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T-ray computed tomography
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We demonstrate a tomographic imaging modality that uses pulsed terahertz (THz) radiation to probe the opti-
cal properties of three-dimensional (3D) structures in the far-infrared. This THz-wave computed tomography
(T-ray CT) system provides sectional images of objects in a manner analogous to conventional CT techniques
such as x-ray CT. The transmitted amplitude and phase of broadband pulses of THz radiation are measured

at multiple projection angles.

object, including both its 3D structure and its frequency-dependent far-infrared optical properties.
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For just over a decade, terahertz (THz) time-
domain spectroscopy has been used to determine the
optical properties of materials in the submillimeter
wavelength regime. More recently, two-dimensional
(2D) THz imaging'® has been demonstrated for
a diverse range of applications, including imaging
semiconductors, leaf moisture content, flames, skin
burn severity, and skin cancer. THz imaging is
attractive for a number of reasons: The radiation
is nonionizing and poses few safety risks, it is ca-
pable of submillimeter resolution, and, importantly,
a number of materials, including paper, plastics,
and cardboard, are relatively transparent in this
frequency band. However, the three-dimensional
(3D) structure of objects cannot be determined with
conventional THz imaging techniques. In particu-
lar, the effects of variations in topography and the
far-infrared optical properties of the sample have been
indistinguishable.

A reflection-mode THz tomography system based
on measuring the time of flight of reflected pulses
was previously demonstrated.® This technique is ca-
pable of resolving the 3D refractive-index profiles of
objects consisting of well-separated layers of differing
refractive index. Although this technique provides ex-
tremely sensitive depth resolution of the order of 1 um,
the current reconstruction algorithms are only appli-
cable given a number of assumptions that restrict its
applicability. These algorithms neglect multiple re-
flections, absorption, and dispersion in the object to be
imaged. These restrictions have motivated research
into more-general tomographic imaging methodologies.
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The filtered backprojection algorithm is then used to reconstruct the target
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In this Letter we demonstrate the use of T-ray com-
puted tomography (CT) for 3D imaging applications
in the far-infrared. T-ray CT draws inspiration from
the now ubiquitous x-ray CT system. Figure 1 shows
a schematic of the T-ray CT system. The hardware
is a relatively simple extension of modern transmis-
sion-mode THz imaging systems. The target sample
is mounted on a rotation stage that allows it to be ro-
tated, and a 2D THz image is obtained at each projec-
tion angle.

THz pulses are generated with a regeneratively am-
plified Ti:sapphire laser (Spectra Physics Hurricane)
with an average output power of 700 mW, a center
wavelength of 800 nm, a pulse duration of 130 fs, and a
repetition rate of 1 kHz, incident upon a 14-mm-wide
aperture photoconductive antenna with a bias of
2000 V. The THz radiation is focused by off-axis
parabolic mirrors to a spot size of approximately 1 mm
on the target. The transmitted THz pulse is collected
with parabolic mirrors and focused onto a 4-mm-thick
(110) ZnTe electro-optic (EO) detector crystal.

The acquisition speed of the data is an important
concern. We use a linearly chirped optical probe beam
for EO detection of the THz pulses.® With this tech-
nique the full THz waveform is measured simultane-
ously, dramatically accelerating the imaging speed.

The optical probe pulse is linearly chirped and tem-
porally stretched to a pulse width of 30 ps by use of
a grating pair. The THz pulse modulates the probe
pulse via the EO effect and is recovered with the spec-
trometer and a CCD camera. With a CCD exposure
time of 50 ms, the signal-to-noise ratio for the system
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Fig. 1. Simplified hardware schematic used for T-ray
CT. The ultrafast laser pulses are split into pump and
probe beams. The pump beam triggers a biased (2000-V)
wide-aperture antenna to generate THz pulses that are
focused on the target by parabolic mirrors. The probe
beam is linearly chirped by a grating pair to a pulse width
of 30 ps. The THz temporal profile is encoded on the
probe pulse by a 4-mm-thick ZnTe EO detector crystal
and a pair of crossed polarizers. A spectrometer and a
CCD camera are used to recover the THz signal. Inset,
photograph of the rotation stage and sample. The sample
is a dielectric sphere.

was approximately 100. The exposure time could be
reduced to 5 ms at the expense of signal-to-noise ratio.
The sample was mounted on an x—y translation stage
and raster scanned for image acquisition. The sample
was then rotated, and the THz image was recorded at
each projection angle.

This technique is still quite time consuming: A
typical image of size 100 X 100 pixels measured at
18 projection angles can take more than 1 h. Fortu-
nately, this speed may be improved with alternative
THz imaging techniques. Using 2D THz imaging
with a CCD camera® may potentially reduce the
acquisition time to less than a few minutes.

We used the filtered backprojection algorithm to per-
form an inverse Radon transform® to reconstruct the
object of interest. The Radon transform is a line inte-
gral model, and in the present context this is equiva-
lent to the approximation that the detected THz signal
is simply related to the transmitted pulse by a line in-
tegral of the form

de}, (1)

(6,0) ¢

Piw,0,]) = Pt(w)exp|:fL

where Py is the Fourier transform of the detected THz
signal at a frequency w, a projection angle 6, and a
horizontal offset from the axis of rotation, /. P; is
the Fourier component of the incident THz signal at
the same frequency, L is the straight line between the
source and detector, and 7i(x) = n(x) + ik(x) is the un-
known complex refractive index of the sample. If we
consider the phase of the THz pulse in the time do-
main and additionally assume that we can neglect dis-
persion, this approximation is equivalent to assuming
that A¢(9, 1) = fL(M) n(x)/c dx, where At is the time
difference between the peak of the THz pulse received
if no sample is present and the pulse is measured for a
given 6 and [.

The filtered backprojection algorithm is well known
in x-ray CT. It is based on the Fourier slice theorem,’
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which relates N (u, v), the spatial 2D Fourier transform
of the object function, and the Fourier transform of the
parallel projection data, S(@, w), defined as

S0, w) = [m s(0, Dexp(—i27wl)dl, (2)

where w is the spatial frequency in the [ direction.
s(0, 1) is extracted from the measured projection data.
To reconstruct the refractive index of the sample with
the time-domain data, we use s = At, and to perform
the reconstruction for the absorption coefficient k(w) at
a given frequency, we use s = real{—log[Py(w)/P;(w)]}.

The filtered backprojection algorithm simply
involves computing the Fourier transform of the
projection data, S(#, w) for each angle, filtering this
result with a Ram-Lak filter, and summing the
inverse Fourier transforms of the filtered projections
in the image (x, y) plane. The filtered backprojection
algorithm can be described by

alx,y) = [OW [[_ZS(G,LU)leexp(iwal)dw:|d0. (3)

Unlike traditional x-ray CT, which measures only
the amplitude of the transmitted radiation, T-ray CT
measures the transmitted pulse shape. This allows
more information about the sample to be recovered.

Figure 2(a) shows a vial containing a plastic tube
that was imaged with the T-ray CT system. A coarse
sampling step of 1 mm in the x and y dimensions
was used to obtain projection images for each 10°
angular increment. The coherent nature of pulsed
THz systems was exploited, and the time of flight
of the THz pulse for each projection was used to
reconstruct the image shown in Fig. 2(b). The re-
constructed image for one 2D cross section is shown.
The intensity of the image is proportional to the
reconstructed refractive index for each pixel, and the
plastic tube can be seen to have a higher refractive
index than the plastic vial wall. The mean refrac-
tive index of the center tube was found to be 1.52,
which is in reasonable agreement with the refractive
index of 1.58 determined with a normal THz time-
domain spectroscopy system.
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Fig. 2. A vial and plastic tube were used to test the T-ray
CT system. (a) Optical image of the object. The timing
of the peak of the pulse in the time domain was used as the
input to the filtered backprojection algorithm and the cross
section was reconstructed as shown in (b). Gray-scale in-
tensity reflects the refractive index of the sample at each
pixel; darker pixels correspond to a higher refractive index.
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Fig. 3. A sheet of polyethylene was bent into an S shape
and imaged with the T-ray CT system. (a) Optical image
of the sample. The measured data were Fourier trans-
formed, and the imaginary parts of the Fourier domain
responses at four different frequencies were used to recon-
struct the sample. (b) Reconstructed cross-sectional slices
of the sample: (i) 0.2 THz, (ii) 0.4 THz, (iii) 0.6 THz,
(iv) 0.8 THz.

(b)

Fig. 4. A piece of turkey bone was imaged with the T-ray
CT system. The fine structure inside the bone is of the
order of the THz wavelength and therefore causes diffi-
culties in reconstruction. (a) Optical image. The turkey
bone was reconstructed, and (b) a 3D rendered image was
generated. The reconstruction used the amplitude of the
THz pulses at each pixel as the input to the filtered back-
projection algorithm.

Because the vial wall is thinner than the reconstruc-
tion grid size, the refractive index is not recovered
accurately. 2D THz imaging has been shown to have
a resolution that is limited by the Rayleigh criterion
to approximately 0.5 mm. Theoretically, a compa-
rable resolution can be achieved with T-ray CT, pro-
vided that the data are sampled at enough projection
angles that a fine enough reconstruction grid is
ensured.

T-ray CT has the potential to identify targets based
on their frequency response in the far-infrared. Fig-
ure 3(b) shows a reconstruction of the simple sample
shown in Fig. 3(a) with the data from four different
frequencies. The resolution of the reconstruction
improves as the frequency increases, however, the
signal-to-noise ratio decreases because most of the
source power is at frequencies below 0.5 THz. There-
fore, the reconstructions at higher frequencies suffer
from additional artifacts caused by noise.

The filtered backprojection algorithm assumes that
diffraction effects and Fresnel losses can be neglected.
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This assumption works well for low-refractive-index
targets with features that are large relative to the
wavelength of the THz radiation (0.3 mm at 1 THz);
however, for more-complex targets with fine structure
the filtered backprojection algorithm is unable to re-
construct the target accurately. Figure 4(a) shows an
optical photograph of a more-complex target: a piece
of turkey bone. This sample was imaged with the
T-ray CT system, and the amplitude of the measured
THz pulses was used to reconstruct the bone. The re-
constructed slices were then 3D rendered to generate
the image shown in Fig. 4(b). It is obvious that, al-
though the outer profile was reconstructed with rea-
sonable accuracy, the fine internal structure was not
recovered.

This technique extends the potential of THz
time-domain spectroscopy to several exciting new
application areas. It is capable of reconstructing the
3D structure and the far-infrared optical properties of
an object. The images may potentially be obtained
relatively quickly with the aid of 2D THz imaging
with a CCD camera.! Importantly, by use of the fre-
quency-dependent complex refractive index, different
materials may be uniquely identified despite being
hidden within other opaque structures. We foresee
applications of this technique in nondestructive mail
and packaging inspection, semiconductor testing, and
manufacturing quality control.
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