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tational and vibrational modes in molecular systems and phonhe field of optics has had significant impact on a wide
ons and low-lying collective excitations in condensed media. It
range of scientific disciplines and an ever-increasing
also represents a region in which the dielectric response and
array of technological applications. In particular, opticonductivity of materials is of critical importance for
cal radiation from the ultraviolet, visible, and near-inultrahigh-frequency electronics. This latter point will be particfrared regions of the electromagnetic spectrum has been
ularly relevant as device speeds increase in
extensively exploited. This is simply due to
coming years.
the fact that coherent optical sources and
By Ajay Nahata,
In this article, we will describe several
sensitive detectors are readily available.
Hua Cao,
techniques for producing and coherently deHowever, as one moves to longer wavetecting freely propagating electromagnetic
lengths between the near-infrared and the
Tony F. Heinz
radiation in the infrared. This work repremicrowave spectral regions, the situation
sents a small portion of the ongoing progress
changes drastically with significantly fewer
in a topic pioneered by Auston and co-workers [1]. Approxioptions being available. Thus, this region of the electromagmately two decades ago, they introduced an optoelectronic technetic spectrum has remained underdeveloped.
nique that used femtosecond (fs) lasers and optically triggered
There is considerable incentive to correct this situation,
photoconductive devices to generate and coherently detect
since the infrared spectral range has long been recognized as one
terahertz (THz) radiation. The details of this approach are deof great scientific interest and technological importance. In this
scribed below. While photoconductive devices are highly optiregion may be found an abundance of excitations, including ro-
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What Constitutes the Infrared Spectral Range?
The infrared region of the electromagnetic spectrum is made up
of the far-infrared (or THz) and mid-infrared spectral regions
and lies between the microwave and near-infrared frequencies.
The THz region of the electromagnetic spectrum is typically discussed in terms of frequencies and encompasses the range from
approximately 0.1 THz to 10 THz (1 THz = 1012 Hz = 33.3 cm−1 =
4.1 meV) with corresponding wavelengths extending from 3 mm
and 30 µm. The mid-infrared is typically described in terms of
wavelengths and extends from approximately 30 µm to 2 µm.
For simplicity, we will use the term baseband radiation to refer
to the photogenerated freely propagating electromagnetic fields.
For historical and experimental reasons, different portions of
the electromagnetic spectrum use different terminology and instrumentation. For example, low-frequency electromagnetic
(“electrical”) waves are generated using alternating currents
and fall under the realm of electronics. These waves are usually
described in terms of amplitudes and phases, because instrumentation exists that can faithfully reproduce the variations in
the electric field. Transmission of the waves from the generator
to the receiver is readily accomplished using wires
(guided-wave) or antennas (free-space), and the propagation and
loss properties of the waves are defined in terms of impedances
and other appropriate circuit concepts. The upper-frequency
limit for “electronics” is an ever-changing boundary. At present,
typical solid-state technology is able to generate frequencies on
the order of several hundred gigahertz (corresponding to wavelengths in the millimeter range), although several specialized
devices have been shown to operate at frequencies approaching 1
THz (corresponding to a wavelength of 300 µm).
At higher frequencies, typically beginning at the high end of
the FIR, we enter what has traditionally been regarded as the
realm of optics. Here the electromagnetic waves are more typically described in terms of photons. At these frequencies, the receivers are typically square-law power detectors, since they are
unable to follow the rapid variations in the electric field. Thus,
all phase information is lost. Optical waves may be transmitted
from the emitter to the detector using dielectric waveguides
(guided-wave) or lenses and mirrors (free-space), and the propagation and loss characteristics are defined in terms of the complex dielectric function of the transmission medium.
On a fundamental level, there is no distinction between
low-frequency “electrical” waves and high-frequency “optical”
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waves, as both can be described equally well by Maxwell’s
equations. The boundary between these two areas is fuzzy and
currently occurs in the FIR region of the electromagnetic spectrum. One of the interesting aspects of working in this spectral
region is that some ideas that were originally developed for examining high-speed electronics can be straightforwardly modified for use in free-space quasi-optical FIR systems and vice
versa. Therefore, in this spectral range, the distinction between
optics and electronics is becoming rapidly obsolete. It is also
worth noting that in recent years, lasers have begun playing an
increasingly important role in the characterization of
high-speed electronics and the development of coherent FIR
spectroscopy systems. While there has been significant progress
in increasing the frequency content of electrical pulses using
all-electronic techniques, the most dramatic advances have used
ultrashort laser pulses to generate and detect fast transients,
both in the form of picosecond and sub-picosecond electrical
pulses on transmission lines and as freely propagating baseband
radiation. In large part, this approach has been adopted because
recent advances in creating shorter optical pulse durations have
far outstripped the corresponding advances in creating
ultrashort transients using purely electronic means.

Basic System for Generating and Coherently
Detecting Baseband Radiation
Before discussing the details of the generation and detection
schemes, we will describe the basic optical arrangement used for
these approaches. A schematic diagram of the basic apparatus is
shown in Fig. 1. An optical beam is used to drive both the generation and detection processes. This beam may be derived from a
mode-locked ultrafast laser, in which case ultrashort electromagnetic transients are generated and detected, or from continuous-wave lasers, in which case narrowband THz radiation is
generated and detected. The beam is initially split into two arms,
which allows for jitter-free phase-coherent measurements. One
arm (the pump beam) is used to drive an emitter, which generates freely propagating baseband radiation. Depending on the
properties of the laser(s), this radiation can be in the FIR,
mid-infrared, or span both spectral regions. The baseband radiation is then collected, collimated, and refocused into a detector
Probe Beam
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Sample

Pump Beam

mized in many respects, there are fundamental limitations in
their frequency response associated with the natural time constants for carrier dynamics. Furthermore, since the devices require specialized semiconductor processing capabilities, the
technique has been limited to a relatively small number of researchers. In the examples discussed below, we will show that in
certain situations, the electronic emitters and detectors can be
replaced with simple, commercially available, nonlinear optical
crystals. A significant benefit of this replacement is that new capabilities in the infrared have been enabled that were not previously possible.
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1. Experimental setup for producing and coherently detecting baseband radiation. Two off-axis paraboloidal mirrors (PMs) guide the
freely propagating baseband radiation.
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using off-axis paraboloidal
mirrors, which are well suited
for the high-divergence beams
that are typical in these systems. The second arm, which
acts as the probe beam, spatially overlaps the baseband radiation within the detection
medium. By varying the optical time delay in one arm, we
are able to map out the amplitude and phase properties of the infrared electric field.
The basic system described above has been used extensively
as a sensitive spectroscopic tool in the FIR [2]. This approach offers several significant advantages over a conventional FIR spectrometer, which uses an incoherent light source in conjunction
with a cryogenically cooled power detector. First, baseband radiation generated using a laser-based system possesses significantly higher spectral brightness than the incoherent light
source. Second, the detection scheme operates at room temperature and is phase-coherent, so both amplitude and phase information may be obtained. Finally, if ultrafast lasers are used as the
optical source, the setup is capable of producing and measuring
the transient electric-field waveforms with very high time resolution. Spectroscopic analysis of media is obtained by measuring
baseband waveforms with and without the sample in the beam
path. Both the real and imaginary components of the dielectric
function as a function of frequency may then be unambiguously
obtained by analyzing the ratio of the Fourier transform of the
baseband electric field passing through the sample to that of the
reference electric field.

optical beam is then converted
to the baseband frequency by
driving a biased photoconductive antenna fabricated on a
semiconductor exhibiting a
short carrier lifetime. If we consider the superposition of the
o u t p u t o f t h e s e t w o s i ngle-frequency lasers, the resulting optical beam exhibits an
amplitude modulation at the
desired beat frequency Ω in the far-infrared. When the optical
pump beam excites the photoconductive emitter, the
photoconductance is modulated at the beat frequency producing a cw THz field, EBB( t ), that is directly proportional to the optical intensity. Therefore, we may write

Lasers have begun playing an
increasingly important role in the
characterization of high-speed
electronics and the development of
coherent FIR spectroscopy systems

Established Techniques for
Generating Baseband Radiation
Over the years, a number of techniques have been developed for
generating baseband radiation using both photoconductive and
nonlinear optical techniques. In the photoconductive approach,
a suitable semiconductor is illuminated with an optical beam in
which the photon energy is greater than the bandgap of the medium. The photogenerated electron-hole pairs are accelerated
under the influence of an external field inducing a time-varying
current. This field may be supplied by the built-in surface field or
an embedded antenna structure that is biased. Coherent baseband radiation is then emitted that varies as the first time derivative of the photocurrent. As noted above, there are fundamental
limitations in their frequency response associated with the natural time constants for carrier dynamics.
As an example of this approach, we discuss the generation of
continuous-wave (cw) radiation at THz frequencies. The detection process and potential applications are discussed below. This
narrow linewidth radiation is commonly produced in
photoconductive media using a technique referred to as
photomixing [3]. In this approach, optical intensity beats at THz
frequencies are produced by mixing two single-mode lasers or by
mode beating within a single laser. The amplitude-modulated
■ 34

EBB( t ) = EB cos[Ωt − ϕ],

(1)

o
where EB( ∝ I opt
) is the amplitude of the baseband field and ϕ is a
phase term. The relative phase of the baseband beam is related to
the optical pathlength, dpump, of the pump arm by
ϕ = Ωdpump / c, where c is the speed of light.
Difference frequency mixing may also be used to generate
baseband radiation. In this technique, two waves interact with
one another in an electro-optic crystal to generate a nonlinear
polarization at the difference frequency. When ultrashort optical
pulses are used, the photogenerated polarization may be regarded as a product of the beating of the various Fourier components of the input optical spectrum. In the literature, this
process is also referred to as optical rectification and varies as the
second derivative of the second-order nonlinear polarization.
Early work by Shen and co-workers demonstrated the capability
for generating baseband radiation using picosecond lasers [4].
Auston et al. extended the bandwidth capability using optical
pulses of shorter duration [5]. Since then numerous materials
and geometries have been exploited to generate ultrashort electromagnetic transients.
As mentioned above, baseband radiation may be produced by
irradiating an electro-optic medium with an ultrashort optical
pulse. The macroscopic optical nonlinearity that gives rise to the
electro-optic properties is referred to as the second-order nonlinear susceptibility. If the relevant tensor components of this
t
nonlinear susceptibility, χ( 2), are independent of frequency, we
can express the time-varying radiated baseband electric field in
the far-field as

t
r
t
r
∂2χ( 2): Eopt ( t ) Eopt ( t )]
.
EBB( t ) =
∂t 2

(2)

Thus, for a nonlinear medium with nearly instantaneous response, the radiated baseband electric field follows the second
derivative of the optical excitation intensity envelope.
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the detection of freely propagating baseband radiation independently by three groups [8-10]. Since then, EO sampling of
freely propagating baseband radiation has been examined in numerous materials and experimental geometries.

Electro-Optic Detection Using Ultrafast and
Continuous-Wave Lasers
We now turn our attention to the description of electro-optic detection using ultrafast and cw lasers. When ultrafast lasers are
used, the generation process creates an ultrashort transient, as
described earlier. A trace of the electric-field waveform as a function of time is obtained by scanning the optical time delay of the
probe laser pulse with respect to the baseband waveform. In the
linear response regime, the field-induced change of the optical
transmissivity as a function of the delay time τ of baseband
pulses with respect to optical pulses is given by
∆T( τ ) ∝

(3)

Here, I opt ( t ) denotes the intensity envelope of the optical pulse
and we have assumed that the EO crystal responds instantaneously and is sufficiently thin to permit neglect of propagation
effects. In this limit, the EO signal is simply the cross correlation
of the optical intensity envelope and the ultrashort electromagnetic transient. Thus, for a nonlinear medium of instantaneous
response, this approach offers the possibility of achieving time
resolution of the measured electric-field transient limited only
by the duration of the probe laser pulse.
In contrast to the ultrafast laser-based approach, the coherent detection of cw baseband radiation is a frequency domain
measurement technique [11]. The optical probe beam is derived
from the superimposed output of two cw lasers and, thus, exhibits amplitude modulation at the same frequency as the baseband
radiation. A trace of the electric-field waveform is obtained by
varying the pathlength difference, ∆d, between the pump and
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∫ EBB( t )I opt (t − τ )dt.
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Electro-Optic Detection
Historically, the primary means of coherently detecting baseband radiation has been with the use of photoconductive devices. We now discuss an alternate technique that exhibits many
attractive features. The linear electro-optic (EO) or Pockel’s effect is a phenomenon in which the dielectric properties of an EO
medium are altered by the application of an externally applied
bias field. The most common application of this phenomenon is
in the form of an EO amplitude modulator, as shown schematically in Figure 2(a). In this implementation, a well-determined
external bias field induces a change in the birefringence of the
medium, which in turn alters the polarization state of the traversing optical radiation. By placing the EO crystal between two
appropriately adjusted polarizers, the change in the polarization
state is converted into a change in the optical transmissivity.
Figure 2(b) illustrates the optical transmissivity for the case of
crossed polarizers and an EO medium displaying no birefringence in the absence of the applied field.
In general, the external field does not have to be applied using
electrical contacts. In free-space electro-optic detection, the bias
field is in the form of freely propagating electromagnetic radiation. In contrast to conventional EO optical modulator applications, where the goal is to modulate an optical beam using a
well-defined electrical input, the goal of free-space EO detection
is to determine the amplitude and phase properties of the THz
radiation by analyzing the optical transmissivity properties of an
optical probe beam as the optical time delay (pathlength between the pump and probe arms) is varied. When ultrashort laser
pulses are used, the technique affords high time resolution.
Auston and co-workers were the first to use the electro-optic
effect to measure a short electrical pulse [6]. In that work, the
authors took single-shot images of the subnanosecond electrical
pulses. However, it was the work of Valdmanis and co-workers
[7] that established EO sampling as an attractive technique for
probing ultrashort electrical transients in transmission lines
and high-speed circuits. This approach was recently extended to

A

B

Polarizer

Ebias
(a)

(b)

2. (a) Schematic representation of an electro-optic (EO) modulator. The light beam is transmitted through the EO crystal placed between two orthogonal polarizers and, if desired, a wave plate. The polarization state of the light and, consequently, the intensity of the beam are altered by
the bias field through the Pockel’s or linear EO effect. (b) Dependence of the optical transmissivity through the modulator on the strength of the
bias field in the absence of retardation in the wave plate: A = quarter-wave point; B = near the null point.
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Historically, the primary means of
coherently detecting baseband
radiation has been with the use of
photoconductive devices. We
discuss an alternate technique that
exhibits many attractive features.

∆T( ∆d ) ∝ I opt EB cos[Ω∆d / c].

Here, I opt is the intensity of the optical probe beam, ET is the
magnitude of the baseband field, and ∆d is the relative
pathlength difference between the pump and probe arms. Thus,
this measurement scheme yields both the amplitude and phase
of the baseband electric field.

Phase Matching
For both optical rectification and electro-optic sampling, the
maximum conversion efficiency is obtained when all of the relevant electromagnetic waves interact constructively over the entire length of the nonlinear optical medium. This condition is
referred to as phase matching, and it is identical for electro-optic
sampling and optical rectification (collinear difference frequency mixing). The relation may be written as
r r
r
r
∆k = k ( ω + Ω ) − k ( ω) − k (Ω ) = 0,

(5)

where ω and Ω are the optical and baseband frequencies, respectively, and k is the corresponding wavevector. When ultrafast lasers are used, both optical frequencies, ω and ω + Ω, lie within
the spectrum of the optical pulse. If we neglect the dispersive
properties of the electro-optic medium in the optical spectral
range, we can express the coherence length, l c ( = π / ∆k ), ignoring birefringence, as
lc =

πc
.
Ω( nω − nΩ )

(6)

Here, nω and nΩ are the optical and baseband refractive indices,
respectively, and c denotes the speed of light. In many inorganic
nonlinear optical media, the difference between the optical and
baseband refractive indices tends to be appreciable. Historically,
birefringence has been used to achieve long coherence lengths
for optical rectification in these materials. The large index difference, however, corresponds to a narrow phase-matching bandwidth. Furthermore, angle tuning is required to achieve optimal
conversion efficiency at any given THz frequency. As an example,
we consider the case of LiNbO3. By choosing appropriately the
polarizations of the input optical and output baseband waves, it
is possible to generate radiation at 0.5 THz using an optical
■ 36

pump beam operating at 800
nm. This requires a
phase-matching angle of ~20°
with respect to the symmetry
axis of the crystal. However, the
radiated FIR bandwidth per
unit crystal thickness is only
0.06 THz/mm.
For a medium that exhibits
dispersion at optical frequencies, the phase-matching condition of Eq. (5) may be
approximated as [12]

(4)
k(Ω )
 ∂k( ω) 
,

 =
Ω
 ∂ω  ωo

(7)

where the derivative is evaluated at the carrier frequency of the
optical beam. The relation implies that phase-matching is
achieved when the phase velocity of the baseband radiation
matches the group velocity of the optical beam. The corresponding coherence length for electro-optic sampling and optical rectification are now given by
lc =

πc
,
Ω( N ω − nΩ )

(8)

where N ω = nω + ω( dnω / dω) is the group index of the optical
beam evaluated at its carrier frequency. In the transparency region of nonlinear optical materials lying below the electronic
transitions, N ω always exceeds nω, thereby reducing the index
mismatch in Eq. (8). We note that optical dispersion may be used
to achieve phase matching even in isotropic media.
The use of the optical dispersion properties of the nonlinear
optical medium to significantly enhance the phase-matching
process at baseband frequencies was first discussed and experimentally examined using ZnTe [12]. Figure 3 shows the calcu10

Coherence Length [mm]

probe arms. This corresponds
to varying the phase between
the baseband and optical probe
beams. In the linear response
regime, the field-induced
c h a n g e o f t h e opt i c a l
transmissivity as a function of
the pathlength difference is
proportional to the product of
the optical probe intensity and
the baseband field amplitude:
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3. Coherence length versus baseband frequency for optical rectification and electro-optic measurements in a ZnTe crystal with optical
excitation at a wavelength of 800 nm. The dotted line neglects the effect of dispersion at optical frequencies. The solid line includes dispersion at optical frequencies.
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As we mentioned earlier, the initial free-space EO detection experiments were performed in the far-infrared region of the electromagnetic spectrum. The detection bandwidth in those
experiments was limited by the duration of the optical pulses and
the properties of the nonlinear optical media. However, there
have been significant advances in creating stable solid-state
mode-locked lasers with optical pulse durations of less than 10
fs. In addition, the capability of generating intense ultra-broadband baseband radiation extending to several tens of
THz has been demonstrated in several materials and devices
[13], [14]. Thus, the realization of a system that spanned
far-infrared and mid-infrared frequencies required that the frequency response of the EO detection technique be made equally
broad. This required that the EO medium exhibit transparency
as well as an adequate degree of phase-matching across the relevant spectral range.
If one were to examine the phase-matching constraint described in Eq. (8) and shown in Fig. 3 for ZnTe, it would seem
reasonable that ultra-broadband detection could be accomplished by using very thin crystals. Wu et al. were the first to
demonstrate broadband EO detection using this approach [15].
Specifically, by using ~30 µm-thick ZnTe crystals, they observed
a spectral response that not only spanned the far-infrared but
also included much of the mid-infrared. While this approach has
been fruitful, the fabrication of such thin crystals is technically
challenging. Furthermore, for a 30-µm-thick ZnTe crystal, the
detector response function is sharply reduced at ~17 THz due to
phase mismatch [15].
Poled polymers are an attractive alternative to inorganic
crystals for broadband electro-optic detection because of their
potentially large electro-optic coefficients, relatively low dispersion between the optical and baseband refractive indices, and
processing ease in creating large-area thin films. Using a variant
of the well-known DR1/PMMA copolymer, we fabricated a
thin-film polymer sensor [16]. In order to impart second-order
nonlinear optical properties to the polymer, it was poled in a
manner that is similar to ferroelectrics, such as LiNbO3. It
should be noted that upon poling, the polymer remains completely amorphous, though it is rendered uniaxial with the c-axis
parallel to the poling field.
The generation and detection of ultrashort electromagnetic
transients required an experimental setup that is similar that

l/l [10–7]

Electro-Optic Detection of Ultrashort
Electromagnetic Transients

shown in Fig. 1. A mode-locked Ti:sapphire laser that produced
transform-limited optical pulses with a duration of 23 fs was
used as the optical source for generating and detecting the transient baseband pulses. We generated baseband pulses in a GaAs
wafer via optical rectification. These transients were produced
near the illumination surface, since the absorption depth for the
optical pump beam is only a few microns. Upon propagation
through the wafer, the THz pulses were collected and refocused
into the polymeric electro-optic medium using two off-axis
paraboloidal mirrors. The detection process required the
copropagation of the baseband pulses and the optical probe
beam through the poled polymer. The corresponding phase retardation was measured using the amplitude modulator scheme
described above.
The temporal waveform of the baseband electric field generated by optical rectification in GaAs and detected by the electro-optic effect in the poled polymer is shown in Fig. 4. The
corresponding amplitude spectrum, shown in Fig. 5, demonstrates a detection capability of the poled polymer extending beyond 30 THz (corresponding to a wavelength of 10 µm). The
decrease in the amplitude spectrum between 7 and 10 THz arises
from absorption of the optically rectified field by the
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4. Temporal waveform detected by electro-optic sampling. The shortest oscillation period is ~ 33 fs.
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lated coherence length in ZnTe for optical rectification and
collinear EO sampling versus THz frequency for an optical pump
source at 800 nm, with (solid line) and without (dashed line)
consideration of optical dispersion. In this calculation, the dispersion in the baseband refractive index nΩ has been included in
the calculation. The peak structure in the solid trace slightly below 2 THz is due to the optimal matching of N ω with nΩ. Beyond
this frequency, the coherence length decreases because of the
dispersion in nΩ associated with the strong low-frequency resonance in ZnTe at 5.3 THz.
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5. Amplitude spectrum of the temporal waveform shown in Fig. 4.
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Reststrahlen band of GaAs. We
attribute the attenuated response of the spectrum beyond
~33 THz largely to absorption
in the poled polymer. Also evident in Fig. 5 is a spectral modulation with a period of ~1.1
THz. This is due to multiple internal reflections of the baseband pulse within the polymer.
It is important to note that for
frequencies between these two
absorption bands mentioned above, nearly 20 THz wide, the amplitude spectrum is relatively flat. In terms of the detector response, the flat response can be assumed to extend from low
frequencies to beyond 30 THz.

dium, the narrowband nature of
the baseband radiation in the
present case permits long interaction lengths in materials with
large optical nonlinearities,
thereby increasing the detection sensitivity. For spectroscopic applications, an
important issue is the frequency
resolution of the system. This
resolution is determined by the
linewidth of the laser sources.
Again, we use the basic system shown in Fig. 1 for producing
and detecting cw baseband radiation. The optical source is derived from the superposition of two single-frequency laser diodes using a 50/50 beamsplitter. The pump beam was used to
drive a photoconductive emitter fabricated on low-temperature-grown GaAs. The resulting narrow linewidth baseband radiation, as well as the amplitude-modulated probe beam,
propagated through a 6.7-mm-thick ZnTe crystal. The details of
the detection process are described above.
Figure 6 shows the measured electro-optic signal for three
distinct laser beat frequencies Ω as a function of ∆d, the relative
pathlength difference between the pump and probe arms. We
can infer the beat frequencies by measuring the distance between the peaks in the signal. These distances are approximately
0.5 mm for trace A, 0.75 mm for trace B, and 1.5 mm for trace C,
which corresponds to 0.6 THz, 0.4 THz, and 0.2 THz, respectively. These values are in excellent agreement with the corresponding wavelength detuning between the two lasers. The
amplitude of each trace corresponds to the overall system efficiency at the corresponding frequency.

Terahertz imaging is an application
where the benefit of EO detection
over conventional photoconductive
detection is not simply related to
the FIR bandwidth.

Electro-Optic Detection of
Continuous-Wave THz Radiation
We showed in the example above that the frequency content of
baseband pulses can span a large range. However, the amplitude
spectrum is not continuous but rather a frequency comb, in
which the comb spacing corresponds to the mode-locked laser
repetition rate. For typical Ti:sapphire laser oscillators, the repetition rate is ~100 MHz. Thus, this approach is not amenable to
high-resolution spectroscopy in the FIR. We have recently demonstrated an alternate technique that does not suffer from this
limitation [11]. In this approach, cw lasers are used to produce
and detect cw (narrow linewidth) baseband radiation. By varying
the tuning properties of the lasers, mode-hop free tuning across
a wide spectral range in the FIR can be accomplished.
In contrast to the EO detection of ultrashort electromagnetic
radiation, where the trend has been to expand the detection bandwidth by decreasing the interaction length in the detection me-
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6. Measured amplitude of the electro-optic signal versus the
pathlength difference for three different frequencies: 0.6 THz (trace
A), 0.4 THz (trace B), and 0.2 THz (trace C). The solid lines, calculated using Eq. (4), are the best fit to the data. The traces have been
vertically offset from the origin for clarity.
■ 38

THz Imaging
Finally, we point out an application where the benefit of EO detection over conventional photoconductive detection is not simply related to the FIR bandwidth. THz imaging is a technique
that has significant scientific and commercial potential [17].
Briefly, THz imaging requires that one obtain spectral transmission information through a test object as a function of spatial coordinate. By integrating over a portion of the baseband
amplitude spectrum that contains spectroscopically interesting
information, an image can be created by assigning a signal level
for each coordinate (pixel). The initial demonstration by Hu and
Nuss [18] used photoconductive emitters and detectors to image
coherent baseband pulses. Since these were single-pixel devices,
samples had to be spatially scanned, and data for constructing an
entire image was obtained serially.
Free-space electro-optic detection, when used in conjunction with a CCD camera, allows for image information to be obtained in a parallel manner. Wu et al. were the first to
demonstrate two-dimensional imaging of baseband pulses using
electro-optic detection [19]. If a femtosecond laser oscillator is
used as the optical source for generating and detecting electromagnetic transients, the modulation depth in the probe beam is
IEEE CIRCUITS & DEVICES MAGAZINE
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typically somewhat small, requiring data averaging over multiple frames. However, if an amplified femtosecond laser system is
used as the optical source, the modulation depth can be relatively large, allowing for single-shot detection capability [20].
We have recently shown that two-dimensional EO imaging can
also be accomplished using cw baseband radiation [21]. One potential benefit of this latter approach is that it requires less computational processing than pulsed baseband imaging in order to
obtain an image.

[4] Y.-R. Shen, “Far-infrared generation by optical mixing,” Prog. Quantum
Electron., vol. 4, pp. 207-232, 1976.

Conclusion

[8] Q. Wu, and X.-C. Zhang, “Free-space electro-optic sampling of terahertz
beams,” Appl. Phys. Lett., vol. 67, pp. 3523-3525, 1995.

In this article we have presented a brief overview of techniques
used to produce and coherently detect THz radiation, with particular emphasis on electro-optic detection. When ultrafast lasers are used, the combination of phase-matched optical
rectification for generation and electro-optic sampling for detection allows one to construct a time-domain spectrometer
with the possibility of accessing a very wide bandwidth. Satisfying the condition for phase matching of the nonlinear interaction over a broad range of far-infrared and mid-infrared
frequencies is, as we have discussed, one of the key issues in attaining high sensitivity and frequency response. When cw lasers
are used, the combination of a photoconductive emitter and
phase-matched electro-optic detection allows one to construct a
far-infrared spectrometer that is capable of exhibiting very
high-frequency resolution. Since the linewidth of the baseband
radiation is narrow, EO crystals with long interaction lengths
may be used to increase the detector sensitivity. Finally, we discussed the application of EO detection for THz imaging. In contrast to the initial photoconductive approaches in which image
information is obtained serially, EO detection allows for parallel
data acquisition.
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Jersey; Hua Cao is with NEC Research Institute and the Department of Electrical Engineering at Princeton University, in
Princeton, New Jersey; and Tony F. Heinz is with the Department of Physics and Electrical Engineering at Columbia University, New York, New York.

References

[1] D.H. Auston, in Ultrashort Laser Pulses, 2nd ed., W. Kaiser, Ed. New York:
Springer-Verlag, 1993, Chap. 5 and references therein.
[2] D.R. Grischkowsky, in Frontiers in Nonlinear Optics, H. Walther, N.
Koroteev, and M.O. Scully, Eds. Philadelphia, PA: Institute of Physics,
1993, pp. 196-227.
[3] S. Verghese, K.A. McIntosh, and E.R. Brown, “Highly tunable fiber-coupled photomixers with coherent terahertz output power,” IEEE Trans. Microwave Theory Tech., vol. 45, pp. 1301-1309, 1997, and references
therein.

IEEE CIRCUITS & DEVICES MAGAZINE

■

MAY 2002

[5] D.H. Auston and M.C. Nuss, “Electrooptic generation and detection of
femtosecond electrical pulses,” IEEE J. Quantum Electron., vol. 24, pp.
184-197, 1998.
[6] D.H Auston and A.M. Glass, “Optical generation of intense picosecond
electrical pulses,” Appl. Phys. Lett., vol. 20, pp. 398-399, 1972.
[7] J.A. Valdmanis, G.A. Mourou, and C.W. Gabel, “Picosecond electro-optic
sampling system,” Appl. Phys. Lett., vol. 41, pp. 211-212, 1982.

[9] P.U. Jepsen, C. Winnewisser, M. Schall, V. Schyja, S.R. Keiding, and H.
Helm, “Detection of THz pulses by phase retardation in lithium tantalate,”
Phys. Rev. E, vol. 53, R3052-R3054, 1996.
[10] A. Nahata, D.H. Auston, T.F. Heinz, and C. Wu, “Coherent detection of
freely propagating terahertz radiation by electro-optic sampling,” Appl.
Phys. Lett., vol. 68, pp. 150-152, 1996.
[11] A. Nahata, J.T. Yardley, and T.F. Heinz, “Free-space electro-optic detection of continuous-wave terahertz radiation,” Appl. Phys. Lett., vol. 75. pp.
2524-2426, 1999.
[12] A. Nahata, A.S. Weling, and T.F. Heinz, “A wideband coherent terahertz
spectroscopy system using optical rectification and electro-optic sampling,” Appl. Phys. Lett., vol. 69, pp. 2321-2323, 1996.
[13] A. Bonvalet, M. Joffre, J.L. Martin, and A. Migus, “Generation of
ultrabroadband femtosecond pulses in the mid-infrared by optical rectification of 15 fs light pulses at 100 MHz repetition rate,” Appl. Phys. Lett.,
vol. 67, pp. 2907-2909, 1995.
[14] A. Leitenstorfer, S. Hunsche, J. Shah, M.C. Nuss, and W.H. Knox, “Detectors and sources for ultrabroadband electro-optic sampling: Experiment
and theory,” Appl. Phys. Lett., vol. 74, pp. 1516-1518, 1999.
[15] Q. Wu and X.-C. Zhang, “Free-space electro-optics sampling of mid-infrared pulses,” Appl. Phys. Lett., vol. 71, pp. 1285-1286, 1997.
[16] H. Cao, T.F. Heinz, and A. Nahata, “Electro-optic detection of femtosecond electromagnetic pulses using poled polymers,” Opt. Lett., to be
published.
[17] M.C. Nuss, “Chemistry is right for T-ray imaging,” IEEE Circuits Devices
Mag., pp. 25-30, Mar. 1996.
[18] B.B. Hu and M.C. Nuss, “Imaging with terahertz waves,” Opt. Lett., vol.
20, pp. 1716-1718, 1995.
[19] Q. Wu, T.D. Hewitt, and X.-C. Zhang, “Two-dimensional electro-optic
imaging of THz beams,” Appl. Phys. Lett., vol. 69, pp. 1026-1028, 1996.
[20] Z. Jiang and X.-C. Zhang, “Single-shot spatial-temporal THz field imaging,” Opt. Lett., vol. 23, pp. 1114-1116, 1998.
[21] A. Nahata, J.T. Yardley, and T.F. Heinz, “Two-dimensional imaging of
continuous-wave terahertz radiation using electro-optic detection,” Appl.
Phys. Lett., submitted.
CD■

39 ■

