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Abstract 

We present here a recently developed approach of Terahertz Time Domain Spectroscopy (THz-TDS) and its 

application on rapid and precise Non-Destructive Testing (NDT) of composites and concealed objects. 

Electromagnetic radiation of THz frequencies can penetrate dielectric materials without ionizing effect; it allows 

the contact-free testing of dielectric volumes or buried metallic surfaces and combinations of them. THz-TDS is 

a particular powerful tool for NDT as it provides a multitude of information useful at the same time for imaging, 

material characterisation and spectroscopic analysis. Amplitude and time of flight of the ultrashort THz pulse in 

the time domain, as well as the spectrally resolved amplitude and phase information available by Fourier-

Transformation, enable the analysis of complex objects. In many cases, three dimensional monitoring is possible 

with one-sided access to the object. The single shot THz pulsed sensor developed at the Laboratory of Physical 

Chemistry reduces the acquisition time drastically relative to the available repetitive solutions of THz-TDS: the 

ultrashort detection window of some tens of picoseconds is recorded within one single laser shot. The 

measurements are performed at high stability and acquisition of kHz rates, without moving parts. With this leap 

in technology, the potential of terahertz radiation can be further exploited in industrial environments such as 

production lines. We recently analysed an object and the integrity of its structural sub-units during free fall. The 

here presented applications illustrate further the performance of the technology, particular its ability to determine 

the thickness of substructures with micrometre precision, to rebuild the 3D form of concealed objects, to localize 

defects and differentiate between metals, air and dielectrics. Often the defects can be further characterized. It is 

shown that the high contrast of ultrafast THz pulses on dielectrics enables the localization and analysis of 

polymers that are buried in another polymer. 
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1.  Introduction 
 

Electromagnetic waves with Terahertz (THz) frequencies or corresponding sub-millimetre 

wavelengths are situated in the range between the infrared and microwaves. They combine 

advantages of these neighboured spectral regions as high penetration depth in dielectrics and 

low scattering on micro-structured media. With optical generation schemes, free space 

propagation with good beam quality and accordingly diffraction limited imaging with high 

spatial resolution can be achieved. As THz radiation is non-ionising, electrically non-

conductive objects can be analysed, including their internal structure, without the need of 

costly shielding. These properties render the THz frequency range interesting for control 

devices as alternatives to existing methods or for new applications of non-contact testing. 

During the last two decades, important progress on different approaches of THz 

generation and detection has closed the so-called THz gap – a label for this formerly hardly 

accessible range between optics and electronics. The spectral region with its unique properties 

and advantages is now used in various fields of sciences and applied research [1,2]. Besides 

security applications, THz technologies for non-destructive testing (NDT) are about to enter 

markets as pharmaceutics and the composites industries [3]. In this context, THz-Time 

Domain Spectroscopy (THz-TDS) plays a particularly important role; it provides a multitude 

of information useful for imaging, material characterisation and spectroscopic analysis. 

Amplitude and time of flight of the ultrashort THz pulse in the time domain as well as the 

spectrally resolved amplitude and phase information available by Fourier-Transformation 

allow analysing complex objects. Defects inside dielectrics as ceramics, polymers, wood, etc. 
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can be revealed and often identified, even if hidden in multi-layered structures. In many cases, 

three dimensional monitoring of dielectric volumes is possible in reflection mode.  

We present here a recently developed approach of THz-TDS and particularly its 

application on NDT of moving objects. The single shot THz pulsed sensor reduces the 

acquisition time drastically compared with the available, repetitive solutions. The 

measurements are performed at high throughput (laser repetition rate of 1 kHz) and stability 

without moving parts. We analysed recently an object and the integrity of its structural sub-

units during free fall [4]. In this work, we shortly present the concept of the single shot THz 

time domain spectrometer STRIPP, and illustrate the interaction of THz pulses with matter by 

the example of a glass fibre reinforced plastic (GFRP). Applications as thickness 

measurement of opaque layers, as well as fast imaging of composites and concealed objects 

are presented to exemplify the potential of THz-TDS and in particular the performance of the 

ultrafast single shot spectrometer. 

 

 

2.  Single Shot THz Sensing for 

     Rapid Industrial Product and Process Control 

 
The single shot THz-Time Domain spectrometer STRIPP reduces the acquisition time to its 

theoretical limit as the ultrashort THz pulse is sampled over the detection window of some 

tens of picoseconds within one single laser shot. The reduction factor is higher than 

10,000,000 compared to the state of the art repetitive acquisition schemes. 

In general, THz-TDS is an all-optical approach that uses a femtosecond laser in the 

near infrared to generate and to detect the ultrashort THz pulse (see Figure 1). In the classical 

repetitive concept, the electromagnetic field of the THz pulse is probed step by step in the 

time domain. To this aim, a small portion of the laser beam is split off before the THz 

generation by means of a beam splitter (BS); this probe beam is sent via a reflector that is 

mounted on a mechanical translation or rotation stage in the detection unit, either an electro-

optic (EO) crystal or a photoconductive antenna. The time profile of the THz field is obtained 

by varying the optical path with the translation stage on the micrometre scale and so to adapt 

the delay between the THz pulse and the probe pulse. For each delay position, a small part of 

the picosecond THz pulse is recorded with the femtosecond optical probe pulse. The overall 

waveform is reconstructed by combining the measurements of typically several hundreds of 

delay positions. Modern approaches use electronic delay schemes to avoid the use of the 

mechanical delay line, but they are nevertheless repetitive. 

 

 
 

Fig. 1. Scheme of a classical, repetitive THz Time Domain Spectrometer (transmission mode). 

 

THz-TDS is a powerful tool as it provides a multitude of information in a precise manner. The 

coherent detection is instantaneous and not sensitive to the omnipresent background due to 

black-body radiation; it does not need cooling. Moreover, this technique gives not only access 

to the amplitude but also to the time of flight of the THz pulse. Thanks to the nature of 



 

 

ultrashort THz pulse, the associated spectrum obtained by Fourier transformation covers a 

wide spectral range. The amplitude and phase spectra allow a direct determination of the 

absorption coefficient and refractive index of a sample. 

However, the disadvantage of the conventional methods in the time domain is the 

point by point reconstruction of the temporal profile of the THz pulse. It renders the 

acquisition slow, with scan times on several milliseconds to seconds, and susceptible to 

interference by mechanic vibrations or density fluctuations in ambient air.  

 

STRIPP omits the repetitive measurement. Instead of varying the delay of several hundreds of 

femtosecond pulses, one single picosecond pulse is used to sample the THz waveform. For 

this purpose, a part of the ultrashort laser is used to generate a so-called supercontinuum - a 

light pulse with spectral width of several hundreds of nanometers.  This large  spectrum of the 

supercontinuum is temporally stretched to some tens of picoseconds and used as time scale on 

which the THz pulse is encoded by the electro-optic (EO) effect (see figure 2). 
 

 
 

Fig. 2. Scheme of the single shot THz Time Domain Spectrometer STRIPP and 

        example of correlation between time and wavelength of the supercontinuum (right). 

 

The supercontinuum can be generated with ultrashort lasers emitting in the near 

infrared (NIR). After its generation, the temporal dispersion over the spectral range is adapted 

to the desired temporal analysis window, by adding a dispersive glass, a "pulse stretcher", in 

the optical path. So the wavelength is directly correlated to time on the picosecond scale (see 

example in figure 2). The supercontinuum is then analysed according to wavelength by the 

balanced detection of the two perpendicular polarization states, Ip and Is, that are separated by 

a polarizing beam splitter (PBS). The ratio of (Ip - Is)/ (Ip + Is) is directly related with the 

electric field of the THz pulse according to the linear electro-optic effect, which is also known 

as the pockels effect. 

Thanks to the single shot approach of STRIPP, its acquisition is not only ultrashort but 

also insensitive to vibrations and density fluctuations in air. The acquisition rate is on the kHz 

scale, according to the repetition rate of the laser source. As shown in [4] and [5], moving 

objects and transient phenomena can be analysed with high sensitivity without the need for 

averaging.  

 

2.1  Response of THz pulses to matter: example of a fibre reinforced plastic  

 

The direct observable of THz-TDS is the electric field of the picosecond THz pulse in the 

time domain, as shown in Figure 3. We shortly illustrate the interaction with matter by the 

analysis of a sheet of unidirectional GFRP based on long glass fibres. Relative to the 

reference measurement, which was recorded in ambient air, the THz pulses passing the 

sample are delayed and reduced in the amplitude of the bipolar electric field.  

 



 

 

 
Fig. 3. Electric field of ultrashort THz pulses in the time domain; recorded in air (reference), 

and passing through a sheet of unidirectional GFRP; waveforms are shown for three fibre 

orientations relative to the polarisation of the THz pulse. 

 

As in general for interaction of light with matter, the losses in amplitude can be due to 

reflection on the interfaces, absorption during the passage through the medium and effects of 

scattering and diffraction. Here the two reflections on the air - GFRP boundaries contribute 

the most, as found by reflection measurements and according to the Fresnel equation for the 

electric field. The absorption of the one layered GRFP sample slightly reduces the amplitude; 

the losses increase with increasing THz frequency towards 1 THz due to the specific 

absorption of the fibre [6] and concern therefore mainly the high frequency edge of the 

spectral detection window of the used spectrometer configuration (for this example ~0.1 to 

1.2 THz).  Spatial inhomogeneities of the sample that are also on the scale of the light 

wavelength can decrease the beam transmission by diffraction.  

The induced delay relative to the reference pulse corresponds to the increase of the 

optical path by the sample; this time of flight is correlated with thickness and composition of 

the sample. In the case of FRP, the filling ratio of fibre in the polymer impacts both refractive 

index n and absorption coefficient  of the composite in the THz range. The same is true for 

the orientation of the fibre leading to a macroscopic anisotropy, which can be probed with the 

linearly polarized THz pulse. Figure 3 shows the THz waveform for three different angles 

between its polarisation and the orientation of the GFRP. It has been shown recently that this 

kind of measurement can sense the degree of fibre filling, the fibre orientation and the fraction 

of oriented fibres [6]. In general, THz-TDS can identify in many FRP stress induced 

modifications and manufacturing defects such as voids, inclusions and delamination see e.g. 

[7,8]. STRIPP with its high signal to noise ratio, which is more than 500 depending on the 

configuration, can be used to evaluate FRP of relevant thickness for industrial applications. 

 

2.2  Control of coatings and layers: thickness determination 
 

One advantage of THz-TDS is its high depth resolution, which is directly connected to the 

information of time of flight, t. In the case of STRIPP, the single shot precision of the time 

of flight data exhibits a standard deviation of σ~10 fs measured in air that corresponds 

typically to few micrometres of thickness. If the refractive index n is constant over the probed 

THz range, which is the case for a variety of dielectric materials, the object thickness can be 

obtained in a very straightforward way from the data measured in the time domain: 
 



 

 

d = c*t/(n − 1)  (1) 
 

valid for transmission mode, with c the speed of light. Here, t is the measured time of flight 

relative to a reference measurement; in imaging applications, this reference can often be 

obtained by a neighbouring data point. Alternatively, the Fabry-Pérot reflection might be used 

relative to the directly transmitted pulse that can be both included in the identical time domain 

scan. In a similar way for reflection geometry, t can often be obtained as the difference 

between the two reflections from the interfaces of the layer to be measured. Figure 4 shows an 

example in transmission mode on optically opaque adhesive tapes; here t is measured as the 

difference to the next layer. 

 This way of analysis with THz-TDS can be applied to a multitude of products, e.g. 

functional layers as thermal barrier coatings and varnish or plastic bodies with a metal core. 

Besides the thickness determination, defects, such as air gaps present at the interfaces, can be 

revealed and often identified. 

 

Fig. 4. Example of non-contact thickness measurement of opaque layers, here in transmission. 

From left to right: photo of the sample that is composed of several layers of adhesive tape 

supported by a sheet of paper; measurement scheme and corresponding THz signals. 

 

 

2.3  Control of packaged, hidden objects by precise “On-the-Fly” imaging 
 

The ability of THz waves to penetrate dielectric materials opens the way to reveal the inner 

structures and dimensions of objects that are opaque in the visible or infrared. In the classical 

configuration of THz imaging, the object under study is placed in a focal plane of the THz 

beam. THz focus and object are moved relative to each other so that the focus point scans the 

object point by point. In laboratory environment this raster scanning is often realized with a 

two-dimensional translation system onto which the object is mounted. For THz-TDS based on 

repetitive measurement approaches, the temporal scanning of a single time domain trace of 

the raster scan is performed for stopped X and Y translation stages. This scanning in three 

dimensions renders the imaging very time-consuming.  

Thanks to the ultrafast acquisition speed of STRIPP, the object under investigation can 

be analysed at kHz rates during continuous translation. Recently we used this approach to 

analyse a packaged object during free fall at speed of ~1 m/s, a speed as found on conveyor 

belts. The 2-D image along the vertical axis of movement and the depth of the object was 

reconstructed revealing precisely its sub-units along the cross section. In a similar way, we 

have now performed rapid “on-the-fly” imaging of the entire packaged object (see Figure 5). 

The closed hard cover box was analysed in transmission mode under normal incidence. It is 



 

 

composed by five subunits - the plastic box with front and rear side, two soft foam sheets that 

enclose the packaged material, an optical glass of soda lime. The box has an overall thickness 

of 1.5 cm. The raster scanning was performed during horizontal translation. Each of the 100 

horizontal lines that are spaced vertically by 0.5 mm is composed of 300 single points and 

recorded in 300 milliseconds due to the 1 kHz acquisition rate. After the acceleration of the 

horizontal translation stage to its maximum speed of 0.5 m/s, the maximal spacing between 

two data points is 0.5 mm. This value is similar to the THz focal waist at the centre 

wavelength that was in the used configuration around 1 THz. The acquisition time of the 

raster scan was about 40 seconds.  

Both the time of flight and the peak amplitude image (Figure 5b and d) reveal all the 

features of the packaging box. Details as the opening knobs and the space in between can be 

precisely resolved (Figure 5d around X ~20 mm). The spatial resolution in the X-Y plane is 

around 0.5 mm; higher resolution can be obtained by decreasing the spatial step width either 

by increasing the acquisition rate or by decreasing the horizontal translation speed. 

 

 

 
Fig. 5. a) Measurement scheme and photo of the box opened after the raster scan. 

b) 3-D representation of the time of flight data showing the inside of the box, 

c) photo of closed box and its support and 

d) 2-D representation of the peak amplitude data of the THz pulse in the time domain. 

 

With the knowledge of the optical properties in the THz range, the 3D form of the 

substructures can be reconstructed with the multiple information available by THz-TDS in the 

time and the spectral domain. For example, the form of the glass with 25 mm diameter and 

1.1 mm thickness can be built up in a very straightforward way based on the time of flight 

difference relative to the neighboured regions and the known refractive index of soda lime [4].  



 

 

2.4  Characterization of adhesive bonds and possible defects by ultrafast THz imaging 

 

THz-TDS imaging can precisely localize and identify defects. We illustrate this by the 

application of STRIPP on the rapid NDT of an adhesively bound composite performed in 

transmission mode. The sample consists of two plates of high density polyethylene (HDPE) 

each of 2 mm thickness that are glued together with araldite 2031. During the adhesive 

processing, different materials with different sizes were incorporated in the layer of glue: 

three metallic star-shaped slices, a quadrate Teflon plate, flakes of Polyamide 6 and air 

bubbles. The thickness of the adhesive varies from 0 to about 1 mm over the sample with size 

of 10 * 5 cm
2
. 

Figure 6 shows a photo of the sample and the THz images based on the time of flight, 

the transmission of the peak amplitude in the time domain and the transmission of the 

amplitude at 2 THz obtained after Fourier Transformation. Here we have chosen a 2D-

representation of the data. For these images, the reference was defined in a part of the sample 

that was not coated with araldite, as the white, bottom left corner. The images reveal the 

spatial distribution of the glue as more or less grey. Towards the boarders, the substrates were 

not coated or only at one intersection; the corresponding areas in Figure 6b, c and d are white 

and light grey, respectively. The grey scale is related to the thickness of the glue. A map of 

the glue thickness with micrometre precision can be obtained with the time of flight 

information (Figure 6c) according to equation (1). Based on this method and in agreement 

with reference measurements, the extreme values of the adhesive thickness connecting both 

HDPE plates without interruption are found to be 0.45 mm and 1.05 mm at X=4mm Y=35mm 

and X=57mm Y=7mm, respectively. 

 
Fig. 6: Non-contact testing of an adhesive bond connecting two plastic plates and containing 

different types of inclusions. a) Photo of the sample. THz images based on the  

b) peak amplitude of the THz pulse in the time domain, c) its time of flight and  

d) the transmission at the frequency of 2 THz. Above and on the right of the THz images: 

signal traces at the indicated horizontal and vertical line. 



 

 

The THz pulses respond to the different inclusions in the glue in a distinctly different 

manner. The metallic stars at around X=20mm block the transmission of a THz wave 

completely; there is no signal detected in transmission indicating an electrically conductive 

material. In reflection geometry the time of flight of the THz pulse that gets reflected on the 

metallic surface can be used to determine the depth position of the buried metal. This effect 

can be used in general for transitions between materials with sufficiently high difference of 

their refractive indices. The dielectric inclusions in the adhesive can also be clearly revealed 

in each of the THz images: the quadrate Teflon plate around X=80mm, Y=35mm with 0.5 

mm thickness and the Polyamide 6 flakes in the lower middle part of the sample (deeply grey 

points in Figure 6b and d, lighter grey compared to the environment in Figure 6c). So THz-

TDS imaging is able to detect polymers that are completely buried by another polymer. The 

plastics vary both in refractive indices and absorption coefficients; whereas the first parameter 

is typically constant over the spectral detection range, the absorption often exhibits frequency 

dependence [9]. So the HDPE has constant absorption, the one of Teflon increases slightly 

with increasing frequency, the one of araldite and PA6 increase strongly. As a result, the 

colour graduation for HDPE and Teflon is almost the same for the images of the peak 

amplitude that contains the whole spectral content centred around 1 THz (6b) and the image at 

2 THz (6d), whereas the araldite glue becomes dark-grey at 2 THz. The spectral information 

available by THz-TDS can in this way or by more elaborated procedures further identify the 

type of detected dielectric inclusions.  

Figure 6d reveals another advantage of the use of ultrashort and spectrally broad THz 

pulses: as the spectrometer is operated in the diffraction limit, the spatial resolution 

transversal to the beam propagation is enhanced for higher frequencies and correspondingly 

shorter wavelengths. So a fine ring-structure on the quadratic Teflon plate is revealed in the 

image based on the transmission at 2 THz that is hardly perceptible by the transmission of the 

peak amplitude. This structure is due to a slight, partial wetting with adhesive on the Teflon 

that is positioned in contact to one of the HDPE plates. The diffraction limited resolution is 

enhanced by a factor of ten by using radiation at 2 THz instead of 0.2 THz. 

As in paragraph 2.3, the acquisition time of the THz raster scan during translation 

using STRIPP was about 40 seconds for the surface of 10 * 5 cm
2
 at a transversal spatial 

resolution of about 0.5 mm. Of course, if the size of acceptable defects is bigger than this 

value, the acquisition time can be further decreased by increasing both the size of the probing 

THz beam and the step width of the raster scan. Moreover, even if the size of defects smaller 

than the resolution cannot be determined precisely, the defect can be often revealed according 

to its signature. Higher spatial resolution can be obtained by decreasing the step width of the 

raster scan or by tomographic approaches. In the latter case, the 3D reconstruction can benefit 

also from the high precision of time of flight that is linked to micrometre precision. 

  

 

3. Conclusion and Outlook 

 
Using a new instrument of THz-TDS, we have performed contact-free testing in ambient air 

of objects composed by several substructures of different material classes. The THz pulses 

were able to penetrate dielectric materials, and so to reveal the inner structures and 

dimensions of the objects that are opaque in the visible or concealed by their environment. As 

seen also in this work, imaging by THz-TDS can precisely localize and identify defects and - 

thanks to the information of time of flight of the ultrashort pulses – map the thickness of 

substructures. Thanks to the large spectral range and the high contrast on dielectrics, we were 

able to detect polymers buried in a different polymer. The actual results were obtained in a 



 

 

very direct manner without complicated data processing procedures. No averaging was 

necessary. 

The presented technology STRIPP combines the precision and variability of traditional  THz-

TDS imaging with high acquisition speed. Its ultrashort acquisition time allows imaging 

during translation without blurring the object’s substructures in spite of the displacement 

speed on the scale of meter per second. In a configuration with an overall object thickness on 

the centimetre scale and an induced time of flight on the scale of 10 picoseconds, an accuracy 

of depth of few micrometres is obtained. The “on the fly” imaging that is possible with 

STRIPP reduces the acquisition time to some tens of seconds for a scan area of 10 * 5 cm
2
 - a 

value that is to be compared with typical durations of several tens of minutes with state of the 

art techniques and similar spatial resolution. The advantage of the “on the fly” imaging 

becomes even more important for bigger surfaces that can be scanned at high speed during 

longer periods. The acquisition time can be further reduced by an order of magnitude by line 

focusing. STRIPP can help to further extent the use of THz radiation in industry, as for 

control on productions lines at 100% throughput or inspection on industrial sites with strongly 

reduced dead times.  

 

Laureate of the call for projects “ASTRE” of the Essonne department in 2010, the 

Laboratoire de Chimie Physique opened its single shot THz sensing laboratory at the end of 

2012. This innovative technology is now used for scientific and industrial applications. 

Services in terms of characterization of samples including 3D control are offered, for example 

for the development of new composites or the inspection during and at the end of product life.  
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