Scientific report on a Short Visit Grant in the Framework of the ESF Research Networking Programme NEWFOCUS
Visiting researcher: Dr. Nataliya K. Sakhnenko (Ref. Num. 4361)
	Home University
Kharkiv National University of Radio 
Electronics, 

Department of Higher Mathematics, 

14 Lenin Ave., Kharkiv, 61166, Ukraine
	Host University

Friedrich-Schiller-University Jena,

Institute of Applied Physics,

Max-Wein Platz, 1, D-07743 Jena, Germany

Host: Dr. A. Chipouline


Period of Stay: 17-31 October 2011, 15 days

Project Title: Dynamic Control of Sub-wavelength Field Confinement Using a Time Varying Homogeneous Lens of Simple Shape

Purpose of the visit

The main goal of this project is an accurate theoretical analysis of possibilities of dynamic control of the focus spot position and intensity due to time variation of material parameters inside the homogeneous lens of simple shape. In this project a computationally straightforward and efficient method for obtaining the transient fields in a stand-alone cylinder and in a chain of coupled cylinders has been used. The method is based on obtaining an analytical solution of the Maxwell equations in the Laplace transform domain and recovering of the time domain fields by virtue of the computation of the inverse Laplace transform via the residue evaluation at singular points and a rapidly convergent integral along the branch cut in the complex plane. This approach guarantees accurate back transformation of the functions and allows us to gain understanding and insight into the fundamental processes. 

Description of the work carried out during the visit

(1) Dynamic stand-alone lens.
On base of the approach above the controlling of the sub-wavelength focus spot at the shadow-side region of the isolated dielectric cylinder illuminated by plane wave by adjusting in time of material parameters has been theoretically studied. The incident plane wave generates the sub-wavelength focus spot (see inset in Fig. 1) at the shadow-side region of the dielectric cylinder. Such kind of spot can be formed e.g. when 
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 is the material refractive index) to form focused beam with spot size of several wavelength and spot width of about half-wavelength. It is assumed that the refractive index changes in time that can be realized by voltage control; by focused laser beam as a local heat source or else by a free-carrier plasma injection. The mechanism that couple the initial field to transformed one has been investigated. Details of both the transient response and the steady state regime have been studied. 
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Fig. 1. (left) Intensity along the horizontal x-axis at the centre of the spot outside the cylinder; (right) intensity cut along the vertical y-axis (
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is distance).

The assumption of the abrupt time change of the refractive index allows obtaining the analytical solution in the Laplace transform domain. This solution possesses singular points associated with damping excited modes that characterize the transient process and with frequency of the incident field that gives the steady state solution. After material switching the transient wave fronts are formed near the boundary and propagate in opposite directions.The inner wave front goes to the centre, reaches it, then begins to extend, reaches to the boundary, partially penetrates to the surrounded space, partially reflects and so on. The duration of transient period depends on the fact how frequency of the incident field is far of the eigenfrequency of the structure. The process is time consuming if frequency of the incident field is close to high-Q mode [1]. In this case the time period of field establishing coincides with the life time of corresponding mode. The incident field (inset in Fig. 1) is non-resonant state consequently the steady state regime can be achieved very fast. In the steady state regime the field behavior is determined only by the residue at the frequency of the incident field. Fig. 1 shows intensity in two different directions. Assuming initial value of the refractive index as 
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, we see that the decreasing of the refractive index leads to the shift of the spot position outside the cylinder toward the shadow-side of it and causes the growing of intensity.  Increasing of the refractive index shifts the spot close to the cylinder boundary and makes it shorter. We see that controlling the refractive index we can control position of the point maximum. The width of the spot can be controlled by time varying surrounding media. The spot can be made thinner by increasing the refractive index of the surrounding space. 
 (2) Chain of coupled dynamic cylinders.
The consideration has been extended on a chain of coupled dielectric cylinders with time jump of dielectric permittivity. A linear chain composed from three cylinders demonsrates smaller size of the focused spot compared to that in a single cylinder under the same illumitation conditions (inset in Fig. 2). Increasing the number of cylinders provides reduction of the spot size (Fig. 2, left). However attenuation of the intensity is also observable (Fig. 2, right). 
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Fig. 2. (left) Intensity along the horizontal x-axis at the centre of the spot outside the chain of 3 cylinders; (right) intensity cut along the vertical y-axis (
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is radius of the cylinder, 
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is distance) for N cylinders.

The field after the medium change satisfies the wave equations written for each particular cylinder and surrounding space. To solve this problem the Laplace transform has been applied directly to the wave equations including the initial and boundary conditions at the circular interfaces. Using the addition theorem for the Bessel functions, one arrives at an infinite set of algebraic equations that can be truncated in order to provide a predetermined numerical precision. The resulting field in the time domain is obtained using the inverse Laplace transform. It should be mentioned that founding the eigenvalues of the coupled cylinders is a challenging task because the coupled modes are hybrid modes that can be considered as symmetric and antisymmetric combinations of isolated cylinder modes with different frequencies and Q-factors. 

Changing in time of the refractive index causes more complicated and prolongated transient period assosiated with multiple transient wavefronts reflections from all boundaries and energy transport between cylinders. It should be notted that the focus spot in a chain is very sensitive to the time material variation (Fig. 2, left). 
(3) Transient lens for beam steering.
Focus spot considered above can be obtained due to illumination of the cylinder by external beam directed through its centre. However if the incident beam is directed at an angle to cylinder surface the deflection of the beam is observable Fig. 3 (a). The angle of deflection depends on the refractive index. It has been revealed that increasing the refractive index one can increase the angle of the deflection. It is seen the narrowing of the deflected beam as well. 

Using plasma cylinder opens even more opportunities of beam manipulation. When the plasma frequency is lower than frequency of incident beam the plasma cylinder is transparent for the radiation (Fig. 3 (b)). Here
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, for these values of parameters the plasma dielectric constant   
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 and we see deflection of the beam in opposite direction comparing with dielectric cylinder in Fig 3 (a). The broadening of the pulse has to be mentioned.  At frequencies below the plasma frequency, the plasma is a good reflector. So by changing in time the density of plasma one can create the shadow region behind the cylinder due to the reflection. Fig. 3 (c) demonstrates this phenomenon for 
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Fig. 3. Beam deflection in cylinder lens: (a) dielectric cylinder; (b) plasma with positive dielectric constant; (c) plasma with negative dielectric constant.

Description of the main results obtained

(i) Position and size of the fosuced spot can be controled by adjusting in time the dielectric constant of isolated/ coupled cylindrical lenses. The decreasing of the refractive index leads to the shift of the spot position outside the cylinder toward the shadow-side of it and causes the growing of intensity.  Increasing of the refractive index shifts the spot close to the cylinder boundary and makes it shorter. The width of the spot can be controlled by time varying surrounding media. Increasing the number of cylinders provides reduction of the spot size with attenuation of the intensity. The focus spot in a chain is very sensitive to the time material variation.

(ii) Isolated cylindrical lens with time varying dielectric constant can be used for the beam manipulation. 
Projected journal publications resulting from the grant
1. N. K. Sakhnenko, A.G. Nerukh, A. Chipouline, C. Schmidt, T. Pertsch, “Transient excitation of a circular microcavity by a complex source point beam”, is ready to be submitted. 

2. N. K. Sakhnenko, A.G. Nerukh,“Rigorous Analysis of Whispering Gallery Mode Frequency Conversion Due to Time Variation of Refractive Index in a Spherical Resonator”, accepted to JOSA A.
3. N. K. Sakhnenko, A.G. Nerukh, A. Chipouline, T. Pertsch, “Time varying cylindrical lens for dynamic control of sub-wavelength field confinement and beam steering”, in preparation. 
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