éµ³  Ëµ¸Ëµ· , ¨³¥ÕÉ ´¥ ¸²¨Ï±µ³ ¡µ²ÓÏÊÕ Ô´¥·£¨Õ ¸¢Ö§¨∗.
�µÔÉµ³Ê µ´¨ ²¥£±µ § Ì¢ ÉÒ¢ ÕÉ¸Ö  Éµ³ ³¨ ±¨¸²µ·µ¤ , ¢Ìµ¤ÖÐ¨³¨ ¢ ¸µ¸É ¢
³µ²¥±Ê² Ì¨³¨Î¥¸±¨Ì ¸µ¥¤¨´¥´¨° · ¤¨µËµ¸Ëµ· , ²¨¡µ ¸·Ò¢ ÕÉ¸Ö Ô²¥±É·µ´-
´Ò³ Ê¤ ·µ³. ‚ ¤ ´´µ³ ¸²ÊÎ ¥ Ô²¥±É·µ´´ Ö ¤Ò·±  ¢ L-µ¡µ²µÎ±¥ § ¶µ²´Ö¥É¸Ö
§  ¸Î¥É § Ì¢ É  Ô²¥±É·µ´  ¨§ ´¥¶·¥·Ò¢´µ£µ ¸¶¥±É· . �µ Ì · ±É¥·´µ¥ ¢·¥³Ö É -
±µ£µ ¶·µÍ¥¸¸  ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥, Î¥³ ¢·¥³Ö ¦¨§´¨ ¢ ± ´¸¨¨ ¢ L-µ¡µ²µÎ±¥
¶·¨ § ¶µ²´¥´´µ° M -µ¡µ²µÎ±¥ ¢µ§¡Ê¦¤¥´´µ£µ  Éµ³ .

Š ± ¡Ò Éµ ´¨ ¡Ò²µ, Ô³¶¨·¨Î¥¸±¨° Ë ±É ¸ÊÐ¥¸É¢µ¢ ´¨Ö ˜Œ µ¤´µ§´ Î´µ
Ê± §Ò¢ ¥É ´  ¢Ò¶µ²´¥´¨¥ Ê¸²µ¢¨Ö λ3N2 = β10N1 ¸ µ£·µ³´µ° ¸É¥¶¥´ÓÕ ÉµÎ-
´µ¸É¨∗∗. �µ ÔÉµ µ§´ Î ¥É, ÎÉµ Ê·µ¢¥´Ó N2 Ö¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸±¨ ³¥É ¸É -
¡¨²Ó´Ò³. „ ´´Ò° É¨¶ ³¥É ¸É ¡¨²Ó´ÒÌ Ê·µ¢´¥° ¢ ² §¥·´ÒÌ ¸¨¸É¥³ Ì ´  ¸¥£µ-
¤´ÖÏ´¨° ¤¥´Ó ´¥ µ¶¨¸ ´ ¢ ²¨É¥· ÉÊ·¥!

…¸²¨ Í¥¶´ Ö ·¥ ±Í¨Ö ¨´¤ÊÍ¨·µ¢ ´´µ£µ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥
´ Î ² ¸Ó, Éµ Ê¸²µ¢¨¥ ¥¥ ¸É Í¨µ´ ·´µ£µ É¥Î¥´¨Ö ¨³¥¥É ¢¨¤

−λ0N2 + q2 + β21N2N1 − β22N
2
2 = 0, (3)

∗ˆ³¥´´µ ¶µÔÉµ³Ê Ëµ¸Ëµ· Ö¢²Ö¥É¸Ö ±² ¸¸¨Î¥¸±¨³ ²Õ³¨´µËµ·µ³.
∗∗�µ¤·µ¡´Ò¥ µÍ¥´±¨ Î ¸ÉµÉÒ Ô²¥±É·µ´´ÒÌ Ê¤ ·µ¢, ¸·¥¤´¥° É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´´µ£µ

µ¡² ±  ¨ É. ¶. ¡Ê¤ÊÉ ¶·¨¢¥¤¥´Ò ¢ µ¤´µ° ¨§ ¸²¥¤ÊÕÐ¨Ì · ¡µÉ.
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£¤¥
λ0 = λ1 + λ2 + λ3, (4)

µÉ±Ê¤  ´¥³¥¤²¥´´µ ¸²¥¤Ê¥É, ÎÉµ∗

N st
2 =

β21N1 − λ0 + q2N
−1
2

β22
≈ β21N1

β22
. (5)

�µ¤¸É ¢²ÖÖ (3), (4) ¨ (5) ¢µ ¢Éµ·µ¥ Ê· ¢´¥´¨¥ ¸¨¸É¥³Ò (1), ¶µ²ÊÎ ¥³

dN2

dt
= −β22(N2 − N st

2 )N2. (6)

‘É·µ£µ £µ¢µ·Ö, ¢¥²¨Î¨´  N st
2 ¸ ³  Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ¢¥²¨Î¨´Ò N2, É ±

± ± µ´  § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò N1. “· ¢´¥´¨¥ (6) ¥¸ÉÓ ¢¥¸Ó³  ¸²µ¦´µ¥ ´¥²¨´¥°-
´µ¥ Ê· ¢´¥´¨¥ (´¥ ¢ ¸³Ò¸²¥ É¥Ì´¨±¨ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ¸ · §¤¥²ÖÕÐ¨³¨¸Ö
¶¥·¥³¥´´Ò³¨, ±µÉµ· Ö É·¨¢¨ ²Ó´ ,   ¢ ¸³Ò¸²¥ ¢ÒÎ¨¸²¥´¨Ö ¨²¨ ¨§³¥·¥´¨Ö
¢Ìµ¤ÖÐ¨Ì ¢ ´¥£µ ¢¥²¨Î¨´). �¤´ ±µ ¤²Ö ¶µ·Ö¤±µ¢ÒÌ µÍ¥´µ± ¨ ± Î¥¸É¢¥´´µ£µ
 ´ ²¨§  ¶µ¢¥¤¥´¨Ö ˜Œ ±µÔËË¨Í¨¥´É β22 ¨ ¢¥²¨Î¨´Ê N st

2 ³µ¦´µ ¸Î¨É ÉÓ
¶µ¸ÉµÖ´´Ò³¨.

„ ¦¥ ¢ É ±µ³ £·Ê¡µ³ ¶·¨¡²¨¦¥´¨¨ ²¥£±µ µ¡ÑÖ¸´Ö¥É¸Ö µÉ´µ¸¨É¥²Ó´ Ö
(³ ±·µ¸±µ¶¨Î¥¸± Ö) Ê¸Éµ°Î¨¢µ¸ÉÓ ˜Œ. „²Ö ÔÉµ£µ ¢¢¥¤¥³ ¶¥·¥³¥´´ÊÕ x =
1 − N st

2 /N2 ¨ ¶¥·¥¶¨Ï¥³ Ê· ¢´¥´¨¥ (6) ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

dx

dt
= −β22N

st
2 x. (7)

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (7) ¨³¥¥É ¢¨¤

x = x0 exp (−β22N
st
2 t), (8)

£¤¥ x0 Å §´ Î¥´¨¥ ¶ · ³¥É·  x ¢ ³µ³¥´É ¢·¥³¥´¨ t = 0. ‚¥²¨Î¨´  x ¨³¥¥É
¸³Ò¸² µÉ´µ¸¨É¥²Ó´µ£µ µÉ±²µ´¥´¨Ö Î¨¸²  ¨µ´µ¢ 32

15P µÉ §´ Î¥´¨Ö N st
2 , ¸µµÉ-

¢¥É¸É¢ÊÕÐ¥£µ ¸É Í¨µ´ ·´µ³Ê É¥Î¥´¨Õ ·¥ ±Í¨¨. ˆ³¥´´µ ¶µÔÉµ³Ê É· ±Éµ¢± 
·¥Ï¥´¨Ö (8) ¸µ¢¥·Ï¥´´µ µÎ¥¢¨¤´ : ¥¸²¨ Í¥¶´ Ö ·¥ ±Í¨Ö ¨´¤ÊÍ¨·µ¢ ´´µ£µ
β-· ¸¶ ¤  32

15P
ion →

(
32
16S

ion + e−
)
L−bound

+ ν̃e ´ Î ² ¸Ó, Éµ ¢¥²¨Î¨´  N2

Ê¸Éµ°Î¨¢µ ¸É·¥³¨É¸Ö ± ¸¢µ¥³Ê · ¢´µ¢¥¸´µ³Ê §´ Î¥´¨Õ N st
2 .

∗‘ÊÐ¥¸É¢µ¢ ´¨¥ ¸É Í¨µ´ ·´µ£µ ·¥¦¨³  £µ·¥´¨Ö ˜Œ ¢µ§³µ¦´µ Éµ²Ó±µ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤ 
®£µ·ÕÎ¥¥¯, ¶µ¸ÉÊ¶ ÕÐ¥¥ ¢ É¥²µ ˜Œ, Ê¡Ò¢ ¥É ¸ Éµ° ¦¥ ¸±µ·µ¸ÉÓÕ. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ Nst

2 ∼ N1. �µ
ÔÉµ µ§´ Î ¥É, ÎÉµ q2 ≈ λ0N2. ˆ³¥´´µ ¶µÔÉµ³Ê ¸µµÉ´µÏ¥´¨¥ (5) § ¶¨¸ ´µ ¢ ¢¥¸Ó³  ´¥¸É ´¤ ·É´µ°
Ëµ·³¥.
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‘Ê¤Ö ¶µ µ¶¨¸ ´¨Ö³ µÎ¥¢¨¤Í¥¢, ¸¢¥ÉÖÐ¨°¸Ö Ï · ¢µ§´¨± ¥É ¢ ¢µ§¤ÊÌ¥, ´ 
£² § Ì · §· ¸É Ö¸Ó ¤µ ¸¢µ¥£µ · ¢´µ¢¥¸´µ£µ §´ Î¥´¨Ö. �µÔÉµ³Ê ¢ µÍ¥´µÎ´ÒÌ
· ¸Î¥É Ì ²µ£¨Î´µ ¶µ²µ¦¨ÉÓ ¢¥²¨Î¨´Ê β22N

st
2 ∼ 1 ¸−1. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉµ µ¡Ñ¥³

˜Œ ¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò ¸µ¸É ¢²Ö¥É µ±µ²µ 1 ¤³3,   ¸µ¤¥·¦ ´¨¥ ¸³¥¸¨ ¨§µ-
Éµ¶µ¢ Ëµ¸Ëµ·  (¶µ ³ ¸¸¥) ¢ ´¥³ ´¥ ¶·¥¢ÒÏ ¥É 0,05 % (´  ¸ ³µ³ ¤¥²¥ ¤ ¦¥
³¥´ÓÏ¥), Éµ µ± §Ò¢ ¥É¸Ö, ÎÉµ ±µ²¨Î¥¸É¢µ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ · ¤¨µËµ¸-
Ëµ·  32

15P (¸ K- ¨²¨ L-µ¡µ²µÎ±¨ ±µÉµ·ÒÌ Ê¤ ²¥´ Ô²¥±É·µ´) ¢ · ¸¸³ É·¨¢ ¥³µ³
µ¡Ñ¥³¥ ¨³¥¥É ¶µ·Ö¤µ± 1018 ¤³−3. ‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶µ²ÊÎ ¥³ µÍ¥´±Ê ¢¥²¨-
Î¨´Ò ±µÔËË¨Í¨¥´É  β22 ∼ 10−18 ¸−1. �É  µÍ¥´±  ¸µµÉ¢¥É¸É¢Ê¥É Éµ³Ê, ÎÉµ
¢ Í¥¶´µ° ·¥ ±Í¨¨ ÊÎ ¸É¢Ê¥É ¶·¨³¥·´µ ± ¦¤Ò° ¤¥¸ÖÉÒ° · ¤¨µ´Ê±²¨¤ 32

15P. ‘
ÊÎ¥Éµ³ ¤ ´´µ£µ µ¡¸ÉµÖÉ¥²Ó¸É¢  ¢¥²¨Î¨´  ±µÔËË¨Í¨¥´Éµ¢ β12 ¨ β21 ¸µ¸É ¢²Ö¥É
β12 = β21 ∼ 10−19 ¸−1.

�¥¢Ò¸µ± Ö ¶²µÉ´µ¸ÉÓ ¶ ·µ¢ · ¤¨µ ±É¨¢´µ£µ Ëµ¸Ëµ·  ¢ ¢µ§¤ÊÌ¥ ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ ¥¸²¨ ·¥ ±Í¨Ö ¨ ´ Î ² ¸Ó, Éµ ¨¤¥É µ´  ±· °´¥ ¢Ö²µ, ¨¡µ ±µ-
ÔËË¨Í¨¥´É · §³´µ¦¥´¨Ö ËµÉµ´µ¢, ¢µ§¡Ê¦¤ ÕÐ¨Ì  Éµ³Ò 32

15P, µÉ´µ¸¨É¥²Ó´µ
³ ² (k = 2). „²¨´  ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  Ô²¥±É·µ´µ¢ ¢ ¢µ§¤ÊÌ¥ ¶·¨ Ô´¥·£¨ÖÌ
Ee ∼ 350 Ô‚ ¨ Ee ∼ 1,5 ±Ô‚ É ±¦¥ ´¥¢¥²¨± .

�¸µ¡µ µ¸É ´µ¢¨³¸Ö ´  Ë¨§¨±µ-Ì¨³¨Î¥¸±µ° ¶·¨·µ¤¥ ±µÔËË¨Í¨¥´É  β22.
…¸²¨ ·¥ ±Í¨Ö β-· ¸¶ ¤  ¶·µ¨¸Ìµ¤¨É ¸ Ö¤·µ³  Éµ³  32

15P, ¢Ìµ¤ÖÐ¥£µ ¢ ¸µ¸É ¢
³µ²¥±Ê²Ò P2O5, Éµ ¢ ·¥§Ê²ÓÉ É¥ ´  µÎ¥´Ó ±µ·µÉ±µ¥ ¢·¥³Ö µ¡· §Ê¥É¸Ö ´¥ ¸Ê-
Ð¥¸É¢ÊÕÐ Ö ¢ µ¡ÒÎ´µ° Ì¨³¨¨ ³µ²¥±Ê²  PSO5. �É  ³µ²¥±Ê²  µÎ¥´Ó ¡Ò¸É·µ
· §¢ ²¨¢ ¥É¸Ö,   Ô²¥±É·µ´´Ò¥ µ¡µ²µÎ±¨ ¢¸¥Ì  Éµ³µ¢, ¢Ìµ¤¨¢Ï¨Ì ¢ ¥¥ ¸µ¸É ¢,
³£´µ¢¥´´µ ¶¥·¥¸É· ¨¢ ÕÉ¸Ö. …¸²¨ ¢Éµ·µ°  Éµ³ Ëµ¸Ëµ·  ¢ · ¸¸³ É·¨¢ ¥³µ°
³µ²¥±Ê²¥ PSO5 ¡Ò² ¢µ§¡Ê¦¤¥´ (É. ¥. Ê ´¥£µ ¨³¥² ¸Ó ¢ ± ´¸¨Ö ´  L-µ¡µ²µÎ±¥),
Éµ ¢ ¶·µÍ¥¸¸¥ · ¸¶ ¤  ¤ ´´µ° ³µ²¥±Ê²Ò ¨ ¡Ò¸É·µ° ¶¥·¥¸É·µ°±¨ Ô²¥±É·µ´´ÒÌ
µ¡µ²µÎ¥±  Éµ³µ¢, ¢Ìµ¤¨¢Ï¨Ì ¢ ¥¥ ¸µ¸É ¢, µ´ ¨¸¶ÒÉÒ¢ ¥É ¨´¤ÊÍ¨·µ¢ ´´µ¥
¤¥¢µ§¡Ê¦¤¥´¨¥. …¸²¨ ¦¥ ·¥ ±Í¨Ö β-· ¸¶ ¤  ¶·µ¨¸Ìµ¤¨É ¸ Ö¤·µ³  Éµ³  32

15P,
¢Ìµ¤ÖÐ¥£µ ¢ ¸µ¸É ¢ ³µ²¥±Ê²Ò H3PO4, Éµ ¨´¤ÊÍ¨·µ¢ ´´µ£µ ¢Ò¡ÒÉ¨Ö ¨µ´µ¢ · -
¤¨µËµ¸Ëµ·  ´¥ ¶·µ¨¸Ìµ¤¨É. ˆ³¥´´µ ¶µÔÉµ³Ê ±·¨É¨Î¥¸± Ö ³ ¸¸  · ¤¨µËµ¸-
Ëµ·  ¸¨²Ó´µ § ¢¨¸¨É µÉ ¶·µÍ¥´É´µ£µ ¸µµÉ´µÏ¥´¨Ö ³µ²¥±Ê² P2O5 ¨ H3PO4 ¢
µ¡Ñ¥³¥ ˜Œ. Š·µ³¥ Éµ£µ, µ¶·¥¤¥²¥´´Ò° ¢±² ¤ ¢ ¢¥²¨Î¨´Ê β22 ¤ ÕÉ ¤·Ê£¨¥
¶·µÍ¥¸¸Ò: ¢Ò´Ê¦¤¥´´µ¥ ¨§²ÊÎ¥´¨¥ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ§¡Ê¦¤¥´-
´ÒÌ  Éµ³µ¢ · ¤¨µËµ¸Ëµ·  ¸ ËµÉµ´ ³¨, ¸Éµ²±´µ¢¥´¨Ö ¸ ³µ²¥±Ê² ³¨ P2O5 ¨
H3PO4, ¢ ¸µ¸É ¢ ±µÉµ·ÒÌ ¢Ìµ¤¨É ¢µ§¡Ê¦¤¥´´Ò°  Éµ³ · ¤¨µËµ¸Ëµ· , ¢§ ¨³µ-
¤¥°¸É¢¨¥ ¸µ ¸¢µ¡µ¤´Ò³¨ Ô²¥±É·µ´ ³¨ ¨ É. ¶.∗

∗‚µ¶·µ¸ µ Éµ³, ± ± Ö ¤µ²Ö ³µ²¥±Ê² Ì¨³¨Î¥¸±¨Ì ¸µ¥¤¨´¥´¨° · ¤¨µËµ¸Ëµ· , µ¡· §ÊÕÐ¨Ì
É¥²µ ˜Œ, ´¥ · §¢ ²¨¢ ¥É¸Ö ¶µ¤ ¤¥°¸É¢¨¥³ Ô²¥±É·µ´´ÒÌ Ê¤ ·µ¢ ¨ ¨µ´¨§¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö, ¢
´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ö¢²Ö¥É¸Ö µÉ±·ÒÉÒ³. ’ ±µ° ´ Ê±¨, ± ± · ¤¨ Í¨µ´´ Ö ¶² §³µÌ¨³¨Ö, ´  ¸¥£µ¤´ÖÏ-
´¨° ¤¥´Ó ´¥ ¸ÊÐ¥¸É¢Ê¥É. �µÔÉµ³Ê ¢¸¥ ¶·¨¢µ¤¨³Ò¥ ¢ · ¡µÉ¥ ¢Ò¸± §Ò¢ ´¨Ö µÉ´µ¸¨É¥²Ó´µ ¢²¨Ö´¨Ö
¤µ²¨ ³µ²¥±Ê² H3PO4 ¨ P2O5 ¢ É¥²¥ ˜Œ ´  ¢¥²¨Î¨´Ê ±¨´¥É¨Î¥¸±¨Ì ±µÔËË¨Í¨¥´Éµ¢ ¤µ¸É ÉµÎ´µ
Ê¸²µ¢´Ò. �´¨ Å ·¥§Ê²ÓÉ É £² §µ³¥·´ÒÌ µÍ¥´µ±,   ´¥ ÉµÎ´µ£µ · ¸Î¥É .

8



�Í¥´¨³ ¤·Ê£¨¥ ¢¥²¨Î¨´Ò, ¢Ìµ¤ÖÐ¨¥ ¢ § ¤ ÎÊ. ‚µ-¶¥·¢ÒÌ, ¨§ Ô±¸¶¥·¨-
³¥´É  Ìµ·µÏµ ¨§¢¥¸É´µ, ÎÉµ ¢¥²¨Î¨´  λ1 ¤²Ö 32

15P ¸µ¸É ¢²Ö¥É [3]

λ1 =
ln 2
T1/2

= 5,6 · 10−7 ¸−1. (9)

‘ Ëµ·³ ²Ó´µ° ÉµÎ±¨ §·¥´¨Ö ¸±µ·µ¸ÉÓ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥
¤ ¥É¸Ö ¸µµÉ´µÏ¥´¨Ö³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢ [4]. ‚ ´¥° · ¸Î¥É β-· ¸¶ ¤  ¢ ¸¢Ö§ ´-
´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µ¨§¢µ¤¨²¸Ö ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ £ ³¨²ÓÉµ´¨ ´ ¶·µÍ¥¸¸ 
¨³¥¥É ¢¨¤

Hw =
GV√

2

(
ψ̄pγα(1 − xγ5)ψn

) (
ψ̄eγα(1 + xγ5)ψν

)
+ h. c. (10)

‘µ£² ¸´µ ·¥§Ê²ÓÉ É ³ ÔÉµ° · ¡µÉÒ, ´¥¸±µ²Ó±µ Ê¸É ·¥¢Ï¥° (É¥µ·¨Ö Ô²¥-
±É·µ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ Ë¨§¨±  ±¢ ·±µ¢, ¢±²ÕÎ Ö ±¢ ´Éµ¢ÊÕ Ì·µ³µ¤¨-
´ ³¨±Ê, ¢ 1961 £. ´ Ìµ¤¨²¨¸Ó ¢ § Î ÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨), ´µ ¤µ¸É ÉµÎ´µ ¶µ²´µ°
¨ ¢¶µ²´¥ ¶·¨£µ¤´µ° ¤²Ö ´ Ï¨Ì µÍ¥´µ±, ¶µ¸ÉµÖ´´ Ö ¸±µ·µ¸É¨ β-· ¸¶ ¤  ¢
¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ · ¢´ 

λ2 ≡ ΓB =
G2

V (αZ)3(mc)5

2π2�7c

(
W0

mc2
− 1

)2

ζΣ, (11)

¶·¨Î¥³ µÉ´µÏ¥´¨¥ ¢¥É¢²¥´¨Ö ¤²Ö β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ¢ ´¥¶·¥-
·Ò¢´Ò° ¸¶¥±É· ¨³¥¥É ¢¨¤

λ2

λ1
≡ ΓB

ΓC
=

π(αZ)3

f(Z, W0)

(
W0

mc2
− 1

)2

Σ. (12)

‚ Ëµ·³Ê² Ì (10)Ä(12) ¨¸¶µ²Ó§ÊÕÉ¸Ö µ¡µ§´ Î¥´¨Ö · ¡µÉÒ [4], ¤µ¸É ÉµÎ´µ
¸É ´¤ ·É´Ò¥ ¤²Ö Ë¨§¨±¨ ¸² ¡ÒÌ ¶·µÍ¥¸¸µ¢. ‚ Î ¸É´µ¸É¨, GV Å ¢¥±Éµ·´ Ö
¶µ¸ÉµÖ´´ Ö ¸² ¡µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö; x = GA/GV ; � Å ¶µ¸ÉµÖ´´ Ö �² ´± ;
W0 Å Ô´¥·£¥É¨Î¥¸±¨° ¢ÒÌµ¤ Ö¤¥·´µ° ·¥ ±Í¨¨; Z Å § ·Ö¤ ¤µÎ¥·´¥£µ Ö¤· ;
m Å ³ ¸¸  Ô²¥±É·µ´ ; c Å ¸±µ·µ¸ÉÓ ¸¢¥É ; α Å ¶µ¸ÉµÖ´´ Ö Éµ´±µ° ¸É·Ê±-
ÉÊ·Ò; f(Z, W0) Å ËÊ´±Í¨Ö, µ¶¨¸Ò¢ ÕÐ Ö ¢²¨Ö´¨¥ ¶µ²Ö  Éµ³  ´  · ¸¶·¥¤¥-
²¥´¨¥ β-Î ¸É¨Í ¶µ Ô´¥·£¨Ö³; ζ = δI,I′〈1〉2 + x2〈σ〉2, 〈1〉 ¨ 〈σ〉 Å ³ É·¨Î´Ò¥
Ô²¥³¥´ÉÒ · §·¥Ï¥´´ÒÌ β-¶¥·¥Ìµ¤µ¢ ¤²Ö ¢¥±Éµ·´µ£µ ¨  ±¸¨ ²Ó´µ£µ ¢ ·¨ ´Éµ¢
É¥µ·¨¨; Σ Å ¶µ¶· ¢µÎ´Ò° Ë ±Éµ·, ÊÎ¨ÉÒ¢ ÕÐ¨° ¢²¨Ö´¨¥ ¸É·Ê±ÉÊ·Ò Ö¤·  ´ 
¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸ .

�¤´¨³ ¨§ ´¥¤µ¸É É±µ¢ [4] ¥¸ÉÓ ÉµÉ Ë ±É, ÎÉµ ¢¸¥ · ¸Î¥ÉÒ ¢ ´¥° ¢Ò¶µ²-
´¥´Ò ¤²Ö ¶µ²´µ¸ÉÓÕ ¨µ´¨§¨·µ¢ ´´ÒÌ  Éµ³µ¢. �Éµ ¶·¨¡²¨¦¥´¨¥ ¤µ¸É ÉµÎ´µ
µ¡µ¸´µ¢ ´´µ, ¥¸²¨ ·¥ÎÓ ¨¤¥É µ β-· ¸¶ ¤¥ ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ´  ¶µ²´µ-
¸ÉÓÕ ¢ ± ´É´ÊÕ K-µ¡µ²µÎ±Ê. �µ¸²¥¤µ¢ É¥²Ó´Ò° · ¸Î¥É ËÊ´±Í¨¨ f(Z, W0)
¤²Ö  Éµ³  · ¤¨µËµ¸Ëµ· , ¢ ±µÉµ·µ³ ¤¢  Ô²¥±É·µ´  ´ Ìµ¤ÖÉ¸Ö ´  K-µ¡µ²µÎ±¥,
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  β-· ¸¶ ¤ ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·µ¨¸Ìµ¤¨É ´  L-µ¡µ²µÎ±Ê, ¤µ¸É ÉµÎ´µ É·Ê-
¤µ¥³µ± ¨ ´¥ Ö¢²Ö¥É¸Ö Í¥²ÓÕ ´ ¸ÉµÖÐ¥£µ ¨¸¸²¥¤µ¢ ´¨Ö. Š·µ³¥ Éµ£µ, ¥¸²¨
·¥ÎÓ ¨¤¥É µ ¶µ·Ö¤±µ¢ÒÌ µÍ¥´± Ì, Éµ ²µ£¨Î´¥¥ µ¶¨· ÉÓ¸Ö ´  ¸µ¶µ¸É ¢²¥´¨¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ’¥³ ´¥ ³¥´¥¥, · ¡µÉ  [4] ¤ ²  ´ Î ²µ ¸¨¸É¥³ -
É¨Î¥¸±µ³Ê ¨§ÊÎ¥´¨Õ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥. �¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ
Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¢ ´¥°, ¶·¨¢¥¤¥´Ò ¢ É ¡²¨Í¥.

‘±µ·µ¸É¨ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥

ˆ§µÉµ¶ W0 (¢ ¥¤¨´¨Í Ì mc2) log10 f(Z, W0) ΓB/ΓC

14
6 C 1,31 −2, 25 0,01

32
14Si 1,20 −2, 65 0,1
63
28Ni 1,13 −2, 90 0,9

106
44 Ru 1,08 −3, 28 7

155
63 Eu 1,30 −1, 00 1

191
76 Os 1,28 −0, 85 1

Š ¸µ¦ ²¥´¨Õ, ± ± ¡Ò²µ ¢ÒÖ¸´¥´µ ´¥¸±µ²Ó±µ ¶µ§¦¥, É¥µ·¨Ö β-· ¸¶ ¤  ¢
¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥, · §¢¨É Ö ¢ [4], ³µ¦¥É ¸ÊÐ¥¸É¢¥´´µ · ¸Ìµ¤¨ÉÓ¸Ö ¸ Ô±¸-
¶¥·¨³¥´Éµ³ [8]. �µ ´ Ï¨³ µÍ¥´± ³, ¸·¥¤´¥¢§¢¥Ï¥´´µ¥ §´ Î¥´¨¥ ¶µ¸ÉµÖ´´µ°
¸±µ·µ¸É¨ β-· ¸¶ ¤  · ¤¨µ´Ê±²¨¤µ¢ 32

15P ¨ 33
15P ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ´  K- ¨

L-µ¡µ²µÎ±Ê ¸µ¸É ¢²Ö¥É λ2 ∼ 10−3 ¸−1. ‡¤¥¸Ó ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ �·¨·µ¤ 
¶µ§ ¡µÉ¨² ¸Ó µ Éµ³, ÎÉµ¡Ò Ê É¥µ·¥É¨±µ¢ ´¥ ¡Ò²µ ¡µ²ÓÏ¨Ì Ì²µ¶µÉ ¸ µÍ¥´±µ°
¤ ´´µ° ¢¥²¨Î¨´Ò. „¥²µ ¢ Éµ³, ÎÉµ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ β-¶¥·¥Ìµ¤µ¢ ¤²Ö Ö¤¥·
32
15P (3315P) ¨ 30

15P (2915P) ¨³¥ÕÉ ¸µ¢¥·Ï¥´´µ µ¤¨´ ±µ¢ÊÕ ¸É·Ê±ÉÊ·Ê ¸ ÉµÎ´µ¸ÉÓÕ
¤µ § ³¥´Ò Ô²¥±É·µ´µ¢ ´  ¶µ§¨É·µ´Ò,    ´É¨´¥°É·¨´µ ´  ´¥°É·¨´µ. �´¥·£¥-
É¨±  ÔÉ¨Ì ·¥ ±Í¨° ¤µ¸É ÉµÎ´µ ¡²¨§± . ” §µ¢Ò¥ µ¡Ñ¥³Ò ±µ´¥Î´ÒÌ ¸µ¸ÉµÖ´¨°
¶µ¶ ·´µ µ¤¨´ ±µ¢Ò (Ê β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ Ë §µ¢Ò° µ¡Ñ¥³ ±µ-
´¥Î´µ£µ ¸µ¸ÉµÖ´¨Ö ¨³¥¥É É ±ÊÕ ¦¥ ¸É·Ê±ÉÊ·Ê, ± ± Ë §µ¢Ò° µ¡Ñ¥³ ±µ´¥Î´µ£µ
¸µ¸ÉµÖ´¨Ö ¤²Ö ·¥ ±Í¨¨ Ô²¥±É·µ´´µ£µ § Ì¢ É ; Ë §µ¢Ò¥ µ¡Ñ¥³Ò ±µ´¥Î´ÒÌ ¸µ-
¸ÉµÖ´¨° β−-· ¸¶ ¤  ¨ β+-· ¸¶ ¤  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É· É ±¦¥ ¨³¥ÕÉ µ¤¨´ -
±µ¢ÊÕ ¸É·Ê±ÉÊ·Ê). ’µÉ Ë ±É, ÎÉµ Ô²¥±É·µ´´Ò° § Ì¢ É ¨ ¶µ§¨É·µ´´Ò° · ¸¶ ¤
¨³¥ÕÉ Ìµ·µÏµ ¨§¢¥¸É´µ¥ µÉ´µÏ¥´¨¥ ¢¥É¢²¥´¨Ö, ¶µ§¢µ²Ö¥É µÍ¥´¨ÉÓ ¢¥²¨Î¨´Ê
λ2 ¸ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ ¤²Ö 30

15P T1/2 = 2, 50±0, 01 ³ [3]. …¸²¨ ´¥ ÊÎ¨ÉÒ¢ ÉÓ · §-
²¨Î¨° ¢ Ô´¥·£¥É¨±¥ Ô²¥±É·µ´´µ£µ ¨ ¶µ§¨É·µ´´µ£µ β-· ¸¶ ¤ , Éµ µ± §Ò¢ ¥É¸Ö,
ÎÉµ ¤²Ö 32

15P λ2 ∼ 10−5 ÷ 10−4 ¸−1. �´ ²µ£¨Î´Ò° ¶µ¤¸Î¥É ¤²Ö ¨§µÉµ¶  33
15P

¤ ¥É µÍ¥´±Ê λ2 ∼ 10−2÷ 10−3 ¸−1, ¶µ¸±µ²Ó±Ê ¤²Ö 29
15P T1/2 = 4,50± 0,05 ¸. ‚

¤µ¦¤¥¢µ° ¢µ¤¥ ¶·¨¸ÊÉ¸É¢Ê¥É ¸³¥¸Ó ¨§µÉµ¶µ¢ 32
15P ¨ 33

15P. �µÔÉµ³Ê £² §µ³¥·´ Ö
µÍ¥´±  ¢¥²¨Î¨´Ò λ2 ∼ 10−3 ¸−1 ¶·¥¤¸É ¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ · §Ê³´µ°.

�É³¥É¨³, ÎÉµ ¢ ®ËµÉµ´´µ³¯ ¶·¨¡²¨¦¥´¨¨ ¨³¥¥É ³¥¸Éµ µÎ¥¢¨¤´µ¥ ¸µµÉ-
´µÏ¥´¨¥

β12 = 4π2(λ1 + λ2)γ
σL

Seff
, (13)
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£¤¥ γ Å µÉ´µÏ¥´¨¥ ¢¥É¢²¥´¨Ö ¤²Ö ¤¥¢µ§¡Ê¦¤¥´¨Ö  Éµ³  ¸¥·Ò ¢ ËµÉµ´´Ò° ¨
µ¦¥-Ô²¥±É·µ´´Ò° ± ´ ²Ò, σL Å ¸¥Î¥´¨¥ ËµÉµ¨µ´¨§ Í¨¨ L-µ¡µ²µÎ±¨  Éµ³ 
· ¤¨µËµ¸Ëµ· ,   Seff Å ÔËË¥±É¨¢´ Ö ¶²µÐ ¤Ó ¶µ¢¥·Ì´µ¸É¨ ˜Œ. �µ² -
£ Ö γ ∼ 1, σL ∼ 10−20 ³2,   Seff ∼ 0,01 ³2, ³Ò ´¥³¥¤²¥´´µ ¶·¨Ìµ¤¨³ ±
µÍ¥´±¥ β12 ∼ 10−20 ¸−1, ÎÉµ ´¥¸±µ²Ó±µ ³¥´ÓÏ¥ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì µÍ¥-
´µ±. �É¸Õ¤  ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ ·¥§µ´ ´¸´ Ö ËµÉµ¨µ´¨§ Í¨Ö
¤ ¥É § ³¥É´Ò° ¢±² ¤ ¢ ¶·µÍ¥¸¸ ®µ¡¤¨· ´¨Ö¯ Ô²¥±É·µ´´ÒÌ µ¡µ²µÎ¥±  Éµ³µ¢
· ¤¨µËµ¸Ëµ· . �¤´ ±µ µÍ¥´¨ÉÓ µÉ´µ¸¨É¥²Ó´ÊÕ ·µ²Ó ¶·µÍ¥¸¸µ¢ ËµÉµ¨µ´¨§ -
Í¨¨ ¨ ¨µ´¨§ Í¨¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³ (¥¸²¨ ·¥ÎÓ ¨¤¥É Éµ²Ó±µ µ¡ ¨µ´¨§ Í¨¨
 Éµ³µ¢ · ¤¨µËµ¸Ëµ·  µÉ Ê¤ ·  Ê¸±µ·¥´´Ò³¨ µ¦¥-Ô²¥±É·µ´ ³¨, É. ¥. µ ´¥-
²¨´¥°´µ³ ¨¸ÉµÎ´¨±¥ ¨µ´µ¢, ¶·µ¶µ·Í¨µ´ ²Ó´µ³ N1N2; ¸Ê³³ ·´Ò° ¢±² ¤ µÉ
¨µ´¨§ Í¨¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³, ¡¥§Ê¸²µ¢´µ, Ö¢²Ö¥É¸Ö  ¡¸µ²ÕÉ´µ ¤µ³¨´¨·Ê-
ÕÐ¨³ §  ¸Î¥É µ£·µ³´µ£µ ¶µ ¢¥²¨Î¨´¥ ¢±² ¤  ²¨´¥°´µ£µ ¨¸ÉµÎ´¨±  β10N1) ¢
´ ¸ÉµÖÐ¨° ³µ³¥´É ´¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢µ§³µ¦´Ò³.

‘±µ·¥¥ ¢¸¥£µ, ¨µ´¨§ Í¨Ö β-Ô²¥±É·µ´ ³¨ ¨ ËµÉµ¨µ´¨§ Í¨Ö ¨´¨Í¨¨·ÊÕÉ
Í¥¶´ÊÕ ·¥ ±Í¨Õ,   ¤ ²ÓÏ¥ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ¥É Ô²¥±É·µ´´ Ö ² ¢¨´ . –¥¶-
´ Ö ·¥ ±Í¨Ö µ¡Ê¸²µ¢²¥´  ³ ²Ò³¨ ¶µ ¢¥²¨Î¨´¥ ´¥²¨´¥°´Ò³¨ ¨¸ÉµÎ´¨± ³¨,  
¤¨´ ³¨Î¥¸± Ö ³¥É ¸É ¡¨²Ó´µ¸ÉÓ Ê·µ¢´Ö N2 ¶µ¤¤¥·¦¨¢ ¥É¸Ö ¡µ²ÓÏ¨³ ¶µ ¢¥-
²¨Î¨´¥ ²¨´¥°´Ò³ ¨¸ÉµÎ´¨±µ³ β10N1.

‘²¥¤Ê¥É ¸± § ÉÓ, ÎÉµ ¢ [1] ¨¸¶µ²Ó§µ¢ ²µ¸Ó § ´¨¦¥´´µ¥ §´ Î¥´¨¥ ¢¥²¨-
Î¨´Ò σL ∼ 10−21 ³2. �µ²ÊÎ¥´´Ò¥ ¢ ÔÉµ³ ¨¸¸²¥¤µ¢ ´¨¨ µÍ¥´±¨ µ± § ²¨¸Ó
¢´ÊÉ·¥´´¥ ´¥¶·µÉ¨¢µ·¥Î¨¢Ò³¨ Éµ²Ó±µ ¶µÉµ³Ê, ÎÉµ ¶·¨ µÍ¥´±¥ ¢¥²¨Î¨´Ò σL

´  µ¸´µ¢¥ ´ ¡²Õ¤ É¥²Ó´ÒÌ ¤ ´´ÒÌ ´¥ ¡Ò²¨ ÊÎÉ¥´Ò ÔËË¥±ÉÒ ¶µ£²µÐ¥´¨Ö Ëµ-
Éµ´µ¢ ¸ Ô´¥·£¨¥° Eγ ≈ 350 Ô‚ ³µ²¥±Ê² ³¨ ¢µ§¤ÊÌ  ¨ ¶ ·µ¢ ¢µ¤Ò,   ¤²Ö É¥µ·¥-
É¨Î¥¸±µ£µ · ¸Î¥É  ¢¥²¨Î¨´Ò σL ¨¸¶µ²Ó§µ¢ ²µ¸Ó ±· °´¥ £·Ê¡µ¥ ¶·¨¡²¨¦¥´¨¥
®Î¥·´µ£µ ¤¨¸± ¯.

‡ ±²ÕÎ¨É¥²Ó´Ò° ÏÉ·¨Ì ± ¤ ´´µ° Î ¸É¨ · ¡µÉÒ ¸µ¸Éµ¨É ¢ µÍ¥´±¥ Ô´¥·£¨¨
ËµÉµ´µ¢, µ¸ÊÐ¥¸É¢²ÖÕÐ¨Ì ·¥§µ´ ´¸´µ¥ ¢Ò·Ò¢ ´¨¥ Ô²¥±É·µ´µ¢ ¨§ L-µ¡µ²µÎ±¨
 Éµ³  32

15P.
� §´¨Í  ³¥¦¤Ê Ô´¥·£¨¥° ¸¢Ö§¨ Ô²¥±É·µ´ , ´ Ìµ¤ÖÐ¥£µ¸Ö ´  K-µ¡µ²µÎ± Ì

 Éµ³µ¢ 32
15P ¨ 32

16S, ¸µ¸É ¢²Ö¥É

∆E ≈ (2Z − 1)E0, (14)

£¤¥ E0 = 13,2 Ô‚ Å Ô´¥·£¨Ö ¸¢Ö§¨ Ô²¥±É·µ´  ¢  Éµ³¥ ¢µ¤µ·µ¤ ,   Z Å § ·Ö¤
¤µÎ¥·´¥£µ Ö¤· . �´¥·£¨Ö, ´¥µ¡Ìµ¤¨³ Ö ¤²Ö ·¥§µ´ ´¸´µ£µ ¢Ò·Ò¢ ´¨Ö Ô²¥±É·µ´ 
¨§ L-µ¡µ²µÎ±¨ ³ É¥·¨´¸±µ£µ ´Ê±²¨¤ , ¶µ¤Î¨´Ö¥É¸Ö ´¥· ¢¥´¸É¢Ê

(Z − 5)2

n2
E0 � Er � (Z − 3)2

n2
E0, (15)

£¤¥ n = 2 Å £² ¢´µ¥ ±¢ ´Éµ¢µ¥ Î¨¸²µ. ’ ±¨³ µ¡· §µ³, ·¥§µ´ ´¸´µ¥ Ê¸¨²¥´¨¥
¶·µÍ¥¸¸µ¢ ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨ ËµÉµ¨µ´¨§ Í¨¨, ¸µ¶·Ö¦¥´´ÒÌ ¸ ®µ¡¤¨· ´¨¥³¯

11



L-µ¡µ²µÎ±¨  Éµ³µ¢ 32
15P, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ·¥ ±Í¨¨, ¢µ§³µ¦´µ Éµ²Ó±µ ¶·¨ Ê¸²µ-

¢¨¨ 13 � Z � 16, ¶µ¸±µ²Ó±Ê § ·Ö¤ Ö¤·  ´¥ ³µ¦¥É ¡ÒÉÓ ¤·µ¡´Ò³ Î¨¸²µ³.
’ ± ± ± ¢ ¤ ´´ÒÌ · ¸Î¥É Ì Î¨¸²µ Z ¥¸ÉÓ § ·Ö¤ ¤µÎ¥·´¥£µ Ö¤· . �µÔÉµ³Ê ®¶µ¤
¶µ¤µ§·¥´¨¥³¯ ´  ÊÎ ¸É¨¥ ¢ ¶·µÍ¥¸¸¥ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ (É. ¥. ´ 
µ¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¢ ¶·µÍ¥¸¸¥ µ¡· §µ¢ ´¨Ö ˜Œ) µ± §Ò¢ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥
¨§µÉµ¶Ò:

• 27
12Mg, β−- ±É¨¢¥´, ¨³¥¥É ¶¥·¨µ¤ ¶µ²Ê· ¸¶ ¤  T1/2 = 9,45 ± 0,04 ³¨´;

• 28
12Mg, β−- ±É¨¢¥´, T1/2 = 21,85 ± 0,32 Î;

• 28
13Al, · ¸¶·µ¸É· ´¥´´µ¸ÉÓ ¢ ¶·¨·µ¤¥ ¡µ²¥¥ 5 · 10−5, β−- ±É¨¢¥´, T1/2 =

2,31 ± 0,01 ³¨´;
• 29

13Al, · ¸¶·µ¸É· ´¥´´µ¸ÉÓ ¢ ¶·¨·µ¤¥ ¡µ²¥¥ 2·10−5, β−- ±É¨¢¥´, T1/2 =
6,56 ± 0,06 ³¨´;

• 31
14Si, · ¸¶·µ¸É· ´¥´´µ¸ÉÓ ¢ ¶·¨·µ¤¥ ¡µ²¥¥ 5 · 10−3, β−- ±É¨¢¥´, T1/2 =

159 ± 1 ³¨´;
• 32

15P, · ¸¶·µ¸É· ´¥´ ¢ ¶·¨·µ¤¥ ¢ ¢¥¸µ¢ÒÌ ±µ²¨Î¥¸É¢ Ì, µ¡´ ·Ê¦¨¢ ¥É¸Ö
¢ ¤µ¦¤¥¢µ° ¢µ¤¥, µ¡· §Ê¥É¸Ö ¢  É³µ¸Ë¥·¥ ¶µ¤ ¤¥°¸É¢¨¥³ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥°
[3, 7], β−- ±É¨¢¥´, T1/2 = 14,2950 ± 0,0088 ¸ÊÉ;

• 33
15P, · ¸¶·µ¸É· ´¥´ ¢ ¶·¨·µ¤¥ ¢ ¢¥¸µ¢ÒÌ ±µ²¨Î¥¸É¢ Ì, µ¡´ ·Ê¦¨¢ ¥É¸Ö

¢ ¤µ¦¤¥¢µ° ¢µ¤¥, µ¡· §Ê¥É¸Ö ¢  É³µ¸Ë¥·¥ ¶µ¤ ¤¥°¸É¢¨¥³ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥°
[3, 7], β−- ±É¨¢¥´, T1/2 = 24,4 ± 0,2 ¸ÊÉ.

ˆ§ ¢¸¥Ì ¶¥·¥Î¨¸²¥´´ÒÌ ¨§µÉµ¶µ¢ ¢ ¤µ¦¤¥¢µ° ¢µ¤¥ µ¡´ ·Ê¦¥´Ò Éµ²Ó±µ
· ¤¨µ ±É¨¢´Ò¥ ¨§µÉµ¶Ò Ëµ¸Ëµ· . Š·µ³¥ Éµ£µ, ³´µ£¨¥ ´ ¡²Õ¤ É¥²¨ µÉ³¥-
Î ²¨ § ¶ Ì ¸¥·Ò ´  ³¥¸É¥ ¢§·Ò¢  ˜Œ, ÎÉµ Ö¢´µ Ê± §Ò¢ ¥É ´  µ¡· §µ¢ ´¨¥
¨§µÉµ¶µ¢ ¸¥·Ò ¨§ ¨§µÉµ¶µ¢ Ëµ¸Ëµ·  ¢ ·¥§Ê²ÓÉ É¥ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ-
¸ÉµÖ´¨¥. ˆ³¥´´µ ÔÉ¨ µ¡¸ÉµÖÉ¥²Ó¸É¢  § ¸É ¢²ÖÕÉ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ µ¸´µ¢´Ò³
®£µ·ÕÎ¨³ ³ É¥·¨ ²µ³¯ ˜Œ Ö¢²ÖÕÉ¸Ö ¨³¥´´µ ¨§µÉµ¶Ò 32

15P ¨ 33
15P,   µ¸É ²Ó´Ò¥

¤ ÕÉ ´¥±¨°, ¶µ±  ÎÉµ É·Ê¤´µ µÍ¥´¨¢ ¥³Ò° ¢±² ¤ ¢ Í¥¶´ÊÕ ·¥ ±Í¨Õ β-· ¸¶ ¤ 
¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥.

2. �Œ�ˆ�ˆ—…‘Šˆ… ‘‚�‰‘’‚� ˜���‚�‰ Œ�‹�ˆˆ

„²Ö Éµ£µ ÎÉµ¡Ò ¶·µ¢¥·¨ÉÓ µ¡ÑÖ¸´¨É¥²Ó´Ò¥ ¸¢µ°¸É¢  ¶·¥¤²µ¦¥´´µ° Ë¥-
´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ ˜Œ, ¶·µ¤¥² ¥³ ¤µ¶µ²´¨É¥²Ó´Ò°  ´ ²¨§ ¸¨¸É¥³Ò
Ê· ¢´¥´¨° (1) ¢ ¶·¨¡²¨¦¥´¨¨

λ1 � β12N2, |λ0 − q2N
−1
2 | � β12N1, β22N2 ∼ β12N1.

’µ ¥¸ÉÓ ¡Ê¤¥³ ¸Î¨É ÉÓ, ÎÉµ Î¨¸²µ ´¥¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢ · ¤¨µ¨§µÉµ¶  32
15P

¢ § £µ·¥¢Ï¥³¸Ö µ¡Ñ¥³¥ ˜Œ ¡Ò¸É·µ Ê¡Ò¢ ¥É ¢ µ¸´µ¢´µ³ §  ¸Î¥É ¶·µÍ¥¸¸µ¢
¢µ§¡Ê¦¤¥´¨Ö ¨ ¨µ´¨§ Í¨¨; ¢µ§· ¸É ¥É §  ¸Î¥É ¸¶µ´É ´´ÒÌ ¨ ¢Ò´Ê¦¤¥´´ÒÌ ¶¥-
·¥Ìµ¤µ¢ Ô²¥±É·µ´µ¢ ´  ¢ ± ´¸¨¨ ¢ K- ¨ L-µ¡µ²µÎ± Ì 32

15P (3315P) ¢¥¸Ó³  ¢Ö²µ,
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¢´¥Ï´¨¥ ¨¸ÉµÎ´¨±¨ · ¤¨µËµ¸Ëµ·  ¢ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ ±µ³¶¥´¸¨·ÊÕÉ ¥£µ
¢Ò£µ· ´¨¥ (q = q1 − q2 − λ1N1 + λ3N2 + β22N

2
2 ), ¶·¨Î¥³ Ê¡Ò²Ó ®¨µ´µ¢¯ · -

¤¨µËµ¸Ëµ·  ¨¤¥É ¸ Éµ° ¦¥ ¸±µ·µ¸ÉÓÕ, ÎÉµ ¨ ¨Ì ¶µ¸ÉÊ¶²¥´¨¥ ¢ §µ´Ê ·¥ ±Í¨¨
(¶µ ¶µ·Ö¤±Ê ¢¥²¨Î¨´Ò q ∼ β12N1N2). ‚ ÔÉµ³ ¸²ÊÎ ¥ ¨¸Ìµ¤´ Ö ¸¨¸É¥³  Ê· ¢-
´¥´¨° ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ¥É¸Ö. ‚¥²¨Î¨´  N3 ¨´É¥·¥¸  ´¥ ¶·¥¤¸É ¢²Ö¥É,  
¢¥²¨Î¨´Ò N1 ¨ N2 ¶µ¤Î¨´ÖÕÉ¸Ö ¸¨¸É¥³¥ Ê· ¢´¥´¨°




dN1

dt
= −β12N1N2 + q,

dN2

dt
= β21N2N1 − β22N

2
2 .

(16)

„ ´´ Ö ¸¨¸É¥³  Ê· ¢´¥´¨° ³µ¦¥É ¡ÒÉÓ ¶·µ ´ ²¨§¨·µ¢ ´  ¸²¥¤ÊÕÐ¨³
µ¡· §µ³. ˆ§ ¶¥·¢µ£µ Ê· ¢´¥´¨Ö ¸¨¸É¥³Ò (16) ¢ÒÉ¥± ¥É, ÎÉµ

N1(t) = N10(t) exp


−β12

t∫
0

N2(τ)dτ


 , (17)

£¤¥

N10(t) = N10(0) +

t∫
0

dξq(ξ) exp


β12

ξ∫
0

N2(τ)dτ


 . (18)

’ ±¨³ µ¡· §µ³, ¢Éµ·µ¥ Ê· ¢´¥´¨¥ ¸¨¸É¥³Ò (16) ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

dN2

dt
= −


λtr + β22N2 − β21N10(t) exp


−β12

t∫
0

N2(τ)dτ





N2. (19)

‚¢¥¤¥³ ¢¥²¨Î¨´Ê∗

λeff(t) = λtr + β22N2 − β21N10(t) exp


−β12

t∫
0

N2(τ)dτ


 (20)

¨ ¶·¥¤¸É ¢¨³ Ê· ¢´¥´¨¥ (19) ¢ ¢¨¤¥

dN2

dt
= −λeffN2. (21)

∗‡¤¥¸Ó λtr = λ0 − q2N−1
2 > 0 Å ¶µ·µ£ ·¥ ±Í¨¨. ˜Œ ¸ ³µ¶·µ¨§¢µ²Ó´µ § £µ· ¥É¸Ö, ¥¸²¨

¢Ò¶µ²´Ö¥É¸Ö Ê¸²µ¢¨¥ β21N10 > λtr. �µ ¸É É¨¸É¨±¥ ÔÉµ ¶·µ¨¸Ìµ¤¨É ¢ 6 % ¸²ÊÎ ¥¢ [2]. ‚
¶·¨¢µ¤¨³ÒÌ ´¨¦¥ µÍ¥´± Ì ¶µ·µ£ ·¥ ±Í¨¨ ¢µ ¢´¨³ ´¨¥ ´¥ ¶·¨´¨³ ¥É¸Ö.
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…¸²¨ ¢¥²¨Î¨´  N10 ´ ¸Éµ²Ó±µ ³ ² , ÎÉµ λeff(t) > 0, Éµ £µ·¥´¨¥ ˜Œ, ¤ ¦¥
¥¸²¨ µ´µ ´ Î ²µ¸Ó, µÎ¥´Ó ¸±µ·µ ¶·¥±· Ð ¥É¸Ö ¨§-§  ¡Ò¸É·µ£µ ´ · ¸É ´¨Ö
§ ÉÊÌ ´¨Ö. ’ ±µ¢ , ¢ Î ¸É´µ¸É¨, ¸Ê¤Ó¡  ¨¸±·, µÉ²¥É ÕÐ¨Ì µÉ É¥²  ˜Œ ¢
· §´Ò¥ ¸Éµ·µ´Ò.

‘É Í¨µ´ ·´µ³Ê £µ·¥´¨Õ ¸µµÉ¢¥É¸É¢Ê¥É ¸¨ÉÊ Í¨Ö, ±µ£¤ 

β22N2 = β21N10(t) exp


−β12

t∫
0

N2(τ)dτ


 . (22)

„ ´´µ¥ Ê¸²µ¢¨¥ ¸ ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨ ¢Ò¶µ²´Ö¥É¸Ö, ¶µ±  ¸¶· -
¢¥¤²¨¢µ ´¥· ¢¥´¸É¢µ

κ(t) ≡ β12

t∫
0

N2(τ)dτ � 1. (23)

’ ±¨³ µ¡· §µ³, ³Ò ¸´µ¢  ¶·¨Ìµ¤¨³ ± µÍ¥´±¥ (5) ¤²Ö ¢¥²¨Î¨´Ò N st
2 .

�¥·¥°¤¥³ ±  ´ ²¨§Ê ´¥¸É Í¨µ´ ·´ÒÌ ÔËË¥±Éµ¢. …¸²¨ §  ¸Î¥É ´ ²¨Î¨Ö
¨¸ÉµÎ´¨±  q1 ¢¥²¨Î¨´  N10 ¸É ´µ¢¨É¸Ö ´ ¸Éµ²Ó±µ ¡µ²ÓÏµ°, ÎÉµ ¶·¨ t → 0
¸¶· ¢¥¤²¨¢µ ´¥· ¢¥´¸É¢µ

β22N2 � β21N10 exp


−β12

t∫
0

N2(τ)dτ


 , (24)

Éµ ´ Î¨´ ¥É ¢Ò¶µ²´ÖÉÓ¸Ö Ê¸²µ¢¨¥

λeff < 0, (25)

¶·¨Î¥³ ¢¥²¨Î¨´  λeff ¸É ´µ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸ÖÐ¥° µÉ ¢·¥³¥´¨. �·¨
ÔÉµ³ ´ Î¨´ ¥É¸Ö ² ¢¨´µµ¡· §´µ¥ ´ · ¸É ´¨¥ ¢¥²¨Î¨´Ò N2 ¶µ § ±µ´Ê

N2 = N20 exp


−

t∫
0

λeff(τ)dτ


 . (26)

—¨¸²µ ¢µ§¡Ê¦¤¥´´ÒÌ ¨ ¨µ´¨§¨·µ¢ ´´ÒÌ  Éµ³µ¢ Ëµ¸Ëµ· , Ê ±µÉµ·ÒÌ
®µ¡µ¤· ²¨¯ K- ¨²¨ L-µ¡µ²µÎ±Ê, Ô±¸¶µ´¥´Í¨ ²Ó´µ · ¸É¥É ¤µ É¥Ì ¶µ·, ¶µ± 
³Ò ´¥ ¤µ°¤¥³ ¤µ · ¢´µ¢¥¸´µ£µ §´ Î¥´¨Ö N2, § ¤ ¢ ¥³µ£µ ¸µµÉ´µÏ¥´¨¥³ (21).
�¤´ ±µ ¢ µÉ²¨Î¨¥ µÉ ¸¨ÉÊ Í¨¨ ¸É Í¨µ´ ·´µ£µ £µ·¥´¨Ö ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¢¥²¨-
Î¨´  κ(t), § ¤ ¢ ¥³ Ö ¸µµÉ´µÏ¥´¨¥³ (22), µÉ´Õ¤Ó ´¥ ³ ² . �Éµ ¶·¨¢µ¤¨É ±
Éµ³Ê, ÎÉµ, ´ Î¨´ Ö ¸ ³µ³¥´É  ¢·¥³¥´¨ t0, Ö¢²ÖÕÐ¥£µ¸Ö ±µ·´¥³ Ê· ¢´¥´¨Ö

λeff(t0) = 0, (27)
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´ · ¸É ´¨¥ ¢¥²¨Î¨´Ò N2 §  ¸Î¥É ¶·µÍ¥¸¸µ¢ ¨µ´¨§ Í¨¨ ¶·¥±· Ð ¥É¸Ö. „ ²¥¥
´ ¡²Õ¤ ¥É¸Ö ² ¢¨´µµ¡· §´µ¥ ¶ ¤¥´¨¥ ¢¥²¨Î¨´Ò N2, ± ± §  ¸Î¥É β-· ¸¶ ¤  ¢
¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ¢ ±µ´É¨´ÊÊ³, É ± ¨ §  ¸Î¥É  Éµ³´ÒÌ ¶·µÍ¥¸¸µ¢ (·¥-
±µ³¡¨´ Í¨Ö, § ¶µ²´¥´¨¥ K- ¨ L-µ¡µ²µÎ¥± 32

15P (3315P) §  ¸Î¥É ¶¥·¥Ìµ¤  ´  ´¥¥
Ô²¥±É·µ´µ¢ ¨§ M -µ¡µ²µÎ±¨, ¨¸¶Ê¸± ´¨¥ µ¦¥-Ô²¥±É·µ´µ¢ ¨ É. ¶.). ‘ Ë¨§¨Î¥-
¸±µ° ÉµÎ±¨ §·¥´¨Ö ÔÉµ µ§´ Î ¥É, ÎÉµ ¶·µÍ¥¸¸Ò ¢Ò¸¢µ¡µ¦¤¥´¨Ö ´ ±µ¶²¥´´µ°
Ô´¥·£¨¨ ¸É ´µ¢ÖÉ¸Ö ² ¢¨´µµ¡· §´Ò³¨, ¨ ˜Œ ¢§·Ò¢ ¥É¸Ö∗.

’ ±¨³ µ¡· §µ³, É¨Ìµ¥ Ê£ ¸ ´¨¥ ¨²¨ ¢§·Ò¢ ˜Œ § ¢¨¸ÖÉ µÉ Éµ£µ, ¤µ¸É -
ÉµÎ´µ ²¨ ¸µ¤¥·¦¨É¸Ö · ¤¨µËµ¸Ëµ·  ¢ µ¡Ñ¥³¥ ˜Œ ¤²Ö ¥¥ ¸É Í¨µ´ ·´µ£µ £µ-
·¥´¨Ö. …¸²¨ ¨§µÉµ¶  32

15P (3315P) ¢ µ¡² ¸É¨ ¶·µÉ¥± ´¨Ö ·¥ ±Í¨¨ ´¥¤µ¸É ÉµÎ´µ,
Éµ µ´  £ ¸´¥É. …¸²¨ · ¤¨µËµ¸Ëµ·  Ì¢ É ¥É, Éµ ¨¤¥É ¶·µÍ¥¸¸ ¸É Í¨µ´ ·´µ£µ
£µ·¥´¨Ö. …¸²¨ ¨³¥¥É ³¥¸Éµ ¨§¡ÒÉµ± ·¥ £¨·ÊÕÐ¥£µ ¢¥Ð¥¸É¢ , Éµ ³µ²´¨Ö ¢§·Ò-
¢ ¥É¸Ö. �·¨ ÔÉµ³ ¡¨ËÊ·± Í¨µ´´Ò° ¶ · ³¥É· § ¤ Î¨ ¥¸ÉÓ ¢¥²¨Î¨´  N10 Å
±µ²¨Î¥¸É¢µ Ö¤¥· 32

15P (3315P) ¢ µ¡Ñ¥³¥ ˜Œ ¢ ´¥±µÉµ·Ò° ³µ³¥´É ¢·¥³¥´¨ t1.
�¸µ¡µ µÉ³¥É¨³, ÎÉµ ¢ ± Î¥¸É¢¥ t1 ³µ¦¥É ¢Ò¸ÉÊ¶ ÉÓ ²Õ¡µ° ³µ³¥´É · §·Ö¤ 
˜Œ, ¢ ±µÉµ·Ò° ¶µ É¥³ ¨²¨ ¨´Ò³ ¶·¨Î¨´ ³ ¢ §µ´Ê £µ·¥´¨Ö ¶µ¸ÉÊ¶ ¥É ¤µ-
¶µ²´¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ ¨§µÉµ¶  32

15P (3315P) ¨ ¶·µÍ¥¸¸ ¶·¨µ¡·¥É ¥É Ì · ±É¥·
´¥Ê¶· ¢²Ö¥³µ° Í¥¶´µ° ·¥ ±Í¨¨ (¢±² ¤ ¢´¥Ï´¥£µ ¨¸ÉµÎ´¨±  q1 ¶·¥¢ÒÏ ¥É
±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥).

� ¸¸³µÉ·¨³ ¶µ¤·µ¡´¥¥ ¤·Ê£¨¥ µ¸µ¡¥´´µ¸É¨ µ¶¨¸Ò¢ ¥³µ£µ Ö¢²¥´¨Ö.
‚ ±² ¸¸¨Î¥¸±µ³ µ¡§µ·¥ �. Œ. ‘³¨·´µ¢  [2] ¶·¨¢µ¤ÖÉ¸Ö ³´µ£¨¥ ¸¢µ°¸É¢ 

˜Œ. �¸É ´µ¢¨³¸Ö ´  ´¥±µÉµ·ÒÌ ¨§ ´¨Ì: ®˜Œ µ¡² ¤ ¥É Ô²¥±É·¨Î¥¸±¨³¨
¸¢µ°¸É¢ ³¨. �µ ÔÉµ³Ê ¢µ¶·µ¸Ê ´¥É Î¥É±µ° ¸É É¨¸É¨±¨. �Ö¤ ¸²ÊÎ ¥¢ É ±µ£µ
·µ¤  µ¶¨¸ ´ ‘É Ì ´µ¢Ò³ [10]. „¥°¸É¢¨¥ ˜Œ ´  Î¥²µ¢¥± , ± ± ¶· ¢¨²µ, ¶µ-
¤µ¡´µ ¤¥°¸É¢¨Õ ´  ´¥£µ Ô²¥±É·¨Î¥¸±µ£µ Éµ± . �´  ³µ¦¥É ¢Ò§¢ ÉÓ ¢·¥³¥´´µ¥
µ´¥³¥´¨¥ ¨²¨ ¶ · ²¨Î Î ¸É¨ É¥² . ‘µ£² ¸´µ ƒ·¨£µ·Ó¥¢Ê [11] ¢ É·¥Ì ¸²ÊÎ ÖÌ
¥£µ ±µ²²¥±Í¨¨ ¸µµ¡Ð ¥É¸Ö µ¡ µ¦µ£ Ì µÉ ˜Œ, ¶µ¤µ¡´ÒÌ ¤¥°¸É¢¨Õ Ê²ÓÉ· Ë¨-
µ²¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö¯.

‚ · ³± Ì ¶·¥¤² £ ¥³µ° É¥µ·¨¨ ¤ ´´Ò¥ ¸¢µ°¸É¢  ˜Œ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö
¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³. ˆ´É¥´¸¨¢´Ò° ¢Ò¡·µ¸ Ô²¥±É·µ´µ¢ ¶·¨ µ¡ÒÎ´µ³
β-· ¸¶ ¤¥ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ É¥²µ ˜Œ Ö¢²Ö¥É¸Ö ¸¨²Ó´µ§ ·Ö¦¥´´Ò³. ‡ 
1 ¸ µ´  É¥·Ö¥É § ·Ö¤ ¶·¨³¥·´µ 10−7 ÷ 10−6 Š² (¶·¨ µÍ¥´± Ì ¶·¥¤¶µ² £ ¥É¸Ö,
ÎÉµ ¸Ê³³ ·´ Ö  ±É¨¢´µ¸ÉÓ ˜Œ ¸µ¸É ¢²Ö¥É ¶µ·Ö¤±  102 Š¨). ‚ ·¥§Ê²ÓÉ É¥
Ô²¥±É·¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¶µ¢¥·Ì´µ¸É¨ ˜Œ §  1 ¸ ¢µ§· ¸É ¥É ¶·¨³¥·´µ ´ 

∆ϕ =
1

4πε0

1
r
∼ 9 · 109 · 10−7

0,1
∼ 104 ‚.

∗Š Î¥¸É¢¥´´Ò°  ´ ²¨§ ¢ ·¨ ´Éµ¢ ¶µ¢¥¤¥´¨Ö ˜Œ, ¶·¨¢¥¤¥´´Ò° ¢ÒÏ¥, Ö¢²Ö¥É¸Ö µÎ¥´Ó £·Ê-
¡Ò³, ¶µ¸±µ²Ó±Ê ¢¡²¨§¨ ÉµÎ±¨ ¡¨ËÊ·± Í¨¨ ´ ·ÊÏ ¥É¸Ö Ê¸²µ¢¨¥ β22N2 ≈ β12N1,   ¸ ³µ ¶µ¸ÉÊ¶-
²¥´¨¥ · ¤¨µËµ¸Ëµ·  ¢ µ¡² ¸ÉÓ ·¥ ±Í¨¨, ¢Ò§Ò¢ ÕÐ¥¥ ¢§·Ò¢ ˜Œ, ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³ ¸²ÊÎ °´µ£µ
¢´¥Ï´¥£µ ¨¸ÉµÎ´¨±  (q1 �= 0).
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‚ ¸¨²Ê ÔÉµ£µ Ô²¥±É·¨Î¥¸±¨° ¶·µ¡µ° ¢µ§¤ÊÌ  ¢µ±·Ê£ µ¡² ±  ¶ ·µ¢ Ì¨³¨-
Î¥¸±¨Ì ¸µ¥¤¨´¥´¨° · ¤¨µËµ¸Ëµ·  ´ ¸ÉÊ¶ ¥É §  ¢·¥³Ö ∼ 1 ¸. ˆ³¥´´µ ¤ ´´Ò°
Ô²¥±É·¨Î¥¸±¨° · §·Ö¤ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ Ô²¥±É·¨Î¥¸±¨° ¶µÉ¥´Í¨ ² ¶µ-
¢¥·Ì´µ¸É¨ ˜Œ ´¥ ¶·¥¢µ¸Ìµ¤¨É ´ ¶·Ö¦¥´¨Ö ¶·µ¡µÖ ¢² ¦´µ£µ ¢µ§¤ÊÌ  ¶·¨
´µ·³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ. �µ²ÓÏµ° ¶µ ¢¥²¨Î¨´¥ ¶µ²µ¦¨É¥²Ó´Ò° § ·Ö¤ É¥²  ˜Œ
· ¡µÉ ¥É, ± ± Ô²¥±É·µ¸É É¨Î¥¸±¨° ¶Ò²¥¸µ¸, ¸µ¡¨· Ö ¨§ µ±·Ê¦ ÕÐ¥£µ ¶·µ-
¸É· ´¸É¢  µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´Ò¥ ¨µ´Ò Ëµ¸Ëµ·´µ° ±¨¸²µÉÒ (H3PO4)− ¨,
É ±¨³ µ¡· §µ³, ¶µ¤¶¨ÉÒ¢ Ö § ¶ ¸Ò · ¤¨µËµ¸Ëµ·  ¢ µ¡² ¸É¨ ¶·µÉ¥± ´¨Ö Í¥¶-
´µ° ¸Ê¡ Éµ³´µ° ·¥ ±Í¨¨ ¨´¤ÊÍ¨·µ¢ ´´µ£µ β-· ¸¶ ¤  Ö¤¥· · ¤¨µËµ¸Ëµ·  ¢
¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥.

Š·µ³¥ Éµ£µ, § ·Ö¤ ˜Œ, ¸µ§¤ ¢ Ö ¢Ò¸µ±¨° Ô²¥±É·¨Î¥¸±¨° ¶µÉ¥´Í¨ ², ¢Ò-
§Ò¢ ¥É ®É¨Ì¨° Ô²¥±É·¨Î¥¸±¨° · §·Ö¤ ¶·¨  É³µ¸Ë¥·´µ³ ¤ ¢²¥´¨¨ ¨²¨ ¶¥·¨-
Ë¥·¨°´µ¥ ¸¢¥Î¥´¨¥ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸ Ô´¥·£¨¥° ¢ ´¥¸±µ²Ó±µ ¤¥¸ÖÉ±µ¢ ±¨-
²µÔ²¥±É·µ´¢µ²ÓÉ, ¶µ¶ ¤ ÕÐ¥£µ ¨§ ¢ ±ÊÊ³´µ° É·Ê¡±¨ ¢ ¢µ§¤ÊÌ ¶·¨ µ¡ÒÎ´µ³
¤ ¢²¥´¨¨¯ [9]. �¸µ¡µ µÉ³¥É¨³, ÎÉµ Ô²¥±É·¨Î¥¸±¨° · §·Ö¤ ¶·¨ £µ·¥´¨¨ ˜Œ
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³ ±·µ¸±µ¶¨Î¥¸±µ¥ ±¢ ´Éµ¢µ¥ Ö¢²¥´¨¥ Å ¢Éµ·¨Î´Ò° ÔË-
Ë¥±É ¶·¨ Í¥¶´µ° ¸Ê¡ Éµ³´µ° ·¥ ±Í¨¨ ¨´¤ÊÍ¨·µ¢ ´´µ£µ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥
¸µ¸ÉµÖ´¨¥. „ ´´Ò° É¨¶ ±µ²²¥±É¨¢´ÒÌ ¢Éµ·¨Î´ÒÌ ÔËË¥±Éµ¢ ¶·¨ β-· ¸¶ ¤¥ ´ 
¸¥£µ¤´ÖÏ´¨° ¤¥´Ó ´¥ µ¶¨¸ ´ ¢ ²¨É¥· ÉÊ·¥. ˆ³¥´´µ ÔÉµÉ ¶·µÍ¥¸¸ ¢ É¥Î¥´¨¥
¶·µ¤µ²¦¨É¥²Ó´µ£µ ¢·¥³¥´¨ § ¸É ¢²Ö² ÊÎ¥´ÒÌ ¨¸± ÉÓ ¶·¨Î¨´Ò ¶µÖ¢²¥´¨Ö ˜Œ
¢ · ³± Ì Ë¨§¨±¨ Ô²¥±É·¨Î¥¸±µ£µ · §·Ö¤  ¢ £ § Ì.

—Éµ ± ¸ ¥É¸Ö µ¦µ£µ¢ µÉ Ê²ÓÉ· Ë¨µ²¥Éµ¢µ£µ ¨§²ÊÎ¥´¨Ö, Éµ ´¥µ¡Ìµ¤¨³µ
µÉ³¥É¨ÉÓ, ÎÉµ ËµÉµ´Ò ¸ Ô´¥·£¨¥° Eγ ∼ 350 Ô‚ µÉ´µ¸ÖÉ¸Ö ²¨¡µ ± ³Ö£±µ³Ê
·¥´É£¥´Ê, ²¨¡µ ± ¦¥¸É±µ³Ê Ê²ÓÉ· Ë¨µ²¥ÉÊ (Ê¸²µ¢´ Ö £· ´¨Í  · §¤¥²  ¶µ Ï± ²¥
Ô²¥±É·µ³ £´¨É´ÒÌ ¢µ²´). ˆ³¥´´µ ÔÉµ ¨§²ÊÎ¥´¨¥ ¨ ¢Ò§Ò¢ ¥É µ¦µ£¨.

�µ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ µÍ¥´±¨ ¶µ§¢µ²ÖÕÉ ¶·¨¡²¨¦¥´´µ µ¶·¥¤¥²¨ÉÓ ¸¢¥É¨-
³µ¸ÉÓ ˜Œ. �Î¥¢¨¤´µ, ÎÉµ ¢ · ³± Ì ¸¤¥² ´´ÒÌ ¤µ¶ÊÐ¥´¨° ¢ É¥²¥ ˜Œ §  µ¤´Ê
¸¥±Ê´¤Ê ¶·µ¨¸Ìµ¤¨É ¶·¨³¥·´µ λ2N2 ∼ 1015 β-· ¸¶ ¤µ¢ Ö¤¥· · ¤¨µËµ¸Ëµ· 
¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥. �·¨ ÔÉµ³ ¢Ò¤¥²Ö¥É¸Ö ¶·¨¡²¨§¨É¥²Ó´µ 1 � E � 10 „¦
¶µ²¥§´µ° Ô´¥·£¨¨. �·¨³¥·´µ É ±µ° ¦¥ Ô´¥·£¥É¨Î¥¸±¨° ¢±² ¤ ¤ ÕÉ ¶·µÍ¥¸¸Ò
β-· ¸¶ ¤  ¢ ´¥¶·¥·Ò¢´Ò° ¸¶¥±É·. ’µ ¥¸ÉÓ ˜Œ ¤µ²¦´  ¸¢¥É¨ÉÓ¸Ö, ± ± ´¥
µÎ¥´Ó Ö·± Ö Ô²¥±É·¨Î¥¸± Ö ² ³¶µÎ± . �Éµ ÊÉ¢¥·¦¤¥´¨¥ ¢¶µ²´¥ ¸µ£² ¸Ê¥É¸Ö ¸
¤ ´´Ò³¨ ´ ¡²Õ¤¥´¨Ö. Š·µ³¥ Éµ£µ, ¨§  ´ ²¨§  ¸µ¢µ±Ê¶´µ¸É¨ ´ ¡²Õ¤ É¥²Ó´ÒÌ
¤ ´´ÒÌ ¸²¥¤Ê¥É, ÎÉµ ¢ µÍ¥´µÎ´ÒÌ · ¸Î¥É Ì · ¸¸³ É·¨¢ ² ¸Ó ´¥ µÎ¥´Ó ¡µ²ÓÏ Ö
¨ ´¥ µÎ¥´Ó Ö·± Ö ³µ²´¨Ö.

Œ´µ£µÎ¨¸²¥´´Ò¥ ´ ¡²Õ¤ É¥²¨ µÉ³¥Î ²¨, ÎÉµ ˜Œ Î ¸Éµ ²¥É¨É ¶·µÉ¨¢
¢¥É· . �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ £µ·ÕÎ¨° ³ É¥·¨ ² (· ¤¨µËµ¸Ëµ·) ¢ §µ´Ê ¶·µÉ¥-
± ´¨Ö ·¥ ±Í¨¨ ´ ´µ¸¨É ¨³¥´´µ ¢µ§¤ÊÏ´Ò³¨ ¶µÉµ± ³¨ ¨ Ô²¥±É·µ¸É É¨Î¥¸±¨³
¢§ ¨³µ¤¥°¸É¢¨¥³. �¥·¥³¥Ð¥´¨¥ ˜Œ ¸¢Ö§ ´µ ¸ ±µ´¢¥±Í¨¥° ²¨ÏÓ ¢ Éµ° ³¥·¥, ¢
±µÉµ·µ° Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ § ÉÖ£¨¢ ¥É µÉ·¨Í É¥²Ó´Ò¥ ¨µ´Ò
( H3PO4)− ¢ µ¡² ¸ÉÓ ¶·µÉ¥± ´¨Ö ·¥ ±Í¨¨. ‡µ´  £µ·¥´¨Ö (¸¢¥Î¥´¨Ö) ¸³¥Ð ¥É¸Ö
ÉÊ¤ , £¤¥ · ¤¨µËµ¸Ëµ·  ¡µ²ÓÏ¥. ‚¥¤Ó ®¸¶¨Î±µ°¯ ¤²Ö ®§ ¦¨£ ´¨Ö¯ · ¤¨µËµ¸-
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Ëµ·  ¸²Ê¦ É γ-±¢ ´ÉÒ ¸ Ô´¥·£¨¥° ¶µ·Ö¤±  400 Ô‚∗, ´  ±µÉµ·Ò¥ ¢¥É¥· ´¨± ±
´¥ ¢²¨Ö¥É. �²¥±É·µ´Ò, · §µ£´ ´´Ò¥ Ô²¥±É·µ¸É É¨Î¥¸±¨³ ¶µ²¥³ É¥²  ˜Œ, ¨
¢¸²¥¤¸É¢¨¥ ÔÉµ£µ ¨µ´¨§¨·ÊÕÐ¨¥  Éµ³Ò · ¤¨µËµ¸Ëµ·  ¶·¨ ¸Éµ²±´µ¢¥´¨ÖÌ ¸
´¨³¨ É ±¦¥ ¤µ¸É ÉµÎ´µ ¸² ¡µ ·¥ £¨·ÊÕÉ ´  ¢¥É¥·.

‚§·Ò¢ ˜Œ Î ¸Éµ ¶·µ¨¸Ìµ¤¨É ¶·¨ ¸Éµ²±´µ¢¥´¨¨ ¸ É¢¥·¤Ò³¨ ¶·¥¤³¥É ³¨.
‚¸¥ ¤¥²µ ¢ Éµ³, ÎÉµ ¢ §µ´ Ì § É¨ÏÓÖ ¢µ§¤ÊÏ´ÒÌ ¶µÉµ±µ¢ ¸± ¶²¨¢ ¥É¸Ö · ¤¨µ-
Ëµ¸Ëµ· ¨ ·¥ ±Í¨Ö ¶·¨µ¡·¥É ¥É ¢§·Ò¢´µ° Ì · ±É¥·.

‘¶µ¸µ¡´µ¸ÉÓ ˜Œ ¶·µ´¨± ÉÓ ¸±¢µ§Ó Ê§±¨¥ Ð¥²¨ ¸É ´µ¢¨É¸Ö µÎ¥¢¨¤´µ°,
± ± Éµ²Ó±µ ³Ò ¢¸¶µ³¨´ ¥³, ÎÉµ ¢ §µ´ Ì § É¨ÏÓÖ ¢µ§¤ÊÏ´ÒÌ ¶µÉµ±µ¢ ¨ ´ 
¶µ¢¥·Ì´µ¸ÉÖÌ Ð¥²¥° (¢ ¤¢¥·ÖÌ, µ±´ Ì, § ³µÎ´ÒÌ ¸±¢ ¦¨´ Ì) ¸± ¶²¨¢ ¥É¸Ö
· ¤¨µËµ¸Ëµ·. ‘±¢µ§´ÖÎµ±, ¢Ò§¢ ´´Ò° ¶¥·¥¶ ¤µ³ ¤ ¢²¥´¨Ö ¨ Ô²¥±É·µ¸É É¨-
Î¥¸±¨³¨ ¸¨² ³¨, § ÉÖ£¨¢ ¥É ¶ ·Ò · ¤¨µËµ¸Ëµ·  ¸±¢µ§Ó Ð¥²¨ ´ ¢¸É·¥ÎÊ ´ ²¥-
É ÕÐ¥° ˜Œ. ƒ¥µ³¥É·¨Î¥¸±¨° Í¥´É· µ¡² ¸É¨ £µ·¥´¨Ö ¸²¥¤Ê¥É ¢ ´ ¶· ¢²¥´¨¨
Ê¢¥²¨Î¥´¨Ö ±µ´Í¥´É· Í¨¨ ¶ ·µ¢ · ¤¨µËµ¸Ëµ· , É. ¥. ¨³¥¥É ³¥¸Éµ ¶µ²¥É ˜Œ
®¶·µÉ¨¢ ¢¥É· ¯. Œ´µ£µÎ¨¸²¥´´Ò¥ µÎ¥¢¨¤ÍÒ µ¶¨¸Ò¢ ÕÉ ÔÉµ Ö¢²¥´¨¥ É ±. ˜Œ
¶µ¤Ìµ¤¨É ± µÉ¢¥·¸É¨Õ ¨ ¢Ò¡· ¸Ò¢ ¥É ¢¶¥·¥¤¨ ¸¥¡Ö ¤²¨´´Ò° ¸¢¥ÉÖÐ¨°¸Ö Ï´Ê·,
±µÉµ·Ò° ± ± ¡Ò ´ ÐÊ¶Ò¢ ¥É ¤µ·µ£Ê ± µÉ¢¥·¸É¨Õ,   ¶µÉµ³ ¢ÉÖ£¨¢ ¥É¸Ö ¢ ´¥£µ.
„¥²µ ¢ Éµ³, ÎÉµ ² ³¨´ ·´ Ö ¸É·Ê°±  · ¤¨µËµ¸Ëµ·  ¢ÒÉÖ£¨¢ ¥É¸Ö ˜Œ ¨§ µÉ-
¢¥·¸É¨Ö Ô²¥±É·µ¸É É¨Î¥¸±¨³¨ ¸¨² ³¨. �¥ ±Í¨Ö ¡¥¦¨É ¢¤µ²Ó ÔÉµ° ¸É·Ê°±¨, ± ±
µ£µ´Ó ¶µ ¡¨±Ëµ·¤µ¢Ê Ï´Ê·Ê.

˜ ·µ¢ Ö Ëµ·³  ³µ²´¨¨, µÎ¥¢¨¤´µ, ¸¢Ö§ ´  ¸ É¥³, ÎÉµ ±Ê²µ´µ¢¸±µ¥ ¢§ ¨-
³µ¤¥°¸É¢¨¥, ¸µ¡¨· ÕÐ¥¥ µÉ·¨Í É¥²Ó´Ò¥ ¨µ´Ò ( H3PO4)− ¢ µ¡² ¸ÉÓ ¶·µÉ¥± -
´¨Ö ·¥ ±Í¨¨ ¨§ µ±·Ê¦ ÕÐ¥£µ ¶·µ¸É· ´¸É¢ , ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ. Š·µ³¥
Éµ£µ, ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö, ¨´¨Í¨¨·ÊÕÐ¥£µ ·¥ ±Í¨Õ, ¶ ¤ ¥É µ¡· É´µ
¶·µ¶µ·Í¨µ´ ²Ó´µ ±¢ ¤· ÉÊ · ¸¸ÉµÖ´¨Ö µÉ Í¥´É· . �²µÉ´µ¸ÉÓ ¶ ·µ¢ ¸µ¥¤¨´¥-
´¨° · ¤¨µËµ¸Ëµ·  É ±¦¥ Ê³¥´ÓÏ ¥É¸Ö ¶µ ³¥·¥ Ê¤ ²¥´¨Ö µÉ £¥µ³¥É·¨Î¥¸±µ£µ
Í¥´É·  ˜Œ. Š ± Éµ²Ó±µ ¶·µ¨§¢¥¤¥´¨¥ ±µ´Í¥´É· Í¨¨ ¶ ·µ¢ ¸µ¥¤¨´¥´¨° · -
¤¨µËµ¸Ëµ·  ´  ¶²µÉ´µ¸ÉÓ ¨µ´¨§¨·ÊÕÐ¥£µ ¨§²ÊÎ¥´¨Ö ¸É ´µ¢¨É¸Ö ³¥´ÓÏ¥ ±·¨-
É¨Î¥¸±µ£µ §´ Î¥´¨Ö, ·¥ ±Í¨Ö £ ¸´¥É.

�¤¨´ ¨§ ±µ²¨Î¥¸É¢¥´´ÒÌ ±·¨É¥·¨¥¢, ¶µ§¢µ²ÖÕÐ¨Ì µÍ¥´¨ÉÓ ¢¨¤¨³Ò¥ · §-
³¥·Ò ˜Œ, ¨³¥¥É ¢¨¤

I0r
−2nσL � (I0r

−2nσL)cr, (28)

£¤¥ I0 Å ¨´É¥´¸¨¢´µ¸ÉÓ ¨§²ÊÎ¥´¨Ö γ-±¢ ´Éµ¢ ¸ Ô´¥·£¨¥° Eγ ≈ 350 Ô‚,
n Å ±µ´Í¥´É· Í¨Ö ¶ ·µ¢ 32

15P ¢  É³µ¸Ë¥·¥, σL Å ¸¥Î¥´¨¥ ËµÉµ¨µ´¨§ Í¨¨
L-µ¡µ²µÎ±¨  Éµ³  32

15P. �¥ ±Í¨Ö 32
15Pion → (3216Sion + e−)L−bound + ν̃e Ö¢²Ö¥É¸Ö

¸ ³µ¶µ¤¤¥·¦¨¢ ÕÐ¥°¸Ö, ¥¸²¨ Ê¸²µ¢¨¥ (28) ¢Ò¶µ²´Ö¥É¸Ö. …¸²¨ µ´µ ´¥ ¢Ò-
¶µ²´Ö¥É¸Ö, Éµ ·¥ ±Í¨Ö § ÉÊÌ ¥É. ‚¥²¨Î¨´  (I0r

−2nσL)cr ¢ ¶· ¢µ° Î ¸É¨ ¸µ-
µÉ´µÏ¥´¨Ö (28) ¥¸ÉÓ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥ ¶ · ³¥É·  § ¤ Î¨. �ÉµÉ ¶ · ³¥É·

∗�µ²¥¥ ±µ··¥±É´Ò° · ¸Î¥É Eγ ¸ ÊÎ¥Éµ³ ÔËË¥±Éµ¢ Ô±· ´¨·µ¢±¨ ¤ ¥É §´ Î¥´¨Ö 340Ä360 Ô‚.
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³µ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´ Î¥·¥§ ±¨´¥É¨Î¥¸±¨¥ ±µÔËË¨Í¨¥´ÉÒ β12, β21, ¢Ìµ¤ÖÐ¨¥
¢ Ê· ¢´¥´¨Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ ˜Œ.

‘É·µ£µ £µ¢µ·Ö, Ê¸²µ¢¨¥ (28) § ¦¨£ ´¨Ö Í¥¶´µ° ·¥ ±Í¨¨ ¨´¤ÊÍ¨·µ¢ ´´µ£µ
β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥¤µ¸É ÉµÎ´µ ±µ··¥±É´µ. ‚ ´¥³ ´¥ ÊÎÉ¥´
¢±² ¤ ¶·µÍ¥¸¸µ¢ ¨µ´¨§ Í¨¨  Éµ³µ¢ · ¤¨µËµ¸Ëµ·  Ô²¥±É·µ´´Ò³ Ê¤ ·µ³, ±µ-
Éµ·Ò° ´  ³´µ£µ ¶µ·Ö¤±µ¢ ¡µ²ÓÏ¥, Î¥³ ¢±² ¤ µÉ ¶·µÍ¥¸¸µ¢ ËµÉµ¨µ´¨§ Í¨¨.
�¤´ ±µ, ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ÒÏ¥, §  ®Í¥¶Ó¯ µÉ¢¥Î ÕÉ ¨³¥´´µ ¶·µÍ¥¸¸Ò Ëµ-
Éµ¨µ´¨§ Í¨¨ ¨ ¨µ´¨§ Í¨¨ Ô²¥±É·µ´´Ò³ Ê¤ ·µ³ µ¦¥-Ô²¥±É·µ´µ¢, Ê¸±µ·¥´´ÒÌ
Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ ˜Œ. ˆ³¥´´µ ¶µÔÉµ³Ê Ê¸²µ¢¨¥ (28) ¢Ò¶µ²´Ö¥É¸Ö ¸
¤µ¸É ÉµÎ´µ° ¸É¥¶¥´ÓÕ ÉµÎ´µ¸É¨.

�µ²¥É ˜Œ ¸µ¶·µ¢µ¦¤ ¥É¸Ö É·¥¸±µ³ ¨ Ï¨¶¥´¨¥³. ‚¸¥ ¤¥²µ ¢ Éµ³, ÎÉµ
¨³¥´´µ Ô²¥±É·¨Î¥¸±¨° ¶·µ¡µ° ¢µ§¤ÊÌ , ¢Ò§¢ ´´Ò° ¢Ò¸µ±¨³ Ô²¥±É·¨Î¥¸±¨³
¶µÉ¥´Í¨ ²µ³ É¥²  ˜Œ, ¸µ¶·µ¢µ¦¤ ¥É¸Ö Ì · ±É¥·´Ò³¨ §¢Ê± ³¨. „µ¸É ÉµÎ´µ
¢¸¶µ³´¨ÉÓ Ï±µ²Ó´Ò¥ µ¶ÒÉÒ ¸ Ô²¥±É·µËµ·´µ° ³ Ï¨´µ°.

�·¥¤¶µÎÉ¨É¥²Ó´µ¥ § £µ· ´¨¥ ˜Œ ´  ¶·µ¢µ¤´¨± Ì ¸¢Ö§ ´µ c É¥³, ÎÉµ
µ´  ¨³¥¥É ¡µ²ÓÏµ° Ô²¥±É·¨Î¥¸±¨° § ·Ö¤, ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¶·¨ÉÖ£¨¢ ¥É¸Ö ±
³¥É ²²¨Î¥¸±¨³ ¶·¥¤³¥É ³.

�·¥¤¶µÎÉ¨É¥²Ó´µ¥ ¶µÖ¢²¥´¨¥ ¢ £·µ§µ¢ÊÕ ¶µ£µ¤Ê ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ · ¤¨µ-
Ëµ¸Ëµ· µÉ´µ¸¨É¸Ö ± ±µ·µÉ±µ¦¨¢ÊÐ¨³ ¨§µÉµ¶ ³. ˆ´É¥´¸¨¢´Ò¥ ¢¥·É¨± ²Ó´Ò¥
¢µ§¤ÊÏ´Ò¥ ¶µÉµ±¨ ¨ ± ¶²¨ ¤µ¦¤Ö ¤µ¸É ¢²ÖÕÉ · ¤¨µËµ¸Ëµ· ± ¶µ¢¥·Ì´µ¸É¨
§¥³²¨ ¤µ Éµ£µ, ± ± µ´ · ¸¶ ²¸Ö.

‘µ¢¥·Ï¥´´µ  ´ ²µ£¨Î´µ µ¡ÑÖ¸´ÖÕÉ¸Ö ¢¸¥ µ¸É ²Ó´Ò¥ Ô³¶¨·¨Î¥¸±¨¥ ¸¢µ°-
¸É¢  ˜Œ.

‡�Š‹�—…�ˆ…

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¶µ¸É·µ¥´  Ë¥´µ³¥´µ²µ£¨Î¥¸± Ö ³µ¤¥²Ó ˜Œ, µ¸´µ-
¢ ´´ Ö ´  £¨¶µÉ¥§¥ µ Éµ³, ÎÉµ µ´  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³ ±·µ¸±µ¶¨Î¥¸±µ¥
¶·µÖ¢²¥´¨¥ Í¥¶´µ° ·¥ ±Í¨¨ ¨´¤ÊÍ¨·µ¢ ´´µ£µ β-· ¸¶ ¤  Ö¤¥· · ¤¨µ ±É¨¢´µ£µ
Ëµ¸Ëµ·  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥. �Éµ ¶·¨´Í¨¶¨ ²Ó´µ ´µ¢Ò°, ´¥ µ¶¨¸ ´´Ò° ¢
²¨É¥· ÉÊ·¥ É¨¶ Í¥¶´ÒÌ ·¥ ±Í¨°, ¢ ±µÉµ·ÒÌ ÊÎ ¸É¢ÊÕÉ ± ± Ö¤¥·´Ò¥, É ± ¨
 Éµ³´Ò¥ ¨ ³µ²¥±Ê²Ö·´Ò¥ ¸É¥¶¥´¨ ¸¢µ¡µ¤Ò. �·¨Î¥³ ¤ ´´Ò° ¶·µÍ¥¸¸ ·¥ ²¨§Ê-
¥É¸Ö ¢ ¶·¨·µ¤´ÒÌ Ê¸²µ¢¨ÖÌ!

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¶·¥¤¸É ¢²Ö¥É¸Ö ±· °´¥ ¨´É¥·¥¸´Ò³: 1) Ô±¸¶¥·¨³¥´É ²Ó´ Ö
¶·µ¢¥·±  ¶·¥¤²µ¦¥´´µ° É¥µ·¨¨; 2) ¶µ¸É·µ¥´¨¥ ³¨±·µ¸±µ¶¨Î¥¸±µ° ³µ¤¥²¨
˜Œ; 3) ¨§ÊÎ¥´¨¥ ¶·µÍ¥¸¸  µ¡· §µ¢ ´¨Ö µ¡² ±µ¢ ¶ ·µ¢ ¸µ¥¤¨´¥´¨° · ¤¨µ-
Ëµ¸Ëµ·  ¢  É³µ¸Ë¥·¥; 4) µÍ¥´±  ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ ¤²Ö ¶ ·µ¢ · ¤¨µ-
Ëµ¸Ëµ· ; 5) ¶µ¨¸± ¤·Ê£¨Ì · ¤¨µ¨§µÉµ¶µ¢, µÉ²¨Î´ÒÌ µÉ 32

15P, ¨´É¥·¥¸´ÒÌ ¸
ÉµÎ±¨ §·¥´¨Ö ¨§ÊÎ¥´¨Ö ¶·µÍ¥¸¸µ¢ β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥; 6) ¶µ¨¸±
É¥Ì´µ²µ£¨Î¥¸±¨Ì ¶·¨²µ¦¥´¨° µ¶¨¸ ´´ÒÌ ¶·µÍ¥¸¸µ¢.
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‚Ò· ¦ Õ ¡² £µ¤ ·´µ¸ÉÓ ‚. �. ‘µ°Ë¥·Ê, �. ‹. Š § ´¸±µ³Ê, ‚. ˆ. ”Ê·³ ´Ê,
ˆ. �. ‡ ¢¥·Ï¨´¸±µ³Ê, ‚. ‘. Š § ±¥¢¨ÎÊ, ‚. ‚. ‹¥´¨¢±¨´Ê, ‹. ‚. ’Ê³ ´µ¢Ê §  ³´µ-
£µÎ¨¸²¥´´Ò¥ ¸É¨³Ê²¨·ÊÕÐ¨¥ ¤¨¸±Ê¸¸¨¨, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·ÒÌ ´  ¸¢¥É ¶µÖ¢¨-
²µ¸Ó ¤ ´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥.

Ÿ µÎ¥´Ó ¶·¨§´ É¥²¥´ ‚. �. �²Ë¨³¥´±µ¢Ê ¨ 	. Œ. —Ê¢¨²Ó¸±µ³Ê, ±µÉµ·Ò¥
¶¥·¢Ò³¨ µ¡· É¨²¨ ³µ¥ ¢´¨³ ´¨¥ ´  ¶·µ¡²¥³Ê ¢·¥³¥´¨ ¦¨§´¨ Ô²¥±É·µ´´ÒÌ
¤Ò·µ±. �É¨ Í¥´´Ò¥ ±·¨É¨Î¥¸±¨¥ § ³¥Î ´¨Ö ¶µ§¢µ²¨²¨ ¸ÊÐ¥¸É¢¥´´µ ÊÉµÎ´¨ÉÓ
± ·É¨´Ê Ë¨§¨Î¥¸±µ£µ Ö¢²¥´¨Ö.

�¸µ¡ÊÕ ¡² £µ¤ ·´µ¸ÉÓ ¢Ò· ¦ Õ ”. �. ƒ ·¥¥¢Ê §  Éµ, ÎÉµ µ´ ¶¥·¢Ò³ µ§´ -
±µ³¨² ³¥´Ö ¸ ¶·µ¡²¥³µ° β-· ¸¶ ¤  ¢ ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥, ¸´ ¡¤¨² ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥° ´ ÊÎ´µ° ²¨É¥· ÉÊ·µ° ¨ ¶µ¸ÉµÖ´´µ ¶µ¤¤¥·¦¨¢ ² ³µÕ · ¡µÉÊ.

‚Ò· ¦ Õ µ¸µ¡ÊÕ ¡² £µ¤ ·´µ¸ÉÓ ·¥±Éµ· ÉÊ ‘ ³ ·¸±µ£µ £µ¸Ê¤ ·¸É¢¥´´µ£µ
 Ô·µ±µ¸³¨Î¥¸±µ£µ Ê´¨¢¥·¸¨É¥É ,   É ±¦¥ ”µ´¤Ê ¸µ¤¥°¸É¢¨Ö Ô±µ´µ³¨Î¥¸±µ³Ê
· §¢¨É¨Õ ‘ƒ�“ (”µ´¤Ê ‹Ê± Î¥¢ ) §  Ë¨´ ´¸µ¢ÊÕ ¶µ¤¤¥·¦±Ê.

� ÊÎ´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¨§²µ¦¥´´Ò¥ ¢ ´ ¸ÉµÖÐ¥° ¸É ÉÓ¥, ¶µ²ÊÎ¥´Ò ¶·¨ ¢Ò-
¶µ²´¥´¨¨ ¶·µ¥±É  ·µ¸¸¨°¸±µ- ³¥·¨± ´¸±µ° ¶·µ£· ³³Ò ®”Ê´¤ ³¥´É ²Ó´Ò¥
¨¸¸²¥¤µ¢ ´¨Ö ¨ ¢Ò¸Ï¥¥ µ¡· §µ¢ ´¨¥¯ ¶·¨ Ë¨´ ´¸µ¢µ° ¶µ¤¤¥·¦±¥ �³¥·¨-
± ´¸±µ£µ Ëµ´¤  £· ¦¤ ´¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¨ · §¢¨É¨Ö (CRDF Project SA-
014-02), Œ¨´¨¸É¥·¸É¢  µ¡· §µ¢ ´¨Ö �” ¨ �¤³¨´¨¸É· Í¨¨ ‘ ³ ·¸±µ°
µ¡² ¸É¨.
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