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Two-dimensional (2D) terahertz imaging and 3D visualization suffer from severe artifacts since an important part
of the terahertz beam is reflected, diffracted, and refracted at each interface. These phenomena are due to refractive
index mismatch and reflection in the case of non-orthogonal incidence. This paper proposes an experimental
procedure that reduces these deleterious optical refraction effects for a cylinder and a prism made with polyethyl-
ene material. We inserted these samples in a low absorption liquid medium to match the sample index. We then
replaced the surrounding air with a liquid with an optimized refractive index, with respect to the samples being
studied. Using this approach we could more accurately recover the original sample shape by time-of-flight

tomography. © 2016 Optical Society of America

OCIS codes: (100.6950) Tomographic image processing; (110.6795) Terahertz imaging; (110.6955) Tomographic imaging;
(100.3010) Image reconstruction techniques; (300.6495) Spectroscopy, terahertz.
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1. INTRODUCTION

Terahertz (T'Hz) and millimeter waves penetrate various dielec-
tric materials, including plastics, ceramics, and crystals, permit-
ting the consideration of THz transmission and reflection
images. Terahertz imaging is now a well-established technique
in various applications as an industrial, nondestructive method
that can be used to analyze geometrically complex objects
[1-5]. Tomographic techniques can also be used to recover
three-dimensional (3D) images in the THz frequency range,
in the same way they are applied in the optical, infrared, or
x-ray ranges of the electromagnetic spectrum. Some of these
techniques have been specifically developed to visualize the
shape of 3D objects [6,7]. Measuring the time of flight of
the reflected THz pulses with a time domain terahertz system,
for example, can reveal the inner structures of a multilayered
flat object [8-11].

For nonplanar objects like cylinders, however, different
effects appear in THz imaging, depending on the angular po-
sitions of the projection. We noticed the lens effect at the center
of the projection of a cylinder, but observed a strong diffraction
effect for radial positions. The first effect induces higher pixel
values at the core of the cylinder while the second one makes
the cylinder larger. Artifacts are consequently induced in the
volume reconstruction. As a result, the rebuilt cylinder image
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is oversized when tomography algorithms are executed. The re-
fractive index mismatch creates severe refraction effects at the
interfaces [12]. In addition, the THz radiation amplitude value
measured by the sensors depends on the beam deviation in-
duced by refractive index mismatch, coupled with the absorp-
tion properties of the sample. Generally, the medium around
the sample is air, with a refractive index close to unity that
generally differs significantly from the sample refractive index.

When numerical computation is applied, the back-
projection algorithm hypothesis assumes that diffraction effects
and Fresnel losses are negligible since the beam trajectory is
supposedly straightforward [13]. In practice, the THz beam
is significantly affected by the Fresnel effect, even with low re-
fractive index materials, inducing artifacts on 2D images. To
reduce these effects, we propose the sample to be inserted in
a liquid medium with an optimized refractive index. This idea
is not new in optics. For example, an index-matching material
is a substance, usually a liquid or even a gel, that presents a
refraction index at the working wavelength that matches the
index of another item, such as a lens, material, or fiber optic.
In that case, if the two substances with similar indexes are close
enough or in contact, the beam will travel from one to the other
without reflection or refraction. We propose to demonstrate
that concept in the case of THz imaging and our results
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successfully illustrate an improvement in THz imaging, in par-
ticular providing better 3D inspection accuracy and dimen-
sional measurements from volume and surface rendering.

2. EXPERIMENT

We used a TPS Spectra 3000 from Teraview for our experi-
ments. It was a standard THz-TDS transmission setup based
on a mode-locked Ti:sapphire laser providing 80 fs pulses with
a 76 MHz repetition rate. Typically, this instrument’s useful
bandwidth range was between 0.1 and 4.5 THz, depending
on the investigated sample. We split the laser output into
the pump and probe beams and focused the pump onto a pho-
toswitch to generate the THz field. This field was transmitted
through the sample and was finally detected by a photoswitch
triggered by the probe laser beam. Upon its interaction with the
sample, we measured the time-resolved field variation using a
variation in the photocurrent induced by the probe laser beam
into the detector made of a LT-GaAs semiconductor. Finally,
we filtered out and amplified the photocurrent induced by the
probe laser beam.

We used a time delay line to sample the signal step by step
and then rebuilt the THz field using the sampling technique.
To minimize noise effects, all the signals we processed in this
study corresponded to an average of 50 acquisitions. We con-
ducted the measurements under dry air. A hygrometer con-
trolled the relative humidity level in real time and kept it
below 1% by using a flow of dry air. We performed this control
in real time by monitoring two spectral lines of water vapor at
1.12 and 1.7 THz on the reference spectrum. This TDS system
offers a useful frequency range of 0.2-3 THz with a maximum
dynamic range around 75 dB, a spectral resolution of
0.06 THz, and a rapid scan mode at the rate of 30 scans/s.
For the transmission setup, we placed the sample at the focal
point of the THz radiation, midway between two off-axis para-
bolic mirrors described in Fig. 1. We used a (X, Y) translating
stage positioned in the plane of the sample to perform a raster
scanning with a maximum area of 16 mm x 16 mm, which
gave access to spectral images in the focal plane (X, Y) after
signal conversion from the temporal to the frequency domain.
The precision of the displacement stage was 0.1 pum.
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Fig. 1. Schematic of the setup in the transmission mode (OAPM,
off axis parabolic mirror; BS, beam splitter; M, mirror).
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3. METHOD

Dielectric properties of pure and mixture liquids in the terahertz
frequency range have been the subject of much research in the
scientific community [14,15]. Such investigations have provided
valuable information on the relaxation processes of molecules
and their intermolecular responses after interaction with a
THz pulse. Induced dipole interaction into nonpolar liquid
has resulted in a low absorption coefficient up to several THz
[16]. In this work, we focusses on nonpolar liquid 7 alkanes
because of their notable dielectric properties. This chemical com-
pound, C,H,, 5, with 7 equal to the number of carbon atoms,
presented a very useful dielectric response that varied with the
number of carbon atoms in their linear chain [17]. Liquid alka-
nes, for example, presented a flat optical dispersion curve from
100 GHz up to several THz. This is a welcome feature for index
matching since we can observe a monotonic variation of the in-
dex from 1.35 up to 1.43. The absorption coefficients of these
nonpolar liquids, arising from transient induced dipoles, are es-
sentially featureless in this spectral range, with an almost linear
dependence on frequency, negligible temperature dependence,
and values less than 1 cm™! [17]. On the contrary, the optical
index varies with temperature so we can thermally tune the index
to optimize the index-matching condition.

The experimental procedure consisted of three consecutive
acquisitions for each sample of index- matching material [18]:
(i) the reference signal waveform of the spectrometer without a
PE cell to contain the liquid in the sample compartment, (ii) the
waveform of the empty cell that will be filled with liquid, and,
(iii) the waveform with the cell filled with the liquid being in-
vestigated. Measurements (i) and (ii) were used to accurately
determine the dielectric properties of the cell, which was made
of high-density polyethylene (HDPE).

We used measurements (ii) and (iii) to characterize the
liquid. Then, the THz-TDS allowed us to determine the com-
plex optical index #* = n + jk, where 7 is the optical index
and £ is the extinction coefficient. We selected liquid paraffin,
also known as paraffinum liquidum, which is a very highly re-
fined mineral oil used in cosmetics and for medical purposes.
We performed transmission measurements and found a quasi-
flac dispersion curve for our two samples with 7 = 1.465 for
the liquid (cf,, Fig. 2) and #» = 1.511 for wax, a solid form of
paraffin we also characterized. The spectroscopic analysis
showed a very low extinction coefficient for all the investigated
bandwidths (less than 31073 up to 3 THz).

To experimentally illustrate the benefits of the immersion of
the samples in the considered liquids, we tested two different
objects: a Teflon cylinder with a 5.6 mm diameter and a HDPE
prism with an angle of 60° and a 10 mm base (cf., Fig. 3). We
positioned the samples inside a PE box at the focus point of the
THz beam, which was found by the knife edge technique or
using a pinhole and monitoring the total transmitted intensity.
It also gave us access to the intensity distribution in the space
and the Rayleigh length for all frequencies. Then they were in-
serted under dry air condition and raster scanned in both X and
Y directions, with a scanning step of 0.5 mm. Knowing the
sample shapes and acquisition device properties, we thus
exacerbated the refraction effect for transmission images at this
resolution.



Research Article

1.7 5x10°3
—c— n liquid paraffin

— k liquid paraffin

n of wax —H4x10-3
< —-— k of wax
1.5
S 3x10°3
-] . ~ .
= F TN, AN —_— o
2 4 .""\_,/'-/ "\ |
2 i ; I H2x107
/ \
131 : !
|

1x10°3

11 30x10'3

0.5 1 1.5 2 25
Terahertz (THz)

Fig. 2. Complex optical index of liquid paraffin and wax.

Fig. 3. Samples under investigation. Top pictures: (left) a polyethyl-
ene prism in air and (right) in paraffin. Bottom pictures: (left) a Teflon
cylinder in air and (right) in paraffin.

4. RESULTS AND DISCUSSION

First, we will discuss the THz time domain data obtained with-
out index-matching liquid. From these values, we calculated
the average attenuation (4 = In(1/#)), where ¢ is the transmis-
sion at the selected THz frequency for each horizontal slice
through a cross-section of the sample. In the case of the prism
sample, the ridge was set in front of the emitter. The most im-
perative parameter to perform a 3D tomography analysis is to
get the real thickness of the sample, which can be affected by
the absorption coefficient. The latter determines how far into a
material a particular wavelength can penetrate before it is ab-
sorbed. In the particular case of a nondispersive material and
when the absorption is low (which is the case with PE), the
intensity of the transmitted beam is directly linked with the
thickness. Consequently, the simple analysis of the FFT ampli-
tude of the transmitted beam correlated with its thickness and
offered an idea about the shape of the sample.

For other material, a complete extraction of the dielectric
function was necessary. In our work, we sought to evaluate
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the real dimensions of the object when it suffered from refrac-
tion losses (i.e., nonflat interfaces with respect to the propagat-
ing beam). Next, we compared the transmitted amplitude for
some typical frequencies and analyzed their intensity dispersion
as a function of the position, with and without the index-
matching liquid. The different intensity variation then reflected
the apparent optical thickness.

Figure 4 shows the typical FFT amplitude for selected im-
ages at 1.4 THz for (a) the cylinder and (b) the prism. We
observe several artifacts. Boundary effects occurred because
of the abrupt refractive index change at the interface between
the sample and the surrounding media, as well as the Fresnel
reflection losses [19]. These distortions, present for all frequen-
cies, hampered a coherent measurement of the sample and
would induce errors in any further processing (3D tomographic
or time-of- flight reconstructions, for instance) [20].

The second important drawback was located at the center of
the devices, which acted as a lens for the THz beam. Slightly
visible in the prism due to the important curvature at the edge
of the ridge, this effect was more critical for a cylinder sample,
where the convolution of the Gaussian profile and the reflec-
tion area gave rise to a bright line localized in the middle of the
projection image. This is more and more crucial when we dis-
played an amplitude image at low frequency since the spatial
extension of the Gaussian distribution spreads out when the
frequency decreases. This is clearly exemplified in Fig. 4(a),
where the bright area extends in the center of the cylinder.
Finally, the third consequence of the interaction of the THz
beam with a nonparallel interface is the presence of multipeaks
in the transmitted signal [12]. In Fig. 4(c), which represents a
temporal transmitted signal near the second ridge of the prism,
data contain multiple peaks with maximum intensity 25 times
smaller than the reference signal.

This observation shows the strong refraction effect at this spa-
tial position. Moreover, the presence of multiple peaks made it
difficult to choose the correct peak for time delay measurement,
which made phase imaging quite complicated. For the cylinder
case, the distortion of the temporal data was less pronounced but
the amplitude was still low. Then, it was impossible to render a
correct shape of the sample by phase analysis. Moreover, the am-
plitude image was biased since the record was quite homo-
geneous with a very low level (due to the prominence of the
reflection and refraction effects). That does not reveal the
triangular shape and the intensity profile expected in that case.

Figure 5 presents the results obtained when the samples
were immersed into the index-matching liquid, at the same fre-
quency as on Fig. 4. We observed the same behavior for differ-
ent available frequencies in the experiment. Since the reflection
coefficients and losses for the both interfaces between the sam-
ple and the medium strongly depended on the index difference,
the total recorded transmitted signal was greatly enhanced
when we used an index value close to the sample one.
Moreover, the multipeak occurrences were greatly reduced,
which allowed us to investigation the thickness using transmit-
ted phase analysis. Note that time domain data is not shown,
but is identical to the reference signal with a small temporal
shift and an amplitude diminution due to the weak index
mismatch and the low absorption of PE.
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Fig. 4. FFT amplitude images of the PE cylinder (a) and prism (b) at 1.4 THz , temporal data at the center and 2 mm besides cylinder (c) for the

prism (d).

The “lens effect” was still visible on the triangular shape, but
was largely attenuated in the case of the cylinder [cf., Fig. 4(a)].
Conversely, the effect of blurring the boundaries was only
prominent in the case of the cylinder. Moreover, the cylinder
seemed transparent at 1.4 THz, which is more coherent with
the PE sample. The refraction loss was clearly the main limiting
phenomenon. We have also presented an intensity plot profile
obtained at the 2 mm position for both samples [Figs. 5(c) and
5(f)]. More than 40 dB of the intensity has been recovered,
leading to a profile in good agreement with the theoretical
calculation obtained with the Beer—Lambert law and
supposing that the absorption coefficient is also in agreement,
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4 6
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4

without taking into account refraction and finite size beam
effect [19], Figs. 5(a) and 5(b).

In Fig. 6, we simulated a geometrical optical ray tracing ap-
proach to quantify the optical effects of refraction and reflec-
tion, depending upon the properties of the samples and the
different geometries. We performed the simulations and only
focused on the Rayleigh zone of our THz time domain spec-
troscopy system. The ray tracing model considered the refrac-
tion effect and we neglected the absorption and scattering
effects. Then we compared the PE prism and Teflon cylinder
when they were inserted in the empty polymer box or filled
with the liquid paraffin. Figure 6 shows the optical effects at
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and PE prism (e) immersed in liquid paraffin at 1.4 THz and intensity plot profiles of the cylinder. (c) and prism (f) in dB, at the 2 mm position,
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the deviation of the green one is strongly limited by the index matching.

the refractive surfaces, where we compared ray tracing through
(a) the PE prism and (b) the Teflon cylinder surrounded
either by the air (white) or the paraffin (green). The blue
ray passed straight through the sample immersed in liquid.
For the prism, the deviation was 3°. With the cylinder we
obtained only 6°. The red one underwent a strong deviation
after passing through the sample, between 30° and 40° for the
both samples (whereas the deviation of the green one was
strongly limited by the index matching).

These simulation results could help a researcher choose the
optimized numerical aperture of the collecting optics to reduce
refraction losses since sensors are generally a mono pixel posi-
tioned prior to inserting the sample in the beam trajectory.

Many researchers use the very good depth penetration of the
THz beam to implement a contactless thickness measurement
[21,22]. For the THz radiation, the beam propagation remains
straight, eventually due to matching the condition propagation
into the medium presenting no dispersion in the THz band-
width. In that case, the time delay between a reference pulse
into the liquid and the transmitted signal is the optical thick-
ness given by

CAt = (n,, - n,)d, (1)

where ¢ is the velocity of light, Az is the time offset between
reference and transmitted signals, 4 is the thickness at the mea-
surement position, and 7,, and 7, are the group refractive index
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of the medium and the sample, respectively. By mapping in x
and y positions and after Fourier transformation of temporal
data, we calculated the local thickness & by

A y) = —— AP 0)

(”(a))sample - n(a))medium) - '

A@(x, y, w) is the phase difference at @ between the beam trav-
eling through the liquid and through the sample. In the exper-
imental case, we first must perfectly characterize the empty box
dimensions and the dielectric response, which can be easily per-
formed by time domain spectroscopy [23]. Then, we measure
the transmitted signal for the sample positioned into the box to
evaluate the real optical thickness of the liquid. We can at least
subtract the phase contribution of the polymer box and
paraffin.

Figure 7(a) presents the variation of the unwrapped phase
difference for different frequencies for the prism sample. The
slopes were quite linear and demonstrated the possibility to
sense the real shape of the sample despite the refraction loss.
Knowing the dielectric response of the liquid and the sample
material (the optical index of polyethylene is 1.54 for all THz
frequencies), we could reconstruct the third dimension pre-
cisely and assess the presence of defects inside the sample even
if it had a complex curvature (leading to the predominance of
refraction losses in air). Quantitatively, we compared the height
of the triangle of the prism extracted from phase at different

2

Frequency (THz)

(b)

(a) Phase for different frequencies. (b) Phase-imaging reconstruction of the prisms as function of the frequency.
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frequencies with the measured thickness of the prism with a
caliper. In Fig. 7(b), we measured the thickness of the prism,
which corresponded to the stacking of Fig. 7(a) from 0.1
to 2 THz.

We observe a spreading of the maximum thickness as a
function of the frequency, with more a pronounced deviation
at lower frequencies. The slopes of the sample are well repro-
duced independent of the frequency. It is clear that the ex-
tracted height from phase increases with the frequency and
then converges until 9.3 mm from 1 THz. Moreover, the mea-
sured dimension of the sample and the deviation of the
extracted thickness are mainly linked to the finite beam size
of the THz beam and the propagation effect. This method gives
results in the order of magnitude for the thickness of the prism,
but overestimated the thickness by 8.1%. Assuming Gaussian
beam propagation for all frequencies, and because of the
important angle of refraction, experimental artifacts from the
frequency-dependent waist size were the major source of errors.
Using our setup, we achieved and measured beam waists in the
range of 1-2 mm. In the frequency domain (between
1 and 2 THz), where we measured a constant thickness of
the prism, these convolved effects tend to decrease the mea-
sured height. For example, Fig. 8 is the 3D reconstruction
of the PE prism inserted in liquid paraffin. We convert the

—
o
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phase information into depth (z axis) by applying the different
steps described previously.

Quantitatively, the Fresnel reflection losses could be
included using the power reflection coefficient

R= (n; cos 6; - n, cos 8,) \2 3)
(n; cos 0, + n, cos 6,) )’

where 7;, n,, 6;, and 0t are the refractive index of the incident
medium, the refractive index of the transmitted medium,
incidence, and transmitted angle, respectively. Using both
Snell’s law and Eq. (2) for both the air sample and sample
air interfaces and replacing the air by liquid paraffin tremen-
dously reduced the reflection losses at the two boundaries.
For instance, the reflection coefficient r varied from 0.2 down
to 0.02 while the attenuation loss in the sample could be neg-
ligible. As a consequence, the major part of the initial signal was
transmitted and did not undergo the refraction effect. Then,
the initial temporal beam was weakly affected and phase
analysis was easily feasible.

Concerning the cylinder, a complete calculation algorithm
of artifacts coming from refraction effect was implemented to
correct distortion in the THz projection data [19]. Since the
steering effect was the more noticeable artifact, they successfully
recovered the physical intensity profile after developing a
dedicated numerical correction procedure.

Figure 9 shows the intensity projection with and without
paraffin at two frequencies (1 THz and 2 THz, respectively).
We also provided an intensity plot profile. Clearly, the intensity
profile with paraffin correctly reproduces the major part of

€ 10 . . . .
g the cylinder without any artifact or correction. The structural
% 8 feature at the interface, however, is strongly attenuated, but
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= . . . . . .
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Fig. 9. Superposition of FFT amplitude images at 1 and 2 THz with and without paraffin for the cylinder sample and intensity plot profiles.
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effect convolved with the geometry effects led to a systematic
under-evaluation (varying with the frequency) of the measured
diameter (between 5 and 5.4 mm).

THz imaging is often rivaled by ultrasound testing. The
scanning acoustic microscope (SAM) was established as a tool
to study the internal microstructure of nontransparent solids or
biological materials. In acoustic microscopy, ultrasound waves
image a sample, and the contrast in reflection provides a map of
the spatial distribution of the mechanical properties. The lateral
resolution is dependent on the frequency of the acoustic waves
and, at best, is about 0.75 pm with 2 GHz transducers. Like
terahertz imaging or tomography, the scanning acoustic micro-
scope is a sequential imaging system in which a piezoelectric
transducer emits a focused ultrasound beam that propagates
through a necessary fluid to the sample.

The beam is scattered by the sample, and the scattered ultra-
sound wave is then detected. The size of the focal spot is limited
by diffraction. We acquired images when the acoustic micro-
scope mechanically scanned a sample in a plane parallel to the
sample surface. Accumulating images obtained at various depth
positions allowed us to construct a 3D image. Identically,
time-resolved acoustic microscopy improved the analysis for
quantitative measurement. Similarly, the time of flight for
different pulses and their amplitudes identifies the elastic prop-
erties and attenuation of sound in the layer. Time-resolved
images obtained by mechanical scanning along a line are called
B-scans. Data and image processing allowed the image forma-
tion of subsurface defects and 3D objects, SAM are intensively
used for NDT in microelectronics and medical applications.

THz radiations in some cases offer a great advantage over
ultrasound because the THz region of the spectrum corre-
sponds to a frequency in which many relevant molecular
and lattice vibration and structural changes occur. It has trans-
mission and reflection properties that are highly sensitive to the
index of refraction 7 (@) and absorption coefficient a (@) in a
huge spectral range rather than the mechanical properties. Also,
THz techniques have been demonstrated with a high signal-
to-noise ratio (SNR) of 500-10,000 and THz radiation also
provides a possibility simultaneously acquire spectral, spatial,
and temporal information with a time domain system.
Moreover, THz radiation interacts with dielectric defects
primarily by classical Mie scattering.

This approach allows a much simpler imaging setup. THz
data may also be complementary to Raman spectroscopy be-
cause it also provides information on both high-frequency (just
below IR) and low-frequency vibrational modes compared to a
mono frequency response. At the very least, it is only for non-
planar objects such as cylinders or samples, whereas a strong
diffraction effect is observed, indicating that the use of an in-
dex-matching liquid could help to reduce artifacts. Art and her-
itage analysis techniques, for example, are important for
restoration and conservation as well as for aeronautics, which
could be analyzed by standard THz spectroscopy and imag-
ing tools.

Depending on the surface and the shape of the studied
samples, we can also use special optics to collect the refracted
and transmitted beams to the detectors and then obtain only
absorption as contrast parameter. In all cases, each technique
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presents advantages, drawbacks, and limitations for imaging
the surface, sub-surface, and internal structure of an object.
For a potential application, many experiments should be con-
ducted with samples, understanding that there are some trade-
offs such as the optimal wavelength to combine transparency,
the resolution, and the ability to fairly image the sample.

5. CONCLUSION

During image acquisition, an important part of the THz beam
is reflected, diffracted, and refracted at each interface because of
the refractive index mismatch and reflection in the case of non-
normal incidence. These phenomena cause severe artifacts for
2D imaging analysis and 3D rendering. To adapt the refractive
index of the medium around a sample, we replaced the sur-
rounding air with a liquid with an optimized refractive index
and a low absorption over a large spectral THz bandwidth. We
selected numerous nonpolar liquid 7 alkanes with their optical
indexes ranging from 1.35 to 1.52, which is suitable for many
compounds. This technique greatly reduced distortion at the
edge and at the center of the samples.

The multiple peaks we observed in the temporal data after
transmission through the sample were then reduced to a single
peak, allowing phase retrieval. Phase imaging enhanced the
reconstruction of complex shapes such as a prism or a cylinder
and allowed more accurate measurement of the thickness. The
boundary effect was significantly reduced, enabling us to cor-
rectly size the sample. We are encouraged by these results and
believe they open the way to time-of-flight tomography of com-
plex samples. When the sample internal and external structure
geometry is more complicated, however, the multiple reflec-
tions and refractions of the THz radiations could overlap
and scatter, making analysis more problematic.
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