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Preface

The terahertz (THz) spectral range is possibly the least explored part of the
electromagnetic spectrum. This is despite the fact that THz research made a very
significant early contribution to the development of physics when in 1900 H. Rubens
and his colleagues measured the emission spectrum of a blackbody down to about
6 THz. This finally led to the discovery of the blackbody radiation law by M. Planck.
For several decades it remained a rather exotic field, although there were interesting
applications particularly in condensed matter research. However, in the 1970s it
was realized that the THz portion of the electromagnetic spectrum — at that time
still called the far-infrared or submillimeter region — offers unique opportunities in
astronomical research. Subsequently, many dedicated THz telescopes were built,
among them very successful air- and space-borne observatories. In the past few
years, THz research and development has attracted ever-increasing attention. This
has been triggered by tremendous progress in the development of sources, detectors,
optics, and systems. THz technology is now on the verge of commercial applications
for example in security, biomedicine, broadband communication, nondestructive
testing, and process control.

Correspondingly, the number of researchers working in THz science and technol-
ogy is rapidly growing. They might be developing new techniques and instruments
for the exploration of the THz region or using THz instruments for specific
research purposes. However, there are relatively few books, and they only cover
some parts of the field. From our daily work with students we feel that there is
a real need for a general introduction to all aspects of THz research, including
methods, instrumentation, and physical principles. This book is in the spirit of an
earlier, widely distributed textbook written by one of us (M. F. Kimmitt, Far-Infrared
Techniques, Pion Ltd, London, 1970). It is a modern, comprehensive text aimed at
covering the entire research field. The focus is on established THz techniques and
instrumentation that are widely used over the frequency range 0.3—10THz (1 mm
to 30 um). Recent developments are included in the belief that they are likely
to become the standard techniques of the future. Wherever possible, references
are given to excellent reviews on particular aspects. Figures and tables are based
on published data and the reader is encouraged to read these in order to obtain

vii



viii Preface

more detailed knowledge and insight. The book is primarily aimed at graduate
students and researchers who are new to the field. But we also hope that active
THz researchers may find helpful information and that the book will serve both as a
useful introduction and as a reference for all involved in THz research.

As with our own THz research, the book has benefited from cooperation and
discussion with many colleagues over a long period of time. They are far too many
to be named here but to all of them we are greatly indebted. We also express our
gratitude to the institutions where we are currently working, where we have worked,
and which have supported our THz research. We especially thank our wives and
children for their continuous support and never-ending patience during the time of
writing, and, in particular, we thank Mhairi Kimmitt for her careful proof-reading
of the text.

Bochum, Erik Briindermann
Berlin, Heinz-Wilhelm Hiibers
Brightlingsea Maurice FitzGerald Kimmitt
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Chapter 1
Introduction

1.1 The Terahertz Spectral Region

The terahertz (THz) spectral region, in this book considered as the range from 0.3
to 10THz (I mm-30 wm), is one of the most exciting and, at the same time, most
frustrating sectors of the electromagnetic spectrum. Exciting because of the wealth
of knowledge that can be gained from research at these frequencies, frustrating
because, until recently, techniques have lagged behind those at lower and higher
frequencies. But before introducing these real difficulties there is a more trivial
dilemma — what is the best name for this spectral range?

For many years, the term “far-infrared” (FIR) was used to cover all wavelengths
between ~20 pwm up to the shortest millimeter region. Later suggestions were ““sub-
millimeter” but as this, used strictly, provides a cutoff at 1 mm this was not entirely
satisfactory. In 1978, Blaney suggested an accurate but rather long title “short
millimeter and sub-millimeter-wavelength range” which could be abbreviated to
SMSMR [1], but this did not become widely accepted. “Terahertz” is a relatively
recent introduction and was initially closely associated with THz time-domain spec-
troscopy (THz TDS) but is now generally accepted as the convenient description for
this spectral range regardless of whether it is approached from the IR or microwave
direction. There is some doubt as to who first suggested the term terahertz, but it
seems to have become increasingly accepted following its use by J. W. Fleming in
a 1974 paper [2].

A major problem for research in this spectral region is the very high absorption
of the Earth’s atmosphere, over most of the frequency range, mainly due to
the vibrational-rotational levels of water vapor. This limited THz astronomy,
and research in the upper atmosphere, to high altitude observatories and balloon
flights in the very few “windows” available. Figure 1.1 shows the atmospheric
transmission, between 0.2 to 2.2 THz, from the site of the Receiver Lab Telescope
(RLT) on Cerro Sairecabur in the Andes range of northern Chile. The site is at
5525m and appears to have some of the best THz transmission available. The
spectrum was obtained in January 2005 with a Fourier-transform spectrometer

E. Briindermann et al., Terahertz Techniques, Springer Series in Optical Sciences 151, 1
DOI 10.1007/978-3-642-02592-1_1, © Springer-Verlag Berlin Heidelberg 2012
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Fig. 1.1 Zenith atmospheric transmission at Cerro Sairecabur on 24 January 2005 (adapted
from [5])

(FTS) with a resolution of 3 GHz [3]. Apart from other sites in the Andes, the only
other locations for comparable transmission are on the Antarctic plateau. In what
can only be described as a heroic experiment, led by the Polar Research Institute
of China and the Chinese Academy of Science, exceptional THz transparency
was found at Dome A, which is the highest point on the plateau at 4100 m [4].
The Antarctic atmosphere is very stable and it seems probable that a permanent
observatory at Dome A would provide long periods of good THz transmission.
However, logistically, the site presents severe problems, especially as the lowest
water vapor content is inevitably in the Antarctic winter.

Above the frequency range shown in Fig. 1.1 the absorption increases very
rapidly and for many years this restricted the majority of THz research to the
laboratory. However, high-flying laboratories such as the Kuiper Airborne Obser-
vatory (KAO), and an ever-increasing number of orbital platforms, such as ESA’s
Herschel Space Observatory, have revolutionized astronomy and space science.
While ground-based THz astronomy is with a few exceptions impossible, the strong
atmospheric absorption also constrains laboratory experiments seriously, as one can
see from Fig. 1.2.

The intensity of atmospheric absorption is remarkable, reaching a maximum of
over 2 x 10° dB/km at around 8 THz [6]. To put that number in perspective, less
than 1% of light at these frequencies would travel from a source to a detector
over a path length of 10cm. As an aside, one of the authors of this book failed
to locate a powerful line at 9.1 THz from the first high-power THz laser [7] because
there was a short open-air section in the optical path. As a further aside, when the
distinguished cosmologist Sir Fred Hoyle turned to science fiction he wrote a book
entitled “October the First is Too Late.” In it a rocket is launched with a payload
to measure the sun’s output at a “wavelength roughly a hundred times less than
the shortest radio waves,” a wavelength at which no radiation reached the earth’s
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Fig. 1.2 Atmospheric transmission of a 1-m path at 1013 hPa and 40% relative humidity

surface. A powerful coherent signal is observed from a source with an apparent
dimension of 10times the radius of the sun. The scientists suggest that this would
produce such a non-divergent beam that they must have located an inter-galactic
relay station!

To achieve negligible absorption throughout the THz region, optical paths need
to be evacuated to below 100 Pa, a pressure readily achievable with rotary vacuum
pumps. However, if tunable sources are available, it is possible to find a frequency
over most of the THz range, where short to medium path-length experiments can be
performed at atmospheric pressure. Figure 1.2 shows the transmission under typical
laboratory conditions.

Depending on the application, there are alternative units that may be more
convenient for use in this spectral region. For example, the energy of the photon
in electron-volts is very relevant for studying semiconductors, and the reciprocal
centimeter (cm™!), originally given the name “Kayser” after J. H. G. Kayser, who
compiled a giant catalog of chemical spectra in the early 1900s, is convenient
for describing spectra. The relationship between the various units is shown in
Fig. 1.3. Before describing the history of the THz region, which began in the
1890s, it is relevant to consider the implications of the physical dimensions and
electron energies shown in Fig. 1.3. In wavelength terms, 30-300 um bridges the
gap between the region where open path optical techniques are still convenient to
use, up to the shortest wavelengths where waveguides can be employed. At 30 um
(10THz), systems can be designed that are virtually identical to those used in
the visible or near-IR regions with lenses, prisms, mirrors, etc., and spectroscopy
can be performed with diffraction grating or Michelson interferometer instruments.
However, as the wavelength is lengthened the size of optical components must
be increased to avoid diffraction losses and interference effects. In the microwave
region, these problems are avoided by restricting the radiation to a single mode in
a waveguide. Although waveguides are manufactured for use up to ~2 THz, there
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Fig. 1.3 Unit conversion in the THz frequency range

are major difficulties when the dimensions are reduced to match short millimeter,
or sub-millimeter wavelengths. A typical rectangular waveguide for single-mode
transmission at a wavelength A has dimensions of approximately A/2 by 1/4.
Manufacture of very small cross-section guides of sufficient uniformity is difficult,
but this is not the major problem. As a wave passes down a waveguide it sets
up currents in the surface. These currents are required if the walls are to reflect
the waves and, as the frequency of the electromagnetic wave is increased, only
electrons near the surface of the waveguide have time to respond. In a resistive
surface, this means that the effective resistance, through which the wall current
flows, increases with frequency and the waveguide becomes increasingly lossy.
Despite these difficulties, both optical and microwave-type arrangements are being
employed over most of the THz region, and this has led to the development of what
is called “Gaussian” optics. These are explained in more detail in Chap. 2.

While the physical dimensions of the wavelength range govern the types of
spectroscopic systems used, it is the electron energy spread shown in Fig. 1.3 that
makes this a fascinating region for research and application. The value of THz
frequencies for a wide variety of studies can be readily understood by reference
to Fig. 1.3. Room temperature corresponds to approximately 6 THz according to
hv = kT. Hence, by varying the temperature from 14 K to 210°C, iv can be made
equal to kT over the range from 0.3 to 10 THz with comparative ease. This is the
unique feature of this part of the electromagnetic spectrum. In energy terms, the
frequency range covers 1.2 to 37 meV, corresponding, for example, to the energy
levels of many phonon bands, shallow impurities in semiconductors, and rotational
interactions in gases. It should be stressed that the relationship between hv and kT
is extremely important to a broad range of phenomena that can be studied in the THz
region. For example, one noteworthy application is the investigation of the complex
processes that lead to the formation and destruction of the ozone layer in the upper
atmosphere. At THz frequencies, absorption and emission of radiation by gases are
due to rotational transitions of molecules and the strength and the frequency of
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maximum interaction is dependent on the molecular mass. The great advantage of
the THz region is that the strength of the interactions increases, as the square to cube
of the frequency, up to a mass-dependent maximum, but then falls exponentially at
higher frequencies. For the great majority of molecules of interest to those studying
the atmosphere, the peak absorption is in the THz range.

As mentioned earlier, now that there are a number of ways of reaching heights
where atmospheric absorption is greatly reduced, or avoided altogether, the way has
been opened for astronomers and astrophysicists to make a wide range of studies
in the THz region. Because the vast majority of the Universe is either cold or very
cold, the peak of the blackbody curves for most emissions falls into the THz region.
For example, this frequency band contains information on the cosmic background
at 2.7 K, which has a peak emission at 270 GHz while the interstellar medium, of
great interest for star-formation studies, is as low as 10K in the cooler regions to
above 100K in the denser parts. Thus, the peak emission from these gases varies
from 1 THz to above 10 THz.

1.2 History of Terahertz Research

Research in the “gap” between the IR and microwave spectral regions took a
giant step forward with the advent of THz pulse emission from photoconductive
antennas (T-rays) but, reading some of the 1990s papers, one could be forgiven for
thinking that these were the first experiments in the THz spectral region. In fact,
the earliest studies were a hundred years earlier, almost entirely due to the work of
Heinrich Rubens (Fig. 1.4), who was professor at the Technische Hochschule Berlin-
Charlottenburg (now: Technische Universitit Berlin) and at the Universitit Berlin.
The large majority of papers published up to 1920 were by Rubens, or researchers
who had collaborated with him, but from then on there was a steady flow of papers,
eventually leading to a rapid expansion from the 1950s onward. Rubens’ research
concentrated on the extension of the IR spectral region to longer wavelengths into
what soon became called the far infrared (FIR). In the late nineteenth century,
there was also research on short “electric” waves, following the experiments of
Heinrich Hertz, and Rubens participated in this, studying the polarization and
reflection of electric waves, before beginning his IR work. There was a remarkable
amount of microwave research in the last decades of the nineteenth century,
some of it reaching to frequencies close to 0.1 THz. Distinguished scientists were
involved, including Lodge, Fleming, Righi, Popov, and Lebedev, with theoretical
contributions from Lord Rayleigh. The most remarkable experiments were those
of the Indian physicist, J. C. Bose. Bose studied at Cambridge University, where
he came under the influence of Rayleigh. On returning to India he took up a
post at the Presidency College in Calcutta, and there he carried out a variety of
microwave experiments, later returning to England to give demonstration lectures.
Working at frequencies up to 60 GHz, he constructed prisms, lenses, grid polarizers,
reflection gratings, a horn antenna and a double prism attenuator. For detection he
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Fig. 1.4 Heinrich Rubens at work in the laboratory

used primitive point contact diodes. Bose measured the current—voltage curve of his
junctions, noting their nonlinear properties and plotting curves very similar to those
of modern diodes [8]. Sir Neville Mott, Nobel Laureate for his own contributions
to solid-state electronics, is quoted as saying that “Bose was at least 60 years
ahead of his time” and that “he had anticipated the existence of p- and n-type
semiconductors.”

By 1900, the experiments of Marconi and others had shown that lower fre-
quencies were much more useful for communication and interest in very high
frequencies died. It was to be nearly forty years before its revival and it was to
take another decade before there was significant encroachment into the THz region
from the microwave direction. Progress in reducing the “gap” in the electromagnetic
spectrum was to come initially by extending the IR to longer wavelengths.

During his thirty years of research into long-wavelength IR, Rubens had many
collaborators, including several young Americans, and it was with one of them,
B. W. Snow, that he performed his first significant experiments using prisms of
rock salt (NaCl), sylvine (KCI), and fluorite (CaF,) [9], eventually extending the
spectrum to nearly 20 pm. IR prism spectroscopy was to have a long life-span, as it
was widely employed into the 1950s. But it was another of the young Americans,
E. F. Nichols, who made the discovery that opened the way to the first significant
experiments in the FIR region. Working with crystalline quartz, he discovered that
its reflectivity over a narrow wavelength range near 9 um rose from a few percent
to nearly that of a silvered surface [10]. This phenomenon, which Rubens later
called the “reststrahlen” (residual ray) effect, is due to lattice vibrations and, with
other crystals, Nichols and Rubens were to find similar narrow bands at longer
wavelengths. With multiple reststrahlen reflectors, they were able to produce nearly
monochromatic light at specific wavelengths. The elegant spectroscopic system used
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Fig. 1.5 Original reststrahlen filter arrangement. (a) source; (b) and (d) front-silvered concave
mirrors; (p) reststrahlen plates; (s) adjustable slit; (f), (e) and (e’), with a wire grid grating (g)
form a monochromator. Reprinted with permission from: [11]. Copyright (2012) by the American
Physical Society

by Rubens and Nichols [11] is shown in Fig. 1.5. After Nichols left Berlin, Rubens
and his colleagues extended the techniques to wavelengths beyond 50 um (6 THz),
and this research produced a dramatic outcome.

Toward the end of the nineteenth century one of the major problems engaging
the attention of physicists and mathematicians was that of radiation from hot-
bodies and, specifically, its variation with wavelength. A brief roll call of some
of those involved is more than impressive: Wien, Angstrom, Rayleigh, Lummer,
Pringsheim, Paschen, Larmor, and Planck. Various formulae for the radiation from
an ideal source, the blackbody, were derived but none fitted all of the experimentally
obtained results. A particular problem was to obtain really accurate data at very
long wavelengths. In 1900, Rubens and Kurlbaum [12], using the reststrahlen
spectrometer, obtained the necessary data and Rubens immediately visited Max
Planck to give him the results and he, that same day, wrote down the equation which
is now called Planck’s Radiation Law.

After several weeks of what he later described as the most strenuous work of
his life, Planck revolutionized physics by inventing quantum theory to explain the
radiation formula, which he had derived empirically by combining the already
well-known short wavelength radiation results with the long wavelength ones of
Rubens. And after the death of Rubens in 1922 Planck was to write: “Ohne das
Eingreifen von Rubens wire die Formulierung des Strahlungsgesetzes und damit
die Begriindung der Quantentheorie vielleicht in ganz anderer Weise, vielleicht gar
nicht einmal in Deutschland zustande gekommen.” (“Without the intervention of
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Rubens the formulation of the radiation law, and for this reason the foundation of
quantum theory, would have been accomplished in an entirely different way, and
maybe not even in Germany.”) [13].

1.2.1 Early Twentieth Century Research

As mentioned earlier, Rubens continued to dominate the FIR region until the time
of his death. Between 1892 and 1922 just over 150 papers were published which
included FIR research. Only 18 of them do not have Rubens as an author or joint
author. Much interesting work was done, and three discoveries made at that time are
still relevant today.

In 1911, Rubens and Baeyer showed that the mercury arc lamp in a quartz
envelope was an excellent long-wavelength IR source [14]. In this region, the arc
plasma is opaque and has an equivalent blackbody temperature of over 4000 K and,
in modern grating spectrometers and interferometers, it is still the preferred source.
One year earlier R. W. Wood, of Johns Hopkins University (USA), had produced the
first “blazed” diffraction grating, which allowed the concentration of the majority of
light from a source into a single order [15]. Wood achieved efficiencies of over 75%
for the first order and showed that gratings of this type could be used out to beyond
100 wm (3THz). Although Wood produced the first blazed gratings, the initial
conception was by Rayleigh in 1874 [16]. Apart from their use in spectrometers,
blazed gratings, with efficiencies close to 100% in one polarization, are employed
in lasers as tuning elements. In carbon dioxide lasers, for example, replacing one of
the mirrors with a blazed grating allows tuning over many wavelengths between 9
to 11 wm. These lasers are widely used as the “pump” for the optically excited THz
lasers described in Sect. 4.4.2.

The third discovery, by Hagen and Rubens, concerned the reflectivity of metals
[17]. They showed that the reflectivity depended on their electrical conductivity. The
formula that they found empirically, which was later explained theoretically, shows
that in the THz region any pure metal has a reflectivity of well over 99% so that
even complex reflecting systems are virtually loss-free.

The “Rubens’ era” ended with an experiment where he used all his spectroscopic
skills to measure the absorption of water vapor out to 400 wm [18] (Fig. 1.6). This
was a remarkable achievement, as it had to be done point-by-point without any
electronic aids.

1.2.2 The Years 1920-1940

Between 1920 and 1930 some 40 FIR papers were published and from 1930 to
1940 another 80. In 1920, after a relatively short but glittering career after leaving
Berlin, E. F. Nichols became Director of Pure Science at the National Electric Light
Association in Cleveland, Ohio. Here, before his untimely death in 1923, he returned
to long-wavelength research, working with J. D. Tear, and in 1923 they succeeded in
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Fig. 1.6 Absorption of water vapor measured by Rubens in 1921 with a wire grid grating
spectrometer. Traces A and B were measured with different illumination of the spectrometer slit
by the mercury arc lamp. The dashed line around the minimum a’ was measured with higher
resolution. Rubens attributed the two minima in trace B at the position a’ to water absorption.
The origin of the minima b’ and ¢’ could not unambiguously be identified. Comparison with the
spectrum in Fig. 1.2 shows that Rubens’ assignment was correct (from [18])

joining the electric wave spectrum to the IR. Their experimental setup is shown in
Fig. 1.7. Using a Hertzian oscillator, wavelengths down to 220 wm were produced,
which overlapped with the extension of wavelengths from a mercury arc source
to 420 pm [19]. In 1924, a Russian physicist, Glagolewa Arkediewa, showed that
radiation of about 90 wm could be generated by exciting small Hertzian oscillators
in the form of brass filings immersed in oil [20].

Apart from Berlin, the main laboratories involved in long-wavelength IR studies
were at the University of Michigan, where H. M. Randall was to be a dominant
figure in IR research for many years, and the California Institute of Technology,
where the usefulness of the FIR region for the study of the rotational levels of gases
was realized by R. M. Badger [21], who was later joined by C.H. Cartwright and
J. Strong. Both Cartwright and Strong made significant contributions to improving
FIR techniques between 1930 and 1940, with Cartwright following in the footsteps
of earlier American researchers by spending time in Berlin. He made detailed
studies of the absorption of a variety of materials [22] and designed a liquid oxygen-
cooled thermopile with more than ten times the responsivity of its room-temperature
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Fig. 1.7 Nichols and Tear in a laboratory of the National Electric Light Association in Cleveland,
Ohio, where Nichols was the Director. The Hertzian type oscillator is within the metal container
on the left. The output is collimated by a paraffin wax lens onto a Boltzmann interferometer which
Nichols is adjusting. The reflected beam is then focused by the second lens onto a radiometer
detector (for details of the experimental setup see [19], photograph courtesy of J. D. Tear’s
relatives)

counterpart [23]. Strong collaborated with Randall on a “Self-Recording Spectrom-
eter” [24], went on to study the absorption of 14 gases between 20 and 200 pm [25]
and later, at Johns Hopkins University, made outstanding contributions in the optical
field. In his latter years, he was one of the first to pursue the transition from grating
to interference spectroscopy at THz frequencies [26].

Although there were major improvements in spectroscopic systems throughout
these decades, there were only marginal improvements in sources and detectors.
Thermocouples, thermopiles, or bolometers, feeding into very sophisticated gal-
vanometers, were the detectors, usually with a mercury arc or some heated material
such as the Welsbach mantle as a source [27].

Probably, the most significant experiment of the 1930s was the observation of
the molecular absorption of ammonia gas over the wavelength range 1-4 cm using
a coherent source, a split-anode magnetron [28]. This was the prelude to the field of
microwave spectroscopy, which expanded dramatically from the late 1940s onward,
when new coherent sources, such as the klystron, became available for research
applications.

1.2.3 The Years 1940-1950

Not surprisingly, 1940-1946 was a barren time for research publications but, of
course, there were many developments during this period. Of particular note is
the research in Germany to extend the range of prism spectroscopy. Up to 1940,
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25 um was the maximum wavelength using KBr prisms but, with the mixed
crystal thallium—bromide—iodide, KRS-5 (KRS standing for “Kristalle aus dem
Schmelzfluss”, crystals from the melt), coverage was extended to 37 um [29]. The
introduction of cesium bromide [30] and cesium iodide in the early 1950s allowed
prism systems to operate out to nearly 60 um [31].

A very significant post-war event was the introduction of the pneumatic detector,
now almost always referred to as the “Golay” [32]. This elegant device came
within a factor of three of the theoretical limit for a room temperature detector.
Although the detector is named after Golay, it is interesting to note that the first
published paper was by H. A.Zahl and M. J. E. Golay [33] and Zahl filed a patent
for a “pneumatic cell detector” in 1938. In 1939, Zahl also patented a “System
for detecting Sources of Radiant Energy” with co-inventor M. J. E. Golay. At that
time, there was considerable effort toward methods of detecting hot objects by their
radiant emission. The first cooled bolometer was also a 1940s invention. This used
the superconducting transition point of tantalum at 4.4 K, thus requiring the use of
liquid helium [34]. A later version was made with niobium nitride (NbN), which
has a transition at 14.3 K, a temperature which could be obtained by pumping on
the then more readily available liquid hydrogen [35].

There were huge advances in electronics during the Second World War and this
produced a dramatic change in spectroscopic systems. Virtually, all experiments
up to 1940 used DC recording systems but from 1945 onward detectors were
designed with shorter time constants, the incoming radiation was “chopped” and
AC amplification employed. One earlier exception was a recording spectrograph
for the FIR [36] covering the range 18-200 wm which used a very low frequency
amplifier that had been designed as early as 1932 [37].

The development of high-frequency radar systems had led to new magnetron and
klystron sources, and these were employed for a number of microwave spectroscopy
experiments following on from Cleeton’s earlier measurement of the ammonia
inversion spectrum. With a klystron, frequency doubled in a crystal harmonic
generator, the absorption of oxygen between 50 and 60 GHz was measured in 1944
at the Massachusetts Institute of Technology (MIT) with the results published in
1946 [38]. Among those involved were W. Gordy, who later wrote a review covering
this early research [39], and C. H. Townes and his colleagues [40] who, by 1952,
had reached frequencies of 270 GHz [41]. In 1954, microwave spectroscopy was
extended into the submm region by Gordy’s research group [42], thus providing
a clear overlap with the longest wavelength IR spectroscopic systems. Gordy had a
remarkable career, beginning his research with studies of hydrogen bonding. During
World War I, he was at the MIT Radiation Laboratory, where he participated in the
development of microwave radar, immediately realizing the potential of microwave
technology for molecular spectroscopy. Joining the Physics Department at Duke
University in North Carolina in 1946, he was instrumental in setting up a microwave
laboratory to pursue research in what he described as the “gap in the electromagnetic
spectrum.” This laboratory, which moved to Ohio State University in 1990, remains
prominent in submm research after six decades. Notable among Gordy’s 75 PhD
students is Frank de Lucia, who has been at the forefront of THz research since 1970.
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1.2.4 The Years 1950-1960

By the end of the 1940s, the stage was set for a major expansion of IR spectroscopy
and for the extension of microwave techniques into the THz region. The distin-
guished IR and FIR researcher, Armand Hadni, has described the period as the
start of the “explosive” years [43], but the number of scientists involved in what
was still considered to be a very difficult spectral region was relatively small, with
less than 200 papers published in this decade. The majority of these came from the
relatively few laboratories which had significant FIR groups. The important centers
could almost be counted on the fingers of one hand: J. D. Strong at Johns Hopkins
University, USA, later to be joined by G. A. Vanasse; E. E. Bell, and R. A. Oetgen
at Ohio State University, USA; Earl Plyler at the National Bureau of Standards,
USA; A.Hadni at the University of Nancy, France; L. Genzel at the University of
Frankfurt, Germany, who was later to move to Freiburg; H. Yoshinaga, at Osaka
University, Japan, and H. A. Gebbie at the National Physical Laboratory, England.
There were also other more isolated researchers who were to have great significance
in the opening up on the FIR region, including P.B. Fellgett at Cambridge in
England and P.Jacquinot at Orsay, France. Toward the end of the 1950s new
names appeared and these, with others, were to launch the FIR into the mainstream
of optics research. Notable figures were P.L.Richards (USA), N. G. Yaroslavski
(USSR), E. H. Putley (UK), and D. H. Martin (UK).

Grating spectroscopy still dominated, with the mercury arc as source and the
Golay as detector, but improved electronics and recording systems greatly speeded
up research. However, it was in this decade that the foundations were laid for
the transition to FTS, which was to revolutionize FIR spectroscopy. Although the
transition from gratings to FTS progressed comparatively slowly, mainly due to
the limitations of early computers, the outcome marked a development that was
certainly as important as the more dramatic arrival of THz TDS some three decades
later. It was well known that interferometers such as the Michelson were excellent
for the accurate study of monochromatic light but when there were more than three
or four wavelengths from a source the interferogram produced was very difficult
to analyze. Even so Michelson, with infinite patience and his own remarkable
invention of a “harmonic analyzer” [44] (which was in essence a mechanical
analogue computer) was able to derive spectra by observing fringe intensity. Both
Michelson and Rayleigh were aware that the full spectrum could be obtained by
Fourier transformation but had no way of performing this. The first person to
derive an actual spectrum was Peter Fellgett, while studying stars in the IR. In the
visible and very near-IR, a spread of wavelengths could be observed by placing a
photographic plate at the exit of a diffraction grating monochromator but, at longer
wavelengths, until the comparatively recent availability of detector arrays, only one
wavelength could be studied at a time. After various efforts at coding different
wavelengths with an ingenious chopping system — a method also employed by Golay
[45] Fellgett realized that if a two-beam interferometer were to be placed in the
path of undispersed radiation and its path difference scanned at a uniform rate, the
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resultant signal from a single detector would contain information at all wavelengths
simultaneously. Fellgett had to transform his interferogram by hand, using devices
called Lipson—Beaver’s strips, a very tedious task [46].

The ability to study a wide range of wavelengths simultaneously became known
as the multiplex or Fellgett advantage. What he had not immediately realized was
that, while for high-resolution grating spectroscopy very narrow slits were required,
thus reducing the amount of light passing through the instrument, interferometers
had the further advantage of having large apertures. This was first pointed out
by Pierre Jacquinot and came to be known as the Jacquinot (or throughput)
advantage. In the 1950s, a number of experimenters, including Jacquinot, Connes,
Strong, Vanasse, and Gebbie, began research with interferometers. The throughput,
multiplex and resolving power advantages of interferometers were soon recognized
but the limitations of early computers meant that it might take days to analyze the
interferograms. When this limitation was overcome in the following two decades,
FTS became the dominant force in spectroscopy in the FIR.

Jacquinot [47], Strong [48], Fellgett [49], and Gebbie [50] have written short
review papers concerning the development of FTS in this period. Connes, in a
detailed paper [51], has described the contribution of Michelson and even earlier
researchers in the field. He points out that the modern form of FTS was almost
discovered by Rubens and his collaborators in 1910 [52]. On the detector side,
the Golay was virtually the only FIR detector of the 1950s but in 1959 the first
convenient-to-use cooled device, the carbon bolometer, was invented [53] and the
same year saw the first photoconductive detector to reach wavelengths longer than
100 pwm [54].

Although no fundamental electronic source was produced for frequencies above
300GHz in the 1950s, the foundations were laid with the first backward wave
oscillator (BWO) or carcinotron [55, 56]. Extension to higher frequencies followed
in the 1960s and BWOs are now available to above 1 THz, with a tuning range of
+10% of the center frequency.

Of the papers published in this decade, 80% were on applications, which included
the first studies on semiconductors, including cyclotron resonance measurements
[57], many papers on the absorption spectra of gases and, at 0.2 THz, observation of
solar and lunar radiation [58]. Early work on the transmission of superconductors
began, which was to lead to the direct measurement of the energy gap predicted by
the BCS theory [59]. This decade also saw the first FIR diagnostics on the high-
temperature plasmas produced in the attempts to achieve controlled thermonuclear
fusion. These early experiments succeeded in measuring both the average electron
density and the electron temperature in several different plasmas [60].

The late 1950s also saw the first steps on the long journey that would lead to
the development of high-power gyrotrons. The earliest suggestions appeared in
theoretical papers published in Australia [61] and the USSR [62], with the first
experimental studies being made at microwave frequencies in the USA [63].
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1.2.5 The Years 1960-1970

This was a flourishing decade for the THz region, with well over 1000 published
papers and several new groups appearing. One of these, that of Fritz Kneubiihl
in Switzerland, was to have far-reaching consequences because, apart from his
group doing outstanding FIR research, he, from the mid-1970s, organized a series
of conferences in Ziirich devoted to the IR and FIR spectral regions. Another
series of conferences was to have longer-term importance. These began with a
meeting in the USA at Atlanta in 1974, entitled “The First International Conference
on Submillimeter Waves and their Applications.” The guiding hand was that of
K.J.Button, then at MIT, who predicted then that it “would be the first of a
long series because the submillimeter wave specialty has become well-defined and
moderately well-populated.” Rome, in 2010, saw the 35th Conference in the series.
But returning to the 1960s, the significant feature of this period is that it produced
much of the instrumentation that is widely used today. If one looks back to the time
before 1960 the only inventions which have not been superseded, apart from the
spectrometers themselves, are the mercury arc source and the Golay detector. And
for many applications the Golay detector is now replaced by the cheaper, and more
convenient pyroelectric detector. Pyroelectric detectors date from this era although
the use of the pyroelectric effect for detection had been suggested as early as 1938
[64]. The 1960s onward saw great progress in detector development with the n-InSb
electron bolometer [65], the Ge bolometer [66], and a tunable FIR detector [67].
One of the most widely used detectors, the extrinsic photoconductor Ge:Ga, also
dates from this decade [68]. When stressed this responds out to 200 pwm [69]. While
the “Putley” detector is still very widely used the Ge bolometer has been largely
superseded by the more versatile Si composite bolometer [70]. A further helium-
cooled detector based on the Josephson effect was also introduced [71]. One of the
authors of this paper was Paul Richards who, in 1966, set up his research group at
the Berkeley campus of the University of California and has been an outstanding
figure in FIR/THz research over more than fifty years. Another important step was
the invention of the so-called “honeycomb” diode chip design for Schottky diode
mixers by D. T. Young and J. C. Irvin [72]. Originally applied to mmW frequencies
this design became widely used in the 1970s and 1980s.

The major discovery at the start of this decade was the laser. The first THz laser,
the water vapor laser, was invented in 1964 [7]. This was followed by several other
long-wavelength gas lasers, including HCN, which provides several continuous
wave (cw) lines close to 1 THz [73]. Lasers were to become a major tool for THz
research in the proceeding years.

What was perhaps the most far-reaching paper published in this decade was
a two-page Letter in the journal “Nature,” which began “A Michelson two-beam
interferometer can be used for both refractive index determination and absorption
by measuring the shift of the achromatic fringe when a specimen of known thickness
is placed in one arm of the interferometer.” This was the birth of “dispersive
Fourier-transform spectroscopy” (DFTS), which has proved to be a powerful
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technique for studying the optical constants of solids, liquids, and gases in the IR
and THz regions [74]. Even today, when much spectroscopic work is performed
with TDS systems, considerable routine and innovative research is still performed
with DFTS instruments. Credit must also be given to E.E.Bell, who reported
independently on the advantages of using both arms of a Michelson interferometer
to provide absorption and refractive index information [75]. In 1969, D. H. Martin
and E. Puplett introduced a polarizing version of the Michelson interferometer that
has become widely used in the THz region [76].

Grating spectroscopy was still widely used in this decade because obtaining
spectra from interferograms was so time-consuming, although the use of a fast
Fourier-transform algorithm introduced by J. W. Cooley and J. Tukey had reduced
the time required by some two orders of magnitude [77]. A specific problem of
grating systems is the need to suppress higher order radiation which, with thermal
sources, is at a much stronger level than the first order. This difficulty was to a
large extent overcome by the use of capacitative grid filters by R. Ulrich in 1967
[78]. These are described in Sect. 3.5. Another very helpful discovery was that the
polymer TPX is transparent over much of the FIR [79]. This is a hard plastic,
particularly useful for windows and lenses, with the great advantage of having
virtually the same refractive index in both the visible and THz spectral regions.

The year 1968 saw the birth of time-domain spectroscopy (TDS), although in the
microwave region, with the publication of a paper entitled “BroadBand Microwave
Transmission Characteristics from a Single Measurement Transient Response” [80].

1.2.6 The Years 1970-1980

The year 1970 saw the arrival of one of the most useful laser sources, the optically
excited THz gas laser [81]. These now produce hundreds of cw and many thousands
of pulsed wavelengths throughout the THz region. On the strongest cw lines output
powers of above 100mW are available from commercial instruments with pulsed
powers of several kW.

Also in 1970 carbon monoxide (CO) was discovered for the first time in the
interstellar medium with a Schottky-diode heterodyne receiver operating at 115 GHz
[82]. Seven years later, T. G. Phillips et al. made the first real THz detection of
an interstellar molecule [83]. They detected CO at 0.345 THz with a heterodyne
receiver based on an InSb hot electron bolometric mixer. The 1970s were the
pioneering years for astronomy at THz frequencies, mainly because of significant
progress in receivers and because high altitude observatories became available. Most
notably, the Kuiper Airborne Observatory (KAO) started its operation in 1974.

The first THz imaging experiments for other than astronomical applications were
reported by D. H. Barker et al. in 1975. Already at that time the authors pointed
out that “an FIR imaging system could be developed for industrial, military, law
enforcement, and medical applications in the next few years” [84].
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Early in this decade the first THz TDS results were obtained by the Paul Richards
group, using a mode-locked Nd:glass laser and lithium niobate as an electro-optic
(EO) crystal [85]. Due to the comparatively long pulse length of about 2 ps the
shortest wavelengths produced were about 700 um. Similar results were obtained
independently by a Japanese group [86].

There was further significant progress toward improved detectors in this decade.
Detection using metal-semiconductor contacts, so-called cat’s whiskers, dated back
to Bose’s research in the 1890s. These are also the devices that Gordy used
to provide harmonics of the fundamental frequency. Now described as Schottky
diodes, these were already familiar devices for both direct detection and as mixers in
microwave and mmW heterodyne systems. It was realized that if these diodes could
be designed to operate at higher frequencies, they would have the great advantage,
compared with other fast THz detectors, of operating at room temperature. Because
various relatively high-power sources were also becoming available, there was the
opportunity to extend microwave-type heterodyne systems to higher frequencies.
A very useful review of the remarkable progress in Schottky diode optimization
was written in 1980 [87]. As Gordy had shown, Schottky-type diodes are not only
useful for heterodyne detection systems. Due to their nonlinear characteristic they
are valuable as harmonic generators. Gunn and IMPATT sources were producing
significant power levels in the mmW region and the use of these with Schottky
structures began to provide significant harmonic power deep into the THz range.

A main reason for developing room-temperature systems for the THz region
was that various platforms were becoming available for both astronomy and
upper atmospheric research. However, video detection remained important and it
was well known that the background noise that limited the ultimate detectivity
of extrinsic photoconductive detectors, such as Ge:Ga, when used in a 300K
environment, would be greatly reduced in space applications. Intensive research on
improving Ge:Ga detectors led to an improvement of four orders of magnitude in
their performance [88]. Another He cooled detector that dates from this era, and
was to become very important, particularly for THz heterodyne systems, is the
superconductor—insulator—superconductor mixer (SIS) [89,90].

1.2.7 The Years 1980-1990

The improvements in THz technology over the previous thirty years had led to a
widespread recognition of the usefulness of this spectral region in many disciplines.
Developments in computer technology had made FTS systems the choice for
spectroscopy throughout the IR and THz regions. But, with an increasing interest
in astronomical and upper atmosphere research, it was realized that heterodyne
systems were required for these and other applications to achieve the necessary
resolving power. This can be understood by looking at a paper published in 1984,
which reported a balloon-borne FT interferometer study of stratospheric emission at
~40km altitude [91]. At the shortest wavelength observed of 110 pum the resolving
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power was ~27,000, falling to just over 2,000 at the longest wavelength of 1.4 mm.
This instrument had a path length difference of up to 1.5 m between the fixed and
moving mirror and was approaching a realistic limit in the resolving power of an
FTS instrument. Despite this impressive achievement, the resolving power is not
sufficient to determine the true lineshape of a molecular line.

The need for higher resolving powers was pointed out in a review paper outlining
the state-of-the-art of diagnostics on interstellar plasmas [92]. What was required
was the extension of the high resolution of heterodyne systems familiar in the
microwave region up to THz frequencies. Until that time the only heterodyne studies
had been with the “Putley” InSb electron bolometer, which has a very limited
bandwidth. In the short-mm region rectifying diodes, usually Schottky devices were
normally used as the mixer with electronic sources providing the LO power. The
main problem in reaching higher frequencies is that losses increase, resulting in a
requirement for more local oscillator (LO) power, typically in the mW range. At that
time, the only practical cw sources available for frequencies above ~0.5 THz were
optically excited gas lasers. Although these only produce specific wavelengths, a
successful heterodyne detection of an interstellar CO line at 434 um was achieved
in 1981 [93] by mixing the CO line with a laser line of similar wavelength. Although
optically excited gas lasers are normally bulky, a sufficiently compact version for use
in the Kuiper Airborne Observatory (KAO) was designed and used for astronomical
studies [94,95]. The KAO was one of a number of platforms that were becoming
available for both astronomy and upper atmospheric research, and for these and
other applications the search for better detectors and mixing devices, as well as for
improved sources to act as LOs, was intensified. The 1980s also saw the first IR/THz
space-borne observatory. The Infrared Astronomical Satellite (IRAS), launched in
1983, was the first observatory to perform an all-sky survey at IR wavelengths,
including two THz bands around 60 and 100 wm. This was the first of a very
successful series of space-borne IR/THz observatories.

As already mentioned, conventional extrinsic Ge detectors had been hugely
improved and were becoming widely used in astronomy and atmospheric studies.
However, there was a particular problem with these detectors when used in space
applications. This was because excess noise was produced when high-energy
photons struck the detectors. This disadvantage was to a large extent overcome in
the 7-10 THz region by the invention of blocked-impurity band detectors [96].

A fundamental source covering the frequency range from 1 THz to above 4 THz,
invented in Russia and Japan in this decade, was the p-type Ge laser [97, 98].
Operating at or near liquid helium temperature, this is a useful tunable pulsed source
that can also be operated in near cw mode [99]. Ge lasers are electrically excited and,
as the power requirement, especially for small versions, is quite low, these can be
conveniently packaged with a mechanical cooling device [100].

The first free electron laser (FEL) operated in the early 1970s and by 1984
Elias and his colleagues [101] had constructed a laser operating between 0.3 and
0.77THz, with a peak power of 10kW, as a user facility at the University of
California at Santa Barbara. One of its main application areas was in biology,
including photobiology. Since then a number of THz laser user facilities have been
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installed in France, Germany, Italy, Russia, The Netherlands, and the USA, which
are providing very valuable results in a wide range of disciplines. The tunable high-
power and short-pulse output of FELs means that they are particularly useful for
pump-probe experiments and time-resolved spectroscopy.

Alternative facilities for THz research are the IR ports of certain synchrotrons
[102]. These provide a significantly higher average source brightness than an arc
lamp in the 0.3-30 THz region and the ps pulse structure is useful for a number of
applications. Stable coherent synchrotron radiation (CSR), first observed in 2002,
has produced a power increase of 10° over the 0.3—1 THz range and is an exciting
development for spectroscopy [103].

The dramatic event of this decade can almost be described as the “rediscovery”
of the FIR region of the electromagnetic spectrum. With the advent of high-power,
very short-pulse length near-IR lasers, the pioneering research of Nicholson in the
microwave region, and Richards and Yajima, with their colleagues, in the FIR,
came to fruition. The essential features of this system of THz research are fairly
simple. When a very short pulse, typically 50fs or less, of near-IR radiation falls
on a photoconductor, THz pulses are generated within the photoconductor, which
then radiates. The highest frequency produced depends on both the length of the
laser pulse and the mobility of the electrons in the photoconductor. An alternative
arrangement is to use an EO crystal where the ultra-short laser pulse changes the
electrical polarization and causes THz radiation to be emitted. In this case, the upper
frequency produced only depends on the length of the laser pulse, as no charge
carriers are involved. In practice, the essential difference between the two systems
is that photoconductive devices produce higher power but are less efficient above
3 THz. EO crystals provide less power, in comparison with photoconductive devices
with the same excitation power, but can reach to above 100 THz. In both cases, the
spectrum is obtained from the Fourier-transform of the emitted pulse.

In early experiments, the power levels produced were quite low. However, in
1984 Auston and his colleagues [104] introduced what became known as the
“Auston switch,” to produce higher powers, and used these to study the transmission
and absorption of various materials. This paper created widespread interest and, as
mentioned previously, some of the early accounts seemed to suggest that this was
an entirely new field of research.

Just before the close of this decade the first results of a new detector that was
to become widely used as a THz mixer were published by G. N. Goltsman and
coworkers. This was the hot electron bolometer (HEB), remarkable for the fact that
it is a thermal detector [105]. Essentially, this relies on the same mechanism as the
first helium-cooled detectors, reported in 1942 [34], as it operates in the narrow
temperature range that marks the transition from the normal to the superconducting
state of a superconductor. The particular advantage of this bolometer made of a thin
NbN film is its combination of a small heat capacity with high heat conductivity,
giving a time constant of approximately 40 ps for small devices. This is equivalent
to a bandwidth of several GHz, thus making it very useful as a mixer. Furthermore,
as it is a fast thermal detector it is useful throughout the IR and THz regions.
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1.3 Reasons for Increased Interest

From being a rather specialist sector of the electromagnetic spectrum for research,
the THz region has become of great importance in a wide range of disciplines.
These include many aspects of space research, astronomy, atmospheric studies,
biology, medicine, plasma physics, chemistry, nondestructive testing, and process
control. There are also a number of important defense and security applications.
For all of these applications, imaging as well as spectroscopic systems have been
developed, and there are continuous, intense efforts around the world to improve
their performance and capabilities.

A major reason for the increased interest in THz research comes from astronomy.
The THz part of the electromagnetic spectrum possesses an amazing scientific
potential for spectroscopy and imaging. Many absorption and emission lines of
the important astrophysical and astrochemical molecules and atoms occur in the
THz frequency region. By 2011 approximately 150 molecules and atoms have been
detected in space. There are fairly simple molecules, such as CO, but molecules
consisting of ten or more atoms have also been detected. Besides their existence and
abundance, valuable information about the physical conditions such as temperature,
density, and dynamics of the observed astronomical object can be obtained from
spectroscopy. Many galaxies or interstellar clouds emit most of their energy at THz
frequencies, either as broadband blackbody-like emission or as line emission from
molecules and atoms. Imaging and photometry allow the study of the structure and
morphology of these objects. Ground-based telescopes at many locations around
the world, as well as the space-borne THz observatories IRAS, ISO, SWAS, Odin,
Akari, and Spitzer, have contributed significantly to the exploration of the THz
universe. At the time of writing this book ESA’s Herschel Space Observatory is
in operation and will revolutionize our view of the THz universe.

It is the demand from these observatories that has driven forward the develop-
ment of detectors, radiation sources, and spectrometers. The requirement for very
sensitive detectors and large format detector arrays has led, for example, to the
development of Ge:Ga photoconductive detector arrays with hundreds of elements,
and superconducting composite bolometer arrays with thousands of elements.
Amazingly, the sensitivity of these detectors is background noise limited. For
heterodyne spectrometers SIS and HEB mixers approach the quantum noise limit,
and small heterodyne arrays are now operational at several telescopes. The develop-
ment of local oscillator (LO) sources has made all-solid-state multiplier-based THz
sources with wW to mW output power available up to 2 THz. New observatories
such as the Stratospheric Observatory for Infrared Astronomy (SOFIA), or the
Atacama Large Millimeter Array (ALMA), which comprises an array of 66 giant
12-meter and 7-meter diameter telescopes for mmW and submm/THz observations,
will continue to provide a strong incentive for the development of THz receivers and
spectrometers.

Imaging has become an important application in the THz region. Some of the
initial excitement of the early TDS research was the “discovery” that a variety
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of materials, including clothing and packaging materials, which are opaque in the
visible and near-IR regions, are reasonably transparent over much of the THz range.
Imaging had already been performed using conventional THz techniques [106] but
TDS imaging has found wide application over diverse disciplines, since the first
paper was published in 1995 [107]. This also has the advantage of providing three-
dimensional imaging. Because THz TDS does not require cooling, while providing
large spectral coverage and high sensitivity at the same time, this technique rapidly
spread and found new applications in research as well as paving the way for
commercial uses. Along with THz TDS, breakthroughs in component development
have contributed to the rapid development of the field since 1990. Most notable has
been the appearance of THz quantum-cascade lasers (QCLs) in 2002 [108], which
now cover a large part of the THz region with cw and frequency-tunable radiation. In
addition, these only require modest cooling and provide mWs of output power. Such
systems have been employed for a large variety of proof-of-principle experiments
[109] for applications in biomedicine, nondestructive testing, security, and other
fields such as art conservation [110].

Fourier-transform spectroscopy is commercially available and is the workhorse
in chemistry for spectroscopy of gases, liquids, and solids. THz spectroscopy with
these spectrometers is widely used in chemistry not only with pyroelectric detectors,
but also with liquid helium-cooled bolometers. Early research on astrochemistry
activated advances in gas spectroscopy of simple molecules in the laboratory, but
current increased interest in THz spectroscopy is related to the extensive computer
power now available. This allows calculation and simulation of an expanding
number of molecules with many atoms, weak interaction forces related to the
structure of biomolecules like DNA and proteins, and interaction of molecules with
a large number of solvent molecules, for example, for the investigation of chemical
reactions in solvents such as water.

Both large mass and weak interaction forces lead, independently, to low vibration
frequencies located in the THz frequency range. Also, collective modes in crystal
lattices consisting of many, and even assorted, molecules, as well as liquids, show
THz spectra and complex THz responses, respectively. Polymorphs are very difficult
to separate by IR spectroscopy, but show significantly different spectral signatures
in the THz frequency range. High signal-to-noise ratios, now available with room
temperature THz spectrometers, in contrast to THz Fourier-transform spectrome-
ters, may lead to applications in the pharmaceutical industry to distinguish generic
drugs, and to support patent applications on newly developed pharmaceuticals.
Molecular systems, and reactions with surfaces and interfaces, are of major interest
for the development of new catalytic and energy efficient processes, as well as in
energy storage, such as batteries, which are relevant for future electromobility. THz
spectroscopy can investigate the interaction of molecules with surfaces because the
heavy mass of the surface lowers vibrational frequencies into the THz range.

While common chemical reactions are performed in solvents, the reaction
formula is typically written down neglecting solvent molecules. It has recently been
recognized that the solvent can play a more active role in many chemical reactions,
beyond just controlling the diffusion of molecules for the reaction. Especially for
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biomolecules, water, the solvent of life, actively participates in interactions, and
these can be probed on ps and sub-ps timescales corresponding to THz frequencies.
A current large new class of solvents, ionic liquids, is also being considered
for industrial and research applications. Since many macroscopic properties, for
example viscosity, may be related to THz responses, it is conceivable that THz
spectroscopy may also help to develop designer fluids.

THz TDS will, in general, have a strong impact in chemistry, medicine, and
biology. With the development of sub-ps mode-locked dye lasers in 1972 by Ippen
and Shank [111] and subsequently, in 1986, the development of titanium-sapphire
(Ti:Sa) lasers by Moulton [112], it did not take long for chemists to use such lasers
to investigate chemical reactions. Short sub-ps pulses and pump-probe techniques
allow the study of kinetics and dynamics of chemical reactions, which range from
femtoseconds via milliseconds up to seconds. Since misfolding of proteins triggers
a variety of illnesses, unraveling the process of protein folding, which takes place
in many subsequent stages from femtoseconds to seconds, will be of prime medical
interest.

THz pulses also permit the study of processes which are far from equilibrium,
because the time scales involved are much shorter than thermal time scales. Plasma
reactions for research and industrial applications can be studied in detail, with
the added advantage that the thermal background of the typically hot plasma is
negligible when coherent detection systems are used. Many processes, for example
near equidistant rotational lines of molecules, are coherently locked for short time
scales after excitation, and THz short pulses can provide coherence and dephasing
times relevant to the understanding of molecular processes. Short pulses are also
very relevant to condensed-matter research.

Although optical and electronic components to manipulate amplitude and phase
of short pulses are readily available in the optical range, such components are in
their infancy in the THz range. This, in part, has fuelled interest in systems based
on plasmons, metamaterials, photonic band gap materials, and fast semiconductor
switches, which may contribute to new components for THz pulse manipulation
and shaping. Nuclear magnetic resonance is a standard technique for identifying
chemicals, whilst in medicine the technique can be used to generate images
in magnetic resonance imaging. Special pulses, pulse trains, and sequences of
pulses allow a variety of applications and methods related to multi-dimensional
spectroscopy. Similar techniques permeate into the THz field and may provide new
insights into materials. Medical imaging is still in its infancy but, for example,
the high absorption of water and low absorption of fatty tissue contribute to THz
contrasts, and may lead to medical THz imaging augmenting the presently available
infrared and ultrasound techniques.

The increasing need for extra bandwidth for communication may also impact
heavily on THz technology and component prices, especially in the low THz
frequency range where research applications are approaching 0.3 THz. However,
the strong absorption of THz waves in air will restrict their use to local networks.
This is beneficial because it allows an increased occupancy of frequency bands for
spatially separated networks. Therefore, in-house and, in general, short-range (and
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therefore locally secure) broadband communication is possible, without interference
between neighboring networks in the same frequency band. Proximity initiated
communication links are in service in some countries in the 0.1 THz range.

Many research centers, such as laser facilities, synchrotrons, and free electron
lasers are increasing the number of THz sources and beam lines for external
users, but much of the increased interest stems from the close connection between
electrons and THz incoherent and coherent radiation. THz spectroscopy is an
excellent tool for the diagnostics of charged particle beams [113,114] and may even
revive interest in electron systems and tubes, although, most probably in micro-
and nanoscale devices [115], currently being investigated for new types of plasma
displays.

This close relationship of electrons and THz radiation is also reflected in the
use of THz spectroscopy to investigate charges in semiconductors, and to measure
conduction without the need to apply physical contacts and electrodes. The latter is
especially relevant, because an increasing number of nanostructured and nanoscale
materials are being applied to devices, ranging from fast electronics to systems
converting, for example, solar energy into electrons, which are key fields of interest.

The increased interest in THz techniques is also related to their broader avail-
ability and, in many situations room temperature operation, which allows users
from different disciplines to incorporate THz technology into their research or
applications. This is in part a consequence of enabling technologies such as
ultra-fast optics, nanopositioning, fast electronics for regulation and stabilization,
advanced material processing, increased speed in simulations, and computer power.
The proliferation of THz techniques from research into everyday life is benefiting
from declining prices of commercially available components such as femtosecond
fiber lasers, liquid-cryogen free cooling systems requiring little maintenance, sub-
nanometer precise piezo-positioning systems, and off-the-shelf GHz electronics.

To summarize, there has been a push resulting from major THz technological
breakthroughs, leading to significantly improved performance, greater ease of use
and, last but not least, more affordable systems. This is being accompanied by a pull
from both research and “real-world” applications. The combination of both push
and pull has stimulated the dramatic increase in THz research and development that
has occurred since about 1990, and will continue in the foreseeable future.



Chapter 2
Optical Principles at Terahertz Frequencies

Waves at THz frequencies are part of the electromagnetic spectrum between the
IR and the mmW frequency range. As would be expected, some properties are
similar to visible and infrared waves, while others resemble propagation in the
mmW region. This chapter prepares the ground for the various definitions, figure-
of-merits and equations used to describe interactions of electromagnetic waves with
materials and components.

THz components mostly respond linearly to the electric field amplitude, leading
to regular absorption, dispersion, or reflection which is used, for example, to guide
light through optical systems (Chap. 3), in detection (Chap.5), or for the investi-
gation of samples, in spectroscopy (Chap.6). The description of the electric field
distribution in space requires Gaussian beams and beam transformation. Gaussian
optics are also required for the design of lasers and analysis of the properties of
their beams (Chap. 4). The introduction of high-power and short fs-pulse lasers in
the 1970s, followed by the development of THz time domain spectroscopy and
many other pulse detection techniques, have the potential to drive materials into
nonlinear regimes. The dielectric function then depends on higher orders of the
electric field to describe the nonlinearity (Sect.2.5). Near-field microscopy also
relies on nonlinear interactions (Chap. 7). Near-field properties support the function
of metamaterials (Sect. 3.17), while both theory and experiments on metamaterials
also stress the importance of interactions between the magnetic component of
electromagnetic waves with materials and devices. For these materials, the relative
magnetic permeability © not only deviates from the vacuum value of one, but
also can be negative. Most equations used within this book treat the effect of THz
components on the electric field in space and time in a similar fashion to common
text books on electromagnetic theory, for which the assumption is made that u is
approximately one, which is true for most regular materials.

Free space THz wave propagation is best described by using Gaussian wave
optics or, in short, Gaussian optics. Furthermore, the term quasi-optics has been
coined for the mmW to THz frequency region. This term acknowledges the
hybrid role of THz radiation, propagated in free space using optical elements
or in waveguides as used in radio technology. The textbook by P.F. Goldsmith
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provides an in-depth treatment of quasi-optics with Gaussian wave optics [116].
The wavelengths for a frequency range from 0.3 to 10 THz of 1-0.03 mm are often
significant compared to the physical dimensions of common optics. For example,
a typical tolerance for machining parts in a workshop during the manufacturing
process is 0.1 mm, corresponding to 3 THz. As an illustration, a vacuum window
for a detector cryostat requires that the thickness provides sufficient physical
strength to seal the vacuum against normal pressure, and has maximum transmission
with minimal etalon effects. Therefore, the size and optical path length of each
optical component are significant and deviations from geometric optics have to be
considered.

Approximations, typically valid in the visible range in which the wavelength
A is very small relative to a physical dimension d (A/d <« 1), need to be
reinvestigated to avoid aberrations, ripple formation in the wavefront, and the
effects of apertures. In addition, a size of more than 0.03 mm is challenging for
micromachining, and rather difficult when the growth of active layers for quantum
cascade lasers and quantum wells is considered. In such devices the active layer
should approach the size of the wavelength in order to reduce beam divergence and
avoid asymmetric mode profiles, which complicate beam coupling to detectors or
waveguides.

In electronics, electromagnetic waves are guided by wires, but with increasing
frequency waves tend to radiate into free space. In microwave electronics and
mmW propagation, waveguides, strip lines, coaxial cables, and other structures are
used. With the decreasing wavelength corresponding to the THz region it becomes
increasingly difficult to fabricate suitable structures. Consequently, the wave is
often emitted to and propagated into free space. Antenna structures and horns
couple guided waves to free space, relying on solutions in radio technology. A
further difficulty is the increasing impact of the skin effect and decreasing skin
depth with increasing frequency, which shifts the field energy into the surface
layer of structures. Antennas, fabricated by lithography, can be considered as two-
dimensional structures for radio waves because A is very large compared to the
thickness of the structure d (A/d > 1). For shorter THz wavelengths, these
structures need to be viewed as three-dimensional objects or three-dimensional
surface objects, if the skin depth decreases with increasing frequency.

2.1 Fundamentals of Gaussian Beams

Gaussian beams best describe radiation propagation at THz frequencies. A Gaussian
intensity distribution determines a Gaussian beam profile. In its simplest form, it is
radially symmetric. If the phase over the radius r is uniform, the Gaussian intensity
reproduces itself under Fourier transformation, a unique property of such beams.
The electric field of the Gaussian beam follows as

2
E = Eyexp (——2) . 2.1
w
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With the full solution of the Fresnel integral, the Gaussian distribution is present at
every point along the propagation direction in an optical system [117]. Focusing or
defocusing does not change the Gaussian character, only its size. The intensity is
given by

2 * * r2 r2
I(r) =|E|"=E"E = Ey"Egexp | —2— | = lpexp| —2— | . (2.2)
w w

Lasers often oscillate naturally in a Gaussian mode, since the electromagnetic field
remains self-reproducing after repeated oscillation in a resonator. Multiplication
of the fundamental Gaussian mode with certain polynominals also leads to self-
reproducing field distributions called higher order transverse modes. The Gaussian
beam waist radius w is defined to assign a physical dimension to the infinite field
distribution. The intensity drops to (1/e)? or 0.135 of the intensity at the waist radius
w from the optical axis. The power within a circle of radius r can be calculated by
integration from O to r giving

r2
P(r) = Ps (1 —exp (_2ﬁ)) . 2.3)

The intensity curve is reproduced by introducing the total power of the beam Py:

7TW2

Poo = —Io. 2.4)
2
Figure 2.1 illustrates (2.1) and (2.2). Inserting an aperture can severely affect a
Gaussian beam. An aperture should be chosen with a diameter exceeding a value of
4.6w to minimize disturbances and far-field ripple formation. Small apertures will
result in intensity structures in the far-field. Hence, the design of an optical system
requires the choice of, for example, mirrors that are large enough, compared to the
propagating waist diameter, to prevent such far-field artefacts and beam distortion.
The propagation of the intensity profile for Gaussian beams is easy to follow.
The transverse distribution is Gaussian at every point, but the radius of the Gaussian
beam and the radius of the wavefront curvature can change as displayed in Fig. 2.2.
The curvature is infinite at the position of the beam waist minimum wy. This
position, at which a flat phase front is found, can correspond, for example, to a flat
outcoupling mirror of a laser in a confocal laser design. The following equations
describe the Gaussian beam radius w(z) and the radius of curvature R(z) of the
wavefront (Fig.2.3). The beam can be described by these two parameters alone,
using the single parameter zg, the Rayleigh range:

JTW()2

R = 2.5

2
w(z) = woy|1 + (i) , (2.6)
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Fig. 2.1 Intensity / (solid line) and field E (dotted line) of a Gaussian beam as a function of radius
r and minimum waist radius wy. Dashed lines indicate characteristic widths. (a) The equivalent top
hat profile of a cylindrical beam with the same peak and total power transmission of ~63% has a
diameter of «/Ewo. (b) The field and intensity (transmitted power ~87%) drop to a level of 1/e
and (1/e)?, respectively. (¢) For an aperture of radius 7w,/2 the power transmission exceeds 99%
with a far-field ripple of £17%. (d) At a radius of 2.3wy, the ripple reduces to 1% and the power
transmission exceeds 99.99%
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Fig. 2.2 Gaussian (1/e)? intensity distribution as a function of the dimensionless ratio between
the beam propagation z and the Rayleigh range zg. The minimum waist radius wy is indicated
at z = 0, the solid line curves manifold corresponds to phase fronts and the solid line to the
propagating waist diameter. The angle 6 describes the opening angle of the beam (dashed lines) as
though it is emerging from a point source
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Fig. 2.3 Curvature radius R (dashed line) and waist w (solid line) in dimensionless units extracted
from the real and imaginary part of the complex beam parameter g ((2.6) and (2.7)) as a function
of the ratio z and zg. Note that z can also be replaced by the propagation distance d according to
(2.22) and (2.23). The dotted line indicates the depth of focus and the special role of the Rayleigh

range zg (2.14)
z 2
RE) = z(l 4 (?R) ) @7

The wavefront is flat at the position of the minimum waist radius: R(z — 0) — co.
The complex radius of curvature g is defined by the waist radius w and the radius of
curvature R as

1 1 A 2.8)
—_— = =i .
q@) R@) 7w (2)

It follows that ¢ at the position of the minimum waist w(z = 0) = wy for infinite
radius of curvature R has only an imaginary part equal to the Rayleigh range zr.
At a distance, several times the Rayleigh range, the change of the Gaussian beam
intensity can be approximated by a linear relationship, because the propagating
waist radius w(z) grows nearly linearly with z (Fig.2.2). From a far distance the
Gaussian beam can be viewed as a point source originating from the center of the
minimum waist. The opening angle 6 determines the beam divergence defined in
a sphere due to the beam curvature. This angle 6 is the ratio w(z)/z at which the
intensity drops to (1/e)? and is given by
A
tan(f) = —— =12 (2.9)
TTWo ZR
For small opening angles 6, the tangent can be approximated by the angle itself. The
beam parameter product, often used to describe laser beam profiles, then follows as
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QWO ~

N>

(2.10)

This product depends only upon the wavelength and, importantly, it does not
change if the beam passes through linear optical systems. For real lasers, the
desired Gaussian beam with minimal divergence is difficult to obtain, because of
the presence of higher order modes, or an inhomogeneous gain medium. Higher
transverse modes lead simultaneously to an increase of the waist radius and
divergence, which is accounted for by a factor M increasing the fundamental
Gaussian mode, the transverse electric and magnetic TEMyy mode. Equation (2.10)
is modified for real lasers to

A
Owy = M*=. 2.11)
14
As a measure of the beam quality, the beam propagation factor k = 1/M? is

used. The values, k and M2, are both equal to one for ideal Gaussian beams, but
k is smaller than one for larger beam divergence and lower beam quality. These
parameters are determined experimentally by using a focusing lens, followed by the
measurement of the beam caustic. A beam with a smaller M? leads to a smaller
focus spot and smaller divergence after the lens.

In the case of Gaussian beam propagation over long distances (several times
the Rayleigh range), for example, because of focusing elements with large focal
lengths, a relation between Gaussian beam parameters, opening angle, and focal
length similar to geometric optics can be made (2.9). In geometric optics, the full
viewing angle 6’ = 26 corresponding to the lens diameter is used. For a focusing
lens, the angle is calculated from the focal length f and the lens diameter D as

D 1
A
The photographic aperture value of a lens, also called relative aperture or speed of

the lens, is given by /D which is abbreviated to the f-number f*. It follows that
the minimum radius of the beam waist is given by

0 2.12)

Wy = — = = = f* (2.13)

The depth of focus (DOF) defines the region for which the beam expands to v/2wy
and can be calculated by

7'[W02

1/2

DOF = % (7%’ = = 2. (2.14)
The DOF is twice as large as the value of the so-called confocal parameter, confocal
distance, or Rayleigh range. The Rayleigh range zg is a very useful quantity, since
it describes a length scale at which the Gaussian beam propagation changes from a
near-field to a far-field dominated region, or from Fresnel to Fraunhofer diffraction.
It also gives a length scale over which a beam is quite well collimated. Beyond this
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distance, the beam divergence becomes significant. A further advantage is that many
equations related to Gaussian beam propagation can be written in a compact form
by using the Rayleigh range as a parameter.

2.2 Gaussian Beam Propagation

The previous section introduced Gaussian beams in a static form describing the
intensity profile as a function of position in space. This section considers the propa-
gation of Gaussian beams, and the transformation of beam parameters entering and
leaving an optical system. Light ray propagation in geometric optics, for example
through a lens, can be calculated by a matrix formalism. In this formalism, matrices
(with 2 x 2 elements) represent different optical elements. In analogy with a ray in
geometric optics, which can be described by ray parameters, Gaussian beams can be
represented by beam parameters. Gaussian beams are described by the paraxial wave
equation, a simplified version of the Helmholtz wave equation, using the following
approximations leading to Gaussian beams as solutions of the wave equation. The
approximations are that the variation of the field amplitude for a distance compara-
ble to the wavelength along the direction of propagation is small (variation in time is
neglected), and the axial variation is small in comparison with the variation perpen-
dicular to this direction. These conditions imply that Gaussian beams originate from
an extended source and that Gaussian fundamental beams represent wave propaga-
tion well for limited divergence. If focusing would result in a beam waist compa-
rable to the wavelength or less corresponding to an angle of 8 < 18° as described
by (2.9), then corrections are required beyond the paraxial limit. These corrections
lead to a field amplitude distribution deviating from a Gaussian beam distribution.
In the following paragraphs Gaussian beams are considered. Details on corrections
to the paraxial approximation can be found in [116] and references within.

The propagation of a ray or beam through an optical element is mathematically
equivalent to a linear matrix transformation of its parameters. Parameter transfor-
mation through each element is calculated by left-multiplication of each matrix, or
by matrix-multiplication of all individual matrices, giving a total 2 x 2 matrix. The
so-called ray transfer matrix of the system simulates a single propagation through
the whole system. The incoming ray or beam is incident from the left according
to convention. The parameters of such a matrix A, B, C, and D form a complex
bi-linear transformation using left-side multiplication of the matrix:

Fout A B Fin Arin + B(Pin
= = . 2.15
(%) (C D)(¢in) (Crin+D¢m) 1
In geometrical optics, the incoming ray is defined by its distance rj, to the axis of

propagation along z with the ray slope ¢i, (Fig.2.4). The angle between the ray
and the z-axis should be small so that the sine and the tangent of this angle can be
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Fig. 2.4 (a) Propagation along a straight section d represented by matrix (2.20), (b) refraction
at a dielectric interface separating two media with different refractive indices n; and n,, and (c)
refraction at a dielectric spherical interface with a radius of curvature R. (b) and (c) are represented
by matrix (2.24) with R — 0o and R — —R to account for the concave interface, respectively

approximated by the angle value itself. The resulting ray is defined by 7oy and @oy,
respectively. The radius of curvature is then given as R = r/¢, which leads to the
expression

Fout _ Arin + B‘Pin _ ARin + B
Pout Crin + Déin CRn+ D ’

For Gaussian beams, the radius of curvature is expressed by the complex radius of
curvature ¢ (2.8), which transforms (2.16) into

Rout = (2 16)

Agin + B

—_—. 2.17
qun + D ( )

qout =

The elements A, B, C, and D of the matrix are the same as in geometrical optics
ray theory, allowing calculations with Gaussian beams using the same formalism.
In most cases, the propagation of the waist is of interest, so that the input curvature
gin 1s taken to be equal to the beam waist expressed by the Rayleigh range as gj, =
izr (2.5). Evaluation of the real and imaginary part of (2.8) of the output g gives
the respective curvature and waist radius as

1 —1
Rowt = (Eﬂ ( )) , (2.18)
qout
\/A ( ( : ))_1
Wour = 1/ — | I — . (2.19)
T qout

In the following paragraphs, a few examples are discussed, concentrating on
fundamental Gaussian beam optics [117-119].

Propagation through a homogeneous medium from a point P; to P, by a distance
di—> = di» = d transforms with the matrix

1d
M = (0 1). (2.20)
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In geometrical optics, the input ray ry, = (rin, $im) defines the output ray roy =
(out> Pour), With the distance from the propagation axis roy = riy + depyy and
unchanged slope ¢oye = ¢in. The curvature is Ry = Ry, + d, respectively. The
determinant det(M) = AD — BC of the 2 x 2 matrix M is equal to one when
there is no change in the refractive index. In analogy, the input waist ¢g;, = izg of a
Gaussian beam inserted in (2.17) gives gout = ¢in + d = izg + d. Calculating the
complex radius of curvature of the exiting Gaussian beam

1 d . IR
- = —1 s
Jout wREP+d?* P+ d?

2.21)

and using (2.18) and (2.19) leads to

! 1 -1 =>4 d? ZrR\2
Row = [ 9 =R TE g+ (), 2.22
' (e(qout)) d ( +(d)) ( )
A 1\\! A zR2 + d? d\?
. ¢_ (3(-1)) - \/_L :Wl (L) e
T q«)ut T ZR ZR

These equations reproduce (2.6) and (2.7) if z and d are exchanged. Therefore, the
matrix formalism can be used for Gaussian beam propagation, if the ray parameters
are replaced by the complex radius of curvature of the incident Gaussian beam.
A complex quasi-optical system for Gaussian beams can thus be represented by a
simple sequence of matrices.

Refraction at any interface between two materials with different refractive indices
ni, n, and a curved surface with the radius of curvature R leads to

1 0
M:(Wmﬂ). (2.24)

Rny ny

Here, the determinant of the matrix is det(M) = n,/n,, which is larger than 0 due to
the refractive indices of normal materials. At most, two elements of M can be zero.
If two elements are actually zero, they must be either diagonal terms or off-diagonal
terms. For plane surfaces R — 00, (2.24) gives Snell’s law for small angles.

The correspondence between physical properties and the matrix elements can be
illustrated by setting different matrix elements sequentially to zero. If A is set to
zero propagation parallel to the optical axis ¢;, = 0 is obtained, in which case rqy
is always independent of the value of r;, and is equal to zero. This is the definition
of a focal point in P,. If B is set to zero, the result is 7oy = Ary,. In this case,
the two points P; and P, have an object—image relationship with the magnification
being m = rou/rm = A.If C is set to zero, the equation simplifies to ¢y =
D¢i,. This relation means that any parallel beam incident on the optical system
leaves the system as a parallel beam, which is in essence a telescope focused at
infinity. The angular magnification or power of a telescope can then be defined as
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P = Pout/Pin = D. If D is set to zero, a focal point in P; is found, in analogy with
the first case.

Lens-like systems can be studied by investigating the matrix of a thick lens.
A thick lens is characterized by combining two curved surfaces R; and —R, (the
negative sign introduces the opposite orientation of the curved surface) at a distance
d separating three materials with refractive indices ny, n,, and n3 by left-multiplying
the three corresponding matrices:

1 0 1d 1 0
M = ( np—ns ﬂ) (0 1 ) (l‘l —np ﬂ) . (225)
—Ryn3y  n3 Rinj n2

The total matrix is rather complex

1+ Ril(nln—znz) d%
M= L(n — 1) 1 dm—n3\ _ 1 m—ny m _ dm@—ns |° (2.26)
Ry VM1 2) \ n3 Ry nan3 Ry n3 n3 Ry nons

but can be simplified for different types of lens. If the input and output beam are in
air, the matrix simplifies due to the refractive indices n; = n3 & 1. For a thin lens,
the distance d is small and d < R, R. If the assumption of equal curvature is
made (R = R; = R;), the matrix is simplified to

1 0
M= 2.27
(%(1—’12) 1) @27

with the matrix element C always negative, because the refractive index of the lens
isn, > n; = 1. Using the focal length f of a thin lens, the matrix element C can
be identified with —1/f giving f = R/(2(n, — 1)).

Various versions of the matrix in (2.26) are found for the plano-convex lens
(R; — 00), convex-plano lens (R, — o00), and free-standing lens (n; = n3).
For the free-standing plane-parallel plate or etalon (R — oo and R, — 00) in air
(n; = n3 &~ 1), the following matrix results

14
M= (O ”12 ) . (2.28)

Note that the lens formulas are immediately transferable to spherical mirrors, which
are curved surfaces determined by a radius R. For a mirror, the ray on the optical
axis is reflected back onto itself. For a concave mirror, the focal lengthis f = R/2
while a convex mirror is described by a focal length of f = —R/2.

Aberrations, i.e., deviations from first-order Gaussian optics, are introduced by
higher order powers of r and ¢. First-order Gaussian optics prevails as long as
the curvature R of a refracting interface is large compared to the ray parameters,
ie., (r/R)> < 1and ¢*> < 1. This relation already suggests the correct use of a
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plano-convex lens for image formation with the object far away from the lens. If a
beam, that is nearly parallel to the optical axis, is incident on the convex side of the
lens, the aberrations are smaller since it is refracted twice, which introduces smaller
changes in ¢ at each interface resulting in smaller aberrations. Chromatic aberra-
tions are neglected here. They are normally compensated for by using achromats.

Telescopes are not only used in astronomy, but are also useful instruments for
matching beam sizes to spectrometers and other instruments. As shown earlier, the
telescope is described by setting the matrix element C to zero using A = 1/p,
the angular magnification or power of the telescope. For any system in which the
input beam and the output beam are in a medium with the same refractive index
(Nout = Nin), the condition det(M) = 1 holds and the matrix simplifies to

1
M:(PB). (2.29)
0p

Points with object-image relationships are derived by propagating an object point at
P, via a distance d1—., = d) to the telescope at P,, and further out via dy—3 = dj3
to the image point at P3. Combination of the three matrices leads to

1 dip
Mz((l)d123) > B (161'12): B+ 2 +dyp ' (2.30)
0p)\o1

p
The object-image relation is fulfilled for B* = B + dj3/p + dysp = 0 or dyz =
—dy»/ p* — B/ p. The following conclusions are derived from this equation:

O

e The lateral magnification m is the same for all points, which fulfill an object-
image relationship, and is equal to the reciprocal of the telescope power 1/ p.

« If the object is moved by a small amount Ad», the image moves by d},/p> =
m?dy, in the same direction. This is equivalent to a constant axial magnification
Mmay = m? = 1/p>.

The first result gives a simple derivation of the telescope power by determining the
ratio of the objective aperture (entrance pupil) and its image (exit pupil).

One very practical and useful example is the “Gaussian beam telescope” [116].
Setting two focusing elements at a distance equal to the sum of their focal lengths
di» = fi1 + f> renders the waist transformation wavelength independent. The
magnification simplifies to m = f,/fi, transforming the input waist radius w i
and location dj, to the output waist radius wy oy and location dyy:

Wo,out = MWq,in, (2.31)
_ f2 f2 _ _ 2
douw = # fi+ - Tdin = m(dix —mdin) = mdix —m”din. (2.32)
I i

Gaussian beam telescopes with focusing mirrors are preferred because they are
usable over a wide frequency range with good control of the beam parameters, while
lenses normally have frequency-dependent reflection and transmission losses.
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The magnification in a focusing system depends on the position of the object on
the optical axis. A ray originating from a focal point is described by f; = r»/¢; and
for a focal point on the exit side of the optical system by f, = —ry/¢,. The sign has
been introduced to provide a positive focal length. The resulting matrix is then

M = (_O% ](;1) . (2.33)

Using further the notation z for the distances to the focal points, z; and z,, the matrix
result is

I (2 lez—flfz)
M=—— 2.34
f2(1 21 ( )

with det(M) = fi/f, = n1/n,. Setting B* as above to zero gives a condition for
points in an object-image relationship z;z; = fi f>. For these points, the lateral
magnificationis m = —z,/ o = — f1/z1-

2.3 Coupling of Gaussian Beams

A common challenge in THz experiments and applications is the efficient transport
of the electromagnetic wave from the source to the detection system, even when
neglecting absorbers along the optical path such as water vapor. Each component,
source and detector, augmented with horns, waveguides, antennas or resonator
structures will define a certain mode pattern, and only with an appropriate design
can an azimuthally symmetric fundamental Gaussian mode be obtained. Efficient
coupling or mode matching of source and detector or in spectroscopy, between
source, sample, and detector, is often disregarded. This can lead to severe power
loss as, for example, tilt and off-axis misalignment errors between two Gaussian
beams reduce the power transfer exponentially. This is especially important if the
source or detector is much smaller than the minimum beam waist radius. Gaussian
beam coupling is described in detail in the textbook by Goldsmith [116]. It covers a
variety of coupling schemes with components used in the microwave region, which
are readily transferable to the THz region. For practical purposes, a few common
causes for coupling losses due to misalignment of an experiment are described
(Fig.2.5):

* Beams with waist mismatch: coupling loss due to different beam radii and/or radii
of curvature along the propagation axis due to a minimum waist position shift Az
and axial offset.

e Tilted beams: coupling loss due to misaligned beam axes by a tilt angle Af.

* Beams with lateral offset: coupling loss due to axes misaligned in position by
Ax, perpendicular to the propagation axis.
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Fig. 2.5 Coupling loss as a result of misalignment: (a) beam radii and waist size mismatch by Az,
(b) angle tilt A6, or (c) off-axis shift Ax for two misaligned beams @ and b with minimum waist
radius wo? and wy?, respectively. The dashed lines indicate the arbitrary reference plane for which
the power coupling affected by misalignment is evaluated

The coupling loss between two beams can be quantified by calculating the overlap
integral f,; in two dimensions defined by the complex conjugate of the infinite
electric field distribution E} of the first beam and the infinite field distribution of
the second beam Ej:

Sab = / / E;EpdA. (2.35)

The integral is evaluated perpendicular to the propagation direction in a reference
plane A. In the case of coinciding minimum waist locations, the reference plane can
simply be taken in the plane of the minimum waist. For azimuthally symmetric
fundamental Gaussian modes, the coupling is described by the following three
equations for the corresponding cases in Fig. 2.5a—c.

4

fa: = G I T (2.36)

AB\?
Sfao = fazexp (—2 (9—0) ) , (2.37)

A 2
fax = faexp (—2 (X—:) ) . (2.38)

Misalignment errors in angle or position transfer into relative phase shifts of both
beams a and b, resulting in power coupling loss. The mode mismatch factor fa,
in (2.36) is related to two quantities, x = wo?/wo” = w?/w? and y = Az/zz".
The value x is the ratio of the beam waist minima, which is the same as the
inverse ratio of the propagating waist of both beams in a reference plane. The
position misalignment for the minimum waist relative to the Rayleigh range zg of
the initial beam a along the propagation axis is given by y. The power coupling
is unity, i.e. without loss if the axial shift is zero, which is equal to y = 0, and if
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Fig. 2.6 (a) Power coupling fa. of two beams a and b for a misalignment along the optical axis
expressed by y with values 0, 2, 4, 6, 8, and 10, in units of the Rayleigh range of beam a, as
a function of the beam waist ratio x at an arbitrary reference plane. (b) Plot of contours for the
power coupling fa, =0.05, ..., 0.95
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Fig. 2.7 (a) Power coupling factor fa./fa; of two beams a and b for an off-axial misalignment
of Ax = wj{ excluding the additional factor f,. due to axial misalignment. (b) Plot of contours
for the power coupling fa./fa,=0.2,...,0.95

both beam waist minima are the same or x = 1 (Fig.2.6). Angle tilt and off-axis
displacement errors reduce the power transfer further and need to be avoided. Off-
axis misalignments and beam tilts lead to additional exponential reduction factors
of the power coupling efficiency (Figs.2.7 and 2.8). The characteristic parameters
for the exponential reduction are

1 2
Xo=wol 14—+ —L (2.39)
x2 14 1/x?
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Fig. 2.8 (a) Total power coupling including axial and off-axial misalignment fx, of two beams a
and b for an off-axial misalignment of Ax = wy. (b) Plot of contours for the power coupling fa,
as a function of the parameter x and y

A 1 x2
6y = 1+ =+ ———. 2.40
0 er“\/ +x2+1+1/x2 (2.40)

The parameter x, scales with the minimum waist radius wy“ and 6y with the inverse
of the propagated waist radius w* at the reference place. For the special case of a tilt
at the waist minimum, Az = 0, the characteristic angle is a function of the far-field
angles (2.9) and for small tilt the even simpler square sum of the far-field angles.
This angle is also proportional to the inverse of the minimum waist radius:

A 1 1
=\ G+ G = VR @2 24D

The off-axis shift Ax at the waist minimum, Az = 0, is given by the square root of

the sum of the waist radii:
X0 = 1/ (w®)? + (wo)?. (2.42)

The similarity of (2.39) and (2.40), and their special cases (2.41) and (2.42),
indicates that x, and 6, are not independent. Similarly, both tilt and off-axis
misalignment errors reduce the power coupling exponentially. Considering only the
plane for the minimum waist radii and symmetric beams with equal waist radius,
the tilt tolerance angle 6y = V2A /(7twy) and the lateral offset distance xy = V2wo
multiply to

90)60 = ZA/TL’ (243)
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This equation is related to the antenna theorem [120] and illustrates the inverse
proportionality of angular divergence and beam size, and sensitivity to tilts and off-
axis errors, respectively. A similar result can be obtained by rewriting (2.9), the
Gaussian beam angle and spot size 2wy, as tan(6)2wo = 2A/x. Larger beam radii
are less sensitive to off-axis misalignments, and smaller beam radii are less sensitive
to tilts, due to their large far-field divergence.

From relation (2.43), an important conclusion follows: in a spectroscopic THz
system efficient power coupling between source and detector is not sufficient on its
own. If a sample is inserted into the spectroscopic system, it may be misaligned
due to tilt and off-axis errors. Hence, the power coupling is further lowered.
Power coupling loss may introduce systematic errors independent of the sample
properties if several samples need to be measured and positioned in the sample
area. Optimizing the waist diameter at the sample position, which affects both
parameters x, and 6y, can minimize sample placement errors. However, the inverse
dependence on the waist diameter of xo and 6y sets a limit to this optimization,
because improving the insensitivity to tilts will increase the sensitivity to off-axis
misalignment errors, and vice versa. Beam propagation in the THz frequency range
is so closely connected to Gaussian mode propagation and quasi-optics that even
small optical systems require a Gaussian beam propagation analysis. This is in
contrast to optical designs in the visible where the radiation propagation is easily
sketched by geometrical optics.

2.4 Absorption of Radiation by Materials
and Resonant Effects

All materials absorb radiation to a greater or lesser degree. Clearly, windows should
be designed for minimum absorption but, very often, other samples being used,
or studied, may have very high absorption. The Lambert—Beer absorption law
characterizes losses

I = lyexp(—ad), (2.44)

where (assuming no reflection losses) [ is the initial intensity, « is the linear
absorption coefficient, and d the material thickness. The coefficient can be described
as o = NBhv/c = No with the Einstein coefficient B, the particle density N,
and the absorption cross-section o. For materials with absorbing components, for
example particles mixed in a matrix material for the fabrication of THz windows and
filters (Chap. 3), the coefficient can also be expressed with the extinction coefficient
epxT as « = epxrc by inserting the concentration ¢ of the components or particles.
With Fourier-transform spectrometers (Chap. 6), the absorbance A = —log,,(1 /o)
is measured for a transmitted intensity / and an initial light source intensity /o. This
absorbance is related to the absorption coefficient « = In(10)A/d . The penetration
depth d, = 1/ of a wave into a material can be defined by determining the depth
at which the intensity is reduced to 1/e of the initial value.
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In general, an electromagnetic wave is not described by its measured intensity
but by the propagating electric or electromagnetic field. Nowadays, electro-optical
sampling techniques allow the measurement of the amplitude and phase of an
electric field. A wave propagating along the +z direction through a medium is
described by its amplitude £, and complex phase @ = kz— wt:

E = Eoexp(i®) = Eqexp (i (léz - a)t)) . (2.45)

The complex wavevector k =k + ir/2 connects the real wavevector and the
absorption coefficient, while the angular frequency w = 27 v depends on the wave’s
frequency. The definition of k and the intensity of the wave I = |E|*> = E*E, after
propagation over a distance d, gives Lambert-Beer’s law (2.44).

The real part of the wavevector k = w/vp = nw/c = 2m/A in the medium is
related to the phase velocity vp and is given by the wavevector kg = w/c in vacuum
and the frequency-dependent refractive index n. The refractive index in materials is
not constant. The index varies as a function of frequency leading to the phenomena
of dispersion, the reason why prisms disperse light into its individual colors. The
complex refractive index 7 can be extracted by rearranging k = kon + ia/2 =
ko(n + i/ (2ko)) and defining k = a/(2ky), the imaginary part of 7 = n + ix.

In general, the interaction of an electromagnetic wave with matter is not only
described by the relative dielectric permittivity ¢ but also by the relative magnetic
permeability pu of the medium in comparison with a vacuum. The refractive index
is described by the Maxwell relation

n? = ep. (2.46)
The wave’s impedance Z connects the two values by

z = [REO (2.47)

EE&

which is in vacuum Zy ~ 377 Q. Normal optical materials have positive ¢ and p
(and typically p & 1) and then 7 is simply the positive square root of the dielectric
function. As shown above, absorption corresponds to a complex quantity and
anisotropic materials are described by tensors. Negative values of n can be achieved
with so-called metamaterials (Sect. 3.17), with simultaneous negative permittivity
and negative permeability [121]. In the following paragraphs yu is set to one.

The refractive index can be determined experimentally by using methods such
as THz time domain spectroscopy (Sect. 6.6), dispersive Fourier-transform spec-
troscopy (Sect. 6.3.1), and ellipsometry. These techniques either measure the electric
field directly, or they are sensitive to the phase of the wave by measuring interference
or polarization. The refractive index and the absorption are closely related. This
follows from the Kramers—Kronig relations, which connect real and imaginary parts
of the dielectric function. They are often used to calculate the refractive index
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Fig. 2.9 Lorentz oscillator for a plasma frequency wp/wy = 1, damping parameter y/wy = 1,

and resonance frequency wy (2.54)

from measured absorption. Although the relation is exact it is defined over infinite
frequency space, while experimental data spans a limited and discrete frequency
range.

The complex dielectric constant of the medium ¢ is often expressed by the
complex refractive index, and further separated into real and imaginary parts, which
are used to describe material properties such as the polarizability:

A= (i) =€ e (2.48)

™

2 _ k% and ¢” = 2nk and can

The real and imaginary parts are separated in &’ = n
be plotted in the complex plane (Fig.2.9).

A simple description of the dielectric constant is possible with the damped
harmonic oscillator model, in which an external electric field E with frequency
o drives, harmonically, a single electron of charge e and mass m with a resonance
frequency wy = +/ f/m, depending on the restoring force constant f. With the
phenomenological damping factor y, which can be often related to relaxation times

due to scattering events or bond breaking, the equation of motion follows as

Px P =k (2.49)
— — +wy’x = —E. .
oz Vo 0 m

The equation leads to the solution

e 1

———— —F. (2.50)
m wy? — w? —iyw

X =

The polarization of a medium is described by the susceptibility y, generally a tensor.
For the linear response in E described here, the first susceptibility coefficient y!
is sufficient, and this is a scalar. The coefficient is labeled by the superscript (1).
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Nonlinear effects using further susceptibility coefficients and anisotropic effects are
discussed in the following section. The polarization is written as

P =g0yVE = go(c — 1)E. (2.51)

The dipole moment of a single electron is obtained from p = ex. For N molecules
per unit volume with Z electrons, and with individual oscillator strengths f; for each
oscillator i obeying the sum-rule ), f; = Z, the dielectric constant follows as

2 .
s=1+N—eZ+ (2.52)

Here, the assumption is made that all oscillators i have potentially different damping
constants y;, and resonance or binding frequencies ;. Assuming certain relaxation
processes, and distributions of frequencies and damping, the dielectric function is
often fitted empirically and displayed in the complex plane (Fig.2.9) referred to as
Cole—Cole plots [122], Davidson—Cole plots [123], etc.

To illustrate the importance of the resonant Lorentz dielectric permittivity (2.52),
it can be simplified, assuming the same oscillator resonance frequency wy and
strength fo = 1. The introduction of the total number of electrons N, = NZ
and definition of the plasma frequency

N, e2
wp = | —— (2.53)
Eom
leads to a simple expression of the dielectric permittivity
2
=1+ @p (2.54)

we? — w? —iyw’

which is illustrated in Fig. 2.9.

Equation (2.54) is of fundamental importance for describing a variety of phe-
nomena. These include reflection from metals (Sect. 3.2), resonances in dielectrics
and crystals (Sect.3.3), and the dielectric response of metamaterials (Sect.3.17),
in which the damping and resonance frequencies are mainly determined by the
design geometry. The Drude form for a plasma consisting only of free electrons
N, is obtained if wy is set to zero:

Ct)p2
e=1—-—. (2.55)
o(w +1iy)
For high frequencies beyond resonance (y < w), this equation simplifies to
a)p2
e=1-—— (2.56)

w?’



42 2 Optical Principles at Terahertz Frequencies

and shows that for ® < wp the dielectric constant is always negative. Therefore,
waves with a frequency @ < wp cannot penetrate and are reflected from a plasma,
a metal, or heavily doped semiconductor. In semiconductors, the mass m in (2.53)
is replaced by the effective mass m™ and the free electrons are related to the free
electron density as a function of the doping concentration.

Macroscopic properties of materials can be derived from the Lorentz oscillator
model, for example, the reflectance of metals in the THz frequency range. Free
electrons in metals lead to a refractive index and dielectric constant, which is in turn
connected to the metal DC conductance by

2
1
ope = g0 = Nel = (2.57)
y my

The right hand side of (2.57) is defined as the mobility. In semiconductors, the
phenomenological damping y is related to the inverse scattering time, due to various
scattering events in the semiconductor material. From (2.55) it follows, for the
conductance-dependent dielectric function, that

opcy .0pC
- &y L +i—, 2.58
gow(w + iy) < lsoa) ( )

e=1
which includes the assumption that the frequencies investigated are much smaller
than the damping frequencies w < y. By further neglecting the real part of the
dielectric function, the complex refractive index, according to Drude, is obtained:

o
A=(1+1), == (2.59)
2800)
The reflectance is calculated from the complex refractive index as
A—1p
= 2.60
n+1 (200)

Inserting (2.59) into (2.60) leads, after a further simplification, to the same result
as the equation, derived empirically by Hagen and Rubens in 1904 [17], for the
reflection of metals in the THz region (Chap. 3).

The ability to connect microscopic electronic phenomena to macroscopic values
such as the conductance is very useful. The mathematically equivalent treatment of
an electric oscillator consisting of an inductance L, capacitance C, and resistance R
allows the formalism of equivalent circuit diagrams. The Lorentz oscillator model
can then be used to investigate THz sources, devices, spectroscopic techniques, and
optical components such as metal meshes. The drawback of dropping the physical
microscopic meaning is balanced by the easier calculation of circuit diagrams.
Typically, the damping y is related to the resistance R/L, and the resonance
frequency is defined by wy = 1/+/LC. In general, the inductance L is related
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to the permeability and the capacitance C to the permittivity. The performance of
mesh structures and also metamaterials can be calculated from equivalent circuit
diagrams, where the values L, C, and R have been evaluated from the geometry of
the resonant structures, which are predominantly made from metals (Sect. 3.17).

2.5 Nonlinear Interactions with Matter and Terahertz
Anisotropy

Nonlinear effects are increasingly important in the THz frequency range due to the
availability of high-power and short pulse lasers. THz TDS is a broadly applied
technique and THz opto-parametric oscillators are efficient THz sources relying
on nonlinear processes. Both are room temperature devices, an added benefit
which is in part related to the initial high intensity of the visible lasers. This high
intensity allows rather low conversion factors to generate THz photons. In nonlinear
processes even three or four photons can be involved, giving rise to three-wave and
four-wave mixing processes.

Optical rectification uses a nonlinear material to generate THz radiation
(Sect. 6.6). The process down-converts a visible photon into two photons in the
IR and THz range. This is comparable to difference frequency generation (DFG),
and, importantly, the efficiency increases with intensity. Second-order rectification
and generation of THz radiation strongly depends on the material anisotropy. For
example, oriented (110) crystals in the zinc-blend structure like ZnTe are efficient
emitters, and are also used as detecting elements for electro-optical sampling (EOS).
This section outlines the basic equations for nonlinear processes in materials,
while devices and techniques using these processes are discussed in the following
chapters.

For the investigation of nonlinear responses, the linear response of the polariza-
tion (2.51) represents only one term of

P(E) = goyVE + P" (2.61)

with P", which describes the nonlinear polarization. The polarization can also be
developed into a Taylor series as a function of the electric field, and then the
nonlinear polarization is described by higher orders of the electric field.

The index (1), (2), ..., labels the susceptibility coefficients yV, @, .... First-
order terms describe normal polarization, second-order terms frequency conversion
processes, while third and higher order terms are responsible for Raman and
Brillouin scattering, and the Kerr effect. The latter is used in mode-locked fem-
tosecond lasers (Sect.6.6) generating frequencies with a bandwidth from 10 to
100 THz.
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The second susceptibility coefficient ¥ describes three-wave mixing. It is a
tensor for most materials. Crystals with anisotropy interacting with high-power
laser pulses are described by such tensors with specific nonzero values. The three-
component tensor in 2nd order )(1(12,)( leads to an equivalent formulation of (2.62):

P=eo (1 Es + X E i+ ... (2.63)

For materials with inversion symmetry, the equation P (E) = —P(—E) is valid
and the coefficient )((2) is zero. Therefore, one condition for a suitable nonlinear
material, for frequency conversion and THz generation, is the absence of inversion
symmetry in the crystal. Exchanging indices does not change the physical prop-
erties, and using the general convention of replacing y® by d = x?/2 further
simplifies the tensor to a few independent parameters

P)Icll dll cee d16 y

Pl=| PN ) =2e & . . (2.64)
nl 4
P, dy - dss ) | 2p E,

Some parameters of d can be zero due to crystal symmetries. However, for a
nonlinear crystal, one nonlinear coefficient has a maximum value with respect to
all other coefficients for a certain crystallographic orientation of the crystal and
incident wave directions.

2.6 Polarized Light

In the previous sections, the assumption was made that the polarization is preserved
in the optical system. In practice, polarization is very important, not only for
coupling radiation, but also in the study of various materials, e.g., in magnetic
fields as well as for balanced detection schemes and spectroscopy. Various antenna
structures employed in THz detectors and emitters determine the polarization
and form of the spectral response, e.g., dipole antennas select linear polarization
preferentially, while systems in magnetic fields can either respond, emit, or transmit
circularly to elliptically or linearly polarized light. Clockwise and anticlockwise
helical antennas respond to the appropriate circularly polarized light.

Common window materials such as quartz exhibit birefringence in the THz
region. The different propagation characteristics, and different refractive indices
along the crystallographic axes, can be minimized by choosing, e.g., z-cut (or
c-cut) quartz. This material is typically employed as a cryostat vacuum window.
Polarization rotation due to impinging THz fields on nonlinear crystals, such
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Fig. 2.10 (a) A monochromatic wave is specified by its propagation vector and complex amplitude
of the electric field vector E(¢) in time. In general, the tip of the electric field vector traces
out an ellipse. The polarization can be described by the semi-major ¢ and semi-minor b axes
of the polarization ellipse, its orientation determined by 6, and sense of rotation. (b) change of
polarization states due to A/2 and A/4 wave plates inserted in the beam path: linear polarization
can be rotated by 90° or transformed into left-hand (counter-clockwise rotation) or right-hand
circular polarization, respectively

as ZnTe, is an integral part of the detection scheme in electro-optical sampling
(EOS, Sect. 6.6). THz near-field microscopy (Sect.7.5) uses scattering nano-tips,
comparable to long wire antennas with whisker contacts, for coupling the radiation
preferentially along the wire axis, while linear polarized light, perpendicular to the
antenna, does not couple well.

Current research concentrates on the development of suitable components for
manipulating the polarization, or more generally the phase of the wavefront, in
order to obtain similar facilities to those routinely available in the visible region.
Devices based on electronically controlled liquid crystals, photonic bandgaps,
metamaterials, and the latter combined are considered ([124,125], Sect. 3.17). A few
examples are THz lambda-quarter (A/4) [126] and lambda-half (1/2) plates to
convert linear to circular polarization and vice versa, or to attenuate power and rotate
polarization (Fig. 2.10). Other requirements are for electronic pulse retarders, phase
shifters [126—128], filters [129], THz modulators [124, 130], and hybrid antennas to
emit both perpendicular and linear polarized wavefronts to study circular dichroism
[131], Faraday rotators, and further polarization sensitive devices and measurement
techniques.

2.7 Stokes Parameter

Light polarization changes while passing through an optical system. The outgoing
polarization can be calculated by applying Miiller calculus on the Stokes vector of
the incident light. The Stokes vector is a convenient and compact way to describe
polarization of waves. The Stokes vector consists of four parameters and values
designated as I, Q, U, and V, or Sy, S, S», and S3. George Gabriel Stokes
introduced the parameters in 1852 to describe the polarization state [132]. They
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Table 2.1 Elements of the Stokes vector for different polarizations normalized to the electric field
amplitude £

Linear Linear Circular  Circular
Polarization  (horizontal)  (vertical) (left) (right) Unpolarized
So 1 1 1 1 1
S 1 -1 0 0 0
S 0 0 0 0 0
S3 0 0 -1 1 0

were chosen because they are easily measured by determining the intensity of light
after passage through different polarizers. The Stokes vector describes unpolarized,
partially polarized, and fully polarized light (Table 2.1), defined as

I So

0 S
S = = . 2.65
U S, (2.65)

Vv S3

For polarized light, the four parameters are related
So* = 81” + 8% + S5°. (2.66)

For fully unpolarized light, most parameters are zero. The power P is measured
with polarizers at 0°, 90°, 45°, 135°, and for right- and left-polarized light, Pr and
Py, respectively, and allows the calculation of the Stokes parameters as follows

So=1 = Py + P = (E}+E}),
S1 =0 = Py — Py = (E% - E§>’ (2.67)
S> = U = Pys0 — Pi3s0 = (ZEXEY COS(S))’ .

S3=V= PR—P. = (2ExEy Sll’l(5))

Alternatively, the time averages indicated by the brackets in (2.67) of the electric
field amplitudes £, and E, in an (x, y)-orthogonal coordinate system can be used.
The relative phase between the field amplitudes is denoted as § = ¢, — ¢,.

2.8 Chirp

Ultrashort laser pulses used in THz time-domain spectrometers have a broad
frequency spectrum. Optical elements such as mirrors and lenses may not reflect,
transmit, or focus all frequencies in precisely the same way, often introducing
pulse broadening in time or, in general, pulse shaping. Two effects are typically
distinguishable, amplitude filters if, for instance, a mirror reflects waves at some
frequencies with lesser amplitude, or dispersion if the phase changes at different
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frequencies. In a laser cavity, these effects become amplified. In an experiment,
attempts are made to avoid this outcome, or to design the optical system in order to
manipulate the amplitudes and phases in a controlled way.

The effects can be evaluated by considering a pulse, which has a Gaussian field
distribution in time and a width t

1 ?

The frequency spectrum has also a Gaussian distribution with its maximum field
at wo

E(w) = % /_ E(t) exp(—iw?)dr = %exp (—%((w —wo)r)z) (2.69)

with a full width at half maximum (FWHM) of Awgwum = 2+/In(2)/7. The
product of pulse time width and bandwidth at FWHM is approximately 0.44.

If such a pulse experiences dispersion, due to reflection at a surface or through
a medium, then its spectral components will be modified by amplitude and phase
factors, A(w) and @(w), respectively. The resulting pulse can be determined by
inverse Fourier transformation

E(t) = /_00 E(w)A(w) exp(—id(w)) exp(ivt)dw. (2.70)

Considering a pure amplitude filter with a constant phase factor @(w) = @ and an
amplitude function of

1 _ 2
A(w) = exp (——(‘”—5’0)) @2.71)
2 g
leads to a modified frequency bandwidth of
A or (2.72)
v = — .
T o Vin2
with the frequency bandwidth wr of the filter. The modified field
E™(t)=E ! e _12 (2.73)
= — X — .
0 m p 2(1”")2
is determined by a modified time
m L4 (2.74)
™M=r —. .
wit?

The pulse broadens due to the limited bandwidth of the filter or mirror unless the
bandwidth is very large, i.e. wp > 1/7,and ™ — 7.
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With dispersion, the phase at each frequency of an amplitude filter varies.
For simplicity, the phase can be expanded in a Taylor series around a center
frequency wy

0P 1°d
D(w) = Py + — (0 —wp) + =— (0 —wp)> + ... (2.75)
dw 2 dw?
The first term adds only a constant phase shift. The second term does not change the
initial pulse shape E(¢) either, however, E™(¢) is shifted in time by At = 0@ /Jdw.

Furthermore, the second derivate § = 3*®/dw? contributes to pulse broadening or

pulse compression. For a pulse with a width of 7, = /|§| and using (2.70) the
modified pulse is
1 ? 8 1
Em(t) = Eom exXp (_ﬁ) exp (lﬁ ﬁ) (276)

with a pulse width of
=141+ =, 2.77)

The pulse broadens, and for large broadening the pulse length approaches t?/7. The
broadening effect by second-order dispersion affects shorter pulses more severely, in
contrast to pure amplitude filters, as shown by (2.74). The second-order dispersion §
relates to the transfer of frequencies at different velocities through a medium. It leads
to chirp modulation of the initial pulse (Fig.2.11). THz time domain spectroscopy
uses lasers with pulses of a few to a few tens of femtoseconds. Typical values of §
for optical materials used at 800 nm range from 360 fs?>/cm for fused silica to 580
fs>/cm for sapphire. The phase @(w) can be related to the refractive index n(w)
(Sect. 2.4) if the radiation passes through a material of length L
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Fig. 2.11 (a) Illustration of an electric field pulse as a function of time and (b) a chirped and
broadened pulse, both with a Gaussian intensity profile
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(@) = k(@)L = Zn(w)L. (2.78)
c
The first-order dispersion can be evaluated as

0P ok n w on L
— = 1+ = — (2.79)

o  dw ¢
with the group velocity vg in the medium, which leads to a pulse retardation or
delay of L/vg. The second-order dispersion follows as

2 2 2
0°P 0%k :(28n wan)L. (2.80)

- = -t ———

dw?  dw? cdow ¢ dw?
The combination of dispersive elements within a laser cavity, such as prism pairs
and grating pairs, can compensate for second-order dispersion caused by optical
elements such as laser gain media or windows. Additional prism or grating pairs
can compress pulses further in time or lead to pulse shaping.



Chapter 3
Optical Components

3.1 Introduction

As the THz region is between the IR and mmW parts of the electromagnetic
spectrum the types of components are, on the one hand, similar to optical equipment,
for example mirrors and lenses, while, on the other hand, mmW devices, such as
antennas or waveguides, are used. The optical components are much the same as
in infrared or visible systems. However, there are differences in detail. As there are
relatively few suitable lens materials, mirrors assume greater importance than in the
visible region. As the most sensitive detectors at THz frequencies are cryogenically
cooled in dedicated cryostats, windows are required, which hold the vacuum while
allowing the THz radiation to enter with as little loss as possible. Due to the
absorption of THz radiation by atmospheric water vapor, the optical path often needs
to be evacuated and, therefore, windows are also needed for this. The subsidiary
components of an optical system such as filters, polarizers are nowadays as well
developed in the THz region as for the visible and infrared regions, and methods for
providing such components with photonic bandgap structures or metamaterials are
under way.

The optical components that have attracted great attention are filters. The most
important requirement for filters is to remove all radiation up to a predetermined
wavelength and then transmit at longer wavelengths. This need arises because of
the very low emission of thermal sources in the THz region compared with those
at shorter wavelengths. Besides lenses and mirrors, there is another condensing
component that is often employed. This is the tapered light pipe which has the same
property as a mirror or lens, namely that of changing the area to solid-angle ratio
of radiation. A particularly widely used condensing light pipe is the Winston cone.
In addition to tapered light pipes for condensing radiation, parallel pipes are used
to transfer radiation from one part of a THz system to another. Light pipes are very
efficient in the THz region because metals have a very high reflectance. In some
sense, light pipes can be viewed as waveguides. With state-of-the-art machining,
it is now possible to fabricate waveguides, with a similar performance to that in
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the mmW region, up to about 2 THz. Antennas are either used in the form of horn
antennas, which couple radiation into a waveguide, or as planar antennas, which are
lithographically produced on a substrate. To overcome substrate losses, the substrate
is glued to a lens of the same material as the substrate. This is called a quasi-
optical antenna and is possibly the best example of the merging of optical with
radio technology.

3.2 Reflection and Absorption

Before discussing optical components in detail, it is useful to give a brief review of
some relevant features of reflection and absorption processes, which are pertinent at
THz frequencies. The reflectance R is given by

-1 2 2
Gl e 3.1)
(n + 1) + «2
where n is the refractive index and x = aA/(4m) is the extinction coefficient (A:
vacuum wavelength, a: absorption coefficient). The derivation of (3.1) is given in
many books on optics (see also Sect. 2.4). When « is small (3.1) reduces to

n—1)\2
- (151).

which is the equation used to calculate the reflection from a surface of a low
absorption material.

The reflectance of metals is high at low frequencies and can be described with
reasonable accuracy from an equation obtained empirically by Hagen and Rubens
in 1904 [17]:

R=1-_2 |4V (3.3)
OpC
with reflectance R, DC conductance opc, and frequency v. However, the equation
can be derived from the Drude equations, assuming that n and k of metals are
approximately equal (Sect. 2.4).

The Hagen—Rubens equation does not take into account any frequency
dependence of the conductivity. It holds in the limiting case of low frequencies,
i.e.opc/v > €y where Drude-type absorption by free electrons is negligible. With
increasing frequency, the conductivity of a metal becomes complex and (3.3) no
longer describes the reflectance accurately. The assumption o (v) = opc basically
means that 2rvt < 1 where 7 is the mean free collision time of the electrons
in the metal. However, taking the frequency-dependent conductivity into account
changes the reflectance by <0.02% at 0.6 THz and <0.15% at 2.5 THz [133]. For
most applications, this is negligible.
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Nichols observed a high reflectance of certain crystalline materials in the infrared
as long ago as 1897 [10]. The term “reststrahlen” (residual rays) is used for this
phenomenon. It occurs at wavelengths where the absorption coefficient is so high
that R — 1 (cf.(3.1)). Reststrahlen reflection occurs in certain crystals, where
the ion vibrations in the crystal lattice interact directly with light. The absorption
band caused by this interaction leads to a high reflectance. Alkali halides, quartz,
sapphire, and the two-atom ionic mixed crystal KRS-5 have strong reststrahlen
bands. Houghton and Smith [134] have given a detailed account of the process
involved and they also include a fuller list of reststrahlen materials.

Covalent crystals such as Si or Ge have no reststrahlen reflection. Si is quite
transparent throughout the THz region. But this only holds good for crystals of high
purity, i.e. the concentration of impurities with absorption bands at THz frequencies
has to be as small as possible. Shallow donors or acceptors in particular contribute
to the THz absorption. Due to their large refractive index of 3 to 4, the reflection
loss of these crystals is high. Many polymers have a smaller refractive index (~1.5)
and consequently less reflection loss. In addition, their absorption is quite low. It
is governed by phonon absorption but there may be resonant absorption features
caused by the structure of the polymers. As mentioned below, the absorption of
polyethylene around 2.2 THz is a good example.

3.3 Materials for Windows, Filters, and Lenses

In this section, the optical and other important properties of materials used for
windows, filters, and lenses in the THz region will be described. Many nonmetallic
materials transmit over some part of the THz range, but comparatively few of them
are suitable for application in a THz instrument or experiment.

3.3.1 Polyethylene (PE)

Polyethylene (PE) is the most generally useful window material for the THz
region. PE is available as a high-density (HDPE) with a density above, and low-
density (LDPE) material with a density below 0.95 g/cm?. The refractive index and
the absorption coefficient are shown in Figs.3.1 and 3.2. There is also a rather
elusive absorption band at 2.2 THz, which is much more marked in HDPE. This
is unfortunate because it is the more useful material as it has a higher transmission
and is stronger and more rigid than the low-density form because HDPE is ~20%
more crystalline than LDPE. In many ways, PE comes close to being an ideal
window material. It is very cheap and has a low refractive index of 1.54 4+ 0.01,
which is reasonably constant below 2 THz [135]. It is quite inert, surprisingly strong
mechanically, and can be used as a vacuum seal at liquid nitrogen temperatures. At
lower temperatures, it becomes very brittle and tends to crack if held tightly in place.
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Fig. 3.1 Refractive indices of a number of polymer materials at 290-300 K (adapted from various
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LDPE softens rapidly above 70°C and melts between 110°C and 120°C, while
HDPE melts around 130°C. PE can be heated without additives for extruding and
hot embossing to fabricate various components. It is also used as a substrate material
for components such as metal mesh filters and polarizers. Other materials can be
dispersed into it to provide selective filters, and ruled PE is used as a transmission
filter grating. It can also be machined to make lenses and other optical components.
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3.3.2 Polypropylene (PP)

Polypropylene (PP) is similar to PE. Its refractive index is about 1.5 and varies by
less than 0.5% throughout the THz region [136, 137]. Above 2 THz, the spectrum
has several strong absorption bands, which are superimposed on a background that
rises with increasing frequency (Fig.3.2). These are caused by internal motion
of the PP molecules. It is worth noting that the values shown in Fig.3.2 are
for pure isotactic PP. Commercial PP often contains additives which increase the
absorption coefficient by more than a factor of 2 [136]. Because of its relatively
large absorption, in comparison with other polymers, PP is rarely used as a lens
material. Due to its mechanical strength PP makes good vacuum windows [138]. It
can also be used as a beam splitter, but in a Fourier-transform spectrometer (FTS) it
is somewhat less efficient than Mylar because of its lower refractive index.

3.3.3 Polystyrene (PS)

Polystyrene (PS) is a polymer developed in the 1930s by BASF and is the first
industrial, fully synthetic thermoplastic used for mass production. It is especially
known in its form as foam (Styrofoam), which is produced by adding chemicals
which form a gas at the temperatures used during production, for example methyl
chloride. It is very cheap and has a reasonably constant and low refractive index of
2.084:0.01, while the absorption coefficient gradually increases to 3 cm™! from 0 to
2.4 THz [135]. The refractive index value is very close to that of crystalline quartz.

3.3.4 Polytetrafluorethylene (PTFE, Teflon)

Polytetrafluorethylene (PTFE), fabricated by DuPont under the trade name Teflon,
has a refractive index of about 1.43, which increases with frequency (Fig.3.1). Its
absorption coefficient is slightly larger than that of PE but increases strongly with
frequency (Fig.3.2). At 8 THz, it has a strong absorption feature. Teflon is a good
choice for lenses at low THz frequencies. In contrast to HDPE, it does not make a
good vacuum window because it is permeable to helium.

3.3.5 Poly-4-methylpentene-1 (PMT, TPX)

Poly-4-methylpentene-1 is manufactured by Mitsui Chemical Inc. under the trade
name TPX. It is a hard material which can be molded under pressure, is resistant
to deformation by heat, and can be polished quite well. Its transmission is excellent
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below ~6 THz. TPX is transparent in the visible region and has virtually the same
refractive index (~1.45) in both the visible and THz regions (Fig. 3.1 [139]). This
is a very considerable advantage as it allows complex optical systems to be set up
using visible light. The absorption is slightly lower than that of HDPE (Fig.3.2
[139]).

3.3.6 Tsurupica (Picarin)

Tsurupica (sometimes referred to as Picarin) is similar to TPX and highly transpar-
entin the THz as well as in the visible region. The refractive index is almost the same
for THz (n = 1.56) and visible light (n = 1.55). Like TPX it is very rigid and can
be polished mechanically. Its major use is for lenses in systems where optical pre-
alignment is important or as windows in cryostats, gas cells, or in similar situations.

3.3.7 Polyethylene Terephthalate (PET, Mylar)

Mylar is the trade name of DuPont for Polyethylene terephthalate (PET)-film.
Other trade names are Melinex and Hostaphan. It is chemically inert, mechanically
stable, and transparent to visible light. The refractive index is about 1.72, and the
absorption coefficient increases from about 15 to 150 cm™! in the frequency range
from 1.5 to 10 THz [140], with a distinct resonance at 4.2 THz (Fig.3.2). Mylar
films are available in thicknesses between 1 and 500 pum. Due to the large absorption
coefficient its main application is as a beam splitter where only thin, 3—12 pm, foils
are required. Since Mylar is used in thin films the influence of its biaxial structure
can be significant, caused by the elongated PET molecules affecting the refractive
index (up to 2%) and the absorption coefficient (up to 10%).

3.3.8 Parylene

Parylene is the generic name for a family of thermoplastic polymers made from
Para-xylylene. It can be deposited from the gas phase at room temperature in virtu-
ally any thickness up to several hundreds of micrometers. The vacuum deposition
technique allows the thickness of the film to be controlled with an accuracy of about
1 wm. In addition, vacuum-deposited Parylene films are conformal, uniform, free
of pinholes or defects, and chemically inert. Since vacuum deposition requires no
catalyst or solvent the films are very pure and outgassing is negligible. Three forms
of Parylene are known: Parylene C, D, and N. Parylene C is less transmissive for
moisture and less permeable for gases than the other two and is therefore most
widely used. At THz frequencies Parylene C has a refractive index of about 1.62 at
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300 K, which drops to ~1.5 at 4.5 K [141]. Its absorption coefficient is in the order
of several 10cm™!. These properties make Parylene C a good antireflection coating
for Si and Ge lenses and windows.

3.3.9 Fluorogold

Fluorogold is a registered trademark of Fluorocarbon Inc. It consists of PTFE
filled with glass grains. The grains are to a certain extent aligned in the PTFE and
Fluorogold is birefringent. The refractive index increases from 1.602 at 0.3 THz to
1.610 at 1 THz for radiation polarized perpendicular to the direction of alignment
and from 1.623 to 1.630 for radiation polarized parallel to it [142]. The birefringency
makes Fluorogold unique compared with all other polymer materials [143]. The
absorption coefficient increases from 1 to 10cm™! around 1THz. This makes
Fluorogold a good low-pass filter, although the cutoff is not very sharp [142].

3.3.10 Zitex

Zitex, a sintered Teflon material from Saint-Gobain Perfomance Plastics, is available
in different varieties. Most important is Zitex G, which is made from sintered Teflon
spheres with pore sizes ranging from 1.5 to 5.5 pm. It comes in thicknesses from
0.1 to 0.4 mm. The density of Zitex G relative to Teflon is 0.45 to 0.60, with smaller
density for larger pores. Like glass bead filters [144], Zitex relies on scattering.
A dielectric sphere of radius » embedded in a material with a different refractive
index n will scatter strongly for wavelengths A < wr(n — 1), i.e.for Teflon a
5 wm radius sphere will produce a shadow for wavelengths below 7 um. At these
wavelengths, scattering redistributes the power in an incident beam in all directions.
The transmittance of Zitex at frequencies below 3 THz is about 90%. Above this fre-
quency it drops steeply to less than 10% at 6 THz. With a refractive index of 1.2 the
reflection loss is less than that of other polymers [145]. Since most losses are due to
scattering, heating of the filter is not a major issue even though the heat conductivity
is low. For this reason, Zitex is often used as a cryogenic IR blocking filter, where
very high transmission is required and some out-of-band transmission is acceptable.

3.3.11 Crystalline Quartz

Until the advent of polymers and high-purity semiconductors, this was the only
useful material for THz windows and it is still frequently employed. Thin windows
are usable up to about ~7 THz (~40 wm). Quartz is birefringent. It has a refractive
index of 2.1 to 2.6 throughout the THz region for the ordinary ray as well as for
the extraordinary ray (Figs. 3.3 and 3.5, [146]), with the one for the extraordinary
ray about 2% larger. The reflection loss of quartz is therefore high compared with
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O: ordinary ray; adapted from various sources)

polymer materials but less than that of Si and Ge. The absorption coefficient for the
extraordinary ray is significantly lower (typically 50%) than for the ordinary ray,
and it decreases above 4 THz upon cooling. In addition, the ordinary ray has a strong
narrow absorption at ~4 THz. Quartz is opaque between 4 and 40 um due to two
reststrahlen bands at 9 and 21 wm, which means that it is a useful filter for removing
these wavelengths, and it is often used for this purpose even when it is not required
as a window. It can be cooled to 4.2 K, when its cut-on at ~7 THz becomes much
sharper. It will, however, usually fracture if clamped to form a low-temperature
vacuum seal as it has a large thermal expansion coefficient. Due to its opaqueness
between 4 and 40 pum, it is a very good cold filter for removing background radiation
from detectors. For optimum performance as a filter or window, z-cut Quartz is used
because of its low birefringence. Fused quartz is not such a good transmitter of THz
radiation but is useful below 1.5 THz.

3.3.12 Sapphire

Sapphire is monocrystalline Al,O3 and like quartz it is birefringent. Both sets
of optical constants are displayed in Figs. 3.3 to 3.6 [146]. The refractive index
increases from ~3.4 to ~4.3 (extraordinary ray) and ~3.1 to ~3.5 (ordinary ray)
in the range from 1 to 10THz. The refractive index decreases by ~1% upon
cooling. Sapphire is transparent in the visible range. At 300K, it is virtually opaque
above 4 THz due to an absorption coefficient >50 cm™!. The absorption coefficient
decreases dramatically upon cooling. However, in the reststrahlen bands from 11 to
18 wm and 21 to 23 pm the absorption remains high. Because of the high absorption
between 10 and 30 wm, it is often used to block high intensity radiation from CO,
lasers or IR free electron lasers in pump-probe experiments.
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3.3.13 Silicon and Germanium

Semiconductors absorb at THz frequencies because of both lattice and free-carrier
absorption. The former is fundamental to the crystal structure but the latter can be
overcome to a large extent in Si by growing very pure crystals with resistivity of
5-10k$2 cm (Fig. 3.4). However, due to the relatively narrow energy gap between
its valence and conduction bands, the maximum room-temperature resistivity of Ge
is approximately 50 €2 cm, and this leads to very significant absorption in the THz
region [147] (Fig. 3.4). Si and Ge have no reststrahlen reflection due to the covalent
nature of their bonds, but they are lossy in the mid-infrared because of two-phonon
absorption. In Si, the absorbing region is between 7 and 30 um and in Ge from 16 to
50 wm [148]. The covalent bonds have a high polarizability, leading to rather large
refractive indices of 3.4 for Si and 4 for Ge [146, 149] (Figs. 3.3 and 3.4). Thus,
optical components from these materials suffer from significant reflection losses.
However, these can be overcome by an appropriate antireflection coating [150,151].

3.3.14 Diamond

Diamond is the only material which is transparent over the entire region from
the visible to mmW except for an absorption feature at ~5 um due to two-phonon
absorption. Its index of refraction of 2.37 is almost frequency independent (Fig. 3.3).
Another very useful feature is the large heat conductivity of diamond. Because of its
obvious expense, it is only used to a very limited extent. One place where diamond
windows are installed is at the output of IR and THz beamlines at synchrotron
facilities or linear accelerators, where its high transmittance from infrared to THz
frequencies, and excellent heat conductivity are important. Another useful application
is as a window for the Golay detector, allowing wide frequency coverage. However,
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for wavelengths longer than 50 um crystalline quartz is preferred because of its
advantage in removing the 440 pwm radiation (Figs. 3.5 and 3.6).

3.3.15 Alkali Halides

Alkali halides are more frequently used in the IR but in some cases they are
also useful at THz frequencies. These ionic crystals serve three purposes in the
THz region. For high THz frequencies, they are windows with the lowest frequency
transmission, that of CsI, reaching to 5 THz. They then have a region of opaqueness,
over part of which they become very highly reflecting. In this region, they are
employed as reststrahlen reflection filters. The high-frequency transmittance is
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Fig. 3.7 Transmittance of some alkali halides at approximately 4.2 and 300K (adapted from
various sources)

shown in Fig. 3.7. These materials are useful as prism materials above ~5 THz, as
well as for windows. Their disadvantage is that they are all hygroscopic but this has
not prevented their widespread use. The absorption coefficient at short wavelengths
is very low for all the materials and, with a comparatively low refractive index of
~1.5, they have been widely used as laser windows, particularly at 10.6 um for the
CO; laser. NaCl and KBr are cheap materials but CsBr and CsI are more expensive.
Other alkali halides such as KCI also have good transmittance at short wavelengths.
Hadni et al. [152] have shown that alkali halides have much sharper transmission
characteristics at 4.2 K, and they refer to this effect as “supertransmission.” The
sharpening of the absorption characteristic arises from the change in phonon
population when kg7 < hv. Figure 3.7 shows the transmission of CslI at 4.2 and
300K and it can be seen that at the low temperature it is close to being an ideal filter.
The sharpening of the characteristic also occurs on the shorter wavelength side of
the absorption, and this means that the actual absorbing region may be quite narrow.

3.3.16 KRS-5

KRS-5 is one of a series of crystals developed in Germany during the 1939-1945
war and appears to be the only one that has had any significant use since then.
KRS stands for “Kristalle aus dem Schmelzfluss” (crystals from the melting pot)
and it consists of 42% TIBr and 58% TII. Its high frequency transmission reaches
to about 8 THz (Fig.3.7), but it has a fairly high refractive index of about 2.3 so
there is considerable reflection loss. It is, however, much more stable than the single
crystals of alkali halides with only slight water solubility. There is considerable
difficulty in polishing the material, but this can be done, and KRS-5 is available in
both window and prism form. It shows a more pronounced reststrahlen reflection at
a longer wavelength than any other material reported in the literature. It should be
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noted that thallium compounds are very poisonous and care is required when KRS-5
materials are used.

3.3.17 Material Considerations

There is a wealth of data available on the dielectric properties of many different
materials employed at THz frequencies and only the most important are described
above. More details and references can be found in [116, 153]. The available data
show considerable differences between the optical constants measured on different
specimens of the same material. There are at least two reasons for this. First, the
material properties might be different although the specimens are nominally from
the same material. This could be due to different fabrication procedures or ageing
and is especially relevant for polymer materials. The biaxial structure, which may
arise in some of the polymers (e.g., Mylar), contributes if thin films are considered.
In the case of crystalline materials, the residual doping and other impurities which
may give rise to optically active centers might not be well characterized. Secondly,
measurements of optical constants are susceptible to systematic errors. This topic
has been addressed in a comparison study involving eleven institutions [154]. Seven
specimens from different materials were exchanged between the institutions, and
their refractive index and absorption coefficient were measured in the frequency
region from 0.03 to 0.9 THz with monochromatic and broadband techniques. Sys-
tematic errors were found to be present in all measurements and were the dominant
source of error. In the case of the refractive index, the error was less than 1%. With
increasing absorption coefficient, the error increased by up to an order of magnitude.
This should be kept in mind when considering the optical data in the previous section
or from any other source. From this study, it becomes clear that inter-comparison of
measurement techniques, and the development of material standards of refraction
and absorption for the whole THz region remain a major issue.

3.4 Windows

An ideal window — such as glass in the visible — needs to have a large number
of desirable features. It should be cheap and strong, insoluble in water, and stable
over a wide range of temperatures; it should also be reasonably inert, have a low
reflection loss, and high transmission. Similar requirements apply for lenses. No
material fulfills all these requirements at THz frequencies but there are several which
perform quite adequately. At temperatures around 300 K TPX, HDPE, Tsurupica,
and PP are often used, because they combine low absorption and reflection loss
over a wide range of frequencies, with sufficient mechanical strength for use as
vacuum windows. Also, high resistivity Si with surface grooves as antireflection
coating is a good choice. It is difficult to make a sharp distinction between windows
and some of the transmission filters because very often a single material performs
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both functions over part of the THz range. In Fig. 3.8, the transmittance of the most
important window materials is shown for some typical thicknesses.

3.5 Filters

The primary function of filters in the THz region is the removal of unwanted shorter-
wavelength radiation. It is not only visible and near-IR energy that must be removed.
The grating spectrometers used at long wavelengths employ “blazed” echelette
gratings (Sect. 6.2), and these have the property of being very efficient at the sub-
multiples of the chosen wavelength. A grating blazed for wavelength A will also
be efficient at A/2, A/3, ..., and A/m. It is therefore necessary when using this
type of instrument to remove all wavelengths up to and including half the chosen
wavelength. This is difficult to achieve and has led to a considerable amount of effort
to improve filters. Other spectroscopic systems such as Michelson and lamellar grat-
ing interferometers also need filters of this type but the requirement is not so severe.
They are also required for some detectors but in this case the filters need to be usable
at liquid helium temperature. There are three types of filter which are important:

e Short-pass filters transmit wavelengths shorter than a chosen wavelength. They
are described by the wavelength at 50% of peak transmission. This is called the
cutoff wavelength.
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e Long-pass filters transmit wavelengths longer than a chosen wavelength. They
are described by the wavelength at 50% of peak transmission. This is called the
cut-on wavelength.

* Band-pass filters isolate a small wavelength interval, normally by transmission
and ideally block all wavelengths outside this interval.

It should be noted that the nomenclature for filters is derived from the IR, where
it is more common to refer to wavelength instead of frequency. Short-pass filters
are used in the near-IR where, for example, a grating is deliberately used in a
higher order. Long-pass filters are vital for THz spectroscopy as they are needed,
for example, to block IR background radiation. Band-pass filters are very important
for photometry, e.g.,in astronomy. In an ideal filter, the transition between zero
and maximum transmission is infinitely sharp. In practice, even the best filters
do not approach the ideal. There are various effects which produce filtering. The
most important of these are selective absorption and selective reflection, but other
methods include refraction, interference, and diffraction. Filters can also be divided
into those that rely on a naturally occurring effect, and those that are deliberately
constructed with some periodic structure.

Absorption filters remove the unwanted radiation, usually by converting it into
heat. A second advantage of an absorption filter, in common with all transmission
filters, is that its orientation is not very important. They are usually mounted at right
angles or with a small tilt angle in order to avoid standing waves to the axis of the
radiation beam to reduce reflection losses and to make full use of their area, but a
variation of +10° is not important. A reflection filter, which takes the place of a
mirror, must be much more accurately aligned and also, of course, it needs to have
a uniform reflecting surface. When this type of material is used as a transmission
filter, it is very important that the reflected radiation should not find an alternative
path to the detector.

3.5.1 Black Polyethylene (PE) Absorption Filters

PE has been used as the basis of a range of absorption filters. The simplest of these
consists of a suspension of carbon particles in PE. Carbon in one form or other has
been used to filter out short wavelengths since the beginning of THz spectroscopy;
sooted quartz or black paper were used for many years. Black PE — of the heavier
weight type used by gardening enthusiasts — is quite suitable. However, it has been
pointed out that the suspended particles scatter as well as absorb and that the black
PE should be placed some distance from the detector to avoid any of the scattered
radiation reaching it [155]. The transmission of a sheet of black PE is shown in
Fig. 3.8 but because the density of carbon varies from one piece of PE to another,
these figures are only an indication of the actual performance. A good preliminary
test is to look at the sun through the material. If any sunlight is transmitted, it is not
suitable. Black PE is often used with crystalline quartz to provide an opaque filter at
wavelengths shorter than 40 um, but very often a small amount of radiation below
4 pm is not removed by this combination.
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3.5.2 Alkali Halide Filters (Yoshinaga Filters)

Yoshinaga and his colleagues [156] developed a very useful range of filters in which
reststrahlen crystals, originally thallium bromide, were suspended in black PE
sheets. By careful control of particle size and by suitable mixing of materials, filters
with cut-on wavelengths from 20 to 200 um were produced. A useful selection
of these filters is shown in Fig.3.9. Manley and Williams [157] followed up this
work by using various other materials to produce a further helpful group, which
is also shown in Fig. 3.9. The Japanese researchers relied on black PE to remove
wavelengths below 15 um but Manley and Williams included various organic dyes
in their mixtures and produced totally opaque filters out to the cut-on point. Their
longest-wavelength filter containing TICI4+TII4Cu,O+WOs is particularly useful
when working beyond 200 pm. This type of filter is not easy to make. The particle
size, the thickness, and the amount of each constituent are important, as well as the
distribution within the sheet. Because many of the crystals used in these filters are
ionic, there is once again a reflection problem. Another difficulty connected with all
PE filters is their low melting point, which precludes their use near a thermal source
in a spectrometer.

3.5.3 Scattering Filters

If a powder is suspended in another medium, the radiation passing through will
be scattered, except when the refractive index of the powder and the medium
are the same. Filters based on this principle are called Christiansen [158] filters.
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The refractive index of ionic crystals passes through unity at a higher frequency
than the resonance frequency of the crystal (which causes reststrahlen reflection)
and so it is possible to make small area free standing filters. Filters depending
on this principle have a limited use as their transmission rarely exceeds 50% and
they are not very practical. A second type of scattering filter can be provided by
using a roughened metal plate in reflection. By grinding a metal plate with suitable
powder (for example carborundum) a surface is produced which will scatter short
wavelengths but specularly reflect long ones. By varying the coarseness of the
grinding powder reflecting plates for different wavelengths can be produced. A third
way is to use a powder layer on a transmissive substrate, for example sapphire, or on
a material which already has some filter functionality. The latter is especially useful
for blocking near-IR leaks. The transmission characteristics of a layer of dielectric
powder are determined by the size, distribution, index of refraction, and thickness
of the particles, therefore allowing tailoring of the filter properties.

Ruled reflection gratings of the type used for diffraction grating spectroscopy
(Sect.6.2) can also be used as scattering filters. They are, in effect, a more
sophisticated version of the roughened plate filter. With a ruled grating wavelengths
shorter or comparable with the grating spacing are diffracted into various orders,
but long wavelengths see the grating as a plane mirror and are specularly reflected.
Reflection filters are, however, somewhat inconvenient to use as they need to be set
up very accurately in an optical system. A more useful filter can be produced by
employing a transmission grating ruled into a window material. PE grating filters
of this type were first described in 1965 [159]. Details of the manufacture of a
more sophisticated version, with crossed rulings on either side, are available [160].
The advantage of crossed rulings is that any polarization effects are avoided. The
transmittance of this type of filter is shown in Fig. 3.10. With appropriate rulings,
these filters are useful over the entire THz range. However, as the gratings diffract
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Fig. 3.10 Transmittance of transmission grating ruled into a window material such as PE
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rather than absorb the unwanted radiation, care must be taken to avoid the diffracted
frequencies reaching the detector.

3.5.4 Reststrahlen Filters

The reststrahlen reflectance of crystals finds a useful application in reflection filters.
In fact, Rubens developed a spectrometer which provided narrow-band radiation
with a wavelength as long as 51 pm by filtering the emission from a blackbody
with a series of reststrahlen filters. As mentioned in Sect. 1.2, this eventually led
to the discovery of the Planck radiation law. The reststrahlen reflection of several
materials is shown in Fig. 3.11. Some other materials which also have a pronounced
reststrahlen reflection and which have been discussed in previous sections are
quartz, KRS-5, and the alkali halides.

3.5.5 Resonant Mesh Filters

Meshes are two-dimensional arrays of holes in a thin sheet of metal, or an array
of metal islands on a thin dielectric substrate. Generally, one can distinguish two
types: the inductive mesh and the capacitive mesh (Fig.3.12). The name comes
from the equivalent circuits, which represent the mesh. In its simplest form, the
inductive mesh consists of a grid of wires or metallic stripes with diameter or
breadth 2r and thickness d , which are separated by a distance g. The ideal inductive
mesh can be modeled by an inductance, which shunts a transmission line. However,
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Fig. 3.11 Reststrahlen reflectance of some alkali halides (adapted from various sources)
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corresponding equivalent circuits. The transmittance 7" and reflectance R are qualitatively shown
as a function of the normalized frequency g/A in the lower part of the figure

better agreement with real meshes is found when additional circuit elements are
added [78]. A capacitance in parallel with the inductance is required to form
a parallel resonant circuit, and a resistor is required to simulate optical losses.
The inductive mesh can be either free-standing or on a supporting thin (~3 pwm)
transparent dielectric film made, for example, from Mylar. The transmission through
an inductive mesh reaches a maximum when A =~ g. At longer wavelengths,
the transmission drops steeply, while for shorter wavelengths the decrease is less
pronounced. It should be noted that for an ideal inductive mesh the transmission
should approach unity for A < g. However, diffraction leads to a decrease in
transmission. As the ratio r/g increases, the maximum transmission decreases
and the bandwidth of the mesh becomes narrower. Approaching from the long
wavelength direction the edge steepness increases with rising ratio r/g. It turns
out that 2r/g = 1 is the best value when using the mesh as a bandpass filter. For
other values, the bandpass performance is not as good because either the bandwidth
is too large or a double peak structure appears (Fig. 3.13). Sakai and Yoshida [161]
have characterized single mesh narrow bandpass filters, which were optimized in
this way in the IR and throughout the THz region. They found Q-values around
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Fig. 3.13 Transmittances of several inductive mesh filters with different characteristic ratios 2r/g
as a function of the normalized wavelength A /g (adapted from [161])

four and a peak transmission of about 70%. This can be compared with reststrahlen
filters from alkali halides, which have Q-values of about three and a transmission
of around 80%. The performance of mesh filters can be improved by placing the
meshes in series. If the distance is not too small, the transmittances simply multiply.
By accurate spacing of the grids, an interference pattern can be produced which
provides a further improvement and an even steeper transmission characteristic.

The capacitive mesh is complementary to the inductive one (Fig. 3.12b).
R. Ulrich [78] has studied the properties of this type of mesh. It consists of metallic
islands of thickness d, which are separated by a distance 2r. The distance between
two similar edges of the island is g. Because of this structure, the capacitive mesh is
always on a dielectric film or substrate. The equivalent circuit of an ideal capacitive
mesh is a capacitance shunting a transmission line. As with the inductive mesh,
better agreement with measured transmission curves is obtained if additional circuit
elements are taken into account. In this case, it is an inductance and a capacitance in
series. At A & g, its reflection has a maximum while the transmission is almost zero.
At longer wavelengths, the transmission increases steeply. At shorter wavelengths,
there is an increase of transmission, although it is less pronounced. Somewhat
below A < g, interaction of evanescent waves of the mesh leads to an increase
of transmission. At even shorter wavelengths, the transmission increases due to
diffraction [162]. This cannot be described by the equivalent circuit model.

Meshes have a sharp reflection characteristic, but care must be taken with their
mounting in a spectrometer, as they also have to act as mirrors. When used at or near
normal incidence a mesh produces negligible polarization and there are only very
small reflection maxima below the cut-on wavelength. When used in transmission,
the mesh has a fairly low transmission until just before it becomes reflecting, when
it has a sharp transmission maximum.



70 3 Optical Components

1.0

0.8 —

0.6 —

0.4

Transmittance
T

02—

0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency (THz)

Fig. 3.14 Inductive mesh filter geometry with cross-shaped holes (a) and the corresponding (b)
transmission line model of the bandpass filter. (¢) Transmittance of four bandpass inductive mesh
filters. The size of the holes (given in pm) varies from g/K/J = 402/251/56 to 113/71/19 for center
frequencies from 0.6 THz to 2.1 THz (adapted from [163])

Besides meshes with rectangular structures, a number of other designs have been
reported in the literature. As an example, very good bandpass performance has
been demonstrated with freestanding meshes with cross-shaped apertures, which
are fabricated from a 12-pum thick electroplated copper film as shown in Fig. 3.14.
Essentially, this is a combination of an inductive and a capacitive mesh. The Q value
is as large as 20, the power transmission is in the range of 97-100% at the center
frequency, and the out-of-band transmission is below 2% [163].

3.5.6 Thick Metal Plate Filters

The thick variant of the metal meshes described in the previous paragraphs is a
metal plate with a closely spaced array of holes. This acts as an efficient short-
pass filter. Such a plate can be viewed as an array of waveguides with a particular
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cutoff frequency v.. For frequencies well below this limit, the perforated plate
acts as a reflector, while well above v, power is largely transmitted. The damping
below the cutoff frequency grows exponentially with the thickness of the plate.
The cutoff frequency depends on the shape of the cross-section of the holes. For
a circular waveguide with a diameter a, which is filled with a lossless dielectric
with a refractive index of one, it is given by v. = 0.586(c/a) [164, 165]. Thus,
for THz frequencies the hole diameter is about 60% of the wavelength. At longer
wavelengths, these filters can be produced by drilling holes in a metal plate or
foil. Other ways of manufacturing are to solder bundles of steel tubes [166], or by
high-precision diamond machining of copper sheets [167]. The latter method allows
rectangular and other noncircular cross-sections to be created.

3.5.7 Cold Filters

Although cold filters are physically not different from filters used at room tem-
perature, some peculiarities are described here because of their importance for
cryogenic detectors and experiments. When using helium-cooled detectors it is
often necessary to remove background radiation from room-temperature sources.
This can only be done by using cooled filters, which are normally placed close
to the detector, where they will be at or near the detector temperature. Alkali
halides, with their sharp transmission characteristic at cryogenic temperature, are
often used. However, a disadvantage is the reflection losses of 20-50% which are
found with these materials. These losses can be reduced with single or multilayer
antireflection coatings of PE, yielding a transmittance of 90% or better over selected,
and relatively narrow, parts of the THz range. In the case of hygroscopic crystals
the antireflection layer also protects the crystal. Near-IR leaks can be blocked by
using scattering powder layers of transparent particles. Depending on the design,
transmittances from <0.1% to 80% over a wide frequency range can be achieved.
Multiple filters are combined in order to achieve specific band-pass characteristics
or other special features.

3.6 Antireflection Coating

It is essential to minimize the reflection loss of lenses, filters, or windows for many
THz applications and systems. For crystalline materials, the refractive index is
between 1.4 and 4 and the reflection loss may easily exceed 30%. Most polymer
materials have a refractive index around 1.5 and the reflection loss is about 4% per
surface. A single layer antireflection coating with an optical thickness of a quarter
of a wavelength is often sufficient. The ideal index of refraction of the coating
material for a transition from vacuum is equal to /z with the refractive index n
of the material to be coated. The reflection loss can be reduced to a few percent, and
the bandwidth of a A /4 antireflection coating is about £20%.
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Alumina-loaded epoxy that is diamond machined to the correct thickness has
been used up to 1 THz [168]. It has an effective refractive index of about 2 and
is well suited to Si. This yields smooth, very rugged, cryogenically recyclable
coatings, with excellent performance. At low THz frequencies Cirlex (n = 1.84 at
0.3 THz), a laminate of a Kapton polyimide film makes a very good antireflection
coating for Si lenses [169]. Cirlex is glued to the Si lens with the epoxy adhesive
Stycast. Another suitable material is Parylene C. It has a refractive index of ~1.62
and ~1.5 at 300 and 4.2 K, respectively, and can be deposited from the gas phase.
Using this method, a film of almost any thickness, with very high homogeneity,
can be produced. The Si lens of a quasi-optical hot electron bolometer mixer with
a Parylene antireflection coating has close to 30% less optical loss than a mixer
with an uncoated lens [141]. The coating survives many cryogenic cycles and is
used for the lenses of the 1.4—-1.9 THz quasi-optical mixers for the Herschel Space
Observatory [170]. LDPE is also a suitable, although not optimal, antireflection
coating. Its refractive index is ~1.52 at 2.5 THz. A major problem with LDPE is
achieving the appropriate thickness and obtaining a good adhesion, because LDPE
is available only in films of certain thicknesses. The coating needs to be applied by
stretching the LDPE film around the Si sample. By this means a transmittance of
90% for a plane parallel 1.5 mm thick sample with an 18.5-pum thick antireflection
coating on both sides can be achieved [171]. SiO, has been used for antireflection
coating of Ge detectors [150, 151] and later for the facets of a QCL operating at
4.7THz. It has good transmission with a refractive index between 1.9 and 2.1,
depending on the deposition method and parameters [172].

An alternative method is to design the required dielectric by changing the
geometrical characteristics at the surface of the material. This can be done in various
ways but the most common is a grooved layer at the surface. When the groove
spacing is much smaller than the incident wavelength (with a ratio less than 0.1),
the grooves and the corresponding ridges can be considered as capacitors, with the
impedance depending on the geometry of the grooves and the material’s dielectric
constant. Proper design leads to a simulated dielectric constant, which fulfills the
/1 requirement of a A /4 antireflection coating [173, 174].

3.7 Lenses

Lenses were used in one of the first THz experiments by Rubens and Wood in 1911
[14] and they are still a major prerequisite of THz experiments. They can be made
from polymer materials such as HDPE, Teflon, TPX, or Tsurupica. These materials
have in common a refractive index of about 1.4 to 1.7, which changes little across
the THz range. This corresponds to reflection losses of between 3% and 7% per
surface and normally antireflection coatings are not necessary. Due to the longer
wavelengths in the THz region than in the visible, lenses can be made relatively
easily by machining on a lathe or a milling cutter. Injection molding is also possible.
Regarding the surface accuracy, the same considerations as for mirrors hold,
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meaning that polishing is not required in many applications. This makes polymer
lenses fairly cheap. While HDPE and Teflon are not transparent to visible light,
TPX has a good transparency, and a 3 mm slab of Tsurupica has a transmittance
above 90% throughout the visible range. As mentioned earlier, they also have almost
the same refractive index in the THz range as in the visible. This favors the latter
two materials for applications where optical pre-alignment is required. Besides
polymers, crystalline materials are frequently employed. Those used most often are
quartz, where some care has to be taken because it is birefringent, and Si or Ge. Their
absorption decreases significantly upon cooling. With refractive indices of 2.1, 3.4,
and 4, respectively, their reflection loss is rather high and antireflection coatings
are required. In addition, they are expensive compared to polymer lenses and more
demanding regarding fabrication. Therefore, they are mainly used in specialized
systems such as quasi-optical lens—antenna systems (Sect.3.15). Absorption is
another important factor when choosing a lens for a particular experiment. For a
lens of focal length f, diameter D, and refractive index n with f# = /D > 1
the thickness 7. at the center of the lens can be approximated by [116]

D2

te ~ -1 (3.4)
The fractional power absorbed on-axis is determined by «f. where « is the
absorption coefficient of the lens material. For example, a TPX lens (n ~ 1.45,
o ~ lem™') with 50mm diameter and a focal length f = 200 mm has a center
thickness of ~3.5 mm and an absorption loss at the center of ~30%. The same lens
from HDPE (n ~ 1.52, « ~ 2cm™') has a center thickness of ~3.0mm and an
absorption loss of ~45%.

A particular lens design is the zoned lens or Fresnel lens. In ordinary lenses,
the phase shift is a function of the distance from the optical axis. For lenses with
f > 0, the phase shift, as well as the lens thickness, increases toward the optical
axis. This may result in quite a thick and lossy lens. A Fresnel lens is based on
the independence of the focusing properties with respect to a phase change of 27
radians. The Fresnel counterpart of an ordinary lens is generated by reducing the
thickness of the ordinary lens by an amount required to produce a 2 phase change,
which results in a series of jumps in the lens thickness each time a 2 phase change
occurs. The profile of the refracting surface of the Fresnel lens is parallel to the
surface of the original lens. But even using only those surfaces that are perpendicular
to the optical axis may result in a Fresnel lens with good performance. Figure 3.15
illustrates the differences between these lens types. Disadvantages of Fresnel lenses

a b

A L

Fig. 3.15 (a) Regular lens, (b) corresponding Fresnel lens, and (¢) approximated Fresnel lens
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are limited bandwidth, because the phase change is strictly obeyed only at one
frequency, and losses due to shadowing caused by the jumps in the lens profile.

3.8 Mirrors

Mirrors are usually of solid metal or glass with the front surface metallized. In order
to obtain good reflectance, the actual thickness of the metal must be substantially
larger than the skin depth dgy,, i.e. the distance perpendicular to the interface in
which the field in the conductor drops by a factor of e. This is given by

I 1
A = ) 35
skin TV T TTTYT VoI (3.5)

A typical range of values for metals is 50-100nm at 1 THz. Normal commercial
mirror coatings appear to be quite satisfactory down to at least 0.3 THz. Among
the metals that have very high conductivity are silver, copper, gold, and aluminum.
There is, however, very little direct information available about their THz reflectance
and one has to rely on calculations. Silver is not often used for mirrors because
it tarnishes quickly and this is also true of copper. Gold, however, is excellent
and its very high reflectance has led to its use for laser mirrors, where a 1%
difference in reflectance can be very important. Mirrors of aluminum evaporated
onto glass are employed as they have a high reflectance, are relatively cheap, and
deteriorate very little during long periods of use. Aluminum is also a very good
reflector in the visible region which assists in the “setting-up” of optical systems
using visible light sources. They can also be machined with high (sub-pwm) accuracy
from the bulk, with the oxide, which rapidly forms on fresh aluminum, serving as
a protective layer. Other metals and alloys have higher resistivities and, therefore,
lower reflectance; while this is usually not important for a single reflecting surface,
it becomes significant in multiple-reflection devices such as light pipes (Sect. 3.9)
or laser resonators.

Another important consideration regarding mirror quality is the surface accuracy,
which determines the correctness of the phase transformation produced by the
mirror. There are only a few calculations or measurements available on this subject.
J.Ruze [175] has performed an analysis of a reflecting antenna, which in fact
resembles the problem of a mirror surface. He obtained the following expression

for the gain reduction

G ATTOms \°

—=1- = . (3.6)
Gy A

Here, G and Gy are the true antenna gain and the gain of a lossless antenna,

respectively, and oy is the “rms” surface roughness. I. Anderson has analyzed

the effect of small phase errors upon transmission between confocal apertures and
arrived at a similar expression [176]. For a single reflecting surface, 05 < A/16
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yields a gain reduction G/ Gy = 0.5. Even for one reflecting surface this is hardly
acceptable and o,s = A /100 corresponding to G/ Gy = 0.98 seems to be a better
criterion.

The scattering problem can be also approached in a similar way to classical radar
theory [177]. In this model, the surface roughness is described as a collection of
identical flat elemental reflectors. Each has a height /& from the average surface. If
the surface roughness is much smaller than the wavelengths, i.e. z = |h| < A the
reflected wave can be calculated as the coherent sum of the wavefronts coming from
all elemental reflectors with different optical delays. In the case of a Gaussian height
distribution P(z) with standard deviation oy, the specular reflection Rgpec (¢, A)
can be described by

2
Repec(d. 1) = R(¢p, 1) exp (- (4”:“5 cos(¢)) ) . (3.7)

Here, ¢ is the angle of incidence and R(¢, A) is the ideal specular reflectance in the
absence of any surface roughness. It should be noted that this reflectance depends
only on the surface roughness, and that scattering and diffraction from mirror edges
is neglected. Rpec(¢, A) can also be calculated for different forms of P(z), as this
is related to its Fourier-transform. Measurements of samples with different surface
roughness have shown good agreement with this model [178].

Because mirrors are widely employed in place of lenses, considerable ingenuity
has been used in the design of systems to overcome the disadvantages of the
“change of direction” associated with a reflecting device. Frequently, ellipsoidal or
paraboloidal mirrors are used. The focal length f; of an ellipsoidal mirror is given by

o Rk

- ik 3.8
R+ R .8

where R; and R, are the distances from a point on the surface of the ellipse
to the focal points. The paraboloidal mirror is a special case of the ellipsoidal
one with R, = oo. For a symmetric paraboloid, any incident ray parallel to
the rotation axis passes through the focal point after it is reflected. However, a
symmetric paraboloid is not very useful in many systems because of the inevitably
high blockage caused, for example, by a detector placed at the focal point of the
paraboloid. Therefore, an off-axis segment, called an off-axis paraboloid, is more
frequently employed. Provided that r sin(6;)/p < 1, where r is the radius of the
off-axis paraboloid, 6; is the angle of incidence, and p is the distance between the
center of the parabolical section, its focal length is equal to p. Note that this is
not simply the focal length of the paraboloid from which the off-axis paraboloid is
a section. Ellipsoidal or paraboloidal mirrors are normally used for off-axis beams.
Upon reflection, distortion of the amplitude and phase, as well as cross-polarization,
occurs. This is particularly troublesome because systems are normally designed
for fundamental Gaussian modes and such distortion degrades the beam coupling,
especially when many subsequent mirrors are used. For a fundamental Gaussian
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Fig. 3.16 Two configurations of a Gaussian beam telescope with off-axis ellipsoidal mirrors
(OAM) illuminated with a fundamental Gaussian beam and cuts in the image planes of config-
uration (a) and (b). Note that in configuration (a) the beam profile in the image plane is more
symmetric, because aberrations are corrected by the differently oriented mirrors (adapted from
[1801)

beam reflected at an ellipsoidal or paraboloidal mirror, the fraction of power that
remains in the fundamental mode is

P tan?(6;) [ wm\> 30
=1 () G2

where f is the focal length, wy, is the beam waist radius at the mirror, and 6; is
the angle of incidence. From this, it follows that a small angle of incidence and a
large focal length are desirable. For example, to achieve Ky > 0.99 and to have
negligible spillover losses, the diameter of the mirror needs to be four times the
beam radius at the mirror, and the mirror has to have f-numbers f # > 1.0 and
f#>0.5for6; < 45°and ; < 30°, respectively. It should be noted that distortions
can be minimized by using certain arrangements of mirrors [179, 180]. An example
is shown in Fig. 3.16. In case (a), the mirrors are oriented to minimize, the distortion,
while in case (b) the orientation leads to much larger distortion.

3.9 Light Pipes

The light pipe is a specific THz device. It simply relies on the high reflectance of
metals and is a cheap and convenient means of transferring and collecting radiation.
Both condensing and straight light pipes are used in THz instrumentation and some
consideration has been given to straight pipes by Ohlmann et al. [181]. They find
that the transmittance 7" of a light pipe is
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with ¢ = (L/d)+/4meoc p/A, L is the pipe’s length, d is the diameter, A is the
wavelength, f# is the f-number of the incoming radiation (Sect.2.1), and p is the
resistivity of the light pipe material in £ in Wm. Using (3.10) Ohlmann et al. as
well as Harris et al. [182] find reasonable agreement between theory and experiment.
Another approach by Fu for calculating the transmittance of a light pipe yields [183]

L |
T =~ exp(—q) = exp (—2 @) . (3.11)

The significant difference between the Ohlmann result and that of Fu is that the latter
does not include any term for the angular spread of the beam entering the light pipe.
Fu obtains good agreement with (3.11) at wavelengths between 70 pm to 570 pm
but as the source was an optically excited THz gas laser this, presumably, provided
a beam with small divergence.

The best light pipes are made from high-conductivity metal, or materials plated
with high conductivity metal. This presents a problem when used with low-
temperature systems where the light pipe is immersed in liquid helium, because
metals with high electrical conductivity also have a high thermal conductivity.
Therefore thin-walled stainless steel tubes are normally used, although the optical
losses are higher than for high-conductivity tubes. When light pipes are required to
change the direction of radiation, it is not sufficient just to bend the pipe, even on a
large radius. The best method [181, 184] of producing a 90° change of direction is
to construct a coupler containing a plane mirror set at 45°. This effectively receives
the light from one pipe and reflects it down another one, set perpendicularly to the
first pipe. Such an arrangement can be 90% efficient, while using a bend reduces
the efficiency to 50% or less.

The approximations in (3.10) and (3.11) neglect skew rays and the distribution
of the light at the entrance of the pipe. Consequently, they overestimate the
transmittance. Hawthorn and Timusk [185] have performed a ray-tracing analysis
including skew rays and different cross-sections of the light pipe, as well as 90°
bends and gaps. They found that the transmittance is not exponential with respect
to length because of the greater attenuation of the p component of the electric-
field vector. In agreement with (3.10) and (3.11), the transmittance was larger for
materials with higher conductivities and at longer wavelengths. The transmittance
also depends on the initial distribution of the incident light. Light pipes with circular
cross-section have a better transmittance than elliptical, square, and semicircular
light pipes. However, despite some shortcomings, (3.10) and (3.11) are useful
because of their simplicity. The larger the conductivity of the light pipe material
and the longer the wavelength the better is the approximation.
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Fig. 3.17 (a) Cross section and (b) beam profile of a Winston cone with an integrating cavity. The
beam pattern was measured at a wavelength of 280 wm (~1.1 THz). The cutoff angle 6 is 2.2°
(adapted from [188])

3.10 Light Concentrators and Winston Cone

The principle of a light concentrator is shown in Fig.3.17. It is a hollow, axially
symmetric reflector. Rays coming into the concentrator at the entrance aperture
are reflected and channeled to the exit aperture. In effect, it is a replacement for
a mirror or a lens, because it has the same property of altering the area-solid-
angle relationship of the beam. Radiation of large area A; and small solid angle
£2) enters the pipe and leaves it at a small area A, and large solid angle £2,. In a
100% efficient light concentrator, the general condition is that the integral [Ad$2
of the projected area A over the solid angle §2 is conserved when light passes
through the concentrator. The relation between the diameters of the entrance and
exit apertures d; and d, and the maximum angle at which the entrance aperture
accepts radiation follows from a generalization of Abbe’s sine law [186]. According
to this, the maximum concentration of a light beam with angular divergence 0 of the

concentrator is given by
A = é 2 = ! 2 (3.12)
A2 d2 Sll’l(@) ' '

Diffraction effects within the concentrator can lead to losses. However, for wave-
lengths A < d; the light concentrator can achieve almost the maximum concentra-
tion of radiation. Based on Abbe’s sine law it can be shown that a system of lenses or
mirrors that act as ideal light concentrators should have an f-number of f# = 0.5
[187]. In a practical system, the lowest achievable f-number is approximately one.
Hence, the concentration efficiency of a practical lens or mirror system is about
four times less than that of an ideal light concentrator. For detectors which are
signal-to-noise limited, the (S /N )-ratio that can be achieved from extended sources
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with an ideal light concentrator is about four times larger than with a lens or mirror
system. The angular acceptance characteristic of an ideal light concentrator has a
sharp cutoff at 8 for meridional rays. The cutoff averaged over all rays occurs over
a finite angular interval A@ <« 6. Other effects which contribute to the angular
interval are diffraction and reflection losses within the concentrator [188].

A widely used design is the parabolic concentrator, which is an off-axis parabola
of revolution. It is often referred to as a Winston cone after its inventor R. Winston
[186]. Its length is given by

_ d\2F + DVAF? -1
N 4F

L ~d F (3.13)

with F = 1/(2sin(f)). The approximation holds for F > 1. A useful equation
describing the shape of the parabola, especially for fabrication on a computer-
controlled lathe is given in [189]. A beam profile of a Winston cone is shown
in Fig.3.17. As d; and F increase, the length of the concentrator becomes
inconveniently large. A more compact design can be achieved by placing a lens
in front of the entrance aperture [190]. The simplest concentrator is the linear light
cone [191, 192]. It is important that it should taper slowly. A good rule is that the
angle of taper should be a few times less than the acceptance cone angle at the wide
end of the pipe. For example, if the cone’s f-numberis f# = 3 corresponding to a
10° cone angle, the taper of the pipe should be 2° to 3°. Nevertheless, the angular
cutoff interval is typically an order of magnitude greater, the average number of
reflections is larger, and the light concentration is smaller when compared to an
ideal light concentrator.

One particular use for light concentrators is in transferring radiation onto cold
detectors in cryostats. But the light concentrator has one serious disadvantage
compared with mirrors or lenses: there is no focus at the exit. To overcome this,
the detector must be extremely close to the cone exit or be placed in an integrating
cavity at the exit aperture of the concentrator (Fig.3.17). The cavity is designed to
contain the strongly divergent beam emerging from the collector and to optimize its
absorption by the detector through multiple reflections inside the cavity. It should
be noted that the angular acceptance characteristic is influenced by the integrating
cavity. The whole system of concentrator, integrating cavity, and detector is called
a heat trap. Heat traps are used in many THz systems, starting from single-pixel
detectors for laboratory use and ending in multi-pixel arrays for astronomical
observations, both with ground and space-based telescopes.

3.11 Polarizers and Polarization Transformers

Polarized radiation is required for measurements of the optical constants of semi-
conductors and anisotropic crystals, to study Faraday rotation, and for a variety
of other purposes. Several instruments such as ellipsometers or certain types of
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diplexers and Fourier-transform spectrometers require a linearly polarized input and
output or the rotation of polarization.

The most common way to prepare a linearly polarized beam is by using a
wire grid. Metal grids have widespread application in THz optics as filters, beam
splitters, polarizers, and reflectors in interference filters, lasers or Fabry—Pérot
interferometers. Metal grids are made from wires with a small radius r (typically
3-25um) spaced by a distance g, which is called the grid constant (Fig.3.18).
The electromagnetic properties of metal grids have been thoroughly studied both
experimentally and theoretically with the first work dating back to H.Lamb in
1897 [193]. Grids are transparent to radiation, which is polarized perpendicularly
to the wires and for wavelengths much larger than the grid constant and the wire
diameter. Radiation which is polarized parallel to the wires is strongly reflected if
the wavelength is much larger than the diameter and the grid constant. Casey and
Lewis [194] derived a formula for the absorbance A of a wire grid. If the wire radius
is large compared to the skin depth of the grid material, this is given by

[4
A= Ri ﬂ (3.14)
r oA

where R is the power reflectance, and o is the conductivity of the wire. In the
limiting case of A > g and negligible absorption loss, the transmittance 7 of a
wire grid is given by [194, 195]

B (2, /&) _ )
T=1-R= (Tln (ﬁ)) = 1 — (tan(®))?, (3.15)

where R is the reflectance of the grid and @ is the phase of the reflected wave.
An alternative way of creating a wire grid is by deposition of metal stripes on a
thin film, for example from Mylar or PE [196]. Provided that the supporting film is
lossless, which is a good assumption for a typical film thickness of a few pm, the
transmittance for A >> g is given by

2
T—1-R= (a—gln (sin—1 (%))) =1 — (tan(®))?, (3.16)

where 7 is the half width of the stripes.

Another rather simple type of polarizer consists of transmission or reflection from
Brewster angle plates. At the Brewster angle only that polarization component with
the electric field vector parallel to the plane of incidence is transmitted. The trans-
mitted beam still contains some contribution from the perpendicular component. To
minimize this, Mitsuishi et al. [197] have used a stack of twenty sheets of PE. In
principle, any material with low absorbance such as Si might be used. However,
such a polarizer is a rather large device, with the additional disadvantages that it
requires nearly parallel radiation and produces a lateral offset of the outgoing beam.
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Fig. 3.18 Schematic of a wire grid and its effect on radiation of different linear polarization states.
The grid consists of round wires of diameter 2r and spacing g. This configuration can be used to
separate a beam into two orthogonal components. It can also be used to combine two beams with
orthogonal polarizations, which need not to have the same frequency (adapted from [116])

The polarization of a beam can be changed by generating a differential phase
shift between the two orthogonal polarization directions (Sect. 2.6). The polarization
can be rotated by introducing a differential shift of & between the two directions
(half-wave plate). Linearly polarized radiation can be transformed into circular
polarization by a quarter-wave plate, which produces a differential shift of 7z /4.
One way of making a wave plate is to pass the beam through a birefringent crystal,
which has different refractive indices for two orthogonal polarizations. Examples
are quartz or sapphire, which have to be cut perpendicular to their optical axis. The
phase difference §¢ between two polarizations after one passage through the crystal
is 8¢ = (2nd An)/A, where d is the thickness of the crystal, An is the difference
between the two refractive indices, and A is the wavelength of the incoming beam.
For example, a quarter-wave plate requires a thickness of d = A/(4An). For quartz
at 1 THz, this corresponds to 1.7 mm, which is convenient from the point of view of
fabrication and handling as well as from the point of view of absorption loss. With
a quarter-wave plate the polarization state of the incoming beam can be changed
continuously from linear to left- and right-handed circular. If ¢ is the angle between
the plane of the incoming linearly polarized beam and the optical axis, the helicity
of the outgoing beam, i.e. the ratio between the amplitudes of the right- and left-
handed components, varies according to P, = sin(2¢). The outgoing beam is
linearly polarized (P = 0) for ¢ = mm/2 (integer m) and circularly polarized
(Peire = £1) for ¢ = 2m + 1)wr/4 (m = 0 or even: right-handed, m odd: left-
handed).

Another effective method of making a low loss wave plate is the combination
of a wire grid and a mirror separated by a distance d as shown in Fig.3.19.
The component of the incoming beam, which is polarized parallel to the wires,
is reflected by the wires while the perpendicular component passes through the
grid and is reflected by the mirror. The latter component experiences a phase delay
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Fig. 3.19 Cross-section through a wave plate consisting of a metal reflector and wire grid
separated by a distance d (adapted from [116])
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Fig. 3.20 Two polarization rotators. (a) Rooftop mirror used at non-normal incidence. The
incident field direction is at angle « relative to the mirror axis and the rooftop mirror rotates the
field direction by an angle 2«. (b) K-mirror consisting of three mirrors. The incident field enters
from A along axis AB is successively reflected from mirrors M1, M2, and M3, and exits toward B.
As the assembly is rotated about axis AB, mirror M2 moves in a circle. As shown, the assembly has
rotated by an angle y and thus has rotated the field direction by an angle 2y (adapted from [116])

of §¢ = (4md cos(6;))/A (6;: angle of incidence). For a quarter-wave plate, the
distance is givenby d = 2m+1)A/(8cos(6;)) (m =0, 1,2, 3,...). The absorption
loss of this device is quite low. The major limitation is the lateral offset between the
two polarization components, which results in an incomplete overlap of the outgoing
beams.

The plane of polarization can be rotated by a rooftop mirror (Fig. 3.20). This is
an example of a broadband polarization rotator and it rotates the polarization by a
fixed angle. If the rooftop mirror is used at non-normal incidence, i.e. if the plane
of polarization of the incident beam is tilted by an angle ¢ with respect to the edge
of the rooftop, the polarization of the outgoing beam is rotated by 2¢. The rooftop
mirror is especially important in the Martin—Puplett type polarizing interferometer
(Sect.6.4).
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While the rooftop changes the direction of the incoming beam and allows only a
fixed rotation, the K-mirror overcomes these limitations. It is an assembly of three
mirrors that can be rotated about an axis, which is defined by the first and third
mirrors (Fig. 3.20). Rotating the whole device about this axis by an angle ¢ leads
to the rotation of the polarization of the outgoing beam by 2¢. As with the rooftop
mirror, the K-mirror has basically no bandwidth restriction, but its size is larger
and beam truncation could be a limitation in some systems. Besides polarization
rotation, the K-mirror is useful for rotating the field of view of an imaging system,
especially in astronomical instruments.

3.12 Beam Splitters

Beam splitters are key components in Fourier-transform spectrometers (FTS). They
are also used for diplexing, which is the combination of beams from two sources,
for example signal and local oscillator radiation in a heterodyne receiver. The most
important properties that a beam splitter requires are low absorption loss, sufficient
mechanical strength, and a refractive index that allows the optimum amount of
splitting to be obtained. For an FTS, the optimum is R = T = 0.5 with R the
reflectance and 7 the transmittance of the beam splitter. Diplexing in a heterodyne
receiver has quite the opposite requirement: the transmittance of the signal radiation
should be as high as possible, with a limit set by the required amount of local
oscillator power that needs to be reflected from the beam splitter. The function of
dielectric beam splitters is based on the interference of multiple internally-reflected
beams. The wavelength-dependent reflectance R and transmittance 7' of a free-
standing, nonabsorbing, parallel-sided dielectric material is

_ 2(Rps)*(1 —cos(8))
T 14 (Rps)? —2Rp5cos(8)’

— 1 - (Rp,s)z
"~ 1+ (Rys)? — 2Ry cos(8)

(3.17)

T

(3.18)

Here, p denotes parallel and s denotes vertical polarization of the electric field
relative to the plane of incidence, § = (4mwnd)cos(6;) is the phase difference
between two adjacent transmitted rays, n is the refractive index, d is the thickness
of the beam splitter, and 6; is the angle of transmission, i.e. the angle of the beam
inside the film relative to the surface normal, and R is the single-surface reflectance.
R and T oscillate with a period § with R at a maximum when 7 is at a minimum and
vice versa. For any nonzero angle of incidence, the reflectance of the beam splitter
depends on the polarization of the incident beam according to

R. — (w)z (3.19)
P tan(6; + 6,) ) '
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Here, 6; and 6, are the angles of incidence and transmission.

The beam splitter must have a high refractive index to achieve the optimum
performance of an FTS. Among the polymers Mylar is the best choice. PP and
PE are less good because of their lower refractive index. But even a Mylar
beam splitter is quite far from ideal. For example, the reflectance of p-polarized
radiation at an angle of incidence of 45° is 0.05 and the transmittance is 0.95 (0.37
and 0.63 for s-polarized, 0.21 and 0.79 for unpolarized radiation, respectively).
Another inconvenience arises from the pronounced frequency dependence of thin
dielectric beam splitters (cf. (3.17) and (3.18)). Usually, several Mylar beam splitters
with different thicknesses need to be employed if the whole THz range is to be
covered. A Si beam splitter, several millimeters thick, is an alternative, at least for
modest resolution, above about 1 cm™"' (30 GHz). It comes close to the optimum
performance, has little polarization dependence, and the entire THz range can be
covered with a single beam splitter [198]. Using a thin (several um) Si beam splitter
allows the avoidance of interference patterns, which prohibit the use of thick Si
beam splitters for high-resolution spectroscopy [199, 200]. Other designs rely on
Mylar films onto which thin Si or Ge films are deposited. This latter device is
commercially available.

3.13 Attenuators

Many of the materials discussed in Sect. 3.3 can be used as attenuators. Sheets or
discs of Teflon or PE are good attenuators but any other material with a reasonable
absorbance, which does not depend strongly on the frequency, is also acceptable.
An advantage of using polymer attenuators is that, due to their comparatively low
refractive index, reflection and interference effects are less pronounced than for
crystalline materials.

A neutral density (ND) filter is a gray filter. Ideally, it reduces radiation of all fre-
quencies equally. They are typically used in systems where it is necessary to reduce
the intensity of a transmitted beam without affecting its spectral characteristics. ND
filters can be made from a crystal or polymer substrate that is coated with a semi-
opaque metallic film.

For linearly polarized radiation, a rotatable wire grid can be used. The power
transmission of the wire grid is 7 = (sin(6))?, where 6 is the angle between the
polarization of the incident beam and the wires of the grid. This allows a continuous
attenuation. To avoid back reflection, the wire grid must be tilted with respect to
the optical axis. In this case, the projection of the wires onto the plane orthogonal
to the optical axis needs to be taken into account. The drawback of a single wire
grid polarizer is a change of polarization of (7r/2) — 6. A wire grid attenuator which
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Fig. 3.21 Wire grid attenuator/power divider designed to be free of reflections back into the
incident beam, which is polarized orthogonal to the plane of the paper. The three wire grids are all
tilted by ¢ = 45° to the initial beam propagation direction. The first and third grids have wires
oriented horizontally, and the wires of the middle grid are rotated by a projected angle 6. With
input power from port a power is coupled into ports b, ¢ and d while if power is incident from b
there can be output at ports @, ¢’ and d’ (adapted from [116])

avoids changing the polarization is shown in Fig.3.21. This design could also be
used as a power divider.

3.14 Absorbers and Absorbing Materials

Absorbers and absorbing materials have two important functions in THz systems.
They are used to reduce unwanted power and stray light, and they are also
employed as blackbody emission standards for system calibration. The absorbing
material should have maximum absorption and minimum reflection throughout the
frequency range of interest. Other common requirements are vacuum compatibility,
machinability, and suitability for cryogenic temperatures. A lossy dielectric is an
effective absorber provided that the reflection coefficient is sufficiently small. The
reflection is predominantly due to the mismatch in the real part of the index of
refraction. A rough surface on the absorber minimizes specular reflection and
increases the absorption of incoming radiation. A commercially available coating
is Herberts 1356H from DuPont, which is a two-component coating, which needs
to be sprayed onto a surface. The coating is typically 400-440 pwm thick and it
forms a rough layer. Its reflection in a specular direction is below 1% at frequencies
above 1 THz. Below that the paint becomes partially transmitting and interference
fringes appear, which result in a modulated reflectivity of up to 3% (Fig.3.22).
Another coating can be made from a mixture of the epoxy adhesive Stycast as
binder material and SiC grains of 1 mm average size as filler material [201]. The
Stycast/SiC weight ratio is 1:4. While Stycast is a good absorber at THz frequencies
the SiC grains reduce the specular reflection at longer wavelengths. The specular
reflectance for incident angles <50° is below 0.1%. The reflectance of this coating
increases with increasing wavelength, angle of incidence, and diminishing surface
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roughness (Fig. 3.22). A material which is often used as an absorber is the CR-series
of Eccosorb. It was originally developed for the microwave region and consists
of small iron spheres (a few micrometers in diameter) uniformly dispersed in an
epoxy base. The specular reflectance of CR110, the most useful material of the
CR series, is below 0.1% in the range from 0.3 THz to 3 THz [202] (Fig.3.22).
Yet another approach to realizing absorbers is structured materials. An example is
the tessellated THz radar absorbing material (RAM) from Thomas Keating Ltd. It
consists of injection molded 25-mm squares with sharp pyramidal surfaces formed
in conductive polymer. Its reflectance is below 1% (Fig.3.22). Nanostructured
coatings are currently being investigated to provide an even lower reflectance [203].

For measuring the reflectance, the sample under test is illuminated by radiation
from a narrow band source such as a gas laser or BWO. Alternatively, it can
be placed in an FTS. The reflected radiation is collected by suitable optics and
focused onto a detector. Typically, the detector is placed in the direction for specular
reflection. The design of the optics determines the solid angle over which reflected
power is collected. The sample reflectance is determined by measuring its reflection
relative to reflection from a metal mirror with close to 100% reflectance. A more
sophisticated procedure is to measure the bidirectional reflectance distribution
function, which describes the scattering properties of a surface. In this case, the
reference sample needs to be a Lambertian surface, i.e. a nonabsorbing perfectly
diffuse scatterer. This can be obtained, for example, with a gold-coated roughened
surface. For any kind of reflectance measurement, care is required to eliminate any
radiation leakage.

Blackbody calibration sources require very high emissivities (typically >99.9%).
This can be achieved by an appropriate geometrical design, somewhat similar to a
Winston cone, in combination with a highly absorbing coating of the calibrator.
When designing a blackbody calibrator, several aspects must be considered. The
cavity of the calibrator should have the same design as one that would trap all
incoming radiation. A straight cone with an opening of the order of 20°-30° or a
Winston cone are good choices. In order to avoid reflection from the tip of the cone,
which is not perfectly sharp, an opening with an integrating cavity can be attached.
The surface of the calibrator should be covered with a highly absorptive coating. A
specularly reflecting surface is better than a diffusely reflecting one. Care should be
taken to ensure that the coating is not thicker than necessary for good absorption.
Thick coatings may have a temperature gradient which would diminish the accuracy
of the blackbody.

3.15 Lens-Antenna Systems

The combination of a planar antenna with a substrate lens is a so-called lens-
antenna system. Other terms are hybrid antenna or integrated antenna. It is a widely
used approach for either coupling of THz radiation into a detecting element or for
coupling THz radiation out of an emitting element [204, 205]. It is one of the best
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Fig. 3.22 Reflectance of some common absorbing coatings. The points indicate single frequency
measurements with cw sources (dashed lines as guides to the eye). Solid lines indicate measure-

ments with a Fourier-transform spectrometer (adapted from various sources)

{— Planar antenna

Air/vacuum

Trapped rays
Substrate !

Air/vacuum

Fig. 3.23 Planar antenna on a dielectric substrate. At angles larger than 6, the rays are trapped in
the substrate due to total internal reflection (6, = 17° for Si)

examples of how radio techniques, e.g.a planar antenna, and optical techniques,
e.g.a lens, meet in the THz frequency range. In general, it consists of a planar
antenna, which is attached to the flat side of a plano-convex lens with a spherical
or elliptical surface. The detecting/emitting element is located at the feed of the
planar antenna. The lens transforms the broad, highly diverging beam of the planar
antenna into one which can be more easily coupled to other optical elements.
Substrate and lens are made from the same low loss material, or from materials with
similar dielectric constants, in order to minimize reflection loss at the substrate—lens
interface and to avoid excitation of slab modes due to total reflection at the surface
of the substrate (Fig.3.23). Since the material of the lens and substrate usually
has a high dielectric constant, an antireflection coating is applied to the lens—air
interface, which minimizes the reflection loss. Lens—antenna systems are widely
used in heterodyne receivers above ~1THz, where their performance becomes
comparable to horn antennas, which suffer from increasingly severe fabrication
inaccuracies at high frequencies. In addition, they are cheaper to make. Furthermore,
semiconducting emitters and detectors in time-domain spectrometers are coupled
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with lens-antenna systems. This is quite natural because the generation and detection
process involves a planar antenna.

The lens designs which are most often used are elliptical or hemispherical lenses
with a cylindrical extension. There are several design considerations. One is how
near to Gaussian is the beam that is launched or accepted by the lens—antenna
system. This is defined as the coupling efficiency of the far-field pattern of an
antenna compared to the far-field beam pattern of a Gaussian beam. Another issue
is the directivity of the beam, i.e.how divergent it is. Often the directivity is a
requirement set by the optical system of which the lens—antenna is part. In principle,
there are many combinations of surface shape and extension length possible. The
most common ones are described here.

An elliptical lens is characterized by its major and minor axis a, b and the foci
at +c. If the eccentricity is chosen in such a way that the geometric focus becomes
the optical focus, these parameters are connected via the refractive index n of the
lens and substrate material by b/a = n//(n>—1) and ¢c/a = 1//(n2—1). In
ray optic terms, this lens produces an aberration-free focus of a collimated on-
axis beam. In Gaussian optics terms, the beam is a fundamental Gaussian with a
waist that is proportional to the lens diameter (2a), which is located at the back
of the elliptical lens. The main beam is diffraction limited by the aperture of the
elliptical lens and is therefore very narrow. The elliptical lens is compatible with
large f-number systems because it produces a very narrow beam pattern, and it
couples well to a Gaussian beam at its minimum waist, where the equiphase front is
planar. An elliptical lens can be synthesized from a hemispherical lens and a spacer
(Fig.3.24). Since a hemispherical lens is cheaper than an elliptical one this is often
done. There are several ways to synthesize an ellipse [206,207]. At the tip of the
lens, the curvature of the hemisphere should be the same as for the elliptical lens.
The larger the radius of the lens, the larger its refractive index, and the narrower

Ellipse/
synthesized ellipse Hemisphere Hyperhemisphere Collimating

La ]

% d=0 d=r/n d=r/(n-1)
Planar

Decreasing Gaussicity, increasing sidelobes
antenna >

Increasing directivity

Fig. 3.24 Scheme of some common lens—antenna systems. The diagram is for an Si lens and
substrate (n = 3.42) with a lens radius of 3 mm. The rays indicate the basic properties of the
antenna. Solid lines represent emerging rays while dashed lines represent trapped rays. It should
be noted that the description by ray optics only yields a qualitative result. For accurate results, the
patterns of the planar antenna and physical optics need to be taken into account. The qualitative
properties in terms of Gaussian optics are indicated by the arrow
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the beam of the planar antenna, the better is this approximation. For a particular
design, it has been shown that the Gaussian coupling efficiency decreases by less
than 6% [206].

A hemispherical lens with the planar antenna at the center does not refract the
rays but magnifies them by n. The somewhat divergent beam, which essentially
resembles the pattern of the planar antenna, is not well adapted to most optical
systems. Adding an extension to the hemisphere improves this. The properties of
such lens designs depend on the length of the extension. The hyperhemisphere is
a specific extended hemisphere with an extension d = r/n, where r is the radius
of the lens. In terms of ray optics, the hyperhemispherical lens is free of circular
coma and spherical aberration. It magnifies by n? (in antenna terms it increases the
gain of the antenna by n2), which is useful for detectors. To a first order it produces
a fundamental Gaussian beam with low side lobes, i.e. it is highly Gaussian, with
a small waist located behind the lens. The small waist results in relatively large
far-field divergence. The hyperhemisphere couples well to a converging Gaussian
beam but not to a planar equiphase front. Increasing the extension length decreases
the Gaussicity of the beam but increases its directivity, i.e.the divergence angle
becomes smaller. If the extension is further increased, another particular position is
d = r/(n—1). This is called a collimating lens because rays emitted near the optical
axis are collimated, while at larger angles the rays emerge at angles which lead to
an astigmatic beam. At even larger angles rays are internally reflected at the lens-air
boundary. In order to overcome the reflection loss at the lens—air/vacuum interface,
the lens needs to be covered with an appropriate antireflection coating e.g. Parylene
for an Si lens (Sect. 3.6).

To summarize, in terms of ray optics, increasing the extension decreases the
divergence of the beam and eventually leads to a collimated beam with astigmatism.
Also, the effective lens aperture decreases and more radiation is lost, due to internal
reflection at the lens—air interface. In terms of Gaussian optics, increasing the
extension length leads to a less Gaussian beam with higher sidelobes, a larger
beam waist and an increased directivity. It has been shown that the hemispherical
lens yields the best coupling to an input Gaussian beam. In order to reduce the
divergence of the beam an additional lens in front of the lens—antenna system is
required. The elliptical lens couples less well to a Gaussian beam but, because of
better collimation, no additional lens is required. In time-domain spectrometers it
was found that the hyperhemispherical lens restricts the bandwidth of the system,
because it exhibits large interference fringes. The collimating lens approach is
superior with respect to bandwidth [208]. Which approach is preferable depends on
many details, especially the design of the optical system of which the lens—antenna
is a part.

There is a wide range of planar antennas, which are used in lens-antenna systems.
These may be roughly divided into two groups: frequency independent broadband
antennas, such as the logarithmic-spiral and the logarithmic-periodic antenna, and
resonant antennas such as the double-dipole and double-slot antenna. It is beyond
the scope of this book to discuss the details of these antennas. Instead, their main
features will be briefly summarized and the reader is referred to a specific textbook
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Fig. 3.25 Layout of three planar antennas. From left to right: logarithmic-spiral, logarithmic-
periodic, and double-slot antenna. The metallized parts are shown in black. The arrows indicate the
positions of the detecting or emitting element. Some typical dimensions are given (for explanation
see text)

on antenna theory and design for details [120]. The arms of a spiral antenna are
described by R = Rpexp(a¢), with ¢ being the azimuth angle and R being the
distance from the geometric center of the spiral. The antenna receives elliptically
polarized radiation with the degree of ellipticity given by the parameter a. As
a rule of thumb, the outer diameter D of the maximum circle that encompasses
the spiral determines the longest wavelength, and the inner diameter d determines
the shortest wavelength at which this antenna still performs well. A structure of a
logarithmic-periodic antenna is shown in Fig. 3.25. The antenna receives linearly
polarized radiation with a polarization angle, which varies with frequency.

Dual antenna elements have a more symmetric beam pattern than the single
antenna designs. The double-dipole antenna is used in semiconducting emit-
ters/detectors of time-domain spectrometers, where the optoelectronic switch is
embedded between the two arms of the double-dipole. A double-slot antenna is
the inverse of a double-dipole antenna. It consists of two thin slots in a metallic
ground plane. The slots are approximately A /n long and separated by about A/ (2n).
The E-plane pattern is broad because it is determined by the coherent addition of
the fields generated by the two slots, while the H -plane pattern is defined by the
radiation pattern of a single slot. If the slots are connected in anti-phase the resulting
radiation pattern is relatively symmetrical, having linear polarization orthogonal
to the slot. It should be noted that for small antennas there may be a parasitic
contribution to the beam pattern due to the wiring of the detector element located
between the two slots.

The choice of planar antenna depends on the application. Obviously for
broadband detectors, one of the broadband antennas will be chosen. In narrow-
band applications, for example as a mixer in a heterodyne receiver, the double-slot
antenna has proved to be an excellent choice. It provides a symmetric beam pattern
and its impedance can be very well matched to that of an SIS or HEB mixer.
However, it should be kept in mind that changing the dimensions of a double-slot
antenna, in order to improve the impedance matching to the mixer, could alter the
radiation pattern, which in turn needs to be taken into account when designing
the lens and extension. In general, this problem can only be solved accurately
with a complete electromagnetic modeling of the mixer and its radiation pattern in
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conjunction with a physical optic calculation (i.e., solving the Fresnel-Kirchhoff
diffraction integral) of the radiation pattern of the lens-antenna system.

3.16 Waveguides and Horn Antennas

Besides quasi-optical techniques, THz radiation can also be manipulated with
waveguide components of the type used in the mmW range. The most important
components are rectangular waveguides and horn antennas. Essentially, these
components can be described by classical transmission line theory and the reader is
referred to specialized textbooks on these topics [209,210]. The highest frequency
band for which rectangular waveguides are specified extends from 220 to 325 GHz
(WR-3 band according to EIA, Electronic Industries Alliance, band designation).
Thus, it just touches the lower end of the THz range. The inner dimensions of
this waveguide are 0.864 x 0.432mm? and the tolerance is 41.27 um. The loss
for a silver waveguide at the high-frequency end of this band is 11.6 dB/m. These
numbers illustrate the main challenges occurring for THz waveguides, namely
considerable fabrication difficulties due to the ever-smaller dimensions (typical
dimensions are 0.254 x 0.127 mm? for a band from 0.75 to 1.1 THz and 0.130 to
0.065mm? for a band from 1.4 to 2.2 THz) and increasing loss due to surface inac-
curacies and surface roughness. Also connecting THz waveguides repeatedly and in
a reproducible manner is not a trivial task. Several fabrication technologies for THz
waveguide components have been developed. Direct machining with high precision
lathes and milling machines in combination with high precision metrology enables
the fabrication of THz waveguide components up to 2.5 THz. These components are
commercially available. Alternatively, micromachining techniques such as X-ray
or ultraviolet LIGA (Lithographie, Galvanik, Abformung, in English: lithography,
electroplating, molding) can be employed, especially in combination with the
photoresist SU-8, which can be patterned into complicated three-dimensional
structures several mm in height. Si micromachining using anisotropic etching, DRIE
(deep reactive ion etching), or laser ablation is yet another possibility. Besides the
considerable progress in fabrication of THz waveguides, the availability of software
tools that allow the modeling of such three-dimensional components is a prerequisite
for the implementation of THz waveguide components.

Waveguides and horn antennas are mostly used in radiation sources based
on frequency multiplication (Sect.4.8) up to ~2THz and in heterodyne mixers
up to ~1THz. In the case of multiplier sources, the multipliers are integrated
into waveguides and the outcoupling is done with a horn antenna. Mixers used
in heterodyne receivers at frequencies below about 1THz are integrated into
waveguide structures, and horn antennas are used for coupling the radiation into the
mixer. When comparing quasi-optical with waveguide-based radiation handling, it
can be said that, in general, for integrated systems, which are used in a turn-key
manner, waveguide structures are superior. But for experimental setups, which are
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often changed and rearranged, the cheapness and the ease of handling favors quasi-
optical components.

3.17 Photonic Bandgap Materials and Metamaterials

In the previous sections, optical components, such as lenses and THz filters, were
described which are made from bulk homogeneous materials, for example, from Si
or PE. These materials display macroscopic properties such as absorption, reflec-
tion, and transmission bands. In semiconductors, band gaps exist for which wave
propagation is forbidden. However, a homogeneous material is, on an atomic level, a
highly inhomogeneous structured assembly of individual atoms. Photonic bandgap
(PBG) materials and metamaterials belong to the group of artificially structured
quasi-bulk materials, which have properties that are basically unattainable in an
unstructured bulk homogeneous material [211] (Fig.3.26). Structuring technology
introduces a second structural level where the “atoms” on that level are themselves
artificial “quasi-atoms” put together from true natural atoms. These materials
promise the development of unique devices such as the “perfect” lens, which is a
lens without aberrations and with unlimited resolution, and even invisibility cloaks
a la Harry Potter. Due to the advances in micro- and nanostructuring, PBG and
metamaterials are being intensively studied to design new THz materials with
previously unobtainable physical properties. Many terms used in this very active

a b
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Fig. 3.26 (a) PBG materials structured in one, two, and three dimensions (1D, 2D, and 3D
materials). 1D materials are, for example, multilayer mirrors or Bragg mirrors. 3D materials
approximate crystal structures and can be made, for example, from stacked microscale spheres,
(b) perfect lens of thickness d made from a lossless metamaterial with n = —1 which images all
near-fields from the object plane in a distance d /2 in front of the lens to the image plane at d /2
behind the lens
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research field distinguish subtle but important differences, which are described in
the following paragraphs.

PBG materials exhibit, in their simplest form, a dielectric permittivity, which
varies periodically with position on the order of the wavelength of the radiation
inside the medium (Fig. 3.26a). A simple example for a one-dimensional (1D) PBG
material in the THz frequency range is a Si multilayer mirror using a layer thickness
of A/(4n) with n the refractive index of Si. For high reflectivity in a frequency band
centered at ~2.3 THz (128 um), a stack of Si wafers with a thickness of ~10pm
was spaced by gaps close to A/4, achieving a reflectance beyond 99.9% [212].
Multilayer mirrors are employed in laser cavities, especially Bragg mirrors are used
in vertical cavity surface emitting lasers.

The name photonic crystals refers to materials which are structured in all
three spatial dimensions [213]. In analogy with a semiconductor band structure
or a reststrahlen crystal, artificially structured periodic media display allowed and
forbidden bands of wave propagation independent of the nature of the waves. In
photonic crystals stop bands or band gaps arise from multiple Bragg scattering
in a periodic array of dielectric scatterers, with periodicities on a length scale
of the wavelength. Due to the need for high reflectivity mirrors, for example
for laser cavities, most work on photonic crystals has concentrated on achieving
frequency bands in which wave propagation is forbidden. However, unusual effects
also take place inside the allowed propagation bands. Just as the allowed bands in
an electronic band structure contain regions where the effective mass of electrons
becomes negative (at least in certain crystallographic directions), a photonic band
structure contains regions where the refractive index can become negative [214].

The interest in what are now called metamaterials surged when Pendry [215]
showed in a theoretical paper that the construction of a “perfect” lens is possible if it
is built from a flat piece of metamaterial with a negative refractive index of n = —1
(Fig.3.26). A perfect lens creates an exact image of an object by transferring all
electric and magnetic field components, including near-field components, without
loss from the object plane to the image plane (Fig. 3.26b). Such a lens can provide
in principle unlimited resolution, in contrast to a regular lens, which is governed by
diffraction-limited resolution (Sect. 7.2).

In textbooks on optics, the refractive index # is typically introduced as the optical
density of a material with n = v/c for a speed v of an electromagnetic wave in the
medium relative to the speed of light in vacuum. Hence, a negative index value is,
at first, counterintuitive. However, investigating Maxwell’s equations, the refractive
index is introduced by the relative dielectric permittivity ¢ and relative magnetic
permeability u:

W’ =ep, (3.21)

where 71 denotes the complex index of refraction. For normal optical materials, & and
W are positive and the positive square root can be used as 1 = ,/e/t. Most materials
have a low response to the magnetic component of the electromagnetic field so that
the equation further simplifies to i = /e for & = 1. To account for absorption, the
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refractive index is a complex number and, in anisotropic materials, the index turns
into a tensor.

The negative sign of the square root (i = —./é[t), the negative refractive
index, was considered by Veselago, who showed that a material with such a prop-
erty requires a negative permittivity and permeability, simultaneously [216]. The
dielectric permittivity & and the magnetic permeability | describe the macroscopic
response of a homogeneous medium to applied electric and magnetic fields. Atomic
and molecular oscillators are not discernible in the wave’s response because the
fields are sufficiently averaged, both in time and on spatial dimensions of the wave’s
wavelength. The wave responds to the macroscopic resonances of the material and
the microscopic properties are not resolved. In metamaterials, these oscillators are
resonant structures, but typically much smaller than the wavelengths for which they
have been designed. This is in contrast to photonic crystals or band-gap materials,
which are typically periodic on the length scale of the wavelength (Fig.3.26). In
metamaterials, the periodicity is not important since the response is defined mainly
by the single scatterer resonances and the structure can be treated in the context of
a so-called effective medium.

Figure 3.27 illustrates the wave propagation in materials and metamaterials by
distinguishing four quadrants depending on the sign of the two parameters ¢ and .

n
A

h E
Evanescent N/ N\ / »S
k
H

decaying waves

e<0,u>0 e>0,u>0

» c

e<0,u<0 e>0,pnu<0

( 7 E § ] S Evanescent

decaying waves

H

Fig. 3.27 Permittivity ¢ and permeability | define four quadrants I to IV by their sign. Quadrant I
describes normal optical materials and right-handed propagating waves for which the wavevector
k, defined relative to the electric and magnetic fields, £ and H, is oriented in the same direction
as the Poynting vector S corresponding to the energy flow. Quadrant II describes electrical plasma
and evanescent decaying waves inside materials, for example in metals. Quadrant III, in a similar
way, describes evanescent decaying waves in magnetic materials, while quadrant IV corresponds
to negative refractive index materials, left-handed propagating waves and artificial metamaterials.
Here, the wave vector, and with it the phase velocity, has the opposite direction to the Poynting
vector
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Negative index metamaterials (NIMs) are also called left-handed materials (LHMs),
which are related to the reversal of the wavevector with reference to the electric
and magnetic field of the wave (Fig.3.27). The concept of left-handed materials, in
which the wavevector is reversed, can be traced back to so-called “backward” waves
discussed as early as at the beginning of the twentieth century [217]. In 1904, Lamb
[218] considered linear mechanical structures which approximate PBG materials,
and Poklington [219] studied a linear mechanical model that provided backward
waves.

Oscillators operating with backward waves are well known in the THz range and
are discussed in Sect. 4.9. These devices contain a slow-wave structure, a particular
set of periodic structures used in microwave tubes. Slow-wave structures slow down
the electromagnetic wave so that they can interact with electron beams drifting at
the same velocity.

Since the 1950s, the driving force for artificial dielectrics has been radar
technology with its need for high permittivity, low loss materials for shielding,
guiding, or reflecting waves. Periodic resonant structures are easily fabricated in
the THz frequency range and resonant filters have been developed since the 1960s,
introduced by Vogel and Genzel [220], and Ulrich [78], to tailor the response to
electromagnetic waves. Metamaterials made of periodically placed resonant units
of metal wires or squares (although periodicity is not required for metamaterials)
resemble resonant filters (Sect.3.5.5). However, metamaterials avoid the grating
modes of a resonant filter because the resonant units are much smaller in size
or more densely packed than the wavelength. If the characteristic lengths of the
metamaterial structure are much smaller than the wavelength, it can be treated
mathematically as an effective medium with an effective refractive index »n, which
can be negative for properly designed resonant units.

Experimentally, it is necessary to build a resonance into a material to obtain
negative index values (Fig. 3.32). Such a resonance is typically connected to losses,
for example, an absorption line or a plasma resonance edge in the spectrum. The
theoretical concept of a perfect lens is best approximated by the so-called “super-
lens” made from an etalon-shaped slab containing a resonant metamaterial. Such
a lens permits the transfer of sub-wavelength sized near-fields from object to
image plane, thus allowing sub-diffraction imaging, but often only in a limited
frequency band close to the resonance frequency of the metamaterial, which also
introduces losses. Since the year 2000 several concepts have been derived and
proved experimentally, such as a near-field magnifying glass, and a cloak which
renders an object invisible, at least over a small frequency band.

The need to introduce a loss mechanism for a metamaterial follows from
causality. According to

1 1
&= 5eogE2 +5 popnH? (3.22)

the static energy density & of the wave, in a material without dispersion, would be
negative if both ¢ and . were negative, which contradicts causality. However, if a
medium with dispersion is considered, the parameters ¢(w) and u(w) are functions
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Fig. 3.28 (a) An oscillating magnetic field H(z) induces in a split-ring resonator (SRR) an
oscillating current I (dashed arrow) with negative and positive charge accumulation at the gap, (b)
top view of (a) illustrating the electrical dipole moment formed due to the accumulated charge, (c)
two SRRs with opposite slits reduce the net electrical dipole moment, (d) reshaped SRRs reduce the
net electrical dipole moment further, due to the symmetric geometry, to achieve mainly a magnetic
response

of frequency. For narrow band radiation, the energy density can be expanded in
a Taylor series. Retaining only the linear term gives the energy density in the
transparency regions at frequencies far away from resonance as:

o=t 0@ 1 0wy,

2
2 dw 2 Ho dw (3.23)

This energy density is positive even if both parameters are, simultaneously, negative
in the region of dispersion. Dispersion is typically connected to dissipation and
losses. Large changes in dispersion are often limited to a small frequency band,
for example, close to an absorption or resonance line.

The simplest approach to achieve negative permittivity is the use of very thin
wires. Negative permeability can be realized by so-called “split-ring resonators”
(SRRs), which are short pieces of wire bent into a circle, so that the wire ends form a
small slit or capacitor (Fig. 3.28). A resonant semiconductor split-ring is obtained if
an SRR is deposited on a semiconductor. This structure is very attractive in the THz
frequency range because it can be manipulated by modifying the semiconductor
properties by light [221], current [222,223], temperature [224], or with an external
magnetic field [225]. An optical laser pulse can create an electron—hole plasma in
the gap of the SRR by which the ring appears fully conducting and the charges
cannot accumulate at the gap, i.e.the capacitance is shorted out [221] and the
THz metamaterial resonance is lost. Using highly doped n-GaAs as a substrate,
each metal structure of the metamaterial forms a Schottky contact. If all the metal
structures are connected by a very thin wire which does not alter the resonance of the
individual resonators and if, in addition, an ohmic ground contact is formed on the
substrate, it is possible to apply an electric field to the structure. This field modifies
the charges at the resonant gaps and it is possible to modulate the THz metamaterial
resonance by the external electric field [222,223].
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The deposition of two SRRs with slits positioned opposite to each other (double
SRR) allows current flow via capacitive coupling between the two rings (Fig. 3.28b).
This structure is often used because the net electrical dipole moment is lower
compared to a single SRR, so that in the main a magnetic response is observed.
Metal layers in resonant rings need at least a thickness comparable to the skin depth
to interact strongly with the incident radiation ((3.5) in Sect. 3.8).

Metamaterials mainly influence near-field properties at which far-field descrip-
tions, such as the refractive index of a plane wave, may deviate from common
experience resulting in, for instance, negative refractive index. Electric fields in
the near-field region, or evanescent waves, are damped quickly on a length scale
corresponding to the radiation wavelength. They do not propagate unless converted
by resonances in the surface of a material, or by means of surface-plasmon
polariton generation. As a consequence, a metamaterial needs strong resonances
to function, and typically anomalous dispersion. The main challenge is to produce a
metamaterial, which can provide unusual optical properties over a large frequency
band. Broadband metamaterial properties may be obtained by chiral metamaterials.

It has been shown that an array of thin wires could be described with an equiva-
lent plasma frequency [226]. Plasma oscillations were first found experimentally by
Tonks and Langmuir in 1929 [227]. Within the Drude model, it was shown that the
plasma frequency wp (Sect. 2.4) as a macroscopic quantity can explain a variety of
physical phenomena [228].

Alternatively, a plasma oscillation in a free electron gas can be described by a
quasiparticle, the plasmon. If the plasmon is confined to a surface, for example in
a metal, the term surface plasmon is used. In metamaterials, an electromagnetic
wave couples to a resonant metal structure on a surface, which gives rise to surface-
plasmon polaritons or surface-plasmon resonances (Fig.3.29). The permittivity
which describes a plasma can be negative below the plasma frequency, explaining
the good reflectance of metals far below the plasma frequency. Above the plasma
frequency, the transparency of bulk metals increases, for example, at ultraviolet
and shorter wavelengths. Different particle sizes in metal colloids or glasses
lead to the well-known appearance of different colors, for example, in church
windows. Localized surface-plasmon resonances appear due to the metal micro- and
nanoparticles. Such resonances are relevant in the context of near-field microscopy
(Sect.7.5), Mie and Rayleigh scattering at surfaces.

Research based on the theoretical models of Pendry et al.[229] led to the
choice of thin wires for producing negative permittivity and negative refraction
experimentally [230,231]. The thin metal wire medium is one of the main building
blocks for negative permittivity (Fig.3.30a). A popular alternative in the THz
frequency range are metal structures, which contain a capacitor structure within
a wire frame (Fig. 3.30b). Such structures can be illuminated in normal incidence
and have a negative permittivity. The periodicity of typically fabricated THz
metamaterial structures, such as SRRs, ranges from 36 to 54 pm with somewhat
smaller outer dimensions of the resonant structure ranging from 26 to 40 wm. The
gap at which the charges accumulate, and the wire widths of SRRs, are typically
2—4 pm wide. The resonances then occur in the range from 0.5 to 2 THz [232].
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Fig. 3.29 (a) Surface plasmon of wavelength Ap at an air/metal interface with a negative dielectric
constant ¢ < —1 in the metal, (b) corresponding magnetic field strength A in air, in bulk metal,
and along the metal wire. Such a metal wire can transport a wave, for example, to a small detection
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Fig. 3.30 (a) Thin wire array which approximates the physical properties of a low-frequency
plasma resulting in negative permittivity for an electric field incident parallel to the metal wires
of radius r and periodicity g. (b) Typical metamer structure of resonant units used in the THz
frequency range. The units contain a capacitive gap in the center connected with a wire inductance
leading to an oscillating current flow from one side of the capacitor to the other side

The wire structure is set up in such a way that the wire radius r is much smaller
than the lattice constant g and the wavelength A (A > g > r). In the limit of long
wavelengths, or small geometric dimensions, the radiation fails to resolve the wire
structure and the medium can be considered as an effective medium independent
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of microscopic quantities [211,229]. The electrons are confined so as to move only
in the metal wires due to the applied electric field, which is oriented parallel to
the wires. The wave cannot sense the individual wires so that an effective electron
density results as

7TI'2

Negr = ?Ne = fNe (324)

with N,, the actual density of conduction electrons, and the filling factor f =
wrt/g2.

Thin wires have a large inductance. Considering induction and current flow in
the individual wires an effective mass for the electron can be derived as

ZNe 2
Mefr = % In(g/r). (3.25)

The plasmonic mode for this system described by the plasma frequency follows

Negre? 2
wp = | _ € T (3.26)
somey g\ In(g/r)

Equation (3.26) depends only on the geometry and not on the electron density, or
in general it does not depend on microscopic parameters. Therefore the thin wire
metal model can be recast in terms of capacitance and inductance per unit length.
The oscillating electric field of the incident wave induces a current in the wires

E =iowLl =iwLrr*N.ev (3.27)
with the electron velocity v = —iwr. The polarization per unit volume is given as
E
P = —Neer = Tl (3.28)

The inductance L can be estimated by the flux per unit length @ passing through a
plane between the wires, assuming that at the mid-point between wires the field is

zero: R
1
o=L]=E" (& ). (3.29)
27 4r(g—r)

With the polarization P = (¢ — 1)goE in the limit r < g, the effective permittivity

is obtained

27c?

w?g?In(g/r)’
which is the identical result for the microscopic derivation of the plasma frequency

for such a medium (3.26). A finite conductivity o of the wires modifies the electric
field to

e(w) =1— (3.30)
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E =iwLI + I/(onr?), (3.31)

and the effective permittivity follows as

1 oy’
e o T i e (o)) (332

In similarity with (2.55), the damping constant y is related to the conductivity and
the plasma frequency (2.57) but includes the geometric filling factor f:

Yy = R/L = gyw,”/(f0). (3.33)

The permittivity of a thin wire structure is displayed in Fig. 3.31. The anisotropy
of such a structure, i.e. with response along the wires but without response perpen-
dicular to the wires, can be circumvented by combining wires in three dimensions,
resulting in an isotropic effective medium behaving like a low-frequency plasma.

Figure 3.32 shows the permeability constant for a resonance in a double SRR
(Fig. 3.28¢) with different electrical conductivity for the metals used. The ring radius
r is assumed to be much larger than the spacing d between the two SRRs. In the
gap of the SRR, the material is described by the dielectric constant €. The effective
permeability of a double SRR is given by

fo?
Mef = 1+ — R (3.34)
wo? — w? —iyw
with filling factor f, the resonant frequency is
3d
wy = | —— (3.35)
Hogosm2r3

and, due to the metal resistivity p, the damping parameter is
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Fig. 3.31 Real and imaginary parts of the dielectric constant of an effective medium made of thin
wires with a wire radius of » = 1 pm, a wire spacing of g = 100 pm, and electric conductivity of
gold at 273 K: 0 = 4.9 x 107/(Qm). These parameters lead to a plasma frequency of 3.5 THz
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Fig. 3.32 Real and imaginary parts of the permeability constant near the resonance frequency wg
with high, medium, and low damping constants (solid, dotted, and dashed lines). This resonant
behavior occurs for split-ring resonators with low, medium, and high electrical conductivity of the
SRR, respectively

2
y==r (3.36)
Kot

If the damping and the losses are low, it is possible to achieve negative values of
the permeability for @ > @y similar to the regions of anomalous dispersion in
permittivity. Then the response is out of phase with the driving magnetic field and
Mefr 18 negative up to the “magnetic plasma” frequency

oy = 3d S (3.37)
M (1= fpososr® — JT— f '

From the magnetic plasma frequency, it can be seen that the filling factor f
determines the bandwidth for which p.s is negative and that the response can be
tuned by the permittivity €. A finite resistivity broadens the peak, while a very
resistive material can prevent the formation of negative permeability (Fig. 3.32).
A combination of SRRs and thin wires can result in negative permittivity and
negative permeability, simultaneously [230]. Current research is concerned with
minimizing losses, at least in the desired frequency band, by a proper design, and
broadening the frequency band for which such unusual metamaterial properties can
be obtained. The electrical or optical manipulation of metamaterial resonances,
for example by using semiconductor substrates, opens a window to spatial and
frequency modulators, phase shifters, or pulse shaping of THz signals.




Chapter 4
Sources

4.1 Introduction

Many THz experiments involve some type of source. This may be the object of
the investigation, for example in astronomy or the study of molecular emission in
the atmosphere, but more often it is an integral part of a spectroscopic system.
Until about 1950, the only available sources were thermal sources. These were
either certain heated solids that retain good emissivity from the IR into the higher
frequency portion of the THz region or the hot plasma of discharge lamps. The latter
have the advantages of operating at much higher temperatures than the solids and
of behaving as almost perfect blackbodies over much of the THz range. The 1950s
saw the first inroads by electronic beam sources similar to those already widely used
in the mmW region, culminating in the very successful backward wave oscillator
(BWO). Relatively soon after the invention of the laser in 1960 electrically excited
gas lasers were providing significant power over much of the THz range. These
were followed by the extremely useful optically excited gas lasers in 1970. By using
different gases thousands of narrow-band lines, many in cw mode, can be produced,
covering the entire THz region. The sixties also saw the birth of solid-state negative-
resistance devices, for example, IMPATT and Gunn diodes. While primarily for
lower frequencies their power level is such that at high harmonics, they provide
sufficient power to act as local oscillators for room temperature heterodyne systems
operating to above 1 THz.

Later in the 1900s, fundamental solid-state sources became available. These
include p-Ge lasers tunable over a wide range of THz frequencies and quantum
cascade lasers (QCLs), originally operating in the near—IR but now available at THz
frequencies. There are various methods for mixing sources of two wavelengths to
provide useful power. One example is a very compact tunable source, which can be
made by mixing two short-wavelength lasers in a nonlinear element. Initially, this
required two pump lasers but these can be replaced by a two-color semiconductor
laser, which generates two closely spaced visible or near-IR lines simultaneously.
An alternative system, that has been widely used, is the mixing of an optically

E. Briindermann et al., Terahertz Techniques, Springer Series in Optical Sciences 151, 103
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excited, fixed frequency THz gas laser with a tunable mmW source such as a Gunn
diode. Because of the availability of many cw laser lines, this allows tuning over
almost the entire THz region.

Electron storage rings, although primarily designed to provide radiation in the
X-ray and vacuum UV spectral regions, also produce significant power throughout
the THz range. This is typically one to two orders of magnitude greater than
the power from thermal sources. The output is normally incoherent but at longer
wavelengths it is possible to achieve coherent radiation with much higher power
levels. Coherent power is also available from THz free-electron lasers (FELs),
and there are a number of FEL facilities available where visitors can carry out
experiments.

THz time-domain spectroscopy (THz TDS), which is discussed in Sect. 6.6,
requires extremely short high-power pulses. Initially, these were from mode-locked
Nd:glass or YAG lasers, with pulse widths of a few ps. They were followed by mode-
locked dye lasers with less than 100 fs long pulses. Self-mode-locked Ti: sapphire
oscillators and fiber lasers have reduced this to a few fs, allowing THz TDS to be
extended into the IR spectral region.

4.2 Thermal Emission

The ideal thermal emitter is the blackbody radiator. Full derivations of the equations
appropriate to THz radiation are readily available, e.g. [233], and only the important
features are included here.

Planck’s radiation formula states that the brightness radiation Bfdv per unit
source area between frequencies v and v + dv is given by

BPdy = 21V ) g 4.1
V= €X e — V. .
v c? P kBT

The photon energy v in relation to the thermal energy kg7 is important to derive
the Rayleigh—-Jeans or Wien approximations hv/(kgT) ~ 48 K/THz (v/T). For
high temperature sources at low frequencies where hv < kgT, the approximation
exp(x) — 1 & x is used and (4.1) reduces to

2kBT\)2
c2

BNdy = dv, 4.2)
which is the Rayleigh—Jeans approximation. For low temperatures at high frequen-
cies, exp(x) — 1 is approximated by exp(x), giving the Wien formula.

In laboratory spectroscopy, where source temperatures typically vary between
1,000 to 5,000K, (4.2) is sufficiently accurate for most of the THz range. But in
many of the more recent applications of THz techniques, particularly in astronomy
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and atmospheric spectroscopy, source temperatures can be very low and Planck’s
formula must be used.

For detectors, it is common to integrate the brightness over one hemisphere which
increases the photon flux S to the detector by 2x, i.e. S = 27 B,. Many of the
detectors used in THz research respond to the photon flux rather than the power
falling on them. Because the number of “photons per watt” is inversely proportional
to frequency and nearly all data graphs for photon detectors are plotted in terms of
watts, this can cause confusion in assessing the quality of a detector for use over
a range of frequencies. What looks like a rapid reduction in performance as the
frequency is increased can be very misleading and it is convenient to rewrite (4.1)
in terms of the photon flux (N, = B, /(hv)):

212 hv !
Py _
Nv dv = ? (exp (]{B_T) — 1) dv (43)
and (4.2) becomes
2kgT
NBday = 28 Yy, (4.4)
hc?

In applications, the radiation within a small solid angle §2s is of most interest, and
this can be obtained from the expression

2s = 2w (1 — cos(6)), 4.5)

where 0 is the linear half-angle of the radiation and £2g is in steradians. The energy
is derived from the brightness by integrating over the full solid angle of 4 sr. For
very small angles @ the cosine term reduces to cos(6) ~ 1—62/2 and (4.5) becomes

Qs ~ 762 (4.6)

In situations where the Rayleigh—Jeans approximation is nearly valid, i.e., when
hv < kgT rather than hv < kgT, it is often convenient to apply a correction factor
to (4.2) instead of using the Planck formula. Figure 4.1 is a plot of the required

correction factor:
BY NP hv hv ) ! @
= —=—|exp| —= | — . .
BN~ NN~ kyT \“P\ kT

In practice, no source achieves the output of a blackbody, although some come very
close, particularly in the visible and near-IR regions. The total output of a source
with area A is calculated by A§2se B, . The emissivity ¢ of a source is defined as the
ratio of its output compared to that of a blackbody. Kirchoff’s law of electromagnetic
radiation states that in thermodynamic equilibrium the quantity of energy absorbed
is equal to the quantity emitted. Thus, the requirement for a useful thermal source is
that it should be a good absorber of radiation. Finding materials that are reasonably
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Fig. 4.1 Ratio of the blackbody emission predicted by the Planck (BY) and Rayleigh-Jeans (BR')
equations at different temperatures

absorptive in the THz region has proved to be important, not only for providing
good sources but also in producing detectors with uniform spectral absorbance.

The need for thermal sources of high emissivity is particularly important over
the THz range. This can be seen by comparing (4.1) and (4.2). When hv < kgT
the output of a source increases very rapidly with temperature but in the Rayleigh—
Jeans region the increase is linear. Thus, the main requirement for a high-frequency
source is its temperature, with emissivity of less significance, while in most of the
THz region both parameters are of equal importance.

4.3 Practical Thermal Sources

Although a variety of solid-state thermal sources is available for the visible and IR
regions, only the globar has sufficient emissivity to be useful at THz frequencies and
then only above ~3 THz. The alternatives are plasma sources, where the emissivity
increases toward lower frequencies, with the further advantage of operating at much
higher temperatures than solid-state sources.

4.3.1 The Globar

This source typically consists of a cylindrical rod of silicon carbide 20—60 mm
long and 5 mm in diameter, capped with metallic electrodes contained in a water-
cooled housing with a slit to allow light out with the angular spread required for
spectroscopy. The operating temperature is 1,350-1,500K, and its emissivity in the
visible and near-IR is ~0.85.
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Studies have shown that the heated envelopes of arc lamps (Sect. 4.3.2) provide
equal or superior emission to the glowing bar or, in short globar, in the 5-10 THz
region [234] but not at higher frequencies. For spectroscopy, the relatively uniform
output of the globar, which is shown in Fig. 4.3, is advantageous.

4.3.2 Plasma Sources

The radiation from hot gas plasmas has been investigated in great detail, particularly
in connection with the attempts to produce controlled thermonuclear fusion. Studies
of the THz emission from the very hot plasmas required for fusion have yielded
valuable information on their density and temperature. At more modest tempera-
tures, plasmas can produce useful outputs in the THz region, as Rubens discovered
in 1911 when using a mercury arc lamp in his research [14]. These lamps are still
widely used sources for THz frequencies.

A typical design of a mercury arc source used for THz spectroscopy is the
Philips HPK 125 lamp (since 2005 a product of Heraeus Noblelight GmbH, Hanau,
Germany) shown in Fig.4.2. This lamp has a cylindrical fused quartz envelope
30mm long and 12 mm in diameter, with electrodes at either end of the cylinder.
In operation, the pressure within the lamp is about one atmosphere. The discharge
is pinched into a filament approximately 1-2 mm in diameter. This design is very
convenient for the long narrow slits used for grating spectroscopy but is not ideal for
interferometers, where sources with circular symmetry are preferable. As its number
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Fig. 4.2 Three THz sources: (a) globar (Bruker Optik GmbH, Ettlingen, Germany, photo copy-
right, courtesy of one of this book’s authors), (b) HPK 125W mercury arc lamp (photo copyright,
courtesy of Heraeus Noblelight GmbH, Hanau, Germany), (c) metal halide Welch Allyn M21N002,
21W Solarc lamp (photo copyright, courtesy of Welch Allyn Inc., Skaneateles, USA)
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implies, the lamp consumes 125 W and requires water-cooling in the majority of
applications. A particular advantage of this lamp is the stability of the arc. This
is achieved by inserting a diaphragm, with a small hole at its center, just in front
of one electrode. Should the arc position change on the electrode, the main arc is
constrained by the diaphragm and the arc does not swirl around. Nevertheless, for
stable operation a warm-up time of several minutes is required. A second advantage
is that material sputtered and evaporated from the electrode is trapped in the end
chamber and does not cause blackening of the central arc region. The instructions
for using this lamp say that it should be used in an upright position but one of this
book’s authors has employed them horizontally over long periods and encountered
no problems.

The output of mercury arc lamps is a combination of the emission of the arc
itself, which is at ~5,000K, and the quartz envelope that reaches ~1,000 K when
the lamp is at its full operating temperature. Fused quartz becomes increasingly
absorbing at frequencies above ~1THz, and the 1-2-mm-thick envelope of the
lamp is essentially opaque above 3 THz. Therefore, at high frequencies the lamp
becomes, in effect, a thermal source with the area of the envelope. The relatively
high refractive index of quartz in the THz region causes the emissivity to be
approximately 0.88.

Below 1 THz, the effective temperature of the source rises because the plasma in
the discharge is opaque due to electron-ion collisions, and it acts as a blackbody at
the plasma temperature. The theory of plasmas is complex but a good description of
that relevant to the mercury arc can be found in [236]. Below the plasma frequency
vp, the discharge becomes highly reflective and therefore nonemitting, but for the
electron densities in the medium-pressure arc lamps that are used for spectroscopy
vp falls well below 0.3 THz. Figure 4.3 shows the effective temperature of the
Philips HPK 125 lamp throughout the THz region. Similar results have been
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Fig. 4.3 Effective blackbody temperature of the three thermal sources discussed in the text: (a)
globar, (b) Philips HPK 125W mercury arc lamp, (¢) Welch Allyn lamp no. M21N002, 21W Solarc
lamp (adapted from [235])



4.4  Gas Lasers 109

obtained with other lamps but the output varies, due mainly to the difference in
thickness of the quartz envelope.

In practice, it is important when using mercury arcs over the full THz range to
remember that the effective area changes, dependent on whether the output is from
the envelope, the plasma or a combination of both. The best arrangement is to use
an optical system that provides an image of the plasma, which fills the entrance
aperture of any spectroscopic system used, at a sufficient solid angle to exploit the
full throughput of the instrument. Off-axis ellipsoidal mirrors are particularly useful
for collecting light from small area sources at large solid angles and expanding the
image to fill the entrance aperture.

A problem that can occur with arc lamps, in the spectral region where the
emission is due to the plasma, is interference, because the inner and outer faces
of the envelope can act as a Fabry—Pérot cavity, producing interference fringes. This
type of interference can be clearly seen when the source is used, without a mirror
or lens, to focus the light on the entrance aperture of a spectroscopic system [237].
Interference effects can also occur when, for example, an upright cylindrical mirror
is used to provide a vertical image of the source at the entrance slit of a grating
monochromator. However, in most situations, the optical system before the entrance
aperture is designed to change the shape of the image and under these circumstances
the light is traveling at varying angles through the envelope and any interference
effects are very small.

The lamps used in the THz region are primarily manufactured as ultraviolet
sources and exposure of the skin, and particularly the eyes, is hazardous. It is
essential to take the necessary precautions. Fortunately, glass goggles are opaque
to ultraviolet radiation and do not cause too much inconvenience when aligning
equipment.

A more compact plasma source that has been shown to be a useful alternative
to conventional mercury arc lamps is a metal halide lamp manufactured by Welch
Allyn (Fig.4.2) [235]. This has an approximately spherical diameter of 3 mm and
consumes only 21 W and a surface temperature of nearly 1,400K. In the region
above 3 THz, it also has the advantages that its shape makes it suitable for circular
symmetry systems, and that it does not normally require water-cooling. Below
3 THz, its brightness is very similar to the Philips HPK 125 lamp but the plasma area
is small at 1.5 x 0.3 mm? (Fig. 4.3). However, it is proving very useful in situations
where a small source size is acceptable or required.

4.4 Gas Lasers

4.4.1 Electrically Excited Gas Lasers

The earliest lasers to provide significant power at THz frequencies were produced by
a glow discharge in pure gases enclosed in a Fabry—Pérot cavity. H,O was the first
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to produce stimulated emission [7], and other examples are D,O, NH3, OCS, H,S,
SO,, DCN, and HCN. To a large extent, this type of source has been superseded by
the optically excited lasers, which are described in the following section. However,
the relative simplicity of construction of electrically excited lasers makes them a
convenient tool when one of the wavelengths produced fulfils a specific requirement.
Two species that produce useful power levels, in both continuous wave and pulsed
modes, are HCN and DCN. Producing a number of frequencies in the 1-1.5THz
range, these two lasers have been quite widely employed in the diagnostics of
plasmas in controlled fusion research.

Laser action at THz frequencies in electrically excited HCN and DCN systems
is due to population inversion between rotational levels of vibrational states with
closely related energies. For the HCN laser, these are the (11'0) and (04°0) states
and a simplified vibrational-rotational energy level diagram is shown in Fig. 4.4a.
Two strong laser lines are produced due to the J(11) and J(10) rotational levels of
the (11'0) vibrational state having near coincidence with the J(10) and J(9) levels of
the (04°0) vibrational state. The line at 0.890 THz is of particular importance as it
is within an atmospheric window, allowing propagation of the beam over relatively
long distances.

The energy levels in DCN are similar to those in HCN and are shown in Fig. 4.4b,
with the two strong lines being at 1.537 and 1.578 THz. Laser action can occur at
other frequencies as a consequence of the two initial lasing processes. For example,
the 0.890 THz transition reduces the population of the J(10) level of the (11'0)
state and over populates the J(9) level of the (04°0) state, leading to oscillation at
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Fig. 4.4 The energy levels and to scale lasing transitions of (a) HCN and (b) DCN with the
splitting energies exaggerated. The quantum number J indexes the laser levels. Dotted and dashed
lines indicate transitions within a vibrational state
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Fig. 4.5 Design of an HCN or DCN laser

0.804 THz and 0.967 THz. However, these lines are very weak compared with those
due to transitions between the vibrational states.

A typical design for an HCN or DCN laser is shown schematically in Fig.4.5.
With resonator lengths of ~3.5m and diameter ~50mm, cw powers of up to
250 mW for HCN and about 220 mW for DCN have been obtained on the strongest
lines. With longer lasers, higher powers can be achieved. For example, a 6.5-m long
laser, 100 mm in diameter, produced power levels up to 600 mW in a TEMy, mode
[238]. Operation in pulsed mode provides powers of ~1 kW in a 20-ps long pulse
with a similar size system [239]. In the cw mode, the voltage across the tube is a
few kV and the discharge current is 1-2 A. The reason for the oil jacket surrounding
the discharge is the need to keep the tube at a relatively high temperature. An early
problem of HCN lasers was the building up of a brown deposit on the tube wall
which steadily reduced, and eventually extinguished, laser emission. A gas mixture
of nitrogen and methane is fed into the laser which, under electrical discharge
conditions, forms HCN. It has been shown that by adding helium and operating
at temperatures above 100°C lasers can be operated for long periods without the
development of deposits.

The ratio of the three gases is dependent on a number of factors, including the
laser tube diameter and the operating temperature. Typical ratios for N,:CHy4:He are
1:2:10 but as the gases flow continuously through the laser tube it is relatively easy
to optimize the mixture for maximum output. The total pressure of gas is a few hPa.
The role of helium is not entirely clear, but it seems likely that, despite the high
wall temperatures, its high thermal conductivity leads to a reduced gas temperature.
Addition of helium also produces a more stable discharge.

An alternative gas mixture replaces helium with hydrogen in HCN and DCN
lasers. Although the power is ~25% lower, the maximum output is reached at
150°C wall temperature, when there no deposit is produced on the tube walls
[240]. Increased output from electrically excited lasers can be obtained by using
a transverse electrode structure, with higher current at greater gas pressure. With
these modifications, powers approaching 10 kW have been achieved [241].

In some of the other electrically excited gas lasers, the energy levels are much
more complex. In H,O, the vibrational-rotational spectrum has so many near-
coincident energy levels that over 80 lasing transitions occur at frequencies from
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below 1 THz to above 40 THz. Many of these lines are only available with pulsed
excitation but two cw lines at 10.73 and 2.53 THz have been used for a number of
experiments. As with HCN the design of H,O lasers can be very simple. The very
rich spectrum of water vapor is the reason why atmospheric absorption is so intense
over much of the THz region. G. Dodel has written a useful review of electrically
excited gas lasers, and the optically excited gas lasers discussed in the following
section [242].

4.4.2 Optically Excited Gas Lasers

Gas lasers, which are optically excited with a CO, pump laser, have been the major
source of cw coherent THz radiation above 0.3 THz for many years. Although
there are now alternatives such as harmonic generators, or quantum cascade lasers,
optically excited lasers are still a workhorse in many laboratories around the world.
The first laser emission from such a system was reported by Chang and Bridges
in 1970 [81]. Since then, more than 1,000 laser lines with cw emission have been
found. They cover the frequency range from 0.15 to 8 THz with an output power
ranging from several W W up to several 100 mW. Some useful reviews on optically
excited THz gas lasers are available [242-246]. The last reference is especially
helpful because it contains an extensive list of laser lines.

The optically excited THz gas laser is based on rotational transitions of molecules
with a permanent electric dipole moment. The molecules are excited into a
vibrational state by a pump laser, usually a CO; laser. Thus, population inversion
is obtained between particular rotational levels of an excited vibrational state
(Fig. 4.6). This constitutes a four-level laser scheme coupled by the IR pump and
THz laser radiation. The simplicity of the laser scheme, the large number of laser-
active molecules, the richness of rotational/vibrational spectra, and the availability
of more than 200 pump lines from different CO, lasers (different isotopologues,
sequence band transitions, hot band transitions, etc.) is the reason for the discovery
of so many laser lines. To be a strong THz emitter, the molecule should have
IR active vibrational modes and rich THz spectra. Efficient absorption of the IR
pump radiation is possible for molecules with a large dipole moment and small
rotational partition function. This guarantees large absorption cross sections for the
IR radiation. In addition, the vibrational relaxation rate should be large in order to
reduce excess excited state population. Fast vibrational relaxation allows operation
at higher pressure because interaction with the laser walls is not required for de-
excitation. In general, lightweight polyatomic molecules fulfill these requirements.
Some examples are CH3;0H, CH,F,, HCOOH, and their isotopologues. An example
is shown in Fig. 4.7, which displays the absorption of CO, laser radiation by
CH3OH molecules. The measurement is based on the photoacoustic effect. Chopped
radiation from the CO; laser is absorbed by the molecules in the THz resonator. The
absorbed energy induces a pressure wave or sound at the chopping frequency, which
is detected with a microphone inside the laser resonator.
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Fig. 4.6 Laser schemes of several emission lines. CH3F is a prolate symmetric top molecule with a
dipole moment solely along its a-axis of moment of inertia. The laser transitions obey the selection
rule AK = 0. CH,F; is a near prolate asymmetric top molecule with a dipole moment solely along
its b-axis and the laser transitions obey the selection rule AK = =£1. CH;OH is an intermediate
case with a dipole moment along both axes of inertia. Therefore, laser transitions with AK = 0
and AK = %1 occur. J is the total rotational quantum number and k is the quantum number
associated with the projection of J on the rotational axis. Polarized radiation orthogonal to the
pump radiation is labeled with L and parallel polarization with || (adapted from [243])
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Fig. 4.7 Output power of a CO, laser as a function of the position of the laser grating, which
selects the laser transition (lower trace). The upper trace is the photoacoustic signal of a CH;0OH
THz laser, which is measured with a microphone inside the laser cavity. The peaks indicate strong
absorption of CO; laser pump power. A strong absorption is a good indicator of a strong laser line.
The absorption peaks of the 9P34, 9P36, and 9R10 lines, which correspond to strong laser lines
(Table 4.1) are clearly visible
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In order to understand the selection rules of the laser emission, three cases can be
considered (Fig.4.6): CH3F is a symmetric top molecule with a permanent dipole
moment solely along its a-axis of least moment of inertia. For transitions induced by
this dipole moment (type a) the quantum number k has to remain unchanged. The
quantum number k is the projection of the total rotational quantum number J on the
rotational axis of the prolate top. The opposite situation holds for the near-prolate
asymmetric top molecule CH,F,, which has a large permanent dipole moment
solely along the b-axis of the intermediate moment of inertia. In this case, only
transitions with Ak = =1 are allowed. The intermediate case is CH3OH, which
is a near-prolate asymmetric top with permanent dipole moments along the a- and
b-axes. Therefore, CH3OH has both types of rotational transition. For the relative
polarization of the THz emission and the pump radiation, the change in the rotational
quantum number J of the IR pump transition, AJ;, and the change in the laser
transition, AJ,, need to be taken into account. If AJ; + AJ, is even, pump and
laser radiation are parallel polarized while, when AJ; 4+ AJ, is odd, they are
orthogonally polarized with respect to each other. The molecular reaction rates are
essential to achieve cw operation. Collisions between molecules tend to thermalize
the population among the rotational states in each vibrational state. Therefore,
relaxation from the excited vibrational state has to be sufficiently rapid. This process
is dominated either by diffusion out of the active laser medium to the walls of
the resonator (~1078 sPa—!cm™2) or vibrational relaxation (~1078 sPa~!). These
relatively slow rates limit the typical operation pressure to tenths of a hPa. Such
low pressures reduce pump absorption and limit the output power. The maximum
efficiency for conversion of pump power into THz power is given by [246]

1 Ly al hv o | v 1v
P= L T
1+gi/g; (L+LM) (Oll + )/) |: kBTfl fAJj| v PP T gy, P

(4.8)
where g; and g; are the degeneracy of the upper and lower laser states, P at the
frequency v and Ppuyp at the frequency v; are the power of the THz and CO,
pump radiation, respectively. / is the resonator length and Ly is the loss at the
THz frequency due to outcoupling. L is the THz cavity loss and « is the absorption
coefficient of the pump radiation. y is the cavity loss at the pump wavelength and
fi is the Boltzmann factor of the upper rotational laser state. 7, is the vibrational
relaxation time and 7, is the rotational collision time. The fundamental limitation
is given by the Manley—Rowe limit expressed by the ratio of the frequencies and
multiplied by the factor containing the degeneracy of the laser states. The two factors
in curved brackets account for cavity losses of the THz radiation and the pump
radiation. The factor in square brackets is the condition for gain. Gain is possible if
this factor is larger than zero. The inequality gives the upper limit for the conversion
efficiency.

The gain profile of the lasing transition is determined by Doppler and pressure
broadening. The first one yields an inhomogeneously broadened gain profile with
a width ranging from 1 to 10 MHz. The actual value depends on the particu-
lar frequency and mass of the molecule. The Doppler width increases with laser
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frequency and the mass of the laser molecule. Pressure broadening is independent of
frequency and mass. Collisions and saturation result in a homogeneous broadening
Of Yhom = Yeot/ /1 + I/1Is, where I is the laser intensity, I, is the saturation
intensity, and y.o is the collisional broadening. The latter is relatively high for
laser molecules in the range 10 to 40 MHz/hPa. At typical pressures of 0.1-0.8 hPa,
Yhom 18 of the order of a few MHz. It is nearly independent of pressure, because
the collisional broadening increases with pressure while the saturation intensity
decreases. Above about 1.5 THz, Doppler broadening dominates for typical laser
molecules. The width of the gain profile allows the laser frequency to be tuned over
a few MHz by changing the length of the laser cavity. Very narrow linewidths of less
than 1 kHz and fractional frequency instabilities as low as 2x 107! can be obtained
with appropriate phase-locking techniques. The frequency reproducibility for a free
running laser is determined by the accuracy in obtaining the center of the gain curve,
which is about 2x1077. A list with some useful, easy to operate gas laser lines and
typical performance parameters is given in Table 4.1.

Many different resonators have been employed for THz gas lasers. Fundamen-
tally, one can distinguish the open resonator, and the waveguide-type resonator. In
the case of an open resonator, the walls of the laser cavity play a negligible role in

Table 4.1 Selected THz gas laser lines with CO, pump laser lines and output characteristics. The
polarization is the relative polarization of THz emission and pump radiation. The output power is
classified as follows: vvs (very very strong): >1mW THz power for 1 W pump power, vs (very
strong): 0.1-1 mW/W, s (strong): <0.1 mW/W. Note that the output power depends strongly on
the design of the THz gas laser system, which is usually designed to operate on a large number
of emission lines. The numbers represent typical values from the literature. Optimization for one
particular emission line may increase efficiency and power output

Molecule Vo, v (THz) A (um) Polarization THz power
HCOOH 9R28 0.5843882 513.002 || S
HCOOH 9R38 0.6538222 458.523 1 s
HCOOH 9R20 0.6928950 432.667 || Vs
HCOOH 9R18 0.7616083 393.631 I Vs
15NH; 10R42 0.8029860 373.347 1 Vs
CH,F, 9R34 1.0421504 287.667 || Vs
CH,F, 9R32 1.2721714 235.654 I Vs
CH,F, 9R34 1.3971186 214.579 1 Vs
CH,F, 9R32 1.6266026 184.306 1 VVs
CH;0H 10R38 1.8388393 163.033 || S
CH,F, 9P10 1.8912743 158.513 I s
CH,F, 9R22 2.4479685 122.466 1 S
CH;0H 9P36 2.5227816 118.834 1 vVs
CH,F, 9R20 2.5464950 117.727 1 vvs
CH;0H 9R10 3.1059368 96.522 || Vs
13CH;0H 9pP22 3.5138530 85.317 || S
CH;0H 9P34 4.251674 70.512 1 Vs

CH;0D 9R08 5.2456129 57.151 L S
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determining the resonant frequencies. Usually, these lasers are constructed using
large diameter dielectric tubes, for example, made of quartz glass, as walls for
the resonator. With this assumption and the approximation of mirrors with infinite
diameter, the resonant frequencies are given by

1=(q+1)+l(2p+m+1)cos—1 \/(1—L)(1—i) . (4.9
Vo T R1 Rz

where R; and R, are the radii of curvature of the two mirrors which form the
resonator, and / is the resonator length. p, m, and ¢ are the number of field variations
in the azimuthal, radial, and axial directions and vy = ¢/(2[). It should be noted
that (4.9) assumes negligible diffraction loss, i.e.it does not apply for resonators
with Fresnel numbers less than about 20. The emission frequency v is determined
by the lasing medium. In order to achieve laser emission from the active medium, the
distance between the mirrors has to be tuned to fulfill (4.9). For a given mode (p,/),
the change in resonator length between successive axial modes ¢, g+1 is very nearly
equal to A /2, with the wavelength A corresponding to the emission frequency. This
approximation is valid to about 0.05%. Thus, by varying the resonator length the
emission frequency of the laser can be determined. This is called the laser resonator
interferogram. An example is shown in Fig. 4.8.

It should be noted that the gain bandwidth is much narrower than the frequency
separation of axial modes. The requirement is that the resonator length needs to be
tuned accurately to the resonance frequency in order to obtain laser emission. THz
gas lasers may also be constructed as a waveguide-type resonator with metal walls.
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Fig. 4.8 Resonator interferogram of a THz gas laser with a nearly confocal resonator and with
CH;OH as the active medium. The output power is shown as a function of the position of one
of the resonator mirrors. Each peak appears every 59.4 um indicating that the laser emission is
118.8 wm (~2.5 THz). The highest peak corresponds to the fundamental mode while all other
peaks correspond to higher order transverse modes. Higher order modes can be suppressed by
introducing an intra-cavity iris diaphragm
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Here, the transverse size and shape of the laser cavity determine the type of mode,
and shifts the emission frequency to a certain extent. The wavelength A, inside the
waveguide depends on the cut off wavelength A.,, the longest wavelength at which
radiation can propagate in that mode, according to

A
Mg = — e (4.10)

Close to cut off A, can differ significantly from the free space wavelength. This
effect needs to be taken into account when analyzing the resonator interferogram.
Two more categories are standing wave resonators and ring resonators (Fig.4.9).
The specific advantage of a ring resonator is that, due to the formation of a traveling
wave, no spatial hole burning occurs and the active medium is used more efficiently.
However, the price to be paid is greater complexity because at least one more
mirror needs to be used, in contrast to the standing wave resonator, which can be
achieved with a minimum of two mirrors. Moreover the THz emission can occur
in either clockwise or counter-clockwise direction. In the case of a homogeneously
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Fig. 4.9 Standing wave resonator (a) and ring resonator (b) with different excitation schemes. The
standing wave resonator is transversely excited by radiation from a CO, laser and the ring laser is
longitudinally excited
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broadened gain profile, switching between both directions occurs close to the center
of the gain profile.

THz radiation can be coupled out of the resonator in many ways. Some
examples are a hole in one of the mirrors, a partially transmissive mesh filter which
replaces one of the mirrors, a mirror which sticks into the resonator and reflects a
small amount of radiation transversely to the optical axis of the resonator, and a
Michelson interferometer. Frequency and power stabilization are mainly an issue
for the CO, pump laser. Most types of stabilization scheme for CO, lasers can be
employed. Examples are Lamb-dip stabilization to a fluorescence transition of CO,,
stabilization to a gas absorption line with an photoacoustic cell [247] or stabilization
with respect to a Fabry—Pérot interferometer, which in turn is stabilized to a Zeeman-
stabilized HeNe laser [248]. The THz laser resonator is usually passively stabilized
by an appropriate thermal design.

As mentioned earlier, optically excited THz gas lasers have been one of the
workhorses of THz research since the early 1970s. They have been used not only
for fundamental research such as molecular spectroscopy (Sect. 6.7.4) but also in
imaging (Chap.7) and industrial inspection [249]. During the past ten years, the
technology of optically excited THz gas lasers has advanced significantly, resulting
in smaller, more reliable and easier to use THz gas lasers. Primarily, this new gener-
ation was developed as the LO for heterodyne receivers. A prominent example is the
gas laser LO of the Microwave Limb Sounder on the Aura satellite, which monitors
stratospheric OH at a frequency of 2.5 THz [247]. This laser needs a total electrical
input power of only 120 W and delivers 20 mW at 2.5 THz. Although for a long time
considered to be bulky, energy consuming and difficult to operate, THz gas laser
technology is now mature and will continue to play a role in exploring the THz spec-
tral range. Nevertheless, the lack of significant frequency tunability, which is due to
the nature of the active medium and cannot be overcome, ultimately limits its use.

However, in pulsed THz gas lasers this lack of tuning can be overcome to
some extent. In its simplest design, the laser consists of a CO, laser typically
producing 0.1-0.5 s long pulses of very high power followed by a mirrorless tube
approximately 1-4 m long containing the gas to be optically excited. As with the
cw laser the CO; laser creates an inverted population in an appropriate gas in the
long tube, but in the pulsed situation the gain is high and saturation can occur in
a single pass. This method for providing THz radiation is described as amplified
spontaneous emission (ASE).

The CO, laser employed is very different from the type used for cw optically
excited lasers as the gas mixture is at atmospheric pressure or above. The required
electric field to break down high pressure gas is very large and for this reason the
laser is transversely excited. In one of the first experiments, a reasonably uniform
discharge was obtained by using a metal plate as the anode. Opposite this was a long
row of resistors, attached to a wire, acting as a distributed cathode [250]. In later
versions, two identical solid aluminum electrodes were used. These had profiles
of a specific cross-section designed to provide a homogeneous electric field [251].
To ensure a uniform discharge between the electrodes, the gas needs to be pre-
ionized and a convenient method is to run a fine trigger (tungsten) wire parallel to
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Fig. 4.10 Cross section of a TEA laser. Trigger pulse P, spark gap S, high voltage supply EHT,
trigger capacitor Cr, trigger wire T, main capacitor Cy;

the main electrodes but offset from their center line, as shown in Fig. 4.10. Each end
of the wire is connected to the cathode by a small coupling capacitor. When a high-
voltage pulse is applied to the main electrodes field emission from the wire induces
a sheet discharge between the wire and the anode. This discharge, which is limited
in energy by an appropriate choice of coupling capacitors, produces UV radiation
that ionizes the CO, gas mixture and initiates a uniform discharge between the main
electrodes. It was later found that an even more reliable discharge could be obtained
by using wires on either side of the main electrodes. CO, lasers of this type are
called transversely excited atmospheric (TEA) lasers and can produce many tens of
megawatts peak power in pulse lengths of 0.1-0.5 s.

As mentioned earlier, the gas to be inverted can be in a tube without mirrors,
made of either glass, silica, or plastic. Typically, this has an entrance window that
transmits 10 wm radiation, usually ZnSe, and an output window to pass the THz
radiation, which is opaque at 10 pm. Crystalline quartz is ideal, with TPX a cheaper
alternative unless the output is in the 610 THz range, when Csl is the best choice.
More sophisticated designs resemble those for cw excited lasers with mirrors at
either end of the cavity. These are required for one of the early applications of pulsed
systems, Thomson scattering from plasmas produced in controlled fusion research.
Due to the small scattering cross-section, powers approaching 1 MW are required to
achieve acceptable (S/ N )-ratios. Although this power level is comparatively easy
to obtain in multi-mode systems [252], this is only one of the requirements for the
scattering source. In addition, it has to have a narrow linewidth (<100 MHz) and
a sufficiently long (>1 ps) pulse length. In a remarkable experiment, the necessary
parameters were obtained by using an energy of 60017 in a pulse length of 1.4 s at
0.8 THz [253]. The cost and complexity of such a sophisticated system has meant
that optically excited gas lasers have not been widely used for Thomson scattering.
High-frequency gyrotrons (Sect.4.11) are the preferred alternative.

In early experiments with high-pressure systems, it was discovered that, unlike
low pressure cw lasers, exact matching to the absorption line of the pumped gas
was normally not necessary. The reasons for this are complex, involving a Raman-
type two-photon process with some additional frequency offset due to the AC Stark
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effect. The Raman process is favored because of its higher quantum efficiency
compared to the conventional inversion process in low pressure optically excited
THz gas lasers [254]. The result is that a very wide range of THz frequencies is
available from ASE systems.

Soon after the invention of TEA CO, lasers, it was realized that by increasing the
pressure of the gas mixture to above 1 MPa the rotational levels begin to overlap,
allowing quasi-continuous tuning over much of the 9—11 pm band [255]. By using
this tunable radiation as a pump, it was suggested that it should be possible to
produce tunable radiation over a significant portion of the THz spectral region [256]
and, for example, tuning over 85% of the range from 0.75 to 1.4 THz using CH3F
has been reported [257]. As so many gases can be pumped by TEA CO, lasers it
is, in principle, possible to produce pulsed tunable radiation over virtually all the
THz region at very high output power. High pressure gas lasers, unlike low pressure
ones, are not a very convenient source as they require systems operating to well
above 1 MPa and voltages of up to 100kV. However, particularly in the region 3 to
10 THz, they are sources which will provide very high power tunable radiation.

4.5 Bulk Semiconductor Lasers

Semiconductor lasers are extensively used in the visible region, e.g. for data storage
in CD and DVD players, and in the near-IR range for telecommunication around
1550nm, where glass fibers have minimal absorption. Erbium-doped fibers can
amplify the data packages if pump lasers excite the transitions of erbium dopants
at 807, 980, and 1485 nm simultaneously. Therefore, such lasers at the respective
erbium wavelength can be obtained with very high output powers, due to the
demand in the telecommunications industry. These semiconductor and solid state
lasers are employed, for example, in THz TDS (Sect.6.6) and THz OPO laser
systems (Sect.4.13). These very efficient optical and near-IR semiconductor lasers
consist of a p-doped/n-doped junction and use direct band gap transitions in GaAs,
InGaAs, etc. The photon emission is due to electron—hole pair recombination. In the
THz frequency range, this mechanism cannot be used because the smallest direct
band gaps in semiconductor materials are found in lead-salt lasers [258], but these
exceed 18 THz (600 cm™!). Furthermore, it is difficult to obtain an inversion at room
temperature in semiconductors because they are vulnerable to thermal effects, since
kgT at 300K corresponds to 6 THz, a frequency just in the middle of the THz
frequency range.

Nevertheless, special mechanisms can support laser action in bulk semiconduc-
tors, for example between Landau levels due to an external magnetic field, optical
pumping of impurity energy levels, and external uniaxial stress, which may be
extended to internal built-in strain in mismatched lattices. With structuring of bulk
semiconductors into quantum wells, THz quantum cascade lasers can be fabricated
as described in Sect.4.6. Promising concepts for future THz emitters and lasers
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include excitons within a semiconductor generated by an optical light field, quantum
wires, and quantum dots.

4.5.1 Germanium Lasers

The first electrically excited semiconductor THz laser was made from Ge. The
possibility of creating such an inversion in p-type Ge had already been suggested
by Kromer in 1958 [259]. He proposed a so-called negative mass amplifier and
generator utilizing nonelastic optical phonon scattering of carriers accelerated by
electric fields in the kV/cm range. This leads to a so-called “streaming motion”
along the electric field E direction and the crystal axis, along which the field is
applied [260] (Fig.4.11). Due to the nonparabolic bandstructure and warping of
the equienergy surfaces of heavy holes, a negative effective mass can be derived
which leads to amplification. Applying a magnetic field in the direction parallel
to the electric field and to the streaming motion resulted in heavy hole cyclotron
resonance masers [261] and lasers [262].

In 1972, Maeda and Kurosawa suggested applying, in addition to the electric
field E, a magnetic induction B which is oriented in a perpendicular direction
[263]. Often, this is referred to as crossed electric and magnetic fields. This
configuration leads to a so-called “accumulation region” for which scattering with
optical phonons is negligible (Fig.4.11a,b). With this configuration, Andronov et
al. reported amplification of THz radiation in Ge [264]. Subsequently, population
inversion in Ge was reported by several other groups in Russia and in Japan
[265,266]. It is worth noting that in the same year, 1979, S. Komiyama et al. [267]
showed, in a different material, silver halide, streaming motion, and population
inversion of electrons [267], indicating that the mechanism can be transferred to n-
type and other materials. For example, THz emission has been found for electrically
excited Si [268].

In the 1980s, THz emission from p-type Ge [97] and THz Ge lasers were reported
[98,269]. The electric field applied can vary from 0.2 to 6 kV/cm with the magnetic
induction applied from 0.2 to 6 T. The magnetic induction leads to a splitting of
the valence bands into Landau levels. The laser transition typically occurs between
a Landau level of a light hole and a lower level, which can be either a light,
heavy, or hybridized light-heavy hole Landau level (Fig.4.11c). At low magnetic
induction, approximately less than 1.5 T, the splitting of light hole Landau levels
is not sufficient to distinguish laser lines easily. Ge lasers with such a broadband
emission were named interband or intervalence band lasers (IVB). With increasing
magnetic induction the number of possible light hole Landau levels, which do not
interact with the optical phonon energy, reduces rapidly until only one emission line
is observed. The line is a result of a cyclotron resonance (CR) transition giving rise
to the name CR Ge laser. The frequency is tunable by the magnetic induction with a
rate of ~0.6 THz/T. At a magnetic induction just below 1.5 T, it is possible to more
easily distinguish different types of CR transition including spin-flip CR transitions
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Fig. 4.11 (a) THz radiation over a wide frequency range due to transitions from the light hole
to heavy hole valence band (VB) in Ge. The magnetic induction B splits the VB into Landau
levels. Heavy holes are impact ionized by the electric field £ from the acceptor ground state (GS)
and accelerated in a streaming motion to reach the optical phonon (OP) energy Eop. OP emission
(dashed arrow) leads to an accumulation of holes in light hole Landau levels. Intracenter emission
to the GS of shallow acceptors can occur (for further details see text). (b) Simplified scheme of
laser operation. In crossed electric and magnetic fields, the heavy (H) and light (L) holes reach
different maximum energies Ey and Ep . THz broadband emission (downward straight arrows) is
achieved for E, < Eop < Ey by tuning the E/B-ratio. (¢) Simplified laser level diagram. The
light hole levels are populated by excited heavy holes via optical phonon emission (dashed arrows).
They are spaced by ~0.6 THz/T within two spin sets denoted A-set (L) and B-set (Lg). The spin
sets are offset to each other by ~0.3 THz/T. THz transitions (solid downward arrows) occur due to
CR, spin-flip (SF), combined CR and SF [270], and transitions from light to heavy hole levels. The
heavy hole Landau level spacing is smaller by a factor of 8 due to the higher effective mass. The
second heavy hole spin set and the nonradiative decay from lower levels to the GS is not shown for
clarity (adapted from [271])

and second-order CR transitions at twice the frequency [270]. The latter are a result
of the high applied and internal electric fields. The spin-flip transitions are offset by
~0.3 THz/T with respect to normal CR transitions, due to the offset of the two spin
sets of Landau levels denoted A-set and B-set (Fig.4.11c).

Single Ge crystals doped with acceptors were initially cut in rectangular
parallelepipeds with ohmic electrical contacts on two opposite sample facets
(Fig.4.12a,c). Several different laser designs such as Bragg mirrors [273], ring
resonators [272], and planar lasers have been demonstrated [274] including external
resonators, which achieved a single longitudinal mode and tunable THz laser
emission [275-279] (Fig.4.12). External metal mirrors or outcouplers are attached
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Fig. 4.12 Ge laser setups (adapted from [271,272]). (a) Laser mounted between two NdFeB
permanent magnets. The opposing electrical contacts are attached to a Cu heat sink biased at a
voltage V. (b) Planar Ge laser operated in a vertical cavity arrangement. The one-sided contacts
were attached via In “bumps” to Cu contacts. THz radiation was observed through an ultra-pure
Si wafer while the laser was mounted between two SrTiOj crystal plates. The plates serve as high
reflectivity mirrors due to their THz reststrahlen band. (¢) Single crystal laser ring resonator in
short-sample Hall geometry and planar laser in long-sample Hall geometry. (d) Confocal resonator
with capacitive mesh outcoupler and lamellar grating with a tunable mirror at a distance D
(electrical contact and metallized areas are shown in black)

to the Ge crystal. For electrical isolation, they are supported on ultra-pure Si or
thin polymer foils. A tunable resonator consists of a lamellar, metal grating and
a supported metal mirror which form a Fabry—Pérot resonator of length L. This
resonator is coupled to the Fabry—Pérot resonator of the polished Ge crystal and
selects the emitted THz frequency or wavelength A according to L = mA/2 at the
order m = 1,2,.... A mesh outcoupler supported on ultra-pure Si with a small
curvature radius completes the confocal resonator (Fig. 4.12d).

The magnetic field is supplied by a superconducting solenoid, a conventional
electromagnet or, more conveniently, by a pair of rare earth, high remanence,
permanent magnets (Fig.4.12a). The very compact design in Voigt configuration
with permanent magnets [280] allowed the operation of an electrically excited THz
semiconductor laser in a mechanical cryocooler, providing long-term liquid helium
free operation [100].

Despite the low gain of the Ge laser of ~0.14cm™! [281], with respect to QCLs
(Sect. 4.6), it can reach a quite high peak power of 40 W in pulsed operation [282]
because the laser crystal can be made with a length of several tens of millimeters.
Using mode-locking even higher peak power in ps pulses can be achieved [283—
285]. The conversion efficiency can reach up to 107*. All crystal dimensions
can be several millimeters in size, which favors the integration of quasi-optical,
external tunable resonators (Fig.4.12d). Ge lasers have developed into a tool for
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THz spectroscopy utilizing, for example, their high spectral brightness to penetrate
liquid water and aqueous protein solutions [286]. THz Ge lasers are described in
detail in [271] and its references. In the following paragraphs the basic properties of
Ge lasers and the laser mechanism are described.

The population inversion in Ge lasers can be understood by a simple semi-
classical model [271,272]. The E/B-ratio can be tuned so that heavy holes are
accelerated by the electric field £ in a streaming motion to the optical phonon
energy, and then inelastically scattered by optical phonons into the light hole band
(Fig.4.11a). The magnetic induction B splits the valence band of the heavy and
light holes into equally spaced Landau levels. Due to the lower effective mass
of light holes in Ge, they experience negligible optical phonon scattering and are
accumulated in light hole Landau levels. The ratio £/ B is chosen in such a way that
light holes have a small and heavy holes a large momentum py and py, respectively,
so that the energy is below the optical phonon energy for light holes (EL. < Eop) and
above for heavy holes (Ey > Eop). Subsequently, a population inversion between
light and heavy holes builds up and amplification and laser action on direct optical
transitions between the Landau levels of light-hole to heavy-hole subbands occur
over a wide frequency range (Fig.4.11b).

At low lattice temperatures, the scattering rate of holes, having a kinetic energy
below the optical phonon energy (Eop = 37meV for Ge), is relatively low (10'°
to 10'' s71) and controlled by the interaction with acoustic phonons and impurity
scattering. The latter is limited by a low acceptor doping concentration in ultra-pure
Ge in the range from 10'? to 10'> cm™" and negligible compensation of 1% and less.
Above the optical phonon energy holes emit optical phonons very rapidly with a rate
exceeding 10'?s™!. As a result, a highly anisotropic distribution of hot carriers in
momentum space exists when an electric field accelerates holes up to the optical
phonon energy.

The effective mass of carriers in semiconductors depends on the crystallographic
direction and, during carrier transport, on the electric and magnetic field direction
in which these are applied. The effective mass ratio of heavy and light holes is
approximately eight if the magnetic induction is applied along the (110) crystal axis.
The laser performance also depends strongly on the homogeneity of the electric field
in the laser crystal, which is a function of the Hall fields, local doping imperfections,
and crystal anisotropy.

Two laser geometries of parallelepipeds are favorable due to the Hall effect. The
first, or short-sample Hall geometry, is planar, in which two opposite surfaces are
closest and fully covered with an ohmic contact forming an oversized metal-metal
waveguide [272] (Fig.4.12c). A homogeneous electric field is obtained between
the ohmic contacts, only marginally affected by the Hall effect. This design further
allows efficient device cooling via the ohmic contacts attached to the Cu heat sinks.
The second, or long-sample Hall geometry, is a long parallelepiped with ohmic
contacts on the most distant opposite surfaces (Fig.4.12c). The field distribution
is strongly influenced by the Hall effect, leading to a homogeneous electric field
distribution in which the potential is tilted by the Hall angle with respect to the long
axis of the crystal. Figure 4.12b shows a design which combines the long-sample
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Fig. 4.13 (a) Typical spectra of a Ge:Be laser measured with an FTS and Ge bolometer for 12 jus
long laser pulses at 300 Hz repetition rate. The spectral resolution of the FTS was ~4 GHz. The
main lines are spaced by ~0.5 THz. The magnetic induction B of 1T is oriented along the (110)
crystallographic axis and the electric field E of 1kV/cm along the (100) axis. The THz emission
can be tuned by the magnetic induction beyond 4 THz. The low THz range is achieved at low
magnetic induction of ~0.2T or with CR Ge lasers according to 0.6 THz/T. (b) Ge:Ga laser
emission measured with heterodyne spectroscopy for a 4 s long laser pulse using an acousto-
optical spectrometer. The linewidth of less than 1 MHz is Fourier-transform limited due to the
emission pulse length (adapted from [271,278])

Hall geometry with a planar design [274]. The latter is favorable for polishing a Ge
laser crystal into a thin etalon forming a Fabry—Pérot resonator similar to a vertical
cavity surface emitting laser.

Without any external cavity selection, Ge lasers have a broadband multi-mode
emission, which is tunable in the range from 1 to beyond 4 THz by the applied
fields (Fig.4.13). The linewidth is less than 1 MHz. THz laser radiation, detected
along the magnetic field axis, in Faraday configuration, is elliptically or circularly
polarized. In the Voigt configuration (Fig.4.12a,b), linearly polarized THz light is
detected perpendicular to both applied fields.
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The actual emission spectrum depends on the dopant. Originally, lasers were
doped with Ga but group-III acceptors TI, Al, and In also support laser emission.
These shallow acceptors absorb on impurity-to-continuum transitions in the range
from 11 to 13 meV, which overlaps with the emission causing frequency gaps in the
laser spectrum. In order to eliminate this effect, Ge was doped with double acceptors
(Be, Zn) and Cu instead [287,288]. The dopant Cu is easily introduced by diffusion
into ultra-pure Ge simplifying the production of Ge laser material. In contrast with
shallow acceptors, the ionization energies of Be, Zn, and Cu are larger, 25, 33, and
43 meV, respectively, and well above the emission frequency of the Ge laser.

Very small Ge:Ga lasers have also been demonstrated under uniaxial stress of
up to 0.4 GPa (4 kbar), showing laser emission with pressure but no laser emission
without pressure [289]. Typical stress values exceeding 0.4 GPa are applied along a
crystal axis such as (111) or (100). Uniaxial stress can lift the band degeneracy of
heavy and light hole bands at the I"-point. This suggests that uniaxial stress leads to
a reduction of loss mechanisms and resulting in laser action.

Ge laser emission covers a broad spectral band, so it is possible to achieve short
pulses by mode-locking techniques [290]. Active mode-locking modulates the gain
through additional electric fields applied parallel to the magnetic field, thus breaking
the condition of crossed fields. This decreases the lifetime as well as the population
of the light-hole subband. If the parallel electric field is modulated at a radio
frequency (RF) corresponding to twice the round-trip time of the laser radiation,
the gain is at its maximum each time the RF field is zero. Therefore the gain is
lowest each time the RF field is at its maximum value. The gain is periodically
modulated and mode-locking is induced, which has been demonstrated with Ga-,
doped [283,284] as well as Cu-doped Ge laser crystals [285]. Pulses as short as
~50ps were generated. The pulse length was limited by the number of equidistant
laser modes. In addition, passive mode-locking has been obtained [291].

4.5.2 Lasing from Optically Excited Donors in Silicon

THz photoconductive detectors rely on the ionization energy of shallow or deep
acceptors or donors to define a sensitive band of detection. Impurities have a
hydrogen-like energy level diagram with a ground state, determined by impurity
interaction with the lattice, and an excited energy level structure rather similar for
shallow and deep impurities approaching the valence or the conduction band for
acceptors or donors, respectively (Sect. 5.4).

The first indication that laser emission can occur by optically excited impurity
states was proposed after analyzing the THz emission from a Ge laser doped with
a Ga acceptor concentration of ~10'*cm™. Stimulated emission on transitions
between excited states and the ground state of the acceptor was found. Spectral
measurements revealed a characteristic discrete structure, which was attributed to
impurity transitions related to the G (1.6 THz), E (1.9 THz) and C (2.2 THz) lines
of Ga. It was assumed that stimulated emission leads to the depletion of the ground
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state resulting in a population inversion and amplification on transitions from the
excited states to the ground state [292].

Follow-up calculations suggested that population inversion and laser emission
might be obtained from Si doped by group-V impurities [293], and this was
experimentally discovered by Pavlov et al.in 2000 [294]. For all group-V donors
in Si, there exist particular excited states which are long-lived with respect to the
Is(E) and 1s(T2) states. At low lattice temperatures (7" < 30K), the interaction
with phonons is small for the donor centers and the population of the excited
states is controlled by acoustic-phonon-assisted relaxation (Fig. 4.14a). Population
inversion of the intracenter states can be achieved by either optical excitation into the
conduction band with radiation from a CO, laser or by resonant optical excitation
into one of the excited states with radiation from a free electron laser (FEL). In the
first case, optically excited electrons lose their energy through their interaction with
acoustic or optical phonons in the conduction band (Fig. 4.14a). In the second case,
the electrons are pumped directly into one of the excited impurity states. Various
Si lasers with different dopants (P, Sb, As, Bi) were demonstrated (for a review,
see [295]). Typically, these lasers are small square-shaped crystals with a length
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Fig. 4.14 (a) Lasing scheme of an Si:P laser. The straight upward arrows indicate optical
excitation with a CO, laser or an FEL. The straight downward arrows indicate laser transitions.
Dashed arrows illustrate non radiative decay of electrons due to interaction with phonons. The non
radiative decay from upper to lower excited states is not shown for clarity. (b) Typical spectrum of
optically pumped Si:P laser. (¢) Emission lines of all intracenter Si lasers and frequency ranges of
Si Raman lasers (shaded areas)
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of a few millimeters, which need to be cooled to below 30 K with liquid helium,
or in a mechanical cryocooler. The crystals are doped in the range from 10'° to
10'® cm™3. The laser transitions occur between particular impurity states and 15
laser transitions have been observed so far (Fig.4.14b,c). Most of these are in the
range from 3.5 to 7 THz, but some are between 1 and 2 THz. Frequency tunability
can be achieved by applying a magnetic field or a compressive force, and multi-
frequency operation has been obtained from Si crystals doped with two different
donors [296]. A much broader frequency coverage is provided by Raman lasing
from n-doped Si crystals under optical excitation with an FEL [297].

Optically excited Si lasers have existed for some years. Electroluminescence
from a variety of electrically pumped Si structures has also been obtained
(e.g., [298]). THz lasers based on Si are particularly desirable because of their
compatibility with Si technology [299] but a compact, electrically pumped THz
laser remains elusive.

4.6 Quantum Cascade Laser

The quantum cascade laser (QCL) is a very promising source for many applications
in the THz spectral region. QCLs have three marked differences compared to diode
lasers. Firstly, only electrons take part in the laser process. Therefore, QCLs are
unipolar devices. Secondly, the whole laser process occurs between conduction band
states. These are called subbands and accordingly QCLs are intersubband devices.
Thirdly, a cascading scheme is employed where one electron can generate many
photons. The idea of a unipolar laser based on intersubband transitions can be
traced back to the work of R. F. Kasarinov and R. A. Suris in 1971, who formulated
a theory of light amplification in a superlattice under an applied electric field [300].
In 1989, M. Helm et al. succeeded in observing intersubband luminescence from a
superlattice excited by resonant tunnelling [301]. An IR QCL operating at 4.2 um
was realized in 1994 at Bell Laboratories by J. Faist et al. [302]. It took another eight
years before A. Tredicucci and his co-workers made the THz QCL [108].

4.6.1 Principle of Operation

The operating principle of a QCL is illustrated in Fig. 4.15a. An electron is injected
into the laser structure and cascades down a potential staircase, which is created by a
series of quantum wells exposed to an electric field (for a more detailed description,
see [303-305]). At each step, a photon is emitted. A simplified scheme of one step
or module is shown in Fig. 4.15b. The electron is injected from the left into level 3
of the active region. The laser transition occurs from level 3 to level 2, from where
the electrons are quickly extracted into level 1 and the injection region of the next
step. In this very simple scheme, the condition for population inversion is 73, > 13,
where 1/13; is the non radiative scattering rate from level 3 to level 2 and 1/7; is the
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total rate out of level 2, including the transition to level 1 (characterized byl/1,1).
The lifetimes in levels 3 and 2 are of the order of sub-ps to ps. The peak gain of an
intersubband transition is proportional to the population inversion between levels 3
and 2 and the oscillator strength of that transition. It is inversely proportional to the
linewidth of the transition. If the overlap between the wavefunctions in level 3 and
level 2 is large, the transition is said to be vertical, and when the overlap is small the
transition is said to be diagonal. Vertical transitions have a larger oscillator strength
than diagonal ones.

A variety of quantum well structures exist which empower lasing and the active
region is usually made of several quantum wells, not just one. They are mostly based
on GaAs/AlGaAs superlattices. The most widely used designs can be divided into
three groups: chirped superlattice (CSL), bound-to-continuum (BTC), and resonant-
phonon (RP) design (Fig.4.16). The CSL is based on the coupling of several
quantum wells, which form a so-called miniband when a voltage is applied [108].
Two minibands (approximate width 15-20meV), one for the upper laser state and
one for the lower laser state, separated by a minigap, are formed in the conduction
band of the superlattice. The laser transition takes place from the lowest state of
the upper miniband to the uppermost state of the lower miniband. This is similar
to a band-to-band transition in a conventional bandgap laser, with the distinction
that both minibands and the minigap are part of the conduction band. Population
inversion can be achieved because scattering between electrons in one miniband is
favored over scattering of electrons from one miniband to the other.

The BTC design is based on a chirped superlattice but the upper laser state is
a single (bound) state in the minigap instead of a miniband [306]. In the CSL,
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Fig. 4.16 Simplified conduction-band diagrams of one module of several different QCL designs:
(a) chirped superlattice, (b) bound-to-continuum, and (c) resonant-phonon. Note that each module
typically consists of up to approximately ten quantum wells and that a QCL consists of
approximately 100 cascaded modules (adapted from [303])

the lower laser state is at the top of the lower miniband. The laser transition in
this design is more diagonal in real space and the oscillator strength is therefore
somewhat smaller than in the CSL, but non radiative scattering is reduced. The
injection process is more selective for the upper state because the injector states
couple more efficiently with this state than with the lower miniband. In summary,
BTC lasers have superior performance compared to CSL lasers with respect to
operating temperature, laser threshold, and output power.

The RP active medium makes use of the LO phonon in GaAs (E o = 36 meV),
which couples the lower laser state resonantly with the upper laser state of the
adjacent quantum well [307]. By this means electrons in the lower laser state will
scatter very quickly into the injector state by emitting an LO phonon. The challenge
of this approach is to depopulate, selectively, the lower state and not the upper state,
which is close-by. This is achieved by designing the quantum wells in a manner
where there is a broad tunneling resonance between the lower laser state and the
adjacent injector state. The laser transition in the RP design has a smaller oscillator
strength than the BTC laser. But a module of an RP laser is about half as thick as that
of a BTC laser, which results in more gain-producing laser transitions for a given
thickness of the active medium.

The active region of THz QCLs is based on GaAs/AlGaAs superlattices grown
by molecular beam epitaxy (MBE). The superlattice is 10—15 pwm thick. One module
consists of about four (RP design) or eight (CSL, BTC design) quantum wells,
yielding a module thickness of ~55nm (RP design), or ~110nm (CSL, BTC
design). This amounts to about 1000 quantum wells per QCL. These all need to
be grown with extreme accuracy on the scale of an atomic layer. Most QCLs are
linear ridges (a few mm long and 150-250 um wide), which form Fabry—Pérot
resonators. One of the end facets may have a mirror coating. In addition lasers with
sub-wavelength microdisk or microring resonators have been fabricated [308-311].

The thickness of the active medium is up to 10times smaller than the laser
wavelength in the active medium. In addition, free carrier absorption increases with
the square of the wavelength and is correspondingly large at THz frequencies. This
requires special waveguide designs which should maximize the overlap between the
laser mode and the active medium, on the one hand, and on the other hand minimize
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Fig. 4.17 Cross section of a QCL with metal-metal waveguide (a) and with surface-plasmon
waveguide (b). At the bottom, a typical two-dimensional mode intensity pattern for both
waveguides is shown (adapted from [305])

the absorption loss (characterized by the loss coefficient ayw) in the waveguide.
Also, the loss at the mirrors oy needs to be taken into account. The mode overlap is
characterized by the confinement factor I", which is a measure for the fraction of the
laser mode, which is confined in the active medium (/" = 0,...,1). If I" is equal
to 1, the mode is completely confined in the active medium. The gain gy, required
to reach the lasing threshold must equal the total losses, i.e. gnl' = aw + om.
Essentially, two types of waveguide are in use: the surface-plasmon or single-
plasmon (SP) waveguide and the metal-metal (MM) waveguide (Fig.4.17). The SP
waveguide consists of a thin, highly doped layer between the active medium and the
substrate and a metal layer on top of the laser ridge (Fig.4.17b). The ridge is about
200 pm wide. It has relatively low loss but suffers from an incomplete overlap of
the laser mode with the active medium, because the laser mode extends significantly
into the substrate. The confinement factor I" of this type of waveguide is around
0.5 so that half of the power is located in the waveguide, and the remaining power
leaks into the substrate. The MM waveguide has a metal layer instead of the doped
layer between the active medium and the substrate (Fig. 4.17a). This results in better
thermal coupling to the substrate and a confinement factor of one. However, the MM
waveguide has a higher loss than an SP waveguide. A variety of modifications to the
two main waveguide structures discussed so far are in existence. For example, the
top metal layer can be a grating in order to provide a distributed feedback structure.
This results in a single emission line [312]. Also, the top layer can be a photonic
bandgap structure in order to improve the beam profile [310].

4.6.2 Performance

QCLs with emission frequencies between 1.2and 4.9 THz have been attained
(Fig. 4.18a). The lower frequency limit can be extended to 0.8 THz by applying a
magnetic field. However, none of these lasers covers a very broad frequency range.
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Fig. 4.18 Typical best performance values of QCLs. (a) Maximum operating temperature and (b)
maximum output power as a function of frequency. Hollow circles indicate pulsed laser operation
while filled circles indicate cw operation. The straight line in (a) corresponds to hiv = kgT
(adapted from [305] and various sources)

Typically, only about 10 GHz is covered by a single mode, due to temperature or
current induced frequency tuning. The operating temperature of a cw QCL can be as
high as 130 K. The output power in cw mode can reach up to ~140 mW. In pulsed
operation, a maximum temperature of 186 K was obtained (Fig.4.18b). However,
since for most of the lasers emission ceases above 70K, they are operated in a
liquid He flow cryostat or in a mechanical cooler. Two major processes terminate
the laser action in a QCL. The first is thermal backfilling of the lower laser state
with electrons from the injector which gain energy by thermal excitation, or by
re-absorption of non equilibrium phonons. The second is LO phonon emission of
electrons in the upper laser state, which leads to non radiative decay from this state.
A typical performance of a BTC laser is shown in Fig.4.19. For many applications,
a Gaussian beam profile and an M 2_value close to 1 are essential (2.11). The beam
profile of a laser with an SP waveguide consists of two lobes. One is emitted from
the laser ridge and the other from the substrate (Fig.4.20) [189,313]. In addition,
a fringe pattern appears around the lobes. This structure is more pronounced for
lasers with short wavelength output, while at wavelengths above about 100 wm the
lobes start to merge due to diffraction effects. By integrating the signals of the two
lobes and the fringe pattern separately the confinement factor for a 4.3 THz laser
was determined to be 0.49, which is in good agreement with the computed value
of 0.47 [313]. In the direction vertical to the layers of the superlattice, the width
of the beam pattern (ridge lobe as well as substrate lobe) is determined by a single
aperture. The fringe pattern corresponds to a diffracting aperture, which is about the
size of the substrate and ridge. In the direction orthogonal to this, the FWHM is
determined by A/w with A the emission wavelength and w the width of the ridge.
With such a laser, an M 2-value of less than 1.2 has been demonstrated [314].
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Fig. 4.19 Typical performance of QCLs. (a) Light-current characteristics of two chirped super-
lattice QCLs, recorded in cw operation at different heat sink temperatures. The solid lines are
measured with a 1.96 mm long and 150 pwm wide laser with both facets uncoated. The dashed lines
represent data collected from a 2.23 mm long device with a coated back facet. Due to the slightly
different device sizes, the scale of the current refers only to the dashed lines (adapted from [315]).
(b) Emission spectrum of a 2.5 mm long bound-to-continuum QCL, with a Fabry—Pérot resonator,
as a function of current. With increasing current the gain profile shifts toward higher frequency
and more laser modes appear. The spectra are offset for clarity. (¢) Linewidth of the emission of a
bound-to-continuum QCL with a DFB grating. The profile was measured by mixing the emission
from an optically pumped gas laser with that from the QCL at 2.5THz. The frequency of the
QCL was not stabilized. The resulting difference frequency is approximately 5.083 GHz, and the
FWHM is 0.7 MHz measured with an integration time of 0.3 s (adapted from [316]). (d) Frequency
tunability of the same QCL as in c) as a function of temperature and current (adapted from [316])

The beam pattern of a QCL with an MM waveguide is much more divergent
than that of an SP QCL. The lobe structure is not observable. Instead, a pronounced
ring-like pattern exists which results from the far-field interference of the coherent
radiation emitted by all facets of the laser ridge. These lasers have subwavelength
cross-sections and are much longer than the wavelength. They are called “wire
lasers” and their beam profile can be described by an antenna model [317, 318].
Therefore, several methods have been developed in order to improve the beam
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Fig. 4.20 Typical beam profiles of QCLs with metal-metal waveguide (a) and surface-plasmon
waveguide (b—d). In (a), a pyroelectric detector was scanned on a spherical surface around the QCL
at 80 mm distance. The diagram is an equiangular projection (adapted from [318]). The pronounced
fringe pattern is due to interference effects. The diagram in (b) was measured by scanning a Golay
cell detector in a plane orthogonal to the emission direction at 60 mm distance from the QCL. The
emission has a pronounced peak and a plateau. These correspond to emission from the laser ridge
and the substrate into which part of the laser mode extends. In (¢) and (d), the beam profile of the
same laser as in b) is measured at the position of the minimum beam waist after transformation
of the output profile by a lens. The corresponding M 2-value is approximately 1.2 (adapted from
[315,316])

pattern of QCLs with MM waveguides. These are a silicon lens at the output facet
[319], a horn antenna at the output facet of the ridge [320], a wide area surface
emitting structure [321], or a photonic bandgap structure [310]. Yet none of these
approaches has resulted in an improved beam profile when compared to the SP
waveguide QCL.

Beating of two laser modes of a QCL with a multi-mode Fabry—Pérot resonator
yields an upper limit of about 20 kHz (FWHM) for the linewidth measured within
about 4 ms [313,322]. This linewidth increases to several MHz within one minute.
Phase-locking of two longitudinal modes of a 2.7 THz QCL has been demonstrated
and the beat linewidth was less than 10 Hz. Under frequency stabilization, the line
profile was found to be Lorentzian with a minimum linewidth of ~6.3 kHz [323].
The frequency of a QCL has been locked to that of a THz gas laser [324] as
well to that of a multiplied microwave source [325]. The FWHM was less than
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100 Hz and the lock condition could be maintained indefinitely. Another method is
based on frequency modulation of the laser emission across a molecular absorption
line. A Gaussian line shape with 300 kHz width has been demonstrated [326]. This
stabilization scheme is robust and versatile, because it requires only an additional
detector and a small gas absorption cell, while being applicable even at the highest
THz frequencies, due to the rich absorption spectra of molecules such as CH;0H
or H,O. Phase-locking of a longitudinal mode of a 2.7-THz QCL to a mode-locked
erbium-doped fiber laser yielded an RF beat-note signal with 80dB of (S /N )-ratio
and a bandwidth of 1 Hz [327]. These results demonstrate that THz QCLs can be
frequency controlled to very high accuracy.

The frequency of a QCL can be tuned by changing current or temperature. The
tuning is determined by the change of the optical length of the resonator due to
changes of its refractive index. Another effect which changes the laser frequency is
the quantum confined Stark effect. With increasing electric field the separation of
the laser states changes, the peak of the gain profile shifts toward higher frequencies,
and frequency pulling leads to a shift of the emission frequency. Excluding mode
hopping, the QCL laser frequencies were reported to be linearly tunable by the
current as well as the laser temperature. Frequency-tuning coefficients (1/f) x
(Af/AI) ~ —(107% to 10~") A™! have been found for RP QCLs [322, 328]. By
mixing the radiation from CSL and BTC QCLs with that from a THz gas laser,
tuning coefficients of about 10™> A~! have been found [322]. For these types of laser
positive tuning coefficients have also been observed (3 x 107> A~!). Temperature-
related shifts have been reported ranging from (1/f) x (Af/AT) ~ —(107
to 107®) K~! [328] for temperatures below 50 K. The changes in the emission
frequency were attributed entirely to temperature changes of the refractive index
of the active medium, regardless of whether they originated from variation of the
current or from variation of the temperature [322]. A peculiarity has been observed
with an RP QCL with a sub-wavelength microdisk resonator. It changed the sign of
the tuning rate from a negative (—0.57 A™!) to a positive (+0.14 A™") value with
increasing electric field. This was attributed to a shift of the maximum of the gain
curve by the quantum-confined Stark effect [308]. In general, RP QCLs seem to
have a broader tunability with current than lasers with CSL or BTC design.

Tuning by current or temperature covers a range of several GHz. Integration of
a QCL into an external cavity enables the frequency tuning range to be extended,
possibly across the whole gain bandwidth. With a BTC QCL in an external cavity
coarse tuning up to ~90 GHz was obtained near the center frequency of 4.8 THz,
and continuous mode-hop-free tuning was observed over ~10GHz [172]. An
elegant way to achieve broadband frequency tunability has been demonstrated
for a “wire laser.” Placing a dielectric or metallic moveable object close to the
wire laser manipulates a large fraction of the mode which propagates outside
the cavity, thereby tuning its resonant frequency. Continuous frequency tuning of
~137 GHz corresponding to 3.6% from a single laser device at ~3.8 THz has been
demonstrated [329].

Since the demonstration of the THz QCL in 2002, significant progress has been
made. It has been shown that the fundamental requirements for many applications
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can be met and proof-of-concept experiments have been performed in imaging
[330], spectroscopy [331], and for use as an LO in a heterodyne receiver [313,332].
Cw operation at liquid nitrogen temperature or in a small Stirling cooler, with
sufficient output power and a good beam profile, is especially needed and was
recently demonstrated [333]. A further progress is the integration of a Schottky
diode mixer and a QCL in a monolithically integrated THz transceiver, which has
the basic functions of a discrete-component transceiver. However, at this stage of
development its performance is not sufficient for application in a practical system
[334]. A major challenge remains to achieve all the specifications required for a
particular application in a single device. Once these issues are resolved, THz QCLs
will be a very valuable source which may find wide-spread applications.

4.7 Photomixing for the Generation of Terahertz Radiation

Electromagnetic waves with different frequencies generate sum and difference
frequencies in an element with a nonlinear I-V curve or any other nonlinear
element. This frequency mixing is well known in radio technology, where mixing
typically occurs in a diode. Heterodyne detection is described in Sect.5.5. In this
section, the focus is on the generation of THz waves as a difference frequency
in a nonlinear element. The term “photomixing” describes the generation of THz
photons by using two IR or two visible laser photons, respectively, for which the
laser frequency difference corresponds to a THz frequency. This is also called
difference frequency generation (DFG). Using fixed frequency THz (gas) lasers and
microwave frequency mixing allows the generation of tunable THz radiation, due to
the tunability of the microwave generators.

Initially, the THz nonlinear elements investigated were GaAs-Schottky and
metal-insulator-metal (MIM) diodes. High-frequency lasers such as CO, lasers
were used with MIM devices and THz gas lasers and microwaves with Schottky
diodes. Photomixing has gained more interest due to the availability of high
power, room temperature visible and near-IR lasers. Nonlinear materials based
on semiconductors, most prominently low-temperature-grown (LTG or LT) GaAs
[335,336], and on crystal materials such as ZnTe, GaP, and GaSe [337] have been
used. Photomixers based on semiconductors are normally integrated in an antenna
structure to couple out the THz waves efficiently (Sect. 3.15). The low conversion
efficiency from the high-frequency light into the THz frequency range requires
lasers with an output power up to a few 100mW, and thermal management to
remove heat from the photomixer. This is more important for semiconductors than
for crystal materials [337] because local heating of the semiconductor can lead to
migration of dopants, undesired annealing, and subsequent change of the doping
level and recombination centers [336]. Often a bias voltage is applied to the THz
antenna structure to further increase the THz output power [338].

The first step in simplifying the technology is the use of two-color lasers, so that a
single laser medium generates two visible or near-IR laser photons simultaneously.
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Now a single laser beam is focused on the nonlinear element for photomixing [339,
340]. A little later it was demonstrated, with an off-the-shelf laser diode at 835 nm
[341], that the laser medium of a two-color laser could generate THz waves due
to the highly nonlinear dynamics of the charged carriers. The optical sidebands at
the laser frequencies were tunable by the external cavity from 0.3 to 2.5 THz in cw
systems. This is extended to 4.2 THz in pulsed operation. A cw source based on a
dual color vertical cavity surface emitting laser has been shown to deliver 2mW at
1.9 THz. Mixing of two laser modes was accomplished in an intracavity nonlinear
crystal, and frequency tunability was achieved by changing the spacing of the two
laser modes [342].

The inverse process was shown by injection of a near-IR laser into a THz
QCL cavity. Near-IR sidebands were generated, spaced by the THz frequency.
Furthermore, a two-color IR QCL generated THz radiation by internal photomixing
[343] at low temperature. This has been improved up to room temperature operation
for a two-color QCL designed at 8.9 and 10.5 pm. At frequencies from 4.5 to 5 THz,
apower of 0.15 wW at a duty cycle of 1.5% was detected [344].

Direct THz emission from single laser devices requires simultaneous opti-
mization of the two-color high-frequency laser structure, the THz wave mode
confinement and the outcoupling. The latter is of utmost importance because the
two-color device structure is typically much smaller than the THz wavelength to
be emitted. An important issue is also the doping concentration. A high doping
concentration, required for visible and IR lasers, can prevent THz radiation because
of the resultant plasma frequency.

4.7.1 Low-temperature-grown Gallium Arsenide

For a fast response of the emitter material in the THz regime, a relaxation time
of the photo carriers of less than 1 ps is required. On a GaAs substrate a layer of
about 1 pm thickness is grown by molecular-beam epitaxy (MBE) with an arsenic
over pressure with a nonstochiometric content of 1% arsenic at low temperatures
of 200-250°C [336]. The Ga-source in the MBE chamber is closed and a thermal
annealing step (10min at 600°C) in an arsenic atmosphere completes the LTG-
GaAs. The excess arsenic atoms primarily move to Ga lattice positions, forming
antisite defects as well as metallic As clusters and precipitates. The low temperature
results in arsenic clusters, which are considered as recombination centers for
charge carriers created by the near-IR lasers. The abundant arsenic clusters lead
to very short recombination times of 0.2 ps. The material can therefore follow THz
frequencies, which allows the fabrication of THz detectors, mixers, and even THz
emitters.

Frequently antenna structures, or optical elements such as lenses (Sect. 3.15), are
integrated to improve the coupling of the THz waves to free space propagation [338,
345]. These components enable the free space propagation of the THz electrical
field. In addition to a short photo-excited carrier lifetime of less than 0.2 ps, which is
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less important for emitters in contrast to detectors, the substrate has to fulfill further
requirements. A high mobility of LTG-GaAs in the range of 1,000cm?/(Vs) and a
high breakdown field of several 100 kV/cm under dark conditions are beneficial. It
should be noted that LTG-GaAs photomixers work at wavelengths around 800 nm.
At telecom wavelengths of 1.5 um GaAs becomes transparent. Other materials such
as InP can be used together with cheap telecom components [346].

4.7.2 Schottky Diode

Mixing the radiation of a fixed frequency THz gas laser and some type of frequency
tunable microwave source in a Schottky diode provides the possibility of generating
tunable THz radiation. This technique dates back to the 1970s [347-349]. In the
following years, it has been improved significantly, and was successfully used to
study high-resolution spectra of many molecules, free radicals, and ions [350,351]
(Sect. 6.7.3). The principle of the technique relies on the ability of Schottky diodes
to generate sidebands when irradiated with radiation from two sources. One source
is a THz gas laser operating at vy, and emitting more than 10 mW of power. The
other is a microwave source operating at vyw. The Schottky diode generates the
sideband frequencies vsg = vryg, & mvyw with m = 1,2,3,.... The + sign
refers to the upper sideband and the — sign to the lower sideband. Physically, the
generation process is the same as in the case of a Schottky diode when used as a
heterodyne mixer, but with two differences. First, the microwave radiation is quite
powerful, typically tens of mW, as compared to the signal radiation and secondly, the
sideband frequency is close to the laser frequency, while for heterodyne detection
(Sect. 5.5) the frequencies of the signal and LO radiation are close to each other. In
some sense, sideband generation is the inverse process to heterodyne mixing. The
sideband radiation is emitted from the Schottky diode in the opposite direction to
the incoming laser radiation. Schottky diodes with a corner cube antenna similar to
the one described in Sect. 5.5.2 have been used. One problem is that laser radiation
is emitted as well as reflected from the Schottky diode, and most of the power in the
emitted beam is at the fundamental laser frequency. This necessitates sophisticated
schemes to separate the sideband radiation from the laser radiation. It should be
noted that not only the first-order sideband (m = 1) but also higher order sidebands
can be used. However, the power emitted in the sideband decreases strongly for
higher order sidebands [350]. Nevertheless, almost the entire frequency range from
0.5 to 3THz is accessible by sideband generation [350]. It should be noted that
this coverage cannot be achieved with a single Schottky diode, because the corner
cube antenna does not provide sufficient bandwidth. Several diodes with optimized
antennas have to be used. The output power emitted in the first order is about three
to four orders of magnitude lower than the power from the gas laser, and it tends
to decrease with increasing frequency due to efficiency loss in the Schottky diode.
As an example, 10.5 wW have been obtained at 1.6 THz [352] (Fig.4.21). With a
Schottky varactor diode, in a reduced waveguide mount, as much as 55 uW have
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been produced at 1.6 THz [353]. However, despite these impressive results it seems
that this type of photomixing is no longer widely pursued.

4.7.3 Metal-Insulator—Metal Diodes

A somewhat similar technique to sideband generation is difference frequency
generation by mixing the radiation of two lasers operating in the IR or visible
spectral region in a nonlinear element. While the concept is quite simple and
dates back to the 1970s [354], it was 10years later that K. M. Evenson and his
co-workers implemented this method successfully for spectroscopic applications
[355] (Sect. 6.7.4). They used two CO, lasers and a metal-insulator—metal (MIM)
diode (sometimes also called MOM, metal-oxide—metal diode) for generation of
the difference frequency. The MIM diode consists of an Ni metal base, which is
contacted by an electrochemically sharpened tungsten whisker. Both metals are
separated by a thin (~1nm) naturally grown oxide layer. Applying a small bias
voltage leads to tunneling of electrons from one metal to the other. Although the
nonlinearity of the I-V curve of an MIM diode is much smaller than that of a
Schottky diode, it is a more efficient mixer at 10 wum wavelength, because the
tunneling process is much faster than thermionic emission in a Schottky diode [356].
The conical tip of the whisker acts as an antenna for in-coupling of about 200 mW of
CO; radiation from each laser [357], while outcoupling of THz radiation is achieved
with a long wire or corner cube antenna (Sect. 5.5.2). For generation of tunable THz
radiation, a CO, waveguide laser, which is frequency tunable by Av, = +120 MHz,
is mixed with another laser at a frequency vi = vco,. The waveguide is tuned to
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a frequency v,. The THz radiation can be swept due to second-order generation:
VrH, = V1 — V2| £ Avs.

In a configuration for third-order generation, with cobalt as a metal base, both
CO; lasers are at fixed frequencies, and frequency tunable microwave radiation
Avs; = Avpmw from a synthesizer is coupled into the MIM diode to allow for
frequency tuning of the THz radiation. In this case, the MIM diode generates
sidebands of the difference frequency from the CO, lasers, i.e. vry, = |v; —
V2| & Avs. Since third-order generation provides much better frequency coverage,
along with a higher absolute accuracy, it has found applications in high-resolution
molecular spectroscopy (Sect.6.7.4). With this approach, an almost complete
(>95%) coverage of the THz region up to 6.5 THz is possible and, when one of the
CO; lasers is replaced by a '>’NHj laser, the coverage can be extended to 9.1 THz
[358]. But, as with the Schottky photomixer, the corner cube antenna needs to be
adapted. The output power is up to 1 wWW in the second order and one third of that
in the third order (Fig.4.21). It is worth noting that MIM diodes can be fabricated
as planar structures at the expense of reduced high-frequency performance [359].

4.7.4 Photodiodes

A more recent approach is photomixing of the radiation from two semiconductor
lasers which operate at telecommunication wavelengths (A = 1.55 pum) in a photo-
diode (PD). THz generation up to 1 THz has been reported using a pin-PD. However,
these diodes have a limiting trade-off between bandwidth and output power and
around 1 THz a few nW have been obtained [360]. The efficiency has been
significantly improved by pin-PDs with waveguide coupling to near-IR radiation.
These are based on InGaAs/InGaAsP heterostructures which are grown on semi-
insulating InP substrates. Several nW up to several wW output power are reported
for pin-PDs [346]. It is worth noting that a photonic mm-wave source with a pin-
PD provides the phase reference around 100 GHz for the LO of each of the 64
antennas of the ALMA observatory. To increase the frequency of operation and
the output power, a uni-traveling-carrier (UTC) PD is a better candidate [361]. Its
bandwidth is at least three times higher and its output power at least two orders of
magnitude greater than that obtained with a pin-PD. This improved performance is
due to the fact that only electrons are the active carriers, which travel through the
junction. In a UTC-PD electron-hole pairs are generated upon light absorption in
a thin InGaAs absorption layer. The photo-generated electrons diffuse or drift into
an InP collection layer, while the photo-generated holes respond very rapidly within
the dielectric relaxation time by their collective motion. This differentiates it from a
pin-PD, where the response time is limited by the low velocity hole transport, which
is an order of magnitude smaller than the electron velocity. Another advantage of
the UTC-PD is a higher saturation current because the space charge effect is less
pronounced. The third advantage is that high speed, and high saturation current, can
be obtained with low or even zero bias voltage, which reduces power consumption
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and simplifies heat sinking. The UTC-PD is embedded in a planar antenna, and
the chip with diode and antenna, is placed on the rear side of an Si lens, which
provides the lens-antenna system for outcoupling of the THz radiation (Sect. 3.15).
The radiation from the two 1.55-pum lasers is combined into a single fiber and
coupled to the UTC-PD by a lens. Output powers of up to 10 uW below 1 THz have
been obtained with an UTC-PD incorporated in a logarithmic-periodic antenna or
a twin-dipole antenna, respectively (Fig.4.21). It should be pointed out that when
using a logarithmic-periodic, or any other frequency independent antenna, a single
UTC-PD covers the whole frequency range. With a resonant antenna, the covered
bandwidth is about 20% of the center frequency. In combination with a traveling
wave coupling concept, up to I mW at 1 THz is predicted [362]. This indicates that
there is considerable room for improving UTC-PDs with great potential for future
applications.

4.8 Harmonic Generators

Sources based on harmonic generation extend microwave technology into the THz
frequency range. This type of source relies on a cascaded multiplier chain, which
is driven by a high-power (about 100 mW) source (Fig.4.22). Impact ionization
avalanche transit time (IMPATT) diodes and Gunn diodes deliver approximately 50
to 100 mW, but their tuning ranges are limited. Monolithic microwave integrated
circuit (MMIC) power amplifiers are an alternative. They are available up to
~100 GHz and deliver up to 150 mW at ~100 GHz and 1 W at ~35 GHz with a 10%
bandwidth around the center frequency. Cooling may increase the output power by
up to a factor of 10 [363]. The power amplifier is fed by a signal from a standard
microwave signal generator, for example an yttrium iron garnet (YIG) oscillator,
and its output is multiplied by a cascade of doublers or triplers. It should be kept in
mind that for an ideal multiplier the output power drops with both frequency and the
number of multiplications n while linewidth, drift, and tuning step sizes increase by
n and the phase noise by 20 log(n) [364]. The output power can be smoothly varied,
for example by varying the gain of the last amplifier or by a variable attenuator
placed between the last amplifier and the following multiplier stage.

0.79t0 0.86
YiG THz

11to12 x3 3310 36 x2 x2 x2 x3
GHz GHz

Fig. 4.22 Sources based on harmonic generation extend microwave technology into the THz
frequency range. This type of source relies on a cascaded multiplier chain, which is driven by
a high-power mmW source
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The nonlinearity of Schottky barrier diodes can be used to generate harmonics
of the pump source frequency. This is possible by using either their nonlinear
capacitance or nonlinear resistance. The first type is called a varactor (variable
capacitor) diode, while the second type is referred to as a varistor (variable resistor)
diode. The structure of a Schottky barrier varactor is qualitatively the same as for
a Schottky diode mixer. The two most important parameters for application in a
harmonic generator are the conversion efficiency, i.e. the ratio between the power
generated at the harmonic frequency and the pump power, and the output power.
Varactors are operated under reverse bias compared to mixer diodes. This gives the
best capacitance variation and limits the current. In order to achieve high conversion
efficiency and high output power the design of a varactor diode differs from that of
a mixer diode in several aspects: the doping density in the epilayer is relatively low
(10" to 10" cm™3), the epilayer is thicker than in mixer diodes and the junction
area is relatively large. By these means, the breakdown voltage of the varactor is
increased compared to mixer diodes and the diode is able to handle large pump
power. Varactors can be driven to the point where the junction begins to conduct.
Beyond this point, the conversion efficiency drops and the output power saturates.
In an ideal diode, with a uniformly doped epilayer, the voltage has a square law
dependence on the charge and the current. If the diode is sinusoidally excited at the
fundamental frequency, and open-circuited at all harmonic frequencies, the current
can have no other harmonic components beyond the second. Higher harmonics have
to be generated by higher order mixing. For example, the third harmonic output can
be generated by mixing the fundamental frequency with the second harmonic. In
order to have a large second harmonic current, a short circuit across the varactor
at the second harmonic is required. This is called an idler circuit. To generate
higher harmonics, idlers must be provided at all intermediate harmonics. It should
be noted that this consideration is strictly valid only for varactors with an ideal
square law charge—voltage curve. Real varactors deviate from the ideal square-law
and higher harmonics can be generated even without an idler. Nevertheless, the use
of idlers improves the performance of varactors as well as other reactive frequency
multipliers.

In a similar fashion to Schottky mixer diodes, the advent of planar multipliers
in conjunction with advanced design tools and fabrication technologies has led to
multipliers that operate over a complete waveguide band without mechanical tuning
(Fig. 4.23). Depending on the particular design, they reach conversion efficiencies
of about 30% at 0.3 THz, which drop to a few percent at 1.9 THz [365, 366].
The output power decreases from 10mW at 0.3THz to a few wW at 1.9THz
(Fig.4.24). A somewhat different varactor diode is the heterostructure barrier
varactor (HBV). In this device, an undoped high band gap semiconductor (e.g.
AlGaAs or InAlAs) is sandwiched between two low band gap semiconductors (e.g.
GaAs or InGaAs) [367]. Several such units can be stacked on top of each other.
The potential barrier between the materials prevents an electron flow through the
structure without applied bias voltage. If a bias voltage is applied, electrons are
accumulated at one side of the barrier and depleted at the other side, resulting in a
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Fig. 4.23 Output power of the multiplier source depicted in Fig. 4.22. Note that the peak output
power can be increased at the expense of frequency coverage (dashed line as guide to the eye)
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Fig. 4.24 Output power of multiplier-based harmonic generators. The data are compiled from the
literature and include different fundamental sources, as well as different multiplication schemes.
All data are for 296 K operation. Reducing the operating temperature to 120 K can improve the
output power by a factor up to five

decreased capacitance. An applied THz field modulates the electron distribution
and harmonics are generated. Due to its symmetrical design, the HBV has an
antisymmetric I-V curve and a symmetric capacitance—voltage curve, allowing only
odd harmonics to be generated. In contrast to a Schottky varactor, there is no idler
that needs to be terminated. Quintuplers up to 0.5 THz output frequency have been
fabricated [368].

Yet, another approach is the superlattice (SL) multiplier. It is a periodic structure,
which consists of alternating thin layers of an n-doped semiconductor (GaAs)
and an insulator (AlAs). This results in the formation of minibands separated
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by a mini-band energy gap. Applying a voltage to the SL leads, at a particular
value, to a reflection of electrons at the miniband edges. This can be seen in the
I-V curve as a negative differential conductance, which is suitable for frequency
multiplication. Two mechanisms contribute to the multiplication process. Below
about 1THz the intra-miniband relaxation time (~107'3s) is short enough and the
THz field modulates the group velocity of miniband electrons [369]. At higher
frequencies, harmonics are generated by Bloch oscillations of the electrons [370].
Since the I-V curve is antisymmetric, only odd number harmonics are generated
if no bias voltage is applied. If a bias voltage is applied, the symmetry of the -V
curve is broken and odd and even harmonics are generated. SL multipliers have
been successfully employed in high-resolution spectroscopy [371]. Harmonics up
to the 11th order at 2.7 THz were generated with a BWO as input source. The output
power was 0.23 wW at 0.8 THz with about 50 mW input power. This is less than
with a Schottky multiplier-based source. However, a unique advantage of the SL is
that it is the only multiplying element generating all harmonics at the same time.

The multipliers have in common that they are mounted in a structure with two
waveguides. One waveguide is for coupling the input frequency to the multiplier and
another one for outcoupling of the harmonic signal. Care has to be taken to prevent
leakage of input radiation into the output waveguide. Multiplier-based sources are
now commercially available, with a performance which meets the requirements of
many applications in spectroscopy and imaging.

4.9 Backward Wave Oscillator

An alternative to extending the frequency of microwave sources to the THz range by
harmonic generation, as discussed in the previous section, is to design fundamental
oscillators. The most successful source of this type is the backward wave oscillator
(BWO). The first BWOs were invented independently in France [55] and in the
USA [56] in the 1950s. The French inventors called their device a carcinotron, a
name still quite widely used. A plausible explanation of the name carcinotron is that
for security reasons the nature of the operating principle was not to be apparent from
the nomenclature. “Carcinos” is French for the crayfish whose usual movement is a
slow walk but, when startled, uses rapid flips of its tail to swim backwards.

To understand the operation of a BWO, it is convenient first to consider how
the energy of an electron beam can be used to provide gain for a high-frequency RF
signal. This can be perceived by first studying the mechanism of the “traveling wave
amplifier,” shown schematically in Fig. 4.25a.

Consider an RF signal injected at the source end. The wave associated with this
signal has its phase velocity reduced by the “slow-wave” structure to approximately
the drift velocity of the electron beam. With a uniform periodic structure, the phase
velocity will be constant and at any point in time the axial electric field distribution
due to this will vary sinusoidally with distance, as shown in Fig.4.25b. Electrons
entering the slow-wave structure are exposed to an electric field. When the field is
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Fig. 4.25 (a) Schematic design of a traveling wave amplifier. (b) Electron bunching in a nearly
synchronous traveling wave field. The process is discussed in the text

zero at points Ay, Ay, Az, A4, etc., the electrons will drift with the wave and their
phase, relative to the wave, will be constant. Electrons at points like B; and B; will
be accelerated and drift toward the constant phase electrons at A, and A4. Electrons
which are at B, and B4 will be decelerated toward the constant phase electrons at A,
and Ay, etc. This causes the electrons to move into bunches around the phase stable
electrons at A,, A4, etc. When there is exact synchronism between the electrons
and waves, it is clear that no energy will be extracted from the beam. However,
if the electron drift velocity is slightly faster than the wave, the centers of gravity
of the bunches will be in the decelerating regions between A, and B,, A4 and By,
etc. In this manner, energy is transferred to the wave, which grows exponentially in
amplitude with the distance traveled by the electron beam. If, for any reason, there
is feedback in the system, the traveling wave amplifier will oscillate, and it may be
necessary to include some loss mechanism into the slow-wave structure to avoid
this.

Essentially, the mechanism of a BWO closely resembles the traveling wave
amplifier, except that the slow-wave structure is deliberately designed to provide
feedback. The design of a high-frequency BWO is shown schematically in Fig.4.26
[372]. Fundamentally, a BWO resembles a very sophisticated high vacuum diode.
The cathode, which is warmed by a low voltage heater, emits electrons that are
accelerated by a high voltage field and travel toward the anode. The electrons
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Fig. 4.26 Design of a high-frequency BWO (adapted from [372])

are collimated by a very uniform external magnetic field and pass over a comb-
like slow-wave structure to produce the required bunching for the transfer of the
kinetic energy of the electrons to an electromagnetic wave that builds up from
noise fluctuations. The slow-wave structure is designed in such a way that, when
the gain is sufficient for oscillation, the generated wave is 180° out of phase with
the electron bunches. Hence, this type of source was given the name “Backward
Wave Oscillator” by its American inventors.

Although the basic design of the BWO seems straightforward, they are highly
sophisticated devices with stringent tolerances, particularly for high-frequency
operation. This can be understood by considering the requirements to accomplish
a net transfer of energy from the electrons to the electromagnetic wave. In order
to achieve the necessary phasing, the spatial periodicity of the slow-wave structure
must be on the scale of the distance traveled by the electron bunch in one oscillation
of the electromagnetic wave. For an accelerating voltage of a few thousand volts
and a frequency of 0.3 THz, this distance is ~100 wm. With modern fabrication
techniques, these dimensions are not difficult to achieve but, as the proportions are
reduced for higher frequencies, severe complications arise. Apart from the fact that
the “comb” spacing is now close to 10 m, and all the other dimensions are also
reduced, there are problems with heat dissipation from the cathode, which has to
be close to 1200°C to achieve the high current densities required. Furthermore,
circuit losses increase rapidly with increasing frequency. Apart from the difficulties
of manufacture, an inevitable result of the reduced size of the high-frequency BWOs
is lower power output and this can be clearly seen in Fig. 4.27.
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Fig. 4.27 Power versus frequency for a range of BWOs. Each curve in the main figure represents
the output of an individual BWO. The inset shows the detailed output of one BWO. The apparent
noise fluctuations in these outputs is in fact a reproducible signal level that is unique for each BWO
(adapted from [372])

A major advantage of BWOs is their tunability. The output frequency is
approximately proportional to the square root of the voltage across the tube, and
the tuning rate is ~10 MHz/V for low-frequency devices, rising to ~100 MHz/V for
those operating at 1 THz and above. As can be seen from Fig. 4.27, the output power
of each BWO varies quite rapidly with frequency and in practice the useful tuning
range is approximately +10% from the center frequency. The maximum frequency
achieved is ~1.4 THz. Because of the many constraints involved, it seems unlikely
that this value will be significantly increased. Although the output power appears
“noisy” this apparently random structure, which is unique for each BWO, is highly
reproducible.

The linewidth of a BWO is critically dependent on the applied voltage and, with
the most stable power supplies available, is typically 10-20 MHz. However, the
intrinsic linewidth is less than 1 kHz and frequency stabilization can be achieved by
using phase-locking. Figure 4.28 shows a block diagram of a system for achieving a
bandwidth of 10kHz at 0.633 THz, giving a potential resolving power of more than
6x107 [373]. The arrangement uses two phase-lock loops (PLL). A small fraction
of the BWO beam is coupled out and fed into a mixer. The signal is mixed with
the 7th harmonic of an 80—-90 GHz Gunn oscillator, which in turn is stabilized by a
second PLL using the 13th harmonic of a tunable 5-7 GHz frequency synthesizer as
a reference.

The output of this frequency stabilized BWO provides a powerful alternative
to solid-state sources for producing tunable radiation at very high frequencies by
harmonic generation. This particular system has been designed to drive a frequency
tripling Schottky barrier diode. The input power to the diode is 7mW and the output
at 1.9 THz is more than 1.5 p W.
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(adapted from [373])

The necessity for a very precise magnetic field has the result that BWOs fall
into two types. Low-frequency devices for operation below ~180 GHz are packaged
with a small samarium-cobalt magnet. The construction can then be very compact,
weighing about 1kg, and requiring only air cooling. For higher frequencies, the
magnetic field required increases from 0.6 to 1.2 T and either massive permanent
magnets, or sometimes electromagnets, are needed, with very precise mechanical
adjustment systems. This can only be achieved by separating the magnet from the
oscillator, which now requires water-cooling.

4.10 Smith—Purcell Sources

E.M. Purcell had conjectured that if an electron passed close to the surface of a metal
diffraction grating, moving at right angles to the rulings, the periodic motion of the
charge induced on the surface of the grating should give rise to radiation. In 1953,
in conjunction with S.J. Smith, he confirmed this effect in the visible region, using
300-350kV electrons from a Van der Graaff generator and an electron accelerator
tube [374]. They showed that the wavelength A emitted was given by

r=£ (l — sin(e)) , 4.11)
n\pB

where g is the grating period, 8 = v/c is the electron velocity relative to the speed
of light, @ is the angle of emission measured from the normal to the surface of the
grating, and »n is the spectral order. (4.11) can be derived by the simple Huygens
construction illustrated in Fig. 4.29.

Consider two points, separated by one period of the grating, that emit light
simultaneously in the direction 6. The light interferes constructively if the difference
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in path length to a distant observation point is an integral multiple of the wavelength:
gsin(f) =nA. However, the light is not emitted simultaneously but at times
separated by the transit time of the electron g/v. Effectively, this introduces an
additional path length of g /B, resulting in (4.11).

The use of Smith—Purcell (S-P) radiation to provide mmW and THz radiation
was demonstrated in the USSR in 1969 [375] and independently in Japan in the
same year [376]. In the USSR experiment, where the device was called an orotron,
a ribbon-like beam, produced by a diode gun, was passed across a ruled grating.
Feedback of radiation, produced perpendicular to the surface, was achieved by
placing a concave mirror above the grating, which provided a Fabry—Pérot cavity.
Power was coupled out through a waveguide set in the center of the mirror, as shown
in Fig.4.30. To focus the electron beam, flat pole pieces of an electromagnet were
placed alongside the beam. The electron beam was pulsed with a pulse length of 1 jus
and, using different period gratings, power varied between 200 W at 25 GHz and
several hundred mW at 350 GHz. As can be seen, the orotron has a close similarity
to a BWO, with the essential difference that the resonant cavity is not restricted
to dimensions corresponding to the source wavelength. Successful development of
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cw orotrons at longer wavelengths was achieved at lower frequencies [377], but in
Russia there has been a significant drive into the THz region [378]. This has led
to the commercial availability of long pulse length orotrons at frequencies up to
0.37 THz. For example, devices with output powers of 100 mW with pulse lengths
approaching 10 ms at 0.3 THz can now be obtained.

Research at Dartmouth College, USA, headed by J.E.Walsh, has led to a
somewhat different type of S-P source. Initially, this concentrated on high-power
pulsed systems employing relativistic electrons with outputs in the THz region.
However, the availability of a scanning electron microscope (SEM) suggested the
possibility of a cw source. Although the total current of the SEM beam is low, the
beam is of high quality and can be focused and steered with great accuracy over the
surface of an S-P grating. The design of Walsh’s experiment is shown in Fig.4.31.

Initially, this design produced spontaneous radiation, in agreement with (4.11),
over the wavelength range 350-900 um (0.33-0.86 THz) by using a number of
grating periods and varying the beam energy from 20 to 40 keV. Power emitted was
approximately 1 nW. Subsequently, various alterations were made to both the power
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Fig. 4.31 (a) Smith—Purcell THz source based on a scanning electron microscope. (b) Detected
power versus beam current for two beam diameters at 35 keV electron energy. The sharp transition
to superradiant emission at the higher current density is clearly shown (adapted from [379])
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supply and the alignment and focusing coils of the SEM to provide a very narrow
high-current density beam as it passed over the grating. With the modified design,
the current density was sufficient for a dramatic change to occur in the output.

As the current was increased, the power emitted suddenly changed from a linear
to a superlinear dependence as illustrated in Fig. 4.31b. There have been a number
of suggestions as to how the required feedback is produced as there are no mirrors
to provide external feedback. The most convincing explanation of what occurs has
been given by Andrews et al.[380], who pointed out that, in addition to the S-P
radiation, there are evanescent modes that travel along the grating and decay expo-
nentially above it. When the phase velocity of the evanescent wave is synchronous
with the electron velocity, the electron beam amplifies the evanescent wave. The
group velocity of the evanescent wave can either be positive, as in a traveling wave
tube, or negative, as in a BWO, depending on the dispersive properties of the grating
and the electron velocity. External feedback is not required. The frequency of the
evanescent wave is below that of the S-P radiation, so it does not radiate except at the
ends of the grating. However, it is the bunching of the electrons by their interaction
with the evanescent wave that enhances the S-P radiation and provides the much-
increased output power. In confirmation of this explanation, the evanescent wave at
the predicted lower frequency was later reported [381].

Experiments with a purpose-built system that greatly improved the attributes of
the SEM has resulted in increased output power that has reached the microwatt
level at frequencies close to 1 THz [382]. Experiments are continuing on a variety
of structures in several laboratories in the hope of higher power levels. A possible
way forward is the suggestion from a Russian group of replacing the pencil-like
beam used in the Dartmouth College and subsequent experiments, by a sheet beam
[383]. This could permit a significant increase in the operating current and in the
output power. The same group has also demonstrated S-P radiation enhancement
by the use of a two-mirror open cavity similar to that of an orotron, and the initial
results look very promising [384].

A very useful application of S-P radiation is as a diagnostic tool for the study of
high-energy electron beam bunches, typically 1-10ps long with a bunch spacing of
a few ns. If a blazed diffraction grating (Sect. 6.2) is placed adjacent to the electron
beam, SP signals are emitted over a wide angular spread. By studying this angular
spread and the power emitted, both the length and shape of the electron bunch can be
obtained. This method for the study of electron beams has proved to be very versatile
and has been employed over beam energies from 2 MeV up to 28.5 GeV [114].

4.11 Gyrotrons

Gyrotrons are electronic tubes that are normally employed to provide very high
power in the mmW region of the spectrum. However, a few THz gyrotrons have
been constructed and the outline of one designed at the Massachusetts Institute of
Technology (MIT) is illustrated in Fig.4.32. In essence, it is a simple construction
requiring only an electron source and a resonant cavity contained within a strong
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Fig. 4.32 Design of the THz gyrotron at MIT discussed in the text (adapted from [385])

magnetic field. Electrons emitted from the cathode acquire transverse and axial
velocity due to the electric and magnetic fields in the electron source region.

Electrons gyrating in an external longitudinal magnetic field do so at an angular
frequency given by

eB
w=—, (4.12)
m
where B is the magnetic induction and e/m is the ratio of charge to mass of an
electron. At low electron velocities, where m,) is the rest mass of an electron, (4.12)
becomes in terms of frequency

eB
V=

= . 4.13
27'[}71() ( )

However, when the electron velocity v becomes significant, its mass increases by
the relativistic factor (4.15). Although the accelerating voltages in gyrotrons are
comparatively low, typically 10-100kYV, this increase in electron mass is sufficient
to produce instabilities. As the electrons travel toward the resonant cavity into an
increasing magnetic field, the electron orbital momentum increases. The relativistic
electrons are initially randomly distributed in their cyclotron orbits but phase
bunching occurs due to the mass change of the electrons. This can be understood
by realizing that electrons which lose energy to the electromagnetic field become
lighter and build up a phase lead while those that gain energy have a phase lag. Both
groups of electrons tend toward an equilibrium phase and with sufficient bunching
of the electrons they radiate coherently. When the wave frequency is slightly greater
than the cyclotron frequency, a large percentage of the electron beam energy is
converted to electromagnetic radiation.

There is an analogy between the gain process in the gyrotron and the traveling
wave amplifier discussed in Sect.4.9, but here it is the change of mass of the
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electrons that leads to instabilities. These produce the self-oscillation that then
transforms the kinetic energy of the electrons into radiation.

The great advantage of gyrotrons compared with other high-frequency electronic
tube sources is that they emit radiation at a frequency determined by the strength
of the applied magnetic field and not the dimensions of a resonant structure. At
microwave frequencies, there is a further advantage that their efficiency can be very
high, approaching 40%. Their main disadvantage as THz sources is explained by
reference to (4.13). This yields a cyclotron frequency of 27.992 GHz per Tesla. For
a device operating at 0.3 THz, a field of more than 10T is needed. Fortunately, it
is possible to obtain useful powers and efficiency at harmonics of the fundamental
frequency and as early as 1974 a cw power of 0.5kW was obtained at 0.33 THz
from a gyrotron operating on the 2nd harmonic [386]. Superconducting solenoids
were used to provide the required high magnetic field. Much of the early research
on gyrotrons was performed in the USSR in a group led by A.V. Gaponov who, in
the late 1950s, was one of several authors to discuss independently the possibility
of emission from monoenergetic electrons in a magnetic field [62]. Interestingly,
the first person to recognize the potential of radiation from electrons rotating in a
uniform magnetic field was an astrophysicist, R.Q. Twiss [61]. He used a quantum
mechanical approach, as did J. Schneider, who ended his paper with “It does not
appear unlikely that this effect could be used for a new type of maser ...” [387].
R.H. Pantell [63] and A.V. Gaponov used a classical approach. It took many years of
research and development to reach the very powerful and efficient sources of mmW
radiation that are now used in controlled fusion research and other investigations.

Progress toward higher frequencies has been comparatively slow. In recent years,
a main research center for the development of THz gyrotrons has been at Fukui
University in Japan, following on from a joint research program with the University
of Sydney, Australia. The Fukui team, led by T. Idehara, has developed a number
of high-frequency gyrotrons reaching to above 1 THz with pulsed magnetic fields
[388]. This laboratory is planning a 1 THz device using a 20T superconducting
magnet with a cw output power of 250 W on the 2nd harmonic [389]. The Institute
of Applied Physics of the Russian Academy of Sciences in Nizhny Novgorod has
a long and distinguished history of gyrotron development dating back to the early
1970s [386], including research on THz devices [390]. They are collaborating with
the Fukui University group on the development of relatively small gyrotrons to
produce cw output powers of 1,000 to 1 W at frequencies from 0.3 to 1.5 THz [383].

As mentioned earlier, another group that has had significant success with high-
frequency gyrotrons is at MIT led by R.J. Temkin [385]. One requirement was
for a high-power THz source for dynamic nuclear polarization enhanced nuclear
magnetic resonance for studying biological samples. Their gyrotron (shown in
Fig.4.32) provides a cw output of more than 8 W at 0.46 THz, when operating on
its 2nd harmonic, in a nearly Gaussian radiation pattern. This high quality beam is
achieved by the use of a mode converter of the type first described by S.N. Vlasov
and his colleagues [391]. These so-called Vlasov launchers, or converters, are
commonly used, either internally or externally, to convert the high-order circular
waveguide modes into a low-order waveguide mode, or a Gaussian mode in free
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space. In the MIT design (Fig.4.32), where the axis of the gyrotron tube and the
electron beam are within the bore of a 9.2T superconducting magnet, the mmW
power is extracted via the mode converter, which consists of a Vlasov launcher and
two mirrors. This is in a room-temperature section which intersects at a right angle
to the magnet bore and provides efficient separation of the microwave beam from
the electron beam. An in-depth analysis of this mode converter has been made [392].
BWOs and gyrotrons can be considered as complementary sources. The former
cover the THz region to above 1 THz but with low power at the high-frequency
limit. The latter give very high power at low frequencies and even at their present
highest frequency of ~0.5 THz for cw devices the output power is 1,000 times more
than that of a BWO.

There are two distinct designs for gyrotrons. Most of the structures use a high-
Q cavity and operate on a single frequency with linewidths that can be less than
100 kHz. Despite this high-Q a limited tuning range of 2 GHz at 0.46 THz has been
obtained by small variations of the magnetic field, producing switching between
overlapping higher axial modes [393]. Alternatively, using low-Q configurations
gyrotrons can be step-tuned over a wide frequency range to produce relatively
low power. However, this arrangement means that the output is switching between
a wide range of higher order modes and very sophisticated mode converters are
required to simulate an approximation of a Gaussian beam. An example of the wide
tuning range that can be obtained with tunable systems was GYROTRON V at the
University of Sydney [394]. This could be step-tuned from 150 to 300 GHz at its
fundamental and its first harmonic (0.3 to 0.6 THz), with power outputs of up to
20 W and hundreds of mW, respectively.

4.12 Terahertz Sources Based on Relativistic Electrons

Synchrotron radiation is generated by the acceleration of charged particles, which
move close to the speed of light. The emission spectrum contains frequencies from
mmW up to X-rays. Its name was derived from a General Electric synchrotron where
it was discovered in 1946/1947 [395]. The generation mechanism of synchrotron
radiation is illustrated in Fig. 4.33.

For simplicity, only one electron is considered. The electron moves in a bend
with a speed close to that of light and emits electromagnetic radiation due to
the acceleration. An observer outside the inertial system of the electron sees an
electromagnetic pulse with duration in the order of femtoseconds to picoseconds.
The spectral content of the pulse is obtained by a Fourier-transform of the modulus
squared of the amplitude of the pulse. This results in a broadband spectrum. Towards
short wavelengths the power drops as exp(4)/A and at the long wavelength side of
the spectrum the power is proportional to A ~>. The total power radiated by a single
electron, which is accelerated vertically to its direction of motion, is given by the
relativistic version of Larmor’s formula:
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where a is the acceleration and y is the ratio of the mass m of the electron to its rest
mass mo (moc? = 0.51 MeV):

m 1
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As can be seen, the radiated power increases dramatically as the electron velocity v
approaches the speed of light. It is this effect which makes synchrotron radiation
much more powerful than non relativistic sources based on accelerated electrons.
Due to the relativistic effects, synchrotron radiation is not emitted into 47 sr, but
rather into a narrow cone with a frequency-dependent opening angle of a few tens
of milliradians. Because of its high intensity, high collimation, and broad emission
spectrum, synchrotron radiation is a powerful tool in fundamental as well as applied
research. In the following discussion, THz sources that are based on a particular
type of synchrotron radiation will be considered, namely coherent synchrotron
radiation (CSR) (for a review, see [396]). In contrast to FELs, which are also based
on synchrotron emission, these sources emit across a broad, i.e. larger than 1 THz,
frequency range.

In real machines, electrons move in bunches rather than alone. CSR occurs
when the electrons in a bunch emit synchrotron radiation in phase. This happens at

(4.15)
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wavelengths equal to, or longer than, the longitudinal bunch length (in the direction
of the electron motion). In this particular case, the electrons emit coherently and
the intensity is now proportional to the square of the number of electrons in the
bunch, rather than to the number of electrons, as in incoherent synchrotron radiation.
Considering the large number of electrons in a bunch (typically 10'), the intensity
gain for CSR is huge. For a given wavelength A, the power P emitted by a bunch of
electrons can be derived from the power P, emitted by a single electron according
to [397]: ip ip
a = (N + Ne(N, — Dfl)d_;’

where N, is the number of electrons in the electron bunch. f;is the so-called form
factor, which describes the degree of coherence. This is one for a point-like source
with full coherence, and zero in the incoherent case of a long bunch. The first
term in the bracket (4.16), which is proportional to N,, describes the incoherent
synchrotron radiation while the second term, which is proportional to N2 f; for
N, > 1, represents CSR. For N, f; > 1 CSR dominates in the total emission.
The form factor is given by the modulus squared of the Fourier-transform of the
longitudinal charge density n(z) of the bunch:

(4.16)

2

fi = ‘/_Oon(z) exp (zm%) dz “.17)

In the case of a Gaussian electron density distribution in a bunch with an rms length
Oms, the form factor is given by fi = exp[—(27w0ums/A)?]. This relation states
that CSR is most easily obtained from short bunches and at long wavelengths. The
dependence of the radiated power on the wavelength takes into account other effects,
such as shielding by the vacuum chamber in which the electron is moving. CSR was
experimentally discovered using electron bunches in a linear particle accelerator
(linac) [398]. In 2002, a team at the Berliner Elektronen Speicherring—Gesellschaft
fiir Synchrotronstrahlung (BESSY) succeeded in generating powerful and stable
CSR with an electron storage ring [103], and in the same year high-power THz
radiation from a linac was demonstrated [399].

4.12.1 Coherent Synchrotron Radiation from Electron
Storage Rings

In an electron storage ring, electrons circulate close to the speed of light. The
ring consists of a vacuum chamber and bending magnets, which keep the electrons
moving in a circle. Undulators can also be incorporated (Sect. 4.12.3). The electrons
are grouped in bunches, with a length in the range from ~0.1 mm to several
millimeters. Many bunches separated by a few centimeters can circulate in a ring.
For example, the BESSY II electron storage ring has a 240-m circumference. Up to
400 electron bunches, each with up to ~10'0 electrons, can be stored. The revolution
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Fig. 4.34 Fill pattern (rms bunch length of 5 ps) measured with a superconducting hot electron
bolometer at THz frequencies (raised by two units) and with an APD at X-ray energies for a total
current in the ring of 5.8 mA and a maximum current in a bunch of ~200 pA (adapted from [400])

frequency in the ring is 1.25 MHz and the separation between two adjacent bunches
is 2ns (60cm) (Fig.4.34).

Although CSR was predicted to occur in high energy storage rings in 1954
[401], stable and steady-state CSR was measured in 2002 as mentioned above [103].
Stable, steady-state CSR, as opposed to bursting CSR (see below), means that the
CSR power emitted from a particular bunch does not fluctuate between different
revolutions in the storage ring. Stable CSR can be achieved by an appropriate
setting of the magnetic fields interacting with the electrons. This allows lowering
the so-called momentum compaction factor ¢, which describes the relative change
of orbit length from the nominal length for electrons whose momentum deviates
from the average momentum. The bunch length is proportional to /cc. For example,
at BESSY II « can be reduced to ~107°, corresponding to an rms bunch length of
700fs (orms &~ 0.2 mm) at a bunch current of ~0.3 pA. A power increase of more
than 10° times compared to incoherent synchrotron radiation has been obtained
[402]. Increasing the bunch current beyond a certain threshold leads to self-induced
fluctuations of the electron density in the bunch. The resulting microbunches have
a characteristic length shorter than the bunch length and a much larger form
factor than a Gaussian-shaped bunch. As a consequence, microbunches emit not
only significantly more powerful CSR but also higher frequencies. However, the
microbunches are not stable and the CSR emission has a bursting character with
power fluctuations up to 100%, if a single bunch is considered. The fluctuations
might be reduced by averaging, but for many applications stable CSR is preferred.
The transition from stable CSR to bursting CSR is illustrated in Fig. 4.35. It displays
the signal from a fill pattern of the storage ring consisting of electron bunches
with an rms bunch length of 5 ps and different electron population. An avalanche
photodiode (APD) detected ~8keV X-rays, and the THz signal, from the same
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Fig. 4.35 THz signal as a function of the bunch current. The transition form stable to bursting
CSR occurs at about 90 wA/bunch. The inset is an expanded view of the quadratic power increase
expected for stable CSR (adapted from [400])

fill pattern, has been measured with a superconducting hot electron bolometer
(Sect.5.5.4). Below ~100 LA, CSR was generated by stable electron bunches and
the power increased as the square of the current. Above this threshold, bunches
became unstable and microbunching occured as shown in Fig. 4.35 [400].

In Fig.4.36, typical CSR spectra above and below the bursting threshold are
shown. The bunch length was 3 ps. In this case, the bursting threshold was at about
10 WA per bunch. The power of stable CSR peaks at about 0.4 THz, while that of
bursting CSR is almost three orders of magnitude more powerful, with a maximum
around 0.6 THz. The average total power was several mW for stable CSR. It should
be noted that the power at the source point is several orders of magnitude higher. But
since the beamlines are usually not optimized for THz radiation, their attenuation
is large. The first storage ring optimized for generating CSR is the Metrology
Light Source of the Physikalisch-Technische Bundesanstalt in Berlin. Stable or
bursting CSR from 0.1 to 1.5 THz up to an average power of about 60 mW can be
obtained [403].

The spectral coverage can be extended by so-called “femto-slicing” [404]. This
method requires a femtosecond laser pulse which is, for a short distance, co-aligned
with an electron bunch. The electric fields of both interact in such a way that the
electrons are laterally pushed out of the bunch center. The longitudinal electron
density modulation induced by the fs laser can be considered as a hole in the electron
bunch with a length of ~130fs. Correspondingly, the CSR, emitted by the density
modulation, peaks around 1.5 THz and extends to about 3 THz. The low-frequency
cut off is determined by the metal vacuum chamber in which the electron beam
is traveling. This acts as a waveguide with a cut off frequency below 100 GHz.
Ideally, synchrotron radiation is linearly polarized, with the electric field vector
in the plane of the electron beam. The polarization can be modified by insertion
devices. For example, if the source point is located in the homogeneous region of the
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Fig. 4.36 The current dependence of incoherent and coherent synchrotron radiation. (a) Coherent
output power for bunch currents of 9 and 40 pA, and for incoherent THz synchrotron radiation
with a total ring current of 10 mA. (b) Amplification factors calculated by dividing the coherent
synchrotron radiation spectrum by the incoherent one normalized to the same current per bunch
(adapted from [402])

magnetic field of the bending magnet it is linearly polarized, while radiation from
the inhomogeneous portion of the magnetic field yields radially polarized light.

The broadband emission spectrum, in conjunction with very stable average out-
put power, high peak power, large brilliance, and a high level of polarization, makes
CSR an excellent source for Fourier-transform spectroscopy. First experiments in
THz near-field imaging [405], as well as superconductor and semiconductor spec-
troscopy [406], have been performed, and currently several synchrotron facilities
offer THz CSR for user experiments. Another important application for CSR is
electron beam diagnostics. This is based on the fact that the CSR spectrum depends
on the shape of the electron bunch from which the THz radiation is emitted.
Basically, the bunch shape in the time domain can be retrieved from the emitted
CSR spectrum by means of Fourier transformation. By applying this method, it has
been shown that CSR bunches at BESSY II have a sharp leading front edge, while
the tail is less steep [407].

4.12.2 Coherent Synchrotron Radiation
Jrom Linear Accelerators

Another way to produce CSR is to use a linac [398, 399], where short electron
bunches are created and then accelerated to close to the speed of light. A magnet
is installed in a special section of the linac, which bends the otherwise straight path
of the electron bunch. The light emitting point is located on the bend. Linacs can
create very short bunches (~100fs) resulting in CSR up to a few THz. But the pulse
repetition rate is usually much less than 1 kHz. Thus, the average power is quite low
compared with that obtained from a storage ring. A way to overcome this is to create
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photoelectrons from a GaAs cathode with a high repetition rate (75 MHz) laser.
Although the bunch length of the photoelectrons is initially ~40 ps, they become
tightly bunched to ~500fs in the accelerator. This repetition rate is comparable to
that in storage rings. However, to support a similar current and beam energy as
that in a storage ring would require huge input power to the linac. This limitation
has been overcome by recovering the energy of the electrons prior to discarding
them (the so-called energy recovery linac). The CSR spectrum observed with such
a system has a maximum at 0.6 THz and extends up to 3 THz. The measured peak
power was 0.5 W/cm™! but it was deliberately reduced by a factor of approximately
550 [399]. These developments demonstrate the potential of linacs to generate very
powerful broadband coherent THz radiation in the kW range.

4.12.3 Free-Electron Lasers

Free-electron lasers (FELs) are high-power sources for a wide range of frequencies
and have numerous applications in the THz region. Because they require high energy
and high current electron beams for their operation, a number of FEL user facilities
have been set up where visiting researchers can pursue their experiments [408].

The concept of FELs dates back to well before the invention of “conventional”
lasers, with an article in 1951 by H. Motz entitled “Applications of radiation from
fast electron beams” [409]. Experiments performed by Motz and his colleagues
produced both coherent emission in the mmW region and incoherent visible
light. Later, in the search for higher power than was currently available at mm
wavelengths, R.M. Phillips invented the “ubitron” in which the letters UBI stood
for “Undulating Beam Interaction” [410]. The ubitron is now generally recognized
as the precursor of the FEL. It produced powers of 150kW at 60 GHz, but the
search for high-power electron beam sources for the THz region diminished with
the invention of gas lasers, and the rapid progress in new solid-state sources.
Interest was revived with the work of John Madey and his colleagues, who coined
the term “free-electron laser” and produced stimulated emission at 30 THz [411].
Development of FELs has progressed rapidly and systems now exist over the entire
frequency range from soft X-rays to microwaves.

The advantage that FELs have over conventional lasers is that they are widely
tunable sources. This is unlike the situation in nearly all solid, liquid, or gas lasers,
which are dependent on transitions between specific energy states. The reason why
FELs are tunable can be readily understood by the principle of their operation.

An FEL consists of a relativistic electron beam that travels through a periodic
magnetic structure called an undulator (or wiggler — the terms are interchangeable),
which has either helical or planar geometry. The basic layout for a planar undulator
is illustrated in Fig.4.37. The electrons can be created and accelerated in various
ways. The two usual methods of providing electrons are either from a thermionic
cathode or by photoemission, produced by a conventional laser, with a photon
energy greater than the work function, fired at a metallic surface. The accelerators
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Fig. 4.37 Schematic outline of a free-electron laser

used can be electrostatic but are more often induction radio frequency linacs or
microtrons, sometimes in combination with storage rings. This combination of
electron source and accelerator produces a high-energy beam, which needs to have
a specific energy and a low angular spread, that is injected into one end of the
undulator.

The undulator induces transverse oscillations of the electrons, as shown in
Fig.4.37, and this results in incoherent spontaneous radiation as in a synchrotron.
The power emitted is proportional to the electron current and has a radiation

wavelength given by
P LS 4.18

L_2V2(+2)’ 19
where A, is the period of the undulator, the distance over which the magnetic field
undergoes a complete cycle. y is the relativistic factor according to (4.15). K is an
undulator parameter, which depends on the average magnetic induction B,, and is
given by

Wy eB, Ay,

"~ cky  moc2m’ g
FELs are able to operate over a very wide range of wavelengths, and this can be
understood by realizing the strong dependence of A; on the electron energy. For
example, with typical undulator parameters A, = 10cmand K = 1.4, A, = 1 mm,
10 wm, and 100nm are obtained for electron energies of 5MeV, 50MeV, and
500 MeV, respectively. FELs for the THz region typically require electron energies
in the 5 to 30 MeV range.

The gain in an FEL develops from coherent electron bunching. As the relativistic
electrons travel through the undulator, they are accelerated from side to side and
radiate spontaneously in the forward direction. This is the same process that occurs,
for example, in synchrotron radiation sources. The mirrors at either end of the
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undulator form a low-loss cavity and ensure that most of this spontaneous radiation
is trapped inside the cavity. This stored radiation builds up over many transits as
electrons continue to be fed into the undulator and, eventually, the process becomes
very similar to the mechanism of BWOs, gyrotrons, etc. Within the undulator, the
electromagnetic radiation is traveling with the electron beam, and initially there
are many radiation wavelengths inside the cavity. However, when the wavelength
of the laser satisfies the resonance condition of (4.18), the electrons interact with
the radiation field and form bunches spaced at the laser wavelength. This bunching
mechanism can be understood by realizing that both the radiation’s electric field
vector, and the electrons’ undulator velocity vector, rotate through 27 within each
radiation wavelength. This determines that half the electrons lose energy to the
radiation field and the other half gain energy. Those which gain energy move ahead
and those which lose energy move back to produce bunching at the laser wavelength.

Apart from being tunable over a wide range, by varying the electron beam
energy and the magnetic induction, FELs can be scaled up to very high powers.
In conventional lasers and electron tube sources, most of the input energy required
to drive the devices is retained within the laser cavity, causing severe heat dissipation
as the power is increased. In FELs only a small fraction of the electrons’ energy
is converted into electromagnetic radiation: the rest is carried outside with the
electrons exiting from the undulator. In some FELs, the emitted electrons are
increased in energy and returned to the entrance of the undulator (electron recovery
FEL).

The gain in THz FELs is normally quite low. To overcome the unavoidable
losses, lasers are long, typically 5-10m, with high reflectivity mirrors and only
0.5-2.5% of the power is coupled through the output mirror. Inevitably, because
of the requirement of an electron accelerator, with its associated shielding, the
complete FEL facility is large and expensive. This has led to the construction of
a number of FEL user facilities throughout the world. The more important of these
with outputs in the THz region are listed in Table 4.2. Included in the table are
explanatory notes relevant to each facility. Features relevant to the various types of
facility are discussed in the following paragraphs.

The time structure of the pulse depends on that of the electron beam source
which, for the THz region, can be a linac, microtron or electrostatic accelerator.
Radio frequency (RF) linacs are the most widely used source for THz FELs. These
employ a series of cavities that contain rapidly varying electromagnetic fields to
accelerate streams of electrons. The beams that they produce are composed of a
sequence of macropulses, typically 5-10 us long, each of which consists of a train
of micropulses that are spaced by the RF period of the linac. This is usually in the ns
range, with the width of each micropulse being between 5 and 20 ps. The required
RF power is tens of MW.

The output of this type of FEL is illustrated in Fig. 4.38. Because of the low gain
of most THz FELs, several passes through the cavity are needed before oscillation
begins. After 2-3 jus, the signal builds up and this is followed by a constant output
region and finally, at the end of the current pulse, the output decays as the cavity
empties itself of photons.
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Table 4.2 THz FEL user facilities with listed wavelength range A, micropulse energy E, and
duration 7, macropulse duration 7, and average power P. (1) Accueil CLIO, LCP-Bat. 201P2,
Centre Universitaire, Paris-Sud, France — 91405 Orsay Cedex; (2) Forschungszentrum Dresden-
Rossendorf, POB 51 01 19, 01314 Dresden,Germany; (3) Osaka University Graduate School of
Engineering, Osaka, Zip 573-0128 Yamate Tsuda 2-chome, No. 9, No. 5, Japan; (4) FOM-Institute
for Plasma Physics, Rijnhuizen, Postbus 1207, NL-3430 BE Nieuwegein, The Netherlands; (5)
Budker Institute of Nuclear Physics, Lavrentyev Prospect 11, 630090, Novosibirsk, Russian
Federation; (6) UCSB Center for Terahertz Science and Technology, University of California,
Santa Barbara CA 93106, USA

Country Name A(jLm) Type E, (W) 1, (ps) 1 (s) P W)
1 France CLIO 3-150 linac 10-100  0.5-6 9 1
2 Germany FELBE 18-280 SC linac 0.01-3 1-25 >100 0.1-40
3 Japan iFEL 20-100 linac 50 5 20 3
4  The

Netherlands  FELIX 4.5-250  linac 1-50 6-100 <10 0.5
5 Russia 120-230  ER linac 50 50 n.a. 400
6 USA FIR/MM  63-2500 electrostatic  n.a. n.a. 1-20 0.25

(1) CLIO has a two-part undulator which allows two wavelengths to be produced simultaneously at
10% to 20% of its normal power. (2) FELBE has a superconducting linear accelerator operating in
cw mode with a pulse repetition rate of 12 MHz. The electron beam is also available for a second
undulator covering the wavelength range 4 to 22 wm. (3) The FEL system at iFEL consists of
two RF linacs and five undulators to cover the wavelength range 0.23-100 pm. iFEL 4 is used
for 20-60 pm and iFEL 5 for 50-100 pm. (4) FELIX has two conventional accelerator sections.
At the exit of the first section, the beam can be passed through the undulator of FEL-1, covering
25-250 wm. Alternatively, the beam passes through both accelerator sections and then through
the undulator of FEL-2 to provide 3—40 pm radiation. A third beamline, which can be used with
either of the other two, is available for low-absorption experiments within its cavity, where the
power is 1-2 orders of magnitude higher than that available externally. This section was called
FELICE, free-electron laser for intracavity experiments to distinguish it from FELIX free-electron
laser for infrared experiments. The wavelength range of FELICE is from 5 to 40 um, but this may
be extended further into the THz region. It is planned to move FELIX-FELICE from their present
home in Rijnhuizen to the High Field Magnet Laboratory at Nijmegen (also in The Netherlands) by
the end of 2012. There they will join the FEL FLARE. This is a powerful pulsed source operating
between 200 GHz and 3 THz. (5) The Novosibirsk FEL uses a cw energy recovery linac that passes
the electron bunch through the undulator at repetition rates up to 22.5 MHz, producing THz output
in single pulses 50—100 s long. (6) The FIR-FEL provides a very uniform 1-20 ms pulse with a
power of 1-6 kW, dependent on the wavelength. A second laser (MM-FEL) operates over the range
338-2500 pum, producing 1-6 s long pulses of up to 15 kW

Microtrons are a useful alternative to linacs, producing a similar temporal
structure. They are composed of a single accelerating cavity coupled to a magnet that
causes the electron beam to recirculate through the cavity several times. Microtrons
are used at ENEA in Frascati, Italy, for very successful THz FELs, which have
been used for a number of applications, including biology [412]. Electrostatic
accelerators have not been widely used for FELs, but the success of the facility
at UCSB shows how well-matched this type of electron beam is to the THz region.

The facilities in Russia and Germany are of particular interest, as they can both
be operated in cw mode, making them somewhat analogous to a synchrotron from
the user’s point of view. FELBE is particularly versatile, as it can also be used to
provide a long macropulse, at repetition rates up to 25 Hz or single-pulse operation.
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At Novosibirsk a second FEL is being commissioned. The present FEL uses a
12MeV electron beam but in the new one a four-orbit accelerating structure will
raise this to 40 MeV. The new laser is designed to cover the wavelength range from
5 to 240 pm.

Electrostatic generators provide a continuous pulse of typically 5-20 ps. The
only facility (Table 4.2) providing this type of beam is at the University of Califor-
nia, Santa Barbara, where there are two FELs covering the range 63-2500 uwm at
power levels of 1-15kW with pulse lengths between 20—60 jus.

THz FEL facilities have become important sources for a very wide range
of activities in physics, chemistry, biology, and medicine. Because of the pulse
structure of RF linac and microtron-driven FELs, these have proved invaluable for
fast pump probe-type experiments. An example is the lifetime measurements of
excited states in semiconductors performed at FELIX [413].

4.13 Parametric Oscillators

Optical parametric oscillators (OPOs) are room temperature, frequency tunable,
and coherent wave emitters in the visible and near-IR region providing several
watts of continuous output power, or even higher power for pulsed operation. These
OPOs use a three-wave mixing process in a nonlinear material (Sect. 2.5), typically
LiNbO3, due to its transparency at wavelengths between 0.55 and 4 um and due to
the availability of high-power pump lasers in the near-IR. THz OPOs (TPO) were
demonstrated in the 1970s [414—416]. Since the end of the 1990s Kawase and co-
workers have demonstrated several tunable TPOs of different design [417, 418].
Figure 4.39 shows a tunable TPO for which the THz signal wave is emitted under
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Fig. 4.39 A cavity arrangement for a THz OPO is shown for which the pump wave (Ep) passes
only once through the nonlinear crystal. The THz signal wave (Ety,) is emitted under an angle §
and coupled out by a monolithic grating while the resonant idler wave (Ey) oscillates between two
mirrors with high reflectivity coatings (HR). The phase matching condition for broadly tunable,
coherent THz emission is fulfilled by rotating the crystal and resonator as a unit with respect to the
pump beam by an angle ¢, for example, by a motorized rotation stage (adapted from [418])
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Fig. 4.40 THz ouput power (solid line) and idler power versus idler frequency (dashed line)
(adapted from [418])

an angle and coupled out by a monolithic grating. Frequency tuning is achieved
by, mechanical rotation of the laser cavity with respect to the pump beam leading
to frequencies from 0.7 to 2.2 THz (Fig.4.40). A nonlinear LiNbO3 crystal was
used, pumped with a ns Q-switched Nd:YAG laser operated at a wavelength of
~1pum. A Si-prism array or a monolithic grating coupler was used to provide
efficient outcoupling and to avoid internal reflection of the generated THz wave,
which is emitted under an angle with respect to the pump beam directed along
the longest crystal axis. Injection seeding with another near-IR laser provided a
Fourier-transform limited linewidth of about 100 MHz. Compact THz OPOs have
been demonstrated by using a quasi-cw diode laser as the pump laser for a Nd: YAG
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crystal. Mounting the crystal in intersecting cavities for pump and parametric
wave lowered the threshold pump pulse energies below 1 mlJ, leading to a down-
conversion efficiency of 50% [419]. A prerequisite for efficient transfer of power
from the high-power near-IR laser to the THz wave is “phase matching”, which is
described in the following paragraphs.

The pump laser photon is split into two photons with lower energy or expressed
in waves: the pump wave (P) separates in the signal wave (S), here the THz wave,
and the idler wave (I). The process has to obey two conditions, conservation of
energy, hvp = hvs + hvy, and momentum or wavevector, respectively: kp = kg +
k;. For optimal transfer of energy from the pump wave to the THz signal wave,
“phase matching” is required, which is a function of the refractive index n and the
wave frequency w = 2mv. Using |k| = wn(w)/c (2.78) the phase mismatch is
expressed as:

Ak = kp — ks —ky = (wpn(0, T, wp) — wsn (0, T, ws) — wmn (0, T, wy))/c (4.20)

for a temperature 7" and as a function of the angle 6, which describes the orientation
with respect to the optical axis, and to the slow and fast axis of the nonlinear crystal
for extraordinary and ordinary rays, respectively (Fig.4.41). In typical dispersive
media, the phase-matching condition is not easily fulfilled because the refractive
index n varies with frequency. Especially the frequency of the pump wave, typically
in the visible and near-IR region, is several orders of magnitude higher than THz
frequencies. However, in birefringent media the refractive index is also a function
of the angle between the wavevector of the propagated light, the crystal axis, and
the polarization of the pump light. The tuning range is therefore determined by the
possibility of phase-matching by birefringence.

Phase-matching, i.e. Ak = 0, is the main task to convert energy efficiently from
the pump beam into the lower energy waves. If the condition is not fulfilled, then the
pump wave and the polarization of the medium have different phases. If the waves
propagate further than the coherence length L. = m/Ak partial and destructive
interference is observed (Fig. 4.41a). The conversion efficiency is given by the factor
Sinc?(AkL/2) with the crystal length L and the phase mismatch Ak.

For frequency doubling and sum frequency generation phase-matching can be
obtained for certain directions in a nonlinear crystal corresponding to the points of
intersection of two refractive index ellipsoids of ordinary and extra ordinary rays
(Fig.4.41b). The condition can be met by rotating the crystal with respect to the
laser beam, leading to non critical phase-matching if this angle is 0° or 90°, or
critical phase-matching for all other angles.

Tunable optical parametric oscillation requires three index of refraction ellip-
soids. The points of intersection become curves. In this case, the first and the last
points of the curve determine the minimum and maximum angle for which the
crystal can be tilted to achieve continuous frequency tuning. The latter is also
achieved by heating the crystal, and subsequently changing the refractive index
which is a function of temperature. There are some limitations to temperature
tuning. The high-power near-IR laser for pumping is focused in the center of the
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Fig. 441 (a) Diagram illustrating the amplification of a wave along the propagation direction in
different types of nonlinear crystals if the phase is matched (pm), not matched, or quasi-phase
matching is introduced. The crystal shown is a poled crystal which allows quasi-phase matching,
if sections adapted in size to the coherence length of the two waves are intentionally polarized in
opposite directions to introduce phase jumps at the coherence length. (b) Illustration of the index
of refraction ellipsoids for sum-frequency generation in a nonlinear crystal if poling is not used.
The nonlinear crystal needs to be rotated by an angle 6 with respect to the crystallographic axes so
that the waves experience the same refractive index for phase matching at the intersection points.
THz optical parametric oscillation requires three index of refraction ellipsoids so that these points
of intersection become curves. In this case, the first and the last points of the curve determine the
minimum and maximum angle for which the crystal can be tilted for continuous THz frequency
tuning

nonlinear crystal propagating in a Gaussian beam. This leads to “thermal lensing”
because the laser heats the crystal locally but inhomogeneously, changing the
refractive index, and effectively forming a lens within the crystal similar to the Kerr-
effect technique used for generating mode-locked fs pulses (Sect. 6.6). The focal
length f of such a thermal lens formed by a Gaussian beam with waist w inside the
nonlinear crystal of length L is obtained as

1 aP dn dz @21
f wkedT J, w2(2) '

with the power P of the pump laser, the absorption coefficient o of the nonlinear
crystal and its thermal conductivity ., and with the change of the refractive
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index dn/dT, which is a function of temperature 7. To minimize the effect of
thermal lensing, nonlinear crystals are often mounted in a temperature regulated and
stabilized small oven, providing heat well above 100°C and 150°C during operation.
LiNbO3; crystals doped with MgO are less susceptible to thermal lensing, which
allows lower temperatures close to 60°C simplifying OPO operation.

A better method than mechanical crystal rotation is quasi-phase-matching (QPM)
by engineering a periodically “poled” nonlinear crystal before using it in an OPO
(Fig.4.41a). THz emitters using poled crystals have been demonstrated [420]. QPM
corrects the relative phases of the participating waves by switching the sign of the
nonlinear coefficient y® (Sect. 2.5) periodically with the coherence length L. This
is achieved by applying an electric field, with alternating opposite directions, over
a section matching the poling period to the length A = 27/ Ak with respect to the
incoming perpendicular pump wave. The poling induces periodic domains with a
period A corresponding to the coherence length. LiNbO; can be poled in sections as
short as 4 wm for 1-mm thick crystals. In practice, several poling periods are placed
on the same crystal perpendicular to the incoming beam direction. Translation of
the crystal with respect to the pump beam allows a global change in the usable
frequency range. Higher order QPM is often used since the practical poling periods
often exceed the coherence length. Then the phase matching condition is fulfilled at
a higher order m, i. e. every 3 or 5 coherence lengths. The QPM condition becomes
Ak = £27m/ A and the nonlinear coefficient d;; of the nonlinear tensor (Sect. 2.5)
is modified into an effective nonlinear coefficient der = 2d;; /(wm). The QPM
condition is independent of polarization so that the largest tensor element can be
chosen. For LiNbOs, this is d3; instead of d3;, being 6.5 times larger. The OPO
phase matching condition is modified for QPM: kp = ks + k1 £ 7/ A. Coarse and
fine frequency tuning is achieved by the poling period L and changing the crystal
temperature, respectively.

THz OPOs are room temperature devices, commercially available, and attractive
sources, because the pump laser properties are immediately converted to the OPO
output. Therefore, OPOs benefit from the improvements of pump lasers, which are
developed for the telecommunications industry. Higher power, shorter pulses at high
repetition rates, and stable operation in a small package can be expected for THz
OPOs.



Chapter 5
Detectors

5.1 Introduction

Detectors are transducers which convert an incoming signal into some convenient
form which can be observed, recorded, and analyzed. The signal — an electromag-
netic wave, has an amplitude and a phase. Both contain information. According
to the nature of the electromagnetic wave detectors can be separated into two
classes. If only the amplitude is detected, it is an incoherent or direct detector.
When both the amplitude and phase are detected, the detector is a coherent one.
Coherent detection is not a direct process. In a heterodyne receiver, which is the
most common coherent detector, detection is in two stages, with the incoming
signal being “mixed” with another signal, and it is the combination of both which is
detected.

The development of faster and more sensitive detectors during the past sixty
years has been a major reason for the opening up of the THz spectral region.
As might be expected, it has been a two-way approach, with the extension of
microwave techniques, particularly heterodyne systems, to higher frequencies, and
of IR detectors to longer wavelengths.

There is a wide range of physical effects, which can be used in detection
systems. The majority of these can be conveniently categorized into four main
groups:

e Thermal detectors: In these devices, the radiation is absorbed to produce heat.
The change of temperature produces some physical change in the detector
material, which can then be measured. The most widely used thermal detectors
are bolometers, in which the rise in temperature causes the electrical resistance
to change. Alternatives are pyroelectric detectors that have an in-built electrical
charge, which alters when the temperature increases, and the Golay cell detector,
which is a very sensitive gas thermometer, where the expansion of a gas-filled
cell is measured with an intricate optical system.

The general feature of thermal detectors is that they are normally compara-
tively slow because a bulk of material needs to be heated up. However, there
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are important exceptions. Both superconducting and semiconducting electron
bolometers, for example, can be very fast. A second feature is that they usually
cover a wide spectral range. Ideally, the absorption is independent of frequency
but, particularly at lower THz frequencies, this is often difficult to achieve and a
major problem of the THz region is measurement of absolute power.

e Photodetectors: As the name implies, these respond to individual photons. At
THz frequencies, the photon energy is small, and this typically corresponds
to the energy gap between shallow impurity states and the conduction or
valence band in semiconductors. The general features of these so-called extrinsic
photoconductors are that they are fast, as only electrons are involved, and they
have a sharp cutoff of response at a frequency where the photon energy becomes
less than the ionization energy of the impurity state. To avoid thermal ionization,
these detectors require cooling, usually close to liquid helium temperature. THz
photodetectors are nearly always photoconductors, with the change in the number
of electrons producing a measurable change in resistance. At frequencies above
about 10 THz intrinsic photodetectors can be employed. In these, the excitation
by the radiation causes transitions between the valence and conduction band
of the semiconductor but, as the energy gap is relatively small, cooling is still
required.

* Rectifiers: Rectifiers for the THz region are high-frequency versions of those used
in the microwave or mmW spectral regions. In these, currents are induced at the
radiation frequency and, by a nonlinear voltage current relationship in the device,
a DC component, related to the amplitude or power of the ACinput, is obtained.
There are, however, very real difficulties in extending rectifying detectors to
higher frequencies because a combination of resistance, capacitance, and induc-
tance causes increased losses. Point contact Schottky diodes (essentially the same
detectors as used in 1920s’ crystal radios) have been operated to well beyond
3 THz but these devices are delicate and lack the necessary reliability for many
applications. Progress in extending planar diode structures to higher frequencies
has been steady, and relatively low-loss detectors are now available to above
1 THz. Other rectifiers are based on particular properties of superconductors
such as photon-assisted tunneling in superconductor—insulator—superconductor
devices. However, these detectors have to be cooled to about 4 K.

e Mixers: There are great advantages in employing rectifying detectors in
heterodyne systems. In a heterodyne system, the detector is used as a mixer.
It receives signals from both the source under investigation and a local oscillator
operating at a frequency near to that of the signal and generates the difference
frequency between both. This process is called mixing or down-conversion and
the reasons for this are explained in detail in Sect. 5.5.

The detectors used in time-domain spectroscopy are a special case and these are
discussed in Sect. 6.6.
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5.1.1 Detector Cooling

As mentioned in the above discussion of the various types of detectors for the
THz region, many of them require cooling to approximately the temperature of
liquid helium (4.2K at 1,000 hPa) or less. For many devices, the most convenient
arrangement is to use a commercially available cryostat such as that shown in
Fig.5.1. The design is comparatively simple. The outer casing is a cylindrical
vacuum vessel in which the liquid helium is held in a metal container suspended
by a low thermal conductivity stainless steel tube. This tube passes through the
center of a second container filled with liquid nitrogen. Thermally attached to this
second container is a thin walled metal cylinder cooled by thermal conduction to
close to 80K, which acts as a radiation shield between the outer casing and the
helium container.

The base of the helium container is a thick plate made of oxygen-free high
conductivity (OFHC) copper that has a large thermal conductance at 4 K. Both
the base of the outer casing and of the radiation shield are removable, allowing
easy access for the mounting of detectors. In Fig. 5.1, a typical arrangement for a
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Fig. 5.1 Liquid helium cryostat consisting of a liquid nitrogen container connected to a metal
screen, which serves as a radiation shield. A detector and a condensing Winston cone including
cold filters, limiting the frequency band incident on the detector, are mounted on the bottom plate
of the liquid helium container
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detector such as a bolometer or a Ge:Ga photoconductor is shown. The detector is
mounted on an L-shaped piece of OFHC copper and in front of it is a Winston cone
(Sect. 3.10) for condensing the incoming radiation onto the detector. Filters can be
mounted on both the liquid nitrogen-cooled radiation shield and, at the entrance
of the Winston cone, to cut off most of the thermal background radiation. Some
cryostats are designed with a system for interchanging several cold filters during
experiments.

In the cryostat shown in Fig. 5.1, the volume of the helium container is approxi-
mately 1 liter. The hold-time, which depends on the specific design, can be well over
48 hours before all liquid has evaporated. By reducing the pressure above the liquid,
by connecting a vacuum pump to the top of the filling tube, the helium temperature
can be lowered. When it reaches ~2.2 K, liquid helium becomes superfluid, and
operating below this temperature can be advantageous for two reasons. First, many
bolometer-type detectors and extrinsic photoconductors have increased detectivity
as the temperature is reduced and, second, superfluid helium is completely still.
There is no bubbling of the liquid as all the evaporation is at the surface. Bubbling
often produces excess noise due to both small temperature changes and mechanical
vibration.

Larger laboratory cryostats have helium lifetimes of a week or more. For
particular applications, much more capacious helium containers have been used.
An extreme example was for the European Space Agency’s “Infrared Space
Observatory” (ISO). This was launched in 1995 with detectors covering the range
2.5-240 wm. The cooling system used 2300 liters of superfluid helium which lasted
for 30 months. Within the cryostat of the Herschel Space Observatory are 2300
liters of liquid helium for primary cooling. Individual instrument detectors are
equipped with additional, specialized, cooling systems to achieve the very lowest
temperatures, down to 0.3 K.

An alternative to the use of liquid helium is a mechanical cooling engine. The
Joule-Thompson effect describes how a compressed gas expanding into a vacuum
lowers its temperature due to adiabatic cooling. Typically, helium gas is pressurized
to 1.6 MPa (16 bar) and expanded into a vacuum, thus cooling the attached copper
plate to cryogenic temperatures. With the more efficient Gifford-McMahon process
temperatures down to ~2 K can be reached. At 4.2 K, a thermal load of 1.5 W can be
extracted. Pulse-tube coolers spatially separate the mechanical compression system
and the cold section more effectively than conventional cryogenic coolers. Such
pulse-tube coolers are desirable for vibration sensitive systems.

5.2 Detector Theory

The theory relevant to each type of detector, and to the specific devices employed
at THz frequencies, will be described in later sections. However, it is convenient at
this stage to include a discussion of the features that affect the performance of any
detector and which allows direct comparison between them.
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5.2.1 Detector Parameters

The performance of a THz detector depends on a number of parameters, some of
them inter-related. The more important of these parameters are

Band of response: The spectral range over which the detector responds.
Responsivity: As the great majority of detectors produce an electrical output,
this is specified as the voltage or current output per watt of incident power. For
photodetectors, it would be more logical to quote the responsivity in terms of
the photon flux but data sheets and most publications are written in terms of
power.

Noise characteristics: Noise from a wide variety of processes also produces
an electrical output from the detector. Often noise properties of a detector are
characterized by the noise equivalent power NEP, which is the signal power
required to yield a signal-to-noise (S/N)-ratio of unity at the output of the
detector in a 1-Hz bandwidth. Note that the NEP is a measure of the (S/N)-
ratio and not just noise. The other important parameter is the frequency spectrum
of the noise.

Dynamic range: The range from where the signal produces an output equal to that
caused by all sources of noise, to the point where saturation causes nonlinearity.
Speed of response: This expresses the speed at which a device responds to a
change in incident power and may be limited by any associated circuitry. It is
a parameter that can cause confusion, as there is more than one definition. The
time constant t is the traditional method for defining the speed of a detector. It
is the time required for the output signal of a detector to rise to (1 — 1/e) of its
final value, when it is abruptly exposed to a continuous field of electromagnetic
radiation, or fall to 1/e of its peak value when the field is cut off. It is important
to note that, depending on the detector mechanism, the rise and fall times may
or may not be equal. An alternative parameter to the time constant is the rise
time, 7', which is the time interval required for the detector’s output signal to
rise from 10% to 90% of its final value. This is related to the time constant
by T =2.2t. In spectroscopic experiments, when the source is continuous, it is
normal to modulate the radiation to provide an AC signal. With slower detectors,
it is important to use an appropriate modulation frequency. The relationship
between modulation frequency and time constant is fc =1/(2wt) where fc
is the frequency where the signal has fallen by 3dB from its peak value. This
assumes that the detector has a single time constant, i.e. that the rise and fall
times are equal. It is important to note that this may not be the optimum
modulation frequency, as this will also depend on the variation of detector noise
with frequency.

Sensitive area: This parameter is normally the physical area of the detector.

e Acceptance solid angle: This parameter is normally governed by physical

limitations. With cooled detectors, these limitations are often deliberately created
in order to increase the detector’s sensitivity.
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Other parameters which may need to be considered include sensitivity to
environmental factors such as vibration, radiated electrical and magnetic fields,
X-rays, etc. If the detector is to be used for long periods where it cannot be replaced,
for example in a satellite, any deterioration due to ageing becomes important.

5.2.2 Relationship Between Detector Parameters

It is instructive to consider the (S/N)-ratio of a direct detector with only photons
from the signal source arriving at it. The signal power is Ps. For Poisson statistics,
the root mean square (rms) fluctuation in the number of photons arriving in one
second at the detector is

(Any) = 23, 5.0)
hv

The rms noise power at the output of the detector can be obtained by multiplication
with (hv)? and 2B in order to convert the 1 s averaging time into a bandwidth B

((APy)?) = 2hvPsB. (5.2)

In most cases, incoherent detectors are square law detectors, i.e. the output power
P,y 1s proportional to the square of the input power

Poy = UPSZv (53)

where 7 is the fraction of the incident power which produces a signal at the output
of the detector. The (S /N )-ratio in the signal-noise-limited case is given by

Pout _ r)PS

S/N)sL = = , 5.4
(S/N)s. (APYR) — 2hvB (5.4)
and the NEP can be obtained by setting (S/N)s. = 1:
2hvB
NEPg, = 22 (5.5)
n

There are a number of noise sources which can contribute to the NEP. The more
important of these are:

* The detector receives background radiation from its surroundings (Pg). This has
a statistical fluctuation in intensity and produces noise power.

* Electrical fluctuations in the detector produce noise (Pp). At a minimum, this is
Johnson noise but, as most detectors are biased, this is normally increased by the
current flowing through the detector.
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e Detectors normally require subsidiary electronics to amplify and display the
signal. In certain cases, it is not possible to reduce the input noise of the
electronics (P,) below that of the detector.

* Any fluctuation in the observed signal, for example atmospheric turbulence in
THz astronomy, introduces noise ( Ps).

e Unwanted environmental noise, for example, thermal fluctuations (Pg), is often
a major factor when employing very sensitive detectors.

The total noise P is given by
P2 = Pg’ + Pp* + PA> + Ps* + Pg°. (5.6)

Similarly, the total NEP is given by a quadratic combination of the NEPs from
various noise sources. In an “ideal” detector

Pg? > Pp* + Pa* + Ps* + P, (5.7)
and the NEP is then determined by the fluctuations in the background power falling
on the detector. In this ideal situation, only photons from the signal source and
photons from the background are present. Using the same arguments as above yields
for the rms noise power

((APN)?) = 2hv(Ps + Pg)B. (5.8)

and the (S/N)-ratio and NEP in the background limited case are

S/ Ny = —05° (5.9)
B 2hv(Ps + Py)B’ '
2hv(Ps + Pg)B 2hvPy B 2hvl
NEPg, = \/% ~ \/ ”nB - : B JAB. (5.10)

This approximation is valid for Ps < Pg, which is the case in many applications.
Iy is the background irradiance, i.e. the power of the background radiation per area
A. Itis worth noting that the NEP is proportional to the square root of the bandwidth.
This results from the square-law detection process. If, for example, the bandwidth is
doubled, the output noise power is also doubled (5.2), whereas the signal power has
only to be raised by a factor of /2 (5.3) in order to obtain the same (S /N )-ratio at
the output of the detector.

For many purposes, the NEP of a detector is a quite convenient parameter.
However, it has the psychological disadvantage that the berter the detector the
smaller the NEP, and therefore the term “Detectivity” (D) was introduced [421].
This is the reciprocal of the NEP and hence is given by inverting (5.5) or (5.10). In
a background limited detector, it can be seen from (5.10) that the NEP increases as
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the square root of the area, and it is an added convenience to take this into account.
The term D* (pronounced as Dee-Star) is defined as

vAB n

D* = = .
NEPBL 2/’1\)1}3

5.11)

With 4 normally in cm? and B in Hz the units of D* are cm+/Hz/W. The advantage
of using D* comes from the fact that it is independent of the size of the detector
as long as the rms noise of the detector is proportional to its area. This is true for
any background limited detector but also in many other cases, for example when
the NEP is limited by amplifier noise. Definitions change over the years. Originally,
D was the “Detectivity” and D* the “Specific Detectivity” but, as D is largely
redundant, “Detectivity” now normally means D*.

If an ideal background limited detector (one that has total absorption at all
wavelengths) is placed in a blackbody enclosure at a temperature 7, the fluctuations
in power, and therefore the NEP, are given by [422]:

NEP = 4/oksT5AB, (5.12)

where o is Stefan’s constant. If A = 1 cm? and 7 = 300K this yields an NEP of
5.55 x 10~"' W/y/Hz and a detectivity of 1.80 x 10'0 v/Hz/W.

D* is the most frequently used figure-of-merit for comparing detectors. Because
the responsivity of many detectors varies with frequency, all detectors have a
limiting speed of response and, as detector noise is also frequency dependent, D*
normally has extra information added to it. As an example, for a photodetector that
is frequency dependent in its response, the D* might be written in several ways:
D*(Ap, f, B). Here, Ap is the wavelength of peak response, f is the modulation
frequency of the radiation falling on the detector, and B is the bandwidth of the
amplifying system. Unless otherwise stated, the bandwidth is assumed to be 1 Hz
and this parameter is frequently omitted. An alternative figure-of-merit for pho-
todetectors is D*(T, f, B). Here, D* is the average detectivity over the wavelength
range over which the detector responds to radiation from a blackbody at temperature
T. Historically, the modulation frequency used for assessing photodetectors was
800 Hz, as this was relatively easy to obtain and fast enough to minimize the effect
of current noise in biased detectors, which typically varies as 1/ f.

As early as 1947, Golay proposed a figure-of-merit for detectors, which took
into account the reduction of background radiation by reducing the acceptance
solid angle of cooled detectors [32]. In 1959, Jones [421] defined a figure-of-merit
D** appropriate for BLIP (Background Limited Infrared Photodetector) detectors,
which removed any need to specify the solid angle when characterizing the D* of a
detector.

From geometric considerations, assuming negligible radiation is reaching a BLIP
detector except that coming from the required field of view, the dependence of D*
on the viewing angle is given by
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2

D*(®) = D* ,
©) sin(®)

(5.13)

where D*(®) is the D* value obtained when the aperture of the receiving system
has a half-angle of & and 27 D* is the D* value when the detector is exposed to
radiation from the entire forward hemisphere. The relationship between D** and
D* is

D** = D*sin(O), (5.14)

and the units of D** are sr cm+/Hz/W.

A noticeable feature of photodetectors is the apparent steady increase in detec-
tivity toward lower frequencies, followed by a sharp fall at the cutoff frequency.
Traditionally detectivity is written in terms of watts and, for an ideal photoconductor
with uniform absorption across the band of response, the increase is because
the number of “photons per watt” decreases linearly with frequency. For thermal
detectors, the responsivity is reasonably constant over a wide frequency range but
may, for example, be optimized for a specific frequency or frequency range with an
antireflection coating.

When determining the ultimate performance of detectors, (5.12) must be modi-
fied for the parameters of the detector and the conditions under which it is used. The
equation is only true for devices receiving background radiation at all frequencies.
For photodetectors this is not the case, as photons beyond the cutoff frequency
will not affect the performance. More importantly, THz detectors are often cooled,
sometimes to temperatures below 1 K, and, at the same time, the field of view of
the background is reduced to a small solid angle. Moreover, in many astronomical
studies and experiments on the molecular emission in the upper atmosphere, the
background temperature is much lower than room temperature.

The reduction in background radiation, and therefore background noise, is
dramatic, as illustrated in Fig. 5.2. The values shown are for an “ideal” photodetector
and assume that the only noise is due to the background and that the detector has a
quantum efficiency of one. Quantum efficiency is the probability that a photoelec-
tron is produced when a photon is absorbed by the detector. Not surprisingly, the
curves in Fig. 5.2 have a close resemblance to inverted blackbody curves plotted in
terms of photons, with the minimum D* corresponding to the peak of the blackbody
emission. In practice, unless the detector is observing a source close to its own
temperature, noise from the signal will also be present and, although this may only
be received within a small solid angle, it can be the dominant factor. Detectors where
the performance is limited only by background radiation are said to be BLIP devices,
with the photon source then being the dominant source of noise.

Thermal detectors can also reach very high detectivities by cooling to very low
temperatures and using cooled filters to allow only the wanted frequencies through
to the detector. But it must be emphasized that with both thermal detectors and
photodetectors, as the noise from background radiation is reduced, other noise
sources often dominate the performance. The great advantage of heterodyne sys-
tems, particularly when observing narrow-band sources as, for example, in studying
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Fig. 5.2 Photon noise limited D* for an ideal photovoltaic detector at its peak frequency of
response (assumed to be the cutoff frequency) for a range of background temperatures, a 27 field
of view, and with the generation-recombination noise neglected

molecular emission in the upper atmosphere, is that all the noise components are
restricted to the observing bandwidth. Detectivity can then improve by many orders
of magnitude.

5.2.3 Sources of Excess Noise

An ideal detector is one that is only limited by noise from the background but,
particularly when this noise source is reduced by cooling, other noise contributors
may become dominant. Some of these have been mentioned in Sect.5.2.2 and any
special noise contributors for specific detectors will be discussed in later sections,
but it is convenient, at this stage, to give a brief explanation of the major types of
noise that occur.

* Johnson noise: Any resistive device produces a fluctuating voltage across its ends
due to the random movement (Brownian motion) of its charge carriers. Johnson
noise voltage is given for a device of resistance R by

Vi = /4kgTRB, (5.15)

where T is the absolute temperature, and B is the bandwidth of the detection
system. The Johnson noise for a 50 2 device at 300K is 0.9 nV/+/Hz.

For cooled detectors, care is often required in reducing the input noise of any
amplifying system to below the Johnson noise from the detector. Cooling from
room temperature at 300 K down to 3 K reduces the Johnson noise by a factor
of 10.
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e Current noise: When a current is passed through resistive devices, there is
usually increased noise. At low frequencies, typically 10°~10*Hz, this has a
1/f characteristic while at higher frequencies shot noise dominates. At low
frequencies, typically less than 100 Hz, current noise often rises very rapidly.
It is still not a fully understood noise source and in early semiconductor detector
research it was a major problem, associated with surface conditions of photocon-
ductors, imperfect ohmic contacts, and dislocations within the crystals. These
effects seem now to have been largely overcome with modern technology. With
photoconductors, current noise in the biasing resistors needs to be considered.
Metallic wire resistors seem not to produce excess noise but solid carbon resistors
are particularly bad. However, it is now possible to find even very high value
resistors which show little excess noise.

* Generation—recombination noise: This noise is present in semiconductors and
arises from lattice vibrations (phonons), which excite electrons and holes. These
electrons and holes “wander” around the lattice and eventually recombine so
that at any one time there is a fluctuation of charge carriers about a mean
value. This causes a change in the resistance of the semiconductor, which shows
up as a voltage variation when current flows, and adds to any other noise
process. Detailed study of generation—recombination noise [423] has shown
that, in a photoconductive detector at the same temperature as its background,
its noise fluctuation is equal to that of the background and therefore the total
noise contribution in an ideal photoconductor is +/2 higher than that shown in
Fig.5.2.

*  Thermal fluctuation noise: If a detector is in thermal contact with a heat sink, as
is the case with bolometers, there will be thermal noise due to fluctuations in the
temperature of the heat sink. This will be a contributor to the total noise voltage
when a current is passed through the detector. The ultimate limit of thermal
fluctuation noise is given by the passage of quantized carriers, for example,
phonons, which affect the thermal conductance of the bolometer. These generate
a white noise voltage of

Vir = v/ 4kgT®GRB, (5.16)

where G is the heat conductivity between the detector and the heat sink
(Sect. 5.3). Thermal fluctuation noise is normally only significant in very sen-
sitive cooled bolometers, which are designed in such a way that all other noise
sources are smaller than the thermal fluctuation noise.

e Amplifier noise: With very low noise detectors, the input noise of the first stage
of any electronic equipment employed to amplify the detector signal can be
significant. Typically, the minimum input noise voltage of a room-temperature
amplifier is about 1 nV/+/Hz, and this may be higher than the noise voltage from
a cooled detector. Fortunately, it is possible to cool the early stages of an amplifier
system and what used to be a significant problem in the past can now be overcome
by careful design.



180 5 Detectors

5.3 Thermal Detectors

Room-temperature thermal detectors are used throughout the THz range. The
earliest thermal detectors for IR frequencies were thermocouples, thermopiles, and
bolometers. Thermopiles with useful detectivity and relatively uniform response
throughout the THz region are employed for power measurement and are described
in Sect.5.3.3. The problem with thermopiles in the THz region is the difficulty
of making them with a uniform absorbance close to unity across the whole
detection band, without increasing their thermal mass very significantly. The most
useful thermal detectors for room-temperature operation are the Golay pneumatic
detector and pyroelectric devices, which are discussed in detail in Sects.5.3.1
and 5.3.2, respectively. As mentioned earlier, bolometers operating at very low
temperatures are the most important thermal detectors for the THz region. The
more important of these are described in detail later in this chapter, but it
is convenient to consider the parameters that affect their performance at this
stage.

Any thermal detector can be represented by Fig. 5.3. When signal radiation falls
on the detector its rise in temperature @(¢) is determined by the heat transfer
equation

de()
dr

P(t) = Pc+nP,(t)=C + GO(1), (5.17)
where P(¢) is the total power absorbed by the detector. Pc is a constant part which
is absorbed in thermal equilibrium. Usually, this is due to background radiation.
P, (1) is the time-varying signal power incident on the detector and 7 is the fraction
of power absorbed, which clearly should be as close to unity as possible. In practice,
the signal radiation will be modulated at some appropriate angular frequency w in
order to produce an AC signal from the detector, so

P,(t) = Pyexp(iot). (5.18)

T+0)

Thermal link

Detector

Fig. 5.3 Thermal detector circuit. The detector has a heat capacitance C and is connected by a
thermal conductance G to a heat sink of sufficient mass to remain at a constant temperature 7. The
detector will also be at temperature 7', but background radiation from its surroundings will cause
fluctuations in this temperature. Incident radiation increases the detector temperature by © ()
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Solving (5.17) for the change in temperature ® due to P, yields

P
e = Mo (5.19)

JGEt i C

Equation (5.19) illustrates several desirable features of thermal detectors, which are
qualitatively self-evident. The ratio of temperature rise to input power should be
as large as possible. To achieve this, the heat capacitance needs to be small but
consistent with the requirement that the fraction of the incoming radiation absorbed
is near unity. The thermal coupling to the surroundings should also be low so that
wC K G. If this last requirement is not met and  is increased until the term o C
exceeds G, then @ will fall inversely as w and the thermal response time of the
detector can be defined as

t=C/G. (5.20)

In room-temperature thermal detectors, response times will typically range from
a few seconds to a few milliseconds. To achieve faster response and maintain a
detector’s voltage responsivity, the thermal mass must be reduced, but this leads
to problems if the detector’s area is to be retained. First, the device becomes more
fragile and second, it is increasingly difficult to preserve high absorption of the
incoming light.

As mentioned in the introduction to this chapter, bolometers are the most widely
used thermal detectors because, by cooling to low temperatures both of these
problems can be largely overcome. Cooling introduces further advantages, as can
be seen from the following analysis. Bolometric detectors are made from materials
which show a change of electrical resistance when electromagnetic radiation is
absorbed. Since a bolometer needs to be biased it is subject to time-varying electrical
heating, because its resistance R is a function of temperature. It is useful to introduce
the temperature coefficient of the resistance « = R~!'(dR/dT), which is a measure
of the steepness of change of resistance with temperature. Assuming that such a
bolometer is biased with constant current /, the heat transfer equation needs to be
modified to . Cd@ o @dPE .

(1) = s T (5.21)
Here, P; = I?R(T) is the electrical power dissipated in the bolometer. The change
of electrical power due to the temperature-dependent resistance is

AP _ 2dR _ r2p —op (5.22)
_ = — = = . .
ar ar B

Substituting this into (5.21) and rearranging leads to

P(t) = c% + (G — aPg)O. (5.23)
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In analogy with the solution of (5.19), the temperature change is found to be

P
® = Mo (5.24)
vV Geffz 4+ w?C?
and
Geff =G — (XPE. (5.25)

G is the effective thermal time constant. Semiconducting bolometers have a
negative « and therefore G > G, while superconducting bolometers have a
positive o« which means that G < G. This has particular consequences for the
design of such bolometers, which will be discussed in forthcoming sections. In
addition, the response time is modified due to the electrical heating. In analogy
with (5.20), the effective time constant t.¢ is obtained

C T

el ——— 5.26
Ger 1—aPg/G (5:20)

Teff =

Input radiation, which produces a change of temperature @, will produce an output
voltage
V(®) = IaRO, (5.27)

and with (5.24) a time-varying voltage is obtained

nP,laR
vV Geff2 + a)ZCZ'

Note that the thermal conductance has been replaced by the effective thermal
conductance. The voltage responsivity is

V() = (5.28)

vV nlaR 1
#=— =12 . (5.29)
P, Gefr (1 + a)z’l.'effz)

By choosing an appropriate material and by cooling to 4K or less, the heat
capacitance can be much reduced and the temperature coefficient of the resistance
greatly increased, whilst retaining high absorption. A further advantage is that it
becomes much easier to control the thermal impedance, thus allowing the speed
of response to match the requirement of a particular experiment. F. Low, who
invented one of the early liquid helium-cooled bolometers made from p-Ge [66],
could control the response time from a few seconds to less than 10 ps. A significant
problem with the Ge bolometer was in optimizing both the absorption and resistance
coefficients simultaneously, which led to the introduction of composite bolometers
where the semiconductor, either Ge or Si, is used to measure the temperature change
of a suitable absorbing material which is attached to it (Sect. 5.3.5). This concept
was expanded to superconducting bolometers, which are described in Sect. 5.3.6.
In other semiconductors, notably lightly doped n-InSb cooled to 4 K, the coupling
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of electrons to the lattice is on a timescale of 107 to 10~ s. At frequencies below
about 1 THz, free electrons in n-InSb become absorbing. These electrons are then
the “material” of the bolometer with the crystal lattice as the heat sink. This type of
detector is described as an electron bolometer (Sect. 5.4.2).

5.3.1 The Golay Detector

As mentioned in Sect. 1.2, the idea of this detector, named after its inventor, dates
back to before the Second World War, when both IR detection and radar were being
considered for the location of aircraft, but publication was delayed until 1947 [32].
Commercial versions of this detector became available quite rapidly. For many years
these were the mainstay of THz research and are still widely used more than sixty
years later.

The mechanism of a modern version of this detector is shown in Fig. 5.4, which
indicates the main features of the detection mechanism. The gas cell contains xenon,
a gas of low thermal conductivity, and it is sealed at one end by a window transparent
to the frequency range of interest, and, at the other end, by a very light flexible
mirror. Within the cell there is a thin absorbing metallic film with an impedance
approximately matching that of free space. Golay found empirically that, allowing
for internal reflections within the cell, a resistance of 270 2 per square produced
optimum performance. One of the great advantages of this detector is that it provides
nearly constant absorption over the entire IR and THz region. When radiation passes
through the window and is absorbed by the metallic film the gas is heated and
there is a small movement of the flexible mirror. The optical system shown then
converts this movement into an electrical signal. Light from the source is condensed
by the lens system through a grid and is then reflected by the flexible mirror back
through the grid onto the detector. Any movement of the mirror distorts the reflected
image of the grid and changes the amount of light reaching the light detector.

Gas cell Reservoir
Lens system
NN\ SRR
Radiation §-\\

Y
%

7/,

/

N
Window \ \ Flexible I&I Detector

Absorbing  Leak ~ mirror
film

Fig. 5.4 Design of a Golay detector (adapted from [32])
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This optical arrangement is very sensitive to change of shape of the flexible mirror
and movements of less than 10 nm are detectable. To compensate for changes in the
ambient temperature, and to make the device into an AC detector, there is a small
leak from the gas cell into a reservoir. This leak leads to a time constant of a few
Hz and because of this, and the fact that the noise from the detector rises rapidly
below 10 Hz, the optimum modulation speed for incoming radiation is in the range
10-20Hz.

For THz frequencies, the most useful window materials are high-density
polyethylene, high-resistivity Si, crystalline quartz, and diamond. The high-
frequency cut-on is determined by the window material, while the low-frequency
cutoff is determined by diffraction at the entrance aperture of the cell. Due to the
very delicate construction of the gas cell and optical system, the detectors must be
isolated from any mechanical vibration. Rotary pumps are a particular problem.
Golay detectors are rather easily damaged by excess input energy which can over-
expand the cell before the leak to the reservoir can act.

Golay detectors are remarkably sensitive. Selected devices have an NEP of
2 x 10710w/ \/E, which is less than a factor of four greater than an ideal
room temperature thermal detector. One of their major advantages is that their
responsivity can be calibrated very precisely with blackbody sources at frequencies
corresponding to the near-IR and, because of the absorption process, this calibration
remains reasonably accurate to frequencies down to at least 0.3 THz.

An interesting alternative design for a Golay-type sensor uses Micro-Electro-
Mechanical Systems (MEMS) technology for its construction. The device is made
from micro-machined Si components, and its prototype design is shown schemati-
cally in Fig.5.5.

Apart from being much smaller than a conventional Golay, the important feature
is the read-out arrangement that uses an electronic rather than an optoelectronic
design. The deflection is detected by a tunneling displacement transducer, which
measures variations in a quantum mechanical tunneling current between the moving

Radiation

Membranes <~ / / / / Absorbing membrane
Z \a_ —
A7,

Tunneling electrode A Gas

Tunneling tip

Fig. 5.5 Golay-type sensor made from micro-machined Si components. The incident radiation
heats the gas in the sensor, deforming the membranes and, subsequently the tunneling electrode,
which is deposited on one of the outer membranes. The measured tunneling current between the
moving membrane and the fixed tip is a function of the incident radiation (adapted from [424])
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membrane and a fixed tip adjacent to the membrane [424]. The tunneling transducer
offers the required sensitivity with very simple circuitry, and it is easy to envisage
the development of more compact cells using the same type of structure. In a
1996 paper, it was suggested that the availability of suitably thin Si wafers would
restrict manufacture to dimensions greater than ~0.3 mm [425]. However, as the
authors pointed out, pixels with dimensions close to 1 mm would be useful for
detector arrays employed in the THz region. Other authors have suggested that
a detectivity of 3.6 x 10° cm ~/Hz/W could be expected for a 1 mm? area, micro-
machined version of the Golay detector [426]. In practice, research appears to
have been concentrated on the development of detectors of a few mm? area, and
a high-yield wafer process for the bulk manufacture of miniaturized Golay cells has
been described [427]. An alternative approach, which could lead to much denser
arrays, uses robust and flexible nano-composite membranes to seal a uniform array
of micro-cavities [428]. In this experiment, the deformation of the membrane with
temperature was measured by optical interferometry. In a 64 x 64 array of 80 pm?
cavities spaced at 150 um, no cross-talking was observed between neighboring
cells.

5.3.2 Pyroelectric Detectors

A suggestion for using the pyroelectric effect to detect electromagnetic radiation
was made in 1938 [64] and the earliest detectors were constructed in the 1950s
[429]. Detailed analysis of the characteristics of the pyroelectric detector was made
in the early 1960s [430] and by the end of that decade devices employing the effect
were in widespread use. Pyroelectric detectors are commercially available either
as single devices or as arrays for the entire IR and THz spectral regions. They
have many advantages, including being relatively cheap and rugged, with room-
temperature operation. Their most useful property is that, with appropriate design
of an associated amplifier, they can have response times varying between tens of
milliseconds to less than a nanosecond.

Certain materials possess a unique axis along which a permanent electric dipole
moment exists. This moment implies that surfaces cut normal to this axis should
be electrically charged, but this effect is normally not observed because it becomes
neutralized by stray charges. However, if the temperature of the material is changed,
for example by pulsed radiation, this causes the lattice spacing to alter, with a
consequent change of the dipole moment and electrical charge. This charge change
can then be detected by producing a capacitor from the material. This is achieved by
using a small slab of the pyroelectric material and applying a pair of electrodes to
opposite faces. Nearly all pyroelectric materials are very good electrical insulators
so the charge remains relatively stable and quite slow changes in temperature are
measurable. The fundamental electrical time constant tg of a pyroelectric detector
is governed by its own capacitance and resistance. This is normally longer than the
thermal time constant, which is dependent on the same parameters as a conventional
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Fig. 5.6 (a) Pyroelectric detector; (b) equivalent electric circuit diagram

bolometer. However, almost invariably g is reduced, either by putting a resistor
in parallel with the detector or by the input impedance of the following amplifier.
Figure 5.6 shows a typical design for a pyroelectric detector with its thermal and
electrical circuits. To keep the thermal mass small, the detector is normally thin.
If the actual absorption coefficient is not sufficiently high for the frequency range
of interest, the face of the detector is covered with a suitable absorbing material,
which can be an absorbing paint. The front electrode is made transparent by using
a very thin metallic layer and, if a longer thermal time constant is required, an
insulating material can be placed between the rear electrode and the heat sink.
Assuming that the detector has an area A and that the modulated input produces
a temperature change ©, then the voltage developed across the amplifier input
(Fig.5.6b) is given by

wpAORg

V14 a)erZ,

where p is the pyroelectric coefficient measured in units of C/(cm’K) and
g = RsCkg is the electrical time constant of the detector and amplifier in parallel.

Substituting for @ from (5.19), the voltage responsivity of a pyroelectric detector
is given by

V= (5.30)

Vv AR 1
B = - = 1OPATs : (5.31)
P, G /(1 + o) (1 + 0?1?)

where 7 is the thermal time constant (5.20). At very low frequencies, (5.31) shows
that % will be small and increase with frequency. As the frequency is increased,
there will be a range where Z is essentially constant, assuming the two time
constants are not equal, and at high frequencies % will fall inversely with the
frequency.
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Fig. 5.7 Voltage responsivity of a pyroelectric detector as a function of frequency and load
resistance

The high-frequency approximation of (5.31) is

_ _npA
CL)CCE

(5.32)

As can be seen from Fig. 5.7, which is a plot of (5.31) for a typical pyroelectric
detector, a desired bandwidth can be achieved by placing an appropriate value
resistor in parallel with the detector. It is this ability to use a relatively slow device
to provide a variable speed detector that distinguishes pyroelectric devices from
other thermal detectors, and makes them particularly valuable throughout the IR and
THz regions. It is still, of course, important for the input radiation to produce the
maximum response and, from (5.31) and (5.32), it is clear that the term p/C must
be optimized. The thermal mass and capacitance are proportional to the volume
specific heat C of the pyroelectric material and its dielectric constant ¢, and the
quantity p/(¢C) is therefore a convenient figure-of-merit for selecting detector
material.

The most sensitive pyroelectric detectors are made from the triglycine sulfate
(TGS) group of materials, and these have detectivities quite close to that of Golay
detectors. However, in practical applications, because Golays are more susceptible
to environmental noise, pyroelectrics are often comparable and even superior. TGS
was suggested as a suitable material for pyroelectric detection in 1960 [431]
and a detailed study of its detectivity was published in 1965 [432]. Although
the detectivity of TGS proved to be superior to alternative materials, there were
problems. Pyroelectric materials have a Curie point, the temperature above which
their electrical charge disappears. When TGS detectors are heated and then cooled to
below the Curie point, the charge may or may not reappear. More alarmingly, even
when the material is kept below the Curie temperature the charge can disappear
spontaneously, or reverse polarity. Several attempts were made during the 1960s
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to overcome these difficulties by the addition of inorganic dopants to the solution
from which TGS crystals were grown but these had limited success. However, in
1971 the problem was solved by P. J. Lock, with the introduction of the organic
compound analine into the TGS solution [433]. This analine doping had a second
advantage, as it reduced the dielectric constant of the crystals, thus improving
the responsivity. Devices made from this modified TGS were described as ATGS
detectors. Further improvements followed as alternative dopants were investigated.
The best results were obtained with L-o-Alanine TGS, which was abbreviated to
LATGS, but this still had the disadvantage of a low Curie temperature of 49°C.
However, the use of deuterated material raises this temperature to 57°C to 60°C,
dependent on the deuteration level. DLATGS is now the preferred material from
the TGS group and DLATGS detectors are widely available from commercial
sources.

Apart from its still quite low Curie temperature, DLATGS has the disadvantage
of being a delicate crystal that can be easily damaged by mechanical shock or
overheating. More rugged pyroelectric devices are made from lithium tantalate
(LiTaO3), strontium barium niobate, or ceramic members of the lead zirconate
(PZT) group. Of these, LiTaO3 has the highest detectivity and a relatively uniform
response throughout the IR and THz regions. Its Curie temperature is very high,
at ~650°C, and, in the authors’ experience, LiTaO; detectors will withstand high
energy laser pulses without damage.

Figure 5.8a is a comparison of the performance of a Golay detector with that of
DLATGS and LiTaOj3 pyroelectric detectors in the THz region. A great advantage of
pyroelectric devices is their small physical size. For example, a 3 x 3 mm? detector
with an integrated amplifier fits into a standard transistor package (Fig.5.8b).
A minor disadvantage of TGS-based detectors, with their low Curie temperature,
is some variation in responsivity with ambient temperature changes, or when the
average signal power falling on them is at a high enough level to cause significant
heating. In situations where this would present a problem temperature-stabilized
devices are available, with a thermoelectric cooler and thermistor included in the
detector package. Pyroelectric detectors are versatile devices as, providing the
detector material is absorbing or coated with an absorbing layer, they can detect
from the visible to the THz spectral region. Furthermore, there is virtually no limit
to a detector’s area. Very large area, and very cheap, pyroelectric detectors can also
be made from films of the polymers polyvinyl fluoride [434] and polyvinylidene
fluoride [435].

With the development of charge-coupled device (CCD) technology, it became
possible to simplify the read-out electronics and to design compact 2D arrays of
pyroelectric detectors. While these were initially for thermal imaging in the 8 to
14 wm range, they have proved to be very versatile. For example, pyroelectric
cameras, which have typically 124 x 124 LiTaO3 elements within an active area of
12.4 x 12.4mm?, were primarily designed for real-time imaging of laser beams in
the ultraviolet, visible, and IR spectral regions. However, they have been employed
for sources over a range from X-rays to below 3 THz, in addition to thermal imaging
and various other applications.
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Fig. 5.8 (a) Variation of D™ with frequency for three thermal detectors operating at 295 K: 5 mm
diameter Golay, 3 x 3 mm? DLATGS pyroelectric, 3 X 3mm? LiTaO; pyroelectric (adapted from
various sources). (b) Detector in standard transistor package

The noise from pyroelectric detectors is predominantly Johnson noise from the
resistor in parallel with the detector, although in some applications it may be difficult
to avoid extra noise from the input stage of the following amplifier. An advantage
compared to bolometers is that excess electrical noise at low frequencies is absent
because there is no current flowing through this type of detector.

Although pyroelectric detectors can respond over the entire THz region, the
response relies on the absorbance of the detector material or absorbing layer.
This is not easy to achieve, and Fig.5.9 [436] shows the spectral response of
two pyroelectric detectors normalized to the spectrum measured with a Golay
detector. There is clear evidence of interference effects due to internal reflections.
However, this seems to be an extreme example. Other users have reported much less
variation [114].

It is important when using pyroelectric devices to match the bandwidth of the
detector exactly to the required speed of response if optimum detectivity is to be
achieved. Making the device faster and then limiting the bandwidth after the detector
will always produce an inferior performance. This is clear from inspection of
Fig. 5.7, which shows that the voltage responsivity varies inversely with frequency
and, assuming only Johnson noise, the detectivity will decrease as the square root of
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Fig. 5.9 Spectral response of two pyroelectric detectors normalized to the spectrum measured
with a Golay detector. The peak structure is caused by interference effects in the pyroelectric
crystal due to internal reflections (adapted from [436])

the bandwidth. The requirement of any amplifying and display system employed
is that it should have sufficient bandwidth to utilize fully the required speed of
response of the detector and have lower input noise than that produced by the
detector resistor.

5.3.3 Thermopiles

The thermoelectric effect can be used for detection of THz radiation. When two
different metals are in contact, the mismatch of their Fermi levels results in an
electromotive force across the contact. The magnitude of this force depends on
the temperature. If a second junction from the same metals is held at a constant
reference temperature and if both junctions are connected by an electrical circuit, a
voltage AV will develop between them:

AV = §aAT. (5.33)

Here, AT is the temperature difference between the two junctions and S« is the
difference of the Seebeck coefficients of the two metals. The exact value of o
depends on the metal pair. Typically, it is in the order of 50 W V/K. By connecting
several of these thermoelectric junctions or thermocouples in series, the response is
increased and the device is then called a thermopile.

In order to use thermopiles for the detection of radiation, they have to be
combined with an absorber. Ideally, it has complete absorption across the whole
frequency band of interest. In addition, a reference temperature needs to be
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Fig. 5.10 Cross section of a thermopile. Radiation incident on the BeO plate with absorbing paint
is converted to heat which sets up a temperature gradient between the front and rear BeO plates.
A series of thermocouples mounted between the two plates creates a voltage which is proportional
to the temperature gradient and induced by the incident radiation between the two plates (adapted
from [437])

provided, which should be highly stable. A thermopile design which is used at
THz frequencies is depicted in Fig. 5.10 [437]. The sensing element is a Peltier cell
made from two BeO ceramic plates. The front plate, which is quite thin (600 pm)
in order to reduce the thermal mass and to achieve a reasonable speed of response
(~4s), is covered by a highly absorbing paint. Several thermocouples are connected
in series between the two plates. They are mounted in a metal housing which
in turn might be, but is not necessarily, incorporated in a housing with thermal
insulation. The minimum detectable power within an integration time of 4s is
~10 W per cm? of detector area. During a measurement, it is important to keep
the temperature of the device constant. Even a slight temperature drift can account
for a baseline drift of several tens of WW. The absolute accuracy is between £5%
and £20%, depending on the frequency [437]. Limiting factors are uncertainties in
the absorption of the paint, reflection from the BeO plate due to mismatch of the
refractive index (ng.0 & 2.5), and standing waves.

5.3.4 Power Meters

Absolute power measurements are challenging at THz frequencies. Diffraction leads
to uncertainties of the beam propagation, and reflectance from the detector leads to
standing wave effects. Both affect the coupling of THz radiation into the power
meter. At THz frequencies, the detectors discussed in the previous sections are only
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Fig. 5.11 Diagram of the power sensor head, showing the waveguide loads, heaters and tempera-
ture sensors (adapted from [440])

of limited use for absolute power measurements if accuracy better than a few percent
is required. This is mainly because the responsivity of a particular device is usually
not known with the required accuracy.

Good results can be achieved with calorimetric power meters. The basic design
of a THz calorimeter [438] is based on the twin-load type of calorimeter developed
for millimeter wavelengths [439]. Figure 5.11 shows a schematic design. Two
nominally identical waveguides are mounted in a chamber that is thermally well
insulated. Both waveguides have thin walls in order to minimize the heat flow. They
are terminated with absorbers which can be electrically heated. Often the absorbers
are specially shaped, for example, in the form of a pyramid, in order to increase
the absorption. For the measurement the THz signal is coupled into one waveguide,
while the absorber of the other waveguide is electrically heated until the temperature
difference between the two loads vanishes. With some corrections, the electrically
dissipated power is then equal to the THz power. Both the electrical power and
the temperature difference can be easily measured. Differences in the distribution of
electrical and THz power in the absorbers can lead to contradictory temperature rises
at the measurement points, although the same amounts of power are absorbed. This
so-called equivalence error needs to be minimized by precise thermal configuration
of the absorber, including the electrical heating and the temperature sensors. With
careful design this error can be as low as 0.2% [441]. Another potential source of
error is the waveguide attenuation, which has to be determined for each frequency.
Overmoding is less of a problem because the absorbers can be made very broadband
and the matching is relatively independent of the mode. The asymmetry between
both waveguides and absorbers can be taken into account by changing the function
of both waveguides. State-of-the-art calorimeters achieve an uncertainty of ~3%.
They can accurately measure power from 1 wW up to 200 mW at frequencies up to
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Fig. 5.12 Thomas Keating Ltd. power meter (adapted from [442]). Accurate measurements
require polarized radiation at the Brewster angle 55.5°

2THz and possibly above. The rms noise is 0.15 wW, with a time constant of 1s
[440,441].

Another type of power meter is based on the photoacoustic effect (Fig.5.12)
[442]. Two closely spaced parallel windows made from TPX form a sealed gas cell.
A thin metal film which absorbs a known fraction of the incident THz radiation
is placed between them. Chopping the incident radiation leads to a modulation
of the film’s temperature, which in turn induces a modulation of the pressure in
the cell. This modulation is detected by a pressure transducer (microphone) and
measured with a lock-in amplifier. The modulated pressure change is closely related
to the total absorbed power. Assuming that ohmic heating of the metal film and
radiation heating are equivalent, the power meter can be calibrated by passing a
modulated current through it to heat the film. The TPX windows are characterized
with regard to their absorption and reflection losses as a function of frequency.
These losses are taken into account via a look-up table in the software of the
power meter. For practical measurements, the power meter needs to be aligned
so that the beam is incident at the Brewster angle, with the plane of polarization
in the plane of incidence. If the incoming radiation is not linearly polarized, the
two orthogonal linearly polarized components need to be measured separately,
for example by using a wire grid. Power which is not absorbed in the metal
film is partly transmitted or reflected. Parameters which affect the accuracy of
the measurement are air—pressure fluctuations at the reference frequency, IR and
visible light which fall onto the power meter, and deviation from square wave
modulation. A power meter of this type is commercially available and calibrated
for frequencies between 30 GHz and 3 THz (Thomas Keating Ltd.) but is also
usable at higher frequencies. Such a power meter has a typical NEP of 5 y\W/+/Hz,
and this allows measurements down to the 10 wW level. The maximum power is
200 mW.

A further method of measuring power in the THz region is to use detection based
on the photon drag effect, which was first observed independently in the USSR
[443] and the UK [444], using pulsed and Q-switched CO; lasers at 10 um. Photon
drag is a simple manifestation of photon pressure, because it generates an electric
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field in a semiconductor by transferring momentum from an incident light beam
to charge carriers. Unless saturation occurs the magnitude of the electron field is a
linear function of the light intensity. It is of interest to note that the observation of
photon drag has ignited fresh interest in a controversy as to what is the momentum
of light in a dielectric, which began in the early years of the twentieth century and
still continues [445].

A typical photon drag device consists of a cylindrical or rectanguloid rod of
semiconductor material, with sufficient doping to absorb radiation over the length of
the rod at the wavelength of interest. When light is directed onto the end face of the
rod, an electric field is induced, which can be observed as a voltage if electrodes are
placed at either end of the device. Normally, the detector has a length to diameter
ratio sufficient to ensure a uniform field, regardless of where the light beam strikes
the end of the rod.

At short IR wavelengths, where hv >kpT at room temperature, there are
competing absorption processes within semiconductors that can lead to significant
variations in the voltage produced, even over a quite short wavelength range. For
example, the photon drag signal from p-type Ge varies by more than a factor of
three between 9 and 11 pm. But over much of the THz region where hv < kT, and
the only source of absorption is free carriers, the voltage produced can be predicted
from the detector parameters. This led to the suggestion that photon drag detection
could provide calibration devices at THz wavelengths [446]. The main disadvantage
of photon drag detectors is their low responsivity, typically <1 wV/W at 10 um,
but when using laser sources there is normally quite sufficient power for a good
(S /N)-ratio. Their advantages are room temperature operation and the ability to
give a linear response up to high intensities. At 9.2 um linearity up to 30 MW/cm?
has been reported [447]. A further asset is their speed of response, which is less
than 1 ns.

Photon drag detection has been discussed in considerable detail by Gibson and
Kimmitt, with a special section on “Calibration Standards for 100-2,000 um’” [448].
Voltage responsivities are much higher than at 10 wm. For example, an n-type
Ge detector with a receiving area of 16 mm? has a responsivity of ~40 LV/W at
0.3 THz, but this falls rapidly above 0.6 THz. For a more uniform response in the
THz region p-type Si is a better alternative, with a relatively uniform response of
6 WV/W up to 2 THz. However, it is important to note that, by a suitable choice of
semiconductor, good response can be obtained over the entire IR and THz region.
Although primarily of importance for pulsed or Q-switched sources, detectors can
also be used for power measurement with cw sources. For example, the power output
of an HCN laser at 337 um has been measured at signal levels below 0.2 mW [449].

Attractive features of these detectors are their ease of manufacture and their
versatility. A useful feature is that for higher power sources it is simple to make
larger detectors, thus avoiding surface damage or any possibility of nonlinearity.
Online monitors are commercially available for CO, lasers that absorb 10-20%
of the source energy and give a continuous reading of the laser power. Similar
devices have been used in the THz region. However, these 10-pm monitors are
AR coated to avoid unwanted reflections, and this is difficult to achieve over a wide
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wavelength range. With polarized sources, devices with Brewster angled end faces
can be envisaged but, with the high refractive index of most semiconductors, this
could mean inconveniently long structures.

5.3.5 Semiconducting Bolometers

Semiconducting bolometers are among the most important of THz detectors. The
first bolometer of this type was made from Ge. It was invented by F. Low in 1961
[66]. In 1971, M.A. Kinch introduced the Si bolometer [450]. These rely on free-
carrier absorption by electrons closely coupled to the lattice. A design for such a
bolometer is shown in Fig.5.13. It consists of a small (<1 mm?) chip of doped
semiconductor, usually Si or Ge. The detector element is suspended in vacuum by
two thin lead wires between the electrical contacts, which provide the electrical
connection as well as the thermal link to the heat sink.

The optimum level of doping is determined by two requirements. On the one
hand, the temperature coefficient of the resistance should be large while, on the
other hand, the bolometer should have a resistance which allows for an efficient
coupling to a low noise amplifier. Since the resistance of intrinsic or lightly doped
extrinsic material is large at low temperatures, the semiconductor must be heavily
doped, that is, close to the metal-insulator transition, with a majority donor impurity
and a compensating minority acceptor impurity. Electrons from the donors fill some
acceptor states and, in the presence of an electric field, the dominant conduction
mechanism is hopping of carriers from one dopant atom to another. It is worth
noting that the temperature coefficient and the resistance depend strongly on the
degree of compensation, because the hopping conduction mechanism is determined
by the distance between dopant atoms. Typical doping concentrations are 10'® cm ™3
for Ge and 10'® cm™ for Si. The hopping conduction mechanism gives rise to a
temperature-dependent resistance of
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Fig. 5.13 Simple design of a semiconducting bolometer. The thermistor is suspended between
electrical contacts by very thin electrical leads which at the same time serve as thermal links to the
heat sink

Heat sink s
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R(T) = Ryexp (\/g) . (5.34)

The constants Ty and R, are of the order of 2—10 K and 0.1-0.5 2. For Ge thermis-
tors, excellent agreement between (5.34) and experiment was found [451,452]. The
corresponding temperature coefficient of the resistance is

a(T) = i% = _l /E (5.35)
RdT 2V T3 ’

Note that « is negative and that it has strong temperature dependence. This is
in contrast to superconducting bolometers, which have positive o allowing for
electrothermal feedback (Sect. 5.3.6).

As the doping is a crucial parameter of the bolometer, much development has
been devoted to optimizing it. Semiconductors doped in the melt have variations
in the acceptor and donor concentration, which are often unacceptably large,
meaning that there are large variations of the temperature coefficient and resistance
in a single crystal. Neutron transmutation doping (NTD) of ultra-pure Ge yields
Ga, As, and Se. The weak absorption of neutrons by Ge leads to a uniform
doping concentration. For Ge with natural isotopic abundances, NTD-Ge has a
compensation of 0.32. Therefore, Ry and 7y can be changed independently only
by changing the dimensions of the crystal or by isotopically enriching Ge. Special
care has to be taken with respect to the contacts. Soldered In contacts, which were
often used for Ge bolometers in the early days, introduce excess noise (1/ f-noise).
Metallized ion-implanted and annealed contacts give the best results.

In some bolometers, the semiconductor chip combines the functions of radiation
absorption and thermometry (Fig.5.13). However, there is a significant surface
reflectivity for Ge (~36%) as well as for Si (~30%), which decreases the quantum
efficiency. Antireflection coatings are possible but rarely used because they are not
sufficiently broadband. The absorption can be improved by an appropriate paint
on the surface of the semiconductor chip. By this means the detector can be made
uniformly absorbing throughout the THz frequency range and even beyond. The
disadvantage is that the paint contributes to an excessive heat capacitance. This
problem can be overcome by using a composite bolometer in which the functions
of absorption and thermometry are separated (Fig. 5.14) [70,453]. In this case the
semiconductor chip is bonded or glued to a thin plate of sapphire or diamond
with an absorbing paint. Since the heat capacitance of sapphire is about 8% of Si
(2% of Ge) and the heat capacitance of diamond is ~5 times less, the absorber
can be made quite large (typically 1-10mm?) without affecting the thermal time
constant of the bolometer. Absorbing paint has a relatively large heat capacitance
and if applied to a large absorber it would degrade a bolometer’s performance.
Instead, a thin metallic layer of, for example, a nickel-chromium alloy or bismuth,
is deposited onto the back surface of the absorbing plate. A frequency independent
absorbance can be achieved if the thickness of the layer is adjusted to yield a
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Fig. 5.14 Scheme of a composite bolometer. The thermistor, which is glued to a plate of sapphire
or diamond, senses any temperature change of the plate. A thin layer of metal which matches the
impedance of free space absorbs the incoming radiation. The thermistor has typically a size of
0.25 mm?, while the crystal plate can have dimensions of a few millimeters

resistance of 377/(n — 1) Q per square (n: refractive index of the absorbing plate,
vacuum impedance: 377 2). In this case, the impedance of the absorbing plate is
matched to the combination of the film and free space [453] and no reflection
occurs at the surface. This is necessary in order to avoid interference fringes and
to achieve a frequency independent absorbance. As an example, for a diamond
absorber (n =2.37) covered by a metal film with a sheet resistance of 275 €2,
the absorbance for normal incidence is 4(n — 1)/(n + 1)> =0.48. Larger values
can be obtained over a limited frequency range by using a metal film with lower
sheet resistance, which produces interference fringes. Placing the bolometer in an
integrating cavity also increases the absorption. An additional advantage of the
composite bolometer is its larger effective area, to which the focal spot of the THz
radiation can be more easily adapted.

Coupling of radiation to the bolometer is usually done with a light collecting
cone, either one of a Winston type or a straight one (Sect.3.10). Since the heat
capacitance of a bolometer scales with its area, small bolometers are preferable.
In order to obtain a large throughput, bolometers are usually illuminated with a
wide solid angle. Because the absorbance of bolometers can be significantly less
than one, they are often placed in an integrating cavity in order to enhance the
absorption. The amplifier should not contribute significantly to a bolometer’s NEP.
For heat sink temperatures down to 0.1 K this can be achieved by amplifiers with
junction field effect transistors at 300 K temperature. However, wires which connect
the bolometer to the amplifier are sources of microphonic noise. Movements of the
wires lead to changes in the capacitance, which in turn give rise to an additional
current and a noise voltage across the bolometer that is proportional to the current
and resistance of the bolometer. This can be significant because bolometers are high
resistance devices. Furthermore RF pick-up by the wires leads to additional noise.
The first amplifier stage is usually mounted close to the bolometer inside the cryostat
to overcome these problems.

Bolometers are commercially available either as single (composite) devices or
in small arrays. The geometry, size, operating temperature, time constant, and
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thermal conductance can be adjusted by the manufacturer to meet the specific
requirements of the experiment. The typical performance of a composite Si
bolometer operated at 4.2K is: NEP = 1071*~10~'2 W//Hz, frequency coverage
0.15-15THz, depending on filters, and a response time down to 10 jus. A notable
application of semiconducting bolometers is for astronomy with SPIRE, the Spectral
and Photometric Imaging Receiver, aboard the Herschel Space Observatory. This is
based on bolometric detector arrays operating around 0.6, 0.8, and 1.2 THz. Each
individual bolometer consists of an Si-nitride membrane with metallic micromesh
serving as the absorber. This provides a significant reduction (~20 times) in the heat
capacitance as well as a reduced cross-section for cosmic rays [454]. It is worth
noting that by choosing an appropriate mesh this type of bolometer can be made
polarization sensitive. The NTD-Ge thermistor is placed on one side of the absorber.
With a prototype array, an NEP of 5 x 10~'7 W/+/Hz and a time constant of 5-6 ms
has been demonstrated [455].

5.3.6 Superconducting Bolometers

The transition from the normal to the superconducting state can take place in a
very narrow temperature range (Fig.5.15). This transition can be used for a very
sensitive thermometer. The earliest bolometers based on superconductors date back
to the middle of the past century, when Andrews and his co-workers used tantalum
and niobium nitride [34,35]. Since that time, progress in superconducting material
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Fig. 5.15 Transition from the normal to the superconducting state for an Au-Pd/Mo bilayer.
An Au-Pd layer of ~8nm is deposited on top of a ~60 nm Mo layer. The transition takes place
in a very narrow temperature range of about 0.01 K. Due to the proximity effect at the interface
between both layers, it is possible to adjust the critical temperature of the Mo layer by sputtering
of a Au-Pd alloy (adapted from [456])
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development, as well as micro-and nanofabrication technologies, has made a wide
variety of superconducting bolometers possible. Nowadays superconducting metal
thin films are used for bolometers. They can be fabricated by deposition techniques
such as magnetron sputtering or laser ablation. Structuring of these films can be done
by optical or e-beam lithography. In addition, by choosing the appropriate material
or material combination, as well as by controlling the metallurgy of the metal, a
wide range of temperature coefficients can be obtained.

Although superconducting bolometers have been around for a long time, they
were not widely used, due to the lack of comparable performance to semiconductor
bolometers, and their complexity of operation. One major disadvantage was caused
by the constant current biasing scheme, which was employed for a long time.
In superconducting bolometers, the temperature coefficient of the resistance « is
positive. This implies that, for a current-biased bolometer, the power which is
dissipated by a constant current bias source increases with increasing temperature.
If the current exceeds the limit Gef = G — [2Ra = 0, thermal runaway occurs.
This limits the useful bias range and the linearity of the detector.

Thermal runaway can be avoided by an appropriate feedback technique, which
can be obtained by using a constant bias voltage. If the power absorbed by the
bolometer increases, its temperature and resistance also increase. For constant
voltage bias, the current decreases. For a steep superconducting transition, the
decrease in bias power compensates for the increase in radiation power. This process
is called electrothermal feedback, and a device based on this scheme is called a
voltage-biased superconducting bolometer (VSB). The stable self-biasing yields
an increased linearity and dynamic range compared to a current-biased bolometer.
Another advantage is a greatly reduced response time. The thermal conductance of
a superconductor can be described by

G =nKT", (5.36)

where K is a material and geometry-dependent parameter and n depends on the
thermal impedance between the film and the substrate. n is 4 if the Kapitza
resistance dominates, and n is 5 or 6 if electron—phonon decoupling in the film
dominates. When the temperature of the substrate is well below that of the film, the
equilibrium temperature is Pg = G T/n. Taking these equations, one obtains from
(5.26)

70

P 5.37
14+ aT/n ( )

Teff =

where 1 is the intrinsic time constant of the film, the response time in the absence of
bias heating. While 7y is usually determined by the design of the thermal coupling
to the heat sink, its ultimate limit depends on the processes in the superconductor,
for example electron—electron interaction, electron—phonon coupling, and phonon
escape from the superconductor into the substrate. Typical response times of a VSB
are in the order of a millisecond to hundreds of milliseconds. In special cases,
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response times well below 1ns have been achieved. Since « is essentially the
inverse of the width of the superconducting transition, superconducting materials
with a steep transition are preferred, which is why bolometers of this type are
often referred to as transition edge sensors (TES). The a7 product can be as
high as 1,000. Therefore, the response time of a bolometer with electrothermal
feedback can be two orders of magnitude faster than that of a bolometer without
feedback. At first glance, it might be surprising that the response time can be
less than the intrinsic time constant of the film. However, with voltage bias and
electrothermal feedback, the energy is removed by a reduction of bias heating,
instead of by an increased heatflow to the substrate, which is a slower pro-
cess.

For the operation of a VSB, the bath temperature Tg, is chosen to be below
the critical temperature of the superconductor. The optimum is a factor of 2 below
the bath temperature [457]. The voltage bias heats the bolometer to the critical
temperature 7¢ according to

2
Pg = V% = G(Tc — Tgam)- (5.38)
If radiation heats the bolometer, its resistance increases. Due to the constant bias
voltage, the electrical power Pg dissipated in the bolometer is lower and its
temperature drops. This feedback keeps the operating temperature of the bolometer
nearly constant.

Superconducting bolometers have a low impedance. Superconducting quantum
interference device (SQUID)-based amplifiers are well suited for readout of their
signals. A SQUID is a superconducting loop which contains two tunnel junctions,
each with a resistor and a capacitance in parallel. When an external magnetic flux
passes through the loop a change of its current—voltage curve is detected. Figure 5.16
shows a simplified SQUID readout scheme. The current to be measured passes

TES

SQUID

Fig. 5.16 Electric circuit of a voltage biased transition edge sensor (TES) with SQUID readout
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through a coil which is in series with the VSB. A SQUID in close proximity detects
the magnetic flux generated by the coil. Changes of the magnetic flux result in
current or voltage changes at the output of the SQUID. Since SQUIDs are low noise
devices (<1 pA/+/Hz), and can be easily lithographed during the processing of the
VSB, they are commonly used amplifiers for VSBs.

Many designs and materials have been developed for superconducting bolome-
ters. In general, these are composite bolometers. The superconductor serves as a
thermometer which is attached to an absorber. The first prototype VSB was made
from a 40-nm thin tungsten film with a 7 of about 95 mK. The bolometer was
etched to a rectangle (1.8 x 0.9mm?) on a 300 um thick Si substrate. The readout
was performed with a coil in series with the bolometer and SQUID. An electrical
NEP of 3.3 x 10717 W/+/Hz and a time constant of 10 s were measured. The latter
value is about 100 times faster than the intrinsic time constant [458]. In another
approach, a fully lithographed VSB was fabricated from thin metal layers (for
example Au/Ti/Au or Au-Pd/Mo). By this means, the superconducting transition
temperature could be adjusted using the proximity effect to somewhat above the
sink temperature of a *He sorption refrigerator. The VSB is lithographed onto a
Si3N4 membrane and located in the center of a spider web [459] or similar structure
[456]. The fully lithographed fabrication is a major advantage of superconducting
VSBs compared with semiconducting bolometers. Monolithic arrays of VSBs with
thousands of pixels, a filling factor close to one (i.e. the focal plane can be Nyquist
sampled), and an NEP of ~10~'7 W/+/Hz have been demonstrated [460, 461] or
are under development for astronomical applications [456,462]. A major challenge
for large arrays is the readout at cryogenic temperatures. SQUID arrays with either
time-domain multiplexing [463] or frequency-domain multiplexing [464] offer a
solution. Whilst astronomical background limited observations require this low
NEP, the situation is different for laboratory applications, for example in a Fourier-
transform spectrometer, where the background radiation is much higher. In this case,
desirable features are operation in a standard liquid helium cryostat, large dynamic
range to detect the central peak as well as the outer parts of an interferogram, and
a speed sufficient for rapid-scan spectroscopy. This has been achieved with an Nb
film thermometer (7 =~ 8K) on an Si3;N; membrane, which is covered on the
rear side by a metal absorber [465]. A particular application of a superconducting
TES is time resolved detection of short THz pulses from a synchrotron. In this
application speed, with a response time well below 1 ns, is the main requirement.
A thin film (4-6nm) NbN TES embedded in a planar antenna serves well for this
purpose. Due to the material properties of the NbN film, and its small dimensions,
it has a fast response time of about 40 ps [466]. This allows detection of coherent
THz synchrotron radiation and the resolving of single pulses (Sect.4.12.1) [400].
It is worth noting that in this case the response time is limited by the material
properties, and that voltage biasing does not improve the speed of the device because
its time constant is larger than the response time of the bolometer. Due to their
fast response, these bolometers are also excellent mixers in a heterodyne system
(Sect.5.5.4).
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5.3.7 Room Temperature Microbolometers

The limitations due to the thermal mass mentioned in Sect.5.3 resulted in there
being relatively little interest in room temperature thermal detectors for some years.
However, it was pointed out, in a theoretical paper toward the end of the 1970s, that
if detectors were made with very small volume this would overcome the limitations
of larger devices [467]. But for use in the THz spectral range, where the detector
dimensions would be much too small compared with the radiation’s wavelength,
an antenna would be required to couple-in the light. Following this suggestion,
a novel room-temperature detector for the wavelength range 10—1,000 um was
constructed. This consisted of a 5 x 4 wm? area bismuth film with a thickness of
55 nm. Bismuth has a relatively large temperature coefficient of resistance. At low
modulation frequencies, a value of ~1.6 x 10~ W/+/Hz was obtained at 119 pLm
and, due to its tiny size, the device remained within a factor of 10 of this value up to
modulation frequencies of 25 MHz [468].

In a later paper, an array of 400 bismuth-film microbolometers with a total
area of 1cm? has been described [469]. Each detector had its own single mode
antenna, and the motivation for designing such an array was to produce a detector
that would give improved detectivity for distributed sources such as hot plasmas,
or for terrestrial radiometric mapping, and for cosmic-background measurements.
With a point source, there is no great advantage in using an array. But with an
extended source, each detector antenna sees a different part of the source and the
signal increases in proportion to the number of detectors employed. Because each
detector element employed was very small, with an area of 3 um x 3 um, a response
time of ~200 ns was obtained, with a D* of 4 x 10% cm+/Hz/W in the frequency
range 0.1-0.3 THz.

Although the bismuth-film device consisted of many individual detectors, these
were coupled together to make a single receiver. But the requirement for sensitive
thermal imagers for both military and civil applications, coupled with the advent
of CCD technology, led to renewed interest in very small detector elements. The
initial interest was in arrays of photodetectors. But for the important 8 to 14 um
region, which corresponds both to the peak emission region for objects close to
room temperature and to an atmospheric window, photodetectors need to be cooled
to ~120K or less.

The most obvious detectors for room-temperature arrays were pyroelectrics
(Sect.5.3.2) in a hybrid arrangement [470], but it was recognized that microbolome-
ters could also be competitive. In the late 1980s Honeywell began research on
vanadium oxide microbolometer array technology. Although this type of array is
primarily designed for use in the 8—14 pum atmospheric window, some arrays operate
reasonably well at THz frequencies [471].

A typical design for a single microbolometer is shown schematically in Fig. 5.17.
The bolometer is in the form of a very thin (50-200nm) membrane. This only
absorbs a percentage of the light, but the underside of the membrane and a mirror
deposited on the upper surface of the substrate wafer form a resonant cavity for any
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Fig. 5.17 Concept of a microbolometer

radiation transmitted through the membrane. For the 8-14 pm region, the cavity
spacing is typically 2-2.5 pm. In some detectors, any loss of light is further reduced
by adding an antireflection layer to the upper surface of the membrane.

A number of different materials have been employed for the detecting membrane,
but those most favored for the 8—14 pm atmospheric window are amorphous Si
and oxides of vanadium, of which vanadium pentoxide (V,0s) appears to be the
most widely used. Typical pixel dimensions vary in area between 50 x 50 um?, with
320 x 240 pixels in the array, to 25 x 25 um? with 640 x 480 pixels. However,
larger pixel numbers of 1024 x 760 are envisaged [472]. Microbolometer arrays
optimized for operation in the THz range are currently under development [473]
and commercially available.

Clearly, detectors designed for 8—14 wm are not ideal for the THz region but
the use of a 160 x 120 pixel commercially available camera with vanadium oxide
microbolometers, spaced at 46.25 pm, was used for real-time imaging experiments
at 2.5 and 4.9 THz, using an optically excited gas laser or a quantum cascade
laser (Sect. 7.4.4). With this, good transmission images were obtained. A somewhat
similar experiment, but with a 2.8 THz quantum cascade laser, has been reported
[474]. Apart from substituting a Picarin lens for its antireflection-coated Ge lens,
the thermal-imaging camera was not modified. However, the modified camera
could only detect temperature changes of approximately 3K over the 1-5THz
region, which appears very inferior to the unmodified camera’s 0.1 K over the
8—14 wm wavelength range. Nevertheless, as the integrated power available over 8—
14 wm is some 15 times greater than that at 1-5 THz, this represents an acceptable
performance in the THz region.

5.4 Photoconductive Detectors

The essential difference between thermal detectors and photodetectors is that in
the former the incoming energy produces a measurable temperature change, while
in the latter the energy of the photons interacts with electrons within the material.
In photoconductive detectors, as the name implies, a measurable resistance change
is produced and, if a current is passed through the detector element, this can be
measured.
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Fig. 5.18 Concept of intrinsic and extrinsic detection

The two main photoconductive processes are illustrated in Fig.5.18. In a
semiconductor there is a gap between the valence and conduction band. If a photon
with energy greater than the gap energy impinges on the semiconductor, an electron
can be excited from the valence to the conduction band, producing an extra electron.
At the same time, a hole is created in the valence band and both the electron and hole
will cause increased conductivity. This is termed intrinsic excitation. If the photon
has not sufficient energy to overcome the gap energy, it is still possible to cause a
photoconductive process by adding impurities to the semiconductor. As illustrated,
these can produce either donor or acceptor states, which can be quite close to the
conduction or valence band, and a low energy photon can excite an electron out of
a donor state or into an acceptor state. This is extrinsic excitation and is the process
employed for THz photodetection, except at the very highest frequencies, close to
10 THz, where intrinsic detectors are available.

The parameters that affect the performance of photoconductive detectors can
be easily seen from quite elementary considerations. Because almost all THz
photoconductors are extrinsic, it is convenient to assume that only one type of
carrier, either electrons or holes, is involved. Other assumptions on which the
following arguments are based are that each absorbed photon produces exactly one
free carrier in the conduction or valence band, the impurity atoms are distributed
uniformly throughout the host crystal, there are no trapping effects of charge
carriers, and the crystal has ohmic contacts.

The first studies of extrinsic photoconductivity were made in the early 1950s
[475]. The energy levels of many impurities in Si and Ge were already well
documented from earlier research, leading to the development of the transistor.
Although it was known that in Ge a number of impurities were at levels close to
the conduction or valence bands, the main goal at that time was to find sensitive
detectors for the thermal imaging atmospheric window at 8—13 pm. It was in the late
1950s and 1960s that applications for lower frequency detectors arose and research
on very shallow level extrinsic photoconductors began [54]. Initially, this research
concentrated on Ge and Si but was later extended to InSb and GaAs.
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The shallowest impurity centers in the Group IV semiconductors Ge or Si are
those associated with impurities from Group V, for example P, As, Sb or Group
III, e.g. B, Ga, or In. In these atoms, the number of electrons in the outermost
shell differs by one from the four in Ge or Si, and the extra electron (or hole) is
balanced by an extra unit of charge on the atomic core. This system of free carrier
plus fixed core charge can be treated as a hydrogen atom embedded in the dielectric
medium of the Ge or Si lattice, giving rise to localized electronic states within the
band gap. The effective mass approximation can then be used for substitutional
impurities. An atom that lacks one valence electron with respect to the host lattice
can easily attract an electron from the valence band, leaving a mobile hole, and
therefore acquiring a negative charge. This mobile hole moves in the coulombic
potential analogous to the hydrogen atom, except that in the immediate vicinity of
the origin the potential departs from a simple coulombic form. The energy levels
of the excited states indexed by n, neglecting core effects, are for a spherical
band

4 1 m*

S S Ny 5.39
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The effective Rydberg energy Rj; only deviates from the Rydberg energy
Ry = 13.6eV of the hydrogen atom by a factor due to the density of states,
effective mass of the valence band m*, and the relative dielectric constant &, of the
host material. The effective Rydberg energy for heavy holes in Ge is determined as
15meV, using &, = 16 and m*/m, = 0.28, for an approximation. The effective
Bohr radius rj} follows as
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rp(n) = o rg. (5.40)
According to (5.40), the hydrogen Bohr radius rg = 0.0529nm is modified
by the effective mass and the relative dielectric constant of the host material,
and an effective Bohr radius of 3nm is obtained. A more accurate treatment
gives an ionization energy of 11.2meV, using screened potentials and a proper
weighting to obtain the hole effective mass [476,477]. This value for the ionization
energy is in good agreement with measured values for B, Al, Ga in Ge, but
there is significant variation for heavier impurities or nonhydrogenic acceptors
and donors. This is due to the influence of the atomic core on the wave func-
tion of the ground state. In Si, where the effective mass of the free carriers
is heavier, the frequency equivalent to the ionization energy is above 10THz,
but it is worth noting that extrinsic Si detectors are important devices for the
10-60 THz region. Inspection of (5.39) and (5.40) shows that to detect lower
frequency radiation m* must be reduced. However, this leads to a larger Bohr
radius and the consequences of this are important in InSb (Sect.5.4.2) and GaAs
(Sect.5.4.3).

The minimum energy for detection predicted by (5.39), assuming an n-type
impurity, is that from the donor center to the conduction band. It is only observable
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at low temperatures when a considerable fraction of the impurity centers is not
ionized. The system is comparable to that of a hydrogen atom with a series of
energy levels between the ground state and the conduction band. Excitation from
the ground state to the excited states of an impurity center leads to a line absorption
spectrum at lower frequencies than those for the continuous absorption process, due
to the donor states to conduction band transitions. This line absorption process is
normally much weaker, but in an extrinsic device it provides a detection process
for specific frequencies below the normal absorption edge. With p-type impurities
a similar line spectrum occurs, due to levels between the acceptor state and the
valence band. A specific example is given in Sect. 5.4.1.

The requirement for extrinsic conduction to occur is

hv > Ep. (5.41)

The detector response rises steeply above the low-frequency limit vy for excitation,
reaching a maximum at about 1.2v, and falls off at higher frequencies with
approximately (hv— Epyp)~2/3. Essentially, this reflects the absorption cross-section
from the ground state into the conduction or valence band. At THz frequencies,
Envp is very small. At 3 THz, for example, Epyp &~ 11 meV, and detectors need to
be cooled to 4 K or less to reduce thermal excitation.

Impurities will only behave as isolated donors or acceptors if their concentration
is sufficiently small. In Ge, the value of the Bohr radius indicates that interaction
effects should become appreciable between 10'® and 10'7 cm™3, but experimental
results showed that it was necessary to keep the impurity concentration at much
less than this. The reason is that hopping conduction, the tunneling of electrons
from neutral states to neighboring ionized states, produces a current in the absence
of a photon flux. This causes an unacceptable increase in conductivity for shallow
hydrogenic impurities in Ge if the carrier concentration is above 2 x 10 cm™3
[451]. As the absorption coefficient depends on the number of impurity centers, the
optimum doping can depend on the particular application for a detector.

The design of good extrinsic photoconductors for THz frequencies is complex,
requiring the optimization of a number of parameters. Only the more important
features are included here. Assume that an extrinsic photoconductive detector is
biased from a constant current source, i.e. Ry, > Rp as shown in Fig. 5.19.

When the detector is illuminated by photons with energy greater than Epyp, the
current will increase. This increase will depend on N,, the number of photons of
frequency v absorbed per second, the quantum efficiency 7, the number of extra
carriers produced per photon, and the photoconductive gain Gpc, which is the
number of electrons that flow through the detector for each absorbed photon. This
current increase is given by

I = neN,Gpe. (5.42)

Clearly, the quantum efficiency is less than one but, in theory, the gain can be
above unity because, as long as an excited carrier does not recombine, electrons
will continue to flow through the circuit. The photoconductive gain Gpc is
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Fig. 5.19 Photoconductive detector biased from a constant current source. With R > Rp, the
signal voltage is directly proportional to any change in the resistance of the detector when radiation
falls upon it

given by

Gre = tf (5.43)

t

where t is the lifetime of the excited carriers and ¢, is the transit time between
the electrodes. In intrinsic photoconductors, lifetimes can be very long, leading to
extremely high gains, but in extrinsic devices lifetimes are short and the gain is
normally less than one [478].

The transit time is governed by the carrier mobility u, the electric field E across
the detector, and the distance d between the electrodes, and is given by

d = uEt. (5.44)
Combining this with (5.42) and (5.43) yields:

_ neN,TE

1
d

(5.45)

The current responsivity is important for comparing the quality of detector material.
It is given by

% = PLw - —"Z‘ZE - %GPC. (5.46)
If speed of response is not an important parameter what is required is high
mobility, long carrier lifetime with high breakdown electric field, and good quantum
efficiency. Optimizing these parameters, particularly in the most important extrinsic
detector for THz radiation, Ga-doped Ge, has produced very high detectivity
devices. However, inspection of (5.46) shows that the responsivity is proportional to
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the lifetime of the excited carriers. When detectors such as Ge:Ga are employed to
observe short pulses, T can be reduced by the addition of compensating impurities
when growing the crystal material, but only at the expense of reduced responsivity.
The detector is said to have a “gain-bandwidth” product because increasing one
parameter reduces the other one. A similar interaction occurs in most detectors.
For example, in bolometers t can be increased by closer coupling to the heat sink,
but only with a proportional reduction in responsivity, as shown by (5.20), (5.26),
and (5.29).
The NEP of a background-limited photoconductor can be found to be [479]

\ 2
NEPg, — ,/M. (5.47)

The additional factor of +/2 compared to (5.10) arises from the distribution in the
mean free paths of the photo-generated carriers because of the fluctuating character
of the recombination process. This results in a fluctuation of the signal pulse widths
at the output of the detector. In the derivation of (5.10), it is tacitly assumed that
all signal pulses have the same width. A figure-of-merit is the detective quantum

efficiency 7p. It is defined as
NEPg; \’
= . 5.48
b ( NEP ) (5.48)

The detective quantum efficiency is a measure of how far the performance of a
photoconductor deviates from the ideal performance, for which np = 1. Note
that np transforms all noise sources into a hypothetical loss in quantum efficiency,
although the noise might originate from quite different sources.

In many applications, the voltage response of a detector is an important parame-
ter. The voltage V' generated by the detector, biased at constant current / is

V = IRp. (5.49)
The detector resistance Rp is given by

d
= (5.50)

R —’
P e ANc

where Nc is the carrier concentration before illumination, d is the distance between
the electrical contacts, and A the contact area which is given by the other detector
dimensions.

Assuming that the resistance change is small when photons fall on the detector,
the signal voltage obtained by combining (5.45), (5.49), and (5.50) is

anNU
V= .
ANc

(5.51)
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Study of (5.50) and (5.51) indicates how the performance of a detector can be
optimized. A high electric field is beneficial. The limitation is set by the breakdown
electric field at which impact ionization of the impurities occurs. The carrier
mobility and the carrier lifetime should be high. Since a high impurity concentration
is necessary in order to obtain high quantum efficiency, and because scattering by
neutral impurities limits the mobility, there is little room to increase the mobility.
The lifetime can be maximized by reducing the number of compensating impurities
of opposite charge. As mentioned earlier, it is essential that N¢, the number of
excited carriers before illumination, be kept low and this is achieved by cooling
the detector and reducing the background radiation with cold filters. However, it
is important to realize that the detector resistance is inversely proportional to the
number of carriers. As the important noise contributions increase as the square
root of the resistance, the detectivity increases as J/Nc. Reducing the dimensions
of a detector, especially the inter-electrode distance, will increase the responsivity
but the area obviously needs to be sufficient to receive the incoming radiation,
and the thickness required depends on the absorption coefficient. Surrounding a
small detector with an integrating metal cavity (Sect. 3.10) is advantageous, as this
increases the absorption and allows the use of very small devices.

The quantum efficiency of extrinsic photoconductors is lower than that for
intrinsic ones and the reasons for this are not fully understood. The definition of
this parameter can cause some confusion. Strictly, it is the ratio of absorbed photons
producing ionization to absorbed photons, but many authors use the term for the
ratio of absorbed photons to the number of photons incident on the detector crystal,
thus including the absorption coefficient and reflection losses. When these losses
are included, the accurate term is “responsive quantum efficiency” [480], and this
definition is used in the following sections.

5.4.1 Extrinsic Germanium Detectors

Although a number of shallow impurity levels in Ge have been investigated for
THz detection, including Ge:Sb, Ge:As, Ge:P, Ge:In, Ge:B, Ge:Al, Ge:Ga, and
Ge:Be, only the last two are widely employed. However, it is of interest that one
of the blocked impurity band devices that is being studied (Sect. 5.4.3) for lower
frequency detection is Ge:Sb, the very first of the THz photoconductors [54]. Ge:Ga
has been the most widely studied and widely used THz photoconductive detector
since its introduction in 1965 [68]. Single Ge:Ga detectors and detector arrays
have been employed for THz astronomy since the 1980s. The maximum pixel
numbers are 16 x 25 and 32 x 32 for stressed and unstressed arrays, respectively.
In its conventional form, it has good response from about 2.4 to 7 THz, but it was
later realized that its ionization energy could be reduced by applying a uniaxial
compressive force, and in this mode the low-frequency limit is extended to close
to 1.5 THz, but with lower response at high frequencies [69]. The responses are
illustrated in Fig.5.20. A very small response at lower frequencies (not shown in
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Fig. 5.20 Response of Ge extrinsic photodectors doped with Ga and Be and under uniaxial stress
at 0.6 GPa (adapted from various sources)
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Fig. 5.21 Energy level diagram for unstressed (a) and stressed (b) Ge:Ga (VB: valence band, GS:
ground state, states are labeled according to the literature)

Fig.5.20) is observable, due to the other hydrogenic levels described in the previous
section. The energy level diagram for unstressed Ge:Ga is shown in Fig.5.21.
It is worth noting that transitions from the ground state to excited states provide
useful detection at lower frequencies than those corresponding to absorption from
the ground state into the valence band. The requirements for a good extrinsic
photoconductor are that it should have a high D* value and that its response time
can be varied to match the requirements of a particular experiment. It is the ability to
control these parameters that has led to Ge:Ga becoming the preferred hydrogenic-
type impurity for the THz region.
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As shown by (5.46), the current responsivity of a photoconductor is proportional
to the response time. This parameter is dependent on the degree of compensation
of the detector material, the ratio of acceptors to donors. Donor states provide
recombination centers, thus reducing the lifetime of the holes created by excitation
of electrons from the valence band to the acceptor states. For the highest responsivity
extremely pure starting material is required and, thanks to the work of E.E. Haller
and his colleagues over many years at the University of California, Berkeley,
Ge with less than 10'° cm™ residual donors became available [451]. Material of
similar quality has also been produced in Japan [481]. The particular advantage
of doping with Ga, compared with other possible p-acceptors such as Al or B, is
that it is easier to control both the amount of Ga and its uniformity throughout
the crystal. The presence of other shallow level acceptors are not harmful to the
performance of Ge:Ga photoconductors, as they have approximately the same
ionization energy and absorption cross-sections as Ga. For many THz applications,
Ge:Ga provides a fast detector with response times of 50-500ns, dependent on its
compensation, and such material is available commercially. The requirement for
detectors with very low compensation and very low NEP values comes mainly from
the astronomy community, where speed of response is a secondary consideration.
At the other extreme, material with a response time of 3 ns has been used to study
FEL pulses [482].

Equation (5.46) shows that the responsivity of a photoconductor increases with
both mobility and electric field. While the mobility increases in low compensation
Ge:Ga due to reduced scattering, the maximum electric field that can be applied is
reduced because in pure material the carriers can pick up energy at a greater rate
from the electric field, and this leads to impact ionization and voltage breakdown at
lower applied fields. This is more than compensated for by an increase in allowed
field from ~1 to 3—4 V/cm. The optimization of this type of detector is complex but a
very remarkable performance has been achieved under low background conditions,
with NEP values close to 107'7 W/y/Hz [483]. Commercial systems, typically
used in higher background laboratories, reach values of 107'2-10~"3 W/+/Hz. The
detective quantum efficiency of Ge:Ga photoconductors is in the range 0.1-0.2.
This is much less than for intrinsic photoconductors. As mentioned earlier, the
physical mechanism that is responsible for this is not clearly understood. Possibly
trapping and re-emission of photoionized carriers in one of the bound excited states
contributes additional noise and degrades the performance.

Application of uniaxial compressive force along the [100] axis of Ge:Ga crystals
produces a reduction in the binding energy of the Ga acceptor states and, as
also mentioned previously, extends the low-frequency response to about 1.5 THz.
The required force leads to a pressure of ~0.6 GPa (6 kbar). The responsivity of
the stressed Ge:Ga detector is approximately a factor of 10 larger than that of the
unstressed one. A factor of 2-3 can be explained by the decrease in photon energy
at smaller frequencies, and the rest is caused by an increased free carrier lifetime
and mobility [484].

Electrical contacts are applied to two opposite faces of the detector. These
should be mechanically stable at cryogenic temperatures and not add excess noise.
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The latter requirement is not straightforward because impact ionization can occur
relatively easily, due to inhomogeneities at the interface between the contact and the
bulk Ge. Modern contacts are ion implanted and annealed. The implanted region
is doped well above the metal-to-insulator transition concentration and metallized
(for example with Pd/Au layers). By this means, a uniform metal to semiconductor
transition is obtained. It is often convenient to use rather small detectors to achieve
maximum responsivity and, as mentioned earlier, to optimize the photon absorption
these can be placed in an integrating cavity. An alternative approach is to use the
blocked impurity band devices that are described in Sect. 5.4.4.

The detectivity of Ge:Ga peaks at about 3 THz but falls quite rapidly at higher
frequencies. For optimum response above 6 THz, Be-doped Ge photoconductors
have been developed. The first studies on Ge:Be were produced in 1967 and in
1983 a detailed examination was made, when it was recognized as the most likely
candidate for sensitive detection in the 6-10 THz region [485]. Beryllium is a double
acceptor in Ge, with energy levels at 24.5 and 58 meV above the valence band. As
with Ge:Ga, reducing compensation to very low percentages is required for opti-
mum performance. Typical Be concentrations are between 0.5 and 1 x 10" cm™3,
with residual acceptor and donor concentrations as low as 10'°-10''cm™3. Very
high current responsivities of 40 A/W have been achieved at ~6.5 THz, with a
quantum efficiency approaching 50%. Under reduced backgrounds, NEPs are close
to 1071 W/+/Hz, giving a significant advantage over Ge:Ga in the 6—10 THz region.
An alternative to Ge:Ga is antimony doped Ge, Ge:Sb. Sb is a donor impurity with
a smaller energy gap below the conduction band than Ga above the valence band,
leading to a lower cut-on frequency. Using material with antimony concentrations of
1.8 and 3.5x 10'* cm™3, and very low compensation, detectors with almost identical
performance to the best Ge:Ga in terms of responsivity, detector quantum efficiency,
and dark current have been fabricated [486]. Although the extended range compared
with Ge:Ga is not large, it covers significant frequencies, for example, 2.5 THz,
where Ge:Sb has about a five times increase in detectivity compared with Ge:Ga.

5.4.2 Indium Antimonide Detectors

Stressed Ge:Ga reaching to about 1.5 THz represents the lower frequency limit of
conventional extrinsic detectors based on Si and Ge. For smaller ionization levels, a
semiconductor with lower effective mass carriers is required. In the early 1960s, the
most likely candidate appeared to be n-InSb, but it was realized that even in the best
material available the donors would not act as isolated centers. This is clear when the
parameters for n-InSb are inserted into (5.39) and (5.40). When this is done the very
low effective mass of 0.013m, shows that the ionization energy of the donors would
be about 1 meV, but the Bohr radius is ~60 nm. To achieve any significant isolation
of the donors, the required purity would need to be less than 10'> cm™3. At that time,
the purest material had more than 10'* cm™ donors and even today, with donor
concentrations of less than 10'3 cm™3, there is little freeze-out of donors in n-InSb at
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low temperature. Without freeze-out the impurity levels merge with the conduction
band, producing free electrons, and it was found that under appropriate conditions
these electrons would absorb THz radiation and provide a detection process, due to
an electron bolometer effect. This process is illustrated schematically in Fig. 5.22a.

The absorption of free carriers is well documented [148]. The important features
are that at high frequencies the absorption varies as w2, where o is the angular
frequency, but at low frequencies the absorption is independent of frequency. The
requirement for this frequency independent regime to be reached is that wz, < 1,
where 7, is the carrier scattering time. For n-InSb wt, = 1 at about 0.2 THz, but
the electron absorption is reasonably high up to 1 THz. When absorption occurs the
electrons are heated. This changes their mobility and, because the conductivity of
a semiconductor is proportional to the mobility, the resistance also changes. The
semiconductor has become a bolometer, with the thermal mass being that of the
electrons, and hence the term electron bolometer. For such a detection process to
be useful, it is necessary to consider the thermal conductance to the heat sink,
which in this case is the lattice of the semiconductor. Under most circumstances,
the coupling between the electrons and the lattice is very strong, so any detection
process would be very rapid, and consequently a detector would have a low
responsivity. However, in pure, high mobility semiconductors, such as InSb at
low temperatures, the coupling is weak and the response time is typically about
0.5 s [487].

A practical difficulty that occurs with the n-InSb electron bolometer is the low
resistivity of the detector material. The mobility of the electrons in high purity
n-InSb at 4K is typically 10 to 50 m?/(Vs), leading to a resistivity of only a few
Q cm. A conventionally shaped detector made from such material, with a useful
area and sufficient thickness to be absorbing, has a resistance of about 100 €2. The
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Fig. 5.23 (a) InSb detector element shaped in a meander structure to increase the resistance; (b)
InSb hot electron bolometer response (adapted from [488])

noise from electron bolometers is close to that of Johnson noise and, remembering
that the detector is operated at 4 K or less, this is much lower than the input noise of
the best room temperature amplifiers. To overcome this problem, commercial InSb
detector elements are shaped in a meander structure, as shown in Fig.5.23a, thus
increasing the resistance to 5-10kS2.

The NEP of InSb detectors at 0.3 THz is quite similar (1072 to 1073 W/ \/E)
to that of a Ge:Ga photoconductor at 3 THz, with the same speed of response, but
the performance falls very rapidly at higher frequencies. As there is no energy gap in
electron bolometers, there is no low-frequency limit until plasma resonance causes
the device to become reflecting. InSb electron bolometers have been employed to
well below 30 GHz. The responsivity details for a detector of the design illustrated
in Fig. 5.23a is shown in Fig. 5.23b.

An earlier method of overcoming the low resistance of the electron bolometer
was to use a cooled step-up transformer [489]. Although very effective in increasing
the noise and the signal until the noise was above that of the amplifier, this
reduced the bandwidth to a very limited range. While this is appropriate for many
spectroscopic applications, it precludes the use of the device in fast-pulse situations.
E. H. Putley, who was the first to detect THz radiation with n-InSb, used an
approximately cubic-sized crystal with a volume of about 100 mm?* (Fig. 5.24). To
increase the detector resistance, he employed a moderate magnetic field [65]. The
field caused a separation between the impurity states and the conduction band, thus
reducing the number of free carriers and increasing the detector resistance. There
was also increased responsivity at higher frequencies, as illustrated in Fig. 5.24.
Initially, this improved frequency coverage was thought to be due to photoionization
produced by a limited freeze-out effect, but it was later realized that it was
caused by a combination of free-carrier absorption and a very broad cyclotron
resonance process. This was confirmed when much higher magnetic fields were
employed [67].

At high magnetic fields and low temperature, the conduction band of InSb
separates into Landau levels, as illustrated in Fig. 5.22b. Depending on the detector
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Fig. 5.24 Putley detector (crystal parallelepiped): response of an InSb detector in a magnetic
field as a function of frequency and magnetic induction B at optimum current density. The high
responsivity is due to the increased detector resistance, caused by the reduction of the number of
electrons in the conduction band as the magnetic field is increased. However, above about 0.6 T the
detector becomes optically thin and the responsivity then falls (adapted from [490])

purity, temperature, and the magnetic field intensity, two transition processes occur.
The first is cyclotron resonance (CR) between the Landau levels and the second is
due to transitions between the impurity levels associated with the Landau levels.
This latter process, impurity cyclotron resonance (ICR), does not lead directly to
a detection effect, but emission of a phonon permits a transition into the lowest
Landau level, producing a change of conductivity.

At lower magnetic fields, both processes are observable but at higher fields,
where all the electrons are in the impurity levels, only the phonon-assisted detection
occurs. This is shown clearly in Fig.5.25. The gap in response between 4.8 and
6.5THz is due to an intense reststrahlen band that dominates all other absorption
processes.

The two types of cyclotron resonance effect have been studied in detail over
the frequency range 0.6-2.7 THz, with magnetic fields between 0.3 and 14T
[491]. The contribution of CR and ICR to the detection process was shown to be
quite complex but, interestingly, over this frequency range the peak responsivities
of the two processes are approximately equal. Other experiments have shown
that the absorption coefficients at the peak of the response are very high, thus
allowing the employment of very thin detectors. With these NEP values of less
than 4 x 107" W/+/Hz have been obtained [492]. In high magnetic fields, the
dominant 1s-2p™ line splits into three lines, due to the Zeeman effect, and the broad
continuum disappears. The 1s-2p™ transition becomes dominant and this provides
a photoconductive line tunable over approximately 1-5 THz, using fields up to 8 T.
At fields above 1.5 T the line becomes narrow. For example, at 3 T the line-width is
~10GHz, giving comparable resolution to that obtained with spectroscopic systems
using a broadband source.
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Fig. 5.25 Responsivity of an InSb detector as a function of magnetic induction B. The change
from the region where both CR and ICR detection occurs, as shown in Fig.5.22b, to only ICR at
high magnetic fields, is clearly observable (adapted from [488])

Although the tunable version of the n-InSb detector has not been widely
employed, it could be useful for studying the output of the various tunable sources
now being developed for the THz region. When the detector was first invented,
most THz spectroscopy was being performed with grating monochromators and
with these the removal of unwanted higher order radiation was a considerable
problem. Tunable InSb devices were a complete solution over a useful spectral
range [493]. However, with the increased use of Fourier-transform instruments,
this application is largely redundant. A version of this detector, which uses a
nonuniform permanent magnetic field, is commercially available [494] to give
enhanced response above 2 THz, thus providing an overlap with stressed Ge:Ga
photoconductors.

InSb electron bolometers have been used for heterodyne detection with con-
siderable success, but their speed of response normally limits the intermediate
frequency bandwidth to about 1 MHz, and other THz devices provide much greater
bandwidths (Sect. 5.5). When limited bandwidth is acceptable, InSb mixers have
yielded excellent double-sideband receiver noise temperatures of 250K at 0.5 THz,
and 510K at 0.8 THz [495]. By operating InSb at somewhat higher temperatures,
the response time of n-InSb is decreased but the detectivity is much reduced. In
a heterodyne system, the loss of detectivity can be overcome, to some extent, by
increasing the local oscillator power. By operating a mixer at 18 K, a bandwidth of
10 MHz has been achieved [496].

There appears to have been only limited use of array technology for the InSb
detector but in one interesting experiment a linear array of 20 elements was
employed. This was to study the electron cyclotron emission from a tokomak plasma
and an unusual feature was the use of a refrigerator, rather than liquid helium, to hold
the detectors at 4 K [497].
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5.4.3 Gallium Arsenide Detectors

The effective mass ratio for electrons in n-GaAs is ~0.07, and it was recognized
in the 1960s that it should be a suitable candidate for filling the “gap” in the
THz spectrum between extrinsic Ge photoconductors and InSb electron bolometers.
Photoconductivity in the material was first observed using DCN and HCN lasers
at 1.54 and 0.89THz, respectively [498]. The first spectra of absorption and
photoconductivity with 7 = 10'> cm™ showed both rising to a peak at a frequency
corresponding to an energy gap of 4.6 meV (1.11 THz), with virtually no structure
due to excited state transitions. However, later experiments, with higher purity
material, showed significant structure with a pronounced peak corresponding to the
1s-2p™ transition at 4.4 meV (1.06 THz), and other peaks that could be identified
with specific transitions in the hydrogenic model. These peaks are superimposed
onto a broad continuum produced by transitions from the 1s and 2p states into
the conduction band (Fig. 5.26) [498]. Unlike Ge:Ga, the photoconductive response
increases at lower frequencies than those corresponding to the ionization energy
between the ground state of the donor and the conduction band, which is 5.7 meV
corresponding to a frequency of 1.38 THz.

At the frequency of peak response, 1.06 THz, NEPs of 4 x 10714 W/y/Hz have
been obtained with n-GaAs with donor concentrations of 2 x 10'*cm™ and low
compensation by acceptors [500]. Response times of 250 ns have been measured
in detectors with low compensation and 23 ns in those with much higher acceptor
concentration [498]. In practice, it is difficult to achieve good detectivity and high
speed simultaneously, due to the resistance of GaAs detectors, which is typically in
the GS2 range.

An alternative to InSb and GaAs for THz detection is the alloy semiconductor
Hg;_Cd,Te, which is primarily of importance as an intrinsic photoconductor in
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Fig. 5.26 Photoconductivity of GaAs detector material (adapted from [499])
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the 20 to 100 THz spectral region. By choosing the appropriate alloy composition,
the effective mass ratio of the electrons can be varied over a wide range. In the most
detailed study of this alloy as a THz detector, material with effective mass ratios
between 0.028 and 0.045 at 4.2 K was used, and both impurity photoconduction and
hot-electron bolometer effects were observed [S01]. Unfortunately, lattice absorp-
tion severely limits detection between 0.85 and 1.4 THz, but at lower frequencies
the detectivity was similar to n-InSb and the speed of response was much faster. In a
heterodyne experiment at 0.7 THz, a bandwidth of more than 50 MHz was observed.
A practical problem with Hg;_,Cd,Te is obtaining material with suitable alloy
composition. InSb and GaAs, with the appropriate parameters for THz detection,
are much easier to produce.

5.4.4 Blocked Impurity Band Detectors

Although Ge extrinsic photoconductors have been employed with great success
in many applications, the fact that their absorption cross-section is quite low is a
disadvantage, as this means detectors need to have a thickness of several millimeters
to obtain optimum performance. While the shape of a detector is of secondary
importance when it is a single device in the laboratory, this is not the case when it
is used in space applications. A major problem of large-volume extrinsic detectors
is that they are also good detectors of high-energy radiation such as X-rays and
gamma-rays. Apart from swamping the IR signal, this radiation can cause long-
term changes to a detector’s performance, or even permanent damage. A further
problem arises when long small-area detectors are used in arrays. Each detector has
its own bias and, because this produces a fringing electric field, this can cause charge
carriers to drift into neighboring detectors. This causes cross-talk and consequently
distortions in the image detected by the array.

As explained in Sect. 5.4, the doping level in extrinsic photoconductors must
be kept low, due to shot noise induced by hopping and impurity band conduction.
When the detector is biased, these conduction processes cause a current to flow, even
when there is no light falling on the detector. If there was not this unwanted effect,
doping levels could be increased by approximately two orders of magnitude, before
overlapping of the Bohr radii of the donors or acceptors produced high conductivity.
Such an increase in doping would mean that extrinsic Ge detectors would need to be
only ~100 um in depth, and Si ones only ~10 pum, because the absorption of such
a thin highly doped layer is sufficiently high. In 1980, an alternative design was
proposed [96] that allows doping to be increased. This employed what was termed
a “blocked impurity band” (BIB) structure, and the design for an n-type detector is
illustrated in Fig. 5.27.

It is convenient to consider a particular detector, Ge:Sb, because it has the advan-
tage of reaching the lowest frequency of all the extrinsic Ge detectors. The essential
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difference between the BIB configuration, compared with a conventional Ge:Sb
photoconductor, is the insertion of a very pure intrinsic layer of Ge between the
doped detector material and the positive electrode, as shown in Fig.5.27. The Sb
doping level in the absorbing layer is typically >10'® cm™3, which would normally
produce a very large dark current, due to conduction within the impurity band when
the detector is biased. However, the intrinsic layer of undoped material prevents
current flowing through it because it has no impurities to allow conduction to occur.
Therefore, the intrinsic layer is also called the blocking layer. At low temperatures,
and with no electric field applied, the doped region of the detector has a density Na,
of ionized residual (unintended) acceptors, an equal number of ionized donors, and
a much larger density of neutral donors. When a reverse bias voltage is applied to
the structure, electrons move in the impurity band toward the positive contact, but
are stopped by the blocking layer. Ionized donor states are filled, leaving behind
a depleted region of negative space charge created by ionized acceptor states. The
depletion width is the active region of the detector. Absorption of a photon by a
neutral donor in the depletion region generates an electron in the conduction band
and a hole in the impurity band. These are moved in opposite directions by the
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electric field, which leads to a current flow through the detector. In effect, a BIB
detector resembles a diode when it is reverse biased, because current can only flow
in one direction.

A large depletion width is required for a good BIB detector. In an n-BIB, this
depleted region has a width, w given by

2 B —
w= \/M+b2—b, (5.52)
eNA

where Vp is the applied bias voltage, V4, is a built-in bias of the detector, and b
is the blocking layer width. V}, is normally very small compared with V3 and can
be neglected. The most important parameter of (5.52) in producing a significant
depletion layer width is Ny, and reducing this concentration to the required level
has proved to be very difficult in both Ge and GaAs. This is in contrast to Si where,
for example, in Si:Sb and Si:As, with doping levels of more than 10'7 cm™3, the
compensating acceptor concentration is as low as 5 x 10'>cm™. Si BIB detectors
have to a large extent replaced conventional devices for most applications but the
lowest frequency that they reach is ~7 THz. The success of Si BIBs has been due to
a major research and development effort that produced pure Si by chemical vapor
deposition.

For Ge:Sb BIBs, the requirement on doping levels is more severe, due to the
shallower levels involved [502]. Bulk Ge, with extremely low minority carrier
concentration, has been available for many years but, despite considerable effort,
especially with liquid phase epitaxy, detectors of comparable quality to conventional
extrinsic Ge photoconductors for THz frequencies have yet to appear. This is
due to the difficulty of obtaining sufficiently pure material for the blocking layer.
The rewards for reaching similar detectivities to bulk Ge:Sb are immense. Apart
from being much less susceptible to cosmic rays, the low-frequency response is
extended from 2 THz in conventional Ge:Sb detectors to <1.5 THz, because the
much increased doping level reduces the energy gap. Furthermore, the greatly
increased absorption makes them ideal for use in high-density detector arrays with
small pixel size. Ge:Ga has also been extensively studied for BIB detectors [503],
but again with limited success compared with the outstanding performance of
conventional extrinsic Ge:Ga photoconductors. However, Ge:B BIB detectors with
NEPs of 5.23 x 10~'° W/+/Hz have been reported, and these also have a response
to below 1.5 THz [504].

There has also been considerable research devoted to GaAs BIBs, which should
provide detection to well below 1 THz. Because of the even shallower impurity
states than in Ge BIBs, the material requirements are even more demanding and,
although GaAs BIBs have been made, there are severe problems to be overcome
before the promise of these detectors is fulfilled. However, an alternative approach
to BIB design has been suggested that may allow a thicker blocking layer and a
consequent reduction in unwanted dark current [505].
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5.5 Heterodyne Detection

Today, the heterodyne principle is the basis of nearly all radio and television
receivers as well as wireless telecommunication. It can be dated back more than
a hundred years when in 1901 R. A. Fessenden, a Canadian born radio engineer,
filed the first patent regarding the heterodyne principle, which was granted in
1902 [506]. Remarkably, this invention appeared at the turn of the century, when
technology such as vacuum tubes or continuous wave oscillators was still not
available. During World War I, work in several countries led to the first practical
heterodyne receivers. After the war, this quickly led to radio receivers for the
wider public. In a 1925 publication [507], W. Schottky called the heterodyne
technique “ein unschitzbares Werkzeug der drahtlosen Technik” (translation from
German: an invaluable tool of wireless technique). For a review on the history of
heterodyne technology, see [508]. The word heterodyne was coined by Fessenden.
It is derived from two Greek words: heteros, meaning other or different, and
dynamis, power. If currents of two different but closely spaced frequencies “beat”
in the same electric circuit they will produce new frequencies, sum and difference
frequencies, as well as multiples thereof. This process is called heterodyning.
A heterodyne receiver is optimized for the detection of the difference frequency,
which occurs at a fraction of the beating frequencies, typically a few GHz for a
THz heterodyne receiver. It consists of two basic subsystems: the front-end and
the back-end (Fig.5.28). The front-end deals with the THz radiation. Its major
components are:

e A local oscillator (LO) that delivers the reference frequency to the mixer.

* A mixer onto which the signal radiation and the radiation from the LO impinge.
The mixer delivers an output at the difference of the signal and the LO
frequencies, the so-called intermediate frequency (IF).

* Optical elements that couple the signal radiation and the LO radiation onto the
mixer.

Front-end VIF=|VL0-Vs
Locgl VIF<<Vs, Vo
oscillator
Vior Plo Back-end
AT R
Diplexer, Mixer IF
optics amplifier IF amplifier Spectrometer,
chain detector

Fig. 5.28 Scheme of a heterodyne receiver
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The back-end deals with the downconverted IF signal. Its components are:

e An IF processor that amplifies the difference signal generated by the mixer (note
that the first amplifier that follows the mixer is usually assigned to the front-end).
* A spectrometer or detector for the detection of the IF signal.

In this section, only the THz part of a heterodyne receiver, namely the front-end
with the mixer as its core element, is considered. Back-ends will be discussed in
Sect. 6.8.2. Three characteristics of the heterodyne technique are responsible for its
ubiquitous range of applications. First, since the signal which carries the information
is downconverted, low-frequency amplifiers can be employed. This allows the use of
heterodyne receivers even at extremely high frequencies, where direct amplification
is not possible due to the lack of high-speed amplifiers. The second advantage is its
high-frequency selectivity. For telecommunication, this means that it is possible to
make very efficient use of a given frequency band, i.e., many transmitting channels
can be fitted into it. For spectroscopy, it means that high spectral resolution is
possible. The third advantage is also based on the narrow bandwidth detection
process. The noise can be reduced by choosing a detection bandwidth similar to
the signal bandwidth and, because the signal is narrow band, the noise will be
correspondingly low.

5.5.1 Heterodyne Detection Theory

Mixing takes place in a device with a nonlinear characteristic such as a nonlinear
current—voltage (I-V) curve. In principle, any type of nonlinearity can be used for
mixing. Here, a mixer with a nonlinear I-V curve, which can be expanded into a
power series, is considered

IV)=ko+kiV+kV>+...=) kV'. (5.53)
i=0

The voltage change is induced by the electric field of the LO and the signal:
V = Vo sin(wLot) + Vs sin(wst) (5.54)

with w o = 2mv o and ws = 2mvs. Combining (5.53), (5.54) and, after some
algebraic and trigonometric manipulation, this leads to

k
I = ko + k1(Viosin(wot) + Vs sin(wst)) + EZ(VLOZ + Vs?)

k
- ?2(VL02 — Vsz) cosCwrot) + kaVioVs cos((wLo — ws)t)

— ko VioVs cos((wro + ws)t) + .. .. (5.55)
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Fig. 5.29 Illustration of the frequency conversion process in a mixer

The mixer produces a frequency spectrum of the form
Vi = |€vLo:tmvs|, Z,m:0,1,2,... (556)

Since the power of the signal is usually much smaller than the power from the LO,
and because the power in the higher harmonics is approximately proportional to
1/£2, only three frequency components are important

VLo + Vs sum frequency,
|[vLo — vs| = vip intermediate frequency,

2vL0 — Vs image frequency. (5.57)

Essentially, two frequencies are transferred to the IF, vio — vip and vio + vip
(Fig.5.29), called the lower sideband (LSB) and the upper sideband (USB),
respectively. If a mixer is operated in a way that both sidebands are present at the
IF, it is called a double-sideband (DSB) mixer. If, on the other hand, one sideband
is suppressed, for example by a filter in the signal path, only one sideband is down-
converted and it then becomes a single-sideband (SSB) mixer.

A different type of operation occurs when the mixer reacts to the LO and signal
field individually. The mixer can be considered as a switch, which interrupts the
voltage waveform induced by the LO field. The voltage at the IF is the product of
switching and signal waveform. If the switching waveform does not have a 50%
duty cycle, the product includes all harmonics, and the desired intermediate product
needs to be separated by appropriate filtering.

The difference between the two methods of operation is fundamental. The first
type of mixer is a square-law or power mixer. It responds to the total power of the
incident fields P o< |Ero + Es|? but not to the individual fields of LO and signal,
because the physical mechanism on which the mixer is based is too slow to follow
the fields. Hot-electron bolometers are an example of this type of mixer. A switching
mixer responds to the LO and signal fields individually. Schottky diodes and SIS
junctions are examples of this type.
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It is worth noting that any mixer can also be operated as a rectifier. In this
case (5.55) is simplified, because no LO radiation is present and the output
signal of the rectifier is proportional to the square of the amplitude of the signal
radiation. Although rectifiers are not usually as sensitive as other direct detectors,
they may have advantages for particular applications. In particular, Schottky
diodes and superconducting hot electron bolometers are used for time-resolved
detection of picosecond short pulses such as coherent THz synchrotron radiation,
because they are intentionally designed to have a short response time [400, 509]
(Sect.5.5.4).

Two parameters are used to characterize a mixer: the conversion loss Ly and
the mixer noise temperature Ty;. The conversion loss is defined as the power at
the IF, which is delivered to a load, divided by the signal power available at the
input terminal. In most mixers the conversion loss is less than one. Theoretically,
it is possible to achieve gain (conversion loss greater than one), for example by
parametric amplification in a nonlinear capacitance. However, in practice, only
superconductor—insulator—superconductor (SIS) mixers have shown gain due to
quantum mechanical phenomena. Several loss mechanisms contribute to the total
conversion loss. These are losses due to the physical peculiarities of the mixing
process (Lp), losses due to power loss into other frequency bands than the IF
band (Lg), losses due to absorption in the electrical circuit (L), and losses due
to reflection at the input port and the output port (Lg). The total loss is a product of
all individual loss factors:

Ly = LpLgLaLg. (5.58)

A mixer can be considered as a two-port device (Fig.5.30) with a particular noise
temperature 7y, which appears at its output, and a particular conversion loss Ly;.
In the Rayleigh—Jeans approximation, the noise power P within a bandwidth B
delivered to the load Ry is given by the noise from the mixer and the noise generated
by the signal divided by the conversion loss of the mixer (Fig. 5.30a)

Ts
P =kp (To + —) B. (5.59)
Lwm

Next a mixer is considered where all noise is attributed to the input of the mixer, i.e.
the mixer noise is virtually assigned to the signal noise (Fig. 5.30b). Then the power
delivered to the load can be written as

Ts*

PL=ksg—B (5.60)
Ly

with Ts* = Ts+ Ly Tp. The mixer noise temperature, Ty is defined as the increase of
the signal noise temperature 7, which is required to generate the same noise power
at the input of the load as would be generated by a noisy mixer, i.e. Ty = Ly Tp.
Note that 7} is usually not the physical temperature of the mixer. It depends on the
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Fig. 5.30 Two-port model of a mixer with the noise assigned to the output (a) and input (b) of the
mixer. In (c), a noise model of a mixer with IF amplifier is depicted. The noise sources are assigned
to the input of each component and are symbolized by hatched circles

noise processes involved. In a heterodyne receiver, the mixer is followed by an IF
amplifier. It is characterized by a noise temperature Tir, which is referred to the
input of the amplifier, and a gain Gyr. The noise temperature at the output of the
IF amplifier is GTir. The noise power delivered to the load by a combination of
mixer and IF amplifier is (Fig. 5.30c)

Ts + T T
PL=kp (G2 + GyTir | B = ksG>~ B (5.61)
LM LM
with 7§ = Ts + Tm + LmTie. In analogy with the mixer noise temperature,

the receiver noise temperature 7Trgc is defined as the increase of signal noise
temperature, which is required to generate the same output noise as would be
generated by a noiseless receiver, i.e.

Trec = Tm + LmTir. (5.62)

The fact that there can be two input frequency bands but only one output band
complicates the situation. The mixer or receiver noise can be assigned either to one
sideband or equally to both sidebands. In the first case, the noise temperature is the
SSB noise temperature, while in the second case it is the DSB noise temperature.
Assuming that the signal noise and all other noise contributions are the same in both
sidebands, then Tssg = 27Tpsg.
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Normally, a heterodyne receiver has more amplifiers than just the one considered
so far. However, in analogy with (5.61) and (5.62), the noise contribution from the
amplifier, which follows the first one is Ly 71,/ Gip. Since the first IF one typically
has a gain of about 30dB, the noise contribution from the second amplifier is a
factor of 1,000 less than that from the first one. Therefore, it is usually sufficient to
have a low noise first amplifier, while the second and any subsequent amplifiers
can have much higher noise. Good cryogenic IF amplifiers, operating at liquid
helium temperature, have noise temperatures of less than 5K across a band of a
few GHz, along with a gain of ~30dB. Assuming a conversion loss of 13 dB, the
noise contribution from the IF amplifier is less than 100 K.

The receiver noise temperature determines the sensitivity of the receiver, i.e.
its minimum detectable power or minimum detectable temperature in a given
integration time. The signal can be characterized by a temperature, which adds to
the receiver noise temperature at the output of the receiver. The minimum detectable
temperature difference ATyn of a system with a noise temperature Trgc is equal
to the rms noise temperature of the system. It is given by

krecTh
ATy = —ECREC (5.63)

TAV

where Av is the predetection bandwidth defined by the bandwidth of the IF amplifier
chain, 7 is the postdetection integration time, and kgrgc is a receiver-dependent
constant, typically between 1 and 2. This equation is called the “radiometer
equation.” Although the exact derivation is beyond the scope of this book (see for
example [120]), a few qualitative arguments can give some insight. The heterodyne
receiver generates Av independent noise events per second. This results in TAv
noise events in an integration time t. The standard deviation Ax of a Gaussian
distribution of a quantity x is Ax/x = 1/./n, where n is the number of data points.
In the case where x = Trgc and n = tAv, and with Ax = ATy as the minimum
detectable temperature change, (5.63) is obtained, but without the constant krgc
which depends on the details of the receiver and its mode of operation [120]. The
minimum detectable temperature change is the same as the noise equivalent delta
temperature (NEDT), which is defined in Sect.7.3.1, where the relation between
NEP and ATy is also discussed.

The receiver noise temperature can be measured by placing alternately two
blackbody emitters with different temperatures, also called the hot and cold loads,
in front of the receiver. Often the hot load is a blackbody material at a temperature
of Ty = 296K, while the cold load is a blackbody cooled to 7c =77 K by liquid
nitrogen. At the output of the receiver, both loads create output signals Py and
Pc which, in the Rayleigh—Jeans region and providing that the receiver is linear,
are proportional to the sum of the system noise temperature and the blackbody
temperature, and the following ratio is obtained:

Py _ Trec + Tu
Pc Trec + Tc’

(5.64)
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The ratio is the Y -factor after which this method is named [510]. Equation (5.64)
can be solved for the receiver noise temperature

Ty —YTc

Y —1 (5.65)

TRec =

This method does not require any absolute calibration of the output signal of the
receiver. Note that the receiver noise temperature depends on the way that the
physical temperatures of the hot and cold loads are converted into radiated power or
temperatures. The derivation is based on the Rayleigh—Jeans approximation and is
valid if hv < kgT¢, kg Trec. Otherwise, Planck’s equation must be used (Fig. 4.1).
Also, for high accuracy, the general form of the dissipation—fluctuation theorem
should be used to derive the noise temperature from the measured Y-factor [511].
The accuracy is often limited by the quality of the blackbody, which in many cases
has an emissivity of less than one. A method to determine the noise temperature as
well as the conversion loss of a mixer makes use of (5.62). Measuring the receiver
noise temperature as a function of the noise temperature of the IF amplifier yields
a linear dependence, with the conversion loss as the slope and the mixer noise
temperature on the ordinate at 71r = 0 K.

In addition to the mixer, heterodyne detection requires an LO, the combination
(diplexing) of LO and signal radiation, and some kind of detector for the IF signal.
The LO might be any coherent source such as those described in Chap.4. The
power needs to be sufficient to drive the mixer into the optimum operating region.
This depends on the type of mixer. For a Schottky diode mixer, it is typically in
the order of 1 mW, while for SIS and superconducting HEB mixers it is in the
order of 10 wW and 1 wW, respectively. The requirement of the LO power stability
depends to some extent on the mixer. For example, Schottky diodes are relatively
insensitive against power fluctuations, because the operation point depends only
weakly on the power, while the performance of a HEB mixer, which is not driven
into saturation, is much more vulnerable to power fluctuations. In addition, any
amplitude modulated noise is downconverted by the mixer and appears at the IF
output. Another consideration is the frequency, which should correspond to the input
frequency band of the amplifier. This is sometimes a problem for fixed frequency
sources such as gas lasers. In this case, the amplifier needs to match the IF, as set
by the gas laser, and the signal frequency. Frequency tunability of the LO is also
required, for example, to compensate for the Doppler shift of astronomical sources.
In general, the linewidth of the LO should be much less than the spectral resolution
required by the application, typically 1 MHz or less. Phase noise of the LO can be
troublesome. It does not appear at the signal or image frequency like amplitude
modulated noise, but close to the LO frequency (Sect. 6.8.1). Phase noise arises
from low-frequency processes in the LO such as 1/f noise in solid-state devices.
Filtering this out is rarely practical because it is so close to the LO frequency.

An important issue is the diplexing of the LO and signal radiation. Obviously
as little signal power as possible should be lost in the diplexer. Therefore, thin
(a few pm) beam splitters (e.g. from Mylar) are used. The transmission of these
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is high (97% for a 3 pm thin beam splitter at 2 THz and parallel polarization) and
little signal is lost. On the other hand, this means a high loss of LO power. If
the LO has only low output power, as is often the case for multiplied microwave
sources above ~1THz, this loss is not acceptable. In such a situation, a Martin—
Puplett diplexer (Sect.6.4) is frequently used or, less often, a ring Fabry—Pérot
interferometer (Sect. 6.5).

The type of detector used for measuring the IF signal depends on the appli-
cation. If only the relative power has to be measured, for example when the
radiometric sensitivity is measured with the Y -factor method, a rectifying diode
is sufficient. Sometimes, especially if the power has to be known accurately, a
microwave power meter or a calibrated diode is used. If spectral analysis of the
IF signal is required, the detector is replaced by a spectrometer. The simplest one
is a spectrum analyzer. Other more sophisticated spectrometers are described in
Sect. 6.8.

So far the discussion has been restricted to a single mixing element, pumped
at a frequency several GHz away from the signal frequency. If the mixer has
one input port for signal and LO radiation, which is the most common design
at THz frequencies, it is called a single-ended mixer. In the mmW range, other
concepts have been developed which are also gaining ground at THz frequencies.
The most important are balanced mixers and subharmonically pumped mixers. If the
LO and signal ports are isolated from each other, the mixer is called a single-
balanced mixer. This can be achieved using two mixers. The advantages are the
canceling of LO noise at the output and superior power handling. Other balanced
configurations are also possible. The subharmonically pumped mixer requires two
diodes in antiparallel configuration. In this case, the mixer’s conductance varies at
twice the LO frequency. No conversion occurs at the fundamental frequency, and the
LO noise contribution is less. For more details, the reader is referred to dedicated
textbooks (e.g. [510]).

5.5.2 Schottky Diode Mixer

When a metal and a semiconductor are brought into close contact, a potential barrier
is formed (see Fig.5.31 for an n-type contact). Charge neutrality at the interface
results — to first order — in a parabolic shape of the potential barrier, and a region in
the semiconductor which is depleted of electrons, termed the depletion region [512].
The barrier height is determined by the position of the Fermi level inside the band
gap of the semiconductor. In general, the exact position of the Fermi level depends
not only on the materials but also on the details of the interface, for example,
defects, which may lead to pinning of the Fermi level [513]. In principle, the
current flow through a Schottky diode consists of different components. These are
thermionic emission over the barrier, tunneling through the barrier, and generation-
recombination inside or outside the depletion region (Fig.5.31). The latter effect
can be neglected in THz mixer diodes because there are almost no holes available
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Fig. 5.31 (a) Metal-semiconductor contact with an applied voltage. The current transport consists
of three components: emission over the barrier (1), tunneling through the barrier (2), and
generation-recombination of electrons and holes (3). For clarity, the spatial inhomogeneities of
the potential barrier are exaggerated. (b) Typical I-V-curve of a Schottky diode

for recombination. Whether thermionic emission or tunneling dominates depends
on the doping concentration and on the temperature [512]. For THz mixer diodes,
the doping density is above 10'7 cm™>. Therefore tunneling contributes to the total
current. In the case of pure thermionic emission, the current flow can be described
by the following equation

Vs —1IR 4
I = Isexp (e(]:]k—BTS)) (1 — exp (—;B—;)) . (5.66)

Here, T is the temperature, V3 is the applied forward voltage, Rs is the series
resistance, 7 is the so-called ideality coefficient, and Ig is the saturation current.
In the case of thermionic emission, it is given by

@
Is = A AT? exp (—z—;) . (5.67)
B

A™* is the effective Richardson constant, A is the anode area, and ®g is the barrier
height when no bias voltage is applied. In the case of tunneling, /s is a complicated
function of the barrier height, temperature, and doping density. However, for THz
mixer diodes the tunneling component is small and the current flow is well described
by (5.66) and (5.67). The deviation from pure thermionic emission is taken into
account by an ideality coefficient larger than one. In the case of pure thermionic
emission, the ideality coefficient equals one. However, tunneling through the barrier,
image force lowering, generation—recombination, and spatial inhomogeneities of
the barrier may lead to n>1 [514]. In the presence of spatial inhomogeneities,
the potential at the interface is not constant but fluctuates around an average value
(Fig.5.31).
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Fig. 5.32 (a) Principal structure of a GaAs Schottky diode for THz mixing applications; (b) its
equivalent circuit; (¢) energy diagram of a Schottky barrier showing the electron population. The
Roman numerals denote three groups of electrons. Their role in the mixing process is discussed in
the text

A widely used approach to describe THz Schottky mixer diodes is the equivalent
circuit model. It has been extensively studied, and it is possible to predict the mixer
performance with models based on a well-defined equivalent circuit. Figure 5.32a,b
display the principal structure and an equivalent circuit of the diode, including
the noise sources. The effective noise temperature of the diode can be found by
combining the noise sources and the diode impedances into a Thevenin equivalent
circuit, which yields

_nT Ry

TD _ 0 Repi Rsub
2 R

i—— T .
PRTR

+ T (5.68)

Here, the first term represents the shot noise of the junction, which is at temperature
T (Rjy: resistance of the junction). The second term represents the thermal noise gen-
erated by the resistance R.p; of the epitaxial layer with an effective temperature T¢p;.
The third term represents the thermal noise from the resistance Ry, of the substrate.
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The total resistance is Ry = Ry+ Repi + Rqup. If the series resistance is low, the noise
temperature of the diode is determined by shot noise. Cooling the diode lowers the
shot noise significantly. However, for highly doped diodes the ideality coefficient
increases significantly with decreasing temperature, and the lowering of the shot
noise is a minor effect. Several physical mechanisms can contribute to the noise in
a Schottky diode mixer. These include thermal noise, shot noise, hot-electron noise,
and noise due to intervalley scattering. Thermal and shot noise can be described by
a Maxwell-Boltzmann distribution and an average kinetic energy of the electrons,
which is in the order of kg T'. The situation changes when an electric field is applied,
and a free electron gains a certain amount of energy from the electric field between
two collisions with lattice atoms. Due to the relatively low scattering rates in GaAs,
the electrons are no longer in thermal equilibrium with the lattice. This effect will
increase the diode noise and is called hot-electron noise. It depends on the scattering
rates and therefore on the doping density of the GaAs. If the electric field across
the diode is increased even further, the electrons may gain sufficient energy to be
transferred from the I" valley into the next higher L valley. This occurs at an electric
field of about 3.2 kV/cm. Intervalley scattering causes the diode noise to increase
abruptly, due to velocity fluctuations of the electrons, which have different effective
masses and velocities in the different valleys.

Until now, only DC transport has been considered. The current transport in
a high-frequency field was analyzed in detail by van der Ziel [515]. A brief
phenomenological description is given here. As depicted in Fig. 5.32c, the electron
population can be roughly divided into three groups. The electrons of group one
will move toward the barrier, where they are reflected, or tunnel through the barrier.
This yields a net current close to zero, which is not affected by the application
of a THz electric field. The electrons of group three are emitted over the barrier
and a negligible amount of electrons is reflected. The current of this component
is also not influenced by a THz electric field. Only the current generated by the
electrons of group two is influenced by the THz field. When the voltage generated
by the THz field reaches its maximum, electrons are able to cross the barrier. At
a minimum voltage, no electrons from this group cross the barrier. The electrons
of group two will suffer from transit time effects because, within half a period
of the THz field, they have to transverse the depletion zone in order to cross the
barrier. With higher frequency, the bias voltage needs to be increased, in order to
keep the depletion width small, and to have sufficient electrons of group two which
move across the barrier. The optimum current /opr, that is the bias current where
the Schottky diode yields the lowest noise temperature, is a linear function of the
frequency of the incident THz field: Iopr = N.ev. N, is interpreted as the number
of electrons passing through the Schottky contact at each period of the THz field.
It is worth noting that N, is independent of the frequency and depends only on the
doping density and anode diameter. Typical values for N, range from 1,000 to 5,000
electrons [516,517].

Other effects which play an increasingly important role at THz frequencies are
the skin effect, charge carrier inertia, dielectric relaxation, and plasma resonance.
The skin effect constrains the current flow to the periphery of the diode and
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the surface of the substrate. This leads to an increase in the series resistance
but also yields an inductive component. Above the scattering frequency carrier
inertia becomes more important and, above the dielectric relaxation frequency, a
major component of the current is due to displacement of the electrons. Carrier
inertia yields an inductive component, while dielectric relaxation gives rise to
an additional capacitive component. Close to the plasma frequency, the series
impedance increases drastically, and the Schottky diode cannot be used as an
efficient mixer [518]. A figure of merit, which is useful for comparing different
diodes, is the cutoff frequency vco. This is the frequency where the series resistance
equals the junction capacitance at zero bias voltage Cjo, i.e., vco = 1/(27RsC)o)
[518]. However, this is not a strict limit. It was shown experimentally that GaAs
Schottky diodes can be operated as mixers even above plasma resonance and cutoff
frequency [356].

In order to optimize the mixer performance of a Schottky diode for a particular
frequency, several parameters can be varied. The main ones are the doping density
of the epitaxial layer, the thickness of the epitaxial layer, and the area of the anode.
Increasing the epitaxial doping density has the effect that the series resistance
of the epitaxial layer and the hot electron noise are reduced, while the ideality
coefficient and the shot noise are increased. At THz frequencies, the noise due to
the series resistance and hot electrons dominates over the shot noise. Therefore
the doping density needs to be high. In addition, transit time effects are less
pronounced at a higher doping density and the plasma resonance is shifted toward a
higher frequency. The major drawback of an increased epitaxial layer doping is the
larger junction capacitance. Perhaps, the most critical parameter is the area of the
anode. Any reduction leads to a smaller capacitance but it increases both the series
resistance and the hot-electron noise. In general, the anode diameter becomes more
critical and needs to be decreased with increasing doping density [519]. Another
important aspect is the impedance matching between the diode and the antenna,
which is dominated by the anode area.

One of the most important steps toward a practical GaAs-based Schottky diode
mixer for THz frequency applications is the so-called “honeycomb” diode chip
design [72]. It combines several advantages. First, it is compatible with modern
semiconductor processing techniques. Second, it contains up to several thousand
diodes on a single chip, and third, the design minimizes parasitic losses such as
the series resistance and the shunt capacitance. The honeycomb structure consists
of a highly doped (~5 x 10"® cm™3) GaAs substrate with an ohmic contact on
the back surface. A GaAs epitaxial layer is grown on top and is covered by an
Si0O, layer. For applications above 1 THz, the doping concentration is in the range
from 10'7 to 10'"® cm™ and the dopant is Si. The thickness of the epitaxial layer
varies between 0.3 and 1 pm. Holes in the SiO, insulating layer define the anode
area. Typical diameters are 0.25 to 1 pum. The anode metal is Pt, which shows
almost no diffusion into GaAs and forms an abrupt contact (width ~8 nm) [520].
The electrical parameters are Rs ~ 25 and Cjo = 0.25fF to 1fF. In order to
couple the signal and the LO radiation to the mixer, a long wire antenna in a 90°
corner-cube reflector is used (Fig. 5.33). DSB receiver noise temperatures measured
with these diodes increase fairly linearly, from 3,500K at 0.8 THz up to 8,600 K
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Fig. 5.33 Schematic of the 41 corner-cube mixer mounting. (a) The dashed line indicates the
corner-cube reflector and the solid line indicates the wire antenna with a typical diameter of 25 jum,
which contacts the Schottky diode. The bend in the wire is grounded by a contact with the corner-
cube reflector. It defines the 41 length of the antenna. The dotted line indicates the main lobe of
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Fig. 5.34 Schematic of a planar Schottky diode. Note the surface channel, which lowers the
parasitic capacitance

at 2.5 THz. Above 2.5 THz this increase is much steeper, mainly due to increasing
losses of the antenna and reduced performance of the diode itself. The mixer noise
temperature is below 5,000K for all frequencies below 2.5 THz [521]. It is worth
noting the excellent agreement between the predicted mixer noise temperatures and
the measured ones [517]. Between 0.8 and 2.5 THz the DSB conversion loss of
this diode mixer increases from 9 to 12.5dB and the required LO power from 1 to
10 mW. Cooling of these diodes to 20 K improved the noise temperature by less than
30% [521]. This confirms that cooling has little effect on the shot noise, because of
the high doping.

Schottky diode mixers in a waveguide configuration have an improved coupling
efficiency compared to the open structure mount. Several approaches have been
devised in order to integrate a Schottky mixer into a waveguide mounting. A
major problem is the large shunt capacitance caused by the coplanar contact pads.
One typical design is shown in Fig.5.34. The planar diodes are soldered onto a
microstrip circuit, for example on a thin quartz substrate, which is mounted into a
mixer block. Typical results for mixers operating around 0.6 THz are DSB system
noise temperatures of about 1,000K and a conversion loss of ~8dB [522]. The
required LO power is about 1 mW. Besides the shunt capacitance, the supporting
high dielectric substrate limits the high-frequency performance because surface
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Fig. 5.35 DSB noise temperatures achieved with Schottky diode mixers (squares), SIS mixers
(diamonds), and hot electron bolometers (HEB, circles), (adapted from various sources)

modes can lead to substantial losses. To overcome this problem, a process that
allows the fabrication of a Schottky diode onto a thin (~3 pum) membrane was
developed (0.6 x 1.4 mm? in a GaAs frame) [523]. The fabrication consists of three
major processes. First, the Schottky diode and the embedding RF components are
processed, then the anode is formed, and finally the membrane is defined. The
Schottky diode itself is very similar to the planar diodes, described previously.
The DSB noise temperature of a receiver with such a monolithic membrane diode
(MOMED) is 8250K, and the mixer noise temperature is 3500 K [523].

DSB noise temperatures achieved with Schottky diode mixers are presented in
Fig.5.35. Above 3 THz a steep increase appears, mainly due to increasing losses
of the antenna, and reduced performance of the diode itself. Schottky diode mixers
are mainly employed in heterodyne receivers, where cooling with liquid cryogens is
not an option, and at frequencies below 1 THz. For example, the MOMED mixer is
used in the 2.5 THz heterodyne receiver of the microwave limb sounder on the Aura
satellite to measure OH in the stratosphere [524]. Receivers operating below 1 THz
are often employed in imaging systems for security applications. The Schottky
diodes are planar, waveguide-mounted devices of similar design to that shown in
Fig.5.34.

5.5.3 Superconductor-Insulator-Superconductor Mixer

The superconductor—insulator—superconductor (SIS) mixer is a sandwich of two
superconductors separated by a thin (~20A) insulating layer (Fig.5.36). It is
based on photon-assisted tunneling of quasiparticles through the insulating layer.
Although the physics of this process had already been investigated and theoretically
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Fig. 5.37 (a) Energy diagram of an SIS mixer with applied bias voltage and illustration of the
photon-assisted tunneling process. (b) I-V curve of an SIS junction with LO radiation (pumped,
solid line) and without LO radiation (unpumped, dashed line)

explained in the 1960s [525, 526], it took more than 15 years to make use of the
effect. The advent of suitable microfabrication technology enabled the first SIS
mixers to be produced in 1979 [89, 90]. Nowadays, SIS mixers are used in virtually
all astronomical heterodyne receivers operating below about 1.3 THz.

Below the superconducting transition temperature, two electrons form so-called
Cooper pairs. The SIS mixer is based on a tunneling phenomenon, which can be
described by using the energy band representation known from semiconductors
(Fig.5.37a). In this model the density of states has an energy gap 2A. On either
side of the energy gap, the density of states diverges, because of the formation of
Cooper pairs. The gap voltage Vs and the gap frequency vg are the corresponding
voltage and frequency

2A 2A
Vo = — andvg = W (5.69)
e
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In the situation where the superconductors on both sides of the barrier are different,
2A needs to be replaced by A; 4+ A, where A} and A, are half the energy
gaps of each of the superconductors 1 and 2. The I-V curve of an SIS device
is shown in Fig.5.37b. When a bias voltage is applied to the device, a steep
increase of current occurs when it reaches the gap voltage. At this particular voltage,
the divergent densities of states of both superconductor layers cross, and Cooper
pairs on one side of the insulating layer break up into two electrons (so-called
quasiparticles). If the insulating layer is sufficiently thin, these quasiparticles tunnel
from one side of the insulator to the other, where they recombine. In an ideal
junction at zero temperature, this would result in an infinitely sharp increase of
the current, due to the infinite density of states. In a real device, the nonlinearity
is less pronounced, primarily due to the operating temperature of about 4 K, and to
imperfections at the superconductor—insulator interfaces. However, the nonlinearity
is still sharp and occurs on a voltage scale of a few tenths of a millivolt. This
can be compared to the nonlinearity of a Schottky diode, which occurs on a
scale in the order of ten millivolts. For quantum effects to occur, the nonlinearity
should be on a scale for which eV < hv, which corresponds to V/v < 4 mV/THz.
This shows that SIS mixers are quantum devices. Above the gap voltage, the
I-V curve becomes linear, with a slope proportional to the inverse of the normal
state resistance. The tunneling current is modified when one or more photons are
absorbed (Fig. 5.37b). In the situation where a multiple of the photon energy equals
the difference (eV — 2A), an enhancement (e} < 2A) or a reduction (eV > 2A)
of the tunneling current occurs. The quasiparticle tunnels with the absorption or
emission of one or more photons. This process is called photon-assisted tunneling.
It becomes apparent in the I-V curve as a step-like structure. The steps are clearly
visible only if the onset of quasiparticle tunneling is sharp on the voltage scale
hv/e. At low frequencies, or for less sharp I-V curves, the I-V curve approaches
the classical limit of a DC I-V curve, which is averaged over the LO voltage
swing.

The nonlinearity of the I-V curve at the gap voltage is substantially less than the
energy of THz photons. Therefore classical mixer theory is no longer applicable.
Instead, quantum effects need to be taken into account. A rigorous treatment of the
theory is beyond the scope of this book but can be found in [527]. However, some
properties of the mixer, such as its noise and gain, can be qualitatively understood
from a simple picture. The basic source of noise is shot noise. The rms current
fluctuation due to shot noise can be expressed as

(81%) = 2elB, (5.70)

where B is the bandwidth of the receiver and [ the current, which flows through the
mixer. If the resistance of the mixer is equal to Rp = dV/d[, the equivalent output
noise power is

1% e
Py=———"_="ZIBRp. 571
N7 4drzay T 2' 0P .71
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In the Rayleigh—Jeans limit Py can be expressed as kg Tnx B and the output noise of
the mixer is

e
Tn = —IRp. 5.72
N = g [Ro (5.72)

It is instructive to compare an SIS mixer and a Schottky diode mixer using (5.72).
For an SIS mixer, the output noise temperature is less than 10 K, while for a Schottky
diode at 300 K operation temperature it is 200 K (100K at 4 K temperature). Note
that (5.72) describes a device biased with DC. Another contribution to the shot noise
originates from broadband shot noise in the signal band, which is down-converted
into the IF band. These contributions to the mixer output noise are correlated, and
therefore destructive interference can occur. For a properly tuned SIS mixer, the
SSB noise temperature due to shot noise can be as low as hv/(2kg).

The gain of an SIS mixer can be considered in a similar way. Mixing between
the signal and the LO can be viewed as a small amplitude modulation of the LO at
a frequency vip. This generates a current /i corresponding to an available IF power
Rpl, IZF /4. Since Rp has a maximum at each of the steps of the I-V curve, the gain is
largest at these bias voltages.

There is a limitation to the useful bias range. This comes from instabilities which
are caused by the Josephson effect and occur at low bias voltage. Therefore, the SIS
mixer must be biased above a threshold given by

Ve = Vi + K |24 (5.73)
= o 4revRNC '

where K is a constant close to one [527], Ry is the normal state resistance, and
C the capacitance of the junction. Below this threshold, the bias point is unstable
and the noise is high. Because an SIS mixer is usually biased at about #v/(2¢) below
the gap, the threshold becomes a problem at high frequencies, and a magnetic field
is applied in order to suppress Josephson currents.

In Fig.5.36, a simplified sketch of an SIS junction is shown. A ground plane
is laid down on a substrate (for example, quartz or Si). The SIS trilayer is then
deposited on top of the ground plane. While for the first SIS mixers, a Pb alloy was
used as the superconductor, now Nb or NbTiN are almost exclusively employed.
The geometry of the junction is defined by either ultraviolet or e-beam lithography,
and unnecessary parts of the trilayer are etched away. Typical junction areas are
~1m?. An SiO, layer insulates the junction and serves as the dielectric for the
wiring and RF tuning circuit on top of the junction.

For a low-noise SIS mixer, it is not sufficient to have an SIS junction with
a sharp I-V curve. In addition, the impedance at the input and the output of
the mixer needs to be matched, because the noise temperature of the mixer is
approximately inversely proportional to the coupling efficiency, and the mixer
gain is approximately proportional to it. Although the area of an SIS junction
is similar to that of a Schottky diode, its parasitic capacitance is much higher
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(typically 50-100fF compared to ~1 fF), because the two superconductors form
a parallel plate capacitor with a thin insulating layer. The corresponding impedance
1/27vC) is only a few €2, as distinct from the typical 502 of RF circuits.
Consequently, on-chip tuning circuits are required to compensate for the capac-
itance, and the proper design of these is a key issue for any SIS mixer. The
equivalent circuit of the junction and tuning circuit is shown in Fig.5.38. The
signal source is represented by a current source with an admittance Ys. The SIS
junction is represented by a capacitor in parallel with the junction’s admittance
at the signal frequency Ygig. YL is a parasitic inductance, which arises mainly
from the leads to the junction. Y represents a tuning structure. In general, two
factors limit the maximum operating frequency of an SIS mixer. When the photon
energy approaches twice the gap frequency (hv > 4A), tunneling in the reverse
direction occurs, and mixing is terminated. In practice, this becomes a serious
limitation above about 1.5 times the gap frequency. The choice of superconductor
is therefore important. Nb has a gap frequency of about 0.7 THz. Replacing one
or both Nb films by NbTiN (gap frequency ~1.2 THz) allows the operating range
to be extended. It should be noted that the energy gap of a superconductor
depends on its critical temperature. A superconducting film in general has a
lower critical temperature than the bulk material. The critical temperature, as well
as the gap frequency, depends on both the thickness and quality of the film.
Inhomogeneities in the film, for example, may decrease the critical temperature.
Another limitation comes from the material of the tuning circuit. If it is made
from a superconducting material, the losses in the circuit increase above the gap
frequency because the photons have enough energy to break Cooper pairs. This
causes a part of the incoming radiation power to be dissipated in the tuning
circuit, which is then no longer available for the mixing process. The use of a
high conductivity metal, for example Al, which is a normal conductor at 4.2 K,
or a combination of a metal and a higher gap superconductor, such as NbTiN, are
alternatives [529, 530]. The signal bandwidth of an SIS mixer is ultimately limited

-8 [ I

Ysia C

Fig. 5.38 Equivalent circuit of an SIS mixer. The signal source is represented by a current source
in parallel with its admittance Ygs. The SIS junction is represented by its admittance Ygjg at the
signal frequency in parallel with its geometric capacitance C. The parasitic inductance Y7, arises
mainly from the inductance of the leads to the junction, and Y is the total admittance provided by
the tuning structure
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by its resistance and capacitance product [531]. This product is independent of the
junction area, and decreases with thinner barriers because the barrier resistance
decreases exponentially while the capacitance increases with the inverse of the
barrier thickness. For Nb/AlO,/Nb junctions the signal bandwidth is ~100 GHz
[532]. Using an AIN barrier instead of AlO, increases this quantity to ~300 GHz
[533] because the barrier can be made thinner. Below about 1 THz, coupling of LO
and signal radiation is usually achieved with a horn antenna and subsequent waveg-
uide, while above this frequency quasi-optical coupling is preferred (Sects.3.15
and 3.16).

In Fig. 5.35, selected receiver noise temperatures are plotted. Nb-based SIS mix-
ers with Nb wiring yield almost quantum limited, i.e. Trgc < 3hv/ kg, performance
up to the gap frequency of 0.7 THz. Above this frequency devices often have metal
tuning circuits, or one Nb film is replaced by an NbTiN film. The conversion loss
of a typical SIS-based heterodyne receiver is ~13 dB. About 3 dB of the losses are
in the optics and ~3 dB are in the tuning circuit. The remaining ~7 dB are due
to the mixing process in the junction itself. The signal bandwidth of an SIS mixer
is typically 10-30% of its center frequency, with the larger fractional bandwidth
at the low-frequency end. The SIS mixers used in the Heterodyne Instrument for
the Far-Infrared (HIFI) on ESA’s Herschel Space Observatory are an example. The
frequency range from 0.48 to 1.25THz is covered, without any gap, by just five
frequency bands. Each band is equipped with two SIS mixers for two polarizations.
Up to 1.12THz mixers are in a waveguide mount while the 1.12—1.25 THz mixers
employ quasi-optical coupling. Although the IF bandwidth of an SIS junction itself
is extremely large, due to the inherently fast tunneling process, it is limited in
practical applications. A typical IF band is 4-8 GHz.

5.5.4 Hot Electron Bolometer Mixer

Unlike Schottky diodes or SIS mixers, the hot electron bolometer (HEB) mixer is a
thermal detector and, as such, belongs to the group of square-law mixers. In order
to use a bolometer as a mixer it has to be fast, that is, the overall time constant of
the processes involved in the mixing process needs to have a maximum value of
the order of a few tens of picoseconds, which corresponds to a bandwidth of up
to 10GHz. This means that the bolometric process is fast enough to follow the
IF, but too slow to respond directly to the LO or signal field. In principle, any
type of bolometer can be used as a mixer. However, in order to realize sufficient
bandwidth, only InSb HEBs (Sect.5.4.2) and superconducting HEBs have found
practical applications. Since the InSb HEB has a bandwidth of typically 2 MHz,
its use is very limited. The bandwidth of superconducting HEBs is several GHz
and these are frequently employed. Therefore, in this section, the focus will be on
superconducting HEBs.

The speed of the bolometer is determined by the ratio T = C/G (5.20). Two
limiting cases can be distinguished: 2wvpr > 1 the bolometer reacts slowly
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Fig. 5.39 (a) Structure of a phonon-cooled HEB. The superconducting microbridge is indicated
by a dashed ellipse. The electrical contacts between the microbridge and the Au contacts of the
planar antenna are made by a superconducting interlayer. (b) Equivalent circuit of an HEB. Ry is
the resistance of the microbridge and Ry is the load resistance

compared to the IF v, and 2wyt < 1 the bolometer is fast enough to follow
the IF. If the bolometer is to be used as a mixer, the bandwidth must be optimized,
which means that for a given IF signal t <« 1/(27vg). In other words, high heat
conductivity and small heat capacitance are required.

The sensitivity as well as the IF bandwidth required for a mixer, can be
achieved with a superconducting microbridge on a dielectric substrate (Fig. 5.39a).
The microbridge is made from NbN, NbTiN, or Nb. Several models have been
developed to describe and predict the performance of such HEB mixers. A simple
model, which nevertheless provides a useful insight into the operating principles,
is the so-called uniform heating model. Here, it is assumed that the electrons
and phonons in the bridge are heated homogeneously by the incoming radiation
(for a complete description of the model, see [534, 535]). Figure 5.39b depicts
the equivalent circuit used for illustrating the mixing process. The HEB is biased
by a constant voltage. The bath temperature and the absorbed DC and radiation
power determine the temperature and resistance of the HEB. The electromagnetic
field induced by the power from the LO, P at a frequency v o, interferes with
the field induced by the signal radiation at a frequency vs. This gives rise to a
modulation of the HEB’s temperature, which in turn results in modulation of its
current I;r = +/ PsPLocos(2rnvgt) through the load resistance Ry . Since this
current also passes through the HEB, it gives rise to an additional temperature
change. This is the electro-thermal feedback, which also occurs in transition edge
sensors (Sect. 5.3.6).

Three parameters are introduced in the uniform heating model: the electron tem-
perature ®, which equals approximately the critical temperature 7¢ ~ @, the steep-
ness of the resistance dR/d® as a function of the temperature, and the thermal
conductance between the electrons and the substrate G,.. In this model, the
conversion gain is obtained as
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1 (dRY’

and the IF bandwidth is proportional to the thermal conductance
B « Ge. (5.75)

Several sources determine the noise in a bolometric detector, including thermal
fluctuation noise, Johnson noise, and photon noise. Typically, thermal fluctuation
noise and Johnson noise are the larger components, and the highest sensitivity is
achieved when Johnson noise is minimized and thermal fluctuation noise dominates.
For an HEB, thermal fluctuations are determined by fluctuations in the electron
temperature. The uniform heating model yields for the noise, referred to the mixer
output

®% (dR\?

From the above equations, it follows that, in order to have fluctuation noise
dominating, dR /d® should be as large as possible, while G, and & should be kept
small. However, a small G, means a small IF bandwidth. This situation is equivalent
to a bolometer used for direct detection, where either the sensitivity or the speed can
be optimized, but the gain-bandwidth product is constant (Sect.5.4.1). For a real
HEB mixer, the situation is more complicated, because the parameters described
above are not constants. G, is a complicated function of the temperature, and other
device parameters such as film quality and geometry. Also, dR/d® depends on the
temperature and device geometry.

A more physical model takes into account Cooper pairs, quasiparticles, and
phonons in the microbridge, as well as phonons in the substrate. The incoming
radiation breaks Cooper pairs and the quasiparticles diffuse to the electrical contacts,
or they interact with the phonons in the microbridge, which finally escape into the
substrate. This mechanism is depicted schematically in Fig. 5.40. If the length of the
microbridge is short compared to the thermal diffusion length Ly, = +/ D, (electron
diffusivity D, electron-cooling time 7,), the cooling process occurs predominantly
by out-diffusion of electrons within a time 74 = (L/7)?>/D. HEB mixers based
on this principle are called diffusion-cooled. Cooling by phonons dominates for
L > Ly. These mixers are called phonon-cooled or lattice-cooled. The time
response of a thin NbN film, which is a common material for phonon-cooled
HEB mixers, is described by an average electron-cooling time t,, which is given
by 7o = tp + (I + C./Cpp)Tese With the electron—phonon energy relaxation
time 7., and the escape time of phonons from the film into the substrate 7,
[536]. The term C./C,; consisting of the electron and phonon specific heat, C,
and C,;, respectively, takes into account the backflow of energy from phonons to
the electrons, which is described by the phonon—electron energy relaxation time
Tpe = Tep(Cpn/C,.). It should be pointed out that this distinction is to some



242 5 Detectors

Electrons
Co To - Contacts
Tdiff
Tep Tpe
Phonons
Cph’ Tph
Tesc

| SubstrateT |

Fig. 5.40 Thermalization scheme of a phonon-cooled HEB mixer. The abbreviations are explained
in the text. The subsequent channels of the energy relaxation are shown by bold arrows, with
the size indicating roughly the relative contribution to the overall relaxation. In a phonon-cooled
HEB, the electron—phonon interaction, and the escape of phonons to the substrate, dominate the
processes. In a diffusion, cooled HEB, the outdiffusion of electrons to the contacts is dominant
(adapted from [536])

extent arbitrary, since phonon-cooling also exists in diffusion-cooled mixers and,
vice versa. It is the technical realization, that is, the choice of superconductor and
geometry of the bridge, that makes the difference.

For more detailed modeling, the nonhomogeneous temperature distribution along
the superconducting bridge needs to be taken into account (so-called hot spot
model). This model was originally developed by Skocpol et al. [537], and was later
applied to superconducting HEB mixers [538-540]. The power dissipated by the
LO radiation and the DC bias current creates an electron temperature profile along
the bridge. The region where the actual temperature exceeds the critical temperature
and switches into the normal state is called the hot spot (Fig.5.41). The rest of the
bridge remains superconducting. Although the hot spot and the uniform heating
model describe the static characteristics of an HEB equally well, the hot spot model
is advantageous when it comes to the dynamic properties of the HEB. In the uniform
heating model, the reciprocal electron cooling time, modified by Joule heating and
electro-thermal feedback, determines the bandwidth of the device, while in the
hot spot model this role is taken by the speed with which the boundaries of the
hot spot move. When radiation is absorbed, the length of the hot spot increases,
and its boundaries begin to move toward the electrical contacts, until the hot spot
reaches thermal equilibrium. It is the speed of the boundaries that determines the
response time of the HEB. When the power absorbed by the HEB is modulated



5.5 Heterodyne Detection 243

| ]
v 4— Hot spot ——» Vv

Superconducting Superconducting

Fig. 5.41 Schematics of the hot spot and the electron temperature profile of a bridge of
length L. The hot-spot is formed where the actual temperature in the microbridge exceeds the
superconducting transition temperature 7¢. The normal conducting hot-spot (N) is represented as
the movement of its boundaries with velocity v (adapted from [540])

with a frequency smaller than its response time, the boundaries fluctuate at a rate
corresponding to this frequency.

When comparing diffusion-cooled and phonon-cooled bolometers and HEBs, it
turns out that the latter has a smaller noise temperature and is less sensitive to LO
power fluctuations and variations of the bias voltage. Phonon-cooled HEB mixers
are fabricated from thin superconducting NbN films [541] with a nominal thickness
of 3—6 nm. The relevant time constants of the films are sufficiently small. The energy
of an absorbed photon is distributed among the electron subsystem within a typical
time 7., of about 7 ps. The electrons share the energy with the phonons within the
electron—phonon interaction time 7.,. This is a function of the electron temperature
© (in Kelvin) and has been empirically determined to be ., ~ 500ps/@". For an
electron temperature of 10K, this yields 7., ~ 10 ps. The heat is transported by the
phonons to the substrate. The phonon escape time 7., depends on the thickness of
the film d, the speed of sound in the film u, and the acoustic matching between film
and substrate, related to the transparency factor ¢:

4d
Tese = —. (5.77)

tu
For a 4-nm-thick NbN film 7., &~ 30-60 ps. As can be seen, the cooling process
is dominated by the escape of phonons into the substrate and, to a lesser extent,
by the electron—phonon interaction. In order to obtain a precise description of the
cooling process, a two-temperature model needs to be used, where one temperature
describes the electron system and the other the phonon system [542].
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NbN films for HEBs are deposited on a dielectric (typically Si of >10kS2 cm)
by DC reactive magnetron sputtering [543, 544]. After deposition, the films have a
room temperature square resistance of about 500 2 at 300 K, which drops abruptly
to almost zero (residual resistance less than 1£2) at the transition temperature
close to 10 K. The processing during the device fabrication leads to a degradation
of superconductivity, that is T¢ degrades to about 9K, and the transition width
increases to about 0.5K. The superconducting bridge is obtained by means of
electron beam lithography. The length varies between 0.1 and 0.4 um and the
width between 1 and 4 um. Between the contact structure and the NbN film, a
superconducting interlayer is used to decrease the contact resistance. HEB mixers
can be made either in a waveguide configuration or as quasi-optical mixers. In the
case of a quasi-optical mixer, the microbridge is embedded in a planar antenna,
which is lithographed from an evaporated gold film. As described in Sect. 3.15, the
Si chip with microbridge and antenna is glued to the rear face of an elliptical or
extended hemispherical lens. The resistance-temperature curve of an HEB mixer
consists of three parts: the superconducting region, the transition region, and the
resistive region. These regions can also be found in the I-V curve (Fig.5.42). The
resistance seen in the superconducting state is due to the non-superconducting
circuitry.

DSB noise temperatures achieved with HEB mixers range from 400K at 0.6 THz
up to 3800K at 5.2 THz (Fig.5.35). Up to 2.5 THz, the noise temperature closely
follows the slope 10kv/kg, with somewhat worse values above 3 THz. This is
caused by increasing losses in the optical components and lower efficiency of
the hybrid antenna. Nonuniform distribution of the current in the bridge, due to
the skin-effect, may also contribute, because it changes the IF matching [545].
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Fig. 5.42 1-V curves of an NbN HEB mixer. The upper line shows the I-V curve when no LO
power is applied. The superconducting region, the transition region, and the region where the mixer
is in normal conduction are indicated. The resistance seen in the superconducting state is due to the
non-superconducting circuitry. The lower line corresponds to LO power for optimum sensitivity.
The dot indicates the optimum bias operation point for the HEB mixer
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At all frequencies phonon-cooled HEBs have a lower noise temperature than that
of diffusion-cooled devices. Compared with Schottky and SIS mixers, HEBs are
significantly more sensitive than the former, but somewhat less sensitive than
the latter. The gain bandwidth of NbN HEB mixers is 3—4 GHz. Since thermal
fluctuation noise and conversion gain have the same roll-off frequency, the noise
bandwidth is larger, up to ~5 GHz. It is limited by Johnson noise, which increases
rapidly at IFs larger than 1/<,.

A particularly attractive feature of an HEB mixer is the low LO power required
for optimum operation. The LO power scales with the volume of the microbridge,
and decreases with increasing Tc. The power absorbed in the microbridge is as low
as 20nW for the smallest devices (0.1 x 1 wm?) and increases to several hundred
nanowatts for larger devices. However, these numbers are indirectly measured by
comparison with DC power dissipated in the microbridge. In addition, they do not
take into account antenna coupling losses, as well as losses in the Si lens and vacuum
window. Therefore, a more practical number is ~1 wW. Since an HEB needs so
little LO power, and because it also works very well as a direct detector, care has
to be taken to ensure that there is no direct detection contribution to the mixing
signal arising from broadband background radiation. Direct detection manifests
itself in a shift of the operating point of the HEB, and consequently a change in
its sensitivity. In addition, the shift of the operating point appears at the output of
the mixer as a contribution to the hot—cold difference signal, wrongly suggesting a
better noise temperature. The magnitude depends on the power of the background
signal, the signal bandwidth of the antenna, and the volume of the HEB. A low
background signal can be achieved by appropriate cold filters in the signal path.
Mixers with narrow band antennas, such as the twin slot antenna, are usually less
affected by the direct detection effect than mixers with broadband antennas. The
smaller the volume of the superconducting bridge the more susceptible it is to direct
detection. Nevertheless, it has been shown that, for a mid-size HEB (0.2 x 2 Mmz)
with appropriate filtering, the response of the HEB is linear up to about 400 K
background temperature [546].

Because of their sensitivity, NbN HEB mixers are nowadays the first choice
for heterodyne spectroscopy above ~1.3THz if cryogenic cooling is allowed.
A waveguide NbN HEB mixer was used for the first earth-based astronomical
heterodyne observation above 1 THz, and NbN HEB mixers are used in the high
frequency channel of HIFI on the Herschel Space Observatory, as well as in
the heterodyne receiver GREAT on SOFIA. Another interesting application of
these detectors, found due to their small response time, is for detection of THz
synchrotron radiation. Using a NbN HEB, in direct detection mode, it became
possible to measure the fill pattern as well as single THz pulses from a synchrotron
source [400].



Chapter 6
Spectroscopic Methods

6.1 Introduction

Historically, there have been eras where a particular spectroscopic method has
dominated IR and THz research. At the end of the nineteenth century and into
the early twentieth century, prisms were employed, with the alternatives being wire
transmission gratings, or interferometers when only simple spectra were involved
(Sect. 1.2). This situation changed with the introduction of the very efficient blazed
reflection grating in 1910, which had the ability to concentrate a large percentage
of the light into a single order [15]. For the next fifty years, grating spectroscopy
was the dominant technique at frequencies below the range covered by prisms.
The next change occurred with the availability of digital computers from the
late 1950s onward. This allowed interpretation of the complex signals produced
by interferometers when many frequencies were involved. Interferometers have
inherent advantages compared to dispersive systems, and became the primary tool
for routine spectroscopy. Time-domain spectroscopic systems, and an increasing
number of narrow-band tunable sources, are now supplementing conventional
spectroscopic methods in an increasing number of applications.

The change-over from grating instruments to interferometers for THz research
was rapid and even led one researcher to suggest that the place for the large and
rather beautiful reflection gratings was in a museum showcase [547]. But recent
developments have changed the situation again, and there is renewed interest in the
use of grating spectroscopy. To understand the reasons for the change from grating
spectroscopy to interferometric systems, and the subsequent revival of the former
technique, it is convenient to consider the simple dispersion system illustrated in
Fig.6.1.

Assuming that the source is thermal, thus producing a continuous range of
frequencies, the dispersive element will select a specific frequency, and this will be
focused onto the exit slit and then reach the detector. If the dispersion is produced
by a prism or diffraction grating, rotation of this will select, in turn, a succession
of frequencies falling on the detector slit. Two features of this optical system are
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Fig. 6.1 Dispersion system consisting of source, collimating optics, dispersive element, slits, and
detector
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Fig. 6.2 The principle of a Michelson interferometer with beam splitter (BS), mirrors M1 and M2,
and off-axis paraboloidal mirrors (OAP). With mirror M2 at position d = 0, the zero path length
difference position results in the maximum signal

significant. Firstly, the amount of light from the source that reaches the detector will
depend on the area of the slits A and the solid angle §2 accepted by the optics. The
combination AS2 of these parameters defines what is known as the throughput or
étendue of the system. Secondly, frequencies above and below the central frequency
that is passing through the second slit will be focused on either side of this
exit slit. In visible and near-IR spectroscopic systems, these frequencies can be
detected simultaneously by replacing the exit slit with a CCD line detector. Such an
arrangement is said to have a multiplex advantage in that it will detect a number of
frequencies simultaneously. As suitable multi-element detector arrays are now avail-
able, multiplexing with dispersive systems has been extended to THz frequencies.

Unlike grating instruments, interferometers are inherently multiplexing systems,
because information from all frequencies from the source reaches the detector
simultaneously, assuming that no frequency selective filters are in place. This can
be readily understood from the schematic diagram of a Michelson interferometer,
as shown in Fig. 6.2.

If the source produces a single frequency, it is well known that, as mirror M2 is
moved, the signal at the detector will fluctuate between a maximum value (at zero
path length difference) and zero as the distance d is varied, assuming that the beam
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splitter is 50% transmitting and 50% reflecting. If the source is not monochromatic,
the detector will receive a summation of all the frequencies involved. The initial
drawback of interferometric systems was that, unlike dispersive systems, they do
not give the spectrum directly, rather they give its Fourier-transform, and an inverse
Fourier transformation is needed to provide the desired spectrum. Both Michelson
and Rayleigh were aware that the spectrum from an interferometer could be obtained
by Fourier transformation of the interferogram produced by this type of instrument,
and Michelson had considerable success in interpreting spectra with an 80-channel
mechanical analogue computer [44]. However, it was P. Fellgett, researching on
the IR spectrum of stars for his PhD, who actually derived spectra by the Fourier
interferometric method [548], and the move from dispersive to interferometric
spectroscopy then mirrored the progress in the development of digital computers.

A further reason for using interferometers, particularly in the THz region, where
signals are often very weak, can be understood by comparing Figs. 6.1 and 6.2.
With a dispersive system, if one wants to select a narrow frequency range, the
slit widths must be decreased, thus reducing the throughput of the instrument. The
interferometer has cylindrical symmetry, with the light entering and exiting through
circular apertures, and to a first approximation its resolving power is dependent on
the distance of travel of its moving mirror. Quite large area apertures can be used,
giving a very significant throughput advantage. This property of interferometers
was first pointed out by Jacquinot [549], and is sometimes referred to as the
Jacquinot advantage. For a similar reason, multiplexing instruments are sometimes
said to have a Fellgett advantage. From the above comparison of dispersive and
interferometric spectroscopy, it can be seen that, even though detector arrays for
the former systems overcome their multiplex disadvantage, interferometers still
gain due to the increased throughput. It was the combination of both advantages
that caused the interferometer to become the dominant spectroscopic technique.
However, as early as 1949 it had been pointed out that, by replacing the slits
of a dispersive monochromator with a patterned grid structure, it was possible
to obtain both a multiplex and throughput advantage, even when using a single
detector. M. Golay, who showed that such an arrangement was possible, even built
his own simple electronic computer to obtain spectra with improved (S /N )-ratio
[45]. From the late 1960s onward, a number of dispersive instruments have been
designed using grid structures to increase the throughput (Fig. 6.7). However, these
never really challenged the dominance of interferometers for routine spectroscopy.
This was because of the complexity of design needed to obtain both the multiplex
and throughput advantages simultaneously. More recently, the availability of THz
detector arrays has led to much simpler instruments and, as mentioned earlier, there
is renewed interest in the use of dispersive systems.

A feature of most dispersive and interferometer systems is that mechanical
scanning elements are required. However, with a dispersive instrument and a
detector array, a relatively simple static system to cover a useful frequency range
can be envisaged. This is a further reason for the revived interest in dispersive
spectroscopy. For space-borne applications, systems with no moving parts are
especially advantageous (Sects. 6.2 and 6.3).
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The principal drawback of a Fourier-transform spectrometer (FTS) and grating
spectrometers, as compared to spectrometers based on narrow-band cw radiation
sources, are the much lower resolution and the smaller sensitivity because of the
limited power per frequency interval. Such spectrometers are operated in a rather
similar way to tunable laser spectrometers in other frequency ranges. The frequency
of the radiation source is swept across an absorption feature and the transmitted
source power is detected by an appropriate THz detector. Often, some modulation
technique is applied in order to increase sensitivity and to minimize baseline
fluctuations in the recorded spectrum. A first step toward sweeping spectroscopy
with narrow-band sources was done in the early 1950s when W. Gordy and co-
workers succeeded in extending the emission of microwave sources into the THz
region by harmonic generation. In 1954, they reached the THz region by measuring
a rotational transition of OCS at 0.389 THz [550]. With further improvements, they
were able to extend this to 0.813 THz in 1970 [551]. With modern multiplier-based
sources 2.6 THz is now within reach [552].

Pioneering work on spectroscopy with backward wave oscillators (BWOs) was
started by A.F. Krupnov et al. [553]. They used BWOs and a Golay cell detector for
a sweeping spectrometer that operated to frequencies slightly above 1 THz. Among
their firstachievements was the measurement of the rotational lines of PH3 in the region
of 0.3 to 1.07 THz. Spectroscopy with BWOs is now routine up to ~1.5 THz [554].

In order to explore the frequency range beyond 1.5THz different mixing
approaches were invented. In 1984, K.M. Evenson and co-workers introduced
a frequency tunable THz spectrometer based on mixing the radiation from two
grating-tunable CO,; lasers with microwave radiation [355]. Due to the large number
of CO;, laser lines, a significant part of the THz range up to 4.5 THz has been covered
[555]. The frequency coverage can be further extended to 9 THz by replacing
one of the CO, lasers with a ’NH; laser [358]. An alternative approach is laser
sideband generation, which is the mixing of THz radiation from an optically
pumped gas laser with a frequency tunable mircrowave or mmW source in a
Schottky diode[350, 351]. Mixing of visible or near-IR radiation from two diode
lasers in a nonlinear element such as low-temperature grown GaAs, a technique
pioneered by E. Brown and co-workers [335], had led to the development of
compact cw spectrometers with continuous frequency coverage beyond 2 THz.
These spectrometers are commercially available.

The alternative to conventional spectroscopy is THz time-domain spectroscopy
(TDS), which is discussed in detail in Sect. 6.6. This technology became available
with the advent of reliable sources of femtosecond, short-wavelength laser pulses.
When these pulses are incident on an absorbing semiconductor charge carriers
are created. Acceleration of these carriers, in an electrical bias field, produces a
transient photocurrent that causes electromagnetic waves to be radiated. The emitted
frequency is in effect the inverse of the pulse length and is typically centered
between 0.3 and 1.5 THz. Higher frequencies can be obtained by replacing the
semiconductor with an appropriate nonlinear crystal, in which optical rectification
is produced by the laser pulse. With the photoconductive method, real charge
carriers are produced and the upper frequency is limited by their mobility. In optical
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rectification, the limitation is the laser pulse length. However, the power levels are
often lower than with the semiconductor process.

Remote sensing in astronomy and earth observation are among the most impor-
tant applications of THz molecular spectroscopy. Essentially, this is done either
with grating and FT spectrometers, in situations where low and medium resolution
is sufficient, or with heterodyne spectrometers. The latter method is used for very
high-resolution spectroscopy (resolving power >10°), where the line shape of the
molecule under investigation needs to be resolved. This is particularly important for
astronomical observations, where the emission lines are Doppler-broadened, and
spectrally resolved measurements (in the order of 1 MHz) enable the acquisition
of information concerning the dynamical behavior of the object. In atmospheric
research, the spectral resolution has to be even better (less than ~100kHz), because
the pressure broadening of the observed line contains the information about the
height distribution of the molecule. In astronomy, heterodyne spectroscopy made
its breakthrough with the detection of the 21cm™! HII line at 1420.4 MHz in
1951 [556,557]. Following this experiment, the study of microwave, and later the
submm/THz emission spectra of interstellar molecules, became a rapidly advanc-
ing field of astronomy. Heterodyne spectrometers were rapidly developed and
improved. Initially, mixer technology relied on semiconducting InSb hot electron
bolometers (HEBs) and Schottky diodes, with superconducting SIS and HEB
mixers now prevailing for high-end applications. Up to 2 THz, local oscillators are
predominantly multiplier-based sources, while above 2 THz optically pumped gas
lasers have been used. The latter are likely to be replaced by quantum cascade lasers.
Initially, ground-based telescopes operating in the 0.3 and 0.6 THz atmospheric
windows were used, but from 1977 to 1993 the Kuiper Airborne Observatory,
equipped with THz heterodyne spectrometers, was available. Observations with
these instruments opened the view into the THz universe with very high spectral
resolution. The development of heterodyne spectrometers eventually culminated in
the HIFI heterodyne spectrometer on the Herschel Space Observatory, which has
provided a wealth of exciting data [558].

6.2 Grating Spectrometer

Although, as mentioned above, most diffraction grating instruments for THz
frequencies employ blazed reflection gratings, it is convenient to use the simple
system illustrated in Fig.6.1 to discuss the essential elements of this type of
spectroscopy. Assuming that the dispersive element is a transmission grating, and
that it has been rotated to select a central frequency v from the source, then the
second slit will allow a small frequency band dv to reach the detector. The ratio
v/dv is the resolving power of the instrument.

It is well known that the theoretical resolving power of a diffraction grating is
given by n N, where n is the order number and N is the total number of illuminated
lines on the grating. Gratings for THz frequencies are typically up to 200 mm wide
and one for use at ~3 THz will have approximately 10 lines per mm width. Thus,
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the theoretical limit in resolving power is ~2,000, giving a maximum resolution
of 1.5GHz. There is no advantage in working at higher orders because, for a
specific frequency, the number of lines per unit width is proportional to 1/n. Using
larger gratings, and thus more lines, is possible but very inconvenient because the
high absorption by water vapor makes evacuated systems essential at most THz
frequencies, and instruments then become very bulky.

Unfortunately, even the relatively low theoretical resolution of THz grating
spectrometers is difficult to achieve with the thermal sources used for broadband
spectroscopy. A reasonable approximation for the spread of frequencies dv reaching
the detector, as shown in Fig. 6.1 is

dv =sv/f, (6.1)

where f is the focal length of the instrument and s is the width of each slit
[160]. Equal slit widths and equal focal lengths of the input and output optics are
normally required to optimize the product of throughput and resolving power in a
grating monochromator. Assuming again that v = 3 THz, the slit width required
for the theoretical limiting resolution of 1.5 GHz is 0.5 mm when the focal length
is 1,000 mm. Even with very sensitive helium-cooled detectors, the (S /N )-ratio is
low with such narrow slits, particularly when studying materials with significant
absorption. But high resolution is not always required and a great advantage of
grating spectroscopy is its simplicity. Early THz instruments were inefficient as they
used simple transmission diffraction gratings that distributed the incoming radiation
into many orders, of which only one was used. Rayleigh pointed out in 1874 that in
theory it was possible to design a grating where the majority of the radiation would
be diffracted into a single order [16]. Rayleigh appears to have been suggesting a
transmission grating made of a large number of very narrow prisms set side by side.
As mentioned in the introduction to this chapter, R. W. Wood realized that such a
grating could be made, if it was reflecting rather than transmitting, by ruling a metal
surface with grooves set at an angle [15].

Wood constructed reflection gratings in which more than 75% of the light at a
specific wavelength could be concentrated into a single order. This high efficiency
can be understood by reference to Fig. 6.3, which illustrates the diffraction that
would be obtained with a transmission grating, except that here the diffracted light
is in the reverse direction.

For constructive interference, light is diffracted from a grating with spacing d at
an angle 8 when

d sin(B) = nA, (6.2)

where A is the wavelength and n is the order number of the light. In the situation
shown in Fig.6.3b the grating has been rotated through an angle 6, to bring the
long faces of the grating perpendicular to the incoming light. All orders are then
diffracted back onto the path of the incoming radiation. In effect, the light is “seeing”
the grating as a plane mirror when

2d sin(f) = nA. (6.3)
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d sin(0)

—

Fig. 6.3 Incident and reflected light from a blazed diffraction grating (a) shows that the diffraction
of light by a reflection grating is analogous to that of the more familiar transmission grating, (b)
illustrates the situation where the grating is rotated through its blaze angle (8 = 6p) when, in
theory, all orders will be specularly reflected with close to 100% efficiency, (¢) when rotated to
an arbitrary angle the grating operates with reduced efficiency but this is still above 50%, from
approximately 0.75 to 2 times the blaze wavelength in the 1st order

Wood described his gratings as “echelettes” but they were later called blazed
gratings, with 65 being the blaze angle.

In virtually all diffraction grating spectrometers, the optical components are
in fixed positions, and it is the rotation of the grating which disperses a specific
wavelength onto the exit slit. The usual arrangement is for the incoming light to
fall on the grating at a small angle from the normal, with the outgoing light being
dispersed at the same angle on the opposite side of the normal. This is shown in
Fig. 6.3c and then (6.3) is modified to

2d sin(0) cos(®P) = nA, (6.4)

where @ is the half angle between the incident and diffracted beams. @ is normally
small, typically 5°~10°, and (6.4) is often referred to as the “grating equation.”

It is relevant to consider the requirements of gratings for the THz region.
Assuming, for convenience, that the gratings are to be used at & = 30° and that
cos(®) ~ 1, then the spacing needed for 0.3-10THz varies from 1 to 0.03 mm.
Gratings with these rulings, of the type shown in Fig.6.3, can be made using
conventional workshop machines. As the reflectivity of both pure metals and alloys
is high at THz frequencies, it is straightforward to manufacture quite high quality
gratings by choosing a material, which does not tear when cut.
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Fig. 6.4 Efficiency of a diffraction grating which is blazed for a wavelength Ag

While it is clear from (6.3) that all orders will have high efficiency at the
blaze angle, most spectroscopic applications require the covering of a significant
wavelength range, and it is necessary to consider the grating efficiency as it is
rotated away from the blaze angle. The theory of diffraction by blazed gratings
is complex but can be simplified using certain assumptions known as the scalar
approximation [559]. Figure 6.4 illustrates the theoretical performance of a grating,
which is blazed for a wavelength Ap at which the first-order efficiency peaks. The
figure shows that for wavelengths near Ag most of the incident power falls into the
first order and little into the second (or higher) orders. In practice, many gratings are
significantly less efficient, and there is normally a marked variation with different
polarizations of the incoming light. Experimental results with the grating of Fig. 6.4,
using unpolarized light, have shown that more than 50% of the incoming light was
diffracted into the first order over a frequency range of more than an octave. While,
at the blaze wavelength A 5 reflection gratings have high efficiency at all harmonics
of the fundamental frequency, the performance falls off more rapidly on either side
of the blaze angle for the higher harmonics. This is illustrated in Fig. 6.4 for the
1st harmonic of the fundamental frequency. At higher orders, the useful wavelength
range becomes very small.

The diffraction of parallel and perpendicularly polarized light from a blazed
grating has been studied in detail using numerical methods [560]. The authors state
that the characteristics of diffraction gratings can be predicted, thus avoiding the
necessity of manufacturing the grating and then measuring its performance. Blazed
gratings normally have right-angle grooves (Fig. 6.3), but it has been shown that by
using rulings with 110°-120° angles between the facets, polarization effects can be
greatly reduced [561].

The variation in efficiency between the two polarizations increases when gratings
are used at higher angles. In some circumstances, this can be advantageous. For
example, one important application of blazed gratings is in optically excited THz gas
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lasers (Sect.4.4.2). The most frequently employed pump is a CO, laser operating
between 9 and 11 wm. To select a specific rotational line from the pump laser, one
of the laser mirrors is replaced by a reflection grating and this requires a high
reflectivity. To achieve a high resolving power, in order to excite only one of the
closely spaced rotational levels, a grating with a small period is used at a large angle.
An example of such a grating is shown in Fig. 6.5. For the transverse magnetic (TM)
polarization, the efficiency is close to 100% over the required wavelength range.

Reflection gratings allow the use of relatively convenient optical designs, and the
one most frequently employed is that originally suggested by Czerny and Turner
[562] and illustrated in Fig.6.6a. This arrangement is self-correcting as far as
spherical aberrations are concerned, and so allows the use of cheap spherical mirrors
rather than the parabolic ones required in most other systems.

An alternative to the Czerny—Turner arrangement is the Ebert—Fastie design
shown in Fig.6.6b. This originally dated back to 1889 [563] but its virtues,
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Fig. 6.5 Efficiency of a 150 line/mm 52.7° blazed grating for unpolarized radiation, transverse
magnetic (TM) modes without magnetic and transverse electric (TE) modes without electric field

in the direction of propagation

a b
Exit slit Exit slit
Condensing
mirror Mirror
Grating Grating
Colllmatmg Entrance slit Entrance slit
mirror

Fig. 6.6 (a) Czerny—Turner monochromator and (b) Ebert—Fastie monochromator
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Fig. 6.7 (a) Principle of multiplexing grating spectroscopy, (b) multiplexing by using a Hadamard
mask and a linear detector array

particularly for long-wavelength spectroscopy, were not fully realized until 1952
[564]. Because it employs a single, large mirror there is an advantage, compared to
Czerny-Turner, in that it can have very long slits that provide increased throughput.
The disadvantage is that instruments are usually inconveniently large.

It is possible to incorporate both throughput and multiplexing advantages into
dispersive instruments. In a conventional grating spectrometer, with a broadband
source and a single detector, only one wavelength is detected at one time. However,
in the visible and near-IR, if the detector is replaced by a photographic plate, a
CCD or a CMOS camera, and the exit slit is removed, wavelengths on either side
of the central wavelength can be detected simultaneously [565]. Many of the THz
detectors described in Chap. 5 are now available as linear arrays and, as illustrated
in Fig. 6.7, these in effect allow the replication of the photographic plate of short-
wavelength systems. Multiplexing, with increased throughput, can be obtained if the
single entrance slit is replaced by a patterned mask, and where a linear detector array
is employed. This is shown in Fig. 6.7. With the single entrance slit, two different
frequencies are shown to illustrate dispersion by the grating. If the single slit is
replaced by a patterned mask that is fully illuminated by the source, each transparent
slit produces the same spectrum as the single slit, but the image on the detector array
is a convolution of the coded-mask pattern and the spectral profile of the light falling
onto the mask. In order to retrieve the spectral profile, the spectrum observed on
the array is inverted. Encoded mask systems are generally referred to as Hadamard
transform spectrometers, because the most useful mask structures have been found
to be Hadamard matrices.

If only a single detector is available, it is necessary to encode both slits
of a dispersive instrument to obtain the throughput and multiplex advantages
simultaneously, as illustrated in Fig.6.7b. More specifically, the grid structure at
the entrance of the spectrometer produces an initial stage of multiplexing, and a
second stage follows at the exit plane [566]. While the (S /N )-ratio of dispersive
spectrometers of this type is comparable with interferometers, the complexity
of the design is significantly greater and relatively few applications have been
published. The real interest is in Hadamard instruments with detector arrays. Static
spectrometers with a =8% wavelength range, and a resolving power of more than
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1,000, have been designed for the near-IR region [567], and there seems no reason
why THz instruments should not follow.

6.3 Fourier-Transform Spectrometer

As mentioned in the introduction the principles of Fourier-transform spectroscopy
were discovered by Michelson [568] and Rayleigh [569]. They realized that the
interference pattern obtained from a two-beam spectrometer as the path difference
between the two beams was altered, was the Fourier-transform of the light illumi-
nating the interferometer. Michelson, Rubens and Hollnagel [52], and Rubens and
Wood [14] all derived simple spectra, but with complicated spectra they had no
means of performing the necessary Fourier transformation.

It was another forty years before the brilliant work of Fellgett [548] led to the
foundation of modern interferometric techniques by the discovery of the multiplex
principle. To Fellgett it was clear that the rate of obtaining information from
spectrometers was energy limited and that there was much to be gained by utilizing
what is, in effect, the spare channel capacity of the detector.

Fourier-transform spectrometers (FT'S) are in widespread use. Typically, they
employ spectral sources with broad frequency coverage, such as globars, high-
pressure lamps, or synchrotron sources. The latter combines a source of high
brilliance with broad frequency coverage when used as a standard research tool,
typically combined with a microscope for spatial resolution from the optical down
to the THz range.

Initially, the basic equations relevant to interference phenomena are discussed.
The first interference patterns (colors in thin plates) were observed by R. Boyle and
R. Hooke in the seventeenth century. In 1801, T. Young described the phenomenon
of interference qualitatively. Finally, in 1818, A.J. Fresnel combined the concept of
interference with Huygens principle of elementary waves.

The electric field E(z,t) of a linearly polarized plane wave propagating in the
z-direction in its complex representation can be written as

E(z,t) = Epexp (i(®(z) — 2mvi)) (6.5)

with the phase @(z) = 2mwvnz/c + @ at a time ¢, and refractive index n, electric
field amplitude Eo, and frequency v. The intensity /o = |E|*> = E*E = E? of
a single plane wave corresponds to an average energy stream perpendicular to a
given surface, calculated by the product of the field amplitude E and the complex
conjugate E*. For two different, but parallel, waves 1 and 2, this leads to

I =|Ei+E)P?=1L+1+2JI1cos(P, — D). (6.6)

The maximum intensity is found for a phase difference of both waves of @; — @, =
m when m is an even number, and the intensity is at a minimum when m is odd.
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In this case the intensity is independent of position but, if the second wave is tilted
by an angle «, the field E; is obtained

E>(x,z,t) = Epexp (i (%Z—v(x sin(a) + zcos(a)) + Py — 27wt)) . (6.7)

The time averaged intensity leads to the interference fringe patterns:
2wy )
I(x,z) = L1+ 1,+2+I11;cos (T(x sin() 4 zcos(w)) + Do — @01) . (6.8)

In the (x, y)-plane, at each constant z, a cosine-modulated pattern, in x-direction,
with interference lines along the y-direction, is obtained. This pattern is time
independent as long as the two waves are coherent with each other. If the second
wave has just a frequency offset of Av, but is still parallel to the first wave, a
periodically changing pattern is obtained according to

I =1 + IL)(1 4+ Kcos(Dyg — Py + 2w Avt)), (6.9)

with the contrast

Imax - Imin _ 2\/ 1112
Imax+1min Il +12
for which the degree of coherence y;, is equal to 1 for complete coherence and
equal intensities /; = I,. The emission of atoms of natural light sources results
in wave packets of up to 107% s, so different light sources can only interfere within
such time intervals. Therefore, interference is constructed by the same light source
adding spatial coherence. The condition for spatial coherence is

Y12, (6.10)

af < 6.11)

| >

with a, the linear extension of the light source, and 6, the opening angle of
interfering light bundles. Since 6 for lasers is very small, the full aperture of a laser
source can correspond to a. For a synchrotron-based THz source, a is very small
and 6 can be larger. The temporal coherence is given by the length that a wave can
travel in time within a spectrometer, to generate interference. The coherence time is
expressed by the coherence length + = L./c. These values depend on the spectral
width of the light source defined as L. = ¢/Av ~ A?/AAM. For a single mode laser,
this coherence length can, in principle, be up to several km.

Interference phenomena can also be found in thin plates (Fig. 6.8). Using two
plates with an adjustable gap leads to a Fabry—Pérot type interferometer (Sect. 6.5).
Using beam splitters, ideally splitting the intensity 50:50 in order to achieve
maximum contrast, two-beam interferometers of the types built by Mach and
Zehnder (Fig.6.8c), and Michelson are obtained (Fig.6.2). With a 50:50 beam
splitter 50% of the power entering the Michelson interferometer is transmitted
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Fig. 6.8 (a) Interference due to a planar plate or etalon, (b) Fabry—Pérot interferometer with two
partially transmitting mirrors (M1, M2), (¢) two-beam Mach—Zehnder interferometer with two
mirrors (M1, M2) and two beam splitters (BS)
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Fig. 6.9 Simple interferograms and their corresponding amplitude spectrum obtained by Fourier
transformation for illustration (not to scale). (a) Infinite sine wave and corresponding Fourier
amplitude, (b) Sinc function as described in (6.16), (c¢) interferogram for smooth broadband
emission with dominant peak intensity at zero pathlength difference (d) multiple pulses as a result
of multiple reflections, for example in an etalon

while the other 50% is directed back into the source. In a Michelson interferometer,
the transmission-reflection (TR) product of the beam splitter is 0.25 at maximum.
Typically beam splitters are made from thin sheets of Mylar or from Si. Such
dielectric beam splitters have efficiencies that vary with frequency. The TR product
rarely exceeds 50% of its optimum value of 0.25 over more than +50% bandwidth
around the center frequency. To overcome this limitation, a wire grid can be used as
a beam splitter, and this is discussed in Sect. 6.4.

The intensity at the output of a Michelson spectrometer, as a function of the
path length difference A, is called an interferogram (Fig. 6.9). For a small spectral
interval do, with the wavenumber o = 1/A = v/c, this is given as an even function
around the origin by

I1(A) = /Ooo dI(A) = /Ooo B(o) cos(2roA)do. (6.12)
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This expression is the cosine Fourier-component of
o0
B(o) = / I(A) cosQroA)dA. (6.13)
0

A path length difference of A is achieved by moving one mirror in the interferometer
away from its initial position d = 0 (Fig.6.2), at which the distance between each
mirror and the beam splitter is the same. In practice, this path length cannot be
infinite and is limited at some distance Ap,.x. Typical spectrometers have a path
length difference of 5 to 10 cm to obtain a spectral resolution of less than 0.1 cm™!.
Systems with path lengths up to several meters are commercially available. They
require very stable mirror motion, and excellent mirror and beam splitter alignment.

For a limited path length, (6.12) and (6.13) yield

Amax [ee}
B(o) = / (/ B(d") cos(Zno’A)do’) cos(2moA)dA. (6.14)
0 0

Evaluating only the cosine terms in the integral over A, this becomes

R(6.0" Apy) = 1 (sin2rAmax(o — o)) n Sin(2r Apax (0 + 07))
o—o’ o+o’

e ) . (6.15)

Finally, by neglecting the smaller second term, the instrumental scanning function
or slit function is obtained:

SIN(27 A pax (6 — 0”))
27 Amax (0 — 0”)

A A
R(0,0', Apax) = ;‘“ ( ) = ;‘“ Sinc (2 A pax (00 — 0)),
(6.16)
which is proportional to the sinus function cardinal or Sinc-function. The following

integral remains:

B(o) = /oo B(0')R(0,0", Apax)do’. (6.17)
0

For example, if there is only a monochromatic source with intensity B(o) at a
wavenumber o] the integral simplifies, and the source represents a delta-function.
The spectrum becomes B(o) = B(o1)R(0,01, Amax), 1.€., except for a constant
intensity factor B(oy), the spectral scanning function R is obtained. The function R
is the well-known diffraction pattern of a slit centered at ¢ = o} and is not really a
very good representation of a single-line spectrum (Fig. 6.9b). It has a peak width at
half its center wavenumber height of 0.7/ A .x. Therefore, the smallest wavenumber
interval resolvable is approximately given by Ao = 0.7/ A In practice, the side
lobes of the scanning function R cause complications in the interpretation of spectra,
and these are suppressed by a suitable weighting function. This process is termed
“apodization” and has been investigated by various authors. The simplest function
is to multiply the interferogram by the triangular function 1 — A / Aax. Apodization
has the effect of smoothing the instrumental scanning function, at the expense of
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increasing its half width by approximately a factor of 1.5. The spectral resolution is
then given by Ao ~ 1/Apax-

The resolving power of an interferometric spectrometer is also limited by the
beam spread of off-axis rays. This is due to the imperfect collimation of the finite
source aperture. It was shown by Jacquinot [549] that if the source subtends a solid
angle £2 at the collimating mirror, then the maximum value of the resolving power
R is given by

o 27 N f 2 "2
R_AU_Q~6(d) =6(r")", (6.18)
where d is the source diameter and f the collimator focal length. However, with the
small detectors employed, the spectral resolution is mainly governed by the inverse
of the mirror translation length. The spread of off-axis rays also leads to a small
change in the ray path and causes all the wavenumbers in the computed spectrum to
be underestimated by a small factor. The true wavenumber can be obtained from the
computed value by multiplying these values by (1 + £2/(47)). Normally, this small
correction can be omitted in the THz range.

If an FTS is used for absolute amplitude measurements, it is necessary to
determine the zero path length, with sufficient accuracy to avoid distortion, zero
baseline shifts, and negative amplitudes. In practical experiments, the analogue
detector signal is digitally sampled and discrete Fourier transformation is employed.
Under these circumstances, the Shannon sampling theorem must be obeyed. It states
that an analogue signal can be reconstructed, if the highest frequency f.x in
the signal and the sample frequency fyum, corresponding to a sample period At,
fulfils the inequality fpux < fsam/2 = 1/(2At). The half-sampling frequency is
also known as the Nyquist-frequency. If the detector signal contains frequencies
which are higher than the Nyquist-frequency, these frequencies are mapped onto
the frequency range below fi.x/2, leading to the so-called aliasing. By windowing,
or anti-aliasing of the detector signal, all higher frequencies than the Nyquist-
frequency can be removed, so that the Shannon theorem is fulfilled.

Normal THz FTSs rely on a moving mirror which generates the path difference.
It is worth noting that it is feasible to realize an FTS, which does not require any
moving component. Although several techniques have yet to be implemented at
THz frequencies, there is no reason in principle not to do so, and with technical
progress it may well be achieved. Two approaches have been demonstrated. One of
these relies on the Talbot effect [570,571]. At visible frequencies, an FTS without
moving parts has been demonstrated by detecting self-images of a periodic structure
such as a grating on a CCD [572]. The other approach relies on two phase-locked
pulsed sources, which produce frequency combs. This has been demonstrated in the
THz and IR range with two microwave sources operating up to 0.3 THz [573] or two
mode-locked femtosecond lasers [574-578]. One of the combs is slightly detuned
with respect to the other. Due to the difference in repetition rates, the pulses of one
beam are continuously shifted against those of the other, akin to the conventional
FTS. Pairwise interference and heterodyning generates a comb spectrum of much
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lower “beat” frequencies that carries amplitude and phase information. Fourier
transformation of this signal yields the spectral information of the original spectrum.
This approach has some similarity to the ASOPS technique described in Sect. 6.6.
THz spectrum analyzers for the accurate measurement of THz frequencies benefit
from frequency combs used for mixing [579, 580].

6.3.1 Dispersive Fourier-Transform Spectrometer

Dispersive Fourier-transform spectroscopy (DFTS) was developed for the THz
range by J.E. Chamberlain et al. in the 1960s [74] and has been extensively used
by Afsar, Birch, Button, Parker, and co-workers [581-583]. Various setups have
been employed to study gases, liquids, and solids under cryogenic conditions, and
in magnetic fields. In DFTS, the sample is not placed between the beam splitter and
the detector but is placed instead in one of the interferometer arms. For reflecting or
opaque samples one of the mirrors is replaced with the sample, which serves as a
partial mirror.

If the sample is studied in transmission in one of the interferometer arms, the
resulting interferogram is asymmetric and shifted with reference to the zero path
length position. The shift is due to the sample’s refractive index. The peak shift
reveals an average refractive index over the frequencies that the spectrometer can
cover. For a sample thickness d with average refractive n a shift is found of

Ax =2(n—1)d. (6.19)

The factor 2 follows from the distance traversed twice in transmission through the
sample, and the —1 corresponds to the refractive index of vacuum or air, which the
sample replaces. If the sample has internal reflections, the next fringe pattern is at

Axg =2(n—1)d + 2nd, (6.20)

from which the unknown thickness — without knowing the refractive index n — can
easily be found, to a first approximation, as:

d = 0.5(Axg — 2Ax). 6.21)

Normal FTS can be considered as an autocorrelation and DFTS as a cross-
correlation. The advantage of DFTS versus FTS is that it can provide the phase
information, which leads to the refractive index of the sample. DFTS allows the
complete dielectric constant of a material to be determined in a similar fashion to
dielectric spectroscopy using GHz electronics. THz TDS, a technique introduced
in the late 1980s, also provides the complete dielectric constant by measuring the
electric field instead of intensity, although on a much shorter time scale.
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In general, retrieving phase information and the refractive index requires a more
stable experimental system for DFTS and the more modern TDS. Phase jitter must
be avoided. The following citation emphasizes this point by promoting the careful
elimination of systematic errors in a measurement system [583]: “In spite of the
wide frequency coverage and the accuracies that can be achieved DFTS has not
been widely used. ...It is true that DFTS is perceived as a difficult measurement
technique, and it places more stringent requirements on specimen geometry and
interferometer performance than are generally met in conventional FTS. This,
though, is not a limitation or difficulty of DFTS. It is, instead, recognition of the fact
that to achieve results largely free of systematic error one must have a well-defined
and controlled measurement system. Quantitative measurements by conventional
FTS could undoubtedly be improved if similar procedures were followed.”

6.4 Polarizing (Martin—Puplett) Interferometer

There is one major problem with FTSs of the type discussed in the previous sections,
which is connected with the beam splitter. As mentioned in the previous section, the
TR product of dielectric beam splitters rarely exceeds 50% of its optimum value of
0.25 over more than +50% bandwidth around the center frequency. Therefore, if
a large portion of the THz range needs to be covered, this requires an exchange of
beam splitters, which in turn affects the quality, and especially the reproducibility,
of the spectra. In addition, operation of the spectrometer is more complex and time
consuming. A beam splitter which overcomes this problem is a wire grid of the
type described in Sect.3.11. When used as beam splitters wire grids have a very
high and uniform efficiency, up to the cutoff frequency as determined by the grid
constants. Because two beams are generated by polarization splitting, this type of
interferometer is a polarizing interferometer. Often, it is called a Martin—Puplett
interferometer (MPI) after D.H. Martin and E. Puplett, who first conceived this
widely used instrument [76].

The basic configuration of an MPI is illustrated in Fig. 6.10. It consists of three
wire grids. Two of them, P1 and P2, are used as polarizers while the third one,
PBS, is the beam splitter. In addition, two rooftop reflectors, M1 and M2, one of
them movable, are built-in. Now consider a beam which enters the interferometer at
input port 1 and is polarized normally to the paper by P1. The wires of the beam
splitter are wound at an angle of 35.4° with respect to the plane of the paper.
The incident beam “sees” the wires at an angle of 45°. Therefore, it is separated
into two parts having orthogonal polarization with respect to each other, and 45°
polarization with respect to the paper. One polarization is reflected by the beam
splitter and the other is transmitted. The rooftop mirrors rotate the polarization of
each of them and send them back to the beam splitter, where the previously reflected
beam will be transmitted, and the previously transmitted beam will be reflected. If
the path difference A between the two beams is zero, the output beam is horizontally
polarized. For A = A/2, it is vertically polarized, and for A = A/4and A = 31 /4
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Fig. 6.10 Scheme of a Martin—Puplett spectrometer. I1 and 12 denote two input ports separated
by a wire grid polarizer (P1) with the grids parallel to the plane of the paper. Similarly, O1 and O2
denote two output ports of the spectrometer which are separated by another wire grid (P2). The
rooftop mirrors (M1, M2) are used as polarization rotators and the wires of the polarizing beam
splitter (PBS) are at 45° to the plane of the paper. The complementary nature of the interferograms
for the two orthogonal orientations of the polarizer P2 makes it possible to eliminate the high mean-
level of a conventional interferogram (Fig. 6.11). This is achieved by alternating the orientation of
P1 or P2 instead of chopping or, alternatively, by using two detectors in opposition. One receives
the beam transmitted by P2, and the other is reflected by P2 (adapted from [584])

it is circularly polarized. In general, the beam in front of P2 will be elliptically
polarized, with the ellipticity and the direction of the major axis determined by the
path difference. It is this characteristic which has led to its use as a polarization
rotator. The output polarizer P2 can be oriented orthogonally, or in parallel, with
respect to P1. It is used to separate the two output ports, and changing its orientation
simply interchanges the output ports. For zero path difference, and ideal wire grids,
the whole incident power will pass into output ports 1 or 2, depending on whether
P2 is polarized parallel or orthogonally with respect to P1. This is another advantage
over a Michelson interferometer where, at its maximum, 50% of the power is
transmitted. If the input beam is monochromatic with a wavelength A, the major axis
of the recombined beam is rotated as the path difference is varied, and the power at
each output port will vary periodically with the period A = A. If ideal wire grids
are used, and / is the power entering the interferometer, the output power at port 1
for parallel P1 and P2 is given by

I
Ioi(A) = 30(1 + cos(2TA /), (6.22)
while for orthogonal P1 and P2 the power at port 1 is given by

Ioa(A) = %(1 — cos(2A/1)). (6.23)
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If detectors are placed at both output ports, (6.22) holds for port 1 (P1 parallel to
P2) and (6.23) for port 2 (P1 parallel to P2), and vice versa (P1 orthogonal to P2).
The sum of the two equations is unity, independent of the path difference. It should
be pointed out that interferograms taken at both output ports are complementary
(Fig. 6.10). They contain the same spectral information but they are inverted around
the mean value /2. Equations (6.22) and (6.23), respectively, follow from (6.9)
with Io; = lpx = [p/2 and K = 1, and the basic mathematical description of a
Martin—Puplett interferometer is the same as for a Michelson interferometer.

Besides the increased spectral coverage with a wire grid beam splitter, the MPI
has other advantages, because the input and output ports are easier to separate
than those of a Michelson interferometer. The complementary nature of the
interferograms at the two output ports makes it possible to eliminate the high
mean value of the Michelson interferogram, as well as the spurious signals and
errors associated with it. By using two detectors, one at each output port, the
complementary interferograms are taken simultaneously. For a monochromatic
source, the combined interferogram is

101 — 102 = 10 COS(27TA/A), (624)

which oscillates around the true zero level (Fig.6.11 [76]). Instead of using two
detectors, one can use only one detector and change the polarization of P1 or P2
by 90°. Another possibility is to use one output port for recording a background
interferogram, whilst using the other to record the interferogram of the sample.
In this case, the sample needs to be placed behind polarizer P2. Furthermore, the
easy access to the input ports has advantages, as one of the two input ports can be
used for calibration. For example, by placing two blackbody calibration loads with
different temperatures at one of the input ports, the absolute signal power can be

Intensity (arb. units)

0 1 2 3 4 5 6 7 8 9 10
Displacement (mm)

Fig. 6.11 Interferogram of water vapor. For a Martin—Puplett spectrometer as depicted in Fig. 6.10
interferograms oscillate around zero
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determined. This is achieved by recording the difference between the interferograms
of the signal, and each of the calibration loads. The absolute signal power is
given by interpolation between the two. There are alternative designs for MPIs to
the one discussed here which all have particular advantages, for example simpler
arrangements with less optical components, or more complicated ones, where all
the power of an unpolarized beam at the input contributes to the interferogram at
the output. A review is given in [585].

The alignment of an MPI is similar to the alignment of other two beam interfer-
ometers, with some additional steps regarding the rooftop mirrors and wire grids.
A description of how to align it is given in [586], together with a detailed analysis
of the effect of misalignments, and imperfections of the optical components, on
the instrumental performance. For certain applications, it is important to consider
the performance of an MPI for Gaussian beams, keeping in mind that in the case
of Gaussian beams the spatial overlap of the two beams, reflected by each of the
rooftop mirrors, depends on the path difference A. The modulation depth N of a
fundamental Gaussian beam is [587]

aa 2\
N = (1 + (mz) ) . (6.25)

This is a measure of the spatial overlap of two Gaussian beams with waist w after
traveling a path difference A. For w?> > AA/(2m) or N — 1, the losses are
negligible. A more detailed analysis of Gaussian beam mode propagation in MPIs
can be found in [588, 589].

The MPI is widely used in heterodyne spectrometers, where the radiation from
a signal source and a local oscillator (LO) have to be spatially superimposed
(diplexed) in order to couple both to the mixer (Sects. 5.5 and 6.8). The frequencies
of the signal and LO are typically a few GHz apart. Consider a signal which
is coupled to input port 1, and an LO, which is coupled through input port 2
(Fig. 6.10). While at the input ports signal and LO radiation are cross-polarized, they
emerge from the Martin—Puplett diplexer co-polarized, provided the path difference
is chosen correctly. If the path difference Apyp is

Apipt & (2m — DAp/2, (6.26)

the transmission of signal and LO radiation is maximized. Here, Aip = 1/|1/As —
1/ALo| is the wavelength associated with the intermediate frequency of signal and
LO, and m is the order for which the diplexer is used. A mixer receives signals from
the upper and the lower sidebands, which are separated by twice the intermediate
frequency. Usually, the signal to be measured is only in one sideband, while the other
sideband contributes noise or other unwanted signals. These can be suppressed by
using an MPI as a single sideband filter. To discriminate between both sidebands,
the path difference of the interferometer needs to be set so that the desired sideband
is at a transmission maximum, while the other sideband is at a minimum 2vp away.
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Therefore, the periodicity of the interferometer transmission has to be 4vs and the
required path difference is

ASSB x (2m — 1)/\[}:/4, (627)

which is half the path difference required for signal-LO diplexing. For diplexing,
as well as for sideband filtering, the bandwidth of the interferometer is crucial. The
3 dB bandwidth is given by

Av =vE/(2m—1). (6.28)

Obviously, it is advantageous to use the interferometer in the lowest order m = 1
for which the path difference is smallest. This provides the largest bandwidth,
has the least critical tuning, and minimizes losses from incomplete spatial overlap
of the beams from both arms of the interferometer, due to the different optical
paths over which they travel. The MPI is a widely used device for diplexing and
sideband filtering, because of its nearly equal amplitude division and low loss over
a wide frequency range, as well as the easily accessible input and output ports.
They are used in virtually all airborne, spaceborne, or balloon-borne heterodyne
spectrometers for astronomy and atmospheric research. Examples are the satellite
observatories SWAS, Odin, Herschel, EOS Chem?2, and the airborne observatories
KAO and SOFIA.

Up to now only monochromatic signals have been considered. However, when
used as a spectrometer the MPI normally has to deal with broadband radiation.
Since the MPI is a linear device, each spectral component will propagate through
the system independently. Furthermore, the detection system will usually detect the
sum of the powers of the spectral components. Therefore, the theory of the FTS, as
outlined in previous sections, can be applied to the MPI. A more detailed description
can be found in [585]. THz FTSs based on MPIs have found widespread applications
in laboratory studies of solids, liquids, gases, and also for plasma diagnostics,
synchrotron radiation diagnostics, measurement of cosmic background radiation,
and atmospheric emission studies.

6.5 Fabry-Pérot Interferometer

The Fabry—Pérot interferometer (FPI) is a multiple-beam interferometer which is
based on two parallel and partially reflective surfaces. It is named after the French
physicists C.Fabry and A.Pérot, who invented this device in 1897. The FPI is
discussed in many textbooks on optics and only those aspects which are of specific
importance for the THz range are considered here. Originally, the FPI was developed
for use at short wavelengths where diffraction is not a major concern. This is not
the case at THz frequencies where, in addition, lateral offset or walk-off with each
successive round trip can lead to significant loss.
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Neglecting diffraction and walk-off losses, the transmittance 7' of an FPI with
two identical reflecting surfaces, each characterized by the reflectance R and power
absorbance A, follows from the Airy formula

-1

2 2
T(v) = (1_%) 1+ (g) sin?(®/2) | . (6.29)

Here, ® = 2nv2nd/c — 2®; is the total phase shift for one round trip that
is between two successive beams. It has two contributions: @; is the phase shift
due to reflection on one surface and 27rv2nd/c is the round trip phase delay, due
to the optical spacing nd of the two reflecting surfaces for normal incidence. The
transmittance has a maximum when the phase @ becomes a multiple of 27 radians.
The constructive interference maxima are called fringes. If @; is ignored, each fringe
corresponds to an integral number of half-wavelengths in the medium between the
reflectors. With @ = 2mm for maximum transmittance, m is referred to as the order
of the fringe. The peak transmittance is high if A4 is small. For normal incidence, the

fringes are spaced by
c

" 2nd’
This spacing is called the free spectral range. The finesse of an FPI is defined as the
ratio of the spacing between two successive fringes to the FWHW of a fringe:

F:nﬁ. 6.31)
1-R

Av (6.30)

The finesse is the effective number of multiple reflections. It becomes high if R
approaches unity. However, this reduces the transmission. Therefore, it is necessary
to find a compromise between resolution and transmission, which depends on
the type of application or system. The resolving power is the ratio between the
frequency at which the FPI operates and the FWHM of a fringe. It can be expressed
as the product of the order of the fringe and the finesse:

v

R:—:
Av

mF. (6.32)

The resolving power achievable with a practical system is somewhat worse, mainly
due to diffraction by finite apertures, and walk-off losses. These effects decrease
the degree of interference that can be obtained at the output of the FPI, and are
more pronounced in the THz region than at shorter wavelengths. On the other hand,
requirements on reflector smoothness, and on the parallelism of the reflectors, are
less demanding. An approximate criterion for ensuring negligible degradation of the
maximum transmission and the finesse is given by [590]

éd 0.025
= <
A T nF

) (6.33)
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For any practical FPI, it is important to have reflectors with high reflectivity and low
absorption loss. Mirrors coated with multilayer dielectrics, which are often used
in the visible and IR spectral range, are not practical at THz frequencies because
of the required thickness of the layers. Mirrors with thin metal coatings are too
lossy to be used, while bulk metal mirrors are opaque. The invention of metal
mesh reflectors opened the way to achieving efficient FPIs, and almost all THz FPIs
employ metal mesh reflectors. For some special applications mirrors from thin high
T., YBCO superconductor films on MgO or silicon substrates can be used. A peak
transmittance of 0.6 and a finesse of 20 have been obtained [591, 592]. Even with
one of the first FPIs in a simple design, it was possible to obtain a resolving power
of 2,000 at 1.5 THz [590].

The tunability of an FPI can be provided by a variety of mechanisms, for
example, a threaded cylinder, a cantilever, or a translational stage. Besides the
standard parallel reflector geometry, other variations have been developed. One,
which eliminates walk-off, is the folded FPI or ring FPI [116]. If the distance of
the mirrors is chosen for maximum reflectivity, radiation which enters the FPI exits
it at the same port but redirected by 90°. In the case of maximum transmission,
the radiation emerges at the other port, again redirected by 90°, but in the opposite
direction, as in the case of maximum reflection.

FPIs are frequently employed in spectrometers for astronomical observation. For
molecular spectroscopy with an FPI, a high resolving power (~10°) is required.
With a typical finesse of ~50 such an FPI needs to be used in a very high order
(~2,000), with a correspondingly small free spectral range. To suppress all but
one order, additional FPIs, with lower resolution, are mounted in series with the
high-resolution FPI [593]. FPIs have been used aboard the IR Space Observatory
ISO, covering the range from 1.5 to 26 THz. Here, several FPIs mounted on an
interchange wheel, as well as FPIs in series with gratings for order selection, were
used [594, 595]. In particular, a ring FPI can be used as a diplexer in a heterodyne
receiver where the LO is reflected as described above. The signal radiation, of
slightly different frequency, enters the FPI at the other port and is transmitted.
Finally, it is worth noting that an FPI can be used as a variable output coupler for
THz gas lasers. In this application, it replaces one of the mirrors of the laser. The
degree of outcoupling can be varied by adjusting the spacing of the FPI [596].

6.6 Time-Domain Spectrometer

The development of sub-ps mode-locked dye lasers in 1972 [111] and femtosecond
(fs)-lasers based on titanium-sapphire (Ti:Sa, a solid state gain media) in 1986
[112], respectively, led to a variety of new techniques in the THz frequency range.
Before discussing the details of time-domain spectrometers (TDS) [597,598], it is
appropriate to reflect on short-pulse lasers which were the enabling technology for
THz TDS, not only as integral components of such a spectrometer but also as a tool
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to investigate and improve the semiconductor and nonlinear materials employed in
THz pulse generation and detection.

The technique of Kerr-lens mode-locking developed in the early 1990s [599] led
to an easier access to sub-100 fs-laser pulses. The technique describes self-focusing
within the gain medium (here the Ti:Sa crystal), which causes bunching of the mode-
locked pulse circulating within the laser cavity. In the mid-1990s, the introduction
of chirped dielectric mirrors led to even shorter pulses and access to sub-10 fs-laser
pulses [600] (Sect.2.8). Fs-lasers emit pulses in the visible spectral region (typi-
cally around 780nm), although near-IR fs-lasers coupled to fiber technology are
increasingly used, due to their widespread availability following their application
in telecommunications in the 1,300 and 1,500nm band. Fourier transformation,
from the time domain to the frequency domain, reveals that such short visible
pulses correspond to electric field amplitudes, which are spread over a frequency
band with a width of a few THz for sub-ps pulses, to several tens of THz for fs-
pulses. For a THz TDS, it is necessary to down-convert this broad THz frequency
band from the visible to the THz range, and this will be discussed later in this
section.

Turnkey fiber-based fs-lasers are compact and commercially available at declin-
ing prices. Their ease of operation has prepared the ground for many uses, including
THz applications. Mode-locked fs-lasers, in general, produce regularly spaced
pulses in time which, viewed in the frequency domain, correspond to electric
field amplitudes regularly spaced in frequency, known as “frequency combs”
[601]. Moreover, fs-lasers allow the construction of THz broadband spectrometers
with only room temperature and solid-state components. In addition, exploiting
frequency comb techniques leads to THz TDS without moving parts, thus enhancing
data acquisition.

Near-IR fs-lasers with center wavelengths in the 1,500-nm band can use fibers
to propagate the pulses efficiently. They can generate pulses of less than 100 fs and
typical average power levels of 100 mW, with mode-locked repetition rates ranging
from 80 to 100 MHz. Visible lasers using optically pumped Ti:Sa crystals can easily
generate pulses of 10 fs and less, with an average power of 500 mW or higher. The
repetition rates are in the GHz range. The peak output power of a pulse from an
fs-laser can be increased by several orders of magnitude by using a low repetition
rate amplifier. For example, a regenerative Ti:Sa amplifier with 1 kHz repetition rate
can be used at the expense of increasing the complexity of the experimental setup.

THz TDS consist of polarized fs-lasers and, normally, three additional compo-
nents (Fig. 6.12). The first component allows the down-conversion of this broad THz
frequency band from the visible to the THz range. For down-conversion, an emitter
based on a semiconductor with a fast response time (so-called semiconductor
switch) can be used. Even with very high bias voltages applied, these semiconductor
detectors are designed to only show a current flow if, at the same time, another
visible fs-pulse generates sufficient electron—hole pairs in the material. Another
method of generating or amplifying a THz wave or pulse coherently is the use
of a nonlinear crystal. Initially, crystals such as LiTaO; were used, showing fast
transients with frequency components beyond 4 THz [602]. In the crystal surface
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Excitation Propagation Propagation Detection
VIS/NIR— THz /\/-> Sample /\/-> EOS or photo current
Converter THz THz

Fig. 6.12 Concept of THz pulse generation and detection: Conversion of the visible or near-IR fs-
pulses into THz pulses which propagate, interact with a sample, and further propagate to interact
with the detection system. The detection pulse is used to read out the THz response by an electro-
optical sampling technique (EOS) in which the detection pulse is modified by the THz pulse.
Alternatively, a semiconductor is used in which the detection pulse creates free carriers and leads
to a measurable photo current. The propagation can be either in free space or via the surface of a
material, for example for THz sensors

layer, on a length scale of the coherence length, THz beams are emitted as electro-
optic Cherenkov radiation, with frequency components beyond 1 THz [528].

The second component detects the emitted and freely propagating THz pulse
which is, once more, a semiconductor material or nonlinear crystal. The semicon-
ductor material is designed to operate as a very fast switch so that the detector is
only active if the fs-pulse or gate-pulse is present. For the ps and sub-ps long THz
pulses, and by using gate-pulses with lengths between 5 and 100 fs for commercial
lasers, the THz electric field can be viewed as constant in time when the visible
gate pulse is present. Then the electric field value, averaged in the time window
of the gate pulse, can be measured by the current flow, which is also oriented
according to the direction of the electric field vector. This process of optical gating
and averaging finds its analogy in the well-known electronic boxcar gating and
averaging technique.

Another method, electro-optical sampling (EOS), employs nonlinear crystals,
initially LiTaO3 [603] or ZnTe [604], for detection. In this case, the impinging time-
varying electric field changes the crystal’s birefringence as a function of time and
electric field strength of the THz pulse. A second polarized fs-pulse, for example
split off from the original pulse (Fig. 6.13), passes through the crystal at the same
time and alters its state of polarization, due to the birefringence experienced. The
polarization state can be measured by a polarizer serving as an analyzer. The process
of detection of THz pulses in nonlinear crystals relies on the coherent overlap of
the optical and THz waves, within the coherence length, which also determines the
optimal detector crystal length. This detection process is commonly named coherent
detection.

The third component is a method of introducing a variable time delay between
the second fs-pulse used for detection and the THz pulse, which is locked in time to
the fs-pulse, generating it by down-conversion. The fs-pulse for detection is often
much shorter, e.g. 5-100fs, than the THz transient, so that a variable time delay
allows tracing out the electric field of the THz pulse, while sampling the electric
field vector, and averaging within each optical gate pulse. The Nyquist theorem
then determines which frequencies are still resolved, up to as high as 100 THz for
5 fs pulses.
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Fig. 6.13 (a) One mode-locked fs laser, emitting pulses regularly spaced in time is split by a beam
splitter (BS) into high intensity excitation pulses and low intensity detection pulses. The detection
pulse is reflected by a mirror (M) through an element, which introduces a time delay (A¢) with
respect to the excitation pulse. (b) Two mode-locked lasers, with a cavity length difference (Ax),
generate pulses with different repetition rates. For a certain time interval, here after four and again
after eight excitation pulses, coincidence with the third and sixth detection pulse is achieved

The simplest and cheapest way to introduce a variable time delay is to use a
mirror mounted on a mechanical translation stage. The mirror should have little
dispersion and a high broadband reflectivity to preserve the fs-laser pulse (Sect. 2.8).
The translation stages can be simple loudspeaker membranes, fast piezo-driven
mirrors, or more sophisticated systems. For short delays it is possible to obtain high
speed data acquisition, with modulating frequencies in the kHz range. Step-scan
techniques can also be used. In general, delay times up to several ns, corresponding
to several tens of cm of inserted path length, increase the spectral resolution in a
similar way to that of a standard FTS. However, to achieve high resolution in the
order of a MHz, delay lines with a length of ~100m are required. This, and the
low spectral brightness of TDS, result in systems, which are typically designed for
a resolution of between 1 and 10 GHz.

The prototype model for current THz TDS is based on the so-called Auston-
switch, developed in 1984 by D.H. Auston et al.[104]. In analogy with the
classic experiment by Hertz, fast photoconducting materials serve as time-varying
Hertzian dipoles if excited by fs-lasers. Their apparatus already included generation,
transmission, and detection of THz pulses, but was intended to measure properties
of semiconductor materials with fast electromagnetic transients, to overcome
limitations imposed by transmission line structures.
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The device consisted of two identical photoconductors located symmetrically on
opposite sides of a 1.15-mm-thin slab of insulating, sapphire material (Fig. 6.14a).
The fast photoconductor is a 1-pwm thick epitaxial Si film deposited on sapphire
(SOS, silicon-on-sapphire) and irradiated by 3 x 10'> Ar" ions/cm? with an energy
of 2MeV. The Ar ions introduce a large density of defects, leading to a rapid
capture, if carriers are optically excited by a fs-laser pulse. The active region of
the photoconductors, into which the visible pulses with intensity /(¢) were focused,
was a 10-wm wide gap between the Al electrodes biased at Vg = 45V. The 100 fs-
pulses were generated by a colliding-pulse, passively mode-locked (CPM) ring dye
laser, with an energy of approximately 50 pJ.

The THz transient is transmitted to the detecting film illuminated by another
fs-pulse, split from the fs-pulse used for generation, and delayed by a time A¢. The
receiving electrode is connected to a low-frequency amplifier giving a voltage Vs
related to the average current as the optical delay is scanned. An aperture is included
to limit multiple reflections between the dipoles. Fattinger and Grischkowsky [605]
illustrated the possibility of collimating and focusing the THz transient emission,
and producing a beam of freely propagating electrical pulses [606].

The emitter is a Hertzian dipole, with dimensions that are small compared to any
of the radiated wavelengths, excited by a 70 fs CPM dye laser. The THz source can

a Photoconducting films b
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Fig. 6.14 (a) Prototype device of a THz TDS developed by Auston et al. (for a detailed
description, see text) (b) Point source THz optics used by Fattinger and Grischkowsky consisting
of an Au mirror on a solid hemispherical sapphire lens, with a diameter of 9.5 mm, in contact
with the rear side (sapphire side) of a 0.43-mm thick SOS chip. (¢) Voltage Vs biased coplanar
transmission line with the laser excitation beam defining the location of the THz transient dipole.
The monitor beam measures the electrical pulse coupled to the line. (d) THz detector placed at a
distance of 1.7 mm from the emitter and connected to a current amplifier. The fs-laser detection
beam is centered on the 10-um wide gap within the diffraction limited THz beam indicated by the
dashed circle (adapted from [104, 605, 606])
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be placed at the focal point of a spherical lens for collimation (Fig. 3.24) but, for
the experiment, the focal point was placed mid-way (Fig. 6.14b) between the source
(Fig. 6.14c) and THz detector (Fig. 6.14d). The emitter was located on a 20-mm-
long transmission line consisting of 5 um wide, 500 nm thick, and 10 um spaced
parallel electrodes of aluminum. This experiment showed 0.6 ps wide THz pulses
[605] containing frequency components beyond 1 THz [606]. Although the authors
pointed out that sapphire is not an ideal lens material, due to its absorption and
dispersion, they could still show freely propagating diffraction-limited THz beams
of pulses, with a maximum emission around 0.5 THz (Fig. 6.15a). After propagating
the pulse for 1 m in free space, there was little change in the measured sub-ps
pulse shape, when compared to a propagation distance of 0.1 m. However, due to an
average beam divergence of 100 mrad, a 20-fold intensity loss was observed [606].

Transferring a THz electric field transient and pulse through a sample with
absorption and dispersion and comparing it to the initial pulse, unaltered by the
sample, enables broadband THz spectroscopy similar to DFTS, but with a sub-ps to
fs time resolution, and often higher (S /N )-ratio in the THz frequency range, due to
the optical gating and coherent detection.

In a subsequent experiment [607], two off-axis paraboloidal mirrors, although not
optimized for a symmetric beam pattern (cf. Fig. 3.16), were used in combination
with MgO lenses, instead of sapphire lenses, to generate, collimate, and refocus
THz beams (Fig. 6.15b). The THz TDS was placed in an airtight enclosure, thus
allowing spectroscopy of gases. The authors used a 70-fs CPM dye laser with an
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Fig. 6.15 (a) Freely propagating THz beams from a 5-mm diameter coherent source [606] (b) THz
TDS setup for measuring the absorption and dispersion in gases simultaneously. The dashed circles
illustrate the diffraction-limited beams at different THz wavelengths (adapted from [607])
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average power of 1.5 mW for excitation with a duty cycle of ~107°. The energy per
THz pulse is low but, due to the high repetition rate of 100 MHz and the coherent
detection, the peak electric field is measured with a (S/N)-ratio of ~3,000 for
an integration time of 125ms [607], i.e. the peak intensity is measured with a
(S/N)-ratio of ~9 x 10°. Since these first experiments, the average THz output
power has increased from 50 nW initially, to 50 wW for a semi-insulating (SI) GaAs
emitter, with parallel electrodes spaced by 0.5 mm biased at 200V [135], and to
approximately 100 wW for cooled emitters [608]. The frequency coverage has been
extended to 4-8 THz and even beyond, to 70 THz [609-614] in spectrometers with
lasers emitting a few fs long pulses. It should be noted that the power is emitted
across a frequency band of several THz and the spectral brightness of a TDS is low
when compared with a cw coherent source. The THz pulse energy was increased to
about 1 J by using high-power excitation lasers with low repetition rates, which
resulted in electric field amplitudes exceeding several MV/cm [615, 616]. With
cooled emitters and EOS a (S/N)-ratio for the measurement of the peak electric
field amplitude in a THz TDS can exceed 10* (10% for the intensity) using an
integration time of 20 ps, while a sufficiently sampled THz transient is traced out
within 20 ms [608].

The concept of THz TDS can also be viewed as a modified pump-probe scheme
(Fig.6.13a,b). Part of the excitation (pump) pulse is split off into a low intensity
detection (probe) pulse by a beam splitter. If both pulses are incident on a sample,
the excitation pulse will ideally excite a resonance in the material. This is probed by
the low intensity detection pulse, which does not affect the material in the first place.
By introducing a time delay Af between detection pulse and excitation pulse, the
response of the material at a time At after the excitation pulse can be monitored.
Continuously varying the time delay allows the response to be recorded in detail.
The response can be followed until the next excitation pulse arrives. Pockels cells
can pick out pulses, from regularly spaced fs-laser pulses, and effectively reduce
the repetition rate and increase peak power, if used as a seed of a regenerative
amplifier.

Figure 6.13c,d illustrates a technique called asynchronous optical sampling
(ASOPS) [617-620]. Two fs-lasers are used instead of a translation stage for intro-
ducing a time delay. One fs-laser has a slightly larger cavity length in comparison
with the second fs laser. This larger cavity length results in a longer round-trip
time, and wider spacing of subsequent fs laser pulses. Both lasers can be free-
running if they are well manufactured, when passive stabilization is sufficient.
Another way is to control one cavity actively by placing one cavity mirror on a
fast piezo stage, and locking the round-trip frequency of the detection laser, with
a slight offset to the excitation laser. Typically, the excitation laser is stabilized to
the detection laser using techniques such as ASOPS, or electronically controlled
optical sampling (ECOPS). It is also possible to lock the lasers to separate frequency
synthesizers. These methods require a very high electronic stability. During the
development of so-called frequency combs used for metrology, the stability has
increased significantly because the mode number is large, typically between 10°
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and 10°. The mode number follows from the laser round-trip frequency, ranging
from 80 MHz to 5 GHz, and the center wavelength of the visible fs-lasers around
385THz (780 nm).

This configuration leads to a sampling scheme in which the detection pulse is
increasingly time delayed with increasing pulse number (Fig. 6.13d). Adjusting the
frequency offset to the cavity length difference determines the number of sampling
time delay positions, until a zero delay reoccurs between two laser pulses.

Various methods are used for THz generation with fs-lasers which involve
charged carriers in semiconductors and photoconductive antennas, or crystals using
a nonlinear optical process, i.e., optical rectification or even nonlinear processes
in an air plasma [621, 622]. In the following paragraphs, the main features of the
techniques are described. Current research attempts to find better materials for THz
generation, with regard to power output, and increased efficiency in converting
visible to THz light over a broad frequency range. Improvements lead to very short
THz pulses containing components at high frequencies with high peak power.

6.6.1 Simplified Models of THz Pulse Generation
and Detection

The generation of a THz pulse by charged carriers is typically attributed to fast
carrier generation (Chap.4.7). The fast generation of the number of charge carriers
on the fs to sub-ps timescale can be considered as a time-varying electrical current
in a Hertzian dipole, which in turn leads to an electrical field, that changes on the
same timescale as described by the Maxwell equations.

A simple model of a THz TDS can be obtained in the following form: two
electrodes deposited on a semiconductor, separated by a few micrometers, form a
photoconductive gap, which is illuminated by a visible fs-pulse that is assumed to
have a Gaussian intensity distribution (Fig. 6.18). The pulse creates free electron—
hole pairs with a generation rate G(¢). The initial fs pulse intensity leads to a
Gaussian distribution of the free carriers N¢, distributed in time with a width At,
and is described as:

G(t) = Ncexp(—(t/At)?). (6.34)

The concentration of free carriers depends on the laser power focused in the gap,
and an approximate value of 10'> cm™3/mW can be assumed [603, 623]. A bias
voltage is applied to the electrodes, which are typically part of a deposited antenna
structure, to improve free space emission of the THz pulse. The electric bias field
induces a force and acceleration of the carriers. This leads to a separation of the hole
and electron distributions which in part, where they do not compensate each other,
also weaken the bias field Ep, due to screening caused by the polarization P of the
space charge. The local field experienced by the carriers is:
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P
E=Eg——. (6.35)
ae
The parameter « is a geometrical factor of the semiconductor, which is three
for an isotropic medium, and ¢ is the dielectric constant of the substrate. The
time dependence of the polarization is connected to the current density j and the
recombination time t; between a hole and an electron:
dp P

— =——+4+] 6.36
ar - +J (6.36)

The time-dependent current density as a function of velocity v, and mobility
He.h 18:

J(@) = qenNcVer = qen Nepten E (6.37)

with a direction, depending on the charge ¢, of electrons and holes. The current
leads to the emission of an electric field pulse according to Maxwell’s equations

d] dNC dVeh
Eth, X — = qep——Ve e N —,
TH QU qe.h T Veh + genNc QU

(6.38)

including the change of hole and electron velocities. The electron—hole generation
rate depends on the carrier trapping time 7.. Short trapping times are obtained
for semiconductors with a large number of defects, or precipitates such as metal
clusters. With the generation rate G, the change of the carrier concentration is
obtained:

dNc Nc

R _T_c + G(1). (6.39)

The carrier acceleration follows as

d
Ve.h _ _Ve_,h + ge.h E. (640)
dr Ts Me

The momentum relaxation time or carrier collision time ty and similarly the
electron—hole recombination time 7, are below 100fs. The trapping time . often
exceeds 1 ps. The dependence of the current density on the carrier mobility .
and the recombination, and therefore the switching time as a function of defects,
indicates the challenges for materials design. A carrier velocity overshoot, and
ballistic acceleration of carriers is possible, if the average collision time is much
smaller than the momentum relaxation time. The collision time depends on the
concentration of the electron—hole pairs n as a consequence of the fs-laser pulse
power.

The detector material changes conductivity o(¢) as a function of the incident
time-delayed fs-laser pulse, with the impinging THz electric field serving as bias
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Fig. 6.16 (a) Emitter excited by an fs-laser pulse focused on an approximately 5 jum photocon-
ducting gap of LTG-GaAs substrate. The dipole antenna structure is biased at a voltage Vg to
increase the THz pulse emitted from the device (not to scale). (b) Photoconducting detector chip
with dipole antenna structure gated by an fs-laser beam. The incident THz pulse and electric
field leads to a voltage across the photoconductive gap with varying polarity, which produces a
measurable current / during electron—hole pair generation of the fs-laser pulse

voltage for the photo-injected electron—hole pairs, resulting in a time-dependent
current density given by

T
j() = %/0 E(t)o(t + 7)dt. (6.41)

If the conductivity o () o euNc is a delta function, the detected current has the
same pulse shape as the THz electric field. The time integrated field of the THz
pulse is obtained if the conductivity is a square function, with a length longer than
the THz pulse, but shorter than the repetition rate 1/ 7T of the fs-laser. A suitable
model assumes that the conductivity rise time is governed by the collision time t;,
and the carrier recombination and/or trapping time.

The peak field amplitude is proportional to the peak current amplitude AJ

5 W
AJ = U%VBT/TC - euNC%VBT/rC

1-R Py, Vs
h d d’°

where § is the skin depth reached by the excitation laser (Sect.3.8), N is the
average carrier density, o is the average conductivity of the semiconductor, and u

the electron mobility, which for SI GaAs exceeds 3,000 cm?/(Vs) [623,624]. hv is
the photon energy of the excitation laser, R the reflectance of the GaAs substrate,
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and P;, the average incoming power of the excitation laser. The parameters d,
distance, and w, effective width, characterize the surface area between the electrodes
which can be illuminated.

The maximum electromagnetic energy which can be emitted by the photocon-
ductor corresponds to the electrostatic energy which is stored in the gap region of
the antenna structure. Considering the gap region as a capacitor, with capacitance C
on the order of a fF, the energy for an applied bias voltage V5 is obtained

1 2
E = CVy, (6.43)

which is typically a few pJ.
The amplitude of the emitted THz electric field is a linear function of the bias
voltage Vp but shows a saturation behavior

P;

Ep oo =,
THZ ™ Py + Pin

(6.44)
The saturation behavior (with Py corresponding to half of the maximum THz
electric field) can be measured by increasing the bias voltage V3 or the input power
Py,. For example, at 30V a saturation power of approximately 60—70 mW can be
obtained which, however, would destroy a real device.

Ti:Sa lasers emit in the wavelength range around 780nm, and are typically
combined with GaAs materials, due to its appropriate bandgap. In the simplest case,
SI GaAs, or As+—implanted in GaAs, is used [623], but GaAs array emitters are also
available [625]. Fiber lasers around 1,500 nm wavelength require different materials
such as InP and InAs [626]. Pure GaAs and Si are transparent around 1,500 nm,
which can be useful, for instance in delivering the exciting fs-pulse through an
Si substrate to a layer, which contains electrical fields, as in a computer circuit.
A typical antenna is a double dipole antenna at a bias voltage Vg of 30-50V across
a gap of 5 um (Fig. 6.16).

Optical rectification uses a material with nonlinear properties to generate THz
radiation (Sect. 2.5). The process down-converts an optical photon into two photons,
one in the IR and one in the THz range. The process is comparable to a difference
frequency generation process. The efficiency increases with intensity.

Second-order rectification is the most important nonlinear process (Sect.2.5)
for generating THz radiation from (110) crystals in the zinc-blend structure. ZnTe
crystal belongs to the point symmetry group 43m, which leads to a simplified tensor
for the second-order susceptibility:

000dis, 0 0
dijk =dij =000 0 dos 0 |. (6.45)
000 0 0 ds

Further symmetry operations lead to the following identification dyj4 = dj3 =
dy13 = dys = d312 = dse. The optical beam needs to be perpendicular to the (110)
ZnTe surface with the electric field described as [627]:
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Fig. 6.17 The (110) plane lies in the plane of the paper and the graph illustrates the conversion
from the original coordinates xyz to the dashed ones x’y’z’: 6 is the angle between optical
polarization and the z-axis while @ gives the angle between the THz E-field and z-axis (adapted
from [627])

Ey —sin(0)
E=— sin(6) (6.46)
V2 V2 cos(6)

with |E| = Ej and 6 the angle between the E-field vector and the (001) axis
(Fig.6.17). Using the new coordinates, and rotation by 45° degrees in the (x — y)-
plane, the following nonlinear polarization is obtained:

0
P = d\4E} | 2sin(0) cos(d) | . (6.47)
sin(6)

From this, it follows that the maximum THz amplitude is achieved for both 6 and
@ equal to 54.7° corresponding to sin(f) = sin(®) = +,/2/3 with | Ppax| =
V4/3d 1, E} [627].

The crystal thickness needs to be long enough, ideally as long as the coherence
length, to amplify the THz radiation sufficiently, before destructive interference
between the wave packet and the THz radiation reduces efficiency. The refractive
index of ZnTe varies, but is the same at 780 nm and 2.28 THz (n = 3.28) resulting
in a maximum of the coherence length. For THz generation up to 2.5 THz, a crystal
length of more than 1.5 mm is ideal while for frequencies above 10 THz, due to
the very small coherence length, crystals of 10 wm thickness, typically supported
on a substrate such as quartz, can be used. At 5.3 THz, the transverse optical (TO)
phonon in ZnTe is present, which leads to a suppression of emission around this
frequency. Choosing different crystal materials such as GaSe [628] or GaP can
extend or complement the emitted frequency range.

The techniques described retrace the THz pulse intensity in time. It is appropriate
to highlight applications which retrace the THz pulse intensity in space. In the
near-IR spectral range, high-speed systems, such as streak cameras, are available
to monitor ps-pulses, by mapping the pulse on a CCD array. In the THz frequency
range, it is possible to map the time intervals on an array. Direct mapping requires
a THz array, or at least a line array. THz arrays are discussed in detail in Chap. 7 in
the context of THz imaging. EOS can be used to map the near-IR detection pulse,
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which was modified by the THz pulse, on an array designed for visible light or
on a CCD camera imaging array [629]. In principle, this technique can monitor
individual pulse traces with a chirped optical detection pulse [630] (Sect. 2.8).

6.6.2 Applications

An illustrative example is the transmission of a THz pulse through a 1 mm thick
plane-parallel window material such as ultra-pure Si. Si has very little absorption
and dispersion in the THz frequency range. It mainly introduces a time delay due to
its refractive index. The pulse recurs approximately every 23 ps, corresponding to
an optical length of 2nd given by the refractive index n of Si, and the geometrical
length d of the window.
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Fig. 6.18 Illustration of (a) Photo-injected carrier concentration N¢ (6.39), (b) change of conduc-
tivity o, (c) resulting emitted E-field of the THz pulse, (d) ringdown signal for a THz pulse shown
in (c) transmitted through a plane-parallel plate of thickness d. The pulse shift and amplitude
reduction of the following pulses is a result of the complex refractive index 7 = n + ix. The
pulse peak is shifted by 2(n — 1)d due to the average refractive index n. The shape of the shifted
pulse is very similar to the initial pulse shape, if ultra-pure Si is used, because the refractive index
is reasonably constant throughout much of the THz range. The pulse amplitude of the following
pulses is governed by the absorption « and reflection losses at the plate interfaces because of the
refractive index n
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Fig. 6.19 (a) Typical electric field transient of a THz pulse in the time domain and (b) the
Fourier-transformed spectrum of field amplitudes using a GaAs emitter and EOS detection giving
a dynamic range in intensity of 10°. The spectral resolution of 1 GHz (1 ns delay time) allows for
resolving residual water vapor absorption lines

The intensity decays due to reflection losses at each material interface, leading
to a so-called ringdown signal. The pulse length is much shorter than the round
trip time, so that interference is not observed between pulses of the transmitted
pulse train. In the time domain, the refractive index, the thickness, and, under some
conditions, the absorption can be immediately extracted by using the ringdown
signal (Fig. 6.18).

A THz pulse can also be viewed as a wave package consisting of a superposition
of a multitude of single frequency waves. The amplitude and phase at each
frequency can be extracted by Fourier transformation. The assignment of water
vapor lines illustrates the possibility of deriving amplitude and phase, absorp-
tion and dispersion, simultaneously at THz frequencies with very high accuracy
(Fig. 6.19) [607].

Since THz TDS are commercially available in various forms at a reasonable
price, the number of techniques and applications using TDS systems is expanding.
For a review, see [631] and references within.

6.7 Coherent Source Spectrometers

In this section, spectrometers which are based on coherent cw tunable, and narrow
band, i.e. Av/v & 107%, THz sources are discussed. Naturally, the domain of such
spectrometers is high-resolution spectroscopy, specifically molecular spectroscopy.
Several approaches to coherent THz sources have been discussed in Chap. 4. From
these, harmonic generators and backward wave oscillators (BWOs) can be used
more or less directly for THz spectroscopy. It will be shown that gas lasers
are also used, although some effort is required in order to achieve tunability.
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Fig. 6.20 Simplified scheme of a THz spectrometer for molecular spectroscopy. The frequency of
the source is tunable and its power or frequency can be modulated by some method. The radiation is
transmitted through an absorption cell and focused onto a detector, whose output signal is amplified
and phase-sensitively detected with a lock-in amplifier

Spectrometers based on these sources were introduced in the 1970s to 1980s. More
recently, spectrometers based on photomixing of either dye lasers [632], or cw diode
lasers [633] in a photoconductive switch, have been reported, and a spectrometer
based on a quantum cascade laser (QCL) has been demonstrated [331]. However,
comparatively little spectroscopic work has been done with these spectrometers
and therefore the focus here is on more established approaches. The principles
of coherent source spectroscopy can easily be transferred, from the spectrometers
described in the following sections, to spectrometers based on other sources.

Before discussing actual spectrometers, it is useful to consider the sensitivity
limits. A simple spectroscopic system is shown in Fig.6.20. Some type of THz
source emits radiation with power Ps and frequency v. The radiation is transmitted
through an absorption cell, which is filled with a gas at a particular pressure.
The transmitted radiation impinges on a detector, and generates an output voltage.
The THz source is modulated by an appropriate method, and the output signal of
the detector is measured with reference to the modulation frequency by a lock-in
technique. For small absorption, the minimum detectable absorption 8, is defined
as Spin = %)—P ~ aL with the absorption coefficient « of the absorbing medium and
the length L of the absorption path. Ultimately, it is given by the ratio of the noise
power Py of the detector to the source power Ps. The lock-in amplifier converts an
AC signal into a DC signal. This results in a factor of 2 power loss of the signal,
while the noise power does not change. The minimum detectable absorbance is
further increased because the modulation of the signal has to be taken into account.
M is the modulation index of the detection scheme. Its value is between 0 (no
modulation) and 1 (full modulation of the absorption feature). This leads to the
following expression:

2 Py

Omin = . 6.48
M P (6.48)

As an example, a detector with an NEP of 10~*W/+/Hz is considered. The THz
source may deliver 10 wW, the integration time is 1s and the modulation depth is
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0.3. For a frequency modulation scheme, this corresponds to about the half width
at half maximum of a molecular absorption line and yields 6, = 6.7 X 107°.
The fundamental detection limit of such a system is given by the shot noise limit
of the THz source. Note that the power of the THz source is much higher than the
power from the background (Pg < Ps), which can therefore be neglected. For a
photovoltaic detector, the shot noise limit of &, is given by (5.10)

8min = i h

M Y]Ps‘L"

(6.49)

Here, n is the quantum efficiency of the detector and t is the integration time.
To convert the bandwidth B of the detector into an integration time, a filter with
B = 1/(27) has been assumed. If the power is constant, the minimum detectable
absorption increases with frequency. This is typical for the statistical nature of the
shot noise limit, because increasing the frequency at constant power means fewer
photons, and consequently larger relative noise. For a photoconductive detector,
(6.49) needs to be multiplied by a factor of +/2, due to the higher shot noise
limit of such a detector (5.47). As an example consider a spectrometer with a THz
source delivering 10 wW at 2.5 THz, a detector with a quantum efficiency of 0.2,
an integration time of 1s and, a modulation depth of 0.3. With these numbers, the
minimum detectable absorbance is 4.8 x 1078. Obviously, with a state-of-the art
detector it should be possible to achieve quantum-limited sensitivity. However, in
real spectrometers, this is often not the case because other effects, such as power
fluctuations of the source, or standing waves in the spectrometer, are a limitation. It
should be noted that the sensitivity of a spectrometer can be increased significantly
when using a source with higher output power. Alternatively, the lack of source
power can be compensated for by using a more sensitive detector.

In the following three sections, the design and performance of different spectrom-
eters are discussed. Emphasis is placed on those parts of the spectrometer which are
specific for the THz range, rather than on particular spectroscopic features such as
absorption cells or sample holders.

6.7.1 Spectrometers with Multiplier-Based Sources

As pointed out in the introduction to this chapter, spectrometers based on harmonic
generation of THz radiation were the first to be used for molecular spectroscopy in
the THz region. Modern multiplier-based spectrometers rely on the same principles
as the early instruments, but are more powerful in the sense of frequency coverage,
frequency agility, output power, and ease of handling.

As an example, a laboratory spectrometer for molecular spectroscopy is
described which is based on the local oscillator technology for the HIFI instrument
on the Herschel Space Observatory [552] (Fig. 6.21). The core of the spectrometer
is the source, which consists of a commercial sweep synthesizer operating from 11
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Fig. 6.21 Scheme of the multiplier-based THz spectrometer. The THz multipliers are exchange-
able and with a set of these it is possible to provide radiation for spectroscopy up to 2.6 THz
(adapted from [552])

to 18 GHz that has a low phase-noise output. It is frequency locked to 1:10'!. It is
important that the output of the synthesizer is not turned off while the system is
stepping frequency. The synthesizers output is filtered by a tunable YIG filter in
order to provide the necessary spectral purity. The sweep synthesizer and the YIG
filter are swept simultaneously. Different sixtuplers are used to reach 70—120 GHz.
From this signal, different MMIC amplifiers generate 200-500 mW between 71 and
115 GHz. This amplification is an essential requirement for generating sufficient
drive power to the following cascaded multipliers. A variety of cascaded doublers
or triplers follows the power amplifiers and generates the THz radiation. With a set
of exchangeable multipliers, it is possible to provide radiation for spectroscopy up to
2.6 THz. The THz radiation is passed through an absorption cell and detected with a
Schottky diode (below 0.7 THz), an InSb detector (below 1.2 THz), or a composite
helium-cooled Si bolometer (above 1.2 THz). The output signal of the detector
is amplified and detected with a lock-in amplifier. Three frequency modulation
schemes are implemented. For amplitude modulation (AM), the synthesizer is
turned on and off with frequency f. For frequency modulation (FM), the source
frequency is modulated with an applied sine wave, and 2 f detection results in a
second-derivative Gaussian line shape. Toneburst (TM) modulation is a combination
of the two previous methods. In TM, a fast dithering sine wave is switched
on and off at a slow rate; 1f detection then results in an approximate second-
derivative Gaussian line shape. For best (S /N )-ratio, the modulation depth, and the
modulation frequency, have to match both the absorption linewidth and the detector
speed. The slow Si bolometer requires either AM or TM while the faster Schottky
and InSb detectors can be operated with all schemes.

In a path length of 2 m, absorptions on the order of AP/Ps = 107> can be
detected for frequencies less than 1.7 THz. Above 1.7 THz, this threshold increases
to AP/Ps = 1072, due to the rapid decrease in available source power Ps.
Spectrometers such as the one described here are relatively simple and, especially
with detectors operating at room temperature, they are attractive for a number of
applications in the laboratory or in the field. A fast and sensitive spectrometer for
gas monitoring and quantification operating around 250 GHz has been demonstrated
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[634]. Because of its high spectral resolution, the spectrometer provides both
specificity and low false alarm rates.

6.7.2 Spectrometers with Backward Wave Oscillators

Ever since their invention backward wave oscillators (BWOs) have been used for
spectroscopy. Their attractive features are narrow linewidth, high output power,
and tunability. Despite being a narrow band source BWOs are used not only for
molecular spectroscopy, but also for solid state transmission or reflection spec-
troscopy. This is different from the sideband and difference frequency spectrometers
discussed in the following sections, which are used exclusively for molecular
spectroscopy. The main reason is the broad frequency coverage achievable with a
single BWO in combination with >1 mW output power. In addition, the whole THz
range up to 1 THz can be covered continuously with a few BWOs, which allows
the measurement of broad features typically occurring in solid-state systems. As
examples, BWO-based spectrometers, for high-resolution molecular spectroscopy
and solid-state spectroscopy, will be described in this section. More details can be
found in [372,554].

Figure 6.22 shows the principal layout of a spectrometer for molecular spec-
troscopy. The key element is a phase-locked BWO. The reference frequency is
provided by a mmW synthesizer. A small amount of the output radiation from the
BWO is mixed in a Schottky diode with one of the harmonics generated from
the millimeter wave radiation inside the diode. The mixing signal is the reference for
the phase-lock loop. When the synthesizer frequency is tuned, the BWO frequency
tracks it. Most of the BWO radiation is coupled into an absorption cell and an
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r amplifier control | 7810 118 GHz
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Fig. 6.22 Schematic diagram of an absorption spectrometer with a BWO source. The frequency
of the BWO is controlled by a phase-lock loop (PLL). A portion of the power is mixed with the
harmonic signal from a microwave synthesizer to provide the lock-in signal (adapted from [635])
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InSb detector measures the fractional absorption with the lock-in technique. The
linewidth of the phase-locked BWO is ~30kHz, which is much smaller than the
typical Doppler limited linewidth of a molecular absorption line at THz frequencies.
It enables very precise measurements of line profiles and line shifts. In comparison
with the MIM diode-based difference frequency spectrometer (Sect. 6.7.4), which
provides a similar linewidth, the BWO spectrometer has the advantage of a much
higher (more than three orders of magnitude) output power and, correspondingly, a
higher sensitivity. Due to the high spectral purity and output power of the BWO, it is
possible to perform saturation spectroscopy, and to resolve the ammonia rotational
spectrum with Lamb dips and crossover resonances, which are only ~50kHz wide
[636]. The development of a BWO spectrometer without a phase-lock loop [637]
uses the inherently small linewidth of a free-running BWO (<20kHz). A part of the
BWO emission is sent through a Fabry—Pérot interferometer (FPI) and this serves as
the frequency standard. The BWO is swept so fast, from one mode of the FPI to the
next, that during this time its linewidth is not affected by thermal and power supply
induced instabilities. A correspondingly fast data acquisition stores the absorption
signal, together with the frequency determined by the FPI. The mode separation of
the FPI should be small (in this case ~4 MHz) in order to minimize errors induced
by interpolation of the frequency between two modes. With this spectrometer, it
is possible to scan a large spectral portion (10° spectral resolution elements per
second) with a linewidth as small as ~0.1 MHz.

In solid-state spectroscopy, the parameters of interest are the dielectric properties
of the material or, in other words, the refractive index and the absorption coefficient.
These can be extracted from a measurement of the transmission coefficient of the
sample, the phase shift of the transmitted wave, the reflection coefficient, or the
phase shift of the reflected wave. The measurement of two of these parameters is
sufficient to determine the dielectric properties unambiguously, and without the need
for a Kramers—Kronig transformation [638]. Depending on the sample properties,
i.e. its transmission, usually either the transmission or the reflection parameters are
measured. The design of a spectrometer for transmission measurements is shown in
Fig.6.23 [372].

Essentially, it is the THz analogue to a Mach—Zehnder interferometer. The
spectrometer has two beam paths, one with the sample and one with a phase-shift
compensator. Transmission measurements are made by sweeping the frequency of
the BWO. This is achieved by ramping its supply voltage up or down. As pointed out
above, the unstabilized linewidth of Av/v ~ 107 is sufficient and phase-locking
is not required. The output beam is shaped by lenses and diaphragms in order to
provide a Gaussian beam profile in front of the sample. A wire grid polarizer defines
the polarization, and a wire grid step attenuator is used for adjusting the power on the
sample under investigation. The transmitted radiation is focused onto a detector. For
most measurements, a Golay cell is sufficient because of the high power available
from the BWO. The transmission is measured twice, once with the sample in place
and once without the sample. By dividing both spectra, the transmission function of
the spectrometer is eliminated, and the transmission of the sample is determined. For
phase measurements, a beam splitter directs a part of the radiation onto a phase-shift
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Fig. 6.23 BWO spectrometer for dielectric measurements. The transmission of the sample is
measured as a function of the BWO frequency in transmission geometry without the grid
beam splitter (BS) and the upper beam path. The phase is measured in a Mach—Zehnder type
configuration with a grid beam splitter, where the frequency of the BWO is tuned. One mirror
is movable to compensate for phase-shifts, so that the signal at the detector is zero. The second
mirror is mounted on a motor (shaker) and modulates the phase for lock-in detection. In this case,
the movement of the phase-shift compensator is measured as a function of the BWO frequency
(adapted from [639])

compensator. This is a movable mirror. While tuning the frequency of the BWO, the
phase shift compensator is moved so that a zero-signal is maintained on the detector.
The displacement of the mirror is measured as a function of the frequency of the
BWO. As with the transmission measurement, one measurement with the sample
and one without the sample is performed. From this the phase shift induced by the
sample can be determined. The reproducibility and accuracy of the data is limited
by the matching of the sample and reference spectra. Typically, this is 0.1% to 1%
in transmission and ~1 pm in phase. There are various other possibilities e.g. for
reflection or birefringence measurements. These can be found in [372] for example.

6.7.3 Spectroscopy by Tunable Terahertz Sideband Generation

Above 1-1.5THz, BWOs, or techniques based on harmonic generation of THz
radiation, do not provide sufficient power and frequency tunability for high-
resolution molecular spectroscopy. Laser sideband spectroscopy, which is based on
mixing the radiation of a fixed frequency THz gas laser, and some type of frequency
tunable microwave source in a Schottky diode, provides the possibility of sensitive
spectroscopy at higher THz frequencies. This technique dates back to the 1970s
[347-349]. In the following years, it has been improved significantly and has been
successfully used to detect high-resolution spectra of many molecules, free radicals,
and ions [350,351].
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The principle of the technique relies on the ability of Schottky diodes to generate
sidebands when irradiated with radiation from two sources. One source is a THz
gas laser operating at vy, and emitting more than 10 mW of power. The other is
a microwave source operating at vyiw. The Schottky diode generates the sideband
frequencies vsg = vry, = mvyw with m = 1,2,3,.... The + sign refers to the
upper sideband and the — sign to the lower sideband. Physically, the generation
process is the same as in the case of a Schottky diode mixer but with two differences.
First, the microwave radiation is quite powerful, typically tens of mW, as compared
to the signal radiation, and second, the sideband frequency is close to the laser
frequency, while for heterodyne detection the frequencies of the signal and local
oscillator radiation are close to each other. In some sense, sideband generation is the
inverse process to heterodyne detection. The sideband radiation is emitted from the
Schottky diode in the opposite direction to the incoming laser radiation. However,
laser radiation is emitted as well as reflected from the Schottky diode and most of
the power in the emitted beam is at the fundamental laser frequency. This makes
it necessary to have sophisticated schemes to separate the sideband radiation from
the laser radiation. It should be noted that not only the first-order sideband (m = 1)
but also higher-order sidebands can be used. However, the power emitted in the
sideband decreases markedly for higher-order sidebands [350]. Nevertheless, almost
the entire frequency range from 0.5 to 3 THz is accessible by sideband generation
[350]. The output power emitted in the first order is up to 10 uW.

The principal layout of a laser sideband spectrometer is shown in Fig. 6.24a,
with a powerful THz gas laser providing the fundamental frequency. Since sideband
generation is not a very efficient method of THz generation, and because the power
emitted in the sidebands grows linearly with the power from the gas laser, 10 mW
or more is needed to generate sufficient sideband power. Also, it should be possible
to operate the laser on as many frequencies as possible to provide good frequency
coverage, and its power and frequency should be stable. Microwave radiation can
be supplied by any kind of commonly available source, such as a microwave
synthesizer [350,351] or a BWO [640]. Which type is used depends mainly on
the frequency to be covered. While a typical synthesizer has a frequency coverage
of about 0.1-40 GHz, yielding sidebands very close to the laser carrier frequency,
a BWO provides a larger tuning range as well as a higher frequency, which leads
to a larger offset of the sidebands. In any case, the microwave frequency should be
stabilized and controlled by a phase-lock system, which is inherent in synthesizers,
but requiring some effort for the BWO. The frequency of the microwave source is
automatically swept and controlled. The radiation from the laser is quasi-optically
coupled to the Schottky diode via a diplexer. The Schottky diode is in an open
structure mount (Sect. 5.5.2), which is essentially the same as for a quasi-optical
Schottky mixer, i.e. the Schottky diode is whisker-contacted and equipped with a
A /4 corner cube antenna. A different method is used for the coupling of a microwave
source. Depending on its frequency, a waveguide system is used, replacing the
coaxial output for the intermediate frequency in a Schottky mixer, which can
be done at all frequencies where waveguides are available, typically up to about
115 GHz. Alternatively, if a higher frequency source, such as a BWO, is used, its
radiation is coupled quasi-optically to the Schottky diode [640].
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Special care needs to be taken to separate the laser carrier frequency from the
sideband frequency. This is especially demanding in the case of a low-frequency
microwave source where the two frequencies are only about 1% apart. A Martin—
Puplett interferometer as diplexer has been found to be most efficient. If used for
sideband separation, one port serves as the input for the laser radiation, while the
other port is the output for the sideband radiation. In addition, a monochromator or a
Fabry—Pérot interferometer is used for further suppression of the carrier frequency.
A common problem is baseline variations, with a period of a few 10 MHz, in the
spectrum. Since the linewidth of rotational transitions is a few MHz, this may
cause serious degradation of the data. The reasons are manifold. Standing waves
can occur between the Schottky diode which, due to its corner cube design, is a
very good reflector, and any other optical component, such as the detector. Another
reason is leakage of sideband radiation into the laser. These effects can be reduced
by putting a wavelength modulator into the beam path, or by using an isolating
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Fig. 6.24 (a) Scheme of a laser sideband spectrometer. (b) Absorption spectrum (second deriva-
tive signal) of D,S, measured with a laser sideband spectrometer. The spectrometer provides broad
frequency tunability, high resolution, and high accuracy at the same time. The inset displays an
expanded view of one line (adapted from [640])
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Fabry—Pérot interferometer in front of the laser output. The sidebands can be
detected by any sensitive THz detector, such as an InSb hot electron bolometer,
a Ge:Ga photoconductive detector, or a Si bolometer. Heterodyne detection has also
been used [641]. This has the advantage of an inherent separation of the sidebands
and laser radiation. Modulation of the sideband radiation and use of the lock-in
detection technique is required to achieve maximum sensitivity. A convenient way
of doing this is to modulate the bias voltage of the Schottky diode. Despite sensitive
detectors and lock-in detection, the minimum detectable absorption is no better than
107 [351]. The reasons for this are fluctuations of the laser power and leakage of
the carrier frequency, which increase the minimum detectable absorption beyond
the shot noise limit according to (6.49).

The linewidth of the sideband radiation is determined by the frequency stability
of the gas laser, because the contribution from the microwave source, or from the
BWO if it is phase-locked, is negligible. For a free-running laser, the linewidth is
about 100 kHz and this can be improved by frequency locking of the laser. However,
for Doppler limited spectroscopy, this is not necessary since typical Doppler widths
are >1 MHz, and the spectral resolution is determined by the intrinsic linewidth of
the absorbing molecules. An example of the capability of this technique is shown in
(Fig. 6.24b), which displays the absorption spectrum of D,S,. The broad frequency
tunability, high resolution, and high accuracy are evident.

6.7.4 Spectroscopy by Difference Frequency Generation

A somewhat similar technique to sideband generation is difference frequency
generation by mixing the radiation of two lasers, operating in the IR or visible
spectral region, in a nonlinear element (Sect.4.5.2). While the concept is quite
simple and dates back more than 30years [354], it was 10years later that
K.M. Evenson and his co-workers implemented this method successfully for
spectroscopic applications [355]. They used two CO, lasers and a metal-insulator—
metal (MIM) diode for generation of the difference frequency. One of the CO, lasers
was a waveguide laser, which is frequency tunable by Avwg = 120 MHz and, by
tuning its frequency, the THz radiation can be swept (second-order spectrometer,
VTH, = |V1 — vwa| £ Avwe).

In another configuration (third-order spectrometer), both CO, lasers are at fixed
frequencies, and frequency tunable microwave radiation vyw from a synthesizer is
coupled into the MIM diode, to allow for frequency tuning of the THz radiation.
In this case, the MIM diode generates sidebands at the difference frequency of the
two CO; lasers, i.e. vrg, = |v1 — V2| & vmw. Since the third-order spectrometer
provides a much better frequency coverage, along with a higher absolute accuracy,
it has found more applications, and this type of spectrometer will now be described
in more detail (Fig. 6.25a).

The MIM diode (sometimes also called an MOM diode, metal-oxide-metal
diode) consists of two metals which are separated by a thin (~1nm) metal oxide
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Fig. 6.25 (a) Block diagram of a frequency tunable spectrometer. The radiation of two CO, lasers
and a microwave source is mixed in a metal—insulator—metal diode. The difference frequency of the
two CO, lasers is in the THz range and the tunable microwave radiation enables frequency tuning
around this difference frequency (adapted from [555]). (b) Absorption spectrum (first derivative
signal) of the J =31 <— 30 rotational transition of CO in the ground state (upper trace). The
lower trace displays the residuals obtained from a least-squares fit to the measured line shape.
The frequency accuracy is better than 10 kHz for 2 s integration time (adapted from [645])

layer. For second-order generation, a tungsten-nickel diode is the most efficient,
while for third-order generation a tungsten-cobalt diode is more effective. The MIM
diode has a tungsten whisker similar to that of quasi-optical GaAs Schottky diodes.
The whisker is electrochemically sharpened to have a conical tip with a radius of
~1nm. The other metal is a post on which the thin oxide is grown. When a bias
voltage is applied to the diode, electrons tunnel from one metal to the other. This
results in a slightly nonlinear I-V curve. Although the nonlinearity is far weaker than
that found in GaAs Schottky diodes, it is sufficient for mixing. Since the current
transport is based on tunneling [642], which is a faster process than thermionic
emission, a MIM diode is a much faster device than a GaAs Schottky diode, working
well for the mixing of IR and visible radiation despite its weak nonlinearity [356].
With about 150 mW from each of the CO, lasers and 5-10 mW from the microwave
source, about 100nW of third-order THz radiation can be generated (about three
times more for a second-order spectrometer). The laser radiation is focused onto
the MIM diode where the conical tip of the whisker serves as an antenna [357]. The
microwave radiation is coupled to the MIM diode with a bias tee. The THz radiation
is emitted by the whisker, which serves as a long-wire antenna for THz radiation
[643]. Both CO, lasers are Lamb-dip stabilized. The accuracy of the frequency
stabilization of each laser is better than 25 kHz, yielding an overall uncertainty of
/2 x25kHz = 35 kHz for the THz radiation [644]. This corresponds to a frequency
accuracy of about 10%, which is about one order of magnitude better than that of
a laser sideband spectrometer. The THz radiation is sent through an absorption
cell and the fractional absorption is measured with the lock-in technique using
an InSb detector, a Si bolometer, or a Ge:Ga photoconductive detector. Due to
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the many laser lines available from CO, lasers (note that all the isotopologues of
CO; and even the weakest laser lines can be used), the spectral coverage of this
spectrometer ranges from a few hundred GHz to 6 THz, with an almost continuous
coverage up to 4.5THz [555]. The frequency coverage can be further extended
to 9 THz by replacing one of the CO, lasers with a "’NHj laser, using a Ge:Be
photoconductor as detector [358]. Due to its excellent frequency precision, this
spectrometer is especially suited for measurements where very high resolution
and accuracy are required, such as measurements of the shape of an absorption
line (Fig.6.25b). It is worth noting that the largest contribution to the uncertainty
in the measurement of a transition frequency comes from finding the line center
of a Doppler broadened line of the molecule under investigation, which is about
10% of the linewidth. The minimum detectable absorption is roughly 10™* [648],
which is only slightly worse than that of a laser sideband spectrometer, although
the source power is almost 100times less. Here, the difference frequency method
profits from the large separation of the carrier frequencies from the THz frequency,
and this is a major difference compared to the sideband method. This spectrometer
is called a tunable far-infrared (TuFIR) spectrometer. Note that similar schemes
have been realized using other lasers and mixers such as Ti:Sa lasers, cw diode
lasers, and LTG-GaAs photomixers (for example, [647, 648]). These approaches
have not yet reached the performance of the TuFIR spectrometer in terms of
spectral resolution and frequency coverage. However, they are much more compact,
robust, and versatile. A particularly interesting approach is a fiber-assembled system
operating at 1.5 wm. The mixer is an integrated high speed photodiode and the
photoconductive detector is based on LTG-InGaAs/InAlAs multi-layer structures
which allow coherent detection (Sect. 7.4.2) [346]

6.8 Heterodyne Spectroscopy

Heterodyne spectroscopy in the THz region is a powerful and important spec-
troscopic technique for remote sensing. Since heterodyne detection is inherently
narrow band, i.e., a bandwidth of less than 1 MHz can be easily obtained, a major
application is in molecular spectroscopy. For example, the chemical composition,
the evolution, and the dynamical behavior of astronomical objects such as star
forming regions, molecular clouds, photo-dominated regions around young and
bright stars, or shock processes in the interstellar medium, can all be investigated
by high-resolution spectroscopy. Some astronomically relevant emission lines are
rotational transitions of CO [94], which are distributed across the whole THz region,
for example, the CII fine structure line at 1.6 THz [649], the 1 — O transition of HD
at 2.7 THz, and the OI fine structure line at 4.7 THz [650]. The HIFI heterodyne
spectrometer on the Herschel Space Observatory has provided a wealth of exciting
data, which can be found for example in [558]. Furthermore, THz heterodyne
receivers play an important role in the investigation of the Earth’s atmosphere. For
example, trace gases such as OH and ClO have been detected with high spectral
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resolution, in order to obtain the height distribution of these molecules in the
stratosphere [171, 524, 651]. THz heterodyne receivers are also valuable for the
investigation of planetary atmospheres and comets [652].

The important features of a heterodyne spectrometer are shown in Fig. 5.28. For
spectroscopic applications, it is not sufficient to detect the intermediate frequency
(IF) signal at the output of the heterodyne receiver. Instead, spectral analysis of
the signal is required. One way of achieving this is to replace the detector at
the end of the heterodyne chain by a spectrum analyzer. However, commercially
available spectrum analyzers are scanning devices, and only one frequency or
resolution channel is measured at a time. Since heterodyne spectrometers are
often employed in space- or airborne missions this is not acceptable, because the
expensive measurement time is not used efficiently. Instead of scanning, the whole
IF band has to be analyzed simultaneously with a so-called back-end spectrometer.
However, before coming to these devices, some system aspects will be discussed.
For reviews on THz heterodyne spectroscopy, see for example [653-655].

6.8.1 System Aspects

Ultimately, it is not the performance of single components, but the overall perfor-
mance of the whole heterodyne spectrometer, which is important. Single compo-
nents may have an exceptional performance but, if the system design does not take
into account the interplay between the various components, the heterodyne receiver
will not be optimized. Therefore, a few system aspects will be discussed here. In
general, the optimal goal is to obtain as much high quality data, i.e. data with a
significant (§/N)-ratio in a given time. This is not only a question of quality but
also a question of economy, for example to make the most efficient use of expensive
observing time on a satellite.

For a practical heterodyne spectrometer, the minimum detectable temperature
ATy is of prime importance, because it describes the temperature contrast which
can be resolved within a certain integration time 7. For a total power receiver, it is
given by

krecTrec

,/rAv+AP/P'

If the term AP/P is neglected, this equation reduces to the radiometer equation
(5.63). The basic assumption is that the noise is uncorrelated and integrates with the
square root of the integration time. However, for a nonideal receiver or spectrometer,
other sources, such as gain instabilities of the IF amplifiers or of the back-end
spectrometer, contribute to the sensitivity fluctuations, and raise ATyN. This is
taken into account by the additional term AP/ P.

Radiometric calibration of a heterodyne spectrometer is usually accomplished
by the Y-factor method, as described in Sect. 5.5.1. From the noise temperature, the

ATuiy = (6.50)
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Fig. 6.26 Example of an Allan variance measurement. The Allan time is 1 s. For shorter times,
the Allan variance decreases as 7' as expected for white noise, while for longer times it increases
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minimum detectable signal temperature can be calculated, provided that AP/ P is
negligible or known. For an analysis of the noise stability of a heterodyne spectrom-
eter, it is useful to consider the “Allan” variance Uf\ (named after D. W. Allan, who
introduced it for the characterization of atomic frequency standards [656]). It can be
described by

ol(t) = o2(t)/2 = atP + b/t +c, (6.51)

where o is the standard deviation of the signal (here o () = ATwn). For a receiver
with a noise spectrum that contains white noise, 1/f noise, and drift noise, the
Allan variance takes the right-hand side of (6.51), where a, b, ¢, and 8 are constants,
which depend on the specific receiver. For example, for short integration times
the Allan variance decreases normally as 71 as expected for white noise. For
longer integration times, the drift will dominate as shown by the term at?. In
this case, the variance starts to increase with a slope 8, which is experimentally
found to be between 1 and 2. Therefore, an optimum integration time (Allan time
ta) exists, after which observing efficiency is lost (Fig. 6.26) [657,658]. The Allan
time marks the crossover from white noise to 1/f noise or drift noise. In a typical
measurement, difference data (signal on minus signal off) are taken and integrated
during a period t. If this integration time is longer than the Allan time of the receiver,
integration efficiency will be lost. In most THz heterodyne receivers, the Allan time
is limited by the front-end. Typical receiver Allan times are 8-9s (SIS mixer with
100 MHz IF bandwidth [659]) or ~0.3 s (HEB mixer with 60 MHz IF bandwidth
[660]), while back-ends have Allan times of hundreds of seconds.

Ideally, the spectrum measured with a heterodyne spectrometer is a one-to-one
transformation of a THz spectrum into a spectrum, centered around the IF at a few
GHz. Effectively, the received THz spectrum is convolved with the line shape of
the LO. In order to preserve the absolute frequency of the spectrum, the absolute
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Fig. 6.27 Influence of LO noise on the output spectrum of a heterodyne receiver. The frequency
width of the LO is broadened by noise. The signal frequencies which appear at the IF output,
are convolved with the LO noise. The central line of these is the strongest and therefore has the
strongest noise component. The line on the right is nearly masked by the LO noise

frequency of the LO must be known. Usually, an accuracy ten times better than
the resolving power of the heterodyne spectrometer is sufficient. Obviously, the
frequency stability should be equally good. In order to be able to measure a spectrum
with weak lines, adjacent to strong lines, the LO has to contain all of its power in a
very narrow frequency band. In other words, the spectral power density of the LO
has to fall rapidly to a very small value at a frequency offset, which corresponds to
the spectral resolution of the spectrometer. Noise in the LO broadens the emission of
the LO and degrades its performance. This is illustrated in Fig. 6.27. Three emission
lines are in the input band of the heterodyne spectrometer. The strongest is in the
center and weaker lines appear on each side. The line of the LO is broadened by
noise, which decreases with increasing offset frequency. The three emission lines
appear at the IF output, and each line is convolved with the LO noise. The central
line of these is the strongest and therefore has the strongest noise component. The
weaker lines have less noise, but the line on the right is nearly masked by the noise
from the strong signal line, and frequency, power, and line shape can be determined
only with considerable uncertainty.

An actual LO will exhibit both an amplitude noise modulation A,(¢) and a
phase noise modulation @, (¢). Instead of having an ideal sinusoidal waveform,
with an amplitude Vj and a frequency vy, the waveform of the LO is V(1) =
Vo[l + A, (¢)] cos[2mvot + @D, (t)], where A, (¢) and &, (¢) are random processes.
Both modulation processes produce sidebands on either side of the carrier frequency
Vo. In the case of amplitude-modulated noise, these are in phase, and in the case of
phase modulated noise they are in anti-phase. If the LO is operated in saturation, the
amplitude noise is largely suppressed and can often be neglected. The phase noise
is specified in a bandwidth of 1 Hz, in decibels relative to the power of the carrier,
and the unit is dBc/Hz (note that dBc is not an SI unit). It should be noted that
the phase noise power spectral density of a multiplier-based LO increases with the
multiplication N as N2, and the phase noise level increases as 201og(N).
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6.8.2 Back-End Spectrometers

The output of the IF amplifier is a time-dependent voltage. Any spectroscopic
signature needs to be retrieved from this signal. Two different approaches can
be followed. Either the spectrum can be transformed directly into the frequency
domain, or it is measured in the time-domain and correlation techniques are used to
generate the power spectrum (Fig. 6.28).

The filter bank spectrometer belongs to the first group. The IF signal is split into
many frequency channels where each has a separate bandpass filter and a power
detector [661]. Since they contain many components, filter banks are quite large
and power consumptive. They are mainly used for atmospheric observations, where
their wide bandwidth and flexibility is advantageous.

Another type of back-end spectrometer is the acousto-optical spectrometer
(AOS). Its central component is a Bragg cell, which consists of a piezoelectric
transducer in close mechanical contact to a crystal, typically LiNbOj;. The IF
signal is transformed by the transducer into a sound wave, which propagates in
the crystal and generates a grating. A red laser diode provides a collimated beam,
which illuminates the crystal and is diffracted by the grating. Since the period of
the grating depends on the IF, the angle of diffraction is frequency dependent. The
diffracted light is detected with a linear CCD array, where each pixel corresponds to
a particular angle of diffraction and IF frequency. The frequency band is limited by
the properties of the crystal, which impact the attenuation of the acoustic wave.
For LiNbOs, this band is between 1.6 and 2.6 GHz. The spectral resolution is
~1.5MHz, the dynamic range is >13dB, and the Allan time, i.e. the maximum
useful integration time, is >600s [662]. Although an AOS contains somewhat
delicate optical components, it can be built to be very compact and rugged. In
practice, AOSs have been used on the SWAS and ODIN satellites [663, 664]. The
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Fig. 6.28 Principal paths to obtain a spectrum, i.e. the power of a signal as a function of
frequency, from a time-varying IF signal. The autocorrelator spectrometer performs as a first step
an autocorrelation of the time-domain signal, which is followed by a Fourier transformation. All
other spectrometers perform a Fourier transformation first
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bandwidth of an AOS can be increased by using a LiNbO3 Bragg cell with four
transducers, one on top of the other and each covering an IF band of 1 GHz [662].
For SOFIA and for the HIFI instrument, such wide band 4 GHz AOS are in use.

With an autocorrelator, the spectrum is obtained by using the Fourier-transform
relationship between the correlation function of the IF signal and its power spec-
trum. Autocorrelators can be constructed with either digital or analog electronics.
In a digital autocorrelator, a fast analog-to-digital converter (ADC) samples the IF
signal. Time shifting, multiplying, and Fourier transformation are subsequently per-
formed with high speed digital electronics. The bandwidth of a digital autocorrelator
is limited by the ADC, which must digitize the IF signal with, at least, twice the IF
frequency. The subsequent digital electronics do not need to be as fast, because the
output of the ADC can be processed in parallel. In an analog autocorrelator, the
limitation set by the speed of the ADC is overcome by using high-speed analog
electronics. Such a device, covering an IF band from 0.3 to 3.9 GHz with 33 MHz
spectral resolution and an Allan time of a few seconds, has been demonstrated
[665, 666]. Autocorrelators are especially attractive for use in interferometers,
because of their capability of cross correlating signals from different antennas.

The chirp transform spectrometer (CTS) is based on the chirp transform algo-
rithm, a generalized form of the Fourier transformation. In a CTS, a chirp signal
is generated by impulsing a dispersive surface acoustic wave filter. This is mixed
with the IF signal and convolved with a matched surface acoustic wave filter. As an
example, the CTS for the GREAT heterodyne spectrometer on SOFIA has a dynamic
range of 30 dB and an Allan time of ~550s. It covers a bandwidth of 215 MHz with
a spectral resolution of 41.7 kHz [667].

The development of ADCs with GHz sampling rates, and powerful field pro-
grammable gate arrays, has paved the way for digital fast Fourier-transform
spectrometers, where the IF signal is directly digitized. A state-of-the-art spectrom-
eter provides an Allan time of ~4,000s, a dynamic range of >30dB, and a spectral
resolution of 100kHz in an IF band of 2x 1 GHz [668]. Such back-end spectrometers
are now in use in many THz observatories including ALMA and SOFIA. With the
ongoing rapid progress in the performance of ADCs, similar progress for the back-
end spectrometers can be expected.

6.8.3 Examples of Heterodyne Spectrometers

As mentioned above, heterodyne spectrometers are predominantly employed in
remote sensing applications. The major reason why it is scarcely used for laboratory
spectroscopy is the limited spectral coverage and its relative complexity.

A few examples may illustrate the state-of-the art. A suite of mm-wave and THz
heterodyne receivers is operated on the Aura satellite [669], which was launched in
July 2004. The THz receivers map the concentration of atmospheric species such
as HCI, ClO, BrO at 0.64 THz, and OH at 2.5 THz [524]. A major requirement
is a mission duration of several years, in order to cover many annual and diurnal
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cycles of the atmosphere. Therefore, cryogenic SIS or HEB mixers were not an
option. Also, the technical readiness level of HEBs was low at the time of the
definition of the mission. Planar Schottky diode mixers with MMIC amplifiers
are used in all receivers. A particular challenge was the 2.5THz LO, which had
to deliver an output power of a few mW for a lifetime of more than three years.
This was solved with an optically excited THz gas laser. Filter banks, as well as
digital autocorrelators, served as back-ends. The receivers deliver a wealth of data
regarding global distribution, as well as height distribution, of many trace molecules
in the stratosphere and upper troposphere (Fig. 6.29).

Probably, the most complex THz heterodyne receiver ever built is the HIFI on
the Herschel Space Observatory. The instrument design was driven by both the
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Fig. 6.29 (a) Rotational transition of atmospheric OH measured with the 2.5-THz heterodyne
spectrometer on board the Aura satellite. The two fine structure components for OH are easily
seen. The frequency scale corresponds to the deviation from the center frequency of the OH
transition (adapted from [669]). (b) Spectral scan of Orion KL measured with the HIFI heterodyne
spectrometer on board the Herschel Space Observatory. Strong lines are easily identified (adapted
from [670])



300 6  Spectroscopic Methods

astronomical requirements and the restrictions regarding power, mass, volume, etc.
of a space mission [671]. HIFI covers a frequency range from 0.48 to 1.28 THz and
from 1.4 to 1.9 THz. The lower portion is divided into five frequency bands, each
equipped with two SIS mixers for orthogonal polarizations, which also provides
some redundancy. Waveguide SIS mixers with corrugated horn antennas are used
for the four lower bands up to 1.1 THz, while for band five from 1.1 to 1.28 THz
quasi-optical coupling is employed. The band from 1.4 to 1.9 THz is equipped
with four quasi-optical HEB mixers covering two polarizations for two subbands
at 1.4-1.7 and 1.7-1.9THz. The LOs are multiplier based. In bands 1 and 2
up to 0.8 THz, the output power is sufficient for beam splitter coupling. Above
that, signal and LO radiation are coupled to the mixers with Martin—Puplett-type
diplexers. Spectroscopy of planetary atmospheres or galactic objects requires a
resolution of ~0.1 and ~1 MHz, respectively, while for extragalactic objects a large
bandwidth of a few GHz is most important. Therefore, a CTS and a wideband array
AOS are installed on board to comply with the spectral resolution and bandwidth
requirements.

Another astronomical heterodyne receiver is the German Receiver for Astronomy
at THz Frequencies (GREAT) [672], which is in operation on SOFIA. GREAT is a
modular heterodyne receiver covering three frequency bands from 1.3 to 1.9, 2.5
to 2.7, and at 4.7 THz. It consists of a front-end with two cryostats, each carrying
phonon-cooled HEB mixers, cryogenic amplifiers, and some optical elements for
one frequency channel. The LOs are multiplier sources below 3 THz. At 4.7 THz,
it will be a QCL. The back-end includes an AOS array spectrometer, a CTS, and a
digital fast Fourier-transform spectrometer.

As in any other field, a constant improvement of the existing heterodyne
technology with respect to performance, mass, power consumption, ease-of-use, and
cost effectiveness is required. This is not at all trivial, as illustrated by the example
of the heterodyne receivers for the Atacama Large Millimeter Array (ALMA). It
is composed of 66 telescopes covering the frequency range from 84 to 950 GHz,
which is subdivided into eight frequency bands. This project requires hundreds of
heterodyne receivers.



Chapter 7
Terahertz Imaging

7.1 Introduction

THz imaging is a common task in radio astronomy, where the term mapping is used
instead of imaging. The first astronomical THz images date back to the 1960s. THz
imaging experiments for other than astronomical applications have been reported
by D.H. Barker et al. as early as 1975. Already at that time the authors pointed
out that “an FIR imaging system could be developed for industrial, military, law
enforcement, and medical applications in the next few years” [84]. Their imaging
system was based on an HCN laser operating at 337 um and an LED-based THz
detector. With this system, they obtained THz images of concealed objects which
were raster scanned at the focus of the HCN laser beam. In addition, they determined
the transmittance of common packaging materials, clothing, and biological samples
at several frequencies between 0.3 and 0.9 THz.

Barker and his colleagues anticipated the potential of THz imaging, which is
now being explored by many research groups. In the field of security, THz imaging
is promising because of the ability of THz radiation to penetrate many substances,
especially clothing and packaging materials. Research efforts are therefore being
devoted to the development of THz imaging systems that are capable of detecting
hidden threats, such as weapons or explosives, at stand-off distances up to several
tens of meters. Compared with passive mmW scanners, which are already deployed
for test and evaluation purposes at security checkpoints in several airports, THz
imaging systems have the advantage that the entrance aperture can be much smaller
than that of mmW cameras. Commercial mmW scanners operate at around 30 GHz
and provide a spatial resolution of about 1 mm at a distance of less than 1 m. These
systems are person-sized and can be integrated into a security checkpoint with metal
and X-ray detectors. In contrast, a 0.35 THz imaging system can provide a spatial
resolution of about 1.5cm at 8 m distance with a 0.5-m diameter aperture [673]
(Fig.7.1). This allows the use of such an imager for both security checkpoints and
in video surveillance-type applications. Besides the fact that THz technology is less
mature than mmW technology, a further drawback is that THz radiation does not
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Fig. 7.1 (a) Visible image of a person with hidden objects under the jacket. (b) THz image of the
same person. Two objects are clearly visible. The THz image was acquired with a passive camera
equipped with a superconducting array of transition edge sensors operating at 0.35 THz. The image
was obtained at 5 m distance (adapted from [674])

penetrate clothing as well as mm-waves. An increasingly important issue is the
privacy implications, because both mmW and THz imaging systems are capable
of exposing the naked body which, for privacy and ethical reasons, might not be
acceptable to many people.

Industrial applications of THz imaging are, for example, in nondestructive testing
(NDT) or process control. Again, these applications are based on the penetration
capabilities of THz radiation into many plastics and composite materials. A first
step toward NDT has been made by using an optically excited THz gas laser,
which illuminates a high voltage cable. By measuring the scattered laser radiation
voids, as small as 100 wm in diameter within the polyethylene insulation of the
cable, were detected during cable production. By setting a scanning mechanism
above the extrusion direction of the cable, some degree of imaging was achieved
[249]. A particularly impressive example of NDT was the detection of defects
in the thermal insulation of the space shuttle foam, for which THz imaging has
proved to be superior compared with other established testing methods such as X-
ray inspection [675]. Another example is shown in Fig. 7.2, which is a composite
visible and THz image of an airbag cover [676].

In biomedicine, hopes have been raised that skin cancer and other diseases might
be detected by THz imaging [677]. Comparison of THz images with histological
analysis shows a coincidence between features in the THz image and cancer cells
(Fig.7.3). However, to establish this as a reliable and competitive diagnosis method
requires a thorough understanding of the contrast mechanism, and how it is related
to the disease. In addition, the diagnosis might require images with a much better
resolution than the size of a typical cell (about several tens of um), which calls for
sub-wavelength spatial resolution. This might be achieved with near-field imaging
techniques.
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Fig. 7.2 Composite visible and THz image of an airbag cover. The THz image was measured at
0.3 THz in transmission with a cw source and detection of the transmitted amplitude. The THz
image reveals reinforcing ribs (1), paper labels (2), and slightly thicker regions (3) (adapted from
[676])
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Fig. 7.3 (a) Visible image of tissue with basal cell carcinoma (skin cancer). The solid line marks
the region of diseased tissue and the dashed line marks the region of normal tissue. (b) THz pulse
image measured with a time-domain spectrometer in reflection mode (nl, n2: normal tissue; il,
i2: inflammation; d1, d2: diseased tissue). There are significant differences between the diseased
tissue and the other tissue (adapted from [677])

From an instrumentation point of view, THz imaging systems can be roughly
divided into passive and active imagers. Passive imagers are similar to IR cameras in
that they detect the natural THz radiation emitted by an object, or the THz radiation
from the surroundings which is reflected or scattered by the object. Active imaging
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systems use some type of THz source for illumination of the object. Although this
source can, in principal, be a broadband thermal source, active imagers normally
employ a coherent source. Depending on the type of source, it is convenient to
distinguish between cw and pulsed imaging systems. The latter are usually based
on time-domain THz generation and detection. In principle, all THz detectors and
sources could be used, and transmission and reflection geometries are possible for
active imaging.

Another method of classification is based on spatial resolution. In a conventional
imaging system, the spatial resolution is limited by the ratio of wavelength and
aperture diameter. This holds good for camera-like imaging systems working at
stand-off distances of several meters as well as for short-range imaging, where
the sample is only a few centimeters or millimeters from the source or detector.
To overcome these limitations, near-field imaging or microscopy techniques need
to be used. At THz frequencies these allow sub-wavelength spatial resolution
down to 1/10,000th of the wavelength. This is particularly relevant for biological
applications, for example, imaging of inner parts of a cell or the inspection of
semiconductor devices, which require sub-pm resolution.

One of the major challenges is the acquisition of real-time images with a good
(S/N)-ratio (20dB is usually sufficient), and an adequate spatial resolution. This
is generally not the case for existing THz imaging systems, which either lack
speed, contrast, or spatial resolution. In the main, practical considerations such as
cost, complexity, and ease of handling limit the use of THz imaging systems to
specialized applications in science. Major breakthroughs in the development of large
format detector arrays and compact sources, both preferably operating at 300 K, or at
cryogenic temperatures that are easily accessible with simple coolers, are necessary
to achieve the full potential of the above-mentioned applications.

7.2 Some Fundamentals of Imaging

Before discussing THz imaging systems, it is helpful to review some basics relevant
to image evaluation. For the purpose of this book, it is sufficient to restrict the
consideration to the questions of spatial resolution and contrast.

Due to diffraction, a point source is imaged as an Airy disc with encircling rings.
For a circular aperture with diameter d, the minimum of the first dark ring occurs
at 1.22AL/d where L is the distance between the aperture and the image. Note that
if the aperture is a lens or mirror, and L the focal length, L /d can be replaced by
the f-number f*. If two equally bright point sources are imaged, their diffraction
patterns will overlap. When the overlap is such that it is possible to distinguish the
two points, they are said to be resolved. There are several criteria for the definition
of the limiting resolution of an optical system. The most common is the Rayleigh
criterion. This states that there is a clear indication of two maxima in the combined
diffraction pattern if the maximum of one diffraction pattern coincides with the first
dark ring of the other diffraction pattern. In this case, the difference between the
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Fig. 7.4 Illustration of different criteria for spatial resolution. (a) two Airy patterns with the
maximum of one pattern at the position of the first minimum of the other one (Airy criterion) (b)
two Airy patterns laterally offset to achieve a flat top (Sparrow’s criterion), and (c¢) two Gaussian
beam profiles laterally offset by one FWHM

maxima and the central minimum is 26% (Fig. 7.4a), and the angular separation of
the two object points is given by

a=1221/d, (7.1)

where d is the diameter of the limiting aperture. Note that for a differently shaped
aperture the position of the first minimum is not the same. For example, for a slit
aperture of width w it occurs at AL /w and (7.1) becomes o« = A/w with w the width
of the slit. Somewhat less strict is Sparrow’s criterion. This states that two point
sources are detectable when the minimum between the two maxima just disappears
(Fig.7.4b). For a circular aperture, this is the case if & ~ A1/d.

As discussed in Chap.2, it is essential to take into account the Gaussian
amplitude distribution of THz beams. If the aperture of an optical system is
sufficiently large (4.6w for a beam waist radius w), diffraction effects due to beam
truncation are negligible, and a Gaussian beam keeps its shape while passing
through an optical system. The image of a point source with Gaussian amplitude
distribution is described by a Gaussian profile. In this case, two point sources are
said to be resolved if the maxima of their images are separated by one FWHM. In
this case, the difference between the maxima disappears (Fig. 7.4c).

A straightforward way to determine the spatial resolution is the knife-edge
method. A sharp edge, for example a razor blade, is moved perpendicularly to the
optical axis of the THz beam and covers it progressively (Fig. 7.5a). The intensity
arriving at the detector placed behind the knife edge depends on the position of the
knife edge in the following way

I(x) = % (1 +erf (2 n(2) (x ;x))) . (1.2)
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Fig. 7.5 Imagery of a bar target. (a) A knife edge is moved perpendicularly to the optical axis
of a THz beam and covers it progressively. The blurred response of an imaging system is known
as the edge spread function (ESF). (b) A bar target occurs as a blurred line with rounded corners.
The blurred response is known as the line spread function (LSF). (¢) Modulation transfer functions
(MTFs) of two imaging systems (solid lines). The dashed line represents the smallest amount of
modulation which the imaging system can detect. The intersection between this line and the MTFs
gives the limiting resolution of the system. Although both MTFs have the same limiting resolution,
the system with larger modulation at lower frequency is superior (adapted from [678])

Here, erf is the error function, /j is the total intensity of the beam, x is the position
of the knife edge, x. is the position of the intensity maximum of the beam, and d
is the FWHM. The blurred response of an imaging system to a sharp edge is also
known as the edge spread function (ESF). If, for example, the beam has a Gaussian
shape, the derivation of the ESF yields the Gaussian profile of the beam. Another
commonly used test to evaluate the resolution of an optical system is to image a
series of alternating bright and dark bars. The limit of resolution is given by the
pattern with the finest spacing that can be resolved. The imagery of a bar target is
shown in Fig.7.5b. In the image, each bar occurs as a blurred line with rounded
corners. The blurred response of an imaging system to a bar is known as the line
spread function (LSF). The LSF is the first derivative of the ESF. The finer the
pattern the smaller is the contrast between the maximum and minimum intensity. If
the noise of the imaging detector is larger than the difference between the maximum
and minimum intensity, the pattern is no longer resolved. The contrast in the image
is expressed as modulation M

Imax - Imin
M = o Tmin

(7.3)
Imax + Imin

with I, and I, as the maximum and minimum intensity on the detector. In
Fig.7.5c, the modulation is plotted as a function of lines per millimeter. This is the
modulation transfer function (MTF). The MTF is the Fourier-transform of the LSF.
The dashed line in Fig. 7.5¢ represents the smallest amount of modulation, which the
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Fig. 7.6 Sampling with a beam of finite width. If two samples per 3-dB beam width are taken, it is
called Nyquist sampling. If only one sample per 3-dB width is taken, it is called Rayleigh sampling.
The complete spatial information of an object can only be obtained with Nyquist sampling

imaging system can detect. The intersection between this line and the MTF gives
the limiting resolution of the system. For example, the limiting resolution of an
aberration-free system is vo = 1/(L f*), where vy is in cycles per millimeter. Note
that the shape of the MTF depends on many factors in the optical system and that
the limiting resolution does not fully characterize the optical system. In Fig.7.5¢c,
two MTFs with the same limiting resolution are shown. Obviously, the system with
an MTF with larger modulation at lower frequency is superior. An important feature
of the MTF is that each component of an optical system can be described by an
individual MTF, and that by multiplying them together the total MTF of the system
is obtained.

Besides image blur, sampling is an important issue in achieving a well-resolved
image. Nyquist sampling theory states that a signal must be sampled at a rate twice
that of its frequency. This means that in order to record all spatial information the
scene has to be sampled at a rate of two sampling points for an FWHM of the
beamwidth of the optical system (Nyquist sampling). This is illustrated in Fig. 7.6.
Sampling at half the frequency (Rayleigh sampling) yields an image which contains
significantly less information, while sampling at twice the Nyquist rate does not
yield significantly more information.

7.3 Camera-Like Imaging

In this section, imaging systems are described which are similar to cameras widely
used in the IR and visible regions. Their characteristic features are that the object
which is imaged is at some distance from the camera, and that only radiation which
is reflected or emitted from the object is detected. If this is only natural background
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radiation, it is called passive imaging. In analogy with flash lights used for
illumination in photography, the object can be illuminated with radiation from some
type of THz source. This is called active imaging. Camera-like imaging is different
from the imaging approaches described in Sect. 7.4 where the object is usually
raster-scanned in the focus of a THz beam and the transmitted radiation is detected.

7.3.1 Contrast Formation

Before going into the details of some camera-like THz imaging systems, it is worth
considering briefly how the contrast in a THz image arises. For a small solid angle
£2 and a small frequency interval Av, the power that reaches a detector with an area

Ais
2hv3Av hv 1 2AQAVKRT
Py = e(V)AR = (exp (kB—T) - 1) N (7.4)

On the right-hand side, the Rayleigh—Jeans approximation with the emissivity
e(v) = 1 is used. For simplicity, these assumptions are used in the following
discussion. As in IR imagery, it is convenient to quote the sensitivity of an
imaging system as the minimum temperature change that can be detected in a given
integration time. In analogy with the NEP, this is called the noise equivalent delta
temperature (NEDT). It is given by

NEDT = NEP (7.5)
T dPg/dT’ ‘
From this one obtains for a direct detector
212 1 NEPp;,
NEDTp;; = NEPp;;—— ~ (7.6)

ARQ 2kgAv ~ 2kgAv’

The approximation on the right-hand side holds for a diffraction-limited detector
when only the fundamental mode is detected, and the throughput is A2 = A2,
Note that the factor 2 in the denominator arises from the two polarizations of each
mode. In the case of a heterodyne receiver, the input bandwidth Av is equal to the
intermediate frequency (IF) bandwidth Avr for an SSB receiver, and it is 2Avp
for a DSB receiver. In contrast to a direct detector, a heterodyne receiver detects a
single mode and only one polarization. Taking this into account, for a DSB receiver
one obtains

NEP

NEDTye = ,
Het 2kB AVIF

(7.7)

which has a similar form to that for a diffraction-limited direct detector. Comparison
of both equations shows that the difference in NEDT between heterodyne and
direct detection reduces to NEPy./NEPp;; = Av/Avg. Therefore, direct detection
is advantageous for broadband signals for which Av > Avj, while heterodyne
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detection is advantageous when the signal bandwidth is in the order of Avyg. This is
because there are no bandpass filters available that are as narrow as the IF bandwidth
of a heterodyne receiver, and the direct detector receives more background noise. It
should be noted that the considerations above are for an output bandwidth of 1 Hz.
For a different bandwidth, (7.6) and (7.7) need to be multiplied by the square root
of the output bandwidth B,,. The NEP of a heterodyne receiver can be expressed
as NEPygr = 2kgTrec+/Avir [679]. Using this and Boy, = 1/7, (7.7) takes the
well-known form of the radiometer equation (5.63) with krpc = 1

TreC

A/ ‘L’AVIF.

A simple scheme of an imaging situation is depicted in Fig.7.7: a person with
an object under their clothing is imaged by some type of THz camera. This is a
typical scenario for security applications. The person, the object, the clothing, the
atmosphere, and the surroundings are described by their temperature 7', emissivity
&, transmission #, and reflectivity r [679]. Using the Rayleigh—Jeans approximation,
the signal temperature at the camera received from the body is

NEDThe = AT = (7.8)

Trecp = tc(rgecTc + tergTeg + e81B) + eclc + reTa, (7.9)

/ / Background:Tgg
/Background radiation W
W Transmitter

Emission and reflection of background and
transmitter radiation from body, clothing, object

Receiver

Object: To, ros to, €0
CIOthIng Tc, fe, tc, £c

Body: Tg, 15, g,

Fig. 7.7 Imaging scenario: a person carries a hidden object under the clothing. In the case of
passive imaging, the receiver detects the emitted radiation from the body, the object, and the
clothing as well as the reflected radiation from the surrounding background. In the case of active
imaging, the person is additionally illuminated by THz radiation from a transmitter (hatched
symbol). The symbols refer to the temperature (T), reflection (r), transmission (t), and emissivity
(&) of the object (O), clothing (C), and body (B)
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Table 7.1 Typical values of emissivity ¢, reflectivity r, and transmission ¢ of skin, jeans (Denim)
and metal (adapted from [680])

Frequency 0.5THz 1THz 05THz 1THz 05THz 1THz

3 £ r r ! t
Skin 0.91 0.93 0.09 0.07 0 0
Denim 0.49 0.85 0.01 0.05 0.5 0.1
Metal 0 0 1 1 0 0

and the signal temperature received from the covered object is
Treco = tc(roecTc + tcroTsc + €oTo) + ecTc + reThe. (7.10)

Here, the subscript C refers to clothing, B refers to body, and BG refers to
background. The temperature contrast between the two signals is AT = Trgcp —
Trec.0- With the values listed in Table 7.1, and assuming Tgg = 300K, 73 = 310K,
Tc = 300K, this yields for a metal object covered by denim AT = 5.9K at 0.5 THz
and AT = 2.3Kat 1 THz.

It should be kept in mind that this is a rather simplified scenario. For example,
atmospheric absorption or scattering by skin, clothing, and the atmosphere are
neglected. These effects worsen the temperature contrast. Suppose a contrast of 1 K
needs to be imaged. In order to obtain a good image, an (S/N)-ratio of 20dB is
required. Therefore, the NEDT should be about 0.01 K for an integration time of 1 s.
If the THz camera has a 0.5-m diameter aperture which creates a 1 cm spot size at
the object (corresponding to an A2 of 2 x 107) and the input bandwidth is 100 GHz
at 0.35THz, this corresponds to an NEP of 5 x 107! W/+/Hz. This can only
be achieved with state-of-the-art liquid helium-cooled detectors. For heterodyne
detection with 50 GHz IF bandwidth, it corresponds to Tsys = 2200K (krgc = 1,
integration time = 1 s), which can be achieved with uncooled Schottky diode mixers.

However, many applications require real-time or video-rate imaging. If the THz
camera has only one or a few detecting elements, the requirement regarding detector
NEP increases dramatically. For example, 10° pixels with a 10 Hz frame rate require
a detector response time <1 s or an NEP ~ 5 x 107'® W/+/Hz. This can only be
achieved by a very few direct detectors such as a superconducting transition edge
sensor (TES). A similar consideration leads to a Ty, of about 2K for heterodyne
detection, which is clearly not feasible. Here, the solution is additional illumination
of the scene with a narrow-band source to take full advantage of the narrow-band
heterodyne detection.

The contrast obtained with a THz camera in astronomy, often referred to as a
photometer or imaging spectrometer, is determined by the signal flux from the
object under investigation, relative to a known calibration source. A convenient
calibration source is the sky at a position where no signal except the 2.7 K back-
ground radiation is observed. In addition, a dedicated cooled blackbody calibration
source is part of the photometer. In order to prevent masking of the astronomical
signals by background radiation, the optics need to have a low emissivity and low
temperature. In practice, this means that only mirrors should be used and the optics
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should perhaps be cooled. As an example, typical photon fluxes which should be
detectable by a state-of-the art THz photometer are a few mJy. A “Jansky” is not
an SI unit but is widely used in astronomy. It is given as 1Jy = 1072W/(Hz m?)
within one hour integration time, and for a (S/N)-ratio five times larger than the
rms noise.

7.3.2 Imaging with Direct Detectors

Camera-like imaging with direct detectors is in some sense the extension of IR
imaging towards longer wavelengths. While for IR cameras large format (for
example 260 x 340 pixel) detector arrays with good sensitivity for imaging are
available, this is not the case at THz frequencies. IR detector arrays such as VO,
or Si microbolometers do not require cooling, although for ultimate performance
moderately cooled (to about 250 K) InSb arrays are used. At THz frequencies, the
situation is different. Uncooled detector arrays based, for example, on microbolome-
ters or pyroelectric detectors, do not provide an NEP which is sufficient for passive
imaging. These arrays are used in conjunction with powerful THz sources for image
acquisition and such arrangements will be discussed in Sect.7.4. To achieve good
performance for imaging, THz detectors need to be cooled. If bolometers are to
be used for detection, this immediately requires an improvement of 100 in the
NEP, which can only be achieved by cooling. Besides which, the most sensitive
detectors are based on superconductors or photoconductors and these, in any case,
require cooling. This cooling requirement makes the development of passive THz
imaging systems with direct detectors quite a challenging task. Another challenge
is the fabrication of the array itself. If the array is larger than a few tens of pixels,
individual readout and cabling of each pixel is an almost impossible task, because
of the number of cables and the cryogenic requirements.

For astronomical applications, a wide variety of THz cameras have been devel-
oped in the past years or are currently under development. These are too numerous
to be discussed here and the reader is referred to the SPIE proceedings series
“Millimeter and Submillimeter Detectors and Instrumentation for Astronomy”.
These give a nearly complete overview of ongoing developments of THz cameras
for astronomy. Only a few examples of the various systems and their main features
will be described here.

The Herschel Space Observatory, launched in May 20009, is equipped with three
instruments with imaging capabilities. PACS, the Photoconductor Array Camera
and Spectrometer, and SPIRE, the Spectral and Photometric Imaging Receiver,
are both equipped with arrays of direct detectors. PACS was designed and built
by a consortium of partners across Europe led by the Max—Planck Institute for
Extraterrestrial Physics. It operates either as an imaging photometer (camera) or
an integral field spectrometer over the spectral band from 57 to 210 wm. The
imaging photometer allows simultaneous observation (with the same field-of-view)
at 60-85 pwm, or at 85-130 pwm, and at 130-210 wm. It has two bolometer arrays,
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one with 64 x 32 pixels for bands <130 um and one with 32 x 16 pixels for the
130-210 wm band. Each of these arrays is made from 16 x 16 sub-arrays, which
are cooled to 0.3 K. The NEP is ~10~'¢ W/+/Hz. The selection between the two
short-wavelength bands is achieved with filters. The integral field spectrometer
is essentially a grating spectrometer. The focal plane has an unstressed and a
stressed Ge:Ga detector array, with 16 x 25 pixels for 57-105 wm and 105-210 pwm,
respectively. In order to perform imaging and spectroscopy at the same time, each
array provides 5 x5 spatial pixels of the sky, with each of them providing 16 spectral
channels. In order to comply with the optics, governed by the entrance slit of the
grating spectrometer, an image slicer rearranges the 5 x 5 pixels into a 1 x 25 line
to match the entrance slit. Imaging is achieved by scanning the telescope across the
sky. Each telescope position provides 25 image points. The instantaneous spectral
coverage is insufficient for spectroscopy and, in order to increase the spectral
coverage, the grating needs to be rotated. An example of the capability of the PACS
photometer is the “Whirlpool Galaxy” M51 shown in Fig. 7.8. This is one of the first
images taken with PACS after the launch of Herschel.

SPIRE is an imaging photometer and an imaging Fourier-transform spectrometer.
It has been built by an international consortium led by Cardiff University in the UK.
The camera operates in three wavelength bands centered on 250, 360, and 520 pm.
The bands are defined by mesh-filters giving a resolution of A/AA ~ 3. SPIRE
can make images of the sky simultaneously in the three bands, with a field of view
of 4 x 8arcmin. The detectors are arrays of spider-web bolometers using neutron
transmutation doped Ge thermistors cooled to 0.3 K. Each band has one array
containing 43 (520 um), 88 (360 wm), and 139 (250 wm) detectors. The radiation
is coupled to each pixel via single-mode conical feedhorns giving diffraction-
limited beams. The background-limited NEP is 107'*~10~' W/+/Hz. The imaging
Fourier spectrometer covers the range 200-670 um with an approximately 2.6
arcmin diameter circular field of view. It employs a Mach—Zehnder-type dual-
beam configuration, with broadband beam splitters to provide high efficiency, and
separated output and input ports. It has two output ports with overlapping bands of

Fig. 7.8 THz images of M51 (“Whirlpool galaxy”) obtained with the PACS instrument on
board the European Space Agency’s Herschel Space Observatory (copyright: ESA and the PACS
consortium)
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Fig. 7.9 THz images of M74 obtained with the SPIRE instrument on board the European Space
Agency’s Herschel Space Observatory (copyright: ESA and the SPIRE consortium)

200-325 and 315-670 pum. Each is equipped with a detector array similar to that of
the photometer (19 detectors for the long wavelength band and 37 detectors for the
short wavelength band). The spectral resolution can be adjusted between 0.04 and 2
cm™!. Impressive images taken with the SPIRE photometer are shown in Fig. 7.9.

Probably the most complex ground-based THz camera ever built is SCUBA-2,
the Submillimeter Common User Bolometer Array at the James Clerk Maxwell
telescope in Hawaii. It is capable of imaging at 450 and 850 wm simultaneously.
The two wavelengths are separated by a dichroic beam splitter. For each wavelength,
one optimized focal plane array is used, which is made from four sub-arrays with
1280 TES each in a 32 x 40 format. The TES are made from Mo-Cu bi-layers. They
are voltage biased and operate at 100 mK. The NEP is ~10~'° W/+/Hz. The read-
out is acheived with SQUIDs operated in a time division multiplexing scheme. The
TES array and the SQUIDs are on two separate silicon wafers, which are bump-
bonded together [681]. The arrays are cooled to 100 mK by a dilution refrigerator.
In order to achieve background-limited performance with the TES, the last mirrors
in front of the arrays need to be cooled to below 10 K. In addition, the large field-
of-view (50 arcmin?) requires rather large optics (up to 1.2m across). This results
in a very large cryostat of 2.3 x 1.7 x 2.1 m? (height x width x length) cooled by a
powerful pulse tube cooler.

Somewhat similar to SCUBA is SABOCA, the Submillimeter APEX Bolometer
Camera for the APEX (Atacama Pathfinder Experiment) telescope in the Atacama
desert in Chile. SABOCA is designed to function in the atmospheric window
at 0.8 THz. Its detectors are composite bolometers with superconducting TES
thermistors made from Mo-Au/Pd bilayers on an SiN membrane. The operating
temperature of the detectors is 300mK, and the NEP is ~107'® W/y/Hz, with a
background at 300 K. The detector array consists of 37 TES in a hexagonal layout.
It is read out in the time domain with four SQUID amplifers/multiplexer chains
providing 10 channels each. A monolithic array of conical horn antennas is placed
in front of the TES wafer. The bandpass is defined by filters. The array and the read-
out are operated in a liquid helium cryostat with a closed-cycle helium-3 sorption
cooler. What makes the SABOCA detector array particularly noteworthy is that a
similar array is used in a spin-off application for THz security imaging. This THz



314 7 Terahertz Imaging

camera utilizes similar TES detectors, but the operational frequency is 0.35 THz
with a bandwidth of 40 GHz because, at this frequency, the transmission of clothing
and the atmosphere is better than in the SABOCA band at 0.85 THz. The frequency
adaptation is done by exchanging the filters and the conical horns, optimized for
0.35 THz. A prototype of such a THz security camera has been built [673,674]. The
detector array is integrated in a He’/He* sorption cooler, which in turn is mounted on
the cold plate of a pulse tube cooler. A Cassegrain-type telescope (diameter: 0.5 m)
with a scanning secondary mirror yields an on-axis spatial resolution of better than
2 cm at 8 m distance. The frame rate is 10 Hz and the temperature resolution is below
0.1 K. An image obtained with this camera is shown in Fig.7.1.

A similar approach for passive THz imaging for security applications is PEAT-
CAM (passive European-American THz camera). This camera utilizes NbN or
Nb superconducting bolometers. They are embedded in a planar logarithmic-spiral
antenna, which limits the signal bandwidth to 0.2—-1THz. Optical coupling is
achieved with a 2-mm diameter hemispherical Si lens-antenna. These bolometers
are somewhat similar to the HEB mixers described in Sect. 5.5.4. However, in order
to reduce the response time and to increase the responsivity for direct detection,
the superconducting bridges (8 um long, 2 um wide, 350 nm thick) are suspended
in vacuum. The detector is operated as a voltage-biased TES with an NEP of
~107"*W/+/Hz. Readout is done with a JEET amplifier at room temperature.
Images with a single detector mounted in a liquid helium cryostat show encouraging
results, with an NEDT of 125mK within a 30 ms integration time. The camera
employs a 68 element linear array of these detectors and allows for near video-rate
imaging [682].

7.3.3 Heterodyne Imaging

Heterodyne imaging has attracted significant interest because of applications in the
field of security, namely the stand-off detection of concealed objects, for example
a weapon carried by a person under their clothing. Most of these imaging systems
are active systems with coherent illumination. The principal scheme is similar to
the one shown in Fig.7.7, with the addition of a radiation source, the transmitter,
which acts as a source for illumination of the object. Radiation, which is scattered
or reflected from the object, is detected by a heterodyne receiver. Using a narrow-
band source allows full advantage of the restricted detection bandwidth to be taken,
thus achieving the high (S /N )-ratio, which is attainable with a heterodyne receiver,
even at 300 K. However, coherent illumination tends to produce speckles, or very
strong specular reflection signals in the image. An important part of such an imaging
system is therefore the optics and the way that the object is illuminated. Either the
optical paths of the transmitter and the receiver are collinear or they are not. In the
latter case, the transmitter may illuminate the whole object rather than a single point,
as with the collinear alignment. Since large heterodyne arrays are not yet available,
the field-of-view of the single pixel of the heterodyne receiver needs to be scanned
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across the object. Raster-scanning and conical-scanning schemes are employed,
with the latter being faster. Typical frequencies for THz security imagers are in the
atmospheric windows at 0.35, 0.6, and 0.8 THz. The size of the optics is determined
by the stand-off distance and operating frequency. With a 0.7-m diameter mirror, and
at a frequency of 0.8 THz, imaging with a spatial resolution of 2 cm at a distance
of 20 m has been demonstrated [683]. This imager used a Gregorian-type telescope.
An image taken with a 0.64 THz active imager based on a multiplier source and a
Schottky diode mixer is shown in Fig. 7.10 [684]. The object was placed 3.2 m from
a scanning mirror. The image consists of 216 x 181 pixels.

The first work on heterodyne arrays at frequencies above 0.3 THz dates back to
the early 1980s. This development was driven by applications in plasma diagnostics.
These arrays were linear Schottky diode mixers on the rear side of a single lens [204,
685]. About 10 years later, the development of SIS mixer arrays for applications in
radioastronomy began. These became operational in the late 1990s and operate in
the two atmospheric windows around 0.35 and 0.8 THz. All major ground-based
submm/THz telescopes are now equipped with heterodyne receiver arrays. Their
design is complex although, in essence, it is a rather straightforward extension
of single pixel receivers. This is because each mixer is fabricated on a separate
chip and the chips are assembled to individual pixels, each with its own optical
coupling (either waveguides with horn antennas, or quasi-optical coupling with
a lens-antenna). The individual mixers are assembled in a common mixer block.
Basically, this is an extension of single pixel receivers but with special, compact
mixer blocks in order to keep the array dimensions small. However, the fill-factor
is not optimal. The IF readout is accomplished using low-noise amplifiers. Each
mixer/pixel is equipped with one IF amplification chain. No multiplexing of the IF
signal is done. The distribution of the LO power is achieved, either by a series of
beam splitters, or by phase gratings (Fourier or Dammann type) [686]. The grating
approach is more efficient and compact. If the optical coupling to the mixer is carried
out with horn antennas, the size of the horn antennas ultimately limits the packaging
density of the mixers. Micromachined silicon horn antennas may open a way for

Fig. 7.10 (a) Visible image of a pistol, (b) THz image of the same pistol underneath a cotton
T-shirt taken at a distance of 3.2 m. The image was acquired with 0.64 THz illumination from a
multiplier-based source and heterodyne detection of the returned radiation. The intensity scale is
linear. In (c), the same image is shown with a logarithmic intensity scale and (d) is the same as (c)
but with an inverted intensity scale (adapted from [684])
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compact heterodyne mixer arrays at THz frequencies [687]. Similarly, the size of the
lens limits the packaging, if individual lens-antennas are used for radiation coupling,
a so-called fly’s-eye configuration [207]. However, with lens-antenna systems this
can be overcome to some extent by using a single lens with several mixers on the rear
side. The price to pay is that only one mixer is on the optical axis. All other mixers
are off-axis, which results in distorted beam profiles, i.e. less Gaussian-shaped
beams, with side lobes on one side of the antenna pattern that are higher than those
on the other side. Furthermore, the reflection loss at the lens-air interface increases
with increasing off-axis position [688, 689]. Which one of the two approaches is
appropriate for a particular application depends on whether efficient coupling to
each mixer, or efficient filling of the focal plane has the higher priority.

7.3.4 Three-Dimensional Heterodyne Imaging

Depth information can be obtained by combining a heterodyne imaging system with
frequency modulated continuous wave (FMCW) radar. An FMCW radar is based
on a transmitter which emits at a frequency vrx. Its frequency is modulated, for
example with a sawtooth or triangular function (Fig.7.11). The linear frequency
change is dvryx/dt. The return signal has a time delay At =2d/c, where d is the
distance to the object. A heterodyne receiver which operates at a frequency vrx
detects an IF signal at vip = (dvyx/d¢)At. The distance to the object is proportional
to the IF according to
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The minimum range resolution ry, which is the minimum depth distance between
two objects that can be resolved, is given by

c

—_— 7.12
2Av ( )

ro =
where Av is the chirp bandwidth, i.e. the maximum frequency change of the
transmitter. For a 10 GHz chirp bandwidth, the minimum range resolution is
1.5 cm. While for a conventional mmW FMCW radar this represents quite a large
bandwidth, it is only 2% bandwidth at 0.5 THz. In fact, a 10-20% bandwidth is
readily achievable for a THz heterodyne receiver. Therefore, FMCW radar has the
potential for small range resolution.

In Fig.7.11 a simplified block diagram of a THz FMCW radar is shown. It
consists of a transmitter and a heterodyne receiver. The transmitter and the LO are
phase-locked. The received signal is downconverted by the receiver, and Fourier
analysis of the IF signal yields the power spectrum as a function of frequency, which
can then be directly transformed into a distance according to (7.11). Scanning the
beam of such a single pixel FMCW radar enables imaging in three dimensions.
With a high-resolution imaging radar operating around 0.6 THz weapons concealed
by clothing were detected at ranges of 4 to 25 m. A range resolution of about 1 cm
at 4 m distance has been demonstrated (Fig. 7.12) [690].

7.4 Short-Range Imaging

The principal scheme of a typical setup for a short-range imaging experiment is
shown in Fig.7.13. The term “short-range” is understood as an imaging modality,
where the components of the imaging system are relatively close to the object
i.e. typically below one meter. Usually, in this configuration, a source illuminates
the object and the transmitted or reflected radiation is detected. An appropriate
optical system focuses the radiation from the source onto the object, which is
step-scanned in a plane orthogonal to the optical axis. The spatial resolution
of such a system is defined by the optics and the step size of the scanning
motion. Ultimately, it is limited by the wavelength of the source, and diffraction
introduced by the optical elements, unless near-field techniques are employed
(Sect.7.5). In principle any detector and any source described in Chaps.4 and 5
could be used for such an imaging setup. In practice the performance of a newly
developed source or detector is often demonstrated by an imaging experiment.
However, it transpires that certain detector-source combinations have found more
widespread use than others. In general, many imaging techniques explored, and
frequently used in the visible range, have also been demonstrated in a short-range
configuration at THz frequencies. Examples are tomography [691, 692], synthetic
aperture imaging [693], reciprocal imaging [694], or compressed sensing [695]. In
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Fig. 7.12 (a) FMCW power spectrum of an individual pixel. The pixel location is indicated by
a circle in the inset total-power image. The two peaks exceeding the threshold come from the
subject’s shirt and body surface. (b) and (¢) Three-dimensional reconstructions of the front and
back surface ranges consisting of the identified front and back peaks for each pixel. The concealed
handgun is visible as a bulge in the back surface (adapted from [690])

this section, a few of the more widely employed imaging setups and techniques will
be described.

7.4.1 Imaging with cw and Long-Pulse Sources

7.4.1.1 Imaging with Backward Wave Oscillators

This imaging system relies on a backward wave oscillator (BWO), which has the
particular advantage of being a high output power source. In addition, its narrow
bandwidth and frequency tunability are helpful for imaging. Such a system has been
described by Dobroiu et al. [696]. The output from a BWO operating in the 0.52 THz
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Fig. 7.13 Simple arrangements for (a) transmission and (b) reflection imaging in a short-range
configuration (L: lens, BS: beam splitter)

to 0.71 THz region is focused onto the sample, which is then raster-scanned. The
transmitted radiation is collected by a pair of off-axis paraboloidal mirrors and
detected with a pyroelectric element. At 0.59 THz, an FWHM of 550 pm was
obtained, which is 15% larger than the theoretical diffraction limit. A particular
problem that occurs, when imaging with a coherent source, is standing waves, due
to partial reflection at optical components of the setup which are perpendicular to
the optical beam. These manifest themselves as interference fringes in the image.
With the BWO system, these can be reduced efficiently by modulating the BWO
frequency. The imaging speed is limited by the sensitivity of the pyroelectric
detector, which has an output noise power that is larger than the power instabilities
of the BWO. When imaging a 1 mm diameter hole in a thin piece of aluminum
foil, a (§/N)-ratio of 27 dB was achieved with a DLATGS pyroelectric detector.
Replacing this detector by a superconducting tunnel junction detector improved
the (S/N)-ratio to 46 and 64 dB, when the detector was cooled to 4.2 and 0.3 K,
respectively [697].

7.4.2 Photomixer-Based Imaging

In 2002 a cw photomixer imaging system was demonstrated by Siebert et al. [698]. It
consists of a two-color Ti:Sa laser with independently tunable wavelengths centered
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at 800 nm. The emitter, as well as the detector, is an LTG-GaAs photomixer with
double dipole antennas mounted on the rear side of a hyperhemispherical Si lens.
Detection is achieved by homodyne mixing of the transmitted radiation with the
difference signal created by the two-color laser in the detector. The detected signal
Vout varies with the time delay ¢’ between the THz and the IR beams according to
the autocorrelation function

+o0
Vout(t') o / cos(wt) cos(w(t +t') + ¢)dt. (7.13)

o

With a delay line integrated into the optical path between the laser and the detector,
the sinusoidal variation of the THz signal is registered, and the amplitude and phase
¢ can be recovered for each pixel. The spatial resolution is then determined by the
knife-edge method. At 1.1 THz, it was ~320 wm, which is about 18% larger than
one wavelength. A comparison of different imaging modalities with such a system
is shown in Fig. 7.14.

Another imaging system with cw photomixers has been developed by Gregory
et al.[699]. This system works in reflection. The generation of THz radiation is
based on two free-running diode lasers operating at 830 nm. The frequency changes
introduced by the drift and the linewidths of the diode lasers are small compared
to the target difference frequency of 0.5 THz. Detection is achieved by homodyne
mixing and lock-in detection of the reflected radiation with the mixing signal of
the two diode lasers in the photomixer detector, in a similar way to the system
described in [698]. For a 30 ms time constant, per pixel a (S /N )-ratio of ~60dB
was obtained.

< 100[ |[b

o L e

% 10 - R .
£ o |
z M
©

= 01

—_
o
o
(1}

320 | [d

140

Transmittance (%)
N
)4

L]

Phase (°)

ah
s
'

©
o

-40

Fig. 7.14 Images of a wax-mounted thin-slice of tissue from a canary’s head. (a) photograph, (b)
power transmission image measured with a cw photomixer system at approximately 1 THz, (c)
pulsed THz image obtained from the pulse amplitude at 1 THz, and (d) cw THz image obtained
from the phase information at 1 THz (adapted from [698])
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7.4.3 Imaging with Quantum Cascade Lasers

While BWOs and photomixer-based systems have been used for imaging below
about 1THz, imaging systems based on quantum cascade lasers (QCLs) are
employed at higher frequencies, typically above 2 THz. Analogous to BWOs they
deliver several mW, or even several tens of mW, and this compensates for absorption
losses, which are generally higher in the upper THz range. Shortly after the
invention of the THz-QCL, imaging experiments were performed [700]. This system
consisted of a 3.43 THz QCL which was operated at 5 K and ran in a pulsed mode
at a repetition frequency of 400 Hz, with a pulse width of 100 ns. The peak power
was about 20 mW. The QCL emission was focused onto the sample, a section of a
rat brain, which was raster-scanned at the focus. The reflected radiation was focused
onto a liquid helium-cooled Si bolometer. With this system, images with a spatial
resolution better than 250 um (&3A1), and a dynamic range of about 1,000, were
obtained [700]. A similar system, with a 2.9-THz QCL operated in cw at 10K, used
a room temperature Schottky diode mixer for detection of the reflected radiation.
The Schottky diode detected the beating of two longitudinal modes of the QCL
separated by 13 GHz. A (S/N)-ratio of ~60dB was obtained with an acquisition
time of 100 ms/pixel, limited only by the acquisition software. In principle, this
might be reduced by several orders of magnitude [701].

7.4.4 Real-Time Imaging with cw Sources

The drawback of the imaging methods described so far is that they rely on raster
scanning of the object under test. This results in relatively long image acquisition
times, because just the measurement of a single pixel requires several tens of ms.
Pyroelectric detectors (Sect. 5.3.2), as well as microbolometers of the type described
in Sect.5.3.7, are available in large format arrays. If the imaging source provides
enough power at a frequency where the detector array has a good sensitivity, and
if the transmission of the imaged object is not too small, a combination of an array
detector with a mW-range source allows real-time imaging. The combination of a
THz gas laser or QCL, with a microbolometer array camera, fulfills this condition,
and real-time imaging has been demonstrated by Lee et al. with a THz gas laser and
a 160 x 120 pixel microbolometer array [471]. The gas laser delivered 10 mW of
power at 2.5 THz. Approximately 60 frames per second were obtained and the best
(S/N)-ratio was 13 dB for a 16 ms frame time. A particularly impressive example of
this imaging technique is the real-time imaging of a dried seedpod placed at 22.5m
from the QCL [330]. For this experiment, a 320 x 240 pixel microbolometer array
was used. The QCL was mounted in a pulse-tube cryo-cooler. It was operated in a
narrow atmospheric window at 4.9 THz, in a pulsed mode with a 27% duty cycle and
~17mW peak power, from which ~150 wW reached the object. The pulsing was
necessary for synchronization with the readout of the microbolometer camera. This
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permits differential imaging where the strong IR background can be subtracted from
the THz signal. The beam from the QCL was collimated with a paraboloidal mirror
close to the exit window of the cooler. The dried seedpod was placed at 22.5 m from
the QCL and the transmitted radiation was collected by a spherical mirror 2 m away
from the seedpod, and imaged with a silicon lens onto the microbolometer array
(Fig.7.15). In another configuration, an off-axis paraboloidal mirror, placed after
the spherical mirror, created an object plane in front of the Si lens. This provided
a smaller field-of-view and a higher spatial resolution (Fig.7.15). The (S /N )-ratio
at the focal plane was 2.5 for a single frame (50 ms integration time) and 10 for a
20-frame average (1 s integration time).
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Fig. 7.15 Experimental setup for real-time imaging with a QCL and a microbolometer camera.
In setup (a) the object plane is at a distance of 22.5m from the QCL and 2 and 3.25m from
a focusing mirror and the microbolometer camera, respectively. In setup (b) the object plane is
several centimeters from an off-axis paraboloidal mirror and the microbolometer camera. The inset
shows the THz transmission image of a dried seedpod measured with setup (a) and measured with
setup (b). Both images were taken with 1 s integration time (20 frames) (adapted from [330])
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7.4.5 Spectroscopic Imaging

Spectroscopic imaging requires a source which covers a much broader frequency
range than the spectral signatures and their distribution. Except for relatively narrow
(<100 MHz) molecular transitions, typical signatures which are of interest for THz
spectroscopic imaging, such as absorption bands of biomolecules or explosives,
have a width in the order of 0.1 THz. In addition, such signatures are usually
distributed across a spectral range in the order of 1 THz or more. Obviously, TDS
imaging systems are very suitable for this task unless very high resolution below
1 GHz is required, and this will be discussed in the following section.

For other source-detector combinations, the situation is more complicated. While
broadband detectors are readily available, sources which can cope with the spectral
requirements are sparse, and so are imaging systems which provide spectral and
spatial information at the same time. A step in this direction is a THz-wave
parametric oscillator (TPO)-based spectroscopic imaging system [702]. Although
this is, strictly speaking, not a cw imaging system, it will be described here,
because the pulse is relatively long (ns) and its phase is not used to create image
information as, for example, in time-domain imaging systems (Sect.7.5). The
emission frequency of the TPO was changed from 1.0 to 2.5 THz by rotating
the nonlinear optical crystal. The emission is focused and the object under test
is raster-scanned at the focus over 20 x 38 mm?, which corresponds to 40 x 76
pixels. The transmitted radiation is detected with a pyroelectric detector, or an Si
bolometer using a lock-in scheme, which is synchronized to the pulse frequency.
The measurement time for one image was about 10 minutes. This was repeated for
seven frequencies between 1.3 and 2.0 THz. By using a component spatial pattern
analysis, it was possible to distinguish between three different drugs which were
hidden in a closed airmail envelope (Fig. 7.16). It should be noted that the imaging
procedure is a sequential one in space as well as for frequency, and that a similar
experiment might be performed with QCLs operating at several frequencies, or
across a wide frequency range. However, the experiment demonstrates in principal
the capability of THz spectroscopic imaging.

7.4.6 Three-Dimensional Imaging with a Quantum Cascade
Laser

A widely used method to generate three-dimensional images is tomography. As
the word, which is derived from the Greek word “tomos,” meaning “section” or
“slice,” suggests, tomography is imaging by sections. The three-dimensional image
is reconstructed from slices by a mathematical procedure. At THz frequencies, this
technique has been pioneered with TDS imaging systems (for a review, see [692]).
More recently, a QCL was used for three-dimensional imaging [703]. The setup
resembles X-ray computed tomography (CT). The emission from a pulsed 2.9-THz
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Fig. 7.16 (a) Absorption spectra of MDMA (3,4-methylenedioxymethamphetamine, commonly
known as ecstasy), aspirin, and methamphetamine. The dashed lines indicate seven frequencies,
which were used for the component spatial analysis. (b) Images of the three drugs in an envelope at
seven frequencies (spatial arrangement of the drugs: MDMA, aspirin, and methamphetamine, from
left to right placed in an envelope). (c) Spatial patterns extracted from the spectroscopic images.
The drugs are identified on the basis of a component spatial analysis (adapted from [702])

QCL (250 ns pulse length, 80 kHz repetition rate, 70 mW peak power) was focused
onto the sample. The FWHM of the beam was about 1 mm, which is rather large but
is a compromise caused by the required depth of focus. For imaging, the sample was
rotated in both directions orthogonal to the optical axis scanned through the focus.
By this means, a series of parallel beams is transmitted through the sample and the
intensity of the beams is detected with a Golay cell. Then the sample is rotated by
a certain angle and the procedure is repeated. Finally, a slice through the sample is
imaged. This is then repeated at different sample heights (Fig. 7.17). Data analysis is
based on the Fourier slice theorem, which states that the one-dimensional Fourier-
transform of a parallel beam of an object is equal to its two-dimensional Fourier-
transform [704]. There are several algorithms for image reconstruction based on
this theorem. In this particular case, the filtered back-projection algorithm was used,
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Fig. 7.17 Principle of a cw tomography approach (a) and experimental setup (b). The radiation
from a QCL is transformed by two paraboloidal mirrors into a parallel beam, which is passed
through the sample in the plane to be imaged. The intensity of the transmitted beam is detected with
a Golay cell. This is done for several angles 6 until a range of 180° is covered. The procedure is
repeated for another plane by moving the sample in the z-direction. (¢) Photograph of a polystyrene
phantom with a 10-mm diameter hole (indicated by the dashed line) and reconstructed three-
dimensional THz image obtained with the setup shown in (b). The hole is clearly visible (adapted
from [703])

and a result of that procedure is shown in Fig.7.17c. The image of a polystyrene
phantom was taken with linear steps of 0.2 mm and the rotation angle was 10°. The
total image acquisition time was about three hours. The reconstructed image reveals
the shape and some surface details of the phantom, as well as the 10-mm diameter
hole in its center.

7.4.7 Imaging with Time-Domain Spectrometers

THz time-domain spectrometers (TDS) were employed for imaging shortly after
their invention [107] and numerous applications and imaging setups have been
reported since (for a review, see [705]). There are two features which are unique
to THz TDS systems: firstly, image information can be obtained from the amplitude
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of the THz pulse as well as from its phase. Secondly, spectroscopic imaging is quite
straightforward because THz TDS systems, emit in a broad spectral range, typically
from 0.1 to 2 THz. However, realizing this potential makes data processing more
demanding. The low power of the THz beam, (typically in the order of tens of pW
average power), is a serious limitation. This can be compensated for because of the
large dynamic range of a THz TDS system, due to the coherent detection scheme.
However, because of the low power, most TDS imaging systems rely on raster-
scanning of either the object or the THz beam. Each THz waveform obtained from
one pixel contains a large amount of information which has to be processed. In
order to record the waveform of the THz pulse, an optical delay line needs to be
scanned during the measurement of one pixel. With a standard step-scan optical
delay line, it can easily take several seconds to minutes to measure a 1024-point
THz waveform. This time has to be multiplied by the number of pixels required for
the image. Obviously, for real-time imaging, this poses a major challenge.

Figure 7.18 illustrates the operating modes of a TDS imaging system [706]. The
two gray scale images were taken by raster-scanning a nylon plate in steps through
the focus of a THz TDS beam. The left image is generated by plotting the peak-to-
peak amplitude of the transmitted beam. The steps are visible because of scattering
effects, which reduce the power arriving on the detector. If the phase of the THz
pulse is used for image reconstruction, the steps are very well resolved (Fig. 7.18b).
This illustrates the capability of this imaging mode. In general, if phase detection is
employed, either the change in the arrival time of the peak or the first zero crossing
of the pulse is detected. Changes At in the arrival time are given by

Ar = % / n()dz. (7.14)

where z is the direction of the THz beam and n(z) is the refractive index along this
direction. Changes in the arrival time of the THz pulse, as a function of position on
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Fig. 7.18 Gray scale images of a nylon plate obtained by raster-scanning the object through the
focus of a TDS-THz beam. Image (a) is generated by plotting the peak-to-peak amplitude of
the transmitted beam. The steps are visible because of scattering effects which reduce the power
arriving on the detector. If the phase of the THz pulse is used for image reconstruction, the steps
are very well resolved (b) (adapted from [706])
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the sample, indicate changes in the optical path length which are caused by changes
in the thickness of the sample, or changes of the refractive index, or both. The phase
or pulse delay can be determined with greater accuracy than the amplitude, because
noise appears predominantly as amplitude fluctuations of the THz pulse, rather than
affecting the pulse delay [707].

The spatial resolution of a TDS imaging system is affected by its broadband
emission. The diameter of the focus or the minimum waist is dependent on the
frequency. If a particular frequency interval is used to generate the image, the spatial
resolution is roughly proportional to the average wavelength of this interval. If the
whole spectrum is used, the spatial resolution is determined by the wavelength of
the frequency component with the largest amplitude.

7.4.8 Spectroscopic Imaging with Time-Domain Spectrometers

Spectroscopic imaging is a capability which is inherent to TDS imaging systems.
For each pixel of an image, the THz waveform can be detected and the spectrum
obtained. As pointed out above, this is at the expense of measurement time. An
example of TDS spectroscopic imaging is shown in Fig. 7.19 [708]. The test sample
consists of a lactose pellet, a sucrose pellet, and a sheet of the explosive RDX (1,3,5-
trinitro-1,3,5-triacycyclohexane). The images were obtained by raster-scanning the
THz beam across the sample, which was mounted at the focal position of the
THz beam. The scanned area was 8 x 24 mm? with a 100 wm pixel spacing. The
total imaging time was 16 min. The standard nonspectroscopic image is shown
in Fig.7.19b. There is some structure and contrast in the sucrose and RDX
images. However, this is hardly sufficient for discrimination or identification of the

Fig. 7.19 (a) Scheme of the sample used for THz spectroscopic imaging. The left circle is a lactose
pellet, the right circle is a fructose pellet, and the square is an RDX explosive sample. (b) TDS
image using the pulse amplitude. (c)—(e) Spectral images obtained by a component spatial analysis
similar to that applied in (Fig. 7.16). The different components are clearly identified (adapted from
[708])
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substances. By calculating the spectrum for all pixels at frequencies from 0.3 to
2.4 THz a three-dimensional data cube was obtained. Applying a component spatial
pattern analysis, similar to the procedure described by Kawase et al. [702], it was
possible to determine the spatial distribution of the chemicals (Fig. 7.19¢c—e).

7.4.9 Three-Dimensional Imaging with Time-Domain
Spectrometers

The first imaging experiment with a TDS system providing three-dimensional infor-
mation was reported in 1997 [691]. Although initially called “T-ray tomography,”
it might be more appropriately described as “time-of-flight imaging.” A typical
setup consists of a TDS emitter illuminating the object and a receiver detecting
the reflected pulses. Figure 7.20 shows the imaging principle for the example of
a floppy disc, which is essentially a layered structure with each layer having a
different refractive index. These layers are a series of step discontinuities. When
illuminated with the THz pulse, each step generates a reflected THz pulse and the
signal measured in reflection consists of a series of such pulses, each with a unique
time delay (Fig.7.20a). The time delay between two pulses provides information
about the optical thickness of the layer in between (cf. (7.14)), while the amplitude
of each pulse contains information about the magnitude of the refractive index
change at the layer interface. It should be noted that time-of-flight imaging is also
possible in transmission geometry. In this case, the number of reflections of each
pulse is even rather than odd.

Obviously, the depth resolution in time-of-flight imaging is determined by the
ability to resolve two closely spaced reflections, which in turn is determined by the
temporal duration of the THz pulse. Shorter pulses allow for better depth resolution.
A figure-of-merit is the coherence length L. of the radiation, which in terms of
spectral bandwidth Aw is given by L. =c/Aw. The depth resolution is half the
coherence length, because in reflection geometry each pulse must travel twice
through the medium. The depth resolution can be improved by several techniques,
for example by the time-domain analogue of optical coherence tomography. A depth
resolution of less than 2% of the coherence length has been demonstrated with this
technique [709].

As pointed out earlier, THz tomography was pioneered with TDS systems
and many different modalities have been investigated. A review on pulsed THz
tomography is given in [692]. Here, only a few results of THz tomography with
TDS systems will be described. One example is the THz analog to X-ray CT. This is
similar to the procedure described in Sect. 7.4.6. The sample is placed at the focus of
a THz emitter and the signal is measured in transmission mode. Generating a three-
dimensional image requires scanning four dimensions: two directions orthogonal
to the optical axis, the rotational dimension for the slice, and time. With an optical
delay line, it would take several hours for an image with a moderate number of
a few thousand pixels. This can be speeded up by using a chirped probe beam
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Fig. 7.20 (a) THz transmission image of a part of a floppy disk. The image was generated from
the pulse amplitude. In (b) the pulse reflected from a floppy disk is shown in the lower trace.
Reflections from each dielectric interface can be seen. For comparison, the upper trace shows the
input THz pulse reflected from a mirror. Diagram (c¢) shows a time-of-flight image obtained from
a slice along y = 15 mm (dotted line in (a). The different components of the floppy disk such as its
front and back cover, the diskette itself, and the metal hub are well resolved (adapted from [691])

technique, which enables the measurement of the full THz waveform using a single
THz probe pulse. This hastens the imaging speed significantly [629, 710]. An
example of a THz CT image measured with this setup is shown in Fig.7.21. The
three-dimensional image has been reconstructed using the filtered back-projection
algorithm. In addition, the frequency-dependent optical properties were determined.
The fine structure of the bone below about 0.5 mm could not be resolved, due
to limitations of the reconstruction algorithm. It should be noted that there is a
wide variety of pulsed THz tomography approaches, many of them inspired by
tomographic techniques, developed for other applications and other parts of the
electromagnetic spectrum. For these, the reader is referred to [692, 705].
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Fig. 7.21 (a) Photograph of
a piece of a turkey leg bone
and (b) three-dimensional CT
image of the bone. The fine
structure of the bone is not
resolved due to limitations of
the reconstruction algorithm
(adapted from [692])
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Fig. 7.22 (a) Two-dimensional real-time THz imaging system based on electro-optic sampling
and a CCD camera and (b) THz transmission image of an ant obtained with this system (L: lens,
BS: beam splitter, P: polarizer, A: analyzer; adapted from [711])

7.4.10 Real-Time Imaging with Time-Domain Spectrometers

Real-time or video-rate imaging with TDS systems faces two challenges. Firstly,
the raster-scanning needs to be eliminated and, secondly, the waveform acquisition
must be very fast. As with cw techniques, the first challenge can be tackled by
using a detector array. As described in Sect. 6.6, electro-optic sampling relies on
polarization rotation of a near-IR femtosecond probe pulse, with the degree of
polarization change depending on the amplitude and phase of the THz field. This
transfers the THz image into the near-IR, where large format CCD detector arrays
are available. In contrast to raster-scan imaging, a large ~cm?-sized electrooptic
crystal, and a correspondingly large-area THz beam, need to be used. The polar-
ization change across the area of the electro-optic crystal can be detected by using
crossed polarizers and a CCD camera [711] (Fig.7.22). However, this technique
needs considerably more power in the femtosecond pulse beam. Therefore, an
amplified femtosecond laser system is needed. This system has real-time imaging
capability, but it can only obtain one image per time delay. For acquisition of the
THz pulse waveform, a delay line or the chirped probe beam technique is required.
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7.5 Near-Field Microscopy

In far-field imaging the typical maximum resolution is in the order of the wavelength
A (Sect.7.1). At THz frequencies with wavelengths A between 1 mm and 30 pm,
this is not always sufficient since many objects, such as cells or nano-structured
semiconductor components, have dimensions well below 30 um. For example,
imaging of the inner parts of a cell requires sub-pum resolution and the inspection
of semiconductor devices requires nm-scale resolution. At THz frequencies, this
corresponds to a spatial resolution scale down to A/10,000. To overcome the far-
field limitation, information has to be obtained from the near-field of the sample.
Every sample surface consists of atoms with an electric field associated with each
atom, leading to an electric charge distribution, and to the so-called near-field
distribution. If an electromagnetic wave impinges on a surface, it reacts by re-
radiating waves from each local resonator on and in the surface. At a distance of A
all near-fields have sufficiently interfered, so that the resulting propagating far-field
wave contains only information with length scales of the order of A. Detecting the
near-field distribution allows information to be obtained on a length scale of much
less than A. Near-field microscopy describes the mapping of such local near-fields of
a sample, ultimately with atomic resolution. In 1928, E.H. Synge proposed that sub-
wavelength resolution might be obtained by scanning a sub-wavelength sized hole
in a metal film illuminated from the rear and scanned very close to the surface of
the sample [712]. Later on, H. A. Bethe [713] and C.J. Bouwkamp [714] developed
a theory of diffraction by small holes.

While these concepts were readily adapted and developed in the visible part of
the spectrum, it was not until 1985 that THz near-field imaging experiments were
performed [715]. Generally, two approaches can be distinguished. One follows the
original idea of Synge by using a small aperture, for example in a tapered cone
similar to those described in Sect.3.10. This apertures-based microscopy allows
a resolution in the order of A/10. Major limitations are the manufacture of small
holes, and the power reduction which scales with the aperture size d at a rate of d ™*
leading to a loss of power of up to ~10* [716]. Alternatively, the metallized tip of an
atomic force microscope (AFM) could be used. According to Babinet’s principle,
this can be viewed as an inverted structure of a small hole in a metal plate. The tip
apex is irradiated by a THz source and serves as a scattering source. In early 2000,
this method was applied at THz frequencies [717,718].

7.5.1 Aperture-Based Scanning Near-Field Microscopy

The demonstration of sub-wavelength resolution at THz frequencies was reported
in 1985. Massey et al. used a gas laser operating on the very strong 2.5 THz
(118.8 wm) line of methanol [715]. They achieved a spatial resolution down to
30 um by scanning a 10 um wide and 2mm long slit against another slit with
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the same dimensions. The separation of the slits was approximately 10 um. The
laser radiation was focused onto one slit, while a pyroelectric detector was placed
behind the scanning slit. Similar experiments have been performed with round
apertures down to 50 um diameter [715]. This initial experiment illustrates the
limitations of this type of microscopy. Firstly there is a strong power reduction,
as the nonevanescent power, which is transmitted through an aperture with diameter
d varies as (d /A)*. To achieve a resolution of one tenth of the wavelength, the loss
in transmitted power is 10*. The second challenge is to keep the distance between
the object and the hole constant and below at least A /2.

A first step to improve the power transmittance was the introduction of a cone
with a small pinhole at the exit (Fig.7.23a). Essentially, this is a straight cone as
described in Sect. 3.10, which can be viewed as a tapered hollow metal waveguide
with a specific cutoff frequency. Assuming an infinite conductivity, and neglecting
input and output coupling losses, the power transmittance in the cutoff region is

[719]
T =exp (—4JTL,/UCZ - 02) , (7.15)

where o is the wavenumber of the incident radiation, o, is the cutoff wavenumber,
and L is the length of the waveguide. As with a hole in a foil, there is a rather
steep decrease of the transmitted power beyond the cutoff frequency. A coaxial
waveguide is known to have no cutoff effect and can be employed to improve the
power transmittance. F. Keilmann inserted an electrochemically sharpened 25-pum
diameter tungsten wire into a metal cone. To ensure electrical insulation between
the wire and the pinhole, the wire was sputter-coated with SiO,. The transmitted
power at a wavelength of 392 pm (/0.8 THz) for cones, with pinholes of different
diameters, is shown in Fig. 7.23. Without the central wire, there is a sharp cutoff at
about A /2, while with the wire the transmittance is independent of the wavelength
from A /3 to A/20.

Tapered cones have been applied for THz microscopy experiments with a variety
of sources. Merz et al. [720] used a THz gas laser operating at 392 pm to resolve
spatially the photoconductivity of a two-dimensional electron gas. They achieved
a spatial resolution of A/2. Near-field imaging with a time-domain system and
broadband THz pulses has been reported by Hunsche et al. [721]. The emission
pulse had a maximum at 0.5 THz. Using a tapered cone with a 100-pum diameter
pinhole, the power was strongly attenuated, and the low-frequency part was cutoff,
resulting in a peak pulse power at 1.4 THz. With this setup, a spatial resolution
of A/4 was obtained. Sensitivity and spatial resolution of such a system can be
improved by placing the aperture in front of the detector. Mitrofanov et al. observed
a spatial resolution of better than 40 um over a broad spectrum from 300 to 600 jum,
which corresponds to A /15 at the longest wavelength [722]. Schade et al. [405] used
broadband coherent THz synchrotron radiation. With a conical cone and a 100-pm
diameter pinhole, they obtained a spatial resolution of A/12 at 0.36 THz, which
increased to A/40 at 60 GHz. Examples of the capability of THz microscopy with
tapered cones are shown in Fig.7.24.



7.5 Near-Field Microscopy 333

a b d/a
Eo 0.1 1
T T TTTTT T T T IIIII
w 100 & O
Scan = E 0O
> S F O
o 10 E Q
3 £
vd: ® [ with wire
1 o 1 =
Lip [ evedf
T 01k
z E 0 "o 0
Sample E 0.01L without wire o
E 1 1 11 IIIII 1 1 1
10 100

Output diameter d (um)

Fig. 7.23 (a) Scanning near-field microscopy using an aperture of diameter ¢ with incident
electric field Ej in transmission. The evanescent electric field is scanned along a sample with
structural variation in the jum to nm range at a sufficiently small distance z < d (not to scale in
the drawing). The transmitted field E1 coupled out of the aperture through the sample is measured
with a detector in the far-field (b) Relative transmittance of focusing cones with different output
apertures at A =392 um (open circle: cone without central wire; closed circle: cone with central
wire). Note that for the cone with a central wire (closed circles) the transmittance is independent
of the wavelength from approximately A/3 to A /20 (adapted from [719])
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Fig. 7.24 Examples of THz near-field images. (a) Image of a metal circuit deposited on a GaAs
wafer obtained by conventional THz imaging. (b) The same circuit imaged with the dynamic
aperture technique (adapted from [723]). (¢) Visible image of a leaf. (d) THz image of the same
portion of the leaf as in (¢) obtained with a cone with an aperture diameter of 200 um and coherent
THz synchrotron radiation as the source. Note that less absorption is indicated by a darker region
in the THz image (adapted from [405])
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Another development is a BWO-based THz micro-spectrometer [724, 725].
High spatial resolution is obtained with small pinholes (diameter A/100 to A/10)
in a thin copper foil. The radiation from the BWO is focused onto the pin-
hole. The focusing is accomplished with an aberration-free hyperbolic lens and a
hemispherical Si immersion lens. The sample is placed immediately behind the
pinhole. The hyperbolic lens gives a diffraction limited spot. The immersion lens
reduces this spot by an additional factor of n, where n is the refractive index of the
lens material. The small pinhole in close contact to the sample defines the spatial
resolution. The transmitted radiation is detected with a Golay cell. By tuning the
frequency of the BWO spectral information is obtained and spatial information
is extracted, by raster-scanning the object under investigation. The instrument is
of interest for the study of biological samples with high spatial and frequency
resolution [725].

An alternative approach is the so-called dynamic aperture. This method was
developed for the IR by Palanker and co-workers [726], and was adapted by Chen
et al. [723] for THz frequencies. The method is based on a modulated optical gating
beam from a laser, which is focused to a micrometer-sized spot on a thin silicon
wafer (Fig. 7.25). The energy of the laser photons is larger than the band gap energy
of Si, thus creating an electron—hole plasma in the wafer. The plasma acts as a small
mirror while the rest of the Si wafer is nearly transparent at THz frequencies. The
sample is placed on the rear side of the Si wafer and the change of transmitted
THz power is detected with a lock-in amplifier. In general, the method requires Si,
or possibly other semiconductors, for generation of the aperture and keeping the
sample in place. Chen et al. [723] implemented this method in combination with a
TDS, which was set around 0.9 THz. This achieved a spatial resolution of 50 pm.
Gompf et al. [727] developed a cw near-field spectrometer for 30 GHz to 1.4 THz.
Their spectrometer was based on a series of BWOs, for coverage of the frequency
range, and a dynamic aperture created by a green laser. The laser beam was focused
to 35 wm while the THz beam was focused to 1 mm. With this setup, it was possible
to obtain a spatial resolution of 100 wm at 0.45 THz, which corresponds to A/7.

\

THz beam

Thin substrate
Visible beam

Fig. 7.25 Principle of a dynamic aperture (black region), which is formed by an optical beam from
a laser illuminating a thin semiconductor substrate creating free carriers. The THz beam penetrates
the substrate and the sample is placed on the backside of the substrate. The spatial resolution is
determined by the size of the aperture
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Due to the polarized radiation from the BWO, anisotropic sample properties could
be investigated on spot sizes much smaller than the wavelength. The resolution was
limited by diffusion of the photo-induced free carriers in the Si wafer rather than by
the THz beam.

7.5.2 Aperture-Less Scanning Near-Field Microscopy

A metallized atomic force microscope (AFM) nano-tip can be viewed as an inverted
hole. Since AFMs are widely used these tips can be obtained commercially, with
high quality and nano-scale sizes ranging from 5 to 40 nm. The tip apex serves as a
scattering source of the light. The IR and THz wavelength is much larger than the
nano-tip so that in a first approximation a dipole is induced in the tip. The dipole
now samples the material with a resolution comparable to the size of the nano-
tip [728,729]. Such an instrument is called a scattering scanning near-field optical
microscope (s-SNOM). Several other abbreviations are used in the literature which
use the same concept, although the spectral range or specifics of the tip may vary,
for example, aperture-less near-field scanning optical microscopy named ANSOM
or aSNOM.

In analogy with chemical microscopes, a chemical nanoscope can map the
chemical composition of a material, with ultimately atomic resolution, by using
the spectral fingerprint of chemicals originating from the types of bonds and forces
which build up the material. s-SNOM in the THz region has been demonstrated by
using an optically excited gas laser for illumination of an AFM nano-tip and an
HEB detector [730], by employing THz TDS systems [608, 717, 718] and FELs
[731,732]. In general, any source and detector combination can be used if the
(S/N)-ratio is sufficient. The illuminated area of the sample is still governed by
far-field limitations, and the focus corresponds to a diameter of ~A, in which the
nano-tip only samples an area which is up to 10™® smaller. This signal reduction is
partially compensated by the local field enhancement of the metal nano-tip, which
has a function that can be crudely described as being analogous to a lightning rod.
The nano-tip is typically elongated, so that approaches using antenna theory [733—
735] or surface plasmons (Sect. 3.17) to describe the near-field interaction are also
used. For biological samples, the signal power has to be low to avoid damage,
which demands sophisticated modulation techniques and sensitive detectors. The
THz region has been found to be especially useful for mapping charge distribution in
semiconductors, where the THz power impinging on the sample is also less critical
[730,736].

The contrast in near-field microscopy is determined by the complex refractive
index 7 = n + ik of a material, so it is a combination of amplitude and phase
information. Using special modulation and demodulation techniques, it is possible
to extract phase and amplitude contrast independently [737]. For comparison, the
complex refractive index of samples can be measured by far-field methods such as
THz TDS, DFTS, heterodyne spectroscopy, or ellipsometry. Often, it is possible
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Mirror dipole

Sample scan =—>

Fig. 7.26 Aperture-free scanning near-field microscopy at a distance z using a nano-tip (approxi-
mated by a tip dipole of radius r) in a medium inducing a mirror dipole in the sample. The scattered
field Eg is recorded with a detector in the far-field. The indicated field lines are perpendicular to
the tip and sample surface if both are ideal conductors with infinite conductivity

to obtain near-field contrast by modulating the signal, due to the AFM tip and
cantilever oscillation f, and demodulation at higher harmonics 2f,3f,...,nf
of the cantilever eigen-frequency f, while recording the scattered light. In this
case, the scattered light from the cantilever interferes with the light scattered
from the sample—tip apex interaction zone. The contrast is then not separated into
amplitude and phase but, due to the strong interference in this mode, very small
amounts, for example a few hundred molecules [738], can be measured.

The measured signal follows from scattering of the incident electric field E
at the tip apex-sample system, described by the effective polarizability (Fig.7.26).
The tip of the AFM cantilever, in the simplest case, can be approximated by a
point dipole. The polarizability a7 of such a point dipole is the product of the
polarizability of a dense material, which can be derived from the Clausius-Mosotti
equation, and the volume of the sphere. In a medium with the complex permittivity
&M, it is given as
3 €T — &M

er +2em
For highly conductive materials, like Au or Pt coated tips, and in air (ep & 1), the
polarizability approaches 477>, For a tip made from very pure Si, the permittivity
may be expressed by the refractive index e = n?, and the tip polarizability is still
78% of the value for metals. If ey approaches —2&)y (in air the real and imaginary
parts of er approach —2 and 0, respectively), a resonance occurs and very high
enhancement factors can be obtained.

In the mirror-dipole model [739,740], which is typically employed for extended
samples or surfaces, the effective polarizability is derived as

ot = 4mr (7.16)

_ arp -
ot = emar(l + B) (1 - m) . (7.17)
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Concerning the resonant mode the same reasoning holds for 8 with

J e — (7.18)

e+ em

So-called polariton-resonant materials have a real part of ¢ close to —1 (in air) and
a small imaginary part (in air). If the tip and the sample are sufficiently separated
on the order of one wavelength (z > 1), then the effective polarizability in (7.17)
mathematically simplifies to the sum of the tip dipole and its mirror dipole.

The scattered electric field Eg is proportional to the effective polarizability oesr
and the incident electric field Ey, leading to

Es X OéeffE(). (719)

Equation (7.17) has been modified for samples with flat surfaces [741]. With the
Fresnel reflection coefficient R of the flat surface, the scattered field is expressed as

_ 2y B\
ES = EMOlT(l + R) (1 167I(Z T I‘)3) E(). (720)

The factor (1 + f), derived from electrostatic reflection, leads to inconsistencies
because in the far-field the mirror dipole can radiate more strongly than the tip
dipole, so it is replaced by (1 + R). Another factor (1 + R) follows from additional
illumination of the tip apex by reflected light from the sample interface [741]. This
simple model describes a variety of experiments very well. Sophisticated models
include the tip geometry and sample nano-scale geometry, which may consist
of multilayers, three-dimensional structures, or of naturally very heterogeneous
materials like biological membranes [742]. The z-dependent enhancement factor
in (7.20) approaches 1 for large values of z (Fig.7.27) and 4/3 for z = 0. More
precisely, the value deviates only slightly from one for distances of 2r to 3r. This
leads to a maximum spatial resolution of tip-based scanning near-field microscopy
close to the tip curvature radius unless resonance effects occur, which additionally
enhance the tip—sample interaction. The scattering and absorption cross-sections og
and o, according to classical electrostatics, are

k4

05 = — |aest]? (7.21)
(%4

oa = kS (ctesr) , (7.22)

and connect absorption and scattering to the effective polarizability. For a sphere
with a polarizability of negligible imaginary part and absorption (o5 ~ 0) and a
real part approaching 4773, the product of the geometrical cross-section and the
Rayleigh factor in the fourth power of the wavevector k = 2m/A is obtained:
os = (8r?/3)(kr)* For an AFM tip curvature radius 7 of 30nm and at 1 THz,
a scattering cross-section of only 10~ nm? results because at THz frequencies the
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Fig. 7.27 (a) Dipole interaction enhancement factor for an infinitely conductive sample and
tip (curvature radius of » = 30nm and B ~ 1). The z-dependent near-field enhancement and
therefore the maximum spatial resolution corresponds approximately to 7. (b) Enhancement due
to interaction of two dipoles of radius r; and r;
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DAQ OAP Beam expander : Source
A4 - o L
Phase and \ Polarizer
amplitude oo |
K ':"‘ur Z(t,f)
nf ’,' K p
o | e | {17 T
amplifier detectorl. | [{ | | jg-=ean
A ' \ \ E z
) - AFM
Y| s-SNOM

Reference signal f

Fig. 7.28 Experimental setup with optical modulation due to the cantilever tip motion. The
cantilever and the tip apex are modulated with the frequency f, while the detected signal is
demodulated at higher harmonics n X f. The laser or light source is shaped by optical components
to achieve optimal far-field focusing close to the AFM tip. The polarizer is aligned to allow
perpendicular polarization along the elongation of the metalized AFM tip for efficient coupling

wavevector is very small. In an experiment (Fig.7.28), the cantilever oscillates
with a frequency f, close to its eigen-frequency, determined by the geometry of
the cantilever and the material stiffness. The frequency can range from a few kHz
to MHz. The oscillation leads to a tip displacement from the surface of z(t) =
Az(1+cos(27ft))/2. This displacement modulates the near-field interaction (7.20)
and the effective polarizability a.s as a function of time. Fourier decomposition of
the time-dependent scattered field £ = E(z(¢)), at higher harmonic demodulation
n, allows the n-th component of the polarizability a.s to be extracted and the
following is obtained
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E, = s, exp(i®,) o< (1 + ) et n Eo, (7.23)

in which s, and @, describe the near-field amplitude and phase, respectively. The
contrast for two materials A and B in amplitude and phase is then given as the ratio
San/SBn = |Qefian/0ttB,n| and the argument @y ,/Pp, = arg(Ctesr.an/ et Bn)-
This is valid under the assumption that the Fresnel coefficient » does not change at
the junction of the two materials. Using demodulation at higher harmonics reduces
the influence of scattered light components from the cantilever surface, because
simple reflection is mainly modulated at the frequency f, if the cantilever is
operated in such a way that it mainly oscillates harmonically. This is not easy to
achieve because a high (S/N)-ratio is only reached if the tip oscillates very close
to the surface for which the z-dependent near-field enhancement is sufficient. If the
tip interacts with the surface, nonlinear frequencies can be excited in the cantilever
arm, which translate in contributions of the reflected light at the cantilever arm at
higher harmonics of f. However, the nonlinear near-field interaction has frequency
components with sufficient (S/N)-ratio even at higher orders of f at 2f, 31, or
4 f, and good tip-sample distance controls with sub-nm resolution are commercially
available to minimize nonlinear effects from sample-tip mechanical interactions.
Heterodyne [743] or interferometric detection with a reference beam (Fig. 7.29a) is
used in experimental setups, which allows the separation of amplitude and phase
contrast. Near-field images, for example of semiconductor circuits (Fig.7.29b),
can be obtained which are similar to those obtained with far-field microscopes,
but with a spatial resolution far beyond the diffraction limit. With THz near-

Shaker

Mirror ﬂ¢fM
Eq

AFM -
S-SNOM g « Source
Aztf)  EntEs Bs

nfifM
Modulation THz
analyzer detector
Snexp(idn)

Fig. 7.29 (a) Experimental setup for interferometric detection using a reference beam with an
electric field of Eg. The near-field Ex and unavoidable background field Ep reflected from the
AFM tip and the rest of cantilever, respectively, is demodulated at the n-th harmonic of the tip
oscillation frequency. Amplitude s, and phase @, information is extracted and can be used to plot
images with pure amplitude or pure phase contrast (adapted from [737]). (b) Near-field imaging
of a transistor at 2.5THz (A &~ 118 um) with a spatial resolution of 40 nm, several orders of
magnitude below the diffraction limit, in comparison with a transmission electron microscope
(TEM) image (adapted from [730])
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field techniques, it is possible to distinguish very small numbers of molecules in
chemistry and biology [744], device structures in current nanoelectronics, or to
map the electron density differences due to a few hundred electrons [730]. The
availability of commercial near-field microscopes [745], and the wealth of potential
applications in nanotechnology, nanooptics, and life sciences is resulting in very
active research in near-field techniques.
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