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Ïîëó÷åíû âûðàæåíèÿ äëÿ ðàñ÷åòà ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ îïòè÷åñêè «ìÿãêèì» 

(⎮m – 1⎮ << 1, ãäå m = n – iχ – îòíîñèòåëüíûé ïîêàçàòåëü ïðåëîìëåíèÿ öèëèíäðà) êðóãîâûì öèëèíäðîì êî-
íå÷íîé äëèíû ïðè ïàäåíèè ñâåòà ïåðïåíäèêóëÿðíî îñè ñèììåòðèè öèëèíäðà â ïðèáëèæåíèè Âåíòöåëÿ–
Êðàìåðñà–Áðèëëþýíà (ÂÊÁ). Ïîêàçàíî àíàëèòè÷åñêè è ÷èñëåííî, ÷òî çíà÷åíèÿ ôàêòîðà ýôôåêòèâíîñòè 
îñëàáëåíèÿ êðóãîâîãî öèëèíäðà â ïðèáëèæåíèÿõ ÂÊÁ è àíîìàëüíîé äèôðàêöèè (ÀÄ) ïîëíîñòüþ ñîâïàäàþò. 
Îòìå÷åíî, ÷òî â îòëè÷èå îò ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ òîëüêî ïðè óñëîâèè çíà÷èòåëüíîé îïòè÷åñêîé 
«ìÿãêîñòè» êðóãîâîãî öèëèíäðà (⎮m – 1⎮ → 0) âûðàæåíèå äëÿ ôàêòîðà ýôôåêòèâíîñòè ïîãëîùåíèÿ êðóãîâî-
ãî öèëèíäðà â ïðèáëèæåíèè ÂÊÁ ïåðåõîäèò â òàêîâîå äëÿ ïðèáëèæåíèÿ ÀÄ. 

 
Èçó÷åíèå ðàññåÿíèÿ ñâåòà íåñôåðè÷åñêèìè ÷àñ-

òèöàìè, âõîäÿùèìè â ñîñòàâ åñòåñòâåííûõ è èñêóññò-
âåííûõ àýðîçîëåé, ñóñïåíçèé áèîëîãè÷åñêèõ ÷àñòèö, 
ëåäÿíûìè êðèñòàëëàìè èìååò áîëüøîå ïðàêòè÷åñêîå 
çíà÷åíèå äëÿ ìîíèòîðèíãà ñîñòîÿíèÿ àòìîñôåðû  

è îêåàíà, â êîëëîèäíîé õèìèè è äð. [1, 2].  
Äëÿ îïòè÷åñêè «ìÿãêèõ» (⎮m – 1⎮ << 1, ãäå m = 

= n – iχ – îòíîñèòåëüíûé ïîêàçàòåëü ïðåëîìëåíèÿ 
÷àñòèöû) ñâåòîðàññåèâàþùèõ ÷àñòèö íåñôåðè÷åñêîé 
ôîðìû óäîáíî èñïîëüçîâàòü ïðèáëèæåíèÿ Ðýëåÿ–
Ãàíñà–Äåáàÿ (ÐÃÄ), àíîìàëüíîé äèôðàêöèè (ÀÄ) [3] 
è Âåíòöåëÿ–Êðàìåðñà–Áðèëëþýíà (ÂÊÁ). 

Â íàñòîÿùåé ñòàòüå ïðîâîäèòñÿ àíàëèç ôàêòîðîâ 
ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ ñâåòà êîíå÷-
íûì êðóãîâûì öèëèíäðîì â ïðèáëèæåíèè Âåíòöåëÿ–
Êðàìåðñà–Áðèëëþýíà äëÿ ñâåòà, ïàäàþùåãî ïåðïåí-
äèêóëÿðíî îñè ñèììåòðèè öèëèíäðà. 

 

1. Ôàêòîð ýôôåêòèâíîñòè îñëàáëåíèÿ 
 

Èñïîëüçóÿ èíòåãðàëüíîå ïðåäñòàâëåíèå àìïëèòó-
äû ñâåòîðàññåÿíèÿ, â ïðèáëèæåíèè ÂÊÁ [4, 5] â ñêà-
ëÿðíîì âèäå èìååì 
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 ψ1(β, t, ϕ) = t(sinβ cosϕ + [m – cosβ] sinϕ), 

 2 2

2( , ) 1 cos ;t tψ ϕ = − ϕ  

a – ðàäèóñ öèëèíäðà; H – âûñîòà öèëèíäðà; Δ = 
= 2ρ(m – 1) – ôàçîâûé ñäâèã; ρ = ka – äèôðàêöèîí-

íûé ïàðàìåòð öèëèíäðà; k = 2π/λ – âîëíîâîå ÷èñëî; 
λ – äëèíà âîëíû â äèñïåðñèîííîé ñðåäå; β – óãîë 
ðàññåÿíèÿ, îòñ÷èòûâàåìûé îò íàïðàâëåíèÿ ðàññåÿ-
íèÿ âïåðåä. 

Ðàññìîòðèì ñëó÷àé íåïîãëîùàþùèõ öèëèíäðîâ 
(χ = 0). 

Äëÿ íàïðàâëåíèÿ ðàññåÿíèÿ âïåðåä (β = 0°) ïðè 
íåáîëüøèõ ôàçîâûõ ñäâèãàõ Δ < 1 ìîæíî ðàçëîæèòü 
ïîäûíòåãðàëüíîå âûðàæåíèå (1) â ðÿä Òåéëîðà ïî Δ. 
Â ðåçóëüòàòå ïîñëå èíòåãðèðîâàíèÿ ïîëó÷èì 
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Äëÿ ëþáûõ ôàçîâûõ ñäâèãîâ 
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H
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ρ
= Δ + Δ⎡ ⎤⎣ ⎦  (3) 

ãäå J1(x) – ôóíêöèÿ Áåññåëÿ 1-ãî ðîäà; H1(x) – 
ôóíêöèÿ Ñòðóâå. 

Ñîãëàñíî îïòè÷åñêîé òåîðåìå [5] ñå÷åíèå îñëàá-
ëåíèÿ σe, íîðìèðîâàííîå íà ïëîùàäü S ïðîåêöèè 
÷àñòèöû â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé îñè ïó÷êà 
(èëè ôàêòîð ýôôåêòèâíîñòè îñëàáëåíèÿ Qå), ìîæíî 
çàïèñàòü â âèäå 
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ãäå i, ei – åäèíè÷íûå âåêòîðû â íàïðàâëåíèè ðàñ-
ïðîñòðàíåíèÿ è ïîëÿðèçàöèè ïàäàþùåé âîëíû ñî-
îòâåòñòâåííî. 
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Èñïîëüçóÿ ïëîùàäü S = 2aH, àìïëèòóäó ñâåòî-
ðàññåÿíèÿ (3), èìååì äëÿ íåïîãëîùàþùèõ öèëèíäðîâ 
 

 Qe = πH1(Δ). (5) 

Çàìåòèì, ÷òî âûðàæåíèå (5) ñîâïàäàåò ñ òàêî-
âûì â ïðèáëèæåíèè ÀÄ [6]. Íà ðèñóíêå ïîêàçàíû 
çàâèñèìîñòè çíà÷åíèé ôàêòîðîâ ýôôåêòèâíîñòè 
îñëàáëåíèÿ Qe îò ôàçîâîãî ñäâèãà Δ, ðàññ÷èòàííûõ 
ïî ôîðìóëå (5) è ñ ïîìîùüþ ïðèáëèæåííûõ âûðà-
æåíèé ÂÊÁ àìïëèòóä f 

(1)(β) è f 

(2)(β) [4], à òàêæå 
äëÿ áåñêîíå÷íî äëèííîãî öèëèíäðà (ñòðîãîå ðåøå-
íèå) [7] ñ îòíîñèòåëüíûì ïîêàçàòåëåì ïðåëîìëåíèÿ 
m = 1,1. 
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Çàâèñèìîñòü ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ Qe îò 
ôàçîâîãî ñäâèãà Δ äëÿ íåïîãëîùàþùåãî öèëèíäðà ñ îòíî-
ñèòåëüíûì ïîêàçàòåëåì ïðåëîìëåíèÿ m = 1,1 áåñêîíå÷íî 
äëèííîãî (êðèâàÿ 1) è ñ èñïîëüçîâàíèåì â îïòè÷åñêîé òåî-
ðåìå àìïëèòóä ðàññåÿíèÿ ÂÊÁ: f(β) – êðèâàÿ 2, f(1)(β) – 3, 
  f(2)(β) – 4 

 

Çàìåòíî, ÷òî çíà÷åíèÿ ôàêòîðîâ ýôôåêòèâíîñòè 
îñëàáëåíèÿ Qe, ðàññ÷èòàííûå ñ èñïîëüçîâàíèåì ïðè-
áëèæåííûõ âûðàæåíèé ÂÊÁ àìïëèòóä f 

(1)(β) è f 

(2)(β), 
íà÷èíàÿ ñ ôàçîâîãî ñäâèãà 4, çàíèæåíû ïî ñðàâíå-
íèþ ñî çíà÷åíèÿìè ôàêòîðîâ ýôôåêòèâíîñòè îñëàá-
ëåíèÿ äëÿ áåñêîíå÷íî äëèííîãî öèëèíäðà (ñì. ðè-
ñóíîê). 

Äëÿ ñëó÷àÿ ïîãëîùàþùèõ öèëèíäðîâ (χ > 0) 
âûðàæåíèå äëÿ ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ 
Qe â ïðèáëèæåíèè ÂÊÁ èìååò áîëåå ñëîæíûé âèä, 
÷åì ôîðìóëà (5), õîòÿ àíàëèòè÷åñêè ñâîäèòñÿ ê ïðè-
áëèæåíèþ ÀÄ [8]. ×èñëåííàÿ ïðîâåðêà ðàñ÷åòà ôàê-
òîðà ýôôåêòèâíîñòè îñëàáëåíèÿ Qe â ïðèáëèæåíèè 
ÂÊÁ ïî ôîðìóëàì (1), (4) äëÿ ôàçîâûõ ñäâèãîâ 
0 < Δ < 100 è 0 < χ < 1 ïîäòâåðäèëà ïîëíîå ñîâïà-
äåíèå ñ ïðèáëèæåíèåì ÀÄ [3]: 
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  (7) 

ãäå Γ(x) – ãàììà-ôóíêöèÿ Ýéëåðà. 
 

2. Ôàêòîð ýôôåêòèâíîñòè ïîãëîùåíèÿ 
 

Ñå÷åíèå ïîãëîùåíèÿ σa ïî [5], íîðìèðîâàííîå 
íà ïëîùàäü S ïðîåêöèè ÷àñòèöû â ïëîñêîñòè, ïåð-
ïåíäèêóëÿðíîé îñè ïó÷êà (èëè ôàêòîð ýôôåêòèâíî-
ñòè ïîãëîùåíèÿ Qa), ðàâíî: 
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ãäå E(r) – ïîëíîå ýëåêòðè÷åñêîå ïîëå âíóòðè ÷àñòè-
öû; 

r
′′ε  = 2nχ – ìíèìàÿ ÷àñòü îòíîñèòåëüíîé äèýëåê-

òðè÷åñêîé ïðîíèöàåìîñòè ÷àñòèöû. 
Åñëè ïàäàþùàÿ âîëíà èìååò âèä Ei(r) = 

= ei exp[iky], òî â ÂÊÁ-ïðèáëèæåíèè ïîëíîå ýëåê-
òðè÷åñêîå ïîëå âíóòðè öèëèíäðà (ñì. [4, 5]) ìîæíî 
çàïèñàòü â âèäå 
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Òàêèì îáðàçîì, èñïîëüçóÿ (8) è (9), ïîëó÷èì âûðàæå-
íèå äëÿ ôàêòîðà ýôôåêòèâíîñòè ïîãëîùåíèÿ â ÂÊÁ-
ïðèáëèæåíèè: 

    ( )ÂÊÁ
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4
(4 ) – (4 ) ,

2( 1)
a

n
Q I L

n

π⎡ ⎤= ρχ ρχ⎢ ⎥+ + χ ⎣ ⎦
 (10) 

ãäå I1(x) = –iJ1(ix) – ìîäèôèöèðîâàííàÿ ôóíêöèÿ 
Áåññåëÿ 1-ãî ðîäà; L1(x) = –H1(ix) – ìîäèôèöèðî-
âàííàÿ ôóíêöèÿ Ñòðóâå. 

Ïðè ìàëûõ ρχ << 1 ïîëó÷èì èç (10), ðàçëàãàÿ  
â ðÿä: 
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Îòìåòèì, ÷òî âûðàæåíèå äëÿ ôàêòîðà ýôôåêòèâ-
íîñòè ïîãëîùåíèÿ â ïðèáëèæåíèè ÀÄ [3, 6] èìååò 
âèä 

 ( )
1

ÀÄ 2

0

1– exp –4 1–
a

Q t dt= ρχ =∫  

3.* 



 

320 Øàïîâàëîâ Ê.À. 
 

 ( )1 1(4 ) – (4 ) .
2

I L
π

= ρχ ρχ  (12) 

Äëÿ îïòè÷åñêè «ìÿãêèõ» öèëèíäðîâ 
2 24 /[( 1) ] 1,n n + + χ →  ò.å. âûðàæåíèå äëÿ ôàêòîðà 

ýôôåêòèâíîñòè ïîãëîùåíèÿ (10) â ÂÊÁ-ïðèáëèæå-
íèè ïåðåõîäèò â òàêîâîå äëÿ ïðèáëèæåíèÿ ÀÄ (12). 
Ïðè n = 1,3 è χ = 0,1 çíà÷åíèÿ ôàêòîðà ýôôåêòèâ-
íîñòè ïîãëîùåíèÿ (10) â ÂÊÁ-ïðèáëèæåíèè çàíè-
æåíû ïî ñðàâíåíèþ ñ ïðèáëèæåíèåì ÀÄ (12) íà 
2%, à ïðè n = 1,1 è χ = 0,1 óæå íà 0,5%. 

 

Çàêëþ÷åíèå 

 
Ïîëó÷åíû âûðàæåíèÿ äëÿ ðàñ÷åòà ôàêòîðîâ 

ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ îïòè÷åñêè 
«ìÿãêèì» êðóãîâûì öèëèíäðîì êîíå÷íîé äëèíû ïðè 
ïàäåíèè ñâåòà ïåðïåíäèêóëÿðíî îñè ñèììåòðèè öè-
ëèíäðà â ïðèáëèæåíèè ÂÊÁ. Àíàëèçèðóþòñÿ âû-
ðàæåíèÿ äëÿ ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ 
è ïîãëîùåíèÿ êðóãîâîãî öèëèíäðà â ïðèáëèæåíèè 
ÂÊÁ è ÀÄ. 

Îòìå÷åíû íåçíà÷èòåëüíûå ðàçëè÷èÿ äëÿ ôàê-
òîðîâ ýôôåêòèâíîñòè ïîãëîùåíèÿ êðóãîâîãî öèëèí-
äðà â ïðèáëèæåíèÿõ ÂÊÁ è ÀÄ. Âûðàæåíèÿ äëÿ  
 

ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ â ïðèáëèæåíèè 
ÂÊÁ, ïîëó÷åííûå ïî îïòè÷åñêîé òåîðåìå, è â ïðè-
áëèæåíèè ÀÄ ïîëíîñòüþ ñîâïàäàþò. 

 

 
1. Âîëêîâèöêèé Î.À., Ïàâëîâà Ë.Í., Ïåòðóøèí À.Ã. 

Îïòè÷åñêèå ñâîéñòâà êðèñòàëëè÷åñêèõ îáëàêîâ. Ë.: 
Ãèäðîìåòåîèçäàò, 1984. 200 ñ. 

2. Ëîïàòèí Â.Í., Ñèäüêî Ô.ß. Ââåäåíèå â îïòèêó âçâå-
ñåé êëåòîê. Íîâîñèáèðñê: Íàóêà, 1988. 240 ñ. 

3. Ïåòðóøèí À.Ã. Ðàññåÿíèå è îñëàáëåíèå èçëó÷åíèÿ 
«ìÿãêèìè» öèëèíäðàìè êîíå÷íîé äëèíû // Îïòèêà è 
ñïåêòðîñêîïèÿ. 1983. Ò. 54. ¹ 5. Ñ. 882–884. 

4. Øàïîâàëîâ Ê.À. Ðàññåÿíèå ñâåòà öèëèíäðîì êîíå÷íîé 
äëèíû â ïðèáëèæåíèè Âåíòöåëÿ–Êðàìåðñà–Áðèëëþýíà. 
1. Àìïëèòóäà ñâåòîðàññåÿíèÿ // Îïòèêà àòìîñô. è 
îêåàíà. 2007. Ò. 20. ¹ 1. Ñ. 18–20. 

5. Èñèìàðó À. Ðàñïðîñòðàíåíèå è ðàññåÿíèå âîëí â ñëó-
÷àéíî-íåîäíîðîäíûõ ñðåäàõ: Ïåð. ñ àíãë. Ì.: Ìèð, 
1981. Ò. 1. 280 ñ. 

6. Âàí äå Õþëñò Ã. Ðàññåÿíèå ñâåòà ìàëûìè ÷àñòèöàìè. 
Ì.: Èçä-âî èíîñòð. ëèò-ðû, 1961. 536 ñ. 

7. Áîðåí Ê., Õàôìåí Ä. Ïîãëîùåíèå è ðàññåÿíèå ñâåòà 
ìàëûìè ÷àñòèöàìè: Ïåð. ñ àíãë. Ì.: Ìèð, 1986. 660 ñ. 

8. Ëîïàòèí Â.Í., Øàïîâàëîâ Ê.À. Îöåíêà ìàêñèìàëü-
íûõ çíà÷åíèé ôàêòîðîâ ýôôåêòèâíîñòè ñâåòîðàññåÿíèÿ 
â ÂÊÁ-ïðèáëèæåíèè // Îïòèêà è ñïåêòðîñêîïèÿ. 
1991. Ò. 71. Âûï. 3. Ñ. 494–497. 

 
 

K.A. Shapovalov. Light scattering by cylinder of finite length in Wentzel–Kramers–Brillouin approxi-
mation. 2. Åfficiency factors of extinction and absorption. 

The expressions for calculation of the efficiency factors of extinction and absorption by optically «soft»  
(⎮m – 1⎮ <<  1, where m = n – iχ is a relative refractive index of the cylinder) circular cylinder of a finite 
length for incident light direction perpendicular to the axis of cylinder in Wentzel–Kramers–Brillouin (WKB) 
approximation are obtained. It is shown analytically and numerically that the values of factor efficiency  
extinction by circular cylinder in WKB and Anomalous diffraction (AD) approximations fully coincid. It is 
noted that unlike extinction efficiency factor only under significant optical «softness» of the circular cylinder 
(⎮m – 1⎮ → 0) the expression for efficiency factor of absorption by circular cylinder in WKB approximation 
passes into such expression in AD approximation. 

 


