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High-throughput Terahertz Spectral Line Imaging using

an Echelon Mirror!
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This work demonstrates terahertz (THz) line imaging that acquires broadband spectral information by
combining echelon-based single-shot THz spectroscopy with high-sensitivity phase-offset electrooptic
detection. A signal-to-noise ratio of approximately 40 dB is obtained for a THz spectrum from a single line
of a camera with a detection bandwidth of up to 2 THz at the peak electric-field strength of 1.2 kV/cm.
The spatial resolution of the image is confirmed to be diffraction limited for each spectral component of
the THz wave. We use the system to image sugar tablets (lactose, sucrose) and film thickness/shape
measurement of resin samples through a shield by quickly scanning the sample, which illustrates the

capacity of the proposed spectral line imaging system for high-throughput applications.
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7 Introduction

Terahertz (THz) imaging is one of the most important
applications of THz science and technology. It can be used to
map materials that are difficult to distinguish using other
frequency regimes [1], [2]. The material properties that can
be detected using THz imaging include polymorphisms of
organic materials [3], strain in rubbers [4], refractive indices
of chemicals and proteins [5], [6], pigments in artificial
paints [7], carriers in semiconductors [8], and foams in poly-
meric materials [9]. For these imaging applications,
researchers have used THz cameras from microbolometers
[10], THz CMOS cameras [11], and up-conversion to the
near-infrared or visible range [12], etc. Although spectral

information is fundamentally crucial for this technology,

obtaining complete spectral information using these tech-
niques is difficult and time-consuming.

An advanced technique for THz imaging is THz time-
domain spectroscopy (THzTDS), which uses ultrashort laser
pulses and offers an important advantage over competing
techniques [13], [14]. Because THz-TDS acquires the full
temporal waveform of the THz transients, it can provide a
precise broadband spectrum. However, increasing the mea-
surement throughput is difficult because the temporal
domain must be scanned to acquire the full waveform of the
THz pulses, in addition to the spatial dimensions normally
required for THz imaging.

Recently, significant efforts have been devoted to circum-
vent this difficulty by developing single-shot THz-TDS [15] -

[17]. Yasui et al. used oblique crossings of THz waves and

" This paper was modified from reference [27] and added the result of thickness imaging of resin films as Fig. 5.
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probe pulses in an electro-optic (EO) crystal to demonstrate
single-shot THz line imaging [18]. However, the oblique-
crossing technique requires a large EO crystal to map out
sufficient temporal information; more importantly, the tem-
poral information can be distorted by spatial inhomogene-
ities in the EO crystal and/or by scattered THz waves
because different temporal information comes from different
parts of the crystal.

The reflective echelon technique uses a stair-step mirror
to map the temporal information to spatial positions on the
mirror and allows us to focus the probe pulses on the EO
crystal, which can reduce the distortion of the temporal
waveforms [19], [20]. THzTDS in a pulsed magnetic field
and Kerr-gate spectroscopy have already been demonstrated
using this method and have illustrated the precise acquisi-
tion of the temporal waveform and the corresponding spec-
trum [21]-[23]. In this study, we combine this technique
based on an echelon mirror with a phase-offset method to
enhance electric-field detection [24], and we implement the
system in an imaging system to realize high-throughput line

imaging.

2 Experiments

Fig. 1 summarizes the system used in this study. We used
a Ti: sapphire regenerative amplifier with an output power of
1 m]J, center wavelength of 800 nm, and repetition rate of 1
kHz to generate and detect THz waves. Part of the laser
output was used to pump the LINbO3 prism with a wavefront
tilt to efficiently generate an intense THz wave [25], [26],

which was subsequently collimated by using a spherical lens
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Fig. 1 Experimental setup for THz spectral line imaging using an
echelon mirror. TL: THz Tsurupika lenses, TCL: THz cylin-
drical lens, CL: cylindrical lenses, EOC: electro-optic crys-
tal, Pol: polarizers, QWP: quarter wave plate.
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placed after the LiINbO; prism and linearly focused onto the
sample with a cylindrical lens. Next, the THz image of the
sample was transferred to the detection EO crystal, which
detected the birefringence induced by the THz electric field
and spatial distribution.

The remaining laser output of approximately 50 mW was
used to probe the electric field distribution on the EO crys-
tal, which was 1-mm-thick (110) ZnTe. The probe was
reflected from an echelon mirror with a step width of 25 um
and step height of 2.5 um, and linearly focused onto the
crystal to cover the focal line of the THz wave. The number
of steps on the echelon surface was 750. Because each seg-
ment of the echelon mirror reflects the probe pulse at differ-
ent delay times (see inset of Fig. 1), the temporal informa-
tion is mapped to the horizontal axis of the THz camera (16
bit, 2560 x 2160 pixels with a pixel size of 6.5 X 6.5 um?
full-well capacity of the camera was 30000 e-) upon imaging
the echelon surface onto the camera. We used a set of cylin-
drical lenses after the EO crystal to image spatial informa-
tion in the vertical direction. Using these setups, our system
becomes scanless in THz spectral line imaging, which con-
ventionally requires 2D scanning.

Because the THz pulses are linearly focused in our sys-
tem, the electric field strength at the focus is less than that in
other THz-TDS systems that use tightly focused THz pulses.
To compensate for this reduced electric field strength, we
enhanced the sensitivity of the EO sampling to obtain line
imaging with a large signal-to-noise ratio (SNR). Here, we
used the phase-offset method in the detection setup [24], and
placed an EO crystal between the crossed polarizers and
quarter wave plate with a slight offset rotation.

To describe the detection mechanism, we first write the

Jones vector E;, of the incident probe pulse as:

(e )

The Jones matrix of modulated EO crystal is

cos% isin%
Jeo = o NIE 2
ZSIHE COSE

where A is the THz field-induced phase difference between
the probe pulses. The Jones matrix of the offset quarter

wave plate is
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where 6 is the angle of rotation in the 001 direction of the
EO crystal. After the crossed analyzer polarizer, the output

signal is
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To eliminate the quadratic terms in this equation, we sub-
tracted the data with the opposite phase offset to obtain

1(0,A)-1(-6,A) Al _ 2sinA
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This equation ensures a one-to-one correspondence
between the signal intensity and the electric field strength.
Furthermore, enhancing the sensitivity of the measurement

is possible by only changing the rotation angle 6 of the QWP.

3 Results

Fig. 2(a) and 2(b) show the images obtained with the THz
pulses at phase-offset angles of + 2° and —2°, respectively,
with an exposure time of 50 ms. The images clearly show
the THz pulses forming into a stripe pattern, with the two
offset angles producing opposite polarities. Fig. 2(c) and
2(d) show the linear profiles taken along the 700th line of
the images shown in Fig. 2(a) and 2(b), respectively, pro-
duced by calculating

AT/ I =Ituzon — Itizort) / Ttizose: @)

Using Eq. (6) to estimate the electric field, we subtracted
the waveform with a negative phase offset from that with a
positive phase offset to calculate the electric field strength,
as shown in Fig. 2(e). Although the data were from a single
line of the camera with no spatial averaging, the THz wave-
form obtained had a reasonable SNR.

Owing to the phase-offset method, we can use the full
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dynamic range of the camera for THz detection to enhance
sensitivity. In contrast, if we use the QWP set at 45° for
detection, as in the normal EO sampling method, we can use
only 5% of the dynamic range, which results in a much
worse SNR (typically 20 dB lower than SNR of the phase
offset method if the THz electric field strength is similar to
this work). Further enhancing the SNR may be possible if
we simultaneously obtain signals with positive and negative
phase offsets [16], [22]. The single-shot acquisition of an
image can be demonstrated if we use a much higher power
for the probe, although the data are not shown here.
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Fig. 2 THz spectral line imaging. Images taken with phase offset of
(@) + 2° and (b) —2°. (c) and (d) are the vertical line profiles
of the images shown in panels (a) and (b), respectively. (e)
THz waveform obtained by subtracting the data of panel (d)
from that of panel (c). (f) Fourier transform of panel (e).

Fig. 2(f) shows the Fourier transform of the line shown in
Fig. 2(e). The spectrum of the THz wave clearly indicates
that spectroscopy is possible for each pixel of the camera up
to 2 THz. The SNR of this line reached 40 dB, which is very
promising for THz line imaging with spectroscopic resolu-
tion. The SNR is determined primarily by the shot noise of
the camera. The maximum count of the image can be set to
approximately several 10000, which leads to an SNR of 100
for the electric field strength, and, thus, 40 dB for the inten-
sity spectrum. Note that vertically averaging over several
lines within the diffraction limit further increases the SNR.

The results clearly demonstrate the possibility of enhancing
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the throughput of THz imaging because we only need to
scan one dimension (horizontal direction in our setup) to
obtain full 2D information on the transmitted THz waveform
at each point of the sample. The spectroscopic information
acquired by this system allows us to both analyze materials
with different characteristic THz absorptions and investigate
the modifications of the spectrum in the THz range.

To demonstrate and characterize the imaging perfor-
mance of the system, we measured the spatial resolution of
the imaging system by blocking one part of the object plane
with a metal plate. Fig. 3(a) shows a typical result of such an
experiment, with the metal plate blocking part of the vertical
extent of the image to characterize the spatial resolution in
the vertical direction. In addition to the vertical lines that
correspond to the incident THz pulses, we observed several
non-vertical lines that originated from the edges of the metal
plate. These correspond to THz pulse diffraction from the
edge of the metal plate and the formation of interference

patterns.
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Fig. 3 (a) THz line image acquired with a metal plate blocking the
bottom half of the object plane. (b) Vertical line profile of
the measured THz wave at 1 THz. (c) Vertical and (d) hori-
zontal spatial resolutions as a function of frequency esti-
mated from the fitting shown in (b). Blue triangles, green
rectangles, and red circles are the estimated spatial resolu-
tions when the metal plate was placed just at the focus of the
THz wave (0 mm), 5 mm, and 10 mm closer to the TCL,
respectively. The solid line is the calculated spatial resolution
considering the numerical aperture (0.3) of our setup.

The spatial resolution was estimated by fitting the vertical
profile for each frequency component using the error func-

tion

I{1+erf[2VIn2(x — %) /dl} / 2, ®)
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as shown in Fig. 3(b), where X, is the central position of the
THz wave, I, is the THz intensity, and d is the spatial resolu-
tion of the system. To characterize the horizontal resolution,
we scanned the metal plate horizontally and examined the
decrease in spectral intensity as a function of the position of
the metal plate. The data were fitted to an error function to
estimate the horizontal spatial resolution.

Fig. 3(c) and 3(d) show the vertical and horizontal spatial
resolutions estimated from the width of the error function as
a function of frequency. The black curve represents the dif-
fraction limit of the system, calculated by assuming an esti-
mated numerical aperture of 0.3. The data obtained with the
metal plate not at the focal plane are also plotted. These
results were consistent with those of the measured spatial
resolution of the system, although the data for the vertical
direction were slightly worse than those of the diffraction
limit. This difference may be caused by a slight misalign-
ment of the system, especially the focusing lens, before the
sample. Because the imaging system was designed with
spherical lenses, the spatial resolutions for the horizontal
and vertical directions were the same, even though the

sample was illuminated with a cylindrical lens.
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Fig. 4 (a) Transmittance spectra of the sucrose and lactose tablets.
(b) Picture of the disaccharide tablets under investigation.
The lower part shows the full spectral absorption image plot-
ted in color for 3D. (c) Slices of the 3D transmittance data
taken at indicated frequencies.

Next, to demonstrate spectral line imaging, we prepared
two disaccharide tablets with different spectral characteris-
tics in the THz region, as shown in Fig. 4(a). Lactose has a
characteristic absorption at 0.53 THz, whereas sucrose only
has a smooth absorption up to 1 THz. We scanned the sam-
ple shown in Fig. 4(b) in the horizontal direction, and data

for a width of approximately 36 mm and height of approxi-
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mately 5 mm were obtained. The vertical direction (y-axis)
was imaged using the line-imaging system. The obtained full
spectral imaging data plotted as a 3D image are shown in
the lower part of Fig. 4(b). Fig. 4(c) shows the slices of the
data at several frequencies: 0.48 THz, 0.53 THz, 0.58 THz.
The data clearly show the difference in the absorption at
0.53 THz between two tablets where strong absorption of

lactose exists.
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Fig. 5 (a) Picture of plastic film samples of different thickness
(measurement range is in the red frame). (b) Conceptual
diagram of the principle of thickness measurement. (c) Dis-
tribution of delay time transmitted through plastic film. (d)
Cross-sectional graph on the black line.

Finally, to demonstrate the advantages of time-resolved
spectroscopic imaging, an example of thickness imaging of
a resin film that is opaque to visible light is presented. As
shown in Fig. 5(a), samples with different numbers of films
depending on the position were prepared and measured
using the spectroscopic line-imaging system proposed in this
paper. As shown in Fig. 5(b), the delay time z(= nd/c) of the
THz pulse changes depending on the thickness of the trans-
mitted sample. Therefore, the film thickness is obtained by
extracting the peak value of the time waveform acquired by
time-domain spectroscopy (#: refractive index in the THz
region, d: film thickness, ¢: speed of light). Fig. 5(c) shows a
thickness map wherein the delay time is plotted for film
samples of different thicknesses. Fig. 5(d) shows a cross-
sectional graph on the black line (equivalent to an optical
path length difference of 300 um per 1 ps delay time).

These figures show that the step difference due to the
change in the number of films is well represented. Using
time-resolved spectroscopic imaging, the transmitted thick-
ness imaging of a sample that is opaque to visible light was
demonstrated and it was shown to be a promising means for
measuring the 3D and film thickness of resins and ceramics
in the future.

The results shown in Fig. 4 and Fig. 5 indicate that spec-
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tral line imaging using an echelon mirror is very promising
for future industrial and scientific applications. A 3D color
image of the sample is of essential importance for comparing
and distinguishing materials with different THz responses.
Using our imaging system, spectral information is obtained
on a single-shot basis, which can avoid distorting the THz
waveform due to temporal fluctuations, such as changes in
the spectrum or position of the sample. Additionally, combin-
ing our system with a compressive sampling technique to
expand the spatial dimensions of the imaging is possible.
The full and reliable spectral information in the THz region
obtainable in our system can be the key to realizing such

applications in the future.

4 Conclusion

In summary, we demonstrated spectral line imaging by
combining a single-shot THz detection technique using an
echelon mirror with the phase offset method. The obtained
SNR of the single line reached 40 dB, thereby offering a suf-
ficient dynamic range for spectroscopy applications. The
spatial resolutions in both the horizontal and vertical direc-
tions were comparable to the diffraction limit of the THz
waves at each frequency component. The results obtained
from the imaging of disaccharide tablets demonstrate the

high potential of spectral line imaging for future applications.
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