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Abstract. The detection of flaws in polymer materials like degradation areas in 
polymer pipelines in chemical industry, moisture distributions and delaminations in 
composites used in aircraft industry are today’s challenges of NDT of polymers. 
New imaging technologies based on electromagnetic waves at high frequencies from 
0.05 to 2 THz are promising candidates for polymer testing in the next future. A va-
riety of terahertz and millimetre-wave systems have been tested to gain an overview 
on available equipment and their capabilities for different applications in NDT. Im-
age Quality Indicators (IQI’s) of various polymer materials have been developed to 
evaluate image quality like contrast, signal to noise ratio and spatial resolution as 
well as edge detection and penetration depth for materials  

Introduction  

Advances in the development of transmitters, receivers, devices and components during the 
past several years made efficient imaging applications in the least explored region between 
the microwave and the infrared range of the electromagnetic spectrum possible. The bounds 
of this far-infrared or terahertz region are not described consistently in the literature, but 
they are recently mostly defined to cover a frequency range from 0.1 to 100 THz, which 
corresponds to wavelengths between 3 mm and 3 µm. Several imaging applications have 
gained a certain degree of public awareness because they are considered to be an option for 
the detection of concealed weapons or explosives at remote distance at security check 
points or can help to provide access to the internal epithelial surface of the human skin 
[1, 2, 3]. These applications, as well many others in different fields such us microelectron-
ics, agriculture, forensic science, are based on the attributes of the radiation in the terahertz 
region. THz radiation has a better penetrability than the infrared and higher resolution than 
the microwave radiation. Furthermore, the use of the THz frequency band has several ad-
vantages in comparison to other kinds of electromagnetic radiation. Firstly, THz quanta 
have a far less photon energy (4 meV at 1 THz) than X-ray and therefore do not expose a 
biological tissue with hazardous radiation which can even break chemical molecule bounds 
of the irradiated material. Secondly, rotational and vibrational response on the molecular 
level of the material has been observed, which can provide unique spectroscopic “finger-
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print” signatures for different materials [4]. Thirdly, THz waves penetrate a wide range of 
dielectric materials such as plastics, wood, paper, fabric, semiconductors and many others 
which are opaque to visible and near infrared light or show a very weak absorption effect in 
the X-ray range, what results in low contrast images [5, 6]. Nowadays, THz-radiation are 
considered to be a source useful for providing images that are complementary to optical, X-
ray and NMR images. The latter methods have been already established and commercial-
ised for the non-destructive materials testing. In contradiction to that, up to now THz imag-
ing has been applied mostly on the laboratory scale. Although non destructive testing on 
polymers and high performance materials like composites has become a relevant issue in 
the last years. A variety of THz- and mm-wave systems have been elected and used for 
imaging on specially designed test specimen made from polymer material. The purpose of 
the imaging experiments was the evaluation of potentials of the different electromagnetic 
methods. Various common system parameters should be evaluated which can reliably de-
scribe the limits of the experimentally applied systems for appropriate NDT applications. 
The paper presents the design of test specimens and addresses practical aspects for the es-
timation of spatial resolution, depth information before outlining potentials of the different 
measurement systems in comparison to X-ray imaging. 
 

Interaction of THz radiation with matter    

The interaction of THz radiation with an object is influenced by the frequency-dependent 
complex refraction index N*(ν) of the accordant material.  

n(ν) represents the real refractive index as a function of the frequency ν, c is the speed of 
light in a vacuum and α(ν) is the absorption coefficient. In case of imaging, a transmitted 
field ETrans(r,ν,t) propagating within a dielectric isotropic object of interest (e.g. plan paral-
lel slap) is compared with the incident reference field Eref(r,ν,t). A complex transmittance 
T*( ν,φ) can be defined according to equation (2), in case, the wavelength λ is small in 
comparison to the object thickness d or the time of a pulse, needed to pass the object is 
longer than the duration of a THz pulse. 
 
 
 
Here r describes the location of detection, ta,o(r,v), to,a(r,v) are the Fresnel coefficients for 
the front and back surface of the object surrounded by air respectively. The r describes the 
travelling direction of the wave in the plan perpendicular to the plane of the E –vector. The 
imaginary exponent of the first exponential function corresponds to a phase shift. The real 
exponent of the second exponential function is a factor that reduces the amplitude of the 
incident reference field E0. Modern equipment like network vector analysers can measure 
the amplitude and phase of the coherent transmitting electrical field simultaneously. The 
electrical field of transmitting coherent THz pulses can be detected on a time scale by 
means of time domain spectrometer and can be subsequently Fourier transformed. Both 
equipments deliver access to the spectral dependencies for the coefficient of absorption α(ν) 
and the real refraction index n(ν) as well as the Fresnel Coefficients [e.g. 7-9]. 
Detectors like e.g. golay cells or bolometers are partially used for THz imaging. Intensities 
are the measurable quantities in that case. The intensity is proportional to the time mean of 
the energy density of the electromagnetic wave and is given by equation (3). 
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Subsequently, intensity detection allows only the estimation of the power absorbance α(ν) 
according to equation (4). 
 
 

Experiments 

The systematic evaluation of the different electromagnetic systems has been performed on 
the basis of test specimen acquired with the transmission configuration as shown schemati-
cally in Figure 1. The electromagnetic beam was collimated and focused in all cases for the 
imaging experiments. The detector was generally adjusted in a position that allows the 

measurement of the complex 
transmitted electrical field 
radiation or the transmitted 
intensity respectively. Each 
sample was fixed on a ma-
nipulator. The sample was 
placed at the focus plane and 
manipulated rectangular to 
the beam direction. The 
transmittance signal of each 
position of the object was 
first acquired than stored in a 

PC and subsequently composed pixel by pixel to an image. Generally, the frequency, avail-
able for the image formation depends on the source of electromagnetic radiation as well as 
the selected detector. To ensure a broad band of frequencies for the evaluation of the image 
quality, the following experiments were selected: 

• Coherent broadband time-domain-spectrometer operating at 0.1 – 1 THz from the 
Technical University Braunschweig,  

• CO2 pumped continuous wave THz gas laser with selected frequencies at 0.7, 1.6 
and 2.5 THz equipped with a silicon bolometer detector from DLR, 

• continuous wave broadband Network Analyser (BNA) tuneable within 75-100 GHz 
band as well as a  

• continuous wave carcinotron tube (backward wave oscillator) operating at 0,6 THz 
in combination with a diode detector from the University Erlangen-Nürnberg, 

• coherent broadband time-domain-spectrometer T - Ray ™ 2000 Diagnostic System 
from Picometrix, USA.  

Imaging quality test objects  

The purpose of non destructive inspection is the detection of discontinuities that may be 
harmful to the end use of the product. This in turn requires a satisfactory image quality with 
a sensitivity, high enough to detect the critical discontinuities. Image Quality Indicators 
(IQIs) are used to assess image qualities. The special test devices are usually additionally 
positioned in the vicinity of the object of interest and are included at the recorded image. 
The image of the IQI indicates if and which kind of their artificially introduced flaws have 
been revealed. Sensitivities and image limitations imposed by the different detection tech-
niques can be defined and compared by this way. A series of test specimens designed for 

 
 
 
 
 
 
 
 
   
Figure 1: Schematic representation of measurement configuration for 
transmission imaging. A x - y motor stage has been used for the step-
wise positioning of the sample. 
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the evaluation of imaging systems were designed and manufactured as described in the fol-
lowing.  

Line Pair Test Pattern 

Generally, the spatial resolution in an image formed using electromagnetic waves is limited 
by the wavelength due to the diffraction effects and is defined by the Rayleigh criterion. 
The diffraction limited spot diameter can be determined by means of sharp edge measure-
ments in that case for each source. In practice, more system properties may prevent this 
limit from being realized. Line pair test patterns have been created and manufactured to 

define the image spa-
tial resolution capa-
bilities of the different 
electromagnetic sys-
tems. The detailed 
constructions of the 
line pair objects are 
shown in Figure 2. 
The object consists of 
a series of square line 
pair bars. The num-
bers on the right side 
of the plates describe 
the width in mm of 
the bars (dark line) as 

well as distance between them (bright line). The test patterns are made from a 1.5 mm thick 
paper reinforced phenolic resin sheets with copper foil bonded on one side (pertinax plates). 
The line pair test pattern as shown in Figure 2 was first printed on a photo film and subse-
quently used in UV lithography to etch the pattern in the 35µm copper layer. Since the the 
electromagnetic region covers several decades, bar sizes between 10 to 0.1 mm were se-
lected for the further experiments. A special test specimen with a single metal bar sized 
with 32mm x 55mm was applied for the evaluation of unsharpness effects at edges. 

Step wedges 

The step wedges are providing uniform regions with different material thickness. Images of 
step wedges are appropriate for estimation of the signal to noise ratio and contrast to noise 
ratio. For the evaluation of thickness sensitivity a series of plain step wedges as well as 
wedges with embedded circular through wall holes and flat bottom holes penetrating the 
material completely or partially, have been designed. The depth and diameter of the holes 

       
Figure 2: Detailed construction for the tested IQIs: single bar with 32x55mm² 
for edge unsharpness detection, line pair test patterns with equal spacing and 
widths of 1, 0.9, 0.8, 0.7, 0.6 and 0.5mm as well as a line pair test pattern with 
3, 2.5, 2, 1.6, 1.3 and 1mm (length of the bars: 10mm).  

 
 
 
 

                
 
 

 

Figure 3: Specially designed PE step wedges for the evaluation of depth resolution and wall thickness con-
trast. (a) thickness 40 mm; step size = 4 mm, (b) base plate for thickness evaluation t = 5mm,  (c) step 
wedge (t= 15 mm)  with a step size of 1 mm and differently sized flat bottom holes, (d) mountable step 
wedge with differently sized through wall holes; t = 10 mm; step size = 1 mm. 
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were controlled as a function of the specimen thickness. Additional base plates on different 
thickness were produced to gain information about the flaw detection sensitivity in depend-
ence of the material thickness. The step wedges have been machined from high density 
polyethylene (PE) as well as from polyvinylchloride (PVC) plastic sheets. The experiments 
indicated a much higher absorption in the THz region for PVC in comparison to PE. A rep-
resentative example of step wedge test specimen is depicted in Figure 3. These are a PE 
step wedge with maximal thickness of 40 mm and step size of 4mm, a step wedge with 
maximal thickness of 10 mm, step size of 1 mm and through wall holes sized from diameter 
20 mm to 1 mm, a PE step wedge with maximal thickness of 15 mm, step size of 1mm and 
flat bottom holes sized from diameters 20 mm to 1 mm, depth from 1-5 mm. 

Pipe segments 

THz imaging applications were reported on the characterization of flat shaped parallel–
faced samples. In that case the transmission through the sample can easily be recorded. In 
practice objects with cylindrical shaped surfaces like pipes are often the object of interest in 
NDT. The detection of flaws in polymer pipes, degradation areas in polymer glass fibre 
reinforced pipelines is the today’s challenge in the NDT business. PE and PVC pipes were 
machined to estimate the strength and weaknesses of the detection systems for the flaw 
detection on pipes by using transmission imaging. Stepped pipes with different wall thick-
nesses have been prepared. Inside groove pairs of different size and distances, notches as 
well as side holes have been introduced in the pipe wall to simulate flaws. Figure 4 summa-
rizes the construction drafts as well as photos of the machined pipes.  

 

 

Composites 

Composites used in aircraft industry are considered to be very attractive for THz imaging 
inspection. Carbon fibres reinforced epoxy resin and HDPE objects were prepared to test if 

a)                                                                                  b) 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Technical drawing and photographs of test pipes: a) wall step pipe, (b) pipe wall with grooves  
arranged at the inner wall surface and c) side holes and notches in the wall. 
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THz imaging can reveal inherent flaws in composites. An aircraft stringer made from poly-
urethane foam and covered by epoxy resin was investigated as well.  

 
a) 

 
 
 
 
 

b) 
 
 
 
 

 
Figure 5: Photographs of carbon fibres embedded in epoxy resins (a) and aircraft stringer made from 
epoxy resin and polyurethane foam (b). The metallic screw threads (bright part of the lower photo) are 
embedded in the resin. 

Results 

The above described step wedges and line pair test pattern were first used to check the 
transmission imaging and measurement capabilities of the different apparatus. Due to the 
hardware properties and other restrictions each operator selected a specific measurement 
time and sample position to get a satisfying transmission image. The following images 
demonstrate the capabilities of the different electromagnetic systems.  

 
 
 
 
 
 
 
 

 
 

(a)                               (b)                                 (c)                                (d)                                     (e)   (f) 
 

 
 
 
 
 
 
 
 
 
 
 

     (g)                              (h)                                 (i)                                   (j) 
Figure 6: X-ray versus THz-Images of two different PE step wedges (Figure 3c and 3a): 
(a)+ (g) X-ray U= 18 kV; I= 9 mA; t= 1 min; FFA = 700 mm Agfa D4 (C3); (b) BWO α(ν)*d (TI); (c) BNA 
TI; (note: the bright features on the left side are screws to fix the test specimen)  
(d) BNA phase shift (ps);  (e) TDS TI {0,1 – 1,0 THz}; (f) TDS time delay, (h) TDS TI {0,1 – 1,0 THz};  
(i) TDS time delay (td); (j) maximum pulse amplitude  
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Figure 6 represents the α(ν)*d images (TI) calculated from natural logarithm of the ratio Iref 
to I for different PE step wedges measured by means of the Time Domain-, the BNA- and 
the BWO system. In all cases, the product of material thickness and the magnitude of ab-
sorption α(ν) can be registered from the transmission position. The BNA system addition-
ally allows the measurement of the phase shift in comparison to the incident, not transmit-
ted reference signal of the electric field vector E0. The time domain spectroscopy offers a 
larger number of characteristic values which can be used for various images. In the ob-
served time domain, the pulse maximum, pulse shape and pulse time delay differ within the 
object of interest and can be subsequently used for contrast information in images. 

 Additional, the Fourier trans-
formed time pulse delivers a 
spectral content, exploitable 
for the pixel by pixel con-
struction of properties as 
transmittance and absorbance 
images. In case of the de-
scribed comparative studies, 
only the time delay and the 
spectral absorbance informa-
tion have been used from TDS 
experiments. The time delay 
describes the difference be-
tween the maximum of the 
transmitted and reference 
pulses in the time domain and 
is influenced by the thickness 

and refraction index of the material. The absorbance is the logarithm of the inverse com-
plex transmittance, as described in equations 2, 3, and 4. The transmittance has been calcu-
lated from the ratio of transmitted to incident intensities. In case of TDS, the intensities 
have been calculated by use of integrals over a frequency band from 0.1 THz to 1 THz in 
the spectrum. Each step of the wedge covers a pixel area of uniform material which has 
been used for the estimation of mean values and their standard deviations.  

 
 
 
 
 
 

 
 

 
 

 
 
 

 
a)                               (b)                        (c)                           (d)                                   (e)            
Figure 8:  Image of a wall step pipe (Fig. 4a) and a pipe with inherent grooves in the wall (Fig. 4c). (a)  
X-ray; (b) TDS TI , (c) TDS td; (d) TDS TI , (e) TDS td; 

Figure 7 represents the dependence of the mean values from the step size for each step area 
of the wedge, shown in Figure 6 (h) and 6 (i). The size of the data points in Figure 7 marks 
the value of the standard deviation measured in each step of the step wedge. A linear fit 
correlation value of r2= 0,994 has been estimated in both cases for the transmission as well 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
Figure 7: Correlation of α(ν)*d images and time delay with PE mate-
rial thickness calculated from images (6h) and (6i) respectively . 
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as for the time delay. Detailed measurements on different step wedges could also prove the 
influence of varying step surface composition and partial bending on strong deviations of 

the linear correlation between the 
step size and the grey value of the 
image. The deviations in the image 
are apparent in the figure 6(b) for the 
step wedge which has only step size 
varieties of 1 mm. The experiments 
show that time delay and phase shift 
values are less sensible to surface 
inhomogeneities and consequently 
are reliable indicators for material 
thickness differences. Figure 8 
represents TDS transmission images 
of pipe segments shown in Figure 4 
and 4c. As already noted above, the 
pipes have inherent edges originat-

ing from the step changes as well as the built in notches. For the transmission experiments, 
the incident beam was always aligned in the direction parallel to the normal of the outer 
pipe surface. The time delay information resolves the wall thickness of the pipe. But the 
notches could only be verified above the size of 2 mm. The transmission images in Figure 8 
show vertically arranged bars attributed to the built in stepwise changes of the material 
thickness which effects scattering, as already observed at the step wedges. The X-ray image 
resolves slightly the changes of the wall thickness.  
In order to test the lateral resolution line pair test pattern of different spacing, as shown in 
Figure 2 were scanned along the bars and the transmission image quality subsequently 
evaluated. Edge blurring due to the diffraction limits and the size of the incident beam pre-
vents the detection of the bar pattern on the image below a certain bar pattern size. Table 1 
lists the estimated spatial resolution capabilities of the different system based on the trans-
mittance images of bar pattern IQI’s.  
 
Table 1: Lateral Resolution of different THz imaging systems on the base of bar pattern IQI 

System BWO BNA TDS cw (gas laser) 
(aperture 1mm) 

T-ray 2000 

Frequency [THz] 0,6 0,057 – 0.1 {0.1 - 1 } 0,693  / 1.627 {0.8-1.2} 

Lateral Resolution [mm] 1 3 1 0.52    /     0.51 0.3 
 
The test on more complex systems as carbon fibre enforced resin and a stringer intended to 
be used in aircraft systems show noteworthy results. Bubbles which have been locked in 
during the hardening process of the resin could be revealed by THz imaging. The metallic 
parts are visible in the stringer. The small foam part which has been cut out to simulate a 
defect on the left upper side of the stringer could also be verified.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Images for the objects shown in Figure 5 
(a) TDS TI, (b) TDS td, (c) BNA TI, (d) BNA ps  
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Conclusion 

A system performance quality evaluation of imaging properties was performed for different 
source - detector systems in the GHz and THz range by means of imaging quality indicators 
(IQI’s). It was demonstrated that IQI’s are appropriate for the routinely description of the 
different modalities concerning the image quality such as for instance contrast to noise 
characteristic, spatial and thickness resolution. Time domain imaging systems and broad-
band network analyser are able to detect the complete set of complex information in the 
frequency space. The frequency dependency of phase and amplitude is needed to describe 
the material properties of the device under test. Phase shift or time delay data are very sen-
sitive to thickness changes. Edges and holes are causing scattering effects, resulting in edge 
blurring and significant changes on the transmittance in the α(ν) *d image. Absorption val-
ues calculated from transmittance images can be distorted due to non uniform object sur-
faces or insufficient positioning of the object in relation to the beam focus.  
Nevertheless, the work reported here, showed that although THz imaging is in an early 
stage of the development for NDT applications, it offers already an attractive testing tool 
with an enormous potential in the testing of polymer materials.  
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