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Ç‚Â‰ÂÌËÂ

 

àÓÌ˚ Î‡ÌÚ‡ÌÓË‰Ó‚ Ln
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 Ì‡ıÓ‰flÚ ¯ËÓÍÓÂ ÔË-
ÏÂÌÂÌËÂ ‚ Í‡˜ÂÒÚ‚Â ‡ÍÚË‚‡ÚÓÓ‚ ‚ Î‡ÁÂÌ˚ı
ÍËÒÚ‡ÎÎ‡ı Ë ÒÚÂÍÎ‡ı. àı ÒÔÂÍÚÓÒÍÓÔË˜ÂÒÍËÂ
Ò‚ÓÈÒÚ‚‡ ÓÔÂ‰ÂÎfl˛ÚÒfl ‚ ÓÒÌÓ‚ÌÓÏ ˝ÎÂÍÚÓÌ‡ÏË
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. ëÓÒÚÓflÌËfl ÍÓÌÙË-
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 ÍÎ‡ÒÒËÙËˆËÛ˛Ú Ó·˚˜ÌÓ ‚ ÒÎÂ‰Û˛-
˘ÂÏ ÔË·ÎËÊÂÌËË. äÛÎÓÌÓ‚ÒÍÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ
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 Ì‡ ÏÛÎ¸ÚËÔÎÂÚ˚ Ë ÔÂÂÏÂ¯Ë‚‡ÂÚ
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˛Ú ·˚Ú¸ ÚÓ˜Ì˚ÏË Í‚‡ÌÚÓ‚˚ÏË ̃ ËÒÎ‡ÏË. äËÒÚ‡Î-
ÎË˜ÂÒÍÓÂ ÔÓÎÂ ‡Ò˘ÂÔÎflÂÚ ÏÛÎ¸ÚËÔÎÂÚ˚ 
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Ì‡ ¯Ú‡ÍÓ‚ÒÍËÂ ÛÓ‚ÌË. á‰ÂÒ¸ 
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S

 

 Á‡ÍÎ˛˜ÂÌ˚ ‚
Í‚‡‰‡ÚÌ˚Â ÒÍÓ·ÍË, ˜ÚÓ·˚ ÔÓ‰˜ÂÍÌÛÚ¸, ˜ÚÓ ÓÌË
ÌÂ fl‚Îfl˛ÚÒfl ·ÓÎ¸¯Â ÚÓ˜Ì˚ÏË Í‚‡ÌÚÓ‚˚ÏË ˜ËÒÎ‡-
ÏË ‰‡ÊÂ ‚ ÔË·ÎËÊÂÌËË Ò‚Ó·Ó‰ÌÓ„Ó ËÓÌ‡.

äËÒÚ‡ÎÎË˜ÂÒÍÓÂ ÔÓÎÂ ÌÂ ÚÓÎ¸ÍÓ ‡Ò˘ÂÔÎflÂÚ
ÏÛÎ¸ÚËÔÎÂÚ˚ 

 

|

 

[

 

LS

 

]

 

J

 

〉

 

, ÌÓ Ë ÔÂÂÏÂ¯Ë‚‡ÂÚ ÒÓÒÚÓfl-
ÌËfl Ó‰ËÌ‡ÍÓ‚ÓÈ ÒËÏÏÂÚËË, ‚ ÚÓÏ ˜ËÒÎÂ Ë ËÁ ‡Á-
Ì˚ı ÏÛÎ¸ÚËÔÎÂÚÓ‚ (

 

J
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J

 

-ÒÏÂ¯Ë‚‡ÌËÂ). 

 

J

 

-

 

J

 

-ÒÏÂ¯Ë-
‚‡ÌËÂ ‰‡ÂÚ ÒÛ˘ÂÒÚ‚ÂÌÌ˚È ‚ÍÎ‡‰, ÔÓ˝ÚÓÏÛ ÌÂÎ¸Áfl
‚˚˜ËÒÎflÚ¸ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÂ ‡Ò˘ÂÔÎÂÌËÂ ÓÚ-
‰ÂÎ¸ÌÓ ‰Îfl Í‡Ê‰Ó„Ó ÏÛÎ¸ÚËÔÎÂÚ‡. äÓÏÂ ÚÓ„Ó, ‚
ÂÁÛÎ¸Ú‡ÚÂ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ‡Ò˘ÂÔÎÂÌËfl ·ÎËÁ-
ÍÓ ‡ÒÔÓÎÓÊÂÌÌ˚Â ÏÛÎ¸ÚËÔÎÂÚ˚ ÏÓ„ÛÚ ÔÂÂÍ˚-
‚‡Ú¸Òfl. Ç ÍËÒÚ‡ÎÎË˜ÂÒÍËı ÔÓÎflı ÌËÁÍÓÈ ÒËÏÏÂÚ-
ËË ‚˚ÓÊ‰ÂÌËÂ ÒÌËÏ‡ÂÚÒfl ÔÓÎÌÓÒÚ¸˛ ËÎË ÔÓ˜ÚË
ÔÓÎÌÓÒÚ¸˛, Ë ÍÓÎË˜ÂÒÚ‚Ó ¯Ú‡ÍÓ‚ÒÍËı ÛÓ‚ÌÂÈ
ÏÓÊÂÚ ·˚Ú¸ ÔÓfl‰Í‡ ˜ËÒÎ‡ ÒÓÒÚÓflÌËÈ ÍÓÌÙË„Û‡-
ˆËË 4
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 ‚ÂÒ¸-
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ÒÓÒÚÓflÌËÂ. ëÔÂÍÚ‡Î¸Ì˚Â ÎËÌËË ËÓÌÓ‚ Ln
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 – ÚÓÌ-

ÍËÂ, Ë ‚ ÔÓ„ÎÓ˘ÂÌËË ËÁ ÓÒÌÓ‚ÌÓ„Ó ÏÛÎ¸ÚËÔÎÂÚ‡
Ì‡·Î˛‰‡˛ÚÒfl ÔÂÂıÓ‰˚ Ô‡ÍÚË˜ÂÒÍË Ì‡ ‚ÒÂ ̄ Ú‡-
ÍÓ‚ÒÍËÂ ÛÓ‚ÌË. í‡ÍËÏ Ó·‡ÁÓÏ, Ë‰ÂÌÚËÙËÍ‡ˆËfl
ÒÔÂÍÚ‡Î¸Ì˚ı ÎËÌËÈ Ë ËÌÚÂÔÂÚ‡ˆËfl ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ı ‰‡ÌÌ˚ı – ‰Ó‚ÓÎ¸ÌÓ ÚÛ‰Ì‡fl ÔÓ·ÎÂ-
Ï‡, Â¯ÂÌËÂ ÍÓÚÓÓÈ ÌÂ‚ÓÁÏÓÊÌÓ ·ÂÁ ÚÂÓÂÚË˜Â-
ÒÍËı ‡Ò˜ÂÚÓ‚.

èË ÔÓÎÛÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÏ ÔÓ‰ıÓ‰Â ËÒ-
ÔÓÎ¸ÁÛ˛Ú Ó‰ÌÓ˝ÎÂÍÚÓÌÌ˚È „‡ÏËÎ¸ÚÓÌË‡Ì
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, ‰ÂÈÒÚ‚Û˛˘ËÈ Ì‡ Û„-
ÎÓ‚˚Â ÔÂÂÏÂÌÌ˚Â 
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-˝ÎÂÍÚÓÌÓ‚.

ç‡ Ò‡ÏÓÏ ‰ÂÎÂ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÂ ÔÓÎÂ ÔÂÂÏÂ-
¯Ë‚‡ÂÚ ÒÓÒÚÓflÌËfl ÓÒÌÓ‚ÌÓÈ ÍÓÌÙË„Û‡ˆËË Ò ÒÓ-
ÒÚÓflÌËflÏË ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ ÚËÔ‡
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 Ë Ú.‰. èÓ˝ÚÓÏÛ ·ÓÎÂÂ ÍÓÂÍÚÌÓ
·˚ÎÓ ·˚ Ì‡ıÓ‰ËÚ¸ ÒÓ·ÒÚ‚ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl „‡ÏËÎ¸-
ÚÓÌË‡Ì‡ (1) (˝ÌÂ„ËË ¯Ú‡ÍÓ‚ÒÍËı ÛÓ‚ÌÂÈ) ‚ ‡Ò-
¯ËÂÌÌÓÏ ·‡ÁËÒÂ, ÒÓÒÚ‡‚ÎÂÌÌÓÏ ËÁ ‚ÓÎÌÓ‚˚ı
ÙÛÌÍˆËÈ ÒÓÒÚÓflÌËÈ ÓÒÌÓ‚ÌÓÈ Ë ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı
ÍÓÌÙË„Û‡ˆËÈ. ê‡Ò˜ÂÚ˚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ‡Ò-
˘ÂÔÎÂÌËfl ÏÛÎ¸ÚËÔÎÂÚÓ‚ ËÓÌ‡ Pr

 

3+

 

 ‚ ‡Ò¯ËÂÌÌÓÏ
·‡ÁËÒÂ [1, 2] ÔÓÍ‡Á˚‚‡˛Ú, ̃ ÚÓ ‚ÎËflÌËÂ ‚ÓÁ·ÛÊ‰ÂÌ-
Ì˚ı ÍÓÌÙË„Û‡ˆËÈ ÒÛ˘ÂÒÚ‚ÂÌÌÓ Ë Â„Ó Û˜ÂÚ ÔÓÁ‚Ó-
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. éÔÂ‰ÂÎÂÌ˚ Ô‡‡ÏÂÚ˚ ̃ ÂÚÌÓ„Ó Ë ÌÂ˜ÂÚ-
ÌÓ„Ó ÍËÒÚ‡ÎÎË˜ÂÒÍËı ÔÓÎÂÈ Ë Ô‡‡ÏÂÚ˚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË. èË Û˜ÂÚÂ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ÓÔËÒ‡ÌËÂ ˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡ ÛÎÛ˜¯‡ÂÚÒfl Ë ÒÂ‰ÌÂÍ‚‡‰‡ÚË˜ÌÓÂ ÓÚÍÎÓÌÂÌËÂ
ÛÏÂÌ¸¯‡ÂÚÒfl Ì‡ 25%. è‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË, ‚˚˜ËÒÎÂÌÌ˚Â ÔË ÔÓÏÓ˘Ë Ô‡‡ÏÂÚÓ‚ ÌÂ˜ÂÚÌÓ„Ó
ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl Ë Ô‡‡ÏÂÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË, Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ÏË ÁÌ‡˜ÂÌËflÏË. ë‰ÂÎ‡Ì ‚˚‚Ó‰, ˜ÚÓ Ì‡ ÓÒÌÓ‚Â ‡Ì‡ÎËÁ‡ ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ˝ÌÂ„ÂÚË-
˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡ ÏÓÊÌÓ ‚˚ÔÓÎÌËÚ¸ ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚Â ÓˆÂÌÍË ı‡‡ÍÚÂËÒÚËÍ ËÌÚÂÌÒË‚ÌÓÒÚË.
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äÓÌËÂÌÍÓ, ÑÛÌËÌ‡

 

ÌÓÂ ÓÚÍÎÓÌÂÌËÂ ÓÚ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ÁÌ‡˜ÂÌËÈ,
Ì‡ÔËÏÂ ‰Îfl ÏÛÎ¸ÚËÔÎÂÚ‡ 

 

1

 

D

 

2

 

 ·ÓÎÂÂ ˜ÂÏ Ì‡ 40%.
é ÚÓÏ, ˜ÚÓ ‚ÎËflÌËÂ ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ
ÒÛ˘ÂÒÚ‚ÂÌÌÓ, Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ë ÚÓÚ Ù‡ÍÚ, ̃ ÚÓ ‰Îfl
ËÓÌÓ‚, Á‡ÌËÏ‡˛˘Ëı ‚ ÍËÒÚ‡ÎÎ‡ı ÛÁÎ˚ ·ÂÁ ̂ ÂÌÚ‡
ËÌ‚ÂÒËË, ËÌÚÂÌÒË‚ÌÓÒÚË ÒÔÂÍÚ‡Î¸Ì˚ı ÎËÌËÈ
Ó·ÛÒÎÓ‚ÎÂÌ˚ ‚ ÓÒÌÓ‚ÌÓÏ ˝ÎÂÍÚË˜ÂÒÍËÏË ‰Ë-
ÔÓÎ¸Ì˚ÏË ÔÂÂıÓ‰‡ÏË, Á‡ÔÂÚ Ì‡ ÍÓÚÓ˚Â ˜‡Ò-
ÚË˜ÌÓ ÒÌËÏ‡ÂÚÒfl ·Î‡„Ó‰‡fl ÔËÏÂ¯Ë‚‡ÌË˛ ÒÓ-
ÒÚÓflÌËÈ ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ ÔÓÚË‚Ó-
ÔÓÎÓÊÌÓÈ ˜ÂÚÌÓÒÚË ÍËÒÚ‡ÎÎË˜ÂÒÍËÏ ÔÓÎÂÏ [3,
4]. èÓÒÍÓÎ¸ÍÛ ‚ÓÁ·ÛÊ‰ÂÌÌ˚Â ÍÓÌÙË„Û‡ˆËË ‚ÎË-
fl˛Ú Ì‡ ¯Ú‡ÍÓ‚ÒÍÛ˛ ÒÚÛÍÚÛÛ ˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó
ÒÔÂÍÚ‡ Ë ‚ÂÓflÚÌÓÒÚË ÔÂÂıÓ‰Ó‚, ÚÓ ‰ÓÎÊÌ‡ ÒÛ-
˘ÂÒÚ‚Ó‚‡Ú¸ ‚Á‡ËÏÓÒ‚flÁ¸ ÏÂÊ‰Û ÚÓÌÍËÏË ‰ÂÚ‡Îfl-
ÏË ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ Ë ËÌÚÂÌÒË‚ÌÓÒÚflÏË
ÏÂÊÏÛÎ¸ÚËÔÎÂÚÌ˚ı ÔÂÂıÓ‰Ó‚.

ëÛ˘ÂÒÚ‚Ó‚‡ÌËÂ Ú‡ÍÓÈ ‚Á‡ËÏÓÒ‚flÁË ÒÚ‡ÌÓ‚ËÚÒfl
ÓÒÓ·ÂÌÌÓ Ó˜Â‚Ë‰Ì˚Ï ÔË Û˜ÂÚÂ ‚ÎËflÌËfl ‚ÓÁ·ÛÊ-
‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ (ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó
‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl) ÔË ÔÓÏÓ˘Ë ˝ÙÙÂÍÚË‚Ì˚ı ÓÔÂ-
‡ÚÓÓ‚, ‰ÂÈÒÚ‚Û˛˘Ëı ‚ ·‡ÁËÒÂ ÒÓÒÚÓflÌËÈ ÚÓÎ¸ÍÓ
ÍÓÌÙË„Û‡ˆËË 4

 

f

 

N

 

. í‡Í, Ì‡ÔËÏÂ, ‚ ÔË·ÎËÊÂ-
ÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ‚ ˝ÙÙÂÍÚË‚ÌÓÏ „‡ÏËÎ¸ÚÓÌË‡ÌÂ ÍËÒ-
Ú‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl ‚ÓÁ·ÛÊ‰ÂÌÌ˚Â ÍÓÌÙË„Û‡ˆËË
Ó·ÂÒÔÂ˜Ë‚‡˛Ú ÌÂÍÓÚÓÛ˛ ÔÂÂÌÓÏËÓ‚ÍÛ Ó·˚˜-

Ì˚ı Ô‡‡ÏÂÚÓ‚ , ÌÓ Ò‡ÏÓÂ „Î‡‚ÌÓÂ ÔË‚Ó‰flÚ Í

ÔÓfl‚ÎÂÌË˛ ̃ ÎÂÌÓ‚, Á‡‚ËÒfl˘Ëı ÓÚ ̋ ÌÂ„ËË ÏÛÎ¸ÚË-
ÔÎÂÚÓ‚ [5]. àÏÂÌÌÓ Ì‡ÎË˜ËÂ ̋ ÚËı ̃ ÎÂÌÓ‚ ÔÓÁ‚ÓÎËÚ
ÓÔÂ‰ÂÎËÚ¸ Ô‡‡ÏÂÚ˚ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó
‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ËÁ ‡Ì‡ÎËÁ‡ ÚÓÌÍËı ‰ÂÚ‡ÎÂÈ ¯Ú‡-
ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡, ‡
Á‡ÚÂÏ ÔËÏÂÌËÚ¸ ÔÓÎÛ˜ÂÌÌ˚Â Ô‡‡ÏÂÚ˚ ‰Îfl ‡Ò-
˜ÂÚ‡ ı‡‡ÍÚÂËÒÚËÍ ËÌÚÂÌÒË‚ÌÓÒÚË.

ÑÂÚ‡Î¸Ì‡fl ÔÓ‚ÂÍ‡ ˝ÚÓÈ „ËÔÓÚÂÁ˚ Ë fl‚ÎflÂÚÒfl
„Î‡‚ÌÓÈ ˆÂÎ¸˛ ˝ÚÓÈ ‡·ÓÚ˚. Ç Í‡˜ÂÒÚ‚Â Ó·˙ÂÍÚ‡
ËÒÒÎÂ‰Ó‚‡ÌËfl ‚˚·‡Ì ËÓÌ Tm
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, ‰Îfl ÍÓ-
ÚÓÓ„Ó ‚˚ÔÓÎÌÂÌ˚ Ó·¯ËÌ˚Â ˝ÍÒÔÂËÏÂÌÚ‡Î¸-
Ì˚Â ËÒÒÎÂ‰Ó‚‡ÌËfl ˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡ [6, 7]
Ë ËÌÚÂÌÒË‚ÌÓÒÚË [8].

 

ùÙÙÂÍÚË‚Ì˚È „‡ÏËÎ¸ÚÓÌË‡Ì 
ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl

 

é·˚˜ÌÓ ÒÓ·ÒÚ‚ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl „‡ÏËÎ¸ÚÓÌË‡Ì‡
(1) ÓÔÂ‰ÂÎfl˛Ú ÚÓÎ¸ÍÓ ‚ ·‡ÁËÒÂ ÒÓÒÚÓflÌËÈ ÍÓÌÙË-
„Û‡ˆËË 4

 

f

 

N

 

. èÓ˝ÚÓÏÛ „‡ÏËÎ¸ÚÓÌË‡Ì (1) fl‚ÎflÂÚÒfl
˝ÙÙÂÍÚË‚Ì˚Ï, ÔË˜ÂÏ ÔÓÎÛ˜ÂÌ ÓÌ ‚ ÔË·ÎËÊÂ-
ÌËË ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl,
ÍÓ„‰‡ ˝ÌÂ„ËË ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ Ì‡-
ÏÌÓ„Ó ·ÓÎ¸¯Â ˝ÌÂ„ËË ÏÛÎ¸ÚËÔÎÂÚÓ‚. èÓ˝ÚÓÏÛ
‚ÓÁ·ÛÊ‰ÂÌÌ˚Â ÍÓÌÙË„Û‡ˆËË ‰ÂÈÒÚ‚Û˛Ú Ì‡ ‡Á-
Ì˚Â ÏÛÎ¸ÚËÔÎÂÚ˚ ‚ Ó‰ËÌ‡ÍÓ‚ÓÈ ÒÚÂÔÂÌË, Ë Ì‡·Ó

Ô‡‡ÏÂÚÓ‚  ·Û‰ÂÚ Â‰ËÌ˚Ï ‰Îfl ‚ÒÂı ÏÛÎ¸ÚËÔÎÂ-

ÚÓ‚ ÍÓÌÙË„Û‡ˆËË 4

 

f

 

N

 

. ùÌÂ„ËË ‚˚ÒÓÍÓÎÂÊ‡˘Ëı
ÏÛÎ¸ÚËÔÎÂÚÓ‚ ËÓÌÓ‚ Ln

 

3+

 

 ÚÓÎ¸ÍÓ ‚ 2 ‡Á‡ ÏÂÌ¸¯Â

Bq
k

Bq
k

 

˝ÌÂ„ËË ·ÎËÊ‡È¯ÂÈ ‚ÓÁ·ÛÊ‰ÂÌÌÓÈ ÍÓÌÙË„Û‡-
ˆËË (Ó·˚˜ÌÓ ˝ÚÓ 4

 

f

 

N

 

 – 1

 

5

 

d

 

), Ë ÛÒÎÓ‚Ëfl ‰Îfl ÔËÏÂÌÂ-
ÌËfl ÔË·ÎËÊÂÌËfl ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó
‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÌÂ ‚˚ÔÓÎÌfl˛ÚÒfl. èÓ ˝ÚÓÈ ÔË˜Ë-
ÌÂ ÏÓÊÌÓ ÓÊË‰‡Ú¸, ˜ÚÓ ·ÓÎÂÂ ‡‰ÂÍ‚‡ÚÌ˚Ï ·Û‰ÂÚ
ÔË·ÎËÊÂÌËÂ ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡ˆËÓÌ-
ÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl [5], ÍÓ„‰‡

(2)

„‰Â  – ˝ÌÂ„Ëfl ˆÂÌÚ‡ ÚflÊÂÒÚË ÍÓÌÙË„Û‡ˆËË

4

 

f

 

N

 

,  – Ô‡‡ÏÂÚ˚, Ó·ÛÒÎÓ‚ÎÂÌÌ˚Â ÏÂÊÍÓÌÙË-
„Û‡ˆËÓÌÌ˚Ï ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂÏ. Ç ˝ÚÓÏ ÔË·ÎË-
ÊÂÌËË ‚ ÚÂÚ¸ÂÏ ÔÓfl‰ÍÂ ÚÂÓËË ‚ÓÁÏÛ˘ÂÌËÈ
Û˜ËÚ˚‚‡ÂÚÒfl, ˜ÚÓ ‰ÂÈÒÚ‚ËÂ ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË-
„Û‡ˆËÈ Ì‡ ÏÛÎ¸ÚËÔÎÂÚ ÚÂÏ ·ÓÎ¸¯Â, ˜ÂÏ ÏÂÌ¸¯Â
˝ÌÂ„ÂÚË˜ÂÒÍËÈ Á‡ÁÓ ÏÂÊ‰Û ÌËÏË. Ç ÂÁÛÎ¸Ú‡ÚÂ

Ô‡‡ÏÂÚ˚  ÎËÌÂÈÌÓ Á‡‚ËÒflÚ ÓÚ ˝ÌÂ„ËË ÏÛÎ¸-
ÚËÔÎÂÚÓ‚.

ç‡Ë·ÓÎ¸¯ËÈ ‚ÍÎ‡‰ ‚ Ô‡‡ÏÂÚ˚  ‰‡ÂÚ ‚ÓÁ-

·ÛÊ‰ÂÌÌ‡fl ÍÓÌÙË„Û‡ˆËfl 4
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 [9]. ÇÂÎË˜ËÌÛ
˝ÚÓ„Ó ‚ÍÎ‡‰‡ ÏÓÊÌÓ ÓˆÂÌËÚ¸ ÔÓ ÙÓÏÛÎÂ

(3)

á‰ÂÒ¸ ,  Ë  – ÔË‚Â-
‰ÂÌÌ˚Â Ï‡ÚË˜Ì˚Â ˝ÎÂÏÂÌÚ˚ Ó‰ÌÓ˝ÎÂÍÚÓÌÌÓ„Ó
ÒÙÂË˜ÂÒÍÓ„Ó ÚÂÌÁÓ‡, ÍÓÚÓ˚Â ÌÂ Ó·‡˘‡˛ÚÒfl ‚
ÌÛÎ¸ ÚÓÎ¸ÍÓ ‰Îfl ˜ÂÚÌ˚ı ÁÌ‡˜ÂÌËÈ 
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, ‚ÂÎË˜ËÌ˚ ‚ ÍÛ„Î˚ı Ë ÙË„ÛÌ˚ı ÒÍÓ·-
Í‡ı – ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ 3

 

j

 

- Ë 6
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-ÒËÏ‚ÓÎ˚, 

 

Δdf – ̋ ÌÂ„Â-

ÚË˜ÂÒÍËÈ Á‡ÁÓ ÏÂÊ‰Û ‚ÓÁ·ÛÊ‰ÂÌÌÓÈ (4f N – 15d) Ë
ÓÒÌÓ‚ÌÓÈ (4f N) ÍÓÌÙË„Û‡ˆËflÏË ÚÂı‚‡ÎÂÌÚÌÓ„Ó

ËÓÌ‡, (d) – Ô‡‡ÏÂÚ˚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl

ÌÂ˜ÂÚÌÓÈ ÒËÏÏÂÚËË.

ùÌÂ„Ëfl ÔÂÂÌÓÒ‡ Á‡fl‰‡ ÓÚ ÎË„‡Ì‰‡ ‚ 4f-Ó·Ó-
ÎÓ˜ÍÛ Ò‡‚ÌËÏ‡ ÔÓ ‚ÂÎË˜ËÌÂ Ò ˝ÌÂ„ËÂÈ ÍÓÌÙË„Û-
‡ˆËÈ 4f N – 15d. èÓ˝ÚÓÏÛ ÒÛ˘ÂÒÚ‚ÂÌÌ˚Â ‚ÍÎ‡‰˚ ‚
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 ÏÓ„ÛÚ Ó·ÂÒÔÂ˜Ë‚‡Ú¸ Ë ÍÓ‚‡ÎÂÌÚÌ˚Â ˝ÙÙÂÍÚ˚.

àı ‚ÂÎË˜ËÌÛ ÏÓÊÌÓ ÓˆÂÌËÚ¸ ÔÓ ÙÓÏÛÎÂ [5]

(4)

„‰Â ÔÓ‰ b ÔÓ‰‡ÁÛÏÂ‚‡ÂÚÒfl ÒÛÏÏËÓ‚‡ÌËÂ ÔÓ ÎË„‡Ì-
‰‡Ï ·ÎËÊ‡È¯Â„Ó ÓÍÛÊÂÌËfl; Θb, Φb – ÒÙÂË˜ÂÒÍËÂ

Û„Î˚, ÙËÍÒËÛ˛˘ËÂ Ì‡Ô‡‚ÎÂÌËÂ Ì‡ ÎË„‡Ì‰ b,

(5)

á‰ÂÒ¸ λif = γif + Sif (i = σ, π, s), „‰Â γif – Ô‡‡ÏÂÚ ÍÓ-

‚‡ÎÂÌÚÌÓÒÚË, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÈ ÔÂÂÒÍÓÍÛ ˝ÎÂÍ-
ÚÓÌ‡ ËÁ i-Ó·ÓÎÓ˜ÍË ÎË„‡Ì‰‡ ‚ f-Ó·ÓÎÓ˜ÍÛ ËÓÌ‡

Ln3+, Sif – ËÌÚÂ„‡Î ÔÂÂÍ˚‚‡ÌËfl. è‡‡ÏÂÚ˚

(b), γif Ë ËÌÚÂ„‡Î˚ Sif Á‡‚ËÒflÚ ÓÚ ‡ÒÒÚÓflÌËfl ‰Ó

ÎË„‡Ì‰‡ b.

Ç ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡-
ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ‚ÍÎ‡‰˚ ‚ Ô‡‡ÏÂÚ˚

ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl  ÓÚ

‡ÁÎË˜Ì˚ı ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ ‡‰‰Ë-

ÚË‚Ì˚, Ú.Â.  = (d) + (cov).

ùÙÙÂÍÚË‚Ì˚È ÓÔÂ‡ÚÓ ÒËÎ˚ 
ÎËÌËË ‚ ÔË·ÎËÊÂÌËË 

ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó 
ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó 

‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl

ùÙÙÂÍÚË‚Ì˚È ÓÔÂ‡ÚÓ ÏÓÊÌÓ ÔÓÎÛ˜ËÚ¸ Ì‡
ÓÒÌÓ‚Â ÓÔÂ‰ÂÎÂÌËfl ÒËÎ˚ ÎËÌËË ÏÂÊÏÛÎ¸ÚËÔÎÂÚ-
Ì˚ı ˝ÎÂÍÚË˜ÂÒÍËı ‰ËÔÓÎ¸Ì˚ı ÔÂÂıÓ‰Ó‚

ÔÓ‰ÒÚ‡‚Ë‚ ‚ÏÂÒÚÓ D ÔË·ÎËÊÂÌÌÓÂ ‚˚‡ÊÂÌËÂ
‰Îfl ˝ÙÙÂÍÚË‚ÌÓ„Ó ÓÔÂ‡ÚÓ‡ ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ‰Ë-
ÔÓÎ¸ÌÓ„Ó ÏÓÏÂÌÚ‡ [10]
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∑
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Ë ‚˚ÔÓÎÌË‚ ÒÛÏÏËÓ‚‡ÌËÂ ÔÓ ÔÓÂÍˆËflÏ M Ë M':

(7)

á‰ÂÒ¸ ‚˚‡ÊÂÌËfl (6) Ë (7) ÔÓÎÛ˜ÂÌ˚ ‚ ÚÂÚ¸ÂÏ ÔÓ-
fl‰ÍÂ ÚÂÓËË ‚ÓÁÏÛ˘ÂÌËÈ Ò Û˜ÂÚÓÏ ‡ÁÌÓ„Ó ‰ÂÈ-
ÒÚ‚Ëfl ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ Ì‡ ‡ÁÎË˜Ì˚Â
ÏÛÎ¸ÚËÔÎÂÚ˚, ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÔË·ÎËÊÂÌË˛
ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈ-

ÒÚ‚Ëfl. è‡‡ÏÂÚ˚ (d) Ë (cov) Ó·ÛÒÎÓ‚-

ÎÂÌ˚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ ÔËÏÂÒ¸˛ ÍÓÌÙË„Û‡ˆËÈ

ÔÓÚË‚ÓÔÓÎÓÊÌÓÈ ̃ ÂÚÌÓÒÚË 4f N – 15d Ë ̋ ÙÙÂÍÚ‡ÏË

ÍÓ‚‡ÎÂÌÚÌÓÒÚË,  – Â‰ËÌË˜Ì˚È ÌÂÔË‚Ó‰ËÏ˚È

ÚÂÌÁÓ ‡Ì„‡ k,

(8)

(9)

 – ÔË‚Â‰ÂÌÌ˚È Ï‡ÚË˜-

Ì˚È ˝ÎÂÏÂÌÚ ÚÂÌÁÓ‡ Uk, ‚˚˜ËÒÎÂÌÌ˚È Ì‡ ÙÛÌÍ-
ˆËflı ‚ ÔË·ÎËÊÂÌËË Ò‚Ó·Ó‰ÌÓ„Ó ËÓÌ‡, ÓÒÚ‡Î¸Ì˚Â
Ó·ÓÁÌ‡˜ÂÌËfl Ú‡ÍËÂ ÊÂ, Í‡Í ‚ (3). ëÓ„Î‡ÒÌÓ (8) Ë
(9), Ô‡‡ÏÂÚ˚ Ωk ÌÂ ÏÓ„ÛÚ ·˚Ú¸ ÓÚËˆ‡ÚÂÎ¸Ì˚-

ÏË, ‡ ÁÌ‡Í Ô‡‡ÏÂÚÓ‚ Rk ÏÓÊÂÚ ·˚Ú¸ Î˛·˚Ï.

ÇÂÎË˜ËÌÛ ‚ÍÎ‡‰Ó‚ ÓÚ ÔËÏÂÒË ÍÓÌÙË„Û‡ˆËÈ
ÔÓÚË‚ÓÔÓÎÓÊÌÓÈ ˜ÂÚÌÓÒÚË 4f N – 15d ÏÓÊÌÓ ÓˆÂ-
ÌËÚ¸ ÔÓ ÙÓÏÛÎÂ [10]

Dπ
1

2 p 1+( ) 1–( )k π+ 1 k p

π q t–⎝ ⎠
⎜ ⎟
⎛ ⎞

U q–
k ×

p t,
∑

k q,
∑=

× St
1k( ) p

d( ) St
1k( ) p

cov( ) +-----+

+ EγJ Eγ 'J ' 2E f
0

–+( )
St

1k( ) p
d( )

2Δdf

---------------------

SJJ '
ed

e
2 Ωk 1 2Rk EγJ Eγ 'J ' 2E f

0
–+( )+[ ] ×

Ω̃k
k 2 4 6, ,=

∑=

× γ LS[ ]J U
k γ ' L'S '[ ]J '〈 〉

2
+

+ ˜ÎÂÌ˚ ÌÂ˜ÂÚÌ˚ı ‡Ì„Ó‚.

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩

St
1k( ) p

St
1k( ) p

Uq
k

Ωk
1

2k 1+( )e
2

------------------------- St
1k( ) p

d( ) St
1k( ) p

cov( )+
2
,

p t,
∑=

Rk
1

4Δdf

----------- ×=

×

St
1k( ) p

d( ) St
1k( ) p

d( ) St
1k( ) p

cov( )+[ ]* ˝.Ò.+[ ]
p t,
∑

St
1k( ) p

d( ) St
1k( ) p

cov( )+
2

p t,
∑

---------------------------------------------------------------------------------------------------------------,

γ LS[ ]J U
k γ ' L'S '[ ]J '〈 〉



78

éèíàäÄ à ëèÖäíêéëäéèàü      ÚÓÏ 97      ‹ 1      2004

äÓÌËÂÌÍÓ, ÑÛÌËÌ‡

(10)

„‰Â  ‚˚˜ËÒÎflÂÚÒfl Ì‡ ÙÛÌÍˆËflı 4f- Ë 5d-˝ÎÂÍ-

ÚÓÌÓ‚ ËÓÌ‡ Ln3+ ÔÓ ÙÓÏÛÎÂ

(11)

ÓÒÚ‡Î¸Ì˚Â Ó·ÓÁÌ‡˜ÂÌËfl Ú‡ÍËÂ ÊÂ, Í‡Í ‚ (3).

àÁ ‚ÒÂı ‚ÓÁÏÓÊÌ˚ı ÏÂı‡ÌËÁÏÓ‚ ÔÂÂÌÓÒ‡ Á‡-
fl‰‡ ÓÔÂ‰ÂÎfl˛˘ËÈ ‚ÍÎ‡‰ ‰‡˛Ú ÔÓˆÂÒÒ˚ ÔÓ ÒÎÂ-
‰Û˛˘ÂÈ ‚ËÚÛ‡Î¸ÌÓÈ ÒıÂÏÂ [10, 11]. ùÎÂÍÚÓÌ˚ Ò
ÎË„‡Ì‰‡ ÔÂÂÒÍ‡ÍË‚‡˛Ú ‚ 4f-Ó·ÓÎÓ˜ÍÛ ËÓÌ‡ Ln3+,
ÔË ˝ÚÓÏ ËÓÌ Ln3+ ÔÂ‚‡˘‡ÂÚÒfl ‚ ËÓÌ Ln2+. Ñ‡ÎÂÂ
ÔÓËÒıÓ‰ËÚ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ 4f-˝ÎÂÍÚÓÌÓ‚ ˜ÂÂÁ
‰ËÔÓÎ¸Ì˚È ÏÓÏÂÌÚ Ò ÔÛÒÚ˚ÏË 5d-ÒÓÒÚÓflÌËflÏË Ë
Ëı ˜‡ÒÚË˜ÌÓÂ Á‡ÔÓÎÌÂÌËÂ. á‡‚Â¯‡ÂÚÒfl ÔÓˆÂÒÒ
‚ÓÁ‚‡ÚÓÏ ˝ÎÂÍÚÓÌ‡ ËÁ 5d-ÒÓÒÚÓflÌËfl Ì‡ ÎË„‡Ì‰.
ÇÍÎ‡‰˚ ÓÚ Ú‡ÍËı ÔÓˆÂÒÒÓ‚ ÏÓÊÌÓ ‚˚˜ËÒÎËÚ¸ ÔÓ
ÙÓÏÛÎ‡Ï

Ë
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‚Û˛˘ËÈ ÔÂÂÒÍÓÍÛ ˝ÎÂÍÚÓÌ‡ ËÁ i-Ó·ÓÎÓ˜ÍË ÎË-
„‡Ì‰‡ ‚ 5d-Ó·ÓÎÓ˜ÍÛ ËÓÌ‡ Ln3+, ÓÒÚ‡Î¸Ì˚Â Ó·ÓÁÌ‡-
˜ÂÌËfl Ú‡ÍËÂ ÊÂ, Í‡Í ‚ (3) Ë (5). àÁ ‚˚‡ÊÂÌËÈ (8)

Ë (9) ÒÎÂ‰ÛÂÚ, ˜ÚÓ ‚ÂÎË˜ËÌ˚  fl‚Îfl˛ÚÒfl ‡‰‰Ë-

ÚË‚Ì˚ÏË, ‚ ÚÓ ‚ÂÏfl Í‡Í Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒ-
ÚË Ωk – ÌÂÚ.

ëÎÂ‰ÛÂÚ Á‡ÏÂÚËÚ¸, ˜ÚÓ ‚˚‡ÊÂÌËÂ ‰Îfl ÒËÎ˚
ÎËÌËË ÏÂÊÏÛÎ¸ÚËÔÎÂÚÌ˚ı ˝ÎÂÍÚË˜ÂÒÍËı ‰Ë-
ÔÓÎ¸Ì˚ı ÔÂÂıÓ‰Ó‚ ‚ ÔË·ÎËÊÂÌËË ÒÎ‡·Ó„Ó ÍÓÌ-
ÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (ÔË·ÎËÊÂÌËÂ
ÑÊ‡‰‰‡–éÙÂÎ¸Ú‡) ÏÓÊÌÓ ÎÂ„ÍÓ ÔÓÎÛ˜ËÚ¸ Í‡Í ˜‡-
ÒÚÌ˚È ÒÎÛ˜‡È ÙÓÏÛÎ˚ (7), ÔÓÎÓÊË‚ Ô‡‡ÏÂÚ˚
Rk = 0.

ë‡‚ÌÂÌËÂ Ò ˝ÍÒÔÂËÏÂÌÚÓÏ

òÚ‡ÍÓ‚ÒÍ‡fl ÒÚÛÍÚÛ‡ Ë Ô‡‡ÏÂÚ˚ 
ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl

ëÌ‡˜‡Î‡ Ò ÔÓÏÓ˘¸˛ „‡ÏËÎ¸ÚÓÌË‡Ì‡ (2) ÓÔÂ-
‰ÂÎËÏ Ô‡‡ÏÂÚ˚ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡Ë-
ÏÓ‰ÂÈÒÚ‚Ëfl ËÁ ‡Ì‡ÎËÁ‡ ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚
˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡ ËÓÌ‡ Tm3+ ‚ Y3Al5O12.

óÎÂÌ˚, ÒÓ‰ÂÊ‡˘ËÂ , ÓÒÛ˘ÂÒÚ‚Îfl˛Ú Ó‰ÌÓÓ‰-

Ì˚È Ò‰‚Ë„ Ô‡‡ÏÂÚÓ‚ . èÓ˝ÚÓÏÛ, ÌÂ Ì‡Û¯‡fl

Ó·˘ÌÓÒÚË ‡ÒÒÏÓÚÂÌËfl, ÏÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸,

˜ÚÓ  = 0. Ç ˝ÚÓÏ ÒÎÛ˜‡Â ËÁ (2) ÒÎÂ‰ÛÂÚ, ˜ÚÓ  Ë

 Á‡‰‡˛Ú ‡ÏÔÎËÚÛ‰Û ÒÎ‡„‡ÂÏ˚ı Ò ‡ÁÌÓÈ ÙÛÌÍ-

ˆËÓÌ‡Î¸ÌÓÈ Á‡‚ËÒËÏÓÒÚ¸˛ ÓÚ ˝ÌÂ„ËË ÏÛÎ¸ÚËÔÎÂ-
ÚÓ‚ EγJ. ùÚÓ Ó·ÒÚÓflÚÂÎ¸ÒÚ‚Ó ‰‡ÂÚ ‚ÓÁÏÓÊÌÓÒÚ¸ ‰‡-
ÊÂ ‚ ÔÓÎÛÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÏ ÔÓ‰ıÓ‰Â ‚ÔÓÎÌÂ

Ó‰ÌÓÁÌ‡˜ÌÓ ÓÔÂ‰ÂÎËÚ¸ Ô‡‡ÏÂÚ˚  Ë .

àÁ‚ÂÒÚÌÓ, ˜ÚÓ ËÓÌ˚ Tm3+ Á‡ÌËÏ‡˛Ú ÛÁÎ˚ Ò ÚÓ-
˜Â˜ÌÓÈ „ÛÔÔÓÈ ÒËÏÏÂÚËË D2. Ç Í‡˜ÂÒÚ‚Â ÌÂÁ‡‚Ë-
ÒËÏ˚ı Ô‡‡ÏÂÚÓ‚ ÏÓÊÌÓ ‚˚·‡Ú¸ 9 Ô‡‡ÏÂÚÓ‚

ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl: ,  = , ,  = ,

 = , ,  = ,  =  Ë  = . í‡-

ÍËÏ ÊÂ Ô‡‚ËÎ‡Ï ÓÚ·Ó‡ ÔÓ‰˜ËÌfl˛ÚÒfl Ë Ô‡‡ÏÂÚ-

˚ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl .

ÖÒÎË ÌÂ Û˜ËÚ˚‚‡Ú¸ ‚ÌÛÚÂÌÌÂÈ ÒÚÛÍÚÛ˚ , ÚÓ
ÔË ÔÓÎÛÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÏ ÓÔËÒ‡ÌËË ÒÎÂ‰ÛÂÚ
‰Ó·‡‚ËÚ¸ Â˘Â 9 ÌÂÁ‡‚ËÒËÏ˚ı Ô‡‡ÏÂÚÓ‚ ÏÂÊ-
ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl.

éÔËÒ‡ÌËÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ„Ó ÒÔÂÍÚ‡
Tm3+:Y3Al5O12 [6] ‚ ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ-
„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ò 18 ‚‡¸-
ËÛÂÏ˚ÏË Ô‡‡ÏÂÚ‡ÏË ·˚ÎÓ ‚˚ÔÓÎÌÂÌÓ ‚ [9], Ë
·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ˜ÚÓ ÒÂ‰ÌÂÍ‚‡‰‡ÚË˜ÌÓÂ ÓÚÍÎÓ-
ÌÂÌËÂ ÛÏÂÌ¸¯‡ÂÚÒfl Ì‡ 36% ÔÓ Ò‡‚ÌÂÌË˛ Ò ÔË-
·ÎËÊÂÌËÂÏ ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚Ëfl. ÇÏÂÒÚÂ Ò ÚÂÏ ·˚ÎË ‚˚fl‚ÎÂÌ˚ Ë ÌÂ‰Ó-
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ÒÚ‡ÚÍË Ú‡ÍÓ„Ó ÒÔÓÒÓ·‡ ÓÔËÒ‡ÌËfl: ·ÓÎ¸¯ÓÂ
ÍÓÎË˜ÂÒÚ‚Ó ‚‡¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ Á‡ÚÛ‰ÌflÂÚ
Ëı Ó‰ÌÓÁÌ‡˜ÌÓÂ ÓÔÂ‰ÂÎÂÌËÂ, ÓÔÂ‰ÂÎÂÌÌ˚Â ‚ Ú‡-
ÍÓÏ ÔÓ‰ıÓ‰Â Ô‡‡ÏÂÚ˚ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó

‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl  ÌÂÎ¸Áfl ÌÂÔÓÒÂ‰ÒÚ‚ÂÌÌÓ ÔË-
ÏÂÌËÚ¸ ‰Îfl ‡Ò˜ÂÚ‡ ËÌÚÂÌÒË‚ÌÓÒÚÂÈ.

äÓÎË˜ÂÒÚ‚Ó ‚‡¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ ÏÓÊÌÓ
ÛÏÂÌ¸¯ËÚ¸, ËÒÔÓÎ¸ÁÛfl ‚˚‡ÊÂÌËfl (3)–(5). àÁ (3)

ÒÎÂ‰ÛÂÚ, ˜ÚÓ Ô‡‡ÏÂÚ˚  Á‡‚ËÒflÚ ÓÚ Ô‡‡ÏÂÚ-

Ó‚ ÌÂ˜ÂÚÌÓ„Ó ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl (d). ÑÎfl

ÎÓÍ‡Î¸ÌÓÈ ÒËÏÏÂÚËË D2, ÍÓ„‰‡ ÓÒË ÍÓÓ‰ËÌ‡Ú x,
y, z ÒÓ‚Ô‡‰‡˛Ú Ò ÓÒflÏË ÒËÏÏÂÚËË C2, ÏÓÊÌÓ ‚˚-

‡ÁËÚ¸ Ô‡‡ÏÂÚ˚ (d) ˜ÂÂÁ ÚË ‰ÂÈÒÚ‚ËÚÂÎ¸-

Ì˚ı Ô‡‡ÏÂÚ‡ ,  Ë  ÒÎÂ‰Û˛˘ËÏ Ó·‡ÁÓÏ:

(13)

èÓ‰ÒÚ‡‚Îflfl (13) ‚ (3), ‰Îfl  ÔÓÎÛ˜ËÏ ÒÎÂ‰Û˛˘ËÂ
‚˚‡ÊÂÌËfl:

(14)
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,= =
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5
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d( )/Δdf iS4
5
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3
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8
363
---------S4

5
S4

5 2
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d( ) 13 5
231

------------- S2
3

– S4
5 7
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-------S2

5
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5
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6

d( ) 13 2
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28
-------S2
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+ + ,=

G̃6
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d( ) 13 11
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3
S4

5 7
11
-------S2

5
S4

5
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ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ̃ ÚÓ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚ ÏÂÊ-

ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl  (14) Ë Ô‡-
‡ÏÂÚÓ‚ ËÌÚÂÌÒË‚ÌÓÒÚË (10) Á‡‰‡˛ÚÒfl ˜ÂÂÁ ÓÚ-

ÌÓ¯ÂÌËÂ /Δdf . àÏÂÌÌÓ ÔÓ ˝ÚÓÈ ÔË˜ËÌÂ ˆÂÎÂÒÓ-

Ó·‡ÁÌÓ ËÁ ÓÔËÒ‡ÌËfl ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚

ÓÔÂ‰ÂÎflÚ¸ , ‡ ÌÂ .

ä‡Í ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ ‚ [9], ˝ÙÙÂÍÚ˚ ÍÓ‚‡ÎÂÌÚ-

ÌÓÒÚË ‰‡˛Ú ‚ÍÎ‡‰ ‚  Ú‡ÍÓ„Ó ÊÂ ÔÓfl‰Í‡ ‚ÂÎË˜Ë-

Ì˚, ˜ÚÓ Ë ‚ÓÁ·ÛÊ‰ÂÌÌ˚Â ÍÓÌÙË„Û‡ˆËË 4f N – 15d.
ì˜ÂÒÚ¸ ˝ÚË ‚ÍÎ‡‰˚ ÏÓÊÌÓ ÔÓ ÙÓÏÛÎ‡Ï (4) Ë (5).
èË ÔÓÎÛÙÂÌÓÏÂÌÓÎÓ„Ë˜ÂÒÍÓÏ ÔÓ‰ıÓ‰Â ‚ Í‡˜ÂÒÚ-
‚Â ‚‡¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ ÏÓÊÌÓ ËÒÔÓÎ¸ÁÓ‚‡Ú¸

λπf Ë  = . ëÓ„Î‡ÒÌÓ ‰‡ÌÌ˚Ï Ó ÁÌ‡˜Â-

ÌËflı Ô‡‡ÏÂÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË ËÁ ‡·ÓÚ˚ [12],

ÏÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ  = λσf . Ç ÍËÒÚ‡ÎÎÂ

Y3Al5O12 ·ÎËÊ‡È¯ËÂ Í Tm3+ ËÓÌ˚ ÍËÒÎÓÓ‰‡ ‡ÒÔÓ-
ÎÓÊÂÌ˚ Ì‡ ‡ÒÒÚÓflÌËflı R1 = 2.303 Å Ë R2 = 2.432 Å
[13]. èÓ˝ÚÓÏÛ ˜ËÒÎÓ ‚‡¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ ÍÓ-
‚‡ÎÂÌÚÌÓÒÚË Û‚ÂÎË˜Ë‚‡ÂÚÒfl ‰Ó ˜ÂÚ˚Âı: λπf (R1),
λπf (R2), λσf (R1), λσf (R2). ÑÎfl ÛÏÂÌ¸¯ÂÌËfl ˜ËÒÎ‡ ‚‡-
¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ ÏÓÊÌÓ ‚˚˜ËÒÎËÚ¸ Ì‡ Ó‰-
ÌÓ˝ÎÂÍÚÓÌÌ˚ı ı‡ÚË-ÙÓÍÓ‚ÒÍËı ÙÛÌÍˆËflı
Tm3+ [14] Í‚‡‰‡Ú ÓÚÌÓ¯ÂÌËfl ËÌÚÂ„‡ÎÓ‚ ÔÂÂ-
Í˚‚‡ÌËfl (Sσf (R1)/Sσf (R2))

2 = 1.599 Ë ÔÂ‰ÔÓÎÓ-
ÊËÚ¸, ̃ ÚÓ ÔË·ÎËÁËÚÂÎ¸ÌÓ Ú‡ÍÓÂ ÊÂ ÒÓÓÚÌÓ¯ÂÌËÂ
ÒÔ‡‚Â‰ÎË‚Ó ‰Îfl Ô‡‡ÏÂÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË:

ë Û˜ÂÚÓÏ ‚˚¯ÂÒÍ‡Á‡ÌÌÓ„Ó ÏÓÊÌÓ ‚ Í‡˜ÂÒÚ‚Â ‚‡¸-
ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸ Ô‡‡ÏÂÚ˚
ÍÓ‚‡ÎÂÌÚÌÓÒÚË λπf Ë λσf , ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ËÂ ‡ÒÒÚÓ-
flÌË˛ R2, Ë Á‡ÔËÒ‡Ú¸ ·ÓÎÂÂ ÔÓÒÚÓÈ ‚‡Ë‡ÌÚ ÙÓ-
ÏÛÎ˚ (4)

(15)

„‰Â

êÂÁÛÎ¸Ú‡Ú˚ ÓÔËÒ‡ÌËfl ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ ÛÒÚ‡-
ÌÓ‚ÎÂÌÌÓÈ ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ˝ÌÂ„ÂÚË˜ÂÒ-
ÍÓ„Ó ÒÔÂÍÚ‡ Tm3+ ‚ Y3Al5O12 [7] ‚ ÔË·ÎËÊÂÌËflı
ÒÎ‡·Ó„Ó (1) Ë ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó (2) ÍÓÌÙË„Û‡ˆË-
ÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÈ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ‚ Ú‡·Î. 1.
è‡‡ÏÂÚ˚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl ‚ ÔË·ÎËÊÂ-
ÌËË ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl
‚ÁflÚ˚ ËÁ [7]. Ç ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó
ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ì‡fl‰Û Ò 9
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äÓÌËÂÌÍÓ, ÑÛÌËÌ‡

í‡·ÎËˆ‡ 1.  ùÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â (Eexp) Ë ‚˚˜ËÒÎÂÌÌ˚Â (Ecalc) ¯Ú‡ÍÓ‚ÒÍËÂ ÛÓ‚ÌË ˝ÌÂ„ËË ËÓÌ‡ Tm3+ ‚ Y3Al5O12

åÛÎ¸ÚË-
ÔÎÂÚ

Eexp, ÒÏ–1 [7]

Eexp – Ecalc , ÒÏ–1

åÛÎ¸ÚË-
ÔÎÂÚ

Eexp, ÒÏ–1 [7]

Eexp – Ecalc , ÒÏ–1

‚‡Ë‡ÌÚ ‡Ò˜ÂÚ‡ ‚‡Ë‡ÌÚ ‡Ò˜ÂÚ‡

a · a ·

3H6 0 4.3 –0.7 14706 20.7 12.5
27 8.9 9.9 14720 8.8 9.8

216 –25.6 –13.5 14770 27.6 18.6
240 –2.7 4.5 3F2 15190 –11.6 –8.6
247 –9.2 8.7 15246 1.4 7.9
300 –10.2 –9.2 15263 11.6 8.6
450 –17.5 –12.4 – (15396.1) (15399.8)
588 –6.9 11.9 – (15407.7) (15404.4)
610 –9.8 –7.1 1G4 20806 –13.0 –12.0
650 –2.4 7.0 21212 14.0 8.3
690 –4.3 0.7 21228 –1.1 2.0
730 –57.5 –71.7 21381 9.5 6.0
– (804.2) (817.5) 21530 15.7 5.3

3F4 5555 0.7 6.3 21680 1.5 6.4
5764 –9.0 –0.1 21735 –11.6 –7.4
5832 –5.5 –5.1 21775 13.0 12.0
5901 –15.5 –3.9 – (21762) (21781.1)
6042 –16.4 –10.2 1D2 27868 –8.7 –5.1
6111 –17.9 –0.7 27877 –19.6 –15.6
5170 –15.2 –4.3 28016 5.1 1.5
– (6185.4) (6193.8) 28042 7.5 11.7

6199 –0.7 –6.3 28070 8.7 5.1
3H5 8340 –6.1 –7.0 1I6 34370 3.1 5.9

8345 –2.6 –2.6 – (34379.4) (34370.0)
8516 5.1 11.9 34420 –4.9 10.8
8530 4.1 7.1 – (34470.5) (34468.3)
8556 2.5 0.2 34520 –10.1 –5.4
– (8577.6) (8570.0) – (34723.7) (34727.9)

8700 11.8 12.5 34746 4.9 –0.1
8750 –12.3 –5.2 – (34943.2) (34904.1)
8773 6.1 7.0 – (34944.5) (34905.1)
– (8901.0) (8912.1) – (35225.6) (35236.3)
– (8902.7) (8912.4) – (35231.9) (35242.5)

3H4 12607 6.7 7.3 35372 0.0 0.0
12644 –17.3 –4.9 35388 –3.1 –5.9
12732 –10.7 –0.4 3P0 35388 0.0 0.0
12747 –14.1 5.2 3P1 36231 3.5 2.6
12824 –18.8 –15.6 36390 –3.5 –2.6

– (12982.3) (12970.4) 36390 –27.7 –41.4
13036 –11.6 –4.7 3P2 37933 –1.3 –5.6
13112 –10.3 5.0 38063 9.0 3.6
13152 –6.7 –7.3 38097 15.4 6.1

3F3 14599 –8.8 –9.8 38400 1.3 5.6
14659 6.1 –4.1 – (38421.1) (38436.3)
14666 8.4 1.0 σ 11.0 8.2
14679 –3.0 –5.0

èËÏÂ˜‡ÌËÂ. ‡ – ‡Ò˜ÂÚ ‚ ÔË·ÎËÊÂÌËË ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (1), · – ‡Ò˜ÂÚ ‚ ÔË·ÎËÊÂÌËË ÔÓÏÂ-

ÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (2),  – ÒÂ‰ÌÂÍ‚‡‰‡ÚË˜ÌÓÂ ÓÚÍÎÓÌÂÌËÂ, n –

˜ËÒÎÓ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı ÛÓ‚ÌÂÈ, p – ˜ËÒÎÓ ‚‡¸ËÛÂÏ˚ı Ô‡‡ÏÂÚÓ‚; ‚ ÒÎÛ˜‡Â ÓÚÒÛÚÒÚ‚Ëfl Eexp ‚ ÚÂÚ¸ÂÈ Ë ˜ÂÚ‚ÂÚÓÈ ÍÓ-

ÎÓÌÍ‡ı ‚ ÍÛ„Î˚ı ÒÍÓ·Í‡ı ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl Ecalc, ‚˚˜ËÒÎÂÌÌ˚Â ‚ ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏ ÔË·ÎËÊÂÌËË.

σ
Eexp i( ) Ecalc i( )–[ ]2

i 1=
n∑

n p–( )
-----------------------------------------------------------------=
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Ô‡‡ÏÂÚ‡ÏË ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl  ‰ÓÔÓÎ-

ÌËÚÂÎ¸ÌÓ ‚ Í‡˜ÂÒÚ‚Â ‚‡¸ËÛÂÏ˚ı ËÒÔÓÎ¸ÁÓ‚‡-

ÎËÒ¸ ÚË Ô‡‡ÏÂÚ‡  (13) Ë ‰‚‡ Ô‡‡ÏÂÚ‡ ÍÓ‚‡-

ÎÂÌÚÌÓÒÚË λif . àı ÁÌ‡˜ÂÌËfl ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 2. Ç
ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË„Û‡ˆËÓÌ-
ÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÒÂ‰ÌÂÍ‚‡‰‡ÚË˜ÌÓÂ ÓÚÍÎÓ-
ÌÂÌËÂ Ì‡ 25% ÏÂÌ¸¯Â, ˜ÂÏ ‚ ÔË·ÎËÊÂÌËË ÒÎ‡·Ó-
„Ó. í‡ÍËÏ Ó·‡ÁÓÏ, ‚ÎËflÌËÂ ‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌ-
ÙË„Û‡ˆËÈ ÒÛ˘ÂÒÚ‚ÂÌÌÓ Ë Â„Ó Û˜ÂÚ ÁÌ‡˜ËÚÂÎ¸ÌÓ
ÛÎÛ˜¯‡ÂÚ ÓÔËÒ‡ÌËÂ ̋ ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡. è‡-

‡ÏÂÚ˚ , ÔÓÎÛ˜ÂÌÌ˚Â ËÁ ÔÓˆÂ‰Û˚ ÏËÌËÏË-

Á‡ˆËË (Ú‡·Î. 2), Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓ ÒÓ„Î‡ÒÛ˛ÚÒfl

ÔÓ ÔÓfl‰ÍÛ ‚ÂÎË˜ËÌ˚ Ò Ô‡‡ÏÂÚ‡ÏË  = –0.019,

 = –0.036 Ë  = 0.019, ‚˚˜ËÒÎÂÌÌ˚ÏË ‚ ÏÓ‰ÂÎË

ÚÓ˜Â˜Ì˚ı Á‡fl‰Ó‚ ÔË ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘ÂÏ ‚˚·ÓÂ
ÎÓÍ‡Î¸ÌÓÈ ÒËÒÚÂÏ˚ ÍÓÓ‰ËÌ‡Ú Ë ÁÌ‡˜ÂÌËÈ 〈rp〉 Ë Δ
[15]. ùÚÓ Ò‚Ë‰ÂÚÂÎ¸ÒÚ‚ÛÂÚ Ó Â‡ÎËÒÚË˜ÌÓÒÚË Ô‡‡-

ÏÂÚÓ‚  ËÁ Ú‡·Î. 2.

Ç Ú‡·Î. 3 ÔË‚Â‰ÂÌ˚ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚

ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl , ‚˚-

˜ËÒÎÂÌÌ˚ı ÔË ÔÓÏÓ˘Ë Ô‡‡ÏÂÚÓ‚  Ë λif ËÁ

Ú‡·Î. 2. ÇÍÎ‡‰˚ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË ‚ 
ÓÍ‡Á‡ÎËÒ¸ Ú‡ÍÓ„Ó ÊÂ ÔÓfl‰Í‡ ‚ÂÎË˜ËÌ˚, ˜ÚÓ Ë
‚ÍÎ‡‰˚ ÓÚ ‚ÓÁ·ÛÊ‰ÂÌÌÓÈ ÍÓÌÙË„Û‡ˆËË 4f N – 15d.
èÓ˝ÚÓÏÛ ÓÔÂ‰ÂÎÂÌËÂ Ô‡‡ÏÂÚÓ‚ ÌÂ˜ÂÚÌÓ„Ó

ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl (d) ËÁ ÓÔËÒ‡ÌËfl ¯Ú‡-

ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ·ÂÁ Û˜ÂÚ‡ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡-
ÎÂÌÚÌÓÒÚË ·˚ÎÓ ·˚ ÌÂÍÓÂÍÚÌ˚Ï. ÇÂÓflÚÌÓ, ÔÓ
˝ÚÓÈ ÔË˜ËÌÂ Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË Ωk, ‚˚-
˜ËÒÎÂÌÌ˚Â ÔÓ ÙÓÏÛÎ‡Ï (8) Ë (10) ÔË ÔÓÏÓ˘Ë Ô‡-
‡ÏÂÚÓ‚ ÌÂ˜ÂÚÌÓ„Ó ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl ËÁ
‡·ÓÚ˚ [1], ÔÎÓıÓ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ˝ÍÒÔÂËÏÂÌÚ‡Î¸-
Ì˚ÏË ÁÌ‡˜ÂÌËflÏË.

è‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË

àÒÔÓÎ¸ÁÛfl ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚  ËÁ Ú‡·Î. 2

Ë  ËÁ [15], ÔÓ ÙÓÏÛÎ‡Ï (8) Ë (10) ÏÓÊÌÓ ÎÂ„ÍÓ

‚˚˜ËÒÎËÚ¸ ‚ÍÎ‡‰ ‚ÓÁ·ÛÊ‰ÂÌÌÓÈ ÍÓÌÙË„Û‡ˆËË
4f N – 15d ‚ Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË Ωk (Ú‡·Î. 4).
é‰Ì‡ÍÓ ‡Ò˜ÂÚ ‚ÍÎ‡‰‡ ÓÚ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒ-
ÚË (12) Ì‡ ÓÒÌÓ‚Â ‰‡ÌÌ˚ı Ú‡·Î. 2 ÚÂ·ÛÂÚ ‰ÓÔÓÎÌË-
ÚÂÎ¸Ì˚ı ÔÂ‰ÔÓÎÓÊÂÌËÈ. àÁ ÓÔËÒ‡ÌËfl ¯Ú‡ÍÓ‚-
ÒÍÓÈ ÒÚÛÍÚÛ˚ ·˚ÎË ÓÔÂ‰ÂÎÂÌ˚ Ô‡‡ÏÂÚ˚ λif

(i = σ, π), ‚ ÚÓ ‚ÂÏfl Í‡Í ‰Îfl ‡Ò˜ÂÚ‡ ÔÓ ÙÓÏÛÎÂ
(12) ÌÂÓ·ıÓ‰ËÏ˚ γif Ë γid. ëÓ„Î‡ÒÌÓ ‰‡ÌÌ˚Ï ËÁ [12]
Ó Ô‡‡ÏÂÚ‡ı ÍÓ‚‡ÎÂÌÚÌÓÒÚË Ë ËÌÚÂ„‡Î‡ı ÔÂÂ-
Í˚‚‡ÌËfl, ÏÓÊÌÓ ÔÂ‰ÔÓÎÓÊËÚ¸, ˜ÚÓ γif ≈ λif Ë
γid ≈ 3γif . ùÌÂ„ËË ÔÂÂÌÓÒ‡ Á‡fl‰‡ ·˚ÎË ‚˚·‡Ì˚

ÒÓ„Î‡ÒÌÓ [12]: Δdp = 130000 ÒÏ–1 Ë Δdf = 75000 ÒÏ–1.
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Bt
p

St
p

rdf
3+

äÓÏÂ ÚÓ„Ó, ÔÂ‰ÔÓÎ‡„‡ÎÓÒ¸, ˜ÚÓ  ≈ 1.5 .

Ç˚˜ËÒÎÂÌÌ˚Â ÔË Ú‡ÍËı ÔÂ‰ÔÓÎÓÊÂÌËflı ‚ÍÎ‡‰˚
‚ Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË ÔË‚Â‰ÂÌ˚ ‚ Ú‡·Î. 4.

è‡ˆË‡Î¸Ì˚Â ‚ÍÎ‡‰˚ ÓÚ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡ÎÂÌÚ-
ÌÓÒÚË ÁÌ‡˜ËÚÂÎ¸ÌÓ ÏÂÌ¸¯Â Ô‡ˆË‡Î¸Ì˚ı ‚ÍÎ‡‰Ó‚
ÓÚ ‚ÓÁ·ÛÊ‰ÂÌÌÓÈ ÍÓÌÙË„Û‡ˆËË 4f N – 15d. é‰Ì‡ÍÓ
Ô‡‡ÏÂÚ˚ Ωk ÌÂ ‡‰‰ËÚË‚Ì˚ (8), Ë Á‡ Ò˜ÂÚ ÔÂÂ-
ÍÂÒÚÌ˚ı ÒÎ‡„‡ÂÏ˚ı ‚ÍÎ‡‰ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓ-
ÒÚË ‚ ÂÁÛÎ¸ÚËÛ˛˘ÂÂ ÁÌ‡˜ÂÌËÂ ‰ÓÒÚË„‡ÂÚ 33% Ë
ÔË‚Ó‰ËÚ Í ÛÎÛ˜¯ÂÌË˛ ÒÓ„Î‡ÒËfl Ò ˝ÍÒÔÂËÏÂÌÚÓÏ.
äÓÏÂ ÚÓ„Ó, ·ÂÁ Û˜ÂÚ‡ ˝ÙÙÂÍÚÓ‚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË

ÁÌ‡˜ËÚÂÎ¸ÌÓ ËÁÏÂÌËÎËÒ¸ ·˚ Ô‡‡ÏÂÚ˚ , ÓÔÂ-

‰ÂÎflÂÏ˚Â ËÁ ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ÒÔÂÍÚ‡.

éÌË ·˚ÎË ·˚ ÒÎÂ‰Û˛˘ËÏË:  = 0.093,  = 0.091

rdf
2+

rdf
3+

St
p

S2
3

S2
5

í‡·ÎËˆ‡ 2.  è‡‡ÏÂÚ˚ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl 

(‚ ÒÏ–1) Ë Ô‡‡ÏÂÚ˚  Ë λif (·ÂÁ‡ÁÏÂÌ˚Â)

è‡‡ÏÂÚ
Ç‡Ë‡ÌÚ ‡Ò˜ÂÚ‡

a [7] ·

603 614

39 36

–59 89

–1441 –1488

–707 –695

–1181 –1194

–302 –292

448 338

–360 –398

– –0.094

– –0.044

– –0.039

λσf – 0.028

λπf – 0.019

èËÏÂ˜‡ÌËÂ. ‡ – ÔË·ÎËÊÂÌËÂ ÒÎ‡·Ó„Ó ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó
‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (1), · – ÔË·ÎËÊÂÌËÂ ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌ-
ÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl (2).
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äÓÌËÂÌÍÓ, ÑÛÌËÌ‡

Ë  = 0.027, ˜ÚÓ ‚ Ò‚Ó˛ Ó˜ÂÂ‰¸ Ó·ÛÒÎÓ‚ËÚ ÒÎÂ-

‰Û˛˘ËÂ ÁÌ‡˜ÂÌËfl Ô‡‡ÏÂÚÓ‚ ËÌÚÂÌÒË‚ÌÓÒÚË:
Ω2 = 0.61, Ω4 = 4.25 Ë Ω6 = 4.77 (‚ Â‰ËÌËˆ‡ı 10–20 ÒÏ2),
ÍÓÚÓ˚Â ıÛÊÂ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ˝ÍÒÔÂËÏÂÌÚÓÏ.

áÄäãûóÖçàÖ

åÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓÂ ‚Á‡ËÏÓ‰ÂÈÒÚ‚ËÂ ‰‡ÂÚ
ÒÛ˘ÂÒÚ‚ÂÌÌ˚È ‚ÍÎ‡‰ ‚ ˝ÌÂ„ËË ¯Ú‡ÍÓ‚ÒÍËı
ÛÓ‚ÌÂÈ Ë ̃ ‡ÒÚË˜ÌÓ ÒÌËÏ‡ÂÚ Á‡ÔÂÚ Ì‡ ‚ÌÛÚËÍÓÌ-
ÙË„Û‡ˆËÓÌÌ˚Â ˝ÎÂÍÚË˜ÂÒÍËÂ ‰ËÔÓÎ¸Ì˚Â ÔÂÂ-
ıÓ‰˚. ùÚÓ Ó·ÛÒÎÓ‚ÎË‚‡ÂÚ ‚Á‡ËÏÓÒ‚flÁ¸ ÏÂÊ‰Û ÚÓÌ-
ÍËÏË ‰ÂÚ‡ÎflÏË ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ Ë ËÌÚÂÌ-
ÒË‚ÌÓÒÚflÏË ÏÂÊÏÛÎ¸ÚËÔÎÂÚÌ˚ı ÔÂÂıÓ‰Ó‚.

èË ÔÓÏÓ˘Ë „‡ÏËÎ¸ÚÓÌË‡Ì‡ ÍËÒÚ‡ÎÎË˜ÂÒÍÓ-
„Ó ÔÓÎfl ‚ ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜ÌÓ„Ó ÍÓÌÙË-
„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ‰ÓÒÚË„ÌÛÚÓ ÓÔËÒ‡-
ÌËÂ ˝ÌÂ„ÂÚË˜ÂÒÍÓ„Ó ÒÔÂÍÚ‡ ËÓÌ‡ Tm3+ ‚
Y3Al5O12 ÎÛ˜¯ÂÂ, ̃ ÂÏ ‚ Ó‰ÌÓ˝ÎÂÍÚÓÌÌÓÏ ÔË·ÎË-

S4
5

ÊÂÌËË. ç‡fl‰Û Ò Ô‡‡ÏÂÚ‡ÏË ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó

ÔÓÎfl  (k – ˜ÂÚÌÓÂ) ‚ Í‡˜ÂÒÚ‚Â Ò‚Ó·Ó‰ÌÓ ‚‡¸ËÛ-

ÂÏ˚ı ËÒÔÓÎ¸ÁÓ‚‡ÎËÒ¸ Ô‡‡ÏÂÚ˚ ÌÂ˜ÂÚÌÓ„Ó ÍËÒ-
Ú‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl Ë Ô‡‡ÏÂÚ˚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË.
èÓÎÛ˜ÂÌÌ˚Â Ú‡ÍËÏ ÒÔÓÒÓ·ÓÏ Ô‡‡ÏÂÚ˚ ÏÂÊÍÓÌ-
ÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ·˚ÎË Á‡ÚÂÏ ÔË-
ÏÂÌÂÌ˚ ‰Îfl ÓˆÂÌÍË Ô‡‡ÏÂÚÓ‚ ËÌÚÂÌÒË‚ÌÓÒÚË.

Ç˚˜ËÒÎÂÌÌ˚Â Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË Ì‡ıÓ-
‰flÚÒfl ‚ Û‰Ó‚ÎÂÚ‚ÓËÚÂÎ¸ÌÓÏ ÒÓ„Î‡ÒËË Ò ˝ÍÒÔÂË-
ÏÂÌÚ‡Î¸Ì˚ÏË ÁÌ‡˜ÂÌËflÏË. è‡ˆË‡Î¸Ì˚È ‚ÍÎ‡‰
‚ÓÁ·ÛÊ‰ÂÌÌ˚ı ÍÓÌÙË„Û‡ˆËÈ 4f N – 15d ‚ Ô‡‡ÏÂÚ-
˚ ËÌÚÂÌÒË‚ÌÓÒÚË Ì‡ ÔÓfl‰ÓÍ ·ÓÎ¸¯Â, ˜ÂÏ ‚ÍÎ‡‰
ÍÓÌÙË„Û‡ˆËÈ Ò ÔÂÂÌÓÒÓÏ Á‡fl‰‡. é‰Ì‡ÍÓ ‚ÍÎ‡‰
˝ÚËı ÍÓÌÙË„Û‡ˆËÈ ‚ Ô‡‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË
ÌÂ ‡‰‰ËÚË‚ÂÌ, Ë Á‡ Ò˜ÂÚ ÔÂÂÍÂÒÚÌ˚ı ÒÎ‡„‡ÂÏ˚ı
˝ÙÙÂÍÚ˚ ÍÓ‚‡ÎÂÌÚÌÓÒÚË ËÁÏÂÌfl˛Ú ÂÁÛÎ¸ÚËÛ˛-
˘ÂÂ ÁÌ‡˜ÂÌËÂ Ωk Ì‡ 33%, ÔË˜ÂÏ ‚ ÒÚÓÓÌÛ ÎÛ˜¯Â-
„Ó ÒÓ„Î‡ÒËfl Ò ˝ÍÒÔÂËÏÂÌÚÓÏ.

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ ÔË·ÎËÊÂÌËË ÔÓÏÂÊÛÚÓ˜-
ÌÓ„Ó ÔÓ ÒËÎÂ ÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl
ËÁ ‡Ì‡ÎËÁ‡ ¯Ú‡ÍÓ‚ÒÍÓÈ ÒÚÛÍÚÛ˚ ˝ÌÂ„ÂÚË˜ÂÒ-
ÍÓ„Ó ÒÔÂÍÚ‡ ÏÓÊÌÓ ÓÔÂ‰ÂÎËÚ¸ Ô‡‡ÏÂÚ˚ ÌÂ-
˜ÂÚÌÓ„Ó ÍËÒÚ‡ÎÎË˜ÂÒÍÓ„Ó ÔÓÎfl Ë Ô‡‡ÏÂÚ˚ ÍÓ-
‚‡ÎÂÌÚÌÓÒÚË Ë ÔËÏÂÌËÚ¸ Á‡ÚÂÏ ˝ÚË Ô‡‡ÏÂÚ˚
‰Îfl ÍÓÎË˜ÂÒÚ‚ÂÌÌ˚ı ÓˆÂÌÓÍ ı‡‡ÍÚÂËÒÚËÍ ËÌ-
ÚÂÌÒË‚ÌÓÒÚË.
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Bq
k

í‡·ÎËˆ‡ 3.  ÇÍÎ‡‰˚ ‡ÁÎË˜Ì˚ı ÔÓˆÂÒÒÓ‚ (×104) ‚ Ô‡-

‡ÏÂÚ˚ ÏÂÊÍÓÌÙË„Û‡ˆËÓÌÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl 

(·ÂÁ‡ÁÏÂÌ˚Â)

k q
ÇÍÎ‡‰ ÍÓÌÙË„Û-
‡ˆËË 4fN – 15d 

(14)

ÇÍÎ‡‰ ̋ ÙÙÂÍÚÓ‚ 
ÍÓ‚‡ÎÂÌÚÌÓÒÚË 

(15)
ëÛÏÏ‡

2 0 1.876 –0.738 1.138

2 –0.133 4.335 4.202

4 0 6.878 –22.898 –16.021

2 5.331 2.663 7.993

4 –9.692 10.224 0.532

6 0 –8.325 5.562 –2.762

2 –4.095 –1.739 –5.834

4 10.911 6.826 17.737

6 6.074 –0.153 5.921

G̃q
k

í‡·ÎËˆ‡ 4.  ÇÍÎ‡‰˚ ‡ÁÎË˜Ì˚ı ÔÓˆÂÒÒÓ‚ (×1020) ‚ Ô‡-
‡ÏÂÚ˚ ËÌÚÂÌÒË‚ÌÓÒÚË Ωk (‚ ÒÏ2)

k
ÇÍÎ‡‰

ÍÓÌÙË„Û‡-
ˆËË 4fN – 15d

ÇÍÎ‡‰
˝ÙÙÂÍÚÓ‚ ÍÓ-
‚‡ÎÂÌÚÌÓÒÚË

ëÛÏÏ‡
ùÍÒÔÂË-
ÏÂÌÚ [8]

2 0.62 0.001 0.57 0.90, 0.89, 
0.70

4 4.27 0.035 3.58 0.70, 1.08, 
1.20

6 1.82 0.269 1.21 0.85, 0.68, 
0.50


