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Abstract—We present results of an acquisition of Terahertz 
imaging and its analysis in terms of frequency based on a Time 
Domain Terahertz Spectroscopy System. THz radiation was 
generated using a photoconductive antenna based on LT-GaAs 
and was detected by the electro-optical sampling in a ZnTe 
crystal. Broadband THz pulses were obtained in the range from 
0.1 THz to 4 THz, with a peak intensity at 1 THz. The full 
transmission spectrum for different materials was measured, 
and frequency-dependent imaging characteristics were 
analyzed. 

I. INTRODUCTION  
The Terahertz (THz) portion of the electromagnetic 

spectrum, between 0.1 and 10 THz (or 3000 μm to 30 μm 
wavelength), represents a current frontier for 
multidisciplinary fundamental research in physics, 
materials science, chemistry, biology, and medicine with 
enormous potential opportunities.[1-6] For a long time, 
Terahertz was not explored because of the lack of 
appropriate sources and detectors. However, advances in 
electronics and optoelectronics devices, and in optics have 
made this portion of the electromagnetic spectrum more 
attainable to researchers, and opened new windows of 
abundant applications in many different fields of research.  

Practical applications have been feasible in the areas of 
spectroscopy, sensing and imaging such as: medical 
imaging [7,8], industrial imaging for package inspection 
and non destructive testing [9], gas sensing [10], gas phase 
spectroscopy, time-resolved studies, THz ranging and 
sensing, biological spectroscopy including bio-warfare 
agent detection [11], explosive detection [12], and 
astronomy [2]. Some of these applications stem from the 
unique ability of THz wavelengths to safely penetrate a 
wide variety of non-conducting materials including 
clothing, paper, cardboard, wood, masonry, plastic and 

ceramics. THz radiation is the most suitable way to inspect 
any device and contents in a sealed container. 

Terahertz Time Domain Spectroscopy (TDS) has been 
one of the most successful techniques to generate and 
detect THz radiation without cryogenic cooling, and it 
carries both the amplitude and phase information of the 
traveling THz radiation. As a result of the direct time 
resolved detection of the THz pulse electric field, unique 
information about the scattering mechanisms can be 
extracted from the TDS data in addition to being able to 
yield imaging contrast in the THz. There is still limited 
performance in imaging due to the difficulties of 
constructing the large arrays of pixels using TDS compared 
other multipixel detectors.  However, only TDS can convey 
the full spectroscopic information for each pixel. 

II. EXPERIMENTAL SET-UP 
The experimental set-up is shown in Fig. 1. It consists 

of a Terahertz TDS system manufactured by Zomega, Inc, 
and pumped by a mode-locked Ti:Sapphire ultrafast laser 
emitting 120 fs pulses at a wavelength of 780 nm, a 
repetition rate of 76 MHz and an average power of 120 
mW. The pulses are split into a pump beam and a probe 
beam. The pump beam is focused onto a low-temperature 
grown GaAs (LT-GaAs) photoconductive antenna 
integrated with a Silicon lens while a high voltage bias is 
pulsed across the antenna. The transient photocurrent was 
obtained from the relaxation of free carriers 
photogenerated by the femtosecond pulses. 

The probe beam is guided via a delay line to detect the 
THz radiation through the electro-optics sampling. In this 
method of detection, the Terahertz beam induces 
birefringence in the ZnTe electro-optic crystal; as the 
probe beam is passed collinearly into the crystal it 
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becomes elliptically polarized proportionally to the 
intensity of the terahertz radiation. The horizontal and 
vertical components of the beam are split and sent to two 
separate photodiodes for balanced detection. The resulting 
voltage difference is synchronously measured using a 
lock-in amplifier to directly yield the received terahertz 
electric field intensity.  

By moving the variable position delay stage, the 
complete Terahertz waveform can be obtained. The 
movement of the delay stage leads to a path length 
difference between the terahertz beam and probe beam, 
corresponding to a time delay in beam propagation in the 
picosecond scale. In the transmission measurement 
configuration, polyethylene lenses are used to focus the 
terahertz on the sample with a spot size of 0.5 mm. 

 

 
Figure 1.  Schematic set-up of the THz imaging system. 

Typical THz signals measured after passing through 
different materials are shown in Fig. 2. The pulse width is 
about 0.5 ps and we observed ringing of the pulse mainly 
due to moisture in the laboratory. Purging with dry 
nitrogen can improve the pulse shape and minimize the 
ringing. The time domain THz pulse is then converted into 
the frequency domain using fast Fourier transform (FFT). 
We are able to obtain broadband THz pulses in the range 
from 0.3 THz to 4 THz, with the peak intensity at 1 THz. 

 
Figure 2.  Measured time domain electric field amplitudes of the Terahertz 

signal transmitted through different materials. 

It is important to note three parameters of the system 
performance: peak magnitude, waveform shape, and 
signal-to-noise ratio (SNR). The peak magnitude and 
waveform shape of the generated terahertz output are 
directly affected by the optical alignment, pump beam 
incidence angle to the photoconductive antenna, and 
alignment of ZnTe crystals. An increased SNR can also be 
observed after using an additional reflective lining to 
reduce interference and scattering. The maximum SNR of 
our system could reach up to 100 dB at its best 
performance. 

III. RESULTS AND DISCUSSION 
A. Transmission Measurements 

Transmission measurements are often used to determine 
the specific absorption features of certain materials and to 
obtain specific fingerprints at resonant absorption 
frequencies of the constituent molecules. Terahertz 
transmission characteristics can be analyzed in both the 
time and frequency domains. 

The time domain signal of the THz radiation 
propagating in free space is shown in Fig. 2 as a function 
of the time delay between the pump and probe beams. By 
comparing the magnitude change and delay time shift 
resulting from the transmission through a sample with the 
reference signal of Fig. 2, the Terahertz absorption 
properties of the probed material can be determined. 

 
Figure 3.  Measured transmitted THz power frequency spectrum after 

passing through free space (‘signal’) and the same materials as shown in 
Fig. 2.  The noise floor is shown as well. 

More precise analysis can be done in the frequency 
domain. For example, the absorption spectrum, complex 
refractive index, complex conductivity characteristics of 
the material in question can be derived from the changes in 
transmission as a function of THz frequency. Fig. 3 shows 
the power spectrum as a function of frequency for the 
transmitted Terahertz signal through free space and through 
the same materials as shown in Fig. 2, along with the 
system noise floor. 
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B. Acquisition of THz Imaging 
Imaging in the Terahertz can be accomplished by 

scanning the THz beam across a sample and collecting 
transmission data. 

In the system we designed, data are acquired one pixel 
at a time. The sample to be imaged is placed at the focal 
plane of the focusing lenses in the THz beam path and 
attached to a motion microcontroller that features three 
translational degrees of freedom. The x-axis and z-axis 
move the sample within the plane perpendicular to the 
THz radiation. If focusing mirrors are used, the y-axis 
motion of the microcontroller allows precise positioning of 
the sample in the focal plane and thus adjustment of the 
sharpness of the resulting image. Using the motion 
controller, the sample is translated about the THz beam 
focal point and the transmission data for each point in the 
predefined spatial matrix of points that constitutes the 
imaging range are collected. 

Control of the image acquisition is achieved through an 
in-house software written using LabVIEW. Data analysis 
and image reconstruction is written using Matlab. Two 
acquisition modes have been investigated: normal-
acquisition mode and fast-acquisition mode. 

In normal-acquisition mode, the entire THz time 
domain and frequency domain spectra are collected for 
each pixel sequentially by changing the time delay 
between the pump and the probe beams, along with the 
sample physical position in space. This results in a large 
data set for each pixel that can be further filtered through 
several methods as described in the following section C. 

 

 

 

 

 

 

 

 

 
Figure 4.   (top) Photograph of a piece of wood, and leaves (bottom left) 

enclosed in carboard box. (bottom right) Terahertz image of concealed 
objects in enclosed box acquired in fast-acquisition mode. 

By contrast, in fast-acquisition mode, the time delay 
between the pump and the probe beams is fixed to a value 
that results in a strong THz electric field amplitude being 
detected when unobstructed. The change in amplitude of 
the THz radiation electric field at that fixed value of time 

delay is then the only data collected for each pixel. This 
dramatically cuts the time required to acquire an image by 
a factor of up to 5~6, but it comes at the expense of 
reduced information about the sample. 

Fig. 4 shows an example of Terahertz transmission image 
obtained using the fast-acquisition mode from a few pieces of 
wood and fresh tree leaves concealed in a cardboard box. The 
image is composed of 40×40 pixels with a pixel pitch of 0.5 
mm. This illustrates the ability of THz wavelengths to 
penetrate cardboard materials while being blocked by water 
containing compounds. 

C. Normal-Acquisition Mode Imaging Analysis 
A straightforward technique to filter and analyze the 

data collected in the normal-acquisition mode is to extract 
the amplitude of the THz electric field at any specific 
position in the space/time domain for each pixel. A slight 
variation on this technique would be to use the peak-to-
peak value of the signal instead. As such, the data obtained 
in fast-acquisition mode represents a sub-set of the data 
that could be obtained in normal-acquisition mode. This is 
illustrated in scans made on the sample shown in the 
photograph in Fig. 5.  It consists of a letter ‘F’ formed 
using zinc powder stuck on adhesive tape on two strips of 
tape that slightly overlap at the center along the vertical 
direction, as shown in the photograph. 

 
Figure 5.  Photograph of the letter ‘F’ formed with zinc powder. The powder 

was held with adhesive tape. 

Fig. 6 shows a series of images of the letter “F” 
obtained using our TDS system after data cube filtering 
using several algorithms that we developed. Fig. 6(a) 
shows the THz image constructed by extracting the 
maximum amplitude in the THz time domain at each pixel.  
This maximum can occur at different values of time delay 
between the pump and the probe beams for different 
pixels.  Fig. 6(b) is obtained by taking into extracting the 
THz signal amplitude in the time domain at an arbitrarily 
chosen value of time delay. 

More advanced frequency domain analysis is also 
possible by extracting the THz transmitted signal power at 
the same specific frequencies for all pixels. This is 
illustrated in Fig. 6(c) through (e), which shows that a 
clear contrast difference can be achieved by analyzing the 
data at different frequencies. At 0.37 THz, there is almost 
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Figure 6.  Terahertz images of the letter ‘F’ formed with zinc powder on adhesive tape using: (a) maximum amplitude in the time domain, (b) amplitude in 

the time domain at a fixed value of time delay;  (c) – (e) power at a fixed frequency of 0.1 THz, 1.7 THz and 2.45 THz, respectively. 

 

no contrast between the zinc powder, the adhesive tape 
and the tape overlap region. At 1.7 THz, a much better 
contrast is obtained between the zinc powder and the 
tape, as well as between the tape and the adhesive 
overlap region, but there is little contrast between the 
zinc powder and the adhesive overlap region. At 2.45 
THz, there is still a good contrast between the zinc 
powder and the tape, but the overlap region becomes 
faded out.  This shows that significant amount of 
information can be extracted through THz imaging. 

The clear differences in contrast can be attributed to 
the different absorption coefficients of each 
contributing elements (tape, double tape, and Zn 
powder) in terms of the frequency in the range between 
0.1 THz and 5 THz. 

 
Figure 7.  Measured time domain THz electric field amplitudes for tape, 

tape overlap, and zinc powder stuck on adhesive tape. 

Fig. 7 illustrates some of these differences in the THz 
transmission signal in time domain spectrum as a 
function of the material through which the THz 
radiation is transmitted. The transmission curves 
associated with the regions with zinc powder and those 
without are similar in shape. However, the signal 
through the zinc powder stuck on tape is slightly 
diminished from that through the tape itself. In addition, 
in the overlapped tape region, the THz signal is slightly 

delayed in time, potentially due to the extra thickness of 
this region. This delay could in turn be used to 
determine the thickness of this layer. 

IV. CONCLUSION 
In summary, we have presented THz imaging and 

sensing results using THz Time Domain Spectroscopy 
in the transmission mode. A number of imaging modes 
and analysis methods have been demonstrated. Time 
domain and frequency domain imaging were carried out 
and compared. 
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