
����������

�� �� 	
����
� �� ������

����	� ������� � !�"#���� �#��

$!�	%������ � &��� �!�%��' &�!(��

���������&��' �!�)��



Kostenko B. F., Pribiš J. P4-2004-42

Estimation of Nuclei Cooling Time by Electrons

in Superdense Nonequilibrium Plasma

Estimations of nuclei cooling time by electrons in superdense nonequilibrium

plasma formed at cavitation bubble collapse in deuterated acetone have been carried

out. The necessity of these computations was stipulated by using in the latest theoreti-

cal calculations of nuclear reaction rate in these processes one poorly grounded as-

sumption that electron temperatures remain essentially lower than nuclei ones during

thermonuclear synthesis time t
s
. The estimations have shown that the initial electron

temperatures at the moment of superdense plasma formation with ��100 g/cm 3 turn

out to be appreciably lower than the nuclear temperatures, while the nuclei cooling

time is of the same order as t
s
.

The investigation has been performed at the Laboratory of Information Technolo-

gies, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2004

Êîñòåíêî Á. Ô., Ïðèáèø ß. P4-2004-42

Îöåíêà âðåìåíè îõëàæäåíèÿ ÿäåð ýëåêòðîíàìè

â ñâåðõïëîòíîé ñèëüíî íåðàâíîâåñíîé ïëàçìå

Âûïîëíåíû îöåíêè âðåìåíè îõëàæäåíèÿ ÿäåð ýëåêòðîíàìè â ñâåðõïëîòíîé

ñèëüíî íåðàâíîâåñíîé ïëàçìå, îáðàçóþùåéñÿ ïðè ñõëîïûâàíèè êàâèòàöèîííîãî

ïóçûðüêà â äåéòåðèðîâàííîì àöåòîíå. Íåîáõîäèìîñòü òàêèõ âû÷èñëåíèé ñâÿçà-

íà ñ òåì, ÷òî â ïîñëåäíèõ òåîðåòè÷åñêèõ ðàñ÷åòàõ ñêîðîñòè òåðìîÿäåðíûõ ðåàê-

öèé â ýòèõ ïðîöåññàõ èñïîëüçîâàëîñü îäíî ïëîõî îáîñíîâàííîå ïðåäïîëîæåíèå

î òîì, ÷òî òåìïåðàòóðû ýëåêòðîíîâ â òå÷åíèå âðåìåíè òåðìîÿäåðíîãî ñèíòåçà t
s

îñòàþòñÿ ñóùåñòâåííî íèæå òåìïåðàòóð ÿäåð. Îöåíêè ïîêàçàëè, ÷òî íà÷àëüíûå

òåìïåðàòóðû ýëåêòðîíîâ â ìîìåíò îáðàçîâàíèÿ ñâåðõïëîòíîé ïëàçìû

ñ ��100 ã/ñì 3 äåéñòâèòåëüíî îêàçûâàþòñÿ ñóùåñòâåííî íèæå ÿäåðíûõ òåìïå-

ðàòóð, à âðåìÿ îõëàæäåíèÿ ÿäåðíîé êîìïîíåíòû òîãî æå ïîðÿäêà, ÷òî è t
s
.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè èíôîðìàöèîííûõ òåõíîëîãèé ÎÈßÈ.

Ñîîáùåíèå Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004
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‚‚…„…�ˆ…

‚ · ¡µÉ¥ [1] ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¢µ§³µ¦´µ¸É¨ µ¸ÊÐ¥¸É¢²¥´¨Ö ·¥ ±Í¨° É¥·³µ-
Ö¤¥·´µ£µ ¸¨´É¥§  ¢ ¶·µÍ¥¸¸¥ ¸Ì²µ¶Ò¢ ´¨Ö ± ¢¨É Í¨µ´´µ£µ ¶Ê§Ò·Ó±  ¢ ¤¥°É¥-
·¨·µ¢ ´´µ³  Í¥Éµ´¥ (C3D6O) ¡Ò²µ ¶·¥¤¶µ²µ¦¥´µ, ÎÉµ Ô²¥±É·µ´Ò ¢ ³µ³¥´É
¤µ¸É¨¦¥´¨Ö Ö¤· ³¨ É¥³¶¥· ÉÊ·Ò TN = (1÷2) ·108 K µ¸É ÕÉ¸Ö ®Ìµ²µ¤´Ò³¨¯,
Te � TN , É ± ÎÉµ µ¸´µ¢´ Ö Î ¸ÉÓ É¥¶²µ¢µ° Ô´¥·£¨¨ µ± §Ò¢ ¥É¸Ö ¸µ¸·¥¤µÉµ-
Î¥´´µ° ¢ Ö¤¥·´µ° ¶µ¤¸¨¸É¥³¥∗. �µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ´¥· ¢´µ¢¥¸´µ° ¶² §³Ò,
µ¡· §ÊÕÐ¥°¸Ö ¢ Ê¤ ·´ÒÌ ¢µ²´ Ì ¶·¨ ¸ÊÐ¥¸É¢¥´´µ ³¥´¥¥ Ô±¸É·¥³ ²Ó´ÒÌ Ê¸²µ-
¢¨ÖÌ, Ìµ·µÏµ ¨§¢¥¸É´µ [3]. –¥²Ó ´ ¸ÉµÖÐ¥° · ¡µÉÒ Å ¶·µ¢¥·±  ¸¶· ¢¥¤-
²¨¢µ¸É¨ ¶·¥¤¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ Te � TN , ¶·¨ £µ· §¤µ ¡µ²¥¥ ¦¥¸É±¨Ì
Ë¨§¨Î¥¸±¨Ì Ê¸²µ¢¨ÖÌ, ±µ£¤  ¶²µÉ´µ¸ÉÓ ¢¥Ð¥¸É¢  ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ Ê¤¥·¦ -
´¨Ö É¥·³µÖ¤¥·´µ° ¶² §³Ò ∆t � 10−13 ÷ 10−12 ¸ ¤µ¸É¨£ ¥É §´ Î¥´¨° ρ ≈
100 £/¸³3, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ±µ´Í¥´É· Í¨¨ Ô²¥±É·µ´µ¢ ne ≈ 3 · 1025 ¸³−3.

1. �–…�Š� ��—�‹œ��‰ ’…Œ�…��’“�› �‹…Š’����‚

�·¨ µÍ¥´±¥ ´ Î ²Ó´µ° É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´µ¢ ´¥µ¡Ìµ¤¨³µ ¶·¨´ÖÉÓ ¢µ
¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ ¨Ì Ô´¥·£¨Ö ”¥·³¨ ¶·¨ ¢ÒÏ¥Ê± § ´´µ° ±µ´Í¥´É· Í¨¨
ne · ¢´  εF � 350 Ô‚. ’ ±¨³ µ¡· §µ³, ¶·¨ Te(0) < 4 · 106 K Ô²¥±É·µ´-
´Ò° £ § ¤µ²¦¥´ ´ Ìµ¤¨ÉÓ¸Ö ¢ ¢Ò·µ¦¤¥´´µ³ ¸µ¸ÉµÖ´¨¨. �Éµ ¶·¥¤¸É ¢²Ö¥É¸Ö
³ ²µ¶· ¢¤µ¶µ¤µ¡´Ò³, ÊÎ¨ÉÒ¢ Ö Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¶² §³  ¢ ¤ ´´µ³ ¸²Ê-
Î ¥ ¸µ§¤ ¥É¸Ö  Éµ³´Ò³¨, Ô²¥±É·µ´´Ò³¨ ¨ ¨µ´´Ò³¨ Ê¤ · ³¨. Œµ¦´µ µ¦¨¤ ÉÓ,
ÎÉµ ¡² £µ¤ ·Ö ¡µ²ÓÏµ³Ê ¸É É¨¸É¨Î¥¸±µ³Ê ¢¥¸Ê ¸¢µ¡µ¤´ÒÌ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ-
´µ¢ ¶·¨ Ê³¥·¥´´µ° ¸É¥¶¥´¨ ¸¦ É¨Ö ¢¥Ð¥¸É¢  µÎ¥´Ó ¸¨²Ó´ Ö ¨µ´¨§ Í¨Ö  Éµ³µ¢
¶·µ¨¸Ìµ¤¨É Ê¦¥ ¶·¨ ¤µ¸É ÉµÎ´µ ®´¨§±¨Ì¯ É¥³¶¥· ÉÊ· Ì Te � (1÷2)·106 K [4].
�µ¸²¥¤ÊÕÐ¥¥ ¸¦ É¨¥ ¶² §³Ò ³µ¦¥É ¶·µ¨§µ°É¨ ¨ ¡¥§ ¸ÊÐ¥¸É¢¥´´µ£µ · §µ£·¥¢ 
Ô²¥±É·µ´´µ° ±µ³¶µ´¥´ÉÒ, ¥¸²¨ ¤¨¸¸¨¶ Í¨Ö É¥¶²µ¢µ° Ô´¥·£¨¨  Éµ³´ÒÌ Ö¤¥·
¢ Ô²¥±É·µ´´ÊÕ ¶µ¤¸¨¸É¥³Ê ¨ ¢ ¸ ³µ³ ¤¥²¥ ³ ² . �·¥¤¶µ² £ Ö, ÎÉµ ¶·¨ Ê¤ ·-
´µ³ ¸¦ É¨¨ ¤µ ¶²µÉ´µ¸É¥° ρ � 3ρ0, ±µ£¤  Ô²¥±É·µ´´Ò¥ µ¡µ²µÎ±¨  Éµ³µ¢
´ Î¨´ ÕÉ § ³¥É´µ ¶¥·¥±·Ò¢ ÉÓ¸Ö, ¸É¥¶¥´Ó ¨µ´¨§ Í¨¨ ¶µ¸²¥¤´¨Ì Ê¦¥ ¢¥¸Ó³ 

∗„ ´´µ¥ ¶·¥¤¶µ²µ¦¥´¨¥ ¡Ò²µ ¢¶¥·¢Ò¥ ¢Ò¸± § ´µ �. ˆ. �¨£³ ÉÊ²¨´Ò³. �µ¸²¥¤´¨¥ Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ´ ¡²Õ¤¥´¨Õ ¶·µ¤Ê±Éµ¢ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¶·¨ ¸Ì²µ¶Ò¢ ´¨¨ ± ¢¨É Í¨µ´-
´µ£µ ¶Ê§Ò·Ó±  ¢ D- Í¥Éµ´¥ ¶·¨¢¥¤¥´Ò ¢ [2].
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¸ÊÐ¥¸É¢¥´´ , ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐÊÕ µÍ¥´±Ê É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´µ¢∗ ¢ ÔÉµÉ
³µ³¥´É ¢·¥³¥´¨: Te � 106 K. �¶¨¸Ò¢ Ö ¤ ²Ó´¥°Ï¥¥ ¸¦ É¨¥ Ô²¥±É·µ´µ¢ Ê· ¢-
´¥´¨¥³  ¤¨ ¡ ÉÒ ¤²Ö Ô²¥±É·µ´´µ£µ £ §  (¸³., ´ ¶·¨³¥·, [5])

T 3/2V = const,

¶µ²ÊÎ¨³ Te � 107 K ¶·¨ ρ � 100ρ0. ‚ ¤¥°¸É¢¨É¥²Ó´µ¸É¨ ¶µ²ÊÎ¥´´ÊÕ µÍ¥´±Ê
· §²¨Î¨Ö Ô²¥±É·µ´´µ° ¨ Ö¤¥·´µ° É¥³¶¥· ÉÊ· ¸²¥¤Ê¥É ¸Î¨É ÉÓ ´ ¨¡µ²¥¥ µ¸Éµ-
·µ¦´µ°, ¶µ¸±µ²Ó±Ê · ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ �. ˆ. �¨£³ ÉÊ²¨´Ò³ ¸ ¸µ ¢Éµ· ³¨,
¶µ± §Ò¢ ÕÉ, ÎÉµ ¶·¨ ¶²µÉ´µ¸ÉÖÌ ρ � 3ρ0 ¨³¥´´µ É¥³¶¥· ÉÊ·  Ö¤¥·´µ° ±µ³-
¶µ´¥´ÉÒ ¤µ¸É¨£ ¥É §´ Î¥´¨° 10 6 K [1],   ¢ Ê¤ ·´µ° ¢µ²´¥, ¸µ£² ¸´µ [3], ¢
µ¡Ð¥³ ¸²ÊÎ ¥ ¨³¥¥É ³¥¸Éµ ´¥· ¢¥´¸É¢µ Te � TN .

‚ ¤ ²Ó´¥°Ï¥³ É¥³¶¥· ÉÊ·Ê Ô²¥±É·µ´µ¢ ¢ ³µ³¥´É µ¡· §µ¢ ´¨Ö ¸¨²Ó´µ ¸¦ -
Éµ° ¶² §³Ò Te(0) (¶·¨³¥³ ÔÉµÉ ³µ³¥´É ¢ ± Î¥¸É¢¥ ´ Î ²  µÉ¸Î¥É  ¢·¥³¥´¨)
¡Ê¤¥³ ¸Î¨É ÉÓ ¶·¨´ ¤²¥¦ Ð¥° ¨´É¥·¢ ²Ê 4 · 106 ÷ 107 K.

2. ��™�Ÿ ’…��ˆŸ

‘µ£² ¸´µ · ¡µÉ¥ [6] ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ¢Ò¶µ²´¥´µ, ¨²¨ ¸² ¡µ ´ ·ÊÏ¥´µ,
Ê¸²µ¢¨¥

T 3/2
e /n1/2

e > 10 (K · ¸³)3/2 (1)

É· ´¸¶µ·É¨·µ¢±  Î ¸É¨Í ¢ ¶² §³¥ ¸ 10%-° ÉµÎ´µ¸ÉÓÕ µ¶¨¸Ò¢ ¥É¸Ö Ê· ¢´¥´¨¥³
”µ±±¥· Ä�² ´± . ˆ¸¶µ²Ó§µ¢ ´¨¥ ¤ ´´µ£µ ¶·¨¡²¨¦¥´¨Ö §¤¥¸Ó ¢¶µ²´¥ § ±µ´´µ,
¶µ¸±µ²Ó±Ê ¤ ¦¥ ¢ ¸ ³µ³ ´ Î ²¥ ·¥² ±¸ Í¨µ´´µ£µ ¶·µÍ¥¸¸  §´ Î¥´¨¥ ÔÉµ£µ
¶ · ³¥É·  · ¢´µ 57,3. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ Ê· ¢´¥´¨¥ ”µ±±¥· Ä�² ´±  ¨³¥¥É
¢¨¤

∂P

∂t
= − ∂

∂x
(viP ) +

1
mi

∂

∂vi
(βiviP ) +

βikTe

m2
i

∂2P

∂vi
, (2)

£¤¥ ¶ · ³¥É· βi, µ¶¨¸Ò¢ ÕÐ¨° ¸±µ·µ¸ÉÓ ¤¨¸¸¨¶ Í¨¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨
Ö¤· , ¶·µ¶µ·Í¨µ´ ²¥´ ¶·µ¨§¢¥¤¥´¨Õ ¢Ö§±µ¸É¨ Ô²¥±É·µ´´µ£µ £ §  ¨ ÔËË¥±É¨¢-
´µ£µ ²¨´¥°´µ£µ · §³¥·  Ö¤·  (¸µ·É  i). ‚¢¨¤Ê Éµ£µ ÎÉµ ¸±µ·µ¸É¨ Ô²¥±É·µ´µ¢
Ê¦¥ ¶·¨ t = 0 ¸ÊÐ¥¸É¢¥´´µ ¡µ²ÓÏ¥ ¸±µ·µ¸É¥°  Éµ³´ÒÌ Ö¤¥·,   ¶·¨¢¥¤¥´-
´ Ö ³ ¸¸  Ô²¥±É·µ´  ¨ Ö¤·  ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É ¸ ³ ¸¸µ° Ô²¥±É·µ´  me,
¢Ö§±µ¸ÉÓ Ô²¥±É·µ´´µ£µ £ § ,   É ±¦¥ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö Ô²¥±É·µ´-Ö¤¥·´µ£µ
· ¸¸¥Ö´¨Ö, ¢Ìµ¤ÖÐ¨¥ ´¥Ö¢´Ò³ µ¡· §µ³ ¢ Ê· ¢´¥´¨¥ (2), ³µ¦´µ ¸Î¨É ÉÓ § ¢¨¸Ö-
Ð¨³¨ Éµ²Ó±µ µÉ Te ¨ ´¥ § ¢¨¸ÖÐ¨³¨ µÉ TN . “· ¢´¥´¨Õ ”µ±±¥· Ä�² ´±  (2)

∗‘ ³  ¢µ§³µ¦´µ¸ÉÓ ¶·¨¶¨¸ ÉÓ Ô²¥±É·µ´ ³ ´¥±µÉµ·ÊÕ É¥³¶¥· ÉÊ·Ê ¶· ±É¨Î¥¸±¨ ¸· §Ê ¦¥
¶µ¸²¥ Éµ£µ, ± ± µ´¨ ¶µ±¨¤ ÕÉ  Éµ³Ò, ¸²¥¤Ê¥É ¨§ ³ ²µ¸É¨ ¢·¥³¥´¨ ·¥² ±¸ Í¨¨ ¢ Ô²¥±É·µ´´µ°
¶µ¤¸¨¸É¥³¥, ±µÉµ·µ¥ ³¥´ÓÏ¥ ¨²¨ ¶µ·Ö¤±  10−15 c.
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µÉ¢¥Î ¥É ¸ÉµÌ ¸É¨Î¥¸±µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ Ê· ¢´¥´¨¥ ˆÉµ (¸³., ´ ¶·¨³¥·,
[7, ¸. 204]):

midvi = −βividt +
√

2βikTedWi(t), (3)

£¤¥ Wi(t) Å ¸É ´¤ ·É´Ò° ¢¨´¥·µ¢¸±¨° ¶·µÍ¥¸¸. ˆ§ (3) µÎ¥¢¨¤´µ, ÎÉµ ¸±µ-
·µ¸ÉÓ § ³¥¤²¥´¨Ö ¤¢¨¦¥´¨Ö Ö¤¥· ¶·µ¶µ·Í¨µ´ ²Ó´  ¢¥²¨Î¨´¥ βi/mi,   Ì · ±-
É¥·´µ¥ ¢·¥³Ö ¤¨¸¸¨¶ Í¨¨ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ Ei = miv

2
i /2 · ¢´µ

τ =
mi

2βi
.

“· ¢´¥´¨¥ (3) ¸µ¤¥·¦¨É ¢ ¸¥¡¥ Ö¢´Ò³ µ¡· §µ³ Ë²Ê±ÉÊ Í¨µ´´µ-¤¨¸¸¨¶ Í¨µ´´ÊÕ
É¥µ·¥³Ê, ¸µ£² ¸´µ ±µÉµ·µ° ¢¥²¨Î¨´ 

√
2βikTe, Ì · ±É¥·¨§ÊÕÐ Ö ¨´É¥´¸¨¢-

´µ¸ÉÓ Ë²Ê±ÉÊ Í¨° Ô´¥·£¨¨ Ö¤¥·, ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´  ¸ ¶ · ³¥É·µ³ τ , µ¶·¥¤¥-
²ÖÕÐ¨³ ¨´É¥´¸¨¢´µ¸ÉÓ ¶·µÍ¥¸¸µ¢ ¤¨¸¸¨¶ Í¨¨.

3. Š��…—��-��‡��‘’��Ÿ �����Š‘ˆŒ�–ˆŸ

„²Ö ¢Ò¶µ²´¥´¨Ö ¶·µ¸ÉÒÌ µÍ¥´µ± ¸±µ·µ¸É¨ µÌ² ¦¤¥´¨Ö Ö¤¥· Ê¤µ¡´µ ¶·¨-
¡¥£´ÊÉÓ ± ±µ´¥Î´µ-· §´µ¸É´µ°  ¶¶·µ±¸¨³ Í¨¨ Ê· ¢´¥´¨Ö ˆÉµ, ¢¢¥¤Ö ¶µ´ÖÉ¨¥
¸·¥¤´¥° ¤²¨´Ò λf ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  Î ¸É¨ÍÒ (¸³., ´ ¶·¨³¥·, [8, § 4.2]). �µ
µ¶·¥¤¥²¥´¨Õ, λf Å ÔÉµ · ¸¸ÉµÖ´¨¥, ´  ±µÉµ·µ³ ¨³¶Ê²Ó¸ Î ¸É¨ÍÒ ¨§³¥´Ö¥É¸Ö
´  ¢¥²¨Î¨´Ê ¶µ·Ö¤±  ¸ ³µ£µ ¨³¶Ê²Ó¸ :

< (∆p)2 >≈ p2.

‘·¥¤´¥¥ ¢·¥³Ö ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  τf , ¸µµÉ¢¥É¸É¢¥´´µ, · ¢´µ

τf =
λf

vi
,

£¤¥ vi ¤²Ö ³ ±¸¢¥²²µ¢¸±µ£µ · ¸¶·¥¤¥²¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ¸µµÉ´µÏ¥´¨¥³

vi =

√
8kTi

πmi
�

√
3kTi

mi
.

�´ ²µ£µ³ Ë²Ê±ÉÊ Í¨µ´´µ-¤¨¸¸¨¶ Í¨µ´´µ° É¥µ·¥³Ò ¢ ±µ´¥Î´µ-· §´µ¸É´µ³
¶µ¤Ìµ¤¥ Ö¢²Ö¥É¸Ö ¶·¨· ¢´¨¢ ´¨¥ ¸·¥¤´¥£µ ¢·¥³¥´¨ ¸¢µ¡µ¤´µ£µ ¶·µ¡¥£  τf ¢·¥-
³¥´¨ ¤¨¸¸¨¶ Í¨¨ τ . ‚·¥³Ö ¤¨¸¸¨¶ Í¨¨ É¥¶²µ¢µ° Ô´¥·£¨¨ Ö¤¥· ¢ Ô²¥±É·µ´´µ³
£ §¥ τ , µÉ¢¥Î ÕÐ¥¥ ¸¨ÉÊ Í¨¨, ±µ£¤  TN > Te, ³µ¦´µ µÍ¥´¨ÉÓ ¶µ Ìµ·µÏµ
¨§¢¥¸É´µ³Ê ¢Ò· ¦¥´¨Õ ¤²Ö ¢·¥³¥´¨ ·¥² ±¸ Í¨¨ Ô²¥±É·µ´µ¢ ¢ ¨µ´´µ³ £ §¥
τ ′, µÉ¢¥Î ÕÐ¥³Ê ¸²ÊÎ Õ Te > TN . „¥°¸É¢¨É¥²Ó´µ, ¶µ¸±µ²Ó±Ê ¶¥·¥¤ Î  Ô´¥·-
£¨¨ µÉ Ô²¥±É·µ´  ± Ö¤·Ê ¢ ± ¦¤µ³ ÔËË¥±É¨¢´µ³ ¸Éµ²±´µ¢¥´¨¨ ¢ mi/me · §
³¥´ÓÏ¥, Î¥³ ¶¥·¥¤ Î  Ô´¥·£¨¨ µÉ Ö¤·  ± Ô²¥±É·µ´Ê, Éµ

τ ∼ mine

meni
τ ′.
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‡¤¥¸Ó ni/ne Å µÉ´µÏ¥´¨¥ ±µ´Í¥´É· Í¨¨ Ö¤¥· ¨ Ô²¥±É·µ´µ¢, ¢¢¥¤¥´´µ¥ ¢
Ëµ·³Ê²Ê ¤²Ö ÊÎ¥É  Éµ£µ Ë ±É , ÎÉµ ¸±µ·µ¸ÉÓ Éµ·³µ¦¥´¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´ 
¶²µÉ´µ¸É¨ £ § , ¢ ±µÉµ·µ³ ¶·µ¨¸Ìµ¤¨É ¤¨¸¸¨¶ Í¨Ö. �µ²¥¥ ÉµÎ´ Ö µÍ¥´± 
¢¥²¨Î¨´Ò τ (¸ ¶µ¶· ¢µÎ´Ò³ ³´µ¦¨É¥²¥³ ¶µ·Ö¤±  ¥¤¨´¨ÍÒ) ¶µ²ÊÎ¥´  ¢ [9]:

τ =
250AiT

3/2
e

niZ2
i ln Λi

, (4)

£¤¥ Ai Å µÉ´µ¸¨É¥²Ó´ Ö  Éµ³´ Ö ³ ¸¸  Ö¤· , Zi Å ¥£µ  Éµ³´Ò° ´µ³¥·,
ln Λi Å ±Ê²µ´µ¢¸±¨° ²µ£ ·¨Ë³, ±µÉµ·Ò° ³µ¦¥É ¡ÒÉÓ ¢ÒÎ¨¸²¥´ ²¨ÏÓ ¶·¨¡²¨-
¦¥´´µ (· §´Ò¥  ¢Éµ·Ò ¶·¨¢µ¤ÖÉ · §´Ò¥ §´ Î¥´¨Ö). …¸²¨ ¢ ± Î¥¸É¢¥ · ¤¨Ê¸ 
Ô±· ´¨·µ¢ ´¨Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ¶² §³¥ ¢§ÖÉÓ · ¤¨Ê¸ „¥¡ Ö, Éµ ¶·¨¤¥³
± ¸²¥¤ÊÕÐ¥° Î ¸Éµ ¨¸¶µ²Ó§Ê¥³µ° µÍ¥´±¥ (¢ ‘ƒ‘�):

Λi =
3
2

(kTe)3/2

e3(4πni)1/2Z2
i

. (5)

„²Ö ¸ ³µ£µ ´ Î ²Ó´µ£µ ÔÉ ¶  ¶·µÍ¥¸¸  Ô¢µ²ÕÍ¨¨, ±µ£¤  É¥³¶¥· ÉÊ·  Ö¤¥·
¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥ É¥³¶¥· ÉÊ·Ò Ô²¥±É·µ´µ¢, ¶·¥¤¸É ¢²Ö¥É¸Ö · §Ê³´Ò³ § ³¥-
´¨ÉÓ ¶µ²ÊÎ¥´´µ¥ É ±¨³ µ¡· §µ³ §´ Î¥´¨¥ ¢¥²¨Î¨´µ° ¢

√
2 · § ¡µ²ÓÏ¥°:

Λi →
√

2Λi. (6)

‚ ¸ ³µ³ ¤¥²¥, ¶µ¢Éµ·ÖÖ ¶· ±É¨Î¥¸±¨ ¡¥§ ¨§³¥´¥´¨° ¨§¢¥¸É´µ¥ · ¸¸Ê¦¤¥-
´¨¥ µ ¢Ò¢µ¤¥ Ëµ·³Ê²Ò · ¤¨Ê¸  Ô±· ´¨·µ¢ ´¨Ö ¤²Ö · ¢´µ¢¥¸´µ° ¶² §³Ò (¸³.,
´ ¶·¨³¥·, [8, ¸. 39Ä40]), § ³¥Î ¥³, ÎÉµ ¢ ¸²ÊÎ ¥, ±µ£¤  TN � Te, ¢ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥³ ³¥¸É¥ ¸²¥¤Ê¥É ¸¤¥² ÉÓ ¶µ¤¸É ´µ¢±Ê:

exp (eϕ/kTN) � 1,

ÎÉµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ · ¤¨Ê¸ Ô±· ´¨·µ¢ ´¨Ö µ± §Ò¢ ¥É¸Ö ¢
√

2 · § ¡µ²ÓÏ¥
· ¤¨Ê¸  „¥¡ Ö, ¨, ¢ ±µ´¥Î´µ³ ¸Î¥É¥, Å ± ´¥µ¡Ìµ¤¨³µ¸É¨ § ³¥´Ò (6).

4. ‚�…ŒŸ �•‹�†„…�ˆŸ Ÿ„…���‰ ��„‘ˆ‘’…Œ›

‚ ¸¢µ¨Ì µÍ¥´± Ì ¢¥²¨Î¨´ Λi (£¤¥ i = D+, C+6, O+8) ¢µ¸¶µ²Ó§Ê¥³¸Ö ¢Ò-
Î¨¸²¥´´Ò³ ¢ [9] ´¥¸±µ²Ó±µ ¡µ²¥¥ ÉµÎ´µ, Î¥³ ´  µ¸´µ¢¥ (5), §´ Î¥´¨¥³ ±Ê²µ-
´µ¢¸±µ£µ ²µ£ ·¨Ë³ 

ln Λ = 5, 97 ¶·¨ Z = 1, T = 106 K, n = 1021 ¸³−3 (7)

¨ ¶¥·¥´µ·³¨·Ê¥³ ¥£µ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ (5), ÊÎ¨ÉÒ¢ Ö · ¸¸³ É·¨¢ ¥³Ò¥ Ë¨§¨-
Î¥¸±¨¥ Ê¸²µ¢¨Ö:

Te = 107 K, nD =
3
16

· 1025 ¸³−3,

nC =
3
32

· 1025 ¸³−3, nO =
1
32

· 1025 ¸³−3.

(8)
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Š·µ³¥ Éµ£µ, ¤²Ö ´ Î ²Ó´µ£µ ÔÉ ¶  Ô¢µ²ÕÍ¨¨ ÊÎÉ¥³ (6). ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³

ln ΛD = 5,47, ln ΛC = 2,21, ln ΛO = 2,19

¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¢·¥³¥´  ·¥² ±¸ Í¨¨ · §²¨Î´ÒÌ Ö¤¥·, · ¸¸Î¨É ´´Ò¥ ¶µ
Ëµ·³Ê²¥ (4):

τD = 5,0 · 10−13 c, τC = 4,2 · 10−13 c, τO = 9,6 · 10−13 c.

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨e ÉµÉ Ë ±É, ÎÉµ ¢·¥³Ö ·¥² ±¸ Í¨¨ ¢´ÊÉ·¨ Ö¤¥·´µ° ¶µ¤-
¸¨¸É¥³Ò ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ ¢·¥³¥´¨ Ö¤¥·´µ-Ô²¥±É·µ´´µ° ¤¨¸¸¨¶ Í¨¨ [3],
¶µ²ÊÎ ¥³ ¤²Ö Ì · ±É¥·´µ£µ ¢·¥³¥´¨ τNe µÌ² ¦¤¥´¨Ö Ö¤¥· Ô²¥±É·µ´ ³¨ ¸µµÉ-
´µÏ¥´¨¥

1
τNe

=
1
τD

+
1
τC

+
1
τO

.

�É±Ê¤ 
τNe � 2 · 10−13 c.

�µ²¥¥ ÉµÎ´µ¥ µ¶¨¸ ´¨¥ ¶·µÍ¥¸¸  Ö¤¥·´µ-Ô²¥±É·µ´´µ° ·¥² ±¸ Í¨¨, ÊÎ¨ÉÒ-
¢ ÕÐ¥¥ § ¢¨¸¨³µ¸ÉÓ τNe µÉ Te, ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´µ ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö
‹ ´¤ Ê [12]:

dTe

dt
=

Teq − Te

τNe
. (9)

�·¥¤¶µ² £ Ö, ÎÉµ É¥³¶¥· ÉÊ·  Ö¤¥·´µ° ¶µ¤¸¨¸É¥³Ò ¢ ´ Î ²¥ ¶·µÍ¥¸¸  ·¥² ±-
¸ Í¨¨ · ¢´  2 · 108 K, ¶µ²ÊÎ¨³ ¤²Ö ¶² §³Ò, µ¡· §µ¢ ¢Ï¥°¸Ö ¢ ·¥§Ê²ÓÉ É¥
¨µ´¨§ Í¨¨ ³µ²¥±Ê² C3D6O, ¸µoÉ´µÏ¥´¨¥ ³¥¦¤Ê É¥³¶¥· ÉÊ· ³¨ Ô²¥±É·µ´´µ°
¨ Ö¤¥·´µ° ±µ³¶µ´¥´É:

TN = 2 · 108 − 3,2Te.

“¸²µ¢¨¥ · ¢´µ¢¥¸¨Ö TN = Te = Teq ¤ ¥É

Teq =
108

2,1
K.

�  ·¨¸Ê´±¥ ¶µ± § ´Ò § ¢¨¸¨³µ¸É¨ TN(t) ¨ Te(t) K, µÉ¢¥Î ÕÐ¨¥ Ê· ¢-
´¥´¨Õ (9) ¶·¨ ´ Î ²Ó´µ° É¥³¶¥· ÉÊ·¥ Ô²¥±É·µ´µ¢ Te(0) = 4 · 106. (Œµ¦´µ
Ê¡¥¤¨ÉÓ¸Ö ¢ Éµ³, ÎÉµ Ê¸²µ¢¨¥ (1), ¶µ§¢µ²ÖÕÐ¥¥ § ³¥´¨ÉÓ ¸Éµ²±´µ¢¨É¥²Ó´Ò°
Î²¥´ ¢ Ê· ¢´¥´¨¨ �µ²ÓÍ³ ´  Î²¥´µ³ Ëµ±±¥·-¶² ´±µ¢¸±µ£µ É¨¶ , ¢Ò¶µ²´Ö¥É¸Ö
¨ ¤²Ö Te = 4 · 10 6 K.) �  µ¸¨ t µÉ³¥Î¥´ ³µ³¥´É ¢·¥³¥´¨, ±µ£¤  ´ Î ²Ó´ Ö
É¥³¶¥· ÉÊ·  Ö¤¥· Ê³¥´ÓÏ ¥É¸Ö ¶·¨¡²¨§¨É¥²Ó´µ ¢ e � 2,72 · §. ‚¨¤´µ, ÎÉµ
´¥µ¶·¥¤¥²¥´´µ¸ÉÓ ¢ ´ Î ²Ó´µ° É¥³¶¥· ÉÊ·¥ Ô²¥±É·µ´µ¢ Te = 4 · 106 ÷ 107 K
¶µÎÉ¨ ´¥ ¸± §Ò¢ ¥É¸Ö ´  µÍ¥´±¥ ¤²¨É¥²Ó´µ¸É¨ Ö¤¥·´µ-Ô²¥±É·µ´´µ° ·¥² ±¸ -
Í¨¨, ±µÉµ· Ö µ± §Ò¢ ¥É¸Ö ¶·¨¡²¨§¨É¥²Ó´µ · ¢´µ° 8 · 10−13 ¸.
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‚·¥³¥´´ Ö Ô¢µ²ÕÍ¨Ö É¥³¶¥· ÉÊ·Ò Ö¤¥· TN(t) ¨ Ô²¥±É·µ´µ¢ Te(t) ¸ ÊÎ¥Éµ³ § ¢¨¸¨-
³µ¸É¨ ¢·¥³¥´¨ ·¥² ±¸ Í¨¨ τNe µÉ Te(t), · ¸¸Î¨É ´´ Ö ¸ ¶µ³µÐÓÕ Ê· ¢´¥´¨Ö ‹ ´¤ Ê
dTe/dt = (Teq − Te)/τNe. �  µ¸¨ É¥³¶¥· ÉÊ· µÉ³¥Î¥´  ÉµÎ± , µÉ¢¥Î ÕÐ Ö Ê³¥´Ó-
Ï¥´¨Õ ´ Î ²Ó´µ° É¥³¶¥· ÉÊ·Ò Ö¤¥· ¢ e � 2,72 · §,   É ±¦¥ ¤¢¥ ÉµÎ±¨, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¨¥ ¤¢Ê³ ¢µ§³µ¦´Ò³ ´ Î ²Ó´Ò³ É¥³¶¥· ÉÊ· ³ Ô²¥±É·µ´µ¢: Te(0) = 4 · 106 K ¨
Te(0) = 107 K. ‚¨¤´µ, ÎÉµ Ì · ±É¥·´µ¥ ¢·¥³Ö Ö¤¥·´µ-Ô²¥±É·µ´´µ° ·¥² ±¸ Í¨¨ µ± -
§Ò¢ ¥É¸Ö ¶µ·Ö¤±  8 · 10−13 ¸ ¨ ¶µÎÉ¨ ´¥ § ¢¨¸ÖÐ¨³ µÉ Te(0)

‡�Š‹�—…�ˆ…

�Í¥´±¨ ¢·¥³¥´¨ µÌ² ¦¤¥´¨Ö Ö¤¥· Ô²¥±É·µ´ ³¨ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³  ´ ²¨-
É¨Î¥¸±µ° Ëµ·³Ê²Ò (4), ¶µ²ÊÎ¥´´µ° ‘¶¨ÉÍ¥·µ³ [9], ¶µ± §Ò¢ ÕÉ, ÎÉµ Ô²¥±É·µ´-
´ Ö ±µ³¶µ´¥´É  ¶² §³Ò ¤¥°¸É¢¨É¥²Ó´µ ³µ¦¥É µ¸É ¢ ÉÓ¸Ö µÉ´µ¸¨É¥²Ó´µ Ìµ²µ¤-
´µ° ´  ¶·µÉÖ¦¥´¨¨ § ³¥É´µ° Î ¸É¨ ¢·¥³¥´¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ¸¢¥·Ì¶²µÉ´µ£µ
¸µ¸ÉµÖ´¨Ö ¢¥Ð¥¸É¢  ¢ ¸Ì²µ¶Ò¢ ÕÐ¥³¸Ö ± ¢¨É Í¨µ´´µ³ ¶Ê§Ò·Ó±¥ ¢ C3D6O.
� ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ´  µ¸´µ¢¥ É ±µ£µ ³µ¤¥²Ó´µ£µ ¤µ¶ÊÐ¥´¨Ö, ¶·¥¤¸± -
§Ò¢ ÕÉ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢µ§³µ¦´µ¸ÉÓ µ¸ÊÐ¥¸É¢²¥´¨Ö É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨°
D-D-¸²¨Ö´¨Ö ¸µ ¸±µ·µ¸ÉÓÕ ¶µ·Ö¤±  µ¤´µ£µ ¸µ¡ÒÉ¨Ö ´  µ¤´µ ¸Ì²µ¶Ò¢ ´¨¥
¶Ê§Ò·Ó±  ¶·¨ É¥³¶¥· ÉÊ·¥ D- Í¥Éµ´  µ±µ²µ 273 K [1, 10]. �¶É¨³¨§³  µÉ´µ-
¸¨É¥²Ó´µ ¤ ´´µ° ´µ¢µ° ¢µ§³µ¦´µ¸É¨ ·¥ ²¨§ Í¨¨ É¥·³µÖ¤¥·´µ£µ ¸¨´É¥§  ¶·¨-
¡ ¢²ÖÕÉ É ±¦¥ ¤¢  ¤µ¶µ²´¨É¥²Ó´ÒÌ µ¡¸ÉµÖÉ¥²Ó¸É¢ . ‚µ-¶¥·¢ÒÌ, ¸µ£² ¸´µ [11]
¡µ²¥¥ ÉÐ É¥²Ó´µ¥ Î¨¸²¥´´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¶µ± §Ò¢ ¥É, ÎÉµ µÍ¥´±¨, ¢Ò¶µ²-
´¥´´Ò¥ ¸ ¶µ³µÐÓÕ  ´ ²¨É¨Î¥¸±¨Ì Ëµ·³Ê² É¨¶  (4), ¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö ¢ ¤ ´-
´µ° · ¡µÉ¥, ¤ ÕÉ ´¥±µÉµ·µ¥ § ´¨¦¥´¨¥ ¢¥²¨Î¨´Ò ¢·¥³¥´¨ ·¥² ±¸ Í¨¨. ‚µ-
¢Éµ·ÒÌ, · ¸Î¥ÉÒ ¢ · ³± Ì £¨¤·µ¤¨´ ³¨Î¥¸±µ° ³µ¤¥²¨ [1, 10] £µ¢µ·ÖÉ µ Éµ³,
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ÎÉµ ¤ ²Ó´¥°Ï¥¥ ¶µ´¨¦¥´¨¥ É¥³¶¥· ÉÊ·Ò D- Í¥Éµ´  ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢·¥³¥´¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö É¥·³µÖ¤¥·´µ° ¶² §³Ò ¶µÎÉ¨ ¤µ §´ Î¥´¨Ö 10−13 c (¢
Éµ ¢·¥³Ö ± ± ¢ÒÌµ¤ ´¥°É·µ´µ¢ ¶·¨ ÔÉµ³ Ê¢¥²¨Î¨¢ ¥É¸Ö).

� ¡µÉ  ¶µ¤¤¥·¦ ´  Œ¥¦¤Ê´ ·µ¤´Ò³ ´ ÊÎ´µ-É¥Ì´¨Î¥¸±¨³ Í¥´É·µ³ (¶·µ-
¥±É º 1471) ¨ £· ´Éµ³ �””ˆ (¶·µ¥±É º 02-01-00606 ¨ 02-02-16397).
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