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Chinese lacquerware is an important invention of arts and crafts in China. In this study,
Chinese lacquerware is characterized using terahertz reflectometric imaging. The
lacquerware studied herein comprises an ornamental wood panel covered by multiple
layers of lacquers to portray motifs. For characterizing lacquerware, a terahertz time-
domain spectroscopic reflectometric imaging system is proposed. The role of the
proposed terahertz imaging system in highlighting the interface between layers during
stratigraphic buildup in reflection geometry is proved. The proposed system provides a
universal method for assessing the structural information of lacquered objects in a
contactless and non-invasive manner; moreover, it provides two-dimensional images,
subsurface three-dimensional images, and stratigraphic images (b-scans) in a contactless
and non-invasive manner. Using the proposed system, we examine the buried layers of the
lacquerware, including faults in the wooden layer and damages in the lacquerware.
Research shows the promising prospects of terahertz time-domain spectroscopic
reflectometric imaging as a non-destructive detection technique suited to lacquerware.
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INTRODUCTION

Chinese lacquerware is an important invention of arts and crafts in China. It is used to create
beautiful colored patterns on the surface of utensils. Traditional Chinese lacquerware, as ornamental
artifacts, comprise several composite layers of lacquer and rank among the most important forms of
expression in Chinese art. Generally, raw lacquer is applied onto utensil surfaces. Raw lacquer is
obtained from lacquer trees and primarily comprises urushiol, laccase, gum, and water. By using raw
lacquer as paint, the Chinese formulated different colors of paint gloriously. Moreover, lacquer has
special functions such as moisture resistance, high temperature resistance, and corrosion resistance.
Since the Neolithic Age, the Chinese have recognized the performance of lacquer and used it to paint
utensils. During the Shang and Zhou Dynasties and the Ming and Qing Dynasties, the Chinese
lacquerware technique witnessed continuous development and achieved a very high level. Deeply
appreciated by people worldwide, Chinese lacquerware has had a great impact on worldwide arts and
crafts. Scientific analysis of lacquer provides information on the constituent layer compositions and
conditions and allows conservators to propose appropriate conservation measures. Standard
approaches for visualizing the internal structure of artifacts include infrared reflectography and
X-ray radiography technologies, often in conjunction with microscopic analysis of the cross-sections
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of the samples [1, 2]. However, current methods are still
underdeveloped and fail at generating the three-dimensional
view without damaging the lacquerware. Combining these
methods with terahertz (THz) imaging can provide a universal
method to enrich information about Chinese lacquerware.

THz radiation (1 THz � 1012 Hz) includes the frequencies in
the range of 0.1–10 THz (wavelength: 0.3–3 mm). The terahertz
time-domain spectroscopic reflectometric imaging (THz-TDSRI)
system proposed in this study can depict 2D images as well as
subsurface 3D images due to its ability to highlight the interface
between layers for the stratigraphic buildup. This system provides
stratigraphic images in a contactless and non-invasive manner;
however, cross-sectioned samples could destroy the sample.
Furthermore, as THz radiation is nonionizing because of its
low photon energy (4.1 meV at 1 THz) and requires very low
power levels (∼1 µW), internal structure visualization can be
accomplished without damaging the artifacts. As such, the
THz-TDSRI system can be employed to acquire the structural
information of lacquered artifacts.

In Terahertz Time-Domain Spectroscopic Reflectometric Imaging
System, we describe the proposed THz-TDSRI system. In Imaging of
Chinese Lacquerware, the THz-TDSRI system is used to examine the
hidden layers in lacquerware, such as cracks in the wooden layer,
without damaging the lacquer layers. Finally, we conclude that the
THz-TDSRI system is an important and promising non-destructive
inspection method for lacquerware examination.

TERAHERTZ TIME-DOMAIN
SPECTROSCOPIC REFLECTOMETRIC
IMAGING SYSTEM
THz time-domain spectroscopic reflectometric (or THz pulsed)
imaging is a non-invasive and coherent imaging technique that is
used to obtain the inherent 3D information. As for imaging, the
most advantageous trait of THz radiation is its capability of
penetrating visually opaque and nonconducting materials.

To measure the outer layer of the lacquerware, a terahertz
time-domain spectroscopic reflectometric imaging (THz-TDSRI)
system is established in this study. This system comprises a

femtosecond laser, a scanning optical delay line, a THz
antenna, a THz detector, and an XY-scanning stage. A sketch
map of the device in normal incidence reflection geometry is
illustrated in Figure 1. Laser average power, pulse width, and
repetition frequency in optical pulses are 100 mW, 100 fs, and
79 MHz, respectively. Using a half-wave plate and a polarization
beam splitter, the optical pulses are divided into generation and
detection beams; the ratio of generation beams to detection beams
is set to 9:1 by rotating the half-wave plate. A beam with 90%
power is passed through the scanning optical delay line, and the
THz antenna is irradiated to produce THz waves. The THz beam
is reflected by an off-axis parabolic mirror 1 (OAP1) to obtain a
parallel beam. The parallel THz beam is then incident on the THz
beam splitter; half of the THz energy is reflected. The reflected
THz waves are focused on the lacquerware by OAP2 and reflected
multiple times by the lacquerware. The reflected beam is focused
on ZnTe by OAP2 and OAP3. Simultaneously, another beam
with 90% power is irradiated on ZnTe as the probe beam. The
probe beam is passed through a polarizer before irradiating ZnTe
to ensure that it is linearly polarized. Then, the detection light probe
beam is irradiated on the balance detector through a quarter-wave
plate and aWollaston prism to detect THzwaves. The lacquerware is
placed in the XY-scanning stage. The THz beam is used to perform
raster scanning on the lacquerware in the X and Y spatial
dimensions. A time-domain pulse is documented at every spatial
coordinate for image formation. 2D and 3D THz tomography plots
are acquired by scanning the lacquerware in the X and Y directions.

The C-scan method is employed for scanning. First, a THz wave
is focused on a point in the lacquerware; then, the XY-scanning is
stopped and spectral scanning is started. After the optical delay line
completes the spectral scan of the point, the X-axis of the XY-
scanning stage moves to the next point to perform the spectral scan
again. This process is repeated until the X-axis spectral scanning is
completed. At this time, the X-axis returns to the origin and the
Y-axis moves to the next point. The same operation is repeated until
the entire lacquerware is scanned [3].

Terahertz time-domain systems (THz-TDS) can emit and
detect very short electromagnetic pulses (with duration below
picosecond) in the THz frequency range. This THz-TDSRI
system can be operated in the frequency range of 0.1–2.6 THz.
THz radiation reflected by the gold mirror is shown in Figure 2.

In the proposed system, the temporal spacing between
reflections is directly proportional to the optical thickness of
the layers, implying that the time scale affords information
concerning penetrated depth in the reflected signals, thereby
enabling 3D time-of-flight (TOF) imaging [4, 5]. Time-domain
images are reconstructed based on the measured data following
the aforementioned pulse delay for the reference pulse. The
principle is shown in Figure 3.

E0 is the incident THz radiation. Er1 is the THz radiation
reflected from the upper surface of the lacquer. This THz pulse
appears at 15 ps Er2 is the THz radiation reflected by the interface
between the lacquer and the wood. This THz pulse appears at
35 ps The time difference between these 2 THz pulses is
20 ps(Δt � 20 ps). Therefore, the thickness of the lacquer layer
can be estimated using the expression, d � Δt · c/2n, where c is the
speed of light and n denotes the refractive index of lacquer. As for

FIGURE 1 | Schematic of the experimental setup of the proposed THz-
TDSRI system. HWP: Half-wave plate. PBS: Polarizing beam splitter. BS: THz
beam splitter. P: Polarizer. QWP: Quarter-wave plate. WP: Wollaston prism.
BD: Balance detector. OAP1, OAP2, OAP3: Off-axis parabolic mirror.
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the spectral bandwidth of the THz pulse, its depth resolution is
approximately half of the coherence length of the THz radiation.
The coherence length of the radiation is based on LC � cn/Δω,
where Δω is the spectral bandwidth and cn denotes the speed of
light within the intervening medium [6, 7].

IMAGING OF CHINESE LACQUERWARE

The studied lacquerware was procured from the Palace Museum,
Beijing (Figure 4). The lacquerware is an ornamental object
comprising a wood panel covered by multiple layers of lacquer
to portray motifs, with its wood panel covered with thick glossy
black lacquer. The pattern was portrayed by a layer of red-colored
lacquer and a layer of gold-like yellow-colored lacquer.

The electric field value calculated at every spatial coordinate (x,
y) across the scanned area was applied in lacquerware
bidimensional visualization. The XY scan step was 0.25 mm,
subject to the restriction of THz radiation wavelength. C-scan
allowed us to obtain the time-domain intensity value of each
point in space. The spectrum value was obtained via fast Fourier
transform. A code was used to produce the frequency-and time-
domain parametric THz images (Figure 5). THz reflection
images were obtained by assigning intensity values to each
pixel, thus, yielding various shades of gray within the black-
white range in proportion to the parameter values.

The grayscale intensity images demonstrated a favorable THz
optical contrast of the materials. The background is black lacquer,
and the glittering patterns and gray is red lacquer.

In contrast to the time-domain parametric image, the
frequency-domain image can be used to display images at a
specific frequency. Different frequencies can provide us different
information. To avoid the effect of THz waves reflected by the
wood on the frequency spectrum, the reflected THz pulse of the
lacquer was extracted, and the time-domain spectrum was
normalized. The spectrogram of a specific frequency range was
made. To improve the contrast, composite false-color rendering
was applied while creating the reflected composite THz
frequency-domain images [8] (Figure 6).

The different images correspond to different frequency ranges.
The red lacquer was highlighted at frequencies of
0.16113–0.45410 THz. The yellow lacquer was highlighted at
frequencies of 1.112,790–1.42090 THz and 1.81640–2.10940 THz.
To improve the visual effect, these images were converted to RGB
channels, and composite reflected THz composite images for RGB
false-color were rendered (Figure 6D). RGB false-color rendering
enabled the differentiation of multiple materials and textures on the

FIGURE 2 | (A) Time-domain spectrum of THz radiation reflected by a gold mirror; here, the time-domain width is 12 ps (B) Frequency-domain spectrum of THz
radiation reflected by a gold mirror.

FIGURE 3 | Principle of THz-TDSRI system.

FIGURE 4 | Visible-light picture of the lacquerware replica; red lines
mark the scanned area.
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lacquerware surface. The improvement in the recorded pattern is
especially evident, in which the texture is much clearer due to the
difference in the RGB colors.

The comparison between Figure 6 and Figure 4 shows that
the yellow part is stronger in the mid-frequency
(1.112,790–1.42090 THz) and high-frequency
(1.81640–2.10940 THz) range. Because gold powder has been
added to the yellow part. The red part is stronger in the low
frequency (0.16113–0.45410 THz) range.

TERAHERTZ REFLECTION SLICE IMAGES

Figure 7 shows the time-domain spectrum of a point. This point
is at x � 55 mm and y � 3 mm. It can be found that this point is a
point in the upper right corner of the red box, compared with
Figure 4. We can clearly see two reflected THz pulses. The first is
the THz pulse reflected by the lacquer, and the second is the THz

pulse reflected by the wood. The time difference between the
appearance of these two peaks is 1.96 ps, Δt � 1.96 ps Phase
analysis revealed that the THz pulse reflected by lacquer and the
THz pulse reflected by wood have a phase difference of 180°;
therefore, the THz pulse reflected by wood shows a negative
amplitude. All time-domain spectra are similar to this one, but
they have different amplitudes and Δt.

B-scans show the TOF in the electric field in the vertical axis
and (x) transceiver linear position in the horizontal axis [9, 10]. In
the lacquerware sample, depth difference was observed between
the upper surface of the lacquer and the interface of the wood and

FIGURE 5 | (A) THz time-domain parametric image (maximum of temporal amplitude). (B) THz frequency-domain image (integral of the spectral amplitude over the
0–2.6-THz frequency range). Both panels are normalized, so they can share a color bar. There is a problem that needs to be explained: although the XY scan step length
is 0.25 mm, but its horizontal resolution is 1 mm. This is because the size of the THz wave focus is limited by the wavelength and spectral width. We are currently working
to improve the horizontal resolution.

FIGURE 6 | THz reflection frequency spectrum composite image. (A)
The image is recorded in the 0.16113–0.45410 THz range. (B) The image is
recorded in the 1.112,790–1.42090 THz range. (C) The image is recorded in
the 1.81640–2.10940 THz range. (D) The image is synthesized via false
RGB. (a) Image of the red channel, (b) image of the green channel, and (c)
image of the blue channel. The panels arebeen normalized to share a
color bar.

FIGURE 7 | A time-domain spectrum of one point.

FIGURE 8 | B-scan image. The figure has been normalized.

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 7512054

Zhang et al. Terahertz Imaging in Reflection Geometry

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


lacquer [11, 12]. Figure 8 shows the b-scan image of the red
dashed scan line from a THz time-domain parametric graph. In
the picture, we can clearly see the two surfaces (the upper surface
of the lacquer and the interface of the wood and lacquer).

TIME-OF-FLIGHT IMAGE

TOF imaging is used to study the relationship between layers
[13]. By using ultrashort THz pulses in high-resolution TOF THz
tomography, the tomographic spectrum can be acquired by
detecting the pulses reflected from each layer [14]. Figure 9
presents the THz TOF images of the scanned areas. We analyzed
all time-domain spectra. The time of each reflection peak in each
time-domain spectrum has been extracted. To improve the visual
effect, the figure is displayed in pseudo-color. The time of the first
reflection peak in each time-domain spectrum forms the lower
surface. The time of the second reflection peak in each time-
domain spectrum forms the upper surface.

Figure 9 shows the layers for the area shown in Figure 4. The
figure clearly shows two layers: the upper layer is the interface of
lacquer and wood, and the lower layer is the upper surface of the
lacquer. Figure 9 shows that both reflection layers have a fault
(Y-axis position near 10 mm) and that the faults on the wood layer
are slightly greater compared with those on the lacquer layer. In this
study, a sample of black lacquer with a thickness of 0.5 mm and a
diameter of 10 mm has been produced, in order to evaluate the
thickness of lacquer layer. By analyzing the frequency domain
spectra in the air and reflected by the sample, it is found that the
refractive index (n) is 1.83, which is obtained by integration in the
frequency range of 0.1–2.6 THz. After calculation, the average
thickness of the lacquer layer is 159.318 µm and the average fault
of the wood layer and lacquer layer was found to be 65.42 and
46.38 µm, respectively. This proves that the lacquer repaired the fault
of the wood to a certain extent. Comparing with Figure 4, it can be
concluded that the wood layer and the lacquer layer are slightly
convex at the edge of the lacquerware and the trend is the same in
both layers. The probability of visualizing the wooden support’s
inner structure enables relevant integrity detection.

CONCLUSION

In this study, we demonstrated that the THz-TDSRI system
proposed herein can highlight the interface between layers for
the stratigraphic buildup and can be employed as a universal
method to obtain the structural information (2D images,
subsurface 3D images, and stratigraphic images (b-scans))
of lacquerware in a contactless and non-invasive manner.
Using the proposed THz-TDSRI system, we examined the
buried layers involving wood layer faults in the lacquerware
without damaging the artifact. A traditional Chinese
lacquerware artifact was studied using reflectometric THz
imaging, which proves that THz-TDSRI has great potential
in lacquerware inspection.
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FIGURE 9 | Time-of-flight image.
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