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Abstract 

Optical vortices are widely used in optics and photonics, ranging from microscopy and communications to 

astronomy. However, little work has been done to quantify the quality of scalar optical vortices. Since the 

quality of an optical vortex affects measurements and conclusions derived from their use, it is crucial to 

develop tools to evaluate it efficiently. Moreover, the quality of a vortex strongly depends on the 

application. Therefore, this work aims to establish metrics for the evaluation of optical vortex quality. We 

propose to evaluate vortex quality using the following intensity parameters: eccentricity of the intensity 

distribution, cross-sectional peak-to-valley measurements, cross-sectional peak difference, and the ratio of 

the ring width to the vortex core diameter (doughnut-ratio). These parameters can be used as a guide for 
the quality of optical vortices depending on their implementation for specific optical technologies. 

Introduction  

Optical vortices are widely used in optics and photonics, ranging from superresolution microscopy1–3, 

through optical manipulation4,5, enlarging the bandwidth in optical communications6–8, to the discovery of 

exoplanets in astronomy9–11. Still, not enough work has been done to evaluate the quality of the scalar 

optical vortex itself. Furthermore, the definition of "a good optical vortex" differs depending on the specific 

application. 

Optical vortices are stable phase singularities with a spiral wavefront. The optical field's phase singularity 

brings peculiar vortex features, such as zero intensity point at the center of the beam (vortex core), 

responsible for a characteristic doughnut-like intensity distribution. A beam with an embedded optical 

vortex carries an orbital angular momentum (OAM), defined as 𝑙𝑙ℏ  per photon, where 𝑙𝑙  denotes the 

topological charge – the number of wavefront twists around the optical axis.  

Optical vortices are a natural phenomenon existing across various optical fields, with a speckle field full of 

randomly generated optical vortices, as the best example. Due to increasing interest in light structuring, 

multiple methods to generate optical vortices have been proposed over the years. Two of the most popular 
methods are based on either refractive elements or various types of liquid crystals on silicon spatial light 

modulators (SLMs)12. These two directly introduce the spiral phase profile into the upcoming beam, 

transforming it into an optical vortex.  

The quality of the optical vortex will affect the implementation of each optical technology in a different 

fashion. For instance, in optical trapping, for whom Artur Ashkin13 was awarded the Noble Prize in 2018, 

the vortex beam will transfer its OAM to the trapped particle. This will result in particle rotation around the 

optical axis; thus, the quality of the optical vortex will primarily impact the trajectory of this rotation. 

Therefore, the vortex quality can be evaluated through the rotation dynamics14. On the other hand, 

stimulated emission depletion (STED) microscopy, Noble Prize in 2014 for superresolution, will define the 



quality of the vortex in terms of its potential to provide depletion and precision of such process. In this case, 

the requirements are the vortex beam diameter, vortex contrast, and its symmetry15. Optical metrology 

based on the use of vortices as a scanning tool will rely on the tracking accuracy of the vortex core (intensity 

dark point and its close vicinity)16. Another example is in optical communication systems that evaluate the 

modal dispersion17 or vortex capability to sustain atmospheric turbulence when considering the free-space 

propagation18. Finally, in exoplanet detection, telescopes that incorporate vortices or vector vortex beams 

to dim the starlight require various parameters to characterize the overall performance of vortex 

coronagraphy19.   

All of these areas depend on beam shaping, referring to the control of light’s parameters such as amplitude, 

phase, and polarization. Therefore, developing light structuring and evaluating tools as a part of 

fundamental research devoted to beam shaping is crucial for each of mentioned applications. More 

specifically, the quality of the optical vortex can influence any measurement and conclusions derived from 

multiple applications where vortices are implemented. This manuscript was motivated by the relevance of 

using optical vortices in modern optical technology and the lack of sense of what is considered a relatively 

good optical vortex. 

Therefore, this work aims to establish guidelines to evaluate the quality of an optical vortex. We propose a 

simple tool to quantify the vortex quality based on selected parameters calculated out of the vortex intensity 

image.  These indicators describe the quality of the optical vortex and suggest what can be done to improve 
the vortex condition.  

We underline that this work does not aim to correct the vortex beam. This issue has been studied in various 
research papers over the years20,21. Instead, we would like to focus on how far one should go experimentally 

to improve the vortex itself.  

Methods 

Figure 1a-d shows four examples of the optical vortex intensity distribution in the experimental setup 

presented in Figure 1e. The experimental parameters that led to each vortex image were slightly modified. 

Thus, even though the images clearly show deformations or intensity saturation, they can still be considered 

high-quality optical vortices, depending on the application. 

 



Figure 1. a) – d) Different intensity distributions of an optical vortex of topological charge 𝑙𝑙 = 1, generated by the SLM e) The 
general scheme of the experimental system 

The following sections will represent the scenarios shown in Figure 1a in terms of four parameters: 

eccentricity, peak-to-valley, peak difference, and doughnut-ratio to evaluate the quality of the optical 

vortex. Each parameter is linked with a specific practical example, where it can be directly applied and 

discuss how the modification of the experimental setup and artifacts impact particular parameters. 

Eccentricity 

Eccentricity in an optical vortex refers to the vortex symmetry in the intensity distribution. Interestingly, 

the eccentricity parameter depends on experimental conditions as the resolution used to sample the spiral 

phase distribution and astigmatism introduced in the optical system. Therefore, let us start the analysis by 

deriving an equation that describes eccentricity.  

The a priori knowledge about the existence of the vortex inside the beam leads to a simple relation between 
the detected intensity signal 𝐼𝐼(𝑥𝑥,𝑦𝑦) and its pseudo-complex analytic signal 𝐼𝐼(𝑥𝑥,𝑦𝑦), given by 𝐼𝐼(𝑥𝑥,𝑦𝑦) = 𝐼𝐼(𝑥𝑥,𝑦𝑦) ∗ 𝐋𝐋𝐋𝐋(𝑥𝑥,𝑦𝑦), (1) 

where, 𝐋𝐋𝐋𝐋(𝑥𝑥,𝑦𝑦) denotes the Laguerre-Gaussian filter, described as 𝐋𝐋𝐋𝐋(𝑥𝑥,𝑦𝑦) = 𝐹𝐹−1�𝐿𝐿𝐿𝐿�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦�� = (𝑗𝑗𝜋𝜋2𝜔𝜔4)(𝑥𝑥 + 𝑗𝑗𝑦𝑦)𝑒𝑒𝑥𝑥𝑒𝑒�−𝜋𝜋2𝜔𝜔2(𝑥𝑥2 + 𝑦𝑦2)� =

(𝑗𝑗𝜋𝜋2𝜔𝜔4)�𝑟𝑟 𝑒𝑒𝑥𝑥𝑒𝑒(−𝜋𝜋2𝑟𝑟2𝜔𝜔2)𝑒𝑒𝑥𝑥𝑒𝑒(𝑗𝑗𝑗𝑗)�. (2) 

 

Here, 𝐹𝐹−1 denotes the inverse Fourier transform, the terms 𝑟𝑟 = �𝑥𝑥2 + 𝑦𝑦2 and 𝑗𝑗 = 𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥/𝑦𝑦), express 

the spatial polar coordinates. The bandwidth 𝜔𝜔 is the variable parameter, which should match the size of 

the vortex core. The function 𝐿𝐿𝐿𝐿�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦� describes the Laguerre-Gaussian filter in the Fourier domain and 

is described as follows, 𝐿𝐿𝐿𝐿�𝑓𝑓𝑥𝑥 ,𝑓𝑓𝑦𝑦� = 𝜌𝜌 𝑒𝑒𝑥𝑥𝑒𝑒(−𝜌𝜌2/𝜔𝜔2)exp (𝑗𝑗𝑗𝑗), (3) 

with 𝜌𝜌 = 𝑠𝑠𝑠𝑠𝑟𝑟𝑎𝑎(𝑥𝑥2 + 𝑦𝑦2), 𝑗𝑗 = arctan (𝑓𝑓𝑥𝑥/𝑓𝑓𝑦𝑦) both representing the polar coordinates.  

It is important to note that 𝐼𝐼(𝑥𝑥,𝑦𝑦) in Eq. (1), describes the pseudo-complex amplitude since the pseudo-

phase represented in 𝐋𝐋𝐋𝐋(𝑥𝑥, 𝑦𝑦) is not real. However, it can still provide valuable information about the 

measured signal. Following the equation (1), the real and imaginary part in the close vicinity of the vortex 

core can be approximated as, 𝑅𝑅𝑒𝑒[𝐼𝐼(𝑥𝑥, 𝑦𝑦)] = 𝑎𝑎𝑟𝑟𝑥𝑥 + 𝑏𝑏𝑟𝑟𝑦𝑦 + 𝑎𝑎𝑟𝑟 ,            𝐼𝐼𝐼𝐼[𝐼𝐼(𝑥𝑥, 𝑦𝑦)] = 𝑎𝑎𝑖𝑖𝑥𝑥 + 𝑏𝑏𝑖𝑖𝑦𝑦 + 𝑎𝑎𝑖𝑖, (4) 

where the coefficients 𝑎𝑎𝑘𝑘, 𝑏𝑏𝑘𝑘, and 𝑎𝑎𝑘𝑘 are provided by linear polynomial surface approximation of real 𝑘𝑘 =𝑟𝑟 and imaginary 𝑘𝑘 = 𝑖𝑖 parts, respectively. 

From equations (4), it is possible to calculate the eccentricity as follows22,  

𝑒𝑒 = �1 − �𝑎𝑎𝑟𝑟2 + 𝑎𝑎𝑖𝑖2 + 𝑏𝑏𝑟𝑟2 + 𝑏𝑏𝑖𝑖2� − ��𝑎𝑎𝑟𝑟2 + 𝑎𝑎𝑖𝑖2 − 𝑏𝑏𝑟𝑟2 − 𝑏𝑏𝑖𝑖2�2 + 4(𝑎𝑎𝑟𝑟𝑏𝑏𝑟𝑟 + 𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖)2�𝑎𝑎𝑟𝑟2 + 𝑎𝑎𝑖𝑖2 + 𝑏𝑏𝑟𝑟2 + 𝑏𝑏𝑖𝑖2� + ��𝑎𝑎𝑟𝑟2 + 𝑎𝑎𝑖𝑖2 − 𝑏𝑏𝑟𝑟2 − 𝑏𝑏𝑖𝑖2�2 + 4(𝑎𝑎𝑟𝑟𝑏𝑏𝑟𝑟 + 𝑎𝑎𝑖𝑖𝑏𝑏𝑖𝑖)2 . (5) 



 

Here 𝑒𝑒 = 0 denotes the perfect circle and 𝑒𝑒 ∈ (0, 1) represents an ellipse.  

The eccentricity is given in Eq. (5) becomes a valuable parameter to describe the general shape of the optical 

vortex serving as a description of the vortex symmetry, no matter the reason of vortex distortion. The range 
of applications of this parameter is practically unlimited. It can range from evaluation of atmospheric 

turbulence through optical trapping and aberrometry. To further examine the concept of eccentricity in 

optical vortices, we evaluated the behavior of eccentricity as a function of the phase steps to reconstruct the 

spiral and alignment errors. 

The impact of reduced phase resolution, defined as the phase increment along the spiral phase gradient of 
vortex generating element, has been studied before in the context of spiral phase plates – refractive vortex 

generating elements23,24. However, we incorporated the eccentricity to a similar analysis and evaluated the 

quality of the vortex beam under the impact of the reduced phase resolution. We studied the eccentricity 

evolution for a phase gradient ranging from 3 to 255 steps across the [0, 2π] phase range. Figure 2 presents 

exemplary results, with both phase and intensity profile of the obtained beam, together with the intensity 

contour plot that visualizes the vortex core geometry.  The eccentricity values predicted in Figure 2c are 

the most symmetric (𝑒𝑒 = 0.09), visually Figure 2b and c are very similar. The inserted images show both 

the phase and intensity distribution of the subsequent optical vortices.    

 

Figure 2. The figure presents the intensity contour plot of three separate optical vortices simulated numerically, where the spiral 
phase responsible for the generation of the optical vortex is divided into a) 12, b) 100, c) 255 steps across the [0, 2π] phase range. 
The eccentricity value given by the Laguerre-Gaussian transform is equal to a) 0.31 b) 0.18 and c) 0.09, respectively 

Figure 2d. shows a more detailed behavior of the eccentricity under the impact of the reduced phase 

resolution on the eccentricity of the vortex core. The eccentricity is calculated for any number of phase 

steps used to generate an optical vortex ranging from 3 to 255. The increase in the number of phase steps 

improves the vortex symmetry, which reaches 𝑒𝑒 = 0.09 for the 255 phase steps which corresponds to 255 
grayscale values. The results show that increased phase resolution has a remarkable impact on the vortex 



symmetry. This is not a problem for vortices generated using SLMs with 255 grayscale values or more. 

However, eccentricity also serves as a direct result to assist the user with the setup alignment.  

One of the most typical alignment errors is astigmatism caused by the tilt of optical components. This 
astigmatism destroys the vortex beam in a distinctive way, strongly influencing the shape of the vortex 

core25,26. We analyzed the impact of astigmatism both numerically and experimentally on the eccentricity 

value (Figure 3). Astigmatism, defined by Zernike polynomial 𝑍𝑍2−2, has been introduced artificially through 

the modification of the vortex hologram displayed by the SLM. The lack of aberration 𝑍𝑍2−2 = 0 

corresponded to the lowest eccentricity  𝑒𝑒 = 0.09. The eccentricity increased dramatically together with 
the increase of astigmatism and reached 𝑒𝑒 = 0.94 for astigmatism 𝑍𝑍2−2 = 𝜆𝜆 and 𝑍𝑍2−2 = −𝜆𝜆 defined over the 

optical system aperture, as shown in Figure 3. 

 

Figure 3. The eccentricity evolution due to introduced astigmatism. Astigmatism is defined by the 𝑍𝑍2−2  Zernike polynomial, across 

the optical system aperture. The top part of the figure presents three experimental vortex intensity distributions. The central refers 
to the vortex without aberration. The bottom part of the figure shows both numerical (red) and experimental (blue) data.  

As discussed so far, the eccentricity provides a fast measurement of vortex quality. Unfortunately, it is 

impossible to connect it with the direct source of vortex distortion. In other words, the same eccentricity 

value can be calculated for two opposite values of astigmatism, as shown in Figure 3. Therefore, it does not 

provide any specific directions on how the user can improve the vortex quality. The following paragraphs 
propose additional parameters to support the eccentricity in determining the vortex beam quality.  

Peak-to-valley  

The first parameter will refer to one of the essential features of an optical vortex, a singular point that 

emerged as zero intensity point in the beam. In this context, the peak-to-valley 𝑃𝑃𝑃𝑃���� is defined as the mean 

intensity difference between the maximum and minimum value across x and y beam intensity profiles: 

𝑃𝑃𝑃𝑃���� = 0.5�𝑃𝑃𝑃𝑃𝑖𝑖2
𝑖𝑖=1  (6) 



where 𝑃𝑃𝑃𝑃𝑖𝑖 stands for the peak-to-valley across two perpendicular intensity profiles, defined as: 𝑃𝑃𝑃𝑃𝑖𝑖 = 𝐼𝐼𝑎𝑎𝑥𝑥(𝐼𝐼1, 𝐼𝐼2) − 𝐼𝐼𝑚𝑚𝑖𝑖𝑚𝑚. (7) 

I1, I2 are the values of two maxima across the x- and y-axis of the vortex intensity profile, respectively, and 𝐼𝐼𝑚𝑚𝑖𝑖𝑚𝑚 defines the value of minimum intensity located at the vortex core. The peak-to-valley for the perfect 

optical vortex should be equal to 1, followed by the intensity profile symmetry so that 𝐼𝐼1 =  𝐼𝐼2. In the real 

experimental environment, this is never achieved, and minor differences between 𝐼𝐼1 and 𝐼𝐼2 are expected as 

long as the beam is not saturated. Our algorithm first defines two maxima 𝐼𝐼1 and 𝐼𝐼2, then selects the one 

that has the higher value and uses that to evaluate the peak-to-valley parameter. Therefore, even if these 

two peaks are highly asymmetrical, this parameter aims not to evaluate the symmetry of the beam but to 

define the contrast of the vortex image. To assure that the various aspects of the image are considered, the 

algorithm takes the mean peak-to-valley value across two perpendicular profiles along the x- and y-axis.  

In typical setups, this is a valuable factor to determine the correct camera settings by evaluating the impact 

of the background light on the optical vortex intensity range. Whenever the additional background 

illumination persists, it increases the amount of light visible in the vortex dark spot, leading to the reduced 

peak-to-valley ratio. This relation is visually presented in Figure 4, where illumination in plot a) is 0, while 
plot b) shows an offset due to background illumination.  

 

Figure 4. Schematic representation of the peak-to-valley parameter, marked by the dashed red line. Optical vortex intensity profiles 

of a) ideal optical vortex and b) optical vortex with additional background illumination. The intensity distributions of each vortex 

are inserted in the subfigures. The intensity profile was taken along the solid red line, visible in the inserted distributions. c) to e) 



Experimental images of a partially coherent optical vortex. The degree of coherence reduces from c) to e), and the calculated 𝑃𝑃𝑃𝑃���� 
value is inserted in each image. f) to h) Intensity profiles taken across dashed lines inserted in the intensities images above, 

respectively. Experimental data courtesy of Benjamin Perez Garcia from Tecnologico de Monterrey. 

Nevertheless, the background light is not the only factor that may affect the intensity of a singular point. 

Such a point is a peculiar feature of each optical vortex, being a pure interference phenomenon. Therefore, 

it directly follows all of the requirements for interference, such as spatial and temporal coherence27,28. Thus, 

the peak-to-valley value can be directly linked with the vortex degree of coherence. Any lack of coherence 

does not lead to a loss in vortex symmetry but directly reduces the peak-to-valley ratio, as shown in Figure 

4c-h. 

The singular point slowly vanishes, and the beam resembles the Gaussian laser mode, which is reached 
after the peak-to-valley is reduced to 0. Peak-to-valley serves as a fast and efficient way to examine the 

coherence of vortex beam, being a relevant quality factor, wherever the low coherent source of light is 

applied. Apart from this fundamental research on singular optics, the range of applications where 𝑃𝑃𝑃𝑃���� can 

be directly incorporated involves astronomy, particularly vortex coronagraphy, where vortex generating 

elements aim to reduce the bright start light by introducing an optical vortex. 𝑃𝑃𝑃𝑃����  together with other 

parameters proposed in this work can be an efficient way to evaluate the vortex quality, impacting the 

performance of the vortex coronagraph in the actual experimental tasks. 

Peak difference 

The intensity within the singular point is not the only issue that may affect the quality of an optical vortex. 
One of the main challenges of aligning the optical setup is positioning an optical vortex within the laser 

beam. The off-axis optical vortex can be appropriate for particular applications such as vortex scanning 

microscopy29, where the vortex core is used as an object scanner. In most applications, a symmetric, 

centered optical vortex is more desired. Fortunately, any misalignment emerges itself as a disproportion of 

the intensity peak values, which can be evaluated through the peak difference parameter defined as, 

𝑃𝑃𝑃𝑃���� = 0.5�𝑃𝑃𝑃𝑃𝑖𝑖 ,2
𝑖𝑖=1  

 

(8) 

where 𝑃𝑃𝑃𝑃𝑖𝑖  defines the peak difference across two perpendicular intensity profiles (x and y), each 

representing the absolute difference between two intensity peaks across a particular intensity profile, 𝑃𝑃𝑃𝑃𝑖𝑖 = |𝐼𝐼1 −  𝐼𝐼2|. (9) 

Figure 5a-b shows the peak difference parameter for a simulated intensity distribution of an off-axis vortex. 

The 𝑃𝑃𝑃𝑃���� = 0 , for a perfectly symmetric optical vortex; however, this is impossible to achieve in the 

experimental environment unless the image is saturated. The peak difference value will be larger as the 
optical vortex is positioned further away from the optical axis. As expected, the movement of the vortex at 

the image plane is perpendicular to the direction of the vortex shift at the object plane. 

 



 

Figure 5. Schematic representation of the peaks difference parameter, marked by the dashed red line. Optical vortex intensity 

profiles of a) an optical vortex shifted by 16 microns at the object plane and b) 80 microns shifted at the object plane. The intensity 
distributions of the particular optical vortex are inserted in the subfigures. The intensity profile was taken along the x-axis, marked 

by the solid red line, visible in the inserted distributions. c)-e) Experimental beam intensity profiles, taken for the optical vortex 
when it is c) experimentally close to the center with  PD =0.06, d) shifted by 24 pixels at the SLM with PD =0.37, and e) shifted 

112 pixels at the SLM with PD=0.55. The intensity distributions of the particular optical vortex are inserted in the subfigures. The 
intensity profile was taken along the y axis, marked by the solid red line, visible in the inserted distributions. 

Similarly, we calculated the peak difference parameter for experimental images of an optical vortex when 

shifted off-axis. Figure 5c-e shows the intensity distributions of an optical vortex that was shifted 

horizontally30,31.  

Some differences in the maximum intensity on each plot are visible, which is an expected result since the 

intensity was not normalized at any point. This, however, has no impact on the calculation of the peak 

difference parameter. As visible in Figure 5c-e, images were not saturated, leaving room for longer camera 

exposure time or increased total laser power. Our algorithm measures the PD along the x and y-axis to assist 

the user in realigning the optical vortex. In practice, the primary source of decentralization is related to the 

non-uniform illumination of the vortex-generated element. Therefore, the vortex positioning in reference 

to the laser beam is crucial wherever the vortex has to be separately introduced through the external beam 

shaping. It should not be an issue for vortices generated directly inside the laser cavity32,33
. However, it 

becomes more critical in vortex generation methods that use refractive elements or spatial light modulators. 

This issue emerges in any application that relies on proper vortex intensity distribution. The obvious 
example of such is STED microscopy, where the lack of symmetry will impact the quality of depletion. 

Any disproportions that arise from the decentralization of vortex generating element in reference to the 

beam lead to an increase of the peak difference, directly impacting the depletion and allowing the 

fluorescence to occur in the unwanted parts of the sample. 

Doughnut-ratio 

No less important than the vortex symmetry is an appropriate doughnut shape, the typical feature of the 

Laguerre-Gaussian mode. Whenever the spiral phase profile is introduced to the Gaussian beam, the optical 

vortex is created and evolves with the propagation distance to obey the paraxial wave equation. Thus, it 



slowly resembles a Laguerre-Gaussian mode, which is reached in the far-field. The phase-amplitude 

modulation can directly shape the light into Laguerre-Gaussian mode so that far-field propagation is not 

needed. Another way is to focus the beam, where the optical system creates the real image of the "closed" 

optical vortex. Often this is neglected, showing an optical vortex without the proper doughnut shape. One 

approach to this issue is to calculate the correlation between the experimentally generated optical vortex 

and its ideal simulation34. However, it requires additional computational effort and relies on the appropriate 

and accurate size of the simulated vortex, which depends on the chosen aperture. We propose a less 

demanding approach that can directly evaluate the vortex intensity distribution and doughnut shape from a 

single intensity image. This parameter is based on the ratio of the dark hollow diameter in relation to the 

bright ring's width, at half of the maximum beam intensity, 

𝑅𝑅� = 0.5�𝑅𝑅𝑖𝑖2
𝑖𝑖=1 , (10) 

where 𝑅𝑅𝑖𝑖 defines the doughnut-ratio across two perpendicular intensity profiles, typically x and y, each 

represents the mean ratio between the diameter of the vortex core and the width of the bright ring on the 

left and the right side, both defined at 0.5 𝐼𝐼𝑚𝑚𝑚𝑚𝑥𝑥 level, 𝑅𝑅𝑖𝑖 = 0.5 ∙ �|𝑃𝑃2 − 𝑃𝑃1|

|𝑃𝑃3 − 𝑃𝑃2|
+

|𝑃𝑃4 − 𝑃𝑃2|

|𝑃𝑃3 − 𝑃𝑃2|
�. (11) 

 

The visual example is schematically shown in Figure 6a, where the cross-section of the intensity profile 

with the 0.5 𝐼𝐼𝑚𝑚𝑚𝑚𝑥𝑥 line is shown. Here, the distances between 𝑃𝑃1 and 𝑃𝑃2, together with 𝑃𝑃3 and 𝑃𝑃4 denote 

the ring’s width, while the distance between 𝑃𝑃2 and 𝑃𝑃3 denotes the vortex core diameter. 



 

Figure 6. Schematic representation of the ratio parameter. The intensity profile of the ideal optical vortex is presented, together 

with the red dashed line, marking the position of the 0.5 I_max level. The crosssection of this line with the intensity profile is 

marked by circles. c) Numerically simulated image of an optical vortex, R=0.82. d) Experimental image of an optical vortex at the 

focal plane, R=0.78, e) 2 mm behind the focal plane, R=0.74, and f) 4 mm behind the focal plane, R=0.72, respectively. g) Evolution 
of the bright ring’s width and the vortex core diameter for each of the above cases. Points are analogical to those depicted in a). 

Based on this definition, the ratio parameter is equal to 0.82 for an ideal Laguerre-Gaussian beam. This 
value does not change with propagation, and it is also independent of the Gaussian beam’s waist35. 

Therefore, we can use this parameter to compare numerical with experimental data at different observation 

planes (at 0, 2, and 4 mm, respectively). These results are presented in Figure 6c-f. The beam expanded 

with the shift of the observation plane, simultaneously changing the 𝑅𝑅�, which started to decrease with the 

observation plane.  

The doughnut-ratio parameter can evaluate an independent feature of the optical vortex, e.g., the shape of 

the intensity envelope. While various factors can affect the 𝑅𝑅� deviation from the ideal case, we differentiate 

a few, the most important in laser beam shaping. The lack of focal plane and already explained importance 
of the focal plane position for vortex quality34. The role of ratio can go far beyond beam shaping and can 

be applied to the automatization of an optical setup that requires an optical vortex, at least just as a focal 

plane marker. The parameter 𝑅𝑅� can also be used to determine if the image is saturated or not. For a saturated 

image, 𝑅𝑅� will be largely reduced due to the widening of the vortex doughnut. Last but not least, it can 

evaluate the chosen numerical aperture. If the aperture becomes too small, the diffracted beam will not lead 

to the proper ratio, the one resembling an ideal Laguerre-Gaussian mode. 

Discussion and Conclusions  

In this manuscript, we propose the use of four parameters to evaluate the quality of an optical vortex, 

eccentricity, peak-to-valley, peak difference, and doughnut-ratio. Table 1 summarizes the experimental 



conditions resulting from the vortex quality change and the optical technologies where this parameter is 

crucial. The parameters complement each other to provide crucial information to evaluate the vortex 

quality.  

Table 1. Table links the proposed parameters with their experimental features. Further, it suggests the 

relevant optical fields that may benefit by applying a particular parameter. 

Parameter Vortex Evaluation  Optical field relevance 

Eccentricity General vortex symmetry Optical communication, aberrometry 

Peak-to-valley  Background light, camera 

resolution, and coherence 

Fundamental research on partially coherent 

optical vortices, Optical setup alignment 

Peak difference Vortex position (off-axis shift), non-

central beam illumination, camera 

saturation 

Optical metrology, STED or vortex scanning 
microscopy 

Doughnut-ratio Focal plane, camera saturation, 

diffraction, vortex core diameter 

Research on the optical vortex propagation, 

Optical setup alignment, 

 

Following the methodology proposed in this manuscript, we have developed a script that can be used to 

analyze vortices in the experimental practice. As an example, we have analyzed each of the vortices shown 

in Figure 1. Table 2. provides the values of each of the four parameters proposed in this work.  

Table 2. Optical vortex quality quantification by the introduced parameters. Evaluated vortices are 
presented in Figure 1, and the same subfigure indicators are used. 

Subfigure of  

Figure 1 

Eccentricity PV PD R 

a 0.12 0.75 0.02 0.62 

b 0.16 0.96 0.10 0.67 

c 0.12 0.95 0.06 0.76 

d 0.15 0.84 0 0.30 

 

Vortices in Figure 1a) and c) are the most symmetric due to the lowest eccentricity, but b) and d) are not 

much worse. Case a) has a relatively low PV, which may suggest low coherence, but considering 𝑅𝑅�, it does 

not resemble an ideal Laguerre – Gaussian mode but more likely has astigmatism within the beam. Vortex 

in Figure 1b) shares the 𝑅𝑅� value with a), but the 𝑃𝑃𝑃𝑃���� indicates that it may be slightly off-axis. Vortex in d) 

is not only to some extent asymmetric (eccentricity), but also highly saturated, giving 0 in 𝑃𝑃𝑃𝑃���� (unachievable 

experimentally for a non-saturated beam). Due to this saturation, it also has the lowest 𝑅𝑅�  among all 

examples. Vortex c) leads in most of these parameters and could be considered the best among all given 

examples. Nevertheless, the 𝑅𝑅� parameter can be improved, which implies that the vortex was slightly out 

of focus.   

In conclusion, the methodology proposed here can be used as a guide to determine the optical vortex's 
qualities depending on the specific optical technology. This work examines vortices in various ways, 

leading to multiple quality criteria, each sensitive to a different aspect of the implementation and optical 

setup alignment. The method is easy to implement in any optical system, as long as the intensity image is 

obtained. It is versatile and not associated with any particular method of optical vortex generation. The 
script of the vortex evaluation is available in the open-access repository36. We would like to underline that 

it is the user who eventually evaluates the vortex beam. This tool aims to provide assistance, making the 

final decision more practical.  
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