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ABSTRACT

The last decades have witnessed the thriving investigation into understanding fundamental

light-matter interactions and a rapid advance in atomic molecular, and optical experimental

techniques. Nonlinear phenomena enabled by intense light sources in the optical, infrared,

and microwave regions have been utilized to control electronic, nuclear, and spin degrees of

freedom which have led to breakthroughs across many fields of science, such as medical imag-

ing, telecommunication, and the creation and manipulation of novel materials. The advent

of X-ray free-electron lasers (XFELs) offers unprecedented high-intensity x-ray pulses, thus

opening the pathway to nonlinear light-matter interaction in the x-ray regime. The success-

ful observation of several nonlinear x-ray optical phenomena and the emerging techniques

based on nonlinear x-ray physics have suggested that transferring nonlinear optics to x-ray

regimes is a feasible and fruitful approach.

The sub-femtosecond XFEL pulses are suitable for tracking ultrafast molecular dynamics

via pump-probe techniques. In contrast to the optical photons, which mainly interact with

the valence electrons, the high-energy x-ray photons interact strongly with the core electrons,

which provides elemental sensitivity and site specificity. with these unique properties, XFELs

have long promised the observation of ultrafast electronic motions in complex materials at

their natural timescales with atomic resolution.

Among these new techniques, stimulated x-ray Raman scattering (SXRS) is an essential

building block of x-ray nonlinear spectroscopy. Unlike the x-ray absorption and emission

spectroscopies, whose bandwidth is limited by the ultrafast lifetime of core-excited states,

the SXRS energy resolution is determined by the incident pulse. Similar to the optical fem-

tosecond stimulated Raman spectroscopy, attosecond SXRS with XFELs can simultaneously

achieve the sub-femtosecond time resolution as well as sub-lifetime energy resolution. These

unique properties make attosecond SXRS a powerful tool to probe the long-range charge

transfer and electronic coherences through a conical intersection.

xii



In this thesis, the resonant propagation of XFEL pulses through a dense medium is

studied theoretically and experimentally. A three-dimensional model, which solves the cou-

pled time-dependent Schrodinger equation and Maxwell wave equation, is developed for

simulating the resonant propagation process. Interesting nonlinear x-ray phenomena such

as exponential growth of SXRS and x-ray lasing signal by eight orders of magnitude are

observed. The x-ray self-induced transparency and self-focusing are also predicted. The

simulations with XFEL pulses supported a proposal that was accepted by European XFEL.

An experiment of SASE XFEL resonant propagation through dense neon gas was performed.

The transmitted SASE and stimulated emission spectrum were measured by a grating spec-

trometer after the gas cell. The novel method of covariance analysis gives the SXRS with

unprecedented energy resolution. Supercomputer simulations confirmed our observations

and provided insights into SXRS. As a result of these insights, a suggested approach to

further improve the SXRS spectrum is by including information of the incident SASE spec-

trum. A demonstration of the ghost-imaging (GI) method to non-invasively characterize the

single-shot SASE spectrum was carried out in the European XFEL SQS (Small Quantum

System endstation). The correlations between the photoelectron spectrum (PES) and grat-

ing spectrum were used in the GI formula to extract a response matrix for the PES array,

which can then be applied to obtain a prediction of the SASE spectrum with higher energy

resolution.

The work done in this thesis has improved the small spontaneous XRS signals by orders

of magnitude through stimulated amplification in a dense medium, and it has lessened the

requirements for narrow bandwidth coherent X-ray beams by taking advantage of the corre-

lation properties in stochastic SASE pulses. The high-resolution SXRS spectrum achieved

here is expected to contribute to the development of nonlinear x-ray spectroscopy using

XFELs.
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CHAPTER 1

INTRODUCTION

X-ray free-electron lasers (XFEL) generate high-intensity x-ray pulses with brightness ten

orders of magnitude larger than synchrotron radiation. XFELs have opened the pathway to

explore nonlinear light-matter interaction in the x-ray regime. The sub-femtosecond XFEL

pulse duration combined with continuously tunable wavelength in the soft and hard x-ray

regimes makes it a promising tool to explore ultrafast electronic dynamics. Several demon-

strations of nonlinear x-ray phenomena with XFEL have proved that extending the existing

optical nonlinear techniques to x-ray regimes is a feasible and fruitful path. Transferring

nonlinear optical spectroscopic techniques to x-ray regimes would not only enable the track-

ing of ultrafast molecular dynamics on their natural femtosecond time scale but also provide

atomic scale spatial resolution since the x-ray resonantly interacts with core electrons whose

energy is element sensitive.

One of the essential building blocks of nonlinear x-ray spectroscopy is stimulated x-ray

Raman scattering (SXRS) which promises the simultaneous achievement of sub-femtosecond

temporal and sub-core-hole lifetime energy resolution. Unlike the x-ray absorption and

emission spectroscopies, x-ray Raman scattering promotes an electron from the ground state

to a meta-stable valence-excited state whose lifetime is much longer than core-excited states.

As confirmed with optical Raman (Kukura et al. [2007]), the energy resolution of SXRS

should be limited by the incident pulse bandwidth instead of the ultrashort core-excited

states lifetime. The x-ray Raman scattering cross-section, however, is extremely small. To

achieve a bigger signal, the exponentially amplified SXRS through the dense medium has

been demonstrated to provide eight orders of magnitude amplification from the spontaneous

Raman scattering (Weninger et al. [2013]).

The attosecond SXRS was proposed to follow the long-range ultrafast charge transfer in

complex systems such as proteins (Zhang et al. [2014]). With the TRUECARS (Transient

1



redistribution of ultrafast electronic coherences in attosecond Raman signals) technique, the

electronic coherence at conical intersections can be measured free from backgrounds. To

circumvent the requirements of the multiple delay controllable coherent x-ray pulses, the

novel covariance analysis method that takes advantage of the correlation between the SASE

spectrum and the SXRS is proposed and explored (Cavaletto et al. [2021]).

1.1 Free-electron laser

A free-electron laser (FEL) is a light source that generates high-brightness radiation with

variable wavelengths from terahertz to hard x-rays (Huang and Kim [2007], Kim [1986b]).

FELs were conceived by John Madey (Madey [1971]) and subsequently demonstrated ex-

perimentally by his group at Stanford University in the 1970s (Deacon et al. [1977]). The

world’s first x-ray FEL - Linac Coherent Light Source (LCLS) - generated its first light in

2009 (Emma et al. [2010]). Since then several other XFELs around the world have been

built or proposed.

Instead of producing stimulated emission from bound electrons in atoms, molecules, or

materials, as in the case of optical lasers, the radiation in FEL comes from high-energy free-

electron beams. FELs usually contain an electron gun, where a metal target is photoionized

by a laser beam to generate high-brightness electron beams. The electron beams then pass

through a linear accelerator to gain energy from microwave fields. The relativistic electron

beams then go through periodic magnetic fields, i.e. undulator or wiggler, and photons are

generated by the motion with acceleration in the undulators.

An FEL produces light pulses with ten orders of magnitude higher brightness compared

to the previous generation of light sources, i.e. synchrotron radiation. The reason for the

high-intensity radiation is mainly due to the coherent stimulated emission from the bunched

electron beams, instead of spontaneous radiations from individual electrons. The electron

beams entering the undulator are deflected transversely in the magnetic fields and spon-

2



Figure 1.1: The schematic electron beam passing the undulator and the x-ray pulse energy
grow exponentially due to the formation of micro-bunching. Figure adapted from Bostedt
et al. [2016].

taneous radiation is produced due to the acceleration. The initial spontaneous radiation

interacts with the electrons within the undulator. If the resonance relation is satisfied, the

electron beam will develop microbunching structures at the radiation wavelength, and stim-

ulated coherent emission starts. This means that the radiation fields from the different

electrons constructively interfere with each other thus generating strong FEL pulses (Kim

et al. [2017]).

The radiation wavelength λr of an FEL is determined by the resonant relation (Pellegrini

and Reiche [2004]):

λr =
λu
2γ2

(
1 +

K2

2

)
(1.1)

where λu is the periodic of the undulator magnetic fields; γ is the relativistic Lorentz factor

of electron beams; K is a dimensionless parameter that relates to the undulator strength.

For undulators made by permanent magnets, which generate magnetic fields with a strength

of a few Tesla and the K factor is usually of the order of 1. The magnetic field period is

around a few centimeters determined by the size of the magnets. The electron beam energy

varies from MeV to GeV, which gives a relativistic factor up to γ ∼ 104. The radiation
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wavelength could reach around 0.1 nm according to the FEL resonant equation (1.1). The

gap between the magnets is designed to be adjustable, thus the field strength or K value is

changed and the wavelength of the radiation is continuously adjustable in FELs.

Figure 1.2: The X-ray FEL facilities around the world.

There are several X-ray FEL facilities around the world. Most of them are working in

the self-amplified spontaneous emission (SASE) mode. The SASE FEL starts from the spon-

taneous radiation of the electron within the undulators, and then the part of the radiation

that is resonant with the undulator setup is amplified exponentially to obtain high-power

at saturation (Kondratenko and Saldin [1980], Bonifacio et al. [1982], Kim [1986a,b]). The

SASE mode does not require an incident laser to seed the lasing process, which makes it

easy to apply. The main XFELs working in SASE operation mode are the Linac Coherent

Light Source (LCLS) in the USA (Nuhn [2002]), European XFEL in Germany (Decking et al.

[2020]), SwissFEL in Switzerland (Milne et al. [2017]), Pal-XFEL in South Korea (Kang et al.

[2017]), and SACLA in Japan (Yabashi et al. [2015]). More XFELs, such as Shanghai High

Repetition Rate XFEL and Extreme Light Facility (SHINE) in China (Zhu et al. [2017]),

are under construction.

The SASE FEL produces x-ray pulses with poor longitudinal coherence since the emission
4



starts from a randomly distributed electron beam. One method to obtain coherent FEL

pulses is by high-gain harmonic generation (HGHG), in which a seeded laser is applied

to modulate the electron beam to create microbunching (Yu et al. [2000]). The electron

beam is then lasing at a harmonic frequency in subsequent undulators. Some FELs working

in HGHG mode are FERMI FEL (Allaria et al. [2012]) in Italy and SXFEL (Zhao et al.

[2017]) in China. Another way to improve the coherence is called self-seeding, in which a

monochromator is inserted between two segments of undulators to generate a mono-beam

as a seed for amplification. A new method, an x-ray free-electron laser oscillator (XFELO),

has been proposed to use an optical cavity based upon the Bragg reflection from crystal to

generate highly coherent XFEL pulses (Kim et al. [2008]).

Figure 1.3: The brightness of FEL pulses compared to the laser-based light sources and
synchrotron radiation. Figure from Ullrich et al. [2012].

The FEL pulses have unique properties that offer new opportunities in material science,

chemistry, and biology. As shown in Fig. 1.3, the FELs generate pulses with 10 orders

of magnitude higher brightness than synchrotron radiation in x-ray regime. FELs generate

photons with photon energy continuously tunable up to 25 keV. The light sources based on
5



laser high harmonic generation (HHG) have a photon energy cut-off, which makes it hard to

push to the high-energy x-ray regime. The conversion efficiency from optical pulses is ∼ 10−8

giving less than nanojoule pulse energies in the soft x-ray range (Seres et al. [2005]). FEL

generates x-ray pulses with pulse energy up to a few mJ and peak power reaches 1018 W/cm2.

With this high peak intensity, it opens the opportunity to explore nonlinear light-matter

interaction in x-ray regime. The FEL pulse duration is around tens of femtoseconds, which is

determined by the electron bunch duration and the slippage between light and electron beam

in the undulators. With the new electron beam self-modulation and nonlinear compression

technique, the pulse duration is shortened to sub-femtosecond (Duris et al. [2020]), which

makes XFEL an appealing tool for investigating ultrafast electronic and nuclear dynamics in

molecules and materials. The XFEL pulses are fully transverse coherent, which is essential

for coherent diffraction imaging (Gaffney and Chapman [2007], Ho and Santra [2008], Ho

et al. [2021]). The combination of high pulse energy and transverse coherence makes XFEL

a potential tool for single-molecule imaging and even making molecular movies (Fratalocchi

and Ruocco [2011]).

1.2 Nonlinear optical and x-ray spectroscopy

The last decades have witnessed a thriving investigation into understanding fundamental

light-matter interactions and a rapid advance in atomic, molecular, and optical experimen-

tal techniques. Nonlinear phenomena enabled by intense light sources in the optical, infrared,

and microwave regions have been utilized to control electronic, nuclear, and spin degrees of

freedom which have led to breakthroughs across many fields of science, such as medical imag-

ing, telecommunication, and the creation and manipulation of novel materials. The advent

of XFELs offers unprecedented high-brightness x-ray pulses, thus opening the pathway to

nonlinear light-matter interactions in the x-ray regime. The successful observation of sev-

eral nonlinear x-ray optical phenomena and ultrafast pump/probe experiments using XFELs
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have suggested that transferring nonlinear optical spectroscopy to x-ray regimes is a feasible

and fruitful approach.

Nonlinear optics focuses on the studies of the nonlinear modification of the properties of

the light passing through the material system. It occurs when the response of the material

system subjected to the radiation scales nonlinearly with the strength of the field applied.

The investigation of nonlinear optics started with the discovery of second-harmonic genera-

tion by Franken et al. [1961], shortly after the demonstration of the laser by Maiman et al.

[1960]. The occurrence of nonlinear modification of the light requires sufficient high laser

fields, usually at the order of 1011 V/m or 1016 W/cm2, which is comparable to the elec-

tric field experienced by the electron in an atom Eat = e/(4π e0 a
2
0). The response of the

medium to the electromagnetic fields is characterized by the susceptibilities, which are the

coefficients connecting the polarization induced by the electric field (Boyd et al. [2008]):

P = e0

[
χ(1)E + χ(2)E2 + χ(3)E3 + · · ·

]
(1.2)

The reason why polarization plays an essential role is that the time-varying polarization

acts as a source term of radiation in the Maxwell wave equation, which generates new fields

at new frequencies as the laser pulse propagates through the medium. For example, the

generation of the second harmonic 2ω from the incident laser with frequency ω depends on

the second order susceptibility χ(2) of the material.

There are many interesting nonlinear optical phenomena that have wide applications.

Sum-frequency generation (SFG) takes two incident light fields E = E1 e
i ω1 t + E2 e

i ω2 t

with different frequencies ω1 and ω2 to produce light at the sum frequency ω3 = ω1 + ω2.

This can be seen from Eq. (1.2), where the second term E2 would have a frequency at

ω1 + ω2. The dipole oscillation at this frequency generates light at ω3. SFG could be used

to obtain photons at a higher frequency. A dense medium is usually applied to increase the

conversion efficiency and momentum conservation required which makes the emission from
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different atoms add constructively thus generating a strong emission. It has been shown

that the infrared-visible light SFG is a versatile tool for studying many kinds of surfaces and

interface dynamics and reactions with sub-picosecond time resolution (Shen [1989]). Also,

second harmonic generation (SHG) is widely used. SHG has been used even with FELs to

get surface sensitivity with elemental tags.

The inverse process of sum-frequency generation is parametric down-conversion, where

the incident photon is converted to two photons with lower frequencies. Under certain

circumstances, the two photons generated are entangled with each other (Kwiat et al. [1995]).

This entangled photon pair source is an important tool to test some fundamental quantum

mechanics principles such as Bell inequality (Bell [1964]) and a useful tool in quantum

teleportation (Bouwmeester et al. [1997]).

Figure 1.4: The schematic of the three-step model of HHG: (a) strong laser field (orange
line) modifies the electron binding potential and leads to tunneling ionization; (b, c) electron
accelerate in the laser filed and heading back toward the ion; (d) electron collision with the
ion it freed from and emit high harmonic photons (green line). Figure from Corkum and
Krausz [2007]

High harmonic generation is a technique that takes advantage of the nonlinear optical

response of a material to generate ultrashort high-energy photon pulses (Corkum [1993],

Corkum and Krausz [2007]). The strong incident field modifies the electric field that binds

the electrons and the electron tunnels through the potential well tilted by the laser field (see

Fig. 1.4). The tunnel-ionized electrons keep accelerating and gain energy in the incident
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laser field. When the field changes direction, the electron comes back and collides with

the ion and creates higher harmonic photons. Since the process is driven by the coherent

incident laser pulse, the radiations from different harmonics are in phase with each other.

The ultra-broad bandwidth high harmonic pulse corresponds to an ultra-short pulse in the

time domain.

The attosecond pulse generated by HHG is a powerful tool for studying ultrafast atomic

and molecular dynamics in real-time (Li et al. [2020a]). For example, HHG was applied to

observe the coherent valence electron motion in krypton atoms (Goulielmakis et al. [2010]).

The incident infrared (IR) laser pulse is used to pump dense neon gas, and high harmonic

sub-fs extreme-ultraviolet (EUV) pulses are generated. One important feature is that the IR

and EUV pulses are naturally synchronized and the time delay can be adjusted by a mirror

assembly. The dynamics of the target was initiated by the IR pulse by strong-field ionization,

and the absorption spectrum of the EUV pulse was measured at different time delays to map

out the ultra-fast electronic dynamics. The few femtosecond IR pulse has a bandwidth that

is broad enough to cover several ionic states, which induces a coherent superposition state

(Rohringer and Santra [2009]). The ultrafast oscillation of the superposition state is observed

in real-time from the EUV absorption spectrum. Following this demonstration, HHG was

extended to follow the ultrafast dynamics in bigger systems, i.e. SF6 and CF4 molecules

(Pertot et al. [2017]), and even control the charge migration in ionized iodoacetylene (Kraus

et al. [2015]).

Other nonlinear optical processes describe the laser pulse reshaping when passing through

the medium. The attenuation of light in a material is described by Beer-Lambert law, which

says that the intensity of light decreases exponentially with respect to the penetration depth.

However, for a high-intensity pulse, the medium tends to absorb less light. This phenomenon

is called self-induced transparency (SIT) (McCall and Hahn [1967]). It occurs when the pulse

that passes through a resonance medium has integrated intensity close to or larger than a
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Figure 1.5: The IR/EUV HHG pump-probe experiment to track the ultrafast valence elec-
tron motion in Krypton ions. Figure from Goulielmakis et al. [2010].
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pi-pulse, which leads to a full population transition from ground state to excited state (see

Fig. 1.8). Basically, an intense pulse excites most electrons from the ground states to the

excited states, which saturates the absorption capability of the material. The large change

in the excited population violates the small perturbation of the population assumed in the

Beer–Lambert law. When resonant SIT occurs, the incident pulse is temporally reshaped to

have oscillating structures (Chiao et al. [1964], Crisp [1970]).

Self-focusing (SF) is another nonlinear process when the incident light is spatially re-

shaped by the medium (Akhmanov et al. [1968], Wright and Newstein [1973], Gibbs et al.

[1976]). For some materials, the susceptibility is a function of the field intensity. Different

transverse positions of the pulse experience different refractive indexes, thus the wavefront

of the incident pulse is modified as it propagates. In the case when the high-intensity in-

ner fields have a higher refractive index than the outer fields, the pulse is focused. SF can

increase the laser peak intensity and induce damage to the gain medium in the laser oscilla-

tor, which was an obstacle that prevented the further improvement of the laser power. The

problem was solved by the chirped pulse amplification technique demonstrated by Strickland

and Mourou [1985].

The advent of XFELs opens the pathway to expand the nonlinear optical techniques

mentioned above to the x-ray regime. The nonlinear x-ray techniques can exploit several

unique properties of x-ray matter interaction. First, x-rays can probe materials with element

sensitivity. In contrast to an optical laser, whose photon energy is resonant with valence elec-

tron transitions, x-ray photons can excite core electrons. The energy of core electrons varies

from element to element, thus x-ray has element sensitivity. By choosing the x-ray energy

resonant with a specific element in a molecule, one can control the initial excitation site or

the probing site with atomic spatial resolution. Second, high energy resolution x-ray spec-

troscopy is sensitive to the chemical environment surrounding the atom, since the chemical

bond shifts the energy levels. This was widely used to probe the transient species in ultrafast
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chemical reactions. Third, x-ray photons are energetic enough to photoionize the atom, thus

photoelectrons or Auger electrons can be detected thus providing more information about

the samples. In addition, hard x-ray photon has energy higher than most of the inner-shell

electrons of light elements, which enables it to penetrate through the surface of the sample

and make the probe sensitive to the bulk properties. Finally, the wavelength of the hard

x-ray is much shorter than the optical wave, which means it is able to image samples with

higher resolution.

Figure 1.6: The IR pump/x-ray probe experiment to investigate the ultrafast proton transfer
after strong field ionization of liquid water. Figure from Loh et al. [2020]

Besides the unique properties of x-rays, the ultrashort femtosecond XFEL pulses are suit-

able for tracking ultrafast electronic and molecular dynamics. The x-ray promotes the core

electron to the unoccupied valence states, thus XFEL absorption spectroscopy can be used

to map the ultrafast dynamics after electronic transition with femtosecond time resolution.
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The laser pump/x-ray probe is similar to the study by Goulielmakis et al. [2010], except

here the XFEL is used as the probe rather than HHG. For example, the IR pump/XFEL

probe is applied to observe the fastest chemical process - proton transfer reaction - in the

radiolysis of water (Loh et al. [2020]). Liquid water is valence ionized by the strong IR field,

and XFEL pulses with central photon energy around the oxygen core valence transition are

used to probe the x-ray absorption spectrum. By scanning the pump/probe time delay, the

ultrafast proton transfer process H2O
+ + H2O → OH + H3O

+ is shown to occur around

50 fs after the valence ionization. These studies all use x-rays as a linear ultrafast probe of

dynamics.

However, transferring nonlinear optical techniques to x-ray regimes using XFEL is not

straightforward. The x-ray photon is energetic enough to ionize the electrons, thus with high-

intensity x-ray beams, sequential photoionization happens (Rohringer and Santra [2007],

Young et al. [2010], Doumy et al. [2011], Ho et al. [2014]). The high energy core excited states

undergo ultrafast decay through spontaneous photon emission or ejecting Auger electrons.

Instead of generating higher harmonics as in the optical case, the combination of x-ray

photoionization and ultrafast Auger decay creates highly charged states. Nonlinear two-

photon absorption is observed with XFEL. However, the cross-section is typically much

smaller than the sequential multi-photon processes (Tamasaku et al. [2014]).

In addition to being absorbed and transferring the photon energy to photoelectrons, the

x-ray photon scatters from the atom. For optical photons, where the energy is lower than

the resonant energy levels, Rayleigh scattering happens with a cross-section proportional to

ω4. For the x-ray photon energies higher than the resonance, Thomson scattering happens

with a constant cross-section. The refractive index, related to the scattering of photons,

reduces by a factor of 1/ω2 above the resonance, thus the refractive index of materials for

x-rays is typically very small, differing from the vacuum value by only ∼ 10−4− 10−6. This

small refractive index makes nonlinear phenomena such as harmonic generation with x-rays
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Figure 1.7: The cross-section of different processes in the interaction of x-ray photon and
carbon atom. Figure adapted from Thompson et al. [2001].

very challenging.

With the high intensity of XFEL pulses, these challenges can be overcome. X-ray and

optical wave mixing was demonstrated (Glover et al. [2012]) in a single-crystal diamond. This

sum-frequency generation provides an atomic-scale probe of optical light-matter interactions.

The x-ray second harmonic generation (SHG) was studied theoretically more than 40 years

ago, which indicates that it is possible to observe SHG in the x-ray regime if pulse peak

intensity exceeds 1016 W/cm2. Using XFEL pulses, hard x-ray SHG was demonstrated in

diamond crystal (Shwartz et al. [2014]). The signal was generated within a narrow phase-

matching condition and the intensity scales quadratically with the incident intensity. The

x-ray SHG is an emerging tool for probing the material surface with elemental tags (Zong

et al. [2023]).

In contrast to off-resonance nonlinear x-ray physics, the resonant light-matter interaction

is much stronger and easier to achieve. For a two-level system resonantly irradiated by a

strong x-ray pulse, one important feature is that the population of the excited state will
14



oscillate |Cext(t)|2 ∝ sin2(Ω t/2), i.e. Rabi oscillation. Where Ω = dE0/ℏ is the Rabi

frequency, which is proportional to the transition dipole moment d and the incident field

amplitude E0. The pi-pulse is defined such that the field induces a full transfer of population

from the ground state to the excited state. The definition of 2pi-pulse etc. follows the same

rule.

Resonant nonlinear interactions differ from the off-resonant. The population transition

from the ground state to excited states is typically small for off-resonance interaction. Thus

perturbation theory is valid for calculating the off-resonance nonlinear processes, for example,

when calculating the nonlinear polarization driven by the field. In contrast, a considerable

amount of population transfer happens in resonance interaction, thus perturbation theory

is not valid anymore. A full solution of the Schrodinger equation is needed to study the

resonance nonlinear processes.

Figure 1.8: The excited state population of a two-level system oscillates when interacting
with a resonant pulse - Rabi oscillation. The Rabi frequency Ω0 increases and the maximum
excited state population drops as the laser frequency detuning ∆ increases.

The transition dipole moment is relatively small for core to excited state transitions.

With XFEL pulses, the x-ray field is strong enough to induce large population transfer. The

wavefunction of the quantum system has term Cext(t) e
−i ω0 t = sin(Ω t/2) e−i ω0 t, which

provides the dipole oscillation with frequency ω0±Ω/2. This could modify the experimental
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observations, i.e. typically lead to additional sidebands in the spectroscopy. For example,

the resonant Auger spectrum is predicted to develop sidebands when the x-ray radiation is

sufficient (∼ 1018 W/cm2) to drive Rabi oscillation before the ultrafast decay of the neon

core-excited states. The predicted broadening was observed in Auger spectroscopy with

SASE FEL in Kanter et al. [2011]. Another theoretical study shows that the resonance

fluorescence spectrum would be modified when radiated by intense ultrashort XFEL pulses

(Cavaletto et al. [2012]).

With large resonant population transfer, the high-intensity XFEL pulses can saturate the

resonant absorption. X-ray self-induced transparency is observed in resonant propagation of

XFEL pulses in the Co film (Stöhr and Scherz [2015], Chen et al. [2018], Wu et al. [2016]). In

the experiment, both the scattered photon distribution and the transmitted pulse spectrum

are monitored. At high XFEL intensity, the amount of scattered photons is reduced while

the transmitted pulse energy increases. The change of the stimulated resonant elastic and

inelastic scattering spectrum is also observed (Higley et al. [2022]). These are explained

by strong x-ray induced stimulated forward scattering, which competes with off-axis elastic

scattering.

1.3 X-ray laser and stimulated Raman scattering

Among these nonlinear x-ray effects, x-ray lasing and stimulated Raman scattering are fun-

damental nonlinear processes happening in x-ray resonant propagation in a dense medium.

Scientists have struggled to achieve the amplification on atomic transitions of increasingly

shorter wavelengths, since the invention of the optical laser in the last century. The short

lifetime of the core-excited states and the requirement of ultrahigh intense pump pulse make

the achievement of an x-ray atomic laser challenging. In the soft-X-ray/vacuum-ultraviolet

regime, population inversion is typically achieved by collisional excitation or recombina-

tion into excited states of highly ionized atoms in a hot, dense plasma (Suckewer and Jaegle
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[2009]). X-ray laser from the rapid photoionization of inner-shell electrons in a dense medium

was studied theoretically soon after the birth of the optical laser (Duguay and Rentzepis

[1967]). However, the lack of sufficiently short and intense X-ray pulses had precluded the

realization of the photo-ionization scheme in the X-ray regime.

The emergence of XFELs, delivering femtosecond high-intensity x-ray pulses, opens a new

pathway to pump atomic x-ray lasers (XRL). The rate equation calculation shows that it is

possible to induce population inversion in atomic inner-shell by XFEL pumping (Rohringer

and London [2009]). The atomic inner-shell XRL at 1.46 nm pumped by XFEL was first

realized at LCLS in 2012 (Rohringer et al. [2012]). SASE FEL pulses centered at 960 eV

were used to pump a 500 torr neon gas target. A downstream spectrometer was installed

to measure the photon spectrum passing through the gas cell. The lasing line at 849 eV

corresponding to the 1s to 2p transition in the singly charged neon ion was observed. The

lasing pulse energy increased exponentially as the incoming XFEL pulse energy was tuned

up. This exponential gain confirmed the achievement of a population inversion and x-ray

stimulated emission.

Figure 1.9: The schematic of XRL experiment. The strong lasing at 849 eV is measured by
the spectrometer after the SASE XFEL pulse passes through a dense neon gas cell. Figure
from Rohringer et al. [2012].

Efforts have been made to extend the x-ray-pumped XRL from atoms to molecules,

which include additional nuclear degrees of freedom. The spectral and temporal output of

a molecular XRL has been estimated by the generalized Maxwell-Bloch equation (Kimberg
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and Rohringer [2013], Kimberg et al. [2013, 2014]). But so far no observation of XRL in

a diatomic molecule gas target has been reported. The amplified Kα x-ray emission from

solutions of Mn(II) and Mn(VII) complexes was observed by using XFEL pulses to create the

1s core-hole population inversion (Kroll et al. [2018]). Amplified Kβ emission was reported

when adding a second x-ray pulse to seed the transition. The stimulated x-ray emission

is shown to preserve the chemical sensitivity of the 3d transition metal systems. With the

signal being amplified orders of magnitude, stimulated x-ray emission could be a powerful

probe for electronic structure analysis and ultrafast nuclear dynamics. The x-ray-induced

population inversion is also a new way to generate x-ray laser with improved longitudinal

coherence from SASE. The population-inversion x-ray oscillator (XLO), which combines an

x-ray crystal cavity with XRL, has been proposed to generate high brightness coherent x-ray

pulses (Halavanau et al. [2020]).

Raman scattering is a kind of inelastic scattering of photons, where the energy of the

scattered photon is different from that of the incident photon. Raman spectroscopy is widely

used in characterizing the vibrational modes of molecules, which are a fingerprint to identify

molecules. The spontaneous Raman scattering cross section is much smaller than the elastic

Rayleigh scattering. As a result, it was a challenge to separate the Raman signal from

the intense Rayleigh scattered photon. The laser-stimulated Raman emission was reported

around 1962 soon after the laser was invented (Eckhardt et al. [1962], Minck et al. [1963]).

Due to the gain from the dense medium, the stimulated Raman signal is much stronger than

the spontaneous Raman.

Stimulated Raman spectroscopy (SRS) is a form of spectroscopy widely employed in

physics, chemistry, biology, and other fields. This technique is based on stimulated Raman

scattering, where two pulses are used. The pump pulse with frequency ωp induces an upper

transition to virtual states and a Raman pulse with frequency ωr induces a down transition.

After the Raman scattering, there is a vibrational excitation ωv remains in the system. The

18



Raman signal is enhanced by the stimulated emission at the resonance ωp − ωv = ωr.

Figure 1.10: The principle of FSRS. The sample is first excited by the actinic pulse, and
then the dynamic is detected by stimulated Raman spectroscopy with a long Raman pulse
and an ultrashort probe pulse. The time resolution is defined by the delay ∆T and the
spectral resolution is determined by the convolution of Raman pulse with the decay lifetime
of the vibronic coherence. Figure from Kukura et al. [2007].

With the advent of femtosecond laser pulses, femtosecond stimulated Raman spectroscopy

(FSRS) is a new ultrafast spectroscopic technique that provides vibrational structural infor-

mation with high temporal (50 fs) and spectral (10 cm−1) resolution (Kukura et al. [2007]).

In FSRS, an actinic pulse is applied to initiate the electronic transition from a ground state

to an excited state (see Fig. 1.10). The molecule wave packet evolves in the upper-level

state. After a delay time ∆T , a stimulated Raman transition is driven by a long (ps) Raman

pulse and a short (fs) probe pulse. By scanning the SRS as a function of the time delay, the

electronic dynamics and nuclear motion could be mapped out. The temporal resolution of

this technique is determined by the time delay, while the spectral resolution is defined by the
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bandwidth of a convolution between Raman pulse and the the decay of vibronic coherence.

One of the critical advances of the FSRS is circumventing the limitation of the Heisenberg

uncertainty principle. As a result of its unique capabilities, FSRS has proved to be a pow-

erful tool in studies of chemical and biochemical reaction dynamics, giving new insights into

the structural dynamics of reactively evolving systems with atomic spatial and femtosecond

temporal resolution.

With the advent of XFELs, it is natural to extend stimulated Raman techniques into x-

ray regime, which brings in unique x-ray properties. The ultrafast stimulated x-ray Raman

spectroscopy (SXRS) resembles FSRS. But instead of probing the vibration in the molecules,

SXRS is sensitive to the electronic coherence. SXRS is promised to be able to probe the

electronic coherence and track the long-range electron transfer with atomic resolution and

sub-fs temporal resolution (Zhang et al. [2014], Cavaletto et al. [2021]).

Figure 1.11: The experimental (a) and simulation (b) results of x-ray stimulated Raman
spectrum from the dense neon gas when pumped by SASE XFEL pulses. The central photon
energy of the incident pulse is scanned across the K edge. Figure from Weninger et al. [2013].

One challenge of the x-ray Raman spectroscopy is the extremely small scattering cross-
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section. To overcome this, the x-ray stimulated Raman in a dense medium can provide orders

of magnitude gain in the forward Raman emission. The exponential amplification of an x-ray

Raman signal was first demonstrated in a dense neon gas (Weninger et al. [2013], Weninger

and Rohringer [2013]), where incident SASE FEL pulses were used to pump the neon electron

from 1s state to unoccupied Rydberg states and then 2p electron fills the core hole and emits

the Raman photon. This Raman transition leaves a valence excitation in the atom that equals

the photon energy loss. An exponential gain of the scattered pulse energy was observed

when increasing the incident pump intensity, which indicates the realization of population

inversion. Yet, the unique dispersive feature of a Raman spectrum as a function of incident

photon energy is not obvious, due to the random spikes in the SASE pulses. The clear

evidence of stimulated Raman scattering and its cross-section as a function of different pump

photon energy is shown by photon-recoil imaging (Eichmann et al. [2020]). The momentum

transfer is measured after the photon-atom interaction. The signature of stimulated Raman

scattering, which gives a fixed momentum transfer in the forward direction, stand out from

the isotropic momentum transfer distribution in the spontaneous Raman scattering.

As a crucial building block for nonlinear x-ray spectroscopy (Kimberg et al. [2016],

Rohringer [2019]), efforts have been made to achieve SXRS in different systems. Yet, ex-

tending the SXRS to molecular or more complex systems is challenging due to the ultrafast

nuclear dynamics and the random molecular alignments. The nuclear vibration reduces the

transition dipole moment of a specific Raman channel by the Franck–Condon factor and the

ultrafast dissociation hinders the completion of the Raman process. The impulsive stimu-

lated Raman was demonstrated in NO molecular by measuring a 2.6% enhanced NO+ yield

(O’Neal et al. [2020]). The gain of stimulated Raman signal is predicted to be possible in the

dense molecular gas with two-color XFEL pulses(Kimberg and Rohringer [2016]), where the

pump pulse induces an upward transition, while the Raman pulse stimulates the resonance

down transition. However, the experiment showed no clear evidence of the stimulated Raman
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gain, which might be due to the random alignment of the molecule that is not favorable for

the Raman transition with a linear polarized XFEL pump (Kimberg and Rohringer [2016]).

Meanwhile, to circumvent the stiff requirements of multiple delay-controllable coherent x-

ray pulses in attosecond SXRS, the statistical properties of the stochastic SASE XFEL pulses

may be exploited. The covariance analysis, which takes advantage of the the correlation

between SASE spectrum and the SXRS spectrum, has been proposed to obtain high energy

resolution SXRS (Kimberg and Rohringer [2016], Cavaletto et al. [2021]).

The thesis is organized as follows. Chapter 2 describes a theoretical model of x-ray

resonant propagation through a dense gaseous medium. The three-dimensional coupled

time-dependent Schrodinger equation and Maxwell wave equation are solved. The simula-

tions with ultrashort Gaussian pulses show interesting nonlinear x-ray phenomena such as

SXRS, XRL, SIT, and SF. More realistic simulations with XFEL pulses (SASE and XLEAP)

are explored. In Chapter 3, we discuss the experiment on resonant propagation of SASE

pulses through dense neon gas performed at the European XFEL. The transmitted and

emitted x-ray spectra are measured by a grating spectrometer after the gas cell. Covari-

ance analysis between the transmitted SASE and the Raman signal gives an unprecedented

high-resolution SXRS spectrum. Supercomputer simulations confirmed our observation and

provided insights into the SXRS process as well as the ways to improve the spectrum. Chap-

ter 4 presents a novel method of non-invasive characterization of SASE spectra using a

ghost-imaging (GI) algorithm. The correlation between photoelectron spectrometer (PES)

array signal and grating spectrometer measurements is exploited to compute the response

matrix of the PES array, which is then used to reconstruct a SASE spectrum with less noise

and higher resolution. The experimental factors that influence the performance of the GI

method and how to improve it are discussed. The high-resolution non-invasive characteriza-

tion of the incident SASE spectrum shot-by-shot would benefit SXRS, attosecond transient

absorption spectroscopy, and other x-ray spectroscopies. Finally, a summary and outlook
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are presented in Chapter 5.
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CHAPTER 2

THEORETICAL MODEL OF X-RAY RESONANT

PROPAGATION

A three-dimensional (3D) theoretical model is developed to simulate the resonant propaga-

tion of x-ray pulses through a dense medium. The time-dependent Schrodinger equation

(TDSE) is solved in the temporal domain to compute the response of atoms to the fields.

The Maxwell wave equation (MWE) is solved in the spectral domain to track the propa-

gation and emission process. The coupled equations are solved step by step following the

propagation of the fields.

As the x-ray intensity increases, the resonant propagation evolves from the linear regime

to the nonlinear regime. Interesting phenomena, such as stimulated x-ray Raman scattering,

x-ray lasing, self-induced transparency, and self-focusing are observed in the simulations.

The influence of the pulse duration and peak intensity on these nonlinear phenomena is

studied. The code is also used to carry out the resonant propagation simulations of XFEL

pulses, which can be experimentally realized at XFELs.

2.1 Theoretical model

To simulate the propagation of x-ray pulses in the medium, we solve the coupled time-

dependent Schrodinger equation (TDSE) and Maxwell wave equation (MWE). The TDSE

computes the time evolution of the states of the medium, which is used to calculate the

polarization. The interaction of the atoms in the gas medium is ignored, thus the macroscopic

polarization equals the sum of the microscopic polarization from all atoms. The polarization

calculated is a source term for the MWE, which is solved to get the new propagating fields.

The new fields are then used as inputs for the TDSE equation for the calculation in the

subsequent step.
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The time-dependent Schrodinger equation describes the time evolution of wavefunction

Ψ(t) in atomic units:

i
∂

∂t
|Ψ(t)⟩ = [H0 +Hint(t)] |Ψ(t)⟩ (2.1)

where H0 is the original interaction-free Hamiltonian of the quantum system; Hint = r E(t)

is the interaction Hamiltonian between the atomic electron at position r and the electromag-

netic fields E(t).

The wavefunction Ψ is solved for the neutral atom. To include the photoionization process

in the simulation, the density matrix ρ is used to describe the ionized species:

i
∂ρ(t)

∂t
= [H0 +Hint(t), ρ(t)] (2.2)

The diagonal elements of the density matrix are the population of each state, while the off-

diagonal elements are the coherences. We assume that the photoionization process populates

the ionization species in an incoherent manner. Thus the diagonal elements of the density

matrix are changed due to photoionization, while the off-diagonal elements remain the same.

The MWE for a frequency component ω is

[∇2 + k2]E⃗(ω) = −k2

ϵ0
P⃗ (ω) (2.3)

where k = ω/c is the wavenumber; P⃗ (ω) is the frequency ω components of the polarization.

Following the derivation in Siegman [1986], after using slow-envelope approximation, one

obtains the paraxial wave equation:

∇2
⊥ + 2ik

∂Ẽ

∂z
= −k2

ϵ0
P̃ (2.4)

where Ẽ and P̃ are the envelope of the field and the polarization, respectively. z is the

propagation direction of the pulse, and ∇⊥ is the differential with respect to the transverse
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coordinates.

As an example, we consider an x-ray pulse resonantly propagating through a dense neon

gas. The central photon energy is around 867.5 eV resonant with neon 1s → 3p transition.

The core-excited state 1s−13p can relax to the valence excited state 2p−13p at 18.2 eV

and emit a Raman photon around 849 eV. The core-excited state 1s−13p can also undergo

ultrafast Auger decay with a lifetime of Γ2 ∼ 2.5fs.

Photoionization happens when the incident photon energy is higher than the ionization

threshold. The neon 1s and 2p ionization thresholds are 870 eV and 18.2 eV, respectively.

The core electron ionization populates the core-hole state 1s−1 in Ne+, and the valence

ionization populates the valence-hole state 2p−1 in Ne+. The Ne+ core-hole state can

transition to the 2p−1 state and emit a photon around 849 eV, or it can decay by ejecting an

Auger electron. The Auger decay lifetime Γ4 is assumed to be the same as the Auger decay

in the neutral neon atom.

Figure 2.1: The energy level diagram of neutral neon and neon ion used in simulation.
Figure from Li et al. [2020b].

As shown in Fig. 2.1, the states of neutral and ion neon included in the calculation

are denoted by |0⟩ , · · · , |4⟩. Using the Schrodinger equation, we obtain a set of six coupled

differential equations for the three wave function coefficients Ψ0,Ψ1,Ψ2, the two populations
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ρ3,3 and ρ4,4, and the coherence between the ionic states ρ3,4, in atomic units:

iΨ̇0(t) =−i

(
Γ1(t)

2
+

Γ2(t)

2

)
Ψ0(t)

+ d0,2E(t)Ψ2(t)

(2.5a)

iΨ̇1(t) =ϵ1Ψ1(t) + d1,2E(t)Ψ2(t) (2.5b)

iΨ̇2(t) =

(
ϵ2 − i

Γ2
2

)
Ψ2(t)

+ d0,2E(t)Ψ0(t) + d1,2E(t)Ψ1(t)

(2.5c)

ρ̇3,3(t) =Γ2(t)|Ψ0(t)|2−2id3,4E(t) Im(ρ3,4(t)) (2.5d)

ρ̇4,4(t) =Γ1(t)|Ψ0(t)|2−Γ4ρ4,4(t)

+ 2id3,4E(t) Im(ρ3,4(t))
(2.5e)

ρ̇3,4(t) =

[
i (ϵ4 − ϵ3)−

Γ4
2

]
ρ3,4(t)

−id3,4E(t)(ρ4,4(t)− ρ3,3(t)).

(2.5f)

where the red terms are the self-evolution and spontaneous decay of the quantum states; the

blue terms are the coherent dipole transitions coupled by the fields E(t) with dipole transition

moments d denoted in the Fig. 2.1; the green terms are responsible for the population added

into the ion by photoionization.

First, note that the density matrix is used to add the population of the ion from the

neutral photoionization directly, without any coherence between neutral and ion, since we

do not track the wavefunction of the photoelectron. Second, the Auger decay and photoion-

ization are added phenomenologically, with rates Γ from experimental measurements. Third,

the photoionization only changes the populations, i.e. the diagonal elements in the ion den-

sity matrix, without any coherence between core-hole and valence-hole. This excludes the

additional dipole oscillation in the ion which prevents the miscalculation of the radiation.

Finally, it is worth noting that the wavefunction formula is less computationally demanding
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than the density matrix, which is why the hybrid approach is applied.

The three-dimensional (3d) MWE is used to take into account the transverse profile

changes of the pulse. The 3d MWE is solved in the frequency domain, by space marching

through the medium in a frame that is moving with the speed of light. The incident light and

the polarization induced are assumed to be linearly polarized, thus the vector wave equation

can be simplified to a scalar equation. In SI units (used in the remainder of this article

for MWE), and with all frequency-dependent quantities also functions of the cylindrical

coordinates r and z, the MWE along the field polarization takes the form:

∇2
⊥Ẽ(ω) +

2iω

c

∂Ẽ(ω)
∂z

=− ω2

ϵ0c2
P̃ (ω)

− i
ω

c
ρatσ̃(ω)Ẽ(ω).

(2.6)

Here Ẽ(ω) is the electric field which contains all the frequencies of the incoming and generated

field, and the polarization source term P̃ (ω) = ρatd̃(ω) is calculated from the single atom

dipole moment d̃(ω), including both neutral and ion contribution, via Fourier transfer of the

few-level TDSE solutions described above. The second term on the right-hand side represents

the loss of energy of the fields due to ionization, where σ̃(ω) is the effective cross-section due

to all ionization processes at frequency ω, and ρat is the density of neutral atoms.

To ensure the energy conservation of the fields+atom system, the last term in Eq. (2.6)

is added to take into account the photon loss due to ionization. For each ionization channel

i, the frequency-dependent ionization cross-section σi(ω) is taken as an arctangent function

centered around the ionization threshold energy ωth:

σi(ω) = σi

[
1

2
+

1

π
arctan

(
2
ω − ωth
Γion

)]
, (2.7)

where σi is the ionization cross-section, and Γion is the inverse lifetime of the ionic state

populated by the ionization process, which is equal to the Auger decay rate. The arctangent
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function is the convolution of the Lorentzian function with a step function across the K edge.

This takes into account all the continuum states that can be populated by an ω photon, with

the assumption that the ionized states all have the same lifetimes and that the cross-section

is flat (Breinig et al. [1980]). We assume that the total instantaneous ionization cross-section

is proportional to the field intensity |E(t)|2, i.e. the ionization rate in Eq. (2.5) is

Γi(t) = αiF
2(t) (2.8)

F (t) =
1

π

∣∣∣∣∫ ∞

0
Ẽ(ω)e−iωtdω

∣∣∣∣ . (2.9)

where αi is a constant factor. With more detailed derivation (Li et al. [2020b]) we have

Γi(t) =
ε0c

2ℏωiρat∆z

∫∞
−∞ |Ẽ(ω)|2

(
1− e−ρatσi∆z

)
dω∫∞

−∞ |Ẽ(ω)|2dω
F 2(t) (2.10)

In the code, the split-step algorithm is used to solve the TDSE equation efficiently (Arico

et al. [2011]). The MWE is solved with a Crank-Nicolson algorithm (Crank and Nicolson

[1947]). All Fourier transforms are computed with the FFTW package (Frigo and Johnson

[2005]), and diagonalizations are performed using the LAPACK library (Anderson et al.

[1999]).

There are several publications on the simulation of x-ray resonant propagation through

dense medium. Interesting phenomena such as SXRS, XRL, and four-wave-mixing are pre-

dicted. In Sun et al. [2010], the 1d Maxwell-Bloch equation is solved with the finite-difference

time-domain (FDTD) method for coherent Gaussian and sech pulses. They compared the

two-level and three-level systems. The investigation focused on the stimulated Raman and

ignored the photoionization effect. In Weninger and Rohringer [2013], the 1d Maxwell-Bloch

equation is solved with slowly varying envelope approximation and rotating wave approxi-

mation. These approximations make the calculation much faster, yet the different nonlinear

effects are not calculated on equal footing, i.e. the pump and probe pulse are treated in
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different manners and the four-wave-mixing effects are excluded. They included the pho-

toionization effect, which is responsible for the XRL. Their work focused on the stimulated

Raman and XRL spectrum evolution as propagation. Our theoretical model includes pho-

toionization, and we extended the 1d simulation to 3d in order to track the evolution of

the transverse profile of the beam. The wave cycling of the electric field is used in TDSE

instead of the slowly varying envelope, thus all the different nonlinear effects are included

and calculated on the same footing.

2.2 Resonant propagation of Gaussian pulse

The theoretical model is used to explore the resonant propagation of an ultrashort x-ray

pulse through neon gas. The ultrafast pulse is chosen to allow the Raman transition before

the Auger decay and the ultrashort pulse has a broad bandwidth in the spectral domain.

Photoionization happens with photons that have energy above the neon ionization threshold.

To gain some physical insights into the role of photoionization in the light-matter interaction,

the population evolution without photoionization, with 1s ionization, and with 1s and 2p

ionization are plotted in Fig. 2.2 at different propagation distances.

The incident pulse has a Gaussian profile with central photon energy at 867.5 eV resonant

with 1s to 2p transition and FWHM of the pulse duration equals 0.25 fs. The Gaussian pulse

is propagating through a 3 cm gaseous neon cell at an atmospheric pressure of 1 bar. The

beam is focused at the center of the cell with a confocal parameter of 12.35 cm, which corre-

sponds to a focus of 6.12 µm (FWHM) at the cell center. The peak intensity 1018 W/cm2,

which is available at XFELs, is strong enough to induce a population inversion between the

ground state and the core-excited state. The transition dipole moments are from Weninger

and Rohringer [2013] calculated by the method in Cowan [1981]. The photoionization cross

sections are σ2p = 0.0084 Mbarn and σ1s = 0.30 Mbarn. Using these parameters, the x-ray

absorption spectrum obtained by the code matches with the observation in Müller et al.

30



[2017].

Figure 2.2: The population evolution of the different states at different propagation distance.
A Gaussian pulse with 0.25 fs (FWHM) duration and 1018 W/cm2 peak intensity is used as
the input. The field profile is shown in grey-filled curves. The simulations without ionization,
with 1s ionization, and with 1s and 2p ionization are presented in three columns. Figure
from Li et al. [2020b].

Figure 2.3: The spectrum at the beginning and the end of propagation for simulations
without ionization, with 1s ionization, and with 1s and 2p ionization. Figure from Li et al.
[2020b].

Fig. 2.2 and Fig. 2.3 show the difference between simulations with and without photoion-
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ization effects. Fig. 2.2 shows the populations of different states in the temporal domain.

The grey-filled profile indicates the x-ray pulse. Without ionization, the pulse populates the

1s−13p state, which decays exponentially due to Auger decay. There is a small amount of

population in 2p−13p state due to the Raman transition. The pulse is temporally reshaped

as it propagates through the neon gas. There is ringing structure that appears at the tail

of the pulse. This Burnham-Chiao oscillation has been studied in optical pulse resonant

propagation (Burnham and Chiao [1969]). The formation of the ringing structure is due

to the ultrashort x-ray pulse inducing a slow decay dipole oscillation which radiates with

the opposite phase. The new field interferes with the initial field and introduces the new

dipole radiation. These dipole radiations interfere with each other and generate the ringing

structure.

The temporal and spectral profiles of the pulse changed when the ionizations were added.

There is a considerable amount of the population transfer to the ion 1s−1 state due to inner

shell photoionization. This ion core-hole states decay to the 2p−1 state and emit XRL

photons at 849 eV. The XRL fields interfere with the transmitted fields leading to the finely

oscillating structures. Both the field amplitude and the population decreased when adding

the valence ionization. The effects of the ions can be clearly shown in the photon spectrum

in Fig. 2.3, where more emission at 849 eV is observed.

In order to understand the peak intensity dependence of the resonant propagation, we

simulated the resonant propagation of the 0.25 fs (FWHM) Gaussian pulse with peak in-

tensity equals 1016, 1018 and 1019 W/cm2. As shown in Fig. 2.4, at low intensity, the

incident Gaussian pulse is absorbed at the resonant frequency ∼ 867.5 eV with an absorp-

tion bandwidth equaling the core-excited state lifetime. The resonant absorption separates

the spectrum into two parts which interfere with each other and lead to the ringing structure

in the temporal domain. The photons with energy above the ionization threshold ∼ 870 eV

are attenuated due to the photoionization. The spectral and temporal profile look different
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Figure 2.4: The simulation results for 0.25 fs Gaussian pulse with different peak intensities:
1016, 1018 and 1019 W/cm2. Figure from Li et al. [2020b].

at higher intensity. A strong emission including stimulated Raman and XRL peak appears at

849 eV, this leads to the fine interference structure in the temporal domain. With ultrahigh

peak intensity at 1019 W/cm2, Rabi oscillation occurs before Auger decay, which leads to

the new emission at intermediate photon energies. This continuum emission leads to more

transmission, as shown by the large transmitted pulse in the temporal domain.

The self-induced transparency (SIT) effect at different pulse intensities is shown in Fig.

2.5. The pulse energy decays as the x-ray propagates through the medium. Yet, the pulse

energy attenuation deviates from the Beer–Lambert law, since the broad bandwidth pulse

contains photons with energy out of the resonance absorption bandwidth that is not attenu-

ated. However, the saturated absorption appears when the peak intensity is higher than the

1018 W/cm2, which is close to a pi-pulse. Same as the optical SIT, the ultrahigh intensity

pulse induces large population transfer. The depletion of the ground state population and

the saturation of the excited states lead to a quench of transition and thus reduced absorp-

tion. This explanation is confirmed by the simulations with 2.5 fs (FWHM) pulses, in which

the SIT happens near the pi-pulse area with lower peak intensity. It is shown in the lower
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Figure 2.5: The pulse energy drops at the different propagation distances with 0.25 fs and
2.5 fs Gaussian pulses. The transmitted pulse energy deviates from the linear transmission
when the incident peak intensity is close to or above the intensity corresponding to a pi-pulse.
Figure from Li et al. [2020b].
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panel that the transmitted pulse energy deviates from the linear transmission when the pulse

is higher than the pi-pulse.

The influence of peak intensity in the spectrum is clearly shown in the 2d map of spec-

trum evolution with respect to the propagation distance in Fig. 2.6. With 1018 W/cm2,

the incident pulse with photon energy around 1s → 3p is absorbed quickly at the begin-

ning of propagation, and the narrow linewidth stimulated Raman signal grows as the pulse

propagates. However, with 1019 W/cm2, the resonant absorption happens slower, and the

stimulated Raman line develops a continuum intermediate spectrum bridging the Raman

and the transmitted incident. The stimulated Raman and the XRL pulse energy gain expo-

nentially in the first 0.5 cm before saturation.

Figure 2.6: The 2d map of the spectrum as a function of propagation distances with peak
intensity at 1018 (a) and 1019 W/cm2 (b). (c) the gain of stimulated Raman and XRL pulse
energy as the pulse propagates. Figure from Li et al. [2020b].

With the incident pulse duration shorter than the lifetime of core-excited states, the

impulsive stimulated Raman and XRL process finished before the Auger decay, thus max-

imizing the emission signal. To explore the influence of the pulse duration, the Gaussian

pulse with 2.5 fs (FWHM) duration is used in resonant propagation simulations with differ-

ent peak intensities. As shown in Fig. 2.7, at low intensity, the incident pulse is drastically

attenuated by the dense neon gas due to the resonance absorption. This leads to the ringing

structure in the temporal domain. At higher intensity, a strong stimulated Raman and XRL

are generated with an intensity higher than the transmitted incident pulse. This means

that we obtain a pulse at the new photon energy. With 1019 W/cm2 intensity, the self-
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induced transparency happens, and the pulse duration is compressed due to the nonlinear

propagation.

Figure 2.7: The output spectrum and temporal profile of the fields for a 2.5 fs (FWHM)
Gaussian pulse with different peak intensities: 1016, 1018 and 1019 W/cm2. Figure from Li
et al. [2020b].

Extending the 1d simulations to 3d offers us a unique opportunity to investigate the

transverse profile reshaping in the resonant propagation. The evolution of the beam size

for a 0.25 fs Gaussian pulse during the resonant propagation is shown in Fig. 2.8 (a). At

low peak intensity, the pulse is focused to the center of the gas cell and then the beam size

increases due to diffraction. At moderate intensity ∼ 1018 W/cm2, the beam is focused

down to a smaller size monotonically. With high peak intensities (∼ 1019, 1020 W/cm2),

the beam size changes dramatically. It oscillates with a minimum of around 0.5-1.0 µm. The

self-focusing (SF) effects are further confirmed by the increasing of the on-axis electric field

amplitudes as the beam spot shrinks.

To gain insights into the physics behind the SF during resonant propagation, we simplify

our neon atom to a 2-level system. Similar to before, a 0.25 fs (FWHM) Gaussian pulse with

central photon energy resonant with the 2-level transition is used. The pulse energy, beam
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Figure 2.8: The beamsize and on-axis electric field amplitudes as a function of the propaga-
tion distances simulated for different incident peak intensities. Figure from Li et al. [2020b].

size, and the on-axis field intensity changes as a function of the propagation distance are

shown in Fig. 2.9. As expected, the SIT and SF happen with high incident peak intensity.

However, the beam size drops monotonically, instead of complex oscillation in the case of a

3-level system including Raman transition.

Figure 2.9: The pulse energy, beam size and on-axis electric field amplitude at different
propagation distances. The simulation is performed with a 2-level system. Figure from Li
et al. [2020b].

The SF can be explained by the wavefront modification of the field in the process of

resonant propagation. The beam transverse profile and the phase at different propagation

distances are shown in Fig. 2.10. The beam profile is reshaped from a broad input Gaussian

to a triangle profile with a smaller size, where the high intensity at the center drops quickly as

the radial distance increases. This could be explained by the change in the phase of the pulse
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at different radial positions. The different field intensities at the different radial coordinates

experience a different modification of the phase. The change of the wavefront leads to the

evolution of the beam size as it propagates. Note that this resonant phase changing due

to strong field-matter interaction is different from the Kerr effect, which is the off-resonant

self-focusing due to the intensity dependence of the susceptibility.

Figure 2.10: The transverse beam profile and the phase of the wavefront changes at different
propagation distances. Figure from Li et al. [2020b].

2.3 Resonant propagation of XFEL pulses

The versatile code we developed is suitable for simulating the propagation of pulses with

random profiles. The ultrashort Gaussian x-ray pulses used in the calculations above are

not available yet. Most of the XFELs generate SASE x-ray pulses, that contain spikes that

fluctuate randomly. The SASE pulses can be simulated by the chaotic radiation modeling

algorithm (Vannucci and Teich [1980], Pfeifer et al. [2010]). The radiation field amplitudes

of a SASE pulse at different frequencies are randomly generated by Gaussian sampling. At

each frequency, the variation of the Gaussian sampling equals the intensity of the averaged

power spectrum of the SASE. The phase of the spectrum varies randomly within [0, 2π]

from point to point. The SASE pulse is first generated in the frequency domain and then

an inverse Fourier transform is applied to obtain the electric fields in the temporal domain.

A Gaussian mask with a pulse duration equal to the averaged SASE is applied to obtain the

right temporal pulse duration. The temporal field after masked is Fourier transformed back
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to the frequency domain to obtain the final spectrum.

The algorithm mentioned above is applied to generate SASE pulses with 10 fs (FWHM)

duration. In XFELs, the averaged SASE spectrum has a bandwidth of around 0.5% of the

central photon energy. Thus for central photon energy at 867.5 eV, a spectral bandwidth of

4.3 eV is used in the simulation. A typical simulated SASE pulse is shown in Fig. 2.11 by the

blue lines, which have random spikes in the temporal and spectral domain. The duration of

the coherent spike (∼ 1 fs) is determined by the averaging bandwidth in the spectral domain,

while the spectral spike bandwidth (∼ 0.4 eV) is defined by the averaged duration of the

pulse in the temporal domain.

The SASE pulse with central photon energy at 867.5 eV propagates through a 1 bar

neon gas and the output of the simulation is shown in Fig. 2.11 by red lines. With pulse

energy equal to 5 mJ, the peak intensity of the SASE is around 1019 W/cm2. As in the

case of Gaussian pulse, a strong XRL and stimulated Raman emission signal appear around

849 eV. The output pulse has inherent random fluctuating spikes from the SASE both in

the temporal and spectral domains. Due to the dispersive relation in Raman scattering, the

spikes in the Raman spectrum resemble the incident SASE. This feature is used to obtain a

high-resolution stimulated Raman spectrum in the later chapter.

Figure 2.11: The resonant propagation simulation results of a SASE pulse with 10 fs
(FWHM) duration and 1019 W/cm2 peak intensity. Figure from Li et al. [2020b].
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In order to observe the interesting pulse-reshaping phenomena revealed by Gaussian

simulations, a high-intensity ultrashort coherent x-ray pulse is required. The generation of

such XFEL pulses has been demonstrated recently at LCLS using the electron beam nonlinear

compression in the magnets (Duris et al. [2020]). The FEL simulation code Genesis (Reiche

[1999]) is used to simulate the X-ray laser-enhanced attosecond pulse generation (XLEAP)

at LCLS. The XLEAP pulses with peak intensity at 6× 1016, 4× 1018 and 4× 1019 W/cm2,

and pulse duration ∼ 0.5 fs are generated. The averaged pulse profile of 20 shots is shown

in Fig. 2.12 by blue lines. These shots are fed into our TDSE-MWE code as inputs with

photon energy centered at 867.5 eV, resonant with the neon 1s → 3p transition. The

outputs of single-shot passing through a 1 bar 1 cm neon gas cell are represented by the

grey lines. The averaged output is plotted in red lines. For low intensity (∼ 6 × 1016

W/cm2), due to the resonant absorption, the pulse is reshaped in the temporal domain to

have the ringing tails. At intermediate intensity (∼ 4×1018 W/cm2), the stimulated Raman

and XRL emission appears and the pulse obtains fine temporal oscillating structures. At

high intensity (∼ 4 × 1019 W/cm2), the emission spectrum becomes broad, and the pulse

is relatively short in the temporal domain. Overall, the outputs are close to the simulation

results of a Gaussian pulse.

The temporal reshaping of the XLEAP pulse resonant propagating through the neon can

be monitored by the laser streaking technique at LCLS (Li et al. [2018]). The reshaped

pulse ionizes a dilute gas, and the photoelectrons are kicked around by the IR laser pulse.

The photoelectron momentum distribution is measured to obtain the pulse spectrum and

temporal profile. The streaking simulation results of 3 reshaped XLEAP pulses are shown

in Fig. 2.13. Clearly, the photoelectron momentum distribution measured looks different

for different reshaped pulses. Some reconstruction algorithms can be used to extract the

spectral and temporal information of the reshaped pulse (Li et al. [2018]).
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Figure 2.12: The resonant propagation simulation results for XLEAP pulses with different
peak intensities: 6× 1016, 4× 1018 and 4× 1019 W/cm2.

Figure 2.13: The single shot XLEAP pulses at different intensities and their corresponding
simulated IR laser streaking momentum distribution.
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CHAPTER 3

HIGH-RESOLUTION STIMULATED X-RAY RAMAN

SPECTROSCOPY (SXRS)

Optical Raman spectroscopy has proved to be a powerful tool in probing molecular vi-

bronic states. Extending this technique to the x-ray regime would benefit studies of valence

electronic states. Due to the extremely small x-ray inelastic scattering cross-section, x-ray

spontaneous Raman spectroscopy is a photon-hungry technique. With stimulated emission,

the exponentially amplified SXRS in dense media is demonstrated with a signal increase of

eight orders of magnitude. The energy resolution of the Raman spectroscopy is determined

by the incident pulse bandwidth. To obtain a high-resolution SXRS, the covariance function

between SASE spectrum and stimulated Raman is realized.

An experimental demonstration of SXRS in dense neon gas with SASE pulses was per-

formed in the European XFEL SQS endstation. The photon spectrum of the transmitted

SASE and stimulated Raman emission are measured by a grating spectrometer. The co-

variance analysis reveals the SXRS with unprecedented energy resolution. A supercomputer

simulation was used to confirm our observation as well as provide more insights into the

SXRS physics and point ways to further improve the SXRS.

3.1 Principle of SXRS using stochastic SASE pulses

In quantum optics, the Raman scattering cross-section is calculated by the Kramers–Heisenberg

formula:

d2σ

dωfdΩ
= α4

ωf
ωi

∣∣∣∣∣∑
m

⟨f |µfm |m⟩ ⟨m|µmi |i⟩
Ei − Em + ωi − iΓm/2

∣∣∣∣∣
2

δ(Ef + ωf − Ei − ωi) (3.1)

which uses perturbation theory to describe the differential cross-section for scattering an

incident photon |ki⟩ to state
∣∣kf〉 with a corresponding atomic transfer from initial state
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|i⟩ to |f⟩. In the equation, α is the fine structure constant, ωi and ωf is the incident and

scattered photon energy. µ is the atomic transition dipole moment. Ei, Em and Ef are

the initial, intermediate and final energies of the atomic state. Γm is the decay rate of the

core-excited states. Since there is no electron ejected to carry away the energy, the total

energy of the atom+photon system should be conserved. This is enforced by the δ function

at the end of the formula.

One important feature of x-ray Raman scattering or resonant inelastic x-ray scattering

(RIXS) is that the resolution of the scattered photon spectrum is not limited by the lifetime

of the core-excited states, since the Raman process promotes electrons from the ground state

to the valence-excited states, which have lifetimes beyond our energy resolution. Instead,

the energy resolution is determined by the incident beam bandwidth. This is essentially due

to the energy conservation. To see this, we consider the incident beam spectral density as a

Gaussian function:

Ii(ωi) = I0 exp

(
−(ωi − ω0)

2

2σ20

)
(3.2)

with center photon energy ω0 and bandwidth σ0. The photon number around energy ωi is

nki = Ii(ωi) dωi. Since each photon scatter according to the Kramers–Heisenberg formula,

the total beam scattering differential cross-section is:

d2σ

dωfdΩ
= α4

∫
ωf
ωi

∣∣∣∣∣∑
m

⟨f |µfm |m⟩ ⟨m|µmi |i⟩
Ei − Em + ωi − iΓm/2

∣∣∣∣∣
2

× Ii(ωi) δ(Ef + ωf − Ei − ωi)dωi

= α4
ωf

Ef − Ei + ωf

∣∣∣∣∣∑
m

⟨f |µfm |m⟩ ⟨m|µmi |i⟩
Ef − Em + ωf − iΓm/2

∣∣∣∣∣
2

× I0 exp

(
−
(Ef − Ei + ωf − ω0)

2

2σ20

)
(3.3)

which means the scattering cross-section is essentially a Gaussian function, centered at the
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incident minus the energy loss and bandwidth equals the incident, modulated by the broad

Lorenzian profile centered at the atomic resonance with bandwidth determined by core-

excited states lifetime. It clearly shows that the scattering spectrum ωf can have a bandwidth

close to the incident, which might be smaller than the core-excited states’ lifetime broadening.

Figure 3.1: The schematic of the experimental setup of RIXS spectroscopy (chem-
RIXS/qRIXS at LCLS). The monochromator is used to get a narrow incident beam from
the SASE pulses. The movable spectrometer is employed to measure the scattered photon
spectrum.

RIXS spectroscopy is a powerful technique based on the Kramers–Heisenberg formula

to measure the electronic, magnetic and structural properties of quantum materials and

molecules. A typical experimental setup includes an incident monochromator to get a nar-

row bandwidth incident beam, a photon sample interaction chamber, and an adjustable

spectrometer to measure the spectrum of the scattered photon. To measure the spectrum

with a sub-lifetime resolution, a high-resolution monochromator with resolving power 50000

to 2000 is required. Another high-energy resolution spectrometer is needed to obtain a high-

resolution spectral measurement. The energy of the incident monochromatic beam is scanned

to cover the spectral area of interest. Due to the very small spontaneous inelastic scattering

cross-section, RIXS spectroscopy is usually very photon-hungry and time-consuming.
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Stimulated X-ray Raman Spectroscopy (SXRS) has a cross-section that is orders of mag-

nitude higher than the spontaneous x-ray Raman scattering. The ultrafast SXRS has been

proposed in Zhang et al. [2014], where multiple coherent attosecond x-ray pulses are required.

However, the generation of delay-controllable multiple coherent attosecond XFEL pulses is

challenging and not available yet.

An alternative way is to use SASE XFEL pulses with covariance analysis to obtain a high-

resolution x-ray spectrum (Kimberg and Rohringer [2016], Cavaletto et al. [2021]). As shown

in Fig. 3.2, the incident SASE pulse contains many spikes, each individual spike acts as an

ultrashort Gaussian pulse and makes a stimulated signal itself. Due to energy conservation,

the stimulated Raman signal has a specific energy loss corresponding to excitations in the

target with respect to the photon that induced the Raman transition. As a result, the

stimulated Raman signal resembles the incident SASE pulse. This correlation between the

incident SASE and the stimulated Raman signal can be used to obtain a high-resolution

spectrum.

Figure 3.2: The principles of the high energy resolution stimulated x-ray Raman spectrum
using stochastic pulses. The incident SASE pulse covers the transitions from the ground state
to the core-excited states. The emitted stimulated Raman spectrum resembles the incident
SASE. Each SASE spike generates a corresponding Raman emission spike. The covariance
analysis can be used to extract a dispersive line with constant energy loss for each energy
level.
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Instead of plotting the averaged output stimulated Raman as a function of the incident

SASE central photon energy, which gives poor energy resolution (∼ 7eV ) determined by

the broad SASE (Weninger et al. [2013]), the covariance function between incident photon

spectrum I(ωi) and stimulated Raman spectrum I(ωr) can be calculated Cov(I(ωi), I(ωr)) ≡

⟨I(ωi)I(ωr)⟩ − ⟨I(ωi)⟩⟨I(ωr)⟩. This covariance analysis is expected to give a stimulated

Raman spectrum with energy resolution limited by the SASE spike bandwidth (∼ 0.1 eV),

which is the inverse of the pulse duration (∼ h/τ ∼ 4.13eV ∗ fs/40fs ∼ 0.1eV).

3.2 Experiment in European XFEL

The experiment of resonant propagation of SASE XFEL pulses in the neon gas is performed

at the European XFEL (Decking et al. [2020], Tschentscher et al. [2017]) SQS (small quantum

system) endstation (Mazza et al. [2023]). The experimental setup is shown in Fig. 3.3. The

center photon energy of the incident SASE pulses is around 867.5 eV, resonant with the neon

1s → 3p transition. The averaged pulse energy is 3 mJ with ∼ 3% fluctuation from shot to

shot. The pulse energy on the sample is controlled by the gas attenuator (GATT), where the

incident pulse is attenuated by photoabsorption. The Kirkpatrick–Baez mirror (K-B mirror)

is applied to focus the x-ray to a 1-2 µm spot size at the center of the gas cell. The gas cell

with 4.5 mm length can hold neon gas with pressure up to ∼ 6 bar. The transmitted x-ray

beam is further attenuated by Al filters with thicknesses 3.5, 5, and 10 µm (transmission

equals 0.173, 0.081, and 0.006 at 850 eV). The beam is transversely confined by a slit ∼ 10

µm, before being dispersed by a grating. The spectrum is measured by a soft X-ray Andor

detector with 2048*512 active pixels and a 13.5*13.5 um pixel size.

In the experiment, the central photon energy of the incident SASE pulse is scanned from

840 eV up to 960 eV. Considering the ∼ 7 eV bandwidth of the SASE, a 5 eV scanning step

was taken. The pressure of the neon gas is adjusted from 0.05 bar (the single atom response

regime) up to 6 bar (the propagation pulse reshaping regime). The pulse energy ranging
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Figure 3.3: The schematic of experimental setup for the resonant propagation of SASE
pulses through dense neon gas. The incident pulse intensity is adjusted by the gas attenuator
(GATT), and then focused on the center of the gas cell by the K-B mirror. The transmitted
and emitted photons pass through the Al filter and slit before being measured by a grating
spectrometer. A typical spectrum recorded contains the transmitted incident around 867.5
eV and the XRL+stimulated Raman emission around 849 eV.
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from 1% to 100% is controlled by the GATT. The matrix of data taken is represented in Fig.

3.4.

Figure 3.4: The 3D matrix of the experimental conditions where the data is taken. We
scanned the neon gas pressure from 0.05 bar (single atom response) up to ∼ 6 bar (propa-
gation regime). The central photon energy is adjusted from 840 eV to 860 eV with ∼ 5 eV
steps. The gas attenuator is set in the range from 1% (linear response) up to 100% (nonlinear
response).

Covariance analysis requires the spectra of thousands of shots. To record the spectra

with 10 Hz repetition rate, the 2d detector with 512 pixels along the non-dispersive spatial

direction was binned into 64 bins. The 2048 active pixels along the dispersive direction are

kept to ensure a high energy resolution (∼ 0.2 eV). Spectra of around 18,000 shots, which

take 30 mins, are recorded for each SXRS run.
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3.3 Experimental results

With high-intensity SASE XFEL pulses (∼ 1018 W/cm2), a 1s core hole is created which

can be refilled by spontaneous radiation and be amplified exponentially via propagation.

The incident SASE pulse resonantly populates the core-excited 1s−13p state, which decays

either by ejecting an Auger electron or emitting a photon through a spontaneous Raman

transition 1s−13p → 2p−13p. The spontaneous Raman stimulates a Raman transition in the

atoms and the emission signal is amplified exponentially as the pulse propagates through

the neon gas. The incident SASE has a broad bandwidth (∼ 7 eV) that covers the 867.5 eV

1s → 3p transition as well as the 870 eV K-edge. The incident photons with energy above

the photoionization threshold will create a population inversion between 1s−1 and 2p−1 in

the Ne+1. The spontaneous emission from the ion can stimulate the transition in the atoms

and the XRL signal is amplified exponentially.

The pulse energy contained in XRL+SXRS as a function of different incident peak in-

tensities is shown in Fig. 3.5. The blue dots represent the total emission energy of single

shots, with the average of the top 10% shown in the red line. The XRL and SXRS pulse

energy are shown in purple and green, respectively. As expected, the emission pulse energy

grows exponentially as the peak incident intensity increases. The simulation results with 0.25

fs Gaussian pulse and with pulse energy are shown in grey dots and squares, respectively.

These two lines track each other with the SASE ∼ 20 times bigger than the Gaussian, which

indicates that the resonant propagation of a SASE pulse mimics the propagation of a set of

Gaussian pulses.

The absolute emission yield is obtained by energy calibration of the detection system by

varying the incident pulse energy without the neon gas. As shown in Fig. 3.6, the GATT

is used to modify the incident SASE pulse energy, and different Al filters are applied to

optimize the signals on the detector. The incident pulse energy detected by the GMD (gas

monitor detector) as a function of the integral signal on the detector shows a linear relation.
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Figure 3.5: The XRL+SXRS pulse energy as a function of the incident SASE peak intensity.
The experimental single-shot results are shown by the blue dots. The average of the top 10%
emission is shown in red dots, which can be separated by the contributions from XRL (purple
diamond) and SXRS (green square). The simulation results with the SASE pulse are close
to the experimental measurements. The emission from SASE is around 20 times bigger than
the emission from a Gaussian pulse with 0.25 fs duration. This implies that the SASE pulse
can be represented by multiple Gaussian pulses during the interaction.
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A linear fit to the data gives a calibration from the signal detected to the pulse energy, which

is then used to obtain the XRL+SXRS emission energy. An alternative way to estimate the

yield is by calculating the detector counts as a function of the incident photon number. This

approach gives a result close to our calibration.

Figure 3.6: The averaged SASE spectra with different GATT and the Al filters. The integral
spectral signal is linearly proportional to the pulse energy characterized by the gas monitor
detector. This relation is used to calibrate the XRL+SXRS pulse energy.

Figure 3.7: The typical single shots and averaged spectrum measured. The incident SASE
is centered around 870 eV, the gas pressure is 2 bar and the GATT=100%.

In the experiment, the incident SASE photon spectrum varied from shot to shot. The

incident spectrum was not characterized. The only observable is the transmitted spectrum.

A typical averaged and single-shot output spectrum are shown in Fig. 3.7. With incident
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center photon energy at 869 eV, the resonant absorption of 1s → 3p and 1s → 4p transition

appears in the averaged spectrum. For the conditions of 2 bar pressure, 4.5 mm path length,

and GATT=100% incident intensity, the stimulated emission has an intensity comparable to

the transmitted incident. The single-shot spectrum contains random spikes that fluctuate

from shot to shot.

A good way to extract information from the random fluctuation shots is by covariance

analysis. Since the incident SASE spectrum is not characterized, we calculate the covariance

of the transmitted incident I(ω1) and the Raman I(ω1):

Cov(I(ω1), I(ω2)) ≡ ⟨I(ω1)I(ω2)⟩ − ⟨I(ω1)⟩⟨I(ω2)⟩ (3.4)

where the symbol ⟨⟩ denotes the ensemble average over different SASE shots. To gain insight

into the covariance calculated, we express the covariance function in terms of the incident

spectra Ii(ω):

Cov(I(ω1), I(ω2)) ∝ Cov(Ii(ω1) ∗ Tr(ω1), Ii(ω1) ∗ σR(ω1, ω2))

= Tr(ω1) ∗ σR(ω1, ω2) ∗ Cov(Ii(ω1), Ii(ω1))

= Tr(ω1) ∗ σR(ω1, ω2) ∗ V ar(Ii(ω1)) (3.5)

where Tr(ω1) represents the transmission of the neon gas, σR(ω1, ω2) denotes the stimulated

Raman scattering cross-section of the neon gas from a photon at ω1 to ω2, and V ar(Ii(ω1))

represents the variation of the incident spectrum. From this, we can obtain the stimulated
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Raman cross-section as follows:

σR(ω1, ω2) ∝ Cov(I(ω1), I(ω2))/(Tr(ω1) ∗ V ar(Ii(ω1)))

= Cov(I(ω1), I(ω2))/(Tr(ω1) ∗ Std(Ii(ω1))2)

∝ Cov(I(ω1), I(ω2))/(Tr(ω1) ∗ ⟨Ii(ω1)⟩2)

= Cov(I(ω1), I(ω2))/⟨I(ω1)⟩ ∗ ⟨Ii(ω1)⟩

≈ Cov(I(ω1), I(ω2))/⟨I(ω1)⟩ (3.6)

where Std(Ii(ω1)) is the standard deviation of the incident spectra. The standard devia-

tion is assumed to follow Poisson distribution and is frequency independent, thus can be

approximated by the averaged spectral value. In the last step, we ignored the dividing of the

averaged incident spectrum ⟨Ii(ω1)⟩ since we are focusing on the high-resolution spectrum

and they only gave a broad background.

The covariance between the transmitted incident and the Raman normalized to the aver-

aged transmitted spectrum (normalized covariance) is calculated according to Eq. (3.6) and

shown in Fig. 3.8. The incident SASE pulse has 6 mJ energy. The beamline transmission is

around 0.5, thus the SASE pulse on target has 3 mJ energy. The neon pressure was set to

be 1.0, 1.5 and 2.0 bar.

As shown in Fig. 3.8, the normalized covariance reveals the 3p dispersive line at an

energy loss of 18.7 eV. The 4p Raman signal centered at 868.93 eV incident energy and 20.3

eV energy loss. The continuum emission line above 870 eV is the XRL signal. The normalized

covariance map varies as the neon pressure changes. The 3p resonant Raman dispersive line

resembles the spontaneous RIXS map at low pressure. The Raman signal extends over a

larger energy region as the pressure goes up. Instead of a resonant enhancement at 867.29

eV incident energy, there is a hole interrupting the Raman dispersive line. With gas pressure

above 1.5 bar, all signals above 868 eV disappeared for SASE pulses centered at 867.5 eV.
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These artifacts are due to the absorption of the photons on and above the resonances, which

leaves no transmitted signal to correlate with the Raman emission.

To recover the signals above the resonances, we combine the data from two runs with

center photon energy 867.5 eV and 870 eV. The single-shot spectra from these two runs are

added together to form a single-shot spectrum for the combined. These combined single-

shot spectra are used to calculate the normalized covariance as shown in Fig. 3.9. With the

central photon energy at 870 eV, more incident photons are above the ionization threshold,

thus a stronger XRL signal is produced. Meanwhile, more signals are transmitted, which can

be used to calculate the covariance. The resonant enhancement of the Raman from Rydberg

states 4p 5p and 6p appears in the 869 to 870 eV incident photon area. Interestingly, a new

dispersive line with 19.8 eV energy loss shows up. This feature is suspected to be related to

the 3p → 4s transition, which generates emission through 1s−14s intermediate state.

It is worth noting that different normalizations of the covariance generate the RIXS that

highlight different features and convey different information. As shown in Fig. 3.10 (A).

The normal covariance function Cov(I(ω1), I(ω2)) ≡ ⟨I(ω1)I(ω2)⟩ − ⟨I(ω1)⟩⟨I(ω2)⟩, reveals

a clear 3p x-ray stimulated Raman dispersive line. However, some weak signal features, due

to absorption, are not observable above the resonances and K-edge.

The covariance function, normalized to the average of the transmitted incident, according

to Eq. (3.6), shown in Fig. 3.10 (B), provides a more detailed view of the stimulated Raman

scattering cross-section. Notably, the 4p Raman scattering and the XRL lines are visible.

However, due to the strong resonant absorption and the small on-resonant transmitted inci-

dent signals, it is challenging to observe the resonance enhancement signals. As a result of

the normalization, artificial horizontal bands appear around the 3p, and 4p resonances.

Another way to normalize the covariance is by dividing both the average emission I(ω2)

and the transmitted incident I(ω1), shown in Fig. 3.10 (C). While this formula preserves the

symmetry of the covariance function and yields results similar to the Pearson correlation, it
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Figure 3.8: The normalized covariance map with different gas pressures (1.0, 1.5 and 2.0
bar). The covariance is calculated between the transmitted incident and the stimulated
Raman signals, then normalized to the average spectrum of the transmitted.
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Figure 3.9: The normalized covariance for the spectra combined the runs with photon energy
centered at 867.5 and 870 eV.

amplifies the background excessively and obscures the resonance-enhanced dispersive Raman

and XRL lines.

The normalization of the covariance to the square of the averaged transmitted incident

(⟨I(ω1)⟩) is presented in Fig. 3.10 (D). This normalization yields values that can be inter-

preted as the square of the percentage fluctuation, i.e. the standard deviation over the mean.

Notably, this double normalization of the covariance reveals clear resonance enhancement of

Raman scattering with a peak amplitude of around 0.09, which is close to the square of the

peak percentage fluctuation 33%.

The energy resolution of the Raman spectroscopy is measured by the FWHM of the

dispersive line. A Gaussian fit is applied to the horizontal lineouts of the normalized covari-

ance. The FWHM of the Raman line is found to be 0.41 eV. According to Lutman et al.

[2012], the FWHM of the correlation ∼
√

1
2σ2t

+ 2σ2s . Where σt is the FWHM of the SASE

pulse duration; σs is the FWHM of spectrometer instrumental broadening. With σt ∼ 40 fs

and σs ∼ 0.2 eV, the calculation gives FWHM ∼ 0.3 eV, which is 0.1 eV different from the

measurements.

56



Figure 3.10: The covariance map with different normalizations combining two SASE runs
centered at 867.5 and 870.0 eV. (A) The normal covariance function; (B) the covariance
normalized to the average transmitted incident; (C) the covariance normalized to the average
transmitted incident and the average emission; (D) the covariance doubly normalized to the
average transmitted incident.
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Figure 3.11: The bandwidth analysis of the SASE spikes with different filters and no neon
gas in the cell. (A) the autocorrelation of the SASE spectra; (B) the Gaussian fit of the
lineouts of the autocorrelation; (C) (D) the bandwidth of the autocorrelation function at
different photon energies with different Al filters. It is clear that the bandwidth broadened
from 0.3 eV to 0.4 eV when 10 µm filter is applied.
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The deviation between the calculation and the experimental result can be explained by

the extra broadening of the SASE pulse by the 10 µm Al filter. The influence of the different

filters on the SASE pulse autocorrelation without interacting with gas is shown in Fig. 3.11.

Gaussian fit is applied to the autocorrelation lineouts at different photon energies. Regardless

of the incident pulse energy, the FWHM of the runs with 0, 3.5, and 5.0 µm Al filters give an

FWHM ∼ 0.3 eV, while the runs with 10 µm filters give 0.4 eV bandwidth. The extra ∼ 0.1

eV broadening might be due to the nonlinear attenuation of the 10 µm filter that broadened

the bandwidth of the SASE spikes.

Without the extra 0.1 eV broadening from the 10 µm filter, the FWHM of the correlation

is 0.3 eV, which equals the one calculated above. The FWHM of the Raman line as a function

of gas pressure (1.5, 2.0, 2.5, 4.0 bar) is shown in Fig. 3.12. With gas pressure increase, the

bandwidth first drops from 0.375 eV to 0.3 eV, and then bounces back to 0.35 eV, and stays

around 0.34 eV in the saturation regime. This narrowing of the bandwidth due to stimulated

lasing is predicted in Weninger and Rohringer [2014]. Note that, the 0.3 eV bandwidth means

that the Raman spectrum displays an energy resolution beyond the neon core-excited state

lifetime broadening (Γ ∼ 0.27 eV), which predicts the FWHM
√

1
2Γ2

+ 2σ2s ∼ 0.35 eV.

Figure 3.12: The bandwidth of the stimulated Raman signal evolves with the target thick-
ness. The pressure of the gas is changed to obtain the results (1.5, 2.0, 2.5, 4.0 bar).
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3.4 Supercomputer simulations

The TDSE-MWE code is used to simulate the SASE XFEL pulse resonant propagation

through neon gas. The gas pressure is set to be 2 bar and the propagation length is 4.5 mm.

There are 100 propagation steps applied in the calculation with a spacing of 0.045 mm. The

code generates an output of the propagating spectrum every 5 steps. The SASE is generated

by the stochastic pulse modeling code described in Section 2.3. The pulse duration is 40 fs

(FWHM) and the bandwidth is 7.5 eV. The incident pulse is focused at the center of the gas

cell with beam waist ∼ 2 µm. The peak intensity of the SASE spikes is ∼ 1018 W/cm2.

In order to calculate the covariance map, the simulation of thousands of SASE shots is

required. To cover the whole SASE pulse, the time window of the calculation is set to 100 fs.

There are 30 grid points within each wave cycle (∼ 0.00476 fs). Thus 100/0.00476∼ 21000

grid points are used for the calculation of the field at each radial point. The transverse

spatial window is set to be 10 µm, and 50 transverse grid points are used. There are 100

propagation steps in the 4.5 mm gas cell.

With such a large amount of grid points used, the propagation simulation for each SASE

takes ∼ 72 core*hour. This makes the calculation for thousands of SASE shots impossible

for a personal computer. The Open MPI is incorporated into our code to parallelize the

independent TDSE calculations for different transverse points. Ideally, 50 threads are used

to compute the TDSE at every radial point simultaneously. This shrinks the computing

time to 6 hours. The Theta supercomputer at Argonne National Laboratory is used to

perform the propagation calculation for 4096 SASE shots. In total, 4096 shots*32 threads*6

hour=786432 thread*hour is required for a full simulation at a specific condition. The output

3d fields are post-processed and analyzed by the local cluster (find details in the appendix).

Due to the limitation of the computational resources, the energy levels in the simulation

are limited to the 9 levels. The parameters used are listed in Fig. 3.13. The energies of

the core-excited states (1s−1) are from Müller et al. [2017] , and the energies for the valence
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excited states (2p−1) are from CCSD calculation performed by our cooperator Lan Cheng

(Liu et al. [2018]). The transition dipole moments are calculated by CCSD, and then scaled

with a factor of 1.5 to match the results in Suleiman [2023] and the XAS in Müller et al.

[2017].

Figure 3.13: The parameters used in the simulation. Only 7 energy levels in neutral and 2
levels in ion are included in our SASE simulations.

A typical full simulation result is shown in Fig. 3.14. The averaged incident SASE

spectrum is close to a Gaussian with 7.5 eV bandwidth. The averaged output spectrum has

3p and 4p resonant absorption dips and the stimulated Raman and XRL emission. The

small narrow spike around 848.6 eV is XRL emission, while the broad peak is the stimulated

Raman signal, which has a dip at 850 eV and resembles the transmitted incident.

The combined normalized covariance of two full simulations with photon energy centered

at 867.5 eV and 870 eV is shown in Fig. 3.15. The simulation results resemble the experimen-

tal results closely. The normalized covariance of the transmitted incident and the Raman

shows the 3p and 4p Raman dispersive lines and the XRL above the ionization threshold. In

the simulation, we have the incident SASE spectrum recorded, thus the normalized covari-

ance of the incident and the Raman can be calculated. This covariance removes the artificial

backgrounds due to the resonant absorption, thus giving much cleaner Raman signals. As a

result, the Raman emission to the two multiplet 2p−13p states 1D2 and 1S0 are identified.

The traditional spontaneous RIXS map has signal intensity proportional to the square
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Figure 3.14: The averaged incident and transmitted spectrum of SASE simulation with 4096
shots. The 40 fs SASE pulse has peak intensity ∼ 2.5× 1018 W/cm2. The gas pressure is 2
bar and the propagation distance is 4.5 mm.

Figure 3.15: The normalized covariance map obtained by combining the simulations with
canter photon energy at 867.5 and 870 ev.
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of the transition dipole moments. The spontaneous RIXS map calculated by Eq. (3.3) is

shown in Fig. 3.16. The incident Gaussian pulse has 0.2 eV bandwidth. The core excited

to 3p, 4p, 5p and 6p states are included and all the spontaneous Raman transition channel

with different polarization is also included. Overall the spontaneous Raman looks close to

the normalized covariance obtained with SASE pulses with 1 bar pressure.

Figure 3.16: The spontaneous and stimulated Raman RIXS map calculated by
Kramers–Heisenberg formula. The stimulated Raman is different from the spontaneous
Raman. The polarization of the Raman down transition is the same as the incident, thus
the Raman channels can be selectively probed by changing the incident pulse polarization.

This similarity motivated us to explore the physical meaning of the signal intensity in

the normalized stimulated Raman covariance. Specifically, will the exponential amplification

due to stimulated emission preserve the linearly proportional relationship between the square

of dipole transition and the signal intensity? The averaged Raman signal plotted against

the energy loss is shown in Fig. 3.17. The different lines represent the Raman signal as a

function of the propagation distance. There are 11 outputs through the 4.5 mm gas cell.

The Raman signal of the 3p grows as the pulse propagates and is saturated at step 4 (∼

1.80 mm). The 4p Raman signal is much smaller than the 3p, due to the smaller 1s → 4p

transition dipole moment. With slower growth, the 4p Raman saturated at step 5 (∼ 2.25

mm). The ratio of the 4p to 3p integral Raman signal is shown in the right panel. The ratio

saturated at around 0.025 after step 8 (∼ 3.60 mm).
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Figure 3.17: Left: The Raman spectrum as a function of propagation distance. The gas
pressure is 2 bar for the simulation and the total propagation distance is 4.5 mm with 11
outputs. Right: The integral of 3p and 4p Raman peak and their ratio as a function of
propagation distance in the number of output steps.

The same simulation is carried out with the ratio of 1s → 4p/1s → 3p transition dipole

moments equalling 0.57, 1.0, and 1.3. The ratio of the Raman signal intensities of 4p and 3p

at saturation from the normalized covariance as a function of the transition dipole moment

ratio square is plotted in Fig. 3.18. At the saturation regime, the Raman signal intensity is

still linearly proportional to the square of the transition dipole, which could be very helpful

for directly connecting the Raman signal to the atomic transition properties. It is interesting

that even after the exponential growth, the nice relation is still preserved. This could be

explained by the competition between spontaneous and stimulated Raman emission. For

a fixed amount of atoms being populated to the core-excited state, the stimulated Raman

dominates over the spontaneous Raman in the saturation regime. The original spontaneous

Raman decay is replaced by the stimulated Raman emission in the forward direction. In other

words, the stimulated Raman is an analogy to a magical focusing mirror that constrains all

the spontaneous Raman from all directions to the forward. Thus the saturated Raman signal

preserved the relation held by the spontaneous Raman.

Another advantage of the stimulated Raman is the polarization sensitivity. As shown in

Fig. 3.16, after the incident pumps the atom to a core-excited state, the spontaneous Raman
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Figure 3.18: The Raman signal intensity is linearly proportional to the square of the tran-
sition dipole.

emits from all the relaxation channels, since there is no limitation on the polarization of

the spontaneous Raman photon. However, in the case of a single SASE pulse impulsively

stimulating Raman scattering, the emission occurs only through the channels that generate

the photon with the polarization the same as the incident. For example, the only valence

excited states populated through stimulated Raman are Ne 1s−13p (1S0) and (1D2) with the

magnetic quantum number m = 0. The ratio between spontaneous and stimulated scattering

cross-section at the beginning of the propagation can be adjusted by changing the central

photon energy of the incident SASE. Here, in stimulated x-ray Raman experiments, the

polarization of the two photons (usually called pump and dump) can be adjusted to select

the valence-excited states to probe.
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CHAPTER 4

NON-INVASIVE SPECTRAL CHARACTERIZATION OF SASE

PULSES

Ghost-imaging (GI) uses the correlation between low-resolution signals from the object beam,

which interacts with the sample, and high-resolution signals from the reference beam, which

doesn’t interact with the sample, to make a high-resolution “image” of the sample. GI-based

methods have been demonstrated in spatial, temporal, and spectral domains. Here, the GI

method is applied to extract the response matrix of the photoelectron spectrometer (PES) ar-

ray from the correlation between spectra measured by PES and by grating spectrometer. The

response matrix obtained can be applied to the PES signals of the yet-to-be-characterized

SASE shots to reconstruct a photon spectrum with better resolution.

A demonstration experiment was carried out at European XFEL, where spectra of thou-

sands of SASE shots are simultaneously characterized by the PES array and the grating

spectrometer. The GI reconstructed spectrum shows a better match with the grating spec-

trum. The influence of the number of shots included, the number of eToF signals, and gas

densities on GI reconstruction are investigated.

4.1 Principle of ghost-imaging (GI) method

GI is an imaging technique that works without “interaction” with the object. Instead of

measuring the light directly scattered from the sample, the statistical properties of stochastic

incident pulses are used to extract the information from the sample. As shown in Fig. 4.1,

in GI, an object is imaged using correlations between the intensities of two light beams: an

“object beam” that interacts with the object and reaches a single pixel (“bucket”) detector,

and a “reference beam” that does not hit the object and arrive at a multi-pixel detector.

The first GI experiment was the observation of unusual interference fringes in the coin-
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Figure 4.1: The schematic of the ghost-imaging experimental setup. The incident stochastic
beam is split into two replicas: one object beam passes through the target and is measured
by the low-resolution “bucket” detector, and the other reference beam is measured by the
high-resolution multi-pixel detector as a characterization of the incident beam. Many mea-
surements from the different incident beams are recorded and the correlation between the
objective and reference signals is calculated to obtain the image of the sample. Figure from
Saldin [2016].

cidence counts of photon pairs (Strekalov et al. [1995]). The theoretical paper explains the

photon coincidence imaging which emphasizes the essential role of two-photon entanglement

was published by Abouraddy et al. [2001]. However, the experimental demonstration of the

GI with thermal light dissolved the requirement of the entangled photon source (Bennink

et al. [2002]). The first GI in the x-ray regime was realized with synchrotron radiation (Yu

et al. [2016], Pelliccia et al. [2016]). It is worth mentioning that the idea of using intensity

correlation to obtain information using stochastic light dates back to 70 years ago when the

Hanbury Brown and Twiss effect was used to measure the size of the planet (Brown and

Twiss [1956]).

The GI method exploits the relation between the objective measurement and the reference

measurements to extract the desired information. A typical GI algorithm describes the

bucket detector signal b as a linear combination of the reference signal A with coefficients
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proportional to the unknown object property x:

b = A ∗ x (4.1)

where b is a n × 1 row vector with each element representing a bucket detector reading

from one shot; A is a n × m matrix constructed by n measurements with m signals from

the pixellated detector; x is a m × 1 row vector with the unknown variables to be solved.

This formula includes all the information collected by n realizations of the detection. For

example, the total light transmitted through the object is the sum of the object beam times

the transmission of the sample. For a half-half beam splitter, the object beam can be replaced

by the reference beam measured by the multi-pixel detector. Thus we have the typical GI

formula: total light transmitted (b) = reference light (A) * object transmission (x). The

incident beam fluctuates randomly, thus the row vectors of the matrix A are assumed to be

linearly independent of each other. According to linear algebra, this means that there should

be a unique solution of x to fulfill the equation. In the real calculation, solution x is found

by minimizing the difference |b− A ∗ x|2 by least square fitting.

GI has several advantages over transitional imaging. Conventional imaging methods

capture an image of an object by recording the intensity and color of light scattered from

the object. In GI, the object only experiences a small part of the incident light from the beam

splitter. Since the “bucket” detector is applied to collect the total scattered light, the object

does not have to receive a high dose of radiation. This is very helpful in medical imaging,

where the dose should be limited. The GI is also very robust against the fluctuations in

the image pathway. For example, it is widely explored and applied in mapping for satellite

imaging, where the random scattering from atmospheric turbulence and clouds is averaged

out and only the intensity correlations between the object beam and the reference beam

are retained (Saldin [2016]). The application of the GI had been expanded from the spacial

imaging to the measurements in the spectral and temporal domains. The SASE XFELs,
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with spectral and temporal spikes that randomly fluctuate from shot to shot, are suitable

for GI.

In the spectral domain, GI can be used to improve the energy resolution of the attosecond

transient absorption spectrum. For example, as a demonstration, GI is applied in measuring

the 1s → 2p∗ resonance absorption of the oxygen atom in NO (Driver et al. [2020], Li

et al. [2021b]). The incident attosecond XLEAP pulses interact with the NO molecule and

the electron spectrum is recorded by the co-axis velocity map imaging (c-VMI) detector.

The NO molecular plays the rule of the beam splitter: the 1s photoline of the N atom

is used to characterize the incident XLEAP pulse spectrum (reference measurement); the

resonant Auger signal of O is integrated to represent the absorption of the O atom (object

measurement). The GI algorithm is used to get an oxygen XAS spectrum with sub-XLEAP

bandwidth resolution.

In the temporal domain, GI is proposed to track the ultrafast molecular dynamics with

improved temporal resolution (Ratner et al. [2019]). The traditional way of pump-probe

experiments requires ultrashort pulses as well as precise control of the delay between pulses.

The SASE pulse has ultrashort temporal spikes, the interaction between SASE pulse and the

sample resembles many pump-probe experiments with random delays. The GI algorithm is

proposed to extract information on the dynamics. It is predicted that the new method will

enable the reconstruction of ultrafast dynamics down to the coherence length of the SASE

pulse.

4.2 Non-invasive characterization of the SASE spectrum by GI

The core-level x-ray transient absorption spectroscopy (XTAS) with ultrafast XFEL pulses

has become a workhorse in following photoinduced electronic and nuclear dynamics on their

intrinsic femtosecond timescales via pump/probe techniques. The XTAS projects core elec-

tronic states onto unoccupied valence/Rydberg states, thereby capturing the evolution of
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valence electronic motion following an excitation pulse. However, with the broad band-

width of ultrashort XFEL pulses, the realization of XTAS with stochastic SASE pulses is

challenging.

In traditional methods, the absorption spectrum is obtained by measuring the light inten-

sity transmitted while scanning the incident photon energy. The resolution of the absorption

spectrum is determined by the bandwidth of the incident beam. The broad bandwidth of the

attosecond pulse leads to poor energy resolution using this traditional XAS method. Also,

the monochromator applied stretches the pulse in the temporal domain which compromised

the pump-probe time resolution.

An alternative approach to realizing the attosecond transient absorption spectrum (ATAS)

is by measuring the difference between transmitted and incident spectra. With this approach,

one may obtain the XAS across the entire SASE bandwidth without compromising the tem-

poral resolution. Taking advantage of the stochastic nature of the SASE XFEL pulses, the

correlation between incident and transmitted spectra can be exploited to obtain the XAS

spectrum with high energy resolution. Without the energy loss due to the monochromator,

the new method is suitable for exploring the ultrafast nonlinear x-ray matter interactions.

The new approach of ATAS requires the characterization of the incident SASE spectrum.

Several diagnostic tools have demonstrated well-resolved spectral measurements on a single-

shot basis without compromising the quality of the x-ray beam. The common element

required in these methods is a x-ray beamsplitter, which takes a sample of the incident x-ray

to measure the spectrum. Crystal Bragg diffraction (Zhu et al. [2012]) and gratings (Engel

et al. [2020]) are used as a beamsplitter in hard x-ray and soft x-ray regimes, respectively.

An alternative way is to use the photoelectrons from the dilute gas. The incident photon

energy is retrieved by measuring the kinetic energy of the ejected photoelectrons. The

dilute gas is the natural beamsplitter, so no additional elements are needed. Meanwhile,

no 2D photon detector is required, the photoelectron spectrum is one dimension and is
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compatible with the high repetition rate XFELs. The electron time-of-flight spectrometers

(eTOFs) are widely applied to measure the photoelectron spectrum. The photoelectron

spectrometer array (PES array) has enabled the measurement of the position, polarization,

and central energy of an x-ray photon beam as demonstrated at the PETRA-P04 beamline

(Viefhaus et al. [2013]). Although the PES array has been employed to monitor the incident

center photon energy (Laksman et al. [2019], Serkez et al. [2020]), the characterization of

the incident photon spectrum, especially the single shot spectrum, is very challenging.

Figure 4.2: The schematic of the experimental setup to demonstrate the GI-enhanced
PES spectrum method. The incident SASE XFEL passes through the PES array, where
the dilute neon gas is ionized and the photoelectron time-of-flight is measured. For these
measurements, one obtains the electron-derived spectrum as the object measurements in GI.
The transmitted x-ray is focused on a VLS grating and the dispersed beam hits the YAG:Ce
crystal screen and the image is recorded by CCD. The photon spectrum from the grating
spectrometer plays the role of reference measurement in GI. Figure from Li et al. [2022].

The ghost-imaging algorithm can be used to improve the energy resolution of the raw

PES array measurements (Li et al. [2022]). The photoelectron spectra and photon spectra

of thousands of SASE shots are measured simultaneously by a PES array and a grating
71



spectrometer. GI is used to calculate the response matrix of PES array by correlating the

signals from the two detectors. The response matrix is then applied to reconstruct the photon

spectrum of the yet-to-be-measured SASE pulses with high resolution from the PES signal.

The experiment to demonstrate this method was performed at the European XFEL SQS

branch of the SASE3 beamline. The experimental setup is shown in Fig. 4.2. The incident

SASE soft x-rays were centered at 910 eV with an averaged FWHM bandwidth ∼ 9 eV. The

standard deviation of pulse energy fluctuation is 3% for an average pulse energy of 3.8 mJ as

measured with an x-ray gas monitor detector (XGM). Taking into account the CCD image

recording speed, the SASE shot was coming at a 10 Hz repetition rate.

The SASE XFEL pulses from the undulator penetrate through the dilute neon gas in the

PES array, where the photoelectron spectrum is measured. The PES array is located far

from any x-ray focus points and the SASE beam spot size was estimated to be ∼ 5 mm in

diameter, which ensures the photoionization remains within the linear regime. The amount

of photoelectrons generated is controlled by the pressure of the gas jet. The background

pressure in the interaction chamber is 1× 108 mbar and the pressure of the gas injected was

adjustable from 1 × 107 mbar to 1 × 105 mbar. The gas density was set to be 2.5 × 107

to obtain enough photoelectrons as well as avoid space charge effects. Note that this dilute

gas is almost transparent to the XFEL pulses, and should have almost no influence on the

temporal and spectrum intensity of the incident pulse. Thus it is naturally a beamsplitter

for soft x-rays.

The electron time-of-flight (eToF) of the photoelectrons ejected from the core-shell of

neon is recorded by a microchannel plate (MCP) stack. The retardation voltage of the eToF

is chosen to be 30 eV, which reduces the photoelectron kinetic energy of 1s neon from an

initial 40 eV to 10 eV. The distance between the interaction point and the MCP detector is

13.5 cm and the average time for the retarded electron to fly through the eToF tube is 60

ns. Note that there are 16 eToF installed on the plane perpendicular to the incident x-ray
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beam.

A typical measurement of the single-shot and averaged eToF signal is plotted in Fig 4.3.

The photoionization of different atomic sub-shell electrons and Auger decay lead to different

peaks as denoted in the figure. With 2.4 × 107 mbar gas density and 0.3 Mbarn Ne 1s

photoionization cross section at 910 eV, an incident x-ray pulse with an average of 2.6×1013

photons would generate around 144,000 photoelectrons. Given the geometry of the PES

array (Laksman et al. [2019]), around 300 Ne 1s photoelectrons are detected by each eToF

along the polarization direction. The eToF of the 1s photoelectron peak ranges from 40 ns

to 100 ns. The MCP registers the signal every 0.5 ns, thus around 120 data points are taken

in the 1s photoelectron peak. The eToF signal fluctuates shot-to-shot due to the fluctuation

of the incident SASE spectrum. The standard deviation of the eToF signal at each point is

represented by σy(ω). The average value between 100 and 120 ns is taken as a background,

which is subtracted in a shot-to-shot manner. Since the photoelectron yield is proportional

to the gas density, we normalized the PES signal to the gas density.

Figure 4.3: The single-shot and averaged eToF signal. The photoelectron peaks correspond-
ing to the ionization of electrons from different atomic energy shells are denoted. Figure from
Li et al. [2022].

The photon spectrum of the SASE pulse is characterized by a grating spectrometer.
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The x-rays passing through the PES array is focused by a spherical mirror to a variable-

line spacing (VLS) grating. The light is dispersed on a YAG:Ce crystal and the induced

fluorescence is recorded by a charge-coupled device (CCD). The number of photons that

arrive at the YAG:Ce crystal is adjusted by the gas attenuator before the spherical mirror to

ensure the linear response of the crystal. The average pulse energy of the incident FEL beam

is 3.8 mJ. The Kr gas attenuator has a transmission of 35.5%. With 36% reflecting efficiency

of the grating, 0.49 mJ x-ray hits the screen. The 120 mm grating has a groove density of 150

lines/mm. The incidence angle of the beam is 12.3 mrad, and the imaging screen is located

99 m downstream. The spectral range recorded on the YAG screen is from 895.5 to 919.8 eV

which spreads over 1900 pixels. The estimated resolving power for the spectrometer, based

on independent measurements, is E/∆E = 10, 000. This allows resolving the single spikes

of the SASE pulses, which have a minimum spacing of σ = 90 meV, as shown in Fig. 4.4.

Figure 4.4: The SASE single-shot and averaged photon spectrum measured by the grating
spectrometer.

The correlation between the measurements from PES array and the grating spectrometer

is used in the GI algorithm to improve the SASE spectrum characterization by the PES

array. As shown in the inserted figures in Fig. 4.2, the single shot PES signal plays the

role of object measurement, while the spectrometer spectra are the reference measurements.
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Since the same SASE pulse is measured, the photoelectron signal c (after normalization

to the gas density) is proportional to the incident photon spectrum s as measured by the

spectrometer:

c = As (4.2)

where A is the PES array response matrix with dimension m×n, where m is the eToF points

and n is the spectrograph pixels. This equation resembles the basic formula in GI which is

usually used to obtain the sample information by solving for A. However, here we want to

predict the high-resolution incident SASE spectrum s based on the PES array signals c. We

formally write the equation (4.2) as:

s = Rc (4.3)

where the matrix R is a formal reverse of Matrix A. R is a mapping between low-resolution

PES array spectra to high-resolution grating spectra. In other words, R is a calibration

matrix of PES array from the eToF signal to the incident photon spectrum. It contains the

information that characterizes the response of eToF to the incident x-ray photon.

To solve Eq. (4.3), we take into account all the N independent measurements obtained.

Each shot with measured value si and cj provides a realization of:

si =
m∑
j=1

Rij cj (4.4)

the N measurements are assumed to be independent of each other and form N independent

linear equations since SASE spectrum fluctuates randomly. With a fixed index i, there are

m unknown variables Rij . With enough single-shot measurements, one can achieve N > m,

and the N independent equations have a set of unique solutions Rij .

In the experiment, the data was taken for 30 mins with 10 Hz SASE XFEL, ∼ 15,337

single-shot spectra were measured. These measurements form 15,337 equations. To cover

the whole SASE with center photon energy at 910 eV, the spectrometer measurements are
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selected within 895 and 920 eV, which contains n = 1900 data points. With a linearly

polarized x-ray, the photoelectron distribution follows cos2(θ), with the maximum intensity

along the polarization direction. To optimize the signal from the PES array as well as

avoid contamination from the noisy signals, the spectra from 6 eToFs along the polarization

direction are used. Each eToF signal is selected within the range [40, 100] ns. Thus the PES

array measurement vector c has dimension m = 6×137 = 822. In summary, as shown in Eq.

(4.4), for each fixed index i of s, there are N = 15, 337 equations to solve m = 822 unknown

variables Rij .

Instead of directly solving these equations, the response matrix elements Rij are de-

termined by least square regression, i.e. by minimizing the quantity |s − Rc|2. The

scipy.optimize module in Python is used for finding the least square solution. The re-

sult of the PES array response matrix is shown in Fig. 4.5. As expected, there are six

parabolic lines that stand out on the map corresponding to the calibrations of the six eToFs,

whose signals are included. The values of the response matrix for the eToFs are different,

which indicates the different contributions from them to the reconstructed high-resolution

SASE spectrum. Note that, the response matrix gives the lines that resemble the traditional

calibration function between the eToF τ and the photon energy Eph:

Eph − Ebind ∝ 1

2
me

(
L

τ

)2

(4.5)

where Ebind is the binding energy of the photoelectron; me is the mass of the electron,

and L is the length of the eToF tube. However, the response matrix is a 2D mapping,

which contains more information. For example, the width of the parabolic lines relates to

the energy resolution of the PES. There are negative elements in the matrix, which means

there are signals from eToF that contribute negatively to the spectral reconstruction. The

response matrix essentially takes into account the broadening of the spectrum and deducts

the “bad” signals of PES, which eventually reproduce a better spectrum.
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Figure 4.5: The response matrix of PES array calculated from Eq. (4.4). The six parabolic
lines represent the calibration line of the six eToF, whose signals are included in the calcu-
lation. Figure from Li et al. [2022].

It is reasonable to assume the response matrix of the PES array does not change for

given photon energy, gas target, photoelectron energy range, and PES array configuration

(fixed retardation, bias voltage...); thus the calculated R can be used to predict the spectra

of yet-to-be-measured shots. The high-resolution reconstructed x-ray spectrum is obtained

by multiplying the PES measurement with the matrix R.

The original single-shot PES spectrum and the photon spectrum are shown in Fig. 4.6 a.

The electron-derived spectrum is from the eToF measurement with the traditional calibration

function Eq. (4.5). The photon spectrum is measured by the grating spectrometer. The two

spectra both have random spikes, yet they do not match with each other. Specifically, the

electron-derived spectrum has less resolution than the photon spectrum. The bottom panel

shows the GI reconstructed spectrum and the photon spectrum convolved with a σ = 0.2 eV

Gaussian function e−x2/2σ2 . The spikes of these two spectra match with each other. Thus

the GI reconstructed spectrum is a better measurement of the incident SASE spectrum and

GI reconstruction is used to enhance the performance of the PES array. Note that the
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0.2 eV is chosen based on the resolution difference between PES and the spectrometer. The

spectrometer records 1900 spectrograph pixels, while the PES only registers 137 eToF points,

the resolution differs 1900 pixel/137 ∗ 0.013 eV/pixel ≈ 0.2 eV. Where 0.013 eV/pixel is the

resolution of the spectrometer.

Figure 4.6: The single-shot spectrum from PES and spectrometer (a). The GI reconstructed
spectrum and the Gaussian convolved grating spectrum (b). Figure from Li et al. [2022].

As mentioned above, one function of the reconstruction is to remove the instrumental

broadening. Thus a higher resolution reconstructed spectrum, which matches well with the

convolved grating spectrometer measurement is obtained. To quantify the performance of

the reconstruction, we calculate the standard deviation of the difference ∆σe−p between the

electron-derived spectrum and the photon spectrum before and after GI reconstruction:

∆σe−p =

√∑n
i=1 |(ci − c̄i)− (si − s̄i)|2

n
(4.6)

where s̄ and c̄ are the mean value of spectrometer and PES array measurement, respectively,
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n is the number of spectrometer pixels. Basically, the electron-derived spectrum and photon

spectrum differ at each photon energy, this formula computes the standard deviation of

these differences across the spectrum. The result is only sensitive to the deviation of the

spikes since the averaged spectrum is subtracted to remove the contributions of the overall

deviation. This avoids the contributions from any backgrounds or mismatch of the central

photon energy of the two spectra compared.

Figure 4.7: The standard deviation of the difference between PES/GI reconstructed spec-
trum and the grating spectrum. There is an average of more than half a decrease in the
deviation for the GI reconstructed spectrum. The GI reconstructed spectra also show a good
correlation with the photon spectrum. Figure from Li et al. [2022].

The standard deviation of the difference between the raw data and the GI reconstructed

∆σe−p is shown in Fig. 4.7. Each point represents the deviation for a single-shot mea-

surement calculated according to Eq. (4.6). Overall, the GI reconstruction gives a much

better PES spectrum that matches with the SASE spectrum characterized by the spectrom-

eter. The deviation reduced from 1.0 for the raw PES data to 0.4 for the GI reconstructed

spectra. The enhancement of PES performance can also be confirmed by the good linear

correlation, with a Pearson coefficient of up to 0.75, between the GI spectrum and the grating

spectrum.

One essential property of the GI reconstruction method is the capability of predicting a

high-resolution spectrum from the PES measurement. The GI algorithm gains the predictive
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Figure 4.8: The deviation ∆σe−p of the learning shots and the predicted shots as a function
of number of shots included in the GI algorithm. The results converge at around 8,000
shots when the deviation of leaning and prediction matches each other. The number of
shots required to achieve convergence is roughly 10 times the number of unknown variables
m = 822. Figure from Li et al. [2022].

capability by “learning” from the numerous shots measured. As mentioned above, the least-

square fit is used to solve the response matrix of the PES. In general, the more shots included

in the least-square regression, the better performance of the fit. Thus the number of shots

needed to converge the fitting is important.

The deviation of the difference between the reconstructed spectrum and the photon

spectrum is calculated for GI reconstruction with different numbers of learning shots used.

In order to quantify the predictive capability, we left 100 shots out of the learning process,

and they are used to show the performance of the prediction. As shown in Fig. 4.8, the

deviation of the learning shots is very small when only a small amount of shots are used

for learning. This over-fitting happens when the number of shots is smaller or close to the

number of fitting parameters, i.e. the number of unknown variables m = 822. The predictive

power is very poor in the over-fitting regime. As more and more shots are included in the
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learning process, the regression performs better, since the fitting captures more and more

important information of the PES. The learning process was saturated with around 8000

shots used, where the deviation of the predicted shots met with the deviation of the learning

shots.

There are several ways to increase the performance of the GI reconstruction method.

In general, the GI method is based on the PES measurement and according to the linear

relation in Eq. (4.3), the signal-to-noise ratio of the PES measurements c would directly

pass to the reconstructed spectrum s. Thus more precise measurements from the PES would

increase the performance of the reconstruction. Meanwhile, a better PES signal means more

useful information is included in the learning of response matrix. According to Eq. (4.3),

the reconstructed spectrum would be better with a better response matrix R.

The influence of the number of eToF signals included in the GI reconstruction is shown in

Fig. 4.9. The upper panel represents the reconstructed spectrum with one eToF signal. The

lower panel displays the reconstructed spectrum with six eToF signals. A random single-shot

is used to compare the reconstructions with the convolved photon spectrum. Apparently,

the GI reconstruction with six eToF gives a spectrum that matches better with the photon

spectrum. The standard deviation of the difference ∆σe−p as a function of the number of

eToF used is plotted in the inserted figure. The relative deviation drops continuously from a

value of 1.0 to 0.87 as the number of eToF increases from one to six. This result makes sense

because the more eToF used, the more information of the incident SASE pulse is recorded,

thus a better measurement from the PES. In addition, more eToF signal means larger vector

c, and more unknown variables to be solved. With more degrees of freedom, a better fitting

is obtained that can offer better performance for the reconstruction.

The effects of the PES array chamber gas pressure on the GI reconstruction are shown in

Fig. 4.10. The deviation of the reconstructed spectrum from the convolved photon spectrum

decreases as the pressure increases. The reconstructed single shot and the convolved photon
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Figure 4.9: The reconstructed spectrum with one eToF signal (a) and six eToF signals (b).
The inserted plot shows the deviation decreases as more eToF signals are included. Figure
from Li et al. [2022].
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spectrum with gas density equals 1.7 × 10−7 mbar and 3.2 × 10−7 mbar are shown in the

subpanel b and c, respectively. This result is not surprising, since the more gas in the

interaction, the more photoelectrons are generated, thus a better signal-to-noise ratio of the

PES measurements and a better GI reconstructed spectrum.

Figure 4.10: The influence of the gas pressure on the GI reconstruction performance. The
higher the gas density in the PES array, the more photoelectron are generated, thus a
smaller signal-to-noise ratio. The reconstructed spectrum with 3.2 × 10−7 mbar gives a
better matching spectrum than the reconstruction with 1.8 × 10−7 mbar. Figure from Li
et al. [2022].

Another way to improve GI reconstruction is by increasing the retardation voltage of the

eToF. With a fixed incident SASE photon energy, the initial kinetic energy of the photoelec-

tron is fixed. Increasing the retardation voltage of the eToF would reduce the kinetic energy

of the flying electrons. The time taken for the slower electron to travel from the interaction

point to the detector is elongated, which leads to an eToF peak with a larger bandwidth. As

shown in Fig. 4.11, a broader 1s photoelectron peak is observed when increasing the retar-

dation to push the eToF peak from ∼ 50 ns to ∼ 60 ns. With a fixed 0.5 ns data recording

rate, more data points are collected. The PES would measure the incident SASE spectrum

with more data points and smaller energy spacing. The better PES signal c obtained is
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helpful for improving the learning process and, as a result, achieves a better reconstruction

of the spectrum.

Figure 4.11: The influence of the retardation voltage on GI reconstruction method. The
eToF peak is shifted to a larger value with a larger retardation voltage that slows the pho-
toelectrons. The broad eToF peak contains more data points, which benefits the GI recon-
struction. Figure from Li et al. [2022].

The GI-enhanced non-invasive characterization of the incident spectrum can increase the

accuracy of the measurement of the average spectrum. Since the XFEL pulse fluctuates

randomly from one shot to another, in an ATAS experiment, numerous shots are taken and

the average spectrum is used to reduce the noise. The response matrix calculated by GI

method produces a better calibration of the PES array, with the broadening and artifacts

removed, the averaged spectrum matches much better with the averaged photon spectrum.

As shown in Fig. 4.12 a, using 1000 shots of the reconstructed spectra, the average spectrum

overlaps with the average photon spectrum. The reconstruction removed the noisy signals as

well as the bandwidth broadening of the PES. The percentage deviation across the spectrum

is limited to around 1%. The deviation remains high (∼ 4%) specifically at the lower energy

part of the spectrum, these could be explained by the small signals at this region due to

photoelectron loss induced by the retardation voltage. Further analysis reveals that the

retardation voltage should be set to leave the average kinetic energy of the photoelectrons

equal to or bigger than the XFEL bandwidth. The percentage deviation drops as the number

of shots n included in the averaging increases. For a random process, the noise-signal ratio
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is expected to decrease according to 1/
√
n. A fit of the percentage deviation as a function of

the number of shots gives 1/n0.45, which is close to 0.5 for random noise. This means that

the GI reconstruction method is able to correct most of the systematic errors in the PES

and push the spectrum uncertainty down to the random measurement noise regime.

Figure 4.12: The performance of the GI reconstruction in the averaged spectrum. The GI
reconstruction removes the systematic errors from the PES array and produces the averaged
spectrum that overlaps with the photon spectrum. The percentage deviation as a function
of number of shots n averaged is shown in (b). The inserted logarithm scale figure gives the
deviation ∝ 1/n0.45, which is close to the behavior of random measurement noise ∝ 1/

√
n.

Figure from Li et al. [2022].

The GI reconstruction method demonstrated here is easy to apply for better calibration
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and resolution improvement in other instruments for XFEL diagnostics. For example, the

newly inaugurated angle-resolved photoelectron spectroscopy (ARPES) the instrument at

LCLS (Walter et al. [2021]) has eToFs three times the length of the one used in European

XFEL. With this enlarged size, the PES spectrum has higher energy resolution as well as a

larger number of eToF points recorded, which would greatly benefit GI reconstruction. The

traditional ways of incident spectral characterization require an x-ray beamsplitter and a

2d imaging detector. The GI reconstruction method takes advantage of the existing photon

diagnosis tool (PES) as both the beamsplitter and bucket detector. The 1d eToF signal

is compatible with the MHz high repetition rate XFELs. With this high-resolution high

repetition rate characterization tool, breakthrough is expected which enables a deeper un-

derstanding of the machine operation and allows for a fast-feedback on SASE-formation

characteristics.
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CHAPTER 5

SUMMARY AND OUTLOOK

In this thesis, we developed a 3D theoretical model for the resonant propagation of x-ray

through a gaseous medium. The coupled time-dependent Schrodinger equation and Maxwell

wave equation (TDSE-MWE) are solved. Interesting nonlinear x-ray phenomena such as

self-induced transparency, self-focusing, SXRS, and XRL are investigated. An experiment

studying the resonant propagation of SASE XFEL through dense neon gas is carried out

at the European XFEL. The results presented here are focusing on the SXRS and XRL.

The spectral covariance between transmitted incident SASE and the stimulated emission is

computed, which gives an unprecedented high resolution (∼ 0.2 eV) SXRS spectrum.

The supercomputer Theta at Argonne National Laboratory was employed to simulate

the SXRS with SASE shots. The simulation matches with the experimental results. It

also reveals that the SXRS spectrum can be further improved by calculating the covariance

of Raman with the incident SASE spectrum. Therefore, we also demonstrated a new non-

invasive method to characterize the single-shot SASE spectrum. The correlation between the

photoelectron spectroscopy (PES) signal and the photon spectrum measured by a grating

spectrometer was analyzed by the ghost-imaging formula. A response matrix of the PES

array was obtained that contains detailed information about the eToFs. The response matrix

is then applied to reconstruct a SASE spectrum with increased energy resolution.

In the future, the resonant propagation of strong XFEL pulses through a dense medium

will be investigated from other aspects. The x-ray temporal reshaping revealed by the

TDSE-MWE simulations with Gaussian pulse has motivated an experiment at LCLS. The

resonant propagation of ∼ 0.5 fs XLEAP pulse through a dense neon gas was studied. The

temporal pulse profile after the propagation was detected by the laser streaking technique.

The photoelectron ejected by the reshaped pulse is kicked into a different direction and

measured by a cVMI. The pulse profile is extracted from the reconstruction algorithm.
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Meanwhile, the polarization of the emission is also explored by the cVMI measurements (Li

et al. [2018]).

Another experiment at European XFEL takes advantage of the newly commissioned 1D

imaging spectrometer to view the emission spectrum from the side during resonant prop-

agation. This is expected to reveal more details on the spatial reshaping of the resonant

propagation. For example, the stimulated emission in the forward direction grows and be-

comes a competing process to the spontaneous emission/scattering and Auger decay. As a

result, the spatial distribution of the scattered photons at 90 degrees might be modified.

These phenomena could play an important role in resonant photon scattering imaging.

In general, the resonant propagation of strong XFEL pulses in a dense medium induces

many interesting phenomena that are of fundamental interest and have the potential for

wide applications.
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APPENDIX A

SUPERCOMPUTER SIMULATION

Theta supercomputer in Argonne National Laboratory is used to perform the propagation

simulations for 4096 SASE shots for a given set of parameters. The TDSE-MWE code is

installed in folder “/lus/eagle/projects/XMultiImage/kai/new_code4_no_out_files”, which

requires packages: gfortran, fftw3, OpenMPI, lapack. Details of the packages included can

be found in “Makefile”.

Figure A.1: The framework of the resonant propagation of SASE pulses in supercomputer
and the data analysis in the local cluster.

All the calculations are done in the folder “/lus/eagle/projects/XMultiImage/kai/test”.

Each run contains files:

1. Run_script.sh: This is a bash file. It creates 32 parent folders (batches) with 128 shots

in each folder. It copies the SASE pulse generation file “SASE_generation_new.py”

to each batch folder and runs it to generate 128 shots for each batch. Basically, this

file would launch the calculations with specified ranks, cores, and threads. There is
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a 30 s sleep between each batch launched. This file also calls “a.out” generated by

“launch.cpp”. Parameters:

(a) -n: total num of jobs

(b) -N: job per node

(c) -j: num of cores per node

(d) OMP_NUM_THREADS: threads per job

There are 64 threads per core. Thus we should have:

OMP_NUM_THREADS*n=n/N*4*64

For example for each batch: 32*128=128/8*4*64

Total threads: 32batch*128shotd/batch*32 thread/shot=131072 threads

2. launch.cpp: This is c++ file. It manages the calculation for each shot. Basically, it cre-

ates a folder for each shot according to the Openmpi setup. And then copy the SASE

pulses generated to each folder. Then it automatically runs the code with specified

input file “system(“/lus/eagle/projects/XMultiImage/kai/new_code4_no_out_files/

PropFS_ion /lus/eagle/projects/XMultiImage/kai/test/867.5eV/0.09mJ_um2_prop/

prop_7levels.in > std.txt”);”.

This runs the code “PropFS_ion” with input file “prop_7lelvels.in”. The files should

be compiled by “CC launch.cpp -DMPICH_IGNORE_CXX_SEEK”.

3. We can submit the calculation by “qsub -n 512 -t 360 -A XMultiImage -q default

run_script.sh”, which use 512 ranks for 6 hours.

4. extract_zspaspec_batch1.py: After the runs are finished, we use this python3 code to

extract the spectrum from the output files. This post-process would drastically shrink

the size of the output files. In the code, nz is the number of propagation steps, nr is the
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transverse profile grid points, and nw is the number of frequency points. These should

be specified according to the input parameters. A folder with the name “results_npy”

to store the output should be made before running the code.

5. The output spectrum data would be in the folder “results_npy”. The “.npy” files are

named by “field_#step_#shot.npy”. The results are then copied to the local cluster

(Plack or Dirac) for covariance analysis.

Plotting the covariance maps: the data is copied to the local cluster and Python codes

are used to plot out the covariance maps. The python codes are in, for example, the folder

“/home/oxygen/KAIL/TDSE/post_exp/SASE_prop_results/867.5eV/0.09mJ_um2_prop”.

Within which there are files:

1. convariant_map.py: it extracts and arranges the shots to a 2D array and saves the

array for the covariance analysis.

2. convariant_map_all.py: this would take the output from the “convariant_map.py”

and plot the covariance maps for each output propagation step. It also rotates the

map, plots the projection, and fits the FWHMs of the peaks.
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