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Abstract

The study of light-matter interaction at an ultrafast time scale of femtosecond
and attosecond is quite exciting and gives an understanding of quantum behaviour in
atoms and molecules. A lot of efforts have been made regarding building up the tools
and techniques to understand these interactions. Here, we are trying to develop a
tabletop attosecond pulse source through high harmonics generation process in gases
using a highly intense femtosecond laser. We aim to develop an optical delayline/in-
terferometer capable of measuring and controlling attosecond resolved dynamics.
Optical delay lines with attosecond resolution and ultrahigh stability are the impor-
tant tools of atto-science and technology for various applications such as character-
ization of ultrashort pulses and pump-probe spectroscopy in atomic and molecular
medium. For attosecond controlled measurements of electron dynamics, it is neces-
sary to have a reference of absolute-zero time delay which demands nanometer scale
matching between the interferometer arms which is challenging with conventional de-
signs having low stability and resolution. Hence, it is important to have a delay line
with attosecond resolution and high stability providing zero delay reference for exper-
iments using ultrashort pulses.

We have developed and realised a compact ultra-thin attosecond optical delay line of
sub 10 attosecond resolution and around 2 attosecond stability providing time zero
reference with negligible dispersion effects. The performance of the delay line is val-
idated by observing attosecond resolved oscillations in the yield of high-harmonics
induced by two time delayed infrared femtosecond pulses. This ultrathin delayline
is also used as an autocorrelator to characterize the femtosecond pulses in the time
domain. Also, we demonstrate a tunable wavefront split ultrathin white light inter-
ferometer enabling picometer resolution of optical path difference. We have used it
for the measurement of temporal coherence length of several broadband incoherent
sources as small as a few micrometers.

The presented design overcomes the major challenges in the existing delaylines for
ultrafast attosecond measurements. This ultrathin delayline can be used with var-
ious applications in ultrafast science for attosecond resolved measurements such as

photoionization of atomic and molecular systems.
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Chapter 1

General Introduction

The invention and advancement of LASER, (light amplification by stimulated emission
of radiation) have made a great contribution to many research and engineering fields
with its exceptional properties like coherence, tight spot focusing and high intensity.
Lasers have a variety of applications in different areas like optical communications,
laser cutting, LADAR (LAser Detection And Ranging) and in medical applications
[1]. With the development of pulse laser, a new fields of study have emerged like non-
linear optics, pump-probe spectroscopy, non-thermal ablation, soft tissue surgery, etc
2, 3]. While ultrafast femtosecond (fs) pulses have become an easy to use facility
now-a-days, the quest for generating and controlling shorter pulses in attosecond (as)
time domain has been still going on for the last two decades.

Multiple electron dynamics phenomena such as multiphoton ionization and tun-
neling ionization, occur at attosecond time scale and in order to capture or study
these phenomenons, we need light pulses of similar order in time domain. One of the
examples to give a quantitative estimate of as time is that according to Bohr’s model
of an atom, a hydrogen atom’s electron completes one cycle of revolution in about 150
as. Though the probabilistic quantum mechanical model has replaced Bohr’s model,
quantization of the shell is still valid and gives an intuition of as time scale.

The pulse duration of a light pulse is inversely proportional to spectral bandwidth and
is bound by the time bandwidth product i.e. dvdt > 0.44 for Gaussian pulse [2]. For
a transform limited Gaussian pulse in energy terms, it can be written as, JF (eV) .
ot (as) = 1825. Therefore, for pulses shorter than 1 fs, the spectral bandwidth should
be larger than 1.8 eV and spectrum wings will be extended to 5.5 eV, which is much
larger than the range of visible light [4]. For a 100 as pulse, this bandwidth range is

around 18 eV and therefore, in order to obtain attosecond pulse duration, the pulse
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has to cover the spectrum in UV or extreme UV regime.

There are a couple of ways to generate attosecond pulses such as high harmonic
generation (HHG) [5, 6] and free electron laser (FEL) [7-9]. Though attosecond pulse
generation from FEL requires a big facility providing higher intensity, a table top
HHG setup remains a preferred and generic way of generating as pulses for ultrafast
experiments. HHG involves a nonlinear frequency up conversion of fs near infrared
(NIR) pulses and leads to generation of integer multiples of fundamental frequency
called high order harmonics that lie in extreme ultraviolet (XUV) regime. It was first
proposed in 1992 [10] that attosecond pulses can be produced via HHG phenomenon
but experimentally observed and characterization was done in 2001 [6, 11]. A sequence
of attosecond pulses is generated with a single fs pulse known as attosecond pulse train
(APT) with discrete spectrum. The generation of coherent XUV radiation of APT
via HHG home built setup and its reproducibility is an important research problem
in this thesis.

The requirement of good interferometric stability and attosecond time delay from
delaylines remains a challenging aspect in attosecond experiments. Delay lines are cat-
egorized as amplitude split and wavefront split of ultrafast pulses in order to provide
controllable time delays. A number of delaylines based on amplitude split configu-
ration are Michelson [12], Mach-Zehnder [13, 14] and spatial-light modulators [15].
These delaylines provide good resolution of time delay steps but poor stability. In or-
der to stabilize these delaylines from path fluctuations, active stabilization techniques
are used [16, 17] which make it a complex setup. On the other hand, wavefront split
delaylines offer good stability due to common path configuration. Some of them are
based on a pair of split-mirrors [18, 19] or a pair of mm-thick glasses [20, 21] config-
uration. Though split-mirror based delaylines provide attosecond stability, however
demand specialized optics, careful fabrication and tedious alignment procedures [15,
22-24]. Also, obtaining a time zero delay reference at which both the interferometric
pulses superimpose exactly in time, is challenging with above mentioned delaylines.
Such time zero reference is crucial for attosecond control and measurements of elec-
tron dynamics [25]. This motivated us to develop a new delayline of as resolution and
high stability with zero time delay reference.

Characterization of ultrafast pulses is an important task for such time resolved
experiments. There are different techniques based on autocorrelator [26] and streaking
[27, 28] existing for characterization of ultrafast pulses. Autocorrelator techniques are

further divided into intensity autocorrelation, fringe resolved autocorrelation (FRAC)



or interferometric autocorrelation and frequency resolved optical gating (FROG) [29].
These autocorrelators need to be perfectly aligned in order to avoid any asymmetry
in the autocorrelation signal. Further, most of the autocoorrelators use delaylines
incapable of making dispersion free measurements of ultrafast pulses. Such drawbacks
motivate us to develop a perfectly aligned and dispersion free autocorrelator for fs laser
system and can be further used for characterization of attosecond pulses.

Another work of development of a new kind of white light interferometer is a part
of the thesis. White light interferometry is a non-contact and non-invasive technique
used for many applications such as surface profile measurements [30], vertical scanning
interferometry [31], thin film characterization [32, 33], dispersion measurements of op-
tics [34, 35] and characterization of coherence properties of different optical sources
[36]. In white light interferometers, the condition of matching two arms of interfer-
ometer within its coherence length, is important. Many white light interferometers
based on amplitude division of light beam such as Michelson, Mach-Zehnder, Mi-
rau, Sagnac and Linnik setups [37—40] have difficulty of achieving zero optical path
difference (OPD) condition and dispersion compensation. Though this difficulty of
obtaining zero OPD condition is reduced for wavefront division based white light in-
terferometers such as Young’s double slit [38, 41] and fresnel bi-prism [41] yet they
are unable to provide variable OPD and are limited to provide spatial coherence in-
formation of the light sources only. For quantitative measurements, high resolution
of white light interferometer is needed which was achieved in picometer scale earlier
by piezo-translation stages [42, 43] and are prone to interferometric path instability.
Hence, a tunable OPD and wavefront split dispersion balanced white light interferom-
eter with picometer resolution and stability will be a better choice to use it in existing

white light interferometry applications.

Aims and objectives

m Optimizing a table top attosecond pulse laser source of light via high harmonic
generation with fs pulses in atomic gas medium. For better reproducibility of

HHG, its optimization is also an important goal.

m To develop tools or techniques to measure and control attosecond time dynamics.
Regarding this, a new ultrathin delay line has been developed and experimen-
tally realized in controlling the yield of high harmonics and attosecond time

scale measurement.



m Application of delayline as dispersion free autocorrelator for characterization of

fs pulses in time domain.

m Application of delayline as picometer resolved white light interferometer for mea-

suring temporal coherence of various broadband sources of light.

With above listed objectives, we planned the thesis outlines in the following manner

In second chapter, the theory of generation of coherent XUV attosecond pulses via
high harmonic generation is provided. To apply this nonlinear phenomenon in ex-
periment, a home built table top attosecond pulse generation setup (ATTO-setup)
is made in our lab. In brief, we observed high order harmonics of IR pulses (800
nm) even up to 29" order with Argon (Ar) gas as a nonlinear medium. We further
characterized the order of the harmonics order via transmission curve of Aluminium
(Al) which act as a spectral filter. We optimized the system to maximize the yield
of harmonics by varying different parameters like gas load pressure, input IR pulse
energy and propagation vacuum. Multiple checkpoints and references along the fs
beam line have been made to maintain reproducibility of high harmonics. Further, in
order to pump-probe experiments with high order harmonics, we need a highly stable
delayline with as resolution. This necessity leads us to develop a new delayline of our

own.

In third chapter, we design and demonstrate a highly stable ultrathin delayline with
attosecond resolution providing time zero reference. The ultrathin delayline concept
is based on wavefront division of input fs pulse with upper and lower micrometer
ultrathin glass plates and time delay between them is controlled via precise rotation
of lower glass plate using a Thorlab’s rotation motor. These ultrathin glasses offer
negligible dispersion to fs pulses thus resulting in no effective change in pulse width
of input fs pulses. The mathematical framework of time delay with rotated angle of
glass plates is explained in detail. Furthermore, time delay induced with this delayline
is calibrated using He-Ne laser and fs pulses.

Time delay varies non-linearly with rotation angle providing high resolution of
time delay near zero angle of about 2.5 as and tens of as in higher angle range. Its
resolution is experimentally verified with intensity oscillations of He-Ne laser fringes.
A discussion on a number of noises associated with measurement of resolution data is

also presented. This inline delayline directly provides zero delay reference by aligning
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the two glass in parallel configuration. The zero delay is also ensured by measuring
point of inversion symmetry of fs pulses interferogram. Further, delayline stability
to path fluctuations is also experimentally checked using He-Ne laser and found to
be around 2 as only due to common path configuration. Also, we experimentally
observed the main factor for this fluctuation was our He-Ne laser intensity.

In order to pump-probe experiment with IR pulses, we used this ultrathin delayline
for controlling the yield of high harmonics via IR-IR time delay. We placed this inline
delayline directly in the fs beam without changing our beamline of ATTO-setup. We
observed and analysed high order harmonics of IR pulses using Ar gas as a nonlinear
medium. With IR-IR time delay in input fs pulses, the yield of high order harmonics
varies periodically in correspondence to fs IR (800 nm) pulse cycle of 2.7 fs and vali-
dated by theoretical model. The harmonics yield also shows sub-fs oscillations which

are resolved via fourier transform method.

In fourth chapter, we used ultrathin delayline as an autocorrelator for measurement
of fs pulses in time domain. These ultrathin glass plate induce negligible broadening
of input fs pulse width and is discussed in detail. We measured the 2nd order inter-
ferometric autocorrelation (IAC) or FRAC signal by using BBO (/-barium borate)
acting as a second harmonic generation nonlinear medium in phase matching orien-
tation and ultrathin delayline for time delay input fs pulses. We used IR (800 nm) fs
pulses and corresponding blue colour signal is observed through ultrathin autocorrela-
tor. The TAC signal shows a FWHM of 35.45 fs corresponding to 25.14 fs pulse width
measurement with less than 1% error. Ultrathin autocorrelator have a direct benefit

of observing blue colour fringes and can be useful for measurement a few cycle fs pulses.

In fifth chapter, we introduce an ultrathin glass based white light interferometer
with picometer scale resolution of optical path difference. Negligible dispersion and
directly obtaining zero delay path position makes the ultrathin delayline as a white
light interferometer. It is a balanced interferometer and white light fringes are easily
observed using a partially spatially coherent source and lens-chip imaging system.
This interferometer is used for measuring temporal coherence of various light sources
like tungsten and white LED and has been found to be in agreement with their
theoretical value. The interferogram corresponding to these sources shows about 300
pm resolution in measurement of optical path difference. Further, slit size effect is

discussed and measured the spatial coherence of white LED source and verified with



theoretical equation. In last, modifications in white light interferometer for cavity
based measurements are presented.

In summary

In short, the thesis consists of development and optimization of a table top high
harmonics XUV source (attosecond pulses) and different applications of a new de-
layline in HHG, in characterization of fs pulses and in white light interferometry are
demonstrated.

In the first task, we developed a reproducible attosecond pulse generation setup
(ATTO setup) via high harmonic generation phenomenon with fs IR pulses. The
characterization and optimization of harmonics has been done which is an important
goal to make our ATTO setup ready to use facility.

In the second task, We designed and realized a new ultrathin delayline for time
resolved experiments. Further, it is used for controlling the yield of high order har-
monics via IR-IR time delay of input fs pulses. Our work regarding this ultrathin
delayline having tremendous resolution and stability that help us in experiment of
attosecond resolved measurement.

Two applications of ultrathin delayline are further explored. First, a dispersion
and alignment free ultrathin autocorrelator for measuring fs pulse in time domain. A
second application is a tunable wavefront split ultrathin white light interferometer for
measuring the temporal coherence length of various broadband sources like tungsten

and white LED with picometer resolution.



Chapter 2

Generation of high order harmonics

2.1 Ultrashort pulses

Ultrashort pulses comprise of optical pulses having pulse width lesser than a picosec-
ond (107'?) time scale. These ultrashort pulses can’t be measured directly via a fast
photodetector due to electronic limit of order of 107 s and need different techniques
of measurement as discussed later in chapter 4.

In time domain, an ultrashort pulse is generally described by time dependent electric

field E(t) written as following
E(t) = Eo f(t) cos (1) (2.1)

where Ej is the maximum amplitude of the pulse, f() is slowly varying envelope and
cos ¢(t) is fast varying oscillating part. The f(t) envelope term determines the pulse
width calculated as full width half maximum (FWHM) of the intensity of the pulse
(T o< f(t)?). The envelope term is commonly used in the form of Gaussian function

which is written as;

£(t) = exp [—(%)QL (2.2)
_ trwHM (2.3)

t .
P /22

Using Taylor’s expansion, the temporal phase term ¢(t) can be written as,

P(t) = popp + wet + (1) (2.4)
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Figure 2.1: A Gaussian shaped pulse electric field (black line) with 10 fs pulse width
(FWHM) having 800 nm central wavelength (w, = 2.35 x10'® Hz) with ¢cpp = 0
and 0(t) = 0 is demonstrated. Also, intensity of the pulse (<E?) (blue line) which is
proportional to electric field showing FWHM 10 fs is plotted.

where ¢copp is defined as the difference between the optical phase of the carrier
wave and the envelope peak position phase value, w. is the central frequency and
0(t) contains the higher order terms of time (£, m> 2). An ultrashort pulse in time
domain is shown in Fig2.1 and its parameters are written alongside. The phase ¢crp
corresponds to difference between highest oscillation peak and the envelope peak.

The instantaneous frequency is defined as time derivative of temporal phase,

Lou (2.5)

d
wlt) = S0t =we+

is non constant for 0(¢) # 0 which usually happens when an ultrashort pulse passes

through a transparent medium resulting in a phase distortion called chirp. For m=2,



chirp is linear otherwise for m>2, chirp is nonlinear. Depending upon whether w(t)
increases or decreases with time, the pulse will have positive (up) or negative (down)
chirp respectively. This chirp phenomena results in an increase in pulse duration.
The fourier relation or time bandwidth product for a Gaussian pulse is written as,
ovdt > 0.44 where v is frequency bandwidth FWHM with w = 27v and §t is FWHM
in pulse time. The equality holds in time bandwidth relation for non chirp pulses also
called transform limited pulses by reaching the shortest pulse with a given bandwidth.
Therefore, to go beyond a particular pulse duration, one has to enhance the the
spectrum bandwidth. The idea of generating shorter pulses in attosecond domain lies
here.

A number of nonlinear phenomenon are possible due to ultrashort pulses such as
multiphoton ionization, frequency up conversion, kerr lens self focusing phenomenon
etc [2, 44]. High harmonic generation is one of the non-linear frequency up conversion
phenomenon with which we are able to increase frequency bandwidth in order to
produce coherent pulses in the regime of attosecond. This method is discussed in

detail in the next section.

2.2 Theory of high harmonic generation

The ultrashort fs pulses are capable of producing peak intensity of order of 10 to
10'® W/em? which is equal to high electric field strength of 10® to 10° V/cm. This
is order of atomic unit of electric field ( 1 atomic unit of E = 5.14 x 10° V/cm).
One atomic unit of electric field is magnitude with which an electron is bound within
hydrogen atom. Then this high electric field cannot be treated perturbatively in such
strong laser-atom interaction. High order harmonic generation is an example of a non
perturbative nonlinear process in which intensity of higher order of harmonics (mul-
tiples of fundamental frequency) does not scale exponentially with harmonic order.
The first high harmonic generation was independently observed by two groups around
1987 [45, 46]. After 4 to 5 years, it was possible to explain them with three step model
[47, 48]. The semi-classical 3 step model in which electron propagates classically, is
explained in Fig.2.2. The steps are as follows,

Step 1. Tonization : When a high magnitude electric field ( 10° V/m) interacts
with an atom, it tilts the coulomb potential of that atom to one direction. Then
there are chances of one or more electrons to come out via tunneling phenomenon and

results in ionization of the atom.
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Figure 2.2: Tllustration of 3 step model.

Step 2. Acceleration : The tunneled electrons still experience the electric field and
accelerate in that medium resulting in gain of kinetic energy.

Step 3. Recombination : When the electric field’s sign changes (from positive cycle
to negative cycle or vice-versa), the free electron experiences force in other direction
resulting in tilt of coulomb potential in other direction. Then there are chances of
the electron to recombine with the parent ion and emit high energy radiation in XUV
regime.

The energy of emitted radiation due to recombination is the sum of ionization
energy and kinetic energy gained in the electric field. The maximum energy or cutoff

energy of harmonic can be expressed as follows [4],

Eas = I, + 3.17U, (2.6)
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where [, is the ionization energy of the atom and U, is the pondermotive energy
defined as average cycled kinetic energy gained by the electron in the presence of

external field.
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From above equation, it is evident that maximum energy of XUV photons will in-
crease with increasing wavelength and high intensity of the pulses for a given atomic
system [4].

We usually use strong field IR pulses for such HHG phenomena. Due to symmetry
of IR electric field oscillation, HHG occurs at each half cycle of an IR pulse result-
ing in emission of an attosecond pulse each time leading to attosecond pulse train

(APT). Each attosecond pulse corresponds to an XUV supercontinuum but in case

11



of APT, interference between these XUV supercontinua results in harmonics in fre-
quency domain. The phase matching conditions between the attosecond pulses play
an important role in the harmonics properties [4]. Since time period of attosecond
pulse emission is T/2 (T is time period of IR pulse), these harmonics are spaced by

2wy in frequency domain (wy is IR central frequency) as shown in Fig.2.3.

2.3 Design and development of HHG setup

We use ultrashort femtosecond pulses to generate high order harmonics. For this, we
have a commercially available fs laser system in our lab, the Femtopower compact
Pro from Femtolasers (now Spectra Physics) which provides sub-30 fs IR (800 nm)
pulses at 1 kHz repetition rate. It can deliver maximum energy of 2 mJ from the
amplified part of the system. When such ultrashort pulses are focused to about 100
pm spot size, the corresponding peak power density will be around 10 W/cm?. Such
high irradiance is sufficient for high harmonic generation process to occur as we had
discussed in earlier section.

Our femtosecond laser system consists of oscillator section and amplification section.
The oscillator part delivers sub-10 fs pulses with high repetition rate of around 78
MHz but having energy of the order of 2 nJ ( gives peak power density 10° WW/cm?
for a 100 um spot size) which is not sufficient for HHG. These oscillator femtosecond
pulses are generated by mode-locking the emitted spectrum of Titanium doped sap-
phire (7% : AlyO3) pumped by a 532 nm high power continuous laser. The emitted
spectrum has a very wide range from about 680 nm to 1130 nm.

The oscillator pulses are then amplified up to a maximum of 2 mJ using chirped
pulse amplification (CPA) in multipass configuration [49]. The CPA process includes
sub-10 fs oscillator pulses to stretch (chirp) in time of order of picosecond to avoid
any damage to optical mirrors during amplification. These stretched pulses are prop-
agated many times (9 times) through an amplification system pumped by high power
Q-switched pump laser. Then these amplified stretched pulses are recompressed to de-
liver sub-30 fs with mJ energy having narrow bandwidth amplification in our system.
The spectrum of amplified pulses is of central wavelength of 800 nm (corresponding

to 1.5 eV energy of photons) and bandwidth of around 50 nm.

In this section, our focus will be to discuss the design and operation of Attosetup

and understand its technological aspect. The high harmonic generation setup is a
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Figure 2.4: Topview of high harmonics setup (ATTO setup) in our lab showing dif-
ferent parts and components.

custom built one in our lab. The initial setup consisting of chambers and detectors
were designed, developed and assembled before the beginning of this thesis work in
lab. The schematic of HHG setup is shown in Fig.2.4 contains various components in
order to generate and observe high order harmonics. In this Attosetup, several leak
proof stainless steel (SS) chambers such as HHG chamber, Toroidal mirror chamber,
sample chamber and turbomolecular vacuum pumps are there as shown in Fig.2.4.
We need vacuum conditions in order to generate and propagate XUV photons of high
energy (> 10 eV) as they get easily absorbed in air by ejecting the valence electrons
of atoms and molecules present. For example, Nitrogen gas is abundant in air and
generated harmonics of XUV photons have energy way higher than ionization energy
of most of gases present in air. The chambers are maintained at pressure of 10~% mbar
without gas load. The differential pumping method in which different chambers are
connected with a narrow tube is used in setup to achieve high vacuum. Each chamber

has a turbomolecular pump sufficient for maintaining ultrahigh vacuum.

In our setup, we use linearly polarised femtosecond infrared pulses ( 1 mJ, 25 fs)
from the commercial system that are focused to gas capillary in the HHG chamber

using a spherical concave mirror (f= 50 cm) as shown in Fig.2.5. Using this focusing
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Figure 2.5: Schematic of fs beamline for HHG setup. The fs pulses are focused in gas
capillary using f = 50 cm concave mirror. Al filter blocks the IR beam. The XUV
spectrometer consists of a spherical XUV grating and a micro-channel plate (MCP)
detector. A typical high harmonics observed on MCP detector in wavelength scale.
M, plane mirror; CM, concave mirror; TM, toroidal mirror.
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geometry, we are able to achieve peak intensity of around 4 x10'* W/em? for ~ 100
pum focal spot size (diameter) which is sufficient for high harmonic generation. We
used concave mirror instead of using lens for focusing purpose to avoid pulse width
increment and chromatic aberration (can be used for sub 10 fs beamline also). Here,
we took care of the astigmatism caused due to spherical mirror by making the fs
beamline incident close to normal of spherical mirror.

In this setup, inert gases are commonly used as a generating medium due to their high
ionization energy. We used Argon (Ar) gas having I, = 15.8 ¢V to generate higher
order harmonics. The gas cell or capillary having dimension of outer diameter (OD
=3 mm) and thickness of 0.5 mm is used which is closed from top as shown in Fig.2.6.
The fs pulses are able to drill a through hole in capillary with their high intensity and
correspondingly XUV photons are generated along the incident fs beamline. A tur-
bomolecular pump (pumping speed = 400 1/s) (Pfeiffer) is attached to HHG chamber
in order to maintain pressure and compensate the gas leak through the holes on both
sides of the capillary. This gas capillary is mounted on translation stage in order to
move it along the beamline using vacuum compatible picomotors. The fine position
control of capillary will help in optimizing the phase matching condition. It is placed

around 1 mm after the focus position in order to get high cutoff of harmonics [50].
After the HHG chamber, a metal filter is placed in order to isolate the IR and

14



Figure 2.6: Ar gas filled capillary showing white light filamentation with XUV pulses
generation.

XUV pulses. A 0.2 pm very thin Aluminium wrinkled filter (LEBOW) is used to
block the IR beam (800 nm). It blocks lower order of harmonics/ photons having
wavelength above than 80 nm and help us to calibrate harmonics order [4, 51]. It is
kept in vacuum condition mostly as oxidation may occur in atmospheric air resulting
in variation in its transmission properties [51].

After that, a toroidal mirror (f =25 cm) is placed at a distance of 50 cm from fs
beam focus position making a 2f-2f geometry. It means, in a perfectly aligned system,
toroidal focal spot size is same as concave mirror focal spot size. A toroidal shaped
mirror is unique in sense that it provides astigmatism free focusing at a particular
angle (in our case 76°) other than 0° from normal. It has two radii of curvature, one
in horizontal plane and other in vertical plane. The detailed alignment can be found
in this work [52]. The toroidal mirror has thin gold coating to reflect the high energy
XUV photons to our sample chamber. The alignment of toroidal mirror beamline
with Attosetup’s central line is a crucial one in order to observe the harmonics on
detector. For that, it is attached to a picomotor controlled mirror mount in order to
tilt it in horizontal and vertical axis.

We measured the focal spot size of a He-Ne beam after toroidal mirror using Beam
profiler (Thorlabs) and found out to be around 75 ym diameter (x-axis, 1/e? Gaussian

fitted), as shown in Fig.2.7(a). We also measured the various spot size in the Rayleigh
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range and fit the following equation,
40 (2) = dwi[l + i(z — )] (2.8)
0 Tw?

where 2w is beam diameter and 2wy is beam waist (focal diameter) and A is the

wavelength of the ray. The above equation shows the variation in diameter of Gaus-

sian beam and its good fit validate for astigmatism free focusing by toroidal mirror.
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Figure 2.7: (a) He-Ne laser focal spot size captured after toroidal mirror using a Beam
profiler (Thorlabs). (b) Variation of beam diameter (x-axis) along the propagation of
laser beam (z-axis) and corresponding fit equation 2.8.

XUV spectrometer

Our XUV spectrometer consists of a spherical grating and a micro-channel plate
(MCP) detector. In order to spectrally resolve the emitted harmonics or XUV radi-
ation, a gold coated spherical concave grating (f=25 c¢m) is mounted in the beamline
as shown in Fig.2.8. It is laminar curve variable line spacing (VLS) reflective grating
(Shimadzu company) having 1200 groves/mm near center. It is placed at mechanical
in/out assembly and attached with a picomotor mount for its tilt control. The spher-
ical grating has a grazing angle of 3° for better efficiency in the resolved harmonics
(Fig.2.8). It is similar to other gratings which distribute different colours or wave-

lengths in spatial axis.
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Figure 2.8: Diagram showing spherical grating position and corresponding angles for
maximum intensity window of spectrally resolved harmonics. The entrance slit is
referred to XUV beam focus position in sample chamber.

These spectrally resolved harmonics are observed on micro-channel plate (MCP)
detector consists of a phosphor screen. It is a product commercially available from
the Photonis company. A MCP is similar to a electron multiplier used to increase the
gain for low intensity high energy (UV, XUV, X-ray) photons or electrons and ions.
It is based on phenomenon of secondary emission of electrons. Our MCP is made of
two planar plates aligned at a small angle to each other having hexagonal micro-size
pore of 5 ym providing a gain (depends on biasing voltage) of around 10* from each
plate. These secondary emitted electrons are made to fall on phosphor screen results

in visible glow of harmonics intensity.

2.4 Optimization of harmonics

High order harmonics are observed on MCP detector as a result of high intensity
fs pulses interaction with Ar gas. Harmonics are captured via a wide angle camera
(Thorcam) for further analysis. In order to obtain better repeatability of harmonics,
HHG is to be optimized with several parameters such as incident energy or power of

fs pulses, Argon gas load in the capillary and propagation pressure.

Input fs power variation
With increase in fs laser average power, the peak intensity at the focal volume in-
creases linearly. While pondermotive energy U, o< I , there should be increase in

maximum energy or cutoff threshold of harmonics as shown in Fig.2.9. Also, the yield
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Figure 2.9: Variation of intensity of high order harmonics with input fs pulse average
power is shown here.

or intensity of high harmonics increase corresponding to fs power increment. We used
a neutral density (ND) filter in order to vary the average power of incident pulses.
Here, we remain in tunneling regime (Keldysh parameter < 1) even for fs pulses of 1

Watt power in our setup.
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Figure 2.10: Variation of intensity of harmonics with Ar gas load is shown here. An
optimum window (yellow) showing the maximum intensity of harmonics

Gas load and propagation pressure
With increase in Ar backing pressure or load, fs pulses will interact with higher density

of atoms leading to high yield or intensity of high order harmonics. The macroscopic
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Figure 2.11: Variation in different chamber pressures with gas load at 0.6 mJ fs pulse
energy.

phase match conditions will get better with increase in gas load and depend quadrat-
ically on pressure of the gas [50]. The variation of harmonics intensity with backing
Ar gas pressure at 0.6 mJ of input fs pulses energy is shown in fig.2.10. There is
an optimum window of gas load i.e. from 8.2 mbar to 9.3 mbar, harmonics yield is
maximum for our setup conditions. Beyond 9.3 mbar Ar gas pressure, the process of
re-absorption of generated XUV photons will dominate. With gas pressure, leak rate
from the capillary’s hole will become higher and correspondingly result in lowering
the propagation vacuum as shown in Fig.2.11. As we can see, there is sudden increase
in pressure of all chambers beyond 9.5 mbar of gas load that leads to absorption of
XUV photons along propagation. Hence, there is a trade off between gas load and

propagation pressure in order to optimize the harmonics.

2.5 Characterization of harmonics

With sufficient intensity of order of 104 W /em? and high precision in beamline align-
ment, high order harmonics are observed on phosphor screen (MCP detector) and
captured using a camera (Thorcam). After optimization, the next task is to charac-
terize the harmonics denoting the order number of individual harmonics. For this,
we used Al filter beamline in or out technique to specify the order of harmonics. As
per Fig.2.12, Al filter blocks the photons of higher wavelength of 80 nm i.e. upto
10" harmonics (800 nm corresponds to fundamental frequency). With odd order of

harmonics has to be observed due to symmetry reasons (as discussed in section 1.2),
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upto 9" order of harmonics are absorbed by Al filter. This helps us in characterizing
the harmonics order as shown in Fig.2.13 for two different energy of incident fs beam
of 0.9 mJ and 0.6 mJ. In Fig.2.13, for X > 2.5 a.u., we see detector noise data in this
range and the first clear peak (with Al filter) gives the indication of 11** harmonic.
We were able to observe 29" order of harmonics with Ar gas with 0.9 mJ input fs

pulses.
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Figure 2.12: Transmission curve of a 0.2 gm thin aluminium (Al) filter. Inset: Real
picture of Al filter used to block IR beam.

Here, the characterization of the harmonics in time domain could not be com-
pletely done in absence of crucial components at our setup due to its initial stage.
In order to complete this task, we wish to incorporate instruments and techniques
like velocity map imaging (VMI) and magnetic bottle electron spectrometer (MBES)
in our setup in future for photo-electrons measurement. Further, we would like to
characterize attosecond pulses via RABBIT (reconstruction of attosecond beating by

interference of two-photon transitions) technique [6, 53].
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Figure 2.13: Characterization of harmonics with inserting Aluminium (Al) filter
(Lebow 200 nm(thickness)) in the XUV beam path for 0.9 mJ and 0.6 mJ incident
fs pulses beam. The Al-filter doesn’t allow the harmonics above 80 nm or upto 9th
harmonics are absorbed as observed in plot. Note that Al filter intensity is multiplied
6 times in order to compare the peaks.

2.6 Conclusion

In this chapter, we discussed the theory and experimental aspects of high harmonic
generation phenomenon. The 3 step model explains the theory behind the HHG in
detail. After that, various conditions such as high intensity of terawatt/cm?, ultrahigh
vacuum for XUV photons propagation (~ 1078 mbar achieved) and sufficient gas load
(~ 8 mbar in our case) which are necessary to generate and observe the high order
harmonics are fulfilled. There are different technical challenges that we have overcome
in this Attosetup. Some of them are high precision beam alignment, toroidal mirror
astigmatism free focusing, XUV spectrometer alignment and maintaining ultrahigh
vacuum. A detailed technical understanding of different of parts of Attosetup is
presented in this chapter. We succeed in generating and observing harmonics of fs
IR (800 nm) beam with Ar gas upto to 29"" harmonics order ( for 0.9 mJ IR pulses).
In order to attain repeatable harmonics, they are optimized for various parameters
like gas load, driving fs pulses average power and propagation pressure. The observed
harmonics are also characterized by their order number with the help of thin metal
filter i.e. Al filter. This Attosetup provides coherent XUV pulses in attosecond time
domain that can used in measurements of time dynamics in atomic and molecular

systems.
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Chapter 3

Ultrathin attosecond delay line

3.1 Introduction

Ultrafast delaylines are the key tools for time resolved experiments with ultrafast
pulses and pump probe spectroscopy [18, 54, 55]. Such experiments demand attosec-
ond time delay control of probe pulse and hence the requirement of attosecond delay
controlled delayline arises with it.

A variety of delaylines with different designs based upon amplitude splitting are,
Michelson [12] and Mach—Zender [13, 14]. The most common problems with these
delaylines are precise delay control of attosecond time step and the path fluctua-
tion/jitter between the pump and probe beams. For small displacements changes or
fluctuation in relative paths (for example, ~30 nm corresponds to a 100 as) will in-
troduce a huge time lag between pump-probe pulses in attosecond time scale. These
small scale path fluctuations are caused by various factors such as beam pointing in-
stability, thermal and mechanical vibrations due to turbo mechanical pumps, water
chillers needed for turbomolecular pumps and air flow by cooling fans associated with
the setup.

Most of above mentioned amplitude split designs need active stabilization [16, 17]
which increases the complexity of the setup with extra electronics having feedback
controlled instruments. To avoid this complexity, passive stabilization using wave-
front division designs such as a pair of split mirrors [18, 19], dual mirror setup [56]
and a pair of mm-thick glass [20, 21| are explored. Though these wavefront delaylines

provide attosecond stability, however demand specialized optomechanics fabrication
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Figure 3.1: Schematic showing amplitude division (a) and wavefront division (b)
incident pulse laser beam. BS, beam splitter; HM, holed mirror.

and tedious alignment. Hence, a direct easily aligned delayline with attosecond reso-

lution and stability is crucial to develop for our setup applications.

3.2 Concept of ultrathin delayline

Rotation of glass is one of the simple methods to obtain very small and precise con-
trol of optical path delay [57]. With rotation of glass, light has to travel an extra
path length in glass due to property of rectilinear propagation of light and different
propagation speed of light in air and glass medium. Therefore, extra path length can
be controlled via precise rotation of the glass plate and same is used for developing

ultrathin glass based delayline.

25 |
fs pulses

Ultrathin delayline

Figure 3.2: (a) Schematic of ultrathin delay line having upper and lower glass plate.
Rotation of lower glass plate induces time delay 7 between the two paths for an
incident pulse laser beam. (b) Time delay (7) and OPD versus angle of rotation
graph are shown here for t=140 pwm and n=1.52 obeying equation 3.1.
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The corresponding time delay (7) induced when glass plate is rotated (derivation
in appendix), is written as follows.
T(0) = z x [V/n? —sin?6 — cosf — (n — 1)] (3.1)
where ¢ is speed of light in air, n is the refractive index of glass material and t
is thickness of the glass plate. 6 is angle of rotation of glass plate with respect to
(w.r.t.) normal position as shown in Fig.3.2(a). The net optical path difference (OPD
=AD = cr) is difference between the path induced by rotated lower glass plate with
angle # and path induced by upper glass plate at normal position to incident beam
with at 0° angle. The graphical representation of 7 and OPD versus angle 6 is shown
in Fig.3.2(b). We can see that 7 is nonlinear curve with angle showing very small
change in magnitude occurs near zero angle. It also provides a sufficient range of time
delay (~ 100 fs for 60°) to have complete separation between two 25 fs (FWHM pulse
width) pulses.
The above equation 3.1 can be written in a simple form for small angle by using Taylor
series expansion. Upon solving the equation (in appendix), odd powers of 6 vanish
and upon truncation;
AD(9) (n — 1)1592_'_ (4n? —n3—3)t04
2n 24n3

However, 6* term is very small compared to 6 term and can be neglected for small

(3.2)

angle. We can see that OPD depends quadratically on rotated angle 6,

n—1)t

AD(f) = %92. (3.3)
The above equation gives direct relation between angle of rotation and optical path
difference for known thickness and refractive index of glass plate.
One important phenomenon is lateral or transverse shift (ds) of light when it passes
through a rotating glass. The maximum lateral shift of the beam can be 140 pum at
90° (appendix) which is too small compared to the beam size of our fs beam i.e. 12
mm. Also, when incident beam is focused, this shift will change into even smaller
angular change of order of ds (in pm)/ f (in cm). Hence two time delayed parts of the
beam from our delayline maintain good spatial overlap at the focus position.
Another important phenomenon with glass plate is dispersion and its effect on pulse

width broadening and chirp of the pulse. We calculated the first order (dn/d\) and
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second-order dispersion d?n/d)\?) with the ultrathin BK7 glass (t=140 pm). The first-
order dispersion is dn/d\ ~ 0.04 um™" for the glass [58]. The group delay dispersion
(GDD) [58] (GDD = t x GVD) is about 9.8 fs? at 0° and 10.29 fs? at 30° using group
velocity dispersion (GVD) |

A3 d*n

Here, X is the central wavelength of light passing through a transparent medium. The
calculations suggest that there is a very small change in GDD value of below 0.5 fs?
with rotation suggesting negligible dispersion effects.

We also calculated the corresponding pulse width change using glass plate. The pulse

width after transmission through a medium of length L can be calculated [59] by

(L) = TO\/1 1 Bakxinzy, (3.5)

7o

where a is GVD/2 of the medium and 7 is initial pulse width. A 25 fs pulse width
broadens only by around 0.01 fs while passing through a 140 pm BK7 glass (GVD =
44.65 fs*/mm at A = 800 nm) and hence pulse width broadening and chirp can be

neglected for such ultrathin glass plates used for our delayline.

3.3 Ultrathin delayline setup

In this section, we introduce an ultrafast (fs) pulse wavefront split delay line with the
help of ultrathin glass plates. The schematic diagram of our ultrathin delay line is
shown in Fig.3.2(a). A pair of identical ultrathin glass plates (t=140 pm) is used for
wavefront division purpose. These glass plates are placed vertically such that light (fs
pulses) get spatially split symmetrically after transmission. These flat glass plates are
held tight with a 3D printed frame to avoid any bending. The vertical gap between
these glass plates is kept at less than 140 um and checked by placing another replica of
glass plate in between them. Either of the glass plates can be independently rotated
precisely in order to provide optical path delay. In our case, we rotated lower glass
plate using a motorized rotation stage connected at the central vertical axis of the
glass plate. Rotation of lower glass plate provides optical path delay with respect to
upper plate.
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Figure 3.3: Photograph of ultrathin glass based delayline along with central axis of
lower glass connected to a motorized rotation stage.

Interferometer design

The detailed description of glass properties, its outer glass frame and rotation stage

is discussed in this section.

Glass properties

We used ultrathin cover glass (Blue star) as glass plate of 140 + 10 pm thickness
coarsely measured with a screw gauge [60]. Further, thickness measurement is val-
idated from interferometric calibration discussed in detail in next section. These
glasses lie in category of borosilicate (BK7) [60] having refractive index of 1.516 for
632 nm wavelength of light. Its dimensions were 22x40 mm. The idea behind the
use of these ultrathin glass was their common availability and high transmissivity to
visible and IR rays (around 95%). One can use thinner glass commercially available

of 30 um thickness to minimize optical delay step [61].

Outer frame

The U-shaped mount of ultrathin glass plate has been made by 3D printer with precise
depth according to the glass plate thickness. The ABS filament-based mount helps
hold the glass plate vertically straight [62]. Initial angle or tilt in glass if any, was
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checked with laser reflection spot at large distance. If a 3D printer is not available,
one can paste these thin glasses to a opto-mechanical post to make such configura-
tion. The lower glass U-shape mount is then connected to opto-mechanical post via a
threaded screw at center. While upper glass is connected at one end to control them

independently as shown in Fig.3.3.

Rotation motor

We used Thorlab motorized rotation stage (Thorlabs PRM1Z7) on which lower glass
plate is mounted. This Thorlab’s apt software controlled stepper motor can rotate
with an angle of 0.0003° as minimum step increment or resolution of rotation stage.
Its angle range and angular speed can be modified according to the user. One can use

other continuous DC stepper motors [57].

3.4 Calibration of time delay of ultrathin delay line

The calibration of a delay line is an important task and need to be experimentally
validated. Firstly, this delayline is used with a monochromatic source of light. This
will help in self-calibration of the interferometer i.e. angle into displacement/time

delay conversion.

3.4.1 Calibration using He-Ne laser

A He-Ne laser (Thorlabs) is incident on delayline which spatially split into two interfer-
ometric paths. The two split beams from the delayline are focused with a convex lens
(f= 25 cm) resulting in the formation of interference fringes at the focal plane. These
fringes are due to superposition of two coherent upper and lower part of spatial (XY)
profile of laser beam. Interference fringes formed near focal plane are captured di-
rectly on a camera chip as shown in Fig.3.4. We used a simple webcam (QHM495LM)
as our fringe detector. In Fig.3.4, the central part of He-Ne fringes shows interference
between two split beams which vary from bright to dark with rotation of the glass
plate. While the outer part shows the static fringes resulting from diffraction from
the sharp edges of glass plates.

Starting from one side to another, we rotated the lower glass plate with constant
angular speed of 0.5°. Here, we limit the maximum rotation angle to 60° due to

loss of intensity at higher angle [57]. He-Ne interference fringes are video recorded.
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Figure 3.4: Experimental He-Ne laser interference fringes captured at camera chip
using ultrathin delayline. Constructive (maxima) interference (a) and destructive
(minima) interference (b) is formed during rotation of the lower glass plate. The
cross-hair position showing the intensity tracked area.

Then fringes are intensity tracked in central area for a small area comprising of a
couple of pixels (kept tracked area smaller than fringe width) as shown in Fig.3.4.
This intensity is analyzed using Tracker software [63]. The corresponding He-Ne
laser intensity oscillation of the interferometer also called interferogram is shown in
Fig.3.5(a). In this graph, video time (t’) is converted to angle rotated with a relation
t’ = 0/2 as continuous angular speed was 0.5°/s.

For angle to path delay conversion, the intensity obtained with angle variation is fitted

with the following equation,
o, 2m
I1(0) = Iy cos (7 x OPD), (3.6)

whereas OPD can be written using equation 3.1,

OPD =t x [y/n? — sin? (6 — ) — cos (6 — ) — (n — 1)]. (3.7)

In Fig.3.5(a), the above equation is fitted with experimental data having fitting pa-
rameters wavelength (\) = 632 nm, refractive index (n) = 1.516 and thickness of glass
plate = 140 pum and angle offset (6y) = -0.047°. The fitting curve on experimental
data is plotted using Wolfram Mathematica software (version 11.0) [64]. Using fitting
parameters, the rotation angle # is then converted into optical path delay according
to equation 3.7 and the corresponding interferogram with OPD is shown in Fig3.5(b).
To verify the time delay or OPD calibration, the minima values (separated by A = 632
nm) taken from the interferogram in Fig. 3.5(a) are plotted with theoretical time de-

lay curve which shows a good match as shown in Fig.3.6. Thus delayline self-calibrate
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Figure 3.5: (a) Experimental and fit curve (equation 3.6) for angle range 0° to 20°

Inset: He-Ne intensity plot with angle rotation of lower glass plate

from —60° to 60° relative to upper glass. (b) He-NE laser intensity and its fit after
angle to OPD conversion using equation 3.6. Inset: He-Ne laser intensity with OPD

conversion over large range from -30 pm to 30 pm.

is shown here.
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Figure 3.6: Calibration of optical path delay AD versus rotation angle 6 for t

mm and n= 1.516. Solid line (blue) is theoretical curve corresponding to equation
3.7 and experimental data (red dots) corresponds to minima values of He-Ne laser

interferogram having A

632 nm separation.

30



\EVdnE! Minima

Figure 3.7: Image of the interference fringes ((a) constructive and (b) destructive)
with fs pulses formed with ultrathin dealyline. They are captured on the screen at
a b0 cm distance from delayline via a camera. The cross mark shows the intensity
tracked area for interferogram.

6 in terms of OPD as fringe intensity obeys interference condition i.e. maxima (bright

fringe) become minima (dark fringe) when optical path difference changes by A/2.

3.4.2 Calibration using fs pulses

In this section, ultrathin delayline is used with fs pulses and a corresponding first
order interferogram is obtained in order to validate the calibration. The fs beam
interference fringes are directly observed on a screen after passing through ultrathin
delayline (focusing these pulses will lead to burn the camera chip). These two fs pulse
wavefront split paths overlap in space due to diffraction from glass plate sharp edges
and form interference fringes in central area as shown in Fig.3.7.

By varying rotation angle 0 of lower glass plate, intensity oscillates in the central
region producing maxima and minima of interference pattern. The interference fringes
are captured with a camera. The Fig.3.8(a) shows the central fringe intensity 1(0)
variation with angle 6 where the intensity varies faster for large angle due to nonlinear
dependence of A7 on 6. Also, we see that maximum intensity of fs fringes decreases
with increase of rotation angle which is the effect of fs pulse envelope. Intensity
variation of fs fringes using ultrathin delayline follows the following equation (detail
in appendix),

()

1(0) = Io[1 + ¢ %) cos(wo 7(0))], (3.8)

7(0)
where f(t) = e~ (%) is Gaussian envelope function of pulse, 7(0) is angle dependent
time delay given by 3.1, t. corresponds to pulse duration and wy = 2m¢/Ng. Using

interference condition, the maxima become minima for AD = \g/2 with the central
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wavelength (Ao = 800 nm) allowed us to self-calibrate 6 versus 7. With rotated angle
to time delay conversion according to equation 3.1, we obtain intensity variation of fs
pulses with respect to time delay (7) as shown in the Fig.3.8(b). This interferogram
shows intensity oscillations of time period of around 2.7 fs which corresponds to Ay =
800 nm, thus validates our calibration of delayline with fs pulses. This time dependent

interferogram can also be termed as first order autocorrelation of fs pulses.

-o- experimental & ~o- experimental

A

o

<TG

Figure 3.8: (a) Fs central fringe intensity (I) variation over a range of 30° rotation
angle of glass plate and a theoretical fit curve (pink) corresponds to equation 3.8 in
terms 6 of are shown here. (b) I versus time delay (7) after 6 to 7 calibration from
equation 3.1 while theoretical fit (pink) curve corresponds to equation 3.8 in terms of
T.

3.5 Advantages of ultrathin delayline

3.5.1 Absolute zero delay reference

Absolute zero delay is the condition of exact overlap of two pulses in time domain.
In the field of pump-probe spectroscopy, zero delay reference between the pump and
probe pulse is crucial and is necessary for control and measurement of electron dy-
namics in attosecond time scale [25]. In order to achieve this condition, the delayline
has to be nanometer scale controlled ( 0.3 nm corresponds to 1 as time) which is very
difficult with commonly used piezoelectric based techniques due to its instability in
position. There are indirect method available using multiphoton effects [65] or via

atomic transitions [66] but are challenging to get the absolute zero delay reference
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with them.

Measurement of fs pulses interferogram using ultrathin delay line gives a direct

OI

30 —_—

0 15 50 45 60
0 (degree)

Figure 3.9: Interferogram with fs pulses showing zero delay reference position ( 6§ =
29.1%) at the inversion symmetry point. Intensity fluctuations near zero delay point
attributes to motor rotation and light intensity (detail in next section).

method of finding zero delay reference. Indeed, the parabolic dependence of 7 over ¢
ensures zero delay position is not missed. A large angular deviation (6 ~ 7°) is needed
in order to become central maxima to become minima (Fig.3.8(a)). By overlapping
back reflections of incident laser from both the glass plates on same Y-axis, our ul-
trathin glass plates are kept in a plane within 0.05° error. This time zero position is
determined with a precision of 2.5 as corresponding to 0.05° (Fig.3.10).

Rotating the glass plate backward or forward from zero angle will always increase
the OPD and hence a point of inversion symmetry can be found in interferogram as
shown in Fig.3.9. The position of this inversion symmetry of interferogram is the zero
delay position. At this position, both identical glass plates induce net zero path delay
in parallel position. Similarly, this inversion symmetry will also help in determining
the absolute zero time delay reference with intensity oscillations of generated high

harmonics.
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3.5.2 Attosecond resolution of delayline

Another advantage of this delay line is its attosecond resolution in delay steps. Most
ultrafast measurements demand high resolution of attosecond in time domain to dis-
tinguish two different phenomena. In our delayline, the time delay (7) induced vary
quadratically with angle of rotation. Therefore, time resolution varies from nearly 2.5
as to few tens of attosecond as we go at higher angle with angular resolution of 0.05°

as shown in Fig3.10.

16.6
204 = t=140 um 67 as/0.05°

= t=30 um

151

2.5 as/0.05°

101

T [fs]

54
L ' '
0 10 20 30
6]

Figure 3.10: Time delay (7) variation with angle of rotation 6 for two different thick-
nesses of the glass plates. Inset: attosecond resolution near 1° and near 25° is shown
for t = 140 pum glass plate.

Interestingly, resolution is very high of sub 1 as around zero angle due nonlinear be-
haviour of time delay. This resolution can further increased with a thinner glass plate
(with 30 um commercially available glass [61]) or lowering angular speed from 0.05°/s.
The experimental measurement of OPD or time resolution is carried out using He-Ne
laser interferogram. With 6 to OPD conversion from self- calibration method, we
obtained OPD resolution of around 300 pm corresponding to 1 as time delay in linear
regime as shown in Fig.3.11. Here, bright to dark fringe tuning is done by rotating
the glass plate with constant angular velocity of 0.5°/s which corresponds to OPD
of A\/2 = 316 nm. Due to nonlinear behaviour of OPD against 6, experimental data
points are non uniformly distributed with higher density near zero OPD. Also, camera
captured the laser intensity with around 30 fps that contributes to resolving the OPD

further in this case.
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In Fig.3.11, there are some small oscillations near zero OPD. We systematically tried
to find the origin of these oscillations which are attributed to various noises the in-
terferometer. These oscillations are mainly caused due to variation n instantaneous
velocity of rotation motor (Fig.3.12). Also, there are small intensity fluctuations of
He-Ne laser whose effect is seen largely near maxima/bright edge than the dark edge
of the oscillation cycle. By using stable intensity lasers and better rotation stage, we

can improve the noise-limited resolution of our delayline.

0 50 100 150 200 250 300
AD [nm]

Figure 3.11: He-Ne laser intensity variation showing self calibrated picosale resolution
in maxima to minima oscillation. Resolution of around 1 as (~300 pm) is shown in
linear regime with first cycle of He-Ne fringe intensity oscillation.

3.5.3 Stability of delayline

The stability of the delayline is a key feature for its application. Stability of the
interferometer corresponds the fluctuation measurement in displacement or in time
between the interferometric paths in the natural condition of our setup. It is calcu-
lated as root mean square (rms) value of relative path displacement over time. Mostly,
fluctuations are caused due to intrinsic instability of interferometer’s components and

in the geometrical path of interferometer due to surrounding environment like air flow
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Figure 3.12: Experimental data showing angle variation in the motion of rotation
motor (Thorlabs PRM1Z7). An oscillatory nonlinear behaviour is found suggesting
small variation in instantaneous velocity that contributes in He-Ne intensity oscilla-
tions whereas average rotational velocity ( 0.05°/s) remains same.

or mechanical vibrations.

Since, we are not using any active stabilization technique, measurement of fringe
fluctuation associated with our delayline becomes necessary. He-Ne fringes from ul-
trathin delayline are captured via a photodiode. In the beginning, we lower glass plate
in order to calibrate intensity change in terms of wavelength or in time (A\/2 ~ 1.05
fs) and left the delayline for a long time without any external movement. Along that
a small portion incident He-Ne laser beam is simultaneously measured from another
photodiode. A similarity between fringe intensity and laser intensity is found with
correlation factor of ~ 0.7 (Fig3.13 inset). This indicates that the main contribution
of fringe intensity fluctuations of the ultrathin delay line comes from our He-Ne laser
intensity and hence can be improved with an intensity stabilized laser. Our concern
is to quantify our delayline stability rather than laser fluctuations. For that, we sub-
tracted the laser caused fluctuation and resultant histogram shows about 2 as or 0.6
nm path stability (Fig.3.13). Such a good as stability is due to common interferome-

ter path configuration of ultrathin delayline.
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Figure 3.13: (a) Stability measurement of delayline using He-Ne laser. Initial os-
cillations in fringes intensity is used for calibrating intensity into time using self-
calibration. Inset: Fringe intensity and laser intensity show similar trends of fluctua-
tions. (b) Normalized histogram of delay fluctuations of fringe intensity data (black)
and subtracted laser noise data from it (blue).

Limitations of ultrathin delayline

Although ultrathin delayine has a number of advantages, there are also a few limi-
tations that should be discussed. One of the limitations is its applications for wide
variety of ultrashort pulses. Its time delay range is 100 fs, therefore can not be used
for similar or higher pulse duration measurement of ultrashort pulse. Though one
chooses thicker glass but it will increase the dispersion effect drastically. Another is
the lack of independent interferometeric paths in order to vary their properties like

polarization.

3.6 Controlling yield of high harmonics with ultrathin

delayline

The ultrathin delayline is tested for IR-IR delay in the process of high harmonic
generation at our setup as shown in Fig.3.14. It has been placed before a plane mirror

which hardly changed the beam alignment of our Attosetup.
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Figure 3.14: (a) Schematic of ultrathin delay line integration with attosecond beam-
line. The XUV spectrometer consists of a spherical grating and a micro-channel plate
detector (MCP). M, plane mirror; CM, concave mirror; TM, toroidal mirror. (b) High
harmonics spectrum with Argon gas observed on MCP detector. White dotted circle
on H17 denotes the region of interest (ROI) for intensity tracking.

o H17 yield
= |st order IAC

T [fs]

Figure 3.15: Variation of H17 yield with IR-IR delay which follows ist order interfer-
ometeric autocorrelation (IAC) of IR pulse of time period of around 2.7 fs.

The two IR beams (upper and lower parts) readily overlap in time domain and then

time delay between them is controlled by precise rotation of glass plate. The generated
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Figure 3.16: Variation in normalized yield of harmonic 17** with IR-IR time delay is
shown here along with theoretical result. Filled black square: maximum intensity by
tracking a single central point of H17. Solid black line: total yield for the model atom.
Empty square : Average intensity by tracking a ROI containing full H17. Dotted blue
line: averaging of theoretical fit over half optical cycle. Inset: Fourier transform of
H17 exp. (total) showing power spectral density (PSD).

XUV pulses from Argon gas are filtered out using Al filter and are captured using
XUV spectrometer. The setup has been explained in detail in chapter 2.

The generated harmonics are video captured with time delayed IR pulses and ana-
lyzed. The harmonics are calibrated using transmission cutoff of an Al filter. Let’s
take highest yield Harmonic 17" (H17). The yield or intensity (average intensity,
circular ROI) of this harmonic is shown in Fig.3.15 which shows periodic oscillations
of time period around 2.7 fs. The intensity oscillations follow IR fringe intensity vari-
ation or first order autocorrelation (AC) of IR pulses. Harmonic intensity oscillations
are due to constructive and destructive interference of two fs beam paths having rel-
ative time delay between them. The fact that harmonics intensity oscillations obey
similar time period of 2.7 fs validates the performance of delayline. Also, Fourier
transform of H17 experimental intensity oscillations shows multiple peaks up to 4wy
which corresponds to ~ 670 as (2.7/4 fs) as shown in Fig.3.16. This shows that the

delayline has the capability of making attosecond resolution measurement.

We see that there is some asymmetry in H17 yield oscillations. We require HHG
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Figure 3.17: Periodic intensity (average) variation of all harmonics are shown here
(stack form). Slight variation in phase delay between the oscillations of the harmonics
with each other.

simulation in order to have better understanding. The theoretical simulation is then
done by Dr. Ankur Mandal from our group and detailed explanation in out the scope
of this thesis. The theoretical model is based on time dependent Schrodinger equation
(TDSE) in 1D model and then numerically calculated Fourier transform of dipole ac-
celeration [67]. The resultant theoretical H17 oscillations are shown in Fig.3.16. The
theoretical data (theory(average)) is cycle-averaged (over T/2) in order to match focal

volume averaging condition but does not completely match the experimental one. We
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also checked the effect of CEP but could not make agreement with the experimental
data. The mismatch between theory and experimental may be due to angular spread

of the beam or propagation effect which is not included in 1D model.

We observed the yield modulation with slight asymmetry in all the harmonics and
a slight phase delay between each harmonics (Fig.3.17). These features results from
phase matching conditions need to be further explored in future. Though, our main

task to check the performance of delayline with HHG is successfully completed.

3.7 Conclusion

In this chapter, we introduced a new compact ultrathin glass based delayline using
wavefront division by a pair of micrometer thin glasses with negligible dispersion ef-
fects. Its design and development are reported here. This delayline has a number of
advantages against the conventional delaylines used in ultrafast measurements. It is
auto-aligned and in-line delayline (does not require change in beam path in order to
place it) providing attosecond optical delay resolution. The delayline is self calibrated
as shown in this chapter and provides attosecond stability of around 2 as measured
experimentally. In the end, this delayline performance is validated by IR-IR delay
control providing periodic variation in the yield of high order harmonics.

In future, a couple of things can be improved. One will be the use of 30 pm ultrathin
glass that will give us temporal resolution even in zeptosecond domain. Other will be
an experimental measurement of dispersion of the pulses using instruments or tech-
niques like ellipsometer or white light interferometry, may help improve our analysis

of dispersion with ultrathin delayline.
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Chapter 4

Ultrashort pulse measurement with

Ultrathin delayline

4.1 Introduction

Interferometric autocorrelation has become a widely used technique for ultrashort
pulse metrology from few cycle femtosecond up to higher time scale [68-70]. Con-
ventional autocorrelators based on Michelson and Mach-Zehnder interferometers are
commonly used for such temporal measurements having thick glass beam splitters
[71, 72]. Two or three photon absorption [73, 74] and second harmonic generation
(SHG) in nonlinear crystals [75] are commonly employed for obtaining frequency re-
solved autocorrelation (FRAC) signal using these interferometers in order to measure
ultrashort pulses. A schematic of commonly used FRAC technique is shown in Fig.4.1.

Such temporal measurements with ultrashort pulses require precise alignment,
minimum distortion or dispersion in the measuring pulse, high temporal resolution of
interferometer and high stability against external vibrations/fluctuations. To avoid
dispersion, all reflective configurations such as Michelson type transmission grating,
split mirror based delay line and reflective prism based delayline are reported ear-
lier for long to few cycle femtosecond pulse metrology [76-81]. Most of them require
specialized optics and complex setup for ultrafast pulse measurement. It becomes
important as well as challenging to design an ultracompact, simple and highly stable
dispersion balanced autocorrelator with easy alignment for recording of autocorrela-
tion signal.

In this chapter, we use our ultrathin delayline which can act as a dispersion balanced
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Figure 4.1: Schematic of FRAC setup using Michelson interferometer. The two time
delayed pulses are focused on second harmonic generation (SHG) crystal and then
SHG signal is measured with respect to time delay (7) with a photodiode/camera as
detector.

autocorrelator for fs pulse measurement (discussed in chapter 3). This autocorrelator
is based on wavefront division of fundamental pulse having common path configura-
tion to provide high stability and adds negligible dispersion in the measuring pulse.
The autocorrelator is demonstrated with measurement of fs pulses from our amplifier
part (femtosecond pulse generation system) via FRAC technique. The autocorrelator
allows maximum throughput and provides high phase stability between replica beams
due to ultra compact geometry. The present autocorrelator provides high temporal
resolution of sub 10 attosecond which helps in better measurement. This autocorre-

lator is easy to align, compact, low cost and usable for a broad spectral range.

The mathematical expression of FRAC signal or 2"¢ order interferometric auto-

correlation (IAC) is written as [82],
TAC = A®)(r) = / Bt — ) + B[ dt (4.1)
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AP (7) = / |E2(t) + B2(t — 1) + 2E(t)E(t — )| "dt

A@ 7 / 2(t) + 12t — 7))dt

4 / [OI(t — )t

12 / 1(8) + I(t — P E@)E* (t — 7)dt + c.c.

+ /EQ(t)E*Q(t —7)dt + c.c.,

(4.2)

where E(t) = Eoe®™? and E*(t) = Eoe “'"®. The other terms are F(t — 1) =

Eoe*'=7% and 1(t)=| E*(t)|. Here, E(t) and E(t — 1) are electric fields corresponding

to two interferometric paths. In expanded equation 4.2, the first term is constant

while the second term denotes intensity autocorrelation. The third term oscillates

with w and fourth term oscillates with 2w . The signal (IAC) has a unique property

of having background/wings to peak ratio of 1:8 to validate the proper alignment of

the autocorrelator [82].
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Figure 4.2: (a) Theoretical plot of electric field of a 10 fs (FWHM) Gaussian pulse.
(b) Using equation 4.1, the corresponding interferometric autocorrelation (AC) signal
showing background to peak ration 1:8. The intensity autocorrelation (blue) showing
1:3 i.e background to peak ratio.
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4.2 Ultrathin autocorrelator setup

A schematic representation of ultrathin autocorrelator setup is shown in Fig. 4.3.
The collimated near infrared (NIR) fs pulses of central wavelength ~ 800 nm are to
be characterized. The wavefront of fs pulses is symmetrically split via an identical
pair of ultrathin glass plates having ~ 140 pm thickness placed vertically with a gap

which is less than or of the order of plate thickness.

fs pulses
Concave
\¥ mirror
Ultrathin autocorrelator &
IR fiiter ~ BBO
Screen

SHG fringes

Figure 4.3: Schematic of FRAC measurement using ultrathin autocorrelator. The
FRAC measurement has been taken via second harmonic intensity generated from
BBO.

The pulse is incident normally on ultrathin interferometer and the two separated
halves corresponding to upper and lower beams are time delayed (1) with respect
to each other by rotating the lower glass plate using a Thorlab’s motorized stage
(PRM1Z7). Rotation of glass plate induces an optical path delay due to refraction of
light in the glass medium. These two halves which are replicas of each other, prop-

agate in parallel geometry and are focused using a concave mirror (f = 10 ¢cm) on
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non-linear crystal medium such as BBO. The nonlinear 20 pm thick BBO (S-barium
borate) crystal (cut angle = 28°) having dimensions (2x2 mm) is placed at focal plane
to generate second harmonics of incident IR pulse. A shot pass filter (FES700, Thor-
labs) is placed after BBO to separate fundamental beam from generated blue part.

The corresponding blue signal is observed on a white screen placed at a distance of

20 cm from the focus position and recorded using an ordinary camera.

| 3 )
Parabolic mirror S

Figure 4.4: Picture of ultrathin glass based autocorrelator. Different components are
labelled.

4.3 Measurement of sub 30 fs IR pulse

The second harmonics fringes are easily obtained with our ultrathin autocorrelator due
to its geometry. The blue colour interference fringes are tracked and corresponding
signal is obtained using setup in Fig.4.3. The lower glass plate is rotated with 0.2°/s
angular velocity and the blue signal has been traced and calibrated angle into time
delay between the two replicas of fs pulses using equation 3.1. The analyzed FRAC
signal is shown in Fig. 4.5. The SHG is symmetrical and background to peak ratio is
nearly approaching 1: 7.4 showing the good alignment of our ultrathin autocorrelator.

Slight variation in the ratio may be due to quasi-colinear geometry of our delayline.
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Figure 4.5: Experimentally obtained 2nd order intensity autocorrelation of fs pulses.
The graph shows FWHM of 35.45 fs and corresponding pulse width of 25.14 fs
(FWHM/+/2). Inset: SHG blue color fringes and tracking point is shown here.

The central peak FWHM is calculated to be around 35.45 £ 0.03 fs which gives fs
pulse width (FWHM/v/2) of 25.14 + 0.03 fs. The measured pulse width is within
1% error assuming 25 fs theoretical value. Here, V2 is de-convolution factor used
for Gaussian shape pulses. This measurement validates the performance of the new

ultrathin autocorrelator.

4.4 Conclusion

A compact autocorrelator realized with two vertically placed ultrathin glass slides act-
ing as both split and delay unit, is demonstrated with femtosecond pulse measurement
in near-IR regime through second harmonic generation via BBO. The autocorrelator
offers negligible dispersion and shows high phase stability due to its common path
configuration. This ultrathin autocorrelator accurately measures the fs pulses within

1% error.
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Further, this autocorrelator can be used for even a few cycles i.e. sub-10 fs pulses due

to its negligible pulse width broadening effect and high time delay resolution.
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Chapter 5

Delayline as white light interferometer

5.1 Introduction

Interferometers are the popular optical techniques with which even a small measure-
ment of distance of order of wavelength of light is possible. Usually, such small distance
measurement is not achievable with other methods and thus it becomes an important
tool in scientific meteorology. White light interferometers have a huge variety of ap-
plications such as surface topography via vertical scanning interferometry, thin film
measurements, gravitational waves detection, characterizing coherence properties of
optical sources etc [30-33, 36, 83].

An interferometer is commonly understood as an occurrence of interference phe-
nomenon by superposition of two or more light paths which is further measured
and analyzed. Optical interferometers are mainly divided into two categories, ampli-
tude split and wavefront split of incident light. Michelson interferometer(MI), Mach-
Zehnder and Mirau, are some of the examples of an amplitude split interferometer [38].
MI is the basic and commonly used interferometer in various optical measurements.
It consists of a beam splitter, a reference mirror and an object mirror. The two paths
of light beam reflected from reference mirror and object mirror are superimposed re-
sulting in an interference pattern and its path difference is controlled by linear motion
of the reference mirror [39]. A white light interferometer uses a broadband source of
light like tungsten bulb. In this case, the path difference between reference mirror and
object mirror must be within coherence length of the white light source (typically <
5 pm) in order to obtain interference fringes.

However, it is hard to align an interferometer with such small path difference near
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zero delay position with non precise linear translation stage. It is quite challenging to
obtain repeatable auto reference to zero position through the above mentioned am-
plitude split interferometers. Here, the requirement of atleast nanometer scale OPD
resolution is to be fulfilled by the interferometer. Also, mechanical vibration and
acoustic noises associated with the setup make it hard for amplitude split interfer-
ometers to remain in stabilized form and results in fluctuations in white light fringe
colours.

In order to obtain white light fringes in time efficient manner or obtain zero delay
position easily, modifications in MI [84] and common path Sagnac interferometer [40]
are reported earlier. Whereas wavefront split interferometers can replace amplitude
split interferometers providing higher stability regarding path fluctuation due to their
common path configuration geometry. But most wavefront split interferometers like
Young’s double slit, Fresnel biprism and Billet lens [41] show lack of OPD tunability
and provide information about spatial coherence of light source only with the inter-
ference fringes [38]. A number of wavefront split interferometers based on split mirror
or reflective prisms are reported which are commonly used with ultrafast pulses [85]
but they can not readily produce white light fringes due to complexity in design and
in beam alignment. So, a compact and simple wavefront split interferometer with
tunable path length difference will be a good tool to be used in various white light
interferometry applications.

For white light interferometers, optical component dispersion is crucial thing to com-
pensate. Unbalanced dispersion in two interferometric paths can cause distortion in
white light interferogram by producing asymmetry in interferogram or increment in its
FWHM [34, 86]. Tt is important to balance the dispersion in order to have quantitative
measurements in white light interferometry. Also, dispersion will lead to difficulty in
obtaining zero delay position commonly faced in conventional designs of white light
interferometers. The zero path delay position is usually estimated with envelope’s
amplitude method in white light interferograms [87].

In order to obtain white light fringes readily, we use our ultrathin delayline as a white
light wavefront split interferometer. We used ultrathin glass plates in our interferom-
eter. It is ultrastable to path fluctuations and does not need precise beam alignment.
Also, it is capable of providing picoscale resolution in the measurement of white light
interferograms. This setup directly gives white light fringes due to zero path po-
sition in parallel configuration of the glass plates. Also, its optical path difference

is controlled by precise rotation of one of the glass plate. Further, this white light
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interferometer is demonstrated for measurement of the coherence length of various

broadband sources.

5.2 White light interferometer setup

The schematic of ultrathin delayline used a white light interferometer is shown in
Figh.1. Most of the components used here are common to white light MI except beam
splitter and detector. In the schematic, the variable slit (s) is used to make white light
spatially coherent [88, 89] necessary to obtain white light fringes and we will discuss it
in detail in next section. Using a collimator lens (L1), white light is directly incident
on ultrathin interferometer. An aperture is used to control intensity of white light on
camera chip to avoid over-illumination. The setup consists of a convex lens (25cm)
to overlap the two interferometric paths at CCD camera chip (Thorlabs DCC1645C)
placed near the focal plane. The white light fringes are observed in very narrow region
and need a camera chip providing higher angular resolution than our naked eye to
observe and analyze these fringes. Our lens-camera system has an angular resolution
(pixel width/f) of around 16 prad (1 pixel size of camera = 4 x 4 um? and focal length

of lens = 25 cm) whereas our eye has resolution of around 300 prad [90].
X
/y Z

slit (s)

source lens (L,)

Figure 5.1: A schematic diagram of ultrathin white light interferometer. A broadband
light source is made incident on interferometer after passing through a variable slit
(s) and collimator lens (L1). The white light interference fringes are collected on a
camera chip with a convex lens (L2). Insets: Pictures of the interferometer and a
white LED source interference fringes.

In ultrathin white light interferometer, the two exactly same glass plates in par-
allel position directly result in formation of white light fringes. This interferometer

is very time efficient regarding white light fringes observation without any tedious
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alignment practice as in conventional Michelson interferometer. Also, the parallel
position of both glass plates ensures the zero path delay position (ZPD). The ZPD
is the condition at which all the wavelengths/wavenumbers of light source contribute
to interferogram giving maximum intensity at that point (Fig.5.2). All the spectral

components interfere constructively at ZPD.

1 N YU RGB

oL
1T B

L 2 '] Py [0 Py P '] Py [ Py []
6 5 -4 3 2 1 0 1 2 3 4 5 6
AD [um]

Figure 5.2: Experimental white light interferogram (RGB) along with its R, G and B
components. All spectral components (R, G, B) interfere constructively (in phase) at
zero path difference position.

The rotation of lower glass plate in ultrathin interferometer provides required optical
path difference for having a white light interferogram as discussed in chapter 3. The
range of OPD is zero to 32 um for 6,,,, = 60° which is sufficient to estimate the
coherence length of most broadband sources. A sample of white light fringes of white
LED source is shown in Fig.5.1, whose outer part is due to slit diffraction and remains
constant upon rotation while middle part shows interference colored fringes. The
diffracted part from each glass plate edge partially overlaps in the central region
resulting in interference fringes. The colour of central fringe changed deterministically
with OPD change. Note that any axial chromatic aberration from the focusing lens
adds only a static background colour and does not change with OPD variation.

The ultrathin glass plates (t= 140 um) induce group delay dispersion (GDD) ~ 10 fs?
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(estimated in section 2, chapter 3) while same material glass beam splitter (BS, t= 5
mm) will induce GDD ~ 1000 fs? commonly used Michelson interferometer (white light
passes 3 times through BS). These calculations show negligible dispersion compared
to conventional interferometer and whatever dispersion these ultrathin glasses induce,
it is identical for both the interferometric arms making it a balanced interferometer.
A balanced interferometer means that its path lengths in both the arms are equal for

all frequencies.

5.3 Measurement of coherence length of various light

sources

There are two types of coherence associated with a light source i.e. temporal coherence
and spatial coherence. A laser is highly spatial coherent light source but may have
high temporal coherence (e.g. He-Ne laser) or low temporal coherence (e.g. fs pulse

beam).

5.3.1 Temporal coherence

Temporal coherence length (L. = ¢ X t.) is one of the characteristic property of a
light source. Coherence time (t.) is calculated as inversely proportional to spectral
bandwidth (Av) of the light source. Temporal coherence denotes the phase corre-
lation of the waves at a particular point in space at different instants of time [38].
High temporal coherent light is related to its monochromatic nature. The temporal

coherence length can be calculated assuming a Gaussian spectrum of light [91] as

2In2 A3
VAV
where )\ is central wavelength of light source and A\ is spectrum bandwidth (FWHM).

It can also be measured from the interferogram of light source in which coherence

L. = (5.1)

length is defined as the OPD at which intensity value or visibility becomes 1/e of its
maximum intensity value [86, 92].

Most of the white light sources have low temporal coherence of order of a few microm-
eter and its measurement demands nanometer control and stability in OPD which is
provided by the ultrathin interferometer. Different white light sources such as tung-
sten bulb and white LED are used in this setup (Fig.5.1) and their corresponding

fringes are observed as shown in Fig.5.3. The interference fringes of different light
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Figure 5.3: Images of red LED, tungsten and white LED source fringes captured
at CCD chip using ultrathin glass interferometer, showing constructive interference
(maxima) at zero OPD and destructive interference (first minima). The cross mark
shows the intensity tracking position for interferogram.

sources in the central region will evolve with OPD change. Here, the lower glass plate
is rotated with angular speed of 0.5°/s and obtained the interferogram upon angle to
OPD conversion using equation 3.7. Here, the previously performed calibration with
He-Ne laser is still valid for broadband white light sources [35].

We also used a red LED light source having a Gaussian shaped spectrum in order
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Figure 5.4: (a) Measured spectra of three different light sources using Thorlabs spec-
trometer (CCS100). Experimental interferogram of (b) red LED, (c¢) tungsten bulb
and (d) white LED. The corresponding coherence length L. is the OPD corresponding
to 1/e of peak value is labeled. Inset in (c¢) shows picoscale resolution in the measure-
ment.

to validate our experimental measurement of coherence length approach for our in-
terferometer. The spectrum of red LED is measured via a spectrometer (Thorlabs,
CCS100) and corresponding central A\g = 631 nm and FWHM bandwidth AX = 19 nm
are measured (Fig.5.4(a)). Using these parameters, theoretical coherence length
L, = 13.86 pum is calculated from equation 5.1. With red LED interferogram, we
measured the experimental value L. = 13.02 & 0.04 pwm which is in good agreement
with the theoretical estimate within 6% error (Fig.5.4(b)).

We measured spectrum of tungsten bulb and white LED light source as shown in
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Fig.5.4(a). The oscillations in tungsten spectrum may be due to etalon effect in spec-
trometer [93]. In Fig.5.4(c) of the tungsten bulb interferograms, L. = 1.92 + 0.029
pum is measured which was also in reasonable agreement with the theoretical esti-
mate of 1.75 um calculated. This theoretical calculation is done by fitting a Gaussian
function to tungsten spectrum as shown in Fig. 5.4(a) and used fit curve central pa-
rameters. The inset in Fig.5.4(c) also shows a picoscale resolution of around 300 pm
with ultrathin interferometer that helps in precise measurements with these broad-
band interferograms.

Similarly, experimental coherence length of white LED source is found to be 2.22 +
0.035 um (Fig.5.4(d)). Here, we see the baseline noise in broadband sources interfer-
ograms which is caused mainly by intrinsic intensity fluctuations of these broadband
light sources. A small discrepancy between theoretical and experimental values may

be due to non-Gaussian emission spectra of these sources as shown in fig.5.4(a).

5.3.2 Spatial coherence
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Figure 5.5: The effect of slit width (s) on spatial coherence value (u) or visibility (V)
of fringes of white LED source. Theoretical curve corresponds to A|sm Tus) ““S)|
with experimental parameters u= 250 pum, A= 440 nm, L= 32 cm and A= O 83

Spatial coherence denotes the phase correlation between the electric fields at two
different points on a single wavefront transverse to direction of beam propagation. It

tells us about how much uniform the phase of light wavefront is. It can be measured
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via a young’s double slit setup and contrast of the fringes will directly provide the

spatial coherence value (p) of the source [88].
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Figure 5.6:  Spectrum of white LED with variation of slit width is shown here.
Spectrum is normalized to unity (for maximum intensity peak around 450 nm) for
each slit width.

For our setup, spatial coherence value (1) mathematical expression can be written
as [38],
TuS, ,, TUS
= [sin(—)/(— 5.2
p=[sin(550) /(5 52)
where u is central gap between two glass plates, s is slit width, A is central wave-
length of light used and L is distance between slit and interferometer. It is directly

evident that p will increase by narrowing the slit width (s) or increasing the distance L.

In Fig.5.1, we used a rectangular micro-slit of length 1 cm and variable width (s)
from 200 pm to 500 pm. It has sharp edges in order to make nearly a single point
source of light. It helps us in changing incoherent white light into partially spatial
coherent as previously reported [88, 89]. The purpose of this slit is to control the
contrast of the fringes in order to observe white light fringes cleanly. It has no effect
on temporal coherence of light source as it does not vary spectrum of the light source
as shown in Fig.5.6.

The experimental measurement of the spatial coherence value p of white LED source
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at different slit widths is done in our setup. We measured the visibility (V) of the
interferogram at each slit width, as shown in Fig.5.5. The visibility (V) can be defined

as,

1, — Loni
V = max mzn' 5.3
Ima:c + Imm ( )

In Fig.5.5, the experimental values show good agreement with theoretical curve.
We measured temporal coherence measurement with s = 200 ym to obtain maximum
contrast in our setup. The central gap between the glass plates is also kept minimum
(u ~ 140 pm) to get high contrast. However, light transmitted through this central
gap will not interfere (due to small temporal coherence length of white light source)
with two paths corresponding to upper and lower glass plates and adding a background

light only.

5.4 Modifications in WLI interferometer

slit(s)
source

ultrathin interferometer plane mirror

+

White LED Fringes

Figure 5.7: Schematic of double pass ultrathin interferometer. Inset: white LED
interference fringes are shown.
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A double pass white light interferometer is developed as shown in Fig.5.7. The
previous white light interferometer is modified in order to make cavity based measure-
ments. Tungsten interference fringes are also formed with this setup. One advantage
of this setup is zero lateral shift in this geometry if we use thick glass plates. Here,
lateral shift is compensated due to back and forth travel of light with same path. In
this configuration, the rotation of the glass plate will induce double the optical path

delay (OPD) for same angle of rotation compared to our previous geometry.

5.5 Conclusion

A new wavefront split based tunable white light interferometer is demonstrated which
can be used for multiple applications in white light interferometry. This interferometer
is compact, robust, dispersion balanced and easy to align which readily forms white
light fringes. The zero path difference position is directly obtained by aligning the
two glass plates in parallel position. It provides picometer scale tunability in OPD by
rotating the ultrathin glass plates precisely.

The ultrathin interferometer is used for measurement of temporal coherence length of
a few microns of different broadband white light sources. It is also be used for spatial
coherence information of white LED source. This white light interferometer has huge
potential to use in many applications like in measurement of optical properties of
biological thin films and solutions replacing the Rayleigh interferometer [94] or optical
density fluctuation of air due to humidity, turbulence and temperature [38]. Further,

it can be used in most white light interferometry applications.
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Chapter 6

General Conclusions and Future

Perspectives

In this thesis, the following objectives are achieved.

m Developed and optimized a table-top coherent XUV pulse source via high har-
monic generation (HHG) in gas medium. Harmonics optimization and charac-

terization are performed to get better reproducibility.

m Designed and developed a new delayline having features like absolute zero delay
reference, attosecond delay resolution and stability. It is experimentally realized
in controlling the yield of high harmonics and attosecond time scale measure-

ment.

m A dispersion free autocorrelator using ultrathin delayline is demonstrated with

characterization of fs pulses in time domain using FRAC technique.

m A picometer tunable white light interferometer is demonstrated with temporal

and spatial coherence measurements of various broadband sources of light.

The thesis consists of development and optimization of a table top high harmonics
attosecond source and different applications of a new delayline in HHG, in character-
ization of fs pulses and in white light interferometry are demonstrated.

At first, we developed a reproducible attosecond pulse generation setup via high
harmonic generation phenomenon with fs IR pulses. The characterization and opti-
mization of harmonics has been done which is an important goal to make our ATTO-

setup ready to use facility.
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We designed and realized a new ultrathin delayline for time resolved experiments.
This ultrathin delayline with sub 10 as resolution and around 2 as stability provide
a unique feature of time zero delay reference which is beneficial in ultrafast experi-
ments. Then it is used for controlling the yield of high order harmonics via IR-IR
time delay of input fs pulses. Harmonics yield contains sub cycle oscillations, thus
making this delayline capable of attosecond resolved measurement. Our work regard-
ing this ultrathin delayline having tremendous resolution and stability will help in
resolving attosecond dynamics in different systems such as photoionization of atomic
and molecular gas and in photonic streaking phenomenon with gas or solids.

Two applications of ultrathin delayline are also demonstrated in the thesis. First,
a dispersion and alignment free ultrathin autocorrelator for measuring fs pulse in
time domain. A second application is a tunable wavefront split ultrathin white light
interferometer for measuring the temporal coherence length of various broadband
sources like tungsten and white LED with picometer resolution. Further, a double
pass configuration of this white light interferometer having a sample cavity is also
proposed for additional applications in probing dynamical properties of matter and
in existing applications of white light interferometry.

In future, using ultrathin delayline for XUV-IR delay is an important step. With
these advancements, we will be able to carry out attosecond pulse characterization
using RABBIT or photonic streaking. Further, this delayline can be used for attosec-
ond resolved measurements in various ultrafast techniques such as photoionization of

atomic and molecular gas or transient absorption spectroscopy.
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Appendix A

Mathematical background of optical

path delay with rotation of glass plate

Derivation of time delay equation

Figure A.1: Schematic showing optical path difference (AD) and lateral shift (L)
by rotating glass plate to angle 6. t,thickness of glass plate; n, refractive index ; r,
refraction angle.
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The optical path difference (AD) when a glass is rotated by a angle 6, is written

(from FigureA.1) as;

AD = (nad + de) — (nab + bc)

In A afd; ad = -

cosr’

Also, in A dec; % = ginf. On solving further,

de = dcsin 6
= (fc— fd)sin6.

From A afc and A afd;
de = (ttanf — ttanr)sinf

From FigureA.1, ab =t and bc = ac-t .

By putting value of ac from A afc, we get bc = - t.

cos 6

Also, from law of refraction (air-glass interface);

sinf = nsinr

(A1)

(A.5)

By inserting above all in equation A.1, we obtained equation similar to reference [20].

AD =

COST

= nit(

CosTr
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Further solving in simpler form;

. 2 9 . . 9 1
AD = —nt + t[Sm _ Smrsmy + 1] (A.8)
cosT cos cosT cos
nt tsin?6  tsinrsind t
= - - —(n—1)t A9
cosT + cos cosT cosf (n ) (A.9)
—t
= 1 — sin® —sinrsinf] — (n—1 Al
cosQ( sin” 6) + cosr[n sinrsinf] — (n — 1)t (A.10)
t sin®#
= —t 0 — — — 1)t A1l
cosf + cosr(n . )—(n—1) ( )
t 2 )
= — 0) —tcosh — (n— 1)t A.12
p— (n® —sin“0) —tcosh — (n — 1) ( )
:th—tsiHQH—ntcosﬁcosr_(n_l)t (A13)

ncosr

n2t — tsin? 0 — nt cos 1—5124
_ v R (A.14)
n /1 - Sinze

Optical path difference can be written in this form which is similar to reference [2].

B n2t — tsin? 0 — t cos 0/ n2 — sin’ 0

AD n—1)t A.15
n? —sin 6 ( ) ( )
For simplification, put f(#) = v/n2 — sin? 0
t[n? —sin? 0 — cos 0 f(0)]

AD = —(n—1) A.16
e (n-1) (A16)
=t[f(0) — cosl] — (n— 1)t (A.17)

Time delay (A7) = ATD where c is the speed of light in air.
Ar = L10) = cost— (n— 1)]. (A.18)

C

Lateral shift expression

From FigureA.1, Lateral shift (L) is written as;
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L =ec=dccosb (A.19)
= (ttanf — ttanr) cos 6 (A.20)
i 0
— {[sing — 2P (A.21)
cosT
_ t[sin 6 cos r — sin r cos 0] (A.22)
cosT
t[sinfy/1 — Sig# — 528 ¢os 6]
_ — (A.23)
1 ae
g/ s - ) (A2
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Figure A.2: Theoretical plot of OPD, relative time delay and lateral shift as a function
of rotation angle (#). Here, n is taken as 1.52 and t is taken as 140 pm.
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Taylor series expansion

Optical path delay equation can be written explicitly as a function of # for small angle

by using Taylor series expansion [95].

1 1
AD(9) = AD(0) + AD'(0)6 + 5AD”(O)&2 - §AD”’(O)93 + ... (A.26)
We have a derived simple expression for optical path delay where f(6) = \/n? — sin?#,
AD(O) =t[f(0) — cosO] — (n — 1)t. (A.27)

Upon solving above equation (obtained derivatives using Mathematica), odd powers

of 6 get vanish and we get

(n—1¢ , (4n* —n3—=3)t ,
AD(0) = 0 0 A28
() 2n + 24n3 + ( )
and corresponding time delay is;
Ar(g) = (M= Dtge U2 =" =3t gy (A.29)
T = .
2nc 24n3¢
= k> + K0* + ... (A.30)
l l —IKO2 l I %uerror in lk92 l ' l
= Exact Equation % error in ko’ + k'0*
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Figure A.3: (Left) Theoretical plot of time delay equation and Taylor’s expansion with
variation of rotation angle. (Right) The corresponding percentage error in Taylor’s
expression of first and second order. Here, n is taken as 1.52 , ¢ = 3 x 10®* m/s and t
is taken as 140 pm.
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Theoretical equations for interference intensity
The equation used to fit intensity of fs pulses interference is [57];

_(AD )2 2m
I(AD) = Ip(1 + e “Feon cos()\— x AD)) (A.31)
0
where ) is central wavelength and L., =A*/A\ is the coherence length of light used.

Using equation (A.17), the above equation is fitted for Intensity vs angle (#) plot.

16) = o1+ R cos (ST a([£(6) — cosf] — (n— 1)) (A32)
0

Also, Equation (A.31) in terms of time delay (7) will be,

[(7) = Io[1 + ¢ cos(? < 7] (A.33)
= Io[1 + f(t, 6t) cos(woT)] (A.34)

where f(t,0t) is pulse envelope and §t is the pulse width.

Note: it is also possible to fit first order autocorrelation function to fs fringes
intensity oscillations.

For continuous monochromatic laser, L., approach to infinity and expression be-
comes;

I(AD) = Ip(1 + cos(i—” x AD)) (A.35)

I(AD) = 21, COSQ(Ai % AD) (A.36)
0

Variation in CEP with rotation of glass plate

Rotation of glass plate will also induce a change in carrier envelope phase (ACEP).

This can be related to optical path delay [4] as;

ACEP = 27?2—2 x AD (A.37)
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Plot of variation in CEP in our case

The term g—;, also called as chromatic dispersion, is taken from Sellmeier’s equation

according to reference [96]. % = —0.015721 pm ™"
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Figure A.4: Change in CEP as function of rotation angle 6. Here, n is taken as 1.52
and t is taken as 140 pm.

Variation in spectrum of light due to ultrathin glasses
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Figure A.5: White LED spectrum with (transmitted) and without ultrathin glasses
is measured via Thorlab spectrometer. No significant variation is seen suggesting that
ultrathin glass plates (fused silica) can work for wide spectrum specially in white light
interferometer.
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