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Time reversal three-dimensional imaging using single-cycle
terahertz pulses
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We demonstrate three-dimensional imaging using single-cycle terahertz electromagnetic pulses.
Reflection-mode imaging is performed with a photoconductive transmitter and receiver and a
reconstruction algorithm based on time reversal. A two-dimensional array is synthesized from ten
concentric ring annular arrays with numerical apertures ranging from 0.27 to 0.43. The system
clearly distinguishes image planes separated by 1.5 mm and achiev@slB lateral resolution of

1.1 mm. In terms of the illuminating terahertz power spectrum, the lateral resolution is 38% and
81% of the peak and mean wavelengths, respectively2004 American Institute of Physics.
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There is considerable interest in using single-cycle terawaves. Time reversal makes no approximations to the dif-
hertz electromagnetic pulses for imagih§. Terahertz waves fracting waves. Although this increases computational time,
can penetrate a variety of optically opaque plastics and ceigorous treatment of terahertz diffraction is necessary to
ramics. The large bandwidths and submillimeter wavelengthgchieve our ultimate goal of 3D time-domain diffraction
are attractive for spectroscopic imaging. A promising imag-tomograph}?
ing technique is time reversal imagingwhich has success- The imaging setup is shown in Fig(a. The heart of the
fully reconstructed one-dimensional and two-dimensionaBystem consists of the fiber-coupled photoconductive trans-
(2D) objects. In this letter we extend this technique to threeMitter and receiver modulé$ The fiber-coupling permits ar-
dimensional3D) imaging. bitrary placement of the modules for synthetic aperture im-

Time reversal imaging is a coherent imaging techniques’ﬂlging- In contrast to the transmission mode used in previous
A transmitted pulse is incident on the object of interestime reversal imaginé,z the modules are arranged for
where the scattered fields are detected by an array of receifeflection-mode imaging. The transmitter and receiver are
ers. An image point is reconstructed in a two-step procesdocated 142 and 102 mm, respectively, from the origin of the
First, the time delays are computed for a terahertz pulse t§n@ging system. The off-axis angles of the transmitter and
propagate from the transmitter to the image point, and theECeIVer are given by and b, resp.ecn)‘/ely. Trle object
from the image point to each receiver. Second, the receivefPnsists of aluminum foil letters spelling “CUOS” attached
signal samples corresponding to the computed time dela a high-density polyethylene substrate. Each letter is ap-

are summed together to produce the amplitude of the imag rommzitE;Iy 12 (rjnm tall and 3 mr:'.‘ W(;d.etW':[[E a Ilnbevgndtth Olf
point. The propagation distances also determine the ampli- mm. &.>-mm-ceep steps machined into the substrate place

- . . ach letter at a differer#t coordinate. The object is approxi-
tude weighting of each sample during the summation. It mus . . :

. ) . ately centered on theaxis. A ring annular array is synthe-
be emphasized that all the image points are reconstructe . . . .

. . . . .~ sized by rotating the object about thexis while the trans-
using the same received data. Each image point requires a.

different set of time delays and therefore a different summa[nltter and receiver remain stationan 90-element array is
. . ay . . ) synthesized by rotating the object in 4° increments after ev-
tion of the receiver signals. This “delay-sum” algorithm,

. . : 7. . ery 100 signal averages. The numerical aper(hi) of the
commonly used in medical ultrasound imagiip equiva- y g g perthie)

array is determined by NASin 6r—sin 6.
lent to backpropagating the received signals using the time Y y br R

reversed Huygens—Fresnel diffraction intedral.

We note that time reversal imaging is similar to Kirch-
hoff migratior? and inverse synthetic aperture rdtasAR).
All three techniques coherently sum signals based on propa
gation distances between the transmitter, object, and receiv r@
ers. Time reversal and Kirchhoff migration process the sig-| t
nals in the time domain, while ISAR processes signals in the
frequency domain. ISAR assumes the object lies in the far
field of the synthetic aperture in order to use the fast Fourier
transform (FFT) for efficient image reconstructidhKirch-
hoff migration is valid in the near field of the synthetic ap- (a) (b)

erture but neglects the amplitude decay of the diffracting

FIG. 1. Experimental setup for time reversal imagitay:reflection imaging
configuration andb) annular synthetic aperture. The transmitter and re-
dElectronic mail: takbuma@eecs.umich.edu ceiver are labeled asT” and “ R,” respectively.
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FIG. 2. Reconstructed image planes far“C,” (b) “U,” (c) “O,” and (d) FIG. 3. Reconstructed images of the letter “U” using a single ring wéth
“S.” NA=0.43,(b) NA=0.38,(c) NA=0.32, and(d) NA=0.27.

(d)

Changing6r, after each full rotation of the object pro- their positions in the images remain the same. As a result, the
duces a set of concentric ring annular arrays. While main@nnular array images in Fig. 2 have weaker artifacts than the
taining 6= 26.5°, ten concentric rings were synthesized bysingle-ring images of Fig. 3.
varying g from 1 to 10° in 1° increments. As shown in Fig. The origin of these artifacts can be understood by ana-
1(b), the multiple rings combine to form an annular imaging YZing the point spread functiofPSH of a single ring array.
aperture with an “inner” NA of 0.27 and an “outer” NA of  T1he analysis is simplifieq by.assuming the array as cqntinu-
0.43. A reconstructed image is a weighted sum of the imageQUsly sampled around its circumference. The paraxial ap-
reconstructed from each ring aperture. The weighting ifroximation is applied to the time-reversed Huygens-—
based on approximating the area of the annulus by summingresnel diffraction m_tegraﬂ,whlch is commonly made in the
the areas of each ring. Since the rings are distributed along@@lysis of ultrasonic transducer arrdys point object is

sphere, the area of a ring is proportional to its NA. placeq at the origin of the systgm. Expres_sed_in cylindrical
The reconstructed image planes containing the letter§o0rdinates, the reconstructed image field is given by

“C,” “U,” “O,” and “S” are shown in Figs. 2 (a)-2(d), re- % do

spectively. Each image covers a>85 mm field of view. u(r,z)= f_wﬁ Ko Ujn(®)Jo( @NAr/C)

All images are displayed over the same linear gray scale
where white(black) represents positivenegative field am- X exp( —iwz{lc), )
plitude and mid-gray corresponds to zero. Each letter is . S

clearly reconstructed, demonstrating the ability to distinguisVheres=cosér+cosfg andc is the speed of light in air. The
image planes along theaxis. The fainter “C” and “S” are term Ko is @ geometrl_cal factpr depending on the synthetic
due to the limited spot size of the Gaussian-shaped illumi&ray dimensions, whilei,(«w) is the frequency spectrum of
nating terahertz beam. Line-outs taken along Figs\-2(d) the terahertz field incident on the point target. Whers
reveal —6 dB widths of 1.3. 0.8. 0.9. and 1.2 mm respec_much larger than the peak wavelength of the terahertz spec-
tively. Reconstructing image points farther away from thel'um. the Bessel functiod, in Eq. (1) can be replaced by its
origin is more sensitive to slight errors in alignment of the /2"9& argument expansion to give

transmitter and receiver modules. The average lateral resolu-

L . © d NAr/c—ml4
tion is 1.1 mm, corresponding to 38% and 81% of the peak u(r'z):f _wkow2uin(w) coswNAr/c— m/4)
and mean wavelengths, respectively, of the illuminating tera- — 2 V2mwNAr/c

hertz power spectrum. % .
In every image of Fig. 2, faint patches of white and exp(—iwzlc). 2

black are visible in regions away from a letter. These arti-Applying the principle of stationary phase, the major contri-
facts are shown more vividly by the images reconstructedbution to the integral in Eq(2) occurs whenr =|z|Z/NA.

from a single ring rather than the weighted sum of all theThis produces a ring-shaped halo in the reconstructed image
rings. Figures @)—3(d) show reconstructed images of the of a plane located a distan¢® from the point object. The
letter “U” from single rings with NA=0.43, 0.38, 0.32, and halo radius varies with the numerical aperture of the array.
0.27, respectively. The most striking features are the bright We performed simulations to visualize this halo artifact.
arcs sweeping across the images. When combining imagd$e model consists of a 0.47 NA ring annular array imaging
from multiple rings, these artifacts fail to reinforce eacha point scatterer at the origin. All gray scale images cover a
other since their positions are different in each image. Inl2.5<12.5 mm area. The reconstructed image of xtey
contrast, the reconstructed letters reinforce each other singdane containing the point object is shown in Figa)4 This
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while the slowly decaying pedestal indicates the strength of
artifacts. The dotted curve shows the simulated beam plot of
the ten-ring aperture used in the experiment. The much lower
pedestal reveals that artifacts are indeed suppressed by using
a more highly filled 2D aperture. An even lower pedestal is
shown by the dashed curve, which simulates a completely
filled disk aperture synthesized from 26 rings. The central
lobe is slightly wider since the smaller diameter rings con-
tribute lower spatial frequencies. However, the dramatic sup-
pression in artifacts far outweighs the slight broadening of
the lateral PSF.

We have demonstrated time reversal 3D imaging using
single-cycle terahertz electromagnetic pulses. The system
clearly distinguishes image planes separated by 1.5 mm and
achieves a—6 dB lateral resolution 38% and 81% of the
peak and mean terahertz wavelengths, respectively. 3D re-
construction artifacts are excessively high using a single-ring

Intensity (dB)

Lateral axis (mm) . . .
(c) annular array. As a result, a more highly filled 2D aperture is

necessary to suppress the artifacts. Future work involves im-
FIG. 4. Simulated point spread functid®SH along (@) x-y plane at z  aging with a fully populated disk array, which should pro-
=0mm and(b) x~y plane at z= —1 mm. The image intensity is computed g ce the highest image quality. A combination of reflection-

along the dashed lingc) Integrated intensity plot for a single ring aperture fecinm . . .
(solid curvg. The plots for 10 ringddotted curvé and 26 rings(dashed mode and transmission-mode imaging will also be done to

curve show how more highly filled 2D apertures suppress artifacts. perform 3D time-domain diffraction tomography.
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