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We develop a technique based on a micromachined photoconductive probe-tip to characterize a
terahertz (THz) porous fiber. Losses less than 0.08 cm™' are measured in the frequency range from
0.2 to 0.35 THz, with the minimum of 0.003 cm~' at 0.24 THz. Normalized group velocity greater
than 0.8, which corresponds to dispersion values in between —1.3 and —0.5 ps/m/um for
0.2<f<0.35 THz are obtained. Moreover, we directly measure the evanescent electric field as a
function of frequency. Good agreement between the measured curves and expected theoretical
values indicates the low invasiveness of the applied probe-tip. © 2011 American Institute of

Physics. [doi:10.1063/1.3568892]

Terahertz (THz) pulses propagate in free-space with al-
most zero loss and dispersion, however, waveguides are re-
quired when the application point is inaccessible, a stronger
interaction of THz radiation with the sample is required, and
it is required to confine the pulse in a subwavelength regime
or focus the beam to a smaller spot size to beat the diffrac-
tion limit.' Porous polymer fibers—air-clad fibers with sub-
wavelength features embedded within the core—have been
identified as a means of achieving low loss, low dispersion
and high birefringence for guiding the THz pulses.4_ Main-
taining the polarization of the propagating field in THz
wave§uldes—by using asymmetrical subwavelength air
holes®’—makes these fibers a good substitute for free-space,
where the polarization state of the THz field is always pre-
served. Two types of porous fibers, i.e., with symmetrical
and asymmetrical features have been fabricated exploiting
the extrusion techmque

The low-dispersion characteristics of the polymer porous
fibers compared with their microwire counterparts and the
birefringence characteristics (=0.012 at 0.65 THz) have been
confirmed experimentally by Atakaramians et al.) using the
cut-back method. In this approach three different lengths of a
porous fiber were employed for characterization, and the fi-
bers were directly positioned on the emitter and detector. It
was identified that the quality and repeatability of the
cleaved end-face of the porous fibers, their slight bending
and alignment introduce high uncertainty in the loss mea-
surements. In order to conduct a sufficiently precise cut-
back-based loss measurement a rapid, reproducible, and in
situ cleaving method is requlred This can be achieved uti-
lizing an ultraviolet laser,® which leads to complicated ex-
perimental setup and enormous effort. A directional coupler
based method, where a secondary waveguide is located to
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and translated along the fiber being characterized, is an ap-
proach that eliminates cleaving of the fiber.” However, there
are disadvantages in that the coupling efficiency and length
of the coupler is frequency dependent, which complicates the
interpretation of the results. Furthermore, a bolometer is em-
ployed as a detector, hence, fiber dispersion properties are
still not accessible. Average losses as low as 0.01 cm™' have
been reported.9

Here, we demonstrate a technique in which we use a
micromachined photoconductive probe-tip to directly sample
the evanescent THz electric field in the time-domain at the
vicinity of the fiber surface and hence measure simulta-
neously both absorption coefficient (a.s) and effective re-
fractive index (n.q), from which group velocity and disper-
sion can be calculated, of the propagating modes of a porous
fiber. This approach enables us to accurately explore the ra-
dial distribution of evanescent field in the air-clad of these
porous fibers as a function of frequency. We present the ex-
perimental results and demonstrate a good agreement with
the numerical results, based on structural information ob-
tained from scanning electron microscope (SEM) image of
the fabricated porous fiber.

The schematic of the experimental setup used for char-
acterization of porous fibers is shown in Fig. 1. A mode-
locked Ti:sapphire laser with a pulse width of less than
100 fs, central frequency of 800 nm and a repetition rate of
80 MHz is used to drive the emitter and detector. A photo-
conductive antenna array consisting of ten antenna ele-
ments on a 1.7 mm thick silica substrate is used for genera-
tion of THz pulses, while a photoconductive switch with a
pair of tapered electrodes on a trlangular—shaped low tem-
perature grown gallium arsenide substrate' (probe tip) is uti-
lized for sampling of THz pulses. The probe-tip, shown in
Fig. 1, allows sampling of the THz pulses along the wave-
guide. This is possible because the evanescent field of the

© 2011 American Institute of Physics
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FIG. 1. (Color online) Schematic of the THz time-domain spectroscopy
setup employed for characterization of porous fibers. Two parabolic mirrors
and a metallic cone are employed to couple the THz pulses into the wave-
guide. The emitter and detector are shown in the inset.

mode propagating along the porous fiber expands into the
air-cladding region beyond the fiber itself. Therefore, instead
of using three different fibers, or the cut-back method, the
propagating mode is directly sampled on three different po-
sitions along the waveguide.

To increase the coupling efficiency of THz pulses into
the fiber and to block the stray beams, a metallic cone with
an 800 wm pin-hole at the vertex is employed. The wave-
guide is mounted on two specially designed plastic holders,
which have low interference with the propagating mode. The
plastic holder consists of a 1.5 cm plastic ring with three slim
struts joining at the center of the ring. The waveguide is
glued to the center of the holders at both ends and is posi-
tioned on a three-dimensional manual moving stage. This
approach keeps the fiber straight and minimizes the losses
due to the curvature of the fiber (bend loss). Keeping the
distance between the probe-tip and waveguide constant is the
major challenge of this approach. Thus we used two cameras
to monitor the alignment of the probe-tip and waveguide.
The probe-tip distance from the waveguide is monitored by a
camera from the bird’s eye view. For each position the
probe-tip is aligned so that it gently touches the waveguide.
The alignment of the waveguide with the probe-tip in the x
direction is also monitored by another camera located in the
same plane with the waveguide and probe-tip. This second
camera is used to make sure that the waveguide is aligned at
the center of probe-tip. For sampling of THz pulses with the
probe-tip arrangement shown in Fig. 1, it is required that the
laser beam to be polarized in the x direction. Therefore, a
half wave plate is used to rotate the polarization of the lin-
early polarized laser beam (z direction) in the x direction. In
this experiment, we use a 600 wm diameter porous fiber,
namely, spider-web porous fiber, as shown in the insets of
Figs. 2(a) and 3. The fiber is made of cyclic-olefin copolymer
(COC). The emitter, focusing optical lens, and waveguide are
situated on a sliding table and the detector is kept still, Fig. 1.
The moving plate is translated to the left and three positions
with 50 mm separations are sampled.

Figures 2(a) and 2(b) show the measured a.g; and ngy
curves. The noise floor of the system is defined by measuring
the spectral amplitude when the waveguide is removed from
the system. The a.g and n.g of the propagating mode is the
average of a,g and ngg values obtained by the comparison of
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FIG. 2. (Color online) (a) Absorption coefficient, .y, and (b) effective
refractive index of the propagating fundamental mode in a 600 um COC
spider-web porous fiber: black dots and red dashed lines represent the mea-
sured and theoretical values, respectively. The fiber cross-section and group
velocity are shown in the inset of parts (a) and (b), respectively.

the pulses sampled at three positions. Theoretical a,g and ng¢
curves of the real porous fiber—calculated based on the
SEM image of the fiber and using a commercial finite ele-
ment package COMSOL 3.5—are also depicted with red
dashed lines. The slight deformation of the fiber cross-
section during the fiber drawing introduces birefringence less
than 0.001. The theoretical results of the both polarizations
are illustrated in Figs. 2(a) and 2(b). The error bars in Fig. 2
represent uncertainty of the a.s and n.y measurements due to
two major sources: Length and signal variation during the
scans. For the length uncertainty, we consider =1 mm error
in the values recorded from a ruler. These sources of error
are independent, thus the total uncertainty for the measure-
ments is equal to the quadrature sum of uncertainties ob-
tained from two sources described above. Absorption coeffi-
cients less than 0.08 cm™' are measured at 0.2-0.35 THz,
with the minimum of 0.003 cm™' at 0.24 THz. The measured
effective refractive index curve follows closely the expected
theoretical values, i.e., n.g<<1.05 for 0.2<f<0.35 THz.
This leads to normalized group velocities (v,/c) greater than
0.8, which correspond to dispersion values in between —1.3
and -0.5 ps/m/um for 0.2<f<0.35 THz, with zero-
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FIG. 3. (Color online) Measured radial field distribution from the wave-
guide interface at 0.23 THz (top dotted line), and 0.28 THz (bottom dotted
line). The solid lines represent the theoretical values (for a 600 wm diam-
eter real porous fiber) of normalized radial distribution of x-component of
the electric fields.

dispersion estimated at 0.5 THz. The negative dispersion val-
ues indicate normal dispersion.

In order to further demonstrate the sampling capability
of the probe, we measure the frequency-dependent radial
field distribution of a COC spider-web porous fiber. For this
purpose, the probe-tip has been translated away (along the
radial direction) from the fiber and the THz pulses are mea-
sured at different radial positions. Figure 3 shows the mea-
sured radial electric field distribution at 0.23 and 0.28 THz.
The fields are normalized to the respective maximum ampli-
tude at the porous fiber surface. The curves indicate that
increasing the frequency increases the confinement of the
field to the fiber, as expected. For comparison, the theoretical
values of the normalized radial distribution of the electric
fields of a real porous fiber are calculated and shown with
solid lines. According to the measurements, the diameter of
the waveguide under investigation varies from 570 to
640 pm. Thus, a 600 um diameter porous fiber is consid-
ered for the theoretical calculation.

The vertical error bars in Fig. 3 represent the standard
variations in the signal alteration during the measurement.
The horizontal error bars represent the total standard devia-
tion due to the elliptical shape of the waveguide, and polar-
ization state at the measurement point. The real waveguide
has a slightly elliptical cross-section as shown in the inset of
Fig. 3. The measurement can be conducted starting from any
location of this elliptical surface. Moreover, the elliptical sur-
face results in birefringence, i.e., the effective refractive in-
dex of the mode continuously varies with the electric field
orientation angle between maximum and minimum values
that are spaced by 90°. The polarization state of linearly
polarized THz pulse changes from linear to elliptical and
circular as the pulse propagates along the waveguide. Thus,
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the detector at any location along the waveguide samples the
projection of the electric field along the probe-tip, which can
be x- or y-components or the total electric field of the
propagating mode, depending on the field polarization at the
probe-tip location. There is a subtle difference in the
decay rate of these three normalized electric fields. The
x-component of the electric field is depicted and the differ-
ence is included as an error source in the measured curves on
the horizontal axis. The good agreement between the mea-
sured curves and expected theoretical values indicates the
low invasiveness of the applied probe-tip. In order to observe
the effect of the presence of the probe-tip, a further investi-
gation is required.

In conclusion, we have developed a technique by ex-
ploiting a micromachined photoconductive probe-tip for
characterization of THz porous fibers. Losses less than
0.08 cm™! are measured at the frequency range from 0.2 to
0.35 THz, with the minimum of 0.003 c¢cm™' at 0.24 THz.
Normalized group velocity greater than 0.8, which is
equivalent to dispersion values in between —1.3 and
—0.5 ps/m/um for 0.2<f<0.35 THz is obtained. More-
over, we measure the evanescent electric field distribution of
the porous fiber as a function of frequency, which follows the
trend of expected theoretical values. This technique is appli-
cable for the characterization of any waveguide that contains
an extended propagating mode that is accessible to measure-
ment along the waveguide.
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