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Terahertz (THz) radiation occupies part of the electromagnetic spectrum between the
infrared and microwave bands. Until recently, technology at THz frequencies was under-
developed compared to the rest of the electromagnetic spectrum, leaving a gap between
millimeter waves and the far-infrared (FIR). In the past decade, interest in the THz gap
has been increased by the development of ultrafast laser-based T-ray systems and their
demonstration of diffraction-limited spatial resolution, picosecond temporal resolution,
DC-THz spectral bandwidth and signal-to-noise ratios above 10%.

This chapter reviews the development, the state of the art and the applications
of T-ray spectrometers. Continuous-wave (CW) THz-frequency sources and detectors
are briefly introduced in comparison to ultrafast pulsed THz systems. An emphasis is
placed on experimental applications of T-rays to sensing and imaging, with a view to
the continuing advance of technologies and applications in the THz band.
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1. Introduction

Terahertz (THz) radiation can be generated and detected by various systems, each
with different output powers, sensitivities, bandwidths and technological imple-
mentations. Recently the terahertz band has become more accessible due to ultra-
sensitive pulsed sources and detectors based on pulsed laser excitation, which gener-
ate and detect picosecond (ps) pulses of free-space THz radiation, dubbed T-rays.!

T-ray spectrometers are wide-spread in the optics community and are being
used in an increasing number of research and industrial applications. T-rays are
complemented by a number of other techniques for generating and detecting THz
radiation, specifically CW systems, which use electronic or optical methods, as
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discussed in 2. In this chapter we will generally refer to ultrafast pulsed THz as
T-rays.

As shown in Fig. 1, THz radiation lies at the boundary between electronics and
photonics. The THz bandwidth centers on the frequencies 0.3 to 3 THz, overlapping
with high-frequency mm-waves and the long wavelengths of the far-infrared. At this
boundary, THz has improved far-field spatial resolution, =~ 300 pm, over mm-waves,
and reduced Rayleigh scattering, o A™%, compared to infrared light.

THz radiation has a spatial resolution limited by wavelength, A, to approxi-
mately 0.3 mm at 1 THz, which is better than millimeter (mm)-waves, and THz
Rayleigh scattering is less than for IR light due to its A™% dependence.
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Fig 1. A representation of the electromagnetic spectrum, showing the THz gap between the
well-developed fields of mm-waves and the infrared.

Research interest in T-rays stems from the broadband pulsed nature of the radi-
ation and the THz-frequency response of materials, ranging from semiconductors to
human tissue. The wavelength of the radiation corresponds to a photon energy, and
thus to certain energy transitions in materials. The THz regime is populated by the
rotational and vibrational energy states of polar molecules, either in liquid or gas
form. Larger molecules show many collective vibrational and librational (bending)
modes at THz frequencies. Polar molecules interact strongly with T-rays; water
molecules absorb THz very strongly, on the one hand limiting penetration of the
radiation into moist substances, and on the other making it readily detectable even
in very low concentrations.

T-ray photons have energy quanta corresponding to many discrete energy levels
in matter. In molecules, vibrational states are typically separated by energy transi-
tions of approximately 0.1 eV and rotational states are separated by approximately
0.001 eV. Multi-atomic molecules have many vibrational and rotational modes, re-
sulting in a very large number of T-ray transitions for large molecules.? In larger
systems, the relative vibration of sub-domains in a molecule and the vibration of
hydrogen bonds between molecules interact with T-ray photons. In condensed mat-
ter systems, typical T-ray energies can excite polaritons, phonons and plasmons in
semiconductors, and energy gaps in superconductors.®4

Most molecules have dense and distinctive absorption spectra in the far-infrared,
which has led to much interest in THz spectroscopy.> ® Using T-ray transmission
or reflection spectroscopy, samples from gas to the solid-state can be completely
characterized at THz frequencies. The density of ro-vibrational modes in the THz
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bandwidth provides a wealth of information about the composition and state of
samples.

In terms’f applications, THz radiation will penetrate non-polar substances such
as fats, cardboard, cloth and plastic with little attenuation, and can be used for
detecting low concentrations of polar gases, conceivably for pollution control. Apart
from detection, materials can also be differentiated spectroscopically using T-rays.
The identification of a group of rotational or vibrational lines in the molecular
spectrum leads to unique classification of the molecular substance itself.

Table 1. Comparison of different notations used to describe where the T-ray frequencies, from 0.3
to 3 THz, lie on the electromagnetic spectrum.

[ Wavenumber | Wavelength | Frequency | Photon Energy | Blackbody Temp. |

1em™? 10 mm 30 GHz 120 peV 14K
10 em™! 1 mm 300 GHz 1.2 meV 14 K
33 cm™! 300 pm 1 THz 4.1 meV 48 K
100 cm ™! 100 pm 3 THz 12 meV 140 K
200 em ™! 50 pm 6 THz 25 meV 290 K
670 cm ™! 15 ym 20 THz 83 meV 960 K

T-ray science has expanded rapidly during the past decade, exploring the THz
gap in the electromagnetic spectrum. Two broad THz classes of T-ray generation
and detection, both relying on ultrafast laser pulses, have developed over the past
fifteen years. The first, using photoconductive antennas, was developed at Bell Labs
and the IBM Watson Research Center and is now available in a commercial product
from Picometrix Inc, ML.? The second, using the nonlinear effects of optical rectifi-
cation and electro-optic sampling, is marketed by Zomega Technology Corp, NY.!0
Large-scale stand-alone imaging systems became available in 2002 from TeraView!!
and Nikon.}? THz radiation is being used for an increasing range of sensing and
imaging applications, discussed in Secs. 2 and 5.

T-ray spectrometers are well suited to complement existing chemical sensing and
analysis tools, such as Fourier transform infrared (FTIR) and nuclear magnetic res-
onance spectroscopy. Pulsed THz radiation consists of ultrashort pulses, each with
a bandwidth spanning the range from approximately 0.1 to 10 THz. The electric
field of a typical T-ray pulse is shown in Fig. 2. The vertical axis shows the magni-
tude of the pulse, which is proportional to the THz electric field, and the horizontal
axis shows the time-delay between the optical generation and detection pulses. The
operation of a T-ray spectrometer is explained in Sec. 3. The important character-
istic of a T-ray is its short pulse length. This picosecond pulse of electromagnetic
radiation, that is 10712 seconds, has a short time resolution and a broad spectral
bandwidth, and time-gated detection is sensitive to its high peak power. Pulsed T-
ray systems have demonstrated signal-to-noise ratios (SNRs) of over 10,000:1 using
lock-in detection,'® with only small pulse energies. Having very low average power,
T-rays are particularly attractive for medical applications, where they are currently
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Fig 2. The electric field of a typical broadband T-ray pulse, showing the ps duration and THz
bandwidth. This pulse was generated from surface currents in unbiased GaAs, generated by 100-
fs laser pulses with a pulse repetition frequency of 82 MHz. The T-rays propagated through
50 cm of air, and were detected by electro-optic sampling in ZnTe. The spectrometer was at room
temperature and humidity; the oscillations in the tail of the time-domain pulse, and the frequency
dips visible in the spectrum at 0.56, 0.75 and 1.1 THz are due to absorption of water molecules in
the air.> The noise level depends on averaging time in the lock-in amplifier; these measurements
were averaged with a 100-ms time constant.

considered harmless (see Sec. 4.3.4). Looking to future applications, T-ray imaging
faces the hurdles of spatial resolution, size, cost, output power, SNR, bandwidth,
depth penetration, water sensitivity and speed of data acquisition.

2. Continuous-wave Terahertz Systems
2.1. Introduction

In the THz region of the electromagnetic spectrum, there are five primary classes of
CW sources and three classes of detectors. The simplest THz sources and detectors
are thermal in nature; hot emitters, such as globars, and cooled detectors are used
in THz FTIR spectroscopy systems. The third and fourth most common THz
sources have arisen from opposite sides of the THz spectral band; electronic sources
are based on microwave-style resonators and circuits, whereas nonlinear optical
sources rely on optical laser technology. Three classes of THz laser have been
introduced in the last thirty years, and remain in various stages of development:
free-electron lasers (FELs), gas-vapor lasers and semiconductor lasers, including
quantum cascade lasers.

THz radiation has historically been difficult to generate and detect.'* Thermal
sources have weak emission at long wavelengths and gas vapor lasers are cum-
bersome.!® Bolometric detectors only operate under vacuum conditions at liquid-
helium temperatures,'® and although FTIR spectroscopy offers spectroscopic infor-
mation down to approximately 1 THz, lower frequencies are difficult to access.!?:1®
This section reviews current research on THz sources and detectors that do not rely
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on ultrafast generation and detection.

2.2. Thermal sources

FTIR spectroscopy is a powerful and well-developed technique for studying reso-
nances from the visible to the mid-infrared. FTIR relies on incoherent thermal
sources and detectors for THz-frequency measurements. Despite the low power and
poor sensitivity of thermal sources and detectors in the THz band, FTIR is used
widely and extensively in material and biological studies.!®

THz FTIR spectroscopy relies on THz radiation generated by a mercury arc
lamp, or SiC rod (globar), which is directed into two arms of an optical interferom-
eter. The sample to be studied is placed in one arm of the interferometer, and a
characteristic interference pattern, influenced by the THz properties of the sample,
is measured by scanning the length of one arm of the interferometer. The ac-
tual spectral response of the sample can be calculated from the interferogram using
Fourier theory and the numerical Fast Fourier Transform (FFT), with consideration
of zero-padding, apodization and aliasing.!”

With regard to speed, frequency resolution and reliance on the FFT, FTIR
is comparable to T-ray spectroscopy, introduced in Sec. 3. The main advantage
of FTIR spectroscopy is its sensitivity spanning many frequencies, from the far-

infrared up to the visible, whereas T-ray spectrometers are more sensitive below
3 THz.18

Table 2. CW methods for thin film characterization.

Technique Freq. range Comments

Ellipsometry 20 THz-800 THz | optical technique?®

FTIR 5 THz-80 THz for bulk and sheets'®
Resonator 35 GHz-144 GHz | for sheets

Vector Network Analyzer | 50 MHz-100 GHz | requires electrode patterning
RF Impedance Analyzer | 1 MHz-1 GHz for circuits

LCR Meter 10 Hz-1 MHz for circuits

C-V technique DC & low freq. requires Hg probe contacts?*

2.3. Photonic sources

The primary difficulty in developing a THz laser is finding a cheap and convenient
gain medium that can be pumped efficiently, with high gain and high output power.

2.3.1. Free-electron lasers

The gain medium of the free-electron laser (FEL) is an oscillating beam of electron
bunches, which is modulated by a spatially periodic magnetic ‘wiggler’ field. The
emitted radiation can be tuned by changing the frequency of the wiggler and can
in principle reach from mm to X-ray wavelengths. The FEL is the most powerful

255



606 S. P. Mickan & X.-C. Zhang

source of THz radiation available, producing a CW or pulsed beam of coherent,
diffraction-limited THz radiation with an efficiency potentially close to unity.??

Despite requiring large dedicated installations, FELs are important tools for
studying THz radiation and its interaction with, for example, condensed matter
and biological materials.?®> Current research aims to produce more compact FEL
systems®* and up to 50 W of average THz power has been generated at a 75 MHz
pulse rate.?®

2.3.2.  Gas-vapor lasers

As mentioned in the introduction, simple molecules such as water have many rota-
tional and vibrational resonances within the THz region. These molecules can be
used as a laser gain medium if efficiently pumped into a long-lived excited state.
The first obstacle in creating a THz source is finding a suitable radiative transition,
since rotational and vibrational energy levels of large molecules are difficult to use
in a laser.’®> A number of solutions have been found, including methanol and HCN
vapor, pumped either optically or electronically. Methanol lasers, for example, are
designed around optically exciting the rocking and asymmetric deformation modes
of methanol with a COy laser.26 HCN lasers are the most popular gas-vapor lasers,
with CW or pulsed lasing possible on many modes in the FIR. HCN lasers require
large cavities (2 m or more), large voltages and currents (kV with up to 100s of
amps), and active temperature stabilization.2”

Gas-vapor lasers are not continuously tunable, but have been shown to operate
at over 2000 wavelengths from 26 to 254 pm, with power levels ranging from pW
to 10 mW.?® Gas-vapor lasers have been used to characterize many materials in
the FIR, including liquids, bulk semiconductors, thin-film semiconductors and thin
film superconductors.?? Gas-vapor laser have been reviewed by Blake et al?° and
current developments continue to reduce the size and increase the tunability of
gas-vapor lasers.

2.3.3.  Semiconductor lasers

The offer of small, cheap and tunable solid-state THz sources has led to two main
approaches in developing a THz semiconductor laser: p-germanium (Ge) lasers
and semiconductor heterostructure (quantum cascade) lasers. Other solid-state
THz lasers are proposed using narrow bandgap lead salts, intersubband quantum
fountain oscillations®! and impurity centers in silicon.3? 33

The Ge laser operates through the electrical excitation of hot holes in p-doped
Ge. The laser cavity is created by polishing the surfaces of the Ge crystal since
Ge has a high THz refractive index, n=4.0.%% Ge lasers doped with beryllium have
exhibited up to 5% duty cycles, with up to 1 W of output power, continuously-
tunable from 1 to 4 THz. With advances in slab design and cooling, Briindemann
et al. expect to achieve CW lasing in the near future.3*37 Current devices operate
at 20-30 K, with 10-20 W of refrigeration. A commercial p-Ge laser was first
available in 2002.%8

THz radiation emission from quantum heterostructures in semiconductors is
based around intersubband transitions.3® The first quantum THz laser was re-
ported by Kohler et al in 2002,%° using a quantum cascade gain medium,*! after
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many groups had demonstrated THz emission from quantum structures. These
devices are pumped with low voltages and mA currents, and generate narrow band-
width radiation between 1 and 5 THz from intersubband transitions and resonant
tunneling processes.*>** Quantum gain media are currently operational only at low
temperatures (~4.2 K) and suffer from fast depopulation of the excited states,**
although room-temperature emission is predicted from 4-level asymmetric quan-
tum well structures.*®4” Quantum cascade structures have been used to generate
THz in a nonlinear mixer configuration.*® THz-frequency quantum cascade laser
research has been reviewed by Tredicucci et al.*

2.4. Nonlinear optical processes

Nonlinear optical materials with an appreciable x(® nonlinear optical coefficient
provide a medium for generation of radiation at the beat frequency between two
pump sources.?%:5} For pump sources with wavelengths offset by THz frequencies,
the x® material can act as a source of THz.52 Difference frequency generation
(DFG), or three-wave mixing, was an early source of THz, but was hampered by low
conversion efficiencies and phase matching requirements.>* 5" DFG has been revis-
ited as a THz source using the patented organic crystal DAST (4-dimethylamino-N-
methyl-4-stilbazolium-tosylate), designed to have a very high nonlinear electro-optic
(EO) coefficient and low dielectric constant in the FIR.5® DAST has been used to
mix quasi-CW pulses from a tunable dual-wavelength Ti:sapphire laser to generate
32-ns THz pulses with over 2 uW of THz power.>® A more compact and lower
power source has been demonstrated using a Nd:YAG pump and dual wavelengths
generated in a periodically-poled lithium niobate (PPLN) optical parametric oscil-
lator;%° the THz output wavelength is tuned from 120 to 160 pum using temperature
control of the PPLN crystal. THz beat frequencies are now available from dual-
frequency laser diodes®! and injection-locked semiconductor lasers.5? DFG is closely
related to optical rectification, described in Sec. 3.3.2, where THz is generated as
the difference frequency between Fourier components of the pulse.5?

A nonlinear optical crystal can also be used to generate THz radiation via a para-
metric effect. In optical parametric generation (OPG), a near-infrared (NIR) pump
beam generates a second NIR idler beam in a nonlinear crystal, and THz radiation
is generated from the beating of the pump and the idler.52 If the nonlinear crystal
is placed in a cavity for the idler beam, feedback amplifies the idler beam, creating
an optical parametric oscillator (OPO). OPG was used to generate THz radiation
in the early 1970s, using a Nd:YAG pump beam, polariton scattering in LiNbOj3
to generate the Stokes (down-shifted) idler, and angular rotation of the parametric
oscillator cavity to tune the THz output wavelength.®® 85 Since the mid-1990’s,
Kawase et al. have made a number of improvements to what they call the THz
parametric oscillator (TPO), thereby decreasing system size, enhancing wavelength
selectivity and increasing the output power by several orders of magnitude. A grat-
ing coupler on the LiTaOs crystal was used to improve the coupling of the THz
radiation into free space,®® and a prism coupler was used to remove the dependence
of the THz output direction on the angle of the parametric cavity (and thus the
output wavelength).®6 Rapid wavelength tuning was achieved by scanning the angle
of the pump beam with a fast mirror.” The TPO has also been implemented in
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a ring cavity configuration®® and in cryogenically-cooled crystals, which improves
the THz output power by over 100 times and reduces the gain threshold.®® In
2001, THz parametric generation (TPG), with an injection seeded idler beam, was
experimentally shown to be superior to TPO.”™ TPG shows a reduced line width
(Av/v =~ 107%) and a peak THz power of over 100 mW for 3.4-ns pulses. TPG
has also been demonstrated in a compact form, admittedly with limited tunability
(1.2-2.4 THz) and power (30 uW)."!

Nonlinear optical methods of generating CW THz radiation are attractive for
their simplicity, availability of solid-state pump sources, linewidth and tunability.
Although more cumbersome than proposed electrically-pumped solid state sources,
discussed in Sec. 2.3.3 above, DFG and OPG systems are significantly smaller than
free-electron and gas-vapor lasers.

2.5. Photomixzing in biased semiconductors

In a manner similar to DFG, biased semiconductors with very short carrier lifetimes
and high carrier mobility can be used to convert a THz beat frequency between two
optical beams into THz radiation.

Brown et al. initially developed GHz and THz photomixers, or optical-heterodyne
converters, using electrodes and antennas deposited on low-temperature-grown (LT)-
GaAs. LT-GaAs is characterized by sub-picosecond electron-hole recombination
rates, a high carrier mobility (x ~ 200 cm?/V-s) and a high breakdown field
(>4x10° V/cm).”® The photomixer was an array of interdigitated electrodes with
micron spacing, connected either to a strip line, for GHz generation, or a spiral an-
tenna for free-space radiation of THz-frequency radiation.”®7® Initially limited to
200 GHz, the bandwidth was increased to above 5 THz of coherent, tunable THz ra-
diation,”® and demonstrated for use in a spectrometer.”””® The biased photomixer
is very similar to a photo-conductive antenna (Sec. 3.3.1), which is used with pulsed
optical excitation.”® Photomixing of fiber-coupled beams has been demonstrated
with dipole,® log-spiral and slot antennas at different temperatures,®* and analyzed
with theoretical modeling.5?

A number of optical sources have been used to generate the two pump beams
for mixing, including two fiber-coupled Ti:sapphire lasers,”® two distributed-Bragg-
reflector (DBR) laser diodes,®* two longitudinal modes in laser diodes,®* microchip
lasers (for mm-waves)®® and iodine lasers (up to 14 GHz).®® The advantage of
using two modes in a single laser diode is the compact nature of the source, and a
very narrow linewidth.3” Other dual-mode lasers have been used to generate THz-
frequency amplitude beats, for example a Ti:sapphire ring cavity, a Tiisapphire
a-cavity®® and a laser diode array with a bandwidth reaching 7 THz.%® A novel
method of tuning the THz beat frequency is to use two linearly chirped pulses, and
control the phase difference between them at the photomixer with, for example,
a Michelson interferometer.’® Biased photoconductors are also very important in
generating THz pulses from ultrashort optical pump pulses, as discussed in Sec. 3.3.1
below.

CW photomixing systems have been used for scanning imaging, analogous to
T-ray imaging systems, as detailed in Sec. 5 below.®! With CW THz power output
levels of approximately 1 mW," photomixing systems are useful in applications
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requiring excellent tunability, small system size and narrow linewidth.

2.6. Electronic sources

The frequency of electronic sources has increased steadily for many years, from
MHz to the GHz frequencies. State-of-the-art electronic sources remain limited
to frequencies in the hundreds of GHz and sub-mW powers.®? High-speed elec-
tronic devices are suited to low-power CW operation, although a non-contact sys-
tem based on complex impedance bridges®® has been used to accurately character-
ize the dielectric constant of thin films between 30 CHz and 1 THz.>* Nonlinear
transmission lines (NLTLs) have also been used to generate electronically-tunable
sub-ps transients,?® which can drive antennas®® to generate THz radiation.®” NLTL
THz sources have demonstrated very narrow linewidths in room-temperature spec-
troscopy applications.®® %9

Backward wave oscillators (BWOQs) are electrically-driven microwave genera-
tors that can generate CW radiation from mm-waves up to 2 THz.19%° BWOs are
large table-top devices, requiring powerful magnetic fields and water cooling, but
provide up to 300 mW of polarized, narrowband (Av/v = 107%), tunable THz ra-
diation.’®* Each BWO is tunable within approximately £30% of its central value,
therefore a number of devices are required for full frequency coverage. BWOs have
been used in THz spectroscopy of gases,'°27104 thin film superconductors,!®® and
biomolecules. 10

Electronic CW generation techniques are primarily of interest for their simplicity
and integratability with other electronic systems. The BWO provides a high quality
source of CW THz at power levels between electronic and large laser systems.

2.7. Detection

As with sources, THz radiation can be detected using thermal, optical or electronic
effects. Detecting THz signals is difficult because blackbody radiation at room
temperature is strong in the FIR, as shown in Table 1. The most common THz
detectors are thermal detectors, for example the helium-cooled bolometer, which
is desensitized to ambient temperature and registers only the heating effect of the
THz radiation.’® The bolometer is an incoherent detector, registering only incident
power, which is appropriate for CW detection, but limits the information available
in broadband systems. FTIR, for example, uses an interferometric technique to
resolve the different frequency components of the broadband source.!”>18

In an analogous manner to nonlinear optical mixing and photomixing in biased
semiconductors, CW THz radiation can be coherently detected using homodyne
mixing in nonlinear crystals'®” and photoconductive switches.”® % For CW detec-
tion with THz local oscillators, electronic detectors have been developed based on
cooled photodetectors,'%® electron plasmas in semiconductors,%% 110 semiconductor
superlattices,’’! mesoscopic quantum devices,!'? resonant quantum well infrared
photodetectors (QWIPS)!'3 and high-electron-mobility transistors (HEMTs).}14
Purely electronic systems incorporate symmetrical sources and detectors.% 97

THz imaging with CW systems is widely relevant in FIR astronomy, as reviewed
by Siegel.!'® CW imaging has been demonstrated with QWIP arrays!*¢ and in
laboratory conditions using photomixing.}!”
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3. Pulsed T-ray Spectrometers
3.1.  Introduction

Pulsed THz, or T-ray, spectrometers are based on ultrafast pulsed generation and
detection using mode-locked lasers. Mode-locked Ti:sapphire ultrafast lasers be-
came commonly available in the 1980s, triggering increased research into ultrafast
sources and detectors of THz radiation.!'® The cost and size of T-ray spectrome-
ters is dominated by the cost and size of the ultrafast laser, a technology that is
continuously becoming more convenient, compact and economical.

T-ray spectrometers have come out of the lab in recent years and are now com-
mercially available as entire systems. The designs of T-ray systems continue to
increase in variety as they are improved and applied to many fields in science,
medicine and industry.

3.2. Pulsed systems

The development of pulsed THz radiation (T-rays) generated using ultrafast optical
lasers has provided a new method for accessing the THz frequency regime. Pulsed
THz techniques were initially developed for waveguide and circuit characteriza-
tion.'9122 Free-space THz time-domain spectroscopy grew from the development
of both photoconductive dipole antennas and EO crystals as sources and detec-
tors.}23 130 The first complete T-ray spectrometers were used for spectroscopy of
bulk dielectrics at THz frequencies.!®!~13% Many varieties of T-ray spectrometers
now exist, detailed in the following sections. The most common is the commercially
available spectrometer using an PCA emitter and detector.

T-ray spectrometers are inherently broadband systems, a result of using ultrafast
optical pulses to generate pulses of THz radiation. The broadband nature of T-rays
means they are able to probe a wide region of the FIR, depending on the actual
system, from DC to the mid-infrared (>30 THz).

3.3. Generation

Many methods have been exploited to develop sources of pulsed THz. Apart from
the most common techniques of photoconductive switching, optical rectification
and semiconductor surface current generation, T-rays have been generated using
the inverse Franz-Keldysh effect,®* coherent control concepts!®® and plasma os-
cillations.!3® These are methods of producing an ultrafast current or polarization
transient, which acts as a broadband source as predicted in Hertz’s equations.'?”
The radiation is then directly emitted into free space or coupled out with an an-
tenna.

T-ray generation has been reviewed in many publications, for example by Gornik
and Kersting.?® The state-of-the-art in 1988 is well covered by Auston and Nuss!!% 137
and nonlinear generation is developed in a text by Shen.%?

3.3.1. Photoconductive antennas

A photoconductive antenna (PCA) has two important features: an antenna struc-
ture and a photoconductive substrate. The antenna structure is designed to radiate
sub-mm-wavelength electromagnetic waves into free space. The antenna is driven
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by an ultrafast current transient in the switch consisting of photocarriers swept
by an applied DC bias field. The photocarriers are generated in the photoconduc-
tive substrate, which acts as a switch, by an ultrafast laser pulse. A PCA can be
designed with different substrates and different actual antenna designs, which in
turn influence the possible T-ray bandwidth and output power. When an ultrafast
optical pulse is absorbed by an appropriate substrate, carriers are generated and
swept apart by the DC bias field, which creates the current transient to drive the
antenna. The substrate must be able to have sufficiently fast carrier recombination
time and high carrier mobility to support an ultrafast transient. A sub-picosecond
transient will generate a free-space pulse with a duration of a few picoseconds, which

corresponds to a THz bandwidth.

detector

- B n photocurrent
pump beam probe beam

(a) Elementary T-ray beam system with
PCA emitter and detector
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(b) PCA output power dependence on op-
tical pump power, with DC bias field as a
parameter

Fig 3. A T-ray beam is generated and detected using two PCAs.128 The ultrafast probe beam
pulse shorts the biased electrodes and the resulting current transient is coupled into free space.
Gold or Al-coated parabolic mirrors collimate and focus the T-rays onto a second PCA. The PCA
detector, described in Sec. 3.4.1, is gated by the probe pulse; when the PCA is conducting, a
current can be measured across the electrodes that is directly proportional to the amplitude of
the T-ray electric field. Fig. 3(a) shows how the emitted T-ray electric field depends both on the
power in the optical pump pulse and the DC bias field applied to the PCA electrodes. The T-ray
output saturates for high levels of optical fluence. The DC bias is limited by breakdown in the

photoconductive switch.

The first PCA was demonstrated by Mourou et al. at microwave frequencies
in 1981.1%% PCA sources used in T-ray spectrometers, or THz time-domain spec-
troscopy (THz-TDS) systems, were developed primarily by Lucent Technologies and
IBM in 1988 and 1989 %128.131.13% aithough other groups were actively developing
sources and detectors, as reviewed by Auston et al.'?” A schematic of the first
T-ray spectrometer, based on PCAs, is shown in Fig. 3(a). The basic elements of a
PCA, the antenna geometry, the photoconductive switch, the electric bias and the
optical pulse have been subsequently varied in many ways to study and improve the
generated T-ray power, bandwidth, radiation pattern and pulse characteristics.

The high SNR of T-ray spectrometers is due to high emitter power and sensitive
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detection (Sec. 3.4). The average T-ray power in a focused beam has developed from
nW to pW levels, 4% M1 with current systems achieving 30-40 uW of average THz
power.14%:143 The availability of high power, high repetition rate femtosecond laser
sources has enabled PCAs to be driven into saturation,*** 14> and photoconductive
substrates with high breakdown voltages permit large bias fields.?4®

The maximum power emitted from a PCA depends on the photoconductive sub-
strate and the coupling efficiency of the antenna. THz power scales with both the
optical pulse power and the DC bias field, as indicated in Fig. 3(b). A photoconduc-
tive switch material should have a high breakdown voltage, a low optical refractive
index, low bandgap, low carrier lifetime, high optical absorption and high carrier
mobility.?47"14% The polarization of the normally-incident optical pulse is perpen-
dicular to the bias electrodes.’® High power PCAs were demonstrated initially
on implanted silicon-on-sapphire and low-temperature-grown (LT) GaAs,'®! and
since with semi-insulating GaAs,!4% 144 jon-implanted GaAs and InGaAs.'42 An-
tenna design and coupling influences the efficiency, bandwidth and radiation pattern
of T-ray emission.!41:152 Many antenna geometries have been explored,*41:153-160
however high power T-rays are still generated with coplanar strip lines and large
aperture emitters, 4% 143

A broad bandwidth is the second most desirable characteristic of a T-ray source,
which relies on a short THz pulse duration. PCAs in GaAs typically have a useful
bandwidth extending from less than 100 GHz to 2 THz,'*® which can be extended
to 4 THz by injecting carriers close to the band edge.'® 161 Bandwidths up to
6 THz*3 have been reported for PCAs, but pulse duration continues to be limited
by carrier mobility, leading to interest in optical rectification emitters (Sec. 3.3.2).
T-ray bandwidth can be controlled by shaping the optical pulse, to either tune the
output frequency or increase the overall output power.%0162-164

The radiation pattern of a PCA is important for designing beam-steering optics
and imaging systems. Generally, THz radiation is coupled out from the antenna and
collimated into a beam with a hemispherical lens.> 13%165-167 The radjation pat-
tern for the common dipole antenna is essentially dipolar, with a weak quadrupole
component perpendicular to the bias field,!® weak elliptical polarization'®® and
propagates as a Gaussian into the far-field?”® with high frequency components con-
centrated in the center of the beam.!7!:12 Near-field effects are important for
understanding screening of the bias field, pulse propagation and applications in
near-field imaging, and are detailed in Sec. 5.6.

PCA emitters have been integrated into commercial optical fiber-coupled T-ray
systems, for their convenience and high power.® Miniature PCAs have been demon-
strated on optical fibers for potential endoscopic applications.!”® T-ray emission has
been observed from air as the photoconductive switch!™ and PCAs have been in-
corporated directly into ultrafast laser cavities to produce up to 7 uW of pulsed
THz power.1

3.3.2.  Optical rectification

Optical rectification (OR) is a nonlinear optical effect that can generate T-ray pulses
with very large bandwidth from ultrafast optical pulses.'’® OR is a second-order
effect that occurs in materials with a non-zero x‘?, or EO, coefficient, and is referred
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pump beam emitted T-rays
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Fig 4. OR is a second-order nonlinear effect, whereby an ultrafast electric field pulse is rectified in
a x® medium. The ultrafast pump pulses induce an transient polarization, P(t), which in turn
emits a THz-bandwidth pulse. The time evolution of the THz pulse is given by the second time
derivative of the polarization transient.t78 177

to as the inverse EO, or Pockel’s effect.?%179:180 OR was first observed in 1962, with
a high intensity 100-ns laser pulse causing a DC polarization in certain crystals.!®!
With the development of ps and fs laser systems, faster polarization transients
were induced, with bandwidths reaching to THz frequencies.!®27186 The ultrafast
‘shock wave’ propagating through a nonlinear medium was observed to generate
Cerenkov THz radiation, but was confined to the medium due to total internal
reflection. 87189

After the development of the PCA for free-space THz generation, the Cerenkov
radiation was coupled out of LiTaQ3 into THz beams.'?® The power and bandwidth
of T-rays generated by OR are determined by the driving optical pulse, the nonlinear
x?) coefficient of the crystal, the crystal damage threshold, the output coupling
constraints and the visible-to-THz phase matching.177>190

Unlike a PCA, the THz power generated by OR is due only to the incident
laser power.!®! The maximum optical power is limited by available ultrafast laser
sources and by damage to the medium.'? With the development of high-power
solid-state mode-locked lasers, sub-100-fs pulse trains can be generated at 10s of
MHz repetition rates and up to 2 W of average power. The generation efficiency
depends on the magnitude of the x(? coefficient, THz absorption in the material
and phase matching between the optical and THz pulses.!®*1%¢ The magnitude of
the x{? coefficient varies with the crystal cut and orientation.!”®195-197 Although
DAST has a very large EO coefficient, 98199 it is hygroscopic. The most popular EO
material is ZnTe, because of its physical durability and excellent phase matching.!™”
With a broadly focused optical pump beam, to avoid damaging the medium, and
a ZnTe crystal, nW T-ray average power can be generated by OR. OR saturation
due to second harmonic generation of the pump beam at high optical fluence has
been studied in ZnTe.1? OR saturation has also been studied in LiTaOs, LiNbO3
and DAST.!%!

OR owes its intrinsically broad bandwidth to Pockel’s effect, which operates on
a fs time scale.!”® The actual bandwidth depends on the duration of the optical
pump pulse. With ultrashort optical pulses, down to 15 fs in duration, THz pulses
have been generated with spectra extending to the mid-infrared.200:201

OR effects have been observed in air,2°? in biased quantum wells (QWs),2%
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periodically-poled LiNbO3 (PPLN), in poled polymers,2°* in polymer thin films,203
in super-conducting thin films,?® and from beating in coupled quantum wells.207
T-rays generated from OR in PPLN can be tuned by the poling period, the temper-
ature or the crystal orientation.?%%-21 Typically, OR is driven by ultrafast pulses
from a solid state Ti:sapphire mode-locked laser, although 1.55-pm light has been
used in optical fiber-based systems.?!2

3.3.3.  Pulsed photomizing

Pulsed photomixing in biased semiconductors is related to THz generation in PCAs
(Sec. 3.3.1), CW photomixing (Sec. 2.5) and CW nonlinear DFG (Sec. 2.4). Pho-
tomixing in a PCA uses two pulses from an ultrafast laser, split in an interferometer
with consequent phase control, which provides control over the output T-ray pulse
shape.140:213.214 Qhaping of the optical near-infrared pump pulse enables T-ray
pulse shaping generated from nonlinear optical mixing effects.®® 215216  Mixing
pulses with an equal frequency chirp creates a difference frequency that depends on
the phase delay of the two pulses in the arms of the interferometer. Chirped pulse
mixing therefore generates relatively narrowband, frequency-tunable T-rays.217:218
Photomixing has been observed in quantum well structures using resonant excita-
tion of plasmons.?!?

3.3.4. Photoexcited semiconductors and superconductors

reflected optical beam
& T-ray pulse

air semiconductor
T-ray pulse

surface
states KQS_-_—-EV
pump semiconductor
beam emitter
(a) THz surface current generation (b) Surface bias field in a bare
semiconductor

Fig 5. T-ray generation from surface fields in unbiased semiconductors.?2%:221 The intrinsic bias
at a semiconductor surface is shown in Fig. 5(b). This bias field sweeps ultrafast photo-generated
carriers, and for high-mobility semiconductors, the resulting current transient acts as a source
of THz. Fig. 5(a) shows THz generation from a semiconductor surface either in transmission or
reflection. ; is set at Brewster’s angle to improve coupling of the optical and THz beams at the
air-semiconductor interface.
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Fig 6. T-ray generation from an unbiased semiconductor in a magnetic field. The intrinsic bias
field, E, is shown normal to the semiconductor surface. The THz generated from an unbiased
semiconductor is enhanced by the application of a DC magnetic field, as seen in Fig. 6(b). This
effect is discussed in Sec. 3.3.4.

T-ray emission has been observed from unbiased semiconductors, and attributed
to a number of effects. Notably among these are OR, photocarriers accelerated
in the semiconductor surface field, coherent polarization oscillations,??? coherent
phonons, 223226 coherent plasmon oscillations,??7-228 coherently controlled photocur-
rents,'3® transitions in coupled quantum wells,??® intersubband transitions in quan-
tum wells,230 coherent charge oscillations in quantum wells,*! Rabi oscillations,??
Stark wave packets,23% coherent Bloch oscillations in superlattices,234-2%% photo-
Dember fields?39 240 and superluminal ionization fronts.36

T-ray emission has been observed in high-T' superconductors due to ultrafast
modulation of the superconductuvity.?#!

T-ray emission from unbiased semiconductor surfaces excited with ultrafast opti-
cal pulses was first observed in 1990 by Zhang et al.?2%:22! Fig. 5 shows a schematic
of THz generation from an unbiased semiconductor surface and the intrinsic bias
field at the surface. The radiated THz field is proportional to the optical pump
power and is due to a combination of OR,}7%:242 bulk DFG24® and photocarrier ac-
celeration in the surface field of the semiconductor.24424% T_ray emission from semi-
conductor surfaces is influenced by the magnetic field surrounding the emitter,246: 247
which can be used to switch or enhance the generation efficiency.?47252 T-ray emis-
sion from an unbiased GaAs wafer in a switchable magnetic field is shown in Fig. 6,
indicating enhancement and phase reversal of the generated THz pulse. This en-
hancement has been explained by considering the alignment of the induced radiating
dipoles and total internal reflection at the semiconductor-air interface.2%3:2%4

Optical pulse shaping and magnetic field control enables both enhancements
and spectral control of the emitted T-rays.25%256 T-ray emission from semiconduc-

tor heterostructures has been coherently controlled by shaping the optical pump
pulse 257
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3.4. Detection
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Fig 7. This T-ray generation and detection schematic is an example of a pump-probe experiment.
The pump pulse initiates an effect, which is detected by a gated detector. The time delay is varied
between the commencement of the effect and when the detector operates. Thus the time evolution
of the effect, in this case a T-ray pulse, can be sequentially sampled. The chopper AC modulates
the THz beam at an audio to RF frequency f, and the signal current is demodulated in a lock-in
amplifier. The gated detector is a PCA, described in Sec. 3.4.1.

Although CW detection techniques can be used for T-ray detection, the high
SNR of T-ray spectrometers is due to time-gated detection (pump-probe) tech-
niques. Gated detection relies on an optically switched detector, and part of the
pulse split from a mode-locked laser, as illustrated in Fig. 7.

A feature of PCA and EO detection is the large DC background in the probe
compared to the modulation due to the THz field. A common method to observe
a T-ray signal is to AC modulate the free-space THz beam at a certain frequency,
indicated by the chopper in Fig. 7, then electronically filter out any signals not at
this modulation frequency. This modulation frequency is pushed as high as possible
because laser noise is greater at low frequencies (it has a 1/f characteristic?®®), up
to around 3.5 MHz, where the noise floor is set by instrumentation and photon
noise.?%9

Gated detection systems acquire a time-domain response by scanning the time
delay of the detector across the generated waveform. For T-ray generation, the
detector operates on a fs time scale, which is orders of magnitude faster than the
ps duration of the THz pulse that is being sampled. This delay is achieved with
a variable path length, represented by the delay stage in Fig. 7. The total length
of the delay stage movement determines the duration of the sampled pulse. The
speed at which the waveform is acquired is limited by the desired SNR. A faster
scan leaves less time for the signal at each point to be averaged with, for example,
a lock-in amplifier, thus increasing the noise level.
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Fig 8. PCA and EO sampling. Fig. 8(a) shows a photoconductive dipole antenna. The large T-ray
spot biases the electrodes with a free-space electric field of ps duration. The fs probe switches
the electrodes with transient photocarriers, allowing a current to flow, which is detected by an
ammeter. The current flow is proportional to the applied THz field. Fig. 8(b) shows the EOS
scheme, which is more complex than PCA detection, but has better sensitivity and a broader
bandwidth. The polarized T-ray electric fleld induces a birefringence in the detector, depending
on the x(2) coefficient of the specific crystallographic orientation of the crystal.197 A pellicle beam-
splitter directs the pump and probe beam collinearly through the EO detector. The polarization
of the probe beam is rotated by the birefringent medium, which is converted to an intensity
modulation using an analyzer. The analyzer is a polarizing beam splitter or second polarizer
rotated 90° from the first polarizer. This is a typical crossed polarizer detection method.179.180
The analyzer, in this diagram a Wollaston beam splitter, directs the two polarizations to balanced
photodiodes. A half-wave plate is rotated to balance the difference current to zero for zero THz
field, accounting for residue birefringence in the EO crystal.

The two major methods of T-ray detection, as with generation, use PCAs or
EO crystals.

3.4.1. Photoconductive sampling

Photoconductive sampling was developed in conjunction with PCA emitters. For
T-ray detection, an unbiased PCA is placed in the T-ray beam path and gated with
an optical probe pulse. A PCA in detection configuration is shown in Fig. 8(a). The
gating pulse allows current to flow in the PCA, which is connected to an ammeter.
The THz electric field biases the PCA, and the current is therefore proportional to
the T-ray field. The optical probe pulse has a far shorter duration than the T-ray
pulse, so the T-ray waveform is sampled in time by changing the time delay of the
two optical pulses.1?!:260 The detected T-ray signal is a convolution of the incident
T-ray waveform and the response of the PCA.261.262 [n spectroscopy experiments,
the detector and emitter responses are accounted for by deconvolution, or signal
normalization with a reference pulse, as discussed in Sec. 4.2.

Initially fabricated on L'T-GaAs, PCA detectors achieved a maximum bandwidth
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of =22 THz.127:13% Recent experiments with ultrafast gating pulses of 15-fs duration
have extended the detection bandwidth to 40 THz. 263264 LT-GaAs PCAs can be
gated with 1.55-m wavelength light through a two-photon absorption process.?6

3.4.2. Electro-optic sampling
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Fig 9. Crystal thickness determines signal sensitivity and bandwidth in EOS. The two figures
above show a T-ray pulse sampled with two ZnTe detectors. Typically a 2-mm-thick ZnTe crystal
provides a high signal, but a bandwidth limited to under 10 THz. ZnTe is a good EO sensor
because of phase matching between the THz and optical pulses. Ultra-broadband phase matching
is, however, not possible, so a thinner crystal detects higher frequencies. Using a 10-pm-thick
crystal, frequencies up to 70 THz have been measured.?66

Electro-optic sampling (EOS) is a broadband T-ray sampling technique. Like
photoconductive sampling, the detector is gated by a time-delayed probe pulse. The
detector is an EO crystal, placed between crossed polarizers, and the optical and
THz beams propagate collinearly through it, shown in Fig. 8(b). The incident T-ray
pulse modulates the birefringence of the crystal, through Pockel’s effect.52 179,195
The induced birefringence in the crystal is proportional to the electric field strength
of the T-ray pulse, and causes a rotation of the polarization of the optical pulse.
The crossed polarizers effect an amplitude modulation of the optical pulse, which
is proportional to the polarization modulation and thus the THz field strength.

Initially used in the characterization of high-speed electronic circuits, 2% 121,269-271
EOS was first used for free-space THz detection in 1995 by Wu and Zhang.'*® Al-
though more difficult to align experimentally than PCA detectors,!64 197272275
EOS soon demonstrated a wide bandwidth and high sensitivity.193,194,276-279 The
sensitivity of EOS depends on the EO x® nonlinear coefficient of the detection
crystal, which must be transparent to the probe beam, and the quality of phase
matching between the T-ray and optical pulses.164

The central trade-off for EOS is the thickness of the crystal. A thicker crystal
provides a longer interaction length for the coupled pulses, hence a larger signal.
However, since perfect phase matching between the optical and THz pulses is not
possible, a thinner crystal with less dispersion and provides a broader detection
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Fig 10. The chirped pulse single-shot T-ray pulse detection technique. This is similar a typical
T-ray detection system, using OR and EOS, except the probe pulse is stretched to a ps duration
with a grating pair. When the T-ray and probe pulses propagate collinearly through the EO
detector, they both have approximately the same duration, thus different parts of the probe pulse
experience different intensity modulation in the EOS. As the pulse is chirped, these different parts
are separated with a spectral grating, and detected with a linear photodiode (PD) array. Apart
from a background measurement of the unmodulated chirped pulse required to extract the T-ray
waveform, the technique can measure the entire T-ray waveform in a single shot. The T-rays are
focused from emitter to detector in this scheme with a polyethylene lens, which had a very low
dielectric constant for THz.267 For single-shot imaging, discussed in Sec. 5.4, the T-ray beam is
spatially expanded in 1D and the PD array is replaced with a CCD.
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Fig 11. These results demonstrate the linearity of ZnTe as a T-ray sensor, to both the probe
beam power and the T-ray electric field. The linearity is (<2%) for over more than 5 orders of

magnitude.
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bandwidth.?® Fig. 9 shows T-ray waveforms detected with an EO crystal, indicat-
ing the increased bandwidth but reduced signal amplitude for a thinner detector.
Using sub-100-gm-thick crystals, mid-infrared pulses are detectable.266,281:282 The
most popular crystal used for THz EOS is ZnTe due to its high EO coefficient, low
group velocity mismatch between THz pulses and optical probe pulses, and good me-
chanical properties.28% GaP,?®! GaAs,?®® multilayered EO polymer films,?%® poled
polymers?®® and DAST are among alternative materials used for EOS.287-289

A primary advantage of EOS is its extension to 2D imaging. With a larger
EO crystal and an expanded optical beam, the intensity modulation across the
transverse T-ray beam can be imaged with a CCD.268:2% Rapid 2D, 3D and single-
shot T-ray imaging is discussed in Sec. 5.4.172267,291-294

Single-shot detection is fundamentally different to normal gated detection in
that the entire T-ray waveform is measured by each probe beam pulse, and then
detected spatially. The ps time duration of the T-ray pulse is transferred to the
spatial domain using non-collinear propagation of the T-ray and probe beams in an
EO crystal®? or collinear propagation of a chirped probe beam. In chirped probe
detection, the spatial distribution of the T-ray pulse along the propagation axis in
the EO crystal is mapped onto the different wavelengths of a chirped probe pulse,
and then separated with an optical grating®” or streak camera.?”® A schematic
of chirped pulse detection is shown in Fig. 10. Chirped pulse detection can be
designed with automatic background cancelling with dual photodetector arrays,?®!
or extended to 1D imaging with a CCD. Single-shot detection is used for electron
bunch measurements in FELs?*® and rapid imaging applications (Sec. 5.4).

3.4.3. Magneto-optic detection

Magneto-optic detection is analogous to EOS in that the transient magnetic compo-
nent of a propagating free-space THz pulse can be detected using crossed polarizers
and a magneto-optic crystal.?®” The THz magnetic field is detected using the Fara-
day effect in an optical medium.!™®

3.5. T-ray propagation
3.5.1. Propagation & filters

With the development of free-space T-ray emitters and detectors, interest increased
in the propagation of THz-bandwidth pulses in a vacuum and through quasi-optical
elements. T-ray systems use quasi-optical collimation and focusing elements, includ-
ing gold-coated off-axis parabolic mirrors,'3! silicon hyperhemispherical lenses, 67298
anti-reflection coatings,?®® variable phase polarization compensators,*® reflective
gratings, teflon prisms,3%* and transmissive optics fabricated from silicon or polyethy-
lene.3%? T-rays have been used to study single cycle pulse propagation,®®® the Gouy
phase shift at a focus®** and THz whispering-gallery modes in cylinders.?> Spatial
filters are fabricated using metal, which has a very high absorption at THz frequen-
cies,?*® including high-pass filters with metal slits,3°7:3%% apertures,®*® 31° band-pass
filters 31! low pass filters of glass beads in polyethylene,®!? filter cascades®'® and
dichoric filters.?14:31% Fresnel lenses have been modeled and constructed from sil-
icon to allow frequency-dependant focusing of the broadband T-ray beams.3'S A
silicon binary lens for THz wavelengths is pictured in Fig. 12(a) and the sharp THz
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focus is shown in Fig. 12(b). T-ray beam propagation has been studied in scattering
media®!7 and simulated with finite-difference time-domain techniques.*'®
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(a) 8-level silicon Fresnel lens (b) Focused T-ray electric field

Fig 12. A Fresnel lens constructed from high-resistivity silicon demonstrates sharp focusing of the
terahertz beam. This is comparable to a conventional refractive THz lens.316

The study of T-rays propagating through air and optical elements has been
greatly enhanced by techniques for imaging the T-ray emission patterns and beam
profiles using either scanned PCAs (Sec. 5.2) or EO detection (Sec. 5.6).

Dynamic T-ray filters have been demonstrated using free carrier generation in
a semiconductor to block, or reflect, the THz pulse. This transient mirror can be
used to slice up very short duration sections of a T-ray pulse,®!® or reflect a sub-
wavelength diameter cross-section of the beam for near-field studies, as discussed
in Sec. 5.6.

3.5.2. Transmission and reflection

T-ray spectrometers can be used either in transmission or in reflection.?® The
T-ray pulses are detected after transmission through a sample, or reflection from
its surface. The mode used depends on the type of sample being studied. For
samples with very high absorption, no transmitted signal is detectable. However,
normalizing the system response is more difficult with a reflective system, because
a reference pulse must be taken without the sample present, and it is difficult to
maintain exactly the same free-space path length between the emitter and detec-
tor. Alternative geometries used for T-ray spectroscopy and analysis techniques are
discussed in Sec. 4.2
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Fig 13. free-space EOS transceiver schematic. An EO transceiver combines optical rectification
and EOS in the same EO crystal. The pump and probe beams, with variable path lengths, are
combined collinearly with a non-polarizing beam splitter and directed into a EO crystal. The pump
beam generates T-rays, which are focused onto a sample and reflected back into the transceiver.
The delayed probe beam, with orthogonal polarization to the pump, detects the reflected T-ray
pulse by EOS and is then passed though an analyzing polarizer into a photodetector. The half-
wave plate, A/2, is used to rotate the polarization of the pump beam to the optimal polarization
for the orientation of the EO crystal and the probe polarization.'®” A PCA transceiver has a
similar geometry, except the reflected T-ray pulse is detected as a gated current in the PCA.32
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3.5.3.  Transceiwers

In an extension of the standard T-ray reflection system, the roles of emitter and
detector can be combined into one device, either a PCA or an EO crystal 197321323
In a T-ray transceiver, the pump and probe pulses travel collinearly with opposite
polarization and an adjustable time-delay to reflect off a sample, as shown in the
schematic in Fig. 13. The EO transceiver extends into free space the concepts of

early spectroscopy with THz confined to a single crystal by total internal reflec-
tion, 124,324

3.5.4. Waveguides

THz propagation in waveguides is related to microwave technology in the same way
that focusing and filtering in free space are related to optical techniques.?® Waveg-
uide propagation is important in studying near-field T-ray devices,*2633 THz in-
terconnects,3317333 THz cavities®®* and ultra-sensitive T-ray spectroscopy.>3?

4. Sensing

4.1. Introduction

T-ray sensing involves applying T-ray techniques to the study of materials by moni-
toring transmitted or reflected radiation. The THz spectrum is populated by energy
transitions of less than 0.1 eV, which correspond to different rotational and torsional
states of a whole molecule.3%® For larger molecules, the FIR has fewer transitions
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than the near-infrared, which can be very densely populated. The THz bandwidth
corresponds to energy transitions in superconductors, plasma states, lattice vibra-
tions and other resonances in crystals.3”

Pulsed THz spectroscopy is a coherent technique, where both the amplitude and
phase of the THz pulse are measured. Coherent detection enables direct calculation
of absorption and refraction profiles without using the Kramers-Kronig relations.
T-ray spectrometers provide very high SNRs and a broad bandwidth, making them
attractive to sensitive spectroscopic studies on the THz regime. T-ray spectroscopy
builds upon a rich history of sub-mm and FIR spectroscopy.3*®

EO crystal EO crystal

Emz E..
| - Eam

sample material

reference material

(a) TIR reference (b) TIR sample

Fig 14. Geometry for TIR THz-TDS. T-rays are generated in the EO material and detected by a
probe pulse after interacting with a reference or sample by frustrated TIR.124
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Fig 15. Transmission through a dielectric slab. Fig 16. Notation for the reflection and

transmission coefficients at a dielectric inter-
face.179=339

4.2. T-ray time-domain spectroscopy

The first pulsed THz spectroscopy measurements were performed in reflection, with
the THz confined by total internal reflection to an EO crystal that acted as both
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emitter and detector. THz spectroscopy could only be performed on the EO crystal
itself ®4 or on materials placed in direct contact with the EO crystal, into which
the radiated pulses were coupled by frustrated total internal reflection.'?* Fig. 14 is
a sketch of TIR THz time-domain spectroscopy (TDS). The basic elements of THz-
TDS are present: a pump pulse to generate the THz radiation and a time-delayed
probe pulse to sample the THz pulses, both with a sample and without.

Time-domain spectroscopy is a long-established method in the study of elec-
tronic circuits, but THz-TDS was its first application to the quasi-optical study of
dielectrics. THz-TDS is markedly different from optical spectroscopic techniques
that rely primarily on incoherent detectors. Any sample can be characterized by
a complex dielectric constant &w), which describes the attenuation and delay of
transmitted radiation at a given frequency w. A coherent detector is able to deter-
mine the delay, or phase relationship, between incident radiation with and without
a sample present, and thus directly measure both the real and imaginary parts
of €. With an incoherent detector, however, additional processing is required to
estimate the phase delay caused by a material, using the Kramers-Kronig relation-
ships, integrals that relate the real and imaginary parts of the complex dielectric
constant.>*9

In THz-TDS, we are interested in measuring é(w) = € (w) — j - €’ (w), or equiv-
alently #i(w) = n(w) — j - k(w), which is the complex index of refraction of the
material, where (72)2 = & The dielectric constant is typically referred to in the field
of high-speed electronics and the refractive index in THz optics. Estimating these
material properties from THz-TDS measurements requires calculations that depend
on the system configuration. Essentially, an expression is derived for the expected
delay and attenuation of the pulse due to passing through or reflecting from the
material of interest. This expression is in terms of the complex material properties
and the thickness of the sample(s), and can be written as a product of factors in the
frequency domain. The interaction between a sample and the spectral components
S(w) of the T-ray radiation can be expressed as a transfer function H(w), which is
a product of reflection r, propagation p and transmission ¢ coefficients, depending
on the geometry of the system, as sketched in Fig. 15,

gﬁnal(w) = ﬁ(w) . S’initial(w)~ (1)

The reflection and transmission at each material interface depend on € {(or equiv-
alently 7n) of the adjacent dielectrics, and the polarization of the incident light, as
shown in Fig. 16. For TE polarization, the complex frequency-dependent coefficients
of transmission t(w) and reflection r(w) are

g COS B; — Ty cOSOR
Tog cOS 8; + 7y cos Og’
L4 15y, (3)

Tap (W)
tap(w)

and for TM polarization,

I
)

It

T cos 0; — N, cosOp

iy cos @; + 7, cosOp’

T,
%(:(1 + TZb)? (5)

&%
S
]
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where 1, and 7, are the complex refractive indicies of the homogeneous materials
before and after the interface, 8; is the incident angle and 6y is the refracted angle.
With knowledge of the refractive indicies 71, and 7, Oz can be determined from 6,
and Snell’s Law, 11, sin 8; == 71, sin 0. For a sample oriented normal to the radiation
path, 8; = 90°, the propagation equations simplify to®

20,

tap{w) = o )’ (6)
Ng — T

Tap(w) = = +ﬁ§' (7

Radiation propagating a distance d through a linear medium, 7., is delayed and
attenuated according to the factor

p((U) — e-—jﬁamd/co’ (8)

where cg is the speed of light in a vacuum.

A final linear propagation effect occurs due to multiply-reflected radiation be-
tween two plane parallel interfaces, shown in Fig. 15. These are Fabry-Pérot reflec-
tions, or etalon effects, and are described by a sum of reflections,

oo

FP(w) = Z {Tzs 'Pg ‘Tzl}k7 9)

k=0

where k is the number of reflections, and depends on the time duration of the
measured waveform and the delay caused by propagation between the interfaces.
For a very large number of multi-reflections, & — oo, the Fabry-Pérot factor can be
approximated by

B 1
T ) G e "

The Fabry-Pérot factor introduces frequency-domain interference fringes into
transmitted or reflected radiation from thin samples, and is unavoidable in very
thin samples.

Typically in THz-TDS experiments, it is simplest to measure two time-domain
pulses, a reference vy, and a sample pulse y;. The characteristic response of the
entire system, which depends on many factors including the emitter and detector,
is canceled out by normalizing the sample pulse with the reference pulse in the
frequency domain. This is deconvolution. The complex frequency spectra S, and S,
are calculated using numerical Fourier transforms from the time-domain waveforms
sampled in the the experiment,

S, = FI(y), (11)
Ss = FT(ys) (12)
The effect of the sample on the propagating pulses can be modeled using Eqs. (6)—

(10), which provide a theoretical expression relating S, and S, to the material prop-
erties €. The material properties are then estimated by comparing the model to the
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measured spectra. Depending on the complexity of the model expression, it may
be possible to solve it analytically, otherwise an iterative curve-fitting procedure is
used. The method described in this section is used for most THz-TDS measure-
ments, with the model expressions for S, and S, varying with sample geometry. The
expression of interest is the ratio of the complex sample spectrum to the complex
reference spectrum, which enables the responses (transfer functions) of all invariant
system components (for example, the emitter, detector, free-space propagation and
mirror surfaces) to be canceled out. This ratio will be referred to as the deconvolved
sample spectrum.

4.2.1. Transmission

n3 12 t23
............. . s
'I~7,1 TNLZ r
> ny
S -
$ Ss
.
Lgl .
»
g —>
ta1 tas ts3 RE tss
Fig 17. Notation for transmission geometry. Fig 18. Notation for a dual-thickness geome-
try.

The simplest and most common geometry for free-space THz-TDS is transmis-
sion through an orthogonally-positioned slab of homogeneous material, character-
ized by 7is (Fig. 15). This slab may be free-standing in air, or either deposited
on or implanted into a substrate or holder. The model for the normalized sample
spectrum depends on each individual experiment, but three main classes can be
discerned: 1) thick samples, 2) thin samples and 3) dual-thickness samples.

A thick sample is a sample that causes sufficient delay so that the transmit-
ted pulse can be measured without any overlap with the first Fabry-Pérot (FP)
reflection. The exact requirements for the delay will depend on the desired total
scan length (see Sec. 4.2.8). A diagram of a thick sample and the reference and
sample paths is shown in Fig. 17. Note that the substrate material both before and
after the sample must also be sufficiently thick to avoid any FP reflections in the
measured pulses. Thin substrates are discussed below with thin samples.

In the thick sample geometry, the experimentally-measured spectral components
of the reference and sample pulses can be modeled by

5}(0‘1) = A(w) -tz py - tas, (13)
Ss(w) = A(w)-tis - ps - tes, (14)
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where A(w) is the product of all other system responses that remain constant be-
tween the sample and reference measurements. Using Eqgs. (6) to (8), the ratio of
transmission spectra can be entirely determined in terms of refractive indicies and
the sample thickness,
Ss _ ns (1 + Ra)(fg + ig) o= ilfte=Rz)wd/co_ (15)
S'T flg('ﬁl + g ) (s + fig)

This set of equations can be solved for the real and imaginary parts of n; us-
ing iterative techniques.® For the common case where the sample 7 is placed in
a vacuum, nq = fg = ns = 1.0, a simplified expression can be determined for
the transmitted pulse (and any time-separated FP pulses).>** For a sample with
very low THz absorption, that is ks < ng, analytic expressions for n; and x; can
be written in terms of the magnitude p and phase ¢ of the deconvolved sample
spectrum,

558 = plw) - €73, (16)
nolw) = @) g +1, (17)

4ng(w) ) co (18)

) = b (o)

A thin sample is one where a number of Fabry-Pérot reflections overlap in the
measured pulse train. Theoretically, this geometry can be modeled by multiplying
Eq. (15) by an FP factor from Eq. (9) or (10), and then solving iteratively. In
practice, however, this method amplifies errors from the measurement of d and
from alignment; it is difficult, for example, to maintain collinearity between the
multi-reflections in sample positioning.>4

Thin substrates introduce a further level of complexity, as FP reflections from
the substrate are overlaid on the detected pulse. The FP reflections depend on n;
and so cannot be deconvolved without approximations. An expression in the form
of Eq. (15) can be written and solved iteratively, although not aligning all the FP
reflections collinearly can introduce errors.

A dual-thickness measurement greatly simplifies modeling, and involves the ref-
erence pulse passing through the sample material, where the thickness is different
from the sample pulse measurement, as shown in Fig. 18. The advantage of dual-
thickness measurements is that both reference and sample pulses pass through the
same interfaces, so for a thick sample, the normalized transmission is

5P (19)
ST Pr
This results in two simple expressions for n; and ks in terms of the difference
between the two thicknesses. For the case where the sample thickness d; is greater
than the reference thickness d,,34!

ns(w) = fw) ——o 41, (20)

A em) Rrcerat 2y

i

Ks(w)
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For thin dual-thickness samples, where multiple FP reflections are present, the
expression for the normalized transmission is more complex and must be solved
iteratively. The accuracy of these estimates can be calculated from the partial
derivatives of Egs. 20 and 21, using multiple measurements to obtain the experi-
mental fluctuation of the normalized transmission.342

One of the major sources of error in material constant estimation is the measure-
ment of the thickness d.34° To increase the accuracy of measuring d and integrate it
with T-ray spectroscopy, a number of schemes have been proposed to use a train of

time-separated FP pulses from a sufficiently thick sample to simultaneously estimate
ﬁs and d.340’ 343

4.2.2.  Reflection

Fig 19. TIR spectroscopy using a first surface re- Fig 20. The dithered sample used in
flection as the reference pulse (Sec. 4.2.2). DTDS (Sec. 4.2.5).

Reflection spectroscopy is used for large or highly-absorbing samples. As with
transmission spectroscopy, the structure of the sample plays a role in the analysis
and accuracy of the parameter estimations.

The geometry of first surface THz spectroscopy is the same as the TIR geometry
in Fig. 14, except the initial medium is typically air or vacuum. The measured
spectral components of the reference and sample pulses are given by

S.(w) = A(w)-ria, (22)
Ss(w) = AW)r1s, (23)

where r, the reflection coefficient, is found from the Fresnel equations above, and
A(w) represents the common factors between reference and sample. The reference
interface is created with a material of known 7. It is critical that the reference
and sample path lengths are identical, which means the sample interface must be
placed at the same position as the reference interface. This geometry allows the
deconvolved spectrum S / S, which is calculated from the measured data, to be
modeled in terms of the reflectivity of the reference rys,

Se(w) _ ms(w)
———~T(w) = ) (24)
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r12 can be calculated from Eq. (4), or (2), depending on the T-ray polarization,
since fi1, fig and the incident angle 8, are known. Once 712 is known, Eq. (24) can
be rearranged to estimate r1,. The dielectric constant of the sample, & = 72, is
estimated by re-arranging Eq. (4) (or (2)),'*

2
és(w) = [sin2 0, + cos>0; (%—;—:%;%) } é1(w). (25)

For reflection spectroscopy at or near normal incidence, which includes T-ray
transceiver applications (Sec. 3.5.3), the above expressions simplify by setting 8; =~
90°.

For measurements using total internal reflection (TIR), the position of the in-
terface is set by the edge of the TIR prism. The difficulty is knowing accurately
the refractive indicies of the prism and the reference material.’?* One method to
avoid making a separate reference measurement is to use the pulse reflected from
the top of a TIR prism, as shown in Fig. 19.3%* The reference pulse is detected
from the air-silicon window interface, and the sample pulse comes from the silicon
window-sample interface. The spectral reflection ratio of sample to reference can
be written

= = pei¢ (26)

t12 - T2s - t21 . e—i2Radaw/co
)

(27)
T2

for a deconvolved sample spectrum p - e”7¢. The equations can then be solved
iteratively.

If ny > k1 and ny > ko, for a Si TIR prism in air, the sample properties can
be estimated by

na(1 - p%)
() = =) 28
ns(w) 1+ p% +2pcos¢ (28)
2ngpsin ¢

() 1+ p%+2pcos¢’

(29)
For samples with internal surface reflections, for example multiple quantum
wells, the expression for reflection is complicated by FP factors.3%4
An integrated method for determining the thickness d of a thin surface layer,
analyzed in reflection, is to observe frequencies where destructive interference oc-
curs. This technique relies on the broadband nature of the T-ray pulse, requiring a
bandwidth of 12 THz to measure films of 1-pm thickness.345

4.2.3. Goniometric

Measuring reflectance as a function of incident angle, specifically near Brewster’s
angle, involves a reflection geometry where the angle of incidence is variable.8 346
These measurements require rotation of the sample by an angle § and the detector
by 26 in a goniometer. With a series of measurements, the amplitude and phase
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shift of the T-ray pulse can be observed around Brewster’s angle, specifically the
180° phase shift for p-polarized radiation.

The refractive index of the thin film, 75, can be estimated by measuring the
reflectance at different angles and comparing it to a model based on the Drude and
Fresnel equations. The Drude equation predicts the complex reflectance 7p from a
thin film,

. Tis + Ts2Ps

Fp = , 30
b 1+ r15750ps ( )

where r and p are given by Egs. (7) and (8). The angles 8, and 6, can be expressed
in terms of 81, 71, 7is and 7o with Snell’s law. The values of d, 1y, 71, A and 6, are
known for each measurement, so the reflectance can be modeled using estimates for
715, and compared to experimental measurements. For two angles of 81, 614 and
01, the T-ray spectra are Ss(w) = A(w) Fpa and Sp(w) = A(W) 7pp, where A(w)
is a product of the transfer functions of the system which remain constant as the
angle is varied. Thus the ratio of reflectances

op _ Sp)
pa  Sylw)

(31)

The value of 7, that fits the model can be estimated by iteratively fitting the ex-
perimental reflectance ratio to the modeled reflectance ratio, using Eq. (30). Specif-
ically, when measurements are made close to Brewster's angle, the large variation in
phase enables more reliable estimates of 725 than normal reflection or transmission
measurements.34°

4.2.4.  FEllipsometry

THz ellipsometry is a technique to estimate a sample’s dielectric constant by mea-
suring two reflected pulses with s and p polarized T-rays.34” The advantages of this
technique over simple reflection spectroscopy is that there is no need to position a
reference mirror. The equipment is simpler than for goniometric measurements.

4.2.5. Differential

THz thin film characterization requires very high sensitivity. Even with an SNR
of 107, it is difficult to see phase shifts that are less than the coherence length of
the radiation.?®® Picosecond T-ray pulses with a bandwidth of approximately 2
THz and a center frequency of 0.8 THz have a coherence length of approximately
150 um. The phase shift caused by a dielectric sample in the T-ray radiation path is
proportional to (7 — 1)d/A, where 7 is the complex refractive index of the medium,
d is the sample thickness and A is the T-ray wavelength. For small 72 and d, this
phase change is very difficult to detect in background noise. A differential technique
may be used to reduce background noise.

Differential THz-TDS (DTDS) involves modulating the T-ray signal using only
the thin film, and detecting the magnitude of this modulation using a lock-in am-
plifier (LIA).35%:352 The sample is a substrate half-covered with the film and half
bare, as shown in Fig. 20. The thin film, characterized by the complex refractive
index 7i,, is supported by a substrate, 7i;.
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Fig 21. Double-modulated DTDS schematic. The pump and probe beams are split from a fem-
tosecond laser and act to generate and detect the T-rays. The T-rays, shaded in grey, are col-
limated and focused with gold-plated parabolic mirrors. The T-ray electric field is converted to
an electronic signal with the EO crystal, a quarter wave plate (A/4) and balanced photodiodes.
Two lock-in amplifiers (LIAs), with the shaker and an optical modulator, implement the double
modulation scheme. The DTDS output signal depends on the differences between the films on
opposite ends of the slide. 348,349

For a typical T-ray spectrometer, the major source of noise is the pump laser,
which is very sensitive to slow fluctuations in temperature. These fluctuations
can cause larger changes in the detected T-ray signal than the thin film sample
itself. 'The advantage of differential spectroscopy is that the signal transmitted
through the film is compared to the signal through the substrate at each point
of the delay stage, thus normalizing the laser-based fluctuations. A more complete
discussion of the noise present in DTDS and how it can be further reduced by double
modulation is found in Mickan et al.33373% The differential waveform is equivalent
to the difference between the reference and sample waveforms, yq = 4 — ys. The
material parameters can be simply estimated by measuring y, and yg, calculating
ys, and using the transmission equations above for thin samples. For a thin film
with thickness d and ns > ks, deposited (so ny = np) on a substrate ng, where
n1 > Ky, N > kg and n3 > K3, an analytic expression for the refractive index can

be derived:35!
ng(w) = \/(1 + —J

where Sg = FT (yq).

o)1+ na) ~mana, (32)
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4.2.6. Interferometry

Another method to increase the sensitivity of T-ray spectrometers to thin films
is interferometry. T-ray interferometric techniques typically induce a 180° phase
shift between two arms of an interferometer, then detect phase changes introduced
by a thin sample into one arm. Enhanced depth and spatial resolution have been
achieved with T-rays focused to a point on a reflective sample in one arm of an
interferometer, where the Gouy shift occurs at the focal point on the sample.3*¢ The
peak amplitude showed a 20% change for a 12.5-um-thick air gap in Teflon. Other
interferometers have been constructed using silicon prisms as reflectors, where the
180° phase shift was induced by a fixed end reflection from one of the faces ,*%7 and
using counter-propagating OR to generate T-ray pulses with an opposing sign.>°®

The signal at the detector in a T-ray interferometer is the sum of the pulses in
the two arms, y = y1 +y2. For a system with identical pulses in both arms, differing
only by a (small) phase difference ¢{w),

Siw) = Aw), (33)
§,) = Aw)(1— W), (34)
S’S(w) = A(w)(l'—tlspstSerd))? (35)

where S)(w) is the spectral response of arm 1 of the interferometer when arm 2
is blocked, and t and p are the transmission and propagation coefficients for the
sample placed in arm 2 of the interferometer. The phase difference ¢{w) can be
calculated by normalizing the reference spectrum to the spectrum in arm 1 alone
S, ;
Srlw) et (36)
S1(w)
Typically, interferometric precision is required for samples with very low refrac-
tive index, so the transmission coefficients can be approximated t =~ 1. For very
thin samples, where ko(ns — 1)d <« 1, the sample spectrum can be normalized to

the spectrum measured by arm 1 alone, giving an approximate expression for the
sample’s properties®”

U
2
£

pe7? (37)

ll

S/)z
€

= kok{w)d + jko(n(w) — 1)d + jo(w). (38)

4.27. Waveguide resonators

An important new demonstration of T-ray spectroscopy is in micro-stripline res-
onators.?®® In this geometry, T-rays propagate along a micro-stripline rather than
through free space, returning to the original experiments with THz radiation in
circuits.2’! The presence of a different dielectric in the resonator cavity causes a
frequency and amplitude shift in the transmitted THz.

Currently, this geometry has only demonstrated qualitative estimates of the
sample dielectric, although it is potentially a method for measuring 71, of extremely
small sample sizes (/= 250 x 50 pm?) 335,359
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4.2.8. Numerical Fourier spectra

The FFT algorithm is used for all analysis in time-domain spectroscopy. A number
of points need to be made regarding the relationship between the sampled time-
domain waveform data and the FFT spectra. These issues are typical of systems
using numerical Fourier transforms, including well-established Fourier Transform
spectroscopy. 60

Of primary concern in spectroscopy are the frequency range and resolution of
measurements. From basic Fourier considerations, the time between data points,
At, determines the maximum frequency observable in a spectrum fimax = 1/(2At),
and the total duration of the data T determines the frequency resolution, and thus
minimum frequency, Af = 1/T. However, when a time-domain signal is repre-
sented as discrete data points, high-frequency signals above fpax can be aliased
to frequencies below fiax, thus it is important to ensure that there are no signals
present above the fax set by At. For T-rays, this upper signal cut-off is typically
determined by the emission or detection bandwidth of between 5 and 10 THz.

The sample duration T is often limited in T-ray spectroscopy by physical con-
siderations or by FP reflections. Spectral resolution can be improved by artificially
adding zeros to the time-domain data. This provides smoother spectra, but if the
time duration is more than doubled, no new information is actually present. The
extra points in the spectra are just sinusoidal interpolations. FP reflections can
arise in the sample, the emitter and the detector. When an EO crystal is used, FP
reflections can be removed by bonding a refractive index-matched material to the
crystal itself, thereby increasing its thickness. For example, the (110) ZnTe emitter
or sensor can be bonded to a {100) ZnTe crystal, which has a null transverse EO
coefficient.!93

One of the advantages of T-ray spectroscopy over other THz optical techniques
is the acquisition of phase information. Unfortunately, the phase spectrum from
the FFT output needs to be unwrapped before it is useful. Common unwrapping
algorithms can distort the unwrapped phase due to noise at low frequencies. One
method to overcome this is to take phase information only at frequencies where the
SNR is high, then artificially extrapolate back to DC.%

4.3. Materials studied with T-rays

Many materials, molecules and mixtures have been studied with T-rays, as outlined
in the sections below. T-ray experiments have provided information on the THz
response of samples, enhancing theoretical models and previous studies, including
CW methods reviewed in Sec. 2.

4.3.1. Gases and vapors

T-rays were first used for accurate spectroscopy of water vapor in the air, measuring
the frequencies and strengths of absorption due to rotational water molecule tran-
sitions.> Gas and vapor transmission (absorption) experiments typically use PCA
emitters and detectors with an enclosed metal gas sample cell with thick (> 10-mm)
high resistivity (= 10-kQ/cm) silicon windows, which are designed to minimize T-
ray attenuation and avoid multiple Fabry-Pérot reflections inside the windows. The
length of the sample cell is chosen depending on the strength of the absorption
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for the pressures of interest. The entire T-ray path must be dried or evacuated to
remove absorption from residue polar molecules, such as water, in the beam path.

T-ray gas spectrometers can accurately measure absorption lines and collision
broadening for molecules that have a permanent dipole moment, as demonstrated
with HoO,% SO4,77 methyl halides,**! ammonia®62363 and CH.*** T-ray measure-
ments allow absorption, dispersion and line shape data to support theoretical mod-
els of these molecules.”-361:362 Although demonstrating low average power, the ps
time scale of the T-ray pulses results in very high peak powers, therefore T-rays can
be used for spectroscopy of samples with large average background THz radiation,
such as flames. Gases with no permanent dipole moments, such as Ng, Oz and
CO,, show no T-ray absorption, whereas the concentrations of HoO, CH and NHj
in flames can be estimated from the T-ray spectra.?¢4 T-ray spectra of flames can
be used to estimate flame temperature and study the higher rotational absorption
states of hot water molecules.3%®

Detecting gases in a mixture is an important task for gas spectrometers. Gas
identification, and classification using a linear predictive coding algorithm, has been
demonstrated from the T-ray power spectra of NH; and Ho0.36%:366 An accurate gas
filter correlation (GFC) system for detecting specific gas species has been demon-
strated for H2S.3%7 The GFC system uses a calibrated sample cell in one arm of an
interferometer and the unidentified gas mixture in the other, and was implemented
using a pulsed photomixer emitter. A detection sensitivity of 30 ppm was achieved
using GFC.

An important characteristic of polar gases and vapors at room temperatures
and atmospheric pressures is line broadening. The broadened absorption lines from
most gases severely overlap, making identification difficult.? 363:367 To avoid line
broadening, the sample cell (or the calibration cell in GFC) must be held at a
reduced pressure. A review of collision-broadened rotational lines in gases studied
with T-rays was prepared by Harde, Cheville and Grischkowsky.6®

Vapors have been shown to re-emit THz pulses after excitation with a primary
THz pulse, for example, NoO%¢? and methyl chloride.®”® These experiments have
been used to characterize rotational and vibrational constants, and to study line
shape broadening, which shows excellent agreement with linear dispersion theory.

4.3.2. Liquids

Liquid studies at THz frequencies are concerned with characteristic relaxation times
of permanent or induced molecular dipole moments. Keiding et al. have studied
THz spectra of liquid water as a function of temperature, modeled using a Debye
relaxation model and numerical simulation.?44 371 These experiments are performed
using a reflective TIR method, described in Sec. 4.2.2 above. The temperature
dependence of liquid water has also been compared to D;0.372 An alternative model
of the THz response of liquid water, describing molecular plasma oscillations in an
ice-like crystalline lattice, has been proposed from transmission data."3

Liquid water shows a very high THz absorption, greater than 200 cm ™! at 1 THz,
whereas non-polar liquids have coefficients around 100x smaller (for example, ben-
zene, carbon tetra-chloride and cyclohexane).>™* Keiding et al. have studied the
temperature dependence of the solvents benzene and toluene, observing rotational
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and librational bands.®”® Schmuttenmaer et al. have studied numerous liquids of
varying polarity with a dual-thickness sample cell, based on a polyethylene bag held
between two movable silicon or polyethylene windows, including water, methanol, 1-
propanol and liquid ammonia.®® All results have been matched to Debye relaxation
dielectric models with good accuracy. A number of optical-pump and T-ray-probe
studies have explored the response of solvents and dyes to photoexcitation,®”” and
linked these results to finite difference time-domain models.®!® The solvation dy-
namics of polar and non-polar liquids, including acetonitrile and water,37® acetone,
acetonitrile and methanol®”® and water,3%® have been related to molecular dynamics
simulations to explore the relationship of decreasing THz absorption with increasing
liquid structure.®®! The solvation dynamics of lithium salts in water, methanol and
propylene carbonate have been explained with Debye relaxation models.3¥2

Mittleman et al. have measured and modeled the THz response of inverse surfac-
tant micelles of water in heptane compared to bulk water.?®3 The reduced dielectric
constant of the micelles is attributed to confinement effects on the water molecules.

4.3.3. Solids

The earliest studies using pulsed THz spectroscopy were on LiTaOg, generating
and detecting the THz radiation inside the same crystal.>** The importance of EO
materials in OR and EOS has led to further studies, characterizing the complex di-
electric of ZnTe, 28 GaAs,*®* LiTaO; and organic crystals,>®® and the temperature-
dependent power absorption spectrum of two-phonon processes in ZnTe and CdTe.33¢

Table 3. Dielectric constants of select solids at 1 THz, as measured using THz-TDS. n, refers to
the ordinary refractive index and n. refers to the extraordinary refractive index for birefringent
materials. High-resistivity (10-k2-cm) silicon demonstrates the lowest dispersion, with n almost
constant across the spectrum from 0.2 to 2 THz. The accuracy of the first 6 measurements is
better than 0.0004.

Solid Refractive index Power absorption | Ref.

sapphire N, = 3.070, n, = 3.415 ar~1cem™? 133
crystalline quartz | n, = 2.108, n, = 2.156 a=01cm?
fused silica n = 1.952 a=15cm™?
intrinsic Ge n = 4.002 a=05cm?
high-R GaAs n = 3.595 o =0.5cm™?
high-R Si n = 3.418 a < 0.05 cm™!

ice n = 1.793 a =86 cm? 387

0.19-Q-cm N-GaAs n = 2.97 a= 320 cm ™! 388
0.36-Q-cm P-GaAs n =~ 3.44 o= 270 cm~?
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Early free-space T-ray systems were used for spectroscopy of common homo-
geneous solids. Arjavalingham et al. measured the complex dielectric constants,
and their polarization and angular dependence, of fused silica, sapphire and plex-
iglass slabs up to 130 GHz with ps optical pump pulses.!32 341,389-391 Wire grid
polarizers were used to control the THz polarization. Grischkowsky et al. extended
these measurements to 2 THz, studying common solids, as summarized in Table 3,
and modeled the conductivity of doped Si with an extension of the Drude dielectric
model to include energy-dependent carrier relaxations.3%2

T-ray spectroscopy is an attractive non-contact, non-destructive and rapid tech-
nique that has been applied to semiconductor wafer characterization in a variety
of geometries. Transmission measurements, detailed above, are limited to samples
with low absorption. Doped n-GaAs, doped n-Si and bulk GaAs wafers have been
characterized in reflection, with an Al mirror providing the reference pulse, and
modeled using Drude theory to determine carrier density and mobility.3¥%3% The
dielectric properties of 600 to 15-um films of highly doped semiconductors have been
measured in reflection, where the thickness is measured by observing frequency of
destructive interference in the THz spectrum.34® THz ellipsometry has been demon-
strated on doped Si wafers to estimate €347 and the Hall effect has been used to
estimate the full conductivity tensor of n-GaAs, implemented with a 1.3-T magnetic
field and dual detectors for the two emitted polarizations 298383

The optical pulse driven nature of T-rays lends itself to the study of photoexcited
carrier dynamics in semiconductors; optical-pump and THz-probe experiments have
the advantage of ultrafast resolution coupled with THz bandwidth.** The THz
reflectivity of photoexcited GaAs can be measured by T-ray reflection.?®® The
time-dependent conductivity of GaAs-AlGaAs quantum wells,>% bulk GaAs and
epitaxial LT-GaAs have been studied under 800-nm and 400-nm light, and modeled
using a modified Drude model.*7:3%8 Two-color EOS, with time-delayed collinear
pulses transmitted through a GaAs sample, has been used to study T-ray generation
from surface field dynamics.?*® Using ultrafast optical excitation pulses, T-rays
have been used to observe photocarrier generation and the subsequent screening
processes in semiconductors.?8% 399400 Optical-pump and THz-probe experiments
have also enabled a form of near-field imaging with a dynamic aperture, as detailed
in Sec. 5, and the creation of transient mirrors for T-ray pulse slicing.3'%

Characterization of insulating and conducting materials in the GHz-THz range
is invaluable for the future development of high speed circuits. As potential sub-
strates for superconducting circuits, MgO has been measured with a low THz trans-
mission loss, unlike YSZ (yttrium stabilized zirconia) and LaAlO3.401 T-rays can be
used to observe static and dynamic characteristics of superconducting films them-
selves. 402403 Gonjometric measurements have been made of FLARE, TiO, and
PZT thin films®*® and parylene-N films have been characterized with differential
spectroscopy.%* Non-contact characterization, and modeling with localization-
modified Drude theory, is particularly valuable for conducting polymers, such as
polypyrrole and poly-3-methylthiophene,0%:4% and single-walled carbon nanotube
films.*%7 Organic thin polymer films were first characterized by T-rays in 1992.40%
Microwave ceramics for telecommunications have been analyzed in transmission*%?
and corrosion layers beneath opaque paints analyzed in reflection.!?
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4.3.4. Biological materials

With the development of T-ray spectroscopy, increasingly complex materials are
being characterized, specifically biological and medical samples. Many of these
materials are particularly sensitive to sample preparation and environmental con-
ditions.

THz-TDS has been previously used to monitor broadband THz optical properties
of biomolecules in binding, denaturation, temperature and humidity studies.!!412
Biomolecules, such as proteins and nucleic acids, have broad THz features arising
from a multitude of dense rotational, vibrational, inter-domain and hydrogen bond
energy transitions.*!>414 Molecular dynamics simulations of simple biomolecules
can be used to understand the measured THz spectra.1%416

Using planar waveguides and a THz resonator, Bolivar et al. have demonstrated
a highly sensitive device for probing the binding state of DNA.33%:35% This thin film
micro-stripline approach could be extended to two-dimensional gene chips for high
speed DNA analysis. The THz waveguide and resonator structure is sensitive to
single-base defects in an 1.1 femtomol volume of 0.52 g/L, DNA-in-water.

Biomolecular films are extremely sensitive to conditions of humidity, temper-
ature, pH and preparation.*!” At room temperature, the THz spectra of protein
structures is heavily populated, resulting in a continuous spectral response with
few signature resonances. The THz spectrum is difficult to measure because dried
biomolecular films have very small THz responses. These problems can be overcome
by careful sample preparation and the highly sensitive technique of DTDS, detailed
in Sec. 4.2.5. Another solution to environmental control of biomolecules is to study
them as suspensions in a non-polar organic solvent, where activity and hydration
studies can be carried out with high accuracy.1®419

An important consideration in inhomogeneous structures is scattering. Scatter-
ing of single-cycle T-rays has been studied with samples constructed from teflon
balls, with expressions derived for the mean free THz path length in the model
medium.3!”

Larger, more complex structures have been studied phenomenologically, with an
emphasis on contrast rather than full spectroscopic information. This is typically
the case for sensor applications, or in imaging of tissues (see Sec. 5). One example
is the image of a desiccating leaf,42® which has been studied spectroscopically with
CW techniques in the 100 to 500-GHz range.?! THz biosensing, using contrast
derived from a combination of sample properties, including thickness, absorption,
scattering and phase delay, has been used to detect the binding of lipids to proteins
with a sensitivity of 1 ng/mm?2.34®¥ The push to clinical applications of T-rays (see
Sec. 5) has led to studies of potential damage caused by THz.42%423 Two reviews
of T-ray studies in biomedicine have been written by Chamberlain et al.4244%5

4.4. Radar and ranging sensing

T-rays can be used for purposes other than spectroscopy. As free-space pulses
of radiation, T-rays have been used for scaled-down versions of radar applications,
such as distance and thickness measurements. T-rays can be used to study the radar
profiles of scaled-down objects, such as 1/200th-sized model planes and tanks, 27428
or to characterize micromachined components.*?® Ranging measurements occur in
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Fig 22. The number of pages in a book can be counted be measuring the phase delay of T-ray
pulses in transmission. The resolution shown here is better than 1 in 400.
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Fig 23. In a similar application to Fig. 22, the time delay of T-ray pulses in transmission have
been used to count stacks of paper currency. Fig. 23(a) shows an expanded part of the time-
domain waveform. Fig. 23(b) shows both the time delay and pulse spreading as T-ray pulses are
transmitted through thicker stacks of paper currency.26

reflection, either using a small incidence angle or a transceiver.197:323

The interpretation of reflected pulses necessitates the modeling of single-cycle
electro-magnetic pulse interactions with dielectric objects.4*%:431 Measuring T-ray
pulse delay though a sample enables the THz refractive index profile of a flame to
be estimated?®® and the number of pages in a book to be counted, as demonstrated
in Fig. 22. This work has been applied to studying the THz time delay caused by
dollar bills, whereby cash can be counted by its thickness, seen in Fig. 23.

T-ray scattering from objects has been extended to imaging research, includ-
ing quasi-optical imaging,*3? synthetic aperture imaging®*® and T-ray propagation
around a cylinder.#34:%3% These topics are further discussed in Sec. 5.
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4.5. Terahertz-induced activity

T-rays, despite their low average power, can be used for coherent manipulation of
states in atoms, for spectroscopy and for quantum information processing. Ry-
dberg wave packets have been created, probed and ionized using ultrashort THz
pulses. 238439 T_ray pulses have similarly been used to excite Rabi oscillations in
donor impurities in GaAs.!® Theoretical modeling suggests that narrowband THz
could be used for tuning the resonance of semiconductor microcavities, and pulsed
THz may be used to control coherent mode oscillations.44°

5. Imaging

Fig 24. T-ray transmission through ink on currency. This figure indicates how a T-ray image can
detect contrast in dry, non-polar samples. This image was taken with a raster-scanned imaging
system. Most interestingly, the T-ray image remains unchanged when the plastic Australian $50
note is placed inside a paper envelope.44!

5.1. Introduction

T-rays have been extended to two-dimensional imaging using a variety of scanning
and CCD techniques, which provide parallel processing for speed and image pro-
cessing for visualization. The first T-ray imaging systems involved raster scanning
a sample to build up a 2D image, as discussed in Sec. 5.2. Using EO detection,
this has been extended capturing the THz image of the whole sample with a CCD.
Using a 2D array of data speeds up the acquisition of information at the expense of
losing signal power at each pixel. Simple contrast images in the THz domain can
be developed using absorption information, delay information or a combination of
the two. A T-ray image is shown in Fig. 24 of two digits on a plastic $50 note,
showing the different THz transmission of the inks. Dry substances, such as paper
and plastic, transmit T-rays with less than 1% attenuation. More interesting than a
simple contrast image is a two-dimensional array of waveforms. Spectral analysis at
each pixel can then provide molecular information about the whole sample. With a
metric of FIR molecular classification, it would be possible to map samples in terms
of their specific molecular composition, potentially valuable in chemistry, biology
and medicine.
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5.2. Scanning and synthetic aperture imaging

The first T-ray images were obtained by simply scanning a sample across the T-
ray beam, and presenting neighboring data points as pixels. The images were
constructed of transmitted T-ray waveforms, with a number of contrast mechanisms
available: total transmitted amplitude, peak delay at each pixel, and transmitted
amplitude or delay of a given Fourier component. The technical advances that led
to T-ray imaging were primarily methods of increasing the T-ray signal strength,
coupled with faster acquisition speeds. The first demonstration of T-ray imaging
had a 10-20 pixel-per-second waveform acquisition rate with an SNR of 100:1. This
system relied on a 50-pm-gap SI-GaAs PCA emitter, a 5-um-gap PCA detector,
a 7.5-mm, 20-Hz scanning delay line for the gated detector, and a dedicated DSP
chip to sample, process and display the data.?20

T-ray imaging based on detector scanning has been simplified by the availability
of fiber-coupled PCA detectors, where the probe time delay and alignment remain
fixed by the fiber.® A scanned PCA detector has been used to characterize the
emission patterns from PCAs,'6716% and image the spatial reshaping of T-rays as
they tunnel through a narrow air gap.44?

Reflection imaging requires reconstruction algorithms to estimate the shape and
structure of the reflecting object. The reflected data can be acquired along a straight
line, perpendicular to the emitter-sample normal, and the object shape can be recon-
structed using Kirchhoff migration,**3 or for data acquired over a hemisphere, the
object profile can be calculated by numerical back-propagation.#4* Enhanced depth
resolution is achieved by scanning the sample in an interferometer, as described in
Sec. 4.2.6.356,445

Synthetic aperture processing is used to reconstruct 3D T-ray images*®3 and
images with enhanced resolution.44¢

5.3. PCA array tmaging

It is preferable in an imaging system to have a 2D array of detectors, so the sam-
ple and detector remain stationary. Imaging array detectors are available for CW
terahertz detection, from applications in mm and sub-mm astronomy .447 Arrays
of gated PCAs have been proposed but not yet developed.#4!,448

5.4. EOS CCD imaging

An effective method of 2D T-ray detection is to use an expanded probe beam in
EOS, and detect the probe beam’s polarization rotation with a polarizer and a CCD,
as shown in Fig. 25. The advantage of using EOS is the increased bandwidth over
PCAs and the simplicity of array imaging. The central trade-off remains between
speed and SNR; for 2D imaging, the T-ray beam is expanded to encompass the entire
object, which spreads out the available T-ray power over the number of pixels. The
main advantage is that neither sample nor detector need be moved to acquire the
entire image.

An advance of EOS imaging is the ability to use chirped optical probe pulses,
as described above in Sec. 3.4.2. The advantage of chirped probe measurements is
that the entire T-ray waveform can be sampled with only one pulse, as schematically
described in Fig. 10. Full waveforms can be acquired from 1D images with a CCD.29!
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Fig 25. 2D EOS differs from point EOS in that both the probe beam and the T-ray beam are
expanded onto the EO detector, and the transverse intensity modulation of the probe is detected
by a CCD camera. The data is loaded directly to a computer for presenting a visual image. 3D
data sets can be built up and analyzed in XY slices, or with time on one axis (YT, XT).268,290
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Fig 26. Examples of single-shot 1D imaging of dipole and quadrupole T-ray fields. In this data,
the emitted field of dipole and quadrupole PCA emitters have been imaged using EOS. The time
evolution of the T-ray pulse is shown simultaneously across the X-dimension of the emitter 449,450

Two example waveforms are shown in Fig. 26, where a cross-sectional array of time-
domain waveforms have been imaged simultaneously. This technique is close to the
theoretical speed limit of T-ray imaging, although a reference measurement needs
to be made to interpret the chirped waveform.*50

5.5. Tomography

When detected in reflection, the pulsed nature of T-rays enables analysis of a sam-
ple’s internal structure, using tomographic reconstruction.?®® Tomography is an
extension of T-ray ranging studies to more complex internal structures and 1D or
2D imaging. Tomography enables the visualization of internal structure as different
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Fig 27. Schematic layout of a T-ray CT experiment. Data is acquired with a single-shot imaging
system using chirped probe pulses. The sample, in this case a hollow plastic ball, is scanned
X-Y and rotated about its axis. It takes approximately 1 hour to scan 100x100 images at 18
projection angles, which is sufficient to reconstruct a 3D sectionable profile of the object using
computed tomography algorithms. A T-ray CT profile is shown in the bottom left, with a quarter
cut away to reveal the internal structure. The spatial resolution of THz CT is given by the angular
rotation multiplied by the radius of rotation at the edge of target. For the plastic ball, the radius
is approximately 2 cm, therefore the spatial resolution on the surface of the ball is 3.5 mm.45!

interfaces reflect pulses with varying delay and intensity. For example, a slice of a
floppy disc reveals layers of air, plastic and metal.*>? Information on the complex
dielectric profile of a multilayered object can be estimated using Fresnel equations
(Sec. 4.2) and an iterative algorithm.*?® Using the frequency-dependent focal length
of a Fresnel lens (Fig. 12(a)) enables images at different depths in a sample to be
obtained using the different Fourier components of the broadband T-ray pulse.®!¢
T-ray computed tomography (CT) and diffraction tomography are techniques
for reconstructing an estimate of the internal structure of an object based on nu-
merous transmission measurements.?>3 4% Fig. 27 shows a schematic T-ray CT
spectroscopy system for imaging a small; in this case a ping-pong ball.

5.6. Near-field imaging

The lateral resolution of far-field T-ray images is limited by the wavelength of the
radiation, A, to approximately 0.61\/(nsiné), where the refractive index of the
focusing medium n is typically unity for air and 8 is the half angle of the focal
point.1™ T-ray pulses have wavelengths spanning from 3 mm to 100 pm (0.1-
3 THz), limiting the average resolution at the T-ray peak to approximately 500 pm.
By selecting only high-frequency components after numerical Fourier analysis, the
resolution can be improved to approximately 100 pm.*?® To study broadband T-
ray pulses interacting with sub-wavelength areas, however, near-field techniques are
required. Near-field techniques rely on an aperture, diameter a, placed in the optical
near-field of the sample to be studied, with separation distance L < a, so the size
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Fig 28. Collection mode near-field EO imaging is performed by holding an EO sensor in the THe
near-field of a sample, and measuring the T-ray electric field with a probe pulse reflected from the
sample side of the crystal. This technique has a reduced signal because the internal reflection is
small, but it provides resolution sufficient for the image of the letters ‘THz’; the line width of the
word is 0.5 mm and the image was taken in less than 1 s.
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Fig 29. These images of the T-ray beam wavefront were taken with collection mode near-field
EOS.17! The measurements were made in real-time and time evolution of the wavefront can be
directly observed. The circular waves are due to the curved nature of the wavefront.

of the interaction spot is defined by a and not the wavelength of the radiation.*%°
A review of the development of FIR nearfield microscopy was prepared in 2002 by
Rosner and van der Weide.450

An early evaluation of using tapered waveguides as apertures for THz light was
carried out using CW THz from a gas-vapor laser,*®! and the first reports of near-
field T-ray imaging used an elliptical aperture in the end of a tapered metal tip,
a =50 um by 80 um.**? T-rays were focused to a diffraction-limited spot with a
parabolic mirror, the tapered tip was placed at the focal point and a sample was
placed in the near-field of the aperture, that is, within a length less than «.%6® A
resolution of approximately 50 pm was achieved. Two typical aperturing effects
were observed: the transmitted THz electric field dropped by approximately 130
times, and THz frequencies below 0.5 THz were strongly attenuated. A similar
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Fig 30. 1D image of T-ray propagation through a focus. This image shows an image of a T-ray
pulse passing through the focus of a lens. The focal point and Gouy phase shift are clearly visible.
This image was sampled using 2D EOS and a 2-f imaging configuration with a polyethylene lens.17*

L EO emitter

Fig 31. Near-field dynamic aperture schematic. As described in Sec. 5.8, a sub-wavelength-sized
spot of THz can be blocked by the gated generation of photocarriers in a semiconductor. GaAs is
normally transparent to T-rays, but the photocarriers act as a mirror screen.*3® The schematic
is the same as a typical T-ray spectrometer based on OR and EOS, except a gated beam for
the sample is incorporated. Such a layout allows other optical-pump THz-probe experiments on
ultrafast processes.4%0 The A/2 and )\/4 waveplates are used to optimize the pump polarization
and balance the photodiodes. The lens, L, is used to focus the optical beam to a sub-100 pm spot
on the GaAs wafer.
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Fig 32. This figure demonstrates the improved spatial resolution achieved by near-field imaging
with a dynamic aperture. The sample is a metal circuit deposited on a GaAs wafer. This technique
has demonstrated resolution of better than 50 pm.457
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Fig 33. T-ray contrast in biological tissue, showing diffraction-limited resolution and cell structure
visible in the THz band.458
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resolution was achieved without an aperture, by holding the sample in the near-
fleld of a PCA — in this case a virtual aperture existed due to the sub-wavelength
dimensions of the spot where T-rays are generated.*6*

Images can easily be acquired with the detector placed in the near-field of the
sample, or in collection mode, using a large area EO detector.’” A schematic of
near-field collection mode EO imaging is shown in Fig. 28. This provides a method
to directly measure the 3D T-ray beam profile by moving the detector crystal along
the beam path, and generates images of T-ray wavefronts or passing through a
focus, shown in Figs. 29 and 30.

A resolution of 7 um was achieved in 2001 using a collection-mode PCA detec-
tor.465:466 The detector had a 10-um diameter aperture fabricated directly onto a
4-pm-thick PCA, so T-rays passed through the aperture and were detected by the
PCA all in the near-field. The operation of the aperture is enhanced by having a
high-refractive-index GaAs tip, ngaas = 3.6, protruding through it. The tip re-
fracts the T-rays, decreasing the wavelength of the radiation as it passes through
the aperture by a factor ngaas.*®” Two important considerations in T-ray near-field
imaging are temporal reshaping of the pulse and the finite thickness of the aperture
itself 310: 330,488 quh wavelength T-ray spatial resolution can also be achieved using
near-field metal tips,*®® based on work in the infrared.47% 47

As mentioned in Sec. 4.3.3 above, dynamic T-ray experiments can be performed
by generating transient mirrors in semiconductors, using photocarriers generated by
an optical pulse. If the optical pulse is tightly focused, a dynamic inverse aperture
can be created to block a sub-um cross-section of the T-ray beam.*%” A schematic
of the dynamic aperture system is shown in Fig. 31. For a semiconductor placed at
the focal point of a T-ray beam, and samples placed in the near-field of the aperture
(L < a), a 40-um resolution has been achieved with the dynamic aperture.*°¢

Wynne et al. mounted a sample directly onto a EO crystal, so T-rays were gen-
erated in the near-field of the sample.*™ A resolution of 200 um was demonstrated,
limited by two-photon absorption due to high intensity at the focal point.'%2 THz
generation via OR in sub-THz-wavelength volumes is optimal when the optical spot
size is comparable with the wavelength of the generated T-rays.473:474

5.7. Speed

The trade-off of speed versus SNR is central to all T-ray spectrometers, particu-
larly in imaging where large data sets have to be acquired in a realistic time, for
example, while a person waits in proposed clinical applications. The speed of im-
age acquisition can be estimated from the time taken to acquire a sufficiently-long
T-ray waveform at each pixel at a certain SNR. For example, the first scanning
PCA imaging system demonstrated 25-ps-long scans acquired in 5 ms with an SNR
of 100:1.4%% Tn 2001, high-power PCA T-ray systems reported 35-ps-long scans ac-
quired in 20 ms with an SNR & 3000:1.143 The SNR increases proportional to v/,
where t is the time spent averaging data samples. For an SNR of 100:1, 2D EO
imaging can be used to sample 200-pt-long 20-ps T-ray waveforms over a 288x384-
pixel array in approximately 200 ms. Signal processing can be used to improve the
SNR of T-ray images®®® including wavelets. 475,476
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5.8. Dsielectric tmaging

Samples that have been studied in the search for applications of T-ray imaging
include those where spectroscopic information is of interest, such as gas flames, and
more complex samples, where contrast cannot be clearly linked to a single dielectric
constant. Dielectric studies have been performed to image the carrier concentration
and mobility in silicon wafers,*”” the Hall effect (Sec. 4.3.3), biological tissues, %% 478
currency watermarks*™ and thin ceramic oxide with tomography.**® An example
of T-ray contrast in biological tissue is shown in Fig. 33.

5.9. Classification algorithms
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Fig 34. Finite impulse response filter classification. This plot shows the effective classification of
T-ray waveforms using coefficients b1 and b2 derived by fitting the data to one of two finite impulse
response filters. The filters were developed with known training data. The fast algorithm clearly
differentiates between bone and meat in this chart, depending only on the two coefficients.?®* The
use of classification in imaging is shown in Fig. 35.

One of the advantages of T-ray imaging over incoherent imaging techniques, such
as those using X-rays or visible light, is the coherent nature of the measurements. A
full T-ray waveform can be acquired for each pixel and used to interpret the image
spectroscopically. For 2D images, the intensity of each pixel can be linked to a num-
ber of spectroscopic parameters, including absorption or phase delay of a specific
spectral component, peak absorption or peak delay. Images of flames have been false
color coded to indicate the magnitude of T-ray pulse delay in transmission.?%® The
magnitude of the pulse peak has been used to code images of currency.441481 More
complex metrics can be developed to represent a combination of factors, specifically
chosen to emphasize differences in spectra of different materials. This becomes a
classification task, and the metrics can be algorithms trained from known data to
be either one sample or another. The results of the application of a simple classifi-
cation algorithm are shown in Fig. 34. Classification is a digital signal processing
task, often using linear filters to generate the parameters of importance. T-ray im-
ages colored by classification metrics have been used for imaging the Hall effect in
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(a) Normal photograph (b) Classified image (¢) T-ray amplitude im-
age

Fig 35. These three images demonstrate the utility of a simple classification algorithm.?®4 The
visible image on the left shows the sample biological imaged with T-rays: meat and bone. Using
the classifier algorithm, the background, meat and bone can be automatically and clearly differ-
entiated, as shown in the center image. Using the classifier provides far clearer data than just
using transmission amplitude information. The image on the right is a plot of transmitted THz
amplitude, and shows poor discrimination between the sample meat and bone. Classification is a
method of utilizing the entire sample waveform to differentiate between just two classes.

semiconductors,*® and biological tissues.29% 478

6. Conclusion

T-ray sensing and imaging has developed and spread widely since the early 1990s.
Initially present primarily in physics and electrical and electronic engineering re-
search groups, T-rays are now used by physicists, engineers, chemists and biologists.
The THz bandwidth can play a role in industry, homeland security and medicine.
There are currently over a hundred groups world-wide using T-rays and com-
mercial systems are on the market. There are, however, still numerous hurdles to
be overcome before T-ray spectrometers compete with other techniques in spec-
troscopy, biosensing, medical diagnostics and industrial imaging. These challenges
include size, cost, output power, SNR, bandwidth, depth penetration, water sensi-
tivity, spatial resolution, speed of data acquisition and the lack of a THz-frequency
knowledge base. As indicated in this chapter, these challenges are being addressed
and future development will probably find T-rays implanted in vital applications.
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