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Ïîëó÷åíû âûðàæåíèÿ äëÿ ðàñ÷åòà ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ â ïðèáëèæåíèè 
Âåíòöåëÿ – Êðàìåðñà – Áðèëëþýíà (ÂÊÁ) îïòè÷åñêè «ìÿãêèì» (⏐m – 1⏐ << 1, ãäå m = n + iχ – îòíîñèòåëü-
íûé ïîêàçàòåëü ïðåëîìëåíèÿ öèëèíäðà) êðóãîâûì öèëèíäðîì êîíå÷íîé äëèíû ïðè ïàäåíèè ñâåòà ïðîèç-
âîëüíîé ïîëÿðèçàöèè ïîä ëþáûì óãëîì îòíîñèòåëüíî îñè ñèììåòðèè öèëèíäðà. Ïîêàçàíî àíàëèòè÷åñêè, ÷òî 

âûðàæåíèÿ äëÿ ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ îäíîðîäíîé ÷àñòèöû ëþáîé ôîðìû â ïðèáëèæåíèÿõ ÂÊÁ 

â ñêàëÿðíîì âèäå è àíîìàëüíîé äèôðàêöèè (ÀÄ) ñîâïàäàþò ñ òî÷íîñòüþ äî çíàêà χ. Îòìå÷åíî, ÷òî òîëüêî ïðè 
óñëîâèè çíà÷èòåëüíîé îïòè÷åñêîé «ìÿãêîñòè» ÷àñòèöû (⏐m – 1⏐ → 0) âûðàæåíèå äëÿ ôàêòîðà ýôôåêòèâíî-
ñòè ïîãëîùåíèÿ îäíîðîäíîé ÷àñòèöû ëþáîé ôîðìû â ïðèáëèæåíèè ÂÊÁ â ñêàëÿðíîì âèäå òàêæå ïåðåõîäèò 
â òàêîâîå äëÿ ïðèáëèæåíèÿ ÀÄ. 

 

Êëþ÷åâûå ñëîâà: ôàêòîð ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ, ðàññåÿíèå ñâåòà, ïîëÿðèçàöèÿ, îä-
íîðîäíàÿ ÷àñòèöà. 

 

Ââåäåíèå 
 

Áîëüøîå çíà÷åíèå äëÿ ìîíèòîðèíãà ñîñòîÿíèÿ 
àòìîñôåðû è îêåàíà [1] â êîëëîèäíîé õèìèè è â äðó-
ãèõ îáëàñòÿõ èìååò èçó÷åíèå ðàññåÿíèÿ ñâåòà ëåäÿ-
íûìè êðèñòàëëàìè, à òàêæå íåñôåðè÷åñêèìè ÷àñòè-
öàìè, âõîäÿùèìè â ñîñòàâ åñòåñòâåííûõ è èñêóññòâåí-
íûõ àýðîçîëåé, ãèäðîçîëåé, âçâåñåé áèîëîãè÷åñêèõ ÷àñ- 
òèö. Åñëè ÷àñòèöû îïòè÷åñêè «ìÿãêèå» (⏐m – 1⏐ << 1, 
ãäå m = n + iχ – îòíîñèòåëüíûé ïîêàçàòåëü ïðåëîì-
ëåíèÿ ñâåòîðàññåèâàþùåé ÷àñòèöû), òî ìîæíî èñïîëü-
çîâàòü ïðèáëèæåíèÿ Ðýëåÿ – Ãàíñà – Äåáàÿ (ÐÃÄ), 
àíîìàëüíîé äèôðàêöèè (ÀÄ) [2] è Âåíòöåëÿ – Êðà- 
ìåðñà – Áðèëëþýíà (ÂÊÁ). 

Ðàíåå àâòîðîì ïîëó÷åíû âûðàæåíèÿ äëÿ ôàêòî-
ðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ ñâåòà 
êîíå÷íûì êðóãîâûì öèëèíäðîì â ÂÊÁ-ïðèáëèæåíèè 
ïðè ïàäåíèè ñâåòà ïåðïåíäèêóëÿðíî è âäîëü îñè 

ñèììåòðèè öèëèíäðà [3, 4]. Â íàñòîÿùåé ñòàòüå îáîá-
ùàþòñÿ äàííûå âûðàæåíèÿ ôàêòîðîâ ýôôåêòèâíî-
ñòè îñëàáëåíèÿ è ïîãëîùåíèÿ â ïðèáëèæåíèè ÂÊÁ 
äëÿ ñâåòà, ïàäàþùåãî ïðîèçâîëüíî îòíîñèòåëüíî îñè 
ñèììåòðèè êîíå÷íîãî öèëèíäðà. 

Ïðåäïîëîæèì, ÷òî íåïîäâèæíûé îäíîðîäíûé 

öèëèíäð âûñîòîé H è ðàäèóñîì a îðèåíòèðîâàí îñüþ 
ñèììåòðèè âäîëü îñè z. Ïóñòü ïëîñêàÿ ýëåêòðîìàã-
íèòíàÿ âîëíà ïàäàåò â ïëîñêîñòè ZOY ïðÿìîóãîëü-
íîé ñèñòåìû êîîðäèíàò ïîä óãëîì θi ê îñè z (ðèñ. 1): 
 

 Ei(r) = ei exp[i k (y sinθi + z cosθi)], (1) 

______________  
 

* Êîíñòàíòèí Àëåêñååâè÷ Øàïîâàëîâ (sh_const@mail.ru). 

ãäå k = 2π/λ – âîëíîâîå ÷èñëî; λ – äëèíà âîëíû  
â äèñïåðñèîííîé ñðåäå; ei – åäèíè÷íûé âåêòîð â íà-
ïðàâëåíèè ïîëÿðèçàöèè ïàäàþùåé âîëíû. 
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Ðèñ. 1. Ãåîìåòðèÿ ðàññåÿíèÿ ñâåòà íà êðóãîâîì öèëèíäðå 

ðàäèóñà a è âûñîòû H (i – íàïðàâëåíèå åäèíè÷íîãî âåêòîðà 
  ïàäàþùåãî ñâåòà) 

 
Ââåäåì íîâóþ ñèñòåìó êîîðäèíàò, ïîëó÷åííóþ 

ïîâîðîòîì âäîëü íåïîäâèæíîé îñè x òàê, ÷òîáû íî-
âàÿ îñü y′ áûëà íàïðàâëåíà âäîëü ïàäàþùåé âîëíû 
(ñì. ðèñ. 1): 
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 Ei(r′) = ei exp[i k y′]. (2) 

Èñïîëüçóåì àìïëèòóäó ñâåòîðàññåÿíèÿ â ïðè-
áëèæåíèè ÂÊÁ [3, 5]: 

 – –i= × θ ×⎡ ⎤⎣ ⎦π ∫
2

2( , ) ( ) ( 1) ( , )
4

i

k
m T mf s i s s e  

 ( )– – –

⎡ ⎤× ⋅ ξ +⎣ ⎦1exp ( 1)( ) ( ) ,ik m dVr i r i s   (3) 

ãäå s, i – åäèíè÷íûå âåêòîðû âäîëü íàïðàâëåíèÿ 
ðàññåÿíèÿ è ðàñïðîñòðàíåíèÿ ñâåòà ñîîòâåòñòâåííî; 
ξ1 – âõîäíàÿ êîîðäèíàòà íà ïîâåðõíîñòè ÷àñòèöû äëÿ 
âîëíû, ïðîõîäÿùåé ÷åðåç òî÷êó r; T(m, θi) – êîýô-
ôèöèåíò ïðîïóñêàíèÿ Ôðåíåëÿ (ïðè÷åì T(m, π/2) = 
= 2/(m + 1)); r – ðàäèóñ-âåêòîð òî÷êè âíóòðè ÷àñòèöû. 
  Òîãäà èç (3) äëÿ àìïëèòóäû îäíîðîäíîé ÷àñòè-
öû â íàïðàâëåíèè âïåðåä èìååì 
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Â íîâîé ñèñòåìå êîîðäèíàò ïîñëå èíòåãðèðîâà-
íèÿ (4) ïî ó′ ïîëó÷èì 

 i+ ⋅
= ×

π

– ( 1)
( , )

4

i k m e
f i i  

  ( ){ }⎡ ⎤′ ′ ′ ′× θ ⎣ ⎦∫ 2 1( , ) exp ( –1)( – ) –1 ,iT m ik m y y dz dx  (5) 

ãäå ′
1y , ′

2y  – âõîäíàÿ è âûõîäíàÿ êîîðäèíàòû y′ íà 

ïîâåðõíîñòè ÷àñòèöû. 
Ñîãëàñíî îïòè÷åñêîé òåîðåìå [5] ñå÷åíèå îñ-

ëàáëåíèÿ σe, íîðìèðîâàííîå íà ïëîùàäü S ïðîåê-
öèè ÷àñòèöû â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé îñè 
ïó÷êà (èëè ôàêòîð ýôôåêòèâíîñòè îñëàáëåíèÿ Qå), 
ðàâíî 
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Ïîäñòàâëÿÿ àìïëèòóäó (5) â (6), èìååì äëÿ ôàêòî-
ðà ýôôåêòèâíîñòè îñëàáëåíèÿ: 

 ⎡= + θ ×⎢⎣ ∫
1
Re ( 1) ( , )e iQ m T m

S
 

 ( ){ } ⎤⎡ ⎤′ ′ ′× ⎣ ⎦ ⎥⎦2 11– exp ( –1)( – ) .ik m y y dS  (7) 

Âûðàæåíèå (7) ñïðàâåäëèâî äëÿ îäíîðîäíîé 
÷àñòèöû ëþáîé ôîðìû â ïðèáëèæåíèè ÂÊÁ. Â ñêà-
ëÿðíîì âèäå T(m, π/2) = 2/(m + 1) è âûðàæåíèå 
äëÿ ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ (7) ñîâïà-
äàåò ñ òàêîâûì â ïðèáëèæåíèè ÀÄ ñ òî÷íîñòüþ äî 
çíàêà [6]. Â ïðèáëèæåíèè ÀÄ, â îòëè÷èå îò ÂÊÁ, 
ïåðåä ik(m – 1) – çíàê ìèíóñ, ÷òî èçìåíÿåò çíàê χ 
(n + iχ íà n – iχ) â èòîãîâûõ ôîðìóëàõ. 

Âûðàæåíèÿ äëÿ ôàêòîðîâ ýôôåêòèâíîñòè îñ-
ëàáëåíèÿ è ïîãëîùåíèÿ ñâåòà öèëèíäðàìè â ïðèáëè-
æåíèè ÀÄ ïîëó÷åíû â [2, 7]. Ïîëÿðèçàöèÿ íå ó÷è-

òûâàåòñÿ â ïðèáëèæåíèè ÀÄ, ïîýòîìó àâòîðîì ïî-
ëó÷åíû íåñêîëüêî èíûå ôîðìóëû. 

Àìïëèòóäà ñâåòîðàññåÿíèÿ öèëèíäðà â ïðèáëè-
æåíèè ÂÊÁ äëÿ äâóõ ïîëÿðèçàöèé â äâóõ ïëîñêî-
ñòÿõ: ïàðàëëåëüíîé ⏐⏐ è ïåðïåíäèêóëÿðíîé ⊥ ïëîñ-
êîñòè ZOY (ñì. ðèñ. 1) èìååò âèä 
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ãäå êîýôôèöèåíòû Ôðåíåëÿ  
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Ïîäñòàâëÿÿ â (6) àìïëèòóäû (8), (9) è ïëîùàäü 
S = S1 + πS2, ïîëó÷èì 
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ÂÊÁ äëÿ ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ öè-
ëèíäðà (10), (11) áóäóò ñêàëÿðíûìè è ïåðåéäóò  

(8)

(9)

(10)

(11)
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â ôîðìóëû ïðèáëèæåíèÿ ÀÄ [2, 7, 8]. Òîãäà â ñêà-
ëÿðíîì âèäå èìååì 
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ãäå H0(x), H1(x), J0(x), J1(x), J2(x) – ôóíêöèè Ñòðóâå 
è Áåññåëÿ 1-ãî ðîäà. 

Èñïîëüçóÿ (12), èç (10) è (11) ïîëó÷èì äëÿ 
ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ íåïîãëîùàþùå-
ãî öèëèíäðà (χ = 0) â ñêàëÿðíîì âèäå 
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îòñþäà â ñêàëÿðíîì âèäå ïðè θi = π/2, êàê è ðàíåå [3], 
èìååì 

 = π Δ1( ).e DQ H  (14) 

Ôàêòîð ýôôåêòèâíîñòè ïîãëîùåíèÿ Qa ïî [3, 5] 
ðàâåí 

 ′′= ε∫
2

( ) ,a r

V

Q k dV SE r  (15) 

ãäå E(r) – ïîëíîå ýëåêòðè÷åñêîå ïîëå âíóòðè ÷àñòèöû; 
′′ε = χ–2
r

n  – ìíèìàÿ ÷àñòü îòíîñèòåëüíîé äèýëåê-

òðè÷åñêîé ïðîíèöàåìîñòè ÷àñòèöû ( ′ ′′= ε + ε
2

r r
m i ). 

  Â ïðèáëèæåíèè ÂÊÁ èìååì (ñì. [5]): 

 ( )⎡ ⎤′ ′= χ θ χ⎣ ⎦∫
2

1–2 ( , ) exp 2 ( – ) ,a iQ kn T m k y y dV  

èíòåãðèðîâàíèå ïî y′ äàåò 

 ( )′ ′ ′= θ − χ −⎡ ⎤⎣ ⎦∫
2

2 1( , ) 1 exp 2 ( ) .a iQ n T m k y y dS  (16) 

Ïðè çíà÷èòåëüíîé îïòè÷åñêîé «ìÿãêîñòè» ÷àñ-

òèö θ →
2

( , ) 1inT m  âûðàæåíèå äëÿ ôàêòîðà ýôôåê-

òèâíîñòè ïîãëîùåíèÿ (16) â ïðèáëèæåíèè ÂÊÁ ïå-
ðåõîäèò â òàêîâîå â ïðèáëèæåíèè ÀÄ ñ òî÷íîñòüþ 
äî çíàêà χ [2, 6, 7]. 

Èç (16) äëÿ ôàêòîðà ýôôåêòèâíîñòè ïîãëîùå-
íèÿ öèëèíäðà ïîëó÷èì: 
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Â ñêàëÿðíîì âèäå èç (18) ñëåäóåò  
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ãäå I1(x) è L1(x) – ìîäèôèöèðîâàííûå ôóíêöèè 
Áåññåëÿ è Ñòðóâå 1-ãî ðîäà. 

Íà ðèñ. 2 ïîêàçàíû çàâèñèìîñòè çíà÷åíèé ôàê-
òîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ öè-
ëèíäðà â ïðèáëèæåíèè ÂÊÁ îò ôàçîâîãî ñäâèãà Δ 
(ãäå Δ = 2ka⏐m – 1⏐) ïðè kH = 1500 è áåñêîíå÷íî 
äëèííîãî öèëèíäðà [8] (ñòðîãîå ðåøåíèå) ïðè 
m = 1,1 + i ⋅ 0,01 äëÿ θi = 56°. Î÷åâèäíî, ÷òî çíà-
÷åíèÿ ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ è ïî-
ãëîùåíèÿ â ïðèáëèæåíèè ÂÊÁ ñ ó÷åòîì ïîëÿðèçà-
öèè ïî ñðàâíåíèþ ñî ñêàëÿðíûì âèäîì (ñì. ðèñ. 2) 
çàíèæåíû. 

(13)

(17)

(18)
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Ðèñ. 2. Çàâèñèìîñòü ôàêòîðîâ ýôôåêòèâíîñòè îñëàáëåíèÿ 
Qe (à) è ïîãëîùåíèÿ Qà 

(á) îò ôàçîâîãî ñäâèãà Δ äëÿ áåñ-
êîíå÷íî äëèííîãî öèëèíäðà Qe⏐⏐, Qa⏐⏐ (êðèâàÿ 1) è Qe⊥, 
Qa⊥ (2), öèëèíäðà êîíå÷íîé äëèíû ïðè kH = 1500 â ïðè-
áëèæåíèè ÂÊÁ Qe⏐⏐, Qa⏐⏐ 

(3), Qe⊥, Qa⊥ 

(4) è â ñêàëÿðíîì 
âèäå ïðèáëèæåíèÿ ÂÊÁ Qe, Qa (5) ñ îòíîñèòåëüíûì ïîêà- 
  çàòåëåì ïðåëîìëåíèÿ m = 1,1 + i ⋅ 0,01 äëÿ θi = 56° 

Çàêëþ÷åíèå 

 
Ïîëó÷åíû âûðàæåíèÿ äëÿ ðàñ÷åòà ôàêòîðîâ 

ýôôåêòèâíîñòè îñëàáëåíèÿ è ïîãëîùåíèÿ ñâåòà îï-
òè÷åñêè «ìÿãêèì» êðóãîâûì öèëèíäðîì êîíå÷íîé 
äëèíû ïðè ïàäåíèè ñâåòà ïðîèçâîëüíîé ïîëÿðèçà-
öèè ïîä ëþáûì óãëîì îòíîñèòåëüíî îñè ñèììåòðèè 
öèëèíäðà â ïðèáëèæåíèè ÂÊÁ. Ïîêàçàíî, ÷òî âû-
ðàæåíèÿ äëÿ ôàêòîðà ýôôåêòèâíîñòè îñëàáëåíèÿ 

îäíîðîäíîé ÷àñòèöû ëþáîé ôîðìû â ïðèáëèæåíèè 
ÂÊÁ â ñêàëÿðíîì âèäå è â ïðèáëèæåíèè ÀÄ ñîâïà-
äàþò ñ òî÷íîñòüþ äî çíàêà χ. Îòìå÷åíû íåçíà÷èòåëü-
íûå ðàçëè÷èÿ äëÿ ôàêòîðà ýôôåêòèâíîñòè ïîãëîùå-
íèÿ îäíîðîäíîé ÷àñòèöû ëþáîé ôîðìû â ïðèáëè-
æåíèè ÂÊÁ â ñêàëÿðíîì âèäå è â ïðèáëèæåíèè ÀÄ. 
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K.A. Shapovalov. Light scattering of arbitrary oriented cylinder in Wentzel – Kramers – Brillouin  
approximation. 2. Åfficiency factors of extinction and absorption. 

The expressions for calculation of extinction and absorption efficiency factors by optically «soft»  
(⏐m – 1⏐ << 1, where m = n + iχ is a relative refractive index of cylinder) circular finite cylinder for arbitrary 
polarized incident light in the direction at any angle to the axis of cylinder in Wentzel – Kramers – Brillouin 
(WKB) approximation are obtained. It is shown analytically that the expressions of extinction efficiency factor 
by homogeneous particle of any shape in WKB in scalar form and anomalous diffraction (AD) approximations 
are coincided to an accuracy of χ. It is noted that only under significant optical «softness» of particle  
(⏐m – 1⏐ → 0) the expression for the efficiency factor of absorption by homogeneous particle of any shape in 
WKB approximation in scalar form also goes into such expression for AD approximation. 

 


