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Leaky waveguide modes along the edge of a dielectric wedge

It is shown experimentally that a Gaussian beam focused from within a finite wedge onto its edge at an angle of total reflection excites a leaky waveguide mode propagating along the edge. This newly described phenomenon is interpreted in terms of waveguide modes of a tapered dielectric slab of a mode index, which is known to decrease with slab thickness. This decrease in the refractive index leads to a gradual refraction of the incident beam parallel to the edge. A numerical simulation of a focused Gaussian beam incident on a finite dielectric wedge gives a full account of this phenomenon.

We consider a beam of light incident on a dielectric wedge structure at an oblique angle with respect to the edge of the wedge as shown schematically in Fig. 1. For a plane wave incident on an infinitely extended wedge at an angle of incidence with respect to the edge, which is larger than the critical angle of total reflection of the dielectric material, the plane wave will be totally reflected in the wedge structure. For a focused Gaussian beam of a finite cross section, a similar phenomenon may be expected as the well known Goos-Hänchen shift [1], which occurs for the total reflection of a Gaussian beam at a dielectric interface. The underlying phenomenon to the Goos-Hänchen shift is the so-called lateral wave, which can be considered as a leaky surface mode at the dielectric-air interface. It is shown here that a focused Gaussian beam incident on a finite dielectric wedge at an angle of total reflection is gradually deflected to be eventually aligned parallel to the edge. This phenomenon can be understood qualitatively in terms of a model of the wedge as a tapered slab with an effective refractive index decreasing with slab thickness [2] as a gradual refraction of the incident beam parallel to the edge. In the experimental part we present evidence for the leaky waveguide modes by observing light emission from the tip of a finite wedge (see Fig. 1) for a condition where a Gaussian beam is focused into the wedge at a location remote from the tip. Finally, numerical calculations simulate a Gaussian beam incident on the wedge.

The experimental configuration is shown in Fig. 2. As a wedge structure with an edge with a radius of curvature of the order of 5 nm [3], we use a glass fragment, which is formed by the cleaving of a piece of cover glass twice at a right angle [4]. The fragment is mounted on a prism serving to couple light into the tip. A twin microscope is used for the excitation and the observation of the leaky waveguide mode. A white-light source illuminates a circular iris dia-phragm. A demagnified image of the diaphragm is projected into the wedge, which is in focus at the edge. The beam, which is reflected from the edge, is reflected from the interface of the glass fragment opposite to the edge, and a magnified image of the edge is formed in the image plane, which is detected by a CCD camera. The NA of the incident beam and the angle of incidence of the beam can be adjusted by an adjustable iris diaphragm in the diffraction plane of the illumination pathway. With the second microscope, an image of the tip or the edge is formed from the outside of the wedge.

The experimental results are shown in Fig. 3. Figure 3(a) shows the reflected image of the edge for conditions of total reflection of the incident beam. The NA of the illuminating beam was adjusted such that the beam was totally reflected in the wedge and no light was emitted from the edge to the outside [Fig. 3(d)]. Figure 3(b) shows the light emitted from the edge as observed with the upper microscope when it is focused on the edge and when the incident beam has a large NA such that parts of the incident beam with a high NA are not totally reflected and lead to radiation from the edge. Light emission from the edge is clearly observed. Adjusting the focus such that the tip is in focus, a blurred image of the emission from the edge is observed and, additionally, somewhat separated from the emission from the edge, a weak emission from the tip is seen [Fig. 3(c)]. The NA was then decreased by reducing the diameter of the iris diaphragm in the illumination pathway until the radiative emission of the edge disappeared, but the emission from the tip still prevails [Fig. 3(d)]. This was also the condition for recording Figs. 3(a) and 3(e). In Fig. 3(e) the structure of the tip is visible by an additional weak delocalized background illumination. The arrangement of the tip is indicated in Fig. 3(f). These results can be interpreted by a leaky waveguide mode propagating parallel to the edge. This leaky waveguide mode is optically excited in the wedge structure by the Gaussian beam incident onto the edge at an angle of total reflection, which is directed into the wedge at a location remote from the tip. At the tip apex the waveguide mode leads to a ray being emitted from the end face of the wedge structure and to a scattering from the tip apex.

Waveguide modes in a dielectric wedge are interpreted in terms of waveguide modes in an adiabatically tapered dielectric slab as a function of its thickness [2]. Figure 4 shows the dispersion relations of slab waveguide modes as a function of slab thickness. For all modes the wavenumber decreases with decreasing thickness of the slab. This property can be described by an effective refractive index of the waveguide mode decreasing with decreasing slab thickness. We assume that in a wedge a waveguide mode exists at a certain height above its edge, which corresponds to the waveguide mode of a slab of a thickness corresponding to the width of the wedge at the given height. For a beam incident at an oblique angle into the wedge, the dispersion relations of Fig. 5 imply that the effective refractive index of the waveguide modes will continuously decrease as the beam penetrates into the wedge. This gradual decrease in the refractive index will lead to a gradual refraction and inclination of the incoming beam parallel to the edge. A similar phenomenon was discussed for an s-polarized surface plasmon mode in a metal-coated dielectric wedge [5]. There the effective refractive index increases with decreasing width within the edge. Fig. 2. Experimental configuration for the observation of a leaky waveguide mode in a wedge structure. A triangular glass fragment serves as a wedge structure. It is attached to a prism such that a focused beam of light can be injected into the edge of the wedge by using a microscope. The beam reflected from the edge is observed by a CCD1 camera. The CCD2 camera attached to a second microscope is used to detect light, which is emitted from the tip of the wedge. Fig. 3. Experimental observations. The white bars correspond to a 10 m (a) image of the reflected beam as recorded by CCD1 (see Fig. 2). To localize the focused spot in the tip structure, the tip was additionally illuminated by a weak nonlocal background illumination. (b) Image of the edge slightly displaced from the tip as recorded with CCD camera 2 (Fig. 2) showing light emission from the edge, which was illuminated by a high NA by adjusting iris diaphragm 2 (Fig. 2). (c) The same as (b) but with the tip in focus such that a blurred image of light emission from the edge and a weak emission from the tip is observed. (d) Image of the tip as in (b) but with a small NA of the illuminating beam such that no emission from the edge occurs. Only the emission from the tip is seen. The same NA of the exciting beam was chosen for image (a) of the reflected beam. (e) The same as (d) but with additional background illumination. (e) Schematic view of the orientation of the tip in the images.

Therefore the incoming beam is refracted toward the normal to the edge just opposite to the case of the dielectric wedge. For a p-polarized surface-plasmon mode, a very similar behavior is however expected as for the case of the purely dielectric wedge [6]. Figure 5 shows the result of numerical calculations by a volume integral equation method [6][7][8]o fx-and y-polarized Gaussian beams incident on a finite wedge at an angle of total reflection of 45°with respect to the edge of the wedge. A standing wave phenomenon is seen parallel to the edge and emission of light at the tip. These numerical results give a detailed description of our experimental results.

Our results may be of interest for the development of sensors based on leaky wedge waveguide modes [9,10]. A wedge configuration would allow for a higher confinement of the sensing area than a planar configuration. The results are also of interest in the process of superfocusing in a metal-coated dielectric wedge by dimensional reduction in surface to edge plasmon modes as discussed recently [6]. Leaky waveguide modes as described here provide an efficient channel for the excitation of surface and edge plasmon modes in a metal-coated wedge as will be described explicitly in a forthcoming publication. 
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 1 Fig. 1. Schematic view of a beam of light incident at an angle of total reflection onto the edge of a finite wedge, which ends at a tip.

Fig. 4 .

 4 Fig. 4. (Color online) Dispersion relations as a function of the thickness of a dielectric slab for different symmetric and antisymmetric transverse electric (TE) and transverse magnetic (TM) modes for a vacuum wavelength of 630 nm showing a decrease in the wave vector k z with decreasing thickness of the slab in all cases.
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 5 Fig. 5. Numerical results of the intensity of the electric field ͉E 2 ͉ in a dielectric tip of / 0 = 2.25 surrounded by vacuum with permittivity 0 and of dimensions B x = 6.1 and B y = 8.15, where is the vacuum wavelength. The spot size is 0.8, the intensity is unity at z = 0, and the beam axis is in the x-z plane parallel to the z axis but displaced from it by a distance d = 1.42. The field intensity is shown for a section at y =0.
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