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T-ray Imaging and Tomography
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Abstract. We demonstrate two algorithms used for reconstructing the target’s structure based on the
diffracted pulses and additionally show that a three-dimensional target can be reconstructed using
the broadband pulses and a Fresnel lens by virtue of its frequency dependent focal length. One
advantage of T-ray imaging is the ability to measure the far-infrared spectral response of the target.
To highlight the importance of this spectral information, we demonstrate T-ray classification imaging
with different biological samples using a simple classification algorithm and two dimensional T-ray
spectroscopic images.
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Introduction

Terahertz (THz) wave occupies a large portion of the electromagnetic spectrum
between infrared and microwave band ranging from 0.1 to 20 THz, has wide po-
tential application in material science, astronomy and biomedical fields. For over a
decade, ultrashort THz pulses have been investigated for applications including
measuring the optical properties of materials in the sub-millimeter wavelength
regime, tissue burn diagnostics and DNA analysis [1, 2]. THz time domain spec-
troscopy (THz TDS) {3] is one of the most interesting technologies. THz TDS is
coherent in that it provides the measurement of THz electric field ETHz(t) rather
than of the intensity |IETHz(z)I. As a result, the phase information is preserved, and
one may determine the sample’s complex dielectric function without resorting to
Kramers-Kronig relationship.

The photon energies of THz radiation is in the range 0.4 to 80 meV, which
corresponds to the range of energies associated with changes between molecular
energy level [4]. Using transition frequency information and the complex refractive
response function, it is possible to identify the chemical components of samples.
Mittleman’s group demonstrated real time gas mixture analysis using THz TDS [1].
Brucherseifer et al have undertaken the time-resolved THz transmission analysis
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of polynucleotides, which confirms that the complex refractive index is strongly
dependent on the hybridization state of DNA molecules [5].

One of the main applications of THz TDS is imaging. In imaging applications,
it would be valuable not only to generate the structure image of the sample but
also perform spectroscopic analysis and identification. THz TDS imaging allows
local THz spectra to be determined at every image pixel. Various THz image tech-
niques have been demonstrated in past decade [6-8], for applications as diverse as
moisture analysis, package inspection, biomedical diagnosis, and gas sensing.

Three dimensional (3D) T-ray imaging has been an important recent focus.
Reflection mode THz tomographic imaging has been demonstrated [9], however,
the reconstruction algorithms are based on the assumption of negligible dispersion
and therefore the spectra information is lost. Recently T-ray computed tomography
based on the assumption of straight-line propagation of THz radiation according
to the Radon transform [10, 11]. Here we present several THz 3D tomographic
imaging modalities based on a wave equation propagation model incorporating
diffraction. These methods potentially allow more general targets to be imaged.
Section 1 presents the T-ray diffraction tomography system and describes two
methods of image reconstruction. Section 2 describes an additional tomographic
imaging method which utilizes a Fresnel lens to image each tomographic slice
simultaneously by considering the image formed by each frequency component of
the broadband THz pulses. We then illustrate the power of T-ray spectroscopic ima-
ging by considering the problem of the identification of unknown powders within
envelopes. A classification system for 2D T-ray spectroscopic images is presented
in Section 3. Finally Section 4 discusses the implications and future directions of
this work.

1. THz Diffraction Tomography

Neglecting polarization THz waves satisfy the scalar Helmholtz wave equation
V2u(r) + k(r)*u(r) = 0 (1)

where u(r) is the THz distribution function and k(r) is the wave number of the
THz field. For simple samples consisting of well separated layers in a homogenous
background media we can develop a simple tomographic reconstruction algorithm,
which avoids the need to invert the Helmholtz equation. THz-TDS measures the
THz time domain waveform, provided the THz pulse is short enough, it is possible
to truncate the scattered waves to obtain the local spectra that resulted from each
layer of the target. By Fourier transforming the truncated time domain pulses we
can perform a tomographic reconstruction using a back propagation algorithm at
all available THz frequencies. In the case of a homogenous background the wave
number is a constant and, the scattered wave can be predicted by the Rayleigh-
Sommerfeld diffraction formula {12],
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Figure 1. T-ray DT schematic setup. Lenses were used to expand the pump and probe beams
to a diameter of 2.5 cm. THz pulses were generated using a wide aperture photoconductive
antenna and detected using 2D electro-optic sampling in a 4 mm thick <110> ZnTe detector
crystal.
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where ry) is the distance between the measurement point and a point in the target,
is the measurement surface normal and A is a measurement surface. For any solu-
tion u(k; r) of Eq. (1), u(-k; r) is also a solution. Based on the measured scattered
wave, we can reconstruct the scattering centers by reversing the wave propagation
direction and using Eq. (2) to predict the scattering center distribution. This method
is similar to the method described in Ref. [13], which performed backpropagation
of the time domain Rayleigh equation to reconstruct a 2D aperture image.

Figure 1 shows the imaging system used to study the THz diffraction. THz
pulses were generated using a regeneratively amplified Ti:sapphire laser (Spectra
Physics Hurricane) with an average output power of 700 mW, center wavelength
of 800 nm, -a pulse duration of 130 fs and a repetition rate of 1 kHz, incident on a
14 mm wide aperture photoconductive antenna with a bias of 2000 V. The pump
and probe beams were expended to 25 mm (1/e) and resulted in the generation of
approximately plane wave THz radiation with a beam diameter of 25 mm. The 2D
THz formed on the EO crystal (4 mm thick <110> ZnTe) modulated the probe
beam pulse via the EO effect. The image carried by the probe beam was focused
onto a CCD camera by a lens.

Figure 2 shows the schematic of a simple targets’ arrangement and the re-
constructed image of the target resulting from equation (2). Here we used the
windowed Fourier transformation to obtain local spectra, and-applied the image
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Figure 2. The schematic target arrangement and reconstructed image of the target according
to equation (2), The targets are Polyethylene plastics sheets with holes patterns. The distance
between 2 samples are-4.5 cm. The reconstructed image shows the correct spatial relationship
between these holes.

reconstruction using each window. The hole pattern on the 2 samples was correctly
reconstructed,

In more general case, the wave number is a spatial function. In this case we
utilize classical diffraction tomography methods to solve a linearized form of the
Helmbholtz equation. We rewrite the wave equation

(V2 + k§)us (r) = —u(r)o(r) 3)

where the field u(r) is the sum of the incident, uy(r) and scattered u;(r) components,
o(r) is the target function of interest and &y is the wave number of the background
medium. We deal with the reconstruction at a single frequency, which is achieved
by Fourier transforming the received pulses. A solution to this equation can be
obtained in terms of the Green’s function,

ug(r) = / G(r — o u(Hdr' )]

This equation cannot be solved directly. In order to resolve it, we need to use the
Born and Rytov approximations. T-ray tomographic imaging technology is based
on these two approximations [14]. Using this reconstruction algorithm we measure
the diffracted field on the CCD for a number of projection angles. This is accom-
plished by rotating the sample. The Fourier Diffraction theorem and interpolation
in the spatial frequency domain are then used to reconstruct the spatial object
function. In T-ray experiments we found that Rytov approximation provided more
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Figure 3. (a) The geometry of polyethylene rectangular cylinders, which dimensions of
2.0 mm by 1.5 mm, 3.5 mm by 1.5 mm and 2.5 mm by 1.5 mm. (clockwise from top). (b)
Reconstructed cross-section of the polyethylene cylinders.

accurate solution. We used a sample to test this system. The sample is consisted of
3 polyethylene rectangular cylinders; its cross section is illustrated schematically in
Figure 3a. The reconstruction was performed using a frequency of 0.2 THz, which
provided the maximum signal to noise ratio (SNR) for our antenna source. The
reconstructed cross section reflected the correct spatial relationship between the 3
cylinders.

The present methods are only applicable to weakly scattering objects. In the
future non-linear iterative techniques will enable more general targets to be recon-
structed.

2. Fresnel Lens Tomography

The focal length of a Fresnel lens is linearly proportional to frequency. This unique
property allows tomographic imaging of a target using multiple frequencies. Using
a Fresnel lens at different frequencies of the imaging beam, we are able to image
the objects at various positions along the beam propagation path onto the same ima-
ging plane. This procedure enables the reconstruction of an object’s tomographic
contrast image by assembling the frequency-dependent images. A binary lens is a
Fresnel zone plate with phase or amplitude modulated patterns, formed by a series
of concentric ring structures. The main focal length is defined as,

2 2
fv=—2%=—2—"évo<u 5)

where rg is the Fresnel zone period with a dimension of area, A is the wavelength,
¢ is the speed of light, and v is the frequency. The focal length f, is linearly
proportional to frequency v. For a single-lens imaging system, under the paraxial
ray approximation, the relationship between object distance z, image distance z’
and the focal length f, is governed by the imaging equation,



252 S. WANG ET AL.

11 o

2 7 £
If the image plane position is fixed, and therefore z is fixed, for a wave with fre-
guency v, due to the frequency dependent focal length f,, the object distance z is
also frequency dependent. Combining Eqgs. 5 and 6, yields,
2,1
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At each frequency v, there is a corresponding value of z, and a target at this position
z can be well imaged onto the position z’ at the imaging plane. In order to keep the
imaging distance z > 0, it requires z’> r;‘; v/2¢. The experimental setup of the ima-
ging system with a CCD camera was similar to the one used for the characterization
of a THz wave reported elsewhere. [15] A 30-mm diameter silicon binary lens with
afocal length of 2.5 cm at 1 THz was used as the THz wave Fresnel lens. The meas-
ured two-dimensional THz field distribution at each frequency formed the image of
THz field transmission of a target at each corresponding position along the z-axis.
Figure 4 schematically illustrates the tomographic imaging arrangement. Three
plastic sheets with different patterns were placed along the THz beam path, and
their distances to the lens, corresponding to z in Eqn. 7 were 3 cm, 7 cm and 14 cm,
respectively. Inverted images of patterns on the sensor plane at distance z’ = 6 cm
were measured at frequencies of 0.74 THz, 1.24 THz, and 1.57 THz, respectively.
At each frequency, the Fresnel lens imaged a different plane section of a target
object corresponding to a certain depth while images from other depths remained
blurred. Each point in the different object planes along the z-axis was mapped onto
a corresponding point on the z’ plane (sensor plane) with the magnification factor
Z’/z at their corresponding frequencies. The ratio of the measured image size to the
actual size of the pattern agreed well with the calculated magnification factor.

3. T-ray 2D Classification Imaging

The ultimate goal in all terahertz systems is to extract information of the sample
under test. Here we desire to detect and differentiate between different samples
based on their terahertz response. Classification involves producing meaningful
material distribution maps via identification of individual pixels or groups of pixels
with similar spectral responses (spectral signatures). These pixels or groups rep-
resent different materials or classes. The actual data associated with each pixel are
analyzed mathematically using computer driven algorithms.

We have demonstrated a simple classification system using the Mahalanobis
[16] distance as the discriminant function. This is one of a class of minimum
distance classifiers. It assumes that the data for each class are normally distributed,
thus the samples drawn from each class will form a cluster in N dimensions, with a
center given by the mean vector, L, and shape dependent on the covariance matrix,
2. These parameters can be estimated,
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Figure 4. Schematic illustration of the tomographic imaging with a Fresnel lens. Targets at
various locations along the beam propagation path are uniquely imaged on the same imaging
sensor plane with different frequencies of the imaging beam. Three plastic sheets were cut
with different patterns placed 3 cm, 7 cm, and 14 cm away from the Fresnel lens. The multiple
patterns are imaged on the sensor at a distance of 6 cm from the Fresnel lens, with inverted
tomography images of the patterns at the frequencies of 0.75 THz, 1.24 THz and 1.57 THz, re-
spectively. The measured image size is determined by the frequency dependent magnification
factor, which is defined as z’/z.

u = E[X],
T =E[X—-mX-mwT ®

The Mahalanobis distance calculates the distance of a given point from the mean
value for a given class normalized by the variance of the training vectors in that
direction. For a given class, k, the distance is defined as,

d(X) = (X — ) TZ7HX — )" ®

Classification is performed by selecting the class that has the minimum Mahalan-
obis distance.

A number of samples were imaged using a 2D THz imaging system. The system
utilized a chirped probe pulse to allow the THz temporal profile to be measured
simultaneously and raster scanned the target to obtain the THz response at each
pixel. This system has been described in detail previously [17].

The samples imaged were a powder pattern and an envelope containing Bacillus
thuringiensis (BT) spores. Figure 5 shows an optical image, THz image, classi-
fied image and waveforms of the powders respectively. Four different powdered
samples: flour, salt, baking soda and seasoning (800 milligrams of each) were
placed inside a paper envelope and imaged with THz system. The four powders
have very similar THz responses (Figure 5d), however, the minor differences in
THz transmission waveform can be discriminated using the classification algorithm,
and the classification result is shown in Figure 5c, which clearly shows that the
pattern consisted of different classes.
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Figure 5. (a) The photograph of the pattern formed by four different powders, from left to
right: flour, salt, baking soda and seasoning (800 milligrams of each). (b) The THz image of
the powder sample that placed inside a paper envelope. (c) The classified THz image using

the classification algorithm, this image shows that the pattern consisted of different classes
labeled with different colors.

(a) (b)

Figure 6. (a) The THz image of envelop containing 500 milligrams of B. thuringiensis spore,
the image was taken at 0.3 THz. (b) The THz classification result, the B. thuringiensis spore
was located at the middle bottom.
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To assess the applicability of THz imaging to Anthrax detection we considered
samples of BT bacteria. We used BT as a safe alternative to Bacillus anthracis
(anthrax). BT can be used to closely simulate anthrax due to the fact that the BT
genome is identical to that of anthrax, apart from a short DNA sequence that codes
for the toxin — for this reason they are regarded as even being the same species [18].
While the anthrax toxin is fatal to humans, the BT toxin is only fatal to insects.
Approximately 500 milligrams of B. thuringiensis spore flakes were placed inside
an envelope shown as Figure 6a, and then imaged using the THz system. The THz
classification result is shown in Figure 6b.

4. Conclusion

T-ray diffraction tomography is very attractive due to its ability to extract the fre-
quency dependent refractive index at each pixel of a 3D image. It can be performed
relatively quickly by aid of 2D THz imaging, and the diffracted field is explicitly
used in the reconstruction allowing a wide class of targets to be reconstructed.
Future work in T-ray DT systems will focus on improving the signal to noise ratio
and the development of accurate and robust reconstruction algorithms. A Fresnel
lens allows tomographic images to be obtained without requiring rotation of the
target; it has the potential to acquire 3D images of targets quickly. However, this
method does not provide spectroscopic information.

The THz spectrum is a rich source of material information and ailows the identi-
fication of material species such as bacterial spores hidden inside optically opaque
material. The preliminary experiment result shows that T-ray classification imaging
can be used to obtain identification images. The computational complexity of the
algorithms is a vital concern as systems head towards real-time data acquisition.
This could be improved further by optimizing the software implementation.

Applications of these techniques may include 3-dimensional biological imaging
and anthrax and TNT detection for mail, package and luggage screening.
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