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6.1 Introduction  

Extinction and scattering properties of dust present in line of sight between observer and 

source must be interpreted properly in order to reveal original spectrum of light sources [1-

3]. The determination of shape, size and composition of interstellar dust grains found in 

different extraterrestrial environments is difficult because of its dependence on direction of 

observations [4, 5]. The collection of real dust particles present in extraterrestrial 

environments is not possible in most of the cases with a few exceptions like the onboard 

spectrometers and in situ dust detectors of Ulysses, Cassini, Galileo and Helios spacecraft’s 

[6, 7]. This problem can be simplified by laboratory production of dust analogue samples and 

carrying out simulations with various models [8]. 

Along with acting as the natural scatterer for all observed light sources the amorphous 

graphite and silicate dust grains together play a vital role in the formation of H2, H2O, CO, 

CO2, CH3OH, and CH4 in the interstellar medium as observed in some prominent absorption 

bands for e.g. 2175 cm−1 and in the 2.5-30 μm range [9-15]. These two components of dust 

must be studied in the visible to IR range with models to fit observed scattering curves and 

absorption bands. Graphite is a major component of the cosmic dust clouds [16]. While 

silicates are abundant in the interstellar medium along with meteorites with higher 

probabilities than graphite and PAHs [17, 18]. Some well accepted simulation tools are also 

available to dust models in a broad wavelength range from UV-IR e.g. SKIRT [19].  An 

efficient dust model must include all possible physical parameters of the scatterer considering 

diverse properties of dust in different environments [20].  

This chapter provides a detailed description of the light scattering studies with 

mixtures of graphite and fayalite as interstellar dust analogues. The study is performed using 

two computational models in the visible wavelength region. A comparative analysis of the 

theoretical and experimental results of shape and size averaged phase function and degree of 

linear polarization are done to validate the models.  
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6.2 Computational dust models of graphite and fayalite 

Six target geometries were generated based on the random Gaussian (Figure 6.1 and 6.2) 

shapes suggested by Zubko et al. and Nousiainen and Muinonen [21, 22]. The aspect ratios 

for all the shapes are fixed between 2 and 3. Two models are developed based on these 

shapes Model1 and Model2. While converting these shapes into dipoles the distance between 

two adjacent dipoles are flexible so as to fit in target geometries of different shape and sizes.  

The number of dipoles used for the two models are fixed at 50k and 100k respectively.  

A number of nonconventional variables are used in the models to make it more 

realistic. These are elemental composition of graphite and fayalite, number of orientation 

directions, number of dipoles along with the particle size distribution and refractive indices. 

Among the parameters the alignment of dust particles is the most difficult parameter to 

consider while modeling.  

 

 

 

 

 

 

 

Figure 6.1 (a), (b), (c), (d), (e) and (f), Blender representation of target geometries shape1, 

shape2, shape3, shape4, shape5 and shape6 used in the models. 

a b c 

d e f 
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In all the computations the DDA condition [23, 24] is fulfilled for most of the cases. 

A table (Table 6.1) is provided in which the particle sizes are given for each of the 

wavelengths up to which the kdm ||  criterion is satisfied.  

Table 6.1 Maximum particle sizes at which the 1|| kdm condition is satisfied. 

Sample Wavelength Particle size at 50k dipoles Particle size at 100k dipoles 

Graphite 543.5 nm 1.0 µm 1.2 µm 

594.5 nm 1.1 µm 1.3 µm 

632.8 nm 1.2 µm 1.5 µm 

Fayalite 543.5 nm 1.3 µm 1.6 µm 

594.5 nm 1.4 µm 1.6 µm 

632.8 nm 1.5 µm 1.8 µm 

 

Figure 6.2 (a), (b), (c), (d), (e) and (f), 3d rendered dipole representation of the target 

geometries. 

a b c 

d f e 
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We have taken all possible measures within our capability to ensure higher accuracies in the 

calculations of orientation directions. The only drawback is that due to inadequate 

computational resources the number of orientation directions considered for averaging are 

limited. The measurements are performed in accordance with the random orientation 

conditions i.e. performed over a long duration of time and the system is assumed to be 

ergodic. When these conditions are satisfied the averaging over orientations direction for 

complete random orientation can be performed, where time averaging can be replaced by 

ensemble averaging over orientation directions [25, 26]. 

Again the scattering system is defined by two coordinate systems – one the 

Laboratory frame and another the target frame. One is dynamic with respect to the other with 

a common origin. This is another important condition for random orientation averaging [25- 

27].  In DDSCAT the laboratory frame is defined in such a way that the incident beam 

propagates in the x direction. And the target is specified by two orthogonal unit vectors 

1â and 2â assumed to be frozen in the target. The resultant target frame can be defined by 

using three unit vectors 1â , 2â and 3â ,where 213
ˆˆˆ aaa  . Further three angles are used to 

represent the target orientations which are , and  .  and  represents the direction of 

1â relative to incident beam. While represents the rotation of target around 1â axis.  

For randomly oriented targets the scattering matrix elements can be measured as [28], 

 
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,,cos
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1
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

       6.1 

Now the random orientational averaging is achieved by running   and  from 0⁰ to 360⁰ 

and  from 0⁰ to 180⁰ [28]. 

 It has been proved that to achieve complete random orientation a large number of 

orientation directions must be used in the DDA computations [29, 30]. But due to our 

restrictions in available computational resources we are forced to restrict the number of 

orientations to lower values. Also our aim is to study only the combined effect of various 

modelling variables on the scattering properties of dust particles. In order to develop highly 

accurate dust models a sufficiently higher number of dipoles are required (not applicable in 

this case). This might result in some inaccuracies in the computed parameters. 
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6.3 Physical properties of the graphite and fayalite particles 

The graphite samples are collected from Sigma Aldrich, while the fayalite microparticles 

(Fe2SiO4) are synthesized in the laboratory using a chemical route as suggested by De 

Angelis [31, 32]. In a particle sprayer or nebulizer (fitted in the setup) the fayalite and 

graphite microparticles are mixed in a 1:1 ratio. But after the samples are sprayed into the 

scattering volume, due to the probability distribution effects this ratio will not remain same 

during a particular scattering event. The Scanning electron micrography (SEM) analyses 

reveal highly irregular shapes of both graphite and fayalite samples (Figure 6.3). It also 

provides visual evidences of the particle size distribution and surface roughness. But it’s not 

possible to consider each and every shape along with all the particle sizes considering the 

high irregularity and dispersions. Therefore it is reasonable to select a few shapes of interest 

which is supposed to resemble majority of the sample in both cases.  The particle size 

distribution used is a lognormal function (Figure 4) with modal radius ( mr ) = 1 μm, size 

ranges ( r ) = 0.3 to 5 μm, and standard deviation (σ) = 1.5. [31, 33], 
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where ‘ N ’ is the number of particles with modal radius mr  . 

  

 

 

Figure 6.3 Scanning Electron Micrographs of (a) Graphite and (b) Fayalite. 

a b 
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The refractive indices of graphite are used as provided by Draine and Lee [34], while 

for silicates these values are obtained from Fabian et al. [35, 36].  The values are tabulated in 

Table 6.2. 

Table 6.2 Refractive indices of graphite and fayalite 

Sample Wavelength  Real part of refractive 

index (n) 

Imaginary part of 

refractive index (k) 

Graphite 543.5 nm 2.73 1.560 

594.5 nm 2.77 1.593 

632.8 nm 2.80 1.628 

Fayalite 543.5 nm 1.844 0.00087 

594.5 nm 1.846 0.00108 

632.8 nm 1.896 0.00144 

 

6.4 Comparative analyses of Model1 and Model2 

This sections provides details of the modeling approach and results of DDA computations 

along with possible explanations. Also the comparative analyses of measured parameters and 

significance of the models are discussed.   

Figure 6.4 Particle size distribution function of 

the mixture. 
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The Percentage elemental composition of graphite and fayalite considered for Model1 

and Model2 are provided in Table 6.3. 

Table 6.3 Percentage composition of graphite and fayalite particles for Model1 and Model2 

Model1 Graphite (%) Silicate (%) 

50 50 

Model2 10 90 

30 70 

60 40 

90 10 

  

6.4.1 Computational results of Model1 

The modeling variables used for Model1 are provided in the Table 6.4. 

Table 6.4 Modeling variables of computational Model1 

Wavelength No. of dipoles No. of scattering directions for  

cos  

No. of orientation 

directions 

543.5 nm 50k 144148 125 

594.5 nm 50k 124985 125 

632.8 nm 50k 113121 125 
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6.4.1.1 The computed parameters 

 

The computed values of scattering efficiency ( scaQ ), extinction efficiency ( extQ ), 

single scattering albedo (a) and asymmetry parameter (g) are shown in Figures 6.5 and 6.6 

along with key findings and explanations. 

It is observed that the scattering and extinction efficiencies, single scattering albedo 

values are higher for fayalite while the asymmetry parameter values are lower, than that of 

graphite (Figure 6.5). The curves follow a similar pattern, with no observable differences in 

values considering the narrow range of wavelengths. A small difference is seen in the 

extinction efficiency of fayalite between 543.5 nm and 594.5 nm wavelengths, which 

resulted in a peculiar curve for the single scattering albedo in the dust model calculations. 

a b 

c d 

Figure 6.5 The computed values of (a) Scattering efficiency, (b) Extinction 

efficiency, (c) Single scattering albedo, (d) Asymmetry parameter vs. incident 

wavelengths for Model1. 
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6.4.1.2 The comparative analyses for 11F and
11

12

F
F

  

 

The phase functions and polarizations are experimentally measured for a scattering 

angle range of 10⁰ to 170⁰. The comparative analyses is done to fit the experimentally 

measured values. From the plots it is observed that in the computational results are slightly 

higher than the experimental ones at the three incident wavelengths (Figure 6.6 (a) to (f)). It 

Figure 6.6 Theoretical and experimental phase function and polarization values at 

incident wavelengths (a) and (b) 543.5 nm, (c) and (d) 594.5 nm and (e) and (f) 632.8 nm 

respectively for Model1. Experimental curves are plotted with error bars. 

a b 

c d 

 e f 
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may be due to the compositional imbalance between highly absorbing graphite particles as 

compared to fayalite samples with lower values of imaginary refractive index. The 11F  

values are found to be closer in case of 632.8 nm wavelengths compared to other 

wavelengths. But 
11

12

F
F

 is found to be similar for all the wavelengths as revealed by the 

error analyses. A few negative values of polarization are also observed in the experimental 

results at higher scattering angles around 140° to 160° at all the wavelengths, not found in the 

theoretical calculations. While phase function values depends on the characterizing 

wavelengths and its closeness to the particle sizes, along with the shape averaging. As the 

incident radiation approaches the particle size, the accuracy and efficiency of the modeling 

approach becomes reasonable. The dominant parameter influencing the calculated values 

must be the particle size distribution and its comparability to the incident wavelengths. The 

number of dipoles considered is an important factor in achieving accuracy and closeness to 

experimental results. The errors are a combined result of discrepancies in approximating 

number of orientation directions and compositional assumptions of graphite and silicates. 

The lesser number of peaks and dips contributing to oscillations in both the theoretical and 

experimental curve is a result of the extensive shape and size averaging performed to 

simulate realistic dust.  

6.4.2 Computational results Model2 

Modeling variables used in Model2 are tabulated in Table 6.5. 

Table 6.5 Modeling variables of computational Model2 

Wavelength  No. of dipoles No. of scattering directions for 

cos  

No. of orientation 

directions 

543.5 nm 100k 144148 180 

594.5 nm 100k 124985 180 

632.8 nm 100k 113121 180 

 



Light scattering studies of interstellar dust analogue graphite and fayalite mixture                                 

                                                                                                                                                                                      Chapter VI 

  
   

 

 159  
Optical characterization of particulate matter using indigenous computational and experimental techniques       
  

In the Model2) a few variables are changed to achieve closeness to the experimental 

results as much as possible considering the theoretical limitations in terms of high 

computational requirements. The comparative analyses plots are shown in Figure 6.7 and 6.8, 

along with interpretations and important findings. 

6.4.2.1 The computed parameters 

 

The scattering and extinction efficiencies, single scattering albedos shows similar 

pattern as Model1, with slight changes in the values. But no observable differences between 

the curves are found other than the small variations in the single scattering albedo. The 

wavelength range considered is too narrow to differentiate between the computational results 

of these 4 parameters (Figure 6.7).  

a b 

c d 

Figure 6.7 The computed values of (a) Scattering efficiency, (b) Extinction efficiency, (c) 

Single scattering albedo, (d) Asymmetry parameter vs. incident wavelength, for Model 2. 
. 
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Scattering efficiency ( ScaQ ) vs. size parameter (X) values: 

 

Scattering efficiency ( ScaQ ) vs. size parameter (X) value are plotted for the final 

Model2 at each wavelength for all the six shapes considering the refractive index to be fixed 

[Figure 6.8]. The ScaQ values are very important to determine the influence of size averaging 

on the calculated scattering matrix elements [37]. Particularly the shape of these curves are 

crucial for proper interpretation of the computational results because it is necessary to cut off 

the calculations at some maximum particle size values to satisfy the kdm ||  values and 

minimize errors. These plots (Figure 6.8 (a), (b) and (c) shows that the major oscillations 

including the 1st maxima of the curve are concentrated within a typical moderate size 

parameters range. While the curves are almost flat towards very large size parameters 

a b 

c 

Figure 6.8 Scattering efficiency (Q
sca

) vs. size parameter at (a) 543.5 nm, (b) 594.5 nm 

and (c) 632.8 nm wavelengths respectively. 
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without any significant features extended upto 5 µm. It is evident that including sizes upto 

around 2 µm could still provide a quite accurate representation of the laboratory samples. 

This behavior is almost comparable to a geometric optic regime where all small features of 

the size distribution are accounted for in the computational curves [37]. Also the strong shape 

dependence of the size averaged ScaQ curves are evident from the study where each shape 

produces a distinct pattern for easily distinguishable from the others. But as the wavelength 

increases the curves move closer to each other with very narrow differences in their values. 

The aspect ratios also play a vital role in determining the ScaQ values for fixed shapes with 

the maximum being observed for shape 2 (maximum aspect ratio) and minimum for shape 3. 

While the near spherical irregular shapes attain closer intermediate values. 
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6.4.2.2 The comparative analyses for 11F and
11

12

F
F

  

 

Again the size and shape averaged values of scattering parameters are used to 

reproduce experimental results. Also the values of Model1 are plotted alongside Model2 to 

observe the changes after modification in the modeling approach. In the second model, the 

Figure 6.9 Theoretical and experimental phase function and polarization values at incident 

wavelengths (a) and (b) 543.5 nm, (c) and (d) 594.5 nm and (e) and (f) 632.8 nm 

respectively for Model2. Experimental curves are plotted with error bars. 

a 

c d 

e f 

b 
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computational parameters are found to be closer to the averaged values of experimentally 

measured 11F and 
11

12

F
F

 (Figure 6.8). The rms error values are calculated and averaged 

over the scattering angle   for both the models which shows significant reduction of 

discrepancies between computational and measured values in case of the Model2, provided 

in the Table 6.6. 

Table 6.6 Relative rms errors of Model1 and Model2 as compared with experimental results 

Wavelength  Phase function Polarization 

Model1 Model2 Model1 Model2 

543.5 nm 4.2384776e+02 1.5463738e+02 2.2192783e-01 1.4746347e-01 

594.5 nm 3.9755633e+02 1.4362824e+02 2.1093642e-01 1.2363271e-01 

632.8 nm 1.9863392e+02 1.2633091e+02 2.0124316e-01 1.1977673e-01 

 

6.5 Results and Discussions 

Model2 efficiently reproduces the experimentally acquired patterns of both the measured 

scattering parameters 11F and 
11

12

F
F

 with higher accuracy as compared to Model1. The 

11F curves are found to be of typical shape. While in case of higher scattering angle a few 

negative values of 
11

12

F
F

 appears in the experimental results, which are unaccounted for in 

our model. These unaccounted peaks are previously reported a number of times for cosmic 

and cometary dust [38-40]. 

 In case of 11F  the values of Model2 are closer to the experimental results with 

significant reduction in the calculated rms errors provided in Table 6.6. The increase in the 

orientation directions has an important effect in smoothing the computational curve making it 

near identical to the experimental values. The change in composition of the two constituent 

elements lowers the values of overestimated 11F  as in Model1. The composition which 

produces the best results is found out to be the one in which the ratios of graphite and fayalite 

are 3:2 [Table 6.3]. The increase in number of dipoles directly effects accuracy of the 



Light scattering studies of interstellar dust analogue graphite and fayalite mixture                                 

                                                                                                                                                                                      Chapter VI 

  
   

 

 164  
Optical characterization of particulate matter using indigenous computational and experimental techniques       
  

computation. In case of 
11

12

F
F

 for Model2, the values still remain closer to those of Model1 

but lower values and weaker peaks ensures that it is more comparable to the relatively 

smoother experimental curves with significant decrease in computational errors. 

Shape modeling can be effective for polarization because of its dependence on 

surface irregularities and sharp edges in the scatterer. At lower scattering angles up to a value 

of about 25°, the values of theoretical and experimental 11F are found to match significantly 

at all the characterizing wavelengths. But deviations are observed at mid and higher 

scattering angles upto the maximum measurement angle 170°. A relatively smooth curve is 

observed for both the parameters in case of 632.8 nm wavelength as compared to 543.5 nm 

and 594.5 nm. This patterns are typical to irregularly shaped dust particles as observed for 

computational curves in previous studies [41-42].  

 The averaging over shapes (considering surface roughness) tends to smooth out the 

theoretical curves, decreasing the number of small features and oscillations as found in both 

the theoretical and experimental curves for 11F and 
11

12

F
F

 .  

These models are not highly accurate but can be considered reliable and efficient in 

reproducing the observed patterns for scattering parameters of dust mixtures with two or 

more constituent elements, mainly in the moderate size parameter range.  

6.6 Conclusions 

1. An interstellar dust analogue model of graphite and fayalite is developed and studied 

at three incident wavelengths in the visible region. It provides a good approximation 

to the shape and size distribution of laboratory synthesized realistic dust particles 

supposed to be present in the interstellar medium. 

2. A number of nonconventional modeling variables are used to carry out computational 

calculations of scattering parameters and their influence on scattering patterns are 

demonstrated. 

3. The modeling approach is effective with the inclusion of additional parameters, 

provided the number constituent elements are limited (strictly two or three). 
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