
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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vibrational resonances in ZnTe and is expected to be less 
restrictive in other material systems. A further notewor
thy advance by the RPI group is the exploitation of this 
technique for efficient terahertz imaging. 6 
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Optical trapping of micron-size, dielectric micros
pheres using a single beam gradient force (Fig. la) 

was first demonstrated by Ashk in 1 in 1986. Since then, 
extensive research and development of this technique 
has turned it into a practical device (known as optical 
tweezers) which has been used in a wide variety of bio
logical and biomedical appl ications. 2 In conventional 
opt ical tweezers, a water- immersed or o i l - immersed 
microscope objective lens with a high numerical aper
ture (NA ~ 1.25) is usually used to focus the trapping 
laser beam to a micron-size spot to achieve a sufficiently 
strong axial trapping force.3 This imposes some restric
tion on the geometry of the sample cell, since the work
ing distance of a high N A objective lens is l imited to a 
few tens o f m ic rons be low a cover glass (wh ich is 
matched to the objective lens). H igh numerical aperture, 
however, is not required for lateral stability; even weakly 
focused beams can produce relatively strong lateral trap
ping force.3 For example, gradual accumulation and self-
alignment of dielectric microspheres into a two-dimen
s ional lat t ice- l ike mosaic pattern generated by the 
interference of two or more beams have been reported. 4 

Recently, we have successfully demonstrated 5 for the 
first time the trapping and manipulat ion of dielectric 
particles (2.8 m m diameter latex microspheres suspend
ed in water inside a thin sample cell) by a set of two-
beam interference fringes (Fig. lb) using a 20x objective 
lens (NA=0.4). The interferometric fringes at the sample 
plane are swept by retro-reflecting one of the beams 
from a moving mirror that is attached to a piezoelectric 

transducer. When the fringes (with total optical power 
of a few milliwatts) are swept at a speed of 5-10 mm/sec, 
a sample particle that is trapped in the bright fringes 
moves along with the fringes unti l it reaches the edge of 
the focal spot, where it is stopped by the optical poten
tial barrier introduced by the focused beam spot. Visual
ly, the bounda ry of the br ight spot acts l ike a wa l l 
against which the impinging particle bounces. The par
ticle keeps striking the "wal l " as long as the fringes con
tinue to sweep. W h e n the sweeping d i rect ion of the 
fringes is reversed, the particle moves toward the other 
direction and repeats the action described above at the 
opposite edge of the spot. 

A n alternative, and simpler, approach to two-beam 
interference, generates a simi lar (fringe-like) pattern 
using a single beam to project a reduced image of a 
R o n c h i ru l i ng at the focal plane o f the microscope 
objective (Fig. 1c). In our experiment, we i l luminated 
(w i t h a s ing le beam) a R o n c h i r u l i n g (250 l i n e -
pairs/inch) placed at the back focal plane of a 20x objec
tive lens (Fig. 1c), and projected at its front focal plane, 
a set of fringes, i.e., alternating bright and dark lines, 
with l ine-width on the order of 5 µm. In this approach, 
the fringes are shifted by translating the Ronchi rul ing 
along the d i rect ion perpendicu lar to the ru l ings. A 
sequence of three selected frames from a video record 
illustrating the trapping and sweeping of a particle from 
the left to the right is shown in Figure 1d. 

From a practical point of view, the second approach 
is perhaps more favorable for the fo l lowing reasons. 
First, it requires only a single beam and the configura
tion is simpler and more compact. Secondly, it can be 
easily modif ied for two-dimensional micro-manipula
t ion of two (or more) part ic les independent ly. For 
example, one can project several micron-size cross-hair 

Figure 1. A schematic illustration of (a) a single-beam gradient force 
trap, (b) a dual-beam interferometric trap, (c) an interferometric trap 
using the image of a Ronchi ruling, (d) a sequence of three selected 
frames from a video record of experimental results demonstrating 
the manipulation of a trapped particle from left to right by sweeping 
the fringes across the field of view. 
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