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fl‚ÎflÂÚÒfl ÔflÏ‡fl ÓˆÂÌÍ‡ „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËı ÔÓÍ‡Á‡-
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ÒÂÚË ÔÓÎË„ÓÌ‡ Á‡ıÓÓÌÂÌËfl êÄé ‚ 2003–2005 „„.
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éÚ·Ó ÔÓ· ‚Ó‰˚ ÓÒÛ˘ÂÒÚ‚ÎflÎÒfl ËÁ ÒÍ‚‡ÊËÌ,
Ó·ÓÛ‰Ó‚‡ÌÌ˚ı ÙËÎ¸Ú‡ÏË Ì‡ ÔflÚ¸ ÓÒÌÓ‚Ì˚ı ‚Ó‰Ó-
ÌÓÒÌ˚ı „ÓËÁÓÌÚÓ‚ [6], Ó‰Ì‡ ÔÓ·‡ ·˚Î‡ ÓÚÓ·‡Ì‡
ËÁ ÒÍ‚‡ÊËÌ˚, ÍÓÚÓ‡fl ‚ÒÍ˚Î‡ ÔÓÓ‰˚ Ô‡ÎÂÓÁÓÈ-
ÒÍÓ„Ó ÙÛÌ‰‡ÏÂÌÚ‡.
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‰‡ÌÒÍËı ËÒÒÎÂ‰Ó‚‡ÌËÈ Ë ‡Á‚ËÚËfl („‡ÌÚ 

 

RUG

 

2-2821-

 

MO

 

-06).

 

Ç ÔÓ·‡ı Ó·˙ÂÏÌ˚Ï ÏÂÚÓ‰ÓÏ ÓÔÂ‰ÂÎflÎ‡Ò¸ ÍÓÌ-
ˆÂÌÚ‡ˆËfl 

 

40

 

Ar

 

, ‡ Ï‡ÒÒ-ÒÔÂÍÚÓÏÂÚË˜ÂÒÍËÏ ÏÂÚÓ-
‰ÓÏ – ËÁÓÚÓÔÌ˚Â ÒÓÓÚÌÓ¯ÂÌËfl 

 

40

 

Ar

 

/

 

36

 

Ar

 

, 

 

20

 

Ne

 

/

 

4

 

He

 

 Ë

 

3

 

He

 

/

 

4

 

He

 

. àÁÓÚÓÔÌÓÂ ÓÚÌÓ¯ÂÌËÂ 

 

40

 

Ar

 

/

 

36

 

Ar

 

 ËÒÔÓÎ¸ÁÓ-
‚‡ÎÓÒ¸ ‰Îfl ÍÓÌÚÓÎfl ÔÓËÒıÓÊ‰ÂÌËfl ‡„ÓÌ‡. àÁÏÂ-
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 ‰‡ÂÚÒfl ÍÓÎË˜ÂÒÚ‚ÂÌÌ‡fl ËÌÚÂÔÂÚ‡ˆËfl ‰‡ÌÌ˚ı Û‡Ì-„ÂÎËÂ‚Ó„Ó ÏÂÚÓ‰‡ ‰‡ÚËÓ‚‡ÌËfl ÔÓ‰ÁÂÏ-
Ì˚ı ‚Ó‰ Ì‡ ÔÓÎË„ÓÌÂ Á‡ıÓÓÌÂÌËfl ‡‰ËÓ‡ÍÚË‚Ì˚ı ÓÚıÓ‰Ó‚ ëË·ËÒÍÓ„Ó ıËÏË˜ÂÒÍÓ„Ó ÍÓÏ·ËÌ‡Ú‡. Ç ÓÒ-
ÌÓ‚Û ËÌÚÂÔÂÚ‡ˆËË ÔÓÎÓÊÂÌ˚ ‡Ì‡ÎËÚË˜ÂÒÍËÂ ÏÓ‰ÂÎË, ‚ ÍÓÚÓ˚ı Û˜ËÚ˚‚‡ÂÚÒfl ÔÓ‰ÚÓÍ „ÎÛ·ËÌÌÓ„Ó „Â-
ÎËfl, ‡ Ú‡ÍÊÂ ‰ËÙÙÛÁËÓÌÌÓ-ÍÓÌ‚ÂÍÚË‚Ì˚È ÏÂÊÒÎÓÂ‚ÓÈ Ó·ÏÂÌ. ê‡Ò˜ÂÚÌ˚Â ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚË ÙËÎ¸Ú‡-
ˆËË ‚ ÔÎ‡ÒÚ‡ı-ÍÓÎÎÂÍÚÓ‡ı Ë ·ÛÙÂÌ˚ı „ÓËÁÓÌÚ‡ı ‚ ˆÂÎÓÏ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ‡ÌÂÂ ‚˚ÔÓÎÌÂÌÌ˚ÏË
„Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÏË ÓˆÂÌÍ‡ÏË. ç‡ ÓÒÌÓ‚Â ÔÓÎÛ˜ÂÌÌ˚ı ÁÌ‡˜ÂÌËÈ ÒÍÓÓÒÚÂÈ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡ÒÒÓ-
ÔÂÂÌÓÒ‡ ‚˚ÔÓÎÌÂÌ‡ ÓˆÂÌÍ‡ ‚ÓÁ‡ÒÚ‡ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ‚ ÚÓ˜Í‡ı ÓÚ·Ó‡ ÔÓ·. Ç ÌËÊÌËı (

 

II

 

 Ë 

 

III

 

) „ÓË-
ÁÓÌÚ‡ı, ÍÛ‰‡ ÔÓËÒıÓ‰ËÚ Ì‡„ÌÂÚ‡ÌËÂ ‡‰ËÓ‡ÍÚË‚Ì˚ı ÓÚıÓ‰Ó‚, ‚ÓÁ‡ÒÚ ‚Ó‰˚ ‚‡¸ËÛÂÚ ÓÚ 7 ‰Ó 14 (ÒÂ‰-
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 (Á‰ÂÒ¸ Ë ‚ Ú‡·Î. 4, 5 ‚ ÒÍÓ·Í‡ı – ÍÓÎË˜ÂÒÚ‚Ó ÓÔÂ-
‰ÂÎÂÌËÈ; Á‰ÂÒ¸ Ë ‚ Ú‡·Î. 5 ÔÓ˜ÂÍ – ÓÚÒÛÚÒÚ‚ËÂ ‰‡ÌÌ˚ı)

ÉÓËÁÓÌÚ
ëÍ‚‡ÊËÌ˚ Â„ËÓÌ‡Î¸ÌÓ„Ó 

ÍÓÌÚÓÎfl ‚ÌÂ ÓÂÓÎ‡ 
‡ÒÚÂÍ‡ÌËfl êÄé

èÎÓ˘‡‰Í‡ 18

I

 

+

 

2.0 (3) –

II

 

+

 

1.4 (8)

 

+

 

16.8 (6)

III –0.2 (8)

 

+

 

12.4 (4)

IV

 

+

 

2.6 (8)

 

+

 

0.9 (1)

V

 

+

 

4.2 (7)

 

+

 

0.1 (1)



 

364

 

ÇéÑçõÖ êÖëìêëõ      ÚÓÏ 36      ‹ 3      2009

 

íÓÍ‡Â‚ 

 

Ë ‰

 

.

 

‡Ò˜ÂÚ‡ ÍÓÌˆÂÌÚ‡ˆËË ‡‰ËÓ„ÂÌÌÓ„Ó ËÁÓÚÓÔ‡
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, Ì‡ÍÓÔÎÂÌÌÓ„Ó Á‡ Ò˜ÂÚ ÔÓ‰ÛˆËÓ‚‡ÌËfl Û‡-
ÌÓÏ Ë ÚÓËÂÏ ‚ ‚Ó‰Ó‚ÏÂ˘‡˛˘Ëı ÔÓÓ‰‡ı Ë ÔÓÒÎÂ‰Û-
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Ì˚ (‚ÒÂ„Ó 36), Ì‡ıÓ‰fl˘ËÂÒfl Á‡ ÔÂ‰ÂÎ‡ÏË ÁÓÌ˚, Á‡-
ÌflÚÓÈ êÄé, ˜ÚÓ ÍÓÌÚÓÎËÓ‚‡ÎÓÒ¸ ÔÓ ÓÚÒÛÚÒÚ‚Ë˛ ‚
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‰ËÓ‡ÍÚË‚Ì˚ı ‡ÒÚ‚ÓÓ‚).
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„ÓËÁÓÌÚÂ ÁÌ‡˜ÂÌËfl [4He]Ò Â˘Â ÏÂÌ¸¯Â – 6.81 ×
× 10–8 ÌÒÏ3/Ò  í‡ÍËÏ Ó·‡ÁÓÏ, ËÏÂÂÚ ÏÂÒÚÓ ̋ ÍÒ-

ÔÓÌÂÌˆË‡Î¸ÌÓÂ Á‡ÚÛı‡ÌËÂ ÒÓ‰ÂÊ‡ÌËÈ 4He ÔÓ ÏÂÂ
ÔË·ÎËÊÂÌËfl Í ÔÓ‚ÂıÌÓÒÚË áÂÏÎË Ë Û‰‡ÎÂÌËfl ÓÚ
ÙÛÌ‰‡ÏÂÌÚ‡. 

åÓ‰ÂÎ¸Ì˚Â ÔÓÒÚÓÂÌËfl ÔÂ‰ÔÓÎ‡„‡˛Ú ÓÔÂ‰Â-
ÎÂÌËÂ ÒÍÓÓÒÚË ÔÓ‰ÛˆËÓ‚‡ÌËfl Pi ‡‰ËÓ„ÂÌÌÓ„Ó
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ÓˆÂÌÍË ·‡ÁËÓ‚‡ÎËÒ¸ Ì‡ ‰‡ÌÌ˚ı ËÁÛ˜ÂÌËfl ÒÓ‰ÂÊ‡-
ÌËÈ U Ë Th ‚ 45 ÔÓ·‡ı ÔÓÓ‰, ÓÚÓ·‡ÌÌ˚ı ËÁ ÓÔÓ-
ÌÓÈ ÒÍ‚‡ÊËÌ˚, ‡ Ú‡ÍÊÂ Ëı ÍÓÂÎflˆËË Ò ‰‡ÌÌ˚ÏË
Ï‡ÒÒÓ‚Ó„Ó „‡ÏÏ‡-Í‡ÓÚ‡Ê‡ ÒÍ‚‡ÊËÌ [15]. ÄÌ‡ÎËÁ
‡ÒÔÂ‰ÂÎÂÌËfl ÍÓÌˆÂÌÚ‡ˆËÈ U Ë Th ‚ ÔÓÓ‰Â ÔÓÍ‡-
Á˚‚‡ÂÚ, ˜ÚÓ ÌÂÒÍÓÎ¸ÍÓ ÔÓ‚˚¯ÂÌÌÓÈ ÔËÓ‰ÌÓÈ ‡-

ÏH2O
3 .

ÏH2O
3 ,

ÏH2O
3 .

ÏH2O
3 .

í‡·ÎËˆ‡ 2.  êÂÁÛÎ¸Ú‡Ú˚ ÓÔÂ‰ÂÎÂÌËfl ÍÓÌˆÂÌÚ‡ˆËÈ ‡‰ËÓ„ÂÌÌÓ„Ó [4He] ‚ ‚Ó‰ÓÌÓÒÌ˚ı „ÓËÁÓÌÚ‡ı, ÌÒÏ3/Ò

ÉÓËÁÓÌÚ åÂÒÚÓ ÓÚ·Ó‡ [4He] [4He ÉÓËÁÓÌÚ åÂÒÚÓ ÓÚ·Ó‡ [4He] [4He]Ò

F** ë-115*** 1.37 × 10–5 1.37 × 10–5 III ä-13 2.10 × 10–6

I É-27 5.52 × 10–6 4.78 × 10–6 III ä-10 5.97 × 10–6

I ä-5**** 5.15 × 10–6 IV ä-2 2.28 × 10–7 3.92 × 10–7

I ä-9 5.46 × 10–6 IV ä-1 9.52 × 10–8

I ä-3 3.00 × 10–6 IV ä-10 6.69 × 10–7

II ä-1 4.82 × 10–6 5.28 × 10–6 IV ä-7 3.29 × 10–7

II ä-7 1.76 × 10–6 IV ä-12 9.02 × 10–7

II ë-16 6.34 × 10–6 IV ä-13 6.51 × 10–7

II ä-2 4.30 × 10–6 IV ä-6 1.15 × 10–7

II ä-5 4.12 × 10–6 IV ä-5 1.46 × 10–7

II ä-12 7.82 × 10–6 V Ö-26 1.17 × 10–7 6.81 × 10–8

II ä-13 5.33 × 10–6 V í-6 5.04 × 10–8

II ä-10 7.82 × 10–6 V ä-9 5.54 × 10–8

III ä-1 1.76 × 10–6 3.34 × 10–6 V ä-2 4.69 × 10–8

III ä-2 1.63 × 10–6 V ä-1 3.03 × 10–8

III ä-5 4.04 × 10–6 V ä-6 9.18 × 10–8

III ä-6 4.82 × 10–6 V ä-5 5.28 × 10–8

III ä-12 3.10 × 10–6 V ä-10 1.00 × 10–7

* – ÒÂ‰ÌÂÂ ÁÌ‡˜ÂÌËÂ;
** – ÙÛÌ‰‡ÏÂÌÚ;

*** – ÌÓÏÂ Ó‰ËÌÓ˜ÌÓÈ ÒÍ‚‡ÊËÌ˚ [6];
**** – ËÌ‰ÂÍÒ “ä” ÓÁÌ‡˜‡ÂÚ, ˜ÚÓ ÚÓ˜Í‡ ÓÚÌÓÒËÚÒfl Í ÍÛÒÚÛ flÛÒÌ˚ı ÒÍ‚‡ÊËÌ, ËÏÂ˛˘Ëı ÔÓfl‰ÍÓ‚˚Â ÌÓÏÂ‡ ÓÚ 1 ‰Ó 13 [6].

ÏH2O
3

]Ò*
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‰ËÓ‡ÍÚË‚ÌÓÒÚ¸˛ Ó·Î‡‰‡˛Ú ÔÓÓ‰˚, ÒÎ‡„‡˛˘ËÂ
‚ÂıÌ˛˛ ̃ ‡ÒÚ¸ ‡ÁÂÁ‡ (Ú‡·Î. 3), ̃ ÚÓ Û˜ËÚ˚‚‡ÎÓÒ¸ ‚
‡Ò˜ÂÚ‡ı ÚÂÏÔÓ‚ ‚Ó‰ÓÓ·ÏÂÌ‡. ì˜ËÚ˚‚‡fl, ˜ÚÓ ‚‡Ë‡-
ˆËË ÍÓÌˆÂÌÚ‡ˆËÈ Ó‰ËÚÂÎ¸ÒÍËı ËÁÓÚÓÔÓ‚ ‚ „ÂÓÎÓ-
„Ë˜ÂÒÍÓÏ ‡ÁÂÁÂ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÌÂ‚ÂÎËÍË Ë ‚ÂÏfl
ÍÓÌÚ‡ÍÚ‡ ‚Ó‰˚ Ò ‚ÏÂ˘‡˛˘ËÏË ÔÓÓ‰‡ÏË ÌÂ ÔÂ‚˚-
¯‡ÂÚ 15 Ú˚Ò. ÎÂÚ (ÒÏ. ÌËÊÂ), ÏÓÊÌÓ Á‡‡ÌÂÂ ÔÂ‰ÔÓ-
ÎÓÊËÚ¸, ˜ÚÓ ˝Ú‡ ‡ÁÌËˆ‡ ÌÂ ‰ÓÎÊÌ‡ ÒÍ‡Á˚‚‡Ú¸Òfl Ì‡
ËÁÏÂflÂÏ˚ı ÒÓ‰ÂÊ‡ÌËflı „ÂÎËfl Ë Ì‡ ÂÁÛÎ¸Ú‡Ú‡ı
‡Ò˜ÂÚÓ‚.

íÖéêÖíàóÖëäàÖ éëçéÇõ åÖíéÑÄ

Ç ıÓ‰Â ‰‡ÌÌÓ„Ó ËÒÒÎÂ‰Ó‚‡ÌËfl ·˚Î‡ ‡Á‡·ÓÚ‡Ì‡
ÓË„ËÌ‡Î¸Ì‡fl ÏÂÚÓ‰ËÍ‡ ‡Ò˜ÂÚ‡ ·‡Î‡ÌÒ‡ „ÂÎËfl ‚
ÏÌÓ„ÓÔÎ‡ÒÚÓ‚ÓÈ ÒËÒÚÂÏÂ Ò Û˜ÂÚÓÏ ‚˚ÌÛÊ‰ÂÌÌÓ„Ó
ÍÓÌ‚ÂÍÚË‚ÌÓ„Ó Ë ÒÓ·ÒÚ‚ÂÌÌÓ„Ó ‰ËÙÙÛÁËÓÌÌÓ„Ó
Ú‡ÌÒÔÓÚ‡ „ÂÎËfl, ‡ÒÒÏÓÚÂÌËÂ ÍÓÚÓÓÈ Ì‡˜ÌÂÏ Ò
ÏÓ‰ÂÎË Ó‰ÌÓÔÎ‡ÒÚÓ‚ÓÈ ÒËÒÚÂÏ˚.

àÁÓÎËÓ‚‡ÌÌ˚È ÔÎ‡ÒÚ
èÛÒÚ¸ Ó‰ËÚÂÎ¸ÒÍËÏË fl‚Îfl˛ÚÒfl ‡‰ËÓÌÛÍÎË‰˚

ËÁÓÚÓÔÌ˚ı fl‰Ó‚ 238U, 235U, 232Th [9], ÔÓÎÌ˚È α-‡Ò-
Ô‡‰ Í‡Ê‰Ó„Ó ËÁ ‡ÚÓÏÓ‚ ÍÓÚÓ˚ı ÔË‚Ó‰ËÚ Í ˝ÏËÒ-
ÒËË ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ k1 = 8, k2 = 7, k3 = 6 ‡ÚÓÏÓ‚ ÒÚ‡-
·ËÎ¸ÌÓ„Ó (λ2 = 0) ËÁÓÚÓÔ‡ „ÂÎËfl 4He. íÓ„‰‡ Â¯ÂÌËÂ
ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÈ Í‡Â‚ÓÈ Á‡‰‡˜Ë ÓÚÌÓÒËÚÂÎ¸ÌÓ
ÍÓÌˆÂÌÚ‡ˆËË 4He (C2) ËÏÂÂÚ ‚Ë‰ (ÔÓ‰Ó·ÌÂÂ ‚
èËÎÓÊÂÌËË 1)

(2)

(3)

Á‰ÂÒ¸    – ËÒıÓ‰Ì˚Â ÒÓ‰ÂÊ‡ÌËfl 238U, 235U,
232Th ‚ ÔÓÓ‰Â [L–3] (‡Ú/Â‰. Ó·˙ÂÏ‡);  – ÍÓÌÒÚ‡ÌÚ˚
‡ÒÔ‡‰‡ [T–1]; t0 – ‚ÂÏfl ‰‚ËÊÂÌËfl ÙÓÌÚ‡ ÓÚ ‚ıÓ‰-
ÌÓÈ (ÔËÚ‡˛˘ÂÈ) „‡ÌËˆ˚ ÔÎ‡ÒÚ‡, „‰Â ÔÓËÒıÓ‰ËÚ
ÔÓÒÚÛÔÎÂÌËÂ ‚ ÌÂ„Ó ‡ÚÏÓÒÙÂÌ˚ı ‚Ó‰, ‰Ó ‡Ò˜ÂÚÌÓÈ
ÚÓ˜ÍË [T]. Ç Ó‰ÌÓÏÂÌÓÏ ‚‡Ë‡ÌÚÂ t0 = xn/v, „‰Â x –
ÎËÌÂÈÌ‡fl ÔÓÒÚ‡ÌÒÚ‚ÂÌÌ‡fl ÍÓÓ‰ËÌ‡Ú‡ [L], v– ÒÍÓ-
ÓÒÚ¸ ÙËÎ¸Ú‡ˆËË [LT–1], n – ÔÓËÒÚÓÒÚ¸ [L3L–3]). 

åÂÚÓ‰ Û‡Ì-„ÂÎËÂ‚Ó„Ó ‰‡ÚËÓ‚‡ÌËfl ËÒÔÓÎ¸ÁÛÂÚÒfl
‰Îfl ËÁÛ˜ÂÌËfl ‚Ó‰ÓÓ·ÏÂÌ‡ ‚ „ÎÛ·ÓÍËı ‚Ó‰ÓÌÓÒÌ˚ı ÒË-
ÒÚÂÏ‡ı, ÔÓ‰ÓÎÊËÚÂÎ¸ÌÓÒÚ¸ ÒÛ˘ÂÒÚ‚Ó‚‡ÌËfl ÍÓÚÓ-
˚ı ËÁÏÂflÂÚÒfl „ÂÓÎÓ„Ë˜ÂÒÍËÏË ÓÚÂÁÍ‡ÏË ‚ÂÏÂ-
ÌË, ‚ ÚÂ˜ÂÌËÂ ÍÓÚÓ˚ı ‚ÎËflÌËÂ ÔËÚ‡˛˘Ëı „‡ÌËˆ
ÔÓfl‚ÎflÂÚÒfl ‚ ÔÓÎÌÓÈ ÏÂÂ, ÚÓ ÂÒÚ¸ ÔÂ‰ÔÓÒ˚ÎÍ‡
t ≥ t0 Ô‡ÍÚË˜ÂÒÍË ‚ÒÂ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl. ÇÂÏfl t0 ‚
˝ÚÓÏ ÒÎÛ˜‡Â ‡ÒÒÓˆËËÛÂÚÒfl Ò “‚ÓÁ‡ÒÚÓÏ ÔÓ‰ÁÂÏÌÓÈ
‚Ó‰˚” – ÔÂËÓ‰ÓÏ ‚ÂÏÂÌË, ÓÚ‰ÂÎfl˛˘ËÏ ‚ÂÏfl ÓÚ-
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·Ó‡ ÔÓ·˚ ‚ ÚÓ˜ÍÂ 

 

x

 

 ÓÚ ÏÓÏÂÌÚ‡ ÔÓÒÚÛÔÎÂÌËfl ‡ÚÏÓ-
ÒÙÂÌ˚ı ‚Ó‰ ‚ ÔÓ‰ÁÂÏÌ˚È „ÓËÁÓÌÚ ‚ ÚÓ˜ÍÂ 

 

x

 

 = 0
(Ó‰ÌÓÏÂÌ‡fl ÔÓÒÚ‡ÌÓ‚Í‡ Á‡‰‡˜Ë). Ç Ó·˘ÂÏ ÒÎÛ˜‡Â
ÓÌÓ ÏÓÊÂÚ ·˚Ú¸ Ì‡È‰ÂÌÓ ËÁ Û‡‚ÌÂÌËfl (3).
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, ÚÓ ‚˚‡ÊÂÌËfl ‚ ÒÍÓ·Í‡ı ‚ Â¯ÂÌËË (3) ÒÚ‡ÌÓ-
‚flÚÒfl ÎËÌÂÈÌ˚ÏË ÙÛÌÍˆËflÏË 

 

t

 

0

 

 Ë ÙÓÏÛÎÛ (3) ÏÓÊÌÓ
ÔÂÓ·‡ÁÓ‚‡Ú¸ Í ‚Ë‰Û

(4)

ÓÚÍÛ‰‡ 

(5)

„‰Â 

(6)

– ÒÍÓÓÒÚ¸ Ì‡ÍÓÔÎÂÌËfl ‡‰ËÓ„ÂÌÌÓ„Ó „ÂÎËfl
‡Ú/Î „Ó‰, Ú.Â. ÔË Ï‡Î˚ı ÁÌ‡˜ÂÌËflı ·ÂÁ‡ÁÏÂÌ˚ı
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‚ÂÏÂÌË ‚ ÔÂ‚˚Â ‰ÂÒflÚÍË ÏËÎÎËÓÌÓ‚ ÎÂÚ, Ì‡ÍÓÔ-
ÎÂÌËÂ 
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 ÔÓËÒıÓ‰ËÚ ÔËÏÂÌÓ Ò ÔÓÒÚÓflÌÌÓÈ ÒÍÓ-

ÓÒÚ¸˛. 

åÌÓ„ÓÔÎ‡ÒÚÓ‚‡fl ÒËÒÚÂÏ‡ ‚ ÛÒÎÓ‚Ëflı 
Â„ËÓÌ‡Î¸ÌÓ„Ó ÔÓÚÓÍ‡ „ÎÛ·ËÌÌÓ„Ó „ÂÎËfl
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ÏÛ Á‡‚˚¯ÂÌË˛ ‚ÓÁ‡ÒÚ‡ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ [3, 7, 9]. ùÚÓ
Ó·˙flÒÌflÂÚÒfl ÔËÚÓÍÓÏ „ÎÛ·ËÌÌÓ„Ó 
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  ëÓ‰ÂÊ‡ÌËÂ ÔËÓ‰Ì˚ı ‡‰ËÓÌÛÍÎË‰Ó‚ ‚
‚Ó‰Ó‚ÏÂ˘‡˛˘Ëı ÔÓÓ‰‡ı
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íÓÍ‡Â‚ Ë ‰.

ÏÓÒÙÂÛ ËÁ áÂÏÎË ‚ ˆÂÎÓÏ ÓˆÂÌË‚‡ÂÚÒfl Ì‡ ÛÓ‚ÌÂ
ÓÚ ‰ÂÒflÚ˚ı ‰ÓÎÂÈ ‰Ó ÔÂ‚˚ı Â‰ËÌËˆ 10–6 ‡Ú/ÒÏ2 Ò.

ëÚ‡ˆËÓÌ‡ÌÓÂ (ÔË t > t0) ‡ÒÔÂ‰ÂÎÂÌËÂ 4He ‚
ÏÌÓ„ÓÔÎ‡ÒÚÓ‚ÓÈ ÒËÒÚÂÏÂ ÓÔËÒ˚‚‡ÂÚÒfl ÒËÒÚÂÏÓÈ
‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ

(7)

„‰Â 

(8)

– ÍÓ˝ÙÙËˆËÂÌÚ ÏÂÊÒÎÓÂ‚Ó„Ó Ó·ÏÂÌ‡; Á‰ÂÒ¸ Ji – ËÌ-
ÚÂÌÒË‚ÌÓÒÚ¸ ÏÂÊÒÎÓÂ‚˚ı ÔÂÂÚÓÍÓ‚, vi– „ÓËÁÓÌ-
Ú‡Î¸Ì‡fl ÒÍÓÓÒÚ¸ ÙËÎ¸Ú‡ˆËË, DÏ – ÍÓ˝ÙÙËˆËÂÌÚ
ÏÓÎÂÍÛÎflÌÓÈ ‰ËÙÙÛÁËË 4He, mi Ë m0i – ÏÓ˘ÌÓÒÚË
ıÓÓ¯Ó- Ë ÒÎ‡·ÓÔÓÌËˆ‡ÂÏ˚ı ÒÎÓÂ‚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌ-
ÌÓ. ëËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ (7) ÏÓÊÂÚ ·˚Ú¸ Â¯ÂÌ‡
˜ËÒÎÂÌÌÓ.

Ç ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚ı ‚˚¯Â Á‡‚ËÒËÏÓÒÚflı ‚ Í‡˜Â-
ÒÚ‚Â Â‰ËÌËˆ ËÁÏÂÂÌËfl ‰Îfl ·‡ÁÓ‚˚ı ÙÛÌÍˆËÈ ÍÓÌ-
ˆÂÌÚ‡ˆËÈ C1  Ë C2 ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÍÓÎË˜ÂÒÚ‚‡

‡ÚÓÏÓ‚ ‚ Â‰ËÌËˆÂ Ó·˙ÂÏ‡ ‡ÒÚ‚Ó‡ ËÎË ÔÓÓ‰˚.
èË Û‡Ì-„ÂÎËÂ‚ÓÏ ÏÂÚÓ‰Â ‰‡ÚËÓ‚‡ÌËfl ‚ ÔÓ·‡ı
ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ËÁÏÂflÂÚÒfl Ó·˙ÂÏÌÓÂ ÒÓ‰ÂÊ‡ÌËÂ

‡ÒÚ‚ÓÂÌÌÓ„Ó „ÂÎËfl-4  Î/  ËÎË ÌÒÏ3/Ò
(Ò‡ÌÚËÏÂÚ˚ ÍÛ·Ë˜ÂÒÍËÂ ÔË ÌÓÏ‡Î¸Ì˚ı ÛÒÎÓ‚Ë-
flı), Ë ‚ÂÒÓ‚ÓÂ ÒÓ‰ÂÊ‡ÌËÂ Ó‰ËÚÂÎ¸ÒÍËı ËÁÓÚÓÔÓ‚
238U, 235U Ë 232Th,  „/(„ ÒÍÂÎÂÚ‡ ÔÓÓ‰˚). ÑÎfl
ÔÂÂ‚Ó‰‡ Â‰ËÌËˆ ËÁÏÂÂÌËfl ÌÂÓ·ıÓ‰ËÏÓ ‚ÓÒÔÓÎ¸ÁÓ-
‚‡Ú¸Òfl ÒÓÓÚÌÓ¯ÂÌËflÏË, Ò‚flÁ˚‚‡˛˘ËÏË ÏÂÊ‰Û ÒÓ-
·ÓÈ ÍÓÎË˜ÂÒÚ‚Ó ‚Â˘ÂÒÚ‚‡, ÏÓÎÂÍÛÎflÌÛ˛ Ï‡ÒÒÛ Ë
Ó·˙ÂÏ˚ (èËÎÓÊÂÌËÂ 2). 

éñÖçäÄ àçíÖçëàÇçéëíà 
êÖÉàéçÄãúçéÉé ÇéÑééÅåÖçÄ 

Ç êÄâéçÖ èéãàÉéçÄ 
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èËÏÂÌËÚÂÎ¸ÌÓ Í Û˜‡ÒÚÍÛ, Ì‡ ÍÓÚÓÓÏ ‡ÒÔÓÎÓ-
ÊÂÌ ÔÓÎË„ÓÌ Á‡ıÓÓÌÂÌËfl êÄé ëïä, ÒÚ‡Ì‰‡ÚÌ˚È
Û‡Ì-„ÂÎËÂ‚˚È ÏÂÚÓ‰, ÔÂ‰ÔÓÎ‡„‡˛˘ËÈ Ì‡ÍÓÔÎÂ-
ÌËÂ 4He ËÒÍÎ˛˜ËÚÂÎ¸ÌÓ Á‡ Ò˜ÂÚ ‡ÒÔ‡‰‡ ÔËÓ‰Ì˚ı
‡‰ËÓÌÛÍÎË‰Ó‚ ‚ „ÓËÁÓÌÚ‡ı I–V ·ÂÁ Â„Ó ÏË„‡ˆËË
‚‚Âı ÔÓ ‡ÁÂÁÛ, ‰‡ÂÚ fl‚ÌÓ Á‡‚˚¯ÂÌÌ˚È ‚ÓÁ‡ÒÚ
ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰. í‡Í, ‰Îfl ÌËÊÌËı „ÓËÁÓÌÚÓ‚ ‡Ò˜ÂÚ-
Ì˚È ‚ÓÁ‡ÒÚ ÒÓÒÚ‡‚ÎflÂÚ ÓÚ ÏÌÓ„Ëı ÒÓÚÂÌ Ú˚Òfl˜ ‰Ó
ÔÂ‚˚ı ÏËÎÎËÓÌÓ‚ ÎÂÚ, ‡ ‰Îfl ‚ÂıÌËı „ÓËÁÓÌÚÓ‚
‰ÂÒflÚÍË Ë ÒÓÚÌË Ú˚Òfl˜ ÎÂÚ. í‡Í‡fl ÓˆÂÌÍ‡ ‚ıÓ‰ËÚ ‚
ÂÁÍÓÂ ÔÓÚË‚ÓÂ˜ËÂ Ò „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍÓÈ Ó·ÒÚ‡-
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ÌÓ‚ÍÓÈ ‡ÈÓÌ‡ Ë „Ë‰ÓıËÏË˜ÂÒÍËÏ Ó·ÎËÍÓÏ ÔÓ‰-
ÁÂÏÌ˚ı ‚Ó‰, ‡ Ú‡ÍÊÂ ‚˚ÔÓÎÌÂÌÌÓÈ Ì‡ÏË Ô‡ÎÂÓÂ-
ÍÓÌÒÛÍˆËÂÈ [6]. 

ãÓ„Ë˜ÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ ÔÓ„Â¯ÌÓÒÚË Ó·Û-
ÒÎÓ‚ÎÂÌ˚ Ì‡ÎË˜ËÂÏ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ËÒÚÓ˜ÌËÍ‡
‡‰ËÓ„ÂÌÌÓ„Ó 4He ‚ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰‡ı. é˜Â‚Ë‰ÌÓ,
˝ÚÓÚ ËÒÚÓ˜ÌËÍ ‡ÒÔÓÎÓÊÂÌ ‚ „ÎÛ·ÓÍËı ÁÓÌ‡ı ÁÂÏÌÓÈ
ÍÓ˚ – ‚ ÙÛÌ‰‡ÏÂÌÚÂ. ÅÎ‡„Ó‰‡fl ̋ ÚÓÏÛ ÙÓÏËÛÂÚ-
Òfl ÒÛ·‚ÂÚËÍ‡Î¸Ì˚È ‰ËÙÙÛÁËÓÌÌ˚È ÔÓÚÓÍ 4He,
Óı‚‡Ú˚‚‡˛˘ËÈ (Û˜ËÚ˚‚‡fl „ÂÓÎÓ„Ë˜ÂÒÍËÂ Ï‡Ò¯Ú‡-
·˚ ‚ÂÏÂÌË) ‚˚¯Â‡ÒÔÓÎÓÊÂÌÌ˚Â ‚Ó‰ÓÌÓÒÌ˚Â
ÔÓÓ‰˚ ÓÒ‡‰Ó˜ÌÓ„Ó ˜ÂıÎ‡. í‡ÍËÏ Ó·‡ÁÓÏ, ·ÓÎÂÂ
ÔÓÎÌÓÈ fl‚ÎflÂÚÒfl ÏÓ‰ÂÎ¸, Û˜ËÚ˚‚‡˛˘‡fl ÌÂ ÚÓÎ¸ÍÓ
ÔÓ‰ÛˆËÓ‚‡ÌËÂ ̋ ÚÓ„Ó „‡Á‡ ÔËÓ‰Ì˚ÏË ‡‰ËÓÌÛÍ-
ÎË‰‡ÏË ‚ÏÂ˘‡˛˘Ëı ÔÓÓ‰, ÌÓ Ë ÔËÚÓÍ ‚ ÒÎÓË-
ÒÚÛ˛ ÚÓÎ˘Û „ÎÛ·ËÌÌÓ„Ó 4He Ë Â„Ó ‰ËÙÙÛÁËÓÌÌÓÂ
ÔÂÂ‡ÒÔÂ‰ÂÎÂÌËÂ ÏÂÊ‰Û ÓÚ‰ÂÎ¸Ì˚ÏË „ÓËÁÓÌÚ‡-
ÏË. àÒÚÓ˜ÌËÍ‡ÏË 4He ‚ Í‡Ê‰ÓÏ ËÁ „ÓËÁÓÌÚÓ‚ fl‚Îfl-
ÂÚÒfl ‡‰ËÓ‡ÍÚË‚Ì˚È ‡ÒÔ‡‰ ˝ÎÂÏÂÌÚÓ‚ Û‡Ì-ÚÓËÂ-
‚˚ı fl‰Ó‚, ‡ Ú‡ÍÊÂ Â„ËÓÌ‡Î¸Ì˚È ÔÓÚÓÍ ˝ÚÓ„Ó „‡Á‡
ËÁ ÙÛÌ‰‡ÏÂÌÚ‡. ëËÒÚÂÏ‡ fl‚ÎflÂÚÒfl ÓÚÍ˚ÚÓÈ ÔÓ ÓÚ-
ÌÓ¯ÂÌË˛ Í ‡ÚÏÓÒÙÂÂ, ˜ÚÓ ÔÂ‰ÔÓÎ‡„‡ÂÚ ‚ Ò‡ÏÓÏ
‚ÂıÌÂÏ (VI) „ÓËÁÓÌÚÂ ÒÓ‰ÂÊ‡ÌËÂ ‡‰ËÓ„ÂÌÌÓ„Ó
4He, ‡‚ÌÓÂ ÌÛÎ˛.

ÄÌ‡ÎËÁ „Ë‰Ó„ÂÓÎÓ„Ë˜ÂÒÍÓÈ ÒËÚÛ‡ˆËË Ë ‰‡ÌÌ˚ı
ÓÔÓ·Ó‚‡ÌËfl ÔÓÁ‚ÓÎflÂÚ ‡ÒÒÏ‡ÚË‚‡Ú¸ Â„ËÓÌ‡Î¸-
Ì˚È ‡ÁÂÁ ÚÂËÚÓËË ‚ Í‡˜ÂÒÚ‚Â ˜ÂÚ˚ÂıÒÎÓÈÌÓ-
„Ó (Ú‡·Î. 4), ‚˚‰ÂÎflfl ÒÎÂ‰Û˛˘ËÂ ·‡ÁÓ‚˚Â/ÏÓ‰ÂÎ¸-
Ì˚Â ÒÎÓË (ÒÌËÁÛ ‚‚Âı): ÔÂ‚˚È, Ó·˙Â‰ËÌfl˛˘ËÈ „Ó-
ËÁÓÌÚ˚ I Ë II; ‚ÚÓÓÈ – „ÓËÁÓÌÚ III; ÚÂÚËÈ –
„ÓËÁÓÌÚ IV Ë ˜ÂÚ‚ÂÚ˚È – „ÓËÁÓÌÚ V. é·˙Â‰Ë-
ÌÂÌËÂ „ÓËÁÓÌÚÓ‚ I Ë II ‚ Ó‰ËÌ ÏÓ‰ÂÎ¸Ì˚È ÒÎÓÈ
Ó·ÛÒÎÓ‚ÎÂÌÓ ·ÎËÁÓÒÚ¸˛ ÔÓÎÛ˜ÂÌÌ˚ı ÁÌ‡˜ÂÌËÈ
ÍÓÌˆÂÌÚ‡ˆËÈ 4He Ë ÒÓÔÓÒÚ‡‚ËÏÓÈ ËÌÚÂÌÒË‚ÌÓÒÚ¸˛
‚Ó‰ÓÓ·ÏÂÌ‡ ‚ Ò‚flÁË Ò ÓÚÌÓÒËÚÂÎ¸ÌÓ Ï‡ÎÓÈ ÏÓ˘ÌÓ-
ÒÚ¸˛ ‡Á‰ÂÎfl˛˘Â„Ó Ëı ‚Ó‰ÓÛÔÓ‡. èË ËÌÚÂÔÂÚ‡-
ˆËË ËÁÓÚÓÔÌ˚ı ‰‡ÌÌ˚ı ÌÂÓ·ıÓ‰ËÏÓ Û˜ËÚ˚‚‡Ú¸, ˜ÚÓ
Ì‡ÎË˜ËÂ ‡Á‰ÂÎfl˛˘Ëı ÔÓÒÎÓÂ‚ B Ë E ‚ ÔÂ‰ÂÎ‡ı ·‡-
ÁÓ‚˚ı ÒÎÓÂ‚ 1 Ë 3 (Ú‡·Î. 4) ‰ÓÎÊÌÓ Á‡ÌËÊ‡Ú¸ ‡Ò˜ÂÚ-
Ì˚Â ÁÌ‡˜ÂÌËfl „ÓËÁÓÌÚ‡Î¸Ì˚ı ÒÍÓÓÒÚÂÈ ÙËÎ¸Ú‡-
ˆËË, ÔÓÒÍÓÎ¸ÍÛ Á‡‰‡‚‡ÂÏ˚Â (˝ÙÙÂÍÚË‚Ì˚Â) ÏÓ˘ÌÓ-
ÒÚË m1 Ë m3 ̋ ÚËı ÒÎÓÂ‚ ÏÂÌ¸¯Â ÒÛÏÏ‡ÌÓÈ ÏÓ˘ÌÓÒÚË
ÙËÎ¸ÚÛ˛˘Ëı ÁÓÌ  Ë 

Ç ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ‰‡ÌÌÓÈ ÏÓ‰ÂÎ¸˛ ÔÓˆÂÒÒ ÔÂÂ-
ÌÓÒ‡ ÓÔËÒ˚‚‡ÂÚÒfl ÒËÒÚÂÏÓÈ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı
Û‡‚ÌÂÌËÈ (7) ‰Îfl i = 1, 2, 3, 4, ‡ ÍÓÌÚÓÎËÛ˛˘ËÏË
Ô‡‡ÏÂÚ‡ÏË fl‚Îfl˛ÚÒfl (Ú‡·Î. 4) ÏÓ˘ÌÓÒÚË ÙËÎ¸-
ÚÛ˛˘Ëı Ë ÒÎ‡·ÓÔÓÌËˆ‡ÂÏ˚ı/‡Á‰ÂÎfl˛˘Ëı „Ó-
ËÁÓÌÚÓ‚ mi Ë m0i, ÔÓËÒÚÓÒÚ¸ ni, ÒÍÓÓÒÚË ÙËÎ¸Ú‡-
ˆËË vi, ËÌÚÂÌÒË‚ÌÓÒÚ¸ ÔÓ‰ÛˆËÓ‚‡ÌËfl 4He Á‡ Ò˜ÂÚ
‡ÒÔ‡‰‡ ÔËÓ‰Ì˚ı ‡‰ËÓÌÛÍÎË‰Ó‚ Pi, ÍÓ˝ÙÙËˆË-
ÂÌÚ˚ ÏÂÊÒÎÓÂ‚Ó„Ó Ó·ÏÂÌ‡ αi, ‚ÂÎË˜ËÌ‡ ÔÓÚÓÍ‡
„ÎÛ·ËÌÌÓ„Ó „ÂÎËfl J0. 

Ç Í‡˜ÂÒÚ‚Â ÙËÍÒËÓ‚‡ÌÌ˚ı ‚ÂÎË˜ËÌ ÔËÌflÚ˚
ÒÎÂ‰Û˛˘ËÂ Ô‡‡ÏÂÚ˚: 

ÏÓ˘ÌÓÒÚË ÒÎÓÂ‚, ‰Îfl ÍÓÚÓ˚ı ÒÂ‰ÌËÂ ‚ Â„ËÓ-
Ì‡Î¸ÌÓÏ ÔÎ‡ÌÂ ÁÌ‡˜ÂÌËfl ÓÚÎË˜‡˛ÚÒfl ÓÚ ÁÌ‡˜ÂÌËÈ
‚ ÔÂ‰ÂÎ‡ı ÔÓÎË„ÓÌ‡ Á‡ıÓÓÌÂÌËfl (Ú‡·Î. 4); 

mv 1
mv 3

.
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ÔÓËÒÚÓÒÚ¸, ‰Îfl ÍÓÚÓÓÈ ËÒÔÓÎ¸ÁÓ‚‡ÌÓ ÒÂ‰ÌÂÂ
‰Îfl ‚ÒÂı „ÓËÁÓÌÚÓ‚ ÁÌ‡˜ÂÌËÂ n ≡ ni = 0.25. èÓ ‰‡Ì-
Ì˚Ï Î‡·Ó‡ÚÓÌÓ„Ó ‡Ì‡ÎËÁ‡ ÍÂÌÓ‚Ó„Ó Ï‡ÚÂË‡Î‡
ÒÂ‰ÌÂÂ ÁÌ‡˜ÂÌËÂ Ó·˘ÂÈ ÔÓËÒÚÓÒÚË n0 = 0.36. é‰Ì‡-
ÍÓ, ‰ÓÎfl ÔÓÚÓ˜Ì˚ı ÔÓ ÒÓÒÚ‡‚ÎflÂÚ 40–50% ÓÚ ˝ÚÓÈ
‚ÂÎË˜ËÌ˚ [5]; Û˜ËÚ˚‚‡fl ‰ÎËÚÂÎ¸Ì˚È ı‡‡ÍÚÂ ÔÓ-
ˆÂÒÒ‡ Â„ËÓÌ‡Î¸ÌÓÈ ÏË„‡ˆËË, ˜ÚÓ ÔÂ‰ÔÓÎ‡„‡ÂÚ
ÁÌ‡˜ËÚÂÎ¸ÌÛ˛ ÒÚÂÔÂÌ¸ Ì‡Ò˚˘ÂÌËfl ÔÓÓ‚Ó„Ó ÔÓ-
ÒÚ‡ÌÒÚ‚‡ ‡ÒÚ‚ÓÂÌÌ˚ÏË ÍÓÏÔÓÌÂÌÚ‡ÏË, ÔËÌËÏ‡-
ÂÚÒfl ÒÂ‰ÌÂÂ ÁÌ‡˜ÂÌËÂ ÏÂÊ‰Û Ó·˘ÂÈ Ë ÔÓÚÓ˜ÌÓÈ
ÔÓËÒÚÓÒÚflÏË;

ËÌÚÂÌÒË‚ÌÓÒÚ¸ ÔÓ‰ÛˆËÓ‚‡ÌËfl „ÂÎËfl P1 = P2,
P3 = P4, ÔË˜ÂÏ ÔË ËÒÔÓÎ¸ÁÓ‚‡ÌËË Ó·˙ÂÏÌ˚ı Â‰Ë-
ÌËˆ ËÁÏÂÂÌËfl ‰Îfl ÍÓÌˆÂÌÚ‡ˆËÈ 4He ‚ ÒËÒÚÂÏÂ
Û‡‚ÌÂÌËË (7) ÏÓÊÌÓ ÔÓÎÓÊËÚ¸ Pi ≡ Pi 

ÍÓ˝ÙÙËˆËÂÌÚ˚ ÏÂÊÒÎÓÂ‚Ó„Ó ‰ËÙÙÛÁËÓÌÌÓ„Ó
Ó·ÏÂÌ‡ αi, ÍÓÚÓ˚Â ‡ÒÒ˜ËÚ˚‚‡ÎËÒ¸ ÔÓ ÙÓÏÛÎÂ
(8), ‡ ÍÓ˝ÙÙËˆËÂÌÚ ÏÓÎÂÍÛÎflÌÓÈ ‰ËÙÙÛÁËË „Â-
ÎËfl DÏ ·˚Î ÓÔÂ‰ÂÎÂÌ ËÁ ÒÓÓÚÌÓ¯ÂÌËfl DÏ/n =
= 3.46 × 10–4 Ï2/ÒÛÚ = 4.0 × 10–9 Ï2/Ò ÔÓ ‰‡ÌÌ˚Ï ‡·Ó-
Ú˚ [9], Ú‡Í ̃ ÚÓ ÔË n = 0.25 DÏ = 0.0315 Ï2/„Ó‰. ÑÓÒÚ‡-
ÚÓ˜ÌÓ ‚˚ÒÓÍÓÂ ÁÌ‡˜ÂÌËÂ DÏ Ó·ÛÒÎÓ‚ÎÂÌÓ ·ÓÎ¸¯ÓÈ
ÔÓ‰‚ËÊÌÓÒÚ¸˛ „ÂÎËfl ‚ ÔÓ‰ÁÂÏÌÓÈ „Ë‰ÓÒÙÂÂ, ÔÂ-
‚ÓÒıÓ‰fl˘ÂÈ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ÔÓÍ‡Á‡ÚÂÎË ‰Îfl Ú‡-
ÍËı ÍÓÏÔÓÌÂÌÚÓ‚ Í‡Í Cl– Ë 3H (‚ ÒÓÒÚ‡‚Â ‚Ó‰˚). 

èÓ‰·Ë‡ÂÏ˚ÏË Ô‡‡ÏÂÚ‡ÏË fl‚ÎflÎËÒ¸ ÒÍÓÓÒÚË
ÙËÎ¸Ú‡ˆËË vi Ë Â„ËÓÌ‡Î¸Ì˚È ‚ÂÚËÍ‡Î¸Ì˚È ÔÓ-
ÚÓÍ „ÂÎËfl J0. èÓÒÎÂ‰Ìflfl ‚ÂÎË˜ËÌ‡ ÔÓ‰·Ë‡Î‡Ò¸ ‚ ÒÓ-

ÓÚ‚ÂÚÒÚ‚ËË Ò ÔÂ‚˚Ï Á‡ÍÓÌÓÏ îËÍ‡, ËÒıÓ‰fl ËÁ ÔÂ‰-
ÔÓÎÓÊÂÌËfl Ó· ÛÒÚ‡ÌÓ‚Ë‚¯ÂÏÒfl ÂÊËÏÂ ‰ËÙÙÛÁËÓÌ-
ÌÓ„Ó ‰‚ËÊÂÌËfl „ÂÎËfl Ë Ó· ÓÚÒÛÚÒÚ‚ËË ‚ÂÚËÍ‡Î¸Ì˚ı
ÙËÎ¸Ú‡ˆËÓÌÌ˚ı ÔÂÂÚÓÍÓ‚, Ì‡ ·‡ÁÂ Ì‡·Î˛‰‡ÂÏÓ„Ó
„‡‰ËÂÌÚ‡ ÍÓÌˆÂÌÚ‡ˆËÈ „ÂÎËfl ÏÂÊ‰Û ‚Ó‰‡ÏË ‚ ÔÓ-
Ó‰‡ı ÙÛÌ‰‡ÏÂÌÚ‡ Ë ‚ I „ÓËÁÓÌÚÂ. Ç Í‡˜ÂÒÚ‚Â ˆÂÎÂ-
‚ÓÈ ÙÛÌÍˆËË ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÍÓÌˆÂÌÚ‡ˆËÓÌÌ˚Â
‡ÒÔÂ‰ÂÎÂÌËfl 4He, Ci = f(x) ‚ ‡ÁÎË˜Ì˚ı i-ı „ÓËÁÓÌ-
Ú‡ı (ËÒ. 1). äÓÌˆÂÌÚ‡ˆËÓÌÌ˚Â ÙÛÌÍˆËË ‡Ì‡ÎËÚË-
˜ÂÒÍËı Â¯ÂÌËÈ ÔÂÂÒ˜ËÚ˚‚‡ÎËÒ¸ ‚ ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò
ÏÂÚÓ‰ËÍÓÈ, ËÁÎÓÊÂÌÌÓÈ ‚ èËÎÓÊÂÌËË 2. 

äÓÓ‰ËÌ‡Ú‡ x ÓÚÒ˜ËÚ˚‚‡Î‡Ò¸ ‚‰ÓÎ¸ ÎËÌËÈ ÚÓÍ‡
ÓÚ ‚Ó‰Ó‡Á‰ÂÎ¸ÌÓÈ ÎËÌËË, ÔÓıÓ‰fl˘ÂÈ ÏÂÊ‰Û ‰ÓÎË-
Ì‡ÏË ÂÍ íÓÏË Ë óÛÎ˚Ï‡. àÏÂÌÌÓ ‚ ̋ ÚÓÈ Ó·Î‡ÒÚË, ‚
ÒÓÓÚ‚ÂÚÒÚ‚ËË Ò ‰‡ÌÌ˚ÏË Â„ËÓÌ‡Î¸ÌÓ„Ó ÏÓ‰ÂÎËÓ-
‚‡ÌËfl [13], ‚Ó‰ÓÌÓÒÌ˚Â „ÓËÁÓÌÚ˚ ÔÓÎÛ˜‡˛Ú ÓÒÌÓ‚-
ÌÓÂ ËÌÙËÎ¸Ú‡ˆËÓÌÌÓÂ ÔËÚ‡ÌËÂ. í‡ÍÓÈ ÒÔÓÒÓ·
ÓÔÂ‰ÂÎÂÌËfl ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó ÔÓÎÓÊÂÌËfl ÚÓ˜ÂÍ
ÓÔÓ·Ó‚‡ÌËfl Ì‡ ÎËÌËË ÚÓÍ‡ ‚ Ó·Î‡ÒÚË Ú‡ÌÁËÚ‡ ÌÓ-
ÒËÚ ÔË·ÎËÊÂÌÌ˚È ı‡‡ÍÚÂ, Ú‡Í Í‡Í ÒÂÚÍ‡ ‰‚ËÊÂ-
ÌËfl ÏÓ„Î‡ ÌÂÒÍÓÎ¸ÍÓ ÏÂÌflÚ¸Òfl ‚Ó ‚ÂÏÂÌË. é‰Ì‡ÍÓ,
ÌÂÒÏÓÚfl Ì‡ ˝ÚÓ, ÔÓÎÛ˜ÂÌÌ˚Â „‡ÙËÍË (ËÒ. 1) ËÎ-
Î˛ÒÚËÛ˛Ú ÚÂÌ‰ÂÌˆË˛ Ì‡ÍÓÔÎÂÌËfl 4He ÔÓ ÏÂÂ
‰‚ËÊÂÌËfl ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ÓÚ Ó·Î‡ÒÚË ÔËÚ‡ÌËfl Í Ó·-
Î‡ÒÚË ‡Á„ÛÁÍË.

èÓ‰·Ó ÔÂÂ˜ËÒÎÂÌÌ˚ı ‚˚¯Â Ô‡‡ÏÂÚÓ‚ ÓÒÛ-
˘ÂÒÚ‚ÎflÎÒfl Ì‡ ÓÒÌÓ‚Â ÏÌÓ„Ó‚‡Ë‡ÌÚÌ˚ı ˜ËÒÎÂÌÌ˚ı
Â¯ÂÌËÈ ÒËÒÚÂÏ˚ ‰ËÙÙÂÂÌˆË‡Î¸Ì˚ı Û‡‚ÌÂÌËÈ

í‡·ÎËˆ‡ 4.  àÒıÓ‰Ì˚Â ‰‡ÌÌ˚Â Í ‡Ò˜ÂÚÛ Ë ÂÁÛÎ¸Ú‡Ú˚ ÔÓ‰·Ó‡ ÒÂ‰ÌËı ÁÌ‡˜ÂÌËÈ J0 Ë νi

àÌ‰ÂÍÒ˚ àÒıÓ‰Ì˚Â ı‡‡ÍÚÂËÒÚËÍË Ë Ô‡‡ÏÂÚ˚ åÓ‰ÂÎ¸Ì˚Â ÓˆÂÌÍË

i
ÉÓËÁÓÌÚ˚ 
Ë ‡Á‰ÂÎfl˛-
˘ËÂ ÒÎÓË*

mi, mνi [4He n αi P J0 νi [4He]i

Ï ÌÒÏ3/Ò ÑÓÎË 
Â‰ËÌËˆ˚ 1/„Ó‰ ÌÒÏ3/(Ò  „Ó‰) ÌÒÏ3/(ÒÏ2 „Ó‰) Ï/„Ó‰ ÌÒÏ3/ÒÏ

VI 20 0 0.25 – 3.7 × 10–12 1 × 10–8 ∞ 0

4 G 15 1.9 × 10–5

V 55 55 6.8 × 10–8 5.0 2.2 × 10–8

F 10 4.2 × 10–5

3 IVa 75 (85) 65 3.9 × 10–7 2.0 3.1 × 10–7

E
IV

2 D 40 (60) 2.0 × 10–5

III 40 (60) 3.3 × 10–6 2.3 × 10–12 0.5 2.9 × 10–6

C 15 (20) 3.8 × 10–5

1 II 55 (90) 40 5.3 × 10–6 0.6 5.5 × 10–6

B
I 4.8 × 10–6

* – ËÏÒÍËÂ ˆËÙ˚ – ÌÓÏÂ‡ ‚Ó‰ÓÌÓÒÌ˚ı „ÓËÁÓÌÚÓ‚, Î‡ÚËÌÒÍËÂ ·ÛÍ‚˚ – ËÌ‰ÂÍÒ˚ ‚Ó‰ÓÛÔÓÌ˚ı ÒÎÓÂ‚ [6];
** – ÒÂ‰ÌËÂ ÏÓ˘ÌÓÒÚË ÒÎÓÂ‚ ‚ ÏÓ‰ÂÎË, ‚ ÒÍÓ·Í‡ı ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl, ÓÚ‚Â˜‡˛˘ËÂ ÏÓ˘ÌÓÒÚË ÒÎÓÂ‚ ‚·ÎËÁË Û˜‡ÒÚÍ‡ Á‡Í‡˜ÍË êÄé

[5, 13];
*** – ÒÂ‰ÌËÂ ÁÌ‡˜ÂÌËfl (Ú‡·Î. 2).

m0i** ]i***

ÏH2O
3 ÏH2O

3 ÏH2O
3
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íÓÍ‡Â‚ Ë ‰.

(7). Ç ÂÁÛÎ¸Ú‡ÚÂ ·˚ÎÓ ‚˚·‡ÌÓ Â‰ËÌÒÚ‚ÂÌÌÓÂ Â-
¯ÂÌËÂ, ÍÓÚÓÓÂ Ì‡ËÎÛ˜¯ËÏ Ó·‡ÁÓÏ ÓÔËÒ˚‚‡ÂÚ
ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ 4He ‚Ó ‚ÒÂı ‚Ó‰Ó-
ÌÓÒÌ˚ı „ÓËÁÓÌÚ‡ı Ó‰ÌÓ‚ÂÏÂÌÌÓ (ËÒ. 1). ùÚÓÏÛ
Â¯ÂÌË˛ ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚÂÈ ÙËÎ¸-
Ú‡ˆËË Ë Ï‡ÒÒÓ‚Ó„Ó ÔÓÚÓÍ‡ „ÂÎËfl, ÔË‚Â‰ÂÌÌ˚Â ‚

Ú‡·Î. 4. é Í‡˜ÂÒÚ‚Â ÔÓ‰·Ó‡ ÏÓÊÌÓ ÒÛ‰ËÚ¸ Ú‡ÍÊÂ ËÁ
ÒÓÔÓÒÚ‡‚ÎÂÌËfl Ù‡ÍÚË˜ÂÒÍËı Ë ÏÓ‰ÂÎ¸Ì˚ı ÍÓÌˆÂÌ-
Ú‡ˆËÈ 4He (Ú‡·Î. 4).

èÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl νi ‚ ˆÂÎÓÏ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò
‡ÌÂÂ ‚˚ÔÓÎÌÂÌÌ˚ÏË „Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÏË ÓˆÂÌ-
Í‡ÏË (Ú‡·Î. 5). ç‡Ë·ÓÎ¸¯ËÂ ‡ÒıÓÊ‰ÂÌËfl ÓÚÏÂ˜‡-
˛ÚÒfl Ò ‰‡ÌÌ˚ÏË ‡·ÓÚ˚ [13] ‰Îfl ÌËÊÌËı (I–III) „Ó-
ËÁÓÌÚÓ‚: ÛÒÚ‡ÌÓ‚ÎÂÌÌ‡fl ‚ ÂÁÛÎ¸Ú‡ÚÂ ËÌÚÂÔÂÚ‡-
ˆËË ÂÁÛÎ¸Ú‡ÚÓ‚ „ÂÎËÂ‚Ó„Ó ÓÔÓ·Ó‚‡ÌËfl ÒÍÓÓÒÚ¸
ÙËÎ¸Ú‡ˆËË ÔËÏÂÌÓ ‚ ‰‚‡ ‡Á‡ ÔÂ‚ÓÒıÓ‰ËÚ ÁÌ‡-
˜ÂÌËfl, Ì‡È‰ÂÌÌ˚Â ÔË Â¯ÂÌËË Â„ËÓÌ‡Î¸ÌÓÈ „ÂÓ-
ÙËÎ¸Ú‡ˆËÓÌÌÓÈ Á‡‰‡˜Ë. á‡ÏÂÚËÏ, Ó‰Ì‡ÍÓ, ˜ÚÓ ÔÓ-
‰Ó·‡ÌÌÓÂ ÁÌ‡˜ÂÌËÂ J0 Á‡ÏÂÚÌÓ ÛÒÚÛÔ‡ÂÚ ‚ÂÎË˜ËÌ‡Ï,
ÔÓÎÛ˜ÂÌÌ˚Ï ‰Îfl ‰Û„Ëı Â„ËÓÌÓ‚. é·Ì‡ÛÊË‚‡Â-
ÏÓÂ ÓÚÎË˜ËÂ, ÔÓ-‚Ë‰ËÏÓÏÛ, ÓÚ‡Ê‡ÂÚ ÒÛ˘ÂÒÚ‚Ó‚‡-
ÌËÂ ‚ ÔÓ¯ÎÓÏ ÏÂÁÎÓÚ˚ Ì‡ ‰‡ÌÌÓÈ ÚÂËÚÓËË, ÍÓ-
ÚÓÓÂ ÌÂ ·˚ÎÓ Û˜ÚÂÌÓ ÔË ÔÓÒÚÓÂÌËË ˜ËÒÎÂÌÌÓÈ
ÏÓ‰ÂÎË [13].

ç‡ÍÓÌÂˆ, ÓÒÌÓ‚˚‚‡flÒ¸ Ì‡ ÔÓÎÛ˜ÂÌÌ˚ı ÁÌ‡˜ÂÌËflı
vi, ÏÓÊÌÓ ÓˆÂÌËÚ¸ ‚ÓÁ‡ÒÚ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ‚Ó ‚ÒÂı
ÚÓ˜Í‡ı (x) ÓÚ·Ó‡ ÔÓ· ÔÓ ÒÓÓÚÌÓ¯ÂÌË˛ t0i = xn/νi
(ËÒ. 2).

ÇõÇéÑõ

Ç ÓÒÌÓ‚Û ËÒÒÎÂ‰Ó‚‡ÌËfl ÔÓÎÓÊÂÌ˚ ‡Ì‡ÎËÚË˜Â-
ÒÍËÂ ÏÓ‰ÂÎË, ‚ ÍÓÚÓ˚ı Û˜ËÚ˚‚‡ÂÚÒfl ÔÓ‰ÚÓÍ ‚ ËÒ-
ÒÎÂ‰ÛÂÏ˚È ÔÎ‡ÒÚ „ÎÛ·ËÌÌÓ„Ó „ÂÎËfl, ‡ Ú‡ÍÊÂ ‰ËÙÙÛ-
ÁËÓÌÌÓ-ÍÓÌ‚ÂÍÚË‚Ì˚È ÏÂÊÒÎÓÂ‚ÓÈ Ó·ÏÂÌ. Ç˚ÔÓÎ-
ÌÂÌÌÓÂ ËÒÒÎÂ‰Ó‚‡ÌËÂ ÔÓÁ‚ÓÎËÎÓ ÍÓÎË˜ÂÒÚ‚ÂÌÌÓ
ËÌÚÂÔÂÚËÓ‚‡Ú¸ ‰‡ÌÌ˚Â Û‡Ì-„ÂÎËÂ‚Ó„Ó ‰‡ÚËÓ-
‚‡ÌËfl ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ Ì‡ ÔÓÎË„ÓÌÂ Á‡ıÓÓÌÂÌËfl
êÄé ëïä. èÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚË ÙËÎ¸-
Ú‡ˆËË ‚ ÔÎ‡ÒÚ‡ı-ÍÓÎÎÂÍÚÓ‡ı Ë ·ÛÙÂÌ˚ı „ÓË-
ÁÓÌÚ‡ı ‚ ˆÂÎÓÏ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ‡ÌÂÂ ‚˚ÔÓÎÌÂÌÌ˚ÏË
„Ë‰Ó‰ËÌ‡ÏË˜ÂÒÍËÏË ÓˆÂÌÍ‡ÏË. 

èÓ‰Ó·‡ÌÓ ÁÌ‡˜ÂÌËÂ Â„ËÓÌ‡Î¸ÌÓ„Ó ÔÓÚÓÍ‡ „ÎÛ-
·ËÌÌÓ„Ó „ÂÎËfl. ç‡ ÓÒÌÓ‚Â ÔÓÎÛ˜ÂÌÌ˚ı ÁÌ‡˜ÂÌËÈ
ÒÍÓÓÒÚÂÈ „ÓËÁÓÌÚ‡Î¸ÌÓ„Ó Ï‡ÒÒÓÔÂÂÌÓÒ‡ ·˚Î‡
‚˚ÔÓÎÌÂÌ‡ ÓˆÂÌÍ‡ ‚ÓÁ‡ÒÚ‡ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ‚Ó ‚ÒÂı
ÚÓ˜Í‡ı ÓÚ·Ó‡ ÔÓ·: ‚ ÌËÊÌËı (I–III) „ÓËÁÓÌÚ‡ı
‚ÓÁ‡ÒÚ ‚Ó‰˚ ‚‡¸ËÛÂÚ ÓÚ 7 ‰Ó 14 Ú˚Ò. (ÒÂ‰ÌÂÂ ÁÌ‡-
˜ÂÌËÂ ~ 9 Ú˚Ò.), ‚ „ÓËÁÓÌÚÂ IV – ÓÚ 2 ‰Ó 4 Ú˚Ò., ‚ „Ó-
ËÁÓÌÚÂ V – ÓÚ 1 ‰Ó 2 Ú˚Ò. ÎÂÚ.

èÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl ‚ÓÁ‡ÒÚ‡ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰
ı‡‡ÍÚÂËÁÛ˛Ú ËÌÚÂÌÒË‚ÌÓÒÚ¸ ÏË„‡ˆËË ËÌÂÚÌ˚ı
(ÌÂÒÓ·ËÛÂÏ˚ı ÔÓÓ‰ÓÈ) ‚ ıËÏË˜ÂÒÍÓÏ ÓÚÌÓ¯Â-
ÌËË ˜‡ÒÚËˆ. Ñ‚ËÊÂÌËÂ ‡‰ËÓÌÛÍÎË‰Ó‚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ
Á‡ÏÂ‰ÎflÂÚÒfl ·Î‡„Ó‰‡fl ÔÓˆÂÒÒ‡Ï ‡‰ÒÓ·ˆËË Ì‡ ÏË-
ÌÂ‡Î¸ÌÓÏ ÒÍÂÎÂÚÂ Ë ÒÓÓÒ‡Ê‰ÂÌËfl Ò ÏËÌÂ‡Î¸Ì˚ÏË
ÒÓÎflÏË, ‚˚Ô‡‰‡˛˘ËÏË ‚ ÓÒ‡‰ÓÍ Ì‡ ÔÓ‰‚ËÊÌ˚ı „ÂÓ-
ıËÏË˜ÂÒÍËı ·‡¸Â‡ı ÔË ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËË ÊË‰ÍËı
‡‰ËÓ‡ÍÚË‚Ì˚ı ‡ÒÚ‚ÓÓ‚ Ò ÔÎ‡ÒÚÓ‚˚ÏË ‚Ó‰‡ÏË Ë
‚ÏÂ˘‡˛˘ËÏË ÔÓÓ‰‡ÏË (12). èÓ Î‡·Ó‡ÚÓÌ˚Ï
˝ÍÒÔÂËÏÂÌÚ‡Ï Ù‡ÍÚÓ ÒÓ·ˆËÓÌÌÓÈ Á‡‰ÂÊÍË ÓˆÂ-
ÌË‚‡ÂÚÒfl ‰ÂÒflÚÍ‡ÏË (‰Îfl ÔÓ‰ÛÍÚÓ‚ ‡ÒÔ‡‰‡, Ú‡ÍËı
Í‡Í 90Sr 137Cs) Ë ÒÓÚÌflÏË (‰Îfl ‡ÍÚËÌË‰Ó‚, Ú‡ÍËı Í‡Í
239Pu Ë 241Am Ë ‰.) ÓÚÌÓÒËÚÂÎ¸Ì˚ı Â‰ËÌËˆ (12). ùÚÓ

2e-7

25000 30000 35000 40000 x, Ï20000
1e-8

4e-7

6e-7

8e-7

4He‡‰, ÌÒÏ3/ÒÏ3 H2O

(·)

2e - 6

25000 30000 35000 40000
x, Ï

20000
0e + 0

4e -6

6e -  6

8e- 6

4He‡‰, ÌÒÏ3/ÒÏ3 H2O
(a)

1
3

2
4

1 32
4 5

êËÒ. 1. ê‡ÒÔÂ‰ÂÎÂÌËfl ÍÓÌˆÂÌÚ‡ˆËÈ ‡‰ËÓ„ÂÌÌÓ„Ó
4He ‚ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰‡ı. (‡) 1–3 – Ù‡ÍÚË˜ÂÒÍËÂ ‚ I – III
„ÓËÁÓÌÚ‡ı; 4, 5 – ÏÓ‰ÂÎ¸Ì˚Â ‚ I + II, III „ÓËÁÓÌÚ‡ı.
(·) 1, 2 – Ù‡ÍÚË˜ÂÒÍËÂ Ë 4, 5 – ÏÓ‰ÂÎ¸Ì˚Â ‚ IV, V „ÓË-
ÁÓÌÚ‡ı.

í‡·ÎËˆ‡ 5.  ëÓÔÓÒÚ‡‚ÎÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚ‡ ÒÂ‰-
ÌËı ÒÍÓÓÒÚÂÈ ÙËÎ¸Ú‡ˆËË ÔÓ ‰‡ÌÌ˚Ï Ó 4He Ò ÓˆÂÌÍ‡-
ÏË ‰Û„Ëı ‡‚ÚÓÓ‚, Ï/„Ó‰

ÉÓËÁÓÌÚ˚ U/4He ÏÂÚÓ‰* [5] [13]**

V 5.0 – 7.3

IV 2.0 (2.6) – 2.6

III 0.5 0.75–1.25*** 0.26

I + II 0.6 (0.83)

* – ‚ ÒÍÓ·Í‡ı – ÁÌ‡˜ÂÌËfl ÒÍÓÓÒÚË ÙËÎ¸Ú‡ˆËË, ‡ÒÒ˜ËÚ‡Ì-
Ì˚Â ËÒıÓ‰fl ËÁ ˝ÙÙÂÍÚË‚ÌÓÈ ÏÓ˘ÌÓÒÚË ÔÓÚÓÍ‡ mν (Ú‡·Î. 4);
** – ÂÁÛÎ¸Ú‡Ú˚ ˜ËÒÎÂÌÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl Ì‡ Â„ËÓÌ‡Î¸-

ÌÓÈ „ÂÓÙËÎ¸Ú‡ˆËÓÌÌÓÈ ÏÓ‰ÂÎË;
***– ÔÂÂÒ˜ËÚ‡ÌÓ ËÁ ÔË‚Â‰ÂÌÌ˚ı ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ ÁÌ‡˜ÂÌËÈ
‰ÂÈÒÚ‚ËÚÂÎ¸ÌÓÈ ÒÍÓÓÒÚË ÙËÎ¸Ú‡ˆËË u = 3–5 Ï/„Ó‰ ÔÓ ÙÓ-
ÏÛÎÂ v = un ÔË n = 0.25.
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ÁÌ‡˜ËÚ, ˜ÚÓ ‚ÂÏfl Ì‡ıÓÊ‰ÂÌËfl ‡‰ËÓÌÛÍÎË‰Ó‚ ‚
ÔÎ‡ÒÚ‡ı-ÍÓÎÎÂÍÚÓ‡ı ‰ÓÎÊÌÓ ËÁÏÂflÚ¸Òfl, ÔÓ Í‡È-
ÌÂÈ ÏÂÂ, ÒÓÚÌflÏË Ú˚Òfl˜ ÎÂÚ – ÔÂËÓ‰, ‚ÔÓÎÌÂ ‰Ó-
ÒÚ‡ÚÓ˜Ì˚È ‰Îfl Ò‡ÏÓÓ˜Ë˘ÂÌËfl ‡‰ËÓ‡ÍÚË‚Ì˚ı ÓÚıÓ-
‰Ó‚ Á‡ Ò˜ÂÚ ‡‰ËÓ‡ÍÚË‚ÌÓ„Ó ‡ÒÔ‡‰‡. èÓÎÛ˜ÂÌÌ˚È
‚˚‚Ó‰ fl‚ÎflÂÚÒfl ÔÓ‰Ú‚ÂÊ‰ÂÌËÂÏ ·ÂÁÓÔ‡ÒÌÓÒÚË ‚˚-
·‡ÌÌÓÈ Ì‡ ‰‡ÌÌÓÏ ÔÂ‰ÔËflÚËË ÒıÂÏ˚ ËÁÓÎflˆËË
ÊË‰ÍËı êÄé ÔÓÒÂ‰ÒÚ‚ÓÏ Ëı Á‡Í‡˜ÍË ‚ „ÎÛ·ÓÍËÂ ‚Ó-
‰ÓÌÓÒÌ˚Â „ÓËÁÓÌÚ˚. 

èêàãéÜÖçàÖ 1. ÄçÄãàíàóÖëäàÖ 
êÖòÖçàü Ñãü êÄëèÄÑÄ ÑÇìï 
êÄÑàéçìäãàÑéÇ Ç ëéëíÄÇÖ 

ÇéÑéÇåÖôÄûôàï èéêéÑ

éÒÌÓ‚Ì˚Â ‡Ì‡ÎËÚË˜ÂÒÍËÂ Â¯ÂÌËfl

ëÎÛ˜‡È ‡ÒÔ‡‰‡ Ó‰ÌÓ„Ó ˝ÎÂÏÂÌÚ‡ ‚ ÒÓÒÚ‡‚Â ÔÓÓ-
‰˚. èÂ‰ÔÓÎÓÊËÏ, ˜ÚÓ ËÒÚÓ˜ÌËÍÓÏ ‡‰ËÓ‡ÍÚË‚ÌÓ-
ÒÚË ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ fl‚ÎflÂÚÒfl ÔÓËÒÚ‡fl Ï‡ÚËˆ‡ ÔÓÓ-
‰˚ (ËÒ. 3). àÒıÓ‰Ì‡fl (t = 0) ÍÓÌˆÂÌÚ‡ˆËfl ‡‰ËÓÌÛÍ-
ÎË‰‡ ‚ ÌÂÈ – C10. ç‡ ‚ıÓ‰ÌÓÈ „‡ÌËˆÂ ÔÎ‡ÒÚ‡ (x = 0)
Á‡‰‡ÂÚÒfl ÔÓÒÚÓflÌÌ˚È ‡ÒıÓ‰ ÙËÎ¸Ú‡ˆËÓÌÌÓ„Ó ÔÓ-
ÚÓÍ‡ q0. ë ̋ ÚËÏ ÔÓÚÓÍÓÏ ‚ ÔÎ‡ÒÚ ÔË‚ÌÓÒËÚÒfl ÚÓÎ¸ÍÓ
“˜ËÒÚ‡fl” ‚Ó‰‡, Ò‚Ó·Ó‰Ì‡fl ÓÚ Ó‰ËÚÂÎ¸ÒÍÓ„Ó A1 Ë ‰Ó-
˜ÂÌÂ„Ó A2 ËÁÓÚÓÔÓ‚ C1 = C2 = 0 ÔË x = 0. äÓÏÂ ÚÓ-
„Ó, ‚ ‡Ò˜ÂÚÌÓÈ ÒıÂÏÂ ‰ÓÔÛÒÍ‡ÂÚÒfl ÔÂÂÚÂÍ‡ÌËÂ „ÎÛ-
·ËÌÌ˚ı ‚Ó‰ Ò Û‰ÂÎ¸ÌÓÈ ËÌÚÂÌÒË‚ÌÓÒÚ¸˛ εu. ùÚË ‚Ó-
‰˚ ÌÂÒÛÚ ÍÓÏÔÓÌÂÌÚ A2 ‚ ÍÓÌˆÂÌÚ‡ˆËË C20, Ú‡Í ˜ÚÓ
Â„Ó Ï‡ÒÒÓ‚˚È ÔÓÚÓÍ J0 = εuC20. ë ÓˆÂÌÍÓÈ ‚ÂÎË˜ËÌ˚
Â„ËÓÌ‡Î¸ÌÓ„Ó ÔÓÚÓÍ‡ J0 ˜‡ÒÚÓ Ò‚flÁ‡Ì˚ ÓÒÌÓ‚Ì˚Â
ÚÛ‰ÌÓÒÚË ÍÓÂÍÚÌÓÈ ËÌÚÂÔÂÚ‡ˆËË ‰‡ÌÌ˚ı ËÁÓ-
ÚÓÔÌÓ„Ó ‰‡ÚËÓ‚‡ÌËfl, Ú‡Í Í‡Í Á‡ÌËÊÂÌËÂ ÔÓÚÓÍ‡ ‚Â-
‰ÂÚ Í ÙËÍÚË‚ÌÓÏÛ ÛÏÂÌ¸¯ÂÌË˛ ÚÂÏÔÓ‚ ‚Ó‰ÓÓ·ÏÂÌ‡
Ë Ì‡Ó·ÓÓÚ. 

ëËÒÚÂÏ‡ Û‡‚ÌÂÌËÈ ËÁÓÚÓÔÌÓ„Ó ·‡Î‡ÌÒ‡ ËÏÂÂÚ
‚Ë‰

(1)

∂C1

∂t
--------- λ1C1+ 0,=

n
∂C2

∂t
--------- ∂

∂x
------ vxC2( ) λ2nC2 λ1k1C1–

εu

m
----C20–+ + 0,=

„‰Â C1 – ̃ ËÒÎÓ ‡ÚÓÏÓ‚, ÒÔÓÒÓ·Ì˚ı Í ‡ÒÔ‡‰Û, ‚ Â‰ËÌË-
ˆÂ Ó·˙ÂÏ‡ ÔÓÓ‰˚; C2 – ˜ËÒÎÓ ‡ÚÓÏÓ‚, ÒÔÓÒÓ·Ì˚ı Í
‡ÒÔ‡‰Û, ‚ Â‰ËÌËˆÂ Ó·˙ÂÏ‡ ÔÓÓ‚Ó„Ó ‡ÒÚ‚Ó‡ (ÔÓ‰-
ÁÂÏÌÓÈ ‚Ó‰˚); k1 – ÍÓÎË˜ÂÒÚ‚Ó ‰Ó˜ÂÌËı ‡ÚÓÏÓ‚, Ó·-
‡ÁÛ˛˘ËıÒfl ÔË ‡ÒÔ‡‰Â Ó‰ÌÓ„Ó ‡ÚÓÏ‡ Ó‰ËÚÂÎ¸-
ÒÍÓ„Ó ˝ÎÂÏÂÌÚ‡; n – ÔÓËÒÚÓÒÚ¸ ‚ ‰ÓÎflı Â‰ËÌËˆ˚;
ÒÍÓÓÒÚ¸ ÔÓÚÓÍ‡ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ÓÔÂ‰ÂÎflÂÚÒfl ËÁ ÒÓ-

ÓÚÌÓ¯ÂÌËfl vx =  +  „‰Â m – ÏÓ˘ÌÓÒÚ¸ ÔÎ‡ÒÚ‡.

ë Û˜ÂÚÓÏ ÔÓÒÎÂ‰ÌÂ„Ó ÒÓÓÚÌÓ¯ÂÌËfl ÒËÒÚÂÏ‡ Û‡‚ÌÂ-
ÌËÈ (1) ÔÂÓ·‡ÁÛÂÚÒfl Í ‚Ë‰Û

(2)

„‰Â ε* = εu/mn.

Ç Û‡‚ÌÂÌËflı (1) Ë (2) ÏÓÊÂÚ ·˚Ú¸ Û˜ÚÂÌ‡ ÌÂÔÓÎ-
ÌÓÚ‡ ‚˚‰ÂÎÂÌËfl ‰Ó˜ÂÌÂ„Ó ÔÓ‰ÛÍÚ‡ ‡ÒÔ‡‰‡ ËÁ ÔÓ-
Ó‰˚. ÑÎfl ˝ÚÓ„Ó ‰ÓÒÚ‡ÚÓ˜ÌÓ ÔÓÏÌÓÊËÚ¸ ÍÓÌÒÚ‡ÌÚÛ
k1 ‚ Û‡‚ÌÂÌËflı (1) Ë (2) Ì‡ ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÚÂ¸ KÓÚ‰.

εux
m

--------
q0

m
-----,

∂C1

∂t
--------- λ1C1+ 0,=

∂C2

∂t
---------

∂C2

∂t0
--------- ε* λ2+( )C2 λ1

k1

n
----C1–+ + ε*C20,=

2e - 7

5000 10000 15000
ÇÓÁ‡ÒÚ ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰, „Ó‰˚

0
0e + 0

4e - 7

6e - 7

8e - 7

1e - 6 1e -  5

8e -  6

6e -  6

4e - 6

2e- 6

0e+0
4 H

e 
‡‰

 (
IV

, V
),

ÌÒ
Ï

3
/Ò

Ï
3

4 H
e 

‡‰
 (

I,
 I

I,
 I

II
),

ÌÒ
Ï

3
/Ò

Ï
3  H

2O

1 2 3 4

êËÒ. 2. ÇÓÁ‡ÒÚ ‚Ó‰˚ ‚ ‡ÁÎË˜Ì˚ı „ÓËÁÓÌÚ‡ı ‰Îfl ÚÓ˜ÂÍ, ‡ÁÌÓÛ‰‡ÎÂÌÌ˚ı ÓÚ Ó·Î‡ÒÚË ÔËÚ‡ÌËfl, ÔÓ ‰‡ÌÌ˚Ï Û‡Ì-„ÂÎËÂ-
‚Ó„Ó ÏÂÚÓ‰‡. 1 – I + II; 2 – III; 3 – IV; 4 – V „ÓËÁÓÌÚ˚.

0 x

q0

C1 = 0

C2 = 0

C20 εu

qx(vx) C1(t = 0) = C10
C2(t = 0) = 0

êËÒ. 3. ëıÂÏ‡ ÔÓÒÚÓÂÌËfl ‡Ò˜ÂÚÌ˚ı Á‡‚ËÒËÏÓÒÚÂÈ
‰Îfl ËÁÓÚÓÔÌÓ„Ó ‰‡ÚËÓ‚‡ÌËfl ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰. 
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íÓÍ‡Â‚ Ë ‰.

àÒÔÓÎ¸ÁÛfl ÔÂÓ·‡ÁÓ‚‡ÌËÂ ã‡ÔÎ‡Ò‡ Ò Û˜ÂÚÓÏ
Ì‡˜‡Î¸ÌÓ„Ó ÛÒÎÓ‚Ëfl C1(t = 0) = C10 ÔÓÎÛ˜‡ÂÏ ‡Ì‡ÎÓ„
ÒËÒÚÂÏ˚ (2) ‚ ËÁÓ·‡ÊÂÌËflı

(3)

èÂ‚ÓÂ Û‡‚ÌÂÌËÂ ÓÚÌÓÒËÚÒfl Í ÍÎ‡ÒÒÛ ‡Î„Â·‡Ë˜Â-
ÒÍËı Ë ËÏÂÂÚ ÚË‚Ë‡Î¸ÌÓÂ Â¯ÂÌËÂ. ÇÚÓÓÂ Û‡‚ÌÂ-
ÌËÂ ÒËÒÚÂÏ˚ (3) fl‚ÎflÂÚÒfl ‰ËÙÙÂÂÌˆË‡Î¸Ì˚Ï Û‡‚-
ÌÂÌËÂÏ ÔÂ‚Ó„Ó ÔÓfl‰Í‡. Ö„Ó Â¯ÂÌËÂ ÏÓÊÂÚ ·˚Ú¸

Ì‡È‰ÂÌÓ Ò ÔÓÏÓ˘¸˛ ÔÓ‰ÒÚ‡ÌÓ‚ÍË  = uv. Ç ÂÁÛÎ¸-
Ú‡ÚÂ ÔÓÎÛ˜‡ÂÏ

(4)

(5)

é·‡˘ÂÌËÂ ÙÛÌÍˆËÈ  Ë  ‰‡ÂÚ ÓË„ËÌ‡Î˚

C1 = C10 (6)

(7)

(8)

ÖÒÎË ‡ÒÔ‡‰ÓÏ ‰Ó˜ÂÌÂ„Ó ÔÓ‰ÛÍÚ‡ ÏÓÊÌÓ ÔÂ-
ÌÂ·Â˜¸ (λ2 = 0), ÚÓ Û‡‚ÌÂÌËfl (6)–(7) ÛÔÓ˘‡˛ÚÒfl Ë
ÏÓ„ÛÚ ·˚Ú¸ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ ÒÎÂ‰Û˛˘ÂÈ ÙÓÏÂ:

(9)

(10)

(11)

p λ1+( )C̃1 C10,=

∂C̃2

∂t0
--------- p ε* λ2+ +( )C̃2+

k1

n
----

λ1C10

p λ1+
---------------

ε*C20

p
--------------.+=

C̃2

C̃1
C10

p λ1+
---------------,=

C̃2
k1

n
----

λ1C10

p λ1+( ) p ε* λ2+ +( )
----------------------------------------------------

ε*C20

p p ε* λ2+ +( )
----------------------------------- ++=

+
k1

n
----

λ1C10

p λ1+( ) p ε* λ2+ +( )
---------------------------------------------------- +⎝

⎛

+
ε*C20

p p ε* λ2+ +( )
-----------------------------------⎠

⎞ e
p ε* λ2+ +( )t0–

.

C̃1 C̃2

e
λ1t

,

C2

k1

n
----

λ1C10

λ1 λ2– ε*–( )
--------------------------------- e

λ2 ε*+( )t–
e

λ1t–
–( ) +=

+
ε*C20

ε* λ2+
----------------- 1 e

λ2 ε*+( )t–
–( )  ÔË   t t0,<

C2

k1

n
----

λ1C10

λ1 λ2– ε*–( )
--------------------------------- e

λ2 ε*+( )t0–
e

λ1 t t0–( )–
e

λ1t–
–( ) +=

+
ε*C20

ε* λ2+
----------------- 1 e

λ2 ε*+( )t0–
–( )  ÔË   t t0≥ .

C1 C10e t– ,=

C2

k1

n
----

C10e t–

1 ελ–( )
------------------ e

1 ελ–( )t
1–( ) C20 1 e

1 ελ–( )t–
–( )+=

  ÔË   t t0< ,

C2

k1

n
----

C10e t–

1 ελ–( )
------------------ e

1 ελ–( )t0 1–( ) C20 1 e
ελt0–

–( )+=

  ÔË   t t0≥ ,

Á‰ÂÒ¸  =   = λ1t,  = λ1t0. 

ÖÒÎË ÔÓÎÓÊËÚ¸ εu = 0, Ú.Â. ÔÂÌÂ·Â˜¸ Â„ËÓÌ‡Î¸-
Ì˚Ï (“ÙÓÌÓ‚˚Ï”) ÔÓÚÓÍÓÏ ÔËÓ‰Ì˚ı ËÁÓÚÓÔÓ‚ ‰Ó-
˜ÂÌÂ„Ó ÔÓ‰ÛÍÚ‡ ‡ÒÔ‡‰‡ ˜ÂÂÁ ÔÓ‰Ó¯‚Û ÔÎ‡ÒÚ‡, ÚÓ
Û‡‚ÌÂÌËfl (10) Ë (24) ÏÓÊÌÓ ÔÂ‰ÒÚ‡‚ËÚ¸ ‚ ·ÂÁ‡Á-
ÏÂÌÓÈ ÙÓÏÂ

(12)

(13)

èÓ‰ÒÚ‡ÌÓ‚Í‡ C10 ËÁ ÙÓÏÛÎ˚ (9) ‚ (10) Ë (11) ‰‡ÂÚ

(14)

 ÔË t ≥ t0. (15)

í‡Í Í‡Í εu = 0, ÚÓ t0 = xnm/q0 = xn/v0. É‡ÙËÍË Â-
¯ÂÌËÈ (9) Ë (14) ‰‡Ì˚ Ì‡ ËÒ. 4.

ëÎÛ˜‡È ‡ÒÔ‡‰‡ ÌÂÒÍÓÎ¸ÍËı ˝ÎÂÏÂÌÚÓ‚ ‚ ÒÓÒÚ‡‚Â
ÔÓÓ‰˚. èÂ‰ÔÓÎÓÊËÏ ÚÂÔÂ¸, ˜ÚÓ ‡‰ËÓ‡ÍÚË‚-
ÌÓÒÚ¸ ÔÓËÒÚÓÈ Ï‡ÚËˆ˚ Ó·ÛÒÎÓ‚ÎÂÌ‡ ÔËÒÛÚÒÚ‚Ë-
ÂÏ ÌÂÒÍÓÎ¸ÍËı (j = 1, 2, …, J) ̋ ÎÂÏÂÌÚÓ‚, ÔÓ‰‚ÂÊÂÌ-
Ì˚ı ‡ÒÔ‡‰Û, ÔË˜ÂÏ ‡ÒÔ‡‰ Í‡Ê‰Ó„Ó ËÁ ‡ÚÓÏÓ‚ j-„Ó
ËÁÓÚÓÔ‡ ÔË‚Ó‰ËÚ Í Ó·‡ÁÓ‚‡ÌË˛ kj ‰Ó˜ÂÌËı ‡ÚÓ-
ÏÓ‚. àÒıÓ‰Ì˚Â ‡ÚÓÏ‡Ì˚Â ÍÓÌˆÂÌÚ‡ˆËË Í‡Ê‰Ó„Ó

ËÁ ˝ÎÂÏÂÌÚÓ‚ –  Ç ˝ÚÓÏ ÒÎÛ˜‡Â ÒËÒÚÂÏ‡ Û‡‚ÌÂ-
ÌËÈ ËÁÓÚÓÔÌÓ„Ó ·‡Î‡ÌÒ‡ ËÏÂÂÚ ‚Ë‰

(16)

„‰Â j – ÛÒÎÓ‚Ì˚È ÔÓfl‰ÍÓ‚˚È ÌÓÏÂ ‡‰ËÓ‡ÍÚË‚-

ÌÓ„Ó ˝ÎÂÏÂÌÚ‡,  – ÍÓÌÒÚ‡ÌÚ‡ Â„Ó ‡ÒÔ‡‰‡. 

í‡Í Í‡Í ÒËÒÚÂÏ‡ fl‚ÎflÂÚÒfl ÎËÌÂÈÌÓÈ, ÂÂ Â¯Â-
ÌËÂ ÌÂ ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌ˚ı Ï‡ÚÂÏ‡ÚË˜Â-
ÒÍËı ÒÎÓÊÌÓÒÚÂÈ. Ç ÂÁÛÎ¸Ú‡ÚÂ ËÏÂÂÏ

(17)

ελ
ε*
λ1
-----, t t0

C2
nk n

k1
----

C2

C10
-------- 1 e

λ1t–
–( )   ÔË t t0,<= =

C2
nk n

k1
----

C2

C10
-------- e

λ1 t t0–( )–
e

λ1t–
–( )   ÔË t t0≥ .= =

C21
nk n

k1
----

C2

C1
------ e

λ1t
1–( )  ÔË   t t0,<= =

C21
nk n

k1
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C2

C1
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λ1t0 1–( )= =

C10
j .

∂C1
1

∂t
--------- λ1

1C1
1+ 0,=

∂C1
2

∂t
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2C1
2+ 0,=

∂C1
j

∂t
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j C1
j+ 0,=

n
∂C2

∂t
--------- ∂

∂x
------ v xC2( ) λ2nC2 λ1

j k jC1
j

j 1=

j J=

∑–
εu

m
----C20–+ + 0,=

λ1
j

C1
j C10

j e
λ1

j
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,=



ÇéÑçõÖ êÖëìêëõ      ÚÓÏ 36      ‹ 3      2009

éñÖçäÄ ÑéãÉéëêéóçéâ ÅÖáéèÄëçéëíà áÄïéêéçÖçàü 371

(18)

(19)

í‡ÍËÏ Ó·‡ÁÓÏ, ÌÂÍÓÚÓ˚Â „Ë‰Ó‰ËÌ‡ÏË˜Â-
ÒÍËÂ ı‡‡ÍÚÂËÒÚËÍË ‚Ó‰ÓÌÓÒÌ˚ı ÒËÒÚÂÏ ÏÓ„ÛÚ
·˚Ú¸ ÓÔÂ‰ÂÎÂÌ˚ ÔÓÒÂ‰ÒÚ‚ÓÏ Á‡ÏÂÓ‚ ÒÓÓÚÌÓ-
¯ÂÌËÈ ÚÂÍÛ˘Ëı ÍÓÌˆÂÌÚ‡ˆËÈ ËÁÓÚÓÔÓ‚ (Ó‰Ë-
ÚÂÎ¸ÒÍËı Ë ‰Ó˜ÂÌËı) ‚ ÔÓ‰ÁÂÏÌÓÈ ‚Ó‰Â Ë ÔÓÓ‰Â.
èÓÍ‡ÊÂÏ ˝ÚÓ Ì‡ ÔËÏÂÂ ‡Ò˜ÂÚÌÓÈ ÒıÂÏ˚, ÍÓÚÓ-
‡fl ÏÓÊÂÚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸Òfl ÔË ËÌÚÂÔÂÚ‡ˆËË
‰‡ÌÌ˚ı, ÔÓÎÛ˜‡ÂÏ˚ı ÔË ËÁÛ˜ÂÌËË ‡ÒÔÂ‰ÂÎÂÌËfl
ËÁÓÚÓÔÓ‚ Û‡ÌÓ‚Ó„Ó fl‰‡.

C2
1
n
---

k jλ1
j C10

j

λ1
j λ2– ε*–( )

---------------------------------e
λ1

j– t
e

ε* λ2 λ1
j–+( )t–

1–( ) +
j 1=

J

∑=

+
ε*C20

ε* λ2+
-----------------e

ε* λ2+( )t–
  ÔË   t t0< ,

C2
1
n
---

k jλ1
j C10

j

λ1
j λ2– ε*–( )

---------------------------------e
λ1

j– t
e

ε* λ2 λ1
j–+( )t0–

1–( ) +
j 1=

J

∑=

+
ε*C20

ε* λ2+
-----------------e

ε* λ2+( )t0–
  ÔË   t t0≥ .

Å‡ÁÓ‚˚Â ÒÓÓÚÌÓ¯ÂÌËfl 
‰Îfl Û‡Ì-„ÂÎËÂ‚Ó„Ó ‰‡ÚËÓ‚‡ÌËfl

àÁÓÎËÓ‚‡ÌÌ˚È ÔÎ‡ÒÚ. èÛÒÚ¸ Ó‰ËÚÂÎ¸ÒÍËÏË
fl‚Îfl˛ÚÒfl ‡‰ËÓÌÛÍÎË‰˚ ËÁÓÚÓÔÌÓ„Ó fl‰‡ 238U,
235U, 232Th [1], Ëı α-‡ÒÔ‡‰ ÔË‚Ó‰ËÚ Í ̋ ÏËÒÒËË k1 = 8,
k2 = 7, k3 = 6 ‡ÚÓÏÓ‚ ÒÚ‡·ËÎ¸ÌÓ„Ó (λ2 = 0) ËÁÓÚÓÔ‡ „Â-
ÎËfl 4He (Ú‡·Î. 6). àÁ ÙÓÏÛÎ (18) Ë (19) ÔË ÔÓ‰ÒÚ‡-

ÌÓ‚ÍÂ ‚ ÌËı ËÒıÓ‰Ì˚ı ÍÓÌˆÂÌÚ‡ˆËÈ  ËÁ (17) (J =
3) ËÏÂÂÏ (ÒÎÛ˜‡È ε* = 0)

(20)

Ë

(21)

á‰ÂÒ¸    – ËÒıÓ‰Ì˚Â ÒÓ‰ÂÊ‡ÌËfl 238U,
235U, 232Th ‚ ÔÓÓ‰Â.
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íÓÍ‡Â‚ Ë ‰.

Ç Û‡‚ÌÂÌËflı (20) Ë (21) Ë ‚Ó ‚ÒÂı ÔÓÒÎÂ‰Û˛˘Ëı
Á‡‚ËÒËÏÓÒÚflı ÏÓÊÂÚ ·˚Ú¸ Û˜ÚÂÌ‡ ÌÂÔÓÎÌÓÚ‡ ‚˚‰Â-
ÎÂÌËfl „ÂÎËfl ËÁ ÔÓÓ‰˚ ‚ ‚Ó‰Û [1, 2]. ÑÎfl ˝ÚÓ„Ó ‰Ó-
ÒÚ‡ÚÓ˜ÌÓ ÔÓÏÌÓÊËÚ¸ ÍÓÌÒÚ‡ÌÚ˚ kj ‚ Û‡‚ÌÂÌËflı
(20) Ë (21) Ì‡ ÍÓ˝ÙÙËˆËÂÌÚ ÔÓÚÂ¸ „ÂÎËfl ËÁ ÔÓÓ‰˚
‚ ‚Ó‰Û KÓÚ‰.

åÂÚÓ‰ Û‡Ì-„ÂÎËÂ‚Ó„Ó ‰‡ÚËÓ‚‡ÌËfl ËÒÔÓÎ¸ÁÛÂÚ-
Òfl ‰Îfl ËÁÛ˜ÂÌËfl ‚Ó‰ÓÓ·ÏÂÌ‡ ‚ „ÎÛ·ÓÍËı ‚Ó‰ÓÌÓÒÌ˚ı
ÒËÒÚÂÏ‡ı, ÔÓ‰ÓÎÊËÚÂÎ¸ÌÓÒÚ¸ ÒÛ˘ÂÒÚ‚Ó‚‡ÌËfl ÍÓÚÓ-
˚ı ËÁÏÂflÂÚÒfl „ÂÓÎÓ„Ë˜ÂÒÍËÏË ÓÚÂÁÍ‡ÏË ‚ÂÏÂ-
ÌË, ‚ ÚÂ˜ÂÌËÂ ÍÓÚÓ˚ı ‚ÎËflÌËÂ ÔËÚ‡˛˘Ëı „‡ÌËˆ
ÔÓfl‚ÎflÂÚÒfl ‚ ÔÓÎÌÓÈ ÏÂÂ, Ú.Â. ÔÂ‰ÔÓÒ˚ÎÍ‡ t ≥ t0
Ô‡ÍÚË˜ÂÒÍË ‚ÒÂ„‰‡ ‚˚ÔÓÎÌflÂÚÒfl. ÇÂÏfl t0 ‚ ˝ÚÓÏ
ÒÎÛ˜‡Â ‡ÒÒÓˆËËÛÂÚÒfl Ò “‚ÓÁ‡ÒÚÓÏ ÔÓ‰ÁÂÏÌÓÈ ‚Ó-
‰˚”, Ú.Â. ‚ÂÏÂÌÌ Ï ÔÂËÓ‰ÓÏ, ÓÚ‰ÂÎfl˛˘ËÏ ‚ÂÏfl
ÓÚ·Ó‡ ÔÓ·˚ ‚ ÚÓ˜ÍÂ x ÓÚ ÏÓÏÂÌÚ‡ ‚ÌÂ‰ÂÌËfl ‡ÚÏÓ-
ÒÙÂÌ˚ı ‚Ó‰ ‚ ÔÓ‰ÁÂÏÌ˚È „ÓËÁÓÌÚ ‚ ÚÓ˜ÍÂ x = 0
(Ó‰ÌÓÏÂÌ‡fl ÔÓÒÚ‡ÌÓ‚Í‡ Á‡‰‡˜Ë). Ç Ó·˘ÂÏ ÒÎÛ˜‡Â
ÓÌÓ ÏÓÊÂÚ ·˚Ú¸ Ì‡È‰ÂÌÓ ËÁ Û‡‚ÌÂÌËfl (21).

ÖÒÎË ÔÓÎÓÊËÚ¸ ÔË t0 � 1 eλ/t ≈ 1 + t0, ÚÓ ‚˚-
‡ÊÂÌËfl ‚ ÒÍÓ·Í‡ı ‚ Â¯ÂÌËË (21) ÒÚ‡ÌÓ‚flÚÒfl ÎË-
ÌÂÈÌ˚ÏË ÙÛÌÍˆËflÏË t0, ‡ ÙÓÏÛÎÛ (21) ÏÓÊÌÓ ÔÂ-
Ó·‡ÁÓ‚‡Ú¸ Í ‚Ë‰Û

(22)

ÓÚÍÛ‰‡ 

(23)

„‰Â 

(24)

– ÒÍÓÓÒÚ¸ Ì‡ÍÓÔÎÂÌËfl ‡‰ËÓ„ÂÌÌÓ„Ó „ÂÎËfl
‡Ú/(  „Ó‰), Ú.Â. ÔË Ï‡Î˚ı ÁÌ‡˜ÂÌËflı ·ÂÁ‡Á-

ÏÂÌ˚ı ÍÓÏÔÎÂÍÒÓ‚ t0 Ì‡ÍÓÔÎÂÌËÂ 4He ÔÓËÒ-
ıÓ‰ËÚ ÔËÏÂÌÓ Ò ÔÓÒÚÓflÌÌÓÈ ÒÍÓÓÒÚ¸˛.

ÖÒÎË ÔÓÒÎÂ‰ÌÂÂ ÛÒÎÓ‚ËÂ ÒÓ·Î˛‰‡ÂÚÒfl, ÚÓ ÒÚ‡ˆËÓ-
Ì‡ÌÓÂ (ÔË t > t0) ‡ÒÔÂ‰ÂÎÂÌËÂ 4He ‚ Ó‰ÌÓÔÎ‡ÒÚÓ-
‚ÓÈ ÒËÒÚÂÏÂ, ÍÓ„‰‡ vx = v = const, εu = 0, λ2 = 0, C ≡ C2
(ÍÓÌˆÂÌÚ‡ˆËfl 4He ‚ ‚Ó‰Â), ÓÔËÒ˚‚‡ÂÚÒfl ‰ËÙÙÂÂÌ-
ˆË‡Î¸Ì˚Ï Û‡‚ÌÂÌËÂÏ

(25)

ÍÓÚÓÓÂ fl‚ÎflÂÚÒfl Ò‚ÓÂ„Ó Ó‰‡ Ó·Ó·˘ÂÌËÂÏ ÒËÒÚÂÏ˚
Û‡‚ÌÂÌËÈ (16); ÓÌÓ ÓÍ‡Á˚‚‡ÂÚÒfl ÔÓÎÂÁÌ˚Ï ÔË ‡Ì‡-
ÎËÁÂ Ì‡ÍÓÔÎÂÌËfl 4He ‚ ÏÌÓ„ÓÔÎ‡ÒÚÓ‚˚ı ÒËÒÚÂÏ‡ı
(ËÒ. 4). 

èË ËÁ‚ÂÒÚÌ˚ı ÍÓÌˆÂÌÚ‡ˆËflı ‚ ÚÓ˜Í‡ı x1 Ë x2
(x2 > x1), ‡ÒÔÓÎÓÊÂÌÌ˚ı Ì‡ Ó‰ÌÓÈ ÎËÌËË ÚÓÍ‡, ‰ÂÈ-

˚́

λ1
j λ1

j

C2

k1λ1
1

n
----------C1

1 k2λ1
2

n
----------C1

2 k3λ1
3

n
----------C1

3+ +⎝ ⎠
⎛ ⎞ t0,=

t0

C2

P'
------,=

P'
k1λ1

1

n
----------C1

1 k2λ1
2

n
----------C1

2 k3λ1
3

n
----------C1

3+ +=

(ÎH2O

λ1
j

vm
∂C
∂x
------- mnP'– 0,=

ÒÚ‚ËÚÂÎ¸Ì‡fl ÒÍÓÓÒÚ¸ Ï‡ÒÒÓÔÂÂÌÓÒ‡ u = v0/n ÏÓ-
ÊÂÚ ·˚Ú¸ ÓÔÂ‰ÂÎÂÌ‡ ËÁ ‚˚‡ÊÂÌËfl

(26)

‚˚ÚÂÍ‡˛˘Â„Ó ËÁ (23).
åÌÓ„ÓÔÎ‡ÒÚÓ‚‡fl ÒËÒÚÂÏ‡ ‚ ÛÒÎÓ‚Ëflı Â„ËÓÌ‡Î¸-

ÌÓ„Ó ÔÓÚÓÍ‡ „ÎÛ·ËÌÌÓ„Ó „ÂÎËfl. ëÓÒÚ‡‚ËÏ ÒËÒÚÂÏÛ
Û‡‚ÌÂÌËÈ ·‡Î‡ÌÒ‡ ËÁÓÚÓÔ‡ 4He ‚ ÏÌÓ„ÓÔÎ‡ÒÚÓ‚ÓÈ
ÒËÒÚÂÏÂ, ËÏÂfl ‚ ‚Ë‰Û ÔÓÒÚÓflÌÒÚ‚Ó ËÌÚÂÌÒË‚ÌÓÒÚË „Â-
ÌÂ‡ˆËË  ‰‡ÌÌÓ„Ó ËÁÓÚÓÔ‡ Á‡ Ò˜ÂÚ ‡ÒÔ‡‰‡ Ó‰Ë-
ÚÂÎ¸ÒÍËı ÔÓ‰ÛÍÚÓ‚ (25) ‚ Í‡Ê‰ÓÏ ËÁ i-ı ÒÎÓÂ‚, ‡ Ú‡Í-
ÊÂ ÒÚ‡ˆËÓÌ‡Ì˚È ı‡‡ÍÚÂ ÍÓÌˆÂÌÚ‡ˆËÓÌÌ˚ı ‡Ò-
ÔÂ‰ÂÎÂÌËÈ Ci, ˜ÚÓ ÒÔ‡‚Â‰ÎË‚Ó ÔË t > t0

(27)

„‰Â ËÌÚÂÌÒË‚ÌÓÒÚ¸ ÏÂÊÒÎÓÂ‚˚ı ÔÂÂÚÓÍÓ‚ Ji ÓÔÂ-
‰ÂÎflÂÚÒfl ÍÓÌˆÂÌÚ‡ˆËÓÌÌ˚ÏË „‡‰ËÂÌÚ‡ÏË

(28)

Á‰ÂÒ¸ vi – „ÓËÁÓÌÚ‡Î¸Ì‡fl ÒÍÓÓÒÚ¸ ÙËÎ¸Ú‡ˆËË;
DÏ – ÍÓ˝ÙÙËˆËÂÌÚ ÏÓÎÂÍÛÎflÌÓÈ ‰ËÙÙÛÁËË 4He;
mi Ë m0i – ÏÓ˘ÌÓÒÚË ıÓÓ¯Ó Ë ÒÎ‡·Ó ÔÓÌËˆ‡ÂÏ˚ı
ÒÎÓÂ‚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. 

èÓ‰ÒÚ‡ÌÓ‚Í‡ ‚˚‡ÊÂÌËÈ ‰Îfl Ï‡ÒÒÓ‚˚ı ÔÓÚÓÍÓ‚
ËÁ (28) ‚ Û‡‚ÌÂÌËfl ·‡Î‡ÌÒ‡ (27) ÔÓÁ‚ÓÎflÂÚ ÔÂÓ·‡-
ÁÓ‚‡Ú¸ ÔÓÒÎÂ‰ÌËÂ Í ‚Ë‰Û

(29)

„‰Â

(30)

– ÍÓ˝ÙÙËˆËÂÌÚ ÏÂÊÒÎÓÂ‚Ó„Ó Ó·ÏÂÌ‡. ëËÒÚÂÏ‡ Û‡‚-
ÌÂÌËÈ Â¯‡ÂÚÒfl ˜ËÒÎÂÌÌÓ ÔË „‡ÌË˜Ì˚ı ÛÒÎÓ‚Ëflı

Ci (x = 0) = 0. (31)

u
x2 x1–

C2 x2( )
P' x2( )
----------------

C2 x1( )
P' x1( )
----------------–

---------------------------------------,=

Pi'( )

v1m1

∂C1

∂x
--------- m1n1P1'– J0– J1+ 0,=

v2m2

∂C2

∂x
--------- m2n2P2'– J1– J2+ 0,=

vimi

∂Ci

∂x
-------- miniPi'– Ji 1–– Ji+ 0,=

J1

DÏ

m01
-------- C1 C2–( ), J2

DÏ

m02
-------- C2 C3–( ), …,==

Ji

DÏ

m0i

------- Ci Ci 1+–( ),=

v1

∂C1

∂x
--------- n1P1'– J0/m1– α1 C1 C2–( )+ 0,=

v2

∂C1

∂x
--------- n2P2'– α1 C1 C2–( )– α2 C2 C3–( )+ 0,=

vi

∂C1

∂x
--------- niPi'– αi 1– Ci 1– Ci–( )– αi Ci Ci 1+–( )+ 0,=

αi

DÏ

m0imi

-------------=
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èêàãéÜÖçàÖ 2. èÖêÖëóÖí 
îàáàóÖëäàï ÖÑàçàñ àáåÖêÖçàü

Ç ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚ı ‚˚¯Â Á‡‚ËÒËÏÓÒÚflı ‚ Í‡˜ÂÒÚ‚Â
Â‰ËÌËˆ ËÁÏÂÂÌËfl ‰Îfl ·‡ÁÓ‚˚ı ÙÛÌÍˆËÈ ÍÓÌˆÂÌÚ‡-
ˆËÈ C1  Ë C2 ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ ÍÓÎË˜ÂÒÚ‚‡ ‡ÚÓÏÓ‚,

ÔÓ‰‚ÂÊÂÌÌ˚ı ‡ÒÔ‡‰Û, ‚ Â‰ËÌËˆÂ Ó·˙ÂÏ‡ ‡ÒÚ‚Ó‡
ËÎË ÔÓÓ‰˚. èË Ô‡ÍÚË˜ÂÒÍÓÏ ‡Ì‡ÎËÁÂ ÍÓÌˆÂÌÚ‡-
ˆËÓÌÌ˚ı ‡ÒÔÂ‰ÂÎÂÌËÈ ·ÓÎÂÂ ÔË‚˚˜Ì˚Ï fl‚ÎflÂÚÒfl
ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ ‰Û„Ëı Â‰ËÌËˆ ËÁÏÂÂÌËfl. 

èË Û‡Ì-„ÂÎËÂ‚ÓÏ ÏÂÚÓ‰Â ‰‡ÚËÓ‚‡ÌËfl ‚ ÔÓ-
·‡ı ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ ËÁÏÂflÂÚÒfl Ó·˙ÂÏÌÓÂ ÒÓ‰ÂÊ‡-

ÌËÂ ‡ÒÚ‚ÓÂÌÌÓ„Ó „ÂÎËfl-4  Î/  ËÎË

ÌÒÏ3/Ò  (ÒÏ3 ÔË ÌÓÏ‡Î¸Ì˚ı ÛÒÎÓ‚Ëflı), Ë ‚ÂÒÓ-

‚ÓÂ ÒÓ‰ÂÊ‡ÌËÂ Ó‰ËÚÂÎ¸ÒÍËı ËÁÓÚÓÔÓ‚ 238U, 235U Ë
232Th,  „/(„ ÒÍÂÎÂÚ‡ ÔÓÓ‰˚). ÑÎfl ÔÂÂ‚Ó‰‡
Â‰ËÌËˆ ËÁÏÂÂÌËfl ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÒÎÂ‰Û˛˘ËÏË ÒÓ-
ÓÚÌÓ¯ÂÌËflÏË, Ò‚flÁ˚‚‡˛˘ËÏË ÏÂÊ‰Û ÒÓ·ÓÈ ÍÓÎË-
˜ÂÒÚ‚Ó ‚Â˘ÂÒÚ‚‡, ÏÓÎÂÍÛÎflÌÛ˛ Ï‡ÒÒÛ Ë Ó·˙ÂÏ˚.

ÄÚÓÏ‡Ì‡fl ÍÓÌˆÂÌÚ‡ˆËfl C2, ‡Ú/  Ò‚flÁ‡Ì‡ Ò

ÏÓÎ¸ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËÂÈ  ÒÓÓÚÌÓ¯ÂÌËÂÏ

 ÏÓÎ¸/

„‰Â Na = 6.02205 × 1023 ‡ÚÓÏÓ‚/ÏÓÎ¸ – ˜ËÒÎÓ Ä‚Ó-
„‡‰Ó. íÓ„‰‡ ÙËÁË˜ÂÒÍËÈ Ó·˙ÂÏ ‡ÒÚ‚ÓÂÌÌÓ„Ó
4He  ·Û‰ÂÚ

 Î/

„‰Â VÏ = 22.415 Î/ÏÓÎ¸ – ÏÓÎ¸Ì˚È Ó·˙ÂÏ. íÓ„‰‡

 ËÎË 

èÂÂÒ˜ÂÚ Ó·˙ÂÏÌÓÈ ÍÓÌˆÂÌÚ‡ˆËË ËÁÓÚÓÔ‡ ‚ ÔÓ-

Ó‰Â  „/Î ÔÓÓ‰˚, ‚ ÏÓÎ¸ÌÛ˛  ÓÒÛ-
˘ÂÒÚ‚ÎflÂÚÒfl ÔÓ ÙÓÏÛÎÂ

 ÏÓÎ¸/Î ÔÓÓ‰˚,

„‰Â  – ÏÓÎÂÍÛÎflÌ˚È ‚ÂÒ j-„Ó ËÁÓÚÓÔ‡. ÑÎfl Ò‚fl-

ÁË  Ò ‡ÚÓÏ‡ÌÓÈ ÍÓÌˆÂÌÚ‡ˆËÂÈ  ËÏÂÂÏ

Na, ‡Ú/Î ÔÓÓ‰˚,

ËÎË 

Na ‡Ú/Î ÔÓÓ‰˚.

C1
j( )

C2
v[ ], ÎH2O

ÏH2O
3

C1
j w,[ ],

ÎH2O,

C2
Ï

C2
Ï C2

NA

-------= , ÎH2O,

C2
v( )

C2
v C2

ÏVÏ= ÎH2O,

C2 Na

C2
v

VÏ
------= C2

v VÏ

Na
------C2.=

C1
j v,[ ], C1

j v,[ ]

C1
j Ï, C1

j v,

M1
j

---------,=

M1
j

C1
j Ï, C1

j

C1
j C1

j Ï,=

C1
C1

j v,

M1
j

---------=

Ç Ò‚Ó˛ Ó˜ÂÂ‰¸, ÍÓÌˆÂÌÚ‡ˆËfl  Ò‚flÁ‡Ì‡ Ò
ÍÓÌˆÂÌÚ‡ˆËÂÈ ‡‰ËÓÌÛÍÎË‰‡ ‚ ‚ÂÒÓ‚˚ı Â‰ËÌËˆ‡ı Ì‡

Â‰ËÌËˆÛ ‚ÂÒ‡ ÒÍÂÎÂÚ‡ ÔÓÓ‰˚  ÒÓÓÚÌÓ¯ÂÌËÂÏ

 „/„,

„‰Â ρb – ÔÎÓÚÌÓÒÚ¸ ÔÓÓ‰˚, „/ÒÏ3; n – ÔÓËÒÚÓÒÚ¸. 
íÓ„‰‡

 ‡Ú/Î ÔÓÓ‰˚.

103 ÌÒÏ3/Î – ÏÌÓÊËÚÂÎ¸ ‰Îfl ÔÂÂÒ˜ÂÚ‡ ÔÎÓÚÌÓÒÚË
ËÁ „/ÒÏ3 ‚ „/Î. 

í‡ÍËÏ Ó·‡ÁÓÏ, ÙÓÏÛÎÛ (23) ‰Îfl ‚ÓÁ‡ÒÚ‡ ÔÓ‰-
ÁÂÏÌ˚ı ‚Ó‰ ÏÓÊÌÓ ÔÂÂÔËÒ‡Ú¸ ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

(32)

„‰Â 

(33)

èÓ‰ÒÚ‡‚ËÏ ‚ ÙÓÏÛÎÛ (33) ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚
ËÁ Ú‡·Î. 6. Ç ÂÁÛÎ¸Ú‡ÚÂ ËÏÂÂÏ

(34)

ÖÒÎË  ËÁÏÂflÂÚÒfl ‚ ÌÒÏ3/Ò  ÚÓ ÙÓÏÛÎ‡ ‰Îfl
ÒÍÓÓÒÚË „ÂÌÂ‡ˆËË P ‚˚„Îfl‰ËÚ ÌÂÒÍÓÎ¸ÍÓ ËÌ‡˜Â

C1
j v,

C1
j w,

C1
j w, C1

j v,

ρb103 1 n–( )
-------------------------------,=

C1

Naρb103 1 n–( )
M

-------------------------------------C1
j w, ,=

t0

C2
v

P
------,=

P
k1λ1

1Vmρb103 1 n–( )
nM1

1
-------------------------------------------------C1

1 w, +=

+
k2λ1

2Vmρb103 1 n–( )
nM1

2
-------------------------------------------------C1

2 w, +

+
k3λ1

3Vmρb103 1 n–( )
nM1

3
-------------------------------------------------C1

3 w, .

P 0.1169C1
1 w, ρb 1 n–( )

n
----------------------10 6– +=

+ 0.659C1
2 w, ρb 1 n–( )

n
----------------------10 6– +

+ 0.0288C1
3 w, ρb 1 n–( )

n
----------------------10 6– ,  Î/ÎH2O „Ó‰ 1– .

C2
v ÏH2O

3 ,

í‡·ÎËˆ‡ 6.  Ñ‡ÌÌ˚Â Ó Ó‰ÓÌ‡˜‡Î¸ÌËÍ‡ı ÔËÓ‰Ì˚ı ‡-
‰ËÓ‡ÍÚË‚Ì˚ı fl‰Ó‚ ‰Îfl ‡Ò˜ÂÚ‡ ÒÍÓÓÒÚË Ì‡ÍÓÔÎÂÌËfl
‡‰ËÓ„ÂÌÌÓ„Ó „ÂÎËfl

j àÁÓÚÓÔ kj  „/ÏÓÎ¸  „Ó‰–1

1 238U 8 238 1.5513 × 10–10

2 235U 7 235 9.8485 × 10–10

3 232Th 6 232 4.9750 × 10–11

M1
j , λ1

j ,
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íÓÍ‡Â‚ Ë ‰.

(35)

„‰Â  – ÔÎÓÚÌÓÒÚ¸ ÔÓ‰ÁÂÏÌÓÈ ‚Ó‰˚, „/ÒÏ3.

èË ÍÎ‡ÍÓ‚ÓÏ ÒÓ‰ÂÊ‡ÌËË Ó‰ËÚÂÎ¸ÒÍËı ËÁÓ-
ÚÓÔÓ‚ [U] ~ (1–3) × 10–6 „ „, ÓÚÌÓ¯ÂÌËË Th/U ~ 3–4
Ë “ÒÂ‰ÌÂÈ” ÔÓËÒÚÓÒÚË ÔÓÓ‰ ÒÍÓÓÒÚ¸ Ì‡ÍÓÔÎÂ-
ÌËfl „ÂÎËfl ÒÓÒÚ‡‚ÎflÂÚ P ~ 10–12 – 10–11 Î/  „Ó‰–1

[1, 2, 4, 7, 9].

ëèàëéä ãàíÖêÄíìêõ
1. ÉÓ·Û¯ËÌ‡ ã.Ç., í˚ÏËÌÒÍËÈ Ç.É. ê‡‰ËÓ‡ÍÚË‚Ì˚Â

Ë ÒÚ‡·ËÎ¸Ì˚Â ËÁÓÚÓÔ˚ ‚ „ÂÓÎÓ„ËË Ë „Ë‰Ó„ÂÓÎÓ-
„ËË. å.: ÄÚÓÏËÁ‰‡Ú, 1974. 104 Ò.

2. á‚ÂÂ‚ Ç.ã., íÓÍ‡Â‚ Ä.ç., í˚ÏËÌÒÍËÈ Ç.É.,
ò‚Âˆ Ç.å. ê‡‰ËÓËÁÓÚÓÔÌ‡fl „ÂÓıËÏËfl. å.: çÂ‰‡,
1980. 201 Ò.

3. äÓÓÚÍÓ‚ Ä.à., è‡‚ÎÓ‚ Ä.ç. ÉË‰ÓıËÏË˜ÂÒÍËÈ ÏÂ-
ÚÓ‰ ‚ „ÂÓÎÓ„ËË Ë „Ë‰Ó„ÂÓÎÓ„ËË. ã.: çÂ‰‡, 1972. 184 Ò.

4. å‡Ï˚ËÌ Å.Ä., íÓÎÒÚËıËÌ à.ç. àÁÓÚÓÔ˚ „ÂÎËfl ‚
ÔËÓ‰Â. å.: ùÌÂ„ÓËÁ‰‡Ú, 1981. 224 Ò.

5. ê˚·‡Î¸˜ÂÌÍÓ Ä.à., èËÏÂÌÓ‚ å.ä., äÓÒÚËÌ è.è.
Ë ‰. ÉÎÛ·ËÌÌÓÂ Á‡ıÓÓÌÂÌËÂ ÊË‰ÍËı ‡‰ËÓ‡ÍÚË‚-
Ì˚ı ÓÚıÓ‰Ó‚. å.: Äí, 1994. 256 Ò.

6. íÓÍ‡Â‚ à.Ç., áÛ·ÍÓ‚ Ä.Ä., êÛÏ˚ÌËÌ Ç.É. Ë ‰.
éˆÂÌÍ‡ ‰ÓÎ„ÓÒÓ˜ÌÓÈ ·ÂÁÓÔ‡ÒÌÓÒÚË Á‡ıÓÓÌÂÌËfl
‡‰ËÓ‡ÍÚË‚Ì˚ı ÓÚıÓ‰Ó‚. 1. è‡ÎÂÓÂÍÓÌÒÚÛÍˆËfl
ÛÒÎÓ‚ËÈ ÙÓÏËÓ‚‡ÌËfl ÔÓ‰ÁÂÏÌ˚ı ‚Ó‰ // ÇÓ‰. Â-
ÒÛÒ˚. 2009. í. 36. ‹ 2.

7. Aggarwal P.K., Froehlich K., Kulkarni K.M., Garsia-
Agudo E. Nuclear techniques in groundwater investiga-
tions. Grounwater Studies // An International Guide for
Hydrogeological Investigations / Eds. Kovalevsky V.S.,

Kruserman G.P., Rushton K.R. Vienna: UNESCO,
2004. ‹ 3. 430 p.

8. Alexandrova L.N., Glinsky M.L., Danilov V.V. et al. Pre-
diction of radioactive liquid waste migration at the Sibe-
rian Chemical Combine underground injection site
based on mathematical modeling // Underground Injec-
tion Science and Technology. Berkeley, 2003. P. 46–53.

9. Castro M.C., Stute M., Schlosser P. Comparison of 4He
ages and 14C ages in simple aquifer systems: implica-
tions for groundwater flow and chronologies //Appl.
Geochem. 2000. V. 15. P. 1137–1167.

10. Kamensky I.L., Tokarev I.V., Tolstokhin I.N. 3H-3He dat-
ing: a case for mixing of young and old qroundwaters
// Geochim. Cosmochim. Acta. 1991. V. 55. ‹ 10.
P. 2895–2900.

11. Mazor E. Paleotemperatures and other hydrological pa-
rameters deduced from noble gases dissolved in ground-
waters; Jordan Rift Valley, Israel // Geochim. Cosmo-
chim. Acta. 1972. V. 36. Issue 12. P. 1321–1336.

12. Rumynin V.G., Sindalovskiy L.N., Konosavsky P.K. et al. A
review of the studies of radionuclide adsorption / desorp-
tion with application to radioactive waste disposal sites in
the Russian Federation // Underground Injection Science
and Technology. Amsterdam: Elsevier, 2005. P. 273–315.

13. Shestakov V.M., Kuvaev A.A., Lekhov A.V. et al. Flow and
transport modeling of liquid radioactive waste injection us-
ing data from the Siberian Chemical Plant Injection Site
// Environ. Geol. 2002. V. 42. ‹ 2–3. P. 214–221.

14. Tokarev I.V., Kamensky I.L., Tolstikhin I.N. Tritium-he-
lium-neon isotopical systematics of ground water: Ap-
plication for hydrogeological and ecological problems
// Proc. “Freiberg isotopen colloquium, 1996”. Freiberg:
TU Bergacademie, 1996. P. 251–260.

15. Tokarev I.V., Zubkov A.A., Rumynin V.G. et al. Origin of
high 234U/238U ratio in post-permafrost aquifers // Urani-
um in the Environment (Mining Impact and Conse-
quences) / Eds. Merkel B.J., Hasche-Berger A. Freiberg:
Springer, 2005. P. 854–863.

16. Weiss R.F. The solubility of helium and neon argon in
water and seawater // J. of Chem. Eng. Data. 1971. V. 16.
P. 235–241.

P 0.1169C1
1 w, ρb 1 n–( )

nρH2O
----------------------10 6– +=

+ 0.659C1
2 w, ρb 1 n–( )

nρH2O
----------------------10 6– +

+ 0.0288C1
3 w, ρb 1 n–( )

nρH2O
----------------------10 6– ,  ÌÒÏ3/ÒÏH2O

3

ρH2O

ÎH2O



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


