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ABSTRACT | T-ray wavelengths are long enough to pass
through dry, nonpolar objects opaque at visible wavelengths,
but short enough to be manipulated by optical components to
form an image. Sensing in this band potentially provides
advantages in a number of areas of interest to security and
defense such as screening of personnel for hidden objects and
the retection of chemical and biological agents. Several private
companies are developing smaller, reliable cheaper systems
allowing for commercialization and this motivates us to review
a number of promising applications within this paper. While
there are a number of challenges to be overcome there is little
doubt that T-ray technology will play a significant role in the
near future for advancement of security, public health, and
defense.
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Fig. 1. The T-ray band and its neighboring designations. The T-ray
band is loosely defined to be between 0.1 and 10 THz, the lower part
and upper part of which overlap with the conventional designations of
EHF microwave (millimeter wave) and far infrared, respectively.

I. INTRODUCTION

The T-ray region of the electromagnetic spectrum has
proven to be one of the most elusive. T-ray radiation is
loosely defined by the 0.1 to 10 THz frequency range
(where 1 THz is 10'? cycles/s). Situated between infrared
(IR) light and millimeter wave radiation (see Fig. 1), the
terahertz gap is resistant to the techniques commonly
employed in these well-established, neighboring bands.
Inefficient generation techniques and high atmospheric
absorption constrained early interest and funding for
THz gap science [1]-[3].

In the early to mid-1990s, however, the T-ray region
became more accessible due to ultrafast pulsed sources and
detectors based on pulsed laser excitation, which generate
and detect free space T-ray radiation [4]. Two broad classes
of T-ray generation and detection relying on ultrafast laser
pulses have been developed. The first, using photocon-
ductive antennas (PCAs), was reported by Mourou et al.
[5] in the GHz range and then extended into the THz
region by Auston et al. [6]. This method was further
developed at Bell Labs [7] and the IBM Watson Research
Center [8], and is now used in a commercial product from
Picometrix Inc, MI [9], [10]. The second method, using
the nonlinear effects that exploit optical rectification (OR)
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and electrooptic sampling (EOS), was first observed by
Hu et al. [11] and Wu et al. [12], and used in a com-
mercial product by Zomega Terahertz Corp, NY [13].
Large-scale stand-alone imaging systems became available
in 2002 from TeraView Ltd. [14] and Nikon Corp. [15].
As the THz gap has been opened up, T-rays are being
used for an increasing range of sensing and imaging
applications.

In general, nonpolar, dry, and nonmetallic materials
are transparent or translucent to T-ray radiation. There-
fore, weapons concealed beneath clothing or products
contained in plastic packages can be seen by T-ray sensors.
This transparency motivates the use of T-rays in quality
control and security applications [16]-[18]. The strong
absorption of T-ray energy by water molecules, which
complicates measurements in open-air settings, has merits
in biology, where T-rays are highly sensitive to the hy-
dration level in biological tissue [19], [20]. Furthermore,
the application of T-rays to human tissue is harmless, as
T-rays are nonionizing [21].

Regarding fundamental science, T-rays are of great
importance to material spectroscopy. Essentially, most
polar molecules either in the solid or liquid phase absorb
unique T-ray energies for their intermolecular vibrational
transitions [22]-[24], whereas polar molecules in the gas
phase have their rotational transition energies spanning
the microwave and T-ray frequencies [25]-[27]. The
absorption spectrum across this range, therefore, allows
material characterization, classification or recognition by
means of T-ray spectroscopy [28], [29]. Moreover, mod-
erately doped semiconductors also have plasma frequen-
cies and damping rates in the T-ray frequency region, i.e.,
between 0.1 and 2.0 THz [30], [31]. The plasma frequency
and the damping rate are proportional to the carrier den-
sity and mobility of semiconductors, respectively [34]—
thus, T-ray spectroscopy is ideal for the study of carrier
dynamics in semiconductors. T-rays are also used to sti-
mulate Rabi oscillations in two-level impurity states in
semiconductors, which enables the manipulation of
physical qubits [33]-[35].

This paper aims to provide readers a review of research
carried out by the Adelaide T-ray group, with collabora-
tors, during the past few years. Initiated by the researchers
from several disciplines, the research covers a wide range
of T-ray applications, from biology, medicine, chemistry,
material science, and security, to fundamental hardware.
As such, the paper is divided into several independent
sections as follows:

e  Section II briefly discusses the potential sources of
uncertainty in widely used terahertz time-domain
spectroscopy (THz-TDS) systems. The target
material’s optical constants at T-ray frequencies,
determined from THz-TDS, are affected by these
sources of uncertainty. The mathematical relations
between the source variances and the optical
constant variances are derived.
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Section III gives an overview of the value of
different molecular modeling techniques for the
prediction of vibrational modes, especially in the
mid-infrared and terahertz region. There is a wide
range of different levels of theory available for
molecular modeling—the choice depending on the
kind of system to be investigated. For our calcula-
tions we apply different theoretical approaches
such as Hartree—-Fock and density functional
theory using readily available electronic structure
programs: Gamess-US and Gaussian03.

Section IV reviews the methods used for T-ray
liquid spectroscopy, including the limitations on
the SNR of this technique and proposed
improvements.

Section V presents a new bioaffinity sensor based
on double-modulated differential time-domain
spectroscopy (DTDS). The sensor is fabricated
from biotin which is able to effectively bind with
the target molecules, avidin. The high sensitivity
of double-modulated DTDS enables detection of
ultrathin bound avidin layers in the order of a few
micrometers.

Section VI introduces existing research into T-ray
biotissue inspection and modeling, and features
one modeling technique that could be used to
predict T-ray behavior in layered media. For T-rays
to mature into a trusted medical diagnostic tool,
it is paramount to understand T-ray interaction
with biotissue. Heterogeneous and layered, bio-
tissue are particularly complex to model.
Section VII investigates microwire fibers for low-
loss terahertz transmission. Microwires, air-clad
wire waveguides with diameters smaller than the
operating wavelength (a few pm), have an en-
hanced evanescent field resulting in a low loss
waveguide structure for the terahertz frequency
regime. Based on our experimental data for the
bulk material absorption of diamond, glass, and
polymer, we calculate the normalized field distri-
bution, power fraction outside the wire and
effective loss.

Section VIII provides a comprehensive review on
the different T-ray near-field imaging techniques
in the literature that can be broadly classified into
three groups: aperture, tip, and highly focused
beam methods.

Section IX highlights two possible rendering
techniques and the result of applying them to
T-ray data. Innovative T-ray data rendering tech-
niques allow analysis of T-ray data to advance
beyond conventional time- and frequency-domain
plots. A plethora of established rendering and
image enhancement techniques exist in the opti-
cal frequency range—some of which may be
adaptable for T-rays.
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e Section X demonstrates 3-D T-ray tomography
techniques. T-ray computed tomography or dif-
fraction tomography yields cross-sectional images
of dielectric targets based on transmission mode
T-ray functional imaging. An ensemble of the
images is used to determine the 3-D shape of the
object, visualized by a surface rendering technique.

e Section XI, as an extension to Section X, ap-
proaches T-ray local tomography with a wavelet-
based reconstruction algorithm. This algorithm
can be used to recover the area of interest for rapid
T-ray measurement, compared with a traditional
reconstruction algorithm. An image recovered
from approximate and detailed reconstruction
coefficients using the current algorithm is also
illustrated.

e Section XII demonstrates the use of T-rays in
substance retection for parcels and packages. We
outline a case study demonstrating retection of
lactose through various plastic layers at room
temperature.

II. THz-TDS MEASUREMENT
UNCERTAINTY ANALYSIS

An ultrafast-pulsed terahertz time-domain spectroscopy
(THz-TDS) system is composed of several mechanical,
optical, and electronic parts [36], [37], each of which has a
limit in precision and a range of uncertainty. In operation,
the uncertainty of these parts contributes to the total
uncertainty appearing at the output, i.e., the uncertainty in
the extracted optical constants of a measured sample.

In this section, we show how the sources of uncertainty
propagate to the output, and we derive a mathematical
relation between each source variance and the output
variance. In addition to the uncertainty arising from the
hardware, the analysis also considers sources of uncer-
tainty that might take place throughout the parameter
extraction process (for more information about the
parameter extraction process, see, e.g., [38], [39]).

The assumptions of the THz-TDS measurement
considered here are that: i) a sample under measurement
is a dielectric slab with parallel, flat surfaces; ii) scattering
and reflections at the surfaces are negligible; iii) the
incident angle of the T-ray beam is normal to the sample
surface; and iv) the reference signal is measured under the
same conditions, except for the absence of the sample.

Fig. 2 shows propagation of uncertainties during the
THz-TDS measurement and the parameter extraction
process. The first uncertainty involves error in positioning
of the delay line stage, which delays the optical probe pulse
by using a pair of moving mirrors. This uncertainty affects
the sampling time of an optically gated detector.
Combined with electronic and optical noise, the uncer-
tainty in the sampling time gives rise to uncertainty in the
sampled T-ray pulse amplitude.
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Fig. 2. Propagation of uncertainties. The uncertainty sources
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When measured T-ray signals, including reference and
sample signals, undergo signal processing to extract the
optical constants, the amplitude error propagates through
the Fourier transform and deconvolution stages. An
additional uncertainty occurs during the process of phase
unwrapping.

The parameter extraction process requires knowledge
of the sample’s thickness and its orientation. This step
introduces uncertainty in the thickness measurement and
uncertainty in the sample alignment. In addition, the error
in air refractive index estimation contributes to the overall
uncertainty. Eventually, all these errors accumulate and
contribute to the uncertainty in the measured optical
constants.

Before the mathematical expressions of uncertainty are
given, the notation used is summarized in Table 1. The
analytical expression for each individual source of
uncertainty that contributes to optical constant variance
is as follows:

1) Amplitude Uncertainty: Given the amplitude variance
of time-domain reference and sample signals, denoted by
Ubgrof(k) and ngam(k), respectively, the amplitude-related
variances in the optical constants read

o2 (W) = c? A(w) B(w) a
() [wd] Egam(@)[* |Erer(@)[* ] o
ol p(w) -4 e
T @ Ban @) Bt (@)
n(w) —ng\’> 02p(w)
o) e ™



Table 1 Notation for Uncertainty Analysis

Symbol Description
é speed of light in vacuum
j /=1
R2 square of real part
a2 square of imaginary part
w angular frequency
no index of refraction of air
n(w) index of refraction of material
K(w) extinction coefficient of material
o(w) absorption coefficient of material, & = 2wk /c
l thickness of material
0 tilted angle of the sample (see Fig. 3)
d path length in material, d = I/ cos 6¢
k time index, running from 0 to N — 1
T sampling interval
Erot(w) reference signal’s complex amplitude
) sample signal’s complex amplitude
¢e(w) £ Esam (w) — LEyef (w)
o2 (w) variance in index of refraction
o2 (w) variance in absorption coefficient
where
N-1
2 . 2
Alw) = 3*[Esam (w) exp(]wkT)]aEm (k), (2a)
k=0
N-1
2 . 2
B(w) = S [Eret (w) eXp(]wkT)]UEmf(k), (2b)
k=0
N-1
2 . 2
Clw) = R [Esam (w) exp(jwkT)]op (k),  (2¢)
k=0
N-1
2 . 2
D(w) = R*[Eret (w) eprwkT)]aEref(k). (2d)

a—
Il
)

The summation is carried out over the time duration of a
recorded T-ray signal. In the equations, the amplitude
variance o7 (k) incorporates laser-instability fluctuations,
delay-line positioning error, thermal noise, background
noise, etc. Although the errors from different sources
evaluated here are combined, each error can be considered

independently.

2) Sample Thickness Uncertainty: Given the sample
thickness variance 012, the thickness-related variances of
the optical constants are

2 C 2 5
op(w) = [ﬁ ¢c(w) cos 9[} o2, (32)
2
Ji,l(w) = aTw) 012
_ 2
oG] b @
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3) Sample Alignment Uncertainty: This scenario is
illustrated in Fig. 3. Given the variance of the sample
alignment O’ét, the adjustment-related variances of the
optical constants are

7 o() =[5 6(w) tan ] o, (4a)
Jiﬁ(w) = [a(w) tan Ht}zasl
[ )| A

4) Air Refractive Index Uncertainty: Given the variance in
the air refractive index crﬁo, the air index-related variances
of the optical constants are

P (@) =02, (52)
) 2 n(w) —no 2 1 1,
Tmy (W) = 3 (Wﬂ X () +n*% 0,,-  (5b)

The total variance in refractive index and absorption
coefficient is given by

(W) + 00 (W) + 07 y(w) + 02 (W),

o, (6a)
oi(w) =0l g (w) + 02 (W) + o) g (W) + 07, (w)

(6b)

respectively—where simple addition in quadrature is
carried out as the sources of uncertainty are uncorrelated.
For further details see [40].

The uncertainty analysis presented in this section
enables future investigation of dominant sources of

sample: n(w)-ji(w)

air: 110

incident path

Fig. 3. Tilted sample in a T-ray beam path. The T-ray path inside

the sample d is longer than the sample thickness |. This exaggerated
figure illustrates a small deviation from the normal, which might
occur due to sample alignment uncertainty.
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uncertainty in the system, and also enables system opti-
mization. Moreover, a parametric sensitivity analysis can
be performed with these equations.

It should, however, be noted that the model is a first-
order approximation, which is valid in the case where
sources of uncertainty have variation limited to a small
vicinity. In the case of sample alignment uncertainty, the
first-order approximation of variance does not result in
workable relations for describing the variance of the op-
tical constants. A higher order analysis of uncertainty is
thus in progress.

ITI. PREDICTION OF THz SPECTRA

A. Introduction

Computational chemistry has long been a versatile tool
for the prediction of infrared spectra of biomolecules
[43]-[48]. However, the assignment of distinct vibra-
tional modes using those calculations remains difficult in
the far-infrared and T-ray regions, mainly because the
agreement between theoretical and experimental data is
often not very consistent and strongly dependent on the
molecule. Various studies have shown good agreement
between calculated and experimental data [43], [44],
[49]-[51]. Recent studies indicate a reliable prediction of
the lowest modes in the very far-IR region is not possible
with common ab initio molecular modeling techniques or
density functional theory (DFT) [52]-[57]. So why is
there such an inconsistency of outcomes? In a previous
study [58] we investigated the use of ab initio molecular
orbital calculations of frequencies in the far-infrared
region for the identification of different isomers of the
vitamin A derivative, retinal. To further investigate this
problem, we performed mid- and far-IR measurements as
well as density functional calculations on another
molecule also derived from vitamin A, and therefore of
similar structure to retinal. We also repeated the retinal
calculations using DFT.

There has long been an interest in the low-frequency
vibrational modes of these so-called retinoids, especially in
all-trans retinal [43], [44], [59], [60]. Retinoids are a group
of molecules chemically derived from the dietary supple-
ment vitamin A, formed through oxidation reactions.
Retinal or retinaldehyde is fundamental in the transduc-
tion of light into visual signals in the photoreceptor level of
the retina [61]-[64]. Retinoic acid is a carotenoid organic
compound that is a component of visual pigments. It
causes cell differentiation, and plays a part in the growth
and development of embryos [65]. Medicinally, it is used
in tretinoin creams for the treatment of acne and other
skin disorders. It is also a component of many commercial
products that are advertised as being able to slow skin
aging or remove wrinkles [66], [67]. In addition, it is used
to treat at least one form of leukemia by causing the blood
cells to differentiate, mature, and die [68].
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B. Experiments and Calculations

The mid-infrared measurements (400-1900 cm™! or
12-57 THz) were performed by a Perkin Elmer BX-1
Fourier-transform infrared spectrometer, which was used
with a 1 mW helium-neon unit and both of the retinoid
powders were pressed into KBr discs. All experiments
were carried out at room temperature. Our measurements
in the far IR region were performed on a Bruker IFS120HR
using transmission through a vaseline mull of the sample
supported by polythene plates. Sources employed were
either a standard globar (> 100 cm™! runs) or a mercury
arc source (<100 cm™!). The liquid helium cooled bolo-
meter detector was an Infrared Labs Inc HD3 dewar with a
composite silicon bolometer element, also fitted with
longpass cold filters at 660 cm™' or 100 cm™!. Sample
preparation was carried out under reduced lighting and the
sample mull concentration was kept as high as possible to
promote measurable absorbance, while still allowing
transmission of light.

For our calculations we used two different electronic
structure programs—GAMESS-US [41] and Gaussian03
[42]—to optimize the geometries of two different mole-
cules and to calculate their vibrational frequencies. Both
molecules were built in GaussView [69] and the same
input matrices were used for the calculations in these
electronic structure programs. With both programs, we
performed calculations using a hybrid combination of
density functional theory (DFT) and HF—B3LYP (Becke’s
three-parameter hybrid [70] in combination with gradient-
corrected correlation functionals by Lee, Yang, and
Parr [71]) (6-31G), which is most commonly used.

As can be seen in Figs. 4(a) and 5(a), the calculated
vibrational modes in the “fingerprint” (1000-1500 cm™*
or 30-45 THz) region of the spectra of all-trans retinal and
all-trans retinoic acid agree well with the experimental
data." Overall, both electronic structure programs produce
similar results; furthermore, GAMESS-US appears to be a
little more accurate. Looking at the lower frequencies,
Figs. 4(b) and 5(b) show the spectra of retinal and retinoic
acid below 1000 cm ™. Here, too, good agreement can be
seen between calculated and experimental data for all-
trans retinal, whereas there seems to be some disagree-
ment below 500 cm ™! for all-trans retinoic acid. Fig. 4(c)
focuses on the far-IR region (< 200 cm™!) of retinal and
shows good agreement between calculated and measured
vibrational modes, particularly down to 150 cm L.
Below 150 cm™' there only seems to be slight agree-
ment (at 41 cm™}, 59 cm™! and 80 cm™?!), which had
already been shown in previous studies [43], [44], [58].
On the other hand, Fig. 5(c) does not show much agree-
ment between experiment and calculation for all-trans

retinoic acid in the far-IR region below 400 cm™L.

'Ab initio harmonic vibrational frequencies are typically larger than
the fundamentals observed experimentally [72].
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Fig. 4. calculated vibrational spectra of all-trans retinal in comparison to our own experimental infrared data covering the
mid-IR region of: (a) 1000-1500 cm™, (b) <1000 cm!, and (c) < 200 cm'. We used two electronic structure packages
(Gamess-US [41] and Gaussian03 [42]) and the DFT hybrid combination B3LY.

C. Discussion

The above-mentioned calculations of mid- and far-IR
vibrational modes use common ab initio molecular orbital
theory and density functional theory for two molecules,
whose structures only differ in terms of one being an
aldehyde and the other an acid. These models predict the
far-IR vibrational modes of the aldehyde (retinal), while
the same is not possible for the acid (retinoic acid). As
possible reasons for this, we hypothesize that all-trans
retinoic acid has a stronger tendency to form crystalline
structure than all-trans retinal, therefore producing more
intermolecular vibrations in the far-infrared region. In
these calculations only one isolated molecule is modeled,
hence there are no intermolecular vibrations, especially
crystal lattice modes, which are common in the far-IR
region [29]. Also, these intermolecular vibrations can
suppress intramolecular vibrations, which would explain
the fact that our calculations produced more peaks than
the experiments, both for all-trans retinal and retinoic

acid. In general, most basic molecular modeling techni-
ques do not take anharmonicity into account, which has
been shown to play an important role in molecular
vibrations, especially in the far-infrared region [73] and
can therefore be a liability in the prediction of far-IR
vibrational spectra.

IV. T-RAY LIQUID SPECTROSCOPY

Liquid water absorption is one of the most enduring
problems facing T-ray imaging and spectroscopy in
biomedical applications. The absorption coefficient for
liquid water shows a very high T-ray absorption, 200 cm™!
at 1 THz [74]. Over the last decade, there has been a
pronounced interest in T-ray spectroscopy of liquids.
Liquid spectroscopy allows analysis of chemical composi-
tion and provides a better understanding of the solvation
dynamics of various types of liquids [75]-[80]. This leads
to possible applications such as blood sample screening,
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Fig. 5. Calculated vibrational spectra of all-trans retinoic acid in comparison to our own experimental infrared data covering the
mid-IR region of: (a) 1000-1500 cm, (b) <1000 cm !, and (c) 200-500 cm'.
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urine testing, contaminant detection in liquids, wet pro-
tein sample analysis, detection of inflammable liquids,
sugar and salt level of content in water, fat or oil content in
polar liquids, and many more applications. Although it has
been shown that liquid spectroscopy using T-rays is
feasible, there are still open questions that need to be
addressed to improve the signal-to-noise ratio (SNR). This
section reviews the methods used for T-ray liquid
spectroscopy. This section also covers the limitations that
affect the SNR of liquid spectroscopy.

A. Liquid Spectroscopy Using THz-TDS

Terahertz time-domain spectroscopy (THz-TDS) is a
conventional technique used for liquid spectroscopy. This
technique measures the optical properties of the liquid by
taking a reference and a sample reading. In THz-TDS,
measurements can take up to several minutes since a
separate scan is required for each reading [81]. Within
this delay time corresponding laser fluctuations contribute
to measurement error. In addition, the error in the
estimated thickness of the liquid introduces uncertainties
as well.

B. DTDS Technique

Since noise strongly limits transmission mode mea-
surements of liquids in conventional THz-TDS, a mea-
surement technique called double-modulated liquid
differential time-domain spectroscopy (DTDS) was intro-
duced to address the issue [81]. This aimed to improve the
accuracy of the liquid parameter measurements by at least
an order of magnitude. Double-modulated liquid DTDS
involves dithering samples using a shaker at a specific
frequency and produces a differential output. Dual-
thickness measurement by using a thin (reference) and
thick (sample) layer of the same liquid is employed in this
technique. By modulating the samples rapidly, (swapping
between reference and sample) and measuring the wave-
forms in quick succession, only one scanning delay is
required, which reduces the time window in which the
laser fluctuates—thus improving measurement accuracy
significantly [74], [81], [82]. Based on this technique,
improvement in noise performance is observed; however,
the dithering frequency of the shaker is limited [83].

In a prototype system, this technique is implemented by
using an audio speaker [81]. A square wave is applied to the
speaker for the reference and sample switching. The setup
diagram for double-modulated liquid DTDS is as shown in
Fig. 6. The lock-in amplifiers in the setup diagram, Fig. 7,
are used to obtained the mean y, and the amplitude y,
signals. The reference y, and the sample y; signals can be
obtained through y,, and y,. Hence the optical parameters
of the measured sample can be obtained. Based on this
technique, further improvement in SNR is observed;
however, the error caused by the uncertainty in the
thickness change between the reference and the sample
dominates. This is mainly due to the mechanical instability
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Tray probe beam

emitter

crossed-polarizer
detection
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photodiodes
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Fig. 6. Setup diagram for liquid spectroscopy using double-modulated
DTDS. The dithered sample is placed at the focal point of the T-ray
beam and the detected output is a differential signal. This signal is then
demodulated using the lock-in amplifiers. Signal processingis required
to extract the optical parameters of measured sample. The liquid
sample indicated in this figure is inside an HDPE bag and is measured
at two thicknesses. The two different thicknesses are achieved by
compressive dithering of the bag using an audio speaker. However,
the penalty of this technique is that it introduces uncertainty in sample
thickness. We therefore propose using exactly the same T-ray set-up,
but changing the sample configuration to that of the spinning wheel
shown in Fig. 9 that uses two well-defined fixed liquid thicknesses.
Here, LPF and LIA indicate a low-pass filter and a lock-in amplifier,
respectively. Adapted from [81].

of the audio speaker. Example results of measured optical
parameters are shown in Fig. 8.

The plots of extinction coefficient &, in Fig. 8, can be
obtained by using the following formula:

Co
wd

k= —In(p) )

where p is the magnitude, w is the frequency in radians,
co is the speed of light, and d is the thickness change.

signal from
photodiodes

Fig. 7. Block diagram for parameter extraction using two lock-in
amplifiers. Based on this setup, the mean y,, and the amplitude y,
signals can be obtained. The reference y, and the sample y; can be
extracted from y,,, and y.. Hence, the optical parameters can be
obtained in the usual way.
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Fig. 8. The graph depicts the extinction coefficient r. of different
liquid mixtures. This figure compares the calculated (estimated)

and measured values of the liquid samples. In this graph “calc”
represents theoretical curves and “meas” represents the average of
six experimental measurements. The liquid samples are anhydrous
dioxane (“Di.”), dioxane and water (“Di. & water”), and dioxane

and protein suspension (“Di. & SC”’). Dioxane demonstrated a low
absorption and very close to the estimated values. As expected
when the protein, Substilisin Carlberg (5C), is mixed with the dioxane,
the absorption is observed to increase slightly. As for the mixture
of dioxane and water, there is a large gap observed between the
measured and the estimated values. This indicates that the SNR of
the system is not sufficient to cope with the reduced signal due

to water absorption. This motivates us to explore the proposed
spinning wheel technique to improve SNR to the level where

we can spectroscopically investigate the effects of protein
hydration. After [81].

Recently, a method using a spinning wheel has been
proposed [84], [85] to address the uncertainty in the
thickness change in the dithering technique. The wheel,
illustrated in Fig. 9, can be used to determine the char-
acteristics of different types of liquids with an expected
improvement in noise performance up to two orders of
magnitude. The wheel is designed with a dual thickness
geometry, which has fixed thicknesses as compared to the
previous dithering technique, and thus reduced noise is
expected. The spinning wheel is designed for transmission
experiments and therefore requires a window material that
has an optimal refractive index, low absorption, and low
hygroscopicity.

C. Window Material

Different types of window materials have been tested
for the spinning wheel, and the results of the refractive
index (n) and absorption coefficient («) at 0.8 THz are
shown in Table 2. Two different measurements are car-
ried out on the window materials: i) in a dry condition
and ii) in a soaked condition. The motivation of this test
is to assist in finding a window material with low hygro-
scopicity. The window materials are measured via THz-
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sample

liquid
wheel’s reference

liquid

cross section

Fig. 9. spinning wheel with dual-thickness cavity. The idea of the
wheel is that it overcomes the uncertainty of the two liquid layer
thicknesses produced by the previous audio speaker dithering
method. As the wheel has two fixed cavities filled with the sample
liquid—one thin and one thick cavity—simple rotation then allows
rapid swapping between sample and reference with well-controlled
thicknesses. The challenge, however, is to find a suitable window
material for the wheel that has both excellent T-ray transmission
properties and low hygroscopicity.

TDS before and after soaking in water for at least 48 h.
Based on the measurements, the refractive index and the
absorption coefficient of the window materials at 0.8 THz
are observed. In Table 2, acrylic shows the most signi-
ficant difference for both the refractive index and the
absorption coefficient. Amongst all the materials, cyclo-
olefin copolymer (COC) 8007 shows the most promising
result. It has a refractive index of 1.523 before soaking
and 1.535 after soaking and an absorption of 0.3 cm™
before and 0.35 cm ™ after soaking. Fig. 10 illustrates the
absorption coefficient of the acrylic and cycloolefin
window materials. This figure demonstrates that cyclo-
olefin has very promising optical properties as a window
material for liquid spectroscopy. Preliminary results that
demonstrate the potential of the spinning wheel tech-
nique for liquid spectroscopy using cycloolefin as the
window material will be presented in the near future.

V. T-RAY BIOSENSING

One of the most successful optical biosensors is currently
based on surface plasmon resonance (SPR) [86]. An SPR
system monitors the binding of molecules to a sensor by
probing refractive index changes of the target layer relying
on the principle of bioaffinity, i.e., the affinity between

Table 2 window Material n and a (cm~!) at 0.8 THz

Material Ndry Nsoaked Qdry Qsoaked
Acrylic 1313 1.525 750 9.00
Nylon 1.534 1.537 0.25 0.50
HDPE 1.477 1.483 0.10 0.20

Polycarbonate ~ 1.593 1.597 5.00 6.20
COC 8007 1523 1.526 0.30 0.35
Teflon 1.443 1.447 0.10 1.50
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Fig. 10. Absorption of acrylic and cycloolefin (COC8007) window
materials before and after a 48 h soak in water. After soaking,
excess surface water is removed. The results show that the
cycloolefin absorbed negligible water, whereas the acrylic
sample demonstrates slight hygroscopicity.

two biomolecules. Bioaffinity can be used in a biosensor by
attaching a layer of sensor molecules, or analytes, to a
sensor slide. The biosensor slide is used by exposing it to a
mixture of unknown molecules, to test if any target mole-
cules, or ligands, are present. SPR detects this new layer
by probing the refractive index change with an optical
laser beam—a change in refractive index results in a
change in the intensity of light reflected off the film at
some angle, given by the experiment. SPR relies on the
refractive index change at optical wavelengths, as deter-
mined by the laser. Certain biomolecules, however, do not
show contrast at optical wavelengths, and these molecules
could be sensed using T-rays.

A new detection method based on T-rays operating
on the same principle as SPR has been proposed, and
used successfully to detect minute amounts of label-free
DNA molecules [87]. This approach uses integrated T-ray
Waveguides, incorporating resonant T-ray structures, and
has achieved femtomole (fm) sensitivity to label-free
DNA hybridization using T-rays [88], [89]. This ap-
proach opens up new avenues for label-free detection.
However, the integrated waveguides require application-
dependent hardware modifications, delicate sample
handling procedures, and the interconnection of a large
number of resonators for simultaneous detection. The
free space T-ray biosensor proposed in this section would
use a standard T-ray spectrometer.

The proposed T-ray biosensor [90] is, like SPR, a
bioaffinity detector. Using the highly sensitive technique
of double-modulated DTDS [82], [91], a standard T-ray
spectrometer is used to detect the binding of target
molecules to preprepared sensor molecules, that is, to
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detect bioaffinity. The molecules used, as ligands (targets)
and analytes (sensors) to confirm the technique experi-
mentally, are biotin and avidin.

Biotin is a water-soluble lipid, and is commonly
referred to as vitamin H—a member of the B-complex
group of vitamins. Avidin is a protein that occurs in raw
egg white and is remarkable for its high binding affinity for
biotin. Avidin and biotin together constitute a pair of
biomolecules commonly used in demonstrations of bio-
affinity, due to their high binding affinity. Bead-enhanced
avidin target molecules, sketched in Fig. 11, create a much
thicker molecular layer than avidin target molecules alone.
Avidin is enhanced by binding to large, ym-sized agarose
beads. Agarose is an inert substance, extracted from agar,
that is easy to derivitize, or attach to other biomolecules.
The agarose beads attached to the avidin amplify the target
layer thickness, potentially increasing the biosensor’s
signal.

The process of sample slide preparation for bead-
enhanced avidin detection is shown in Fig. 11. The first
step in preparing a slide is cleaning the quartz, leaving a
surface of hydroxyl (OH) groups. The quartz crystal
surface is then modified by self-assembly of the octadeca-
nol molecule, which creates a dense array of hydrophobic
The
hydrophobic tails (Fig. 11 in red) of the biotin molecules
are then fitted into the hydrophobic octadecanol matrix.
The biotin is anchored to the surface and only the charged
heads of the biotin molecules are exposed. The detection

strands aligned perpendicularly to the surface.

step is shown in Fig. 11(c), where avidin molecules bind to
the biotin layer. In the experiment shown here, the avidin
molecules are attached to a large agarose bead, thus the
bound target layer has a thickness greater than a layer of
bound avidin molecules.

Biotin
octadecanol \W @
\/\ H, CH,@ CHN CHy
cH (CH), {\COH ( g < €<$<
(CPL) CH {(CEL), (CH,), & (CH,) ¥ (CH,)»
< < el ¢ <
OH OH OH (IJ ?

o i

(@ ©

Fig. 11. Biosensor derivitization, preparation, and target detection.
This sketch shows the steps involved in the preparation and
application of a biotin-avidin bioaffinity slide. (a) Clean sensor slide,
and octadecanol. (b) Biotin attached with octadecanol. (c) Avidin on an
agarose bead, linking to biotin. After [90].



The three time-domain T-ray pulses in Fig. 12 are
obtained by measuring the difference signal between
(a) biotin and biotin—avidin conjugated agarose, (b) biotin
and biotin-avidin complexes without beads, and (c) biotin
and biotin-digalactosyldiacyl glycerol : DGDG (control
sample). These time-domain pulses are smoothed using
a 0.1-1.0 THz band-pass filter. The spectrometer signal-
to-noise ratio in these measurements is greater than 102,
The inset shows the waveforms in the Fourier domain
(FFT). The intensity of the signal due to inhomogeneities
and nonspecific binding is less than the agarose and
biotin—avidin signals.

Compared to the similar biotin-avidin experiment
without agarose beads, an eightfold enhancement in signal
amplitude due to the beads is observed. The signal
enhancement is due to the increased refractive index of
agarose particles, causing increased T-ray reflection at the
biotin—avidin interface. The repeatability of the wave-
forms, shown in Fig. 12, is tested by measuring the DTDS
signal at different lateral positions on each biosensor slide.
The signal variation with position is less than 10%.

In this experiment, T-ray DTDS is applied to thin layers
of biomolecules for use as a T-ray biosensor. The expe-
rimental results indicate that the T-ray spectrometer is
highly sensitive to thin layers of target molecules, in the
order of submicrometers [90], and can clearly differentiate
between target and control samples, even for samples
prepared by hand.

VI. MODELING T-RAYS IN
LAYERED MEDIA

T-rays have been applied in medicine to explore possible
early or complementary detection techniques of diseases.
Ex vivo and in vivo studies of human skin have revealed that

03 _1o°
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Fig. 12. Measured biosensor waveforms for: (a) agarose or enhanced
avidin, (b) biotin detection of avidin, and (c) a control. After [90].
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T-rays can detect changes in the health of tissue, such as
between excised healthy skin and excised skin with basal
cell carcinoma (BCC) [92], and between dry and normal
skin in vivo [93]. Excised human and animal tissue have
also been inspected with T-rays and their optical properties
in the T-ray range show differences between tissue types
[94], [95].

Biotissue tends to be stratified and heterogeneous
layers are often thinner than the longer T-ray wavelengths,
creating a thin-film interference situation. It is impractical
to resolve the reflections from every layer, but it is possible
to study their collective behavior assuming steady state
conditions with no changes to tissue hydration or blood
flow. This creates a simplified model with homogeneous
layers. Numerical methods have been used to study T-ray
propagation in stratified media: the Monte Carlo model
and thin-film model [96], finite-difference method [93],
and transmission line theory [97], [98]. The mathematics
behind transmission line theory assumes a M-layered
structure, each layer having its own permittivity €, con-
ductivity o,,, permeability fi,,, and thickness hy,. Incident
electromagnetic waves can only enter the topmost layer
and the outgoing waves can only leave the lowest layer
(Mth layer), which has infinite thickness. Reflected waves
can therefore only occur on the topmost layer. The
boundary condition is that the tangential fields are con-
tinuous at each layer interface. The general solution of an
incident plane wave in the frequency domain (w) can now
be solved, and the particular solution is equal to the
Fresnel reflection coefficient R

Amplitude of reflected wave

- Amplitude of incident wave
_Ko—-7Z
Ko + 73

Ry

(8)

where

Z, + K; tanh(ushy)
'Ky + Z, tanh(ushy)
Zg + K2 tanh(uzhz)
K, + Z5 tanh(uzhy)

Zy =

Zmy1 + Ky tanh(uyhyy)
" Ko + Zms1 tanh (uyhy,)

KM + KM_1 tanh(uM_th_l)
M= KM*I + KM tanh(uM,th,l)
Zy = Ky assuming hy = oo

Um 2 . 2
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Un = \/)\2 + 7y2r, = \/)‘2 + jWm O — W2Mm6m-

Iy =

Vol. 95, No. 8, August 2007 | PROCEEDINGS OF THE IEEE 1537



Withayachumnankul et al.: T-Ray Sensing and Imaging

Table 3 Extrapolated Permittivity and Conductivity at 1.5 THz

Average relative Average

Layer permittivity €’ conductivity o
Skin 5.6 0.39
Adipose Tissue 20 0.9
Bone 1.5 0.1
Dura Mater 6 0.48
CSF 93 0.77
Gray Matter Tl 0.53
White Matter 6 04

In the following case study, transmission line theory is
used to model one particular stratified part of the body
with many distinct layers: the human head. The seven
layers modeled were skin, adipose tissue, bone, dura
mater, cerebrospinal fluid (CSF), gray matter, and white
matter. The optical properties of these tissue layers are
mostly available in the microwave frequency region [99],
[100] but can be extrapolated into the low T-ray frequency
range. Their average relative permittivity € and average
conductivity o in the T-ray frequency range are presented
in Table 3. The relative magnetic permeability p is as-
sumed to be 1. The approximate thicknesses of the layers
are shown in Fig. 13.

It is acknowledged here that biotissue may introduce
scattering. However, a recent study using excised rat tissue
has shown that material attenuation due to moisture
content is the dominant loss effect in T-ray spectroscopy of
biotissue [95]. In addition, this study assumes in vivo T-ray
spectroscopy of the head so variations in moisture content
over time for excised tissue are not applicable.

In Fig. 14, the reflections correspond to calculated
return times from known layer thickness. The inset shows
the expected strong reflection from the surface of the skin
and the next underlying skin-adipose interface. This
waveform agrees with reported experimental results in
[93]. In the main plot, the second peak appears to be from
the adipose—bone interface. Assuming the average incident
T-ray power level is 1 mW in an amplified T-ray system,

Air
Skin :; 100 ym
Adipose tissue :; 1000 pym

A
Cortical bone ‘; 10,000 ym
Dura mater :: 250 ym
CSF 1 200 um
Gray matter ‘: 2000 ym
White matter :: o0

Fig. 13. Approximate thickness of seven tissue layers in the head.
After Nolte [101].

1538 PROCEEDINGS OF THE IEEE | Vol. 95, No. 8, August 2007

x10%

-5

Amplitude (a.u.)
&

-15 L " " .
5 10 15 20 25 30

0 20

80 100 120 140 160 180 200
Time (ps)

40 60

Fig. 14. simulated time response of the reflected signal from the seven
layers of the head. The inset shows a zoomed view from 5 to 30 ps
where the first trough is due to the air-skin interface, while the second
trough is due to the skin-adipose interface. After [97], [98].

then the second reflection is approximately 8.2 pW. It is
plausible that this second reflection can be detected with
present-day technology. The third and subsequent peaks
are below 1 uW, thus they are unlikely to be detected by
present T-ray detectors. Higher T-ray power levels, up to
1 kW [102], may be obtained through the use of syn-
chrotrons and free electron lasers (FELs). The maximum
permissible exposure (MPE) limit derived from animal
cornea study with T-rays has been reported to be 94 W
(average power per pulse) although for the human body
< 20 W is recommended [103].

Although not all the reflections obtained using the
transmission line model are practically detectable, the
model is still valid for studying the propagation of T-rays in
stratified media and can assist us in developing better
detection techniques for future T-ray systems. It would
appear that as we approach an input power of 20 W, most
of the return pulses, predicted in Fig. 14, are detectable.
This is promising for future T-ray scanning of the human
head—however, a caveat is that extrapolated parameters
have been used in Table 3. Nevertheless, this result pro-
vides the motivation for future work to directly measure
the parameters in Table 3 within the T-ray regime—and
this work is now underway [94], [95].

VII. T-RAY MICROWIRES

In almost all present-day terahertz time-domain spectros-
copy (THz-TDS) systems, free space is used for propa-
gation of terahertz waves. Furthermore, there has been a
lack of an alternative to free space as low loss terahertz
waveguides have only recently been studied. Several
waveguide solutions coming from either electronics or



photonics have been studied, such as the hollow metallic
circular waveguide [104], [105], hollow metallic rectan-
gular waveguide [105], sapphire fiber [106], plastic ribbon
waveguide [107], air-filled parallel-plate waveguide [108],
[109], plastic photonic crystal fiber [110], coaxial wave-
guide [111], metal wire waveguide [112], [113], parallel-
plate photonic waveguide [114], metal sheet waveguide
[115], the dielectric-filled parallel-plate waveguide [116],
and low-index discontinuity terahertz waveguides (split
rectangular and tube waveguides) [117]. In most of these
waveguide structures two main mechanisms, i) loss [105]
and ii) pulse reshaping and broadening due to dispersion
[106], have been reported. However, the main focus of the
following analysis in this section will be on the loss
mechanism.

To date, metal parallel plates and bare metal wires are
promising metal-based guiding techniques reported in the
literature with attenuation constants less than 0.3 cm™!
[118] and 0.03 cm ™! [112], respectively. Chen et al. [119]
have recently reported loss values less than 0.01 cm™! near
0.3 THz in plastic fibers. The concept of T-ray guided
propagation in these fibers is similar to optical nanowire
fibers [120].

Optical nanowires are filaments of dielectric media
whose tailorable subwavelength dimensions, in the order
of nm, allow a substantial fraction of the guided light
(wavelength of 1-1.5 pm) to propagate outside the struc-
ture. As a result, in this regime, there exists an enhanced
evanescent field outside the nanowire. However, its low-
loss optical waveguiding is restricted by sidewall smooth-
ness and diameter uniformity, especially when the
diameter of the waveguide is very small [120]. In nano-
wires, coupling between wires can be achieved via surface
contact, with extremely small low-loss waveguide curva-
ture, which is an advantage of using such wires.

Such an enhanced evanescent field behavior occurs for
micrometer diameter fibers in the T-ray band, whose
wavelength ranges from 30 to 3000 pm or equivalently
from 0.1 to 10 THz. Therefore we coin the term microwires
for these waveguides used in the T-ray regime.

A. Bulk Material Measurement

Here, we present the results of loss and refractive index
measurements for a diamond, four glasses (F2, SF6, SF57,
and bismuth glass) and a polymer (PMMA) in the tera-
hertz regime and then use these measurements to calculate
the normalized electric field distribution, the power frac-
tion outside the fiber, and the effective loss of microwires.
To measure the refractive indices and absorption coeffi-
cient, we use a commercially available T-ray time-domain
spectrometer [121], [122]. The glass samples are well
polished on both sides with a cross section of 2 cm X 2 cm
and 0.5 mm thickness. The diamond crystal is grown under
a high pressure high temperature method (manufacturer:
Sumitomo) and has a cross section of 3 mm X 3 mm and
1.5 mm thickness. The absorption coefficients and
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refractive indices are obtained by comparing the sample
pulses with a reference pulse propagating through dry air.
Assuming single mode propagation, the equation for cal-
culating the optical properties can be written in the
frequency domain as

Esam (W )

Ert(w) T T,C? exp(—al/2) exp(—jfo(n — 1)1)

€)

where Egn (w) and Eyef(w) are the complex components at
angular frequency w of the sample and reference electric
tields, respectively; Ty and T, are the total transmission
coefficients that take into account the reflections at the
entrance and exit faces, respectively; C is the coupling
coefficient, the same for the entrance and exit faces; (3 is
the free space phase constant; « is the power absorption
coefficient; n the refractive index of the sample; and [ is
the sample length.

The measured absorption coefficient and refractive
indices are shown in Fig. 15(a) and Fig. 15(b), respectively.
The bulk material loss caused by the SF6, SE57, and bis-
muth glasses are close to each other and are higher than
that of F2. Note that PMMA and diamond have the lowest
material absorption. Individually, the refractive index of
each glass sample is significantly higher than the refractive
index of the PMMA and diamond samples. This results in a
tighter confinement of the T-ray radiation in a glass wave-
guide because of the increased air-glass index change.

It is obvious that if PMMA is used to make conven-
tional waveguides, it will have lower loss in comparison
with the glasses considered here. The question is: what
effect do these optical material parameters have on the
scaled version of nanowires, i.e., microwires, in the tera-
hertz frequency range?

B. Microwires

To study this, we use the measured optical parameters
to calculate and discuss the normalized electric field
distribution, the power fraction outside the fiber, and the
effective loss of microwires made up of these materials.
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Fig. 15. (a) Absorption coefficients and (b) the refractive indices of the

bulk materials (diamond, PMMA, F2, SF6, SF57, and bismuth glass)
measured with a T-ray time domain spectrometer. Adapted from [123].
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We assume that the wire has a circular cross section, an
infinite air cladding, and a step-index profile. It is also
assumed that the wire is uniform in diameter and has a
smooth sidewall. Considering that the refractive index of
air is one and solving the vectorial Maxwell’s equation in
cylindrical coordinates for the microwire structure; the
propagation constant of the hybrid modes can be calcu-
lated from the following equation [124], [125]:

wK, (w)

Lo,

moE

wkK, (w)

i (2

m
JENRAYEING 1
= n —_— — J— P
uz o w?/ |u? n /) w?

(10)

where ], is the Bessel function of the first kind, and K|, is
the modified Bessel function of the second kind. Here, u
and w are normalized transverse wave numbers in the
dielectric and air region, respectively; calculated as
follows:

u=a4/Fn? — 3,
w=ay/3? — 3

where a is the microwire radius, By is the free space
propagating constant, and (3 is the propagation constant of
the hybrid mode that is calculated by solving (10). Having
the propagation constant of modes, one can easily cal-
culate the electromagnetic fields in the dielectric (core)
and in the air (cladding) [124], [125]. The normalized
electric field component of the fundamental mode in

(11)

(12)

cylindrical coordinates of the air-cladding dielectric wire
structure in the microwire regime is depicted in Fig. 16(a).
The enhanced evanescent field characteristic of the wires
made up of glasses (F2, SF6, SF56, and bismuth glass),
polymer (PMMA), and diamond can be seen for the dia-
meters less than the operating wavelength (A = 600 pm,
f = 0.5 THz).

Table 4 indicates the PbO concentrations in F2, SF6,
and SF57 supplied by Schott-AG and the Bi,Os; con-
centration in the bismuth glass supplied by Asahi Glass
that has a similar composition to BI-3 glass [127]. The
references in Table 4 are the sources of these concen-
tration values, with the exception of SF57 that was ob-
tained by direct measurement using energy dispersive
X-ray (EDX) spectroscopy.

To obtain more information about the power
distribution in the radial direction, the power fraction
outside the core is calculated [123]. Fig. 16(b) shows the
power fraction outside the wire versus the fiber dia-
meter. For diameters less than the operating wavelength
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Fig. 16. (a) Normalized electric field distribution of diamond, PMMA,
F2, SF6, SF57, and bismuth glass microwires versus fiber diameter

at f = 0.5 THz (\ = 600 um). The fiber diameters of diamond, PMMA,
F2, SF6, SF57, and bismuth glass microwires are 101.4,133.2, 87.2,
80.1, 75.3, and 75.4 m, respectively. (b) Power fraction outside the
diamond, PMMA, F2, SF6, SF57, and bismuth glass microwires versus
the diameter at f = 0.5 THz (\ = 600 .m). Adapted from [123].

(A =600 pum, f = 0.5 THz) the power fraction converges
to unity. This can be explained in this regime, where the
diameter is less than the wavelength, by the fact that most
of the guided power is outside the fiber. From Fig. 16(b),
it can be concluded that the diameter where the fibers
enter the microwire operating regime as well as the slope
of the convergence of the power fraction strongly depends
on the refractive index of the fiber material [123].

In the microwire operating regime, the fraction of
power outside is more than the fraction of power inside,
therefore the material absorption has less effect on the
loss. For these wires a new description of material ab-
sorption called effective loss—the average of the loss coef-
ficients inside (dielectric) and outside (air) the fiber over
the transverse field distributions—is used, which is given
by [119], [128]

O’fg OZW |E|2rdrdq5
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Qe = (13)

where S;; and S, are the z-component of the Poynting
vectors inside and outside the dielectric wire, respectively.
Here, o is the conductivity, related to the material
absorption coefficient [119].

The calculated effective loss of the microwires is shown
in Fig. 17(a). As expected, the upper limit of the effective

Table 4 Composition of Heavy Metal Oxide Glasses

Glass PbO Biz O3 Reference
F2 19 mol. % — Long et al. [126]
SF6 40 mol. % Long et al. [126]
SF57 43 mol. % — —
Bismuth — 43 mol. %  Sugimoto et al. [127]
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Fig. 17. (a) Effective loss of fibers made up of diamond, PMMA, F2,
SF6, SF57, and bismuth glass materials versus fiber diameter at
f=0.5 THz (\ = 600 .m). (b) Magnification of the lower limit of
the effective loss shown in Fig. 17(a). Adapted from [123].

loss of different fibers is defined by the bulk material loss.
This is where the fiber diameters are at the same order or
larger than the T-ray operating wavelength (A = 600 pm),
therefore the power is confined in the fiber and is
encountered with the material loss. For fiber diameters
well below the T-ray operating wavelength (T-ray micro-
wire operating regime), the effective loss of all five fibers
approaches approximately the same value. To have a clear
view of this, Fig. 17(b) shows a zoomed-in view of the
effective loss for small diameters, all approaching less than
0.01 cm™! independently of the material. This can be ex-
plained by considering that in this regime the field dis-
tribution, although lightly guided through the fiber, has
the same or a larger amplitude at the dielectric-air inter-
face, resulting in a larger fraction of guided power outside
the fiber. Therefore, the T-ray field around the microwires
will be susceptible to atmospheric attenuation, which is
dependent on frequency [129], [130]. This work motivates
future studies using subwavelength holey fibers, where
stronger confinement is expected.

VIII. T-RAY NEAR-FIELD IMAGING

The idea of seeing objects on a finer dimension than what
is observable through human eyes has always been
intriguing, and its realization has always opened up new
lines of fundamental scientific enquiry. Typical human cell
sizes range from a few to hundreds of micrometers, de-
pending on the type [131], while bacterial spores like
bacillus anthracis (anthrax) are in the order of a few
micrometers [132]. The significance of new forms of
microscopic analysis is heightened as humankind seeks to
probe the nanobio regime. In 1953, Frits Zernike won the
Nobel Prize for optical phase-contrast microscopy and, in
1986, Gerd Binnig and Heinrich Rohrer won it for
scanning tunneling microscopy (STM) and Ernst Ruska
for electron microscopy—these techniques all provided
new ways to probe materials and opened up new fund-
amental science. By bringing noninvasive chemical recog-
nition down to cellular dimensions, near-field T-ray
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imaging will open up novel applications and new lines of
enquiry. One of the current major limitations with T-ray
images is the low spatial resolution, as determined by
Rayleigh’s criterion with a comparatively longer wave-
length (0.3 mm at 1 THz). In an effort to improve the
resolution of T-ray images, various techniques have been
proposed in the literature with an aim of breaking the
diffraction limit. Yuan et al. [133] present a review on near-
field imaging techniques that encompasses the principle of
operation and the achieved spatial resolution. However,
pulsed T-ray near-field imaging is a rapidly growing area
and some important work has been conducted since. In
this section, we present a review of the different T-ray
near-field techniques in the literature that can broadly
be classified into three groups: i) aperture; ii) tip; and
iii) highly focused beam methods.

A. Aperture-Based Techniques

Pulsed T-ray near-field imaging was first demonstrated
by Hunsche et al. [134] with an elliptical subwavelength
aperture at the end of a tapered metal tip to achieve a
spatial resolution of approximately 50 pm (A/4) in illumi-
nation mode. A collection mode probe, Fig. 18, operating
on a transparent substrate with a metallic aperture has
also been demonstrated with a spatial resolution of ap-
proximately 40 um (A/15) [135] and 7 pm (\/85) with
0.5 THz pulses [136].

In this near-field approach, the resolution is no longer
determined by the wavelength but by the aperture size.
Because much of the radiation is reflected at the aperture
plane, the transmitted energy through the subwavelength
aperture of size d decreases by d® [137], thereby signifi-
cantly deteriorating the signal-to-noise ratio for small
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Fig. 18. An example of the aperture-based technique is the collection
mode probe presented by Mitrofanov et al. [136]. The aperture is

5 um with a sample separation distance of approximately 2 m.

The probe achieved a resolution of 7 um with 0.5 THz pulses in the
edge test. After Mitrofanov et al. [136].
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apertures. Low throughput is therefore the major limita-
tion to aperture-based methods. The subwavelength aper-
tures also alter the temporal and spectral content of the
transmitted pulses which pose further limitations [137].
Such a method is also difficult to realize in practice as it
heavily relies on microfabrication techniques. Another
aperture-based technique achieves a subwavelength reso-
lution by means of a dynamic aperture. The technique
draws inspiration from the work conducted in the mid-IR
frequency range [138] that achieves the aperture effect by
modulating the optical beam in a T-ray beam spot on a
semiconductor sample. The spatial resolution is deter-
mined by the optical beam focal size and a resolution of
approximately A/10 is reported [139]. The drawback is low
throughput and the need for sample preparation on
semiconductor [133].

A recent development of a low-loss dielectric material
waveguide with partial metalized sharpened pyramidal tip
(Fig. 19) has shown resolution of about 20 ym at 80 GHz
(A/200) [140]. The waveguide operates in contact with
the sample under study in both illumination and collec-
tion mode that does not involve evanescent waves. The
micrometer-sized plane facet at the tip end confines the
T-rays onto a subwavelength spot and the reflected signal
is detected by electrooptic sampling at the other end. The
work has been applied to the spectroscopy of dielectric
materials [141].

B. Tip-Based Techniques

Much of the pulsed T-ray tip-based method draws its
inspiration from work conducted using infrared radiation
[142], [143] and scanning near-field optical microscopy
(SNOM) [144]. In the setup, a very sharp solid metallic tip
at the end of a metallic probe is dithered near the sample
surface illuminated by a far-field T-ray beam. The metallic
tip interacts and scatters the evanescent THz field from the
near-field region of the sample for remote detection. A
lock-in amplifier along with a T-ray detector is then used to
measure the THz field at the probe oscillation frequency.

metallization sample  NFA wire grid

polarizers
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launcher
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Fig. 19. The low-loss dielectric waveguide with a pyramidal tip
achieved a promising resolution of 20 :m at 80 GHz [140].

The waveguide operates in contact with the sample. T-ray pulses
are coupled onto the waveguide by the horn launcher and the
reflected pulses are detected using electrooptic sampling.

After Klein et al. [140].
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(100) GaP/

Fig. 20. A tip-based method with electrooptic detection achieved a
resolution of 18 um [145]. This technique places the sample in close
proximity to the detector (electrooptic or semiconducting medium).
A synchronised probe pulse is focused into the crystal and the
polarization is changed by the electrooptic effect at the tip, and
reflects back for detection. After van der Valk and Planken [145].

In this approach, the tip size determines the T-ray inter-
action area, which determines the spatial resolution.

The first T-ray tip-based method (Fig. 20) demonstrat-
ed a resolution of approximately 18 um (A/110) [145] with
the resolution being determined by the probe laser spot
size. A similar setup is implemented with a sphere instead
of a tip [146] for near-field measurements.

Another T-ray tip-based method similar to an SNOM
setup, mechanically oscillates a copper tip (head diameter
5 pm) in the near-field region of the sample illuminated
by a T-ray beam [147]. The scattered T-rays are detected
near the sample surface using a PCA [133], [147]. A reso-
lution of 150 nm for T-ray pulses is achieved with a similar
adaptation of the SNOM setup shown in Fig. 21 [148].
Recent reports on implementing atomic force micro-
scopy in conjunction with THz-TDS achieved a resolu-
tion of 80 nm [149].

Reflected
THz Pulse

Y 7/
2

Semi-Insulating Silicon

Fig. 21. Another tip-based method [148] achieved a resolution of
10 um. The tip has a radius of 100 nm placed 200 nm above the
sample surface and the transmitted T-ray radiation is detected by
electrooptic sampling or bolometer. After Chen et al. [148].



Instead of illuminating the sample with the generated
T-ray radiation, modulating a metal tip in close contact
(< 100 nm) to a semiconductor surface in a weakly fo-
cused pump laser spot achieved a sub-100 nm spatial
resolution [150]. In this method, T-ray radiation is
generated by the a semiconductor sample.

The tip-based near-field approach shows great promise
in high-resolution surface topographic and T-ray spectral
imaging. However, tip use is complex and suffers from low
output SNR due to low input power and the scattering at
the sample’s surface. Furthermore, some techniques are
only applicable to semiconductor samples. Chen et al.
[148] demonstrated the need to further refine the existing
spherical scatter model for the imaging tip [142] and the
inclusion of antenna properties for the probe that are
discussed in [151], [152]. A possible starting point for
future work can be found in Wang and Mittleman [112].

C. Highly Focused Beam Techniques

An alternative apertureless near-field imaging tech-
nique achieves subwavelength resolution by exploiting
the smaller T-ray emission point than the wavelength.
In a similar setup to [150] but without the tip, the laser
T-ray emission microscope (LTEM) [154] achieved a
resolution below 3 pm [155] for inspecting electrical
faults in integrated circuits. Instead of relying on a tip,
the laser pulse is focused to a spot size of about 2.5 ym
[155] with the backscattered T-rays focused for detection
by a bow-tie antenna. Using electrooptics, an optical
beam is tightly focused onto a small spot in an optical
rectification crystal (ZnTe) to generate a subwavelength
diameter T-ray beam in the near-field region [156]. The
achievable resolution would be A/4.3, provided the
sample is placed on the crystal [156]. Yuan et al. [153]
tightly focuses an ultrafast laser to a small spot with an
aim of generating T-rays with a spatial resolution close
to the laser spot size. The setup in both transmission
and reflection mode is shown in Fig. 22. Very thin
crystals (16 pm) are, however, observed to generate
higher powered T-rays at the point of focus than the
thicker counterpart (250 pm), which reduces the signal
[153]. The unexpected phenomenon is shown in Fig. 23.
The strong peak from the thin crystal is counterintuitive
as thicker crystals provide a greater volume for optical
rectification. Furthermore, the signal is linearly de-
pendent on the pump power, provided it is less than
15 mW. The intensity of the pump beam, however, is
limited by the two-photon damage threshold of the EO
crystal. A thickness in the order of tens of ym is essential
to achieve a high resolution. This thickness in turn im-
poses physical constraints on experimentation and pos-
sible future application as thin crystals are thermally and
mechanically fragile. A spatial resolution of 20 um is
reported [133].

Similar work is presented recently with a 500 pum
thick crystal for demonstrating a resolution of approxi-
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Fig. 22. Schematics of the electrooptic T-ray microscope
in transmission and reflection mode respectively.
After Yuan et al. [133]. (a) Transmission mode.

(b) Reflection mode.
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Fig. 23. Experimental result of Yuan et al. [153]. A thin crystal gave
rise to an unexpected enhancement in the emitted T-ray power
compared to the thick crystal at the focal point of the objective lens.
Outside the focal point however, the emitted T-rays of both crystals
appear to be constant. After Yuan et al. [153]. (a) Thick crystal.

(b) Thin crystal.
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Fig. 24. The electrooptic experimental setup that achieved 75 um
resolution with a 500 m thick ZnTe [157]. After Lecaque et al. [157].

mately 75 pm [157] as shown in Fig. 24. The resolution
is reported to be equal to the size of the focused pump
beam. The advantage of the electrooptic methods is
throughput and waveform independency of the sample
topography [133], [157].
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D. Future Directions

Even though the tip method achieves the highest
spatial resolution, the radiation throughput suffers from a
reduction of r®/A\* with decreasing tip size [158]. This
hence places a limitation on the spatial resolution. Con-
trary to the aperture and tip method, the electrooptical
approach is the more efficient alternative with the T-ray
power decreasing proportionally to the second power of
the source dimension [159]. To date, limited research has
been carried out in this area of T-ray near-field imaging. It
is widely known that crystal thickness will affect the
conversion efficiency, the generated T-ray bandwidth, and
the Fabry—Pérot reflections. Existing optical rectification
models with a highly focused pump beam [159]-[161] do
not address crystal thickness, therefore work is currently
underway to investigate the unexpected signal enhance-
ment from thin crystals. In another potential approach, we
will place the sample at the end of a customized T-ray
waveguide based on the techniques of Atakaramians et al.
[122]. The expected resolution is, however, limited by the
minimum achievable dimension of the waveguide, which
is expected with the current waveguide design to be in the
order of 100 um. Note that a similar waveguide with a
micrometer-sized facet has demonstrated a resolution of
20 pm [140], which unlike the tip method, demonstrates a
greater power efficiency. Future work will need to model
laser heating effects in the thin crystal layer—we propose
to extend our previously developed laser heating model
[162] that takes into account the proper absorption profile
of photons in the material (i.e., an exponential decay with
penetration depth).

IX. ALTERNATIVE T-RAY
DATA RENDERING

In order to encourage a rapid adoption of T-ray imaging in
industry and medicine, T-ray data should be presented in
ways that are useful to professionals in these fields.
Established image processing methods can be adapted to
T-ray data to enhance its representation. Fig. 25(a) shows
an example of a T-ray time-domain image captured by a
conventional charge-coupled device (CCD) camera after
optical upconversion. This image of a dried insect on a
dried leaf conmsists of (N x P) pixels and is one time
instance along a discretized time domain with M points.
By stacking many of these (N X P) arrays over time, a 3-D
time-domain array is obtained.

The time-domain response of one pixel can be ex-
tracted for analysis as shown in Fig. 25(b). In Fig. 25(c) we
see the time response of three pixels from the leaf/insect
specimen mentioned above. The pixels are of the insect,
vein of the leaf, and free space. When compared to the free
space plot (solid-circle plot), the T-ray pulses after exiting
the insect (solid line plot) and leaf (dashed plot) are
attenuated in amplitude; this is expected since T-rays are
strongly absorbed by moisture. The T-ray pulse through
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Fig. 25. (a) Original time-domain image at one time slice (courtesy
X.-C. Zhang). (b) Extracting the time response of one pixel from the
3-D time-domain array. (c) The time response of three different
pixels: insect, vein of leaf, and free space.

the insect is phase shifted more than that through the leaf,
implying that the insect is thicker than the leaf and/or has
a higher refractive index. These time-domain waveforms
can be Fourier transformed to obtain the broadband
frequency response.

Fig. 26(a) shows T-ray data after application of
common image processing techniques, such as edge de-
tection, Laplacian filtering, and smoothing. Instead of
separate amplitude and phase plots, this enhanced image
more closely resembles 3-D images generated using
medical visualization tools, thus allowing medical profes-
sionals to analyze and compare results easily.

An open question is: can we implement a new form of
T-ray data representation inspired by established image



Fig. 26. (a) Improvements made to T-ray image after application of
common image processing techniques. The third dimension (z-axis),
intensity, is used to pseudocolor this image. (b) With T-ray pseudo-
phase contrast imaging. The third dimension (z-axis) in this case is
thickness. After [165].

enhancement techniques used in the scientific field, such
as Zernike’s optical phase contrast method? Zernike’s
optical phase contrast method is based on the effect of
light passing through a phase object.”> When light passes
through free space/air (surround path), the phase and
amplitude information in the light wave is unaltered.
When light passes through a phase object (particle path),
the amplitude of the light wave is slightly attenuated
when compared to the surround path. The light wave also
slows down due to the refractive index of the phase
object; the amount of delay introduced will also depend
on the object’s thickness. There is a phase difference
between the surround and particle paths. The human eye
can only sense amplitude and color differences when both
the surround and particle paths are in phase. The eye,
however, fails to sense the contrast between the surround
and particle paths due to their being out of phase [164].
Phase objects therefore appear invisible under a conven-
tional light microscope. In optical phase contrast, the
surround path is manipulated to bring it back in phase
with the particle path, resulting in the visibility of the
phase object due to constructive interference.

An object that is not observable (transparent, invisible) because it
does not provide contrast with the background. It does, however, cause
phase modulations in the propagating light wave, whereby these phase
modulations are due to either the different refractive index of the object
from air, the thickness of the object, or both [163].
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Considering one pixel from the leaf/insect sample in
this study, the path length of the sample can be obtained
indirectly by first calculating the relative time delay
between the peak of the samples (e.g., at position i) and
the peak of a reference signal. Repeating for the whole
N x P matrix, the relative propagation times 7; with
respect to Tyef is given by

T; = |(time occurrence of peak i) — Ty
foriel,---,NxP. (14)
The optical path length is then given by
d; = speed of light c x 7; foriel,---,NxP. (15)

The optical path lengths can now be converted to
sample thicknesses. In Fig. 26(b), thickness is represented
by the vertical dimension—the z-axis—thus making the
image appear three-dimensional. There are strong con-
trasts between the different parts of the leaf, and between
the two halves of the insect. The various path lengths have
been translated into an image with high contrast, thus a
novel form of phase contrast has been achieved.

In addition to rendering thickness, opacity provides an
additional slice of information about a sample’s character-
istics. To calculate opacity, a reference pixel is first
identified. This pixel is a free space pixel with peak
temporal amplitude L. The peak temporal amplitude of
the sample pixels are then subtracted from I ¢ as follows:

I; = |Let — (peak amplitude at pixel i)|

foriel,---,NxP. (16)

This difference tells us how opaque a sample is. If I; = Ly,
then there is zero opacity (free space is transparent). If
I; = max[Lia,. nxp). then there is unity opacity (opaque).
The opacity of each pixel can now be set so that the final
rendered image shows both thickness and opacity as one
would see in the real world. Pseudocoloring can also be
applied as in Fig. 26(b) to make the image look more
realistic.

The low SNR, however, makes it difficult to pin-point a
particular pixel as the reference. To overcome this, peak
detection was performed on every pixel in the time
domain, i.e., the peak of each M X 1 array was found. The
peak detection extracted from each pixel the time
occurrence and value of the peak amplitude, thus gener-
ating two N X P matrices. From each matrix, 15 neigh-
boring pixels that correspond to the top left corner of
Fig. 25(a) were selected and used to average I.f and
propagation time Tyef.
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The leaf used in this investigation is dry, thus it has
minimal water content; strong water absorption that
causes deformation of the profile is not expected. Internal
reflection is ignored. The insect and the portion of leaf
beneath it are treated as one object. Although the insect is
a dried specimen, it is thicker and/or denser than the leaf,
thus some pulse broadening in the T-ray profile is
apparent. This is seen by the solid line plot in Fig 25(c).
When the time profiles of the leaf, insect, and free space
are compared, it is assumed that all three time profiles
have the same polarity. The positive peaks from all three
profiles are therefore used wherever peak temporal
amplitudes are involved in this investigation.

Note that Zernike’s original phase contrast method is
based on interference between two beam paths. By altering
the path length of one path, the phase difference between
the two paths is revealed proportionally as amplitude va-
riations in the observed image. This is akin to heterodyne
detection. However, with functional T-ray imaging, the full
phase information is recovered and so interference effects
are not exploited. Our method of rendering sample thick-
ness on the z-axis, as shown in Fig. 26(b), is therefore
dubbed “pseudophase contrast.” Future work could
consider signal processing techniques that transform the
tull phase information from T-ray imaging to produce the
actual appearance of Zernike phase contrast images. Given
that T-ray functional imaging recovers the full phase
information, this should be possible in principle.

X. 3-D T-RAY TOMOGRAPHY

Tomographic imaging or tomography refers to any
method that aims to nondestructively image the internal
section of an object. This principle can be found in a wide
range of “modalities,” including X-ray computed tomog-
raphy (X-ray CT), magnetic resonance imaging (MRI),
ultrasonic imaging, etc. [166]. The differences of these
modalities are fundamentally inherited from the type
(sound or electromagnetic) of wave and the frequency of
wave in use, which have different capabilities to penetrate
and resolve objects.

Tomography by means of a modern T-ray system was
first demonstrated by Mittleman et al. [167] in analogy to
ultrasonic B-scan imaging [168], so-called time-of-flight
tomography. It allows internal inspection of any object
transparent or translucent to T-rays. Shortly after illumi-
nating an object with a broadband T-ray pulse, a series of
reflected pulses at refractive-index discontinuities inside
an object are collected as a signal trace in the time domain.
This enables mapping from the object’s internal disconti-
nuities to a refractive-index profile in the direction of
propagation. A full 3-D map of the object is obtainable by
raster-scanning of an object from only one direction. Due
to its simplicity yet efficiency, the T-ray B-scan mode is
employed to inspect many targets, for instance, space
shuttle foam insulation [169], pharmaceutical coating [170],

1546 PROCEEDINGS OF THE IEEE | Vol. 95, No. 8, August 2007

a hidden aluminum oxide layer under opaque paint [171],
etc. However, B-scan images lack quantitative aspects avail-
able in computed tomography.

In this section, further achievements on two tomo-
graphic imaging techniques based on transmission mode
of pulsed T-rays are reviewed. The systems are demon-
strated and the achievable resolution and image quality
are investigated.

A. T-Ray Computed Tomography (T-Ray CT)

T-ray computed tomography shares a common princi-
ple with X-ray CT, the technology currently hosted in
hospitals, airports, and factories. Generally, at a step, a CT
scan emits a plane wave and records a series of waves that
are transmitted through or reflected from a target in 2-D
plane. This step is repeated at different angles around the
object. Assuming the received signals are line integrals
along the direct paths [172], the Fourier-slice theorem
[166] can be applied. Subsequently, the reconstruction
process, such as direct Fourier reconstruction [173], fil-
tered backprojection (FBP) [174], or the algebraic
reconstruction technique (ART) [175], estimates the entire
volume of an object.

The accumulative distortion of waves along their
propagation path through an object is proportional to the
projection, which equals a line integral of the object
function along a line [176]. The projection

p(0,1) = / o(x,z)dl (17)

L(8.1)

where 0 is the projection angle, and [ is the distance from
the axis of rotation perpendicular to the ray propagation.
The variable o(x, z) is the object function of the target. The
integral is calculated over a straight line L joining the
source and the detector. This transformation is known as
the radon transform. The basic concept is depicted in
Fig. 27. In case of T-ray CT, the object function and the
projections can be, for example, the attenuation coeffi-
cient, the index of refraction, or any related quantities.

To reconstruct the target’s object function o(x, z), the
filtered backprojection algorithm is used

™

o(x,z) :/qg(XCOSG+ZSiH9)d0
0

(18)
where

q(l) = Py(v) exp(j2mvl)dv. (19)

/
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Fig. 27. An object o(x, z) and its projection p(0,]). The radon transform
defines the projection p(9,1) as the line integral over the straight

line L of the object function o(x,z). The projection offset | is the
perpendicular distance of the projection from the axis of rotation.
The projection angle ¢ and x and z define a standard rectangular
coordinate system.

Equation (19) can be seen as a filtering operation. The
filtered projection qy(l) is calculated by Fourier trans-
forming py(l), filtering the result using a filter with a
frequency response of |v| and then inverse Fourier
transforming the result. The filtered backprojection
algorithm, (18), allows the object function at each value
of (x,z) to be reconstructed. For a point (x,z) there is a
corresponding value of | = xcosf + zsin 6 for each pro-
jection 6. The value of o(x, z) is recovered by summing the
value of the filtered projections at the corresponding I
over all angles 6. In the discrete case [ may not always be
known at the required value and in this case bilinear
interpolation is most often used and produces highly
accurate results.

In the experiment, a chirped probe pulse T-ray imaging
system [177] is used for T-ray CT. The target was mounted
on a rotation stage, a 250 mm focal length parabolic mirror
is used to focus the THz radiation to a spot size of 2 mm at
the target. Parabolic mirrors after the sample are
positioned to image the field from a plane near the target
onto the ZnTe sensor. To ensure a high SNR, a PCA T-ray
source is used. The electrodes are separated by 16 mm and
a bias of 2 kV is applied.

The optical probe pulse is linearly chirped and
temporally stretched to a pulse width of 30 ps, using a
grating pair with a separation of 4 mm, an incident
angle of 51° and a grating constant of 10 pm. The THz
pulse modulates the probe pulse via the EO effect and
is recovered with a spectrometer (SPEX 500M) and
CCD camera (PI-Pentamax). The CCD exposure time is
set to 15 ms. This allows a THz pulse to be measured in
approximately 60 ms and provides a signal-to-noise ratio of
approximately 100. The bandwidth of the system is limited
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Fig. 28. (a) Top view of a 0.6 mm thick polyethylene sheet folded into
an “S” shape for CT experiment. The polyethylene was held in place
using scotch tape. The sample was mounted such that the T-ray beam
propagated in the plane of the paper and the sample was rotated about
the y-axis (the axis pointing out of the page). (b) A time-domain
reconstruction of the sheet of polyethylene. The measured data was
reconstructed using the filtered backprojection algorithm. The timing
of the T-ray pulses was used as the input to the algorithm.

by the chirped pulse detection technique to approximately
1 THz. The CCD resolution results in a sampling period of
0.15 ps and a spectral resolution of 17 GHz.

The target shown in Fig. 28(a) consists of a sheet of
polyethylene bent into an “S” shape. The target is imaged
at 20 different heights and 10° angular increments, and the
total acquisition time is under 13 min. The time-domain
phase delay is estimated. This data is used to reconstruct
the cross section of the target by the filtered back-
projection algorithm, as shown in Fig. 28(b). The target is
reconstructed accurately, and the resolution is sufficient to
reconstruct the scotch tape used to hold the polyethylene
in place. A 3-D image can be formed by reconstructing
each horizontal slice and surface rendering them as il-
lustrated in Fig. 29. The 3-D image is formed by rendering
the isosurface formed at 50% of the peak reconstructed
refractive index.

B. T-Ray Diffraction Tomography (T-Ray DT)
If the object inhomogeneities are comparable in size
to the propagation wavelength, diffractions along the

Fig. 29. A 3-D model of the sheet of polyethylene reconstructed from
computed tomography and rendered by surface rendering.
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path must be taken into account, and the assumption of a
direct line integral is no longer valid. This situation can
regularly occur with T-ray tomography, where the T-ray
wavelengths are in the order of submillimeters, the com-
mon size of target’s features. A precise description is to
relate the scattered field to the object’s spatial distri-
bution via the nonlinear wave equation. However, a linear
approximation, either first-order Born or Rytov, is suffi-
cient in most cases. Several reconstruction algorithms
based on this Fourier Diffraction projection Theorem [178]
are available, e.g. first-order approximation frequency
interpolation [179] or filtered-backpropagation [180].

Theoretically, the relationship between the THz wave
distribution and the target’s refractive index as a function
of position r can be described by the scalar Helmholtz
equation

A?u(r) + ki(w, r)*u(r) = 0, (20)

where u(r) is the electromagnetic field complex amplitude
function, and kg = 27/ is the wave number of the elec-
tromagnetic wave in a vacuum.

Our goal is to determine a target’s refractive index
function 7(r), given the measured THz wave amplitude
and phase distribution u(r), which is known as the inverse
scattering problem (ISP) [181]. Equation (20) may be
written as

(A% + kg)u(r) = —o(r)u(r) (21)
where o(r) is the target’s object function, given by
o(r) = —kZ[i(w,1)* - 1]. (22)

The solution of (21), u(r), can be considered to be the sum
of two components

u(r) = ug(r) + u(r) (23)

where u(r) is the scattered field caused by the target and
uo(r) is the incident field, the field that would be present
without a target, or, equivalently, a solution to the homo-
geneous Helmholtz equation

(A% 4 k) up(r) = 0. (24)
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Combining (24), (23), and (21) yields a wave equation for
the scattered component

(A + kg )us(r) = —o(r)u(r). (25)

The Rytov approximation offers a linearization of the
wave equation. It assumes that the incident wave per-
turbation caused by the target can be described by a change
of phase in the reference wave. It is derived by considering
the total field to be represented as complex phase [182]

(26)

Combining (24), (25), and (26) and reducing the resultant
expressions [166] yields

(A% + &2 )uo(r) s (r) = —uo(r) [(Ad(r))*+o(r)].  (27)

The first Rytov approximation assumes that the gradient
of the scattered complex phase ¢ (r) is small, therefore

(Apy(r))*+ o(r) = o(r). (28)

The solution for the scattered phase ¢(r) is then

uo(r)¢s(r)

/G(r —1)o(r)u(r')dr’  (29)

where the Green’s function is the solution of the dif-
ferential equation

(A* +kg)G(r —1') = =6(r —1'). (30)

The complex phase of the scattered field is therefore
given by

(31)

The Rytov approximation requires that the phase of the
scattered field varies slowly relative to one wavelength.
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Fig. 30. The Fourier diffraction theorem in two dimensions.
The Fourier diffraction theorem relates the Fourier transform
of a diffracted projection to the Fourier transform of the object
along a semicircular arc. After [166].

These approximations to the Helmholtz equation allow
linear reconstruction algorithms to be developed to
reconstruct the target’s object function o(r) based on
measurements of the diffracted radiation from multiple
projections.

The reconstruction was performed in the frequency
domain, by Fourier transforming the measured T-ray
time-domain pulses and using the Fourier coefficients at a
single frequency. The solution to this problem is found in
the Fourier diffraction theorem, which states that [166]

when an object o(x,z) is illuminated with a plane
wave as shown in Fig. 30, the Fourier transform of
the forward scattered field measured on the line TT’
gives the values of the 2-D transform O(u,v), of the
object along a semicircular arc in the frequency
domain, as shown in the right half of the figure.

Given the scattered field from a single projection
angle, we may determine the spatial Fourier transform of
the object function along an arc. However, this alone is
not sufficient to determine an accurate estimate of the
object function of the target. By rotating the target we
obtain the scattered field at different orientations. Each of
these provide an estimate of the spatial Fourier transform
of the object function along a different arc. The arcs rotate
as the target is rotated [183], and by rotating through 360°
the full Fourier space may be populated, up to a maximum
frequency of 2k,

To acquire the required diffraction data a T-ray
diffraction tomography system is developed. The T-ray
DT system is based on the 2-D electrooptic imaging system
[184] and utilizes synchronized dynamic subtraction and
sensor calibration to provide a sufficient SNR. The sample
is mounted on a computer controlled rotation stage and
positioned 50 mm from the ZnTe detector. A PCA THz
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Fig. 31. (a) A T-ray DT test structure consists of three rectangular
polyethylene cylinders. (b) Its geometry. The rectangular
cylinders have dimensions of 2.0 x 1.5,3.5 x 1.5,and 2.5 x 1.5 mm
(clockwise from top).

emitter is used to maximise the THz power and SNR. The
PCA used has an electrode spacing of 16 mm and a bias
voltage of 2 kV is applied.

A single motion stage is required to scan the THz
temporal profile and the target is rotated to obtain an
image at multiple projection angles. The minimum data
acquisition period for a CCD exposure time of 15 ms per
frame and a projection step size of 10° is approximately
8 min. However, in practice, multiple CCD frames are
averaged to improve the SNR.

A complicated sample is constructed to investigate the
properties of the system with a Rytov approximation based
reconstruction algorithm. The target structure consists of
three rectangular polyethylene cylinders. This test struc-
ture and its geometry are illustrated in Fig. 31. A quasi-3-D
reconstruction may be performed by performing a 2-D
reconstruction on each horizontal slice of the measured
CCD data. The reconstructed slices may then be combined
to form a 3-D image. This is performed for the target
shown in Fig. 31 and is illustrated in Fig. 32. Each
reconstructed slice is thresholded at 50% of the peak

3

Fig. 32. Reconstructed 3-D image of the polyethylene cylinders.
Each horizontal slice was reconstructed independently from
diffraction tomography and combined to form a 3-D image.

The visible ripples on the surface of the cylinders are a result
of the thresholding procedure and are caused by noise in the
reconstructions.
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amplitude, the slices are then combined and surface
rendered to generate a 3-D image.

In spite of the aforementioned capabilities, T-ray
tomography techniques are, by virtue of relatively low
system SNR, limited to the laboratory environment, where
the acquisition time is long and the target is small [185]. Of
late this field is undergoing something of a renaissance as
T-ray sources and detectors have developed to a point
where high signal to noise ratio and reasonable acquisition
rates are possible. One key objective is to combine three-
dimensional imaging with spectroscopic information
capture [186], [187].

XI. WAVELET-BASED LOCAL
TOMOGRAPHY RECONSTRUCTION

With traditional CT techniques as those in Section X, full
exposure data are needed for a reconstruction algorithm to
produce cross sectional images. For time-domain terahertz
measurements, the requirement for full exposure data is
impractical due to the slow measurement process. In this
section, we apply a wavelet-based algorithm [188] to
reconstruct T-ray CT images with a significant reduction in
the required measurements.

The reconstruction algorithm represented in this
section recovers the 2-D scaling and wavelet coefficients
of an image directly from its projections via a back-
projection algorithm. It reduces the calculation time when
wavelet coefficients, rather than complete data, are ap-
plied. In addition, a good approximation of the image in
the region of interest (ROI) is achieved via the use of
image projections on lines intersecting the local ROI, plus
a small number of projections in the immediate vicinity.

The algorithm is summarized as follows.

e The original projections are calculated from the
measured desired parameters of T-ray imaging.

e The region of exposure is truncated for the re-
construction of an image only in the region of
interest.

e The region of exposure of each projection is
tiltered by modified wavelet and scaling filters at
all projection angles to find wavelet- and detail-
coefficient projections, respectively.

e The filtered projections at the previous step are
extrapolated to delete artifacts along the borders of
the ROE in the projections.

e The extrapolated projections are filtered by scaling
and wavelet ramp filter and then backprojected to
obtain the approximate and detail cross section.

In order to validate local reconstruction of T-ray mea-
surement using the proposed algorithm, the target sample
of a polystyrene cylinder with holes drilled, Fig. 33(a), is
investigated. The sample is measured at 25 projection
angles along 180° projection area, with 101 projections at
each of projection angle. The measured spatial interval is
0.5 mm.
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Fig. 33. (a) Detailed polystyrene resolution test target, drilled with

2 mm diameter holes of varying interhole distances. (b) A global
reconstruction of a polystyrene cylinder with holes using a traditional
FBP algorithm. (c) A wavelet-based local reconstruction.

The wavelet-based reconstructed image is shown in
Fig. 33(c). Notice that a centered disk radius of 16 pixels
of the polystyrene phantom can be recovered from the
extrapolated scaling and wavelet coefficients using local
reconstruction method, with 46% of full projection data.
For comparison, Fig. 33(b) illustrates the global recon-
struction, using traditional FBP algorithm. It is shown
that our algorithm allows a satisfactory local recon-
struction with well-defined local features in the region of
interest.

In conclusion, we have developed an algorithm to
locally reconstruct a cross section of an object from T-ray
projection measurement with use of wavelet and scaling
coefficients. The local reconstruction scheme is effective
for recovery of a cross section of a target object with local
data from a global T-ray CT measurement.

XII. T-RAY SUBSTANCE RETECTION

T-rays have proven to be of great use in the detection of
biological and nonmetallic substances that are not
readily detected by other means. In many instances,
conventional methods of retection (detection of hidden
objects or substances within a package), such as X-rays
manage only to reveal dense objects, but have difficul-
ties in detecting plastic objects or soft biological mate-
rials. T-rays are able to improve on X-rays, due to their
ability to detect nonmetallic and nonpolar substances, as
well as offering spectroscopy of these substances. T-ray
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Fig. 34. (a) T-ray absorption spectrum of o-lactose monohydrate

at room temperature from 0.1 to 1.5 THz. Distinct peaks can be seen
at approximately 0.52 and 1.38 THz, which are unique to o-lactose,
showing its distinct T-ray signature. In comparison, (b) shows the
T-ray spectrum of a nylon cotton sandwich, with both a clean
sample (blue plot) and an o-lactose laced sample (red plot) at

room temperature. Two sheets of nylon, each with a thickness of
3.205 mm, were pressed together with a sheet of cotton (0.442 mm
thick) in between in order to crudely simulate the profile of a plastic
suitcase. The resultant spectra for the clean sample shows no signature
absorption peaks. Absorption of the T-ray signal is increased with
increasing frequencies, as the nylon and cotton absorb the signal to
a greater degree. Signal noise and interface reflections can also be
seen in the data. The laced sample clearly shows the signature
absorption peaks from Fig. 34(a) when the cotton is laced with
a-lactose. The circled areas clearly show the absorption peaks

at approximately 0.52 and 1.38 THz, which are characteristic to
a-lactose, indicating that it is present in this particular sample.

imaging has shown this to be possible in detection of
objects hidden under clothing and within envelopes
[29], [189]-[193].

T-ray spectroscopy can also be used to discern differing
substances, due to their varying absorption peaks across
the terahertz frequencies that are unique to each
substance. This leads to a readily identifiable signature
for that substance. Previous experiments have shown that
T-ray spectroscopy is able to detect biological agents [29],
[189], [190], explosives [191], [192], and narcotics [193],
as they have distinct terahertz signatures.

In a proof-of-concept experiment, it is shown that
T-rays are able to penetrate various common plastics and
detect a trace substance laced on a piece of cotton wedged
between them [194]. The experiment uses o-lactose,
which has distinct terahertz absorption peaks at approx-
imately 0.52 and 1.38 THz [Fig. 34(a)]. The experiment
shows that when a small amount of lactose is laced onto
cotton fabric, and then sandwiched between two sheets of
the same plastic, high impact polystyrene (HIPS), lexan,
nylon, glycol modified polyethylene terephthalate (PETG),
polycarbonate, or polyethylene, the absorption peaks are
still readily detectable [Fig. 34(b), red plot]. This is op-
posed to a similar lactose-free setup, where no absorption
peaks are seen [Fig. 34(b), blue plot].

The two plastic sheets surrounding the cotton appear
only to attenuate the absorption peaks and add interface
reflection noise shown in Fig. 34(a) and (b). This shows

Withayachumnankul et al.: T-Ray Sensing and Imaging

that other organic and nonmetal substances may be
detectable under similar circumstances.

All tested plastics are found to be transparent under
T-ray spectroscopy, only attenuating the signal to a slight
degree. Nylon appears to be the most transparent under
T-rays, while PETG attenuates the T-ray signal to the
highest degree of the plastics tested. Absorption coeffi-
cients at 0.8 THz were 0.400, 0.515, 1.500, 3.755, 6.400,
6.955, and 12.200 cm™' for nylon, polyethylene, HIPS,
cotton, lexan, polycarbonate, and PETG respectively.’

The results from these experiments can lead to further
research into the application of T-rays in use for scanning
of packages and luggage in secure areas to readily and
actively detect harmful or dangerous organic substances.
Clothing within luggage or a package may also be screened
to determine if a trace substance is present for potential
quarantine applications.

XIII. CONCLUSION

In this paper, we have presented selected T-ray research
topics that have been investigated by the Adelaide T-ray
group. The topics—in terms of core hardware—include an
uncertainty analysis of THz-TDS systems, doubled-modu-
lated DTDS for liquid spectroscopy, microwires for T-ray
transmission, and T-ray near-field imaging techniques. For
molecular and biological applications, the topics encom-
pass vibrational mode prediction, bioaffinity sensing, and
T-ray propagation in multilayered media. Beyond one-
dimensional spectroscopy, the topics extend to functional
imaging techniques—including image rendering, CT and
DT tomography, and rapid local tomographic reconstruc-
tion with wavelets. As a promising application of T-rays,
substance retection is another ongoing topic.
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