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F E M T O S E C O N D 
T E C H N O L O G Y 

R ecently a new electro-optic detection system has 
been used to characterize the temporal and spatial 

distribution of free-space broadband, pulsed electro
magnetic radiation (THz beams).1 This detection sys
tem, which uses an electro-optic crystal sensor, provides 
diffraction-limited spatial resolution, femtosecond tem
poral resolution, DC-THz spectral bandwidth, and sub¬
milli-volt per centimeter field detectability.2-5 The sensi
tivity and bandwidth of the electro-optic detectors are 
comparable or superior to conventional ultrafast photo-
conductive dipole antennas and liquid helium cooled 
bolometers. Advantages intrinsic to electro-optic detec
tion include nonresonant frequency response, large 
detector area, high scan rate, low optical probe power, 
and large linear dynamic range. 

The electro-optic terahertz beam imaging device 
provides an alternative method for time-resolved mea
surement with a frequency range from gigahertz to tera
hertz. It will be used to investigate a wide variety of pre
viously unexplored transient phenomena in physics, 
electrical engineering, biology, and chemistry. 

The free-space electro-optic detection system, similar 
to local field electro-
optic sampling, is 
based on the Pockel's 
effect in electro-optic 

Figure 1. (a) Electro-optic imaging setup for free-
space pulsed electromagnetic radiation (THz beam)— 
seven images were captured in less than a second; 
(b) A 4 x 4 mm 2 image at the focal point of the THz 
beam. [A color version of (b) is on page 8.] 
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crystals where a pulsed microwave signal (DC-THz ) acts 
as transient bias to induce a transient birefringence that 
can be detected by a synchronous optical probe. Tera
hertz measurements using ZnTe as an electro-opt ic 
crystal in a collinear geometry have demonstrated a sig
nal-to-noise ratio (SNR) exceeding 10,000. 

In a demonstration of a real-time, two-dimensional 
free-space electro-optic sampling of terahertz beams, a 
<110> ZnTe crystal was used in conjunction with a digi
tal C C D camera to convert a far-infrared image into an 
optical image with diffraction-limited spatial resolution 
and femtosecond temporal resolution. This imaging sys
tem offers the ability to measure two-dimensional spa
tially distributed phase and amplitude informat ion of 
terahertz radiation in a true real-time mode. Figure 1 
shows a real-t ime imaging setup w i th a 4 X 4 m m 2 

image of the transverse spatial distribution of a focused 
terahertz beam. A time-resolved far-infrared image is 
converted into a t ime-resolved optical image using a 
ZnTe sensor and a high performance digital C C D cam
era. A full frame readout time of 0.133 seconds for the 
384 X 288 pixels makes this a true "real-time" measure
ment. The average readout optical power is 300 µW, with 
a temporal resolution of 50 fsec and submillimeter spa
tial resolution, corresponding to terahertz wavelengths. 

The data acquisition rate and SNR are l imited by the 
C C D camera, which is thermo-electrically cooled and 
used in frame transfer mode. The C C D pixel size of 22 
X 22 µm2 is smaller than terahertz wavelengths, there
fore the spatial resolution is diffraction-limited by the 
terahertz wavelength. The high sensitivity of the C C D 
camera allows the use of low optical readout power, typ
ically less than 300 µW, for operation of the C C D chip 
near its full-well capacity. This C C D camera has a full 
frame readout time of 0.133 sec at a 1 M H z scan rate 
which l imits the frame transfer rate to 7.5 frames/sec. 
Potentially, the frame readout time can be reduced to 27 
msec at a 5 M H z scan rate, t rans fe r r ing up to 38 
frames/sec for true video operat ion. Such h igh data 
acquisit ion rates are unprecedented for current tera
hertz imaging systems. 

In recent years, remarkable progress has been made in 
the development of spectroscopic capabil i t ies for 

coherent terahertz (THz) measurements. 1 This spectral 
region is one of great interest because of the abundance 

of excitat ions i n molecu lar systems and condensed 
media. It also represents a region in which the dielectric 
properties of materials are of cr i t ical importance for 
high frequency electronics and optoelectronics. A key 
ingredient to the significant advances in this field is the 
development of broadband, optically driven sources and 
detectors of terahertz radiation. The ready availability of 
laser pulses w i th durat ions of ~10 fsec suggests the 
potential for extending the bandwidth of coherent spec
troscopy to significantly higher frequencies. By using 
mater ia ls w i t h an instantaneous non l inear op t ica l 
response for both emission and detection, we may be 
able to capture much of this enormous bandwidth. 

Wi th in an electro-optic material, the production of 
terahertz radiation occurs via difference frequency gener
ation. This process may be regarded as a product of the 
beating of various Fourier components of the input opti
cal spectrum to produce an optically rectified baseband 
pulse. To detect terahertz radiation, this mixing process 
can be reversed in an electro-optic medium. A n extension 
of this established method of electro-optic sampling to 
coherently detect freely propagating terahertz radiation 
has recently been demonstrated.2 ' 3 In this technique, the 
electric field of an ultrafast electromagnetic pulse is sam
pled through the rotation of the polarization of the opti
cal probe pulse due to the Pockel's effect. 

In optical rectification experiments with transparent 
nonlinear media, the coherence length at terahertz fre
quencies tends to be short, a consequence of the large 
difference between optical and terahertz refractive index
es. We have recently demonstrated a method to use the 
dispersion in the optical refractive index to compensate 
for this difference and significantly increase the coher
ence length over a wide bandwid th . 4 Us ing a mode-
locked Ti:sapphire laser as the optical source and <110> 
ZnTe crystals for both generation and detection of tera
hertz radiation, we have measured electric field temporal 
waveforms as short as 270 fsec ( F W H M ) , 4 as shown in 
Figure 1. The corresponding 3 dB bandwidth is approxi
mately 2 T H z . Related results have been obtained by W u 
et al., at Rensselaer Polytechnic Institute (RPI) using 
GaAs as the emitter and ZnTe as the detector.5 The high 
frequency fal l-off is imposed pr imar i ly by low- ly ing 

Figure 1. Temporal waveform of the THz radiation generated by optical 
rectification and detected by electro-optic sampling using two 0.9 mm 
thick <110> ZnTe crystals. The pulsewidth is 270 fsec (FWHM). 
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