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1. Introduction

Tomography is an imaging technique that allows for the reconstruction of the
internal structure of objects. Conventional magnetic resonance imaging (MRI) and
X-ray computed tomography (CT) scans use tomography to create 3-D
reconstructions of samples.! Terahertz (THz) time domain spectroscopy (TDS),
however, offers an alternative to MRI and CT due to its low-energy, non-ionizing
radiation and reasonable penetration lengths.?

THz tomography systems have been used to analyze various materials and study
3-D shapes.’ The field of tomography has also been well established in widely
used techniques as MRI and CT scans. Here we report on our development of a
THz tomography system, with potential uses in the nondestructive imaging of
Army platforms.

The fundamental idea in 2-D tomography (creating a tomographic image in the xy
plane of Fig. 1) is that we can acquire spectra for points along the x axis and through
different 8 angles from 0° to 180°. For 3-D tomography, collecting spectra along
the third axis (the z axis) allows us to combine multiple 2-D images to create a 3-D
image. Experimentally, it is important to keep track of the rotation center: the
simplest way to do so is to collect data along the x axis such that the origin is in the
center of the x axis raster.

YvA4

Fig.1  Scanning directions for a THz tomography system. The sample is rastered along
three linear directions x,y,z and one angular direction 8. A THz spectrum is taken at each
point.



Mathematically, the sample is defined by a function a(x,y), which is the
distribution of the material’s absorption coefficient over the shape of the sample.
Let us also define a line L(l, 8) by two parameters [ and 6 (Fig. 2). The parameter
[ describes the offset from the origin, and the parameter 8 describes the angle of
incidence. If an incident beam of intensity I, travels through the line L(l, 8), the
transmitted beam, assuming a Beer’s Law attenuation model, is

I, = Ije hap @

(1)

InEq. 1, [ L) © dL is the line integral of the absorption coefficient over the line
L(l,6).
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Fig.2  Mathematical principle behind tomography

Reparametrizing the line integral gives

ey @dl = [I2, a(x,y)8(x cos(8) — y sin(6) — D dxdy.  (2)

Experimentally, the THz emitter provides I, and we can measure I} (; gy for several

ILae)

angles 0 and offsets [. If we plot the measured —ln( ; ) ratio for each line

0

L(l, 8), we obtain a sinogram S(l, 6):

Iy

S, 0) = 1n< ) = fffooo a(x,y)8(x cos(8) —y sin(0) — ) dxdy. (3)

ILe)

Experimentally, we must keep track of (l,6) for each THz spectrum, thus
necessitating that we keep track of the center of rotation. Equation 3 is a functional
transform, called the Radon transform R:

S(1,6) = Ri{a(x,y)}. (4)



S(1,8) is experimentally determined. So, the mathematical problem is to find
a(x,y) when given S(I, 8). This is accomplished with the inverse Radon transform:

a(x,y) = RS 0)). (5)

We implement the inverse Radon transform via the filtered back projection
algorithm. Essentially, with the filtered back projection algorithm, we can relate the
sinogram to the 2-D Fourier transform of @. We can then inverse Fourier transform
to obtain « in real space. Other inverse Radon transform algorithms exist, each with
their own advantages and disadvantages.®’

2. Experimental

To demonstrate the utility of THz TDS as a tomographic investigation tool, we
imaged the internal structure of a pencil sharpener. We scanned from 0° to 180° in
10° increments, giving us different 8 values. Scanning beyond 180° is unnecessary
because 10° and 190° incident rays travel the same path through the sample (Fig. 2).
The sample was rastered in the x direction (giving us different [ values, Fig. 2) and
in the z direction increments (giving several different 2-D cross sections). Without
a motorized angular stage, the entire process is quite time consuming.

Io

From each THz TDS spectra, we can determine the ratio . I 1s taken to be the

ILwe)
maximum peak-to-peak amplitude in free space and I g) is taken to be the

maximum peak-to-peak amplitude at the scan through the line L([, 8) (Fig. 3). The
sinogram S(l,6) for the pencil sharpener and the inverse Radon transformed
reconstruction are shown in Fig. 4.
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Fig.3 a) THz time domain pulse through free space and b) THz time domain pulse
traveling through the line L(l, 8). The delay in the L(l, 0) pulse and the decay in the amplitude
are due to traveling through material.
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Fig.4  a) Sinogram of the pencil sharpener, b) inverse Radon transformed sinogram to
reconstruct qualitative absorption coefficient, and c¢) and d) pencil sharpener used in these
experiments

In Fig. 4b, the scale bar is qualitatively related to absorption index. For example,
the high absorption middle is due to the oblong metallic piece in the pencil
sharpener: while the metal does not necessarily absorb THz radiation, it does not
transmit THz. The dark blue regions do not absorb any THz radiation—they are air.
The circular outline in Fig. 4b is due to increased absorption from the plastic
container. The lines present in Fig. 4b are due to insufficient angular sampling.

By rastering the THz system in the z direction, we can achieve 2-D scans at varying
heights to create a 3-D rendering. The rendering in Fig. 5 was produced by plotting
an isosurface of the data in Fig. 4b. In Fig. 5, the red portion corresponds to the
metallic centerpiece and the blue portion corresponds to the plastic surrounding the
sharpener.
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Fig.5 3-D rendering of the THz tomography pencil sharpener. The red portion
corresponds to the metallic center piece and the blue portion corresponds to the plastic
surrounding the sharpener.

3. THz Tomography for Nondestructive Evaluation of
3-D-Printed Devices

One of the potential applications of THz tomography is for the nondestructive
evaluation of 3-D-printed devices. It is often difficult, but very important, to inspect
the internal structure of such devices. Here, we aim to use THz tomography to
investigate the internal structure of a 3-D-printed polymer cube. The results are
shown in Fig. 6.
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Fig. 6  a) Cross-sectional view of the 3-D-printed cube, b) 3-D isosurface rendering, and c)
polymer cube

Figure 6a shows a cross-sectional view of the polymer cube. While a rough outline
of the square cube can be seen, the internal structure is computed to be hollow,
which is certainly not the case. The cause seems to be that cube edges lead to greater
THz scattering. Figure 6b shows the isosurface 3-D rendering, and Fig. 6¢ shows
the polymer cube used.

We also compared the THz tomography with X-ray microtomography, which is
shown in Fig. 7. The resolution of the X-ray microtomography allows for the



detection of micrometer-scale pores, which we cannot detect with THz TDS. The
diffraction-limited resolution of THz tomography and insufficient sampling limits
our ability to adequately detect small defects in this approach.
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Fig.7  X-ray microtomography of the polymer cube in Fig. 6¢
4. Conclusions

Here, we have implemented a THz tomography system. We have demonstrated the
ability of the system to reproduce cross-sectional images of objects. Yet, the utility
of the system is thus far limited by the diffraction limit of the THz waves and the
size of the objects being imaged. A small (~10 mm) 3-D-printed polymer cube was
imaged using both THz and X-ray tomography. The THz tomography system was
unable to successfully reproduce the cross-sectional view of the polymer cube but
was able to reproduce the outline of the polymer cube. Overall, THz tomography
has many potential applications, but resolution limitations in current configuration
have to be taken into account. These limitations could be potentially overcome by
implementation of resolution enhancement techniques such as metamaterial lens or
moving to higher operation at higher THz frequencies.
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