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R SUM

Dans le spectre glectromagn@tique, la bande des tdrahertz (THz) est situg@e entre les micro-
ondes et I'infrarouge. Le systtme de spectroscopie tdrahertz dans le domaine du temps (THz-
SDT) permet d’extraire directement le champ @lectrique multifrdquentiel. Dgj , plusieurs
applications avantageuses ont @td trouv@es pour I'imagerie et la spectroscopie THz, et ce
dans divers domaines. Cependant, malgr@ le potentiel que rectle les THz, plusieurs d@ s
doivent CGtre relevds pour faciliter sa g@nf@ralisation. Dans cette thtse, nous sugg@rons des
solutions nouvelles  deux probltmes et nous pr@sentons une impl@mentation d’un systtme
d’imagerie THz 3D, connu sous le nom de tomographie assist@e par ordinateur.

Premitrement, la manipulation du faisceau THz est di cile. A n de rem@dier cela, nous
explorons deux types de guides d’onde en mousse : la mousse de polystyrtne et la mousse
de soie. La mousse de polystyrtne est utilisde comme gaine pour le guide d’onde THz
deux Is m@talliques. Nous montrons que les pertes additionnelles dues la gaine de mousse
sont n@gligeables par rapport I’avantage d’avoir une encapsulation robuste et herm@tique du
guide d’onde. Pour la mousse de soie, nous montrons que les pertes sont un ordre de grandeur
infdrieures celles de la soie solide. La mousse de soie a I’avantage d’Etre biocompatible pour
des applications biom@dicales ou agroalimentaires.

Deuxitmement, I’acquisition de I'impulsion THz prend beaucoup de temps. La composante
la plus lente dans un systtme THz-SDT est la ligne d@lai optique. Nous impl@mentons
une ligne dg@lai rotative qui est capable de r@duire signi cativement le temps d’acquisition
total. De plus, nous pr@sentons des applications nouvelles pour les THz. Ces applications
@taient auparavant impossibles en raison, justement, du long temps d’acquisition. Sp@ci que-
ment, nous observons, en temps r@el, les processus d’@vaporation de liquides transparents,
I’application et le s@chage de la peinture agrosol opaque, ainsi que la ddtection et I’'Gvaluation
de I'@paisseur d’objets mobiles.

Troisitmement, nous impldmentons un systtme d’imagerie THz 3D de tomographie assistge
par ordinateur. Le systtme THz-SDT permet d’imager sur plusieurs frdquences et d’extraire
I'indice de r@fraction complexe d’un @chantillon. Cependant, lors de I'impl@mentation d’un
systtme d’imagerie THz 3D de tomographie assist@e par ordinateur, plusieurs d@ s s’imposent,
le principal gtant le long temps d’acquisition. Ici, nous pr@sentons un dgbut d’impl@mentation
d’un tel systtme. Nous discutons de plusieurs probltmes et nous pr@sentons des solutions
pour certains.



ABSTRACT

In the electromagnetic spectrum, the terahertz (THz) frequency band is located between the
microwave and the infrared. The pulsed THz time-domain spectroscopy (THz-TDS) system
allows direct access to the THz electric eld and its multifrequency nature. Already, THz
imaging and spectroscopy have been applied to many di erent elds. Despite all the interest
and potential, there a still some hurdles impeding its generalized use. In this thesis, we
suggest novel solutions to two issues and we present an implementation of a THz 3D imaging
modality known as computed tomography.

First, the handling of the THz beam is di cult. To overcome this, we explore two kinds
of foam waveguides : polystyrene foam and silk foam. We use the polystyrene foam as a
cladding for the THz two-wire waveguide. We show that the additional losses are o set by
the mechanically robust and hermetical foam encapsulation. As for the silk foam, we show
that the losses are one order of magnitude lower than those of solid silk. Here, the silk foam
has the advantage of being biocompatible for biomedical and agro-alimentary applications.

Second, the acquisition of the THz pulse is time-consuming. The slowest component in a
regular THz-TDS system is the linear optical delay line. We implement a fast rotary delay line
that is able to signi cantly reduce the overall time acquisition. Additionally, we present novel
applications for THz. These applications were not possible before, because of the long time
acquisition. Speci cally, we observe, in real time, the evaporation of transparent liquids, the
spray painting process, as well as the detection and thickness evaluation of moving objects.

Third, we implement a THz 3D computed tomography imaging system. The THz-TDS allows
multifrequency imaging and direct extraction of the complex refractive index. However, when
doing computed tomography imaging on a THz-TDS system, several challenges arise, the
main one being the time acquisition. Here, we present an early implementation of such a
system. We discuss several issues and we present solutions to some.



Vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . e e e i
R SUM . e iv
ABSTRACT . . e %
TABLE OF CONTENTS . . . . . . e e e e e e vi
LIST OF TABLES . . . . . . . e e e e iX
LIST OF FIGURES . . . . . . e e e e e X
LIST OF ACRONYMS AND SYMBOLS . . . . . . . . .. ... . . . .. XV
INTRODUCTION . . . . e e e e e e e e e e 1
CHAPTER 1 TERAHERTZ TIME-DOMAIN SPECTROSCOPY SYSTEM 5
1.1 Generation and detectionof THz . . . . . ... .. ... ... ... ..... 5
1.2 THz beam steering and focusing . . . . . . . . .. ... ... .. .. . ..., 7
1.3 Time resolved detection with an optical delay line . . . . .. ... ... ... 9
1.4 Data acquisition and lock-inampli er . . . . .. .. ... ... ... ... .. 9
1.5 THz pulse in time and frequency domains . . . . . .. ... ... ...... 11
1.6 Refractiveindex and losses . . . . . . . . . . . . ... 12
CHAPTER 2 HYBRID METAL-DIELECTRIC THz WAVEGUIDES . .. ... .. 14
2.1 THz waveguides literature overview . . . . . . . . . . . . . ... ... .... 14
2.1.1 Metallicwaveguide . . . . . . ... . ... 14

2.1.2 Dielectric waveguides . . . . . . . . .. 15

2.2 Two-wire waveguides with polystyrene foam cladding . . . . . ... .. ... 15
2.2.1 Bulk polystyrene foam . . . . .. ... ... .o 17

2.2.2 Two-wire waveguide with a polystyrene foam cladding . . . . . . . .. 18
CHAPTER 3 ARTICLE 1: SILK FOAM TERAHERTZ WAVEGUIDES . . . . .. 21
3.1 AULhOIrS . . . . e 21
3.2 Abstract . . . . . .. e 21

3.3 Introduction . . . . . . . . .. e 22



vii

3.4 Characterization of silk foams . . . . .. ... ... ... ... ... ... .. 24
3.4.1 Characterization of silk foam porosity . . . . . .. .. .. ... .... 24
3.4.2 Optical characterization of silk foams in the THz spectral range . .. 26
3.4.3 Intepretation of the cutback measurements . . . . .. ... ... ... 27

3.5 Silk ber measurement . . . . . .. ... 32
3.5.1 Optical characterization of the silk foam bers in the THz spectral range 32
3.5.2 Interpretation of the cutback measurements of silk foam bers . ... 32

3.6 Guidance mechanism in the silk foam bers . ... .. ... ... ...... 38

3.7 DISCUSSION . . . . . e 40

3.8 Conclusion . . . . . . .. e 41

3.9 Experimental section . . . . . . . ... 42
3.9.1 Puri ed aqueous silk broin solution . . . . ... ... ........ 42
3.9.2 Silk foams and foam-based bers . ... .. ... ... ... ... 42

3.10 Acknowledgments . . . . . . . .. 43

CHAPTER 4 ARTICLE 2 : TIME RESOLVED DYNAMIC MEASUREMENTS AT

THz FREQUENCIES USING A ROTARY OPTICAL DELAY LINE . .. .. .. 44
4.1 AULhOrS . . . . 44
4.2 Abstract . . . . . . 44
4.3 Introduction . . . . . . .. 45
4.4 Characterization of the FRLODL . . . . . . ... .. ... ... ....... 47
4.5 Practical applications of the FRLODL . . . . ... ... ... ........ 55
4.5.1 Monitoring of the evaporation process. . . . . .. .. ... ... ... 55
45.2 Monitoring of spray painting . . . . . . ... ... ... ... 55
4.5.3 Detection and thickness evaluation of moving objects . . . . . .. .. 56

4.6 Conclusion . . . . . . 59
4.7 Acknowledgment . . . . . ... 60
CHAPTER 5 3D THz COMPUTED TOMOGRAPHY . .. ... ... ... .... 61
51 Principlesof 3D CT . . . . . . . . . e 61
5.1.1 Radon transform . . . . .. ... ... ... 61
5.1.2 Filtered back-projection reconstruction . . . . . ... .. .. .. ... 62

52 3DCTInTHz . . .. . . 64
5.3 Implementation of THZ CT imaging . . . . . . . . . . . . . ... .. .. ... 65
5.3.1 Technicalissues . . . . . . . . ... .. 65
5.3.2 Fast acquisition and correction for THz CT imaging . . . . . . .. .. 65

5.4

Reconstruction . . . . . . . . . . . e e 66



CHAPTER 6 GENERAL DISCUSSION . . .. . ... ... ... . ... .. ... 70
6.1 Polyurethane foam asa THz waveguide . . . . . . . .. ... ... ...... 70
6.2 Silk foam terahertz waveguides . . . ... .. ... ... ... .. .. ..., 72
6.3 Trigger for fast rotary delay line . . . . . ... ... ... ........... 72
6.4 Waveguide and rotary delay line in a THz CT imaging system . . . .. ... 74

CONCLUSION . . . . e s e s s e e 75

REFERENCES . . . . . . 77



LIST OF TABLES

Table 3.1 Porosity of the silk bulk foams. . . . . ... ... ... ........ 26
Table 4.1 Thickness of LDPE samples assessed with micrometer and FRLODL. 59



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1

Figure 3.2

Figure 3.3

LIST OF FIGURES

THz-TDS Setup . . . . . . . . 5
(a) Optical excitation of the THz-PCA. (b) Generation and (c) detec-
tion of THz with the THz-PCA. . . . . . . . . . . .. ... ... ... 6

Geometrical construction using specular re ection law on a parabolic
function. The rays emitted from the focal point are collimated parallel

to the axis of symmetry. . . . . ... ... .. ... ... 8
(a)-(b) Time domain pulse. (c) Normalized amplitude spectrum. The
dotted lines correspond to absorption in the water molecule [37, 38].

(d) Unwrapped phase spectrum. . . . . . . .. ... ... ... ..., 11
(a) Time-domain electric eld. (b) Transmission spectra. (c) Un-
wrapped phase relative to the reference. Each color represents a par-
ticular length of polystyrene foam. . . ... ... ... ........ 16
(a) E ective refractive index. The mean value is indicated by the red
dashed line. (b) Extinction losses and numerical t with a fourth-order
polynomial (dashed green) and Lorentzian function (dashed red). The

sum of the two is plotted inblue. . . . . .. ... ... ........ 18
Photograph of the two-wire ABS 3D-printed holder (a) with and (b) with-

out polystyrene foam. (c) Magni cation of the metal coupler used also

as an aperture. (d) Holder with two wires between two apertures inside

the THz-TDS system. . . . . . . . . . . . . . i 19
Time-domain electric eld of (a) two-wire waveguide embedded in polystyrene
foam, (b) two wires only, and (c) ABS holder only. (d) Transmission
spectra of the corresponding electric eld. . ... ... ........ 20
(a) A typical sample of a silk foam; (b) transverse cut of a silk foam
sample; SEM images of the foam crossection taken with di erent mag-

ni cations in the vicinity of the sample center: (c) large scale view,

(d) vicinity of the center, (e,f) exactly at the center. . . . . . ... .. 25
Schematic of the THz setup used for characterization of the bulk foam
samples. . . . .. 27

Cutback measurements using bulk foam sample presented in Figure 3.1.
(a) Unnormalized transmission spectra, (b) unwrapped phases (relative
to the reference), (c) foam absorption losses, (d) foam refractive index. 29



Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 4.1

Time traces corresponding to the cutback measurements of a bulk foam
sample of Figure 3.1. (a) Solid lines experimentally measured time
traces, dotted lines analytical t Equation 3.7 using Equations 3.2,
3.3 for the foam refractive index and bulk loses obtained by inter-
preting spectral transmission data at low frequencies. (b) Solid lines
experimentally measured time traces, dotted lines analytical t Equa-
tion 3.7 using Equation 3.9, 3.10 for the foam refractive index and bulk
losses obtained by minimizing the di erence between experimental and
theoretical time traces. . . . . . . . . . . ...
Schematic of the THz setup used for characterization of the foam-
based bers. Insets 5 mm-diameter ber crossection, silk foam ber
mounted inside of asetup. . . . . . . ... oL
Cutback measurements using 5 mm-diameter silk foam ber. (a) Un-
normalized transmission spectra, (b) unwrapped phases (relative to
the 2.04 cm-long ber reference). Extracted (¢) ber absorption losses,
(d) modal e ective refractiveindex. . . . . .. ... ... .......
Time traces corresponding to the cutback measurements of 5 mm-
diameter silk foam bers. (a) Solid lines experimentally measured
time traces, dotted lines analytical t (Equation 3.14) using 3.15 and
3.16 for the core material refractive index and bulk losses. (b) Optical
properties of the fundamental HE;; mode of a silk foam ber.

(a) Longitudinal ux distribution in the fundamental HE;; mode of a
step-index silk foam ber at various frequencies. Black circle marks the
core/cladding interface. Top row  ber diameter is 1.5 mm. Bottom
row ber diameter is 4.0 mm. (b) Propagation loss of HE;; mode
normalized by the bulk absorption loss of the core material. (c) Group
velocity dispersion of the HE;; mode. . . . . . . . .. .. ... ....
(a) The schematic of an individual rotating blade consisting of two
curvilinear re ectors [27]; (b) The time delay of the FRLODL; (c) The
optical setup of the FRLODL in Zemax. . .. ... ..........

Xi

31

33

35

37

39



Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

(a-d) The outgoing beam captured by the detector screen at the rota-
tion angle of 5, 10, 20 and 30 . The rotation angle is de ned in
Figure 4.1 (a). Particularly, when the rotation angle is 5 , the incom-
ing beam is cut by the edge of the curvilinear re ector, thus resulting
in an incomplete re ection. (e) The RMS radius of the outgoing beam
at di erent rotation angles; (f) The centroid position of the outgoing
beam in OX and OY direction on the detector screen as a function of
the rotationangle. . . . . . . . . ... ...
(a-d) The outgoing beams re ected by a rotary disk with 1 m average
roughness of the re ector surfaces for rotation angles 5, 10, 20 and 30
respectively. The rotation angle is de ned in Figure 4.1 (a). (e) The
RMS radius of the outgoing beam at di erent rotation angles. (f) The
centroid position of the outgoing beam in OX and OY direction on the
detector screen as a function of the rotation angle. . . . . . . ... ..
The experimental setup. Inset shows the FRLODL disk with its four
manufactured blades. Notice the parallel incoming and outgoing opti-
cal beams at di erent rotationangles. . . . . . ... ... ... ...,
Characterization of the FRLODL. (a) THz time traces for di erent
delays between the emitter and detector lines and (b) the deduced po-
sitions (in ms) of the main peak knowing the delay (in ps). (c) The
averaged and normalized pulses for di erent rotation speeds and (d) the
corresponding power spectra. The arrow points to the noise level of the
FRLODL measurements. The "Linear" curve corresponds to the mea-
surement with a standard micropositioning linear stage and is added
for comparison of the positions of the water absorption lines. (e) The
signal-to-noise ratio for di erent rotation speeds and (f) the dynamic
range as a function of the number of averaging. . . ... ... .. ..
The evaporation process measured with the FRLODL. (a) The nor-
malized electric eld amplitude of the main THz peak as a function
of time for water, acetone and methanol. Inset: longer time scale.
(b) The time traces (top) and spectra (bottom) for the evaporation of
aCetONE. . . . . . . e

Xii

50

51

52

54



Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 6.1

Xiii

Monitoring of the painting process using the FRLODL. (a) The normal-

ized amplitude (top blue) and time shift (bottom red) of the main THz

peak along time. (b) The THz time traces during spraying (top) and
drying (bottom). (c) The normalized power spectra evolution along
time. (d) The averaged pulse before and after the painting process. . 57
The detection of fast moving LDPE samples. (a) Experimental setup.

The THz beam is collimated and the LDPE sample drops vertically.

(b) The detected time delay by the passing of the LDPE samples. Inset:

zoom at the passing of the 14.72 mm sample and (c) the corresponding

time traces. (d) The inaccuracy of the temporal position of the peak
when using the motor trigger (top) or the photodiode trigger (bottom). 58
Principles of Radon transform. (a) Line integral projection at angle

along x’, performed in the direction of the y’ axis. (b) Collection of all

the projections results in a sinogram g(x%; ).. ... ... . ... ... 63
Visual explanation of the Fourier slice theorem. . . . . ... ... .. 63
Removal of high frequencies in the acquired data. (a) Electric eld

and (b) spectrum of one THz pulse before (blue) and after (red) the

COrrection. . . . . . . . . . 67
Superimposition of multiple pulses. A hundred electric elds (a) before

and (b) after the correction. . . . . . ... .. .. ... ... .... 67
Fully corrected pulse. (a) Electric eld and (b) spectrum. . . . . . .. 67

The con guration of the LDPE rod with three holes in the THz-TDS
system in (a) a top (b) and lateral view. Note that the beam waist is

not at scale compared to the size of the holes. . . . . . ... ... .. 68
(a)-(d) Sinograms at di erent frequencies : (a) 0.25, (b) 0.50, (c) 0.75

and (d) 1 THz. (e)-(f) Corresponding Itered back-projections: (e) 0.25,

(f) 0.50, (g) 0.75 and (h) 1 THz. (i)-(k) Averaged sinograms on the

(1) 0:25 0:50 THz band, (j) 0:50 0:75 THz band and (k) 0:75 1

THz band. Corresponding Itered back-projections : (1) 0:25 0:50

THz band, (m) 0:50 0:75 THz band and (n) 0:75 1 THz band.

(0) Simulated LDPE rod with three holes and (p) its Radon transform 69
(a) Photograph of the polyurethane foam. Diameter is 95 mm. (b) Time-
domain electric eld of the cutback measurement for di erent lengths of
polyurethane foam. The reference corresponds to the measurement in

an empty THz-TDS system. It has been multiplied by 0.25 for clarity.

(c) Transmission spectra. (d) Unwrapped phase relative to reference. 71



Figure 6.2
Figure 6.3

Figure 6.4

(a) Refractive index and (b) losses of polyurethane foam. . . . . . ..
SEM images of the ber silk foam. (a) Low magni cation revealing
the macrostructure. The dotted line indicates the position of the tape
used to hold the sample. (b) Periphery of the sample. (c) Higher
magni cations showing the at walls and (d) the circular holes.

Generation of the trigger based on the electrical output of the rotation
motor. (a) Raw electrical output of the motor. (b) Saturated signal.
(c) Electronic logical counters stage. . . . . . ... ... ... ....

Xiv

73



CNC

CT

DR
FRLODL
LDPE
LT-GaAs
THz
THz-TDS
THz-PCA
SEM
SNR

LIST OF ACRONYMS AND SYMBOLS

Computer numerical control
Computed tomography
Dynamic range

Fast rotary linear optical delay line
Low density polyethylene
Low-temperature GaAs
Terahertz

THz time-domain spectroscopy
THz photoconductive antenna
Scanning electron microscopy
Signal-to-noise ratio

XV



INTRODUCTION

In the electromagnetic spectrum, the terahertz (1 THz = 10'? Hz) region lies from 0.1 to
10 THz, corresponding to wavelengths of 3 mm to 30 m. At the junction of the microwave
and the infrared, the THz frequency band has a number of relevant, sometimes unique,
applications. However, for many years, the scienti ¢ community lacked the technological tools
for the manipulation of THz. Even generation and detection were problematic. Nowadays,
the research has been able to overcome many hurdles, but some challenges remain.

Throughout time, the pulsed THz time-domain spectroscopy (THz-TDS) technology has
emerged as a leader in the eld. The THz pulse contains multiple frequencies and the time-
domain sampling provides direct access to the THz electric eld. Thereby, the complex
spectroscopic nature of a sample can be fully experimentally extracted. A two or three
dimensional mapping of the complex refractive index can then lead to hyperspectral imaging.

THz imaging and spectroscopy have well recognized unique bene ts. First, the THz are
able to penetrate, with di erent attenuation levels, most dielectric materials, for example
polymers and fabrics. Second, unlike microwaves, the THz wavelength is su ciently small
to provide high resolution images. Third, various solid and gaseous materials show unique
signatures in the THz band, leading to identi cation spectroscopy. Fourth, the THz induce
no harmful photoionization in biological tissue. Therefore, it is not surprising to see that
THz imaging and spectroscopy have been applied to many di erent elds.

In the biomedical domain [1], THz waves were used to detect various kinds of cancers :
breast [2], skin [3] and oral [4] cancer for example. More fundamentally, THz have been
used to probe biological molecules, such as proteins [5] or sugars [6]. As for pharmaceutical
applications, tablet coating thickness [7] and crystallinity of pharmaceutical materials [8]
were quanti ed using THz.

Similarly, several applications have been found for industrial applications of THz [9]. For
polymers, in-line thickness evaluation [10], identi cation of degradation products [11] and
in-line monitoring of compounding process [12] were demonstrated. In the food industry,
detection of contaminants [13], homogeneity and moisture quanti cation of mixtures [14] have
been performed. Failure in semiconductors was determined [15] and petroleum products were
distinguished with THz [16]. In the paper industry, THz-TDS provides a non-contact method
to quantify the composition and thickness of paper products during their production [17, 18].

Other relevant technological applications of THz include art conservation [19], detection



and identi cation of explosives [20] and non-contact inspection of space shuttle foam insu-
lation [21]. Intensive research is also conducted in the eld of THz communications, where
higher carrier frequencies hold the potential to allow faster transmission of huge data [22].

Challenges and objectives

Despite all the interest and potential, there are still many hurdles impeding a wide use of
THz imaging and spectroscopy. In this thesis, we suggest novel solutions to two problems :
the THz beam handling and the acquisition time. Lastly, we present an implementation of a
3D imaging modality known as Computed tomography.

First, the handling of the THz beam is di cult and alignment is time-consuming. Be-
sides, practical operation often requires a variable distance between the THz emitter and
the sample. To address this, intensive research activity has been carried out to develop THz
waveguides. In this thesis, we present two foam structures to guide the THz wave : two
metal wires in a polystyrene foam and a silk foam. As we will see, the silk foam has the
added advantage of being biocompatible.

Second, in a THz-TDS, a time-domain sampling is performed in order to reconstruct the
THz pulse. This is usually done with a micrometer linear stage in which a displacement step
corresponds to a time step. This operation is time-consuming, often in the minute scale. This
is not compatible with probing of in-line industrial processes for example. Therefore, it is
highly desirable to have a faster way to acquire the THz pulse. In this thesis, we implement a
fast rotary delay line that is able, as we will see, to reduce signi cantly the time acquisition.

Third, THz has the ability to penetrate various materials. 3D imaging along with full 3D
mapping of the complex refractive index is therefore possible and has been previously per-
formed by others. The last work done within the framework of this thesis is a practical
implementation of a THz 3D Computed tomography system.

The objectives of this thesis are:

1. To overcome the THz beam handling issue by investigating the dielectric foam waveg-
uides,

2. To reduce signi cantly the acquisition time by implementing a fast rotary delay line in
a THz-TDS system,

3. To perform 3D imaging by implementing a Computed tomography system based on
THz-TDS.



Structure of the thesis

This thesis is divided in six chapters. As we cover relatively di erent subjects, the literature
review is introduced when necessary.

In Chapter 1, we introduce the basics behind a regular THz-TDS system. We do not intend
to exhaustively present all the possible con gurations, but we rather focus on the system
that we used within this thesis.

Then, in Chapter 2, we present a rst solution for the beam handling problem in the form
of a hybrid metal-dielectric foam waveguide. The chapter begins with a brief overview of
the previous work on two kinds of THz waveguide : the metal and the dielectric waveguides.
Then, we present our novel solution : a two-wire waveguide in a polystyrene foam. Notably,
Section 2.2 summarizes part 3 of our published paper in the Journal of the Optical Society
of America B [23].

Chapter 3 is a transcript of our full paper published in Advanced Optical Materials [24].
Again, it addresses the beam handling issue with another kind of dielectric foam : the silk
foam. As we will see, this rather exotic biological material has the potential to guide the THz
for the biomedical and agro-alimentary industries. As such, to the best of our knowledge,
it is the rst biocompatible material used for THz waveguiding. This publication has been
highlighted by Nature photonics in its Research Highlights [25].

In Chapter 4, we address the second issue of time acquisition. The chapter is a full transcript
of our paper published in IEEE Transactions on Terahertz Science and Technology [26]. In it,
we present an implementation of a fast rotary delay line. The regular linear delay line is very
slow and, mechanically, a rotary movement can reach higher speeds. In a previous work, our
group presented a theoretical analysis of several classes of curvilinear surfaces that provide,
in re ection, linear delay line with the rotation angle [27]. In this chapter, we fabricate
and present full characterization of such a surface. Additionally, we present new practical
applications for the THz, that were before impossible because of the long time acquisition.

In Chapter 5, we present the latest work performed within this thesis : the implementation of
a 3D Computed tomography system. First, we describe a method for image reconstruction.
Then, we implement it with a THz-TDS system. The work presented in this chapter is still
in progress. For that reason, results are not nal. Although some issues are addressed in this
thesis, some others remain and, for them, we point out potential solutions.

Finally, in Chapter 6, we discuss complementary details about the previous chapters. For
completeness, we add experimental characterization of polyurethane foam for waveguide ap-
plications. The preliminary results were not su ciently encouraging for further analysis. We



also comment on several points that were not covered in the publications of Chapters 3 and
4. Speci cally, we present scanning electron microscopy imaging of the ber silk foam. We
also comment the trigger operation for the fast rotary delay line. Lastly, we discuss about
the integration of the waveguides and the rotary delay line in a THz computed tomography
system.



CHAPTER 1 TERAHERTZ TIME-DOMAIN SPECTROSCOPY SYSTEM

In this chapter, we present the basics underlying a standard THz-TDS system. We do not
intend to present all the possible con gurations, but rather the principles underlying the one
used within this thesis.

In Figure 1.1, we depict a standard THz-TDS system. As in a pump-probe scheme, an
optical beam coming from an ultrafast femtosecond laser is divided in two paths: emission
and detection lines. On one path, a retrore ector mounted on a translation stage is placed to
add relative time delay. A voltage is supplied on the THz emitter, while a current is recorded
on the THz detector.

Figure 1.1 THz-TDS Setup

1.1 Generation and detection of THz

The generation and detection of the THz wave are based on Auston switches [28], also
known as THz photoconductive antenna (THz-PCA). A THz-PCA is an optical switch that
generates free carriers when excited by a photon with su cient energy and time duration.
More speci cally, it is formed by metal electrodes on a semiconductor substrate, typically
low-temperature GaAs (LT-GaAs). The optical beam is focused on the gap between the
two electrodes (Figure 1.2 (a)). The same THz-PCA can be used for both generation and
detection of THz.
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Figure 1.2 (a) Optical excitation of the THz-PCA. (b) Generation and (c) detection of THz
with the THz-PCA.

In a emitting con guration, a DC bias electric eld is applied between the electrodes (Fig-
ure 1.2 (b)). Free carriers® are generated by photons with energy larger than the semicon-
ductor bandgap. Then, they are accelerated by the DC eld while simultaneously being
trapped in defects in the semiconductor structure. This rapid rise and fall of the transient
photocurrent gives rise to a subpicosecond pulse of electromagnetic radiation. In frequency,
this corresponds to the THz region.

The radiation source can be modelled as a Hertzian dipole antenna in which the dipole size
(gap between electrodes) is much smaller than the wavelength [30]. It is possible to show
that:

Em: 7/ dJpc (1) (1.1)
dt
where Ety, is the radiated THz electric eld and Jpc is the generated transient photocurrent.
The latter can be modeled with the classical Drude-Lorentz model, which is beyond the scope
of this thesis [30 32]. In this model, under saturation, it can be shown that the emitted THz
eld increases proportionally with the amplitude of the DC eld and the intensity of the
optical pulse.

Placed in a detecting con guration, the THz-PCA follows the same principles. Again, the
focused optical beam generates free carriers. However, this time, they are accelerated by the
incoming THz electric eld. This will result on the generation of a net photocurrent between
the electrodes (Figure 1.2 (c)). This current depends on both the THz electric eld and the

 Free carriers can either be electrons or holes. However, in the generally used LT-GaAs, electrons are the
main carriers [29].



transient surface conductivity <(t) as the following convolution [30]:

Zt
IM= S t")Ery, (1) dt’ (1.2)

that can be transformed by the use of the convolution theorem as:

J( )=~ )Emz() (1.3)

where the  denotes the Fourier transform. These last equations show two things. First,
the measured photocurrent is the incoming THz frequency Itered by the surface conduc-
tivity, meaning that the detected bandwidth is limited by the semiconductor conductive
properties. Second, the photocurrent is directly proportional to the THz electric eld. Thus,
time resolved detection of the photocurrent leads to complete resolution of the electric eld
waveform, both in amplitude and phase.

1.2 THz beam steering and focusing

At the output of the emitter THz-PCA, the THz is not radiated in a narrow beam but rather
like a point-source, because the wavelength is much longer than the dipole size. Furthermore,
the dielectric interface between air and the substrate implies that the energy radiated into
the substrate is higher than the energy radiated into free space by a factor of the substrate
dielectric constant ,. Since for typical LT-GaAs substrate, , 12, most of the energy is
re ected back in the substrate [30, 33].

Thus, commonly, a hyper-hemispherical lens is placed just at the tip of the antenna sub-
strate. High resistivity silicon is used for this because its refractive index (3.418) is very
close to the GaAs semiconductor in the THz band [34]. Therefore, this type of lens has two
advantages. First, it limits the internal re ections. Second, it con nes the outgoing beam in
a 34 diverging cone [30]2.

To further collimate the beam, it is necessary to place optical components, such as an o -axis
parabolic mirror. Recall the general equation for a parabola in cartesian coordinates:

y=ax?+bx+c 1.4)

2This value comes from ray optics calculations. See p.67-68 of [30] for a detailed demonstration



The vertex P and the focus F are at the [x;y] coordinates:

b # b 1 ’
P= i — F= —; 1.
2a’ 4a 2a’ 4a (15
where =b? 4ac is the discriminant of the quadratic equation. The axis of symmetry is

de ned as the line passing P and F. Using the law of re ection, it is possible to show that a
ray parallel to the axis of symmetry is directed toward the focal point and, conversely, a ray
emitted from the focal point is re ected parallel to the axis of symmetry (Figure 1.3).

In a 0 -axis geometry, only a small part of the parabolic shape is used (bold in Figure 1.3).
Thus, it becomes possible to position the THz antenna at F. The parabolic mirror can be
used both to collimate a divergent beam coming from the emitter and focus a parallel beam
into the detector. In practice, a tridimensional paraboloid with the same properties is used.

The mirror has to be coated with a metal. A study showed that gold, silver or aluminium
coatings re ects equally THz waves [35]. The skin depth, which is the penetration depth
of an electromagnetic radiation inside a conductor, is 65 nm at 1 THz and because regular
optical mirrors have coatings in the micrometer range, they can be used to re ect THz.
Moreover, the roughness of optical mirrors are more than su cient for THz. Indeed, 1 THz
corresponds to 300 m and optical mirrors have generally roughness 10 nm. We mention
that at mirrors can also be used to re ect the beam without modifying its shape.

Figure 1.3 Geometrical construction using specular re ection law on a parabolic function.
The rays emitted from the focal point are collimated parallel to the axis of symmetry.



1.3 Time resolved detection with an optical delay line

To temporally resolve the photocurrent, an optical delay line is used. Indeed, the detector
measures a photocurrent only when the optical pulse excites photocarriers in the detecting
THz-PCA. Essentially, the width of the excitation femtosecond pulse can be considered very
small compared to the picosecond THz pulse. Therefore, by adding relative delay in one of
the arm, it is possible to resolve the THz pulse.

In such a measurement, the independent variable is the position z of the delay line. It can
be converted to time domain by :

- (16)
where the 2 expresses the fact that the optical beam travels twice the distance z because it
is re ected back.

Then, the complex spectrum can be obtained by taking the Fourier transform of the pulse
along time. By the properties of the Fourier transform, the maximal frequency f..x and
the frequency resolution T are linked to time domain increment t and the total scanned
temporal delay t:

c

f=—" =
t 2 z

with z and z are the corresponding spatial resolution and total spatial delay. For example,
a 10 m scanning step for a displacement of 20 mm vyields a spectrum with a maximal
frequency of 7.5 THz and a resolution of 7.5 GHz. Typically, the delay line is instructed
to move to each step, where the amplitude and phase of the THz pulse are recorded by
the means explained in Section 1.4. Yet, this process can take several seconds, sometimes
minutes. In Chapter 4, we present a rotary delay line that reduces considerably the time
acquisition.

1.4 Data acquisition and lock-in ampli er

Inset of Figure 1.1 depicts a scheme for the data acquisition. The output of the detection
THz-PCA is a current. The rst step is to preamplify this current and convert it to measur-
able voltage. This is performed using a transimpedance ampli er. Then, typically, a lock-in
ampli er is used to selectively amplify the useful data without amplifying the noise. As this is
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a crucial step for the understanding of the data collection, we present hereafter a conceptual
and mathematical understanding of the process [36].

The lock-in ampli er is based on the use a reference frequency that is directly linked to the
desired signal. Typically, in a THz-TDS system, one can either chop the optical beam or
supply a AC voltage to the emission THz-PCA with known frequency and phase, respectively
f and ;. The idea is to detect the signal at the same values.

Let us denote the reference as Vg and the desired signal Vs. By supposing that the two
frequencies of these signals are the same, we can write them as:

Vs =Kcos(2 ft+ )
Vi, =cos(2 ft+ R)

(1.8)
where K and s are the desired amplitude and phase of the signal that we wish to obtain.
These two voltages are multiplied with each other by the use of a mixer to yield:

Vy =Kcos(2 ft+ s)cos(2 ft+ ;)
= 1=2K]cos( s r) +cos(2 2ft+ s+ R)]

(1.9)

In this last equation, we see two frequencies. To extract only the DC component, a low-pass
Iter is applied:

1
V = EK cos( s R) (1.10)

However, in general, s & g and so it is not possible to retrieve both phase and amplitude
with this simple approach. This is why a better dual-phase lock-in amplifying is used. There,
two mixers are used, the second one having a phase added to the reference signal. Then,
the same procedure is applied to get a complex number such as:

1
VXZEKCOS( s R)

1 .
Vy=5Ksin(s  r) (1.11)

V =V, +iV, =Ke'(s ®r)
From this, the amplitude and phase can be extracted with the usual equations:
q —
K= VZ+V?

v, (1.12)
g —arctan — + g
Vx
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1.5 THz pulse in time and frequency domains

We present in Figure 1.4 (a) and (b) a typical measured pulse. To obtain the spectrum, we
simply compute the Fourier transform. Note that the result will be complex, leading to ampli-
tude and phase spectra that we present in Figure 1.4 (c) and (d) respectively. In Figure 1.4 (c),
the vertical dotted lines indicate the positions of the water absorption peaks [37, 38]. They
are caused by rotational transitions in the water molecule. In some applications, it is desir-
able to have a clean smooth spectrum. Therefore, a common way to remove the humidity in
the air is to enclose the THz beam in a box and purge it with nitrogen. We will perform this
a few times during this thesis.

15

=
[6)]

=
(@]

O j ' '
—~
O THz Electric field (a.u.)
j —
a o
k 3

=
Q

al
al

THz Electric field (a.u.)

|
=
o

40 50 60 70 80 90 10C
Time (ps)

20 45 50
Time (ps)

¢y

—~
QD
—
[o8)
a1

10’
£ 3
g = -100
3] IS
g >
» 10 S
9 g —200
=] (%]
2 :

©

£ k £ —300

10}

n e H 740 N n " n

C) 0 0.5 1 1.5 2 2.5(d) 0 0.5 1 15 2 25
( Frequency (THz) Frequency (THz)

Figure 1.4 (a)-(b) Time domain pulse. (c) Normalized amplitude spectrum. The dotted lines
correspond to absorption in the water molecule [37, 38]. (d) Unwrapped phase spectrum.
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1.6 Refractive index and losses

When a THz pulse is transmitted through a given sample, it undergoes several modi cations.
In this section, we present a transmission characterization method from the recorded THz
pulse. Let Eq(!) be the reference THz pulse. Then, the transmitted pulse E;(!) can be
written as

E«(1)=Eo(1) tp e Ot ¢ ¢ (1.13)

L is the length of the sample and () is the extinction coe cient. For THz applications, we
generally express it in cm 1. Note that this extinction coe cient is given here for amplitude
extinction. tg is the Fresnel transmission coe cient that needs to be written as two successive
transmissions, from the air to the sample and from the sample to the air. Recall that the
Fresnel transmission from media 1 to media 2 is

2Ny
ni + Ny

t1!2 = (114)

where n; and n, are the refractive indices of the media 1 and 2 respectively. In our case,
media 1 is the air (n; = 1) and media 2 is the sample (n, = n(')). Therefore, for two
successive transmissions, we can write

4n(!
to = Tair s sample  tsample 1 air = (n(l)(+)1)2 (1.15)

In Equation 1.13, () corresponds to the additional phase of the sample substracted by the
air phase, because the sample replaces the air.

M= () L (1.16)

Therefore, the refractive index and the extinction coe cient can be retrieved from the refer-



ence and sample measurements with the following formulas :

n(!)=1+!0f16 E;E:;
= L OO E®

L (1) Eo()

13

(1.17)
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CHAPTER 2 HYBRID METAL-DIELECTRIC THz WAVEGUIDES

In this chapter, we address the THz beam handling issue. We begin by presenting a brief
litterature overview of two classes of THz waveguides : the metallic and the dielectric waveg-
uides. Then, we present a strategy to overcome the handling issue in the particular case of
the two-wire waveguide. It uses a polystyrene foam.

Section 2.2 of this chapter is a summary of our work published in section 3 of [23], entitled
Hybrid metal wire-dielectric terahertz waveguides: challenges and opportunities and authored
by A. Markov, H. Guerboukha and M. Skorobogatiy. It is an invited review paper that
contains also new experimental demonstrations. Here, we summarized the relevant new
experimental demonstrations as it was part of the work done under this thesis. In particular,
for section 3 of [23], the work included the experimental investigations, the data analysis and
the writing.

2.1 THz waveguides literature overview

2.1.1 Metallic waveguide

The metallic waveguides were developed by ideas coming from the microwaves. The simplest
example is the hollow circular or rectangular metallic waveguide [39, 40]. There, the pulse
su er most from Ohmic losses ( 0:7 cm ! at 1 THz.). Moreover, the higher frequencies
traveling faster leads to a signi cant group velocity dispersion (negative chirp). For example,
a 1 ps stretches to 70 ps after 2.4 cm propagation in a 240 m diameter stainless steel
waveguide [39].

Similarly, parallel plate metallic waveguides raised attention [41, 42]. In this geometry, two
metallic plates separated by 100 m are able to support a single TEM mode. They feature
virtually no dispersion and very low losses. For example, in [41], an incoming 0.22 ps pulse
broadens to 0.39 ps after 25 cm propagation. In the same paper, by using very thin copper
strips (100 m thick), the authors were able to bend the waveguide.

The so-called Sommerfeld waveguide [43, 44] was also considered. It is a simple wire that
supports a radially-polarized plasmon mode. There, the mode has a very large evanescent

eld extending far in the air cladding. It shows very low losses and low group velocity
dispersion. However, the coupling is rather di cult in the radially-polarized mode, because
the available THz emitters are generally linearly polarized. Plus, the eld is mainly present
in the air cladding surrounding the wire, leading to very high bending losses.
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Based on the same approach, two-wire waveguide was also proposed [45]. There, two wires
are put close to each other with a constant spatial separation. Compared to the Sommerfeld
waveguide, this design has the advantage of con ning the mode in the region between the
wires. As a consequence, the coupling with a linear polarized input beam is greatly enhanced
and losses due to bending are reduced. However, as with the Sommerfeld waveguide, it is not
practical. In Section 2.2, we present a solution that we developed to overcome the handling
problem of the two-wire waveguide.

2.1.2 Dielectric waveguides

A second class of THz waveguides is the dielectric waveguides. The majority of them are
fabricated with polymers, which tend to be the lowest absorbing materials in the THz.
Nevertheless, standard total internal re ection is not possible, because those losses are still
quite high. Several strategies have been employed to overcome the loss problem.

The simplest dielectric waveguides are the small core subwavelength-diameter bers [46 49].
Like the Sommerfeld waveguide, they feature a highly evanescent mode in a air cladding
surrounding, this time, a polymer wire. The fundamental mode is linearly polarized, leading
to high coupling e ciencies. Yet, because of the highly delocalized nature of the mode, it
su ers from high bending losses and the handling is still problematic.

Large hollow-core multi-mode tube waveguides were also demonstrated. There, the light is
con ned inside the air core by di erent cladding re ection mechanisms : photonic crystal
re ection [50], attenuation total internal re ection [51], Fabry-P@rot re ection [52] or Bragg
re ection [53 55]. Although very low losses were demonstrated, each type of waveguide has
its own disadvantages that cause handling of the THz beam impractical (for a more in-depth
discussion see [56, 57]).

2.2 Two-wire waveguides with polystyrene foam cladding

In the previous section, we summarized di erent strategies for guiding the THz. A common
factor to all these waveguides is the fraction of power guided in the air. In fact, gases are the
lowest absorbing materials for the THz. In what follows, we use a highly porous polystyrene
foam to get an important fraction of the power in the gaseous phase.

In fact, there is an increased interest in using hybrid waveguides that borrows advantages
from both the metal and the dielectric waveguides [23, 58 63]. In previous work, our group
proposed to use a porous dielectric support for the two-wire waveguide [60]. The idea is to use
the advantage of the stable linearly polarized fundamental mode of the two-wire waveguide
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in a dielectric highly porous matrix. The porous structure is then able to overcome the
absorption problem of the dielectric waveguides. In this section, we present the two-wire
waveguide structure in a polystyrene foam [23].

As discussed earlier, a large fraction of power guided inside a dry low-loss gas is desired.
Polymer foams are inherently highly porous. They are formed by a matrix of solid poly-
mer in which open or closed cell gas regions are uniformly distributed. Characterization of
polystyrene foam [64] showed very low refractive index (1:017 1:022 from 0:1 to 4 THz) and
very low losses (under 1.5 cm ! below 4 THz). Likewise, polymethacrylimide foams showed
the same of kind of behavior in the THz range [65].

This impressive performance is explained within the e ective medium approximation, which
describes propagation of electromagnetic waves in composite materials made of subwavelength
particles or inclusions implanted into a host material [35-36]. Thus, even if solid polystyrene
is known to have a refractive index of 1.6 in the THz, highly porous polystyrene foam has a
refractive index closer to the gas inside the pores.

0.5 1 1.5 2 25
Frequency o [THZz]

—152.4 mm
—127.0 mm
= 101.6 mm | |
——76.2 mm
= 50.8 mm
25.4 mm
Reference [

0‘”‘0.5””1””1.5‘” 25 3
(b) Frequency o [THz]

Figure 2.1 (a) Time-domain electric eld. (b) Transmission spectra. (c) Unwrapped phase
relative to the reference. Each color represents a particular length of polystyrene foam.
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Ultimately, the THz extinction coe cient is in uenced by the nature of the solid material
(absorption loss), but also by the foam microstructure (scattering loss). In particular, scat-
tering losses become important when the scatterer (gas pocket) size becomes comparable to
the wavelength. We note also that careful consideration should be given to the type of gas
(blowing agent) used in the foam fabrication, as it can exhibit undesirable absorptions in the
THz.

In what follows, we rst present bulk polystyrene foam characterization in the THz. As
we will see, we nd a low refractive index and very low losses. Then, we use this foam to
demonstrate it as a cladding for the two-wire waveguide.

2.2.1 Bulk polystyrene foam

THz characterization of a polystyrene foam sample is conducted in a regular THz-TDS sys-
tem. Six slabs of polystyrene foam from McMaster-Carr (item 9335K11) of dimensions
60 60 25:4 mm are placed in the path of the THz beam. Then, we conduct a series
of seven measurements of the THz electric eld by successively removing the six slabs. The
seventh measurement is the reference and corresponds to the pulse propagation through the
empty system. In Figure 2.1, we present time-domain electric elds and the corresponding
transmission spectra and unwrapped phases.

To extract the refractive index and the extinction coe cient, we consider the transmission of
the THz electric eld through the polystyrene foam sample and we use equations presented
in Section 1.6 to calculate the refractive index and the losses (Figure 2.2).

Consistent with prior studies, the foam refractive index is essentially constant in the whole
spectrum and the extinction coe cient is very low (<0.15 cm ! below 1.5 THz). Moreover,
we see that the frequency dependence of the extinction coe cient can be well tted with a
fourth order polynomial and a Lorentzian :

ffem 1=a “*+b 2+c+d

(o
a=0:01276; b= 0:03337; c=0:00409; d = 0:01779; (2.1)
= 0:1219 [THz]; |, = 0:7974[THz];

is in THz.

There, the fourth-order polynomial describes the joint contribution of scattering and material
absorption losses. In the vicinity of 0.8 THz, we observe a broad resonance that we t with a
Lorentzian and that we attribute to the spectral signature of the gas blowing agent lling the
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Figure 2.2 (a) E ective refractive index. The mean value is indicated by the red dashed line.
(b) Extinction losses and numerical t with a fourth-order polynomial (dashed green) and
Lorentzian function (dashed red). The sum of the two is plotted in blue.

pores. In Figure 2.2 (b), the fourth-order polynomial is plotted in green and the resonance
in red. The sum of those two terms is plotted in blue and ts well with the experimental
data in black.

2.2.2 Two-wire waveguide with a polystyrene foam cladding

Encouraged by the positive results in a bulk polystyrene foam, we now turn to encapsulation
of the two-wire waveguide. For this, we perform a comparative study of the THz pulse
transmission through a 14 cm long two-wire waveguide with and without the polystyrene
foam. First, we design and, using a 3D printer, manufacture an acrylonitrile butadiene
styrene (ABS) holder (Figure 2.3). The copper wires are then wound on four metallic barrels
that also control the 750 m interwire separation. The holder is then placed in the THz-TDS
system between two 3 mm apertures.

Three types of measurements are performed. In the rst measurement, we rmly press two
polystyrene slabs of 6 20 130 mm against the wires. In the second measurement, we
carefully remove the foam cladding and in the third, without touching the holder, we cut the
wires. This last measurement e ectively measures the level of stray light in the system.

The measured pulse traces and their spectra are presented in Figure 2.4. First, we con rm
that the two-wire waveguide e ectively guides the THz pulse, by noting that the pulse trans-
mitted with the waveguide (two-wire) is four times stronger than the stray pulse (holder
only). Also, we note that in this con guration, the pulse bandwidth is limited to 0.6 THz
with a maximal frequency of 0.4 THz. This maximal frequency correlates with the interwire
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Figure 2.3 Photograph of the two-wire ABS 3D-printed holder (a) with and (b) without
polystyrene foam. (c) Magni cation of the metal coupler used also as an aperture. (d) Holder
with two wires between two apertures inside the THz-TDS system.

distance of 0.75 mm. In the case of the two-wire waveguide, it was well already noted that
it is more e cient for the wavelength corresponding to the interwire distance [60].

When adding the foam cladding, the THz pulse undergoes several modi cations. Remarkably,
the Fourier spectra of the transmitted pulses with and without the foam are quite similar.
From the small decrease in intensity, we estimate that the additional loss is 0.12 cm 1.
The pulse experiences a small retardation of t = 1:52 ps, from which we estimate that the
average e ective modal refractive index is 1.003, through Equation 2.2.

+1 (2.2)

where L is the length of the waveguide and cy the speed of light in vacuum.

From these measurements, we conclude that polystyrene foam can indeed be used as a
cladding for the two-wire waveguide. The decrease in waveguide performance is o set by
the mechanically robust and hermetical foam encapsulation.
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CHAPTER 3 ARTICLE 1: SILK FOAM TERAHERTZ WAVEGUIDES

In this chapter, we continue on addressing the THz beam handling issue. We transcript a
manuscript published in Advanced Optical Materials [24]. In the previous chapter, we saw
di erent strategies to develop THz waveguides. Then, we presented a polystyrene foam to
encapsulate the two-wire waveguide. In this chapter, we explore a novel kind of biological
foam material : the silk foam. As we will see, we demonstrate its ability to guide THz waves
with low losses and dispersion. This publication was highlighted by Nature Photonics in its
Research Highlights [25].

3.1 Authors

Hichem Guerboukha!, Guofeng Yan?, Olga Skorobogata® and Maksim Skorobogatiy*

1. Department of Engineering Physics, Ecole Polytechnique de Montrgal,H3C 3A7, Montreal,
Quebec, Canada

2. Centre for Optical and Electromagnetic Research, State Key Laboratory of Modern Optical
Instrumentation, Zhejiang University, Hangzhou 310058, China

3. Department of Anatomy and Cell Biology, McGill University, H3A 0G4, Montreal, Quebec,
Canada

3.2 Abstract

Fabrication and characterization in the THz frequency range of silk foams and silk foam-based
waveguides using lyophilisation and casting techniques are reported. The lack of biocompat-
ible and biofriendly waveguides for low-loss, low-dispersion guidance of THz waves motivates
the work for applications in remote and stand-o sensing in biomedical and agro-alimentary
industries. Silk foams produced are 94% porous. Optical characterization is carried out using
THz time-domain spectroscopy. The cutback measurements of foam samples show that the
foam refractive index is close to that of air (nf,,,, 1:06). Silk foam losses scale quadrati-
cally with frequency ( foam [cm 1]  0:65+ 2:75 ( [THz])?), being one order of magnitude
smaller than those of solid silk. As an example of a basic guided wave device, fabrication
and optical characterization of 10 cm-long, 5 mm-diameter step-index THz bers having silk
foam in the core and air in the cladding is demonstrated. Cutback measurements con rm
that in the mid-THz spectral range, step-index bers operate e ectively in a single mode
regime. E ective refractive index and propagation loss at frequencies higher that 0.2 THz
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are close to that of a silk foam from which the ber core is made. At the same time, at these
frequencies, modal group velocity dispersion is smaller than 0.2 ps/(THz cm).

3.3 Introduction

Silk is a unique kind of nature protein derived from spiders or worms and it is the strongest
natural ber known to man [66]. Bombyx mori silk has excellent mechanical properties,
smooth texture and shimmering appearance, so it has been widely used in textile industry
over the past ve millennia, since its rst appearance in Imperial China [67, 68]. Owing
to its excellent mechanical and optical properties [69 72], biocompatibility, biodegradability
[73, 74] and implant ability [75 77], in recent years, this ancient material has been introduced
into biomedical eld as a promising biomaterial which opened a new era in the development
of optical interfaces and sensors for biomedical applications. Silk material from worm cocoon
can be processed into di erent forms, such as spheres, sponges, bers [78 80], foams [81] and
Ims [69, 74, 76, 77]. Among these various forms, silk Ims attracted signi cant attention for
applications in optics and photonics, due to high transparency (>95%) and excellent surface
atness of such Ims. As a result, a great variety of optical devices has been fabricated
using silk Ims. For example, silk-based di ractive gratings have been fabricated by casting
silk solution onto polydimethylsiloxane (PDMS) negative molds. Silk lenses, microlens ar-
rays and 64-phase level 2D di raction masks were realized using molding technique [69, 82].
Doped uorescent silk-protein  Ims with a two-dimensional square lattice of air holes were
proposed and demonstrated to achieve enhancement in uorescent emission [83]. Active op-
tical opto uidic pH sensor were realized by chemical modi cation of the silk protein Ims
with 4-aminobenzoic and by combining the elastomer in a single micro uidic device [84].

Although many silk-based optical devices have been demonstrated, most of them operate in
the visible region [69, 70, 76, 82 84]. Recently, the growing demand for THz waveguides and
sensors for non-destructive sensing in biomedicine and agriculture is motivating silk material
research in THz region. In 2010, split ring resonator-based metamaterials using silk Ims as
a substrate were demonstrated [85]. The authors also showed that silk is semi-transparent
in the 0.15 1.5 THz region, having a relatively high loss of 15 cm ! at 0.3 THz. In 2012,
the same group demonstrated conformal, adhesive, edible food sensors [86] based on the
THz metamaterials on silk substrates. By monitoring the antenna resonant response that
changes continuously during the food storage, the authors have demonstrated potential of
this technology for monitoring changes in the food quality.

To the best of our knowledge, up to date, there were no reports of using silk to fabricate
THz waveguides. This, most probably, is related to the high absorption loss of silk in the
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THz spectral region. Indeed, bulk absorption loss of silk is almost hundred times larger than
the bulk absorption loss of polyethylene ( 0:2 cm ! at 0.3 THz), which is often used for
fabrication of THz bers [87 89]. At the same time, low-loss, low dispersion waveguides for
delivery of THz light is an important enabling technology for stand-o and remote detection
using THz waves. Additionally, in biomedical applications, it is desirable to interface THz
waveguides directly with the living tissues, which requires the waveguide material to be
biocompatible. Hence, using biocompatible materials to guide THz waves can be of signi cant
interest for stand-0 and remote sensing in bio-medical, agro-alimentary and other industries.

We note that for applications in the visible spectral range [70], direct writing of silk-based
waveguides was recently demonstrated by extrusion of highly concentrated silk solution
( 28 30 wt%) through a 5 m glass deposition nozzle into a methanol-rich reservoir.
Unfortunately, this extrusion method cannot be used directly to produce THz bers as it
results in solid core waveguides that show very high absorption loss in THz spectral region.
Moreover, extrusion of silk waveguides from aqueous solution can present additional chal-
lenge for THz applications due to residual concentration of highly absorbing water molecules
in such waveguides.

An alternative fabrication strategy for silk bers is a direct drawing from a macroscopic
preform in a draw tower. Unfortunately, despite the fact that Bombyx mori silk has glass
transition temperature 175 C and crystallization temperature 212 C, when heated
at a relatively slow rate like 1 20 K/min, the silk melting transition will be obscured by
decomposition [90]. It is reported in [91] that at a slow heat rate of 2 K/min the thermal
decomposition begins at 200 C, and continues over a broad temperature range, causing
mass loss and charring.

The lowest loss materials for THz propagation are dry gases. Therefore, one of the ways to
reduce absorption loss is to maximize the fraction of light guided in the gas phase. Foams
are inherently highly porous materials featuring both solid and gaseous phases. Polymer
foams are used in the industry for various applications including packaging, thermal, acoustic
insulation etc. Polystyrene foam was studied at THz frequencies [64, 92]. Very low refractive
indices of 1:017 1:022 in the 0:1 4 THz spectral range were found as well as a small
extinction coe cient (smaller than 1.5 cm * below 4 THz). Polymethacrylimide foam showed
the same kind of behavior at THz frequencies [65]. A typical way to produce polystyrene foam
is to use pentane gas as a blowing agent to expand the polystyrene beads until they take the
shape of a mold. We believe that foam synthesis within a mold is an interesting alternative
to ber drawing technique that is normally used to produce bers from thermoplastics and
glasses. As foam fabrication is not limited to thermoelastic materials, it, thus, opens new
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possibilities for development of optical waveguides from advanced materials.

In this paper, we have developed a fabrication method that uses casting from aqueous silk
solution in order to produce silk foams through lyophilisation technique. To our knowledge,
this is the rst time when silk-based waveguides with sub 1 cm ! losses are demonstrated
in the mid-THz frequency range. The paper is organized as follows. Section 3.4 presents
characterization of the bulk optical properties of silk foams. Section 3.5 describes charac-
terization of the optical properties of THz silk-foam bers. Section 3.6 presents numerical
simulations that detail guidance properties of the silk-foam bers including propagation loss
and modal dispersion. Finally, a detailed comparison between numerical and experimental
results is presented.

3.4 Characterization of silk foams

3.4.1 Characterization of silk foam porosity

In Figure 3.1 (a) we present picture of a typical sample of silk foam cast in a conical test tube.
Characterization of the foam porosity and its uniformity along the sample length was carried
out using cutback technique. Within this method one performs a series of straight cuts
through the cylindrical portion of a sample (see Table 1). As each cut section has a simple
cylindrical shape, its volume V can be readily evaluated. After each cut, we re-measure the
diameter D,, the length L, and the weight of the remaining foam sample (see Table 1 ). From
these measurements, and using the value of ; = 1:35 g/cm3 for the density of silk broin [93],
the local lling factor of the cut piece can be evaluated as Vin =Vsampe = mM=( V )V,
where m is the mass of a cut section. As shown in Table 1 the silk broin lling factor is
low 5 6%, and slow varying along the sample length, while corresponding porosity (air
fraction by volume) of the fabricated foams is higher than 94%.

Moreover, when looking at the silk foam sample crossection (see Figure 3.1 (b)) we notice
highly symmetric patterns formed by the domains of crystallized silk broin. Those domains
have needle-like shapes extending from the sample center towards the sample periphery.
They are multi colored and they shimmer under white light illumination, suggesting thin-

Im optical interference e ects due to silk foam microstructure. Scanning electron microscopy
images of the sample crossection (Figure 3.1 (c-f)) reveal an intricate aky structure of the
silk foams. Namely, the crystallized silk broin form crumpled stacks of thin layers that are
generally extending from the sample center towards the periphery. The individual silk layers
are 2 mthick and there is30 50 m separation between layers. Additionally, one notices
small 1 5 m diameter pores piercing the silk layers.



2014-07-30 |

WD 17.8mm 5:20:54

2014-07-30

I 100pum JEOL 2014-08-05
2.00kV LEI SEM WD 21.2mm 1:27:25

2.00kV LEI

€

" 10pm JEOL

SEM

WD 17.8mm 5:25:37

2014-08-05
WD 21.0mm 1:24:25
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Table 3.1 Porosity of the silk bulk foams.
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0 1
Weight [g] 0.989 0.753 0.500 0.360
L [mm] 34.0 27.7 21.0 16.8
D, [mm] 24.0 23.8 23.6 23.5
Filling factor (V broin =Vsample) 5:0% 5:8% 6:4%

We believe that the radial pattern in Figure 3.1 is caused by the directional dynamics of the
freezing process, as well as circular shape of the container. In principle, controlled freezing in
judicially shaped containers could lead to design microstructure alignment that would impact
both terahertz wave propagation and its polarization properties.

3.4.2 Optical characterization of silk foams in the THz spectral range

In order to obtain complex refractive index of silk foams, we used THz Time-Domain Spec-
troscopy (THz-TDS) setup described in [94]. Cutback measurements were performed using
conical shaped samples (see Figure 3.1) as obtained directly from the lyophilisation setup.
During individual measurements, the small facet of each sample was placed against a semi-
closed 3 mm-diameter aperture (Al, Figure 3.2), while the larger diameter end of the sample
was placed against an open aperture (A2, Figure 3.2). To ensure consistent measurement
conditions, the iris with 3 mm opening was placed at the focal point of a focusing parabolic
mirror. The iris was placed on a 3D stage and aligned with the center of the focused beam.
The second parabolic mirror (PM2) of 10 cm focal distance was used to collect the trans-
mitted light. The focal point of the second parabolic mirror was aligned with that of the

rst parabolic mirror (and the center of the aperture) during all experiments. As the size of
the collimated beam produced by the THz emitteris 1 2 cm diameter, and because of
the relatively long focal lengths of the two parabolic mirrors, we consider that propagation
of light in a focused THz beam is virtually parallel to the sample symmetry axis. Finally,
cutback measurements were performed on the two samples by cutting several pieces from
each sample and measuring the transmission through the remaining material. The results
of these measurements are presented in Figure 3.3 (transmission spectra) and in Figure 3.3
(time traces). Time traces were obtained by averaging over 20, 200 ps-long THz traces. A
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typical signal-to-noise ratio in our measurements was 20 dB.

focused
THz beam

PM2

Ll L |:| This mirror is fixed
oam .
« 0@ > during measurements

Figure 3.2 Schematic of the THz setup used for characterization of the bulk foam samples.

3.4.3 Intepretation of the cutback measurements
Spectral and phase analysis of cutback data

The real part of the foam e ective refractive index ni,,,,(!) and the foam extinction coe cient

foam (1) were extracted from the measured cutback data using standard data tting approach
detailed elsewhere (see [94, 95], for example). In our analysis we neglect multiple re ections
within the sample (Fabry-P@rot e ect) as spectral intensity oscillations associated with this
e ect are not discernible in the measured data. The complex eld transmission coe cient
through the sample is then given by:

Eéo;m =t(1)e ¢
t(!) = tO EXp( (!)Lfoam)
_ Angan(Y) (3.1)
" (N () + 1)

(M= foam(!) ref(1) = (!: (n1toam 1) Ltoam

where Efam and E e are the complex amplitudes of the THz signal with and without a foam
sample respectively, and Li,m is the length of the foam sample. The transmission coe cient
takes into account the loss of intensity due to re ections at the two interfaces between foam
and air (coe cient tg), as well as absorption .m(?) due to propagation through a lossy
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foam sample. Note that in the case of foams t, = 1 s the foam refractive index is close to 1.
Since the complex amplitude could be obtained directly from the THz-TDS measurements,
we can, therefore, measure experimentally both the eld transmission coe cient t(1), and
the phase di erence (1), from which, the real part of the refractive index and the foam
extinction coe cient can be calculated using Equations 3.1. In Figure 3.3 (a) we present
transmission spectra as measured by the cutback method. If all the spectra are to be used in
the interpretation of the cutback results, then our analysis is limited to a narrow frequency
range 0:15THz < < 0:45THz, where all the spectra are above the noise level. At these
relatively low frequencies, the loss extracted from the cutback data (Figure 3.3 (c)) can be
tted very well with a second order polynomial with respect to frequency:

foam[cm 1] = 0:18 +8:25 ( [THz])? (3.2)

In fact, the quadratic scaling of absorption losses is typical for many amorphous materials
in the THz range, which is caused by the disorder-induced coupling of radiation into the
acoustic phonon modes of the material [96].

In Figure 3.3 (b) we show unwrapped phase relative to the reference (empty system). Fitting
of the cutback phase data allows us to extract the e ective refractive index, which is shown
in Figure 3.3 (d). At low frequencies we nd that the refractive index is virtually constant
and equals to:

Nt m = 1:0594 (3.3)

From experimental data presented in Figure 3.3 (d), we can also estimate the upper bound
for the chromatic dispersion of the bulk foam, which is an important parameter as it allows
characterization of the temporal broadening of a THz pulse after propagation over some
distance in the foam. To make the estimate, we use Taylor expansion of the foam refractive
index in the vicinity of zero frequency, while keeping only two leading terms in order to t
the experimental data presented in Figure 3.3 (d)

rllzoam =np+ ! (3.4)
From Equation 3.4 and Figure 3.3 (d) we nd thatj ;j < 0:0015 THz 1. The group velocity
dispersion of the bulk foam is then:

o = &' _ 18 (Mean(Y) _ 201 35)

@ c @12
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Figure 3.3 Cutback measurements using bulk foam sample presented in Figure 3.1. (a) Un-
normalized transmission spectra, (b) unwrapped phases (relative to the reference), (c) foam
absorption losses, (d) foam refractive index.
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which allows us to estimate the upper limit of the foam group velocity dispersion:
JDfoamj < 0:05 ps/(THz cm) (3.6)

To put this number into perspective, this value of dispersion signi es that a 1 ps-long THz
pulse will have to propagate over 20 cm in the bulk foam in order to experience 1 ps temporal
broadening. This value of the material dispersion should be compared to the 1 ps/(THz cm)
group velocity dispersion of the fundamental mode of a typical subwavelength plastic Dber,
as well as  0.002 ps/(THz cm) group velocity dispersion of the plasmonic modes in parallel
metallic plate waveguides, which are known for their outstanding guidance properties. Note
also that the dispersion value is only an upper bound estimate for the bulk foam dispersion,
while the actual value could be signi cantly smaller.

Time trace analysis of the cutback data

We note that polynomial approximations for the foam loss (Equation 3.2) and for the foam
refractive index (Equation 3.3 ) found from the spectral and phase analysis of the cutback
data has a limited spectral region of validity. Therefore, when trying to reproduce the
measured cutback time traces using Equations 3.2 and 3.3, one does not expect to nd a
good agreement. Particularly, from Equations 3.1 it follows that the time trace obtained
during measurement of a foam sample of length L can be calculated from the reference time
trace using a combination of Fourier transform and its inverse:
( ! #)

Efoam (t; Lfoam) =it t [Eref (t)] EXp & [nltoamc( : ) 1] - foam( ! )I— (3-7)

In order to use Equation 3.7 one has to know frequency dependence of the foam refractive
index and its losses in the whole THz spectral range. However, polynomial approxima-
tions in Equations 3.2, 3:3 were found by tting experimental data only at low frequencies
0:15 THz < < 0:45 THz. Therefore, it is not surprising that using Equation 3.7 together
with Equations 3.2 and 3.3 does not result in good correspondence between the measured and
predicted time traces (Figure 3.4 (a)). Nevertheless, cut-back measurements are still useful
as they provide a consistency check for the values of the foam loss and the foam refractive
index, albeit in a limited spectral range.

In order to improve the t of the pulse traces, we again assume frequency independent foam
refractive index ni ., aswell am = o+ 1 2 dependence of the foam losses on frequency.
Next, we adjust the values of n{,,,, oand ; inorder to obtain the best possible t between
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Figure 3.4 Time traces corresponding to the cutback measurements of a bulk foam sample of
Figure 3.1. (a) Solid lines experimentally measured time traces, dotted lines analytical t
Equation 3.7 using Equations 3.2, 3.3 for the foam refractive index and bulk loses obtained by
interpreting spectral transmission data at low frequencies. (b) Solid lines experimentally
measured time traces, dotted lines analytical t Equation 3.7 using Equation 3.9, 3.10
for the foam refractive index and bulk losses obtained by minimizing the di erence between
experimental and theoretical time traces.

the experimental and analytical results. Particularly, we note that nf,,,, mostly a ects pulse
position along the time axis, ; has a stronge ect on the pulse width, while o mostly a ects
pulse amplitude. In Figure 3.4 we plot absolute value of the electric eld, which is convenient
when tting pulse bandwidth and pulse positions as zeros, maxima and minima of the electric

eld are easily identi able in this case. Therefore, by tting the pulse positions, the pulse
widths and the pulse relative amplitudes we can t very well all the pulse traces assuming
the following bulk properties of the silk foams:

foam[cm 1] = 0:65+ 2:75 ( [THz])? (3.8)
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= 1:057 (3.9)

r
r'lfoam

We note that due to high content of the low-loss dry air in silk foam, the foam bulk absorption
is signi cantly smaller than that of a solid silk. Particularly, from Equations 3.2 and 3.8 we
conclude that at 0.3 THz foam absorption loss is 0.9 cm !, while that of solid silk is

15 cm 1. Therefore, the use of silk foams can signi cantly expand the usefulness of this
important biofriendly material in the THz spectral range due to the foam reduced absorption
losses.

3.5 Silk ber measurement

Encouraged by the relatively low losses of silk foams, we then studied the possibility of THz
guidance using silk foam-based bers. The bers were cast from the puri ed silk solution
using straw molds and lyophilisation technique, thus allowing us to fabricate 10 cm-long
silk bers of 5 mm diameter.

3.5.1 Optical characterization of the silk foam bers in the THz spectral range

The cutback method was used in order to measure ber propagation loss and modal e ective
refractive index. In Figure 3.5, we present schematic of the setup used in our experiments,
while in the insets we show a photo of the 5 mm-diameter ber mounted inside the setup, as
well as ber crossection. In contrast to the case of bulk foam samples presented in the previous
sections, transverse structure of the foam bers is considerably more uniform, which is clearly
related to the di erence in dynamics of the lyophilisation process. While the micro-sized
crystalline silk domains are still visible on the photographs of ber crossections as speckles of
colored light, at the same time, a clearly de ned pattern of radially aligned domains (as seen
in Figure 3.1 (c-f)) is missing in the case of bers. For optical characterization, the bers were
held straight and aligned with respect to the apertures A1 and A2 that marked the locations
of the focal points of the input and output o -axis parabolic mirrors (see Figure 3.5). Reliable
and e cient coupling between the THz beam and the ber was easy to realize as the ber
diameter is somewhat larger than the THz beam diameter of 3 mm.

3.5.2 Interpretation of the cutback measurements of silk foam bers
Spectral and phase analysis of the cutback data

The modal transmission characteristics are deduced from the cutback data and tting proce-
dure describe in the literature [42, 94]. In general, the normalized transmission through the



33

—

Parabolic mirror PM2 moves together with aperture A2 and flat mirror FM1.
Mirror position is adjusted so that the fiber end is always in focus.
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Figure 3.5 Schematic of the THz setup used for characterization of the foam-based bers.
Insets 5 mm-diameter ber crossection, silk foam ber mounted inside of a setup.

ber is given by:

Enese(iL) _ g e
Erer(1; L) C'”l(! JCou(t)e T (3.10)
(M= —(Mmoae(?) DL

c
where Enoge 1S the complex electric eld of the propagating mode characterized by the ef-
fective refractive index Npyege(!) and propagation 10ss moge(!). L is the ber length, Ee
is the reference electric eld measured without ber at the position of the coupling plane,
while Ci, (1) and C,; (1) are the frequency dependent input and output coupling coe cients.
Fiber transmission spectra are presented in Figure 3.6 (a) for four di erent ber lengths. If
all the spectra are to be used in the interpretation of the cutback results, then our analysis
has to be limited to a narrow frequency range 0:2 THz < < 0:4 THz where intensities
of all the spectra are above the noise level. At these frequencies, the loss extracted from the
cutback data (Figure 3.6 (c)) can be tted well with a second order polynomial with respect
to frequency:

mode[cm 1] =0:035 +3:1 ( [THz])? (3.11)
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At higher frequencies, due to modal con nement of the fundamental mode in the ber core,
modal propagation loss is expected to follow closely absorption loss of the core material (silk
foam) mode foam- At lower frequencies, modal propagation loss can be, in principle,
signi cantly lower than the foam absorption loss as modal elds have signi cant presence
outside of the ber core and in the low-loss gaseous cladding. In practice, consistent mea-
surements at lower frequencies are problematic as ber modes become sensitive to the core
surface roughness and various environmental factors that change during sample handling.

In order to extract phase information we use as a reference transmission data for the shortest
ber of length Ly = 2:04 cm. In this case, from Equation 3.10 it follows that the normalized
transmission through the ber of length L can be presented as:

Emode(11L) _ 0i () g mose )T Lo)

Emode(!; Lo) : (3.12)
(!) = é (nmode(!) 1) (I— I—O)

Using the complex normalized transmission spectra of Equation 3.12, we can then extract
modal phase information for di erent ber lengths (Figure 3.6 (b)). Extraction of the modal
e ective refractive index from the unwrapped phase data can be somewhat problematic in the
case of guided modes at low frequencies ( < 0:2 THz as de ned in the next section). This is
related to the fact that at low frequencies, the intensity of THz source is weak and the data
is prone to noise; additionally, modal refractive index vary signi cantly at low frequencies
due to rapid changes in the modal con nement. At higher frequencies, fundamental mode
e ective refractive index becomes virtually constant and is close to the refractive index of the
core material (silk foam). Considering that in the frequency region 0:2 THz < < 0:4 THz,
modal e ective refractive index is constant, analysis of the phase data (Figure 3.6 (d)) gives
the following value for the e ective refractive index of the core mode:

Nfoam = 1:0654 (3.13)
> 0:2 THz

Time trace analysis of the cutback data

A complementary method of nding the modal propagation characteristics is to t directly
the measured cutback time traces. In what follows we use as a reference the time trace
E ver (t; Lo) corresponding to the shortest ber piece Lo. Then, the time trace corresponding
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Figure 3.6 Cutback measurements using 5 mm-diameter silk foam ber. (a) Unnormalized
transmission spectra, (b) unwrapped phases (relative to the 2.04 cm-long ber reference).
Extracted (c) ber absorption losses, (d) modal e ective refractive index.
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to the ber of length L > L, can be calculated as:
. i () UL L] K
E ber (t; I—) =1t t [E ber (t; LO)] exp foam(!)(l— I—O)

C
(3.14)

In order to reproduce reliably the time traces at various ber lengths using Equation 3.14,
one needs to know the dependence of the modal refractive index (real part), as well as of
the modal losses in a broad frequency range covering the whole THz spectrum. Polynomial
approximations for the modal loss and for the modal e ective refractive index (Equations 3.11
and 3.13) found from the spectral and phase analysis of the cutback data are only valid in the
narrow spectral range of 0:2 THz < < 0:4 THz. Therefore, when trying to reproduce the
measured cutback time traces using Equations 3.11 and 3.12, one does not, generally, expects
to ndagood agreement. In order to approximate correctly modal refractive index and modal
loss in the broad THz frequency range, we evaluate them from the exact complex dispersion
relation of the fundamental HE;; mode of a 5 mm-diameter circular stepindex ber. This
dispersion relation is calculated using standard transfer matrix theory (see, for example [97]
assuming silk foam as a core material. Particularly, we suppose that the real part of the core
refractive index is frequency independent n;,,., while the core material absorption losses have

core?’

quadratic dependence on frequency e = 1 2. Next, we adjust the values of nf_,. and
in order to obtain the best possible t between the experimental and analytical time traces.
Particularly, for every choice of the core material parameters ng,, and ; we recalculate the
fundamental HE;1 mode dispersion relation that we later use in Equation 3.14 to compute
the time traces. As in the case of bulk foam samples, we note that ng,, mostly a ects pulse
position along the time axis, while ; has a strong e ect on the pulse width. By tting the
pulse positions and the pulse widths for various ber lengths (Figure 3.7 (a)), we nd the

following core material parameters that best t all the time traces:
core[CM 1] =35 ( [THZ])Z (3.15)

n.L,. = 1:058 (3.16)

core

The found values for the core material refractive index and losses are close to the values found
for the bulk foam samples (Equations 3.9 and 3.10) For completeness, in Figure 3.7 (b) we
present dispersion relation and losses of the fundamental HE 11 mode of a 5 mm-diameter
silk foam ber calculated using core material parameters at Equations 3.15 and 3.16.
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Figure 3.7 Time traces corresponding to the cutback measurements of 5 mm-diameter silk

foam bers. (a) Solid lines

experimentally measured time traces, dotted lines

analytical

t (Equation 3.14) using 3.15 and 3.16 for the core material refractive index and bulk losses.
(b) Optical properties of the fundamental HE;; mode of a silk foam ber.
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3.6 Guidance mechanism in the silk foam bers

As it is detailed in our prior work [89, 94, 97], a circular micro porous step-index ber operates
in the subwavelength regime if the operation frequency is smaller than a characteristic value
of g=c=( d ) (see p.116, and ch.11 of [97]), where d is the ber diameter and is the
di erence in the e ective dielectric constants of the ber core and cladding materials. In the
case of silk foam bers considered in this work (d 5 mm;nge 1:058), the characteristic
frequency is, therefore, o  0:055 THz. In the subwavelength guidance regime the ber
supports a single doubly degenerate HE ;; mode, which has a strong eld presence outside of
the ber core. In this regime, modal guidance is very sensitive to the environment, and light
guidance can be easily lost due to scattering on the imperfections at the core/air interface.
In the vicinity of , the fundamental mode shows fast transition from the subwavelength
guidance regime to the strong con nement in the ber core (Figure 3.7 (b)), thus resulting
in the relatively large value of the modal group dispersion Dpax  ,  d 3#=(4¢*Ngjaq)
6 ps/(THz cm). When increasing operation frequency, the mode remains well con ned in the
ber core, and eventually, at frequencies higher than 2:41 o 0:13 THz the ber becomes
multimode. For practical purposes, however, the multimode nature of the ber does not
reveal itself up to a higher frequency of 3:83  0:21 THz (see p.121 of [97]), as centered
and normally incident THz Gaussian beam used for ber excitation cannote excite most of
the higher order modes due to symmetry mismatch. At these intermediate frequencies
ber mode dispersion decreases to a fraction of its maximal value (achieved in the vicinity
of o), and it becomes smaller than 1 ps/(THz cm) (Figure 3.7 (b)). Furthermore, even
at frequencies as high as 10:2 ,  0:56 THz, only 4 modes can be excited in the ber
core (using THz Gaussian beam focused into the ber center as the excitation source), with
most power propagating in the fundamental HE;; mode. Finally, at these higher frequencies,
modal loss is virtually identical to the bulk absorption loss of the silk foam due to high modal
con nement in the ber core.

In Figure 3.8 we summarize some important properties of the fundamental HE;; mode of
silk foam bers of various diameters. We assume the core refractive index to be ng,, =
1:058. In Figure 3.8 (a) we present the longitudinal ux distributions corresponding to the
fundamental HE;; modes of the two silk bers with diameters of 1.5 mm and 4 mm at
various operation frequencies. At low frequency (0.2 THz), a signi cant portion of the modal

elds is found outside of the ber core and in the low-loss air cladding, which is especially
pronounced for the 1.5 mm-diameter ber. This is the regime of subwavelength guidance.
When increasing the frequency of operation signi cantly beyond the characteristic frequency

of subwavelength guidance ( , 0:06 THz for 4 mm-diameter ber and , 0:16 THz for
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Figure 3.8 (a) Longitudinal ux distribution in the fundamental HE;; mode of a step-index
silk foam ber at various frequencies. Black circle marks the core/cladding interface. Top
row  ber diameter is 1.5 mm. Bottom row  ber diameter is 4.0 mm. (b) Propagation
loss of HE;; mode normalized by the bulk absorption loss of the core material. (c) Group
velocity dispersion of the HE;; mode.
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1.5 mm-diameter ber), the fundamental guided mode shows strong localization in the ber
core. In this regime, ber propagation loss becomes virtually identical to the core material
loss. In Figure 3.8 (b) we present loss of the fundamental ber mode normalized by the
value of the core material absorption 10sSS = ode= core- Clearly, transition from the
subwavelength guidance regime to the regime of strong con nement of the modal elds in
the ber core clearly correlates with the rapid increase in the modal propagation loss.

Finally, in Figure 3.8 (c) we present group velocity dispersion of the fundamental mode
of a foam ber for various values of the ber diameter. Modal dispersion is maximal in
the vicinity of the characteristic frequency o which is not surprising as modal localization
changes rapidly in this frequency range. In the regime of strong modal con nement in
the ber core ( > o), modal dispersion is signi cantly lower than its maximal value by
as much as two orders of magnitude. Therefore, for larger diameter bers (> 3 mm), at
frequencies above 0.2 THz, modal dispersion can be signi cantly lower than 1 ps/(THz cm).
At the same time, modal losses will be identical to that of the core material, which can
become signi cant at higher frequencies (> 3 cm 1)at 1 THz). For smaller diameter bers
(< 3 mm), the characteristic frequency ¢ shifts into the mid THz range and group velocity
dispersion becomes signi cant > 1 ps/(THz cm) even at higher frequencies > 0:2 THz. At
the same time, in mid THz frequency range, small diameter bers guide predominantly in the
subwavelength guidance regime characterized by small propagation losses < 1 cm lat 1 THz.
Therefore, when deciding on the optimal diameter of a foam ber, there is a tradeo between
high loss/low modal dispersion of the large-core bers and low loss/high modal dispersion of
the small-core bers.

3.7 Discussion

We would like to comment now on several important properties of silk foams and waveguides
made from such foams that were demonstrated in this paper. First, the absorption loss of
silk foams in THz spectral range is reduced by almost one order of magnitude compared to
that of the bulk silk. By further decreasing the porosity of the silk foam, we could further
reduce the foam loss to be comparable to that of standard low loss THz plastics such as
polyethylene. At the same time, the main advantage of the silk foam compared to standard
plastics is that it is biocompatible, biodegradable and, due to its porous nature, it could
be biofunctionalized with various materials. Moreover, the foam porous structure can be
useful for sampling of various bio uids using capillary e ect for applications in biosensing,
for instance. This cannot be done with standard plastics. On the other hand, if the goal is
to prevent liquid penetration in the liquid core, one can trivially seal the pores on the ber
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surface.

Second, in this paper we report a waveguide that has air as cladding, and therefore the guided
mode is partially present outside of the foam material. In order to con ne the guided mode
fully within the ber structure one can use foams of two di erent densities for the ber core
and cladding regions. As it follows from the discussion of the theoretical section, foam based

bers can be designed with 1 mm dimensions, thus making it comparable with many existing
endoscopes for in vivo applications.

Finally, we want to clearly distinguish foam bers presented in this paper and porous plastic

bers (see [94, 98], for example) developed for guidance of THz waves. The size of the
pores in foams is at least an order of magnitudes smaller than the size of the pores in the
abovementioned porous plastic bers. The porous bers are manufactured using drawing of
structured preforms, therefore limiting the material of a ber to thermoplastics. At the same
time, silk cannot be drawn, therefore a completely di erent processing has to be used for the
fabrication of silk bers. In fact, the fabrication method presented in this paper is suitable
for many biologically important water soluble materials that cannot be otherwise drawn
into optical bers. Finally, we note that although many other low-loss hollow-core terahertz
waveguides exist with approximately the same ber diameter that our silk ber, most of
such bers are either made of plastic or plastic/metal combinations. So far, to the best of
our knowledge, there were no demonstrations of THz bers made from truly biocompatible
materials such as silk.

3.8 Conclusion

Our work is motivated by the lack of bio-friendly waveguides for low-loss, low-dispersion
guidance of terahertz waves. Such waveguides are desirable in the numerous potential ap-
plications in remote and stand-o sensing in bio-medical and agroalimentary industries. In
this paper, we present novel silk foam material that was developed in our group using freeze
drying (lyophilisation) of the puri ed silk solutions. Weight and volume measurements show
that our foam material is 94% porous by volume. We use cutback technique to characterize
optical properties of the silk foams in the THz spectral range. We nd that refractive index of
silk foams used in our experiments is close to that of air (  1:06), while material absorption
loss of the silk foams is almost an order of magnitude smaller than that of bulk silk at THz
frequencies, which is due to presence of low-loss gas in the foam structure. Moreover, bulk
foam losses are strongly dependent on frequency and areinthe 1 2cm ! range at 0.5 THz,
while being less than 1 cm ! at lower frequencies < 0:3 THz. To demonstrate potential
of silk foams for guiding of THz waves, we then cast 5 mm-diameter, 10 cm-long silk foam
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bers and use cut back technique to describe their optical properties in the THz frequency
range. We nd that 5 mm-diameter, 10 cm-long bers guide well in the mid THz frequency
range of 0:2 0:5 THz with a typical loss less than 0.8 cm 1. In this spectral range, modal
group velocity dispersion is estimated to be less than 0.2 ps/(THz cm). Our experiments
con rm the overall feasibility of using silk foams as an enabling material for the development
of biocompatible guided wave devices in THz frequency range.

3.9 Experimental section

3.9.1 Puri ed aqueous silk broin solution

Bombyx mori silk is composed of silk broin protein covered by sericin protein. For biomedical
applications, sericin should be removed as it provokes adverse reaction of the immune system
[66]. Once sericin is removed, the silk broin protein can be dissolved in an aqueous LiBr
solution, puri ed and then formed into various shapes using standard solution-based processes
[95]. First, the Bombyx mori cocoons were cut into pieces and boiled for 30 min in a Na,COs
(0.02 M). Then, they were rinsed three times with deionized water (20 min per rinse) in
order to remove the gluey sericin protein. The degummed silk mass was then placed in
the fume hood over night to dry. Next, dry silk was dissolved in LiBr solution (9.3 M) at
room temperature, yielding a 20 wt% solution. This solution was then dialyzed in deionized
water using a Slide-a-Lyzer dialysis cassettes (Pierce, MWCO 3500) for 48 h. After that,
the solution was centrifuged twice at 4 C with a spinning speed of 9000 r.p.m. for 20 min.
Finally we have obtained an aqueous silk solution with silk concentration of 7.0 8.0 wt%,
which was determined by weighing the silk material after drying a part of the solution (see
[99] for more details). The nal silk solution is clear with a slight tint of yellow. The silk
solution is slightly more viscous than water, and it can be stored at 4 C for at least one
month.

3.9.2 Silk foams and foam-based bers

In order to fabricate silk foam, we used lyophilisation method that causes less damage,
shrinkage or toughening of the material being dried than other dehydration methods. A
conical test tube with silk solution was placed vertically in a freezer (dry ice lled box) at

80 C for several hours until the solution was completely frozen. Then the frozen sample
was connected to a low vacuum system (mechanical pump). Eventually, the water sublimated
and left behind the silk foam in a test tube.

THz bers were cast from the puri ed silk broin solution using 5 mm-diameter plastic
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straws as molds. We started by 1ling the straws with silk solution with one end of the straw
connected to a syringe, while the other end immersed in solution. While lling the straws,
care must be taken to avoid introduction of air bubbles. After the straws were lled, one of
their ends was closed, the straws were frozen at 80 C, and then they were placed under
vacuum for lyophilisation. After the removal of water, the THz bers were easily pushed out
of the molds.
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CHAPTER 4 ARTICLE 2 : TIME RESOLVED DYNAMIC
MEASUREMENTS AT THz FREQUENCIES USING A ROTARY OPTICAL
DELAY LINE

This chapter addresses the issue of the time acquisition. It is a transcription of a manuscript
published in IEEE Transactions on Terahertz Science and Technology [26]. As we saw in
Chapter 1, in a regular THz-TDS system, the data acquisition is time-consuming, its main
limitation being the linear micropositioning delay line. Mechanically, a rotary movement
can reach high speeds. In a recent publication, our group presented curvilinear surfaces that
provide, in re ection, linear delay line with the rotation angle [27]. In this chapter, we present
the experimental implementation of such a surface along with its complete characterization.
Additionally, new practical applications for the THz are explored.

4.1 Authors

Hichem Guerboukha, Andrey Markov, Hang Qu and Maksim Skorobogatiy

Department of Engineering Physics, Ecole Polytechnique de Montrfal, H3C 3A7, Montreal,
Quebec, Canada

4.2 Abstract

Fabrication, characterization, and applications of a fast rotary linear optical delay line (FR-
LODL) for THz time-domain spectroscopy are presented. The FRLODL features two re ec-
tive surfaces with spatially separated incoming and outgoing beams. It has been manufac-
tured using CNC machining. A linear dependence of the optical delay on the rotation angle
allows a straightforward extraction of the conversion factor between the acquisition time (in
ms) and the terahertz pulse time (in ps). We also discuss the accuracy of the rotary delay line
detailing the possible sources of imprecision. The FRLODL has been tested using rotation
speeds of up to 48 Hz, corresponding to an acquisition rate of up to 192 Hz with four blades
incorporated on the same disk. At high speeds we observe a decrease of the bandwidth due
to the limitations of the electronics, in particular, the transimpedance ampli er. An error
analysis is performed by experimentally evaluating the signal-to-noise ratio and the dynamic
range. With regard to the applications of the FRLODL, we rst present observation of the
evaporation of liquids, namely water, acetone and methanol. We then demonstrate moni-
toring of the spray painting process. Finally, detection of fast moving objects at 1 m/s and
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their thickness characterization are presented.

4.3 Introduction

For several decades, THz spectroscopy and imaging have been used in many di erent appli-
cations [100]. Due to the relatively low loss of most dry materials in the THz spectral range,
and due to the strong sensitivity of material losses to humidity, there has been a growing in-
terest in using THz waves in non -destructive imaging and process control. Various industrial
applications of THz spectroscopy are currently under investigation. In particular, for use in
detection of inorganic inclusions in food products, detection of dangerous chemicals disguised
by packaging, detection of defects in packaged electronic chips, as well as monitoring of water
content in paper and textile fabrication lines. However, some challenges still remain in THz
spectroscopy commercial generalization.

One of these di culties lies in the limited scanning speed of a THz system. For rapid
terahertz imaging and real-time process monitoring, a high scanning rate optical delay line
is required for e cient sampling of the terahertz pulses. In a typical THz time-domain
spectroscopy system, the THz pulse is sampled in time by means of delay lines based on
linear micropositioning stages with mounted retrore ectors. The popularity of this solution is
related to reliability of the micropositioning technology and its relatively low price. Moreover,
optical delay produced by such delay lines depends linearly on the stage displacement, which
greatly simpli es encoding and readout of the optical delay value of a micrometer linear
delay line. While this method permits high precision of the pulse reconstruction, it is time-
consuming, as a single scan takes typically several seconds.

To solve the low acquisition rate problem, several approaches have been explored [27, 101
115]. Galvanometer based delay lines were presented over 20 years ago for high speed scanning
of THz pulses [101]. In the aforementioned system, the optical beam is re ected by a mirror
mounted on a galvanometer vibrating device oscillating with a xed amplitude and frequency.
This system was capable of achieving an optical delay of 300 ps with a scanning rate of 30
Hz. However, the position and velocity of the mirror in this setup changes sinusoidally;
consequently, the optical delay does not change linearly in time.

As of recently, rotating prisms in the optical [102 104] or in the THz [105] beam path have
been suggested. In that case, the delay is modi ed by the optical path inside a rotating prism
made of a higher refractive index material. In this arrangement, the re ected beam follows
the same path as the incident beam, thereby requiring separation of the two at the output
of the delay line. Scanning rates as high as 380 Hz were demonstrated with optical delay in
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100s of ps. Placing the cube on the air turbine can further improve the scanning speed by
almost an order of magnitude. Introducing a rapidly rotating prism in the THz beam path
[105] instead of the conventional optical path is bene cial in terms of its decreased sensitivity
to fabrication imperfections due to much longer THz wavelengths as compared to the laser
wavelength. However, these systems generate an optical delay that is strongly nonlinear with
respect to the rotation angle, leading to complex time -consuming calibration on raw data.
Furthermore, when using larger prisms, the group velocity dispersion of the prism material
can become important leading to a pulse broadening and attenuation of both THz and optical
beams.

Asynchronous optical sampling has also been used for THz [116]. In these systems, probe
and source pulses are provided by two mode-locked femtosecond lasers with slightly di erent
frequencies. A repetition rate of several kHz can be obtained using this technique. However,
the use of two femtosecond lasers is expensive and requires precise adjustment that may
a ect the stability of the recorded THz pulse.

We also note that fast optical delay lines are required in other research elds, for example, in
optical coherence tomography (OCT). In those systems, multiple-pass cavity delay lines [106,
107] and combinations of a curved or a straight mirror and a scanning mirror [108, 109] were
suggested. Nevertheless, they feature small optical delays (< 20 ps), which are suitable for
OCT applications, but not for THz time-domain spectroscopy. In the latter, large optical
delays increase the spectral resolution. In addition, longer optical delays allow the sampling
of high refractive index and/or dispersive materials.

To date, several solutions based on rotating mirrors and curvilinear surfaces were demon-
strated for THz applications [110 114]. Such designs feature linear dependence of the optical
delay on the rotation angle, as well as large maximum delay and high scanning rates. When
using rotary delay lines that feature linear dependence of the optical delay on the re ector
rotation angle, one can, in principle, forgo complex optical encoders if the rotation rate is
precisely controlled. By placing several re ectors on the same rotating base, one can increase
the acquisition speed by an order of magnitude. Scanning rates of 400 Hz and the total delay
of 140 ps have been demonstrated when using six re ectors, all tting into an 8cm diameter
circle [114].

Recently, we presented several classes of analytical and semi -analytical solutions for the
design of fast rotary linear optical delay lines (FRLODL) [27, 115]. The optical delay provided
by such systems is proportional to the re ector size. When using relatively small systems
that t into a 10 cm-diameter circle, an optical delay in excess of 600 ps can be achieved,
which is comparable to the optical delay generated by a typical linear micropositioning stage
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with a retrore ector.

The rotary delay lines require careful design of the shapes of their re ector surfaces. In
particular, we require the resultant optical delay to be linear and long enough for THz
applications (at least 100 ps). Also, at the input and output of the FRLODL, the optical
beams must stay spatially invariant and separated during the re ector rotation. The latter
enables to forgo the use of beamsplitters to separate the incoming and the outgoing beams,
thus reducing the loss of the laser power.

The main goal of this work is to understand the engineering challenges arising during the
experimental implementation of a rotary delay line. We rst discuss the accuracy of the
FRLODL, detailing the possible sources of imperfection. We consider both errors occurring
due to a nite size of the laser beam (as opposed to an optical ray) and the precision with
which the blade rotation frequency can be maintained, as well as the errors coming from
the limited accuracy of CNC machining. Then, the experimental implementation of the
FRLODL is presented. We demonstrate characterization of the rotary delay line, con rm its
linearity, and compare the system’s response at di erent rotation speeds. Finally, we present
examples of practical applications for the FRLODL.: evaporation of liquids, monitoring of
spray painting, and detection of fast moving objects.

4.4 Characterization of the FRLODL

The operating principle of the FRLODL has been introduced in details in our previous
papers [27, 115]. The FRLODL consists of four blades, and an individual blade is composed
of two curvilinear re ectors. In Figure 4.1 (a) we show the working principle of an individual
blade. We assume that the incoming light beam is arriving parallel to OZ and that it is
displaced by R; along the OY direction. The incoming beam is re ected by the rst rotating
re ector at the point (x;( );R;) onto the second rotating re ector at the point (Xo( ); Ro),
where is the angle between the OY axis and OZ axis. Finally, the beam is sent out of the
delay line system along a line parallel to the OZ axis. Note that, regardless of the rotation
angle, the outgoing beam always follows the xed path; in other words, Ro is a constant value.
Moreover, another important property of the FRLODL is that the optical delay provided by
such a rotating blade is a linear function of the rotating angle. In [27], we have shown that
a blade with two curvilinear re ectors could be designed by numerically solving a rst-order
di erential equation. Similarly, we have also demonstrated that once the incoming beam
position R; is speci ed, only a unique solution of the curvilinear re ectors can be numerically
obtained. Note that the maximum optical delay of the FRLODL system is dependent on the
value of R;. In that paper, we speci ed R;  2:97 cm in order to maximize the optical delay
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of the system that ts into a 10 cm diameter circle. The corresponding optical delay as a
function of the rotation angle is numerically calculated (see Figure 4.1 (b)).
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Figure 4.1 (a) The schematic of an individual rotating blade consisting of two curvilinear
re ectors [27]; (b) The time delay of the FRLODL,; (c) The optical setup of the FRLODL in
Zemax.

To elucidate the working principle of the FRLODL, we perform a simulation based on the
commercial optical design software Zemax. In Figure 4.1 (c), we show the Zemax schematic
of the whole delay line system. As a light source, we use a collimated Gaussian beam with
a waist radius of 0.5 mm. For an incoming beam with a nite size, the curvilinear re ectors
of the disk have a "lens" e ect on the beam and thus defocus the incoming beam in the
QY direction. To minimize this e ect, we place the FRLODL between two cylindrical lens
(focal length: 100 mm) in order to collimate the outgoing beam. Finally, the outgoing
beam is focused by another spherical lens (focal length: 60 mm) to a virtual detector which
interrogates the spatial position and intensity distribution of the outgoing beam. In our
simulation, we trace 20000 rays. Note that, in this Zemax simulation, the optical setup
follows the emitter arm of the experimental setup delay line closely, as demonstrated in the
following section.

In our Zemax simulation, we also set R; = 2:97 cm, and subsequently interrogate changes
in position and radius of the outgoing beam on the virtual detector as a function of the
rotation angle of the FRLODL disk. In Figure 4.2 (a-d), we show the outgoing beam on
the detector screen at several rotation angles. During the simulation, the curvilinear re ectors
are considered to be perfectly planar in OX direction (Figure 4.1 (c)), and consequently ,
they have no optical aberration in this direction. However, we note that the centroid position
and intensity distribution of the outgoing beam vary considerably in the OY direction when
the disk rotates to di erent angles. To explain this, we simply recall that the re ectors have
irregular curvilinear pro les that would defocus the incoming beam. In addition, we note
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that when the rotation angle is less than 6 or greater than 34 , the incident beam is cut
by the edge of the re ectors, resulting in an incomplete re ection. Between 6 and 34 , the
number of rays reaching the detector (as calculated by Zemax) is the same as the emitted
number of rays. This shows that the beam is completely re ected.

In Figure 4.2 (e) and (f), we plot changes in the centroid position and the root-mean-square
(RMS) radius of the outgoing beam as a function of the rotation angle. Typically, the RMS
radius of the outgoing beam is in the range of 6 20 m, and the centroid position of the
outgoing beam oscillates withina 70 m range. As demonstrated in the following experi-
mental section, the outgoing beam from the FRLODL would be coupled to a photoconductive
antenna (emitter) that generates THz pulses. The amplitude of the generated THz signal is
dependent on the intensity and the spatial position of the incoupled beam. In the following
experiment, therefore, we use an antenna with a 100 m gap that would, in principle, have
insigni cant in uence on the generated THz signal.

In the above simulation, we use an ideal rotary re ection disk without taking into considera-
tion fabrication errors. In practice, the rotary re ection disk is fabricated by CNC machining
followed by a diamond paste-polishing process. According to [114], it is reasonable to as-
sume the average surface roughness of the produced re ectors to be 1 m. The imperfect
re ector surfaces would lead to optical scattering, changing the intensity distribution and
spatial position of the outgoing beam. Therefore, we perform another Zemax simulation that
takes into account roughness of the re ector surface (R 1 m ). First we numerically
calculate the pro le of the curvilinear re ectors. Then, we add a 1 m-uncertainty in the
3D coordinates of each point on the re ector surfaces. The simulation results shown in Fig-
ure 4.3 suggest very strong optical scattering of the outgoing beam. The RMS radius of the
outgoing beam is generally on the order of several hundreds of micrometers that considerably
exceed the dimension of the photoconductive area in the antenna. Besides, we see pronounced
variations in the centroid position and intensity distribution of the outgoing beam. Thus,
we expect that the amplitude of the generated THz signal from the antenna would vary a
considerable amount as the rotary disk rotates to di erent angles. This was also con rmed
in our experiments as shown in the following section. We note that in order to reduce the
amplitude variations, a more precise CNC machining or diamond turning technique should
be used for the fabrication of the FRLODL.

The experimental setup is depicted in Figure 4.4. A 100 fs Ti:Sapphire laser (Mai Tai,
Spectra-Physics) with a wavelength of 800 nm and a repetition rate of 100 MHz delivers 100
mW and 10 mW to the THz photoconductive emitter and detector antennae (PCA) respec-
tively. A linear delay line is placed on the detector (Tera8-1, Menlo Systems, 5 20 m? gap)
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Figure 4.2 (a-d) The outgoing beam captured by the detector screen at the rotation angle
of 5, 10, 20 and 30 . The rotation angle is de ned in Figure 4.1 (a). Particularly, when the
rotation angle is 5 , the incoming beam is cut by the edge of the curvilinear re ector, thus
resulting in an incomplete re ection. (¢) The RMS radius of the outgoing beam at di erent
rotation angles; (f) The centroid position of the outgoing beam in OX and OY direction on
the detector screen as a function of the rotation angle.

side. While this linear delay line is needed for the initial characterization, we will show later
that the FRLODL can be used alone. The FRLODL is placed on the emitter side and,
adjacently, a lens focuses the beam on the emitter PCA (T-Era-400A-800-Air, TeTechS,
100 100 m?2). During the measurements, the emitter is supplied by 50 V DC. The detec-
tor PCA current output is connected to a low noise transimpedance ampli er (DLPCA-200,
FEMTO) which enables high signal-to noise ratio. The analog output of the current ampli-

er is then connected to a data acquisition card (NI USB-6343, National Instruments) that
samples at 500 kHz with 16 bit resolution. In contrast with a regular THz-TDs setup, our
FRLODL-based setup does not require using a lock-in ampli er.

The FRLODL surface is made utilizing computer numerical control machining (Charly 2U,
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Figure 4.3 (a-d) The outgoing beams re ected by a rotary disk with 1 m average roughness
of the re ector surfaces for rotation angles 5, 10, 20 and 30 respectively. The rotation angle

is de ned in Figure 4.1 (a). (¢) The RMS radius of the outgoing beam at di erent rotation
angles. (f) The centroid position of the outgoing beam in OX and OY direction on the
detector screen as a function of the rotation angle.

CNC machine) with a linear translation precision of 3 m and a repeatability of 20 m.
The blade surfaces were then manually diamond-paste-polished. The incoming and outgoing
optical beams are parallel and have a constant 1 cm separation in space. This con guration
avoids the usage of additional moving devices.

Using this technique, we fabricated four blades on the same disk. The number of scans per
second increases in proportion to the number of blades on the disk, thereby enabling higher
scan rates in a system with the same rotation motor and acquisition setup. To further increase
the sampling rate, one could use a disk with a greater radius allowing the incorporation of
a larger number of blades. Due to limitations in the optical quality of our blades, there are
variations in the generated THz pulse depending on the rotation angle. In Figure 4.5 (a),
we present THz time traces for di erent delays between the emitter and the detector sides
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Figure 4.4 The experimental setup. Inset shows the FRLODL disk with its four manufactured
blades. Notice the parallel incoming and outgoing optical beams at di erent rotation angles.

achieved using the fast rotary delay line. We add time delay by moving the linear delay line
by increments of 50 m (0.33 ps) over a range of 25 mm (165 ps) and record the resultant THz
pulses. As depicted in Figure 4.5 (a), there are amplitude variations that are primarily caused
by the quality of the CNC micro-machined FRLODL surface. Indeed, the linear precision of
the CNC machining is on the same order as the laser wavelength. As demonstrated in the
simulations, this leads to both intensity variations and spatial displacements of the optical
beam.

To utilize the full extent of the optical delays provided by the rotary delay line, precise cali-
bration of the generated THz power as a function of the rotation angle is required. However,
as we will show in the following sections, multiple THz applications do not require extended
delays or focus only on the temporal position of the main THz peak. In this case, calibration
is not a prerequisite for the operation of the rotary delay line. To reduce the e ect of the
beam spatial displacement, we placed an iris on the beam path just before focusing on the
THz emitter. Due to the large photoconductive area of the THz emitter, these small varia-
tions do not prevent the excitation of THz pulses. In the following, we used only one of the
four FRLODL blades to get a consistent rigorous analysis.

In Figure 4.5 (a), the ms-time scale refers to the actual acquisition time as recorded by the



53

analog-to-digital acquisition card. A linear micropositioning stage with a retrore ector placed
on the emitter side was used to calibrate the rotary delay line. Knowing the increment of the
main THz peak in the ps-scale (position of the micropositioning stage) and in the ms-scale,
it is possible to nd a linear relation between the two scales (Figure 4.5 (b)). The slope of
this curve con rms the linearity of the FRLODL and provides an experimental conversion
factor between the ms and ps-scale (in this case 16.85 ps/ms). Note that this experiment was
conducted at a rotation speed of 12 Hz. Therefore, for di erent rotation speeds, one needs to
perform a simple cross-multiplication to nd the correct conversion factor. By applying the
conversion factor in Figure 4.5 (a), we nd a maximum e cient optical delay of 100 ps.

In Figure 4.5 (c), we present several measurements at di erent rotation speeds of the FR-
LODL. In principle, acquisition rate can be further increased four times if all the blades on
the disk are used. The dashed blue curve corresponds to a scan made by the linear delay line
in a regular setup using a lock-in ampli er. The ps-scale was obtained through the cross-
multiplication of the conversion factor by the rotation speed, giving appropriate results as
can be evaluated by the position of the water lines in the spectrum (Figure 4.5 (d)).

As depicted in Figure 4.5 (c), when enhancing the speed of the scan, the THz pulse time
structure becomes less pronounced. This is directly related to the low-noise current ampli er.
In our setup, the ampli er hasa 10 90 % rise time of 50 s. Converting this value to ps-scale
using the above conversion factor, we nd 0.84 ps at 12 Hz, but 3.4 ps at 48 Hz. As a result,
the THz pulse will be less de ned as each data point corresponds to a time average over
longer sampling intervals at higher FRLODL rotation speeds. The impact of the acquisition
electronics can be directly seen in the spectrum, in which bandwidth decreases with increase
in the rotation speed. To overcome this issue, one could either use a faster transimpedance
ampli er or increase the power of the THz signal.

Finally, to complete the characterization of our FRLODL system, we present error mea-
surements (Figure 4.5 (e) and (f)). We take standard time-based error calculation to de ne
signal-to-noise ratio (SNR) and dynamic range (DR) [117]:

SNR = mean at peak maximum

~ standard deviation at peak maximum 4.1)
mean at peak maximum '

~ standard deviation at noise level

In this de nition, the SNR measures the accuracy on the amplitude, while the DR gives an
idea of the system response to strongly attenuating samples. In a regular setup with a lock-
in ampli er, the SNR is greatly enhanced because of the high value of the integrating time
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constant. For example, with a 100 ms time constant, we obtain an SNR of approximately 140.
Obviously, with the FRLODL, the SNR decreases with the rotation speed and again, this is
linked to the rise time of the transimpedance ampli er. In Figure 4.5 (f), we present the DR
after averaging the pulse. In some applications, it is possible to perform this averaging at the
expense of the total acquisition time. A regular setup with a linear micropositioning stage
gives a DR of approximately 3000, but with a total acquisition time of 3-4 minutes, while, in
comparison, our FRLODL produces a DR of nearly 1000 with 20 seconds (250 scans at 12
Hz) acquisition time.

4.5 Practical applications of the FRLODL

4.5.1 Monitoring of the evaporation process

As a potential application of the FRLODL for THz spectroscopy, we rst present real-time
non-contact monitoring of the evaporation process for di erent liquids. For this purpose, a
paper tissue is positioned in the path of the THz beam and THz signal recording is initialized
using the FRLODL at a rotation speed of 12 Hz. A volume of 50 L of water, acetone,
or methanol is then applied to the surface of the tissue. In Figure 4.6 (a), we show the
electric eld amplitude variation of the main peak. The THz wave passing through the
liquid is absorbed di erently depending on the absorption coe cient and the thickness of the
liquid layer. As the liquid evaporates, the peak amplitude returns back to its initial value.
As expected, acetone evaporates faster than methanol and water [118]. In particular, in
Figure 4.6 (b), we present time traces and spectra for acetone evaporation. One can clearly
see the absorption in a broad range of frequencies related to the losses in the liquid.

It is worth noticing that in Figure 4.6 (a), the apparent noise is directly correlated to the
limited signal-to-noise ratio. As de ned above, the SNR is a measure of the accuracy on the
amplitude measurement. At a rotation speed of 12 Hz, with an SNR of roughly 70, it is still
possible to get su cient contrast between the noise and the signal. Naturally, it is possible
to decrease the rotation speed in order to improve the SNR, however, in this case ms-time
scale processes will not be resolved.

4.5.2 Monitoring of spray painting

In the previous experiment, the three tested liquids were transparent in the optical range.
Contrarily, in this section, we will present a monitoring of the drying process of non-transparent
red enamel spray paint. A paper substrate is placed in the path of the THz beam and record-
ing of the THz signal is initialized while the FRLODL rotates at a speed of 10 Hz. We then
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Figure 4.6 The evaporation process measured with the FRLODL. (a) The normalized electric

eld amplitude of the main THz peak as a function of time for water, acetone and methanol.
Inset: longer time scale. (b) The time traces (top) and spectra (bottom) for the evaporation
of acetone.

apply the spray paint to the surface of the paper for a duration of 7 8 seconds, then allow
it to dry for several minutes. In Figure 4.7 (a), we present the variation of the main peak
in amplitude (top blue line) and in time delay (bottom red line). There are two notable
regimes and we show their time traces in Figure 4.7 (b). The rst regime (I) corresponds
to the spraying process and lasts about 8 seconds. As more paint is added, the THz wave
is absorbed more strongly, thus the main peak amplitude is reduced. The spray paint also
possesses a larger refractive index, thereby delaying the THz pulse in time. The second
regime (11) corresponds to the drying process. In the spray paint, volatile solvents such as
acetone are used. As seen from Figure 4.7 (a), they evaporate very quickly, on the order of 30
seconds. The recorded THz pulse then stabilizes. In Figure 4.7 (d), we perform an averaging
of 1000 pulses (100 seconds) before and after applying the spray paint. It is possible to
estimate the thickness of the paint layer from the shift in time and in the peak absorption.
For our sample, the thickness, as measured with a micrometer, is around 20 30 m. The
THz measurements of the main peak show a shift in time of 0.11 ps and an absorption of
6 %.

4.5.3 Detection and thickness evaluation of moving objects

In the nal application of the FRLODL, we present the detection and thickness characteri-
zation of fast moving objects. This application intends to show the large time delay available
with the FRLODL. While recording THz pulses at 24 Hz, we drop samples of low density of
polyethylene (LDPE) of varying thicknesses in the path of the THz beam (Figure 4.8 (a)).
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Figure 4.7 Monitoring of the painting process using the FRLODL. (a) The normalized ampli-
tude (top blue) and time shift (bottom red) of the main THz peak along time. (b) The THz
time traces during spraying (top) and drying (bottom). (c) The normalized power spectra
evolution along time. (d) The averaged pulse before and after the painting process.

The samples are cylindrically shaped with a diameter of 52.5 mm. The rate of fall at the
position of the THz beam is 1 m/s. Figure 4.8 (b) shows the relative time position of the
main peak from the beginning of the recording until the end. When the LDPE sample passes
through the THz beam, the pulse experiences a retardation, resulting from the LDPE refrac-
tive index of n = 1:513 [119], and is shifted in time. The time delay is directly proportional
to the thickness L of the sample :

t= E(n 1) (4.2)
Co

where ¢q is the speed of light in vacuum. In this manner, it is possible to assess the thicknesses
of the LDPE samples (see Table 4.1).

A closer look at the recorded THz traces shows how fast the acquisition is. At a constant
1 m/s rate of fall, with a FRLODL rotation speed of 24 Hz, a single recording is conducted
every 41.7 mm. With a sample diameter of 52.5 mm, two acquired pulses e ectively show
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the passage through the LDPE (traces Il and 111 in Figure 4.8 (c)). It is worth noticing that
in our particular case, the THz beam is collimated, therefore we recorded a part of the beam
passing through the sample while the other part passed through air, which explains why two
peaks are observable.
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Figure 4.8 The detection of fast moving LDPE samples. (a) Experimental setup. The THz
beam is collimated and the LDPE sample drops vertically. (b) The detected time delay by
the passing of the LDPE samples. Inset: zoom at the passing of the 14.72 mm sample and
(c) the corresponding time traces. (d) The inaccuracy of the temporal position of the peak
when using the motor trigger (top) or the photodiode trigger (bottom).

Table 1 shows the assessed thickness of LDPE based upon Equation 4.2. The thickness
resolution of this method is directly related to the speed of the acquisition card and the
FRLODL rotation frequency. For example, if one uses a 500 kHz card, then each data
point is separated by 2 s which can be directly converted to the ps-scale using the above
conversion factor. At 24 Hz, 2 s corresponds to 0.0674 ps and, for LDPE, this is 39.4 m
from Equation 4.2. Noise arises primarily from jitter in the motor rotation. For the data
acquisition to begin, it is important to have a reliable electric trigger. If one uses the electric
output of the rotating motor, uctuations in the speed of the motor can lead to di erent



59

Table 4.1 Thickness of LDPE samples assessed with micrometer and FRLODL.

Micrometer (mm) | FRLODL(mm)
4:43 4:44 0:31
9:98 10:03 0:31
14:56 14:46  0:31
20:30 20:25 0:31
29:54 29:50 0:31
44:20 44:26  0:31

temporal positions of the peak. To avoid this problem, we deviated a small fraction of the
optical beam into a photodiode placed prior to the emitter PCA. Then, we use the electrical
output of the photodiode as the trigger. This method allows the data acquisition to begin
at the same time as the optical excitation of the emitter PCA thus avoiding jitter noise.
At the top of Figure 4.8 (d), we show the temporal positions of the main peak when the
acquisition is triggered by the motor. We simultaneously recorded the electric output of the
photodiode. Then, in bottom of Figure 4.8 (d), we correct the THz pulses, by superimposing
the photodiode electric outputs. By applying this method we are able to signi cantly reduce
the jitter noise. Note that for this particular experiment, we used two channels on the
acquisition card (one for the THz pulse and one for the photodiode), therefore each channel
was sampled at 250 kHz and the aforementioned resolution has to be doubled. Notice also
that the FWHM of the main peak is about 0.5 ps (8 data points at 24 Hz), giving an upper
value for the 312 m error. However, experimental thickness measurements show better
results in most cases.

4.6 Conclusion

In summary, we demonstrated the experimental implementation of a rotary linear optical
delay line. We discussed the accuracy of the FRLODL and detailed the possible sources
of imprecision. The nite size of the laser beam re ected from the surface of the rotary
delay line (as opposed to an optical ray) leads to its defocusing. As a result, the beam spot
size on the PCA is found in the range of 6 20 m with the centroid position oscillating
withina 70 m range. For large gap photoconductive antennas, these oscillations will have
an inconsequential in uence on the generated THz signal. However, the errors coming from
limited accuracy of CNC machining cause considerable variation of the THz signal amplitude
as a function of the rotation angle.

In this paper, we demonstrated experimental characterization of a fast rotary optical delay
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line for terahertz time-domain spectroscopy. The use of this device is greatly facilitated due
to the linearity of the time delay. A simple conversion factor between the acquisition time
and THz time can be used for calibration. This system has been tested at acquisition rates
of up to 48 Hz per blade. In principle, four times higher speeds can be obtained when using
all four blades. Ultimately, the time acquisition is limited by the electronics, in particular by
the transimpedance ampli er.

Then, we showed several applications for the FRLODL. Firstly, the evaporation process
of similar transparent liquids was observed, providing a way to identify each liquid by its
evaporation rate. Secondly, monitoring of the painting process was demonstrated. The
spraying and drying phases of the paint were clearly visible in the time traces, with a shift in
both amplitude and time delay. Thirdly, we showed detection of fast moving LDPE samples.
We also used the shift in time to evaluate sample thicknesses of up to 44 mm (75 ps). Jitter
noise in the motor rotation was reduced by using a photodiode as an electrical trigger.
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CHAPTER 5 3D THz COMPUTED TOMOGRAPHY

In this chapter, we describe a 3D imaging modality performed with THz : Computed to-
mography (CT). First, we begin by the mathematical description of the imaging. Then, we
will brie y show an experimental implementation of such a system. Several experimental
challenges are discussed and, in some cases, resolved.

5.1 Principles of 3D CT

CT is a very well known imaging modality in the biomedical eld [120]. The basic idea is
that di erent images of the object are taken at several angles. This operation is known as the
Radon transform. To extract an object tridimensional structure from a set of projections,
one must perform what is called a back-projection reconstruction. In this section, we present
the mathematical description underlying the CT imaging.

5.1.1 Radon transform

Suppose a function f(x;y) describing an object that will be imaged. Let us de ne a new
coordinate system Ox'y’ with an angle from the original (Figure 5.1 (a)). A projection is
taken along y' and can be mathematically expressed as the integration

4
90)= ey (51)

where X’ represents the lateral distance from the rotation axis. To perform the integral, one
needs to map the (X;y) coordinates in the projected coordinates (x’;y"). Recall the rotation

transformation:
3 2 32 3

0 .
4X5 —4 COS Sin 54X5 (5.2)

y! sin cos y
then, the Radon transform is de ned as:

Zq
g )= lf(xocos y'sin :x'sin  +y'cos )dy" (5.3)

This integral is performed at a particular . If we perform the same operation for several
angles, we get the sinogram g(x’; ) (Figure 5.1 (b)). This sinogram is the data that a typical
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CT experiment collects. The reconstruction to get f(x;y) is conducted from this sinogram.
We explain this in the next section.

5.1.2 Filtered back-projection reconstruction

Let g(x’; ) be the 2D radon transform of f(x;y). The Itered back-projection reconstruction
is based upon the Fourier slice theorem, which links the Radon transform to the Fourier
transform:

g0 (X, ) = Top (X' cos ;x"sin ) (5.4)

where the  denotes the Fourier transform and the subscripts 1D and 2D specify the di-
mensionality of the Fourier transform. In words, it means that the 1D Fourier transform of
a projection (at angle ) is a slice of the 2D Fourier transform of the image (at the same ).
As one can see in Figure 5.2, in the 2D Fourier transform of the image, the line that passes
through the origin with an angle is the same as the 1D Fourier transform of the projection
at the same

Mathematically, let us rst write the inverse Fourier transform of 55 (Xx"cos ;X'sin ) in
polar coordinates:

z 2 z 1
f(xy) = o o (X’cos ;xX'sin )exp(i2 X'(xcos +ysin ))x'dx'd (5.5)

Then, we can use the Fourier slice theorem (Equation 5.4) to rewrite:

Z, 724
f(xy) = g0 (¢; )exp(i2 xX(xcos +ysin ))x'dx'd
o (5.6)
= Xjeo (% Yexp(i2 x(xcos +ysin ))dx' d
0 a1

where the last step is possible because of the symmetry of the operation.

In Equation 5.6, the outer integral represents the summation over all the angles. The in-
ner integral can be seen as the 1D inverse Fourier transform of the product of the Fourier
transform of g(x’; ) by jx'j. Here, jXj acts essentially as a Iter. Thus, this operation is
known as a Itered back-projection. Precisely, the Iter jXj is a high-pass Iter. Therefore,
in experimental conditions, it will enhance the high frequency noise. Thus, combination of
jx'j with other Iters is used to overcome the noise : Hann or Hamming window for instance.

In short, the Itered back-projection algorithm involves essentially ve steps: 1) Collection
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Figure 5.1 Principles of Radon transform. (a) Line integral projection at angle along X,
performed in the direction of the y® axis. (b) Collection of all the projections results in a
sinogram g(x’; ).
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Figure 5.2 Visual explanation of the Fourier slice theorem.
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of projections at the angles from 0 to , 2) Fourier transform on each projection, 3) Multipli-
cation by a speci ¢ lter, 4) Inverse Fourier transform and 5) Summation over the angles. In
Matlab, the Itered back-projection algorithm is already implemented in the iradon function
and it gives the possibility to chose from several Iters [121]. We use this function below.

52 3DCTin THz

Yet, we have not discussed about the nature of f(x;y). In X-ray CT, only the intensity
is recorded. Therefore, f(X;y) can be considered as the attenuation coe cient (X;y). In
a body, each tissue has its own attenuation coe cient (see for example [122]). Sometimes,
contrast agents are even used to provide the necessary image clarity. In THz-TDS, both the
electric eld and the phase are recorded at the same time, and at di erent frequencies. This
provide a brand new way to interrogate the structure and the nature of the imaged material.

A simple way to construct f(x;y) has been introduced in early work on THz CT [123, 124].
Suppose a set of multiple pulses recorded for di erent rotation angles and X' positions. By
considering the Fourier transform of each pulse, the detected THz signal can be approximated
as the following line integral :

Za i
Eq(1; ;x°) =Eo(1)exp l?h(!;yO)dy“ (5.7)

where E4 and Eq are the Fourier transforms of the detected and incident THz electric eld
respectively. A(Y;y") is the complex refractive index of the sample :

ALY =n (Ly) +ini(1;y) (5.8)
with n, the real refractive index and n; = ¢=21 the extinction coe cient linked to the
absorption . By measuring the complex electric eld, we can divide the solution in its

magnitude and phase components:
z 1

=y =t
z 5 e (5.9)
= (1 y)dy' =2In =2
1 Eo

with 6 and jj the operators for the phase and the magnitude respectively. We note that this
reconstruction technique assumes that the beam is parallel. Already, more advanced work
has been performed to take in account a more realistic propagation behavior of the THz
beam [125, 126].
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5.3 Implementation of THz CT imaging

In this section, we discuss about the practical implementation of a 3D CT imaging in a
THz-TDS system. As we will see, some technical problems need to be overcome in order to
realize proper images.

5.3.1 Technical issues

First, in medical X-ray, the source and the detector move around the body of the patient to
collect data at di erent angles. Obviously, in THz, this cannot be performed since the setup
is quite bulky. Instead, it is the sample that we rotate.

Second, in X-ray, the beam is practically parallel since the wavelength is in the nm scale.
In THz however, to be able to have a good lateral resolution, the beam needs to be focused.
At 1 THz, a Gaussian beam focused in a 1 mm spot, results in a Rayleigh range! of 1 cm.
This means that the axial size of the sample must be in the cm scale, which is problematic for
big samples. This issue was already pointed out in [125, 126] where the propagation behavior
of the THz beam is taken in account in the reconstruction algorithm.

Third, in X-ray multiple detectors are used at the same time, resulting in a faster complete
scanning. For a 3D reconstruction, the previously described Itered back-projection needs to
collect 2D images at su cient angles. As this would take literally days to collect in THz, in
the following demonstration, we performed only a 2D reconstruction. Interestingly, in [127],
by spatially spreading the time pulse, the authors were able to reduce the total time to
6 minutes.

5.3.2 Fast acquisition and correction for THz CT imaging

Early when implementing THz CT imaging, we observed the need to have a fast acquisition
time. The rst measurements were performed by manually rotating and moving the sample,
resulting in one week of acquisition time. In a later implementation, we used an automated
X lateral positioning. This allowed to reduce the acquisition time to two full days. However,
the pulse recording was still taking the most important time (2 min per pulse). Moreover,
in strongly absorbing materials it is necessary to average several pulses to get appropriate
signal-to-noise ratios.

To overcome the pulse acquisition time issue, we implemented a new way to record the pulse

lFor a Gaussian beam, the Rayleigh range corresponds to the distance along the propagation axis for
which the area of the cross-section is twice the minimal waist.
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with the use of the lock-in ampli er and an acquisition card. It is necessary to understand
that, previously, the acquisition program instructed the delay line to move to each speci ed
step. The phase and amplitude were then recorded at each one of them. This method was
highly time-consuming. Our new program instructs to directly move to the maximal speci ed
step. The recording of the phase and amplitude is performed with the acquisition card at
the same time as the movement. With this type of program, one pulse is acquired in 5
seconds. This way, we were able to reduce the time acquisition to 4 hours. However, some
post-corrections are needed to get appropriate results.

First, the acquisition card and the high sampling rate that we use introduce noise in the
acquired pulse (blue in Figure 5.3). However, this noise is located at high frequencies in the
spectrum (between 2 and 2.5 kHz on Figure 5.3 (b)). Therefore, to remove the noise, we
simply Fourier transform the pulse, then set the values above 2 kHz to zero and perform an
inverse Fourier transform (red in Figure 5.3).

Second, there is a desynchronization between the start of the delay line movement and the
acquiring of the signal. Therefore, the averaging of multiple pulses will not be satisfactory
(Figure 5.4 (a)). To counter this, we used a cross-correlation algorithm to superimpose the
di erent pulses. Note that there is an imprecision on the position of the pulse. Yry, this
position is useful if one wants to deduce the refractive index of the sample for example. This
uncertainty is reduced by taking the average position of all the pulses (Figure 5.4 (b)).

Finally, we still need to pass from the ms-time scale to the ps-time scale. Indeed, in Figures 5.3
and 5.4, the time scale corresponds to the acquisition time. To nd the ps-scale, we use the
positions of the water absorption lines. This assumes that the delay line moves at a constant
speed around the position of the THz pulse.

In Figure 5.5, the fully corrected pulse is presented. High frequencies have been removed,
multiple pulses have been superimposed and a average of them has been taken. Moreover,
the time and frequency scale have been adjusted to the ps and THz scales respectively.

5.4 Reconstruction

In this section, we present the rst CT imaging performed in our THz-TDS system. As
a sample we used a LDPE rod with a diameter of 25.4 mm and three holes of 6.35 mm
(Figure 5.6). The rod is placed vertically in the system, in the y direction. The scanning is
performed along x and the sample is rotated by around the y axis. Speci cally, the x step
is 0:5 mm and the step is 10 . Because of the vertical symmetry of the sample, with this
sampling, we should be able to image the crossection of the sample (as in Figure 5.6 (a))
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Figure 5.6 The con guration of the LDPE rod with three holes in the THz-TDS system in
(a) a top (b) and lateral view. Note that the beam waist is not at scale compared to the size
of the holes.

In Figure 5.7, we present the ratio for di erent frequencies. In Figure 5.7 (a)-(d), we
show the measured sinogram and in Figure 5.7 (e)-(h) the Itered back-projection for each
sinogram. As it is possible to see, by increasing the frequency, ner details can be seen in the
sinogram, at the expense, however, of the signal-to-noise ratio. In the Itered back-projection
images, the three holes cannot be distinguished.

To reduce the e ect of the noise in the reconstruction, we average the sinogram on di erent
frequency bands. In Figure 5.7 (i)-(k), the sinogram is smoother. This leads to a smoother
reconstruction in Figure 5.7 (I)-(n). However, the three holes are still not distinguishable.

To further analyze the problems in our imaging, in Figure 5.7 (0), we plot the ideal structure.
Then, in Figure 5.7 (p), we compute the Radon transform with the Matlab radon function.

The ne structure in the middle part of the sinogram is the most di cult to obtain ex-
perimentally. There, the projection is not able to distinguish the three holes. This can be
explained by the fact that the THz beam waist is too large compared to the wall between
two holes. This wall measures 0.65 mm whereas the beam waist is estimated to be 1 mm.
In fact, the beam waist needs to be characterized better, with a knife-edge technique for
instance [128].

Also, the noise in the measured sinogram is still very high. To compensate for this, we need
to average more pulses. However, this will increase the total scanning time. This is why, it
is important to optimize the scanning system.

Plus, a decrease of the angular step in the measurements could positively impact the recon-
struction. Again, this will increase the total time acquisition. Adding a electro-mechanical
angular positioning stage can greatly help.
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Finally, in Figure 5.7 (p), the sinogram has a perfectly horizontal outline whereas in our
measurements the shape has a small vertical deviation. This is explained by the fact that in
our measurements the rotation axis is not perfectly in the middle of the sample.

To conclude, we want to state that 3D CT is possible in THz as it was demonstrated by other
groups. However, a number of hurdles must be overcome. Most notably, the time acquisition
IS @ major issue.

0.25 THz 0.50 THz 0.75 THz 1 THz
(e) (f) (9) (h)
0.25-0.50 THz 0.50-0.75THz 0.75-1THz Theoretical
(i) ()] (k)
{) (m) (n)

Figure 5.7 (a)-(d) Sinograms at di erent frequencies : (a) 0.25, (b) 0.50, (c) 0.75 and
(d) 1 THz. (e)-(f) Corresponding Itered back-projections : (e) 0.25, (f) 0.50, (g) 0.75 and
(h) 1 THz. (i)-(k) Averaged sinograms on the (i) 0:25 0:50 THz band, (j) 0:50 0:75 THz
band and (k) 0:75 1 THz band. Corresponding Itered back-projections : (I) 0:25 0:50
THz band, (m) 0:50 0:75 THz band and (n) 0:75 1 THz band. (0) Simulated LDPE rod
with three holes and (p) its Radon transform
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CHAPTER 6 GENERAL DISCUSSION

In this chapter, we discuss general considerations about the previous sections. First, we
present THz characterization of polyurethane foam. Then, we show silk foam ber SEM
images. We discuss also about the trigger operation for the fast rotary delay line. Finally,
we brie y comment on the integration of the waveguide and the rotary delay line in a THz
CT imaging system.

6.1 Polyurethane foam as a THz waveguide

In Chapter 2, we presented a two-wire waveguide with a polystyrene foam cladding. As a
proof of concept, we pressed two slabs of polystyrene foam against the two wires. Ideally,
the two wires are included in the foam structure during its fabrication. However, the pro-
duction of polystyrene foam from expandable polystyrene beads requires complex machining.
Nevertheless, we explored another type of dielectric foam, the polyurethane foam.

Di erent types of polyurethane exists and we use one intended for thermal isolation. The
fabrication involves two solutions denoted A and B. When the two solutions are mixed in a
1: 1 ratio, the molecules polymerize to form long chains of polyurethane. At the same time,
water decomposes to produce carbone dioxide which acts as a blowing agent and causes the
polyurethane to expand [129].

To explore the ability of polyurethane foam to encapsulate the two-wire waveguide, we need

rst to characterize its bulk behavior in the THz region. For that, we mix 80 mL of solutions
A and B in a cylindrical 2 L plastic bottle. Then, we cut di erent parts of polyurethane
foam and introduce them in the THz-TDS system. Using the same procedure as Section 2.2.1,
we record the time traces for di erent lengths of polyurethane foams and we compute the
Fourier transform amplitude and phase (Figure 6.1). As it is possible to see, the high THz
frequencies (above 0.9 THz) are completely lost after 27.8 mm. This has to be compared
with the polystyrene foam where frequencies up to 1.75 THz are still present even after
152.4 mm (Figure 2.1).

Now, using Equations ??, we calculate the refractive index and the losses of polyurethane
foam (Figure 6.2). Note that the values above 0.45 THz should be viewed cautiously since
the transmission spectrum shows poor signal-to-noise ratio there. Nevertheless, we nd a
slightly increasing refractive index around 1.021, which is again understandable by the high
porosity of the sample. Below 0.45 THz, the losses follow a polynomial function and are
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electric eld of the cutback measurement for di erent lengths of polyurethane foam. The ref-
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by 0.25 for clarity. (c) Transmission spectra. (d) Unwrapped phase relative to reference.

1.024 : : ‘ ‘ 1
1.023
0.8
« 1.022
2 —
£ 1.021 E o6
¢ re
= i [%2]
g 102 8
£ 1019 804
Q -+ i
x -
1.018
0.2
1.017
Al
1.01 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 b 0 0.2 0.4 0.6 0.8 1
(a) Frequency (THz) ( ) Frequency (THz)
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stronger than the polystyrene foam losses (compare with Figure 2.2).

Because of these results, we did not continue with enclosing the two-wire waveguide in the
polyurethane foam. However, a variety of other foams are available [130]. For future research,
two directions are possible. One could contact polystyrene foam manufacturers to explore
the possibility to directly introduce the two wires during the expanding. Also, one could
characterize new foams in the THz region. The goal is to nd a foam that presents low losses
and in which it is easy to include the two wires during the fabrication.

6.2 Silk foam terahertz waveguides

In Chapter 3, we presented a novel kind of material to guide the THz, the silk foam. Here,
we address particular points that were not mentioned in the publication.

SEM images of the silk sample reveals a very unique structure. Some pictures of the bulk
silk foam were presented in Figure 3.1. Here, we would like to extend the presentation to
pictures of the ber silk foam (Figure 6.3).

Unlike the bulk silk foam, the structure in the ber silk foam is less radially ordered. As
we already explained in the paper, we believe that the radial order is caused by the freezing
dynamics. These dynamics may be less important in the Dber silk foam because of its size.
As one can see in Figure 6.3, the microstructure is a combination of at 10 m walls and
circular holes with diameters of 100 m.

We would like to stress that the silk foam has other relevant biomedical applications than
strict waveguiding. The structure of the silk foam is highly porous. In our samples, we found
a porosity of 94%. Plus, the SEM images show that the surface to volume ratio is very high.
This property already drew attention of researchers in the eld of tissue engineering (See
for example [131]). There, for the cells to reproduce and mimic the tissue, they need a 3D
biological substrate. Our contribution was to show that silk foam is transparent to THz.
At the same time, water contained in the cells absorbs signi cantly the THz. It is therefore
possible to assess the cell concentration in a particular silk foam. This is especially relevant
in tissue engineering where this concentration reveals the success or not of a particular organ
reconstruction for example.

6.3 Trigger for fast rotary delay line

In this section, we discuss about the trigger operation in the fast rotary delay line. In the
setup depicted in Figure 4.4, we added a photodiode prior to the emission antenna to trigger
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Figure 6.3 SEM images of the ber silk foam. (a) Low magni cation revealing the macrostruc-
ture. The dotted line indicates the position of the tape used to hold the sample. (b) Periphery
of the sample. (¢) Higher magni cations showing the at walls and (d) the circular holes.

the data acquisition. At the end of Section 4.5.3, we brie y state that the use of the electric
output of the rotating motor leads to an inaccuracy on the temporal position of the peak
(see Figure 4.8(d)). Here, we would like to further comment on this.

The electrical output of the rotation motor is a step function (Figure 6.4 (a)). The passing
of 500 square pulses corresponds to a complete rotation of the motor. Therefore, by counting
them, we can generate a trigger. For that, we use the electric circuit schematically shown in
Figure 6.4. First, with an operational ampli er, we saturate the signal so that it spans from
0 to 1 V (Figure 6.4 (b)). Then, we use three electronic logical counters placed in series.
These counters will successively output a logical step from pin 1 to pin 10. Connecting the
pin 10 to the clock input of a second electronic counter will allow the counting of tens. By
doing the same with a third electronic counter, hundreds can be count. In this way, pin 5 of
the last counter corresponds to a full turn and its output is the trigger for data acquisition.

However, as we already saw in Figure 4.8 (d), compared to the photodiode trigger, the motor
trigger provides less repeatability. Indeed, the position of the main peak uctuates in time
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from one measurement to another. This is explained by the fact that one full rotation is
divided in only 500 steps. At the same time, the photodiode outputs a voltage strictly when
the optical pulse hits it. This avoids the jitter noise, which is de ned as a deviation from the
periodic rotation of the motor.
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Figure 6.4 Generation of the trigger based on the electrical output of the rotation motor.
(a) Raw electrical output of the motor. (b) Saturated signal. (c) Electronic logical counters
stage.

6.4 Waveguide and rotary delay line in a THz CT imaging system

In this last section, we brie y discuss on the possibility of assembling together the di erent
parts covered in this thesis for the CT imaging application.

First, the THz waveguide can be used for imaging [132]. We saw that for THz CT imaging,
it is easier to rotate the sample than the emitter and the detector. This is due to the
cumbersome THz-TDS instrumentation. However, large samples cannot be rotated. For
them, THz waveguides could help guide the THz light around.

Second, the work performed on CT imaging showed that it is important to have a fast
acquisition scheme. In Chapter 4, we precisely demonstrated a fast rotary delay line that can
provide acquisition speeds of several Hz. Then, for CT imaging, the scanning of the sample
will be limiting the overall acquisition time. Also, complex correction algorithms would be
needed to overcome synchronization issues for a continuous scan [133].
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CONCLUSION

Summary of results

Within this thesis, we have explored solutions to two current problems in THz-TDS instru-
mentation : the THz beam handling and the long acquisition time. We have also presented
a practical implementation of a THz CT imaging, based on the THz-TDS system.

The rst issue is the THz beam handling. As we saw, the THz-TDS system is cumbersome
and, in many applications, it is desirable to have a stand-o distance between the THz source
and the sample. A solution would be to have a waveguide able of transporting it. For that,
our contribution was to study foam waveguides.

First, we explored polystyrene foam as a dielectric material for waveguiding. We con rmed
that it has very low losses and refractive index close to 1 in THz. This was explained by the
fact that most of it was made of gas. Then, we used it to enclose the two-wire waveguide. By
comparing the propagation of the THz with and without the polystyrene foam, we concluded
that the polystyrene foam has little e ect, both in losses and in dispersion.

Second, we studied an exotic biological foam material : the silk foam. From a puri ed silk
solution, we fabricated bulk and ber silk foam through lyophilisation and casting techniques.
The refractive index was found to be very close to that of air. This is explained by the porous
nature of the silk foam. The silk foam losses scale quadratically with frequency and are one
order of magnitude smaller than those of solid silk. Also, we studied a 10 cm long, 5 mm
diameter step-index THz ber. We showed that this waveguide operates in a single mode
regime and modal group velocity dispersion is very small.

The second issue is the long time acquisition. Its main cause is the linear micropositioning
stage in the standard THz-TDS system. Mechanically, a rotary movement can achieve high
speeds. Previously, our group showed curvilinear re ective surfaces that provide a linear
delay with the rotation. Within this thesis, we experimentally implemented a rotary optical
delay line. With a CNC machine, we fabricated four surfaces on the same blade. Rotation
speeds of up to 48 Hz were tested, corresponding to an acquisition rate of up to 192 Hz if the
four blades were used. The imprecision on the pulse reconstruction was mainly attributed
to the CNC machining. Also, by increasing the rotation speed, we observed a decrease in
the THz bandwidth, due to the limitations in the electronics, speci cally the transimpedance
ampli er. Finally, novel applications for THz were shown. First, we observed the evaporation
process of three optically transparent liquids, providing a non-contact method to identify each
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one by its evaporation rate. Second, we monitored the painting process of a red enamel spray
paint. The spraying and drying phases were clearly visible in the time traces, with a shift in
both amplitude and time delay. Third, we demonstrated detection and thickness evaluation
of up to 44 mm low density polyethylene samples.

The third part of this thesis was dedicated to the practical implementation of THz CT
imaging. The THz-TDS o ers several advantages such as multifrequency imaging and direct
extraction of complex refractive index. However, when doing CT imaging on a THz-TDS
system, several challenges arise, the main one being the time acquisition. Within this thesis,
we did not have the time to use the rotary delay line that we previously characterized. Rather,
we modi ed the acquisition technique in order to accelerate it from the minute scale to the
second scale. However, the rst CT images were not able to reproduce the ne structure in
a perforated LDPE rod. We suspect the large THz beam waist and the low signal-to-noise
ratio for that.

Limitations and future research directions

The overall objectives presented in the introduction were generally ful lled in this thesis.
Some particular limitations remain and they pave to way to future research.

The foam waveguides that we have developed are prototypes. In this research, two slabs
of polystyrene foam were pressed against the two wires. Ideally, the two wires are directly
included during the polystyrene foam fabrication. For the silk foam, we studied its THz
properties and explored the possibility to use it as a THz waveguide. However, it is also
possible to use it to develop a THz biomedical sensor.

Regarding the fast rotary delay line, the machining can be improved. We observed that
the THz pulse was modi ed depending on the rotation angle, meaning that the CNC man-
ufacturing produced an irregular surface. In fact, optical surfaces with rugosity below the
wavelength are achievable with speci ¢ fabrication techniques. Also, in our prototype, we
were able to put four surfaces on the same blade. It is possible to add even more surfaces to
reach higher speeds.

For the THz CT imaging, work is still needed to achieve a suitable image. The noise is
still very high. To reduce it, one could average more, at the expense of the acquisition time
however. Implementing the fast rotary delay line with the THz CT imaging system could
help decrease the total scanning time. Also, we saw that the THz beam waist may be too
large. To test this hypothesis, it is necessary to perform a knife-edge measurement to get the
frequency dependence shape of the beam.
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