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Supplementary Text 

1. Details on Metasurface Device Design 

As described in the main text, the nanophotonic device we have designed comprises four 

distinct sub-regions, each of which can be represented by Jones matrices labeled as 𝐽11, 𝐽12, 

𝐽21 , and 𝐽22 , respectively. These sub-regions serve different functions and collaboratively 

achieve powerful optical manipulation capabilities. Here, we provide a detailed introduction to 

the photonic spin-decoupled metasurface. Subsequently, we elaborate on the collaboration 

mechanism of the four sub-regions. 

1.1 Photonic spin-decoupled metasurface   

The metasurface device is required to attain independent phase modulation of the LCP and RCP 

input states, achieving a fully decoupled output. Notably, most transparent fluid flows in nature 

respond identically to LCP and RCP light. Assuming the incident polarization state is |𝐿⟩, the 

metasurface imparts a phase profile of 𝜑m(𝑢, 𝑣)  to the incident light. If the incident 

polarization state is |𝑅⟩, the metasurface imparts a different phase profile, 𝜑n(𝑢, 𝑣), to the 

incident light. Such a device can be described by the following Jones matrix [1-3]：   

          𝐽(𝑢, 𝑣) =
1

2
[ 𝑒

𝑖𝜑m(𝑢,𝑣) + 𝑒𝑖𝜑n(𝑢,𝑣) 𝑖𝑒𝑖𝜑n(𝑢,𝑣) − 𝑖𝑒𝑖𝜑m(𝑢,𝑣)

𝑖𝑒𝑖𝜑n(𝑢,𝑣) − 𝑖𝑒𝑖𝜑m(𝑢,𝑣) −𝑒𝑖𝜑m(𝑢,𝑣) − 𝑒𝑖𝜑n(𝑢,𝑣)
]         (S1) 

This matrix provides the general form of photonic spin-decoupled metasurfaces. Assuming 

that the birefringence phases of the anisotropic nanostructure are 𝛿𝑥  and 𝛿𝑦 , with an 

orientation angle of 𝜃. By computing the Jones matrix 𝐽(𝑢, 𝑣), we can deduce the phase shifts 

as follows:           

𝛿𝑥(𝑢, 𝑣) = [𝜑𝑚(𝑢, 𝑣) + 𝜑𝑛(𝑢, 𝑣)]/2                (S2a) 

𝛿𝑦(𝑢, 𝑣) = [𝜑𝑚(𝑢, 𝑣) + 𝜑𝑛(𝑢, 𝑣)]/2 − π            (S2b) 

and the rotation angle as:    

𝜃(𝑢, 𝑣) = [𝜑𝑚(𝑢, 𝑣) − 𝜑𝑛(𝑢, 𝑣)]/4                (S2c) 

1.2 Decoupling of flow field information in horizontal and vertical dimensions  

Based on the mentioned photonic spin-decoupling method, we can design four sub-regions (𝐽11, 

𝐽12, 𝐽21, 𝐽22 ) to achieve the decoupling of 2  flow field information through the synergy 

among these sub-regions. In the main text, we have provided the general form of the Jones 
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matrix and the specific functions of each metasurface. Here, we present the specific form of 

each metasurface sub-array:    

          𝐽11(𝑢, 𝑣) = [ 𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)] 𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]

−𝑖𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)] 𝑖𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]
] [
1 1
𝑖 −𝑖

]
−1

      (S3a) 

𝐽12(𝑢, 𝑣) = [ 𝑒𝑖𝜑(𝑢) 𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]

−𝑖𝑒𝑖𝜑(𝑢) 𝑖𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]
] [
1 1
𝑖 −𝑖

]
−1

           (S3b) 

𝐽21(𝑢, 𝑣) = [ 𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)] 𝑒−𝑖𝜑(𝑢)

−𝑖𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)] 𝑖𝑒−𝑖𝜑(𝑢)
] [
1 1
𝑖 −𝑖

]
−1

          (S3c) 

         𝐽22(𝑢, 𝑣) = [ 𝑒𝑖𝜑(𝑢) 𝑒−𝑖𝜑(𝑢)

−𝑖𝑒𝑖𝜑(𝑢) 𝑖𝑒−𝑖𝜑(𝑢)
] [
1 1
𝑖 −𝑖

]
−1

               (S3d) 

where 𝜑(𝑢) = −𝑘0sin⁡(𝜃1)𝑢  and 𝜑(𝑣) = −𝑘0sin⁡(𝜃2)𝑣 . The phase profiles 𝜑(𝑢)  and 

𝜑(𝑣) provide specific wave vector k = (ku, kv) along the horizontal and vertical directions, 

respectively. The wave vectors provided by each metasurface sub-array are determined based 

on the following three factors: (ⅰ) Spatial filtering: for LCP and RCP light, the entire device 

behaves as a step function along the horizontal and vertical directions, respectively; (ⅱ) 

Spatially decoupling the flow field information in the horizontal and vertical dimensions, 

ensuring that the flow field images in the two dimensions do not overlap; (ⅲ)  esigning the 

optical system for off-axis imaging to eliminate the interference of zeroth-order transmitted 

light, thereby ensuring high-quality data acquisition. Assuming that the focal length of the 

second parabolic mirror is 𝑓 and its diameter is D, the magnitude of the provided wave vector 

can be determined by the following expression:  

                        𝑘𝑢 ≥
𝑘0𝐷

2𝑓
                           (S4a) 

                          𝑘𝑣 ≥
𝑘0𝐷

𝑓
                           (S4b) 

Here, 𝑘0 = 2𝜋 𝜆⁄  is the magnitude of the wave vector in free space. Based on Eq. 4a and Eq. 

4b, the values of 𝜃1 and 𝜃2 are designed to be 3° and 6°, respectively.  

To further comprehend how the Jones matrix for each sub-region controls the output, we 

can simply employ the conventional Jones matrix formalism, which relates the input electric 

field to the output polarization as |𝐸𝑜𝑢𝑡⟩ = 𝐽|𝐸𝑖𝑛⟩. When the incident light is LCP state, the 

output for each metasurface subarray is as follows:      

               |𝐸11⟩ = 𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)]|𝑅⟩                     (S5a) 

                |𝐸12⟩ = 𝑒𝑖𝜑(𝑢)|𝑅⟩                          (S5b) 

    |𝐸21⟩ = 𝑒𝑖[𝜑(𝑢)+𝜑(𝑣)]|𝑅⟩                     (S5c) 
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|𝐸22⟩ = 𝑒𝑖𝜑(𝑢)|𝑅⟩                          (S5d) 

When the incident light is RCP state, the output for each metasurface subarray is as follows:    

    |𝐸11⟩ = 𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]|𝐿⟩                     (S6a) 

 |𝐸12⟩ = 𝑒𝑖[𝜑(𝑣)−𝜑(𝑢)]|𝐿⟩                     (S6b) 

 |𝐸21⟩ = 𝑒−𝑖𝜑(𝑢)|𝐿⟩                         (S6c) 

|𝐸22⟩ = 𝑒−𝑖𝜑(𝑢)|𝐿⟩                         (S6d) 

From Eq. 5a to Eq. 5d, it can be seen that, as expected, the optical waves passing through 

subarrays 𝐽11 and 𝐽21 undergo identical phase modulation, providing the desired wave vector. 

On the other hand, the waves passing through subarrays 𝐽12  and 𝐽22  are modulated in the 

horizontal direction. Thus, the entire metasurface acts as a step function along the u-direction, 

achieving the spatial frequency filtering function. Therefore, the incident LCP state enables the 

detection of flow field information in the horizontal dimension. Similarly, the incident RCP 

state enables the detection of flow field information in the vertical dimension. Furthermore, Fig. 

S2 presents additional simulation validations of the functionalities of each subarray, and the 

results are consistent with our expectations.     

1.3. Design and simulation of subwavelength nano-waveplate element  

As mentioned above, achieving photonic spin-decoupling in the metasurface requires a 

coordinated modulation mechanism of both the propagation phase and the geometric phase. 

The propagation phase designs rely on the nanopillar's geometry, enabling the metasurface to 

apply distinct spatial phase profiles on two orthogonal, linear polarizations [1]. On the other 

hand, the geometric phase designs are exclusively governed by the angular orientation (θ) of 

the nanopillar, allowing for the imposition of phase profiles that are equal in magnitude but 

opposite in sign (φ=±2θ) on a pair of orthogonal circular polarizations [4, 5]. According to Eq. 

S2, it is crucial to search for a set of birefringent nanostructures that fulfill specific conditions. 

These conditions encompass: (a) The chosen nanostructures all serve as ideal half-wave plates, 

where the coefficients of the complex amplitude for transmitted orthogonal linearly polarized 

light are equal, and the phase difference is π, namely 𝑡𝑥 = 𝑡𝑦  and 𝛿𝑥 = 𝛿𝑦 + π. (b) The 

propagation phase (𝛿𝑥 and 𝛿𝑦) of this set of structures should span the range from 0 to 2π.   

In this work, the material forming the nanopillars is monocrystalline silicon. The choice 
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of monocrystalline silicon as the material component is primarily attributed to its high refractive 

index, low loss, and compatibility with CMOS manufacturing processes. The first task involves 

meticulously performing parameter scans on the long and short axes (𝐷𝑥  and 𝐷𝑦 ) of the 

nanostructure, and creating a library to establish the relationship between the optical response 

(e.g., amplitude and phase) of the nanostructure and its dimensions. Based on the complex 

amplitude information of two orthogonal linearly polarized transmissions through the 

nanostructure, we can calculate the polarization conversion efficiency and phase distribution 

across the entire parameter space (Figs. 2a and 2b). According to Eq. S2, we selected a set of 

nanostructures as the basic building blocks of metasurface devices. Fig. S3 illustrates the 

complete design process of the metasurface device. 
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2. Reconstruction algorithm 

In our work, the reconstruction process primarily involves several key components, including 

the standard photometry method, the Abel inversion transform (based on the assumption of 

axial symmetry), the Gladstone- ale relationship, and the ideal gas equation, as shown in Fig. 

S4. Below, we will provide a detailed description of these aspects.    

2.1 Standard photometry method 

In the first step, the standard photometry method employs a standard lens with known 

parameters as a reference to measure the deflection angles of light rays within the designed 

imaging system and establishes a correlation between these deviation angles and image 

grayscale values. Specifically, a light ray passing through an arbitrary point on the lens, denoted 

as r, will undergo refraction at an angle 𝜀:  

                         tan 𝜀 =
𝑟

𝑓
                             (S7) 

The calibration lens must have an extremely high F-number, meaning a focal length 

significantly greater than the lens diameter. This is essential to generate refraction angles within 

the region of interest, allowing for the precise quantification of light ray deflection caused by 

flow field disturbances. In this work, we used a customized lens with a radius of 12.7 mm and 

a focal length of 20 m, allowing for the quantification of refraction angles up to ~131 arc-

seconds (6.35×10-4 rad). In this case, under the small-angle approximation, Eq. 7 evolves to: 

𝜀 ≈
𝑟

𝑓
. The calibration lens refracts parallel light and focuses it to a location beyond the position 

of the metasurface device. As this beam of light passes through the metasurface device, it 

undergoes spatial modulation due to the refraction angle within the lens, resulting in the 

intensity gradient observed on the image sensor. The intensity of each grayscale pixel in the 

lens image can be quantified to the refractive angle in the corresponding dimension. 

The calibration starts with determining the average background pixel intensity of the 

image. This identical intensity value is subsequently identified within the calibration lens image. 

The distance of this point from the center of the lens, measured along the horizontal or vertical 

diameter, depending on the current dimension, is defined as r0. It represents the pixel intensity 

value in the image when unaffected by flow field disturbances and serves as the baseline for all 
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other measurements. According to Eq. 7, the angle of light deflection corresponding to this 

point can be obtained as 𝜀0. 

Therefore, the refraction angle at any point in the image affected by flow field disturbances 

can be quantified by first identifying the position within the calibration lens image that shares 

the same pixel intensity as the point of interest. This point in the lens image has a distance of r 

from the lens center, and the angle of light refraction is denoted as 𝜀. The deflection angle 𝜀𝑑 

at the corresponding point in the image affected by flow field disturbances is equivalent to the 

relative refraction angle between positions r and r0 in the calibration lens image, namely:  

𝜀𝑑 = 𝜀 − 𝜀0 =
𝑟−𝑟0

𝑓
                        (S8) 

2.2 Abel inversion transform 

The second step is to derive the refractive index distribution of the flow field based on the 

deflection angles corresponding to each point in the captured image. Several experiments in the 

main text involve cases where the refractive index exhibits an axisymmetric distribution. For 

an axisymmetric medium, Abel inversion formulas can be employed to reconstruct the 

refractive index distribution from its one-dimensional projections [6]. Assuming the refractive 

index distribution function is 𝛿 = (η/η0 - 1), where η represents the local refractive index, and 

η0 is the refractive index of the surrounding medium. Taking the horizontal dimension as an 

example, the relationship between the deflection angle of light rays and the refractive index 

distribution is as follows:   

                   𝜀(𝑥) = 2𝑥 ∫
𝜕𝛿

𝜕𝑟

𝑅

𝑥

𝑑𝑟

√𝑟2−𝑥2
                    (S9a) 

  𝛿(𝑟) = −
1

𝜋
∫ 𝜀(𝑥)
∞

𝑟

𝑑𝑥

√𝑥2−𝑟2
                    (S9b) 

Eqs. S9a and S9b correspond to the forward and inverse Abel transformations, where Eq. S9a 

addresses the direct problem of evaluating angular deflection, while Eq. S9b deals with the 

inverse problem. 

The Abel inverse transformation can be solved using a Fourier analysis-based approach. 

The unknown radial distribution, 𝛿(𝑟), is expanded into a series of cosine functions, and the 

amplitudes of these functions are calculated by least-squares-fitting of the Abel-transformed 

series to the measured data 𝜀(𝑥). The resulting amplitudes are then inserted into the expansion 

of 𝛿(𝑟), producing the desired distribution. 
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Specifically, the unknown refractive index distribution 𝛿(𝑟) is expanded into a Fourier series 

as:  

                       𝛿(𝑟) = ∑ 𝐴𝑛𝛿𝑛
𝑁𝑢
𝑛=𝑁𝑙

(𝑟)                       (S10) 

where 𝐴𝑛 represents the unknown amplitudes and 𝛿𝑛(𝑟) can be a set of cosine functions as 

follows: 

                             𝛿0(𝑟) = 1    

               𝛿𝑛(𝑟) = 1 − (−1)𝑛 cos(𝑛π
𝑟

𝑅
)                  (S11) 

Therefore, the Abel forward transform applied to the function δ(r) yields the following 

expression:  

                      𝐻(𝑥) = 2∑ 𝐴𝑛
𝑁𝑢
𝑛=𝑁𝑙

∫
𝜕𝛿𝑛

𝜕𝑟

𝑅

𝑥

𝑑𝑟

√𝑟2−𝑥2
              (S12) 

 ℎ𝑛(𝑥) = ∫
𝜕𝛿𝑛

𝜕𝑟

𝑅

𝑥

𝑑𝑟

√𝑟2−𝑥2
                       (S13) 

The amplitude 𝐴𝑛  is an unknown quantity, and it can be considered that at 𝑥 = 𝑥𝑘 , the 

function 𝐻(𝑥𝑘)  should approximate the measured values 𝜀(𝑥𝑘) . This statement can be 

expressed as a least-squares criterion: 

                      ∑ [𝐻(𝑥𝑘) − 𝜀(𝑥𝑘)]
2𝑁𝑢

𝑘=𝑁𝑙
→ 𝑀𝑖𝑛                (S14) 

The final amplitudes 𝐴𝑛 are inserted into Eq. S10, thus yielding the final distribution 𝛿(𝑟).  

 

2.3 Gladstone-Dale relation 

Once the refractive index is obtained, further information about the density distribution of 

transparent medium can be derived using the Gladstone- ale relationship. The Gladstone- ale 

relationship describes the relationship between the refractive index (n) of a medium and its 

density (ρ). The general form of the Gladstone- ale relationship is expressed as: 

                        𝑛 = 𝑘𝜌 + 1                            (S15) 

Here, 𝑛  represents the refractive index of the medium. 𝑘  is the Gladstone- ale constant, 

which is a medium-specific constant that characterizes how the refractive index changes with 

density. 𝜌  stands for the density of the medium. The Gladstone- ale constant for air is 

approximately 𝑘=2.23×10-4 m³·kg-1. 
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2.4 Derivation of temperature distribution 

After obtaining the refractive index distribution for the candle flame scene, we can further 

deduce its temperature distribution. Based on the Gladstone- ale relationship and the ideal gas 

equation, we can obtain the following expression:  

                         𝑇 =
𝑛0−1

𝑛−1
𝑇0                            (S16) 

Here, 𝑛0 and 𝑇0 represent the refractive index of air in the experimental environment and the 

ambient temperature. This formula is an approximation applicable to relatively low pressure 

and temperature conditions of ideal gases.  

2.5 Calculation of total light ray deflection angle     

The light ray direction can be represented as the vector 𝑑 = (𝑑𝑥 , 𝑑𝑦, 𝑑𝑧). The angles 𝜃𝑥, 𝜃𝑦, 

and 𝜃𝑡𝑜𝑡𝑎𝑙 can be described as follows: 𝜃𝑥 is the angle between the projection of the light ray 

in the XZ plane and the Z-axis. 𝜃𝑦 is the angle between the projection of the light ray in the 

YZ plane and the Z-axis. 𝜃𝑡𝑜𝑡𝑎𝑙 is the total angle between the light ray and the Z-axis.       

Using the tangent function: tan( 𝜃𝑥) = 𝑑𝑥 𝑑𝑧⁄  , tan( 𝜃𝑦) = 𝑑𝑦 𝑑𝑧⁄  . The total angle 

𝜃𝑡𝑜𝑡𝑎𝑙 can be expressed using the vector components. The projection of 𝑑 onto the XY plane 

is √𝑑𝑥
2 + 𝑑𝑦

2. Therefore, we have: tan( 𝜃𝑡𝑜𝑡𝑎𝑙) = √𝑑𝑥
2 + 𝑑𝑦

2 𝑑𝑧⁄ . Using the relationships for 

tan( 𝜃𝑥) and tan( 𝜃𝑦), we can rewrite this as:  

                 tan( 𝜃𝑡𝑜𝑡𝑎𝑙) = √tan2( 𝜃𝑥) + tan2( 𝜃𝑦)                (S17) 

Through Eq. S17, the total deflection angle of the light ray after passing through the lens can 

be calculated, as depicted in Fig. 6 of the main text. Given the material’s refractive index 

(n=1.5168), the thickness distribution across the entire lens can be further obtained. 

2.6 Spatial Resolution    

We obtained the modulation transfer function (MTF) curve by experimentally measuring the 

system's response across different spatial frequencies. As shown in Fig. S6, the measured 

system resolution reaches 1.12 lp ·mm-1, equivalent to a line width of 446 μm. Further 

enhancement of spatial resolution can be achieved by optimizing the optical components in the 

system, such as incorporating higher-precision parabolic mirrors or improving the imaging lens 

at the front end of the image sensor. 
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Figure S1 | Schematic illustration of the metasurface fabrication. The fabrication process 

of the designed metasurface device is mainly accomplished through electron beam lithography, 

thin film deposition, and reactive ion etching technology. 
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Figure S2 | Normalized far-field intensity images of simulated metasurface sub-regions. 

Panels (a-d) respectively display the far-field intensity images for four different metasurface 

sub-arrays under the LCP and RCP light.     
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Figure S3 | Metasurface Design Process. The process begins with a functional requirements 

analysis to clarify the desired optical functions, such as spatial filtering and information 

decoupling, to visualize a fully two-dimensional transparent flow field. Based on these 

functional requirements, the Jones matrix of each metasurface sub-array is determined. Matrix 

calculations are then performed to solve for the eigenvalues and eigenvectors of the Jones 

matrix, which define the propagation and geometric phases required at each spatial location (x, 

y). In the materials and unit cell structure design, the working wavelength is considered to select 

suitable materials and determine initial design parameters, such as the shape, size, and 

orientation of the unit structures. Subsequently, by scanning the parameter space, the 

relationships between polarization, phase, amplitude, and structural parameters are established. 

Using the required propagation and geometric phases along with the constructed library, the 

specific size and orientation of the nanostructure at each spatial location are determined. Finally, 

finite-difference time-domain (F T ) simulations are conducted to evaluate whether the 

metasurface design meets the specified optical functionality. 
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Figure S4 | Flowchart of the reconstruction algorithm. (a) Captured flow field images are 

combined with reference images taken in the absence of a flow field to obtain effective flow 

field information. (b) The distribution of light deflection angles induced by the flow field is 

calculated using the standard photometry method. The visualization images of the calibration 

lens and the flow field are obtained under the same system parameters. (c) Based on the 

assumption of axial symmetry, the refractive index distribution within the flow field can be 

obtained using the Abel inversion transform. Further analysis using the Gladstone- ale 

relationship and the ideal gas equation yields the density information and temperature 

distribution of the flow field. R represents the distance from the axis of symmetry, and δ 

represents the refractive index distribution.  
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Figure S5 | Detection of minor gas leaks. Flow field images of carbon dioxide gas at flow 

rates of 0.13 mL·s-1 (a), 0.47 mL·s-1 (b), and 0.73 mL·s-1 (c), respectively. The black solid line 

in the figure represents the carbon dioxide gas outlet.    
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Figure S6 | MTF curve of the system.   
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Figure S7 | An example illustrating the actual scenario in the experiment. (a) Actual scene 

of the heat gun experiment. (b) Flow field image (vertical dimension) obtained by our method. 

The dark purple solid line represents the position of the heat gun.  
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