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ABSTRACT

In this paper, we present an approach to realistically simulate
terahertz (THz) transmission mode imaging. We model the
THz beam shape and account for the refraction of the THz
beam at the different media interfaces using ray optics. Our
approach does not require prior knowledge on the interfaces,
instead it utilizes the refractive index scalar field. We study
the beam shape and refraction effects separately by compar-
ing resulting sinograms with the ones simulated by a Gaussian
beam model, as well as with a real acquisition of a plastic ob-
ject. The proposed forward projection can be utilized in iter-
ative reconstruction algorithms to improve the quality of THz
CT images.

Index Terms— Terahertz imaging, computed tomogra-
phy, ray tracing, terahertz beam, forward projection

1. INTRODUCTION

The frequencies of THz waves range from 0.1 to 10 THz, and
the corresponding wavelengths from 3 mm to 30 ym [1]. THz
CT application domains range from detecting hidden organic
materials [2] and examining artwork [3], to detecting hidden
objects for security purposes (textiles are transparent for THz
waves) [4]. Studying the objects internal structure [5] and
quality inspection [6] are the examples of an industrial ap-
plication of THz CT. The low energy of THz radiation and
its non-ionizing property make it attractive for the medical
domain (e.g. skin scanning in reflection mode for cancer di-
agnostics [7, 8]).

In recent years, powerful reconstruction toolboxes were
developed for the X-Ray CT. One of them is the ASTRA tool-
box, which combines great flexibility in projection geometry
with an efficient GPU implementation of various reconstruc-
tion algorithms [9]. Although many advanced CT reconstruc-
tion methods have been developed in the field of X-ray CT,
they cannot be directly applied to THz CT. The two main rea-
sons are the finite Gaussian beam profile of the THz radiation
and beam refraction at material interfaces. The first results
in projection blur, while the second results in abrupt drops of
detected intensity near the interfaces.

Various applications of THz radiation require different
imaging setup. In diffraction tomography the scattering po-
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Fig. 1. Typical transmission mode THz imaging setup.

tential distribution of an object is reconstructed based on the
detected diffracted THz wave. There, THz radiation is de-
scribed by either Born or Rytov approximation of the wave
equation [10, 11, 12]. Alternatively, the beam can be focused
on an object, followed by a point-by-point scan in either
transmission or reflection mode. The latter one is preferred
when transmission measurement is impossible, e.g., due to
high water absorption [12, 13]. Examples of transmission
mode THz scanning simulation can be found in [5, 14, 15],
where THz radiation is simulated with ray tracing technique.
In [5, 15] beam is approximated with a finite number of rays,
when each ray can be refracted and reflected independently
from the others.

In this paper, we present a 2D forward projection model
of transmission mode imaging that takes both the beam shape
and refraction into account without prior knowledge of mate-
rial interfaces. The model is based on ray tracing, which is
widely used for the simulation of light propagation. We vali-
dated our model on simulated data and compared the resulting
sinogram to a real acquisition of a plastic object.

2. THZ IMAGING SIMULATION

In order to simulate transmission mode THz forward projec-
tion, we consider three major features of THz imaging setup:
raster scanning acquisition projection geometry, beam shape,
and beam refraction at the interfaces. We describe each of
them separately in the following subsections.

2.1. Projection geometry

A typical transmission mode THz imaging system includes
collimating lenses Ly, L3, and focusing lenses Lo, L4 (see
Fig. 1) [1, 15, 16]. In this 2D schematic, the beam is propa-
gating along the x-axis, and the object is placed on a rotation



stage, which is attached to the translation stage to perform
pixel-wise scanning. To achieve the best possible resolution,
the sample needs to be fixed in the focal point, which is as-
sumed to be the center of coordinates. This procedure is then
repeated for every projection angle 6.

The imaging setup from Fig.1 resembles the parallel
beam geometry of raster-based X-ray scanning. Here how-
ever, due to the beam shape with non-zero waist and beam
refraction, the size of lens L3, the distance from source to
sample, as well as from the sample to the detector all play an
important role in how much intensity will be detected on a
pixel. Thus we update the parallel beam geometry with the
mentioned parameters (see Fig.2, where SO is the distance
from the source to the center of coordinates, and OD is the
distance from the center of coordinates to the detector).

To simulate the THz beam, we cast multiple rays and com-
pute the ray intensity at the end of its path L according to the
Beer-Lambert law:

Rj(t) = Roe™ Jurew)ds =1 Np, (1)

where Ry is the initial ray intensity, u(z,y) is the attenua-
tion coefficient at (z,y), and Ny is the number of rays cast
per beam. When all the rays are traced up to the end of the
volume, the resulting detected intensity value is stored in the
detector pixel:
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where NV, is the number of rays that hit the detector.
This approach allows not only to take the THz beam shape
into account, but also refraction.

2.2. THz beam model

The THz beam intensity can be approximated with a Gaus-
sian function [17]. The beam intensity I(x,y, z) at a loca-
tion (x, y, z) of the 3D beam with wavelength A and waist wy
propagating through the air along the z dimension is defined

as follows:
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In this paper, we use 2D Gaussian beam propagating

along the x-axis [18]:
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To simulate the 2D THz beam, we follow the approach
proposed in [15]. It is based on casting multiple rays towards
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Fig. 2. Forward projection geometry for THz CT.

the beam focal point, where each ray is defined by a randomly
sampled offset along the beam slice axis 1) ~ N (O, ai) and

its angle with propagation axis ¢ ~ N (O, ai). We will refer
to this model as Monte Carlo based Ray Tracing (MC-RT).

2.3. Beam refraction

We account for refraction in the forward projection as it has
been shown to increase reconstruction quality [14]. Refrac-
tion is usually computed on known interfaces [5, 14], how-
ever, prior information on the interfaces (e.g., from the CAD
model) is not always available. Yet it is possible to provide
at least the first guess of the refractive index scalar field and
use it for ray direction updates during ray tracing. Then, the
refractive index map can be updated during an iterative re-
construction. This approach is commonly applied to create
realistic volume render (e.g., in [19, 20]). One way to utilize
the refractive index scalar field is based on the differential
equation that describes ray propagation through the continu-
ous scalar field n(z,y) that defines refractive index at (x,y)

[19]:
d dr o
s (77%> =Vn, (5)

where 7 is the ray direction. Eq. (5) requires n(x,y) to be
differentiable, which in turn requires a smooth function. On
the other hand, oversmoothing of n(z, y) leads to a slower”
change of 7, which results in significant displacement of the
refraction point. This can be a problem when simulating re-
fraction on objects with sharp edges and high refractive index
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Fig. 3. Beam shape artifact in simulated sinograms. Gaussian beam is simulated with A = 1mm, wy = 3mm, MC-RT is run

with 102 rays per beam.

(e.g., plastic objects). In our work, we implemented refraction
at the pixel edge, where unit vector ‘gz
normal vector, as proposed in [21]. This approach leads to a

smaller displacement of the refraction point than ray tracing
based on Eq. (5).

is used as a surface

3. EXPERIMENTS AND RESULTS

Simulation experiments were set up to validate the proposed
THz forward projection simulator.

3.1. Beam shape evaluation

We evaluate the beam shape simulation by comparing the re-
sulting sinogram with the one simulated using the 2D Gaus-
sian from Eq. (4), where each projection pixel py(t) is com-
puted as

pe(t) = / / g(x,y)d(x cos @+ ysin b — t)dxdy, (6)

where g(x,y) = f(z,y) * Ip(z,y), and Ip(z,y) is the 2D
Gaussian beam intensity at angle §. We further refer to this
model as Gaussian Beam Convolution (GBC). Each pixel
of the GBC sinogram is a measure of the beam attenua-
tion, while our forward projection simulation returns the

0.016

0.014

0.012

0.010

Sinogram MAD

0.008

0.006

T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
Rays per beam

Fig. 4. Mean absolute difference (MAD) between GBC and
MC-RT sinograms for the Shepp-Logan phantom.

intensity value for the detector pixel. To compare the two

sinograms, we compute the log transform of the MC-RT

sinogram: py(t) = —log (dilff)), where dj is the detected

intensity without an object, then normalize both sinograms
with their maximal values (see Fig. 3). The more rays are cast
for MC-RT, the better the Gaussian beam is approximated
(see Fig.4). On the other hand, this makes MC-RT more
time consuming (e.g., for a 400 x 400 Shepp-Logan phantom
MC-RT takes ~ 500 sec. on an Intel Core i7-9700K CPU).
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Fig. 5. Simulation of acquisition of a cylinder object. MC-
RT is run with 10° rays per beam, the refractive index of the
sample is set to 1.77.

3.2. Refraction evaluation

To validate our forward projection, we simulate the acqui-
sition of the cylinder made of PEEK originally described in
[16]. The cylinder diameter is 25 mm and refractive index is
1.77 (see Fig.5). Refraction can direct the beam away from
the detector, possibly resulting in projection regions with zero
detected intensity, as is clearly visible in the projection of the
cylinder sample. The decrease in intensity depends on the
wavelength and the beam waist, as well as the transmission
coefficient. A qualitative comparison shows good agreement
to the measured data obtained in Fig. 10a of [16].

4. CONCLUSION AND FUTURE WORK

The proposed approach is able to realistically simulate THz
imaging by taking into account the THz beam shape and the
THz beam refraction. Experiments showed that MC-RT is
equivalent to the GBC model, but unlike the latter MC-RT
allows to take refraction into account. On the other hand, MC-
RT quickly becomes time consuming with increasing number
of traced rays. As future work, we intend to incorporate our
simulation in iterative reconstruction algorithms as a forward
projection model, as well as to extend it to 3D.
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