FROM FEWCYCLE FEMTOSECOND PUSE TO SINGLE ATTOSEOND PULSE
CONTROLLING AND TRACKING ELECTRON DYNAMICS WITH ATTOSECOND

PRECISION

by

HE WANG

B.A., University of Science and Technology of China, 2005

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Physics
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan Kansas

2010



Abstract

The fewcycle femtosecond laser pulse has proved itself to be a powerful tool for
controlling the electron dynamics inside atoms and molecules. By applying suatydiew
pulses as a driving field, single isolatattosecond pulses can be produced through the high
order harmonic generation process, which provide a novel tool for capturing the real time
electron motion. The first part of the thesis is devoted to the state of the acydwnear
infrared (NIR) laer pulse development, which includes absolute phase control (eavielope
phase stabilization), amplitude control (power stabilization), and relative phase control (pulse
compression and shaping). Then the double optical gating (DOG) method for ipgneiragle
attosecond pulses and the attosecond streaking experiment for characterizing such pulses are
presented. Various experimental limitations in the attosecond streaking measurement are
illustrated through simulation. Finally by using the singlesstond pulses generated by DOG,
an attosecond transient absorption experiment is performed to study the autoionization process of
argon. When the delay between a feyele NIR pulse and a single attosecond XUV pulse is
scanned, the Fano resonance shapdbheofirgon autoionizing states are modified by the NIR
pulse, which shows the direct observation and control of eleetemtron correlation in the

temporal domain.
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CHAPTER 1 - Introduction

Since the electron was first discovered by J. J. Thomson as a fundamental particle more
than one century ago [1], it has always been a dream for scientists and engineers to observe and
cortrol its fast dynamicsAs a building block of the atoms, molecules and materials, the electron
is fundamentally important since its behaviors, such as correlation, excitation and relaxation,
determine the physical and chemical properties of the worlahdrosi [2]

Quantum mechanically, since the spacing between energy levels is on the order of several
electron volts in atoms and molecules, and-algiotron volts in materials due to their spatial
confinement, the time scale of electron dynamics is onotider of tens and hundreds of
attoseconds (I8 s). To capture the fast motion of electrons, pulses of attosecond duration are
prerequisite.On the other hand, the electron behavior in the atoms and molecules is mainly
governed by the electreglectron reulsion and electronuclear attraction. Those Coulomb
fields are on the order of 1®&/cm for the ground state as well as low lying states of atoms and
molecules. In order to initiate the dynamics as well as to control the electron motion, the applied
field has to be comparable with that of the unperturbed system, which is beyond the reach of
static fields. With the recent development of high power femtosecond laser, the dreams of

observing and controlling the electron dynamics is within the realm ofiyildgdB3].

1.1 High harmonic generation (HHG)

When the femtosecond pulses are focused to the intensity®¥/t0n’ on an atomic or
molecular gas target, the electric field from the laser becomes comparable to the Coulomb field.
Besides the strong ionizan, the odd order high harmonics of the driving laser can be detected
experimentally.High harmonic generation (HHG) was first discovered in 1988 by research
groups in Chicago and France [4, 5]. Different from perturbative harmonic generation [6], HHG
starts with a rapid decrease for the towder harmonics consistent with perturbation theory,
followed by a plateau region where the harmonic intensity drops more slowly and then an abrupt

cutoff as shown in Fig-1.



. low orders
N

N

N plateau

Intensity (log scale)
]
C
o
=h

| I I

. .
0 10 20 30 40 50
Harmonic order

Figure 1-1 Typical high harmonic spectrum. The spectrum consists of three parts: the
perturbative regime at low orders, the plateau for intermediate orders, and the cutoff at
the highest orders.

1.2 Recollision model of HHG

Instead of applying niti-photon picture in the perturbative regime, a recollision model
[7-9] which includes tunneling, acceleration and recombination was proposed to explain the
mechanism of HHG as shown in Fig21There are two very important aspects derived from this

modd, and they will serve as the motivation and guideline of the whole thesis.
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Figure 1-2 Recollision model in HHG.

1.2.1 Electron motiorgoverned by the electric field
The first key point one is that in firong laser field the electron motion is ultimately
governed by the oscillating electric field of the laser pulse. Let us start from the tunneling
ionization. At modest laser intensities, the normal rphibton excitation route for ionization via

intermediate states applies as shown in Fi(d). If the incident field is strong enough and



frequency is low enough then, within a qusisitic approximation, the field is able to distort the
atomic potential to such an extent that a potential barrier msefdrthrough which the electron

can tunnel as shown in Fig:3(b).

@) A () N\

— =

Figure 1-3 Physical pictures of atonic ionization under different laser intensities. (a) Multr
photon regime: at moderate intensiy (<10** W/cm2) the Coulomb potential is unperturbed,
and electron is ionized by absorbing N photons. (b) Tunneling regimet sufficiently high
intensity (<10" W/cm?), the Coulomb potential barrier is formed, and the electron tunnels
out.

To classify diferent regimes between mufthoton ionization and tunneling ionization

and to give a qualitative physical picture, the Keldysh parangetens introduced to describe
the ionization behavior [10], which is defined as:

g= 2up : (1.1)

p

where |, is the ionization potential of the target atoms, is called the ponderomnive
potential, which is the average quiver energy the electron gains in the laser field and is expressed
as:
2.2

= % (1.2)
where eand mare the electron charge and mass,., and w are the amplitude and the angular
frequency of the laser field. The myfthoton ionization process dominatesg> A, but if the
laser intensity increases ungl< 4, the tunneling ionization process takes over. Since the HHG

process happens at the intensity of"ticn?, its Keldysh parameter is smaller than one for
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typical Ti:Sapphire laser (800 nm central wavelength) and noble gas tagdiO (V).
Therefore, the electron tunnels out when the electric field of the laser suppresses the Coulomb
potential in the first step of HHG.
Once the electron tunnels ottlie Coulomb fied drops dramatically and the electric field
from the | aser starts to take over anthe contr.

electron equations of motion can be expressed as:

at) = #(t)— 'ase’cosQ/vt) (1.3)

v(t) = #(t)— 'ase“sm(wt)+vo, (1.4)
mw

X(t) = - "5‘,/;2‘”003(1/%)+v0t+xO (1.5)

If the free electron is born at the titet, within the first quarter of the cycle, assuming
the initial conditions/(t,) = x(t,) =0, and f, = ut,, the electron is accelerated and driven back to

the initial position (See Appendix A for detailed calculation). Duringréfoembination process
the net gain of electron kinetic energy is released in the form of XUV radiation, which leads to
the HHG process observed experimentally.

As shown in Fig. 4 (a), when the electron was born at a phase of 18 degree, the

maximum kiretic energy of3.17U, is accumulated. Including the energy gain during the
tunneling process, the cutoff of HHG is predicted>ag,; =3.17U , + 1, [7]. Below the cutoff

energy, contributions from the two electron trajectories areilpgessAccording to the time
interval between birth and recombination, they are termed as the long and short trajectories
respectively, as shown in Fig:4l(a) and (b).

Thus, the electric field again governs the motion of free electrons. In order tol ¢bat
dynamics of either bound or free electron, the key is to control the electric field of the laser

pulse.
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Figure 1-4 (a) Plot of birth time and final kinetic energy. (b) Plot of recombination time
and final kinetic energy. When the electron was born at 18 degreethe kinetic energy of
the free electron reaclesthe cutoff 3.17 U,. Below the cutoff, two trajectories(long and

short) lead to the same final energy.

1.2.2 Emergence of attosecond pulses

In the recollision model the tunneling ionization of the atom plays a central role in
attosecond science since substantial ionization occurs within a fraction of an optical cycle
(T=2.67 fs for 800 nm central wavelength). Quantitatively, in the tunnedigighe the ionization
rate was predicted by ADK theof¥1] (See Appendix A for details). When the laser pulse with
800 nm central wavelength and peak inten@¥10‘4V/cnt is focused on a hydrogen atom in
the ground stateg=0.73), the tunneling rate predicted by ADK formula during one laser cycle
is plotted as shown in Fig-3(a). It can been seen that tunneling mainly happens around the
peak of each laser oscillation and forms the electron wave packet lasting for abosit @4ired
the one eighth of the laser period. This is extremely important, as it explains the origin of
attosecond pulse. If the laser intensity is reduced to the-phdton ionization regime, the ADK
rate, based on quastatic picture, is not longer Md. Instead the no@adiabatic formula is more

suitable [12], which predicts an electron wave packet of femtosecond duration.



Since HHG happens in the tunneling regime, the attosecond nature is naturally encoded.
The tunneling model leads to the formatiof an outgoing electron wave packet each time the
electric field reaches its peak value. After the acceleration of the electron wavepacket in the laser
field and recombination near the zero crossing of the field, a train of attosecond bursts with half
cycle separation is generated in the temporal domain as shown in%{ig). The experimental
observation of discrete harmonics in the spectral domain is the interference of attosecond pulses

within the train in the temporal domain.
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Figure 1-5 (a)Tunneling rate of ground state hydrogen atom during oe laser cycle at
intensity of 2010“W/cm? for 800 nm central wavelength. (b) HHG consists of attosecond

pulses with halfcycle separation in the temporal domai.

1.3 Generation of single attosecond pulses

The breakthrough happened in 2001, when two groups independently proved that HHG
consists of XUV bursts lasting several hundreds of attoseconds in the temporal domain-by cross
correlation measurements [13, 14ven though the HHG process naturally results in an
attosecond pulse train in the temporal domain, when the fast electron dynamics are studied, it is
much better to select a single attosecond pulse to do-punlye experiments since it has a very
well ddined timing and a broad continuous spectrum to simultaneously access many resonant
states. The single attosecond pulses were produced frorcyfdev driving pulses [15] by
selecting the XUV near the cutoff regime [16] or applying driving field with {gependent
ellipticity as shown in Fig. -6(a) and (b) [17]. The method shown in Fig6 1a) is termed
amplitude gating, where the XUV spectrum near the cutoff are only produced by the driving field

with highest amplitude. The approach depicted in F@.(l) is called polarization gating. Since



HHG can be efficiently produced when the linearly polarized driving field is used, by combining
a left circular pulse and a right circular pulse with proper delay, a half cycle linear portion in the

middle naturallygenerates a single attosecond pulse.
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Figure 1-6 Different ways of generating single attosecond pulses: (a) the single attosecond
pulses were generated by selecting the cutoff regime of HHG when feycle pulses were
used as driving field; (b) when the left circular and right circular pulses were delayed and
overlapped properly, only the linear portion in the middle produces single attosecond
pulses.

Single attosecond pulses can be used to track the e@ledymamics directly in the
temporal domain, and this opens up a brand new field of attosecond science [3, 18]. In the
following years, many experiments have been performed, such as the measurement of the Auger
process in the temporal domain [19], mappirigsob-cycle dynamics of tunneling ionization

[20], direct control of electron localization during the dissociation process in molecules [21].

1.4 Thesis outline

This thesis is devoted to the control of attosecond electron dynamics, as well as
generation ad application of single attosecond pulses.

Chapter 2 and Chapter 3 mainly focus on the state of the astyiee laser pulse
development for studying attosecond electron dynamics, which includes amplitude control
(power stabilization), absolute phasenttol (carrierenvelope phase stabilization) and relative
phase control (pulse shaping and compression by adaptive phase modulator). The carrier
envelope (CE) phase stabilized chirped pulse amplifier (CPA) and hollow core fiber setup will be



presented in etail. Several laser pulse characterization and control techniques will also be
discussed, such dgo-2f interferometry, and Mitiphoton IntrapulselnterferencePhaseScan
(MIIPS).

Chapter 4 mainly discusses our novel approach to generate singledsataisecond
pulses by Double Optical Gating (DOG), and the attosecond streak camera is used to
characterize the pulses. When tRencipal Component Generalized Projections Algorithm
(PCGPA) is applied to reconstruct the attosecond XUV pulse from thakstg spectrogram,
several experimental constraints are discussed, which serve to guide the experiment and shed
light on how the XUV attosecond pulse is embedded in the streaking spectrogram.

Chapter 5 studies attosecond dynamics of the autoionizatomegs in argon with the
single attosecond pulse generated from DOG. In the attosecond transient absorption experiment
the near infrared (NIR) pumgUV probe technique is used. When the delay between the NIR
and XUV pulses is scanned, it is found ttieg NR laser field causes changes to the resonance
peakposition andshape and causesa reduction in theXUV transmission The featureswere
found todepend strongly on the laser intensity. The slyftsplitting, and broadening of the
Fano resonance peak the laser field arattributed to the coupling, both resonant and-non
resonant, of the bound and continuum states by the NIR [Hsenneasurement demonstrates
control of the autoionization process witinprecedentedemporal attosecond precision, and
allows direct observation and control of electi@ectron correlation in the temporal domain.

Finally a short remark is given to summarize the entire thesis.



CHAPTER 2 - Stabilization of the power and carrierenvelope phase

of few-cycle pulse laser pulses

When a multicycle laser pulse is used to produce HHG, an attosecond pulse train is
formed in the temporal domain. To track the real time electron dynamics with-aiog
techniques within the range of several femtoseconds, single attoseond pulses eed. réqea
way of generating single attosecnd pulses is to usecye¥e driving laser fields. This chapter
mainly covers the generation of fesycle laser pulses. To control and optimize such pulses,

carrierenvelope (CE) phase stabilization and poweritughvill be discussed in detalil.

2.1 Chirped pulse amplifier laser system
Currently sub30 fs, milli-joule level Ti:Sapphire chirped pulse amplifier (CPA) laser
systems are commercially available and becoming a standard tool in ultrafast laser labs [22].
The CPA laser system consists of an oscillator, stretcher, amplifier and compressor as shown in
Fig. 21, and it was first time designed by Strickland and Mourou in 198®tst thepulse
energy from ancjoule to milli-joule level [23]. In CPA the seg pulse from the oscillator is
stretched, amplified and compressed to maintain high gain without damaging of the gain

medium.

Oscillator

e —— e

ﬂ Stretcher
Kerr-lens
Mode locking \
Grating based Amplifier

Prism based
Materials based

Grating based
Prism based
Chirped mirror based

Multi-pass
Regenerative

Compressor

~N

Figure 2-1 The operating principle of CPA laser system. It includes oscillatorstretcher,

amplifier and compressor.



The most widely used oscillator is the kéens mode locking Ti:Sapphire oscillator
because of its compactness and robustness [24]. Current Ti:Sapphire oscillators can generate
more than one octax@anning spectraithh pulse duration below 5 fs [25]. Howeverhen the
seedpulsesfrom the oscillatorare amplifiedfrom the nangoule to the millijoule levé with
CPA, they are broadened to more than 10 fs due to gaiowiag of the pulse spectrum [R3
The stretcheand compressor can be made of dispersive glasses, chirped mirrors, prism pairs or
grating pairs [22]. The grating pairs based stretcher and compressor were originally proposed by
Treacy and Martinez [26, 27], and are most commonly used infdugler CPAlaser systems
because of their large stretching and compressing factor (>10,000 times) and the high damage
threshold of reflective optics.

Two types of CPA amplifier are commonly used. One type is the-qpasts amplifier, in
which the seed pulse traved#ferent paths during the amplification process. Since there is no
uniquely defined cavity, the amplified spontaneous emission (ASE) is suppressed due to the
geometry. Also since only the crystal contributes the total material dispersion, the high order
dispersion is minimized and the pulse duration can easily be compressed down to less than 30 fs
after the amplification [28, 29]. The other type is the regenerative amplifier [30]. In a
regenerative amplifier, the seed pulse follows the same optical patforageveral round trips
within a cavity geometry during the amplification. One or two Pockels cells are used to switch in
the seed and switch out the amplified pulse by changing the polarization at a specific time delay.
Since the number of round tripaside the cavity can easily be optimized by controlling the
timing of the Pockels cells, the overall energy extraction efficiency (~15%) of regenerative
amplifiers is better than that of mufiass amplifiers. Due to the very wdkfined cavity, the
final output beam profile and pointing stability are also better than 4pads amplifiers.
Regenerative amplifiers are therefore used asapmglifiers in high power laser systems.
However, the ASE is generally higher for regenerative amplifiers than for-pasé amplifiers
and the pulse contrast is not as good. Furthermore, the high order dispersion introduced by
dispersive materials inside cavity add small pre and post pulses to the main pulse and make it
difficult to be compressed to the TL pulse duration

In our lab we have two laser systems. One is our hiesegned Kansas Light Source
(KLS) [31], which is a singlstage multpass amplifier including pramplifier and power

amplifier. The other one is the Manhattan Attosecond Radiation Source (MARSBased from
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Coherent Corp. (Legend Elite DU, which is a two stage amplifier including regenerative

amplifier as a preamplifier and single pass amplifier as a power amplifier.
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Figure 2-2 KLS multi -pass CPA laser system layout. P1, P2, P3, P4: polarizer; PC1, PC2:
Pockels cell; TS1, TS2, TS3: telescope; G1, G2, G3, G4: gratiriigure adapted from Ref
[32].

Fig. 22 shows the layout of the KLS. The oscillator is a Kens mode locked
Ti:Sapphire osciftor (FemtoSource PFj from Femtolasers GmbH), which produces 77 MHz,
6 nJ pulses with pulse duration of around 12 fs. 1 KHz pulses are selected by the Pockels cell
(Lasermetrics 5046) and sent to a gratiaged Martinez type stretcher. The pulsesastched
to ~ 80 ps to avoid the damage of the Ti:Sapphire crystal. Then, the stretched pulses are
amplified to 5 mJ with a }pass amplifer, where the Ti:Sapphire crystal is cooled to liquid
nitrogen temperature [29] to reduce the thermal lens effetkr Alfie first seven passes, the
amplified pulses are extracted from the amplifier and pass through a telescope to shrink the beam
size, which expands the focal spot size of the amplified pulse at the crystal and matches the
pump laser size for efficient gaction of the pump energy. Another Pockels cell which
generates a 10 ns duration window is used to suppress amplified spontaneous emission (ASE)
generated during the pemplification process. After the amplification, the pulses are
compressed by a paif gratings to 2 mJ, 33 fs with 26 nm FWHM spectrum bandwidth. By
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inserting a quartz plate between the first and second seven passes as a spectral filter to
compensate the gain narrowing effect and using the mixed gratings, the final pulse duration can
becompressed to 25 fs [32].

Fig. 2-3 shows the layout of MARS laser amplifier. The oscillator is a Raiffhdmm
Femtolasers GmbH, which produces Subs pulses at a repetition rate of 78 MHz. The first
amplification stage is a 14 round trip regenetmplifier, which amplifies the pulse energy to
4 mJ. The second stage is a single pass amplifier to boost the laser pulse energy to 8 mJ. The
Ti:Sapphire crystal in both amplification stages are thermoelectrically coolet2ttC. The
regenerative amiper and single pass amplification stages are pumped by 50% of a 45 W
Coherent Evolution HE! pump laser. After the grating based compressor, the final output pulse
energy is 6 mJ with a central wavelength of 800 nm and spectral bandwidth of 37 nm, which

supports a transform limited pulse duration of 28 fs.

R f—a==—=2 __{\g Compressor

N—HT ! m— / ' :
> | —I_ /—‘Ag — - L A,

Figure 2-3 MARS regenerative amplifier layout. The seed pulses are first stretched to 180
ps, then 1 KHz pulses are sent into the regenerative amplifieAfter 15 round trips, the
preamplified pulses pass another single pass amplifier. After the final compression 6 mJ, 30

fs pulses are produced.
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2.2 Few cycle pulse generation

Due to the gain narrowing effect, the amplified pulses output from CPBraeaelened to
~25 fs, which contains about 10 cycles of oscillation for 800 nm central wavelérgiroduce
energetic fewcycle pulses, the multiycle laser pulses from the CPA lasers are sent to nonlinear
optical media such asoble gasfilled hollow-core fibers to broaden the spectral bandwidth so
that it covers about one octawespectrarange (ypically from 500nm t01000nm) as shown Fig.
2-4 [33, 34. The positive chirpf the pulses introduced by tihhenlinear processgmainly self
phase modulabn) and the material dispersios then removed by pulse compressors such as
chirped mirrorspr prism pairg33, 34. The chirped mirror is a special type of dielectric mirror
with multi-layer coating. It is designed that different optical frequencissiiiterent penetration
depths before reflection, which could introduce negative chirp by properly setting the thickness

of each layer [35].

Hollow-core fiber ‘ K

#Chirped .
) 1
mirrors ,’/

Figure 2-4 Hollow-core fiber compressor.

Previouslyargon filled hollowcore fiber was used in our lab to broaden the spectrum and
produce fewcycle pulses, by using the circularly polarized pulses as input to reduce the
ionization at the entrance of the hollow core fiber. 0.6 mJ, 6.2 fs pulses werequt@diter the
hollow core fiber [36]. More recently, with neon filled hollasere fiber, 1.2 mJ, 5.6 fs linearly
polarized pulses have been produced [37]. The 2.5 mJ pulses from the KLS laser were focused
into a 0.9 m long hollovecore fiber byf=1.5 m focusig mirror. To minimize the ionization at the
entrance of the fiber and maintain high coupling efficiency [38], a largeeAD0ore diameter
fiber filled with 2 bars of neon gas was used for spectral broadening. The pulses from the fiber
were then compresd by chirped mirrors. The frequenmsolved optical gating (FROG)

measurement [39] indicated the pulse duration of 5.6 fs as shown in%[§.72
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Figure 2-5 (a) Spectra of the input(dashed ling and output (solid line) of the fiber. (b) The

pulse shape(filled circle) and temporal phase(dashed ling as reconstructed by FROG.
Figure adapted from Ref [37].

2.3 Carrier envelope (CE) phase stabilization of feweycle pulses

For an ultrafast optical puldke electric field can be expressed as:
E(t) = A(t) cosugt + O(t) +/ el (2.1)
where A(t) is the envelope of the pulsgis the carrier frequency)(t) is thehigh-order phase,

which is assumed to be constant after the pulse compression. The-@avakpe (CE) phase

/ ce, denotes the offset between the peak of the pulse envelope and the nearest peak of the
carrierwave electric field. Ashte width of A(t) approaches few cycle duration, the electric field

amplitude changes rapidly within a half cycle, and its distribution is determined by the CE phase
as shown in Fig.-B. This fast variation of the electric field withithe pulse envelope is the
origin of carrierenvelope (CE) phase effects in various high field processes such as above
threshold ionization (ATI), HHG and electron localization in molecular dissociation [21, 40, 41].
When such fewcycle pulses are used tererate single attosecond pulses [41], the CE phase has
to be controlled and stabilized to maintain reproducible isolated attosecond pulses [41]. Instead
of directly locking the CE phase of fesycle pulses, the CE phase of malicle pulses output

from the CPA was stabilized. In the discussion of later sections, the CE phase stability of few
cycle pulses and muitiycle pulses will be measured and compared before and after the-hollow
core fiber. Typically CE phase stabilization of a CPA laser consist$adt loop in the oscillator

and a slow loop in the amplifier.
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Figure 2-6 5 fs pulses centered at 800mwith 0, " /, @d "~ CE phase

2.3.1 Stabilization of the offset frequency in oscillator

Inside a fertosecond oscillator cavity, a laser pulse circulates through the gain medium,
reflects off of the various mirrors, and finally passes through the output coupler. The main
dispersive elements in a chirped mirror based H#&rs moddocked (KLM) Ti:Sapphirdaser
are the laser crystal, the air in the laser path and the mirrors. For a typical Ti:Sapphire oscillator
operating at a repetition rate of ~ 80 MHz, the air path is ~2 m and the crystal is ~2 mm thick.
Generally when the laser pulse propagates i@alirdispersive medium, due to the difference
between the phase velocity and group velocity, the CE phase change between consecutive pulses

can be express as.

. . . e L L, 2 dn
D =D/ -Dj  =wé—2—- 0= - — 2.2
Y ce Y g ) v Ong(Wo) Vp(M/O)E ZpLod/ (2.2)

wherev, (1;) and v, () are the group velocity and phase velocity at the central frequency

respectively.L,is the effective length of the dispersive medium, amsltherefraction index.
For example~ 30 /m propagation in fused silica introduces the CE phase shjit. of

Since the phase and group velocities differ inside the oscillator, the CE phase offset will
change from one rountdp to the next. Because of this, it is technically difficult to lock the CE
phase of all the oscillator output pulses to the same value. Instead, in most cases the rate of
change of the CE phase is stabilized. The pulses with the same CE phase setetited by the
Pockels cell to seed the amplifier.
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The previous discussion described the CE phase offset only in the time domain.
However, the CE phase offset can also be understood in the frequency domain. In the temporal

domain, a modéocked laser pulse train is just a steady stream of pulses separdtedlby,.,,
whereT is the pulse period and,, is the laser repetition rate. It is easily shown with Fourier

transforms that a shift in time corresperd a phase shift that is linear with frequency, that is,
the phase at angular frequenmyis ut for a time shift oft. In the spectral domain, successive
pulses interfere, but a signal wile observed only at frequencies where they have a phase shift
of 2np (nis an integer) and add constructively. For a pulse train with Tirbetween pulses,

these frequencies arg =n/T =nf_,. Therefore, the spectrum consistsa comb of frequencies
spaced by the repetition rate. Furthermore, if the polgrilse phase shifbf.;. is included, in
order to still have constructive interference + Df .. =2np), f, is given as

f, = f, +nf (2.3)

rep

where f, = f Df - /2pis defined as the carrienvelope offset frequency.

I&f) fn:f;)-l_nrep

IF e i
f;'ep f;)

Figure 2-7 Frequency comb of femtosecond oscillator
The situation is depicted in Fig-72 where the dashed lines represent the equally spaced
comb lines and the solid lines underneath the laser spectrum represent the dispersion shifted
comb Ines. Therefore, the presence of dispersion in a laser cavity results in an offset frequency

in the frequency domain that has a simple relationship to the CE phase.
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2.3.1.1 CE phase stabilization of KLS oscillator

CE phasestabilizationtechnology has cue very far since the first attempt at measuring
the CE phase shift between successive pulses from a Ti:Sapphire oscillata ssoumebrder
crosscorrelator [42. Nowadays, CE phase stabilized oscillators are commercially available [43].
Most of thecurrent methods used to stabilize the CE phase wer@frso posed by Kel l e
is 1999 [44, where different nonlinear processes and the respective spectral b#dndwid
requirements were discussed. Two main methods aretth?f (SHG) self-referencig method
and the f-to-zero (DFG) selfreferencingmethod In the f-to-2f self-referencing methodhe
frequency doublingf the low comb orders beatith the comb orders irhe high frequency
spectrum tgproducef, [45]. Such an octavgpan broadband spectrum can be generated either
by focusing the beam into a microstructure fiber [46] or directly from the Ti:Sapphire crystal
inside the oscillator through self phase modulation [Whjile in f-to-zeromethod[48], the long

wavelength sigals from DFG are beat with the low comb orders to prodyice

1(f)
Broadened -
Spectrum f 0
> [—
\V/ f 2n

> <fj

Second-Harmonic Generation

Figure 2-8 Principle of the f-to-2f self-referencing method
Fig. 28 shows the principle of théto-2f selfreferencing rathod. The original laser
spectrum is broadened over an getan frequencyThen, the low frequency components are
frequency doubled and interked with the high comb orderslathematically, the heterodyne
beat resulting from the aforementioned processbearepresented as:
fo=2f,- f,, =2(nf, + f))- (2nf, + f;) = f,. (2.4)
Thus, the difference between thand 2 comb orders is the offset frequency. The next

step in the process of locking the CE phase is to track the offset frequencychritdtéoan
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integer fraction of the laser repetiticaite using a servo loop [#by modulatinghe pump power
with an acoust@ptic modulator (AOM). Modulating the pump power changes the nonlinearity
in the crystal, which also changes the refractive iratekthus thgroup and phase velocities.

AOM
Pump Laser Ti:sapphire Oscillator

Locking Electronics

> PID Controller

L
@APD M
oL 3
[zt V PBS A2

BBO

CL &ﬂ PBS
: M™ an

CCD " M\ /M

. PD

Figure 2-9 Layout of KLS f-to-2f interferomter for locking the oscillator offset frequencyfo.
AOM: acousto-optic modulator, L: Lens, PD: photodiode, APD: avalante photodiode, G:
grating, M: mirror, CM: chirped mirror, S: slit, BS: beamsplitter, PBS: polarizing beam
splitter, CM: chirped mirror, CL : cylindrical Lens, DBS: dichroic beam splitter, PCF:
photonics crystal fiber, NDF: neutral density filter. Figure adapted from Ref [49].

In our lab, the KLS oscillator CE phase is stabilized by fthe2f selfreferencing
method as shown in Fig-2[49]. The Ti:S&pphire oscillator had a spectFAVHM of 100 nm
centered at 790 nm. Half of the output power from thellasmi (200 mW)was focused into a
photonic crystal fiber (Menlo Systems). The spectrum of the white digiarging from the fiber
extended from 500 nm to ~1130 nm. In the hdadt Mach-Zehnderf-to-2f interferometer, the
infrared light was frequency dbled by a Type | BBCcrystal. The second harmonic beam
interfered with the 532 nm component from the shealvelength armThe Mach-Zehnder
interferometewas stabilized by a HBEle laser [49].The beat signal near the offset frequency

was filtered from theavalanchephotodiode output in the locking electronics (Menlo Systems
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XPS 800). The offset frequenayas compared tof ., /4, the quarterepetition rate value,
yielding a phase error signal thaas used to control AONMhodulator placed ithe beam of the

oscillator pump laser. Theffset frequency was stabilized by varying the pump power using the
AOM.

2.3.1.2 Long term CE phase stabilization of MARS oscillator
The CE phase of the MARS laser oscillator is stabilized by-tbeeroselfreferencing
method as shown in Fig-20 [48]. The Ti:&pphire oscillator had a spectRRVHM of 200 nm
centered at 750 nnThe carrierenvelope offset frequency, was obtained by detecting the beat
signal of differencdrequency genation (DFG) when the output laser beam from output coupler
was focused into a highly nonlinear periodically poled lithium niobate (PPLN) crystal. Similarly

to the KLS, the offset frequency was comparedfig/4 and locked by modulating ¢hpump

power with the AOM.

Z,

A
H I
Output Menlo | ____| aom | Fastioop |} |
1 system driver 1 ]
b A H S Verdi pump -
' I L4 I
fitter ; : Sexo Slow | :
SIOW fEEdbaCk . oop >—
l : e Chiller

Figure 2-10 MARS laser octavespanning oscillator layout and double feedback loop.
AOM: acousto-optic modulator, L: pump lens, OC: broadband output-coupler on a fused
silica wedge, WP: wedge pair, PD: photodiode, APD: avalanche photodiodeP filter: low
pass filter, CM: chirped mirror. Figure adapted from Ref [52].

There are several advantages for this DFG type CE phase stabilized oscillator. First, a
collinear method is used rfaletecting the beat signal. Thus, temporal jitter noise introduced in
interferometric configuration is totally eliminated [49]. Second, there is no strong self phase
modulation inside the Ti:Sapphire crystal, which reduces the chance of crystal damage and

makes the oscillator easy to align. All the nonlinear processes, such as DFG and self phase
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modulation, happen in the PPLN crystal, which is outside the oscillator cavity. Third, since the
long wavelength portion (1200 nm) of the output pulse was usédckothe CE phase, the
majority of the output power can be used to seed the amplifier. Such high power seeding is
important for reducing the ASE and number of round trips in the regenerative amplifier.

Given the particular environment in our Kansaght Source laboratory, the beat signal

f, wasfound b drift within a range of abol8MHz in one day under the free running mode.
When the drivingroltage of the AOM was scanned across its usaige, it was found that the
f, can only becontrolledover a range of 6MHz, which is not sufficient to compenteeadaily
slow drift of f,. This limitedthetypical oscillator CE phadecking time to about 4durswhen

AOM alone was used.ong term CE pase stability is very important for current low count rate
attosecond experiments and ion beam laser interaction experiments. To achieve CE phase
stabilization for more than one day, an additional stabilization mechanism is necessary to

increase the oveltacontrol range.
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Figure 2-11 The temperature dependence diceo (fo). Figure adapted from Ref [52].
There are several ways to compensate the djpdrift, such as adjusting the insen of
an intracavity prism [50] or a wedge [51]. However, the mode locking of aowt@vespanning
oscillator like the one we used can be disturbed by the mechanical vilbzatised by moving
these optical components. Insteaelchose to uséeemperatire control of the Ti:&pphirecrystal

as a slow feedback, which does not introdaicg mechanical motiofb2]. When the temperature
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of the oscillator chiller was scanned from 1& to 2T C, asshown in Fig. 211, the unlocked

beat signalf, changecdearly linearly and covered a range d2MHz. Adding the temperature
control to theAOM control, thewhole control range is comparable to the daily dafige of
thef,.

The temperature dependence @fcan be understood by examining the effects of
temperature on the material dispersion. According to the Eq. (2.2), the offset fregiyecay

be expressed as:

f=f, 1, 9"

: (2.5)
rep—0
P dr ],

Since the refraction index is not only a functionagtical wavelengthh , but also a
function of temperatufg, the change off, resulting from temperature ctwal can be expressed
as:

diy| _ . gL d’n(mT) , dfe ufL dnwT)

dTl, P2 dudT  dT 2 dw 2.6
_ . ML dPn(wT) |, dn(wT) wgL® dn(w.T)
P 20c  dudT dT  p®  dw

Using the Sellmeier equabn for sapphire in Ref. [53]we found the change rate of
df,/dT =0.86MHz/ K, which is close to the measured valu®aflMHz/ K shown in Fig. 2

11

To examine whether the temperature change disturbs the mode lattiengscillator
output spectrunand average power werseasured with a temperature scan step of 1° C. The
oscillator output spectrunand average power wer®und to remainthe samewithin a
temperature range frot2° C to 22° CWhen the temperatun@ngewas further increased or
decreased, a CW peatarted to appean the oscillator output spectruriio maintain optimized
oscillator operation, the temperegicontrol range was set from°1Gto 21° C.

By taking advantage of the temperature dependenck ,0& double feedback loop was

applied for long term stabilization of tHeéE PhaseThe AOM feedback loop is the fast one

whereas the taperature control served as the slow loBmce it took f, several minutes to

respond to the temperature change, only a binary control, rather than the proportegnal

derivative control, was necessary to assistAb and contol the slow CE phasérift. As is
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shown in Fig. 210, the control signal from the locking electron{t4enlo systemsGmbH)to the
AOM was measured by a data acquisition card every ten seconds.
The function of the temperature control was to confine the AlBdking point to a
narrow range (+/10% of the full control range) around the middle of the full control range.
When the feedback signal was detected above the upper limit 8Cthelocking pointrange,
the chillerdés temperobOtluC tecompersate thre slonedafsoétlle i n st

until the AOM driving voltage returned to within the range. Similarly, the chiller temperature
was decreased when the feedback signal was detected below the lower limit of thepoanitrol
range. The delay time between each stepheftemperature change was seB@® s, which
guaranteed that the oscillator reached thermal equilibrium gradually. We chose 0.1° C as the step
size because it was the minimum step that the chiller couldotomind a small step size
minimized the perturbation on the mode locking of the oscillator.
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Figure 2-12 (a) 20 h CE phasestabilization achieved by employingthe double feedback
loop; the black curve shove the AOM driving voltage output; the red curve shows the
temperature of the chiller; (b) Phase error during the process of CE phase stabilization.
The RMS of the CE phaseerror is 420 mrad. Figure adapted from Ref [52].
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As shown in Fig2-12 the wide dynenic range ofthe double feedback contrallowed
the long termCE phase stabilization of almost BOurs Furthermore, we tested the robustness
of this double feedback loop, and foutit the CE phase can be stabilized for more than 12
hours on daily basi 12 hours of CE phase stabilizatisrthreetimes longer than the typical CE
phasestabilization time of 4 hours under the same conditidmst without temperature control
and was sufficient for the data acquisition of curegtisecond streakingkpeaiments In Fig. 2-
12(a) when the temperature control reached the preset #ftet 20hours of operation and
failed to assist th€E phasestabilization by AOM, theCE phasdocking was finally broken.
Fig. 212(b) shows then-loop phaseerror during he process of€E phasestabilization and the
RMS of the CE phaseerror is 420 mradWe also measured the power spectral density (PSD) of
the beat signal using a RF spectrum analyzer in the range of 102 kHz to 0.9765 mHz. The
integrated phase error was 37i@ad over a 1024 s observation time, as shown in FI§. 2
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Figure 2-13 Phasenoise power spectral density (PSD) and integrated CEhase error

= 3 bs ]/2 . .
calculated fromDy RMs:ng'imo )S/. (n)dng .S () : power spectal density; Dj gy root

mean square (RMS) fluctuations in the carrierenvelope phase;t . obsenation time.
Figure adapted from Ref [52].
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2.3.2 CE phase stabilizatiorf amplified pulses
After the CE phase drifting rate was stabilized in the oscillator, the pulses with the same

CE phase were selected by the Pockels cell for amplification. To obtain high energy CE phase
stable pulses, any drift introduced during the afigaliion process must be corrected. The
Fouriertransform spectral interferometery (FTSI) measurement technique was used, whereby the
amplified pulses were spectrally broadened over an octave in a nonlinear process, typically
sapphire crystal, and the sedoharmonic of the long wavelength components was overlapped
and interfere with the short wavelength part of the fundamental by being projected on a common
polarization as shown in Fig-24 [54]. The interference pattern was recorded by a spectrometer,

ard the FTSI method was used to extract the CE phase from the fringes.

— Spectrometer
Sapphire plate f I:
P=1ul y IT
EQ Polarizer
BBO ==

%
Dichroic beam splitter

Figure 2-14 f-to-2f interferometer for measuring and stabilizing the CE phase of the
amplified pulse.

It was detemined that the CPA process only caused a small, slow drift of the CE phase,
which could be preompensated using the oscillator CE phase locking servo [41]. However, the
early CE phase stable amplifiers used glass blocks in the stretchers and prisms in the
compressors. These amplifiers could not reach smidtpulse energy due to the low damage
threshold and nonlinear effects of the material in the stretchers and compressors. Therefore,
gratingbased CPAs were desired as the gratings could handle thex laghr energies. In order
to stabilize the CE phase gratibgsed CPAs, various methods have been used to reduce the
vibrational noise, such as floating the table, improving the stability of the optical mounts in the
stretcher and compressor, moving thenp laser further away from the amplifier, and padding
the laser cover with sound absorption materials. After those improvements, it was soon shown

that the grating separation could be manipulated to stabilize the CE phase of amplified laser
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pulses for bth multi-pass and regenerative amplifier {58]. The scheme for phase control by

using the grating separation is illustrated in Fig.52

Figure 2-15 CE phase control by shifting the grating separation. jure adapted from Ref
[59].
Using the method of Ref. [55], it was shown that the CE phase shift was given by:

D e 4p(2p)tanb, (2.7)

where b is the diffraction anglePGis the small variation of grating separation and i$/the

groove density. For a grating with ~1006m, it was estimated that less thaerth of grating
movement would cause the CE phase to chagdge .

As shown in Fig. 216, 5% of the final output power from the MARS laser was sent to the
f-to-2f interferometer for detecting the CE phase, and the feedback signal was used to control the
grating separation of the compressor with a PEie RMSerror of the locked CE phaseas
measured to be 90 mrads over a period of 4Wth a 50ms spectrometer integration time as

shownin Fig. 217.
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Figure 2-16 Layout of the MARS laser system and CE pase stabilization setup. BS: beam
splitter. Figure adapted from Ref [58].
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Figure 2-17 Long-term CE phase stabilization: (a)f -to-2f interference fringes, (b) retrieved
CE phase from the fringes,which has a 90 mrad rms averaged over 50 laser shofsigure
adapted from Ref [58].
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scanning phase value retrieved from thédringes, (c) CE phase error of the retrieved phase
relative to the preset scanning phase. The periodic increases in error are due to the PZT
response at the turning points of the control voltagerigure adapted from Ref [58].

To control the CE phase in tlegperiment, the grating separation of the compressor was
stabilized at preset values. As shown in Figl82 the CE phase was swept from t o =~ f or
many cycles that can be used to observe the CE phase effects in high harmonic and attosecond
pulse generation experiments [59]. Some regions in Fids(2 and 218(a) show transient
reductions of the fringe visibility, which are likely dée acoustic noise and vibration in the
laboratory that could not be avoided over such a long locking period. However, such small

disturbances did not affect the quality of the CE phase control.

2.4. Power locking of multipass CPA laser system

When the hgh power few cycle pulses interact with atoms, either in the +pltiion or
tunneling regime, the physical outcomes are related with the laser peak intensity in a highly
nonlinear fashion. Slow variation of laser power may show up as a fake periodipiynin
probe experiment by coincidence, and fast fluctuation of the energy between pulses may add
statistical error and smear out the real physical information. Therefore, it is important to lock the
power of CPA laser system.

Of particularinterest, withthe advent of fewcycle pulse generatias the effect of power
stability on carrietenvelope (CE) phas&tabilization B7, 60]. When thef -to-2f interferometer
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was used to measure and stabilize the CE phhsestability of the CE phase relies the
accuracy of the CE phase measurement, whislemsitive to laser power fluctuations [p1n the

f -to-2f interferometer, the amplified laser pulse® focused into a sapphire plate to form a
single filament,which broadens the pulse spectrum to cover @ave.The CE phase of the

laser,/ ., affects the spectral interferensetween the component in the pulse with wavelength

centered around 500 nm and the frequency doubled compannginglly centered at 1000 nm of
the white light entted by the filament. The total spectral phase retrieved fromfitwoe2f

interferogram can be expressed as
FW) =/ wiW) - J sudM) + Wi +( e + 0 Le), (2.8)
where /, (W) and j 5, (W) are the spectral phase of tfitndamental pulseand the
frequency doubled pulseespectively,t,is the time delay between these two components, and
d Le is the CE phasehange due to selfteepemg [62. In fact,it is the total phasé& (w) that is
obtained fromf-to-2f measurement. All terms in the total phaB€w) other than; .. are

influenced bylaser intensity fluctuatins inside the intéerometer [61, 63 Therefore, it is clear
that good laser power stability is requirfed stabilizing the CE phase.

Under weltcontrolled environmental conditior{temperature20° C +5° C and relative
humidity 5Gt5%), the laser energy fluctuatiai typical diode pumped kilohertz femtosecond
lasersystems is 5% RMS [64. The long term energy drift is alsdose to this valueOur
amplifier is pumped by twdld:YLF lasers that are diode pumped (Evolution 30 from Coherent
Inc). The power fluctuation of thikind of laser is alson the order of 1%. Even when the
amplifier is operatethear thesaturation regim, the output power stability caot be betterthan
the pump lasepower stability Improving the power stability of theump laser using feedback
technique or othemethod maymprove tre amplifier output stability. Oa time scale of minutes
to hours, the thermal drift of the seed beam and ppaipting may affect their overlap in the
gain medium. This effectan be reduced by improving the stabildf the temperatureand
humidity of the air in the laser room. Previously, a stabilizascheme making use of a
photoconductive switch tdrive a Pockelscell discharge was introduced [65Although the
energy fluctuatiorwas suppressed froi?o to 0.64%, 50% of the total energy was lost during
the stabilization procesMoreover, since the added Pockels cell was located aftemntpéfier,

the high power pulses could cause nonlinear effacesven damage the device. For regenerative
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amplifiers, thelase energy can be stabilized by controlling the gain saturatioditions [66.
However, the pulse duration of the lasgstems that demonstrated this technique was 110 fs,
which isdifficult to use for gnerating fewcycle pulses. We demonstraemethodto improve
the laser power stability of mulpassamplifiers by using the Pockels cell located between the
oscillator and the CPA system|[67]. It is easierto produce shorter pulses from migfss
amplifiers becausthe dispersion and gain narrowing effare much lesghan inregenerative
amplifiers.

The new power locking scheme was tested #gKLS lase system as shown in Fig- 2
19. The laser pulses frorthe oscillator, witha 77 MHz repetition ratewere selected by the
Pockels cell to be stretatheamplifiedand canpressed. These laser pulses warglified ina
single stage muHlpass amplifier. The first seven passed high gain, bulow efficiency. They
preamplifiedthe pulses r om t he few nJ regi me t o hallol ew

gain, but high efficiency, and compldtéhe amplificatiorto the mJ level.
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Figure 2-19 The Kansas light source (KLS) laser intensity stabilization system. The dloop
powermeter was put in the path ofthe zero order diffraction beam and sent the power
signal to the PID controller. By using feedback contrglthe PID varied the voltageapplied
on the Pockels cell, which in turn changed the polarization of the output from the oscillator
and stabilized the laser intensity. Red arrowsare the laser paths anddashed arrows

represent electronic circuits Figure adapted from Ref [67].
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The Pockels cell thatriginally served as a pulse picker was also used as a power
modulator in this work. The #oop powermetef(Newport 1935) witha Si photodiode as the
power probe was positioned the beam path of the zero order diffraction franconpressor
grating. The measured average power waioportional to the total output laser power. The
analog outpubf the powermetewas the 1 kHz electronic pulse trédnom the Si photodiode
amplified by the buikin amplifiersof the powermeter. The signal representing the fluctuation of
the laser pulse energy was extracted by an external lowgmeadsg filter apped after the
powermeter. This signal vedhensent to a proportionahtegratderivative (PID)controller (SRS
SIM960), which changed the high voltagelses applied to the Pockelglicto control its
transmissionin order to reduce the noise originating from the puaseisand room light, a 800
nm narrow band pass filter with fulidth half maximumof 40 nm was placed in front of the
p ower mdeteator. 0 S

The Pockels cell behaves like a voltage controligdve plate. Without power
stabilization, the amplitude dhe 1 kHz high voltage pulses applied to the Pockels aedls

constant, and usually was set at the-hadfe voltageV, ,, © 7kV, which generated a 1 kHz laser

pulse train. Inorder to choose an appropriate working voltage range folPtduokels ch to
compensate the laser power fluctuation, rélation between the voltage applied on the Pockels
cell andthe laser output power after the compressor was measagedhown irFig. 220. By
comparing the transmission curve tbfe Pockels cell in Fig2-20, we concluded that the
amplifier worked in the saturation regime. Usually, operating an amplifiese to saturation
maximizesthe output energy angduceghe susceptibility to fluctuations of the pump and seed
pulses. In this scheme, to have erfougnge for feedback contrahe Pockels cell was set to
work around 5000 V, whicheduced the output power by 10%. Thus, the pulse to amplified
spontaneous emission (AS&Nergyratio was changed only Hy0%. Prepulses and pogiulses
due to reflectionscaledwith the main pulses. The pulse contrast was not affected foyich
introducing the feedback. At this setting, 10% voltage adjustnanikl compensate for 3%

laser power fluctuation.
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Figure 2-20 The output power vs. Pockels cell voltage. The horizontal axis was the voltage
applied on the Pockels cell, and the vertical axis was the power measured after Pockels cell

and amplifier respectively.Figure adapted from Ref [67].

Power spectral density measmens showed that the analogignal of the idoop
powermeter contained fast jitter and sldwft without power locking. By optimizing the PID
controller parameters and setting 500 Hz as the cutoff frequency ofotheass filter, we
suppressed the p@&w noise below 40 Hz asvidenced in Fig. 21. In the time domain, the
power fluctuatiorwas 133% RMS without power locking, like most kilohefizSapphie CPA
lasers. As shown in Fig.-22, the fluctuation of the oukoop power dropped to 0.28% RMS
when the feeeback control wa turned on, which showed the effiveness of this scheme&o
further prove the success of this method, long term stability dataalsreneasured by using
the outof-loop powermeter as shown in Fig23, whichindicated the RN power fuctuation
0.3%.
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Figure 2-21 The power spectral density of the analog signdtom of the powermeter. After
locking the power, the low frequency (below 40 Hz) noise was suppressédyure adapted

from Ref [67].
During the power stabilization process, the voltage on the Pockelshegljed from

pulse to pulse. To produce CE phase stabilized pulses, impastant that the voltagehange
did not introduce signifiant CE phasgariation between pgges. By applying the electricefd,

the ordinary indexf refraction n, of the crystal inside the Pockels cell in thandy directions
was changed to n,=n,+Dn/2 and n, =n,- Dn/2HereDn=ngrV/L,
res © 23.33 10 *m/V for KD*P crystal,V was the voltage applied ahdvas the crystal lengtlhit

was assumed thatcident laser was polarize45*from both the x and y directions, which can be

described as

J2

E ()= t)(Er Be™ (2.9)

whereE,; is the amplitude of electric fieldE and F are thke unit vectors ofxand y direction

respectively. Athe exit of the crystal, theelid was
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where v, and v, are the group velocities/,, and v, are the phase velocities in theand y

directions respectively. To simplify the analysis, it is assumeddpa¥ U/, = U, , which can

be justified bythe fact that the dispersion in the two directions are almost identical. In the

moving framé'=t - L/u, the field can be expressed as

Ee(ti):gEm(ti)s[%‘f“”' et g 2.11)

The field passing the second polarizer was
1 i%L(n,-n, i%L(n, - o
E(tl) — EEOi (tl)3 [e c (ng n ) +ec (ng ny)]ewm

1 . - ik,DnL/2 ikoDnL/ 27 Al Wtitke (g - Ng)
= Eo(t)® [e ™"+ e T (2.12)

= E,, (ti)cosk,DnL/2)g"*™ c!
Therefore, whert/y, = Uy, = U, then the CE phase chand®/ cg, was the same in the
x and y directionsand was independent of the voltage appliedhenPockels cellWhen the

difference inu, and v, was taken into accounthe CE phase changes in the two directions

were:
. 1 1 . Dn
Df o =W (—- —)L=Dj o - =
Y cex C(Vgx Vpx) Y ce ™ > o 20 (2.13)
. 1 1 . uDn
Df oy =W (- —)L=Dj .+
)/ cey °(vgy pr) Y et o 20 (2.14)

The CE phase difference in the two directions was the following:
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where Dj_..was the CE phase shift without applying the voltage. ROD*P,
D c/L=2p/40mm. If DV/V,,, ¢10%, Dy .. will change lesshan 10 mrad, which wasunh

smaller than 150 mrathe typicalRMS fluctuation of the stabilized CE phase

In order to investigate the efft of power stabilization on the CE phaseking, besides
the inloop f-to-2f interferometer used to control the grating separation in tteécker for the
slow CE phase driff56], an outof-loop f-to-2f interferometer was used to check the phase
stability [60]. The inloop and outof-loop CE phase were measured concurrently with and
without powerlocking. As shown in Fig.-22, without powe locking, the diference of then-
loop and oubf-loop standard deviation was 309 mrad. After lockingpbeer, their diference
dropped dramatically to 9 mrad, which proved titwt reduction of the power fluctuation could
significantly improvethe CE phasestability. The correlation between power change and the out
loop CE phaseshift can be seen by comparing Figs2Za) and (e). The result can be
understood by using Eq. (2.8ince the whitdight generation and secormérmonic generation
processes the twof-to-2f interferometers were nadentical, the CE phase measuredhmy two
interferometers had d#fent power dependencies [p1 Quanttatively, the effect of power
fluctuation on th€E phase measurement could be determined by modulbh&ngput powenof
the inloop f-to-2f interferometer and measuring the CE phase fromothieof-loop f-to-2f

interferometer with the power stabilizegl)].
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Figure 2-22 The left column and right column werethe measurement of laser power and
CE phase stability with and without power locking. (a) and (b) show normalized power.
After stabilization the power fluctuation had decreased to one fifth of its usual value; (c)
and (d) are inloop CE phase; (e) and (fare out-loop CE phase Figure adapted from Ref
[67].
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Figure 2-23 The long term stability of the laser output measured by a thermal powermeter
Figure adapted from Ref [67].
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In conclusion, it was deomstraed that the laser powerufituation could beeduced
significantly from 1.33% to 0.28% RMS by feedback controlling viotage applied on the
Pockels cell, which reduced the aftloop CE phas&oise from 500 mrad to 200 mrad RMS.
This scheme utilized th@ockelscell that wa already in the CPA system, which did not
introduce extra optical material dispersion. The power loss was less than 10%, which is much
smaller than the previous scheme (5(066j. Also the Pockels cell wasdated before the power
amgifi er, which introduced a very small nonlineaffect. Since strong laserefd-atom
interactions are intrinsically nonlineayen for experiments without CE phase stabilization, the

power stabilizatiomemonstrated here is also useful.

3.4 CE phase tgower coupling of few cycle pulses

The CE phase of fewycle high power laser pulses can be determined by measuring the
asymmetry of the angular distribution of electramsATI [40, 68. However, it is difficult to
apply this technique to multycle pul®s. Instead, it is common to lock the CE phase of CPA
systems by usindg-to-2f interferometers [5§ assuming the phase shift determined from the
interferometer fringeis the CE phase shiftlere we followthis tradition. So far, the CE phase
stability & CPA systems has been extensively investigated, but very few studies have been
conducted to investigate the effects of the holtmse fiber on the CE phase stability of the
compressed pulses.

For CE phase measurement after a holmre fiber, the requéd octave spanning
spectrum for thd-to-2f measurement can be obtained by focusing the output pulses from the
hollow-core fiber into a sapphire plate if their bandihigs narrower than an octave [3When
the bandwidth of the whitkght from the hollav-core fiber covers an octave, it can be used
directly to performf-to-2f measurements [§9This approach is more appealing because of the
simplicity and the removal of the CE phase noise introduced by the sapphire plate.

Previously, the CE phase erratrioduced by the nonlinear phase noise in microstructure
fiber was studied, and the power dependence ahttex of refractiorwas detemined to be the
main source of error [10In the hollow core fiber, recent experimergaldies indicated that the
CE phase noise after the fiber could be significantly larger than that ofgbepnlses [37, 69].

In Ref. 37 when the CE phase was stabilized before a-filed hollow-core fiber within 189
mrad RMS, its standard deviation measured by a sapphire pkeeftio-2f interferometer after
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the neorfilled hollow-core fiber was 370 mrad. In another report, when the CE phase was
measured to be 490 mrad RMS before the haettove fiber, 610 mrad RMS of the CE phase
was measured after the fiber using the octpenning speatm of the whitdight pulses [69

The increase of the CE phase noise is likely caused by the laser power fluctuation inside the
hollow-core fiber or the sapphiteased interferometers. However, it was not clear which of the
two are more sueptible to the power instability. For sappHiasedf-to-2f interferometers,
previous studies showed that 1% energy change can cause 160frGagploase measurement
error [60] and a two step model was proposed to erptae coupling between the energy
fluctuation and the CE phase error [7Here we study the influence of the laser energy
fluctuation on the precision of theto-2f measurements using the octapanning whitdight

from the hollowcore fiber[72].
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Figure 2-24 Experimental setup for determining the energy to CE phase coupling. VND:
variable neutral density filter; L: focusing lens; SP: Sapphire plate; BBO: frequency
doubling crystal; P: polarizers; FS: fused silica; Spec.: smtrometer and computer. In
stretcher, G1 and G2: gratings; PZT: piezoelectric transducer; Mland M2: mirrors; BS:
beam splitter. Figure adapted from Ref [72].

The experiment was carriealit with the KLS as shown in Fig-28. The oscillator CE
offset frequencyp,was s$abilized. After amplification, more than 2 mJ, 1 kHz, 30 fs pulses with a
beam diameter of 1 cm from the laser were focusedfbyl.& m dielectric mirror and coupled

into a 0.9 meter long, 409 mnner core diameter hollowore fiber filled with 2 bag of neon
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gas. With such high energy seeding pulses, strongpbale modulation produced whiight
pulses with 1.2 mJ energy, whose spectrum covered more than one octave @mm 40
1000nm ashown in Fig. 225. In order to improve the accuracy of CE phase control, the laser
power before the hollowore fiber wastsbilized to around 0.5% RMS [B7
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Figure 2-25 The output spectrum of the octavespanning whitelight from the hollow-core

fiber with 2 mJ input and 2 bar Ne pressure Figure adapted from Ref [72].

The effect of the input laser energy stability on the casieelope phase of the pulses
from a hollowcore fiber was studied using tvxo-2f interferometers. The CE phase in the first
f-to-2f interferometer was measured with the octapanning whitdight spectrum from the
hollow-core fiber. The beam from the fiber was collimated f6%.5 m silver mirror and
attenuated by a reflectiveiged silica neutral density (ND) filter. The 1 cm diameter beam was
focused into a 100 nthick Barium Borate crystal (BBO) with &850 cm cylindrical mirror for
second harmonic generation (SHG). To producefitoe2f interference fringes with the best
contrast, the BBO phase matching angle wasos#h degrees, which corresponds to aimaim
Type | SHG efficiency around 900 nm of the fundamental wavelength. A polarizer was used to
project the second harmonic and the fundamental field onto the same axis to facilitate
interference.
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Since the whitdight was focused into the BBO withountporal compression by chirped
mirrors, the large group delay between the fundamental light centered around 450nm and the
second harmonic produced sufficient fringes for extracting the CE phase. A spectrometer (Ocean
Optics HR2000+, 380nsA80nm) with a redation of 0.11 nm was used to record the fringes
over a 50 ms exposure time. To avoid the saturation of the spectrometer CCD caused by the
strong fundamental light, a BG3 filter was used to block the fundamental wavelength within the
above range, but long¢ghan 500nm. The CE phase drift was extracted from the fringes by the

standard algorithm of Fourier transform spectral interferometry (FTSI). The sdédorit

interferometer \as based on a sapphire plate][60
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Figure 2-26 In-loop CE phase stabilized by a sapphire plate basdeto-2f interferometer
(left)y and out-of-loop CE phase measured by a hollowore fiber based f-to-2f
interferometer (right). Figure adapted from Ref [72].

First the sapphire plateased-to-2f interferometer was used to lock the CE pHasfore
the hollowcore fiber [56, and the hollowcore fiber based-to-2f interferometer was used to
check the CE phase of the pulsegmathe fiber. As shown in Fig-26, when the CE phase was
locked within an accuracy of 98 mrad before the holtmre fiber, the CE phase fluctuation
after the hollowcore fiber was 137 mrad. Compared with the previous results of 3@aftes

the hollowcore fiber [37, the CE phase stability has been improbgdmore than a factor of
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two. We believe that the main reason is the removal of the sapphire plate in the CE phase
measurement after the hollesore fiber. The power fluctuation after the holloare fiber is

much larger than that of the input. In thisuaiion, if the sapphire plate was applied after the
hollow-core fiber, the whitdight generation would increase the error the CE phase

measurement [37
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Figure 2-27 In-loop CE phase stabilized by a htdw-core fiber based f-to-2f
interferometer (left) and Out-of-loop CE phase measured by a sapphire plate basdeto-2f
interferometer (right). Figure adapted from Ref [72].

We then locked the CE phase by measuring the phase shift with thdigliteom the
hollow-core fiber and feedback controlling the grathged stretcher. As shown in Fig-27,
the CE phase was locked within ad@op accuracy of 94 mrad RMS. At the same time, the out
of-loop sapphire plate basédo-2f interferometer measuremt showed a CE phase fluctuation
of 134 mrad before the fiber. These two experiments indicated that the ‘oolfewiiber does
not introduce significant amounts of CE phase drift when the power of the input pulses is
stabilized to 0.5% RMS. They also indied that the change in grating separation in the CPA
stretcher for stabilizing the CE phase did not affect the pulse propagation in the fiber, which was

expected because the variation of effective grating separiatiess than 1 micrometer [56
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To quantitatively measure the laser energy to CE phase coupling coefficient for the
hollow-core fiber based interferometer, a variable reflective fused silica ND filter driven by an
electric motor was placed before the focusing mirror of the hetlore fiber tomodulate the
input power, as shown in Fig-24. The front surface of the fused silica glass filter is coated with
a thin metal film to attenuate the power by reflection. Since the glass does not absorb the 800 nm
light, the thermal lensing effect is vesynall and can be ignored. Previously this method has
been used to measure the power to CE phase coupling coefficient for a sapphiféopkhte
interferometer [6D When the ND filter was driven periodically within the range of 5 degrees,
the power wasnodulated within the range of 10%. 8% of the modulated beam was reflected by a
thin fused silica plate to a power meter. In order to keep more than one octave span of the white
light spectrum, the neon pressure inside the hollow core fiber was increa2e8 bar to
compensate for the power loss caused by the fused silica plate. Under this new pressure of 2.3
bar, we repeated the experiment discussed above to confirm that, regardless of the configuration
of the twof-to-2f interferometers as control looma measurement loop, the same CE phase
stability could be obtained. Finally, the hollaere fiberf-to-2f interferometer was used to
stabilize the CE phase after the fiber, while the sapphire jptat@f interferometer was used to
measure the owdf-loop CE phase where the laser power was not modulated.

Although the interference fringe intensity was modulated periodically due to the power
modulation, the idoop measurement show<& phase fluctuation of 109 mrad in Fig2&a),
which is similar to theease wihout power modulation. Fig.-28(b) shows the antiorrelation
between the #oop power modulations and eof-loop CE phase measurement. To simplify the
analysis, it is assumed that the-ofoop CE phase drift is only caused by modulatiothefin
loop input power. A dastsquare linear fit in Fig. -28(c) shows the 1% power fluctuation
introduced a 128 mrad CE phase error. This value is smaller than the 160 mrad for sapphire plate
based-to-2f interferometers [6) which can be related the fact that the whitkght generation
in the hollowcore fiber is produced by the s@lfiase modulation all the way through the 0.9 m
long gasfiled waveguide rather than the strong delfusing process combined with
filamentation in a 2.3 mm sapphigate [71.

41



":l?; 1~0 ' T v T v T v T v T v T v T
:’: 05 A =107mrad

S

WMWWWWWWMWWMWWWWWWMW
3
5-0.5

= 1 190 =
gg K =
- 180 ©
5 0 o
s 170 %
o -1 Q.
= | 160 o
Z oL . : : : : . 150 =2
0 10 20 30 40 50 60 70 =

- Tlme(s)

= 1

< 0 - A(p /AP lZSmrad/l%

s O :

E’; -1

=R . . .

g -

160 165 170 175 180 185

Inloop power(mW)
Figure 2-28 (a) In-loop CE phase locked by a hollovcore fiber based f-to-2f

interferometer; (b) Out-of-loop CE phase measured by a sapphire plate basdeto-2f
interferometer and the in-loop power modulation; (c) CE phase change to laser power
coupling coefficient by a leastsquare fitting. Figure adapted from Ref [72].

Due to the dispersion the CE phase changes during the process of propagation, as

expressed:
Df e = 2@% : (2.16)

wherelL is the length of the hollowore fiber and is the total refractive index. Ignoring the

wave guide dispersion, the total gftive indexn of the hollowcore fiber can be expressed as:
n=n,+n,l, (2.17)

where n, is the linear refractive index ohé noble gas medium ands the intensity of the

incident wave. Therefore, the total change of CE phase can be expressed as:

dn, _dn,
Df . = —2+—=1), 2.18
ce =200+ ) (2.18)
The nottinear part can be written as [[73
n, = Zi c® (2.19)
2nje,c

42



where ¢®is the nonlinear susceptibilityg, is the dielectric constant arlis the vacuum speed
of light.
When the power of the input laser pulse fluctuates, the \altlee second term in Eq.
(2.18)is influenced and causes the intrinsic CE phase error, which can be expressed:
dn, 3¢®dn . 3 dc®
af .. =20 —=DI =20LDlI (- —+
ce =2y 2ALDI( nec d/ 2nfec d/

dn, . dc®
=20LDIn, (- 2—2> +——
2ALDiny( nd/ c®d/ )

)
(2.20

For the first term of Eq. (2.20when the optical frequencyv is much lower than

resonance frequenay, of neon gas (21.56 eV), the linear refraction index can be derived from

the harmonic oscillator model [J4

j@)]

n(”/):\/“%%ﬂg-lmfg (2.21)

Here, g, and m, are the charge and mass of the electron, respectivelyNasdhe number

density of the ideal gas. For tteecond term of Eq. (2.20under the same ofesmant
condition, the nonlinear susceptibility ca@ dpproximately expressed as [75]. 76

e ()0 o= cO(my), (2.22
-w

0

wherec® (w,) is the nonlinear susceptibility measured at frequencyHere wetook ¢® (u,)

for neon gas from Ref. [T5 ¢® (1055nm) =6.23 10 2°m?/V? under 1 atm pressure and at a
temperature of 0° C.

Considering the 2 mJ input pulse enekfy pulse duratiorof 30 fs, and hollowcore
fiber inner coreradiusof 200 em, the peak intensity is cal

W 23103J
ot p3 (200810 °m)23 303 10 *°s

=5.3310"'W/m’. (2.28

When the laser has 1% power fluctuatir | /100=5.3% 10°W/n?, under the fiber
pressure of 2.3 bar and room temperature of 17° Cnthasic CE phase error due to intensity

fluctuation is calculated from Eq. (22 be dDf . ° 1.2mrad, which is much smaller than the

measured coupling coefficient and can be ignored.
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Although the CE phase error due to the fluctuation of nonlinear dispersion ismaly
in the hollow core fiber, the measured CE phase, which is the phase delay between the blue
component centered & =4551m and the frequency doubled component originally centered at
/,=910nm nm, fluctuates when th@put pulse energy changes [60].7lo be morespecific,
the phases of thé, and /, components can be expressed as:

fl(Lpro):fl]\.lL_'-fI{-(L +fCE’ (224)

pro)

oro) FFce (2.29

Here, 7, is the nonlinear phase shift introduced by the-gkdse modulation process

f,(L :f§L+fL2(L

pro)

and f, is the linear phase shift introduced by the propagation afteplsafe modulation and is

a function of the propagation distantg, . L, is thus equal td_- I, wherel is theself phase

pro
modulation distance for generating the spectrum with one octave span.

When the 910nm component is frequency doubled in the BBO crystal, its phase
becomes:

J o(Lyro) =26, (Ly) =25 + 272 (L) + 2 e (2.36

pro

The measured CE phaisethen expressed:as
F :j 2(Lpr0) - fl(Lpro) :|_2f§L - fl%lLJ+|_2fL2(Lpro) - f&(Lpro)J+fCE' (22y

When the intensity of the input laser pulse into the holbowe fiber fluctuates by 1%,

the nonlinear phase caused by self phase modulatieen ¢iy ol //dz, also fluctuates. In
0

order to compensate the intensity fluctuation and maintain an octave spanning spectrum, the
required self phase modulation distan@so must fluctuate by 1%, which in turn changes the

value of the measured CE phé&selue to he fluctuation of the propagation distaite,, .

Since the octave spanning spectrum is generated at the end of the-dw#ofiber, the
self phase modulation distance is close to the total distance of thel fider Therefore the
fluctuation of the propagatimodistance is:

DL, =Dl =1/100° L/100=9mm, (2.28

which gives the CE phase measurement error of:
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In the above discussion if the dispersion of the pulse is also considered, thetqesiky
of the pulse drops as it propagates. Therefore, the self phase modulation strength decreases as the
pulse becomes longer. To compensate the 1% intensity fluctuation at the entrance of the fiber,
the self phase modulation distaricghanges moreéhtan 1% because the pulse duration becomes
longer during the propagation process. Considering this factor along with the previous
discussion, the prediction our model matches very closely to the measured value of 128 mrad per
1% power fluctuation.

In corclusion, we found that the holleeore fiber basetito-2f interferometer provided a
higher accuracy of CE phase measurement than a sapphire plate based interferometer placed
after the fiber. The laser energy to CE phase coupling for the hobiosvfiberbasedf-to-2f
interferometer was measured. It shows that 128 mrad of CE phase measuwamenas
introduced by a 1% of laser energy change under our experimental conditions. Furthermore, a
simple model was proposed to explain the coupling mechanisnermiiaing the coupling
coefficient is important for specifying the power stability of CPA lasers for seeding the hollow
core fibers. Understanding the CE phase properties of such fibers is crucial for attosecond pulse

generation, ATl and other experimentgtee frontiers of ultrafast science

Notes: The materials presented in this chapter have mainly been publishde Wang
Chengquan Li, Jason Tackett, Hiroki Mashiko, Christopher M. Nakamura, Eric Moon and
Zenghu Chang, i P aepatitian-r lad cek icnhg ropfe dh ApgpilhPlsye B a mp | 1 f
89, 275(2007) Chenxia Yun, Shouyuan Chen, He Wang, Michael Chini, and Zenghu Chang,
ATemperature f eedtbrmcdtriecrerowned Irmp e f ohAppl.cOptld8 c ki ngo
5127 (2009)and He Wang Michael Chini, Eric Moon, Hiroki Mashiko, Chengquan Li and
Zenghu Chang, ACoupling b e t woere riber ebased-tg-3f and
i nt er f e Opt.@eptess)7,s12082(2009)
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CHAPTER 3 - Absolute phase control of few cycle pulses by an

adaptive phasemodulator

In the previous chapter we have discussed how to generate high poweydmpulses,
and how to control the CE phase of such pulses. There are still two issues unsolved. The first is
to push the limit of the shortest achievable 4eyle pulseslideally single attosecond pulses
could be generated directly from monocycle driving laser field, but sucleyele pulses usually
have spectra that span more than one octave in frequency and their pulse duration and shape are
very sensitive to dispersio For example, a 5 fs Guassian transform limited (TL) pulse becomes
7 fs after passing through 0.25 mm of fused silica plate or 25 cm of air, which gives a stretching
factor of nearly 50%. For the same amount of dispersive material, a 30 fs TL puldg is on
slightly stretched to 30.4 fs (less than 1.5%). To guarantee the shortest pulse at the target, chirp
control of fewcycle pulses is critical. The second issue is to engineer the electric field to a preset
shape. This is important since in high field picg electron dynamics are largely governed by
the distribution of the electric field inside pulse as discussed in the introductory chapter. To solve
the above problems, a liquid crystal based spatial phase modulator was constructed. With
adaptive phase oection and control, 5 fs pulses were directly produced at the target, which
were nearly transform limited. Combining the absolute CE phase control and spectral phase
control, such absolute phase controllable-tswle pulses allow control over electrdgnamics

with attosecond precision.

3.1 Comparison of adaptive phase modulator and chirped mirrors

When the pulses from CPA lasers are focused haitow-core fibers[33, 34], the self
phase modulation process broadens the spectrum but éledures positive chirp into the
output pulseThe most frequently used method to compeessh whitelight broad spectra is the
chirped mirror,A chirped mirror consists of multilayer coatings, which allows the different
wavelength components of the ineid whitelight to penetrate and reflect back from different
coating depth$35]. By carefully designing the thickness of each layer, the chirped mirror can

exhibit negative group delay dispersion (GDD) over the spectral rahgfee light from the

nonlinear medium. Very recently, stb f s pul ses with 400 ¢ ene.l
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harmonic (SH) and third harmonic autocorrelators were genergteaptimizing the chirped
mirror design and by using 23 fs pulses seeding the -fiket hollow fiber [34. However,
because the negative GDD introduced by a given set of chirped mirrors can only be @lyamged
discrete amount, it is difficult to accommodate the daily variation of the pulses from the-hollow
core fiber. As a result, the compressed pulse duratidrshape may change from day to day.
Furthermore, owing to the interferometric effects at the air/mirror interface and inside the coating
structure, GDD ripples are inevitaljlé7]. Matched pairs of mirrors have been used to overcome
this problem to a cerita degree, but notamnpletely.Design and fabrication of chirped mirrors
that can compensate high order dispersions is still a challenge. So far, chirped mirrors only
compensate GDD and the third order dispersions, while fourth and higher order phasascontr
important for compressing pulsesadew-cycle field oscillation.
Compared to chirped mirrors, adaptive phase modulators have high flexabiditiproad
bandwidthof phase control [78, 79]n principle, they can be adjusted to cope with the day to
day phase variations of the whitght pulses and to compensate the high order phase errors. In
the past, by using a liquid crystal spatial light modulator (SLM), the white light from two
cascaded hollow or e f i ber s was compr eenar®fdd]. EvensiBorte8 f s w
pulses, B fs, were obtained by using a similar phase modulator. X@hough they are the
shortest pulsein the visible and infrared wavelength range, the energy of such extremely short
pul ses 1is onl y wforbrany Bigh field lexperitments. $-or &xanwple,lattosecond
pulse generation has been accomplished by usisg 5| aser pul ses WDt h mor
whose energy is orders of magnitude higher than what the phase modulators have delivered. The
low pulse energy is the main obstacle to applying pulses from adaptive phase modulator
compressors to strong field physics experiments. In fact, to the best of our knowledge, no such
experiments have been done using-ftawle pulses from adaptive compressors. Thergy
deficiency is the result of the high loss of the phase modulator and the limited input laser energy.
On the other hand, coherent control by shaping the pulse with an adaptive phase
modulator has found broad range of applications in physics and sthef@l, 82]. By adding
linear chirp to the pulse directly from a CPA, HHG spectrum shift and broadening have been
studied [83, 84]. Optimization of HHG has also been studied by combining the adaptive phase
modulator and feedback control [85, 86]. Howewone of the control experiment have been

directly performed with few cycle high power laser pulses.
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We improved the throughput of the adaptive phase modulator and applied it to a hollow
core fiber with high output energy in order to obtain-wyole pulses with sumillijoule energy
[87].

3.2 Adaptive phase modulator setup

The homebuilt phase modulator for pulse compression is shown in3ig.To test the
adaptive phase modulator compressor, we used th®, Kvhich is a gratingbased CPA
Ti:sapphie laser system operating at 1 kHz repetition rate. More than 2 mJ, 25 fs pulses from the
laser were coupled into a 0.9 mel@ng, 400e m i nner clwlow fiber filladmat 2e r
bars of neon gaq37]. With such high energy seeding pulses, strongpeise modulation
produced white light whose spectrum covered more than one octave from 500nm to 1000nm, as
shown in Fig3-2. The engyy of the pulse from the fiber waboutl.1 mJ, measured before the
collimation mirror Previously the highest whiieght pulse energy used in the phase modulator
compression was 0.1 nid8]. Thus we gained a factor of more than ten just from the sigat
The energetic pulses from the holl@ere fiber were then collimated and sent into a zero
dispersion # system, which consisted of two ¢rgs with a groove density o230
lines/mn{Newport 33009BK06790R), and two cylindrical mirrors with 50 cm foc#ength
(Tower Optical Corp.)A 640-pixel liquid crystal SLM(Jenoptik SLMS640)was located at the
Fourier plane. The broadband laser beam from the halte fiber was angularly dispersed by
the first grating. Rather than spherical mirrors, stvegted cylindrical mirrors were applied to
focus each wavelength component to a line on the SLM to avoid damaging the liquid crystal of
the SLM by the high energy pulses. The chirp of the pulses was eenmy controlling the
refractive index on each pixel othe SLM. The second grating recombined the different
frequency components into one output bg&®e Appendix B, Appendix C for more details of
construction and alignment)

Previously, low diffraction efficiency of the gratings was the main limiting factahe
overall throughput of the adaptive phase modulator. ¥éel two gratings with protecteilver
coatings to achieve high diffraction efficiency (average efficiency is ~80 %) over the bandwidth
(500nm1000nm) of our hollowcore fiber output spectm. Also, the SLM with broadband anti
reflection coatings on both surfaces provided high transmission of more than 90% in the same

wavelength range.
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Ti:Sapphire chirped pulse amplifier %

A—1 Nefilled hollow core fiber

G1
Polarizer
BG3 Fiber | spectrometer
* jLens for MIIPS
. SM Spectrometer and
€ CCD for FROG

Figure 3-1 The adaptive phase modulator. After hollowcore fiber the chirped white-light
pulses were sent to the spatial light modulator through gratings (G1, G2) and cylindrical
mirrors (CLM1, CLM2). The output beam was directed to the BBO.The central SH beam
was used for FROG measurement, and one side SH beamas used as MIIPS feedback
signal. TheU-BBO polarizer and the BG3 band-passfilter work ed together to eliminatethe
fundamental beam The MIIPS retrieved phasewasapplied on SLM to compress the pulse
BS: beam splitter, CP: compensation plate, SM: sph&al mirror. The dashed line
represents the feedback loogrigure adapted from Ref [87].

To determine the frequency response of thesystem, the whitdight spectrum was
measured before and after the phase modulator, as shown 32Figlthough he throughput
was somewhat lower at the short wavelength side, the transform limited pulse duration supported
by the spectrum of the output pulses wasSid, which was nearly the same as that of the input.
With 1.1 mJ per input pulse, the output pulsergy from the system w&55 mJ, which was
about 37 times higher than what was demonstrated before. The high througbfutya&sdthe

major improvement of our adaptive phase modulator.
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Figure 3-2 The white-light spectrum before the phase modulator (blue) and after the phase

modulator (red). The inset shows the transforrimited pulses for both spectra. Figure

adapted from Ref [87].

3.3 Pulse compression by MIIPS method

One approach to obtathe shortest pulse is to optimize the second harmonic signal by
focusing the compressed whitght pulses to a nonlinear crystal. However, it was found that by
optimizing the SH signal, neither genetic algorithm nor evolutionary algorithm can compress the
pulse with high accuradg8, 89] Another approach is to measure the spectral phase of the white
light from the fiber and feed the measured value to the phase modulator for correction. For
adaptive pulse compression in the reetave bandwidth and fewycle regime, accurate
retrieval of the spectral phase of the output pulses fromftbgestem is crucial.

Our laboratory is equipped with a FROG based on second harmonic gen@eition
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Figure 3-3TheMI | PS traces (U=5, o=7 fs). (a) from

iteration; (c) the phase determined by the last iteration and the corresponding pulse
duration. Figure adapted from Ref [87].

We found that it is difficult to masure the phase of the wHitght pulses from the fiber before
compression with high accuracy because of the poor signal to noise ratios, especially at the two
ends of the spectrum (around ~550 nm and around ~950 nm). This is because the SH signal is
rather low in those regions when the pulses are strongly chirped. As an alternative, the
Multiphoton Intrapuse Interference Phase Scan (MIIPS) method was afjphe@1]
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The MIIPS works by modulating the spectral phase of the pulses with the SLM while
simultaneously recording the second harmonic (SH) spectra afterf thgstém. The applied
spectral phase at frequensycan be expressed as( ¥ ) = UfiliQ where@dando are two
parameters that need to be chosen progellyn o ur ¢ dsp By linkarlyiricreasing-the
U value, one can scan the applied GDD for each frequen®yhen dispersions higher than the
second order are ignored, it is found tlifathe GDD introduced by the phase modulator,

0" (¥ fco iU cancels out the GDD of the white liglit," (, at)a certain frequency

then a SH signal peak appear2ar After recording all the SH spectrafaf r om 0 t o 4,
two dimensional MIIPS trace was construci&sl shown in Fig. -3. By seathing the peak

position , i the MIIPS trace for each SH frequeryy G," ( ¥01"=( ¥-J os iU is

retrieved from the MIIPS pattern for the first iteratiéin” ( # n approximate value @f " ( ¥ )

since dispersions higher than the second ordergered. By integratingi," ( 1twice, we

obtained the phas@&( v¥fjom the first iteration. To measure the phase more precisely,¥ )

was wrapped and applied on the SLM for the second iteration, which measured the phase
differenceli ( i) ¥ the secondération is done in the same way as the first iteratidfter m

iterations, the phase correctidh,( ¥ Decame nearly flat and the retrieved phaseG,( ¥ )
convergesdd ( ¥) ( More details of MIIPS parameter s
Appendx D, Appendix E).In our experimentan = 8. The generation of the SH peak increases

the signal to noise ratio. At both ends of the fundamental spectrum (600 nm and 900 nm), the SH
peak in MIIPS is much stronger than the SH signal in the FROG beforbddbke was corrected

which is the main reason we chose the MIIPS for measuring the initial phase of thdighhite

pulses.

In our experiments, since the GDD of white light' (ig large,lo" ( ¥) =5wWa® f s
added on the SLM to preompensate the phabefore the first iteratianThe linear component
of lip( ¥was chosen such that the phase load per pixel was minif@i2ed he first iteration of
the MIIPS pattern is shown iRig. 3-3(a). The iterations stopped when the retrieved phase
accuracy was higher than 0.01 radians per liquid crystal pixel over the whole fundamental
spectrum. The MIIPS pattern after the chagmpensation is shown in Fig:38b). The evenly
spaced paillel SH strip distribution indicates that the residual GDD of the pulses is very small
[91]. Since our MIIPS did not resolve the SH peak position clearly below 280nm or above

450nm, there were residual errors on both the short and long wavelength pafrttensetrieved

52



phase. The phasé&é,( v¥retrieved from thedst iteration is shown in Fig.-&c). Using this
measured phase and the power spectrum at the exit of #ystdm shown in Fig.-3, Fourier
transfom gave the pulse duration of 4.86 alsoshown inFig. 3-3(c).

The secod harmonic signal shown in Fig-3Bwas generated in a barium borate (BBO)
crystal with a type | pteematching configuraton. A  m t hi ckness thin crys
phasematching over the broad fundamental spectrungeaihe phase matchirapgle of the
crystal was set td0 degrees to enhance the frequency doubling efficiency around 600 nm of the
white light. When the SH was measured by a customized Ocean Optics HR2000+ spectrometer
that works in the 200nm to 600nm ¢ the strong fundamental laser light had to be blocked as
to not saturate the detector. The configuration we used for detecting the saooodib signal
is shown in Fig. 3L, which is different from what was used in MIIPS in the §88{. Taking
advanage of the fact that the polarization of the second harmonic beam is orthogonal to the
fundamental beam for type | phase matching,UsBBO polarizer was placed after the SH
generation BBO crystal to reject most of the fundamental light. A BG3 filter aslded to
further suppress the fundamental signal. To increase the signal to noise ratio and reduce the
integration time of spectrum acquisition, a fused silica UV lens with 5 cm focal length focused
the SH signal to an optical fiber that couples the ligtd thespectrometer. Compared with the
prism method that separates SH from the fundamental used in the past with MIIPS, our collinear
configuration has higher collection efficiency, which is important for measuring the phase of the
weak fundamental at boends of the spectrum.

After the phase correction by MIIPS, the duration of the compressed pulse was measured
by the FROG93, 94] Unlike the input pulses, we found that the signal to noise ratio of the
FROG pattern obtained with the compressed pusepod enough for robust phase retrieval.

Our MIIPS and FROG shared the same BBO crystal, as shown #lFighere are three second
harmonic beams exiting the BBO crystal. The center one was used by the FROG, while one of
the side beams was sent to thélm&. It is well known that feweycle pulses can be easily
distorted by dispersion introduced by propagation in air. In such a configuration, the MIIPS and
the FROG measured the pulse at the same location, which is critical farydésv pulse
characterizon. To avoid the chromatic aberration in FROG measurement, a spherical mirror is
used in place of a lens to image the SHG into the spectromibEemeasured and reconstructed

FROG patterns are shown in F&4 (a) and (b) respectively. Thetrieved plse duration is 5.1
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fs as shown in Fig.-8 (c), which is slightly longer than whatas determined bthe MIIPS

(4.86 &). The spectral phase in Fig4@l) shows the chirp wasell compensated. Also in Fig.

3-4(d) the retrieved spectrum was compared wité independently measured spectrum. The
frequency margial comparison is shown in Fig-4e) to confirm the validity of FROG results.

Both methods showed that the pulse duration was around 5 fs, which is shorter than what has
been produced from the sarhellow-core fiber using commercigl available chirped mirrors

[36, 37. For pulss with over one octave spectitiis difficult to get perfect FROG traces due

the limited phasenatching bandwidth of the SHG crystal and the spectral response of all the

opticsin the setup, which explairike difference between the MIIPS results and FROG results.
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Figure 3-4 Characterization of the laser pulse by the FROG. (a) The measured FROG
trace. (b) The reconstructedFROG trace. (c) The retrieved pulse shape and phase (dashed
curve). (d) The retrieved power spectrum and phase (dashed curve) and independently
measuredspectrum (dotted curve). (e)The FROG frequency marginal (dotted red curve)
and the autoconvolution (®lid black curve) of the measuredspectrum from hollow-core
fiber. The FROG error is 0.5%, and the trace is at 256x256 grid$-igure adapted from Ref

[87].
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3.4 HHG from chirped few cycle pulse
The high power of the compressed pulses allousethb generate high order harmonics.
Previously the dependence of high harmonic generation (HHG) spectra on GDD was
investigated by using relatively long pulses 8D directly from the CPA system by changing
the grating separatio@3, 84] It was faind that when the driving laser was positively chirped,

the HHG spectra were more discrete and red shifted, whereas for a negatively chirped pump, the

HHG spectra became a continuum.

GDD(fs?)

35 30 25 20 35 30 25 20

35 30 25 20 35 30 25 20
Wavelength(nm) Wavelength(nm)

Figure 3-5 Dependenceof Ar high order harmonic spectra on the high order phases of the
driving laser pulses Figure adapted from Ref [87].

We performed coherent control of high harmoganeration with the 0.55 mJ, 54
pulses by independently changing the GDE high order spectral phases. Our experiment was
carried out withbothargonand neorgas ugsg a setup described in Ref..9%he laser beam was
focused by a spherical mirror to a gas filled interaction cell with a length of 1.4 mm. The focal
length of he mirror was 400 mm. The backing pressure to the gas cell was a@dd0 torr for
argon and neon respectivelifhe gas target was placed approximately 2 mm after the focus to
optimize the phase matching for the short trajeci@®y. As seen in Fig3-5 (a), when the GDD
was scanned, thr harmonic peaks shift, like what was discovered with long laser pulses in the

55



past. The spectra also showed an asymmetric dependence on the positive chirp as compared to
the negative chirp. We noticed that asymmeésrgven stronger for third order to fifth order
phases as shown in Fig5(b), (c) and (d)a phenomenon that has not betudied before and
deserves further investigation. Similar Ne results are shown in Fég.T® the best of our
knowledge, this ighe first coherent control of high harmonic generation with-faxele laser

pulses
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Figure 3-6 Dependence ofNe high order harmonic spectra on the high order phases of the

driving laser pulses
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3.5. From relative phase control to absolute phase controf few cycle pulss
Since we have generated of @3, 5fs pulses byan adaptive phasmodulator, in order
to make such pulses more usable to the attosecond science community, the CE phese of s
pulses has to be locked. This adds an absolute phase control of ttycfeypulses as shown in
Fig. 37, which provides a brand new tool for strong field coherent control experimentwiere
stabilizeof the carrierenvelope phase of pulses from pgtease modulatd®7].
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Figure 3-7 Absolute phase control of few cycle pulses

The experimenivas done with the KLS laser system as shown in F&).The CE phase
stabilized laser system has already beé&mdiuced in previous sections. The in Ideg-2f is a
sapphire plate based interferomefene CE phasef the output pulse from the adaptive phase
modulator was measured bysanplified f-to-2f interferometer that took advantage of thfe 4
system of thgghase modulator. The modulator was designed to perform spectral phase correction
in the range of 500nm to 1000nm. Howe\hke light with wavelength ne@60nm couldstill go
through the 4 system by the secormtder diffractionof the grating which ovelapped with the
fundamental cmponent nea®20nm. A 0.5mm-thick fusedsilica plate was used to reflect
about 3% (20 mW) of the whole output beam afteradaptive phase modulator, and &
30cm spherical mirrowas used to focus both the 466 andthe 920nm light into a 10 m

BBO crystal. The phasmatching angle of the BBOrystalwas tuned to generate the second
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harmonic(SH) of the 920nm light. A polarizer was used to project the SH and fundamental
polarizatiors onto the same axis to faciligatinterference. An Ocean Optics spectrometer
(HR2000+, 380580 nm) with a resolution of 0.11 nm wased to record the fringes at-Bts
exposure time. To avoid the saturation of the CCD in our spectrometer, a BG3 filter was place
in front of it to reducehe strong fundamental wavelength above 500nm. The voltagkeon
SLM above 910 nm was setzero to obtairi-to-2f fringes with good quality. With such dto-

2f interferometer, the CE phase aftiee adaptive phase modulator cobimeasured.

CE phase A :""_;;f_"___"_—__""___"_____1:
stabilized ! /y 7 :
Oscillator \ PZT |
1 ! [ G2 Gl A
Pockels cell i M2 Stretcher M1 :
S 1

- e Multipass Inloop S

Compressor Amplifier fto2f FROG

BS[* 5% Ay /I,

9594 4/1:%
Hollow-core fiber Spec
| = :
: :
1] CLMI SLM & CLM2 !
| e—— ] |
: Gl &Kﬁ Adaptive phase modulator @ G2 i

Figure 3-8 Experimental setup for generation of CE phaseontrollable 5-fs pulses. G1G4:
gratings; BS: beam splitter; FS: fusedsilica plate; CLM1, 2: cylindrical mirrors; SLM:
liquid crystal spatial light modulator; SM: spherical mirror; P: Polarizer . Figure adapted
from Ref [97].

As shown in Fig. &®, when the € phase was stabilized by a sappipl&tebased-to-2f
interferometer before the hollewore fiber with the accuracy of 148rad RMS, the Ckphase
RMS measured after adaptive phase modulator was 301 mrad (about twice as large as that of
input), regardless of whetheneg SLM was turned on or off. We have previously shown that
when CE phase was locked within an accuracy of 98 mrad before tbheooke fiber, the CE

phase fluctuation after the hollegore fiber was 137 mrad2]. By comparing the phase error
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with and without the phase modulatare conclude that the extra CE phdsié is caused by the
phase modulator. Furthermore, since thage noise is almost the same when the SLM was on
or off, we believe that thpossible sources of noise @he mechanical vibration of thef4ystem

and the pointing fluctuation of the input pulses [9Bihce our adaptive phase modulator is a
gratingbased zero dispersionfdsystem, the effective distance between the two gratings is zero

and the role of pointing fluctuation on CE phase can be igragatiown in Eq. (3.1) [99]
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Figure 3-9 CE phase drift introduced by the adaptive phase modulator. (a) CE phase
stabilized before the hollowcore fiber using sapphirebased inloop f-to2f interferometer;
(b) CE phase measured after the adaptive phase modulator by using the hollaaere fiber
white-light. Figure adapted from Ref [97].

D/ o =20G/dseélg- q(u,)1Dg, (31)
where G is the effective distance between the two gratohgs,the groove separation of the
graing,ois the angle of incidencevhich is zero degrees in our casg,is the carriefrequency
of the pulsed is the acute angle between the incident and diffractedamypo is the angle of

the pointing fluctuation. Whe®=0,D/ .. becoms zero regardless of the pointing fluctuation.

However the CE phase drift causedthg small fluctuation of effective distance between two

gratings can be expressed%9]:



D/ o =20DG/dtar’[g- q(u)], (3.2)

whereqs is the small change ofhe effective dstance between the two gratingisis estimated
thaGofpp 23 em introduces 2° CE phase drthgdt f or
gratings and cavity mirrors leads to CE phase instability.

There areat least two possible ways to compensate the CE phase shift introduced by the
4f system. he CE phase measured after the adaptive phase modidatbe used to feedback
control either the liquid crystal spatial light modulator or the grating pairselfirit approach, a
constant phase value equal to the error signal is added to all pixels at the same time in the liquid
crystal spatial light modulatdd00]. However, the response is slow because the switching time

of themodulator is on the order of senal milliseconds. Also any voltage the SLM above 910

nm destroyshe fringe quality, preventing us from locking the phase.
2 ' T ' T v T
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0 800 1600 2400 3200
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Figure 3-10 Long-term stability of CE phase after the adaptive phase modulator.The CE
phase was stabilized by feedback controlling the gratings in the stretcher, using the CE
phase measured after the phase modulator to determine the error signatigure adapted
from Ref [97].

We took the second approach, i.e., the mesbQE phase was used to feedback control
the grating separation of the CPA stretcher to compensate the total slow CE phase drift that was
introduced by the CPA, hollow fiber apthase modulatdi72]. As shown in Fig. 40, the CE
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phase after the phaseodulator waslocked with accuracy of 18#rad for nearly one hour.
Moreover, by adjusting the grating separation of the stretcher to preset values, the CE phase was
sweptfromi”~ t o °~ as slh which can be uded tg obsef/e the CE phase effect of
high harmonigeneration (HHG) or other higdireld processes.

The pulse duration was measured by MIIPS and confirmed by FROG measurement,

which gave the same result®fs pulse duration as before.
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Figure 3-11 CE phasesweep fromi”~ t o . Figuee @dagted from Ref [97].

3.6. Short summary and outlook

In conclusion,  improving thethrougtput of an adative phase modulatoand by
applying it toa high power laser systemve compressethserpulses to ~5 fs athalf-millijoule
energylevels. As far as we know, this is the highest energydgesle pulse ever achieved by
adaptive pulse compressoBy, measung the CE phase after the phase modulator and feeding it
back to the stretcher of the CPA, we were able to lock the CE phase for nearly onghleour.
MIIPS methodwas applied to measure the spectral phase of the pulses after theduwiofber
for thefirst time, which serves as the feedback for the phase correttienhigh power, two
cycle pulses were used in high harmonic generation. It was found that the harmonic spectra

depended strongly on the high order spectral phasesabdwutephase contilable, millijoule
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level fewcycle pulses are aew powerful tool for studying single attosecond pulse generation
and performing coherent control in new parameter spaces.

Although our adaptive phase modulator has successfully compressed the-dukow
fiber output down to 5 fs pulse duration, still several challenges have to be overcome before the
high power fewcycle pulse could be finally realized. Here | list a few issues and possible
solutions for future development.

The first issue is the pulseergy. Even our 0.5 mJ pulse energy has already set a new
record for such a device. To produce strong and broadband attosecond XUV pulses, higher NIR
photon flux would be better. The final output energy can be improved by increasing the input
energy of pude shaper. One possible solution is to use a differentially pumped reateviiber
or gas ionization compression. Very recently, 5 mJ, 5 fs pulses have been reported from a
pressure gradient fiber with chirped input pulses [101] and 14 mJ, 11 fs palsesbéen
reported from ionization preompression [102]. If such high power feycle pulses are used as
input, the output pulse energy from the pulse shaper can be scaled up. For improving the
efficiency of the pulse shaper itself, the use of transmigg@mimgs is one option which could be
taken into consideration since it may have higher diffraction efficiency than the reflective
grating. However, self focusing and self phase modulation may happen inside the transmission
grating.

Once the energy baer is overcome, the next issue is to generate as broad spectrum as
possible. Yamashita proposed two color seeding of the hollow core fiber [103]. In their
experiment, besides the self phase modulation, the induced phase modulation (IPM) was used to
enhane the spectrum broadening. By replacing the interferometer with a collinear two color
configuration, it is very likely that the temporal jitter between the fundamental field and SHG
could be eliminated, which could lead to the generation of overootae span coherent
spectrum. To control the phase of such a broadband spectrum, again Yamashita has reported a
newly developed liquid crystal with a transmittance of more than 85% in the wavelength range
from 260 nm to 1100 nm [104, 105], ideally such a twtawee spanning spectrum could lead to
the generation of monocycle pulses. When more thanrocia®e spanning spectrum is
diffracted by a grating, the second order diffraction of the short wavelength overlaps with the

first order diffraction of the long walength. By carefully selecting the grazing angle of the
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grating, this problem can be minimized to some extent [106]. Still more work needs to be done to
achieve this.

The third issue would be the spectral phase measurement and control. The MIIPS method
has better signal to noise ratio than FROG and it can start phase correction from quite large
phase distortion. Currently the MIIPS method is based on the measurement of the SHG
spectrum. Still, the phase matching bandwidth of SHG is not as good as thieeguency
generation in SPIDER [106]. Possibly, a method which combines the good signal to noise ratio
of MIIPS and the broadband phase matching of SPIDER could be developed to solve this
problem.

Even if all the above prerequisites can be satisfiederal precautions still need to be
taken before the successful implementation of adaptive phase modulators in attosecond science.
The first is the stability. In order to have accurate control of the absolute phase, the system must
be very stable, this ctdibe solved by using heavy mounts and isolating the vibrational noise.
Another issue is the pixel nature of the liquid crystal. The pixel diffractetariorats the final
output beam profile. When the phase correction is applied, the situation coelctibevorse.

Since the phase matching of HHG is quite sensitive to the wave front [86, 96], the- spatial
temporal coupling of the pulse shaper [107] needs to be considered carefully if it is used in
attosecond science.

Once few cycle or monocycle laserges can be engineered in a controllable fashion, the
results will be very rewarding. The cutoff extension of HHG [108], as well as suppression and
enhancement of certain HHG orders [86], would pave the way for shorter single attosecond pulse

generation ad coherent control of the XUV pulse.

Notes: The material presented in this chapter has mainly been publishei& Mang
Mi chael Chini, Yi Wu, Eric Moon, -dhvelopebhaseMas hi
stabilization of 5 fs, 0.5 mJ pulsesfio adapt i ve phApplePhynd881295t or s 0,
(2009)and He Wang Yi Wu, Chengquan Li, Hiroki Mashiko, Steve Gilbertson, and Zenghu
Chang, AR Gener atciyocnl eo fp uld .s5 smJdb,y faenw @u. &ypressv e p h &
16, 14448,2008)
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CHAPTER 4 - Single attosecond pulse generation and measurement

To produce single attosecond pulses from HHG, several technologies are available. Since
the HHG cutoff is proportional to the laser intensity, one way is to select the XUV spectrum near
the cutoff when a f®-cycle or even monocycle pulse is used as the driving field [16, 41]. The
other way makes use of the ellipticity dependence of the HHG efficiency. By carefully designing
the pulse with time dependent ellipticity, the HHG process can only happen wittactiarf
laser cycle, which leads to the generation of a single attosecond pulse F12,010%/e took the
second approach to generate single attosecond pulses. In this chapter we mainly discuss the
single attosecond pulse generation by our novel doublieabmating (DOG) method and
attosecond streaking experiment for characterizing such pulses. Special emphasis will be put on
the attosecond reconstruction part. Several experiméniahtions and their effest on the

accuracy of attosecond pulse recamndtion are discussed in detail.

4.1 Single attosecond pulse generated by double optical gating (DOG)

In 2001 the first single attosecond pulses were generated from 7 fs NIR driving pulses by
selected the XUV spectrum near the cutoff range [14]. By usi@game technique but with a
3.3 fs NIR driving laser field, 80 as pulses centered around 80 eV were produced and measured
most recently [16]. Another approach, which was termed polarization gating (PG) and first
proposed by Corkum in 1994 [109], hasabeen realized experimentally. By converting the 5
fs linearly polarized driving laser field into left circular and right circular pulses and delaying
them properly, their small region of temporal overlap (about one half cycle) became a linear
field, which produced 130 as attosecond pulses centered around 36 eV [17].

As we have discussed in the previous chapters;ci@hle pulses require more than one
octave spanning spectrum and are very sensitive to the dispersionyélevpulses are therefore
diffi cult to maintain on a daily basis. Such technical barriers hinder the application of attosecond
pulses to more broadly in the scientific community. Instead our group developed the double
optical gating (DOG) technique, which can be used to generate atbggecond pulses from 8
fs to 12 fs driving laser fields [95, 111, 112]. More recently, with the generalized double optical
gating (GDOG) technique, single attosecond pulses were produced directly from the 28 fs pulse

after the CPA laser system [113]. BAs a combination of polarization gating (PG) [17] and
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two color gating [114, 115]. By adding a weak second harmonic field, the symmetry of the
driving laser field is broken, and the attosecond pulse train is produced at one cycle separation

instead of hi cycle, which releases the constraint of half cycle width of PG to one cycle gating
width of DOG as shown in Fig-4.

Driving Field

Cycles
Figure 4-1 By adding SH field and breaking the electric field symmetry, attosecond pses

are produced with one cycle separation instead of half cycle separation. One cycle gate

width can isolate the single attosecond puls€igure adapted from Ref [95].

Before we discuss the optical i me Widthme nt at
mathematically. In that way the improvement of DOG over PG can be seen immediately.

For DOG, the laser field can be decomposed into the driving field along tﬁ)ea«i(s

and the gating field along the f:I axis (z is the laser propagation direction)[93],

E(t) = Eunno0F+ Eguidt) F (4.1)
The driving field is:

1 ) i i .
Edrive(t) — E EO[(e 2In2[(t+T4/2)2/t2) +e 2In2[(t Td/z)znfv]) COSQ/I/OI +) CE) (4 2)
+ae 2In2(t2/f§W) COSQVVOt + 2/ e + fme)

and te gating field is:

_1 - 2In2] 12-Tyl4)?1t2 - 2In2[(t-Ty/2- Tyl 4)2 1t 2 : :
Egate(t)—EEo[(e NAMT T2 T g 2T 2T IV sin(ngt +/ o) (4.3)
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where E,is the amplitude of the linear fundamental laser field with central frequep@eriod
T,), pulse durtion ¢, and CE phasg .. T, is the time delay between the two circular pulses.
The group delayl,/ 4 between the gating and the driving field is introduced by the quaetee

plate. 7 is the relative phase between the fundamental and second harmonic pulses. The

w,2w
duration of the second harmonic (SH) pulsef js. Finally, a represents the strength of the

second harionic field relative to the fundamental field. Ignoring the small contribution from the

SH pulse andT,/4 group delay, the time dependent ellipticity of the laser field can be

expressed:

- 2In2[(t+T4/2)%/t2]

-2In2[(t-Ty/2)% 1t 2] _ e

e e

‘l- - 4In2(Tyt/12)

2n2(t+T,/2)%112] 1+

x(t) = , (4.4)

- AIn2(T,t/t2)

2
o 2n2A(t-T /2%t e

D ye
For the portion where the two circular pulses are fully overlappéd(T,t/12) < 4),

the ellipticity approximately becomes [116]:

x(t) ° |2In 2:—gt (4.5)

w

Typically for HHG photon energy higher than the ionization potential, the harmonic
signal drops by more than one order of magnitude when the ellipticity insréase O to 0.2

[117, 118]. If the threshold ellipticity is assumed toxgethe gate width becomes:

2
d

From the previous discussion it is known that the gate width of DOG can be one cycle of
laser oscillation when the SH field is added. For PG to work efficiently, the driving pulse
duration has to be around or even less than 5 fs [17, 11]D, Sih6e the gate width has been
doubled for DOG, either longer pulse duration or shorter delay can be used to produce single
attosecond pulse as shown in Fig.4

Experimentally, the DOG was oringinally realized by Mashnder interferomet
method [95]. However, due to the energy loss and the temporal jitter, the interferometer method

was replaced by a collinear method as shown in F&j141, 112].
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Delay vs. Pulse duration
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Figure 4-2 Delaly vs. pulse duration fo PG and DOG.
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Figure 4-3 Experimental setup of collinear DOG
This collinear DOG setup is similar to conventional PG except the quarter wave plate is
now replaced by the combination of quartatpland BBO crystal. The laser pulses are sent to an
initial quartz plate in order to generate two orthogonally polarized pulses with the required group
delay between them that determines the DOG width. The optical axis of the quartz plate is
oriented 45°with respect to the polarization direction of the input pulse. For our current

experiment, the input pulse duration of NIRfjs=8fs, and the threshold ellipticity ig =0.3.
When a =T =26fs, T, =10.65fs, which is about four cycles of delay. The thickness of the

first quartz needs to introduce integer cycles of phase delay in order to keep the electric field

correct afterwards.
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Electric field (relative)

Time
Figure 4-4 Driving fi eld (top) and gating field (bottom) of DOG

In our case, four cycles of phase delay corresponds to the thickndss 6f far the
first quartz plateZ 7 0 thickmessfor three cycls of phasedelay 4 3 0 thickmessfor five
cycles of phasedelay). The two orthogonally polarized pulses are then sent to a second quartz
plate with a thickness of 440 mlts optical axigs in the middle of the polarization of these two
pulses. Finally, a BBO crystal with thickness of E4@generates the SH field. The optic axis
of the BBO is aligned in the same plane as the second quartz plate. Since the BBO crystal is
negative uniaxiawhile the quartz is positive uniaxial, the second quartz plate and the BBO
combination forms a quarter wave plate for the IR pulses, which transforms the two linearly
polarized pulses into two countetating circularly polarized pulse. The electricldi for the
driving and gating components are shown and plot in Fg. 4

From Eg. (4.6) above we know that for the same input pulse duration, the DOG only
needs half of the delaj,, of PG. Since the driving field at the center of gage is expressed as
[116]:

E,.o(0) = Ejg 2/l (4.7)

For the same input laser pulse, the DOG has higher driving field inside the gate than that of PG.
In another word, it means that to reach the same intensity of driving field inside the gate, DOG
requires less input energy than PG. Based on the ADK calculation (See Appendix A for details

of the formula) we can estimate the ionization probability for the DOG andsB@Gning the
same pulse duration and the same driving field at the center of the gate, fronbFigah be

seem that with the peak intensity 883 10W/cnf, PG doesndot work for
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longer than 7 fs because of the ground stigj@etion of the target. However, DOG can go as
long as 12 fs.

1.0 —
2 0.81 Polarization gating -~
® é
o 0.6 v
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: =4
= 0.4+ P
g __.-="" Double optical gating
il

Argon gas
0.0 Intensity : 2.8x1014 W/cm?

5 6 7 8 9 10 11 12
Pulse duration (fs)
Figure 4-5 lonization probability calculated by ADK for PG and DOG under different
input pulse duration. Figure adapted from Ref [95].

To unambiguously confirm the generation of single attosecond pulses by DOG, the CE
phase was scanned. The experiment was done with the CE phase stabilized MARS laser as
shown in Chapter ZThe CE phase dependence of the fogter harmonic spectra geated in
argon and neon from DOG was measured with an extreme ultraviolet transmission grating
spectrometer (more details of XUV spectrometer will be presented in Chapter 5). To generate the
short pulse (<10 fs) required by DOG, half of the laser pulde avitenergy of 2.5 mJ was sent
toa 1mlong holloncor e fi ber with an inner di ameter o
pressure of 2 atm. After sgthase modulation, the 1.2 mJ output laser pulse spectrum cover the
region from 600 to 950 nm. The FROG asarement showed that the pulse duration was 7.5 fs
after compression by the chirped mirrors as shown in F&.which is short enough to generate
a single isolated attosecond pulse [111, 112]. The final output power of the short pulse was 1 mJ
after conpression of the chirped mirrors. The short pulse was then focused by a 300mm
spherical mirror into a 1.5mm gas cell filled with argon at 40 Torr or neon at 60 Torr to generate
the HHG. The gas cell was put 1~2 mm after the laser focus to favor the phebagnaf the
short trajectory [96]. When the CE phase was
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spectrum varied with a 27, pehiodi cstyoasi she

periodicity of the electric field generated by DOG [111].
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Figure 4-6 FROG measurement of MARS short pulse. (afhe measured FROG trace. (b)
The reconstructed FROG trace. (c) The retrieved pulsashape (black dotted curve) and
phase (blue dotted curve (d) The retrieved power spectrum (black dotted curve) and

phase (blue dotted ling and independently measuredpectrum (red dotted curve).
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Figure (a) adapted from Ref [58].
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4.2 Practical issues of characterizing the single attosecond pulse

Even thoughtte continuous spectrum from DOG was observed experimentally and the
CE phase scan showed Reriodicity, direct measurement in the temporal domain still needs to
be done to ultimately confirm the generation of single attosecond pulses. Like the
characteriation of femtosecond pulses, for measuring the single attosecond pulse the general
rules still hold, but the experiments are more complicated since the XUV wavelength range can
easily be absorbed in the air. The energy conversion efficiency of HHG predegas(around
10°). For a typical millijoule level CPA laser system, this limits the energy of single attosecond
pulse on the order of the najoule or even picgoule level, which makes the nonlinear auto
correlation method difficult to be transfedréom visible regime to XUV regime.

Insteadthe neatinfrared (NIR) assisted attosecond streaking technique is used, whereby
the momentum of photoelectrons ionized by the XUV pulse in the presence of a NIR streaking
field is measured as a function of tivae delay betweethe XUV and NIR pulses [16, 17, 119,

120]. Such measurement yieldsveo-dimensionalkpectrogram of delay arelectronenergy, in

which the intensity and phase of both the XUV pulse and NIR streaking field are encoded.
Mairesse and Quér (2005) proposed the use tifie Principal Component Generalized
Projections Algorithm (PCGPA)1R1 for reconstruction of the attosecond pulse from the
streaked spectrogram, a technique called FRIRAB (FrequencyResolved Optical Gating for
Complete Reaostruction of Attosecond Bursts)42, which we will refer to only as CRAB.
Using this method, a single 130 attosecond XUV pulse generated by polarization gating was
successfully retrieved from the streaking spectrogrbrh Furthermore, 80 as single @gecond

XUV pulses generated by amplitude gating were recently retrieved from the streaking
spectrogram [16]However, several practical issues of retrieving attosecond pulses from such
two-dimensional spectrograntgve hardly been addressed so far. Hezestudy the effects of

five major factors on the pulse retrieval using PCGPA: d¢bent rate,streaking speed, the
streaking laser intensity variatiothe collection angle of streaked electroasdthe time jitter
between the XUV and the streaking fi¢l@3].
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4.2.1 CRAB Basics
Once the atoms with ionization potentigl absorb XUV photons, free electrons with
momentump are produced through dipole transiti(p) from the ground stat&.hen the sbng
NIR field introduces a momentushift to those electrons hE kinetic energy W = p?/2, of the

free electron is measured as a function of the delagtween the XUV and NIR pulses to
construct a spectrogram. In atomic units, the streaked electron spectrogram is expridd€ed as
122].

a 2
SW,t) =|f, Ex(®dlp+ AL (t+2)]expl- i/ (p,t+1)]expl-i(p*/2- W + I )t]dt| (4.3

J (0= PO )+ A 6 et “9)

where E, (t) is the complex field amplitude of the XUV pulse to be characterized. For simplicity,
here we assume th@&JV pulse has a Gaussiahapeas expressed by
Ex (t)" exp[-t?@+ix)/2t5(1+x?)]. (4.10)

Heref ,is the transform limited pulse duration of XUY, is the chirp of the XUV pulse,

and the XUV pise durationt, is related to the chirp ast, =¢,/1+x*> . W, is the central
XUV photon energy. A (t) is the vector potential of the NIR pulse. When the NIR electric field
is expressed aB, =E,(t)cosyt), wherew, is the carrier frequency arid, (t) is the envelope
of the NIR pulse assumed as Gaussian shapthe vector potential becomes
A, =-E,(t)/ v sin(nt) under the slowlyarying envelope appkimation.

In Eq. (4.9, the momentum shift of the clasai@lectroncan be understoods a phase
modulation of the quantum electronave packet by the laser fieldhe phase modulation
/ (p.t) is expressed ikq. (4.9. To understand the phical mechanisms of the phase modulation,
we can assume the dipole transition eIem*aI(p)|2 to be constansince theenergy bandwidth

of the ionized electrons is narrow compared to the central eréngler the central momentum

approximation we obtain:

G(t) = expf- i i [po OA (1) +%|AL ()] 1dti . (4.11)
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This measured spectrogrammatches the form of CRAB and can be uskud

reconstruction. Mathematically, the new trace is

a 2
&W,1)° | FEx (DGt +2)expFi(p?/2- Wy + 1 )tldt] (4.12)

This expression has the same form as the FROG trace for conventional laser pulse

characterization. The phase modulation acts as a tempaise phate in the FROG language

Since the gate function is a pure phase modulitpr e/ | the total phasg (t) can be

written / (8) =/ ,(t) +/ ,(t) +/ 5(t), with

J4(0) = ftU, (), (4.13)
J 2(t) =- (JBWU, (1) / w; ) cosgcosi t, (4.14)
J5(®) =, )/ 2n ) sin(2u 1), (4.15)

whereU (t) = EZ(t)/4uf is the ponderomotive potential, agds the observation angle relative

to the polarization of NIR pulsg$22].
Except where otherwise noted,the simulation and discussion below the NIR pulas
assumed to be 5 fs in duratiaith peak intensity oft2 10> W/cn andcentred at 800 nnThe

XUV spectrum was assumed to supf@o®0 attosecond transforiimited pulse with a 5000 as
linearchirp (x ° \/§) astheintrinsic chirp of attosecond pulse fibre short trajectorglectrons

g is set at zerdo maximize the streaking effect, and the delay rangeclvasen to bd0.67 fs
with grid size of 512 by 512 pixels for the CRAB trace.

4.2.2. Shot Noise
Experimentallyobtained CRAB traces, unlike their optical FROG counterparts, are
plaguedby low count numbers in the spectrogram. A typical setugh as the one shown in Fig.
4-7 [113, consists of a laser focused to a gas jetigolated attosecond pulse generatidhe
number of XUV photons generated in a noble gas is on the ordef ®6 1@ per laser shot
[124], very small compared tthe photon number of femtosecond NIR laséfter the XUV
photons pass through the residual gathe chambefrom the first jet and the Al filter with a

thin layer of ALOs, the number can be reducedas little as 10%urther reductions occur from
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the low reflectivity of the XUV reflecting optics used in the system as well as small acceptance
angles and low quantum efficiency in the detection of the photoelectrons.

The most limiting factor in the cow rate is the probability thaan XUV photon is
absorbed at the second gas jet to generate a photoelectron. The atomic gases used for
photoelectron production have photoabsorption esessions on the order of 10cn? at XUV
wavelengths 125. The absrption probability is also a function of the presslamegth product,
and the gas pressure is limited by th@crochannel plateletector, which requires a vacuum
below 10° torr to avoid damage. Even if the local gas density is maximized by using small ga
jets and high backing pressurdbe gas density is limited by electron scattering and the
probability of photoelectron production igss than 1%Altogether, attosecond streak cameras
with typical XUV coated mirrors, a typical acceptance angle, andalygetectors further reduce
the overall efficiency of photoelectron detectioto 10° to 10”. The low XUV flux from the
source and the poaverall detection efficiency limits the number of detected photoelectrons to

~1 per laser shot.

BBO Al filter || Drilled mirror |

Quartz plates (Mn Two-component

. mirror module

' Lens TOF

D
~ Delay
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Figure 4-8 Typical setup for the measurement of attosecond pulses consisting of a Mach

Beamsplitter

Zender configuration. A NIR laser pulse is focused to the first gas jet for attosecond XUV
pulse generation. An aluminum filter (Al filter) is used for chirp compensation of the XUV
pulse, as well as to block the residual NIR beam. A coated mirror is used to focus the XUV
photons to the second gas jet, where the NIR streaking field is superimposed on the XUV
focal spot. The momentum spectim of the streaked electrons falling within the cone of
acceptance is measured by a time of flight detector (TOF)The green beam is used for
locking the interferometer. Figure adapted from Ref [123].

For such a small number of photoelectrostatistical counting error or shot noise can
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significantly affect the integrity of the streaked spectrogram unless the spectra are recorded for
many laser shots. Isolated attosecond pulse generation from all schemes demonstrated so far
requires high power, carrierenvelope (CE)phase stabilized laser pulséSuch pulses with
uniform pulse energyg[/], duration, and CE pha$g7] are difficult to maintain over a period of

even a few hours, making it a challenge to obtain a sufficiently large statisticdesamp that

shot noise is negligible. It is thus important to determine how many photoelectron counts are

necessaryor accurate reconstruction of the attosecond pulieeipresence of shot noise.

4.2.21. Simulation of Shot Noise in CRAB Traces
To simulate shot noise in the tracedet spectrogram, shown in Fig-9a), was
resampled to80 delay stepswith step size of~130 as in order to simulate achievable
experimentaldelay resolution [16, 113]The energy scale was kept &2 samples, giving a
reolution of ~0.4 eV, which is similar to thenergyresdution of previous experiments [16,
113. In PCGPA, the delay and energy step siz#s,and d¢E respectively, must satisfy the

constraintcEd £2p/Ng , where Nz, a power of two, is the total number of samples in energy

[121, 122. Experimental CRAB traces must be interpolated in order to satisfy this condition.

The number of counts on each grid point was quantized to integer wvaltresa
maximum count of 200, 100, 50, 2&nd 10 counts (corresponding to roughl®00Q 500Q
250Q 1250 and500 total photoelectron counts pdelay step), as shown in Fig:9¢b) for a
maximum pixel count 060. Shot noise, which follows a Poissontdlzution with mean value
zero and variance equal to the number of counts at a particular pixel, was simulated using a
Monte Carlo method and addéal the trace, as shown in Fig:9¢c). Finally, bicubic spline
interpolation was performed on the tracedturnit to a grid size ob12 by 512 pixels suitable
for reconstructia with PCGPA, as shown in Fig-9{d). Clearly, the final spectrogm trace
with added shot noise in Fig-3{d) is quite dissimilar from the noideee tracein Fig. 49(a).
For a morecomprehensive study of the effects of shot noise, this process was performed for
pulses with spectrum supporting 90 and 180 as trandforited pulses for several streaking

laser intensities and linear chirps.
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Figure 4-9 Preparation of simulated CRAB traces. All plots are normalized. The XUV
spectrum supported a 90 as transformdimited pulse duration and had 5000 a$ linear
chirp. The NIR streaking field had peak intensity of 12 10> W/cm?. (a) Noisefree trace on
a square grid size of 512pixels. (b) The trace was first resampled to 80 delay steps of ~130
as with integer values of counts at each pixel. Here, the maximum pixel count was set to 50.
(c) After resampling, shot noise was addedas integer values taken from a Poisson
distribution centred at zero and with variance equal to the number of counts at each
particular pixel. (d) The trace was finally interpolated (using a bicubic spline method) back
to a square grid of 513 pixels as reyuired for PCGPA. Figure adapted from Ref [123].
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4.2.2.2. Effects of Shot Noise on the CRAB Reconstruction
Fig. 410 shows the CRAB reconstruction after 1000 iterations for a spectrogram trace
with maxmum pixel count 0650 and shot noise added. Qualitativelye treconstructed trace in
Fig. 410(b) matches more closelg the noisdree trace in Fig. 49(a than it does to the trace

with shot noise added shown in Fig.14(a), which is reproduced froraig. 49(d).

Delay (fs)

Figure 4-10 (a) Detail of interpolated trace given as input to the PCGPA algorithm,
reproduced from figure 2(d). (b) Detail of reconstructed pulse after 1000 iterations of
PCGPA. The FROG error was 5.6%. Clearly, the algorithm has retrieved a trace which
gualitatively matches the features of the noiséee trace in figure 2(a) more closely than the
noisy trace which it was givenFigure adapted from Ref [123].

In order toquantitatively determine the convergence of a FROG algorithm, the FROG
error is typicdly used. The FROG erroindicates the degree to which the retrieved and
experimental FROG traces match. However, a trace with noise added is fundamentally an
incorrecttrace and is likely unphysical. It is thus more useful to define a convergence criterion
thatindicates how well the algorithm has converged to both the noisy trace and théremise
trace.

We utilize the convergence criterion described by Fittinghaffofatical FROG traces

[126], and consider convergence to have occurred in a trace with added noise for
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R= elrFROG’I FROGJ/ellrl]:ROG’I FROGJ<2’ (4.16

where
< 1/2 . 1/2
e1 NN 29 el NN .o
dABl=¢—-aa(A-B)u /ésaabu ., (4.17)
gN“i=1j=1 o gN“i=1j=1

| FROG js the noisdree trace, | R°¢ is the trace with noise added, amdR®® is the
reconstructed trace. I&qg. (4.17, A; and B; represent the pixel located atocdinate (i, j) in

each twedimensional trace antl is the number of pixelg each dimensiarin our case) FR¢

was interpolated to a grid 6fL2 by 512 pixels before calculating the convergenciéecion. The
critical criterion for convergence is set Roless than 2 rather than 1 because the algorithm is

given only the noisy trace as input, and we thus cannot expect it to reproduce thizesoise

trace.
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Figure 4-11 Convergence criterion of the retrieved CRAB traces for several streaking

intensities from 5% 10" tg 22 10" W/cm?. (a) XUV spectrum supporting 90 as transform
limited pulses, with 5000 aSlinear chirp. (b) XUV spectrum supporting 180 as transform
limited pulses, with 5000 a$ linear chirp. For all values of peak count number, the
convergence criterion is less than.IFigure adapted from Ref [123].

In fact, as is shown in Fig-#1, R is found tobe much less than 1 for all values of the

maximum pixel countegardless of the XUV bandwidth and NIR streaking intengy1(' to

2310 W/cn), indicating that the algorithm converges to a solution much closer tooike

free CRAB trace than to the noisy trace which it was given. This is similar to the case of optical
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FROG in the presence of noisEf, and is likely due to the significant redundancy contained in

the CRAB trace. In fact, the attosecond pulse itsaitains only2N; degrees of freedom, where
Ny is the number of delay stepfter interpolationwhereas the CRAB trace hagNg degrees

of freedom. Also, the attosecond pulse is completely emncoda single cycle of the CRAB
trace, whereas the results shown here are foycle traces. Because of this significant
redundancy, the algorithm is able to effectively ignore the noise and retrieve something more
closely related to the noideee trace Moreover, the noisy tracis unlikely to correspond to a
physical result, as the noise generally does not satisfy the intensity constraint of PCGPA. In fact,
the vast majority of twalimensionaimapsdo not correspond to CRAB traces of physical pulse
and gate combinations. The algorithm, however, can retrieve only a physically allowed trace

corresponding to aniqueXUV pulse and streaking fieldombination

4.2.2.3 The Effects of Shot Noise on XUV Pulse Retrieval
The retrized attosecond XUV pulse intensity and phase are shown for the afa2@0
and 10 counts in Fig.-42(a). Also, as is shown ikig. 412(b), the noise in the wings of the
pulse is much larger fdewer countsThe fullwidth at halfmaximum (FWHM) pulse aration
and thelinear chirpfor ourretrievals are plotted in Fig-#3. For CRAB traces with at least 50

counts for the maximum pixel, we find that we are able taeratrthe pulse duration and linear

chirp within5% of ther actual valuesvhen the straking intensity is greater tha# 10-* W/cn

for XUV pulses with spectrum supportirg® astransformlimited durations These values are
similar to the experimental error in previous measurement 6180kas pulseslp]. Similarly,

when he XUV spectrum supports 180 as transfdirmited pulses, we are able to retrieve the
pulse duration within 3% and the linear chirp within 5% for traces with 50 counts or more.
However, as the number of counts is further decreased, the algorithm begiesetely
miscalculatehe pulse duration, indicating that it has failed to converge to an accurate@esult.
simulations indicated that the pulse durations were underestimated for pulses with large values of

x , whereas they were owstimated for nearly transforliimited pulses.

79



(a) (b)
1.4 > 10
4 Actual 178 as, 5000 as® chirp 11
1.24 Retrieved, 200 Counts L8 0.1
> ; > 1Y
b 1ol Retrieved, 10 Counts =
§ .U+ Le § 5 0.01]
< g : & €
% 0.8 i % = 1E-3 4
4 3 3
X 0.6+ 2 X 1E44
3 o -
N r2 > 8 1E54
© 0.4 Q ﬁ
g 5] Lo E 1E-64
> Z o
\ z 1E-7 4
0.0+ T T T T 7 A--2
-300 -200 -100 O 100 200 300 -4000 -2000 0 2000 4000

Time (as) Time (as)

Figure 4-12 (a) Normalized XUV intensity and phase. (b) Normalized XUV intensity on log

scale. The streaking intensity wasl® 10 wicm?2 The triangles show the noisdree pulse,
whereas the solid line and dashed line show the retrieved pulses with 200 counts and 10

counts at the peak of the energy spectrum, respectivellfigure adapted from Ref [123].
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Figure 4-13 (a) Retrieved XUV pulse duration and (b) retrieved linear chirp for pulses with

spectrum supporting 90 as transformlimited pulses. For peak count numbers above 50, the
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pulse duration and linear chirp are retrieved within 5% of their actual values for streaking
intensities greater than 53 10 W/cm?, indicating convergence of the algorithm. (c)
Retrieved XUV pulse duration and (d) retrieved linear chirp for pulses with spectrum
supporting 180 as transformlimited pulses. For peak count numbers above 50, the pulse
duration is retrieved within 3% and the linear chirp within 5% of their actual values.
Figure adapted from Ref [123].

4.2.2.4 Effects of Count Rate on Experimental Data

In order to furtherdst the pulse retrieval with CRAB, experimental attosecond streaking
data was usedlL]L3. The isolated attosecond pulses were generated with the B&@use our
data acquisition system saves the photoelectron energy spectrum recorded for each lager shot,
are easily able to select only a sample of data taken within a given time frame. In the experiment,
the photoelectron energy was measured at 32 delaywsiibpstep size 0833 as for 60 seconds,
or around 55,000 laser shpotsach The spectral bandwild supported attosecond pulsegh
transformlimited pulse durations of 137 .aShe detector had 100 energy channels spanning 50
eV, and a resolution of 0.7 eV determined by the precision of our timing electardcthe
length of the TOF tubeBy analying only the data from selected laser shots, we can observe
what the resulting CRAB trace wll be for accumulation timdsss thar60 seconds

Fig. 4-14 shows the reconstructed attosecond temporal profile and phase for effective
accumulation times of 60nd 2 seconds (corresponding to total photoelectron counts of roughly
24500 and 80Cor each delay stgplt is important to note that the measured CRAB traces are
corrected for background nojssuch as abovtreshold ionization electron countand the
dipole transition matrix element corresponding to the measured photoelectron morbefdten
reconstructionHowever, such a correction is easily made anédependent fronthe shot
noise. As can be seenhig. 414(a) and (b), a decrease in the accummatime by more than
an order of magnitude yields only small differences in the temporal profile and phase of the
reconstructed XUV pulse. Fig-14(c) shows the same temporal profiles as iro(aa log scale.
A substantial increase in the noisethewings of the pulse ipresent, just as in the simulated
pulses. Such error in the wings of the pulse is to be expected, due to the small number of

photoelectron counts corresponding to the-lotensity portions of the pulse. Fig-84(d) shows
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the FWHM puse duration for the different retrievals, as a function of the peak count number.

The peak count number here must include the shot noise, as it is taken from experimental data.
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Figure 4-14 (a) Temporal profile of the retrieved attosecond pulse for 60 s (solid red line)
and 2 s (dashed blue line) accumulation time. (b) Temporal phase of the retrieved pulse. (c)
Log scale plot of the temporal profile. (d) Retrieved XUV pulse duration. The dotted lines
indicate a window of 5% centred at a duration of 141 as, which includes all of the
retrieved pulse durations for accumulation times of 4 s and larger. The circles indicate the
pulses shown in (a), (b), and (c). The peak counts measured here include the shoteyasd
we thus expect that the roughly 80 counts at the peak of the twbmensional spectrogram
corresponding to 4 s accumulation time should relate quite closely to the B0Ount

simulations due to the statistical nature of the shot noisé&igure adapted fom Ref [123].

4.2.3 Streaking Speed
Classically, streaking can be understood as the momentum shift of a free electron by the

NIR field as shown in Fig.-45, where the momentum shifljy equals to the vector potential

A(t,) at electron birth time, .
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Figure 4-15 Classical picture of attosecond steaking.

According to the Rayleigh criterion, in order to resolve two events separatgutiby

time, they must be shifted with respect to each other by at least as much as their own spectral

width [119, 12T. When the quiver energy (t) = EZ(t)/4uf is much less than central energy
W, = p5/2, the minimum XUV pulse duration thaarbe measured is determined by []:27

T
2p V' DW

: (4.18)

whereT, is the period of the NIR field, anBW is the energy shift caused by the NIR streaking
field. Using thiscriterion for a NIR laser cergd at 800 nm, in order to resolve9@ asXUV
pulse centred at 60 eV suchsavas generated most recently J[1ét least 28 eV ofDW is
required, which corresponds to the minimum NIR laser peak intensBybafl0"*W/cnt. Such
high intensity of the NIR field can produce free electrons through 4plodtion ionization and
abovethreshold ionization (ATI). Since the cutoff enermgfyrescattered electrons from ATI can

reach10U, (~33 eV), the ATI electrons overlap with the streaked XUV photoelextind add

significant background noise to the CRAB trad®(Q, 123. To minimize the effect of ATI
background, in theagly experimerd the streakecelectrons werecollected perpendicular the
polarization of the NIR and XUV pulse$4].

When the CRAB trace is used to characterize the XUV pulse, the measurement of the
attosecond pulse is convertiedio a 2-D phase retrievgbroblem, which is well known in many
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other fields 129].In principle, since the-P trace has redundant information and phase retrieval
in two or more dimensions essentially alyg yields a unique solution [1R2%he high streaking

speed required by theayleigh criterion above may not be necessary.

4.2.31. The dependence of minimum streaking intensity on XUV bandwidth
When the PCGPAlgorithm was applied on noiglata witha maximum count of 50 or

more it was found that even \tita streakingntensity of 7.52 10*'w/cnf nearly two orders of

magnitudesmallerthan the value based on the Rayleigiterion, PCGPA can correctly retrieve

the XUV pulsewith spectrum supporting 90 astransformlimited pulseafter 1000 iteratins as

shown in Fig. 413(a) and (b) As the maximum count increases, the retrieved pulse duration and
chirp become closer to the actual values. EspeciallihioXUV pulsewith spectrum supporting

a 180 as transfordiimited pulse, the retrieved pulse dtion converges in the same way for all

the streaking intensities as the maximum count rate incre@$esugh this minimum streaking
intensity is much less than the prediction from the classical streaking camera, our simulations
show that it still deperglon the bandwidth of the XUV pulse. As shown in Fid.3%) and (c),

when the NIR streaking intensity i53 10"'wi/cn?, the pulse duration is never accurately
reconstructed for pulses with spectrum suppor@@gastransformlimited pulses, whesas it is
retrieved quite well for pulses with spectrum supporting 180 as trardiforted pulses as the

peak count is increased. Therefore, for larger bandwidths, higher streaking intensities are
required.

This conclusion is similar to the prediction rimoclassical streaking camera and can be
understood from the-P pulse retrieval point of view. If the intensity of NIR streaking field is
zero, the CRAB trace is only a collection of XUV photoelectron spectra, and no phase
information of the XUV pulse ismbedded.As the intensity of the NIR streaking field is
increased, the ratio between the streaked part and the unstreaked part in the CRAB trace also
increaseslf the CRAB trace is ideal and an infinite number of iterations of the PCGPA can be
run, theorécally there always exists a unique solution to the CRAB trace even when the
streaking intensity is low. However, the sigt@noise ratio of CRAB trace is limited by the
maximum count rate in the experiment, and the PCGPA cannot be run for an infmitemof
iterations. Therefore, for experimental data the ratio between the streaked part and the unstreaked
part in CRAB trace must reach a threshold value for full characterization of the XUV pulses. In

84



order to reach a similar ratio, spectra with largandwidth need to be streaked more, which

corresponds to a higher minimum streaking intensity.

4.2.32. The dependence of minimum streaking intensity on XUV chirp

Unlike optical FROG, in CRAB the NIR field acts only as a phase muamtula the time
domain. When a chirped XUV pulse is streaked by the NIR field, the phase modulation from the
NIR field either enhances or cancels the phase of the XUV pulse and generates a streaking trace
with asymmetry in each NIR cycle, which contributies the retrieval of the linear chirp
parameters. Therefore, to discuss the minimum streaking intensity requirement in a more
comprehensive way, the linear chirp of XUV pulse with spectrum supporting 90 as
transformlimited pulsewas scanned with thebove streaking intensities. The peak count was set
at 100 to satisfy the convergence discussion above. As shown inFegapand (b), even with
the linear chirp of 20000 3for which the XUV pulse duration was broadened to one quarter of
the NIR cyce, both the pulse duration and the linear chirp of the XUV pulse can be retrieved

with high accuracy, which can be attributed to the advantagdgbtzase retrieval.
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Figure 4-16 (a) Retrieved XUV pulse duration as a function of input linear chirp for
different streaking intensities. (b) Retrieved linear chirp as a function of input linear chirp
for different streaking intensities. Figure adapted from Ref [123].

Thus the CRAB method regias much lower streaking intensity than the classical
streaking camera method to measure the same isolated XUV pulse. This conclusion removes the
NIR intensity constraint of measuring attosecond pulses, which is importasttd@acterization

of even shaer attosecond pulse
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4.2.4. Laser intensity variation
In the streakingxperimentsthe electrons are produced within a volume of the target gas
determined by the XUV spot size and the length of the interaction régfinin this volume,

the streakingdser intensity varies both transversely and longitudirelighown in Fig.-47.

7\

N
XUV focal spot NIR focal spot

Figure 4-17 Volume effect in streaking experiment.

Specifically, with the drilled mirrors or annat mirrors usually used to reflect and focus
the streaking laser beam [16, 17, 113], a Bessel beam is produced at the focal point due to the
truncation of the Gaussian beam [130]. The spot size of the central Bessel spot is limited by the
inner diameter ofhe drilled mirror or annular mirror and is smaller than the untruncated case.
On the other handypical mirors used to focus the XUV puls&sthe target gas have surface
accuracy distances many times larger than the XUV wavelength, which can leadXtdVa
focal spot similar in size to the NIR focal spot. Photoelectrons born at different locations are thus
streaked by different laser intensities, which casseearing along the energy axis of the CRAB
trace.

In order to study this effect, CRAB tracesnslated using different NIR streaking
intensities were averaged together and sent to the PCGPA for retrieval. We assumed the XUV
and NIR focal spots to be Gaussian in shape, and weighted the average by the relative XUV
photon number correspoing to eachintensity. Fig. 418 shows the retrieval results for XUV
pulseswith a spot size rati@f wxu/wig=0.5, wherewxyy andwig are the 1/eradii of the XUV
and NIR focal spa Because of the intensity averaging effect, the CRAB trace becomes blurred
along he energy axis as is shown in Figl8(a). However, as is shown in Fig.18(b), the
PCPGA is able to retrieve a trace which matches the averaged trace very closely. 1h8f@a)y. 4
the retrieved XUV pulse duration and phase exactly match the originedsyandhe retrieved
gate phase from the averadg@RAB trace isnearly identical taheweightedaverage of the gate

phase corresponding teachstreaking intensity, as shown in Figl18(d).
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Figure 4-18 (a) Averaged CRAB trace when wyy/wir=0.5. (b) Retrieved CRAB trace. (c)
Original and retrieved XUV pulse and phase. (c) Original and retrieved gate phasé&igure
adapted from Ref [123].
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Figure 4-19 Retrieved (a) XUV pulse duration and (b) XUV linear chirp as a function of the
spot size ratio wuy/wir. The red dashed lines indicate the actual values, whereas the black
open shapes represent the retrieved valueBigure adapted from Ref [123].

For a more general test of the CRAB retrieval under intensity fluctuation, averaged
CRAB traces withdifferentwyyy to wir Spot size ratio were simulated. As shown in Fig.94(a)
and (b), when the XUV to NIR spot sizatio becomes larger than 0.5, the retrieved XUV pulse
duration and phase start to deviate from the actual values. However, even when the XUV spot

size is comparable to the NIR spot size at the focus, the XUV pulse duration and linear chirp can
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still be retrieved within an accuracy of 5%. This releases the constraint of constant streaking

intensity and can easily be realized experimentally.

4.2.5 Collection angle of streaked electrons

Due to the low photon flux and small cross sectiothefXUV interaction with atoms,
the streaked electrerare usually collectedwithin a certain range of solid angle in order to
maximize the count and reduce the statal noise of the CRAB trace [113, 131, L3ince the
gate phase is a function tife collection angle[122], the smearing effect should be taken into
consideration when the CRAB trace is collécteithin a certain solid anglén our simulation,
we assume the asymmetric parameter t@+4 [133] to resemble the angular distribution of
photoelectrons ionized from a Neon gas target centred at 100 eV. The spherical integration and
the angular distribution of the photoelectrons are multiplied together in the weighted average of

the CRAB tace as shown in Eq. (4.19), wheig is the maximum collection angle, and

S(W,7,q,) is the average CRAB trace.

Sw.t,0) = St @i+ 2 (3008 - Dlsnadad (4.19)

In Fig. 420, when the maximum collectiomgle was set to 40 degrees, the retrieved the
trace looks very similar to the averaged trace, and the XUV pulse duration and phase, as well as
the NIR gate phase, are fully recovered.

Since in some experiments, such as those using magnetic bottle detecstelocity map
imaging, the total collection anglebfhe streaked photoel ectrons ca
[ 131, 132], which corr espon ®@&or IB®degieesndowavenu m ¢ O
due to the symmetry of the photoelectron emission, the CRAB trace resulting from a maximum
collection amgle of 180 degrees should be identical to that from 90 degrees. Therefore, we
simulated CRAB traces for different maximum collection angles ranging ffei® to 90
degreesAs shown in Fig. £1(a) and (b), when the maximum collection angle is below 40
degees, the XUV pulse duration and chirp can be retrieved exactly. Even when the collection
angle is further increased to 90 degrees, for which the photoelectrons emitted orthogonally to the
streaking laser polarization direction are also collected, the Bu$se duration and linear chirp
can still be retrieved within an error of 5%. This property of the CRAB opens the door for
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detection schemes with large collection angles, such as magnetic bottle detectors and velocity

map imaging [131, 132].
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Figure 4-20 (a)Averaged CRAB trace when the maximum collection angle of
photoelectrons is 40 degrees. (b) Retrieved CRAB trace. (c) Original and retrieved XUV
pulse and phase. (d) Original and retrieved gate phas€igure adapted from Ref [123].
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Figure 4-21 Retrieved (a) XUV pulse duration and (b) XUV linear chirp as a function of the
maxi mum col | e dheiren dashedligds edicdte the actual values, whereas the

black open shapes represent the retrieved valugSigure adapted from Ref [123].

4.2.6 Time delay jitter
In the streaking experiment, the NIR streakingrbeand XUV beam propagate through

different optics. Due to mechanical vibration, the time delay between them fluctuates from one
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laser shot to the nex113, which broadenghe CRAB tracealong the delay axisTo study this

effect on the final attoseconmlilse reconstruction, a CRAB trace was generateggcing the
photoelectron spectrum at each delay step with the average of those from neighbouring delays.
More specifically, the averaged CRAB trace is given by:

S(W,2,Dto) = FS(W,z +t)dt (4.20)
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Figure 4-22 (a)Averaged CRAB trace when the time delay jitter is ~200 as. (b) Retrieved
CRAB trace. (c) Original and retrieved XUV pulse and phase. (d) Original and retrieved

gate phaseFigure adapted from Ref [123].

w h e r gis tlp delay jitter. In Fig. 22, when the delay jitter was ~200 as, comparable to the
XUV pulse duration, the retrieved the trace looks very similar to the averaged trace, and the
XUV pulse duration and phase, as well as the NIR gate phassamately retrieved. As shown

in Fig. 423(a) and (b), when the delay jitter is ~100 as, the XUV pulse duration and chirp can be
retrieved exactly. Even when the delay jitter goes to one quarter of the NIR laser cycle, the XUV
pulse duration can still beetrieved within an error of 6% and the linear chirp can be retrieved
within an error of 10%. For streaking experiments with meygte streaking laser pulses for
which the slowly varying envelope approximation holds, this type of timing jitter between th

XUV and NIR pulses can also be interpreted as the fluctuation of the CE phase from one laser
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shot to the next. Thus, this property of the CRAB relaxes the need for tight CE phase locking and

delay stability in streaking experiments.
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Figure 4-23 Retrieved (a) XUV pulse duration and (b) XUV linear chirp as a function of the
time delay jitter. The red dashed lines indicate the actual values, whereas the black open
shapes represent the retrieved valieFigure adapted from Ref [123].

4.27. Linearity discussion
The simulations of sectiaM, 5 and Beveal the linear property of CRAB traces, i.e., the
summation of two CRAB traces is approximately equal to a fitiggsical CRAB trace. To she
some light on this pragty, we start from Eq. (4)&nd @.9) and derive the analytical result of
the spectrogram for a sufficiently short XUV pulse using the saddle point approxinit&hn [

A0+ ALt +O)EX (0) e (B+AL G #0216 4.2

Sw.t)” m 2 nt’

where m=./(L+h ¥ +h*> andh =E (t, +1)p(t,)t; . WhenE, and A are small enough, &v

can Taylor expand Eqg. (5.2t a first order approximation. The spectrogram can then be written

as:

SW,1) " [d(p+A, (t, +£))Eq (t) [ expF (%- W,)22]
, , (4.22
1 28, (t +0P(- W) + 26, (o +0p( - Wo)'a £ B (g +1)pda)

From Eq. (4.22) the streakedspectrogram can be decomposed iato unstreaked

spectrogram multiplied by terms that have a linear relationshipAyitand E, . The averaged
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values A, and E, for any accumulated spectrogram from differéqtand E, can be expressed

as.
_ArA
A, = 4.2
Coan @29
= _ark
E = 4.24
- an @29

where r; is the weight ofA; and E, . This shows a linear combination of differehfand E; can

still yield a spectrogram as if it is streaked by an average valwe ahd E, with the same
XUV pulse. The error of Eq(4.22) is introducedby dropping all higher order terms, and is
dominated by thesecond ordeterm(A pZ,)>. This indicates that the linear property of the

spectrogram is more prominent when ttensformlimited XUV pulse durations short and the

streaking fiedl is weak.

4.2.8. Conclusion and outlook

We have shown that shot noisas little effect on the retrieval ehgle attosecond pulses
with PCGPA for traces with at least 50 photoelectron counts at the peak of the photoelectron
spectrum provided the streaking laser intensity is greater than the minimum streaking intensity
In fact, the algorithm has been shown to always converge to a cbssdtrto the noisefree
simulated trace than to that with noise added, and refipulses with duration and linear chirp
within 5% of the simulated pulses for maximum pixel counts ofeast 50. Such a result is
significant, as it suggests a lower limit to the number of counts necessary for accurate attosecond
pulse retrieval. Due to the difficulty of maintaining identical CE phase stabilized laser pulses
over a long period of time, thirmakes measurement of single attosecond puhsgsaccessible
to laboratories without statef-the-art laser system$-urthermore, w found that theninimum
streaking field intensityneeded for accurate reconstruction from a noisy CRAB trace can be
nearlytwo orders of magnitud®wer than that estiated from the classical streaking model.
Such a low streaking field intensity desirable to suppress the Adackground. However, for
larger XUV bandwidths, higher streaking intensities are required, whrelesgvith the classical
prediction qualitativelyBecause of the linear property of the CRAB trace, the reconstruction is

robust against time jittebetween the XUV and streaking fieJdmtensity variation of the
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streaking field and collection anglef the streaked electrons. These conclusions are important
for the characterization of even shorter XUV attosecond pulses because they significantly reduce
theconstraints on the experiments.

However, the central momentum approximation in the FRZRAB reconstuction is
still an issue because when the attosecond pulse spectrum becomes broad, the bandwidth could
be comparable with the central energy, and the streaking pattern is no longer symmetric with
respect to the central energy. Most recently, with the neeVeloped algorithm, this problem
can be solved and one atomic unit pulse in theory can be retrieved [134].

Notes: The material presented in section 4.2 has mainly been publishdd iWang
Michael Chini, Sabih D Khan, Shouyuan Chen, Steve Gilbertsiomao Feng, Hiroki Mashiko
and Zenghu Chang, #fAPractical I sslkhgs. BOAt. retri
Mol. Opt. Phys.42, 134007, (2009)
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CHAPTER 5 - Attosecond timeresolved autoionization of argon

After the generation andharacterization of single attosecond pulses, we had two
fantastic laser tools in our hand. One is the-égale phase controllable femtosecond pulse
discussed in Chapter 2 and Chapter 3, which can be used to control the electron dynamics. The
other ones the single attosecond pulse presented in previous chapter, which can be used to track
the fast the electron motion. In this chapter, we combine those tools together and perform a
pump-probe experiment to study the dynamics of autoionzation processom \&itlp attosecond

precision.

5.1 Study of autoionization by transient absorption method

Electron correlation universally exists in mwdtectron systems, which affects the
physical and chemical properties of atoms, molecules and condensed hvdtilernuclear
rotation and vibratiomn moleculescan be studied by femtosecond puprpbe technique[135,
observation of the electreglectron interaction requires attosecond time resolutianQ8e of
the most interesting processes governed by eleelestron correlation is autoionization [1B6
The Fano profile, which is the signature of the autoionization process, has broad significance in
many scientific disciplines [13740]. For decades, spectrdbmain measurements with
synchrotron radiation have sed as a window into thechh dynamics of autoionization [1B7
However,the synchrotron pulse duration is too long (100 fs to 100 ps) to probe Fano resonances
exposed to a strong field in the time domain sincetheionization lifetime®f noble gasesan
beas short aafew femtoseconds.

Since the generation of the first isolated attosecond pulses in 2001 if was
theoretically proposefll41-145 and experimentally demonstratgdi6] that timeresolvedFano
profiles can be studied usitige attosecond streaking technigd@ date, by far most theoretical
and experimental investigations of autoionization procelsaesscrutinizedrFano profiles as a
function of the photoelectron energy, i.e., after sampling over the entire temporal evofuhe
atomic relaxation. However, made possible by significant recent progress irpslsertaser
technology, timeesolvedtransient XUVphotoabsorption measuremgiitave become feasible
and give access to complimentary studies of atontm@nizaton in the time regimgl47, 148.

Photoabsorption measuremengpically have higher data collection efficiency and better energy
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resolutionthan what can be obtainedby detecting photoelectrondore importantly, the all
optical photoabsorptiormeasuremeéncan help to separate the electron dynamics of the-laser
dressed target from the streaking of the free photoelectidere we demonstrate the first
transient absorption experiment using isolated attosecond pulses to probe3pfre 3P
autoionizing stas in argon and show that the autoionization process is strongly modified by an

intense laser field.
5.2. Fano profile of Ar autoionization state

5.2.1 Fano theory of autoionization

In a multielectron system, the electretectron correlation terms makhe many body
problem difficult to be solved exactly. Instead, theoretically the electronic state of atoms and
molecules are classified as belonging to various configurations according to the independent
particle approximation. The actual stationaryestatan be represented as superpositions of states
of different configurations which are fAmixed?o
the Hamiltonian that are disregarded in the indepenrglnicle approximation. The mixing of a
configuraton belonging to a discrete spectrum with continuous spectrum configurations gives
rise to the phenomenon of autoionization. The exact coincidence of the energies of different
configuration makes the ordinary peaperthebati o
presented a systematic way of solving such problem, which is very well know and widely
accepted [136].

We can follow his treatment and discuss the configuration interaction between one

discrete state|/ )and continuum stajg.). The total Hamiltonian can be expressed as
H =H,+V, whereH, is the Hamiltonian under the independent particle pictureVansd the
interaction between different configurationS§ince |/ ) and |y,) have been diagonalized in

their own configurations (sudpace) and/ only contributes to the offiagonal terms, all the

matrix elements oH can be writen as:

UIHY)=E . 6.1)
VelHY ) =Va, (5.2)
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V& |Hl &) = Eid(Eii- Ei). (5.3)
When thediscrete energy levek, lies within the continuous range of valuesf, the
new eigenfuctiodYE> (autoionizing state) becomes the linear superposition of the discrete state
/ Yand the continuum statg ) , which can be expressed as:

Ye=aj +fEby .. (5.4)
where a and b, are the coefficients, and they can be deiteed by solving the coupled
equations after applying Eq. (5513) to Eq. (5.4):

E a+ ffENV.b, = Ea, (5.5)

Vga+Eib, =Eh,. (5.6)
By solving the above two eqtions and normalizing the wavefunction, the coefficients

and b, are finally expressed as [136]:

a=sinD/pV, (5.7)
=Ve SND - opd(E- B, (5.8)
V. E- Eij
where D is the phase shift due to configuration interaction and is expressed as:
2
D=- arctanA. (5.9)
E- E - F(E)

F(E) represents a shift of the resonance pmsiwith respect to bound stat§ and is defined

as:
F(E)= Pr"pIEi—[VEi|2 (5.10)
E-Ej’
andPher e denotes the Aprinciple part ofo.
When the transition was initiated by some excitation mechanismifrbial ground state

i) to final autoionizing statgY.) , the transition amplitude as a function of energy is

represented by the matrix element with suitable transition opdrator
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Tl =—L 7 riivsinp+ L prae Ve Y el gy b1y _ i) cosD
p\/E p\/E E- Ei , (5.1)
L (F[T|i)sinD- (v, Ti)cosD
E
where|F>i s the fAimodifiedo discrete state and i s
EyE|
F /+PrF|E|E £ (5.12)

The ratio of the transition probabilityy . |T|i>‘2 to the probabilityl(y ¢ |T|i>‘20f transition

to the unperturbed continuum can be expressed as:

(vemi)f _@+e? _,, o~ 1+20e
KJ/E|T|i>\2 1+¢€° 1+¢€?

(5.13)

where e=(E- E; - F)/(G/2) is the reduced energy defined in terms of émergy of the
continuumembedded excitestateE, , its energy shift due tehe configuration interaction with
the autoionization continuunF = and the correspondingwidth G of the autoionization
resonane, which equals t02,0[\/E|2 and isrelatedto the lifetime of the autoimizing state

byt =>/G. The parameterq represents the ratio of transition amplitadeom the ground state

to the modified discrete state and to the continuum dtatetermines the shape of the resonance
and is represented as:

ERGILDE
Vel & [Tli)

To depict this, Fig. 8 plots the line shapes for different valuesgads a function of reduced

q= (5.14)
energy. Wheng- ° g, the transition from ground state to discrete state dominates, and the

Fano profile becomes narrower and more symmadvizen g° 1, the transition to discrete state

and continuum state become comparable, and the maximterference happens. When
g- O, the transition to continuum state dominates, and the Fano profile shows a shape called

window resonance.
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Figure 5-1 Fano line shapes as a function oeduced energy for differentq parameters.

5.2.2 Ar autoionization state measured by absorption
Fanoresonance profilem the absorption spectrum are theutesf interference between
thedirect ionization to the continuum state with thexay from a bund autoionizing state due to
configuration interaction [136Based on the model discussed in previous sectieralbsorption
crosssection ofanaubionizing state is usuallgescribed by the Fano formula as:

(q+e)’

S=s 5
1+ e

a

+5,, (5.15)

wheres, and s, represent the crosectionsfor continuum statesthat interact and do not

interact with theautoionizingstate respectively. The Ar crosstion between 25 eV and 30 eV
is plotted in Fig. 8(a) and theE,, G,f, and g parameters for the first three peaks of the
3s3p’np 'P autoionizing series are listed in Tab.[137, 149].A diagram of the argon
autoionizing states ofterest is depicted in Fig-&b), where the bound states are not stable and
decay to the continuum states by configuration interaction.

As shown in Tab. 1he line widtts of the 3s3p®4p and3s3p®5p states are 80 meV and 28
meV respectively{137], which correspond to life tinseof 8.2 fs and 23.5 fs. To study and

control the electron dynamics of such short lived state in real time, attosecond pulse trigger is
required.
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Figure 5-2 (a) Calculated Ar crosssection between 25 eV and 30 eV. @ergy diagram of

the 3s3p°np 'P autoionizing states in argon

State E (eV) 1 (meV) U(fs) q
3s3p4p 26.614 80 8.23 -0.22
3s3p5p 27.996 28.2 23.34 -0.21
3s3p6p 29.509 12.6 52.24 -0.17

Table 1. E,, 1, U and qparameters for the first three peaks of Ar3s3p°np P autoionizing
series.
When tle XUV pulse passes through the argon cell, it is partially absorbed. The final

transmitted spectrum can be expressed as:
TW) =T,(Wexp[- r gwL],

where T,(w) is the initial spectrung (1) is the cross section of target atoms or molecutess

(5.16)

the gas target density, which is a function of gas pressurand expressed as

r =P33.2193 10'°/(cn? Qorr) by applying the ideal gas law. In our experiment the 1190
turbo (MAG W 1300 from Leybold) was installed in the absorption chamber. Under the
background pressure of 10 orr, experimentally such pumping speed can support the backing
pressue of ~15 Torr inside the gas cell assuming the hole diameter of gas celtms. 30hen

the 1 mm long gas cell was used, assumindlé&terormalized XUV spectrum as input and gas
pressure only within the cell, the transmitted XUV spectrum was plotted in Fgfob Ar

pressure at 10 Torr and 20 Torr respectively, and it can betlsaethe transmitted resonance
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peak intensity is almost as twice large as the off resonance background even under the backing

pressure of 10 Torr, which makes the signal detection feasible.

0.7 v T v T v T

——Ar 10 Torr 1 mm cell
——Ar 20 Torr 1 mm cell

0.6
0.54
0.4+

0.31

Transmission

0.2-

0.1 v T x T v T v
26 27 28 29 30

Photon energy (eV)

Figure 5-3 Transmitted XUV spectrum through 1 mm long Ar gas cell under different gas

pressure.

5.3. Pumpprobe experimental setup

To control and measure the autoiongzstates of argon atoms, a pummbe scheme
with a MachZehnder configuration was used in the ekpent as shown in Fig.-%. The laser
system was introduced in previous chapters [52, 58]H1, R.5 mJ pulses from a carker
envelope phee stabilized Ti:sapphireegenerative amplifier (Coherent Legend Elite D9
weref ocused i nt o anretesddwW-comn fiberrillece with 5 atm of neogas.
After pulse conpression by chirped mirrors, thari], 8 fs NIR pulsecentered at 750 nnvere
split into two parts Half of the beam generated the isolated attosecond pulse using the
generalizeddoubke optical gating (GDOG) [113] from argon gasd the corresponding XUV
supercontinuum spectrum covered the energy range between 20 eV andgl@isdussed in the
previous chapterMeasurements with an attosecond streak camedareconstruction by the
FROG-CRAB methodconfirmed the pulse duration to be46las[113]. The attosecond XUV
pulsepassed through a 300 nm Al foil amaas focused by a toroidal mirroff=250 mm, 9.6
degree grazing incidence anglR=90.5 mm, r=3230 mmARW Optical Corporationto a
secondglassgas cell with a 1 mm inner diametand ~3 0  diameter hole on each sifited
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with 25 torr ofargon gas where more than 80% of the XUV was absoMednwhile, the other

half of the NIR beam was recombined collinearly with the attosecond pulse at the second gas cell
by a holedrilled mirror which reflecteda portion ofthe NIR and allowed the XUV to pas$he
diameter of the hole mirror is 3 mm, which refee@0% of the energy for the NIR beam
assuming 8 mm diameter Gaussian beam as an input, and the experimental throughput (50%) is
also closeo this value A lens withf=420 mmwas used to focus the NIR to the second gas cell.
The Rayleigh range of the NIR beam is 3 mm, and the Gouy phase across the 1 mm long gas cell
is less thari/10. Thus the NIR electric field can be assumed to be uniformly applied across the
cell. The delaybetween the NIR and XUV pulses was introduced by a padciric transducer
(P-752.1 CD PI) A CW green laser was qmopagated in both arms of the intedieeter to
stabilize and control the delay between the NIR and Xl\ses [150]. The transmitted XUV
pulsethrough the second cellas refocused by a spherical mirror at 2 deggeazing incidence
angle,andits spectrum waslispersed by a transmisa grating (2000 lines/mm) [151] othe
MCP/phosphorand CCD image recordeA second Al filter was installed before the XUV
spectrometer to block the scattering NIR light.

: g
MCP&CCD «o
Figure 5-4 Attosecond transient absoption experimental setup. The 7fs pulse was split

into two by a 50/50 beam splitter (BS). Half of the NIR beam propagated through the
GDOG optics (QP1, BW, QP2, BBO) and was focused onto the argon gas cell (GC1) to
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generate the single attosecond pulsesftér the XUV beam passed through the aluminum
filter (F), it was focused by a toroidal mirror (TM) into the second gas cell (GC2) filled with
argon gas as the absorption target. The other half of the NIR beam was delayed by a PZT
mirror and then focused by a lens (L) and recombined with XUV beam by a hole mirror
(HM). The transmitted XUV was refocused by a spherical mirror (SM) and dispersed by a

transmission grating (TG) onto an MCP/Phosphor and CCD image recorder

5.4. Spectrometer resolution optimizatio
The key factor in this experiment is the resolution and calibration of XUV spectrometer.
Insufficient spectrometer resolution tends to broaden the Fano profiles of Ar autoionization state
and smear out the asymmetric feature of the Fano resonance as ishBig. 55, where the
ideally transmitted XUV spectrum was convolved with a spectrometer resolution of 200 meV.
As shown in the figure, all the resonance peaks are broadened and become more symmetric. For
the 3s3p%4p peak, its signal to background cradt drops by a factor of two, and tBs8p°6p

peak is nearly merged into the background.

0.60 - T v T v T
i —— Ar 10 Torr Tmm cell 200 meV resolution_
—— Ar 10 Torr 1mm cell ideal resolution
0.554 )
.5 0.504 .
n
£
2 0.454 bk/
o
[ ] ]
0.404 A
0.35 - T v T v T
26 27 28 29

Photon energy (eV)

Figure 5-5 Transmitted XUV spectrum under the ideal resolution and 200 meV resolution.
Thelayout of our XUV spectrometer is displayed in Figg $152]. The XUV source was
imaged to MCP/phosphor detector by a spherical mirror under 2 degree grazing incidence angle,

and different frequency was dispersed by a transmission grating with/@080T o optimize the

energy resolution of the XUV spectrometer, several factors have to be considered.
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First the image distancg should be as large as possible since for the same diffraction
angle, the spatial separation on the MCP is proportional t§.tha our XUV spectrometer, the
spheri cal mi rror 0R isr28.d mu and itsf effectiver fecal tlamgthe is

f =R/2sin2*=50.8cm under 2 degree of grazing incidence angle. The shortest object distance

S is limited by the chamber configuraticend set as 94 cm. From the imaging equation
}/f :}/3 +}/S , thus the image distan& is 106 cm. By applying the grating diffraction

equatiorDsing =/ , the spatial separation of the XUV spectrum on the MCP screen is expressed

as
d_E: dE _ Ed/ =Ecoqu
dl  Sdg /Sdg /S

where I/D is the groove density of the transmission grating, which is 2006 in current

(5.17)

experiment. For the XUV photon ey of 28 eV, the diffraction angle is found to be 5 degree,

and dE/dI is calculated to b&®.29eV/mm. In the experiment, the grazing incidence angle of

spectrometer was fine tuned to minimize the aberration of the imatye GHCP.

MCP & Phosohor
I/

Grating
2000 Vmm

%)

o

CCD

—+— Filter

Source
0=2 deg

sphere

Figure 5-6 Layout of XUV spectrometer. S, is the object distance, andS is the image
distance. The XUV source was imaged by a spherical mirror under 2 degree grazing
incidence, 2000/mm transmission grating was used to disperse the spectrum.

Since the dimension of XUV source is around 2081 its image on the MCP should
also be around this size considering 1.12 times of the magnification. On the other hand, the

spatial resolution of our MCP phosphor detector is aroung 0(Bee Appendix G). The Andor
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CCD cameral@V434-FI) has 10241024 pkels. When it is used to image the area with 30 mm
dimension, each pixel corresponds to €8@ Therefore, in our current design the overall spatial
resolution is limited by the MCP/phosphor and is aroundeifi0and it is estimated that the best
resolutian is 30 meV experimentally.

In Fig. 57, the transmitted XUV spectrum was measured experimentally. By comparing
the convolution results with the experimental resutts, gpectrometer resolutiovas estimated
to be 50 meYand its energy scalwas calibrated by the position of tBs3p®4p (26.6 eV),
3s3p°5p (28.0 eV), an®s3p®6ep (28.5 eV) resonance peaks.

1.04 3s3p°4p
© 0.84
c
D 1
2 B8 FWHM=80 meV
§ | ] - 3s3p°5p
Té’ 0i+ FWHM=50 meV
S 0.2
0.0 . : - : . .
26 27 28 29

Photon Energy (eV)

Figure 5-7 Transmitted XUV spectrum indicating argon 3s3p°np 'P autoionizing states. The
resolution of the spectrometer was 50 meV

5.5. Exprimental results
Before the XUV NIR pumyprobe experiment was done, the NIR spectrum was measured
experimentally as shown in Fig:-& It covers from 550 nm to 1000 nm, which corresponds to
the photorenergy between 2.1 eV and 1.3 eV. Fourier transform indicates a TL pulse duration of
6.0 fs, and the FROG measurement shows the pulse duration of ~7 fs.
In the experimenthie NIR pulse energy was attenuated o before the hole mirraand
the focal spot size measuredthyg CCD cameravea 52 em and 58 em on bo:

vertical direction which is very close to the theoretical estimation ofe6fhFor ~7 fs input
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pulse duration, its peak intensity istinated to be about252 102 W/cn? by assuming the
Gaussian beam profiland considering the 50% throughput of the hole mitgnce the NIR

beam was truncated in the center when it was reflected by the hole mirror, instead of a Gaussian
beam spatial profile, the focal spot is a Bessel beam profile and the inner bright spot occupies
80% of the total pulse energy [130]. Furthermore, since the qgameex fused silica lens was

used in our experiment to focus the NIR pulse, the chromatrcagio® and spherical aberration

could reduce the peak intensity by another factor of i real intensity at the second gas
target could be one order of magnitude lower than the estimat&i(~* W/cn?), and more
stringent calibratin of the peak intensity negtb be done by measuring the momentum shift in

the streaking experiment, which is currently not available in our experimental setup.

Figure 5-8 The spectrum of NIR pulse. The msert shows its transform limited pulse
duration of 6 fs. The red dash line (1.7 eV) indicates to the resonance transition energy
between 3°3p®4p and 3s3p°4d.

Fig. 59 shows thdéransmitted XUV spectrum for different delays between the XUV and
NIR pulses. In the plot, negativelelays correspontb XUV pulses arrivingon the argon target
before the NIR pulses. Three resonance p8aBs4p, 3s3p®5p, and3s3p°6p can be identified.
As the time delay approaches zero, the NIR pulse gradually shifts thepssifithe resonance
peaks to higher energy as showrFig. 59(a). It was observed that the effects of the laser were

more apparent on the lowBfing autoionizing states. Fig.-%b) shows the profile of the
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