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Most methods of imaging in the terahertz~THz! spectral region utilize either pulsed-laser sources or
require the THz generation and detection sources to be phase coherent. The application of
interferometric imaging to the THz range is described. Interferometric imaging offers considerable
advantages in this regard due to its ability to image with only a handful of detector elements, image
many sources of THz radiation at once, image incoherent as well as coherent sources, and provide
spectral information as well as spatial imaging information. The THz interferometric imaging
method is potentially useful for remote detection of explosives. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1610799#
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The simplest method of terahertz~THz! imaging is to
use a single transmitter and detector—i.e., line-of-sight
tection. An image is obtained on a point-by-point basis
scanning the transmitter/detector pair over the sample u
test and recording the THz phase and amplitude at e
point. Using this method, THz images of macroscopic o
jects have been obtained1 and extended to THz tomography2

and synthetic phased-array techniques.3 Other THz imaging
techniques are based on short-pulsed laser4 or cw difference
frequency5 THz generation and detection. In the short-puls
laser technique, the temporal profile of the THz pulse is
coded on a chirped ultrafast laser pulse. A modification
this technique has been applied to THz imaging using dif
ence frequency mixing in nonlinear crystals. One limitati
in utilizing these techniques is that coherent cw or sho
pulsed laser sources are required. Moreover, the laser so
that generate and detect the THz radiation must retain a
herent phase relationship with each other. Using these m
ods, the imaging of an incoherent THz source is not possi

In this letter, the design of an interferometric THz ima
ing array6 is described that does not require a particular
herent or incoherent source of THz. It is flexible enough
utilize an electronic THz source, a laser-based THz illum
nating source, or incoherent ambient THz radiation that m
be present. To perform imaging of THz in real time, the ba
technique of radio interferometry7 is employed for which
signals at two or more points in space~the aperture plane!
are brought together with the proper delay and correla
both in phase and in quadrature to produce cosine and
components of the brightness distribution. This techniq
thus measures both amplitude and phase of the incom
signals. If measured from a sufficient number of points in
aperture plane, the original brightness distribution can
synthesized~imaged! through standard Fourier inversion
The raw images after inversion can be improved throu

a!Electronic mail: federici@adm.njit.edu
2470003-6951/2003/83(12)/2477/3/$20.00
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standard image reconstruction techniques~e.g., CLEAN or
MEM! to reduce ambiguities~called sidelobes! in the im-
ages.

The imaging interferometer consists of an array of in
vidual detectors. Each detector measures the amplitude
phase of incoming THz radiation. As a wave front of TH
radiation encounters the array, each pair of detectors m
sures one spatial Fourier component of the incoming T
radiation as determined by the separation of the detector
otherwise known as a base line. Each spatial Fourier com
nent is represented by a point in the Fourier transform pl
~called theu–v plane!. In order to determine a spatial Fou
rier component and consequently the direction of the inco
ing THz wave front, the delay in arrival time of the wav
front between a pair of antennas must be measured. F
single point source, this measurement will yield an angle
which the object is located from the detector. In order
image the source, additional measurements with base line
other spacings and orientations must be carried out.

For a given number of detectorsN, there areN(N
21)/2 possible pair combinations. An image is genera
from the spatial Fourier components of all the different p
combinations. The quality of an image depends on the c
erage of theu–v plane, which in turn depends on the a
rangement of the detecting elements of the interferome
The primary concern in designing the configuration of ant
nas is to obtain uniform and efficient coverage of theu–v
plane over a range determined by the required angular r
lution. Efficientu–v plane coverage with a small number
detectors may be achieved by rotating the array about a fi
axis. If measurements are made 20 times during the rota
of an N element array, the equivalent number of base lin
will be 20N(N21)/2. This can either lead to improved im
age quality or equivalently to a reduction in the number
required detectors in the array for a given image quality.

In order to demonstrate the utility of THz interferometr
imaging, THz images are simulated from a rotating and n
rotating array. For both images, the incoming THz waves
7 © 2003 American Institute of Physics
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2478 Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 Federici et al.
assumed to be plane waves. The first simulation is done f
rotating array containing 12 elements.6 Each detector is num
bered from 1 to 12 and located alternatively on thex andy
axes. The detector positions are modeled byd5a b(n21)

whered is the distance from the origin,a is a constant rep-
resenting the distance of the first detector from the orig
andn is the detector number. The valueb is a constant tha
describes the rate at which the successive detectors spira
from the origin. Having chosenb, the constanta can be used
as a multiplicative factor to normalize the overall size of t
detector array for different applications. This nonredund
arrangement provides 66 Fourier components. This give
total of 5940 Fourier components for data acquired at
increments for a 90° total rotation. Figure 1 is a raw ima
~without reconstruction! taken of a highly reflective squar
of angular width 100 arc sec.

The detectors of a 110 element stationary array are m
eled by radial and angular positions given byr (m)5r 0am

and u(m,n)5u0bn1cm wherem and n are the branch and
radial indices, respectively. Figure 2 shows the same ob
in Fig. 1 as imaged by the stationary array. For comparis
the 110 element array has 5995 Fourier components. In c
paring Figs. 1 and 2, the image quality is much improved
Fig. 2 because there is more control over the dispersion
base line distances with the nonrotating array. The raw im
quality of Fig. 2 rivals the quality of the~cleaned! recon-
structed image~not shown! from the rotating array.

THz imaging has shown considerable promise in the
tection of concealed compounds such as explosives thro
these materials’ THz spectra. The basic concept is that
objects can be imaged at different frequencies, resulting
cluster of images. The amplitudes of the same pixel on e
image will be the spectrum of the object at that location. T
ability to image these objects noninvasively at real-tim

FIG. 1. Reconstructed 0.5 THz image of a 100 arc sec highly reflec
square with the 12 element rotating array witha50.5 andb51.232 84. The
circular patterns in the image are sidelobe artifacts that are introduced b
imaging method. The sidelobes can be removed by image reconstru
techniques.
Downloaded 18 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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speeds has the potential to become a reliable method to
motely detect harmful objects.

As a demonstration, the addition of images is used
simulate the detection of trinitrotriazcyclohexane~RDX! and
a perfect reflector, metal. RDX has a published spectru8

with relatively high reflectivity at 0.75, 1.4, and 1.9 TH
Simulated images are taken at these frequencies as we
other frequencies with relative lows in the RDX reflectio
spectrum. Pixels in the combined image that match the R
spectra are assigned the color red, while other pixels
assigned colors proportion to their THz frequencies~e.g.,
green and blue!. When the THz frequency images are com
bined as shown in Fig. 3, the RDX appears red, while
metal appears white due to its flat reflectivity spectrum. A
tificial Neural Network analysis of THz images can be us
to process the composite images to distinguish mater
based on their spectroscopic properties.9

g

he
on

FIG. 2. Reconstructed 0.5 THz image of a 100 arc sec highly reflec
square with a fixed 110 element array. For the image,r 050.5, a51.2328,
u050.1, b51.3652,c50.3, 0<m<11, and 0<n<10.

FIG. 3. ~Color! Simulation of THz reflection from 2.4 cm square samples
metal ~white! and RDX ~red!. The distance between the samples and
THz imaging array is 50 m. The false color image is a composite imag
five images taken at different THz frequencies.
cense or copyright; see http://apl.aip.org/about/rights_and_permissions
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2479Appl. Phys. Lett., Vol. 83, No. 12, 22 September 2003 Federici et al.
The angular resolution of the imaging array for a giv
wavelengthl is determined by the separationd between de-
tectors:u5l/d ~rad!. As an example of the potential spati
resolution, a THz imaging array with maximum baseline d
tance of 100 cm would have an angular resolution of 62
sec at 1 THz. The corresponding spatial resolution at a
tance of 50 m is approximately 1.5 cm.

Physical rotation of the detector array might not alwa
be convenient to implement or desirable. Current state
the-art millimeter wave imaging systems depend on m
chanical scanning methods for imaging with a limited nu
ber of detectors.10 However, the speed of imaging for suc
systems could be increased~with some tradeoffs! by increas-
ing the number of detector elements without mechan
scanning. For example, interferometric imaging techniq
could increase the effective number of pixels in real-tim
video displays of the millimeter wave images and possi
eliminate the need for mechanical scanning.11 Nevertheless,
even a state-of-the-art detector array of;110 elements or
larger has an insufficient pixel resolution compared to t
available with a 10243768 pixel focal plane array. Sinc
such high density focal plane arrays are currently not feas
in the THz and gigahertz~GHz! range, interferometric imag
ing methods may be critical to the success of real-time
aging in the GHz and THz range.
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