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SUMMARY

The terahertz (THz) portion of the electromagnetic spectrum—by convention ranging

over the frequency range ν ∈ [100 GHz, 10 THz]—has attracted considerable interest

among academic and industrial fields owing to the nature of THz waves. Compared to

x-rays, infrared, and visible light, THz radiations can penetrate deep and allow for non-

ionizing in deep three-dimensional (3D) imaging. The goal of this thesis aims at exploring

the potential of THz imaging and time-domain spectroscopy (TDS) in the in-line moni-

toring of the quality of steel products within steel industries in a non-destructive and con-

tactless manner, stratigraphic characterization of materials including both micron-scale and

millimeter-scale layers, and material characterization that is opaque to near-infrared light.

The thesis is outlined as follows.

Chapter 1 introduces the background of this thesis. The basic knowledge of THz elec-

tromagnetic waves and the motivation of this thesis are included. Moreover, recent ad-

vances in applying THz-based technology in industries and academia are also summarized.

Chapter 2 presents a detailed description of the THz TDS system utilized in this work.

Chapter 3 focuses on discussing the potential of THz-based technology in the thickness

measurement and uniformity characterization of optically thin layers in the steel industry.

Owing to the optically thin thickness of mill scale films on steel coupons, three advanced

signal processing algorithms, frequency-wavelet domain deconvolution (FWDD), sparse

deconvolution (SD), and autoregressive spectral extrapolation (AR), are employed to beat

the limitation of THz wavelengths and enhance the resolution in depth. The performance

of all deconvolution algorithms is compared systematically. Moreover, an AR algorithm

based on the modified covariance method is proposed for uniformity characterization of

the individual layers in a multilayer coating on steel. Numerical simulations are made to

highlight the merit of the proposed algorithms over conventional AR algorithms based on

Burg’s method. Comparative studies with Eddy-current measurements are also involved in

xxi



the study to validate the accuracy of THz results.

Chapter 4 addresses the stratigraphic characterization of materials with complex lay-

ered structures. Three case studies are discussed in this chapter. In the first case study, THz

reflection and transmission experiments characterize polycarbonate (PC) and poly-methyl

methacrylate (PMMA) sheets with thicknesses ranging from 2 mm to 12 mm. One dis-

persion model is utilized to simulate the phenomenon of pulse spreading resulting from

the frequency-dependent refractive index observed in transmission results. Two signal pro-

cessing techniques, FWDD and cross-correlation (CC), are employed for structural char-

acterization and estimate the corresponding maximum resolvable thickness. The second

case study presented here is the nondestructive stratigraphic analysis of structures contain-

ing both micron-scale and millimeter-scale layers, which is a conflicting demand. One

second-order SD technique, incorporating a propagation model accounting for dispersion,

is demonstrated for sparse structure representation. In the third case study, we explored the

potential of THz techniques for various paper-handling tasks, especially on obtaining page

count and locating foreign objects (e.g., staples) in multipage legacy documents, which are

prerequisites for subsequent paper-handling tasks, such as scanning. After obtaining the

dielectric properties of paper stacks for ν ∈ [0.2 THz, 2 THz] in transmission measure-

ments, the internal structure of paper stacks is presented based on TOFT. The page count

and staple location within paper stacks are determined from THz reflection data. Finally,

the exact position of stapled sheets buried in a paper stack is located by THz TOFT.

Chapter 5 studies the material properties using THz TDS. Three case studies are pre-

sented in this chapter. In the first case study, polarization-resolved THz TDS is utilized to

nondestructively characterize the THz birefringence of nanoporous Al2O3 films on an Al

substrate after a two-step electrochemical anodization process. THz scattering imaging is

also employed to investigate the homogeneity of formed nanoporous Al2O3 films. In the

second case study, the quality of one Acrylonitrile Butadiene Styrene (ABS) thermoplastic

electrical receptacle is investigated through THz reflective imaging and scanning acous-
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tic microscopy (SAM) in a nondestructive and noncontact manner. The associated THz

electromagnetic, acousto-mechanical, and morphological features of weld lines, one com-

mon defect introduced during the injection molding process, are also studied. The third

case study systematically characterized the optical and dielectric properties of three com-

mon thermoplastics over a broad frequency ν ranging from 0.5 to 2 THz. The frequency-

dependent refractive index n(ν), attenuation coefficient α(ν), complex permittivity δ(ν),

and loss tangent tan(ν) of studied plastics are calculated and compared based on the corre-

sponding transmitted signals. All investigated materials present a relatively low refractive

index (compared with glass and many crystalline materials) and low dielectric loss.

Chapter 6 is divided into three sections. Firstly, the main conclusion and contribution

are summarized based on the abovementioned results. Secondly, future perspectives and

research directions are proposed. Thirdly, peer-reviewed publications and conferences at-

tended during the Ph.D. study are listed.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Motivation

Figure 1.1: Artistic representation of the electromagnetic spectrum of THz waves.

The frequency range of terahertz (THz) electromagnetic waves, as shown in Fig. 1.1, typi-

cally refers to 100 GHz to 10 THz (1 THz corresponds to 300 µm in wavelength, 33.3 cm−1

in wavenumber, and 4.2 meV in energy), which lies at the border between the photonic and

electronic ranges. THz waves can penetrate numerous electrically non-conductive materi-

als that may be opaque in the range of visible and infrared light and relatively transparent

to x-rays. Moreover, as nonionizing radiation due to low THz photon energy compared

to high-frequency radiations such as ultraviolet and x-rays, THz waves present almost no

known health risks to biological tissues [1]. For most of the 20th century, THz radiation

was mainly utilized by astronomers, and some spectroscopists [2]. Owing to the rapid de-

velopment of laser-based THz time-domain spectroscopy (TDS) between 1980s and 1990s,
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the field of THz science and technology has expanded dramatically and now touches many

areas from fundamental science to practical applications in the real world, such as quality

control [3], cultural heritage [4], security [5], pharmaceutical sciences [6], nondestructive

evaluation (NDE) [7], communication [8], as well as material characterization [9].

In the modern steel industry, non-destructive diagnostics for the thickness and qual-

ity measurements of coatings on steel are significant. The conventional commercial ap-

proaches are Eddy current measurement [10], x-ray imaging [11], and ultrasonic testing

[12], infrared spectroscopy [13], and microwave measurements [14]. Although all these

techniques mentioned meeting the demand in most daily cases and can achieve a precise

measurement, some serious disadvantages limit their broad applications. The main disad-

vantage of infrared and microwave technology is the limited penetration depth and not good

spatial resolution because of the relatively long wavelengths. For ultrasonic inspection, in

certain materials, like austenitic steel, the large grain size found in welds can cause attenua-

tion and mask internal defects. Therefore, a relatively smooth surface to couple transducer

is demanded. Moreover, to avoid spurious indications, calibration should also be carried

out before implementing ultrasound examinations. Eddy-current measurements require di-

rect contact with the surface of investigated specimens and can only cover a limited number

of sample points other than the entire surface. Therefore, Eddy-current measures are un-

suitable for characterizing samples with large surface areas. More seriously, Eddy-current

measurement lacks the capability of resolving individual layers on steel. Consequently, it

fails to identify paint defects hidden below the surface. Although x-ray imaging possesses

a strong penetration ability, it is mainly a laboratory tool because of the ionizing nature of

x-rays. Therefore, alternative non-destructive, noncontact, and nonionizing approaches are

highly demanded in the steel industry to monitor the quality of steel products.

After fabrication, the stratigraphic characterization of materials with complex struc-

tures is crucial for quality control. The most common approaches are optical measure-

ments, scanning electron microscopy (SEM), and ultrasonic testings. As destructive ap-
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proaches, the former two methods can only provide structural information along with the

cross-section profile of investigated specimens. Therefore, they are not suitable for ana-

lyzing the structure of materials in a non-destructive manner. For ultrasonic testings, even

though it is capable of mapping the entire sample, the waveform changes caused by the

dispersion properties of guided ultrasonic waves and not good enough spatial resolution

might inevitably contribute to the structural misinterpretation of investigated specimens.

Therefore, alternative approaches capable of mapping the entire surface of samples and

with relatively high resolution in depth are desired.

Studying the dielectric and optical properties of materials is also of great interest. Far

infrared Fourier transform spectroscopy (FTS) in transmission and reflected mode is one of

the most frequently used approaches for material characterization [15, 16]. However, be-

cause of the continuous wave (CW) noncoherent sources, FTS can only provide the absorp-

tion coefficient directly. Although the refractive index can be calculated through Kramers-

Krönig relations [17], it presents some unexpected errors when the signal-to-noise ratio

(SNR) of the transmitted field is not sufficiently high enough [18]. Moreover, because of

the relatively low magnitude of CW sources employed in FTS, this technology seems un-

suitable for characterizing materials with high absorption coefficients. Besides the material

characterization of nonpolar amorphous materials, anisotropic materials are also worthy

of study. To date, polarization-sensitive optical coherence tomography (OCT) is one of

the most classical methods of studying anisotropic materials based on near-infrared (NIR)

radiation [19, 20]. When the material is opaque to visible and NIR light, the anisotropic

characterization using OCT becomes challenging. X-ray diffraction (XRD) can also be

carried out for measuring the anisotropy of crystals as well as calculating the birefringence

of the corresponding crystalline phase [21]. The utilization of ionizing radiations restricts

its practical application broadly. Therefore, alternative approaches that can obtain the re-

fractive index and absorption coefficient at one time, and investigate the birefringence of

anisotropic materials in a contactless and non-destructive manner, are still needed for ma-
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terial characterization.

THz-based technology, as a relatively novel and promising non-destructive evaluation

(NDE) technique, has attracted considerable attenuation as a non-destructive, contactless,

and nonionizing modality for material characterization and quality control of various non-

metallic materials. Due to the relatively strong penetration of THz waves, THz-based tech-

nology can serve as a complementary method to other NDE techniques within the industry

and academic fields. THz-based measurements can map the thickness distribution of coat-

ings over a large area, and the information of individual layers estimated based on THz

results is more accurate than ultrasound testing. Unlike the FTS, THz TDS typically uses

coherent pulsed sources, and the optical properties of the investigated materials can be cal-

culated directly based on the amplitude and phase of transmission signals. Moreover, THz

TDS possesses a relatively high SNR compared to FTS. Therefore, THz TDS exhibits a

better performance than existing material characterization techniques [9, 22].

The motivation of this thesis focuses on the thickness measurement and uniformity

characterization of optically thin layers on steel, developing theories for stratigraphy char-

acterization of complex structures containing both optically thin and thick layers, and

studying the material properties at THz frequencies through THz TDS.

1.2 Literature survey

1.2.1 Terahertz characterization of coatings on metal

THz electromagnetic waves’ unique properties have attracted vast attention and interest in

real-time quality control in the automotive and steel industries. Imaging techniques using

THz waves to acquire qualitative and quantitative information concerning the internal layer

structure, or stratigraphy, of optically opaque, electrically insulating objects is the time-

of-flight technique (TOFT). In principle, after generating a single-cycle THz pulse based

on the nonlinear-optical or photoconductive conversion of femtosecond laser pulses, the

generated THz signals subsequently interact with samples and are then detected using either
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electro-optic or photo-conductive sampling. Due to the dielectric discontinuities in-depth,

the reflected temporal THz echoes associated with the Fresnel coefficients between various

interfaces are recorded as a function of transverse position in amplitude and time delay. The

thickness of the individual layers is estimated based on the optical distance between two

successive echoes and the dielectric properties of the corresponding layers within the THz

range. A schematic diagram of the THz TOFT is shown in Fig. 1.2. When the thickness of

each layer is optically thin in the THz regime (physical thickness divided by the refractive

index less than half the minimum wavelength in the high SNR band), the temporal reflected

THz echoes will overlap partially or even totally and thus be not visually distinct.

Figure 1.2: Schematic diagram representing multiple echoes used in THz TOFT.

To date, considerable efforts have been made to enhance the resolution of the minimum

layer thickness. In Ref. [23], a ’paint meter’ was proposed for noncontract two-dimensional

mapping the painting thickness distribution of single- and multi-layered paint films; In Ref.

[24], a numerical parameter fitting method based on multiple-regression analysis with the

least-squares way was proposed, to enhance the axis resolution for a THz paint meter. In

order to simplify the parameter fitting model, the dispersion, as well as multiple reflections,

were not taken into consideration; In Ref. [25], a rigorous one-dimensional electromagnetic
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model for THz propagation in a multi-layered medium combined with a numerical fitting

method was demonstrated to extract the dielectric parameters and thickness information.

The thickness of individual layers down to 18 µm is resolved and validated by other tech-

niques; In Ref. [26], frequency-wavelet domain deconvolution (FWDD) by first employing

frequency-domain filtering and then further improving the SNR by wavelet de-noising,

was implemented to resolve the optically thin coating on steel. Based on numerical simu-

lations, the minimum thickness of polycarbonate (PC) that FWDD can resolve is∼ 30 µm;

In Ref. [27], an advanced regression procedure with a self-calibration model was proposed

to measure individual automotive paint coatings in complex multi-layered structures. The

actual industrial challenges, such as the effect of wet-on-wet spray in the painting process,

are considered. The minimum thickness of an individual layer among a four-layer sam-

ple down to 4 µm, was resolved successfully; In Ref. [28], a sparse deconvolution based

on an iterative shrinkage algorithm was proposed to characterize multi-layered structures.

Sparse deconvolution with superresolution is developed further by an upsampling approach

based on time interpolation to overcome the time resolution limited by the sampling period

in the measurement and increase the precision of the estimation of echo arrival times; In

Ref. [29], Hilbert transform (HT) along with post-transform signal spectral estimation was

utilized to achieve a more accurate determination of the optical delay. Compared with

simple peak-peak methods, the proposed HT-based approach seems to be easier to iden-

tify the peak position and is more robust against the waveform distortion caused by the

dispersion and polarity reversal because of half-wave loss; In Ref. [30], one novel au-

toregressive spectral extrapolation based on the Burg method was designed to enhance the

resolution in depth. Different from other mentioned approaches, it aims at recovering the

missing frequency components in the low-SNR regions using the AR model based on the

frequency components in the high-SNR regions. A single-layer polymer coating with a

thickness of 22.5 µm on a steel substrate is resolved successfully; In Ref. [31], in order

to reduce the incorrect thickness measurement due to dispersion, the propagation constants
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extracted from the Helmholtz equation, other than the measured complex refractive index,

was used to calculate the individual thickness of the multi-layered structure sample. Com-

pared with the results measured with a digital micrometer, a good agreement is achieved;

In Ref. [32], a hybrid principal component analysis (PCA)-particle swarm optimization

(PSO)-extreme learning machine (ELM) model was proposed to measure the thickness of

the oxide scales in the range of 0–15 µm. Compared with the classical back-propagation

(BP) neural network model, which is time-consuming, inaccurate, and unstable, the pro-

posed model presents an excellent oxide-scale prediction performance.

Except for thickness measurement, the THz-based technology is also available for

non-destructive corrosion diagnosis of a metal surface covered with invisible insulators

or painted films. In Ref. [26], the damage mechanism of steel products was investigated

quantitatively and qualitatively using THz reflective imaging. Various failure modes, in-

cluding corrosion, delamination, and blistering, have been identified successfully, and the

delamination and blisters are related to adhesion failure. In Ref. [33], a compact THz

imaging system diagnosed invisible corrosion of steel rods in concrete successfully. More-

over, the disconnection gap in insulated copper cable, optically thin epoxy resin on hot-dip

galvanizing corrosion steel sheets, and ultrathin resin tape attached to forged banknotes,

are also resolved successfully in THz reflection and transmission imaging.

Because the metallic surface roughness is a potential indicator of material degradation

or damage, scattering effects resulting from surface non-uniformity have also been studied

using THz imaging. In Ref. [34], six aluminum samples spanning a root mean square

(RMS) roughness of 5-20 µm were accurately determined by analyzing THz reflectance

spectra. The RMS roughness obtained by this method shows a good agreement with the

RMS roughness obtained by a surface profilometer. Moreover, it also demonstrates that

the proposed method can be used to resolve rough surfaces that differ in RMS roughness

by approximately 1 µm. Therefore, the THz-based nondestructive evaluation system can

identify and quantify material degradation in metallic surfaces and the feasibility of using
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THz-based technology in industrial applications.

Due to the high sensitivity of THz waves to water content, waveform variation of THz

time pulse echoes is an effective indicator to remotely monitor the wet to dry transfor-

mation process of a paint film. There has been a noticeable difference in spectroscopic

characteristics in attenuation, delay, and distortion of the THz pulse echoes between dry

and wet paint films. In Ref. [35], the wet-to-dry transformation of black acryl (BA) paint

on an aluminum plate was monitored successfully based on the temporal change of the THz

pulse-echo signal. Adequate parameters for the drying progress are extracted and serve as

an indicator of the degree of drying in a thin paint film. Ref. [36] reported a method for the

determination of the dry thickness of a dry coating probed in an arbitrary moment of the

drying process using a practical medium approach. Therefore, THz-based technology can

be applied directly in the paint shop to monitor the painting quality of vehicle bodies and

other painted steel products.

1.2.2 Terahertz imaging in material characterization

Generally speaking, the studies of THz TDS fall into two distinctive categories. One cat-

egory aims at identifying and classifying materials based on the unique features of their

THz transmission spectra. In contrast, the other category focuses on studying the optical

and dielectric properties of materials at THz frequencies.

For the former, several common explosives and related compounds (ERCs), such as

2,4,6-Trinitrotoluene (TNT), 2,4-Dinitrotoluene (DNT), Cyclotetramethylene-tetranitramine

(HMX), and Nitroguanidine (NG), were investigated by THz TDS in the 0.1–2.8 THz re-

gion in Ref. [37]. The obtained absorption spectra show that most of the ERCs have

THz fingerprints, which are caused by both the intramolecular and intermolecular vibra-

tional modes of these materials; In Ref. [38], a range of natural and artificial textures

were examined using THz TDS. Even though fabrics with similar appearance and texture,

distinct THz transmission spectra for all investigated fabric materials indicate that THz
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spectroscopy might have the potential for textile identification and fraud prevention; In

Ref. [39], THz TDS was carried out for gastric cancer detection. It shows that cancer-

affected regions present higher refractive indices and absorption coefficients than the ad-

jacent healthy ones, reinforcing the feasibility of THz TDS for gastric cancer detection. It

also demonstrates that the characteristic higher percentage of water in cancerous tissues is

not the single factor contributing to the contrast of the observed refractive index and the

absorption coefficient. In Ref. [40], microorganisms, such as moulds, yeasts, and bacteria,

were identified successfully based on their intrinsic dielectric constants in the THz fre-

quency range. The dielectric constant of the moulds was 1.24–1.85, which was lower than

that of bacteria ranging from 2.75–4.11. The yeasts exhibited exceptionally high dielectric

constants reaching 5.63–5.97. Cell wall composition is the leading cause of the observed

differences in dielectric constants for different types of microorganisms.

Several machine learning-based algorithms have also been proposed and employed to

classify the different frequency spectra accurately. In Ref. [41], a support vector machine

(SVM) was used to identify THz absorption spectra of pure and impure illicit drugs (ke-

tamine, methylephedrine, cocaine, ephedrine, pseudoephedrine, papaverine, and metham-

phetamine), and determine drug mixture contents. Compared with BP neural networks,

SVM is appliable in many areas with fewer training samples, less training time, and quicker

identification. In Ref. [42], the recognition of coals/rocks was achieved through a mathe-

matical method of principal component analysis (PCA) and SVM. the recognition rate of

coals/rocks reaches 100 %, and the recognition rate of different bituminous coals reaches

97.5 %. In Ref. [43], an SVM and deep neural networks (DNNs) were applied separately

for classifying the frequency spectra of glucose and lactose. The classification accuracies

achieved were 99% for the SVM method and 89.6% for the DNN method.

For the latter, the absorption spectra and the refractive index of several common glasses,

lubricating oils, and polymers were measured, as presented in Ref. [9]. Relationships

between the composition and the structure of the materials studied were correlated. In
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Ref. [44], the absorption coefficient and refractive index of different building materials

(plaster, glass, and wood) were determined using THz TDS in transmission geometry, and

the reflection coefficient was calculated based on Fresnel’s equations. Knowledge of these

material parameters is critical to accurately model the propagation channel for future indoor

THz communication systems. In Ref. [45], the dielectric constant and loss tangent of

six commonly used low-loss polymers (polystyrene, perylene, polyimide, SLA resin, SU-

8, and SUEX) were characterized using THz TDS in the 100 GHz to 2 THz frequency

bands. These results provide valuable references and assessments for low-loss materials

used in the micro-fabrication and packaging of devices for millimeter-wave (mmW) and

THz applications.

As a well-known phenomenon at optical frequencies, birefringence can also be ob-

served for various anisotropic materials in the THz frequency range. Unlike isotropic and

nonpolar amorphous materials, anisotropic materials exhibit a polarization-dependent dif-

ference in optical and mechanical properties. When THz waves impinge the anisotropic

material at an arbitrary angle concerning the optical axis, it will be split into two linearly

polarized rays: the ordinary ray, which travels with the same velocity in every direction

through the crystal, and the extraordinary ray, which travels with a velocity-dependent on

the propagation direction. The birefringence ∆n is determined according to

∆n = ne − no (1.1)

where no and ne denote the refractive index along the extraordinary and ordinary axis of the

anisotropic material, respectively. Depending on the birefringence ∆n, the thickness d of

the material, and the wavelength λ of THz waves, the phase shift ∆φ between the ordinary

and extraordinary THz waves can be calculated according to

∆φ =
2π

λ
d∆n (1.2)

For materials with the known optical axis orientation, the straightforward procedure to

measure birefringence is from the time domain signals along the ordinary and extraordi-

nary direction. When it comes to materials with an unknown optical axis orientation, the
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situation becomes a little more complex. One frequency used approach for determining the

optical axis is the measurement at different azimuthal angles by rotating the investigated

sample. The extremes of the resulting time-domain curves as a function of the azimuthal

angles allow identification of the orientation of the optical axis, and the difference be-

tween the maximum and minimum refractive indices corresponds to the absolute value of

the birefringence. Ref. [46] presented the investigation of far-infrared properties of solid

spruce wood using polarization-sensitive THz TDS. Both birefringence and diattenuation

are found, which might attribute to preferential fiber orientation within the wood. Ref. [47]

discussed the birefringence of Al2O3 and LiNbO3 signal crystals with trigonal structure

in the THz range of 0.25 THz to 1.4 THz. The corresponding measured birefringence of

Al2O3 and LiNbO3 at 1 THz is -0.32 and 1.78, respectively, which presents a good agree-

ment with the results of ab initio calculations. In [48], the fibre direction of wood was

predicted by the birefringence, which is obtained by rotating the wood sample against the

THz wave polarization.

Birefringence and optical axis are significant parameters of anisotropic materials that

provide information on the direction of anisotropy, such as the alignment of molecular

chains or fibers or the direction of stress inside a material. Therefore, birefringence mea-

surement by polarization-sensitive THz TDS could also serve as a promising tool for the

reliability characterization of birefringent fibrous materials. In Ref. [49], THz TDS in re-

flection mode was used to detect the weld line defects in an injection-molded short glass

fiber-reinforced composite. The correlation between the degradations of tensile strength

and changes in the reflected THz waves caused by the weld lines is studied. The success of

identifying and characterizing weld line defects demonstrates that THz imaging can evalu-

ate the reliability of injection molded short glass fiber-reinforced composites.
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1.2.3 Scope of the thesis

This thesis aims to discuss the potential of THz imaging and TDS for the nondestructive

evaluation of material characterization in the field of steel industries and academia.

Chapter 1 introduces the background of this thesis. The basic knowledge of THz elec-

tromagnetic waves and the motivation of this thesis are included. Moreover, recent ad-

vances in applying THz-based technology in industries and academia are also summarized.

Chapter 2 presents a detailed description of the THz TDS system utilized in this work.

Chapter 3 focuses on discussing the potential of THz-based technology in the thickness

measurement and uniformity characterization of optically thin layers in the steel industry.

Owing to the optically thin thickness of mill scale films on steel coupons, three advanced

signal processing algorithms, frequency-wavelet domain deconvolution (FWDD), sparse

deconvolution (SD), and autoregressive spectral extrapolation (AR), are employed to beat

the limitation of THz wavelengths and enhance the resolution in depth. The performance

of all deconvolution algorithms is compared systematically. Moreover, an AR algorithm

based on the modified covariance method is proposed for uniformity characterization of

the individual layers in a multilayer coating on steel. Numerical simulations are made to

highlight the merit of the proposed algorithms over conventional AR algorithms based on

Burg’s method. Comparative studies with Eddy-current measurements are also involved in

the study to validate the accuracy of THz results.

Chapter 4 addresses the stratigraphic characterization of materials with complex lay-

ered structures. Three case studies are discussed in this chapter. In the first case study, THz

reflection and transmission experiments characterize polycarbonate (PC) and poly-methyl

methacrylate (PMMA) sheets with thicknesses ranging from 2 mm to 12 mm. One dis-

persion model is utilized to simulate the phenomenon of pulse spreading resulting from

the frequency-dependent refractive index observed in transmission results. Two signal pro-

cessing techniques, FWDD and cross-correlation (CC), are employed for structural char-

acterization and estimate the corresponding maximum resolvable thickness. The second
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case study presented here is the nondestructive stratigraphic analysis of structures contain-

ing both micron-scale and millimeter-scale layers, which is a conflicting demand. One

second-order SD technique, incorporating a propagation model accounting for dispersion,

is demonstrated for sparse structure representation. In the third case study, we explored the

potential of THz techniques for various paper-handling tasks, especially on obtaining page

count and locating foreign objects (e.g., staples) in multipage legacy documents, which are

prerequisites for subsequent paper-handling tasks, such as scanning. After obtaining the

dielectric properties of paper stacks for ν ∈ [0.2 THz, 2 THz] in transmission measure-

ments, the internal structure of paper stacks is presented based on TOFT. The page count

and staple location within paper stacks are determined from THz reflection data. Finally,

the exact position of stapled sheets buried in a paper stack is located by THz TOFT.

Chapter 5 studies the material properties using THz TDS. Three case studies are pre-

sented in this chapter. In the first case study, polarization-resolved THz TDS is utilized to

nondestructively characterize the THz birefringence of nanoporous Al2O3 films on an Al

substrate after a two-step electrochemical anodization process. THz scattering imaging is

also employed to investigate the homogeneity of formed nanoporous Al2O3 films. In the

second case study, the quality of one Acrylonitrile Butadiene Styrene (ABS) thermoplastic

electrical receptacle is investigated through THz reflective imaging and scanning acous-

tic microscopy (SAM) in a nondestructive and noncontact manner. The associated THz

electromagnetic, acousto-mechanical, and morphological features of weld lines, one com-

mon defect introduced during the injection molding process, are also studied. The third

case study systematically characterized the optical and dielectric properties of three com-

mon thermoplastics over a broad frequency ν ranging from 0.5 to 2 THz. The frequency-

dependent refractive index n(ν), attenuation coefficient α(ν), complex permittivity δ(ν),

and loss tangent tan(ν) of studied plastics are calculated and compared based on the corre-

sponding transmitted signals. All investigated materials present a relatively low refractive

index (compared with glass and many crystalline materials) and low dielectric loss.
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Chapter 6 is divided into three sections. Firstly, the main conclusion and contribution

are summarized based on the abovementioned results. Secondly, future perspectives and

research directions are proposed. Thirdly, peer-reviewed publications and conferences at-

tended during the Ph.D. study are listed.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT

Figure 2.1: Image of TPS Spectra 3000 system.

The commercial pulsed terahertz (THz) time-domain spectroscopy (TDS) system (TPS

Spectra 3000 from TeraView, Cambridge, UK, shown in Fig. 2.1) is utilized in this thesis,

and the corresponding schematic diagram is shown in Fig. 2.2. The generation of THz

pulsed radiation is based on a photoconductive switch. 780 nm pulses with sub-100 fem-

tosecond pulse duration at a repetition rate of 100 MHz and an average output power of

> 65 mW are divided by a beam splitter. They are directed toward the THz emitter and

receiver. Few-cycle THz pulses with bandwidth ranging from 60 GHz to 3 THz are gener-

ated in a biased gallium arsenide (GaAs) antenna after excitations by femtosecond pulses.

Coherent detection of the terahertz radiation is performed in a similar photoconductive an-

tenna circuit by gating the photoconductive gap with a femtosecond pulse synchronized to

the THz emission. A delay line is incorporated into the probe beam to change the differ-
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Figure 2.2: Schematic diagram of THz TDS system in both reflection and transmission
mode.

ence in the optical delay between the incoming THz pulse and the probe laser pulse at the

receiver. A bias is also applied across the emitter and receiver to generate a time-gated

output signal. By taking the Fourier transform, the spectrum can be obtained.

Reflection raster-scanned imaging can be performed using this commercial THz sys-

tem through a set of horizontal motorized stages moving in x- and y- directions, shown

in Fig. 2.3, and the scan speed is controlled precisely by integrated software. The delay

line can also be adjusted with integrated TPS Spectra 3000 software to peak signal and

measure spectra. Figure 2.3(a) is the top-view photograph of a flat-bed gantry system that

is in conjunction with the TPS spectra 3000 system and a fiber-fed emitter/receiver sensor

pair. It allows non-specular reflective measurements of an area over 200 mm × 200 mm

with stand-off distances. The z position can be adjusted manually to align the scan plane to

the surface of investigated samples. Except for the stand-off raster-scanning module, non-

specular (diffuse) reflective measurements can also be achieved by manually repositioning

emitter and receiver probes, as shown in Fig. 2.3(b). The emitter and receiver angle range

is [0◦, 45◦]. Dry N2 can be purged to emitter and receiver heads to remove water vapor
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Figure 2.3: (a) Top view photograph of the flat-bed gantry system. (b) Advanced variable
angle reflection scan module.

features from the reference and sample spectrum. Owing to the discontinuity of refractive

index between two different adjacent layers as a function of depth, multiple reflections off

the corresponding interfaces are produced. The amplitude of the reflections is determined

by the available dielectric and the optical properties of the constituents (i.e., the indices

of refraction and the absorption coefficients). In contrast, the optical delay between two

adjacent reflections is proportional to the thickness of the layers. The thickness maps and

cross-sectional images can be generated from the data collected using the Teraview sup-

plied image and data analysis software.

Figure 2.4: Photograph of the transmission chamber.
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A transmission experiment can be performed through a transmission module embedded

in the THz TDS system, as presented in Fig. 2.4. Dry N2 is purged into the sample

compartment 4-5 minutes before each transmission measurement to suppress atmospheric

water vapor absorption. Spectral averaging is also available. For example, 1800 scans

will spend 1 minute with 1.2 cm−1 spectral resolution. Based on the amplitude and the

phase of the recorded transmitted field, the absorption coefficient α(ν), refractive index

n(ν), complex permittivity ε(ν), and loss tangent tan δ(ν) of the studied material can be

calculated directly.
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CHAPTER 3

TERAHERTZ NONDESTRUCTIVE EVALUATION OF OPTICALLY THIN

LAYERS ON STEEL

Due to the ability of THz electromagnetic radiation to penetrate significantly into many

electrically insulating materials, THz-based technology has attracted considerable attention

to providing quantitative information in-depth in a non-destructive fashion. The echoes

reflected from optically thin films might be overlapped partially or even totally in time.

In the absence of prior structural knowledge of investigated coupons, THz deconvolution

by retrieving the impulse response function of the investigated samples is essential to re-

solve the overlapped echoes and extract the arrival time of superimposed echoes accurately.

Even though numerous efforts have been spared within decades to enhance the limitations

in-depth, the comprehensive study of each algorithm is limited. Moreover, existing decon-

volution techniques still could not meet the demands for some specific cases.

THz reflective imaging is utilized in this chapter for thickness measurement and unifor-

mity characterization of steel coupons from ArcelorMittal. Two specific cases are presented

in this chapter. The first case is to measure the thickness of optically thin mill scale films

on the steel substrate. Owing to the optically thin thickness of mill scale films in the THz

regime (less than 30 µm) echoes reflected from mill scale films will be overlapped totally

in time and thus are not visually evident in the raw reflected THz signal, necessitating the

utilization of deconvolution techniques to recover the structure of investigated specimens.

Three different deconvolution techniques, namely, frequency-wavelet domain deconvolu-

tion (FWDD), sparse deconvolution (SD) based on an iterative shrinkage algorithm, and

autoregressive spectral extrapolation (AR) based on Burg’s method are employed to sepa-

rate overlapped echoes. Compared to the deconvolution performance of FWDD and SD,

the AR algorithm seems to be a more reliable thickness measurement technique for all
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samples studied.

The second case is to characterize the uniformity of individual layers in a multilayer

coating on steel substrates. One novel autoregressive spectral extrapolation based on the

modified covariance method (AR/MCM) is proposed to significantly enhance the resolution

in depth. Superior to the AR approach based on Burg’s method, no obvious peak splitting

(single peaks in the impulse response function appearing as double peaks) and frequency

bias (spectral peaks shifted concerning their correct positions) are observed after decon-

volution. Numerical simulations and experimental measurements verify that the proposed

algorithm can be considered an effective tool for the non-destructive characterization of

multilayered structures.

3.1 Terahertz deconvolution

Theoretically, the THz time-of-flight (TOF) experiment can be seen as a linear system.

Thus, the reflected THz signal (electric field) r(t) in the time domain can be treated as the

convolution of the incident THz pulse i(t) with the impulse-response function h(t), which

corresponds to the structure and properties of the sample at a given position,

r(t) = i(t)⊗ h(t) + e(t) (3.1)

e(t) corresponds to noise, which may originate in electrical noise, noisy laser output, and

environmental fluctuations [50]. In addition, what we call noise may also be due to repro-

ducible and undesired features in r(t) arising, for example, from atmospheric water-vapor

absorption. For a layered sample, h(t) will be zero, except for a set of mutually time-

delayed peaks arising from the various interfaces.

We might seek to retrieve the impulse response function h(t) by applying the inverse
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Fourier transform following the application of the convolution theorem,

h(t) = FT−1[
FT (r(t))

FT (i(t))
] (3.2)

where FT denotes the Fourier transform and FT−1 the inverse Fourier transform.

3.1.1 Terahertz frequency wavelet domain deconvolution

Due to low- and high-frequency noise in r(t), direct division often leads to large spikes in

the high-frequency region, resulting in severe ringings in the time domain after the inverse

Fourier transform. In order to avoid the influence of high-frequency noise, a low- or band-

pass filter is usually utilized to augment deconvolution, which can be expressed as,

h′(t) = FT−1[FT (f(t))× FT (r(t))

FT (i(t))
] (3.3)

where f(t) is the filter in the time domain. To date, double Gaussian [51], van Hann [26],

Wiener [52, 53], and Gaussian filters [51] have been used. The filtering performance is

largely determined by the selection of cutoff frequency fc. Loss of valuable information

may ensue as the noise spectrum may strongly overlap with meaningful high-frequency

information excluded by the filter.

Quite often, deconvolution, i.e., reconstruction, only with filters often does not provide

a satisfactory reconstruction for h(t). To improve the selectivity of the filter, we abandon

a naı̈ve low- or band-pass filter and consider a wavelet filter selectively designed to pass

meaningful stratigraphic information while excluding noise. To begin, one must choose

wavelet basis functions that resemble the typical THz signal i(t), and thus the individual

echoes [54]. In contrast to the Fourier transform, which uses an infinite set of sinusoids as

the basis functions, the wavelet transform employs a truncated basis of functions that highly

resemble the meaningful features in r(t). Because the ability of a truncated wavelet trans-

form is quite sensitive to the selection of mother wavelet function and the decomposition
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level, determining the optimal solution still merits further study. It likely depends on the

details on i(t) in a particular experiment. Three criteria, namely the wavelet basis efficiency

index (WBEI), the pulse spectral relative entropy (PSRE), and the pulse spectral cumula-

tive error (PSCE), are proposed in Ref. [55] based on the similarity between the selected

wavelet function and the typical THz signal. Three better mother wavelets, sym4, bior3.3,

and rbio5.5, and three not-so-successful mother wavelets in the THz context, Haar, dmey,

and rbio3.3, are studied. Of course, the optimal choice may depend on the THz system

and the reference-pulse shape. Reference [56] presents subjective and objective methods to

determine the optimal decomposition level. Because of the correlation between the detail

components and the corresponding approximation components, the optimal deconvolution

level is attained when the noise within the complex components is indistinguishable.

3.1.2 Terahertz sparse deconvolution

According to the principle of convolution, the convolution model can be transformed into

matrix multiplication as

r = Ih + e (3.4)

where I is the convolution matrix whose rows are delayed versions of the reference signal

i(t) produced by the apparatus. r and h are the discretized matrix form of the reflected

signal r(t) and the impulse-response function h(t); e is the noise vector.

One long-standing approach for solving (3.4) is the classical least-squares method, ex-

pressed as:

min
h

1

2
‖Ih− r‖2

2
(3.5)

where ‖h‖2 stands for the l2-norm of h, which is defined to be the number of nonzero

entries in h. In practice, the least-square solution ignores the ill-posed character of the

deconvolution problems and requires numerous iterations to recover h; therefore, regular-

ization methods are required to stabilize the least square solution.
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One popular regularization technique, the l1-norm regularized optimization, is em-

ployed to force the retrieval of a sparse vector h and expressed as

min
h

1

2
‖Ih− r‖2

2 + λ‖h‖1 (3.6)

where ‖h‖1 stands for the sum of the absolute value of h. The regularization parameter

λ controls the trade-off between sparsity and reconstruction fidelity. The most impressive

advantages of l1-norm regularized optimization over the l0- and l2- norm regularized opti-

mization is that it is not NP-hard [57], and can achieve sparse solution of Eq. (3.4). The

SD-based approach has been widely applied to processing seismic and ultrasonic signals,

speech recognition, and image reconstruction.

One of the standard algorithms for solving l1-norm regularized optimization is the iter-

ative shrinkage algorithm (IST), which involves a matrix multiplication of I> and I and a

shrink/soft threshold operation in each iteration, and is given by

hk+1 = Ψτλ(hk − τI>(Ihk − r)) (3.7)

where τ is the step size and the soft-threshold operator Ψτλ(y) = soft(y, τλ), which is

defined as soft(y, τλ) = sign(y)max(|y| − τλ, 0). Note that I>(Ihk − r) is the gradient

of the data-fidelity term 1
2
‖Ih− r‖2

2, demonstrating that each iteration takes a step τ along

the direction given by the negative gradient of the date-fidelity term. Due to the simplicity

and the low computational cost of each iteration, the first-order IST method is an attractive

choice to address the l1-norm regularized least square problem. One typical example is

that Dong et al. extracted the qualitatively and quantitatively stratigraphy of a seventeenth

century oil painting Madonna in Preghiera successfully using this approach [58].
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3.1.3 Terahertz autoregressive spectral extrapolation

Autoregressive spectral extrapolation (AR) is an alternative to Discrete Fourier Transform

(DFT) that utilizes the history of a signal to extract valuable information hidden in the

signal. Therefore, it can achieve high resolution for a short time series. Theoretically, the

AR-based approach extrapolates the frequency components within low-signal to noise ratio

(SNR) regions based on the frequency components in the high-SNR regions. A “quasi-

ideal” impulse response function will be obtained, and therefore, the resolution in depth

will be enhanced eventually.

During the AR process, assuming frequency ωi within a window ωiL < ωi < ωiH ,

where ωiL and ωiH define the upper- and lower- frequency limits of that window. The AR

model serves as a prediction filter to find data components outside the window [ωiL , ωiH ].

For i > iH using the forward-prediction equation

ω̂i = −
p∑

k=1

akωi−k (3.8)

similarly, the backward prediction filter is used to find the missing component for i < iL,

ω̂i = −
p∑

k=1

bkωi+k (3.9)

where p is the order of the AR process, and ak and bk are the coefficients of the AR forward

and backward prediction filter, respectively.

The performance of AR is closely related to the selection of bandwidth with high SNR

and the p. A small or large value of p, for example, will lead to the failure to represent the

subtle features or overfitting of all features, even including the spurious noise features, re-

spectively. The optimal AR coefficients are determined by Akaike’s information-theoretic

criterion (AIC), a widely used goodness-of-fit criteria to qualify the information loss, which
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is defined as

AIC[p] = N log(

ipL∑
i=iL

‖ω̂ −
p∑

k+1

bkωi+k)‖
2

+

iH∑
i=ipH

‖ω̂ −
p∑

k+1

akωi−k)‖
2

) + 2p (3.10)

here, ipL and ipH correspond to the low- and high-frequency limit of the window band

within which the data points are kept the same and serve as the base of the AR model.

According to Akaike’s theory, the minimum value of AIC corresponds to the best-fit of the

AR model [59, 60]. There are also other well-known criteria for the order selection, such

as Rissanen Minimum Description Length [61]. Because of the stability and simplicity,

Burg’s method is usually used to minimize the sum of squares of the forward and backward

prediction error term of AIC. More details on Burg’s method are found in [30, 62].

3.2 Terahertz thickness measurement of mill scale layer on steel

Figure 3.1: Optical photographs of the three scale films of thickness (a) 28.5 ± 1.4 µm, (b)
13.4 ± 0.9 µm, and (c) 5.1 ± 0.3 µm on steel substrates. The steel disks are approximately
3 cm in diameter for all samples. Lower panels show cross-sectional optical micrographs
through the samples.

Mill scale is a mixture of iron oxides [iron (II) oxide FeO (wüstite), iron (III) oxide
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Fe2O3 (hematite), and iron (II, III) oxide Fe3O4 (magnetite)] that forms on steel during

the hot-rolling process. Wüstite, in particular, is a relatively uncommon phase but may be

the dominant constituent of scale at early times before this metastable phase decays into

other iron oxides. At room temperature, wüstite is electrically insulating; hematite is also

insulating, though magnetite is conducting. In the manufacturing process of rolled steel,

a tertiary mill scale may be desirable to suppress surface corrosion, but later, when the

steel is to be finished, the presence of the mill scale may inhibit the adhesion of coatings.

Scale is thus typically removed before coating through acid pickling or other techniques.

Being able to determine in a nondestructive and noncontact way the thickness of the scale

layer is useful to optimize the pickling process and other production processes related to

steel manufacturing. The determination of mill-scale thickness is typically carried out by

destructive testing, which is slow and expensive and requires interrupting the production

and shipment of the steel to cut coupons to be tested. If the scale is not fully removed due

to insufficient pickling, subsequent coating adhesion is compromised. If pickling is too

aggressive, excess toxic material is generated along with higher energy costs.

In this section, THz reflectometry is employed to analyze the thickness of three scale

films with thicknesses of 28.5 ± 1.4 µm, 13.4 ± 0.9 µm, and 5.1 ± 0.3 µm on steel substrate,

as shown in Fig. 3.1. The films consist of a single scale layer grown under controlled

conditions on the interstitial-free steel substrate. Destructive measurements of the cross-

sections, based on optical microscopy, were carried out independently to estimate film

thicknesses, which are not uniform across the disks, and are reflected by the ranges of

values given. The scale films were fabricated under an atmosphere of 20.9 % oxygen and

15 % water vapor. The growth duration and temperature were 2 min at 600 ◦C for the film

of a thickness of 28.5 ± 1.4 µm, 4 min at 650 ◦C for the thickness of 13.4 ± 0.9 µm, and 3.5

min at 750 ◦C for the thickness 5.1 ± 0.3 µm. The procedure for surface preparation before

scale growth is proceeded by cleaning with ethanol and then light manual polishing at 800

◦C for a few seconds to remove any lubricant and hydroxide residue due to preparation and
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storage. The scale comprises three iron oxides: wüstite, hematite, and magnetite. Wüstite

is the mineral name of iron (II) oxide; Magnetite corresponds to iron (II, III) oxide and

hematite to iron (III) oxide. Wüstite is an unstable phase that in the atmosphere undergoes

a reaction over the course of weeks to months, depending on temperature and humidity,

resulting in magnetite [63]. Wüstite is a poor electrical conductor at 1 THz [64], permitting

the incident THz wave to propagate within the material. The same as hematite. Due to the

conductive characteristic of magnetite, it is less prone to be characterizable at significant

depth through THz reflectometry. Good electrical conductors have high THz reflectivity;

THz waves will not significantly penetrate good conductors, such as the underlying steel.

Figure 3.2: X-ray diffractogram of 28.5 ± 1.4 µm thick sample. Diffraction lines associated
with various iron-oxide phases are indicated.

After the THz measurements, the composition of the films was verified by x-ray diffrac-

tion (XRD) (D2 Advanced x-ray Diffractometer, Bruker, Germany) in the 2θ range of 10

– 80◦ and scanned with 300 W Co anode radiation produced by a ceramic X-ray tube.

The x-ray diffractograms of the 28.5 ± 1.4 µm thick film are shown in Fig. 3.2. Evi-

dence of wüstite, as well as other iron-oxide phases, is present in the x-ray diffractogram.

The presence of magnetite and hematite peaks is expected due to the instability of wüstite,

and the relative intensities of the peaks indicate the concentrations of each iron oxide in

the sample. Based on the Rietveld refinement principle, by adjusting the crystallographic
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Figure 3.3: Estimated proportion of various iron oxides in the 28.5 ± 1.4 µm sample based
on XRD data.

parameters and the proportions of each phase so as to create the simulated diffractogram

closest to the experimental diffractogram, the content of each indexed phase in this sample

could be estimated, as presented in Fig. 3.3. It shows that the wüstite is the dominant phase

(58 % by mass) in the scale films.

Figure 3.4: The raw reflected THz signal r(t) (black) and the impulse-response function
h(t) reconstructed by FWDD (red) for scale films with thicknesses (a) 28.5 ± 1.4 µm, (b)
13.4 ± 0.9 µm, and (c) 5.1 ± 0.3 µm.

The THz experiments were carried out in an air-conditioned laboratory at 22 ◦C with

humidity < 48%. Otherwise, the samples were stored in a dry box to retard the transfor-
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mation of wüstite from transforming into magnetite. The experiments shown here were

conducted within the three months of sample fabrication to ensure that the scale films

were primarily composed of wüstite. The reference pulse produced by the apparatus was

recorded first by setting a bare metal plate (i.e., an excellent THz reflector) at the sample

position. In particular, numerous water vapor absorption lines are evident in the spectrum.

The influence of water vapor absorption is eliminated by conducting measurements in dry

nitrogen or via various denoising techniques.

Once the reference pulse was characterized, we proceeded with THz TOF tomography.

The samples were raster-scanned by a set of motorized stages moving in the transverse x-

and y- directions in 100 µm steps over the entire sample (Due to the spectral bandwidth and

the relatively high numerical aperture of the THz optics, the transverse resolution is limited

to ∼ 300 µm). The data sampling period in this measurement is set to Ts = 0.0116 ps.

Each recorded reflected temporal THz waveform contains 4096 data points, and the signal

is averaged over 10 shots per pixel. For this sampling rate, the entire frequency spectrum

obtained by a fast Fourier transform is from 0 to 85.99 THz, containing 4096 data points.

The reflected THz signals as received (the raw signals) from the samples with various

film thicknesses are shown in Fig. 3.4. The shapes of the reflected THz signals are super-

ficially similar to the reference THz signal, and the echoes off the air/scale and scale/steel

interfaces temporally overlap and are not visually distinguishable in the raw reflected sig-

nals for any of the three samples. [The impulse response function h(t) governing the mea-

surement, as discussed above, relates the reflected THz signal r(t) to the reference THz

pulse i(t). In the ideal case that the reference is an impulse, δ(t), the reflected signal would

be h(t).] In order to separate those overlapped echoes and reveal the structural properties

of the samples, a standard frequency-domain approach, frequency-wavelet domain decon-

volution (FWDD), is first applied at each pixel. The approach is described in detail in Ref.

[26]. The idea is to reconstruct the transfer function H(ν) with ν the frequency [Fourier

transform of the impulse response function h(t); lower case letters with argument t stand
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for time-dependent functions; upper case letters with argument ν stand for their respective

Fourier transform and are functions of frequency ν] ideally as H(ν) = R(ν) / I(ν), where

R(ν) and I(ν) are the Fourier transforms of r(t) and i(t), respectively. The problem is that

in frequency ranges where noise dominates, this ratio is subject to substantial error.

We implement FWDD after first low-pass filtering to eliminate spurious spikes in the

high-frequency region; FWDD itself corresponds to projecting the filtered signal onto a

truncated basis of wavelets chosen to resemble the THz pulse i(t), and thus improves the

SNR by wavelet denoising. In other words, FWDD is a filter specially chosen to pass fea-

tures resembling i(t). Finally, h(t) is reconstructed by taking the inverse Fourier transform

of the transfer function H(f) obtained by the procedure described above. We first discuss

the low-pass filter applied prior to FWDD itself. A Hanning window function is chosen

as the filter function. The cutoff frequency fc = 3.5 THz is chosen t to suppress the low-

SNR band of the reference and reflected signals. Due to the THz bandwidth generated by

TPS spectra 3000 (60 GHz to 3 THz), we find that if fc is lower than 3 THz, some weak

though valuable features in the signals would be treated as system noise, and be eliminated

by the frequency-domain filter; if fc is larger than 4 THz, residual background noise in

frequency-domain blurs the valuable information in the time and frequency domains. For

wavelet denoising, symlet (sym4) wavelets were used with a decomposition level equal to

7; no significant improvement is achieved with higher depth to justify the extra computa-

tional expense. The estimated impulse responses h(t) when applying FWDD are shown in

Fig. 3.4. While the 28.5 µm film might nominally be within the axial resolution limit of

FWDD, attenuation (reducing the amplitude of the echo from the back scale/steel interface)

reduces the usable THz bandwidth so that the high-frequency part of the detected spectrum

lies below the noise floor, We, therefore, conclude that FWDD is not successful even on

the thickest film studied. Because the wavelet basis chosen is well suited to the reference

pulse, it is not likely that a different basis (or a different filter) will improve the situation.

Next, in order to attempt to reconstruct the layer structure, another technique, namely
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Figure 3.5: The raw reflected THz signal r(t) (black) and SD-impulse-response function
h(t) signal (red) for films of thicknesses (a) 28.5 ± 1.4 µm, (b) 13.4 ± 0.9 µm, and (c) 5.1
± 0.3 µm.

sparse deconvolution (SD), is applied to analyze these samples. SD is a time-domain ap-

proach to reconstruct h(t). Heuristically, SD works as follows. The impulse response

functions h(t) for layered structures can be treated as a class of signals comprised of a

limited number of discrete echoes associated with a reflection from each material interface

(multiple echoes are typically too weak to be of importance) on an otherwise signal-free

background; therefore, h(t) has a sparse representation (it will be a sequence of sharp peaks

on a zero background), which means that only a limited number of data points have nonzero

values. By exploiting the sparse constraint, the algorithm focuses on detecting interfaces

and can be expected to lead to a better dynamic range than the FWDD technique. Details

can be found in Ref. [28].

In the SD algorithm, a regulation parameter λ controls the amplitude of the regular-

ization. Moreover, the energy is minimized by iterative thresholding. In the case of soft-

thresholding employed here, the step size τ should obey

τ <
2

‖I>I‖2
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Considering the SNR and the tradeoff between the sparsity of the impulse response function

h(t) and the residue norm, the regulation parameter λ = 0.8 and the value of the step size τ

is set to 1.5/‖I>I‖2. We checked that similar results were obtained consistently for λ and τ .

Balancing the accuracy of the result and the computational time, the number of iterations

is selected as 3000.

The corresponding deconvolved signals are shown in Fig. 3.5. Two pronounced echoes

can be identified clearly for all the samples. The first echo, having the stronger intensity,

originates from the air/scale interface, while the second echo of lower amplitude is due

to the scale/steel interface. Multiple reflections are expected to be weak and are thus not

identified in the SD reconstruction of h(t). The optical thickness of the coating can be

calculated from the time delay between the first and second peaks in the reconstructed h(t)

and the refractive index of scale. The delay between the first and second echoes for the 28.5

µm, 13.4 µm, and 5.1 µm films is 0.9 ps, 0.4 ps, and 0.16 ps, respectively. The physical

thickness of the film is obtained from

Llayer =
∆t

2

c

nmill scale
(3.11)

where c is the in-vacuo speed of light, ∆t is the time delay between the first and second

echoes, the factor 1
2

arises since the THz pass through the film twice in the reflection ge-

ometry and nmill scale is the refractive index of mill scale. Owing to the mixed nature of

mill scale, the refractive indices of mill scale vary with the oxide composition. Based on

the nearly frequency-independent refractive indices of wüstite and hematite within the THz

regime, which are ∼ 5.0 [65] (∼ 4.7 [66]) and ∼ 5.5 [67], respectively, owing to the dom-

inated wüstite phases in mill scale compared with other iron oxide phases, the refractive

indices of mill scale film we approximate to 4.7 after accounting for filling factor. In turn,

the SD-reconstructed physical film thicknesses are estimated, for a given pixel, to be 28.4

µm, 12.8 µm, and 9.6 µm, which are close to the independently measured ranges of values

28.5 µm ± 1.4 µm, 13.4 µm ± 0.9 µm, and 5.1 µm ± 0.3 µm obtained by destructive

cross-sectional measurement. In particular, the two thicker films are within the thickness
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variation across the samples of the nominal thicknesses. These results indicate that SD is

an effective approach to obtaining the structural properties for the two thicker films. SD,

however, appears to fail to provide a high-quality estimate of the thickness of the 5.1 µm

film for the explored parameter ranges. SD cannot distinguish multiple echoes if the SNR

is too low if the echoes are too close, and/or if the sampling time is too long. In addition,

dispersion in the optical constants results in pulse spreading [68], which may degrade the

accuracy and axial resolution for SD, though it is not likely to be an issue with thin films.

Since SD was not successful in providing a high-quality reconstruction of the impulse

response function h(t) for the thinnest film, we resort to another technique, AR extrapo-

lation [30], which extends the exploitable spectral bandwidth and can be expected to lead

to a higher axial resolution. The procedure works as follows. We first obtain H(ν) in the

frequency band where SNR is high from the experimental data as the ratio R(ν) / I(ν). In

our case, the information we will exploit is that we expect the transfer function H(ν) to be

a sinusoid for layers on a reflective substrate due to the Fabry-Perot effect. Lastly, the re-

constructedH(ν) is inverse Fourier transformed to obtain h(t) and the time delays between

peaks are used to determine the relevant optical delays and, in turn, the film thickness.

Unlike FWDD, which discards information as a consequence of filtering, namely the

frequency components in the low SNR regions in order to suppress anomalous spikes that

would otherwise appear in H(ν), AR deconvolution aims at reconstructing the missing

frequency components in precisely the low-SNR regions. FWDD relies on frequency fil-

tering, whereas AR seeks to estimate missing frequency information. Therefore, the entire

frequency spectrum of the impulse response function h(t) is estimated, and the enhanced

resolution based on these ‘quasi-ideal’ impulse response functions h(t) is achieved.

Using the AR model as a prediction filter, the missing data in the regions below 0.15

THz and above 2 THz can be extrapolated clearly for all samples. The echo from the

scale/steel interface can also be seen clearly. We find that the axial resolution of AR is

higher than SD and, we shall see, reliably provides the film thickness, even for the thinnest
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Figure 3.6: Deconvolution results based on AR (red) and the raw THz signal (black) re-
flected from the calamine sample: (a) 28.5 ± 1.4 µm, (b) 13.4 ± 0.9 µm, and (c) 5.1 ±
0.3 µm, respectively. The estimated frequency spectrum (up to 5 THz) is based on the AR
method for each sample.

film. This is consistent with our previous work [30] that has found that AR can be more

effective than SD for single-layer structures. The deconvolved signal based on the recon-

structed transfer function H(ν) can also be compared with the spectra of the raw reflected

signals, as shown in Fig. 3.6. Due to the estimation and recovery of the frequency com-

ponents throughout the entire spectrum, the second echo, corresponding to the scale/steel

interface, is also identified in all cases. We observe that the calculated thickness based on

the optical delay between the two positive echoes matches well with the nominal thickness

of 5.1 ± 0.3 µm.

Table 3.1: Comparison of calculated thickness from SD and AR with destructive metrology
of micro-sample cross-sections. The mean µ and standard deviation δ of scale thickness
are obtained from 20 different pixels for each sample.

µSD
(µm)

δSD
(µm)

µAR
(µm)

δAR
(µm)

µcross−section
(µm)

δcross−section
(µm)

28.1 0.6 28.05 0.82 28.5 1.4
12.8 0.63 13.3 0.52 13.4 0.9
6.6 0.41 5.7 0.39 5.1 0.3
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To estimate the uniformity of the THz-based measurement of the films, 20 pixels asso-

ciated with various spatial positions on the samples for each film are selected randomly, the

minimum distance between each measured pixel is ∼ 500 µm. The reflected THz signals

at those pixels are recorded. By measuring the optical delay between the first and second

positive echoes, the thickness of the film at each pixel can be calculated with the equation

mentioned above. The mean and standard deviation for those 20 pixels for each film is ob-

tained. Table 3.1 shows the calculated scale film thickness based on AR for nominal 28.5

µm, 13.4 µm, and 5.1 µm matching fairly well with the cross-sectional measurements.

Table 3.1 summarizes all the results for SD. Hence, we conclude that the axial resolution

in this single-layer film is significantly enhanced by AR deconvolution, and the structural

properties of scale films with thickness down to∼ 5 µm can be resolved by AR deconvolu-

tion. Of note, the cross-section method only gives the thickness along the cross-section; the

film thickness was thus estimated based on the assumption that the entire film is uniform

in thickness. The AR result, on the contrary, enables one to explore uniformity across a

surface. This is a further advantage of the THz measurement versus traditional destructive

cross-sectional measurements.

In summary, THz reflectometry may provide a reliable nondestructive and contactless

modality to measure scale film thicknesses on metals down to at ∼ 5µm, and by exten-

sion other electrically non-conducting oxide film thicknesses. THz pulsed techniques for

this application proved successful only due to the combined exploitation of the physical

measurement technique with the appropriate signal-processing techniques.

3.3 Terahertz quality measurement of multilayer coatings on steel

Although AR deconvolution based on Burg’s method (AR/BM) has attracted interest due

to its super-resolution capability [30, 69], due to the high tendency of line-splitting (re-

constructions including artefacts that suggest additional layers that are not present) when

a larger order p is applied as well as the additional constraints from Levinson-Durbin re-
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cursion [30], the AR/BM result may not provide a reliable reconstruction of multilayered

coatings, especially when the absence of prior knowledge of the various layers, since, in

practice, the choice of parameters to provide reliable reconstruction may require one to

know the layer thicknesses beforehand, which, needless to say, defeats the entire purpose.

AR-based on the modified covariance method (AR/MCM) to minimize the sum of

squares of the forward and backward prediction errors, is proposed and employed in this

study [69]. Compared with AR/BM, the most remarkable advantage of AR/MCM is the

reduced occurrence of line-splitting due to the restriction in the AR order selection. A

drawback is that the stability of AR/MCM cannot be guaranteed when the poles of the

system lie outside the unit circle. In order to avoid these singularities, the solution we pro-

posed to stabilize the AR model is to reflect the poles of the model that are outside the unit

circle to the inside of the unit circle by reciprocating the magnitude as

D
′

i =


Di |Di| ≤ 1

1
|Di|2Di |Di| > 1

(3.12)

where Di are the poles of the system, and D′
i are the updated poles. More details can be

found in Ref. [70]. Because of the high sensitivity of the AR model to SNR, the measured

data is preconditioned by wavelet denoising to improve the accuracy of AR/MCM. In con-

trast to typical frequency-domain filters (typically, low-pass and band-pass), the bandwidth

of the impulse response function is not narrowed by wavelet denoising.

Numerical simulations were performed first to verify the performance of AR/MCM on

multilayered samples. To this end, we consider how AR/MCM performs with synthetic

data. An ideal impulse response function h0[n], which contains 4096 data points with
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sampling period Ts= 0.0116 ps, is assumed,

h0[n] =



0.5 n = 1560

0.5 n = 1620

−0.5 n = 1680

1 n = 1740

0 otherwise

(3.13)

where n is the discrete-time variable and t = nTs and the subscript 0 denotes quantities

estimated from synthesized data. h0[n] thus consists of a sequence of three discrete-time

impulses, and represents a typical three-layer structure; the time interval between consecu-

tive peaks corresponds to the thickness of each layer. After convolution with the measured

reference pulse i[n] from the THz system with the impulse response function h0[n] and

adding Gaussian white noise e0 uncorrelated with respect to n, the reflected THz signal

r0[n] is simulated, as shown in Fig. 3.7. Based on the experimental dynamic range of

the THz system, the signal-to-noise ratio of r0[n] is set to be 50 dB in the simulation. In

the following, we shall use the discrete-time argument n and the continuous-time t inter-

changeably as convenient.

Figure 3.7: Synthetic impulse response function h0(t) and the simulated reflected THz
signal r0(t). The inset shows the experimental reference signal i(t).

Because of the high sensitivity of AR to noise, the first step in the procedure, before

fitting an AR model, is the estimation of the SNR of the reflected signal. Before implement-

ing AR/MCM, a wavelet deconvolution procedure is applied, owing to the high similarity
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of the reference pulse with conveniently selected wavelet basis functions [71]. In contrast

to the Fourier transform, which employs an infinite set of sinusoids as the basis, the wavelet

transform is an efficient representation of a THz pulse because of the time-frequency local-

ization of the wavelet basis function [54], allowing for a highly truncated wavelet basis to

be employed. As a result, wavelet denoising selectively drops noise-like features without

utilizing a heavy-handed filter such as a low-pass filter. Therefore, the signal bandwidth

after wavelet denoising will not be narrowed. In principle, the wavelet technique decom-

poses a signal by convolving with a low-pass filter and a high-pass filter at each level and

removes the wavelet coefficients with small absolute values by thresholding [72]. Based

on Ref. [55], balancing the denoising efficiency and computational cost, symlet (sym4)

wavelets are selected with a level of 5 for the wavelet decomposition.

Figure 3.8: Comparison between the deconvoluted spectrum by direct inverse filtering
HInv(ν) (dashed black) and the estimated frequency spectrum by (red) AR/MCM with
wavelet denoising. H0 (blue) is the transfer function obtained by Fourier transforming the
model impulse response function h0(t).

Figure 3.8 presents the comparison of the deconvolved transfer function (Fourier trans-

form of h[n])HInv(ν) by direct inverse filtering and the estimated transfer functionHAR/MCM(ν)

by AR/MCM with wavelet denoising. Large spikes due to noise are largely absent from

HAR/MCM(ν). The high-SNR window for the AR model was set to [0.14 THz, 1.75 THz].

By using the data within [0.14 THz, 1.32 THz] for the backward prediction filter and the
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Figure 3.9: Comparison of the simulated deconvolution results hAR/MCM(t) based on
AR/MCM (red), the raw reflected signal h0(t)⊗i(t)+e(t) (blue), and the assumed impulse
response function h0(t) (black).

data within [0.58 THz, 1.75 THz] for the forward prediction filter, the entire frequency

band can be extrapolated. In order to avoid overfitting, the parameters of the forward and

backward prediction filters are controlled by AIC. The criterion is found to reach its min-

imum when the order p is 70. By simply performing the inverse Fourier transform of

HAR/MCM(ν), the reconstructed signal hAR/MCM(t) can be achieved, as shown in Fig. 3.9.

Compared with the raw reflected signal r0(t) from which it is not obvious how one would

visually reconstruct the stratigraphy, hAR/MCM(t) exhibits four clear peaks, the exact posi-

tions of which are in good agreement with the synthesized impulse response function h0(t),

albeit with minor peak shifts as well as the magnitude change, resulting from residual noise

even after wavelet denoising as well as the built model. Moreover, the ultimate goal for us

is to sharpen the echoes in raw reflected signals and enhance the SNR to improve the tem-

poral resolution, so the amplitude information is not our priority, even though there are also

significant. The success of resolving all interfaces demonstrates the potential of AR/MCM

for characterizing the individual layer of stacked samples.

We next turn to the experimental study of the nine steel coupons. Three sets of coated

steel coupons with different layer configurations, as depicted in Fig. 3.10, to verify and
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Figure 3.10: The cross-sectional schematic diagrams of the multi-layered samples in this
study.

evaluate the performance of the proposed AR/MCM algorithm experimentally. The dimen-

sion of all samples is 10 cm × 20 cm. The first set of samples numbered 5, 9, and 10 have a

single cataphoretic layer on a flat steel coupon. The second set numbered 12, 14, and 16 has

two layers, viz., the cataphoretic layer and a sealer. The third set numbered 11, 15, and 17

has three layers, namely the cataphoretic layer, a sealer, and lacquer. Each layer performs

a different function. The cataphoretic layer, which is applied electrochemically, provides

corrosion protection to the metal substrate. The function of the sealer is to promote ad-

hesion between the cataphoretic layer and the layer above, and moreover, regularize the

rough cataphoretic layer to lead to a smoother overall finish. The lacquer provides ultravi-

olet protection, resistance to mechanical abrasion, and resistance against chemical attack.

In our samples, the lacquer is the thickest layer.

Table 3.2: Mean thicknesses µ and standard deviations δ of cataphoretic layer, sealer, and
lacquer for all samples obtained via Deltascope measurements.

Sample
Cataphoretic layer Sealer Lacquer
µ (µm) δ (µm) µ (µm) δ (µm) µ (µm) δ (µm)

5 6.6 0.7
9 14.8 1
10 21.3 0.9
16 15.6 0.4 28.4 1.4
12 20.7 0.4 29 1.2
14 8.5 0.6 30 1
15 8.7 0.4 31.1 1.2 35.8 1.4
11 20 0.5 28.9 1.1 36.1 2
17 15.2 0.7 28.1 0.8 36.3 1.9
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The thickness of each individual layer of all 9 samples is characterized first using high-

resolution Deltascope FMP 30, following the deposition of each individual layer, which is a

standard and widely used approach for measuring coatings on ferrous based materials; how-

ever, because the eddy-current technique cannot resolve the individual layer thicknesses in

the complete multilayer coating, the strategy we applied here to obtain the thickness of all

individual layers is to perform multiple measurements at different steps in the layer depo-

sition process. Specifically, an eddy current measurement is performed after the deposition

of each layer; simple subtractions can then reveal individual layer thickness. The thick-

nesses are listed in Table 3.2. THz TOF tomography is thus carried out next and begins

with the steel coupons with a single layer composed of the cataphoretic layer.

3.3.1 Single-layer samples

Figure 3.11: The AR/MCM result for samples (a) 5, (b) 9, and (c) 10.

Figure 3.11 shows hAR/MCM(t) for the single-layer coated samples (a) 5, (b) 9, and (c) 10.

Two positive echoes, corresponding to the air/cataphoretic layer interface, and cataphoretic

layer/steel substrate boundaries, are seen in all cases. The cataphoretic-layer thickness is

estimated based on the optical delay between the two positive echoes and on the refractive
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Figure 3.12: Thickness of cataphoretic layer measured by AR/MCM method as a function
of thickness measured by Deltascope for samples (a) 5, (b) 9, and (c) 10.

index of cataphoretic material in the THz regime. The optical delay between the first and

second positive peaks is (a) 0.14 ps, (b) 0.2 ps, and (c) 0.25 ps, and the refractive index of

electrocoating in the THz regime is ∼1.72 [25]. Therefore, the physical thickness of the

cataphoretic layer on the metal substrate is (a) 12.2 µm, (b) 17.4 µm, and (c) 21.8 µm,

respectively. In addition, the uniformity of this layer for samples 5, 9, and 10 are also

discussed based on the same 16 pixels that were characterized by the Deltascope (of note,

there can be some limited experimental deviation in the pixel positions). The comparison

of cataphoretic-layer thickness from Deltascope measurements and AR/MCM for samples

5, 9, and 10 are shown in Fig. 3.12; see below for discussion. Both the weighted linear

fit and Y=X are also plotted. The thickness measured by AR/MCM is well correlated with

the Deltascope results, confirming the reliability of AR/MCM. To quantify this, the mean

square error (MSE) is computed, which is expressed as

MSE =
1

N

N∑
i=1

(yi − y
′

i)
2 (3.14)

where yi is the thickness value measured by Deltascope, y′
i is the thickness value calcu-

lated by AR/MCM, and N is the number of data points; here N is 16. MSE for samples 5,
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Table 3.3: MSEs of the thickness of cataphoretic layer based on the Deltascope and
AR/MCM for samples 5, 9, and 10.

Sample MSE of cataphoretic layer
(µm2)

5 8.4
9 2.4
10 2.4

9, and 10 are is given in Table 3.3. The thinner the cataphoretic layer, the larger the corre-

sponding MSE, meaning that the error between AR/MCM and Deltascope measurements

increases as the thickness of the cataphoretic layer decreases. The errors result in part from

the fact that AR/MCM for the thinner layers may be near its limit of applicability. The

thickness of the thinnest cataphoretic layer is close to the minimum time interval that can

be distinguished by AR/MCM, which is ∼ 15 Ts [30]. As the thickness decreases further,

the two corresponding peaks in hAR/MCM(t) begin to merge, as is seen in Fig. 3.11 (a),

and the MSE rises. We have adjusted the parameters of the AR model to separate merged

peaks, but the sensitivity of the AR model may lead to worse results. In Fig. 3.12 is shown

the cataphoretic-layer thickness reconstructed by AR/MCM versus the measured value by

Deltascope. We see an overall tendency in the plots for AR/MCM to give slightly higher

values than the Deltascope, with this tendency most pronounced for the thinnest layers. The

origin of this discrepancy is the partial overlap of the echoes from the air/cataphoretic layer

and cataphoretic layer/steel interfaces, which becomes more severe as the cataphoretic-

layer thickness decreases.

3.3.2 Two-layer samples

THz TOF tomographic measurements were also carried out on samples 12, 14, and 16 with

a cataphoretic layer and sealer on steel, and the corresponding AR/MCM results are pre-

sented in Fig. 3.13. The echo sequence—positive, negative, positive—is seen, correspond-

ing to reflections from the air/sealer, sealer/cataphoretic layer, and cataphoretic layer/steel
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Figure 3.13: The AR/MCM result of samples (a) 14, (b) 16, and (c) 12.

Table 3.4: MSEs of the thickness of cataphoretic layer and sealer based on Deltascope and
AR/MCM for samples 12, 14, and 16.

Sample MSE of cataphoretic layer
(µm2)

MSE of sealer
(µm2)

12 1.2 0.4
14 4.2 0.4
16 1.8 0.7

interfaces, respectively. The negative peak at the sealer/cataphoretic layer interface results

from the phase shift of the THz signal as the refractive index of the cataphoretic layer

is lower than that of the sealer. The individual thicknesses of the cataphoretic layer and

sealer are computed. The assumed refractive index of the sealer is 2.61 [25]. Figure 3.14

shows the comparison of the cataphoretic layer and sealer thicknesses obtained by Deltas-

cope measurements and AR/MCM. The MSEs for samples 12, 14, and 16 are presented in

Table 3.4. For the sealer, the low MSE demonstrate excellent agreement with the results

obtained directly from Deltascope. Somewhat less agreement is seen for the cataphoretic

layer, because of the partial overlap of the echoes from the sealer/cataphoretic layer and

cataphoretic layer/steel interfaces, leading to uncertainty in the time delay between the

echoes. Similar to the remarks above for samples 5, 9, and 10, the error associated with the

44



Figure 3.14: Comparison of the thickness of individual layers for samples 12, 14, and 16
between AR/MCM and the Deltascope. Left column: the thickness of the cataphoretic
layer as a function of the thickness measured by Deltascope; Right column: the thickness
of sealer as a function of the thickness measured by Deltascope.

cataphoretic-layer thickness for samples 12, 14, and 16 increases as the cataphoretic-layer

thickness decreases.

3.3.3 Three-layer samples

Table 3.5: MSEs of the thickness of the cataphoretic layer, sealer, and lacquer for samples
11,15, and 17.

Sample MSE of
cataphoretic layer

(µm2)

MSE of sealer
(µm2)

MSE of Lacquer
(µm2)

11 2.3 0.9 0.3
15 13.7 2.4 0.3
17 3.5 1.2 0.6

We now consider three-layer coatings (lacquer, sealer, cataphoretic layer on steel). Re-

sults of AR/MCM are shown in Fig. 3.15. Four echoes—positive, negative, positive, pos-

itive—corresponding to the air/lacquer, lacquer/sealer, sealer/cataphoretic layer, and cat-

aphoretic layer/steel interfaces, respectively, are identified. MSEs of individual layer thick-
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Figure 3.15: The AR/MCM result of samples (a) 15, (b) 17, and (c) 11.

nesses obtained using the Deltascope and AR/MCM for samples 11, 15, and 17 are given in

Table 3.5, while Fig. 3.16 plots the AR/MCM values versus the Deltascope measurements.

For the sealer and lacquer, due to their relatively large thicknesses, AR/MCM provides

thickness values close to the Deltascope measurements, as the echoes are temporally well

separated and distinguishable from the echoes reflected from the cataphoretic layer (thin

layer). For the cataphoretic layer, again, the greatest deviations between the Deltascope

measurements and AR/MCM occur for the thinnest layers.

In summary, THz TOF tomography combined with AR/MCM stratigraphic reconstruc-

tion was employed to analyze the thickness of individual layers in multilayer coatings on

steel in a nondestructive and noncontact fashion. The calculated thickness of each individ-

ual layer based on the THz-based approach shows a good agreement with eddy-current-

based measurements, though deviations are observed when layer thicknesses are . 10 µm.

Moreover, AR/MCM is a relatively robust analysis technique, that does not require exten-

sive training, unlike model-based approaches, does not require a specific physical model to

carry our accurate reconstruction.
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Figure 3.16: Comparison of the thickness of individual layers for samples 11, 15, and 17
between AR/MCM and Deltascope. Left column: the thickness of cataphoretic layer as
a function of the thickness measured by Deltascope for samples 11, 15, and 17; Middle
column: the thickness of sealer as a function of the thickness measured by Deltascope
for samples 11, 15, and 17; Right column: the thickness of lacquer as a function of the
thickness measured by Deltascope for samples 11, 15, and 17.
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CHAPTER 4

TERAHERTZ DECONVOLUTION FOR STRATIGRAPHY

CHARACTERIZATION OF COMPLEX STRUCTURES

In this chapter, terahertz (THz) transmission and reflection experiments were conducted

for the non-destructive evaluation of specimens with complex, layered structures. Unlike

echoes reflected from optically thin layers that are assumed to be time-shifted amplitude-

scaled replicas of the THz reference signal, the echoes reflected from thick multilayered

samples can be both sparse and time-varying to the frequency-dependent attenuation and

dispersion during the propagation of THz waves in materials. The temporal pulse spreading

increases the difficulty in accurately obtaining parameters of reflected echoes and degrades

the performances of commonly used deconvolution algorithms based on a time-invariant

system.

In the first section, polycarbonate (PC) and poly-methyl methacrylate (PMMA) sheets

with different thicknesses are characterized non-destructively by THz time-of-flight tomog-

raphy in reflection and transmission. Due to THz attenuation and dispersion observed in

transmission results, features in temporal reflected signals with structure deep in the sam-

ple (i.e., the back interface), might be difficult to be identified easily. Two signal process-

ing techniques, namely FWDD and cross-correlation (CC), are employed. We show that

straightforward analysis techniques that neglect dispersion are limited to measuring layer

thicknesses in these materials of less than∼17 mm, while accounting for dispersion results

with a factor-of-two improvement, allowing us to measure samples as thick as ∼ 36 mm.

In the second section, complex, layered structures containing both micron-scale and

millimeter-scale layers are characterized sparsely using one type of the second-order sparse

deconvolution technique based on the interior-point method. One simple but effective prop-

agation model for describing the temporal pulse spreading is also incorporated to enhance
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the performance of the SD algorithm in processing time-varying pulses during the propa-

gation of THz waves in materials. Numerical simulations and experimental measurements

verify that the proposed algorithm can be an effective tool for stratigraphic reconstruction

of moderately thick samples incorporating thin layers.

In the third section, the practical applications of THz time-of-flight (TOF) tomography

for addressing several routine tasks related to automated paper handling of unsorted legacy

documents, i.e., ascertaining the page count of unconsolidated paper stacks, as well as

detecting stapled documents buried in multipage legacy documents, are discussed in detail.

4.1 Pulsed terahertz imaging for thickness characterization of plastic sheets

Six solid PC and PMMA plastic sheets, nominally of thickness d = 2, 4, 6, 8, 10, 12 mm

for each plastic, were studied in this section. The relevant physical, optical and mechanical

properties for measured PC and PMMA plastic sheets are shown in Table 4.1. The top

and bottom surfaces are diamond polished and shaped so as to provide visually smooth

surfaces. THz scattering at the surfaces is expected to drop significantly after polishing.

Table 4.1: The physical, optical, and mechanical properties of the PC and PMMA plastic
sheets studied.

Properties Test Method PC PMMA
Density ISO 1183 1.2 g/cm3 1.19 g/cm3

Water absorption (in water for 24h at 23 ◦C) ISO 62-1 0.35% 0.3%
Refractive index ISO-489 1.586 1.49
Vicat softening point ISO 306 106 ◦C 148 ◦C
Tensile strength ISO 527-2 60 MPa 65 MPa
Elongation at break ISO 527-2 6% 4%

Our aim is to measure the thickness d of relatively thick samples using THz time-of-

flight technique (TOFT). To do so, we implement a two-step procedure. In the first step,

we characterize the optical constants α(ν) and n(ν). This is studied based on the THz

propagation in transmission geometry. Once α(ν) and n(ν) are known, we carry out THz

TOFT in reflection to measure sample thickness d.
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The dielectric function of a material is determined in transmission by measuring a ref-

erence pulse Er(t) propagating through an empty spectrometer and a sample pulse Es(t)

propagating through the spectrometer with a sample of thickness d placed in the beam path

at the normal incidence [73]. We are most interested in the THz pulse propagation within

the plastic sheet itself; however, we also need to describe what happens when the prop-

agating pulse encounters either the top air/plastic or the bottom plastic/air interface. The

relative amplitude of the signal reflected or transmitted at an interface compared with the

amplitude of the reference signal is determined by the reflection and transmission coeffi-

cients r(ν) and t(ν),

rinc/trans(ν) =
1− nrel(ν)

1− nrel(ν)

tinc/trans(ν) =
2

1 + nrel(ν)

(4.1)

where nrel(ν)=ninc(ν)/ntrans(ν) is the frequency-dependent ratio of the refractive index on

the side of incidence to that on the side of transmission.

We define Ar(ν) and As(ν) as the amplitude of Fourier transform of Er(t) and Es(t),

and φr(ν) and φs(ν) as the phase of Fourier transform ofEr(t) andEs(t), respectively. The

relative phase change φr(ν)–φs(ν) of the ν frequency component of the signal transmitted

through the sample, is used to calculate the refractive index n(ν) of a plastic of thickness

d,

n(ν) = 1 +
c

2πνd
[φr(ν)− φs(ν)] (4.2)

(We neglect any dispersion in the Fresnel coefficients.) The ratio As(ν)/Ar(ν) of the am-

plitudes can be used to calculate the absorption coefficient through the Beer-Lambert law

As(ν)2 = Ar(ν)2 exp(−α(ν)d) (4.3)

giving

α(ν) = −2

d
ln

A(ν)

A0(ν)

[n(ν + 1)]2

4n(ν)
(4.4)
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where the factor

tair/plastic(ν)tplastic/air(ν) =
[n(ν) + 1]2

4n(ν)
(4.5)

accounts for transmission coefficients t at the front air/plastic and back plastic/air inter-

faces (nair = 1) [74]. While there may also be a scattering contribution to the apparent

reflection and transmission coefficients at the interfaces, we have verified that any such

effects are sample (and position) independent. From the point of view of the analysis,

that is all that is important, since the analysis ultimately eliminates the effects of surface

reflections/scattering.

Due to the roughly single-cycle nature of the THz pulse, the pulse bandwidth extends

from ∼ 60 GHz to 3 THz. In the high-frequency range, the spectrum is characterized by

a gradual roll-off, until the signal level approaches the noise floor of the THz system. The

noise floor is relatively frequency-independent and corresponds to the spectrum recorded

by blocking the THz beam path completely. The origin of the noise is predominantly

electronic.

Apodization functions, which smoothly bring a sampled signal down to zero at the

edges of the sampled region, are employed to suppress leakage sidelobes produced as an

artefact of the discrete Fourier transform. However, this suppression is at the expense of

broadening the waveform, resulting in the decrease of the spectral resolution of the THz

system [75]. Many apodization functions have been reported and discussed in the literature

[76, 77, 78, 79]. Of those explored, boxcar apodization functions appear to be the best to

resolve peaks, but produce more ripple artifacts in the spectrum; Happ-Genzel and triangle

functions perform poorly with regard to resolving peaks and peak height, although ripples

are significantly reduced. Balancing the noise level against the spectral resolution, we

choose apodization functions of the Blackman-Harris 3-term form, a generalization of the

Hamming family; more details can be found in Ref. [80].

After carrying out transmission studies to determine α(ν) and n(ν), we conducted THz

TOFT in reflection at almost normal incidence. The aim is to identify the echo originating
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Figure 4.1: THz reference signal (pulse produced by the apparatus) with its power spectrum
in the inset. The duration and dynamic range of THz pulse are ∼2 ps and > 60 dB, while
the corresponding spectrum extends from ∼100 GHz to 3 THz before falling below the
noise floor.

in the reflection from the back plastic/air interface. The time delay between the echoes from

the top air/plastic interface and the bottom plastic/air interface together with a knowledge

of n(ν) the plastic provides a measure of the sample thickness d. In reflection, the time-

dependent electric field of the THz reference signal Er(t), produced by the apparatus, was

recorded by reflecting the incident signal from a steel plate (an excellent THz reflector), as

shown in 4.1. Note that the sampling period in the measurement is set to Ts = 0.0116 ps, and

each recorded temporal THz signal Es(t) reflected from the sample contains 4096 sampled

data points, and these signals are averaged over 10 shots per pixel at a given time delay.

Each plastic sample was raster-scanned by a set of motorized stages moving in the x- and y-

directions in 0.2 mm steps over 10 mm × 10 mm regions, corresponding to 50 × 50 pixels

to verify the uniformity of our measurements and analysis. The effect of THz absorption

due to atmospheric water vapor was suppressed by carrying out the experiments in dry

N2. More detailed descriptions can be found in Ref. [81]. Of course, this is complicated

by attenuation—the thicker the sample, the weaker the back reflection—and by dispersion,

which causes the back reflection both to spread and reduce in amplitude. In order to identify

the second echo, we apply two techniques: FWDD and CC between the reference pulse and

the reflected signal modified to account for dispersion.
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4.1.1 Optical constants

Figure 4.2: Frequency-dependent absorption coefficient α(ν) for (a) PC and (b) PMMA.
The different level of the reflected signal with respect to the noise floor for samples with
different d is responsible for the frequency at which α(ν) appears to level off (and the
curves diverge). The absorption is described by the universal dielectric response (power-
law behaviour) as discussed in the text.

First, the optical constants of the plastic samples are determined in transmission as de-

scribed above. The absorption spectra for PC and PMMA of various d are shown in Fig.

4.2. The absorption mechanism is related to relaxation and the amorphous state of the

plastics and is manifested within the spectral range lower than 3 THz [82]. Note that the

curves for different d agree at lower frequencies (for ν < 1.2 THz), and the absorption

coefficients at the frequency of 1 THz of PC and PMMA is 9.2 cm−1 and 13.02 cm−1, in

excellent agreement with published values 11 cm−1 for PC and 12.5 cm−1 for PMMA [82,

83]. As d increases, the strength of the transmitted signal decreases due to the attenuation

and thus falls below the noise floor at a frequency that decreases with increasing d. The

fact that α(ν) agrees for various d in each plastic where the SNR exceeds unity confirms

the consistency of the approach.

The absorption coefficient and conductivity in a broad range of materials show a power-

law dependence on ν as described by the universal dielectric response [84, 85, 86]. We find
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that the frequency dependence of α(ν) can be well fit by α(ν) = α0 + βνm where α0 =

0.5642, β = 9.075, and m = 1.669 for PC and α0 = 0.04057, β = 13.66, and m = 1.776 for

PMMA, respectively, where ν is measured in THz and α is in units of cm−1.

Frequency-dependent absorption coefficients in plastics showing behaviour reminiscent

of universal dielectric response have been widely observed. In particular, results in Ref.

[87] for PC are quantitatively quite close to what we observe. Some, but not all, plastics

studied in Ref. [88] were observed to exhibit similar behaviour. Again, this tendency is

confirmed by the results of Refs. [89] and (including PMMA) [90].

Figure 4.3: (a) Frequency-dependent refractive index n(ν) for PC; (b) Comparison between
n(ν) = 1.61 - 0.0096 ν and measurement; (c) Frequency-dependent refractive index n(ν)
for PMMA;(d) Comparison between data for the 6-mm thick PMMA sheet and n(ν) =
1.67 - 0.008476 ν.

The refractive index of PMMA and PC sheets of various thicknesses are shown in Fig.

4.3. Comparing results for sheets of different thickness d (but the same material), we find

(as it must be) that n(ν) is is independent of sample thicknesses, as presented in Fig. 4.3

(a) and (c). Figure. 4.3 (c) shows some apparent nonlinear behaviors of n(ν), mainly at

low and high frequency, likely where spectral density is low. Moreover, n(ν) for PC in

frequency range 80 GHz < ν < 3 THz exhibits approximate linear behavior with a some-
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what more restricted band for PMMA. Fitting the experimental results for d, the thickness

for which signal to noise is highest, gives n(ν) = -0.0096ν + 1.673 for PC and n(ν) =

-0.0085ν + 1.613, with ν measured in THz, as shown in inset figure in Fig. 4.3 (b) and (d),

the noticeable negative dispersion in low frequency are also confirmed by published data

from Fourier transform infrared spectroscopy (FTIR) measurements [91, 92]. The values

1.66 and 1.61 are the ν = 1 THz refractive indices for PC and PMMA, which are in good

agreement with values of refractive index 1.651 for PC and 1.596 PMMA reported in the

literature [9, 93]. First, we comment on the overall value of the refractive index, not ac-

counting for dispersion. Ref. [87] finds n in the relevant frequency range to be 1.65 for PC

in good agreement with our results. Ref. [93] finds n ∼ 1.6 for PMMA and ∼ 1.63 for PC.

Ref. [90] finds for PMMA, n ∼ 1.6.

Figure 4.4: Typical measured THz signals for PC plastic sheets of various thicknesses.
Insets show the THz pulse, reflected off the back plastic/air interface, on the expanded
scale.

We now turn our attention to pulsed THz tomography to measure the thickness d of

the PMMA and PC sheets. Typical reflected THz signals for PC and PMMA sheets with

various d are shown in Fig. 4.4 and Fig. 4.5. We observe that the reflected signal contains

two echoes, the first from the air/top plastic interface, the second from the bottom plas-
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Figure 4.5: Typical measured THz signals for PMMA plastic sheets of various thicknesses.
Insets show the THz pulse, reflected off the back plastic/air interface, on the expanded
scale.

tic/air interface. The second echo, compared with the first one, has an opposite sign due to

the reflection from a high- to low-index medium (Multiple reflections are very weak and

occur at larger time delays). Apart from any scatterings that happened at the air/top plastic

interface, the amplitude of the first echo with respect to Er(t) is determined by the rele-

vant Fresnel coefficient, whereas the amplitude of the second peak is additionally affected

by dispersion, the attenuation coefficient, and the Fresnel coefficient of the plastic/air in-

terface. The plastic-sheet thickness d is calculated as the product of the refractive index

and the difference in optical delay between two echoes. Of course, dispersion complicates

the precise determination of the time delay for the second echo. Below, we discuss the

mechanism of dispersion during the propagation.

Though dispersion in the frequency range of interest has been found weak by a num-

ber of investigators, the influence of dispersion becomes important when the samples are

sufficiently thick, as in our study. The tendency for the dispersive term to be an overall

negative for these plastics is not universally observed. Ref. [87] appears to show weak

positive dispersion for PC and a range of other plastics. Negative dispersion at somewhat
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higher frequencies is seen in Ref. [90] for PMMA and PC. A range of plastics (not includ-

ing PMMA or PC) show weak negative dispersion in Ref. [94]. Though Ref. [95] finds

positive and negative dispersion for various common plastics (again not including PMMA

or PC), PMMA and various other plastics are found to have a negative dispersion in Ref.

[93]. Ref. [96] shows considerable scatter in their frequency-dependent refractive index

data and we, therefore, deem it not reliable to ascertain the sign of the dispersion. The lack

of detailed agreement between the results of various authors may also have to do with the

rather generic nature of the terms PC and PMMA. The materials investigated in the studies

may have been fabricated by different methods, with different chemical compositions, and

with different surface treatments, any or all of which may lead to different optical constants.

In light of the various results reported in the literature, we comment on the approach

above and then present a test of the obtained results. The frequency-dependent refractive

index n(ν) was found above directly from the transfer function. The approach is both

conceptually and experimentally straightforward and involves relatively little in the line

of sophisticated interpretation. Still, we confirm the dispersive effects we found in the

frequency domain by analyzing the temporal pulse shape upon propagation through the

plastic in reflection. As we see, this provides a confirmation of the values for |n1| given

above, but not the sign of the dispersive term.

We now describe a simple time-domain model accounting for the effects of dispersion

to the lowest order. Instead of the actual temporal shape of Er(t), we assume a broadband

temporal Gaussian reference THz pulse,

Er(t, 0) = e−πν0
2t2 (4.6)

where ν0 is a measure of its bandwidth. Note that this model pulse’s bandwidth is centered

at ν = 0, whereas the pulse spectrum of the reference signal in Fig. 4.1 lacks spectral con-

tent below ∼ 100 GHz. We expect that pulse spreading will not depend too critically on
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the pulse shape so long as it covers the relevant spectral bandwidth. After Fourier transfor-

mation, the electric field of the THz pulse in the frequency domain, after propagating over

a distance d, can be expressed as

As(ν, d) = As(ν, 0)e−α(ν)d/2e−in(ν)k(ν)z (4.7)

The absorption coefficient α(ν) originates in the real part of the exponent that only controls

the amplitude of the reflected signal. We include only the lowest-order dispersion term

(second-order) in n(ν), i.e. n(ν) = n0 + n1ν. In addition, for the application of this pulse-

propagation model, we neglect the dispersion in the absorption coefficient within the pulse

bandwidth. After taking the inverse Fourier transform, the THz pulse in the time domain is

As(t, d) =

∫ ∞
−∞

dνAs(ν; z)e2πνt

= e−
αd
2

∫ ∞
−∞

dνAs(ν, 0)e−2πin1ν2d/ce2πiνt̃

(4.8)

where t̃ = t− n0d/c includes the propagation delay. Thus,

As(t, d) = ν−1e−αd/2
∫ ∞
−∞

dνe−piν
2/ν02e−2πin1ν2d/ce2πiνt̃

= ν0
−1e−αd/2

√
π

p
e−p

(4.9)

with p = π(ν0
−2 + 2in1d/c)

From Eq. (4.9), the temporal pulse width is determined by

ν−1
0 [1− (

2n1dν
2
0

c
)2]−1/2 ≈ ν−1

0 [1 + (
2n1dν

2
0

c
)2] (4.10)

with respect to the incident pulse amplitude, the amplitude of the pulse is attenuated as

[1− (
n1dν

2
0

c
)2]e−αd ≈ e−αd (4.11)
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here, α is a representative value of the absorption coefficient within the pulse bandwidth.

This gives us a rough way to find the dispersion |n1|, based on the temporal shape of the

THz pulse following propagation through the plastic sheet. For PC we find |n1| = 0.0093,

and for PMMA |n1| = 0.0086, respectively. Note that the modification to the pulse shape for

the Gaussian depends only on n1
2; therefore, we can only determine |n1| by these means.

Nevertheless, the model result is in surprisingly good agreement with the rigorous value

obtained in the frequency domain, as shown in Fig. 4.6. Due to the THz pulse shape, the

spectral density at low frequency is greater than at high frequency, and the power falls off

to the noise floor. This enables us to estimate the noise floor from the measured signal the

THz beam path has blocked. The second echo for PC and PMMA is reduced in amplitude

Figure 4.6: Plastic-sheet thickness-dependence of width of the first pulse and the second
pulse for (a) PC and (b) PMMA.

with increased d, as shown in Fig. 4.7, both due to attenuation and pulse spreading caused

by dispersion [97]. These effects can be distinguished because dispersion also causes the

pulse to spread and to become reduced in peak height. Based on the Cauchy formula [98],

the width of the reflected signal displays an excellent fit to the model A + Bd2. We find,

for PC, A = 0.706, B = 0.0053, and for PMMA, A = 0.721, B = 0.0078, enabling us to

estimate n1 as 0.009 for PC and 0.008 for PMMA. These values for n1 agree well with

the slope of the frequency-dependent refractive index obtained from the frequency-domain
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Figure 4.7: Amplitude of the second echo in the reflected THz signal for all (a) PC and (b)
PMMA sheets.

analysis of the transmission data. Note as we did in the section, however, that this mode

does not determine the sign of n1.

4.1.2 Thickness estimation

Figure 4.8: The Hanning window function with typical values, t0 = 9.57 ps and νc = 3.5
THz and with inverse Fourier transform in the inset.

Characterization of n(ν), beyond its intrinsic interest, is of importance in using pulsed

THz tomography to measure the thickness of thick samples where the reflection from the

back interface may be very weak. But, before we see how this information can be applied
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to this problem, we employ FWDD for thickness determination to provide a benchmark.

FWDD can assist in suppressing the effects of high- and low-frequency noises and to better

distinguish weak features (i.e. echoes) in the reflected signal. In this study, Hanning filters

are selected, serving as the frequency-domain filters, with transfer function F (ν) given by

F (ν) =


ei2πνt0 cos2( πν

2νc
) |ν| ≤ νc

0 |ν| > νc

(4.12)

where t0 corresponds to the arrival time of the main peak in the time-domain and νc is the

cutoff frequency. The transfer function for the filter is manipulated by optimizing the cutoff

frequency νc. The spectrum of the Hanning window function applied in this work is shown

in Fig. 4.8. In the wavelet denoising procedure, symlet (sym4) wavelets are selected with

level 8 for the wavelet decomposition. More details can be found in Ref. [26]. The recon-

structed impulse response function for PC and PMMA samples is shown in Fig. 4.9 and

Fig. 4.10. Due to the elimination of anomalous spikes in low- and high-frequency regions,

the frequency components within the band [0 THz, 3.5 THz] are retained. Consequently,

the SNR of the reconstructed signal is significantly improved, and two pulses correspond-

ing to the air/plastic and plastic/air interfaces can be detected clearly for both plastic sheets.

While focusing attention on the second pulse of reflected THz signals for various PC and

PMMA sheets, broadening of this second reflection from the back interface is evident due

to the collective effect of narrowing the bandwidth with the frequency-domain filter as well

as the dispersion effect, together with the low SNR of second echo resulting from obvious

fluctuations corresponding to the low-frequency residual noises, making it increasingly dif-

ficult to precisely identify the time delay of the second echo as sample thickness increases.

FWDD, which decomposes the received signal Es(t) into wavelets that match the fea-

tures of the received signal best, is not easily adapted to account for dispersion because of

the complexity of employing the dispersion model into wavelets. Instead, we consider the
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Figure 4.9: FWDD results for the reconstructed impulse response function h(t) for all PC
samples.

Figure 4.10: FWDD results for the reconstructed impulse response function h(t) for all
PMMA samples.

cross-correlation (CC) between the detected reflected signal Es(t) and the reference pulse

Er(t) suitably modified to account for dispersion. In essence, CC quantifies the degree of

linear similarity between the reference and the reflected signal at various time delays [99].

Pulses in h(t) recovered from FWDD are much wider than the ideal impulses because of
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the dispersion as well as the narrowness of the bandwidth by frequency-domain filtering,

and consequently limits the depth resolution of FWDD. CC, however, provides an intu-

itively simple way to account for dispersion. It only determines the time delay between the

reference and reflected signals. After calculating the CC between two signals, the maxi-

mum (or the minimum if the signals are negatively correlated) of the CC function indicates

the point in time where the signals are best aligned; Furthermore, these techniques are also

powerful for conditions with low SNR where the reflected signal is weak. The CC between

the reflected signal Es(t) and the reference signal Er(t) can be expressed as

ω(t) = Es(t)⊗ Er(t) ,
∫ ∞
−∞

E∗s (τ)Er(t+ τ)dτ (4.13)

In practice, we should consider the discrete form of Eq. (4.13), which is

ω[n] =
N∑
m=1

Es[m]Er[m+ n] (4.14)

where N the number of data points [100, 101].

In order to enhance the depth resolution, balancing the efficiency and complexity, a lin-

ear time-invariant (LTI) system was designed [102] to simulate the effect of pulse-spreading

[28]. The temporal spreading was assumed caused by the propagating THz pulse travelling

a distance ∆z in an attenuative/dispersive medium. Hence, the reference THz pulse h∆z(t)

can be expressed as

h∆z(t) = ρ∆z(t)⊗ h0(t) (4.15)

where h0(t) is the THz signal at ∆z = 0, corresponding to the reference THz signal, and

ρ∆z(t) is the impulse response function of plastic samples.

A quasi-Dirac function was used to simulate the impulse-response function is ρ∆z(t),

which is of the form

ρ∆z[n] =


a n = 0

1− 2a n = 1

a n = 2

0 otherwise

(4.16)
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Figure 4.11: Comparison between simulated and measured width of pulse reflected off
back plastic/air interface for (a) PC and (b) PMMA samples.

where the parameter a determines the degree of pulse-spreading, and its range should be

0 < a < 1/2. Note that when a = 0, ρ∆z[n] = δ[n − 1], indicating that it only displays

a simple time delay of one sampling period without pulse-spreading. The criterion for

the fitting parameter a is based on the mean square error (MSE) between the width of the

convolved signal ρ∆z(t)⊗ h0(t) and the width of the raw measured signal at 2, 4, 6, 8, 10,

and 12 mm. The comparison between the simulated and the measured width of the second

pulse for PC and PMMA samples is shown in Fig. 4.11. The optimal value for parameter a

in this model for PC is determined to be 0.23 and, for PMMA, it is 0.28. For thicker samples

(d > 10 mm), the error between the simulated width and the measured width increases,

which attributes to the low SNR in that region. The CC results for PC and PMMA with and

without accounting for dispersion, are shown in Fig. 4.12 and 4.13. The comparison of the

amplitude of the second pulse of the reflected THz signal between the FWDD result and

the CC result, with and without accounting for dispersion is shown in Fig. 4.14. For both

PC and PMMA, the amplitude of the CC peak of the reflected pulse from the back surface

is enhanced significantly when dispersion is included as opposed to when dispersion is

neglected, indicating that pulse spreading is a significant factor that degrades the ability to

identify weak reflected pulses in thicker samples. Moreover, pulse spreading will also limit
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the accuracy of thickness determinations in thicker samples employing analysis techniques

that do not account for dispersion.

Figure 4.12: CC results for all PC samples accounting for (black) and neglecting (red)
dispersion.

Figure 4.13: CC results for all PMMA samples accounting for (black) and neglecting (red)
dispersion.

While FWDD was successful in identifying the echo from the back plastic/air interface
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Figure 4.14: Comparison between the peak amplitude associated with the echo from the
bottom plastic/air interface for PC (a)-(c) and PMMA (d)-(e).

of all studied sheets, it is clear that this approach is near its limit for the 12 mm sheets

shown in Figs. 4.9 (f) and 4.10 (f); CC will thus enable sheet thickness determination for

somewhat larger values of d than were available for study here. We can quantify this by

extrapolating our results. The extracted FWDD and CC peak values from Fig. 4.12 and

Fig. 4.13 are fit to exponentials (since the falloff is dominated by absorption). The noise

floor is determined by the mean and standard deviation of the system noise and is indicated

in the panels in Fig. 4.14. When the amplitude of the second echo (obtained by FWDD

or CC with or without dispersion) descends to the noise floor, the signal reflected from

the sample can no longer not be distinguished from system noise. The extrapolated value

of d, where the peak amplitude is equal to the noise floor, defines the thickest sample for

which a given analysis technique can be used to detect the echo from the bottom plastic/air

interface.

In Fig 4.14 (a), (b) and (d), (e), we see that FWDD and CC without dispersion are

limited to measuring PC and PMMA slabs with d ∼ 17 mm. Accounting for dispersion,

however, CC enables us to measure samples up to d ∼ 36 mm. This is a factor of ∼ 2
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improvement in layer thicknesses that can be measured by pulsed THz tomography.

In conclusion, we have measured the frequency-dependent refractive index and the at-

tenuation constant of PC and PMMA. The refractive indices are n(ν) = 1.67 - 0.0096ν for

PC and n(ν) = 1.61 - 0.0085ν for PMMA, where ν is measured in THz; the absorption coef-

ficient α(ν) = 0.564 + 9.075ν1.669 in units of cm−1 for PC and α(ν) = 0.0406 + 13.66ν1.776

for PMMA, where ν is measured in THz. These values are in reasonable agreement with

those in the literature, though there is no universal agreement on the sign of dispersion.

We then turned our attention to using THz TOF tomography to measure the thickness of

PC and PMMA plastic sheets within sample thickness d in the range of 2–12 mm. Due to

dispersion, which broadens the width of the THz reflection from the back interface of the

sample, the depth resolution for FWDD is significantly degraded. We find that for thicker

samples (here d & 8 mm), the second echo arising from the back plastic/air interface is

significantly broadened and reduced in amplitude, leading to this feature becoming hidden

in the noise. We show by straightforward extrapolation that näive analysis techniques that

neglect the effects of dispersion (here FWDD and direct CC without dispersion) are lim-

ited to measuring layer thicknesses in these materials of less than ∼ 17 mm. Accounting

for dispersion, however, results in a factor-of-two improvement, allowing us to measure

samples as thick as ∼ 36 mm.

While our experimental study was limited to PMMA and PC sheets of maximum thick-

ness of 12 mm, our work shows that CC will enable THz TOF tomography to measure

thicknesses of a variety of plastics to values of d in the few-cm range using commercial

THz systems.

4.2 Terahertz nondestructive stratigraphic analysis of complex layered structures

Although the aforementioned CC-based method used in [103] succeeds in characterizing

thick PC and PMMA plastic sheets, there are still some points that deserve to be men-

tioned: 1). Due to the dispersion as well as attenuation as a THz signal propagates through
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the material, echoes following the main pulse associated with the front air/plastic inter-

face are reduced in amplitude and may have a low SNR for thick objects; therefore, errors

may be introduced when estimating the pulse amplitude as well as the width; 2). In order to

overcome the effect of noise, the calibration set must be large enough to upgrade the predic-

tion accuracy of the quasi-Dirac δ-function model utilized to simulate dispersion; 3). The

dispersion model and CC-based approach fail when echoes overlap partially or entirely;

4). Even though the CC-based approach is a robust tool that is less sensitive to background

fluctuations, the obtained results are not suitable for direct post-signal-processing due to the

residual noise, in particular when the SNR of the reflected THz signal is not high enough.

Even though SD based on iterative shrinkage algorithm (SD/IST) has been widely and

straightforwardly implemented, many iterations are generally required to achieve high ac-

curacy results, leading to large computation costs of the SD/IST algorithm, especially when

addressing signals comprised of a large number of data points. A more detailed discussion

can be found in Refs. [104, 105].

Several refined approaches have been proposed to accelerate the IST algorithm, such

as the fast IST algorithm (FISTA) [104], the two-step IST algorithm (TwIST) [106], and

the split augmented Lagrangian shrinkage algorithm (SALSA) [106]. In this project, an

interior-point method, one type of second-order SD approach, is employed to sparsely re-

construct the impulse response function of specimens that contain both optically thick and

thin layers. Compared with the IST algorithm, super-linear convergence can be guaranteed

and fewer iterations are demanded to achieve convergence, even though the computational

cost of each iteration is significant. Therefore, higher accuracy of the signal reconstruc-

tion can be achieved in some cases. Moreover, several approaches have been proposed to

accelerate the preconditioned conjugate-gradient (PCG) process, such as rank-one approx-

imation of the matrix multiplication I>I [107]. Balancing the complexity and performance,

an approximation of the Hessian matrix (which contains the matrix multiplication of I>I)

by its diagonal elements is employed in this work; a presentation of the technique can be
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Figure 4.15: The assumed impulse response function h0(t) (red) and the simulated reflected
THz signal r(t) (black). The inset shows an experimentally measured reference pulse i(t)
produced by our apparatus. Also shown is a schematic cross-section of the simulated three-
layered sample. Layers I and III (green) are Teflon of thicknesses of 30 µm and 60 µm,
respectively, while layer II (blue) is silica with a thickness of ∼ 2230 µm. A thin air layer
exists around the central region of layer II.

found in Ref. [108].

4.2.1 Numerical simulation

As mentioned above, we will show the effectiveness of SD for the characterization of a

complex structure that contains both thick and thin layers. These two requirements place

what appear to be conflicting demands on approaches employed in the literature to analyze

THz TOFT data. To bring out key issues, numerical simulations based on synthetic data

(see the schematic cross-section in Fig. 1.2) are performed first to show the problems

presented by typical approaches, such as the FWDD algorithm and the CC-based approach,

and then to verify the potential advantages of SD for structural characterization on complex

layered structures.

Considering the THz TOFT experiment as a linear time-invariant system, the reflected

signal r(t) is thus the convolution of the known THz pulse i(t) (reference signal) [we

use a typical experimentally measured reference signal, see the inset in Fig. 4.15] and

the impulse-response function h(t). An ideal impulse response function h0(t) of a simple
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three-layer structure, represented in Fig. 4.15, is assumed:

h0[n] =



0.3 t = 11.6

0.2 n = 11.89

−0.02 n = 34.8

−0.1 n = 40.89

−0.05 n = 41.47

0 otherwise

(4.17)

where the unit of t is picoseconds; time-domain signals are discretized with the sampling

period Ts = 0.0116 ps utilized later in experiments (t = nTs with n the discrete index).

Nonzero values at a given time are related to the Fresnel coefficient from a given interface

and determine the amplitude of the respective echoes. The time intervals (optical delays)

between the 1st echo and 2nd echo, 2nd echo and 4th echo, and 4th echo and 5th echo are

0.29 ps, 29 ps, and 0.58 ps, respectively, corresponding to the thickness of the layer I, II, and

III. Assuming that the first and third layers are Teflon and the second layer is amorphous

silica, based on the corresponding averaged refractive index of Teflon and silica within the

THz frequency regime, which are 1.45 [9] and 1.95 [109], respectively, the thicknesses

of layers I, II, and III are 30 µm, 2230 µm, and 60 µm. In addition, a thin air layer is

also presented in layer II at a time delay t = 34.8 ps. The discussion above holds in the

absence of noise. In order to simulate the reflected signal r(t) obtained in the actual noisy

environment, additive Gaussian white noise with SNR 10 dB is included in the reflected

signal r(t) as shown in Fig. 4.15.

We expect five peaks (two positive peaks and three negative peaks) in r(t). On account

of the optical thin thicknesses of layers I and III, the echoes reflected from the front and

back of these two layers overlap almost entirely. One could erroneously conclude that

the sample consists solely of a single layer. Furthermore, the amplitude of the reflected

echo from the small air gap is comparable to the noise background and is difficult to be

distinguished directly in the raw reflected signal r(t). Further signal processing is thus

necessary to obtain the thickness information of layers I, II, and III, as well as to resolve

the reflected echo from the small air layer drowned in noise.
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Figure 4.16: Comparison between the raw reflected signal r(t) (black) and the correspond-
ing deconvolved signal by FWDD (red) based on the synthetic data. Results are obtained
with simulated data for the assumed impulse response function h0(t) of Eq. (3.3). Layer
III is resolved successfully, while layer I and the air layer locations fail to be identified.

Our first attempt is solely to apply a frequency-domain windowing filter, the conven-

tional and simplest approach to denoise experimental signals. The frequency-domain fil-

ters must be used with caution, as meaningful information can be discarded along with the

noise. In order to guarantee a satisfactory SNR of the deconvolved signal, the preferred

approach is a time-localized filtering approach cascaded with mild filtering of the type

above. Here we use wavelet denoising due to the high similarity between the wavelet basis

functions and the typical THz signal [54]. How to select the optimal wavelet base func-

tion and evaluate the decomposition level is discussed in detail in Refs. [55, 56]. For this

work, balancing the denoising performance of FWDD with the SNR of the simulated re-

flected signal r(t), Wiener filtering with noise desensitizing factor 0.2 max(|I(ν)|2), where

I(ν) is the Fourier transform of the reference signal i(t), is selected and the sym4 wavelet

function with decomposition level 10 is set for wavelet decomposition. We note that the

performance of the Wiener filter is largely determined by the selection of the noise desen-

sitizing factor. Owing to the relatively low amplitude of the reflected signal from the thin

air layer within layer II, a larger noise desensitizing factor will lead to the elimination of

the subtle features in the reflected signal r(t).

71



Figure 4.17: Comparison between the raw reflected signal r(t) (black) and the correspond-
ing deconvolved result by CC (red) based on synthetic data. The arrow indicates the echo
from the airgap at t = 34.67 ps. Results are obtained with simulated data for the assumed
impulse response function h0(t) of Eq. (4.17).

The FWDD deconvolved signal for the synthetic reflected signal r(t) is displayed in

Fig. 4.16. Compared with the raw reflected signal r(t) (black), the SNR of the deconvolved

signal is significantly enhanced. Owing to the presence of residual noise even after FWDD

as well as the relatively low amplitude of the signal, the echo corresponding to the thin

air layer is difficult to be identified clearly in the deconvolved result. Importantly, the thin

layer III is resolved successfully, while layer I fails to be resolved. Owing to the narrow

effective bandwidth of the impulse response function h(t), the axial resolution of FWDD is

moderate. According to the numerical simulation presented in Ref. [26], the minimum time

delay reconstructed by FWDD for our setup is∼ 0.35 ps when SNR = 10 dB, corresponding

to a thickness for layers I and III of ∼ 36 µm, which is larger than the assumed optical

thicknesses for layers I and III in h0(t). Moreover, the appearance of extraneous peaks

as well as the pulse broadening in the impulse response function recovered by FWDD,

resulting from the application of the low-pass filter, are also observed in the deconvolved

result and might deteriorate the resolution in turn [29].

Because we have succeeded in identifying weak echoes from a noisy background using

CC in Ref.[103], we attempt that approach next. Unlike FWDD which improves SNR
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Figure 4.18: Comparison between the raw reflected signal r(t) (black) and the correspond-
ing deconvolved result by SD (red) based on synthetic data. All interfaces are observed
successfully in the deconvolved result. The blue arrow indicates the position of the echo
from the airgap in layer II, which is identified in the SD reconstruction.

mainly by narrowing the bandwidth of the impulse response function h(t), CC enhances

SNR by reducing the noise’s spectral bandwidth to that of the reference signal. Superior

to FWDD, because of the absence of signal truncation, there is no risk of losing valuable

information when applying CC. Therefore, in some cases, the results of CC may be more

reliable than FWDD, in particular in the absence of prior knowledge of the structure and

low SNR in the reflected signal r(t). Figure 4.17 presents the comparison between r(t) and

h(t) deconvolved by CC. The ability of CC to identify real echoes is higher than FWDD.

The echo reflected from the thin air layer, as indicated by the blue arrow, is easily identified

even with a small amplitude, validating the superior capability of CC to pick out weak

echoes in a low-SNR environment. Because CC is less sensitive to SNR, theoretically, it

can even detect signals buried below the noise floor as opposed to FWDD. However, based

on the nature of CC that extracts a known signal from a reflected signal contaminated by

noise, it is not designed to separate overlapped echoes associated with optically thin layers.

As a result, the echoes reflected from layers I and III cannot be distinguished. Due to these

disadvantages, CC is not suitable for samples containing thin layers.

Having considered difficulties encountered in implementing FWDD and CC, we now
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Table 4.2: Thickness comparison of layers I–III between SD results and nominal value.
Layer I Layer II Layer III

Nominal thickness (µm) 30 ∼2230 60
SD result (µm) ∼33 ∼2224 ∼58

employ sparse deconvolution (SD). In contrast to CC and FWDD, SD looks for a series

of nonzero spikes (corresponding to echoes or reflections from material interfaces) in the

reconstructed impulse-response function h(t). That is, h(t) is assumed to be sparse in the

time domain, i.e., almost everywhere zero. The approach proves convenient for subse-

quential signal processing, such as peak detection, as discussed in Refs. [28, 58]. SD can

provide axial super-resolution while also performing well on thick layers, and is thus more

suitable to investigate samples including thin layers or even in the absence of other infor-

mation on the layer structure. Figure 4.18 is the reconstructed signal based on SD. Four

nonzero peaks (two positive peaks and two negative peaks) associated with the interfaces

of layers I, II, and III, and one weak peak reflected from the thin air layer hidden in layer

II, are found in the SD reconstructed impulse response function h(t), confirming the higher

resolution compared to FWDD and CC. The thicknesses of layers I, II, and III are also

calculated based on the corresponding optical distances ∆t and are listed in Table 4.2. The

minimum thickness that can be resolved by SD, based on our numerical simulation, is ∼

0.174 ps with an SNR of 10 dB, corresponding to a Teflon layer with a thickness of 18 µm.

Of note, the SD/IST algorithm, another type of SD our group has previously employed

[58], has also been tested. Even though similar results are obtained, it involves a larger

computational cost to achieve convergence and may not be well-suited for applications in

which computational efficiency is required.

4.2.2 Experimental verification

In the above numerical demonstration based on synthetic data, SD exhibited better per-

formance in addressing a sample having both thick and thin layers. Actual multi-layered

structures are designed to evaluate the performance of SD experimentally. The experi-
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Figure 4.19: Schematic diagram of experimentally measured samples, composed of two
paper layers, two air gaps, and one thick PMMA plastic sheet in between. The paper is a
standard copy paper and the airgaps are produced by a suitable spacer layer.

mental data are then analyzed based on FWDD, CC, and SD. A schematic diagram of the

sample is shown in Fig. 4.19. It is a five-layer structure with a layer of standard copy

paper on each side of a thick PMMA plastic sheet. Airgaps are introduced intentionally

between standard copy paper and the PMMA with a spacer. The paper thickness is ∼ 90

µm measured with a high-resolution calliper. The thickness of the airgap is roughly 150

µm. Six solid PMMA plastic sheets of various thicknesses d = 2, 4, 6, 8, 10, and 12 mm

are utilized. Relevant physical properties of the PMMA sheets can be found in Ref. [57].

In order to prevent scattering in nonspecular directions, the top and bottom surfaces of the

PMMA are diamond polished and shaped after fabrication.

THz transmission measurements were employed first to characterize the optical con-

stants of PMMA. Based on curve fitting of n(ν) for a 2-mm-thick PMMA sheet, shown

in Fig. 4.20 (a), we find a roughly linear relationship for n(ν) between 0.06 and 2 THz,

viz. ∂n/∂ν = -0.0096 THz−1, for convenience, we quote values based on n(ν) with ν in

THz. Figure 4.20 (b) displays the deviation between the actual n(ν) and the fitting; a good

fit between the measured n(ν) and the modeled n(ν), is found. Similar results are also

found for PMMA sheets of other thicknesses and are not presented here. The observation

of negative dispersion at low frequency and the corresponding refractive index of PMMA
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Figure 4.20: (a). Comparison between 1.621 – 0.0096 ν with n measured in THz and the
frequency-dependent refractive indices n(ν) for PMMA. (b). the frequency-independent of
refractive indices n(ν) for copy paper.

are in good agreement with Ref. [93]. It should also be mentioned that there is consider-

able scatter in published optical constants which may be due to the various spectroscopic

techniques employed, differences in materials, or differences in experimental conditions.

Our results, however, lie within the range of published values. Figure 4.20 (c) presents the

n(ν) of copy paper between 0.06 and 2 THz. A relatively frequency-independent refractive

index is found (albeit the paper is rather thin) with n ∼ 1.6 at 1 THz.

After characterizing PMMA and copy paper in transmission measurements, THz TOFT

experiments were carried out next for stratigraphic characterization of these samples. It is

noted that the bandwidth of the setup (TPS Spectra 3000 from TeraView Ltd., Cambridge,

UK) extends to 3 THz, corresponding to a wavelength ∼ 100 µm; however, in practice,

accounting for the SNR of the reflected signal, the usable bandwidth in r(t) in these ex-

periments is limited to about 2 THz. Any layer thickness . 100 µm is thus considered

optically thin. A typical reflected temporal signal (normalized) from the front and back

of the sample with 6-mm PMMA is shown in Fig. 4.21. Two positive and one negative

echoes are seen in Fig. 4.21(a). The first two positive echoes correspond to the air/paper

and airgap/PMMA interfaces. The sign of the second echo is negative due to the Fresnel
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Figure 4.21: A typical reflected temporal signal from the front and back of the sample
whose thickness of the PMMA sheet is 6 mm. Notice the different vertical scales for (a)
and (b).

coefficient from a high- to low-refractive-index medium. However, when it comes to the

signal reflected from the back of the sample, the situation becomes complex owing to the

low SNR ensuing attenuation during propagation. Moreover, because of the dispersion in

PMMA [c.f. Fig. 4.20 (a)], the reflected THz signal r(t) includes echoes that not only de-

crease in amplitude but also broaden as the propagation distance increases. The reduction

in the amplitudes of echoes following long-distance propagation inevitably contributes to

the introduction of errors when seeking to locate the peak position as well as estimating the

full width at half maximum (FWHM) of the echo.

According to our experience with synthetic data (see above), we directly employed

SD to reconstruct h(t). For thick PMMA, because of dispersion and attenuation, pulse-

spreading and amplitude reduction occur in echoes associated with echoes that travel sub-

stantial distances in the sample, as shown in Fig. 4.22. The broadening, if not taken

into consideration, degrades the ability of the deconvolution techniques to reconstruct the

stratigraphy. Specifically, to achieve an accurate structural representation of the back of the

sample, it is the transmitted signal through the back PMMA/airgap interface, that is used as

77



Figure 4.22: Comparison of the raw reflected echoes from the back of the sample whose
thickness of PMMA sheet is 6 mm (black), the reference signal (blue), and the signal
propagated through the back PMMA/airgap interface extrapolated based on the dispersion
model (red).

the reference signal when investigating the echo reflected from the back of the sample. This

signal is estimated using the dispersive propagation model presented in Ref. [110]. This

model is different from the quasi-Dirac δ-function dispersion model we used in previous

work [103], and it does not involve a cumbersome parameter tuning process. All relevant

parameters are obtained from the transmission measurement. It is thus simpler and more

straightforward to implement. A high similarity between the extrapolated signal account-

ing for dispersion and the raw reflected signal at the back PMMA/air gap interface is found

and shown in Fig. 4.22.

A deconvolved h(t) only with several nonzero points to represent the structural features,

is presented clearly in Fig. 4.23 (a) and (b), and six sharp peaks, corresponding to echoes

1 through 6, are clearly observed. The thickness of the paper and airgap on both sides of

the sample, as well as that of the thick PMMA plastic itself, can be estimated based on

SD. The determined thicknesses are 87 µm, 167 µm, and 5.92 mm, respectively, showing

excellent agreement with the independently measured values. It is also worth mentioning

that dispersion is a crucial factor that cannot be ignored when analyzing the reflected signals

from coatings on the back of the thick PMMA; if dispersion were neglected in the analysis,

the broadened peak would be treated as the sum of several erroneous peaks by the algorithm
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Figure 4.23: The comparison between the deconvolved results by SD (red) and the raw
reflected signal (black) from the front of sample (a), and the back of sample (b). The
thickness of the PMMA sheet is 6 mm.

of sparse deconvolution. Moreover, we find that when the thickness of PMMA is larger than

8 mm, the 6th echo fails to be distinguished entirely.

Figure 4.24: Comparison between the deconvolved result for the signal reflected from the
front of the sample by (a) FWDD and (c) CC. Comparison between the deconvolved result
for the signal reflected from the back of the sample by (b) FWDD and (d) CC. The thickness
of the PMMA sheet is 6 mm.

The performance of FWDD and CC is also tested and the corresponding deconvolved

results are presented in Fig. 4.24. Figures 4.24 (a) and (b) represent the reflected signals

from the front and back of the PMMA sample when FWDD is employed. We observe
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some level of improvement in the SNR. In the case of the back reflections [Fig. 4.24 (b)],

however, the interpretation is arduous as the amplitudes of the post-processed echoes are

comparable to the noise floor and, further, side-peak oscillations are present. The decon-

volved signal by FWDD is thus insufficient to provide a reliable reconstruction. Figures

4.24 (c)-(d) show the signals reflected from the front and back of the PMMA sample when

CC is employed. Pulse spreading is taken into consideration to overcome the severe wave-

form distortion of echoes from the back of the sample. It is clear that the SNR of the

reconstructed signal is greater than that yielded by FWDD and interface positions on the

backside of the sample can be more easily identified. Interpretation is still not as clear

as with the quasi-ideal impulse response provided by the SD technique; in particular, the

width of the deconvolved echoes leads to estimation uncertainty and additional oscillations

observed in the signal could be wrongly interpreted as interfaces. Even though CC per-

forms well for thick samples on the ground that CC maximizes SNR when an identical

waveform (echo) is immersed in noise, CC performs poorly and is unreliable when thin

layers are also involved.

The axial resolution of the SD algorithm also merits quantitative study. Considering

the maximum dynamic range > 50 dB of the reference THz signal h(t), generated by the

experimental apparatus, we observe, through simulation, that the maximum thickness d of

the PMMA plastic sheet that can be resolved by SD is ∼ 17 mm, which is lower than the

value for CC (∼ 36 mm [103]). Even though the maximum resolvable thickness is lower

than for CC, SD provides a clearer and more accurate assessment of the complex structure

of samples with intermediate thickness and thin layers since CC fails to identify the thin

layers. We last note that multiple reflections are quite weak and have been ignored, even

though, for our axially symmetric structure, there are features arising from single echoes

from the back surface and multiple echoes from the structure on the front surface that

coincide with single echoes from the back surface. As the multiple echoes are quite weak,

they do not significantly affect the analysis.

80



In conclusion, SD-based on an interior-point method in conjunction with a propaga-

tion model accounting for dispersion is demonstrated to be successful in reconstructing the

stratigraphy of a complex sample incorporating both optically thick and thin layers. The

use of an interior-point method with the PCG algorithm significantly decreases the com-

putational cost of the SD technique compared to the standard iterative soft-thresholding

algorithm. The dispersion model is used to take into account the significant attenuation

and distortion endured by the THz signal in a thick sample. The proposed technique is

compared to two other post-processing techniques, namely, FWDD and CC. FWDD faces

severe limitations as it is ill-suited to resolve thick samples [29] and can also fail to identify

optically thin layers. CC has the advantage of performing well for thicker samples than SD

but is shown to fail to resolve additional thin layers in thick samples. We demonstrate that

the inclusion of a dispersion model in the SD procedure increases the maximum sample

thickness than can be resolved while maintaining a significantly better axial resolution than

FWDD and CC. As illustrated by the experimental results, SD may be the preferred op-

tion for stratigraphic reconstruction of moderately thick samples with complex structures.

For example, such an approach will be of value to characterize coatings on electrically

insulating materials when there are constraints requiring access from the backside.

4.3 Terahertz imaging for paper handling of legacy documents

Despite predictions of the paperless office, global demand for printing and writing paper

remains strong, and the paper appears to be here to stay for some time. Not only firms, but

also governments, libraries, and archives are in possession of large collections of legacy

documents that still must be sorted and scanned. Our interest here is to explore the poten-

tial of THz techniques for various paper-handling tasks. To provide context, though this

is not the sole application, in an automated sheet feeder for large-volume scanning, it is

useful beforehand to have a sheet count and determine whether any sheets in a feeder stack

may be stapled to prevent feeder failure. In this paper, therefore, we focus on obtaining
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page count s and locating foreign objects (e.g., staples) in multipage legacy documents,

which are prerequisites for subsequent paper-handling tasks, such as scanning. After ob-

taining the dielectric properties of paper stacks for ν ∈ [0.2 THz, 2 THz] in transmission

measurements, the internal structure of paper stacks is presented based on the THz TOFT.

The page count and staple location within paper stacks are determined from THz reflection

data. Finally, the exact position of stapled sheets buried in a paper stack is determined by

THz TOFT.

THz transmission and reflection experiments were conducted using a commercial THz

time-domain spectrometer (TPS Spectra 3000 from TeraView Ltd., Cambridge, UK) in a

laboratory at a temperature of 22 ◦C with humidity < 48%. The effective bandwidth of

the apparatus is ν ∈ [60 GHz, 3 THz]; however, to avoid the low signal-to-noise ratio

(SNR) at the extreme ends of the band after interaction with the paper stacks, only ν ∈

[0.2 THz, 3 THz] is used for analysis. Because of the confounding effects of water vapor,

the propagation path was purged with dryN2 prior to the transmission measurements. Each

recorded signal was averaged 1800 times to achieve high SNR. Balancing the noise level

with the spectral resolution, the Black-Harris 3-term apodization method was also utilized

to smoothen the spectrum and suppress spectral artifacts [111]. For the TOFT measure-

ments (in reflection), the sample is moved in discrete spatial steps of 200 µm in the x− and

y− directions by a set of motorized stages. Dry N2 was also utilized prior to each reflec-

tion measurement to remove moisture proximate to the THz emitter and receiver. Before

imaging the paper stack, a THz reference signal was recorded by setting a metal plate at

the sample position. The result, then, is a three-dimensional dataset with the two transverse

directions as two dimensions and the time delay of the measured THz signal as the third

dimension.

The paper studied here is standard A4 copy paper manufactured by LECTA (Paperbox

brand multifunction white laser-printer and photocopy paper), and the relevant physical

properties of the copy paper are shown in Table 4.3. All paper investigated was stored
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Figure 4.25: Paper stack held in custom-build jig based on binder clips (Home Depot,
medium, multicolor). Size of paper sheets is ∼8 cm × 5 cm.

Table 4.3: The physical characteristics of the copy paper studied.
Properties Value Tolerance
Weight 80 g/m2 ±4%
Thickness 102 µm ±4%
Opacity 87 % ±4%
Relative humidity 40 % ±5%

under the temperature and humidity conditions of the laboratory for which the moisture

content of the paper is approximately 7.5% [112]. While individual sheets of paper may

have slightly different water content and may otherwise differ, as we shall see below, in THz

TOFT experiments, we are still able to identify the various sheets of paper within a stack.

We specifically studied unconsolidated paper stacks (s ∈ [1, 155]), i.e., the paper sheets

were not compressed together except at the ends away from the scanning area. Therefore,

the paper stacks were comprised of copy paper with naturally occurring air gaps between

the sheets, presenting a stratified medium. Stacks of paper were cut down to 8 cm × 5 cm

rectangles from full A4 sheets (21 cm × 29.7 cm) before being stacked. The ends of the

paper stacks were held in a custom-built jig based on binder clips, but the regions of the

stacks imaged were not compressed, as shown in Figure 4.25.

4.3.1 Terahertz dielectric properties

We begin by characterizing the dielectric properties of paper stacks in transmission exper-

iments. In this case, a THz pulse is propagated through the paper stack located at the focus
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of the optical system, and the effect on the various spectral components is compared with

the reference signal (i.e., the THz pulse produced by the apparatus).

Figure 4.26: (a) THz signals (electric field) transmitted through paper stacks with a various
page count s ranging from 1 to 155. Inset shows the peak amplitude as a function of s in the
paper stacks. (b) Power spectra of the corresponding transmitted signals are shown in (a).
The color bars indicate the number s of sheets in a stack corresponding to a given curve.

Figure 4.26 (a) shows transmitted signals for paper stacks with various page counts s

ranging from 1 to 155 sheets, and (b) the corresponding power spectra of these transmitted

signals. The number s of sheets in the stack is coded by the color bar to the right of each

panel. It is unsurprising that the reference signal has the highest amplitude and shortest

propagation time while both propagation delay and reduction of peak height increase with

s. Referring to Fig. 4.26 (b), the useable bandwidth decreases with increasing s as the high-

frequency portion of the spectra fall below the noise floor of the experiment, demonstrating

the loss of high frequency information as the THz waves suffer attenuation in the paper

stacks. When s & 155, the transmitted signal amplitude is comparable to the noise. The

observed attenuation is in line with that seen in Refs. [113, 114] where waveplates of 150

to 220 sheets and intervening airgaps were fabricated.

The refractive index n(ν) and attenuation coefficient α(ν) are calculated based on the

complex fast Fourier transform of pulses transmitted through the paper stack, compared

with the incident (reference) pulse. Denote the amplitude and phase of the electric field as

Es(ν), φs(ν) and Er(ν), φr(ν). One obtains [111],

α(ν) = −2/ds ln[Es(ν)/(T (ν)Er(ν))] (4.18)
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n(ν) = 1 + c[φs(ν)− φr(ν)]/(2πνds) (4.19)

where ds is the paper-stack thickness measured using callipers with an accuracy of 10

µm, and T (ν) is the transmittance associated with the air/paper stack and paper stack/air

interfaces,

T (ν) = 1− [n(ν)− 1]2/[n(ν) + 1]2. (4.20)

The paper stack, of course, also contains air gaps (unit refractive index) between adjacent

sheets, leading to a discrepancy between ds and s×d with d the single-sheet thickness (102

± 4 µm). In measuring ds, the callipers were tightened to remove excess air from the paper

stack without unduly compressing the paper. Though more accurate approaches may be

implemented, this provided consistent results as we see below. Moreover, as a multilayer

structure, coherent interference effects (due to multiple reflections) will play a role in the

reflected signal. Assuming multiple reflections can be neglected in the THz transmission,

only the paper contributes to n(ν) since the refractive index of air is 1. This assumption is

justified due to the rather modest value of n(ν) for paper (see below).

The frequency-dependent optical constants n(ν) and α(ν) are plotted in Fig. 4.27 with

(a) n(ν) and (b) α(ν) for s ∈ [1, 155]. The optical constants are meaningful for ν within

the effective dynamic range determined by s as discussed above [see Fig. 4.26 (b)]. The

dispersion dn(ν)/dν < 0 for all cases, and n(ν) decreasing from 1.59 at 0.2 THz to 1.54 at

2 THz when s = 10, as shown in Fig. 4.27 (c); dn/dν ≈ −0.02 THz−1. The values are in

good agreement with those reported in Ref. [115]. The weak dispersion in n(ν) along with

the ν - dependent α(ν) contributes to the change of pulse shape during the propagation in

the paper stack. Figure 4.27 (b) shows α(ν) for various s, and α(ν) increases from 1.7 cm−1

at 0.2 THz to 32.7 cm−1 at 2 THz for s = 10 sheets. The values of α(ν) obtained in this

work are consistent with literature values [115]. The values plotted are only meaningful for

ν less than an upper value determined when the power spectra in Fig. 4.26 (b) drops below
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Figure 4.27: (a) Refractive index n(ν) and (b) attenuation constant α(ν) of paper stacks
with s = 1 to 155. (c) n(ν) for s =10 (by way of example) and a linear fit. (d) α(ν) for s =
10 and a quadratic fit.

the noise floor. Referring the Fig. 4.27 (b), this maximum ν decreases with increasing

s and corresponds to the maximum frequency for which α(ν) is quadratic. For higher

frequencies, α(ν) is dominated by noise. Thus, the apparent low attenuation at high ν

for large s is just an artifact of this s-dependent dynamic range. α(ν) within the effective

dynamic range [0.2 THz, 2.2 THz] (for s = 10) estimated based on Fig. 4.26 (b), varies

roughly quadratically in ν, as shown in Fig. 4.27 (d). Similar behavior of α(ν) was also

found in Ref. [115] and is typical of disordered media [9, 116, 117, 118, 119]

4.3.2 Page count s in paper stacks

The first practical application of THz techniques discussed here is to ascertain page count

s from the THz data. As observed in the inset of Fig. 4.26 (a), the maximum amplitude of

the transmitted signal through the paper stack decreases approximately exponentially with

increasing s. We can thus infer s roughly by calibrating the transmitted amplitude against

s. Such an approach gives rise to an error of a few sheets increasing with s. It must also be

pointed out that this technique only works when the paper in the stack is of a uniform and
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known type. For the cases we studied, when s ≤ 60, the error between the inferred page

count and the nominal s ≤ 4, while the error reaches 30 when s = 150 based on calibrating

s against transmission. To extend this approach to larger s would require more powerful

THz sources and lower-noise THz measurements.

To circumvent the limits imposed by errors in the above approach as well as the re-

quirement of working with a single known paper type, we employ an alternative approach

based on THz TOFT. This approach will produce essentially error-free measurements of

s for s . 20 and can provide additional structural information on paper stacks Namely,

we employ THz TOFT to reconstruct the stratigraphy of the paper stack. Due to the pres-

ence of noise in the measurement, we implement frequency wavelet-domain deconvolution

(FWDD) to enhance the signal-to-noise ratio (SNR) in the measurement. FWDD, as a

simple but effective denoising technique, involves cascading a band-pass filter with a filter

based on wavelets that resemble the incident THz pulse. The wavelet basis selectively fil-

ters out unrelated features from the detected signal retaining those features that resemble

the incident THz (reference) pulse. Because dispersion shown in Fig. 4.27 (c) is weak (and

within the frequency range that dominates the signal, the frequency dependence of α(ν) is

not substantial), FWDD is easily implemented.

Figure 4.28 (a) shows a schematic diagram of a s = 18 stack, while (b) shows the

corresponding raw reflected signal from the THz TOFT experiment in red and the FWDD

reconstruction in black. FWDD is helpful to clean up the signal to unambiguously track

the various echoes. The approach to estimating s is to count the number of reflections (one

from each side of each paper sheet) in the reconstructed THz TOFT signal. Associated with

each sheet of paper is a positive-amplitude echo (from air to the higher-index paper) and

a negative-amplitude echo (from higher-index paper to air). The pink vertical bars in Fig.

4.28 (b) indicate the reconstructed locations of the paper sheets. Between successive sheets

of paper are air gaps. Inasmuch as the sheets in the stack are not compressed during the

measurement, the air-gap thicknesses vary between sheets. In addition, the surface texture
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Figure 4.28: (a) Schematic of s = 18 stack. (b) Raw (red) reflected signal in THz TOFT
experiment and the corresponding deconvolved signal after frequency wavelet-domain de-
convolution (FWDD) (black). Pink vertical bars indicate the reconstructed locations of the
paper sheets in the stack. (c) Relationship between optical delay from the linear fit based
on the data for s = 4, 6, 10, 12, and 15 (red) and the measured optical delay (blue) for s
=18.

may contribute to the formation of the airgaps; it would be interesting to see if this occurs

with smoother paper, e.g. publication-grade lightweight coated paper or glossy newsprint.

Even though we have not fully characterized the air gaps between the sheets, because the

refractive index of air is unity, the relative optical delay within paper stacks compared with

an equal overall thickness of the air is roughly proportional to s (for a uniform paper type

as herein) as shown in Fig. 4.28 (c), in which the experimental points for s = 4, 6, 10, 12,

and 15 are also shown. The error between the estimated page count, based on the measured

optical delay using the linear relationship, fitted by the data for s = 4, 6, 10, 12, and 15, and

the nominal value for s = 18, is smaller than 1. Of course, the error is reduced by looking

directly at the stratigraphic reconstruction.
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Figure 4.29: (a) Schematic of s = 10 stack with the four central pages stapled together.
Raw (black) reflected signal, and FWDD (red) reconstructed signals in THz TOFT data (b)
away from the staple, and (c) near the staple, respectively. The horizontal dashed line near
the center of paper stack s = 10, marked ‘cross-section’, refers to the B-scan presented in
Fig. 4.30 (a) and (b).

4.3.3 Three-dimensional staple location

The handling of unsorted legacy documents may be complicated by foreign objects hidden

in paper stacks. For example, loose staples or paper clips may be located between sheets

of paper, and some pages within a stack may be stapled, and these staples may not be

visually evident. In this section, we demonstrate the three-dimensional location of stapled

documents hidden in paper stacks using the technique of THz TOFT.

We consider a s = 10-sheet stack with the central four sheets stapled together as shown

schematically in Fig. 4.29 (a). The raw (black) reflected THz TOFT signals away from and

near the staple as well as the corresponding deconvolved signals by FWDD (red) are shown

in Fig. 4.29 (b) and (c), respectively. Not surprisingly, near the staple, relatively large air

gaps just above and below the four stapled sheets are clearly seen, and the four stapled

sheets themselves are compressed together, as evident in Fig. 4.29 (c).
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Figure 4.30: (a) B-scan through a cross-section through the s = 10 stack containing a
stapled document along the dashed line shown in Fig. 4.29 (a) with an example of the
FWDD reconstructed signal at the position indicated. Large air gaps above and below
the stapled sheets are evident. The color scale is linear in the amplitude of the reflected
THz signal. Thus, yellow indicates a strong reflection, red a moderate reflection, etc. (b)
shows the corresponding binary THz B-scan based on the FWDD reconstruction. (c) Three-
dimensional rendering of THz TOFT data to emphasize the staple location.

To better visualize the structure, we present the FWDD reconstructed data in a cross-

section through the paper stack, known as a B-scan in Fig. 4.30 (a). A B-scan is a cross-

section in space through the three-dimensional data set of the reflected THz signal, i.e., in

the two transverse directions across the sample and for the third dimension, the time delay

of the detected reflected THz signal serves as a surrogate for depth into the sample in the

axial direction. To emphasize, we indeed have a three-dimensional data set and are free

to choose any cross-section; we here choose a cross-section that is particularly illustrative

of the approach. Figure 4.30 (a) also shows an example of the FWDD reconstructed THz

TOFT the signal at the position −20 mm on the cross-section. Note that the B-scan is

simply composed of all such signals along the cross-section plotted on the color scale

indicated on the right.

In order to eliminate the influence of the alternating signs of the successive echoes as
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well as the variation in the amplitudes of the peaks/valleys in the reflected THz signal,

we can replot the B-scan in Fig. 4.30 (a) based on the FWDD reconstruction as a binary

B-scan in which a valid extremum plotted as a white point against a black background

regardless of the sign and amplitude of the peak/valley, as shown in Fig. 4.30 (b). The

three loose sheets above and the three loose sheets below the four stapled sheets, as well

as the stapled sheets, are clearly seen as indicated. To further facilitate visualization of the

staple location, we present a three-dimensional rendering, based on FWDD reconstructed

data in Fig. 4.30 (c). Here, the reflection from the legs of the staple is found. Of course,

this rendering can be freely rotated on the computer, assisting in the visualization. Note

that metals present strong THz reflections whether or not the metal is ferrous; thus, THz

TOFT can detect, for example, aluminium staples, whereas simple magnetic approaches are

limited to iron-bearing staples. Magnetic approaches are also likely to have poor resolution.

In our experiments, the width of the wire forming the staple itself may be close to barely

resolved as the width of the beam at the focus at 2 THz is ∼ 700 µm in the air for our

numerical aperture. Finally, though x-rays are expected to clearly identify staples in paper

stacks, ionizing radiation is likely to be avoided due to potential health risks.

The examples demonstrated here to open the door to other related applications. Though

the examples we present here focus on a single paper type, legacy documents might also

have mixed paper. Other types of foreign objects, including paper scraps, self-adhesive

notes, tape, paperclips–both metal and plastic–might also be present. These situations are

yet to be studied. Nonetheless, our work suggests that THz techniques merit further explo-

ration for practical implementation in paper handling of legacy documents.
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CHAPTER 5

MATERIAL CHARACTERIZATION AT TERAHERTZ FREQUENCIES

In this chapter, terahertz (THz) time-domain spectroscopy (TDS) is carried out for the ma-

terial characterization of electrically insulating materials. Birefringence, one of the signifi-

cant parameters of anisotropic materials, is also investigated based on polarization-resolved

THz TDS.

This chapter presents three case studies. The first study is to characterize nanoporous

(NP) Al2O3 films grown on Al substrate through a two-step electrochemical anodization

process in a non-destructive manner. Polarization-resolved THz TDS studies THz bire-

fringence associated with the crystal structure of formed NP Al2O3 films. Moreover, the

surface morphology, as well as the roughness of formed NP Al2O3 films, are also charac-

terized by THz reflectometry as well as scattering imaging. It shows that before the second

anodization, the irregular surface morphology of the NP Al2O3 films leads to significant

THz scattering. In contrast, the far more homogeneous films following the second anodiza-

tion show far less scattering. The THz results are corroborated by field-emission scanning

electron microscopy (FE-SEM) and atomic force microscopy (AFM), both of which are

time-consuming, not easy to operate, and can only provide the local characterization of

nanoporous Al2O3 films on Al substrate.

The second case study is to diagnose the injection-molded weld lines in an acryloni-

trile butadiene styrene (ABS) thermoplastic electrical receptacle plate using polarized-

resolved THz reflective imaging. THz results show morphological features at the weld

lines and reveal THz birefringence properties localized around the welds, indicating frozen-

in molecular orientation and stress proximate to the welds. Surface acoustic microscopy

(SAM) corroborates the morphological features at the welds shown by THz imaging and

reveals anomalous mechanical properties at the weld lines. These results indicate that THz-
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based technology provides non-destructive reliability assessment and quality control for

injection-molded thermoplastic products.

The third case study is to systematically characterize the dielectric and loss tangent

of three thermoplastics, namely, polycarbonate (PC), polymethyl methacrylate (PMMA),

and acrylonitrile butadiene styrene (ABS) using commercial THz TDS over a broad fre-

quency ν range from 0.5 to 2 THz. The plastics investigated possess a refractive index (∼

1.6-1.7) in the 6G band with low dispersion. The absorption, however, increases at high

frequencies, as is common in disordered materials, highlighting a key challenge for 6G.

The obtained values of refractive index and absorption coefficients are consistent with the

literature. Nonetheless, in absolute terms, all the thermoplastics studied present low loss

compared with (higher index) common glasses and ceramics within the entire frequency

range, suggesting they are promising candidates for selected applications for future 6G

systems.

5.1 Nondestructive characterization of nanoporous Al2O3 films at terahertz frequen-

cies

Figure 5.1: Second anodization process. The left column shows process flow; the right
column schematic of the cross-section through the surface including the NP Al2O3 film.

Eight self-ordered NP Al2O3 films are studied via THz reflective imaging. The fabrication
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of NP Al2O3 films on a grain-free aluminium foil (99.99%, 100 µm thickness, Tokai Alu-

minum Foil Company) [120] is conducted by a typical electrochemical anodization process,

and the schematic diagram of the process flow is presented in Fig. 5.1. The dimensions of

the Al foil used in this research are 6.7 cm by 1.4 cm. Pretreatments to degrease the foil

and remove initial surface oxide are first performed. To minimize surface roughness of the

starting Al foil, substrates are first prepared by electropolishing for 60 s with a bias voltage

of 20 V in a 1:4 volume mixture solution of HClO4:C2H5OH at 3 ◦C. Field emission scan-

ning electron microscopy (FE-SEM, Hitachi S-4700) is used to characterize the surface

morphology of the Al foil after the electropolishing process. The Al strips are removed and

there are no obvious defects found in FE-SEM images as shown in Fig. 5.2 (a).

Subsequently, a two-step anodization process is carried out in a 0.3 M H2C2O4 solution.

The temperature of the reactive solution is set to 3 ◦C. The duration of the first anodization

is 8 h at 40 V bias voltage, and the thickness of the NP film is controlled by the anodization

duration. A constant stirring process is maintained through the entire first anodization.

A ∼ 80 µm NP Al2O3 layer with a nonuniform layer on the top and a uniform layer on

the bottom can be observed in cross-section field-emission scanning electron microscopy

(FE-SEM), shown in Ref. [121]. Fig. 5.2 (b) displays the top-view SEM image of the

sample after the first anodization. It is relatively obvious that this formed NP Al2O3 film

is irregular. Inhomogeneity may result from the generation of heat on the surface of the

electrolyte during the first anodization. Moreover, at the bottom of the NP Al2O3 layer, a

compact dielectric oxide barrier layer is formed after the first anodization. The structure

of the barrier layer can be characterized by cross-section FE-SEM, shown in Fig. 5.3. The

thickness of the barrier layer ranges from 30 nm to 45 nm.

In order to improve the regularity of the NP nanoarray, the disordered NP Al2O3 film

is removed using wet chemical etching with a 0.2 M CrO3 and 0.4 M H3PO4 solution at ∼

65 ◦C for ∼ 6 h. A highly periodic nano-concave structure on the Al substrate is shown in

Fig. 5.4. These pits serve as the template for the formation of the uniform NP Al2O3 film
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Figure 5.2: FE-SEM showing surface morphology after (a) electro-polishing, (b) first an-
odization, and (c) second anodization. Corresponding reflected THz signals are presented
in (d)-(f).

[122].

The second anodization is carried out using the same apparatus and under the same

condition (temperature, concentration of solution, and bias voltage). Well-ordered hexago-

nal pore arrays are obtained as shown in Fig. 5.2 (c), demonstrating that the irregular pore

lattice after the first anodization does not adversely influence the formation of NP Al2O3

films during the second anodization. The pore diameter and interpore distance can be es-

timated based on top-view FE-SEM images. The interpore distance and pore diameter are

105 ± 5 nm and 33 ± 3 nm, respectively.

Pulsed THz reflective imaging and THz scattering imaging are employed first in this

study. In scattering imaging, the detector is placed off the specular direction. The genera-
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Figure 5.3: FE-SEM image of a barrier layer of NP Al2O3 film on Al substrate.

Figure 5.4: Top-view FE-SEM for sample after etching following the first anodization
process.

tion of THz pulsed radiation is based on a photoconductive switch. Quasi-single-cycle THz

pulses with bandwidth 60 GHz to 3 THz are generated in a biased GaAs antenna excited

by an Er-doped fiber laser emitting sub-100-fs 780-nm pulses at 100 MHz repetition rate

with an average output power > 65 mW. Coherent detection of the reflected THz radiation

is performed in a similar photoconductive-antenna circuit. By focusing the laser beam onto

the photoconductive gap of a biased semi-conductor emitter and using a similar receiver, a

current proportional to the THz electric field is measured. A delay line is used to change

the difference in the optical delay between the incoming THz pulse and the probe laser

pulse at the receiver. A bias is also applied across the emitter and receiver to generate a

time-gated output signal.
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The THz measurements were carried out in an air-conditioned laboratory at 22 ◦C with

humidity < 48 %. Before the THz measurement, the reference pulse, i.e., the THz pulse

produced by the apparatus, was recorded by setting a bare metal plate (an excellent THz

reflector) at the sample position. The sample was raster-scanned by a set of motorized

stages moving in the x− and y− directions with a step size of 0.2 mm. The depth-of-focus

(roughly twice the Rayleigh length zR) and focus spot size are frequency dependent, which

is ∼ 7 mm and ∼ 1.5 mm at 1 THz, respectively. The recorded reflected temporal signal at

each pixel contains 4096 data points (corresponding to a sampling period Ts of 0.0116 ps)

and is averaged over 10 shots per pixel to reduce the effect of noise.

5.1.1 Surface morphology characterization of nanoporous Al2O3 films

Figure 5.5: (a) AFM image of NP Al2O3 film on Al substrate after the second anodization
process; (b) the surface primary profile, and (c) roughness profile along the red line in Fig.
5.5 (a).

AFM (Dimension Edge, Bruker) is used to characterize the surface morphology of the

NP Al2O3 film. Fig. 5.5 (a) shows the typical AFM image of an NP Al2O3 film after

the second anodization. High regularity of closed packed hexagonal cells with circular

nanopores is seen. The pore diameter, the interpore distance as well as the regularity of the

NP arrays can be calculated by analysis software through the line scan primary profiles of

AFM, shown in Fig. 5.5 (b). The peaks and the valleys refer to walls and pores, respec-

tively. The calculated interpore distance based on the interval between the peak or valley
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regions is∼ 110 nm, within the range estimated using the FE-SEM image presented in Fig.

5.2 (c). Based on the primary surface morphology of NP Al2O3 film, the roughness profile

can be obtained after applying a high-pass filter. The cutoff wavelength of the high-pass

filter applied here is 0.039 µm, and the waviness profile obtained through applying a low-

pass filter with the same cutoff wavelength to the primary surface profile is comparable to

the primary surface profile. Fig. 5.5 (c) is the roughness profile along the red line marked

in Fig. 5.5 (a). The presence of the nanoscale protrusions, as well as the rugosity along the

line, lead to the distortion of the unevenness of the surface. The closer to these irregular ar-

eas, the rougher the surface would be. These nanoscale surface protrusions may result from

the collapse of NP Al2O3 on the surface [123]. A B-spline smoothing filter is utilized to

extract the roughness information from the line-scan roughness profile. Unlike a Gaussian

smoothing filter, which has relatively obvious edge effects and large fluctuations [124], A

B-spline smoothing filter can guarantee a better performance of the roughness evaluation

and has been adopted as a standard to evaluate the roughness [125]. Some stipulated eval-

uation parameters, such as the roughness average (Ra), the root mean square roughness

(Rq), and the average maximum height of the profile (Rz), are estimated based on AFM

results, as 1.644 nm, 2.275 nm, and 16.18 nm, respectively.

Because AFM fails to easily provide comprehensive information on the NP Al2O3 film

and is quite sensitive to the surface fluctuations, THz measurements are performed next in a

non-destructive fashion to characterize the samples after electropolishing, the first, and the

second anodization, with the reflected THz signals in Fig. 5.2 (d)-(f). The signal reflected

from the electropolished Al substrate shown in Fig. 5.2 (d), is essentially the same as the

reference signal because the Al substrate is highly reflective of THz radiation.

The reflected signals in Figs. 5.2 (e) and (f) are more complex. A typical signal reflected

from the sample after the first anodization is shown in Fig. 5.2 (e). Due to the inhomoge-

neous surface of the NP Al2O3 films in the cross-sectional FE-SEM shown in Ref. [121],

reflections occur from features of various heights within the frequency-dependent spot size
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of the THz beam (∼ 300 µm at 1 THz), resulting in a complex reflected pulse. Moreover,

scattering (signal emitted in non-specular directions) is expected to be important due to the

roughness, as we see below. We next turn to samples following the second anodization,

for which the NP lattice is quite regular, and the surface morphology is flat. In this case,

scattering is expected to be relatively weak. Four temporarily overlapped reflections of the

incident reference signal (i.e., echoes) are observed in Fig. 5.2 (f). The first positive echo

corresponds to the air/NP Al2O3 interface and the second positive echo corresponds to the

NP Al2O3/Al interface. The third and fourth echoes are the multiple reflection signals as

THz waves propagate in the NP Al2O3 material, and the change of sign results from the

phase shift as expected. The observation of the first two distinct echoes indicates that the

two interfaces are smooth on the scale of the THz spot size and are well defined. The time

delay between these two echoes and knowledge of the film’s refractive indices enable us to

measure the film thickness. This technique is known as time-of-flight technique (TOFT).

Figure 5.6: C-scans of the sample after the first anodization process for various reflection
angles with the polarization angle ∼ 0◦ and incidence angle fixed (at ∼ 3◦, i.e., near-
normal incidence). The contrast mechanism applied here is the maximum amplitude of the
scattered signal.

As pointed out above, non-specular scattering is related to inhomogeneity. We explore
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Figure 5.7: C-scans of the sample after the second anodization process for various reflection
angles with the polarization angle ∼ 0◦ and incidence angle fixed (at ∼ 3◦, i.e., near-
normal incidence). The contrast mechanism applied here is the maximum amplitude of the
scattered signal. The horizontal line at Y =0.4 cm, marked “Cross-section”, is in reference
to the B-scan in Fig. 5.17.

scattering by varying the scattering (detector) angle φ while fixing the incidence (emitter)

angle near-normal incidence (∼ 3◦). Corresponding C-scans of the NP Al2O3 films after

the first and second anodization processes are shown in Figs. 5.6 and 5.7, where the contrast

mechanism is the maximum amplitude of the scattered signal. The NP Al2O3 film lies only

within a 1-cm diameter disk on the substrate, as presented in Fig. 5.8, while the remaining

area is electropolished Al. Due to the beam divergence, to ensure a signal dominated by

scattering, we need to choose φ > 10◦. For φ > 10◦, the strength of the scattered signal

depends markedly on surface morphology. An inhomogeneous region between 0.7 cm and

1.1 cm in the x-, and 0.4 cm and 0.7 cm in the y- direction after the first anodization step,

and position 0.6 cm and 1.0 cm in the x- and 0.3 cm and 0.6 cm in the y- direction after the

second anodization, are clearly seen in Figs. 5.6 and 5.7. As φ increases further, the overall

signal level falls significantly, as seen in Fig. 5.9. The increasingly mottled appearance

of the C-scans with increasing φ is due to the decrease in the signal-to-noise ratio (SNR).

When φ reaches 35◦, the C-scan is dominated by noise.
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Figure 5.8: Real image of the Al foil after the second anodization process. One 1-cm
diameter disk region of NP Al2O3 is found on the Al substrate.

Figure 5.9: The maximum amplitudes of reflected THz signals from the sample after the
second anodization at different positions (x, y) as a function of the scattering angle φ.

In order to investigate the surface morphology and nanopore arrangement of the disor-

dered area, other additional measurements are applied subsequently. Because of the small

view field of AFM, it is hard to provide a systematic investigation of the microstructure of

the NP Al2O3 film and significant contrast at one time. Therefore, top view FE-SEM mea-

surements are employed, and the corresponding result is displayed in Fig. 5.10. Compared

with the FE-SEM result for the well-ordered area presented in Fig. 5.2 (c), there is a slight

change in density, pore diameter, as well as inter-distance. These distortions contribute to

the occurrence of non-specular scattering. The origin of the disordered area is worthy of
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Figure 5.10: FE-SEM image at the disordered area.

study. Based on previous works on NP Al2O3 surface morphology, several tentative rea-

sons are presented as follows. (1) Transfer of substrate-related nanoscale defects into the

NP Al2O3 disturbs the NP array order [126]. (2) Because some pits and bumps persist on

the Al substrate even after electropolishing, seen in Fig. 5.2 (a), those macro defects impact

the formation of NP Al2O3 [127]. (3) Because the degree of NP order is largely determined

by a certain value of anodizing potential, nonoptimal anodization parameters could lower

the degree of pore order [128]. (4) Due to the long etching process (∼6 h), etching during

the first anodization process may be nonuniform, perhaps also connected to defects in the

substrates as discussed above. Because of the complicated process of sample preparation,

there is no consensus on the details of the roles of the above mechanisms. Indeed, it is

likely that the answer depends on various aspects of the materials and processes employed.

5.1.2 Terahertz birefringence characterization of nanoporous Al2O3 films

Polarization-resolved THz reflectivity experiments are conducted to accurately obtain the

polarization-dependent refractive index n and birefringence ∆n of NP Al2O3 films. Op-

tical microscopy at 50× of all films was first carried out (not shown) to understand the

macro/mesoscopic nature of the surface after NP Al2O3 film growth. All samples evi-

denced surface striations aligned at ∼ 73o with respect to the horizontal edges of the rect-

angular samples and are rolling marks; Al substrates are polycrystalline as evidenced by
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Figure 5.11: X-ray diffractograms of (A) Al, (B) first anodization Al2O3 films, and (C)
second anodization Al2O3 films.

x-ray diffraction (XRD). Striation direction may be connected to ∆n observed below. The

crystal structure was examined first by x-ray diffraction (HR-XRD) (Panalytical X’pert Pro

MRD with Cu Kα radiation in triple-axis mode); diffractograms of bare Al (sample 8),

single (sample 1), and second anodization (sample 2) Al2O3 films are shown in Fig. 5.11.

In all cases, peaks appear at 2θ = 44.5◦ and 78◦ associated with the cubic Al substrate.

After the first and second anodization, peaks occur at 2θ = 38.5◦ indicating tetragonal

Al2O3 [122]. The conducting Al substrates result in strong THz reflection [129]. This is

also confirmed by the negligible polarization dependence of the reflections from sample

8. Figure 5.12 shows the polarization dependence of the reflected signals from 80◦ to 90◦

for sample 1, which was subjected only to the first anodization process. It is apparent that

the first echo reflected from the top air/NP Al2O3/Al interface is broad and weak and is

not readily distinguished from background noise. Cross-sectional FE-SEM of sample 1

(Fig. 5.14) shows a nonuniform 20-µm-thick NP Al2O3 top layer adjacent to air above a

uniform 60-µm NP Al2O3 layer between the nonuniform NP Al2O3 top layer and the Al

substrate. The top layer may result from heat generated on the surface of the electrolyte

due to the high anodization voltage [130]. Because the air/NP Al2O3 interface is far from

smooth within the transverse focus (∼ 300 µm) and because of scattering at and within the

103



20-µm nonuniform Al2O3 top layer itself, a small first echo appears ahead of the strong

echo reflected from the highly reflective NP Al2O3/Al interface.

Figure 5.12: The reflected THz signal for various polarization angles for sample 1.

The second anodization results in a far more regular NP-lattice seeded by the first as

shown in cross-section and top-view FE-SEM in Fig. 5.14. For samples 2-7 produced by

second anodization, while the lattice constant is too small to resolve in THz images, THz

polarization anisotropy is also expected. Figure 5.14 shows the reflected THz signals with

various polarizations for sample 2, the results for which are representative of all samples

produced by the second anodization. Owing to the relative smoothness of the top air/NP

Al2O3 interface (height variation 45 nm from FE-SEM), scattering from this interface is

negligible. Two positive echoes, the first corresponding to the THz signal reflected from the

top air/NP Al2O3 interface and the second from the NP Al2O3/Al interface, are seen clearly.

The time delay ∆t between the echoes depends on the thickness dAl2O3 and refractive index

n of the NP Al2O3 film via n = c×∆t / (2dAl2O3); c is the in-vacuo speed of light.

We treat the NP Al2O3 film as an effective medium since the NPs are far smaller than

the wavelength (∼ 100 µm) in the usable THz bandwidth and neglect dispersion. Also,

in order to assess n, we must begin with a sample having a larger known thickness d.

The polarization-dependent refractive indices are shown in Fig. 5.15 along with a fit to

A×sin(2θ+ϕ1)+B×sin(6θ+ϕ2)+C. The first term describes ∆n, while the second term
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Figure 5.13: Cross-sectional FE-SEM image after the (a) first (sample 1) and (b) second
anodization process. In (a) we see a relatively irregular lattice and a rough air/NP Al2O3

interface; (b) shows much greater regularity.

reflects any effect of the hexagonal lattice. We find A = 1.36 and B = -0.335 and conclude

B is not significant; the polarization anisotropy does not appear to track the NP lattice.

We find ϕ1 = 80◦ for which the polarization is aligned parallel to the roll marks, and the

ordinary refractive index is no = 3.5; the extraordinary refractive index is ne = 3.2. Similar

results are obtained for samples 3–7 that are also processed with second anodization. It is

not clear if this similarity in directions is fortuitous or if the roll marks influence the optical

properties of the NP Al2O3 films. In principle, no and ne are obtained once the orientation

of the respective axes aligns parallel to the incident THz polarization. Birefringence for the

NP Al2O3 film can also be calculated based on the orientation of the optical axis, which

is ∆n = -0.3, close to the value reported for Al2O3 reported elsewhere [47, 131, 132].

(Although ∆n was not studied in Ref. [132], refractive indices of Al2O3 in the THz range

slightly larger than 3 were reported.)

The NP structure means that the films are a mixture of air and Al2O3. In Ref. [133], n

of NP Al2O3 films was characterized in the visible and near-infrared regions of the spec-
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Figure 5.14: Reflected THz signal for various polarization angles for sample 2. Inset shows
the origin of the two echoes in the reflected THz signal: one from the air/NP Al2O3 interface
and the second from the NP Al2O3/Al interface.

trum. The films have air volume fill factors f from 4% to 22%. The measured values of n

were significantly less than for bulk, and this was accounted for using the Maxwell-Garnett

(MG) theory. For us, f = 9%. While the NPs and the NP lattice constants themselves are

small on the THz wavelength scale, we do not expect appreciable photonic-crystal effects,

suggesting that, neglecting ∆n, the refractive indices should be well predicted by the MG

theory. Neglecting ∆n, for propagation along the axis of the air-filled holes (specular di-

rection), the effective refractive indices of NP Al2O3 are ni = ni,Al2O3 [(1+Γi)/(1−Γi)]
1/2,

where Γi = f(1− h2
i,Al2O3

)/(1 + h2
i,Al2O3

) [133], where i = ||,⊥ and ni,Al2O3 is the refrac-

tive index of bulk Al2O3. Putting n||,Al2O3 = 3.39 and n⊥,Al2O3 = 3.07 [131], we find n|| =

3.14 and n⊥ = 2.85. Note, however, ∆n = 0.29, which is close both to the value for bulk

Al2O3 and to the value we measure.
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Figure 5.15: Calculated refractive index n of the NP Al2O3 film as a function of polarization
for sample 2.

5.1.3 Structural characterization of nanoporous Al2O3 films

Next, the film thickness of samples 2–7 is measured next by reflective pulsed THz tomog-

raphy. As mentioned above, the echoes arising from the air/NP Al2O3 and NP Al2O3/Al

interfaces strongly overlap in time and cannot be visually distinguished. Deconvolution is

essential to extract the time delay between the two echoes as well as to identify meaningful

features in a background of noise. We use sparse deconvolution (SD), as described in Ref.

[28]. The idea behind SD is that for a stratified medium, the impulse response function

h(t) is a sequence of peaks with zero in between; h(t) gives the reflected signal expected

with very short incident pulses; ∆t, the time between successive peaks in h(t), and n gives

dAl2O3 as discussed above. The sparsity assumption is thus additional information we have

about the samples that supplement the measured reflected signal and enables us to extract

the time delay, even if the corresponding optical thickness of the film is close to or some-

what below the axial resolution limit.

The reflected signal r(t) from samples 2–7 with NP Al2O3 layers of various dAl2O3

and the corresponding h(t) reconstructed by SD are shown in Fig. 5.16. Two positive

peaks are observed, the first corresponding to the position of air/NP Al2O3 interface and

the second to the NP Al2O3 /Al interface. The amplitude of the second peak is larger due
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Figure 5.16: hSD(t) reconstructed by SD (red) and the reflected THz signal r(t)(black) for
samples 2–7. The arrow in (f) indicates the position of the feature in h(t) reconstructed
from SD, associated with the air/NP Al2O3 interface.

to the strong reflection from the dielectric/metal interface. The optical delay between the

two peaks can be used to estimate dAl2O3 . Even for sample 7, with dAl2O3 = 12 µm, a weak

peak arrow in Fig.5.16 (f) can be seen that overlaps with the strong peak due to the NP

Al2O3/Al interface. As for sample 1, due to scattering and possibly dispersion, occurring

in the 20-µm top nonuniform Al2O3 layer, the signal reflected from NP Al2O3/Al interface

is weak and broad, thereby degrading the performance of SD.

The uniformity of the NP Al2O3 film thickness is also investigated among samples 2-7

by randomly selecting 20 pixels from the entire NP Al2O3 region, and with the minimum

distance between two selected pixels 0.5 mm. Table 5.1 shows dAl2O3 in samples 2-7.

We see that the mean thickness agrees well with the value measured by destructive cross-

sectional measurements. The low standard deviation indicates the high uniformity of the

NP Al2O3 films as well as the robustness of SD and the stability of the THz measurement.

The stratigraphy of the well-ordered NP Al2O3 film can also be characterized based

on THz B-scans along a cross-section using TOFT. Such a B-scan in Fig. 5.17 is along

y = 0.4 mm as shown in Fig. 5.17. The narrow bright band near an optical delay ∼ 10
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Table 5.1: The thickness of NP Al2O3 films (Samples 2-7). The first column is the nominal
thickness of NP Al2O3 from the cross-sectional FE-SEM. The second and third columns
(sampled at 20 random pixels) are obtained from relevant peaks in hSD(t). The low
standard deviations confirm a high film uniformity as well as the robustness of THz-based
estimates.

Sample Nominal Film
Thickness dAl2O3

(µm)

Mean dAl2O3

Measured by THz
Tomography (µm)

Standard Deviation of
dAl2O3

Measured by THz
Tomography (µm)

2 90 87 2.4
3 20 19.3 1.3
4 30 27.9 1.9
5 50 50.6 2.6
6 60 61.4 2.4
7 12 13.3 0.7

ps, corresponds to the top air/NP Al2O3 interface. In addition, the NP Al2O3/Al interface

as well as the multiple reflections at later delays can be identified clearly. It is noted that

the reflection from the Al substrate occurs later in the regions with the NP Al2O3 film

than from where it is absent, which is expected due to the refractive index n > 1 of the

film. Based on the optical delay ∆t between the 1st and 2nd echoes, and the refractive

index n of Al2O3 within the THz regime ignoring the air fill factors [47], which is ∼3, the

Al2O3 film thickness is c × ∆t / 2 × n ∼ 87 µm, with c the speed of light. This is in

good agreement with the destructive cross-sectional FE-SEM. More detailed discussions

on thickness characterization of NP Al2O3 films by sparse deconvolution can be found in

Ref. [121].

5.2 Diagnosis of injection-molded weld lines in ABS thermoplastic by polarized ter-

ahertz reflective imaging

Injection molding is the most commonly used method to manufacture plastic parts, pro-

viding design flexibility and high-output production. Stagnating weld lines, one common

defect in injection-molded thermoplastic products form where two separate melt fronts
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Figure 5.17: B-scan based on the raw data with the cross-section Y = 0.4 cm. Inset shows
origin of echoes in reflected THz signal: 1st air/NP Al2O3, 2nd NP Al2O3 /Al, and 3rd and
4th multiple reflections.

impinge head-on after which there is no subsequent flow, as shown schematically in Fig.

5.18(a). Of practical concern, such surface defects degrade the mechanical properties and

are places where the fracture or other failure is likely to occur [134, 135, 136, 137, 138].

Generally, the origin of the reduced mechanical strength at weld lines is molecular en-

tanglement, the formation of V-notches at the weld surface, as well as the presentation

of contamination at the weld interfaces. In order to guarantee the quality of fabricated

injection-molded thermoplastic products, it is important to understand the geometry, mor-

phology, and nature of melt flow at weld lines.

Injection-mold weld lines may or may not be easily identified by naked eyes or straight-

forward optical microscopy. The most common method for weld-line characterization is

mechanical testing by means of a tensile or bend stage [139, 140]. The relative weld-

line strength is defined as the ratio of the strength of specimens with a weld line and a

comparable sample with the same geometry but without the weld line, and this measure

mainly depends on the molding conditions, such as melt temperature, mold temperature,

and injection pressure[141]. Even though these approaches provide qualitative and quanti-
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Figure 5.18: (a) Schematic diagram of the generation of a stagnating weld line due to foun-
tain flow. Optical photographs of (b) front and (c) back surface of the injected-molded ABS
thermoplastic electrical-receptacle plate. THz imaging and SAM are carried out within the
three ROIs marked I, II, and III with the THz or acoustical signal incident from the front
side. The injection-molded weld line runs horizontally through these three ROIs, and the
small red arrow points to the weld location. Dimensions of the plate are 85 mm (vertical
direction), 156 mm (horizontal direction), and 8 mm (maximum thickness).

tative information, they are restricted to certain geometries and, moreover, are destructive.

x-ray computed tomography can also provide a three-dimensional reconstruction of the

microstructure of weld joints, though x-ray induced damage may ensue after the measure-

ment [142, 143]; moreover, x-ray measurement may engender significant health risk and

is therefore not suitable for practical applications. Surface probes, such as atomic-force

microscopy, suffer from limited scan area, relatively long scan duration, and may fail to

provide sufficient information [144]. For scanning electron microscopy, the sputtering of

a conductive gold layer limits the reuse of samples for other tests [141, 145]. As for con-

ventional far-field ultrasound testing, the frequent requirement of a coupling medium may

make the approach cumbersome and acoustic waves at the requisite frequencies (∼ 10

MHz) for high resolution may suffer from high attenuation in thermoplastics [142, 146].

Therefore, alternative nondestructive evaluation (NDE) techniques for understanding ther-

moplastic injection-weld lines and for monitoring components in production are of interest.
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In addition to surface morphological features at injection-mold weld lines in thermo-

plastic specimens, internal features might also be used for the NDE of such weld lines.

For example, anisotropy might also be induced in the weld-line vicinity as a consequence

of the rheological state of the melt flow. Typically, most amorphous polymer plastics at

equilibrium are inherently isotropic and exhibit no birefringence. However, due to fountain

flow [147, 148], a combination of shear and elongational flows, the melt-flow fronts are

subjected to shearing flow during the mold filling process, which leads to the increase of

elasticity and preferential molecular orientation proximate to the weld line, and the forma-

tion of complex anisotropic structure at the weld line of the injection molded parts after

cooling [149]. The solidification of melt flows leads to frozen-in anisotropic stress and

molecular orientation in injection-molded plastics, which in turn can induce the reduction

of the mechanical strength when the forces are applied perpendicular to the weld line [150,

151]. The degree of orientation can be quantified by the birefringence index. In Ref. [152],

optical birefringence distribution along the flow direction of injection-molded thermoplas-

tic specimens has been investigated through a photo-elasticity method. The influences of

the temperature distribution and shear-rate field within various areas near a weld line dur-

ing the injection molding affect birefringence have been studied using Z-MOLD analysis

software, which is an integrated computational simulation suite for injection-molded prod-

ucts [153]. The local anisotropic stresses specifically proximate to injection weld lines

have not, however, been as extensively studied experimentally. Such spatially dependent

anisotropy could also provide a contrast mechanism for various NDE techniques to validate

and characterize the presence of injection-mold weld lines even when such weld lines are

not easily identified visually. In particular, detecting the weld-line location, understanding

their spatial extent, and gaining insight into local anisotropy could be used to optimize the

manufacturing processes that avoid the reduction of weld strength of fabricated injection-

molded thermoplastic products.

In this study, polarization-resolved THz reflective imaging and scanning acoustic mi-
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croscopy (SAM) are utilized to characterize injection-mold weld lines in an Acrylonitrile

Butadiene Styrene (ABS) thermoplastic electrical receptacle plate. Figure 5.18 (b) and

(c) show the injection-molded component, with dimensions 156 mm × 85 mm × 4 mm

(at rim), studied here. It is an ABS thermoplastic electrical receptacle plate produced by

Schneider Electric (S520704 Odace 2-gang electrical receptacle plate). ABS is a common

thermoplastic used in a host of electrical, decorative, structural, medical, and consumer

applications due to its impact resistance, toughness and chemical stability. Besides, ABS

is amorphous and may have a range of compositions; the specific values for the compo-

nent studied here are unavailable. In general, ABS is a two-phase material mixed with a

styrene-acrylonitrile copolymer with polybutadiene. A two-gate injection mold was used

to fabricate this component showing symmetry along the long axis. The processing condi-

tion of the injection molded parts, including melting temperature, melting speed, and mold

temperature, are unavailable. The injection-mold line runs horizontally through the three

rectangles indicated in Fig. 5.18 (b), which shows the front of the plate (decorative side).

Figure 5.18 (c) shows the back of the plate (facing the electrical box).

5.2.1 Terahertz characterization

We are unable to sense the weld-line by touch or to see it with the unaided eye. We,

therefore, imaged the electrical receptacle plate in the weld-line region at 50 × by op-

tical microscopy [Axio Scope.A1 Microscope (Zeiss)]. No weld-line defect was easily

identifiable under the optical microscope. Moreover, due to the irregular shape, it is hard to

achieve a good focus on the surface of the thermoplastic specimen without cutting. We also

conducted tensile testing for failure on nominally identical receptacle plates. In most cases,

macroscopic fracture initiated at the same positions, i.e., the weld lines, which are known to

be common sources of mechanical failure in injection-molded thermoplastic components.

THz imaging in reflection mode from the front (decorative) side was conducted first

to characterize the surface morphology of injection-molded plastic samples. Owing to the
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symmetry of the receptacle plate along the horizontal axis and the location of the input

ports for the injected flows, the weld lines are expected to be located horizontally within

the regions of interest (ROI) marked I, II, and III in Fig. 5.18 (b). The dimension of

the ROI we investigated is 1 cm and 2 cm, respectively. Based on the set experimental

parameters as well as the scanning area, the duration can be calculated, which is∼ 2 hours.

By monitoring the arrival time of the peak of the reflected THz signal as a function of

position across the ROIs, we obtain a measure of the surface morphology of the front side.

That is, if the peak of the reflected signal arrives later in some area, the surface there is

indented compared with surrounding areas due to the additional time of flight involved to

receive the main feature of the reflected signal. In other words, the additional time delay

∆t in receiving the signal, gives the relative local depth of the surface d = c×∆t/2. Here,

c is the in vaccuo speed of light and the factor of 2 in the denominator accounts for the

additional time for the peak signal’s round trip.

Figure 5.19: THz C-scans in ROI (a) I, (b) II, and (c) III are based on the peak reflected
signal arrival time as the contrast mechanism. The V-shaped notch surface morphological
feature at the weld line can be seen clearly for all ROIs. The transverse spatial step size is
200 µm. The notch width and depth are approximately 400 µm and 10 µm, respectively.

C-scans (two-dimensional presentations of components) based on this contrast mecha-

nism, corresponding to the air/injection-molded plastic sample interface, are plotted in Fig.
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5.19. The THz polarization was first set to 0◦, defined to be parallel to the horizontal weld

line. In all three ROIs, we detect a V-shaped notch at the presumed weld-line locations,

which is perpendicular to the direction of melt flows meeting at the center of the thermo-

plastic electrical receptacle plate. The surface morphology of the V-shaped notches can be

estimated based on the arrival time of the echo reflected from the surface of the thermo-

plastic as discussed above. We obtain values for the notch width and depth of ∼ 400 µm

and ∼ 10 µm, respectively, based on the THz C-scans of Fig. 5.19. The width and depth

of the notch extracted from the THz measurement are limited by the applied experimental

parameters, such as the transverse resolution (∼ 300 µm), the spatial step size in rastering

the sample (200 µm), and the sampling frequency ( ∼ 0.0116 ps). The use of SAM, which

can provide ∼ 3.5 µm transverse resolution at center frequency at 420 MHz to validate

the THz measurements, is discussed below. Here we note that we attempted atomic-force

microscopy to verify the surface morphology, but due to the irregular sample geometry (of

the back of the plate) and its size, vibrations rendered these measurements fruitless.

There are several plausible sources for the formation of V-shaped notches at injection-

mold weld lines. One is poor bonding due to insufficient time prior to solidification for the

polymer molecules to diffuse across the interface. Another is frozen-in molecule orienta-

tion, which is preferentially parallel to melt flow and ends up being parallel to the weld line.

Others include anisotropic shrinkage near the weld during cooling [154], air entrapped at

the interface between the flow fronts [155], or the poorly bonded region near the surface in

combination with the large shrinkage due to the high molecular orientation [156]. Because

of the absence of detailed information on the fabrication procedure of this thermoplastic

receptacle plate, we can only provide these plausible, though tentative, explanations. The

measurements discussed above of the surface morphology show negligible dependence on

the THz polarization. The bulk internal properties of the thermoplastic, however, show

significant polarization dependence as is now discussed.

Broadly speaking, optical birefringence is known to provide a sensitive probe of molec-
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Figure 5.20: Typical reflected THz signals from the expected weld line in ROI I with
polarization perpendicular (red) and parallel (black) to the injection-mold weld line. The
first echo at an optical delay ∼ 10 ps is due to the reflection at the top air/plastic interface;
The second echo at∼ 35 ps is due to the reflection from the back plastic/air interface. Note
that the arrival time of the second echo depends on polarization as is seen more clearly
in the inset. The polarization-dependent time delay between the first reflected peak and
the reflection from the back plastic/air interface is indicative of the polarization-dependent
refractive index of the material near the weld line.

ular orientation and residual stress in amorphous polymer injection plastics [150, 152, 157,

158], and can also be treated as a microscopic structural feature as well as the anisotropic

manifestation of injection-molded thermoplastic products. The component understudy is

optically opaque, so THz birefringence arises as a candidate to probe the internal structure

near the weld lines. Figure 5.20 shows typical reflected THz signals close to the weld for

THz polarization perpendicular (red) and parallel (black) to the weld line. Each reflected

signal shows a pronounced first echo (near optical delay 10 ps) from the air/plastic interface

(decorative side) followed by ringing (due to noise, atmospheric H2O, and after-pulses in

the photoconductive emitter). At ∼ 35 ps, we observe a weaker echo originating from the

back plastic/air interface. The sign of the second echo is negative, as expected since the

refractive index of air is less than that of the plastic. The inset shows a slight difference

in arrival time of the second echo for the two polarizations with the echo arriving ∆t ear-

lier for perpendicular (⊥) polarization with respect to the case of parallel (‖) polarization,

indicating that the refractive index n⊥ for the former polarization is slightly larger than
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that n‖ for the latter polarization. The polarization-dependent refractive index is attributed

to the variation of local density and melts flow direction due to the fountain flow (from

perpendicular to the weld line to parallel to the weld line, shown in Fig. 5.18 (a)) [49].

The values of refractive indices at different polarizations can be obtained from w = c × Ti

/ (2 × ni) where w is the thickness of the receptacle plate at the location measured, c is

the in vaccuo speed of light, Ti is the time delay between the first and second echo in the

reflected signal for polarization i = ⊥, ‖, ni is the refractive index for polarization i, and

the factor of 2 in the denominator is due to the fact that the reflected signal passes through

the plate thickness w twice. Calliper measurement of the plate thickness at the location

measured on the weld line gives w = 1.6 mm. We thus find the values n⊥ = 1.7277 and n‖

= 1.693 giving THz birefringence ∆n (|n‖ – n⊥|) = 0.035. We neglect the effects of THz

dispersion, which are relatively weak in thermoplastics [103]. In general, the variation of

the refractive index for different polarizations might result from the change in position of

the preferential molecular orientation. During mold filling, molecular chains at the melt

front are stretched parallel to the weld line as a result of this flow, and the initial orientation

begins to freeze in from the surface. Because the molecules in the interior have more time

to relax their orientations before they are frozen, the molecular orientation might be par-

tially relaxed during solidification. The remaining frozen-in molecular orientation affects

the tensile strength of the weld line, as well as the THz birefringence [135]. Moreover,

the variation of the mechanical density near the weld line will also influence the refractive

index n, even though it is difficult to quantify the spatial dependence [159].

To study the birefringence ∆n and its spatial dependence in more detail, we measure

the refractive index n as a function of polarization angle θ with respect to the weld-line di-

rection in ROI I. Because the THz polarization angle is fixed, the THz time-domain wave-

forms, according to different θ, are measured by rotating the injection-molded component

placed on the focal plane. Figure 5.21 shows the polarization dependence of n at the weld

line where the dotted black curve is a fit of the data toA×sin(2θ+φ1)+B; The Root Mean
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Figure 5.21: The THz refractive index n at the weld line as a function of polarization. ± 90◦

and 0◦ correspond to polarization perpendicular and parallel to the weld line, respectively.
Birefringence ∆n = 0.035. The corresponding RMSE is 0.003787.

Square Error (RMSE), a standard approach of evaluating the distribution of the residuals,

is calculated to assess the fit quantitatively. A small RMSE, which is 0.003787, shows

an excellent correlation between the measured values and fitting results. The polarization-

dependent refractive index n achieves its minimum at θ = ∼0◦ corresponding to n‖ and its

maximum at ∼ ± 90◦ corresponding to n⊥. We then investigated ∆n in ROI I, but ∼ 1mm

away from the weld line as presented in Fig. 5.22. In this case, ∆n = 0.0087, less than half

that on the weld line itself, demonstrating that the degree of anisotropy decreases while

moving away from the weld line. Similar results (not shown) are found in ROI, II, and III.

The tentative explanation of these results is that, at the weld line, the flows result in a

preferred frozen-in molecular orientation and/or stress field parallel to the weld line. As

one moves away from the weld line over a certain length scale, ∆n tends to be zero as the

ABS tends toward an isotropic state [149, 160]. We expect that this distance depends on the

flow and cooling rates as well as the composition. Such spatially dependent anisotropy and

morphological features could provide contrast mechanisms for various NDE techniques to

detect the presence of and characterize injection-mold weld lines.

To verify that indeed this pronounced variation in ∆n is connected with the weld line,
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Figure 5.22: THz refractive index n 1mm away from weld line as a function of polarization.
-90◦(90◦) and 0◦ correspond to polarization perpendicular and parallel to the weld line,
respectively. Birefringence ∆n = 0.012. The corresponding RMSE is 0.001287.

in Fig. 5.23 we plot ∆n as a function of position along a section perpendicular to the weld

in ROI I with d = 6 mm corresponding to the weld. A Gaussian fit to the data is shown as a

guide to the eye. We see that the enhanced THz birefringence is localized around the weld

and is gradually decreasing on the length scale of 2 mm with distance from the weld. The

weld lines in ROIs II and III show similar behaviours.

5.2.2 Scanning acoustic microscopy characterization

Another NDE technique that can provide insight into the weld line is scanning acoustic

microscopy (SAM). In addition, we wish to validate our interpretation of the THz results

by independent measurements. SAM is of interest to ascertain the effects of the welding

process on the visco-elastic properties and to visualize the micro-elastic spatial variations

near the weld lines. SAM is an established choice for the quality control of industrial prod-

ucts and for health monitoring, quality control, and troubleshooting [161, 162, 163, 164].

It enables the non-invasive and non-destructive assessment of the micro-elastic properties

of objects with a high spatial resolution when a focusing piezoelectric transducer (acoustic

lens) is utilized at ambient temperature using water as a coupling fluid [165].
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Figure 5.23: Birefringence ∆n along a section perpendicular to the weld line. The maxi-
mum value of ∆n occurs at the weld line, indicating a local enhancement of the molecular
orientation parallel to the line and frozen-in anisotropic stress. The corresponding RMSE
is 0.005507.

The acoustic microscope utilized in this study (ELSAM, Ernst-Leitz Scanning Acous-

tic Microscope; PVA TePla Analytical Systems, GMBH, Deutschordenstrasse 38, 73463

Westhausen, Germany) operates in reflection mode. A piezoelectric transducer mounted on

the back surface of an acoustic lens receives a short RF pulse (approximately 10–30 ns in

duration) and converts it into mechanical waves. The acoustic waves propagate through the

sapphire rod and are focused sharply by the spherical cavity of the lens into a diffraction-

limited point in the interface between a coupling fluid and the sample. The signal reflected

at the different interfaces is collected back by the same transducer and converted into an

electric signal. An image is then formed by scanning in two dimensions and processing the

reflected signal into a greyscale map.

The contrast in SAM is based on the acousto-mechanical properties of the sample. The

amplitude reflection coefficient under a plane wave assumption from medium i to j is

R =
Zi − Zj
Zi + Zj

(5.1)

where Zi,j = ρi, jVi, j/ cos θ is the acoustic impedance of medium i, j of mass density

ρi,j and acoustic velocity Vi, j , with θ the angle of incidence. Vi, j is related to the bulk
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and shear moduli, and consequently to Young’s modulus of elasticity for a material with a

constant Poisson’s ratio.

For the work presented here, SAM with a center frequency of 420 MHz was employed

to achieve sufficient resolution to probe anomalous acousto-mechanical and morphological

behaviour close to the weld lines. The lateral resolution of SAM that operates at a center

frequency of 420 MHz is close to 3.5 µm at room temperature, which is much smaller than

the spatial step size we employed (100 µm). In that sense, SAM has a much higher spa-

tial resolution than the THz-based approach. SAM also allows us to overcome resolution

difficulties that arise in standard far-field ultrasonic approaches.

Figure 5.24: (a) SAM micrograph of region I of Fig 5.18 (rotated by 90◦ with respect to
Fig. 5.18). The vertical whitish feature is the weld line; irregular flow patterns and surface
heterogeneity are also evident. (b) SAM micrograph of a morphological deformation on
the surface of the mold about 1 mm distance from the weld line. Surface heterogeneity is
also observable.

From the SAM image of ROI shown in Fig. 5.24 (a), a weld line with heterogeneity in

the microstructure with respect to the mechanical properties and flow patterns is detectable,

as was also reported in Ref. [159]. The estimated width of the weld line is ∼ 500 µm.

In Fig. 5.24 (b), morphological deformations on the surface of the mold about 1 mm

distance from the weld line are observed at the weld, which may be linked to the thermal

effects followed by solidification of the mold during the injection molding process. Similar

structures are also found in ROIs II and III.
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In addition to the observation of the morphological features at the weld line, SAM

imaging offers contrast depending on spatial variation in the viscoelastic and mechanical

properties, hence, the complementary nature of this technique with THz imaging. In the

magnitude-contrast acoustic microscopy images, shown in Fig. 5.24 (b), surface hetero-

geneity, mainly associated with the reflectivity but also to some degree with the attenua-

tion, can be assessed. Variations in ultrasonic reflectivity are connected to local variations

in the mass density, elastic moduli (bulk compression, shear, and Young’s), or both. Varia-

tions in the attenuation, attributed to absorption and/or scattering, are associated with local

variations in the viscous properties. Moreover, the mechanical properties appear to show

local differences near the weld line, compared with areas away from the weld, verifying

the spatial-dependent refractive index presented in the THz measurements, because the re-

fractive index tends to be higher in a denser medium. Anisotropy also contributes to the

contrast [166], as the orientation of fibers in mold polymers was reported to be different

within an area close to the weld lines, consequently the spatial variations in the velocities

of the different polarizations result in a corresponding variation in the reflectivity; however,

probing directional dependencies caused by anisotropy can be done with SAM only when

using a cylindrical acoustic lens, which was not the case in this research.

To conclude this section, THz imaging has demonstrated its ability to detect the pres-

ence and spatial extension of anomalies associated with injection-mold weld lines in the

nominally amorphous thermoplastic ABS, and the corresponding THz results are supported

by SAM measurements and mechanical failure tests. This work suggests that THz tech-

niques may provide useful means to characterize and locate injection-weld lines in thermo-

plastic components and potentially this information can be used to improve manufacturing

and for the NDE of components on the production line and in service.
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5.3 Terahertz dielectric characterization of low-loss thermoplastics for 6G applica-

tions

Great effort is underway to deploy commercial fifth-generation (5G)–and to develop future

sixth-generation (6G)–networks. The 5G spectrum is limited above 100 GHz; however, 6G

extends the upper frequency to 3 THz. Applications such as artificial reality (AR), real-

time super-resolution imaging, autonomous driving, smart city, and the internet of things

will benefit from 5G deployment, but more so from 6G systems. At every level, choices will

need to be made concerning materials–from the device level to microelectronics packaging

to handheld device packaging to building metasurfaces for reflectors and filters. Glasses,

ceramics, and semiconductors have been investigated for high-index THz materials [167,

168, 169]; however, with high index typically comes high losses for disordered materials.

For waveguides and transmission lines, high-index media may be desirable. A low refrac-

tive index, though, is also of interest to enhance radiation efficiencies that are otherwise

suppressed due to substrate coupling [170]. Our focus here is on selected low-cost and

common plastics for their low-loss/low-index properties in the 6G band for microelectron-

ics packaging and other high-frequency applications.

Thermoplastics provide a wide range of materials choice. The THz dielectric proper-

ties of several polymers have been investigated previously [45, 51, 88, 29, 9, 116, 117, 171,

172, 173, 174], For example, Polytetrafluoroethylene (PTFE) is often used for THz lenses

and windows [172, 174]. Our focus here is on three common and inexpensive plastics,

namely, polycarbonate (PC), polymethyl methacrylate (PMMA), and acrylonitrile butadi-

ene styrene (ABS), though many other materials are readily available. Despite past THz

characterization of plastics, there are not many measurements in the literature on these spe-

cific materials covering the same frequency band. Moreover, some of the measurements

are up to two decades old, while the sample-to-sample variability of many plastics calls for

more measurements. These materials are of interest not necessarily for microelectronics
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packaging, but for packaging of entire handheld devices or systems or providing low-cost

windows to enable high transmission of signals. When it comes to various applications,

other considerations will also come into play, including moisture absorption, poor thermal

conductivity, and poor thermal and chemical stability of many plastics. In addition, ultra-

smooth surfaces may not be readily attainable. Still, plastics remain attractive choices for

situations where low cost is important and exposure to demanding environments may not

be an issue. In other words, ultimately, materials choices for deployment in the field will

require tradeoffs.

The literature related to the THz dielectric properties of materials is vast but scattered.

The specific 6G context in this regard, however, has attracted limited attention, while much

of the discussion that does exist concentrates on microelectronic packaging with little con-

sideration of applications related to packaging entire handheld devices or subassemblies.

In Refs. [175, 176, 177], polymer films were laminated on both sides of the glass substrate

to explore the use of this stack up as a microelectronics substrate and to fabricate waveg-

uides and transmission lines. Loss tangent tan δ ≈ 0.01 were measured in the 50–140

GHz range, barely touching the 6G band. Such structures are of interest for microelec-

tronic packaging applications for 5G, and likely for 6G. It is important to note, however,

that the dielectric properties of materials in the THz regime are quite different from DC,

microwave, and optical-frequency values, necessitating actual THz measurements.

Mass-produced thermoplastics vary widely insofar as polymer-chain length, chemical

purity, degree of crystallization, density, degree of preferential molecular orientation, in-

corporation of frozen-in stress, and tacticity (for certain polymers). Surface texture also

affects measured losses and varies widely depending on the manufacturing conditions and

surface treatment. It is not our aim here to provide precise values for ultrahigh purity mate-

rials prepared under controlled conditions, but to give representative values for off-the-shelf

materials. As mentioned above, for applications such as packaging entire handheld devices

or subassemblies and windows, low cost and no requirement for a long lifetime may drive
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interest in these plastics.

In this study, a systematic characterization of the dielectric properties of three fre-

quently used, low-cost, and off-the-shelf thermoplastics using a commercial THz TDS

system over a broad frequency ν range from 0.5 to 2 THz, is presented. The frequency-

dependent refractive index n(ν), attenuation coefficient α(ν), complex permittivity ε(ν),

and loss tangent tan δ(ν) of PC, PMMA, and ABS are calculated and compared. These

characterized materials present a low refractive index (compared with glass and many crys-

talline materials) and low loss.

The transmission measurements were performed using a commercial pulsed broadband

THz TDS system (TPS Spectra 3000 from TeraView Ltd.). Compared to vector network an-

alyzers (VNA), another instrument employed in Ref. [177] to measure the dielectric prop-

erties of materials in the fifth-generation (5G) band, the higher frequency resolution thus

enabled, is of little interest due to the rather featureless nature of ε(ν) in the THz band [167,

178]. The system produces quasi-single-cycle THz pulses at a repetition rate of 100 MHz.

The detection is capable of mapping out the amplitude of the THz electric field in time sub-

sequent to propagation through the plastic sample. The effective bandwidth of THz pulses

generated by our THz system is from 60 GHz to 3 THz. Because of the low signal-to-noise

ratio (SNR) after interacting with the sample at the extreme ends of this band, however, only

ν∈[0.5 THz, 2 THz] is used for the analysis. Note that we measure the full time-dependent

electric field of THz signals, i.e., we obtain full amplitude and phase information. A flow

of dry N2 was introduced into the propagation path during the measurements to suppress

atmospheric water-vapor absorption. The frequency resolution for this setup is ∼6 GHz

and 1800 scans were collected and averaged to eliminate random amplitude fluctuations in

the femtosecond mode-locked laser and photoconductive THz source. Balancing the noise

level in the spectrum as well as the spectral resolution, a Black-Harris 3-term apodization

was utilized to suppress apparent noise in the spectrum.

The frequency-dependent refractive index n(ν) and attenuation coefficient α(ν) of the
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plastics are obtained from the measured time-dependent electric field after Fourier trans-

forming the time-domain signal (electric field) transmitted through the sample and through

the air (reference signal), with electric-field amplitude and phase Es(ν), φs(ν) and Er(ν),

φr(ν), respectively [111],

α(ν) = −2/d ln[Es(ν)/(T (ν)Er(ν))], (5.2)

n(ν) = 1 + c[φs(ν)− φr(ν)]/(2πνd) (5.3)

where d is the sample thickness and T (ν) is the transmittance associated with the air/plastic

and plastic/air interfaces,

T (ν) = 4n(ν)/[n(ν) + 1]2 (5.4)

Furthermore, the complex permittivity ε(ν) = ε′+ iε′ and loss tangent tan δ(ν) are related

to n(ν) and α(ν) by

ε′ = n2 − k2 (5.5)

ε′′ = 2nk (5.6)

tan δ = ε′′/ε′ (5.7)

where k is the extinction coefficient (imaginary part of the complex refractive indices (n+

ik), k = αλ0/(4π) with λ0 = c/ν the wavelength in vacuo and c the speed of light.

Three commercial thermoplastics, viz. PC, PMMA, and ABS are studied in this present

work, with relevant material properties given in Refs. [103, 179] (in which certain similar

THz measurements were also made). Since the surfaces of all investigated samples are

visibly smooth and flat, surface scattering is not expected to be significant for our study’s

near-normal incidence (though it is expected to be an issue for propagation in the plane of

the plastic sheets).

From Eqs. (5.2) and (5.3), n(ν) and α(ν) were obtained directly from the experimen-
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tal measurements of the THz signals and are presented in Fig. 5.25. PMMA exhibits a

somewhat lower n(ν) than the other plastics. In all cases, n(ν) exhibits a slightly negative

dispersion dn/dν with n(ν) for PMMA reducing from 1.63 at 0.5 THz to 1.59 at 2 THz, for

PC reducing from 1.67 at 0.5 THz to 1.64 at 2 THz, and for ABS reducing from 1.68 at 0.5

THz to 1.64 at 2 THz. This trend is consistent with previous reports for similar materials

in Refs. [82, 88] though as pointed out supra, values of the optical constants vary in the

literature.

Figure 5.25: n(ν) for (a) PC, (b) PMMA, and (c) ABS, α(ν) for (d) PC, (e) PMMA, and
(f) ABS, from 0.5 THz to 2 THz.

Figure. 5.25 (d)-(f) show α(ν), with α(0.5 THz) for PMMA, PC, and ABS is 2.5 cm−1,

2.1 cm−1, and 2.9 cm−1, respectively, with α(2 THz) increasing to 22 cm−1, 13.6 cm−1,

and 19.6 cm−1. The feature at ∼1.66 THz is likely due to a water-vapor resonance [180].

The values of α(ν), obtained in this work, are consistent with the literature [82, 88, 181].

For example, in Ref. [82], for PC n(1 THz)= 1.665 and α(1 THz)= 9.6 cm−1, while for

PMMA n(1 THz)= 1.61 and α(1 THz)= 11.3 cm−1, though the losses we measure at 1

THz are somewhat lower. Note that earlier work [88, 92, 182] (also cited in Ref. [82]),

while finding similar values for the refractive index for PC and PMMA, shows a large

scatter in the loss measurements for PMMA.
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Since the 1970s, it has been noted that, at low frequencies, α(ν) for materials with

the disorder varies with ν as a power-law [84, 183]. A refinement of the ideas presented

followed the observation that the product n(ν)α(ν) for amorphous materials obeys a power-

law relation [117, 181, 184]

n(ν)α(ν) = K(hν)β (5.8)

where h is the planck’s constant, and the absorption parameter K is material-dependent

[184]. The exponent β is related to the characteristics of the disorder, and satisfies β ≤ 2.

For glasses, typically β ≈ 2; however, for plastics in many cases, β is somewhat less than

2. The values of Kh2 and β are obtained after fitting n(ν)α(ν), and are listed in Table 5.2.

The values of β and Kh2 obtained by fitting to our data are in close agreement with those

quoted in Ref. [9]. We next convert n(ν) and α(ν) to ε′(ν) and ε′′(ν) using Eqs. (5.5)

Table 5.2: THz refractive indices n(ν), Kh2, and β based on fit to data.
Material n (a.u.)

(average)
Dispersion

(n0.5 THz − n2 THz)
Kh2

(cm−1s2)
β

PMMA 1.62 0.04 24.38 1.52
PC 1.66 0.03 23.05 1.37

ABS 1.67 0.04 27.37 1.48

and (5.6). Figure 5.26 (a-c) show ε′(ν). Compared to PC and ABS, PMMA possesses a

lower ε′(ν) consistent with the lower value of n(ν) noted above. In addition, for the three

plastics ε′(ν) decreases slightly with ν, again, largely reflecting the dispersion in n(ν). The

results here for PMMA can be compared with those of Ref. [29]. Broadly speaking, ε′(ν)

is in good agreement with their measurements, though we find somewhat higher values

of tan δ at higher frequencies. It should be noted that, for dielectric measurements, there

may be a surface-scattering contribution in the measurements, both of Ref. [29], and those

presented here (and in many other such published measurements). This contribution can be

eliminated by comparing measurements on slabs of various thicknesses but with the same

surface texture.

Loss tangent tan δ(ν) is determined using Eq. (5.7). As shown in Fig. 5.26, PC has
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Figure 5.26: Measured permittivity ε′(ν) for (a) PC, (b) PMMA, and (c) ABS, loss tangent
tan δ(ν) for (d) PC, (e) PMMA, and (f) ABS, from 0.5 THz to 2 THz.

the lowest tangent, consistent with its lower α(ν), compared with the other plastics. Table

5.3 summarizes ε′(ν) and tan δ(ν) at 500 GHz, 1 THz, 1.5 THz, and 2 THz for the three

plastics.

Table 5.3: Comparision of ε′ and tan δ between PMMA, PC and ABS.

Material
ε′(ν) tan δ

0.5 THz 1 THz 1.5 THz 2 THz 0.5 THz 1 THz 1.5 THz 2 THz

PMMA 2.66 2.63 2.58 2.52 0.015 0.022 0.029 0.033
PC 2.81 2.77 2.72 2.69 0.012 0.016 0.02 0.02

ABS 2.83 2.78 2.73 2.69 0.016 0.022 0.028 0.028

In this work, the dielectric properties of three common off-the-shelf thermoplastics

were characterized using THz TDS. The refractive index n(ν), absorption coefficient α(ν),

permittivity ε(ν) = ε′(ν) + iε′′(ν), and loss tangent tan δ(ν) for PC, PMMA, and ABS,

are presented from 500 GHz to 2 THz. We find that in the entire frequency range, tan δ(ν)

varies from 0.012 to 0.033, while ε′(ν) is from 2.84 to 3.22. In summary, the refractive in-

dex and dielectric losses of the investigated thermoplastics are low compared with glasses.

We expect some variations in the dielectric properties of each of these materials, depending

on the vendor. While there is an overall agreement with past measurements, we must rec-
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ognize that there is still considerable scatter in some of the data. It should also be pointed

out that some of the measurements are up to two decades old, calling for re-evaluation.

There is also not a great deal of data published on ABS.

In all cases, low dielectric loss, together with compatibility with some board-manufacturing

processes, make these plastics promising candidates for 6G applications, as well as for

packaging of modules, systems, and entire hand-held devices and as constituent materials

for metasurfaces and other types of filters and reflectors. Photoconductive THz sources in-

tegrated with guiding structures and broadside antennae may enable higher optical-to-THz

conversion by approaches that incorporate the antenna on a plastic substrate. These ma-

terials, while not having a long life, nor exhibiting favourable thermal properties in many

cases, remain attractive for their low cost.
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CHAPTER 6

CONCLUSION AND PERSPECTIVE

6.1 Conclusion

The promise of terahertz (THz) pulsed imaging (TPI) and time-domain spectroscopy (TDS)

as a non-contact and non-ionizing modality for non-destructive evaluation (NDE) and ma-

terial characterization in both academic and industrial fields are well demonstrated in this

thesis.

In chapter 3, THz reflectometry provides a reliable contactless approach to nondestruc-

tively characterize scale film on steel with thicknesses down to ∼ 5 µm and, by extension,

other electrically non-conducting oxide films. In addition, the THz time-of-flight technique

(TOFT) combined with autoregressive spectral extrapolation based on the modified covari-

ance method (AR/MCM) algorithm succeeded at globally stratigraphically reconstructing

multilayer coatings on steel in a non-destructive and non-contact fashion. The uniformity

of individual layers calculated based on THz results agrees with eddy-current-based mea-

surements, though deviations are observed when layer thicknesses are . 10 µm. AR/MCM

does not require extensive training or a specific physical model to carry our accurate recon-

struction as a relatively robust analysis technique.

Some significant progress has been achieved in the stratigraphic characterization of

materials with complex structures, as presented in chapter 4. A factor-of-two improvement

in the maximum thickness of polycarbonate (PC) and poly-methyl methacrylate (PMMA)

sheets that THz TOFT can resolve is achieved after accounting for dispersion. Sparse de-

convolution (SD), based on an interior-point method in conjunction with a propagation

model accounting for dispersion, is proved successful in reconstructing the stratigraphy of

a complex sample incorporating both optically thick and thin layers. While the maximum
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determinable thickness by SD is less than cross-correlation (CC), SD may still be the pre-

ferred option for stratigraphic reconstruction of moderately thick samples with complex

structures, even in the absence of structural information investigated materials. The prac-

tical prospects of THz-based techniques in automated paper handling of legacy documents

are also discussed. The page count of a paper stack is obtained through reconstructing the

stratigraphy of the stack based on the reflected THz signal, and a staple binding the four

central sheets in an s = 10-sheet paper stack is also detected. Owing to the strong THz

reflection from the aluminum staple, the location of the staple is identified successfully in

the three-dimensional rending.

Finally, chapter 5 of this thesis presents a detailed discussion on material characteri-

zation using THz TDS. THz birefringence and surface homogeneity of nanoporous Al2O3

films on Al are investigated using Polarization-resolved THz TDS and THz scattering imag-

ing. As a non-contact, non-ionizing, and non-destructive approach, THz-based technology

can serve as a complementary technique of atomic force microscopy (AFM), scanning elec-

tron microscopy (SEM), and x-ray diffraction (XRD) that only covers a relatively small

scan size. Moreover, THz-based technology has proved to be an effective tool for quality

control of injection-molded thermoplastic components, such as locating the weld line de-

fects. This information can be used to improve manufacturing and the NDE of components

on the production line and in service. Lastly, the dielectric properties and loss tangent of

three frequently used, low-cost, and off-the-shelf thermoplastics were also characterized

using THz TDS from 500 GHz to 2 THz. Compared with glasses, all investigated plastics’

refractive index and dielectric losses are low within the entire frequency range, making

them attractive candidates for selected applications for future sixth-generation (6G) sys-

tems, such as microelectronic packaging and waveguides.
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6.2 Perspective

The potential practical applications of THz imaging in the industry and academia are wor-

thy of further exploration.

In our previous work in [185], mill scale films (form on the surface of steel during the

steel process and consist of mixed different iron oxides) with thickness down to 5 µm were

characterized successfully in a non-destructive and non-contact fashion using THz TOFT

in conjunction with advanced posted signal processing techniques. In that work, however,

all investigated steel coupons were fabricated under laboratory conditions, demonstrating

that all manufacturing parameters, including finishing temperature, the content of oxygen

in the atmosphere, and the cooling rate, were precisely controlled. The success of charac-

terizing laboratory-produced mill-scale films leads to the question: Is THz TOFT likewise

successful in characterizing d for tertiary mill scale on production steel plates rather than on

samples produced under controlled laboratory conditions? Therefore, more efforts should

also be made to directly introduce the pulsed THz reflectometry to the shopfloor for in-line

monitoring of the quality of fabricated steel products. Several serious issues, such as the in-

fluence of high temperature on the performance of commercial THz devices, the influence

of the motion of investigated steel products, defocus, and non-specular scattering related

to the rough surface, should be considered to avoid unexpected errors. Moreover, because

of THz waves’ high sensitivity to water vapors, how to overcome the influence of humidity

on the waveform of THz reflected signals is also worth studying before implementation.

Except for the in-line quality control of steel products, the corrosion mechanisms at earlier

stages than visual inspection under paint also deserve exploration. There is no consensus

within the steel industry on how blisters (one type of specific defect) are introduced during

the corrosion process, even away from the scratch lines. THz-based technology might be a

promising tool to study this issue due to the penetration of THz radiations.

Although recent works have demonstrated the promising potential of THz-based tech-
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nology on material characterization, further developments are still necessary. For the short

fiber-reinforced thermoplastics, the residual lifetime of polymer composite materials under

mechanical loading conditions can be estimated approximately based on the defect types

diagnosed by TPI. In general, matrix cracking and debonding at fiber tips occur at the

early stage of the composite life, and fiber/matrix debonding and coalescence of damaged

cavities are introduced between the 15% and 85% of the composite life. Fiber breakage

happens before the material’s failure. Having a physical understanding of the evolution of

damages in composite during the fatigue loading and related damage mechanisms is crucial

to quality control of the material itself. Furthermore, the dielectric and optical properties

(e.g., absorption coefficients α(ν), refractive index n(ν), complex permittivity ε(ν), and

loss tangent tan δ) of materials with potential applications in emerging 6G communica-

tion systems, ranging from microelectronics packaging to meta-surfaces for reflectors and

filters, are also worth of study systematically within THz frequency regime. This valu-

able information can directly assess materials prior to the fabrication and packaging of

millimeter-wave (mmW) antennas and integrated systems.

Investing THz-based technology in other research fields, such as cultural heritage con-

servation science, is also worth exploring. Compared to x-rays and infrared, THz radia-

tions can penetrate deep and allow for safe (non-ionizing) in deep three-dimensional (3D)

imaging of individual layers. Therefore, THz-based technology shows a good application

prospect in this research field. To date, various types of archaeological and historical art-

works, including panel paintings, wall paintings, papyruses, fabric, and mummies, have

proved the advantages of THz-based technology in the detection of hidden layers and ma-

terial characterization (e.g., pigments) and authenticity identification. Extensive efforts

should be made to correlate THz images and results from other classic NDE techniques

to understand the investigated artworks better. Spectroscopic study of ancient pigments

should be carried on to provide valuable color information for the restoration of cultural

relics.
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