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ABSTRACT

At present, the energy afsingle isolated attosecond pulselimited to nanojoule levels.
As a result, an intense femtosecond pulse has always been used in combination with a weak
attosecond pulse in timesolved experiments. To reach the goal of cotidg true attosecond
pump-attosecond probe experiments, a high flux laser source has been developed that can
potentiallydeliver microjoule levelsolatedattosecond pulses in the 50 eV range, and a unique
experimental end station has been fabricaretimplementedhat can provide precision control
of the attosecondttosecond pumprobe pulsedn order to scale up the attosecond flaxunique
Ti:-Sapphirdaser system with threestage amplifiethat delivers pulses with2 J energy at a 10
Hz repeition rate was designed and built. The broadbaudespectrumcoveringfrom 700 nm
to 900 nm wageneratedsupporting a pulse duration dt fs. The high fluxhigh-order harmonics
were generateth a gastubefilled with argonby a loosely focusedgeoméry undera phase
matching condition. The wavefront distortionstieedriving laserwere correctetly a deformable
mirror with a ShackHartmannsensorto significantly improve the extreme ultravioletdiation
conversion efficiency due to the excellent beam profile at focus. Adagiagethreshold beam
splitter is demonstrated to eliminate energetiging laser pulses from higbrder harmonicsThe
extreme ultraviolet pulse energymeasured to b@ 3microouleat the exit of the argon gas target.
The experimental facilities developed will lead to the generation of microjoule level isolated
attosecond pulses and the demonstration of true atto-pttmprobe experiments in near future.
Finally, in experimefjy we show the firsdemonstation of carrierenvelog phasecontrolied

filamentation in air using millijouldevel fewcycle midinfrared laser pulses.
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CHAPTER 1 - INTRODUCTION

Since the invention of the lasergsificant progress has been made in developing shorter
and nore intense light sourcg$-3]. The reduction of the pulse duration and itientenancef
high power lasehave driven many areas of physics over the past depéddhe highintensty
femtosecond (1 fs=18 s) lasers were always beneficial to atomic, molecular, and optical research
but electron dynamic processelich occuron attosecond (1 as =18s) timescales could not be
imaged[5]. Thus, to image any electron dynamics process in atoms or molecules, a light pulse
faster than the process itself is requiredrevpnt blurring of the imag&or example, the time it
takes for an electron in the first Bobrbit to travel a Bohr radius ~27.2 a$6]. This timescale is
out of the reach of the shortest laser pulses ever produced directly by any laser amplifier in the
world. A new methodvasrequired to reach attosecond pulse duratiatsch were created by
way of high harmonic gemation (HHG)[7]. When a higlpower laser is focused into a rare gas
target wih an intensity of 10" - 10 W/cn?, a series of odd order harmonics of the fundamental
driving pulseis producedwhich is the generation of higlarmonis [8]. HHG is recognized as a
very attractive coherent shestavelength lighsource, bein@pplied to many research areas such
as attosecondcgences, plasma physics, higesolution imaging, spectroscopy and nonlinear
optics in the extreme ultraviolet (XUV) regi¢®11]. However, arrently, he energy of available
XUV pulses is limited by the low conversion efficiency and the energy of the driving[1&der
For the further development wériousapplications, the most impautt issuds attosecongbulse

energy scaling.



1.1 ThePrinciple of Highorder Harmonic Generation

HHG process habeen studied extensively in recent yedtrsvas first discovered by M.
Ferray etc. in 1988]. By interacting intense femtosecond lasers with a gas or solid taigjet,
harmonicscan be generated. In experiments, this is usually realized by foauf#ngosecond
laser into a noble gas cellhe HHG process can be understood with a three step model theory

which wasdeveloped in 199813]. It is a semiclassical recollision modelas shown irFig. 1.1

[1].

Figurel.1l Thethreestepmodel for HHG (adapted froifd]).

A groundstate bound electron in an atomic potential can tunnel through the atomic
potential vihenthe intense femtosecond neiafrared pulse (yellow line) areapplied. First, the
electron ispushedaway fromanatom near the peak tdserfield (a) and accelerated (b). When

thelaserfield reverses, the electraan bedriven back (c). Then thdeztron recombines with its



parental ion, and a photon is produced\(dhenthe followingtwo conditions are metthis process
can be treated classically after the electrdineis from the atom or molecules) the electron in
the continuum states is honger affected by theoulomb interaction of the atorfij) only the
ground state of the atom contributes to the evolution of the prothisis true in the non
perturbative regime where the Keldysh parametas muchless than f14]. Here,y is gi ven

the following equation:

2lpma?

y = \/ez—Eé (1'1)

where } is the ionization potential of the atora,and m are the electrorthargeand mass,
respectively & is the laser field amplitude, andis the laser frguency[15]. After tunneling, the
electron will travel some distanesvayfrom the parent ion and when the electric field ef ldser
switches sign, the electron will reverse direction and refline. kinetic energy(K.E.) of the

electronis given by:
K.E.= 2Up(t)[s i(wt; + @) — s i(wtg+ @)]? (1-2)
where tisfinal recombinationtimeipi s t he el ¢ ¢ t risdthecarvesenvelope phase a n d

(CEP) of the lasef16]. U, (t) is the ponderomotive energwhich is a cycle-averaged kinetic

energy of the electronUs{tyisigivendy i ng” in the ele
e’Eg(1)?
Up(t):4—m02 (1-3)

The electron has a probability of recombining withparent ionafter propagating in the
laserfield. The electron releases #lle kinetic energy it gained in the formh a harmonic pulse

once it returns to its ground state. The energy of the phptaasiceddepends on the time the



electron was born in the electric fiellhe maximum kinetic energy of electoan reach is

3.174,, sothehighest energy photaiicutorr) possibly released [47]:

e?Ey(t)?
Ecut 6 lp + 3.1 7%4@\5 (1-4)

Here L is the laser intensity arid is the laser wavelengtfrhis implies that if the intensity or
wavelength of the driving laser is increased, ¢htoff is increased as welSince the tunneling,
propagation, and recombination occurs once per half laser cycle, it means foreyoielpulse,

a train of attoseaul pulses iproducedwith every half an optical cycle.

High harmonic plateau
v .

rf P

Relative
intensity

|

1 | | |
5 10 15 25 35
Harmonic number

Figurel.2 A typical HHG spectrum. After the fast decreasifigdHG signal in the low energy
domain, glateauregionwith comparablentensitywas followed by a cutoff18].



A typical HHG spectrum is illustrated iRig. 1.2. The energyor eachharmonic drops at
low frequenciesbut levels out in a plateau of successive harmowitls similar erergy before

eventually dropping to thiar end (cut off).

1.2 Experimentalbetup andVeasurement of HHG

Figure 14(a) shows an extremdtraviolet (XUV) generabn and spectrometer capable of
producing and measuring the spectrum of emitted HE8E A 30 fs, multicycle 800 nm laser
pulse is focused by an =300 mm focal length plaancave mirror witlan anti-reflection coatig
into a 1.6 mm long gas target, whichaigjlass cell with two ker drilled holes in itThe gascell
is usually filled with either argon, neon grenonat pressures on the order of 1drt The excess
gas is evacuated from the generation chamber with turbos and roughing purtips) of
attosecond pulses is generafseeFig. 1.4(b)) as long as the laser intensity reaches the order of
10'3-10 W/cn?. The highintensity pump pulse is epropagating witthe HHG. It is necessary
to reducethe intensity of thelriving laserto less than a hundregigawatts per squareitimeter
to avoid damgingthe following optical component# thin (~200nm) aluminum(Al) filter is
used to remove the residudfiving laser, leavingonly the XUV photons.t also partially
compensatethe intrinsicatto-chirp [20]. The transmission range of this Al filter covérsm 15
eV to 71 &/, correspondindrom the 9th to45th harmonis of thedriving laseras shown irFig.

1.3[21].
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Figurel1.3 The transmission faa200 nmAl filter as a function of thXUV photon energy.

After the filter, an XUV photodiode could be placed intioe beam line to measure the total

XUV photon flux.Then, theharmonics were incident on aréidal grating.The dispersed XUV

hit a microchannel plate (MCP) detector with ~1200 V appliedagttbsphor screen with2000

V applied. The image of the spectrum was recortgé CCD cameraehind the screen.
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Figurel.4 (a) XUV Spectrometel(b) Attosecond pulse train from a gas target

Ay



1.0

o
o
|

o
o)
|

©
~
1

Normalized Intensity

o
(V)
1

o\

00— T 7T T T T T T T
50 52 54 56 568 60 62 64 66 68 70 72 74 76 78

Photon Energy (eV)

Figurel.5 A typical HHG spectrum ofélium gas bya 30fs linearly polarizeddriving laser.

Figure 1.5 depicts aMHG spectrumgenerated from delium gas targetunder this
experimental conditiarAmmosovDeloneKrainov (ADK) theory was developed to calculate the
ionization probability of atoms in the intense laser field. The ionization onlyreagithin a

fraction of one optical cycle. The average ionization isatgven in atomic units bj22]:

( )3/2 2n -|m|-1 2(2| )3/2

WD) = 1plGy 112G o ) e 38 (1-5)

where the coefficients aggven by:



22n

G 1=~ RSSO (1-6)

(2 1)1+ |m|)!

G = mI (- TmD)]

(1-7)

wherelp is the ionization potential of atoms or molecules. The n* is the effective perguijintum

number, given as:

= Z

Here,Z is the atomic core charge amdis theprojection of the angular momentwn the
electric field. And I* is the effective angular momentum quantum numBer, theionization
probability is calculated as:

t
Pt) =1-e x(p W(t)dt (1-9)
As an example, igure 1.6 depicts the ionization probability for the argon gas. pulse

durationis 40fs and the intensitis 2x10**W/cn?.
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Figurel.6 ADK calculation for ionization probabilitfor argon gas with a laser intensity of
2X10*W/cn.

1.3 High-flux AttosecondPulses

Attosecond pulsegenerated by thiateraction of the ultrafast high power laser with atoms
as discussed previouskyerecognized as a very attractive coherent siwaxtelength light source
[23]. Great interesthave been aroused recently to study the interaction of int€hé radiations
with atoms and molecules thanks to tapid development doflifferent intense coherent XUV
sources sch aghe free electron las¢24], the plasmax-ray lasef25] andhigh-order harmonics
[26]. In the nextfew years, attosecond tirresolved measurements will adsisekey advances in
materials science that are of great interest to sciefRist28] The physical phenomena induced
by theseintense XUV pulses are expected to be much different from thosesible or infrared

pulsessincethe electron quiver energy atite averageelectron energgainedin theelectricfield
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areproportional to the square of tdeving laserwavelength Attosecond techniques will also be
used to unravel the dynamicspfase transitions in strongly correlated materials, providing new
insights into metato-insulator transitions (MIT) in these materials that will provide rapid
switching of optical transmission and novel developments in high speed electronics with much
lower power consumptioj20, 28, 29]

Recent progresses include the observatidthedfionsgeneratedby anonlinear interaction
betweerhelium atons and photons with an energy of 42 eV which are genebstéite 27" HHG
[30]. Also, experiments perforrmallustration of two-photon double ionization of ne@oms by
using an intense attosecond pulse train (APT) where both direct inditect sequential
mechanisms are allow¢8l].

Figure 1.7 shows the theoretical attosecond pump probe demonstration with its application
to detectultrafast electron motions inside atoorsmoleculeg32]. A groundstate helium ators
pumped firdly by an XUV pulse with a 500 aspulse durationOne of the two groundtate
electons is excited into 1s2p staté He. After pumping, the excited electron wave packet
periodicaly movesbetween theuter turning poinand itsnuclear core while the inner electron
wave packet remains close to the nucldine two electroriscorrelationmainly depends on their
relative separatigrand this correlation can be screened by a problingshort attosecond pulse
with a pulse duration of 250 a#.the outer electron has a large separation from the nucleus, the
core electrowill absorbmost of the XUV photon eneygndleavesthe atom quicklyThe ouer
electron wi Ishakee X fp e r i Iptlrecatoseaand probe occurs when the euter
electron is very close to the cotke two electrons will share the XUV photon enesgind will
be "kicked out" from théeliumatomat the same tim@2]. So, by varyinghe time delay between

the attosecond pump and probe, it is expectet io m a tlyeeelectron correlation by measuring
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the energ sharing between the two ejected electrisnm atoms Although thesedlemonstrated
performance open up theoretical possibilities is very hard to carry out trupumpprobe
experimentslue to the limitation of the attosecond pulse enéfgysum up,hiere are three reasons

why pumpprobe technology is still inaccessible to attosecond science: (1) Attosecond pulses are
inefficienty generated using relatively low energy drivers. (2) The isolated attosecond pulses are
only generated with 800 nm driving lasers, which limits thraycphoton energy to less than 150

eV and (3) The focal properties of attosecond pulses have not beaizegandthe opportunity

for micron focusing of the short wavelength attosecond pulses has never been exploited.

=
(7]
w

o]

~--————

Figurel.7 Schematic diagram diie attosecond pump probe falim.
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CHAPTER 2 - ISOLATED ATTOSECOND PULSE GENERATION

This chapter will give an overview of the gating techniques for géngrasolated

attosecond pulsesmplitude gating, polarizationgating, two colorgating double optical gating

and generalizeddoubleoptical gating

2.1 Amplitude Gating

Photoionization confined to a single wave cyotatributes tdhigh-harmonic generation
which can be related to electron trajectories with a known timing to the dfasedield. From
the threestep procesdiscussed inltapter one, thenost straightforward way is to use a driving

pulse ofasinglecycle duratior[33]. A 3.3 fs driving laser was used, whicbrresponded teul>

1.5cyclesas shown irFig. 2.1

o Po

1
-
1
e,

A VIEEIESE 3 S

Figure2.1 Single attosecond pulse generation by few chaders
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With this anplitude gating (AG) method, 80 as isolated pulses were generBtgdhis
method limits the achievablpulse bandwidthfor the super continuum and hence the pulse
duration since the zirconium filter was applied to filter out the low energy comoaeadtonly

the cutoff region makes contribution to the final single attosecond pulse.

2.2 PolarizationGating

The HHG proess shows the strong ellipticity dependence on the driving lasef3ld
This can gata single pulsérom an attosecond pulse train, which can be explained by the three
step modelFor the last step, théeetron driven by a linearly polarized intense field returns to the
parent ion.However, the electron can be steered away from the parerift aonellipticity is
introduced to the driving field-esulting in no recombination, and no attosecond emission due to
anaccelerdbn in a transverse directidior the electron. Thusghe harmonic efficiency drops off
quickly [35]. This effect can be maximed for circularly polarized fields and the electron will
never return to the parent iofhis opens another method to generate single isolated attosecond
pulses without singlecycle driving laser$36]. It relaxes theextremely difficult requirement of
amplituce gating[37]. In experimentby combination of a right and left circularly polarized laser
pulse with a time delay,sTbetween theran electric field witra small linear portion in the center
is generated38-40]. At the same timeit alsohas the circularly polaed leadingand trailing

edges as shown ffig. 2.2.
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Figure2.2 The right and left circularly polarized pulses and the PG gating field

This gates an isolated single pulse from an attosecond pulse train since it only allows

attosecond pulses to be produced within the central linearly polarized portion of the driving laser

filed. Thesuperimposeelectric field is given by

E(t) = Eqr i I+ Ega 60T

The driving fieldEarive is given by

(t=15)?

—21 é‘_i?df -2 Rl —
™ )c o ept+ @cgl

Ed r i(\Tﬂ)e: EO[(e TP + e
And the gating fielEgateis given by
Tdy2 dy2
(t+r=0) (t-=")
-2 R2$—  -21 p2g
to-e o )s i(@gt+ @cp]

Ey a{d = Bo[(e
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whereEy is the amplitude of the circularly polarized lafetd, 01 s t he fceigthelCEn c vy,

p h a s e pisathe pulse duratiorfigure 2.3 demonstrates the three dimensional frame for the
electric fields.

0.04

Amplitude (arb anit)

Figure2.3 A three dimensional frame féihe PG electric field. The black line represents total
field. The red (driving field) and green lines (gating field) are projections on two orthogonal
planes.

The ratio of the magnitude of the gating field and the driving field yields the time dependent
ellipticity:

It Tk (2-4)
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The Taylorexpansion of the center of the electric field can be calculated and approximately

yields the term:
T
&) = |2 I(Zl)étl (2-5)

where the laser is approximately linearly polarized. For maximizing the HHG flux, a gate width is

attained and can be written as:

Ethﬁ
I @) Ty

ot c= (2- 6)

wh e rids defined as théhreshold ellipticity for harmonic generatiofhe experimental setup is

shown inFig. 2 4.

optic =L~ 1 1
Axii\ 45° = At = L(Vo- Vo) Axis
e-pu'lse o-pulse

Quartz Plate 7/4 Waveplate

Figure2.4 Optical Components for polarizatioating

A birefringent quartz platevhich has it optical axis oriented at 4%vith respect to the
input polarization is used to generate lfe and right polarized pulses-(and e pulses)and also
gives a time delay between the two componetier that, azero order quarter waveplaie
introduced with its optical axis parall& the input laser polarizatio®o, thiscauseghe linear
polarization in the center of the combined laser fiéld.isolated attosecahpulses as short as

~130 as were generated by this metfé]. The major disadvantage for PG is that the leading
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and trailing edges of the pulse deplete the ground state of tle¢ dasgand in facthey do not
contribute to the HHG procesBherefore, a large portion of the input laser pelsergyis wasted

and it significantly reduces the conversion efficiency.

2.3Two Color Gating

As was discusseblefore a laser focused intagas target will generate a HHSpectrum
of oddordes. Mathematically this is due to the Fourier transfornthef pulses traiseparated by
half an optical cycle of the driving laser and this \g#nerateodd multiples of thelriving laser
frequencyPhysically it can be explained by the fact that the symmetry of the isotropigasie
centrosymmetri¢42]. If the symmetry is broken, like in a BBO crystal, even orders can also be
generatedinstead of breaking the symmetry of an isotropic, gas, of course, much easier to
break the symmetry of the driving laddB]. This can be achieved gdding a weak, linearly
polarized seaad harmonic field to the fundamental driving laget]. Every other haltycles are
slightly enhanced Wile the other cycles are reduced between the two pdikesslight change to
the driving laser field can drastically change the HHG speataumsidering thdigh intensity and

nonlinearity[45, 46] The time dependent electric field is given by the equation:

E(t) = Egc d®t+ @cg + aEpC o3 b+ 29cet 9) (2-7)
wherea is ratio of the amplitude of the second harmonic to the fundamental lagsrthe CE
phasea n d @ relative phasesbetween the second harmonic and fundanteguaé 2.5 shows

the fundamentakecond harmonic and total electric field distributions.
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If the second harmonic intensity strong enough, every other cycle will not have the
sufficient intensity to produce an attosecond pulseltiag in a fullcycle period betweepulses.
Unfortunately, in experiment, satellite pulses are not many orders of magnitude below the main

pulse So, twacolor gating alone will noguarantedrue isolated attosecond pulse generation.

2.4 DoubleOptical Gating

From the above two sections, it is very obvious that bothctwor gating and polarization
gating have serious disadvantages with thesspectively. However, combining these two
methods, it may overcome the limitations of these two gating methods and makes a robust method
for the generation of an isolated attosecond that can be daily attained in thedake optical
gating DOG) is deweloped by a combination of two gating methods to produce the broad spectra
and single attosecond puldes]. Another disadvantage foroth PG andhe two color gating

techniqueis that itrequires a few-cycle driving laser with a precisely controlled CE phase for
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generatng single attosecond pulsgkl]. The requirement of CE phase stabilization for few cycle
driving laser put a restriction for the attosecond science resedd€dG canreduce this
requirementthusfavoring isolated attosecongllsegenerationThe driving fieldfor DOG is now

given by

(t+ 182 (1= 182
21 A2 g~ -2 A2d—
Ear i ()= Eol(e o+e ™ )c aept+ @cy

(2-8)
—21 (@)L
Zoc o Bwot + 20 e+ 0)]
w h e b S the pulse duration of the second harmonic field.
Thegating field is described as:
T4y2 _Tdy2
PN G P e 2 (2-9)

B a(0=Ele % -e % )si(mgt+ gcal

Figure 2.6 (a) showthe total laser field for DO weak second harmonic fieldirsduced

to the driving field and distts the electric fields slightly compared with the PG fieldibe
orthogonal fields for DOG are shownhig. 2.6 (b). The DOG fieldgred line) is the combination

of the SH field (purple line) and PG field (black line).
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Figure2.6 (a). 3-D image for the DOG fieldgb). SHG field (purple line), Driving field (black
line), DOG field(red line) and Gating field (green line).

From the gate width equation (2.&)can be concludetthat if the gate width is one
optical cycle, the pulse duration can be increased compared-wyhkdfgate widths. This relas
the requirement for thariving laser pulse duratior®o,DOG allowsmuchlonger pulse durations
to be usedThis is one of the major advantages for DOG since longer pulse durations are much

easier to generate in the lab for a daily operdd&h
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Figure2.7 lonizationprobabilitesfor DOG and Py ADK calculation

The ADK calculation for ionization npbabiliies is shown inFig. 2.7. The ionization
probability for DOG is much less than PG for all the pulse durations whiehsribe target will
be less depleted by the leading exigkthe laserAs a result, the conversion efficiency will be
improvedeading to a higher HHG fluBesides, the combined field of thght and left circularly
polarized pulsdor the DOG is strogerthan PG at a poinThis means there will be higher laser
intensity within the gate widths shown irFFig. 2.8. Since the harmonic cutoff is proportional to
the laser intensityDOG can greatly extend the cutoff and broaden the HHG spectrum. Thus, it

can support shorter pulses than PG.
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Figure2.8 Peak Intensity within thgatingwidth for DOG.
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Figure2.9 Experimentaketup for DOG optical components.

The experimetal setup for DOG is very clode that for PG except the additional BBO
crystal for the second harmonic generaagrshown irig. 2.9[49]. The optical axis of the BBO
crystal lies 29 from the normal, which meets the phase matching condition for the second

harmonic generation dhe 800 nm fundamentall he first quartz plate works the same as PG. It
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separates a linearly polarized inputseinto two orthogonally polarized pulses wildelay After

the first quartz plate, the tweand o pulses are incident onto a second quartz plate and then a
BBO crystal.The two pulses project onto the optical axis of the second quartz plate and generate
two new orthogonal fields: driving and gaiields. The BBO is negative uniaxial and it can
cancel somef thedelay introduced by the second quartz ptate generate the second harmonics

of the fundamentalAs a result, they work together as a quarter waveplaefield components

of adriving laser pulse after BBO are shownFig. 2.10.
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Figure2.10 Field componentdor DOG after BBO crystal.

An important point here is how the BBO should be rotated. To fine tune theplhésang
angle, itshouldbe rotated about an axis perpendicular to the input polariz&8iooe the SHG

efficiency is dependent on the intensity of the fundamental lasepogition along the laser
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focusing geometrghould be optimized. Great caraist be taken not to place it too close to the

focal point to avoid damaagg thecrystal.

2.5Generalized Double Optical Gating

The DOG method still has a disadvantage becatsequires a pulskess than 12 fsThe
output pulse duration of tha:-Sapphirdemtosecondaseris usually ~2535 fs which is too long
for DOG to work.A hollow-core fiberandchirped mirros for spectral brodening and temporal
compressiorareapplied to shorten the pulse to a few fs, however this limits theibeti@rgy of
the driving laser since the coupling efficiency from fiber and chirp mirrors is only ~50%.
implies that the full output energy from the-Sapphirefemtosecond lasesystem couldot be
used to scale the attosecond pulse flux to extremely high |&keldhed level, which issufficient
for conducting nonlinearattosecond experiments or attosecongpump attosecongdrobe
experimentsTherefore,our motivation is to deelop a gating method for generating attosecond
pulses directly from the driving laser of a high enesgiput up to Jevel withoutpulse duration
limitation. This is of great importander daily operations in mogabs.Due to the depletion of
the tar@t gas by théeadingedge, it putsilimitation onusing longer pulses for generating isolated
attosecond pulsesSo, a new method to reduce the depletion can improve the efficiency. It can be
achieved by changintpe ellipticity of the leading edg@his also reduces the requirement on the
delay between the two pulses even lower than DUOGs is the main principle of generalized

double optical gating (GDOG#8]. For GDOG, he ellipticty requiremenis more general than

requiring only circular polarizatioaswith DOG.A fact or of € for ellipticq

driving field. The driving field is expresdas[50]:
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S i(\t)e: EEO[(e_2 | H_ZT_'%_'F e_2 | H_QT_I%_) c o egt+ @cp] (210

where € 1s the ellipticity of the lefs and ri
For DOG, this equalsneas the lasers are circularly polarized. It means DOG is just GDOG with
e = 1.t is worth notingthat the second harmonic field terms do not appear here since it is much

weaker tharthe fundamental fieldThe gating field for GDOG is given by:

(1> (t=9)?

Eg o {Q = Eol(e o-e ) s i(@t+ @cgl

So, the ellipticity is time dependentdagiven by:

~4T4l n2 ~4T4l n2
o 1-e T g[l+e % ]
&(t) = mi [r AT4 02 S (2-12)

gfl+e ] 1-e i
The time dependenellipticity is shown inFig. 2.11. A Taylor expansiorwill give an

approximation:

_ T
()=12 I(Zl)ﬁtl (2-13
Solving this equation gives the gating width:
& n T%
ot~ = ¢ — (2-14)
T @

whereé& is the threshold ellipticity foHHG. This equation is very similar to the gate width for
DOG. A feature to point out ithat driving field is reduced by a factorThe gating field remains

the same.GDOG pulse still hasreelliptically polarized leading anéiling edge.
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The experimental setup is shownRig. 2.12. Compared with the DOG set up, the only
difference is thabne Brewster windovis placed after the®iquartz plateThe reflectivities of a
Brewster windoware shown ifrig. 2.13.1t allows for the angle to be tuned to control the amplitude
ration between driving and gating fieldse r ¢, we have “s” Hthallaserp” p ol
polarization lies parallel-potloa rtihzee dp”l.a nlef otfh ei nj

perpendicul ar to -pdli arRpUdGDAG, the driving pulse isgrarizecc d s

at the Brewster window and the gating pulse-pofarized.
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Figure2.11 GDOG gating field (purple line), The time dependent ellipticity and ADK calculated
ionization probability.
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Figure2.13 Reflectivity versus incident angle for fused silica (81O
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Tuning the window to some angle can change the batiweerthe drivingandthe gating
fieldsand it can providamethod to control the gating width of the GDOG pul3ee of the main
advantages for GDOG is that it can further reduce the delay between the two driving and gating
pulses so that it will reduce the leading edge depldtothe gas targefigure 2.14 sbws an
ADK calculation and compason forthesethree gating methods as a function of pulse duration
GDOG definitely works without fuyl depletingthe gastarget for pulses longer than 20 Ksis
alsoworth noting thathis GDOG scheme can potentially triven by a jouldevel laser to scale

the attosecond flux
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Figure2.14 ADK calculation for gound state depletion of argon gas target for PG, DOG and
GDOG. The laser intensity is 1.9>X40W/cn?. Argon is used as the gas target.
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CHAPTER 3 - THE 100TW TI: -SAPPHIRE LASER SYSTEM

Currently, the energy ofiHG availableis limited bybothlow conversion efficiency and
driving laserenergies For the further development different applications, one of the most
important issues IBIHG pulse energy scaling.o boost the HHG flux, thereatwo methods: the
first is toincrease the conversion efficiency by improving the pimasthing conditions for the
HHG procesibl]; the second is to bebthe driving laser intensif$2]. As a result, a drivingaser
with a pulse energy up teldveland a good beam focusabilityll play an important roléor the
high flux attosecond@yeneration.

The uniquely designed laser systesrcapable of delivering 15 fsDQ TW pulse at a 10
Hz repetitionrate[53]. A high-gain amplifier operating at a kHz repetition rate raises the seeding
pulse energy from nanojou(eJ)to millijoule (mJ)level. Then, the mlevel seeding is boosted

by three consecutive powamplifiers working at 10 Hio ajoule levelpulse energy.

3.1 Chirped Pulse Amplification

The seeding pulse energy from a mdaleked Ti:-Sapphireoscillator is usually on the
order of nJTo boost the pulse energy to the order of mJ, a gain as higlf &srikded. The
pulses should be amplified &high energy without damagirige optical components accruing
nonlinear effects in the gain mediuiio achieve this goathirped pule amplification(CPA)was
implementedwith the laser pulse being stretched out tempgra¢sulting in the decrease of the

peak intensity to be lower than the damaging threshold of the sdmdrgain mediunfb4, 55}
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3.2 PulseStretchingandCompressing

In order to avoidlamaging, the seeding pulsrilse duratior-5 fs) from the moddéocked
oscillator needs to be stretchmeforeamplification[56]. The seeding pulses are stretched by many
orders of magnitude in a CPA systebhen, the stretched out in time pulses wsaetto the gain
medium to be amplified by a factor of°dr more The intensity is sufficiently lowvithout causing
any damaging but high enough to reachdéeiration fluence dheTi:-Sapphirecrystal Finally,
the amplified laser pulsarerecompressed back to teeedingoulse width, producing an ultrafast

and intense femtosecond laser pals#lustrated inFig. 3.1.

A

compressed
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-

Figure3.1 The temporal shape of a pulse through a CPA process.
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3.2.1Stretcher and Compressor

To stretchan ultrashdrlaser pulselurationto be~100pdevel, a pair of gratingss used to
form astretcherA large dispersion should be introduced to stratuhcompresthe pulseluration
over 1@ times.In a stretcher, the dispersion is controlled by rédative distance betweethe
image of the first grating anithe second gratinfp7]. The high-wavelengthcomponerg of the
laser pulse travel shorter path than th@wv-wavelengticomponerd So, it disperses the spectrum
and stretchethe pulses, introducingositive dispersionf58]. The reverse action, delaying the
longer wavelagth more than the shorter wavelength, compresses the pulse and thistieeho
compressor works The negative dispersion introduced by the compressor can compensate the
dispersion induced by the stretcher and materials if it is designed wappaapride incident
angle and displacement for the gratings. The dispersion can be described as a function of

wavelength59]:

(N = %\/1— (%—s i On )2 (3-1)

whered is the spatial period of the gratinggroolkke, i s t he gr at hiatheamglep ar at i
of incident.After the process of dispersing, amplifyingdacompressing, it generatsisort, high

power pulses.
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3.2.2iFast 20 fs, 3mJ 1 kHz Laser System

Our iFast kHz laser systewith a singlel4 passes amplifieanproduce 20 fs, 3mJutses

at al kHz repetition rate as shownking. 3.2 [60].

{)7| Evolution HE I
$

pA

d apoig

1858 *OAPN

5fs, 1m)

Figure3.2 Schematic of iFast kHasersystem.

A commercial oscillatointegratedvith aVerdi-G pump bkser(Vitara, Coherent) isapable
of producing a & fs seeding pulse with a repetition rate of\8Blz. The output pulse energy is ~
5 nJwith a beam diameter of 2 mmhe KHz pulses are selected thetPockels cell and sent to a
gratingbased stretchef6l]. After passing through the stretchdhe pulses aréemporally
stretched te-100 ps Then, the stretched pulses are amplified to 3 mJ throdgkpass amplifier
as shown irFig. 3.2. TheTi:-Sapphirecrystal is cooled to below 100 K by the cryogenic cotder
suppressnot only thermal lensing but also highender aberrations and distortionBy

geometrically arranging 14 passes of the seed beam through-®&pphiregain medium, a total
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gain overl(® was achievedA pair of cavity mirrors with ROC = 2000 mm was used in the
amplifier. After the first 7 passes, the beam is directed out of the cavitgducethe amplified
spontaneous emission (ASg9nerated during the peamplification procesby aPockels cellThe
beam direction is raised for the second 7 passes to be separated from the first Gaasses.
narrowing compensation filtewere applied to @uce the gain narrowing effef@2]. After the
amplification, the pulses are compresbgda grating compressor and the final output pulses are

20 fs with a 3 mJ pulse energy.

3.3100 TW, 15 fs CPA System

A driving laserwith a Jlevel pulse energis developed to scale theolatedattosecond
pulse energy to theJuevel. A GDOG method will be applied to generate the isolated attosecond
pulses as discussedchapter two.To reduce the leading and tailing edge ionization and increase
the energy from thénearly polarized portiomf the laserthe driving laser pulse duratioreals
to be les than 20 fs since only the centéithe combined fieldsontributes to the generation of
the isolated attosecond pulf]. To improve the conversion efficiency, it needs to kdep
duration of the driving laser pulse as short as possiblas,we built a Ti:-Sapphirdaser system
optimized to produce higarergy (~2 J and shorduration ¢15 fs) pulses for high flux isolated

attosecond pulse generation by GDOG.
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3.3.1Seeding Pulses Generation

To boost the driving pulse energy, we scale the seeding pulse enesgyndolevel
compared with the nJ level fdrekHz systemThepulse spectrum was broadenedtghollow-
core fibertechniquedue to the selphase modulation, resulting in a seeding pulse wittuch
largerspectral bandwidtf63]. A fiber with a150 cm length and 500 pm capillary radius isilled
with argon gassillustratedin Fig. 3.3. The laser beam is focused into the fiberab000 mm
focusing mirror through @.7 mm thick fusedsilica window This window was placed in the
middle of the focus and focal mirror to avoid sglifase modulation at the entrandée fiber
system is differentially pumped to achieve a thrqudlas hgh as 70%The exitingbeam is
collimated by a silvecoated concave mirror with @ m radius of curvatureFigure 34
demonstrates the spectra before and after the haltwer fiber.The spectrum isignificantly

broadened and supports a pulse shorter 16ds.

[/%

Figure3.3 Schematic diagram of the hollesore fiber setup
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Figure3.4 Laser spectrbefore (black) and after hollewore fiber (red).

Hollow fibers aredevelopedo generatesingle mode guiding elements and are suitable for
high pulse energiefRulsepropagationinside a hollow fibecan be treated as occurring through
multiple grazing incidence reflections at the dielectric inner surfatethe fiber Only the
fundamental modeill propagate in a long fiber, considering the losses by the multiple reflections
for higher order modes:or fused silica hollow fibers, the fundamental modénésEH 1 hybrid
mode[63, 64] The radal intensity is given by:

24058 32)

()= og(
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whereJ is the zereorder Bessel functiong is the peak intensity, and a is the bore radliee

maximum broadening @axis given by:

1- e
al,

3Wma = 0.8 6Ry (3-3)

He r ¢ o /fi@d aitequatiorh constan® is the pulse peak power, and i the half

width of the pulseT h e f a c tnontinear coéfficient h e

3.3.20ffner Type Stretcher

In a CPA systemthe seed pulse is temporally stretcladdrit passes through a pair of
gratings with the positive delay lindsis a great challenge to stretch the pulseafdsfs, 100TW
CPA amplification.Thespectral width of theeed pulse from hollowore fibe is relatively wide
(=200 nm)and the pulse needs to be dispersed B0@ops,reduang the possibility of damaging
laseroptics Whena laserpulse duration approaches 15 fs, it becomes very difficult to eliminate
the residual chirp over laroadspectrumThe Offnertype stretcheis an aberratioriree stretcher
designed for thgeneratiorof very shortduration pulse§65, 66] It allowsthe stretching of a 15
fs pulse to 300 pst provides a large expansion ratio with minimized pldis®rtion.An Offner
type stretcher we uséor our 10 Hz amplifier system has a single grating desigiuding a
concave and a convemirror. Figure3.6 shows the schematitiagramof the Offner stretcher.

In our experimenthe aberration of this stidter is small and the dispersion introduced by
this stretcher can be mostly compensatediycompressorThe Offnertype stretcheconsists of

a 1008mm radius of curvature concave mirror and a-608 radius of curvatureonvex mirror
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with a single gratinglaced out of the center of curvatylkane Figure 35 gives the stretched

pulse temporal profile.
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Figure3.5 Stretched pulse temporal profile by ddffner type stretcher.

During the amplification process,he pulse experiences the effedtphase distortion
inducedby different materialg the beam patiihe second and third ordeskthe phase distortion
caused by differentaterials can benostly compensated by changitige distance between the
two gratings and the incidence angle on the gratings. However, it is very difficult to compensate
for fourth or higher orders of dispersiom this case, the stretcher is optimized for a specific
configuration.In the actual aligment, the distance between the concave mirror and the grating is

900 mm, and a convex mirror wigb05 mm curvature is used.
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This grating size i 110 mmx110 mmwith a groove density 1400 I/mrihe sizes for
the concave and convex mirror are 600 md00 mm 300nmx10 mm, respectively witla gold

coating.The overall throughput of the stretcher is above 30%.

Figure3.6 Experimental setup of the aberratifsae Gifner stretcher: RG reflective grating,
RM - roof mirror, M1- concave mirror with a radius of curvature of 21000 mm,-M@nvex
mirror with a radius of curvature of 500 mm

3.3.3Three-stage Multi-Pass Amplifier

There aratotal of three amplification stages to boost the pulse energy from mJ to J level.

The overview setup of the laser is demonstrateBign 3.7. The whole system consists of the

seeding pulses generation from kHz system, hetiove fiber, the @iner type stretcheithe F
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amplifier stages with 5 passes, the second stage amplifier with 3 p&aS§ethe third stage
amplifier with 3 passes aride compressor.
The seed pulsgenerated from the hollowore fiber has a wide spectrum covering from

550 nm to 950 ni67]. Spectra from various stages oé flaser are shown fig. 3.8 (a) and (b).
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Figure3.7 Schematic diagram of the 100 TW laser system.
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After the stretcher, the 300 ps, 0.2 mJ posithakirped pulses are sent to the first amplifier
and the pulse energy is scaledb@®mJ in a fivepass amplifier operating at 10 Hz pumped by a
Nimma-900 lasemith a pulse energy of 480 nrdm Beamtech IncThe gain medium for the first
stage isa Brewstercut Ti:-Sapphirecrystal cooled by the water froaxchiller. A large-area, flat
cut Ti:-Sapphirecrystal isused forthe second stage. Thasystalis pumped on &ith sides by two
Q-switched frequencgoubledNd: YAG lasers (Quanta Ray Pro 350) withigh M? factor.With
a pumped area of 10 mm diameter, the first pass pump absorption is H8®@ump lasers are
relayimaged to the crystdb provide an excellentdt-top beam profileTwo diffractive optical
elements (DOE) ar@sousedfor the beam homogenizatip®8]. The homogenization of the pump
beam profiles guarantees the unifdagmof the NIR pulse duringhe amplification processThe
clear aperture of the DOEs is 25 mm and they are coated withefiattion (AR) coatings for
532 nm.The second gain medium is also cooled by water from a chiller to room temperature.
Divergentlensesare usedo compensate the thermal lexgs The energy of the amplified pulses
can reach up to 600 mJ. The spectrum of these pulses covers from 700 nm toa@0€hiomn in
Fig. 3.8 (a), which supports a 12.2 fs transfetimited pulse durationA 3-D drawing forthe

stretcher and th#* and 29 amplifiers are shown iRig. 3.9.
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Figure3.9 A 3-d drawing for the laser system for the first two stages.

After the pulse energy was boosted to 600 mJ, the beam sizxparsded to 26 mm by a
telescope. The beam was then sent to then®plification stageThe gain medium is a two inch,

flat-cut, cylindricalTi:-Sapphirecrystal This crystal is pumped on both sides by f@lay-
imagedQuanta Ray Pro 350 pump lasershaiwo pump lasergor each sideAfter the 3 passes,
the NIR laser is amplified to a pulse energy up to 3.3 J, with a total gain ®heSpectrum for
the pulses is depicted kig. 3.8 (b). The transform limited pulse duration is about 13 fs. Figure

3.10llustrates the configuration for thé!3tage amplifier.
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Figure3.10 3-D drawing for the 8 amplifier stage configuration of thé@@ TW laser system.

It is worth noting that several gawarrowing compensation filteare used. Due to the gain
narrowing effect during the amplificationnarrowed output spectrum wilmit the compressed
pulse duration and eventually reduce the peak intensity and the application of gating technique to
geneate isolated attosecond puls]. In our laser systemwe design anduse dielectric
multilayer (HfO2/Si0,) filters as the compensator to provide sufficient gain narrowing

compensationThe calculated transmission curgeshown inFig. 3.11.
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Figure3.11 Designed andalculated transmission curve for a gain narrowing compensation
filter.

Since the pulse energy is very high (J level) with the broadband speittisira,critical
part of the design to select a dielectric nmirfor a high energy broadband pul8s. arranging
broadband TiOXS5i02 coatings underneath anotHayer of highdamagethreshold coatings
(ZrO2-Si02), a mirror with a high damaging threshold is designed to survive high laser intensity
while providing br@adband reflectivity]69]. This mirror can support sub 15 fs pulses for s

polarizediaser with a 45degree angle of incidence.

3.3.410Hz Laser System Compressor

To prevent the damaging on the optics dedradatiordue tononlinear effects during
propagationthe beam is expanded to a diameter of 70 mm béfiereompressor chambeas
shown inFig. 3.12. The outputenergy of the pulse wasJ for a3.3J input, which indicates that

the peak power of the laser reached 100 A\pair of grating with a large size anchayher
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throughputis required.The compressor is placed in a vacuum chamber to avoid nonlinear effect

from the interaction between the compsed 100 TW laser pulse andasrshown irfFig. 3.13.

Figure3.12 An optical layout for our 10Hz compressor
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Figure3.13 A pictureof the compressor in a vacuum chamber.

The compressor uses a pair of 1480 I/mm gratings (22 rh&b mm and 175 mm135
mm, respectively and has an overall throughput of 60¥he final output pulse energy is 32

after the compressor.

3.3.5Pulse Duration

Underthe phasenatching conditiog the HHG flux strongly depends on theamquality

of the driving laserAfter the threestage power amplifier, the laser spectrum extends from 700 nm

to 900 nmin order to compresthe pulse duratioas shorfis possible, the separation and incident

angle of thetwo compressor gratings were fitiened manually to attain a spectral phase that
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changed graduallylhe highorder phase distortions will be further compensated by an aeousto
optic programmable dispevs filter (AOPDF) as the stretchpf0]. The AOPDF has an adaptive

phase controlThe frequencyesolved optical gating (FROG) measurement indicated the pulse
duration 0f18.8fs by optimizing the compressor grating separation and angle of in@desttown

in Fig. 3.14 [71]. With the higher dispersn orders corrected by an AOPDF in near future, the
pulse duration will be further compressed to below 15He.measured and retrieved FROG traces

of the pulse are representedFig. 3.15 (a)and(b) respectively Figure 3.15 (c) is the retrieved
temporal pulse shape (solid red line) and phase (dashed blue line). Figure 3.15 (d) depicts retrieved
pulses spectrum (solid back line) and phase (dashed blue line) with the direatdyred spectrum

(solid red line).
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Figure3.14 Characterization of the 18 fs laser pulse by SHG FROG.

48



CHAPTER 4 - GENERATION AND CHARACTERIZATION OF A HIGH -
FLUX ATTOSECOND WITH A 100TW LASER

So far, wo types of attosecorplisesources have been developed, one based on isolated
attosecond pulses and the other on pulse tfams41] Isolated attosecond pulses areduced
by different gating techniquess discusseith chapter twoSo far, all attosecond experiments have
been performed by combining one very weak (a few nanojoule) attosecond pulse with a stronger
femtosecond visible or near infrared pulg@, 73] It is agrand challengéo generatesolated
attosecond pulses with sufficiently high pulse energies (~1 microjoule) to perform true attesecond
attosecond pumprobe masurements, which is a goal of tthesis Thehigh attosecond fluwill
make it possible to usene pulse to initiate a processd a second attosecond pulse to probe the
time dynamics of the electrezorrelation, either in transient absorption or by tpketectron
spectroscopjB2]. Two key reasons to pursue attosecatidsecond measurements are to perform
attosecond measurements on highly correlated materials for the first time and to build the
capabilities to extend attoseconeray dynamics measurements to sebthte semiconductor,
magnetic, and plasmonic syste[rg].

In order b carry out theattosecongéattosecond pumprobeexperimentsspecialfacilities
have beenleveloped and implemented in our lab. Thegsistof three parts: 1) the 100 TW laser
system as discussed c¢hapter three, 2) the HH@eneration, 3) the HHGharacterizatiorand

experimental station (end staticag shown irFig. 4.1

49



Figure4.1 The schematic diagram of the attosecattdsecond pumprobe facilities.

4.1 Wavefront Distortions Corrected by a Deformable Mirror

The laser beam focus profils an important beam parameter for the generation of
attosecond pulses after completion of the laser construdi@increasin harmonics energy is
linearly dependnt on the geometrical focusing area of the pump pulse. As a result, a loosely
focused beam with an excellent beam qualitydsired under the phaseatchingconditions[26,
75-77]. Unfortunately, in CPA laser system witha joule-level pulse energy, geometrical
aberrations and surface quality from optical components, thermal effiedtsnhomogeneous
doping inthe Ti:-Sapphire crystal affédhebeam profile and focusability, resulting in degrading
of the energy distribution and wavent [78]. It results ina different propagation pattern for a
long focused geometry arldusto a poor focusabilityA large portion of the pulse energy will be

spread out into the wings of tfigcus thereby severely reducinige attainable focused intensity
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As a result, the conversion efficiency is limited by the focus beam profile and restricts the scaling
for the attosecond pulses fluxdeformable mirro(DM) with a feedback sensom@simplemented

to correctthe wavefront distortions of laseesd keep the best focusability the laserto the
experimental chamb¢r9, 80] In this case, all the energy froaurlaser system will befficiently

used forhigh flux HHG experiments.

The principle of adaptive optics is to correct an aberrant wavefront using a system
consisting of: 1) a wavefront sensor to measure the watefteformation, 2) a wavefront
corrector to perform the correction using actuators that deform its reflective surface, 3) a software
packagethat controls the mirror according to the data from the sensor. In our setup, the system
consists of three parts) & ILAO Star deformable mirrp2) aHASO3 FIRSTwavefront sensor
and3) wavetuning software.The experimental configuraton for a DM is illustratedrig. 4.2.

The pictureof thereal DM is show in Fig. 4.3.
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Figure4.2 The DM setup in experiment: M1~Mielectric mirror, DM- deformable mirror,
w1l and w2- wedge, M6 dielectric mirroron a manipulator, £af=500 mmconcave lenswWs-
wavefront sensoiHASO3 FIRST).
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Figure4.3 The picture of th& inchDM on the optical table.

A deformable mirror (ILAO Star, Image Optiad) is based on the usé mechanical
actuatoswhich applya forceatthe back of the substrate. Macroscopic displacement of mechanical
partsof the actuat@will modify the force applied to the back of the mirror, whictroducesa

nanometescalechange tdhe reflective sdaceas shown irFig. 4.4[81].
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Deformable Mirror for Real Wavefronts

Deformable

:I |: mirror |:

Incoming wave Corrected

with aberration

Figure4.4 The correction of the wavefront by a DM.

When voltageareapplied tatheactuatos, the mirrorcan bdocally deformedTheoverall
deformationcausedby the whole set of actuatodefines a new mirrorshape. Thenacroscopic
displacement inside the actuator requires much more time than a simple voltage or current change.
With mechanical actuator technology, it is not necessahngltbvoltages to actuatos to maintain
the force to the mirrosurface Mirror shapeis not modified if power is turned off or if the
controller is unplugged. Once the desired shape is reached, the deformableplayrsoas a

passive component, and the surfalbape is stable like passiveomponenas shown irFig. 4.5.
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Figure4.5 The DM actuators with voltagepplied.

With these characteristicBM is in a sense more like a programmable phase modulation
component than an adaptive optics systée usethe DM in a finite closed loop configuration
(3-10iterations) to set its shape, and once the desired shape is obtarstdp the closed loop.

The DM will perfectly maintain its shapandthelaser beam wavefront will be corrected without

the hassle andequirement of having a closed loop system running continuously while using our
laserThe mirror’s reflective area 1s larger than
the beam which would create diffraction hotspots inbis@m.The laserbean is alwayscarefully

centered on the deformable mirror to get the best correction quality and optimal performance of

theDM.
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To collect information about theavefront and the intensity profileo the DM feedback
control a ShackHartmannwavefront sensois used[82]. First, the pulseis broken down into
"multiple elementarypoeam$ by a matrix of microlenses. Each lens takes a small part of the

aperture. Tasecondary beams then are focused on the dede¢talCCD camera.

Planar Wavefront Distorted Wavefront
Spot Position

Microlens
Az
oy
— .
- / .
Planar Wavefront
:H Spot Position
v fmL
I L
Distorted Wavefront Sensor

Figure4.6 A Shack-Hartmann sensoAn incidentpulseis focused on &CD camera and we can
obtain the angle of incidence of the wavefronta d a pt e d f-Hadmann“Wagefromtc k
Sensors Tutorial", Thorlabs.com)

When an incoming wa¥ent is plane, all images are projected in a regular gria. If
wavdront is distorted, the images deviate from their nominal posiagrshown irFig. 4.6. The
displacemerstof image iny direction is given by

- =2 (4-1)
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wh e r e waveiront slopkeirethe y direction @ ( x, y ) .The samehequationcare f r o n

be used to determinke slopealong the xaxis:

= = CD( ! ) (4'2)

wh e r e \Wavdront slopkirethe x direction.

The first derivative of thevavefrontis what is measured. Indeed, as showign4.6, the
presence of aberrations in the beam being measured causes the focal spots to move to the focus of
each microlens. The movement of each of these focal spots is directly proportional to the local
derivative of the wavefront of the incident beam. Thepprtionality factor is the focal length of
the microlenseslheintensity of the beam is directly proportional to the amplitude of each focal
spot on theCCD camera’'s sensoA good feature of the Shadkartmann wavefront sensor
(SHWES) is that it is coniptely achromaticsothe slopes are independent on the wavelength.

The first stego measura wavefront with the SHWFS is to determine the locaticihese
diffracted spot®n the camerd he sensohas beewalibrated by recording an imageab$tandat
uniform plane waveThesediffracted spot locationsan badeterminedy calculatinghecentroids

alongthex- andy-axis[83]. The centroid in the x direion is given by:

+o00 _+

F2012700xy) - x-d xd y
FI2120(xy) -d xd y

X = (4-3)

wherel (X, y) is the intensity as a function of x and y.
The Hartmann wavefront sensmnsistsof a set of discrete pixels on a CCD that can be

descibed bythe variable i along-axis and j along-axisas shown irFig. 4.7.
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Figure4.7 Animage taken by SHWFS anldetinset shows the CCD cameigels. (adapted
from LECTURES Ayl122&daptive Optics 1)

So, we can replace the integral with a summation and the general centroid can be written

as:

Zimax ima x |(|’J)|

i=imi i=imi n

X= — : —— S (4-4)
S i D)
wheres representshe spacing fopixels.
Thus, we will havehe wavefrontequations:
SR shmax i) i a(x
1=Imi n=)=Imi n S= ( y) fML (4_5)

S i 1D dx
By integratngthe wavefront differential equatiefor both x and y directiorthe wavefront
thencanbe reconstructed by performing sregration on the gradient measurementgo types

of wavdront reconstruction algorithmgdgnal and modaican beimplemented toeconstructhe

wavefront[84]. The terms of various aberratioaeapplied to theeconstructiorof the wavefront
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Zernike polynomial&s demonstrated inable 4.1sinceWF distortion is a collection ofarious

aberrationg85].

Table4.1 ZERNIKE aberration terms used for reconstruction of the wavefront.

# Form of the Polynomial Name
1 p cos(B) Tilt x, (about y axis)
2 psin(B) Tilt y, (about x axis)
3 p?cos(20) Astigmatism x, (0°)
4 2p%-1 Power or Focus
5 p?sin(20) Astigmatism vy, (45°)
6 p3cos(30) Trefoil x
7 (3p3-2p)cos(B) Coma x
8 (3p3-2p)sin(6) Comay
9 p3sin(30) Trefoil y
10 p?cos(40) Tetrafoil x
11 (4p*-3p?)cos(20) Secondary Astigmatism x
12 6p*-6p2+1 Primary Spherical
13 (4p*-3p?)sin(20) Secondary Astigmatism y
14 p?sin(40) Tetrafoil y
15 p>cos(50) Pentafoil x
16 (5p° - 4p3)cos(30) Secondary Trefoil x
17 10p°-12p3+3p )cos(0) Secondary Coma x
18 10p°-12p3+3p)sin(0) Secondary Comay
19 (5p°-4p3)sin(30) Secondary Trefoil y
20 p>sin(50) Pentafoil y
21 (6p®-5p*)cos(40) Secondary Tetrafoil x
22 (15p% - 20p* + 6p? )cos(26) Tertiary Astigmatism x
23 20p°%-30p*+12p2-1 Secondary Spherical
24 15p°%-20p* +6p?)sin(20) Tertiary Astigmatism y
25 (6p®-5p*)sin(40) Secondary Tetrafoil y
26 (21p7-30p°> +10p 3 )cos(36) Tertiary Trefoil x
27 (35p7 - 60p°+30p3 - 4p )cos( Tertiary Coma x

)
28 (35p7 - 60p°+30p3-4p )sin(0) Tertiary Comay
29 (21p7 - 30p° +10p3) sin (30) Tertiary Trefoil y
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In real experimers; the most important specific principle is the pughjugationfor an
adaptive optics systerfihe purpose is to create an image of the DM on the matrix of #i@oses
of the wavefront sensor using a dedicated optical system. This optical system is also used to adapt
the size of the DM to the size of theeasurement pupil of the wavefront sensor. The effect of
conjugation is to ensure a fixed pupil on the wavefront sensor when the various actuators are in
motion. When the DM applies a correction, the result of pupil conjugation is to provide a fixed
pupil on the wavefront sensor and to maintain a constant spatial distribution of the intensity. Each
action applied to the DM is therefore visible only on the measured wavefttren pupil
conjugation is absent or poorly executed, more iterations are requaeliéve the best possible

correction, and the final quality of the correction is diminished.

Figure4.8 An image for intensity distribution from a SHWFS.
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Figure 48 describes the image directly from a DM sensor with an excellent pupil

conjugation. It has a constant spatial distribution of the inten3igole 4.2 shows the

specifications for our wavefront sensbtASO3 FIRST Imagine (tic, Ing).

Table4.2 Wavefront sensor specifications.

Aperture dimension 4.8 x 3.6 mm?
Number of microlenses 40x 32
Tilt dynamic range >13°( 400 &)
Focus dynamic range - minimum local radius of

15 mm
curvature
Focus dynamic range - maximum NA >0.1
Repeatability (rms) < o/ 200
Wavefront measurement accuracy in relative mode 400
(rms)
Wavefront measurement accuracy in absolute mode

~a2/ 100
(rms)
Tilt measurement sensitivity (rms) 5 prad
Focus measurement sensitivity (rms) 3:10"-3 m-1
Spatial resolution ~110 pm
Working wavelength range 350 - 1100 nm
External trigger yes

To characterize and quantify the quality of the beam, the Strehl ratio criterion is chosen
[86]. This Strehl ratiois the ratiobetweenthe peak intensity at focusitiv a distorted wavieont

anda nea#field intensity profile to that of the same integsiistribution but with a flat waveont.
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St rredtei nPeaInteafsbt:oyrhsreladaam 46
Peamteabotoys ef e bemane (4-6)

Using theresultsfrom our wavdront sensor, we can calculatieis Strehl ratio and quantify
accurately the peak intensity at focus

The experimental results with differephase compensatisgiven by thelLAO DM for
our 10Hz laserare demonstrated fg. 4.9. The wavefront irFig. 4.9 (b) has a wavefront with
a peak to valley (PV) value of 728n, while the result irig. 4.9 (a) shows a PV value of 190

nm. Thedistortionof the wavefront root mean square (RMS) a8t nm and 94 nm, respectively
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Figure4.9 Experimental @sultsfor correction of a waveont: (a)31nm RMS, (b)94 nm RMS.
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Figure 4.10 shows the intensity profile of the corrected bieam the DM sensowith a

phase distortion @4 nm RMS. It is worth noting that the profile begins to show a-ftgi shape.
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Figure4.10 Intensity profile measured by the DM sensor.

Figure 4.11 illustrates thmeasuredvavefrontwith differentdistortionRMS valuesand
calculated spot size fohpseA without corrections, anghase B with correctia The distortion
RMS values are 208 nm and 21 nm for phase A drabe B, respectivel¥igure 4.11 (b) shows
two spots calculated with differentvavefront distortios. It clearly shows asignificant
improvement of thdeam profileby reducingthe distortion which could allow thdocal peak
intensity ofourlaserto besignificantlyincreasedThe correction oflistortiors by the DM permits
both spatial cleaning of tHaserbeamsand a increasen the peak intensitfor our gasarget.We
improved the wavefmt by decreasing the distortidrom 208 nm to 21 nm (RMS). The Strehl

ratio was increased fron0% to 92%, or by a factor of 9
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Phase A Phase B

Spot A Spot B
(b)

Figure4.11 (a) Experimenal results for a distorted walvent (Phase A) and a corrected wave
front (Phase B (b) Calculated spot sizes A, without correctand B, with correctio

We also check the wavefrodistortion RMShy DM for different pulse energies since the
distortiors may change due to the thermal effect and energy distribulio@result shows a

distortion RMSstability from 50 nm to 63 nm
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Figure4.12 Correction RMS stability for different pulse energies.

As a comparison, thimcusof ourlaserin the experiment chamber is shownFig. 4.13
measured directly by a CCD camenathout installation of the adaptive optics system. The focus
beam profile showa spatialdistortiondue to the distortion of the wefront[79, 87] It indicates
the degradation of the laser beam profildhe experimentabeamsize isabout5 times the
diffraction-limited spot sizeHere, he diffraction limit is the Fourier transform distribution with a
flat phase leading to a 25 times decrease of the peak intemsithe gas target. Thus, the
conversion efficiency of the HHG will be very low.

With a distortionof RMS 21 nm ( A/ 40), an excellent
shown inFig. 4.13. The FWHM beam diameter is ~500um, which is close todiffeaction

transform limited beam size.
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Figure4.13 A measured focus beam profile without DM.
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4.2 PhaseM atching forEnhancingAttosecondPulse Flux

The photon flux for isolated attosecond pulses needs to be as high as possible to make it
applied to nodinear multiphoton processes both atoms and moleculeRhasematched HHG
by a loosefocusng geometrygeneratesighly focusable intensity witka fully spatiotemporal
coherencg88, 89] It is thussufficient to induce nonlinear phenomena in the XUV region if the
conversion efficiencyf HHG can besignificantlyimproved by the phasmatching between &

HHG field and the atomidipole[31]. High conversion efficiencyor HHG requires optimization

of microscopicand macroscopic properties of trediationprocessA microscopic response is

well explained bythe threestep model as described ¢chapter oneln every halfcycle of the

driving laser fieldan electrorcan tunnel through theistortedatomicpotential barrierElectrons

will be accelerad n the intense laser field.dpending on the release time, the electrons have a
possibility to return to the pareion, recombineand emit XUV photoa The trajectories of ejected
electrons can be treated as so called short and long ones, depending on the excursion time in the
continuum The generation of harmoniosquires laser intensities from@v/cn? to 10 W/cn?
depending ordifferent medium gases.

On the other handhe macroscopic response can be described as this: the total HHG
intensityis a coherent sum of the photons emitted from different atwmmleculesn thetarget
medium.The HHG flux can only be scalaip when the XUV fields emitted by atoms at different
positions in the propagation direction of the driving laser are in phase so that they can be added up
constructively andnaximized by the timehey reachihe detectarPerfect phase matching happens
when the speed of@larized field (incluéhg thedipole phase) equals to that of a HHG figda].

Unfortunately normal dispersion is frequency dependent and makes the harmonics travel at a
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different phase velocity as compared to the driving laser through the gas méHdisneads the
phase to be mismatched and the output HHG flux would be expected to redudscdhiymanile
increasing gas medium length.

So her e ,1— Nk the wagekector mismatch along the propagation direction
between the waveector of thedriving laser and the harmorsidn order to maximize the HHG
flux, the wavevector mismatch mudie minimized.The coherence length is defined aghl=
n AK. The main terms associated with the phase matahimgonrguiding focus geometinclude:
the neutral medium dispersion, atomic dipole phase, geometrical dispersion, plasma density, and
any nallinear effectsEach of these terms has a different sign and it means one effect can be
cancelled by changing the effect of another to minimize the phase mismatch or attain the phase

matching conditionThe total wavevector mismatch is given as:

Ak = Ak e gt Bkge o BKpl asthdKai pot BKot her 4-7)
The main dispersion term due to the neutral atomic target is expressed as:
Akne & Kgnew OKineu (4-8)
where kneuis the wavevector of the harmonic,ikeuis the wavevector of thedriving laser,

and q is the harmonic ordf&l]. It mainly depends orhe type of gas and the pressutean be

approximately written as:
2T
Ak, e 7 1 NTP(noo - nqw)(l -n) (4-9)

where N ighe number of atoms per unitvolume @ i s t he f u nPdsitheprassusel f r e
of thegastarget n, and n .arerefractive index of the fundamental and harmonic in the gas target

respectively and m 1s the 1onization probabil
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features of this formula is that it is pressure dependédns term has the positive sigsince
refractive index of the fundamentalalways larger than that for harmonics in gas target.
The t gesnaanceéyrs the focusing geometry of the driving 1§82}. The Gouy phase

shift induced by passing through a focus of the focused Gaussian beam is:
WY(z) = ar ati@) (4-10)

where z is the distance to theser focusand z=n & Iis the Rayleigh lengthSo, the phase

mismatching due to this Gouy phadeft is given by:

DKg e o m ()- ( ):m (4-11)

Of coursethis term is always positivel' he contribution from this term can be reduced if
a longer focal length is used since a Bi@Eus results in a larger focus sireour case, a looge
focusing geometry is applied so that the geometpbake mismatchinig very small.

The t gagmateprasknts the phase mismatching from the plasma contrilsuricenthe
plasma has different refractive index properties depending on the frequéncirsain amount
of neutral atoms will be ionized and the fedectrondispersion will result in a change in the
refractive index.

A refractive index due to plasma generatian be written as:

=V1-(—)2 (4-12)

(4-13)
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wh e rpis theoplasma frequencye is the density of electrons, e is the electric chargeisnthe
effective mass of the electron, anglis the permittivityin free spacgd3]. The phase mismatching

from plasma is given by:

2(1_ 2) 2

AKp | asma ()- ( ):2—:_ — (419

where g is aclassical electromadius It is easy to see that the phase mismatching has a negative
sign and this termlsodepends on the pressure of the target.
Anotherterm concerimg the atomic dipole phase s dipdekThe dipole moment can be

written in terms of the quaslassical action S 494]:

[oe]

() 5 -0 (4-19)
0

where p 1is the matwhichthaielectrontmakes a transiton to thercentinuum
andt is the time for the wave function to propagate in the fiefek quaskclassical action term, S,
which describes the motion @lectrors moving ina laser field with a constant momentyms

given by:

(=] ==+ ) (4-16
The Fourier transform of ( ) givessignal of the g harmonic
= ® (4-17)

whereAqis an amplitude and h ¢ tq € FqurSg)ds the atomic dipole phaséor the long and
short trajectories, the phaserm can have two valuesthe quasclassical action, S, can be

expressed as
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(,.)= + (4-18)
where |} is theponderomotive enerd@5]. Since Y is linearly dependent on the laser intensity,

this classical action is also linear in intensityhus, the atomic phase can be simplified to:

CD(,,):— (11) (4‘19)
where i represents either the shortor long a j ¢ c is theslope of the phase as a function of
the laserintensityand z is thdongitudinal position The wavevector mismatch for the atomic

dipole phase can be calculated as:

do(r,z,1) 2 72
DKy i p o eIT = qa'(m) (4-20)
r

Here, we just neglect the last phase mismatching term caused by nonlinear Efiiest
all terms contributing to pls& mismatching havgeen derivedThese termsan be used to cancel
each other, resulting in thetal mismatch being minimized since they have different sigys.
minimizing the phase mismatching, the phase matching conditions can be attained to be
implemented to the experimental parameters suchedargetgas pressurdaserfocus position,
laser irensity, the interaction length attte gas cell diametefigure 4.15 shows the electric field

for a 15 fs driving laser, which is used fbe phase matching calculation.
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Figure4.15 Calculated electric field for the 10Hz driving laser.

Figure 4.16shows a plot of the Gouy phase, dipole phase, plasma and dtoutical
medium)phaseas a function of z, as well as the total phaseé.z=0, the laser focus existghe
parameters are an 18 fs, 800 nm laser focused to a beam diameter of 5 ramintéthsity of 1.6
x 10 W/cm?. This peak intensity is corresponditawa photm energy cutoff of 50 eVErom the
ADK calculation, the ionization probability ¢iie gas is about 3%Ilhe Guoy phasshift termis
very small snce the gas target is placeut of the focus where a totaflat phase is shown.
However, if the gas target [@aceal after the focus, the degradation in the laser beam profile
propagating in the gas mediwmill result in the lower conversion efficiency due to the defocusing
of the plasma in the focu$he HHG flux with much stronger signal can be generated bglgim
choosing the appropriate focus position respect to the gasmed

The coherence length was demonstrate#ign 4.17. The red arrow drawn on the plot

represerga typical ~90mm interaction regiasver which we wish to generate harmonic flux.
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Figure4.17 A calculated cohererdength inside the HHG chamber with a gas pressure of 4.5
torr.
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The output energy of the HBlis proportional to [A(z)]?, where A(z) is the field strength

of the gth harmonidAnd it wasdeterminedy:

()

+= ()= o ( ex(imky (4-21)

where d(qow) 1is ot hies dtihpeo laeb snoornpetnito,n ¢ we fi 81 ¢ then t
frequency of the fundamental laser,amé& i s t he t ot al pha¥Theseaond mat c h
and third terms in this equation are corresponding toaksbrption and phase matching,
respectivelyThetotal photon number {\of the qthorder harmonic per unit of timend area can

bederived from that equation and can be writte[P&$.

o L NG g c—) (422

where Lmedis the length of thgasmedium and hlis theneutral gaslensity As a result, to increase
the HHG flux, it is critical to increase the densiynd lengthof the gasunder the phasmatching
condition since the tal phota number iquadraticallydependentn the gas density and medium
length.

When the coherence length is maximized, the HHG flux is limited {apserption in the

target gas. The absorption lengthys is defined by:

1
Lab & > = (4-23)

wh e r ¢ Roltzmann ¢cohstant, T the temperatwedoion the ionization crossection.In our
experiment, thggasmedium length isnuchlonger than the absorption lengifhe total photo

number for the qth harmonics is given[Bg]:
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A( )?
+(2 )

2 X [1 te X(p_ _)
(4-24)

—2co(s—)ex(E )]

This equation indicates that when the coherence leagththeabsorption lengthare
comparable the total photo numberNg saturatesf the medium lengths longer than the
absorption legth. Thus to increase the H@ flux, the coherence lengte much longer than the
absorption lengtHJsually, the medium length e is at least three times$ the absorption length.

In this case, we cadefine an optimum medium length undie phasematchng conditions

= 3Ly b@Pmat 2-HN this casethe HHG energy yield can be expressef{bas 89}

~ &2 1O~ |« )? (4-25)
where z is the Raygigh length Sspotis the beanareaof the drivinglaserinside the gas medium
andP is the gas pressur®o, the HHG flux is proportional to the driving laser beam size and the
squares of the medium length pressure produid.also proportional to the square of the dipole

strength for the gth harmonic ord&hedipole strength is assumed to foll¢9v]:

( )~(1- )xg® (4-26)
wh e r e ignizatien proliakility andh is the laser intensitynside the gas mediums a result,
the laser intensity should lsetat an optimum valuenearthe ionization threshold of the gas
medium The ionization probability is ~20% for the gas medium. With a higher ionization
probability, the negative dispersion due to free electwolhbreak the phasenatching conditions
and decrease the target atomic gas der@itythe other hand, the maximum value of the pressure

length product is limitedtrictly by selfabsorption by thgasmedium itself.Consequently, the
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only way to increasthe HHG flux is to increase the interaction aké@avever the increase of the

spot size will resulin the decrease of Gouy phase since the Gouy phase is given by:

Ak o —(1 + (52 (4-27)

Thus the gas pressure needs tabesen properlio cancel the reduced geometrical phase
shift of the driving laser to meet a phasatching conditionlin experimentywe have todecrease
the gas pressute maintainthe phasenatching conditiorwhile we must increase the interaction

lengthto keep the pressure length product as a constant.

4 3 High FHux AttosecondPulseGeneration

As we discussedbove, tle energy scaling method can be applied to HH@eneutral
gas and the increash harmonics energy is linearly depemiion the geometrical focusing area
of the driving laser. As a result, a loosely focused beam with an excellent beam gueliyiied
under the phasmatching conditionThe experimental set up is shownrFig. 4.18.1t consists of
four sections: the laser system, HH generation, application and diagnd$icsections are

connected by vacuum tubes and chamhmrmnpedoy turbos fromLeybold GmbH.
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Figure4.18 Experimental setup with the 25 m focusing configuratih; telescope, # iris,
DM - deformable mirror, M1 & M2 folding mirror, G- grating, RM- roof mirror, PGC
pulsed gas cell, XBBE& XBS2 - XUV beam splitter, GM&2 - two gold mirross, F- aluminum
filter, P- XUV photodiode, EM and EM2- ellipsoidalmirror, XG - XUV grating, XCCD-
XUV CCD camera.

The pumpor drivingpulse was loosely focused by a telescope, which includassgative
planaconcave and one positive planonvex lens witta focal length of 600 mm and 1600 mm
respectively. And byarying the separation of thetwo lenses, a tunable focal length from 10 to
100 meters can be achieved. This is of great import@noentrolthe beams size, which allows
for re-adjustments of the focumy geometryandthe intensity distribution at focug/e can adjust
the separation of the telescope to optimize the position of the laser focus relative totthee gas
along the propagation directiofhusit makes us optimize the phas®tching condition and
increase th XUV pulse energy in a simple way. Our Blsetup is designed to work in a lobse
focused geometry into the interactiolmbe with a 25 m focal length. The pump beam size was
increased t®8 mm before the compressor by tiedescope to avoid the damagiog the optical

components.
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The driving laser beam can be apertured down by a variable diamet#ralisws us to
control the beam size so that we caradgust thefocusing geometry, beam profilaser energy
and intensity distributiomside the ga mediumTwo corner mirrors (M1 and M3)laced in two
vacuum chamberare used talirectthe driving laser into the generation chamber. These mirrors
aredesigned and customized by ushey can not only providetegh reflectivitywith high damage
threstold but alsoa broad bandwidth to support the wide spectfanthe pulse duration of sub
15 fs.Two homemade mirror mounts with motorized knobs enable us to control the beam pointing
by a computer to finkune the mirrorsAfter the two foldingmirrors the beam enters the
generation chambeihe generation chamber is connected toléiser compressor chamber by
vacuum tubes and chambers withanyoptical window, which will avoid sefphase modulation
in the window induced bthe intense focused laseBince thdaserbeam propagasan vacuum,
theB-integral is minimizedThefocusedbeamtheninteracts with thearegas confined in glass
gastube The interaction gasibehas a diameter of 4.6 mm and a length of 200 mm.

The gadubeis mounted onmoptical mount with two knobadjustableby feedthroughs
This mount is connecteid an adaptorcontrolled by a XYZmanipulator.So, wecan control the
tilt and position of thetube with respect to the incominaserbeam.The HHG chambers
connected oiboth side by two very flexible bellows, which will allow us to optimize the position
of the gadube.The gas was releasedaatepetition rate of 10 Hz by a valve driven by a ptezo
electric actuator and synchronized with the laser puseshown in Fig4.19 (from the Lee

company) To maximum the HH signal, we optimized the opening and closing times.
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(b)

Figure4.19 (a) a diagram othe gadubeconfiguration inside the HHG chamber, (b) the picture
of the gagubewith apulsed gas jet connected.

In fact, it is designed to work simultaneously with two gas jets to increase the gas pressure
inside the gatube A CCD camera with a filter is applied to monitor the filamentation inside the
gastube Figure 4.20 illustrates the observation of the laser induced filamengttehright line)

inside the gatube
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Figure4.20 Filamentationinduced by focusing a driving laser through the 10 cm londudees
filled with argongas.

The HHG beam then propagates collinearly with the driving laser in vacoother
challenge is the separation of the higtensity driving laserpulse with the cgropagating
harmonics. It is necessaryreducethe intensity of thelriving laserpulses to less than a hundred
of gigawatts per square centimeter to avoid damaifiegKUV optics or a sample placed in the
beam. Typically, the driving laser will be eliminated by one or more thin aluminum filters with a
thickness of 200 nm or more. But these filteamnotsurvive with a laser energy of hundreds of
mJ or higher.

Nagatet al reported a beam splitter (BS) for wavelengths shorter than 30 nm, which uses

a 10 nm thick niobium nitrogen (NbN) film prepared on a Si subsié&je However, the low
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damage threshold of Si restricténd boostingof the pump laser up tiheJ level.So,we designed
an XUV BS to attenuate the fundamental while attaining the -thgbughput for XUV sources.
Tantalum pentoxidgTaOs) is a highquaity thin film material which canbe prepared by
sputtering orfused silica (SiQ substrat¢21]. The BS was coated with 5 film layers of S#&hd
TaOs, alternatively. It has an atteation ratio of 1% and damaginghreshold intensity of at least

100 Twi/cnf for 20fs pump pulses.
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Figure4.21 (a) Calculated reflectivity for XUV BS as a function of the XUV plmoémergy at
the incident agle of 73, (b) Measured reflectivity of XUV BS as function of the incident angles
for the pump pulses.

Figure 4.21 (a) shows the calculated reflectivity ofJ=Hilm deposited on Si@substrates
as a function of the wavelengtlfier the ppolarized radiationThe actual reflectivitynay be
smaller than calculated one becaakéhe roughness on the coating surfdgeflectivities of the
20fs, 800nm pmp pulses wermeasured as a function ditincident angle presentedriy. 4.21
(b). The minimum reflectivity was 1%, which was achieved at an incident anglé.& g8cond

BS is placed orthogonallp the first one to attenuatepslarized driving laser, considering the
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gating technique for the isolated attosecond pulses infoeae as shown irFig. 4.22. Two
absorption filters are placdzetweenthe XUV BSand mounto absorb the transmitted driving
laser, eliminating the reflection from the mount surfaeeother absorption filter with a 3 mm
hole in the center is place@tween them to block most of the residual i& the first BS while
transmittingall thereflectedXUV. These beam splitters caisobe adjusted by motorized knobs

to fine-tune the XUV beam pointing propagating in the end station.

Figure4.22 Two orthogonally placed XUV BS inside the chamber.

4 .4High Flux Attosecond Pulse Characterization

The XUV beam then is sent into a high vacuum end station that wilklsplpgulsesvith

precision timing and focus the pulses totsgizes as small as one micras shown irFig. 4.23.
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There are three majaectionsfor this end station: (1) split mirror chamber, (2) experimental

chamber, (3) XUV spectrometer.
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Ellipsoidal mirror1
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15cmto2 m

CCD camera

Concave grating

Figure4.23 (a) diagram for thettosecond end statip(b) optical components inside.

The end stationsystemhas integral capability for streak field detection to verify the
attosecond pulse durations and phase characteristics, as wethyaspectrometers for spectral

bandwidth measuremeni®o perform true attosecorattosecond pumprobe measurements, one
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pulseis used to initiate a process, and a second attosecond pulse is used to probe the time dynamics
of the electron correlation, either in transient absorption or by photoelectron spectroscopy. This
design utilizesa pair of grazing incidence split mirrots generatetwo identical broad band
isolated attosecond puls&3ne of themcreats the delay( A by)slight displacemen(d) of the

total distance traveled and the second to compensate for spatial displacement of the tvas pulses

shown inFig. 4.24

na
1 1
Mt:ai
q >
- >
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Figure4.24 Time delay induced by two split mirrors.

These pulses are recombined at the sample, and then diverge again onto a grating and x

ray cameraThe XUV reflectivity by these two split mirror are showHig. 4.25.
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Figure4.25 Split mirror reflectivities as a function of tisgolarizedXUV photon energy{21].

These twdused silica mirrors with gold coatisgnounted on motorizepiezostages with
nanometemprecisian control were placednside the split mirror chamber and work as the split
mirrors as shown iifrig. 4.26. The stages have adxis alignment for an overlafhe delay is
applied using these stages, keeping the delayed part of the mirror parallel atitmust part.The
spatial overlap of the pump and probe pulses occurs at a small angle to maintain the high temporal
resolution.For a Emicron spot size and 100 as time resolution, the angle must be less than only
30 mrad bya calculation.Figure 4.25b) demonstrates the split mirror piezo stability test results.

A RMS deviation of 9.3 nm corresponding to 15 as time delay jitter was obtained b\aldger.
After the split mirros, two metalholdersmountingAl filter swere designed to completely remove

the residual IR from XUV and attenuaa XUV intensity through the slective pump and probe
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filters with different thicknessAt the present time, the attosecond spot size in most experiments
is not carefuly controlled[73, 99] In the experimental chamber, a pair of Kirkpk-Baez
mirrors wasdesigned tdave the capability to focus attosecond pulses to spot sipeg ohicram
[100]. This will achieve sufficient energy density to iate the phase changetire samplelirectly
with the attosecond pulsdsis enabling nonlinear optical experiments using attosecond pulses in

the future, as well as applications to plasmonics and magf2fics
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Figure4.26 (a) componentsnside the split mirror chamber, (b) split mirrors piezo stability. test
TheKirkpatrick-Baez mirros consist of two lépsoidal mirrois as shown iifrig. 4.23 (b).
The first mirror has two focal lengths of 9 m and 15 cm, respectively while the second one has 15

cm and 2 m focal length$he gagubegenerating XUV sources is placed at the first focal point,

and the XUV beam will refocust #he second focal poinT.he goldcoating features broadband
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high reflection for attosecond puls@fie secondlepsoidal mirrors will image the focus into the
XUV spectrometer in the en@he interaction regiors designed to accommodate both solid and
gas phase experimenfs.motorized stagavith a sold sample and gas tube holdeplacel near

the focus of thelepsoidal mirroras shown irFig. 4.27.

Figure4.27 (a) Kirkpatrick-Baez mirrors in the experimental chamber and (b) a focus
characterization with a scintillator by a long range microscope.
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To measure the focusability of the XUV pulses by the fitgisoidal mirror, a long range
microscope will be used tm EUV camera tobserve thepot induced by the focusd)V pulses
on a Ce:YAG scintillation screen as showrFig. 4.27 (b)[101].

A time-of-flight mass spectrometass shown irFig. 4.28is under installatiorand initial
characterization measurements are designed around rare gases to realize athtesemachd
pumpprobe delays,allowing measurements of ejected photoelectrons under multiphoton
conditions for characterization of attoseeaitbsecond pumprobe overlap[102]. The two
photon double ionization of xenon an¥ @rder autocorrelation experimentil be carried ouin

thenear future.

Figure4.28 The timeof-flight mass spectrometer design

After the focus, both pulses continue to diverge and hit the vafliablspace grating,
which spatially disperses the frequency components of ealske pnd focuses them into two

different vertical positions on aUV CCD cameraThis XUV spectrometer is one of the most
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critical parts in the experimenthich must have a high energy resolution in the energy range of
interest The spectrometer is depicted schematicalllign 4.29.A grazing incidence, aberration
corrected concave grating (Hitachi 00840 XUV) was used to form the flat field spectrograph
and the dispersed XUV spectra was recordedrbXldV CCD amera(Princeta Instruments

PIXIS 400B) This grating has a flefteld spectrum range of 12 nm (20112 eV).

Figure4.29 Schematic of the flafield grazing incidence reflection grating spectrometer.

In order to calibrate the energy range and resoluti@ XUV spectrum after abgation
by neon gas was measured as showfign4.30.A resolution of 25 meV at 45.5 eV wabtained

[103].

90



0.6

-

T T T T T T T T T
44.5 45.0 45.5 46.0 46.5 47.0 47.5
Photon Energy (eV)

o
£
|
—p—g »

o
N
1

Optical Density
}
| -

:

Figure4.30 The measured absorption of Neon with a resolution of 25 meV.
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Figure4.31 Experimental obtained harmonic spectrunaiigongas(top) andthe measured
harmonic spectrum distribution. The profilensrmalized by the 25harmonic signal(bottom).
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A typical HHG spectrum in argon gas was showhig 4.31, including four odd harmonic
orders.This spectrum was recorded by the XUV cam&redriving pulse energy is about 40 mJ
with a beam diameteabout 600 pm (FWHM) and the peak intensity is ~ 4 X4 W/cn?. The

background pressure inside the HHG chamber is ~ 6°t40.
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Figure4.32 Normalized 1D distribution of the 25rd harmonicAngas.

Figure 4.32 depicts the féield spatial profile of the 25th harmonic. The profiles were
integrated with respect to wavelength. The output beam divergence was estimate@.téneet
(FWHM) with a Gaussiatlike profile. The good beam quality indicates that the phassching

condition is satisfied.

93



The beam emittance of HHG under thlease matchingondition is proportional to the
medium length and is related to a railinear angle of HHGThis kind of phase matching is

cdled the“Cerenko¥ phase matchingThe phase mismatch is given [4y]:

-'-[92
AK = kg - gy — - - (4-28)

wh e r e rbncallisear dandie ©f HHGUNnder thephasematching conditiorfkq~qki), the

beam divergencangle is proportional td/ vV Ly ¢ g
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Figure4.33 Measured harmonic spectra in argon medium with different driving laser intensities:
3 x10*wWr/cn? (black line) and 2 x1& Wicn? (read line).
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When the drivindaserintensityis well above the saturian intensity of argon (3.51 x 16
Wi/cn?), we observed thepectral broadeningylue shift and line splitting structures in high
harmonics generatdd argon gass shown irfFig. 4.33 [104]. The spectral splittings mainly
induced bythe propagation effects of HHG in the rapidly ionizing gas mediluthedriving laser
intensity isfar overthe saturation intensity of argon, a wwie of electron plasma with a time
dependent densitwill be producedn the interaction regimélhe refractive indexes ¢iHG in
gas mediunare strongly time dependeshiie to the rapid ionization of the gas medidimerefore
the high harmonics are chigbalongtheir propagation through the ioniziggsmedium,resulting
in the spectra splitting.

In order tomaximizehigh-order harmonic energies under the phaséching condition,
we investigated the dependence of the intensity of harmonics generated in argon as adiunction
the gas pressure and laser enefye results were demonstratedRig. 4.34. The signal is

normalized to the maximum obtained counts.
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Figure4.34 Intensity of the HHG generated in argon as a function of driving laser energy and
generation gas pressure.

The optimized gas pressuredha finite tuning rangghich was explained by the phase
matching conditioaand target gase-absorption as discussed before. When the gas pressures are
higher than the optimal gas condition, HHGgraduallydecreased bthe absorptionof neutral
atoms.When the laser intensity reaches the saturation intensity of argon, most of the atoms are

fully ionized, resulting in breaking the phase matching condiio®& to the plasma dispersion.

Therefore, it leads to the decrease of the conversion efficiency.

96



IEI aaa

0.5000

.1IZIIZIIZI

Gas Pressure (107 torr)

25th 27th

29th 31th
Harmonic Orders

Figure4.35 Pressure dependence of different harmonics in afigunpulse energy is ~ 190 mJ.
The spectra broadening walsoobserved as discussed above.

We also studied the influence of the pressure on each harmonic as shogud i85.The
25" HHG intensityfirst increases quadratically witlhe gaspressure, as expected for a fully
coherent processp to an optimum valubetween 4 and 6 x 1Dtorr. And then, the 25 HHG
emission drops due to tladsorption of the harmonic photons by thegetargongas, andhe
ionizationinduced refraction of thdriving laser The optimum gas pressure for thé"2THG is

~ 7 x10° torr since the phasmatching gas pressure varies as we discussed before.
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Figure4.36 HHG intensities for different orders as a function of the distance between the focus
and the gas tub@hefocus position was controlled by varying the separation of the telescope.
The pulse energy is ~ 110 mJ.

To investigate the relationship between Hig¢G outputflux and the targegas position
relative to the focusing pointve measured HE intensity whilevarying the focus position by
changing the separation of the telescajpmg the propagation axis of tddving laser It is one
of themost importantssues in HHG optimization, as the interaction intensitthe gadictates
the propagation condition of the driving laséhe negative values of the abscissa correspond to

focus positions in front of the gas targht.positive z values, the gas mediunpiacedbeforethe

focus.As presented irfFig. 4.36, the harmonisignal gradually increased toward the gas tube, and
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the maximal HHG signal was obtained near z= 8 iAtlthis positon, the laser spot diameter is
about 1mm (Full width) with a pulse energy of 100 mJ.

With the gasnediumatfter the focusthediverging incidenbeam profile is degrading due
to the plasmalefocusing The plasma defocusingffect severely limis the effective interaction
length for harmonis generation.However when the focus is after the gas mediymfile
flattening and selfuidingcanoccur when a converging laser bearay compensatiée plasma
defocusingWhen the argon target is ionized by the driving laser, the central part of the laser beam
is refracted outwards due to higher electron density at the center, while tadféessd outer
beam still converge$§o, he laser beam is redistributed spatialhg to form a flattened profile in
the central portionAs a result, the electron density profilen also béattened in the same region
while the boundary electrons change rapidly, itcan create flattened refractive index profile
with a sharp in@ase at boundas, resulting a wave guide in which the laser beam isgaetfed.
The effective interaction volume can be significantly enhancetiéjlattening and skhuiding
intense laser pulsehts,it canincreag the harmonic conversion efficiep[105]. Asa result, the
HHG flux is enhanced-dence, great care should be takesdtect a targegaslocationto ensure

a sufficiently long interaction length.
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Figure4.37 Total HHG counts recorded by a XUV CCD camera as a function of laser pulse
energy for different focus positions: gas tube place 8 inch before (black line) and after focus (red
line).

The aboveconclusion is consistent with the results=ig. 4.37. With increae of the laser
energy the plasma defocusing emerges arah be exactly compensated by tailoring the
convergence of the laser beanto the gas targett effectively increases the phas®tching
interactionvolume, results in the increase of HH@ensites

At last, theabsolute total output energy of HHG was measured using an XUV photodiode
(AXUV 100). This 15 mm by 16.5 mm size XUV photodiode is sensitive to XUV wavelengths
from 250 to 10 nm witlaninternal quantum efficiency of 100%he photodetectds a silicon p

n junction. Electrorhole pairs are created when XUV photons are incident on the The.
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electronhole pairs will be separated by tha punction electric fieldSo, the output current from
this photodiode is proportional to themberof XUV photons.This photodiode was placed in the
beam path with a 200 nm thick aluminum fileex shown irFig. 4.18, and the output signal was

recorded directly on an oscilloscof#e current is given by:

whereQ is the charge, R is the resistance and V is the voltage.
As a result, the total chge Q is expressed as:
0O (4-30)

whereresistance is theput impedance of the scopad is~5 0 Q.

A typical oscilloscope signal is shownHing. 4.38. The black line is the signal when the
XUV photons are being generated. The red line is the signal when the target gas is turned off
with driving laser onlt is due to a very small transmission from the aluminum filter because of

some very tiny pinholes in the filters.
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Figure4.38 XUV photodiode signals for XUV and IR (black line) and IR only (iied).

The total number of photons originally generated can be calculated by:

= (4-31)

where e 1s the electron charge, n 1s the qua

transmission of the XUV reflectors and filtefhie quantum efficiency is ~8 for our spectrum (~40

eV center energy)The transmission of the aluminum filtengas independently measured by
adding another aluminum filter to the detector. A total XUV pulse energy was measured with and
without the additional filter and the ratio gave the transmission of our typical filter. A new

aluminum filter has a transmissiof 0% while ours transmits only ~20%. This is due to the
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oxidized thin layers on both sides of the filfg06]. The total number aKUV photons was found

to be 4x101° Thisgivesa total pulse energy of 0.3 gt the ekt of the gas tube.
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CHAPTER 5 - EXPERIMENTS OF FEW-CYCLE CEP-SENSITIVE MIR
FILAMENTS IN AIR

Nonlinear seHchanneling of intense laser pulses in transparent media, commonly termed
laser filamentation, has been extensively investigated usingnfesed (NIR) laser sources at
800 nm wavelengtlil07]. It has been recently argued that filamentation physics in the mid
infrared (MIR) spectral region can be profoundly different from that in the NIR. The generation of
low-order harmonics may become the dominant effect that governs the noniimgagation. In
addition, the optical period in the MIR is inherently longer than in the [MI0R]. The effects of
the carrierenvelopephaseg(CEP) may become significant for relatively long pulseations ~10

fs, which corresponds tdaut two optical cycles at 1.71u[109, 110]

5.1 The Concept ofCarrierEnvelope Phase

The electric field of a laser pulsan be mathematically represented as
o()=cos + (5-1)
where K(t) is theelectric fieldamplitude,oc is the carrieffrequency, andbce is the CEP. The
CEPof the laser pulsdepictsthe offset between the peak of thserelectric field oscillation with

respect to théaserpulse envelope &t0. Thisis shownin Fig.5.1.The peak of the carrievave

oscillation is offseb y cetb the peak of the pulse envelope.
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Figure5.1 CEPfor alaser pulse: Electric field (solid curve) and Puseelope (dashed curve).

To demonstrate moi@EPvalues, foutaserpulses with differenCEPvalues changby
n/2 are shown irFig. 5.2. The electric field seento advance towards the leading edge of the

pulses as the phasehangesrom 3 =« toz 2 in steps

S
S

P =0 Per = % Do =7 Por = 3%

Figure5.2 Four pulses with differenEEPvalues.
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The pulses used iRig 5.2 forillustration of the CEPwere fewcycles lasers to allow the
CEPshift to beobservedlearly. As thelaserpulse duratiomapidly approaches few @vensingle
cycles, the electric field amplitude changes rapidly withimalf cycle.This rapid variation of the
electric field within thelaserpulse envelope is the origin &EP dependeneffects in many
phenomenauch as abovthreshold ionization (ATI), HG andaser inducefilaments[110-112]
The CEP control hagpermittedresearcheraccess to controllinguchphenomenausceptible to
theCEP. The new development of a highergy MIR fewcycle CEPstable laser in our lab opens
the study of CEP effects on the propagation dynamics ofciemhe MIR laser pulses in the

filamentation regime for the first time.

5.2 A CEPhaseStabilized FewCycle Laserat 1.7um

Different approaches to generate intemsid-infrared CEP stabilizedew-cycle laser
pulses have been demonstrafeti3-115]. However, none of these approaches has been able to
producemilli -joule subtwo cycle CEP stabilized laser puld@46, 117] In our lab, we generate
a 3 mJ, subwo cycle, CERstablelaserpulseat 1.7 pyn via a threetage optical parametric
chirpedpulse amplifier (OPCPA) in Bifs (BIBO) [118]. To seed this laser, a pulse energy as
high as 1 ul ipulseglitfenent frequency gebesation (DEG). a

DFG s one of the most important second order nonlinear sff@giump photon witran
angul ar f prepggatiagir & nonlineanedium (like a BIBO) breaks down into two
lower ener gy ph ot o dspentantouslyrorby siirautated parametsic emission
[119]. The suffixesp, sand i referto pump, signal and idlgoulses The frequencies (signal and

idler) are determined by the energynservation conditian
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= - (5-2
Additionally, a momentunrelationship (momentum conservation conditionyst be

satisfiedduring the parametric amplification process

A= - - (5-3)

2
| | = ()—O: ()— (5-4)

where k is the wave vector for laser pulsdse CEPs of the three puldasve arelationthrough

the parametrimteraction:
b= - - 3 (5-5)

If the two pulses undergoing the DFG process are from the lsgsrsource and thus

share the same CE®B{= ¢ +®¢=3 , ¢ + c the CEP forthe idler is given by:
® = 3- 2-_-= (5-6)

So,thefluctuations ofCEPare autoratically cancelled in a passive aatioptical way[120, 121]

To generate muhfrared pulses seed by the DFG process, a wide spectrum input is a

prerequisite. The DFG process occurs between different frequency components af
supercontinuuwhich issent intca crystal with ordinary polarizatiod he £hematic setup of the

OPCPA systens shown inFig. 5.3.
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2mJ, 30 fs Hollow core fiber with 30 psi Neon

Ti:Sa Osc. | , )
80 MHz, 8fs
Si BW BiBO DFG |Chirped
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14-pass Amp)| BIBO 1 BIBO 2 BIBO 3
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Ti:Sa 7~—— ~— 71—
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TiSa |18 mJ,5ps |, BS 1 ‘ A
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Figure5.3 A diagram of our 1.7 pm OPCPA laser system.-HSused silica; BS120%

reflection beam splitter; BS210% reflection beam splitte®i BW - Silicon window at Brewster
angle AOPDF- Acoustaoptic programmable dispersive filter for pulse stretch{agaptedvith
permission from ref118], [Opt. Lett.)).

The OPCPA system sta with a homebuilt threstage multipassTi:-Sapphirelaser
system with a repetition rate of 1 kHz. The nJ pump (73@B8thnm) is stretched to 300 ps and
boosted to 3.6 mJ in a dhss amplifier, out of which 2.6 mJ is compressed to 2.2mJ, 30 fs by a
pair of transmission gratingad is therfocusedo a hollow core fiber with 30 psi neon for while
light generationThis supercontinuuns thencompressed te7 fsby usingseveral pairs ofhirped
mirrors. A bro2addamma) I Re &eahergpf~t mp grodpceddydntra
pulseDFG of thesupercontinuunmn a 1 mm typdl BIBO crystal (cutting angle 60 degree).i$h
IR seed is stretched t@l.4 ps using an IR acoustptic programmable dispersive filter (AOPDF)
with a typical energy a20nJ. The bandwidth of the residdainJ pump from the tgass amplifier
is chopped to 760 810 nm with a flatop shapdbeam profileby a transmission filtefThe

pulseenergy of 21 mJ is achieved aftero consecutives-pass and -pass amplifiers, which is
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compressed to 18 mJ, 5 ps (FWHM) in a transmission grating pair. The OPCPA aufrthiste
stages, in which all BIO crystals are type | cutting at 11 degrees and a smaktolbnear angle

of 1 degree is introded to separate the signal and pump after amplificaBoth the frst and
second stages have 5 ntimck BIBO crystalsand are pumped @3 6 0 p J3mapundp lader
respectivelyThe third stage 3 mm BIO is pumpedy al4.4 mJjump laseand boostste pulse
energy to3 mJ. We achieved a highest conversion efficiency (18%) in the last stage among any
current subtwo-cycle OPCPA. The IR pulse is compressgda 15 en fused silica to a pulse
duration of 11.4 f§FWHM) retrieved by a homenadesecond hanonic generation (SHGROG,

as shown irFig. 5.4[118].
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Figure5.4 (a) Experimental FROG trace; (b) retrieved FROG trace; (c) emdiemtly measured
spectrum (black), retrieved spectrum (red), and retrispedtral phase (blue); (d) retrieved
pulse (red) and temporal phase (blyajlaptedvith permission from reffl18], [Opt. Lett.)
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We build a singleshot £2f interferometer to measure CERlues A sapphire plate is
applied to generatewahite light continuumand aBBO is used to double the frequendyhe CEP

fluctuation is measured to b&65 mrad (RMS) after one hour of singleot collection, adepicted

in Fig. 5.5.
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Figure5.5 Top: f-2f interferograms collected for 1 hour; bottom: CEP fluctuations (165 mrad
RMS) in one hour(adaptedvith permission from ref118], [Opt. Lett.)
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5.3Filamentationnduced byhe 1.7 um CEPStabilizedLaser inAir

The definition of a laser induced filamatibn can be descriden Fig. 5.6. Anintense
high power pulse was focused to reach high enough intensities to ionize the medium in its path
and leave behind a narrow column of plasfitamentation begins with selbcusing within a
nonlinear medium due to an intensity dependent and spatially varying refractive Triaex.
nonlinear refractive index associated with a medium and modulated by an intense laser pulse is
given by

= ot 2(.) (5-7)

where n is the total refractive index,ia the field free refractive index; s thenonlinear

refractive index andl(r, t) is the temporally and spatially varying laser intendiy9].
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Figure5.6 Self-focusing and filamentation of a femtosecond laser pulse.

A laser pulse with a Gaussian intensity distribution will shapewssian refractive index
profile, resultingin a highest refractive index along the propagation. &is modulatedefractive

indexactsas a positive lens that makes the beasetbfocus, which causes the beam to collapse.
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Self-focusing increases thatensity until ionization of the gas medium occurs and a plasma is
formed.Then, ahigher electron density at the center will refract the laser beam outWaedmser
beam is redistributed spatiabyd this willcancel the effects of sebcusing andctontributeto the
formation of a filamentThese selfocusing and defocusing process wilbdulate and stabilize
the filament.These filaments are of great interest due to applications to remote sensing, super
continuum generation, pulse compression, Bidd generatiorj122].

The critical power of selfocusing isgiven by:

= (8 g)7t°? (5-8)

where C is a numemdt factor, 3.72<C<6.4, definedy the beam profle nd A i s t he
wavelength123, 124] The critical power threshold ia key parameteand it sets a limit on the
peak power anthe energy of laser pulses in a filamantion Besides, it is quadraticlly dependent
on the wavelength of the driving las&rh i2scalihg law will enable u® increase the laser peak
powerand radiation energy insangle filament by a longevavelengthdriving laset On the other
hand, the physics behind the influence of the initial CEP on the filamentation of ultrashort laser
pulses in air isnot entirely clearThanks to our 1.7 pm CEP stabilized fesycle laser, w can

experimentally investigate the CEP effects in filamentation in air

M h' = O \

L
Fiter Slit Grating Camera

Figure5.7 Generation of a laser filaamt in air using a 1.7 ptaserpulse FM - gold coated
focusing mirror(f ~2 m); L- collimated lens (f ~500 mm).
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The laser beam (1.4 mJ 1.7 pm 11.4 fs) is focused using a spherical mirrca fwithl
length of 2 mAfter the focus, a lens (f ~500 mmjas used to collimate the beam and a filter is
applied to eliminate the mid infrared laser and to transmit the radiationtfifitament. Then
the beamwas directly sentinto the slit of an imaging spectromei&s shown irFig. 5.7. The
filament has beeaharacterized in terms of plasma distribution and spectral reshaping of the laser
pulse upon passing through the filamentation zone. The generated spectrum does not show any
measurable dependence on the pulse repetition frequency of the laser, intheating effects of
thermal accumulation in the air are negligipl25]. The phase of the laser was adjustable by
controlling an acoustoptic programmable dpersive filtelas shown irFig. 5.3.A roughly 15 cm
long filament was observe@iwo beamimagesi t h an i niti a9, CERspf cl .1
impinged on a screen were recorded BYGD cameraThe different colos indicatethe fact that

thespectrum of the generated broadband emission depends on the CEP quite strongly
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Figure58Di rect emission patterns wi@®WO9t.wo value

We measured the broadened spectra due to thphsede modulation as shownHig. 5.9.

Subtle and repeatable differences 1in the spec

550nm and 900n m.
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Figure5.9 Crosssectionintegrated NIRVIS spectra in forward directioefore filament (blue
line), after filament with CEP=0.2 @ (orange

The CEP dependencepsperiodic, as expected. It benes particularly evident when the
emission is analyzed with the aid of an imaging spectrometer, which resolves the wavelength and
the direction of emission along two orthogonal axes, producing tualea kw spectrum.

Examples of the two most dissimilesw spectra corresponding to two different values of the CEP

(with an arbitrary constant phase offset) are shbign5.10.
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Figure5.10 Angularly-resolved spectra of forwargropagatingvhite-light emission, for the two
values of the CEP that produce the most dissimilar spectra. Emission with wavelengths above
750 nm is blocked by a colgiass filter.

The most evident CEBependent feature is the spectral hole in theas emissiorat
~525 nm wavelength, which is close to the third harmonic of the pump. The hole opens and closes
as the value of the CEP is changed. Currettig physics behind the observed CEP dependence
of the third harmonic emission is rioily understood Our curent hypothesis is that the spectral
hole is due to the interference between two channel€ lséiBnonic generation: the direct process,
converting three photons of the pump beam into one photon of third harmonic, and the sum
frequency mixing between thmeimp and its second harmonic. The generation of the latter, which

is prohibited in an isotropic medium, is enabled through the inversion symmetry breaking, e.g., by
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the plasma ensity gradient in the filameifit26]. Note that we do experimentally obsertesg
seconeéharmonic emissionThis is the firstexperimentaldemonstration of CERontrolled
filamentation inair using nd-level few-cycle midinfrared laser pulses. The results show,

remarkably, that the phase surviweshe highly nonlinear filament propagation through a
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CHAPTER 6 - OUTLOOK AND CONCLUSIONS

Previous attosecond purmpobe type measumeents can only be achieved by combining a
few-cycle visible or near infrared pulse with an attosecond pulse. The ultimate time limit is directly
affected by the duration of the few cycle visible or near infrared pulgbkis work, a robust and
efficientmethod for generating high flux attosecond pulses was developed andieatkxabsely
focused geometrytheiFAST high power driving laser and HHG facilities have been built for the
generation, characterization and application of microjoule kt@second pulses at 50 eV photon
energy.The designed ensttation has the capability of focusing attosecond pulses to spot sizes of
1 um, andit is sufficient to achieve the desiredld mJ/cmd XUV energy density to induce the
nonlinear experiments with|J pulse energieé true pumpprobe experiment will be conducted
due tothe establishment of true attosecattbsecond measurements in this work

In thenear future, wh the availability of attosecond pulses with sufficient flux, it will be
possible to use one pulse to initiate a process, suotcasateslectronholesin an inner shell, and
to probe the time dynamics of the electanirelated processes with the @ed attosecond pulse,
either in transient absorption or by photoelectron spectroscopy. Attosecond processes in materials
will then be probed by methods such asay transient absorption spectroscopyd transient
dispersion. It can provideirect accessotatomspecific charge state dynamics, indicative of the
motion of electrons or holes in materials. The methods will provide sophisticated means to follow
charge flow in materials, to trace the location of holes and electrons by way of their influence on
the core level spectrum of specific atoms in the materials. Exciting prospects emerge to follow
spin and magnetism, through electronic and spin superposition states and their ¢coygblorgn

modes.This will introduce the "era" of true attoseceatioseond pumpprobe spectroscopy.
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Sent: Monday, October 02, 2017 8:06 PM

To: pubscopyright

Cc: Yanchun Yin

Subject: a copyright permission request from Yang Wang (University of Central Florida)

Dear Editor:
This isYang Wang from College of Optics and Phonics at the University of Central Florida.
There is one paper from our group published in 2016 and the information is:

"High-efficiency optical parametric chirped-pulse amplifier in BiB306 for generation of 3 m)J, two-cycle, carrier-envelope-phase-stable
pulses at 1.7 pm"

Y.C. Yin, J. Li, X.M. Ren, K. Zhao, Y. Wu, E. Cunningham, and Z. Chang

Optics Letters 41(6), pp.1142-1145

| used this laser to do the filament experiment and | am going to involve the laser information to my Phd dissertation thesis.
Can | ask for a permission to use the following three figures in this paper to demonstrate the laser parameters in my thesis?

"Fig. 3. Schematic setup of the OPCPA system. BS1, 20% reflection beam splitter; BS2, 10% reflection beam splitter; Si BW, silicon window
at
Brewster's angle.

Fig. 5. [a) Experimental SHG FROG trace; (b) retrieved SHG

FROG trace; (c) independently measured spectrum (black), retrieved
spectrum (red), and retrieved spectral phase (green); (d) retrieved pulse
(red) and temporal phase (green).

Fig. 6. Top: f-to-2f interferograms collected for 1 h; bottom: CEP
fluctuations (165 mrad RMS)in 1 h."

My contact information:
MName: Yang Wang

4111 Libra Drive

Physical Sciences Bldg. 430
Orlando, FL32816-2385
Tel: 785-341-3277

| also cc this email to the first author of this paper who isDr. Yanchun Yin in our group.
Thank you.

Regards
YANG Wang
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| will follow the citation format.
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Regards
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From: pubscopyright <copyright@osa.org>

Sent: Tuesday, October 3, 2017 1:54:30 PM

To: wangyang; pubscopyright

Cc: Yanchun Yin

Subject: RE: a copyright permission request from Yang Wang (University of Central Florida)

Dear Yang Wang,

For the use of figures 3, 5, and 6 from Yanchun ¥in, Jie Li, Xiaoming Ren, Kun Zhao, ¥i Wu, Eric Cunningham, and Zenghu Chang, "High-efficiency optical
parametric chirped-pulse amplifier in BiB306 for generation of 3 ml, two-cycle, carrier-envelope-phase-stable pulses at 1.7 um," Opt. Lett. 41, 1142-
1145 (2016):

OSA considers your requested use of its copyrighted material to be Fair Use under United States Copyright Law. It is requested that a complete citation
of the original material be included in any publication.

While your publisher should be able to provide additional guidance, OSA prefers the below citation formats:
For citations in figure captions:
[Reprinted/Adapted] with permission from ref [x], [Publisher]. (with full citation in reference list)
For images without captions:

Journal Vol. #, first page (year published)
An example: Opt. Lett. 41, 1142 (2016)

Let me know if you have any questions.
Kind Regards,

Rebecca Robinson

Rebecca Robinson

October 3, 2017
Authorized Agent, The Optical Society
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