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Contrast enhancement is particularly important for imaging of weakly absorbing materials. We demon-
strate the inherent contrast-enhancement effect at the edges of a transparent object by using a conventional
pulsed terahertz imaging setup without additional modification of the system design. We provide both ex-
perimental and theoretical evidence suggesting that this effect is a consequence of the frequency-dependent
energy loss of the terahertz radiation induced by edge diffraction. The influence of the phase step of the
broadband terahertz pulses on the edge contrast is discussed.
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During the past decade, terahertz imaging has attracted
considerable interest and undergone remarkable develop-
ments both in the system design and in the search for po-
tential applications of this technology[1]. The continuous-
wave (CW) terahertz imaging systems have existed for a
long time and a variety of related studies were reported
recently in parallel with the development of new CW
sources, such as backward-wave oscillator, parametric
oscillator, and quantum cascade lasers. Pulsed terahertz
imaging is another modality evolving from a time-domain
spectrometer[2], which allows us to obtain the spectro-
scopic information about absorption and refraction of an
object[3]. On these CW or pulsed systems, applications
for nondestructive testing[4,5], material identification[6],
and biomedical diagnosis[7] have also been demonstrated.

Complementary to the conventional X-ray and optical
imaging techniques, the use of terahertz radiation will
generate a relatively high contrast image for common
dielectric materials. However, further enhancement of
the contrast is essential to improve the image quality
and spatial resolution for the inspection of some objects
with weak absorption. In terahertz range, methods such
as dark-field[8]and phase imaging[9] have been proposed
to achieve this purpose. The former exploits the de-
flected radiation caused by diffraction or scattering of
the sample. On the contrary, if only the ballistic signal
is detected, it can still provide good contrast. Indeed,
this phenomenon has been observed in some standard
terahertz imaging setups[4,5], although not following the
above hypothesis. Similar to the results of dark-field
measurement, the contrast enhancement usually appears
at the edge region of the sample, where diffraction of
terahertz waves occurs due to the dielectric discontinu-
ity. Therefore, the structure of the sample is visible,
benefiting from the presence of edge diffraction.

In this letter, we present a detailed study of the edge
diffraction effect in pulsed terahertz imaging. Using a
typical time-domain system, we measure the diffraction
signal produced by the edge of a nearly nonabsorb-

ing (transparent) object for a focused terahertz beam.
Based on Gaussian beam analysis and Huygens-Fresnel
principle[10], we perform theoretical calculation of the
spatial evolution of the diffracted terahertz pulses for
each frequency component in the effective spectral range,
and make a comparison with the experimental data.

A commercially available terahertz imaging system
(T-Ray 2000, Picometrix, LLC) was used in the ex-
periment. The setup is illustrated in Fig. 1(a), which
consists of a fiber-coupled photoconductive transmit-
ter and receiver driven by 100-fs optical pulses from a
Ti:sapphire laser at 800 nm, and four silicon lenses with
3-inch focal length for collimating and focusing of the
terahertz radiation coupled into (and out of) free space
by two aplanatic hyperhemisphere substrate lenses[11].
The beam in the collimated region between lenses L1
and L2 has approximately Gaussian transverse profile
with frequency-independent diameter[11] (the measured
1/e radius is ∼10 mm, see Fig. 1(b)). We chose polyethy-
lene (PE) as the testing material, for the reason that it
exhibits nearly transparent in terahertz range. As shown
in Fig. 1(c), a PE step wedge was fabricated. The step
heights are 0.3, 0.5, 1.0, 1.5, and 2.0 mm, respectively,
and each one has an area of 10×25 mm2. We placed
the sample in the focal plane, and the terahertz beam
transmitted through it at near normal incidence. Then,
the sample was mounted on an x-y translation stage
and raster scanned to acquire the image data. Never-
theless, considering the one-dimensional (1D) structure,
the step wedge was scanned in a single line along the x
direction at 0.2-mm intervals. At each spatial point, a
time-domain waveform was recorded. Fourier transform
of these waveforms yielded the frequency spectra, serving
as the major concerns in the following analysis.

We plot the 1D imaging results in Fig. 2, where the in-
tensity represents the spectral amplitude integrated over
a specific frequency range, normalized to the reference
pulse (corresponding to the scan at position x = 0 mm).
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Fig. 1. (a) Terahertz imaging setup. Tx: transmitter; Rx:
receiver; L1−L4: Si lenses. (b) Knife-edge scan of the colli-
mated beam (dashed), its derivative (square), and the Gaus-
sian fit (solid). (c) Schematic of the PE step wedge.

Fig. 2. Terahertz 1D imaging of the PE step wedge. The
profiles are formed by integrating the spectral amplitude over
two different frequency ranges.

The entire useful range (0.02−1.6 THz) is firstly selected.
From the intensity profile, we can observe that the values
are relatively low at the five edge positions. This effect
gives rise to high contrast for the edges and enables them
to be resolved clearly. Because of the transparency of
PE, there is no apparent difference between the inside of
each step and the background region, not accounting for
a slight reflection loss on the sample surface. For a nar-
rower range excluding the low frequencies (0.5−1.6 THz),
the edge structure becomes more pronounced and better
resolution is obtained as expected. Note that the trans-
mission power increases near the edges, which is possibly
attributed to the aperture effect of the detector[8].

The physical origin of the observed contrast enhance-
ment may be understood in terms of electromagnetic
wave diffraction by a step discontinuity. Intuitively, when
the focused terahertz beam with finite spot size prop-
agates through the edge of the sample, it will experi-
ence different phase shifts on both sides of the edge; thus
in the transmission region, interference between the two
portions of the wave results in a disturbance to the field
distribution. Consequently, an abnormal signal is de-
tected. The degree of the field disturbance is wavelength
(i.e., phase shift) dependent[12] as we will see by revisit-
ing the above spectroscopic measurements.

Figure 3 shows the two-dimensional (2D) plot of the
amplitude spectra as a function of scanning position, nor-

malized to unity. One can find that some characteristic
patterns emerge around the edges. The amplitudes of the
frequency components associated with these patterns de-
crease dramatically so as to cause energy loss of the edge
signal, as displayed in Fig. 2. In addition, there are
more amplitude minima in the spectrum for a thicker
edge, which offers a reasonable explanation for the ob-
servation that the edge contrast increases with thickness
for the integration interval from 0.02 to 1.6 THz (see
Fig. 2). Also, according to the locations of these min-
ima, different behaviors of the contrast for the range of
0.5−1.6 THz could be easily explained. Interestingly,
the characteristic pattern of an individual edge reveals
prominent periodic structure. This is determined by the
periodicity of the phase shift. It has been pointed out
that the extreme field disturbance takes place while a
π-phase step height (the relative phase shift) is induced
by the edge[12]. Assuming that the PE wedge acts as
a perfectly transparent sample, the phase step height ϕ
corresponding to an edge with a thickness d is given by

ϕ =
(n − 1)ωd

c
, (1)

where n represents the refractive index of PE (a measured
value of 1.52 is used here), ω is the angular frequency,
and c is the speed of light in vacuum. We calculate the
frequency values at ϕ = (2m + 1)π (m = 0, 1, 2,... ) for
the five edges and mark the corresponding positions with
circles in Fig. 3. Good agreement with the distribution
of the experimental amplitude minima is achieved. How-
ever, there still remains a small discrepancy, probably
owing to the imperfect transparency of the sample with
the existence of surface reflection and thickness effect.
The horizontal dark lines around 1.2 and 1.4 THz which
are independent of the scanning position arise from at-
mospheric water vapor absorption of terahertz waves at
specific frequencies[3].

To perform theoretical prediction of the edge
diffraction signal, Xi et al. used broadband Huygens-
Fresnel diffraction integral to calculate the temporal
waveform of terahertz pulse at the edge[13], but the exact
spatial distribution of the incident beam was not deter-
mined, which is not sufficiently accurate for the simula-
tion. Here we simulate the propagation of the terahertz
beam using a Gaussian mode and evaluate the field distri-
bution of the diffracted beam based on Huygens-Fresnel
principle for each frequency component in the frequency
domain. As mentioned above, the emitted radiation af-
ter the collimating lens (L1) has a constant beam waist

Fig. 3. Normalized amplitude spectra as a function of scan-
ning position and prediction of the positions of the amplitude
minima (circles).
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Fig. 4. Diffraction signals of the 1.5-mm-thick edge.

(∼10 mm) for all frequency components. Under this ap-
proximation, the spatial evolution of the terahertz beam
after the focusing lens (L2) can be described by applying
Gaussian-beam transformation. When the step wedge
is inserted into the focused beam, it will alter the tera-
hertz field pattern. The diffracted field originates from
the sum of two sets of elementary waves with ϕ-phase
difference[12] and can be deduced from Fresnel diffraction
integral[14,15]. For the diffraction of a monochromatic
Gaussian beam, the field in a plane perpendicular to the
propagation direction takes the form

E(ρ, z)= −
jkexp [jk(z − z1)]

2π(z − z1)

∫

∞

−∞

dy′

{
∫ 0

−∞

dx′E0(ρ
′, z1)exp(jϕ)exp

[

j
k(ρ − ρ′)2

2(z − z1)

]

+

∫

∞

0

dx′E0(ρ
′, z1)exp

[

j
k(ρ − ρ′)2

2(z − z1)

]}

=
E0(ρ, z)

2
{1 + exp(jϕ) + [1 − exp(jϕ)] (j − 1)F (u)} ,

F (u) =

∫

u

0

exp(jπt2
/

2)dt , (2)

where ρ = (x2 + y2)1/2 and ρ′ = (x′2 + y′2)1/2 are the
transverse radial vectors, z and z1 are the distances from
the beam waist to the observation plane and the edge,
respectively, E0(ρ, z) is the field of the initial beam, k
is the wave number, F (u) denotes the complex Fresnel
integral, and u is the scaled length[15].

In our simulations, we employed the reference spec-
trum for generating the incident amplitude of each fre-
quency component of the terahertz pulse and calculated
the transformed propagation mode (frequency-dependent
beam waist size and location) of the focused beam to
determine E0(ρ, z). Then the distribution of the edge
diffraction field was obtained straightforwardly from Eq.
(2). Furthermore, the effect of the collection optics on
this diffraction field was analyzed by accounting for the
phase transformation and finite extent of the lens and
applying the Fresnel diffraction formula[14]. We treated
the field in the plane immediately in front of lens L3 as
an input of the collection system and numerically esti-
mated the field in the back focal plane of lens L4 (i.e.,
the location of the receiving antenna). Figure 4 shows
the experimental and simulated results for the 1.5-mm-
thick edge exactly located at the beam focus, and the
reference spectrum is also given for comparison. Evi-
dently, the measured edge signal is well reproduced by
the model. In fact, the simulated spectrum was derived
from the field strength at the focus of L4, yielding the
amplitude difference from the recorded intensity in the
detector which corresponds to the average electric field
over the sensitive area. The reason for the discrepancy
in minima positions has been discussed above. At low
frequencies, the simulation reveals significant strength
reduction. This is due to the diffraction at the lens aper-
ture, which has been involved in the calculation and is
also present for the reference signal actually.

We note that both the theoretical and experimental re-
sults indicate the frequency-dependent diffraction loss for
the edge with a given thickness. Since the energy in the
paraxial region is significantly reduced owing to destruc-

tive interference of the disturbed field for a phase step
close to π[12], we get a small signal in the receiver. Such
an energy loss leads to the sample edge being highlighted
in the resulting image, and the corresponding contrast
is dominated by the phase step at the edge. Generally,
a thicker edge will be resolved more easily for the full-
spectrum integration, while a comparable contrast for a
thin edge is likely achieved at some specific frequencies.
It should be pointed out that more accurate determina-
tion of the diffracted field would require taking into ac-
count the influence of reflection and edge thickness, and
the vector nature of the fields should also be introduced
in the calculation, such as polarization rotation at the
edge[16].

In conclusion, we have investigated the edge diffraction
effect of transparent objects in terahertz range. For a
PE sample, we observed the edge contrast enhancement
via a conventional terahertz imaging setup. Theoretical
prediction of the diffraction signal agrees well with the
experimental measurement. This edge effect extends the
potential applications of terahertz imaging, especially for
the nondestructive testing of nearly nonabsorbing mate-
rials.
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