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Ç ‡ÏÍ‡ı ‡Á‡·ÓÚ‡ÌÌÓÈ ‡‚ÚÓ‡ÏË ÏÓ‰ÂÎË ÔÓ‚Â‰ÂÌ ‡Ì‡ÎËÁ ÓÒÌÓ‚Ì˚ı Ë ÏÂÚ‡ÒÚ‡·ËÎ¸Ì˚ı ÒÓ-
ÒÚÓflÌËÈ ÁÂÂÌ Ï‡„ÌÂÚËÚ‡ ‡ÁÏÂÓÏ, ·ÎËÁÍËÏ Í Ó‰ÌÓ‰ÓÏÂÌÌÓÏÛ. èÓÍ‡Á‡ÌÓ, ˜ÚÓ ‚ Á‡‚ËÒËÏÓÒÚË
ÓÚ ‡ÁÏÂÓ‚ Ë ‚˚ÚflÌÛÚÓÒÚË ÁÂÌÓ ÏÓÊÂÚ Ì‡ıÓ‰ËÚ¸Òfl ‚ Ó‰ÌÓÏ ËÁ ÚÂı Ï‡„ÌËÚÌ˚ı ÒÓÒÚÓflÌËÈ: Ò
Ó‰ÌÓÓ‰ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸˛, Ò Ï‡ÎÓÈ (Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÏ) Ë Ò ·ÓÎ¸¯ÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚ¸˛
Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ (‰‚Ûı‰ÓÏÂÌÌÓÏ). ê‡ÒÒ˜ËÚ‡Ì˚ ÍËÚË˜ÂÒÍËÂ ‡ÁÏÂ˚ ‰Îfl Ó‰ÌÓÓ‰ÌÓ„Ó Ë
Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓ„Ó ÒÓÒÚÓflÌËÈ. èÓ‚Â‰ÂÌÓ ÏÓ‰ÂÎËÓ‚‡ÌËÂ ÔÂÂÏ‡„ÌË˜Ë‚‡ÌËfl Ú‡ÍËı ÁÂÂÌ.
àÒÒÎÂ‰Ó‚‡Ì‡ Á‡‚ËÒËÏÓÒÚ¸ ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Ë ÍËÚË˜ÂÒÍËı ÔÓÎÂÈ ÓÚ ‚˚ÚflÌÛÚÓÒÚË Ë ‡ÁÏÂ‡
˜‡ÒÚËˆ, ‡ Ú‡ÍÊÂ ÓÚ Ì‡Ô‡‚ÎÂÌËfl ‚ÌÂ¯ÌÂ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl. ëÛ˘ÂÒÚ‚ÂÌÌ˚Ï ÓÚÎË˜ËÂÏ ÓÚ Â-
ÁÛÎ¸Ú‡ÚÓ‚ ÔÓ‰Ó·Ì˚ı ËÒÒÎÂ‰Ó‚‡ÌËÈ fl‚ÎflÂÚÒfl ÌÂÏÓÌÓÚÓÌÌÓÒÚ¸ ÔÓ‚Â‰ÂÌËfl ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚
˜‡ÒÚËˆ˚ Ò Û‚ÂÎË˜ÂÌËÂÏ ÂÂ ‚˚ÚflÌÛÚÓÒÚË.

 

àÁÛ˜ÂÌË˛ Ï‡„ÌËÚÌ˚ı Ò‚ÓÈÒÚ‚ Ï‡Î˚ı ÙÂÓÏ‡„ÌËÚÌ˚ı ˜‡ÒÚËˆ ÔÓÒ‚fl˘ÂÌÓ ‰ÓÒÚ‡-
ÚÓ˜ÌÓ ÏÌÓ„Ó (‚ ÓÒÌÓ‚ÌÓÏ ÚÂÓÂÚË˜ÂÒÍËı) ‡·ÓÚ [1–10], ‚ ÍÓÚÓ˚ı ‡‚ÚÓ˚ ËÒıÓ‰ËÎË ËÁ
ÚÓ„Ó ËÎË ËÌÓ„Ó ÔÂ‰ÔÓÎÓÊÂÌËfl Ó ‡ÒÔÂ‰ÂÎÂÌËË Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË. Ç ˝ÚËı ÏÓ‰ÂÎflı
ÎË·Ó ËÒÔÓÎ¸ÁÛÂÚÒfl ‚‡Ë‡ˆËÓÌÌ˚È ÔÓËÒÍ ÏËÌËÏÛÏ‡ ÔÓÎÌÓÈ ˝ÌÂ„ËË, ÎË·Ó Â¯‡ÂÚÒfl
Û‡‚ÌÂÌËÂ ã‡Ì‰‡Û–ãËÙ¯Ëˆ‡. ê‡Á‚ËÚËÂ ‚˚˜ËÒÎËÚÂÎ¸ÌÓÈ ÚÂıÌËÍË ÔÓÁ‚ÓÎËÎÓ ÔÂÂÈÚË
ÓÚ ÔÓÒÚÓÈ ÏÓ‰ÂÎË [1], ÔÂ‰ÒÚ‡‚Îfl˛˘ÂÈ ‰ÓÏÂÌ˚ Ë ‰ÓÏÂÌÌ˚Â ÒÚÂÌÍË ‚ ‚Ë‰Â Ó‰ÌÓÓ‰ÌÓ
Ì‡Ï‡„ÌË˜ÂÌÌ˚ı Ô‡‡ÎÎÂÎÂÔËÔÂ‰Ó‚, Í ÏÓ‰ÂÎflÏ Ò ÚÂıÏÂÌ˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ Ï‡„-
ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ [3, 5, 6].

é‰Ì‡ÍÓ, ÌË Ó‰ÌÓ ËÁ ˝ÚËı ËÒÒÎÂ‰Ó‚‡ÌËÈ ÌÂ ÏÓÊÂÚ ÔÂÚÂÌ‰Ó‚‡Ú¸ Ì‡ ÔÓÎÌÓÚÛ ‡ÒÒÏÓ-
ÚÂÌËfl Ë Í‡Ê‰ÓÂ ËÁ ÌËı ÔÂÒÎÂ‰Ó‚‡ÎÓ Â¯ÂÌËÂ ÍÓÌÍÂÚÌÓ ÔÓÒÚ‡‚ÎÂÌÌÓÈ Á‡‰‡˜Ë. çÂ-
ÒÏÓÚfl Ì‡ ÔÂËÏÛ˘ÂÒÚ‚Ó ÚÂıÏÂÌ˚ı ÏÓ‰ÂÎÂÈ, Ò‚flÁ‡ÌÌÓÂ Ò Û‚ÂÎË˜ÂÌËÂÏ ÒÚÂÔÂÌÂÈ
Ò‚Ó·Ó‰˚ Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡, ˜ËÒÎÂÌÌ˚Â Â¯ÂÌËfl ÓÒÚ‡ÎËÒ¸ ÔË·ÎËÊÂÌÌ˚ÏË. íÓ˜-
ÌÓÒÚ¸ Â¯ÂÌËfl Á‡‚ËÒËÚ ÓÚ ÒÔÓÒÓ·‡ ‡Á·ËÂÌËfl (‚ÓÁÏÓÊÌÓÒÚË ÍÓÏÔ¸˛ÚÂ‡), ÍÓÚÓ˚È Ë
ÓÔÂ‰ÂÎflÂÚ ÍÎ‡ÒÒ ÏËÌËÏËÁËÛ˛˘Ëı ÙÛÌÍˆËÈ. èÓ˝ÚÓÏÛ ‡ÒÔÂ‰ÂÎÂÌËfl Ì‡Ï‡„ÌË˜ÂÌ-
ÌÓÒÚË, ÔÓÎÛ˜ÂÌÌ˚Â ‡‚ÚÓ‡ÏË ‡·ÓÚ [3, 5, 6] ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú ‚˚·‡ÌÌ˚Ï ÍÎ‡ÒÒ‡Ï ÙÛÌÍ-
ˆËÈ. ë ̋ ÚÓÈ ÚÓ˜ÍË ÁÂÌËfl ÚÛ‰ÌÓ ÓˆÂÌËÚ¸ ÔÂËÏÛ˘ÂÒÚ‚Ó ‚˚‚Ó‰Ó‚, Ò‰ÂÎ‡ÌÌ˚ı Ì‡ ÓÒÌÓ-
‚Â ÔË·ÎËÊÂÌÌ˚ı Â¯ÂÌËÈ ÚÂıÏÂÌ˚ı ÏÓ‰ÂÎÂÈ Ì‡‰ ÂÁÛÎ¸Ú‡Ú‡ÏË, ÔÓÎÛ˜ÂÌÌ˚ÏË ‚
‡ÏÍ‡ı ‰‚ÛıÏÂÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl. ç‡ÔËÏÂ, ËÒÔÓÎ¸ÁÛÂÏÓÂ ‚ ‡·ÓÚ‡ı [1, 4] ÛÔÓ-
˘‡˛˘ÂÂ ÔÂ‰ÔÓÎÓÊÂÌËÂ ÒÚÓ„Ó ‡ÌÚËÔ‡‡ÎÎÂÎ¸ÌÓÈ ÓËÂÌÚ‡ˆËË Ï‡„ÌËÚÌ˚ı ÏÓÏÂÌÚÓ‚
‰ÓÏÂÌÓ‚ Ó„‡ÌË˜ËÎÓ ‚ÓÁÏÓÊÌÓÒÚ¸ ËÒÒÎÂ‰Ó‚‡ÌËfl ‚ÎËflÌËfl ‚ÌÂ¯ÌÂ„Ó ÔÓÎfl Ì‡ ‡ÒÔÂ‰Â-
ÎÂÌËÂ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ ÁÂÌÂ. Ç ËÒÒÎÂ‰Ó‚‡ÌËflı Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl ˜‡ÒÚËˆ [6, 8, 9],
ÔÓ‚Â‰ÂÌÌ˚ı ‚ ‡ÏÍ‡ı ÚÂıÏÂÌ˚ı ÏÓ‰ÂÎÂÈ, ËÒÔÓÎ¸ÁÓ‚‡ÎÓÒ¸ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ Ó· Ó‰ÌÓ-
ÓÒÌÓÒÚË ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË.

Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ÔÓ‚Â‰ÂÌÓ ËÒÒÎÂ‰Ó‚‡ÌËÂ ÔÓˆÂÒÒ‡ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl Ï‡Î˚ı ÁÂÂÌ
Ï‡„ÌÂÚËÚ‡ ‡ÁÎË˜ÌÓ„Ó ‡ÁÏÂ‡ Ë ‚˚ÚflÌÛÚÓÒÚË.

 

1. åÓ‰ÂÎ¸ ËÒÒÎÂ‰ÛÂÏÓÈ ˜‡ÒÚËˆ˚
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ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË, ds – ˝ÎÂÏÂÌÚ ÔÓ‚ÂıÌÓÒÚË, ϕ – Û„ÓÎ ÏÂÊ‰Û ‚ÂÍ-
ÚÓÓÏ H Ë ÓÒ¸˛ Oz,

(6)

(7)

m(θ1, θ2, p1, p2, ϕ) – ÔÓÂÍˆËfl Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÁÂÌ‡ Ì‡ Ì‡Ô‡‚ÎÂÌËÂ, ‚˚‰ÂÎflÂÏÓÂ
‚ÂÍÚÓÓÏ H, ÓÚÌÂÒÂÌÌ‡fl Í qa3Is.

ç‡ÏË ËÒÔÓÎ¸ÁÓ‚‡Î‡Ò¸ ÔÓˆÂ‰Û‡ ÔÓ¯‡„Ó‚ÓÈ ÏËÌËÏËÁ‡ˆËË. ëÌ‡˜‡Î‡ Ì‡ıÓ‰ËÎÒfl ÏË-
ÌËÏÛÏ ‚·ÎËÁË Á‡‰‡ÌÌÓÈ ÚÓ˜ÍË. ç‡ ÒÎÂ‰Û˛˘ÂÏ ̄ ‡„Â Ì‡È‰ÂÌÌ‡fl ÚÓ˜Í‡ ·˚Î‡ Ì‡˜‡Î¸ÌÓÈ.
èÓˆÂ‰Û‡ ÏËÌËÏËÁ‡ˆËË ÔÂ˚‚‡Î‡Ò¸, ÍÓ„‰‡ ˝ÌÂ„Ëfl ‚ Ì‡˜‡Î¸ÌÓÈ ÚÓ˜ÍÂ ·˚Î‡ ÏÂÌ¸-
¯Â, ˜ÂÏ ‚ ÒÓÒÂ‰ÌËı. íÓ˜ÌÓÒÚ¸ ‡Ò˜ÂÚÓ‚ Ó„‡ÌË˜Ë‚‡Î‡Ò¸ ‚ÂÎË˜ËÌÓÈ ¯‡„‡ (∆p = 6 × 10–3,
∆θ = 6 × 10–3 ‡‰) Ë Ï‡¯ËÌÌÓÈ ÚÓ˜ÌÓÒÚ¸˛ (ÔË Ò‡‚ÌÂÌËË ˝ÌÂ„ËË ‚ ‰‚Ûı ÒÓÒÂ‰ÌËı ÚÓ˜-
Í‡ı). èË ‡Ò˜ÂÚ‡ı ÔÂÚÂÎ¸ „ËÒÚÂÂÁËÒ‡ ÓÚ˚ÒÍË‚‡ÎÒfl ÏËÌËÏÛÏ ˝ÌÂ„ËË Ë ‰Îfl ÔÓÎÛ˜ÂÌ-
Ì˚ı ÁÌ‡˜ÂÌËÈ θ1, θ2, p1 Ë p2 ‚˚˜ËÒÎflÎ‡Ò¸ ÔÓÂÍˆËfl Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ Ì‡ Ì‡Ô‡‚ÎÂ-
ÌËÂ ÔÓÎfl. å‡„ÌËÚÌÓÂ ÔÓÎÂ ËÁÏÂÌflÎÓÒ¸ Ò ¯‡„ÓÏ ∆H = 10 ù.

èÂ‰Î‡„‡ÂÏ‡fl ÏÓ‰ÂÎ¸ fl‚ÎflÂÚÒfl ‡Á‚ËÚËÂÏ ÏÓ‰ÂÎË [4], ‚ ÍÓÚÓÓÈ ‡ÌÚËÔ‡‡ÎÎÂÎ¸-
Ì‡fl ÓËÂÌÚ‡ˆËfl Ï‡„ÌËÚÌ˚ı ÏÓÏÂÌÚÓ‚ ‰ÓÏÂÌÓ‚ ÙËÍÒËÓ‚‡Ì‡.

2. éÒÌÓ‚Ì˚Â Ë ÏÂÚ‡ÒÚ‡·ËÎ¸Ì˚Â ÒÓÒÚÓflÌËfl

åÓ‰ÂÎËÓ‚‡ÌËÂ ‡ÒÔÂ‰ÂÎÂÌËfl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ ÁÂÌ‡ı Ï‡„ÌÂÚËÚ‡ (Is = 485 ÉÒ,
A = 1.32 × 10–6 ̋ „/ÒÏ, K = –1.36 × 105 ̋ „/ÒÏ3) ‡ÁÎË˜Ì˚ı ‡ÁÏÂÓ‚ Ë ‚˚ÚflÌÛÚÓÒÚË, ÔÓ-
‚Â‰ÂÌÌ˚Â ÔË H = 0, ÔÓÁ‚ÓÎflÂÚ ‚˚‰ÂÎËÚ¸ ÚË ÚËÔ‡ Ï‡„ÌËÚÌ˚ı ÒÓÒÚÓflÌËÈ:

– ÒÓÒÚÓflÌËfl Ò Ó‰ÌÓÓ‰ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸˛;
– ÒÓÒÚÓflÌËfl Ò Ï‡ÎÓÈ (Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌ˚Â) ÌÂÓ‰ÌÓÓ‰ÌÓÒÚ¸˛ Is

– ÒÓÒÚÓflÌËfl Ò ·ÓÎ¸¯ÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚ¸˛ Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ (‰‚Ûı‰ÓÏÂÌÌ˚Â).
ëÓÒÚÓflÌËfl Ò Ó‰ÌÓÓ‰ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸˛. ëÓÒÚÓflÌËÂ Ò Ó‰ÌÓÓ‰Ì˚Ï ‚ÂÍÚÓÓÏ Is

fl‚ÎflÂÚÒfl ÓÒÌÓ‚Ì˚Ï ÎË¯¸ ‚ ËÌÚÂ‚‡ÎÂ ‡ÁÏÂÓ‚, Ó„‡ÌË˜ÂÌÌÓÏ Ò‚ÂıÛ ‡ÁÏÂÓÏ Ó‰-
ÌÓ‰ÓÏÂÌÌÓÒÚË a0, ÍÓÚÓ˚È ‚Â‰ÂÚ ÒÂ·fl ÌÂÏÓÌÓÚÓÌÌ˚Ï Ó·‡ÁÓÏ Ò ÓÒÚÓÏ ‚˚ÚflÌÛÚÓÒÚË
ÁÂÌ‡: ÛÏÂÌ¸¯‡ÂÚÒfl ÓÚ 100 ÌÏ ‰Îfl ËÁÓÏÂÚË˜ÂÒÍËı ˜‡ÒÚËˆ ‰Ó 80 ÌÏ ‰Îfl ˜‡ÒÚËˆ Ò ‚˚Úfl-
ÌÛÚÓÒÚ¸˛ q = 1.3 Ë ÔË q = 3.0 ‰ÓÒÚË„‡ÂÚ 200 ÌÏ (ÒÏ. ËÒ. 2).

èË a > a0 ˝ÌÂ„ÂÚË˜ÂÒÍË ·ÓÎÂÂ ‚˚„Ó‰ÌÓ ËÎË ‰‚Ûı‰ÓÏÂÌÌÓÂ ËÎË Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌ-
ÌÓÂ ÒÓÒÚÓflÌËÂ. é‰ÌÓÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ, ÂÒÎË ÓÌÓ Â‡ÎËÁÛÂÚÒfl, fl‚ÎflÂÚÒfl ÏÂÚ‡ÒÚ‡·ËÎ¸-
Ì˚Ï ‚ÔÎÓÚ¸ ‰Ó Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ‡ÁÏÂ‡ Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË a0m. á‡‚ËÒËÏÓÒÚ¸ a0m ÓÚ ‚˚-
ÚflÌÛÚÓÒÚË ÁÂÌ‡ ÔÂ‰ÒÚ‡‚ÎÂÌ‡ Ì‡ ËÒ. 2. èË Û‚ÂÎË˜ÂÌËË ‚˚ÚflÌÛÚÓÒÚË ÓÚ q = 1 ‰Ó q = 1.3
‚ÂÎË˜ËÌ‡ a0m ÛÏÂÌ¸¯‡ÂÚÒfl ‚ ‰‚‡ ‡Á‡, ‡ Á‡ÚÂÏ ‚ÓÁ‡ÒÚ‡ÂÚ Ë ÔË q > 3.1 Ó‰ÌÓÓ‰ÌÓÒÚ¸
‡ÒÔÂ‰ÂÎÂÌËfl Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÏÓÊÂÚ ·˚Ú¸ Â‡ÎËÁÓ‚‡Ì‡ ‚ ˜‡ÒÚËˆ‡ı ‚ÒÂı ‡ÁÏÂ-
Ó‚ (ÒÏ. ËÒ. 2).
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ëÓÒÚÓflÌËfl Ò ÌÂÓ‰ÌÓÓ‰ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸˛. ëÓÒÚÓflÌËfl ÒÓ ÒÎ‡·Ó ÌÂÓ‰ÌÓÓ‰Ì˚Ï
‡ÒÔÂ‰ÂÎÂÌËÂÏ Is(|θ1 – θ2| ~ 30°–100°, 0.75 < m < 1) ‡‚ÌÓ‚ÂÒÌ˚ ÎË¯¸ ‚ Ó·Î‡ÒÚË a0 < a < a1

(ÒÏ. ËÒ. 2), ÔË a1 < a < a1m ÓÌË ÏÂÚ‡ÒÚ‡·ËÎ¸Ì˚ (Á‰ÂÒ¸ a1 – ‡ÁÏÂ Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓ-
ÒÚË, a1m – ÔÂ‰ÂÎ¸Ì˚È ‡ÁÏÂ Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÒÚË). éÚÏÂÚËÏ Ú‡ÍÊÂ, ˜ÚÓ ÔË q > 2.1
Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ ÏÓÊÂÚ ·˚Ú¸ Â‡ÎËÁÓ‚‡ÌÓ ‚ ˜‡ÒÚËˆ‡ı Î˛·˚ı ‡ÁÏÂÓ‚
·ÓÎ¸¯Ëı a1.

éÚÏÂÚËÏ Ú‡ÍÊÂ, ˜ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ ‡ÁÏÂ‡ ÁÂÌ‡ Ó·Î‡ÒÚ¸ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË Ï‡„-
ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ (¯ËËÌ‡ ‰ÓÏÂÌÌÓÈ „‡ÌËˆ˚) Ô‡ÍÚË˜ÂÒÍË ÌÂ ÏÂÌflÂÚÒfl Ë Á‡ÌËÏ‡ÂÚ
ÓÍÓÎÓ 2/3 Ó·˙ÂÏ‡.

3. ÄÌ‡ÎËÁ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚÓ‚ ÍËÚË˜ÂÒÍËı ‡ÁÏÂÓ‚

ê‡ÁÏÂ Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË. ê‡ÒÒ˜ËÚ‡ÌÌ˚Â ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ ‡ÁÏÂ˚ Ó‰ÌÓ‰ÓÏÂÌÌÓ„Ó
ÒÓÒÚÓflÌËfl (ÒÏ. ËÒ. 2) ‚ ˆÂÎÓÏ ÒÓ„Î‡ÒÛ˛ÚÒfl Ò ‡ÁÏÂ‡ÏË Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË, ÔË‚Â‰ÂÌ-
Ì˚ÏË ‚ ‡·ÓÚÂ [11], Ë ÔÂ‚˚¯‡˛Ú ÁÌ‡˜ÂÌËfl, ÔÓÎÛ˜ÂÌÌ˚Â Ò ÔÓÏÓ˘¸˛ ÚÂıÏÂÌÓ„Ó ÏÓ-
‰ÂÎËÓ‚‡ÌËfl [5]. ÑÎfl Ò‡‚ÌÂÌËfl ÓÚÏÂÚËÏ, ˜ÚÓ ‡ÁÏÂ Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË ÍÛ·Ë˜ÂÒÍÓÈ ˜‡-
ÒÚËˆ˚, ÓÔÂ‰ÂÎÂÌÌ˚È ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓ, ÒÓ„Î‡ÒÌÓ [12] ‡‚ÂÌ 50 ÌÏ, ‡ ÒÓ„Î‡ÒÌÓ [13] –
80 ÌÏ. íÂÓÂÚË˜ÂÒÍËÂ ÓˆÂÌÍË a0 ÒÓÓÚ‚ÂÚÒÚ‚Û˛Ú 80 ÌÏ [2, 4], 100 ÌÏ [3]. ë Û‚ÂÎË˜ÂÌËÂÏ
‚˚ÚflÌÛÚÓÒÚË ÁÂÌ‡ 1 < q < 2.5, ÒÓ„Î‡ÒÌÓ [2, 14] a0 ‚ÓÁ‡ÒÚ‡ÂÚ ‚ ËÌÚÂ‚‡ÎÂ ‡ÁÏÂÓ‚ 80–
120 ÌÏ.

ëÛ˘ÂÒÚ‚ÂÌÌÓÈ ÓÒÓ·ÂÌÌÓÒÚ¸˛ ÔÓÎÛ˜ÂÌÌ˚ı Ì‡ÏË ÂÁÛÎ¸Ú‡ÚÓ‚ fl‚ÎflÂÚÒfl ÌÂÏÓÌÓÚÓÌ-
ÌÓÒÚ¸ ËÁÏÂÌÂÌËfl ‡ÁÏÂ‡ Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË ÓÚ ‚˚ÚflÌÛÚÓÒÚË ÁÂÌ‡ (ÒÏ. ËÒ. 2). í‡Í‡fl Á‡-
‚ËÒËÏÓÒÚ¸ a0 = a0(q) Ò‚flÁ‡Ì‡ Ò ÌÂÏÓÌÓÚÓÌÌ˚Ï ÔÓ‚Â‰ÂÌËÂÏ ˝ÙÙÂÍÚË‚ÌÓÈ ÍÓÌÒÚ‡ÌÚ˚
‡ÌËÁÓÚÓÔËË, ÍÓÚÓ‡fl ÔÂ‰ÒÚ‡‚ÎflÂÚ ÒÓ·ÓÈ ÂÁÛÎ¸Ú‡Ú ÚÂÌÁÓÌÓ„Ó ÒÎÓÊÂÌËfl ÍÓÌÒÚ‡ÌÚ
ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË Ë ‡ÌËÁÓÚÓÔËË ÙÓÏ˚ [15, 16].

ç‡ ËÒ. 3 ÔË‚Â‰ÂÌÓ Ì‡Ô‡‚ÎÂÌËÂ ÓËÂÌÚ‡ˆËË Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÁÂÌ‡ ‚ Ó‰ÌÓ-
Ó‰ÌÓÏ ÒÓÒÚÓflÌËË ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ ‚˚ÚflÌÛÚÓÒÚË q. äÓÌÍÛÂÌˆËfl ‡ÁÎË˜Ì˚ı ‚Ë‰Ó‚
‡ÌËÁÓÚÓÔËÈ ÔË‚Ó‰ËÚ Í ËÁÏÂÌÂÌË˛ ÔÓÎÓÊÂÌËfl “ÎÂ„ÍÓÈ ÓÒË” [15, 16], ˜ÚÓ ÏÓÊÂÚ ÒÎÛ-
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Ç˚ÚflÌÛÚÓÒÚ¸ qêËÒ. 2. á‡‚ËÒËÏÓÒÚ¸ ‡ÁÏÂ‡ Ó‰ÌÓ‰ÓÏÂÌÌÓÒÚË a0,
Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ‡ÁÏÂ‡ Ò Ó‰ÌÓÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂ-
ÌËÂÏ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË a0m, ‡ÁÏÂ‡ Í‚‡ÁËÓ‰ÌÓ‰Ó-
ÏÂÌÌÓ„Ó a1 Ë Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó ‡ÁÏÂ‡ Í‚‡ÁËÓ‰ÌÓ‰Ó-
ÏÂÌÌÓ„Ó ÒÓÒÚÓflÌËfl a1m ÓÚ ‚˚ÚflÌÛÚÓÒÚË ÁÂÌ‡ q.

êËÒ. 3. á‡‚ËÒËÏÓÒÚ¸ Û„Î‡ ÓËÂÌÚ‡ˆËË “ÎÂ„ÍÓÈ ÓÒË” ψ
ÓÚÌÓÒËÚÂÎ¸ÌÓ Û‰ÎËÌÂÌÌÓ„Ó Â·‡ ÁÂÌ‡ ÓÚ Â„Ó ‚˚-
ÚflÌÛÚÓÒÚË q.
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ÊËÚ¸ Ó·˙flÒÌÂÌËÂÏ ÔË‚Â‰ÂÌÌÓÈ Ì‡ ËÒ. 2 Á‡‚ËÒËÏÓÒÚË ÍËÚË˜ÂÒÍËı ‡ÁÏÂÓ‚ ÓÚ ‚˚-
ÚflÌÛÚÓÒÚË ÁÂÌ‡. éÚÏÂÚËÏ, ˜ÚÓ ÓËÂÌÚ‡ˆËfl “ÎÂ„ÍÓÈ ÓÒË” ËÁÓÏÂÚË˜ÂÒÍÓÈ ˜‡ÒÚËˆ˚ ÔÓ
‰Ë‡„ÓÌ‡ÎË ÂÂ „‡ÌË (‡ ÌÂ ÍÛ·‡) Ò‚flÁ‡Ì‡ Ò Ó„‡ÌË˜ÂÌËflÏË ËÒÔÓÎ¸ÁÛÂÏÓÈ ÏÓ‰ÂÎË (Ï‡„-
ÌËÚÌ˚È ÏÓÏÂÌÚ ÏÓÊÂÚ ‡Á‚Ó‡˜Ë‚‡Ú¸Òfl ÎË¯¸ ‚ ÔÎÓÒÍÓÒÚË xOy).

åÂÚ‡ÒÚ‡·ËÎ¸ÌÓÂ Ó‰ÌÓ‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ. å‡ÍÒËÏ‡Î¸Ì˚È ‡ÁÏÂ a0m ÁÂÌ‡, Ì‡ıÓ-
‰fl˘Â„ÓÒfl ‚ ÒÓÒÚÓflÌËË Ò Ó‰ÌÓÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ Is, ‚ ÒËÎÛ ÌÂÏÓÌÓÚÓÌÌÓ„Ó ÔÓ‚Â-
‰ÂÌËfl ˝ÙÙÂÍÚË‚ÌÓÈ ÍÓÌÒÚ‡ÌÚ˚ ‡ÌËÁÓÚÓÔËË, Í‡˜ÂÒÚ‚ÂÌÌÓ ÔÓ‚ÚÓflÂÚ ÂÂ ıÓ‰. à ÂÒÎË
‰Îfl ÒÎ‡·Ó‚˚ÚflÌÛÚ˚ı ˜‡ÒÚËˆ ÔÓÎÛ˜ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl a0m ·ÎËÁÍË Í ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚Ï ‚ ‡-
·ÓÚ‡ı [2, 4], ÚÓ ÔË q > 1.2, ÍÓ„‰‡ ˝ÌÂ„Ëfl ‡ÌËÁÓÚÓÔËË ÙÓÏ˚ ÁÂÌ‡ Ï‡„ÌÂÚËÚ‡ ÒÚ‡ÌÓ-
‚ËÚÒfl ÒÓËÁÏÂËÏÓÈ Ò ˝ÌÂ„ËÂÈ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË, Á‡‚ËÒËÏÓÒÚ¸
a0m = a0m(q), ÔÓÎÛ˜ÂÌÌ‡fl ‡‚ÚÓ‡ÏË [4], ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÓÚÎË˜‡ÂÚÒfl ÓÚ ‡ÒÒ˜ËÚ‡ÌÌÓÈ Ì‡ÏË.
Ç˚ÚflÌÛÚÓÒÚ¸, ÔË ÍÓÚÓÓÈ ÔÂ‰ÂÎ¸Ì˚È ‡ÁÏÂ a0m ÒÚ‡ÌÓ‚ËÚÒfl ·ÂÒÍÓÌÂ˜ÌÓ ·ÓÎ¸¯ËÏ,
ÔÂÂÏÂ˘‡ÂÚÒfl ‚ Ó·Î‡ÒÚ¸ ÌÂÒÍÓÎ¸ÍÓ ·ÓÎ¸¯Ëı q (ÓÚ 2.2, ÒÓ„Î‡ÒÌÓ [4], ‰Ó 3.1), ˜ÚÓ ÔË-
‚Ó‰ËÚ Í ÁÌ‡˜ËÚÂÎ¸ÌÓÏÛ ÔÓÌËÊÂÌË˛ a0m ‚ Ó·Î‡ÒÚË 1.2 < q < 3.0.

ëÎ‡·Ó ÌÂÓ‰ÌÓÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ. ëÓÒÚÓflÌËÂ ÒÓ ÒÎ‡·Ó ÌÂÓ‰ÌÓÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌË-
ÂÏ Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÏÓÊÌÓ ÓÚÓÊ‰ÂÒÚ‚ËÚ¸ Í‡Í Ò Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌ˚Ï, ËÎË ÏÓ‰ÓÈ
“Á‡ÍÛÚÍ‡” [17, 18, 19], Ú‡Í Ë Ò ÒÓÒÚÓflÌËÂÏ, ı‡‡ÍÚÂËÁÛÂÏ˚Ï ÏÓ‰ÓÈ curling [4, 20]. Ç
ÓÚÎË˜ËÂ ÓÚ ÔË‚Â‰ÂÌÌ˚ı ‚˚¯Â [4, 17, 20], ÓÌÓ ÏÓÊÂÚ ·˚Ú¸ Â‡ÎËÁÓ‚‡ÌÓ Ì‡fl‰Û Ò “Ó‰-
ÌÓÓ‰Ì˚Ï”, ÎË·Ó “‰‚Ûı‰ÓÏÂÌÌ˚Ï ÒÓÒÚÓflÌËflÏË”, ÓÒÚ‡‚‡flÒ¸ ÛÒÚÓÈ˜Ë‚˚Ï ÎË¯¸ ‚ ÛÁÍÓÏ
ËÌÚÂ‚‡ÎÂ ‡ÁÏÂÓ‚ a0 < a < a1. èË˜ÂÏ, ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚Â Ì‡ ËÒ. 2 ÁÌ‡˜ÂÌËfl ‚‰‚ÓÂ ÓÚ-
ÎË˜‡˛ÚÒfl ÓÚ ÍËÚË˜ÂÒÍËı ‡ÁÏÂÓ‚ ÏÓ‰˚ curling a = 40 ÌÏ [20].

Ñ‚Ûı‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ. Ç ‰‚Ûı‰ÓÏÂÌÌÓÏ ÒÓÒÚÓflÌËË Ò ÓÒÚÓÏ ‡ÁÏÂ‡ ÁÂÌ‡ Ì‡-
·Î˛‰‡ÂÚÒfl ÓÚÍÎÓÌÂÌËÂ Û„ÎÓ‚ θ1, θ2, ÓÔÂ‰ÂÎfl˛˘Ëı ÓËÂÌÚ‡ˆË˛ Ï‡„ÌËÚÌ˚ı ÏÓÏÂÌÚÓ‚
‚ ÔÂ‚ÓÏ Ë ‚ÚÓÓÏ ‰ÓÏÂÌ‡ı ÓÚ 0°Ë 180° ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ, ˜ÚÓ ‚ ÍÓÌÂ˜ÌÓÏ Ò˜ÂÚÂ ÔË‚Ó-
‰ËÚ Í ÔÓfl‚ÎÂÌË˛ ÌÂÁÌ‡˜ËÚÂÎ¸ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ËÁÓÏÂÚË˜ÂÒÍÓÈ ̃ ‡ÒÚËˆ˚ ÔË
a > 140 ÌÏ. èÓ‰Ó·ÌÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË, Ì‡Á‚‡ÌÌÓÂ “˛·Í‡ÏË”, ËÒÒÎÂ-
‰Ó‚‡ÎÓÒ¸ Ì‡ ·ÓÎÂÂ ÍÛÔÌ˚ı ˜‡ÒÚËˆ‡ı.

ä‡Í ÔÓÍ‡Á˚‚‡˛Ú ‡Ò˜ÂÚ˚ ‰‚Ûı‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ ÏÂÚ‡ÒÚ‡·ËÎ¸ÌÓ “ÒÌËÁÛ”, Ì‡˜Ë-
Ì‡fl Ò ‡ÁÏÂÓ‚ a = 120 ÌÏ ‚ÔÎÓÚ¸ ‰Ó a = a1, ÔË a > a1 ˝ÌÂ„ÂÚË˜ÂÒÍË ‚˚„Ó‰ÌÓ ‰‚Ûı‰Ó-
ÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ, ÍÓÚÓÓÂ ÒÓÒÛ˘ÂÒÚ‚Ûfl Ò Ó‰ÌÓÓ‰Ì˚Ï (ÔË a < a0m) ËÎË Ò Í‚‡ÁËÓ‰ÌÓ-
‰ÓÏÂÌÌ˚Ï (ÔË a < a1m), ÒÚ‡ÌÓ‚ËÚÒfl Â‰ËÌÒÚ‚ÂÌÌ˚Ï ‚ Ó·Î‡ÒÚË a > a1m. áÌ‡˜ÂÌËfl a1m ÎÂ-
Ê‡Ú ÌÂÒÍÓÎ¸ÍÓ ÌËÊÂ ÔË‚Â‰ÂÌÌ˚ı ‚ ‡·ÓÚ‡ı [2, 4] Ë Í‡˜ÂÒÚ‚ÂÌÌÓ ÌÂ ÔÓÚË‚ÓÂ˜‡Ú ËÏ.

4. äË‚‡fl Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl

àÎÎ˛ÒÚ‡ˆËfl ÂÁÛÎ¸Ú‡ÚÓ‚ ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓˆÂÒÒ‡ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl ÔÂ‰ÒÚ‡‚ÎÂ-
Ì‡ Ì‡ ËÒ. 4. á‰ÂÒ¸ Ë ‰‡ÎÂÂ ÂÒÎË ÌÂ Ó„Ó‚ÓÂÌÓ ÓÚ‰ÂÎ¸ÌÓ, Ì‡Ô‡‚ÎÂÌËÂ ‚ÌÂ¯ÌÂ„Ó ÔÓÎfl
Á‡‰‡‚‡ÎÓÒ¸ ‚‰ÓÎ¸ “ÎÂ„ÍÓÈ ÓÒË” (ÒÏ. ËÒ. 3). ÖÒÎË ÁÌ‡˜ÂÌËÂ ÔÓÎfl, ÔË ÍÓÚÓÓÏ Ì‡Ï‡„-
ÌË˜ÂÌÌÓÒÚ¸ ÏÂÌflÂÚ ÁÌ‡Í, ÂÒÚÂÒÚ‚ÂÌÌÓ Ì‡Á‚‡Ú¸ ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎÓÈ Hc, ÚÓ ÔÓÎfl, ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛˘ËÂ ËÁÎÓÏ‡Ï Ì‡ ÍË‚ÓÈ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl, fl‚Îfl˛ÚÒfl ÍËÚË˜ÂÒÍËÏË ÔÓÎflÏË
ÔÂÂÒÚÓÈÍË Ï‡„ÌËÚÌÓÈ ÒÚÛÍÚÛ˚ Hk, ÔË˜ÂÏ Hc ÏÓÊÂÚ ÌÂ ÒÓ‚Ô‡‰‡Ú¸ ÌË Ò Ó‰ÌËÏ ËÁ
ÁÌ‡˜ÂÌËÈ Hk.

ê‡ÒÒÏÓÚËÏ, Ì‡ÔËÏÂ, ÔÂÂÏ‡„ÌË˜Ë‚‡ÌËÂ ÍÛ·Ë˜ÂÒÍÓÈ ˜‡ÒÚËˆ˚ Ò ‡ÁÏÂÓÏ a =
= 180 ÌÏ. èÛÒÚ¸ ˜‡ÒÚËˆ‡ ·˚Î‡ Ì‡Ï‡„ÌË˜ÂÌ‡ ‰Ó Ì‡Ò˚˘ÂÌËfl ‚ ÔÓÎÂ, ÒÓÒÚ‡‚Îfl˛˘ÂÏ Û„ÓÎ
135° Ò ÓÒ¸˛ Oz. èË ÔÓÒÚÂÔÂÌÌÓÏ ÒÔ‡‰Â ÔÓÎfl ‰Ó ÌÛÎfl ˜‡ÒÚËˆ‡ ÓÒÚ‡ÂÚÒfl ‚ Ó‰ÌÓÓ‰ÌÓÏ
ÒÓÒÚÓflÌËË. Ç ÔÓÎÂ Hk1 = 10 ù (ÒÏ. Ú‡·ÎËˆÛ) ̃ ‡ÒÚËˆ‡ ÒÍ‡˜ÍÓÏ ÔÂÂıÓ‰ËÚ ‚ ‰‚Ûı‰ÓÏÂÌÌÓÂ
ÒÓÒÚÓflÌËÂ Ò ÔÓÂÍˆËÂÈ ÏÓÏÂÌÚ‡ m = –0.21 Ë Ì‡ıÓ‰ËÚÒfl ‚ ÌÂÏ ‚ÔÎÓÚ¸ ‰Ó Hk2 = 80 ù, ÔË
ÍÓÚÓÓÏ Â‡ÎËÁÛÂÚÒfl ÔÂÂıÓ‰ ËÁ Ó‰ÌÓ„Ó ‰‚Ûı‰ÓÏÂÌÌÓ„Ó ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÂ. êÓÒÚ Ï‡„-
ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ m ‚ ËÌÚÂ‚‡Î‡ı ÏÂÊ‰Û ÍËÚË˜ÂÒÍËÏË ÔÓÎflÏË Hk ÓÒÛ˘ÂÒÚ‚ÎflÂÚÒfl Á‡
Ò˜ÂÚ ÔÎ‡‚ÌÓ„Ó ËÁÏÂÌÂÌËfl Ì‡Ô‡‚ÎÂÌËfl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚÂÈ ‚ ‰ÓÏÂÌ‡ı Ë Ëı ‡ÁÏÂÓ‚. Ç
ÔÓÎÂ Hk3 = 260 ù ˜‡ÒÚËˆ‡ ÔÂÂıÓ‰ËÚ ‚ ÒÎÂ‰Û˛˘ÂÂ ‰‚Ûı‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ Ò ÔÓÂÍˆË-
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ÂÈ ÏÓÏÂÌÚ‡ m = 0.43, ‡ Á‡ÚÂÏ ÔË Hk4 = 480 ù, ÒÓ‚Ô‡‰‡˛˘ÂÏ Ò ÔÓÎÂÏ Ì‡Ò˚˘ÂÌËfl Hsat, ‚
ÒÓÒÚÓflÌËÂ Ò Ó‰ÌÓÓ‰ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸˛.

èÂÚÎfl „ËÒÚÂÂÁËÒ‡ ˜‡ÒÚËˆ, Ì‡ıÓ‰fl˘ËıÒfl ‚ ÛÒÚÓÈ˜Ë‚ÓÏ Ó‰ÌÓÓ‰ÌÓÏ ËÎË Í‚‡ÁËÓ‰ÌÓ-
‰ÓÏÂÌÌÓÏ ÒÓÒÚÓflÌËflı (a < max(a1, a0m), ËÒ. 2) ËÏÂÂÚ ÔflÏÓÛ„ÓÎ¸ÌÛ˛ ÎË·Ó ·ÎËÁÍÛ˛ Í
ÌÂÈ ÙÓÏÛ (ËÒ. 4, ÍË‚˚Â 1, 3, 4).

ÑÎfl ÁÂÂÌ, Ì‡ıÓ‰fl˘ËıÒfl ‚ ‰‚Ûı‰ÓÏÂÌÌÓÏ ËÎË ÏÂÚ‡ÒÚ‡·ËÎ¸ÌÓÏ Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÏ
ÒÓÒÚÓflÌËË (max(a1, a0m) < a < a1m, ËÒ. 2) ÔÓˆÂÒÒ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl Ò‚flÁ‡Ì Ò ÔÂÂıÓ‰ÓÏ
˜ÂÂÁ ÔÓÏÂÊÛÚÓ˜Ì˚Â ‰‚Ûı‰ÓÏÂÌÌ˚Â ÒÓÒÚÓflÌËfl (ÒÏ. ËÒ. 4, ÍË‚‡fl 3). èÂÂÏ‡„ÌË˜Ë-
‚‡ÌËÂ ˜‡ÒÚËˆ Ò ‡ÁÏÂÓÏ a > a1m (ÛÒÚÓÈ˜Ë‚ÓÂ ‰‚Ûı‰ÓÏÂÌÌÓÂ ÒÓÒÚÓflÌËÂ) Ë‰ÂÚ Ô‡ÍÚË˜Â-

í‡·ÎËˆ‡

äËÚË˜ÂÒÍËÂ ÔÓÎfl Ï‡„ÌÂÚËÚ‡ Hk ‰Îfl ˜‡ÒÚËˆ ‡ÁÌ˚ı ‡ÁÏÂÓ‚ a Ë ‚˚ÚflÌÛÚÓÒÚË q 
á‰ÂÒ¸ mÌ‡˜ Ë mÍÓÌ – ÔÓÂÍˆËË Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ Ì‡ Ì‡Ô‡‚ÎÂÌËÂ H 

‰Ó Ë ÔÓÒÎÂ ÔÂÂıÓ‰‡ ËÁ Ó‰ÌÓ„Ó Ï‡„ÌËÚÌÓ„Ó ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÂ

a, ÌÏ q Hk, Íù mÌ‡˜ mÍÓÌ a, ÌÏ q Hk, Íù mÌ‡˜ mÍÓÌ

60 1 0.57 –1 1 180 1.2 –0.3 –0.996 –0.783
1.2 0.32 –1 1 –0.1 –0.615 –0.274
1.4 0.49 –0.636 1 –0.07 –0.245 –0.093
1.6 0.63 –0.714 1 0.21 0.105 0.342
1.8 0.76 –0.753 1 0.24 0.442 0.744
2 0.88 –0.773 1 0.53 0.938 1
2.5 1.11 –0.853 1 1.4 0.01 –0.69 0.005
3 1.29 –0.886 1 0.17 0.155 0.353
5 1.71 –0.948 1 0.22 0.468 0.85

100 1 0.41 –1 1 1.6 0.1 –0.715 0.085
1.2 0.1 –0.999 –0.713 0.19 0.211 0.476

0.2 –0.554 1 0.2 0.476 0.903
1.4 0.45 –0.711 1 1.8 0.18 –0.73 0.227
1.6 0.55 –0.719 1 0.19 0.227 0.947
1.8 0.63 –0.733 1 2 0.25 –0.711 0.996
2 0.71 –0.724 1 2.5 0.37 –0.786 1
2.5 0.85 –0.735 1 3 0.48 –0.785 1
3 0.95 –0.757 1 5 0.72 –0.83 1
5 1.18 –0.801 1 220 1 0.34 –1 0.393

140 1 0.12 –1 –0.285 0.36 0.426 0.664
0.27 –0.178 0.594 0.52 0.854 1
0.35 –0.725 1 1.2 –0.36 –0.993 –0.783

1.2 –0.18 –1 –0.779 –0.12 –0.557 –0.064
0.04 –0.576 –0.01 0.25 0.206 0.366
0.07 0.059 0.409 0.43 0.595 0.828
0.16 0.553 0.763 0.62 0.938 1
0.39 0.922 1 1.4 –0.04 –0.68 –0.029

1.4 0.14 –0.677 0.875 0.29 0.255 0.504
1.6 0.23 –0.696 0.958 0.31 0.53 0.855
1.8 0.31 –0.696 1 1.6 0.05 –0.704 0.036
2 0.37 –0.746 1 0.29 0.291 0.91
2.5 0.51 –0.772 1 1.8 0.13 –0.72 0.123
3 0.62 –0.764 1 0.28 0.299 0.955
5 0.85 –0.832 1 2 0.21 –0.702 0.237

180 1 0.01 –1 –0.211 0.28 0.322 0.987
0.08 –0.156 –0.007 2.5 0.29 –0.807 1
0.26 0.089 0.434 3 0.1 –0.999 –0.986
0.48 0.686 1 0.41 –0.805 1

5 0.65 –0.833 1
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ÒÍË Ó·‡ÚËÏÓ Ë Ëı ÍÓ˝ˆËÚË‚ÌÓÒÚ¸ ·ÎËÁÍ‡ Í ÌÛÎ˛. í‡ÍËÏ Ó·‡ÁÓÏ ÔÓˆÂÒÒ Ì‡Ï‡„ÌË-
˜Ë‚‡ÌËfl Ï‡Î˚ı ÁÂÂÌ ÒÛ˘ÂÒÚ‚ÂÌÌÓ Á‡‚ËÒËÚ ÓÚ Ëı Ï‡„ÌËÚÌÓ„Ó ÒÓÒÚÓflÌËfl ÔË H = 0.

ê‡ÁÏÂ˚ ÁÂÂÌ Ë Ëı ‚˚ÚflÌÛÚÓÒÚ¸ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ‚ÎËfl˛Ú ÌÂ ÚÓÎ¸ÍÓ Ì‡ ÙÓÏÛ ÔÂÚÎË
„ËÒÚÂÂÁËÒ‡, ÌÓ Ë Ì‡ ÍËÚË˜ÂÒÍËÂ ÚÓ˜ÍË: ÔÓÎfl Hk (ÒÏ. Ú‡·ÎËˆÛ) ÍÓ˝ˆËÚË‚ÌÛ˛ ÒËÎÛ Hc

Ë ÔÓÎÂ Ì‡Ò˚˘ÂÌËfl Hsat (ËÒ. 5 Ë 6). éÚÏÂÚËÏ ÌÂÏÓÌÓÚÓÌÌÓÒÚ¸ ÔÓ‚Â‰ÂÌËfl Hc ÓÚ ‚˚ÚflÌÛ-
ÚÓÒÚË ÁÂÌ‡ q. ä‡˜ÂÒÚ‚ÂÌÌÓ ıÓ‰ ÍË‚ÓÈ Hc(q) ÔÓ‚ÚÓflÂÚ Á‡‚ËÒËÏÓÒÚ¸ Ï‡ÍÒËÏ‡Î¸ÌÓ„Ó
‡ÁÏÂ‡ Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓ„Ó ÒÓÒÚÓflÌËfl a1m ÓÚ q, ˜ÚÓ ‚ ÍÓÌÂ˜ÌÓÏ Ò˜ÂÚÂ Ò‚flÁ‡ÌÓ Ò ÓÚ-
ÏÂ˜ÂÌÌ˚Ï ‚˚¯Â ÔÓ‚Â‰ÂÌËÂÏ ˝ÙÙÂÍÚË‚ÌÓÈ ÍÓÌÒÚ‡ÌÚ˚ ‡ÌËÁÓÚÓÔËË. êÓÒÚ Hc ÔË q > 2
ÓÔÂ‰ÂÎflÂÚÒfl ÔÂËÏÛ˘ÂÒÚ‚ÂÌÌ˚Ï ‚ÍÎ‡‰ÓÏ ‡ÌËÁÓÚÓÔËË ÙÓÏ˚ ÁÂÌ‡.

ìÏÂÌ¸¯ÂÌËÂ ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ ÔÓ ÏÂÂ ÓÒÚ‡ ‡ÁÏÂÓ‚ ˜‡ÒÚËˆ Ò‚flÁ‡ÌÓ Ò Ëı ÔÂ-
ÂıÓ‰ÓÏ ‚ ÌÂÓ‰ÌÓÓ‰ÌÓÂ (Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÂ, ‰‚Ûı‰ÓÏÂÌÌÓÂ) ÒÓÒÚÓflÌËÂ. ìÒËÎÂÌËÂ
ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ‡ÒÔÂ‰ÂÎÂÌËfl Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÁÂÌ‡ ÒÔÓÒÓ·ÒÚ‚ÛÂÚ ÓÒÚÛ Ó·‡-
ÚËÏÓÈ ˜‡ÒÚË Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË, ˜ÚÓ ÔË‚Ó‰ËÚ Í ÓÚÏÂ˜ÂÌÌÓÏÛ ‚˚¯Â ÔÓ‚Â‰ÂÌË˛ Hc.

éÚÏÂÚËÏ, ˜ÚÓ ‰Îfl ˜‡ÒÚËˆ Ò ÌÂÓ‰ÌÓÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡
(a > 100 ÌÏ) ÔÓÎÂ Ì‡Ò˚˘ÂÌËfl Hsat (ÒÏ. ËÒ. 6) ‰ÓÒÚË„‡ÂÚ Ï‡ÍÒËÏÛÏ‡ ÔË q ≈ 1.3. ùÚÓ,
Ó˜Â‚Ë‰ÌÓ, Ò‚flÁ‡ÌÓ Ò ÔÂÂıÓ‰ÓÏ ˜ÂÂÁ ÏËÌËÏÛÏ ˝ÙÙÂÍÚË‚ÌÓÈ ÍÓÌÒÚ‡ÌÚ˚ ‡ÌËÁÓÚÓ-
ÔËË, Ú‡Í Í‡Í ÛÏÂÌ¸¯ÂÌËÂ ‡ÌËÁÓÚÓÔËË ÒÔÓÒÓ·ÒÚ‚ÛÂÚ ÌÂÓ‰ÌÓÓ‰ÌÓÏÛ ‡ÒÔÂ‰ÂÎÂÌË˛
Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË ‚ ÁÂÌÂ. êÓÒÚ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË Á‡ÚÛ‰ÌflÂÚ ‡Á‚ËÚËÂ Ó·‡ÚËÏ˚ı ÔÓ-
ˆÂÒÒÓ‚ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl, ÓÔÂ‰ÂÎfl˛˘Ëı ÙÓÏÛ ÔÂÚÎË „ËÒÚÂÂÁËÒ‡ ‚ Ó·Î‡ÒÚË Ì‡Ò˚˘Â-
ÌËfl.

ì‚ÂÎË˜ÂÌËÂ ‚˚ÚflÌÛÚÓÒÚË ‰‚Ûı‰ÓÏÂÌÌÓÈ ˜‡ÒÚËˆ˚ ÏÓÊÂÚ ÔË‚ÂÒÚË Í ÔÂÂıÓ‰Û ‚
Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÂ ÎË·Ó Ó‰ÌÓÓ‰ÌÓÂ ÒÓÒÚÓflÌËÂ. èË ˝ÚÓÏ ÒÚÂÔÂÌ¸ Ó‰ÌÓÓ‰ÌÓÒÚË
Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ ÁÂÌ‡ ‚ÓÁ‡ÒÚ‡ÂÚ. êÓÎ¸ ÌÂÓ·‡ÚËÏ˚ı ÔÓˆÂÒÒÓ‚ Ì‡Ï‡„ÌË˜Ë‚‡-
ÌËfl Û‚ÂÎË˜Ë‚‡ÂÚÒfl, ˜ÚÓ Ì‡ıÓ‰ËÚ Ò‚ÓÂ ÓÚ‡ÊÂÌËÂ ‚ ÔÓ‚Â‰ÂÌËË Hsat = Hsat(q) ÔË q > 2
(ËÒ. 6). ÑÎfl ˜‡ÒÚËˆ, Ì‡ıÓ‰fl˘ËıÒfl ÔË H = 0 ‚ Ó‰ÌÓ‰ÓÏÂÌÌÓÏ (a = 60 ÌÏ) ËÎË Í‚‡ÁËÓ‰-
ÌÓ‰ÓÏÂÌÌÓÏ (a = 100 ÌÏ) ÒÓÒÚÓflÌËflı, ÔÓÎÂ Ì‡Ò˚˘ÂÌËfl ÒÓ‚Ô‡‰‡ÂÚ Ò ÍÓ˝ˆËÚË‚ÌÓÈ ÒË-
ÎÓÈ, Á‡‚ËÒËÏÓÒÚ¸ ÍÓÚÓÓÈ ÓÚ ‡ÁÏÂ‡ Ë ‚˚ÚflÌÛÚÓÒÚË ÁÂÌ‡ Ó·ÒÛÊ‰‡Î‡Ò¸ ‚˚¯Â.
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êËÒ. 4. èÂÚÎË „ËÒÚÂÂÁËÒ‡ ‰Îfl ˜‡ÒÚËˆ Ï‡„ÌÂÚËÚ‡
Ò ‚˚ÚflÌÛÚÓÒÚ¸˛ q = 1 (a = 60 ÌÏ Ë a = 180 ÌÏ, ÍË-
‚˚Â 1 Ë 3 ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ), q = 2 (a = 60 ÌÏ Ë a =
= 180 ÌÏ, ÍË‚˚Â 2 Ë 4). á‰ÂÒ¸ m – ÓÚÌÓÒËÚÂÎ¸-
Ì˚È Ï‡„ÌËÚÌ˚È ÏÓÏÂÌÚ.

êËÒ. 5. á‡‚ËÒËÏÓÒÚ¸ ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ ˜‡ÒÚËˆ
Ï‡„ÌÂÚËÚ‡ Hc ÓÚ Ëı ‚˚ÚflÌÛÚÓÒÚË Ë ‡ÁÏÂ‡.

1 4 3 2
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ç‡ ËÒ. 7 ÔË‚Â‰ÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ËÒÒÎÂ-
‰Ó‚‡ÌËÈ Á‡‚ËÒËÏÓÒÚË Hc Ë ÔÂÂÍÎ˛˜‡˛-
˘Â„Ó ÔÓÎfl Hs ÓÚ Û„Î‡ ϕ ÏÂÊ‰Û Û‰ÎËÌÂÌÌ˚Ï
Â·ÓÏ ˜‡ÒÚËˆ˚ Ë ÔÓÎÂÏ H. Hs – ÏËÌË-
Ï‡Î¸ÌÓÂ ËÁ ÍËÚË˜ÂÒÍËı ÔÓÎÂÈ Hk, ÔË ÍÓ-
ÚÓÓÏ ‚ Ì‡Ô‡‚ÎÂÌËË H Ó·‡ÁÛÂÚÒfl ÓÒÚ‡-
ÚÓ˜Ì‡fl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸. Ç‚Â‰ÂÌËÂ Ú‡ÍÓ-
„Ó Ô‡‡ÏÂÚ‡ Ò‚flÁ‡ÌÓ Ò ÌÂÓ·ıÓ‰ËÏÓÒÚ¸˛
Óı‡‡ÍÚÂËÁÓ‚‡Ú¸ ÒÚÂÔÂÌ¸ ÌÂÓ·‡ÚËÏÓÒÚË
‚ ÔÓˆÂÒÒÂ Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl.

äÓ˝ˆËÚË‚Ì‡fl ÒËÎ‡ ÍÛ·Ë˜ÂÒÍËı ˜‡Ò-
ÚËˆ, Ï‡„ÌËÚÌ˚È ÏÓÏÂÌÚ ÍÓÚÓ˚ı ‚ ËÒıÓ‰-
ÌÓÏ ÒÓÒÚÓflÌËË (ÔË H = 0) Ó‰ÌÓÓ‰ÂÌ (a =
= 60 ÌÏ), ÂÁÍÓ ÏÂÌflÂÚÒfl ‚ Á‡‚ËÒËÏÓÒÚË ÓÚ
Û„Î‡ ϕ. ä‡Í Ë ÒÎÂ‰Ó‚‡ÎÓ ÓÊË‰‡Ú¸, ÔË Ì‡-
Ï‡„ÌË˜Ë‚‡ÌËË ‚‰ÓÎ¸ “ÎÂ„ÍÓÈ ÓÒË” (ϕ = 45°)
Hc ÒÓ‚Ô‡‰‡ÂÚ Ò ÚÂÓÂÚË˜ÂÒÍËÏ ÁÌ‡˜ÂÌËÂÏ
Hc = 2K/Is = 570 ù [21], ˜ÚÓ Ò‚flÁ‡ÌÓ Ò Ó‰ÌÓ-
Ó‰Ì˚Ï ‚‡˘ÂÌËÂÏ Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡
ÁÂÌ‡.

ó‡ÒÚËˆ˚ ·óÎ¸¯Ëı ‡ÁÏÂÓ‚ (a = 160 ÌÏ)
ÔÂÂÏ‡„ÌË˜Ë‚‡˛ÚÒfl ÌÂÓ‰ÌÓÓ‰ÌÓ. Hc ‚
˝ÚÓÏ ÒÎÛ˜‡Â ÓÔÂ‰ÂÎflÂÚÒfl Ó·‡ÚËÏ˚Ï ËÁ-
ÏÂÌÂÌËÂÏ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË Ë Ô‡ÍÚË˜ÂÒ-
ÍË ÌÂ Á‡‚ËÒËÚ ÓÚ ϕ. Ç ÔÓÎÂ, ‡‚ÌÓÏ ÔÂÂ-
ÍÎ˛˜‡˛˘ÂÏÛ Hs ˜‡ÒÚËˆ‡ ÔÂÂıÓ‰ËÚ ËÁ
‰‚Ûı‰ÓÏÂÌÌÓ„Ó ‚ Í‚‡ÁËÓ‰ÌÓ‰ÓÏÂÌÌÓÂ ÒÓ-
ÒÚÓflÌËÂ, Ò ÒËÏÏÂÚË˜Ì˚Ï ÓÚÌÓÒËÚÂÎ¸ÌÓ
“ÎÂ„ÍÓÈ ÓÒË” ‡ÒÔÂ‰ÂÎÂÌËÂÏ Ì‡Ï‡„ÌË-
˜ÂÌÌÓÒÚË. àÏÂÌÌÓ ÔÓ˝ÚÓÏÛ Hs ÏËÌËÏ‡Î¸-
ÌÓ ÔË ϕ = 45°.

ÑÎfl Ò‡‚ÌÂÌËfl Ò ÂÁÛÎ¸Ú‡Ú‡ÏË ÚÂı-
ÏÂÌÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl
Û‰ÎËÌÂÌÌ˚ı ˜‡ÒÚËˆ Ï‡„„ÂÏËÚ‡ (γ-Fe2O3)
[8], Ì‡ÏË ÔÓ‚Â‰ÂÌ ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚È Ì‡
ËÒ. 7· ‡Ò˜ÂÚ Hc Ë Hs ‰Îfl ÁÂÂÌ Ï‡„ÌÂÚËÚ‡
‚˚ÚflÌÛÚÓÒÚ¸˛ q = 6. ä‡˜ÂÒÚ‚ÂÌÌÓ ‚Ë‰ ÍË-
‚˚ı ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Hc Ë ÔÂÂÍÎ˛˜‡-
˛˘Â„Ó ÔÓÎfl Hs ÒÓ‚Ô‡‰‡ÂÚ Ò [8]: Hc ÛÏÂÌ¸-
¯‡ÂÚÒfl, ‡ Hs ÌÂÏÓÌÓÚÓÌÌÓ ËÁÏÂÌflÂÚÒfl Ò
ÓÒÚÓÏ ϕ. èË˜ÂÏ, ‰Îfl Ï‡Î˚ı ˜‡ÒÚËˆ
(a = 60 ÌÏ) ÚÓ˜Í‡ ÔÂÂ„Ë·‡ ÍË‚ÓÈ Hc =
= Hc(ϕ) ϕ = 45° ÒÓ‚Ô‡‰‡ÂÚ Ò ÔÓÎÓÊÂÌËÂÏ
ÏËÌËÏÛÏ‡ Hs = Hs(ϕ), ‚ ÚÓ ‚ÂÏfl Í‡Í Hs

·ÓÎ¸¯Ëı ÁÂÂÌ (a = 160 ÌÏ) Ì‡‡ÒÚ‡ÂÚ ÏÓ-
ÌÓÚÓÌÌÓ. ê‡ÁÎË˜ËÂ ‚ ÔÓ‚Â‰ÂÌËË Hs Ï‡Î˚ı
Ë ·ÓÎ¸¯Ëı ˜‡ÒÚËˆ Ò‚flÁ‡ÌÓ Ò Ó‰ÌÓÓ‰Ì˚Ï Ë
ÌÂÓ‰ÌÓÓ‰Ì˚Ï Ì‡Ï‡„ÌË˜Ë‚‡ÌËÂÏ ÒÓÓÚ-
‚ÂÚÒÚ‚ÂÌÌÓ.

ä‡˜ÂÒÚ‚ÂÌÌÓÂ ÒÓ‚Ô‡‰ÂÌËÂ ÔÓ‚Â‰ÂÌËfl
Hc = Hc(ϕ) Ë Hs = Hs(ϕ) Ò ‡Ì‡ÎÓ„Ë˜Ì˚ÏË
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êËÒ. 6. á‡‚ËÒËÏÓÒÚ¸ ÔÓÎfl Ì‡Ò˚˘ÂÌËfl ˜‡ÒÚËˆ
Ï‡„ÌÂÚËÚ‡ Hsat ÓÚ Ëı ‚˚ÚflÌÛÚÓÒÚË Ë ‡ÁÏÂ‡.

êËÒ. 7. á‡‚ËÒËÏÓÒÚË ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Hc Ë
ÔÂÂÍÎ˛˜‡˛˘Â„Ó ÔÓÎfl Hs ÓÚ Û„Î‡ ÏÂÊ‰Û Û‰ÎË-
ÌÂÌÌ˚Ï Â·ÓÏ ÁÂÌ‡ Ë ‚ÌÂ¯ÌËÏ ÔÓÎÂÏ ‰Îfl ˜‡-
ÒÚËˆ˚ Ò a = 60 ÌÏ, a = 160 ÌÏ, q = 1 (‡), q = 6 (·).
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ÍË‚˚ÏË, ‡ÒÒ˜ËÚ‡ÌÌ˚ÏË Yan Ë Della Torre [8] ÔÓ‰Ú‚ÂÊ‰‡ÂÚ Ô‡‚ËÎ¸ÌÓÒÚ¸ ËÒÔÓÎ¸ÁÓ-
‚‡ÌÌÓÈ Ì‡ÏË ÛÔÓ˘ÂÌÌÓÈ ‰‚ÛıÏÂÌÓÈ ÏÓ‰ÂÎË Ë ÌÂÔÓÚË‚ÓÂ˜Ë‚ÓÒÚ¸ ÔÓÎÛ˜ÂÌÌ˚ı Â-
ÁÛÎ¸Ú‡ÚÓ‚.
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