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Abstract

Using the penetration and transientness of Terahertz pulses and the photoconductive delayed
detection method, the tomographic imaging of the interior of the object based on the time of
flight can be realized. By comparing the transmittance of several crystals and polymers in the
Terahertz band, Polymethylpentene (TPX) was selected as the material of Terahertz lens, and
High Resistivity Float Zone Silicon (HRFZ-Si) as the material of beam splitter; By comparing the
focal depth of normal incidence and oblique incidence optics system, the normal incidence
optical system was used to realize time-of-flight imaging; Using the idea of optical-mechanical
integration, the corresponding optical camera is designed according to the normal incidence
optical system, and the peak-to-valley map and thickness map of the Lithium cobaltate coating
of aluminum foil were obtained by time-of-flight imaging, and the defects such as complete
shedding of the coating and uneven thickness were observed. The results show that the normal
incidence optical system can realize Terahertz time-of-flight imaging and is applicable in the
industrial nondestructive testing field.
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Introduction sufficient penetrability for dielectric and non-polar
materials such as plastics, ceramics, semiconduc-
tors, and so on. Therefore, terahertz waves can be
used to detect the internal structures of objects to
achieve non-destructive testing. Compared with
X-ray and ultrasound imaging, the photon energy
of terahertz wave is lower than X-ray and will not
cause electromagnetic radiation to the operator or
the object under detection. At the same time, the
terahertz wavelength is shorter than ultrasound,

Terahertz wave is a general term for a specific
electromagnetic radiation, between microwave
and infrared. In the field of electronics, it is also
called millimeter wave or sub-millimeter wave. In
the field of spectroscopy, it is also called far-infra-
red rays. The frequency of terahertz wave is be-
tween 0.1 THz ~ 10 THz, and the wavelength is be-
tween 0.03 mm ~ 3 mm [1]. Terahertz waves have
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Figure 1: Schematic of Terahertz photoconductive antenna launch and detection.
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Figure 2: Imaging based on Terahertz time-of-flight.

which can achieve higher resolution of imaging.
Terahertz Time-of-Flight Imaging

The photoconductivity is a popular method to
generate and detect terahertz wave [2]. On the
transmitting side, a femtosecond laser pulse is used
to excite the photoconductive crystal to generate
photo-generated carriers. These photo-generated
carriers generate instantaneously changing cur-
rents under the effect of a bias electric field and

induce instantaneously changing terahertz pulses.
On the detecting side, the detection of terahertz
wave can be considered to be the inverse process
of the generation process. The photoconductive
crystal is excited by the femtosecond laser pulse
to generate photo-generated carriers. These pho-
to-generated carriers generate current under the
action of the terahertz electric field. The magnitude
of the current corresponds to the terahertz elec-
tric field intensity. Thus, the terahertz time domain
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pulse signal is detected by recording the intensity
of the electric field [3] (Figure 1).

The terahertz wave generated by the photocon-
ductivity is a transient pulse signal, and the typi-
cal pulse width of terahertz is approximately 1ps,
therefore the terahertz pulse can be used for time-
of-flight tomography [4,5]. For opaque multi-layer
structures in the visible-light range, the penetration
of terahertz waves can be used for non-destructive
thickness detection, to achieve the transversal res-
olution of tens of microns (Figure 2).

The terahertz reference beam reaches the sur-
face of the multilayer sample with a incidence an-
gle 6. According to Fresnel's formula, part of the
terahertz wave will be reflected at the interface of
adjacent layers, and part of it will be refracted and
continue to propagate through the sample. Reflec-
tion and refraction occur again at the next inter-
face, so that the terahertz signal detected in a time
delay window contains multiple reflection peaks,
and the thickness of the sample can be calculated
according to the time delay between two adjacent
reflection peaks [6].

cnj_lAtj

= ——cosf (1)

2nj

J

Where d is the thickness of the j*" layer sample;
c is the speed of light in vacuum, which is 3 x 108

m/s; n,n,, is the refractive index of the j* layer
and the j-1" layer sample; At is the delay time be-

tween the jt and j + 1" reflection peaks.

Terahertz Window Materials

The window materials used in terahertz wave
mainly include High Resistivity Float Zone Silicon
(HRFZ-Si) Polymethylpentene (TPX) High Density
Polyethylene (HDPE), Picarin (Tsurupica).

In order to reduce the loss and dispersion of the
optical system for terahertz signals, materials with
high transmission coefficient and relatively stable
refractive index in a wide frequency range are gen-
erally used to make terahertz lenses [7-9]. When
electromagnetic waves interact with matter, the
transmission coefficient can be given by the Fresnel
formula [10-12]:

= 2n, cos 6, (2)
n,cos 6 +n, coso,

2n, cos O,
t, = ! ’ (3)
n,cos @, +n, cos o,

Where P and L respectively represent the situ-
ation that the polarization direction of the electro-
magnetic wave is parallel and perpendicular to the
incidence plane, 6, and 6, satisfies the following
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Figure 3: Transmittance curve of 2 mm-thick different materials in the Terahertz band.

T T T
600 800 1000

Wang Y, Liu Y, Wang B, Zhu X (2021) Design and Application of Optical System Based on Terahertz Time-of-Flight Imaging. Int J

Opt Photonic Eng 6:029




Wang et al. Int J Opt Photonic Eng 2021, 6:029

ISSN: 2631-5092 | e Page 4 of 9 e

relationship:

n,sin@ = n,sin6

(4)

Therefore, materials with a large refractive in-
dex have low transmission coefficients and are not
suitable to make lenses. Among the materials com-
monly used in the terahertz range, HRFZ-Si has a re-
fractive index of 3.4, so it is generally used in pho-
toconductive antennas to deflect light at a large an-
gle range, also be used as a terahertz spectroscope
due to its half-passing and half-reflected charac-
teristics. HDPE has a low transmittance in the high
frequency range, and there are obvious absorption
peaks near 2.3 THz and 6.2 THz; Tsurupica and TPX
have similar transmittance in the mid-to-high fre-
guency range (> 0.75 THz), but the transmittance
of Tsurupica is lower than TPX in the frequency
range (< 0.75 THz), and the refractive index of TPX
material in the terahertz range can be stabilized
between 1.4559 and 1.4660, which can effectively
suppress dispersion. In summary, TPX was selected
as the material of the terahertz lens, and HRFZ-Si
was selected as the material of the terahertz spec-
troscope (Figure 3 and Table 1).

Design of Optical System for Terahertz
Time-of-Flight Imaging

Currently, the most widely used commercial
Terahertz photoconductive antenna is MenloSys-
tems' 1560 nm fiber-coupled antenna module. This
article uses TERA15-TX-FC as a wide-range Tera-
hertz source and TERA15-RX-FC as a Terahertz sig-
nal detector. The Terahertz beam divergence angle
of TERA15-TX-FC is £ 12.5°, and the electrode gap
on the crystal is 100 um, while the TERA15-RX-FC's
Terahertz beam acceptance angle is = 12.5°, and
the electrode gap on the crystal is 10 um. There-
fore, the Terahertz source and detector are the
point source and point detector, and the diver-

gence angle and reception angle are both £ 12.5°,

The TPX plano-convex lens is selected as the
collimating and focusing lens. The parameters of
the plano-convex lens are shown in Table 2. Two
terahertz time-of-flight imaging optical systems
are designed: An oblique incidence optical system
shown in Figure 4 and a normal incidence optical
system are shown in Figure 5. The incidence angle
of oblique incidence optical system is 30° due to the
limit of spatial layout. The HRFZ-Si spectroscope is
used to split the terahertz wave in the normal inci-
dence optical system.

The size of the spot focused on the sample can
represent the lateral imaging resolution in the ter-
ahertz time-of-flight imaging optical system. The
smaller the spot size, the higher the resolution,
while the intensity of the terahertz signal received
by the terahertz detector affects the signal-to-noise
ratio of a single pixel [13]. Generally, the tested
sample has multiple reflective surfaces with differ-
ent depths in terahertz time-of-flight imaging, so it
is necessary to ensure that multiple reflective sur-
faces are within the focal depth range of the optical
system, and the greater the focal depth, the more
stable the imaging quality [14].

Using Zemax's non-sequential mode, two optical
systems of oblique incidence and normal incidence
were established, and the two optical systems were
compared with the sample spot size and the TX-RX
terahertz signal attenuation rate by setting differ-
ent focal shift of the sample reflection surface.

Figure 6 shows that the sample spot size of the
normal incidence system is better than that of the
oblique incidence system within the £ 5 mm focal
shift. Although the signal attenuation rate of the
normal incidence system is at least 83%, its vari-
ation with the focal shift is very gentle. While the

Table 1: Refractive index of TPX in the Terahertz band.

Wavelength/pum Index of refraction Wavelength/pum Index of refraction
24 1.4568 667 1.4600
60 1.4559 1000 1.4650
300 1.4600 3191 1.4660

Table 2: Optical parameters of plano-convex lens.

Focal length/mm 50 Numerical aperture NA 0.38
Outer lens diameter/mm 38.1 free aperture diameter/mm 35.1
Maximum lens thickness/mm 9.5 Edge lens thickness/mm 3.5mm
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Figure 4: Oblique incidence optical system.
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Figure 5: Normal incidence optical system.
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oblique incidence system has a signal attenuation
rate of only 28% without defocusing, but when the
focal shift exceeds + 1 mm, its value increases rap-
idly. When the focal shift exceeds £ 2.5 mm, its at-
tenuation rate reaches 100%, and thus the detector
cannot detect any terahertz signal. It can be found
from Figure 7 that the position of the spot focused
on the sample in the normal incidence system will
not change with the variation of focal shift, and the
shape can remain a perfect circle; while the posi-
tion of the spot in the oblique incidence system will
vary with the variation of focal shift, moving in the

direction parallel to the incidence surface, and the
shape of spot will also be distorted.

In summary, the focal depth of the normal inci-
dence optical system can be maintained at + 4 mm,
which is better than the oblique incidence system.
Large focal depths are more applicable when mea-
suring multilayer samples. Therefore, the normal
incidence system is selected as the optical system
for terahertz time-of-flight imaging.

Testing of Terahertz Time-of-Flight Imaging

According to the layout of normal incidence op-
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Figure 10: Processing results of imaging test.

tical system, corresponding opto-mechanical com-
ponents are designed to form a terahertz camera
for time-of-flight imaging. The terahertz camera
is connected to the Terahertz Three-dimensional
Tomography Imager containing a two-dimensional
scanning platform to form a terahertz time-of-flight
imaging test system. The equipment used in this
test is the QT-TO1000 Terahertz Three-dimension-
al Tomography System independently developed
by Qingdao Quenda Terahertz Technology Co., Ltd
(Figure 8).

The aluminum foil coated with lithium cobaltate
is the testing sample. The sample size is 36 x 35.5
mm. There are two defects in the surface coating.
One area of the coating is completely peeled off,
and another area of coating is partially peeled off.
The refractive index of lithium cobaltate in the ter-
ahertz range is 2.28. The testing sample is fixed on
the sample stage with paper tape (Figure 9).

The imaging test result is shown in Figure 10.
The intensity of each pixel in the peak-valley map
is the peak-valley difference of the corresponding

terahertz signal (normalized here). In the peak-val-
ley map, the sample outline and the coating com-
pletely peeled off can be observed clearly. Each
pixel in the thickness map is the thickness of the
coating at that point calculated according to Eq.
(1). In the thickness map, the coating completely
peeled off (area A) and the coating partially peeled
off (area B) can be observed, the thickness of the
complete coating is 100.0 um, and the thickness
of the coating in area B is between 81.0 ~ 93.0
pm. Selecting point c in the area B with the coat-
ing partially peeled off and point d in the area with
the complete coating, the single-point terahertz
time-domain signal curves are obtained. The thick-
nesses calculated according to Eq. (1) are 90.1 um
and 100.0 um, consistent with the thickness map.

Conclusion

The imaging based on terahertz time-of-flight
can realize non-destructive thickness measure-
ment and defect detection of multilayer objects.
The normal incidence optical system and the tera-
hertz camera can sufficiently achieve this function
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and the longitudinal resolution can reach the level
of 1 um. The work in this paper is important for the
application of terahertz technology in the field of
industrial non-destructive testing. More samples
are required to be measured by the system in the
future.
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