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Purpose of the visit

The goal of this project is to gain a fundamental understanding and to describe theoretically details of the transient dynamics of the plasmon excitation by transient external source on metal wire and accurate time domain investigation of field emission in nanolaser, consisting of metallic nanowire with the optically active gain media like dye or quantum dots. 
Description of the work carried out during the visit
This project can be divided into two parts:
1) Modeling of transient plasmon dynamics on metallic wire
Transient pulsed beam excitation of the surface plasmon polaritons in metallic cylinder has been visualized and analyzed. The complex source point concept is used to simulate an incident transient beam. Rigorous mathematical method based on the Laplace transformation has been applied. Time domain field representation is obtained through the evaluation of the residues at singular points associated with the eigenvalues of the structure and integrals along the branch-cuts of a complex plane. 

An infinite cylinder of radius 
[image: image1.wmf]a

 with metallic plasma is considered. The Drude model is used to represent frequency dependent dielectric permittivity of the metallic plasma 
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 denote the corresponding plasma and damping frequencies respectively. 
Figure 1 (left panel) represents the scattering cross section of the plasma cylinder for the size parameter 
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. Multipolar plasmons are seen in the spectrum where 
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 represents a surface plasmon polariton with 
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 angular field variations. The normalized values are used: the normalized frequency 
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 is the real time. Figure 1 (right panel) shows the transient dynamics of the plasmons exited by the pulsed beam. The normalized pulse duration is 
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, however interference of different SPPs resonances is also seen in form of beating in time domain in Figure 1 (right panel).
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Fig. 1: The Scattering Cross Section (SCS) of the plasma cylinder (left panel), the real part of the magnetic field versus the normalized time (right panel), the size parameter is 
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Figure 2 shows the snapshots of the transient SPP travelling around the plasma cylinder excited by the external transient beam with the normalized central frequency 
[image: image17.wmf]0
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=3.5. The first image presents the field pattern at the moment when the source is just turned off. At the beginning of the transient process it is seen the significant leakage that results in decreasing of the amplitude (see color bar). This pulse generates SPPs propagating in the anticlockwise direction (the white arrow indicates the direction of the pulsed beam incidence). Figure 3 represents snapshots of the absolute value of the magnetic field for the same problem. We see that beating of the simultaneously excited SPPs gives rise to asymmetric running field pattern.  
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Fig. 2: Snapshots of the SPPs dynamics (real part of the magnetic field) propagation along the plasma cylindrical boundary. From the left to the right
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. The white arrow indicates the direction of the incidence of pulsed beam.
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Fig. 3: Snapshots of the dynamic SPP (absolute value of the magnetic field) propagation along the plasma cylindrical boundary. From the left to the right: 
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2) The transient processes in nanolaser consisting of metal nanowires with active shell
At this stage of project very efficient and accurate time domain method has been applied to investigation of the transient processes in nanolaser consisting of metal nanowires with active shell and to estimation of  the transient plasmon dynamics from the moment when the pump pulse is applied and up to the moment when continuous wave regime is established. 
Assume that before zero moment of time the transient SPPs (as above) are excited on metal nanowire with unpumped shell. At zero moment of time the pumping begins that is modeled by changing in time of the refractive index of active medium. To find this new value refractive index the analytical model for complex dynamics of classical system with quantum ingredients developed at the Friedrich-Schiller University of Jena is used. 

The quantum dynamics of a micro system (two-level system) is described by a following system of differential equations:
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here 
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 are energy and phase relaxation constants respectively, 
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 is the transition frequency, 
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) are diagonal and non diagonal elements of density matrix, 
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 is a Hamiltonian matrix element responsible for interaction of the quantum system with external fields. Usually the Hamiltonian 
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 is supposed to describe a dipole-electric field interaction and has a following form:
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where 
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 is a dipole moment of a quantum system. Substituting the electric field of exciting SPPs in (2) and then solving the system (1) one can find the value of dielectric permittivity that caused by pumping. For the active system, the gain is taken into account in the imaginary part of the refractive index of the material. The new value of the medium parameters changes the initial field. This part of the problem is solved with the approach developed in Kharkiv National University of Radio Electronics for consideration of electromagnetic fields in time varying media. It is based on the obtaining the analytical solution in the Laplace transform domain and back  inversion  into time domain using the accurate residues evaluation at singular points that correspond to excited plasmonic modes. Then transformed SPPs field causes changing of the right hand side of the system (1). One can continue this procedure until achievement of the saturation regime. A stable generation corresponds to zero imaginary part of the eigenfrequency, where the gain becomes equal to the total (passive and emission) losses. The gain in this state is saturated gain, which can be found by equating the imaginary part of the eigenfrequency to zero.  
Description of the main results obtained

1) The problem of the transient excitation of SPPs on the surface of plasma cylinder has been investigated by the rigorous and efficient mathematical method. This method allows obtaining analytical solutions in the Laplace transform domain. The time domain dynamics of the excited field is described by means of residues evaluation at singular points that correspond to the excited modes. An external beam excitation is modelled by the complex source point with the complex coordinates that generate running waves. It was shown that the incident radiation is coupled to the several SPPs simultaneously, which interfere and produce an asymmetric propagating wave. 
2) In frameworks of the project two approaches mention above (classical, based on the Maxwell’s theory of propagation of waves in time varying media, developed by Kharkiv group and quantum, based on density matrix formalism, developed by Jena group) have been combined. Iterative scheme has been developed from the moment when pumping begins until achievement of the saturation regime. 
Future collaboration with host institution 

Now the proposed method is going to be extended to investigation of transient process in aggregates of metal nanowires adjacent to active medium with optical gain (active shells/ active wires) and estimation of plasmon dynamics during transient process from the moment when the pumped pulse is applied and up to the moment when continuous wave (CW) regime is established. 

Publications resulting from the grant

Conference papers (with Acknowledgement to PLASMON-BIONANOSENSE)
[1]  N.K. Sakhnenko, N.P. Stognii, A.G. Nerukh, A. Chipouline, T. Pertsch, Modeling of transient plasmon dynamics in metallic cylinders, Proc. Int. Conference on Mathematical Method in Electromagnetic Theory (MMET 2012), Kharkiv, Ukraine, August 2012.
[2]  N. Stognii, N. Sakhnenko, Bonding and Antibonding Combinations of Plasmons in Aggregates of Plasma Columns, Int. workshop on theoretical and computational nanophotonics (TACONA 2012), Bad-Honnef, Germany, October 2012.
[3]  N. Stognii, N. Sakhnenko, Spectral Characteristics of Coupled Plasmonic Modes in Aggregates of Plasma Columns, European Microwave Week (EuMW 2012), Amsterdam, The Netherlands, November 2012. 
Projected journal papers

[1] N.K. Sakhnenko, N.P. Stognii, A.G. Nerukh, A. Chipouline, T. Pertsch, Transient plasmon excitation in metallic cylinders, in preparation.
[2] N.P. Stognii, A. Chipouline, N.K. Sakhnenko, T. Pertsch, Theoretical study of plasmon emission dynamics in assemblies of metal nanowires adjacent to active medium with optical gain, in preparation.
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