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Abstract

The development of effective techniques for guiding pulsed terahertz radiation is essential for the continued development of
terahertz spectroscopy and imaging applications based on the technique of time-domain spectroscopy. Terahertz surface plasmon
polaritons (SPPs) can be excited and guided on cylindrical metal wires with low loss and dispersion. This propagating surface
wave, known as a Sommerfeld wave, possesses radial polarization, which is not well matched with conventional sources of pulsed
terahertz radiation. A photoconductive terahertz antenna with radial symmetry produces radiation that more efficiently couples
to the wire waveguide. At the end of the wire, terahertz SPPs emit radiation into free-space that exhibits frequency-dependent
diffraction. To cite this article: J.A. Deibel et al., C. R. Physique 9 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Plasmons-polaritons de surface le long d’un fil métallique dans le domaine THz : excitation et diffraction. Le dévelop-
pement de la spectroscopie THz et des applications en imagerie THz basées sur des techniques temporelles requiert de pouvoir
utiliser des guides d’ondes capables de véhiculer les impulsions électromagnétiques THz. Les plasmons-polaritons de surface peu-
vent étre excités le long de fils métalliques cylindriques et guidés avec peu de pertes et une faible dispersion. Cependant, ce type
d’onde propagative de surface, appelée onde de Sommerfeld, posseéde une polarisation radiale contrairement a celle des sources
conventionnelles de rayonnement THz qui est généralement linéaire. Pour résoudre ce probleme, nous avons congu une antenne
de rayonnement THz qui génere une polarisation de symétrie radiale, permettant d’exciter efficacement les ondes de Sommerfeld.
Nous étudions aussi la diffraction en fonction de la fréquence de 1’onde de Sommerfeld dans 1’espace libre en extrémité du fil
métallique. Pour citer cet article : J.A. Deibel et al., C. R. Physique 9 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The last two decades of the twentieth century saw multiple exciting developments in the science and technology
associated with the segment of the electromagnetic spectrum known as the terahertz gap (100 GHz — 30 THz). In this
time span, many developments in the fields of pulsed terahertz generation, detection, spectroscopy, and imaging were
reported in scientific literature [1]. The increased availability of ultrafast lasers having pulse widths on the order of
100 femtoseconds helped broaden the use of techniques for generation of pulsed terahertz radiation via semiconductor
photoconductive antennas [2,3] and optical rectification in nonlinear optical materials [4,5]. Detection of terahertz
pulses was also accomplished using ultrafast lasers in conjunction with photoconductive antenna receivers [3] or
electro-optic crystals via electro-optic sampling [6]. As methods for the generation and detection of THz pulses
became more efficient, terahertz time-domain spectroscopy and imaging systems were shown to be effective for the
characterization of semiconductors [7,8], imaging of biomedical systems [9,10], and trace gas detection [11]. THz
spectroscopy and imaging systems have also found potential use outside of the conventional laboratory environment
for security applications [12-15] and quality control in manufacturing [16,17]. There has also been considerable
effort directed towards terahertz spectroscopic and imaging measurements in the near-field [18-24]. Techniques such
as apertureless terahertz near-field microscopy provide a means of obtaining THz measurements with very high spatial
resolution, much better than can be obtained using conventional diffraction-limited optics.

Standard terahertz time-domain spectroscopy and imaging systems used in laboratory and commercial settings
typically employ free-space optical components. These can include lenses and mirrors for the guiding, focusing,
and collimating of not only the terahertz radiation, but also the near-infrared (NIR) laser radiation used to gen-
erate and detect the THz pulses. These bulky free-space optics complicate the broader use of terahertz systems
on several fronts. Bulk optics require space, thus increasing the overall footprint of the THz system. As a result,
a typical THz spectroscopy and imaging system occupies a large amount of space. Recent advancements in laser
technology, specifically the development of fiber-based ultrafast lasers, has lessened the ‘footprint’ of terahertz sys-
tems, but a truly portable system is still challenging to construct. Second, the alignment requirements for free-space
optics complicates the day-to-day operation of a terahertz system, requiring highly specialized user training. Fi-
nally, any optical system that relies on the use of free-space optics requires that any sample or ‘area of interest’
must have direct-line-sight access available. This limits the range of possible applications. The development of ef-
fective guided wave techniques and components will address many of these issues. The impact would be akin to
the impact fiber-optics had in the field of optics. In 2000, Picometrix reported the development of the first fiber-
coupled terahertz transducers, which eliminated the need for free-space optical components for the NIR femtosecond
laser beam [25]. This has already revolutionized the operation of time-domain spectrometers, enabling many new
experiments that would otherwise have been nearly impossible. These fiber-coupled systems are still in very lim-
ited use, and the majority of THz-TDS systems still rely on free-space optics. Even so, the dramatic impact of
this advance is already a compelling demonstration of the need for a waveguide approach to terahertz technolo-
gies.

The chief requirements for a THz waveguide device are that it must exhibit both low loss and low dispersion. These
two requirements eliminate many possible approaches that function well in other portions of the frequency spectrum.
Materials that are often used for fiber optics, such as glasses and polymers, exhibit unacceptable absorption losses
at terahertz frequencies [26]. Highly transparent materials for terahertz radiation, such as high-resistivity silicon,
are brittle and expensive, and therefore impractical. Another alternative, often employed for waveguiding at RF and
microwave frequencies, is to guide the radiation through air in a confined geometry such as a metal tube. This can work
well for the case of continuous-wave (CW) terahertz beams, for which only loss, and not dispersion, is a concern [27].
However, due to the presence of a cutoff frequency, a hollow waveguide will significantly disperse any broadband
terahertz pulse propagating through it [28,29]. Other groups have reported the use of polymeric photonic crystal fibers
as waveguides for THz pulses [30-32]. While the loss and dispersion for this guiding technique can be improved in
comparison to that for hollow metal waveguides, the group velocity dispersion is still significant.

One exception which has been studied thoroughly is the metal parallel plate geometry, which can provide both low
loss and low dispersion for terahertz pulses [33,34]. In this case, the loss results from the finite conductivity of the
metal plates, as well as from surface roughness. This approach is compatible with THz waveguide spectroscopy, as
has been demonstrated in a variety of spectroscopic measurements of samples including nanometer-thick layers of
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water [35], polycrystalline thin films [36], silicon [37], and photonic crystals [38]. The use of low index discontinuity
and metallic slit terahertz waveguides has also been reported recently and show promise in terms of loss and dispersion
parameters [39,40].

In recent years, we have studied a guiding technique unlike the ones mentioned above. This technique is based on
the propagation of a surface wave on the exterior surface of a metal cylinder. In fact, several groups have now shown
that a simple metal wire can be employed as a terahertz waveguide, exhibiting very low loss and negligible dispersion
[41-44]. This weakly guided surface wave phenomenon can be described in a variety of ways. It is similar to the
transverse electromagnetic (TEM) mode of a coaxial waveguide [45]. The primary mode of the wire waveguide is a
cylindrically symmetric surface guided wave that was first described by Sommerfeld in 1899, and is now known as a
Sommerfeld wave [46,47]. This surface excitation is also equivalent to a surface plasmon polaritons (SPP) propagating
along the wire surface [48,49]. The SPP arises from the collective oscillations of the conduction electrons at the
dielectric interface on the metal surface, in response to the driving electromagnetic surface wave.

As the metal wire possesses a circular cross-section and the electric field of the guided mode points away from the
surface of the wire, we describe the primary mode of the waveguide as having a radial polarization. The cylindrical
surface of the wire provides a very a small exposed area for the electromagnetic field to interact with, minimizing
attenuation due to the finite conductivity of the metal. We have reported that the spectrum-weighted amplitude attenu-
ation coefficient for THz wire waveguide (0.9 mm diameter) is @ = 0.03 cm~ !, the lowest loss for any broadband THz
waveguide ever reported [41]. While the first experiments with terahertz metal wire waveguides reported relatively lit-
tle evidence of dispersion, subsequent efforts have shown that dispersion is measurable under certain conditions [48].
It has also been reported that the presence of thin, non-dispersive, dielectric coating along the surface of a metal wire
significantly distorts terahertz pulse propagation [50]. The low loss and dispersion of the terahertz wire waveguide
coupled with its structural simplicity permitted the first-ever demonstration of a pulsed terahertz endoscope [41].
Metal wire waveguides can also be used for waveguide-based spectroscopic measurements [51].

Two aspects of the terahertz metal wire waveguide require additional attention, in order for it to be useful as a
tool for spectroscopy and imaging applications. The first involves the method of exciting the THz surface plasmon
polaritons on the waveguide. Second, it is necessary to understand what happens at the end of the wire waveguide,
since spectroscopic studies will typically require measurements of the pulse after it propagates off the end of the wire.
The emission of the THz SPPs at the end of the wire must therefore be fully understood. In this paper, we discuss our
early experiments with THz wire waveguides, including the scattering mechanism that was used for excitation of the
propagating SPP. Using Finite Element Method (FEM) simulations, we study this coupling process and quantify the
coupling efficiency. Next, we develop a photoconductive antenna with radial symmetry and show with both modeling
and experimental results that use of this novel antenna structure can significantly increase the amount of THz radiation
that can be coupled to a wire waveguide. Finally, we study the frequency-dependent emission of surface plasmon
polaritons propagating off the end of the wire waveguide.

2. Coupling linearly polarized THz radiation to a metal wire waveguide

In our first set of experiments, the radial mode of the metal wire waveguide is excited via a scattering mechanism.
Horizontally polarized terahertz pulses are focused onto the 0.9 mm diameter stainless steel wire waveguide (Fig. 1).
An identical stainless steel wire is placed perpendicular to the waveguide near the focal spot of the beam. A small
portion of the radiation scattered from this crossed wire structure excites the radially polarized surface wave that prop-
agates along the metal wire [41,44]. This radially polarized guided wave is known as a Sommerfeld wave [42,47] and
can also be described as an azimuthally polarized surface plasmon [49]. The experimental results from the coupling
configuration described above indicate that less than 1% of the power of the incident terahertz beam is coupled to
the wire waveguide by this scattering process. Due to the difficulty of measuring the entire scattered field, it has not
been possible to obtain a more accurate estimate of the coupling efficiency. Here, we develop a numerical model of
the dual-wire THz coupler, using the finite element method (FEM), in order to demonstrate the nature of the coupling
and to provide a method to more accurately quantify the coupling efficiency.

The wire waveguide is modeled in three dimensions using a commercially available FEM package. Its outer bound-
ary is defined as a perfect electrical conductor (PEC). It should be noted that a more exact model could consider the
surface impedance of the wire’s outer boundary and the Drude conductivity of the metal. This would be necessary in
order to correctly model the ohmic loss of the wire waveguide [44]. However, it is our intention to model only the
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Fig. 1. Excitation of THz surface wave on a metal wire using a scattering configuration.

coupling efficiency of the experiment and not to consider the waveguide’s inherent loss. A second wire, the coupler
wire, is placed in the vicinity of the wire waveguide, but in a direction perpendicular to it. The coupler wire has the
same diameter as the waveguide and is also modeled as a PEC. The distance between the closest outer surfaces of the
two wires is 0.5 mm. The linearly polarized terahertz pulse is modeled as a plane wave whose k-vector is incident at
a 45 degree angle from the axis of the wire waveguide. The plane wave, 2 cm in diameter, is directed such that its
center is incident at the center of the gap between the waveguide and coupler wires. The size of the plane wave is
chosen to mirror the size of the loosely focused terahertz beam used in the actual scattering experiment. The linear
input polarization is chosen such that its direction lies in the same plane (x—z plane) occupied by the long axis of
the wire waveguide, again mirroring the experiment. The simulation domain is bounded by a box of air confining the
waveguide and coupler wires and the input plane wave. A low-reflecting boundary condition is selected for the outer
walls of the domain. This condition is chosen such that any back-reflections of the EM waves in the simulation are
minimized.

Prior to solving, the 3-D simulation domain is discretized into approximately 1.8 million tetrahedral mesh elements
yielding a computational model consisting of 2.1 million degrees of freedom. The large number of mesh elements is
due to the need for at least 3, but generally more, mesh elements per wavelength of the propagating radiation [52].
The experiment is simulated using a time-harmonic solver, so only one input frequency is considered at a time. The
model problem is solved using an iterative Generalized Minimal Residual (GMRES) iterative solver with Symmetric
Successive Overrelaxation (SSOR) matrix preconditioning [53,54]. For a waveguide 15 cm long, a workstation with
dual 64-bit processors and 14 GB of RAM arrives at a solution in less than 20 hours.

Simulation results for a frequency of 0.1 THz are shown in Fig. 2. The incident plane wave can be seen scattering
at the gap between the wire coupler and waveguide. Evidently the majority of the plane wave propagates unimpeded
and only a small amount of the incident radiation is coupled to the radial mode of the waveguide. A plot of the
x-component of the guided wave’s electric field at the end of the wire is also shown highlighting the radial nature of
the propagating mode. At the same location, the y-component of the field is similar to the aforementioned plot, but
rotated by 90 degrees. Fig. 2(b) is a plot of the x-component of the electric field 300 microns above the wire and along
its z-axis. The large peak at z =0 is part of the incident input wave. It can be seen that both forward and backward
propagating modes are excited. Recalling that the wires are modeled as PEC’s, we expect little attenuation once the
mode is excited, which is consistent with the results of the calculation. A sine wave with a frequency of 0.1 THz
can be easily fit to the oscillating electric field along the waveguide, demonstrating that the model is simulating wave
propagation. Any noise or amplitude fluctuation present in the plot in Fig. 2(b) is due to an insufficient mesh density
which is limited by the computational capabilities of the simulation computer.
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Fig. 2. (a) FEM Simulation result of 0.1 THz wave coupling to a wire waveguide using a dual-wire coupling configuration (Ey shown here). The top
inset shows a zoomed-in view of the electric field (xz-plane) in the coupling region between the two wires, while the right inset shows the electric
field at the end of the wire (xy-plane). (b) The x-component of the electric field along a line 300 microns above the wire and parallel to the axis.
The inset shows a 0.1 THz sine wave fit to the extracted simulation data.

The results of these simulations show the propagation of a surface wave being supported by the wire waveguide.
This is counterintuitive though as it is well understood that a perfect conductor cannot support surface waves [47,55].
The boundary condition chosen for the surface of the wires is a perfect electrical conducting condition, meaning that
the model treats the volume bounded by the surface of the wire as if its conductivity approaches infinity. Due to
limits on our model size imposed by computational capabilities, we are only able to model propagation along less
than 15 cm of wire. It is possible that this distance is not long enough to adequately determine whether or not the
propagating mode is stable and is supported by the waveguide. Furthermore, it is not possible from these simulation
results to determine whether or not single-mode excitation is taking place. The surface waves seen in the simulation
can be described as a superposition of many radial modes, most of which aren’t stable. While these simulations do not
demonstrate the excitation of stable single-mode propagation along the waveguide, they do effectively demonstrate
the coupling of terahertz radiation to the waveguide.

It is quite simple to calculate the coupling efficiency at 0.1 THz from the simulation results shown in Fig. 1. The
incident linearly polarized wave is defined on the base of a cylinder in our model. The coupled input power is defined
by integrating the time-averaged power over the area defined by the circular base of the cylinder, where the input wave
is introduced into the model. Likewise, the coupled power is determined by integrating the time-averaged power over
a circular area normal to the z-axis at the end of the waveguide (15 cm from the point of excitation). These calculations
produce a simulated power coupling efficiency for the dual wire coupling configuration of 0.42%, comparable to the
estimate generated from experimental data [44]. It should be noted that this number is probably the upper limit on any
expected coupling efficiency. The wires in this simulation were modeled as PEC’s, so no loss due to finite conductivity
was considered. Finally, while the efficiency is expected to vary with wavelength, wire separation, etc., there is no
reason to expect it to increase greatly, since the polarization of the waveguide mode and the incident wave are so
poorly matched.
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3. A photoconductive antenna with radial symmetry

The very low coupling efficiency associated with the aforementioned dual-wire coupling scheme results mainly
from the polarization mismatch between the terahertz source and the primary mode of the wire waveguide. Whether
the method of terahertz pulse generation is via a photoconductive antenna or optical rectification in a NLO crystal,
the generated pulse is linearly polarized [56]. A notable exception to this is recent work performed by Chang et al.
demonstrating the production of a radially polarized terahertz beam via an optical rectification process [57]. While
others have sought to address the coupling problem via modification of the waveguide itself, our efforts have focused
on the source of the terahertz radiation [58]. We have shown that a novel photoconductive terahertz antenna with radial
symmetry can adequately addresses the coupling efficiency issue [42,59,60].

While traditional photoconductive antenna design has used a linear dipole configuration or similar, resulting in lin-
early polarized pulses, our design (Fig. 3) uses a cylindrical symmetry to produce a ‘radial array’ of Hertzian dipoles.
When a short optical pulse excites the region between the two DC-biased electrodes, an annular current surge is in-
duced by the acceleration of the photogenerated carriers in the illuminated region. Our early work showed using both
analytical methods and FEM simulations that an idealized radial antenna can produce a radially polarized terahertz
beam [59]. The idealized radial antenna ignores the effects of the feed electrode and the break in the outer electrode
present in the actual design (Fig. 3(b)). A simple calculation can be used to illustrate the principle of this substrate
antenna. Neglecting the influence of the dielectric substrate, the radiated field can be thought of as a superposition
of a large number of dipole fields, emitted by a series of point dipoles distributed on a circle, each pointing radially
away from the origin. The resulting field can be easily computed, since the field from each one of these point dipoles
can be found by simply shifting and rotating a classical far-field dipole pattern [61]. Then, the radiated power can be
computed using superposition, as

1

N N
L o2 o [ > -
P~ ERe[n (E x H*)] = 5Re[n : (XI:E, x ;Hi*)}

where E; and H; are the electric and magnetic fields for each dipole element. For the purposes of this simple calcula-
tion, the effects of the feed lines are ignored. Fig. 4 shows the results of this computation (solid curve), demonstrating
that no radiation is emitted in the plane of the antenna or along the axis of cylindrical symmetry perpendicular to the
plane of the antenna. By rotating this result around this symmetry axis, one can see that the emitted far-field mode is
a ‘donut’ mode with zero amplitude in the center, as required for a radially polarized wave.

To account for the effects of the high dielectric substrate, we have also modeled this antenna design using a three-
dimensional finite element method (FEM) package [54]. A current distribution is defined in the x—y plane (the plane
of the antenna) in a disc-shaped domain centered at the origin and bounded by an inner (Rjnner) and outer radius
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Fig. 3. (a) A schematic of the ideal radially symmetric antenna pattern. (b) A schematic of the actual radially symmetric antenna design.
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90

Fig. 4. The calculated far-field radiation pattern in the y—z plane, neglecting substrate effects. The solid horizontal line indicates the z-axis, which
is the rotational symmetry axis of the antenna. The open circles show the results of the FEM simulations.

(Router)- To approximate the annular current pattern of the antenna, the area encompassed by this disc is assigned the
following time-varying current,

J= [(faeﬁ’)i + (Xaeﬂ’>§zi|sojwei“’t
r r

where o and B are constants chosen such that the magnitude of J decays to zero at the outer edge of the disc. This
current distribution is surrounded by a spherical surface in the far field of the antenna, on which the emitted field is
computed. Low reflecting boundary conditions are used to eliminate finite size effects in the computation. Typically
a mesh of approximately 60 000 elements is used to compute the radiated field pattern. We have modeled both the
antenna in empty space, and also the more realistic situation of an antenna situated on a dielectric half space. For
this latter case, we have used a dielectric of ¢ = 12.25, the approximate value for GaAs. A stationary linear iterative
solver was used to determine the electromagnetic fields emitted by the antenna at a variety of frequencies for both the
free-space and half-space scenarios. The results from the FEM simulations are in good agreement with the intuitive
picture described above (see open circles in Fig. 4). Good agreement is observed in both the angle and width of the
emitted lobe. Fig. 5(a) is a three-dimensional plot of the FEM simulation further demonstrating the radial polarization
of the beam emitted by the simulated ideal antenna. In the case of an antenna on a dielectric half-space, the lobed
pattern is largely preserved, except that most of the energy is radiated into the substrate (greater than 98%) (Fig. 5(b)).
This is similar to the effect observed for dipole substrate antennas [62].

The radially symmetric photoconductive antenna was simulated with the same three-dimensional electromagnetic
wave FEM package used to model the dual-wire THz waveguide coupler. The center of the antenna consists of a
circular electrode 5 um in diameter, fed by an electrode 1 um wide that approaches the center from the negative y-axis
direction. The separation between the center electrode and the 10 um wide outer electrode is 100 pm. At the bottom
of the antenna where the outer ring electrode approaches the feed electrode, there is a 7.5 um gap on each side of the
feed electrode. To simplify the model, the boundaries of the electrodes are defined as PEC’s. In order to model an
actual experimental configuration, the antenna is placed at the interface between a section of air and a 0.5 mm thick
dielectric substrate, with a dielectric constant of 13. As is the case for standard THz-TDS [63], a substrate-matched
hyperhemispherical silicon dome (2 mm radius) is placed on the other side of the substrate in order to couple the
beam into free space and collimate it. For comparison, an idealized radial antenna (with no feed electrode and no gap
in the outer circular electrode) with a 100 um radius is also placed on the same substrate with the same silicon dome
configuration.

For the modeling of the antenna configuration, we use a two step approach, in which we model first the DC fields
present in the antenna and use those results to simulate the generation of terahertz radiation [54]. In the first step,
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Fig. 5. (a) FEM simulation of the power emitted by an “ideal” radial antenna in free space at 0.5 THz. The antenna is located at the center of the
sphere within the xy-plane. The z-axis passes through the dark blue point at the center of the radial mode as projected onto the sphere. (b) A polar
plot of the radiation pattern for the radial antenna on a dielectric half-space, computed using a FEM simulation. The vast majority of the power is
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Fig. 6. FEM simulation results of the radial antenna in a typical THz configuration. (a) & (b) Plots of the x- and y-component of the electric field
for the idealized radial antenna. (c) & (d) Plots of the x- and y-component of the electric field for the actual radial antenna.

the outer electrode is grounded and a potential is applied to the center electrode. A charge density with a Gaussian
distribution and a 1/e width of 40 pm is placed at the center of the antenna. This mimics the charge carriers generated
in the substrate by the optical pump pulse in a typical photoconductive generation scheme. The electrostatic fields are
computed using the FEM solvers and then those fields are used as the time-varying input fields for the electromagnetic
wave propagation model. In all, these models typically consisted of approximately 90 000 mesh elements and were
run in less than 4 hours on Pentium PC with 2 GB of RAM.

The results of the radial antenna simulations are presented in Fig. 6. All four plots show the generated radiation
fields at 0.1 THz in the x—y plane immediately after the silicon dome, which is visible in addition to the substrate.
Figs. 6(a) and (b) show the horizontal and vertical components of the generated electric field from the idealized radial
antenna. The generated field from the idealized antenna is perfectly radial. The polarization of the generated field from
the actual radial antenna structure (Figs. 6(c) and (d)) is not perfectly radially oriented. The lack of radial symmetry
in the field generated by the actual antenna is caused by the lack of symmetry in the actual antenna design. Both the
break in the outer electrode and the presence of the feed electrode create asymmetry in the lower half of the antenna
structure. This results in the y-component of the electric field being stronger in amplitude than the x-component and
the strongest parts of the x-component of the generated field not being centered on the antenna. While it is clear from
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Fig. 6 that the actual radial antenna design does not generate a perfectly radial terahertz beam, the results indicate that
the beam is in fact largely radially polarized. By calculating the spatial overlap of the fields between these two cases
(idealized antenna vs. actual antenna), we find that approximately 60% of the power generated by the actual antenna
emerges in the form of a radial mode.

In order to test the effectiveness of the new antenna design, we further employ FEM simulation tools to model
the coupling of the radial antenna output to a wire waveguide. The same models used in the previous section are
modified to include the addition of a wire waveguide directly end-coupled to the center and exterior of the silicon
domes. The wire waveguide’s dimensions, 0.9 mm diameter, are identical to the waveguides used in the simulations
reported earlier in this work and in previously published experimental results [41,44]. For simulations involving
the idealized antenna, the wire waveguide is 2.75 cm long; whereas those with the actual radial antenna design the
waveguide is 1.75 cm long. This discrepancy is a result of our computer capability, which constrains the simulations
to a maximum number of mesh elements. As the geometry with the actual radial antenna is much more complex, the
antenna structure requires more mesh elements than the idealized antenna. Consequently, with a reduced number of
mesh elements available, the wire waveguide is shortened in order for the simulation to be successful. As with the
simulation results presented previously, the wire waveguide is modeled as a PEC.

FEM simulations at 0.1 THz of the idealized and actual radial antennas coupled to wire waveguides can be seen
in Fig. 7. Plots of the field at the end of the wire from the idealized antenna results show that the idealized antenna
is capable of exciting the low-order radial mode of the wire waveguide. Likewise, while less power is coupled to the

Fig. 7. FEM simulation model of radial antenna coupling to a wire waveguide. (a) Plot of E at the end of a waveguide coupled to an ideal radial
antenna. (b) Plot of Ey at the end of a waveguide coupled to an ideal radial antenna. (c) Plot of E, at the end of a waveguide coupled to an actual
radial antenna. (d) Plot of Ey at the end of a waveguide coupled to an actual radial antenna.
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waveguide, the actual antenna design is also shown to be capable of exciting the radial mode. A more quantitative
observation can be obtained by performing a coupling efficiency calculation similar to the one performed previously.
The power available to be coupled into the waveguide is calculated by integrating the time-averaged power over a
boundary in the x—y plane immediately after the silicon dome. The time-averaged power is integrated over a boundary
at the end of the waveguide and normal to it. The areas integrated over in both cases are identical. For the actual radial
antenna design, this calculation yields a coupling efficiency of approximately 56%, an improvement of more than
2 orders of magnitude over the 0.4% coupling efficiency obtained via the scattering mechanism discussed earlier.
Simulations with the waveguide removed were also performed. For both the case of the idealized and actual antenna
structures, only a very tiny amount of power propagated to the end of the simulation domain.

It should be noted here that our definition of efficiency is not the same as the overall efficiency of the system. If
one were to consider the efficiency of the ultrafast laser system and the overall photoconductive generation of the
terahertz in addition to the coupling efficiency, the reported numbers would be reduced, due to the low efficiency of
the photoconductive generation process. An important note though is that our scheme fully exploits the majority of the
power generated by the radial photoconductive antenna. It is well known that for a linear dipole antenna located at an
air-dielectric interface, most of the power generated by the dipole is transmitted into the dielectric [62]. Our previous
results predict that for a radial antenna at an air-dielectric interface, over 98% percent of the power is radiated into the
dielectric [59]. The conventional substrate + matched silicon dome configuration permits most of the power available
to be coupled to the waveguide. Others have reported experimental results using a radial antenna similar in design to
ours, but in a configuration involving optically pumping the antenna through the dielectric substrate [42]. In this case,
there is a significant drawback in that the amount of power available to be coupled to the waveguide is significantly
lower because most of the terahertz radiation is lost into the high dielectric substrate. Another method for exciting
the radial mode of a wire at terahertz frequencies involves coupling via a series of periodically spaced grooves milled
into the waveguide [58]. This method is quite versatile, in that it permits the facile manipulation of the terahertz pulse
shape, although no estimates of coupling efficiency have been advanced.

Following the FEM simulation efforts, photoconductive antennas with radial symmetry were fabricated and tested.
The antennas were photolithographically defined on a 500 pm thick semi-insulating GaAs substrate. Subsequent
to device fabrication, a matched hyperhemispherical silicon dome was mounted on the opposite side of the GaAs
substrate. The results reported here used antennas consisting of an 8 um diameter inner electrode separated from the
outer electrode by 75 um. A 20 V DC bias was applied to the antenna with the center circular electrode serving as
the anode. The antenna was pumped with a free space 800 nm, 100 fs laser pulse with an average power of 25 mW.
The pump beam was focused on the center of the anode such that only a portion of the region between the electrodes
was illuminated. A 0.9 mm diameter, 27 cm long, stainless steel wire waveguide was end-coupled to the emitter by
placing it in contact with the silicon dome at its apex. The terahertz pulse was detected at the end of the wire with
a fiber-coupled photoconductive receiver. The receiver used here was a standard bowtie antenna, sensitive to only
one linear polarization component. The described setup is depicted in Fig. 8. The experimental configuration of the
end-coupling of the waveguide to the antenna assembly mirrored the configuration simulated in the previous section.

The primary advantage of the fiber-coupled terahertz receiver is that it permits detection at various positions close
to the end of the wire waveguide. As reported in our previous work, there is only a very small amount of THz radiation
present on the center axis at the end of the wire waveguide [44]. The strongest part of the guided THz field is typically
located at a vertical or horizontal offset of a few mm from the center axis. Fig. 9 shows plots of the experimental
results from the testing of the coupling capability of the radial antenna. The data shown here are measurements of the
horizontal component of the radially polarized propagating mode. It can be seen in Fig. 9(a), that only a very small
signal is detected when the detector is placed at the center axis at the end of the wire. At a horizontal offset of 43 mm
from the axis, a strong terahertz signal is present. A strong signal is present as well when the receiver antenna is
placed at a horizontal offset of —3 mm. While these signals are virtually equal in magnitude, there is a clear polarity
reversal between the two measurement positions. The equivalent magnitude of both signals and the reversal of polarity
between them demonstrate the radial polarization of the guided mode, consistent with simulation results.

The increased coupling capability offered by the use of the radial antenna and the utility of the waveguide is further
demonstrated in Fig. 9(b). When the wire waveguide is removed and measurements are made with the receiver at the
same offset positions described above, the generated terahertz pulse is considerably smaller at a distance of 27 cm.
In addition, the polarity reversal is absent, as would be expected for a diverging spherical wave. A similar effect was
also seen in the simulations reported in the previous section when the waveguide was removed. In fact, any standard
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Fig. 8. Setup for experimental testing of the radially symmetric terahertz emitter antenna. The emitter was pumped with a free-space beam.
A 0.9 mm diameter, 27 cm long wire waveguide was end-coupled to the silicon dome of the emitter. THz radiation was detected at the end of the
waveguide by a fiber-coupled LT-GaAs detector sensitive to only the horizontal polarization component.
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Fig. 9. Time-domain measurements of the terahertz pulse detected 27 cm away from the radial emitter. Measurements include the wire waveguide
being present (a) and absent (b). The terahertz pulse exhibits a polarity reversal when measured at opposite locations at the end of the waveguide,
a hallmark of the guided mode’s radial polarization.

terahertz spectroscopy or imaging setup in which the beam propagates through a distance this large would normally
employ several lens or mirrors to confine and guide the beam. The alignment of such beam-guiding optics can be
difficult and often results in signal attenuation and bandwidth reduction. These results illustrate the value of the radial
antenna-waveguide configuration.

A qualitative determination of the coupling efficiency of the radial antenna-wire waveguide configuration can be
obtained by comparing the two sets of results shown in Fig. 9. At the 43 mm horizontal offset, the peak-to-peak
amplitude of the terahertz signal measured at the end of the waveguide is approximately 20 times larger than that for
the pulse measured at the same position when the waveguide is not present. While that number does not represent
the actual power coupling efficiency since these waveforms were measured at only a single point in space, it provides
some insight into the considerable advantages of using the radial antenna-wire waveguide configuration.

4. Terahertz SPP emission from wire waveguides

In most reports of terahertz wire waveguides, the THz surface waves are measured by allowing them to propa-
gate towards the end of the wire followed by detection using either photoconductive dipole antennas, or electro-optic
sampling [41-44,51,58,60,64]. Walther et al. studied the far-field angular emission patterns from long metal tips and
showed that they function like THz traveling wave antennas [64]. Little attention has been paid to the near-field and



226 J.A. Deibel et al. / C. R. Physique 9 (2008) 215-231

intermediate-field spectral and spatial properties of the wave emitted at the end of the wire. To our knowledge, an-
alytical expressions describing the near-field of the end of a cylindrical wire do not exist, since the finite thickness
of the wire, which is on the order of the wavelength, must be taken into account. This lack of both experimental and
theoretical information is unfortunate, as the transition from the near-field to the far-field is quite relevant to many
recent measurements. We also note that the propagation of cylindrically symmetric surface plasmons on metallic
nanowires, and in particular their behavior near the ends of these nanostructures, has been a subject of much recent
interest in the nanophotonics literature [65,66]. The details of the coupling of these surface modes to propagating
modes, as characterized by the near-field to far-field transition, must be understood before a meaningful interpreta-
tion of the experimental results can be made. We present measurements and numerical calculations on the spatial
dependence of the near- and intermediate field spectra emitted by THz surface waves near the end of cylindrical
wires [67].

To perform these measurements, the THz pulses are generated and detected using a fiber-coupled photo-conductive
emitter and detector (Fig. 10). Only the component of the electric field in a plane perpendicular to the length of the
wire is measured. The spatial resolution of the setup is limited to a value of approximately 6 mm, corresponding to
the aperture of the substrate lens. The advantage of the lens is that it collects and concentrates the field over a larger
area, giving rise to stronger signals. A scattering mechanism, similar to that employed in Fig. 1, is used to couple the
THz pulses onto a 0.9 mm diameter stainless steel wire. A second stainless steel coupling wire, of identical diameter,
is placed approximately 500 microns from the waveguide wire, but in a direction normal to it. The THz pulses are
focused onto the gap between the two wires and a small amount of the scattered terahertz radiation is coupled onto
the waveguide. The THz electric field near the end of the waveguide is measured with a detector mounted on an
XY Z-translation stage.

In Fig. 11 we plot the amplitude spectra of the THz transients measured at the end of the 0.9 mm diameter stainless
steel wire using the setup depicted in Fig. 10, for five values of the distance d, obtained at a transverse distance
w = 2 mm. We note that the measurements have to be taken at finite values of the transverse distance w between the
center of the wire and the detector. This is because for radially polarized surface waves, the field beyond the end of
the wire is zero on a line which coincides with the center of the wire [41]. Here, at the shortest distance d = 1 mm,
the spectral maximum occurs at a somewhat higher frequency of around 0.2 THz. When the distance is increased
to values larger than d = 12 mm, the spectral maximum shifts to a higher value of around 0.25. Similar results are
obtained by selecting other transverse distances and analyzing the THz radiation as a function of the distance away
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Fig. 10. Schematic diagram used to measure the THz electric Fig. 11. THz spectra measured near the end of the 0.9 mm diameter
field present near the end of a 0.9 mm diameter stainless steel stainless steel wire at a transverse separation of w = 2 mm, for five
waveguide using fiber-coupled THz emitters and detectors. In values of the distance d (see also Fig. 10).

these measurements, w is the transverse separation between
the center of the waveguide and the position where the field is
measured. d is the longitudinal distance.
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from the end of the wire. It is interesting to note that the bandwidth of the pulses measured after propagation off the
end of the waveguide, is considerably smaller than the bandwidth of the incident pulses. The precise explanation for
this is not known, but we would like to point out that metal wires are known to act as low-pass filters for incident THz
pulses [23]. Since our experiments involve two wires, one to couple THz pulses to the waveguide, and the cylindrical
wire itself, a smaller bandwidth is to be expected. We note that a similar set of experiments, performed in a different
laboratory, obtained very similar experimental results [67].

To understand the results shown in Fig. 11, we have performed 3D (x, y, z) numerical simulations on a cylindri-
cal wire. These calculations, based on the finite element method (FEM), simulate the propagation of a Sommerfeld
wave [47] along a wire waveguide. A 0.9 mm diameter waveguide, 2.5 cm long, is placed inside of a cylindrical
domain (3.75 cm in length, 6.5 mm in diameter) that bounds the volume of the simulation. The Sommerfeld wave
is excited by assigning a time-varying electric field to one of the circular bases of the cylinder. This electric field
excitation is based on an analytical solution describing the propagation of a Sommerfeld wave. At the opposite side
of the cylinder, an additional domain, in the shape of a truncated cone, is added to allow for the spreading of the
terahertz wave as it propagates off of the end of the waveguide. For a study of the propagation effects at just the
end of the waveguide, the large simulation domain may at first seem unnecessarily large. However, a long extent of
waveguide is required in order that the excited THz surface wave exhibits stable propagation. All external boundaries,
with the exception of where the Sommerfeld wave is excited, are defined as ‘matched’ boundaries which minimize
the possibility of any EM waves back reflecting at the boundaries. The wire waveguide’s outer boundary is defined
as a transition boundary condition using the surface impedance and the finite conductivity of the metal. There is a
decent amount of variation for these dielectric parameters for differing types of metals and specifically for stainless
steels. However, our simulations show that while these parameters will affect the loss and dispersion exhibited by the
wire waveguide, varying their actual value does not significantly affect the diffraction effect observed at the end of
the wire. Prior to computation, the model is discretized into over 1.5 million mesh elements. The solution is obtained
using an iterative solver that employs the Generalized Minimal Residual (GMRES) method with Symmetric Succes-
sive Overrelaxation (SSOR) matrix preconditioning. The solver is time-harmonic, so only one frequency is computed
at a time. Using a workstation with dual 64-bit processors and 16 GB of RAM, a solution is typically obtained after
3 hours of computational time.

While it is true that taking advantage of radial symmetry would decrease the computation time and memory re-
quirements of our simulations by reducing the model to a 2D problem, we chose to model in three dimensions to
allow for easier post-processing and visualization of the results. Computer limitations also constrain the frequencies
that can be simulated. At least three, but often more, mesh elements per wavelength are required in order for an
electromagnetic wave to propagate in a FEM simulation [52]. For a simulation such as the one described here where
the wavelength can be less than a mm but the simulation domain is several cm long, this mesh density requirement
results in an increasingly large number of mesh elements as the frequency increases. For this particular model, these
consideration constrain our simulation results to frequencies under 150 GHz.

In Fig. 12, we show 2D images of the calculated spatial distribution of the THz intensity at and around a 0.9 mm
stainless steel wire, for frequencies of 50, 75, 100, 125, and 150 GHz. The intensities are shown in a plane (x—z)
which contains the long axis of the wire. The color scale in the graphs is saturated, in order to highlight the emission
from the end of the wires. The higher intensity near the near the wire is indicated in white. The figures allow us to
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Fig. 12. Calculated THz intensity distribution in a plane containing the axis of a 0.9 mm thick wire, for five different frequencies. Red indicates a
high intensity, blue indicates a low intensity. The color scale in these images has been saturated to enhance the visibility of the fields propagating
away from the end of the wire. The higher intensities near the wire are therefore beyond the limits of this saturated color scale, and are depicted in
white. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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draw a number of conclusions. First, as expected, no light is visible on the wire axis beyond the end of the wire.
This can be understood from the fact that the mode is radially polarized on the symmetric waveguide. Components of
the electric field parallel to the flat end, resulting from diffraction from opposite sides of the waveguide, are always
180 degrees out of phase and thus cancel exactly in the middle. The figures also clearly show that at the end of the
wire, the radiated field forms a conical emission pattern propagating into free space. Both the cone opening angle and
the width of the conical beam change as the frequency increases, with the width becoming narrower and the angle
becoming smaller. These changes are caused by frequency-dependent diffraction, giving rise to a broader beam for
lower frequencies. At the end of the wire, THz surface waves are scattered into propagating waves, which diffract
off the edges of the cylinder surface with the diffraction being stronger for the low frequencies than for the high
frequencies. It is also possible that there is an end-face reflection of the THz surface wave at the end of the wire due to
the impedance mismatch there. As these simulations were performed in the frequency domain, it is difficult to observe
such phenomenon. Future time-domain based simulations may reveal further insight into the end-face reflectivity and
its relationship to the frequency-dependent diffraction at the end of the wire observed here.

We are now in a position to understand the measurements shown in Fig. 11. The measurements were performed
along a line parallel to the wire but slightly displaced to one side. From the plots shown in Fig. 12, it can be deduced
that along this line, while moving away from wire end, the intensity of the lower frequencies decreases faster than
the intensity of the higher frequencies. Fig. 11 demonstrates that this is precisely what is observed in the experiment.
Our results prove that in the near- and intermediate field region around the wire end, the measured spectrum emitted
by the surface waves is a function of position, and moreover that this functional dependence is rather complicated.
This information is essential in studies of surface waves on cylindrical waveguides and must be considered when
interpreting measured spectra.

A logical extension of this work is to examine the effect of modifying the end geometry of the wire waveguide. We
present preliminary results of finite element method simulations of tapered terahertz wire waveguides. The simulations
consist of THz surface plasmon polaritons being excited at the beginning of a 1.5 cm long section of parallel wire with
a 0.9 mm diameter. The wire then begins to slowly taper down until it ends with a much smaller tip diameter. Fig. 13
shows results for tip diameters of 500 um and 20 um. It can be seen from these preliminary results that diffraction of
the emitted terahertz wave still occurs at the end of the wire waveguide, but, more importantly, it is evident that the
spatial extent of the field at the end of the waveguide can be manipulated by varying the diameter of a tapered wire
waveguide. The spatial extent of the field seems to decrease with decreasing tip diameters. The ability to manipulate
the spatial extent of the field emanating from a wire waveguide provides a promising direction for the future use
of wire waveguides in terahertz microscopy and spectroscopy experiments. In fact, recent simulations discussed by
Maier et al. have shown that periodic corrugations on tapered metal wire waveguides can further confine the terahertz
field [68].

> -5
500 pum tip diameter 20 pm tip diameter

Fig. 13. FEM simulation results showing the power (log scale) of a 150 GHz wave propagating to the end of a tapered wire waveguide for two
different tip diameters.



J.A. Deibel et al. / C. R. Physique 9 (2008) 215-231 229

5. Conclusion

In conclusion, we have performed finite element method simulations of terahertz experiments in which terahertz
beams were scattered at an intersection of two wires. We simulate the same phenomenon observed experimentally,
namely that the scattering process excites terahertz surface plasmon polaritons that propagate along the metal wire
waveguide. Calculations indicate that the coupling efficiency in this simulation, 0.4%, is comparable to earlier exper-
imental estimates. We have shown the importance of spatial overlap between the polarization of the input terahertz
beam and the radial mode of the wire waveguide. Simulation results showed that a novel photoconductive antenna
with radial symmetry can be used in place of the standard linear dipole antennas to achieve coupling efficiencies
greater than 50%. Integrating our antenna design into the standard substrate 4 silicon dome configuration also uses
the vast majority of the generated terahertz radiation. Such antennas have been fabricated and tested. The largely radi-
ally polarized beam coupled to a wire waveguide effectively. A radially polarized mode was excited and guided over
the length of the 27 cm wire waveguide. The magnitude of the peak terahertz electric field detected at the end of the
waveguide was twenty times larger than the radiation detected at the same position with the waveguide removed. This
is an important demonstration of the effectiveness of using a radially symmetric photoconductive terahertz antenna
end-coupled to a metallic wire waveguide for convenient and efficient guiding of terahertz radiation. Further, we have
performed measurements and calculations of the THz electric field propagating off the end of cylindrical metal wires
which show that the near- and intermediate field, the spectra are a function of position with respect to the wire end. In
general we find that the spectral maximum shifts to higher frequencies when moving away from the wire end along
a line parallel to the wire. We attribute these changes to the frequency-dependent diffraction of THz pulses off the
metal wire, which is stronger for low frequencies. Our results provide important information for researchers studying
surface plasmon polaritons on cylindrical metal waveguides or on metal nanowires.
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