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Terahertz (THz) frequency range opens significant opportunities in various
fundamental and applied fields including condensed matter physics and
chemistry, biology and medicine, public security and nondestructive testing.
Despite significant advances in THz instrumentation, the problem of THz
sensing in harsh environments, particularly at high temperatures and pres-
sures, remains acute due to the lack of THz materials and optical components
capable for operation under the extreme conditions. To address this problem,
the THz hollow-core photonic crystal sapphire waveguides that are fabricated
using shaped crystal growth technique are developed. Numerical analysis and
experimental study show that the proposed waveguides operate in a few-
mode regime and allow for the broadband transmission of THz pulses with
small dispersions and low propagation losses. Thanks to the unique physical
properties of sapphire, the proposed waveguides are capable of operating in a
variety of aggressive environments. As an example, the developed waveguides
are used to conduct the intra-waveguide interferometric sensing of phase
transitions in sodium nitrite films at high temperatures. It is believed that the
proposed sapphire-based material’s platform has strong potential for devel-
oping THz guided optics for applications in intra-waveguide spectroscopy,
interferometry, and remote sensing in aggressive environments.

nondestructive testing and imaging,!'%

and public security.'!]

Most recently, THz frequency band
was explored for applications in sensing
and process monitoring in aggressive
environments, which presents its own set
of unique material and design require-
ments for the THz optics components and
instrumentation. In these applications,
using THz waveguides and fibers offer
many benefits over the use of bulk optics.
For example, application of the THz waves
in medical diagnosis requires flexible
radiation delivery to the hard-to-access
tissues and internal organs, which can
be effectively accomplished using slender
THz fibers. At the same time, such fibers
must be made of biofriendly materials,
and they have to be resistant to the in
vivo chemical composition of the biotis-
sues.[?l Similarly, application of the THz
waves in monitoring of chemical reac-
tions and phase transitions,[3 diagnosis

1. Introduction

Over the last decade, THz spectroscopy has been used with suc-
cess in a variety of fundamental and practical applications, !
which among others include: spectroscopy of condensed
matter>! and gases,® medical diagnosis’® and therapy,”!

of plasmas,' monitoring of processes
in combustion engines, > study of metal
and alloy melts,['% all require waveguides
with advanced mechanical, chemical and thermal properties.
Additionally, application of the THz waves in the open-space
astrophysics!'”! requires THz waveguides featuring high radia-
tion strength and resistance to the temperature fluctuations
and gradients. In view of the many important practical and
fundamental applications, there is a clear need for the durable
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and rugged THz waveguide capable of operating under extreme
conditions.

Up to date, many types of waveguides have been developed
for the THz frequency band. Thus, THz waveguides based on
the hollow metal tubes' or metal tubes with inner dielectric
coatings,!') while having relatively low propagation losses, also
feature significant intermodal dispersions, as well as low chem-
ical resistance due to presence of the metallic layers in their
structure. Various metallic plasmonic THz waveguides?0-22
feature low loss and low dispersion, but they also suffer from
low coupling efficiency, low chemical resistance, and they are
difficult to handle. Plasmonic waveguides with highly-porous
dielectric support!?’l are easier to handle, however, the resultant
metal/dielectric structures loose some of their optical per-
formance, while their metal and polymer components do not
sustain aggressive chemicals, high temperatures and pres-
sures. Alternatively, step-index dielectric THz waveguides made
either of bulk crystalline materials?*! or crystalline foams!?’!
could be used in THz sensing in harsh environments, since
some crystalline materials possess advanced chemical resist-
ance and biocompatibility and are capable for operation at high
temperatures and pressures. At the same time, a simple step-
index geometry of these waveguides has a limited potential
for reduction of the waveguide propagation losses and disper-
sion. Polymer microstructured, sub-wavelength, porous and
multichannel waveguides, 223 as well as antiresonant®+-3¢l
and photonic crystal (PC)B738 waveguides allow efficient man-
agement of the waveguide dispersion and reduction of the
propagation loss.3%40 While being suitable for the biomedical
and chemical sensing due to their high flexibility, biocompat-
ibility, and relatively high chemical resistance, the polymer THz
waveguides are not adequate for sensing at high temperatures
and pressures due to the polymer material's low mechanical
strength and low melting point.[*!

To address many challenges posed by the THz sensing in
aggressive environments, in this paper, we have developed a
novel hollow-core THz PC waveguide based on shaped sap-
phire crystals fabricated using the edge defined film-fed
growth (EFG) technique.l*>*3] Sapphire material features many
unique physical properties, such as high refractive index and
relatively low electromagnetic wave absorption at THz frequen-
cies, high hardness and melting point, chemical and radia-
tion strength.*”] In turn, the EFG-technique allows manufac-
turing high-quality shaped crystals with complex cross-sections
directly from the Al,O;-melt.*?] We, therefore, believe that the
EFG-grown sapphire waveguides offer a powerful material's
and fabrication platform to address even the toughest chal-
lenges in the THz sensing in aggressive environments.[*®!

In this work, several hollow-core PC waveguides of the same
cross-section, but different lengths were grown using the EFG
technique. Combining numerical analysis and experimental
studies, we show that the sapphire waveguides considered in
this paper operate in a few-mode regime. The two principal
(lowest-loss) core guided modes of such waveguides have
small dispersions of 0.06-1.0 ps (THz cm)™! in the frequency
range of 0.65-1.2 THz, as well as low propagation losses
0.01-0.03 dB cm™! at 1.2 THz. We then applied the developed
waveguides to the THz intra-waveguide interferometric sensing
at high temperatures. Particularly, by using the waveguides
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simultaneously as a cuvette and as an optical waveguide, we
carried out a study of the phase transition in the sodium nitrite
(NaNO,) film.

2. Numerical Analysis of the Sapphire
THz Waveguides

In this paper we use intra-waveguide interferometry to sense
temperature-induced changes in the refractive index of a mate-
rial. The THz waveguides used in the intra-waveguide interfer-
ometry setup should support at least two core-guided modes
featuring small dispersions and low propagation losses. More-
over, effective refractive indexes of the two modes should have
significantly different sensitivities to optical changes in the ana-
lyte layer placed in the waveguide core. This can be achieved
by ensuring that the field distributions of the two modes have
significantly different overlaps with the analyte layer.

In order to develop a sapphire waveguide with the modal
properties favorable for the intra-waveguide interferometry,
we optimized the waveguide geometry using the commercial
finite-difference software Lumerical Mode Solutions,*”! while
taking into account various technological limits posed by the
EFG technique. Bulk optical properties of sapphire in the THz
region were taken from ref. [44] assuming that the crystal c-axis
is directed along the waveguide direction. In our simulations,
we accounted for the sapphire birefringence by using the prop-
erty defined dielectric tensor, however, we did not observe a sig-
nificant impact of the crystal birefringence on the core-guided
mode optical properties. This is due to strong localization of the
core-guided modes in the large-diameter hollow core.

In Figure la we present schematic of the THz sapphire
waveguide optimized for the intra-waveguide interferom-
etry sensing. The waveguide features an outer diameter of
Dg = 24.0 mm, and a large central channel (core) with a diam-
eter of Dc = 7.15 mm. The core is surrounded with smaller
channels of diameter d = 1.6 mm. These channels are placed in
the vertices of a hexagonal lattice with a period of A = 2.8 mm,
thus forming two layers of the PC cladding.

In Figure 1b, we present numerically computed effective
refractive indices n.g of the core modes guided via bandgap
effect (in blue-to-red), as well as antiresonant cladding modes
and the modes of a continuum (in gray) that are mostly con-
fined in the finite-size waveguide cladding. The core-bound
bandgap-guided modes were differentiated from the antireso-
nant cladding modes by comparing them to the modes of a
corresponding waveguide with an infinite PC cladding. We use
blue-to-red and grayscale colorbars to indicate losses of the two
types of waveguide modes. From Figure 1b, we notice that the
antiresonant cladding modes are most abundant at frequencies
below 0.5 THz, while most of the bandgap guided modes are
observed at higher frequencies of 0.5-1.2 THz.

Among all the bandgap-guided modes, we note, in par-
ticular, the two lowest-loss core-guided modes, which are also
the closest to the air light line (n.g = 1). Propagation losses of
these two modes are several times lower than losses of all the
other core-guided modes, therefore, the two modes will play the
predominant role in the intra-waveguide interferometry. Using
analogy with the core-guided modes of the hollow-core circular
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Figure 1. Numerical analysis of the THz-wave propagation in the hollow-core sapphire PC waveguide: a) waveguide geometry and b) effective refrac-
tive indices neg of the bandgap-guided core modes (red-blue colorbar), as well as antiresonant cladding modes and the modes of a continuum (gray-
scale colorbar). ¢,d) Intensity distributions I =< |EJ? of the HE;;-like and HE,;-like modes at 1.1 THz. e,f) Modal losses o and modal dispersions D of
the HE;;-like and HEy-like modes. In (b), (e), and (f), solid lines correspond to the analytical fits of n.g, o, and D using analytical dispersion relation

in the form given by Equation (1).

Bragg fibers,*®! we recognize that the two lowest-loss modes of
the hollow-core sapphire PC waveguides studied in this work
are similar to the fundamental HE;; mode, and the higher-
order HE,; ring mode of the Bragg fibers. In Figure 1c,d, we
show intensities I o |E|? of the HE;;-like and HE,;-like modes
of the hollow-core sapphire PC waveguide at 1.1 THz. Further-
more, we note that in the frequency range of 0.65-1.2 THz
the dispersions of the two modes vary in the interval of
0.06-1.0 ps (THz cm)~!, while modal losses are lower than
0.1 dB cm™ in the whole frequency range, and becoming as
low as 0.03-0.01 dB/cm™ at 1.2 THz.

In Figure 1b, we also present analytical fits of the effective
refractive indices n.g, losses o, and dispersions D of the two
modes (solid lines) using the following fitting functions

R . 1
Neff = Nefr — Wer

2
n§ﬁ=1—zv+
Ve —ivgV
4
a="" i (1)
Co
1 az(nfga))
D=——"—
c, 0w

where ¢, = 2.998 x 108 m s7! is a speed of light in the free
space, v is the electromagnetic wave frequency, v, and vy
are the model fitting parameters with the units of frequency
[Hz], and o is the modal intensity loss. This convenient para-
metrization of the modal complex dispersion relation has the
Lorentian form,*) thus, obeying the Kramers—Kronig rela-
tions, as required from the response-function of a physical
system.P% For the fundamental HE;; mode, and the higher-
order HE,; ring mode the fitting parameters are found to be
Var = 0.0323 THz, vp 5z = 0.0486 THz, and v, 150 = 0.0511 THz,
VB,HO =0.0085 THz.

It should be noted that HE,;; mode has an “odd” symmetry,
which implied that it can be excited only using an off-centered
linearly polarized Gaussian-like THz beam. Indeed, during
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waveguide characterization, we use an off-center excitation that
was optimized to result in the sharpest pattern of two-mode
interference.

3. Fabrication of the Sapphire THz Waveguides

High hardness of sapphire and significant anisotropy of its
physical properties!*’! make it impossible to produce micro-
structured crystals (such as the one shown in Figure 1a) using
mechanical processing of bulk crystals. Alternatively, numerous
approaches for the growth of shaped crystals directly from the
melt were developed over the past decades!*?! using variants of
the EFG technique.

In this work, we used the EFG technique to fabricate
sapphire waveguide shown in Figure la. Figure 2a shows
schematic of the growing process. The sapphire crystal is
grown from the Al,;O;-melt meniscus that is formed at the top
of a custom-made capillary die. During the growth, the melt
rises to the top of the die through the ring capillary channels,
while the crystal cross-section is defined by the die geometry.
The detailed description of the EFG-growth setup is presented
in the Experimental Section of the paper.

In this work, we produced several waveguide samples of
various lengths employing either single- or double-seeding
approaches. Both approaches provide shaped crystals of the
desired cross-section, however, double-seeding reduces the
length of crystal enlargement and eliminates large-scale
bending of the shaped crystal, which could happen when using
single-seeding. In Figure 2d, we show the 100 and 150 mm
length sapphire THz waveguides. In Figure 2e, we also notice
inclusions of the gas microbubbles (predominantly, Ar)
between the first and the second layers of the cladding chan-
nels in the waveguide cross-section. These bubbles are located
where the two melt flows moving from the peripheral and the
central ring capillary channels meet each other.’!) These bub-
bles can, in principle, locally decrease the material refractive
index and affect the guiding properties of the shaped crystal,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Fabrication of the sapphire THz PC waveguides using the EFG technique: a) schematics of a single-seed (Seed #1) and a double-seed (Seed
#2) growth processes. b) In situ photo of the waveguide growth using single-seeding, c) photo of the as-grown waveguide using double-seeding, d)
as-grown waveguides with the lengths of 100 and 150 mm, and e) photo of the waveguide cross-section.

however, these effects are difficult to quantify at this time and
more investigations are in order.

4. Optical Characterization of the Sapphire
THz Waveguides

We applied transmission-mode THz time-domain spectroscopy
(THz-TDS)M to conduct optical characterization of the fabri-
cated sapphire waveguides. Detailed description of the experi-
mental setup and measurement process is presented in the
Experimental Section.

In Figure 3a, we show the THz spectra |E(V)| of the reference
and transmitted THz signals, both for 100 and 150 mm length
waveguides. We should comment on the selection of these two
waveguide lengths for the experimental study. First, the length
should be long enough to filter out higher order modes, so only
two lowest-loss modes remain in the waveguide. At the same
time, if the waveguide is too long, only a single lowest loss

mode will remain, again, precluding using the waveguide for
the intra-waveguide interferometry experiments. Considering
these two limitations, and using theoretical data for the modal
losses from our numerical simulations, we concluded that ideal
length of a two-mode waveguide should be at least 50-100 mm
and no longer than 200-300 mm. During measurements, we
adjust the waveguide position in order to achieve the sharpest
interference pattern in the frequency domain. To achieve this,
we use the off-centered THz pumping in order to excite both
“even” HE;; and “odd” HE,; modes in the waveguide core. By
normalizing the waveguide transmission spectra to the ref-
erence one, we then calculate the waveguide transmission
spectra Tey(V) (see Figure 3b,c). As compared to the relatively
featureless reference THz spectrum, the spectra of the signals
transmitted through the two waveguides feature periodic mod-
ulations due to the intra-waveguide interference phenomenon.
Particularly, at certain frequencies, constructive interference
of the principle core-guided modes leads to higher THz wave
transmission through a waveguide. The modulation patterns
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——=7=100 mm
0.8 < I1=150mm| o8f /w/f\ 4

3]
506 i
£ =
~ &
=04
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0.2 5l
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Figure 3. Optical characterization of the hollow-core sapphire THz PC waveguides: a) spectra of the THz reference and the THz-signals transmitted
through the 100 and 150 mm long waveguides. b,c) Comparison between experimental and analytically fitted (using Equations (1) and (2)) spectra
|T(v)| for the two waveguides of lengths 100 and 150 mm.

Adv. Optical Mater. 2018, 6, 1800573 1800573 (4 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

are different for the waveguides of different lengths, and they
cannot be observed if only a single-mode is excited.

A direct reconstruction of the effective modal refractive
indices n.g and the propagation losses o for both HE;; and
HE,; modes from the transmission-mode spectroscopy data
is a daunting task. In order to solve this inverse problem, we
applied a model-based reconstruction of n.gand o for the two
modes following the approach detailed in ref. [52]. To explain
experimental waveguide transmission data, we use analytical
model that assumes a coherent superposition of the two core-
guided modes featuring two distinct complex amplitudes and
two distinct complex dispersion relations

0

. ¥ a%
Ty = Ck exp(—t(pF)exp(—l e, el — apl)

. ,2mv
+Cho exp (—i@yo ) exp (—1 — Pt 110] — O(Hol)

0

where | is a waveguide length, negr, Hegno, O 0o are the
effective refractive indices and losses of the fundamental HE;
and the higher-order HE,; modes in the parametric form given
by Equation (1), where we use the parameter values found
using numerical simulations discussed earlier. In this model,
the complex coefficients Cr exp(—igg) and Cyo exp(—i@yo) define
the net effect of the modal in- and out-coupling, which vary
both in amplitude and phase from one mode to another. In
principle, these coefficients have a frequency-dependent char-
acter, however, in this work, for simplicity, we assume that they
are constant across the whole frequency range.

In order to fit the experimental transmission data using the
model defined by Equation (2) and dispersion relations in the
parametric form Equation (1), we need to specify 8 frequency-
independent parameters — Va g, Vg 5, Cr, @f for the fundamental
mode HE; and Va0, VeHo, Cho, Puo for the higher-order
mode HE,;. In order to find these parameters, we used the
least squares minimization of the frequency-averaged differ-
ence between the complex transmission spectra T, and Ty,
using the data for both the 100 and 150 mm long waveguides.
Particularly, we minimize the following weighting function

1% 1
AT NP

li=12

2

Tep (V,) =Tan (V.]) 3)

where N, and N; stand for the number of the frequency points
and the waveguide lengths, used in the fitting.

In Figure 3b,c, we compare experimental spectra (dashed
curves) and their analytical fits (solid curves) for the waveguides
of two different lengths. We note that the beating patterns
between the two core-guide modes are very well reproduced
across the whole spectral range for both waveguides. In
Figure 4, we also compare two sets of the modal parameters,
one obtained by fitting the numerical mode solver data
described in Section 2, while the other one is obtained by fitting
the experimental transmission spectra described in this section.
A very good agreement is found between the two data sets, thus
confirming effectively two-mode nature of the THz wave propa-
gation through the fabricated hollow-core sapphire THz PC
waveguides. Finally, we find that both HE,;-like and HE,;-like
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Figure 4. Modal properties of the fundamental HE;;-like and the higher
order HEy-like guided modes, comparison between the two sets of
parameters/curves. One set is obtained by fitting the numerical mode
solver data described in Section 2 (labeled theory), while the other one
is obtained by fitting the experimental transmission spectra described in
Section 4 (labeled experiment). a) Table of the fitting parameters used
in the analytical dispersion relations (Equation (1)). b) Corresponding
effective refractive indices ng and propagation losses « of the two prin-
ciple guided modes. c) Corresponding dispersions D of the two guides
modes.

guided modes feature low dispersion and losses, as predicted
by the numerical study of Section 2.

5. High-Temperature THz Intra-Waveguide
Interferometric Sensing

To demonstrate potential of the sapphire waveguides for appli-
cations in aggressive environments, we apply them to high-
temperature intra-waveguide sensing of phase transition in
NaNO,—a pale yellow crystalline powder, which is highly sol-
uble in water, hydroscopic, and serves as a precursor for pro-
duction of a variety of organic compounds.3!

In Figure 5a, we show schematic of the THz intra-waveguide
interferometry setup that uses the backward wave oscillator
(BWO) and the Golay cell as a continuous-wave source and a
detector of the THz radiation!! (for more details see the Experi-
mental section). Our setup is optimized for the simultaneous
excitation of the two core-guided HE;-like and HE,;-like modes

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. High-temperature THz intra-waveguide interferometry: a) schematic of the transmission-mode interferometry setup, b) schematic of the
sapphire waveguide, mounted inside a temperature cell and containing NaNO, film in the central channel, c) schematic of the nonsymmetric output
diaphragm, placed at the output end of the waveguide for the interference pattern formation by the fundamental mode HE;; and the bottom part of
the higher-order mode HE,;, d) schematic of the interference pattern formation, where the gray dashed lines indicate the directions of the interference

pattern maxima.

via the off-center waveguide launch, which results in the high-
contrast two-mode interference pattern at the waveguide output
end (see Figure 5b). The interferogram evolves when the tem-
perature changes. By comparing the temperature evolutions
of the two interferograms, one with an analyte and another
without an analyte, one can detect phase changes in the tested
material. In order to enhance the interferogram contrast, we
also cover the output end of a waveguide with a diaphragm in
the form of a half-opened disk (see Figure 5c) with a diameter
of dg = 8.0 mm and an opening size of h = 4.5 mm. This is nec-
essary as the two modes are of different symmetry. As shown
in Figure 5d, the resultant interference pattern features sev-
eral horizontal stripes formed by the constructive interference
between the fundamental mode HE;; and the lower part of the
higher-order HE,; mode.

As seen from Figure 5d, locations of the interference pat-
tern maxima can be found from the constructive interference
condition
dp —dyo + (neﬂ",F - neff,HO)l+ Qo =mi (4)
where n.gr and nego are the effective refractive indices of the
two core modes, [ is a waveguide length, A is a wavelength of
the guided light, m is an integer, dr and dyq are the distances
between the observation point P and the points of the maximal
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intensity of the HE;;-like and HE,;-like modes in the output
diaphragm plane, while ¢, is a constant phase shift between
the two core-guided modes accrued during excitation. As fol-
lows from Equation (4), any environmental factor that affects
differently the two guided mode effective refractive indices negr
and negpo, will lead to changes in the interference pattern.
This is a principal idea behind the intra-waveguide interfero-
metric sensing.

As a demonstration, we perform the intra-waveguide inter-
ferometric sensing of changes in the NaNO,-film optical prop-
erties as a function of temperature. In this measurement, the
analyte film is first deposited inside of the hollow waveguide
core. Particularly, 20 mg of the NaNO,-powder was first dis-
solved in distilled water. Then, some of the aqueous solution
was injected into the core and evenly distributed along its
length. After evaporation of water from the solution, a polycrys-
talline solid NaNO,-film was formed at the bottom of the core.
The process was then repeated several times for various orien-
tations of the waveguide core in order to increase the sensor
sensitivity.

In Figure 6, we show results of the high-temperature THz
intra-waveguide interferometric measurements at 0.355 THz,
where we compare waveguide with a NaNO, film to an empty
one. The interference patterns I(r) (where r is a radius vector in
the image plane) were recorded at the image plane for several
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Figure 6. THz intra-waveguide interferometry of the NaNO,-film at 0.355 THz: a) an interferogram I(r) at the output of the 150 mm long waveguide
containing NaNO,-film at 300 °C. b,c) A “waterfall” plot of the spatially averaged (along the OX direction) interferogram (I(y)), for the empty (blue-
to-red), and the NaNO,-impregnated (brown-to-green) waveguides. d,e) A corresponding plot for the interferogram averaged along the OY direction
(I(x)),- f) Position of the lower interference fringe along in the OY-direction for the empty (blue-to-red) and the NaNO,-impregnated (brown-to-green)

waveguides.

temperature values in the range of 170-300 °C. In Figure 6a,
we show I(r) for the 150 mm long waveguide with a NaNO,
film at 300 °C; as expected, the interference pattern features
several stripes along the OX direction. In Figure 6b,c, we use a
“waterfall” plot to illustrate changes in the interference patterns
as a function of temperature for a waveguide with a NaNO, film
and an empty one. Here we plot the averaged intensity (I(y)),
along the OX direction. We note that all the interference pat-
terns have two maxima, the position and the contrast of which
vary with the temperature in a different manner depending
whether the waveguide contains a NaNO, layer or not. For a
waveguide with an analyte layer, the positions of the local inter-
ference fringes in the OY direction change significantly in the
250-280 °C temperature range compared to an empty wave-
guide, thus signaling the onset of the material phase change. By
contrast, in Figure 6d,e, we show the averaged intensity (I(x)),
along the OY direction that feature close-to-symmetric shapes
in the OX direction and unremarkable changes with tempera-
ture. In (b)—(e), averaging of the THz interferogram along the
OX or OY directions is used in order to improve signal-to-noise
ratio and suppress speckles in the interference patterns.

In Figure 6f, the dotted line indicates vertical position of
the lower interference fringe as a function of temperature. For
the empty waveguide, the observed changes in the interference
fringe position are due to changes in the guiding properties of
the HE;; and HE,; modes. These are mainly due to tempera-
ture dependence of the sapphire optical properties, as well as
changes in the waveguide geometry with temperature. By con-
trast, the waveguide containing NaNO,-layer shows completely
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different tendencies in the shift of the interference fringe with
temperature, which we attribute to the presence of a NaNO,
layer and its complex temperature-dependent physical char-
acteristics. Thus, we attribute rapid changes in the position
of the lower interference fringe seen at temperatures between
250 and 280 °C (see Figure 6¢) to the NaNO,-film melting
(In = 271 °C). We note that neither optical nor mechanical
properties of the sapphire waveguides were changed irrevers-
ibly in the course of the high-temperature measurements, thus,
the same waveguides could be reused in further measurements
after cleaning.P*

We believe that the proposed configuration of the THz intra-
waveguide interferometric sensor is innovative compared to
the other existing intra-waveguide sensor arrangements, as
it relies on detection of the amplitude changes in the inter-
ference pattern between the two core-guided modes, rather
than tracking refractive index changes of a single core-guided
mode, as done in other works.”>>’I The key advantage of our
arrangement is that the amplitude sensitive detectors are used
to detect phase information via interferogram acquisition. By
contrast, intra-waveguide sensors that monitor properties of a
single mode have to be phase sensitive in order to match in
sensitivity the interferometric methods. Systems based on such
phase sensitive detectors/emitters (e.g., TDS-THz) are consid-
erably more expensive than those that employ only amplitude
sensitive detection (solid state diodes, Golay cells, etc.). We
also note that although we have performed a slow full interfer-
ence pattern acquisition in our experiments, a practical intra-
waveguide interferometry setup would rather use a faster 1D
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scan, compressive imaging techniques, P! or even a single point
measurement to track changes in the fringe position and shape.
Finally, we note that although quantitative characterization of
the sensitivity of out intra-waveguide interferometric sensor is
the subject of additional comprehensive study, nevertheless, the
observed significant difference between the temperature
dependent interference patterns of the empty waveguide and
the waveguide with a NaNO, film highlights strong potential of
the presented sapphire PC waveguides for high-sensitivity THz
sensing in aggressive environments.

6. Discussion

We believe that the sapphire PC waveguides presented in this
work could be the prime candidates for various THz sensing
applications in aggressive environments. Among these appli-
cations, we mention, in particular, the use of sapphire wave-
guides as hard endoscopes!'” in the THz medical diagnosis!”!
and therapy,® nondestructive testing of construction mate-
rials!'% with virtually no limitations with respect to tempera-
tures and mechanical loads. For applications in endoscopy, the
sapphire waveguide cross-section might need to be modified
from what is discussed in this paper in order to reduce the
endoscope dimensions, while for other applications, single-
mode operation might be a better alternative to a few-mode
guidance regime employed by our waveguides. Furthermore,
the sapphire shaped crystals could be used as waveguides and
cuvettes for studies of condensed matter, gases, plasmas and
biological systems!!>!416:56571 ysing various intra-waveguide
sensing modalities.! Finally, they could serve as elements of
the imbedded equipment for the THz nondestructive opera-
tional control of mechanical systems and products of the petro-
leum industry,”” the open-space research equipment in THz
astrophysics,['”l and the multispectral systems for simultaneous
sensing in THz, IR, VIS, and UV ranges. Additionally, due to
high hardness of sapphire, the shaped crystals are nonflex-
ible compared to the flexible metal and polymer THz wave-
guides. Therefore, the sapphire shaped crystals show stability
of their guiding properties even in the presence of time-varying
mechanical loads and vibrations. This can be of great advantage
to the intra-waveguide interferometric sensing, as well as to the
accurate broadband remote spectroscopy of the absolute phys-
ical constants. All these applications are of high importance to
the rapidly developing THz technologies.

The sapphire waveguides are technologically robust as they
combine the convenience and advanced performance of the
EFG technique with the relatively low material cost and modest
fabrication time required to achieve the desired cross-section
geometry and waveguide length. Due to mechanical limitations,
the EFG-growth setup used in this study can produce shaped
crystals with the maximal length of 1 m; however, there are no
physical limitations for producing longer waveguides after the
appropriate modifications to the crystal growth setup. Addition-
ally, remarkable versatility of the EFG technique*? provides
rich opportunities for further optimization of the shaped crystal
geometry, which could further increase the THz waveguiding
performance, achieve the single-, few-, or multimode opera-
tion regimes, expand the spectral operation range, reduce the
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propagation and coupling losses, as well as reduce or manage
the waveguide dispersion. Examining other geometries of the
sapphire waveguide cross-section (graded index®! or disor-
dered PC lattices,13¥ structures with nonsymmetric channels
and thin membranes,” or porous waveguides?®) seem to be
the promising directions for further research.

7. Conclusions

In this paper, a novel sapphire hollow-core THz PC waveguide
was fabricated using EFG shaped crystal growth technique for
applications in THz sensing in aggressive environments. We
have combined numerical analysis and experimental study to
demonstrate that the waveguide operated in the effectively two-
mode regime and featured low loss and dispersion. We then
applied the developed sapphire waveguide to the high-temper-
ature THz intra-waveguide interferometric sensing of phase
changes in the NaNO,-film. The results of our study confirm
strong potential of the sapphire waveguides in various branches
of THz science and technology, for which high optical perfor-
mance and outstanding mechanical, thermal, pressure, chem-
ical, and stress stabilities are required.

8. Experimental Section

EFG Growth of the Sapphire Shaped Crystals: The crystal growth
setup uses the 22 kHz induction-heated graphite susceptor with the
molybdenum crucible. Using the Verneuil crystal as a feed material,
the multichannel sapphire rod is grown from the melt Al,Os-film
formed on the top of a capillary die at the temperature of 2053 °C
and in the ambient high-purity Ar-atmosphere under the pressure of
1.1-1.3 atm. Either a single or a double c-axis sapphire seed is used for
the growth initiation, while the pulling rate is about 50 mm h='. During
the growth process, the Al,03-melt rises to the top of the capillary die
through several 0.25 mm thick ring capillary channels. The crystal shape
is mainly determined by the die design, with possible small variations
caused by the surface tension of the melt in the meniscus region.

Optical Characterization of the Sapphire Waveguides Using THz-TDS:
The THz transmission spectra of the sapphire PC waveguides were
acquired using THz-TDS setup operated in the transmission mode. As
a source and a detector of the THz pulses, commercial photoconductive
antennas from BATOP GmbH based on the low-temperature-grown
gallium arsenide (LT-GaAs) were used. The commercial femtosecond
fiber laser, used in the setup, features a central wavelength of 0.786 um,
a pulse duration of 93 fs, a pulse repetition rate of 98.59 MHz and an
average output power of 68.9 mW. The average power is divided equally
between the pump and the probe channels and is slightly attenuated in
the optical beam path. As a result, the antenna emitter is pumped, and
the antenna detector is probed by the 20 mW laser beams. The optical
delay between the pump beam and the probe beam is varied using a
101.6-mm-travel-range double-pass linear mechanical delay stage from
Zaber featuring the positioning accuracy of < 3um. The THz radiation
also undergoes 10 kHz electrical modulation for synchronous lock-in
detection of the THz signal. For the waveform detection, the time-
domain step of 0.05 ps (to satisfy the Nyquist-Shannon sampling
theoreml®%), the time-domain window size of 100 ps (yielding the
frequency-domain resolution of 10 GHz), and the averaging time of
100 ms at each time-domain step with no further waveform averaging
were used.

In Figure 7, schematic of the THz beam path in the THz-TDS
experimental setup is shown, where the emitter detector distance
is 45 cm. The emitted THz wave is collimated using a combination
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Figure 7. Schematic of the THz beam path in the THz-TDS transmission-
mode setup designed for the optical characterization of the hollow-core
sapphire THz PC waveguides. All the optical elements in the THz beam
path, with an exception of the collimating lens, are rigidly fixed on the optical
breadbord, while collimating lens is placed on a rail, thus, capable of accom-
modating waveguides of different lengths. The input/output diaphragms
are mounted directly onto the input/output ends of a test waveguide.

of the high-resistivity float-zone silicon (HRFZ-Si) hemispherical
lens, mounted onto an antenna-emitter chip, and the commercial
polymethylpentene (TPX) corrector of spherical aberrations, mounted
on a separate post, both supplied by the Batop GmbH. The collimated
THz beam has a diameter of 25.4 mm. A single planoconvex TPX lens
with the focal length of 76.2 mm is used to focus the THz beam with
the numerical aperture of NA = 0.16 onto the 5.5 mm diameter input
aperture mounted in front of the waveguide input end. After propagating
through the waveguide, the THz beam exits through another 5.5 mm
diameter output aperture. The beam is again collimated using another
TPX planoconvex lens with the focal length of 76.2 mm. Finally, the
beam is focused onto the antenna-detector using an equivalent pair of
the TPX aberration corrector and the HRFZ-Si hyperhemispherical lens.

The focusing lens is rigidly fixed, while the collimating lens is
mounted on the rail, and can be displaced in order to accommodate
waveguides of different lengths. One should mention the importance of
using the input/output apertures and the aberration correctors in the
optical setup. The apertures allow stabilizing the coupling, and the out-
coupling conditions of the THz beam by filtering out contributions of
the cladding modes, which is especially important when working with
the multimode hollow-core waveguides. The aberration correctors allow
achieving high-quality THz beams, which is of particular importance
when working with longer THz beam paths that comprise movable
optical elements and long waveguide sections.

The reference spectrum was acquired by removing the waveguide and
the apertures, while shifting the collimating lens toward the focusing
one to form a 1 x telescopic system and placing a 5.5 mm diameter
diaphragm at the focal plane between the two lenses. The reference THz
signal in frequency-domain features the maximal signal-to-noise ratio of
SNR = 5 x 102 by field, and it allows characterization of the waveguide
transmission in the frequency range of 0.2-1.2 THz.

The waveguide measurements were performed at room temperature
and ambient humidity (i.e., neither nitrogen gas purging nor vacuum
pumping of the sample chamber were used during measurements).
Thus, several sharp water vapor absorption deeps in the THz pulse
spectra (see Figure 3a) were clearly observed.
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THz Intra-Waveguide Interferometric Measurements: Schematic of the
THz intra-waveguide interferometric sensor setup is presented in Figure 5.
There, a BWO equipped with a wire-grid polarizer is used as a source
of the monochromatic linearly polarized THz waves with the electrically
tunable output frequency of 0.2 to 0.4 THz. Depending on the value
of the output frequency, the output power of the BWO varies in the
range of 1072-1073 W. For interferometry, the output BWO frequency of
0.355 THz, which corresponds to the electromagnetic wavelength
of =845 um, is used. A Golay cell is used as a spectrally nonselective
uncooled detector featuring the sensitivity and the time response
of =10V W and = 107" s, respectively. A 22 Hz mechanical chopper
is employed for the modulation of the THz beam intensity, which is
then detected by the demodulation of the Golay cell signal. To image
the THz interference pattern formed at the waveguide output end, raster
scanning is performed using detector with a 0.5 mm diameter aperture,
which is mounted onto a motorized X-Y translation stage featuring
< 2 um positioning accuracy.

A 150 mm long sapphire waveguide is used as a cuvette to hold the
powder. It is mounted inside a temperature cell (an open-air resistance
heating furnace) that operates at temperatures ranging from the ambient
to =700 °C. The THz beam, emitted by the BWO, is first collimated
using a teflon lens with the focal length of 50 mm, and, after passing
attenuator and mechanical chopper, it is focused onto the input edge of
the waveguide using a second equivalent teflon lens (see Figure 5a). The
5.5 mm diameter input diaphragm is mounted at the waveguide input
end to prevent excitation of the waveguide cladding modes. The output-
diaphragm in the shape of the half-opened disk is mounted at the
output end of the waveguide in order to filter out the cladding modes
and to enhance the contrast of the resulting interferogram between the
“odd” and “even” core guided modes. The resultant interference pattern
shows several horizontal stripes and is recorded at a distance of 7 mm
from the output end of the waveguide.
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