October 15, 1999 / Vol. 24, No. 20 / OPTICS LETTERS

1431

Propagation of ultrawideband short pulses
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We report experimental investigations in which guasi-optical methods were used to efficiently couple freely
propagating, optoelectronically generated, subpicosecond pulses of terahertz (THz) radiation into submillimeter
circular metal tubes (waveguides) and, consequently, to measure the transmitted pulses from these waveguides.
We observe very dispersive low-loss propagation over the frequency band from 0.65 to 3.5 THz, with frequency-
dependent group velocities v, ranging from c/4 to ¢ and phase velocities v, from 4c to ¢, where v v, = c*.
The linearly polarized incoming THz pulses couple significantly only inte the TE,;, TMy, and TE,; modes of
the utilized 24- and 4-mm-long stainless-steel tubes, with inside diameters of 240 and 280 um, respectively.
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The advent of optoeiectronic sources and receivers of
subpicosecond pulses of terahertz (THz) electromag-
netic radiation has generated much interest in the
propagation properties of these pulses. For guided-
wave propagation on coplanar transmission lines it
has been shown that a picosecond electrical pulse can-
not propagate more than approximately 1 ¢cm, owing to
Cherenkov-like radiation, which is equivalent (in the
frequency domain) to the loss process of leaky wave-
guides." In later studies in which silicon-on-insulator
materials with a microstrip geometry” and thin-film
microstrip lines® were used, the radiative loss, was
eliminated, but the total observed loss owing to the di-
electric and the metal was still approximately the same
as for the coplanar transmission line. These problems
disappear for the quasi-optical approach using freely
propagating THz beams, in which subpicesecond THz
pulses can propagate hundreds of centimeters without
distortion.*® For completeness we note that the re-
shaping of freely propagating THz pulses by passage
through thin and thick metal slits has been experi-
mentally and theoretically studied.*” In previous mi-
crowave studies metal waveguides of up to 110 GHz
- were investigated.” :

In this Letter we report what are believed to be
the first experimental investigations using quasi-
optical methods to efficiently couple freely propagating
subpicosecond pulses of THz radiation into submil-
limeter circular metal tubes used as waveguides and
consequently to measure the transmitted pulses from
these waveguides. Within the passband of the wave-
guide, the measured power coupling into the waveguide
was typically 40% of the incoming THz power. In
agreement with theory,® ' at 1 THz the measured
power absorption coefficient was @ = 0.7 cm™" for a
280-um-diameter stainless-steel waveguide, compared
(at 1 THz) with @ = 14 em™! for coplanar transmis-
sion lines! and ¢ = 18 cm™! for thin-film microstrip
lines.” At higher frequencies from 1 to 5 THz, the
waveguide absorption of the dominant TE;; mode
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remains less than 0.7 em ™!, whereas the absorption of
the thin-film microstrip line increases linearly with
frequency f and that of the coplanar line increases
as f3. Although recent research has demonstrated
techniques to reduce the radiation loss from coplanar
lines,'?~!* the power absorption at higher frequencies
remains well above 20 em™!, Within our bandwidth
we observe waveguide group velocities v, ranging from
¢/4 to ¢, and phase velocities v, from ¢ to 4c, where
(vgu,) = c?. This large group-velocity dispersion
causes extensive pulse reshaping and broadening,
resulting in a strongly negatively chirped pulse.

The experimental setup shown in Fig. 1(a) consists
of an optoelectronic transmitter and receiver, along
with THz beam-shaping and steering optics. In the
standard THz-time-domain spectroscopy setup® the
sample is placed at the THz beam waist between
the two parabolic reflectors. For the waveguide ex-
periment presented here a lens—waveguide—lens sys-
tem is placed in this central position. For this system
the hyperhemispherical silicon lenses*® focus the THz
beam to a frequency-independent 1/e-waist diameter
of 200 um. The focused THz beam is coupled into
and propagated through the circular metal waveguide
and coupled out with the second silicon lens. The
24- and the 4-mm-long waveguides were cut from dif-
ferent 25-gauge stainless-steel hypodermic needles, the
most accurate circular tubing that we could obtain, and
had negligible ellipticity, with measured internal di-
ameters of 240 and 280 wm, respectively.

We obtain the reference THz pulse by removing
the waveguide and moving the two silicon lenses to
near contact with a 300-um-diameter aperture placed
between them at their common focus. Figure 1(b)
shows the reference THz pulse, and Fig. 1(c) shows
that the useful amplitude spectrum extends from 0.1
to 4 THz. The transmitted signal from the 24-mm-
long waveguide, Fig. 2(a), demonstrates the strong
group-velocity dispersion of the waveguide, whereby
the 1-ps input pulse has been stretched to ~70 ps,
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Fig. 1. (a) Schematic diagram of the optoelectronic

THz-~time-domain spectroscopy system, incorporating

quasi-optical coupling into the investigated THz wave-

guide. (b) Measured reference THz pulse. (c) Relative

amplitude spectrum of the reference pulse.

with the high frequencies arriving earlier in time,
corresponding to negative chirp. The spectrum of this
transmitted pulse, Fig. 2(b), shows a low-frequency
cutoff at 0.76 THz compared with the calculation of
0.76 THz (TE; mode), including the conductivity of the
stainless-steel waveguide.

Compared with the 24-mm-long waveguide, the
transmitted pulse from the 4-mm-long waveguide
[Fig. 3(a)] displays much less cumulative dispersion;
the pulse is spread over only 30 ps and shows fewer
oscillations. Muitimode behavior can be clearly ob-
served in the late time oscillations, where several
frequency components are interfering. The spectrum
of this pulse, Fig. 3(b}, shows the lowest-frequency
cutoff at —~0.65 THz, which is also calculated (for
stainless steel) to be 0.65 THz for the TE{; mode. The
input spectrum from 0.1 to 4 THz, shown in Fig. 1(c),
overlaps the cutoff frequencies of 30 modes of the
280-um-diameter waveguide. However, the incoming
linearly polarized THz pulse couples significantly into
only three modes: the dominant TE,; mode with a
cutoff frequency of 0.65 THz (77%), the TM;; with
a cutoff at 1.31 THz (20%), and the weakly coupled
TE,; with a cutoff at 1.81 THz (3%); the percent of
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the total coupled power in each mode is indicated in
parentheses. Because of the larger attenuation of
the TM;; mode compared with the TE;; mode, mul-
timode interference is observed to be stronger in the
shorter waveguide, since the TM;; mode has not yet
been significantly attenuated. The different complex
propagation vectors®™!! of these three modes lead to
a complicated data analysis in the spectral region, in
which the power is propagating simultaneously
in three modes. However, there is a spectral region
in which the THz power is propagating only in the
TEll mode,

We evaluated the amplitude coupling coefficients of
all the possible modes of the circular waveguide in the
frequency range of the incoming THz pulse by per-
forming a numerical overlap integral between the in-
coming field and the field of the individual mode over
the waveguide cross section.®'’ By use of the spec-
trum of the reference pulse, a theoretical calculation
for the output spectrum from the 4-mm waveguide
was performed {solid curve, Fig. 3(b)] that included the
three coupled modes, their respective cutoff frequen-
cies, and their frequency-dependent complex propaga-
tion veciors. Comparison of the amplitude spectrum
of the reference pulse, Fig. 1(¢), with that of the trans-
mitted THz pulse through the 4-mm-long waveguide
illustrates the excellent coupling of the freely propa-
gating THz pulse into the waveguide. The calculated
output pulse is given by the inverse Fourier transform
of the calculated complex output amplitude spectrum
Eoui{w, 2) and compares favorably with the experiment
as shown in Fig. 3(a).
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Fig. 2. (a) Measured THz pulse transmitted through =
24-mm-long 240-um diameter stainless-steel waveguide,
{b) Amplitude spectrum of the measured pulse {a).
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Fig. 3. (a) Measured THz pulse (dots) transmitted

through a 4-mm-long 280-um-diameter stainless-steel
waveguide. (b) Amplitude spectrum (dots) of the mes-
sured transmitted pulse (a). The solid curves are the theo-
retical predictions, and the insets show an expanded scale.

Given the complex amplitude spectrum Ei,{w) of
the reference pulse of Fig. 1, the detected complex
amplitude spectrum is obtained from the relationship

Eout(wsz) = Ein(wyo)f ét : ZAnEtn, EXp[ikn(w)z]da.

The integral is over the cross section of the waveguide,
the summation is over all the modes of the waveguide,
E.. is the normalized transverse electric field of the
nth mode, and A, is the calculated amplitude coupling
coefficient.”'° The complex propagation vectors &, {w }
include both dispersion and absorption; z is the propa-
gation distance. The output polarization direction &,
is parallel to the input polarization, The strong os-
cillations observed in the output spectrum are due
to the interference of the é.-field components of the
coupled modes propagating with different 4 vectors.
The observed extreme broadening of picosecond
THz pulses owing to their waveguide propagation
shows that for ultrawideband short-pulse time-domain

;
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applications such waveguides cannoct be used. The
broadening is caused by the extreme dispersion of
the group velocity near the cutoff frequencies within
the pulse spectrum.

Our final remarks pertain to promising applications
of circular metal waveguides in frequency-domain
investigations, in particular for surface-specific
frequency-dependent absorption measurements. For
an air-filled waveguide, the observed frequency-
dependent absorption coefficient determines the
frequency-dependent conductivity, which is difficult
to obtain by other techniques. Long-path surface-
specific measurements of molecular absorption to the
metal waveguide walls is another area of promise.
Such waveguides would also make excellent low-
volume sample cells for high-pressure, long-path
spectroscopic measurements of toxic or reactive gases
and liquids,
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