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Abstract: The field of terahertz (THz) waveguides continues to grow rapidly, with many
being tailored to suit the specific demands of a particular final application. Here, we explore
waveguides capable of enabling efficient and accurate power delivery within cryogenic
environments (< 4 K). The performance of extruded hollow cylindrical metal waveguides
made of un-annealed and annealed copper, as well as stainless steel, have been investigated
for bore diameters between 1.75 - 4.6 mm, and at frequencies of 2.0, 2.85 and 3.4 THz,
provided by a suitable selection of THz quantum cascade lasers. The annealed copper resulted
in the lowest transmission losses, < 3 dB/m for a 4.6 mm diameter waveguide, along with 90°
bending losses as low as ~2 dB for a bend radius of 15.9 mm. The observed trends in losses
were subsequently analyzed and related to measured inner surface roughness parameters.
These results provide a foundation for the development of a wide array of demanding low-
temperature THz applications, and enabling the study of fundamental physics.
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1. Introduction

In recent years the field of terahertz (THz) waveguides has made significant progress, both in
improving fundamental performance characteristics, such as transmission losses, dispersion
and fabrication techniques [1], as well as increasing integration into THz applications
previously dominated by free space optics [2,3]. This integration provides multiple benefits,
particularly the ability to deliver purgeable, targeted power delivery, which is readily
alignable over longer distances (>100 mm) [4]. As the breadth of THz applications continues
to increase, including such diverse fields as biomedicine, spectroscopy and security [5], to
cultural heritage [6] and pharmaceutical quality control [7], the research into THz waveguides
is constantly evolving to meet the specific requirements demanded. As such, there exists a
plethora of waveguide designs, encompassing many different geometries and materials,
including hollow [8] and solid [9] core dielectric designs, photonic crystal [10], wire [11],
coplanar [12], hollow core metallic [13,14], and dielectric lined metallic [15,16], each with
their own set of strengths and weaknesses. However, to date, there has been relatively little
focus on THz waveguides suitable for delivery in cryogenic environments (< 4 K), within
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which there exists the potential for extensive study of samples operating with transitions on
the THz scale (7 — 15 meV =1.7 — 3.6 THz).

In this work, we choose to focus attention on developing waveguides suitable for
operating effectively in such environments, where delivery of THz radiation has been
traditionally challenging. This is due to the fact that for cryogenic operation below 4 K, THz
delivery is hindered by multiple cryogenic vacuum chambers, each requiring an absorbing
optical window. Thus, a fiber delivery system along the central cryostat axis presents itself as
a promising solution. In these environments, the transmission loss becomes especially
important due to the large physical distance between source and sample in cryogenic systems.
Consequently, a key requirement becomes the ability to fabricate waveguides reliably over
long distances (> 1000 mm). Additionally, for effective sample illumination, a reproducible,
Gaussian-like beam is required, and due to the extreme temperature variations involved in
thermal cycling, the resulting expansion and contraction of components makes mechanical
stability a central requirement for any potential waveguide design. The design which
addresses all of these concerns is the cylindrical hollow metallic waveguide (HMWG), the
study of which has previously been fairly limited. In 1999, sub-picosecond pulses were first
coupled into circular HMWGs [13], and in 2000, Gallot et al. [17] studied circular stainless
steel waveguides, with hypodermic needles being chosen for uniformity of the inner wall,
which showed a transmission loss of 0.7 cm™" or ~300 dB/m for a 280 pm diameter, measured
at 1 THz. Designs to produce HMWGs that were also flexible soon followed, which was
achieved by coating a dielectric tube with an inner metallic layer [18]. In these designs, the
dielectric cladding allows for flexibility, whilst the inner metallic layer provides the optical
confinement. However, the use of such dielectric materials renders them susceptible to a lack
of mechanical stability at cryogenic temperatures, such as a loss of adhesion between coating
layers, and additionally, such designs often possess complex liquid phase fabrication
procedures.

Here, we focus on exploring the properties of extruded hollow annealed and un-annealed
copper and stainless steel waveguides, with bore diameters between 1.75 and 4.6 mm, and
investigate their performance in terms of transmission losses, bending losses, and mode
profiles at three separate frequencies. This represents a crucial building block in achieving
efficient THz delivery from a room temperature environment into a cryostat. This
investigation is achieved via the use of THz QCLs coupled into a hollow dielectric lined
metallic waveguide, which is used as a launch structure to clean and normalize the input beam
[4] before coupling into the test waveguides. The best waveguides exhibit transmission losses
< 3 dB/m measured at 2 THz, as well as bending losses of ~2 dB at 90° for a bend radius of
15.9 mm. Observed variations in losses between metal types and diameters are also explored
in terms of surface roughness parameters.

2. Experimental Setup

HMWGs of three different metal types were chosen for investigation — un-annealed copper
(UnCu), annealed copper (AnCu) and stainless steel (SS). Copper is an excellent material for
THz applications due to its high electrical conductivity, and resulting low skin depth, which
minimizes optical penetration and thus ohmic losses. It also has advantages in terms of being
both readily malleable, and easily available in a variety of dimensions. Stainless steel was
also chosen due to its lower thermal conductivity as compared to copper (Kgee =50 W/mK
compared to K¢, =385 W/mK) [19], which becomes a major consideration in most cryogenic
applications. All the waveguides were commercial extruded cylinders, with three different
inner diameters - 1.75, 2.5, and 4.6 mm, and wall thicknesses of 0.71, 1.13, and 0.87 mm,
respectively. These were chosen to be a practical diameter for typical cryogenic applications,
as well as to balance the trade-off that exists when working with THz waveguides between
desirable single mode transmission, but at the cost of increasing losses as the diameter is
reduced [18]. The primary focus of this work was on UnCu and AnCu waveguides of the
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smaller 1.75 mm diameter, for the investigation of single mode transmission, and the larger
4.6 mm diameter, which were expected to possess lower losses. Additionally, the 2.5 mm
diameter was included as an intermediate dimension to better understand the transition
between the smaller and larger diameters, and to provide additional data to facilitate
subsequent analysis. A set of three HMWGs of a particular material and diameter were cut
into lengths between 50 and 150 mm, with the ends carefully deburred to maintain the
symmetry of the inner wall and minimize irregularities that could have a detrimental effect on
optical transmission. The cleaning process consisted of separate 30 second submersions in
water, acetone, and isopropyl alcohol, each with ultrasonic agitation. This was followed by a
30 second submersion in a 1:5 HCI:H,O solution, then a 10 second submersion in a 1:5
HNO;:H,0 solution, both of which with the aim of removing any surface oxides, as well as
residual annealing scale and tarnish [20].

As a radiation source to investigate the waveguide properties, the THz quantum cascade
laser (QCL) [21] was chosen due to its many favorable properties, such as the potential for
high output powers [22], compactness, and a frequency of emission which is selectable by
appropriate design of the active region [23]. Furthermore, in order to deliver the radiation
from the QCL to the waveguide under test, and also to clean and normalize the input beam, a
330 mm long, 1 mm diameter flexible polystyrene-lined hollow metallic waveguide (PS-
MWG) [24] was used, external to the QCL housing cryostat, at a distance of ~2 mm from the
radiation source, as has been previously demonstrated [4]. This type of waveguide, although
too mechanically unstable to be appropriate as a cryogenic waveguide candidate itself, has the
advantages of relatively low loss (~5 dB/m), and supports a Gaussian-like HE;; mode with a
divergence angle of 14°, making it very suitable for launching into the test waveguides
efficiently. A length of 330 mm ensured an optimal balance between allowing transmission
over a long enough distance for the QCL mode to be cleaned, whilst retaining sufficient
power for characterization measurements on the HMWGs.

Cryostat cold-finger

~«—— HDPE window

Fig. 1. Schematic of the setup used to characterize the HMWGs. A QCL was placed within the
cryostat, and coupled into the external PS-MWG through a cylindrical HDPE window of 1.35
mm wall thickness. For the case of single-plasmon waveguided QCL designs, radiation was
directly coupled into the PS-MWG, and for metal-metal waveguided devices, the beam was
initially shaped using a copper waveguide monolithically integrated into the mounting block
(IWG), prior to out-coupling from the cryostat, in order to increase coupling efficiency [4].
Initial and final powers were measured from the end of the PS-MWG (P) and from the end of
the HMWG (P,) respectively using a Golay cell detector. Inset ¢) — Photograph showing the
1.75 mm diameter SS, AnCu and UnCu waveguides.
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The full set up for investigating the HMWGs is shown in Fig. 1. The QCL used as a
radiation source was placed on the cold-finger of a continuous-flow He cryostat, with a
cylindrical high density polyethylene (HDPE) window of inner diameter 12 mm and 1.35 mm
wall thickness. The QCLs were operated in pulsed mode with frequencies between 10 and
100 kHz, and 2% duty cycle. Radiation was coupled into the external PS-MWG, followed by
the HMWG under test, which was placed with the input end in the same plane as the output
end of the PS-MWG, and with axes aligned. Initial and final intensities were recorded from
the output end of the PS-MWG (Py) and HMWG (P,) respectively, via the use of a Golay cell
detector and lock-in detection at 24 Hz.

QCLs with three different active regions were selected in order to investigate the HMWG
performance over three frequency ranges [see Fig. 2(a)]. The first was a bound-to-continuum
design [25] operating with primarily single mode emission at 2.0 THz (red), fabricated in a
single-plasmon (SP) waveguide architecture. The second was a bound-to-continuum design
operating at 2.85 THz (green), and the third was a hybrid bound-to-continuum with LO
phonon extraction design [26] operating with multimode emission between ~3.2 — 3.4 THz
(blue), both with metal-metal (MM) waveguide. The SP device was directly coupled into the
external waveguide [Fig. 1(a)], and the MM devices were first coupled into a hollow
cylindrical copper waveguide monolithically integrated into the laser mounting block (IWG)
[4,27], [Fig. 1(b)], in order to shape the highly divergent beam profiles characteristic of MM
devices, and increase the coupling efficiency into the external PS-MWG. The far field profile
from the PS-MWG was examined for each device prior to coupling into any test waveguides,
and was recorded using a Golay cell detector with 1 mm aperture, scanned in the plane
perpendicular to the waveguide axis at a distance of 4.5 mm. A representative profile is
shown in Fig. 2(b) for the 2.0 THz QCL, which exhibited the fundamental Gaussian-like HE,;
mode of the structure, and provided an excellent launch beam with which to efficiently couple
into the HMWGs. Similar profiles were also recorded for the 2.85 and 3.2 THz QCLs (not
shown). Three lengths of each waveguide were measured for a fixed frequency, bore
diameter, and material type, with lengths of 50, 100, and 150 mm forming a set, in order to
allow the coupling losses to be distinguished from the transmission losses for each. These
lengths were chosen for ease of fabrication and cleaning, and also to allow accurate power
measurements within the sensitivity range of the Golay cell detector used.

a)1-0 ; , b) Input HE;; mode
——2.00 THz
2.85 THz oo
’:',:‘ —— 320 THz '
& 0.75 %
8 0.5 2
:'3 0.50\2
ey ~—
E 0.25 2
I ST T |y e §
25 2

.6 mm

2.0 3.0 3.5

Freduency (THz2)

Fig. 2. a) Frequency spectra for the three QCL devices used to characterize the HMWGs,
showing quasi-single mode operation at 2.0 THz (red), and 2.85 THz (green), and multimode
emission for the hybrid active region device between 3.2 and 3.4 THz (blue). b) Representative
far field profile from the end of the PS-MWG using the 2.0 THz device, showing the Gaussian-
like HE; mode used as a launch beam. The same mode was observed for all three QCLs used.
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3. Results

For a given set of waveguides of particular material and diameter, the initial and final powers
were recorded for each of the three lengths, allowing the loss to be determined as a function
of length. A linear fit then provided both the coupling loss from the intercept, and the
transmission loss from the gradient. An exemplary plot for the 1.75 mm AnCu waveguide at
3.2 THz is shown in Fig. 3.

5 T T T

4 4 i
o 3" .
=,

L

@ 24 4
o
-

14 .

0 T T T T T

0.05 0.10 0.15
Length (m)

Fig. 3. Exemplary plot of loss as a function of waveguide length for the case of the 1.75 mm
diameter AnCu waveguide, measured at 3.2 THz. A linear fit (red) provides the coupling loss
from the intercept, and the transmission loss from the gradient. The squares and triangles
represent data from two separate measuring runs, showing the reproducibility of the
measurements.

The resulting transmission losses for all the sets of waveguides tested are shown in Fig. 4.
The left hand panel shows the losses for 1.75 mm bore diameter waveguides, the middle
panel 2.5 mm diameters, and the right hand panel the 4.6 mm diameter waveguides. The three
frequencies tested for each diameter and material are shown in solid red (2.0 THz), up-
hatched green (2.85 THz), and down-hatched blue (3.2 THz). With atmospheric water
absorption being so prevalent across the entire THz frequency range, measurements were
taken both with the waveguides purged with nitrogen gas (solid bars) and un-purged (faded
bars), with a relative humidity of 38%, to control for the influence of atmospheric absorption
on measured losses.

As can be seen, the measured losses vary by a considerable amount, depending on the
choice of material, frequency and diameter, from up to ~30 dB/m for a 1.75 mm UnCu
waveguide, down to < 3 dB/m for the 4.6 mm AnCu waveguide set, a value comparable to
previously reported, but more structurally complex designs [18]. In addition, this value is also
sufficiently low to allow such a waveguide to be effectively implemented into fiber-coupled
cryogenic delivery systems with path lengths in excess of 1 meter, whilst retaining sufficient
signal. From Fig. 4 taken as a whole, there appears to be three primary observations to be
made. The first is the trend for lower transmission loss as the bore diameter increases, for a
given frequency and material. This is generally attributed to a larger proportion of the optical
mode propagating within the hollow core of the waveguide for larger bore diameters [15,18].
The second is that for a given bore diameter and material, a consistent increase in losses is
observed as measurements are performed from lower to higher frequencies (solid red to
down-hatched blue). Such a pronounced effect was unexpected, especially after correcting for
atmospheric absorption. The third observation is that for the 1.75 and 4.6 mm diameter
waveguides measured, the AnCu waveguide appears to support a considerably lower loss than
the equivalent un-annealed version. For example, for a 1.75 mm diameter at 2.0 THz, the loss
is reduced by ~10 dB/m by moving to the AnCu waveguide. Potential mechanisms for these
trends are discussed in the next section.
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2.5 mm 4.6 mm

UN-PURGED

- - 2.0 THz
2.85 THz

N 3.2 THz

- - N2 PURGED
B 2.0 THz

285 THz
- . B 32 THz

UnCu AnCu SS UnCu UnCu AnCu

Fig. 4. Transmission losses recorded with waveguides of varying material, bore diameter, and
at varying frequencies. Bore diameters ranged from 1.75 mm (left panel), 2.5 mm (middle
panel), and 4.6 mm (right panel). The three frequencies tested are shown as solid red (2.0
THz), up-hatched green (2.85 THz) and down-hatched blue (3.2 THz). Faded bars show
measurements taken in standard atmosphere with a relative humidity of 38%, and solid bars
show measurements taken whilst purging with nitrogen gas.

Another important characteristic of any waveguide is the mode structures supported.
These were analyzed by recording the beam profile from the end of each HMWG using a
Golay cell detector with 1 mm aperture at a distance of 4.5 mm, which was mounted on a
motorized x-y stage and scanned in the plane perpendicular to the beam. The profiles were
acquired with the PS-MWG axis centrally aligned and parallel to the axis of the HMWG in
each case. Profiles for each combination of material and diameter are shown in Fig. 5(a),
along with the theoretical lower order TEy;, TE;;, TMy,, and TM;; modes that can be
supported by such cylindrical HMWGs in Fig. 5(b), as calculated by finite element analysis
(FEA) simulations. It should be noted that theoretically, the doughnut shaped TEj; mode has
the lowest loss in such structures, but due to its circularly polarized nature, coupled with the
fact that the exciting QCL is linearly polarized, it was not expected to be the primary mode
excited. The results in Fig. 5(a) clearly show that for the 1.75 mm diameter waveguides,
transmission is primarily single mode, with the TE;; mode being observed. As the bore
diameter is increased, the introduction of higher order modes is observed, with the appearance
of annular, multi-lobed distributions suggestive of TM;; mode content, especially in the case
of the 2.5 mm diameter. Despite this marginal degradation in the beam quality for the larger
diameters, it is interesting to note that in the case of the 4.6 mm diameter AnCu waveguide,
the single-lobed nature of the beam is still maintained despite some lateral extension in one
axis, which is key from an applications standpoint, although the presence of higher order
modes cannot be ruled out. Another point of note in the case of the 1.75 mm waveguides was
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the lower tolerance to misalignment between waveguides. This was observed by measuring
the degree of lateral misalignment tolerated until the recorded power dropped to half of the
original, as measured from the waveguide exit, which was found to be 750, 1000 and 1680
pum in the case of 1.75, 2.5 and 4.6 mm diameters respectively.

UnCu AnCu

1.75 mm - .

o 2.5 mm ‘,

=
L
g
Q
=
8
=
]
Y
=]
m

Fig. 5. a) Beam profiles of the HMWGs, measured at a distance of 4.5 mm using a Golay cell
detector with 1 mm aperture. The top row shows profiles for 1.75 mm bore diameters (green),
the middle 2.5 mm diameters (yellow) and the lower row 4.6 mm diameters (cyan). Primarily
single mode transmission is observed for the 1.75 mm diameters. b) Theoretical lowest order
modes supported in such cylindrical hollow metallic waveguides, as calculated by FEA
simulations, showing the TEy,, TE,;, TMy,, and TM,; modes.

Another important characteristic of any waveguide is the loss introduced upon bending the
structure. This was measured by holding the input end of the HMWG aligned to the PS-
MWG, and bending in the plane of polarization at a fixed bend radius for each diameter of
waveguide. The power was measured from the end of the HMWG after each bend of 7.5°, up
to a total of 90°. The bend radii used were 9.5, 12.7, and 15.9 mm, for the 1.75, 2.5, and 4.6
mm bore diameters respectively. Being purely metallic, when bent, the waveguides deformed
in a ductile fashion into the desired bend, whilst retaining a constant inner diameter. The bend
radii used here were chosen to represent realistic values for integration into cryogenic
systems, as well as to be practical for optical benchtop measurements. The resulting losses
introduced are shown in Fig. 6. The highest bending losses were observed for the 1.75 mm SS
waveguide, showing a loss of ~7.5 dB at a bending angle of 90°. Conversely, the lowest
bending losses of ~2 dB at 90° were observed for the 4.6 and 1.75 mm AnCu waveguides.
Out of the range examined here, the combination of < 3 dB/m transmission losses, quasi-
Gaussian beam profile and low bending losses, coupled with the high malleability and
workability of the 4.6 mm AnCu waveguide, presents it as the most promising candidate for
future cryogenic applications.
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P—4.6 mm UnCu
101 ~@— 4.6 mm AnCu
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Fig. 6. Bending losses as a function of bend angle for a given diameter and material of
waveguide. The bend radius for each diameter was fixed at a constant value - 9.5, 12.7, and
15.9 mm, for the 1.75, 2.5, and 4.6 mm diameters respectively. The lowest bend losses over the
entire bend range were observed for the 4.6 mm AnCu waveguide.

4. Discussion

As was observed in Fig. 4, the transmission loss for a given waveguide tends to decrease with
increasing bore diameter. A full idealized description of the variation in transmission losses,
a,, , of the Im™ mode, for a given wavelength and bore radius in such a waveguide, is given

by [28]:

2w ) a

a, =(”ﬂ) ine(v,) (1)

where u,, is the mode parameter, equal to the zeros of the Bessel function, A is the vacuum
wavelength, a is the bore radius, and Re(v,) is a term which takes into account the mode

supported, the geometry of the waveguide, and the complex refractive index of the metal in
question. As can be seen from Eq. (1), the transmission losses are expected to scale with the
inverse cube of the bore radius. Figure 7 plots the measured transmission loss for the UnCu
waveguides against the three bore radii tested. As can be seen by fitting these data with an
inverse cube relationship, for larger bore radii, there is a significant deviation from the
idealized case described by Eq. (1). This deviation is suggested to be caused by two
considerations. The first is that as the radius increases, a larger degree of higher order modes
are introduced into the transmission, increasing the loss considerably, as can be seen in the

u; term of Eq. (1), and is consistent with previously reported hollow coated metallic

m

waveguide structures [18].
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Fig. 7. Transmission loss as a function of bore radius for the three UnCu waveguides tested.
The solid red line is an inverse cube fit, showing that the measured results deviate from the
idealized case described in Eq. (1) for larger bore radii.

The second consideration is that Eq. (1) assumes perfectly smooth sidewalls, which is
evidently an inaccurate assumption in the case of the waveguides investigated here, which
have a degree of surface roughness on the inner bore. This surface roughness variation is also
hypothesized to be a major contributing factor to another notable feature exhibited in Fig. 4,
the reduction in transmission loss from UnCu to AnCu for a given frequency and diameter. In
order to investigate the effect of the annealing process on the surface roughness parameters of
the copper, and thus the interaction with the THz mode, a 5 mm length of 4.6 mm diameter
UnCu and AnCu waveguide were cut down the axial direction to expose the inner surface.
The roughness profile of the inner surfaces was measured using an AFM employing a probe
tip with 50 nm radius of curvature, which was scanned in the axial direction of each
waveguide over a distance of 2 mm, in 500 nm steps, whilst maintaining a height of
approximately 50 nm above the sample surface. The resulting profiles are shown in Fig. 8 for
UnCu (top left) and AnCu (bottom left). The two main parameters required for making a
quantitative comparison of the two surfaces were then determined. These were the RMS
surface roughness, o, which measures the surface roughness in the vertical (z) direction, and
the correlation length, L., which is obtained by the autocorrelation function of the acquired
profile, and is related to the dispersive properties of the scattering losses. Values of ¢ for
UnCu and AnCu were estimated from the data to be 2.9 and 1.6 pm respectively. The
correlation length was estimated by fitting the magnitude of the power spectral density of the

profiles with an exponential function y = Aexp(—%) , where 4 and B were free parameters

and L, =1/B [29], with values of 26 + 1 um and 139 = 5 um extracted for UnCu and AnCu

respectively. From these extracted values, it is clear that there exists a significant difference in
the properties of the inner surface between the annealed and un-annealed samples, with the
AnCu surface varying on a considerably longer length scale.
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Fig. 8. Left panels - profiles of the inner surface of the 4.6 mm diameter UnCu and AnCu
waveguides, recorded with a 500 nm step over a distance of 2 mm in the axial direction. Right
panels - magnitude of the power spectral densities for each profile, with exponential fit (solid
red line) to extract the associated correlation length. The correlation length of the AnCu varies
on a significantly longer length scale.

In order to discriminate between the effect of the extracted ¢ and L. values on the
scattering loss component of the transmission losses, an experiment was conducted with the
aim of retaining a constant correlation length, whilst varying the RMS roughness over the 1 —
3 um range observed in the profiles in Fig. 8. This was achieved by preparing ten identical
100 mm long, 4.6 mm diameter AnCu waveguides. These were then cleaned as previously
described, but with a modification to the nitric acid etching stage such that a pair of each of
the set were exposed to a 1:2 HNO3:H,O etching solution for one of the following times - 0,
10, 30, 60, and 120 seconds, with the aim of increasing the RMS roughness in proportion to
the etch time, whilst leaving the correlation length unaltered. The surface parameters for each
sample were then extracted in a similar manner as before using one of each of the pairs [Fig.
9(a)], whilst the unpurged transmission loss at 2.0 THz was measured for the other [Fig.
9(b)]. The extracted RMS roughness values show a generally increasing trend from ~0.6 pm
for the waveguide without a nitric etch, to 1.8 pm for 120 seconds etch time, whilst the
correlation length remains constant at ~100 um. However, the measured transmission loss
was constant within the experimental uncertainty for all etch times, suggesting that the
variation in RMS roughness between 2.9 and 1.6 pm for the UnCu and AnCu waveguides is
not a contributing factor in the observed > 6 dB/m change in overall transmission loss
measured in Fig. 4.

The dominant theoretical framework for these waveguides, which takes into account the
RMS roughness, but not the correlation length, was developed for hollow cylindrical
waveguides [30], and applied previously to silver coated waveguides [31]. The scattering
losses, «, are related to the RMS surface roughness, o, by

_ (4nosingY’
o= ( : j @)
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where A is the wavelength, and @ is the incident beam angle. For the measurements in Fig.
9, Eq. (2) suggests a scattering loss & < 0.1 dB/m for a 2 THz beam for an RMS roughness
value < 3 pm, confirming that the ratio between the RMS roughness and free space
wavelength is too small to contribute significantly to the transmission losses in these
experiments, and that this theory cannot fully describe the scattering losses in the waveguides
investigated here.
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Fig. 9. a) Correlation length (red left axis) and RMS roughness (black right axis) as a function
of HNOj etch time. The RMS roughness shows an increasing trend with etch time, whilst the
correlation length remains comparatively constant. b) Measured transmission loss (unpurged)
at 2.0 THz as a function of HNO; etch time, showing that the variation in RMS roughness on
this scale has no influence on the transmission loss, within the experimental uncertainty.

In light of this, it is suggested that the change in transmission losses observed in Fig. 4
between the UnCu and AnCu waveguides is most likely due to the considerable variation in
the correlation length of the respective inner surfaces, extracted in Fig. 8. The data may
suggest that backscattering, arising from constructive interference due to the periodic surface
corrugations, is responsible for the increased losses in some waveguides, however the current
set of data cannot prove this conclusively. Another potentially appropriate description may be
Mie scattering theory, which predicts oscillating values of the scattering cross section when
the size of the scattering elements is comparable to the wavelength, but is not well suited here
as such dimensions are not uniquely identifiable in this case. In the literature, Lee et al. [32]
demonstrated that buried waveguides have shown peak scattering losses for values of the
incident wavelength around A/4, which is also suggested by our data. A set of waveguides
spanning a wider range of RMS roughness values and correlation lengths, and also over
several frequencies, is required in order to rule out precisely which, among all these effects,
best describes the scattering losses in these waveguides. Additionally, a more comprehensive
modelling of the interaction between the optical mode distributions and the measured
waveguide surfaces would be insightful. However, the development of a scattering theory to
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describe such effects in the waveguides presented here, although both interesting and useful,
is beyond the scope of the present manuscript.

5. Conclusion

In this work, the transmission losses, mode profiles, and bending losses of cylindrical hollow
copper and stainless steel waveguides with diameters between 1.75 and 4.6 mm have been
investigated, with a view to meeting the requirements of future THz cryogenic applications.
Transmission losses < 3 dB/m at 2.0 THz have been observed for a N, purged 4.6 mm bore
diameter annealed Cu waveguide, as well as 90° bending losses as low as ~2 dB/m with a
bend radius of 15.9 mm. Single mode transmission has also been demonstrated for a bore
diameter of 1.75 mm. The influence on the recorded transmission losses of the inner
waveguide surface RMS roughness and correlation lengths has also been explored, with the
relative influence of parameters being effectively distinguished, and compared to the
corresponding theoretical frameworks available. The results presented here pave the way for a
new generation of cryogenic applications requiring efficient and targeted power delivery in
the THz regime.
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