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Abstract. We analyzed the intensity distribution resulted from the axial superposition of two 
Laguerre-Gauss beams. It is found that the intensity spatial distribution can be transformed from 
interference patterns with uniform maxima and round holes or radial petals, to one consisting of separated 
rings, by simply changing of the interrelations between constructive parameters. The propagation 
robustness of two Laguerre-Gauss beam superposition is investigated for different ranges of the 
constructive parameter values using experimental and simulation results. Combinations of different optical 
angular momentum states can be obtained, transmitted and read, with almost the same efficiency in the 
detection process. 

Key words: Laguerre-Gauss beams, axial superposition, helical phase distribution, spatial light modulator 

1. INTRODUCTION 

Laser beams with specific intensity distribution along propagation axis or in planes perpendicular to the 
optical axis are used in applications such as: optical tweezers [1, 2], nondiffracting beams [3, 4], multidimensional 
modulation [5], multiple focal points along the optical axis [6] compressed femtosecond laser pulses [7], 
compensation of the spatial distortion in laser beams [8], optical information transfer [9], and multiple beams 
with equal intensities [10].  

A simple method, to obtain these spatially modulated beams, is to use diffractive optical elements (DOEs) 
with structures computed in different ways: interference between a reference and an object beam [11], iterative 
Fourier transform algorithm [12], and analytical equations [13]. The diffracted intensity patterns (DIPs) from 
these DOEs can be obtained using spatial light modulators acting as reconfigurable DOEs, by addressing 
them from a computer. 

One of the most studied and used phase distribution is the helical one, which is characterized by its orbital 
angular momentum (OAM). In this case, in DIP, a vortex beam is created. It is a manifestation of phase 
singularity and, consequently, it has been investigated for different applications, including optical trapping 
and optical information transfer [9, 14]. Optical ferris wheels were introduced [15] as a consequence of the 
superposition of two Laguerre-Gauss beams (LGBs) carrying two different OAM states, with applications in 
atoms trapping; lately, other applications appeared, e. g. multidimensional modulation [16] or multiplexing 
and demultiplexing multiple beams [17].  

In this context, we investigated the DIPs along the propagation axis, obtained from the axial superposition 
of two LGBs generated with different OAM states, same initial waist and different relative intensities. The 
classical method of computing DOEs, by interfering the object beam with a plane wave, was employed. We 
show that different DIPs can be obtained depending on the chosen OAM values combination. The ranges of 
the constructive parameters values are discussed for each case using experimental and simulation results. 
Combinations of different OAM states can be obtained, transmitted and read, with almost the same 
efficiency in the detection process. The reading process can be performed by simple inspection in the central 
point of DIP, after a reading mask is introduced in the optical path. 
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2. GENERATION OF DIFFRACTIVE STRUCTURES 

To compute the structures of the diffractive optical elements, we started with the well known analytical 
expression [15] that describes the LGBs. The phase has a spatial distribution )exp( θim− , where θ  is the 
azimuthal angle and m  is the topological charge carrying a given OAM state. The scaled electric field of one 
LGB can be written at different distances, z, along propagation axis, as a radial distribution: 
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where r  is the radial coordinate. The amplitude has the following expression:  
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The propagation constant is λπ /2=k , 0w  is the waist at 0=z , the Rayleigh distance is 

λπ /2
0wzR ⋅= , λ  is the laser wavelength; further we will consider the laser power 1=P . 

The orthogonal superposition of different OAM states for a communication system has already been 
studied [9]. Here we focus on investigating the axial superposition of two LGBs with different OAM states, 
but same w0 for stability reasons, each described by Eq. (1). First, we must calculate the intensity 
distribution: 

 1 2
1 2 1 1 2 2

2
2 2

, exp exp .
2 2

im im
m m m m m m

r rLG A i k z e A i k z e
R R

− θ − θ
⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞
⎢ ⎥ ⎢ ⎥⎜ ⎟ ⎜ ⎟= − +Φ + − +Φ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦

 (7) 

In the next step, we simulated the interference between the phase distribution of this superposition and 
a tilted plane wave )exp( xfik s ⋅⋅ , where sf  is the parameter associated with the spatial frequency that 
determines the spatial separation in the DIP. The resulted DOEs have structures composed of a central 
singularity of order 1m  and a number of 12 mmm −=δ  singularities of the first order. In the DOEs 
presented in the Fig. 1 different values for the basic parameters were employed. 

      

a) b) c) d) e) 

Fig. 1 – DOE structures obtained as interference pattern between a plane wave and two LGBs 
with z = 10, w0 = 50, I1 = I2: a) m1 =  3, m2 = 11; b) m1 = 5, m2 = 15; c) m1 = 5, m2 = 20; d) m1 = –11, m2 = 11; 

e) m1 = 5, m2 = 30 (the central parts from all DOEs were displayed). 
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3. PARAMETERS VARIATION ANALYSIS 

For a single LGB, the intensity distribution exhibits the well-known pattern of a bright ring with a central 
hole of diameter proportional to the OAM value, i.e., the vortex ring. First, the behavior along the propagation 
axis z, of the waist, w, and intensity, I, in the vortex ring are analyzed in the case of a single LGB for 
different w0 (Fig. 2). One can observe that the intensity decreases very rapidly for smaller values of w0, while 
for larger values of w0, the intensity is almost constant. The waist increases drastically at short distances for 
small values of w0. In this case, a few relations between geometrical and intensity parameters have been 
demonstrated [18]: 

1.1. The maximum value for intensity is ( )mI m 4/  , at radial coordinate equal with 2/mw .  

1.2. The electric field in the radial direction has a full width at half maximum (FWHM) of w)2ln(2 . 

 a)  b) 

Fig. 2 – Axial behavior of the maximum intensity and the waist values at different w0 for a single LGB. 

When two LGBs are axially superposed, the condition to obtain their interference is that the position of 
the maximum intensities of each LGB must be spaced apart by one FWHM [15]. In this case, the DIP 
exhibits an approximately uniform distribution of the maxima in the cylindrically symmetric lattice (which 
also contains circular holes). From this, two supplementary conditions result: 

2.1. The difference between their radiuses, at the point where maximum intensity is obtained for each 

LGB must be equal to one FWHM, which leads to ( )212 )2ln(2+±= mm  (Fig. 3a, blue and red curves). 

2.2. 
12 12 / mm ImmI =  in order to obtain equal values for electric fields maximum intensities (Fig. 3a). 

a)  b) 

Fig. 3 – Radial distribution of the amplitude for: a) different values of OAM; b) m1=3 and an OAM 
that does not fulfill the condition 2.1 (the latter computed with different values for the initial intensity). 

The overlapping area of the individual intensity distribution is the most important factor that determines the 
characteristics of the DIPs. It varies with all the parameters and controls the presence or absence of the 
interference maxima and minima between the two LGBs, the relative intensity between them and can even be 
controlled when conditions 2.1 or 2.2 are not satisfied. If condition 2.2 is fulfilled, but condition 2.1 is not, 
the distances between the maxima are shorter or longer than a FWHM (Fig. 3a). This overlapping area can 
be modified by increasing or decreasing the intensities in one or both LGBs (Fig. 3b). For a general 
approach, all distance values are normalized at the pixel pitch value (in millimeters). 
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4. DIFFRACTED INTENSITY PATTERNS 

The DOEs computed as an interference pattern, are addressed to the liquid crystal display of a spatial 
light modulator (LC2002, transmission mode, 0.032 mm pixel pitch). The experimental setup is the classical 
one containing a collimated laser beam (HeNe 632.8 nm) at normal incidence on the spatial light modulator, 
a CCD camera (Pike F421C 2048×2048 pixels) that records the obtained DIPs. Using adequate lens systems, 
our setup was prepared to acquire the far field DIPs, +1 order. 

 
Fig. 4 – Experimental (left) and simulated (right) images of DIPs generated using DOEs computed 

with w0 = 50, I1 = I2, at z = 10m: a) m1 = 3, m2 = 11; b) m1 = 5, m2 = 15; c) m1 = 5, m2 = 20; 
d) m1 = –11, m2 = 11; e) m1 = 5, m2 = 30. 

For the case of equal I and w0 for both LGBs, but different relations between 1m  and 2m , the DIPs are 
computed at the same z (Fig. 4, experiment and simulation). Three distinct cases of DIPs were found:  

(1) Cylindrically symmetric approximately constant intensity distribution in a lattice with a number of 

12 mmmh −=δ circular holes (Fig. 4a, b) given by the constructive interference between two LGBs, when 

DOEs are generated with 21 mm ≠ , that fulfill the condition 2.1. These DIPs are transforming when 

21 mm ≠ , without fulfilling the condition 2.1, but with values close to the ones in the specific ratio 2.1. 

The number of circular holes remains 12 mmmh −=δ  (Fig. 4c), but the intensity distribution in the radial 
direction becomes nonuniform (Fig. 5). The central hole diameter is constant corresponding to 51 =m . 

 (2) Cylindrically symmetric approximately constant intensity distribution with a number of 

12 mm p =δ  petals (Fig. 4d), when DOEs are generated with 12 mm −= . These are transforming in a 

number of 21 mmmp +=δ  petals with nonuniform radial intensities in the case when 1m  is close to 

2m− – Fig. 6. The central hole diameter is constant for 52 −<m  and corresponds to 51 =m , but it 
decreases for ]4,1[2 −−∈m .  

(3) Two separated rings, each corresponding to an OAM value (Fig. 4 e), if the DOEs are generated 
with 21 mm ≠ , with values far from those given by condition 2.1.  

The decreasing of the maximum intensity values inside circular lattice for different 2m values is 
presented in the Fig. 7 (both cases (1) and (2) are depicted). 

 a)  b)  c)  d)  e)  f)  g)  h)  i) 

Fig. 5 – Simulated DIPs in the case (1) for m1 = 5, and m2 equal with: a) 6; b) 7; c) 9; d) 11; 
e) 13; f) 15; g) 17; h) 21; i) 25. 
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 a)  b)  c)  d)  e)  f)  g)  

Fig. 6 – Simulated DIPs in the case (2) for m1 = 5, and m2 values equal with: a)–1; b) –3; c) –5; 
d) –9; e) –15; f) –19; g) –25. 

 a)  b) 

Fig. 7 – Values of the maximum intensity inside circular lattice 
corresponding to different m2 values for: a) case (1) ; b) case (2). 

In Fig. 8, the experimental DIPs obtained at the same z but with different initial values of the waist, w0, 
are presented for all (1–3) cases (the same w0 value for both LGBs). As it can be observed, the w0 values 
have a significant influence on the DIPs except for the case of 12 mm −= .  

 a)  b) 

 c)  d) 

Fig. 8 – DIPs from DOEs generated with different w0 (both LGBs use the same value for w0: a) m1 = 5, m2 = 15; b) m1 = 5, m2 = 20; c) 
m1 = –11, m2 = 11; d) m1 = 5, m2 = 30. For all cases, from left to right, w0 = 30, 50, 70. The intensity values are constant. 

 a)  b) 

 c)  d) 

Fig. 9 –  DIPs along propagation axis (both LGBs use the same value for w0: a) m1 = 5, m2 = 15; b) m1 = 5, m2 = 20; 
c) m1 = –11, m2 = 11; d) m1 = 5, m2 = 30. For all cases, from left to right, z =  1 m, 1 km, 5 km. 

The intensity values are constant. 
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To investigate the DIPs robustness, a study of their behavior along propagation axis is performed. In 
this case, of fixed given values for w0, I, m1 and m2, the parameter z has a reduced influence: the DIPs are 
stable for z values going from a few meters to a few kilometers (see Fig. 9) in all (1–3) cases.  

Condition 2.2 imposes an ideal value for idealII =2 . The results from DIPs investigation show that, in 

cases (1) and (3), for values in the interval 3 3
2 10 , 10ideal idealI I I−⎡ ⎤∈ ⋅ ⋅⎣ ⎦ , the diffracted intensity remains 

approximately unchanged (see Fig. 10) at a given z. In the case (2), the situation is different (see Fig. 10 c). 

    a) 

    b) 

    c) 

    d) 

Fig. 10 – a) m1 = 5, m2 = 15; b) m1 = 5, m2 = 20; c) m1 = –11, m2 = 11; d) m1 = 5, m2=30, 
first column I2 = 0.001 · Iideal, second column I2 =  Iideal, third column I2 = 102 · Iideal , forth column I2 = 103 · Iideal . 

5. TRANSFERRED INFORMATION 

In the free space optical communication based on spatially modulated beams created using optical 
vortices, an important goal is the identification of each individual OAM state hidden in the DIPs. In the case 
of axial superposition of two LGBs, one type of the information transferred in the DIPs, has an unhidden 
character given by the fact that such conditions can be created so that the circular intensity distribution 
appears as a number of mδ  maxima and minima visible with a simple radial detection.  

Nonetheless, in order to separately read each OAM state, a reading mask must be inserted in the optical 
path, with the aim to recompose the corresponding Gaussian beam. The reading mask is generated as a phase 
hologram, which incorporates a spatially-dependent phase retardation, in the 0 to 2π range, in a pattern 
described by θim−  modulo 2π, where im  represents one of the OAM initial state. 

The case presented in the Fig. 11 is created using two OAM states which fulfill condition 2.1. Figures 
11a and 11c display DIPs obtained when in the optical path the suitable reading mask with opposite sign for 
the OAM was inserted. In Figs. 11b and 11d is presented the case where in the optical path a reading mask 
generated using a mismatch value for the OAM state was introduced. 

Figure 12 presents the cases when the LGBs are generated with OAM states that do not fulfill 
condition 2.1. In all presented cases, the detection occurs in the central part as a peak, which represents the 
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recovered Gaussian beam of the read OAM state. The efficiency of the reading process is presented as the 
ratio between the maximum intensity in this central peak and the maximum intensity outside this central 
peak (arbitrary units). In Fig. 13 its behavior is presented. In order to obtain an accurate comparison, the 
same OAM state has been read in all cases. 

 a)  b)   c)  d) 

Fig. 11 – Final DIPs generated using DOEs and suitable reading masks in the cases of: a) m1 = 3, m2 = 11 and c) m1 = 5, m2=15; 
b), d) final DIP generated with mismatching reading mask for the correspondent DOE. 

 a)  b)  c)  d) 

Fig. 12 – Final DIPs generated using DOEs and suitable reading masks in the cases of: a) m1 = 5, m2 = 20; b) m1 = 11, m2= –11 (read 11);  
c) m1 = 11, m2 = –11 (read –11); d) m1 = 5, m2 = 30. 

  
 Fig. 13. – Efficiency in the reading process for m1 = 5, when m2 ranges from 6 to 30. 

6. CONCLUSIONS 

The diffracted intensity patterns obtained from the superposition of two LGBs were investigated in 
relation to the constructive parameters values used to separately generate each LGB. The transformation of 
the intensity spatial distribution goes from constructive interference patterns to separated rings. We showed 
that different types of DIPs can be obtained by simple changing of the OAM state values at given values for 
I, w0 and z: 1) cylindrically symmetric intensity distribution in a lattice with circular holes, 2) cylindrically 
symmetric intensity distribution with radial petals, and 3) separated concentric bright rings.  

The intensity spatial distributions depend on 0w , for all cases of combinations between OAM states, 
which fulfill or not condition 2.1, for given I and z values. Experimental results show that for z values up to a 
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few kilometers, the shape of the intensity spatial distribution is invariable. Also, the values for I2 are not 
critical in order to fulfill the condition 2.2; values in the range 3 3

2 10 , 10ideal idealI I I−⎡ ⎤∈ ⋅ ⋅⎣ ⎦
 keep stable intensity 

spatial distribution. We can conclude that the intensity spatial distribution in DIPs have a robust behavior in 
regard to large intervals for the parameters I and z. 

In the case of the axial superposition of two LGBs, a reading mask inserted in the optical path, recovers 
the Gaussian shape corresponding to the contained OAM states. For all (1–3) cases of the obtained DIPs, the 
efficiency in the detection process is comparable. 

These observations, regarding DIPs obtained from two LGBs axially superposed propose this combination 
as a compelling candidate for the optical information transfer, mainly due to the fact that they are robust with 
respect to the propagation distance and relative intensities. These results will be useful in long-distance 
optical communications in free-space or turbulent atmosphere. 
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