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Light scattering efficiency of dielectric spheres
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A  theoretical study o f individual and collective contributions of electric and magnetic 
multipoles to light scattering efficiency of dielectric spheres is presented.

1. Introduction

A rigorous solution of the problem of scattering of a plane monochromatic 
electromagnetic wave due to a sphere given by Mie and Debye [1] leads to the 
following expression for Q ^ , dimensionless normalized scattering efficiency:
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where a is the dimensionless particle size parameter equal to nD/X, D being the 
diameter of the sphere, an and bn are Mie scattering coefficients, both of which 
are the functions of complex refractive index p of the particle. In fact, a scatter
ed radiation is a superposition of electric and magnetic multipole radiations, 
while an and bn are the respective multipole moments [1]. It is well known that 
the curves of Qsc& with a show smooth variation superimposed by ripple struc
ture. M e v e l  [2], M e t z  and D e t t m a k  [3] and Ch y l e k  [4, 5] have related, 
in a detailed way, the ripple structure to the properties of Mie scattering coeffi
cients. In this paper, an attempt has been made to study the individual and 
cumulative effects of contribution of electric and magnetic multipoles to the 
scattering efficiency. This work is a part of the ongoing program of research 
work on light scattering by aerosols, the measurement being done at the Physics 
Department, Indian Institute of Technology, Delhi.

2. Theory
The scattering efficiency factor Q̂  given by (1) may also be written as 
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Fig. 1. Qac&, 0 em and Omm for n — 1.5 plotted against a to compare the contributions of
Oem and Omm to scattering efficiency (refractive index — 1 .5 ;-------— · — · — O m m .
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where g£ and g” represent the contribution of n-th electric and magnetic mul- 
tipole: and Cem and Cmm represent the contribution of all the electric and magnetic 
multipoles, respectively. A program for computer ICL 2960 was written to calcu
late Qsca, Qmf êm and Gmm. a was varied up to 15, by 0.01 steps for the fol
lowing values of /* =  1.33, 1.45, 1.50, 1.60, 1.70, 2.0, 1.5-10.001, 1.5-10.01, 
and 1.5-10.1. #aca, Cem, Cmm, g” and g” were plotted for a <  15 for real refractive 
indices out the above values of p.

3. Results and discussion

3.1. Variation of Cem and Cmm with a

Figure 1 shows the variations of QBoa, Cem and Cmm with a. From all these curves 
the following observations can be made.

To each peak in <7em and Cmm curves there corresponds a peak in curve 
which shows that the resonance peaks in curve are caused by the resonance 
structure in Cem and Cmm curves.

For 2 <  a <  6 these curves have practically no resonance peaks in (7em curve. 
Thus, for 2 <  a <  6 only resonance peaks due to magnetic multipoles are visible 
in the Qg  ̂ curve. Therefore, it may be inferred that in this region the light

Fig. 2. Contribution of the electric multipoles to the scattering efficiency g j for p — 1.33, 
plotted against a (refractive index — 1.33)
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is scattered more strongly by magnetic multipoles than by electric multipoles. 
The sharpness of all the resonance peaks increases.

An increase in pi results in a compression of all the three Q8Ca, Oem, and 
curves towards the origin and the peaks become more and more sharp.

3.2. Variation of q”  and with a

These curves were plotted earlier by Mevel [2], and Metz and Dettmar [3] 
for all the values' of pi mentioned in Section 2, only for pi >  2; that is why some 
observations seem to have been missed. Figures 2 and 3 show the q% and g^ 
curves, respectively, for pi =  1.33. From similar curves plotted for 1.33 <  pi <  2, 
the following observations can be made.

Fig. 3. Contribution of the magnetic multipoles to the scattering efficiency, <$» for p =  1-33, 
plotted against a (refractive index — 1.33)

A comparison of Figs. 1-3 shows that it is only electric dipole (g” with n =  1) 
which mainly contributes to Qpca for a <  1 and 1.33 <  <  2.0. It may also be
seen that as pi decreases the electric dipole contribution dominates for higher 
values of a.

For different values of n the peak values of g” and g” curves at first rise 
slightly then, they fall. The peak values of g” and g“ curves and each value of 
n have been plotted for different values of real refractive indices (Fig. 4). It



Light scattering efficiency o f dielectric spheres 223

is noticed that as ju is of the order of 1.7, the peak contribution only decrease» 
instead of being first rised. However, for all the values of ju and n peak contri
bution of magnetic multipoles is higher that that of electric multipoles. It is 
also seen from Fig. 4 that the difference in peak contribution of q* and qff for

Fig. 4. Peak values of q% and 
qm plotted against n, for ft 
=  1.33, 1.5 and 2 . 0 ( 0  -  q" ,  

m  —  2.00; A m  =  2.00;.
• □  m =  1-50; ·  qne , m

-  1.50; ■  g " ,  m =  1,33; ▼  
qne , m =  1.33)

the some value of n is greater for low values of n, except for the first few values. 
This difference becomes very small for higher values of n. In fact, for all the 
values of /j, this difference remains constant for n >  8.

As n increases each of qn6 and g" peaks becomes sherper. This is seen clearly 
in Fig. 5 which shows a full width at half maximum (FWHM) of each peak, plot
ted against n for different values of f.i. For /j, >  1.5 FWHM falls as r\ increases.
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n
Pig. 5. FW HM  of g” and g” peaks plotted against n, for /i =  1.33,1.5 and 2.0 ( ·  g” , to =  1.50; 
□  2m» m =  1-50; A g” , to =  1.33; og",TO =  1.33; vg*,ra =  2.00; ■  g ,̂ to =  2.00)

For ii <  1.5 FWHM falls only for electric multipoles. For magnetic multipoles 
it first rises slightly for few values of n and then falls. It may also be seen that, 
except for ^ <  1.5, FWHM is greater for electric multipoles than for magnetic 
multipoles.
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The variation of g” with a, for different values of fj, and n =  1, shows (Fig. 
2) a double peak structure for /a <  1.7 (approx.) The double peak behaviour 
is not seen for the values of /a >  1.7 (Pig. 6).

Fig. 6. q'e plotted against a for n =  1.6,
1.7, and 1.82 (------- to =  1 . 8 2 , -----------
to =  1.7, — to =  1.6)

Figure 7 shows the variations in the positions of first peak (ax), second 
peaks (a2) and the dip (ad) in the q\ curves plotted against a occurring with the 
increase of jjl. It may be seen that the difference in ax and ad remains nearly 
the same but approaches ad very rapidly. Variation of Aa =  a2 — ax is also 
shown in the same figure and it may be noted that Jo  falls nearly linearly with /a»
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Figure 8 shows variations of the heights of the first and second peaks 
Ai, h2 and the height of the dip hd1 in the curve q\ against a (Fig. 2). It may be 
observed that: i) and h2 increase linearly with /a, ii) hx increases faster 
than h2, iii) for /a = 1 .5 , hx =  h2, and iv) hd rises almost linearly with /u.

O 40 r

Fig. 7. Peak values and ctg of two peaks, ad, value of dip, in q'e curve, plotted against 
ft (a); Aa and ha plotted against ft: ( o ------ — — o (a2—c )̂ =  Aa, 0 —a h d) (b)

If a" and ane denote the values of a for which there occur w-th peaks in 
and gg curves, respectively, a variation of and a” (Fig. 9) with n, for differ

ent values of ft, shows that: i) ane >  a” , which means that the peak due to n-th 
electric multipole occurs for a greater value of a than the peak due to w-th mag
netic multipole, ii) the difference (a” —a” ) is constant except for n <  4. This 
shows that separation of resonance structure due to w-th electric and magnetic 
multipoles remains constant as a increases, iii) the difference (c£+1 — a” ) or 
(a™+1 ~ am) is the same for all the values of n ^  4, but is different for different 
values of ft. A  close observation of q% and q^ curves (Figs. 2 and 3) shows a slight 
flattening of peaks, near the base, towards higher value of a.
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q\ curves against a were plotted for 1.16 <  /z <  2. The behaviour of q\ curve, 
as seen above, shows that probably each of q™ and g” curves exhibits a double 
peak structure even for n >  1, though the second peak is not at all relatively 
strong and hence the flattening near the base.

Fig. 8. Heights hx and h2 of two 
peaks in q'e curves, plotted against p

Figure 10 shows the variation of q^ curve with a for p =  1.16. This curve 
shows also a double peak structure which however, is not observed for p >  1.33 
(cf. Figs. 2 and 3).

Figure 11 shows a plot of q™ and q™ against a for p — 1.5. It can be noticed 
that q™ and gJJ show low secondary peaks which contribute to the broad varia
tions in Qa0& with a curve for higher values of a.

3.3. Complex refractive indices

Some similar curves were plotted for complex refractive indices p =  1.5-10.001, 
1.5-10.01, and 1.5-10.1. It is seen that: i) the nature of all the curves remains 
the same, ii) the curves become more smooth and lower as the imaginary part 
of the refractive index increases, iii) the values of ax and a2 remain the same as 
those for the real part of the complex refractive index, but hx and hz decrease.
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Fig. 9. aj^ and a£ plotted against n, for p — 1.33, 1.5 and 2.0 (A a%, m — 1.33; ·  a”  , m 
— 1.33; O o J , w  =  1.60; g  a” , m =  1.50; V an , m =  2.00; □ a£, m =  2.00)

•Jr

0.J-
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Fig. 10. Contribution of the magnetic 
dipole qjn plotted against a, for p  — 1.16

Fig. 11. Contribution of the 10-th and 
12-th magnetic multipoles £  and £  to 
QBoa plotted against a, for p — 1.5
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4. Concluding remarks

These calculations have been performed only up to a = 1 5 . It might be an inter
esting idea to extend these calculations for higher values of a. The effect of 
changing real part of the complex refractive index has not been studied either. 
It is hoped that these observations will help to better understand the light 
scattering by aerosols and resonance structure in scattering efficiency parame
ters. Work is already progressing in our group, in this direction.
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Эффективность рассеяния света на диэлектрических сферах
Описаны теоретические исследования индивидуальных и коллективных разработок к вопросу об 
электрических и магнитных мультиполях относительно эффективности рассеяния света на диэлек
трических сферах.


