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Abstract

The main purpose of this thesis is to develop terahertz (THz) generation, detection,
and spectroscopy techniques via ultrafast imaging methods.

Sampling THz pulse waveforms with a noncollinear imaging technique was
carried out. Full-field images of the THz electric field waveforms sampled in
E-mode can be used to perform THz spectroscopy, but multi-shots are required.
On the other hand, the square of the THz electric field waveforms is obtained in a
single shot in E2-mode, which enables single-shot THz spectroscopy of the
transmitted THz power spectra.

In order to study the THz generation process by optical rectification in
LiNbO; crystals, we developed a novel transverse imaging technique to image the
THz Cherenkov wave in side-view mode and top-view mode. Based on the
images of the THz Cherenkov wave generated by the point focused optical pump
pulse, parameters including the Cherenkov angle and group and phase velocities
of the optical pump pulse and THz pulse, respectively, are measured directly. A
transition-like radiation generated at the crystal boundary is imaged for the first
time. Imaging distortions due to the transverse imaging geometry are simulated
and a correction chart is made.

We also imaged THz pulses generated with the titled-pulse-front excitation

technique in real time. The real time visualization of THz pulse generation and



propagation in LiNbO3 crystals enables us to optimize the THz pulse generation
efficiency in a more direct way. Based on the transverse imaging technique, THz
pulse reflection, transmission, and tunneling in various conditions are imaged,
which may be useful in physics teaching demonstrations. Applications of the
transverse imaging technique to image THz generation in periodically poled
lithium niobate (PPLN), air plasmas generated by femtosecond laser pulses, and
nonlinear optical Kerr effect signals induced by femtosecond laser pulses in CS,,
quartz, water, methanol, and THF are explored.

Finally, a new type of free-standing, frameless carbon nanotube array THz

polarizer is fabricated and tested.
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(c) THz reference and pumped waveforms obtained in images (a) and (b). (d) The real (black symbols) and
imaginary (red symbols) components of the THz conductivity measured in the photoexcited GaAs sample.
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Figure 4.1: (a) lllustration of the THz Cherenkov wave. The Cherenkov angle 6. is determined by the
velocities of the optical pump pulse and the THz pulse. (b) Imaging the THz Cherenkov wave using the
collinear imaging method, in which a probe pulse propagates collinearly with the pump pulse. (c) Imaging
the THz Cherenkov wave using the transverse imaging method, in which a probe pulse propagates

perpendicularly to the pump pulse.



Figure 4.2: Illustration of the transverse imaging setup. (a) and (b), The side-view imaging of the THz
Cherenkov wave, the probe pulse propagates parallel to the c-axis of the crystal. (c) and (d), Top-view

imaging of the THz Cherenkov wave, the probe pulse propagates perpendicular to the c-axis of the crystal.

Figure 4.3: (a) Experimental setup in side-view mode. An amplified Ti:sapphire laser pulse (100 fs, 800
nm, 0.9 mJ, 1 kHz) is split into two parts. The pump pulse (7.4 pJ) is focused by a lens (focal length 500
mm) onto the LiNbO; crystal (or LiTaOj3) to generate a THz wave. The probe pulse is frequency doubled
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presence of the THz electric field which is parallel to the c-axis. The refractive index n, is isotropic in the
plane that is perpendicular to the c-axis and the change of the refractive index “n,’-n,” is proportional to the
THz electric field [34]. (d) Background-subtracted image of the THz Cherenkov wave obtained from the

ICCD.

Figure 4.4: Background-subtracted images of the THz pulse inside the LN1 crystal captured at time delays
of (a) 10 ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. (e) Overlay image of (a), (b), (c), and (d). (f)
An illustration of the THz Cherenkov wave and the THz Cherenkov angle. The optical pump polarization is

parallel to the c-axis of the crystal and the c-axis is pointing out of the paper plane.



Figure 4.5: (a)-(c) Schematic illustration of how the probe pulse wavefront (grey square plane) gets
modulated by the THz Cherenkov cone when the optical pump pulse and the probe pulse propagate
perpendicular to each other. (d) The THz cone and its Cherenkov angle in the probe image plane is 64< the
cone is squeezed due to different refractive indices at different propagation directions. The red dashed line
shows the observed cone edge in the image. (e) Simulation results of the image using 3ds Max. (f)
Experimental image with an observed Cherenkov angle of 60.2< (g) Schematic diagram of the Cherenkov

cone. The cone is squeezed with major radius a and minor radius b.

Figure 4.6: (a)-(c) Side-view images of the THz Cherenkov wave in the LiNbOj; crystal captured at time
delays of (a) 0 ps, (b) 12 ps, and (c) 24 ps, respectively. (d)-(f) Side-view images of the THz Cherenkov
wave in the LiTaO; crystal captured at time delays of (d) 0 ps, (e) 12 ps, and (f) 24 ps, respectively. The

pump pulse polarization is parallel to the c-axis of the crystal.

Figure 4.7: Side-view image of the transition-like radiation (red circles) in a LiNbO; crystal at different

time delays.

Figure 4.8: (a)-(d) Background subtracted THz images in the crystal LN1 captured at pump-probe time
delays of 10 ps (a), 20 ps (b), 30 ps (c), and 40 ps (d). For comparison, images at time delays of 10 ps, 20

ps, and 30 ps are overlapped with that at a time delay of 40 ps in (d).

Figure 4.9: Background subtracted images (selected from a movie) of the THz pulse inside the LN3 crystal
captured at time delays of (a) 10 ps, (b) 20 ps, (c) 30 ps, (d) 40 ps, (e) 50 ps, (f) 60 ps. The pump
polarization is parallel to the c-axis of the crystal and the c-axis is pointing out of the paper plane. The
transition-like radiation that is generated at the second surface where the optical pulse gets totally internal

reflected is marked by a red arrow.



Figure 4.10: Background-subtracted images of the THz pulse inside the LN3 crystal captured at time
delays of (a) 44 ps, (b) 48 ps, (c) 52 ps, (d) 56 ps, (€) 60 ps, (f) 64 ps. The pump polarization is parallel to

the c-axis of the crystal and the c-axis is pointing out of the paper.

Figure 4.11: Schematic illustration of the imaging distortion when we image the transition-like radiation.
The velocity of the transition-like radiation measured from the obtained images is higher than the actual

value.

Figure 4.12: lllustration of the THz Cherenkov wave image and the corresponding real wavefront of the
THz pulse. The black dashed lines mark the imaged THz wavefront, and the pulse propagation direction is
illustrated by the black arrow. The corresponding real THz wavefront are marked by the yellow solid line

and propagates along the yellow arrow.

Figure 4.13: (a) THz waveforms plotted in the AB direction in Figure 4.11. (b) The corresponding

spectra of the waveforms in (a).

Figure 4.14: Illustration of the THz pulse generated by the optical pump pulse at three different locations

(0,0’ and 0”).

Figure 4.15: THz electric field waveforms collected at points B, E, and F that are marked in

Figure 4.13.

Figure 4.16: Images of the THz Cherenkov wave generated by optical pump pulses as a function of the

beam diameter (101.6 um, 48.7 pm, and 27.5 um) and the power (1.8 mW, 3.7 mW, and 7.4 mW).



Figure 4.17: Images of the THz Cherenkov wave captured at various pulse durations with the same
optical pump power. ‘Positive” and ‘negative’ mean the optical pump pulse is positively and negatively

chirped, respectively.

Figure 4.18: Dependence of the THz electric field on the optical pump pulse duration. The red line (circles)
is for the negatively chirped optical pump pulse, and the black line (squares) is for the positively chirped

optical pump pulse.

Figure 4.19: Images of the THz Cherenkov wave inside the LN 1 crystal captured at time delays of (a) 10
ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. The experimental parameters are the same as that of

Figure 4.4 except that the optical pump pulse polarization is perpendicular to the c-axis of the crystal.

Figure 4.20: Images of the THz Cherenkov wave inside the LN 1 crystal captured at time delays of (a) 10
ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. The experimental parameters are the same as those for

Figure 4.4 except that the optical pump pulse polarization is 45 to the c-axis of the crystal.

Figure 4.21: Images of the THz wave inside the LN1 crystal at time delays of (a) 10 ps, (b) 20 ps, (c) 30 ps,
and (d) 40 ps. The optical pump pulse polarization is 43°with respect to the c-axis. The incident optical

pulse travels horizontally at the left side of the air/LiNbO; interface.

Figure 4.22: Spectra of the optical pump pulse. (noLN) is the original spectrum without the LiNbO; crystal,
(Odeg) is transmitted through the LiNbO; crystal with the optical pump pulse polarization parallel to the
c-axis; (45deg) is transmitted through the LiNbO; crystal with the angle between the optical pump pulse
polarization and the c-axis 459 (90deg) is transmitted through the LiNbO; crystal with the optical pump

pulse polarization perpendicular to the c-axis.

Figure 4.23: (a) lllustration of the top-view mode and side-view mode. The side-view probe beam



propagates along the Z direction (c-axis of the crystal), and the top-view probe beam is along the Y
direction. (b) Experimental setup for top-view and side-view imaging. The imaging mode is determined by
the crystal orientation, pump pulse polarization, and probe pulse propagation direction, as shown in (c) and
(d). In the experiment, the illustration of the crystal orientation, pump pulse polarization, and probe pulse

propagation direction in side-view mode (c) and top-view mode (d), respectively.

Figure 4.24: (a)-(e) Side-view images of the THz Cherenkov wave in the LiNbO; crystal captured at time
delays of (a) 0 ps, (b) 6 ps, (c) 12 ps, (d) 18 ps, and (e) 24 ps, respectively. (f)-(j) Top-view images of the
THz Cherenkov wave in the LiNbO; crystal at time delays of (f) 0 ps, (g) 6 ps, (h) 12 ps, (i) 18 ps, and (j)

24 ps, respectively.

Figure 4.25: Illustration of the line focused optical pump geometries. (a) The optical pump beam line is
parallel to the probe pulse propagation direction. (b) The optical pump beam is perpendicular to the probe

pulse propagation direction.

Figure 4.26: Images of the THz Cherenkov wave generated by the line focused pump pulse at time delays
of (&) 0 ps, (b) 6 ps, (c) 12 ps, (d) 18 ps, (e) 24 ps, and (c) 30 ps, respectively. The orientation of the

focused beam is parallel to the probe pulse propagation direction.

Figure 4.27: (a) lllustration of the line-focused pump geometry with the length of the focused beam line, W.

(b) Ilustration of the time delay (AL) between the two Cherenkov waves.

Figure 4.28: Images of the THz Cherenkov wave generated by the line focused pump pulse at time delays
of (a) 4 ps, (b) 8 ps, (c) 12 ps, (d) 16 ps, (e) 20 ps, (f) 24 ps, (9) 28 ps, and (h) 32 ps, respectively. The
orientation of the focused beam line is perpendicular to the probe pulse propagation direction and is in

vertical direction.



Chapter 5

Figure 5.1: (a) lllustration of the experimental setup used to generate THz pulses with the tilted-pulse-front
excitation technique and image the generated THz pulses. The optical pump beam (A cnirar = 800 nm)
goes through a slit, and is then diffracted by a grating. The wave front of the optical pump pulse is tilted by
the grating and is imaged onto the LiNbO; crystal with a lens. The optical probe pulse ((Acentrai =
400 nm) travelling normal to the optical pump pulse images the generated THz wave and is recorded by
an intensified CCD (ICCD) camera system (not shown). (b) The detailed imaging geometry (side view) in
the LiNbO; crystal. The optical pump pulse polarization is parallel to the c-axis of the crystal, and the

optical probe pulse polarization is parallel to the optical pump beam.

Figure 5.2: Images of the THz wave generated in the LiNbOj; crystal with the optical pump beam width in
the optical probe pulse propagation direction at (a) 0.25 mm, (b) 0.43 mm, (c) 0.83 mm, and (d) about 1

mm (full Gaussian beam, without slit), respectively.

Figure 5.3: Images of the THz wave generated in the LiNbO; crystal at time delays of (a) 12 ps, (b) 24 ps,
(c) 28 ps, and (d) 36 ps, respectively. The size of the optical pump beam along the optical probe pulse
propagation direction (out of the page) is 0.25 mm, and the optical pump beam size that is perpendicular to
the probe pulse direction is 1 mm. The tilt angle of the optical pump pulse wave front is 672 The measured

and the calibrated THz Cherenkov angles are 60<and 64 < respectively.

Figure 5.4: Optical setup for separating the THz pulse from the optical pump pulse. An optical pump beam
is transmitted through a LiNbO; prism to generate THz pulses. A cubic LiNbO; crystal is attached to the
LiNbOj; prism to separate the THz pulse (marked in blue color) from the optical pump pulse (marked in red

color).

Figure 5.5: Images of optical pulse and THz pulse separation process at time delays of (a) 27.2 ps, (b) 30.4



ps, (c) 33.6 ps, (d) 36.8 ps, (e) 43.2 ps, and (f) 46.4 ps. Schematic illustrations to show the THz pulse and
optical pulse before (g) and after (h) they get separated by the air gap. (i) The plot of the THz signal

strength along the THz pulse wave front.

Figure 5.6: The combined images of the THz wave inside the LiNbO; crystal at three different time delays

(18 ps, 30 ps, and 42 ps) at optical pump pulse tilt angles of (a) 68< (b) 64< (c) 61< and (d) 56<

Figure 5.7: The relationship between the THz pulse electric field amplitude and the tilt angle of the optical

pump pulse.

Figure 5.8: Images of the THz pulse that is generated by pumping the tip of the crystal at time delays of (a)
0 ps, (b) 8 ps, (c) 16 ps, (d) 24 ps, and (e) 32 ps. Images of the THz pulse that is generated by pumping

the middle part of the crystal at time delays of (f) 0 ps, (g) 8 ps, (h) 16 ps, (i) 24 ps, and (j) 32 ps.

Figure 5.9: (a) Optics setup for collecting and detecting the output THz pulse. (b) The relationship between
the THz output energy and the square of THz image signal strength. (c) The relationship between the THz

image signal strength and the optical pump power.

Figure 5.10: Images of the THz wave that is generated by the optical pump pulse with the optical pump
pulse polarization (a) parallel to the c-axis of the crystal, (b) at 45°with respect to the c-axis of the crystal,

(c) perpendicular to the c-axis of the crystal.

Figure 5.11: (a) Illustration of the 3D THz pulse imaging setup. The 800 nm optical pump beam goes
through a slit and then is diffracted by a grating. The optical pump pulse with the tilted pulse front is
imaged on the LiNbO; crystal by a lens. A 400 nm optical probe pulse travelling normally to the optical
pump pulse images the generated THz wave and finally is recorded by an intensified CCD (ICCD) camera

system (not shown). (b) The detailed side-view imaging geometry inside the LiNbO; crystal. The pump



pulse polarization is parallel to the c-axis of the crystal, and the probe pulse polarization is in the plane
defined by the probe pulse propagation direction and the c-axis of the crystal. The optical pump beam is

scanned in the horizontal direction (along c-axis in (b)).

Figure 5.12: Illustration of the THz pulses that are generated by optical pump pulses that go through the

slit at two positions, A and B.

Figure 5.13: Images of the THz pulse that is generated by optical pump pulses with slit positions at (a) 7.5

mm, (b) 8.0 mm, (c) 8.5 mm, (d) 9.0 mm, (e) 9.5 mm, and (f) 10.0 mm.

Figure 5.14: Images of the THz pulse (at a fixed slit position) at time delays of (a) 7 ps, (b) 13 ps, (c)19 ps,

(d) 25 ps, (e) 31 ps, and (f) 37 ps.

Figure 5.15: Relationships between the THz image position on the ICCD camera and the slit position (a),

as well as the time delay (b), respectively.

Figure 5.16: Images of the THz pulse with the optical pump beam shift Ad inside the LiNbO; crystal of (a)
0.000 mm, (b) 0.215 mm, (c) 0.430 mm, (d) 0.645 mm, (e) 0.860 mm, (f) 1.075 mm, (g) 1.290 mm, (h)

1.506 mm, (i) 1.720 mm, and (j) 1.935 mm. The relative pump-probe time delay has been corrected.

Figure 5.17: (a)-(d) 3D visualization of the THz wave generated by a full beam optical pump pulse with

the optical pump pulse front tilted.

Figure 5.18: Images of the THz pulse generated by the optical pump beam with the position shift Ad of (a)
0.0 mm, (b) 0.5 mm, (c) 1.0 mm, (d) 1.5 mm, (e) 2.0 mm, and (f) 2.5 mm. The relative pump-probe time

delay has been corrected.



Figure 5.19: (a)-(d) 3D visualization of the THz wave pumped by a full beam optical pump pulse with the

optical pump pulse front not tilted.

Chapter 6

Figure 6.1: Illustration of THz pulse reflection at (a) the crystal-air boundary and the crystal-Au boundary,

and (b) the crystal-air boundary and the crystal-Au grating boundary.

Figure 6.2: Images of THz pulse reflection captured at time delays of (a) 40.0 ps, (b) 44.0 ps, (c) 48.0 ps,

(d) 52.0 ps, (e) 56.0 ps, (f) 60.0 ps, (g) 64.0 ps, and (h) 68.0 ps. The Au film thickness is 250 nm.

Figure 6.3: Images of the THz pulse reflection captured at time delays of (a) 6 ps, (b) 12 ps, (c) 18 ps, (d)
24 ps, (e) 30 ps, (f) 36 ps, (g) 42 ps, and (h)48 ps. The width of the Au line and the gap are 0.1 mm and 0.2

mm, respectively.

Figure 6.4: Images of the THz pulse reflection captured at time delays of (a) 6 ps, (b) 12 ps, (c) 18 ps, (d)
24 ps, (e) 30 ps, (f) 36 ps, (g) 42 ps, and (h) 48 ps. The width of the Au line and the gap are 0.1 mm and 0.5

mm, respectively.

Figure 6.5: Illustration of the experimental setup for imaging the reflected and transmitted THz pulses in

two LiNbO; crystals. The width of the Au line and the gap are 0.1 mm and 0.2 mm, respectively.

Figure 6.6: Images of the reflected and transmitted THz pulses in two LiNbO; crystals at time delays of (a)
40 ps, (b) 48 ps, (c) 56 ps, (d) 64 ps, (e) 72 ps, (f) 80 ps, (g) 88 ps, and (h) 96 ps. The width of the Au line

and the gap are 0.1 mm and 0.2 mm, respectively.



Figure 6.7: lllustration of the THz total internal reflection at the LiNbOj; crystal-air boundary.

Figure 6.8: Images of THz total internal reflection captured at time delays of (a) 20 ps, (b) 40 ps, (c) 60 ps,

and (d) 80 ps. The THz incident angle at crystal-boundary is 53<

Figure 6.9: Illustration of THz tunnelling through the air gap two LiNbO; crystals. Two glass slides are

inserted between the two crystals to control the gap width d.

Figure 6.10: Images of frustrated total internal reflection of THz pulses at an air gap of width (a) 0 um, (b)

75 um, and (¢) 150 pum.
Figure 6.11: Theoretical calculation of the THz pulse (s-polarized) transmission at different air gap widths.
The central THz frequency is 0.22 THz (A=0.38 mm in LiNbO3), the refractive index of LiNbO3 crystal is

5.1, and the incident angle is 53<

Figure 6.12: (a)-(c) Images of the THz reflection at time delays of 40 ps, 70 ps, and 82 ps. (d) The

magnified inset of (b). For a high contrast ratio, images are treated with PHOTOSHOP.

Figure 6.13: (a) IHllustration of the destructive interference between the reflected THz pulse and the

backward-propagating transition-like radiation in the crystal. The forward-propagating transition-like

radiation in shown as well. (b) Design of new LiNbO3; THz sources using LiNbOj; slides.

Chapter 7

Figure 7.1: (a) Experimental setup for imaging THz generation and propagation in a PPLN crystal. An



optical pump pulse (800 nm) is point focused onto the PPLN crystal to generate THz pulses, and the probe
pulse (400 nm) is transmitted through the crystal to image the THz generation and propagation processes.
(b) and (c) Are images captured with and without (background) optical pump pulse excitation, respectively.

(d) The background-subtracted image of the THz pulse.

Figure 7.2: Images of the THz pulse in the PPLN crystal at time delays of (a) 0 ps, (b) 6 ps, (c) 12 ps, (d)

18 ps, (e) 24 ps, (f) 30 ps, (g) 36 ps, and (h) 42 ps.

Figure 7.3: llustration of the experimental setup to generate and image the air plasma.

Figure 7.4: Images of the air plasma captured at time delays of (a) 40 ps, (b) 47 ps, (c) 53 ps, (d) 60 ps, (e)

67 ps, (f) 133 ps, (g) 200 ps, and (h) 267 ps.

Figure 7.5: (a) Illustration of the experimental setup to image the Kerr effect induced by femtosecond
optical pulses in CS, (contained in a quartz cuvette). The optical pulse (800nm) is focused by a lens (not
shown) in CS,. The angle between the optical pump pulse polarization and the vertical direction is 6. The
probe pulse is sent through the sample and finally is sampled by a crossed polarizer, and the probe pulse
polarization is 45°with respect to the vertical direction. (b) The refractive index ellipsoid induced by the

Kerr effect. The birefringence experienced by the probe pulse is shown in the green plane.

Figure 7.6: Images of Kerr signals in CS, at time delays of (a) 4 ps, (b) 8 ps, (c) 12 ps, (d) 16 ps, (€) 20 ps,

and (f) 24 ps.

Figure 7.7: Images of the Kerr signal induced by the optical pump pulse polarized at (a) 0< (b) 30< (c) 60<

and (d) 90<

Figure 7.8: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS, at



a time delay of O ps.

Figure 7.9: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS, at

a time delay of 0.38 ps.

Figure 7.10: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS; at

a time delay of 0.78 ps.

Figure 7.11: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS; at

a time delay of 1.18 ps.

Figure 7.12: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS; at

a time delay of 1.58 ps.

Figure 7.13: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS; at

a time delay of 1.98 ps.

Figure 7.14: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF, and CS; at

a time delay of 2.28 ps.

Figure 7.15: Experimental setup to image the femtosecond optical pump pulse’s reflection and refraction at
water/glass interface. The quartz corvette is filled with water, and a piece of 1 mm thickness glass slide
with cut angle ~ 7.4<is submergered in the water. The pump pulse (800 nm, polarized in the vertical
direction) is incident on the water/glass interface at an incident angle of 82.65< The proble pulse (400 nm,
polarized 45<with respect to the vertical direction) propagates through the corvette and is sampled by a

crossed polarizer.



Figure 7.16: Image of the femtosecond optical pulse at a time delay of 1.0 ps.

Figure 7.17: Image of the femtosecond optical pulse at a time delay of 4.8 ps.

Figure 7.18: Image of the femtosecond optical pulse at a time delay of 10.0 ps.

Figure 7.19: Image of the femtosecond optical pulse at a time delay of 13.4 ps.

Figure 7.20: Combined image of 87 images with a time delay step of 0.2 ps.

Chapter 8

Figure 8.1: Illustration of the laser cutting procedure. (a) The CNTA pad is moved upward so that the
CNTA gets cut by the laser beam along the CNT orientation direction. (b) The CNTA pad is stoped when
the substrate reaches the laser beam. (c) The CNTA pad moves away from the laser beam horizontally so

that the root of the CNTA sheet is cut and released. (d) Microscope image of the CNTA sheet.

Figure 8.2: (a) SEM image of the cut CNTA polarizer. (b) Thickness measurement of the CNTA polarizer

by a microscope.

Figure 8.3: Illustration of the THz polarizer test scheme. The CNTA sheet is mounted on a rotational stage
which can rotate the nanotube orientation along the THz propagation direction. The THz beam is focused

by an off axis parabolic mirror on the CNTA sheet and its polarization is kept horizontal.

Figure 8.4: (a) THz waveform (blue slash dot line) measured in free space, and the noise (red solid line)

measurement when the THz pulse is blocked. (b) FFT of the THz waveform and the noise signal. (c) The



power ratio between the noise signal and THz signal in the frequency domain.

Figure 8.5: (a) THz wave from collected as reference signal when the sample is taken away, 90 degree
means the orientation of the grid is perpendicular to the THz polarization, 0 degree means the THz pulse
collected with the grid orientation parallel to the THz polarization. (b) The corresponding Fourier transform
result of the THz waveform in (a). (c) Power transmission of the THz polarizer. (d) Extinction ratio of the

THz polarizer. (e) Degree of the polarization.

Figure 8.6: (a) The THz reference waveform (without CNT polarizer) and the transmitted waveforms at
different CNTA orientations with respect to the THz polarization. (b) THz transmission through the CNTA

sheet at different CNTA orientation angles.
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Chapter 1

Introduction

The first fast imaging technique was developed almost 160 years ago by William
Henry Fox Talbot, who in 1851 took a photograph of a rapidly spinning wheel in
the light of an electric spark [1]. Since then it has been realized that the short
pulse duration of the light source is key for capturing instantaneous images of fast
moving objects. Lots of flash photography work has been demonstrated, with one
of the most famous being Eadward Muybridge’s race horse imaging in 1878 [1].

Recent developments in ultrashort pulse generation technique have driven down
attainable pulse widths from microseconds to picoseconds and femtoseconds, and
even to pulse widths as short as a few tens of attoseconds [2, 3]. These advances
led to the development of the novel ultrafast imaging techniques for studying
various ultrafast phenomena.

The same advances in ultrafast optical pulse techniques have also revolutionized
the field of terahertz (THz) science and technology, resulting in many novel
applications such as coherent THz pulse generation and detection, THz
spectroscopy, and THz optics [4-9].

In this thesis, we apply ultrafast imaging techniques to THz detection and
single-shot THz spectroscopy. We also image the generation and propagation of
THz pulses inside LiNbO3 crystals.

The traditional method to sample THz waveforms for THz time-domain
spectroscopy is to use a series of femtosecond (fs) optical pulses to map the
temporal profile of the THz waveform point-by-point by scanning the optical
pulse-THz pulse delay [4]. Although this method provides excellent signal to
noise ratio (SNR), such point-by-point acquisition is time consuming, and limits
exploration of irreversible phenomena such as material damage and chaotic
dynamics.

In the past 15 years, single-shot acquisition of the entire THz waveform has
been demonstrated using several ultrafast imaging methods [10-22]. The first



approach uses spectral-encoding, where the temporal profile of the THz pulse is
transcribed onto the frequency spectrum of a linearly-chirped optical probe pulse
[10-13]. A second scheme suggested by Shan et al. [14] encodes the THz
waveform onto the transverse spatial profile of the optical probe beam that
propagates noncollinearly with the THz pulse [14, 15]. Other methods include
encoding the THz waveform on a tilted [16-18] or incrementally delayed [19]
wavefront of a fs optical pulse which propagates collinearly with the THz pulse,
as well as cross-correlation techniques [20, 21].

For all these methods, the spectral coding is the most developed and has been
successfully applied to single-shot THz pulse diagnostics. On the other hand, the
noncollinear imaging method is much easier to perform, but has never been tried
for THz spectroscopy. In Chapter 3 of this thesis, we demonstrate the single-shot
THz spectroscopy with the noncollinear imaging method.

Due to the low THz pulse intensity, sampling the THz electric field waveform
with a reasonable SNR ratio is still challenging. Therefore, development of
intense THz pulses sources is essential for single-shot THz spectroscopy.

Generation of intense THz pulses in LiNbOj3 crystals with the tilted-pulse-front
excitation technique has been developed over the past few years [6, 9, 23-33].
Since the advent of this technique, the record for the highest THz pulse energy in
LiNbO3 was increased steadily [26, 28, 29, 32], with the highest pulse energy to
date being 125 uJ [32]. Furthermore, a maximum THz electric field of 1.2 MV/cm
has been recently realized [33]. These high energy THz pulses open exciting
prospects for applications in nonlinear terahertz spectroscopy [34], spin coherent
control [35], THz-pulse-induced phase transitions in strong correlation system
[36], and high SNR single-shot THz spectroscopy.

One drawback of the LiNbO3; THz source is the relative complexity of the
optical setup. Because the electromagnetic wave can be coupled with phonons
efficiently in the THz frequency range in LiNbOs, THz phonon-polaritons are
formed and thus make the refractive index of LiNbOs in the THz frequency much
higher than that in the optical frequency range [37]. A THz Cherenkov wave is
generated and the traditional collinear phase-matching condition cannot be



satisfied [6, 9, 23-33]. In order to achieve the phase matching, the wavefront of
the optical pump pulse must be tilted so as to match the generated THz pulse
wavefront. What’s more, the generated THz pulse propagates in a different
direction from that of the optical pump pulse. A detailed understanding of THz
generation and propagation processes in LINbOj3 is therefore very important for
developing more efficient LiNbO3 THz sources.

The first experiment aimed at investigating the dynamics of the THz
Cherenkov wave was carried out in a LiTaOg crystal (similar to the LiNbO3 ) in
1984 by Auston et al. [38]. In that experiment, two parallel optical pulses were
focused in a LiTaOj3 crystal. One of the pulses excited the THz Cherenkov wave,
while the other one sampled the THz electric field via the Pockels effect. The
Cherenkov angle was calculated by changing the lateral spacing between the two
pulses and recording the corresponding time delay between them. Another group
also mapped the whole Cherenkov radiation structure by fine step raster scanning
[39].

Instead of raster scanning, which can be time-consuming, Koehl et al. [40]
demonstrated the full field imaging by replacing the focused probe beam with a
broad beam that is large enough to cover the whole region of interest. The phase-
shift image imprinted on the probe beam by the THz pulse can be converted into
an amplitude image for detection by a CCD camera with various imaging
configurations, such as the Talbot effect or phase-contrast microscopy [40-44].

Because of their full field imaging capability, many fascinating experiments
have been done to explore THz generation and propagation inside bulk and thin
waveguide ferroelectric crystals such as LiNbO3; and LiTaOs3 [26, 40, 42, 44-49].
The evolution of a THz pulse excited by different pump configurations (e.g. point
focused, cylindrically line focused and so on) has been observed and studied in
bulk ferroelectric crystals [40, 45-47]. Furthermore, the reflection, refraction, and
interference behavior of a THz pulse on a patterned wave guide has been
demonstrated [30, 45, 49, 50], and the THz waveform generated by a bulk
LiNbO; crystal and coupled through the free space into a LiNbO3; waveguide has
been imaged inside the waveguide [26].



In contrast to a THz wave inside a waveguide, which is two-dimensional and
can be completely read out by a single image along one direction, the THz pulse
in a bulk crystal is three dimensional and requires more than one view mode to
extract the full spatial structure. Until now, the imaging work on bulk crystals has
been done exclusively with a collinear imaging geometry, in which the probe
pulse propagates collinearly or near-collinearly with the pump pulse. In this case,
the imaging of the THz Cherenkov wave presents itself in a circle pattern in the
point-focused optical pump geometry [40, 46, 51]. To reveal the full structure of
the THz Cherenkov wave, information from other view modes is desired to
complement the collinear imaging mode.

In this thesis, the side-view and top-view image of the THz wave in LiNbO;
and LiTaO3 are carried out with two types of transverse imaging geometries, in
which the probe beam propagates perpendicular (transverse) to the optical pump
beam. The THz wave that is generated in various optical excitation configurations
including point focused, line focused, and tilted wavefront, is imaged
experimentally for the first time. Based on these techniques, we explore the
parameters of the THz Cherenkov wave such as refractive indices of the optical
and THz pulses, Cherenkov angle, transition-like radiation, signal amplitude, and
their dependence on various pump parameters such as pump polarization, duration,
intensity. The image distortion of the THz Cherenkov wave due to the transverse
imaging geometry is also discussed and calibrated.

Finally, potential applications of the transverse imaging technique in ultrafast
imaging of the interaction between intense femtosecond laser pulses and various
materials including periodically poled lithium niobate (PPLN), water, methanol,
air, CS,, THF, and quartz are also explored.

In Chapter 2, the fundamental knowledge related to the thesis is introduced.
The principle of THz generation and detection in ZnTe and LiNbOg crystals is
described theoretically. Noncollinear imaging geometry for the single-shot THz
waveform sampling and the transverse imaging geometry for THz Cherenkov

wave imaging are introduced.



Chapter 3 focuses on single-shot THz spectroscopy using a noncollinear
imaging technique. Samplings of the THz electric field waveform in E-mode with
multiple shots and the square of the THz electric field waveform in E>-mode with
single shot are demonstrated. The THz spectroscopy applications of E-mode and
E%-mode are explored with photoexcited GaAs as an example.

Chapter 4 discusses the ultrafast imaging of THz Cherenkov waves in the
transverse imaging geometry. The generation and propagation of the THz
Cherenkov wave and transition-like radiation in LiNbOj3 crystals are studied in
side-view mode and top-view mode. For comparison, some experiments are also
carried out in LiTaOs crystals. The image distortion due to the transverse imaging
geometry is simulated and calibrated.

Chapter 5 demonstrates the imaging of the THz Cherenkov wave generated
with the tilted-pulse-front excitation technique in real time. For the first time, the
detection of the output THz pulse and the imaging of the THz pulse inside the
LiNbO; crystal are realized at the same time. 3D imaging of the THz Cherenkov
wave pumped by a full beam optical pump pulse is demonstrated as well.

In Chapter 6, THz reflection, transmission, and tunnelling are imaged. Chapter
7 explores the potential application of the transverse imaging technique in other
fields and shows some preliminary results.

In addition to the ultrafast imaging experiments, a novel carbon nanotube THz
polarizer is also developed and shown in Chapter 8.

The ICCD camera operation and calibration are introduced in Appendix A.
The optical setup for tilting the wavefront of the optical pulse is described in
Appendix B. Calculation of the ac complex conductively based on the THz
electric field waveforms and the Drude mode fitting are discussed in Appendix C.
Matlab codes for image processing are included in Appendix D. Calculation of the
THz electric field distribution on the THz Cherenkov cone is described in
Appendix E. The THz absorption spectroscopy analysis in E-mode is introduced
in Appendix F. The study of the transition-like radiation and measurement of THz
index in LiNbOs; using time-domain spectroscopy method is discussed in
Appendix G. Finally, a brief discussion about the possible relationship between



Lorentz contraction and the imaging distortion in the transverse imaging geometry
is given in Appendix H.
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Chapter 2
Fundamentals of terahertz pulse generation and

Imaging

This chapter provides the necessary theoretical background on experimental
techniques used for (1) THz pulse generation in ZnTe and LiNbOj crystals, (2)
time domain THz waveform sampling in ZnTe and LiNbO; crystals, (3) Talbot
imaging, and (4) imaging of THz pulse generation and propagation in LiNbO3

crystals.

2.1 THz pulses generation

In the past two decades, various techniques for generating broadband coherent
terahertz (THz) radiation by excitation of various media with optical femtosecond
(fs) laser pulses have been developed [1-8]. Broadband THz pulses can be
generated by transient photocarriers in photoconductive antennas [5], by optical
rectification of optical femtosecond pulses in nonlinear optical crystals [6], or by
laser-induced gas plasma [8]. In this thesis, we mainly focus on THz pulses that
are generated in ZnTe and LiNbOj crystals by optical rectification, as discussed in

the following section.

2.1.1 Optical rectification

Optical rectification (OR) is a second-order nonlinear optical effect in which a

quasi-DC polarization is generated in a nonlinear optical medium by intense light.
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It was first demonstrated in 1962 in KDP crystals with 100 ns ruby laser pulses by
Bass et al [9]. Far-infrared radiation was first generated by OR of 5 ps
mode-locked Nd:glass laser pulses in LiNbO; crystals in 1971 [10]. Generation of
THz pulses with bandwidths of 1 THz by OR of 50 fs colliding-pulse
mode-locked dye laser pulses in LiTaOs crystals was demonstrated in 1990 [6].

The quasi-DC polarization due to the OR effect can be described as [11]

PP (A@) = yPE(0 + Ad) * E(®) (2.1)

where P@(Ae) is the quasi-DC polarization component, y® is the
second-order electric susceptibility of the medium, E(® + A®) and E(®) are
the electric fields of different optical frequency components. According to
Equation 2.1, the quasi-DC polarization is determined by the second-order electric
susceptibility and the pump beam intensity. For broadband THz pulse generation,
the OR of femtosecond laser pulses [6, 12-14][6, 12-14]in various nonlinear

crystals such as ZnTe, LiNbO3, LiTaO3 and GaAs is used [6, 12, 13, 15].

2.1.2 THz pulses generation in ZnTe crystals

Because the phase-matching condition is satisfied when pumped by 800 nm
femtosecond pulses [13], ZnTe crystal is one of the most popular nonlinear
crystals used for coherent THz pulse generation. It has cubic crystal structure and

a band gap of 2.25 eV. Its second-order electric susceptibility tensor is [16]

000d, 0 0
26(0 0 0 0 d, O 2.2)
000 0O 0 d,

where ¢, is the permittivity of free space. The second-order polarization induced
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by the optical pump pulse is given by [16]

EZ
EZ
P 000100E§
P® |—2:d./0 0 0 0 1 0f (2.3)
y 04 2E.E
P 00000 1)
2E.E,
2EE,

where Px(z), Py(z),PZ(Z) are the components of the second-order polarization along

the x, y, and z directions in the crystal, and E,, E,, and E, are the electric field

components of the optical pump pulse.

ZnTe (110)

wave front

[100]

optical beam

Figure 2.1: Hlustration of the THz pulse generation in ZnTe (110) crystals. The optical pump pulse
propagation direction is perpendicular to the z axis ([001]) of the crystal, the azimuthal angle
relative to the y axis ([010]) is ¢, and the angle between the optical pump polarization and the z
axis is 6.

As illustrated in Figure 2.1, the optical pump pulse propagates perpendicularly
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to the z axis of the ZnTe (001) crystal. The angle between the y axis and the

optical pump pulse propagation direction is ¢, and the angle between the optical

pump pulse polarization and the z axis is 6.

The X, y, and z electric field components of the optical pump pulse are
Ey = Exycos¢ = Eysinfcosd
E, = —E,,sin¢p = —EysinBcosdp  (2.4)

E, = Eycos0

From Equations 2.3 and 2.4, the second-order polarization is

pP® —singcosé
P? |=4¢,d,Elsing  cosgcosd - (2.5)
p® —sin@singcosg

The intensity of the generated THz radiation can be expressed as [16]
I o< PO = 46, 0% E{ sin’ (408’ 6 +sin’ Gsin’(24))  (2.6)
Based on Equation 2.6, the THz pulse is generated more efficiently if the optical

pump beam is incident normally with respect to the crystal (¢ = 459. In this case,

Equation 2.6 becomes

Iy, < |P?| = 4e5d?,Efsin?0(4cos?0 + sin?0) = 4e5d?,Efsin?0(3 — sin?0)

2.7)

The dependence of the THz radiation intensity on the angle @ is plotted in Figure
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2.2. It shows that the maximum THz generation efficiency is achieved when the

angle 6 is 54.7°0or 125.3<

15 T T T — 1 — 1

=

o
T

]

THz intensity (a. u.)

0 30 60 90 120 150 180

(%)

o
o

Figure 2.2: The dependence of the THz pulse intensity on #, the angle between the optical pump

polarization direction and the z axis in the ZnTe crystal.

Furthermore, for efficient THz generation, the phase-matching condition
must be satisfied. The phase matching condition for the THz wave generation via

difference frequency mixing is described by the following formula [3]:
kK(wope + Q) — k(wope) = k(Q) (2.8)

where K is the wave vector, w,,, is the angular frequency of the optical pump
beam, and Q is one particular frequency of the generated THz wave. Equation 2.8

can be written as [3]:

K@) _ [k

Q 6w]opt (2.9)
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which states that if the phase velocity (%) of the THz wave is equal to the group

velocity ([‘;—:]Opt) of the optical pump pulse, a perfect phase matching condition is

satisfied, and the generated THz wave can be built up over long path lengths. On
the other hand, if the THz phase velocity and optical pump pulse group velocities
don’t match, the coherence length, within which the THz can be built up, is

described by [13, 17]

c

. 2.10
2f [0 0| (2.10)

c

where c is the speed of the light in vacuum medium, f is the frequency of the
generated THz pulse, nty, is the refractive index of the THz pulse in the crystal,
and ng is the optical beam group refractive index. For ZnTe crystals, the coherence
length of the generated THz pulse is the longest when the central wavelength of

the optical pump pulse is 800 nm [13].

2.1.3 THz pulses generation in LiNbO; crystals

Due to its many unique nonlinear optical, ferroelectric, piezoelectric, photoelastic
and other properties, LiNbO3; is widely used as an electro-optic material.
LiNbO;3 has trigonal crystal structure, and its second-order susceptibility is given

by [16]

26 ~dy, d, O dg O 0 (2.11)
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The second-order polarization induced by the optical pump pulse is then

expressed as

p® 0 0 0 0 dy —dy, ’
P@ |=2¢|-d, d, 0 dg 0 O ‘ (2.12)
p® dg ds dz; 0 0 0 Ve

where Px(z), PJ,(Z),PZ(Z) are the polarization components in the x, y, and z

directions, and E,, E,, and E, are the three electric field components of the
optical pump pulse. If the optical pump beam is incident parallel to the x axis, the

electric field of the optical pump pulse is

E = E (0, sin6, cosh) (2.13)

where 8 is the angle between the optical pump pulse polarization and the optic
axis (z axis, also called c-axis) of the crystal, E is the electric field amplitude of
the optical pump pulse. From Equations 2.12 and 2.13, the second-order nonlinear

polarization becomes

p®@ 0
P® =| P? |=2¢,E? d,,sin’ 6+ 2d,sinfcosd (2.14)
p® d,ssin® @ +d,, cos’ @ '

According to Ref. [18], dis=—-47pm/V , ds3=-27pm/V , d,, =
3.2 pm/V. The second-order polarization is the highest when the optical pump

polarization is parallel to the z axis (c-axis) (6=0). When the optical pump pulse
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polarization is perpendicular to the z axis, the THz polarization is the smallest but

non-zero.

Figure 2.3: Index ellipsoid of the optical pulse (800 nm) and THz pulses (0.5 THz) in a LiNbO;

crystal. The optics axis (c-axis) is along the z axis.

As shown in Figure 2.3, compared to the 800 nm optical pump pulse (Nopt =
2.25, for pulse polarization parallel to the z axis), the generated THz pulse
experiences a much higher refractive index (nty; = 5.11, for THz pulse
polarization parallel to the z axis) [19]. Because the optical pump pulse propagates
much faster than the THz pulse, as illustrated in Figure 2.4(a), if the pump beam
size is smaller than the center wavelength of the rectified THz radiation, a THz
Cherenkov cone is formed [19, 20]. The 3D structure of the THz Cherenkov cone
is illustrated in Figure 2.4(b). Due to the lack of the phase matching, a large pump
beam generates very low THz radiation in LiNbOs. Interest about the THz
generation efficiency on the pump beams size in nonlinear optical crystals is
directed to Ref. [21, 22].

The polarization of the THz electric field depends on the optical pump

polarization. When the polarization of the optical pump pulse is parallel to the
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c-axis, the induced second-order polarization has only a z component.

The distribution of the THz electric field on the Cherenkov cone surface is
shown in Figure 2.5, where the electric field is the strongest at the cone tip. Figure
2.5(c) and (d) illustrate two special cases: in Figure 2.5(c), the THz pulse
propagation vector is in the XY plane, the THz electric field is parallel to the
c-axis, and refractive index at 0.5 THz is 5.11; in Figure 2.5(d), the THz pulse
propagates in the XZ plane, but the THz electric field is parallel to the THz
wavefront, and the refractive index is in this case 6.22. Detailed calculation of the

THz electric field on the Cherenkov cone is described in Appendix E.
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Figure 2.4: Illustration of the THz Cherenkov cone in 2D (a) and in 3D (b). The THz propagation

direction is marked with blue arrows.
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THz radiation cone
(a)
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}.

X

Figure 2.5: (a) and (b), Distribution of the THz electric field on the THz Cherenkov cone in
different view angle. (c), (d) Illustration of the THz pulse propagating in the XY plane with

polarization in z axis (c-axis) direction (c) and in the XZ plane with polarization parallel to the

THz pulse wavefront (d).
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Due to the large difference between the refractive indices experienced by the
THz and optical pulses, the collinear phase-matching condition cannot be satisfied,
and efficient THz generation in collinear pump geometry cannot be achieved.
However, as illustrated in Figure 2.6, the introduction of the tilted-pulse-front
excitation technique circumvents this problem and makes LiNbO; a popular THz

source material [15, 23].

LiNbO;
THz

Pump pulse :

Figure 2.6: Illustration of the THz pulse generated with the tilted-pulse-front excitation technique.

The wavefront of the optical pump pulse is tilted so as to be parallel to the THz wavefront.
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2.2 THz pulses detection

THz pulse detection techniques can be classified into two categories: (1) detection
of the THz intensity, and (2) coherent detection of the THz electric field in the
time domain. THz intensity can be detected using various detectors such as
bolometers, pyroelectric detectors, and even single photon detectors [24]. For
coherent detection of THz pulses, ultrafast laser pulses are employed to sample
the THz electric field. The photo-conductive sampling technique and the
electro-optic technique are the two main methods to sample the time-domain
waveform of the THz pulse. In this thesis, the electro-optic sampling technique is

used and is briefly introduced in the following sections.
2.2.1 Pockels effect

The electro-optic sampling technique is based on the Pockels effect in
electro-optic (EO) crystals such as ZnTe, LiNbOgs, LiTaOs, in which the slowly
changing THz electric field modulates the refractive index ellipsoid [11, 16, 17,

20, 25-27]. The refractive index ellipsoid is given by [11]
(izj x? +(i2j y? +[izj 7% + 2(%] Yz + 2(%) XZ + 2(%) xy=1 (2.15)
n® ), n® J, n® J, n® ), n® Js n® Je

In the principal coordinate system, the terms(i) : (i) and (izj are zero.
4 5 n 6

n? n2

(izj may change in response to an external electric field. For the Pockels effect,
n< j.
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the change A(iz

J can be described as [11]
n

1
A —
n-J;
A ! B 7
n2 ) , Ly I
1 Ny oy Ihg
Az r, f,, T E,
n- /s 31 '32 133
= E 2.16
1 ET PIPE P ’ ( )
A_Z EZ
n"/J4 s, Ts, l53
A—2 161 Teo Tog
n-Js
1
A=
L \N"Js |

where r; is the electro-optic tensor, E,, E, and E, are the electric field

y
components in the x, y and z direction, respectively. According to Equation 2.16,
the external electric field can change both of the refractive index ellipsoid radius

and orientation.

(a) Index modulation in ZnTe

For ZnTe crystals, the electric-optic tensor is [16]

0 0 O
0 0 O
0 0 O
(.0 0 (2.17)
O r,, O
0 0 1
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and the refractive index ellipsoid is given by [16, 25]
x2 y2 ZZ
Sttt 2E141yZ + 2Ey1y1xZ + 2E,141xy = 1 (2.18)

Figure 2.7 shows 3 cases of the refractive index ellipsoid in ZnTe (110) crystal. In
the absence of an external electric field, the refractive index is the same in the x, y,
and z directions, and the index ellipsoid is a sphere (see Figure 2.7(a)). When the

electric field is along [001] direction, the refractive index is described by an

ellipsoid which orientates in [110] direction (see Figure 2.7(b)), and when the
electric field is applied in [110], the orientation of the index ellipsoid is 45Wwith

respect to [110] direction (Figure 2.7 (c)).

TE [oo1] E ’ [001]
o n ‘\\ S g .
- " N "5/ )
- \‘/ {rio] (-/‘/ (1)
(@) (b) (c)

Figure 2.7: Refractive index ellipsoid of a ZnTe (110) crystal with and without an external electric

field E. (a) In the absence of an electric field E, the refractive index is isotropic and the index
ellipsoid is a sphere. (b) If the electric field is parallel to [001] direction, the index ellipsoid is

oriented parallel to [110]. (c) If the electric field is parallel to [110], the index ellipsoid is tilted

by 45<relative to [110] direction.

The electric field of the THz pulse induces a birefringence in the ZnTe crystal

that modulates the optical femtosecond probe pulse. As illustrated in Figure 2.8,
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the electric field of the probe pulse can be expressed as a sum of two components,

along the fast and slow axis. The phase shift between the two components is

Ap=¢ — ¢, = AKL = (k. -k, )L = 2%%(%- —ng) = 2ﬂAn% (2.19)

where An=n, —n, is the birefringence induced by an external electric field, A

is the wavelength of the optical probe pulse in free space, and L is the thickness of
the crystal. According to Equation 2.19, the phase shift is proportional to the THz

electric field E.

slow axis (Y’)

Ad:
By |
N fast axis (X) Ex

Figure 2.8: Illustration of the phase shift induced by the birefringence. The electric field

components in the fast axis and the slow axis propagate at different speeds
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(b) Index modulation in LiNbO3

The electric-optic tensor of LiNbOg is [28]

I O I’-22 r13W
O I’-22 r13
0 0 ry
0 r, O , (2.20)
I 0 O
-1, 0 0]

In the absence of an external electric field the corresponding refractive index

ellipsoid is

2+y2+ ;=1 (2.21)

As shown in Figure 2.9, if the THz electric field is parallel to the c-axis (z axis),

the equation of the index ellipsoid becomes [28]

1 1
(n_2+ rsE)(x* +y?) + (n_2+ r,E)z* =1 (2.22)

o e

1
Compared to — and —, ri3E and rs3E are small. By using the approximation
n n

0] e

(1+x)"Y2 =~ 1 — (1/2)x, we can write Equation 2.22 as [28]

X* +y° z

(no —;njrBE)z (ne _;nsr%E)z (2.23)
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Figure 2.9 also illustrates the index ellipsoid with and without an external THz
electric field. The orientation of the ellipsoid doesn’t change when the applied
THz electric field is parallel to the z axis, and the change of the refractive index is
proportional to the THz electric field. If the THz electric field is parallel to the y
axis, the index ellipsoid becomes very complex, as both indices (ordinary and
extraordinary), as well as the ellipsoid orientation become dependent on the THz

electric field.

N

Figure 2.9: The refractive index ellipsoid of LiNbO; crystals without an electric field (solid line)

and with a THz electric field that is parallel to the c-axis (z axis) (dashed line).

In an ultrafast imaging experiment, when a probe beam with large beam
cross-section propagates through the crystal, depending on the electric field of the
propagating THz pulse they encounter, different parts of the beam experience
different phase shifts. These phase shift differences can be used to image the

propagating THz pulse by various phase-sensitive imaging techniques such as
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phase contrast imaging and Talbot imaging [27, 29]. For example, if the probe
pulse polarization is perpendicular to the c-axis of the crystal, the difference in

phase shift with and without electric field is
Aj=d—¢'=AKL=(k—K)L= 2ﬂ%(n0 “ny)  (2.24)

where n, and n,' are the refractive indices with and without an THz electric field,
respectively. This phase shift is proportional to the THz electric field and can be

converted into the amplitude object, and finally imaged by a CCD camera.

2.2.2 Phase shift sampling techniques

As discussed in section 2.2.1, there are two situations in which the sampling beam
experiences the THz electric field-induced phase shift. In the first case, the phase
shift is introduced between the two polarization components of the probe beam
that are polarized along the fast and the slow axis of the crystal. It can be detected
by analyzing the changes in the sampling beam polarization. Depending on the
initial polarization of the sampling beam, either the electric field or the square of
the electric field of the THz pulse can be detected, and three different detection
schemes are possible, as described in the following section (a), (b), and (c). In the
second scenario, the wide cross-section sampling beam experiences refractive
index that is spatially modulated by the electric field of the propagating THz pulse.
The resulting spatially varying phase shift modulation can be converted into
intensity object by phase contrast microscopy or Talbot effect, as discussed in

Section (d).
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(a) Sampling the THz electric field in E-mode

As illustrated in Figure 2.10, the THz pulse induced phase modulation of the
probe pulse is analyzed by a crossed polarizer. The probe beam intensity after the

analyzer is [26, 30].

Isignal = |0|:/u +Sin2(¢o+—2A¢jj|

| +1, sinz(—‘éO ZMJ (2.25)

scattering

where I is the intensity of the optical probe pulse before the polarizer, u is the
scattering coefficient and Iscatering = lo 1 1S the intensity of scattered light from the
crystal, Ag is the phase shift induced by the THz electric field, and ¢, is the bias
phase shift induced by the static birefringence of the EO crystal.

probe pulse (1) transmitted probe pulse (I, )

f n
)
” 1

EQ crystal crossed polarizer photodetector
{or camera system)

Figure 2.10: Experimental setup for THz waveforms sampling in E?-mode.
If the initial phase shift ¢oand the static birefringence of ZnTe are zero, and the

phase shift due to the THz pulse electric field A¢ is small, Equation 2.25 can be

written as

2
A
Isignal = Iscattering + Io(_j (2.26)
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According to Equation 2.26, the difference in the signal with and without a THz
electric field is proportional to the square of the THz electric field E. This
detection mode is thus called E*-mode.

The advantage of this method is that the low background signal and high
signal to noise ratio (SNR) makes the single-shot sampling of the THz pulse
possible. On the other hand, however, because only the square of electric field is

sampled, part of the THz pulse phase information is lost.

(b) Sampling the THz electric field with a 90<bias phase shift in E-mode

probe pulse (1) quarter wave plaie transmitted probe pulse (I, )

f n
)
” 1

EQ crystal crossed polarizer photodetector
{or camera system)

Figure 2.11: Experimental setup for THz waveforms sampling in E-mode.

As shown in Figure 2.11, a quarter-wave plate between an EO crystal and a

crossed polarizer introduces a phase shift ¢o=90< and Equation 2.25 becomes
I .
Isignal = Iscattering + EO [1+ sinA¢] (2.27)

Because the THz induced phase shift is small, we can assume sinA¢ = A¢, and

Equation 2.27 can then be written as

I I I
Isignal = (Iscattering + ;0) + ;OAQ-’) = Ibackground + ;OAd) (2.28)

32



where lpackground=lo/2+lscattering IS the signal collected without the THz modulation.

Based on Equation 2.28, the measured THz signal Iryzsignai = Lsignar —

Iyackgrouna = %"Ad) is proportional to the THz electric field. This detection mode

is thus termed as E-mode.
The advantage of the E-mode is that it is able to directly obtain the THz
electric field waveform without losing the phase information. However, the strong

background signal results in a low SNR.

(c) Sampling the THz electric field with a small bias phase shift

In order to sample the THz electric field waveforms with a reasonable SNR, a
small initial phase shift ¢ is introduced such that singo=¢o but ¢o>>A¢. Equation

2.25 then becomes

2 AP
)

Isignal = IO[Iu+SIn

g + A9
~ Iscattering + IO(OT)2

(2.29)
= Iscattering +IZO(¢02 +A¢2 + 2¢0A¢)

I I
~ (I s cattering + ZO¢02) + ?0¢0A¢

With the background subtracted, signal is proportional to the phase shift Ag.
With this method, the electric field of the THz pulse can be obtained with a
good SNR due to the low background signal. However, care must be taken to

ensure that the 1>¢,>>A¢ is satisfied.

(d) Sampling the phase shift with the Talbot effect

The Talbot effect is named after Henry Fox Talbot, who discovered that a periodic
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phase structure can be converted into an amplitude structure at certain distances

from the image plane [27, 29, 31, 32].

phase structure object

-----------
| |

W

object plane of the camera

Figure 2.12: Schematic diagram of the Talbot imaging setup. The period of the phase structure

object is d, the distance between the phase structure object and the object plane of the camera is y.

As illustrated in Figure 2.12, if the object plane of the camera has a particular
displacement y from the phase object, only the periodic phase structure whose

wave vector (k = 2m/d) satisfies [29]

k = 2n\n/21y (2.30)

can be converted into an amplitude structure completely, where d is period of the
phase structure, 4 is the probe beam wavelength in free space, and n is a positive
odd integer [27, 29].

For example, the central frequency of the THz pulse generated in LINbO3 is
0.5 THz [33], which corresponds to a wavelength of 0.12 mm in the crystal. In
order to image the THz pulse efficiently in the first order (n=1) with a 400 nm

imaging beam, based on Equation 2.30, the displacement of the camera object
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plane camera from the THz phase structure should be 18 mm.

In our ultrafast imaging experiments, the nonperiodic phase structure induced
by the THz pulse in an EO crystal contains many wave vector components, and
each of them is imaged efficiently at specific distance from the camera object
plane. Since only the corresponding k component can be imaged effectively, the
Talbot imaging technique is not suitable for sampling the whole THz electric field
waveform quantitatively [27, 29, 32].

Talbot imaging, which is quite straightforward to set up, is used for ultrafast

imaging of the THz Cherenkov wave in LiNbO3 and LiTaOs crystals.
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2.3 Pump-probe imaging geometry

(a)

(b)

. medium

pump

»

Figure 2.13: Schematic illustration of (a) collinear, (b) near-collinear, (c) transverse imaging

T4

geometries.

In this thesis, all of the ultrafast images were acquired using the pump-probe
method, in which the pump beam induces the refractive index modulation inside
the medium, and an optical probe pulse is sent through the crystal to sample this
modulation. By varying the pump-probe time delay, the ultrafast non-linear
optical processes induced by the optical pump pulse can be studied.

Depending on the propagation direction of the probe beam relative to the
pump beam, imaging can be performed in collinear (Figure 2.13(a)),
near-collinear (Figure 2.13(b)), and transverse imaging (Figure 2.13(c))

geometries. In this thesis, the two latter methods are used. The near-collinear



imaging is used for single-shot THz waveform sampling, and is introduced in
Chapter 3, and the transverse geometry is used for imaging THz Cherenkov waves
in LINbO3 and LiTaOs, and Kerr signals in various media, respectively.

As shown in Figure 2.13(c), in the transverse imaging geometry the probe
pulse propagates perpendicularly to the pump pulse. Unlike the collinear imaging
geometry which provides the collinear view of the propagating pump pulse, side
or top views are obtained in transverse imaging. As shown in Figure 2.14, this

mode, however, suffers from imaging distortions, as discussed in Chapter 4.

(a)

C/ npmhr

(b)

(©)

Figure 2.14: Illustration of the transverse imaging of a THz Cherenkov cone. (a), (b), and (c)

simulate the imaging process.
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Chapter 3

Single-shot terahertz time domain spectroscopy

with noncollinear imaging technique

We demonstrate single-shot time-resolved terahertz (THz) spectroscopy of
photoexcited GaAs using noncollinear electro-optic imaging of THz pulses.
Imaging modes with THz waveform signals proportional to the amplitude (E-
mode) and to the square (E*>-mode) of the THz electric field are explored. We find
that E-mode THz pulse imaging requires multi-shot averaging, but provides real
and imaginary components of the transient THz conductivity in photoexcited
GaAs that agrees well with the Drude model. Conversely, E>-mode imaging
allows true single-shot transmitted THz power spectra to be obtained that are
consistent with the Drude response observed in the multi-shot E-mode

measurements.
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3.1 Terahertz pulse waveform sampling in single shot

3.1.1 Development of the terahertz pulse waveform single-shot

sampling technique

Potential applications for terahertz (THz) radiation have attracted much interest
due to its unique capabilities [1]. Traditional detection methods use a series of
femtosecond (fs) optical pulses to map the temporal profile of the THz waveform
point-by-point by scanning the optical pulse-THz pulse delay [1, 2]. Coupled with
balanced detection through a lock-in amplifier, this technique is widely used for
THz spectroscopy of materials. However, this method is generally time
consuming, and repetitive sampling severely limits exploration of irreversible
phenomena such as material damage and chaotic dynamics. It is therefore
necessary to develop single-shot THz techniques.

Several methods for measuring a complete THz waveform in a single shot
have been proposed in the past 15 years [3-15]. The first approach uses spectral-
encoding, where the temporal profile of the THz pulse is transcribed onto the
frequency spectrum of a linearly-chirped optical probe pulse [3-6]. A second
scheme suggested by Shan et al. [7] encodes the THz waveform onto the
transverse spatial profile of the optical probe beam that propagates noncollinearly
with the THz pulse [7, 8]. Other methods include encoding the THz waveform on
a tilted [9-11] or incrementally delayed [12] wavefront of a fs optical pulse which
propagates collinearly with the THz pulse, as well as cross-correlation techniques
[13, 14] .

For all the methods mentioned above, the spectral coding single-shot
imaging technique is the most developed and has been used to do some single-
shot THz diagnostics. For example, the demonstration of single-shot THz electric
field waveform acquisition has been done using the spectral-encoding technique
but with averaging so as to have a reasonable signal to noise ratio (SNR) [15].

Kim et al. [5] used this method to measure single-shot THz pulse reflectivity of

42



laser-generated plasmas from aluminum targets, but averaging over 20 shots was
required to show the Drude-like response of the plasma. More recently, the tilted
wavefront optical pulse technique was also used to demonstrate single-shot THz
spectroscopy [11].

Compared with the spectra-encoding scheme and the tilted wavefront optical
pulse technique, noncollinear imaging method is much easier to realize, and can
also provide spatiotemporal information [8]. But no one has used such a method
to perform true THz single-shot spectroscopy analysis.

In this chapter, our main goal is to prove that the noncollinear imaging
technique can be used to get the true single-shot, square of the THz electric field
waveforms and that the obtained single-shot waveforms are useful for THz
spectroscopic analysis. Photoexcited GaAs is chosen as a sample to test true

single-shot THz spectroscopic approach.
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3.1.2 Sampling THz pulses with noncollinear imaging

Figure 3.1 shows how the temporal information of the THz pulse waveform in the
ZnTe detection crystal is encoded onto the transverse spatial profile of the optical
imaging beam [7]. Since the intersection between the optical pulse and THz pulse
occurs within the electro-optic (EO) detection crystal ZnTe, different points
across the transverse profile of the optical imaging beam experience the THz
electric field at different instances in time.

Because of the THz electric field induced birefringence inside the ZnTe
crystal, if the probe pulse goes through the crystal with the linear polarization 45
with respect to the fast axis, the polarization state of the probe pulse will be
changed, and the phase shift can be recorded on the optical probe pulse wavefront.
Because the phase modulation is proportional to the THz electric field, we can
sample the THz time domain electric field waveform by measuring the phase
modulation of the probe pulse. Using various methods such as E-mode, or E*-

mode, the THz time domain waveform can be finally sampled.

= =1="

probe bea;n

modulated optical pulse wavefront

Figure 3.1: Illustration of sampling THz pulses with the noncollinear imaging technique. The

optical probe pulse and THz pulse propagate noncollinearly through a ZnTe crystal.
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3.2 Experiment

3.2.1 Experimental setup

ZnTe BP
@ || I e ()
y (Zﬂe i P2
PM GaAs
smgle shot
laser trigger DDG

multi shots

Figure 3.2: Schematic of the experimental setup. 1: low power imaging beam; 2: medium power
optical pump beam; 3: high power beam for THz pulse generation; 4. THz beam; ZnTe: zinc
telluride crystal; BP: black polyethylene; PM: parabolic mirror; L: lens; GaAs: gallium arsenide
sample; P1: polarizer; P2: analyzer; AM4: quarter-wave plate (inserted for E-mode, removed for E*-
mode); DDG: Digital delay generator (Stanford Research System, DG 645); ICCD: intensified
CCD camera with relay lens for imaging the THz waveform in the ZnTe detection crystal. For
multi-shot, the gate of the ICCD camera system is trigged directly by a laser trigger and opens
when every optical probe pulse comes in. While for single shot, A DDG is connected between the
laser trigger and the ICCD gate. It is used to open the ICCD camera gate just one time, and the

CCD only integrates one optical probe pulse. The inset shows the THz detection principle.

Figure 3.2 shows a schematic of the experimental setup. An amplified Ti:
sapphire laser source that provides 800 nm, 100 fs, 0.9 mJ pulses at a 1 kHz
repetition rate was divided into three beams: (1) a low power beam for imaging
the THz pulse waveform by free-space EO sampling in a 0.5 mm-thick (110)

ZnTe detection crystal (Nikko Materials), (2) a medium power beam for
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photoexciting a 0.5 mm-thick SI GaAs sample, and (3) a high power beam for
generating THz pulses by optical rectification in a 2 mm-thick [110] ZnTe crystal.
The THz pulse was focused by an off axis parabolic mirror through the GaAs
wafer to a spot size diameter of about 3 mm on the ZnTe detection crystal. The
optical pump fluence at the GaAs was 4.4 plJ/cm’ (the photoexited GaAs is
detected by THz pulses after 5 ps photoexcitation), and the spot diameters on the
GaAs for the optical pump beam and THz probe beam were 17 and 5 mm,
respectively. After passing through a polarizer, the low power optical beam passes
through the ZnTe EO detection crystal at normal incidence, while the THz pulse
enters the crystal noncollinearly at an incident angle of 20 The optical beam then
goes through a crossed analyzer, and the THz waveform in the ZnTe detection
crystal is imaged through a relay lens by an intensified CCD camera system
(PicoStar HR ICCD, see Appendix A) with a 500 ps gate width. The gate of the
ICCD camera system is triggered by the laser trigger, which is delayed by the
ICCD camera system so that the gate opens only when the probe pulse reaches the
gate. For the multi-shot imaging, the exposure time is set to 400 ms and every
frame is exposed to 400 optical pulses. On the other hand, for single-shot imaging,
an additional digital delay generator (DDG) is connected between the laser trigger
and the ICCD camera system. The single-shot function of the DDG enables the
ICCD camera gate to open only one time (gate width 500 ps) no matter how many
laser trigger signals the DDG receives.

We adopt two imaging modes referred to here as "E-mode" and "E2-mode"
THz imaging. As discussed in Section 2.2.2, in E-mode THz imaging, a quarter-
wave (M4) plate with the fast axis at 45°to P1 is inserted just after the ZnTe
detection crystal (between the crossed polarizers P1 and P2). (We note that the
static birefringence in our ZnTe EO detection crystal is extremely low. The
estimated ratio between the static birefringence and the birefringence induced by
the THz electric field is lower than 2%.) Removing the A/4 plate enables us to

measure the THz intensity waveform in E>-mode.
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3.2.2 Sample imaging of THz waveforms

(a) Imaging THz waveforms in E-mode

out THz
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Figure 3.3: Sample imaging of the THz electric field waveform in E-mode in multi-shot. (2)
Signal image captured with a THz modulation. (b) Background image taken without a THz
modulation. (c) Background-subtracted image. The solid red rectangle defines the area for the THz
waveform sampling.

For E-mode, a A/4 plate is inserted between the ZnTe crystal and the crossed
polarizer P2 and the sample images are shown in Figure 3.3. Figure 3.3(a) is the
image taken at the presence of the THz pulse, and Figure 3.3(b) is the background
image taken in the absence of the THz pulse. In order to remove the high level of
noise associated with the strong background intensity, the image in Figure 3.3(a)
and (b) are averaged over 100 frames (40,000 shots in total). We note that we also
tried 50 frames and 400 frames, and found that 100 frames provided an adequate

SNR with a reasonable data collection time (40 s). Figure 3.3(c) shows the
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subtraction result between Figure 3.3(a) and (b). The temporal profiles of the THz
waveforms are extracted from Figure 3.3(c) by binning over 50 pixels (~ 1 mm) in

the vertical direction, as defined in the red rectangle in Figure 3.3(c).

(b) Imaging THz waveforms in E*>-mode
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Figure 3.4: Sample imaging of the square of the THz electric field waveform in E-mode in single
shot. (a) Imaging with a THz modulation. (b) Imaging without a THz modulation. (¢) Background-
subtracted image. The solid red rectangle defines the window used for THz waveform sampling.

The scale bar is in the unit of counts.

Sample imaging in E2-mode is shown in Figure 3.4. Because there is no /4 plate
in E2-mode, the transmitted optical pulse intensity through the crossed polarizer is
very low. Figure 3.4(a) and (b) show the result obtained in single shot with and
without a THz pulse modulation, respectively. Figure 3.4(b) shows a background
image which has a low intensity. The THz waveform is easy to recognize against
the low background light. Figure 3.4(c) is the subtraction between Figure 3.4(a)
and (b).
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In order to compare the SNR between E-mode and E*-mode, we obtained
THz waveforms in both modes. Figure 3.5(a) shows the THz waveforms obtained
in E-mode. The bold line (red line) is the waveform obtained with multi-shot
(40,000), and the thin line (black line) is the waveform obtained in single-shot.
We find that the SNR=2 in single shot is too low to be used for THz spectroscopy.
Figure 3.5(b) shows the square of the THz electric field waveforms taken in E*
mode with single shot and the SNR=41 appears to be very good. We note that the
SNR is calculated by dividing the signal peak with the standard deviation.
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Figure 3.5: (a) THz electric field waveforms taken in E-mode with single shot and multi-shot
(400,000). (b) Waveform of the square of the THz electric field in E*-mode in single shot.

(c) Time scale calibration

The time scale of the image is calibrated by changing the time delay between the
THz pulse and optical imaging pulse. For instance, Figure 3.6 shows the images
taken in E2-mode, and we find that the peak of the THz waveform shifts when the
time delay is changed. We note that 0.15 mm delay stage displacement results in a
1 ps time delay. By plotting the THz pulse peak position with the optical delay
stage position (Figure 3.7), the time scale can be found.
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Figure 3.6: Images of the THz waveform at different time delays. The images are taken at delay
stage positions of (a) 49.90 mm, (b) 50.00 mm, (c) 50.10 mm, and (d) 50.15 mm.
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Figure 3.7: The change of the peak position with the delay stage position.
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3.3 Experimental results and discussions

3.3.1 THz spectroscopy based on THz electric field waveforms in E-

mode (multi-shot)
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Figure 3.8: Background-subtracted multi-shot-averaged images of the electric field waveforms of
the THz pulses that are transmitted through (a) the unexcited (reference) and (b) excited (pumped)
GaAs sample in the E-mode configuration. The time scale is 45 pixels/ps and the arrows denote
the direction of motion of the THz pulses. The solid red rectangles define the binning windows
used for obtaining the THz waveforms. (¢) THz reference and pumped waveforms obtained in
images (a) and (b). (d) The real (black symbols) and imaginary (red symbols) components of the
THz conductivity measured in the photoexcited GaAs sample. A Drude model fit to the data (blue

lines) is also shown.

Figures 3.8(a) and (b) show background-subtracted E-mode images of the THz
electric field waveforms transmitted through the unexcited and excited GaAs

sample, respectively. Each image is the average of 100 frames taken at an
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exposure time of 400 ms, corresponding to an overall average of 40,000 THz
pulse waveforms. As shown in Figure 3.8(c), the temporal profiles of the THz
waveforms are extracted from these images by binning over 50 pixels (~ 1 mm) in
the vertical direction.

The frequency-dependent complex conductivity, o(®), of the photoexcited
GaAs sample can be calculated from Ref. [16] and Appendix C,

(@)/E,, (@) =(N+D /(N +1+Zdo(@))  (3.1)

Epump ref
where Epump(@) and Ere(@) are the Fourier transforms of the THz electric field
waveforms transmitted through the excited (pumped) and unexcited (reference)
GaAs, respectively, Zo = 377 Q is the impedence of free space, N = 3.6 is the
refractive index of GaAs at THz frequencies, and d = 900 nm is the optical
penetration depth of 800 nm light in GaAs [16]. Figure 3.8(d) shows the complex
THz conductivity extracted from the THz waveforms in Figure 3.8(c), which fits
very well to the Drude model with a dc conductivity of 126 Q'cm™ and a
relaxation time of 211 fs, consistent with other time-resolved THz conductivity
measurements of photoexcited GaAs [16, 17]. The detailed information about the
THz conductivity calculation and Drude model fit is introduced in Appendix C.
The excellent fit to the Drude model implies that the THz electric field
waveforms captured with the noncollinear imaging technique can be used for
time-resolved THz spectroscopy of materials. However, the low SNR in single
shot renders that the E-mode THz imaging unsuitable for true single-shot THz

measurements so far.
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3.3.2 THz spectroscopy based on THz waveforms in E2-mode (single-
shot)
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Figure 3.9: Single-shot images of a transmitted THz pulse through (a) the unexcited GaAs sample,
(b) the excited GaAs sample. (c) Extracted THz single-shot waveforms for the unexcited and
excited GaAs. Thick lines depict the average of 10 single-shot THz waveforms. The arrow
indicates the relative level of the background light that was subtracted from the original images. (d)
The square of the THz waveforms in Figure 3.8(c).

In order to achieve single-shot THz spectroscopy of the photoexcited GaAs
sample, E-mode THz imaging is used. Figure 3.9(a) shows a single-shot image
(reference) of a THz pulse that is transmitted through an unexcited GaAs. We
note that the background around the THz pulse is mainly due to scattering. Figure
3.9(b) shows the single-shot image of the THz pulse that is transmitted through a
photoexcited GaAs. The temporal profiles of the corresponding background-

subtracted single-shot THz waveforms are plotted in Figure 3.9(c) along with
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examples of 10 other single-shot waveforms, showing good repeatability between
shots. The square of the THz electric fields from the E-mode waveforms in Figure
3.8(c) are plotted in Figure 3.9(d), closely matching the E*-mode waveforms in
Figure 3.9(c). The difference between Figure 3.9(c) and (d) is due to the
convolution effect of the optical probe pulse.
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Figure 3.10: Single-shot and multi-shot THz power transmission spectra through photoexcited
GaAs. The thin lines represent single-shot power transmission spectra obtained from the single-
shot E2-mode THz waveforms in Figure 3.9(c). Line A (thick red line) is obtained from the power
spectra of the E-mode THz waveforms in Figure 3.8(c). Line B (thick blue line) is obtained from
the amplitude spectra of the E2-mode 10-shot-averaged reference and pumped THz waveforms in
Figure 3.9(c). Line C (thick green line) is the calculated power transmission spectrum based on the
Drude fit in Figure 3.8(d).

The relative THz power transmission spectra through the photoexcited GaAs
are shown in Figure 3.10. Line A represents the relative power transmission
derived from the power spectra of the multi-shot E-mode waveforms in Figure
3.8(c), which agrees well with the relative power transmission (Line C) predicted
by the Drude model fit to the E-mode data in Figure 3.8(d) using Equation 3.1.

As introduced in Appendix F, the E-mode THz imaging method already
gives a waveform proportional to the power of the THz pulse, and so the power
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spectrum is obtained by taking the amplitude Fourier transform of the E*-mode
waveforms and dividing the frequency by a factor of 2 to account for the
frequency doubling that occurs in the signal going from E-mode to E*>-mode. The
thin lines in Figure 3.10 represent THz power transmission derived from single-
shot THz intensity waveforms with single shot. In order to check whether the
single-shot 10 separate results are consistent with each other, the result from the
average of these 10 single shot is shown in Line B, which is consistent with the
single-shot results. Furthermore, both of the thin lines and average line B agree
with Line A from the E-mode data and Line C from the Drude fit, confirming that
the E2-mode THz imaging method can be used for reproducible true single-shot

time-resolved THz spectroscopy.
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3. 4 Conclusions

We have used noncollinear electro-optic THz imaging to demonstrate for the first
time true single-shot and multi-shot time-resolved THz spectroscopy of
transiently photoexcited GaAs. The E-mode THz pulse imaging technique allows
extraction of the complex THz conductivity, but requires multi-shot acquisition
with waveform averaging. On the other hand, E*>-mode THz pulse imaging with
its low background level enables single-shot THz spectroscopy of the transmitted

THz power spectra.
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Chapter 4

Ultrafast imaging of terahertz Cherenkov waves in
the LINbO; and LiTaO; crystals

This chapter demonstrates the ultrafast imaging of terahertz (THz) Cherenkov
waves in the transverse imaging geometry (side view and top view) in LiNbO;3
and LiTaOg3 crystals for the first time. The image distortion due to the transverse
imaging geometry is simulated and corrected. Various Cherenkov wave
parameters such as the Cherenkov angle, the THz pulse velocity and the optical
pulse group velocity are measured. The propagation of the optical pump pulse as
well as the THz generation and propagation are imaged directly in real time.
Furthermore, the transition-like radiation generated at the LiNbOj3 surface is also
imaged for the first time. The dependence of THz Cherenkov wave on the optical
pump configuration, including the point focused and the line focused optical
pump pulses, the optical pump pulse polarization, the optical pump pulse power,

and the optical pump pulse duration is also explored.
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4.1 Introduction to THz Cherenkov waves

A THz Cherenkov wave is a nonlinear optics phenomenon in which the optical
pump pulse propagates faster than the generated THz pulse [1-3]. Ferroelectric
crystals, including LiNbOs; and its counterpart LiTaOs;, have been used to
demonstrate this phenomenon when pumped by an 800 nm femtosecond (fs) laser
pulse [1, 3-5]. As shown in Figure 4.1(a), a THz Cherenkov wave is generated,
and the Cherenkov angle is determined by the velocity of the optical pump pulse
and the generated THz pulse. Recently, due to the high second-order nonlinear
efficiency, LiNbO; crystals have been employed to generate intense THz pulses
with the tilted-pulse-front excitation technique [6-13]. However, the complex
optics setup makes the optimization of LiNbO3 sources very challenging. So

understanding THz generation and propagation inside the crystal is very important.

@ b)) ©
’ pump pulse pump pulse|
: . - -
_________ »
pump pulse Y THz Y THz

=% probe pulse |
\

THz Cherenkov wave Collinear imaging Transverse imaging

probe pulse

Figure 4.1: (a) lllustration of the THz Cherenkov wave. The Cherenkov angle 6, is determined by
the velocities of the optical pump pulse and the THz pulse. (b) Imaging the THz Cherenkov wave
using the collinear imaging method, in which a probe pulse propagates collinearly with the pump
pulse. (c) Imaging the THz Cherenkov wave using the transverse imaging method, in which a

probe pulse propagates perpendicularly to the pump pulse.

Various techniques were developed to study THz pulse generation and
evolution processes inside LiNbO3; and LiTaOgs crystals [1, 3-5, 14-30]. The first
experiment aimed at investigating the dynamics of THz waves inside LiTaO3
crystal was carried out in 1984 by Auston et al. [1]. In these experiments, two

optical pulses propagated parallel to each other, and were focused into a LiTaO3

60



crystal. One of the pulses was employed to excite the THz Cherenkov wave and
another one was used to sample the THz electric field via the Pockels effect [31].
By changing the lateral spacing between the pump and probe beams and
measuring the corresponding time delay at which the probe pulse gets modulated
by the THz electric field, the THz Cherenkov wave could be mapped in two
dimensional (2D). The decay behaviour of the THz wave inside the crystal was
also studied in later work [16]. Mapping the whole three dimensional (3D)
radiation structure by raster scanning the probe beam with fine steps was recently
carried out to investigate the THz Cherenkov wave [17], but such data collection
is time consuming.

As illustrated in Figure 4.1(b), instead of the raster scanning method, Koehl et
al. [4] demonstrated full field imaging by replacing the focused probe beam with
a broad beam that is large enough to cover the whole region of interest. The phase
modulation imprinted on the probe pulse wavefront by the THz wave can be
converted into an amplitude image in various imaging configurations, such as the
Talbot effect or phase-contrast microscopy [4, 20, 21].

Based on the full field imaging method, a wealth of fascinating work has been
done to explore THz generation and propagation behaviour inside bulk and thin
waveguide ferroelectric crystals [3, 4, 18, 21-24, 32]. The evolution of the THz
waves excited by different pump configurations (e.g. point focused, line focused
and so on) has been observed and studied in bulk LiNbO3 and LiTaOj3 crystals [3,
4, 18, 22]. Furthermore, the reflection, refraction, and interference behaviours of a
THz wave in a patterned wave guide have been demonstrated [3, 19, 24, 33].

In contrast to THz waves inside a waveguide, which is in 2D and can be
visualized completely by a single imaging direction, the THz Cherenkov cone in a
bulk crystal is 3D in character and requires more than one view mode to extract
the full spatial form. However, imaging work on bulk crystals has been done
exclusively in the collinear imaging mode, where the probe pulse propagates
collinearly or near-collinearly with the pump pulse. The captured image of the

THz Cherenkov wave presents itself in a circle pattern [4, 15, 18]. To reveal the
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full structure of THz generation within ferroelectric crystals, information from
other view modes is desired to complement that gathered in the collinear mode.

In this chapter, as shown in Figure 4.1(c), a transverse imaging geometry, for
the first time, is used to investigate THz Cherenkov waves in LiNbO3. The shock
wave pattern, which was only realized in simulation works or by raster scanning
methods before [3, 5, 14, 15, 17, 25], is imaged experimentally. As illustrated in
Figure 4.2(a) and (b), the THz Cherenkov cone is imaged in the side-view mode
when the probe pulse propagates parallel to the optics axis (c-axis) of the crystal.
On the other hand, Figure 4.2(c) and (d) show that if the probe beam is
perpendicular to the c-axis of the crystal, images of the THz Cherenkov wave can

be captured in the top-view mode.
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Figure 4.2: Illustration of the transverse imaging setup. (a) and (b), The side-view imaging of the
THz Cherenkov wave, the probe pulse propagates parallel to the c-axis of the crystal. (c) and (d),
Top-view imaging of the THz Cherenkov wave, the probe pulse propagates perpendicular to the c-

axis of the crystal.
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In section 4.2, imaging the THz Cherenkov wave in side-view mode in
LiNbO; crystals is used as an example to demonstrate how to measure THz wave
velocity, optical pulse group velocity and the corresponding Cherenkov angle. At
the same time, transition-like radiation is imaged and discussed [5, 14, 15, 25-30].
The THz Cherenkov wave dependence on the optical pump pulse polarization,
pulse duration, and pulse power is also explored.

In section 4.3, top-view imaging of the THz Cherenkov wave is explored.
Together with the side-view images obtained in section 4.2, the 3D structure of
the THz Cherenkov wave is constructed.

In section 4.4, THz Cherenkov waves that are generated in LiNbO3 crystals by

a line focused optical pump pulse are explored and discussed.
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4.2 Imaging THz Cherenkov waves in LINbO; and

LiTaOs in side-view mode

4.2.1 Experimental setup

As illustrated in Figure 4.3(a) and (b), an amplified Ti:sapphire laser system
(pulse energy = 0.9 mJ, pulse duration = 100 fs, central wavelength = 800 nm,
repetition rate = 1 kHz) was employed to generate and image the THz Cherenkov
waves in LiNbO; crystals. Three different LINbO3 prisms (LN1, LN2, and LN3),
one LiNbOjs rectangular block (LN4), and one LiTaO;3; rectangular block are
employed in the experiment and the relevant parameters are listed in Table 4.1.
Unless specified otherwise, the data shown in this chapter are from crystal LN1.
The pump beam is focused by a lens (f = 500 mm) onto the crystal. The spot size
(1/e®) of the focused beam on the crystal is 170 um (measured with the knife-edge
method) and is assumed to be constant throughout the whole crystal (6.5 mm in
depth). The polarization of the pump pulse is controlled by a half-wave plate. A
computer controlled optical delay stage is used to change the optical path of the
pump pulse. The second 800 nm optical beam is frequency doubled by a f-
Barium borate (BBO) crystal and used as a probe beam (remaining fundamental
optical pulse is removed by a filter). After being cleaned by a spatial filter, the
generated 400 nm probe beam is expanded so as to be broad enough to cover the
whole crystal. As specified in Figure 4.3(b), the 400 nm probe beam propagates
perpendicularly to the 800 nm pump beam and images the optically induced THz
Cherenkov wave in side-view mode. Because the polarization of the probe beam
doesn’t affect the phase modulation in this mode (as shown in Figure 4.3(c), also
tested experimentally), it is set at an arbitrary orientation. The phase-modulated
probe beam is then transmitted through a filter which is used to block the
scattered light from the 800 nm pump pulse. The Talbot effect (imaging the phase
shift by moving the object plane of an camera out of the object), described and
applied in many references [4, 18, 20, 21] and Section 2.2.2(b), is employed to
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convert the phase object into an amplitude object. The object plane of the ICCD
camera is put about 14 mm away from the phase object, which makes it sensitive
to phase structure period 0.12 mm (corresponds to about 0.5 THz pulse in
LiNbO3). Finally, the converted amplitude image is recorded by an intensified
CCD camera system (PicoStar HR ICCD). The ICCD camera system consists of
an intensifier and a CCD head, where the intensifier functions as a signal
amplifier and a shutter. The shutter, working at a gate width of 500 picosecond
(ps), is triggered by an external electronic trigger and opens only when the probe
pulse arrives. The effective pixel size of the ICCD camera system is 13.74 um.
The CCD is thermoelectrically cooled and has a dynamic range of 12 bits (4096
counts). Detailed information about the ICCD camera system and its operation are
given in Appendix A.

The ICCD camera scale calibration was performed by counting how many
pixels the location of the image changes when the ICCD camera was moved
vertically using a micrometer translation stage (discussed further in Appendix A4
and A5). For the imaging collection, 200 frames at an exposure time of 400 ms
were collected and averaged prior to recording the THz signal. The averaged
image was used as the ICCD background and subtracted automatically by the
computer from the THz image, which was captured with 200 counts offset using
the same exposure time. Although the THz signal can be seen in one frame of the
background subtracted image, 50 frames are collected and averaged for better
signal to noise ratio (SNR) and images shown in this thesis are all obtained in the
same way. The movie is made of frames collected at different time delays with a
movie maker software (Windows Live Movie Maker). Considering a better
printed copy for readers, some THz images shown in this thesis are further treated
with PHOTOSHOP to enhance the image contrast and no information is found

lost or distorted. An original image is shown in Figure 4.3(d).
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Table 4.1: The shape, size, cutting angle, MgO: doping level and growth type of the three LiNbO;
and LiTaO,

crystal shape L w H 0 (9 | MgO: doping | growth type
(mm) (mm) (mm) (mol)
LN1 prism 6.5 6 6.4 62 1.3% stoichiometric
LN2 prism 6.5 6 6.4 63 0.6% stoichiometric
LN3 prism 6.5 6 6.4 64 5% congruent
LN4 | rectangular 7 6 6 / 0.6% congruent
LiTaO; | rectangular 7 6 6 / / /

(a)

Ti:sapphire amplifier

1mm
|

Figure 4.3: (a) Experimental setup in side-view mode. An amplified Ti:sapphire laser pulse (100

fs, 800 nm, 0.9 mJ, 1 kHz) is split into two parts. The pump pulse (7.4 wJ) is focused by a lens
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(focal length 500 mm) onto the LiNbO; crystal (or LiTaO3) to generate a THz wave. The probe
pulse is frequency doubled through a BBO crystal and further spatially filtered and expanded to
obtain a clean and uniform 400 nm probe beam. The expanded 400 nm probe pulse is transmitted
through the crystal from the side (parallel to the c-axis). A filter after the crystal is used to remove
the scattering from the 800 nm optical pump pulse. L1, L2, and L3 are optical lenses, L4 is the
imaging microscope of the camera. F1 and F2 are bandpass coloured glass filters, BBO is f-
Barium borate crystal, SF is the spatial filter, P is the polarizer, A/2 is the half-wave plate, LN is
the sample crystal (LiNbO; or LiTaOs3), and ICCD means Intensified CCD camera. (b) Detailed
geometry of the optical pump and probe beams in the crystal. The pump polarization is controlled
by a half-wave plate. The probe polarization is 54©relative to the pump-probe intersection plane
(actually, the measurement is independent on the probe polarization). L, H, and W are the size of
the crystal, ¢ is the cutting angle. (c) Diagram of the index ellipsoid of the LiNbO; and LiTaOs
crystal in the presence of the THz electric field which is parallel to the c-axis. The refractive index
N, is isotropic in the plane that is perpendicular to the c-axis and the change of the refractive index
“ng’-N,” is proportional to the THz electric field [34]. (d) Background-subtracted image of the THz
Cherenkov wave obtained from the ICCD.
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4.2.2 Measurement of the optical pulse group velocity, the THz wave

velocity, and the THz Cherenkov angle

combined ||

Figure 4.4: Background-subtracted images of the THz pulse inside the LN1 crystal captured at
time delays of (a) 10 ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. (e) Overlay image of (a),
(b), (c), and (d). (f) An illustration of the THz Cherenkov wave and the THz Cherenkov angle. The
optical pump polarization is parallel to the c-axis of the crystal and the c-axis is pointing out of the

paper plane.
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An optical pump pulse with its polarization parallel to the c-axis of the LiNbO3
crystal is focused onto the crystal by a lens (f = 500 mm). The generated THz
wave is imaged by a 400 nm optical probe beam which propagates
perpendicularly to the pump beam. By changing the relative time delay between
the optical pump pulse and the probe pulse, the generation and propagation
processes of the THz pulse are imaged. Figure 4.4(a), (b), (c), and (d) show
images of the propagating THz pulse inside the crystal LN1 at four different time
delays.

Due to the nature of the Talbot effect, the ICCD is away from the image plane,
and as a consequence, the image of the object becomes blurred. However, we
have confirmed that the angle and distance information of the image are still
reliable by performing preliminary imaging of a grid calibration plate (as shown
in Appendix A5).

In order to measure the velocities of the optical pump pulse and the THz
pulse, we combine all the images together to form an overlay image (as shown in
Figure 4.4(e)) and then measure the displacement of the signal at a certain time
delay in the optical pulse propagation and the THz pulse propagation direction,
respectively. Based on the measured optical group velocity and the THz wave
velocities, the Cherenkov angle 6. (illustrated in Figure 4.4(f)) can be calculated
by [10],

6 = cos™ (Vruz/Vop) (4.1)

where v,,, and vry, are the optical pulse group velocity and the THz wave
velocity, respectively. Meanwhile, the Cherenkov angle can also be measured
using,

6, =90° — a/2 (4.2)

where « is the cone angle (illustrated in Figure 4.4(f)) and can be imaged directly.

As shown in Table 4.2, the extraordinary group velocity and indices of the
optical pump pulse and THz pulse and the corresponding calculated and measured
Cherenkov angles in three different LiNbO; crystals LN1, LN2, and LN3 are
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listed. We find that the calculated Cherenkov angles are consistent with their
corresponding measured values for all of these three crystals. The extraordinary
optical group indices look almost the same for all three crystals and are close to
the literature value of 2.25 [3]. However, there is a large difference between our
THz wave index (4.41-4.55) and the literature data (around 5.1 at central
frequency of 0.5 THz) [3]. This is also the reason why our Cherenkov angles
(around 60< is smaller than the estimated value (649 reported in the literature [3,
7, 35]. We note that, as described in Appendix G, the actual THz wave index in
LiNbO; slab is also measured experimentally (5.1 at 1 THz, 4.998 at 0.5 THz)

using terahertz time-domain spectroscopy (THz-TDS).

Table 4.2: The measured and calculated velocity, refractive index, Cherenkov angle for three
different LiNbO; crystals. The calculated Cherenkov angle is based on the velocities obtained

from the images.

Measured Measured THz Calculated
Calculated Calculated Measured
optical pulse ulse velocit optical
pl P P 8y P § THz index Cherenkov angle Cherenkov angle
velocity (v, Vrhz) (10 roup index
ay( ) (vree) € group (N112) (6. Equation 4.1) (6. Equation 4.2)
(10°m/s) m/s) (Nopt)
LN1 1.34740.008 0.68040.005 2.2340.01 4.4140.03 59.710.4° 60.440.3°
LN2 1.34840.007 0.67940.004 2.2340.01 4.42490.03 59.740.4° 60.040.2°
LN3 1.34040.008 0.65940.006 2.2440.01 4.5510.04 60.510.5° 60.840.2°

The Cherenkov angle difference between the actual angle and the measured

angle from the image is due to a smearing effect in the transverse imaging
geometry, as mentioned in Chapter 2.

Figure 4.5(a), (b), (c) illustrate the process about how the probe pulse
wavefront gets modulated by the THz electric field when the optical pump pulse
and probe pulse propagate perpendicularly to each other. Figure 4.5(e) shows the
simulated result, and we find that when the true Cherenkov angle is 64 <(as shown
in Figure 4.5(d)), the Cherenkov angle from the image is 60.2< (as shown in

Figure 4.5(e)), which is the same as our experimental result (as shown in Figure

4.5(f)).
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Figure 4.5: (a)-(c) Schematic illustration of how the probe pulse wavefront (grey square plane)
gets modulated by the THz Cherenkov cone when the optical pump pulse and the probe pulse
propagate perpendicular to each other. (d) The THz cone and its Cherenkov angle in the probe
image plane is 64< the cone is squeezed due to different refractive indices at different propagation
directions. The red dashed line shows the observed cone edge in the image. (e) Simulation results
of the image using 3ds Max. (f) Experimental image with an observed Cherenkov angle of 60.2<
(9) Schematic diagram of the Cherenkov cone. The cone is squeezed with major radius a and
minor radius b
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Based on our simulation results, we also find that the angle difference is
determined by the true Cherenkov angle, the relative velocity ratio between the
optical pump pulse and the probe pulse, as well as the ratio between the major
radius a and minor radius b of the cone (as illustrated in Figure 4.5(g)). The actual
Cherenkov angle and the corresponding angles obtained from simulation and

experiment for various imaging conditions are given in Table 4.3.

Table 4.3: Actual THz Cherenkov angle (y), and corresponding simulated and observed

Cherenkov angles (), for various imaging schemes for both LiNbO3 and LiTaOs crystals.

actrual Cherenkov Cherenkov
crystal imaging scheme a/b | Cherenkov | angle from angle from
angle (y) |simulation (y") |experiment (y')
side view |probe (o ray) 1.22 64° 60.2° 60.2°
LiNbO3 . probe (o ray) 0.82 68.8° 62.8° 62.7°
top view
probe (eo ray) | 0.82 68.8° 63.8° 63.9°
side view |probe (o ray) 1.05 68.7° 66.3° 67.0°
LiTaOs top view probe (o ray) 0.96 69.7° 67.2° 67.3°
probe (eo ray) | 0.96 69.7° 67.2° 67.3°

For comparison, side-view images of the THz Cherenkov wave in the LiTaO3;
crystal are also captured under the same experimental conditions. Figure 4.6
shows images of THz Cherenkov waves in the LiNbO3 and LiTaOs3 crystals side
by side. In contrast to the images of the THz Cherenkov wave in the LiNbO;
crystal (shown in Figure 4.6(a)-(c)), the measured Cherenkov angle in the LiTaOs
crystal is 67.0°with a calibrated (through simulation) Cherenkov angle of 68.8<
(shown in Figure 4.6(d)-(f)), which is consistent with the value (68.7< in Ref. [3].
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12ps

LiNbO3 LiTaOs3

Figure 4.6: (a)-(c) Side-view images of the THz Cherenkov wave in the LiNbO; crystal captured
at time delays of (a) 0 ps, (b) 12 ps, and (c) 24 ps, respectively. (d)-(f) Side-view images of the
THz Cherenkov wave in the LiTaO; crystal captured at time delays of (d) 0 ps, (e) 12 ps, and (f)
24 ps, respectively. The pump pulse polarization is parallel to the c-axis of the crystal. The ring
pattern around the tip (dot) is due to the diffraction.
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4.2.3 Observation of the transition-like radiation

Figure 4.7: Side-view image of the transition-like radiation (red circles) in a LiNbO; crystal at

different time delays.

As shown in Figure 4.4 and Figure 4.6, we observed not only the THz Cherenkov
wave, but also the transition-like radiation, which is in circular profile. The
transition-like radiation (also called transition radiation in some papers [28, 36])
generated on the crystal surface by a laser pulse was first suggested theoretically
in 1962 [36], and was first reported experimentally in 1992 [26], in which twin
THz pulses were measured. Since then, in order to understand the generation
mechanism of such radiation, some theoretical and experimental work has been
done and two models were proposed [5, 25-30, 36]. The first theory is the
nonlinear wave conversion model (NLWC), which is based on the nonlinear wave
equation and suggests that the transition-like radiation is the constructive
interference of the inhomogeneous wave and the homogeneous wave over the
coherence length [25]. The coherence length is calculated by [12, 37],

| = i (4.3)

A{ nopt
Wryy, nopt — “topt di — Ny,
j'opt
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where c is the speed of light, nry, is the refractive index at THz frequencies, n,,,
is the refractive index of the optical pump pulse, and 4, is the wavelength of the
optical pump pulse. The coherence length [, is 140 pm for A,,, = 800 nm and a
THz wave frequency at 0.5 THz in LiNbOj3 crystals. On the other hand, the
generation of such radiation on the surface of nonlinear media is interpreted by
analogy with transition radiation, in which a charge moving through two different
media emits electromagnetic radiation due to the acceleration or deceleration of
charge [27, 28, 36]. However, it’s still difficult to tell which model is correct so

far, and more experimental work is needed to fully understand this process.

“combined

40ps
s /
: 30ps =~

Figure 4.8: (a)-(d) Background subtracted THz images in the crystal LN1 captured at pump-probe
time delays of 10 ps (a), 20 ps (b), 30 ps (c), and 40 ps (d). For comparison, images at time delays
of 10 ps, 20 ps, and 30 ps are overlapped with that at a time delay of 40 ps in (d). The red color in
(d) means a saturated signal

Different from the measurement of transition-like radiation that has been
transmitted out of the crystal [26-28], the transverse imaging geometry allows us

75



to image such radiation inside the crystal and offers extra information. In Figure
4.4, which is strikingly similar to the simulations described in Ref. [15], a ring
like radiation is found to originate from the front surface of the LiNbO; crystal

and propagates with a semicircle wavefront (as specified in Figure 4.7).

Figure 4.9: Background subtracted images (selected from a movie) of the THz pulse inside the
LNS3 crystal captured at time delays of (a) 10 ps, (b) 20 ps, (c) 30 ps, (d) 40 ps, (e) 50 ps, (f) 60 ps.
The pump polarization is parallel to the c-axis of the crystal and the c-axis is pointing out of the
paper plane. The transition-like radiation that is generated at the second surface where the optical

pulse gets totally internal reflected is marked by a red arrow.
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Within the limits of our time resolution, the ring shaped transition-like
radiation is excited at the same time as the optical pump pulse hits the crystal
surface. As shown in Section 2.1.3, the reason that the wavefront of the transition-
like radiation is in a circle profile is because the polarization of the transition-like
radiation is parallel to the c-axis. The transition-like radiation propagating in any
direction in this plane (XY plane) experiences the same refractive index. We also
find that the propagation velocity of the ring shaped radiation is the same as that
of the THz Cherenkov wave and the circular wavefront is always tangent to the
shock wave.

In order to study the dependence of the main emission direction of the
transition-like radiation on the pump pulse’s propagation direction, we repeated
the experiment with the crystal rotated 43<around its c-axis, as shown in Figure
4.8. As shown in Figure 4.8(d), AO is the incident direction of the optical pump
pulse, while OB and OC are the propagation directions of the optical pump pulse
and the THz pulse inside the crystal, respectively. Because the optical pulse is no
longer normally incident on the crystal, the central axis of the shock wave is not
perpendicular to the crystal surface. In contrast, the central axis of the circular
radiation (OD) remains normal to the surface despite the crystal rotation. The
independence of this symmetry relative to the incident optical pump angle proves
that the circular wavefront is generated at the crystal surface. We also note that
the measured optical refractive index, the THz refractive index, and the
Cherenkov angle in Figure 4.8(a)-(d) are the same as those in Figure 4.4.

In fact, the transition-like radiation not only happens at the first surface of the
crystal, but also appears at the second surface. Figure 4.9 shows a series of images
when the optical pump pulse experiences a total internal reflection inside the
crystal LN3. As indicated by the arrow, the transition-like radiation ring generated
on the reflection surface can be seen. On the other hand, Figure 4.10 shows the
LN3 where the optical pump pulse propagates normally through the crystal.
Furthermore, as illustrated in Figure 4.11, there is also an imaging distortion issue
when we image the transition-like radiation in the transverse imaging geometry,

and the measured velocity is higher than the actual value.
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As shown in Appendix G, the transition-like radiation generated on the front
and back surfaces of a LiNbOj3 slab are sampled with THz-TDS.

Figure 4.10: Background-subtracted images of the THz pulse inside the LN3 crystal captured at
time delays of (a) 44 ps, (b) 48 ps, (c) 52 ps, (d) 56 ps, (e) 60 ps, (f) 64 ps. The pump polarization

is parallel to the c-axis of the crystal and the c-axis is pointing out of the paper.

78



Figure 4.11: Schematic illustration of the imaging distortion when we image the transition-like
radiation. The velocity of the transition-like radiation measured from the obtained images is higher

than the actual value.
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4.2.4 Temporal evolution of the THz Cherenkov wave in the LiNbO;

crystal

Figure 4.12: Illustration of the THz Cherenkov wave image and the corresponding real wavefront
of the THz pulse. The black dashed lines mark the imaged THz wavefront, and the pulse
propagation direction is illustrated by the black arrow. The corresponding real THz wavefront are

marked by the yellow solid line and propagates along the yellow arrow.

In contrast to the collinear imaging geometry, the transverse imaging geometry
can be used to not only calculate the optical and THz wave refractive indices, but
also provide insight into the THz generation and propagation processes. As shown
in Figures 4.4 and 4.12, the shock wave tip becomes longer in size and weaker in
strength as the optical pulse propagates through the crystal, likely caused by the
dispersion and energy loss of the optical pump pulse.

As illustrated in Figure 4.12, once the THz pulse is generated from point O, it
will propagate away from point O along line AB. However, due to the image
distortion caused by the transverse imaging geometry, instead of the black dashed
lines, the real THz pulse wavefront at different time delays is marked with the
yellow solid lines. Because we can sample the THz wave forms at point A, B, C,
and D in the image, the THz wave forms at real positions A’, B’, C’, and D’ can
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be sampled. Figure 4.13(a) shows the THz wave form at time delays of 10 ps (A),
20 ps (B), 30 ps (C), and 40 ps (D). Figure 4.13(b) shows the corresponding
spectra, which are similar to the THz pulse spectra generated by tilted-pulse-front
excitation scheme in Ref. [32]. The decay of the THz electric field is due to the

THz Cherenkov cone expanding and the THz absorption in the LiNbO3 crystal.
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Figure 4.13: (a) THz waveforms plotted in the AB direction in Figure 4.12. (b) The

corresponding spectra of the waveforms in (a).

Figure 4.14: Illustration of the THz pulse generated by the optical pump pulse at three different
locations (O, 0’, and 0”’).
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Figure 4.15: THz electric field waveforms collected at points B, E, and F that are marked
in Figure 4.14.

As shown in Figure 4.14, the THz pulses that are generated at different points
O, 0’, and O’ by the optical pump pulse can be mapped and studied. For
example, it takes 16 ps for the THz pulses to propagate from points O, O’, and O’
to B’, E’, and F’, respectively. As we know, because of the image distortion,
points B’, E’, and F’ correspond to points B, E, and F in the image, respectively.
Figure 4.15 shows the THz wave forms that origin from points O, 0’, and 0"’
We find that when the optical pump pulse propagates through the crystal, the

generated THz pulse becomes weaker.
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4.2.5 The dependence of THz Cherenkov angle on the optical pump

pulse beam size and pulse energy

In order to check if there are other nonlinear optical effects when the crystal is
pumped by a high energy THz pulse, and if the optical pump beam size influences
the THz pulse generation [38, 39], we tried three different beam sizes of 101.6 pum,
48.7 um, and 27.5 um, with three different pulse powers at each beam size. Figure
4.16 shows images of the THz Cherenkov wave generated by various beam sizes
and pump powers at a time delay of 30 ps. The THz Cherenkov angles measured
at various beam sizes, pulse energy, and time delays are summarized in Table 4.4.
The Cherenkov angles are the same (approximately 60< which corresponds to an

actual angle of 64 9.

Figure 4.16: Images of the THz Cherenkov wave generated by optical pump pulses as a function
of the beam diameter (101.6 pm, 48.7 pm, and 27.5 pum) and the power (1.8 mW, 3.7 mW, and 7.4
mw).
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Table 4.4: Cherenkov angles of the THz Cherenkov wave generated by various optical pump

beam spot sizes, pulse energy, and time delays.

Spot size: 101.6pm Spot size: 48.7um Spot size: 27.5um

ne Cherenkov ne Cherenkov ne Cherenkov
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4.2.6 THz Cherenkov wave dependence on optical pump pulse

duration

561fs (negative) 411fs (negative) 328fs (negative) 160fs (negative)

82fs (negative) 47fs (shortest) 68fs (positive) 121fs (positive)

' 1;2fs (positive) 247"5 (positive) 37§fs (positive) 41-;fs (positive)

Figure 4.17: Images of the THz Cherenkov wave captured at various pulse durations with the
same optical pump power. ‘Positive’ and ‘negative’ mean the optical pump pulse is positively and

negatively chirped, respectively.

The generated THz Cherenkov wave on optical pump pulse duration is
investigated by imaging THz Cherenkov waves at various optical pump pulse
durations. As shown in Figure 4.17, THz Cherenkov angles are the same at
various optical pump pulse durations. However, the THz electric field depends on
the optical pump pulse duration. Figure 4.18 shows the relationship between the
signal strength of the THz wave and the optical pulse duration for positive or
negative chirping. We find that the THz generation efficiency is the lowest at the
shortest optical pump pulse duration. For the longer pulse with negative chirping,
the THz electric field is the same as the THz pulse that is generated by the
shortest optical pulse. For longer optical pump pulses with positive chirping, the
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THz electric field becomes higher. At around 450 fs, the highest THz pulse
amplitude is achieved. We note that, from literature [9], in the tilted-pulse-front
excitation geometry, the highest THz generation efficiency exits for negatively
chirped optical pump pulses, which is totally different from our results. We are
not sure why this is the case. One possible reason for this could be the
experimental deviation due to the limitation of the Talbot imaging effect. Since all
the experiments were carried out with the same imaging distance between the
ICCD camera and the crystal, only one particular THz wave frequency component
can be imaged efficiently, so the THz pulse generated by a negatively chirp pump

pulse might have a different central frequency and cannot be imaged efficiently.
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Figure 4.18: Dependence of the THz electric field on the optical pump pulse duration. The red
line (circles) is for the negatively chirped optical pump pulse, and the black line (squares) is for

the positively chirped optical pump pulse.
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4.2.7 THz Cherenkov wave dependence on optical pump pulse

polarization

As discussed earlier in Chapter 2, the second-order nonlinear polarization in
LiNbOj3 follows,

p(2) 0

P® =| p® |=2¢ E? d.,sin?@+2d,. sin@cosd
y 0 22 15

P® ds sin® 0 +d,, cos® @

=2¢,E?| 0 |(for@=0°) (4.4)

=2¢,E?| d,, |(for@=90°)

where 4 is the angle between the optical pump pulse polarization and the c-axis of
the crystal. According to Ref. [40], d=-47pm/V, d,=-27pm/V,
d,, =3.2pm/V, the second-order polarization is the largest when the optical

pump pulse polarization is parallel to the c-axis, while for the case that the optical
pump pulse polarization is perpendicular to the c-axis, the second-order

polarization is small but non zero.
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Figure 4.19: Images of the THz Cherenkov wave inside the LN 1 crystal captured at time delays
of (a) 10 ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. The experimental parameters are the
same as that of Figure 4.4 except that the optical pump pulse polarization is perpendicular to the c-

axis of the crystal.

Figure 4.19 shows images of the THz Cherenkov wave with the same
experimental conditions as in Figure 4.4, except that the optical pump pulse
polarization is perpendicular to the c-axis. We find that both the THz Cherenkov
wave and the transition-like radiation become weaker. Furthermore, the velocity
of the THz Cherenkov wave and the transition-like radiation are the same as those
obtained in Figure 4.4. However, the velocity of the optical pump pulse becomes
smaller and the optical index changes from 2.23 +0.01 to 2.36 £ 0.01. The
measured Cherenkov angle also decreases from 59.7 £0.3“%057.8 0.3 This is
because the optical pulse experiences the ordinary refractive index when its
polarization is perpendicular to the c-axis of the LiNbOj3 crystal. We note that the
measured ordinary optical refractive index (2.3620.01) also matches the value

(2.358) in the literature [3]. Because both ordinary and extraordinary optical pump
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rays can generate THz waves but propagate at different speeds, it’s interesting to

explore what happens when both rays are present in the crystal.

Figure 4.20: Images of the THz Cherenkov wave inside the LN 1 crystal captured at time delays
of (a) 10 ps, (b) 20 ps, (c) 30 ps, and (d) 40 ps, respectively. The experimental parameters are the
same as those for Figure 4.4 except that the optical pump pulse polarization is 45<to the c-axis of

the crystal.
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Figure 4.21: Images of the THz wave inside the LN1 crystal at time delays of (a) 10 ps, (b) 20 ps,

(c) 30 ps, and (d) 40 ps. The optical pump pulse polarization is 439with respect to the c-axis. The

incident optical pulse travels horizontally at the left side of the air/LiNbOj; interface.

The imaging experiment was carried out with the optical pump pulse
polarization 43©relative to the c-axis of the crystal. This splits the pump beam
into two rays, the ordinary ray (with index n,) and the extraordinary ray (with
index neo). As shown in Figure 4.20, the two rays are separated from each other
as they propagate through the LiNbOj3 crystal. Moreover, if the crystal is tilted, as
shown in Figure 4.21, the propagation directions of the two rays are different due
to different refraction angles. Lastly, from Figure 4.20 and Figure 4.21, we find
that the THz Cherenkov wave is generated more efficiently by the extraordinary
ray, which is consistent with the predicted second-order polarization. Because the
transition-like radiation is generated on the surface of the crystal by the two rays
at the same time and has the same polarization along the c-axis, no separation
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happens. On the other hand, since the two rays are separated further and further in
the process of propagation, the THz Cherenkov wave generated by the two rays
are also separated and the interference pattern can be clearly seen in Figure 4.20(d)
and Figure 4.21(d).

According to the Snell’s law,

sinf4 _ N2 (4.5)
sinf, N, '

where 6, and 6, are the incident angle and refractive angle, respectively, and n,
and n, are the refractive indices of the first and the second medium, respectively,

we can calculate the refractive indices of the o ray and eo ray from Figure 4.21(d).

sin43°
sin16.8°

sin43°
sin17.8°

We find that n, =

= 2.36,and n,, =

= 2.23, which are consistent

with both experiment results that are calculated from group velocities
measurement (n, = 2.36 + 0.01, n,, = 2.23 £ 0.01) and group indices in the
literature (n, = 2.358, n,, = 2.250) [3].

Finally, as done in Ref. [32], we also measured the spectra of the transmitted
optical pump pulse at different optical pump pulse polarizations. As shown in
Figure 4.22, we find that the redshifting is enhanced (i.e. wavelength region from
830-860 nm) when we decrease the angle between the optical pump pulse
polarization and the c-axis of the crystal, which is consistent with the observation
made in Ref. [32].
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Figure 4.22: Spectra of the optical pump pulse. (noLN) is the original spectrum without the
LiNbO; crystal, (0deg) is transmitted through the LiNbO; crystal with the optical pump pulse
polarization parallel to the c-axis; (45deg) is transmitted through the LiNbO; crystal with the angle
between the optical pump pulse polarization and the c-axis 452 (90deg) is transmitted through the

LiNbOs; crystal with the optical pump pulse polarization perpendicular to the c-axis.
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4.3 Imaging THz Cherenkov waves in LiNbO;in top-view

mode

(2)

X probe
beam

(side-view beam)

probe .
beam (top-view beam)

Ti:sapphire amplifier

(b)

|
BBO F1 L1 5F L2
pump
(C) pump beam (d) pump beam
Epum Epump
probe probe
z X beam beam

Side-view mode Top-view mode

Figure 4.23: (a) lllustration of the top-view mode and side-view mode. The side-view probe beam
propagates along the Z direction (c-axis of the crystal), and the top-view probe beam is along the
Y direction. (b) Experimental setup for top-view and side-view imaging. The imaging mode is
determined by the crystal orientation, pump pulse polarization, and probe pulse propagation
direction, as shown in (c) and (d). In the experiment, the illustration of the crystal orientation,

pump pulse polarization, and probe pulse propagation direction in side-view mode (c) and top-
view mode (d), respectively.
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As illustrated in Figure 4.2 (in Section 4.1) and Figure 4.23(a), depending on the
relative relationship between the crystal orientation, pump pulse polarization, and
probe beam propagation direction, THz Cherenkov waves can be imaged in side-
view, and top-view modes. In Section 4.2, images of the THz Cherenkov wave are
captured in side-view mode, in which the probe pulse propagates parallel to the Z
direction (c-axis of the crystal, as illustrated in Figures 4.2(a) and (b), and Figure
4.23(c)). In this section, as shown in Figure 4.2(c) and (d) and Figure 4.23(d), we
make the probe pulse propagate perpendicular to the c-axis of the crystal (Y
direction) and try to image THz Cherenkov waves in top-view mode.

Instead of the LiNbOj3 prism that is used in Section 4.2, a rectangular LiNbO3
crystal is employed for top-view imaging here. As illustrated in Figure 4.23(b), in
order to make the experimental performed easily, the probe and pump propagation
directions are kept the same for both side-view mode and top-view mode. Instead,
as shown in Figures 4.23(c) and (d), the crystal orientation and pump beam
polarization are rotated around the propagation direction of the pump pulse (X
direction). For side-view mode, the pump pulse polarization and the c-axis of the
crystal are parallel to the probe beam, while for top-view mode, they are
perpendicular to the probe beam.

Figures 4.24(a)-(e) show the side-view images at different time delays, and
Figures 4.24(f)-(j) show the top-view images at different time delays. For both
imaging modes, the optical pump pulse propagates along the x-axis with optical
pump pulse polarization parallel to the c-axis of the LiNbOjz crystal. The
measured optical pulse group index at 800 nm is 2.25, which is the same as
observed in Section 4.2 and the literature value [3]. Different from the Cherenkov
angle (60.2< measured in the side-view images, the Cherenkov angle measured in
top-view mode is 63.9< corresponding to an actual value of 69<and a simulated
value of 68.8°(as shown in Table 4.3). As shown in Figure 2.5 in Section 2.12,
the reason for observing different Cherenkov angles in different imaging modes is
that the THz pulse propagating in the XY plane is imaged in side-view mode and
the THz electric field is parallel to the c-axis of the crystal (marked in Figure

4.24(e)), while the THz pulse propagating in the XZ plane is imaged in top-view
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mode, and the THz pulse polarization is parallel to the wavefront of the THz pulse
(marked in Figure 4.24(j)). THz pulses that propagate in the XY versus XZ planes
experience different refractive indices and thus show different Cherenkov angles.

0 ps

6 ps

12 ps

18 ps

24 ps

Figure 4.24: (a)-(e) Side-view images of the THz Cherenkov wave in the LiNbO; crystal captured
at time delays of (a) 0 ps, (b) 6 ps, (c) 12 ps, (d) 18 ps, and () 24 ps, respectively. (f)-(j) Top-view
images of the THz Cherenkov wave in the LiNbO; crystal at time delays of (f) 0 ps, (g) 6 ps, (h)
12 ps, (i) 18 ps, and (j) 24 ps, respectively.

Compared to the semicircle wavefront of the transition-like radiation in the
side-view image, the wavefront of the transition-like radiation in top-view shows
an elliptical profile. This is because the polarization of the THz wave that

propagates at different directions in the XZ plane is different.
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Based on the images of the THz Cherenkov wave in both of side-view mode
and top-view mode, a 3D THz Cherenkov wave can be constructed

experimentally.
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4.4 Side-view imaging of the THz Cherenkov wave

generated by a line-focused optical pump pulse

As illustrated in Figures 4.25(a) and (b), the optical pump pulse is focused by a
cylindrical lens onto the LiINbOj crystal with its long axis oriented in two
different directions, respectively. One orientation of the pump beam line is
parallel to the probe pulse propagation direction (Figure 4.25(a)), and another one

is perpendicular to the propagation direction (Figure 4.25(b)).

(a) g Probe (b) o PTODE

optical

optical pulse

pulse

Figure 4.25: lllustration of the line focused optical pump geometries. (a) The optical pump beam
line is parallel to the probe pulse propagation direction. (b) The optical pump beam is

perpendicular to the probe pulse propagation direction.

Figure 4.26 shows the side-view images of the THz wave in a LiNbO; crystal
generated in the pump geometry shown in Figure 4.25(a). Different from one
Cherenkov cone in the point focused geometry, two Cherenkov cones are found in
the image. This is because a THz pulse has both positive and negative electric
field. When the probe pulse and the THz pulse propagate perpendicularly to each
other, the positive phase shift modulation is neutralized by the negative phase
shift modulation, and only the modulation at two ends of the line survives. As
shown in Figure 4.27, the time delay (AL) is proportional to the length of the
focused beam line (W).
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Figure 4.26: Images of the THz Cherenkov wave generated by the line focused pump pulse at
time delays of (a) 0 ps, (b) 6 ps, (¢) 12 ps, (d) 18 ps, (€) 24 ps, and (c) 30 ps, respectively. The

orientation of the focused beam is parallel to the probe pulse propagation direction.

Figure 4.25(b) and Figure 4.28 demonstrate why a broad optical pump beam
cannot generate THz pulses efficiently. As shown in Figure 4.28, we find that the
THz Cherenkov wave generated from different points along the line cancelled

with each other. Because the phase match condition cannot be satisfied, as marked
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by the arrow in Figure 4.28, the generated THz pulse is mainly due to the

transition-like radiation.

(a)

Figure 4.27: (a) lllustration of the line-focused pump geometry with the length of the focused

beam line, W. (b) Illustration of the time delay (AL) between the two Cherenkov waves.
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Figure 4.28: Images of the THz Cherenkov wave generated by the line focused pump pulse at
time delays of (a) 4 ps, (b) 8 ps, (c) 12 ps, (d) 16 ps, (€) 20 ps, (f) 24 ps, (g) 28 ps, and (h) 32 ps,
respectively. The orientation of the focused beam line is perpendicular to the probe pulse

propagation direction and is in vertical direction.
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4.5 Conclusions

In this Chapter, we have demonstrated how to image THz Cherenkov waves in
LiNbO3 and LiTaOs crystals with the transverse imaging technique. The imaging
distortion caused by the transverse imaging geometry is simulated with the 3ds
Max software package. Based on the transverse imaging technique, we can
observe how THz waves are generated in LiNbO3 crystals in both side-view mode
and top-view mode. The velocities of the THz pulse and the optical pulse can be
measured directly. We find that the THz Cherenkov angle is independent of the
optical pump pulse energy, pulse duration, and pump beam size. The THz
generation efficiency is strongly determined by the optical pump pulse duration.
We also find that when the optical pump pulse is the shortest (47 fs) or negatively
chirped, the generation efficiency is the lowest, and when the pump pulse duration
is about 450 fs (positively chirped), the generation efficiency is the highest. Two
types of the line-focused pump geometries are employed to demonstrate the
imaging smearing effect due to the transverse imaging geometry, as well as
reduction in THz generation efficiency.
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Chapter 5

Ultrafast imaging of terahertz pulses generated by

the tilted-pulse-front excitation technique

In this chapter, ultrafast imaging of the terahertz pulse generated by the tilted-
pulse-front excitation technique is demonstrated. The Cherenkov angle, the tilt
angle of the optical pump pulse wave front and the optical pump beam size are
determined from the obtained images. The terahertz pulse generation efficiency is
found to be the highest when the tilt angle of the optical pump pulse is between 61
and 67< and it can be optimized in real time using the imaging method. In

addition, the 3D structure of the generated THz wave is analyzed using MATLAB.
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5.1 Introduction to intense THz pulse generation in
LiNbO; crystals

There has been much interest recently in the development and application of
intense table-top terahertz (THz) pulse sources [1-9]. One of the most popular
methods employs femtosecond laser pulses to pump a LiNbO; crystal and
generate coherent THz pulses by optical rectification [1-8, 10]. As discussed in
Chapter 4, since the refractive index of the generated THz wave is much larger
than that of the optical pump pulse, collinear phase matching cannot be satisfied
and a Cherenkov THz shock wave is formed [1, 2, 7, 8]. In order to generate THz
waves in LiNbOs crystals more efficiently, the tilted-pulse-front excitation
technique (mentioned in Chapter 2), in which the optical pump pulse wave front is
tilted to match the wave front of the generated THz wave, was proposed and
demonstrated in the past several years [1-8]. Based on this technique, the highest
THz electric field 1.2 MV/cm was reported [4]. More recently, the sub-mJ THz
pulse with the 0.25% generation efficiency was achieved [11], and more work is

being done to improve the generation efficiency and increase the THz pulse

energy [5].

The energy of the THz pulse generated by optical rectification depends on
many parameters such as the optical pump pulse energy, the THz generation
efficiency, the THz absorption in the crystal, and the THz coupling efficiency
from the crystal to the air. In the case of the tilted-pulse-front excitation technique,
additional parameters are introduced, such as the tilt angle of the optical pump
pulse, the distortion of the optical pump pulse wave front, the optical pump pulse
duration [5], and the cut angle of the LiNbO3 prism.

The most commonly used method of optimizing the THz generation and coupling
efficiency is to collect the output THz pulse with parabolic mirrors and measure
the energy with a THz energy detector [4, 7]. The significant downside of this
technique is its sensitivity to the alignment of the THz pulse collection setup

outside the LiNbOj crystal, as well as to all of the parameters listed above.
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In this Chapter, we demonstrate that real time imaging of THz waves
generated by the tilted-pulse-front excitation technique in a LiNbO3 crystal. It
allows for a much more efficient optimization of THz generation by visualizing
the changes in the THz generation due to changes in the tilt angle of the optical
pump pulse, the wave front distortion, the THz absorption, as well as in the
reflection losses at the exit face of the crystal.
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5.2 Imaging THz pulses generated by the tilted-pulse-

front excitation technique

5.2.1 Experimental setup

grating

probe beam
half wave plate

pump bear;\ -

lens
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Figure 5.1: (a) llustration of the experimental setup used to generate THz pulses with the tilted-
pulse-front excitation technique and image the generated THz pulses. The optical pump beam
(Acentrar = 800 nm) goes through a slit, and is then diffracted by a grating. The wave front of the
optical pump pulse is tilted by the grating and is imaged onto the LiNbO; crystal with a lens. The
optical probe pulse ((Acensrar = 400 nm) travelling normal to the optical pump pulse images the
generated THz wave and is recorded by an intensified CCD (ICCD) camera system (not shown).
(b) The detailed imaging geometry (side view) in the LiNbO; crystal. The optical pump pulse
polarization is parallel to the c-axis of the crystal, and the optical probe pulse polarization is

parallel to the optical pump beam.

An amplified Ti:sapphire laser system (0.9 mJ, 100 fs, 800 nm, 1 kHz) was
employed to generate and image the THz wave in the LiNbO3; (MgO 5% doped)

crystal. The laser pulse from the Ti:sapphire laser system was split into two beams:
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a higher power pump beam and a lower power probe beam. The pump pulse wave
front is tilted by a diffraction grating and imaged on the LiNbO; crystal (see
Figure 5.1(a)). In order to prevent the smearing of the THz pulse, which will be
discussed in the next section, a slit is inserted in the optical pump beam path
before the grating to reduce the optical pump beam width along the optical probe
pulse propagation direction. The demagnification factor of the relay imaging
system is close to 2 and can be adjusted by slight adjustments in the positions of
the imaging lens and the grating. The detailed description of the tilted-pulse-front

excitation technique is given in Appendix B.

The probe pulse is frequency doubled in a BBO crystal. It passes through a
spatial filter and through a pair of lenses which expand it before it enters the
LiNbO; crystal (see Figure 5.1). The image pulse experiences a phase modulation
due to the change of the refractive index induced by the THz electric field. The
phase object in the crystal is then recorded by an intensified CCD (ICCD) camera
system through the Talbot effect (see Section 2.2.2(d)) [12-14]. The distance

between the crystal and the camera object plane is about 25 mm.

As introduced in Appendix A, the ICCD camera system consists of an
intensifier and a CCD head, where the intensifier functions as a signal amplifier
and a shutter. The shutter, with the gate width 500 ps, is triggered by an external
electronic trigger pulse and opens only when the probe pulse arrives. The CCD is
thermoelectrically cooled and has a dynamic range of 12 bits. A background
image with the optical pump beam blocked is collected before the THz image
acquisition, and the background subtraction is performed automatically by the
ICCD system. With the frame rate of about 2 frames per second (fps), we can
monitor the THz generation process and optimize the alignment in real time. For a
better signal to noise ratio (SNR), all images shown in this chapter are averaged

over 50 frames.
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5.2.2 The smearing of the THz image
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Figure 5.2: Images of the THz wave generated in the LiNbO; crystal with the optical pump beam
width in the optical probe pulse propagation direction at (a) 0.25 mm, (b) 0.43 mm, (c) 0.83 mm,

and (d) about 1 mm (full Gaussian beam, without slit), respectively.

Because the optical pump pulse and the optical probe pulse propagate normally to
each other, the phase-matching condition cannot be satisfied. As illustrated in
Figure 5.1(b), the finite width of the optical pump beam along the optical probe
pulse propagation direction results in THz image blurring. This is due to the
accumulation of phase modulation experienced by the probe pulse at different
depths. To reduce this smearing, we placed a slit in the optical pump beam path to
decrease the width of the optical pump beam in the optical probe beam direction.

Figure 5.2(a), (b), (c), (d) show the THz images collected with the optical
pump beam width of 0.25 mm, 0.43 mm, 0.83 mm, and about 1 mm (full

Gaussian beam, without slit inserted). In the case of the full Gaussian beam, the
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THz image (see Figure 5.2(d)) is so blurred that little useful information can be
extracted from it. On the other hand, when the size of the optical pump beam is
reduced, the THz image becomes sharper. We also found that when the beam size
is reduced beyond 0.25 mm, the sharpness of the THz image is no longer
enhanced while the signal strength is reduced. We have therefore chosen the
optical pump beam size of 0.25 mm for studying THz generation and propagation

processes in the LiNbO; crystal.

5.2.3 THz pulse generation and propagation in LiNbO;

As shown in Figures 5.3(a), (b), (c), and (d), THz images at time delays of 12 ps,
24 ps, 28 ps, and 36 ps are captured with the optical pump beam width in the
probe pulse propagation direction of 0.25 mm. The THz pulse and optical pump
pulse in Figure 5.3 can be recognized. The main part of the THz pulse wave front
is uniform in strength and the length of the THz pulse wave front grows when the
optical pump pulse propagates through the crystal. On the other hand, the optical
pump pulse propagates horizontally within the optical pump beam region (see the
red shaded area in Figure 5.3(d)), which is 1 mm in width.

As illustrated in Figure 5.3(d), the tilt angle of the optical pump pulse is 67°
and the Cherenkov angle is 60 Because the THz wave generated in the tilted-
pulse-front excitation technique has the half-cone profile, the THz Cherenkov
wave image suffers from the distortion discussed earlier (Chapters 4). According
to the angle calibration (see Table 4.3 in Chapter 4), the imaged THz Cherenkov
angle of 60<in Figure 5.3(d) corresponds to a calibrated angle of 64<

In the area of overlap with optical pump beam, the THz pulse spatial profile
is no longer Gaussian. Instead, the THz intensity increases along the optical pump
pulse wave front. This phenomenon is further explored in Section 5.2.4.
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Figure 5.3: Images of the THz wave generated in the LiNbO; crystal at time delays of (a) 12 ps,
(b) 24 ps, (c) 28 ps, and (d) 36 ps, respectively. The size of the optical pump beam along the
optical probe pulse propagation direction (out of the page) is 0.25 mm, and the optical pump beam
size that is perpendicular to the probe pulse direction is 1 mm. The tilt angle of the optical pump
pulse wave front is 672 The measured and the calibrated THz Cherenkov angles are 60<and 64<

respectively.
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5.2.4 Separation of the THz pulse from the optical pump pulse

Figure 5.4: Optical setup for separating the THz pulse from the optical pump pulse. An optical
pump beam is transmitted through a LiNbO; prism to generate THz pulses. A cubic LiNbO;
crystal is attached to the LiNbO; prism to separate the THz pulse (marked in blue color) from the
optical pump pulse (marked in red color). Because there are some dust particles with size larger
than 1 micron, the gap between the two crystals is larger than the optical pulse wavelength
(800nm).

As shown in Figure 5.3, the generated THz and the optical pump pulse coexist in
the optical pump beam area. To demonstrate the build-up of the THz intensity
along the optical pump pulse wave front within the optical pump beam region, we
designed an experiment to separate the THz pulse from the optical pump pulse (as
shown in Figure 5.4). To do so, we attached another LiNbOj crystal to the
LiNbO;3 prism. Because the THz and optical pulses have different propagation
directions, their incidence angles are also different. Part of the THz pulse, which
is incident normally at the interface, tunnels through the air gap between the two
crystals, while the optical pump pulse experiences the total internal reflection due
to the high incidence angle and that the small air gap (due to the dust between the
two crystals) is larger than the pump wavelength (800 nm). We note that, in the
experiment, the thicknesses of the two crystals along the probe pulse propagation
direction are not necessary to be equal. However, the two crystal surfaces that

face to the incident probe pulse must be in the same plane.
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Figure 5.5: Images of optical pulse and THz pulse separation process at time delays of (a) 27.2 ps,
(b) 30.4 ps, (c) 33.6 ps, (d) 36.8 ps, (e) 43.2 ps, and (f) 46.4 ps. Schematic illustrations to show the
THz pulse and optical pulse before (g) and after (h) they get separated by the air gap. (i) The plot

of the THz signal strength along the THz pulse wave front.
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Figures 5.5(a)-(f) show images of the separation process between the optical
pulse and the generated THz pulse. For clarification, Figures 5.5(g) and (h)
illustrate the THz pulse and optical pulse before and after the separation,
respectively. As shown in Figure 5.5(f), the THz wave that has tunnelled through
the small air gap between the two crystals is imaged in the second LiNbOg3 crystal.
The THz electric field strength along AC line is plot in Figure 5.5(i). We find that
the THz signal strength is a constant value between the point A and B. Since the
THz pulse in area AB has already been separated from the optical pump pulse
before the tunnelling. On the other hand, in the CB direction, the THz electric
field strength increases in the area of CB.

For the first time, based on the experiment that is illustrated in Figure 5.4, we
visually demonstrate the THz pulse energy accumulation process of the tilted-

pulse-front excitation scheme.

5.25 Optical pulse-tilt-angle dependence of the THz generation

efficiency

In order to study the influence of the optical pump pulse tilt angle on the THz
generation efficiency, we varied the tilt angle by changing the image
demagnification through adjustments in the grating and imaging lens positions.
Figure 5.6 shows the combined THz images at three different time delays with
optical pump pulse tilt angles of (a) 68< (b) 64< (c) 61< and (d) 56< respectively.
As shown in Figure 5.6(b), for all the tilt angles, the imaged THz Cherenkov
angle is 60< which corresponds to the true Cherenkov angle of 64< The wave
front of the optical pump pulse experiences no distortion except at a tilt angle of
56< Variation in optical pump pulse tilt angles, as well as the wave front
distortion, results in variation in the THz electric field strength. Figure 5.7 shows
the THz electric field magnitude measured at ten different tilt angles. We find that
the THz electric field is the highest when the pump pulse tilt angle is between 61

and 67< and decreases rapidly for the pump pulse tilt angles smaller than 61 <or
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larger than 67 < Since the THz Cherenkov angle is 64< which is between 61 “and

67< our experiment result makes sense.

Figure 5.6: The combined images of the THz wave inside the LiNbO; crystal at three different
time delays (18 ps, 30 ps, and 42 ps) at optical pump pulse tilt angles of (a) 68< (b) 64< (c) 61%
and (d) 56<
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Figure 5.7: The relationship between the THz pulse electric field amplitude and the tilt angle of

the optical pump pulse.
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5.2.6 Measurement of the THz pulse output energy with a pyroelectric

detector

Modifications to the THz generation and collection setup were necessary for
measurement of the output THz pulse energy with a pyroelectric detector. As
illustrated in Figures 5.8(a)-(e) and 5.9(a), we found that the LiNbO; crystal
needed to be pumped close to its tip for efficient detection of output THz pulses
with the pyroelectric detector. This geometry allows us to correlate the imaged
THz intensity with the energy of the THz pulse. The corresponding images of the
THz pulse taken in this (tip pumped) geometry, with the slit inserted, are shown
in Figures 5.8(a)-(e).

Figure 5.9(b) shows the relationship between the measured THz pulse energy
and the square of the imaged THz signal strength. The linear relationship implies
that the imaged THz signal strength is proportional to the THz electric field.
Therefore, we can use the THz imaging method to quantitatively study the THz
generation efficiency. Furthermore, Figure 5.9(c) shows a linear relationship
between the imaged THz signal strength and the optical pump pulse power, which
confirms that the THz generation in LiNbOs3 crystals is a second-order nonlinear

optics process (as discussed in Chapter 2).

In comparison to the images captured in the tip-pumped geometry, the images
of the THz pulses generated by the optical pump pulse incident on the centre of
the LiNbO3 crystal are shown in Figures 5.8(f)-(j). In this case, the optical pump
pulse travels a much longer distance before the THz pulse is emitted from the
crystal which should, at the first glance, result in a more intense THz pulse.
However, we cannot detect the emitted THz pulses in this geometry, suggesting
that the coupling efficiency is very low. Based on these observations, it appears
that the tip-pumped geometry is preferable for the generation of THz pulses in the

LiNbOs crystal. This phenomenon is further explored in Section 6.3.
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16ps

24ps

Figure 5.8: Images of the THz pulse that is generated by pumping the tip of the crystal (as
illustrated in Figure 5.9 (a)) at time delays of (a) 0 ps, (b) 8 ps, (c) 16 ps, (d) 24 ps, and (e) 32 ps.
Images of the THz pulse that is generated by pumping the middle part of the crystal at time delays
of (f) 0 ps, (9) 8 ps, (h) 16 ps, (i) 24 ps, and (j) 32 ps.
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Figure 5.9: (a) Optics setup for collecting and detecting the output THz pulse, the obtained images
are shown in Figure 5.8 (a)-(e). (b) The relationship between the THz output energy and the square

of THz image signal strength. (c) The relationship between the THz image signal strength and the



5.2.7 The optical pump pulse polarization dependence of the THz
Cherenkov wave

Figure 5.10: Images of the THz wave that is generated by the optical pump pulse with the optical
pump pulse polarization (a) parallel to the c-axis of the crystal, (b) at 45<with respect to the c-axis
of the crystal, (c) perpendicular to the c-axis of the crystal.

We have also explored the dependence of the THz Cherenkov wave on the optical
pump pulse polarization. Figure 5.10 shows images of the THz wave at three
different optical pump pulse polarizations. We find that the THz pulse generation

is the most efficient when the optical pump pulse polarization is parallel to the c-
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axis of the crystal, which is consistent with the point focused result discussed in
Chapter 4. We also observe that the Cherenkov angle is different for THz pulses
generated by optical pulses polarized parallel or perpendicularly to the c-axis due
to the refractive index difference between ordinary ray (o ray) and extraordinary
ray (eo ray) in the LiNbO3. We note that the measured Cherenkov angles for o ray
(589 and eo ray (60 are consistent with the point focused result (o ray 58.7 =
0.39%e0 ray 59.7 £0.39 in Chapter 4.

For the case that the pump pulse polarization is 45<with respect to the c-axis
of the crystal, the o ray and eo should get separated when they propagate inside
the crystal due to different velocities, as what we see in the pump pulse point
focused case in Figure 4.19 in Chapter 4. However, as shown in Figure 5.10(b),
the separation is not observed, this is because the image of the pump pulse here is

so blurred that the small separation between the two rays is hard to be recognized.
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5.3 3D imaging of the THz Cherenkov wave generated by

the full-size optical pump beam

5.3.1 Introduction to 3D imaging of the THz wave

As shown in Figures 5.1(a) and (b), in order to reduce the smearing of the THz
wave image in the transverse imaging geometry, a slit placed before the grating is
used to limit the size of the optical pump beam in the optical probe pulse
propagation direction. However, the slit has to be removed to allow the full power
of the optical pump beam to be used for generating intense THz pulses. In order to
visualize the 3D structure of the THz pulse generated by the full optical pump
beam, we scan the slit across the optical pump beam, capture THz images at

different slit positions, and finally combine the acquired images using MATLAB.

5.3.2 Experimental setup

As illustrated in Figure 5.11(a), experimental condition is the same as Section
5.2.1. Instead of a slit that stays at a fixed position in Section 5.2.1, the slit here is
mounted on a translation stage. As shown in Figure 5.11(b), when the slit position
is scanned along the probe pulse propagation direction, the THz wave generated
by a different part of the optical pump beam is imaged. Since the relative time
delay between the pump pulse and the probe pulse changes when slit position
changes, a calibrated time delay should be performed, which is discussed in

section 5.3.3.
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Figure 5.11: (a) Illustration of the 3D THz pulse imaging setup. The 800 nm optical pump beam
goes through a slit and then is diffracted by a grating. The optical pump pulse with the tilted pulse
front is imaged on the LiNbO; crystal by a lens. A 400 nm optical probe pulse travelling normally
to the optical pump pulse images the generated THz wave and finally is recorded by an intensified
CCD (ICCD) camera system (not shown). (b) The detailed side-view imaging geometry inside the
LiNbO; crystal. The pump pulse polarization is parallel to the c-axis of the crystal, and the probe
pulse polarization is in the plane defined by the probe pulse propagation direction and the c-axis of
the crystal. The optical pump beam is scanned in the horizontal direction (along c-axis in (b)).
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5.3.3 Calibration of the pump-probe time delay at different slit

positions

In order to reconstruct the 3D structure of the THz wave from the THz images
acquired by scanning the slit across the optical pump beam, the time delay
between the optical pump and probe pulses at different slit positions has to be
calibrated. As illustrated in Figure 5.12, moving the slit position from point A to
B results in the change (Ad) in the distance the probe pulse has to travel to reach
the generated THz wave. As a result, the imaged THz pulse appears to be delayed.
Figure 5.13 show images of the THz pulses captured at different slit positions. By
defining the THz image taken at the slit position of 7.5 mm as a reference image
(Figure 5.13(a)), we plot the relationship between the slit position and the image
shift in Figure 5.15(a). We find that 1 mm slit-position-change shifts the THz
image by 37.3 pixels, or, alternatively, a pump-probe delay of 1 ps introduces 8.5
pixel shift into the THz image (see Figures 5.14 and 5.15(b)). Therefore, we
calculate that for a 1 mm change in the slit position, the pump-probe time delay
compensation should be 37.3 [pixels]/8.5[pixel/ps]=4.39 ps, close to the value of
4.42 ps obtained by the following calculation,

At = Ad _ 1mm/D _  1(mm)/2.3 — 4. 4-2ps

- m
40 m  C/Maoonm  3+108(3)/3.05

where, c is the speed of light in free space, Ad = 1lmm/D is the shift of the
optical pump beam in the LiNbOjz crystal, D = 2.3 is the lens imaging
demagnification which corresponds to a tilt angle of 66.1< (the relationship
between the demagnification D and the tilt angle is summarized in Table B.1 in
Appendix B).
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Figure 5.12: Illustration of the THz pulses that are generated by optical pump pulses that go
through the slit at two positions, A and B.
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Figure 5.13: Images of the THz pulse that is generated by optical pump pulses with slit positions
at (a) 7.5 mm, (b) 8.0 mm, (c) 8.5 mm, (d) 9.0 mm, (e) 9.5 mm, and (f) 10.0 mm. The red lines in
(a) and (f) hi-light the angle of the wavefronts.
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Figure 5.14: Images of the THz pulse (at a fixed slit position) at time delays of (a) 7 ps, (b) 13 ps,
()19 ps, (d) 25 ps, (e) 31 ps, and (f) 37 ps.
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Figure 5.15: Relationships between the THz image position on the ICCD camera and the slit

position (a), as well as the time delay (b), respectively.
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5.3.4 3D image of the THz pulse generated by a full beam tilted-

pulse-front optical pump pulse

HSUD

- —200

Figure 5.16: Images of the THz pulse with the optical pump beam shift Ad inside the LiNbO;
crystal of (a) 0.000 mm, (b) 0.215 mm, (c) 0.430 mm, (d) 0.645 mm, (e) 0.860 mm, (f) 1.075 mm,
(9) 1.290 mm, (h) 1.506 mm, (i) 1.720 mm, and (j) 1.935 mm. The relative pump-probe time delay

has been corrected.
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Figure 5.16 shows images of the THz pulse that is generated by the tilted-pulse-
front excitation technique at various slit positions. The position value z shown in
the figure is the relative position of the THz pulse in the z direction. Since the use
of the slit, the images of the THz wave still has the distortion problem due to the

transverse imaging geometry, as discussed in Chapter 4.

In analogy to the MRI 3D visualization method, all images shown in Figure
5.17 are processed to construct the 3D THz wave image, as shown in Figure 5.17.
Based on the 3D image presented here, we can check the distortion condition of
the optical pump pulse wave front, and study the THz wave generation and
propagation processes in 3D. In order to show the intensity information in 3D, a
better method to interpret the structure should be developed in the future. Again,
we note that the THz Cherenkov angle in the 3D structure is distorted.

(a (b)

(© )

Figure 5.17: (a)-(d) 3D visualization of the THz wave generated by a full beam optical pump

pulse with the optical pump pulse front tilted.
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5.3.5 3D image of the THz pulse generated by a full beam optical
pump pulse with the pulse front not tilted

- 60

-100

Figure 5.18: Images of the THz pulse generated by the optical pump beam with the position shift
Ad of (@) 0.0 mm, (b) 0.5 mm, (c) 1.0 mm, (d) 1.5 mm, (e) 2.0 mm, and (f) 2.5 mm. The relative

pump-probe time delay has been corrected.
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In addition to imaging the 3D spatial structure of the THz wave generated in the
tilted-pulse-front excitation technique (Figure 5.17), we have also imaged the THz
wave generated by a full beam optical pump pulse with the pulse front not tilted.
For this, the grating in Figure 5.11(a) was replaced by a mirror. Figure 5.18 shows
images captured at different slit positions (with the relative pump-probe time
delay corrected in the same principle as Section 5.3.3). As it can be seen in a 3D
spatial profile of the resulted THz wave (Figure 5.19), no THz Cherenkov wave is
generated due to the poor phase-matching condition. Since there is no THz
Cherenkov wave, we don’t need to worry about the angle distortion problem.
Again, a better 3D interpretation method should be developed to show the

intensity information.

@ b

(c)

Figure 5.19: (a)-(d) 3D visualization of the THz wave pumped by a full beam optical pump pulse
with the optical pump pulse front not tilted.
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5.4 Conclusions

Imaging of the THz pulse generated with the tilted-pulse-front excitation
technique in the LiNbO; crystal is demonstrated. The optical pump beam size, the
tilt angle of the optical pump pulse wave front, and the THz Cherenkov angle are
measured directly from the image. Changes in the tilt angle of the optical pump
pulse wave front do not affect the THz Cherenkov angle, which has been
determined to be 64 <(after counting on the distortion). On the other hand, the tilt
angle significantly affects the THz generation efficiency. We find that the THz
generation is the most efficient for the tilt angles between 61<and 67< We also
find that the intensity of the THz pulses can be efficiently coupled out of the
crystal into the free space only when the optical pump beam is incident close to
the tip of the LiNbOj3 crystal. Because of this phenomenon, we have no free space
to optimize THz output energy. We have used this geometry to calibrate the THz
image intensity relative to the THz pulse energy measured by a pyroelectric
detector. The linear relationship between the square of the THz image intensity
and the THz energy confirms that the image intensity is representative of the THz
electric field. The high SNR of the THz images acquired at a fast frame rate of 2
fps allowed optimization of the THz source optical alignment in real time. Finally,
the 3D visualization of the THz pulse is also demonstrated, thus allows the
investigation of the spatial structure of the emitted THz Cherenkov radiation.
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Chapter 6

Ultrafast imaging of terahertz pulse reflection,
transmission, and tunnelling at the LiNbO; crystal

boundary

Ultrafast imaging of terahertz (THz) pulse refection, transmission, and tunneling
at the LINbO;3 crystal boundary is demonstrated with the transverse- imaging
method. We find that the THz pulse has a 180 phase change when it gets
reflected at a crystal-Au boundary. On the other hand, the reflected THz pulse has
no phase change at the crystal-air boundary. Thanks to the 180“phase difference
between the reflected THz pulse at the crystal-Au and the crystal-air boundary, a
novel broad band electromagnetic wave antireflection coating is proposed and
demonstrated by depositing an Au grating on the crystal surface. By attaching
another piece of the LiNbO;3 crystal on the first one and controlling the gap
between them, the gap dependence of the THz pulse transmission and tunnelling

are imaged as well.
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6.1 Ultrafast imaging of THz pulse reflection and the

development of a broad band THz antireflection coating

(a)

Voptical ——3 Voptical ——3

Figure 6.1: Illustration of THz pulse reflection at (a) the crystal-air boundary and the crystal-Au

boundary, and (b) the crystal-air boundary and the crystal-Au grating boundary.

As illustrated in Figure 6.1(a), the THz pulse is generated in the LiNbO; crystal
by an optical pump pulse with the tilted-pulse-front excitation technique (see
Chapter 5) [1, 2]. The generated THz pulse propagates through the crystal and
gets reflected at the crystal surface. Part of the crystal surface is deposited with a
200 nm-thick gold (Au) film (using thermal deposition method) and the rest of the
surface is exposed to the air.

The whole THz pulse reflection process at the LiNbOj crystal surface is
shown in Figure 6.2. We find that the THz pulse doesn’t change in phase at the
crystal-air boundary, but has a 180 “phase change at the crystal-Au film boundary.
According to Maxwell’s theory [3], if an electromagnetic wave propagates from a
high refractive index medium to a low refractive index medium, the reflected
wave has no phase change. On the other hand, if the electromagnetic wave is

incident on a conductive film, the reflected wave has 180 “phase change.
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Figure 6.2: Images of THz pulse reflection captured at time delays of (a) 40.0 ps, (b) 44.0 ps, (c)
48.0 ps, (d) 52.0 ps, (e) 56.0 ps, (f) 60.0 ps, (g) 64.0 ps, and (h) 68.0 ps. The Au film thickness is
250 nm.
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Besides a nice demonstration of Maxwell’s theory, Figure 6.2 also enables us
to observe THz destructive interference by THz pulses reflected at the crystal-air
boundary and the crystal-Au boundary. As marked by the dashed line in Figure
6.2, we find that the THz electric field is almost zero at the meeting point,
suggesting a new type of THz antireflection coating could be made.

In order to demonstrate this as a possible antireflection coating, the large area
Au film is replaced by an Au grating (deposited using thermal deposition method
with a mask), as shown in Figure 6.1(b), where the width of the Au line and gap
are a and b, respectively.

Figure 6.3 shows the images of the reflected THz pulse when the width of the
Au line and the gap are 0.1 mm and 0.2 mm, respectively. Compared to the
reflected THz pulse shown in Figure 6.2, the main part of the reflected THz pulse
still has 180°phase change (marked by the red and white dashed lines in Figure
6.3(h)), and the rest part of the THz pulse propagates in other directions. The 180°
phase change implies that the THz pulse reflected at the crystal-Au line boundary
is much stronger than that at the crystal-air gap boundary.

As shown in Figure 6.4, another experiment is carried out with the width of
the Au line and gap 0.1 mm and 0.5 mm, respectively. We find that the reflected
THz pulse doesn’t have the phase change. Figure 6.3 and Figure 6.4 demonstrate
that the reflected THz pulse could be eliminated completely if we can optimize
the width of Au line and the gap. Compared to the quarter-wave antireflection
coating, which only works at a fixed wavelength, this Au grating antireflection
coating could work in a broad band width, due to the independence of the phase
change (1809 at the crystal-Au boundary on the wavelength.

Instead of depositing Au grating structures with a mask, some groups have
deposited thin metal films on various substrates to create nanostructured films (e.g.
metal islands and gaps) for antireflection application [4, 5]. We also tried to
deposit 5 nm Au film [6], which has a random nanoisland structure, on a LiNbO3
slab and study its antireflection behaviour with THz-TDS method as well.

Although no encouraging result was obtained in the preliminary experiment, it’s

136



still worth to keep exploring in the future, especially using the transverse imaging
method.

Besides imaging the reflected THz pulse, we are also able to image the
transmitted THz pulse. As illustrated in Figure 6.5, a second LiNbO3 crystal is
attached to the first crystal. Figure 6.6 shows how the reflected and transmitted
THz pulses propagate in these two crystals. At the crystal-Au grating boundary,
different from the reflected THz pulse, which is distorted, the wavefront of the
transmitted THz pulse is uniform (see Figure 6.6(g)).
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Figure 6.3: Images of the THz pulse reflection captured at time delays of (a) 6 ps, (b) 12 ps, (c) 18
ps, (d) 24 ps, (e) 30 ps, (f) 36 ps, (g) 42 ps, and ()48 ps. The width of the Au line and the gap are

0.1 mm and 0.2 mm, respectively.
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Figure 6.4: Images of the THz pulse reflection captured at time delays of (a) 6 ps, (b) 12 ps, (c) 18
ps, (d) 24 ps, (e) 30 ps, (f) 36 ps, (g) 42 ps, and (h) 48 ps. The width of the Au line and the gap are
0.1 mm and 0.5 mm, respectively.
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Figure 6.5: Illustration of the experimental setup for imaging the reflected and transmitted THz
pulses in two LiNbO; crystals. The width of the Au line and the gap are 0.1 mm and 0.2 mm,

respectively.
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Figure 6.6: Images of the reflected and transmitted THz pulses in two LiNbO; crystals at time
delays of (a) 40 ps, (b) 48 ps, (c) 56 ps, (d) 64 ps, (e) 72 ps, (f) 80 ps, (g) 88 ps, and (h) 96 ps. The
width of the Au line and the gap are 0.1 mm and 0.2 mm, respectively.
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6.2 Imaging of THz pulse total internal reflection,
transmission and tunneling

The total internal reflection of the THz pulse is imaged with the transverse
imaging technique. As illustrated in Figure 6.7, the THz pulse is generated with
the tilted-pulse-front excitation technique in the LiNbO; crystal. Because the
crystal is flipped, the incident angle of the THz pulse at the crystal-air boundary is
much higher than the critical angle (~12 [7], and THz total internal reflection
occurs. Images of the total internal reflection process are shown in Figure 6.8 and
we find that the amplitude of the reflected THz pulse is the same as the incident
THz pulse. However, we did not observe the Goos-Hé&nchen shift, the reason

could be due to the imaging smearing (because of the Talbot imaging effect).

Voptical —>

Figure 6.7: Illustration of the THz total internal reflection at the LiNbO; crystal-air boundary.

Frustrated total internal reflection of the THz pulse is illustrated in Figure 6.9.

A second piece of the LiNbO; crystal is attached to the first one and the gap
between the two crystals is controlled by the thickness of inserted glass slabs.

According to Chapter 2 and Chapter 5, the THz pulse has different k (wave

vector) components, and every component is imaged efficiently through the

Talbot effect only at certain displacement between the THz pulse object and the
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camera object plane. Here, because the displacement is 25 mm, which makes the
wavelength 0.38 mm (at 0.22 THz, also verified in Figure 6. 10) in LiNbO3 be
imaged efficiently. Since parameters including wavelength (0.38 mm), refractive
index of the LiNbOs, incident angle (53 are known, theoretical tunneling

transmission coefficient of the s-polarized THz pulse is calculated by equation [8],

t =/1/(asinh2(y) + 1)
a = [(nf — 1)/2n,]*[1/(cos?6;[nfsin*6; — 1] (6.1)

y = (2nd /1) ’nizsinzei -1

where t is the transmission of the s-polarized THz wave, n; = 5.1 is the refractive
index in LINbO3, A = 0.38 mm is the THz wavelength in LiNbOg3, and 6; = 53°is
the incident angle. The plot is shown in Figure 6.11.

As shown in Figure 6.10, images of the tunnelled THz pulse are obtained at
three different gap widths. When the gap width is zero, most of the THz pulse
goes through the boundary (Figure 6.10(a)). When the gap width is 75 um (Figure
6.10(b), part of the THz pulse gets reflected and the rest tunnels to the second
crystal. If the gap becomes wider, the transmitted THz pulse becomes weaker, as
shown in Figure 6.10(c), where almost all the THz pulse gets reflected when the
gap is as wide as 150 pm. Compared to the theoretical plot in Figure 6.11, the
transmissions at air gap widths 0 pum and 150 um make sense. However, at 75 um,
the imaged data shows a higher transmission, which could be due to the
measurement error of the air gap width. We note that, as shown in Figure 6.10(b),
the THz pulse in the attached crystal has a reversed phase. This could be caused
by the accidental change of crystal orientation in the experiment. On the other
hand, it could also be a new physics phenomenon. Further experiments should be

done to clarify this.
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Figure 6.8: Images of THz total internal reflection captured at time delays of (a) 20 ps, (b) 40 ps,
(c) 60 ps, and (d) 80 ps. The THz incident angle at crystal-boundary is 53<
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Figure 6.9: Illustration of THz tunnelling through the air gap two LiNbO; crystals. Two glass

slabs are inserted between the two crystals to control the gap width d.
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Figure 6.10: Images of frustrated total internal reflection of THz pulses at an air gap width of (a) 0
um, (b) 75 um, and (c) 150 um. The phase reverse in the attached crystal shown in (b) could be
due to the change of crystal orientation in the experiment by accident, further experiment should

be done to figure out this issue.
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Figure 6.11: Theoretical THz pulse (s-polarized) transmission at different air gap widths. The
central THz frequency is 0.22 THz (A=0.38 mm in LiNbQO3), the refractive index of LiNbO; crystal
is 5.1, and the incident angle is 53<
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6.3 Anomalous THz reflection within the region of the

optical pump beam
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Figure 6.12: (a)-(c) Images of THz reflection at time delays of 40 ps, 70 ps, and 82 ps. (d) The
magnified inset of (b). For a high contrast ratio, images are treated with PHOTOSHOP.
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The purpose of this section is to figure out anomalous THz pulse reflection within
the region of the optical pump beam. For comparison, illustration of THz pulses
(green line) and optical pulses (red line), and actual experimental images are
shown together, as shown in Figure 6.12.

Figures 6.12(a)-(c) show THz pulse reflection process at two crystal-air
interfaces (the top interface is in the tilted direction, and the right interface is in
the vertical direction). Optical pump pulses (1.4 mm beam width) propagate
through the crystal and generate THz pulses.

Due to large THz incident angles (larger than the critical angle ~12<°[7]) at
the tilted interface (in square 1 shown in Figure 6.12(b)) and the vertical interface
(in square 2 shown in Figure 6.12(b)), the THz pulse is supposed to get totally
internal reflected at both interfaces, as illustrated by green lines in Figures
6.12(a)-(c).

As shown in Figure 6.12(b) and (c), we observed a reflected THz pulse (in
square 1) at the tilted interface, which is consistent with the prediction (illustrated
in green line). On the other hand, at the vertical interface (in square 2 shown in
Figure 6.12(b)), no reflected THz pulse is observed in both Figure 6.12(b) and its
magnified inset Figure 6.12(d), which is different from the prediction (see green
line A in Figure 6.12(b)).

We note that, different from the THz pulse in square 1, which has already
been separated from the optical pulse before the reflection, the predicted reflected
THz pulse (green line A in square 2 shown in Figure 6.12(b)) comes from the
THz pulse that is still mixed with the optical pump pulse in the region of the
optical pump beam, as we discussed in Section 5.2.4. In short, pure THz pulses
experiences total internal reflection, while the THz pulse that is mixed with the
optical pump pulse in the region of the optical pump beam does not. In conclusion,
the THz pulse in the region of the optical pump beam experiences an anomalous
reflection (zero reflection).

Figure 6.12(c), which is taken at a later time delay (82 ps), further proves our
assumption. We find that the reflected THz pulse (see area indicated by green line

B) at the vertical interface appears. But this reflected THz pulse comes from the
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region outside of the optical pump beam (pure THz pulse). The reflected THz
pulse that is from the region of the optical pump beam (mixed THz pulse) is still
not observed (see line A).

Now the question turns out that why the mixed THz pulse experiences an
anomalous (zero) reflection. We don’t have a clear answer yet. However, the
transition-like radiation induced by the optical pulse at the interface could be the

reason.
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Figure 6.13: (a) Hlustration of the destructive interference between the reflected THz pulse and
the backward-propagating transition-like radiation in the crystal. The forward-propagating
transition-like radiation in air is shown as well. (b) Design of new LiNbOz; THz sources using

LiNbO; slab based on the transition-like radiation.

In fact, in the discussion of Figure 6.12, we ignored the transition-like

radiation that is induced by the optical pump pulse when it exits through the
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vertical interface. We note that the optical pulse transmission is 100% due to the
anti-reflection (AR) coating. As discussed in Ref. [9-11], the induced transition-
like radiation has two components: one propagates forward into air (forward-
propagating transition-like radiation), and another one propagates backward
(backward-propagating transition-like radiation) into the crystal. As shown in
Figure 6.13(a), the induced transition-like radiation (blue line A’) inside the
crystal propagates in the exact same direction and velocity as the reflected THz
pulse (green line A).

Since the transition-like radiation and the reflected THz pulse overlap with
each other in region A (or A”), the two waves have an interference. According to
Ref. [9, 10, 12], the backward-propagating transition-like radiation and the
reflected THz pulse have a 180<phase difference, which makes the two waves
cancel with each other and finally results in an anomalous (zero) reflection in the
region of the optical pump beam. We note that the destructive interference should
happen exactly at the interface, the illustration shown in Figure 6.13(a), in which
the interference happens far from the interface, is only for an easier explanation.
Yet, the equal amplitude of the two waves, which causes completed cancellation,
need to be verified in the future.

The last question is where the mixed THz pulse goes after an anomalous
reflection. Due to the destructive interference between the reflected THz pulse and
the transient-like radiation inside the crystal, the lost THz pulse energy may be
transferred to the forward-propagating transition-like radiation that propagates in
air, as shown in Figure 6.13(a). In other words, the THz pulse in the region of the
optical pump beam doesn’t have a reflection loss. Instead, it transmits through the
crystal-air interface with the electric field strength doubled (due to the addition of
the forward-propagating transition-like radiation wave).

The anomalous THz reflection phenomenon in the region of the optical pump
pulse may be able to explain why the output THz pulse energy is detectable (due
to the maximum THz energy output) only when it is pumped at the tip of the
prism (as discussed in Section 5.2.6), in which the THz and optical pulse are

mixed.
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Based on the observed anomalous THz reflection and tip-pumped geometry
discussed in Section 5.2.6, it turns out that the THz pulse generated inside the
bulk LiNbO3 doesn’t contribute too much to the THz output energy, and that the
transition-like radiation generated in the region of the optical pump beam
contributes a lot.

Here a new design of LiNbO3; THz sources is proposed. As shown in Figure
6.13(b), instead of an expensive LiNbO; prism, a piece of LiNbO; slab is pumped
by a tilted wave front optical pump pulse to generate the THz pulse. Compared to
the geometry with optical pump pulse front not tilted, the tilted pump pulse wave
front enables the transition-like radiation generated on front and back surfaces to
add each other to form a THz pulse with higher pulse energy. Of course,
optimization of the slab thickness and experiments need to be performed in the

future.
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6.4 Conclusions

THz pulse reflection, transmission, and tunnelling phenomena are imaged with
the transverse imaging technique. By imaging the phase change of the reflected
THz pulse at the crystal-air boundary and the crystal-Au boundary, the phase
modulation predicted by Maxwell’s theory is demonstrated. What’s more, because
the reflected THz pulse at the crystal-Au boundary has a 180<phase change, we
propose and demonstrate a possible broad band antireflection coating. By adding
a second LiNbO; crystal, we also imaged the THz total internal reflection,
transmission and tunnelling successfully. Furthermore, an anomalous (zero)
reflection of the THz pulse in the region of the optical pump beam is observed and
explained. A new design of LiNbO; THz sources is proposed as well. The
successful demonstration of THz reflection, transmission, tunneling convinces us
that the transverse imaging technique is a useful tool to study various optics

phenomena at interfaces.
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Chapter 7

Ultrafast imaging of femtosecond optical pulses in

various media

The purpose of this chapter is to demonstrate other potential applications of the
transverse imaging technique. A couple of preliminary experiments are carried out
to image the interaction between femtosecond optical pump pulses and various
media. Similar to the LiINbO; crystal, a periodically poled lithium niobate (PPLN)
crystal is pumped by a point focused optical femtosecond pulse and the generated
THz pulse is imaged. An air plasma generated by an intense optical pump pulse is
imaged. Based on the Kerr effect, the refractive index modulation induced by
femtosecond pulses in CS,, water, methanol, THF, and quartz is imaged as well.
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7.1 Ultrafast imaging of terahertz pulse generation in

periodically poled lithium niobate

The periodically poled lithium niobate (PPLN) crystal is a very popular EO
crystal for generating new frequencies of radiation through the second-order
nonlinear optics effect [1-8]. By adjusting the poling period, the phase matching
can be optimized for the specified radiation frequency.

(a) 4

Probe beam

Figure 7.1: (a) Experimental setup for imaging THz generation and propagation in a PPLN crystal.
An optical pump pulse (800 nm) is point focused onto the PPLN crystal to generate THz pulses,
and the probe pulse (400 nm) is transmitted through the crystal to image the THz generation and
propagation processes. (b) and (c) Are images captured with and without (background) optical

pump pulse excitation, respectively. (d) The background-subtracted image of the THz pulse.

Here, we demonstrate the imaging of nonlinear optics phenomenon inside a
PPLN crystal (provided by Prof. Rene Beigang’s group). As illustrated in Figure
7.1(a), an optical pump pulse is incident on the PPLN crystal to generate terahertz
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(THz) pulses, and a probe pulse is employed to image the THz pulse in the PPLN
crystal by propagating perpendicular to that of the optical pump pulse. The probe
pulse phase modulation by the THz electric field is finally imaged by the ICCD
camera through Talbot effect [9, 10], as discussed in Chapter 2.

Figure 7.2: Images of the THz pulse in the PPLN crystal at time delays of (a) 0 ps, (b) 6 ps, (c) 12
ps, (d) 18 ps, (e) 24 ps, () 30 ps, (9) 36 ps, and (h) 42 ps.
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Sample images are shown in Figures 7.1(b)-(d). Figure 0073(c) shows the
image captured without the optical pump pulse excitation and is considered as the
background image, Figure 7.1(b) is the image captured with the optical pump
pulse excitation, and the background-subtracted image is shown in Figure 7.1(d).

As shown in Figure 7.2, images of the generated THz pulse at different time
delays are captured. As what we demonstrated here and the work done by Yeh
[11], since the ability to image THz pulses in PPLN and LiNbOj slides, the
transverse imaging technique can be a powerful tool to study the nonlinear optics

in nonlinear crystals.
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7.2 Ultrafast imaging of an air plasma generated by

intense optical femtosecond pulses

When the air is excited by an intense optical pulse, air molecules are ionized into
positive ions and negative electrons and an air plasma is generated [12-18]. In this
section, imaging of the air plasma with the transverse imaging method is
demonstrated.

As illustrated in Figure 7.3, an optical pump pulse (~ 0.4 mJ, 100 fs) is
focused by a lens (400 mm) in the air to generate the air plasma. At the same time,
a probe pulse is sent through the pumped area to image it. By changing the time
delay between the pump pulse and probe pulse, the evolution process of the
generated air plasma is recorded.

The images of the air plasma are averaged over many shots and are shown in
Figure 7.4. According to the diffraction pattern induced by the air plasma, the
generated air plasma last 200 ps. However, because of the complex behaviour of
the plasma, we are not satisfied by the measurement of plasma relaxation time.
Unfortunately, the current laser system is not powerful enough to create a large
area plasma. We want to image the dynamics of a large area air plasma in the

future and hope this preliminary experiment can be a good beginning.

air plasma

mbea_ /—

lens probe beam

Figure 7.3: Illustration of the experimental setup to generate and image the air plasma.
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Figure 7.4: Images of the air plasma captured at time delays of (a) 40 ps, (b) 47 ps, (c) 53 ps, (d)
60 ps, (e) 67 ps, (f) 133 ps, (g) 200 ps, and (h) 267 ps. The images are taken by averaging many
shots. The optical pump pulse energy is about 0.4 mJ with pulse duration 100 fs.
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7.3 Ultrafast imaging of the Kerr effect induced by

femtosecond optical pulses in CS,

quartz cuvette

(a)

45°| I

Probe beam !
Crossed polarizer

CS2

Pump beam

(b) Neo ?’1(9)= Neo*Mo

Jn% c0520+nz,sin%6

e

Figure 7.5: (a) Illustration of the experimental setup to image the Kerr effect induced by
femtosecond optical pulses in CS, (contained in a quartz cuvette). The optical pulse (800nm) is
focused by a lens (not shown) in CS,. The angle between the optical pump pulse polarization and
the vertical direction is 0. The probe pulse is sent through the sample and finally is sampled by a
crossed polarizer, and the probe pulse polarization is 45<with respect to the vertical direction. (b)
The refractive index ellipsoid induced by the Kerr effect. The birefringence experienced by the

probe pulse is shown in the green plane.
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CS;, is commonly used for studying the Kerr effect [19-25]. Figure 7.5(a)
illustrates the experimental setup for imaging the femtosecond pulse induced Kerr
signal in CS,. An optical pump pulse is focused on the CS, sample to induce the
birefringence. The linearly polarized probe pulse is then sent through the pumped
area with polarization 45< relative to the vertical direction. After propagating
through the pumped area, the probe pulse is sampled with a crossed polarizer and
finally imaged by the ICCD camera. As shown in Figure 7.5(b), the orientation of
the refractive index ellipsoid is the same as the pump pulse polarization, with the
refractive index along the optics axis and perpendicular to the optics axis as Neo

and n,, respectively.

Figure 7.6: Images of Kerr signals in CS, at time delays of (a) 4 ps, (b) 8 ps, (c) 12 ps, (d) 16 ps,

(e) 20 ps, and (f) 24 ps. The color scale bar is in units of counts.
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Figure 7.6 shows a series of Kerr signal images with the pump pulse
polarization in the vertical direction. Because CS, has a long relaxation time
(1.75ps) [24, 25], the image of the femtosecond pulse has a long tail. This is
because the aligned CS, molecules need time to recover back to their original
homogenous state. What’s more, due to the optical pulse dispersion in CS,, the

Kerr signal becomes weaker when the pump pulse propagates through the sample.

1300

1240

{200

1150
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a

Figure 7.7: Images of the Kerr signal induced by the optical pump pulse polarized at (a) 0< (b)

30< (c) 60< and (d) 90< The color scale bar is in units of counts.

If the angle between the optical pump pulse polarization and the vertical
direction is 6, the orientation of the optics axis also follows the pump polarization.
As shown in Figure 7.5(b), the birefringence experienced by the probe pulse
follows the equation,

Nep*MNo

An =n(6) —n, = -n, (7.1

2 2 2 oin2
Jnocos 0+ng,sin%0

where 8 is the angle between the pump polarization and the vertical direction, and
n(@) and n, are the refractive indices experienced by the two polarization

components of the probe pulse. We find that when the pump polarization is
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horizontal (6 =90, the birefringence experienced by the probe pulse is zero, and
no Kerr signal should be imaged. As shown in Figure 7.7, we find that the Kerr
signal becomes smaller when the angle 6 changes from 0° to 90° and becomes

zeroat 90<

163



7.4 Movies of femtosecond optical pulses that travel in

quartz, water, methanol, THF, and CS,

As discussed in Section 7.3, the Kerr signal induced by femtosecond optical
pulses in CS; liquid can be imaged with the transverse imaging technique. Here,
using the same experimental setup as Figure 7.5(a), we made movies of
femtosecond optical pulses travelling in various media including quartz, water,
methanol, THF, and CS,.

As shown in Figures 7.8-7.14, images of the femtosecond optical pulses in
quartz, water, methanol, THF, and CS, are captured at time delays of 0 ps, 0.38 ps,
0.78 ps, 1.18 ps, 1.58 ps, 1.98 ps, and 2.28 ps, respectively. According to these
images, we find that femtosecond optical pulses travel faster in both water and
methanol. We also note that, different from CS,, Kerr signals in quartz, water,
methanol, and THF don’t have long tails, which is due to a very short relaxation
time. The measured indices in these materials (shown in Table 7.1) match the

literature values very well.
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Figure 7.8: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of O ps. The color scale bar is in units of counts.
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Figure 7.9: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 0.38 ps. The color scale bar is in units of counts.
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Figure 7.10: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 0.78 ps. The color scale bar is in units of counts.
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Figure 7.11: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 1.18 ps. The color scale bar is in units of counts.
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Figure 7.12: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 1.58 ps. The color scale bar is in units of counts.
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‘Figure 7.13: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 1.98 ps. The color scale bar is in units of counts.
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Figure 7.14: Image of the femtosecond optical pulses tranveling in quartz, water, methnol, THF,

and CS; at a time delay of 2.28 ps. The color scale bar is in units of counts.
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Table 7.1: The measured refractive indices at 800 nm in quartz, water, methonal, THF, and CS..

quartz water methonal THF CS:
Index '(800r'1m) | 467 1. 345 1. 338 1. 407 1.7
from imaging
Literature 1.539' 1. 340° 1.320° | L1407 | 1.628
value

thttp://en.wikipedia.org/wiki/List_of refractive_indices (1 = 549 nm)

*http://ww.sigmaaldrich.com/chemistry/solvents/methanol-center.html (1 unknown)
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7.5 Movie of reflection and refraction of femtosecond

optical pulses at water/glass interface

cuvette

S~

crossed polarizer

optical pump pulse I

!

probe pulse (400nm) ¢

glnss watel

Figure 7.15: Experimental setup to image the femtosecond optical pump pulse’s reflection and
refraction at water/glass interface. The quartz cuvette is filled with water, and a piece of 1 mm
thickness glass slide with cut angle ~ 7.4<is submergered in the water. The pump pulse (800 nm,
polarized in the vertical direction) is incident on the water/glass interface at an incident angle of
82.65< The proble pulse (400 nm, polarized 45<with respect to the vertical direction) propagates
through the cuvette and is sampled by a crossed polarizer.

As discussed in Section 7.4, the proagation of the femtosecond optical pulse was
imaged in various media. Here, we demonstrate femtosecond optical pulse’s
reflection and refraction at the water/glass interface.

As illustated in Figure 7.15, The quartz cuvette is filled with water, and a piece
of 1 mm thickness glass slide with cut angle ~ 7.4<is submergered in the water.
The pump pulse (800 nm, polarized in the vertical direction) is incident on the
water/glass interface at an incident angle of 82.65< The proble pulse (400 nm,
polarized 45<with respect to the vertical direction) propagates through the cuvette
and is sampled by a crossed polarizer. By changing the time delay between the

pump pulse and proble pulse, a series of images were captured. Figures 7.16-7.19
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show the images of femotsecond pulse at time delays of 1 ps, 4.8 ps, 10 ps, and
13.4 ps, respectively.

Actually, totally 87 images have been collected for movie with a step of 0.2 ps.
Based on the relationship between the proagation distance and the time delay, the
group velocities of the optical pulse in water and glass are found vy gter =
(2.15 £ 0.01) x 108 m/s, and vgass = (1.94 + 0.01) x 108 m/s, respectively.
The corresponding group indices in water and glass are n,, 4o = 1.395 £ 0.006,
and ng;qss = 1.546 £ 0.008, respectively, which are consistent with the literature
[26].

The comination of 87 images at different time delays (with step 0.2 ps) is
shown in Figure 7.20. According to Figure 7.20, the incident angle and refracted
angle are 82.65°and 61.7< respectively. Based on the snell’s law [26], the
relative refractive index of the glass to water is,

sin(incident angle) __ sin(82.65°)
sin(refracted angle) T sin61.7°

=11263  (7.2)

Nyelative =

which matches with =245 — 1.11 + 0.01.
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Figure 7.16: Image of the femtosecond optical pulse at a time delay of 1.0 ps.
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Figure 7.17: Image of the femtosecond optical pulse at a time delay of 4.8 ps.
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Figure 7.18: Image of the femtosecond optical pulse at a time delay of 10.0 ps.

171



4000

3500

73000

F 12500

2000

1500

1000

500

Figure 7.19: Image of the femtosecond optical pulse at a time delay of 13.4 ps.
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Figure 7.20: Combined image of 87 images with a time delay step of 0.2 ps.
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7.6 Conclusions

Several preliminary experiments were carried out to develop potential
applications of the transverse imaging technique. Imaging THz pulses generation
in the PPLN crystal was demonstrated. An air plasma was generated and imaged
with femtosecond pulses. Based on the Kerr effect induced by the femtosecond
pulse, propagation of the femtosecond pulse in various materials including quartz,
methanol, water, THF, and CS, was imaged. The femtosecond optical pulse’s
reflection and refraction at water/glass interface was imaged as well. The
successful demonstration of the transverse imaging technique in various materials
implies that the transverse imaging technique will be a very powerful tool for
future science and technology development. Furthermore, by imaging classical
optical phenomena such as light propagation, reflection, refraction, and tunneling,

it’s a very useful tool to develop movies for educational demonstration.
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Chapter 8
Development of a free-standing, frameless carbon

nanotube terahertz polarizer

A free-standing, frameless carbon nanotube terahertz polarizer was fabricated by
cutting an ultralong carbon nanotube array pad with femtosecond laser pulses. The
thickness of the polarizer is 0.35 mm, and the extinction ratio is 10~* within the
spectral range from 0.3 to 2.2 THz. The degree of polarization is higher than

0.999.

8.1 Introduction

The terahertz spectral range is situated between the infrared and microwave
region of the electromagnetic spectrum. Due to its unique properties, it has gained
lots of attention in the past two decades [1-8]. The demand for developing THz
optics such as polarizers, filters, and phase plates is increasing [9-16]. However,
most of the well-established techniques developed for neighboring frequencies
cannot be shared in the THz region. For instance, unlike the optical frequencies,
which have various types of polarizer, the most used polarizer in THz region is
still the free-standing wire-grid polarizer [17, 18].

A commercial wire-grid polarizer is made by winding thin tungsten wires on
a frame [17, 18], and the performance is determined by the polarizer’s geometrical
parameters including the wire diameter and spacing between two neighboring
wires. Although such commercial free-standing tungsten wire-grid polarizers have
very good extinction ratios and high transmission efficiency, they are very

expensive due to the complex fabrication procedure. What’s more, they need
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frames and are also mechanical fragile.

In order to make an alternative THz polarizer, methods such as making
birefringent type THz polarizers with liquid crystal [12], fabricating metallic
wires patterns on a substrate to make wire-grid type polarizers with micro
fabrication [11], nano fabrication [10], as well as inkjet printing [14] have been
proposed and demonstrated.

Recently, instead of fabricating parallel metallic wires on substrate, highly
aligned carbon nanotubes array (CNTA) is employed to make wire-grid polarizers
[15, 16]. This is mainly due to its one-dimensional nature and strong anisotropy in
electric and optical properties [19, 20].

So far two types of CNTA wire-grid polarizer have been demonstrated [15,
16]. The first one is to grow CNTA on a parallel line patterned catalyst and then
transfer the grown CNTA onto a sapphire substrate to get a CNTA thin film [15].
The obtained CNTA thin film shows different THz transmission efficiency when
the orientation of the carbon nanotube is parallel or perpendicular to the THz
polarization. However, because the film is very thin, the extinction ratio is quite
low. Furthermore, the complicated fabrication procedure, and requirement of
substrate make it unsuitable for practical THz polarizer applications. The second
approach, reported more recently, is to wind a carbon nanotube (CNT) sheet from
a CNTA pad [16]. By controlling the round number in the winding process, the
thickness of the free-standing CNT sheet is adjusted and the extinction ratio can
be optimized as well. However, a drawable CNTA is required for this method [21],
and also a frame is still required to support the polarizer.

Here, we make a free-standing, frameless CNTA THz polarizer by cutting an
ultralong CNTA pad (provided by Prof. Weixing Chen’s group) [22-25] into thin
sheets using femtosecond (fs) laser pulses. The size of the polarizer is as large as

3.5 mm x5.5 mm. The degree of the polarization (DOP) is close to 1 within the
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spectral range from 0.3 THz to 2.2 THz, and the extinction ratio is as high as

1074,
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8.2 Fabrication of the carbon nanotube polarizer

The ultralong CNTA pad with CNT length around 3.5 mm is grown on the P-type
Si substrate with catalytic chemical vapor deposition (CCVD) method [22, 23].

() (b)

move

s laser

d)"

s laser

(©)

CNT
orientation

s laser

Figure 8.1: Illustration of the laser cutting procedure. (a) The CNTA pad is moved upward so that
the CNTA gets cut by the laser beam along the CNT orientation direction. (b) The CNTA pad is
stopped when the substrate reaches the laser beam. (c) The CNTA pad moves away from the laser
beam horizontally so that the root of the CNTA sheet is cut and released. (d) Microscope image of

the CNTA sheet.

The obtained CNTA pad (grown and provided by Prof. Weixing Chen’s
group) was cut into thin CNTA sheets with an amplified Ti: sapphire laser system
(0.9 mJ, 100 fs, 800 nm, 1 kHz). The laser beam with optical power of 100 mW is

focused on the CNTA pad with a depth of focus of the optical beam of 20 mm.
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The CNTA pad is mounted on a three dimensional stage so that the CNTA pad can

move relatively to the laser beam.

Figure 8.2: (a) SEM image of the cut CNTA polarizer, the CNT orientation is in the vertical
direction. (b) Thickness measurement of the CNTA polarizer by a microscope. (1 mm divisions on

ruler.)

Figure 8.1 illustrates the detailed cutting procedure. Firstly, as shown in

Figure 8.1(a), the CNTA is moving upward until its bottom reaches the laser beam
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(see Figure 8.1(b)) so that the CNTA pad gets cut from top to bottom. The CNTA
pad is then moved away from the laser beam in the horizontal direction (Figure
8.1(c)) and the root of the CNTA is cut and one piece of highly orientated CNTA
sheet is released from the CNTA pad. As shown in Figure 8.1(d), the obtained
CNTA sheet is observed under a microscope. The size of the sheet is around 3.5
mm %5.5 mm. The orientation of the nanotubes is in the vertical direction, and the
horizontal stripe pattern is because the CNTA pad is moved vertically in the
cutting process.

Figure 8.2(a) shows the SEM image taken by the JSM-6301FXV field
emission scanning electron microscope (FESEM), and we find that the orientation
of the CNTA is still aligned very well. The thickness of the obtained CNTA sheet

is measured by a microscope, as shown in Figure 8.2(b), to be 0.35 mm.
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8.3 THz polarizer test setup

The behavior of the CNTA polarizer was tested with a THz time-domain optical
setup in air. The THz pulse is generated with a ZnTe crystal through optical
rectification [26-28], and the THz pulse polarization is kept horizontal by a
commercial THz tungsten grid wire polarizer.

As illustrated in Figure 8.3, the generated THz pulse on the CNTA polarizer
with the focused spot size 1 mm by an off axis parabolic mirror (not shown). The
CNTA polarizer is mounted on a sample holder, the nanotube orientation can be
adjusted by rotating the sample holder. The transmitted THz pulse waveform is
sampled by another femtosecond laser pulse in a second ZnTe crystal [26-29].
Because the nanotube orientation cannot be recognized by eye, we optimize the
transmitted THz pulse amplitude by rotating the polarizer and define the CNT
orientation in the vertical direction when the THz amplitude reaches the

maximum value.

Figure 8.3: Illustration of the THz polarizer test scheme. The CNTA sheet is mounted on a
rotational stage which can rotate the nanotube orientation along the THz propagation direction.
The THz beam is focused by an off axis parabolic mirror on the CNTA sheet and its polarization is

kept horizontal.
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8.4 THz polarizer Test

8.4.1 Dynamic range of the THz test system

In order to determine the dynamic range of our THz test setup (in vacuum), the
sample is taken away and a THz waveform is collected. The noise signal is also
collected with the THz beam blocked.

Figure 8.4(a) shows the collected THz waveform as well as the background
noise, and Figure 8.4(b) is the corresponding power spectral. According to the
power ratio between the noise and THz signal (Figure 8.4(c)), the reliable

frequency range for our THz test setup is from 0.3 THz to 2.2 THz.
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Figure 8.4: (a) THz waveform (blue slash dot line) measured in free space, and the noise (red
solid line) measurement when the THz pulse is blocked. (b) FFT of the THz waveform and the

noise signal. (c) The power ratio between the noise signal and THz signal in the frequency domain.
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8.4.2 Commercial tungsten wire-grid polarizer test
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Figure 8.5: (a) THz wave from collected as reference signal when the sample is taken away, 90
degree means the orientation of the grid is perpendicular to the THz polarization, 0 degree means
the THz pulse collected with the grid orientation parallel to the THz polarization. (b) The
corresponding Fourier transform result of the THz waveform in (a). (c) Power transmission of the

THz polarizer. (d) Extinction ratio of the THz polarizer. (e) Degree of the polarization.

For comparison, a commercial tungsten wire-grid polarizer from Microtech
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Instruments, Inc. was tested in air. Figure 8.5(a) shows the transmitted THz
waveforms sampled at a wire-grid orientation angle of 0=and 90 “with respect to
the horizontal direction. The reference THz waveform is taken without the sample.
The corresponding power spectra are shown in Figure 8.5(b). Figure 8.5(c) shows
that the transmission (calculated by Pgge(w)/Pyer(w)) is close to 100% when the
grid orientation is perpendicular to the THz pulse polarization. The extinction
ratio is also calculated with equation Py.(w)/Pyg-(w). As shown in Figure 8.5(d),
the extinction ratio is between 1073 and 1072 within the spectrum range from

0.3 THz to 2.2 THz. Finally, the degree of polarization (DOP) calculated with

[Pgo(w)—Pgge(w)|

equatlon [Pge(w)+Pgge(w)|

is shown in Figure 8.5(e).
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8.4.3 THz CNTA polarizer test
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Figure 8.6: (a) The THz reference waveform (without CNT polarizer) and the transmitted
waveforms at different CNTA orientations with respect to the THz polarization. (b) THz
transmission through the CNTA sheet at different CNTA orientation angles. (c) Power transmission

of the THz polarizer. (d) Extinction ratio of the THz polarizer. (e) Degree of the polarization.

Similar to the commercial tungsten wire-grid polarizer, a piece of 0.35

mm-thick CNTA sheet was tested. Figure 8.6(a) and (b) show the transmitted THz

186



pulse waveforms and the corresponding power spectral. We find that the
maximum power transmission is between 5% and 10% (shown in Figure 8.6(c)).
The low power transmission could be due to the existence of conductive
amorphous carbon inside the CNTA sheet [23].

As shown in Figure 8.6(d), compared to the commercial THz wire-grid
polarizer, the CNTA polarizer has a much higher extinction ratio (10*). The DOP
shown in Figure 8.6(e) is also higher than the commercial THz polarizer, but the

throughput is much worse.
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8.5 Conclusions

A new method to make free-standing, frameless THz polarizer with an ultralong
CNTA pad cut with femtosecond laser pulses was demonstrated. Compared to the
commercial tungsten wire-grid polarizer, the obtained THz CNTA polarizer shows
a higher degree of polarization and a better extinction ratio. The CNTA polarizer

is free of frame or substrate, and making it a potential THz polarizer.
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Chapter 9

Conclusions and outlook

This thesis presents our contributions to the development of terahertz (THz) pulse
generation, THz pulse sampling, and THz spectroscopy technique via ultrafast
imaging methods. A novel carbon nanotube array (CNTA) THz polarizer was
developed as well.

For the first time, by extracting the ac complex conductivity of photoexcited
GaAs, we demonstrated that THz electric field waveforms obtained with a
noncollinear imaging technique in E-mode are suitable for THz spectroscopy
analysis. However, due to the low signal-to-noise ratio (SNR), multi-shots are
required. In order to sample THz waveforms in single-shot with a reasonable SNR,
E%-mode is proposed and demonstrated to sample the square of the THz electric
field waveforms. Although part of the phase information is lost in the square of
the THz electric field waveforms, single-shot transmitted THz power spectra can
still be obtained. Future work for single-shot THz spectroscopy is to employ an
intense THz pulse source to overcome the low SNR in single shot in E-mode.

In order to develop intense THz sources based on LiNbOs3, a transverse
imaging technique is employed to image THz generation and propagation in
LiNbO; crystals.

The THz Cherenkov waves generated by point focused optical pump pulses
are imaged in the side-view mode and the top-view mode. In both view modes,
various THz Cherenkov wave parameters including the refractive indices of the
THz pulse and optical pump pulse, as well as the Cherenkov angle are measured
directly. The imaging distortion of the Cherenkov angle due to the transverse

imaging geometry is simulated and calibrated. The THz Cherenkov angle is found
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to be independent on the optical pump power or the optical pump beam size. The
THz pulse dependence on the optical pump pulse polarization is imaged, and we
find that the THz pulse is generated most efficiently when the optical pump pulse
polarization is parallel to the optics axis (c-axis) of the LiNbO3 crystal. We also
find that the THz pulse generation efficiency is strongly determined by the optical
pump pulse duration.

Transition-like radiation generated at the crystal surface is imaged for the first
time. Because it’s still controversial to explain the generation mechanism
theoretically, future work should focus on proposing a new theory and then testing
it experimentally with the transverse imaging technique.

Because LiNbO3; THz pulse sources are one of most popular intense THz
sources, we also imaged the THz pulse that is generated with the tilted-pulse-front
excitation scheme. Based on the captured images, the optical pump beam width,
the tilt angle of the optical pump pulse wavefront, and the THz Cherenkov angle
can be measured directly. The measured THz Cherenkov angle in LiNbO; crystals
is 60< (with a calibrated angle 649, and is found to be independent of the tilt
angle of the optical pump pulse wavefront. On the other hand, the THz generation
efficiency is strongly determined by the tilt angle. We find that the maximum
generation efficiency is obtained when the optical pulse tilt angle is between 61
and 67< Because we can image THz pulses in real time with a good SNR, the
transverse imaging technique enables us to optimize the THz pulse generation
efficiency more efficiently.

Since detecting the output THz pulse energy and imaging the THz pulse
inside LINbO3 crystals can be realized at the same time, the relationship between
the imaging signal amplitude and the output THz pulse energy was studied, and
we found that the square of the imaging signal amplitude was proportional to the

THz pulse energy, implying that the imaging amplitude can be considered as the
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THz pulse electric field quantitatively. On the other hand, it’s interesting to note
that the output THz pulse can be detected only when the optical pump pulse is
incident on the crystal tip, where the output THz pulse is still mixed with the
optical pump pulse before it’s coupled to the air. It would be very interesting to
figure out the reason for this in the future.

The 3D structure of THz Cherenkov waves that is generated by the optical
pump pulse in full beam size was realized by scanning the slit along the probe
pulse propagation direction. Based on the constructed 3D image, the distortion of
the optical pump pulse wavefront can be checked.

We demonstrated a 180°phase change of the THz pulse that is reflected at
the crystal-Au boundary with the transverse imaging method. Because the
reflected THz pulse has no phase change at the crystal-air boundary, we
investigated a possible THz antireflection coating by depositing an Au grating on
the LiNbO3 crystal surface. Future work should focus on parameter optimization
with simulations and experimental tests using the transverse imaging method.
Furthermore, THz pulse reflection, transmission, and tunneling in various
conditions are imaged for physics teaching demonstrations. Besides the ultrafast
imaging in LiNbO; crystals, potential applications of the transverse imaging
technique to study THz generation in periodically poled lithium niobate (PPLN),
air plasma generated by femtosecond laser pulses, Kerr signals induced by
femtosecond laser pulses in CS,, quartz, methanol, and water are explored. We
believe that the transverse imaging technique will be a very powerful tool for
understanding pulse propagation in nonlinear optics and physics educational
demonstration.

Finally, by cutting a carbon nanotube array (CNTA) pad with femtosecond
laser pulses, a new type of free-standing, frameless carbon nanotube array THz

polarizer was developed.
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Appendix A

ICCD camera operation and calibration

A.1 Introduction to the ICCD camera

(2)

Obfoctive mpkm :. ’!;__”_:v_- SRy
1 .. CouplingOptics = &y | o i Oue

(b) Micro Channel Plate (MCP)
/
Aluminum

Phosphor
a-""””f# P

Input window

Photocathode

______j______

Figure A.1: (a) Scheme of the ICCD camera. (b) Scheme of the micro channel plate (MCP). (the

figures are copied from LaVision ICCD camera menu [1])

The intensified CCD (ICCD) camera used in our lab is from LaVision. As shown

in Figure A.1(a), the ICCD mainly consists of two devices: an image intensifier
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and a CCD head. Here, a brief introduction to the ICCD camera is given. For
detailed information, readers are directed to ICCD menu_PicoStar HR_Charpter
8 [1].

The intensifier functions as a signal amplifier and a gate. As illustrated in
Figure A.1(b), it consists of a photo cathode, a multi-channel plate (MCP), and a
phosphor.

When an object is imaged on the photo cathode, the input photons are
converted into photoelectrons though the photoelectric effect. The generated
photoelectrons are controlled by a voltage bias, which functions as an electric gate.
By changing the bias polarization, the photoelectrons can be sent to MCP for
further amplification (gate open) or kept away from the MCP (gate closed). As
illustrated in Figure A.2, the electric gate (with the gate width as short as 80 ps) is
synchronized to the laser pulse, and the time delay between the gate and the laser
pulse is controlled by an electronic circuit board (DEL-350).

When the gate is open, the photoelectrons are sent into MCP channels for
amplification. A high electric potential exerted on the MCP is used to accelerate
the photoelectrons. Because the channel orientation has a small angle deviation
from the direction of the acceleration electric field. The high speed electrons
collide with the MCP channel wall and generate new electrons when they travel
through the whole channel, thus realize the signal amplification. When the
amplified electrons come out of the MCP, they are accelerated in free space by
another high voltage bias (in kV scale) to gain high kinetic energy. Finally, these
accelerated electrons bombard the phosphor to generate photons, which are

imaged by the CCD camera head.
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Figure A.2: Schematic of the imaging using the ICCD camera
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A. 2 Hardware connection of the ICCD camera system

Figure A.2 and A.3 show the cable connection of the whole ICCD camera system,

the trigger signal comes from our femtosecond laser system.
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H E =
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@
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I terfoe
High Ruse 1 aon &
LI\

Figure A.3: Scheme of the cable connection of the ICCD camera system.
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A.3 Example to operate the ICCD camera

The ICCD camera system is controlled by the software Davis 7.1. Parameters
such as the time delay between the electronic gate and the laser trigger signal,
MCP voltage, as well as the gate width can be adjusted.

In order to help future users to have a good start to run the ICCD camera, a
simple imaging experiment is demonstrated. (the ICCD has a lot of powerful

functions, future users are encouraged to explore them)

(1) Switch on the power of High Rate Imager (HRI) box and the ICCD camera.
(2) Click “Davis 7.1 to run the software (Figure A.4).

Figure A.4: Click icon “Davis 7.1 to run the software.
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(3) Initialize devices by clicking “Init Devices”

mode (Figure A.5).

7 PicoStar Start Dialog,

Weesicr
< B3n522M

IG 02.2011 160300
fsom C/DAVISTOOLS/_ZlPack i)
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stat,. €% [@

, and then select the “Expert User”

Figure A.5: Initialize devices, and then choose the “Expert user” mode.

(4) Create a new directory by clicking icon “New” (Figure A.6).
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Figure A.6: Click icon “New” to create a new directory.
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(5) Click icon “New” to show ICCD camera control interface (Figure A.7).

&7 DaVis: kmaging project

@@
Project .'um'_uw Help
wHERYx o KRREDEI44H

S W8 P Typesdmagng Deie=20121012_Trme=121305
# [ Properties

phxel

Faady

1T x Opeenl - 16 pecel - 8 pinel
i
74 start 8 © [ mosoft PowerPork .. € Davis: Bmagng peoiect

? | amloTg e 1zasm

Figure A.7: Click icon ‘New’ to show ICCD camera control interface.

(6) Set synchronization parameters as shown in the red box in Figure A.8.
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Figure A.8: Set parameters to synchronize the ICCD camera with laser trigger signals.
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(7) Set CCD parameters as shown in the red box (Figure A.9).
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Figure A.9: Set CCD parameters to define the exposure time, the area of interest, and the binning.

(8) Set High Rate Intensifier parameters as shown in the red box in Figure A.10.
EE&)
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Figure A.10: Set High Rate Intensifier parameters to define the mode, U MCP, and trigger settings.

The UMCP is used to amplify the signal.
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(9) Set parameters of DEL 350 as shown in the red box in Figure A.11.
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Figure A.11: Set DEL 350 parameters to synchronize the ICCD gate with the laser pulse. Leave
“Grab” button on when scan the delay time.
(10) If necessary, collect the background image (Figure A.12).
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Figure A.12: Take background images by clicking button “Take Background Image”. The number

of the images can be set.
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(11) If necessary, add an offset (Figure A.13).
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Figure A.13: Activate the “Take Background Image” function and add an offset.
(12) Capture images by clicking button “Take”, “Grab”, or “Acquits” (Figure
A.14).
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Figure A.14: Click “take” button to image, “grab” button to capture images continually, or
“Acquits” button to record images into the computer. The Number of the images can be set. Click
“close” to check the saved images.
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(13) Check the saved data (Figure A.15).
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Figure A.15: Check the saved images data.

(14) Average the collected image (Figure A.16). (Imaging processing)
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Figure A.16: Process the saved image by right clicking the image’s name.
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(15) Set image processing parameters. (Figure A.17). (Imaging processing)
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Figure A.17: Set image processing parameters.

(16) Choose the “average” setting. (Figure A.18). (Imaging processing)
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Figure A.18: Select the “average” function to average the saved images.
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(17) Treat all the data automatically using “Hyperloop” (Figure A.19).
(multi-images processing)
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Figure A.19: Process all the saved images with the “Hyperloop” function.
(18) Select files that need to be processed (Figure A.20). (multi-images

processing)
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Figure A.20: Process all the saved images by selecting files. Clicking “Execute” button to process.
(19) Set image processing parameters, similar as steps (15) and (16).
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(20) Export the saved images in various data formats (Figure A.21).
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Figure A.21: Export the save images by right clicking image files.
(21) Edit export parameters to export the saved or processed images (Figure
A.22).
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Figure A.22: Edit export parameters to export the saved images.
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A.4 Check image distortion of the ICCD camera

Figure A.23 shows the image of a protractor, the angle measured from the image
matches with the real value, implying that the ICCD camera is free of the image

distortion.

s Chid i TS T P 133NN COTOMIg i 18

Figure A.23: Image of a protractor with the ICCD camera.
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A.5 Image scale calibration

Because most of our experimental images are collected with Talbot image method,
in which the ICCD camera is out of focus and results in a smearing image, so
calibrating the spatial scale of a blurred image is very important. In the following

part, two methods are introduced.

(a) Method 1: image scale calibration by a grid plate

.........

1 1 1 [ | 1 1 1 1 1 1 1
=300 200 -100 0 100 200 300 -300 200 -100 0 100 200 300
pixel pixel

Figure A.24: Images of a grid plate when the ICCD is (a) in focus, (b)-(d) out of focus.

As shown in Figure A.24, images of a grid plate (grid size is 1 mm) are captured
by the ICCD camera that is in focus or out of focus to some extents. Although the
image of the grid line becomes blurred when the camera is out of focus (Figure
A.24 (b) — (d)), the distance between two neighbour grid lines is the same as that
measured in a focused image. The calibrated image scales measured in the vertical

as well as the horizontal directions in various camera focus conditions are listed in
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Table Al. The same calibration scale value tells us that the measured spatial

distance between two objects (lines) is not affected by the image smearing.

(b) Method 2: image scale calibration by shifting the ICCD

camera

In order to calibrate the image scale more conveniently, we develop a new
calibration method by shifting the ICCD camera. Figure A.25 (a)-(d) and Figure
A.25 (e)-(h) are the images of a grid plate taken by the ICCD camera when the
camera is shift horizontally or vertically.

As shown in Figure A.26, by plotting positions of the line (red lines are for
the horizontal shift, blue line are for the wertical shift) and the camera
displacements, the image scales are obtained.

With the same camera shifting method, scale calibration of the blurred
images is also carried out. All the calibration image scales are summarized in
Table A.1. We find that the image scale calibrated by moving the camera
vertically is the same as the value measured with the grid plate method (method 1).
On the other hand, the image scale obtained by moving the camera horizontally is
different from the grid plate method. The reason could be that the ICCD camera is
not aligned perfectly in horizontal direction.

In conclusion, the image scale can be calibrated by shifting the ICCD

camera vertically. It’s a very convenient method in the terahertz Cherenkov

imaging experiments, and a sample calibration is shown in Figure A.27. (note: the
different calibration value obtained in Figure A.27 is due to the different imaging

magnification (zoom in) setting).
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Figure A.25: (a)-(d) Images of the grid plate when the ICCD camera is moved horizontally. The
values show the ICCD camera positions in the horizontal direction. (e)-(h) Images of the grid plate

when the ICCD camera is moved vertically. The values show the ICCD camera positions in the
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vertical direction.
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Figure A.26: Plot between image positions with respect to ICCD positions in the (a) horizontal

direction, and (b) vertical direction.

Table A.1: Summary of the image scales calibrated with the grid plate method and the ICCD

camera shift method

calibration by plate calibration by moving
directly (pixel/mm) ICCD camera (pixel/mm)
horizontal vertical horizontal vertical
Casea 46.13 45.7 49.6%0.3 46.240.1
(well focused)
Caseb 47.08 46.38 50.6%0.8 47.0%0.2
(not focused)
Casec 47.26 46.88 51.0%0.6 46.9+0.2
(not focused)
Cased 47.5 471 51.3%20.6 47.0%0.3
(not focused)
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Figure A.27: (a)-(e) Images of the THz Cherenkov wave when the ICCD camera is at different
positions in the vertical direction. (f) Plot between the cone tip positions via the ICCD camera

positions.
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A. 6 Sample imaging of the background-subtracted image

(@) Introduction

As illustrated in Figure A. 28(a), after a probe pulse goes through the sample and
gets phase modulated, the phase modulated probe pulse is converted into the light
intensity object with various techniques and then is recorded by a CCD camera.

The captured image is digitalized and saved into the computer memory.

(a)

probe beam
computer
sample

background image

; (saved in the memory)
0
0 X
(c), (d), (e) , signalimage (f) background
I I I subtracted
0 f\ 0 f\ 0 ’\
— P——- L —— A_A-—-_;
0 X 0 X 0 x 0 X
(2) h (i) signalimage (j) background
1 ")y L Y 4 subtracted
) I ] - N A Lot
0] X 0| X 0] X 0 '—.X

Figure A.28: (a) lllustration of the imaging process. The probe pulse goes through the sample and
gets phase modulated. The phase modulated probe pulse is converted into light intensity object and
then recorded by the CCD camera. The captured image is digitalized and saved into the computer
memory. (b) Background image saved in the computer memory. (c)-(f) The process to obtain the
background-subtracted image (with no image offset). (g)-(j) The process to obtain the

background-subtracted image (with an offset).
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Because background-subtracted images are required in the Talbot imaging and
the noncollinear E-mode imaging, a brief introduction to the
background-subtracted imaging is given here.

The background-subtracted image can be obtained in two different ways. The
first one is to take the background image lo (with the optical pump beam blocked)
and the signal image lsig=lo+loa (with the optical pump beam unblocked),
respectively, where o is the modulation ratio. Then a subtraction operation is
carried out manually between the background image and the signal image. Based
on the captured background image and the signal image, the
background-subtracted image lsig-lo=lpa: can be calibrated, and the modulation
ratio a can be calculated as well.

The second method is to take the background-subtracted image directly in the
imaging process. As shown in Figure A. 12 in section A. 3, block the optical pump
beam, then click the button ‘Take Background Image’ to take the background
image lp (with the button ‘Add an offset(+/-)..." unselected). The background
image lo (see Figure A. 28(b)) is temporarily saved into the computer memory.
When we start to capture the background-subtracted image, unblock the optical
pump beam and then take a signal image lsig=lo+loa (See Figure A. 28(e)). The
computer will do the subtraction operation automatically and give a
background-subtracted image lsig-lo=loa. However, as illustrated in Figure A.
28(f), we find that the signal value of the negative sign is considered to be zero by
the computer, and thus makes the obtained background-subtracted image wrong.

In order to overcome this problem, we add a positive offset (see Figure A.
28(i)) when we take the signal image to make the signal image lsig+loffset
=(lo+loa) +1oirset. AS Shown in Figure A. 28(j), if the offset is set appropriately, the
background-subtracted image loa+/omset Won’t have negative values. Once the

background-subtracted image is saved into the computer, we can remove the
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offset lorset t0 Make the baseline zero. We note that adding an offset keeps the
image information complete and won’t cause any distortion. This is because the
optical probe pulse intensity and the ICCD amplification factor don’t change no
matter we add the offset or not.

In conclusion, the first method is more intuitive, but needs two images for one
background-subtracted image. The second one is suitable for the real time
observation once the background image is taken and the offset is set appropriately.
Because the background-subtracted image can still be calibrated as well, the

second method is preferred.

(b) Sample imaging
In this section, an example is given to show how to get a background subtracted
image automatically (the second method) with the ICCD camera system.

Firstly, we make the signal strength level of the background image at about
2400 counts by adjusting the probe light intensity and ICCD intensifier. Then
click the button ‘Take Background Image’ (see Figure A.12) to save the
background image |y into the computer memory (with the button ‘Add an offset
(+/-)...” unselected). The saved background image can be checked by clicking the
‘show’ button and is displayed in Figure A.29(a).

Secondly, unblock the optical pump beam, add an offset of 200 counts, and
take the image. If the ‘Take Background Image’ is not activated, the captured
image is the signal image I (see Figure A.29(b)). On the other hand, if the ‘Take
Background Image’ is activated, a background-subtracted image lpackground-subtracted
is then obtained (see Figure A. 29(c)).

As we can see in Figure A.29(c), the baseline of the background-subtracted
image lpackground-subtracted 1S NOt Zero due to the given imaging offset. We can correct

the baseline of the image with Matlab, and the corrected background-subtracted
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IMage lpackground-subtracted(baseline corrected) 1S Shown in Figure A. 29(d).

3500
3000
2500
2000
1500

1000

-200
-400

-600

Figure A.29: (a) Background image. (b) Signal image taken with an offset. (c)

Background-subtracted image. (d) The baseline corrected background-subtracted image.

Figure A.30(a) corresponds the profile plots from images shown in Figure
A.29 along the black line. The modulation ratio is calculated by the formula |

background-subtracted(baseline corrected) “0, and is shown in Figure A. 3O(b)

0.04
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Figure A.30: () profile plot of the image along the black line in images shown in Figure A. 29. (b)

Plot of the modulation ratio along the black line.
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Appendix B

Optical setup for tilting the optical pulse wavefront

A couple of methods based on prism, echelon, and grating have been developed to
tilt the wavefront of an optical pulse [2-4], and the grating method has been
widely used for intense THz pulses generation in LiNbOg3 crystals recently [4, 5].
As illustrated in Figure B.1, when an optical beam gets diffracted from a
grating, the relationship between the incident angle and the first-order diffraction

angle is described by
NA = sin(a) + sin(f) (B.1)

where o and £ are the incident angle and the first-order diffraction angle, N is the
grating groove density, and A is the optical wavelength. As illustrated in Figure
B.1(a), after being diffracted by the grating, beam 1 has a longer propagation
distance than that of beam 2. The displacement of the beam and the diffracted

beam width are

a+ b = D sina + Dsinff = D(sina + sinf) (B.2)
L = Dcosp (B.3)

As illustrated in Figure B.1(b), the tilt angle of the wavefront satisfies the

following relationship

_atbh _ sina+sinf
tany = 422 = snersind (B.4)
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diffraction beam
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«—beam 2

grating normal

incident beam

tilted wave front

Figure B.1: (a) (b) Scheme of the optical beam diffraction on a grating.

N d=Lm

Figure B.2: Illustration of the tilt angle dependence on the demagnification M.

Due to the broad band width, the diffracted femtosecond optical pulse beam
has a large angle dispersion and the tilted optical wavefront has to be imaged onto
the LiNbO; crystal by a lens. As shown in Figure B.2, the tilt angle of the beam
y; at the image plane and the imaging demagnification M has the following

relationship

tany; = —M X tany (B.5)
where y is the tilt angle at the grating, y; is the tilt angle at the image plane, and
M is the imaging demagnification.

As illustrated in Figure B.3, when the optical beam is incident on the LiNbO3

crystal, the tilt angle of the optical beam ¢y’ inside the LiNbO; crystal is
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determined by

tany; = n X tany’ (B.6)

where n is the refractive index of the crystal.

In summary, from Equation B.4, Equation B.5, and Equation B.6. The

relationship between the tilt angle v’ inside the crystal and the diffraction

angle is

(B.7)

where y’ is the tilt angle inside the crystal, N is the groove density, 4 is the
wavelength in free-space, M is the imaging demagnification, n is the refractive

index, and f is the diffraction angle.

V1

N

Figure B.3: lllustration of the tilt angle inside the crystal.

The tilted wavefront excitation optical setup used in our experiment is shown
in Figure B.4, in which the grating groove density is 1800 mm™, the incident
angle is 43< and the refractive index is 2.25. According to Equation B.7, by
changing the imaging demagnification M, the tilt angle y’ inside LiNbO3 crystals
can be adjusted. In order not to change the LiNbOj3 crystal position, the grating

and lens are moved during the image demagnification adjustment. The imaging
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demagnification, object distance, and image distance that correspond to various
tilt angles inside the crystal is shown in Table B.1.

As shown in Figure B.5, the diffraction efficiency of the grating is 84%.

lens f=150mm

grating1800/mm

I optiﬁal beam THz

............. littrow LN crystal

\ wave front

. 450MmM @ —

(demagpnification=2) — 225mm -

Figure B.4: Optical setup of the tilted-pulse-front excitation technique in our lab.

Table B.1. Various tilt angles and their corresponding demagnification values, object distances and

image distances.

object distance |image distance | focus length Demagnification total distance al*) 8(°) v

(mm) (mm) (mm) (mm)

495.0 215.2 150 2.3 710.2 43 49.29 66.10
480.0 218.2 150 2.2 698.2 43 49.29 65.15
465.0 221.4 150 2.1 686.4 43 49.29 64.11
450.0 225.0 150 2.0 675.0 43 49.29 63.00
435.0 229.0 150 1.9 664.0 43 49.29 61.79
420.0 2333 150 1.8 653.3 43 49.29 60.48
405.0 238.2 150 1.7 643.2 43 49.29 59.06
390.0 243.8 150 1.6 633.8 43 49.29 57.51
375.0 250.0 150 1.5 625.0 43 49.29 55.81
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Appendix C
Ac complex conductivity calculation with terahertz
time-domain spectroscopy and the Drude model

fitting

C. 1 Ac complex conductivity of a thin film with the THz

time-domain spectroscopy

d
- | | €

incident Ei Et
E $_) transmitted &—)

H Kk — ok
reflected
- !Er
kr H:
ni=1 n2=N

S

dielectric substrate

Figure C.1: lllustration of the electromagnetic wave that propagates through a thin conductive

film that locates between the free space and the dielectric substrate. The thickness of the film is d.

As illustrated in Figure C.1, an electromagnetic wave is incident on a thin

conductive film which locates between the free space and the dielectric media. If
the approximation d « % is satisfied (d is the thickness of the conductive film, A

is the wave length of the incident electromagnetic wave in free space, and n is the

refractive index of the thin film), the ac complex conductively can be calculated
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through Tinkham equation [6]:

— | _ Etfum(@) _ 2
trum (@) = E(w)  N+1+Zydd(w) (C.1)
where tr,;,(w) is the complex electric field transmission, N is the refractive

index of the dielectric media, Z, = 377Q is the impendence of the free space, w

is the frequency, &(w) is the ac complex conductivity of the thin film.
E,(w) and E; sym(w)are the complex electric field of the incident and

transmitted electromagnetic waves.
On the other hand, if there is no thin film, the complex electric field

transmission becomes

_ Et_n(;f;m(w) _ 2
tho-fum =~ 5o = we1 (C.2)

From Equation C.1 and Equation C.2, we can get

Et_ftlm(w) _ N+1
E¢t nofum(@)  N+1+Zpdd(w)

(C.3)

In Summary, according to Equation C.3, if we get the transmitted

time-domain waveforms of the THz pulses that propagate though a substrate

with and without a thin conductive film, respectively, the ac complex

conductively of the thin film can be extracted.
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C. 2 Drude model

Drude model is perhaps the simplest and most commonly used model to describe
ac conductivity of free electric carriers. The motion of electric carriers in an

applied electric field is described as

dav v =
m—-=-—m--— eE(t) (C.49)

-

where m is the mass of the carrier, v is the drift velocity of the carrier, T is the
scattering time, -e is the charge of the electron, and E(t) is the applied electric
field, and t is the time.

For a steady electric (dc) field, the current density J = ne# is a constant (nis

the free carrier density), implying that

-

dj _ dv

at  dt 0 (C.5)

From Equation C.4 and Equation C.5, the dc conductivity can be expressed as

ne

ac = [l =5 co)

On the other hand, if an ac electric field E(t):ﬁ(w)e“'“’t is applied, where w

is the angle frequency, the drift velocity ¥ in Equation C.4 is in the form of

7 = p(w)e~t, and Equation C.4 becomes

7@

(—iw)ymd(w) = —m= — eE(w) (C.7)
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So B(w) = LE——E(w) (C.8)

ml1—-iwt

From Equation C.6 and Equation C.8, the complex ac conductivity of the electric

carrier can be presented as

_ f(_t) _nev(t) _ne?r 1 1
ac T Ew) E®) 0 m l-iwt Odc 1-iwt (C.9)
The real and imaginary ac conductivity are
1
0'1(6()) = O-dcrw‘r)z (ClO)
wT
02(®) = 04 T oe (C.11)

2
where o, = nfnT is the DC conductivity, o;(w) and o,(w) are the real and

imaginary ac conductivity.
By fitting the experimental ac conductivity that is obtained from the THz
time-domain spectroscopy with Equation C.10 and Equation C.11, the dc

conductively o,. and the scattering time 7 can be extracted.
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Appendix D

Matlab codes for image processing

D 1. Image rotation and profile plotting

As illustrated in Figure D.1, we want to plot the averaged THz waveform along
the red arrow direction in the defined red box area. Because the arrow is not in the
horizontal direction, the image is rotated to make the arrow horizontal and then

the waveform is plotted.

50
100
150
200
240

300

a0 100 150 200 250 300 350 400
#

Figure D.1: The averaged THz waveform plot along the arrow direction in the defined red square

area.

The MatLab code is (with a given image file thzimage.txt):

function rotate image profile plot
% purpose: make a plot from an image, the format of the image file is in .txt

%% _STEP 1: load image in .text format and display it _%%
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I=load('thzimage.txt'); %load the image file (in .txt format), it's named as
thzimage. txt

size (I) % check the image size

figure

colormap ('default')

imshow (I, 'DisplayRange', [300 800]),colorbar %display the image.

xlabel ('X'),ylabel('y")

$%%%%%%%%%%_PART 2: rotate the image %%%%%%%%
J=imrotate (I,-63.8); % rotate the image by 63.6 degree.
figure

colormap ('default')

imshow (J, 'DisplayRange', [300 800]),colorbar $display the rotated image.

xlabel ('X'),ylabel('y")

axis on
$%%%%%%%%%%_PART 3: plot the image in a given area %%%%%%%%
xstart=80;
xend=320; %set the range for the ploting in horizontal direction
ystart=200;
yend=280; %set the range for the average in vertical direction

waveform=zeros (xend-xstart, yend-ystart+1) ;

for k=ystart:1l:yend

x=[xstart xend];

y=[k k];

waveform(:, k-ystart+l)=improfile(J, x,Vy);

end

h = imline(gca, [xstart xend], [ystart, ystart]) % define the plot area
setColor (h, [0 1 0])

h = imline(gca, [xstart xend], [yend, yend])
setColor (h, [0 1 0])

h = imline(gca, [xstart xstart], [ystart, yend])

setColor(h, [0 1 01)

h = imline(gca, [xend xend], [ystart, yend])
setColor(h, [0 1 0]) %% show the averaged plot in the defined area %%

avergewaveform=zeros (xend-xstart,2);
for k=1l:1:xend-xstart
averagewaveform(k, 1) =k;
end
averagewaveform(:,2)=mean (waveform,2); %Final averaged plot
figure

plot (averagewaveform(:,2))
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D 2. 3D visualization of the terahertz pulse generated with

the full beam optical pump pulse

Similar to the 3D MRI visualization, Figure D.2 shows a series of images collect

at different depth. A code is written to process images for 3D visualization.

Figure D.2: Images of the THz pulse collected at different depths.

function THz3D Analysis tilted

%% set parameters%$%%%

ICCDscale=56.8;%tell the ICCD scale in pixel/mm

STEPdistance=0.215;%tell the distance between two neighbouring images
SCALE=ICCDscale*STEPdistance;% pixel distance between two neighbour frames
colorstyle=("jet");

scalemax=150; $define scale bar range

scalemin=-150;

%% Load data

load('THzl.txt"'),load('THz2.txt"'),load('THz3.txt"'),load('THz4.txt"'),load('THz5.txt"),
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load('THz6.txt"'),load('THz7.txt"'),load ('THz8.txt"),load('THz9.txt"),load ('THz10.txt"),
size (THzl) ; Scheck the image size

x1=110; %define the range to make matrix more compact
x2=370;

y1=120;

v2=540;

D(:,:,1,1)=THz1(x1:x2,yl:y2); D(:,:,1,2)=THz2(x1:x2,yl:y2);
D(:,:,1,3)=THz3(x1:x2,yl:y2);

D(:,:,1,4)=THz4(x1:x2,yl:y2); D(:,:,1,5)=THz5(x1:x2,yl:y2);
D(:,:,1,6)=THz6(x1:x2,yl:y2);

D(:,:,1,7)=THz7(x1:x2,y1l:y2);
D(:,:,1,8)=THz8(x1:x2,yl:y2);D(:,:,1,9)=THz9(xl:x2,yl:y2);
D(:,:,1,10)=THz10(x1l:x2,yl:y2);

E=squeeze (D); %change matric from M*N*1*K to M*N*K

%% Display original images

figure,

Montage (D, 'DisplayRange', [scalemin scalemax]), colorbar
title ('FRONT VIEW'");

colormap (colorstyle)

xlabel ('X")

ylabel ('Y")

zlabel ('Z")

oe

% 3D visualization

D=squeeze (D) ;

D(:,1:70,:) = [];

figure,

clims = [-100 1007;

pl = patch(isosurface (D, 50), 'FaceColor','green', ...
'EdgeColor', 'blue');

p2 = patch(isocaps (D, 5), 'FaceColor', 'interp', ...
'EdgeColor', 'none');

alpha(.1);% set the degree of transperency

view (3);

xlabel ('X'"),ylabel('Z (c axis)'),zlabel('Y'"),axis tight,daspect([1l,1,1/SCALE])

view (-9,18);

box on

grid on

set (gca, 'DataAspectRatio’, [1 1 0.082]) % set the scale ratio. number means one unit
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Appendix E
Electric field distribution of the THz Cherenkov

wave induced by optical rectification

As discussed in Chapter 2, femtosecond optical pulses are used to generate THz
pulses in LiNbO3; and LiTaO3; with optical rectification effect [4, 7]. Since the
optical pulse travels faster than that of the generated THz pulse, a THz Cherenkov
wave is formed [4, 7]. Here, we calculate the electric field distribution on the THz
Cherenkov cone. In order to make the calculation simple, the medium in which

the THz Cherenkov wave propagates is assumed to be homogenous.

A7

Figure E.1: lllustration of the THz Cherenkov wave. On the Cherenkov cone, the THz ring A and

C are generated by optical pulse at point O and Og, respectively.
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As illustrated in Figure E.1, the THz Cherenkov cone is formed by rings that
are generated by optical pulse at different locations. For example, the THz wave
ring A is generated by the optical pulse that is at point O, and the ring C is by
optical pulse at point O;. By calculating THz electric field of the ring, the electric

field distribution on the whole cone can be finally obtained.

Az

Figure E.2: Illustration of electric field of the radiation generated by a short dipole.

In the case of r>>L and A>>L, where r is the distance between the point of
interest and the dipole, L is the length of the dipole, and A is the wavelength of
radiation, a short dipole approximation can be employed to calculate the electric

field of the radiation by the following equation [8],
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E, =0

i60mIye (@t=kMging
r A

where (as illustrated in Figure E.2) E,, Eg, E4 are 3 electric field components, r
is the distance between the point of interest and the dipole, L is the length of the
dipole, I, is the current of the dipole (proportional to the polarization P®), &, o
and k are the wavelength, angular frequency, and wave vector of the radiation,
respectively, & and ¢ are the polar angle and azimuth angle, respectively. For

simplicity, Eg is rewritten as

sin6

r

i(wt=kr)

A

i60mlge

where M = . The corresponding components of the electric field at

point (X, y, z) in the X, y, and z directions are,

E, = EgcosOcos¢
E, = Egcosfsing (E.3)

E, = —Egsinf

As illustrated in Figure E.3, for the ring that is defined by the radiation

propagation distance |0OA| = R, the x,y, z, 0, and ¢ follow,

x = Rycos6,
x? +y?% + 22 = R,” (E.4)
cosd = z/R,

cos¢ =y/ Ry — z2
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where 6. is the Cherenkov angle. According to Equations E.2, E.3, and E.4, the

electric field in the X, y, and z directions are,

Ro
E, = M:—j; (E.5)
E, =— xj:g/z
A7
E (i=0) (6.9)

B T ——

Figure E.3: Illustration of electric field of the radiation generated by a short dipole.

So far, the electric field that comes from the dipole which is at point O at time

t=0 is calculated. As shown in Figure E.4, when the dipole moves to point O’ by

Ax at time t=ty, the electric field on the ring C is,
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zcosO,

Ex=M (Ro—Axcos8.)?
— zy
Ey =M (Rog—Axcos8.)3 (E-5)
- 2,42
Ez - M [(Rg—AxcosO.;)cosO.]“+y

(Ro—Axcos6.)3

IIIIII(;]%\III EEEEEER

p®@ (=)

Figure E.4: Illustration of electric field of the radiation generated by a short dipole that moves

from point O to O;.
Based on Equation E.5, by changing the displacement Ax, the electric field on

the THz Cherenkov cone is drawn with MATLAB, as shown in Figure E.5 (the

same figure as shown in Chapter 2).
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THz radiation cone
(a)
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}.

? X

Figure E.5: (a) and (b), Distribution of the THz electric field on the THz Cherenkov cone in
different view angle. (c), (d) Illustration of the THz pulse propagating in the XY plane with

polarization in z axis (c-axis) direction (c) and in the XZ plane with polarization parallel to the

THz pulse wavefront (d).
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The MATLAB code is:

function Quivercone

m = 2.0503; %define the cone ratio=height/radius,tan64deg

r_step = 1; %define the step,r=1

h = m*r_step; %h=2.0503 makes the chrenkov angle 64deg
circle_radius=12;%define the radius of the circle at x=0 position
RO=circle_radius*0.898794 % raidus calculate with circle_radius*sin64deg
[r,A] = meshgrid([-1*circle_radius:r_step:0],linspace(0,2*pi,50)); % R is a 2D matrix, A is a 2D matrix
size(r)

size(A)

Z =r.*cos(A);

Y =r.*sin(A);

X = m*(r+circle_radius); %make the largest circle at x=0 position

R=(m*circle_radius-X)*0.438371;% cos64deg=0.438371
size(R)

%%

% Cone around the x-axis, point at the origin

figure(1) % add (1), or (2) can keep the figure stay at the same position
surf(X,Y,Z); % mesh(XY,Z) %meshc(X,Y,Z) give a projection image.
colormap(copper) %% This will change the color

alpha(0.6) %% This will make transparent

grid on

box on

axis equal % equal scale
xlabel('X','fontsize’,10),ylabel('Y",'fontsize’,10),zlabel('Z', fontsize',10),
title('THz radiation cone'),

%%

%%%we will remake matrix X,Y,Z to make it less dense% %% %%
[r2,A2] = meshgrid([-1*circle_radius:3*r_step:-3],linspace(0,2*pi,50)); % R is a 2D matrix, A is a 2D matrix
72 =12.* cos(A2);
Y2 =r2.*sin(A2);
X2 = m*(r2+circle_radius); %make the largest circle at x=0 position

R2=(m*circle_radius-X2)*0.438371;% cos64deg=0.438371
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hold on; %put the cone and quvier vector together

%%--- define the electric field x,y,z component--start--

U2=-0.438371*Z2.%(R2.7-2);% -B*Z*cos64deg/(R"2), R is the radius along the THz propagation angle, and B is a
constant

V2 =-1*22.*Y2*(R2.7-3);

W2 =((R2*¥0.438371).72+Y2.72).¥(R2.%-3); % W = X+Y."2+Z."3;

%%--- define the electric field x,y,z component--end--

quiver3(X2,Y2,Z2,U2,V2,W2,2)

axis square

xlabel('X','fontsize’,10),ylabel('Y",'fontsize’,10),zlabel('Z’,' fontsize",10),

title('THz radiation cone")
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Appendix F

THz absorption spectroscopy analysis in E*-mode

As discussed in Chapter 3, the THz electric field waveform can be sampled in
E-mode with multi shots, and the square of the THz electric field waveform can

be sampled in E2-mode in single shot.
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Figure F. 1: lllustration of how to do THz absorption spectroscopy analysis in E-mode. (a) THz
electric field waveforms obtained as reference signal and pump signal. (b) The power spectra

obtained from THz electric field waveforms in (a). (c) The power transmission spectrum.
For THz electric field waveforms obtained in E-mode, the THz absorption

spectroscopy can be performed easily. As shown in Figure F. 1(a), the reference

and pump signal are obtained, and the corresponding power spectra (see Figure F.
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1(b)) can be calculated with Fast Fourier Transform (FFT). The THz power
transmission spectrum (shown in Figure F. 1(c)) can thus be calculated by

dividing the pump signal power spectrum with the reference signal spectrum.
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Figure F. 2: Illustration of how to do THz absorption spectroscopy analysis in E-mode. (a) The
square of the THz electric field waveforms are obtained as reference signal and pump signal. (b)
The amplitude spectra from waveforms in (a). (c) The amplitude transmission spectrum. (d) The

amplitude transmission spectrum obtained by dividing frequency with a factor of 2.

Mathematically, the squared THz electric field waveforms obtained in E?
mode cannot be employed for THz absorption spectroscopy, but we can obtain an
approximated absorption spectrum that is very close to the THz absorption
spectrum extracted in E-mode by using the following procedure: (1) obtain the

squared THz electric field waveforms (see reference and pump signal in Figure F.
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2(a)), (2) perform FFT to get amplitude spectra (see Figure F. 2(b)), (3) get THz
transmission spectrum by dividing the pump signal spectrum with the reference
signal spectrum (see Figure F. 2(c)), (4) divide the frequency with a factor of 2
(see Figure F.2(d)).

Besides using the experiment data to test our method, we also played around
with a set of simulated waveforms. As illustrated in Figure F. 3(a), a reference
waveform y= sin(t)*exp(-0.007*t) and a pump waveform
y=0.9*sin(t-0.5)*exp(-0.007*t?) are provided as E-mode data. Figure F. 3(c) and (e)
show the corresponding power spectra and the power transmission. On the other
hand, the square of the reference and pump waveforms in Figure F. 3(a) is shown
in Figure F. 3(b), and is considered as the waveforms obtained in E-mode. As
shown in Figure F. 3(d) and (f), the amplitude spectra are obtained through FFT
transform. After dividing the frequency with a factor of 2 (see Figure F.3 (g)), we
find that the obtained transmission spectrum in E-mode is very close to the power

transmission in E-mode (see Figure F. 3(h)).
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Figure F. 3: (a) The reference and pump waveforms obtained in E-mode. (b) The square of

waveforms obtained in E-mode. (c) The power spectra obtained from waveforms in (a). (d) The

amplitude spectra obtained from waveforms in (b). (e) The power transmission spectrum

calculated based on (c). (f) The amplitude transmission spectrum calculated based on (d). (g) The

amplitude transmission spectrum after dividing the frequency axis with a factor of 2 in (f). (h)

Comparison between the transmission spectra obtained in E-mode and E?- mode
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Appendix G
Transition-like  radiation and THz index
measurement using terahertz  time-domain

spectroscopy

G. 1 Measurement of THz index in LiNbO; with a THz

time-domain spectroscopy method

With or without LINbO; (1mm)

THz
(focused

800Nm on the sample)

nTe

Figure G. 1: lllustration of how to measure the THz refractive index of a LiNbO; crystal. A THz
pulse is generated in ZnTe crystal, and the generated THz pulse propagates through a 1 mm thick

LiNbOs; slab and its electric field waveform is then sampled in the time domain.

As illustrated in Figure G. 1, a THz pulse (centre frequency = 1 THz) is generated
in a ZnTe crystal and finally is sampled in the time domain. By adding a 1 mm
thick LiNbOj3 slab and measuring the time delay induced by the LiNbOj3, we can
calculate the THz index of LiNbOs crystal. As shown in Figure G. 2, the time
delay between the reference signal (without LiINbO3 crystal inserted) and LiNbO3
signal (with LiNbOg crystal inserted) is 13.84 ps. The calculated THz index is 5.1
(at 1 THz).
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Figure G. 2: THz pulses that propagate through free space (reference) and a 1mm thick LiNbO;
crystal (LiNbOs) are sampled in the time domain. The time delay between the two waveforms is

13.84 ps.

G. 2 Measurement of the transition-like radiation
generated on the front and back surfaces of the LiNbO;

crystal

As illustrated in Figure G. 3, an optical pump pulse (800 nm) is focused onto a 1
mm thick LiNbOj3 slab. The generated transition-like radiation from the front
surface (A) and the back surface (B) is sampled in a ZnTe crystal. As shown in
Figure G. 4, compared to the waveform generated from the front surface (A), the
waveform from the back surface (B) is reversed in phase. Based on the time delay
(9.03 ps) between signal A and B, the THz index of LiNbOj crystal can be

calculated and is found to be 4.959 at central frequency of 0.5 THz.
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LiINbO, (1mm)

Focused 800 nm beam > | _

Figure G. 3: Illustration of the experimental setup to generate transition-like radiation on the front
(A) and back (B) surfaces of the LiNbO; crystal. The generated THz pulses are finally sampled in

a ZnTe crystal.
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Figure G. 4: Transition-like radiation generated on the front (A) and back (B) surfaces. Signals A’,
A”, B’ and B are due to the multi reflection of THz signal A and B inside the detection ZnTe

crystal, respectively.
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Appendix H
Is the 1imaging distortion due to Lorentz

contraction of the THz Cherenkov wave?

As discussed in Chapter 4, when a LiNbO; crystal is pumped by an optical pump
pulse, a THz Cherenkov wave is generated. The generated THz Cherenkov wave
is in a cone shape and its Cherenkov angle is determined by the velocities of THz
pulse and optical pump pulse [4, 7].

As illustrated in Figure H. 1(a), because the whole Cherenkov cone structure
travels at the same velocity (0.444c) of the optical pump pulse in the optical pulse
propagation direction (x direction), Lorentz contraction should happen in the x

direction when we measure the cone with the transverse imaging method [9].

cone=0'444c cone

1 =0.444c
X e A x

V, V

tan6 = L/H tan6’' = L'/H

Figure H. 1: (a) lllustration of the THz Cherenkov wave cone. (b) Illustration of the observed THz

Cherenkov cone.

According to Lorentz contraction theory, the measured length L’ (illustrated

in Figure H. 1(b)) of the cone can be calculated using the formula [9]:
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’ L
L ZmZ L 1—UC20ne/C2 (H 1)

where L is the proper length of the cone (see Figure H. 1(a)), L’ is the length
imaged by a CCD camera, v is the velocity of the cone, c is the speed of light,
y(v) is the Lorentz factor. As illustrated in Figure H. 1(b), because the cone size
in y direction does not change, the observed THz Cherenkov cone has a smaller
THz Cherenkov angle. For the case of a THz Cherenkov wave with Cherenkov
angle 64°and cone travelling speed 0.444c, the Lorentz factor is 1.1163, and the
corresponding measured THz Cherenkov angle is 61.4°, which is pretty close to
the experimental value 60.2° .

In conclusion, because the THz Cherenkov wave cone structure travels at a
speed close to the speed of light, Lorentz contraction could be the reason for the

observed THz Cherenkov wave imaging distortion.
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