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Abstract 

 
We propose a numerical technique for modeling the 

quantum multimode light scattering by a perfectly 

conducting body. Using the novel quantization approach, 

we give the quantum adaptation of the characteristic mode 

technique. Calculating the first- and the second-order field 

correlation functions by this method, we demonstrate how 

scattering affects quantum-statistical features of the field. 

As an example, we consider scattering of the two single-

photon Gaussian beams on a cylinder with a circular 

cross-section. We expect that this method will be useful 

for designing quantum-optical devices. 
 

1. Introduction 
 

The recent progress in quantum information, quantum 

computing, and various types of quantum technologies  

make it timely to develop theoretical and numerical 

methods for the analysis of realistic quantum optical 

elements, such as quantum circuits [1], quantum 

transmission lines [2], quantum antennas [3]. The 

quantum-optical concepts were extended to rather low 

frequencies, looking promising for new applications of 

microwave photons in quantum informatics, quantum 

radars [4], and metrology. In this process, the basic 

elements of these devices became multi-modal involving 

the scattering and diffraction. 

 

In contrast to the classical electrodynamics, the Maxwell 

equations for the quantum EM-field are reformulated in 

terms of the field operators. The conventional type of 

such reformulation is based on the decomposition of the 

field into plane waves while exchanging the classical 

weight coefficients by the pairs of creation-annihilation 

operators. While appealing for its simplicity, the plane 

wave basis is not always efficient for the physical analysis 

and numerical modeling of complicated multi-mode 

processes. In this talk we propose the highly efficient 

method of characteristic modes [5] for the scattering of 

quantum EM-field.  
 

 

 

 

 

2. Quantization of characteristic modes 

 
As a representative case, we consider a two-dimensional 

problem of scattering by an infinitely long perfectly 

conducting cylinder with arbitrary cross section. The 

impinging field is polarized along the axis of the cylinder. 

Let us introduce the basis functions in terms of the 

characteristic modes of the scatterer 
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where ( )nkE ρ  is the nth characteristic field with the given 

wavenumber 
k

k cω= , the quantities ( )nnS k  are the 

diagonal elements of the scattering matrix, which is 

unitary and diagonal in the chosen basis [5]. 
 
As usual [6], the general field operators are decomposed 

into the positive- and negative-frequency components as 

( ) ( ) ( )ˆ ˆ ˆE E E+ −= +ρ ρ ρ  (and the same for the magnetic 

vector potential ( )Â ρ ). The corresponding operators are 

expressed as 

 

( ) ( )
0

ˆ ˆ, ,ki tk

nk nk

nk

A t e c f dk
ω

ω

∞
−+ Ε

= ρ ρ           (2) 

( ) ( )
0

ˆ ˆ, ,ki t

k n k n k

n

E t i e c f dk
ω

∞

− ∗ + ∗= − Ε ρ ρ            (3)

 

                                             with bosonic commutation relations for creation-

annihilation operators ( )ˆ ˆ,nk n k nnc c k kδ δ+
′ ′ ′

′  = −   (all other 

pairs of operators commute), nnδ ′  and ( )k kδ ′−  being 

Kronecker symbol and Dirac delta-function, respectively, 

and /k k cω πΕ = h  - the normalization coefficient. The 

operators (2), and (3) in the far zone satisfy the canonical 

equal-time commutation relation 
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where 

 

ε  is the permittivity of the surrounding space. 

                                    

 

In the case of a monochromatic field, we account for all 

characteristic modes at the same frequency. 

 

3. Scattering of two single-photon beams by a 

circular cylinder 

 
As a simplest application example, we consider scattering 

of two Gaussian beams by a circular cylinder as depicted 

in Fig. 1. 

 

 
 

Figure 1. Geometry of the scattering of two identical 

Gaussian beams by the cylinder. 

 

 
 

Figure 2. Scattering of two single-photon Gaussian 

beams: (a) and (c) intensity ( )I ρ  in the absence and in 

the presence of the cylinder (colored red), respectively; 

(b) and (d) equal-point normalized second-order 

correlation function 
( ) ( )2

,G ρ ρ  in the absence and in the 

presence of the cylinder, respectively; 5a λ= , 45θ = o ,

0
0x = , 1/ 25β λ= ( 1/ 2Wβ = , where W  is the width 

of the beam in the plane 0x x= ). 

Field intensity of the incident beams is presented in Fig. 

2(a), while the total field in the presence of the cylinder is 

depicted in Fig. 2(c). 

 

Considering the second-order correlation function of the 

fields with and without the cylinder in Figs. 2(b) and 2(d), 

respectively, one can see that the scattering dramatically 

changes the quantum statistical properties of light. Arrow-

shaped region behind the cylinder is the one where bright 

color corresponds to a considerable average number of 

photons, and relatively high probability of two-photon 

registration. For two detectors placed in such “bright” 

regions, one would have high probability of simultaneous 

registration of photons. Such behavior is associated with 

the manifestation of the Hong-Ou-Mandel effect. 

 

4. Conclusion 

 
In this work we developed a general numerical technique 

for modeling of the quantum light scattering. The method 

is based on the characteristic mode technique [6]. The 

method is universal with respect to the configuration of 

lossless scatterer, structure of the incident field, and the 

scatterer dimensions relative to the wavelength. It is 

promising for various applications in quantum optics. 
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