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Abstract 

In the traditional laser beam quality measurement, the lens transform method is used to obtain 

the information of the multi spot, and can only evaluate the beam quality of a continuous or 

high repetition rate laser, the evaluation speed is slow and the real-time performance is poor. 

A micro lens array method is proposed, which samples the laser spot only once and obtains all 

the spot information, the intensity data and phase distribution of the laser beam are determined 

by reconstructing the laser wave front, then calculates the beam quality parameters of laser 

beam according to the Wegener method. According to the ISO15367 standard, designs and 

implements a beam quality measurement system based on micro lens array method, which has 

the advantages of small size, fast measurement speed and high accuracy. The test shows that 

the measurement accuracy of the beam quality factor is 5%, Laser beam quality factor, beam 

width, and beam divergence angle parameter values can be digitized, Intensity and phase 

distribution of laser beam can be displayed directly, comprehensive evaluation of laser beam 

quality is realized. 
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1. Introduction 

At present, Laser technology has been developed rapidly. Laser industry has become a pillar industry 
of the national economy. Laser related technologies and products are constantly applied to the rapidly 

changing industrial processes, communications, medical and national defense and other fields, and 
play an increasingly important role in the national economic development and social progress. The 

application scope of laser technology is expanding, and the new type of laser is emerging, which 
make correctly knowing and understanding the spatial characteristics of the laser beam particularly 

important. Because the contour distribution of the spot shows the full spatial characteristics of the 
laser beam, and also shows how to efficiently adjust and modify the design of the laser to ensure high 

quality laser output. If the beam profile is unknown, the laser will be difficult and can’t be put into 
use[1][2]. 

Laser beam analysis and measurement of beam quality have become one of the hot topics in the field 

of laser engineering. In laser beam parameter measurement, M2 factor method has many advantages 
compared to other methods, It can comprehensively describe the laser beam quality from two aspects, 

the beam divergence angle and the beam width. The traditional M2 factor measurement method uses 
the lens transformation method, which samples the laser beam in the axial direction, needs executive 

components. This method has disadvantages such as complex hardware, long measuring time, the test 
object confined to the continuous laser and high frequency pulse laser [3]. Therefore, based on the 

study of the ISO 15367 standard, this paper proposes the use of micro lens array integrated CCD 
sensor for laser spot single sampling and using mode method to reconstruction laser wave-front. On 

the hardware, the selection and design of the parameters of the array detector are discussed, realizes 
a pulse laser detecting synchronous signal generator, Finally, a laser beam quality measurement 

system based on the micro lens array is built.  
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2. Definition of beam quality factor and detection principle of micro lens array 

2.1 Beam quality factor 

The academic circles have put forward various kinds of parameters to characterize the beam quality 
for different applications, such as aggregate spot size, far field divergence angle, and so on. The 

evaluation of the quality of laser beam with these parameters is one-sided. Beam quality M2 factor is 
an important index to measure the quality of laser beam. Siegman proposed using M2 factor 

evaluation of laser beam in the early 90's, and be popularized all over the world. The so-called M2 
factor is also known as the diffraction limit factor, which is the ratio of the product of the width and 

divergence angle of the actual laser beam and the product of the width and divergence angle of the 
ideal base mode Gauss beam, the definition of the expression is.  












00

2M                                                        (1) 

In formula (1),   is the laser beam’s radius,  is the far-field divergence angle,  is the wave-length. 

From formula (1), it can be seen that M2 factor not only reflects the near-field characteristics of laser 
beam the beam waist, but also reflects the far field characteristics of laser beam divergence angle, so 

it can comprehensively evaluate the near field and far field characteristics of the laser. M2 factor has 
become the evaluation standard of laser beam quality recommended by international standardization 

organization [4][5][6]. 

2.2 Principle of M2 factor detection by micro lens array method 

M2 factor can be detected by the micro lens array method. The principle block diagram of which is 
as shown in Figure 1. The laser beam emitted by the tested product is sampled by the micro lens array, 

and it is split into many small areas [7],[8]. A number of sub spot images in the CCD sensor.  PC gets 
the spot image information through data acquisition and transmission unit, runs the beam quality 

testing software, obtains the average wave-front slope information by calculating the centroid of the 
spot. In the next step, the wave-front of laser beam is obtained by means of the model algorithm, the 

intensity and phase information of the laser beam is obtained. Finally, the parameters of laser beam 
are calculated according to the Wegener method. 
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Fig.1 Principle block diagram of M2 factor by micro lens array method 

3. Instrument design and Implementation 

3.1 Design and implementation of laser spot detection unit 

In the ISO15367-2 international standard, the main design parameters of the detection unit include 

center distance of adjacent aperture, sub aperture diameter, distance from micro lens array to CCD 
detector, focal length of micro lens, as shown in Figure 1. D is the distance between adjacent aperture 

centers, ds is the diameter of sub aperture, LD is the distance from micro lens array to CCD detector, 
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F is the focal length of the micro lens. These parameters determine the angular dynamic range of the 

instrument, the sensitivity of the wave-front and the accuracy of the measurement [9]. 

Analysis of main technical parameters 

(1)Angular dynamic range 

Angular dynamic range is the maximum wave front tilt which can be detected by the detecting unit  

[10]. In Figure 1, when micro lens array integrated with CCD, 𝐿𝐷 ≈ 𝑓 , if d𝑠 ≈ 𝑑 , under ideal 

conditions, the radius of focal spot is Airy disk ρ, The angular dynamic range of the instrument is 
expressed as  

𝛽𝑦,𝑚𝑎𝑥 =
Δ𝑦𝑚𝑎𝑥
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In formula (2), When the sub lens is round, the system coefficient is A=1.22, When the sub lens is a 

square, A=1[11]. From formula (2), Angular dynamic range depends not only on the distance between 
the adjacent sub apertures, but also on the size of the focal length. 

(2)Wave-front sensitivity 

Wave-front sensitivity is the ability of the detector to detect the smallest displacement of the focal 

spot. It mainly depends on the detector noise as well as the internal geometry design. It directly affects 

the application scope and conditions of the detection unit. If the lens array aperture index F =
𝑓

𝑑
 , d is 

the diameter of aperture, CCD pixel size is P, spot positioning accuracy is K pixels, according to the 

triangle theorem
ΔW(x,y)

𝑑
=

Δ𝑥

𝑓
+

Δ𝑦

𝑓
,The wave front sensitivity is expressed as 

ΔW(x, y)𝑚𝑖𝑛 =
𝑑

𝑓
(Δ𝑥𝑚𝑖𝑛 + Δ𝑦𝑚𝑖𝑛) =

Δ𝑥𝑚𝑖𝑛+Δ𝑦𝑚𝑖𝑛

𝐹
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𝐹
                           

(3) 

(3)Wave-front measurement accuracy 

Considering the measurement accuracy of micro lens array, influencing factors mainly include two 

aspects. One is whether the micro lens is matched with the position of the ideal imaging position and 

the actual spot image on CCD, the other is the number of micro lens.  

When considering the first factor, the centroid position of the laser beam and the optical axis of the 

micro lens need to be fully aligned, which can reduce the coma, improve the measurement accuracy. 

When considering second factors, only when the spot covers enough pixels, the accuracy of centroid 
detection can be improved, at least 4x4 pixels are required to cover the light spot. Therefore, the 

number of micro lens is one of the problems to be considered in improving the measurement accuracy. 
A micro lens is a discrete sampling of the laser wave-front. When the number of micro lenses are 

chosen, the more accurate the sampling of the wave-front is, the more accurate the wave-front 
reconstruction is. But the number of the micro lens is more, the total area is certain, the diameter of 

each micro lens will be reduced, and the angle of the micro lens will be smaller. So, we should 
compromise to choose the number of micro lenses. 

In addition, the accuracy of the wave-front measurement also depends on the wave-front fitting 

method and the centroid detection accuracy. When the wave-front is reconstructed by using Zernike 
polynomials [11],[12], Zernike polynomial order and centroid detection accuracy are the main factors 

that affect the accuracy of wave-front measurement. For a given measurement, there is usually a 
minimum requirement for spatial resolution. The minimum value can be determined in several ways. 

If the system is used to calculate the Zernike mode and number, then, the sub aperture number needs 
to be larger than the mode number, or to determine the minimum spatial resolution according to the 

prior knowledge of the spatial resolution of the wave-front. 

Determination of parameters of micro lens array 

Sub spot radius regards the radius of Airy disk as a reference, The sub spot radius is larger than two 

pixels, which can reach the minimum requirement of the accuracy of the centroid calculation. That 

is,ρ ≥ 2P, the required focal length is that 𝑓 ≥ 2𝑃𝑑/𝐴𝜆, spot size will become larger in the state of 
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aberration, so we should separate the measured wave-front. Firstly, the separation between the spot 

and the spot is ensured. So the spot size should be smaller than the diameter of the value of 1/q the 
sub lens. 

According to ISO15367-2 international standard, to avoid overlapping sub spot, the required focal 

length is  𝑓 < 𝑑2/2𝐴𝜆. To minimize the dynamic range and the crosstalk between the spot, the 
required focal length is 

𝑓 < 2𝑑2/5𝜆                                                              (4) 

Combined (2) and (4), When the wave-front distortion is larger, the focal length of the micro lens is 

required. When the wave-front distortion is smaller, the focal length of the lens is longer. Small focal 
length can increase the dynamic range of the detector, but it will also introduce uncertainty factors. 

From above analysis, When the lens is round, that is A=1.22, the pixel size is P=6.45um, CCD 

detection surface size is 9.0mm×6.7mm, Micro lens array size is 12mm×12mm.The limiting 

condition of the focal length f of the micro lens is calculated as shown in table 1. 

 

Table 1 The limiting conditions of the micro lens focal length f (unit: mm) 

Restricted 

expression of 

the diameter of sub aperture d 

0.11 0.13 0.15 0.25 0.3 

2 2f d A  7.8 11.0 14.6 40.5 58.0 

22 5f d   7.6 10.7 14.2 39.5 56.9 

2f Pd A  1.8 2.2 2.5 4.2 5.0 

statistical 

results 
1.8<f<7.6 2.2<f<10.7 2.5<f<14.2 4.2<f<39.5 5.0<f<56.9 

 

By analyzing the parameters of the detecting unit, the final selection of the micro lens array model is 

APO-Q-P150-F3.5 (633). The basic parameter of the micro lens array is the diameter of the sub lens, 

that is 𝑑 = 150𝜇𝑚 , the focal length of the sub lens is
, 3.5E ff mm ,

,

1.6 1
2.814

1 1.457 1 1.457

C
E b

R T mm mm
f mm

n n
    

  , which satisfies the constraint conditions for table 1. 

3.2 Selection of CCD image sensor 

When the instrument is realized, the micro lens array needs to be integrated with the CCD image 

sensor to form the laser signal detection unit. The array size of the micro lens array according to the 

above selection is 12 12 1mm mm mm  , The photosensitive surface of CCD sensor is selected to be 

less than 12 12 1mm mm mm  . Therefore, select LU165M as the sensor produced by the Canadian's 
Lumenara company. The pixels number of the sensor is 1392×1040, the pixel size is 6.45μm×6.45μm, 

the size of the photosensitive surface is about 9.0mm×6.7mm, which meet the integration 
requirements, And the spectral range of the tested product is from 400nm to 1100nm. The spectral 

response curve after changing the infrared filter chip window2 of LU165M to K9 glass is shown in 
Figure 2, which can meet the requirements of the instrument test. 

3.3 Design and implementation of synchronous trigger signal generator 

The design of the synchronous trigger signal mainly considers the accurate acquisition of the low 

frequency pulse laser and the high speed transmission of the spot information [13], Instrument uses the 
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synchronous trigger pulse at the moment of laser emission, opening the shutter of LU165M image 

sensor to ensure the camera to capture the pulse laser spot information and improve the signal to noise 
ratio of the system. The laser spot data captured by the USB interface is transmitted to the host 

computer. The generation of the synchronous trigger signal is shown in Figure 3. 

 
Fig.2 CCD spectral response curve 

 

 
Fig.3 Principle diagram of synchronous trigger signal generation 

 

3.4 Software algorithm design and Implementation 

Software algorithm design  

Based on the theory of physical optics scalar, side axis laser beam can be expressed by Wegener 

distribution. Wegener distribution is defined in the four dimensional quadrant, Expression is as 

〈𝑥𝑚𝑦𝑛𝑢𝑝𝑣𝑞〉 = ∫(𝑥 − �̅�)𝑚 (𝑦 − 𝑦)𝑛(𝑢 − �̅�)𝑝(𝑣 − �̅�)𝑞ℎ(𝑥, 𝑦, 𝑢, 𝑣)𝑑�̅�                (5) 

In formula (5), indexes m, n, p and q are integers. ℎ(𝑥, 𝑦, 𝑢, 𝑣) is the Wegener distribution function 

for the light beam. P is for beam power, x and y are the coordinates of the cross section in the direction 

perpendicular to the propagation, v and u respectively represents the direction of propagation, among 

which 𝑑𝑟 = 𝑑𝑥𝑑𝑦𝑑𝑢𝑑𝑣  . 

Three dimensional beams are usually shown in the following, which has ten two-order moments. 

〈𝑥2〉, 〈𝑥𝑢〉, 〈𝑢2〉, 〈𝑦2〉, 〈𝑦𝑢〉, 〈𝑣2〉, 〈𝑥𝑦〉, 〈𝑢𝑣〉, 〈𝑥𝑣〉, 〈𝑦𝑣〉 

Also can be expressed as matrix 

V = ||

〈𝑥2〉 〈𝑥𝑦〉 〈𝑥𝑢〉 〈𝑥𝑣〉

〈𝑥𝑦〉 〈𝑦2〉 〈𝑦𝑢〉 〈𝑦𝑣〉

〈𝑥𝑢〉 〈𝑦𝑢〉 〈𝑢2〉 〈𝑢𝑣〉

〈𝑥𝑣〉 〈𝑦𝑣〉 〈𝑢𝑣〉 〈𝑣2〉

||                                           (6) 
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In formula (6), V is the beam parameter matrix at any position in the beam propagation path. All the 

important elements in V have clear physical meaning and are closely related to the important 
parameters of the beam. 

Spatial two order moments  〈𝑥2〉, 〈𝑦2〉 and  〈𝑥𝑦〉 can be used to determine the beam width at the 

position of z = 𝑧0 in the direction of propagation, and can be expressed as  

𝑑𝑥 = 4√〈𝑥2〉 

𝑑𝑦 = 4√〈𝑦2〉                                                            (7) 

Similarly, angle two-order moments 〈𝑢2〉, 〈𝑣2〉  and 〈𝑢𝑣〉 are the products of two order moments 〈𝑥2〉, 
〈𝑦2〉 and 〈𝑥𝑦〉 in the far field, the beam divergence angle θ is 

𝜃𝑥 = 4√〈𝑢2〉 

𝜃𝑦 = 4√〈𝑣2〉                                                            (8) 

The hybrid moment represents R the radius of curvature in the direction of parabola of the wave-front 

𝑅𝑥 =
〈𝑥2〉

〈𝑥𝑢〉
 

𝑅𝑦 =
〈𝑦2〉

〈𝑦𝑣〉
                                                               (9)      

Import S Gauss matrix of optical system, beam matrix P via a linear and non-distorted optical system 

can be expressed as 

𝑃𝑍 = 𝑆(𝑧, 𝑧0) ∙ 𝑃𝑧0
∙ 𝑆𝑇(𝑧, 𝑧0)                                               (10) 

The invariants in the propagation process are 𝑀4 = 4𝐾2√𝑑𝑒𝑡𝑃, among which k is wave number 

andk =
2𝜋

𝜆
. For simple scattered beam 𝑀4 can be divided into the product of the beam propagation 

factor.  

𝑀𝑥
2 =

4𝜋

𝜆
√〈𝑥2〉〈𝑢2〉 − 〈𝑥𝑢〉2 

𝑀𝑦
2 =

4𝜋

𝜆
√〈𝑦2〉〈𝑣2〉 − 〈𝑦𝑣〉2                                              (11) 

For the Gauss laser beam with spatial coherence, the First - and two - order moments of variables x, 

y, u and v in the spatial and angular domain can be calculated by using the data obtained from the 
micro lens array. 

〈𝑥2〉 =
∑ (𝑥𝑖𝑗 − 〈𝑥〉 )2𝐼𝑖𝑗𝑖𝑗

∑ 𝐼𝑖𝑗𝑖𝑗
 

〈𝑢2〉 =
∑ (𝛽𝑖𝑗 − 〈𝛽𝑥〉 )2

𝑖𝑗

∑ 𝐼𝑖𝑗𝑖𝑗
+

1

𝑘2
∙

∑ (
1
𝐼𝑖𝑗

) (𝜕𝐼/𝜕𝑥 )𝑖𝑗
2

𝑖𝑗

4 ∑ 𝐼𝑖𝑗𝑖𝑗
 

 〈𝑥𝑢〉 =
∑ (𝛽𝑥,𝑖𝑗−〈𝛽𝑥〉)𝑖𝑗 ∙(𝑥𝑖𝑗−〈𝑥〉)∙𝐼𝑖𝑗

∑ 𝐼𝑖𝑗𝑖𝑗
                                             (12) 

Among which,  I𝑖𝑗 indicates the strength of micro lens array sub beam whose Indexes is ( i, j). 

〈𝑥〉 =
∑ 𝑥𝑖𝑗𝐼𝑖𝑗𝑖𝑗

∑ 𝐼𝑖𝑗𝑖𝑗
 

〈𝛽〉 =
∑ 𝛽𝑖𝑗𝐼𝑖𝑗𝑖𝑗

∑ 𝐼𝑖𝑗𝑖𝑗
                                                           (13) 

Beam divergence angle, beam propagation factor, beam waist position and size related parameters 

can be calculated by the above formula. 

Implementation flow of Software algorithm  
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The design of software algorithm is based on 3.4.1, using the micro lens array method, we captured 

the laser spot image, the digital quantity of the light spot intensity and the phase information is 
transmitted to the upper computer through the USB port. The upper computer runs the software flow 

shown in Figure 4, the beam quality of the tested laser can be implemented. 
beginning
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Fig.4 Test software flowchart 

 
Fig.5 Instrument test results 

 
Fig.6 Appearance of instrument 
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4. Instrument test and result analysis 

In actual test, the user sets the appropriate mode number of Zernike polynomials [12], reference spot, 

the size of the spot capture window, the focal length of the lens according to the measurement 
requirements. Then, the spot area of the array is identified by the region labeling and the judging 

algorithm, the centroid and intensity of each sub spot area are calculated. The intensity distribution 
of light spot smoothing can be obtained by interpolating the array spot by image interpolation 

algorithm, and the relative strength spatial characteristic parameters can be calculated. The focal point 
of the actual array spot will deviate from the optical axis of each micro lens namely the centroid of 

the reference spot. The center point offset of each sub spot was obtained, which is proportional to the 
inclination of the wave front [13]. We calculate the local tilt of each sub spot, use model method and 

interpolation algorithm to reconstruct the wave-front, obtain the phase distribution of the laser beam 
and calculates the relevant wave front characteristic parameters. At last, we used the Wegener method 

to calculate the transmission parameters of the current beam associating with the spot intensity data 
and wave front phase data. The test results of the instrument are shown in Figure 5 and the appearance 

of the instrument is shown in Figure 6. 

5. Conclusions 

In this paper, the intensity and phase distribution of laser spot are obtained by using the micro lens 
array method with single sampling. The method has advantages such as no moving parts, overcoming 

the measurement error introduced by moving parts, reducing the complexity of the system, short 
measurement time and good real-time performance. The instrument used the moment theory to 

calculate beam width, beam divergence angle and beam quality factor of the laser beam based on the 
Wegener distribution. The spectrum range of the tested product is from 400nm to 1100nm. The 

measurement precision of the instrument beam quality factor is 5%. A number of performance 
parameters of the laser are given. The comprehensive evaluation of the laser beam quality is realized, 

which lays the foundation for the realization of the miniaturization of the beam parameter 
measurement instrument. 
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