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� ¢µ§³µ¦´µ¸É¨ ¶·¨³¥´¥´¨Ö ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ¢ µ¶ÒÉ Ì
¶µ ¶µ²ÊÎ¥´¨Õ ¸¢¥·Ì¢Ò¸µ±¨Ì É¥³¶¥· ÉÊ· ¶·¨ Ê²ÓÉ· §¢Ê±µ¢µ° ± ¢¨É Í¨¨

‚ ´¥¤ ¢´¨Ì Ô±¸¶¥·¨³¥´É Ì µ¡´ ·Ê¦¥´  £¥´¥· Í¨Ö ´¥°É·µ´µ¢ ¨ É·¨É¨Ö ¶·¨
´¥°É·µ´´µ³ ¨´¨Í¨¨·µ¢ ´¨¨  ±Ê¸É¨Î¥¸±µ° ± ¢¨É Í¨¨ ¢ ¤¥°É¥·¨·µ¢ ´´µ³  Í¥-
Éµ´¥. ƒ² ¢´Ò³ µ¡Ñ¥±Éµ³ ±·¨É¨±¨ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éµ¢ ¡Ò² ¢Ò¸µ±¨° Ê·µ¢¥´Ó
Ëµ´  ¶¥·¢¨Î´ÒÌ ´¥°É·µ´µ¢. ‚ ¤ ´´µ° · ¡µÉ¥ ¶·¨¢¥¤¥´Ò µÍ¥´±¨  ²ÓÉ¥·´ É¨¢-
´µ° ¢µ§³µ¦´µ¸É¨ ¡¥§´¥°É·µ´´µ£µ § ¶Ê¸±  ± ¢¨É Í¨¨ ¸ ¶µ³µÐÓÕ ·¥´É£¥´µ¢¸±µ£µ
¨³¶Ê²Ó¸ . � ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ É ±µ° § ¶Ê¸±, ¢ ¶·¨´Í¨¶¥, ¢µ§³µ¦¥´ ¶·¨ ¸ÊÐ¥-
¸É¢¥´´µ³ ¶µ¢ÒÏ¥´¨¨  ³¶²¨ÉÊ¤Ò µÉ·¨Í É¥²Ó´µ£µ ¤ ¢²¥´¨Ö, ¸µ§¤ ¢ ¥³µ£µ £¥´¥· -
Éµ·µ³  ±Ê¸É¨Î¥¸±µ£µ ¶µ²Ö.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ ‹ ¡µ· Éµ·¨¨ ¨´Ëµ·³ Í¨µ´´ÒÌ É¥Ì´µ²µ£¨° �ˆŸˆ.

‘µµ¡Ð¥´¨¥ �¡Ñ¥¤¨´¥´´µ£µ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°. „Ê¡´ , 2004

Kostenko B. F., Miller M. B., Pokotilovsky Yu. N. P7-2004-215
On the Possibility to Apply X-Ray Irradiation for High Temperature
Attainment in Ultrasonic Cavitation Experiments

In recent experiments neutron and tritium production was detected at acoustic
cavitation triggered by neutrons in deuterated acetone. The main source of criticism
of these experiments was the high background level of the initial neutrons. In the
present paper an alternative possibility of neutronless cavitation start by means of
X-ray burst is evaluated. Estimations have shown that such a triggering is possible
in principle at an appreciably higher amplitude of the negative pressure created by
the acoustic ˇeld generator.

The investigation has been performed at the Laboratory of Information Tech-
nologies.
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‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢Ò§Ò¢ ÕÉ ¡µ²ÓÏµ° ¨´É¥·¥¸ ¨  ±É¨¢´µ µ¡¸Ê¦¤ ÕÉ¸Ö
· ¡µÉÒ [1,2], ¢ ±µÉµ·ÒÌ ¡Ò²µ µ¡ÑÖ¢²¥´µ µ ¶µ²µ¦¨É¥²Ó´ÒÌ ·¥§Ê²ÓÉ É Ì Ô±¸¶¥-
·¨³¥´Éµ¢ ¶µ µ¸ÊÐ¥¸É¢²¥´¨Õ É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨° D+D ¶·¨ Ê²ÓÉ· §¢Ê±µ¢µ°
± ¢¨É Í¨¨ ¢  Í¥Éµ´¥, µ¡µ£ Ð¥´´µ³ ¤¥°É¥·¨¥³. ‚ ¦´µ¸ÉÓ ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢,
¢ ¸²ÊÎ ¥ ¨Ì ¶µ¤É¢¥·¦¤¥´¨Ö, ¢¶µ²´¥ ¶µ´ÖÉ´ . ‘²¥¤Ê¥É, µ¤´ ±µ, µÉ³¥É¨ÉÓ, ÎÉµ
· ¡µÉÒ [1,2] ¡Ò²¨ ¶µ¤¢¥·£´ÊÉÒ ¸¥·Ó¥§´µ° ±·¨É¨±¥ [3Ä5], ±µÉµ· Ö, ¢ ±µ´¥Î-
´µ³ ¸Î¥É¥, µ± § ² ¸Ó ¸¢Ö§ ´´µ° ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢ ´¨Ì 14-ŒÔ‚ ´¥°É·µ´µ¢
¤²Ö ¸µ§¤ ´¨Ö Í¥´É·µ¢ ± ¢¨É Í¨¨. ˆ¸¶µ²Ó§µ¢ ´¨¥ ´¥°É·µ´µ¢ ¤²Ö ¨´¨Í¨¨·µ-
¢ ´¨Ö ± ¢¨É Í¨¨ ¶·¨¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ Ëµ´  ´¥°É·µ´µ¢ ¨ γ-±¢ ´Éµ¢,
ÎÉµ § É·Ê¤´Ö¥É µ¤´µ§´ Î´ÊÕ ¨´É¥·¶·¥É Í¨Õ ·¥§Ê²ÓÉ Éµ¢ ± ± ¤µ± § É¥²Ó¸É¢µ
·¥ ²¨§ Í¨¨ ´µ¢µ£µ ³¥Éµ¤  µ¸ÊÐ¥¸É¢²¥´¨Ö É¥·³µÖ¤¥·´ÒÌ ·¥ ±Í¨° [3Ä5] (·¥ ±-
Í¨Ö D+D ¨¤¥´É¨Ë¨Í¨·Ê¥É¸Ö ¶ÊÉ¥³ ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢, ¸µ¶·µ¢µ¦¤ ÕÐ¨Ì
¸²¨Ö´¨¥ Ö¤¥· ¤¥°É¥·¨Ö). ‘¨ÉÊ Í¨Ö ³µ£²  ¡Ò ¶µ²´µ¸ÉÓÕ ¶·µÖ¸´¨ÉÓ¸Ö, ¥¸²¨
¡Ò ¢³¥¸Éµ ´¥°É·µ´µ¢ Ê¤ ²µ¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ¤·Ê£µ° ¸¶µ¸µ¡ ¸µ§¤ ´¨Ö Í¥´É·µ¢
± ¢¨É Í¨¨, ´ ¶·¨³¥· ¸ ¶µ³µÐÓÕ ¨³¶Ê²Ó¸´µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö [6].
„ ´´µ¥ ¸µµ¡Ð¥´¨¥ ¶µ¸¢ÖÐ¥´µ · ¸¸³µÉ·¥´¨Õ ÔÉµ° ¢µ§³µ¦´µ¸É¨.

‘µ£² ¸´µ ¸ÊÐ¥¸É¢ÊÕÐ¨³ ¶·¥¤¸É ¢²¥´¨Ö³ ± ¢¨É Í¨Ö ¢ µÎ¨Ð¥´´µ° µÉ ¶·¨-
³¥¸¥° ¨ · ¸É¢µ·¥´´ÒÌ £ §µ¢ (¢µ§¤ÊÌ ) ¦¨¤±µ¸É¨ ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¢ ·¥§Ê²Ó-
É É¥ ¢´¥Ï´¥£µ ¢µ§¤¥°¸É¢¨Ö, µ¡²¥£Î ÕÐ¥£µ · §·Ò¢ ³µ²¥±Ê²Ö·´ÒÌ ¸¢Ö§¥° [7].
‚ · ¸¸³ É·¨¢ ¥³µ³ ¸²ÊÎ ¥ ÔÉ¨³  £¥´Éµ³ Ö¢²Ö¥É¸Ö ¨µ´¨§¨·ÊÕÐ¥¥ ¨§²ÊÎ¥´¨¥,
¶·¨¢µ¤ÖÐ¥¥ ± ²µ± ²Ó´µ³Ê · §µ£·¥¢Ê ¸·¥¤Ò. ‚¥²¨Î¨´  ¶µ·µ£µ¢µ° Ô´¥·£¨¨ E¸,
´¥µ¡Ìµ¤¨³µ° ¤²Ö µ¡· §µ¢ ´¨Ö ¶¥·¢¨Î´µ£µ ¶Ê§Ò·Ó± , ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥
¨§¢¥¸É´ .

1. �–…�Š� ��„ˆ“‘� �“‡›�œŠ�‚�ƒ� ‡���„›˜�

�Ê¤¥³ ¨¸Ìµ¤¨ÉÓ ¨§ ¶·¥¤¶µ²µ¦¥´¨Ö µ · ¢¥´¸É¢¥ ¢´¥Ï´¥£µ ¤ ¢²¥´¨Ö ¨
´ ¶·Ö¦¥´¨Ö, ¸µ§¤ ¢ ¥³µ£µ ¢  Í¥Éµ´¥ ¸¨² ³¨ ¶µ¢¥·Ì´µ¸É´µ£µ ´ ÉÖ¦¥´¨Ö ¶Ê-
§Ò·Ó±  ¢ ³µ³¥´É ¥£µ ·µ¦¤¥´¨Ö ([7], ¸. 17):

P + 2
σ

r§
≈ 0, (1)

£¤¥ P = −15 ¡ · ≈ −150 �/¸³2Å £¨¤·µ¸É É¨Î¥¸±µ¥ ¤ ¢²¥´¨¥, ¸µ§¤ ¢ ¥³µ¥
¢´¥Ï´¨³ Ô²¥±É·µ ±Ê¸É¨Î¥¸±¨³ ¶·¥µ¡· §µ¢ É¥²¥³ [1]; σ = 2 · 104 �/¸³ Å ±µ-
ÔËË¨Í¨¥´É ¶µ¢¥·Ì´µ¸É´µ£µ ´ ÉÖ¦¥´¨Ö  Í¥Éµ´ . „ ¢²¥´¨¥ ´ ¸ÒÐ¥´´µ£µ ¶ · 
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¢ ¶Ê§Ò·Ó±¥, ±µÉµ·µ¥ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ P , ¢ ¨¸Ìµ¤´µ³ ¸µµÉ´µÏ¥´¨¨ ´¥
ÊÎ¨ÉÒ¢ ¥É¸Ö (¥£µ ÊÎ¥É,   É ±¦¥ ¶·¨´ÖÉ¨¥ ¢µ ¢´¨³ ´¨¥ Éµ£µ µ¡¸ÉµÖÉ¥²Ó¸É¢ ,
ÎÉµ ¶ · ³¥É· σ Ê³¥´ÓÏ ¥É¸Ö ¸ Ê³¥´ÓÏ¥´¨¥³ · ¤¨Ê¸  ¶Ê§Ò·Ó±  (¸³. [7], ¸. 17),
¤µ²¦´µ ¶·¨¢¥¸É¨ ± ´¥±µÉµ·µ³Ê Ê³¥´ÓÏ¥´¨Õ · ¤¨Ê¸  ³¨´¨³ ²Ó´µ£µ ¶Ê§Ò·Ó± ).
�É¸Õ¤  ¨³¥¥³:

r§ ≈ −2
σ

P
≈ 30 ´³.

	É  ¢¥²¨Î¨´  ¶·¨³¥·´µ ´  ¤¢  ¶µ·Ö¤±  ³¥´ÓÏ¥ · ¤¨ ²Ó´ÒÌ · §³¥·µ¢
§ ·µ¤ÒÏ¥° £¨¤·µ¤¨´ ³¨Î¥¸±µ° ± ¢¨É Í¨¨ ¢ ¢µ¤¥ ¶·¨  É³µ¸Ë¥·´µ³ ¤ ¢²¥´¨¨
([7], ¸. 18). 	Éµ µ¡ÑÖ¸´Ö¥É¸Ö É¥³, ÎÉµ ¢ ¤ ´´µ³ ¸²ÊÎ ¥ ±µÔËË¨Í¨¥´É σ ³¥´ÓÏ¥,
  P ¡µ²ÓÏ¥, Î¥³ ¢ ¶·¨³¥·¥, µ¶¨¸ ´´µ³ ¢ [7]. …¸²¨ ¸Î¨É ÉÓ, ÎÉµ ³¨±·µ¶Ê-
§Ò·Ó±¨ ³µ£²¨ ¶·¨¸ÊÉ¸É¢µ¢ ÉÓ ¢  Í¥Éµ´¥ ¶µ¸²¥ ´ Î ²  ¶·µÍ¥¸¸  ± ¢¨É Í¨¨
´¥§ ¢¨¸¨³µ µÉ ¶¥·¢¨Î´ÒÌ ´¥°É·µ´µ¢ (¶·¥¤¶µ²µ¦¥´¨¥ Œ. �. Œ ·£Ê²¨¸  [8]),
Éµ ¸ ³  ¨¤¥Ö § ¶Ê¸±  ± ¢¨É Í¨¨ ¸ ¶µ³µÐÓÕ ¢´¥Ï´¥£µ ¨¸ÉµÎ´¨±  É¥·Ö¥É ¸³Ò¸².

2. •���Š’…�ˆ‘’ˆŠˆ ���–…‘‘� ��…�ƒ�‚›„…‹…�ˆŸ
‚ ’�…Š… „…‰’��� �’„�—ˆ,

„‚ˆƒ��™…ƒ�‘Ÿ ‚ D-�–…’��…

�·¨ · ¸¸³µÉ·¥´¨¨ ¢µ§³µ¦´µ¸É¨ ¸µ§¤ ´¨Ö Í¥´É·µ¢ ± ¢¨É Í¨¨ ¢ D- Í¥Éµ´¥
¸ ¶µ³µÐÓÕ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ´ Î´¥³ ¸ µÍ¥´±¨ ´¥±µÉµ·ÒÌ Ë¨§¨Î¥-
¸±¨Ì Ì · ±É¥·¨¸É¨±, µ¶·¥¤¥²ÖÕÐ¨Ì ³¥Ì ´¨§³ § ·µ¤ÒÏ¥µ¡· §µ¢ ´¨Ö ¸ ¶µ³µ-
ÐÓÕ 14-ŒÔ‚ ´¥°É·µ´µ¢, ±µÉµ·Ò° ¡Ò² Ê¸¶¥Ï´µ ·¥ ²¨§µ¢ ´ ¢ · ¡µÉ¥ [1]. ŒÒ
¨¸Ìµ¤¨³ ¨§ ¶·¥¤¶µ²µ¦¥´¨Ö, ÎÉµ Ô´¥·£¨Ö ¨µ´¨§ Í¨¨, ¢Ò¤¥²¨¢Ï Ö¸Ö ¢ µ¡Ñ¥³¥
¦¨¤±µ¸É¨, ¢ÒÉ¥¸´Ö¥³µ° µ¡· §ÊÕÐ¨³¸Ö Í¥´É·µ³ ± ¢¨É Í¨¨, ± ± · § ¨ Ö¢²Ö¥É¸Ö
Éµ° ´¥¤µ¸É ÕÐ¥° Ô´¥·£¨¥°, ±µÉµ· Ö ´¥µ¡Ìµ¤¨³  ¤²Ö µ¡· §µ¢ ´¨Ö § ·µ¤ÒÏ .
�·µÍ¥¸¸ Éµ·³µ¦¥´¨Ö Ö¤¥· µÉ¤ Î¨ ¸µ¶·µ¢µ¦¤ ¥É¸Ö, ± ± ¨§¢¥¸É´µ, ¶¥·¥¤ Î¥°
Ô´¥·£¨¨ δ-Ô²¥±É·µ´ ³. ˆ¸¶µ²Ó§ÊÖ ¸¶· ¢µÎ´Ò¥ ¤ ´´Ò¥ [9], ´¥É·Ê¤´µ · ¸¸Î¨-

É ÉÓ Ê¤¥²Ó´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨
dE

dx
¤¥°Éµ´  µÉ¤ Î¨ ¢ D- Í¥Éµ´¥ ¢ § ¢¨¸¨³µ¸É¨

µÉ ¥£µ Ô´¥·£¨¨ E (¶¥·¢ Ö ¨ ¢Éµ· Ö ¸É·µ±¨ É ¡². 1).
‘µ£² ¸´µ · ¡µÉ¥ [10], ¸¶¥±É· δ-Ô²¥±É·µ´µ¢, µ¡· §ÊÕÐ¨Ì¸Ö ¶·¨ ¶·µÌµ¦¤¥-

´¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Î¥·¥§ ¢¥Ð¥¸É¢µ, ¨³¥¥É ¢¨¤

dN

dε
=

a

(ε + I)2
,

£¤¥ N Å ¶µ²´µ¥ Î¨¸²µ δ-Ô²¥±É·µ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¤¥°Éµ-
´µ³ ¥¤¨´¨ÍÒ ¶ÊÉ¨; I Å ¶µÉ¥´Í¨ ² ¨µ´¨§ Í¨¨; I ≈ 10 Ô‚,   ¨´É¥·¢ ² ¨§-
³¥´¥´¨Ö Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ¶·µ¸É¨· ¥É¸Ö µÉ 0 ¤µ εmax = 2mc2β2/(1 − β2).
‡¤¥¸Ó m = 0,5 ŒÔ‚ Å ³ ¸¸  Ô²¥±É·µ´ ; β Å ¸±µ·µ¸ÉÓ ¤¥°Éµ´  ¢ ¥¤¨´¨Í Ì
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¸±µ·µ¸É¨ ¸¢¥É ; β2 � 2E

MDc2
. �µ¸ÉµÖ´´ÊÕ a ´ Ìµ¤¨³ ¨§ Ê¸²µ¢¨Ö

dE

dx
=

εmax∫
0

ε
a

(ε + I)2
dε � a ln

εmax + I

I
.

‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö ¢¥²¨Î¨´ β2, εmax ¨ a É ±¦¥ ¶·¨¢¥¤¥´Ò ¢ É ¡². 1.

’ ¡²¨Í  1

E, ŒÔ‚ 5 1 0,5 0,1
dE/dx, ŒÔ‚/¸³ 109 330 521 934

β2 5 · 10−3 1 · 10−3 0,5 · 10−3 0, 1 · 10−3

εmax, ±Ô‚ 5 1 0,5 0,1
a, ŒÔ‚/¸³ 19,0 71,6 132,5 389,5
Nδ · r§ 0,18 0,50 0,53 0
(dE/dx)¸, ŒÔ‚/¸³ 55,6 244 453 934

�²µÉ´µ¸ÉÓ Ô´¥·£¨¨, „¦/¸³3 0,32 1,4 2,6 5,3

‚´ Î ²¥ · ¸¸³µÉ·¨³ Ô´¥·£µ¢Ò¤¥²¥´¨¥ ´ ¨¡µ²¥¥ ¢Ò¸µ±µÔ´¥·£¥É¨Î´ÒÌ
δ-Ô²¥±É·µ´µ¢, ¸¶µ¸µ¡´ÒÌ ¢Ò¡¨¢ ÉÓ ¸¨²Ó´µ¸¢Ö§ ´´Ò¥ Ô²¥±É·µ´Ò ¸ £² ¢´Ò³
±¢ ´Éµ¢Ò³ Î¨¸²µ³ n = 1, É. ¥. Ô²¥±É·µ´Ò ¨§ K-µ¡µ²µÎ¥±  Éµ³µ¢ O ¨ ‘.
�µ¸²¥¤ÊÕÐ¨¥ µ¦¥-· ¸¶ ¤Ò ¨µ´¨§¨·µ¢ ´´ÒÌ  Éµ³µ¢ ¡Ê¤ÊÉ ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö ¨¸-
¶Ê¸± ´¨¥³ Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° 250Ä300 Ô‚ [11], ¨³¥ÕÐ¨Ì ¤²¨´Ê ¶·µ¡¥£ 
¢ D- Í¥Éµ´¥ ¶µ·Ö¤±  1 ´³ (µÍ¥´±  ¢Ò¶µ²´¥´  ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Ô±¸¶¥·¨-
³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Ö³ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥±É·µ´µ¢, ¶·¨¢¥¤¥´´ÒÌ
¢ [12]). 	²¥±É·µ´Ò, ¢Ò¡¨ÉÒ¥ ¨§  Éµ³µ¢ µ¦¥-Ô²¥±É·µ´ ³¨, ¨³¥ÕÉ ¥Ð¥ ³¥´Ó-
ÏÊÕ ¤²¨´Ê ¶·µ¡¥£  [12]. 	Éµ µ§´ Î ¥É, ÎÉµ ¢¸Ö Ô´¥·£¨Ö µ¦¥-Ô²¥±É·µ´µ¢ ¶µ¸²¥
¤µ¸É¨¦¥´¨Ö É¥·³µ¤¨´ ³¨Î¥¸±µ£µ · ¢´µ¢¥¸¨Ö ¢ Ô²¥±É·µ´´µ° ¶µ¤¸¨¸É¥³¥ µ± -
¦¥É¸Ö ¸µ¸·¥¤µÉµÎ¥´´µ° ¢´ÊÉ·¨ · ¤¨Ê¸  ·µ¦¤¥´¨Ö ± ¢¨É Í¨µ´´µ£µ ¶Ê§Ò·Ó± 
r§ ≈ 30 ´³. ’ ±¨³ µ¡· §µ³, ¡Ò¸É·Ò¥ δ-Ô²¥±É·µ´Ò µ¡¥¸¶¥Î¨¢ ÕÉ ¸·¥¤´ÕÕ
¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨ ¢´ÊÉ·¨ ± ¢¨É Í¨µ´´µ£µ ¶Ê§Ò·Ó±  ´  Ê·µ¢´¥

300 Ô‚/
4π

3
r3

§ = 0,5 „¦/¸³3.

•µÉÖ ÔÉ  ¢¥²¨Î¨´  ¨ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ É¥¶²µÉÒ ¨¸¶ ·¥´¨Ö  Í¥Éµ´  ¶·¨
´µ·³ ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ, ∆H � 390 „¦/¸³3, ´¨± ±µ£µ ¶·µÉ¨¢µ·¥Î¨Ö ¸ ¶·¥¤-
¶µ²µ¦¥´¨¥³ µ Éµ³, ÎÉµ É ±µ¥ Ô´¥·£µ¢Ò¤¥²¥´¨¥ ³µ¦¥É ¶·¨¢¥¸É¨ ± µ¡· §µ¢ -
´¨Õ ± ¢¨É Í¨µ´´µ£µ ¶Ê§Ò·Ó±  §¤¥¸Ó ´¥É, É ± ± ±  Í¥Éµ´ ¢ ³µ³¥´É ·µ¦¤¥´¨Ö
¶Ê§Ò·Ó±  ´ Ìµ¤¨É¸Ö ¢ ³¥É ¸É ¡¨²Ó´µ³ ¸µ¸ÉµÖ´¨¨ (¢ ·¥§Ê²ÓÉ É¥ ¢µ§¤¥°¸É¢¨Ö
µÉ·¨Í É¥²Ó´µ£µ ¤ ¢²¥´¨Ö Pa ≈ 15 ¡ ·).
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ˆ¸¶µ²Ó§ÊÖ §´ Î¥´¨Ö ¶ · ³¥É·  a, ¶·¨¢¥¤¥´´Ò¥ ¢ É ¡². 1, ´ Ìµ¤¨³ ±µ²¨Î¥-
¸É¢µ ¡Ò¸É·ÒÌ Ô²¥±É·µ´µ¢ Nδ (¢ · ¸Î¥É¥ ´  1 ¸³ ¶·µ¡¥£  ¤¥°Éµ´ ) ¸ Ô´¥·£¨¥°
µÉ 0,3 ±Ô‚ ¤µ εmax, ±µÉµ·Ò¥ ¸¶µ¸µ¡´Ò ¨µ´¨§¨·µ¢ ÉÓ  Éµ³Ò ±¨¸²µ·µ¤  ¨ Ê£²¥-
·µ¤  ´  K-µ¡µ²µÎ±¥ ¸ µ¡· §µ¢ ´¨¥³ µ¦¥-Ô²¥±É·µ´µ¢,

Nδ = a

εmax∫
0,3 ±Ô‚

dε

(ε + I)2
= a

(
1

0,3 + I
− 1

εmax + I

)
.

‚¥²¨Î¨´  Nδ · r§, Ì · ±É¥·¨§ÊÕÐ Ö ¸·¥¤´¥¥ Î¨¸²µ ¡Ò¸É·ÒÌ Ô²¥±É·µ´µ¢, ¨¸-
¶ÊÐ¥´´ÒÌ ´  · ¸¸ÉµÖ´¨ÖÌ ¶µ·Ö¤±  · §³¥·  ± ¢¨É Í¨µ´´ÒÌ § ·µ¤ÒÏ¥°, ¶·¨-
¢¥¤¥´  ¢ Ï¥¸Éµ° ¸É·µ±¥ É ¡². 1. ‚¨¤´µ, ÎÉµ · ¸¸³ É·¨¢ ¥³Ò¥ ¸µ¡ÒÉ¨Ö ¶·µ-
¨¸Ìµ¤ÖÉ ¤µ¸É ÉµÎ´µ ·¥¤±µ Å ´  ³ ¸ÏÉ ¡ Ì ¶µ·Ö¤±  r§ ¢Ò¤¥²Ö¥É¸Ö ¢ ¸·¥¤´¥³
³¥´ÓÏ¥ µ¤´µ£µ ¡Ò¸É·µ£µ Ô²¥±É·µ´ . ’ ±¨³ µ¡· §µ³, ¢¥·µÖÉ´µ¸ÉÓ ¶¥·¥±·Ò-
É¨Ö µ¡² ¸É¥° Ô´¥·£µ¢Ò¤¥²¥´¨Ö µÉ ¸µ¸¥¤´¨Ì ¡Ò¸É·ÒÌ Ô²¥±É·µ´µ¢, ¢Ò¡¨ÉÒÌ
¤¢¨¦ÊÐ¨³¸Ö ¤¥°Éµ´µ³, ³ ²  ¨ Ê¢¥²¨Î¥´¨Ö · ¸¸Î¨É ´´µ£µ Ô´¥·£µ¢Ò¤¥²¥´¨Ö
(0,5 „¦/¸³3) §  ¸Î¥É ÔÉµ£µ ´¥ ¶·µ¨¸Ìµ¤¨É. “Î¨ÉÒ¢ Ö ³ ²µ¸ÉÓ ¸¥Î¥´¨° ¨µ-
´¨§ Í¨¨ K-µ¡µ²µÎ¥± Ô²¥±É·µ´ ³¨ ¸ Ô´¥·£¨¥° 0,3Ä5 ±Ô‚, ³µ¦´µ É ±¦¥ µ¦¨-
¤ ÉÓ, ÎÉµ ¨ ¶¥·¥±·ÒÉ¨Ö µ¡² ¸É¥° Ô´¥·£µ¢Ò¤¥²¥´¨Ö µÉ¤¥²Ó´ÒÌ µ¦¥-Ô²¥±É·µ´µ¢,
µ¡· §ÊÕÐ¨Ì¸Ö ¢¤µ²Ó É· ¥±Éµ·¨¨ ¡Ò¸É·µ£µ δ-Ô²¥±É·µ´ , É ±¦¥ ³ ²µ¢¥·µÖÉ´Ò.

�Í¥´¨³ É¥¶¥·Ó ¶²µÉ´µ¸ÉÓ Ô´¥·£¨¨, ¶¥·¥¤ ¢ ¥³µ° ¤¢¨¦ÊÐ¨³¸Ö ¤¥°Éµ´µ³
¡µ²¥¥ ³¥¤²¥´´Ò³ Ô²¥±É·µ´ ³, ´¥ ¶·¨¢µ¤ÖÐ¨³ ± µ¦¥-¶·µÍ¥¸¸ ³. �µ¸±µ²Ó±Ê
ÔÉ¨ Ô²¥±É·µ´Ò µ¡² ¤ ÕÉ ³ ²Ò³¨ ¶·µ¡¥£ ³¨ ¢ ¢¥Ð¥¸É¢¥, ÔÉ  Ô´¥·£¨Ö ¸µ¸·¥-
¤µÉµÎ¥´  ¢¡²¨§¨ µ¸¨ É·¥± . ‚ÒÎ¨É Ö ¨§ ¶µ²´ÒÌ Ê¤¥²Ó´ÒÌ ¶µÉ¥·Ó Ô´¥·£¨¨
(¢Éµ· Ö ¸É·µ±  É ¡². 1) Ô´¥·£¨Õ, Ê´¥¸¥´´ÊÕ ¡Ò¸É·Ò³¨ Ô²¥±É·µ´ ³¨, ±µÉµ· Ö
µÎ¥¢¨¤´µ · ¢´ 

εmax∫
0,3 ±Ô‚

ε
a

(ε + I)2
dε � a ln

εmax + I

0,3 + I
,

´ Ìµ¤¨³ Ê¤¥²Ó´Ò¥ ¶µÉ¥·¨ Ô´¥·£¨¨ (dE/dx)c, ±µÉµ·Ò¥ µÉ´µ¸ÖÉ¸Ö ± ³¥¤²¥´-
´Ò³ Ô²¥±É·µ´ ³. 	É¨ §´ Î¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ¢ ¸¥¤Ó³µ° ¸É·µ±¥ É ¡². 1. �²µÉ-
´µ¸ÉÓ Ô´¥·£µ¢Ò¤¥²¥´¨Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ´ Ìµ¤¨³, ¶·¥¤¶µ² £ Ö, ÎÉµ ¢¸Ö Ô´¥·£¨Ö
¢Ò¤¥²¨² ¸Ó ¢ Í¨²¨´¤·¥ · ¤¨Ê¸  r§, µ¸Ó ±µÉµ·µ£µ ¸µ¢¶ ¤ ¥É ¸ µ¸ÓÕ É·¥± .
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¢¥²¨Î¨´Ò ¶·¨¢¥¤¥´Ò ¢ ´¨¦´¥° ¸É·µ±¥ É ¡²¨ÍÒ. ‚¨¤´µ,
ÎÉµ ¤²Ö § ³¥¤²¨¢Ï¨Ì¸Ö ¤¥°Éµ´µ¢,   ¢¸¥ ¤¥°Éµ´Ò µÉ¤ Î¨ µ¸É ´ ¢²¨¢ ÕÉ¸Ö ´ 
· ¸¸ÉµÖ´¨ÖÌ, ´¥ ¶·¥¢ÒÏ ÕÐ¨Ì ¤¥¸ÖÉÒÌ ¤µ²¥° ³¨²²¨³¥É· , ¶²µÉ´µ¸ÉÓ Ô´¥·-
£µ¢Ò¤¥²¥´¨Ö ¢ Í¥´É·¥ É·¥±  ´  ¶µ·Ö¤µ± ¡µ²ÓÏ¥ Éµ£µ, ÎÉµ ³µ£ÊÉ µ¡¥¸¶¥Î¨ÉÓ
δ-Ô²¥±É·µ´Ò.

ˆ, ´ ±µ´¥Í, µÍ¥´¨³ Î¨¸²µ  Éµ³µ¢ µÉ¤ Î¨ ¤¥°Éµ´µ¢, Nd, µ¡· §ÊÕÐ¨Ì¸Ö
§  ¢·¥³Ö µ¤´µ£µ ¨³¶Ê²Ó¸  ´¥°É·µ´µ¢, ¸µ¢¶ ¤ ÕÐ¥£µ ¶µ ¢·¥³¥´¨ ¸ ³µ³¥´Éµ³
³ ±¸¨³ ²Ó´µ£µ · ¸ÉÖ¦¥´¨Ö ¦¨¤±µ¸É¨ ¢ Ë §¥ · §·¥¦¥´¨Ö §¢Ê±µ¢µ° ¢µ²´Ò. �·¨
ÔÉµ³ ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ Éµ²Ó±µ Í¥´É· ²Ó´ÊÕ Î ¸ÉÓ ·¥§µ´ Éµ· , £¤¥  ³¶²¨ÉÊ¤ 
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§¢Ê±µ¢µ£µ ¤ ¢²¥´¨Ö ³ ±¸¨³ ²Ó´  [1]. „²Ö µÍ¥´µ± ¶·¨³¥³ µ¡Ñ¥³ ÔÉµ° µ¡² ¸É¨
· ¢´Ò³ 1 ¸³3, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ê¸²µ¢¨Ö³ Ô±¸¶¥·¨³¥´É . “Î¨ÉÒ¢ Ö, ÎÉµ ¶·¨
Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£µ ´¥°É·µ´  En = 14 ŒÔ‚ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ ´¥°É·µ´-
¤¥°Éµ´´µ£µ · ¸¸¥Ö´¨Ö σel ≈ 0,62 · 10−24 ¸³2,   É ±¦¥ ÉµÉ Ë ±É, ÎÉµ ¢ ± ¦¤µ³
¨³¶Ê²Ó¸¥ ¢ Í¥´É· ²Ó´ÊÕ µ¡² ¸ÉÓ ·¥§µ´ Éµ·  ¶µ¶ ¤ ¥É ¶·¨¡²¨§¨É¥²Ó´µ 500
´¥°É·µ´µ¢ [1], ´ Ìµ¤¨³ Nd ≈ 6, ÎÉµ ¢¶µ²´¥ ¶·¨¥³²¥³µ.

3. �‹�’��‘’œ ��…�ƒ�‚›„…‹…�ˆŸ
‚ �Š�…‘’��‘’ˆ ’��…Š’��ˆˆ “ƒ‹…��„� �’„�—ˆ

� ¸¸³µÉ·¨³ É¥¶¥·Ó · ¸¸¥Ö´¨¥ ´¥°É·µ´µ¢ ´  Ö¤· Ì Ê£²¥·µ¤  ¨ ±¨¸²µ·µ¤ .
’ ± ± ± Ì · ±É¥·¨¸É¨±¨ Ê¶·Ê£µ£µ n-C- ¨ n-O-· ¸¸¥Ö´¨Ö ¤µ¸É ÉµÎ´µ ¡²¨§±¨
(´ ¶·¨³¥·, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸¥Î¥´¨Ö ¢ · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ô´¥·£¨° ¸µ-
¢¶ ¤ ÕÉ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ 10 %), ¶·¨ µÍ¥´±¥ ¶²µÉ´µ¸É¨ Ô´¥·£µ¢Ò¤¥²¥´¨Ö, ¤µ¸É -
ÉµÎ´µ° ¤²Ö ¸µ§¤ ´¨Ö ¶Ê§Ò·Ó±µ¢µ£µ § ·µ¤ÒÏ , µ£· ´¨Î¨³¸Ö Éµ²Ó±µ ÊÎ¥Éµ³ · ¸-
¸¥Ö´¨Ö ´  Ê£²¥·µ¤¥ Å £² ¢´µ° ÉÖ¦¥²µ° ¸µ¸É ¢²ÖÕÐ¥° ¢ ³µ²¥±Ê²¥ D- Í¥Éµ´ 
(‘3D6O).

‡ ¢¨¸¨³µ¸ÉÓ Éµ·³µ§´µ° ¸¶µ¸µ¡´µ¸É¨ ¨µ´µ¢ 12‘ ¢  Í¥Éµ´¥ ¶·¨ ³ ²ÒÌ
Ô´¥·£¨ÖÌ ¨³¥¥É ´¥³µ´µÉµ´´Ò° Ì · ±É¥· ¸ ³ ±¸¨³Ê³µ³ ¢ µ¡² ¸É¨
4,8Ä6,0 ŒÔ‚ [9]. �¡µ§´ Î¨³ ¸¨³¢µ²µ³ σ(TC′) ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ σ(n, n)-
¢§ ¨³µ¤¥°¸É¢¨Ö, ¢ ·¥§Ê²ÓÉ É¥ ±µÉµ·µ£µ Ô´¥·£¨Ö Ö¤·  Ê£²¥·µ¤  ¶µ¸²¥ · ¸¸¥Ö´¨Ö
µ± §Ò¢ ¥É¸Ö ´¥ ´¨¦¥ ¢¥²¨Î¨´Ò TC′ ¨  Éµ³ ·´ Ö ¶²µÉ´µ¸ÉÓ Ê£²¥·µ¤  ¢ ¦¨¤±µ³
 Í¥Éµ´¥ NC ≈ 2,5 · 1022. “¸²µ¢¨¥ ¢µ§´¨±´µ¢¥´¨Ö ± ¢¨É Í¨¨ ¢ ÔËË¥±É¨¢´µ³
µ¡Ñ¥³¥ §  ¢·¥³Ö ´¥°É·µ´´µ£µ ¨³¶Ê²Ó¸ , ¸µ¢¶ ¤ ÕÐ¥£µ ¶µ ¢·¥³¥´¨ ¸ ³µ³¥´-
Éµ³ ³ ±¸¨³ ²Ó´µ£µ · ¸ÉÖ¦¥´¨Ö ¦¨¤±µ¸É¨, ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥:

500σ(TC′)NC ≈ 1.

ˆ§ ÔÉµ£µ Ê¸²µ¢¨Ö ³µ¦´µ µ¶·¥¤¥²¨ÉÓ TC′ . ‡ ¢¨¸¨³µ¸ÉÓ σ(TC′), · ¸¸Î¨-
É ´´ Ö ¸ ÊÎ¥Éµ³ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨° Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö σ(n, n) [13], ¶·¨¢¥¤¥´  ¢ É ¡². 2.

’ ¡²¨Í  2

TC′ , ŒÔ‚ 3,94 3,58 3,38 3,18 2,98 2,78 2,58
σ, ³¡ 15,7 27,3 38,9 53,1 71,0 93,0 117,5

�¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ Ô´¥·£¨Ö Ê£²¥·µ¤  µÉ¤ Î¨, ´ °¤¥´´ Ö ¨§ Ê¸²µ¢¨Ö £ -
· ´É¨·µ¢ ´´µ£µ § ¶Ê¸±  ¶·µÍ¥¸¸  ± ¢¨É Í¨¨, ¸µ¸É ¢²Ö¥É ∼ 3 ŒÔ‚. ‚ ÔÉµ³
¸²ÊÎ ¥ Éµ·³µ§´ Ö ¸¶µ¸µ¡´µ¸ÉÓ Ö¤¥· Ê£²¥·µ¤  ¢ D- Í¥Éµ´¥, ¸ ÊÎ¥Éµ³ ¤ ´´ÒÌ · -
¡µÉÒ [9], · ¢´  (dE/dx)c = 7,24 ƒÔ‚/¸³. ‚ÒÎ¨É Ö ¨§ ÔÉµ£µ §´ Î¥´¨Ö Ô´¥·£¨Õ
¨µ´¨§ Í¨¨, ¶¥·¥¤ ´´ÊÕ ¢Ò¸µ±µÔ´¥·£¥É¨Î´Ò³ δ-Ô²¥±É·µ´ ³, · ¸¸Î¨É ´´ÊÕ ³¥-
Éµ¤µ³, µ¶¨¸ ´´Ò³ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¶µ²ÊÎ¨³ (dE/dx)c ≈ 6,35 ƒÔ‚/¸³.
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	Éµ ¤ ¥É ¸²¥¤ÊÕÐÊÕ µÍ¥´±Ê ¤²Ö ¶²µÉ´µ¸É¨ Ô´¥·£µ¢Ò¤¥²¥´¨Ö ¢ µ±·¥¸É´µ¸É¨
Ö¤·  Ê£²¥·µ¤ , ¤¢¨¦ÊÐ¥£µ¸Ö ¢ ¤¥°É¥·¨·µ¢ ´´µ³  Í¥Éµ´¥:

(
dE

dV

)
c

= 40−50 „¦/¸³3.

’ ±¨³ µ¡· §µ³, ¢ ·¥§Ê²ÓÉ É¥ ´ Ï¥£µ · ¸¸³µÉ·¥´¨Ö ¶µ²ÊÎ ¥É¸Ö, ÎÉµ ´ ¨¡µ-
²¥¥ ÔËË¥±É¨¢´µ µ¡· §µ¢ ´¨¥ § ·µ¤ÒÏ¥°, ¶µ¤ ¤¥°¸É¢¨¥³ ¡Ò¸É·ÒÌ ´¥°É·µ´µ¢,
¶·µ¨¸Ìµ¤¨É ¢ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö ´¥°É·µ´µ¢ Ö¤· ³¨ Ê£²¥·µ¤  ¨ ±¨¸²µ·µ¤ .

4. ��…�ƒ�‚›„…‹…�ˆ… ��„ ‚�‡„…‰‘’‚ˆ…Œ
�…�’ƒ…��‚‘Š�ƒ� ˆ‡‹“—…�ˆŸ

‘¶¥±É· Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö, ¨¸¶Ê¸± ¥³µ£µ ·¥´É£¥´µ¢¸±µ° É·Ê¡±µ°, Ìµ-
·µÏµ µ¶¨¸Ò¢ ¥É¸Ö Ëµ·³Ê²µ° ˜ ·ËË , ±µÉµ· Ö Ö¢²Ö¥É¸Ö ÊÉµÎ´¥´¨¥³ ·¥§Ê²Ó-
É Éµ¢ ƒ °É²¥·  ¢ ´ ¶· ¢²¥´¨¨ ÊÎ¥É  ÔËË¥±É  Ô±· ´¨·µ¢ ´¨Ö ±Ê²µ´µ¢¸±µ£µ
¶µ²Ö Ö¤·  µ±·Ê¦ ÕÐ¨³¨ ¥£µ Ô²¥±É·µ´ ³¨ (¸³., ´ ¶·¨³¥·, [14], ¸. 24Ä25). ‘µ-
£² ¸´µ ·¨¸. 1.1 ¨§ [14] ¤²Ö ·¥´É£¥´µ¢¸±µ° É·Ê¡±¨ ¸ ´ ¶·Ö¦¥´¨¥³ ´   ´µ¤¥
¤µ 50 ‚, ¸¶¥±É· Éµ·³µ§´ÒÌ ËµÉµ´µ¢ ¡Ê¤¥É ¢ µ¸´µ¢´µ³ ¸µ¸·¥¤µÉµÎ¥´ ¢ µ¡² -
¸É¨ Ô´¥·£¨° 10Ä40 ±Ô‚. 	É¨ ËµÉµ´Ò, ¶µ¶ ¤ Ö ¢ D- Í¥Éµ´, ¡Ê¤ÊÉ ¶µ·µ¦¤ ÉÓ
¢ ´¥³ ·Ö¤ ¶·µÍ¥¸¸µ¢, ¸·¥¤¨ ±µÉµ·ÒÌ ´ ¨¡µ²¥¥ ¢¥·µÖÉ´Ò° (¢ ¤ ´´µ³ Ô´¥·-
£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥) Å ËµÉµÔËË¥±É. �µ¸²¥¤ÊÕÐ¨° ¶·µÍ¥¸¸ ¤¨¸¸¨¶ Í¨¨
Ô´¥·£¨¨ ¡Ê¤¥É ¸µ¶·µ¢µ¦¤ ÉÓ¸Ö µ¦¥-· ¸¶ ¤µ³ ¢µ§¡Ê¦¤¥´´ÒÌ  Éµ³µ¢, ±µÉµ·Ò°
¡Ò² Ê¦¥ µ¶¨¸ ´ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¸ ¶²µÉ´µ¸ÉÓÕ Ô´¥·£µ¢Ò¤¥²¥´¨Ö ´ 
Ê·µ¢´¥ 0,5 „¦/¸³3.

� ¶·¨³¥·, ¨³¶Ê²Ó¸´Ò° ·¥´É£¥´µ¢¸±¨° ¨§²ÊÎ É¥²Ó �“’-4 ¶·¨ Ô´¥·£¨¨ ¢
Ô²¥±É·¨Î¥¸±µ³ ¨³¶Ê²Ó¸¥ 3 „¦ ¨ ±µÔËË¨Í¨¥´É¥ ¶·¥µ¡· §µ¢ ´¨Ö Ô´¥·£¨¨ ¢
·¥´É£¥´µ¢¸±µ¥ ¨§²ÊÎ¥´¨e ∼ 3 % µ¡¥¸¶¥Î¨¢ ¥É ∼ 1013 ·¥´É£¥´µ¢¸±¨Ì ±¢ ´Éµ¢
¸µ ¸·¥¤´¥° Ô´¥·£¨¥° 20 ±Ô‚ ¢ Ê£µ² 4π [15]. �·¨ · ¸¸ÉµÖ´¨¨ ¤µ §µ´Ò ± ¢¨-
É Í¨¨ 3 ¸³ Î¥·¥§ 1 ¸³2 ¶·µ°¤¥É ¶·¨¡²¨§¨É¥²Ó´µ 1/100 Î ¸ÉÓ ÔÉ¨Ì ±¢ ´Éµ¢.
�µ£²µÐ¥´¨¥ ¢  Í¥Éµ´¥ µ¸² ¡¨É ÔÉµ Î¨¸²µ ´¥ ¡µ²¥¥ Î¥³ ¢ 2 · § . ‚ ·¥§Ê²Ó-
É É¥ ¶µ²ÊÎ¨³ ¤²Ö Ë²Õe´¸  ËµÉµ´µ¢ µÍ¥´±Ê ϕ = 2 · 1010 ¸³−2. —¨¸²µ  ±Éµ¢
ËµÉµÔËË¥±É  ¢ µ¡Ñ¥³¥ ¶·¥¤¶µ² £ ¥³µ£µ § ·µ¤ÒÏ  · ¢´µ

p = ϕρσV§ = 10−6, (2)

£¤¥ ρ = 3 · 1022 ¸³−3 Å ¶²µÉ´µ¸ÉÓ Ö¤¥·, σ = 20 ¡. “¸²µ¢¨¥ § ¶Ê¸±  ¶·µÍ¥¸¸ 
± ¢¨É Í¨¨ ¸ ¶µ³µÐÓÕ n  ±Éµ¢ ËµÉµÔËË¥±É  ¢ µ¡Ñ¥³¥ V§ ¨³¥¥É ¢¨¤

PnN ≈ 1, (3)

£¤¥ Pn = exp (−p)pn/n! Å · ¸¶·¥¤¥²¥´¨¥ �Ê ¸¸µ´ ; N = 1016 Å Î¨¸²µ
¶µÉ¥´Í¨ ²Ó´µ ¢µ§³µ¦´ÒÌ ¶Ê§Ò·Ó±µ¢ÒÌ § ·µ¤ÒÏ¥°, ¸µ¤¥·¦ Ð¨Ì¸Ö ¢ µ¡Ñ¥³¥
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¡µ²ÓÏ¨Ì µÉ·¨Í É¥²Ó´ÒÌ ´ ¶·Ö¦¥´¨°. �¥É·Ê¤´µ ¢¨¤¥ÉÓ, ÎÉµ ¤¢ÊÌËµÉµ´´Ò¥
§ ¶Ê¸±¨ ·¥ ²¨§ÊÕÉ¸Ö ¸µ 100 %-° ¢¥·µÖÉ´µ¸ÉÓÕ, É ± ± ± ¨Ì Î¨¸²µ ¢ µ¡Ñ¥³¥
³ ±¸¨³ ²Ó´ÒÌ µÉ·¨Í É¥²Ó´ÒÌ ´ ¶·Ö¦¥´¨° ¶µ·Ö¤±  5000. „¢Ê±· É´Ò¥  ±ÉÒ
ËµÉµÔËË¥±É  ¶µ¢ÒÏ ÕÉ Ô´¥·£µ¢Ò¤¥²¥´¨¥ ¢ µ¡Ñ¥³¥ ¶Ê§Ò·Ó±µ¢µ£µ § ·µ¤ÒÏ 
§  ¢·¥³Ö ·¥´É£¥´µ¢¸±µ° ¢¸¶ÒÏ±¨ ¢ ¤¢  · §  ¨ ¶·¨¢µ¤ÖÉ ± ¢¥²¨Î¨´¥ 1 „¦/¸³3.
‚ Éµ ¦¥ ¢·¥³Ö É·¥ÌËµÉµ´´Ò¥ § ¶Ê¸±¨ ±· °´¥ ³ ²µ¢¥·µÖÉ´Ò Å ´  Ê·µ¢´¥
P3 = 2 · 10−3.

’ ±¨³ µ¡· §µ³, Ô´¥·£µ¢Ò¤¥²¥´¨¥ ¢  ±É¥ ËµÉµÔËË¥±É  ¢ 40Ä50 · § ´¨¦¥,
Î¥³ ¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¢¥²¨Î¨´  ¢ µ±·¥¸É´µ¸É¨ É· ¥±Éµ·¨¨ Ö¤·  µÉ¤ Î¨ Ê£²¥-
·µ¤ .

5. ��‘“†„…�ˆ…

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥ ¸ÊÐ¥¸É¢Ê¥É µ¡Ð¥¶·¨´ÖÉµ° É¥µ·¨¨ µ¡· §µ¢ ´¨Ö § -
·µ¤ÒÏ¥° ± ¢¨É Í¨µ´´ÒÌ ¶Ê§Ò·Ó±µ¢. ‚ ¸¢µ¨Ì · ¸¸Ê¦¤¥´¨ÖÌ ³Ò ¶·¥¤¶µ² -
£ ²¨, ÎÉµ ¨¸Ìµ¤´Ò³ Ë ±Éµ·µ³, § ¶Ê¸± ÕÐ¨³ ÔÉµÉ ¶·µÍ¥¸¸, Ö¢²Ö¥É¸Ö ¢Ò¤¥-
²¥´¨¥ Ô´¥·£¨¨ ¶·¨ ¶·µÌµ¦¤¥´¨¨ ¨µ´¨§¨·ÊÕÐ¥° Î ¸É¨ÍÒ ¢ ¸·¥¤¥ ¨ · §µ£·¥¢
¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ ³¨±·µµ¡Ñ¥³  ¢¥Ð¥¸É¢  ¢ÒÏ¥ ´¥±µÉµ·µ£µ ¶µ·µ£µ¢µ£µ §´ -
Î¥´¨Ö. 	Éµ µ¤´  ¨§ ¢µ§³µ¦´ÒÌ ÉµÎ¥± §·¥´¨Ö ´  ÔÉÊ ¶·µ¡²¥³Ê [7], ¨, ´  ´ Ï
¢§£²Ö¤, ´ ¨¡µ²¥¥  ¤¥±¢ É´ Ö.

�Î¥¢¨¤´µ, ÎÉµ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ³Ò ´¥ ¢µ¸-
¶·µ¨§¢µ¤¨³ É ±ÊÕ ¦¥ Ô´¥·£¨Õ ¢ µ¡Ñ¥³¥ ¶Ê§Ò·Ó±µ¢µ£µ § ·µ¤ÒÏ , ±µÉµ· Ö
¤µ¸É¨£ ¥É¸Ö ¢ µ±·¥¸É´µ¸É¨ É· ¥±Éµ·¨¨ Ê£²¥·µ¤  µÉ¤ Î¨. �¤´ ±µ ± ¶µ·µ£µ¢µ°
Ô´¥·£¨¨ ³µ¦´µ ¶·¨¡²¨§¨ÉÓ¸Ö, Ê¢¥²¨Î¨¢ Ö  ³¶²¨ÉÊ¤Ê §¢Ê±µ¢µ£µ ¤ ¢²¥´¨Ö ¢ ·¥-
§µ´ Éµ·¥ ¢ κ ∼ 7Ä10 · §. �·¨ ÔÉµ³ · ¤¨Ê¸ ¶Ê§Ò·Ó±µ¢µ£µ § ·µ¤ÒÏ  É ±¦¥
Ê³¥´ÓÏ¨É¸Ö ¢ κ · § ¸µ£² ¸´µ Ê· ¢´¥´¨Õ · ¢´µ¢¥¸¨Ö (1), Ê± § ´´µ³Ê ¢µ ¢¢¥¤¥-
´¨¨. ‘µµÉ¢¥É¸É¢¥´´µ, Ô´¥·£¨Ö, ¶·¨Ìµ¤ÖÐ Ö¸Ö ´  µ¡Ñ¥³ ¶¥·¢¨Î´µ£µ ¶Ê§Ò·Ó± ,
¢µ§· ¸É¥É ¢ κ2 ∼ 50Ä100 · §, ¨ ¡Ê¤ÊÉ ¸µ§¤ ´Ò ¤ ¦¥ ¡µ²¥¥ ¡² £µ¶·¨ÖÉ´Ò¥ Ê¸²µ-
¢¨Ö ¤²Ö µ¸ÊÐ¥¸É¢²¥´¨Ö É¥·³µÖ¤¥·´µ£µ ¸¨´É¥§ , ¶µ¸±µ²Ó±Ê ¢µ§·µ¸Ï¨¥ ¸É ·Éµ-
¢Ò¥ µÉ·¨Í É¥²Ó´Ò¥ ¤ ¢²¥´¨Ö ¶·¨¢¥¤ÊÉ ± ¡µ²ÓÏ¥³Ê · ¸Ï¨·¥´¨Õ ¶Ê§Ò·Ó±  ¨
¡µ²¥¥ ¨´É¥´¸¨¢´µ³Ê ¶µ¸²¥¤ÊÕÐ¥³Ê ¸Ì²µ¶Ò¢ ´¨Õ.

�µ²ÊÎ¥´´ Ö ¢ÒÏ¥ µÍ¥´± , µ¸´µ¢ ´´ Ö ´  ¶·¨³¥´¥´¨¨ ¸É ´¤ ·É´ÒÌ ¨³-
¶Ê²Ó¸´ÒÌ ·¥´É£¥´µ¢¸±¨Ì É·Ê¡µ±, ³µ¦¥É ¡ÒÉÓ ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ¥´  ¶·¨ ¨¸-
¶µ²Ó§µ¢ ´¨¨ ¸µ¢·¥³¥´´ÒÌ ¨³¶Ê²Ó¸´ÒÌ ¨¸ÉµÎ´¨±µ¢ (¸³., ´ ¶·¨³¥·, [16]). ‚
É ±µ³ ¨¸ÉµÎ´¨±¥ ¶µ²ÊÎ¥´Ò ¶ÊÎ±¨ ¸ Éµ±µ³ ¤µ 40 ±�, ¤²¨É¥²Ó´µ¸ÉÓÕ ¤µ 5 ³±¸,
¶·¨ Ê¸±µ·ÖÕÐ¥³ ´ ¶·Ö¦¥´¨¨ ¤µ 40 ±‚. �·¨ Š�„ ¶·¥µ¡· §µ¢ ´¨Ö Ô´¥·£¨¨
Ô²¥±É·¨Î¥¸±µ£µ ¨³¶Ê²Ó¸  ¢ Ô´¥·£¨Õ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥´¨Ö ∼ 1 % Ô´¥·£¨Ö
	Œ-¨§²ÊÎ¥´¨Ö ¢ ¨³¶Ê²Ó¸¥ ¸µ¸É ¢²Ö¥É 80 „¦, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É 2,5 · 1016 Ëµ-
Éµ´µ¢ ¸µ ¸·¥¤´¥° Ô´¥·£¨¥° 20 ±Ô‚, ÎÉµ ¢ 2,5 · 103 ¡µ²ÓÏ¥, Î¥³ ¶·¥¤Ò¤ÊÐ Ö
µÍ¥´± , ´  µ¸´µ¢¥ Ëµ·³Ê²Ò (2). “¸²µ¢¨¥ § ¶Ê¸±  (3) ¶·¨¢µ¤¨É ¢ ÔÉµ³ ¸²ÊÎ ¥
¶·¨³¥·´µ ± ¢µ¸Ó³¨ ¶ÖÉ¨ËµÉµ´´Ò³ § ¶Ê¸± ³ ¢ ÔËË¥±É¨¢´µ³ µ¡Ñ¥³¥ µÉ·¨Í -
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É¥²Ó´µ£µ ¤ ¢²¥´¨Ö. �ÖÉ¨±· É´Ò¥  ±ÉÒ ËµÉµÔËË¥±É , ¸µµÉ¢¥É¸É¢¥´´µ, Ê¢¥²¨-
Î É ³£´µ¢¥´´µ¥ Ô´¥·£µ¢Ò¤¥²¥´¨¥ ¢ µ¡Ñ¥³¥ ¶Ê§Ò·Ó±µ¢µ£µ § ·µ¤ÒÏ  ¢ ¶ÖÉÓ · §
¨ ¶·¨¢¥¤ÊÉ ± ¢¥²¨Î¨´¥ 2,5 „¦/¸³3. ‘µµÉ¢¥É¸É¢ÊÕÐ¥¥ ´¥µ¡Ìµ¤¨³µ¥ µÉ·¨Í -
É¥²Ó´µ¥ ¤ ¢²¥´¨¥ ¸µ¸É ¢¨É ¢ ¤ ´´µ³ ¸²ÊÎ ¥ 60 ¡ · ¢³¥¸Éµ ¨¸¶µ²Ó§µ¢ ¢Ï¥£µ¸Ö
¢ Ô±¸¶¥·¨³¥´É¥ [1] 15 ¡ ·.

� ¸ÉµÖÐ Ö · ¡µÉ  ¶µ¤¤¥·¦ ´  Œ¥¦¤Ê´ ·µ¤´Ò³ ´ ÊÎ´µ-É¥Ì´¨Î¥¸±¨³ Í¥´-
É·µ³ (¶·µ¥±É º 1471) ¨ �µ¸¸¨°¸±¨³ Ëµ´¤µ³ ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨°
(¶·µ¥±ÉÒ º 02-01-00606 ¨ º 02-02-16397).
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