
904 OPTICS LETTERS / Vol. 22, No. 12 / June 15, 1997
T-ray tomography
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We demonstrate tomographic T-ray imaging, using the timing information present in terahertz (THz) pulses
in a ref lection geometry. THz pulses are ref lected from refractive-index discontinuities inside an object, and
the time delays of these pulses are used to determine the positions of the discontinuities along the propagation
direction. In this fashion a tomographic image can be constructed.  1997 Optical Society of America
We recently described a new imaging modality, based
on time-resolved measurements of picosecond bursts of
electromagnetic radiation in the terahertz (THz) fre-
quency range.1 Although THz time-domain measure-
ments have been used successfully for spectroscopy,2,3

imaging with THz pulses has not been practical ow-
ing to the long (minutes) acquisition times for the
THz waveforms. Our new T-ray imaging technique is
made possible by reduction of the acquisition time of
a single THz waveform from several minutes to sev-
eral milliseconds, while a signal–noise ratio of .1000:1
is maintained.4 In the original demonstration,1 no ex-
plicit use of the time-domain nature of the THz pulses
was made, and the images displayed only the trans-
mitted power obtained by integration of the Fourier
spectrum of the THz waveform with a digital signal
processor. There is much more spectroscopic informa-
tion available from the THz waveforms, such as tim-
ing, broadening, and other temporal distortions that
result from the frequency-dependent absorption and
dispersion of the object. These temporal distortions
can be analyzed in real time to yield compositional in-
formation about the sample. For example, we recently
demonstrated real-time recognition of gases and gas
mixtures, using linear predictive coding as a waveform
classification and recognition procedure.5

In this Letter we report on the extension of T-ray
imaging to three-dimensional tomographic imaging by
analyzing the temporal structure of THz waveforms
returned from objects in a ref lection geometry. The
return time of ref lected pulses directly correlates with
the location of the dielectric interfaces along the propa-
gation direction of the beam. Because the arrival time
of the THz waveforms can be determined with an
accuracy of a few femtoseconds, i.e., much less than
the pulse duration, the positions of ref lecting surfaces
within the object under study can be determined with
an accuracy of a few micrometers when successive
ref lections are well separated in time.4 In contrast
with the two-dimensional T-ray transmission images
published earlier,1 full volume images of many objects
in the THz frequency range can now be obtained.

The experimental setup is described in detail in
Ref. 4. The beam of THz pulses is incident upon the
sample at nearly normal incidence and comes to a focus
at the sample surface. The beam ref lected from the
object is recollimated and then captured by a pick-off
mirror, which directs it to the receiver antenna. The
generation, detection, and real-time processing of the
0146-9592/97/120904-03$10.00/0
THz waveforms are similar to what is described in
the original transmission experiments.1,4 For an ob-
ject with multiple ref lecting internal surfaces, the re-
f lected waveform consists of a series of replicas of the
input pulse of varying magnitude, polarity, and tem-
poral distortion. We illustrate this, using the example
of a 3.5-in. f loppy disk, with the input and ref lected
THz waveforms from a single point on the f loppy disk
shown in Fig. 1. We obtain waveform (a) by replacing
the object with a mirror, and thus the pulse that is inci-
dent upon the sample is represented. The small oscil-
lations that follow the main pulse in this waveform are
a result of residual water vapor in the beam path6 and
do not affect the measurement significantly. Curve
(b), a representative ref lected waveform, consists of a

Fig. 1. (a) Input THz waveform and (b) ref lected
waveform from a single point on a 3.5-in. f loppy disk.
Each of the ref lected pulses identif ies a dielectric dis-
continuity along the propagation direction of the beam
normal to the f loppy disk, as labeled in the figure.
Curve (c) is the ref lected waveform after signal pro-
cessing, as described in the text. Curve (d) is the
refractive-index profile of the medium (right-hand axis),
derived from curve (c) by Eqs. (3) and (4) below. Curve
(b) has been scaled up by a factor of 3 relative to
the left (photocurrent) axis and vertically offset for
clarity.
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series of replicas of the input waveform. These cor-
respond to ref lections from the dielectric interfaces of
the f loppy disk from air to plastic, from plastic to air,
or from surfaces of the magnetic recording material.
The polarity and the magnitude of each ref lection are
given by the ref lection coefficient at each interface and
are related to the size and sign of the corresponding in-
dex step. The four ref lections resulting from the front
and back plastic covers are clearly resolved. However,
the thickness of the magnetic recording material is so
small that the waveforms returned from its front and
back surfaces cannot be distinguished and appear as a
single distorted waveform. In this example the tem-
poral waveforms hardly change shape while travers-
ing the object because the plastic material has little
absorption and dispersion. In a more general situa-
tion, ref lected waveforms may be significantly altered
in shape.

In Fig. 1, (c) is the waveform of (b) after numerical
Fourier deconvolution (i.e., division of the Fourier
spectra of the incident and the ref lected wave-
forms, with a low-pass filter to remove noise above
,2.5 THz). Subsequently, low-frequency background
is removed by means of wavelet filtering.7 This
procedure produces a sharp spike at a time delay
corresponding to the position of every ref lecting inter-
face. Thus it helps to determine more accurately the
positions of the various interfaces. In contrast with
(b) in Fig. 1, the front and back surfaces of the thin
(,120-mm) magnetic recording material are clearly
resolved in the deconvolved data (c). This is con-
sistent with the expected resolution of Lcy2, where
Lc  200 mm is the coherence length of the THz pulse
in the intervening material. In contrast, when no
other ref lections are nearby, we find that the position
of a ref lecting surface can be determined with a
precision of only a few micrometers.4

Figure 2 shows a conventional T-ray image of a sec-
tion of the f loppy disk obtained in ref lection [Fig. 2(a)]
and a tomographic slice [Fig. 2(b)] at a f ixed vertical
position. We obtained the conventional T-ray image at
the top by computing the total ref lected power, using
real-time processing of the ref lected waveforms with
a digital signal processor,1,4 with the ref lected power
translated into a gray scale. The plastic cover with its
various features, the circular recording disk, and the
metallic hub in the center of the disk can be distin-
guished.

In Fig. 2(b) a tomographic T-ray slice of the f loppy
disk is shown at a particular vertical position (y 
15 mm), indicated by the dashed line in Fig. 2(a). For
each horizontal (x) position a ref lected waveform is
acquired, processed as described above [curve (c),
Fig. 1], and displayed as a function of delay in this
tomographic image. The amplitude of the processed
waveforms is translated into a gray scale so that each
ref lecting surface appears as a stripe. The positions
of the various parts of the f loppy disk along the
propagation direction of the THz beam, such as the
front and back covers, the magnetic recording disk,
and the metal hub, can be observed clearly in this
tomographic picture. The image also shows some
artifacts of the technique that result from multiple
ref lections among the various interfaces, such as the
features observed behind the (opaque) metal hub, as
well as the apparent discontinuity in the magnetic
recording medium caused by a change in the thickness
of the front plastic cover at x  12 mm.

Signal processing of the THz waveforms can be used
to extract the layer structure of the medium at any
given (x, y) position. The ref lected waveform Bstd is
related to the input waveform Astd by a convolution
with the impulse response gstd of the layered medium:
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In Eq. (1) discrete-time functions defined by digitiza-
tion with a time step Dt [e.g, Bk  BskDtd] are used.
M is the number of samples in the digitized waveforms,
1024 in these examples. The impulse response gstd
is characteristic of the object and does not depend on
the details of the input pulse. The coeff icients gk are
determined by the ref lection off the kth layer as well
as by the transmission through the preceding layers,
j  1, . . . , k 2 1, once in each direction. The distance
dj between two adjacent layers j and j 1 1 is related
to the time separation of the two corresponding ref lec-
tions Dt  tj11 2 tj by
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Fig. 2. (a) Conventional ref lective T-ray image of the
3.5-in. f loppy disk and (b) tomographic image of the same
disk at a constant vertical position, indicated by the dashed
line at y  15 mm in (a). Darker stripes indicate positive
refractive-index steps (Dn . 0), and lighter stripes indicate
negative steps (Dn , 0). The vertical axis (optical delay)
is related to the waveform delay by Eq. (2), neglecting all
refractive-index variations.
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where nj is the refractive index of the medium between
surfaces j and j 1 1. Therefore the temporal position
of each ref lected pulse is related to the depth of the
ref lecting interface.

An approximation for the impulse response function
is obtained from a numerical deconvolution of the mea-
sured waveforms Astd and Bstd, such as those shown
in Fig. 1, curve (c). Given gstd, one can reconstruct
the refractive-index profile of the layered structure.
In discretized form, the jth time step corresponds to
a layer of thickness dj given by Eq. (2) and of refrac-
tive index nj given by
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where the ref lection coeff icients rk are defined itera-
tively by
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Here r1  g1, and, by definition, the initial reference
plane has n0  1.

These expressions are valid in the limit of small
ref lection coeff icients when multiple ref lections are
negligible. Also, absorption and dispersion effects are
neglected. Finally, the f inite widths of the features in
Fig. 1, curve (c) (resulting from the finite bandwidth of
the source) are not accounted for in Eqs. (3) and (4).

Equations (3) and (4) can be used as a basis for an
algorithm to derive the refractive-index profile of the
medium, given the impulse response function. In the
present example Eqs. (3) and (4) were used to derive
the index profile of the f loppy disk from the experimen-
tal impulse response function shown in Fig. 1, curve
(c). The result is shown in curve (d) of Fig. 1. There
the profile is fairly well reproduced, although the index
does not return completely to n  1 in the free-space
regions. This is because of the aforementioned sim-
plifications, most particularly the effect of the f inite
source bandwidth, which spreads the index disconti-
nuity over a finite length. A more sophisticated algo-
rithm for calculating the index profile would include
the f inite bandwidth of the THz source explicitly as
well as the frequency-dependent complex index of the
material. Then one could use Eq. (2) to calibrate the
depth axis in a tomographic image. This would elimi-
nate artifacts such as the apparent discontinuities in
continuous surfaces mentioned above.

It is worth noting that a full three-dimensional rep-
resentation of the object can be built just as rapidly as
a two-dimensional image, because all the information
about the third dimension (the depth) is contained in a
single waveform. For example, the image in Fig. 2(b)
consists of 217 waveforms and took ,11 s to acquire.

Tomographic T-ray imaging is similar in principle
to ultrasonic imaging.8 A commonly encountered
problem in ultrasonic imaging is the large difference
in acoustic impedance between air and liquid or
solid objects, which necessitates some form of index
matching. For THz waves, the dielectric constants
of many materials are not too different from that of
air, and index matching therefore is not required.
Many materials such as plastics, cardboard, wood, and
rubber have good transparency in the THz frequency
range. Hence, this new technology can be effectively
used in many quality-control applications, for example,
to detect voids or cracks. Another application area for
T-ray tomography is burn diagnostics. Although
strong water absorption precludes the use of THz
radiation in biomedical research inside the body, it
may be possible to obtain quantitative and highly sen-
sitive measurements of burn depth and burned tissue
properties by use of THz tomography in dermatological
medicine.4

In conclusion, the recent research on imaging
with THz waves has been expanded here to include
imaging in a ref lection geometry. Here timing in-
formation is correlated with depth information, and
we have found that tomographic slices of objects can
be obtained, with the possibility of three-dimensional
T-ray tomography on a wide range of samples. In
T-ray tomographic imaging one can isolate in the
time domain successive ref lections and extract in-
formation about each layer of a layered material
individually. In this fashion detailed spectro-
scopic information about subsurface layers can be
obtained, with the potential for material identifica-
tion. The range of potential applications for T-ray
tomography is extremely broad, encompassing such
wide-ranging f ields as biomedical imaging, package
inspection, and quality control.
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