
 

This is a postprint version of the following published document: 

Ullah, Kaleem; García-Cámara, Braulio; Habib, 
Muhammad; Yadav, N.P.; Liu, Xuefeng. (2018) An 
indirect method of imaging the Stokes parameters of a 
submicron particle with sub-diffraction scattering, 
Journal of Quantitative Spectroscopy and Radiative 
Transfer, v. 213, pp.: 35-40. 

DOI: https://doi.org/10.1016/j.jqsrt.2018.04.015 

© 2018 Elsevier Ltd. All rights reserved.. 

 

This work is licensed under a Creative Commons 
AttributionNonCommercialNoDerivatives 4.0 International License 

https://doi.org/10.1016/j.jqsrt.2018.04.015
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


1 

An Indirect Method of Imaging the Stokes Parameters of a Submicron 
Particle with Sub-diffraction Scattering  

      Kaleem Ullah1, Braulio Garcia-Camara2, Muhammad Habib3, N.P. Yadav1 and Xuefeng Liu1, * 

1School of electronic Engineering and Optoelectronic Technology, Nanjing University of Science and 
Technology, Nanjing, 210094, Jiangsu, China 

2Group of Displays and Photonic Applications (GDAF-UC3M). Carlos III University of Madrid, Leganes, 
28911 Madrid, Spain 

3National Synchrotron Radiation Lab, University of Science and Technology of China, Hefei, Anhui, 
China 

*kaleem758@gmail.com  

Abstract 

In this work, we report an indirect way to image the Stokes parameters of a sample under test 

(SUT) with sub-diffraction scattering information. We apply our previously reported technique 

called parametric indirect microscopic imaging (PIMI) based on a fitting and filtration process to 

measure the Stokes parameters of a submicron particle. A comparison with a classical Stokes 

measurement is also shown. By modulating the incident field in a precise way, fitting and filtration 

process at each pixel of the detector in PIMI make us enable to resolve and sense the scattering 

information of SUT and map them in terms of the Stokes parameters. We believe that our finding 

can be very useful in fields like singular optics, optical nanoantenna, biomedicine and much more. 

The spatial signature of the Stokes parameters given by our method has been confirmed with finite 

difference time domain (FDTD) method. 
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1. Introduction 

In any conventional optical far-field microscopy, when the light is focused by the objective 

lens, a blurry spot is formed due to diffraction [1,2]. The width of this light spot can be calculated 

through the Rayleigh limit. This establishes that the radius of the spot is given by 0.6λ/NA, where 

NA is the numerical aperture of the lens and λ is the wavelength of the incident wavelength [3-8]. 

Numerous approaches have been used to break this diffraction barrier. Several of them achieved a 
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lateral resolution of tens of nanometers, substantially lower than the wavelength of light, but each 

with its own limitations [9–16]. A continuous effort to develop existing and new techniques is 

needed to harness the benefits of optical far field microscopy for ultra-resolution imaging. The 

foundation of the super-resolution of an optical microscopy depends on the detection of the near 

field signals which contains the sub-wavelength features of the sample under test (SUT) [17,18]. 

It is true that near field scanning optical microscopy (NSOM) can collect the near field information 

by scanning with a sharp tip, a few nanometer away from the SUT, forming an image which is 

beyond the diffraction limit [19–22]. However, NSOM is difficult to operate in non-invasive mode 

and only limited to the surface imaging [23]. Furthermore, its mapping area with subwavelength 

features is narrow. Recently, proposed super and hyper-lens can also achieve nanoscale scattering 

features by using the evanescent wave spectrum in a clever way [24]. However, a subsequent study 

demonstrated that resolving capability of the super-lens is seriously weaken by the material losses, 

related to the resonant nature of the enhanced evanescent waves. Furthermore, evanescent waves 

could not be focused by using the conventional optics [24–28]. 

Stokes parameters are used to describe both the optical response and the polarization state of 

the SUT. Therefore, Stokes parameters with sub-diffraction scattering signals are desired in many 

applications, such as nano-fabrication [29], optical nanoantenna [30], surface plasmon excitation 

[31], optical data transmission [32] and so on. Several methods have been reported in the literature 

to measure the Stokes parameters. Among these methods, some of them are really simple [33,34], 

some are using tightly focused beams [35] and meta-lenses [36] to map the Stokes parameters with 

subwavelength scattering distributions. These reported simple methods do not provide a high-

sensitivity of Stokes imaging [33, 34], and those techniques which are highly sensitive are not 

simple and cost effective [36]. The objective of applying our technique is to provide a platform to 

measure the Stokes parameters with sub-diffraction scattering distribution using a cost effective 

and simple system. We confirm the high sensitivity of our system by comparing it with a 

conventional far field microscopy and also with FDTD simulations. 

Sub-wavelength anisotropic features in the SUT produces variations in the far-field 

scattering, which come from a near-field to far-field coupling. Our PIMI system [37] uses a 

polarization modulation illumination scheme to obtained these far field scattering changes. In 

particular, changes arising in the far-field point spread function (PSF) are produced due to this 
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coupling effect because different polarization illumination collects different scattering 

information. After filtering and fitting at each pixel, the PSF becomes narrow, giving rise to the 

resolution smaller than the wavelength [37]. In other words, we can map the nanoscale scattering 

distribution of the SUT. In this work, we report the ability of PIMI technique to image the Stokes 

parameters of an isolated submicron particle with sub-diffraction scattering distribution. A 

comparison with the Stokes parameters measured by a classical method is also included to show 

the relevant differences and the strength of this technique. The spatial signatures of the Stokes 

parameters delivered by PIMI have been also verified by FDTD simulations.  

 

2. Theoretical and Experimental Basis 
 

2.1 Stokes Parameters Measurement by Classical Method 
 

In the traditional way, the measurement of the Stokes parameters can be carried out with the 

help of two optical components named as retarder and polarizer [38]. The first three Stokes 

parameters can be calculated by rotating the transmission axis of the polarizer, whereas for finding 

the last Stokes parameter, i.e. S3, a retarder is required to convert the linearly polarized light into 

left or right circularly polarized light [33, 39]. Figure 1 shows the schematic representation of the 

measurement of the Stokes parameters as well as a scheme of the calculation of each parameter 

and the polarization configurations. The first Stokes parameter, S0, represents the total intensity 

whereas the second one, S1, quantifies a difference in the intensities in x and y, providing 

information on a linear polarization as shown in Fig. 1(b). S2 measured the difference of two 

electric field components at diagonal positions [40], i.e. 45o and 135o, as shown in Fig. 1(b). The 

last parameter, S3, illustrates the difference between left and right circularly polarized [38] 

measured by positioning a quarter wave-plate at 45o and 135o in the optical path of the optical 

system, as it is shown in Fig. 1(a). 
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Figure 1. (a) Schematic of the classical measurement setup of the 

Stokes parameters. (b) A representation of the Stokes parameters in 

the form of polarization pattern displayed as arrows and four 

equations. 

 

2.2 Stokes Parameters Measurement by PIMI Method 
 

PIMI system is built by modifying a conventional optical far field microscopy such that the 

variation of the polarization status of incident light can be precisely controlled. When this linear 

polarized beam with different polarization angles impinges on the SUT, it collects different 

information depending on the atomic arrangement of the SUT. A schematic of the PIMI system is 

displayed in Figure 2(a) (see Methods section for further information). A Cu2O submicron sphere 

is considered as sample to be probed. Its scanning electron microscopy image has been displayed 

in Fig. 2(b) to check its spherical shape and estimate its size (diameter ~ 900 nm). The scattering 
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field distribution for a complete incident polarization angle range has been shown in Fig. 2(d). As 

can be observed, the scattering spatial distribution is changed for every polarization. This change 

arises due to the directionality of the atomic or molecular arrangements. This variation of the 

refractive index with the direction of the vibration of the light is represented by a surface called 

indicatrix [41]. It has a general form of ellipse [41], as can be seen in Fig. 2(c). For any general 

direction of the light, an elliptical cross-section of the indicatrix is observed and optical anisotropy 

is given by the difference in the length of the elliptical axis [41].  

In PIMI, we rotated the incident linearly polarized light from 0o to 360o before impinging on 

the SUT with a period angle of 18o. Therefore, the detector intensity follows a sine wave cycleso, 

we can formulate the intensity variation at each spatial point covered by the PSF by using the Jones 

Model [41]. The experimental spatial points which follow the fitting criteria (Adj. Root Square = 

90) [37] fit well with the reconstruction curve as shown in Fig. 3(a) and they are regarded as the 

fitting points or the authentic points. On the other hand, those spatial points which are below this 

merit criteria are considered as noise and filtered out [37]. Figure 3 shows the fitting and filtration 

process followed by PIMI technique. The filtering process has been illustrated in Fig 3(b), the 

points whose Adj. R. Square value is larger than 90 follows the reconstruction curve as shown in 

Fig. 3(a), whereas, the points do not reach this criteria filtered out as noise as can be visualized 

from Fig. 3(b). Only the central points of the PSF at each pixel follows the near to far field coupling 

principle and fulfills the fitting criteria. The points other than the central points of each pixel filters 

out and we can be able to differentiate between two close range points as can be seen from the Fig. 

3(c, d). By removing the extra diffraction in each pixel of the CCD, the width of the PSF narrowed 

down and we can differentiate between two closely situated points as can be observed well from 

the Fig. 3(e). In other words, we can image the nanoscale field mapping in PIMI system which 

cannot be possible with the classical far field microscopy. 
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Figure 2. (a) Schematic of the PIMI system (b) The SEM image of the Cu2O sphere. 

(c) Polarization ellipse representation where E0x and E0y are the horizontal and 

vertical components of the electric field, ϕ is the azimuthal angle along the slow 

vibration axis i.e. E0x axis. (d) Intensity field images were taken by modulating the 

linear polarization light at a various angles range of 532 nm wavelength with 100x 

objective of 0.90 numerical aperture.  
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Figure 3. (a) A representation of the fitting the experimental data points. (b) The process of 

filtration shows how points which did not follow the equation 3 remove and how neighboring 

diffraction which is present in the conventional microscopic blurry spot (c) removed that helps us 

to distinguish between two close range points (d). (e) Intensity line graph by plotting the data 

extracted from (c, d) on the same position. 

 

We rotate the linear polarization field from 0o to 360o, so, we can express the intensity of the 

complete modulation process as [41],[42]: 

                                                                    0 [1 sin 2( )sin ]
2
II   = + −                               (1) 

Where I0 is the non-polarized intensity, α is the input polarization angle, ϕ is the angle along the 

slow vibration axis (see Fig. 1(c)) and δ is the optical retardation (the phase shift between the Ey 

and Ex). The field scattered distribution which has been displayed in Fig. 2(d) can be defined by 
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the equation 1. The lower and higher value of the intensity depends on the factor sin2(ɑ-ϕ). As 

shown in Fig. 2(d), the intensity of the polarization angle of 36o and 288o is minimum whereas the 

brighter intensity in case of the 108o, 144o, 180o, and 216o can be observed.  

By expanding equation (1) trigonometrically, it can be obtained that: 

                      0 0 0
1 1 1sin cos 2 sin 2 sin sin 2 cos 2
2 2 2

I I I I     = + +                   (2) 

Then, the required parameters after the fitting can be derived by the following equation: 

                                                   0 1 2sin cosiI a a a = + +                                             (3) 

By comparing equations (2) and (3), the parameters are obtained: 

                                0 0 1 0 0
1 1 1, sin cos 2 , 2 sin sin 2
2 2 2

a I a I a I   = = = −               (4) 

By rotating the polarization angle along a complete circumference with a resolution of 1º, a total 

number of angles N= 360o and ɑ0, ɑ1 and ɑ2 are calculated as: 

                            0 1 2
1 1 1

1 2 2, sin , sin
N N N

i i i i i
i i i

a I a I a I
N N N

 
= = =

= = =                              (5) 

Using these parameters, the desired quantities can be found as: 

                                
1 1

2 2 2 22 2
1 2 1 2

0
0 0

( ) ( )1,sin , arccos
2dp

a a a aI a
a a

 

 
+ + = = = +

 
 
 

            (6) 

And then, Stokes parameters can be calculated by a mutual relationship between Jones and Muller 

model as follows: 

                                               

2 2
0 0 0

2 2
1 0 0

2 0 0

3 0 0

(1 sin )

(1 sin )cos 2                                          

2 (1 sin )cos 2 2 sin

2 (1 sin )sin 2 2 cos

dp x y
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dp x y
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= + =
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(7) 
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These Stokes parameters are calculated from the Idp, sinδ, and ϕ which are derived after the fitting 

and filtration process (Eq. (6)). For this reason, Stokes parameters measured with this method 

definitely will show extra sensing of sub-wavelength scattering as compared to those measured by 

the traditional method. 

3. Results and Discussion 

Stokes parameters of a Cu2O spherical particle with a diameter of 900 nm are obtained by using a 

classical technique and PIMI method as displayed in Figure 4 (a) and (b), respectively. This 

particle has the interest of being able to support several resonant scattering modes in the visible 

range. That provides a sub-wavelength light confinement and a complex spatial distribution of 

Stokes parameters. In the classical method (Fig. 4(a)), the field distribution is not well resolved as 

it is compared with simulations (Fig. 4(c)). Results of S0 to S2 show an almost isotropic distribution 

without any angular information. On the other hand, S3 shows a certain angular distribution, 

however the boundary of the Cu2O sphere is not very clear.  

The lost information can be observed by comparing these results with the theoretical 

calculation of the Stokes parameters by using a numerical method. In particular, FDTD numerical 

simulations have been carried out to obtain the Stokes parameters of the considered sample and 

are displayed in Fig. 4(c). It can be seen that the spatial distribution is quite complex with well-

defined lobes, either inside or outside of the particle. In contrast with the conventional method, 

Fig. 4b shows the Stokes parameters images provided by PIMI. In this case, a complex distribution 

is observed, as expected and lobe distribution is in accordance with numerical simulations (Fig. 

4c). In S0, which represents the total intensity [38], the low and high intensity lobes are well 

resolved, both inside and outside the particle limits, as can be seen in Fig. 4(b). Although there is 

not a perfect matching between numerical simulations and PIMI image, the improvement from a 

conventional method is clearly observed and the quantity of information increases considerably.  

S1 and S2 parameters also delivered the angular distribution in a much better way as compared to 

the traditional method. S3 parameter provides scattering difference under a left and right circularly 

polarized incident light [38]. This means that, in terms of S3, we can get sub-wavelength 

information about the chirality from the PIMI system.  
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By comparing the spatial signature provided by our indirect Stokes parameters with FDTD 

calculations as displayed in Fig. 4(c), we can identify few mismatches, for instance in the center 

of the particle and also out of the particle boundaries. The reason may lie in the fact that in 

simulations, we sliced the particle through its center, whereas PIMI measurement considers their 

value in the surface. Despite this, the similarity in the scattering distribution of S2 and S3 is 

remarkable. The similarities in FDTD and PIMI spatial signature delivered by Stokes parameters 

proved that PIMI system having the capability to image the Stokes parameters with sub-diffraction 

far field distribution and an important improvement with respect to classical techniques. 

 

 

Figure 4. (a) Stokes parameter of a 900 nm Cu2O submicron sphere measured with the 

conventional method under bright field illumination using a wavelength of 532 nm. (b) Stokes 

parameters delivered by PIMI method using the same measurement conditions as adopted in the 

traditional method. (c) FDTD calculated Stokes parameters. 
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Conclusion 

We reported here a novel way to map the Stokes parameters of a submicron Cu2O sphere with sub-

wavelength information. We compared this spatial signature with the Stokes parameters delivered 

by the classical method. We found our Stokes parameters spatial signature contains finer details 

about sub-diffraction field distribution of SUT lacked by a conventional method. We proved the 

spatial scattering delivered by PIMI Stokes parameters by FDTD method.  

Methods 

Sample Preparation 

For synthesizing the Cu2O spherical particles, a typical solution route was applied. The 

research grade reagents were purchased from Sigma-Aldrich Company and used as it is in the 

experiment. In the first step, the transparent light green solution was prepared by slowly adding 

polyvinylpyrrolidone in 100 mL CuCl2.2H2O solution. After that 10 mL, sodium hydroxide 

(NaOH) was added into the polyvinylpyrrolidone-CuCl2.2H2O solution and stir for 30 minutes. In 

the next step, ascorbic acid was added into PVP-CuCl2.2H2O solution drop by drop and aged for 

3 hours. These steps were performed in the water bath with constant stirring and heating. The 

molarities of polyvinylpyrrolidone, NaOH, and ascorbic acid were 0.01 mol L-1 (PVPMW 30000), 

2.0 mol L-1 and 0.6 M respectively. The obtained solution was centrifuged to get the desired 

precipitate. After that several times, washing was performed with DI water and ethanol to get rid 

of impurities followed by drying in an oven for several hours [43]. 

Parametric Indirect Microscopic Imaging (PIMI) 

PIMI system has been built by modifying the conventional microscopy Olympus BX51. 

An un-polarized visible source in the form of an incandescent lamp has been used. We have 

incorporated a homemade system in the optical path which is composed of a polarization 

modulation module with an angle precision of 0.05 degree and a Basler (PiA2400-17gm) CCD 

with a pixel resolution of 3.45 micron. The 3.45-micron-pixel CCD resolution leads to an outmost 

potential resolving power of 34.5nm if diffraction limit is broken and the Nyquist principle is 

fulfilled in the microscopic system, working with a 100x objective. The direct and indirect optical 

images were carried out at the illumination wavelength of 532nm.  
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