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Abstract

Terahertz technologies for non-destructive testing (NDT) are continuing to find their way into
the industrial sector in the context of very specific inspection tasks. Part of this development is
the capability to adapt terahertz systems in such a way that they can meet the sometimes harsh
challenges and requirements of real-world industrial scenarios. One such scenario is the inspec-
tion of components with limited available measurement space. In particular, we show here the
terahertz NDT inspection of the mica insulation of generator bars of turbogenerators at power
plants, where an early on-site detection of defects and cracks in the insulation can be crucial, but
where only few centimeters of space between adjacent bars are available. To address this prob-
lem, we have developed a measurement system combining a 100 GHz all-electronic terahertz
transceiver with a low-loss dielectric waveguide antenna with 90 degree tip. We achieve sub-
wavelength image resolution by scanning the waveguide antenna’s tip over the surface of the
generator bars in a near-field measurement setup. Employing a frequency-modulated continu-
ous wave technique, we obtain depth-resolved, volumetric terahertz images of the objects under
test. We discuss here the implementation and performance of the implemented measurement
system for terahertz NDT inspection. keywords: terahertz, non-destructive testing, dielectric
waveguides, frequency-modulated continuous wave, millimeter waves, power generators

Introduction

Terahertz non-destructive testing (NDT) applications have recently found their way into indus-
trial contexts, where specific problems of defect detection and quality inspection can be addressed.
Terahertz radiation is commonly defined to cover the frequency range from 0.1 up to 10 THz
corresponding to electromagnetic waves with wavelengths of 3 mm down to 30um. In many
cases, this range of wavelengths matches typical dimensions of relevant structural features or
defect sizes in workpieces of modern production processes. Since terahertz radiation penetrates
most non- or weak conducting materials, a volumetric inspection of raw monolithic materials
but also multi-layered composite materials [1] and entire assembled components is possible
[2-6]. Due to low energy levels and commonly relatively low generated radiation powers, terahertz
technologies are non-hazardous and safe to be used by human operators, and, because of their
electromagnetic nature, can work contact-free. Terahertz inspection systems for NDT purposes
may be applied in very early stages of production processes [7, 8] but also for tasks of supervision
in recurring maintenance cycles [9]. A typical application scenario of the latter is the formation of
internal defects — such as cracks, delaminations, water inclusions, etc. — in products under heavy
workload over an extended period of time. Terahertz technologies can provide a complementary
approach to established NDT techniques, such as x-ray, ultrasound, radiography, and others. In
some cases, the unique properties of terahertz waves can even help to address very specific pro-
blems of quality control, where other technologies may not be applied.

One class of terahertz measurement systems employs all-electronic terahertz sources, detectors
and receivers, and are therefore often referred to as electronic terahertz systems. Such system usually
work in continuous-wave (CW) mode at single defined frequencies as opposed to pulsed terahertz
system, where the generation of the radiation is commonly based on ultrashort laser pulses.
Nevertheless, electronic CW terahertz systems may provide some range of frequency tunability
around a given center frequency. With the so-called frequency-modulated continuous wave
(FMCW) measurement technique, alinear modulation of CW terahertz radiation is used to provide
distance information in terahertz measurements of (terahertz-transparent) objects under test.

Typically, terahertz inspection is combined with various imaging techniques[10-12], in
order to yield 2D cross-sectional images of individual layers and/or full 3D volumetric data
of objects under test. According to the applied wavelengths, the image resolution is usually
on a millimeter to sub-millimeter scale. A common approach in the generation of terahertz
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images is the use of quasi-optical beam-forming elements such as
lenses and mirrors. In many scenarios, a terahertz point source is
collimated by a first lens - typically made of materials of relatively
low refractive index such as PTFE or HDPE - or an off-axis para-
boloidal mirror (OAP) and then focused onto a target by a second
focusing lens or OAP. The focal lengths of the quasi-optical ele-
ments can be varied to some degree regarding the specific appli-
cation scenario, but larger focal length leads to reduced image
resolutions and fields of view. On the other hand, the focal
lengths cannot be reduced below a certain practical minimum,
which leads to a restriction in minimum working distance from
the terahertz source to the objects to be measured.

Here we present our recent approach to combine low-dielectric
waveguide antennas with FMCW terahertz transceivers to over-
come some of the above limitations, in particular the application
of terahertz measurements in an environment with very limited
access space to perform NDT imaging. The development of the
measurement system presented in this contribution was driven
by a highly relevant NDT scenario, namely the in-situ inspection
of the insulation of stator bars of power plant generators.

Motivation

Figure 1(a) shows the end winding region of a turbogenerator
consisting of a larger number of individual generator bars form-
ing the generator’s stator. The bars can be recognized in the
photo by the red color of an insulation tape wrapped around
them. The yellow stripes are epoxy-impregnated bands which
tie adjacent bars to each other and hold them in place. Below, a
photograph shows the cross-section of a single generator bar.
The center region consists of copper strands forming the actual
conductor, which is surrounded by an insulation made of mica
material. The structural integrity of these mica layers is crucial
to prevent high-voltage breakdowns of the insulation. However,
close to the regions where the bars bend outwards, cracks in the
mica insulation can form due to the very high thermomechanical
stress the turbogenerators undergo during operation. Usually,
such cracks start to form inside the insulation but below the sur-
face and are invisible from the outside. Hence, the damages can
only be found in conventional, visual inspections once they
extend through the whole insulation up to the surface after
some time. At this point, the bars have to be cut out from the gen-
erator, resulting in significant downtimes of the power plant.

Terahertz FMCW imaging of the generator bar’s insulation
can provide a solution to this problem and help to detect the for-
mation of sub-surface cracks already at an early stage, where a
repair of the mica insulation is still possible. Ideally, the terahertz
NDT inspection can be performed during regular maintenance
intervals on site at the power plant without the need to dismantle
the generator and pull the rotor. The main challenge of this spe-
cific task, however, is the very limited access space of less than 20
mm between adjacent bars, which prevents the use of a classical
quasi-optical system design for terahertz imaging. We therefore
integrated in our measurement system a dielectric waveguide
antenna designed in such a way that it can reach inside the
space between the generator bars.

Technological approach

Dielectric waveguide structures have long been known to provide a
feasible way to guide electromagnetic radiation in a confined way
and with sometimes greater flexibility compared to free-space
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Fig. 1. (a) End winding region of a stator from a turbogenerator. The bending regions
of the generator bars are prone to developing sub-surface cracks in the mica insula-
tion under thermomechanical stress. The photograph at the bottom shows the cross-
section of a bar with center conductor and surrounding insulation. (b) Schematic
illustration of the terahertz FMCW measurement system (see section “FMCW prin-
ciple”) with dielectric waveguide antenna for non-destructive testing of the mica
insulation in the limited access space between adjacent bars.

propagation. In general, the aim is to provide strong guidance of
the terahertz waves and at the same time keep radiative losses at
an acceptable level. Various approaches exist [13-15], where the
specific implementation of dielectric waveguides may, for example,
be realized in the sense of hollow-core and porous-core fibers
[16, 17] or as solid dielectric materials, sometimes referred to as
ribbons or dielectric rod waveguides or microwires [17-24] exploit-
ing total internal reflection. Even the combination of dielectric rods
with embedded substrate lenses has recently been investigated for
integration with antenna emitters [25]. Solid dielectric waveguides
can be fabricated from both high or low dielectric constant materi-
als, which has some direct impact on the efficient coupling geom-
etry to hollow waveguide structures [13]. Recently, solid dielectric
waveguides made from low-loss dielectric semiconductor materials
such as high-resistivity silicon, sapphire, or GaAs [26] have gained
some interest, in particular for planar and hollow waveguide inte-
gration [17]. For our implementation, however, we choose a solid
dielectric waveguide of low dielectric constant material, e.g., poly-
ethylene (PE) [20, 21], mainly due to ease of fabrication and
specific challenges for the task described above. For our employed
frequencies in the W-Band we do not expect significant signal
degradation due to power losses in the plastics material [27] (see
section “Dielectric waveguide antenna”)

Figure 1(b) illustrates our specific measurement scenario,
where a dielectric waveguide antenna with 90 degree bend at
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the end is attached to an all-electronic, waveguide components-
based terahertz FMCW transceiver. By appropriate design of the
dielectric waveguide antenna we achieve a perpendicular inci-
dence of the terahertz radiation in a near-field-like setup. In com-
bination with an appropriate scanning mechanic (see section
“Conclusion and outlook”), a raster scan image of the bar’s insu-
lation, with limited access space between generator bars, can be
recorded on site at the power plant without the need to cut out
parts of the generator bars for later inspection.

In this paper, we present our system approach for this specific
measurement scenario at hand. We discuss system design and
performance evaluation and show some first measurement results
of model samples and also real generator bars with real-world
defects. We also give an outlook on ongoing tasks, mainly regard-
ing automation of the measurement process and further optimiza-
tion of the dielectric waveguide antennas in terms of waveguide
coupling and power losses. Note that some of this work was
already presented in an earlier version of this paper at the 51st
European Microwave Conference EuMC, London 2021, and was
published in its proceedings [9].

Terahertz FMCW measurement system with dielectric
waveguide antenna

Terahertz imaging systems often rely on beam-forming optics such
as quasi-optical systems offering some degree of flexibility in terms
of the selection of focal lengths and thus working distance. On the
other hand, quasi-optical components for the terahertz range are
usually quite large and proper alignment for diffraction-limited ter-
ahertz imaging, especially in the lower terahertz frequency region,
can be difficult. One alternative is dielectric waveguides as near-
field antennas for all-electronic terahertz imaging, where due to
the relatively small bandwidths, dispersion inside the dielectric
materials is of minor concern. Dielectric waveguide antennas can
be realized in various forms and offer sub-wavelength imaging
resolution in combination with relatively simple manufacturing
methods and versatile design freedom, depending on the dielectric
material. The antennas can be easily integrated into typical wave-
guide horns of electronic terahertz systems to ensure efficient
power coupling to the dielectric [13, 16, 19-21].

We present here a combination of the concept of dielectric
waveguide antennas with an all-electronic FMCW terahertz trans-
ceiver for NDT imaging in limited access spaces, where con-
ventional, quasi-optical terahertz systems are too large. We will
first introduce the FMCW concept and then discuss the imple-
mentation of our dielectric waveguide antenna. It should be
mentioned at this point that recently, the use of a hollow dielectric
waveguide antenna in combination with a comparable terahertz
transceiver unit was presented in the literature [16]. Although a
slightly different approach was employed there, the reader may
find some of the theoretical considerations and simulations on
forward power coupling and beam profiles useful for further
insight.

FMCW principle

We employ an all-electronic terahertz FMCW transceiver archi-
tecture as illustrated in Fig. 1(b). Note that all HF electronics
and waveguide components are mounted in a single FMCW
transceiver unit as shown in the drawing in Fig. 12. The principle
of terahertz generation in electronic sources relies on frequency
multiplication of conventional HF frequencies into the terahertz
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range by diode-based, waveguide-integrated frequency multi-
pliers. For the generation of the linear terahertz frequency modu-
lation, analog output voltage ramps are generated by a
commercially available data acquisition unit (DAQ). The voltage
ramps are then converted into linear frequency ramps (here: from
12 to 18 GHz) by a voltage-controlled oscillator (VCO). These lin-
ear ramps are then fed to an active multiplier chain (S) upconvert-
ing the frequencies into the W-Band. In the particular setup
presented here, we address a target frequency bandwidth of 40
GHz from 70 to 110 GHz. For the NDT measurements, the
FMCW terahertz radiation is sent through a waveguide direc-
tional coupler with attached waveguide horn antenna. Instead of
using the free-space radiation, here we couple into our dielectric
waveguide antenna for guidance of the radiation into the space
between generator bars. The terahertz waves are emitted at the
tip of the bent dielectric waveguide forming a quasi-point source
for near-field like imaging. The same dielectric antenna receives
the terahertz signals reflected from a target under test. The
received radiation is mixed with the original reference signal in
a Schottky diode-based receiver (D) and down-converted into
an IF band at MHz frequencies. A fast DAQ is used for direct
sampling of these resulting difference frequencies.

Since the emitted and received terahertz frequency ramps are
shifted due to the finite travel time to the target and back,
Fourier-transforming of the recorded IF frequencies yields a
time-of-flight or distance information of the measured signals.
Figure 2 illustrates the FMCW measurement principle (for
some further details on the FMCW transceiver, see, e.g., [7]).
The terahertz waves can also penetrate the target through
layers of non-conducting materials, and individual reflections at
material interfaces will result in separate IF frequencies in
the receiver system. For each recorded reflection at IF frequency
fir the distance d( fig) to the measurement system can be calcu-
lated as

_ ¢ fIFAT _ ¢
d(fir) = 2n Af  2n

(fir) (D

with ¢q the vacuum speed of light, n the effective refractive index
of the material, AT the sweep time, and Af the sweep bandwidth of
the linear frequency ramps. The temporal quantity 7( fir) repre-
sents the traveling time of the respective terahertz signal to the
target and back to the transceiver. The achievable depth reso-
lution in FMCW reflection radar is related to the sweep band-
width as Ar=co/2nAf and amounts to approximately 4 mm for
the employed terahertz transceiver [7]. With the FMCW measure-
ment technique, single-point depth profiles (sometimes referred
to as A-scans) are obtained. When combined with an appropriate
scanning mechanics, quasi-3D volumetric images of an object can
be recorded.
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Fig. 2. Illustration of the FMCW principle to obtain distance information from CW
measurements.
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Dielectric waveguide antenna

Our terahertz system is equipped with a dielectric antenna made
of PE material for non-contact, near-field imaging. An additional
90 degree bend at the end of the waveguide allows application in a
very limited space of less than 20 mm height, as in the intermedi-
ate space between power generator bars (see Fig. 1). The dielectric
waveguide antenna is shown in Fig. 3, where an additional,
3D-printed hollow ABS (acrylonitrile butadiene styrene) sleeve is
attached to mechanically stabilize the antenna close to both ends
with small pieces of polystyrene foam (we find no significant influ-
ence of the sleeve on system performance in comparative measure-
ments, data not shown here). The antenna has a total length of
140 mm outside the waveguide flange and a height of the 90 degree
bend at the end of 12 mm. With these dimensions, the antenna can
reach far enough into the interspace between generator bars to
image the whole insulation surface in the region of interest.

Coupling between the dielectric waveguide and the hollow
metal waveguide is implemented according to the examples in
Refs [13, 19, 20] for low-loss dielectric materials, where power
coupling efficiencies up to 98% to the dielectric waveguide
antenna have been reported. The WRI0 coupling waveguide
flange consists of a hollow metal waveguide transforming into a
corrugated horn antenna at the end. In its current form, the wave-
guide antenna was cut from a plate of PE material to avoid
internal material stress by later bending. It was then inserted
into the waveguide flange extending into the rectangular wave-
guide region. On this end, the waveguide is slightly tapered to
reduce coupling reflections of the incident waves. The flange itself
can then easily be attached to the terahertz transceivers waveguide
output. After leaving the waveguide region, the dimensions of the
dielectric waveguide are slightly increased to a 2 x 3 mm?® cross-
section. Such a coupling approach is promising for dielectric
materials where roughly €;/€y <3 which is the case for PE
with € ~ 2.3 [27] surrounded by air (for more details see
Ref. [13], Ch. 3, p. 85). At the end of the waveguide antenna,
we chose a so-called x-tapered tip design for our dielectric
antenna [9], which has been reported to yield good beam shapes
and low signal attenuation [20, 21]. In addition, this shape is
much easier to fabricate than more complex tip shapes with rela-
tively insignificant improvement in signal performance.

WR10

waveguide 140 mm

................. 11\_3
3
ABS sleeve 3
/
Dielectric (PE)
waveguide
antenna tip

WR10 waveguide

Dielectric (PE)
waveguide

Polystyrene
Horn antenna guidance
Fig. 3. WR10 metal waveguide with horn antenna and with attached dielectric PE
antenna. The magnified image at the bottom shows the dielectric waveguide inserted
into the hollow metallic waveguide. The dashed lines indicate the position of the
dielectric waveguide where invisible.
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Fig. 4. Results of a transient EM simulation of the dielectric waveguide made from PE
and coupled to a waveguide horn flange. The image shows the maximum of the elec-
tric field amplitude at each position over all transient simulation time steps. The first
vertical dashed line at z=40 mm marks the position of the transition from hollow to
dielectric waveguide, the second line marks the end of the waveguide horn. The third
line marks the position of the antenna tip.

For our specific application scenario, we had to implement the
dielectric antenna tip with a smooth angle of 90 degrees at the
end. Although this will certainly give rise to some radiative losses
[13], we found little difference in the imaging performance compared
to straight antenna tips. To still get an impression on the coupling
and bending losses of our waveguide antenna realization, we carried
out a transient EM field simulation of an antenna structure similar to
the one employed in our measurement system. Figure 4 shows the
results of the simulation which was implemented based on the
OpenEMS software package [28]. In order to save some simulation
time, the straight section of the dielectric waveguide was shortened
compared to the actual manufactured version of the measurement
system, which should be justified in the case of the low-loss PE
material of our waveguide. In the simulation, the metal waveguide
flange was excited by a rectangular waveguide port with a
Gaussian-shaped pulse excitation with 95-105 GHz bandwidth.
The electric field amplitudes in the figure were evaluated at the center
frequency of 100 GHz. The figure shows the maximum electric field
amplitude obtained in the x-z plane of the waveguide over all transi-
ent time steps of the simulation. We find, that some coupling losses
as well as bending losses can be recognized in the simulation results.
At the end of the antenna tip, the field amplitude is reduced by
roughly —5 dB compared to the excitation signal. From this simple
simulation approach we expect an overall power loss on the order
of —10dB compared to the signal fed to the waveguide flange. As
will be shown in section “Terahertz NDT measurements”, however,
we do not need to operate our system at the very limit of its available
dynamic range, so that the bending losses will not significantly affect
the quality of the NDT measurements. We note, however, that this
may well be the case in other scenarios where thicker layers of mater-
ial have to be penetrated and measurements close to noise floor
should be performed. In this case, approaches to minimize bending
losses should be investigated.

Imaging resolution

In order to evaluate the performance of our dielectric antenna in
imaging applications, we performed imaging of a metallic
USAF-1951-style resolution pattern on FR4 substrate. For this pur-
pose, the FMCW transceiver with attached dielectric waveguide
antenna was mounted on an x-y translation stage to raster scan
the dielectric tip over the target. Figure 5 shows the recorded images
at the surface of the flat pattern recorded with our 100 GHZ FMCW
system at -6 dB dynamic level in both systems. For the first meas-
urement (Fig. 5(a)), the transceiver was first equipped with a
quasi-optical PTFE-lens combination of 100 mm focal length for
beam collimation and 50 mm focal length for tight focussing (see
inset photograph). For the second measurement (Fig. 5(b)), the
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Fig. 5. Resolution pattern recorded with the terahertz FMCW transceiver with 100 GHz
center frequency and in two imaging configurations. (a) Measurement with quasi-optical
lens setup (see inset) of a collimating (f= 100 mm) and focussing lens (f=50 mm) result-
ing in a minimum distinguishable —6dB linewidth of ~2mm (yellow circle). (b)
Measurement with dielectric waveguide antenna with 90 degree tip angle (see inset)
resulting in @ minimum distinguishable -6 dB linewidth of ~1.25 mm (green circle).

quasi-optics were replaced with a PE dielectric antenna with 90
degree bend at the end (see inset photograph) and the antenna
tip was placed close to the resolution pattern’s surface. A signifi-
cantly improved image resolution in the near-field case of the
dielectric waveguide configuration is apparent. While in the lens
image the metal lines can be distinguished down to a linewidth of
2mm (pattern element -2/1, yellow circle), the three metal lines
in pattern element -2/5 with a linewidth of 1.25 mm in the dielec-
tric tip image can still be resolved (green circle). Thus, besides the
technical aspects of limited measurement space discussed above,
employing the dielectric waveguide antenna in a near-field imaging
configuration also significantly enhances the image resolution of the
terahertz system compared to a quasi-optical setup.

We note that the unfocused, near-field scenario of measure-
ments with a dielectric tip should have some limitations regarding
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the distance of the tip to the test object’s surface, or to deeper
layers in a depth resolved FMCW measurement, respectively.
For our specific measurement application of relatively thin insu-
lation thicknesses of roughly 15 mm on top of a metal conductor,
we did not recognize a significant degradation in image reso-
lution. We are currently conducting further investigations in
order to be able to quantify this aspect for future application scen-
arios. As a general conclusion, the versatility and relatively straight-
forward fabrication of dielectric waveguide antennas makes this
system approach an ideal candidate for NDT terahertz imaging
wherever sub-wavelength resolution is desired and/or where free-
space, quasi-optical approaches are somehow unfeasible.

Terahertz NDT measurements

In this section we present our latest results of terahertz NDT mea-
surements with the system design as described in the previous
sections. Up until this stage, the experiments were carried out
in a laboratory environment. For imaging purposes, the whole
transceiver unit with the attached dielectric waveguide antenna
was mounted on an x-y translation stage for raster-scanning
over the various samples. We are currently preparing an enhanced
mechanical automation system in order to allow for measure-
ments in-situ on a full-scale generator on site.

Model samples

We performed a number of preliminary studies to evaluate the poten-
tial of defect recognition of our NDT terahertz system. For this pur-
pose, we first investigated a set of model samples designed to
resemble typical compositions of mica insulation surrounding gener-
ator bars in real-life scenarios. In a second round of studies, we imple-
mented some artificial defects in a real generator bar’s insulation to
assess the system performance in realistic measurement scenario.

Different setups of mica insulation

The mica insulation of generator bars can be implemented in differ-
ent specific configurations, depending on the details of the exact
application environment. We therefore carried out several test mea-
surements on model samples with implemented defects as mockups
of these different scenarios. Figure 6 illustrates three typical types of
mica insulation on top of a metal conductor, represented here as an
aluminum bottom layer. In all three samples, a 1 mm wide gap was
implemented during fabrication of the samples to reproduce the
typical dimensions of cracks forming inside the insulation. In con-
figuration A, the mica is applied on top of some primary layers of
glass fiber-reinforced plastic (GFRP) material. The implemented
crack is located directly on top of the GFRP layers. Configuration
B illustrates a composition of several layers of pure mica insulation
where the defect is located in between the mica layers. Configuration
C emulates the scenario where a crack forms under the mica insu-
lation in direct contact to the metal base.

We applied raster scan imaging to the model samples with a
terahertz FMCW transceiver operating at 100 GHz center fre-
quency as in the configuration described in section “Terahertz
FMCW measurement system with dielectric waveguide antenna”.
Figure 7 shows the resulting terahertz images of the three samples
labeled A,B, and C, respectively. The photograph in the top left
corner is an exemplary photograph of one of the samples of
70 x 100 mm” size (note that for real generator bars, the mica
insulation is covered with a final layer of opaque tape and the
defects cannot be visually identified as in these model samples).
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Fig. 6. Schematic drawings of three typical configurations of the mica insulation of
generator bars and with artificial gap defects with a width of 1 mm. The test samples
were fabricated on aluminum sheets to resemble the conductor plane of the bars.

For all three configurations of the insulation layers, the gap defect
is clearly reproduced in the terahertz images with good spatial
resolution. The defects can also be recognized in the correspond-
ing B-scans. Throughout the measurements, the dielectric wave-
guide antenna’s 90 degree tip was kept at a minimum distance
of a few millimeters above the samples’ surfaces. Recall that the
FMCW measurements yield volumetric data of the samples
under test and that the displayed terahertz images are cross-

Terahertz image 4B

-10
-15
-20

Terahertz image dB

Sample A

40 60 80
X (mm)

Fig. 7. Terahertz images of model samples fabricated according to the schematics in
Fig. 6. Top left corner: Photograph of one of the model samples with 1 mm imple-
mented gap defect. All defects are clearly reproduced by the terahertz NDT system.
Some unintentionally fabricated defects can also be recognized in sample B (yellow
circle).
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sectional images (sometimes referred to as C-scans) evaluated at
the red dashed lines in the corresponding B-scans showing the
depth layers of the samples.

We note that all implemented gaps had a width of 1 mm,
which is well below the free-space wavelength of the 100 GHz
transceiver unit of roughly 3 mm. We also recognize some add-
itional defects of even smaller size in sample B which occurred
unintentionally during sample fabrication. In comparative studies
(data not shown) we investigated the robustness of the measure-
ment principle under varying measurement distances and angles,
since the samples under investigation may not always be perfectly
flat. We find that the implemented gaps of 1 mm size can still be
well-recognized at measurement angles of up to 15 degrees and
distances of around 20 mm. With this proof of principle we
show that our measurement approach is suitable to detect relevant
defects in the mica insulation of generator bars.

Generator bar with artificial defects

We then transferred our measurement principle to realistic sam-
ples of generator bars with mica insulation and covered by an
opaque tape. A number of artificial defects were implemented
into the bar’s insulation, as shown in Fig. 8(a). The first defect
simulates a surface damage of the tape cover (#1). Next, a hole
of 2 mm diameter was drilled into the insulation to represent a
defect at the bar’s edge (#2). Finally, a deep cut from a box cutter
knife (#3) in the insulation is supposed to resemble a thin cracking
of the mica layers extending from the surface down to the copper
conductors. The bar was then mounted onto a second bar yielding
a realistic measurement situation with limited space between adja-
cent bars as shown in Fig. 8(b). For the measurement, the trans-
ceiver was mounted on a mechanical x-y stage to raster scan the
dielectric waveguide tip over the bar’s surface.

The resulting terahertz images are displayed in Fig. 9. Again, the
FMCW measurement principle allows a layer-by-layer inspection of
the insulation down to the bar’s metal core. The images show two
cross-sectional (C-Scan) images from depths of 1 and 15mm

Defect #2:

Surface defect Defect #3:

Deep knife

cut
Defect #1:
Drill hole
@2mm
(a)
Terahertz
NDT
system
Generator
bars

(b)

Fig. 8. (a) A generator bar with a number of implemented artificial defects. (b)
Photograph of the measurement setup resembling the real-world scenario of NDT
in between adjacent generator bars.
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Fig. 9. Terahertz images of the generator bar from two different depth cross-sections
(z=—1mm and z=-15mm) below the surface. All implemented defects are clearly
recognized in the terahertz images.

below the bar’s surface. In the left image, the rectangular surface
defect (#1) is clearly identified against the intact surface. The begin-
ning of the deep knife cut (#3) can also be recognized in the same
image. In the right image from the deeper layer of the insulation sys-
tem, the knife cut (#3) is even more pronounced and the drill hole
(#1) is clearly visible. We also note that these images are further
proof that even in this near-field measurement scenario, a high-
resolution inspection down to the bar’s metal core with roughly 15
mm distance to the dielectric antenna tip is indeed possible.

Real defect in a generator bar

We finally applied our terahertz NDT measurements to generator
bars with real defects from operation in a power plant. The bars
have been identified to contain cracks in the mica insulation and
were then cut out from the stator for further investigation.
Figure 10 shows in the top image a photograph of a bar where a
defect can already be suspected from visual inspection of the
tape cover. The X-ray images at the bottom confirm that a crack
indeed extends through the entire insulation system down to the
conductor. Besides the quite large efforts required to remove the
bar from the generator to perform X-ray CT imaging, the images
also lack in contrast which can make identification of defects rather
difficult. The same bar was then inspected with the terahertz NDT
system with dielectric waveguide antenna in a setup similar to the
one in Fig. 8(b) (but without a second attached bar).

Photograph

Crack
extends
to surface

Crack defect in
mica insulation
of generator bar

Fig. 10. Generator bar with real crack already visible from the outside. The x-ray
cross-section images show the extension of the crack from the copper conductor
through the mica insulation up to the surface.
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Fig. 11. Terahertz images of the generator bar with crack defect (see Fig. 10). The top
image shows a cross-section just below the insulation surface, where the rupture in
the orange tape cover is recognized. The bottom image shows the actual crack in the
mica insulation at a deeper layer close to the surface of the center conductor. The
crack can be clearly identified to extend above the full width of the bar and extending
through the whole insulation.

Figure 11 shows two terahertz images of the bar with defect at
two depth layers, namely at the surface with the cover tape (top
image) and at the layer of the conductor at about 14 mm below
surface (bottom image). In the top image, the ruptured tape can
be recognized where the internal crack had extended up to the
surface. The bright vertical stripe represents a piece of aluminum
tape to mark the position for the previous x-ray scans. In the bot-
tom image, the crack in the mica insulation can be clearly identi-
fied, also confirming its extension down to the conductor plane.
Here, the aluminum tape shows as a dark vertical stripe because
all terahertz radiation is reflected off the tape at the surface. We
also make the interesting observation that the deeper crack
seems to follow a slightly different curvature than the optically
visible rupture of the cover tape at the surface. This finding
emphasizes the importance of depth-resolved measurements by
the FMCW principle to be able to resolve the direction of internal
defects at different layers in the volumetric terahertz data. Note
the high dynamic range in the terahertz images, where even at
around —50dB intensity level, no noise background is visible.
Thus, the bending losses of 5-10 dB in field magnitude men-
tioned in section “Terahertz FMCW measurement system with
dielectric waveguide antenna” can easily be accepted in this par-
ticular application scenario. Finally, with these measurements
we could show that real defects in generator bars can be clearly
resolved in terahertz FMCW measurements with a dielectric
waveguide antenna for on-site NDT inspection purposes.

Conclusion and outlook

In this paper we have shown the development and successful appli-
cation of a terahertz FMCW transceiver with attached dielectric
waveguide antenna for NDT inspection. Our system is based on
the combination of a 100 GHz FMCW transceiver and a low-loss
dielectric waveguide antenna with a 90 degree tip at the end to
enable terahertz measurements in environments with only limited
access space. Efficient power coupling is achieved by integrating the
dielectric waveguide into a WR10 waveguide horn antenna. We
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showed that the concept of near-field raster scanning over a sample
allows the recording of volumetric terahertz images with sub-
wavelength resolution. In test measurements we could achieve a lat-
eral resolution around 1.25 mm which is well below the free-space
wavelength at the employed working frequencies between 70 and
110 GHz. We optimized the geometry of our dielectric waveguide
antenna for the specific application of the in-situ NDT inspection
of the mica insulation of generator bars of turbogenerators in
power plants with limited available measurement space between
adjacent bars. After demonstrating the potential of the measurement
technique on a number of model samples, we finally showed that the
developed terahertz NDT system can detect real-world defects in the
mica insulation of generator bars containing surface and sub-surface
cracks. Altogether, terahertz FMCW measurements in combination
with the versatility and enhanced resolution of dielectric waveguide
antenna can be a powerful tool for NDT imaging where high reso-
lution is desired and where limited access to the objects under test
may prevent the use of classical quasi-optical beam focusing
approaches. We emphasize that this system approach is, however,
not limited to the above, restrictive case scenarios, but should rather
be considered a noteworthy alternative concept for terahertz NDT
imaging, in particular when thin objects of few centimeters thickness
are investigated. Typical scenarios could be layered materials such as
GFRP composites for lightweight construction or various types of
coatings for both electrical or thermal insulation.

We are currently implementing a fully automated scanning
mechanic to be placed in front of the generators and with the abil-
ity to inspect the relevant areas of the stator bars on site. To
achieve a constant distance of the waveguide tip to the bar’s sur-
face inside the interspace between bars, a bent mechanical trans-
lation stage is manufactured to follow along the curvature of the
bars. Figure 12 shows a CAD image of the designed mechanics
which are currently being manufactured. It should be noted
that in general, the aforementioned benefits of the presented near-
field NDT approach come with challenges to keep a fixed distance
of the dielectric tip to the target for uneven surfaces - at the least,
to avoid physical collision with the target. Here, quasi-optical
imaging systems can sometimes provide a slightly relaxed con-
straint due to their depth of focus at lower terahertz frequencies
and the larger distance to the target. It is the subject of our
ongoing research how strong distance variations between dielec-
tric waveguide tip and target surface affect the achievable lateral
resolution of the acquired terahertz images.

On the system side we are further investigating the coupling effi-
ciency and reduction of bending losses in the current

Dielectric waveguide antenna

Generator
bars

Bent
translation
stage

Fig. 12. CAD design of the scanning mechanics for an automated inspection of the
generator bars on site in power plants.
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implementation of the dielectric waveguide antenna. Here, dielec-
tric waveguides with a metal coating could help to further improve
the guiding properties of our near-field antenna. We are also look-
ing into fabrication techniques such as 3D printing methods like
selective laser sintering which could make the production process
of dielectric waveguides even more reliable for large-scale produc-
tion. Recently, we presented two machine learning (ML)-based
approaches for the evaluation of terahertz image data [8, 29]. In
the specific example of generator bars, ML techniques could be
used to separate possible crack signatures in the terahertz images
from the background of the copper conductors and the windings
of the outer tape cover. Eventually, such techniques could greatly
support the automated processing of terahertz images, where a
manual inspection of the amount of NDT images of an entire
turbogenerator could be too time consuming for human operators.
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