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ABSTRACT OF THE DISSERTATION

Bright Coherent EUV and X-ray Light driven by UV and Visible Lasers and
Attosecond-to-femtosecond Electron-Electron Correlation Spectroscopy and
Recombination Physics

by

Siyang Wang

Doctor of Philosophy in Physics

University of California San Diego, 2023

Professor Tenio Popmintchev, Chair

With the physics of coherently upconvert ultrafast driving laser photon, the high harmonic
generation process enables a table-top laser source that is able to cover EUV to X-ray with a fully
coherent attosecond burst. Its spectroscopic feature and extreme spatial and temporal resolution
made it emerge as a novel tool for scientific research over the last three decades. The main
limitation of this source to be is the brightness which is highly related to the phase-matching
condition and the efficiency of optics after generation.

The first observation of high harmonic generation is with a UV excimer laser with 248

nm over 30 years ago. This thesis presents works performed with the modern engineering design

Xvii



of high harmonic beamlines and a better understanding of phase-matching and physical models
that were developed nearly thirty years. Chapter 3 is the selected experimental result of post-laser
manipulation of laser parameters to a shorter pulse duration for more efficient high harmonic
emission. Chapter 4 is a summary of our modern design of the beamline with hollow waveguide
manufacturing and novel EUV to X-ray spectrometer design in both transmission and reflection
mode with calculation and optimization where record-high efficiency spectrometer is designed
and tested that can capture the most sensitive signal with physical significance that possibly
ignored in the past. Chapter 5 presents an investigation of the feasibility of high harmonic
spectrum tunability by shifting the spectrum of the driving laser in both directions to enable
the spectroscopic study of metal resonance absorption edge. Finally, Chapters 6 and 7 present
experimental results of the 400nm UV laser driving high harmonic with the robust parameter
space for bright emission in the UV and X-ray regime for future application. The stable and
robust harmonic emission is used as a platform for the spectroscopic study of the possible
correlation effect between electrons and ions. For the first time, a double electron recombination
process with an extended high harmonic cutoff in two-electron atoms has been experimentally
observed which could pave the way for a better understanding of the few electron systems and

contribute to further completing the theory of high harmonic generation.
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Chapter 1

Introduction - fully coherent High order
Harmonics generation

1.1 Discovery of High Harmonic Generation using 248 nm
lasers

High Harmonic Generation is an extreme nonlinear process that coherently upconverted
the ultrafast driving laser photon into radiation of photon with odd multiples of energy of driving
laser photon. The first observation of HHG in noble gasses is generated using UV excimer KrF
lasers(Azqser = 248 nm) [1]. Where emission in a vacuum-ultraviolet regime was measured with
the highest photon to be more than 100 eV. Later similar phenomenon was observed by using
an Nd: YAG driving laser[2]. The behavior of the High Harmonic(HH) spectra was observed
with new features where the harmonics were equally spaced and a broad range of them was with

close intensities - now called as "the plateau region’.

1.1.1 Extreme Nonlinear Optics Regime

Studies of nonlinear optics started when the second harmonic generation is observed not
long after the invention of the laser. Franken and his colleagues observed a second harmonic
generation in quartz from a laser[3]. Phase-matching as a theoretical interpretation of this
phenomenon came out the very next year[4]. For decades of research and trial, efficient low-

order harmonics can be generated by using birefringent nonlinear crystals. The whole process of



low-order harmonics in a nonlinear crystal can be also simulated well. The nonlinear crystals
can be also manufactured precisely. But there is still no choice of crystal that can efficiently
yield harmonics with a wavelength shorter than 200 nm.

For low-order harmonics generation(second to fifth), the efficiency is closely related to
the order of the harmonics. A relative ratio between successive orders of nonlinear susceptibilities

roughly follows:
X" 1
— = — 1.1
Where |Ey| is the magnitude of average electric field strength inside the specific atom. Most of

the time it is with orders more than 10''V/m. The electric polarization of successive order then

roughly follows:
P ENx™] _ |E]
(PO ]

(1.2)

Where |E| is the magnitude of the applied laser electric field. For most of the ordinary light
sources without super high spectral brightness, this ratio is quite small. For such reason, direct
third harmonic generation with crystal is rare compared to direct second harmonic generation.
The low-order harmonics also follow an intensity power law such that the yield of n-th harmonics
follows I" where I is the laser intensity.

In Figure 1.1. The low-order harmonics still follow the intensity power law that can be
explained by the perturbative expansion of the nonlinearities. The major mechanism is still the
electron-cloud distortion that the interaction between the laser field and medium is non-resonant.
While with the development of ultrafast laser techniques, high laser peak intensity is available to
trigger different extreme nonlinear processes. The plateau behavior of the HH spectra can be
explained by the non-perturbative theory where the equal intensities of high-order harmonics can
be explained with a different theory of physics other than the electrical polarization.

With the development of laser techniques from gain switching to Q-switching to mode-
locking incorporating cavity dumping or regenerative amplifiers, strong laser pulse with higher

and higher peak intensity becomes possible. With each step of development in technique,
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Figure 1.1. A. HHG from neon atom and ion species using 248 nm driving laser. B-C.

HHG using 1064 nm driving laser with moderate intensity 10'3~*W/cm® in Xe, Kr,

and Ar. The power scaling of the harmonic yield demonstrates the intensity scale /"

is gradually not valid for the non-perturbative high-order harmonics. Adapted from

[L,2,5]
new physics also comes. Interacting with an ultrafast intense laser field, the laser-induced
breakdown of gases era started and has led to many new physical phenomena such as multiphoton
ionization(MPI) and above-threshold ionization(ATI). The advancement of laser technology
enabled the requirement of Keldysh parameter[6] to be less than unity[7]. From where tunnel

ionization started to be observed and the format of the Keldysh formula got improved. With

these understandings of the initial step of HHG. Quasi-classical theory[8, 9] in the early 90s can



successfully reproduce a plateau region as observed. Rescattering theory by Kuchiev [10] and

the ’simple men model’ [11] was also widely accepted.

1.1.2 Coherent and incoherent short-wavelength Extreme Ultraviolet
and X-ray light source

Extreme Ultraviolet(EUV) and X-ray light sources can be classified into two categories:
Coherent and incoherent. Their generation process and application are vastly different.

A laser is an artificially-made coherent light source. Where coherence can be generally
described that at two points in either space or time along the laser light propagates, the phase
relationship between the two points is analytical. The coherence behavior makes the laser an
extremely useful tool in scientific research and the industrial world. Microwave and infrared
laser is well-developed. But the demand for the shorter-wavelength laser is never truly fulfilled.
The optical community found it challenging to design a shorter wavelength laser.

EUV or soft X-ray lasers mostly can be only single-pass lasers since there is no good
candidate EUV or soft X-ray mirror that can serve as an end cavity mirror. The pump laser
scattering and possible plasma debris also limit the feasibility of building a multipass cavity. Also,
the gain of a laser is related to the cross-section of the stimulated emission and the cross-section
of absorption or the A and B Einstein coefficients. The stimulated cross-section Oy, o< %.
This means the efficient lasing requirement is hard to achieve with shorter and shorter lasing
wavelengths. We can also understand this process as the radiative lifetime has an inverse
relationship with the transition energy as the Heisenberg uncertainty principle suggested. And
large pump power Ppymp o< 1/TA% ~ 1/A373 is required to maintain this population inversion.
The early trial had been made on creating population inversion in hydrogen-like Carbon ions
with carbon fibers by induced by a high-power laser. Also, later on scientists tried collisionally
pumped Neon-like[12] and Nickel-like[13] lasers. For Ne-like, the collisional excitation excites
electrons from the 2p to 3p state, and population inversion is produced between the 3p to 3s

state. For Ni-like, the electron is excited from 3d to 4d state, and the lasing is from the 4d



to 4p transition. Such kind of lasers was able to output up to miliJoule level and picosecond
pulse duration. These lasers can provide a moderate level of coherence and few mrad of beam
divergence.

The coherence in the EUV and X-ray ranges is important for the scientific study on the
ultrafast dynamic with sub-femtosecond(< 10~!%s) time scale which is the typical timescale
for the atomic level physical phenomenon. Also a promising way to be able to image with
subnanometer(< 10~%m) spatial resolution since the rayleigh resolution somehow set the limita-

tion of imaging by using optics.
1.22
g— L2
NA

X-ray free electron lasers, synchrotron facilities, and table-top HHG sources are the major three
coherent X-ray light sources. They have different coherence levels and different limitations
based on their approaches that I will discuss further in the next few sections.

The peak brightness of the EUV-X-ray source is defined as the pulse energy, per unit
volume in a six-dimensional space that includes both transverse and longitudinal directions. The

comparison of brightness of different sources can be found in Fig 1.2.

Energy Np;2.3556°
PBright = = 3 3 (1.3)
Phase Space  (2m)3(AE /E)7 (wrg) (27(1 — cos 6))
S~ ~- -
Area Qsolid

where 0 is the half angle of divergence, r is the beam radius.

Incoherent X-ray light sources are widely used in medical imaging of hidden body tissue
since tissue, bones, and other parts of the body absorb or scatter X-ray differently. The origin
of this type is Crookes tubes where Rontgen discovered X-ray by using it. The basic idea is to
apply high voltage to accelerate the electron ionized from the residual air and then hit the anode
with the high-velocity elections. Bremsstrahlung and X-ray fluorescence both contribute to the
signal. Other incoherent sources also find their industrial application such as the laser-driven

plasma source that can be made for EUV lithography. ASML made a technical breakthrough by
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Figure 1.2. Top: Peak brightness of coherent HH X-ray sources compared with FEL and
synchrotron sources. Bottom: Peak Power comparison.(The circles represent different driving
laser photon energy from 0.32eV to 4.6eV). Graph from Dimitar Popmintchev.

using pre-pulse laser to manipulate the tin droplet shape that boosts the efficiency of 13.5nm

narrowband EUV signal by around 5 times making the EUV lithography machine able to be

used for high-volume manufacturing. The lack of coherence, especially spatial coherence, is

needed in lithography to avoid interference.



1.2 Advantages of High Harmonic EUV and X-ray light
1.2.1 Full spatial coherence

For laser filed at two different spaces and times. We can use a mutual coherence function

I" to define its spatiotemporal coherence:
F(I‘],I‘z,ﬁ ,l‘z) = F]g(l‘] —tz) = F]g(T) = <E(I‘1,l‘+ T)E*(I‘z,t)> (1.4)

With this definition, I';;(7) can be used to define the self-coherence at position 1. If no time
difference then I'j5(0) can be used to define the spatial coherence. Double-slit interference is a
quick method to check the spatial coherence of a light source.

Previous double-slit interference data and calculations of HHG by different driving lasers(Fig 1.3)
show HHG light sources could be with excellent spatial coherence. With such spatial coherence,
the diffraction pattern then is analytical and can be used to retrieve more spatial information.
Also, the divergence of the HHG source is very small which behave more laser-like than other

sources and be a good candidate for lensless imaging experiment.

1.2.2 Temporal coherence

HHG source potentially could have good temporal coherence since it is a phase-matching
process. Research[14] matches well with the experimental result. The temporal coherence
property can mostly transferred to the electron wavefunction when meets a relatively good phase-
matching condition. Two different points of HHG can be with locked phase and interference
within a single harmonic is easy to be observed in the far field as expected.

The emission of HH requires the electron wavepacket to be able to be back to the parent
ion. There are two major trajectories that contribute to this recombination. In reality, the short
trajectory is usually able to inherent better temporal coherence from the laser and get less

affected by the chirp from the rapid variation of the laser phase. In some cases, different temporal
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Figure 1.3. Double-slit diffraction at different HH energy A) HH energy at 93eV driven by
270nm laser. B) HH energy at 45¢V driven by 800nm laser. Graph from Dimitar Popmintchev.



coherence behavior can be observed where the inner region of the harmonics shows clearer

fringes (Fig 1.4) which shows better temporal coherence from the short-trajectory contribution.
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Figure 1.4. Interferece fringes within a single harmonic in the far field. The fringes follow the
patterns of harmonics. The image shows high harmonics with conical diffraction order which
will be explained in Chapter 4 and 6.

1.2.3 Attosecond and femtosecond spectroscopic and imaging Applica-
tions

The coherent nature of the EUV to X-ray sources mentioned above made them useful in
spectroscopy and different pump-probe experiment.
High Harmonic signals as isolated subfemtosecond pulse covering EUV and X-ray range can
serve as a probe to overcome the limitation of temporal resolution such that the subfemtosecond
dynamics can be observed. The High Harmonic spectroscopy can be combined with the correlated
measurement to reveal the dynamics of exotic behavior of ionization of different systems[15, 16,

17].



Many of the strong absorption features are around the atomic absorption edge. And many
of the elements has their absorption edge in the EUV to X-ray range such as the K-edge of
carbon, nitrogen, and oxygen at 284eV, 410eV, and 540eV respectively. There are also L, M,
and N edges of many elements that overlap with the light source covers. Transient absorption
spectroscopy took this advantage and becomes a novel technique to reveal the electron motion
in atomic[18, 19], molecular[20], and solid-state[21, 22, 23] systems. The EUV absorption
spectrum can be measured as a function of pump-prob delay and this technique could be time-
resolved.

There are other subsets of EUV and X-ray absorption spectroscopy that has advantages
in probing atomic structure and dynamics. The atomic types, their coordination number, the
inter-atomic distance, and disorder can be retrieved from the extended X-ray absorption fine
structure. The oxidation state and the symmetry of coordination chemistry can be probed with
Near Edge Absorption Fine Structure.

Another novel application is imaging with near-wavelength or even sub-wavelength[24]
resolution. Coherent diffraction imaging is different from conventional microscopy where no
really good lenses can be found for the EUV to X-ray regime for this application. The Soft X-ray
microscope uses Fresnel zone plate lens, but such microscope are mostly useful from thick wet
specimens[25]. The resolution of Soft-X-ray microscope also get limited by the zone plate lens
to be mostly more than 30nm. The combination of robust and powerful coherence light source
such as HHG or X-ray free electron laser greatly boost the power of X-ray imaging[26].

There are many possible configuration of CDI such as plane -wave CDI, Bragg CDI,
Ptychographyc CDI, and Fresnel CDI for being the transmissive configurations. Reflection
CDI is also valid.The diffraction pattern got recorded by a ccd and the iterative phase retrival
algorithm will iterate between real and reciprocal space untill the correct phase information is
retrieved.

For coherent diffraction imaging(CDI), there are temporal and spatial coherence that

10



limits:
AE,,
Ll()ngitudinal = Ag (1.5)

Which can be regarded as temporal coherence where E,j, is the photon energy.

AR

Ltransverse = A~ (16)

2D

Which can be regarded as spatial coherence where Dy is the beam size and R is the distance from

the source. The coherence is required to be at least twice as the smaple size that:

D A E
=L _crh (1.7)
dpves AL AE

Such that all phase information can be recorded. For High-Harmonic Sources, narrower spectral
linewidth AA /A will gain the advantage of having a larger field of view and being able to achieve
better resolution with a smaller number of scans[27]. UV-driven Harmonics, due to the broader
temporal phase-matching window, usually able to achieve at least 3 times of spectral resolution

than normally used 800nm driven HH.

11



Chapter 2

Quantum and Extreme Nonlinear Optics
Design of Coherent EUV and X-ray Light

2.1 Microscopic physical understanding/ Physical Model
2.1.1 Full Quantum model

The theory of High Harmonic Generation is still under development. The full-Quantum
Model of High Harmonic Generation proposed in recent years[28, 29] is able to predict spec-
trum and HH photon statistics affected by quantum effects. The major difference between the
full-quantum model between the old ones is that the radiation emission and the driving laser field
are treated classically instead of using a quantum formalism. The full-quantum model provides a

full quantum-electrodynamical solution.

The development of a fully quantum model will be very helpful in revealing the quantum
nature that happened during the process such as the entanglement between the photon and the

emitting atoms.

2.1.2 Semi-classical simple-man rescattering model

The Seimi-classical model is with three steps. This is also called the three-step model as
illustrated in Fig 2.1.The first and last steps are described using the quantum approach and the

second step is purely classical.

12



1. Tunnel ionization where strong laser field ionizes electron from its parent atom.

2. The electron treated moves freely by the laser electric field. While it is moving, it also

picks up kinetic energy from the laser field.

3. When satisfying a certain requirement, an energetic electron recombines with its parent

ion, and a HH photon is emitted.

The first and last steps are described using the quantum approach and the second step is purely
classical.

With the development of laser techniques from gain switching to Q-switching to mode-
locking incorporating cavity dumping or regenerative amplifiers, strong laser pulse with higher
and higher peak intensity becomes possible. With each step of development in technique,
new physics also comes. Interacting with an ultrafast intense laser field, the laser-induced
breakdown of gases era started and has led to many new physical phenomena such as multiphoton
ionization(MPI), above-threshold ionization(ATI) then tunnel-ionization(TI).

Keldysh for the first time[6], proposed to treat different ionization regimes analytically,

and he proposed a parameter known as the ”Keldysh parameter’:

y= g\/ﬁ 2.1)

E is the ionization potential. & is the electric field strength of the laser pulse.
For tunnel ionization y < 1. It actually proved experimentally[30] for y < 1/2. When

Y > 1, the multiphoton effect usually dominates. It can be also treated as:

_ tunnelling time 77

o - 2.2
half-laser cycle 17, (2.2)

He also first proposed the ionization rate of the hydrogen atom in the quasi-static limit:

13
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W NemE (e NP [ 4VIE? ( melE 2.3)
Keldysh — 4% m1/2E3/2 p 3eh& 528 .

If using the atomic unit:

V6rE [ & \'/? 4v/2E3/2 W*E
wKeldysh:T 2 X exp 35 1‘@ (2.4)

Here w is the laser angular frequency.

Later on, Perelomov([31] improved the rate of an arbitrary state of a hydrogen atom:

o (3N U0+ m]) 26\ 268
©=Cn (né"o) BT ()= ! ( £ ) p{(‘?@@)} 2

Where Z is the atomic residue charge. For a neutral atom Z=1.The factor 3& /&), is the result of

) o 28 2n*—|m|—1
averaging the rate over one driving laser cycle. The (%)

represents the long-range
effect of the Coulomb potential. All equations in this section are written with atomic system
units with (h = m, = e = 1, see Appendix C for more detail). Later on, Ammosov, Delone
and Krainov generalized this analytical theory[32] and proposed the expression of the tunnel
ionization probability, also known as the ADK ionization rate:

For n* > 1, ionization rate:

e (38 p e D+ |m))! (250)2"*'m1 {<_2_é"o>}
“’_C"*l*(ngo) BT = )t \ € <Xy T34 (26)

n* =ZQE)"'? & = 2E)*? 2.7

ADK extends the scope by replacing n,1 by the effective principal and angular momentum

quantum number n*,[*. [* =n* — 1
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If optimize by using the asymptotic form of the radial electron wavefunction in a Coulomb

potential.

o (3e\ 2 2t 4z’ M (27 08)
“\7) % 1| — DnE P\ 3¢ '

e=0.71828, F = &. This is valid down to n* ~ 1.
Above one is for the case m=0 because the other terms with different m being negligible when
Ey/E > 1.

Population and depletion rate of each ion as time progresses, ionize one electron at most
in half laser cycle. The ADK rate follows the laser intensity profile. The ionization rate of a
given ion is the ADK rate multiplied by the population of that ion. The population of the ion
depends on the ionization rate of the previous ion and on its own ionization rate. Population

between ions follow a series of differential equations.
dN()(l‘) = —Nondt

dN; (l‘) = N()(t)’)/zdt — N ’)/zdt
sz(t) = Nll(l‘)’}/zdl‘ — Nopdt

Where ¥, represents the ADK rate that ionizes to i’ ion. N; represents the population of different
ions. The total number of atoms/ions is constant to be unity. Fig 2.2 shows the typical calculation
of the ionization rate and Fig 2.3 shows the ion population evolution of 400 nm driving laser

with a 20 cycle pulse duration and with peak intensity 2.5 x 101°W/cm?.

The propagation step treats the electron as a free electron whose motion is only affected

by the external laser field. Assume a sinusoidal laser field E(t) = Epcos wpt and the initial
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Figure 2.2. Top: ADK rate coupled with the population of neutral atoms and ions. Different
ion species has their brightness emission at different time and with different HH photon energy.
Bottom: ADK rate in terms of time. Shows time-wise when the ionization from certain ions
could be the most efficient.

boundary condition to be both zero (xog = 0,vy = 0). The position and velocity at time t can be

easily calculated:

w(t) = — 22 (in (@t + ¢) — sin (9)) 2.9)

ma@y,
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remain constant. Top: log-scale. Bottom: linear scale.

() = — ,fgjz (cos(@rt + 6) — cos(9) + sin(¢)¢) (2.10)
L

Where the phase ¢ can be understood as the electron gets ionized at different times wrg = @
Relativistic correction is usually not needed since the intensity needed for such velocity is usually

with orders of 10'7 W/cm?. Free electron trajectory is shown in Fig 2.4.
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Figure 2.4. Free electron’s trajectory over time affected by the laser electric field(4;, = 800nm)
as a function of initial ionization phase ¢o = @y, where 7, is the ’born time’ of the free-electron.
For trajectories, A and B, the electron is able to travel back to its initial position but A is
with almost no kinetic energy and B is with maximum energy, the HH photon energy emitted
by these two case define the possible range of the HH emission. With a circularly polarized
field(trajectory C), the electron can never goes back to its original position for any initial
ionization phase. Adapted from[33]

Electrons can be ionized at any time during the half-laser cycle and accumulate kinetic
energy from the laser field. However, only at time t when the free electron goes back to its parent
ion x(t)=0 does the recombination possible to happen. The recombination process is treated
quantum-mechanically so that the rescattering electron wavefunction spreads spatially and then
shrinks and overlaps with the parent ion. A photon is able to be emitted with all the electron

kinetic energy and the ionization potential of the ion.
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It is not hard to find the most energetic recombination that happens when the ¢; = 17°

and the ¢, = 255°. Fig. 2.5 shows the recombination time and its corresponding accumulated

kinetic energy. This is also called the HH cutoff of the simple man model.

thumff =3.17Up+1Ip

Kinetic Energy

Kinetic Energy (U,)

2.11)

Figure 2.5. 1-D displacement vs. Kinetic Energy When displacement(yellow curve) becomes
zero at t > 0. It may recombine with the parent ion. Then the kinetic energy(blue curve) it
accumulates will be part of the energy of HH photon emitted. Here the ionization happens at

around 18°, and the kinetic energy it accumulates is around 3.17U,,.

Where Up is the ponderomotive energy.

212
eEO

Up =
P 4ma)%

(2.12)

For convenience, the ponderomotive energy can be calculated with U, [eV] = 9.337 x

10~ 147[W /em?](A [um]?). Which has a good agreement with the experimental data.

2.1.3 Lewenstein model - Strong field approximation(SFA)

In 1994, Lewenstein proposed an analytical quantum theory of the HHG[34]. The laser-

atom interaction is described by the time-dependent Schrédinger equation using the length gauge,

assuming a linear polarized field in the z-direction,
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i%w(x,t): —%V2+V(r)+zE(z‘) y(x,t). (2.13)

The model also with three assumptions. Also called Strong-field approximation(SFA).

1. Only the ground state contribution is taken into account, all contributions from excited

bound states are neglected
2. The continuum electron is treated as free without the effect of the atomic potential.
3. The depletion of the ground state is neglected.

With SFA, the time-dependent dipole moment (y(r,?)|z|w(r,?)) is given by,

Quantum three steps

L(t) = i/otdthEcos(wt/) X (J(ﬁ—ﬁ(t’))) X X
A

(2.14)

Where p and d(p) are the canonical momentum and the dipole transition element. A(t) is the

vector potential.
p=v+A() (2.15)
d(p) = (p|z|0) (2.16)
And S is the quasi-classical action,
t —A(t" 2
S(p,t,1') :/ dr" (w +1p) 2.17)
t/

Which contains the phase advance of the continuum electron. Now, if we look back of (2.14),
we can intuitively understand it as a quantum three-step model. Where A can be identified as
ionization of the ground state at ', and B and C can be identified as propagation in the continuum

within  — ¢’ and recombination with parent ion at time 7.

21



If Foruier transform (2.14)

o t
w(wy) =i / dt / / Ppd+(p— A1) x expliont —iS(p,1,1)] - E(')d(p— A(l')) +c.c.
(2.18)
If treated the laser electric field as E(t) = Egcos ayt. Fourier transforms the time-dependent

dipole moment and applies the saddle-point analysis. The spectra cutoff can be derived as,
Ip
hvcuofy = 3.17Up + f (U—P)Ip (2.19)

Where this f(Ip/Up) is a slowly varying function of the first order. f(0) = 1.32 or when Up > Ip
and f(3)=1.25. This is a purely quantum correction from the continuum electron wavepacket

affected by quantum effects such as tunneling and quantum diffusion.

2.1.4 SFA+: marriage of SFA and TDSE

As mentioned above, the standard approach of SFA is with a saddle point approximation
to compute the harmonic spectra[34, 35]. The standard S-matrix SFA approach was applied to
the description of photo-ionization[6] and to the HHG and discrepancies were found between
real experiments and the exact numerical solution from the TDSE. Later on, Pérez Herndndez et
al. proposed a modification[36, 37] to the standard approach(we refer it as SFA+). The correction
from the standard SFA is that SFA+ is also considers the contribution of the dipole acceleration
from the effect of the field on the bound state for the rescattering process. With this correction,

the compact SFA+ model has a converging result with TDSE calculation.

2.1.5 Generation of coherent X-ray using short and long wavelength
driven laser

The rescattering of the electron wavepacket is laser wavelength dependent. By the cutoff
equation from the above models with the ponderomotive energy to be proportional to the driving

laser square, it is well accepted that the higher photon cutoff can be generated by using a driving
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laser with a longer wavelength A, [8]. However, it is suggested that the longer A;, would result in a
significantly lower single-atom yield. The more recent quantum calculation suggested the scaling
to be A > for a fixed peak laser intensity and the same HH photon energy interval[38, 39, 40].
Part of the fast decreasing of HH yield can be understood by the quantum diffusion of the electron
wavepacket. The time of the wavepacket diffusion scale with A~ such that longer A; will lead
to longer diffusion time which makes the recombination harder.

Aside from HH yield. The group delay dispersion of HH(also known as atto-chirp) also behaves
differently with short and long A;. HH signal is generated within half laser cycle and usually
believed to be with pulse duration gy ~ 71 /4, which is able to give attosecond isolated pulse
train. The atto-chirp will elongate the pulse duration which is undesirable for attosecond science.
The long trajectory is with a negative chirp while the short trajectory is with a positive chirp.
For both trajectories, the atto-chirp is reduced with the shorter time the wavepacket spend in the
continuum, And with a larger phase-matched bandwidth(covered in the phase-matching section),
the atto-chirp is further reduced. The temporal broadening of the HH pulse depends in the ratio
of the atto-chirp to the pulse duration and it strongly favors intense short A;, to approach even

near transform-limited isolated attosecond pulse train.
2.2 Macroscopic Physical picture

2.2.1 Phase Matching of High Harmonic Generation

Phase-matching is a very important idea for nonlinear optics. Low-order harmonics, sum
and difference frequency generation, parametric amplification and etc all require phase-matching
to reach optimum efficiency. HHG finds no odd. To achieve optimal upconversion HH efficiency,
the emission need to be treated in a macroscopic way that the emission from multiple atoms

has to be synchronized in phase such that the product signal can build up coherently along the
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propagation in the media. The adiabatic phase-matching for the ¢/ order HH is given by:

Ak =k, —qkL (2.20)

Where k;, 1s the laser wavenumber. Perfect phase-matching happens where Ak = 0. However, a
mismatch always exists. The difference in the group velocities for the fundamental and output
harmonics will cause destructive interference and a decrease in the HH signal strength. For
HHG, the strong laser field needs to ionize atoms or molecules. Thus there are more sources
that can affect the group velocity than simply propagation in a gas. Electrons, neutral atoms,
and laser-induced plasma complicate the story as well as the experimental configurations. Also,
the single-atom picture failed to represent all the ionized electron and their parent ion since the
majority of them won’t recombine in a useful way but becomes a source of the co-propagating
waves. Until the late 90s, experiments demonstrated the phase-matching mechanism in free-
focusing gas jet and gas-filled waveguide configurations[41, 42, 43, 44].

Phase-matching is the key for the coherent addition of the HH signal. Light in EUV to
soft X-ray regime is usually well absorbed by gaseous matter. This is due to the energy of the
outermost electron state of most materials being within 10-100 eV. The absorption length L
is the distance after which the intensity drops to 1/e because of the absorbing gaseous medium.

The absorption length is given by:
1

o (2.21)

Labs =

Where p is the gas density and o is the absorption cross-section. Integrating the HH signal over

a distance gives[45]:

2

(2.22)

abs

I, o ‘ /0 - pA,(z)exp ( ;L_ L) exp (i9y(2))dz

where A,4(z) and ¢,(z) are the harmonic amplitude and phase of the single-atom response. L is

the length of the conversion medium. If assume there is no transverse dependence of A,(z) then
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the equation becomes:
2

4], —L —nL —L
I, < p2AZ abs 1+ex —2cos ex 2.23
e w1 G O L)\ oL, 22

Where the coherence is defined as:

T
Lo = — 2.24
coh Ak ( )

For perfect phase-matching, the (2.23) coverages to a finite value as shown in Fig 2.6.

The equation (2.20) carries a lot of information for HHG because there are many sources
of dispersion that can affect on the k-vector at the same time with different scaling. When Ak > 0
the driving laser phase velocity is faster while when Ak < 0, the driving laser phase velocity is

slower. The most common dispersion is from neutral atoms:

Ak — ng @y, _ nyy, o qay,

c c — [ng(p,T) = nL(p,T)] (2.25)

If apply the Causius-Mossotti relationship then we can derive that,

T
n(p,T) =1+ (n’— 1)}% (2.26)

The temperature usually is not the optimal controlling parameter. The index of refraction increase
with the pressure. Considering the index of X-rays is mostly very close to one[46]. We can get
that,

qor . o
[np —

rTo
Akneutral = _T ]_

2.27)
poT

0
g

Which is a negative quantity. It can be intuitively understood that gases will ’slow down’ the
driving laser but the HH is mostly unaffected.

Similar to the neutral gas contribution, the multiply charged ion provides similar disper-
sion. The multiply charged ion has its outer electrons more strongly bounded. In such a way, it

reduces polarizability and has a lower index of refraction.
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Figure 2.6. A) Normalized HH intensity as a function of L with different L., /L, ratio. B) 2D
normalized intensity map in normalized coordinates L., /Lgps and L/Lps. Graph from Dimitar
Popmintchev.

While free electron is different. the free-electron index of refraction is:

v, ¥,
ne =1 - 4mc?P0 w1~ 2me2Pe (2.28)

Where p, is the electron density and r, = e? / 4megmec? is the classical electron radius. Also, need
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to notice that all HH below the plasma frequency @, = /47mc?p,r. will be strongly attenuated.

And the electron contribution is positive:

2
_ 40 A"ponre PofiTe iy _ l)p_TO (2.29)

Ak
c 2r q*’ poT

So to achieve minimum Ak for many orders of harmonic then the above three contribution needs
to find a good balance.

The experimental configuration also matters and affects the signal quality greatly. There
are two major setups: free-focusing with a gas jet and a gas-filled waveguide. For free-focusing

geometry, the mismatch is usually positive,

gk r?

1
223

— 1+
(q2 )ZR q

N1, (2.30)

Akgeometry - 2

and it suffers from the Gouy phase where there will be also a transverse phase-matching issue. It
is usually more beneficial to use a waveguide for HHG, it consumes gas slower and usually with
a much higher efficiency and also with a much healthier contribution for phase-matching. For

the glass waveguide which is a hollow-core glass capillary. The k-vector is[47]:

u 2n 1 upmA
. 2 nm\p __ nm
kwaveguide - k() - ( )2 ~

2
; =55 )] (2.31)

Where a is the inner radius. u,, is the m'" root of the Bessel function J,,_ (ttym) = 0. The mode
will be suppressed if the cutoff HH wavelength is shorter than A, = 27a/u,,,. The fundamental
mode HE|; has the longest cristal wavelength. Higher-order modes are suppressed at shorter

signal wavelengths. The waveguide contribution on dispersion can be derived as:

90 LAy 1

2.32
2" 2ma q* ( )

Akwaveguide =

Which is a positive quantity.
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2.2.2 Phase Matching of High Harmonics using Ti: Sapphire laser
driver

The most commonly used HH driver is Ti: Sapphire laser which offers ultrafast laser
pulse down to below 20fs and up to more than 30mJ. However, phase matching is not favor Ti:
Sapphire in the X-ray regime. As mentioned above, there are several major contributions to
the phase mismatch. With the refractive index being close to one for the X-ray regime. Those
contributions of phase mismatch need to balance each other to make the refractive index of the
driving laser to be as close to unity as possible.

Contribution from neutral atoms scales inversely with wavelength such that An s ~
1/ A2 which electrons contribution scales quadratically with the laser wavelength An,jectron ~
—A2. At long infrared wavelengths, the plasma refractive index is large and hard to get balance
by the atom contribution such that very high pressure and low ionization level is required to
reach optimal phase matching. The low ionization level usually needs to be achieved by loosely
focusing the laser beam. For this reason, even though the Ti: Sapphire laser can be with a
combination of short pulse duration and high pulse energy, its high harmonic is hard to reach
an X-ray regime because the process wasted the possible high peak intensity that can boost the

ponderomotive energy Up and cannot get high ionization potential.

2.2.3 Quasi-phase matching using periodic physical structures and
all-optical light structures

For IR-driven high harmonic generation, the ionization is limited to a low level. Oth-

erwise, the plasma dispersion will be too big to be balanced whatever the gas pressure. The

laser-dependent critical ionization level is derived as:

1

leNare
wras(n) T 1

Ner(AL) = (2.33)
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With the phase-mismatch condition, there will be also HH yield but the HH emission builds up
periodically over a coherence length. Also, the signals are with different phases and thus are not

able to add up efficiently as Fig 2.7.

A -

[0}
T e

€ ey = (2n+1)m,

Figure 2.7. A) When the HHG is phase-matched, the HH signal grows linearly with the medium
length theoretically. (B) Without phase-matching, the HH signal periodically oscillates on the
scale of one coherence length. Graph from Tenio Popmintchev

Quasi-phasematching for low-order harmonics is proposed in 1962[4]. By introducing a
periodicity of the nonlinearity to the nonlinear medium corresponding to the coherence length.
Where the coherence length is defined as the distance that the fundamental and signal light to be
out of phase by 7. The generation of HH most of the time requires to be in a gas medium such
that this initial method cannot be directly applied. But an analog method can be achieved. For
example, the basic idea remains the same, the QPM can be achieved by restricting the HHG to
be at the position where the HH signal can be added up constructively. Or equivalently, suppress

the HHG at the out-of-phase zones. The idea can be illustrated in Fig 2.8.
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Figure 2.8. All-optical grating-assisted quasi-phase matching approach [48]. Where different
zone can be separated.

3.2.2.1 modulated waveguide

A modulated hollow core waveguide as shown in Fig 2.9 can be used to periodically
modulate the driving laser intensity such that harmonic with higher energy can be efficiently
generated even with a substantial ionization level[49, 50].

The QPM structure is also helpful to make the generation of isolated attosecond pulses
possible. As the temporally longer driving laser propagates through a certain region, the
ionization level increases over time. The phase-matching approaches are optimal when closer to
the critical ionization over time. The HH signal is mostly emitted during this time window. The
critical ionization level is higher for the QPM case such that it could be closer to peak of the
pulse with optimal laser intensity. The time window could be much shorter and may limit the
HHG emission within half-cycle of the driving laser.

With modulated waveguide, the generation of the coherent soft X-ray can be all the way
to the “water window” region up to 4.4nm corresponding to 282eV. The phase mismatch that is

normally resent between the driving laser and HH can be partially compensated.
3.2.2.2 Series of Gasjet

There is also an approach to modulating the gas density by using a series of gas jets[51]

as shown in Fig 2.10.
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Figure 2.10. Series of gasjets[51].

All atoms are treated the same with the same single-atom emission amplitude. The
phase mismatch is zAk grows linearly with z, the propagation distance. The g-th order harmonic

intensity generated in a source of length L. can be approximated as:

Y sinz(LTAk)
q

AR (2.34)

Here N, is the number of atomic dipole radiators driven by the laser. When dephasing is
dominated by free electrons, the phase mismatch LAk scales with the density N, of free electrons,

Ak o< N, o< N,

N
I, o< sin?(LAk/2) = sin? ( T
2 aq

) (2.35)
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Here N, , is the largest density that the ¢'" harmonic monotonically grows over propagation
distance L. If N, keeps growing by higher the gas pressure will decrease the HH yield from
destructive interference of HH photons emission from the first half and the second half of the
source.

The destructive interference can be shifted to higher N, to boost the overall yield by
dividing the total propagation length L into M sections. The M-separated sections can be shifted
such that the phase difference of the exit of one section and the entrance of the next section is 7
at a given harmonic frequency @, = gwr

The optimized g-th harmonic at @, will be:

1—(—1)Mcos<7r—N“>
[ o Nag sinz( ANa ) (2.36)
1+cos (1\%) 2MNa7q

This modification allows M times of atomic density and M? times of HH yield.
3.2.2.3 Counter-propagating Laser Field

All-optical QPM[52] can also use a train of counterpropagating pulses to modulate the
nonlinear index of refraction of periodic regions in a short waveguide as shown in Fig 2.11. The
enhancement can be more than 10 times for some selected harmonics. Or can be more than
300 times by using three counterpropagating pulses in a long waveguide. The short and long
trajectories also behave differently to these counterpropagating pulses and the enhancement
could be selective by adjusting the counterpropagating pulse intensities.

It is possible that in the future, the quasi-phase matching technique could enable the

HHG in the full X-ray absorption length to escalate the HH yield further.

2.2.4 Effective phase matching in the Soft and Hard X-ray regime in
multiply charged plasma using Visible and UV driving lasers

High harmonics are generated at very high laser intensities which will generate laser-

induced plasma, this plasma-induced phase mismatch limits the useful flux at the highest photon
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Figure 2.11. Counter-propagatig pulse train[52] .

energies in the soft X-ray region of the spectrum. Solving this ionization-induced phase mismatch
becomes a critical challenge to the further development of coherent EUV and soft X-ray sources.
And there is a surprise from UV-driven high harmonic[53] which can trace back to the late 80s
when the high harmonic is discovered by using a 248 nm driving laser[1]. But now, the newer
study gives a better understanding of the behavior and its physics.

Different from the IR-driven case, where high gas pressure and loose focusing are
required to have low ionization levels and a large number of emitters. The refractive index scale
law mentioned in section 3.22 is in favor of UV spectral range as a HH driver. The neutral
atoms(Angoms) and multiple ionized ions(An;,,s) can provide larger dispersion than the IR case.
And the plasma contribution is smaller and thus easier to be balanced as shown in Fig 2.12.
HH can be emitted from an ion instead of a neutral atom thus gaining higher /p, the ionization
level can be much higher than 100%. Previous work claimed the efficient cutoff high harmonic
emission could be from all the way to Ar>*[53]. In the experiment, the UV-driven harmonic
was also able to tolerate a much bigger range of gas pressure with efficient emission and a much
bigger range of peak intensity which also creates a great condition to quantitatively study the

ionization behavior in different regimes and probe possible novel electron correlation effects.
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Figure 2.12. (A). Index of refraction of argon atom(blue-dashed) compared to the plasma
refractive index(red-dashed) as a function of driving laser wavelength. For constant ionization
level of 40%. The plasma refractive indices change much faster than the atoms. The solid lines
show the refractive indices under phase-matching conditions near the HH cutoff. (B) The trend
of ions’ refractive indices. At shorter wavelengths, the ions’ refractive indices start to change
faster and easier to compensate for the plasma. Such a trend shows the HH phase-matching

Laser wavelength )\L [um]

favors shorter driving laser wavelength. Graph from Dimitar Popmintchev
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Chapter 3

Advance technology: design of ultrafast
infrared/visible/UV laser parameters for
efficient X-ray generation

Pulse duration is an essential driving laser parameter for efficient X-ray generation. It not
only affects the possible highest peak intensity. It is also of vital importance for phase-matching.
To get the highest yield and highest cutoff, the optimal condition is met when the temporal
phase-matching window overlaps with the peak of the pulse. The pulse duration for most ultrafast
lasers is limited by the gain bandwidth and cavity design. Ultrashort intense few-cycle pulses are
mainly achieved by optical parametric pulse amplification and nonlinear compression. Post-laser
operation aims at having a shorter laser pulse duration is a major task for building a robust high

harmonic source.

3.1 Self Phase Modulation of infrared laser pulses in
revolver-type anti-resonant fiber for the first time.

Pulse duration is limited by its spectral bandwidth. They shared an inverse relationship.
Such that the first step is always to find a healthy way to broaden the spectrum. And with
spectral broadening, the pulse could be compressed to near-transform limited pulse duration
by canceling the chirp. Successful compression using noble-gas filled fiber can reach down to

sub 2 cycle[54]. Here we are using a revolver-type anti-resonant fiber[55, 56] which offers low
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transmission loss and very efficient guiding with rather simple. The structure is shown in Fig 3.1.
The anti-resonant effect is from the interference of the reflected waves from the inner and outer
annulus interfaces. The advantage of using fiber for spectral broadening is that the high intensity
can be reminded for long propagation length within the fiber with a well-defined guiding mode
such that the nonlinear phase could quickly accumulate. Instead of long fiber, we used an 11cm

long revolver-type antiresonant fiber

‘

Figure 3.1. SEM image of antiresonant fiber. The fiber consists of seven annulus-type anti-
resonant interfaces. The fiber is with outer diameter of 120 m and an inner diameter of 88um,
the center hollow zone is with a diameter of 42um. The revolver is with an outer diameter of
234+pum and the revolver wall with a thickness of 1.25um. All dimensions with a tolerance of
2% of its principle value. Graph from Prof. Mariusz Klimczak from the University of Warsaw.

Instead of using meter-long fiber with an injection of noble gases. We here only used a
short segment of fiber(11 cm) filled with atmospheric air, we were able to broaden the spectrum
by four times from the Fourier-transform limited(FTL) pulse duration of 220fs of the laser down
to 56fs as shown in Fig 3.3. With a single-stage prism compressor, we were able to compress
the pulse down to 68fs measured by Second Harmonic Generation Frequency Resolved Optical
Gating(FROG), the experimental and retrieved trace is shown in Fig 3.4. The total compression
efficiency is 66%.

The successful compression by using such an easy setup(Fig 3.2) shows its great potential.
Future optimization could be filling the fiber with argon gas which has much higher nonlinearity

than air such that a shorter fiber could be used to enhance the throughput.
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Figure 3.2. Single stage laser pulse compression using air-filled antiresonant fiber and prism
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Figure 3.3. Spectral phase modulation of different laser pulse energy after propagation in an
I1cm long antiresonant fiber. The Fourier transform-limited pulse duration of the broadest
spectrum goes down to 56fs. The laser is initially with a pulse duration of 250 fs.

3.2 Self Phase Modulation of visible laser pulses in the thin
plate/periodic Kerr medium

3.2.1 Abstract

We present a single-stage compression technique for the second-harmonic pulses at 515
nm in the visible spectral range, generated by a 1030 nm Yb-based sub-picosecond regenerative
amplifier. Using a multi-plate arrangement, we demonstrate compression from 180 fs to 40 fs with

a high efficiency of spectral broadening greater than 95% and a compression efficiency of 75%.
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Figure 3.4. The SHG-FROG trace shows typical signs of compression.

Utilizing a low nonlinearity medium provides a straightforward and reliable approach to achieve

shorter pulse durations (20 laser cycles) while preserving superior spatial beam quality with 97%

of the energy concentrated in the central Arie disk. Additionally, the method simultaneously
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improves the temporal pulse quality without introducing a femtosecond-to-picosecond pedestal.
The resulting enhanced laser parameters are crucial for extreme nonlinear optics applications
and ultrabright EUV and X-ray high-harmonic generation, due to the short wavelength of the

driving laser and the high repetition rate of 100 kHz to 1 MHz.

3.2.2 Introduction

Fully coherent light with ultrashort wavelengths and pulse durations is essential to study
the ultrafast dynamics of atomic, molecular, and plasma systems, nanomaterials, and biosystems.
EUYV sources based on the process of high-order harmonic generation have gained their status
quo in the field through the upconversion of near-infrared pulses from femtosecond Ti:Sapphire
lasers, optical parametric amplifiers, and optical parametric chirped pulse amplifiers with high
energy and high peak power. While, in general, high harmonic generation typically requires high
peak power to reach high cutoff photon energy and record efficiency greater than 1073 — 10~
using UV - to - mid-IR drivers [1-3], a post-compression technique to further shorten the laser
pulses at shorter UV - VIS laser wavelengths in the time domain are in demand. Several success-
ful approaches have been demonstrated to date where femtosecond pulses at the fundamental
near-infrared wavelengths of Ti:Sapphire or Yb-based lasers or optical parametric amplifiers
derived from them have been compressed to several cycles in duration[57, 58, 59]. However, a
practical spectrally broadening and compression scheme of UV-VIS laser pulses at very high
average power has not been utilized. Also worth noticing is that conventional high harmonic
generation drivers are usually limited to low repetition rates of up to a few kHz, while many
EUV — X-ray imaging and spectroscopic applications can greatly benefit from a high repetition

rate, high-flux source.

In this work, we demonstrate the capability of a kHz-to-MHz Yb:KGW sub-picosecond
amplifier at 1030 nm to be utilized for highly efficient high harmonic generation in the EUV

region by spectrally broadening and compressing its second harmonic at 515 nm. The advantages
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of high harmonic generation in gases driven by short-wavelength VIS lasers are extremely high
single-atom efficiency due to low quantum diffusion of the rescattering electron, ultra-narrow
linewidths of the harmonics due to broader temporal phase-matching window, enhanced phase
and group-delay matching due to high linear and nonlinear indices of refraction of atoms and
ions [1, 2]. In addition, the superb spatial coherence and, finally, an extended X-ray cutoff
with intrinsically-compressed near-transform limited attosecond pulses make this technique
very attractive for high-resolution dynamic imaging and for angle-resolved photoemission
spectroscopies [1]. It is also worth noting that high harmonic generation inside a noble gas-
filled capillary could benefit from self-confinement in both space and time. We demonstrate
a near spatio-temporal solitary mode of propagation in periodic thin-plate media at VIS laser
wavelengths and achieve spectral broadening via self-phase modulation (SPM) while maintaining
an extremely good spatial profile of nearly-identical spot sizes and similar pulse durations at
each plate. This eliminates the strong conical emission loss and enhances the efficiency of the
pulse broadening geometry to above 93%, resulting in compression from 180 fs to 40 fs at
515 nm, or 23 cycles at FWHM with post-compression 42uJ pulse energy. This pulse duration
is in the optimal range for effective phase matching of high-order harmonic generation using
UV-VIS drivers. Post-laser pulse compression is done by compensating the chirp of the spectrally

broadened pulse such that the pulse duration of the laser light can be further shortened.

3.3 Spectral Broadening in Low Nonlinearity Multi-Plate
Geometry

Self-phase modulation modifies the spectral property while the laser pulse propagates in
material with laser-induced third-order Kerr nonlinearity x(3). Such that the index of refraction
changed n(t) = ng +noI(t). Here, we choose Calcium Flouride CaFa(ny = 1.9210~1%cm?/W).
Here I(t) is the laser intensity. The nonlinear accumulated phase, often referred to as B-integral,

can be evaluated as:
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L 2
B(1) = % /O nol(2,1)dz ~ %anz(z) = Lmi() 3.1)

Here @y is the initial circular frequency, c is the speed of light and L is the thickness of the media.

This nonlinear phase results in a frequency shift:

0 0
80(t) = o) — 0 = —3.B(1) ~ %anal(r) (3.2)

The intensity slope of the laser field controls the maximum frequency change. In principle,
tight focusing can produce the biggest spectral broadening. However, for pulse compression,
the use of spatial-temporal solitons induced by propagation is preferred. Although there is an
accumulation of B-integral and chirp due to media properties, the use of chirp compensation
optics can compress the pulse to a duration close to the Fourier transform limit with a small
amount of unbalanced dispersion of higher order. However, the spectral broadening process can
also cause temporal splitting of the laser pulse, or the media can greatly reshape the temporal
and spatial profile of the laser, making it difficult to compress using standard commercial chirp
compensation optics efficiently. To avoid temporal splitting and strong spatial deformation, we
use thin plates of solid material of Calcium fluoride with 111 cuts. This also provides smaller
dispersion compared to commonly used materials such as sapphire or fused silica. Group velocity
dispersion (GVD) and third-order dispersion (TOD) are the two major terms that contribute to

chromatic dispersion and can be easily evaluated[60]:

m

Pl f B(p,m)zmmn(z) (3.3)

m=0

POD() = k() = (~1)" (o

c
Such that the GVD and TOD at central wavelength 515nm is 48.619fs2/mm and 16.744{s3/mm,

respectively.

A single thin plate can achieve large spectral broadening by tight focusing, however,
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accumulating a significant nonlinear phase usually leads to a conical emission with an Arie ring
pattern causing substantial energy losses. The formation of single or multiple filaments inside
the solid material leads to severe beam distortions or beam splitting. Alternatively, a larger beam
waist can reduce the fast nonlinear phase accumulation per plate with a weaker self-refocusing,
thus, a considerable spectral broadening can be achieved using a soliton-like propagation in a set

of multiple thin plates.

One fascinating occurrence associated with filament propagation is the refocusing cycle
of the laser. During laser filamentation, the beam rapidly shrinks down and expands, leading to a
continuous series of divergence and refocusing that can persist over long distances. The formation
of filaments generates a plasma that transforms a narrowband laser pulse into a broadband pulse,
opening up new possibilities for applications. An intriguing feature of this plasma, induced by
filamentation, is its ability to restrict the density of electrons, thereby averting optical breakdown.
In a medium with a Kerr nonlinearity, the following simplified formula can be used to estimate

the focal length:
W

3.4
81’12Pl ( )

fem

where wy is the beam is the refractive index of the medium, A is the wavelength of the laser
beam, @y is the beam waist at the focus, 7, is the Kerr nonlinear coefficient of the medium with
length 1, and P is the optical power. This formula shows that the focal length in self-focusing
is proportional to the initial beam waist inversely proportional to the nonlinear refractive index
of the medium and the laser beam power. In our experiment, the distance between the plates
is set to approximately 2f., where f. varies on each plate. This translate to a critical phase
of b, = %nz(%) Where E. is the pulse energy, 7, is the pulse duration and w is the beam radius.

In our experiments, a Yb:KGW laser amplifier of 8 W average power, with a tunable

repetition rate between 100 kHz and 1 MHz, and 250 fs pulse duration, is used to generate
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second harmonic pulses in a Type I BBO crystal with a high conversion efficiency of more
than 67%. The 515 nm beam of 56 ulJ energy per pulse (at 100 kHz) and shorter 180 fs pulse
duration due to the nonlinear intensity dependence is then focused by a long focal length lens
of F=1 m, ensuring a long Rayleigh range of more than 15 cm. Eight CaF2 thin plates of 1
mm thickness are chosen to be the Kerr medium, equally spaced by 2 inches, and are used for
spectral broadening, with the first plate placed right at the flat wavefront of the beam in focus.
The plates are placed at alternating Brewster angles to minimize the reflection loss and minimize
any asymmetries. Furthermore, the precise [111] CaF2 crystal cut eliminates any depolarization
degradation and energy loss since CaF2 is known for wavelength-dependent depolarization
issues in white light generation for other orientations[61]. Also, the plates are placed in a
counter-rotating configuration, shown in Fig.3.5 to compensate for wavefront distortion. Prism
pair compressor as a transmission optics could also induce dispersion to intense short pulse such
that the beam size that sends into the prism pair better to be as big as possible to minimize this

unwanted dispersion.

3.4 High-Performance Laser Pulse Compression with
Enhanced Spatial and Temporal Quality

Many nonlinear effects are due to third-order susceptibility such that the spatiotemporal
propagation of intense laser light in media is hard to control towards the desired direction. In
this work, we experimentally maximize the utilization of SPM and self-focusing. Each plate
contributes to the spectral broadening and provides similar self-focusing to maintain the spatial
soliton propagation. The beam size on each plate is measured using 2f-2f imaging, and it remains
350+£10 um. Pulse duration after each plate is also remaining similar, around 200£10 fs. The
pulse enters a spatial-temporal soliton mode that supports spectral broadening without splitting.
The B-integral for each plate should be identical, and each plate contributes to the spectral

broadening.
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Figure 3.6. Spectral broadening through nonlinear spectral phase modulation after plates. Top:
wavelength domain. Bottom: frequency domain. This is the first effective spectral broadening
for visible laser light.
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For dry air experiments, the gas environment plays an important role, while its nonlinearity is
smaller compared to solid materials. Soliton mode propagation in a vacuum with controlled
pressure and gas species is expected to fine-tune of the dispersion of the SPM setup. Atomic and
molecular gases with either polarization properties or much higher nonlinearity can be used to

fine-tune the spectral broadening and optimize the spatial-spectral-temporal beam quality.
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Figure 3.7. Fourier Transform Limited (FTL) pulse duration after each plate. Accumulated
nonlinear phase and corresponding B-integral after each plate. Here we simulate the case of
periodic soliton mode with b = 1.

Chirp decides how far away the laser pulse is from its Fourier-transform limited pulse
duration. FROG, as a characterization tool, is able to retrieve the spectral phase information such
that it offers a guide on the amount of compensation needed for different order dispersion. Here
we did an analytical calculation to optimize the dispersion compensation such that we can cancel

the second while minimizing the third-order dispersion[60].
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The fused silica prism pair compressor with a 70 cm tip-to-tip distance is able to compensate for
the needed dispersion that yields a sub-40 fs pulse with superb spatial-temporal quality. The loss
focusing near spatiotemporal solitary mode also offers a chance for post-laser compression for
high pulse energy laser. The SPM for ultrafast laser with high pulse energy could be problematic
with a single lens such that it could accumulate too much nonlinear phase or the focal length is
relatively long and needs a vacuum environment for pulse propagation to reduce distortion in the
air. The near spatiotemporal solitary mode suggests instead of focusing the laser beam, one can
down scope the laser beam by using a pair of positive and negative lenses. The designed beam
size on plates and the periodic spacing between plates depend on the critical phase on each plate

that makes the soliton propagation possible.
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Figure 3.8. FROG measurement of the compressed pulse. A and C: SHG-FROG measurement.
B and D: SD-FROG measurement. For the first time, we were able to use this method to compress
pulsed visible laser to be 4.5 times shorter.
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3.5 Ultrabright High Harmonic Generation Using Short-
Pulse Short-Wavelength UV-VIS Lasers

Yb-based lasers gained high popularity in academic research and industry in the last
decade. The extreme nonlinear process, including secondary light sources based on high
harmonic generation, also benefits from its scalable high repetition rate, high power, and high
stability. Recent understanding demonstrated that using a shorter wavelength laser driver can
greatly enhance efficiency[53, 62, 63]. The single atom yield of high-order harmonics in different
configuration scales from A > for the most gas jet to even A~'+ for the phase-matched case.
That, by shortening the driver wavelength by a factor of 2, the single atom yield is 32 to 512 times
larger. Also, the plasma dispersion, which destroys the phase-matching for the long infrared
driver, can be effectively compensated by the dispersion of ions in the UV-VIS spectral range
as the resonances of atoms are approached. Essentially, the temporal phase matching window
increases for UV-VIS drivers. So for UV-VIS-driven high harmonics, multiple 10-to-50 cycles,
instead of ten cycles of the laser pulse, are able to generate harmonic efficiently. Compressing a
long 180 fs second harmonic pulse in a single SPM stage instead of compressing the fundamental
laser beam can yield a higher second harmonic conversion efficiency while greatly maintaining
the laser quality, which plays an important role in an efficient high harmonic generation. Here,
we calculate here the tunnel ionization that 515 nm laser could induce with the compressed pulse
energy and duration. The ionization is directly ADK plot here.

Phase matching of high harmonic generation using UV-VIS drivers favors longer pulse durations
since the temporal phase-matching window for efficient upconversion in the EUV — X-ray
regime increases with the decrease of the laser wavelength. The demonstrated straightforward
compression scheme provides a driver of 23-cycle pulse duration and a feasible peak intensity
of > 1.0 x 101°W/cm? to reach the soft X-ray regime at 100 eV at repetition rates of 100 kHz
and higher, i.e., more than two orders of magnitude greater compared to that of most of the

conventional laser amplifiers. Theoretically, the emission can reach the technologically relevant
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13.5 nm EUV wavelength with very narrow linewidths using Ar ions or neutral He (see Fig.3.9)
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Figure 3.9. Theoretical high harmonic cutoffs at the technologically relevant 13.5
nm EUV wavelength (91.7 eV) for a 515 nm driver with a 40 fs pulse duration for an
experimentally feasible peak intensity of 1.0 x 10'> W/cm? (ionization of Ar ions in
blue and neutral He gas in red).

49



3.6 Conclusion

This work implements a straightforward method to generate short 40 fs VIS pulses at
the second-harmonic wavelength of Yb-based laser amplifiers with kHz-to-MHz repetition rates.
The resulting pulse has a high-quality spatial profile with 97% of energy in the central mode
of the Arie pattern, excellent temporal quality without any pedestal, and high compression
efficiency. These features make the single-stage scheme an appealing frontend for ultrabright
attosecond high harmonic generation using VIS driving lasers.

Chapter 3, partially, is currently being prepared for the publication of the material
High-performance compression of VIS 515 nm laser pulses for bright phase-matched EUV -
X-ray high-order harmonic generation at kHz-MHz repetition rates, Siyang Wang, Jieyu Yan,
Sirius Song, Alexander Atanassov, Zhihan Wu, Dimitar Popmintchev, Tenio Popmintchev. The

dissertation author was the primary investigator and the author of this paper.
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Chapter 4

Bright Coherent X-ray Generation De-
signs and High-Performance Spectrometer
and Monochromator for EUV and X-ray
Attosecond Pulses

4.1 Lego Hollow Waveguide Designs for Phase-Matching of
Extreme High Harmonic Generation

The early trial of using hollow core waveguide on HHG was proposed and conducted
in the late 90s[41, 64]. For low-loss telecommunication fibers, the light gets guided by total
internal reflection with a high index of refraction core and a low index of refraction of cladding.
Also requires a numerical aperture to match the launch angle and mode area. Hollow-core fiber
does not really guide the laser light with a guided mode. By adding high reflective cladding
such as the photonic bandgap fibers, the waveguide is able to guide light within the transmission
window well. But hollow-core waveguide is with the advantage that the transmission window
is very broad as shown in Fig 4.1. Compare to gas-jet. Hollow-core waveguide is for efficient
High Harmonic Generation with usually 10 times less gas consumption and more than 10 times
efficiency due to its advantage in phase-matching and longer distance for accumulation of signals.
The High Harmonics spatial mode and spatial coherence from the waveguide are also much

better and with smaller divergence.
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Figure 4.1. Transmission(blue curve) for the HE | mode and effective
mode index(red curve) of typical silicon-dioxide hollow core waveguide
with radius of 200pum. Graph from Dimitar Popmintchev.

By drilling holes on the fiber’s side surface, we can make gas-injected hollow-core
fibers that can be used for HHG. Gas injection is of vital importance. For an efficient HHG,
a steady-state gas pressure gradient between gas injection points and entrance or exit and a
relatively stable constant pressure between gas injection points are wanted.

The complicated part is that we design no formation of melting and recast layers. A
sharp and straight hole is wanted such that it can provide consistent gas flow and is easier to
maintain pressure gradient. The finish requires parameters that can obtain a straight and clean
trench with no thermal damage. The laser penetration depth has a positive correlation to the laser
pulse duration dpenerration > ti/ 2. And with shorter and shorter pulse duration, the penetration
depth can be reduced to only one layer of molecules such that it will produce no residue and no
melting to the deeper layers. Such a process can also be understood by classifying the time scale
of different interactions. The photon-to-electron interaction is usually the fastest(within 10fs)
and the electron-electron interaction is slower to be with a time scale of 100fs. The electron-to-

phonon interaction is even slower roughly with a time scale close to 1ps. Then phonon-phonon
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interaction is the slowest usually within 100ps. If the whole machining process is faster than the
time scale of phonon-phonon interaction then there should be no serious melting happening and
the main process should be sublimation as shown in Fig 4.2. If the pulse duration has a timescale
longer than heat diffusion time then the quality of the micro-hole edge would be hard to control.

It also depends on what kind of process it is.

Laser radiation ~_
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melt- N _//; ' I
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HE‘“I‘IQ 'u'aporlzatlun Ablation Result

Laser radiation

1|
” | - steam }
e -
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vaponzation- T’ T 4 | v

-

dominated

Figure 4.2. Melt or Vaporization dominated process. Adapted from[65]

The laser machining process often causes microstructure changes and induces defects
such as forming a recast layer and cracks [65]. The solution to this is to use an ultrashort
pulsed laser. From a laser material processor’s point of view, the ’ultrafast laser’ usually means
a laser with a pulse duration below 10ps. Ultrafast Laser machinings technologies such as
helical-drilling[66] and trepanning[67] have been developed for over a decade and have proven
their ability in high-quality and clean drilling. Helical drilling can rotate the focal spot profile
around the beam axis as shown in Fig 4.3 such that a round machining profile can be achieved
without the need for aberration-free focusing.

We designed an ultrafast laser machining setup that guides 250fs laser pulse through
flexible Kagome fiber(Beam Delivery System by GLO Photonics) into the scan head with a

pair of Galvano. An F-theta lens with a focal length of 10cm enables us to do scanning and
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Figure 4.3. The optical principle of helical drilling. Adapted from [66]. Helical drilling is able
to do self-rotation around the beam axis so it has less requirement for the laser focusing profile.

machining in a plane. By scanning the laser focus with a helical path, we were able to achieve
drilling a clean hole. The setup is shown in Fig 4.4. By adjusting the focus plane and repeating
the helical drilling we were also able to achieve a near-straight profile without damaging the

other side of the capillary’s inner wall.

The machining scan head is calibrated by using a chessboard and controlled by our
custom-made software. By trial and error, we find the best recipe for drilling a sharp and clean
straight hole as shown by Fig 4.5 in the fiber such that it could serve as the gas injection port.
Double-side drilling is also done such that it can be used for a free-focusing gas jet(Fig 4.6) for
HHG.

A multifunction waveguide host is designed for the drilled fiber such that it can provide
a vacuum, visibility of the exit and entrance, stable gas injection ports, and ultra-stability in
defining position. The vacuum is achieved by using low-outgassing UV-cured glue which seals
the fiber from the gas injection ports. There are usually two gas injection ports to achieve

near-constant gas pressure in between. The highest precision tolerances of the host define the
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Figure 4.4. The ultrafast machining stage set-up.

fixed position of the fibers which makes the replacement and realignment of new fibers much

easier.
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Figure 4.5. (A)Early result of fiber drilling that gives clean cone-structured hole. (B) Optimiza-
tion with gradually shifting focusing position but the drilling went to the other side of the inner
wall which could induce unwanted turbulence of gas. (C)Hole with the optimized procedure.
(D) Eagle view of the drilled hole.

With well-defined constant pressure in between the gas injection points and pressure

gradient at both entrance and exit, the phase matching condition can be found by tuning the gas

pressure and laser focusing position.

The generation of X-ray HH photons usually requires a long interaction distance with
stable gas pressure. This stable and big pressure-length product is sometimes challenging since
the other part of the HH beamline needs to be vacuumed. Waveguide with well-controlled gas
injection and differential pumping at both entrance and exit of the fiber would be the best solution

so far.
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Gas Injection

Figure 4.6. Pre-drilled hollow core fiber for high harmonic gasjet design.

4.2 Lego Design of X-ray Toroidal Mirror Focusing Optics

To design a spectrometer with good resolution, there needs focusing optics to image the
X-ray source onto the detector. The common focusing optics for X-ray could be a pair of glaze
incidence KB(Kirkpatrick and Baez) mirrors, placed perpendicular to each other. The two mirrors
provide focusing in horizontal and vertical directions separately. We design here one optics focus-
ing system by using a glace incidence gold-coated toroidal mirror. With five degrees of freedom
of motion(2 linear and 3 rotational), this single toroidal mirror provides a one-to-one real image
on the X-ray detector. The distance of the toroidal mirror to the source is the same as the distance
to the detector which equals 2f where f is the focal length of the toroidal mirror. The toroidal

mirror can be replaced by an ellipsoid which offers aberration-free refocusing as shown in Fig 4.7.
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Figure 4.7. Left: The mounting of the toroidal mirror provides 5 degrees of freedom. Which
enables the tuning of the refocusing image to be with minimum aberration. Right: the refocus of
the fundamental light on the camera.

4.3 Lego Design of Conical Diffraction Grating Geometry -
in Reflection Mode

We made High-Performance Spectrometer and Monochromator designs for EUV and
X-ray Attosecond Pulses with record-high efficiency and easiness of alignment.

Building a robust spectrometer is essential for high-performance HH light sources. And
high-efficiency diffractive optics is highly desired. Toroidal or cylindrical gratings are commonly
used but they usually suffer from low efficiency(usually less than 10% towards the 1*" order
diffraction). Here we pick Echelle-type conical grating in a glaze incidence(2 or 4-degree glaze
incidence) way to reduce the shadowing effect and take advantage of its high glazing angle to
achieve state-of-art high efficiency(as high as 70% to 90% at specific harmonics(Fig 4.8). The

conical grating is designed to be also with six degrees of motion(3 linear and 3 rotational). The
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Figure 4.8. Conical grating efficiency for the first and second diffraction order of grating with
5001/mm(Top) and 1200l/mm(Bottom). S and P polarized light have almost identical reflection
efficiency. This grating enables record high efficiency in EUV to the softX-ray regime and 60-
80% of efficiency can be reached for first, second, and third-order diffraction. More information
can be found in Appendix C.
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diffraction of given wavelength A and diffraction order follows the equation:
A
mj = siny(sin ot 4 sin 8) 4.1)

Where d is the groove spacing of the grating. a and 3 follows the below schematic in Fig 4.9.

Dispersed Light lies
in Cone

XUV CCD
O Order e
Cone of 1/2 Angle y —» Toroidal A /"/
0 4

mirror

Figure 4.9. Conical diffraction geometry graph from[68, 69]. Spherical coordinates are used
here. v is defined by the angle between the incoming ray and the grating ruling. & and 3 are the
azimuth angle of the incoming and diffracted light.

4.4 Lego Design of Transmission Diffraction Grating Geom-
etry

High Harmonic spectrum usually with many orders of harmonics such that one grating
cannot be optimized for the full spectral range for most of the time. We designed here a quick
solution by using a nano-structure transmission grating with different groove densities from 500
lines/mm to 10k lines/mm. All of these small transmission gratings are on the same chip(Fig
4.10) such that we can select which one to use just by linear shifting the grating chip.

It is the precise deposition(Fig 4.11) of material and novel electron beam etching that
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Figure 4.10. Nanostructure transmission gratings on a chip with different groove densities from
500//mm to 10000)/mm.
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Figure 4.11. Cross section of the transmission grating.
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Figure 4.12. SEM image of nanostructure transmission gratings with 10k lines/mm. Adapted
from[70].

made this nanostructure grating possible(Fig 4.12). The efficiency is below 20% for the first-

order diffraction but it can be used to resolve HH spectrum from the EUV regime all the way to
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the hard X-ray regime(>1000eV).

4.5 Modular Beamline Design

The home-designed new version of HH beamlines absorbs many ideas of optimization
and tested to be an excellent system for different configurations and experiments. The major

advantages of our beamline design include:
1. Highly modular beamline with different modules for a specific task.

2. Compact in volume to boost the vacuum pumping efficiency. The compact design enables

efficient pumping with one turbo pump to 10~/ torr within one hour.
3. The light height is set to be the lowest at 3 inches to maximize stability.
4. Lego-like half-inch grid system. The length of the beamline is highly adjustable.

5. Light-tight design to reduce the scattered and reflected light to greatly reduce the noise of

the CCD camera.

6. Tight-fitting design reduces the complexity of light-waveguide coupling alignment.

62



‘SIajall ()

uey) SS9 JO YISU[ B I SI dUI[WER] [[Nf Y], "'UoneIn3yuod Suneis 9AnOQAI M QUI[WEdq Je[npow }0edwiod WISPOJA *€1 ' 2In31

3
——
=
—
=
=
=
=
=
=
=
=
=
=

63



Chapter 5

First Coherent EUYV - Soft X-ray Light
with Continuous Red and Blue Wave-
length Tunability

5.1 [Initial Idea

For spectroscopy research. The spectrum of the light source is required to cover the
interested spectra range. HH spectrum is able to cover a wide range of spectra with odd harmonics
of the driving laser frequency. If the linewidth of each harmonic is narrow then the HH spectrum
is similar to a frequency comb and limited for some spectroscopy studies such as probing the
absorption edge of many ferromagnetic. To unlock the full potential of HH source as a tool
for spectroscopy research, tunability is wanted to be able to shift the harmonic peak to better
overlap with the absorption edge. Luckily, there is an efficient way to tune the driving laser
central wavelength.

Post-laser Blue shift in atomic gases is found due to plasma-induced SPM or Raman-
active ionization[71, 72] or from nonadiabatic effect(a single atom effect) due to the rapid
increase in the electric field of an ultrafast laser pulse[73]. And in the other direction, redshift in
molecular gases from stimulated/cascaded Raman scattering effect[74]. By tuning the driving
laser frequency using atomic or molecular gases, full tunability of HH spectrum can also be

achieved.
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5.2 Abstract

We demonstrate a continuously wavelength-tunable, bright, narrow-bandwidth, coherent
high-order harmonic source in the extreme ultraviolet—soft X-ray spectral range driven by visible
lasers. The harmonic peaks are conveniently shifted towards lower or higher energies by adjusting
the second harmonic generation phase-matching parameters and gas density inside a spectral-
broadening waveguide. In the time domain, the X-rays emerge as a train of sub-300 attosecond
pulses, making this source ideal for dynamic, coherent, multidimensional diffractive imaging
of ferromagnetic materials, nanostructures, etc., at the nanometer spatial and sub-femtosecond
temporal scales. Further, the visible driving laser beams have a record-setting short pulse duration
of sub-10fs with a more than 30-fold increase in intensity, stemming from a direct nonlinear
assisted self-compression in a second harmonic conversion process of chirped infrared pulses,

derived from a spectrally broadened sub-ps Yb: CaF; laser amplifier.

5.3 Introduction

State-of-the-art tabletop X-ray sources based on the process of high harmonic generation
can deliver fully coherent light with high brightness, unprecedented spatial coherence, and
attosecond scale temporal structurec[1, 5, 41, 75, 53, 76, 77]. They have an unsurpassed ability
to penetrate opaque objects, visualize subwavelength nanostructures, control spin, and magnetic
currents, access the chemistry and structure of materials at a picometer length and femtosecond-
to-attosecond temporal scales, etc[53, 26, 78, 79, 80, 81]. Nonetheless, the wavelength tunability
of these light sources remains, thus far, very limited. The importance of this feature for tabletop
sources has been anticipated to access the dimension of the material’s identity through their
absorption-edge fingerprints. Most of the current understanding of the atomic or molecular
structure of matter and its dynamics is based on diffraction measurements, or more specifically,
on the interaction of the light’s electric field with the charge density of matter. On the other

hand, the magnetic scattering cross-section appears as a small relativistic correction. Even
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at resonance, the amplitude of the resulting magnetic diffraction can be orders of magnitude
smaller than that of the charge scattering amplitude. Accordingly, resonant magnetic diffraction
imaging has been one of the most challenging experiments considering that narrow bandwidth,
near-edge, ultrabright X-ray light is a prerequisite in this case. Here we demonstrate a fully
spatially and temporally coherent, continuously wavelength-tunable, extreme ultra-violet (EUV)
— soft X-ray source covering ferromagnetic N and M absorption edges. This source is thus ideal
for ultrafast coherent magnetic multidimensional imaging, featuring well-spaced harmonics
-, 4.8-5.2 eV - with excellent peak-to-valley contrast, allowing harmonic isolation with EUV
mirrors or monochromators and straightforward experimental implementation. Our approach
combines continuous tunability of the harmonics towards lower or higher wavelengths in the
EUV to the soft X-ray regimes covering the entire photon energy spacing between harmonics for
the first time, with high brightness and narrow bandwidth of near 1 eV. The temporal structure is
predicted to consist of attosecond pulse trains with a characteristically low attosecond chirp. The

VIS source is discussed elsewhere.

5.4 Wavelength-tunable, ultrafast, coherent X-ray light

The high harmonic sources have established the status quo of the tabletop attosecond
science owing to the Ti:Sapphire laser amplifiers delivering beams with excellent spatial profile

quality and ultrafast pulses down to the near single-cycle regime.

Nevertheless, the spectral range of this laser’s wavelength engenders some adverse ef-
fects on extending the cutoff energies for high harmonic generation (HHG) and on the ability
to phase-match far-infrared (far-IR) frequencies in optical parametric implementations. In our
experiments, we used a Yb:CaF, laser amplifier at 1030 nm, delivering sub-picosecond laser

pulses (180 - 220 fs ) with up to 14 mJ at 0.5-1 kHz (Fig. 5.1) [82]. The pulses are spectrally

66



‘A[oanoadsar “1ys
pa1 10 an[q [endads ay) pue Suruapeoiq [endads aY) [01UO0D IPITIABM A} IPISUI SAT0ads SeT Je[ndd[ouw JO JIWOIE Y} JO AINjeu AY) pue
amssaxd Y], 'S} 0¢-8 Jo uonenp [eiodwd) B Yim weaq Jse| J[qISIA Ay} sAJeIdUS [eISAI0 Ogg Suol wrgO¢ © Ioyin “sioxrw padiryo
PUE Joqy 9I09-MO[[OY PI[[Y-Se3 ' JuIsn ‘SJ ()¢-G[ JO SI[BIS PUOIISOIWJ 0} passardwod pue paudpeoiq A[fendads are wu ()¢ e sosind
puodasodrd-qns :dmes [eruowLdxyg wu ()GS-08Y 18 WSII[ Jose] SUTALIP STA 2[qeun) JO UOIeIdud3 pue uorssaidwod as|ng *1°S 3anSI

HOYHIN  SINTI4 NIHL Se 062
valodoL  IVLIW
NS0LL - 0¥

&

b

d S} 0LC

S}0€-8 WU 0g0|

wu oGS - 08y

)

1130 SVO

ONILYHO STA

aso

SAVY-X - AN3
JT9VNNL LSY4vHLIN

¢I1):q X

SHOHYIN
Ol0dHIId

(°N Ul L4IHS NVINVY 10 1y Ut NdS)
3AINDIAVM W 9

SAVH-X - AN3 37aVNNL LSY4vdlIN

67



broadened in a 6-meter-long hollow-core fiber with a I mm core diameter and compressed using
a set of four chirped mirrors, balancing a group delay dispersion (GDD) of near 600 fs> [15-22].
Using such an approach, the Yb:CaF, laser pulses can be compressed to sub-15fs with partially
uncompensated very higher chromatic dispersion orders. Subsequently, we use a BBO type |
crystal with 20-30% conversion efficiency to obtain tunable driving pulses in the visible 480-550
nm spectral range, with short record-setting short pulse durations of 8-30 fs in the using crystals.
Furthermore, we vary the gas species and tune the pressure inside the waveguide, considering that
BBO crystals can phase-match a finite bandwidth to extract a second harmonic with maximum
energy and desired spectrum ideal for high harmonic upconversion. The fiber is filled with Ar
or Nj gas at pressures p=30-1000 mbar providing extreme tunability of the blue or red-shifted

spectral peak of the second harmonic beams.

Interestingly, intense EUV, UV, and VIS lasers are ideal for harmonic generation since
they combine favorable single-atom quantum physics and macroscopic phase-matching physics.
Generating high harmonics by short-wavelength lasers exhibits numerous benefits - most no-
tably, extremely high conversion efficiency, ultra-narrow bandwidth harmonics with significant
energy separation, extended X-ray cutoffs, inherently compressed attosecond pulse structure,
effective phase and group velocity matching, increased phase-mismatch, and excellent spatio-
temporal coherence, etc.[53, 83]. Furthermore, recent theoretical studies uncovered that favorable
attosecond-femtosecond Rabi oscillations might lead to a boost in the conversion efficiency and
prevent depletion of the ionized electronic state for even shorter EUV drivers[84]. The blue and
red-shifted broadened spectra can be produced using atomic gasses (i.e., Ar, Kr, Xe, etc.,) and
molecular gasses (i.e., Ny, air, etc.), respectively.

Additionally, Fig. 3 demonstrates the possibility of generating high harmonics with max-
imum energy conversion and continuously tunable energy peaks with both blue- and red-shifts.
This is enabled by the favorable interplay between the combination of optimized pressures in

the waveguide and phase-matching angles of the single harmonic generating (SHG) crystal to
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Figure 5.2. Ultrafast, tunable VIS driving laser light. Large range tunable second-harmonic
spectra with central wavelengths in the 480 — 580 nm spectral range, optimized for high energy
and record short second-harmonic pulse durations, ideal for efficient HHG generation. The
pulses are generated in a BBO crystal using gas-broadened spectra in atomic Ar (blue-shaded
area) or molecular N, (red-shaded area) filled waveguide.

tune the central laser wavelength. We note that, for an ultrabroad 1030 nm spectrum, the HHG
peaks have a very limited tunability by simply tuning the BBO phase-matching parameters.
In the process of tuning the gas pressure and, consequently, the carrier frequency of the SHG
pulses, the constant chromatic dispersion of the chirped mirrors appears to limit, at first, the
pulse compression of the IR pulses as the chromatic dispersion is varied. However, shorter
visible pulses are beneficially obtained in the second harmonic generation process. The group
velocity walk-off between the fundamental and second harmonic pulses, combined with the
BBO chromatic dispersion, limits the energy transfer between the pulses and leads to temporal
reshaping and spread of the pulses. Nonetheless, the situation changes when the pulse tail
contains substantial energy. Using chirped pulses, the rear of the fundamental pulse transfers
power to the second harmonic peak at farther propagation distances, owing to group-velocity
mismatch[60]. This results in a sharp peak with shortened second harmonic pulse duration.
Hence, the third (TOD) and higher dispersion orders act as a driving source for self-compression.

In addition, the pulse chirping prevents further distortion of the pulse spread during propagation
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in the dispersive media due to lower nonlinearity for longer pulse durations. Alternatively, a
transform-limited fundamental pulse will require an extremely short crystal length to maintain a

short pulse duration at the second harmonic, causing a significantly lower conversion efficiency.

In our experiments, the high harmonics are generated by tunable VIS pulses in the 480-
550 nm spectral range in a He-filled gas cell which is the unsurpassed medium for high cutoff
upconversion due to the high transparency of the gas and high ionization potential[42]. The high
harmonic beams are then imaged by a gold-coated toroidal mirror, spectrally separated by a
gold-coated blazed spherical grating with variable line spacing. Then, the spectrally dispersed
beams are detected by an X-ray CCD camera (Fig. 5.1). The blue- and the red-shifts of the VIS
beam spectrum, realized inside of Ar or Nj-filled waveguide, allows for a high harmonic shift
by two photons or one odd harmonic in the EUV and soft-X-ray region. This exhibits a full
tunability between two adjacent harmonics towards lower or higher energies while preserving
the high harmonic brightness, which has not been demonstrated to date.
However, in experiments, full tunability is rarely required as the red or blue shift of two adjacent
harmonics can be adjusted to match a magnetic resonant absorption edge in the spectral space
in-between, utilizing atomic or Raman-induced spectral shift in N (Fig. 5.2) or other molecular
gasses, i.e., air. Furthermore, the harmonics are well separated by 4.8-5.2 eV allowing for an
easier selection of a resonant harmonic with X-ray mirrors or transmission filters. Finally, the
harmonics are generated with an excellent peak-to-valley contrast allowing direct experimental
implementation in schemes where narrow-band light is essential, e.g., in coherent diffractive
magnetic imaging where off-resonance light can produce a large charge-scattering background.

The phase-matching conditions for bright coherent upconversion using visible driving
wavelengths in the 480 — 550 nm spectral range allow, first, for a broader temporal phase
matching window and, second, second for effectively phase-matched upconversion throughout
the EUV spectral range and the soft X-ray regime up to a phase matching cutoff of 130 eV.

The critical ionization level which sets a limit to the maximum laser intensity which can used,
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Figure 5.4. Second harmonic peak intensity optimization of the VIS driving laser light.
Neural network optimization of flat wavefront second harmonic beam showing an optimal spatio-
temporal intensity distribution at the focus.

is favorably boosted due to the larger indices of refraction of noble gases for shorter VIS-UV
drivers as we approach the UV resonances of atoms. Furthermore, the indices of refraction of
ions also become significant. As a result, bright narrow linewidth harmonics are generated due
to the larger number of the half cycles which contribute to the constructive addition of high
harmonic fields. Furthermore, higher effective phase matching cutoffs are allowed due to the
increase of the limiting laser intensity. The broad bidirectional wavelength tunability of the
driver leads to a smooth change of the phase matching conditions without substantial changes
of phase matching parameters as shown in Fig. 5.5. Neutral He atoms and He+ ion modify the
phase matching conditions to boost the emission per atom to scaling of QLLXWS; & With driving laser
wavelength.

In addition, to maximize the VIS laser intensity and, correspondingly, to extend the X-ray
cutoff in this geometry, we use a very short 15 cm focusing spherical mirror at a 3° incidence
angle. These parameters are selected by a Neural-Network optimization using Monte-Carlo
ray tracing for the highest peak-intensity-product 1/, 7 at the focus in restricted parameter

space, where @,, @y, T are the beam waists in x and y direction and the temporally broadened
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pulse duration due to the focusing geometry (Fig.5.4 ), respectively[85]. In addition, we vary
the location where the peak-intensity product is estimated and effectively define the focus at the
position of the circle of least confusion. The simulated SHG source spatial size has statistical
Gaussian distribution with a standard deviation of oy, = 2.8 mm and statistical divergence with
a standard deviation of 6, g, = 100 urad, corresponding to an M-squared value of M 2~3=5 The
statistical approach provides an efficient way to evaluate the beam parameters, both spatial and
temporal, at the desired position with a relatively small number of rays.

Our calculations indicate that for the selected beam waist and divergence, spherical
mirrors down to nearly 10 cm of focal length can be used to achieve tight focusing before the
spatiotemporal aberrations limit the intensity growth. In this configuration, we experimentally
observe harmonics up to > 110 eV emitted from neutral He atoms (Fig.5.6). No emission
from He ions is observed, as indicated by the strong-field approximation (SFA) calculations in
Fig. 5.6 (C). In the future, increasing the peak intensity of the driving VIS laser beams will
readily effectively phase-match harmonics in the “water window” at 285 - 420 eV, where water
is transparent, hence allowing for in vivo dynamic studies of artificial or living specimens, and

beyond.

5.5 Conclusion

In summary, we demonstrated continuous wavelength-tunable bright harmonics, reso-
nantly covering the magnetic N and M absorption edges of ferromagnetic elements: Fe 54 eV, Co
60eV,Ni 68¢eV,Gd 20 eV, and 145 eV. The harmonics emerge as a train of sub-300 attosecond
pulses in the time domain, as indicated by our calculations, allowing for ultrafast pump-probe
multidimensional (4+1D) imaging in the near future, where the additional effective dimension is
the material identity. Moreover, we generate continuously wavelength-tunable, visible beams
with ultrashort pulse duration down to 8 fs, owing to direct nonlinear self-compression.

Chapter 5, in full, is currently being prepared for the publication of the material:
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Wavelength-Tuneable High-order Harmonics: A Novel Approach for Narrow Bandwidth, Coher-
ent and Bright EUV - Soft X-ray Radiation with Controlled Spectrum. Dimitar Popmintcheyv,

Siyang Wang, Jieyu Yan, Sirius Song, Ryan Clairmont, Zhihan Wu, Elizaveta Gangrskaia, Tenio

Popmintchev.The dissertation author is the co-author of this paper.
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Figure 5.5. Predicted high harmonic full phase matching and effective phase matching
emission as a function of the driving laser wavelength in the VIS and UV regions. A) Phase
matching and effective phase matching cutoffs. Lines show the theoretical predictions. Solid
circles represent experimental results using 0.27 and 0.4 um laser pulses. Open circles show
non-phase-matched HHG orders. B. Using UV driving lasers, a combination of very high critical
ionization for phase matching, high laser intensity, high single-atom microscopic yield that
scales very favorably as ),LX?% » under phase-matched illumination, and high phase-matched
macroscopic yield allow for more than two orders of magnitude higher VUV-EUV harmonic
flux compared with 0.8 um drivers. The plots are normalized to the phase-matched emission for
each gas using 0.8 um Ti:Sapphire driving lasers.
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Figure 5.6. Continuously wavelength-tunable EUV - X-ray high harmonics from He atoms,
generated by a tunable VIS driving laser with wavelengths spanning the broad range of
480-550 nm. A) and B) Experimental backing-pressure dependence of the high harmonics from
He, extending into the soft-X-ray region for Ar-filled waveguide at 400 mbar. C) Single-atom
estimate of the harmonic yield from neutral He atoms and He+ ions at an intensity of 10'%/
W/em?.
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Chapter 6

Extending Bright Coherent EUV High
Harmonic Emission into the X-ray Regime
Using 400 nm Driving Laser

We demonstrate here the fundamental research of exploring the properties and limits of
High Harmonic Generation by using a 400 nm driving laser. The 400 nm driven HH shows many
features that enable it to be a very robust and ultrabright light source that covers the EUV regime

and can be extended to the soft X-ray regime.

6.1 Experimental Setup

The driving laser is the second harmonic from a Ti: Sapphire laser amplifier with a
central wavelength of 800 nm, up to 7W at 1 kHz repetition rate and 35fs pulse duration. The
second harmonic as the driving laser of HH is generated by using a type 1 BBO crystal. Its
power can go up to 2.2W with 28 fs pulse duration measured by Self-diffraction(SD) FROG 6.2.
The HH is generated inside a gas-filled hollow-core capillary with an inner diameter of 150 or
250 um. By using grating with different groove densities we could see wanted harmonics with
good resolutions and the harmonics show a narrow linewidth feature as in Fig.6.3. We are able
to see the HH cutoff of both Helium and Argon to be around 150eV at different phase-matching

gas pressure.
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This novel 2-optics spectrometer design(Fig 6.1) is able to achieve overall high efficiency,
low cost, and simplicity. The overall efficiency from the 2 optics can reach close to 80% for
certain harmonic which enables detecting the weakest signal. The most commonly used conical
diffraction grating in our experiment is with 500 lines/mm and 1200 lines/mm and with nearly 2
degrees of glaze incidence angle in our experiment, the efficiency simulation can be found in Fig

4.8. More calculations can be found in Appendix C.

'E 440 —_ 1 40 —
£ = @©
< 420 S 5
?400 » ."?0 5 20 —
2 2 Q
® 380 o a
2 2 5
= 360 - 0 0o &
100 0 100 100 0 100
Delay (fs) time (fs)

Figure 6.2. Self-diffraction frequency-resolved optical gating(SD-FROG) measurement of the
400 nm driving laser. The pulse duration can be down to 28 fs.

Without quasi-phase matching, the 400 nm driven high harmonic is able to reach a bright
phase-matched cutoff in the soft X-ray regime. The bright phase-matched cutoff from He and Ar
is observed to be up to more than 140 eV(Fig 6.3) and from Ne to be up to 120 eV. This is by far
the record high achieved experimental high harmonic cutoff by using the second harmonic of
Ti:Sapphire laser.

Ultrabright HH signal at the EUV regime is observed with optimized waveguide coupling

and phase-matching conditions.

6.2 Ultrabright harmonic signal in EUV Regime

The HH single atom yield scale with A, 3-3[38, 39, 40]. The 400nm driving HH 1is

ultrabright that is promising for applications such as imaging. The number of photons per eV
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Figure 6.3. High Harmonic Spectrum from argon and helium Top: HH spectrum from
helium and argon with a linear scale.Bottom: HH spectrum from helium and argon with a log
scale. The conventional cutoff is more t than 140 eV. The HH is optimized at 31st harmonics
with 13 nm in Helium.

per second with optimized parameters can reach 10'° photons per eV per second for harmonics
below the Al edge(at around 72eV) and can reach 10° photons per eV per second for harmonics
above Zr edge(at around 65eV) all the way to 31/ harmonic corresponding to 96.1eV photon
energy which is close to the industrial-interested light at 13.5nm. The counting of high harmonic
photons is achieved by using the signal from the X-ray CCD. With determined g-th harmonic
energy E, at a certain CCD pixel, then the photon number N, can be calculated by the pixel

count Ny with the equation:
N, pixel

N =—-—"
1 (Eq/Eeh)nqg

(6.1)

Where E,, is the electron-hole pair in silicon which is 3.65eV. 1, is the quantum efficiency of the
CCD camera at photon energy E, and g is the analog gain which determines how many electrons
can fill the well to contribute a single count. The incident angle-dependent efficiency of the
grating and toroidal mirror can be calculated with specific photon energy such that we are able

to calculate the theoretical photon flux at the source.
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Figure 6.4. Calculated photon flux at the source. The harmonic photon per harmonic is able
to reach 10'° photons/eV/s for 15 and 17" harmonic with corresponding photon energy of
46.5eV and 52.7eV.

6.3 Phase Matching Bahavior

UV-driven HH can take advantage of the scaling of plasma and ion dispersion to be
able to balance each other such that the high ionization level won’t destroy the phase-matching
completely and in the way, the temporal phase-matching window is longer such that it is a much
more phase-matching friendly regime compared to IR-driven HH. Many cycles of UV driving
laser can be within this phase-matching window such that the coherent addition of HH is very
efficient and much easier especially within a waveguide geometry where the spatial region for
coherent addition of HH signal can move along the waveguide. In such a way, the phase-matching
condition for 400nm driving HH can be met with a large range of noble gas pressure as shown in
Fig 6.5 and Fig 6.7 for a smaller range with the different signal regime with argon and helium.
The higher gas pressure comes with weaker signal strength. However, that decrease could be

explained by the long propagation length inside the waveguide and reabsorption from the gas.
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Figure 6.5. HH gas pressure scan with Ar and Al filters. The pressure scan shows that
phase-matching favors low gas pressure.
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Figure 6.6. HH gas pressure scan with Ar. High-resolution pressure scan with 1W and 2W of
driving laser power. Using a combination of aluminum and zirconium filters. This shows a weak
expected tendency that higher-order harmonic favors high pressure.

6.4 Reaching Ultra-High Peak Intensity

Here we use a focusing lens that simplifies the experimental setup and also makes

longitudinal tuning of focus position possible. For femtosecond driving laser pulse with a
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Figure 6.7. HH gas pressure scan with Ar(A and B) and He(C and D). Pressure scan with
2W of driving laser power with high peak intensity. Using a pair of zirconium filters. (A and C):
Measured intensity of HH signal on the CCD at different gas pressure. (B and D): calculated
photo count per eV before the CCD at different gas pressure with CCD hole-pair excitation and
quantum efficiency into account.

relatively broad bandwidth, the lens will induce chromatic aberration with different optical path
dopt = nr(A)L(h) within the lens, where nz (4 ) is the wavelength-dependent refractive index and
L(h) is the lens thickness at different height transverse h. Wavelength-dependent defocusing
f(A). This chromatic aberration will elongate the focus over a length Af(1) = — sz%.
Also, the different thicknesses of the lens will introduce different nonlinear dispersion at different
heights which could lead to big pulse front tilt and pulse broadening with At =1(h) —1(0) =
2(n+)h;m %.where t(h) is the time delay for the light within the beam but with transverse height

h from the optical axis. For our UV driving laser, the nonlinear dispersion is a major obstacle to
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achieving good focus with ultrahigh peak intensity.

Instead of a lens, the focusing mirrors do not suffer from chromatic aberration. But it
suffers geometrical aberration that depends on the ratio of transverse height h and the radius
of the mirror R. It also broadens the pulse at focus with At =¢(h) —¢(0) = —%]he—i. Also, the
focusing mirror usually has to deviate the reflected beam from the incoming beam by angle 0
which induced a different focusing condition for rays in the plane of incidence, and the rays in the
plane perpendicular to the plane of incidence. For a large beam, it is hard to keep the deviation
angle 6 to be very small(within at least 5 degrees). These issues prevent us from reaching high
peak intensity by using tight focusing for efficient HHG with the highest cutoff. This angle issue
can be solved with a customized coating that is optimized for a fixed degree of incidence.

The driving laser scan shows that for the higher orders of harmonic that need to be
observed with Zr filters, the cutoff has a healthy linear relationship with the increasing laser power
until the peak intensity is not enough to ionize the electron with high ionization potential(helium
case). The low-order harmonics show a positive correlation with the driving laser power which
shows that the limit of the brightness of 400nm driving HH is not yet reached by using the
current laser system. The 400nm driven HH with ultrabright signal and with a large range of
phase-matching pressure could potentially be with an even higher cutoff energy but it is limited
by the highest peak intensity the laser can be reached. It is very promising to reach the *water

window’ regime with higher driving laser peak intensity.
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Figure 6.8. Driving laser power scan. (A and C): Measured intensity of HH signal on the CCD
at different laser power with Ar and He with Zr filters. (B and D): calculated photo count per eV
before the CCD at different laser power with Ar and He with Zr filters. (E and F): Measured
intensity of HH signal on the CCD at different laser power with Ar and He with Al filters

85



Chapter 7

Surprise in Electron-Electron Correlations
- Ionization and Recombination Effects

We demonstrate here the extension of the High-Harmonic-Generation cutoff photon
energy in the soft X-ray regime up to 300eV which is likely from the double recombination of

correlated electrons of Helium.

7.1 Discovery of Secondary High Harmonic Plateau

We observe experimentally, for the first time to our knowledge, a secondary plateau in
UV-driven high harmonic generation in the X-ray regime, extending the conventional cutoff
from 130 eV to 300 eV, due to emission of a single X-ray photon at double recombination of
highly-correlated electrons in helium atoms. We use 400 nm UV laser pulses, with a duration of
28 fs and energies of up to 2.8 mJ at 1 kHz, derived through a second harmonic upconversion
of a Ti:Sapphire laser amplifier, which is used to drive high harmonic generation inside a
gas-filled hollow waveguide (Figure 6.1). Bright emission extending up to 120-150 eV from
He, Ne, and Ar is observed within the effective phase-matching cutoffs for UV driving lasers,
where low quantum diffusion of the rescattering electron and high linear refractive indices
of atoms and ions contribute favorably to increase the single atom and ion yield, and the
phase-matching efficiency[53]. With increasing the peak intensity by using tighter focus, the

HH spectrum shifts towards a higher cutoff and enters an over-driving regime that the fast
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accumulation of laser-induced plasma starts to diminish the optimal phase-matching conditions
but boosts the possible correlation of electrons. Surprisingly, at laser intensities greater than
2 x 10°W/cm2, X-ray emission from He exhibits two signature plateau regions(Fig 7.1) — a
conventional combined plateau extending up to 130 eV from He atoms and He™ ions, determined
using TDSE calculations including two active electrons[86, 87], as well as a secondary plateau
extending - well beyond the conventional I, + 3.17U,, cutoff - up to 300 eV, where U, is the

ponderomotive energy and I, is the ionization of the emitting ion.

from Ar

Figure 7.1. Image of a conical pattern of HH spectrum Top: Image from argon gas that shows
a clear cutoff. The dashed arrow is the direction of higher harmonic order with higher harmonic
photon energy. Bottom: Image from helium with an extended secondary plateau.
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7.2 Attosecond Electron Double-Recombination in Helium

Numerical simulations predict that double-electron-recombination (DER) is the physical
process with the highest probability to yield a secondary plateau[88, 89]. In this highly-correlated
electron system, fractions of the two-electron wavefunctions are ionized at different laser half-
cycles and travel along different trajectories, mitigating strong repulsion during local space-time
correlation in the presence of the strong UV field, but recombine with the parent ion at the same
instant to produce a single X-ray photon. The observed DER plateau in He is more than 4 orders
of magnitude weaker.

And to make sure it is a coherent rescattering process we tested with driving laser ellip-
ticity and found the secondary plateau has a characteristic stronger dependence on the ellipticity
of the UV driver, due to the longer rescattering time (Fig.7.5). Measurement at different driving
laser intensities indicates that the DER cutoffs scale as 5.5U), (Fig.7.2), in agreement with earlier
theoretical scaling as hVpgr = I;,l) +1, (2)+ 5.5U, or I,(,l) +Iz(72) +4.7U), for ionization of the two
electrons separated by a full or a half-laser cycle, in contrast to the single-electron recombination
(SER) hvsggr = I[(,i) +3.17U, where Il(,l) =244 ¢V and 11(72) =54.6 eV are the ionization potentials
of helium. The electrons are ionized at different half-laser-cycles such that the Coulomb repulsion
is minimized that won’t affect each electron’s trajectories. Nonsequential electron ionization
in the strong field is studied for many years[90] but it won’t yield a higher cutoff. However,
double electron recombination and one photon emission as a process do require the two electrons
to be correlated and able to accumulate more kinetic energy from the combined two-electron
system and yield a higher cutoff than a conventional single electron recombination picture. The
classical trajectories are in Fig 7.3. The TDSE simulation with correlated electrons with different

intensities is shown in Fig 7.7 to 7.9 which shows consistency with the experimental observation.
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Figure 7.3. Classical trajectory of DER. Left: Classical trajectory of two electrons ionized at
different half cycles and recombined at the same time with one photon emission. Right: Possible
ponderomotive energy accumulated by recombination of two electrons that ionized at different
half-cycle. The black, green, and red lines represent the electron ionized at the first, second, and
third half cycles. For an electron ionized around 0.37, it reaches its maximum ponderomotive
at around 0.77 which is the single electron case. If it recombines with an electron ionized at
the second or third half cycle, their combined ponderomotive energy can be higher as the graph
shows. Graph adapted from[88, 89].

7.3 Attosecond Electron-Electron Correlations in Helium

Finally, theoretically and experimentally, high local electron correlations are essential
for DER from the instant of tunnel ionization to recombination. In contrast, in low electron
correlation systems with many outermost electrons, the bright, effectively phase-matched signal
from Ar, Art, and Ar?t, as well as Ne and Net, extends to 120-150 eV without observable
signatures of a secondary plateau (Fig.7.1). The electron-electron correlation is supposed to be
much more preferred in a few-electron system where the bounded electrons are more heavily
affected by the ionization of the first electron. In such a way, Helium should be the best candidate
to observe such a phenomenon as we observed.

In summary, we demonstrate, for the first time to our knowledge, the second plateau of
HH from Helium gas that extends the cutoff from 150 eV to more than 200 eV. These extended
harmonics should be, by physics, also coherent but with different physics and temporal properties.
Our work paves a way to detect highly correlated femtosecond-to-attosecond electron-electron

dynamics in atomic, molecular systems, and quantum materials by using high-harmonic electron-
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Figure 7.4. HH spectrum with the secondary cutoff from DER. The conventional single
electron cutoff is around 120 eV with harmonic order 43, and the secondary cutoff is around 250
eV that close to 81* harmonic.

correlation spectroscopy of interest to fundamental quantum local and non-local correlation

studies, and technological importance to quantum computing and superconductivity.

7.4 Outlook

Another good candidate of studying DER is hydrogen which is a molecular system with
only two electrons per H atom. Hydrogen, due to the relatively large spatial distance from the
two electrons on two H atoms that made the electrical repulsion significantly smaller, is predicted
to have an even higher DER cutoff with two electrons that ionize and recombine at the same time.
The predicted cutoff from Hydrogen could be / ;,1) +1 ,(,2) +6.35U,, for the long pulse limit and
I ,(,l) +1 ,(,2) +6.16U), for short pulse which around 6-cycle[91] with ], 1(71) and / 1(72) are both 13.58 eV.
We observe the bright HH signal from hydrogen but with much lower conventional cutoff photon
energy. It is as predicted because the ionization potential of Hydrogen is substantially lower
compared to helium. Also, the molecular property makes it affected by driving laser polarization
effect such that the cutoff is lower than normal atomic gases. However, the secondary cutoff

from hydrogen is not observed yet(Fig.7.6). It is also possible that the intensity of the driving
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Figure 7.5. Experimental comparison of driving laser ellipticity scan of the driven laser in
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laser on hydrogen is way too higher than its barrier suppression threshold which is around
2.74 x 10'"*W/cm? that it suppresses the HHG by too much. Hydrogen is a candidate worth

systematic studying in the lower-intensity regime.
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Chapter 7, in full, is currently being prepared for the publication of the material Surprise in
Highly Correlated Two-Electron System: Extended Secondary Plateau in X-ray High Harmonic
Generation from Helium Due to Double Electron Recombination. Siyang Wang, Jieyu Yan, Alba
de las Heras, Sirius Song, Aleksander Prodanov, Zhihan Wu, Carlos Herndndez-Garcia, Luis
Plaja, Dimitar Popmintchev, and Tenio Popmintchev. The dissertation author was the primary

investigator and the author of this paper.

Harmonics Photon Energy (eV)

Figure 7.6. Experimental Ellipticity scan of the driven laser in hydrogen. There is no sign of a
secondary plateau so far.
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Appendix A

Tonization potential of noble gases

The ionization potential of noble gases and charged ions[92].

Table A.1. Ionization potentials of selected atoms and ions (From NIST).

Ionization potential [eV]
Element | He Ne Ar Kr Xe H»,
Neutral | 24.587 21.564 15.760 13.9996 | 12.1298 | 13.598
1% 54.417 40.963 27.630 24.360 20.975
ond 63.423 40.735 35.838 31.05
3rd 97.190 59.58 50.85 42.20
4th 126.247 | 74.84 64.69 54.1
5th 157.934 | 91.290 78.49 66.703
6" 207.271 | 124.41 109.13 91.6
7th 239.1 143.457 | 125.802 | 105.978
gih 1195.8 422.6 233.0 179.84
oth 1362.2 479.76 268 202.0
107 540.4 308 229.02
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Appendix B

Atomic Unit Conversion

Table B.1. Atomic unit in SI unit and its physical significance.

H 1 AU in SI units physical significance H
Mass 9.1094 x 10 3Tkg mass of electron
Length 0.5292 x 10~ m Bohr radius
Time 2.4189 x 107175 classical electron or-

bit time with H atom
Charge 1.609 x 10-1°C electron charge
Intensity 3.5095 x  10' | appearance intensity
W/cm? for H atom
Velocity 2.1877 x 106m/s ¢ divided by fine
structure constant
Permittivity 1.1126 x 10'*C/V-m | Coulomb constant
Energy 27.21eV 2 Ryberg
Magnetic field 2.3505T magnetic field of H
by classical orbiting
electron
Action 1.0546 x 10734]- s quantum of angular
momentum

In atomic unit;:

h=e=m,=4mey=1
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Appendix C

Conical Grating Efficiency Simulation

The conical diffraction grating has a state of art high efficiency that can be up to nearly
90%. The reflection efficiency of different diffraction orders and the spacing between the
efficiency peak of different diffraction orders is a function of the blaze angle of the grating when
manufactured and also the incidence angle of the HH beam.

As can be seen from the C-F from figure below that increasing the incidence angle will
usually decrease the efficiency of the metal-coated surface. Also, the efficiency peak of different
diffraction orders shifts to the lower energy side and with smaller spacing. However, sometimes

the bigger incident angle is wanted because it comes with a lower degree of aberration.
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