Studies on broadband terahertz radiation from
ultra-short two-color laser induced plasma

By
SONAL SAXENA

PHYS03201204011

Raja Ramanna Centre for Advanced Technology

A thesis submitted to the

Board of Studies in Physical Sciences

In partial fulfillment of requirements
for the Degree of
DOCTOR OF PHILOSOPHY
of
HOMI BHABHA NATIONAL INSTITUTE

October, 2019



Homi Bhabha National Institute’

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the
dissertation prepared by Ms. Sonal Saxena entitled ™ Studies on broadband terahertz
radiation from ultra-short two-colour laser induced plasma™ and recommend that it
may be accepted as fulfilling the thesis requirement for the award of Degree of Doctor
of Philosophy.

Chairman — Prof. $. K. Dixit, RRCAT Indore /)L A= =0
=

Guide / Convener - Prof. J. A. Chakera, RRCAT Indore

25“; Chaudhary

-_a .._' DN - - —W’QS’S‘O” (P}‘xy;\\,:.)a =
’ P &
Examiner - Prof. A. K. Chaudhary ACHREM Hyderabad | \ [\ CAL A e Caniee O 8 R 2,
0N 0 "E“ : __‘LOF hyoEQAﬁm

Member 1- Prof. S. Krishnagopal, BARC Mumbai
{ 1—‘5}6/ 4.
Member 2- Prof. S. R, Mishra. RRCAT Indore SR MNIS hy R

0/5’77)774

J

Member 3- Prof. S. K. Majumder, RRCAT Indore )W / G / 2\

Final approval and acceptance of this thesis is contingent upon the candidate’s
submission of the final copies of the thesis to HBNI.

[/We hereby certify that l/we have read this thesis prepared under my/our
direction and recommend that it may be accepted as fulfilling the thesis requirerrient.

Date: oé&loF|202]

Place: Iwdo~e Signatu Signature
“guide (if any) . Guide

' This page is to be included only for final submission after successful completion of viva voce.




STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at Homi Bhabha National Institute (HBNI) and is deposited in the

Library to be made available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part may
be granted by the Competent Authority of HBNI when in his or her judgment the
proposed use of the material is in the interests of scholarship. In all other instances,

however, permission must be obtained from the author.

5@}@"

SONAL SAXENA



DECLARATION

I, hereby declare that the investigation presented in the thesis has been carried out by
me. The work is original and has not been submitted earlier as a whole or in part for a

degree / diploma at this or any other Institution / University.

é@%

SONAL SAXENA



List of Publications arising from the thesis

Published Journal

1.

“Single-Shot Terahertz Time Profiling Using Curved Wavefront”,
S. Saxena, S. Bagchi, B. S. Rao, P. A. Naik, J. A. Chakera,
IEEE Transactions on THz Science and Technology, 2018, Vol. 8, p. 528-534.

“Scaling up and Parametric Characterization of Two Color Air Plasma
Terahertz Source”, S. Saxena, S. Bagchi, M. Tayyab, B. S. Rao, J. A. Chakera,
S. Kumar, D. N. Gupta.

Laser Physics (I0P), 2020, Vol.30, p. 036002 (1-13)

“Broadband THz characterization of some common polymers and
semiconductors”,

S. Saxena, S. Bagchi, J. A. Chakera

IEEE Xplore, 2019 Workshop on Recent Advances in Photonics (WRAP),
Guwahati, India, 2019, pp. 1-3

Under review/ preparation

1.

3.

“Enhanced broadband Terahertz radiation from two colour laser pulse
interaction with thin dielectric solid target in air”,

S. Saxena, S. Bagchi, M. Tayyab, J. A. Chakera, S. Kumar, D. N. Gupta
Under review in Journal of Infrared, Millimeter, and Terahertz Waves

“Synthesis, Growth, Polymorphism and THz Characterization of HMQ-T single
crystals”, S. Boomadevi, A. Kundu, P. Antony, K. Pandiyan, D. Sastikumar, S.
Saxena, S. Bagchi, J. A. Chakera

Under review in Journal of Molecular Structure (Elsevier)

“Effect of chirped laser pulses on THz generation from two color laser induced

air plasma”,
S. Saxena, S. Bagchi, M. Tayyab, D. Daiya, J. A. Chakera.
Manuscript under preparation



Conferences

1.

“Single shot measurement of electric field profile of intense terahertz radiation
pulse”,

S.Saxena, B.S.Rao, J.A.Chakera, P.A.Naik,

National Laser Symposium-24, RRCAT Indore, 2-5 Dec. 2015

Received Best Poster Award

“THz generation from laser-foil interaction”,
S. Saxena, S. Bagchi, M. Tayyab, J. A. Chakera, P. A. Naik,
National Laser Symposium-26, BARC Mumbai, 20-23 Dec. 2017

“THz generation from two color laser produced plasmas in ambient
atmosphere”,

S. Saxena, S. Bagchi, M. Tayyab, J. A. Chakera, P. A. Nalik,

National Laser Symposium-26, BARC Mumbai, 20-23 Dec. 2017

“Development and characterization of Plasma Mirror System for enhancing
ultra-short laser pulse contrast”,

S. Bagchi, M. Tayyab, S. Saxena, J. A. Chakera, P. A. Naik,

National Laser Symposium-26, BARC Mumbai, 20-23 Dec. 2017

“Enhancement of THz energy generated from two colour laser induced plasma
in ambient air using chirped pulses”,

S. Saxena, Suman Bagchi, M. Tayyab, J. A. Chakera, P. A. Naik

National Laser Symposium-27, RRCAT Indore, 3-6 Dec. 2018

“Numerical Study on effect of laser pulse chirp on THz generation from two-
colour photo-induced air plasma”,

S. Saxena, Suman Bagchi, D. Daiya, J. A. Chakera

National Laser Symposium-27, RRCAT Indore, 3-6 Dec. 2018

g/pﬂ,

SONAL SAXENA



DEDICATIONS

7o my Parents & Brother

Vi



ACKNOWLEDGEMENTS

First of all, I thank my Ph.D. guide and Head, Laser Plasma Division, RRCAT
Dr. J. A. Chakera for providing me this opportunity to work in the field of THz science.
I owe deep sense of gratitude to him for constant guidance, support and encouragement
throughout my Ph.D. tenure. I am highly obliged to receive his time and effort at various
stages of my research and thesis writing in spite of his busy schedule. |1 am also very
thankful for the help and encouragement received from Dr. P. A. Naik.

I am greatly indebted to Dr. S. Bagchi for his continuous support and
encouragement from the very beginning of my research work. His contagious
enthusiasm and knowledge over broad spectra of physics has always inspired me. To
him I owe the confidence of treading the path on my own.

| am thankful to Shri M. Tayyab and Shri M. Kumar for their valuable advises,
support and encouragement during the research work. My first laboratory experience
was with Shri Mukund Kumar and Ms. Ranjana Rathore when | was introduced to a lot
of practical stuff. I am glad to have worked with such wonderful people. I am also highly
obliged to Dr. B. S. Rao for his invaluable support in research work.

The present thesis work would have not been possible without the guidance,
support, encouragement and help received from several people. | cannot thank enough
for the support received from Dr. A. Upadhyay, Dr. Y. B. S. R. Prasad, Shri M. P.
Kamath, Shri R. Patidar, Shri D. Daiya, Shri Y. Pawan Kumar, Shri A. Kumar, and Shri
S. Patwa of Laser Technology Division of RRCAT. A lot of involved data collection
comprising multiple devices was made possible by skilled and dedicated help from Shri

H. R. Bundel, Shri A. Pathak and Smt. Shradha Tiwari of LC&ID, RRCAT.

vii



I would also specially thank Shri K. Aneesh, Shri M. L. Sharma, and Shri
Sameer Nigam, LTD, RRCAT for their invaluable help in electronics during the
experiments.

I received a help and support from Dr. S. Raja and his team at many a crucial
time. I learned a lot while working with Shri S. A. Pai. Dr. K. K. Pant, Shri B. Biswas
and Dr. V. Kumar, have been very kind to share their technical expertise in the field
and lend me equipment at several times. | am glad to have shared field related
discussions with Dr. A. Khandelwal and Dr. L.S. Sharath Chandra.

I am very fortunate to receive the support of mechanical and laser team of Laser
Plasma Division. Shri R. A. Joshi, Shri R. K. Bhat and Shri R. A. Khan have provided
laser support even on weekends when the experiments continued for months. Joshi ji
and Bhat ji have loved and supported me as guardians. | am highly thankful to Shri R.
P. Kushwaha, Shri S. Sebastin, Shri K. C. Parmar and Shri L. Kisku for all the required
mechanical engineering support they have provided timely and promptly whenever
there was a need for it. Shri S. Sebastin helped greatly with the design and drawing of
unique contraptions required in the experiments.

I am extremely fortunate to have a younger brother like Som. He has been a
pillar in my life through various tough and taxing conditions in life. Finally, | owe deep
sense of gratitude to my parents, for all the love and affection which | have received
from them and their unmatched sacrifices without which I would not have reached to

this stage of my life. Their belief is what kept me propelling through upheavals.

viii



CONTENTS

SUMMARY
LIST OF FIGURES
LIST OF TABLES

CHAPTER 1 Introduction
1.1 Basics of THz radiation
1.1.1 Properties
1.1.2 Applications
1.2 Different THz sources
1.2.1 Photoconductive Antenna
1.2.2  Optical Rectification

1.2.3  Two-color laser induced air plasma
THz source

1.3 Thesis outline & scope of the research work
References

CHAPTER 2  Laser System & Diagnostics
2.1 Laser System Details
2.1.1 10 TW Ti: sapphire laser system

2.1.2  Second Order Autocorrelation
measurement of laser pulse duration

2.2 Measurement of the THz radiation energy
2.2.1 Liquid Helium cooled Bolometer
2.2.2  Pyroelectric Detector

2.3 THz detection in time-domain
2.3.1 Electro-optic Sampling
2.3.2 Field Autocorrelation
References

CHAPTER 3 Two-color laser produced air plasma as THz source

3.1 Two-color laser produced air plasma as THz
source

3.1.1 Photocurrent Model

3.1.2  Numerical Simulation

3.1.3 Particle-in-cell Simulation
3.2 Parametric Studies

3.2.1 Position and azimuthal angle of the
SHG crystal

32-59
32
32
38

40
40
44
46
47
51
55

60 — 138

62

64
68
72

81
83



3.2.2  Focal length of lens
3.2.3  Laser Energy

3.2.4  Laser Beam Size
3.25 Laser Pulse Duration

a.

C.

Increasing laser pulse duration in
a CPA based laser system

Experimental and simulation
results

Analytical Study

3.3 Characterization of the generated THz radiation
3.3.1 Knife-edge measurement of the focal
spot
3.3.2 THz Divergence
3.3.3  Electro-optic sampling of the THz
pulse

3.3.4 Single shot detection of the THz time
domain signal

a.

References

A brief review of known single-
shot THz detection methods

Basic principle of the curved
wavefront single-shot detection
Experimental results with curved
wavefront single-shot detection
Merits and demerits of the curved
wavefront single-shot detection

CHAPTER 4  THz generation from Solid Density tape target
4.1 Introduction
4.2 Experimental Details

4.2.1 THz energy as function of BBO
azimuthal angle

4.2.2  Dependence of THz flux on tape
target position
4.2.3 THz energy scaling
4.2.4  THz spectrum measurement
4.3 PIC simulations of Tape target THz

Source
References

CHAPTERS5 THz Material Characterization
51 Introduction

5.2 The Field Autocorrelation (FAC)
measurement

86
88
92
94
95

99

101
104
105

106
108

110

111

115

117
128

129

139-158
139
141
144

146

148
149
151

156

159 - 194
159
162



5.3 Experimental Setup
54 Results and discussion

5.4.1 Semiconductors

5.4.2 Polymers

5.4.3 Organic nonlinear crystal: HMQ-T
References

CHAPTER 6 Summary & Future direction
References

Appendix

Xi

177
178
180
182
184
186

195 - 199
199

200-204



Serial
No.

10
11

12

13

Chapter
No.

LIST OF FIGURES

Figure Captions

Fig. 1.1: Position of THz radiation in the electromagnetic
spectrum. Typical wavelength sizes and common applications
corresponding to the different frequency bands are depicted for
comparison.

Fig. 1.2: Photoconductive antenna for THz generation

Fig. 1.3: Optical Rectification in a nonlinear crystal for generation
of THz radiation. (@) An ultra-short broadband laser pulse is
incident on the nonlinear crystal for broadband THz generation
(b) Difference Frequency Generation (DFG) occurs between all
combinations of higher and lower frequencies within the laser
pulse bandwidth. The resultant THz spectrum is shown in the
graph below. The figure (b) has been adapted from reference [40]
J. A. Fulop et al., “Laser-Driven Strong-Field Terahertz Sources”,
Adv. Optical Mater. 8 (2020).

Fig. 1.4: THz generation from two-color laser induced plasma in
ambient air

Fig. 1.5: Absorption spectra of (a) TNT and (b) RDX with many
features in the THz domain obtained by THz time-domain
spectroscopy (THz-TDS) using laser plasma source (black curve)
and photoconductive antenna (blue curve). Image adapted from:
P. G. de Alaiza Martinez, “Generation of intense terahertz sources
by ultrashort laser pulses,” Ph.D. dissertation, L’université Paris-

Saclay, 2016.

Fig. 2.1: Schematic principle of a Chirped Pulse Amplification
(CPA) based Laser System.

Fig. 2.2: Layout of the 10 TW Ti: sapphire laser system.

Fig. 2.3: Schematic diagram of single shot autocorrelator for
measurement of laser pulse duration (top view)

Fig. 2.4: (a) Conceptual diagram of the single shot autocorrelation
technique, (b) Autocorrelation trace of the laser pulse showing 49
fs duration. Image of the signal is shown as inset of (b).

Fig. 2.5: Schematic showing the working principle of a bolometer.

Fig. 2.6: Basic schematic diagram of THz detection using a
Pyroelectric detector

Fig. 2.7: Basic schematic of an electro-optic setup

Fig. 2.8: Variation of coherence length with terahertz frequency
for ZnTe crystal is mapped. The solid line includes the effect of
dispersion at optical frequencies, which is neglected in the plotting
of dotted line [Adapted from A. Nahata et.al. Appl. Phys. Lett. 69,
16(1996)]

Xiv

Page
No.

13

14

34

35
38

40

41

44

48
51



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Fig. 2.9: (a) Normalized THz fields and (b) their amplitude spectra
for a THz pulse measured by different techniques; namely, by
ZnTe and GaP EO crystals as well as by the ABCD method and
Michelson interferometry (the spectra are independently
normalized appropriately for clarity reasons). Figure adopted
from Reference [25] and reproduced with permission.

Fig. 2.10: Schematic diagram of the THz field autocorrelation
detection technique.

Fig. 3.1: The effect of relative phase difference ‘0’ between
fundamental and second harmonic laser electric fields on the
combined electric field. The phase difference 6 = 0° for the blue
curve while the phase difference 6 = n/2 for the green curve.

Fig. 3.2: Simulation results: Combined laser electric field of the
fundamental and second harmonic laser pulses at phase difference
(a) =0 and (b) 6 = n/2. Corresponding transverse current density
is shown in figures (c) and (d) respectively. Evidently, a net non-
zero current density exists for phase difference of “0 = m/2”.

Fig. 3.3: Simulation results: THz spectra obtained for 0° and m/2
phase difference between ® and 2.

Fig. 3.4: Working principle of particle-in-cell simulation.

Fig. 3.5: 2D PIC simulation results: Electric field along z-
direction for (a) single and (b) dual color laser pulse. Laser
propagates horizontally from left to right direction.

Fig. 3.6: 2D PIC simulation results: Current density for (a) single
and (b) dual color laser pulses.

Fig. 3.7: 2D PIC simulation results: (a) THz Electric field as
function of time and (b) derived frequency spectrum for phase
differences of 0 and n/2 between the fundamental and second
harmonic laser fields.

Fig. 3.8: Schematic diagram of experimental setup for THz
generation from dual colour laser produced plasma in ambient air
medium. Setup for transverse imaging of the plasma filament is
also shown in the diagram.

Fig. 3.9: Vector diagram displaying ordinary and extraordinary
orthogonal components of the horizontally polarized fundamental
laser.

Fig. 3.10: Experimental results of THz flux dependence on (a)
azimuthal angle of the BBO crystal and (b) its lateral position
from focal plane of lens.

Fig. 3.11: THz energy for different lens focal lengths in the two-
color source.

Fig. 3.12: Variation of THz flux on increasing laser pulse energy.

Fig. 3.13: Analytical simulation Results: (a) Estimation of
electron density evolution with time for different laser energies

XV

52

54

65

70

71

73

77

79

80

82

83

85

87

88
89



29

30

31

32

33
34

35

36

37

38

39

40

41

42

based on ADK model and (b) integrated THz flux with increasing
laser energy based on transient photocurrent model.

Fig. 3.14: Image analysis of the plasma channel. (a) Transverse
image of the plasma filament at discrete laser energy values, (b)
linear intensity profiles through the central axis of filament images
and (c) plasma volume estimated from the image analysis as a
function of laser energy.

Fig. 3.15: THz flux obtained from two-color laser induced air
plasma source as a function of laser beam diameter. Pump laser
energy passing through the aperture is shown on top axis.

Fig. 3.16: Temporally chirped pulse (a) with positive chirp (b)
with negative chirp (Blue and red color represents the highest and
the lowest frequency component respectively)

Fig. 3.17: Distortions in ultrashort laser pulse profile induced by
various orders of phase dispersion in a chirped pulse.

Fig. 3.18: Schematic diagram of a parallel grating pair compressor

Fig. 3.19: THz energy variation for chirped laser pulses at
different laser energies.

Fig. 3.20: Simulation Results_(a) Variation of transverse current
density with increasing Fourier transform limited Laser pulse
durations of 25 fs, 50 fs and 100 fs. (b) THz spectra corresponding
to these pulse durations. (c) Estimated THz flux (0.1 — 30 THz)
for three pulse durations.

Fig. 3.21: Simulation Results_(a) Variation of laser pulse duration
and THz flux (0.1 — 30 THz) with grating separation. The “zero”
or the optimal position in the grating separation implies the
condition at which the shortest (48 fs) laser pulse duration is
achieved. Typical modifications of the laser pulse shape with
grating detuning are shown in (b).

Fig. 3.22: THz focal spot size measurement using the Knife-edge
method

Fig. 3.23: (a) THz beam profile measurement data for multiple
focal length lenses, (b) derivative of (a) reveals the FWHM of the
collimated THz beam diameter. (c) Normalized graphs of the
derivatives. The table shows the variation of THz beam
divergence and collimated THz beam size as a function of the
different focal length lenses used to focus pump laser beam.

Fig. 3.24: Experimental diagram of the electro-optic sampling
method for THz time-profile measurement.

Fig. 3.25: (a) Time profile of the THz electric field and (b) the
derived spectrum.

Fig. 3.26: Schematic of a typical space-to-time mapping single-
shot THz detection setup.

Fig. 3.27: Diagram for creation of a matrix of beam-lets with
incremental time delay by use of two echelons placed with

XVi

90

93

96

97

97
100

102

103

105

107

108

109

113

114



43

44

45

46

47

48

49

50

51

52

53

orientations perpendicular to each other. The image has been
adapted from Ref. no. [64].

Fig. 3.28: The curved wavefront of a converging laser beam at a
distance ‘z’ from the focal plane. Wavefront profiles at other
positions are marked in dotted lines.

Fig. 3.29: (a) The variation of beam radius and radius of curvature
as a function of distance from the beam waist and (b) the temporal
delay between fastest and slowest sections of laser wavefront as
function of distance. (c) Schematic working principle of
demonstrated single-shot detection technique.

Fig. 3.30: Schematic experimental setup showing single-shot time
domain THz detection technique. The THz radiation generation
mechanism by two color laser induced plasma in ambient air
medium is also shown

Fig. 3.31: (a) Probe image in presence of THz radiation, (b)
background image of probe taken without THz radiation and (c)
Final image after subtraction.

Fig. 3.32: Schematic diagram of probe laser polarization rotation
in presence of THz radiation.

Fig. 3.33: (a) THz field amplitude recorded as vertical polarization
through the Glan-Thompson analyzer prism and (b) linear
intensity profile taken through the image. Direction is marked as
dotted line in (a).

Fig. 3.34: (a) Image of the Shack-Hartmann plate fixed to CCD
camera used in experiment. (b) Working principle of Shack-
Hartmann sensor (c) Pulse front of the probe beam at the surface
of ZnTe crystal, as measured by the Shack Hartmann detector.
Optical path difference in terms of phase (in radians) is depicted
as intensity and values are shown along the color bar. (d)
Calibration graphs for the vertical and horizontal direction are
shown.

Fig. 3.35: THz and probe interaction in the ZnTe crystal for two
different probe delays (a) ATy and (b) AT, (AT, >ATy). Typical
single-shot detection images captured on camera are shown on the
top right corner.

Fig. 3.36: (a) THz electric field time profile as measured from the
multi-shot scanning method (black) and from the single-shot
detection (red). (b) The corresponding spectra from both
techniques are shown

Fig. 3.37: Images of the THz spot size on ZnTe as observed by
probe pulse at different time delays (a — d). (€) Time to Pixel (and
hence, space) calibration derived from images similar to (a — d).
Spatial profile of the THz pulse on the ZnTe crystal measured by
(F) curved probe wavefront technique and (g) knife-edge method.

Fig. 4.1: Experimental diagram for THz generation from solid

(CH) tape target. The THz flux is directly measured with
Pyroelectric detector. A HRFZ Si wafer placed in front isolates

Xvii

116

117

117

119

120

121

123

125

126

127

141



54

55

56

57

58

59

60

61

62

63

64

65

66

the THz radiation from other wavelengths. The THz spectrum is
monitored using Field Auto-Correlation Set up shown in inset.

Fig. 4.2: (a) tape target assembly and (b) image of tape showing
laser shots.

Fig. 4.3: THz energy measured in the two-color setup, with and
without the tape target as a function the BBO azimuthal angle.

Fig. 4.4: THz energy as a function of the distance of tape target
from focusing lens for two pump laser energies at 16 and 24 mJ.

Fig. 4.5: Variation of THz radiation flux with increasing laser
energy for tape target source (blue curve) and air plasma alone
(red curve). Percentage increase is shown as black curve. The inset
displays the low laser energy region marked by dotted square.

Fig. 4.6: Field autocorrelation signal of THz radiation obtained for
tape target and air plasma source.

Fig. 4.7: THz spectrum derived from the field autocorrelation
traces recorded for air plasma and tape target. The frequency axis
(in THZz) has been plotted in logarithmic scale (a) and linear scale
(b) to highlight the lower and higher frequency part of the spectra
respectively. (c) The “%” increase in THz yield from tape target
compared to ambient air with pre-defined THz frequency bin of
10 THz.

Fig. 4.8: Schematic of the simulation box.

Fig. 4.9: Electric field in the y- direction for single color laser on
CH target in air (nitrogen). The dotted vertical lines represent the
CH target position in the simulation box.

Fig. 4.10: Electric field in the z- direction for two color laser on
CH target in air (nitrogen). The dotted vertical lines represent the
CH target position in the simulation box.

Fig. 4.11: THz spectrum obtained in the two-color scheme with
tape target and gas plasma alone at 106 W/cm? laser intensity.

Fig. 5.1: Schematic of Fourier Transform Spectrometer. At the
core, it is the Michelson interferometer with the output beam
focused on a detector.

Fig. 5.2: The left side of each section shows the spectrum and right
side is the resultant interferogram reaching the detector arm. The
horizontal axis in all interferograms start from the position/ time
of zero path difference (ZPD). (a) two infinitesimally narrow
frequency lines of equal intensity (b) two infinitesimally narrow
lines of unequal intensity (c) Lorentzian band at central frequency
equal to mean of the two lines in (a) and Lorentzian band at same
mean frequency as (c) but twice the bandwidth. The figure has
been adapted from book ‘Fourier transform infrared spectroscopy’
by Peter R. Griffiths and James A. de Haseth.

Fig. 5.3: The experimental setup showing THz radiation

generation from the two-color laser induced plasma in ambient air
and field autocorrelation detection

XViil

143

145

147

148

149

150

152

153

154

155

162

166

177



67

68

69

70

71

72

73

Serial
No.

Fig. 5.4: (a) Field autocorrelation signal obtained from the two-
color laser induced air plasma source. The THz spectrum derived
from (a) after performing Fast Fourier Transform is shown in (b)
and (c). The frequency axis (in THz) is shown in linear scale in
(b) to highlight the higher part of the frequency while in (c), it is
plotted in logarithmic scale to highlight the lower part of the
frequency spectrum. The vertical dotted line (60 THz) indicates
the maximum THz frequency identified in the experiment.

Fig. 5.5: Field Autocorrelation traces for semiconductor samples
(a) Silicon (100) and (b) Gallium Arsenide (100)

Fig. 5.6: Transmission characteristics of semiconductor samples
(@) Silicon (100) and (b) Gallium Arsenide (100)

Fig. 5.7: Field Autocorrelation traces for polymer samples (a) low
density polyethylene and (b) Teflon

Fig. 5.8: Transmission characteristics of polymer samples (a) low
density polyethylene and (b) Teflon

Fig. 5.9: THz field autocorrelation traces for the two color air
plasma source serving as reference and transmission through 2
mm thick HMQ-T crystal.

Figure 5.10: Percentage THz transmission through the HMQ-T
crystal.

LIST OF TABLES
Chapter Table Caption(s)
No.
2 Table 2.1: Parameters of the 10 TW Ti: sapphire laser system

at RRCAT.

XiX

179

181

182

183

183

184

185

Page
No.

37



Chapter 6: Summary and Future direction

6.1 Summary

In this thesis, the generations of bright and broadband THz radiation along with
detection techniques and a few applications have been studied. Although the number of
generation techniques for THz radiation is large [1], most of them are very narrowband
owing to the limitations posed by material properties and phase-matching condition.
While a majority of THz sources are driven by the femtosecond duration laser pulses,
because of the above reasons they are not able to utilize the full potential of generating
broad bandwidth. The two-color laser induced plasma in ambient air medium however,
produces THz radiation with very broadband spectrum. Being a plasma based source
scaling with laser energy is not restricted by the material break down at high laser field.
Although this generation mechanism was discovered nearly two decades ago, the
underlying phenomenon was not very well understood. In the year 2007, K. Y. Kim et
al. proposed the photocurrent model [2] and this model has successfully been able
explain the experimental observations. We have conducted analytical simulations based
on this model to explain our experimental results. In addition, we have also conducted
particle-in-cell simulation which also supports the photocurrent model. Such
simulations have not been reported in literature earlier and the results match well with

those found experimentally.
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Summary and Future direction

We found that by judicious optimization of the parameters related to two color
laser pulse and external focusing geometry, the THz yield can be increased. All the laser
parameters and variations associated with optical components have their impact on the
characteristics of the generated THz radiation. In this direction, we have optimized the
laser and optical set up parameters to maximize the THz emission. It was found that the
second harmonic crystal position and its orientation with respective to the incident laser
polarization plays an important role for THz generation, owing to requirement of the
phase matching condition in the generation of the asymmetric field in the plasma with
proper phase difference between the fundamental and the second harmonic fields. Next,
it was also found that for a given laser energy the optimum focal length of the
converging lens is different. For sufficient laser energy, higher focal lengths produce
larger THz flux. The scaling of THz flux with laser energy beyond the saturation region
was observed for the first time in our studies which was not reported earlier. Insufficient
coupling of laser energy with the plasma, also termed as ‘intensity clamping’ has been
attributed to be the reason behind such observation. We have found that after the
saturation region, the THz flux again increases sharply with laser energy. With the help
of analytical simulations, we found that at higher laser energy multiple ionizations takes
place due to increase of the laser intensity. The observed increase in THz flux in the
experiment with the laser energy scaling also matches with the simulation results. The
experimental results showed that an apertured laser beam produces more THz flux than
the unapertured laser beam. This result has been explained due to formation of longer
filament lengths / plasma volume which leads to higher transient current in the two

colour air plasma and hence THz flux. Below an optimum aperture size the decrease in
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the laser energy in the beam does not support large air plasma filament and hence the
THz starts reduces.

The effect of laser pulse duration on THz generation from two-color laser
induced air plasma has been studied. The laser pulse duration is increased by
introducing laser chirp either positive or negative. The THz emission was found to be
asymmetric for positively and negatively chirped laser pulses. It was also observed that
the maximum THz flux was achieved for a slightly positively chirped laser pulse. This
is explained to be due to the asymmetric temporal profile generated due to introduction
of the positive chirp in the laser pulse. The change in the temporal pulse shape supports
higher transient current in the plasma and hence higher THz flux.

Next, a single shot THz time domain detection method based on electro-optic
effect is demonstrated. It uses the same multi-shot EO sampling technique set up with
slight change. The modified set up uses a converging probe beam overlapping on the
EO crystal. This curved probe wavefront interacts with the focused THz beam. The
temporal delay on the curved wavefront at different axial position of the probe beam
samples the electric field of the THz radiation at different time and in this way it
generates the temporal profile of the THz pulse in single laser shot. This method has
several advantages owing to the detection of focused THz radiation. The spectral and
spatial non-uniformity of THz beam is avoided and also the signal-to-noise ratio is
improved. In addition to this the new technique also provides the spatial beam profile
of the THz beam in multiple laser shot in the same set up.

| have also demonstrated generation of higher THz flux using a thin CH tape
target in the two-color laser produced plasma scheme. Thin transparent glue less cello
tape was placed at the rear end of plasma filament and it leads to enhancement in the

Page
197




Summary and Future direction

THz emission by factor of ~ 2. The observed enhancement in case of tape target is
explained due to higher transient current produces by the higher density plasma
produced on the solid tape target. The experimental results were found to be consistent
with the PIC simulation and photo-current model performed for the experimental
condition. Further, the tape assisted two colour air plasma THz source is also found to
be of equally broad spectral range THz source as of air plasma source.

The two-color laser induced air plasma source has been also spectrally
characterized in broad spectral range using in-house developed FAC set up based on
Michelson interferometer. The two-color laser induced air plasma THz source shown
to produce broad THz bandwidth spanning from 0.1 to 60 THz. Using such a broad
spectral THz source, various martials viz. semiconductor, HMQ-T EO crystal and
polymer samples were characterized for the transmission in the THz spectral range.
Such data on material transmission characterization are not available.

With the present research work set up and knowledge acquired on the two colour
air plasma source spectral characteristic, it will be very useful to study different
dielectric, explosive and packaging materials [3]. The source can be scaled up to very
high flux and hence it will generate huge electric field [4] at the THz focus which will
be a very interesting and important subject of further study in material science and
development of very high voltage devices. The other important application of such a
wide spectral range and intense source would be in study of nonlinear phenomenon in
THz regime which is so for not much explored due to non-availability of intense THz

source.
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SUMMARY

The present thesis work is mainly focused on efficient generation,
characterization, detection and application of terahertz (THz) radiation generation from
ultrashort laser matter interaction. THz generation from two color laser scheme using
the fundamental along with second harmonic field for plasma formation in the ambient
air medium and solid density targets has been reported. The source features broad
bandwidth, high conversion efficiency, high intensity, no vacuum requirement and easy
implementation. In case of air plasmas, characterization and optimization of various
experimental parameters like laser energy, beam size, focusing geometry, orientation
and position of the second harmonic generation (SHG) crystal has been carried out. It
was found that longer plasma channels with sufficient laser energy produce a more
directional THz beam with greater flux. THz pulse duration of 12 fs and 0.1-60 THz
bandwidth has been detected. In high intensity lasers the pulse duration elongation is
achieved by variation of the grating pair separation in laser compressor unit. Increase
of time duration is accompanied by a series of higher order dispersion effects, including
chirping in the laser frequency. Experimental and analytical studies on THz generation
with laser pulses stretched in time along with other distortions have been conducted.
For enhancement of the THz energy generated in two-color method, solid density
targets were used. The problem of phase-matching dispersion in solid density was
overcome by use of a very thin (25 um thick) glueless tape. The THz flux produced
with use of tape target is twice the amplitude measured without it. No detectable THz
energy could be measured in absence of the SHG crystal, confirming the generation
mechanism to be directional transient current density arising from the asymmetric two-

color laser field. A single shot THz time profile detection technique based on the
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electro-optic effect itself has been reported. Addition of a simple lens to the probe beam
path allows the spatial and temporal wavefront profile to match with that of the THz
pulse. Temporal evolution of the THz electric field is imprinted on the probe beam as
polarization rotation occurring in the electro-optic crystal and isolated through an
analyzer prism. As focused THz intensity is detected in this method, signal to noise
ratio improves and even weak sources can be characterized. Space-to-time calibration
process done by recording the signal at different probe delay values reveals the spatial
profile of focused THz beam as well. The only THz spectrum detection method
covering the entire bandwidth generated from two-color scheme is the field
autocorrelation measurement. THz field autocorrelation setup based on the Michelson
interferometer is developed in-house. The combination of broad bandwidth generation
and detection technique is employed to study the properties of several dielectric and

semiconductor samples in this frequency range.
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Chapter 1: Introduction

Terahertz (THZz) radiation is the band of frequencies lying in between the
microwave and infrared waves in the electromagnetic spectrum. Microwave and lower
frequencies are generated using the conventional electronic methods while infrared and
higher frequencies are generated using the typical photonic techniques. The i
between” portion however, featured scarce number of sources and detectors for very
long time till the 1990s [1], [2]. Because of this very reason, frequencies lying close to
102 Hz were referred to as the ‘THz Gap’ [3], [4], as shown in fig. 1.1. Nonetheless,

the last three decades have witnessed a surge of THz techniques to the extent that the

‘Gap’ is fast filling and a new term ‘THz Bridge’ is more in use now [5].
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Fig. 1.1: Position of THz radiation in the electromagnetic spectrum. Typical
wavelength sizes and common applications corresponding to the different frequency

bands are depicted for comparison.
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Fascination among researchers for THz radiation is not based on its
inaccessibility, but because of several unique properties featured by this frequency band
that offer a plethora of new explorations pertaining to scientific understanding and

technological innovations.

1.1 Basics of THz radiation

1.1.1: Properties

Conversion of “1 THz” in different commonly used units is given below:

e Photon energy, hv = 4.14 meV
e Wavelength, A = 300 pm
e Wavenumber, k = 33.3cm?
e Radiation temperature, T (hv/kg) = 476 K

What makes the THz range interesting is the fact that for most of the solids, the
vibrational levels and for simple molecules to complicated large bio-molecules, the
vibrational and rotational levels lie in this range [6]. They all have their characteristic
signatures, the so called “fingerprints”, in this frequency domain. This makes THz a
very useful tool to gain insight about the internal dynamics of materials in a non-
destructive, non-ionizing way unlike X-rays, near infrared and visible radiations. This
is evident by the fact that the photon energies in the THz range (meV) are a million
times weaker than the commonly used x-rays, avoiding the photo-ionization damage in
biological tissues and other samples. Terahertz radiation is well suited for imaging
applications as the long wavelengths result in lower Mie scattering, which is

proportional to A [7]. Another lucrative property of THz is that many of the common
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packing material, non-polar polymers and few dielectrics are transparent to this
frequency range. This feature is very useful for non-contact and non-disruptive
applications in security screening and defense. It is well known that THz transmission
through atmosphere is severely curtailed because of absorption by water vapor. The
THz absorption by water molecules is however, made to use in applications like medical
imaging, where by quantitative analysis of THz absorption the water content in a sample
can be analyzed with great sensitivity [8]. Metals feature very good reflection in the

THz frequency range.

1.1.2: Applications

THz radiation was originally used by the astronomers to read the cosmic
background radiation in search of information about the Big Bang explosion [9].
Detection of atmospheric THz emission lines have enabled monitoring of ozone
depletion [10] and similar measurements in the interstellar space provide information
on planetary objects and evolution of the solar system [9]. With advent of multiple
efficient THz sources, sensitive THz detectors and suitable photonic components, the
number of THz application fields has risen significantly [11]. Vibrational and rotational
excitations in various molecules occur in the THz frequency range and can be assessed
using the THz-time domain spectroscopy (THz-TDS) [12]. These resonances allow
identification of explosives, bio-agents, pharmaceutical drugs and other wide variety of
chemicals [13]. The special properties of THz radiation are being used for inspection of
sealed envelopes for concealed powders and identifying the threat material [14], [15].

In THz-TDS the THz radiation is allowed to transmit through or reflect from material
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surface and the changes in signal are used to calculate sample thickness, frequency
dependent refractive index, absorption coefficient and resonances [16]. The low photon
energies do not cause any ionization, chemical or phase changes in the sample. As the
database of THz spectral fingerprint for diverse substances in broad frequency range
grows, the scope of spectroscopy applications will further widen. THz imaging
techniques are broadly classified as active and passive [17]. In passive THz imaging the
THz radiation from an object is measured using heterodyne detection to determine the
shape and size of sample and the obstructions in between. In active THz imaging, a
source is used to shine THz light on the object and reflection or transmission is imaged.
Consistent research in the THz field has reduced the size and lowered the cost of THz
sources and detectors leading to extensive industrial application of the technology [18].
Non-destructive THz analysis for quality checking of packaged edibles, electronic
circuits, paint thickness, tablet coating and many more have been standardized [19].
Defect identification with THz radiation can be used for inspection of insulation foam
in a space shuttle and avoid disasters [20]. The most promising technical advancement
in recent times is the use of THz for high speed, high bandwidth data transfer [21]. For
communication in the upper atmosphere, where aircrafts and satellites operate and

humidity is less, THz frequency is the preferred mode.

THz imaging has been applied to differentiate between the healthy tissue and
basal cell carcinoma, both in vitro and in vivo [22]. Techniques involving a combination
of THz imaging and spectroscopy have been implemented for characterization of burn
injuries, detecting tooth decay and analyzing tissue density and water content [23]. In
recent years THz-TDS has been implemented to measure the blood glucose levels [24]

and early detection of diabetic foot syndrome [8]. The THz radiation has applications
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in pure scientific explorations like study of Rydberg excitations [25], temperature
dependent conduction and carrier dynamics in semiconductors [26], conformational
changes in proteins [27] and phase transition in ferroelectrics [28]. THz driven electron
accelerators are now being developed to down-size huge electron acceleration facilities
[29], [30]. There scientific applications are far and wide from condensed matter studies
to protein crystallography, primarily owing to the high peak power, tunability and high
repetition rates [31]. Acceleration scheme based on THz radiation is designed to
combine good enough charge (~ pC) featured by radio-frequency based conventional
accelerators and high acceleration gradients (~ 1GeV/m) featured by laser-based

accelerators [32].

THz radiation has applications in multiple areas of science and technology.
Many of the possible uses are however still at very nascent, proof of concept stage and
will hugely benefit from development of intense THz radiation sources featuring large
bandwidths, small size, lower cost, high repetition rate and good conversion

efficiencies.

1.2 Different THz Sources

Based on the technologies used by adjacent regions in electromagnetic
spectrum, THz radiation can be generated by frequency up-conversion (based on
electronic sources) [33] or frequency down-conversion (based on photonic sources)
[34]. The topic of research in this thesis is ultrashort laser interaction with plasma, i.e.
the photonic means. As the sheer number of THz generation methods available today is

huge [35], we will discuss a few commonly used laser-based sources for comparison.
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1.2.1: Photoconductive Antenna

Photoconductive antenna (PCA) or photoconductive switch (PCS) is one of the
most used THz generation devices, which is based on use of femtosecond duration
lasers. The use of PCA for THz radiation was first proposed by D. H. Auston which has

revolutionized the field of THz generation and detection [36].

4[‘ Photoconductive
Substrate
THz JM

wave

Fig. 1.2: Photoconductive antenna for THz generation

Schematic of PCA based THz device is shown in fig. 1.2. PCA consists of a
semiconductor substrate and two metal electrodes deposited on it with a small gap
between them. High voltage is applied across the electrodes. When a femtosecond laser
is shone in the gap region with photon energy greater than the semiconductor bandgap,
photo-carriers or electron-hole pairs are generated and accelerated due to presence of
the voltage. A transient current flow through the electrodes and they act as antennas
emitting radiation. Charge density dies out owing to recombination. Pump laser
duration and carrier lifetime decide duration of the transient current. Sub-picosecond

transient current leads to radiation in the THz frequency range. As can be inferred from
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above discussion, antenna design geometry, doping, growth technique and choice of
semiconductor are parameters to be optimized for maximum THz generation. Usually,

a silicon lens is attached on the backside of PCA to collimate the diverging radiation.

PCAs were first used for THz generation in 1984 [37]. Now, they can function
with nJ level pump laser energy and emit in the 0.3 to 6 THz frequency range. They are
used for their compact design and mature technology. PCAs feature typical energy
conversion efficiency of ~10* and focused electric fields of the order of tens of kV/cm
[38]. However, limiting behavior arises with further increase of laser pulse energy as it
leads to breakdown of constituent materials [39]. Increasing high voltage can improve

THz flux but degrades the semiconductor base over time.

1.2.2: Optical Rectification

Optical rectification in nonlinear (non-centrosymmetric) crystals is also a very
commonly used method for THz generation. Electric field in a nonlinear crystal induces
time dependent polarization and the resultant dipole oscillations radiate electromagnetic
field. The real electric field E (t) is sum of the field and its complex conjugate, (E + E*).

Polarization can be written as power series of the electric field, E (t)
P(t) = go[xXVE@®) + XPEM®E®) + xXPE®EW®E®) ++-]  Egn.(L1)

In this equation, go is electric permittivity of free space and %™ are n' order
susceptibilities. For sufficient laser intensities and y @ susceptibility of a nonlinear
crystal, higher order terms in the polarization equation become relevant. As can be seen

from equation (1.1), second term on the right-hand side is proportional to the product
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of electric field [(E+E*). (E+E*)] with itself. This product has terms related to sum-
frequency generation and difference-frequency generation. For single-color laser, the

intra-pulse difference-frequency generation is also known as optical rectification, as is

shown in fig. 1.3.
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Fig. 1.3: Optical Rectification in a nonlinear crystal for generation of THz radiation.
(a) An ultra-short broadband laser pulse is incident on the nonlinear crystal for
broadband THz generation (b) Difference Frequency Generation (DFG) occurs
between all combinations of higher and lower frequencies within the laser pulse

bandwidth. The resultant THz spectrum is shown in the graph below. The figure (b)
has been adapted from reference [40] J. A. Fulop et al., “Laser-Driven Strong-Field

Terahertz Sources”, Adv. Optical Mater. 8 (2020).

The ultrashort laser pulse features a broad bandwidth and when the difference
between individual frequencies lies in the THz frequency range, a broadband THz
spectrum is generated. For laser frequencies wn and on + Qr, the optical rectification
will produce Q for all possible combinations of n and r, as can be seen in fig. 1.3 (b).
This way a broadband, short duration laser pulse will generate short duration, broadband

THz radiation and vice versa.
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Apart from the laser spectral range that plays a crucial role in the THz generation
process, three other factors are important. Firstly, the nonlinear crystal should be
transparent to the pump laser frequency. Like, for the case of commonly used ZnTe
crystal, two-photon absorption depletes the pump laser energy limiting the THz energy
[41][42]. Secondly, the group velocity of laser pulse should match the phase velocity of
generated THz frequency for coherent addition of the THz flux over length of the
crystal. As phase velocity is frequency dependent, only those THz frequencies add up
for which the phase-matching condition is fulfilled. For a given crystal thickness I, only
the frequencies fulfilling phase-matching condition will add up coherently. For any
thickness greater than ¢, for a given THz frequency, the THz phase velocity is out of
phase from the laser group velocity by more than 7/2. The effective interaction length

or the coherence length [43] is given by
lc(wTHz) = nc/[wTHz(ng - anHl)] Eqn. (12)

For larger crystal thickness, more pump laser energy can be consumed to
generate THz energy. However, more THz frequencies fulfill the phase-matching
condition for thinner crystals. Therefore, in case of optical rectification, the crystal
thickness has to be chosen such that required THz spectral width and energy are
balanced. Third and very important factor is that the crystal should also be transparent

for the generated THz frequencies.

Inorganic, nonlinear ZnTe crystal has been explored a lot for generation of THz
radiation [44]. Pulses up to 3 THz with uJ energy and 3x10°° conversion efficiency have
been reported [45]. Further scaling with laser energy is a challenge as the damage

threshold of ZnTe is 1 MV/cm? and phase walk-off occurs for frequencies above 3 THz

Page 9



Introduction

[46]. Later the use of Lithium Niobate (LiNbOgz) crystal for THz generation has
increased because of high damage threshold, high nonlinearity index and availability in
large sizes [47]. Phase-matching is however, an issue with the LiNbO3 and can be
managed by the titled pulse front technique as suggested by Hebling et al. [48]. THz
from this method can be focused to 1 MV/cm electric field and further enhanced by use
of cryogenic cooling for lower pump absorption [49]. Organic nonlinear crystals like
DSTMS and DAST are also being used for higher THz conversion efficiencies with

femtosecond lasers at > 1 um wavelength [50].

THz energy by optical rectification method can be enhanced by use of larger
crystals and maintaining the laser intensity below damage threshold. Cryogenic cooling
is also a fruitful means for THz flux enhancement. While the experimental realization
Is simple, maximum achievable frequency remains limited by the phase-matching
condition. High THz intensities can be obtained from this source however, even more

broad bandwidths of THz radiation can be obtained with some other techniques.

It should be noted that while the incident photon energy in case of
photoconductive antenna is larger than the electronic band gap of
semiconductor/insulator material, the driving photon energy in optical rectification is
much lower than band gap energy of the nonlinear material. The high energy excitation
in photoconductive antenna creates a transient photocurrent by generating charge
carriers in the base material. Though the rise time of photocurrent is similar to the
driving laser pulse duration, the fall time of photocurrent is much longer and is
dependent on the recombination rate [51]. Therefore, the THz bandwidths obtained in
case of optical rectification are much larger than that obtained from photoconductive

antenna for same driver laser pulse length. The THz pulse energy in case of PC antenna
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is derived from the bias field, while for optical rectification the pump pulse energy is
the source to THz energy. The underlying principle of THz generation however, is
similar in both cases. THz generation driven by ultrashort laser pulses is primarily based
on response of electrons in material medium to the applied electromagnetic field. While
the influence of magnetic fields is negligible, electric field induces acceleration in
electrons. THz radiation emission in either PC antenna or optical rectification is induced

by the electron dipole oscillation.

1.2.3: Two-color laser induced air plasma THz source

For all the THz generation mechanisms discussed above, laser damage threshold
limits the scaling of the THz source to higher flux. While the maximum obtained
bandwidth is dependent on phase matching and other crystal characteristics, phonon
absorption and other resonances create non-uniform THz spectrum generation. Plasma,
on the other hand, is an already disintegrated medium, so damage threshold is not a
matter of concern. Laser produced gas plasma sources have been shown to produce

intense THz pulses with ultra-broad bandwidths.

The very first demonstration of THz generation from ionized gas medium was
done by Hamster et al. in 1993 [52]. Infrared laser of 120 fs pulse duration and 50 mJ
energy was focused on Helium gas target and nJ level THz energy was detected. Since
then, efforts were being made to increase the transient current amplitude in the medium
to further enhance the THz flux. In 2000, T Loffler et al. used a very direct approach
by applying DC electric field along the plasma channel to create a low-frequency

directional current, similar to PCA [53]. THz radiation could be generated for as low as
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1 mJ incident laser energy. However, scaling could not be achieved with higher laser

energy as the applied field bias could not exceed the air electrical breakdown voltage.

In the same year, Cook and Hochstrasser used an optical AC bias on the plasma
filament [54]. They focused the fundamental and its second harmonic laser field
together, latter acting as the bias. This allowed better energy transfer from laser to the
plasma electrons. This method is commonly known as the ‘two-color scheme’ for THz
radiation generation. A lot of research in enhancing the flux and understanding the
generation mechanism has been carried out since then [55]-[58]. Fig. 1.4 shows a
typical experimental setup for THz generation from ‘two-color scheme’. The
femtosecond duration, near infra-red (NIR) laser is focused using a lens. In between the
lens and its focal plane, a second harmonic generation (SHG) crystal is placed. The
fundamental and second harmonic lasers are this way co-focused in air to create a
plasma channel. Phase difference between the fundamental and second harmonic field
is a crucial parameter in the generation of the THz and it is controlled by adjusting the
position of SHG crystal along the laser propagation direction. Conical emission of THz

radiation can be collimated and used for various applications.
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Fig. 1.4: THz generation from two-color laser induced plasma in ambient air
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The two-color laser induced air plasma source is capable of producing broad
THz spectrum [59] with respect to other known sources. THz pulses with tens of
femtosecond duration and 0.1 - 75 THz spectral range are routinely produced [60] and
experimental demonstration up to 200 THz has been achieved [61]. Laser energy to
THz conversion efficiency is typically of the order of 10 [62]. THz pulses of few tens
of uJ energy are produced using the two color air plasma source and it creates intense
electric fields in excess of MV/cm [63] at the focus of the beam. An important
advantage of this technique is that ambient air is used as medium for THz generation
and it produces continuous THz spectrum over a broad spectral range. This unique
feature of having the source as ambient air medium itself, makes it appropriate for
remote generation and detection of THz waves [64]-[66]. The technique is designed to
avoid propagation losses. Several interesting problems in physics related to nonlinear
THz response [67], Rydberg excitation [25] and phase transition in ferroelectrics [28]
can be accessed with such intensities. Shorter laser pulse duration in tens of
femtosecond scale yields highly broadband THz radiation from two-color scheme,
which is very useful for spectroscopy applications. This is in particular, useful as in the
limited bandwidth generated by common THz sources, spectral fingerprinting for
identifying the sample material (e.g., drugs, explosives or any other hazardous
chemicals) may be prone to ambiguity. However, the use of broadband THz radiation
offers rapid and more accurate identification. Fig. 1.5 shows a typical absorption spectra
of explosives viz. TNT and RDX [68]. One can see that the absorption peaks extended
over broad spectral range (Black curve). Also, the spectrum obtained from the PCA

THz source is overlapped (Blue curve) on the explosive’s absorption peaks. It is evident
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from the figure that with broad spectral range, material identification can be definite as

larger number of spectral features can be determined.
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Fig. 1.5: Absorption spectra of (a) TNT and (b) RDX with many features in the THz
domain obtained by THz time-domain spectroscopy (THz-TDS) using laser plasma
source (black curve) and photoconductive antenna (blue curve). Image adapted from:
P. G. de Alaiza Martinez, “Generation of intense terahertz sources by ultrashort laser

pulses,” Ph.D. dissertation, L université Paris-Saclay, 2016.

1.3 Thesis Outline and Scope of the Research work

The work in this thesis is focused on generation and characterization of
broadband THz radiation from ultrashort duration two-color laser produced plasma
source. Efforts in the direction of up-scaling the THz yield have been reported. The
other important area of interest addressed in thesis is the efficient temporal and spectral
characterization of the THz pulse. A single-shot time profile detection method has been

devised and the implementation of technique supporting the maximum possible THz
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spectral bandwidth has been reported. Some applications employing the broad
bandwidth generation and detection techniques are then presented. Layout of the thesis,

detailing the work done during my Ph.D. tenure is given in the following pages.

All the work reported in this dissertation was carried out in the 10 TW, Ti:
sapphire laser laboratory at RRCAT (Raja Ramanna Centre for Advanced Technology),
Indore. This is a chirped pulse amplification (CPA) based, femtosecond duration, 10 Hz
repetition rate laser system. Details of the laser and associated diagnostics are presented
in Chapter 2 of the thesis. Instruments used for thermal detection of the THz radiation

and time domain measurement techniques are also described.

In Chapter 3 of this document, optimization of THz generation from two-color
laser induced air plasma by various parametric variations and electro-optic
characterization of the THz pulse produced are presented. As can be inferred from the
sections above, THz generation from two-color laser induced plasma in ambient air has
quite a few advantageous features that are found to be suitable for a wide variety of
applications. The THz flux obtained from initial experiments reported however, was
very low [53]. Through several stages of research, dependence of the generated THz
properties on various experimental parameters was discovered. We conducted
systematic investigation of the parameters on which terahertz generation efficiency is
dependent and discussed them. Phase and polarization the second harmonic electric
field with respect to the fundamental are key factors in deciding the THz radiation
amplitude. They are controlled and optimized by adjusting the position and azimuthal
angle of second harmonic generation crystal respectively. Widely accepted
Photocurrent model proposed by K. Y. Kim [69] has been used to explain the

experimental findings. As the pump laser energy is increased, saturation behavior has
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been reported in literature. We have observed and explained further enhancement in
THz flux as the laser energy is raised beyond saturation level. Next, we investigated the
role of external focusing geometry on THz energy by altering the input beam size and
using lenses of different focal lengths. Maximum THz flux was obtained for a smaller
than full beam size. It was also inferred from the experimental results that weak focusing
geometry supports stronger and more directional THz radiation. Spatial extent of the

THz beam in its focal plane was measured using the knife-edge method.

Analytical simulations based on the photocurrent model and our experimental
parameters have been instrumental in establishing the role of multiple ionization in
scaling of THz flux with increasing laser energy. Though the photocurrent model based
simulations have successfully been used to explain and justify the experimental finding,
it still is a simplistic approach that doesn’t take into account the intricate dynamics of
laser pulse propagation effects. To address this issue, two-dimensional Particle-in-Cell
(PIC) simulations are conducted to study the THz generation mechanism in dual and
single color laser excitation of gas medium. PIC simulations, not only confirmed the
contribution of transient photocurrent mechanism in THz generation, they also
supported the experimental observations. Impact of laser pulse chirp on THz generation
has been an area of interest in recent times. This is primarily motivated by the fact that
increase in laser chirp increases the ultrashort laser pulse duration which should, in
principle, have detrimental effects on the THz generation along with its spectral
characteristics. Instead, slightly chirped laser pulses have been demonstrated to produce
greater THz flux. In a CPA based laser system, minimum pulse duration is obtained for
an optimum grating separation and longer pulses are produced by parallelly moving one

of the gratings. Shorter or longer separation corresponds to positively or negatively
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chirped laser pulses respectively. Chirp basically is the presence of a time dependent
frequency variation within the laser pulse, originating because of incomplete dispersion
compensation. Therefore, any change in grating separation will not only increase the
laser pulse duration but the pulse shape also changes unavoidably. So far, the reports in
the literature have taken only the second order dispersion into account. However, while
considering the chirped pulses interacting with a medium, impact of the pulse shapes
also has to be considered. Experimental and analytical simulation results based on the
photocurrent model incorporating the higher order dispersion terms have been
presented, which makes this study very close to the real experimental conditions with a

CPA based femtosecond laser.

Temporal waveform measurement using the electro-optic sampling (EOS) has
also been reported. Similar to the EOS, all THz detection techniques capable of
frequency measurement are based on scanning a femtosecond probe pulse with respect
to the THz electric field. These methods are time consuming and prone to errors with
many high energy THz sources being based on lasers featuring high power, low
repetition and large shot-to-shot fluctuations. Advanced THz spectroscopy setups with
more than one delay line will hugely benefit from a single-shot temporal profile
detection method, as would the experiments investigating irreversible phenomena. We
present an easy to implement, single-shot THz time-domain detection technique,
capable of simultaneously providing the spatial, temporal and spectral profile of the

THz pulse [70].

Basis of this technique is that for a curved wavefront, away from the focal plane,
axial rays are delayed in time with respect to the marginal ones. With addition of a

simple lens in the probe path of a conventional EOS setup, focal plane of the probe
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beam shifts to a distance away from the crystal. THz wavelengths being large, footprints
of THz and probe laser on the crystal match. Polarization of the laser pulse rotates in
proportion to the THz electric field it coincides with in space and time. Laser beam
carrying THz information as polarization modulation is passed through an analyzer
prism and one of the orthogonal polarizations is imaged on a CCD (charge coupled
device) camera. A linear intensity profile through the two-dimensional image contains
information of THz temporal profile. Calibration of space-to-time conversion is done
by recording the peak THz amplitude positions for varying probe delay values.
Amplitude of the peak in THz electric field profile at different probe delay values is
dependent on the Gaussian spatial intensity profile of the focused THz spot. Peak values
obtained in the calibration process can therefore, be used to obtain the spatial profile

information of THz in its focal plane.

The current single-shot THz temporal waveform detection method has
advantages over a few previously reported single-shot techniques. Measuring the
focused THz intensity provides higher signal-to-noise ratio with respect to other
techniques in which THz energy is spread over larger spot sizes. This way the weak
THz sources can also be characterized and the spatial distribution of frequency in the
THz beam is not a matter of concern. Simultaneous measurement of the spatial profile
is an added advantage allowing intensity calculations in the same setup. Temporal
resolution is governed by the probe laser pulse duration (50 fs) and the window scanned

is 2.8 ps.

While advances in strong field THz generation have enabled as high as MV/cm
level of focused THz electric fields, imaging applications requiring large area

illumination and good signal to noise ratio demand further increment in the obtainable
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THz energy. Sources generating high THz flux are required for nonlinear THz
spectroscopy and detection of trace elements in a sample. While, THz generation from
two-color laser produced air plasma has several great features, net flux is limited by the
electron density in gas medium. Enhancement of THz flux from increase of the plasma
charge density by use of solid density target in the two-color scheme is reported in
Chapter 4 of the thesis. A thin layer of solid, transparent dielectric medium is placed in
the plasma filament in an effort to improve the THz flux. A huge challenge in using
solid targets in the two-color scheme is phase dispersion occurring in the medium. We
have successfully shown an increment of 95% in the broadband THz energy. Moreover,

the enhancement is expected to increase with incident laser energy.

Commercially available, transparent, glue-less, BOPP (bi-axially oriented poly-
propylene) tape target is placed in the later part of filament for creating an abrupt
increment in plasma density. A z-scan in the laser propagation direction with
monitoring of the total THz yield confirmed that the optimum position of tape target is
in the rear part of the plasma filament. At smaller laser energy, THz flux with and
without the tape target is not much different. As the laser energy increases, effect of
tape target on generated THz becomes evident. For 25 mJ pump laser energy the THz
flux with tape is almost twice of that measured without it. For higher laser energy, length
of the plasma filament also increases. It was observed that the target position had to be
optimized for each value of laser energy and was further away from the focal plane for
higher values. Frequency content was measured by the broadband field autocorrelation
detection. While the total THz flux increases with introduction of a solid thin film in
the plasma, spectrum of the radiation is not curtailed. THz radiation obtained with the

tape target was found to be equally broadband as the spectrum measured without it and
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extends up to 60 THz (mid IR). As far as the generation mechanism is concerned, role
of transient photocurrent model was established by investigating the function of second
harmonic laser. In absence of the SHG crystal, no THz radiation was detected. Further
THz generation with and without the tape target was measured as a function of the
azimuthal angle of the SHG crystal. Peaks in THz radiation were observed for same
rotation values in the SHG crystal, suggesting that the THz with tape target source is

also based on the photocurrent mechanism.

In Chapter 5 we report spectroscopic application of the ultra-broadband THz
radiation generated using the two-color laser induced ambient air plasma. Unique
spectral features of several molecules lie in the THz frequency range owing to the lattice
vibrations, intra-molecular and inter-molecular vibrations and rotational levels
occurring in this energy range. As a consequence, several important applications like
drug and explosive detection for security and defense purpose, product quality
assessment, adulteration detection have been made possible. A broadband database of
multiple spectral fingerprints of a wide variety of materials is therefore, crucial. Apart
from chemical identification, use of semiconductor and dielectric materials for THz
photonics applications require knowledge of usable, flat response sections of the THz
bandwidth. Because of the bandwidth limitations posed by the generation or detection
part of the measurement techniques used so far, minimal data on broadband dielectric

behavior of commonly known samples in the THz frequency range is available.

As discussed earlier, two color laser induced air plasma source generates a very
broadband radiation spanning up to 60 THz. And the only detection method that can
cover the entire THz spectrum without limitations is the field autocorrelation

measurement (FAC). For this purpose, in house development of the THz field auto-
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correlation setup was done in laboratory. The technique gives temporal profile of the
THz electric field by scanning the one arm of Michelson interferometer with a fine delay
of 200 nm (0.66 fs). Temporal pulse duration of 12 fs (FWHM) and spectral bandwidth
of 0.1-60 THz is measured in case of two-color air plasma. However, unlike the other
coherent detection techniques, FAC measurement suffers from the deficiency that phase
part of this frequency-domain detection method is not definite. Following analysis
methodology therefore, has to be employed. Field autocorrelation plot after
transmission through the sample and a reference without the sample are recorded.
Refractive index and dielectric constant for the samples in THz frequency range can be

calculated using Kramers-Kronig relations.

We have reported transmission data for a few common polymer and
semiconductor samples. THz response of PTFE (Poly-tetra-fluoro-ethylene) and LDPE
(Low-density poly-ethylene) was investigated as they are commonly used. THz
transmission data for semiconductor samples like Silicon and Gallium Arsenide is also
reported. To the best of our knowledge, such broadband database of THz optical

response is not available in literature.

As another application of the broadband THz material characterization, we
analyzed an organic, electro-optic, single crystal of HMQ-T (2-(4-hydroxy-3-
methoxystyryl)-1-methylquinolinium4-methylbenzenesulfonate), which is used for
THz generation by optical rectification. THz field generation by HMQ-T, which is
stronger than normally used inorganic and even organic crystals like DAST and
DSTMS has been reported elsewhere. Use of nonlinear crystals for THz generation and

electro-optic detection is mostly restricted by the phononic absorptions in this frequency
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range. Our broadband THz crystal characterization confirmed transmission up to 50

THz and therefore, its suitability for broadband THz photonics applications.

A brief summary of the all the results achieved in this research work is presented
in Chapter 6. Research work will be extended on the basis of experience gained during
this tenure. THz time-domain pump-probe spectroscopy will be carried out to study
enhanced transmission in semiconductor samples and phase transition in some
ferroelectric samples. An important study initiated during the present work is study of
multi-filament structure in plasma and its correlation with the THz generation. It is
proposed to investigate the temporal evolution of the electron density and filament

conformation in plasma to further elucidate the THz generation mechanism.
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Chapter 2: Laser system & Diagnostics

Details of the laser system used in experiments reported in this Ph.D.
dissertation are presented in this chapter. Single shot, second order autocorrelation
technique for measuring the laser pulse duration is also discussed. While, THz radiation
energy can be detected using thermal detectors, spectral detection requires
implementation of specialized techniques. In the initial experiments we have used liquid
Helium cooled Bolometer as sensitive detector is necessary for sensing the THz
radiation from pre-optimized generation setup. Pyroelectric detector functioning at
room temperature and covering a large bandwidth was used in the later experiments.
Next follows the discussion on use of electro-optic crystals for scanning the THz
electric field profile with time. The spectral information obtained from electro-optic
sampling is limited by the phase-matching conditions and other material properties. To
obtain information about the entire frequency range generated from the source, a THz
field autocorrelation setup was implemented and details of the same are given in this

chapter.

2.1 Laser System Details

2.1.1: 10 TW Ti: sapphire laser system

The experimental studies reported in this thesis were carried out using the 50 fs
duration, 800 nm wavelength, Chirped Pulse Amplification (CPA) technique based 10

TW Ti: Sapphire laser system.
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The CPA scheme for ultrashort laser pulse amplification was introduced by
Donna Strickland and Gerard Mourou [1] for which they have received the Noble Prize
in Physics in 2018. Before the CPA scheme was devised, the conventional way to
produce high power laser pulses was based on Master Oscillator Power Amplifier
(MOPA) scheme [2]. In the MOPA scheme, a short pulse from oscillator goes through
successive amplification at different stages before being focused for irradiating the
target. However, the MOPA scheme suffers from two fundamental limitations, namely
(@) generation of unwanted non-linear and thermal response during the amplification
stages from different optical components and (b) damage of optical elements owing to
increase of beam fluence beyond damage thresholds. In fact, the non-linear responses
aided by the thermal response together were found to be the reason behind the
operational damage of the optical materials. Thus, construction of high-intensity short

pulse lasers was proving to be challenging.

The success of the CPA scheme lies in avoiding these limiting issues
considerably. Like the MOPA stage, the CPA stage also uses an ultra-short laser pulse
(seed pulse) produced by a Fourier Transform Limited (FTL) oscillator to start with.
However, before sending the seed pulse to amplification stages, it is first sent through
a grating pair combination. Since the ultrashort seed pulse possesses a large frequency
bandwidth, the grating pair offers different optical paths depending on the frequencies.
Therefore, the entire frequency spectrum is dispersed in time with respect to each other.
This is results in an overall broadening of the seed pulse which ensures that the power
of the seed laser pulse is greatly reduced. The basic scheme of operation in CPA scheme

is shown in figure 2.1.
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L AN

Oscillator =——> Stretcher ===  Amplifier

Fig. 2.1: Schematic principle of a Chirped Pulse Amplification (CPA) based Laser

System.

It is important to mention here that the FTL laser pulse is the minimum laser
pulse duration one can achieve for a given frequency bandwidth. The laser pulse
duration (tp) and spectral bandwidth (Av) are related according the relation tp. Av > Cp.
Here, Cy is a constant depending on the laser pulse shape considered [3]. The transform-
limited or minimum pulse duration of laser satisfies Tp Av = Cp condition. In this
condition, all the frequency components of laser are in phase. Such FTL pulse when
passes through a dispersive medium or specialized arrangement of dispersing optical
components e.g. prisms, gratings etc., the frequency components owing to their relative
phase velocities will develop a time lag among themselves [4]. This is called “chirping”
of the laser pulse and results in an overall broadening of the laser pulse duration in time.
The frequency may either increase or decrease with time for a positively chirped or
negatively chirped laser pulse respectively. If the longer (red) wavelengths are ahead of
shorter wavelengths then the pulses are defined as positively (+ve) chirped while in the
reverse scenario, the pulses are defined as negatively (-ve) chirped. Notably, the net
bandwidth content in the seed laser pulse does not change in this rearrangement of

frequencies but the resultant effect can be observed in duration of the laser pulse.
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The 10 TW laser system starts with a Kerr lens mode locked femtosecond laser
pulse oscillator [5] producing 20 fs Fourier Transform Limited (FTL) laser pulse at 76
MHz repetition rate. The seed 20 fs laser pulse is then sent through a stretcher unit
which stretches the laser pulse duration to 200 ps. Therefore, the power of the laser
pulse is reduced by four orders of magnitude (10 times). As expected, this reduction
of laser pulse power not just reduces the chances of non-linear phenomena [4] [6], it
also allows the same stretched laser pulses to go through multiple amplification stages
without damaging the optical elements in between. A block diagram of the different
stages of laser system is shown in figure 2.2 below. As seen from the fig. 2.2, first stage
of the system is a Kerr lens mode-locked [5] femtosecond (fs) oscillator with Ti:
sapphire as gain medium. Most of the ultrashort high intensity lasers are based on Ti:
sapphire crystal because it supports a large bandwidth for amplification with peak
amplification near 800 nm wavelength. The Ti: sapphire crystal also has good
mechanical properties, high thermal conductivity and high optical damage threshold.

Large size crystals with good optical quality are commercially available.

Frequency Doubled
Nd: YAG

Stretcher S
Main Amplifier ‘

REGEN Amplifier

Femtosecond
Oscillator

Pre-Amplifier T
Compressor
1 Frequency Doubled
Nd: YAG
Frequency Doubled
— Nd: YAG l
Experimental Area

Fig. 2.2: Layout of the 10 TW Ti: sapphire laser system.
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The oscillator crystal is pumped by frequency-doubled Nd: YVO. laser
(VERDI, Coherent Inc.) at 532 nm and 5W power. Long laser cavity of the oscillator
supports a large number of modes and delivers 20 fs duration laser pulses at 76 MHz
repetition (time difference between two pulses ~13 ns). The mode-locked laser pulses
with nJ level energy are then stretched in time using the Offner geometry grating pulse
stretcher [7] featuring positive dispersion. The Offner pulse stretcher uses a single
grating in double pass and a pair of concave and convex mirrors. All reflective geometry
of the stretcher is used to avoid the higher order dispersions in optics and gain medium.

Stretched laser pulses of 200 ps duration are then fed into regenerative amplifier.

Regenerative amplifier (REGEN) is a seeded, high gain amplifier [8]. REGEN
is pumped by second harmonic of Nd: YAG laser (COMPACT). A Pockels cell-based
pulse selector provides laser pulse at every 100 milliseconds from pulse train of 76 MHz
from oscillator. Half-wave (A/2) plate and Faraday rotator changes the horizontal
polarization of laser pulse from stretcher to vertical. A A/2 plate is used to again switch
the polarization to horizontal and select pulses. The injected laser pulse in the REGEN
makes around 15 round trips in the cavity and is amplified by factor ~10°. Amplified
laser pulses are ejected out of REGEN after a change of polarization by the Pockels cell.
Activation of the Pockels cell is done electronically by high voltage driver (MEDOX).
The laser goes through a pulse-cleaner for suppression of the replica pulses appearing
at REGEN cavity round trip time. Laser pulses at 10 Hz repetition are then fed to a 4-
pass pre-amplifier. The bow-tie pre-amplifier is pumped by the same frequency-

doubled Nd: YAG laser (COMPACT).
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The main amplifier is another multi-pass bow-tie Ti: sapphire amplifier
consisting of large size crystal as gain medium. Both ends of the crystal are
symmetrically pumped by two frequency-doubled Nd: YAG lasers, named as SAGA 1
and SAGA 2. The amplified laser pulses after final amplifier are fed into laser pulse
compressor consists of two parallel gratings which compresses back the amplified laser
pulse in time [9]. The whole grating compressor is kept inside a vacuum chamber to
avoid phase distortions and grating damage as the peak intensity of the pulse increases
after pulse compression. Grating pair separation is adjusted to compensate for the
positive chirp introduced in pulse by stretcher, amplifier stages and other transmission
optics in the path. Angle of diffraction by first grating and parallelism are crucial in
obtaining the minimum pulse duration. The output pulse duration is still greater than
the oscillator seed pulse because of the gain narrowing in amplifier stages, especially in
the REGEN. The pulse duration after the compressor is achieved to be ~ 50 fs (FWHM).

Output characteristics of the laser system are depicted in table 2.1 below.

Parameters Value

Pulse Duration > 50 fs (FWHM)
Central Wavelength 800 nm

Bandwidth 20 nm (FWHM)
Maximum Repetition Rate 10 Hz
Beam Diameter 40 mm
Maximum Pulse energy 450 mJ

Table 2.1: Parameters of the 10 TW Ti: sapphire laser system at RRCAT.
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2.1.2: Second Order Autocorrelation measurement of laser pulse duration

Accurate estimation of the incident femtosecond laser pulse duration is crucial
for experiments related to laser-matter interactions. In particular, for THz schemes
employing short pulse lasers, it is advantageous to use ultra-short laser pulses as the
yield and bandwidth of resulting THz radiation is primarily defined by these parameters

[10].

Laser Pulse

Beam Splitter

S .
—p

Delay Line CCD Camera

SHG

Lens Crystal

Fig. 2.3: Schematic diagram of single shot autocorrelator for measurement of laser

pulse duration (top view)

A single shot, second order, intensity autocorrelator [11] is set up just before the
experimental area and pulse duration is measured before starting any new study.
Schematic layout for the single shot autocorrelator is shown in fig. 2.3. An ultrashort
laser pulse is split into two parts and then recombined in space and time after travelling
separate paths on a SHG crystal in non-collinear fashion. Use of non-collinear geometry

allows increase of signal-to-noise ratio in the measurement compared to collinear
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geometry as the 2 radiation generated by individual laser pulses (») can be easily

eliminated by applying suitable optical blocks.

In case of spatial and temporal overlap between the two pulses, non-collinear
phase matching occurs and second harmonic radiation (2w) is generated from the region

of interaction. Direction of the autocorrelation signal lies in between the main laser

pulses dictated by the vector addition of the wave vectors EZw = Ew + ﬁw. Relative
delay in between the two optical beam paths is adjusted using a linear delay line which
in turn also controls time difference between the two pulses. The autocorrelation signal

as a function of relative time delay is given as
A = T2 1.1 (t - D)dt Eqgn. (2.1)

If shape of the laser pulse is known, Full width at half maximum (FWHM) of
the signal A(t) can be used to calculate the laser pulse duration. For this purpose, the
autocorrelation trace is recorded on a spatially resolved detector like charge coupled
device (CCD) camera. Spatial width of the autocorrelation trace is dependent on the
angle between paths of divided laser pulses. FWHM duration 1, of the laser pulse is

related to the FWHM width Ax of the autocorrelation trace according to this relation

__ kAxsin(0/2)

L . Eqgn. (2.2)

In this equation 0 is the angle between two laser paths as shown in fig. 2.4 (a),
c is the speed of light and k is the correction factor corresponding to the pulse shape
assumed. For a Gaussian pulse value of k’ is taken to be V2 and for sech? pulse profile

kis1.3.
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Fig. 2.4: (a) Conceptual diagram of the single shot autocorrelation technique, (b)
Autocorrelation trace of the laser pulse showing 49 fs duration. Image of the signal is

shown as inset of (b).

2.2  Measurement of the THz radiation energy

A number of methods for THz detection are available, which are classified as
coherent and incoherent mechanisms. Base of incoherent detection method is
measurement of some change in the properties of sensor material with rise in
temperature occurring as a result of the incident radiation. Two of the devices used in

studies reported in this thesis are discussed below.

2.2.1: Liquid Helium Cooled Bolometer

In Bolometer detectors resistance variation of the material because of

temperature change is exploited. It is a very sensitive device designed to detect even
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very low energy radiations. Incident electromagnetic beam heats the absorbing material

and its resistance gets changed. Fig. 2.5 shows the fundamental structure of a bolometer.

Incident Radiation

Absorber TI
Thermal Mass
Heat Capacity Constant o
C Current Circuit

Thermal Conductance, G — 5

Heat Sink

Fig. 2.5: Schematic showing the working principle of a bolometer.

Bolometers that have separate sections for radiation absorption and temperature
estimation are termed as ‘Composite” bolometers. The common resistive materials used
are heavily doped semiconductors like ion-implanted Silicon and Germanium.
Electromagnetic radiation falls on an absorbing surface which is attached to a thermal
mass acting as resistor at temperature To and a heat sink at temperature Ts (To > Ts).
Heat capacity of the thermal mass is taken to be ‘C’, which converts the radiation energy
to heat. Thermal link between the resistor and heat sink has a conductance value of ‘G’.
For better sensitivity the absorber surface should feature low heat capacity and good
absorption over a wide frequency spectrum. The substrate material should have large

value of thermal conductivity and low heat capacity.
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Initial equilibrium temperature in absence of radiation is To. Impinging
electromagnetic beam heats the absorber and resistor causing a change in its resistance.
This variation is recorded as a voltage drop across the external circuit with a constant

current flowing through it [12]. Thermal coefficient of the resistor material is given by

a(T) = Rio (%) Eqn. (2.3)

Resistors with high thermal coefficient are preferred for use in bolometers. Ro
in above equation is the resistance value at equilibrium temperature. Voltage drop
across the circuit with constant current ‘I’ flowing through, for a ‘AT’ change in

temperature can be estimated as
dR
AV = 1aR,AT = I()AT Eqn. (2.4)

The input radiation power P, + P;e'®st is absorbed by the bolometer, which
contains a fixed Po part and a time varying P1 part with os frequency. The temperature
of bolometer changes as T, + T;e'“st. As the power loss from bolometer to the heat
sink is through thermal conductance, the equation of input power and the output power

plus the stored power in heat capacity is given as
Py + Pye'®st + I’R(T,) + I*(dR/dT)T e'st
= G(Ty — Ts) + GT,€'“s + iwCT,e's* Eqn. (2.5)

Average operating temperature of the bolometer, To can be calculated by

equating the time-independent terms of the above equation

Py + I?’R(Ty) = G(Ty — Ts) Egn. (2.6)
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Now, we equate the time-dependent terms of equation 2.5
P,/T1 =G + iwsC — I*(dR/dT) Eqn. (2.7)

The voltage responsivity of a bolometer is defined as the voltage drop per watt

of absorbed radiation power.

Substituting equation (2.7) in equation (2.8), the voltage responsivity of

bolometer can be written as

_ I(dR/dT)
A 7 [6-I2(dR/dT)+iwsC]

IROO.C ; Gesr = (G — I*aRy)  Eqn. (2.9)
Geff(1+<lwsc>)

Geff

For n absorptivity of the resistor and substituting the values of voltage
responsivity and voltage drop, the following frequency dependent value for temperature

change [12] is obtained

AT = — 2P0
Geff(1+< iwC ))

Geff

Eqgn. (2.10)

An important aspect of the bolometer operation is noise isolation. Winston cone
optical collection of the radiation and liquid Helium cooling is used in the Germanium
bolometer used in our experiments. The bolometer is manufactured by QMC
Instruments limited and model no. of the equipment we used is QGeB/2. An amplifier

circuit is attached for enhancement of the signal recorded. Multi-mesh filters and high-
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density polyethylene (HDPE) windows are mounted before the sensor to avoid the
thermal noise from ambient atmosphere. An outer dewar of liquid Nitrogen is provided
to minimize the evaporation loss of liquid Helium from cryostat. System optical
responsivity is given as 16.5 kV. W and a very low value of noise equivalent power
(NEP) of 1.3 pW. Hz ™ is reported. A thin metal film acts as absorber in the system.

This bolometer features a rise time of 1 millisecond.

2.2.2: Pyroelectric Detector

Pyroelectricity is the property of a few non centro-symmetric crystals because
of which change in temperature creates a temporary voltage in them along one axis. The
crystal structure of a Pyroelectric material has natural charge separation leading to a
permanent dipole moment within crystal [13] [14]. Metal electrodes are deposited on
each side of a thin wafer of the crystal cut along its polar axis [15]. Electrodes are
normally blackened for better absorption. Radiation incident on the sensor surface
increases temperature of the electrode and then the crystal. Properties of the crystal

induce a dipole moment diminishing the one present in absence of radiation.

\\\Incident Radiation

Absorber Electrode

Load
Resistor

Fig. 2.6: Basic schematic diagram of THz detection using a Pyroelectric detector

Page 44



Laser system & Diagnostics

As shown in fig. 2.6, redistribution of charges causes a compensatory current to
flow through the external circuit. Amplitude of the current flowing through external

circuit is given by

=% _ pA (%) Eqgn. (2.11)

In this equation Q is charge, t is time, T is temperature, A is area of the
Pyroelectric crystal surface and p is the Pyroelectric coefficient value. Pyroelectric
coefficient of a crystal is determined by the change of spontaneous polarization with
respect to temperature variation and is calculated as p = dPs/dT with [Coulomb/
meter?.Kelvin] unit [16]. Commonly used pyroelectric crystals are lithium tantalite
(LiTaO3), barium titanate (BaTiOs3) and lithium niobate (LiNbO3) because of their high
pyroelectric coefficient values [17]. Apart from these crystal, chemicals like triglycine
sulfate (TGS), oxide ceramics like lead zirconate titanate (ZrTiO3) and polymers like
poly-vinylidene fluoride (PVDF) are also used as pyroelectric material for THz

detectors [14].

The main advantages of using a pyroelectric detector for THz detection are its
room temperature operation, small size and low cost [18]. Pyroelectric detector’s
frequency response ranges from the lowest THz frequency (0.01THz) up to the infrared
radiation. Desired bandpass filters can be used for selective frequency range
measurement. Other benefits are low power consumption, good sensitivity, large
dynamic range and nW/\Hz level noise equivalent power (NEP). Though pyroelectric
detectors are relatively less noisy but thermal noise of the ambient atmosphere is very
similar in value to the terahertz radiation. Low noise and high impedance amplifiers are

therefore required for functionality in THz frequency range [19]. Cost of pyroelectric
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detector is much lower than the traditionally used Golay cell for THz frequency range.
We have used pyroelectric detector for THz detection by Gentec (Model: THz-2I-BL-
BNC) company. Typical sensitivity as informed by the manufacturer is 0.2 MV/J. The

detector features noise equivalent power of 0.4 nW/\Hz.

2.3 THz detection in time domain

The detection of THz radiation in time domain constitutes a major part of the
detection methodologies used conventionally. The basis of the time domain
measurement involves instantaneous sampling of THz electric field by a probe
femtosecond laser pulse. The probe femtosecond laser pulse is scanned across the THz
pulse in time using a delay line or stage. Fourier Transform of the signal obtained in
time domain provides information on frequency content. Several methods namely the
electro-optic sampling, scanning based on photoconductive antenna and Air Biased
Coherent Detection (ABCD) are used for time domain measurement of the THz pulse.
These techniques form the basis of spectroscopy studies and applications in the THz
frequency range. As mentioned earlier, the time and frequency parameters form a

Fourier pair and are connected according to the following formulae [20]

Frequency Resolution,Af = 1/T (Total scan duration) Eqn. (2.12)
Maximum detectable frequency, f o = 1/At (time between data points)

Eqn. (2.13)
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These relations are true for electro-optic sampling, air-biased coherent
detection, sampling using the photoconductive antenna, FTIR and similar

measurements.

Above mentioned detection methods are limited in their capability of covering
the entire THz spectrum. The two-color laser induced plasma in ambient air medium is
source to the largest THz spectrum among other known sources. In order to fully
characterize the broadband THz pulse generated from this method, a field
autocorrelation setup has been developed in-house. This technique is devoid of
limitations featured by other coherent detection methods. Electro-optic sampling was
also conducted for THz pulse characterization. Discussion on the two schemes is

presented in the following pages.

2.3.1: Electro-optic Sampling

Free-space electro-optic sampling (EOS) is method used to detect the electric
field evolution of the THz radiation in time domain. Pockels effect in an electro-optic
crystal is utilized in this technique, which has the same nonlinear optical coefficient (y?)
as optical rectification [21]. In presence of a static electric field, birefringence is induced
in the electro-optic (EO) crystal in proportion to amplitude of the applied field. This
implies that if birefringence in the crystal is estimated in some way, amplitude of the

applied electric field can be calculated.
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Fig. 2.7: Basic schematic of an electro-optic setup

As shown in fig. 2.7, THz beam and a very small energy femtosecond laser
functioning as probe are collinearly matched in space and time in an electro-optic
crystal. Electric field of the THz pulse is practically DC in comparison to the
femtosecond duration of probe laser used. For proper phase-matching in this nonlinear
phenomenon, group velocity of the probe laser and phase velocity of the THz pulse
should match in the crystal material. Other condition for selection of the electro-optic

crystal is that it should be reasonably transparent for the laser and THz frequencies [22].

A linearly polarized probe laser undergoes polarization rotation in presence of
and in proportion to the instantaneous THz electric field it coincides with. The laser
polarization of the probe beam becomes elliptical. An analyzer prism is used to separate
the two orthogonal polarization components, which is measured using a photo detector.
To enhance the signal to noise ratio, a A/4 plate is placed in the probe path to make it
circularly polarized. Polarization rotation of the probe is measured using a balanced

photodiode. In a balanced photodiode, horizontal and vertical polarization components
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are measured by two separate photodiodes and a differential amplifier circuit which

produces a voltage.

A large value of the electro-optic coefficient is necessary for efficient detection
[23]. We have used a 200 um thick ZnTe crystal with the electro-optic coefficient ra;
value of 4 pm/V. The phase retardation in probe laser due to Pockels effect in presence

of Etn; field, over a crystal thickness of L is given as
A(P = wTLn(s)r41ETHZ Eqn (214)

In this equation o is the laser frequency, c is the speed of light and no is the
refractive index of EO crystal at laser frequency. Intensities of the two laser

polarizations at photodiodes of the balanced detector are
I, = 2(1-sinAp) =~ 2 (1 - Ag) Eqgn. (2.15)
I, = 2(1+sinAg) ~ 2(1+ Ap) Eqn. (2.16)

lo is the intensity of incident probe laser. This way value of the signal measured

by balanced photodetector is proportional to the THz electric field.

IowL
I;=1,—1I,=IAp = %nngmZ < Erpy Eqn. (2.17)

In actual experiment, the signal is a convolution of the theoretically estimated

signal as calculated in above equation and the detector response function [24].
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The detector response function is dependent on the following parameters

1. Finite duration of the probe laser pulse,
2. Frequency dependent nonlinearity index y? of the crystal and
3. Phase mismatch between the group velocity of laser pulse and phase velocity of

the THz radiation.

Crystal thickness in case of electro-optic sampling therefore, has to be selected
carefully keeping measurement requirements in consideration. To better appreciate the
role of phase-matching condition on the efficiency of electro-optic effect, the equation

for an optical probe pulse with dw frequency bandwidth is written as,

k(wrh,) / @raz = (9K / 0w)ope Eqn. (2.18)

Which implies that the efficiency of electro-optic sampling will be the
maximum when phase of the THz wave travels at the group velocity of optical pulse.

The corresponding coherence length [25] for electro-optic sampling is,

e e

WTHz|Neff — NTHZ
WT1Hz |Nopt — Aopt dA |Aopt — Nty 2 |

Eqgn. (2.19)

The coherence length as a function of terahertz frequency is shown below, in

fig.2.8 from A. Nahata et.al. Appl. Phys. Lett. 69, 16(1996), (Ref. No. 25).
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Fig. 2.8: Variation of coherence length with terahertz frequency for ZnTe crystal is
mapped. The solid line includes the effect of dispersion at optical frequencies, which
is neglected in the plotting of dotted line [Adapted from A. Nahata et.al. Appl. Phys.

Lett. 69, 16(1996)]

Another factor to contemplate is that the THz field value should not be very
large to exceed the half-wave voltage beyond which the probe polarization rotates more
than n/2 and can lead to error in measurements. Advantage of this technique is its
simplicity of implementation and its suitability for most of the THz sources featuring

small bandwidth.

2.3.2: THz field autocorrelation

Electro-optic sampling discussed in the previous section is the most used THz
spectrum detection technique. Phase-matching conditions however, limit the
application of this method to small bandwidth sources. The commonly used EO crystals
ZnTe and GaP cannot measure beyond 5.3 and 11 THz respectively. Absorption

features of the crystal further need to be accounted for during spectrum analysis. For
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broadband sources, only a section of the produced frequencies is measurable leading to
strong distortion of the detected THz electric field [26]. Complete information of the
time duration and frequency range cannot be assessed for THz radiation from two-color

source extending up to 60 THz and beyond [27].

— ZnTe —— ABCD
— GaP —— Michelson

1
0.8 (b)
0.6
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THz field (a.u.)
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Amplitude spectrum (a.u.)
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o

Fig. 2.9: (a) Normalized THz fields and (b) their amplitude spectra for a THz pulse
measured by different techniques; namely, by ZnTe and GaP EO crystals as well as by
the ABCD method and Michelson interferometry (the spectra are independently
normalized appropriately for clarity reasons). Figure adopted from Reference [25]

and reproduced with permission.

A broadband measurement technique of Air Biased Coherent Detection is also
used for THz frequency range [28]. This method is also a pump-probe technique in
which an IR laser is co-focused along with the THz beam in ambient air. A strong
electric field is applied along the focal plane and by the phenomenon of THz field
induced second harmonic generation (TFISH) a 2w signal is produced. Second
harmonic of the IR laser is detected using a photomultiplier tube (PMT). Probe is
scanned along the THz electric field to determine the temporal evolution of THz electric

field. As the 2w signal is very weak, this detection method is less sensitive than the

25
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EOS. Apart from this drawback, the maximum bandwidth detectable with ABCD is
inversely dependent on pulse duration of the probe laser. For a 50-fs laser used in our

experiments, bandwidth up to 20 THz can be measured.

In field autocorrelation measurement the THz pulse is divided in two parts and
one pulse scans against the second [29]. This way no material properties are involved
in the measurement and truly broadband detection can take place. Silicon beam-splitter
and filters used in the experiment transmit all radiation above 1.2 pm wavelength and
feature a flat frequency response over a large spectral range. A comparison of the field
autocorrelation measurement, also known as Michelson Interferometry with EOS using
the ZnTe and GaP crystals and ABCD detection method [30] for two-color air plasma
THz source is shown in fig. 2.9. It can be seen from fig. 2.9 that different pulse durations
and frequency contents are measured by various techniques. It is also important to
notice that signal obtained from EOS is showing oscillations that are absent in the

signals measured with more accurate methods.

In field autocorrelation (FAC) detection technique, THz radiation is split in to
two nearly equal parts. The detection setup basically has four arms, similar to a
Michelson interferometer. A schematic of the experimental layout is shown in fig. 2.10.
THz beam reflected and transmitted from the beam splitter is incident on mirrors placed
in the other two arms. One of the mirrors is placed on a delay stage to control time
difference between the two THz pulses. After reflection the two parts are combined and
exit along fourth arm of the Michelson. The collimated THz beam is focused using an

off-axis parabolic mirror and there it is measured using a pyroelectric detector.
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Fig. 2.10: Schematic diagram of the THz field autocorrelation detection technique.

-

Field autocorrelation signal measured by the Pyroelectric detector with respect

to the time delay is given as [31]
S o 2["TE@?dt+2 [ E(t).E(t — T)dt Eqn. (2.20)

First term on the right-hand side is proportional to pulse energy and second term
is the autocorrelation signal. Fourier Transform of the second term basically is the
spectral intensity, i.e. [E (v)]?. It is important to understand that while the FAC
measurement has no limitations in the spectral range measured in terms of presence of
any nonlinear medium leading bandwidth limitations; however, this is not a coherent
detection mechanism. One cannot find the phase part of THz electric field from this
method. Unlike other spectral detection methods (e.g., EOS, ABCD), where a
femtosecond probe is also used as a time reference, FAC measurement involves
scanning two THz pulses against each other. The phase estimation for spectroscopy
applications is done by indirect analytical techniques which will be presented in the
fifth chapter of this thesis. Maximum bandwidth measured in FAC is inversely

proportional to time resolution with which scanning is conducted and the spectral
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resolution is inversely proportional to length of temporal scan. The THz pulse duration
obtained with two-color laser induced air plasma source are of the order of tens of
femtoseconds. To measure the field autocorrelation signal with good resolution we have
collected data at 100 nm sized steps in the piezoelectric stage. Similarly, a scan range

of 50 to 80 um was recorded.

Notably, the temporal delay experienced by one arm of the Michelson
Interferometer is twice the step size “Ax” distance travelled by the delay stage.
Therefore, for the chosen step size of 100 nm, the effective optical path difference
created is lopt ® 2 x AX. Thus, the maximum detectable THz bandwidth in this case is
vTHZ X = 1498 THz. Please note that the THz spectrum obtained from two-color laser

produced air plasma source in our experiments, does not extend beyond 60 THz.

However, the spectral resolution depends on the maximum travel range of the
moving arm of the Michelson Interferometer. In the experimental measurements
reported in this thesis, it is estimated as 2.14 THz (70 um scan range). Delay stage with

longer travel range will be used in future experiments.
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Chapter 3: Two-color laser produced Air Plasma as Source

Generation of terahertz radiation using two-color laser pulses in gaseous
medium has generated a lot of interest, in recent times, owing to its simplicity in
implementation, convenient energy scaling and highly broadband THz pulse
generation. These features make the two-color scheme apt for practical applications
ranging from condensed matter physics to bio-medical applications and many more. As
the THz generation in this scheme involves formation of plasma in the medium,
therefore the process in itself is devoid any limitations posed by the damage threshold
of the medium. Moreover, by controlling laser propagation in the gaseous medium,

remote generation and detection of THz has also been realized.

The aim of this chapter is to discuss the THz generation mechanism from such
plasma and associated parametric studies involving laser pulse characteristics.
Moreover, for the first time, particle-in-cell (PIC) simulations have been used to
understand the intricate dynamics of THz generation. We find that though the photo-
current model in itself is static and one dimensional in nature, however, its predictions
are indeed valid when laser pulse propagation effects are taken into account and for

higher dimensions as well.

Contrary to the commonly observed saturation behavior in intensity scaling of
THz radiation with increasing laser energy, we find that THz yield increases almost
monotonically owing to multiple-ionization of the medium. The effect of laser pulse
duration on the THz generation is also explored in detail where we find that the higher

order dispersion terms do play a significant role in determining the THz yield.
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On the detection aspect, we present a single shot measurement technique of THz
radiation. The technique is universal in nature, offers higher signal to noise ratio and

moreover, unlike others, provides the spatial profile of the THz wavefront along with.

Two-color laser induced gas plasma sources have been found to support very
large THz bandwidths [1], [2] and high flux [3]. Plasma being an already disintegrated
medium, limitations on the laser energy scaling because of material damage threshold
are not present. This is a femtosecond laser-based table-top source with ambient air as
the source medium and broadband spectral profile. The two-color laser produced air
plasma for THz generation has also been implemented for the remote generation [4],

[5] avoiding issues related to diffraction and propagation losses.

In this chapter, we present the analytical treatment and corresponding numerical
simulations based on the photocurrent model used to explain THz generation from two-
color laser induced plasma in air medium. Although, this is a static, one—dimensional
model, several experiments and simulations have confirmed the applicability of this
theory. To further probe the generation mechanism a two-dimensional particle-in-cell
(PIC) simulation has been conducted. PIC simulations have confirmed the role of
photocurrent mechanism in THz generation from two-color scheme. As laser
propagation is accounted for in these simulations, resultant time domain THz signal is
similar to the experiments. We also report the dependence of THz radiation on various
optical parameters in the experimental setup of this source. We were able to obtain
enhanced THz flux beyond the saturation region and simulations based on photocurrent
model were used to explain the underlying reason. It has also been observed that the

THz flux was maximized for a smaller than full beam size of pump laser. Laser pulse
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duration plays an important role in the THz features obtained from two-color source.
However, the few experimental and theoretical reports available on THz generation
from broadened laser pulses, account for temporal increment only. The increase of laser
pulse duration by increasing or decreasing the separation between the gratings in the
laser pulse compressor of the laser system from its optimum position (corresponds to
shortest pulse duration), also changes the temporal pulse shape of the broadened laser
pulse. This arises due to introduction of higher order dispersions during laser
amplification. The change in the temporal shape of the laser pulse may have sharp rise
and shallow fall or vice-versa. Such laser pulse changes the laser matter interaction
which will have significant effect on the THz generation. We have reported a detailed
treatment of the problem in section 3.2.5 of this chapter. Characterization of the THz
signal obtained in our laboratory is presented. Knife-edge measurement of the THz
focal spot is conducted for spatial profiling. For time domain measurement, electro-
optic detection of the THz radiation has been reported. We also report a single shot THz
time profile detection based on the electro-optic effect itself. The technique provides
spatial measurement of THz beam in its focal plane as well. The single shot THz
waveform detection method presented has temporal resolution corresponding to the
laser pulse duration and since the focused THz intensity is measured, signal-to-noise

ratio is good.

3.1 Two-color laser produced air plasma as THz source

The generation of THz radiation from two-color filamentation in ambient air

was first reported by Cook and Hochstrasser in 2000 [6]. Primary aim of their
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experiment was to observe the inverse of nonlinear phenomenon of THz Field Induced
Second Harmonic generation (TFISH) [7], [8]. TFISH is a THz field detection
mechanism in which a femtosecond laser is co-focused in air with the THz radiation
and second harmonic of laser is produced in proportion to the co-incident THz field
(Eyy & x®PE,E,Ery,). This is the same phenomenon as ABCD discussed in chapter
two, without the application of electric field across air plasma. Laser energy of 150 pJ
was focused through a second harmonic generation BBO crystal to reach 1.5 x10%
W/cm? intensity. Nearly 2 kV/cm THz field was obtained from the experiment.
Although authors have attributed four wave rectification (E;, < x®E,E,E,,,) as the
underlying phenomenon for generation, they themselves found the THz radiation to be
“surprisingly strong” [6]. This is because the third order nonlinearity of nascent or
ionized gas medium is too small to explain the observed THz energy. Later it was also
proposed that the third order nonlinearity of free electrons and ions could be
contributing to the THz radiation generation [9]-[11]. Had it been the case, the presence
of pre-formed electrons would have definitely enhanced THz production. The simplest
way to achieve this is to employ controlled pre-plasma using a separate laser pulse
preceding the main laser pulse at controllable “relative” delay in time. However, form
such an experiment, it was firmly established that source of the THz frequency was

ionization of the gas medium and not (pre-) ionized medium [12].

In order to explain the reported observations, K. Y. Kim et al. proposed the
photocurrent model in 2007 for THz generation in the two-color scheme [12].
According to this model an asymmetric electric field comprising of the fundamental
and second harmonic at some phase difference leads to creation of a transient current

density. Time scale of this transient current is governed by the laser pulse duration. For
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tens of femtosecond duration of the driving laser pulse radiation lies in the THz
frequency range. Details of the simulations conducted for our experimental values and

results obtained are discussed in the following section.

3.1.1: Photocurrent Model

This section is based on the microscopic model for THz radiation generation
from two color laser induced plasma in ambient air presented by Kim et al. [12]. Laser
intensities of the order of ~10*® W/cm? are sufficient for tunnelling ionization of the
ambient air molecules. The freed electrons acquire a velocity at the moment of
ionization and drift away from the parent ion. Along with this motion, the electrons are
subjected to the instantaneous variations of laser electric field and therefore, oscillates
along the direction of laser polarization. For electric field of a single colour laser, the
oscillations of free electron density are of same amplitude along either direction.

Therefore, at the end of one cycle of laser pulse, no net current density is produced.

However, if the laser electric field is asymmetric; a directional current density
can be generated. The asymmetry is obtained by addition of a second harmonic to the
fundamental laser electric field at some non-zero phase difference. The combined field

expression is
E;(t) = E,coswt+ E,, cos2Qwt + 0) Egn. (3.1)

Electric fields of the fundamental (o) and second harmonic (2) laser are taken
to be E, and Ez, respectively, with a relative phase ‘0’. Based on a very simplistic
approach, the effect of relative phase difference between two laser fields has been
demonstrated in fig. 3.1. The graph shows sum of two sinusoidal waves at frequencies

® and 2. When the two waves are in phase with each other (i.e., phase difference, 6 =
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0°), the sum of both is still symmetric in nature. However, the resultant electric is
asymmetric after addition of both waves for a non-zero phase difference (6 # 0°) and

this behaviour maximizes for (6 =) n/2 phase difference.
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Fig. 3.1: The effect of relative phase difference ‘0’ between fundamental and second
harmonic laser electric fields on the combined electric field. The phase difference 6=

0 °for the blue curve while the phase difference 8= z/2 for the green curve.

Suppose the process of tunneling ionization initiates at t = t', then the velocity

acquired by freed electrons under influence of external electric field of lasers is

va(t) = —(e/m,) [, E,() Eqn. (3.2)
v,(t) = eE,sin(wt)/(m,w) + eE,,sin(2wt + 0)/(2m,w) Eqn. (3.3)

Along with oscillations at laser frequency, the electrons drift away from the
optic axis at velocity ‘vq’. For n/2 phase difference between o and 2w, a non-zero net

current is generated which adds up over the duration of laser pulse. The directional
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current surge is produced for tens of femtosecond duration which radiates

electromagnetic pulse in the THz frequency range. The current density is given by

J® = [* e dN(t).v,(t) Eqn. (3.4)

The free electron density produced during the time interval between t' and t' +
dt' is denoted as dNe (t') and their drift velocity is vq (t'). The THz electric field is

therefore, proportional to time derivative of current density and can be written as

dj(t) dN e(t)
vy(t)

ETHZ (08 7 Egn. (3.5)

Next step is to calculate the electron density Ne(t). For Hydrogen-like atoms, the

tunneling ionization rate from ground state has been calculated by Landau [13] as
2 E,
w(t) = 4wa( (t)) p( 3EL(t)) Eqn. (3.6)

In this equation, Ea (= 5.14 x10° V/cm) is the atomic field experienced by the
ground state electron in a Hydrogen atom and wa (= 4.134 x10% s?) is the atomic

frequency. From the ionization rate equation

T = WB)[Ny — Ne(B)] = Nyw(®) Eqn. (3.7)

With an assumption of non-depleting gas density, i.e., N, > N,, the electron

density can be calculated as
N, (t) ~ N, [_w(t)dt Eqn. (3.8)
The ionization rate is then decomposed into Fourier series [14] as follows

w(t) = % + Y21 wi. cos(lwgt), Eqn. (3.9)
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Wlth W, = %fn/wf

oy WO cos(lwyt) Eqn. (3.10)

The Fourier frequency in this case is chosen as of = 2w, as the laser amplitude
IS maximum twice in every cycle and therefore, ionization also occurs two times during

each cycle. The electron density with Fourier decomposition is expressed as

Ne(t) =N0t+ Nl Sln(Zl(Dt)+C
=1

where Nog = Ngwy /2, N, = Nyw,;/(2lw) and C isa constant ~ Eqn. (3.11)

With the assumption that tunneling ionization occurs near the peak of laser pulse
amplitude only and is dominated majorly by the fundamental laser field (E, > E,,), it

can be approximated as
cos H(wt) ~ 1 + w?t?/2
within a window of —m/2 < wt < /2 Eqn. (3.12)

For y = E,/E,,, the rate equation can now be written as

w(t) = 4wy, x exp [— %x (1 + %)] Eqgn. (3.13)

By substituting egn. 3.13 in egn. 3.11 and evaluating the integral for y > 1, we

get

w; =83 /mwxexp(=31%/x —2x/3) Eqn. (3.14)
From egn. 3.5, the THz radiation field is proportional to

ETHZ o f(Ew)Ewaine Eqn (315)
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2 E,

with f(E,,) = \/%exp (- pe-3 fg—w) Eqn. (3.16)

For a detailed derivation of the above equations, kindly refer to the appendix at

the end of the thesis. In this derivation, we have assumed thatk, > E, > E,,,.

It is clear from egn. 3.15, that the generated THz electric field scales linearly
with the second harmonic laser electric field. It is also inferred from the above
calculations that ionization of the medium is key to THz radiation generation. Higher
electron density corresponds to greater THz flux. This implies that for a fixed medium
density and sufficient laser energy, enhancing the plasma volume would reflect as
increase in THz energy. Another, important factor in egn. 3.15 is the sinusoidal
dependence of THz flux on phase difference ‘0’ between the fundamental and second

harmonic laser electric fields.

3.1.2: Numerical Simulation

Numerical simulations are performed to quantify the THz radiation generation
by implementing the tunnelling ionization and further electron motion under the

influence of laser electric field. For the laser intensities used (1015 W/cm?), the

Keldysh parameter y (:\/m) is much smaller than 1. lonization potential of the
primary constituent of air, N2 is Ui = 15.576 eV and Up is the ponderomotive potential
energy of laser. Tunnelling ionization is the dominant process for Keldysh parameter, y
< 1 and therefore, for estimating the rate of ionization we have used the Ammosov—

Delone—Krainov (ADK) ionization rate [15] [16] which can be expressed as follows:

2n
4wp

) o eXP(_::p) Eqn. (3.17)

t

w(t) = w, |Col? (

we
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1/2
I
eE’(t)l/Z, n* =Z[—"" and

I
where, wp = "y o = ;

|C4|% = 22" [n*.F(n* + 1).T(n*)] 1.

In the ADK ionization rate equation, I is ionization potential of the species of
interest, lon is the ionization potential of hydrogen atom, n* is the effective quantum

number and E; (t) is electric field of the laser pulse and I'(x) is the gamma function.

The ionization rate w (t) is used to calculate the free electron density using the

following rate equation

%:) =1-—exp [— f_too dt’w(t’)] Eqn. (3.18)

Multiple degree of ionization has been taken into account, using the successive

ionization potential values in the rate equation.

Further ionization can occur by collisional process of the electrons with ions and
neutrals. However, the rate of such collisions at atmospheric density is ~10'? s [17],
which corresponds to a picosecond time duration between two events. As this duration
is much larger than the laser pulse duration, ionization through collisional processes is
not considered in this simulation. The attachment of electrons to ions or neutral
molecules has also been omitted owing to hundreds of picosecond long lifetimes. In
addition, contribution from the electron displacement is ignored as well, as the
maximum displacement is very small in comparison to THz wavelengths. Electrons are
therefore, treated at point sources. The relativistic and magnetic effects are negligible
at the laser intensities considered and therefore, are not taken into account. Space-

charge effects and re-scattering of electrons from ions have been ignored for simplicity.
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Fig. 3.2: Simulation results: Combined laser electric field of the fundamental and
second harmonic laser pulses at phase difference (a) 6 = 0 and (b) 0 = /2.
Corresponding transverse current density is shown in figures (c) and (d) respectively.

Evidently, a net non-zero current density exists for phase difference of “60 = n/2”.

For the simulation purpose, the electric fields of the fundamental E,, (t) and
second harmonic component E», (t) of the two-color laser pulses are taken to be

Gaussian and the combined laser electric field is
t? t2
E;(t) = E_ exp [—(Zan) 1_2] cos(wt) + E;, exp [—(2 In2) r_Z] cos(Qwt + 0)
Egn. (3.19)

The laser pulse duration is taken to be 50 fs and atmospheric air density at 2.4
x10% cm3 is considered. The combined laser electric field for phase difference values

of 0 and =/2 are shown in fig. 3.2 (a) and (b) respectively. Temporal evolution of the
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current density for phase difference “6 = 0” and “0 = /2" are shown in fig. 3.2 (c) and
(d) respectively. Oscillatory motion of electrons along the laser electric field continues
during the presence of pulse in the interaction region. It is clearly seen that apart from
the oscillatory movement along the laser electric field, electrons keep drifting away in
one direction for the n/2 phase difference. Therefore, a cumulative current density is

created during the laser pulse duration for the net asymmetric field.

1 =5
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=
E., 30)
< 0.01 ﬁ
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g
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10 100
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Fig. 3.3: Simulation results: THz spectra obtained for 0° and n/2 phase difference

between w and 2w.

As mentioned earlier (Eq. 3.5), the generated THz field Etn; is proportional to
the time derivative of current density, i.e., 8J./ot. A Fourier transform of the THz field
reveals spectrum of the THz pulse. A comparison of the THz spectrum obtained for 0°
and 90° phase difference between the fundamental and second harmonic laser fields is
given in fig. 3.3. The role of asymmetric field in generation of THz radiation is asserted
with the results in this simulation. The role of photocurrent model in understanding

other parametric studies will be discussed along with the particular study in this chapter.
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Although the photocurrent model has been found by simulations and
experiments to be the dominant factor in THz generation from two-colour laser induced
gas plasma sources, it is a one-dimensional, static model that does not account for the
laser propagation effects. In order to observe the effect of propagation factor on
simulation results and compare them with experimental findings, a two-dimensional
particle-in-cell (2D-PIC) simulation with typical experimental parameters has been

conducted. Details of the PIC simulations are presented in the following section.

3.1.3; Particle-in-cell simulation

Particle-in-cell (P1C) simulation, in generic terms, belongs to a class of solution
of partial differential equations relying on finite difference schemes [18] implemented
over a user defined grid. Though the method has been known for quite some time, with
the recent advances in computational power, the true potential of this method is being
unravelled. In today’s time, PIC is one of the most commonly used methods and is
utilized extensively over diverse fields of science and technology [19]. The method has

been adapted to tackle the problems related to fluid as well as particle flows [20].

Since the seminal work of Dawson [21], PIC method has become integral part
of plasma physics research and is extensively used for exploring a variety of problems
[22]. As, by definition, plasma consists of charge particles which respond to electric
and magnetic fields, the PIC method is very apt for understanding the intricate
behaviour of different plasmas under various forms of external electro-magnetic

excitations [18].
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Fig. 3.4: Working principle of particle-in-cell simulation.

The basic working principle of PIC method is displayed in fig. 3.4. As
mentioned earlier, it lies in a class of “initial value problems” (IVP). This implies that
the simulation parameters are predefined and the system evolution is studied for
multiple cycles in a self-consistent way. In this case, the forces on charged particles are
governed by Lorentz force equation while the evolution of fields is governed by
Maxwell’s equations. The particles constituting plasma are first arranged on a grid of
points in computational space at which the effect of external forces will have to be
evaluated. However, what makes the PIC method very appealing is that it does not stop
here, rather based on the effect of external forces, the particle reassignment is
implemented with appropriate weighting factors. The relocation of particles yields a
resultant current density which in turn influences the externally or internally acting
forces. This ensures a detailed interaction of the external forces and plasma response in
a self-consistent way. Notably, both the particles and fields, rather their influence, are
evaluated only at each grid point. The entire simulation is discretized over small-time

steps over which the parameters will be evaluated. Now the system is allowed to work
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for large number of steps (decided by the relevant time scale of the problem addressed)

to find out the evolution of the plasma.

To elucidate further, the steps of the simulation process are listed below:

1. The simulation space is divided into cells by spatial grids (viz. 1-D, 2-D or 3-D)
where the fields are calculated. Initial velocity and position are defined at a
moment. The charge and current densities are calculated on the grids from
particle current position and velocity by weighted extrapolation.

2. The Maxwell’s equations are solved for E and B fields on the grid.

V.E = gﬁ , V.B =0 Eqn. (3.20)
0
VXE = — Z—f Egn. (3.21)
1 0F
VXB = 80’7 S Eqn. (3.22)

3. The electromagnetic field is then interpolated from grid to particle coordinates
4. Particle’s new coordinate then calculated by Lorentz force equation

T_ qE+7xB), P=myw Eqn. (3.23)

Z=9, y=J1tp/mic Eqn. (3.24)

As suggested above, the self-consistent cycles of PIC simulations rely on
solving these equations on discrete grid points assigning values to different parameters
at each time step. However, in reality, the heart of PIC simulations is the Finite

Difference Scheme which is explained below.

Consider a generalized equation of the type af/ot = G (f, x, V. F, V2f). Most

physical systems are governed by such an equation. As an example, we consider the
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Lorentz equations for a charged particle in electromagnetic field (say, laser) which can

be written as: %(17) E+ % x B;Z= 3. Here ¥ =3 {#(t),t}. Therefore to

represent such a function in computer, instead of considering the function as
mathematically well behaved (implying that the function and its derivatives are
continuous, non-singular throughout the solution space etc.), we first choose a number
of grid points x; = {iAx, i =0, 1,2, ....,n}atdifferent time grid defined by t" = nAt.
Conventionally, “Ax” and “At” are known as grid spacing and time step. Notably, now
that the function f = f(x",7,t) is not analytic anymore, the challenge lies is
discretizing it in such a way that the functions and its derivatives can be represented by

a set of solvable algebraic equations.

A simple yet effective way to move ahead is to perform Taylor expansion of the

function f = f(x", v, t) about (x; + Ax) which can be written as follows:
. 2 ,
flx+ Ax) = f(x) + Ax 2D 1 2ax22TC0 4 .0 (Ax®)  Eqn. (3.25)

Therefore, following the same formalism, the 1% derivative of the function f =

f(x,v,t) can be written as:

, . - i 2 i
Of o)) _ [t A)—f(r) _ 1, 29 _ o (Ax?)

ox ™ > xZ Eqn. (3.26)

Though the above expression is mathematically correct, as per the adopted
formalism, however, it should be noted that the largest error in estimating the derivative
is dictated by the second term which scales as (O (Ax)). This implies that increasing the
number of grid points will definitely result in decrease of the error, however with the

additional cost of computational effort. So, a modified scheme of discretization which
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can further minimize the error propagation without too much cost on computation is

welcome.

Following the same precedence, the value of the function f = f(x*, v ,t) atx =

x; — Ax can be written as follows:

. 2 .
for— Ax) = f() — ML 1 A28 0 (Ax®)  Eqn. (3.27)

Ix2

Therefore, the 1% derivative of the function f = f(x", 7, t) can be, without any

loss of generality, expressed as follows:

Of(xi) _ flxit Ax)— f(xi— Ax) n O(sz)

o v Eqn. (3.28)

Notably, this definition of the 1% derivative is accurate up to second order and
converges faster. However, it is evident form the above expression that the derivation
does not take place on any of the previously defined grid points, rather on a coupling of
two adjacent grid points. Therefore, in practice, it is convenient to define another grid
have same length and spacing as the origin array, however, with the position shifted by
an amount of (Ax/2). Conveniently, this is written as:

f+D)  fin
ax - A

;f" + 0(Ax?) Eqn. (3.29)

Similarly, the 2" derivative can be expressed, with the help of new grids, as follows;

207 L —2Ff. .
0°f() _ fira=2fit fia + 0(Ax?) Eqgn. (3.30)

dx2 Ax?

It is important to note that even with the higher derivatives, the error remains

the same just by invoking the extra set of arrays. This approach is even more important
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in the “time” array too as in case the error is greater than 0 (At?), say O(At), the time-

integrated error will propagate as Y~ 0(At) « N At « total runtime.

The discretization scheme shown above forms the basis of PIC simulations. All
the components of the electric and magnetic fields, and particle related quantities
(position, velocity) are discretized and self-consistent computation cycles are carried

out.

Two dimensional particle-in-cell simulation code EPOCH [23] has been used to
understand the THz radiation generation mechanism in two-colour laser induced gas
plasma source. To appreciate the role of second harmonic field in THz generation
process, simulation with single colour laser pulse has also been done. A 200 um x 200

pum simulation box filled with nitrogen gas at atmospheric density is considered.
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Fig. 3.5: 2D PIC simulation results: Electric field along z-direction for (a) single and

(b) dual color laser pulse. Laser propagates horizontally from left to right direction.

Each cell contains 5 particles and the grid size in longitudinal (x-axis) and

transverse (y-axis) directions are taken as 20 nm each. Direction perpendicular to the
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plane of the box is z-axis and also the direction of laser polarization. Laser propagation
direction is along the x-axis from left to right side of the simulation box. Experimental
values of fundamental (w) and second harmonic (2w) laser wavelengths of 800 nm and

400 nm respectively are used in simulation.

Both the laser pulses are assumed to have Gaussian spatial and temporal profiles
with beam waist size, wo equalling 10 um and the pulse duration to of 50 fs. The peak
fundamental laser intensity is taken to be 5 x 10%° W/cm? and 20% of it is assigned to
second harmonic generation. The intensity level considered here are large enough to
create ionization in the nitrogen gas medium through different mechanisms namely
multiphoton ionization (MPI) and above threshold ionization (ATI). These processes
have been incorporated in the PIC code.

THz generation from laser at fundamental frequency alone has been reported
[24] and the underlying mechanism has been quoted as the ponderomotive force [25].
The laser pulse associated ponderomotive force leads to the pushing away of electrons
from central axis in both transverse and longitudinal directions. The transient current
arising because of these movements is of the order of laser pulse duration and therefore
leads to radiation in the THz frequency range. Polarization of the radiated electric field
lies in the direction of transient current. THz field amplitudes E; and Ey are therefore
similar for the generation from single colour laser. Spatial distribution of electric field
in the z-direction in shown in fig. 3.5 (a). The high-intensity laser field is filtered out by
setting a cut-off of 1 GV/m to get a better visualization of the radiated field. Simulations
with two-colour laser pulses were also conducted. Second harmonic laser at 7/2 phase
difference from the fundamental is used. Even with part of laser intensity being used

for second harmonic generation, the effect of ponderomotive force remains same and
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therefore the E; and Ey amplitudes should remain same as for single color. We have
found that the Ey field value and distribution are actually same as with fundamental
laser alone. For dual-colour laser however, the E; field is much more intense as can be
seen from fig. 3.5 (b). This behaviour is similar to the experiments where two-colour
laser source has been shown to produce orders of magnitude higher THz radiation than
with single-color. The THz polarization is also experimentally found to be in the same

direction as driving laser pulse [26], [27].

As expected from the photocurrent mechanism, combination of fundamental
and second harmonic laser fields at 90° phase difference is asymmetric and gives rise
to an asymmetric transverse current density. To confirm the role of transient
photocurrent in THz generation, current density along the central axis of simulation box
Is estimated for a certain value of time. The axial distribution of current density for
single color laser and dual laser pulses at 90° phase difference are shown in fig. 3.6 (a)

and (b) respectively.
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Fig. 3.6: 2D PIC simulation results: Current density for (a) single and (b) dual color

laser pulses.
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Asymmetric current density for the o and 2 combination can be clearly seen.
This transient current leads to radiation in the THz frequency range. The amplitude and
spectrum associated with THz field is measured by finding the temporal evolution of
electric field at some fixed position in the simulation box. To account for the radiated
field only, a point away from the central axis at (50 um, —50 um) has been considered.
The radiated field values for single and dual color laser produced plasmas cannot be
evaluated on the same scale. Electric field amplitude and derived spectra for 0° and 90°
phase difference between » and 2w are shown in fig. 3.7 (a) and (b) respectively. The
intense single cycle radiation with peak field of 0.58 GV/m is observed for the

asymmetric two-colour laser case. The spectrum spans up to 40 THz with central peak

at 12 THz.
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Fig. 3.7: 2D PIC simulation results: (a) THz Electric field as function of time and (b)
derived frequency spectrum for phase differences of 0 and /2 between the

fundamental and second harmonic laser fields.

With propagation of laser the phase difference between » and 2m keep on
changing owing to dispersion in the medium. These factors are not accounted for in the

simple, static one-dimensional analytical model. The time signal of THz electric field
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and estimated spectrum obtained from the two-dimensional PIC model therefore, match
closely with the experimental results reported in literature [28]. From the simulation
outcomes, it can be claimed that the use of two color laser pulses dramatically improves
the THz radiation intensity compared to single-color laser [6], [12], [26]. From the
experimental results presented in following sections, it can also be observed that the
ratio of THz field amplitude for ‘0’ and ‘n/2’ phase difference cases as measured from

PIC simulation is closer to experimental results than the basic analytical model.

The THz radiation can be obtained at a wide distance from the source,
generating an intense single cycle of radiation. Therefore, with the introduction of two
color laser pulses, contribution of the transient photo-current in the plasma towards

producing THz generation is much higher than the ponderomotive oscillations.

3.2 Parametric Studies

The THz flux obtained from o and 2w laser fields generating plasma in ambient
air medium is dependent on a number of variables. Each experimental parameter in the
set up requires optimization for maximising THz energy generated from the two-color
laser air plasma source. All the experimental results reported in subsequent sections
were performed in the 10 TW Ti: sapphire laser laboratory at Laser Plasma Division,

Raja Ramanna Centre for Advanced Technology, Indore.

The 800 nm central wavelength laser system produces pulses of 50 fs duration
at 10 Hz repetition rate. Details of the laser system have been described in second
chapter of the thesis and the experimental diagram is shown in fig. 3.8. A plano-convex

lens is used to focus laser energy in tens of millijoule order. A 100 um thick crystal of
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B-Barium Borate (BBO) is placed in between the lens and its focal plane for second
harmonic generation. The combined laser fields of ® and 2w ionize the ambient air
medium. Intense, broadband THz radiation is emitted in the forward, conical direction
[29], [30]. THz radiation is collected by a 90° off-axis parabolic mirror (OAPM) of
152.4 mm focal length. This OAPM collimates the THz beam and another OAPM s

used to refocus the radiation.
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100 pm thick i . ! mirror 1
Aperture 1 BBO crystal A
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l YA
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Converging — | — Aperture 2
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Filter Beam Dump
Laser Direction

)

Pyroelectric
Off-axis parabolic Detector
mirror 2

Fig. 3.8: Schematic diagram of experimental setup for THz generation from dual
colour laser produced plasma in ambient air medium. Setup for transverse imaging of

the plasma filament is also shown in the diagram.

High resistance float zone silicon [31] wafer is placed between the two OAPMs
to transmit broadband THz radiation and reflect all lower wavelengths. The silicon filter
has anti-reflection coating and transmits > 95% of the radiation over a broad spectral
range (0.3-30 THz). The broadband pyroelectric detector described in chapter two is
used for THz flux measurement. Humidity of the atmosphere was restricted within 35

* 3 percent during the experimental campaign to minimize its impact.
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3.2.1: Position and azimuthal angle of the SHG crystal

The combination of second harmonic laser with fundamental is done by placing
a SHG crystal in the laser propagation direction. Some part of energy is converted to
2w and they are co-focused in the ambient air medium. For type-I phase matching in
the BBO crystal two ‘@’ photons along the ordinary axis combine to create a ‘2w’
photon along the extraordinary axis. This implies that maximum ‘2@’ photons are
generated when the ordinary axis of SHG crystal is aligned along the laser polarization

direction. However, in this case o and 2w polarizations are perpendicular to each other.

2 Layg,. . Extra-ordinary
A \ 2'axis
. 72 4
V) Ce
Ve,
(877

’  Laser
Polarization

’ E(-)(é) \\
AN
/s Y
BBO crystal )

Ordinary axis

Fig. 3.9: Vector diagram displaying ordinary and extraordinary orthogonal

components of the horizontally polarized fundamental laser.

For the creation a transient photocurrent from asymmetric laser field,
polarization direction of the ® and 2® should be same. An arbitrary orientation of the
SHG crystal is shown in fig. 3.9. The orthogonal components of horizontally polarized
o laser along ordinary, 6 and the extraordinary, é axes are shown, with é being at angle
a from the laser polarization. The component of 800 nm laser along ordinary contributes

towards generation of 400 nm and the other component along extraordinary axis
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combines with the second harmonic to create an asymmetric electric field. Applying a
two-dimensional approach to the photocurrent model helps explanation of the
experimental observations [32]. The combined electric field of fundamental and second
harmonic laser in a plane perpendicular to the laser propagation direction is estimated

as

E; = E,.cos(wt)é + E ,cos(wt + ¢)0 + E,,cos(2wt + 0)é, Egn. (3.31)

with ¢ = w(ny, — n,,)s/c and 8 = w(n, —n,,)d/c+ 0,.

The Ewe and Ewo are orthogonal electric field amplitudes of the fundamental laser
and E», is the amplitude of second harmonic generated. Phase difference between E .
and E»,, after travelling a distance ‘d’ from the SHG crystal is denoted as ‘0. The value
of 0 includes initial phase difference ‘0o’ between ® and 2w right after the surface of
SHG crystal. This is the phase difference 0, discussed in section 3.1.1 and introduced
in eqn. (3.1). The ® and 2w lasers travel at velocities governed by their respective
refractive indices n, and ny, in air. Angle ‘@’ in the above equation is phase difference
between ordinary and extraordinary components of the fundamental laser after passing

through thickness “s” of the SHG crystal.

The evolution of THz flux with rotation angle ‘e’ of the second harmonic
generation BBO crystal is shown in fig. 3.10 (a). The BBO’s rotation in plane
perpendicular to the laser propagation direction leads to rotation of extraordinary axis
direction or the polarization of generated second harmonic laser. The THz amplitude is
noted to vary at ~m/2 periodicity. It is evident from the above discussion that the
condition for maximum 2@ generation, i.e. o = 90° is not the condition for maximum

THz generation as well.
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Fig. 3.10: Experimental results of THz flux dependence on (a) azimuthal angle of the

BBO crystal and (b) its lateral position from focal plane of lens.

The maximum THz amplitude is obtained for a = 55° where the ® and 20
combination is optimized along the é axis. As can be inferred from equation 3.31, the
combined electric field of ® and 2w in the & direction is dependent on the phase
difference 6 between them and this phase difference can be controlled by adjusting the
position of SHG crystal. Dephasing length for ® and 2 from equation 3.32, can be

defined as
la=2/2 Mo —Naw), Eqn. (3.32)

where A is the wavelength, i.e., 800 nm. The oscillatory behavior observed in
fig. 3.10(b) is explained by the dispersion of wavelengths in air medium along with the
sinusoidal dependence shown in eqn. 3.15. For an atmospheric air density of 10*° cm,
the plasma electron density is 10'® cm™ and dephasing length for 800 nm wavelength is

22 mm [30] and matches with the earlier reported results on THz studies [32].
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3.2.2: Focal length of lens

The impact of external focusing geometry on THz generation from the two-color
source is experimentally studied and described in this section. Laser energy of 8 mJ
with 40 mm beam size and 50 fs pulse duration is focused using lenses of varying focal
lengths. In this set of experiments, the THz energy was measured using a helium cooled
Bolometer detector. A high-density polyethylene (HDPE) filter covers the active area
in this detector. As the measured frequency spectrum is curtailed, the THz energies
reported in this section are different from others. The relative behavior however, can be
correctly observed. A few reports in literature on parametric studies on THz generation
from two-color laser induced air plasma have shown that with sufficient laser energy,
increasing lens focal length scales up the plasma volume and also the THz flux [33],
[34]. For this study lenses with 20, 30, 40, 50 and 70 cm focal lengths were used. For
each focal length, the position of second harmonic generation crystal along laser
propagation direction had to be individually adjusted to optimize THz generation in that

geometry. Azimuthal angle of the BBO crystal did not require any modification.

THz energy obtained for all the focal lengths employed is plotted in fig. 3.11. It
can be seen that the THz energy keeps on increasing for longer focal lengths of the lens.

Rayleigh range zr of a Gaussian beam is expressed as

nnw}
i

Zp = , Where the beam waist wy = 1. 22%’1 Eqgn. (3.33)

where f is the lens focal length, A is the laser wavelength and D is laser beam
diameter. In the definition of Rayleigh range ‘n’ is refractive index of the medium. The
plasma volume can therefore, be roughly estimated as (~mwo2.2Zr). As can be expected

from eqn. 3.33 longer focal length focusing creates bigger plasma volume. Plasma
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volume is effectively the volume occupied by free electron cloud. In the THz radiation
generation according to the photocurrent model each electron acts as a point source and
therefore, larger plasma volume corresponds to larger THz flux. Thus, smaller focal
lengths produce lower THz flux. In addition to this, when the process of filamentation
is accounted for, tight focusing geometry promotes a centrally bright, saturated region
in filament. Smaller focal lengths encourage intensity clamping [35], [36] and plasma
induced defocusing. This way the input laser energy is not effectively coupled in to the

plasma, which causes lower THz flux.
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Fig. 3.11: THz energy for different lens focal lengths in the two-color source.

The same processes are beneficial for THz generation in case of bigger focal
lengths. Because of bigger spot size and longer filament length the plasma volume is
larger. Filamentation process also support longer channel lengths for weak focusing.
Reports in literature are available that show high THz flux generation for plasma
filament lengths longer than the dephasing length of fundamental and second harmonic
lasers in air medium. The reason for such behavior has been quoted as off-axis phase

matching of THz radiation [30].
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3.2.3: Laser Energy

For studying the THz flux dependence on laser energy, a lens of +650 mm focal
length is used. Contrary to the conventional ways of controlling laser pulse energies
using neutral density filters (NDFs), the laser energy variation has been performed using
a A/2 plate and the compressor grating combination. The first grating of the compressor
acts as a polarizer itself as the diffraction efficiency depends on the polarization of the
input laser pulse. This also helps to reduce the number of transmission optics in the laser
beam path along with more fine control of laser pulse energy from the output of the
laser pulse compressor. Any dispersion or beam quality deterioration by introduction of

filtering optics in the laser path is this way avoided.
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Fig. 3.12: Variation of THz flux on increasing laser pulse energy.

The dependence of THz energy generated from two-color laser induced air
plasma on the pump energy is shown in fig. 3.12. The resultant THz energy increases
with the input laser energy at a rather non-uniform rate. Earlier reported parametric

studies on THz generation from two-color laser produced air plasma source have shown
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that initially the THz flux increases with laser energy and then saturates [12], [28]. The
laser energy at which saturation occurs depends on other parameters like focal length
of the lens and laser beam size. In fig. 3.12 however, the THz energy starts showing
some saturation like behavior and then increases again. The maximum THz energy

obtained during this study was 11.2 uJ and the conversion efficiencies are of the order
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Fig. 3.13: Analytical simulation Results: (a) Estimation of electron density evolution
with time for different laser energies based on ADK model and (b) integrated THz flux

with increasing laser energy based on transient photocurrent model.

The reason quoted for slow increase of THz flux with laser energy is the
absorption of THz radiation in plasma channel and incomplete coupling of laser energy
in to the plasma [37]. There are also a few reports that have shown a similar trend, but
have not explained the underlying cause [33]. To understand the experimental findings,
we implemented increasing laser energy values in the analytical simulation based on
the photocurrent model. As discussed earlier the flux in this mechanism is proportional
to the time variation of current density. A higher electron density therefore, reflects as

enhanced THz energy. The medium considered in our simulations is nitrogen gas and
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second ionization for nitrogen initializes at ~ 6 x 10 Wj/cm?. For the laser pulse
duration of 50 fs and focused spot size of 16 um used in the simulations this intensity
is reached with 24 mJ laser energy. We have plotted the temporal evolution of electron
density at different laser energies in fig. 3.13 (a). Peak of the laser intensity is marked
as the 0’ position on time axis. For 24 mJ and more prominently in 32 mJ graphs a
step-like jump can be observed which occurs because of the second ionization in the
nitrogen gas. The resultant THz flux from two-color source as a function of laser energy
is plotted in fig. 3.13 (b). It can be observed that slow increase of THz flux occurs till
20 mJ energy of pump laser. After the 24 mJ laser energy value THz increases at much
higher rate. The feature is very similar to the experimental findings, except for the fact
that trend change in fig. 3.12 happens at slightly higher laser energy. This can be

explained by the filamentation process causing a broadening of the width of plasma

channel.
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Fig. 3.14: Image analysis of the plasma channel. (a) Transverse image of the plasma
filament at discrete laser energy values, (b) linear intensity profiles through the
central axis of filament images and (c) plasma volume estimated from the image

analysis as a function of laser energy.

To appreciate the contribution of filamentation process in scaling up of THz flux

with laser energy beyond the saturation level we captured the side image of filaments
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at varying laser energy levels. The images of filament at four discrete values of pump
laser energy are shown in fig. 3.14 (a). A broad estimation of the laser pulse propagation
and distribution of energy along the propagation direction can be made from these
images. While for lower laser energies the plasma formation is close to geometrical
focus of the lens, Kerr lens focusing [38] for high laser energies cause ionization to
occur much before the focal plane. The intensity dependent nonlinear Kerr effect adds
up to the refractive index of air medium and leads to early convergence of laser beam.
The focused laser intensity ionizes the air medium and plasma is created. Plasma
formation invokes a local reduction in the refractive index of medium in accordance
with the free electron density [39]. This way plasma causes defocusing the laser beam.
Interplay between the Kerr lens effect and plasma induced defocusing allows longer
filament lengths than expected from Rayleigh range alone and the laser energy is
distributed over bigger area. Linear intensity profiles through the plasma filament
images are shown in fig. 3.14 (b). For 10 mJ laser energy, the brightest part in filament
can be seen to occur late along the propagation direction. As the laser energy increases,
a broader energy distribution in the plasma filaments is evident from horizontal profile.
For 30 mJ laser energy the major portion of laser intensity can be seen to be dumped in
initial part of filament. For even higher laser energy the phenomena of laser focusing,
defocusing and refocusing is clearly observed. The horizontal and vertical extents of
the plasma filament were also estimated as FWHM values of the respective intensity
profiles. By using the two numbers an approximation of the plasma volume as ‘mwo?l’
is made. Plasma volume has been reported to have a strong correlation with the
generated THz energy in two-color source [40]. A graph of the calculated plasma

volume numbers as a function of the laser energy is presented in fig. 3.14 (c). The figure
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has similarity with the THz flux with laser energy graph shown in fig. 3.12. The
experimental and simulation results presented in this section support the effect of
multiple ionization of gas medium in enhancement of THz flux beyond the saturation

region.

3.2.4: Laser beam size

In order to explore the effect of truncated laser beam on generation of THz
radiation in the two-color laser induced air plasma source, the first iris aperture shown
in fig. 3.8 is used. In absence of aperture, 40 mJ of laser energy is focused using a lens
of +650 mm focal length. FWHM size of full laser beam is 40 mm while the maximum
diameter of metallic aperture is 70 mm. The THz energy produced with apertured laser
beam is plotted in fig. 3.15. For full beam size the THz flux is 11.65 pJ and for a beam
truncated to 30 mm is 19 pJ. The conversion efficiency for this condition with lower

pump energy and higher THz flux is ~0.06%.

The fig. 3.15 can be seen to be shaded in two different colors to separate out
rising and falling trends in the THz energy with laser beam size. For the left section,
THz energy is seen to be increasing with larger beam size of pump laser. This
observation can be easily attributed to the increasing pump laser energy which gets
transmitted through the aperture. However, further increase in the iris aperture opening
leads to reduction in THz radiation energy. Clear area through the iris aperture and
therefore the effective laser beam size has a direct relation with the Rayleigh range and
focused spot size, as can be seen from egn. 3.33. Smaller laser beam diameter (smaller

D) thereby, leads to larger focal spot (wo) and Rayleigh range.
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Fig. 3.15: THz flux obtained from two-color laser induced air plasma source as a
function of laser beam diameter. Pump laser energy passing through the aperture is

shown on top axis.

Overall, the resultant plasma volume (mwo?.2Zr) from the enhanced focal spot
(wo) and Rayleigh range (Zr) is more for truncated laser beam. The x-axis is showing
the increasing aperture diameter and thus, increasing laser energy. At the same time, it
also represents decreasing plasma volume. Lower plasma volume translates as lower
charge density, which implies lower THz flux. Therefore, while one factor causes
higher THz flux generation the other is acting against it. The improvement of the THz
flux found in fig. 3.15 is the consequence of the two contrasting impacts being balanced.
The plasma volume and transmitted laser energy is optimized at 30 mm aperture size

and 31.2 mJ laser energy.
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3.2.5: Laser Pulse Duration

Chirped Pulse Amplification (CPA) is the most commonly employed scheme
for generation of intense, ultra-short laser pulses [41], described in the second chapter.
In this mechanism, an ultrashort seed laser pulse is first broadened in time and then
amplified to the desired energy level before being compressed back to ultra-short

duration.

The broadening in time, is usually employed by a grating and a pair of concave
and convex mirror placed in Offner configuration. The pulse broadening leads to
decrease in energy density in time and thus prevents damage of optical elements in the
path. During the amplification stages, the laser pulse is also magnified spatially in size
to reduce the fluence and then sent through a pair of parallelly placed gratings to
compress back to ultra-short duration. The separation between gratings in this system
is optimized to counteract the positive dispersion in pulse because of temporal
stretching and dispersion due to optical components. For optimum grating separation,
ideally Fourier Transform Limited (FTL) laser pulses are obtained, which feature the
minimum pulse duration and no phase difference between the constituent frequencies.
However, as will be discussed in the next section, the higher order terms of dispersion
are not fully compensated in reality and they will also have an impact on the final pulse

shape.

To use elongated laser pulses in an experiment the grating separation is changed.
When one of the gratings is translated parallelly to increase or decrease the distance
between them, negatively or positively chirped laser pulses respectively are produced.

The study of THz generation with elongated, chirped laser pulses is particularly
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important for remote generation and detection [4], [42]-[44], where the long

propagation distances can involuntarily introduce chirp in driving laser pulses.

a. Increasing laser pulse duration in a CPA based laser system

It is well known that Fourier Transform Limited (FTL) pulse is minimum pulse
duration achievable for a given constituent frequency bandwidth. Ideally, all the higher
order dispersion terms at this condition are expected to be negligible and all the
frequency components are in phase. Varying the grating separation in the compressor
unit modifies the phase term in laser pulse. Electric field of the laser pulse in frequency

domain E(w) is written as:

E(w) = A, e2Ind{(@-00)/tw)? g-ip(w-wo) Eqgn. (3.34)

Here Ao is amplitude of the pulse, first exponential is the Gaussian envelope of

laser with a bandwidth of Aw centered at mo. To account for the dispersion effects due
to an optical system, the spectral phase ¢(w) is written as Taylor expansion around the

central frequency upto fourth order:

(w — 0')0)2 N (w — wo)3

P(w— o) = @o+ @1.(w — W) + @3. T P3-— 3,

(w—wg)*

TP

+ - Eqn. (3.35)

Here ¢n are the n'™ order derivative of phase function with respect to ®. In the
above equation, ¢o is the absolute phase, ¢1 is the group delay, ¢ is the group velocity

dispersion (GVD), ¢s3 is the third order dispersion (TOD) and ¢4 is the fourth order
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dispersion (FOD). Non-zero values of ¢o have no effect on the pulse and ¢1 delays the
laser pulse in time, without affecting the frequency distribution or pulse shape. GVD
introduces a quadratic phase variation in time, resulting in temporally broadened laser
pulses with linear temporal chirp. The frequency increases or decreases with time for
positively or negatively chirped laser pulses, respectively as shown in fig. 3.16.

(a) Positively chirped pulse (b) Negatively chirped pulse
A A

Intensity
Intensity

time — time —s
Fig. 3.16: Temporally chirped pulse (a) with positive chirp (b) with negative chirp
(Blue and red color represents the highest and the lowest frequency component

respectively)

The next term, ¢z produces non-linear chirping and skewness in the pulse shape.
Representative images of typical laser pulse distortions caused by phase dispersions to
the third order are shown in fig. 3.17. Higher order terms induce further degradation in
the pulse shape and contrast. While the even order dispersion terms deteriorate pulse
shape creating side wings symmetrically, the odd terms do so asymmetrically. It is

evident that a chirped pulse cannot be characterized by considering time duration alone.
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N
i i Phase of the transform-limited laser pulse
A First order phase dispersion causes a time delay

Second order phase dispersion creates a broadened
pulse with time-dependent frequency composition

Third order phase dispersion introduces skewness in
the laser pulse

Amplitude

Time

Fig. 3.17: Distortions in ultrashort laser pulse profile induced by various orders of

phase dispersion in a chirped pulse.

Optical path of the laser pulse in a parallel grating pair compressor is shown in
fig. 3.18. As can be seen from diagram the gratings G1 and G2 with groove density N

are placed at a perpendicular distance of S.

Grating G1

Grating G2

MIRROR

Fig. 3.18: Schematic diagram of a parallel grating pair compressor

Stretched laser pulse falls on the first grating at an angle of incidence a and is
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diffracted towards the second grating. B is the frequency-dependent first order
diffraction angle. After diffracting from the second grating, the pulse is reflected back
along the same direction, though shifted vertically using a retro-refelctor. Phase for each
frequency is calculated by the geometrically estimating the path length covered by each

frequency after hitting the first grating and is given by [45]:

wS
ccosp

¢(w) = [1+ cos(a— B)] — 2rN(S tanp) Eqgn. (3.36)

with B(w) = sin™1 [M — sina]
w
Second term in the equation accounts for 2n phase difference between the

adjacent grating grooves. Differentiating this spectral phase with respect to frequency

gives the higher order dispersion terms [46].

S
ccosp

GroupDelay: ¢,(w) = [1+ cos(a — B)] Eqn. (3.37)

(N2 - Eqn.(339)

2mc?

Group Velocity Dispersion: ¢, (w) = —

[cos?B + NA sinf]. ¢,(w)

ThirdOrderDispersion: ¢;(w) = —

2mc.cos?B
Eqgn. (3.39)

A close look at these equations brings to our attention that all the terms are
directly proportional to the grating separation S. Angle of incidence o is chosen
carefully to optimize the compressor performance. It should be large enough to
minimize TOD value and small enough to feature sufficient dispersion compensation.
Regular alignment of the input laser beam to compressor, compromises the sanctity of

set a value. To compensate the resultant spread in pulse duration, the grating separation
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is further adjusted. Higher order dispersion, however remain uncompensated in such a
situation. It is very clear from the above discussion that the sanctity of spectral phase
for minimum duration pulse depends very much on the accuracy of stretcher-

compressor alignment [47]-[49].

b. Experimental and simulation results

Chirped pulses are generated by detuning the optimum distance between the
gratings in a CPA based laser compressor. Nano-Joule seed pulses of few fs duration
are generated by the oscillator. These pulses are then stretched to 200 ps duration. The
laser is then amplified in the regenerative amplifier to hundreds of pJ energy level. After
a series of multipass amplifiers the laser pulses are enhanced to tens of mJ energy. The
laser pulse is now compressed through a dual-grating compressor unit comprising
gratings having a groove density of 1480 lines/mm. The angle of incidence of the
stretched laser pulse on the first grating is 45°. At the optimal grating separation of 420
mm, the compressor yields a minimum pulse duration of 50 fs. Positive (negative) chirp
in a laser pulse implies increasing (decreasing) frequency value from leading edge to
the trailing edge and vice versa. Laser pulses were chirped while keeping the same laser
energy. The laser pulse duration was measured using second order autocorrelator placed
just before the experimental area.

The generation of THz radiation with chirped laser pulses is shown in fig. 3.19.
The study has been conducted at three different laser energies and it was found that THz

energy tends to be greater for a slight positively chirped laser. The optimum grating
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separation has been marked as the ‘zero’ value on bottom horizontal axis and

corresponding pulse durations have been plotted on top axis.

Pulse Duration(fs)
856 738 674 521 298 48 -224 -417 -554 -798 -920

0_'6 = T ° T T T 1 ° T T T 1 v 1 T

——8 mJLE

0.12

0.08

0.04

0.00 ==

THz Energy (uJ)

Grating Separation (mm)

Fig. 3.19: THz energy variation for chirped laser pulses at different laser energies.

For 35 mJ input laser energy, 36% increment in THz energy was observed for
200 fs positively chirped pulse when compared to the generation using transform-
limited pulse. Furthermore, this value is 86% higher than the THz energy obtained with
200 fs negatively chirped laser pulse. The results clearly indicate that although
maximum THz generation was not realized for highest intensity, merely laser pulse
duration or spectral chirp cannot explain the observed behavior. Uncompensated higher

order terms arising in the grating compressor are known to introduce skewness in the
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laser shape. The skewness is generally of opposite signs for positively and negatively
chirped laser pulses. We attribute the observations found to the asymmetry in laser pulse

shape.

c. Analytical Study

For an analytical description of the chirped laser pulse, modifications to the
basic Gaussian electric field profile are made. Imperfect compensation leads to larger
pulse duration and adds a temporal phase term to the laser spectrum. For a linearly
chirped laser pulse, the field is described by [50] a Gaussian envelope and phase term
as

E, = Egexp[—2(In2)(t?/1,%)|exp(iw(D)), Eqn. (3.40)
where 1p denotes the FWHM of laser pulse duration. Instantaneous frequency

o(t) is defined as wo + 2bt, where b is the chirp parameter given by

b = 2In2/t3[t?*/7,% - 1]1/2

Eqgn. (3.41)

10 IS the FWHM duration of transform-limited pulse. For negative ‘b’ values
(positive chirp), lower (red) frequencies are located in front of the pulse. Several groups
working in the ultra-short, ultra-intense lasers have shown that the incomplete
compensation of the phase nonlinearities with respect to frequency result in pulse shape

asymmetry when chirp is introduced in laser pulse. The temporal intensity profiles of

such pulses can be well fitted to a skewed Gaussian [51] of the form
2 2 2 1/2
I(t) = Ipexp[—t?/27,°] [1 +st/(ty + 13) ] -1, Eqn. (3.42)

where |s|<1 is the skew parameter and lo is the peak intensity. Positive skew

parameter implies fast rise and slow fall time of the laser pulse envelope and vice versa.
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We implemented the chirped electric field profile of laser pulse in the analytical
simulations that we performed on the basis of photocurrent model. We now investigate
THz generation from three different laser pulse durations, 25 fs, 50 fs and 100 fs. The
pulses are assumed to be Fourier Transform limited to start with. Fig. 3.20 (a) below
shows the variation of transverse current density in all the three cases. It is evident that
with increasing laser pulse duration, the transverse current survives for longer times but
its amplitude reduces drastically. Corresponding THz spectra are shown in figure 3.20
(b). Therefore, the THz flux and it’s spread towards higher frequencies reduces

drastically with increasing laser pulse durations as shown in fig. 3.20 (c).
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Fig. 3.20: Simulation Results_(a) Variation of transverse current density with
increasing Fourier transform limited Laser pulse durations of 25 fs, 50 fs and 100 fs.
(b) THz spectra corresponding to these pulse durations. (c) Estimated THz flux (0.1 —

30 THZz) for three pulse durations.

With the compressor grove density and angle of incidence values, we now
calculate the dispersions that the compressor imposes on the final output laser pulse.
Considering a Fourier transform limited laser pulse, we first derive its frequency

spectrum. The frequency dependent non-linear phases up to second order are imposed
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by the detuning of the laser pulse compressor is now added to the frequency spectrum.
The resultant frequency spectrum is then Fourier Transformed once again to get the
resultant modified pulse in time domain. Notably, inclusion of these frequency
dependent non-linear phases results in variation of not just laser pulse duration
(FWHM), they also contribute to distort the pulse shape from the ideal Gaussian by

inducing skewness in the laser pulse temporal profile.
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Fig. 3.21: Simulation Results_(a) Variation of laser pulse duration and THz flux (0.1

— 30 THz) with grating separation. The “zero” or the optimal position in the grating
separation implies the condition at which the shortest (48 fs) laser pulse duration is
achieved. Typical modifications of the laser pulse shape with grating detuning are

shown in (b).

With these new temporally modified pulses as initial conditions, the photo-
current model is then used to derive the resultant THz spectra. From these THz spectra,
numerical integration within the range 0.1 — 30 THz yields the net THz flux. The result

of this exercise for different grating detuning values are shown in fig. 3.21. It is evident
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from fig. 3.21 (a) that an inverse behavior of THz flux exists with increasing laser pulse
duration as expected intuitively from fig. 3.20. With increase in laser pulse duration,
the rate of change of transverse electron current density (J.) strongly diminishes,

therefore steady decline of THz flux is expected.

We have numerically studied the THz generation from two color femtosecond
laser pulses in ambient air. Further investigations with this simple model predict the
behavior of the laser pulse chirp on THz generation reasonably well with the
experimentally measured THz flux (0.1 - 30 THz) with commercially available pyro-
electric detector. The asymmetry in THz flux behavior with positive and negative
chirped laser pulses can be observed with inclusion of higher dispersion terms up to
second term. We are working on inclusion of up to fourth order dispersion terms. The
results will then be closer to the experimental observations. Moreover, a methodology
is developed which forms the basis of more rigorous investigations which may vyield

key insights in to the THz generation process.

3.3 Characterization of the generated THz radiation

Various parametric studies on the THz generation from two-color laser induced
air plasma source were presented in section ‘two’ of the chapter. It is inferred that the
optical parameters have huge impact on the THz flux obtained in an experimental setup.
Optimization of each of these variables is crucial in maximizing the THz energy derived
from a given set of parameters. In this section we will characterize the properties of

THz radiation generated in a two-color source.
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3.3.1; Knife-edge measurement of the focal spot
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Fig. 3.22: THz focal spot size measurement using the Knife-edge method

To measure the focal spot size of THz radiation, knife-edge technique has been
implemented [52]. As shown in figure 3.8, the knife-edge is placed at the focal position
of the second off-axis parabolic mirror. Notably, use of two OAPMs to collect,
collimate and then re-focus the THz radiation, an effective magnification or de-
magnification may be involved. Therefore, while estimating the focal spot size of the
THz radiation at the second focus, this factor should also be taken into consideration.
In the present case, the effective focal length of both the collimating and refocusing
OAP mirrors is same at 152.4 mm. This ensures that THz focal spot is not affected by
any such magnification or de-magnification factor because of the optical geometry. A
sharp blade is mounted on a translation stage with movement along the direction
perpendicular to laser propagation. This motion is in the focal plane of THz radiation
found by successive measurements. Initially, the blade covers the path of THz beam

completely. In this condition, no THz flux is measured by the detector. The blade is
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then incrementally shifted and then readings on THz detector are recorded. The THz
flux gradually increases and after a certain position of blade, shows saturation. Whole
of the THz beam is allowed to reach detector in this condition. The THz flux measured
at each position of the blade is basically integrated value of the allowed region.
Differentiation of this plot therefore, reveals the spatial profile in direction of blade

translation. The spot size was estimated as 1.94 mm, as can be seen from fig. 3.22.

3.3.2: THz divergence

The THz beam divergence is a function of the focal length of lens. To find the
quantitative measurement of THz beam size for lenses of varying focal lengths, radial
knife-edge method was implemented [34], [53]. An iris aperture was placed in the path
of collimated THz beam. The metallic aperture size is varied in incremental steps. In
each step some portion of the THz beam is blocked and rest is focused by the second
OAPM. Initially maximum THz beam is blocked by the aperture and gradually the THz
flux at detector increases. After certain size of the aperture clear area, THz flux saturates
signifying that all of the collimated THz beam is able to reach the detector. An
estimation of the collimated THz beam profile can be found by differentiating this data.
As the integrated THz flux for the clear area in each step is recorded, the exact beam
profile cannot be found from this technique. Results of the THz beam profile
measurement are shown in fig. 3.23 (a). It can be observed from fig. 3.23(b) that the
THz beam width increases with the increase in lens focal length. For a direct comparison
of THz beam widths, the beam profiles shown in figure 3.23(b) are normalized and
plotted together in figure 3.23(c). The table associated with the figure 3.23 shows the
relative trend of THz pulse divergence and FWHM diameter of the collimated THz

beam with different focal length lenses used in the experiment. When we consider the
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geometry of experimental setup (fig. 3.8), it can be seen that the THz beam is allowed

to diverge from source to the surface of first OAPM. This implies that the THz radiation

was collimated only after diverging for 152 mm distance. Half angle of the divergence

from optic axis to the OAPM is calculated by using half the FHWM size of THz beam.

The observed values are similar to those reported elsewhere in literature [40]. It is found

from this study that more directional THz beams are created by the longer focal lengths

of lens.
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Fig. 3.23: (a) THz beam profile measurement data for multiple focal length lenses, (b)

derivative of (a) reveals the FWHM of the collimated THz beam diameter. (c)

Normalized graphs of the derivatives. The table shows the variation of THz beam

divergence and collimated THz beam size as a function of the different focal length

lenses used to focus pump laser beam.
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3.3.3; Electro-Optic Sampling of the THz pulse
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Fig. 3.24: Experimental diagram of the electro-optic sampling method for THz time-

profile measurement.

The time profile of THz electric field is measured by the electro-optic
sampling (EOS) technique [54]. Details of this method are given in chapter 2 of the
thesis. The experimental diagram is shown in fig. 3.24. The laser is horizontally
polarized and reflection of p-polarized light from surface of glass at 45° angle of
incidence is ~1%. This portion of the laser energy is reflected from the 2° glass wedge
and is used as probe beam. The majority portion of laser energy transmitted through
wedge to be used for THz generation by the two-color scheme. The time delay between
the THz pulse and the fs laser pulse (probe) is adjusted using a motorized delay stage.
The probe laser pulse (50 fs, 800nm) is circularly polarized using a quarter wave plate.
The probe beam then reflects from the surface of HRFZ-Si filter and paths of THz and
probe beam are combined. The beams are then focused by an OAPM on the surface of
a 200 um thick electro-optic ZnTe <110> crystal. Under the influence of an externally
applied electric field, the birefringence in electro-optic crystals change. This forms the

basis of electro-optics-sampling (EOS) based THz detection scheme. The low

Page 108



Two-color laser produced Air Plasma as Source

frequency THz field functions as DC field in this case. When the circular polarization
of probe femtosecond laser faces this birefringence, its polarization acquires ellipticity.
The polarization rotation in probe laser is in proportion to the instantaneous THz field
amplitude. The probe beam is then collimated using a lens. A Glan-Thompson analyzer
prism is used to separate out the orthogonal components of probe polarization. These
components are then directed towards the photodiodes of a balanced photo-detector.
The differential signal is amplified in the circuit of detector. The signal at subsequent
delay values is recorded. Spectral resolution in the Fourier transform of this signal is

inversely proportional to the length of scan in time domain.
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Fig. 3.25: (a) Time profile of the THz electric field and (b) the derived spectrum.

The motorized delay stage in probe beam path was translated with 20 um step
size and this way 26 ps long scan was recorded. The THz spectrum is obtained from
Fourier transform of the temporal scan. The maximum THz frequency detected in
electro-optic sampling is limited by the detector response function (as explained in
chapter 2 of thesis) and phonon absorptions [55]. The THz pulse duration as seen from

fig. 3.25 is 368 fs.
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3.3.4: Single shot detection of the THz time domain signal

All the techniques for spectral detection in the THz frequency range discussed
in chapter (2) are based on scanning of a delay line. In the quest of increasing THz
energy for various applications, many THz generation mechanisms are based on
ultrashort duration intense laser systems. These high intensity lasers feature low
repetition rate and suffer from large shot-to-shot fluctuations. Scanning delay line
techniques are suitable for use with such systems. In addition to this, a few involved
time domain spectroscopy studies require the implementation of more than one delay
line. Sampling subsequent time sections in this manner is very time consuming and the
ambient experimental conditions may undergo changes from beginning to end of one
set of data acquisition. While a lot of studies can be conducted with the sampling
method, irreversible phenomena cannot be read with the multi-shot mechanism [56].
Researches related to chemical changes and material damage have to depend on a
single-shot time profile detection of the THz radiation. To address the aforementioned
issues, we have developed a single-shot THz time profile detection method that
additionally provides the spatial profile of focused THz beam. But before describing
this single-shot method it is important to review the other techniques used for similar
purpose. The desirable features in a single-shot technique are that it should support
temporal resolution comparable to the transform-limited duration of the laser pulse, as
is the case with electro-optic sampling. The technique should feature sufficient temporal
window scanned on a single-shot basis so that the spectral resolution in frequency-
domain is good. Techniques for noise suppression like balanced detection should be
easily implemented and arduous calibration process should be avoided. Detection of

focused THz intensity would enhance sensitivity of the technique. In the following
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section, a broad classification and working principle of the known and used single-shot

THz time profiling methods are presented.

a. A brief review of known single-shot THz detection methods

The single shot detection schemes for measuring THz waveform can be broadly

classified in the following categories [57]:

1) Frequency-to-time mapping,

2) Space-to-time mapping and

3) Angle-to-time mapping.

The most commonly used single-shot method is the frequency-to-time mapping
in which the THz electric field information is super-imposed on a linearly chirped probe
laser pulse [58]. The basic mechanism in this technique is also based on the electro-
optic properties of a few nonlinear crystals. The probe laser pulse is elongated in time
domain and chirped in the frequency domain. THz pulse is matched in time and space
with this probe laser in an electro-optic crystal. Each section of the probe laser coincides
with a different value of the THz electric field. Polarization rotation in the probe pulse
occurs accordingly. Probe laser encoded with THz waveform is directed to a
spectrometer where modulation in each frequency component is recorded. This
modulation is compared to a reference spectrum. With proper knowledge of the
frequency relation with time in the chirped laser pulse, THz electric field information
in the time domain can be measured. This method is used very regularly because of ease
of implementation, no intensive calibration is required and balanced detection

implementation is straightforward. Major disadvantage of this method however, is the

Page 111



Two-color laser produced Air Plasma as Source

temporal resolution that can be obtained. The time resolution for this technique is
calculated as the square root of the product of chirped laser pulse duration and
Transform-limited laser pulse duration [59], i.e. V(toten). Elongation of the chirped
pulse enhances the scanned temporal window on one hand and deteriorates the temporal
resolution on other hand. The degraded resolution is not always sufficient for fast
transient phenomena. A very involved technique of spectral interferometry somewhat
addresses this issue [60]. In this method, a second probe pulse is made to interfere with
the probe laser carrying THz information and then sent to the spectrometer. Though the
time resolution is equal to the probe laser duration, this technique is sensitive to

vibrations and requires precise alignment.

The other common set of techniques for single-shot THz time profile
measurement is based on a simpler process of space-to-time mapping. The underlying
principle of all techniques in this category is the non-collinear cross-section of the THz
and laser beams in an electro-optic crystal [61]. Wavefront of the probe laser beam is
tilted using a mirror [61], prism [62] or grating [63]. Schematic diagram of a typical

space-to-time mapping single-shot THz detection setup is shown in fig. 3.26.

Tilted probe wavefront samples the broadened THz beam size ‘d’ at different
times when they overlap in the electro-optic crystal. Space to time calibration is

dependent only on the angle ‘0’ at which the probe beam is incident on the EO crystal.

t=x.tanf/c Eqgn. (3.43)
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Readout
pulse

Fig. 3.26: Schematic of a typical space-to-time mapping single-shot THz detection

setup.

Similarly, the temporal window scanned during one laser shot is determined by
‘w.tanf/c’. The scheme is very simple to implement and balanced detection can also be
applied. The technique however, is not very suitable for weak THz sources as the THz
beam requires broadening in size for overlap with the probe laser. THz electric field
therefore, goes down in inverse proportionality with the beam size. Spectral uniformity
of the broadened THz beam is a pre-requisite for faithful detection. In conventional
EOS, focused beams of THz and femtosecond probe (scanning) laser pulses coincide
within the detection crystal. Maximum intensity of the THz radiation is detected leading
to better signal to noise ratio than the tilted pulse front method. As size of the focused
probe laser (femtosecond, scanning) beam is smaller than that of the THz, frequency

content is basically spatially invariant.

An intelligent design for single-shot THz waveform detection relies on use of a
pair of echelons in the probe beam path [64]. This method is categorized as the angle-
to-time mapping scheme. The transmission mode echelons are wedges with incremental

thickness in form of steps, as shown in fig. 3.27.
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Echelon 2
Echelon 1

Output
multibeamlets

Fig. 3.27: Diagram for creation of a matrix of beam-lets with incremental time delay
by use of two echelons placed with orientations perpendicular to each other. The

image has been adapted from Ref. no. [64].

When probe laser passes through two such echelons with orientation
perpendicular to each other, a two-dimensional array of beam-lets is formed. Each
beam-let is delayed by a fixed time duration and when the whole beam is focused using
a lens, a pulse train is created. This pulse train interacts with the focused THz intensity
in an EO crystal. The probe beam is imaged after passing through an analyzer prism.
Polarization modulation in the probe beam-lets is mapped in the image as intensity
variation. Subtraction of image taken in absence of THz radiation from the one taken in
presence of THz provides complete THz waveform. Time resolution is dependent on
the delay introduced because of the smallest step in echelon and temporal window
scanned is dependent on sum of delays introduced by the echelon matrix. Use of this
detection mechanism is not very common because it relies on the use of custom-made
optics. Optical quality of the echelons is a deciding factor in image distortions and

restricts the use of this method [57].

In the following sections, a new method of single-shot THz waveform

measurement based on the curved wavefront of probe beam is discussed. This method
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falls in the category of space-to-time mapping methods. Implementation is simple and
the calibration process itself reveals the spatial profile of focused THz beam. Applying

the balanced detection in this measurement scheme is also very straightforward.

b. Basic principle of the curved wavefront single-shot detection

Use of curved wavefront for recording the THz electric field time profile in a
single laser shot is based on the inherent delay between the fastest and the slowest
propagating rays in probe beam curvature. When the plane wavefront of a Gaussian
laser is focused through a lens, wavefront in the focal plane of lens is again planar. In
case of Gaussian beam focusing through a lens the minimum spot size is ‘wo’. A
schematic diagram for the curved wavefront of a Gaussian beam and the parameters
related to Rayleigh range are shown in fig. 3.28. For a Gaussian beam, Rayleigh range
‘zr’ 1s defined as the distance from beam waist at which the beam size gets doubled and
is calculated as ‘Two?/A’, where ‘A’ is wavelength of the laser beam. In the far field
regime, angular divergence of the laser beam ‘0’ as shown in fig. 3.28 is estimated as
‘~D/F’. Size of the collimated beam is ‘D’ and focal length of the lens is ‘F’. At a
distance ‘z” much larger than the Rayleigh range [|z| >>zr], wavefront of the beam has

a curvature and the radius of curvature is given by following equation

R(z) =z (1 + (27‘*)2> Eqn. (3.44)

And the corresponding beam radius at z is

w(z) = wo |1+ (i)z Eqn. (3.45)
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Changing curvature of the wavefront with distance can be seen from fig. 3.28.
At distance z from beam waist, the axial ray is delayed with respect to the marginal

rays by ‘6t = d0z/c’ time duration.

Axial distance (z) x

Rez)

N>

8z=R(z) [1 - cos 0] :
ot = dz/c i

Plane under consideration

R(z)

Fig. 3.28: The curved wavefront of a converging laser beam at a distance ‘z’ from the

focal plane. Wavefront profiles at other positions are marked in dotted lines.

It is also evident from fig. 3.28 that the temporal delay between axial and
marginal rays ‘0t” at position ‘z’ is related to the radius of curvature. From simple ray

tracing calculations ‘6t’ can be estimated as
6z = R(z)(1 — cos@) Eqn. (3.46)

For a laser beam with 800 nm central wavelength, input beam diameter of +40
mm being focused by a lens of + 640 mm focal length, variation of the radius of beam
and the radius of curvature with beam propagation distance are shown in fig. 3.29 (a).
The corresponding delays in time domain between the ray extremities of beam at that
position are displayed in fig. 3.29 (b). It can be seen that the time delays in range of

picosecond duration are easily attained for the typical parameters used in calculation.
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Fig. 3.29: (a) The variation of beam radius and radius of curvature as a function of
distance from the beam waist and (b) the temporal delay between fastest and slowest
sections of laser wavefront as function of distance. (c) Schematic working principle of

demonstrated single-shot detection technique.

Therefore, an event occurring within this time duration can be well assessed
(figure 3.29 (c)) by the curved wavefront technique and the THz transients produced by
two-color laser induced air plasma are of this order. Experimental realization of the

detection technique and other details will be discussed in the following section.

c. Experimental results with curved wavefront single-shot detection

Generation

Detection
2° Wedge HRFZ-Si ‘
‘ CCD Ca:mera

Lens : ‘

. _|_ znTe \\ :
Variable | Delay 1 n e Gla:m Thomson

Aperture | A Prism
AT Imaging :
Mirror-1 OAPM-2. . Lens !

Fig. 3.30: Schematic experimental setup showing single-shot time domain THz
detection technique. The THz radiation generation mechanism by two color laser

induced plasma in ambient air medium is also shown
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Schematic diagram of the experimental implementation of curved wavefront single-
shot THz detection technique is shown in fig. 3.30. For purpose of THz generation from
the two-color laser produced air plasma, 10 mJ of laser energy is focused using a lens
of +700 mm focal length. It can be observed that the setup is very similar to the one
represented in fig. 3.24 for conventional electro-optic sampling. The only difference is
created by the inclusion of a short focal length lens in the probe beam path before the

HRFZ-Si wafer.

A simple converging lens of +50 mm focal length is placed at 200 mm distance
from second OAPM along the probe beam path. The probe beam now focuses even
before the HRFZ-Si filter and the second OAPM with +152.4 mm effective focal length
refocuses it to a distance of 640 mm away from itself. As the position of electro-optic
ZnTe crystal is at 152.4 mm from the second OAPM, probe beam in this condition will
have a curved wavefront at the crystal. The position of ZnTe crystal is effectively 488
mm away from the focal plane of probe beam. The THz radiation still focuses on the
surface of ZnTe. The two-dimensional CCD camera operational in visible range is
imaging the ZnTe crystal. In the conventional electro-optic sampling, space-integrated
information of polarization rotation is recorded [54], while in the present scenario
complete spatial profile of the THz beam is imaged. Polarization intensity variation
caused by presence of THz radiation is imaged as annular rings, as can be seen in fig.
3.31. Intensity recorded at each pixel of the camera screen is in proportion to the
coincident THz electric field amplitude. The THz electric field information is imprinted
along all directions. Linear intensity profile, with corresponding space-to-time

mapping, along any direction provides the temporal field evolution of THz radiation. It
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should be noted that the same scheme is equally applicable with use of diverging

wavefronts.

The background image is recorded by blocking the THz beam path and then the
probe image in presence of THz radiation is acquired. To obtain the actual THz temporal
information, the background is subtracted from signal image. The wavefront of THz
radiation is flat on the ZnTe surface and interacts with a curved wavefront of probe.
Therefore, for a fixed value of the probe beam delay ‘AT’ the intensity variations
observed in image are because of the characteristics of the probe wavefront. These
variation patterns observed should not be mistaken with the non-uniformity in THz

spatial profile as produced from the two-color laser induced air plasma source [65]. The

THz spatial profile is centrally bright spot in the region of interaction imaged by camera.

Fig. 3.31: (a) Probe image in presence of THz radiation, (b) background image of

probe taken without THz radiation and (c) Final image after subtraction.

Quarter wave plate was not used in the experiment. The negative values of THz
temporal waveform could be recorded only because the vertically (s-) polarized leakage
from the Glan-Thompson prism acts as a DC bias. As in case of multi-shot electro-optic
sampling in scanning mode, positive THz field values enhance the s-polarized leakage
through the analyzer GT prism and negative field values are recorded as reduction in s-

polarized laser light, thereby reproducing the entire (positive and negative) THz electric
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field temporal evolution. We record the negative THz field values following the same

principle. The scheme is elaborated in the schematic diagram in fig. 3.32.

Consider a p-polarized probe laser pulse is incident on the GT analyzer prism.
The GT prism transmits all the p-polarized light. However, the s-polarized light, present
in the probe beam due to non-ideal performance of the laser, is reflected. In the
polarization circle depicted in fig. 3.32, this is represented by BG. Now, consider a THz
pulse incident on the ZnTe crystal. When the maximum positive value of the THz pulse
(marked by ‘A’) reaches ZnTe, it causes a polarization rotation by an amount “+ Ae”.
This results in increase of s-polarization component and simultaneous reduction in p-

component.

CCD

s

A /\!Aﬂes(l"‘ﬂ‘ﬂ
Noar [/ & % o
i —

Ig=lgs (1-20)

L

Fig. 3.32: Schematic diagram of probe laser polarization rotation in presence of THz

radiation.

Similarly, when the minimum value of the THz pulse (marked by ‘B’) reaches
the ZnTe the net change is represented by “- Ae”. Consequently, s-polarized light
decreases while the p-polarized light increases. So, the DC level here is essentially

provided by the leakage from the analyzer (Isg). The overall change in polarization
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appears as modulation on top of this DC level. Once the background collected in
absence of THz radiation is subtracted from these images, the DC level reduces to zero.
Therefore, the decrease in the THz radiation intensity (point marked by B) appears as

negative values.
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Fig. 3.33: (a) THz field amplitude recorded as vertical polarization through the Glan-
Thompson analyzer prism and (b) linear intensity profile taken through the image.

Direction is marked as dotted line in (a).

To get the quantitative measurement of THz field temporal profile, pixel-to-time
mapping is important. For this purpose, we have implemented two independent
methods. The first method is use of Shack-Hartmann Wavefront Sensor (SHWS) [66],

[67] for wavefront measurement at the position of electro-optic ZnTe crystal itself.

The Shack-Hartmann wavefront sensor consists of an array of small apertures
placed at a fixed distance in front of a two-dimensional screen (CCD, in this case).
When a plane wavefront is incident on the camera screen through the Shack-Hartmann
plate, an array of diffraction spots is imaged. For an m x n array of pinholes the

diffraction spot position for each aperture is given by calculating the centroid position
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— Yixil; — Yiyili
Xmn = Zj’i y Ymn = ﬁ Eqn. (3.47)

Where, the limits i and j are pixel numbers defined by the dimension of a
rectangular section in the CCD array around a diffraction spot. Centroids for all the
spots are calculated similarly resulting in m x n matrix of centroid positions. Shift in
diffraction spots by two different wavefronts along one column of apertures is shown

in fig. 3.34(h).

The Shack-Hartmann wavefront sensor is illuminated with a beam
whose wavefront is being measured. Wavefront at the surface of sensor is
designated as w (X, y). The change in the diffracted position, calculated using
centroid algorithm, is found by subtracting the measured position from
reference. Let for a particular spot the variation along x-axis is given by Ax, as
can be seen in fig. 5. The average gradient of the wavefront over the aperture

diameter along the x-axis is calculated using the following equation

dw Ax
w=7 = B, Eqn. (3.48)

In this equation, ‘f’ is the distance between the aperture array and camera

screen. The value of ‘f" in my setup was 30 mm.

In the simplest of reconstruction algorithms, the program begins at one
edge of the wavefront sensor slope data and defines the wavefront height in the
integration area as zero. In the adjacent integration area along the scan
direction, height of the wavefront is calculated as sum of previous wavefront

height and slope of the previous area times aperture separation
aW(x)m—l,n
W(X)mn = W) -1+ —2—2.5 Eqn. (3.49)

ax

Or, in simple terms integration by parts in performed
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wio) = [ dx Eqgn. (3.50)

After the linear integration is conducted along the x- and y-axes is performed,

the wavefront is found by summing the individual scans

WX, Y)mn = WX)m + W), Eqgn. (3.51)

Advanced reconstruction algorithms are available based on iterative process or
fitting the data to a set of orthogonal surface polynomials. I've used the

reconstruction algorithm presented by Jacopo Antonello [66].
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Fig. 3.34: (a) Image of the Shack-Hartmann plate fixed to CCD camera used in
experiment. (b) working principle of Shack-Hartmann sensor(c) Pulse front of the
probe beam at the surface of ZnTe crystal, as measured by the Shack Hartmann
detector. Optical path difference in terms of phase (in radians) is depicted as intensity
and values are shown along the color bar. (d) Calibration graphs for the vertical and

horizontal direction are shown.
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The Shack-Hartmann plate used in the experiment consists of an 18 x 18 arrays
of #150 um holes with a spacing of 500 um. This aperture array was placed in front of
a CCD camera chip. Distance between the Shack-Hartmann sensor and camera screen
was fixed at 30 mm. The camera and Shack-Hartmann plate used in the experiment are
shown in fig. 3.34 (a). The measurement results are shown in fig. 3.34 (c and d). The

temporal delay among section of laser wavefront is shown as a function of position.

Notably, the pulse front is not radially symmetric in all directions. The incident
diverging probe laser beam on OAPM2 undergoes distortions while being focused, as
expected. A plane wavefront image (measured without the extra converging lens) was
used as reference and the probe wavefront in current optical geometry was derived by
using the reconstruction algorithm [66]. The phase variation in the probe wavefront is
depicted in terms of radian angle. As wavelength dimension equals 27 radians in phase,
the phase is converted to propagation time difference (for electromagnetic wave speed
of light in air medium = distance travelled/ time) for the calibration part. Calibration
graphs for horizontal and vertical directions in fig. 3.34 (c) show that the probe
wavefront indeed is asymmetrical in the horizontal direction. However, in the vertical
direction, it is symmetric and therefore, can be used for space-to-time calibration
purpose. This is also expected because the OAPM is a part of the paraboloid and the

curvature of OAPM is symmetric along one direction and asymmetric along the other.

In the other method of calibration, images of probe beam with THz signal are
recorded for varying temporal probe delays (AT). For different probe delay values, the
curved wavefront of probe interacts with the peak THz electric field. The region of
spatial overlap between the femtosecond probe and THz pulses shifts radially outwards

for increasing delay values. Consider the case of a probe delay AT1 at which the THz
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peak field amplitude coincides with the axial region of probe beam in time. The image
captured on CCD camera will show a very small intense ring close to the center. The
line-cut through this image will not contain any information regarding the pre-
oscillations. A flat featureless portion will follow the post-oscillation field values
towards the image margins. Now, we increase the probe delay to some larger value AT>
(AT2>AT?1), such that the THz peak amplitude and marginal rays of probe are coincident
in time. A much bigger in diameter and less intense ring will be imaged on the camera.
The line-cut through this image will be having a flat, featureless center followed by the

pre-oscillations and then the THz peak, when observing from center to the edge.

)

Time Time

Fig. 3.35: THz and probe interaction in the ZnTe crystal for two different probe
delays (a) ATy and (b) AT> (AT> >AT1). Typical single-shot detection images captured

on camera are shown on the top right corner.

The schematic of the situation is shown in fig. 3.35. Let us consider the moment

when THz peak amplitude coincides with the ZnTe crystal in time. For a smaller probe

Page 125



Two-color laser produced Air Plasma as Source

delay (ATy), the axial portion matches with the ZnTe crystal as is the case in fig. 3.35
(@). Fig. 3.35 (b) depicts the condition for the situation when probe delay has been
increased. The probe in this case reaches late with respect to the THz pulse in time. All
the probe delays smaller or larger than this range comply that the THz beam is not in
the time frame covered by probe wavefront. The peak THz field amplitude is recorded
at varying radial positions in the spatial profile of probe beam. By plotting the spatial
shift in THz peak position with respect to probe delay, easily implementable space-to-

time calibration is obtained.
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Fig. 3.36: (a) THz electric field time profile as measured from the multi-shot scanning
method (black) and from the single-shot detection (red). (b) The corresponding

spectra from both techniques are shown

We have compared the results from single-shot technique with those obtained
from the conventional electro-optic sampling in the same condition to establish the
credibility of this method. In the same experimental setup, the lens in probe path was
removed and balanced photo-detector was placed by replacing the camera. The beauty
of this technique is that no further alignment was required for implementing detection

in scanning mode. The multi-shot scanning mode results are depicted in black traces in
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fig. 3.36 (a) and (b) while the single-shot results are shown as red traces. In the
conventional sampling technique 20 shot average at each delay position was recorded
and corresponding error bars are shown with black plot. The results obtained from both
the methods match well. It is very important to appreciate that non-zero leakage
intensity in the vertically polarized direction is present. Because of this background

value, negative THz field amplitude can be measured as well.
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Fig. 3.37: Images of the THz spot size on ZnTe as observed by probe pulse at different
time delays (a —d). (e) Time to Pixel (and hence, space) calibration derived from
images similar to (a — d). Spatial profile of the THz pulse on the ZnTe crystal

measured by (f) curved probe wavefront technique and (g) knife-edge method.

The temporal resolution is decided on the basis of two competing factors. One
is the laser pulse duration as it is minimum resolution one can achieve. The other factor
is the “time duration” recorded by individual CCD pixels. The spatial size of CCD pixel
in our case is 4.65 pm square in size which equals 15.5 fs time in one direction. The

laser pulse duration being larger in amplitude is the governing factor for temporal
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resolution. The time duration scanned in a single laser shot is 2.8 ps as can be seen from
fig. 3.36 (a). The temporal window can be adjusted by variation of the position and

focal length of lens.

The additional advantage of this single-shot method is that the process of
calibration itself reveals the spatial profile of THz focal spot. The peak intensity as
mapped on the probe beam profile is dependent on the spatial profile of focused THz
beam. As can be observed from fig. 3.37 (a - d), the Gaussian fitting over peak values
of the linear intensity profiles at varying probe delay measures the THz focal spot size
of 1.94 mm (FWHM). The peak values of line profiles at 200, 400, 600 and 800 fs
values of probe delays are marked as green circles in the fig. 3.37 (f). The THz radiation
focused in same condition was also measured by the knife-edge technique and is shown
in fig. 3.37 (g). The spot size measurements obtained from both the methods match very

well.

d. Merits and demerits of the curved wavefront single-shot detection

In similar single shot techniques for time profile measurement of the THz
electric field [58], [59], [65] broadened THz spatial profile is made to interact with the
probe beam. These methods are also categorized as space-to-time mapping techniques.
The THz intensity is reduced in amplitude leading to a lower value of signal-to-noise
ratio. In the present single-shot method the use of focused THz intensity allows
detection with maximum signal-to-noise ratio for other techniques in this category. This
way, even weak THz sources can be characterized with this method. The broadband
THz sources are known to possess a spectral intensity variation along the spatial profile
[68], [69]. These effects are overcome with the detection of focused THz profile. The

implementation of this single-shot method is very straightforward and reverting back to
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the conventional sampling does not require any realignment. The additional optics
required for realization of this method is very easily available in any optics laboratory.
The temporal resolution of our single-shot method is dependent only on the laser pulse
duration, which is the minimum for any technique. The time duration scanned in single
laser shot can be tuned by altering the focal lengths or positions of the optical
components in path. The additional benefit of deciphering the THz focal spot size
during calibration is also a desirable feature of this single shot method. With the use of
circularly polarized laser, balanced detection can be implemented which will further

enhance the signal-to-noise ratio.
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Chapter 4: THz generation from solid density tape target

4.1 Introduction

High field strength, broadband THz sources can enable futuristic schemes of
coherent control of collective excitations in condensed matter physics [1], spatially
resolved chemical recognition [2], THz field induced lattice distortion [3], molecular
alignment [4] and transient band gap dynamics [5]. Intense THz pulses are very useful
for exploring nonlinearity in the THz frequency range [6] and determination of the THz
nonlinear responses of meta-materials [7]. To realize this plethora of applications a
source of intense and broadband THz emission is desirable. Apart from several
scientific explorations that can be conducted with higher THz energy, many
applications that have been demonstrated in laboratory can be brought to field. For
example, imaging applications that require large area illumination are intrinsically
dependent on bright THz sources. Spectroscopic measurements with bright sources will
be able to detect trace elements with good signal to noise ratio. Efforts are being made
worldwide to enhance the THz flux in all the established mechanisms of THz radiation

generation.

In the two- color scheme, fundamental and second harmonic lasers are co-
focused in ambient air to create an asymmetric field in the plasma formed. The free
charge density drifts more in one direction than the other because of this asymmetry
[8]. The emitted THz flux is proportional to transient drift current. The radiated THz
energy is orders of magnitude larger than that obtained with single color alone. Several
optimization techniques discussed in chapter 3, have been implemented to maximize

the detected THz energy.
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For further enhancement in the THz flux, efforts have been made to increase the
charge density as it is a crucial parameter governing the radiated THz field amplitude.
The most straightforward method is to increase the gas pressure in the focal plane
(region of THz generation) of converging lens. Various studies have been conducted
with different gas species at incremental pressure values [9], [10], [11]. The THz energy
has been shown to increase with gas pressure, eventually leading to saturation. This has
been primarily attributed to intensity clamping in the plasma filament formed in the

focal region [12].

Recently in 2017, liquids have been shown to produce enhanced THz radiation
with femtosecond laser pulses [13]. However, the generation reported is from single
color laser. They have explained the observations on basis of second harmonic being
generated from the plasma supercontinuum itself. With the two-color laser, the THz
energy did not enhance because of large phase dispersion in the liquid medium. Acetone
and other liquid targets placed in cuvette were used for broadband THz radiation. The
cuvettes could hold nearly 5 cm length of the liquid target. Another set of studies have
used continuously flowing water jet of around 170 um thickness [14]. The source of
THz radiation from single color laser in liquid medium is not fully understood. It was
observed that a broadened chirped laser pulse of 600 fs produced larger THz energy
than the minimum pulse duration. Because of these observations, it is thought that
cascade ionization dominates over tunneling ionization in the plasma formation. The
THz flux has been shown to increase linearly with laser energy. In continuation to this
study, addition of second harmonic has shown further enhancement in the THz flux
from water jet [15]. The asymmetric field from two-color laser has shown quadratic

growth in THz flux with laser energy. Both these studies have been performed with sub-
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milijoule laser energies. Higher laser energy has been reported to create turbulence in
medium and disrupt the generation process. Similar difficulties have been reported in

THz generation in liquids kept in cuvettes [13].

Contrary to the reports presented so far, where the THz generation has been
performed in liquid medium; we have used solid density targets to generate THz
radiation in the two-color scheme. We have demonstrated THz generation by producing
plasma using two-color laser beam on a commercially available transparent, dielectric
(CH) tape medium. THz flux in the tape target is found to be higher by a factor of ~1.9
compared to air plasma, in the broad spectral range of 0.1 to 100 THz. The source is
very easy to realize and uses a very simple setup. Such an intense THz source of high

spectral range is very important for various applications.

4.2 Experimental Details
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Fig. 4.1: Experimental diagram for THz generation from solid (CH) tape target. The
THz flux is directly measured with Pyroelectric detector. A HRFZ Si wafer placed in
front isolates the THz radiation from other wavelengths. The THz spectrum is

monitored using Field Auto-Correlation Set up shown in inset.
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The experimental setup for THz generation from solid density tape target is
similar to the one used with air plasma alone. Schematic diagram of the setup is shown
in fig. 4.1. A lens of +400 mm focal length is used to focus laser energy on the tape
target kept in air. The position and azimuthal angle of 100 um thick BBO crystal is
optimized for maximum THz generation from air plasma for the present set of
conditions. For the solid density target we have used the commercially available 25 um
thick glueless biaxially oriented polypropylene (BOPP) plastic tape. BOPP is propylene
stretched in either direction for added strength. Being non-polar, transparent and
dielectric, it allows transmission of the laser pulses, i.e., 800 nm and 400 nm, as well as
THz radiation. This is one of the pre-requisites while choosing the tape material.
Efficient transmission of THz radiation along the laser propagation direction is crucial
for this scheme to work effectively. Because of the same reason, use of metallic thin

films or opaque materials (in the THz regime) is prohibited.

A crucial factor is the choice of target thickness. There are two aspects to this
issue. Firstly, as far as the two-color laser pulse interaction is concerned, thinner foil
having thicknesses ~ 100 nm will suffice as the laser pulses will not propagate beyond
the skin depth of the plasma formed on tape target surface (typically 60 — 80 nm, in this

case). Similarly, use of thicker targets (~ mm) thickness will participate equally well.

Now we come to the second aspect related to inherent self-absorption of the THz
radiation within the target. Evidently, use of thicker foils or solid will result is
considerable self-absorption. Therefore, the net gain in THz flux will not be realized.

We have verified in experiment that while using a 3 mm thick poly-methyl methacrylate
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(PMMA) sheet, the effective THz flux recorded was indeed less than the air plasma

source.

Moreover, a crucial condition to be satisfied in two-color laser produced plasma-
based THz source; is the formation of an asymmetric electric field by combination of
fundamental and second harmonic fields. In a thick solid density medium, the two laser
wavelengths will go out of phase within a very small distance of travel inside the target.
Phase slippage between the two laser wavelengths is proportional to the electron density
[8]. After the fundamental and second harmonic fields have gone out of phase, no THz
radiation will be generated and the rest of the medium will act as absorber; as mentioned

earlier.

Fig. 4.2: (a) tape target assembly and (b) image of tape showing laser shots.

Apart from the points stated above, in practice, a motorized spool is used to
continuously wind the tape in anti/- clockwise direction. Speed of the spool rotation can

be adjusted by modifying the voltage supplied to motor. Each laser shot is incident on
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fresh target surface. Figure 4.2 above shows the tape target assembly. The two-color

laser ablated spots are clearly visible.

The distance between consecutive laser shots at 10 Hz repetition rate is much
larger than the laser footprint on tape. This ensures that there is no effect of the previous
laser shot on THz generation during the current one. An image of the tape target with
laser shots taken at two different motor speeds is shown in fig. 4.2 (b). A translation
stage with movement along the laser propagation direction has also been provided with
the tape target assembly. The stage is used to optimize the target position for maximum
THz flux. The diverging beam of THz radiation is collimated using an off-axis parabolic
mirror. The entire high frequency component in the beam comprising of laser, its second
harmonic and the plasma supercontinuum are reflected from the surface of HRFZ-Si
filter. The transmitted THz radiation is focused by another OAPM for detection by the

pyroelectric detector.

4.2.1: THz enerqgy as function of BBO azimuthal angle

It is important to investigate the role of second harmonic laser field in the
generation of THz radiation from solid density CH tape target. Addition of the dielectric
tape near the plasma position in two-color setup leads to enhanced THz energy. The
THz generation could be because of femtosecond laser intensity acting on solid density
alone and be totally independent of the inclusion of second harmonic laser. With all the
other parameters constant, the SHG crystal was removed from laser path. No THz
radiation could be detected by the pyroelectric detector in this condition. This test
confirms that the second harmonic field plays important role in THz generation from

tape target in this study.
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Next, we investigate the role of polarization of the second harmonic laser field
in generation of THz radiation with tape target. The two-dimensional treatment of
photocurrent model explained in chapter 3 of the thesis has affirmed that the
polarization of fundamental and second harmonic laser fields need to be aligned in same
direction for maximum THz generation in the air plasma source. Azimuthal angle of the
SHG crystal is suitably adjusted to maximize the net amplitude of both laser fields in a
single direction. The black curve in fig. 4.3 shows the THz energy as a function of BBO
azimuthal angle for air plasma source. The plot is similar to that presented in other
reports in literature [16] and includes the effect of horizontal or vertical tilts in the

crystal. Red curve in the fig. 4.3 is for THz obtained with inclusion of the tape target.
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Fig. 4.3: THz energy measured in the two-color setup, with and without the tape

target as a function the BBO azimuthal angle.

It is evident from the plot that maximum THz generation with tape target occurs

at the same values of BBO angle as that found with the two-color air plasma alone. The
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data in between peak values is however smeared out. This behavior can be attributed to
the larger dispersion between the fundamental and second harmonic fields occurring in
the solid density medium. The graph overall supports the role of photocurrent

mechanism in generation of THz radiation with the tape target.

4.2.2: Dependence of THz flux on tape target position

The tape target assembly was translated along the laser propagation direction
and the measured value of THz energy was recorded. Results of the experimental study
conducted for two different laser energies are shown in fig. 4.4. For the condition when
tape target is placed before the initiation of plasma filamentation, very small values of
THz energy are observed. Two factors may be contributing to this behavior. The phase
dispersion between fundamental and second harmonic fields occurs quite early in space
leading to lower THz generation. Also, the plasma formation in solid density target
starts at a lower laser intensity than in ambient air leading to divergence of the beam
happening before the focal plane of lens. Steady increase of the THz flux is observed
as the tape target is translated away from the lens. As the tape position matches with the
rear end of the plasma filament, the integrated THz flux is found to increase up to a
distance. Beyond this, the THz flux starts decaying and eventually settles to a steady
level. So, there is an optimum condition for which the THz radiation from the air plasma
is effectively added to the THz generated with higher electron density of the solid tape
medium. When the tape position is significantly away from the plasma, THz energy is
stabilized around a constant value. In this region, the tape is basically acting as a thin

polymer (CH) filter.
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Fig. 4.4: THz energy as a function of the distance of tape target from focusing lens for

two pump laser energies at 16 and 24 mJ.

The THz flux recorded for this situation is from the air plasma alone. It is evident
that with increase of laser pulse energy, the initiation of THz generation shifts towards
the lens and increases steadily. However, the position at which the maximum THz flux
is obtained is about the same. This is, in particular, related to the behavior of the
filaments formed in air. With the increase in laser pulse energy, the increase of multiple
filamentation in air is well known. However, during the filamentary propagation of the
laser pulse maintained by dynamic balance of the external focusing and self-focusing
effects together with the natural divergence and ionization induced divergence, leads to
a small region with maximum intensity. It is this particular position, at which, the

placement of tape target yields maximum THz flux.
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4.2.3: THz energy scaling

As the primary motivation behind use of a solid density target for THz
generation is achieving higher flux, the study of THz energy scaling with laser energy
is important. The scaling of THz flux with laser energy for air plasma source alone is
shown as the black curve in fig. 4.5. The expected saturation behavior and initiation of

further scaling with higher laser energy can be observed in the plot.
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Fig. 4.5: Variation of THz radiation flux with increasing laser energy for tape target
source (blue curve) and air plasma alone (red curve). Percentage increase is shown
as black curve. The inset displays the low laser energy region marked by dotted

square.

The enhancement of THz flux with laser energy for the tape target is shown as
red curve in the fig. 4.5. For very low laser energies, the difference in THz energy
obtained with and without the tape target is negligible. As the laser energy is increased

the ratio of THz energy generated in presence and absence of dielectric tape keeps on
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increasing. The saturation behavior for tape target is rather muted in nature. The solid

density tape source shows a rather strong potential of scaling with laser energy.

4.2.4: THz spectrum measurement

It is important to confirm the spectral content of the THz tape source. Of all the
time domain detection techniques used in the THz frequency range, field
autocorrelation supports the maximum bandwidth measurement. For accurate
knowledge of the THz spectrum obtained with the tape target, we performed the field
autocorrelation detection. Experimental setup for realization of the detection scheme is
described in chapter 2 of the thesis. FAC signals for dielectric tape source and air plasma
are shown in fig. 4.6. It can be seen that the temporal width of FAC for tape target is

slightly larger than that observed for the air plasma source.
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Fig. 4.6: Field autocorrelation signal of THz radiation obtained for tape target and

air plasma source.

Page 149



THz generation from solid density tape target

Fourier Transform of the FAC signal is performed for finding the frequency-
domain measurement. THz spectra for tape and air plasma source are shown in fig. 4.7.
Most importantly the results confirm that the signal obtained with solid density tape
target consists primarily of frequencies in the THz range. The lower THz frequencies
are especially brighter than the higher frequency region. The spectrum with tape target
is very broadband up to 40 THz. The source therefore, supports large field values
required for several applications as the high pulse energy is combined with short pulse

duration. The broadband feature is useful for spectroscopy measurements.
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Fig. 4.7: THz spectrum derived from the field autocorrelation traces recorded for air
plasma and tape target. The frequency axis (in THz) has been plotted in logarithmic
scale (a) and linear scale (b) to highlight the lower and higher frequency part of the
spectra respectively. (c) The “% " increase in THz yield from tape target compared to

ambient air with pre-defined THz frequency bin of 10 THz.
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In order to get more insight of the experimental results on THz generation from
tape target using two-color scheme, PIC simulations were conducted with hydrocarbon
(CH) density of similar thickness in Nitrogen surrounding. Results of the simulation are

presented in next section.

4.3 PIC Simulation of Tape target THz source

Similar to the particle-in-cell simulation reported in the chapter 3 of thesis on
the two-color air plasma THz source, a box of 200 um x 200 um in the x-y direction is
considered. Nitrogen gas at 4 x10'8 cm™ density is filled in the box. The 800 nm laser
is linearly polarized along the z-direction. The two-color laser pulses originate from the
left side of the simulation box and propagate along x-direction. Schematic of the
simulation box and the associated direction axes are shown in fig. 4.8. The fundamental
and second harmonic laser intensities are taken to be 5 x10'® W/cm? and 1 x10® W/cm?
respectively. The laser is intense enough for ionizing the Nitrogen gas up to 5+. The
spatial and temporal profiles of the laser are taken to be Gaussian. The pulse duration
and spot radius of the two laser pulses are taken as 50 fs and the 10 um respectively. In
the photocurrent model, the generated THz field is proportional to the time evolution of
current density. An increase in the charge density should therefore, lead to enhanced
THz field. The introduction of polymer (CH) tape target in the present experimental
study is an effort to increase the charge density itself. To simulate the solid tape target,

we have introduced carbon and hydrogen species in the gas medium.
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Fig. 4.8: Schematic of the simulation box.

The carbon and hydrogen species have a density of 4 x10%2 ¢cm and thickness
25 um which replicates the tape target used in experiment. In order to resolve the
simulation results, grid size is taken to be 20 nm in x-direction and 20 nm in y-direction.
For each particle species 5 particle per cell (PPC) is considered in all the simulation
runs. The left and right boundaries are taken as absorbing boundaries for both particle

and radiation. The top and bottom boundaries are taken as periodic.

In the simulation results presented in chapter 3 of thesis, we found that as the
laser polarization is along z- direction, the electric field component observed in the y-
direction is originated from the ponderomotive plasma oscillations. The introduction of
second harmonic along with the fundamental laser had no effect on the electric field
amplitude in the y- direction. To understand the origin of THz radiation from the solid
tape target, we introduce 800 nm laser in the simulation box with CH density of 25 pum

thickness.
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Fig. 4.9: Electric field in the y- direction for single color laser on CH target in air
(nitrogen). The dotted vertical lines represent the CH target position in the simulation

box.

The electric field in y- direction in this condition is shown in fig. 4.9. The effect
of ponderometive force can be observed in the plot. The dense, bushy region near the
central axis in this figure is because of the fields arising from electron and ion density
evolution in the plasma medium. It is also interesting to note that the electric field
amplitude in forward direction is smaller than that in the backward direction. The field
gets reflected from the surface of the CH density. Therefore, the detectable THz field
amplitude in forward direction is smaller than 0.12 GV/m. As expected, the field
distribution in z- direction is same as that in the y- direction as the ponderomotive force
arising from a Gaussian laser pulse is similar in both the axes. The simulation results
also therefore, confirm that the observed value of THz energy did not arise from the

single-color laser beam alone.
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Fig. 4.10: Electric field in the z- direction for two-color laser pulse on CH target in
air (nitrogen). The dotted vertical lines represent the CH target position in the

simulation box.

We now introduce second harmonic field along with fundamental laser field. To
notice the effect of photocurrent on radiated field, the electric field along laser
polarization direction needs to be observed. The combined fundamental and second
harmonic laser field is along z- direction, perpendicular to the x-y plane, acting on the
solid density of CH medium in a nitrogen atmosphere at ambient air density. Simulation
result of two-color laser is shown in fig. 4.10. The electric field amplitude in this case
is much higher than with the single color alone (Fig. 4.9). The field component arising
because of freed electrons and ions in the CH medium can still be observed. The

radiated THz field amplitude in the forward direction is evidently much stronger.

Next, we derive the THz radiated field from the simulation (Fig. 4.10) in case
of CH target. The electric field was measured as a function of time a point away from

the central axis at (50 um, -50 um) coordinate. This way the laser fields themselves are
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not accounted in the measurement. Fourier transform of the temporal field evolution
reveals the THz spectral content. At the same laser intensity of 10'® W/cm?, the
spectrum was estimated for nitrogen gas at atmospheric density and with the inclusion
of CH slab at solid density. The derived spectra for both cases are shown in fig. 4.11.
Similar to the experimental results, the THz amplitude obtained with CH medium is
higher than that with the gas plasma alone. Also, the spectrum from CH target is found

to be broader than the nitrogen gas medium.

L4 Nitrogen at

atmospheric density

1.2

—  CH medium at
solid density

Ez (®) (arb. units)

0 20 40 60 80 100
Frequency (THz)

Fig. 4.11: THz spectrum obtained in the two-color scheme with tape target and gas

plasma alone at 10'® W/cm? laser intensity.

In conclusion, we have reported the observation of THz radiation from a solid
density target. The medium is easily available and the realization of this method is
straightforward. For 25 mJ laser energy, the observed THz radiation is almost twice in
amplitude in comparison to the air plasma alone. It is evident from the experimental

studies that the detected THz energy is a combination of that obtained from the air
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plasma with the enhanced charge density of solid target. The enhancement of THz flux
has not resulted in reduction in the spectral bandwidth of THz pulse. For fixed laser
energy the tape target position does not require adjustments. Moreover, the THz flux
obtained with dielectric tape source is scalable with laser energy. The experimental
results have affirmed the role asymmetric laser field in generation process. We have
also demonstrated the observed results with PIC simulations. The PIC results confirm
that the photocurrent arising from asymmetric laser field and not ponderomotive
oscillations are responsible for THz radiation with inclusion of dielectric medium in the

two-color scheme.
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Chapter 5: THz Material Characterization

5.1 Introduction

The unique features of terahertz radiation have made it instrumental in
understanding various transitions occurring over meV energy over picosecond duration
in a non-destructive way [1]. In particular, with the availability of broadband, short
pulsed THz sources, spectroscopic studies in time domain have made their mark in
revealing the intricate dynamics of wide variety of chemical, physical and biological
systems. The technique of THz spectroscopy has been used to probe the
superconducting energy gap [2], [3], inter-subband transitions in the nano-materials [4],
[5], phonons in crystalline structures [6], [7], relaxation dynamics in water and other
aqueous solutions [8]-[10] and a lot more. The THz “spectral fingerprints” are molecule
specific and are therefore advantageous in identification of chemicals. The spectroscopy
techniques in THz frequency range thereby have enabled important applications in
fields of drugs and explosive detection [11], [12], defense [13], biomedical diagnosis
[14] and detecting adulterations [15]. The non-contact, non-destructive spectroscopy
technique is capable of chemical recognition through a lot of the common packaging
materials [16], [17]. THz studies have recently provided information on polymer
morphology and conformation [18], [19]. While a plethora of applications have been
proposed through proof-of-principle demonstrations, security portals, laboratories and
industrial production lines have implemented the use of THz time domain spectroscopy

(THz-TDS).
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Multiple non-metallic materials feature transmission in the THz frequency
range. There are still a range of signature absorption frequencies in the THz
transmission spectra because of the lattice vibrations, intra- and inter-molecular
vibrations, rotational levels [20]-[22] etc. To determine the spectral response for each
of these substances, characterization of these spectral features is very important. The
polymer, crystal and semiconductor samples with suitable transparent window are used
as lenses [23], [24], splitters [25], waveguides [26], windows [27] and other optical
components in the THz frequency range. Even for imaging applications, knowledge of
transparent and opaque windows in the THz radiation for various materials, packaging
and otherwise, is important. Several reports on THz material characterization up to 10-
20 THz frequency are available [28]-[30]. Spectral characterization of a range of
samples over broader frequency range will be useful for scientific explorations and
applications as well. As has been discussed in first chapter (fig. 1.5), information on
multiple spectral characteristics leads to greater confidence in the identification of
molecular species, which may have very weak or similar absorption peaks and close to
spectral fingerprints of other species. In this chapter, we have tried to demonstrate
broadband spectroscopy with the use of two-color laser produced air plasma source of
THz radiation. The THz obtained from two-color laser plasma in ambient air medium
typically spans from 0.1-75 THz [31], [32] and experimental results on generation up

to 200 THz are also reported in literature [33].

With pulsed THz sources based on femtosecond lasers, a few detection
techniques are predominantly used. Electro-optic sampling is the most frequently used

method for THz spectrum detection in spectroscopy setups [34]. The bandwidth
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detected with electro-optic sampling is severely curtailed by the phase matching
condition between the THz pulse and probe pulse. Another factor that prohibits
measurement of large THz bandwidths is the characteristic phonon absorptions in
electro-optic crystal. These issues have also been reported to distort the detected
temporal pulse profile of THz electric field [35]. The THz frequency bandwidths
generated by the dual color air plasma filament-based source is much larger than that
can be measured by electro-optic sampling-based detection technique. The other widely
used approach for spectrum analysis in THz time-domain spectroscopy is the air-biased
coherent detection (ABCD) [36]. In this method the THz radiation and femtosecond
probe laser are co-focused in ambient air itself. As a result of four-wave mixing in the
air medium, a second harmonic of the probe laser is generated. Amplitude of the second
harmonic field generated this way is proportional to the instantaneous THz field
amplitude. Sometimes an electric field is applied across the focal region to enhance the
signal [37]. While, the THz time profile is measured in a similar manner as electro-optic
sampling, the air biased coherent detection scheme is less sensitive. The maximum
detected bandwidth in this technique is inversely proportional to the pulse duration of
femtosecond laser used as probe. This implies that a 50-fs pulse duration probe laser
cannot detect more than 20 THz bandwidth. However, as has been reported a 50 fs
duration laser pulse can produce much larger bandwidths [32] of THz radiation with
dual color filamentation process. The scan resolution of translation stage in probe beam
path has to be larger than the probe pulse width to avoid oversampling. The scan
resolution therefore, further limits the maximum measurable THz bandwidth with the

ABCD technique.
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The THz generation through two-color laser induced ambient air plasma and the
field autocorrelation detection are combined to demonstrate a broadband spectroscopy
setup. In this study, the broadband THz characteristics of some common semiconductor
and polymer samples, namely Silicon and Gallium Arsenide, Teflon and low density
polyethylene (LDPE), are reported. The theoretical background of field autocorrelation

is presented in the following section.

5.2 The Field Autocorrelation (FAC) measurement

The technique is primarily based on a Michelson interferometer. The
Michelson interferometer divides the radiation beam into two parts (arms). A path
difference between the two paths is introduced by varying separation of the one arm

from the beam splitter (as shown in Fig. 5.1) between them.

Fixed Mirror
F
| L Movable
l Mirror
Source -+ 5 <
A0 M «—>
il Travel Direction
Beam -
splitter
Y

Detector

OAPM

Fig. 5.1: Schematic of Fourier Transform Spectrometer. At the core, it is the

Michelson interferometer with the output beam focused on a detector.
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The two parts of radiation beam are then recombined creating an interference.
Intensity of the radiation emerging from interferometer is recorded as a function of the
path difference between the two beams on the detector. A typical Michelson
interferometer consisting of a pair of perpendicular kept mirrors and a beam dividing
beam-splitter (fig. 5.1). One of the mirrors is mounted on a translation stage moving
along the direction of incident radiation. A collimated radiation beam from the source
is partially reflected and partially transmitted by the beam-splitter. The axial ray of
reflected beam hits at point ‘F’ on the fixed mirror and similarly the axial ray of
transmitted beam hits the point ‘M’ on movable mirror. After reflection from the
respective mirrors, both the beams recombined at the beam-splitter propagate towards
source and detector and interference occurs. Intensity distribution between the beams
returning to the source and reaching the detector is dependent on the difference in path
lengths travelled by the two beams. An interferogram is obtained by recording the
radiation intensity at detector with respect to the path difference introduced at each step.
The translation stage moves by certain fixed step size, waits for stabilization of the

stage, acquires multiple data for averaging and moves again.

The condition when both the fixed and movable mirrors are equidistant from the

beam-splitter, is known as the Zero Path Difference (ZPD). For the ZPD condition,

both the beams are perfectly in phase and interfere constructively on recombination. For
this position of movable mirror, minimum intensity returns to the source and maximum

intensity reaches the detector.

First, we will discuss the ZPD condition. We know that the beam that is reflected

from a mirror at normal incidence undergoes 180° phase change. Phase change in a
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beam after reflection at 45° angle of incidence is 90° and no phase change occurs for a
transmitted beam. Part of the beam that reaches the detector after recombination has
two sections, both of which have undergone a total phase change of 270° and are
therefore in phase with each other. Now let us consider the part returning back to the
source. Section of the beam travelling to the movable mirror has undergone 180° phase
change and after second transmission through the beam-splitter, phase change remains
same. The other section undergoes 90° phase change from first reflection towards fixed
mirror, 180° phase change from second reflection towards beam-splitter and another
90° phase change from the third reflection towards source, adding to a total of 360°.
Both the beam sections are therefore, out of phase in this case and interfere
destructively. Displacement of the movable mirror in either direction, changes phase of
the beam travelling through that arm. The interference condition changes this way, for
the varying value of movable mirror displacement. For a monochromatic source of light
(wavelength Ap), a displacement of Yo introduces a path length change of '2Ao and
destructive interference occurs for the portion of beam reaching the detector. All the

intensity in this condition is directed towards the source.

Determining the spectrum of a monochromatic radiation source by performing
the Fourier transform on interferogram obtained is straightforward. The amplitude and
wavelength can be directly measured from the sinusoidal interferogram of
monochromatic frequency. However, if the radiation source emits multiple, discrete
frequencies or a continuous bandwidth, the resulting interferogram is more complex and
the transformation must be done by a computer. When the source emits multiple

frequencies, the resultant interferogram is superposition of the interferograms
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corresponding to each individual frequency. We will now discuss a few simple

interferograms shown in fig. 5.2.

If the displacement is denoted as ‘6’, then for a monochromatic source at

frequency vo, the simplest representation of the interferogram is
S(6) = B(vy) cos2mv, 6 Eqgn. 5.1

In the above equation, B(vo) is the frequency dependent constant affecting the

amplitude of interferogram on the basis of following intensity dependent terms

1. intensity of source,
2. beam-splitter efficiency
3. and the detector response function.
Interferogram for a radiation source consisting of multiple frequencies is

therefore, an integration of all the constituent cosine waves for different frequencies
S(6) = f_oooo B(v) cos2mv 6 dv Eqgn. 5.2

The figs. 5.2(a) and 5.2(b) show the spectrum and interferograms of two

frequencies (lines) with small difference in frequency in very ideal condition. In fig.
5.2(a), both the single frequency lines have same intensity, while in fig. 5.2(b) the
intensities are not equal. In the interferograms, lower frequency forms an envelope

around the higher frequency and a beat signal is produced.
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Fig. 5.2: The left side of each section shows the spectrum and right side is the
resultant interferogram reaching the detector arm. The horizontal axis in all
interferograms start from the position/ time of zero path difference (ZPD). (a) two
infinitesimally narrow frequency lines of equal intensity (b) two infinitesimally narrow
lines of unequal intensity (c) Lorentzian band at central frequency equal to mean of
the two lines in (a) and Lorentzian band at same mean frequency as (c) but twice the
bandwidth. The figure has been adapted from book ‘Fourier transform infrared

spectroscopy’ by Peter R. Griffiths and James A. de Haseth.
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It can be seen in the interferogram images that while the beat signal for 5.2(a)
reaches a minimum, it does not become zero at any position for 5.2(b). For the
Lorentzian spectral band in fig. 5.2(c), the frequency of the interferogram is same as
those in figs. 5.2(a) and (b) but the envelope decays exponentially. As the spectral
bandwidth in fig. 5.2(d) is twice the size as of 5.2(c), the exponent of decay of the
interferogram is twice as well. It should also be noted that as the central frequency in

fig. 5.2(c) and 5.2(d) is same, the frequency of interferogram in both cases is also same.

From the above discussion, it can very well be deduced that the width of the
envelope of interferogram is inversely proportional to the spectral bandwidth of
radiation source. The interferogram of a monochromatic source will therefore, ideally
extend to infinity. Interferogram of a monochromatic source is a cosine wave with an
infinitely large extent. On the other hand, interferogram of a broadband source will

decay rapidly.

It is very important to note here that the continuous or pulsed nature of the
radiation source has no effect on the resultant interferogram. Spectra shown in the left
side of fig. 5.2 will produce interferograms shown in the right side of fig. 5.2 in either
case. Interferograms shown in fig. 5.2 have zero path difference as the starting position.
For a complete scan covering the range on either side of the ZPD position a symmetrical
interferogram will be produced. Interferogram amplitude is the highest at ZPD, as all
the frequencies match in phase at this position and as the path difference changes
towards either direction this constructive interference starts vanishing. The peak

amplitude in an interferogram at ZPD is also known as the ‘centre burst’.
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To appreciate the concept of spectrum analysis from this method further, we will
now discuss the generation of interferogram in the time domain. Suppose E(t) is the
pulse energy travelling from fixed mirror towards the detector and E(t-t) is the pulse
energy travelling from movable mirror towards the detector. Interferogram signal

measured on the detector is represented as

S(@ « [T |E®) +E(t—1)|?dt Eqn. (5.3)
S(@) « [ [IE@®I*+ |E(t—1)|* + 2Re[ E() E*(t — 7)]]dt Eqgn. (5.4)
S(x) x 2 [ |E(t)|>dt + 2Re [ _E(t)E*(t—©)dt Eqn. (5.5)

First term on the right in equation 5.5 is the radiation energy from two arms that
reaches the detector. It is the second term on right in equation 5.5, which is the ‘field
autocorrelation’ signal. Fourier transform of the field autocorrelation gives spectrum of
the radiation source. Now looking into the 2" term more carefully, we can use the
Wiener-Khinchin theorem here [38], [39]. The Wiener-Khinchin Theorem, also known
as, the auto-correlation theorem states that the Fourier transform of the auto-correlation
of a function is equal to the spectrum of the function. For a given function, f(t) being

sampled by its own, the auto-correlation term can be represented as ACF =
ff; f(t) f*(t — v)dt. As per the Wiener-Khinchin theorem, the Fourier transform of

the auto-correlation function ACF i.e., F {ACF} = |F{f(t)}|%

As a proof, let us consider cross-correlation of two functions f(t) and g (t + 7).

Therefore, the cross-Correlation function can be defined as earlier ACF =

fj;o f(t) g(t + t)dt. Now taking the Fourier transform of this term

Page
168




THz Material Characterization

+ o0

FT[ACF] = FT f £(0) g(t + Ddt| = f +°° f " r) gt + Dt e vrdr

= —00

=" fO [ gt+ 1) e"“Tdrdt Eqn. (5.6)

Choosing a dummy variable: p =t + , the above integration can be rearranged as

following

+00

FTIACF) = FT| [ £(©) g(t+ r)dt‘= | G | " g ewrdperionar
“o =—00 p=-

= [27 f®etitdt [T g(p) e"Pdp = F'(@)6(w)  Eqn.(5.7)

T= —00

where, F* (o) and G(®) are nothing but the Fourier transform of the functions

f(t) and g (t + 1). Now, we consider the function f (t) for which the auto-correlation
function will be ACF = f_":o f(t) f*(t — ©)dt. As per the proof written above, the

Fourier transform will be FT [ACFauo] = F (®) F (0) = | F (o)

Now let us consider once again, the second term on the right-hand side of the
equation (5.5) above. Evidently, the result comes out to be |E (®)[> which is nothing but
S (w), which is the spectrum of the electric field of the incident radiation. This forms

the basis of the Fourier Transform Spectroscopy (FTS) whose most common occurrence

lies in Fourier Transform Infra-Red (FTIR) Spectroscopy.

As the pulse duration of radiation has no effect on the characteristics of
interferogram, the pulse duration cannot be estimated from this measurement. Spectrum

of the radiation source obtained from this technique can be processed to estimate the
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material properties. Material parameter estimation from the field autocorrelation data

has been discussed later in the chapter.

It is important to differentiate the field autocorrelation method from the intensity
autocorrelation method described in the second chapter for estimation of the laser pulse
duration. While field autocorrelation is a linear process, intensity autocorrelation is a
second order nonlinear effect. In intensity autocorrelation two non-collinear beams are
crossed in a second harmonic generation crystal, so that the background intensity is
separated from the autocorrelation signal. By assuming a pulse shape (like Gaussian or
sech? shape), the time duration of pulse can be determined. The full width at half
maximum (FWHM) of the intensity autocorrelation is divided by a shape-dependent
constant to find the radiation pulse duration. As the autocorrelation signals are
symmetric, any asymmetry in the pulse shape cannot be determined. When a collinear
pair of beams is sent through the second harmonic generation crystal, background is
measured along with the autocorrelation function and the method is known as
interferometric autocorrelation. Interferometric autocorrelation contains the phase
information and information on pulse shape and phase modulation can be derived from
this technique. With higher-order measurements, while more and more information can

be extracted, the autocorrelation signal becomes very weak.

Several considerations have to be taken in account while recording the

interferogram practically. Typically, the signal-to-noise ratio (SNR) is determined as

the ratio of signal height to background noise at the baseline level. For the field
autocorrelation measurements, SNR of the derived spectrum is enhanced by acquiring

and averaging multiple data in the interferogram. While addition of the signal is
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coherent, the background noise is random. Therefore, to increase the SNR in spectrum,
signal averaging is done. SNR is proportional to the square-root of the number of scans
averaged (VN). This implies that the SNR for a signal with 64 (82) averaging is twice as

good as the one conducted with 16 (42) averaging.

The other important factors to be considered are deciding the scan range and

resolution. Spectral resolution is inversely proportional to the scan range for which the

interferogram has been recorded. Suppose the interferogram has been recorded by
translating the moving mirror by 50 pm between the extremes. The optical path
difference between the two arms is the 100 pm. The temporal delay between the two
arms then translates as 333.3 femtosecond. Resolution in the frequency-domain
obtained by Fourier transform of the interferogram is the 3 THz. Two spectral features
that are more than 3 THz apart in the spectrum can only be resolved. Similarly, to obtain
a 0.5 THz spectral resolution, a scan range of 300 um for the interferogram is required
and for 0.1 THz spectral resolution the scan range has to be 1500 um. In a step-scan
interferometer, the movable mirror is placed at one extreme end of the scan range,
displaced by known step-size towards the ZPD. The scanning resolution implemented

while recording of the interferogram decides the maximum detectable frequency in the

spectrum obtained by Fourier transform. For example, when the interferogram data
points are 100 nm (0.66 fs) apart, the derived spectrum will show spectral intensity for
up to 1499 THz. For spectrum analysis up to 100 THz, one has to keep the scan
resolution value of 1.5 pm in recording the interferogram. The above parameters have
to be optimised in a way that the reference and sample interferogram are recorded in

minimum possible time, so that the ambient conditions do not change drastically.
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After the second reflection from beam splitter, a sample can be placed in the
focused or collimated radiation beam before the detection. An optical setup with
reflection from the sample surface reaching the detector can also be arranged if that is

the requirement for study. A reference interferogram in absence of the sample is

acquired, while keeping each of the other conditions exactly same. The reference
spectrum is subtracted from the sample spectrum to account for the unwanted spectral
contributions from ambient gases, water vapour and other contaminants in the path
traversed by radiation. The reference subtracted spectrum is normalized with respect to
the frequency-dependent variation in the beam-splitter efficiency and detector response

function for spectral analysis from the field autocorrelation method.

It can be inferred from the above discussion that the basic working mechanism
of the Fourier Transform Spectroscopy (FTS) and the Field autocorrelation (FAC)
method is the same. And therefore, as is the case with FAC, the FTS measurement does
not provide coherent detection either. An indirect approach has to be implemented to
calculate complex permittivity and refractive index in both the methods, which will be

discussed next.

When incident on a material, the behaviour of light radiation is modulated by
the frequency-dependent refractive index of that material. Variations in the transmitted
or reflected radiation from a material medium are analysed to study optical and
dielectric properties of the material. Refractive index governs the dispersion of light in
material medium. In addition to dispersion, the light radiation propagating through the
medium experience attenuation as well. Refractive index therefore, is a complex

frequency-dependent function defined as
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N=n+iK Eqgn. (5.8)

Imaginary part ‘K’ in the eqn. 5.8 is the ‘extinction coefficient’ accounting for
attenuation in the light radiation while travelling within the medium. Relation between
the complex refractive index and the complex relative permittivity is given by the

following equation

N =n+ik =+/¢. =& —ig) Eqn. (5.9)

In complex permittivity the real part is dielectric constant and the imaginary part
is dielectric loss on account of both free and bound electrons. From eqn. 5.9, the

following relations can be derived

g, =n%?—K?and £ = 2nK Eqn. (5.10)

If we have measured either one of the optical or dielectric parameters, the other
can be derived. After transmission of radiation through a sample of known thickness

‘I’, the frequency dependent absorption is calculated from the Beer-Lambert law.

I=1I,e* Eqn. (5.11)

In egn. 5.11, lo is the incident intensity and | is the transmitted value. The
absorption coefficient ‘a’ is related to the extinction coefficient by the following

equation.

4K 4ntvK
oadA=—=
A c

Egn. (5.12)

Now, that the extinction coefficient values are calculated for the frequency

spectrum, Kramers-Kronig transformations are used to evaluate the refractive index.
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Kramers in 1927 has shown that the real part of complex refractive index of a
material medium can be calculated from the absorption of light. Earlier in 1926, Kronig
had proven that the material dispersion of light radiation is a direct consequence of the
principle of causality. Kramers-Kronig transformations typically describe the relation
between the real and imaginary components of a complex function describing a causal
system. The dispersion parameter is closely associated to the concept of causality [40],
[41], which implies that the effect can never precede the corresponding cause. The

Kramers-Kronig relations are written as

o @' K(w)

-w?

nlw)=1+= Pf

dw Eqgn. (5.13)

n(w")

K(w) = P f°° = dw Eqn. (5.14)

In the above set of equations, ‘P’ denotes the Cauchy principal value of integral

as for some value of frequency the denominator will be zero.

w-aw' K(w)

do +foo wK(w)

0 —w?

waw’,f(“”) dw = lim [

0 o'“—w2

dw] Eqgn. (5.15)

Similarly, the parameters for material characterization can also be determined

from reflection data. Following are the Fresnel reflectivity equations

1-n—iK|?2
1+n+iK

R=| = |rqz|? Eqn. (5.16)

And the reflection coefficient can be written as

T12 = +/R(w)e%® Eqn. (5.17)

Page
174




THz Material Characterization

Since the reflectivity ri2 is an analytical function, its amplitude and phase are
related by the Kramers-Kronig relation. Thereby, the Kramers-Kronig transformations

can be used to calculate the phase from reflectivity values measured

In

2 o R(w'
p(w)=—"P |, w,z_(zz) dw Eqn. (5.18)

After we estimate the phase values from reflectivity, the Fresnel equation can
be inversed to find the values of n and K. The above discussion can be summarized as,
the imaginary part of refractive index can be uniquely determined from the real part and

vice versa.

The biggest benefit of using Kramers-Kronig transformations is that the
dielectric constants are not dependent on any mathematical model. The disadvantage
with this technique is that the integration is implemented over whole spectrum and
information on certain parameter over whole spectrum is rare. Typically, the reflectivity
is measured for a specific frequency range and a suitable mathematical model like
Lorentz oscillator or Drude model is used to estimate the reflectivity beyond this
frequency range. The Kramers-Kronig relations are then employed to calculate the
complex refractive index for selected frequency range. The great advantage is that,
accuracy the of model-based estimation of dielectric constant does not have a significant
impact on the accuracy of values calculated for the intended frequency range as the
denominator is large for beyond range frequencies and therefore, their contribution to

the integration is trivial.
In this way the data from FTS or FAC is analysed to obtain the values of

complex refractive index and complex permittivity. While the underlying working
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principle of FTS and FAC is same, the differences are quite unique as well. The most
relevant difference being the source of radiation itself. In the FTS typically a thermal
source like mercury lamp, tungsten filament or globar, emitting black body radiation is
used. Thermal sources are continuous in nature. With a continuous radiation source, the
limitation on scan speed is the detection process alone as the flow of information is

uninterrupted.

The purpose of FAC detection method with a pulsed broadband THz source
however, is entirely different. With sub-picosecond THz pulse duration, the FAC
detection method is aimed at pump-probe studies, which are not possible with a
continuous source. The pump-probe spectroscopic techniques are used to examine
various ultrafast phenomena in materials of interest. The pump generates a non-
equilibrium state by exciting the sample and a time-delayed probe beam measures the
changes induced as a function of time. The excitation and decay dynamics of a
phenomena can also be understood as the variation in optical constants (refractive index
and dielectric constant) are calculated as function of time. With the FAC detection
mechanism, the THz pump-THz probe spectroscopy can be easily implemented. When
the THz radiation source is driven by a femtosecond near infrared (NIR) laser, a part of
the time-synchronized laser can as well be employed for pump-probe studies. In our
FAC technique several important studies based of NIR pump-THz probe and THz

pump-NIR probe can efficiently be explored.
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5.3 Experimental Setup

The schematic diagram of generation and detection mechanism used for
broadband THz spectroscopy is shown in fig. 5.3. Laser pulses of 50 fs duration with
central wavelength of 800 nm at 10 Hz repetition rate are focused using a lens of +400
mm focal length. The laser energy used in this set of studies is 20 mJ. As has been
described in the experimental details of THz generation from two-color laser induced

air plasma, a 100 um thick BBO crystal is used for second harmonic generation.

GENERATION

- -~

f 100 pm thick
Laser : BBO crystal : OAPM 1
1
1
1

Direction (L g
Plasma

1
1
i HRFZ Si Beam Dump

Converglng lens
Colllmated l I< O

THz beam

DETECTION

Beam-

g splitter
Mirror 1 I P OAPM 2

(Movable) |
e

Mirror 2

OAPM 4
OAPM 3

Pyroelectric
Detector

—— Sample

Fig. 5.3: The experimental setup showing THz radiation generation from the two-

color laser induced plasma in ambient air and field autocorrelation detection

The conical emission of THz radiation from the plasma filament is collimated
using an off-axis parabolic mirror (OAPM). The HRFZ-Si wafer with anti-reflection
coating has a flat transmission for very broad THz spectral range. All the higher

frequency components (energy greater than the band gap, wavelength <1.2 pum (250
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THz)) including the femtosecond laser, its second harmonic and the white light plasma

supercontinuum are reflected towards a beam dump.

The HRFZ-Si beamsplitter is used to split the incoming THz radiation into two
parts orthogonal to each other. These parts of THz radiation are then reflected back by
two polished stainless steel mirrors. Stainless steel mirror in one of the arms is mounted
on a translation stage. For fine precision movement in an autocorrelation setup, a
piezoelectric stage with 25 nm resolution was used. An arrangement of three off axis
parabolic mirrors (OAPMSs) was aligned to focus the combined THz beam to radiate the

sample and then collimate and refocus for detection by the pyroelectric detector.

5.4 Results and discussion

The spectral characteristics of the THz radiation generated from the two-color
laser induced air plasma needs to be established first. So, an autocorrelation scan was
recorded in absence of any sample. The scan was recorded with a resolution of 100 nm.
The autocorrelation trace and spectrum derived by performing Fourier transform are
shown in in the fig. 5.4. The full width at half maximum (FWHM) duration of the
reference THz radiation is 12 fs. It can also be observed from the fig. 5.4 (b) that the
THz radiation produced by two-color laser produced plasma in ambient air is truly
broadband in nature and spans from 0.1 to 60 THz. These are the results from a proof-
of principle experiment as the spectral resolution achieved is 2.14 THz for the 70 um
scan range implemented. Future experiments with longer travel range translation stage

will produce results with better spectral resolution. Focus in the current setup was to not
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miss the very small duration autocorrelation signal and record sufficient data points in

it.
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Fig. 5.4: (a) Field autocorrelation signal obtained from the two-color laser induced
air plasma source. The THz spectrum derived from (a) after performing Fast Fourier
Transform is shown in (b) and (c). The frequency axis (in THz) is shown in linear
scale in (b) to highlight the higher part of the frequency while in (c), it is plotted in
logarithmic scale to highlight the lower part of the frequency spectrum. The vertical
dotted line (60 THz) indicates the maximum THz frequency identified in the

experiment.

The broadband THz radiation is made to transmit through samples of different
thickness and field autocorrelation method is used to find the transmission
characteristics for various applications. To avoid the effect of spatial distribution of
frequencies in the THz beam, the samples are exposed to focused THz radiation. This
approach is also helpful in avoiding the effect of spatial dissimilarities in the sample

itself.

Certain crystalline material have so high absorption coefficient that the
reflectance reaches unity. The phenomenon occurs because of direct interaction of light

with the ion vibrations in crystal lattice and is termed as the ‘Reststrahlen’ reflection.
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Samples like alkali halide, sapphire and quartz have strong reststrahlen bands. This very
property is being used to design reflection filters in the THz frequency range [42], [43].
Covalent crystals like silicon and germanium on the other hand, have no reststrahlen
reflection. Silicon is especially a favored THz material because of its transparency in
the broad THz frequency range. However, this statement is true for pure samples in
which the concentration of impurities having absorption bands in the THz frequency
range is small. The typical value of refractive index for the semiconductor materials lies
between 3 and 4. The large refractive index for THz frequencies leads to larger
reflection losses. In this aspect the polymer samples feature lower refractive index
(~1.5) and therefore, have lesser reflection losses. The non-polar polymer materials

have lower absorption in the THz frequencies as well.

5.4.1: Semiconductors

Semiconductor material are abundantly used in the THz related applications and
optical components [44]. Semiconductors also play an important role in THz radiation
generation as well as the base material in photoconductive switches [45] and hetero-
structure lasers [46]. Spectral transmission results reported in literature have supported
the use of semiconductors as suitable THz materials [47]. In the electronic circuits and
in several other industrial applications, silicon is widely used. THz radiation is being

used to identify counterfeit and recycled electronics [48].

To study the behavior of semiconductor samples in THz radiation, we have used
Si and GaAs samples with 500 pm thickness for each. The samples were placed in the
focal plane of THz radiation as shown in fig. 5.3. The field autocorrelation traces for Si
(100) and GaAs (100) are shown in figs. 5.5 (a) and (b).
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Fig. 5.5: Field Autocorrelation traces for semiconductor samples (a) Silicon (100)

and (b) Gallium Arsenide (100)

The field autocorrelation trace of the source itself has been shown to feature 12
fs FWHM temporal width in fig. 5.3. Because of absorption and reflection the
transmitted spectrum through the sample features larger width of the field
autocorrelation trace. The temporal widths (FWHM) of field autocorrelation trace
through Silicon and Gallium Arsenide samples are 17 fs and 22 fs respectively. These
numbers are an indirect estimation of the fact that Silicon transmits larger THz
bandwidth through it than the GaAs crystal. Cut of the crystal is important as we also
tried measuring the transmission of silicon and germanium crystals with <111> lattice
structure and no detectable signal could be obtained. The spectrum obtained by Fourier
transform of the field autocorrelation trace for samples is divided by the reference
spectrum to obtain the transmission characteristics. Silicon (100) has good transmission
up to 38 THz, as can be observed from fig. 5.6 (a). Transmission properties of GaAs for
the broadband THz spectrum are shown in fig. 5.6 (b). Except for a sharp absorption
near 8 THz, which is a primary optical phonon mode of GaAs, the sample is transparent

to a broadband THz frequency region.
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Fig. 5.6: Transmission characteristics of semiconductor samples

Silicon (100) and (b) Gallium Arsenide (100)

5.4.2: Polymers

Dielectrics are the other important variety of materials in the THz frequency
range. Most of the common packaging material are dielectrics and therefore, their
transmission characteristics is important for security applications. Polymers are also
base binding medium for a wide variety of chemicals and explosives. Study of THz
transmission of polymers is important for a wide variety of applications including their
use as optical components in the THz frequency range. While data on THz transmission
through polymers in the THz frequency range is available [49]-[51], information till 40

THz has not been reported.

We have studied 20 pm thick samples of low density polyethylene and Teflon
(PTFE). The field autocorrelation traces for both the samples are shown in figs. 5.7 (a)
and (b) respectively. Samples with density below 0.95 g/cm? are termed as low density
polyethylene (LDPE) while the higher densities are denoted as high density
polyethylene (HDPE).
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Fig. 5.7: Field Autocorrelation traces for polymer samples (a) low density

polyethylene and (b) Teflon

The LDPE material is quite inert and features a low refractive index of 1.54. It

is also used for components such as metal mesh filters and polarizers as a substrate

material. The melting point for LDPE is above 100 °C. The small value of 15.8 fs

FWHM temporal width in the FAC trace shown in fig. 5.7 (a) confirms that a large

bandwidth of THz frequencies has good transmission through LDPE. The THz

transmission behavior of LDPE is shown in fig. 5.7 (a). LDPE shows a broadband

transmission above 40% from 15 to 40 THz. Transmission below 10 THz is even higher.

Transmission %
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(b) ——PTFE

Transmission %
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Frequency (THz) Frequency (THz)

Fig. 5.8: Transmission characteristics of polymer samples (a) low density

polyethylene and (b) Teflon
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Polytetrafluorethylene (PTFE) is fabricated under the trade name of Teflon.
Unlike polyethylene, Teflon is permeable to Helium and therefore, is not a very good
material for windows. Teflon has a low refractive index of 1.43 and as can be seen from

fig. 5.8 (b) the Teflon sample has good transmission up to 38 THz.

5.5 Organic nonlinear crystal: HMQ-T

In  recent times, 2-(4-hydroxy-3-methoxystyryl)-1-methylquinolinium4-
methylbenzenesulfonate (HMQ-T) an organic electro-optic crystal is an emerging
nonlinear material for THz generation and applications [52]. A few other organic
crystals like DAST, DSTMS and OHL1 are also being used by researchers for THz
generation [53], [54]. However, these crystals operate at pump wavelength near 1 um.
Due to technological advancements in the 800 nm Ti: sapphire femtosecond lasers much

larger intensity can be attained with them.

—— Two color Air Plasma Source

THz Energy (uJ)

3F —— HMQ-T transmission
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-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
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Fig. 5.9: THz field autocorrelation traces for the two color air plasma source serving

as reference and transmission through 2 mm thick HMQ-T crystal.
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It is therefore, desirable to find a crystal that functions with the 800 nm pump
wavelength. The HMQ-T crystal functions very well at this wavelength [52], [55].
While, it is a challenging task to produce large HMQ-T crystals our collaborators have
produced a crystal of (7 x 5 x 4) mm?® dimension with the slow solvent evaporation
technique.

We have characterized the THz transmission properties of HMQ-T crystal by
the field autocorrelation method and two-color laser induced air plasma as THz source.
Phonon absorptions in various crystals are responsible for limiting the bandwidth of
THz that can be transmitted through. This process affects the generation mechanism as
well. Similar to previous studies the HMQ-T sample was placed in the focal plane of

THz radiation and recorded FAC trace is shown in fig. 5.9.
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Figure 5.10: Percentage THz transmission through the HMQ-T crystal.

The temporal width of FAC trace with HMQ-T sample was found to be 14.9 fs

(FWHM). The trace for air plasma source alone with 12 fs FWHM width is also shown
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for reference. The transmission characteristics are shown in fig. 5.10. THz transmission
through the 2 mm thick HMQ-T crystal is quite broadband and supports frequency up
to 50 THz. It is important that the crystal used for THz generation purpose has good
transmission in the THz frequency range and the NIR frequency range that is used as
the pump laser for phase-matching to occur. Reasonably good transmission
characteristics of the HMQ-T crystal in NIR region have been reported elsewhere [52].
Our experimental measurements show transmission properties of the HMQ-T crystal in
the THz frequency range. Results in this study confirm the suitability of the crystal as a

broadband THz material.

We have performed broadband characterization of semiconductor, polymer and
nonlinear organic crystal samples. As the generation and detection mechanisms in THz
radiation were restricted to low frequency region, not much information of behavior of
common substances in this region is known. In order to extend the usable bandwidth
for transmission studies we have employed the two-color laser induced air plasma as
THz source. It is a very bright, broadband THz generation mechanism. Also, the
detection scheme used is sensitive and truly broadband in nature. The samples studied
were found to be fairly transparent in a very broad range of THz frequencies and

therefore supports their application in this region.
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APPENDIX

In the analytical treatment of Photocurrent model in chapter 3, few derivations between

steps that were not given for the sake of brevity, are being presented as follows.

The ionization rate equation was written as (egn. 3.9)

w(t) = % + X2 wi. cos(lwyt) Eqn. 1
Where w was (egn. 3.10)

= f”/wf w(t) cos(lwyt) Eqn. 2

/Wy

Now, substituting the value of tunneling ionization rate from eqgn. 3.6

2y I
3 o X
wy =222 2 (Ve cos lapt) wpdt ; for x = Eg/E, Eqn. 3
“f

As the tunneling ionization is assumed to occur twice every laser cycle, ws = 2w.

2x

w; = 4“’“){8 - fz‘"(es i cos 2lwt) 2w dt Eqgn. 4

Now, we substitute ot = x

Then, wdt = dx and

w, = sw“){e -t fz (e3 * cos 2lx) dx Eqgn.5
_m X
Taking [% (e3™ cos2lx)dx = I
2
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2x
3
L swa;: Io Eqgn. 6
eile + e—i21x
cos 2lx =
2
—X.2 eile + e—ile X2
e3”* cos2lx = — e3”
_ X X 3
pi2lx eTxxz — eF K2 iz _ 7 3x2—2< §x><ll —> - ) . (_%12)
o gt Aol
Similarly,
gt - Al e
Thus,
no_
— _sz
Iy = J%(e3" cos2lx)dx
2
n
:%fi—n (J_Xll\/_> +e<J_x+llJ_> _lz Eqn_g
2
2
_512 n X B
Ip= e(zx ) [N (‘fx "\D te i) Eqn. 10
2
2
_512 n I [z B
Io=e(2x)[ % ([xllf) dx+fi_n e(\/;xﬂl\/;) Eqn_ll
2 2
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14 14 .y 3 3
x=- = u= [Tl |- & x=- \/2——11\/:
2 32 X X

Same for the case when \/;Zx + il\/)% = v dx = \Edv

AR B (e
Iy =——~ (e™ )du+ i (e ™" )dv |
—<\f——ll\[388> —( xm l\f

Eqgn. 12
For E,, = 2.8 x108 V/cm, the value of y is ~18.35
Then, u goes between -3.88 to +3.88 [u = \Eg ~ 3. 88]
And v again goes between -3.88 and +3.88
Thus,
(-32) 3
et ¥z 388 , _ 388 , ()2
10=Tf [ [age (€7 )du+ [ 0. (@ )dv | Eqgn. 13

e~(388%) 2 9 x 1077

Since the value of exp[-x?] drops down to virtually zero near and after the limits, the
contribution of the integration outside these limits is =~ zero. So, we can take the limits
to be minus infinity and plus infinity without adding any significant value. In fact, the

graph flattens out around three.
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The integral then becomes

¢ (_)3_{12)\/E © 2 () 2
Io=—7""1[ J_, (e )du+ [ (e )dv ] Eqn. 14
\/ge (_)_(12)
ly="—— [ Vm+Vm] Eqn. 15
3
2
(== Eqn. 17
8w Xe_ZTX (_312) 3
wp=—"—e' x \/Eﬁ Eqgn. 18

_3p2 _Z_X)

w; = 8\/%wa\/7e ( x 3 Eqn. 19

This is equation 3.14 in chapter 3. Now, to obtain the expression for THz electric field,

we need to solve eqn. 3.5, which is

d]_(t) — edNe(t) vd(t) Eqn 20

E «
THz dt dt

Implementing eqns. 3.7 and 3.9 for | =1

Ery, < e{Nyw; cos 2Qwt)}{eE ,sin(wt)/(m.w) + eE,,sin(2wt + 8)/(2m.w)}

Eqgn. 21
With cos 2wt = (et + e~ 29t) /2 and sin2(wt + 0) =
(ei(Zwt+0) _ e—i(Zwt+0))/2i
Ery, < eNgw(| {cos Qwt)}{eE ,sin(wt)/(m.w)} +
{cos2Qwt)}H{eE,,sin(Qwt + 0)/(2m,.w)} Eqgn. 22

{cos2Qwt)}H{eE,,sin(Qwt + 0)/(2m.w)}
eE , . , _:
— ( Zw/8imew) [(el(ZwHG) —e l(Zwt+0))(el(2wt+0) —e l(Zwt+0))]
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eE , s , s
— ( Zw/Bimea)) [el(4wt+0) —e i(4wt+0) + ezo —e 10]

_ (eEzw/Zmew) [sin(4wt + 0) + sin6]

So,
e’E Ngwl e2Ey,N gWi
Ery, < | ——){cos2wt)sin(wt)} + (—) [sin(4wt + 6) + sinb]
Eqgn. 23
The only term independent of laser frequency in above expression is
2E2N ]
Epp, (%) sin® Eqn. 24
Ery, < wiE,,sind
Ignoring all the constants
Ery, <+\/x exp (— 2 _ )—{) E,,sinb Eqgn. 25
E, 2E, E, .
Ery, < \/% exp (_EE — 3E_a> .E,,Ssin0 Eqgn. 26

This is the equation 3.15 in chapter that shows the dependence of THz electric field on

second harmonic laser field and phase difference between the E,, and E,,, fields.
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Two colour air plasma THz source is widely studied source due to its high peak brightness and its
easy realization in air. The generation of THz in two colour air plasma is mainly due to net plasma current
density produced in the air plasma by two colour laser fields focussed in air with a phase difference
between them. The THz flux in such source is thus limited by the low charge density in the air plasma owing
to low atmospheric air density. The present thesis research is mainly devoted to increase of THz flux by
removing the limitation of the air density. This has been achieved by assisting the air plasma with a solid
density plasma created on a glueless, polymer (sello tape) target as shown in figure. This scheme increases
the density of the medium by three orders due to solid density of the tape target.

The THz flux is observed to enhance by a 100 um thick ‘i’ Off-sxlsparsbalic
BBO crystal
factor of ~ 1.9 and it has similar THz spectral Py "——{——uu
L. . A 10 Hz |
characteristics like of two colour air plasma source. Bl fosd0mm BBO gy | T[T A
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The source is fully characterized using a field
autocorrelator setup developed in-house. The

figure shows the field autocorrelator traces
recorded for only air plasma and air plasma assisted

with tape target. The derived spectrum from the

n —— CH Tape ——CH Tape

autocorrelator traces clearly shows higher flux of e

il 3.0x10°
—j l«—1sn

the THz source with broad spectral range extended

2.0x10°

up to 40 THz in case of tape target.
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based on the electro-optic (EOQ) effect has also been Time (f5 Frequency (TH2)

measurement, a new single-shot detection method i

demonstrated. The technique uses a curved Figure: Schematic of the experimental setup with the
wavefront of the probe pulse in conventional multi-  jinset showing tape target assembly. The field

shot EO technique. The time delay between the axial ~ autocorrelation signal and corresponding spectrum
obtained in presence and absence of tape target have

and marginal rays in a curved wavefront has been
been shown below.

used to sample the electric field of the THz pulses at

different time. This provides the detection of the THz electric field in single-shot with a good signal-to-noise
detection. Single shot detection method is crucial to study the rapid time dynamics of irreversible
phenomena like material damage and chemical changes using THz radiation. Further, the proposed single-
shot scheme can also provide the spatial profile of the THz beam recorded at different delay between the
probe beam and the THz pulses in multi-shot.



	ttp_2783
	cp_2783
	ths_hglts_2783

