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enhancement of waveguide THz time-domain spectroscopy
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We demonstrate the efficient coupling of THz pulses into and out of an adiabatically compressed
parallel-plate metal waveguide. The plate separation of the 63.5-mm long, compressed waveguide
was fixed at 103um at the entrance and exit ends for efficient coupling, but could be reduced in the
middle. The experimental results show strong transmission of the THz signal through the
compressed waveguide for a minimum midpoint separation of onkyn8 This technique can be

used to achieve efficient coupling together with higher sensitivity for waveguide THz-T2®0®
American Institute of PhysicfDOI: 10.1063/1.1863439

THz waveguides have recentl{\; been developed with lowthis experiment are shown in Fig. 1. The metal waveguide
loss and single-mode propagati ‘ﬁ.Among the several consists of two identical copper plates, with dimensions
types of waveguides studied, the parallel-plate metabf 63.5 mnilength X 27.9 mn{width) X 9.5 mmn(thickness.
waveguides are of special interest due to their associatethe copper plates were hand-polished to a mirror finish with
low-loss and low-group velocity dispersion in the transversesubmicron flatness. The cylindrical silicon lenses used in
electromagneti¢TEM)-mode propagatioir” With these de- this experiment, with dimensions of 15 nfineight
velopments, planar THz quasioptics and interconnects have 6.56 mnithicknes$x 5 mm(radiug, are attached 5@m
also been realizetl® THz waveguides can also be used for from the entrance and exit ends of the waveguide. The in-
spectroscopy purposésWaveguide THz-TDS, using the coming THz beam is horizontally-polarized, perpendicular
parallel-plate metal waveguide, has demonstrated excepe the waveguide opening and the cylindrical axes of the
tional sensitivity by probing nanometer water layérshe lenses. The entire waveguide structure is placed at the con-
sensitivity of waveguide THz-TDS is inversely proportional focal THz beam waist midway between the two off-axis pa-
to the separation between the two plates forming theaboloidal mirrors. The THz-TDS system and the wave-
waveguide’’ so it is desirable to minimize the plate separa-guide structure are placed in an air-tight box purged with dry
tion. air to mitigate the absorption lines of water vapor.

Currently, quasioptic techniques incorporating cylindri- ~ The two copper plates are separated at the four corners
cal silicon lenses are used to couple the THz beam into anlly brass spacers with dimensions of 3 rfiength, along the
out of the waveguide. This coupling is strongly dependent orwaveguide openings<2 mm (width) X103 um (thicknes$,
the plate separation of the waveguide; minimized plate sepaletermining the 103:m plate separation at the entrance and
ration will reduce the coupling. For example, if the sameéxit ends of the waveguide. A stainless steel compressor is
cylindrical lens pair is used, the amplitude coupled into a@pplied at the midpoint of the waveguide to vary the mid-
parallel-plate waveguide with 12m plate separation would
be approximately 10% of that with 100m plate separation;
the same logic holds for the output, giving a throughput of
1% for the waveguide with 1@em separation compared with
the throughput for 10Qsm separation. This strongly reduced
coupling will significantly reduce the signal-to-noise ratio in
the spectroscopy, thereby defeating the gain in sensitivity
achieved by reducing the plate separation. . ,

Tapered transmission lin&% and tapered wave- : i N
guides® have long been used in the microwave region to
match unequal waveguide impedances and to connect guic(a)
ing devices with different cross sections. When the taper is fs laser pulse fs Iaser pulse
properly designed, the reflection loss and mode conversior
can be neglected for the guided electromagnetic wave. In this
letter we demonstrate the coupling of THz pulses into and
out of a compressed parallel-plate metal waveguide with ar
adiabatically varying plate separation, thereby enabling the
efficient coupling of THz waves to a metal waveguide with a (b)
narrow plate separation. The standard confocal THz-TDS
systerﬁ2 and the compressed waveguide structure used fo Cu Waveguide
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dPhone:  405-744-6622; Fax: 405-744-9198; electronic  mail: FIG. 1. (a) Experimental setup an() the adiabatically compressed wave-
grischd@ceat.okstate.edu guide structure.
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03 91 um pulse to 0.33 ps for the_ $an output pulse. In our case, the
I THz pulse propagates in the TEM mode of the parallel-plate
< 02 8 um waveguiq . With perfect conductor plates_, the_ TEM.mode
£ ] propagation would be free of group velocity dispersion and
‘q&)’ 01 power absorption; hence the pulse delay and broadening
£ . should not be observed for the compressed waveguide. How-
8 1 2 3 ever, the finite conductivity of the metal plates causes the
o 0.0 slight group velocity dispersion, the increase of the propaga-
© tion constant, and the frequency-dependent absorption, re-
o 0.1 (a) sulting in the observed time delay, pulse amplitude reduction,
< and pulse broadening.
-0.2 " : ' For the TEM mode propagation of a parallel-plate wave-
6 8 10 12 guide, the amplitude absorption coefficient caused by the fi-
Delay (ps) nite conductivity of the metal is determined by(w)
100 ; : ' ' ' =Ry/ 7ob,*® where w is the angular frequencyy,=377Q is
—_ 48 um 1 um 1 the intrinsic impedqnce of free space, b is the plate separa-
ot 80 |- 1 tion of the waveguideRs=\wuo/20, u is the free-space
> - 1 permeability, ando is the conductivity. We user=5.8
T 60} 24 pm 4 X 10" Ot m™ for copper. In general for a waveguide with
= ! ] cross-sectional change, the attenuation is caused by both the
g' 40 |k 12 pm | absorption due to the finite conductivity and the reflection
ﬁ I (b) ] due to the cross-sectional change. However, if the cross-
2z 2ol 8 pm ) sectional change is made adlabat_lcaﬁ_y)wly) over a length
© of many wavelengths, the reflection is negligibte.In our
n":’ I case, the cross-sectional change is made in a length of
00 * 1' * 5 3 30 mm, 100 times the wavelength at 1 THz, thus the reflec-

tion can be neglected. The absorption coefficient is therefore
Frequency (THz) only a function of plate separation, i.e.a(w,2)

FIG. 2. (a) Output THz pulses from the compressed waveguide with mid-_aO(w)bO/ b(2), whereby is the.plate separgtlon .at the ends,

point separations of 9lreferency, 48, 24, 12, and &m. The inset is the and ap(w) =R/ 70bo. For a straight waveguide with length

zoom-in view of the pulsegb) The respective spectra. and uniform plate separatidnp, the total amplitude attenua-
tion due to the finite conductivity of the metal plates would
be Ay(w)=exd—-ag(w)L]. For the compressed waveguide,

point plate separation in the range from O to J08. The  the total amplitude attenuation can be calculated correspond-
compressor is composed of two identical hypercyl|ndr|caling|y as

stainless steel plates with a radius of curvature of 38 mm.

. . - . . L/2
For reference, the waveguide is at minimal compression with _ _ _ _
the measured midpoint plate separation of /8t. The at- Adw) -exp[ J_L/Z a(w,z)dz] = exf~ ag(@)L(bo/bg) ],
tached cylindrical lenses are carefully aligned to optimize the
THz signal passed through the waveguide. After a reference 1)

scan is taken, the waveguide is compressed to change thghere
midpoint plate separation. This compression is examined un-
der a microscope to make sure that the separation is the same _
for both the top and bottom edges, and therefore is uniform bo/be = (b/L) J _le[llb(z)]dz. 2)
along the mid-line between the plates.

Figure 2a) shows the THz reference pulse transmitted It is quite important to notice that the effect of the adia-
through the waveguide with 9&m midpoint separation and batic waveguide compression as displayed in Efsand(2)
those taken with midpoint separations of 48, 24, 12, andloes not change the frequency dependenee,@) but only
8 um, with each separation having an uncertainty of#8.  changes the absorption strength by the compression factor
The respective spectra are presented in Fig). £rom Fig.  (bo/bg). This feature can enable very precise determinations
2, it is seen that the transmitted THz pulse for the com-of the frequency dependencedf{w) using waveguide THz-
pressed waveguide with the minimali8n midpoint separa- TDS with adiabatic compression.
tion is only reduced to 30% of that for the reference pulse  For a simply supported elastic beam of lengthwhen
with 91-um midpoint separation. This result is fully ex- pressed in the middle, the cross section deflection curve
plained by the increased absorption of the compressed wavéakes the form okez'(3L?-4z'2)," wherez' =L/2-|2| and
guide; the coupling remains the same for the two cases. -L/2<z=<L/2. In our case, we can assume that the ends of

The inset of Fig. 2a) is the zoom-in view of the trans- copper plates move freely when compressed, so that the
mitted THz pulses, showing that as the midpoint plate sepasompressed waveguide plates can be treated as simply sup-
ration is reduced, the attenuated THz pulse moves to latgrorted beams. The plate separation of the compressed wave-
delays; the delay for the minimal 8m separation is 0.35 ps guide can therefore be written &6z)=b,—pz (3L2-4z'?),
compared with the reference pulse. It is also seen that, theherep=(by—b,)/L3 andb,, is the midpoint plate separa-
full-width at half-maximum of the pulse broadened slightly tion. Note thatz=0 at the midpoint of the waveguide. To test
with compression, from 0.30 ps for the reference gf- this prediction, we measured the plate separation across the
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FIG. 3. Comparison of the measuré&tbtg and calculatedsolid line) plate
separations for the compressed waveguide witln8-midpoint plate
separation.

FIG. 4. Spectral ratios between the transmitted THz pulses from compressed
waveguide and that from the reference guide. Experintdats; theory
(solid lines.

compressed waveguide for ang@n midpoint separation. both high sens?t?v?ty and good _coupling to significantly im-
The measured results and the calculated results based on tH&VE the sensitivity of waveguide THz-TDS. Because adia-
simply supported beam assumption are compared in Fig. 3. Ric compression does not change the frequency depen-
can be seen that, the measurement and the calculation agid@c€ ©f the absorption coefficient, this technique can
reasonably well; the difference between measurement a termine this dependence with increased sensitivity and ac-
calculation is less than &m for most of the data points. ~ €Uracy:
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