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Abstract – Transient pulsed beam excitation of the surface plasmon polaritons in metallic cylinder and 
hypothetical cylinder having both negative real parts permittivity and permeability is 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.  
 

I. INTRODUCTION 
 

Recently, surface plasmon polaritons (SPPs) have attracted great amount of attention due to their potential use 
for the subwavelength field enhancement and localisation that are explored in single molecule detection, 
transmission through a subwavelength aperture, subwavelength imaging, and improvement in the performance 
of conventional photonics components such as modulators and switches and others [1-4]. 

It is known that SPPs can exist on a metal wire that can be considered as a plasma cylinder in the optical 
region. Cylinders with ordinary nonmagnetic metal is characterised by a negative permittivity 0ε <  and support 
only TE polarized SPPs. In a hypothetical left-handed material (LHM) cylinders, considered here as well, the 
permeability is also negative ( 0ε <  and 0μ < ) and SPPs of the both polarisations can be excited. 

In this paper we consider the excitation of SPPs on a cylindrical surface by a transient pulsed beam. The 
external beam is modelled by a pulsed complex source point [5-7] with complex coordinates. To find the excited 
fields we use a rigorous mathematical tool that allows analysing problems both in the frequency and in the time 
domains. By applying the Laplace transformation directly to a wave equation we derive an analytical solution in 
the frequency domain; the time dynamics of the electromagnetic field is recovered by the inverse Laplace 
transformation. In this way we evaluate the residues at singular points associated with the eigenvalues of the 
structure and the integral along the branch-cuts in the complex plane. This approach guarantees the calculation 
with controllable accuracy and allows us to extract and to interpret physical phenomena. This method was 
introduced by C. Baum (singularity expansion method) in the 1970-s, has been successfully used in variety of 
ultra-wide-band antenna and target identification problems [8-9],and has been successfully applied by authors to 
a variety of 1-3D time domain problems with nondispersive media [10-13]. In this paper this method is 
expanded to dispersive materials: (i) plasma and (ii) LHM. 

 
II. MATHEMATICAL BACKGROUND 

 
We consider an infinite cylinder of radius a  with metallic plasma or LHM inside, surrounded by vacuum. 

The cylinder is excited by an external transient beam directed along the tangent line to the boundary. The pulse 
duration is τ  and the central carrier frequency is 0ω , and TE- polarized field is considered. The Laplace 
transform of the z-component of the magnetic field satisfies the equation 
 

2 2 2( ) ( ) 0H p n p c H pΔ − =      (1) 
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where c  the speed of light in vacuum is, p  is the Laplace transform variable. This equation is the analogue of 
the Helmholtz equation in the Laplace transform domain if p iω= . We take the simplest form for the refractive 
index for the metallic plasma  
 

( )2 2 21 pe pen p pω γ= + +       (2) 

 
and for the LHM  

( ) ( )2 2 2 2 21 1pe pe pm pmn p p p pω γ ω γ⎡ ⎤ ⎡ ⎤= + + + +⎣ ⎦ ⎣ ⎦     (3) 

 
where peω , pmω  and peγ , pmγ  denote the corresponding plasma and damping frequencies respectively. The 
solution is constructed in the form of the modified Bessel functions series with unknown coefficients which are 
to be found then from boundary conditions. The resulting field in the time domain is obtained through the 
inverse Laplace transformation.  
 

III. RESULTS AND DISCUSSION 
 

Figure 1 (left panel) represents the scattering cross section of the plasma cylinder for the size parameter 
pea cω =5, 310pe peγ ω −= . Multipolar plasmons are seen in the spectrum where mSPP  represents a surface 

plasmon polariton with m  angular field variations. The normalized values are used: the normalized frequency 
ka a cω=  and the normalized time T tc a=  where t  is real time. Figure 1 (right panel) shows the transient 
dynamics of the plasmons exited by the pulsed beam. The normalized pulse duration is 2 a cπ , and the central 
frequency of the beam coincides with the eigenfrequency of the 6SPP , 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 pa cω =5, 310pγ ω −= .  
 

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 0a cω =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 we see 
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.   

Further consideration concerns the LHM cylinder with the refractive index given by (3). The values of the 
parameters are: pea cω = pma cω =5; 310pe pe pm pmγ ω γ ω −= = . Figure 4 (left panel) represents spectrum of the 
step-like pulse (the Heaviside unit function time dependence). Both SPPs and left-handed whispering gallery 
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modes are seen, SPPs are localized near the value ka =3.5 ( Re( ) 3.46ka = , Re( ) 3.49ka = , Re( ) 3.51ka =  
correspond to 6SPP , 7SPP , and 8SPP , respectively); the left handed modes belong to the interval 0 2.7ka< < . In 
contrast to the ‘right-handed’ cylinders, where the whispering gallery modes are confined due to the nearly total 
internal reflection, the modes of LHM cylinder are to some extend exotic ones and have no commonly accepted 
explanation [14].  

 

         
 
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 6T π= , 50T π= , 100T π= . 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: 150T π= , 550T π= . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4: The internal spectral density in LHM cylinder (left panel); the amplitude at inner point near the boundary versus the 
normalized time in LHM and in plasma cylinder (right panel).  
 

Figure 4 (right panel) shows the intensity of the surface running waves excited by the beam directed along the 
tangent on the LHM boundary. The central pulse frequency ( a cω =3.5) overlaps a few SPPs for the LHM. For 
these values the dielectric permittivity and the magnetic permeability of the LHM cylinder are both close to 
minus one. The phase velocities are directed opposite inside and outside the cylinder. Nevertheless, the incident 
beam generates the pulse running in the same direction as in the case of just plasma cylinder, considered above. 
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The time domain behaviour of module of the field would be very similar to that given in Fig. 3 for the plasma 
cylinder.  

The time domain behaviour of the excited SPPs on the plasma boundary for the same incident beam is 
presented in Fig. 4 (right panel). Dramatic field enhancement is seen for the LHM cylinder. The distance 
between the nearest peaks indicates the asymmetric pulse round-trip time. Slowing the speed of the pulse on the 
LHM boundary in 3-4 times is detected. The inset in Fig. 4 (right panel) zooms the absolute value of the excited 
SPPs on the LHM boundary. ‘Ringing’ is visible due to the excitation of the left handed whispering gallery 
modes of LHM cylinder in addition to the surface waves. 

 
VI. CONCLUSION 

 
The problem of the transient excitation of SPPs on the surface of plasma or LHM cylinders is 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. 

The transient dynamics of SPPs has been visualised and discussed. It was shown that the incident radiation is 
coupled to the several SPPs simultaneously, which interfere and produce an asymmetric propagating wave. 
Slowing of the group velocity on LHM boundary is shown as well.  

 
ACKNOWLEDGEMENT 

 
Dr. N. K. Sakhnenko is thankful to the European Science Foundation Research Networking Programme 

PLASMON-BIONANOSENSE.  
Ms. N. Stognii wishes to acknowledge to the German Academic Exchange Service (DAAD).  

 
REFERENCES 

 
[1] N. I. Zheludev, “The road ahead for Metamaterials,” Science, vol. 328, pp. 582-583, 2010. 
[2] W. Barnes, A. Dereux, and T. Ebbesen, “Surface plasmon subwavelength optics,” Nature, vol. 424, pp. 824-830, 2003. 
[3] K. Kneipp, Y. Wang, H. Kneipp, L. Perelman, I. Itzkan, R. Dasari, and M. Feld, “Single molecule detection using 

surface-enhanced Raman scattering (SERS),” Phys. Rev. Lett., vol. 78, pp. 1667–1670,1997. 
[4] I. Smolyaninov, J. Elliott, A. Zayats, and C. C. Davis, “Far-field optical microscopy with a nanometer-scale resolution 

based on the in-plane image magnification by Surface Plasmon Polaritons,” Phys. Rev. Lett. vol. 94, 057401, 2005. 
[5] E. Heyman and L. Felsen, “Complex-source pulsed beam fields,” J. Opt. Soc. Am. A, vol. 6, no. 6, pp. 806-817, 1989. 
[6] E. Heyman and L. Felsen, “Gaussian beam and pulsed-beam dynamics: complex-source and complex-spectrum 

formulations within and beyond paraxial asymptotics, J. Opt. Soc. Am. A, vol. 18, no. 7, pp. 1588-1611, 2001. 
[7] A.V. Boriskin and A.I. Nosich, “Whispering-gallery and Luneburg-lens effects in a beam-fed circularly layered 

dielectric cylinder,” IEEE Trans. on Antennas and Propagation, vol. 50, no. 9, pp. 1245-1249, 2002. 
[8] C. Baum “On singularity expansion method for the solution of electromagnetic interaction problems,” Interaction 

Notes, Note 88, 1971.  
[9] C. Baum, “Discrimination of buried targets via the singularity expansion”, Inverse Problems, vol. 13, pp. 557-570, 

1997. 
[10]  N. Sakhnenko and A. Nerukh, “Rigorous Analysis of Whispering Gallery Mode Frequency Conversion Due to Time 

Variation of Refractive Index in a Spherical Resonator,” J. Opt. Soc. Am. A, vol. 29, pp. 99-104, 2012. 
[11]  E.V. Bekker, A. Vukovic, P. Sewell, T. M. Benson, N. K. Sakhnenko, and A. G. Nerukh, “An assessment of coherent 

coupling through radiation fields in time varying slab waveguides,”  Optical and Quantum Electron., vol. 39, no. 7, pp. 
533-551, 2007. 

[12]  N. K. Sakhnenko, A. G. Nerukh, T. Benson, and P. Sewell, “Frequency conversion and field pattern rotation in WGM 
resonator with transient inclusion,” Optical and Quant. Electron., vol. 39, pp. 761-771, 2007. 

[13]  N. Sakhnenko, A. Nerukh, T. Benson, and P. Sewell, “Whispering Gallery Mode transformation in a switched micro-
cavity with concentric ring geometry,” Optical  and Quantum Electronics, vol. 40, no. 11-12, pp. 818-82, 2008. 

[14]  V. V. Klimov, “Spontaneous emission of an excited atom placed near a “left-handed” sphere”, Optics 
Communications, vol. 211, pp. 183-196, 2002 

 

38




