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Abstract: In this paper, the optical properties of gold nanoparticles investigated. For this 

purpose the scattering intensity of a laser beam incident on gold nanoparticles has been 

studied using Mie theory and their respective curves versus different parameters such as 
scattering angle, wavelength of the laser beam and the size of gold nanoparticles are 

plotted. Investigating and comparison of the depicted plots show that the scattering 

intensity increases with increasing gold nanoparticles size up to 100 nm and further 

increasing of nanoprticles sizes leads to oscillating like behavior in the intensity patterns. 

Several peaks emerges in the patterns of intensity versus nanoparticle size. It was also 

found that for particles with sizes less than 100 nm the intensity patterns versus 

wavelength had a one peak about 520 nm while for the particles bigger than 100 nm there 

appears other maxima in different wavelength too. Changing the angle of scattering led 

to change in the intensity pattern of scattered light and its minimum value was detected 

at 90°. These results can be used in detecting cancerous tumors and in cancer therappy. 
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1. INTRODUCTION  

In recent years nanotechnology has become one of the most important and 

exciting forefront fields in Physics, Chemistry, Engineering and Biology [1]. 

Metal nanoparticles with different sizes and shapes, are the most considered 

nanostructures mostly because of their optical properties, which is dependent on 
the size and shape of nanoparticles. The surface plasmon resonance in metal 

nanoparticles undertakes their unique optical properties. This unique 

phenomenon to plasmonic (noble metal) nanoparticles leads to strong 
electromagnetic fields on the particle surface and consequently enhances all the 
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radiative properties such as absorption and scattering. This surface plasmon 

resonace differes the Plasmonic nanoparticles from other nano platforms such as 
semiconductors, quantum dots, magnetic and polymeric nanoparticles and leads 

to offering multiple properties useful for biological and medical applications [2]. 

The biomedical applications of metal nanoparticles started in the 1970s BY use 
of nano bio conjugates after the discovery of immune gold labeling by Faulk and 

Taylor [3].  

Mie theory is used to study the interaction of light and spherical metal 

nanoparticles. In Mie theory the scattering intensity and cross section of light is 
calculated [4].  

In this paper, based on Mie theory we have investigated the scattering intensity 

and the effective parameters of a laser beam incident on gold nano particles. 

2. Gold nanoparticles, properties and applications 

The first metal colloid was discovered by Mikel Faraday in 1856. Faraday gold 

colloids had special electronic and chemical properties. Due to their optical and 
electronic properties Gold nano particles can be used for medical diagnosis and 

treatment of diseases and manufacturing sensors [5]. The stability and non-

toxicity properties of gold nanoparticles along with their strong scattering and 
absorbing property, make them suitable in medical uses. The interaction between 

light and gold nanostructures is not only useful for the treatment of cancer but 

also for its diagnosis. Gold nanoparticles are very good at scattering and 
absorbing light. These gold nanoparticles have greater affinity for cancer cells 

than for noncancerous cells. This conjugated nanoparticle solution is added to 

healthy cells and cancerous cells. The concentration of gold nanoparticles in the 

cancerous cells is much more than the noncancerous cells so, if you see a well-
defined cell glowing, that’s cancer. Gold nanoparticles has been successfully used 

as a therapy for Rheumatoid arthritis and Cancer detection [5]. 

Weaknesses of common treatment methods in cancer therapy has faced it 
different challenges. Now, using nanoparticles as therapeutic agents provides a 

promising future for cancer treatment [6-14]. In the past few decades, photo-

thermal therapy (PTT) has been studied widely to enhance cancer treatment 
efficiency [15–24]. Recently, the advantages of using hollow nanoparticles with 

respect to the applications in cancer therapy has been studied too [25].  

Fig. 1 shows the concentration of gold nanoparticles in cancerous part of a mouse 

body which is used in diagnostic purpose.  
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Fig. 1. Cancer Detection [5] 

3. Mie theory 

The general solution of Maxwell’s equations for scattering from a sphere of 

arbitrary size was obtained in 1908 by Gustav Mie. The original Mie theory is 
restricted to plane wave scattering by a homogeneous sphere embedding in an 

isotropic and homogeneous medium [4]. 

 

 
 

Fig. 2.  Coordinate geometry for Mie scattering. [26] 

 

Radiation intensity is the amount of energy that passes the unit area per unit time 
and is calculated using Mie theory [26]. 

𝐼𝜑  =
𝜆2

4𝜋𝑟2
𝐼0 𝑖1(𝜃)𝑠𝑖𝑛2(𝜑) 

(1) 
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𝐼𝜃 =
𝜆2

4𝜋𝑟2
𝐼0𝑖2(𝜃)𝑐𝑜𝑠2(𝜑) 

(2) 

 

For each scattering angle (θ , 𝜑), the Equations (1) and (2) represent the 

intensities of scattered radiation vertically and horizontally polarized with 
respect to the scattering plane, respectively, which is defined by the incident ray 

(of intensity Io) and the scattered ray, noting the polarization state of the incident 

ray as shown in Fig. 2. 

If the equations are redefined in terms of the polarization states with respect to 

the scattering plane we have:  

𝐼𝑉𝑉  =
𝜆2

4𝜋𝑟2
𝐼0 𝑖1(𝜃) 

(3) 

𝐼𝐻𝐻 =   
𝜆2

4𝜋𝑟2 𝐼0   𝑖2(𝜃) (4) 

 

 
 

Fig. 3.  Angular scattering intensity [8]. 

Here the subscripts refer to the state of polarization of the incident and scattered 

light, respectively, with orientation defined by the scattering plane. Specifically, 

the subscripts VV refer to both vertically polarized incident light and vertically 

polarized scattered light with respect to the scattering plane (𝜑 = 90°). Similarly, 

the subscripts HH refer to both horizontally polarized incident light and 

horizontally polarized scattered light with respect to the scattering plane ( 𝜑  = 

90°). 
If unpolarized incident light is considered, the scattering is given by the following 

formula: 

𝐼𝑠𝑐𝑎 =
𝜆2

8𝜋𝑟2 𝐼0 ( 𝑖1(𝜃) + 𝑖2(𝜃))                                                                          (5)       

where, 𝑟 is the distance to the object and  𝐼0 is the primary intensity. 𝜆 is the 

incident wavelength and 𝑖1(𝜃), 𝑖2(𝜃), are the angular intensity functions 

calculated from the infinite series given by: 
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i1(θ) = |∑
2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜋𝑛(𝜃) + 𝑏𝑛𝜏𝑛(𝜃)]∞

𝑛=1 |
2

                                                  (6)   

i2(θ) = |∑
2𝑛+1

𝑛(𝑛+1)
[𝑎𝑛𝜏𝑛(𝜃) + 𝑏𝑛𝜋𝑛(𝜃)]∞

𝑛=1 |
2
                                                  (7)   

 

In these equations, the angular dependent functions 𝜋𝑛(𝜃) and 𝜏𝑛(𝜃) are 

expressed in terms of the Legendre polynomials by: 

𝜋𝑚𝑛(𝜃) =
𝑚𝑃𝑚𝑛(𝑐𝑜𝑠 𝜃)

𝑠𝑖𝑛 𝜃
 

(8) 

 𝜏𝑚𝑛(𝜃) =
𝑑𝑃𝑚𝑛(𝑐𝑜𝑠 𝜃)

𝑑𝜃
 

(9) 

 𝑎𝑛 and 𝑏𝑛 are Mie coefficients  defined as: 

 

 

𝑎𝑛 =
𝜓𝑛(𝛼)𝜓𝑛

́ (𝑚𝛼) − 𝑚𝜓𝑛(𝑚𝛼)𝜓𝑛
́ (𝛼)

𝜉𝑛(𝛼)𝜓𝑛
́ (𝑚𝛼) − 𝑚𝜓𝑛(𝑚𝛼)𝜉𝑛́(𝛼)

 
(10) 

𝑏𝑛 =
𝑚𝜓𝑛(𝛼)𝜓𝑛

́ (𝑚𝛼) − 𝜓𝑛(𝑚𝛼)𝜓𝑛
́ (𝛼)

𝑚𝜉𝑛(𝛼)𝜓𝑛
́ (𝑚𝛼) − 𝜓𝑛(𝑚𝛼)𝜉𝑛́(𝛼)

 
(11) 

 

where α is dimensionless size parameter given by the expression 

𝛼 =
2𝜋𝑎

𝜆
                                                                                                             (12)           

where a is the spherical particle radius and m is the refractive index of the 

scattering particle, and is commonly represented by the complex notation defined 

as  

𝑚 = 𝑛 − 𝑖𝑘                             (13) 

Where, n indicates the refraction index of light and 𝑘   indicates the absorption 

coefficient. 𝜓𝑛(𝛼) and  𝜉𝑛(𝛼) are Riccati – Bessel and Riccati – Hankel functions 

expressed as: 

𝜓𝑛(𝛼) = √
𝜋𝛼

2
𝐽𝑛+1/2(𝛼)                                                                                  (14)  

𝜉𝑛(𝛼) = √
𝜋𝛼

2
𝐻𝑛+1/2(𝛼)                                                                                 (15) 

These equations show that the scattering angle, nanoparticle size and wavelength 

of the incident beam are the effective factors on the scattering intensity.                                                                                                            
In this paper, we simulate the interaction of a Laser Beam with gold nanoparticles. 

In these simulations some parameters such as optical constants of gold 

nanoparticles versus the wavelength of laser are obtained from the table of ref. 
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[9].  Curves of the scattering intensity versus parameters such as scattering angle, 

wavelength of the laser and size of nanoparticles are simulated.  
 

4-1. The effect of nanoparticle size on the scattering intensity 

To simulate the effect of nanoparticle size on the scattering intensity, the curves 
of the scattering intensity versus the size of nanoparticles are plotted using Eq.'s 

3-5.  

In the plotted curves of scattering intensity R= 2𝑎 is the particle diameter which 

is assumed from 5 𝑛𝑚 to 100 𝑛𝑚. The refractive index of gold nanoparticle, 𝑚   

at different wavelength's is different so in our calculations their respective values 

are taken from [27,28]. The primary intensity of incident beam is taken as 

5 μ 𝑤𝑚−2. The distance to the object is assumed to be 5 cm and scattering angle 

is considered 45°.  

In Fig. 4 the intensities 𝐼𝑉𝑉,   𝐼𝐻𝐻 and 𝐼𝑆𝐶𝐴 are plotted versus particle diameter in 

three wavelengths 413 nm, 532 nm and 617 nm. These plots show that the 
scattering intensity increase with increasing gold nanoparticle size from 0 to 100 

nm. Beyond 100 nm the intensity curves change their behavior. They have 

oscillating like behavior. It can be seen from Fig. (4-a) that 𝐼𝑆𝐶𝐴 reaches its 
maximum for nano particles with diameters about 180 nm, 420 nm and 600 nm 

for the incident wavelength of 413 nm. These values for 𝐼𝑉𝑉  and  𝐼𝐻𝐻   are a little 

different. By increasing the diameters from 700 nm to 900 nm the scattered 

intensity increases more rapidly. Fig. (4-b) and (4-c) the intensities 𝐼𝑉𝑉,   𝐼𝐻𝐻 and 

𝐼𝑆𝐶𝐴 are plotted versus particle diameter. As it can be seen from these figures the 

scattering intensity patterns change be changing the wavelength of incident laser 
beam. For 532 nm wavelength the values of the peaks of intensity pattern are 

greater than the peak's values at 413 nm and 617 nm. Moreover the maxima have 

approximately the same value. 
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Fig. 4 Scattering intensities IVV(__), IHH(…), Issca(_ _) versus size of gold nanoparticle for 
different wavelength a) 413 nm b) 532 nm c) 617 nm 

 

Fig. 5 shows the intensity curves 𝐼𝑉𝑉 , 𝐼𝐻𝐻  and 𝐼𝑆𝐶𝐴 versus particle diameters for 
three wavelengths 413, 532 and 617 nm.   From Fig. (5-a,b,c) it can be observed 

that the scattering intensity increases with increasing the incident wavelength.  It 

is also seen from these curves that the peak of intensity patterns tends to shift 
towards the particles with larger diameters for instance in fig. (5-a) the first peak 

is observed at 180, 200 and 300 nm particle diameter for 413 nm, 532 nm and 

617 nm incident wavelength, respectively. 
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Fig. 5- a) Ivv, b) IHH and c) Isca  versus size of gold nanoparticle for different wavelength 413 
nm(__), 532 nm(…) and 617 nm(_ _) 
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Fig. 6.  Curves of the scattering intensity versus wavelength of the incident laser beam for different 
scattering angles, θ=30° (blue), 45° (black), 60° (red) and different nanoparticle radius.  
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4-2. The effect of wavelength of the incident beam on the scattering intensity 

The curves of the scattering intensity versus wavelength of the incident laser 

beam are plotted in Fig. 6. The distance to the object is taken  5 𝑐𝑚 and the 

scattering angle assumed to be 30°, 45° and 60° in each plot. The curves are 

plotted for different nanoparticle radii.     
Fig. (6-a) shows that the scattering intensity decreases with increasing 

wavelength of the incident laser beam for the nanoparticle radius of 25 nm. As 

the wavelength further increases the peak of scattering intensity emerges at about 

λ=520 nm (at the middle of visible spectrum). By increasing the nanoparticle 
radius to 50 nm the peak of scattering intensity get bigger value (fig. (6-b)). In 

fig. (6-c) to (6-h) it is observed that by increasing r, new peaks of scattering 

intensity in different wavelength emerges. It can be seen from these plots that the 
behavior of scattering intensity in different scattering angles more or less are the 

same up to r=300 nm. As r increases to 500 nm the behavior of the scattering 

intensity pattern at the scattering angle 60° (red dotted curve) changes. It is also 
seen that the peak of scattering intensity at 60°emerges at different wavelength 

and they have bigger values. 

4-3. The effect of scattering angle on the scattering intensity 

The simulated curves of the scattering intensity versus scattering angle are plotted 

in Fig. 7. In these plots the sizes of gold nanoparticles are assumed to be 20 nm, 

50nm and 100 nm. From fig. (7-a) it can be seen that the intensity curves 𝐼𝑉𝑉 , 𝐼𝐻𝐻  

and 𝐼𝑆𝐶𝐴 behave the same for different nanoparticles sizes when the wavelength 

of the incident laser beam is 413 nm. It is also seen that the intensity pattern of  

𝐼𝑉𝑉  does not change by changing the scattering angle while the other two 

intensities  𝐼𝐻𝐻  and 𝐼𝑆𝐶𝐴 change from value of 1 to a minimum of 0 and 0.5 at 

θ=π/2, respectively. Fig. (7-b) and (7-c) show the same plots for λ= 532 nm and 

λ= 617 nm respectively. As it is seen in these figures the patterns of intensities 
began to have approximately different behavior. The value of the intensities in 

these fig.'s are more distinct from 0.9 for R=100 nm to 1 for R= 20 nm particle 

size. The difference of intensities values at θ=0 becomes more distinct by 
increasing λ to 617 nm (Fig. (7-c)).   
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Fig. 7.  Plots of scattering intensities Ivv (__), IHH (…) and Isca (_ _) versus scattering angle for 

incident wavelengths of a) 413 nm, b) 532 nm, c) 617 nm and different nanoparticle sizes 20 nm 
(red), 50 nm (green) and 100 nm (blue).  

 

5. Conclusion 

The interaction of Laser Beam and gold nanoparticles has been investigated in 
this work. Scattering intensity and the effective parameters on the scattering 

intensity are calculated using Mie theory. Curves of the scattering intensity versus 

different parameters such as scattering angle, wavelength of the incident laser 

beam and nanoparticles size are simulated. Simulations and calculated results 
show that the scattering angle, refractive index, absorption coefficient of the 

nanoparticle, nanoparticle size and wavelength of the incident beam are the 

effective factors on the scattering intensity of light from gold nanoparticles. 
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The results also show that the scattering intensity increase with increasing gold 

nanoparticle size to 100 nm and by further increasing nanoparticle size the pattern 
shows an oscillating behavior. Is was observed that by increasing the wavelength 

of the laser beam the scattering intensities increase too.Another important 

parameter on the scattering intensities is the wavelength and size of the 
nanoparticles. It was seen from the figures that the intensity patterns of gold 

nanoparticle has a peak around 520 nm wavelength and the value of this peak 

becomes bigger by increasing the size of nanoparticles, but further increase in the 

size leads to emerging other peaks in the intensity pattern of scattering light at 
other wavelength. Besides, It was found that the intensity pattern of scattering 

light versus scattering angle have the same behavior for different nanopartice 

sizes and the values of the intensities become more distinct by increasing the 
incident laser beam wavelength.      
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