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UUntil recently, researchers did not
extensively explore the material inter-

actions occurring in the terahertz spectral
region—the wavelengths that lie between
30 µm and 1 mm—in part because they
lacked reliable sources of terahertz radia-
tion. However, pressure to develop new
terahertz sources arose from two dramati-
cally different groups—ultrafast time-
domain spectroscopists who wanted to
work with longer wavelengths, and long-
wavelength radio astronomers who wanted
to work with shorter wavelengths. Today,
with continuous-wave (CW) and pulsed
sources readily available, investigators are
pursuing potential terahertz-wavelength
applications in many fields.

Bio and astro
Much of the recent interest in terahertz

radiation stems from its ability to penetrate
deep into many organic materials without
the damage associated with ionizing radia-
tion such as X-rays (albeit without the spa-
tial resolution). Also, because terahertz
radiation is readily absorbed by water, it
can be used to distinguish between materi-

als with varying water content—for exam-
ple, fat versus lean meat. These properties
lend themselves to applications in process
and quality control as well as biomedical
imaging. Tests are currently under way to
determine whether terahertz tomographic
imaging can augment or replace mammog-
raphy, and some people have proposed
terahertz imaging as a method of screening
passengers for explosives at airports. All of

these applications are still in the research
phase, although TeraView (Cambridge, Eng-
land), which is partially owned by Toshiba,
has developed a technique for detecting the
presence of cancerous cells that is currently
in human trials.

Terahertz radiation can also help scien-
tists understand the complex dynamics
involved in condensed-matter physics and
processes such as molecular recognition
and protein folding.

CW terahertz technology has long inter-
ested astronomers because “approximately
one-half of the total luminosity and 98% of
the photons emitted since the Big Bang fall
into the submillimeter and far-infrared,”
says Peter Siegel of the Jet Propulsion Labo-
ratory (Pasadena, CA), and CW THz sources
can be used to help study these photons.

One type of CW terahertz source is the
optically pumped terahertz laser (OPTL).
OPTL lasers are in use around the world, pri-
marily for astronomy, environmental moni-
toring, and plasma diagnostics. A system
installed at the Antarctic Submillimeter Tele-
scope and Remote Observatory at the South
Pole is the local oscillator for a THz receiver,

which will be used to measure inter-
stellar singly ionized nitrogen, H2D+,
and carbon monoxide during the
polar winter. Another system is slated
for sub-Doppler terahertz astronomy
use on the National Aeronautics and
Space Administration’s SOFIA air-
borne astronomical platform. 

In 2004, a 2.5-THz laser will ride
a Delta rocket into space aboard
NASA’s AURA satellite to measure
the concentration and distribution of
the hydroxyl radical (OH–) in the

stratosphere, a critical component in the
ozone cycle. (Currently there are no global
data for OH– concentrations; only two spot
measurements have been made using OPTL
systems carried aboard high-altitude bal-
loons.) The AURA system is less than
0.2 m3, weighs less than 22 kg, and con-
sumes 120 W of prime power. It works
autonomously and is designed to operate in
orbit for more than five years.

The emerging field of time domain spec-
troscopy (TDS) typically relies on a broad-
band short-pulse terahertz source (Figure 1).
A split antenna is fabricated on a semicon-
ductor substrate to create a switch. A dc bias
is placed across the antenna, and an ultra-
short pump-laser pulse (<100 fs) is focused
in the gap in the antenna. The bias–laser
pulse combination allows electrons to rapid-
ly jump the gap, and the resulting current in
the antenna produces a terahertz electromag-
netic wave. This radiation is collected and
collimated with an appropriate optical sys-
tem to produce a beam.

This TDS switch puts out a train of pulses,
whose repetition frequency is the same as
that of the femtosecond pump laser. Pulse
widths are on the order of 100 fs, with aver-
age powers of a few microwatts and a fre-
quency spread of >500 GHz. The pulse
bandwidth is typically centered at about 1 to
2 THz. The details of the spectrum can vary
significantly, however, depending on the
design of the switch and pump-laser power,
pulse width, and configuration.

Figure 2a shows a typical TDS setup. The
terahertz pulse is distorted by selective
absorption as it passes through a sample,
causing delays in its arrival time at the
detector. The transmitted beam is then
focused onto a detector, which is essentially
identical to the emitter except that it is
unbiased. By varying the time at which the
sample pump pulse arrives at the detector,
successive portions of the terahertz pulses
can be detected and built into a complete
image of the pulse in terms of its delay
time, or time domain. The data are then
processed by fast Fourier transform analysis
in order to convert the delay time into the
frequency of the terahertz signal that arrives
at the detector. 

The absorption characteristics of tera-
hertz radiation vary greatly from material to
material, and this property can be used to
create images. In 1995, Binbin Hu and
Martin Nuss at Lucent Technologies’ Bell
Laboratories created a terahertz imaging
system using TDS and coined the term
T-ray for these short, broadband terahertz
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Figure 1. An electromagnetic wave is produced by
this broadband short-pulse terahertz source when
a dc bias is placed across the antenna and an ultra-
short pump-laser pulse is focused in the gap.
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pulses. The T-ray pulse is measured as it
reflects from a sample. Because the pulse is
so short, distance can be resolved by look-
ing at the time of flight and then used to
create a three-dimensional transparent
reconstruction of various objects by mea-
suring the time lapse between pulses
reflected from different areas within the
object (Figure 2b).

Optically pumped lasers 
In its simplest embodiment, an OPTL

system consists of a grating-tuned carbon
dioxide pump laser and a far-infrared (FIR)
gas cell mounted in a laser resonator. The
pump beam enters the cell through an aper-
ture in the high-reflecting resonator mirror.
The pump laser is tuned to the appropriate
absorption band, and lasing occurs. For sev-
eral reasons, this is not as easy as it sounds.
Both the absorption bandwidth of the vibra-
tional energy state and the lasing band-
width of its excited rotational states are
quite narrow. Moreover, slight changes in
the OPTL’s pumping wavelength or changes
in the cavity length itself can inhibit lasing,
and feedback interaction between the pump
laser and the terahertz laser can affect stabil-
ity. Therefore, designers must pay careful
attention to all of these things to achieve
reliable performance.

In the past, research groups often built
their own OPTLs, which were typically large
and extremely difficult to use and maintain.

Today, OPTL laser systems are smaller and
more reliable turnkey systems. These
improved systems stem from several devel-
opments, including permanently sealed, sin-
gle-mode, frequency-stabilized, folded-cavi-
ty, radio-frequency-excited waveguide CO2
lasers; sealed FIR gas cells that eliminate gas
transport issues; and exquisitely stable pas-
sive resonator structures. The integration of
these various improved laser technologies
into a truly operator-friendly system has
ensured ease of use.

Indeed, OPTLs can operate at many dis-

crete frequencies,
ranging from less than
300 GHz (1,000 µm)
to more than 10 THz
(30 µm). Different
molecular gases each
have their own spec-
trum of available lines.
Sideband generation

technology can add instantaneous tunability
to any of the available OPTL laser lines. 

Other terahertz sources 
Many other terahertz source technolo-

gies have been investigated in the past four
decades. Numerous groups worldwide are
producing tunable CW terahertz radiation
using photomixing of near-IR lasers. For
example, Gerald Fraser ’s group at the
National Institute of Standards and Tech-
nology is frequency mixing the output of a
near-IR, fixed-frequency diode laser with
that of a tunable Ti:sapphire laser in a low-
temperature-grown gallium arsenide pho-
tomixer fabricated with the appropriate
antenna pattern. This approach yields tens
of nanowatts of tunable output with a spec-
tral content governed by the spectral con-
tent of the near-IR laser.

Backward-wave oscillators (BWOs) are
electron tubes that can be used to generate

Figure 2. In time domain spectroscopy, an image of the sample is built up based on
selective absorption, which causes delays in arrival time at the detector (a). A typical
result is this three-dimensional tomograph of a tooth, showing areas of decay (b).  
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tunable output at the long-wavelength end
of the terahertz spectrum. To operate, how-
ever, they require a highly homogeneous
magnetic field of approximately 10 kG.

Direct multiplied (DM) sources, such as
those marketed by Virginia Diodes, Inc.
(Charlottesville, VA), take millimeter-wave
sources and directly multiply their output
up to terahertz frequencies. DM sources
with frequencies up to a little more than
1 THz and approximately 1 µW of output
have been used as local oscillators for het-
erodyne receivers in select applications,
most of which are in radio astronomy. How-
ever, they can produce substantially more
output power at lower frequencies, and they
are often well suited to applications requir-
ing frequencies of less than 500 GHz.

In addition, physicists in Italy, Switzer-
land, the United States, and the United
Kingdom have recently demonstrated
quantum-cascade semiconductor lasers
operating at wavelengths in the 4.4-THz
regime. These lasers are made from 1,500
alternating layers (or stages) of gallium
arsenide and aluminum gallium arsenide
and have produced 2 mW of peak power
(20 nW average power), and advances in
output power and operating wavelength
continue at a rapid pace. Applying a poten-
tial across the device causes electrons to
cascade through each stage, emitting pho-
tons along the way. The photon wavelength
is determined by the thickness of the
stages. These lasers currently work best at
only a few kelvins, but in the future they
could become an important source of com-
mercial terahertz systems.

Table 1 compares some of the techniques
for generating terahertz radiation. At pre-
sent, only the OPTL, TDS, and DM systems

are commercially available as turnkey sys-
tems. However, many researchers assemble
TDS systems in the laboratory using readily
available laser sources, and DM sources are
often procured from a number of research
organizations and at least one commercial
source. The availability and operation of
BWOs at terahertz frequencies are some-
what problematic, but several groups use
lower-frequency (<500-GHz) BWOs for
device characterization.

The choice of a terahertz source will
determine the type of detection scheme
required. Sources with submilliwatt output
power complicate detection and often
necessitate the use of liquid-helium-cooled
bolometers or similar devices. Short-pulse
terahertz devices often need gated detec-
tion using a TDS switch.

For time-domain spectroscopy, or where
an overall snapshot of the spectral character-
istics of a sample in the terahertz region is
important, TDS technology may be the opti-
mal choice. For a more precise, higher-reso-
lution look, consider the OPTL system,
using either discrete frequencies or tunable
sideband generation technology. Many
applications do not need the complete tera-
hertz spectrum of a sample but merely need
to identify one or two characteristic features.
In these cases, the OPTL system may be
preferable to the TDS system because of its
operational simplicity, high signal-to-noise
ratio, and ability to use conventional, room-
temperature detectors.

Although the practical application of ter-
ahertz radiation is in its infancy, the recent
availability of reliable sources in the 0.3- to
5-THz range may have a wide-ranging
impact on science, industry, and medicine.
Short-pulse terahertz systems are used in

time-domain spectroscopy to understand
biological processes and to create two- and
three-dimensional images. CW OPTL sys-
tems have been used extensively in aero-
space and astronomical applications, pri-
marily for remote sensing, and may find
new uses as terahertz applications mature.
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Coherent, Inc. Optically pumped terahertz www.CoherentInc.com
lasers, femtosecond laser 
sources for ultrafast switches

Picometrics Imaging system using www.picometrics.com
ultrafast switch

TeraView Ltd. Imaging system using www.teraview.co.uk
ultrafast switch

Virginia Diodes, Inc. Direct multiplier-based sources www.virginiadiodes.com
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