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THz Sommerfeld wave propagation on a single metal wire
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We report an experimental and theoretical study of THz Sommerfeld wave propagation on a single
copper wire. THz pulses are optoelectronically generated and launched onto 0.52-mm-diam copper
wire, and the guided THz pulses are detected at the end of the wire by a standard photoconductive
antenna. Very low attenuation and group velocity dispersion are observed, and the measured radial
field amplitude of the Sommerfeld wave is inversely proportional to the radial distance. These
results are consistent with theoretical predictions. Experimental results from curved wires show the
weakly guiding property of the THz Sommerfeld wave, which will limit its applications2@5
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There has been increasing interest on the guided wavwwave® % calculate the very low absorption of this wave, and

propagation of THz pulses, and much effort and progress omeasure the propagation properties. Commercial copper
THz waveguide study have been made in the past fewires of 0.52 mm diameter and various lengths are used for
years:™ Among various types of THz waveguides, parallel- this study. Unlike the direct generation and launching of THz
plate metal waveguides have attracted considerable attentignulses in the previous reporhere the THz pulses are opto-
due to the low loss and low group velocity dispersion in theelectronically generated by a specially designed THz trans-
transverse-electromagnetitEM) mode propagatio?f.4 For  mitter chip, and then directly coupled onto the metal wire.
a parallel-plate copper waveguide with 10én plate sepa- The propagated THz pulses are detected by a standard pho-
ration, the typical frequency-dependent amplitude absorptiotoconductive THz receiver.Figure Xa) shows the THz
coefficient caused by the finite conductivity of copper is ap-transmitter used in this experiment, which is composed of
proximately 0.06 cmt at 0.5 THz>* and is proportional to  two concentric electrodes deposited on a silicon-on-sapphire
the square root of frequency and inversely proportional to théSOS chip. The inner electrode is an gdm-diam disk,
plate separation. Quasioptic coupling has been the primaryhile the outer electrode has an inner diameter of 260
coupling mechanism in these studies, where the THz pulseaith a 30° opening for the connecting wire of the inner elec-
are coupled into and out of the waveguides by hypersphericdfode. In the experiment, the inner electrode is biased at
or plano-cylindrical silicon lenses. In a recent report,+60 V with respect to the outer one. The 800 nm, 60 fs laser
sub-mm coaxial lines have been characterized for the TEMgXcitation pulses with an average power of 30 mW and a
mode propagation of THz pulsedn that report, instead of repetition rate of 83 MHz are focused onto the outer side of
using quasioptic coupling, optoelectronically generated THZhe inner electrode to generate THz pulses. The tip of the
pulses are directly launched into the coaxial lines, and th€opper wire has been carefully polished into a 1-cm-long
propagated pulses are then optoelectronically detected by@ne shape with an 8fim-diam flat end. The 8@m tip is
standard photoconductive THz receiver. The coaxial line?laced Sum away from the transmitter chip for optimal THz
solves the diffraction problem in the unguided dimension ofcoupling. For the detection of the propagated THz pulses, the
the parallel-plate waveguides; however, the absorption i®olished flat output face of the copper wire, covered by a
higher than that for parallel-plate waveguides. 14-pum-thick polyethylene insulation tape, is placed in con-

Single metal wires have been theoretically and experifact with the THz receiver chipAs shown in Fig. 1b), the
mentally studied for guided propagation of electromagneticcOS receiver antenna is between/A lines separated by
waves from tens of meters to millimeter wae&’ On a 200 um; the photoconductive gap of the antenna igr.
cylindrical conductor(wire), electromagnetic waves propa- The antenna is excited by the laser detection pulses with an
gate as weakly guided surface waves, due to the finite con-
ductivity of the metal. This type of guided propagation does
not occur with a perfect conductdihe principle moddthe
Sommerfeld waveof such a structure has remarkably low
loss and low group velocity dispersion, while all other modes
vanish almost immediately upon excitation due to their high
attenuatiorf. Recently, observations of THz pulses propagat-
ing on single metal wires have been reportetf, which
showed very low loss and low group velocity dispersion.

In this letter, we identify the recently observed THz
pulse propagation on a single wite'? as the Sommerfeld
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Korea Maritime University, Busan, Korea. FIG. 1. (a) Schematic diagram of the transmitter chip) The receiver
YAuthor to whom correspondence should be addressed; electronic maiantenna and the output face of the copper wio.Cross section of the

grischd@ceat.okstate.edu transmitter chip, the copper wire, and the detection chip.
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FIG. 3. (a) Transmitted THz pulses for radial distances of 0.36, 0.86, and
Frequency (THz) 1.36 mm(main peaks from top to bottomThe inset is the leading edge of
the 0.36 mm pulse from 0 to 6 p&) Normalized peak amplitude of the
FIG. 2. The transmitted THz pulses for 20 cm, 64 cm, and 104 cm coppepulses(open circley and normalized spectral amplitudeolid dots at 0.15
wires. The pulses have been shifted for clarity. The inset shows the enlargegrHz. The solid line is the/r relation. The shaded area represents the cross
ment of the main peak of the 20 cm puldb) The spectra of the pulses section of the wire with radiua=0.26 mm.
truncated at the dashed line shown(&. (c) Amplitude absorption coeffi-

cients. Dots: measured from 104 cm and 20 cm copper (&l measure- . §_5 . -
ment in the shaded area is considered not accursaéid line: Sommerfeld ~ Waveguides:™ For comparison, we plot as the solid line the

theory for a 0.52-mm-diam copper wire; dashed line: theory for TEM modecalculated amplitude absorption coefficient for the Sommer-
of the corresponding air-filled coaxial waveguide. feld wave, and as the dashed line the calculated absorption
for the TEM mode of the corresponding air-filled copper

average power of 10 mW, enabling the measurement of th_@oaxial_waveguide. This coaxial waveguidg would have an
propagated THz pulses, by changing the relative time delajfner diameter of 0.52 mm and an outer diameter of 9 mm,
between the excitation and detection pufs@ss shown in  9iving the samea/r field dependence and boundaries as
Fig. 1(c), the wire is supported by two tightly fitting Teflon Shown in Fig. 8). Such a corresponding waveguide would
disks of 3 mm thickness. These disks enable the fine adjusRe difficult to fabricate and to utilize, and would not have
ment of the position of the wire for optimal coupling. Sap- Single mode propagation in our frequency range. The cutoff
phire plates of various thicknesses are placed on the back d¢duency of the Tk mode would be only 20 GHz.
both the transmitter and receiver chips to remove undesirable Unlike in the cases of other types of THz waveguides, an
reflections of the THz pulses. analytical expression for the att_enua}tlon c_>f the Som_m_erf_eld
The measured propagated THz pulses guided by the 20vave pr(_)pagatlng on a metal wire Wlth_ finite conductmty is
cm-, 64-cm-, and 104-cm-long copper wires are displayed ifot obtalnab_le, and one has to numerlcally_ solve the_elgen—
Fig. 2(a); the pulses have been shifted for clarity. They con-valueé equation for the complex propagation _cons‘iajr‘?t.
sist of distinct main peaks and complicated following struc-FOr & metal wire with conductivity. and radlus(%, the
tures, probably caused by electrical ringing in the transmittefigenvalue  equation can be written asly ~(ya)
and THz reflections. The main peaks are almost identicaI/,Hl(l)(Ya):ikzl ke, '® whereH® is the Hankel function of
demonstrating the very low attenuation and low group velocthe first kind, k is the free-space wave numbek,
ity dispersion of the Sommerfeld wave. The inset is the en=(wu.o.)? exp-im/4), u. is the permeability of the metal,
largement of the main peak of the 20 cm pulse, showing the?=k?-h?, andh is the complex propagation constant. The
1.90 ps full width at half maximum. amplitude absorption coefficient is determined by the imagi-
Figure Zb) shows the corresponding spectra obtained bynary part of h. With a=0.26 mm, and ¢,=5.8
truncating the THz pulses at the dashed line in F{@).ZThe X 10’ Q~*m™ for copper, the calculated amplitude absorp-
amplitude absorption coefficient calculated from the 20 andion coefficient is the solid curve in Fig(®.
104 cm spectra is plotted in Fig(@, showing the very low From Fig. Zc), the measured attenuation of the THz

propagation loss compared with other types of THzSommerfeld wave is comparable with the calculated one.
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the radial distance. When<100a, the above ratio of the
Hankel functions can be approximated a& 2 i.e., E(r)
«alr whenr<100a. It can be seen in Fig.(B) that, the
experiment acceptably matches the dependence.

For completeness of this study, we also investigated the
effect of wire bending on the guiding property of the metal
wire. A 18.9-cm-long copper wire was used in this experi-
ment, and the separation between the two Teflon disks was
17 cm. In the experiment the receiver and the output face of
the wire were kept fixed, but the transmitter and input face of
the wire were moved toward the receiver so that a curve was
formed in the middle of the wire, as indicated by the inset in
Fig. 4. The transmitted pulses for various curve depths
show a rapid signal drop with increased wire curvature; the
main peak for the 2.9 cm curve drops to below 1/5 of the
original amplitude for the straight wire. These results show
the weakly guiding property of the Sommerfeld wave, in
agreement with previous woft This weakly guiding prop-
erty will limit practicable applications.

In summary, we have experimentally and theoretically
studied the THz Sommerfeld wave on commercial copper
wires. Our experiment shows the low attenuation and low
group velocity dispersion for the THz Sommerfeld wave,
consistent with the early low frequency and microwave ex-
FIG. 4. Transmitted THz pulses for the indicated curve depthsThe inset ~ P€rimental and theoretical resufts’ and the recent obser-
shows the curved wire. vations of single wire THz pulse propagatitrt® The mea-

sured radial THz field amplitude shows the predicted 1/
The systematic experimental errors appear to be of the santalloff. We also demonstrated the weakly guiding nature of
order as the very low attenuation predicted by theory. Therethe THz Sommerfeld wave.
fore, the experimental results are not considered to be an . . .
accurate megsurement of the absorption, but clearly demon- The authors thank Sharmila Rajendran for the creative

strate the remarkably low attenuation of the THz Sommerlransmitter mask design and Utish Rajkarnikar for his experi-
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