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High harmonic generation (HHG) is an extreme nonlinear optical process.
When implemented in a phase-matched geometry, HHG coherent upconverts
femtosecond laser light into coherent “X-ray laser” beams, while retaining excellent
spatial and temporal coherence, as well as the polarization state of the driving
laser. HHG has a tabletop footprint, with femtosecond to attosecond time resolution,
combined with nanometer spatial resolution. As a consequence of these unique
capabilities, HHG is now being widely adopted for use in molecular spectroscopy
and imaging, materials science, as well as nanoimaging in general. In the first half
of this thesis, I demonstrate high flux linearly polarized soft X-ray HHG, driven by
a single-stage 10-mdJ Ti:sapphire regenerative amplifier at a repetition rate of 1
kHz. 1 first down-converted the laser to 1.3 pum using an optical parametric
amplifier, before up-converting it into the soft X-ray region using HHG in a high-
pressure, phase-matched, hollow waveguide geometry. The resulting optimally
phase-matched broadband spectrum extends to 200 eV, with a soft X-ray photon
flux of > 10¢ photons/pulse/1% bandwidth at 1 kHz, corresponding to > 109
photons/s/1% bandwidth, or approximately a three orders-of-magnitude increase
compared with past work. Using this broad bandwidth X-ray source, I demonstrated
X-ray absorption spectroscopy of multiple elements and transitions in molecules in
a single spectrum, with a spectral resolution of 0.25 eV, and with the ability to
resolve the near edge fine structure.

In the second half of this thesis, I discuss how to generate the first bright

circularly polarized (CP) soft X-ray HHG and also use them to implement the first
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tabletop X-ray magnetic circular dichroism (XMCD) measurements. Using counter-
rotating CP lasers at 1.3 um and 0.79 pm, I generated CPHHG with photon
energies exceeding 160 eV. The harmonic spectra emerge as a sequence of closely
spaced pairs of left and right CP peaks, with energies determined by conservation of
energy and spin angular momentum. I explain the single-atom and macroscopic
physics by identifying the dominant electron quantum trajectories and optimal
phase matching conditions. The first advanced propagation simulations for CPHHG
reveal the influence of the finite phase matching temporal window on the spectrum,
as well as the unique polarization-shaped attosecond pulse train. The first tabletop
XMCD measurements at the Nys5 absorption edges of Gd using this light source
validate the high degree of circularity, brightness, and stability of this light source.
These results demonstrate the feasibility of manipulating the polarization,
spectrum and temporal shape of soft X-ray HHG by manipulating the driving laser
waveform.

Finally, I present the first bright phase-matched CPHHG driven by lasers at
wavelengths of 2 um and 0.79 pm, which extends CPHHG to a broader wavelength
combination and confirms the universal nature of this generation scheme. By
analyzing the helicity dependent intensity asymmetry of CPHHG generated using
different wavelengths and different gas targets, I show that the helicity dependent
intensity asymmetry was mostly caused by the helicity dependent single-atom
physics, which exhibits different behaviors for different gas targets. Moreover, the
asymmetry can reverse and very interestingly, CPHHG from Ar exhibits a single
helicity in the high-photon-energy region of the spectrum, which provide a
convenient way to generate CPHHG with a single helicity and CP attosecond pulse
trains. Finally, simple simulations and cutoff analysis of CPHHG provide guidance

for generating CPHHG at higher photon energies.
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Figures

The EM spectrum. This figure is captured a NASA diagram. ........................ 2
Static structure of [Rull(bpy)s]?*, which is a model system for metal-to-
ligand charge transfer process. (b) Photochemical reaction cycle of
[Rull(bpy)s]?*. An electron moves from the Ru core to the ligands after
excitation. After 100 fs, the electron localizes to one of the ligands. Then
decays back to the ground state on a 300-ns timescale. (c) Transient X-ray
absorption spectrum at 50 ps after laser excitation. (d) Static x-ray
absorption spectrum of the Lm edge of Ru in ground-state [Rull(bpy)s]2*
(black trace R), and excited-state absorption spectrum (red trace P)
corresponding to the curve in (c). This figure is captured from [57]............... 7
(a) Transient magnetic moment dynamics of the Fe (open circles) and Gd
(filled circles) measured within the first 3 ps. (b) As (a) but on a 12-ps
timescale. The dashed line in both panels depicts the magnetization of the
Fe sublattice taken with the opposite sign of the measured Fe data. This
figure 1s captured from [34]. (¢) The concept of PECD. The full 3D angular
distribution of photoelectrons is imaged after photoionization with either
left- or right- CP light. The angle 6 is the angle between the direction of the
CP beam and the velocity of the electron. The photoelectron angular

distribution of a chiral molecule will show a forward-backward asymmetry
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that reverses in sign when switching from R- to S-enantiomer. This figure is
captured fTOmM [B5]. ..viiiiiiiee e e 9
Cartoon of the three-step model. The Coulomb potential of an atom with an
electron initially in its ground state is strongly perturbed by an oscillating
intense laser field. The electron is tunnel ionized through the effective
Coulomb potential from its ground state. After ionization, the free electron
1s first accelerated away from the ion and then accelerated back towards the
ion when the laser field switches direction. Finally the electron recollides
with its parent ion, giving off excess energy in the form of a high-energy
photon. This figure is captured from [81]..........coovririiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee, 16
Operating principle of X-ray tubes. Heated filament emits electrons, which
are then accelerated by a high voltage, finally X-rays are produced when the

high-speed electrons hit the metal target. This figure is captured from [85]...

Strong-field ionization scenarios. Exposing an atom to an intense laser field
will result in an effective potential (solid red line) composed of the Coulomb
potential (dashed red line) and the oscillating laser field. At different laser
Iintensities, the electron can be ionized under different mechanisms. This
figure is captured from [88]........cvvuriiiiiiiiiiieeeeeeeeeeeeeeeeee e 19
(a) Plot of the kinetic energy of the returning electron as a function of its
birth phase. (b) Plot of the recombination phase of the returning electron as
a function of its kinetic energy. The kinetic energy reaches a maximum of
3.17Uyat the birth phase of 17-. This figure is captured from [92]. .............. 23
Critical ionization level of Xe, Kr, Ar, Ne, and He as a function of driving-

laser wavelength. This figure is captured from [102].......cccceeeeeeeeeeeeeiinnnnnnnn. 30
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On-axis flux of HHG (arbitrary units) as a function of the medium length (in
units of absorption length). The dotted line corresponds to a zero absorption
case. This figure is captured from [9]. .....cooeiiiiiiiiiiiiiiccieeeeee e, 31
Schematic diagram of the experimental setup...........cccooevvriiiiiiiiiiiiiiiieeeeenn... 35
(a) Output beam profile of the single-stage Ti:sapphire regenerative
amplifier (KMLabs Wyvern HE™) when it is focused by a 1-m focal length
lens. (b) M square of the amplifier output was measured to be ~1.1 for both
x-axis and y-axis. Data taken at 10 mdJ, 1 kHz. ......ccccoovvvviviiiiiniii, 37
Schematic diagram of the high-energy three-stage OPA. ............covvvvvnnnnnn... 39
Pulse duration of the 1.3-um beam from OPA was measured to be 29.6 fs by
SHG FROG, which is shorter than the pulse duration of the pump beam
because OPA is a non-linear process, and the signal beam is generated at
the most intense part of the pump beam.........ccccoeeeiiiiiiiiiiiiiiee e, 40
Flux of the experimentally-optimized fully-phase-matched HHG emission
from a 1-cm long, 150-um inner diameter waveguide driven by laser beam
with wavelengths of 1.3 pm and 0.8 pum in various noble gases (Ar, Ne, and
He). The vertical arrows indicate the maximum predicted phase-matched
HHG cutoff for each gas and laser wavelength. The HHG flux obtained
using a driving laser with a wavelength of 1.3 um is comparable to that
achieved USING 0.8 HIM......uuiiiiiiiiiiiieeeeeee e eeeeeeeeeeeecrrarr e reeeeeeeeeaaaeaeeeaaeaeanns 42
(a) Schematic of incident and transmitted X-ray beam for XAS. (b) Typical
spectrum of XAS, absorption coefficient u(E) versus photon energy E around
an absorption edge. This figure is captured from [121]......ccccoeeveeieeeeeeennnnnnnn. 46
(a) Transitions resulting from the absorption of X-rays. The transitions are
accompanied by the production of a photoelectron. This figure is captured
from [57]. (b) Low-resolution X-ray absorption spectrum for Pb. Three major

transitions are seen (K, L, and M edges), corresponding to excitation of an
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electron from n = 1, 2, and 3 shells, respectively. At higher resolution (inset)
both the L and the M edges are split. This figure is captured from [125].... 48
(a) K edge X-ray absorption spectra of iron in K4Fell(CN)s and KsFellI(CN)g
bulk samples. The relative absorption with respect to the high-energy
background is plotted. (b) Pattern of an outgoing and backscattered
photoelectron wave in the case of EXAFS (single-scattering events) and
NEXAFS (multiple-scattering events). This figure is captured from [57].... 49
Schematic of the experimental system. ..........ccceeeeeeeeeeeeiiiiiiiiiiiiiiiicenn. 51
Picture of the gas cell........cooooiiiiiiiiiiieeee e 54
(a) Normalized HHG spectra from Ar, Ne and He with driving laser
wavelength at 1.3 um. (b) Normalized raw data for 1.3 pym driven HHG from
Ar (blue), Ne (green), and He (red) after transmission through a 2-mm long
sample cell of Xe (HHG from Ar), and SF¢ (HHG from Ne and He). Note that
the apparent gap between 70 eV and 100 eV is because of Al filters used to
block the driving laser light—full tuning across this range can be achieved
by switching to other filters. (c) NEXAFS spectrum of SFs Sulfur L-edge 2p
orbital. The high quality NEXAFS spectra were obtained in a 300-s
exposure time. However, changes in the absorption signal can be monitored
in real time, with exposures as short as 0.1 s. The modulations between the
resonance absorption peaks 6aig, 2tz,, and 4e,; arise from individual
harmonic peaks that are separated by 1.9 eV. These modulations can be
reduced by increasing the driving pulse energy into the hollow waveguide,
implementing beam pointing stabilization, and reducing the integration
time. (d) Synchrotron data for SFs NEXAFS, which is captured from [128].
(e) Assignments of SFs sulfur 2p inner-well resonances, which is captured
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(a) NEXAFS of CS2 and SFs using Soft X-ray HHG from Ne driven by a 1.3-
um wavelength laser. (b) Synchrotron data for NEXAFS of CSg2, H2S, SOs,
(SO4)2, and SF¢, which 1s captured from [131]. ..oooeeiiiiiiiieiiiiiiieeeeeeeeee, 57
(a) 4d absorption spectrum of Neutral Xe. (b) 4d absorption spectrum of Xe*
and Xe?*. (c) Transient absorption dynamics of Xe* and Xe?*. ..................... 60
(a) HHG spectrum from Ne driven by laser field at a wavelength of 1.3 um
without the sample. The spectrum is integrated over 10 min. (b) HHG
spectrum transmitted through the PSHT sample. The spectrum is taken by
integration over 10 min. (¢) Chemical structure of PSHT. (d) Absorbance of
P3HT that resolves NEXAFS. (e) Chemical structure of thiophen. (f)
NEXAFS of thiophene (C4H4S) on Pt (111). This figure is captured from
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(a) HHG spectrum without going through CH:ls (red curve) and with going
through CHzls (blue curve). (b) Transmission of CHzl2 captured from CXRO.
(c) 2nd version liquid cell. (d) 34 version liquid cell, four silicon-subtract
pieces (with thin silicon nitride membrane, and necessary other structures
on each piece) stack together to create three compartments, one for liquid
and two for gas. (e) Out lid piece of the 3rd version liquid cell. (f) Out back
piece of the 3rd version liquid cell...........coooeiiiiiiiiiiiiiiiee e 65
Experimental scheme of CPHHG. Bright soft X-ray CPHHG beams are
generated by focusing 0.79-um and 1.3-um counter-rotating CP laser fields
into a gas filled waveguide. They are then used for XMCD measurements at
the N5 absorption edges of Gd, as well as the Ms 3 absorption edge of Fe
from an out-of-plane magnetized Gd/Fe multilayer sample. Left inset:
combined field of the two drivers. .........cccooviiiiiiiiiiiiii e 72
EUV and soft X-ray CPHHG. Experimental HHG spectra generated from Ar
(a), Ne (b), and He (a and c¢) driven by counter-rotating CP 0.79-um and 1.3-
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um laser fields. All spectra show a peak-pair structure, located at positions
predicted by energy and spin angular momentum conservation (circles). The
separation within each pair is o1 — w2, while different pairs are separated by
[0 ) Bl ()3 PP PPPPTPPPPRTPRE 73
(a) Dominant electron trajectories for counter-rotating CP lasers that result
in the emission of a 100 eV photon. (b) Laser wavelengths of 1.3 pm and
0.78 um generate an 8-fold symmetric field, where the ionization (circles)

and recombination (triangles) times for the trajectories in (a) are indicated. .

(a) Top: HHG photon energy as a function of the electron travel time t (in
units of the period T = 2m/wo, wo= 21c/ho, where Ao is the smallest common
multiple of the driving laser wavelengths, i.e. o = 3.9 um). The electron
travel time refers to the total time it takes from ionization to recombination
of the electron. Bottom: exp(ImS)/|t|?32, which is proportional to the
probability of the HHG process, as a function of the electron travel time,
where S is the action. (b) Dominant trajectories for photon energies 100 eV
and 160 eV. (c) Three example trajectories corresponding to a photon energy
of 100 eV in the three maximum value regions at the bottom of (a), which
have travel times of 0.1104 T (blue, dominant), 0.3294 T (green), and 0.6997
T (red). (d) Ionization (circles) and recombination (triangles) time are
denoted on the combined driving field corresponding to the three trajectories
10 N () TR USROS UPUPRURRRPP 77
Combined fields of two-color counter-rotating CP laser beams. (a) 0.78 um
and 1.3 pm (b) 0.79 um and 1.3 um, over 10 cycles of the 1.3 um field. (c) 0.79
um and 1.3 pm, over 20 cycles of the 1.3 pm field. .......ccccceeeiiiiiiiiiiiiiins 79
(a) Combined field of LP bi-chromatic fields (red) and when there is a phase

slip between the LP bi-chromatic fields (blue). (b) A sequence of the
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combined field of counter-rotating CP bi-chromatic fields over time when
phase slip is accumulating between the two fields. This figure is captured
1 0) o 1 157§ RPN 80
Simulated HHG spectrum from He at pressures of 100 Torr (a) and 300 Torr
(c), as well as the corresponding time-frequency analysis (b, d) for counter-
rotating driving wavelengths of 0.79 pym and 1.3 pm and ellipticities
€; = —0.985,¢€, = 0.985. When the pressure is increased, the phase-matching
window is shortened, so the number of attosecond pulses emitted is reduced,
and consequently, the harmonic bandwidth in (c¢) is broadened. The time-
frequency analysis is performed for the LCP harmonics. RCP harmonics
exhibit very similar structure. From the strong peaks in (b) and (d), it is
clear that short trajectories make the dominant contributions. ................... 84
1D propagation simulations of soft X-ray CPHHG from He. (a) Simulated
HHG spectra after macroscopic propagation for counter-rotating CP laser
drivers with perfect circularity (¢, = —1,6, = 1, cyan) and slight ellipticity
(e, = —0.985,¢, = 0.985, magenta). Additional peaks appear when a slight
ellipticity is introduced. (b) Attosecond pulse trains (Ex(t), Ey(t), and Eiotai(t))
obtained by performing a Fourier transform of the magenta spectrum in (a),
shows a short phase matching temporal window limits bright HHG to 5
attosecond bursts, with 2.6 LP bursts per 1.3-um cycle. ...........cceeeeeeennnnnn. 86
(a) Magenta curve: experimental CPHHG spectrum from He. Circles:
channels when zero wrong photons are absorbed. Squares: channels when
one wrong photon is absorbed. Crosses: channels when two wrong photons
are absorbed. (b) With perfectly CP driving beams, zero wrong photons are
absorbed, and only the 1 = n + 1 channels are allowed. (c-g) With slightly
elliptically polarized laser drivers, one (¢, d) and two (e-f) wrong photons can

be absorbed, (c,e) l=n+1;(d, ) 1=n=+3;(g) 1 =n+5, where n and 1 are the
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number of photons of 0.79 pm and 1.3 pm used to generate a CP HHG
photon. The side peaks of the HHG spectrum match well with the predicted
positions of these new channels, validating this analysis.....................oeuee. 88
(a, b): Polarization analysis using the simple photon model for He phased
matched at low gas pressure (510 Torr, EUV region) (a) and high gas
pressure (970 Torr, soft X-ray region) (b). Magenta curves: experimental
HHG spectra. Blue dashed curves: simulated HHG spectra using the simple
photon model. Brown curves: circularity ((Ircp — Irnce)/(Ircp + Incp)) of the
HHG, which decreases from ~1 in the EUV region (a) to ~0.6 in the soft X-
ray region (b). (c, d): Polarization analysis of the simulated spectra
presented in Fig. 3c when the drivers are slightly elliptical (c) and perfect
CP (d). Red (blue) curves: RCP (LCP) components of the HHG spectra in
Fig. 3(c). Green dots: circularity of the harmonics calculated from (Ircp —
TLCP)/(TRCP F ILOP)- weeeeeeiiieeeeie e 91
EUV and X-ray magnetic circular dichroism of Fe and Gd. (a, b) HHG
spectra around the Fe M23 and Gd N4 edges, transmitted through a Gd/Fe
multilayer as the magnetization direction is parallel (red) and antiparallel
(blue) to the HHG propagation direction. Gray lines: transmission of Fe and
Gd. (c, d): XMCD asymmetry of Fe and Gd, with opposite signs for left
(green) and right (red) CPHHG demonstrating opposite circularity of
adjacent harmonics. (e, f): Extracted MO absorption coefficients at the Fe
Msys and the Gd Nus edges (after correcting for ellipticity) agree well with
literature values [161, 163, 164]. cccoeeiiiiiieieeiieeeiiee e 95
4 min XMCD of Gd. (a): HHG spectra around the Gd Ny edges, transmitted
through a Gd/Fe multilayer as the magnetization direction is parallel (red)
and antiparallel (blue) to the HHG propagation direction. The gray lines
show the Gd absorption edge. (b): XMCD asymmetry of Gd obtained by
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taking a 2-min single spectrum when the magnetization is
parallel/antiparallel to the HHG propagation direction [145]. ..................... 97
The absorption coefficient I measured (blue, unaveraged single spectrum
data) agrees very well with the absorption coefficient from Henke et al.
(purple) [168], and Prieto et al. after appropriate scaling (brown, yellow)
(163, 164 ceeeeeiiiiiee ettt et e e e e ettt e e e e sttt e e e e e e s abateaeeeeennes 99
Experimental CPHHG flux for Ar (a), Ne (b), and He (c, d). Note that the
driving bi-chromatic laser field intensity used in (c) is higher than in (d),
which leads to a higher flux in (c) than in (d). However, since the phase-
matching window in (c¢) is shorter than in (d), the harmonics of the former
spectrum are broader and merge stronger than in the latter case. ............ 101
CPHHG driven by 2 pm and 0.79 um. (a) Experimental setup. 2-um and
0.79-um beams are focused collinearly into a hollow-core waveguide filled
with noble gas. A pair of half and quarter waveplates in each arm are used
to convert the polarization of the two arms from linear to counter-rotating
circular. Then the generated harmonic beam goes through an X-ray
spectrometer and is recorded by an X-ray camera. (b) Experimental spectra
generated from Xe, Ar, and Ne match perfectly with harmonics position
(blue and red circles) predicted by energy, parity, and spin conversation
laws. Harmonics at the position of red (blue) circles co-rotating with the 2-
um (0.79-um) beam. The black dotted line shows position where the helicity
dependent intensity asymmetry reverses. (¢c) Combined electric field of the
two colors has many sets of seven lobes, the following set of lobes does not
repeat the previous ones and have a slight rotation compared to the
Previous Set OF 10DES. ...ooovvvieie i 103
(a) Intensity asymmetry of the two harmonics within each pair calculated by

Asymmetry = (S: — Sp)/(S: + Sp) for CPHHG driven by 1.3 um + 0.79 um from



4.17

4.18

XX

Ar, Ne, and He, and driven by 2 um + 0.79 um from Xe, Ar, and Ne. Here S,
(Sp) 1s the intensity of the first (second) peak within each pair, which co-
rotates with the longer-wavelength (shorter-wavelength) driving beam,
calculated by integrating over the harmonic from tail to tail. The x-axis is
the average photon energy of the two peaks. Since the first peak has a
photon energy of nw: + (n + 1)wz, the second peak has a photon energy of (n
+ 1)m1 + nw2, the average photon energy of the two peaks is (n + %) (01 + ®2),
where n is a positive integer. (b) CPHHG spectrum driven by 2 pm + 0.79
um laser beams from Ar, which shows a big intensity asymmetry and
exhibits a single helicity at the high-photon-energy region (above the photon
energy indicated by the dashed line) of the spectrum. ..........ccccccccceeeenne. 106
(a) Experimental CPHHG cutoff energy (magenta diamonds), compared
with the LPHHG cutoff energies of the longer-wavelength driving beam (red
squares) and the shorter-wavelength driving beam (blue circles). (b)
Experimental CPHHG cutoff energy (magenta diamonds), compared with
the phase-matching cutoff energies of LPHHG driven by the longer-
wavelength beam (red squares) and the shorter-wavelength beam (blue
circles), which are captured from Ref. [102]. The x-axis in (a) and (b) are the
wavelengths of the two driving beams (in um) and the gas target used. ... 108
Wanted CPHHG harmonic pairs generated by channels of ] = n + 1 (red
peaks), and unwanted harmonics allowed by the imperfect circularity of the
driving lasers through additional generation channels of 1 = n + 3 (blue
peaks) [33] for driving beams at wavelength of ® + 1.65 ® (1.3 um + 0.79 pm)
(@), ®+2 ® (0.79 pm + 0.395 um) (b), ® + 2.53 ® (2 um + 0.79 um) (c), ® + 3 ®
(0.79 ym + 0.26 pm) (d), and ® + 1.54 ® (2 um + 1.3 pm) (e). In experiment,
initially both the red and blue harmonics are present, then the circularity of

the two driving beams, as well as the spatial and temporal overlap between
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the two beams are optimized to minimize the blue peaks to generate

Experimental CPHHG spectrum driven by 2 um + 1.3 um. The separation of
left and right harmonics within each pair can be barely recognized and a
supercontinuum level 1s dominant. .........ccccoeeeeiiiiiiiiiieiiiiieee e 113
Non-collinear CPHHG. (a) In the experiment, two counter-rotating CP laser
pulses are focused into a noble gas (Xe, Ar or Ne) to produce both left and
right CPHHG beams. (b) In the photon model, the output direction of each
harmonic follows the simple vector addition of the wavevectors for each
absorbed photon. (¢) In the wave model, the two CP beams sum to yield an
electric field that exhibits linear polarization, which rotates as a function of
the transverse position across the laser focus, producing a ‘rotating
polarization grating’ that generates circular polarization in the far field.
This figure is captured from [42]. ....cceeieeiieeeiiiiiiieeeeee e, 115
Masks for the out lid piece. The whole features (a) and the three masks (b, c,
d) for the out 11d PIECE. ...uuuuiiieeeeeiiiieeeeeeeccee e 135
Masks for the out back piece. The whole features (a) and the three masks (b,
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Chapter 1

Introduction

In this chapter, I will first discuss extreme ultraviolet (EUV) and soft-X-ray
light sources and the main topic of this thesis. Then I will discuss the motivation of
this thesis by presenting three applications that can be done using this unique new

light source. Finally I will present the outline of this thesis.

1.1 Background

Light is a form of electromagnetic (EM) radiation - electric and magnetic
fields traveling at the speed of light in vacuum that can be characterized by the
wavelength or frequency of the EM waves. EM waves are produced whenever
charged particles are accelerated, and these waves can subsequently interact with
other charged particles — either on very large or small scales, enabling the radiation
of EM waves with different wavelength or frequency. As Fig. 1.1 shows, the EM
spectrum spans an extremely broad scale range, with wavelength ranging from 10-12
m to 102 m, or with frequency ranging from 104 Hz (radio frequency) to 1020 Hz
(gamma rays). EUV radiation is EM radiation with wavelengths from 124 nm down
to 10 nm, and therefore (by the Planck-Einstein equation) with photon energies

from 10 eV up to 124 eV. Soft X-ray radiation has wavelengths from 10 nm to 0.1



nm, and therefore having photons with energies from 124 eV up to 12.4 keV. Nearly
all types of EM radiation can be used for spectroscopy to study and characterize
matter. Since the wavelengths of EUV and soft X-ray are on the scale of nanometer,
they are extremely useful for applications that need nanometer resolution and

extremely important for unrevealing the nano-world.
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Figure 1.1: The EM spectrum. This figure is captured a NASA diagram.

EUV and soft X-rays are naturally generated by the solar corona. X-rays can

be artificially generated by an X-ray tube, which is a vacuum tube that uses a high



voltage to accelerate the electrons released by a hot cathode to a high velocity. The
high velocity electrons collide with a metal target, the anode, creating the X-rays
[1]. X-ray tubes find wide application in medical uses for radiography, computed
tomography, Fluoroscopy, and Radiotherapy. However, X-ray tubes generate
incoherent lights, limiting its ability in investigating coherent processes. Moreover,
microscopic phenomena related to fundamental science and advanced technology
often happen on nanosecond to even attosecond time scales. In order to study these
ultrafast dynamics, pulsed EUV and soft X-ray beams with pulse duration on the
same time scale will be needed.

The generation of coherent pulsed beams in the X-ray region of the spectrum
has been pursued for many decades, because of the potential to combine the spatial
and temporal coherence of lasers with the atomic-level spectroscopic and spatial
resolution characteristics of X-rays. Partially coherent X-ray beams can be
generated from large-scale synchrotron facilities; more recently, large-scale X-ray
free electron lasers (XFELs) can generate high energy X-ray pulses with excellent
spatial coherence, and with temporal coherence limited only by the availability of
seeding and jitter between the laser and X-ray pulses [2-4]. However these facilities
have kilometer in size and have limited access. Another way to generate pulsed
EUV and soft X-rays is plasma-based light source, however this method generates
incoherent or partially coherent light with pulse duration around 100 fs.

High-order harmonic generation (HHG), on the other hand, coherent
upconverts light from a tabletop femtosecond laser in laboratories, while retaining
excellent spatial coherence when implemented in a phase matched geometry, as
well as temporal coherence that easily supports zeptosecond to attosecond
synchronization with the driving laser [5-9]. Thus HHG provides an advanced light
source complementary to facility-scale sources. By producing X-ray pulses with

durations of <100 attoseconds [10-12] and wavelengths < 1 nm [7], HHG is opening



up new research opportunities in molecular spectroscopy [13-16], materials science
[17-23], as well as nanoscale coherent diffractive imaging [24, 25].

Most implementations of HHG used Ti:sapphire driving lasers at a
wavelength around ~0.8 um. In this case, phase matching considerations limit
bright HHG to photon energies <=100 eV, which lie in the EUV region of the
spectrum. Phase-matched soft X-ray HHG can be generated, by using longer
wavelength mid-infrared (IR) driving lasers, which can be obtained from
Ti:sapphire laser pumped optical parametric amplifier (OPA). The efficiency of the
HHG process scales rapidly with pulse energy, and requires md scale pulse energy
to obtain absorption-limited conversion efficiency in the soft X-ray region [7, 26—29].
Thus requires a ~10-md pulse energy from the Ti:sapphire laser to pump OPA. The
complexity of the traditional two-amplification-stage lasers greatly increases the
cost and difficulty of implementing a tabletop HHG soft X-ray source reliably on a
daily basis. Thus, the development of stable, compact, high pulse energy, ultrafast
laser amplifiers that can generate multi-millijoule, few cycle, mid-IR laser pulses is
required for efficient HHG.

In this thesis, I demonstrate a high flux soft X-ray HHG source with a flux of
> 106 photons/pulse/1% bandwidth at 1 kHz (corresponding to > 109 photons/s/1%
bandwidth) in a broadband, continuum spectrum extending to 200 eV, by using a
compact single-stage 10-md 45-fs 1-kHz Ti:sapphire amplifier pumped three-stage
OPA. This photon flux represents an approximately three orders-of-magnitude
increase compared with past work, which used lower repetition rates, or non-phase
matched 1implementations [27, 30]. Finally, using this unique bright
supercontinuum soft X-ray HHG source, I discuss soft X-ray absorption
spectroscopy (XAS) of multiple elements and transitions in molecules
simultaneously with the ability to resolve near edge fine structure with high

fidelity.



Recently the polarization state of HHG can be fully controlled by controlling
the driving lasers waveform [31-33]. Polarization is a fundamental property of light
and light-matter interaction. Full polarization control of EUV and soft X-ray beams
is very useful for scientific research and advanced technology such as studying
ultrafast magnetism [34], probing nano-structures and chiral phenomena [35].
People have made lots of efforts to generate circularly polarized (CP) EUV and soft
X-ray beams. One way is to modify the undulators of large facilities (synchrotron
and free electron lasers), which is very complex [36, 37]. Many applications have
been successfully demonstrated using these sources, such as X-ray magnetic
circular dichroism (XMCD) measurement of Gd/Fe [34]. People also tried to convert
linearly polarized (LP) EUV and soft X-ray beams to circular polarization using
optics [38]. However, EUV and X-ray optics are challenging to fabricate and have
limited throughput and bandwidth. This method reduces the photon flux by two
orders of magnitude and people need to careful design the trade off between the
transmission efficiency, covered spectral range, and circularity.

HHG, a unique EUV and soft X-ray light source, was limited to linear
polarization for a long time. HHG inherits the polarization nature of the driving
laser field. In order to generate CPHHG, the most natural way people think about is
to use a CP laser beam. However a CP laser beam will introduce too much
transverse displacement to the ionized electron that the electron will miss its
parent ion, so no harmonics will be generated.

People have made lots of effect to generated CPHHG, such as HHG in pre-
aligned molecules using LP laser fields [39], this method needs an extra pump laser
beam to align the molecule first, which is more complicated and can only achieve
limited circularity. Another interesting method people recently developed is
resonant HHG in elliptical laser fields [40], however the harmonics have limited

circularity and are hard to scale to higher photon energies. Also recently people



generate CPHHG by using cross-polarized two-color laser fields [41], again this
method achieves limited circularity and only generate CPHHG in the EUV region so
far. Recently, CPHHG is generated by using two-color counter-rotating CP lasers in
non-colinear geometry [42], this method allows angular separation of left and right
CPHHG, even allows the separation of different harmonic orders without a
spectrometer. Because of the phase matching geometry, the pressure needed to
achieve full phase matching is higher in this geometry. While the non-collinear
geometry makes it challenging to achieve high gas pressure in the interaction
region, so extending CPHHG in non-collinear geometry to higher photon energy
strongly depends on the design of the gas cell.

The method I use to generate CPHHG in the EUV and soft X-ray region is
using two-color counter-rotating CP laser fields in collinear geometry [31-33]. This
is the first method allows the generation of CPHHG beams in the soft X-ray spectral
region [33]. This method was first proposed over twenty years ago [43], however, the
polarization state was not measured at the moment. And since phase matching is
not well studied yet at that moment, bright phase-matched beams were not
generated. Later on, theorists did theoretical study of this method from single-atom
view [44-49]. Recently the polarization of high harmonics generated using this
method is measured to be circular [31]. After that, bright phase-matched CPHHG
are generated in the EUV and soft X-ray spectral region [32-33]. And this method

has inspired wide studies [50-56].

1.2 Motivation

XAS is a powerful and widely used technique for determining the local
geometric and/or electronic structure of matter, as well as charge transfer processes

in gas, liquid, and solid phase. Moreover, utilizing the energy dependent absorption



of X-rays, XAS can be used to obtain information about the elemental composition of
the sample. Most XAS experiments were implemented using large-scale facilities. In
the experiment shown in Fig. 1.2, which investigates XAS dynamics of aqueous
[Rull(bpy)s]?* using a synchrotron source. The authors were able to resolve the
charge transfer dynamics after photo-excitation. However, the limited time
resolution prevents monitoring the initial fast dynamics as the electronic structure
evolves over the first =100 fs after the initial excitation [57]. With its unique
advantages, HHG allows a much higher time resolution with tabletop size and wide
accessibility. Thus, the development of compact, reliable, kHz, high flux,

supercontinuum soft X-ray HHG light source is strongly motivated.
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Figure 1.2: (a) Static structure of [Rull(bpy)s]2*, which is a model system for metal-

to-ligand charge transfer process. (b) Photochemical reaction cycle of [Rull(bpy)s]?*.



An electron moves from the Ru core to the ligands after excitation. After 100 fs, the
electron localizes to one of the ligands. Then decays back to the ground state on a
300-ns timescale. (c) Transient X-ray absorption spectrum at 50 ps after laser
excitation. (d) Static X-ray absorption spectrum of the Lim edge of Ru in ground-
state [Rull(bpy)s]2* (black trace R), and excited-state absorption spectrum (red trace

P) corresponding to the curve in (c). This figure is captured from [57].

EUV and soft X-ray CPHHG can be used to study magnetic materials,
nanostructures, and chiral phenomena. XMCD is a kind of XAS of magnetic
materials, which measures the differential absorption change of magnetic materials
in a magnetic field when the magnetization direction is kept the same for left- and
right- CP incident beams, or when the helicity of the incident beam is kept the same
for different magnetization directions. By analyzing the XMCD signal, information
can be obtained on the magnetic properties of the atom, such as its spin and orbital
magnetic moment. This technique has very high sensitivity and allows element
specific magnetic properties study. Most XMCD experiments were implemented
using large-scale facilities as an example shown in Fig. 1.3(a,b). In this experiment,
the authors use the element-specific technique XMCD to study spin reversal in
GdFeCo that 1s optically excited by an wultrafast pump pulse. The authors
unexpectedly find that the ultrafast spin reversal in this material, where spins are
coupled antiferromagnetically, occurs by way of a transient ferromagnetic-like state
[34]. These studies provide concept for the possibility of manipulating magnetic
order on the timescale of the exchange interaction, which is useful for ultrafast
magnetic storage and spintronics.

Photoelectron Circular Dichroism (PECD) is a relatively novel technique that

measures the difference of the photoelectron angular distribution from ionization



with left- and right- CP light as shown in Fig. 1.3(c). PECD shows strong
asymmetries, typically lying in the 1 to 30 % range, and provides rich 3D data,
which can be used to detect chirality in molecules with high sensitivity and to study
chiral phenomena. PECD experiments were mostly performed using large-scale
facilities [35]. With the demand of those exciting applications, EUV and soft X-ray
CPHHG light source, which provides better time resolution, tabletop size, and wide

accessibility, is strongly motivated.
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Figure 1.3: (a) Transient magnetic moment dynamics of the Fe (open circles) and Gd
(filled circles) measured within the first 3 ps. (b) As (a) but on a 12-ps timescale.
The dashed line in both panels depicts the magnetization of the Fe sublattice taken
with the opposite sign of the measured Fe data. This figure is captured from [34]. (c)
The concept of PECD. The full 3D angular distribution of photoelectrons is imaged
after photoionization with either left- or right- CP light. The angle 6 is the angle
between the direction of the CP beam and the velocity of the electron. The
photoelectron angular distribution of a chiral molecule will show a forward—
backward asymmetry that reverses in sign when switching from R- to S-

enantiomer. This figure is captured from [35].
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1.3 Thesis outline

This thesis is organized as follows. It contains four chapters. In the first
chapter, I talked about the background and motivation of this thesis. In the second
chapter, I will discuss EUV and soft X-ray LPHHG. I will first discuss the history of
HHG. Then the physics of HHG from single-atom view, including ionization,
propagation, and recombination, i.e. the three-step model, will be presented. After
that, I will write about the macroscopic physics of HHG including phase matching,
critical ionization, and gas reabsorption. Finally, I will show our work of improving
the flux of LPHHG in the soft X-ray region by three orders-of-magnitude by using a
single-stage, 10-mdJ Ti:sapphire regenerative cavity amplifier pumped three-stage
OPA. At the end of the second chapter, I will briefly summarize what I discussed in
the chapter.

In the third chapter, I will talk about XAS using soft X-ray LPHHG. I will
first discuss the background of XAS technique. Then I will show the experimental
setup and static near edge X-ray absorption fine structure (NEXAFS) results in gas,
liquid, and solid phase. Moreover, the measurement of transient EUV absorption
spectroscopy of Xe will be presented. Finally I will summarize the content of the
chapter.

In the forth chapter, I will present the development of the first soft X-ray
CPHHG and use it for XMCD measurement of Gd/Fe multilayer. I will first
introduce the topic. Then, I will show soft X-ray CPHHG driven by two-color
counter-rotating CP laser fields at wavelengths of 1.3 pm and 0.79 pm. The spectral
and temporal structure of CPHHG will be discussed. And the single-atom and

macroscopic physics of CPHHG will be explained, by identifying the dominant
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electron quantum trajectories and optimal phase matching conditions. The first
advanced propagation simulations for CPHHG reveal the influence of the finite
phase matching temporal window on the spectrum, as well as the unique
polarization-shaped attosecond pulse train. What’s more, the polarization of
CPHHG will be analyzed using a simple photon model and advanced simulations.
The first tabletop XMCD measurements at the Nss5 absorption edges of Gd is
presented to validate the high degree of circularity, brightness, and stability of this
light source. Moreover, flux characterization of CPHHG will be presented, which
shows a similar flux level with LPHHG.

In the second half of the forth chapter, I will present CPHHG driven by two-
color counter-rotating CP laser fields, for the first time, at wavelengths of 2 pm and
0.79 pm. The spectral structure will be discussed. And helicity dependent intensity
asymmetry of CPHHG will be analyzed and discussed. After that, I will present the
cutoff behavior of CPHHG by comparing with LPHHG cutoff of the two driving laser
beams, which provide guidance about generating higher-photon-energy CPHHG.
Then future directions of CPHHG will be discussed. Finally CPHHG driven by two-
color counter-rotating CP fields in non-collinear geometry will be briefly discussed.

And at the end the chapter, a summarization will be presented.
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Chapter 2

Bright linearly polarized soft X-ray high harmonics

In this chapter, I will first discuss the background of HHG. Then the single-
atom and macroscopic physics of HHG will be presented. Finally, I will show the
development of EUV and soft X-ray LPHHG light source driven by a single-stage
10-mdJ 1-kHz Ti:sapphire regenerative cavity amplifier pumped three-stage OPA. At

the end, I will briefly summarize what I discussed in this chapter.

2.1 Background

HHG i1s an extreme nonlinear effect upconverting many low-energy photons
to a single high-energy photon when a strong laser field is focused onto a dense
medium of gas atoms. The laser peak intensity needed to drive the HHG process is
about 1013 to 10 W/cm2. So HHG greatly relies on the development of high-peak-
power laser systems and nonlinear optics. In 1960, Theodore H. Maiman built the
first laser at Hughes Research Laboratories based on theoretical work by Charles
H. Townes and Arthur L. Schawlow [58, 59]. Shortly after the construction of the
first laser, Peter Franken et al. at University of Michigan discovered second
harmonic at 347.2 nm in 1961 upon projection of an intense laser beam with a 107-

W/cm? intensity and a 694.3-nm wavelength through crystalline quartz [60]. In
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1962, R. W. Terhune, P. D. Maker, and C. M. Savage observed the first optical third
harmonic generation in calcite [61] and later on reported third harmonic generation
in crystals, glasses, and Liquids [62]. G. H. C. New and J. F. Ward reported the
observation of the first third harmonic generation in gas in 1967, particularly in He,
Ne, Ar, Kr, and Xe, the motivation for their study of these gases was that the
nonlinear susceptibilities are relatively amenable to quantum-mechanical
calculation [63]. Because of the relatively weak field intensity used, these
harmonics fall into the perturbative regime, which is characterized by rapidly
decreasing efficiency with increasing harmonic order because the probability of
absorbing n photons decreases as n increases [64].

In 1977, the first HHG was observed in the interaction of intense CO2 laser
pulse, at intensity of > 10 W/cm? and wavelength of 10.6 um, with plasma
generated from planar solid targets up to the eleventh harmonic (0.95 um) [65].
HHG in gases, far more developed and widespread in applications today, was first
observed by A. McPherson and colleagues in 1987 by using intense ultraviolet (248
nm) beam at intensity of 10 — 1016 W/cm?2 from rare gas, the highest harmonic
observed was the seventeenth (14.6 nm) in Ne [66]. Later on in 1988, M. Ferray et
al. reported the observation of harmonics as high as 334 harmonic (32.2 nm) by
using Nd: YAG laser radiation from rare gas at intensity of about 103 W/cm2 [67].
Those harmonics exhibit very different spectrum than earlier very-low-order
harmonics. The spectrum contains three regions exhibiting very different behaviors:
low-order-harmonics region, the plateau region, and the cutoff region. The intensity
of the low-order harmonics decreases as the harmonic order increase as expected
from the perturbative theory. In the plateau region, the intensity of the harmonics
1s found to remain approximately constant over many harmonic orders. And in the
cutoff region, the intensity of the harmonics drops abruptly, the end position is

called the cutoff [68]. This very-different harmonic spectrum can’t be explained by
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traditional perturbative theories because of the high field intensity used. HHG
process is light-matter interaction in the non-perturbative regime and needs to be
explained by non-perturbative theories.

Thanks to the introduction of solid-state active materials and of new mode-
locking and amplification techniques, the 1990s have seen a revolution in ultrafast
laser technology [69]. Ultrafast light sources today are “turnkey” devices, routinely
delivering ultrafast light beams with pulse duration as short as 20 fs and with peak
field intensity of 101> W/cm? at 1-kHz repetition rate. The development of laser
technology and nonlinear optics greatly facilitate the advancement of HHG in
directions of higher flux, higher cutoff, and shorter pulse duration. First, HHG
cutoff has been greatly increased by using laser pulses with higher intensity and
shorter pulse duration [70], noble gas with higher ionization potential [71], and
laser beams with longer wavelength [27]. HHG with photon energy greater than 1.6
keV has been generated experimentally by using laser beam at a wavelength of 3.9
um [7]. Second, the pulse duration of HHG has been greatly decreased [72, 73] and
1solated attosecond pulses have been generated, by using techniques of polarization
gating [74], peak-field intensity gating [10, 12], and phase-matching gating [75].
What’s more, HHG flux has been greatly increased by controlling the driving laser
waveform [28] and using much better phase-matching geometries, such as hollow-
core waveguides [5] and quasi-phase-matching techniques [76, 77].

Now HHG is a well-developed “laser like” light source, routinely available in
labs from the vacuum ultraviolet (VUV) to the soft X-ray spectral region with
unique advantages of tabletop size, femtosecond to attosecond time resolution,
nanometer spatial resolution, and fully spatially and temporally coherent. As a
consequence, HHG is widely used for scientific research, such as nanoimaging,
molecular dynamics and imaging, nanoscale energy transport, ultrafast surface

science, ultrafast magnetics, and so on. Moreover, people can control the properties
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of HHG to meet the needs for different applications. In the temporal domain, an
attosecond pulse train or an isolated attosecond pulse can be generated. In the
spectral domain, HHG at different photon energies from the VUV spectral region up
to 1.6 keV can be generated, and a broadband supercontinuum or multiple
harmonic peaks or an isolated harmonic peak can be generated. Besides, recently
the polarization of HHG can be fully controlled from linear to circular as will be
discussed in chapter 4. Although HHG light source is mostly used in academic
research so far, it is also very possible to see HHG being used in industry, such as in
semiconductor metrology devices and precision measurement devices in the future.
In this chapter, I will first discuss the microscopic physics of HHG. Because
of the strong laser field used, non-perturbative theory is required to explain the
HHG phenomenon. In 1992 and 1993, a theory breakthrough was made by J. L.
Krause et al. [78] and P. B. Corkum [79]. They presented a semiclassical theory
from single-atom view and successfully reproduce the spectral features of HHG.
According to this work, HHG can be successfully explained by a simple three-step
model. As Fig. 2.1 shows, when a strong laser field, with an intensity that is
comparable to the Coulomb potential bounding the outmost electron of the atom, is
focused on the atom, first, the electron can be tunnel ionized from the ground state
of the atom and set free in the continuum. Second, the electron moves in the
continuum under the force of the laser electric field, the electron is first accelerated
away from its parent ion, then accelerated back towards its parent ion when the
oscillating laser electric field changes its sign. Finally, the electron has a chance to
recombine with its parent ion and releases its kinetic energy acquired in the laser
field plus the ionization potential by emitting a high-energy photon. From this

model, J. L. Krause et al. showed that the cutoff energy of HHG follows a universal
22

law of I, +3.17U,, where I, is the ionization potential, and U, = ° E°2 is the
4Mewy
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ponderomotive energy, i.e. the mean kinetic energy acquired by an electron
oscillating in the laser field. Here, e is the electron charge, me. is the electron mass,
Ey and w, are the laser electric field and its frequency, respectively. This model was
confirmed later by advanced quantum theory based on strong-field approximation

(SFA) by M. Lewenstein et al. [80].

Laser field

Effective Coulomb potential
Coulomb potential in oscillating laser field

Ground state Tunnel ionization Acceleration in
from ground state laser field ground state

Figure 2.1: Cartoon of the three-step model. The Coulomb potential of an atom with
an electron initially in its ground state is strongly perturbed by an oscillating
intense laser field. The electron is tunnel ionized through the effective Coulomb
potential from its ground state. After ionization, the free electron is first accelerated
away from the ion and then accelerated back towards the ion when the laser field
switches direction. Finally the electron recollides with its parent ion, giving off

excess energy in the form of a high-energy photon. This figure is captured from [81].
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Because of the quantum diffusion of the recolliding-electron wavepacket and
the quadratic increase in the cutoff energy as a function of the driving-laser
wavelength, HHG efficiency from a single atom is super small, scaling as 155 to A-6-5,
where A 1s the wavelength of the driving laser field [82-84]. Fortunately, HHG
involves light emission from tons of atoms. When the emitted harmonic beam
travels in phase with the driving laser beam, all the emitted harmonics are phase
matched and can add up constructively, thus a bright HHG beam can be generated.
Both the driving laser beam and the HHG beam propagate in a gaseous medium, in
order to achieve good phase matching, the macroscopic effect of HHG, i.e. the
response of the whole medium, needs to be studied. So later on in this chapter the
macroscopic physics of HHG including phase matching, critical ionization, and gas

reabsorption will be discussed.

2.2  High harmonic generation from single-atom view

As introduced earlier, from single-atom view, HHG process is completed by
three steps: ionization, propagation, and recombination. This is very similar to how
a conventional X-ray tube works as shown in Fig. 2.2. Heated filament emits
electrons, the electrons are then accelerated by a high voltage, finally X-rays are
produced when the high-speed electrons hit the metal target [85]. X-ray tubes
convert electric power to X-rays, while HHG converts laser power to X-rays. The
single-atom model not only provides a simple intuitive picture of how HHG works,
but also reveals the underlying physics and provides a way to calculate the cutoff
and single-atom yield of HHG. In this section, I will discuss the three steps
separately and show how the cutoff law and single-atom yield of HHG are deducted

from this model.
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Figure 2.2: Operating principle of X-ray tubes. Heated filament emits electrons,
which are then accelerated by a high voltage, finally X-rays are produced when the

high-speed electrons hit the metal target. This figure is captured from [85].

2.2.1 Ionization

In the first step of HHG, the electrons are ionized, so in order to understand
HHG, it 1s essential to understand the ionization mechanism first. What’s more, in
order to generate bright HHG beams, it is essential to know the composition of the
medium through which the laser field travels to achieve phase matching, so it is
essential to calculate the ionization rate. I will discuss the first question, after that
come to the second one.

There are three different ionization mechanisms: multiphoton ionization,
tunneling ionization, and barrier suppression ionization as shown in Fig. 2.3. L. V.
Keldysh introduced a parameter, known as the Keldysh parameter, to distinguish
these three regimes of ionization [86, 87]. Keldysh parameter is the ratio of the
tunneling time to the optical period of the laser, where tunneling time is estimated
by the width of the barrier divided by the electron velocity. Keldysh parameter is

given by:
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y= |- @.1)

Here I, is the ionization potential, and U, is the ponderomotive energy as
mentioned earlier.

When y >> 1, the driving laser has low intensity but high single photon
energy. The binding coulomb potential is slightly distorted, and the light-matter
interaction is still in the perturbative region, so the multiphoton excitation route for
ionization applies as shown in Fig. 2.3(a). When y < 1, the atom is exposed to a high-
power laser at a low frequency, the atomic potential can be significantly distorted
that a potential barrier is formed. Since the frequency of laser is low such that the
electron can respond to this changing potential, the electron can tunnel through the
static potential barrier in a time less than half the field period as shown in Fig.
2.3(b). When y << 1, an extremely strength laser field can completely suppress the
potential barrier and the electron will flow over the barrier, known as barrier-

suppressed ionization as shown in Fig. 2.3(c) [86, 87].
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Figure 2.3: Strong-field ionization scenarios. Exposing an atom to an intense laser
field will result in an effective potential (solid red line) composed of the Coulomb
potential (dashed red line) and the oscillating laser field. At different laser
intensities, the electron can be ionized under different mechanisms. This figure is

captured from [88].

Tunneling ionization is essential for bright HHG emission because we need a
strong laser field to ionize enough atoms to generate bright HHG. However, if the
driving laser intensity is too strong, very dense free electrons can be produced that
too much dispersion is introduced, preventing HHG from phase matching. For
tunneling ionization, the electric field can be regarded as a quasi-static perturbation
to the Coulomb potential. In 1986, Ammosov, Delone and Krainov [89] presented a
generalized analytical theory, which is known as the ADK ionization theory, to
calculate the ionization rate for arbitrary atoms and initial electronic states. The

calculated 1onization rate is known as the ADK ionization rate:

2(21,)3/?
exp (— —3E”(t) )

Wapk () = ——— = 3| Crte P f (LMY,

n(21,)? £

(2(2110)3)((22 m)— |m|—1>
(2.2)

Where N(t) is the number of neutral atoms at time t, Z is the ion charge (once the

electron is detached), I, is the ionization potential of gas (24.59 eV for He, 21.56 eV

for Ne, 15.76 eV for Ar, 14 eV for Kr, and 12.13 for Xe), E(t) is the laser electric

field, [ and m are the angular momentum and magnetic quantum number,
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respectively (in atomic units, h = m =e = 1). The factor f([,m) and the constant

|Cpix|? are given by:

_ @+ U+ m])!
fd,m) = 2iml (Im|) (1— |m|)!

22n*

nxl'nx +l* +1) IF'(n* =1 %)

|Cn*l*|2 =

Here the effective principal and angular momentum quantum number are given by
nx=Z(2I,)""? and l x =n * —1, respectively. I'(x) is Gamma function defined as
r'(x) = fooo e tt*"1dt.

When the ionization is first-order kinetic (neutral atom — ion + e-), the ratio
of the number of ions (N, — N(t)) to the initial number of atoms N, is defined as the

N(t)

ionization fraction n(t) = 1 — - can be calculated from equation:
0

() = 1-exp |- [1, Wapk(t)dt'| (2.3)

The ADK ionization rates provide a quick and relatively simple way to
numerically estimate the ionization level of gas in a strong laser field. From this
ionization rate, real time density of free electrons and ions, as well as real time
density of neutral atoms can be calculated. Thus the introduced dispersion by
neutral atoms and plasmas while the driving laser propagating through the
medium can be calculated, from which the phase mismatch between the driving
laser field and the emitted harmonic fields can be calculated, which will be
discussed in details in section 2.3. Since 1onization happens at the peak of the laser
field, during the first half of the laser pulse, the ionization fraction behaves like a

step function where ionizations occur mostly at crests and troughs of the laser field



22

(ionization occurs every half the optical cycle). While during the second half of the
laser pulse, the ionization fraction statutes at some point of time when the
magnitude of the laser field becomes smaller. The tunneling ionization level can be
precisely estimated by the ADK model, and it turns out the ionization rate is very
sensitive to the driving laser intensity, while is almost independent of the driving

laser wavelength [89].

2.2.2 Propagation

Once the electron is tunnel ionized, it propagates under the external force
applied by the laser electric field. Trajectories of the electron can be analytically
calculated by Newton’s Second Law [90]. The electron is initially bound to an atom
at x = 0, and is tunneled into the continuum at time t = 0 with an initial velocity
v(0) = 0 [91], the velocity v(t) and the position x(t) of the free electron, born at

arbitrary phase ¢ of the oscillating laser field can be calculated by the following

equations:
x(t) = %cos((uot + @) (2.4)
v () = x(t) = %(sin(mot + @) —sin(¢)) (2.5)
x (t) = —Wfi‘jg (cos(wot + @) — cos (¢)) — %sin ()t (2.6)

Here e is the electron charge, m, is the mass of electron, E, is the envelop of the
laser field, which can be approximated to be constant in the propagation step since
the whole process takes place in half optical cycle of the pulse, which is much

smaller than the amplitude variation of the envelop. w, is the frequency of the laser
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electric field. From equation 2.6, we can tell whether the electrons starting from the
atomic core located at x = 0 can return back to the core or not, which depends on the
initial phase ¢. For the phase of 0 < ¢ < 11/2, the electron trajectory crosses the core
at x = 0, which means the electron returns back to the core. However, for the phase
of m/2 < ¢ < m, the electron drifts away from the ion and never returns. From
equation 2.5, we can calculate the kinetic energy of the returning electron as

Exg = %mev]?, here vy is the velocity when the electron returns back to the core. As

Fig. 2.4 shows, when the initial phase ¢ = 17°, the electron gains the maximum
kinetic energy of 3.17 U, when it returns back to the core. Below the cutoff, two
kinds of trajectories, short trajectories and long trajectories, lead to the same final

kinetic energy.
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Figure 2.4: (a) Plot of the kinetic energy of the returning electron as a function of its
birth phase. (b) Plot of the recombination phase of the returning electron as a

function of its kinetic energy. The kinetic energy reaches a maximum of 3.17U,at

the birth phase of 17°. This figure is captured from [92].
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2.2.3 Recombination

Once the electron returns to its parent ion, it has a chance to recombine with
its parent ion and goes to its initial ground state giving off any excess energy (its

kinetic energy plus the ionization potential I,,) in the form of a high-energy photon.

So the photon energy of the emitted photon is:

Since the maximum kinetic the electron can gain in the laser field is 3.17U,, the

single-atom cutoff energy is:

Weutors = Ip + 317U, = I, + 9.33X1071* x I X A2 (2.8)

Here weytorr and I, are in unit of eV, I is the intensity of driving laser field in unit of
W/em?2, 1 is the wavelength of the driving laser field in unit of um.

From equation 2.8, it is clear that there are three ways to increase HHG
cutoff. 1. HHG cutoff can be increased by increasing the ionization potential of gas,
and this is well confirmed and realized experimentally. Experimentally, we can
generate HHG with the highest photon energies from He, then Ne, then Ar, then
Kr, then Xe. What’s more, we can produce HHG with higher photon energies from
ions than from atoms. The higher is the ion charge, the higher cutoff we can
generate since the ionization potential is higher [93]. 2. HHG cutoff can be
increased by increasing the intensity of the driving laser field. However, when the
laser intensity is too high, the medium can be over ionized that too much dispersion
1s introduced that the process cannot be phase matched as will be discussed in

details in section 2.3. HHG with higher photon energies can be produced, by using
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lasers with shorter pulse duration to limit the amount of ionization [70, 94]. 3. HHG
cutoff can be effectively increased, by using driving lasers with longer wavelength,
which is well confirmed and developed experimentally [7, 26-28]. This method can
dramatically increase the cutoff while using relatively low intensity, so good phase
matching can be guaranteed to generate bright HHG beams. Equation 2.8 gives the
singe-atom cutoff, experimentally the process needs to be phase matched to
generate bright beams. Phase matching is possible only for ionization levels below
the critical ionization rate as will be discussed in the section 2.3, so experimentally,
the phase matching cutoff is always smaller than the single-atom cutoff.

In the picture of the three-step model, HHG is only one of the strong-field
nonlinear phenomena. Other important processes are high-energy above threshold
ionization (HATI) [95, 96] and nonsequential double ionization (NSDI) [97, 98].
Recombination of the returning electron with its parent ion leads to harmonic
emission. When the returning electron elastically scattered off its parent ion in the
backward direction, the kinetic energy spectrum of the ionized electrons shows a
characteristic plateau of electron peaks, separated by one fundamental photon
energy, with a sharp drop around 2U, and a cutoff of 10U,, this phenomena is
knows as HATI. When the returning electron inelastically collides with its parent
1on, another electron can be ionized so that the atom is doubly ionized. This process
is called NSDI, in which a knee is observed in the photoelectron intensity
dependence at the point where the single ionization saturates, indicating that the
two processes are coupled.

This classical mechanical propagation model, treating the free electron as a
particle, provides much insight into the physical process and many properties of the
produced harmonic radiation. In the temporal domain, ionization happens every
half optical cycle around the peak of the field, and there are many electron

trajectories for each ionization group corresponding to ionization at different
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phases, harmonic emissions by recombination of these electrons form a harmonic
burst. So a train of harmonic bursts with a period of half the optical cycle is
produced. The Fourier transform of such a pulse train in the time domain gives odd
harmonic orders of the fundamental frequency in the spectral domain. And since
there are returning electrons with different kinetic energies, leading to harmonic
emission up to the cutoff are generated with approximately equal probability,
corresponding to the plateau region of the harmonic spectrum, which is in sharp
contrast to the case of low-order harmonics in the perturbative regime, where the
single-atom intensity of harmonic falls off exponentially with harmonic order [78].
However, the three-step model does not consider the quantum wave nature of
the electron. In the quantum picture, the wavefunction of the electron is initially
confined in a bound state due to the potential of the nucleus. Once part of the
wavefunction tunnels into free space, the well-confined wavefunction begins spread
out spatially. So the classical picture misses some of the physics that is important to
the scaling of harmonic yield with the driving laser wavelength. When the electron’s
wavepacket travels back to its parent ion, the recombination probability is
determined by the overlap of the returning electron wavefunction with the
wavefunction of the electron in the bound state of the ion. The electron
wavefunction spreading is proportional to the time that the electron spends in the
continuum in all three spatial dimensions, which is longer when the wavelength of
the driving laser field is longer, so there is a 173 scaling of the single-atom harmonic
yield due to the free electron’s wavefunction spreading. On the other hand, since the
cutoff is scaled as A2, assuming the total single-atom yield from fundamental light
to harmonic light is approximately constant, then the harmonic intensity is
distributed over a broader range when longer-wavelength-driving beams are used,
so the conversion efficiency into a single harmonic is reduced by another factor of

A72. This end up with an unfavorable single-atom efficiency scaling as A~> for a
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single harmonic order when using driving beams with longer wavelength. Detailed
quantum mechanical calculations and experimental results have shown that the
single-atom yield of a single harmonic order is scaled as A7>5 to 17> [82-84, 99,
100]. Fortunately it turns out that when HHG is driving by lasers with longer
wavelength, higher gas pressure is needed to phase match the generation process,
compensating the decreased single-atom harmonic yield [27]. In the next section,
the collective response of the gas medium, i.e. the phase matching of HHG, will be

discussed.

2.3 Macroscopic effect of high harmonic generation

In the last section, physical picture of HHG from single-atom view is
discussed. Experimentally, HHG process involves collective behavior of tons of
atoms. In this section, macroscopic picture of HHG will be discussed, including

phase matching, critical ionization rate, and gas reabsorption.

2.3.1 Phase matching

Harmonic emission from a single atom is super small, however if the emitted
light from tons of atoms add up constructively, i.e. the emitted light from tons of
atoms are phase-matched, bright HHG beams can be generated. When the driving
laser travels with the same phase velocity as the emitted harmonics, the newly
emitted harmonics will travel with the same phase with earlier emitted harmonics,
allowing constructive add up. So phase matching of HHG is to ensure the same
travel velocity of the driving laser pulse and the harmonic beam. The phase
mismatch between the driving laser pulse and the gth order harmonic is 4k = gk, —

k,. In this thesis, I generate harmonics in a hollow core waveguide for the

q-
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advantages of maintaining a high laser intensity over a long distance, maintaining
very high gas pressure, and allowing a better harmonic beam profile by cleaning up
the driving laser beam profile.

In the waveguide geometry the phase mismatch mainly comes from three
factors: the waveguide geometry, neutral atoms dispersion, and plasma dispersion
[6, 101]. The intrinsic-phase introduced phase mismatch is negligible in this
geometry since the driving laser light propagates as a plane wave in the waveguide
with a uniform intensity distribution [28]. The total phase mismatch in the fiber

geometry is:

2 2 ( —
Ak _ _ quiq + p [Zﬂ 1)' T))q An] _ P[n(q — %)Nlatmrej'] (2.9)

4ma?

Here, q is the harmonic order, u;; = 2.405 is the 15t root of the Bessel function
Jo(us;) =0, a is the inner radium of the hollow core waveguide, P is the gas
pressure, n is the ionization fraction discussed in the last section, A is the
wavelength of the driving laser beam, An = ny41; (1) — 1, nygem (A1) is the index of

fraction of the driving laser beam in one atmosphere of the gas medium, N, ;,, 1s a
2
L ¢ —2818x 1071 [m] is

constant of the gas density at one atmosphere, r, = py——
0 e

the classical electron radius. When g > 1, q — %: q (1 — q—12) ~ q, so the phase

mismatch equation can be rewrote as:

2.2 2n(1-1n)
Ak = q{— ey P[ Ll An] - PanatmreA} (2.10)

When 4k = 0, the process is fully phase matched. In equation 2.10, the first
item is the waveguide geometry term and it is negative, which means in the

waveguide the driving laser beam travels with a velocity bigger than the speed of
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light. The second term is the neutral atom dispersion term and it is positive, which
means in neutral atoms the driving laser beam travels with a velocity smaller than
the speed of light. The third term is the plasma dispersion term and it is negative,
which means in plasma the driving laser beam travels with a velocity bigger than
the speed of light. The second and third terms are proportional to the gas pressure
with opposite signs, so experimentally we can tune the gas pressure to make 4k =
0. Since the first item is negative, the sum of the second and third term needs to be
positive to achieve full phase matching. When the sum of the second and third term

is negative, the driving laser field and the harmonic fields can never be phase-

matched, making harmonic output weaker.

2.3.2 Critical ionization level

From equation 2.10 we can see once the ionization fraction becomes bigger
than a certain ionization level 1., know as the critical ionization level, the sum of
the second and third term changes sign from positive to negative. When the
ionization level is higher than 7., it is not possible to compensate the geometry term
and the process can’t be phase-matched. By setting the sum of the second term and

third term in equation 2.10 to zero we get the critical ionization level to be:
12

NiatmTe
= (1 + MammTed”
Ne ( 2mAn

An

-1
) OC 22

(2.11)

From equation 2.11 and Fig. 2.5, we see that the critical ionization level depends on
the driving-laser wavelength and the refractive index of the driving beam in the gas
target. The critical ionization rate is smaller when the wavelength of the driving
beam is longer and when the refractive index of the driving beam in the gas is

smaller [27].
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Figure 2.5: Critical ionization level of Xe, Kr, Ar, Ne, and He as a function of

driving-laser wavelength. This figure is captured from [102].

2.3.3 Gas reabsorption

Harmonics are generated as the driving laser beam propagates through the
gas medium in the z direction, with phase matching conditions fullfilled, earlier
generated harmonics are added to newly generated ones coherently, which means
the generated harmonics will be brighter if the gas medium is longer. However, the
gas mediums are not transparent to the harmonics, the gas medium not only emits
harmonics, but also reabsorbs them. Reabsorption limits the brightness of phase-
matched HHG. Fig. 2.6 is captured from Ref. [9], in this figure L.,, = m/Ak is the
coherence length (4k is the phase mismatch discussed earlier in this section).
Laps = 1/po is the absorption length, i.e. the length over which the intensity of the

harmonic light propagating in the medium drops to 1/e, here p is the gas density, o



31

1s the photoionization cross section. Even when the coherence length is infinite, the
harmonic emission saturates as soon as the medium length is longer than a
few L,ps, since harmonics emitted beyond that are reabsorbed. As the coherence
length decreases, the efficiency saturates at smaller values. For L., < Lgps, the
efficiency is more than 10 times smaller than the asymptotic value corresponding to
infinite coherence length [9]. In Ref. [9], the authors present the optimizing

conditions are:

Lmed > 3Labs and Lcoh > 5Labs

Here L,,.4 1s the gas medium length. This condition ensures half of the maximum

output corresponding to the asymptotic value when L., > Lgps.
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Figure 2.6: On-axis flux of HHG (arbitrary units) as a function of the medium
length (in units of absorption length). The dotted line corresponds to a zero

absorption case. This figure is captured from [9].

In summary, HHG is a collective response of tons of atoms. While the
ultrafast laser pulse propagates through the gas medium, the gas atoms are ionized,
introducing phase mismatch between the driving laser beam and the generated
harmonic beam. When the ionization fraction is below the critical ionization level,
the phase mismatch can be compensated, by tuning gas pressure such that HHG is
fully phase matched. Phase matching enables bright harmonic emission, however
the brightness was limited to a maximum value by gas reabsorption of emitted

harmonics.

2.4 Experiments and results

Most implementations of HHG used Ti:sapphire driving lasers at a
wavelength around ~0.8 um. In this case, phase matching considerations limit
bright HHG to photon energies <100 eV, which lie in the EUV spectral region. This
limits applications of HHG to very thin samples and a relatively small number of
elements that have absorption edges in the EUV region. Other work extended HHG
into the soft X-ray region using short 12-fs laser pulses in a non-phase matched
implementation, with a flux of 105 photons/s in 1% bandwidth [103]. As discussed in
the last section, by using laser beams with longer wavelength, the cutoff energy of
high harmonics can be effectively increased. However, because of the unfavorable
single-atom yield when the wavelength of the driving beam is longer, early

experiments only generated un-phase-matched harmonics at low flux [104, 105].
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In 2008, T. Popmintchev et al. demonstrated that phase matching can be
obtained at higher gas pressures when using a longer-wavelength-driving laser,
mitigating the unfavorable scaling of the single-atom response and theoretically
predicted that phase-matched high harmonic frequency upconversion driven by
mid-IR pulses could be extended to extremely high photon energies [26]. This
concept was further demonstrated by experimentally reaching a 330 eV cutoff when
driving with a 1.3-um laser system [27], a 520 eV cutoff when driving with a 2-pm
laser system [28], and a 1.6 keV cutoff when driving with a 3.9-um laser system [7].
However, these preliminary studies were done using lasers operating at tens of Hz
repetition rates, generating harmonics with a total photon flux of 10¢ photons per
second 1n 1% bandwidth [28], which i1s insufficient for broad applications in
spectroscopy or imaging. To fully harness the unique properties of soft X-ray HHG,
kHz or higher repetition-rates are required in a phase-matched geometry. This goal
requires the development of stable, compact, high pulse-energy, ultrafast laser
amplifiers that can generate multi-millijoule, few cycle, mid-IR laser pulses
required for efficient HHG.

Note that since HHG is a highly-nonlinear process, it is very sensitive to
fluctuations in peak laser intensity or beam pointing. Moreover, the efficiency of the
HHG process scales rapidly with pulse energy, and requires md scale pulse energy
to obtain absorption-limited conversion efficiency in the soft X-ray region [7, 26-28].
To obtain this pulse energy in a femtosecond mid-IR pulse, OPA [106] and optical
parametric chirped-pulse amplification (OPCPA) [29] can be employed [7, 26-28, 30,
107, 108]. However, each approach has shortcomings for HHG. OPCPA systems are
still experimental in this parameter range, and do not yet possess the stability,
multi-md, kHz repetition rates, and reliability required for HHG application.
Similarly, although Ti:sapphire laser pumped OPAs are a well-established

technology, this approach requires a ~10-mdJ pulse energy from the Ti:sapphire
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laser. The complexity of the traditional two-amplification-stage lasers required to
pump an OPA greatly increases the cost and difficulty of implementing a tabletop
HHG soft X-ray source reliably on a daily basis.

In our experiment, we demonstrate a single-stage, 10-mdJ, ultrafast (45-fs)
Ti:sapphire amplifier, with a repetition rate of 1 kHz. Then, I use this laser (with an
output of 8.5 md to achieve the best output mode for pumping OPA, so optimal OPA
output mode is achieved to pump HHG for the best HHG mode and conversion
efficiency) to pump a three-stage OPA system. From the OPA, I generate a signal
beam with a 1.3-um wavelength, a 30-fs pulse duration, and sufficient energy (2.25
md) for optimally-efficient, phase-matched HHG conversion, as well as an idler
beam with a 2-um wavelength, a 35-fs pulse duration, and a 1.4-mdJ pulse energy.
As shown in Fig. 2.7, the signal beam is then focused into a hollow-core waveguide
with a 1-cm length and a 150-pm inner diameter by a calcium fluoride lens with a
25-cm focal length.

After the fiber, the driving laser beam is blocked by thin-film filters, while
most part of the HHG beam passes through the thin film filters, then goes through
an X-ray spectrometer, finally its spectrum is recorded by an X-ray CCD. This
geometry allows high flux, soft X-ray HHG source with a photon flux of > 106
photons/pulse/1% bandwidth at 1 kHz (corresponding to > 10° photons/s/1%
bandwidth) in a broadband continuum spectrum extending to 200 eV. This photon
flux represents an approximately three orders-of-magnitude increase compared
with past work, which used lower repetition rates, or non-phase-matched
implementations [27, 30]. And I will show in chapter 3 that using this unique bright
supercontinuum soft X-ray HHG light source, XAS of multiple elements and
transitions in molecules is demonstrated simultaneously, with 0.25 eV spectral
resolution, and with the ability to resolve near edge fine structure with high

fidelity.
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Figure 2.7: Schematic diagram of the experimental setup.

2.4.1 Single-stage 10-mdJ femtosecond amplifier

I first discuss the 10-md, single-stage, 1-kHz regenerative Ti:sapphire
amplifier system (KMLabs Wyvern HE™) and high-efficiency OPA that generates
high quality 1.3-um driving pulses for soft X-ray HHG. The maximum output pulse
energy obtainable from an ultrafast Ti:sapphire regenerative amplifier is primarily
limited by two factors: thermal lensing [109] and optical damage. At a specific
crystal temperature and pump power, the mode area can be increased to decrease
the amplified pulse peak intensity, thus reducing optical damage. The thermal lens
1s also reduced by increasing the mode area, since the focal length of the thermal
lens is proportional to the mode area [110]. However, at room temperature, the focal
length of the thermal lens is not tolerable (=10 cm, at 300 K, at a pump power of 50
W at 532 nm, and mode radius of 500 um). In order to achieve a thermal lens focal

length of tens of meters (=25 m, at 77 K, at a pump power of 50 W at 532 nm, and
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mode radius of 500 um), which is require by the elongated cavity length, the crystal
must be cryogenic cooled.

Therefore, to limit optical damage while not introducing a detectable thermal
lens, three design ideas were combined. First, optical damage was limited by
increasing the cavity length (mode area) and also ensuring that the seed pulse was
stretched to 150 ps using high groove density gratings (1800 lines/mm). As a result,
the amplified pulse fluence of 1.0 J/cm? at 150 ps is below the damage threshold of
commercial broadband optics (typically =1.5 J/em? at 150 ps). Second, by employing
closed-cycle cryogenic cooling of the Ti:sapphire crystal, the temperature of the
Ti:sapphire crystal can be maintained below 70 K, even when pumped with 50 W of
532-nm light. This dramatically (i.e. by >>100x) reduces the thermal lens present in
the laser crystal [111], and ensures the thermal lens not detectable even using a
longer cavity. The maximum output (compressed) pulse energy is 10.6 mJ when
pumped with 50 mdJ of 527-nm light from a Nd:YLF pump laser. Since the efficiency
of the diffraction grating based compressor is 70%, this represents an optical-to-
optical efficiency of the regenerative amplifier of ~30% before compression. To our
knowledge, this represents at least a 25% improvement in the pulse energy
obtainable from a single-stage 1-kHz Ti:sapphire amplifier [112]. This increased
pulse energy is critical since the OPA and HHG processes are non-linear: therefore
the conversion efficiency into the mid-IR and then to soft X-rays increases
dramatically with increasing energy of the Ti:sapphire driving pulse.

The OPA and HHG processes are also extremely sensitive to the beam mode
and the pulse duration. The 10-mdJ single-stage regenerative Ti:sapphire amplifier
has a nearly perfect Gaussian mode output as shown in Fig. 2.8, with M square
values for both x-axis and y-axis of ~1.1, which means almost all the pulse energy is
in the lowest-order Gaussian mode. This feature ensures good conversion efficiency

and output mode for the OPA, which in turn ensures high HHG efficiency (since a
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good OPA mode efficiently couples into a waveguide and facilitates good phase
matching). The pulse duration after the compressor is < 45 fs, and is primarily
limited by the bandwidth of the thin film polarizer (TFP) inside the amplifier cavity.
Unlike a conventional regenerative cavity, the dispersion introduced by the
material in the regenerative cavity is not the limiting factor for the pulse duration
because only 12 passes through the Ti:sapphire crystal are needed to reach the full
output power (15 md before compression), which is approximately the same number
of passes used in a typical multipass Ti:sapphire amplifier, but with much higher
efficiency. In contrast, a typical regenerative amplifier requires 20-40 passes. In the
future, a shorter pulse can be achieved when broader bandwidth, higher-damage-

threshold TFPs become available.
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Figure 2.8: (a) Output beam profile of the single-stage Ti:sapphire regenerative
amplifier (KMLabs Wyvern HE™) when it is focused by a 1-m focal length lens. (b)
M square of the amplifier output was measured to be ~1.1 for both x-axis and y-

axis. Data taken at 10 mdJ, 1 kHz.
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2.4.2 Home-built three-stage optical parametric amplifier

To obtain high-quality 1.3-um pulses to drive soft X-ray HHG, we use a
homebuilt three-stage OPA that achieves greater than 40% conversion of the 0.79-
um light into 1.3-um (signal) and 2-um (idler) beams as shown in Fig. 2.9. Type II
BBO crystals are used as the nonlinear crystals in the OPA to amplify the seed from
the white light generation process for the reasons that type II phase matching
enables a much longer phase matching distance for higher conversion efficiency,
and type II phase matching allows a much broader tunability of the output
wavelength. Crystal thicknesses of 2.5 mm, 2.0 mm and 1.5 mm were used in the
first, second, and third OPA stage respectively. The high energy OPA design is the
standard one used by many groups worldwide, similar for example to the HE-
TOPAS from Light Conversion. Due to the excellent beam quality of the high-
energy regenerative amplifier, very high conversion efficiency of 43% is possible in

the OPA.



39

TLM1

TLM1

Protected Gold Mirr, 12 10 17 20 19 18
1A}
TLM1 v
14 15

1. Beamsplitter, R: 90%, T: 10% 2.f=200 mm, AR@ 800 nm 3.f=-125mm, AR@ 800 nm 4. Beamsplitter, R: 80%, T:20% 5.800 nm half waveplate

6.f =100 mm, AR@ 800 nm  7.YAG crystal 8.ZnSe crystal to chirp the whitelight 9.f=50 mm, AR @ 800 nm 10. Dichroism mirrors HR @ 720-840 nm,

AR @ 1.1-2.6 um, 0 degrees angle of incidence 11. BBO crystal: 5 x 5 x 2.5 mm, type2, theta = 28 deg, phi = 0 deg P/P @ 800--2080 nm 12.f =300 mm IR coating
13.BBO crystal: 8 x 8 x 2 mm, type2, theta = 28 deg, phi = 0 deg P/P @ 800--2080 nm  14.f=2m 15.f=500 mm, convex 16.f=-25 mm IR coating
17.f=75 mm IR coating 18. HR @ 720-840 nm, AR @ 1.1-2.6 um, 45 degree angle of incidence 19. BBOcrystal 12x 12 x 1.5 mm type 2,
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TLM1 and UF25 are dielectric mirrors high reflection at 800 nm

Figure 2.9: Schematic diagram of the high-energy three-stage OPA.

For these measurements, the total pulse energy used to drive the OPA was
8.5 md. In the first stage, 1% of the pulse energy is used for white light generation
and the first stage pump. The second stage uses 9% of the pulse energy as the pre-
amplification pump, while 90% of the pulse energy is used to pump the third stage.
The output OPA signal pulse energy is 2.25 md, with a spectral full-width of greater
than 200 nm centered at 1.3 um. The pulse energy of the idler beam is 1.4 md,
giving a total conversion efficiency from the pump to the signal plus idler of
approximately 43%. The good coupling efficiency of the OPA mode into the
waveguide and the resultant recorded soft x-ray flux (as discussed in the following
section) demonstrates that the OPA mode is of high quality, and indeed was the
motivation for the new regenerative amplifier design. Additionally, the broad

spectrum of the 1.3-um light originates from white light generation, and supports
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an ultrashort pulse duration of 30 fs (characterized by a second harmonic FROG
measurement as shown in Fig. 2.10). As expected in parametric down conversion of
multi-cycle ultrafast pulses, this signal pulse duration is considerably shorter than

the 45-fs 0.79-um pump pulse.
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Figure 2.10: Pulse duration of the 1.3-um beam from OPA was measured to be 29.6
fs by SHG FROG, which is shorter than the pulse duration of the pump beam
because OPA is a non-linear process, and the signal beam is generated at the most

intense part of the pump beam.

2.4.3 High flux soft X-ray high harmonics
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Bright soft X-ray high harmonics are generated by focusing the 2.25-mdJ 1.3-
um OPA signal beam into a gas-filled hollow-core waveguide (1-cm length and 150-
um inner diameter) using a 25-cm focal length lens. The coupling efficiency is more
than 50% even with high gas pressure in the waveguide, so that the driving pulse
peak intensity inside of the waveguide can reach 5 x 10* W/cm2, with the energy
well coupled into the EH11 mode. The waveguide geometry is essential for achieving
fully phase-matched high flux soft X-ray harmonics for two reasons. First, use of a
guided mode ensures nearly plane-wave propagation of the mid-IR driving beam, to
maintain a flat uniform phase and high peak intensity over a long interaction
distance. And second, the waveguide confines the gas, allowing high gas pressures
(>1 atm) to be used, which is critical for achieving absorption-limited phase-
matched HHG flux for longer-wavelength driving beams. This high-pressure gas
medium, together with an abrupt transition to vacuum out of the interaction region,
become increasingly important as the HHG driving laser wavelength is increased,
because the phase matching pressure (multiple atmospheres) is higher than for 0.79
um driven HHG. Moreover, since the single-atom HHG yield drops, more emitters
are needed to obtain high flux harmonics.

To generate bright soft X-rays, the waveguide is filled with Ar or Ne. Since
each noble gas has a different refractive index and ionization potential, each gas
optimizes at different phase matching pressures and laser intensities, and also
extends efficient HHG to some maximum phase-matched photon energy cutoff. By
controlling the gas pressure inside the waveguide and the 1.3-um pulse energy
before the waveguide, we can optimize the HHG flux at the phase matching
pressure as shown in Fig. 2.11. For a 1-cm long, 150-um inner diameter waveguide
and 1.3-um driving lasers, the optimized pulse energies, phase matching pressures
and phase matching cutoff photon energies are 0.95 md, 700 Torr and 110 eV for Ar,
and 1.6 md, 1300 Torr, and 200 eV for Ne. By accounting for the absorption of the
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metal filters, the efficiencies of the spectrometer (Hettrick Scientific), and the
quantum efficiency of the CCD camera (Andor, Inc.), the photon flux of the
harmonics is estimated to be more than 106 photons/pulse in 1% bandwidth up to
200 eV (Fig. 2.11), corresponding to 10° photons/s in 1% bandwidth at kHz
repetition rates. This photon flux represents an approximately three orders-of-
magnitude increase compared with past work (which used lower repetition rates or
non-phase matching geometry) [27, 30]. Additionally, a long-term stability test
demonstrates that the HHG flux is stable over many hours, limited primarily by

beam pointing drift (when no beam-pointing stabilization is used).

Wyvern HE pumping OPA pumping a high pressure fully phase-matched HHG
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Figure 2.11: Flux of the experimentally-optimized fully-phase-matched HHG
emission from a 1-cm long, 150-um inner diameter waveguide driven by laser beam
with wavelengths of 1.3 um and 0.8 um in various noble gases (Ar, Ne, and He). The
vertical arrows indicate the maximum predicted phase-matched HHG cutoff for
each gas and laser wavelength. The HHG flux obtained using a driving laser with a

wavelength of 1.3 um is comparable to that achieved using 0.8 um.
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Since numerous experiments have been implemented utilizing 0.8-um-driven
EUV harmonics, we compared the optimized fully-phase-matched HHG flux driven
by 0.8-um light with the HHG flux driven by 1.3-um light. We used the same
waveguide for comparison, since the geometry and quality of the waveguide might
affect the harmonic yield. The pulse energy used for the 0.8-uym-driven HHG from
Ar, Ne, and He is 0.40 md, 1.5 mdJ and 2.2 md, respectively. We find that at 100-eV
photon energy, the 1.3-um-driven HHG flux is within a factor of two of the 0.8-um-
driven HHG flux, while above 150 eV, the 1.3-um HHG flux becomes much more
efficient. This suggests that many applications based on EUV harmonics can now be
extended to the soft X-ray region. Although our laser/OPA system did not provide
sufficient pulse energy to generate fully optimized phase-matched HHG flux from
He, we were in-fact able to generate coherent light up to ~300 eV from He (as shown
in Fig. 3.5(a)). However, the HHG flux obtained was significantly lower (by ~100x)
than the data of Fig. 2.11, which still represents a record HHG flux of 107 photons/s
mn 1% bandwidth at 300 eV, at kHz repetition rates. We predict that a further
modest increase in pulse energy (by < 2x) will allow us to generate flux comparable

to that of Fig. 2.11 up to the water window using He as the nonlinear medium.

2.5 Summary

In summary, in this chapter I first introduced the background of HHG. Then
the single-atom and macroscopic physics of HHG were discussed. Finally, I
demonstrated a unique single-stage, 10-mdJ, 1-kHz, Ti-Sapphire regenerative
amplifier design capable of generating high-flux coherent soft X-rays using a two-

step frequency upconversion process. Simplifying the driving laser into a single-
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stage laser greatly enhanced the stability and mode quality of the pump, which
facilitates its application for an OPA-driven HHG setup. The 1.3-um light generated
from OPA is coupled into a high-pressure gas-filled waveguide to generate the soft
X-ray HHG beams. By properly controlling the gas pressure and pulse intensity to
fully phase match the HHG process, we achieve a photon flux of more than 109
photons/s/1% bandwidth up to 200 eV at kHz repetition rates, which is enhanced
by > 103 compared with past work. The high-flux, broadband HHG spectra provide a
unique opportunity to measure soft X-ray absorption spectra from multiple orbitals
of an element or multiple elements simultaneously. Additionally, the kHz repetition
rate ensures high quality absorption spectra in a short data acquisition time, which
1s important for time-resolved experiments. In the next chapter, I will discuss XAS
using this soft X-ray HHG light source.

Finally I would like to mention recent advances in this field. Phase-matched
carrier-envelop-phase (CEP) controlled Soft X-ray supercontinua, with pulse
energies up to 2.9+0.1 pd and a flux of (7.3+0.1)107 photons per second, across the
entire water window (with coverage from 200 eV across the entire water window up
to the oxygen K-shell edge at 543 eV), was demonstrated last year by using 400-pud,
1.9-cycle (12-fs) CEP stable pulses at 1.85-um wavelength at a repetition rate of 1
kHz [113]. This light source supports 13-as transform-limited attosecond pulses.
And with this light source, NEXAFS at the carbon K-edge of a polyimide film was
measured and the fine-structure peaks of the carbon binding orbitals were

1dentified [114].
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Chapter 3

X-ray absorption fine structure using soft X-ray high

harmonics

In this chapter, I will talk about XAS using soft X-ray LPHHG. I will first
discuss the background of this technique. Then I will show the experimental setup
and static NEXAFS results in gas, solid, and liquid phase. And the measurement of
transient EUV absorption spectroscopy of Xe will be presented. Finally I will

summarize the content of the chapter.

3.1 Introduction

XAS is a widely used technique for determining the local geometric and/or
electronic structure of matter. XAS measures the absorption of X-rays as a function
of the incident X-ray photon energy [57]. And XAS data is obtained by measuring
the transmission of the sample when X-ray beam with photon energy in a range
where core electrons of the sample can be excited incidents on the sample. As shown
in Fig. 3.1(a), if X-rays of intensity I, are incident on a sample, the extent of
absorption depends on the X-ray photon energy E and the sample thickness t.

According to Beer’s Law, the transmitted intensity I, is:
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I,(t) = I,e #E)X (3.1)

Here pW(E) is the energy-dependent X-ray absorption coefficient, as shown in Fig
3.1(b) is a typical spectrum of w(E). The samples can be in gas-phase, solution, or
solids. XAS experiments were usually performed using synchrotron radiation
sources [116] and free electron laser sources [117-120], which provide intense and
tunable X-ray beams. Thanks to the rapid development of HHG light source [7, 27,
28, 30, 108, 113-115], more and more experiments are performed using HHG [114,
115].

a b
sample
j;/ o)
I, I =
t
\

E
Figure 3.1: (a) Schematic of incident and transmitted X-ray beam for XAS. (b)
Typical spectrum of XAS, absorption coefficient p(E) versus photon energy E around

an absorption edge. This figure is captured from [121].

A typical XAS spectrum shows three general features [57, 122]: 1. An overall
decrease in X-ray absorption with increasing photon energy (Fig. 3.2(b)). This

feature is a well-known phenomenon of X-ray absorption by atoms, X-rays with
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higher photon energy has a higher transmission through materials [123]. 2. The
presence of saw-tooth-like features with a sharp rise at discrete energies, called
absorption edges (Fig. 3.2(b)). The energy positions of these features are unique to a
given absorbing atom. They occur near the ionization energy of inner shell electrons
and contain spectral features due to core-to-unoccupied valence orbital transitions
and core-to-continuum transitions. The "name" of the edge depends upon which core
electron is excited: the principal quantum numbers n = 1, 2, and 3, correspond to
the K-, L-, and M-edges, respectively. For instance, excitation of a 1s electron occurs
at the K-edge, while excitation of a 2s or 2p electron occurs at an L-edge (2s at L,
2pyo at Lo, and 2ps; at Lg) (Fig. 3.2(a)) [124]. 3. X-ray absorption fine structures
that can be divided into two parts as shown in Fig. 3.3(a). NEXAFS, also know as X-
ray absorption near edge structure (XANES), is the low-energy part just below, at,
and just above the edge. It is usually around the absorption edge up to 20-50 eV
above the edge. This region includes bound-bound and bound-continuum (e.g. shape
resonance) transitions, as well as multiple-scattering processes. The other part at
energies significantly (tens to hundreds of electronvolts) above the edge is called
extended X-ray absorption fine structure (EXAFS), which shows an oscillatory
structure. In this region the scattering of the ejected photoelectron of neighboring
atoms can be approximated by single-scattering events. Feature 3 carries lots of
information about molecular and electronic structures that we are interested in, if a
pump-probe experiment is implemented, a movie of molecular or electronic

dynamics could be recorded by following the dynamics of the fine structures.
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Figure 3.2: (a) Transitions resulting from the absorption of X-rays. The transitions
are accompanied by the production of a photoelectron. This figure is captured from
[67]. (b) Low-resolution X-ray absorption spectrum for Pb. Three major transitions
are seen (K, L, and M edges), corresponding to excitation of an electron from n = 1,
2, and 3 shells, respectively. At higher resolution (inset) both the L and the M edges

are split. This figure is captured from [125].

In the EXAFS regime, because of the high photoelectron kinetic energies, the
only significant contributions to the final state wavefunction in the vicinity of the
absorbing atom comes from paths in which the electron is scattered only once as
shown in Fig. 3.3(b). The oscillatory structure is present due to the interference
between the outgoing photoelectron wave and the wave single-scattered back at
neighboring atoms. EXAFS contains information about coordination number,
Interatomic distances, as well as structural and thermal disorder around a

particular atomic species. The fact that multiple-scattering events can be neglected



49

allows the analysis of EXAFS data by a simple Fourier transformation, providing a

powerful tool for structural analysis [122].

Different than EXAFS, which is mainly a structural technique, NEXAFS is
very close to the absorption edge and is characterized by transitions of the
photoelectron to unoccupied bound states. NEXAFS is therefore sensitive to the
chemical bonding. What’s more, NEXAFS contains transitions of the photoelectron
to the continuum and such transitions lead to strong multiple scattering of the
excited photoelectron as shown in Fig. 3.3(b). This is very different than EXAFS,
which is dominated by single-scattering events. These multiple-scattering effects
depend on the three-dimensional geometrical arrangements of the atoms in a local
cluster around the X-ray absorbing atom. So NEXAFS contains information about
both the electronic and molecular structure. Theoretical calculations of the fine
structure in this region are complex and the accuracy of such simulations is still
limited although significant progress has been made over recent years [126, 127].
Therefore, analysis typically compares the measured spectra to those of known
standards and quantifies the ratios by which these standards are present in the

sample using linear combination fitting [121].
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Figure 3.3: (a) K edge X-ray absorption spectra of iron in KiFell(CN)s and
KsFelll(CN)g bulk samples. The relative absorption with respect to the high-energy
background is plotted. (b) Pattern of an outgoing and backscattered photoelectron
wave 1n the case of EXAFS (single-scattering events) and NEXAFS (multiple-

scattering events). This figure is captured from [57].

In our experment, we focus on measuring NEXAFS of gas, solid, and liquid
samples by using the soft X-ray LPHHG. In the next sections of this chapter, I will
present the experimental setup, sample geometries, and results. I will also present
the measurement of EUV transient absorption dynamic of Xe. Finally, I would like
to introduce the definition of the absorbance A(E), which will be frequently used in

the later sections of this chapter:

A(E) = —log1o(1.(E)/1,(E)) (3.2)

Where [,(E) is the X-ray intensity before or without the sample, I;(E) is the X-ray

intensity transmitted through the sample.

3.2 Experimental setup

As shown in Fig. 3.4, the system starts from the single-stage Ti:sapphire
amplifier running at a 8.5-mdJ pulse energy, a 790-nm central wavelength, a 45-fs
pulse duration, and a 1-kHz repetition rate with an excellent mode, which ensures
the good conversion efficiency and output mode of the OPA, and thus the good
coupling efficiency of the OPA output into the fiber and bright soft X-ray HHG

emission. In pump-probe geometry, 15% of the output power of the amplifier
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transmits through a beamsplitter and is used as a pump beam. The other 85% of
the output power is reflected into the three-stage OPA, with 43% conversion
efficiency, generating a 1.88-mdJ, 30-fs signal beam at 1.3 um and a 1.22-mdJ, 35-fs
idler beam at 2 um. The signal beam is then focused by a 25-cm focal length lens,
into a 1l-cm long, 150-um inner diameter, hollow-core waveguide. The beam
propagates from atmosphere to vacuum after passing through a 250-um thickness
CaF: window with Brewster angle. Nobel gases are filled into the waveguide
through two gas inlets drilled by COz laser and are efficiently pumped out from the
entrance and exit of the fiber by differential roughing pumps. This geometry allows
high gas pressure (1000 Torr) in the fiber between the two gas inlets, a sharp
pressure drop after the gas inlets to tens of miliTorrs in the following connected
tubes, and down to 104 Torr after the differential pumping block. This pressure
distribution ensures good coupling efficiency around the entrance of the fiber and

less reabsorption around the exit of the fiber.

Wyvern HE
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Figure 3.4: Schematic of the experimental system.
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An iris is put before the lens to optimize phase matching and harmonic flux
by controlling the input driving laser power. A plunger is mounted after the fiber,
which provides easy transition between two phases in vacuum by pushing down or
pulling up the handle. At one phase nothing is in the beam, allowing the free
propagation of the beam. At the other phase a 45-degree mirror is inserted in the
beam, directing the beam away from the setup to another direction for fiber-
coupling mode and efficiency check purpose. A third phase can be added in the
plunger where an iris with a very small opening is inserted in the beam, blocking
most of the driving laser beam while letting HHG beam pass through, taking
advantage of the supermall divergence of the HHG beam, to avoid burning of the
filters and samples when a too-high driving laser intensity is used to drive HHG.

After the plunger, a high vacuum valve is used to separate the soft X-ray
generation system from the sample chamber, and another high vacuum valve is
used between the sample chamber and the soft X-ray characterization system,
which includes the Hettrick Scientific X-ray spectrometer, thin film filters, and the
EUV-X-ray camera. Therefore, the soft X-ray generation system, the sample
chamber, and the detection system are well separated, and we can work on each
part of the X-ray beamline without venting the whole system.

In the sample chamber, the driving laser beam is blocked by a thin-film filter
(0.2-um Al or 0.2-um Ag depends on the photon energy we generated and which part
of the HHG spectrum we are interested in). Most of the HHG beam goes through
the filter and is refocused by a nickel coated toroidal mirror down to 100 um in
diameter at a grazing incident angle of 4 degree. The efficiency of the toroidal
mirror 1s around 30%. Then a mirror with hole is used to combine the pump and

probe beams by letting the probe beam (HHG) pass though the hole, while the pump
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beam is reflected by the mirror. So the pump and probe beams nearly collinearly
propagate through the sample. The sample is mounted on a three-dimensional
motorized translation stage and a rotational stage for best coupling of the HHG
beam though the sample. Then the pump beam is block by another thin-film filter
and the HHG beam propagates to the detection system. After the sample chamber,
the EUV-X-ray spectrometer, which is consisted of a pair of Kirkpatrick-Baez (KB)
mirrors and a set of EUV-X-ray gratings, focuses and spectrally disperses the X-ray
beam on the EUV-X-ray CCD.

For the pump beam, we can use either the 15% output of the amplifier or the
residual 800-nm light (3 to 4 mdJ ) after the OPA. And by using nonlinear crystals,
wavelengths of 200 nm, 267 nm, 400 nm, 500 nm, 1 pm, and 2 pum have all been
achieved for the pump light. The pump beam goes through a delay line, which
allows the timing match between the pump and probe beams. An iris is used to
control the pump power. A shutter, which is synchronized with the CCD camera, is
inserted to the pump beam to enable one shot pump-on and one shot pump-off
measurement, which allows the subtraction of the pump-off measurement from the

pump-on measurement in order to improve the signal to noise ratio.

3.3 Soft X-ray absorption spectroscopy

We measured the NEXAFS of samples in gas, solid, and liquid phase using
the soft X-ray HHG beamline as shown in Fig. 3.4. In this section, I will discuss the

sample geometries and the results.

3.3.1 Gas phase
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A gas cell with a 2-mm path length and a 150-to-200-um-diameter aperture,
as shown in Fig. 3.5, is used for the gas phase experiment. The gas is supplied from
a channel on the side by a 1/8-inch diameter hose. The gas density inside the gas
cell is controlled by tuning the gas pressure in the hose. Typically, the pressure
inside the gas cell is from 20 to 50 Torr to introduce enough absorption while still
keep a good X-ray signal. The sample chamber is pumped by a 300 liters/s turbo
pump, therefore, although the sample gas is leaking from the gas cell through the
entrance and exit holes for the X-ray beam, the background gas pressure inside the
sample chamber is being kept around 10 mTorr. Considering the sample chamber
length is 40 cm, the absorption from background gas in the sample chamber to the
total absorption signal is less than 10%. This number can be greatly improved by
increasing the pumping capacity. If the background pressure is reduced to less than
1 mTorr, the absorption from the background gas in the chamber to the total
absorption signal will be reduced to less than 1%, which could be neglected. For
static XAS measurements, the absorption of background gas is not a problem, but

for the dynamic XAS experiments, it will limit the signal to noise ratio.

Figure 3.5: Picture of the gas cell.
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By passing the harmonics through the sample cell flowing with gas, the
absorption signal from the sample can be observed from the transmitted HHG
spectrum (Fig. 3.6(b)). For SFs¢ gas, using harmonics generated from Ne, we
simultaneously observe three Sulfur 2p inner well resonance absorption peaks [128]
6aig, 2tag, 4eg, as well as the 2ty; and 4e,; shape resonances. When the SFg gas
transmission is measured using HHG from He, one additional Sulfur 2s Fano-type
resonance absorption peak [129] 2s1 6t1y appears in the spectrum. The absorption
peak 6ai1g, which is not obvious in the spectrum of the harmonics from Ne, is much
sharper in the He HHG spectrum. Note that in the He data, an absorption at a
photon energy of 285eV originates from the carbon K-edge, due to carbon
contamination on the spectrometer optics. Thus, we can measure the absorption
spectrum of multiple elements simultaneously.

Figure 3.6(b) also shows the 4d giant resonance absorption in Xe [130] at
high spectral resolution using harmonics from Ar gas, which clearly resolves
absorption from different spin states. This demonstrates element specificity and
sensitivity to electronic structure over a very broad ~250 eV spectral range in a
tabletop setup. High quality absorption spectra can be obtained by taking the
logarithm of the ratio between the transmitted harmonic spectrum without and
with the sample gas, for the same exposure time. Figure 3.6(c) shows the SFs Sulfur
L-edge 2p orbital NEXAFS structure. Different transitions and spin states are
clearly resolved and assigned using synchrotron data [128], and the 1.2 eV energy
splitting due to the Sulfur 2p orbital spin states splitting in the absorption peaks
6ai; and 2t2; agrees well with synchrotron data as shown in Fig. 3.6(d, e). Although
the energy resolution is currently 0.25 eV, limited by 160 g/mm groove density of
the grating used in the setup, further increases in spectral resolution will be

possible using a higher groove-density grating.
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6 205 multielectron excitation?
7 209 multielectron excitation?

Figure 3.6: (a) Normalized HHG spectra from Ar, Ne and He with driving laser
wavelength at 1.3 um. (b) Normalized raw data for 1.3 pm driven HHG from Ar
(blue), Ne (green), and He (red) after transmission through a 2-mm long sample cell
of Xe (HHG from Ar), and SF¢ (HHG from Ne and He). Note that the apparent gap
between 70 eV and 100 eV is because of Al filters used to block the driving laser
light—full tuning across this range can be achieved by switching to other filters. (c)
NEXAFS spectrum of SF¢ Sulfur L-edge 2p orbital. The high quality NEXAFS

spectra were obtained in a 300-s exposure time. However, changes in the absorption
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signal can be monitored in real time, with exposures as short as 0.1 s. The
modulations between the resonance absorption peaks 6aig, 2t2s, and 4e; arise from
individual harmonic peaks that are separated by 1.9 eV. These modulations can be
reduced by increasing the driving pulse energy into the hollow waveguide,
implementing beam pointing stabilization, and reducing the integration time. (d)
Synchrotron data for SFs NEXAFS, which is captured from [128]. (e) Assignments of

SFs sulfur 2p inner-well resonances, which is captured from [128].

We also measured the NEXAFS of gas CS2 using the soft X-ray HHG source
as shown in Fig. 3.7(a). We see NEXAF'S of both SFs and CSz match excellently with
measurements done by synchrotron (Fig 3.7(b)), demonstrating the brightness and
stability of this soft X-ray HHG light source, as well as its ability in resolving

absorption fine structures.
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Figure 3.7: (a) NEXAFS of CS2 and SFs using Soft X-ray HHG from Ne driven by a
1.3-um wavelength laser. (b) Synchrotron data for NEXAFS of CS2, HoS, SOs, (SO4)-

2 and SFs, which is captured from [131].

3.3.2 Transient absorption spectroscopy of Xe

The static XAS measurements demonstrate that the soft X-ray HHG light
source we developed can be successfully used in spectroscopy applications. So the
next step is to use this light source to probe molecular dynamics. We studied the
ionization process of Xe gas using HHG from Ar. The residual 800-nm light of the
OPA is focused by a lens with a 25-cm focal length into the gas cell to photon-ionize
the Xe gas. The gas pressure of Xe inside of the gas cell is 30 Torr. The ionized gas
induces additional absorption peaks. By recording HHG spectrum at different time
steps relative to the pump beam, we can follow the photo-ionization dynamics of Xe
by analyzing the absorption change of the HHG spectrum.

The neutral Xe 4d absorption peaks as shown in Fig. 3.8(a) match well with
the data from synchrotron [130]. When the probe beam comes after the pump pulse,
four introduced absorption peaks appear in the spectrum as shown in Fig. 3.8(b).
The four absorption peaks are located at photon energies of 55.4 eV, 56.1 eV, 57.1
eV, and 57.6 eV. According to previous studies of the 4d gaint resonance of Xe ion
[132], peak 1 and peak 2 correspond to the resonance of Xe* (4d°5p5 2P — 4d9%5p¢
2D), and the transitions are 2Ps2 — 2Ds52 and 2P12 — 2Dse, respectively. Peak 3
and peak 4 correspond to the resonance of Xe2* (4d05p4 — 4d%5p5), which include
four transitions theoretically. Additionally, the intensity ratios between peak 1 and
peak 2, peaks 3 and peak 4 are close to the published oscillator strength ratios.

Thus, the ability to resolve a set of congested absorption peaks demonstrates the
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fine frequency resolution of transient spectra using HHG light source. Furthermore,
even without further compression, the HHG beam can be used to probe ultrafast
dynamics on the order of tens of femtosecond. We recorded the transmitted HHG
spectrum around the time zero of the pump and probe beams with a 10-fs step size
to follow the ionization dynamics, as shown in Fig. 3.8(c) is the absorption dynamics
obtained by subtracting the pump-off spectrum from the pump-on spectrum. The
four absorption peaks build up within 75 fs after the time zero, indicating photo-

lonization happens on the time scale of tens of femtoseocnd.
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Figure 3.8: (a) 4d absorption spectrum of Neutral Xe. (b) 4d absorption spectrum of

Xet and Xe?*. (c) Transient absorption dynamics of Xe* and Xe2*.

3.3.3 Solid phase
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After investigating the gas samples, the solid sample P3HT, Poly (3-
hexylthiophene-2, 5-diyl), is measured because of its popularity for use in organic
photovoltaics research and devices, and its potential of being used extensively as a
semiconducting layer in organic thin film field effect transistor and solar cells. The
sample is prepared by high-speed spin coating of P3HT solution on a thin (30-nm)
silicon nitride membrane window. The 30-nm thick silicon nitride window absorbs
35% - 50% of the soft X-ray beam at photon energies from 100 eV to 200 eV. And the
thickness of the sample is typically around tens to hundreds of nanometer
depending on the solution density. The silicon nitride window is a 500-um by 500-
um square, which is located at the center of a 7.5-mm by 7.5-mm square silicon
substrate. Since the X-ray beam is focused down to 100 pym to 150 pm in diameter,
the X-ray beam can go through the solid sample and window without any clipping.
The motorized three-dimensional translation stage allows a good couple of the X-ray
beam through the sample.

XAS of P3HT is measured using HHG from Ne driven by 1.3-um laser beam
as shown in Fig. 3.9(a), which is a HHG spectrum integrated over 10 min. Fig.
3.9(b) shows the HHG spectrum transmitted through the P3HT sample, taking
under the same conditions as Fig. 3.9(a). From these two spectra, the absorbance of
P3HT can be calculated, which resolves a pair of absorption peaks separated by 1.1
eV around 166 eV as shown in Fig. 3.9(d). In order to understand the transition of
the peaks, I searched literature, and only found the absorption spectrum of
thiophene (CsH4S) measured by Synchrotron (P3HT could be considered as the
polymer of thiophene as shown by their chemical structures shown in Fig. 3.9(c) and
(e)) [133]. In the absorption spectrum of thiophene, two absorption peaks X and Y
are shown in the photon energy range we are discussing. Peak X corresponds to the
transition of the S 2p electrons to closely spaced-unfilled molecular orbitals

associated with the S-C bond in thiophene. And since thiophene is deposited on Pt
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(111) substrate in the reference, peak Y is a substrate-enhanced atomic resonance
in the continuum due to excitations to d-like final states [133]. Therefore, the
absorption peaks shown in Fig. 3.9(d) are probably the transitions of the S 2p

electrons to unfilled molecular orbitals of the S-C bond.
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Figure 3.9: (a) HHG spectrum from Ne driven by laser field at a wavelength of 1.3
um without the sample. The spectrum is integrated over 10 min. (b) HHG spectrum
transmitted through the PS3HT sample. The spectrum is taken by integration over
10 min. (¢) Chemical structure of P3HT. (d) Absorbance of P3HT that resolves
NEXAFS. (e) Chemical structure of thiophen. (f) NEXAFS of thiophene (C4H4S) on
Pt (111). This figure is captured from [133].

3.3.4 Liquid phase
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Over 70% of the earth’s surface is covered by water [134]. On average, the
adult human body is constituted of 50-65% of water [135]. Being such a common
state of the environment, it is extremely important to understand water and
molecules in the liquid phase. Simple molecules such as CHsOH (methanol) and
H20 are well understood in the gas and solid phase, but their electronic and
geometric properties are still controversial in the liquid state [136]. XAS is a
powerful way to study these systems because of its element specificity and
sensitivity to electronic, molecular, and geometrical structures. Since XAS is
performed in vacuum because of the strong absorption of X-rays in atmosphere. One
of the biggest challenges in performing liquid phase XAS experiments is sample
preparation in vacuum. What’s more, in order to conduct real time XAS experiments
in liquid phase, we need to prepare refreshing liquid samples with a very short path
length (~1 um) under vacuum.

There are three ways to prepare such samples. 1. Liquid samples in vacuum
can be prepared by using a liquid jet. In 2001, a liquid microjet technology was
incorporated into a synchrotron X-ray experiment, thereby opening many new
systems to study by this powerful technology [137]. The microjet is produced by
using a syringe pump (Teledyne-Isco) to pressurize the liquid behind a fused silica
capillary tip. Almost immediately (1 mm and 30 ps) after leaving the tip orifice, the
liquid (30 um in diameter) is intersected by the intense X-ray beam, wherein the
sample is close to room temperature (>15 °C) [138]. In 2015, a liquid flatjet system
was developed. The liquid flatjet is produced by two nozzles from which two
impinging single jets form a 1-mm wide and 5-mm long liquid water sheet with a
thickness of 1 - 2 um, and using this flatjet XAS measurements in transmission was
made on the nitrogen K-edge of aqueous NH4* [139]. 2. Another way is to dissolve

liquid samples in a liquid crystal film freely suspended within a metal frame. The
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liquid crystal film can be formed rapidly on-demand with thicknesses ranging from
nanometers to micrometers. The liquid crystal used is 8CB (4’-octyl-4-
cyanobiphenyl), which has a vapor pressure below 106 Torr, so films made at
atmospheric pressure maintain their initial thickness after pumping to high
vacuum [140].

In our experiment we use the third way, a liquid cell (from Insight
Nanofluidics), in which a liquid film with a thickness of tens of nanometer to
hundreds of nanometer is held between two 100-nm-thick (or 50-nm-thick) silicon
nitride membranes suspended on a silicon substrate [136]. A pair of holes allows the
liquid to flow in and out of the cell. The entire sample cell is housed in an o-ring
sealed metal enclosure and mounted in the vacuum chamber. And the liquid is
pumped in and out of the system by using a syringe pump from KD scientific (model
200 series).

The liquid cell has been used under atmosphere by research groups [141,
142], or when the sample chamber is filled with He gas because He gas is almost
transparent to X-rays with photon energies above 200 eV [143]. However, this liquid
cell does not work well in vacuum since there is a big pressure difference between
the two sides of the thin silicon nitride membranes and the membranes will deform,
causing a much larger and un-uniform sample thickness. We tested the liquid cell
by checking the absorption of CHzl2 between 40 to 60 eV. There is an absorption dip
right at 50 eV for CHzls. Based on website CXRO, the transmission of a 200-nm
thickness CH:lz 1s about 0.6 as shown in Fig. 3.10(b). But based on our
measurement as shown in Fig. 3.10(a), only 0.025% HHG light between 40 to 60eV
passed through the sample, which suggests a sample thickness of around 3 pm. The
deformation of the thin membranes causes a much larger sample thickness and only

a small amount of the EUV light transmitted through the much thicker sample,
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which can be clearly seen in Fig. 3.10(a) that HHG went through the liquid sample

is very dim and noisy.
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Figure 3.10: (a) HHG spectrum without going through CH:ls (red curve) and with
going through CHzls (blue curve). (b) Transmission of CHzls captured from CXRO.
(c) 2nd version liquid cell. (d) 3rd version liquid cell, four silicon-subtract pieces (with
thin silicon nitride membrane, and necessary other structures on each piece) stack
together to create three compartments, one for liquid and two for gas. (e) Out lid

piece of the 3rd version liquid cell. (f) Out back piece of the 34 version liquid cell.

In order to get the liquid cell working in vacuum, we modified the design of
the metal enclosure with JILA machine shop to create three compartments, one of

which allows the flowing of liquid, and the other two allow the flow of He gas by



66

adding two more thin silicon nitride membranes with 50-nm or 30-nm thickness to
balance the interior pressure inside the liquid compartment. The thickness of the
gas compartments is 12 mm in total (6 mm for each compartment). As shown in Fig.
3.10(c) 1s the modified metal enclosure, the top and bottom hoses allows the flowing
of liquid through the liquid compartment, the hose on the left (one more on the back
side) allows the flowing of gas through the two gas compartments. The black cap
allows the mounting of the thin silicon nitride membrane for gas compartments. We
need around 300 Torr of He gas to eliminate the deformation of the liquid cell by
imaging the cell using interferometry. It turns out HHG with photon energies below
100 eV will be fully absorbed by the four silicon nitride thin films and the He gas.
However, this version of liquid cell should work great for X-rays with photon
energies above 100 eV where He gas is more transparent.

In order to get the liquid cell work for liquid systems under 100 eV, we
modified the design again. As shown in Fig. 3.10(d), we add two more silicon nitride
membranes, stacking together with the other two membranes and enclosing all of
them together by the metal enclosure. The out lid and out back piece both have a
gas flowing channel, two holes as gas inlet and outlet as shown in Fig. 3.10(e) and
(f). The out back piece has another two more holes as liquid inlet and outlet. This
version of liquid cell has three compartments created by four very thin silicon
nitride windows sealed from the vacuum. Liquid sample flows through the central
compartment, while the other two compartments are flowed with noble gas at
atmosphere pressure, thus keeping the films of the central compartment from
deformation. The noble gas only has a very short path length (less than 1 mm),
resulting very few soft X-ray flux reductions. We employed the Colorado
Nanofabrication Lab (CNL) in the University of Colorado to develop the out lid and
out back pieces and successfully developed the liquid cell (please refer to appendix 1

for the cell fabrication process), and the machine shop in JILA developed the new
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metal enclosure that works for this version of liquid cell. The newly designed liquid

cell and cell holder are under testing.

3.4 Summary

In summary, in this chapter I first introduced XAS. Then the experimental
setup was presented. Finally, Static NEXAF'S in gas, solid, and liquid phase, as well

as XAS dynamics of Xe are discussed.
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Chapter 4

Bright circularly polarized soft X-ray high harmonics

for X-ray magnetic circular dichroism

In this chapter, I will present the development of the first soft X-ray CPHHG
and use it for XMCD measurement of Gd/Fe multilayer to prove its brightness,
stability, and circularity. Sing-atom and macroscopic physics of CPHHG will be
covered. The spectral and temporal properties of CPHHG, the polarization state of
CPHHG, and future directions to extend CPHHG to higher photon energies will be
discussed. Moreover, flux characterization of CPHHG shows that CPHHG has a

similar flux level with LPHHG.

4.1 Introduction

As discussed in earlier chapters, HHG results from an extreme nonlinear
quantum response of atoms to intense laser fields. When implemented in a phase-
matched geometry, bright, coherent HHG beams can extend to photon energies
beyond 1.6 keV [5, 7]. What’s more, HHG has been successfully used in many
applications. For many years however, polarization of bright HHG, which is a
fundamental property of light and light matter interaction, was limited to linear

polarization — precluding many applications in probing and characterizing magnetic
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materials and nanostructures, as well as chiral phenomena in general. Although X-
ray optics can in principle be used to convert EUV and X-ray light from linear to
circular polarization, in practice such optics are challenging to fabricate and have
poor throughput and limited bandwidth [38]. A more appealing option is the direct
generation of elliptically polarized [39-41] and CP [43, 44, 144] high harmonics.
However, these methods only generate CPHHG in the EUV region so far. CPHHG
driven by collinearly propagated two-color counter-rotating CP beams is the first
generation scheme that generates CPHHG in the soft X-ray region [33].

HHG driven by collinearly propagated two-color counter-rotating CP beams
was first proposed and experimentally demonstrated in 1995 [43]. However, the
process was not phase-matched and the polarization was not measured. Later on,
this scheme was studied theoretically from single-atom view [44-49]. In 2014, the
polarization of the high harmonics generated using this scheme was measured to be
circular [31]. In early 2015, bright phase-matched CPHHG was generated in the
EUV region at wavelengths A>18 nm by using a combination of 0.8 pm and its
second harmonic counter-rotating CP driving fields, and used for EUV magnetic
circular dichroism measurements [32].

In the first half of this chapter I will show the first experimental
demonstration of CPHHG in the soft X-ray region to wavelengths A<8 nm, and use
them to implement XMCD measurements using a tabletop-scale setup. By using
counter-rotating driving lasers at 0.79 um (1.57 eV) and 1.3 pm (0.95 eV), I generate
bright soft X-ray CPHHG beams with photon energies greater than 160 eV [33, 145]
and with photon flux comparable to the HHG flux obtained using LP 800-nm
driving lasers [115]. Moreover, we implement the first advanced simulations of the
coherent buildup of CPHHG to show how the macroscopic phase-matching physics
and ellipticity of the driving lasers influence the HHG spectra, number of

attosecond bursts, as well as the degree of circular polarization.
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This work presents several new capabilities and findings. First, CPHHG
provides a unique route for generating bright narrowband (MAA>400) harmonic
peaks in the soft X-ray region, to complement the soft X-ray supercontinua that are
produced with LP mid-IR lasers [7, 28, 115]. This capability is significant because it
provides an elegant and efficient route for shaping soft X-ray light by manipulating
the driving laser light, and is very useful for applications in high-resolution
coherent imaging and photoelectron spectroscopies. Second, I will show that the
macroscopic phase-matching physics of soft X-ray CPHHG driven by mid-IR lasers
has similarities to LPHHG, where the number of bright attosecond bursts is limited
by the finite phase matching temporal window. Third, I implement the first tabletop
XMCD measurements at the Nss absorption edges of Gd. The Gd/Fe multilayer
sample 1s a candidate material for next-generation all-optical magnetic storage
devices [146], but has been inaccessible to HHG XMCD until now. This capability
also opens up the possibility of probing spin dynamics in rare-earth elements using
HHG, which has been successfully employed for 3d-transition metals to uncover the
fastest spin dynamics using EUV HHG [147, 148]. Finally and most importantly,
these results demonstrate the universal nature of CPHHG that can be generated
across the EUV and soft X-ray spectral regions using a broad range of driving laser
wavelengths.

This generation scheme has intrigued broad interests and its temporal and
spectral properties are widely studied [50-56]. In the second half of this chapter, I
will present bright phase-matched CPHHG generated, for the first time, by using
beams with wavelength of 2 um and 0.79 um. The harmonic spectra exhibit pairs of
harmonics with opposite helicities and the harmonics are very close to evenly
spaced, which are determined by conservation laws. Besides, the spectra exhibit
helicity dependent intensity asymmetry, by analyzing the helicity dependent

intensity asymmetry of CPHHG driven by different wavelengths from different gas
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targets, I will show that the helicity dependent intensity asymmetry is mostly
caused by the helicity dependent single-atom physics [50, 51, 149], which exhibits
different behaviors for different gas targets. What’s more, this asymmetry can
reverse and very interestingly, CPHHG from Ar exhibits a single helicity at high-
photon-energy region of the spectrum, this provides a convenient way to generate
CPHHG with a single helicity and CP attosecond pulse trains. Simulations of the
main harmonics and the additional channels allowed by the imperfect circularity of
the driving beams show guidance for choosing the wavelength of the two beams
when using this scheme to generate CPHHG, and for generating CPHHG at higher
photon energies. Finally, I will show that the cutoff energy of CPHHG generally
falls between the cutoff energies (or phase-matching cutoff energies) of LPHHG of
the two beams, and is much closer to the phase-matching cutoff energy of LPHHG of
the beam with shorter wavelength. What’s more, the cutoff energy of CPHHG can
be greatly increased by increasing the ionization potential of the gas target and by

increasing the wavelength of the driving beam with shorter wavelength.

4.2  Circularly polarized high harmonics by 1.3 pm + 0.79 pm

In this experiment, I use a single-stage Ti:sapphire regenerative amplifier
with an output energy of 8.2 md per pulse, at a 1-kHz repetition rate, and a 0.79-pm
central wavelength [115]. Approximately 80% of the output energy is directed into a
three-stage OPA that generates a 1.6-mdJ/pulse signal beam at 1.3 um, as well as a
1-md/pulse idler beam at 2 um. The polarizations of the signal beam and the
remaining 20% of the 0.79-um beam are then converted to counter-rotating circular
polarization using half- and quarter-wave plates. A delay line is used for adjusting
the relative time delay between the two fields. Both beams are then combined by a

dichroic mirror and focused into a 150-um inner diameter, 1-cm long, gas-filled
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hollow-core waveguide. The pulse durations of the 0.79-um and 1.3-um beams are
~55 fs and ~35 fs, respectively. As illustrated schematically in Fig. 4.1, the counter-
rotating bi-chromatic drivers interact with a noble gas inside the fiber, generating
CPHHG that propagate through a spectrometer and are recorded by a CCD. After
the fiber, the two driving lasers are blocked using either 0.4 um Al or 0.4 pm Zr
filter, which transmit in the range of 20 eV to 72 eV and 70 eV to 190 eV [150],

respectively.

Magnetization direction
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Combined field

waveguide
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Figure 4.1: Experimental scheme of CPHHG. Bright soft X-ray CPHHG beams are
generated by focusing 0.79-um and 1.3-um counter-rotating CP laser fields into a
gas filled waveguide. They are then used for XMCD measurements at the N5
absorption edges of Gd, as well as the M2 3 absorption edge of Fe from an out-of-
plane magnetized Gd/Fe multilayer sample. Left inset: combined field of the two

drivers.
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For the first set of experiments, I filled the waveguide with Ar, Ne or He gas.
As shown in Fig. 4.2, all HHG spectra exhibit a well-separated HHG peak-pair
structure, where the harmonics within each pair possess opposite helicity. The HHG
spectra from Ar and Ne terminate slightly above 50 eV and 120 eV, respectively,
while for He, bright CPHHG extends dramatically beyond the previous limit of 70
eV [32] to >160 eV. Moreover, CPHHG driven by 0.79-um and 1.3-um lasers covers a
much broader spectrum compared with CPHHG driven by 0.8 um and its second
harmonic [32]. This is similar to the case for LPHHG, where long wavelength lasers
generate the broadest HHG spectrum and can support the shortest transform-
limited HHG pulse durations. Finally, the soft X-ray HHG spectra from Ne, and
especially He, appear to merge into an underlying supercontinuum, which as
discussed below, is a result of peak broadening caused by the narrow phase
matching temporal window (~8 fs) [75], combined with additional peaks induced by
slightly elliptical (~0.99) broadband driving lasers [31, 52, 53].

T T
AONAN AN AN NN

;3 St al L ONONONONONON | He 510 lTorr b
4] Ir
zy [Ar100Tor| | [ | Nemotom
= 1
2 ol LA | I ]
25 | A AR AR IV | W, " h

30 40 50 60 70 80 90 100 110 120
- Photon Energy (eV Photon Energy (eV)
= 5 T T Al T T I gy T T
—g 4l C AN ON ON ON ON 0N 0N ON He 970 Torr 0+ o, i
\;" 3 [e]e) 00 [e]e] (e]e] (e]e] [e)e) [e)e) [e)e) [e]e) [e)e) D { 13 l! ! ! ! ! l ! [ele) oo oo 00 [e]e] ();" [u]e] [e]e] [e)e]
% 00,
g2r .
51 - i
>'< 0 | 1 1 1 | |

100 110 1 140 150 160

130
Photon Energy (eV)
Figure 4.2: EUV and soft X-ray CPHHG. Experimental HHG spectra generated
from Ar (a), Ne (b), and He (a and c) driven by counter-rotating CP 0.79-um and 1.3-
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um laser fields. All spectra show a peak-pair structure, located at positions
predicted by energy and spin angular momentum conservation (circles). The

separation within each pair is 1 — w2, while different pairs are separated by w1 + wa.

We can describe the experimentally observed HHG spectra in terms of the
conservation of energy and photon spin angular momentum [5, 31, 44, 52, 53]. In
general, conservation of energy gives o. = no: + lwz, for the circular harmonic .
generated from n photons of frequency ®: and 1 photons of frequency wz2. Spin
angular momentum conservation for generating circular polarization requires 1 = n
+ 1. Thus o = no1 + (n + 1)we. This gives rise to pairs of adjacent harmonics with
opposite circular polarizations, and with a photon energy difference of w1 — w2
between the harmonics within each pair, and o: + w2 between adjacent pairs. If we
define w1 = qwz, where q can be any number, we obtain w. = n(q + 1)wz2 + w2. For the
simple case of HHG driven by o and 20, where w1 = 2wz, it follows that o, = (3n +
1)wz, thereby resulting in a unique spectrum where every third harmonic order is
missing. For the driving laser wavelengths studied here (0.79 pm and 1.3 pm), ®c =
(2.65n + 1)w2. As Fig. 4.2 shows, the experimentally generated HHG peak positions

well match those predicted by the selection rules.

4.2.1 Single-atom simulations

We performed microscopic and macroscopic simulations for CPHHG from He
in order to unveil the physics underlying this unique soft X-ray HHG source. For
the single-atom simulations, we identified the relevant quantum trajectories using
the SFA and quantum orbit theory [48] and applying the corresponding semi-

classical three step model [45-47]. For simplification, the microscopic simulations
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were done at a central wavelength of 0.78 um (different from but close to the
experimental value of 0.79 um for simplification, this small modification of the
driving wavelengths does not significantly change the physics except that the
orientation of the trajectories will change slightly) since for driving wavelengths of
1.3 pm and 0.78 um, the combined field (see Fig. 4.3(b)) repeats itself in an 8-fold
symmetry shape every 13 fs. The driving field intensities used are I, = 2.48%
10 W /cm? and I, = 2.24x10™ W /cm?.

Figure 4.3(a) shows the dominant electron trajectories for a photon energy of
100 eV. In general, the electron tunnels a few atomic units away from the nucleus
[151] and moves on a simple out-and-back trajectory, before recombining and
emitting a harmonic photon. Ionization, recollision and HHG occur 8 times each 13
fs, as shown in Fig. 4.3(b). As a result, the HHG emission emerges as a series of 8
LP attosecond bursts every 13 fs, with each burst rotated with respect to the
previous one, until the amplitude of the laser field drops below the threshold for
HHG. Note that the linear polarization results from the sum of counter-rotating CP
harmonics [49]. I would like to point out here that the complex 3D waveform of
CPHHG has been experimentally fully reconstructed by using the laser-assisted
photoelectric effect from surfaces. The results show in the temporal domain CPHHG

does exhibit a sequence of quasi-LP bursts with a rotating polarization [152]
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Figure 4.3: (a) Dominant electron trajectories for counter-rotating CP lasers that
result in the emission of a 100 eV photon. (b) Laser wavelengths of 1.3 um and 0.78
um generate an 8-fold symmetric field, where the ionization (circles) and

recombination (triangles) times for the trajectories in (a) are indicated.

Besides the dominant electron trajectories, the simulations reveal that there
are two more classes of more complicated electron trajectories contributing to the
HHG process, as evidenced by the three maxima corresponding to different travel
times in Fig. 4.4(a). The electrons can be ionized at different times near the peak of
the laser field, and thus they can travel in different trajectories, where each
trajectory corresponds to different ionization times and different initial conditions.
The largest contribution is from the trajectories that spend the shortest time in the
continuum (Fig. 4.4(b)) and travel in a mostly “out-and-back” journey. However,
these single-atom simulations show that trajectories with longer travel times make
a significant contribution as well. Fig. 4.4(c) shows both an out-and-back trajectory

and two additional trajectories that move in a more complicated 2D fashion. Fig.
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4.4(d) shows the electric field experienced by the electron that travels in each of the

three trajectories in Fig. 4.4(c), with their ionization and recombination times

denoted.
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Figure 4.4: (a) Top: HHG photon energy as a function of the electron travel time 1

(in units of the period T = 2m/wo, wo = 2mc/ho, where Lo is the smallest common

multiple of the driving laser wavelengths, i.e. Ao = 3.9 pm). The electron travel time

refers to the total time it takes from ionization to recombination of the electron.

Bottom: exp(ImS)/|t|32, which is proportional to the probability of the HHG

process, as a function of the electron travel time, where S is the action. (b)
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Dominant trajectories for photon energies 100 eV and 160 eV. (¢) Three example
trajectories corresponding to a photon energy of 100 eV in the three maximum value
regions at the bottom of (a), which have travel times of 0.1104 T (blue, dominant),
0.3294 T (green), and 0.6997 T (red). (d) Ionization (circles) and recombination
(triangles) time are denoted on the combined driving field corresponding to the

three trajectories in (c).

At the end of this section, I summarize some of the general principles of
CPHHG driven by counter-rotating CP, bi-chromatic laser fields with wavelengths
M and A2. We assume that the driving laser fields are perfectly CP with a flat
envelope. If A; and A2 have the smallest common multiple Ao, the combined electric
field will possess ni1 + ng fold symmetry, where ni = Ao/AM and n2 = Ao/A2. From the
perspective of cycle time, the cycle times of A1 and A2 are t1 = Ai/c and t2 = As/c. We
have niti = nata = Ao/c, thus the combined field has a periodicity of Ao/c. Following
the symmetry of the electric field, the field-driven electron trajectories will also
possess ni + ng fold symmetry. The generated waveform will then be an attosecond
pulse train, where each attosecond pulse is LP, but rotated with respect to the
previous pulse. The polarization will have ni + n2 unique orientations, and the pulse
train will possess n: + ng fold symmetry.

For example, for the previously studied o + 2m case [32], A1 = ho/2 and Az = Ao,
so the combined field possesses 3-fold symmetry, and the generated attosecond
pulse train consists of LP pulses orientated in 3 unique directions [49]. The
combined field for A1 = 0.78 um and A2 = 1.3 um has a smallest common multiple of
Mo = 3.9 um, thus n1 = 5 and n2 = 3, so the combined field possesses 8-fold symmetry
(Fig. 4.5(a)). However, for the case of A1 = 0.79 pm and A2 = 1.3 um (Figs. 4.5(b,c)), Ao
=130 X 790 nm = 79 X 1300 nm = 102700 nm, thus n1 = 130 and n2 = 79, so the
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combined field possesses 130 + 79 = 209 fold symmetry and won’t repeat until a
cycle time of equivalent to a wavelength of 102700 nm. Moreover, the attosecond
pulse train consists of LP bursts with 1 + A2/A bursts per longer wavelength driving
field cycle (on average), which is 3 bursts per o driving field cycle for the o + 2
case, and approximately 2.6 bursts per 1.3 um field cycle for the 0.79 pm + 1.3 pm

case that we study in this paper.
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Figure 4.5: Combined fields of two-color counter-rotating CP laser beams. (a) 0.78
um and 1.3 pm (b) 0.79 pm and 1.3 pm, over 10 cycles of the 1.3 pum field. (c) 0.79 um

and 1.3 um, over 20 cycles of the 1.3 pm field.

4.2.2 Phase matching of circularly polarized high harmonics

As discussed in chapter 3, phase matching is essential for generating bright
high harmonic beams that are useful for applications. In this section I will first talk
about phase matching of CPHHG, which turns out to be robust by comparing with
HHG by LP bi-chromatic fields. Then I will deduce the phase-matching equation of

CPHHG. Finally I will show the advanced 1D phase-matching propagation
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simulations of CPHHG, from which we find out that the phase matching window of
CPHHG driven by longer wavelength is shorter and only five bright bursts are
emitted, hence the harmonic linewidth becomes broader. What’s more imperfect
circularity of the driving beams introduces new generation channels that leads to
new small peaks surrounding the main harmonics, resulting an underlying
supercontinuum when combining with broadened each harmonic peak.

For HHG driven by LP bi-chromatic fields, phase matching is challenging to
fulfill because the conversion process is sensitive to any phase slip between the two
fields. As shown in Fig. 4.6(a) when there is a phase slip between the two fields,
either by not matched CEP between the two colors or different dispersion of the two
colors in a dispersive medium, the waveform (the amplitude) of the combined field
will change, thus the intrinsic phases of the re-colliding electrons will change,
preventing stable HHG. Fortunately, when the two colors are counter-rotating CP,
any phase slip between the two fields will not change the shape of the combined
field, it simply causes a field rotation as shown in Fig. 4.6(b). This rotation does not
influence the ionization and path length of the re-colliding electron and the intrinsic
phase it accumulates, so will not influence the phase matching of the process [32].
Thus phase mismatch of CPHHG is determined only by the extrinsic phase. And
phase matching of CPHHG is robust and can be achieved by tuning the gas

pressure.
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Figure 4.6: (a) Combined field of LP bi-chromatic fields (red) and when there is a
phase slip between the LP bi-chromatic fields (blue). (b) A sequence of the combined
field of counter-rotating CP bi-chromatic fields over time when phase slip is

accumulating between the two fields. This figure is captured from [54].

Here I deduce the phase mismatch equation of CPHHG A4k, which is

determined only by the extrinsic phase. So

Ak = kC - lel - lkz (4.1)

21 2nn 2n(Anq+1 2nn 2n(Any+1
Here k, == ki =—— = @t and k, = 202 = 2rnetD)

are the wavevectors for
c A1 A1 A, A,

circular high harmonic, the shorter-wavelength-driving beam, and the longer-
wavelength-driving beam. n and [l =n + 1 are the number of photons absorbed of
the shorter-wavelength-driving beam and the longer-wavelength-driving beam to
generate a circular harmonic photon as defined earlier. 1., 4;, and A, = g4, are the
vacuum wavelengths of the circular beam, the shorter-wavelength-driving beam,
and the longer-wavelength-driving beam. The three wavelengths satisfy the

. 1 n l
equation: —=—+

=t 80 the phase mismatch equation can be rewrote as:
C 1 2

Ak = ZA—” . Znnq()LAn1+1) . Zn'l(AAnz+1) — —i_n(nqAnl + lAle) (42)
c 2 2 2
Aiki 127 1
Ani = o T T ::;%“2 + P [(1 - n)Ani_latm - Eanatmrelg ] (43)

Here, i =1 for the shorter-wavelength-driving beam and i =2 for the longer-
wavelength-driving beam. An; 14¢m = N 1a¢m — 1, wWhere n; 144, 1S the index of

fraction of the driving laser beam in one atmosphere of the gas medium. All the
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other parameters are defined in section 2.3 of chapter 2.
By setting equation 4.2 to zero, we can achieve the full phase-matching

conditions, i.e. the coherent length is infinity, of CPHHG as the following equation:

ang _ _ 1 _ _n#1
An,  nqg nq (4.4)

From equation 4.4 we can see the two families of CPHHG with different helicities
have different full phase-matching conditions and inside each family of CPHHG,
only a single harmonic can be fully phase-matched.

To fully explain the HHG spectra and its polarization state, including the
underlying supercontinuum structure observed in the soft X-ray region in Fig.
4.2(c), we need to consider CPHHG phase-matched propagation as well as the
ellipticity of the driving lasers. To achieve this, we simulated the macroscopic
phase-matched buildup of a CPHHG field by computing 1D propagation through 2-
mm He gas, using the EM field propagator [153] where the single-atom dipole
acceleration is computed using the enhanced strong field approximation (SFA+)
method [154], which has been validated against the time-dependent Schrédinger
Equation (TDSE) simulations in the near-IR [154] and mid-IR regimes [155]. We
account for the time-dependent ionized population using the instantaneous ADK
rates [89, 156], and for reabsorption of the harmonics in the generating medium by

using the Beer's law. The input laser field is modeled by a bi-chromatic elliptically-
Ai(D)E;

polarized laser pulse in the form of E(t) = X;-1, [cos(w;t)X + €;sin(w;t)P]

2
1+e€;

where €; 1s the ellipticity. The driving laser frequencies, w; and w,, correspond to
wavelengths of ; = 0.79 um and 4, = 1.3 um, respectively. The temporal envelope,

A;(t), has a trapezoidal shape with 3 cycles of linear turn-on, 10 cycles of constant
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amplitude (43.3 fs), and 3 cycles of linear turn-off (in cycles of the 1.3-um driving
field).

Since perfect phase matching cannot be simultaneously achieved for left CP
(LCP) and right CP (RCP) HHG [32], the simulations were performed at driving
laser intensities of I; = 2.40x10* W /cm? and I, = 2.20x10 W /cm?, chosen to fulfill
the optimal phase-matching conditions, i.e. the sum of the phase mismatches for the
two colors i1s zero slightly before the peak of the pulse, at an ionization level
between the critical ionization for the two laser wavelengths [5]. This choice also
yields good agreement between the experimental and theoretical HHG spectra. In
Fig. 4.7, I present 1D propagation simulations for bi-chromatic 0.79-uym and 1.3-um
drivers, propagating through 2-mm He at pressures of 100 Torr (a) and 300 Torr (c).
For 300 Torr of He, a Gaussian mask in the temporal domain of 3 cycles FWHM 1is
used after performing longitudinal propagation to further remove the non-phase-
matched HHG radiation, reproducing the effect of transversal phase-matching.

From Fig. 4.7(d), it is clear that at higher gas pressures, the temporal window
for bright harmonic emission is considerably narrower than at lower gas pressures
(Fig. 4.7(b)). As a consequence, the harmonic bandwidths broaden in the spectral
domain. On the other hand, in Fig. 4.7(d), the HHG emission still contains several
bursts, enabling the differentiation of LCP and RCP harmonics in the spectrum. If
the temporal window was narrower, spectral overlap between LCP and RCP
harmonics might occur. And if the window narrowed further allowing only a single
burst, an isolated LP pulse or a CP pulse (a LP supercontinuum or a CP
supercontinuum in the spectral domain) would be obtained if harmonics from both

polarization states or from just one polarization state are selected, respectively.
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Figure 4.7: Simulated HHG spectrum from He at pressures of 100 Torr (a) and 300
Torr (c), as well as the corresponding time-frequency analysis (b, d) for counter-
rotating driving wavelengths of 0.79 pm and 1.3 pm and ellipticities
€; = —0.985,¢€, = 0.985. When the pressure is increased, the phase-matching window
1s shortened, so the number of attosecond pulses emitted is reduced, and
consequently, the harmonic bandwidth in (¢) is broadened. The time-frequency
analysis is performed for the LCP harmonics. RCP harmonics exhibit very similar
structure. From the strong peaks in (b) and (d), it is clear that short trajectories

make the dominant contributions.

In Fig. 4.8(a) (cyan curve), I present the propagated HHG spectrum for
counter-rotating CP driving laser fields with perfect circularity (e; = —1,6, = 1)
through 2-mm He at a pressure of 400 Torr. However, the presence of small side-
peaks adjacent to the main peaks in Fig. 4.2(b) and (¢c) provides a clue that
additional channels are opening up, which can be explained using a simple photon
model [31, 52, 53]. In the presence of a slight ellipticity in one or both of the driving

lasers, photons of the wrong helicity may be absorbed, leading to small peaks with
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different helicities underlying and surrounding each main peak, which will be
discussed in detail in the next section. This simple photon model can be used to
explain the experimentally observed spectrum and also allows the ellipticity of the
HHG spectrum to be extracted. The circularity of the HHG reduces from ~1 in the
EUV to ~0.6 in the soft X-ray region (Fig. 4.10). However, each HHG peak will be
perfectly CP if the driving lasers are perfectly CP.

In order to reproduce the underlying supercontinuum structure in the
advanced macroscopic propagation simulations, we introduce a slight ellipticity into
the driving laser pulses (e; = —0.985,¢, = 0.985) in Fig. 4.8(a) (magenta curve),
which can be expected because of the finite bandwidth of zero-order wave plates.
New low-intensity harmonic peaks appear because additional new channels are
allowed [31, 52, 53], which when combined with peak broadening that results from
a short temporal phase-matching window, can reproduce the supercontinuum
structure, in excellent agreement with experiment.

In Fig. 4.8(b), I present the predicted HHG emission in the temporal domain
obtained by performing a Fourier transform of the magenta spectrum shown in Fig.
4.8(a). The attosecond pulse train has circular polarization when either left or right
CPHHG orders are considered separately [49, 50]. When all HHG orders (left and
right circular) are combined, a LP attosecond pulse train is generated, with
subsequent bursts oriented in different directions and separated by (13/8) fs or 1.63
fs (since there are 8 bursts each 13 fs). Similar to the case for soft X-ray HHG
driven by LP mid-IR driving lasers, soft X-ray CPHHG optimally phase matches
[27, 75] (i.e. 1s brightest at the highest photon energies) at high gas pressures.
Figures 4.8(b) and 4.7 show that for these pressures and wavelengths, the temporal
window for bright phase-matched HHG emission is considerably narrower than at
shorter laser wavelengths [75]. As a consequence, only five bright attosecond bursts

are emitted, and the harmonic peaks broaden in the spectral domain. If the phase-
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matching window closes further, an isolated LP pulse or a CP pulse would be
obtained if harmonics from both polarization states or from just one polarization
state are selected, respectively. In comparison, when HHG is driven by LP mid-IR

lasers, phase matching can isolate a single attosecond burst, and a supercontinuum

of LP HHG is obtained [75].
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Figure 4.8: 1D propagation simulations of soft X-ray CPHHG from He. (a)
Simulated HHG spectra after macroscopic propagation for counter-rotating CP laser
drivers with perfect circularity (e€; = —1,6, =1, cyan) and slight ellipticity

(e, = —0.985,¢, = 0.985, magenta). Additional peaks appear when a slight ellipticity
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1s introduced. (b) Attosecond pulse trains (Ex(t), Ey(t), and Eiotai(t)) obtained by
performing a Fourier transform of the magenta spectrum in (a), shows a short
phase matching temporal window limits bright HHG to 5 attosecond bursts, with

2.6 LP bursts per 1.3-um cycle.

4.2.3 Polarization analysis

In this section, I present an intuitive picture for the generation of additional
peaks underlying and surrounding the main harmonic peaks resulting from
imperfect circularity of the driving lasers [31, 52, 53]. We can describe these
channels using a simple photon model [52], where we can imagine that the HHG
process 1s drawing photons randomly from each driving laser beam, consistent with
the conservation laws. CPHHG then corresponds to pulling all of the “correct”
helicity photons from each beam, where we use “correct” to refer to getting all RCP
photons from the RCP beam and all LCP photons from the LCP beam. We can think
about the ellipticity of the beam as simply having a few of the “wrong” photons in
each beam, where “wrong” means LCP photons in the RCP beam, and RCP photons
in the LCP beam. When both of the driving lasers are perfectly CP, zero wrong
photons are absorbed for CPHHG, as shown in Fig. 4.9(b) and the corresponding
circles in Fig. 4.9(a). When the driving lasers have slight ellipticity, it is possible to
absorb one wrong photon as shown in Figs. 4.9(c,d) and the corresponding squares
in Fig. 4.9(a), two wrong photons as shown in Figs. 4.9(e-g) and the corresponding
crosses in Fig. 4.9(a), and more than two wrong photons - which are not illustrated

in Fig. 4.9 due to their low probability.
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Figure 4.9: (a) Magenta curve: experimental CPHHG spectrum from He. Circles:
channels when zero wrong photons are absorbed. Squares: channels when one
wrong photon is absorbed. Crosses: channels when two wrong photons are absorbed.
(b) With perfectly CP driving beams, zero wrong photons are absorbed, and only the
1 =n £ 1 channels are allowed. (c-g) With slightly elliptically polarized laser drivers,
one (¢, d) and two (e-f) wrong photons can be absorbed, (c,e) 1=n+1;(d,f)1=n=+3;
(g) 1 =n + 5, where n and 1 are the number of photons of 0.79 um and 1.3 pm used to
generate a CP HHG photon. The side peaks of the HHG spectrum match well with

the predicted positions of these new channels, validating this analysis.

Conservation of energy and spin angular momentum gives w. = no1 + loz =
no; + (n + 1)we, for the circular harmonic of frequency w. generated from n photons
of frequency w: and 1 photons of frequency w2, where 1 = n + 1 is required by photon
spin angular momentum conservation when the driving fields are perfectly CP.
When the driving laser field is not perfectly CP, additional channels, such as1=n +

1 with one or more wrong photons absorbed, ] = n + 3 and l = n £+ 5 etc. are allowed
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[31, 52, 53], as illustrated in Figs. 4.9(c-g). Since Figs. 4.9(c,e) correspond tol=n+ 1
channels, these also appear at the same positions as the main peaks, as shown by
the magenta squares and crosses in Fig. 4.9(a). Figures 4.9(d,f) correspond tol = n +
3 channels, while g corresponds to 1 = n + 5 channels — which are distinct from the
main peaks (and marked as red squares and crosses and blue crosses in Fig. 4.9(a)).
We find excellent agreement between the positions of these new channels predicted
by this simple analysis and their location in the experimental HHG spectrum (Fig.
4.9(a)), confirming that these additional channels appear due to a slight ellipticity of
the driving fields.

Since each beam is composed of a mixture of correct and wrong photons, with
a fraction of correct photons pi and a fraction of wrong photons 1 — p; (here1 =1, 2
for the two drivers). Then, I can calculate the probability of each channel, i.e. the
probability of absorbing ni total photons from each beam with ki wrong photons

using the binomial distribution:

f(ky, ka; ny,mp,010,02) = [T5-1 (Zi) pi"iRi(1 = p; ) (4.5)
for ki =0, 1, 2, ..., ni, where (Z;) = #‘lkl)' From this equation, we see that when

the driver has very slight ellipticity, the probability of absorbing one wrong photon
is about one order of magnitude lower than the probability of absorbing zero wrong
photons, while the probability of absorbing two wrong photons is about two orders of
magnitude lower than the probability of absorbing zero wrong photons. The
probability of absorbing more than two wrong photons is even smaller. However,
when the driving lasers deviate more from perfect circularity, the probability of
absorbing more than two wrong photons starts to play a more important role.
Regarding the helicity of the main and side peaks, taking the harmonics

inside the black box in Fig. 4.9(a) as an example, the magenta circle is RCP, the
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magenta square is LCP (about one order lower intensity than the magenta circle),
the magenta cross is RCP (two orders of magnitude lower in intensity than the
magenta circle): thus the main peak is RCP. For the small side peak, the red square
is RCP, the red and blue crosses are LCP (one order of magnitude lower in intensity
than the red square): hence the side peak is RCP, which is the same helicity as its
nearest main peak. This is also validated by the XMCD measurements, as shown in
Fig. 4.11.

The ellipticity of CPHHG can be analyzed using two methods: the simple
photon model described above and a more advanced numerical simulation. In the
simple photon model [31, 52, 53], I assume the fraction of correct photons to be
99.8% for Fig. 4.10(a) and 99.5% for Fig. 4.10(b) for both driving beams and
simulate every harmonic peak (including the additional channels allowed by the
ellipticity of the drivers) with a Gaussian curve. For Fig. 4.10(a), I assume a
fractional bandwidth (the bandwidth of a HHG peak divided by its peak photon
energy) of 0.3/67 (i.e. a bandwidth of 0.3 eV at 67eV) for absorbing zero wrong
photon channels and a bandwidth of 0.5 eV for absorbing one to five wrong photons
channels. For Fig. 4.10(b), I assume a bandwidth of 0.32 eV for absorbing zero
wrong photon channels and 0.55 eV for absorbing one to five wrong photons
channels. These parameters are chosen to best fit the experimental data. Then I
add all of the Gaussian curves together and multiply by an envelope (to account for
gas absorption, filter transmission, and HHG cutoff etc.) to get a simulated HHG
spectrum. We see that the simulated and experimental HHG spectra match very
well, and that the HHG circularity reduces from ~1 in the extreme ultraviolet
(EUV) to ~0.6 in the soft X-ray region.

It is straightforward to understand why the circularity of the harmonics
reduces at higher photon energies. For low-order harmonics, we need to add fewer

photons, which have a high probability of selecting all correct ones. However, for
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higher HHG orders, we need to combine more photons, which becomes more
challenging to do without including some photons with the wrong helicity. For
example, if I assume the fraction of correct photons in both driving laser beams to
be 99.5%, the probability of selecting 20 correct photons is = 90%. But if I select 100
photons, the probability of selecting them all correctly is only = 61%. So, when I am
generating higher order harmonics, the requirement for pure circular drivers
becomes much stricter. For example, if I want the possibility of adding 1000 correct
photons (which will reach the L-edges at around 700 eV with mid-IR drivers) to be

95%, then the driving laser beams need to consist of 99.995 photons with the correct

helicity.
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Figure 4.10: (a, b): Polarization analysis using the simple photon model for He
phased matched at low gas pressure (510 Torr, EUV region) (a) and high gas
pressure (970 Torr, soft X-ray region) (b). Magenta curves: experimental HHG
spectra. Blue dashed curves: simulated HHG spectra using the simple photon

model. Brown curves: circularity ((Ircp — Incp)/(Ircp + Incp)) of the HHG, which
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decreases from ~1 in the EUV region (a) to ~0.6 in the soft X-ray region (b). (c, d):
Polarization analysis of the simulated spectra presented in Fig. 3¢ when the drivers
are slightly elliptical (c) and perfect CP (d). Red (blue) curves: RCP (LCP)
components of the HHG spectra in Fig. 3(c). Green dots: circularity of the harmonics

calculated from (Ircp — Ince)/(Ircp + Incp).

Figures. 4.10(c,d) show a polarization analysis of the simulated spectra
presented in Fig. 4.8(a), which include phase-matched propagation, for the case in
which the drivers are slightly elliptical (¢) and perfect CP (d). When the driving
beams are slightly elliptically polarized, the HHG circularity gradually decreases at
the peaks as the photon energy increases. However, when the driving lasers are
perfectly CP, the HHG peaks have perfect circular polarization, which decreases as
expected in regions where the peaks overlap.

Experimentally, I observe harmonic peaks sitting on top of a broad
supercontinuum “baseline” in the CPHHG from Ne and He, which in fact can be
completely described as the sum of the peaks of all the channels. As the phase-
matching window closes, we are left with an attosecond pulse train consisting of
fewer bursts as discussed in the last section, and the peaks become broader in the
spectral domain. The merging of all those peaks in the wings leads to appearance of

an underlying supercontinuum.

4.2.4 X-ray magnetic circular dichroism of Gd/Fe

Finally, we note that a unique aspect of CPHHG is its very high stability, as
validated by the XMCD measurements shown in Fig. 4.12, since the shape of the

combined driving laser field is largely insensitive to phase slip between the two
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driving lasers. Rather, the combined field will simply rotate [32]. This makes
CPHHG highly stable - even if the two drivers are not phase locked - and thus very
attractive for applications.

XMCD is helicity dependent absorption in magnetic materials. When the
magnetization direction is fixed, the absorption coefficient of RCP and LCP beams is
different. The same thing works when I fix the helicity of the beam and change the
magnetization direction. XMCD measurements can serve both to spectrally
characterize the polarization of a light source, and to make fundamental materials
measurements. Here, I use an out-of-plane magnetized Gd/Fe multilayer sample to
perform XMCD at the N4s absorption edges of the rare-earth metal Gd around 145
eV, as well as at the Fe My 3 absorption edges around 54 eV. The observed magnetic
contrast confirms that the soft X-ray HHG beams indeed exhibit circular
polarization and are bright enough for applications.

As schematically depicted in Fig. 4.1, the Gd/Fe multilayer sample is
surrounded by four permanent (NdFeB) magnets [41], which provide a magnetic
field perpendicular to the sample. The four permanent magnets are mounted on a
rotation stage such that their generated magnetic field could be applied
perpendicular to the sample surface in either direction. The magnetic contrast is
obtained by switching the magnetic field between parallel/antiparallel alignment
relative to the HHG propagation vector. The external magnetic field pyH at the
sample was 230 mT, measured with a Hall probe — high enough to saturate the
magnetization of the multilayer sample [157] as confirmed by vibrating sample
magnetometry. The out-of-plane magnetized multilayer sample, which consists of
50 repetitions of Gd (0.45 nm)/Fe (0.41 nm) layer pairs, was deposited on a 50-nm
silicon nitride membrane to enable a transmission geometry, and capped by 3-nm of
Ta to prevent oxidation. For the XMCD measurements, I used the harmonics

generated in He with 1.3-um and 0.79-um drivers, where the laser peak intensities
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and the gas pressure were optimized for phase matching at the higher and lower
energy parts of the spectrum, corresponding to the Gd and Fe absorption edges,
respectively (Figs. 4.2(a,c)). Since the phase mismatch becomes larger with broader
bandwidth [32, 49], I was not able to phase match the entire spectrum at the same
time. In addition, for Ar and He CPHHG spectra in Fig. 4.2(a,c) and the XMCD
measurement in Fig. 4.11, the CCD used is Andor Newton D0O940P-BN, for Ne
CPHHG spectra in Fig. 4.2(b), the CCD used is Andor DO420-BN.

The transmitted intensity I* = [je"2@dm@s)/c of 3 CPHHG beam with
incident intensity I,, through the sample with thickness d, was recorded with the
magnetic field both parallel (I*) and antiparallel (I) to the wave vector (k) of the X-
rays with energy Aw. The refractive index is defined as ny = 1 — (6 + A8) + i(B £ AB),
where B and AP are the absorptive index and its magneto-optical correction,
respectively [158-160]. From I* I obtain the XMCD asymmetry, defined as
Axmcp = i:%i: = —tanh(2wdAB/c), from which the magneto-optical (MO) absorption

coefficient AB = SR(Z%/Y_) is extracted and compared to previous synchrotron work

[161-166], with &;; representing different components of the dielectric tensor. Note

that the opposite sign of Axpcp for adjacent harmonics (Fig. 4.11) demonstrates that

they have opposite helicities.



95

J—
W

= a 0.4 5 © b
X E 'c_é g
=107 E 103F & [l -2
2 Feedge T ||.& g
2 E([E 02F
S .| =<
o’ =
o) 0.1
an)
S
z
Q
g
g
7
<
2r €
T T - Parallel
~ 0 T o, - Antiparallel
S 50 g = — Ref40
x 21 0 —
= - Parallel 4
<47 - Antiparallel 5S¢
6l L= Ref 38 1100
'8 1 L 1 1 L 1 1 '15 L L L L 1 L 1 L 1
41 44 47 50 53 56 59 62 65 136 139 142 145 148 151 154 157 160 163
Photon Energy (eV) Photon Energy (eV)

Figure 4.11: EUV and X-ray magnetic circular dichroism of Fe and Gd. (a, b) HHG
spectra around the Fe M23s and Gd N4s edges, transmitted through a Gd/Fe
multilayer as the magnetization direction is parallel (red) and antiparallel (blue) to
the HHG propagation direction. Gray lines: transmission of Fe and Gd. (c, d):
XMCD asymmetry of Fe and Gd, with opposite signs for left (green) and right (red)
CPHHG demonstrating opposite circularity of adjacent harmonics. (e, f): Extracted
MO absorption coefficients at the Fe Mz 3 and the Gd N4 edges (after correcting for

ellipticity) agree well with literature values [161, 163, 164].

By analyzing the strong XMCD signal, I extracted the MO absorption
constant across a broad photon energy range above and below the Gd and Fe edges.

As can be seen from Fig. 4.11, the excellent agreement between the extracted
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magneto-optical absorption coefficients and previous work [161, 164] shows that
HHG can be successfully used for tabletop XMCD. The MO constants of Fe and Gd
around the absorption edges show opposite signs. Since AP has the same sign for
both elements [161, 164], this indicates an anti-ferromagnetic alignment between
Fe and Gd layers, as expected for these multilayers [167]. Moreover, the XMCD
results show that the small side peaks, which result from the imperfect circularity
of the driving fields, also exhibit a high degree of circularity with the same circular
polarization as their nearest main harmonic peak. These results demonstrate the
brightness, stability, and high degree of circularity of the generated harmonics,
which extends element-specific and magnetic-sensitive ultrafast pump-probe
capabilities into the soft X-ray range and to the 4f rare earth ferromagnets, with
potential to reach the L shell absorption edges of many magnetic materials in the
keV range in the near future [7].

In Fig. 4.12, I show the XMCD measurements of Gd obtained by taking a 2
min single spectrum when the magnetization of the sample is parallel/antiparallel
(I*/T) with the HHG propagation direction. The excellent data quality of this single
spectrum XMCD demonstrates the brightness of this CPHHG source. Note that the
XMCD data shown in Fig. 4.11 was obtained by averaging 300 spectra, with a 40
second exposure time each. In my experimental setup the acquisition time of a
XMCD spectrum was limited by the speed of the rotational stage that the
permanent magnets are mounted on (it takes around 20 s to rotate from parallel to
antiparallel). Thus, that experiment took 600 min in total and I get excellent
statistics, which strongly demonstrate the stability of this CPHHG source. The fact
that I can achieve good data over total exposure times from 4 minutes to 600
minutes demonstrates that this CPHHG source can be utilized in a pump-probe

magnetization dynamics measurement.
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Figure 4.12: 4 min XMCD of Gd. (a): HHG spectra around the Gd Nss edges,
transmitted through a Gd/Fe multilayer as the magnetization direction is parallel
(red) and antiparallel (blue) to the HHG propagation direction. The gray lines show
the Gd absorption edge. (b): XMCD asymmetry of Gd obtained by taking a 2-min
single spectrum when the magnetization is parallel/antiparallel to the HHG

propagation direction [145].

Finally, I compare the magneto-optical (MO) constants extracted from the
HHG XMCD measurement with literature values for Gd, in particular from Prieto
et al. 2002 [164]. Note that the previous measurements had to be scaled for several
reasons. Prieto et al. used a photocurrent method, and calibrated their absorption
coefficient at two energy positions far away from the Gd edges using data from

Henke et al. [168]. Prieto et al. found that the absorption coefficient of Gd N5 is
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around 3 times higher than expected [164]. To account for this, in Fig. 4.13, I divide
the absorption coefficient from Prieto et al. by a factor of 3.5, and the absorption
coefficient from my experiment agrees very well with both the data from Prieto et
al. and Henke et al. [168]. Since the MO constant is proportional to the absorption
coefficient, the MO constant from Prieto et al. also needs to be divided by 3.5.
Moreover, their definition of the MO constant is 2 times larger than the definition I
use, so the MO constant from Prieto et al. is divided by a factor of 3.5X2 = 7 to be
comparable with my data. Finally note that since the soft X-ray CPHHG are
elliptically polarized, with ~0.6 degree of circular polarization, this is taken into
account in extracting an accurate MO constant. After appropriate scaling and
correcting for the degree of polarization, we see that the MO constants extracted
from our data are in very good agreement with previous measurements, as shown in

Fig. 4.11.
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Figure 4.13: The absorption coefficient I measured (blue, unaveraged single
spectrum data) agrees very well with the absorption coefficient from Henke et al.

(purple) [168], and Prieto et al. after appropriate scaling (brown, yellow) [163, 164].

4.2.5 Flux characterization

In this section, the CPHHG photon flux was characterized for Ar, Ne, and He
driven by two-color counter-rotating CP drivers 0.79 pm and 1.3 pm at a repetition
of 1kHz. I start from the CCD recorded spectra, from which I can write the HHG
spectra in counts per second. Then I find the electrons per count, photons per
electrons, and quantum efficiency (QE) from the specifications of the CCD I used
(for Ar and He, the CCD used 1s Andor Newton DO940P-BN, for Ne, the CCD used
is Andor DO420-BN). The HHG beam also propagates through thin-film filters and
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a spectrometer. Thus, the final HHG flux in photons/s shown in Fig. 4.14 are
obtained from: HHG spectrum from CCD with (counts/s) X (electrons/count) X
(photons/electron) / QE / filter transmission / spectrometer efficiency.

For Ar, electrons/count = 12.5, photons/electron =~ 1/11, QE = 30%, two 200-
nm aluminum filters (with transmission efficiency ~ 20% after accounting for 20-nm
oxidation on both sides) are used, spectrometer efficiency = 1%.

For Ne, electrons/count = 7, photons/electron = 1/26, QE =~ 70%, two 200-nm
zirconium filters (with transmission efficiency =~ 40% after accounting for 20-nm
oxidation on both sides) are used, spectrometer efficiency = 0.1%.

For He, electrons/count = 12.5, photons/electron = 1/30, QE = 25%, one 200-
nm aluminum filter (with transmission efficiency ~ 40% after accounting for 20-nm
oxidation on both sides) and one 200-nm silver filter (with transmission efficiency =
10% after accounting for 20-nm oxidation on both sides) are used, spectrometer
efficiency = 0.1%. As shown in Fig. 4.14, the photon flux of CPHHG is about 109
photons/s/pixel, which is about 107 photons/pulse/1% bandwidth. This photon flux is

comparable to LPHHG driven by a single LP laser beam as shown in Fig. 2.11.
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Figure 4.14: Experimental CPHHG flux for Ar (a), Ne (b), and He (c, d). Note that
the driving bi-chromatic laser field intensity used in (c) is higher than in (d), which
leads to a higher flux in (¢) than in (d). However, since the phase-matching window
in (c) is shorter than in (d), the harmonics of the former spectrum are broader and

merge stronger than in the latter case.

4.3  Circularly polarized high harmonics by 2 pm + 0.79 pm

In this section, I will show bright phase-matched CPHHG generated by using
collinearly propagated two-color counter-rotating CP beams, for the first time, with
wavelengths of 2 uym and 0.79 pm, which extend phased-matched CPHHG to a
broader wavelength combination and further confirmed the universal nature of this
generation scheme. Conservation laws determine the harmonic spectra exhibit pairs
of harmonics with opposite helicities and all the harmonics are close to evenly

spaced. Besides, by analyzing the helicity dependent intensity asymmetry of
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CPHHG driven by different wavelengths from different gas targets, I will show that
the helicity dependent intensity asymmetry is mostly a result of the helicity
dependent single-atom physics [50, 51, 149], which exhibits different behaviors for
different gas targets. What’s more, this asymmetry can reverse and very
interestingly, CPHHG generated from Ar exhibits a single helicity for the high-
photon-energy region of the spectrum, which provides a convenient way to generate
CPHHG with a single helicity and CP attosecond pulse trains.

At the end of this section, I will show simulations of the main harmonics and
the additional channels allowed by the imperfect circularity of the driving beams,
which provide guidance for choosing the wavelengths of the two beams to generate
CPHHG and for achieving CPHHG at higher photon energies. Finally I will show
that the cutoff energy of CPHHG generally falls between the cutoff energies (or the
phase-matching cutoff energies) of LPHHG of the two driving beams, and is much
closer to the phase-matching cutoff energy of LPHHG driven by the shorter-
wavelength beam. What’s more, I will show the cutoff energy of CPHHG can be
greatly increased by increasing the ionization potential of the gas target and by
increasing the wavelength of the shorter-wavelength beam.

In my experiment, the output of a single-stage 8.4-md/pulse Ti:sapphire
regenerative amplifier at 1 kHz with a pulse duration of 45 fs and a central
wavelength of 0.79 um [115] is split into two arms, one arm with 85% of the output
energy (7 md/pulse) is directed into a three-stage OPA. The OPA converts its input
energy into a 1.7-md/pulse signal beam with a central wavelength of 1.3 um and a
0.9-md/pulse idler beam with a central wavelength of 2 um. As Fig. 4.15(a) shows
this idler beam and the other 0.79-um arm are then focused, by lens with a focal
length of 20 cm and 50 cm, respectively, collinearly into a hollow-core waveguide
filled with noble gas. The waveguide has a length of 1 cm and an inner diameter of

150 um. The energy of the 0.79-um and 2-um beams coupled through the fiber can
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be adjusted by an iris in each arm and are 0.9 md/pulse and 0.4 md/pulse,
respectively when the irises are fully open. After the fiber, the two driving laser
beams are blocked by thin film filters (Al filter for Xe and Ar, Zr filter for Ne), while
the harmonic beam passes through the filters and travels through an X-ray

spectrometer, finally its spectrum is recorded by an X-ray camera.

2 um
beam

M2 M4 £=50cm

Hollow core

M2 M4 £=20cm

1 X-ray CCD
i X-ray Spectrometer L-
filter ﬂl
ilter

i waveguide

b Delay line
‘ ‘

T ar Ar 350 torr r
=
S 3t - .
>
= I o to,=2.19eV
821 RS A2 n " |
=) 00 0000 0CODOODOCOOOO 00000000 Q0000000000000 00000000CO 0 00 0O
— | | || 1
> 1k L ‘ N _ J
Q? ‘0)1-032—0.95 eV
<

(=

25 30 35 40 45 50 55 60 85 90 100 110 120 130
Photon Energy [eV] Photon Energy [eV]

Figure 4.15: CPHHG driven by 2 um and 0.79 um. (a) Experimental setup. 2-um and
0.79-um beams are focused collinearly into a hollow-core waveguide filled with noble
gas. A pair of half and quarter waveplates in each arm are used to convert the
polarization of the two arms from linear to counter-rotating circular. Then the
generated harmonic beam goes through an X-ray spectrometer and is recorded by
an X-ray camera. (b) Experimental spectra generated from Xe, Ar, and Ne match
perfectly with harmonics position (blue and red circles) predicted by energy, parity,
and spin conversation laws. Harmonics at the position of red (blue) circles co-

rotating with the 2-um (0.79-um) beam. The black dotted line shows position where
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the helicity dependent intensity asymmetry reverses. (c) Combined electric field of
the two colors has many sets of seven lobes, the following set of lobes does not
repeat the previous ones and have a slight rotation compared to the previous set of

lobes.

As discussed in the last section, harmonic spectra generated using two-color
counter-rotating CP fields follow energy, parity, and spin conservation laws [31-33,
52, 53]. From conservation laws the spectra exhibit pairs of left and right CPHHG
with a photon energy difference of w1 — w2 between the harmonics within each pair,
and o1 + w2 between adjacent pairs, where m: and w2 are the photon energies of the
two driving laser beams. Here w1 = 1.57 eV, w2 = 0.62 eV, so the harmonics within
each pair are separated by 0.95 eV, and adjacent harmonic pairs are separated by
2.19 eV. As Fig. 4.15(b) shows the experimental spectra exhibit pairs of harmonics
with opposite helicities and the harmonics are close to evenly spaced as determined
by conservation laws. The first harmonic (red circles) within each pair co-rotates
with the 2-um beam, while the second harmonic (blue circles) within each pair co-
rotates with the 0.79-um beam. The experimental spectra match perfectly with
harmonic positions (red and blue circles in Fig. 4.15(b)) predicted by conservation
laws. What’s more, the spectra show an underlying supercontinuum, which is very
subtle in Xe and Ar, and very obvious in Ne. As explained in the last section, two
effects lead to the underlying supercontinuum, on one hand, experimentally the
driving laser fields are not perfectly CP, this imperfect circular polarization results
in new generation channels that generate additional harmonic peaks surrounding
and underlying the main harmonics. On the other hand, the short temporal phase-

matching window causes the broadening of each harmonic peak. These two effects
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lead to the merging of harmonics at the bottom of the spectra and the appearance of

an underlying supercontinuum.

4.3.1 Helicity dependent intensity asymmetry

Another interesting feature of the spectra is the intensity of the two
harmonics within each pair shows a big asymmetry. As Fig. 4.15(b) shows, for
CPHHG from Xe, the second peak within each pair has a much stronger intensity.
For CPHHG from Ar, the second peak within each pair is stronger for low-photon-
energy harmonics, then the asymmetry reverses at around 51 eV and the first peak
becomes stronger for high-photon-energy harmonics. For CPHHG from Ne, the first
peak within each pair is always stronger. Figure 4.16(a) shows the calculated
intensity asymmetry of the spectra shown in Fig. 4.15(b) and in Fig 4.2 (CPHHG
driven by 1.3 um + 0.79 um from Ar, Ne, and He). The value of the intensity
asymmetry ranges from -1 to 1. When the intensity of the first peak (second peak) is
zero, the intensity asymmetry equals -1 (1), and when the two peaks have the same
intensity, the intensity asymmetry equals zero. As Fig. 4.16(a) shows, CPHHG from
Xe and Ar have relatively bigger intensity asymmetries, CPHHG from Ne have
relatively smaller intensity asymmetries, while the intensity asymmetries of
CPHHG from He are almost zero.

There are many studies investigating the reasons of the intensity asymmetry
of the two helicities within each harmonic pair. Reference [54] shows that helicity
dependent phase matching facilitates the generation of high harmonic beams with a
high intensity asymmetry. Reference [50, 51, 149] show that the single-atom
physics of this generation scheme is helicity dependent, and CPHHG generated
using this scheme is sensitive to the angular momentum of the initial state. When

the initial state is s ground state (like He), the intensity of the two harmonics
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within each pair are almost the same, while when the initial state is p ground state
(like Xe, Ar, and Ne), high harmonics with opposite helicities have very different
intensities. The results in Fig. 4.16(a) match well with the single-atom physics and
it 1s convincing to believe that the helicity dependent single-atom physics, which
shows very different behaviors for different gas target, greatly affect the
experimentally observed helicity dependent intensity asymmetry of CPHHG.

Since the initial state of He has only the s ground state, so CPHHG from He
does not exhibit single-atom helicity dependence, thus the intensity asymmetry of
CPHHG from He comes from helicity dependent phase matching, which is super
smaller since the intensity asymmetry of He is almost zero. Reference [55] states
that the intensity asymmetry between the two helicities within each pair can be
modified by controlling the intensity ratio between the two driving beams, for the
data set used in Fig. 4.16(a), the intensity of the driving beams with longer
wavelength (I;) and shorter wavelength (Iy) satisfies the equation 0.5 <1,/ I, < 1.5,
so the effect caused by the intensity ratio between the two driving beams is very

small here.
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Figure 4.16: (a) Intensity asymmetry of the two harmonics within each pair
calculated by Asymmetry = (S; — Sp)/(S: + Sp) for CPHHG driven by 1.3 pm + 0.79

um from Ar, Ne, and He, and driven by 2 um + 0.79 pum from Xe, Ar, and Ne. Here S,



107

(Sp) 1s the intensity of the first (second) peak within each pair, which co-rotates with
the longer-wavelength (shorter-wavelength) driving beam, calculated by integrating
over the harmonic from tail to tail. The x-axis is the average photon energy of the
two peaks. Since the first peak has a photon energy of nm: + (n + 1)w2, the second
peak has a photon energy of (n + 1)m1 + nw2, the average photon energy of the two
peaks is (n + %) (01 + ®2), where n is a positive integer. (b) CPHHG spectrum driven
by 2 um + 0.79 um laser beams from Ar, which shows a big intensity asymmetry and
exhibits a single helicity at the high-photon-energy region (above the photon energy

indicated by the dashed line) of the spectrum.

The harmonic pairs not only have strong helicity dependent intensity
asymmetry, this intensity asymmetry also reverses. As shown in Fig. 4.15(b) and
Fig. 4.16(a), the intensity asymmetry reverses in harmonics generated from Ar and
Ne. This behavior can be explained within single-atom picture as in reference [50,
51, 149]. However, it is still in doubt about the exact mechanism causing the
intensity asymmetry reversion. Very interestingly, Fig. 4.16(b) shows CPHHG
exhibit a single helicity at the high-photon-energy part of the spectrum, where the
harmonic intensity of one of the two helicities is almost zero or zero. This provides a
convenient way to generate CPHHG with a single helicity and CP attosecond pulse

train.

4.3.2  Cutoff of circularly polarized high harmonics

In order to provide guidance about the photon energies obtained by using
driving beams with different wavelengths from different gas targets, here I analyze

the experimental cutoff energies of CPHHG. Figure 4.17(a) shows the comparison of
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CPHHG cutoff energy with LPHHG cutoff energies of the two driving beams.
Experimentally, CPHHG cutoff energy is first obtained, then keep everything the
same, block beam one (two) and rotate the quarter wavelength of beam two (one) to
maximize the HHG flux (change the polarization of beam two (one) from circular to
linear) to obtain the LPHHG cutoff energy of beam two (one). The intensity ratio of
the longer-wavelength driving beam to the shorter-wavelength driving beam is
bigger than 0.5 and smaller than 1.5. We see within this intensity ratio, the
CPHHG cutoff energy falls between the two LPHHG cutoff energies, and is much
closer to the shorter-wavelength driven LPHHG cutoff energy.

Since the intensity of the two driving beams and the gas pressure used in Fig.
4.17(a) are adjusted to optimize the flux and cutoff energy of CPHHG, so the
intensity and gas pressure are not optimized for full phase matching of LPHHG.
Thus, the LPHHG cutoff energies in Fig. 4.17(a) are not full phase-matching
LPHHG cutoff energies. In Fig. 4.17(b) the CPHHG cutoff energy is compared with
the full phase-matching LPHHG cutoff energies, which are captured from Ref.
[102]. We see that the CPHHG cutoff energy in general falls between the two
LPHHG phase-matching cutoff energies, and is way closer to the phase-matching

cutoff energy of the shorter wavelength.
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Figure 4.17: (a) Experimental CPHHG cutoff energy (magenta diamonds), compared

with the LPHHG cutoff energies of the longer-wavelength driving beam (red
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squares) and the shorter-wavelength driving beam (blue circles). (b) Experimental
CPHHG cutoff energy (magenta diamonds), compared with the phase-matching
cutoff energies of LPHHG driven by the longer-wavelength beam (red squares) and
the shorter-wavelength beam (blue circles), which are captured from Ref. [102]. The
x-axis in (a) and (b) are the wavelengths of the two driving beams (in um) and the

gas target used.

The results in Fig. 4.17 indicate ways to generate CPHHG at higher photon
energies. First, using gas target with higher ionization potential can dramatically
increase the CPHHG cutoff, as evidenced by comparing the cutoff energies of
CPHHG driven by the same laser wavelengths from different gas targets. Helium
allows the highest CPHHG cutoff, then Ne, finally Ar. This is true for all the three
wavelength combinations shown in Fig. 4.17. This behavior is similar to cutoff
energy behaviors of LPHHG. Second, CPHHG at higher photon energies can be
generated by using longer-wavelengths driving beams, and the cutoff has a much
dramatic increase when the shorter wavelength of the two driving beams is
increased, which is evidenced by two facts. First, for CPHHG from Ar, when the
wavelengths of the driving beams change from 1.3 pm + 0.79 ym to 2 ym + 0.79 pm,
the cutoff stays almost the same, and CPHHG from Ne shows the same behavior.
Second, the cutoff of CPHHG is way closer to the LPHHG phase-matching cutoff of
the shorter-wavelength driving beam.

Similar to LPHHG cutoff, the CPHHG cutoff can be increased by increasing
the driving beams intensity. However, when too high intensities are used, the gas
target will be over ionized. On one aspect, over-ionization will destroy phase
matching and reduce the flux of CPHHG. On the other hand, the phase-matching

window becomes shorter, and the harmonic linewidth becomes broader, thus the
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underlying supercontinuum level will increase and the circularity of the harmonics
will reduce. For CPHHG cutoff presented in Fig. 4.17, the intensities of the driving
beams are optimized. However it is possible to achieve higher CPHHG cutoff driven
by the same wavelengths when the pulses of the driving beams are optimized, such

as using driving beams with much shorter pulse durations.

4.3.3 Future directions

As discussed earlier, CPHHG driven by two-color counter-rotating CP fields
1s a universal way to generate CPHHG and it is promising to generate CPHHG at
much higher photon energies. In this section, I will first talk about guidance to
chose the wavelengths of the two driving beams. Then I will discuss ways to achieve
higher-photon-energy CPHHG.

The harmonic spectra shown in Fig. 4.15(b) further confirm the universal
nature of this generation scheme, and extend bright phase-matched harmonic
generation using this scheme from o + 1.65 ® (1.3 um + 0.79 pum) [33], and © + 2 ©
(0.79 um + 0.395 pm) [32] to ® + 2.53 ® (2 um + 0.79 pm). This generation scheme
works for a broad range of wavelengths, but not any. As Fig. 4.18 shows, the red
peaks are the main harmonic pairs with left and right helicities, the blue peaks are
the additional channels allowed by the imperfect circular polarization of the driving
laser fields [31, 33, 52, 53]. Experimentally we minimize the blue peaks to generate
CPHHG, and the main harmonics are very close to perfect circular polarization
when the blue peaks are well suppressed.

The blue peaks and red peaks are well separated from each other in Fig.
4.18(a-c), which allows well suppression of the blue peaks by adjusting the
circularity of the driving laser fields and the spatial and temporal overlap between

the two beams. While in Fig. 4.18(d), the blue and red peaks sit at the same
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position. In this case, we do not know the peaks are linear or circular and the blue
peaks can’t be suppressed. So although theoretically these two wavelengths allow
the generation of CPHHG, experimentally it is almost impossible to get it work.
However, if the polarization of the harmonics can be measured on real time or if
there is a good way to ensure the close to perfect counter-rotating circular
polarization of the two driving beams and the close to perfect temporal and spatial
overlap between the two beams, this wavelength combination can still work
experimentally. But either of these two cases is challenging to realize

experimentally now.

1

a o+1.650 b 0+2o c 0o+2.53 w0 d o+3w e o+1.54 0
0.8 1.3 um + 0.79 pm 0.79 pm + 0.395 pm 2um+0.79 um|| ~ 0.79 um + 0. 0.26 pm 2 um + 1.3 pm
0.6
0.4
0.2
0
48 50 52 44 48 52 49 50 51 5248 50 52 49 50 51
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Figure 4.18: Wanted CPHHG harmonic pairs generated by channels of 1 =n + 1 (red
peaks), and unwanted harmonics allowed by the imperfect circularity of the driving
lasers through additional generation channels of 1 = n + 3 (blue peaks) [33] for
driving beams at wavelength of ® + 1.65 ® (1.3 um + 0.79 um) (a), ® + 2 ® (0.79 um +
0.395 um) (b), ® + 2.53 ® (2 pm + 0.79 um) (¢), ® + 3 ® (0.79 pm + 0.26 um) (d), and ®
+ 154 © (2 um + 1.3 um) (e). In experiment, initially both the red and blue
harmonics are present, then the circularity of the two driving beams, as well as the
spatial and temporal overlap between the two beams are optimized to minimize the

blue peaks to generate CPHHG.
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Another case that is hard to generate CPHHG is when the two beams are too
close in wavelength as Fig. 4.18(e) shows. We know the energy spacing between left
and right harmonics within each pair is the photon energy difference of the two
driving beams. If the two beams are two close in wavelength, the left and right
harmonics within each pair will merge together and the overall polarization
becomes linear. Assume the full width at half maximum of the left and right
harmonics are f; and fs, respectively. Typical values of fi; and f2 are around 0.15 eV
for Ar, 0.3 eV for Ne, and 0.35 eV for He for CPHHG driven by the wavelengths in
Fig. 4.18(a-c). And f; and f2 are expected to be bigger values when CPHHG is driven
by lasers with longer wavelengths since the phase matching window is going to be
shorter [75]). Equation fi + f> < 2(0w1 — ®2) needs to be fulfilled to allow a good
separation between the two harmonics within each pair. In summary, the
wavelengths of the two beams need to be carefully chosen so that the blue and red
peaks are well separated from each other to allow the experimental minimization of
the blue peaks, and the left and right harmonics within each pair are well separated

from each other to avoid merging of the two helicities.
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Figure 4.19: Experimental CPHHG spectrum driven by 2 um + 1.3 um. The

separation of left and right harmonics within each pair can be barely recognized

and a supercontinuum level is dominant.

When CPHHG is driven by laser beams with wavelengths of 2 ym and 1.3 um
as shown in Fig. 41.9. A supercontinuum structure is dominant and we can barely
recognize the separation of left and right harmonics within each pair, just like the
simulation shows in Fig. 4.18(e). There are several reasons for this spectral
structure. First, lasers with longer wavelength have smaller photon energies while
generate HHG at higher photon energies, so more photons need to be absorbed to
generate a harmonic photon. Thus the probability of absorbing the “wrong” photons
and the amplitude of the additional channels are bigger [33, 52, 53], which leads to
a higher underlying supercontinuum level and a smaller circularity. Second, the
temporal phase-matching window is shorter [75], so the harmonic linewidth is
broader, which leads to easier merging of left and right harmonics within each pair

and a higher underlying supercontinuum level. Third, for the two wavelengths used
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here w1 — w2 = 0.33 eV, which is even smaller than the full width half maximum of a
single harmonic and could not allow the well separation of the left and right
harmonics within each pair.

Based on the discussions in this chapter, several directions can be elevated to
generate CPHHG at higher photon energies. First, improving the circularity of the
driving laser fields, which will reduce the probability of absorbing the “wrong”
photons. This can be done by improving the optics, which technologically depends on
the development of optics. Another option is the inline geometry presented in Ref.
[169], which is a very promising way to ensure the high degree of circular
polarization of the driving beams. Second, generating CPHHG from ion using laser
beams with short wavelength [93], which will reduce the probability of absorbing
the “wrong” photons since the photon energies of the driving beams are bigger.
What’s more, this method greatly increases the phase matching window, thus
decrease the harmonic linewidth, and increase the separation of two harmonics
within each pair. Finally the two driving beams should be well separated in
wavelength to allow good separation of left and right harmonics within each pair. In
our case, the output of the OPA can be tuned to 2.52 um (the idler beam) and 1.15
um (the signal beam), these two wavelengths give an energy separation of 0.59 eV
between the two harmonics within each pair and are expected to improve the

situation a lot.

4.4 Circularly polarized high harmonics in non-collinear

geometry

Another method to generate CPHHG was demonstrated recently by our
group. In this experiment, angularly isolated beams of CP EUV light are generated

through the first implementation of non-collinear HHG driven by two counter-
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rotating CP laser beams as shown in Fig. 4.20. This non-collinear technique allows
the separation of the harmonics from the pump beam, the production of angularly-
separated left and right CP harmonics at the same wavelength, and the capability
of separating different harmonic orders without using a spectrometer [42].

As shown in Fig. 4.20(c), in the wave model, the two beams sum to yield an
electric field with a rotating linear polarization across the transverse direction of
the laser focus. It behaves like a ‘rotating polarization grating’ that generates
circular polarization in the far field. In the photon model, the output direction of
each harmonic follows the simple vector addition rule as shown in Fig. 4.20(b). This
allows left and right circular harmonics pointing in different directions, even allows
the separation of different harmonic orders without a spectrometer. Thus this
method can isolate circular harmonics with a single helicity. Considering the high
expense and low efficiency of EUV optics, this geometry constitutes a substantial

advantage [42].

a) NCP-HHG: Noncollinear circularly polarized high harmonic generation

— "5

Femtosecond laser

Angle-isolated
high harmonics

b) Photon model: Addition of photon wave vectors

Figure 4.20: Non-collinear CPHHG. (a) In the experiment, two counter-rotating CP

laser pulses are focused into a noble gas (Xe, Ar or Ne) to produce both left and right



116

CPHHG beams. (b) In the photon model, the output direction of each harmonic
follows the simple vector addition of the wavevectors for each absorbed photon. (c)
In the wave model, the two CP beams sum to yield an electric field that exhibits
linear polarization, which rotates as a function of the transverse position across the
laser focus, producing a ‘rotating polarization grating’ that generates circular

polarization in the far field. This figure is captured from [42].

What’s more, in contrast to CPHHG in collinear geometry where the two
driving beams need to be well separated in wavelength, CPHHG in non-collinear
geometry can be driven by two laser beams at the same wavelength. Thus the cutoff
energy of non-collinear CPHHG is similar to LPHHG. Very importantly, non-
collinear CPHHG allows the generation of CP isolated attosecond pulses when few-

cycle laser pulses are used [42, 170].

4.5 Summary

In summary, in the first half of this chapter I demonstrated the first bright
phase-matched soft X-ray HHG with circular polarization using two-color counter-
rotating CP 0.79-um and 1.3-um driving lasers. The unique harmonic spectrum is
explained by the microscopic and macroscopic physics of the generation process.
This powerful new light source allowed us to perform the first tabletop soft XMCD
measurements at the Nys5 absorption edges (~145eV) of the technologically
important rare earth metal Gd. Such materials are of wide interest since they are
potentially important for next generation data storage media using all-optical
switching, and were inaccessible to investigation via tabletop HHG until now.

Finally, this work demonstrates that CPHHG can be implemented across a broad
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range of photon energies, enhancing our ability to control X-ray light using laser
light, and provides a breakthrough tool for probing ultrafast magnetization
dynamics using tabletop soft X-rays.

In the second half of this chapter, I presented bright phase-matched CPHHG
generated, for the first time, by using beams with wavelength of 2 um and 0.79 pum,
which extends phased-matched CPHHG to a broader wavelengths and further
confirmed the universal nature of this generation scheme. In addition, I showed
that the helicity dependent intensity asymmetry of the spectra is mostly caused by
the helicity dependent single-atom physics. What’s more, this asymmetry can
reverse and CPHHG generated from Ar exhibits a single helicity for the high-
photon-energy region of the spectrum, which provides a convenient way to generate
CPHHG with a single helicity and CP attosecond pulse trains. Moreover, the
experimental cutoff energies of CPHHG are discussed by comparing with LPHHG
cutoff energies of the two driving beams, which provides guidance about cutoff
energies can be achieved when using different wavelengths and different gas
targets. Finally simple simulations show guidance for choosing the wavelengths of
the two beams, and future directions for generating CPHHG at higher photon
energies are discussed.

At the end of this chapter, non-collinear CPHHG was briefly introduced. This
technique allows the separation of left and right CPHHG beams and even the
separation of every harmonic order without using a spectrometer. And this method

can be used to generate isolated CP attosecond pulses.
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Appendix A

Liquid cell fabrication procedures

In this appendix, I will discuss the detailed steps of fabricating the liquid cell,
1.e. the four silicon nitride membranes stacked together and housed by a metal
enclosure to create three compartments. The two central silicon nitride membranes,
which are purchased from Insight Nanofluidics, create a central compartment that
allows the flowing of liquid. The out lid (out back) and the central up (central down)
silicon nitride membranes create a compartment that allows gas to flow through the
space between them to compensate the pressure inside the liquid compartment. As
shown in Fig. 3.10(e), we need to create two holes, one silicon nitride window, and a
gas flowing channel on the silicon substrate for the out lid piece. And as shown in
Fig. 3.10(f), we need to create four holes, one silicon nitride window, and a gas
flowing channel on the silicon substrate for the out back piece. The fabrication

process of the out lid and out back pieces will be described.

1st step: Make the masks

The first step is to make masks for the out lid and out back pieces. Since for
both of these two pieces, we need to create holes, windows, and channels, it 1s hard

to get this done if the silicon substrate is coated with silicon nitride on one side. So I
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ordered silicon substrates that are coated with 300-nm thickness silicon nitride on
both sides. To create all the structures, three masks are needed for each piece as
shown in Fig. A1(b-d) and A2(b-d).

First, perform 300-nm silicon nitride etch (using machine RIE II) and silicon
etch (using KOH bath) using mask Fig. A1(b) and A2(b) for the out lid and out back
pieces, respectively. All the red parts will be etched. Thus three (five) 300-nm
thickness silicon nitride windows are created on the back side of the substrate for
the out lid (out back) piece. Note the red lines in Fig. Al(b) and A2(b) are etched by
the same process too, so for the red lines only 300-nm silicon nitride are left after
the process. We will break the red lines by hand at the end after finishing all the
steps, so many pieces are created for a single batch. This is necessary since the
whole process will take at least two days. Actually, the red lines will start to break
after the first step, I will need to put tape on the back side after finishing the back
side process to prevent the piece from breaking during the following processes.

Second, perform 300-nm silicon nitride etch on the front side (using machine
RIE II) using mask Fig. Al(c) and A2(c). Thus two (four) holes are created for the
out lid (out back) piece. Third, perform 270-nm silicon nitride etch on the front side
(using machine RIE II) using mask Fig. A1(d) and A2(d). Thus a 270-nm deep gas
channel and a 30-nm silicon nitride window are created for both pieces. After
finishing all these steps, two holes (four holes), a 30-nm silicon nitride window, and
a 270-nm deep gas flowing channel will be created for the out lid (out back) piece.

The following are the detailed steps.
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Figure Al: Masks for the out lid piece. The whole features (a) and the three masks

(b, ¢, d) for the out lid piece.

1. Make the mask design as shown in Fig. A1 and A2 in the software CLEWIN,
and save the design as CIF file.

2. Make mask in the machine Heidelberg. Order masks and boxes on the CNL
website (User Menu > Supplies > Heidelberg Masks and Boxes). Mask is
made of sodalime glass (which is transparent), chromium and photoresist.

Load the CIF file into the Heidelberg. Preview, fill, invert it and mirror check
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at y (so it shows the same pattern on the computer). This machine makes

lithography masks on 4” x 4” squares.

a B b
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Figure A2: Masks for the out back piece. The whole features (a) and the three

masks (b, ¢, d) for the out back piece.

3. Develop Mask
a. Place mask in a new batch of CD 30 for 1 min 15 s

1. Agitate the mask every second
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1. Should see parts of the mask etching away

111. Rinse in DI water and blow dry with N3 gas

CD-30 removes photoresist that is exposed.

b. Place mask in CR 75 for 1 min 15 s
i. CR 75 does not have to be replaced every time but should be

changed if the etching is very slow

1. Agitate the mask every second

1i1i. Sometimes it takes longer than 1 min 15 s, just continue to etch/
agitate until the mask looks the right

iv. Rinse in DI water

CR-75 removes chromium that is not covered by photoresist.

c. Check the mask is etched all the way and there are defined lines on
the mask. Use the microscope (make sure use filters to protect the
photoresist which is not exposed) to look and continue to use CR 75 if
there is cloudiness along the edges.

d. Place mask in developer (AZ 400T) for 15 min

1. Rinse and dry with Na.
AZ 400T 1s a stripper that removes photoresist on the pattern.
% The mask made is pretty robust and can be used years and years later. When
the mask gets dirty, use acetone bath to clean it, usually 10-15 min. When it

1s covered with photoresist, use AZ 400T bath to clean it, usually 10-15 min.

2rd Step: Back side etch (RIE II for silicon nitride and KOH bath
for silicon using mask Fig. A1(b) and A2(b))

1. Clean the wafer with acetone and isopropanol (make the acetone and

1sopropanol overlap for a few seconds). Dry. Do this for both sides. If the
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substrate is silicon, clean in BOE bath for 30 s, which attacks any silicon
oxide that has formed on top. BOE is dangerous, so make sure you have
been instructed before you do this step. Rinse with DI water. Make sure
the water i1s flowing. Here since silicon is covered with silicon nitride and
BOE can attack silicon nitride, so we ignore the BOE both.

2. Apply photoresist (NR-9) one both sides. Using the spinners at 4000 rpm
for 40 s, with acceleration set to be biggest. Blinking pressure reading
means vacuum 1is on, blinking ‘VACUUM’ means the vacuum 1is off.

a. Turn on the hotplates to 150 °C and 100 °C
b. Use a chuck and place the wafer on the spinner. Then press the
vacuum button to hold it there.
c. Use a pipette to apply NR-9 to the wafer, here you can pour directly at
a low position, avoiding any air bubble
1. Apply to the front side of the wafer
1. Be careful to not over apply because if the NR-9 flows over the
wafer it will be pulled in by vacuum and adhere to the back of
the wafer.
ii1. If the chuck becomes sticky, use IPA or acetone to clean off the
photoresist.
iv. Replace the blue liners in your spinner after use
d. Prebake on hotplate with the front side up for 1 min @ 150 °C
e. Then apply photoresist to the back side of the wafer
f. Prebake on the hotplate with the back side up for 1 min @ 150 °C
% You can change the thickness of the deposited photoresist might by spining
faster or slower. To set the timer on the spinner, press F1 (the menu should
start flashing) and use arrow keys to set the RPM and time. Then press F1

AGAIN to leave edit mode and press start. The timer should start and the
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spinner will stop at the designated time. Now you should see the wafer as the
following picture. Blue is silicon, brown 1is silicon nitride, purple is photon

resist.

3. Expose the back side of the wafer using the MJB3
a. Expose in MJB3 for the correct time (first check and test the time
needs to be exposed after switching to a new lamp, the exposure time 1s
10-30 s, probably 15 s)
1.  Load the mask so that the chromium (silver) side ends up and
purple (photoresist) side down
1. Load the wafers with the back side up.
1i.  Use the microscope and the computer to line up the mask so that
the patterns are aligned (Here we do not need to align the
pattern, but the lines needs to be collinear or vertical with the Si
wafer direction because the etching process takes place in a
certain direction.)
b. Post-bake on hotplate for 1 min @ 100 °C
c. Develop using DI water 5 s, RD6 10 s, DI water 5 s. NOTE: make sure
water and RD6 overlap for a few seconds, but use RD6 exclusively for 10 s.
d. I should be able to see visually where the photoresist has been washed

away. Use microscope (using filter)
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¢ The developing time is related to the thickness of the photoresist. If you want

less or more photoresist then the developing time should change accordingly.

Now the wafer should look like the following picture.

4, RIE II to ablate 300-nm silicon nitride (First check and test the time

needed to etch 300-nm Silicon nitride)

a.

Use recipe suggested on directions: file cnloxide (recipe: 50 mTorr/150
W, 5 CHFs + 15 CFy)

Load the wafers 2-3 cm to the right of center of the glass plate for best
results.

Load wafers photoresist side up.

You cannot set an etch time on the RIE II so you will have to manually
stop it at the correct etching time by pressing END STEP. If you do
not, it will run for a full 60 min.

Wafers should appear silver in the center, this means you etched down
to the Si layer. Make sure that the rest of the wafer remains purple
(not silver) or that portion will also etch in KOH

While RIE II is running, turn on KOH bath.

Make sure you wash off any remaining photoresist on both sides using

acetone + DI water (make sure you do this before the final KOH bath)

Now the wafer should look like the following picture.
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% The first time I made those cells RIE II etching time for 300 nm is 15 min, for
270 nm is 10.5 min.
Later the machine has some problem, the plasma changed to red means there
might be Oz plasma. Then etching time changed to 9 min for 270 nm.
Last time etching time: Mask I 15 min (300 nm) Mask II 20 min (300 nm)
Mask III 10.5 min (~270 nm) for good plasma and 9 min (~270 nm) for O2
plasma. Etching 300 nm using O2 plasma takes 12 min.

5.  KOH bath for 15 hours @ 80 °C.
Ask for a Teflon basket to prevent the samples dropping into the bath. Be
careful, as KOH is a dangerous chemical that we are heating. Use the right
protection (lab coat, gloves, glasses). Avoid spilling. You can always etch more
lately if it is not totally etched away.

a. KOH bath takes 20-25 minutes to heat up

b. Remember to fill the bath with water every few hours to keep constant
temp and prevent shorting. You can use the DI water ‘gun’ (open the
valve before using it and close it when you’re done). If it is full, then it
can last for a whole night.

c. 1 hour prior to removing samples, turn on the 3 bath rinse using the
large timer (looks like a clock) on the outside of the fume hood. This
will ensure clean water for your rinse.

d. Remove wafers carefully and rinse in 3 bathes rinse on left of fume

hood.
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1. Be careful: make sure to lift the wafers very slowly because the
viscosity of the water could break the wafers.
e. Filters should appear transparent in the middle, if not, continue to
etch until they are.
f. Dry wafers, but be very careful. The wafers are fragile and you might
break them. Dry from a large distance and from the side.
% KOH does not etch Silicon nitride (<lnm/ hour) and etches Si at ~24

microns’h

O =54.74

Si is anisotropic etching

Wafer thickness H = 370 um

Note:

Heidelberg mask needs to be designed larger than the actual window itself because
KOH etches at an angle. You start larger than you need and end up with the right
size of silicon nitride window on the bottom.

L=H/tan © =370 um / tan (54.74) =262 um

2 L =524 pm

The size of liquid holes is 1000 um (actually 480 um), the opening for the gas holes
and window is 700 um (actually 180 um), the gas channel is 1000 * 7000 um. All

holes are one-way etching.
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3rd step: Front side etch (RIE II for Silicon nitride using mask
Fig. A1(c) and A2(c))

Using a tape (the special tape in CNL) to tape the back side of the wafer to prevent

it from breaking apart in the following steps.

1.
2.

3.

Apply NR-9 (photoresist) on the front side

Expose the front side of the wafer using the MJB3 (maybe 15 s) needs careful
alignment.

RIE II to ablate 300-nm Silicon nitride (First check and test the time to etch
300-nm Silicon nitride)

Last time the etching time for normal plasma is 10.5 min, for Oz plasma is 9

min.

4th step: Front side etch (RIE II for Silicon nitride using mask
Fig. A1(d) and A2(d))

1.
2.

Apply NR-9 (photoresist) on the front side

Expose the front side of the wafer using the MJB3 (maybe 15 s) needs careful
alignment.

RIE II to ablate 270-nm Silicon nitride (First check and test the time to etch
270-nm Silicon nitride)

Last time the etching time for normal plasma is 20 min, for O2 plasma is 12
min

Check under microscope the structure of the pattern. Measure the thickness
of the silicon nitride window using ellipsometer. Measure the deepness of the

gas flowing channel using profilometer.
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% Cleaning procedure for the wafer (even after all the patterns are developed):
1 Acetone & Isopropanol on spinner (take almost all organic away). 2
Nanostripper (Maybe 15 min @ 80 °C, take all organic materials away). 3
Supersonic in the bath usually take 10 to 15 min. Based on last time’s
experience, this step can very easily break the window, so carefully handle

the wafer in this step.



