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Free-space electro-optic detection of continuous-wave terahertz radiation
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We present a scheme for the coherent detection of freely propagating continuous-wave terahertz
radiation using electro-optic detection. The terahertz radiation is generated by photomixing two
single-mode laser diodes in an antenna fabricated on low-temperature-grown GaAs. This radiation
is detected using the electro-optic effect in^110& ZnTe. In contrast to typical terahertz detection
techniques, this is a frequency-domain measurement that relies on coherent up-conversion of the
terahertz field combined with optical homodyning to suppress background noise. ©1999
American Institute of Physics.@S0003-6951~99!00643-9#
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The ability to generate continuous-wave~cw! coherent
terahertz~THz! radiation using cw laser light has stimulate
significant interest in recent years.1–6 The technique, gener
ally referred to as photomixing, relies on the fact that it
possible to produce optical intensity beats at THz frequ
cies by mixing two single-mode lasers or by mode beat
within a single laser. This amplitude-modulated optical be
is then converted to the base-band frequency by drivin
biased photoconductive antenna fabricated on a high-sp
semiconductor. A significant advantage of this approach
the ability to create an inexpensive, compact, narro
linewidth source capable of high-resolution spectroscopy
the far infrared.3 Other important benefits include the cap
bility for tuning across a wide spectral bandwidth and obta
ing THz beams with high spectral brightness.2,4

Continuous-wave THz radiation generated from pho
mixers is typically detected with bolometers. While this a
proach has proved to be very effective, one must ope
bolometers at cryogenic temperatures in order to reduce
tection noise. Furthermore, bolometers are square-law de
tors, which lose all information about the phase of the T
electric field. Thus, it would be advantageous to deve
room-temperature coherent detection techniques. In con
to time-domain sampling, where noise suppression
achieved by the short ‘‘gating’’ time of the receiver, th
detection technique proposed here is a frequency-dom
measurement technique that relies on coherent up-conve
of the THz field combined with optical homodyne detecti
for noise suppression. One approach to this form of detec
has recently been demonstrated using photoconduc
antennas.6,7

In this letter, we demonstrate the application of fre
space electro-optic detection8–10 as an attractive alternate ap
proach for the coherent detection of cw THz radiation. T
detection technique has been demonstrated to be a sen
and extremely fast probe of transient electromagn
fields.11 In contrast to the detection of broadband THz rad
tion, where the trend has been to expand the detection b
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width by decreasing the interaction length in the detect
medium, the narrowband nature of the THz radiation in
present case permits long interaction lengths in mater
with large optical nonlinearities, thereby increasing the d
tection sensitivity. For spectroscopic applications, an imp
tant issue is the frequency resolution of the system. T
resolution is determined by the bandwidth of the THz rad
tion. Chenet al.3 have shown that the time-integrated lin
width of the photomixed output is;90 MHz when free-
running distributed Bragg reflector~DBR! lasers are used
Though not measured in the present study, we expec
achieve similar results.

The experimental setup for generating and detect
THz radiation is shown in Fig. 1. Two single-mode DB
laser diodes operating at a wavelength of;850 nm were
combined with a 50/50 beamsplitter. The pump beam, w
an average power limited to 35 mW, was used to drive
100-mm-long dipole emitter fabricated on low-temperatur
grown GaAs~LT-GaAs!. In order to enhance the THz emis
sion, we fabricated the dipole structure with triangula
shaped tips,12 which were separated by a 5mm
photoconductive gap. This structure was embedded with
coplanar transmission line composed of 2-cm-long, 10-mm-
wide electrodes. The device was antireflection coated
minimize back reflections. The carrier lifetime in the LT
GaAs was measured to be;0.5 ps by time-resolved
reflectivity.13 We modulated the THz beam by applying a 1
kHz square wave to the emitter with an amplitude that var
from 125 to 225 V. This procedure yields a factor of
enhancement in the THz signal relative to applying a 25 V
bias to the emitter and simply chopping the pump beam.

We imaged the cw THz radiation into a 6.7-mm-thic
^110& ZnTe crystal using two off-axis paraboloidal mirror
The back face of the crystal was antireflection coated
minimize optical reflections within the crystal. Great ca
was taken to minimize standing-wave patterns. A pelli
beamsplitter was interposed in the THz beamline to allow
copropagation of the optical probe and THz beams thro
the electro-optic crystal. The probe beam, which had prop
ties that were identical to the pump beam, was optically
4 © 1999 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



in

in
th
th

ing
x
m
o
bi

b
e

te
y
le

i

e

at

co
i

n
e

e
th
m

ude
s a
pti-

for

and
ea-
ese
for
.6,

be-

tem
hat
f a
tive
z
6.
sys-
he

am-

a
tec

gth

for

2525Appl. Phys. Lett., Vol. 75, No. 17, 25 October 1999 Nahata, Yardley, and Heinz
ased near its null point by a Soleil–Babinet compensator
crossed polarizer arrangement.11 Differential detection was
used to further improve the sensitivity.

Before turning to the experimental results, we exam
the nature of the electro-optic detection technique for
experimental geometry described above and contrast
method with the well-established electro-optic sampl
scheme for probing with ultrashort optical pulses. In our e
periment, both the pump and probe beams are derived fro
pair of single-mode DBR lasers. By combining the output
these two lasers, we may form an optical beam that exhi
amplitude modulation at the desired beat frequencyV in the
far infrared. The optical intensity of such a beam is given
I opt(t)5I opt

0 @A1cos(Vt)#, whereA is a constant and we hav
omitted the spatial dependence for simplicity.

When the optical pump beam excites the dipole emit
the photoconductance is modulated at the beat frequenc
I opt(t) and the corresponding base-band radiation is coup
into free space by the antenna. This emission process
photomixing, which has been examined in great detail
earlier studies,1 produces a cw THz field,ETHz(t) that is
directly proportional to the optical intensity. Therefore, w
may writeETHz(t)5ET cos@Vt2w1#, whereET(}I opt

0 ) is the
amplitude of the THz field andw1 is a phase term. The
relative phase of the THz beam is related to the optical p
length d1 of the pump arm byw15Vd1 /c, wherec is the
speed of light.

The detection ofETHz(t) the electro-optic~EO! crystal,
through which the probe and THz beams propagate
linearly. In an ideal electro-optic measurement performed
the linear response regime, the effective electro-optic sig
DI EO(t) is proportional to the product of the optical prob
intensity and the THz field amplitude:

DI EO~ t !}I probe~ t !ETHz~ t !. ~1!

The probe beam is given byI probe(t)5I opt
0 @A1cos(Vt

2w2)#, wherew25Vd2 /c corresponds to the phase of th
probe beam and varies with the optical pathlength for
probe armd2 . In this experiment, we measure the dc co
ponent of the change in the signal^DI EO(t)&, where^•& rep-
resents the time average. It follows that

FIG. 1. Schematic drawing of the experimental setup for the generation
detection of freely propagating cw THz radiation. The electro-optic de
tion was performed in â110& ZnTe crystal.
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DI EO5^DI EO~ t !&}I opt
0 ET cos@w22w1#

5I opt
0 ET cos@VDd/c#, ~2!

whereDd is the relative pathlength difference (5d22d1).
Thus, this measurement scheme yields both the amplit
and phase of the THz electric field. It may be regarded a
combination of a frequency up-conversion process and o
cal homodyne detection.

Figure 2 shows the measured electro-optic signal
three distinct laser beat frequenciesV as a function ofDd,
the relative path-length difference between the pump
probe arms. We can infer the THz beat frequencies by m
suring the distance between the peaks in the signal. Th
distances are approximately 0.5 mm for trace A, 0.75 mm
trace B, and 1.5 mm for trace C, which corresponds to 0
0.4, and 0.2 THz, respectively@using Eq.~2!#. These values
are in excellent agreement with the detuning wavelength
tween the two lasers: 1.5 nm~0.6 THz! for trace A, 1 nm~0.4
THz! for trace B, and 0.5 nm~0.2 THz! for trace C. The
amplitude of each trace corresponds to the overall sys
efficiency at the corresponding frequency. It is apparent t
one may easily measure the linear optical properties o
medium by measuring the change in amplitude and rela
phase inDI EO induced by placing the test sample in the TH
beamline. This has been elegantly demonstrated in Ref.

We have also measured the overall response of the
tem as a function of THz frequency. Figure 3 shows t
relative amplitude of theelectric fieldof the cw THz radia-
tion measured for various laser detuning values. These

nd
-

FIG. 2. Measured amplitude of the electro-optic signal vs the pathlen
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.~2!, are the
best fit to the data. The traces have been vertically offset from the origin
clarity.

FIG. 3. System response vs THz frequency.
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plitudes are normalized for the optical pump power. As o
might expect, there is a resonance peak at approximately
THz associated with the resonance frequency of the dip
antenna. The response drops rapidly beyond this freque
and is strongly suppressed beyond 1.3 THz.

As stated above, in the optical scheme for the elec
optic measurements, we worked near the null point in
crossed polarizer arrangement. This configuration was u
because it provided the largest fractional modulation in
probe intensity for a given THz field strength, while mai
taining a linear response in the THz field.11 We achieved an
extinction ratio of;100:1, yielding a factor of;5 improve-
ment in the fractional modulation, relative to quarter-wa
biasing conditions. This low extinction value is believed
arise from scattering and inhomogeneous stress-indu
birefringence in the ZnTe crystal. Experimentally, the TH
electric field induced a fractional modulation of;8
31026, which is well above the shot-noise-limited detecti
floor of ;1028 ~in a 1 Hzbandwidth!.

In order to estimate the magnitude of the THz elect
field, it is necessary to consider the effective thickness of
electro-optic crystal. Absorption of the THz radiation with
the nonlinear medium plays a significant role in determin
this value. If we assume uniform attenuation in pass
through the ZnTe crystal, the effective thickness of the cr
tal is given by (2/a)@12exp(2aL/2)#, wherea is the power
absorption coefficient andL is the crystal thickness. For fre
quencies below 1 THz, the power absorption coefficien
a;2 cm21,15 corresponding to an effective crystal thickne
of 5 mm. Based on this interaction length, we estimate t
the amplitude of the THz field at 0.5 THz was;30 mV/cm.

In the analysis above, we assumed perfect phase ma
ing for electro-optic detection. This is not strictly valid for a
of the THz frequencies shown in the data above. The co
ence length for electro-optic detection14 in ^110& ZnTe ex-
ceeds the crystal length of 6.7 mm for THz frequencies&0.9
THz for an optical probe wavelength of;850 nm.15 For
higher THz frequencies, the coherence length diminis
rapidly 25.2 mm for 1 THz and 2.9 mm for 1.3 THz. Thu
the steep decline in response beyond;0.9 THz can be at-
tributed, in part, to the reduced interaction length.

In conclusion, we have demonstrated the coherent de
Downloaded 03 Apr 2004 to 128.59.170.143. Redistribution subject to AI
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tion of freely propagating continuous-wave THz radiati
using electro-optic detection in a ZnTe crystal. A
amplitude-modulated optical beam derived from the sup
position of two single-frequency diode lasers is used for b
the generation and detection of cw THz radiation. T
electro-optic detection process may be viewed as a freque
up-conversion process coupled with optical homodyne de
tion, which yields favorable characteristics with respect
background suppression, as well as information on the ph
of the THz electric field. The overall system is immediate
amenable to high-resolution coherent spectroscopy in the
infrared. Further enhancement of the signal-to-noise ratio
the system may be possible by using optimized detec
media that exhibit large optical nonlinearities and interact
lengths.
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