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SINGULAR DYNAMIC HOLOGRAPHY 

A. L. Tolstik UDC 535.34 

Basic patterns of interaction of Gaussian and singular light beams (optical vortices) in media with resonant 
and thermal nonlinearity are experimentally investigated. It is demonstrated that interference of the Gaussian 
and singular beams in a nonlinear medium leads to the formation of dynamic volume holograms characterized 
by a singular structure. Under conditions of nonlinear holographic recording and Bragg diffraction on 
singular volume holograms, multiplexing of a topological charge and frequency conversion of optical vortices 
(transition from the IR to the visible range of the spectrum) is observed. Polarization recording of singular 
holograms that allows dynamic control to be performed over polarization of singular light beams including 
rotation of the polarization plane and conversion of linearly polarized radiation into circularly or elliptically 
polarized radiation. 
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INTRODUCTION 

Singular dynamic holography is a new direction of dynamic holography associated with hologram recording by 
light beams with phase singularity (optical vortices). The special feature of singular beams is the presence on the wave 
front of special points – screw dislocations – in which the beam intensity vanishes and the phase is not defined [1]. 
When encircling a screw dislocation in the beam cross section, the phase changes by 2l, where l is called a topological 
charge. Depending on the sign of l, the screw dislocations are subdivided into positive (right) and negative (left) ones. 
Singular light beams retain the topological charge during their propagation; moreover, the divergence changes only the 
beam diameter retaining the zero beam intensity in the centre of the screw dislocation. These properties allow the 
singular beams to be used to trap micro-objects and to manipulate with them, to transfer optical information, to develop 
waveguide structures, and to analyze very chaotic phase non-uniform media, including turbulent phenomena in the 
atmosphere. 

To convert the topological structure of optical vortex beams, the second harmonic generation [2] is combined 
with three- or four-wave interaction [3, 4]. Thus, for example, the phase conjugation of the signal vortex beam [5] was 
demonstrated in the process of four-wave frequency-degenerate interaction in a colloid medium. In the process of four-
wave nondegenerate interaction in vapors of rubidium atoms, subtraction of the topological charges of two optical 
vortices [6] was implemented. At the same time, methods of dynamic holography [7, 8] were developed to convert 
coherent images in real time.  

In the present work, theoretical and experimental results on conversion of singular light fields by dynamic 
holograms under conditions of manifestation of higher order nonlinearities are presented. Special attention is given to 
schemes of frequency conversion of optical vortices and topological charges of singular beams. The new direction deals 
with polarization recording of singular holograms that allows the conversion of the topological structure to be combined 
with polarization of light beams.  
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THEORETICAL MODEL OF NONLINEAR RECORDING OF SINGULAR DYNAMIC HOLOGRAMS 

To record dynamic holograms, media with cubic nonlinearity are conventionally used. The application of 
nonlinear optics formalism allowed physical principles of dynamic holography to be developed, original methods of 
compensation for phase distortions accompanying the radiation propagation in optically inhomogeneous media to be 
implemented, and new methods of optical information processing in real time to be proposed. Extended possibilities of 
diffraction methods of light field conversion and of methods of nonlinear spectroscopy are provided by nonlinear 
recording of dynamic holograms in media with nonlinearities of the fifth and higher orders [9–11]. Under these 
conditions, distortions of holographic grating lines were observed that were traditionally considered as the negative 
factor leading to the appearance of noise components in diffracted radiation. However, new components arise in the 
Fourier expansion of the nonlinear susceptibility of the medium in spatial harmonics of the dynamic grating, which 
allows the Bragg diffraction of the readout beam in the second and higher diffraction orders to be implemented by 
changing the propagation direction or the frequency of the readout wave [12]. In the Bragg mode, the readout beam 
directed at the angle corresponding to the M-th diffraction order is scattered on the corresponding spatial harmonic of 
the grating. Moreover, in this case the efficiency of the M-th order diffraction can be related to the nonlinear 

susceptibility (2 1)M  , and independent measurements of the nonlinear susceptibility can be performed for each 

diffraction order. 
To analyze the expansion of the susceptibility of the medium in the harmonics of the dynamic grating being 

recorded, we first take advantage of the expansion of the nonlinear susceptibility in powers of the light field strength  

 (3) 2 (5) 4 (7) 6
nl ...E E E            (1) 

Here    2
0 08 1 cos( )E cn I     K r  is the total field of interfering waves, where K  is the wave vector of the 

grating, 0I  is the average field intensity in the medium, and   is the intensity modulation depth. Taking advantage of 

the binomial formula, we express the nonlinear susceptibility nl  of the medium in the form 

  (2 1)
nl 0 0

1 0

8 cos ( )
m

mm k k k
m

m k

I cn C




 
       K r ,  (2) 

where ! !( )!k
mC m k m k   are binomial coefficients. Then the components of expansion of the nonlinear susceptibility 

in the spatial Fourier harmonics of the grating  

 nl
1

exp[ ( ))] ( )
2m im d





     
  K r K r  (3) 

can be written in the following form: 
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Each term of the Fourier series describing the grating and hence the diffraction efficiency of the dynamic 
holograms depends on the nonlinear susceptibilities of different orders. Considering that the series expansion of the 
nonlinear susceptibility in powers of field (1) is valid for small values of the optical nonlinearities, when each 
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subsequent nonlinear term is much smaller than the preceding term, we obtain that the first terms of the series give the 
main contribution to the response of the medium in formula (4). This situation is observed, for example, for a two-level 
model of the medium when the light intensity is smaller than the saturation intensity of the resonant transition. Under 
these conditions, the efficiency of the M-th order diffraction can be unambiguously related to the nonlinear 

susceptibility (2 1)M   and the nonlinear susceptibility can independently be measured for each diffraction order.  

We consider interference-holographic processes of singular light beam conversion on an example of recording 
of the dynamic hologram of the 1E  reference wave and the SE  signal wave readout by the 2E  wave (Fig. 1). As 

a result of interference of two waves, the singular hologram with characteristic branching on the screw dislocation is 
formed; in this case, the number of branches characterizes the topological charge of the signal beam (the case shown in 
Fig. 1 corresponds to the unit topological charge). During readout of such hologram by the Gaussian wave 2E , the 

diffracted wave DE  is formed whose characteristics depend on the diffraction conditions.  

To describe quantitatively the diffraction process, we take advantage of the nonlinear optics formalism. In this 
case, the process of recording and readout of dynamic holograms can be considered as the process of N-wave mixing on 
the nonlinearity of the order N – 1. In this approach, the diffracted wave DE  is determined by the nonlinear 

polarizability of the medium [13]:  

 ( 1) *
1 2( )N M

SP E E E  ,  (5) 

where 2 1M N   is the diffraction order.  

The direction of diffracted wave propagation follows from the condition of phase synchronism for the wave 
vectors which with allowance for Eq. (5) can be represented in the form  

 1 2D SM M  k k k k . (6)  
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Fig. 1. Scheme of recording of the dynamic hologram by the reference Gaussian wave E1 
and the singular signal wave ES and its readout by the Gaussian wave E2. Here l1, l2, lS, and 
lD are the topological charges of the corresponding light beams. 
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Different diffraction orders can be obtained for the volume holographic grating by changing the direction of readout 
wave propagation determined by the Bragg condition for different components of the spatial grating. According to 
condition (6) of phase synchronism, the readout wave must be directed at the angle arcsin( sin( / 2)) / 2M      to the 

reference wave, where   is the angle between the beams recording the hologram ( ( 1) / 2M     for small   values).  

With allowance for the truncated wave equations and condition (6) of phase synchronism for wave vectors, the 
system of equations describing the wave DE  formed in the process of diffraction of the readout wave 2E  on the grating 

formed by waves 1E  and SE  can be written as follows: 

  1,
1, 0 ,1 1

0

2
( ) ( )S

S S

E
i E E

r cn 
 

     


,  (7) 

  2,
2, 0 ,2

0

2
( ) ( )D

D D M
E

i E E
r cn

 
      

  , (8) 

where 1 1
1

exp[ (( ) ))] (( ) )
2m nl S Sim d





     
  k k r k k r  are components of the expansion of the nonlinear 

susceptibility of the medium in the Fourier series. 
For the two-level model of the resonant medium, the nonlinear change of the refractive index can be 

represented in the form 
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where 0  is the linear extinction coefficient, ˆ a i     is the complex nonlinearity parameter whose imaginary part 

determines the saturation intensity 1
SATI   . Then the components of the expansion of the nonlinear susceptibility of 

the medium in the spatial Fourier series can be represented by the universal formula [13] 
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where  1 22 2
0 1(1 ) 4 SA I I I     . From Eqs. (8) and (10) it follows that the phase of the diffracted wave is 

determined by the expression 

 1 2D SM M       .  (11) 

For plane reference and readout waves, the phase 1 2( const)M      of the diffracted wave is multiple of the 

phase of the signal wave D SM    . When going to singular dynamic holograms, we must consider that the change of 

the diffracted wave phase in comparison with the signal phase must lead to the corresponding change of the topological 
charge. Thus, for the first-order diffraction and formation of the beam with conjugate wave front, the phase of the 
diffracted wave is opposite to the signal wave phase ( D S   ). In this case, it is possible to expect that the diffracted 

beam will have the topological charge opposite to the topological charge of the signal beam ( D Sl l  ). At the same 

time, diffraction of the second and higher orders leading to multiplexing of the signal wave phase ( )D SM     must 

also result in multiplexing of the topological charge ( )D Sl Ml   [14, 15]. 
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EXPERIMENTAL SETUP 

The conversion of light fields by singular dynamic holograms was experimentally investigated for ethanol 
solution of polymethyl dye 3274u. The dynamic hologram was recorded by radiation of an yttrium aluminum garnet 
laser with wavelength λ = 1064 nm corresponding to the maximum of the absorption band of the polymethyl dye. In the 
process of radiation absorption, along with population of excited states of dye molecules (the resonant mechanism of 
the nonlinearity), effective heat liberation was observed that allowed the thermal dynamic grating to be formed. The 
second harmonic of radiation of the same laser with wavelength λ = 532 nm was used to reconstruct the hologram. It 
was practically not absorbed by the dye solution, but allowed the heat induced component of the dynamic hologram to 
be readout. Changing the direction of readout wave propagation, the diffraction of the first or second order can be 
observed [16, 17].  

The block diagram of the experimental setup is shown in Fig. 2. Q-switched Nd:YAG laser 1 was used with 
subsequent generation of the second harmonic. Radiation of the fundamental frequency was selected by spectral splitter 
2, and reference and signal waves were formed by mirrors 4 and 5. To align optical path lengths, delay line 6 was used. 
To obtain a singular light beam, we used specially manufactured photopolymer transparency 7, in which the 
interference pattern of the Gaussian and singular light beams was preliminary registered. Polymethyl methacrylate 
layers with phenanthrenequinone were used as a recording material. The choice of the material was caused by the 
possibility of recording volume phase holograms with diffraction efficiency close to 100% as well as by the almost 
complete transparency in the visible and near-IR ranges of the spectrum [18]. The radiation resistance of the 
holographic gratings to high-power pulsed radiation was also determined. The threshold radiation power density upon 
irradiation of samples with frequency of 10 Hz was 10 MW/cm2 for λ = 532 nm and 20 MW/cm2 for λ = 1064 nm. In 
the process of diffraction on transparency 7, a singular light beam was formed which by mirror 8 was directed into cell 
10 with a nonlinear medium (solution of the dye) in which the singular dynamic hologram was recorded. 
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Fig. 2. Block diagram of the experimental setup for recording singular dynamic holograms 
comprising Nd:YAG laser 1, spectral splitter 2, totally reflecting mirrors 3, 5, and 8, 
semitransparent mirrors 4 and 9, delay line 6, optical transparency with phase singularity 7, 
cell 10 with a dye, field stop 11, registration system 12, phase plates 13–13, and Glan 
prism 14. 
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Radiation of the second harmonic of the laser transmitted through light splitter 2 and reflected from mirror 3 
entered into nonlinear medium 10 and was used to readout the hologram. Changing the position of mirror 3 according to 
condition (6) of phase synchronism, the first and second diffraction orders were observed. When readout the dynamic 
hologram at the frequency of the second harmonic, the diffraction of the second order observed for counter propagating 
reference and readout waves ( 2 12 k k ) is of interest. In this case, the diffracted wave will also propagate opposite to 

the signal wave ( 22D S k k ). To select the diffracted beam, semitransparent mirror 9 and field stop 11 were used. To 

change the polarization state of the interacting waves, phase plates 13–13 were used. The polarization state of the 
diffracted waves was analyzed using Glan prism 14. 

The characteristics of the light beam (intensity distribution and topological charge) were measured with 
registration system 12 based on a CCD camera. To determine the topological charge of light beams, a Mach–Zehnder 
interferometer that allowed the topological structure of light beam to be identified from the interference pattern was 
placed in front of the CCD camera. In this case, attention should be drawn to the fact that this variant of the 
interferometer split the singular beam into two beams and changed the topological charge of one of them into opposite 
one (one beam was doubly reflected in the interferometer and its topological charge was retained, whereas the second 
beam was triply reflected, and its charge changed into the opposite one). As a result, the interference pattern determined 
by the phase difference between the interfering waves was similar to that of the singular beam with the doubled 
topological charge and a plane wave [19], that is, the number of branches in the system of registration of the topological 
charge twice exceeded the charge. To control the characteristics of the signal beam, mirror 9 (Fig. 2) was rotated by 
90, and radiation was directed toward the system of determining the topological charge the same as for the diffracted 
beam. To determine the charge sign, a spherical lens was inserted into one of the arms of the Mach–Zehnder 
interferometer. In this case, the interference pattern represented helices whose number determined the charge and whose 
direction (clockwise or counterclockwise) determined the sign of the topological charge.  

TRANSFORMATION OF THE TOPOLOGICAL CHARGE OF SINGULAR LIGHT BEAMS 

A singular dynamic hologram was recorded with Gaussian and singular light beams having unit topological 
charge using the scheme shown in Fig. 2. Experimental results in the form of spatial intensity distributions and 
interference patterns of the signal and diffracted waves with a spherical wave are shown in Fig. 3. The dynamic 
holograms were recorded with Gaussian reference (E1) and readout (E2) waves and singular signal wave (ES) with unit 
topological charge lS = 1 (Fig. 3a). It can be seen that the spatial intensity distributions have characteristic zeros in the 
beam cross section, and the interference patterns are characterized by the presence of helical structures; moreover, 
different directions of rotation for the signal and diffracted waves indicate different signs of their topological charges. 
The topological charge of the diffracted wave depends on the diffraction order. According to theoretical estimates, for 
the diffraction of the first order, the wave ED has the topological charge lD = –1 (Fig. 3b, the single helix with the 
direction opposite to that of the signal wave), and the diffraction of the second order has the topological charge lD = –2 
(Fig. 3c, double helix with opposite direction). 

It should be specially noted that simultaneously with conversion of the topological charge, conversion of the 
singular beam during which the diffracted wave acquires the doubled frequency compared to that of the signal wave is 
observed for the examined interaction schemes. As can be seen from the experimental data, the frequency conversion 
allows singular beams to be visualized translating their images from the IR to the visible range of the spectrum.  

It should also be noted that the application of the topological charge of the singular beam for the information 
parameter allows the algebraic subtraction operation to be implemented [6]. Expansion of the spectrum of algebraic 
operations takes place for the nonlinearly formed dynamic holograms. With singular light beams used for reference and 
readout waves, it is possible to describe the topological charge of the diffracted beam by the expression 

1 2D Sl Ml l Ml    from which it follows that interaction of singular light beams makes it possible to implement 

a variety of algebraic operations (summation, subtraction, and multiplication by an integer).  



 1437

POLARIZATION CONVERSION OF SINGULAR LIGHT BEAMS 

Additional possibilities for light beam conversion are opened by polarization recording of singular holograms 
which can be formed, for example, in azo polymers or solutions of dyes with orthogonal polarization of waves 
recording the hologram [20, 21]. During polarization holographic recording, the reference and signal waves are 
polarized in such a manner that the total intensity of these waves remains constant, and only the spatial modulation of 
the polarization state of light takes place in accordance with the phase difference of the waves used to record the 
hologram [22]. However, dynamic gratings can also be formed under these conditions due to the dependence of the 
intensity of saturation absorption on the polarization state of laser radiation [23, 24]. 

To record singular polarization dynamic holograms, the scheme of frequency-degenerate interaction was 
chosen. A solution of rhodamine 6G dye was used as a nonlinear medium. Recording and readout of the dynamic 
hologram were performed at the frequency of the second harmonic of the Nd:YAG laser. Half-wavelength plates 13–
13 were used to change the polarization sate of the reference, signal, and readout waves into orthogonal one (Fig. 2). 
Results of experimental investigation of the singular polarization holograms are shown in Fig. 4, where images of 
experimental beams (the left column) and interferograms corresponding to them (the right column) are shown that 
confirmed the presence of a topological charge. 

In the initial stage, all interacting waves had the same polarization state – vertical – that corresponded to the 
standard scheme of recording and readout of dynamic holograms. Images in Fig. 4a and a  correspond to the signal 
beam SE . In this case, the singular beam with topological charge lS = 1 was used as a signal beam. This is confirmed by 

the interferogram in which, as it follows from the employed scheme of registration of the topological charge, two more 
interference bands are added. Other images in Fig. 4 correspond to the spatial distribution of the diffracted wave 
intensity DE  registered for identical polarization states of the interacting waves (b) and changed polarization state of 

the reference 1E  (c), signal SE  (d), and readout 2E  waves (e). The corresponding interferograms (Fig. 4b–e) 

show that for any arbitrary combination of the polarization states of the interacting waves, the topological charge 

  

1064 nm 532 nm 532 nm 

a          b c  

Fig. 3. Spatial distributions of the intensity of the signal light beam with topological charge 
l = 1 (a). Upper row: the diffraction of the first (b) and second orders (c). Lower row: the 
corresponding interferograms with the spherical reference wave. 
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in the formed dynamic hologram is transferred to the diffracted wave and its modulus is equal to the charge of the 
signal wave SE .  

Experimental dependence of the polarization state of the diffracted wave DE  for polarization holographic 

recording is presented in Table 1. It can be seen that in the process of interaction on the gratings recorded by equally 
polarized waves, the polarization state of the diffracted wave is determined by that of the readout wave. Different 
situation is observed in the process of diffraction on dynamic polarization gratings. In this case, the polarization state of 
the diffracted waves depends not only on that of the readout wave, but also on the interaction scheme. For the 
diffraction of the first order, the polarization plane of the readout wave is rotated by 90°, and for the diffraction of the 
second order, the polarization state of the diffracted wave coincides with that of the readout wave. This situation is 
typical for polarization holographic recording using different schemes [20, 22]. In this case, the singular beam with 
a screw phase dislocation caused no changes compared to the application of the Gaussian beams and confirmed the 
independence of the special features of polarization conversion in the process of diffraction on the dynamic polarization 

 a 
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Fig. 4. Spatial distributions of the intensity of experimental signal (a) and diffracted beams 
(b–e) and interferograms corresponding to them. 
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gratings on the shape of the signal beam (Gaussian or singular), despite the orbital moment peculiar to the singular 
beam. 

Separate direction of polarization holography is connected with application of waves with circular polarization 
states. To generate such waves, quarter-wavelength plates were used in the experiment instead of half-wavelength plates 
13 – 13 (Fig. 2). As demonstrated experimental investigations, for circular polarization of the signal wave and linear 
polarization of the reference wave, the diffracted wave had elliptical polarization state strongly elongated along the 
direction of the readout wave. This situation can be explained if we represent the circular polarization of the signal 
wave in the form of the sum of two orthogonal linearly polarized waves with a phase shift between them. For identical 
polarization states of waves recording the hologram, the classical dynamic hologram is formed, in the process of 
diffraction on which the wave with polarization state coinciding with that of the readout wave is formed. The 
orthogonal polarization component participates in recording of the polarization hologram, diffraction on which gives 
rise to the orthogonal polarization component of the diffracted wave. Owing to lower diffraction efficiency of the 
polarization hologram, this component has lower intensity, which leads to the formation of elliptically polarized light.  

During interference of the reference and signal waves in the case in which both waves have mutually 
orthogonal circular polarization states, the dynamic polarization hologram is also recorded. Reconstruction of such 
hologram by waves with linear or circular polarization allows the diffracted wave with circular polarization to be 
obtained.  

CONCLUSIONS 

Thus, the results presented in this work show the possibilities of conversion of the topological structure and 
polarization state of singular light beams using schemes of nonlinear holographic recording. Light beams with different 
diffraction orders differ by the propagation direction and spatial structure of the wave front. Different orders of the 
Bragg diffraction on the nonlinearly formed dynamic hologram allow multiplexing of topological charge to be obtained. 
Thus restoration of the dynamic hologram by the light wave with doubled frequency compared to the wave recording 
the hologram provides visualization of the infrared singular light fields. The combination of radiation polarization and 
the topological charge as the information parameters allows one to combine the possibilities of the polarization 
holography and singular optics with new principles of information encryption. The application of such characteristics of 
diffracted radiation as nontrivial information parameters is promising for the formation of hidden images that 
simultaneously can combine the technology of holographic protection with recording of encrypted information. 

This work was supported in part by the Belarussian Government Program of Scientific Research “Electronics 
and Photonics,” the Belarussian Foundation for Basic Research (grant No. F14R-168), and the Russian Fondation for 
Basic Research (grant No. 14-02-90050). 
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