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An X-ray free-electron laser oscillator (XFELO) is a new type of hard X-ray source that would
produce fully coherent pulses with meV bandwidth and stable intensity. The XFELO complements
existing sources based on self-amplified spontaneous emission (SASE) from high-gain X-ray free-
electron lasers (XFEL) that produce ultra-short pulses with broad-band chaotic spectra. This
report is based on discussions of scientific opportunities enabled by an XFELO during a workshop
held at SLAC on June 29 - July 1, 2016 [1].
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I. INTRODUCTION

An XFELO is a low-gain device, in which an X-ray
pulse that circulates in a cavity formed by diamond crys-
tal Bragg mirrors is amplified every time it overlaps with
an electron bunch in the undulator, as illustrated in Fig. 1
[2–4]. Due to its high reflectivity and excellent thermo-
mechanical properties, diamond is the preferred material
for the Bragg crystals employed to form the X-ray cavity
[5]. An XFELO will work at any photon energy for which
the Bragg reflectivity of diamond is sufficiently high and
the bandwidth is sufficiently broad so that the initial ex-
ponential gain of the intra-cavity pulse energy can be
sustained for a reasonable set of electron beam and un-
dulator parameters. This range is expected to extend
from 5 to 25 keV [4]. The photon energy can be contin-
uously tuned for a given setting within a range of about
5% by changing the Bragg angle and adjusting the crys-
tal positions so that the cavity roundtrip time remains
fixed.

The defining property of an XFELO is the narrow spec-
tral bandwidth, which can be as small as a few meV,
whereby the (almost transform-limited) temporal dura-
tion of the XFELO pulses is about one ps. In con-
trast, the self-amplified spontaneous emission (SASE)
from high-gain X-ray FELs [6–8] is characterized by the
ultra-short temporal duration, which could be as small as
a fraction of a femtosecond, while the spectral bandwidth
of SASE pulses is a few tens of eV. Thus, an XFELO has a
high spectral photon density, while an X-ray SASE FEL
has a high temporal photon density. Additionally, an
XFELO produces fully coherent and highly stable pulses,
while SASE pulses are spectrally chaotic with significant
pulse-to-pulse fluctuations in intensity and spectrum. In
view of the progress in beam dynamics and crystal op-
tics needed for an XFELO [9], together with the recent
demonstration that diamond crystals survive the high
intra-cavity X-ray power density [10], an XFELO appears
to be technically feasible now.

Several high-gain SASE X-ray FELs have been oper-

FIG. 1. A schematic illustration of an XFELO. Four crystals
form a closed X-ray cavity via Bragg reflection.

FIG. 2. Brightness of XFELO [20] and other advanced X-
ray sources. The curves for LCLS and 4GSR (4th generation
(ultralow emittance) storage ring, 2 - 6 GeV electron energy,
0.2 - 1.1 km circumference) are from Ref. [17].

ating since 2009 when the LCLS was successfully com-
missioned [11]. The second XFEL worldwide, SACLA in
Japan, commenced its operation in 2011 [12]. The Euro-
pean XFEL [13–16] is the first hard X-ray FEL based on
a high-energy super-conducting electron linac with MHz
repetition rate, and it is expected that several machines
of this type will become available within the next decade
[17–19]. Although these facilities are currently intended
for SASE applications, an XFELO branch could signifi-
cantly widen their scientific scope.

A. Basic performance of an XFELO

The spectral brightness of an XFELO compared to
other advanced X-ray sources is shown in Fig. 2. The
XFELO is assumed to be driven by an 8 GeV, 1 MHz su-
perconducting linac, as planned for the LCLS-II-HE [17]
and other projects [18], with an optimized injector [20].
The linac system for the European XFEL can drive a
pulsed XFELO, or can in principle be converted for CW
operation [19].

As an example, at 14.4 keV (the transition energy
of the 57Fe Mössbauer resonance) the number of pho-
tons per pulse is expected to be 1×1010 within a
pulse length of 680 fs (FWHM) and a spectral band-
width of 3 meV (FWHM). This amounts to an aver-
age spectral flux of about 3×1015 photons/sec/meV or
1.5×1010 photons/sec/Γ0, which corresponds to 1.5×104

photons/pulse/Γ0 where Γ0 = 4.7 neV is the natural
linewidth of the 57Fe Mössbauer resonance. These num-
bers are four orders of magnitude larger than those ob-
served at the best third-generation synchrotron radiation
sources to date.

The bandwidth of an XFELO closely corresponds to
the Fourier transform limit and therefore the pulse is
expected to be temporally coherent, without the compli-
cated spike structure characteristic of SASE spectra. In
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order to compare intensities with those of other sources
in commonly used units, the XFELO peak and aver-
age spectral fluxes are 7 ×1025 and 5 ×1019 [ph/(s 0.1%
BW)], respectively. The pulses are transversely coher-
ent, so the spectral brightness may be obtained by di-
viding the spectral flux by the coherent phase space
area, λ/2, for each dimension. The peak and average
spectral brightnesses are then 3.8×1034 and 2.6×1028

[ph/(s mm2 mrad2 0.1%BW], respectively.

The XFELO brightness is higher than SASE mainly
due to the narrower spectral bandwidth of XFELO:
SASE at LCLS-II-HE will produce ∼ 5 × 1010 photons
per pulse at 13 keV, five times more than XFELO, but
with a relative bandwidth of 0.06%, broader by a factor
of 2.5×103 compared to XFELO [17]. The average spec-
tral brightness of an XFELO is three orders of magnitude
higher than SASE, assuming the same repetition rate for
both. The very large bandwidth ratio means that even
the peak brightness of an XFELO is an order of magni-
tude higher than that of SASE, despite the shorter pulse
length of SASE. The dashed line in Fig. 2 indicates that
the SASE could be extended to 20 keV if the electron
beam emittance of LCLS-II-HE can be improved. The
European XFEL with its high electron energy (17.5 GeV)
can cover this range. Beyond 25 keV, we can compare
the XFELO with the undulator radiation from the 4th
generation (diffraction limited) storage rings (4GSR) em-
ploying the multi-bend achromat (MBA) lattice [21]. We
find that XFELO brightness is more than five orders of
magnitude higher than that of a hard x-ray 4GSR.

For comparison, the SASE brightness can be improved
significantly with the self-seeding scheme [22, 23]. A two-
stage self-seeding XFEL with a tapered undulator and
a 17.5 GeV pulsed superconducting linac at European
XFEL can produce an average brightness within a factor
of ten smaller than that of the XFELO at 9 keV [24].
However, its performance drops steeply at higher photon
energy; at 14.4 keV the brightness is less than that of
the XFELO by a factor of 500. In addition, the pulse-
to-pulse intensity fluctuations cannot be removed in a
self-seeded case.

The XFELO spectral brightness is larger by about
seven orders of magnitude compared to that of existing
third-generation storage rings (3GSR), the brightness of
which is about 1020 - 1021 [ph/(s mm2 mrad2 0.1%BW)]
in the hard X-ray region. The spectral flux is about four
orders of magnitude higher for an XFELO than that of
the existing 3GSRs.

We emphasize two significant features of the XFELO:
(1) The pulse intensity is much more stable than in case
of a high gain SASE source with shot-to-shot fluctua-
tions less than 1%. This is because the statistical fluc-
tuations inherent in the SASE process are absent in an
XFELO and the pulse fluctuation originating from the
electron bunch fluctuation is reduced since an XFELO
output pulse is formed by the combined action of many,
>∼100, electron bunches; (2) The XFELO source is in-
trinsically narrow (∼ meV) bandwidth, and is therefore

well matched to high-resolution experiments. This dras-
tically reduces the heat-load on the optics as compared
to filtering the bandwidth from a broader-band SASE
source.

An XFELO may also be possible in a bypass of an
ultralow-emittance storage ring that is diffraction lim-
ited at energies of hard X-rays [25]. Large-circumference
storage rings such as PEP-X and PETRA IV with MBA
lattices can produce the required low emittance. How-
ever, a storage-ring based XFELO must be operated in a
pulsed mode, thus reducing the effective repetition rate
by two orders of magnitude compared to a linac based
one. First studies in this direction look promising and
will certainly be featured on one of the next workshops
dedicated to XFELO science and technology.

B. Extended capabilities

The basic XFELO scheme can in principle be extended,
for example, to reach higher power, higher photon ener-
gies, and, if sufficiently stabilized, even for generating
frequency combs at the energies of hard x-rays, as de-
scribed in the following.

1. Amplification and harmonic generation

With the basic XFELO scheme shown in Fig. 1, photon
energies up to about 25 keV can be covered. However,
the photon energy coverage can be extended in several
ways. One way is to run the XFELO at higher harmon-
ics [26]. Another way is to use the XFELO output as an
input seed to a high-gain harmonic generation (HGHG)
system [27] consisting of a modulator, a magnetic chi-
cane, and an amplifier at a harmonic photon energy, as
illustrated in Fig. 3. The HGHG section will be driven by
another electron beam with higher energy and higher cur-
rent. Such a system was studied for extending the photon
energy to 40-60 keV [28]. The interest in such high en-
ergy photon beams has been raised by the MaRIE project
[29]. The HGHG configuration can also be operated at
the fundamental yielding a master oscillator-power am-
plifier (MOPA) configuration. By driving the amplifier
section with an ultrashort electron beam, the MOPA can
produce ultrashort pulses comparable to SASE from, for
example, LCLS, except that the pulse will be fully coher-
ent and without fluctuation in intensity. The tapering
section in the amplifier will work well due to the high
degree of coherence.

2. X-ray comb generation

It should be possible to phase lock the successive
XFELO output via stabilizing the X-ray cavity to an
auxiliary laser beam. An alternative approach would be
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FIG. 3. A concept for an integrated XFEL oscillator/amplifier
facility. The e-gun produces two types of interleaved electron
bunches, one for XFELO and one for XFEL amplifier. These
bunches are interleaved and accelerated in a super-conducting
linac and then separated into the oscillator branch and the
amplifier branch. The latter bunches are compressed and may
be accelerated further in an additional linac section. A part
of the XFELO output pulses serves experiments requiring
high-coherence and ∼meV bandwidth. The other part of the
XFELO output pulses are delayed and overlap with the com-
pressed amplifier bunches to produce ∼eV bandwidth X-rays.
An optional harmonic generation stage before the amplifier
can extend the spectral coverage to higher photon energies.

to reference the X-ray cavity to a narrow nuclear reso-
nance line such as the 14.4 keV transition in 57Fe [30], as
shown schematically in Fig. 4. The XFELO output will
then form an X-ray spectral comb. The comb consists of
about one million spectral lines of a few nano-eV band-
width, each containing about 1000 photons per pulse.
Further discussion and applications of X-ray comb gen-
eration are given in section VI.

C. Science with an XFELO

The unique characteristics of an XFELO will provide
several levels of scientific opportunities. It is useful to
categorize the scientific applications of an XFELO as fol-
lows, although the boundaries between the categories are
somewhat fluid:

1. Extending the parameter space of established techniques

Inelastic X-ray scattering (IXS) has been successful at
third generation facilities in exploring the various states
of matter. With an XFELO providing about 4 orders of
magnitude higher spectral flux (7 orders in brightness)
than the existing third generation sources, the reach of
the technique could be greatly increased in directions
that had previously only been dreamed of, e.g. thor-
oughly investigating materials in extreme conditions such
as found at the center of the earth, and beyond, deter-
mining the phonon dispersion in complex materials of
practical importance, and a wide range of strongly cor-
related systems, with unprecedented resolution in energy
and momentum transfer.

Nuclear resonance scattering (NRS) experiments [31–
33] are typically limited by the counting statistics due
to the low spectral flux at the resonance frequency. The
XFELO will enhance the power of NRS tremendously

FIG. 4. Schematic of the cavity-stabilization scheme. A
nuclear-resonant sample (here 57Fe) is placed into the XFELO
output, and the nuclear-resonant and K-shell electronic flu-
orescence are monitored as function of cavity tuning with a
piezoelectric actuator. A feedback loop keeps one of longi-
tudinal modes of the XFELO on resonance with the sample.
Adopted from [30]

by providing a 4 order-of-magnitude increase in spectral
flux, enabling the study of complex systems with excel-
lent energy resolution, in particular to address important
problems in dilute iron containing systems in chemistry,
biology and materials science, in particular when isotopic
enrichment is not possible.

The combination of high spectral brightness and high
stability will enable X-ray photon correlation spec-
troscopy (XPCS) [34] to be extended to larger angles
(shorter length scales) and shorter time-scales. This will
allow access to dynamics at nanometer length scales in
disordered materials as well as higher-order correlations
in weakly ordered systems, e.g. characterizing short-
range ordering and preferential orientations.

2. Broadening the user community

An XFELO can stimulate interest in communities that
have not been frequent users of the third generation syn-
chrotron radiation facilities. For example, XFELO based
Mössbauer spectroscopy will enable the biological com-
munity to monitor iron-centered reactions inside cells,
providing important insights into many aspects of infec-
tion pathways, for example.

The interest in basic nonlinear optical phenomena at
X-ray wavelengths, such as second harmonic generation
and parametric down conversion, has significantly in-
creased in recent years. A XFELO can elevate these
studies from demonstration experiments to tools of prac-
tical importance, e.g., to open the study of squeezed and
entangled states at x-ray energies. Entangled photonic
states may lead to radiation damage free studies of pro-
tein structure by ghost imaging. Further, the XFELO
should provide access to higher order correlation func-
tions in space and time enabling the elucidation of de-
tails of electronic correlations in materials of practical
importance.
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3. Opening of new fields

An XFELO may enable the establishment of concepts
in quantum optics and extreme metrology in the x-ray
regime that are unthinkable presently. Stabilizing the
pulse-to-pulse distance to a small fraction of the wave-
length would give rise to an X-ray spectral comb consist-
ing of a sequence of neV spectral peaks (see section VI). It
could provide unprecedented X-ray metrology for funda-
mental physics. It could also revolutionize nuclear solid
state physics, ultimately enabling 2-dimensional nuclear
resonant spectroscopies, just as the optical comb did for
atomic physics. The possibility of pulse-to-pulse coher-
ence of x-ray pulses from a XFELO will thus open a new
era for phase-coherent probing and steering of dynamical
processes in atoms, molecules and solids.

The remainder of the paper is organized into the fol-
lowing sections, each devoted to a particular method
and its scientific applications that will most prominently
benifit from an XFELO: section II presents the case for
inelastic X-ray scattering, section III for X-ray photon
correlation spectroscopy, section IV for nuclear resonance
scattering, section V for non-linear optics and section VI
for the X-ray spectral comb. Section VII features a dis-
cussion and conclusion.

II. INELASTIC X-RAY SCATTERING (IXS)

The potential of the XFELO for future high-resolution
inelastic X-ray scattering (IXS) cannot be overstated:
meV-resolution IXS experiments, which are often flux
limited at present synchrotron radiation sources, will see
an improvement in spectral flux at the XFELO by about
four orders of magnitude. Naively, this reduces a 1-day
measurement at present facilities to less than a minute,
and leads one to consider extreme extensions of present
work. However, more so, such a dramatic increase means
completely new approaches will become possible, and
while we can, and do, speculate about such methods,
in fact unanticipated applications can have huge impact.
Thus, here we only scratch the surface of what may be-
come possible.

IXS, as a field, covers a large (and growing) range
of science and techniques, see [35, 36], providing often
unique access to equilibrium materials properties and
excited state structure. In the present section, we fo-
cus on spectrometer-based IXS applications where mea-
surements take place in a ”triple axis” (monochromator-
sample-analyzer) or similar geometry (see Fig. 5), with
energy domain analysis. This leads to measurement of
the dynamic structure factor, S(Q,ω), or a closely related
quantity. We emphasize this style of investigation as it
is well suited to the narrow bandwidth of the XFELO.
In particular, noting that the intrinsic bandwidth is ex-
pected to be ∼5 meV, we emphasize experiments using
similar, or better, resolution.

FIG. 5. Schematic of a typical spectrometer for the types
of IXS experiments discussed in this section. Energy scans
are usually done by introducing a relative change between
incident beam and the analyzer, allowing measurement of
S(Q,ω) or related quantities. Note that in some cases the
analyzer crystal might be replaced by a nuclear analyzer, or
even nuclear absorption within the sample, or the geometry
may change from a spherical analyzer to some sort of post-
sample collimation setup with flat analyzers.

A. Comparison of XFELO and SASE for IXS
applications

The main parameter of interest for most IXS work is
exactly the spectral density, so, to a first approximation,
some of the applications we discuss here for an XFELO
are possible, at least in principle, with SASE. However,
with its much higher (2 - 3 orders of magnitudes) spec-
tral flux and higher spectral brightness, the XFELO is
preferable for IXS, and, indeed, for many X-ray scatter-
ing experiments. The extension from the ∼13 keV limit
expected for SASE from LCLS-II-HE, to >∼ 25 keV as
expected for the XFELO, will, in nearly all experiments,
improve signal rates, reduce radiation damage, and im-
prove the ability to penetrate into sample environments
(see Fig. 6). The extended energy range also will make
available many more edges for resonant scattering exper-
iments, and nuclei for nuclear-resonant scattering exper-
iments, especially with access to the 14.4 keV resonance
of 57Fe. The extended energy range also allows signifi-
cantly more flexibility in optical schemes for non-resonant
inelastic x-ray scattering [35], permitting one to directly
carry over some of the most productive methods from SR
sources. Also, the XFELO will generally be superior to
the XFEL as it provides better stability (without the fluc-
tuations typical of the SASE) and a smaller bandwidth
that is, at the start, more appropriate for high-resolution
experiments. This is worth emphasizing: if one needs
a few-meV beam, as is discussed for experiments below,
then to get the same spectral intensity from a seeded
SASE source (such as the European XFEL or LCLS-II-
HE) one must start with 3 orders of magnitude more
X-ray power. In an environment where even factors of
two in power can make critical differences in X-ray op-
tics designs, the benefit of a factor of ∼1000 improvement
cannot be overstated.

The discussion here will be separated into scientific tar-
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FIG. 6. Ratio of the Thomson scattering cross section to the
photoelectric absorption cross section as a function of atomic
number for several X-ray energies. Higher numbers indicate
improved scattering and (up to a factor of energy) reduced ra-
diation damage per scattering event. There is generally strong
improvement at higher energy. When coupled with the im-
proved ability to penetrate into sample environments, access
to more resonances and larger momentum space, there is a
very strong case for attaining higher energies, as is possible
at the XFELO. (One notes similar issues have pushed syn-
chrotron X-ray crystallography to higher, ∼ 30 keV, energies
when reasonably possible.)

gets and methodological ones. These viewpoints are com-
plementary, as the targeted approach allows easier con-
nection to a broader scientific audience while the method-
ological approach facilitates extension to other experi-
ments.

B. Scientific goals

1. A window into the center of the Earth: Composition,
Temperature, Formation

The most direct information about the deep interior of
the earth comes through seismic measurements. These
are interpreted in terms of a standard model that pro-
vides the density and sound velocity inside the earth
[37]. However, it is crucial to interpret that model in
terms of chemical composition and temperature, which
are presently unknown in detail: temperature uncertain-
ties approach 20% and while it is generally agreed that
there are lighter elements in the predominantly iron core,
which elements remains a matter of discussion as the re-
sult has significant implications for planetary formation.
IXS is now being used, worldwide, to generate a cata-
logue of measured sound velocities as a function of tem-
perature and density in extreme, high-pressure and high-
temperature, conditions. The most extreme conditions
achieved to date are about half of those in the Earth’s

center [38, 39]. As pressure and temperature increase,
these measurements become increasingly difficult: sam-
ple sizes decrease, and it becomes hard to stabilize the
samples at desired temperatures (∼ 6000K or more) over
the few hour time scales needed for IXS at current in-
struments. However, smaller samples and faster scans
with improved data will become straightforward at the
XFELO. In addition, measurements will be possible with
improved energy resolution (∼0.1 meV, or better), as is
highly desirable to investigate the viscosity of the liq-
uid outer core. This will advance understanding of the
structure and formation of the earth, other planets, and,
indeed, the evolution of the solar system.

2. Probing inter-system coupling to comprehend complex
materials

Modern materials science leverages inter-system inter-
action to optimize functional materials - taking advan-
tage of the interactions between lattice, electronic, and
magnetic degrees of freedom to control material response
or create new properties. Examples include using struc-
ture or lattice properties to modify/control electronic,
thermal or dielectric properties (e.g. superconductivity,
thermoelectricity, ferroelectricity) or using electronic re-
sponse to modify/control magnetic behavior (multifer-
roicity). Thus, it is necessary to understand the interac-
tion of atomic, orbital and spin, structure and dynamics,
to tailor materials properties, such as higher temperature
superconductivity, and to develop new recording media
as well as more efficient materials for batteries and ther-
moelectric applications. An XFELO, with the potential
to measure IXS with extremely high energy resolution
in the range of 10 to 100 µeV, offers the possibility to
directly investigate coupling to the lattice as is mani-
fested in phonon line-widths, see e.g. [40]. Further, high-
resolution resonant IXS (RIXS) will allow complemen-
tary investigations of electron-phonon coupling [41, 42].
Also precise phonon intensity measurements (using non-
resonant scattering) across multiple Brillouin zones can
allow for the identification of changes in electronic struc-
ture induced by phonon motion, an important aspect
of electron-phonon coupling. Finally, we note that one
can directly probe electronic excitations (d-d, crystal
field, band-structure, band gaps) by non-resonant IXS,
and both electronic and magnetic excitations using high-
resolution resonant scattering. All these fields will benefit
directly from improved resolution and intensity possible
at the XFELO.

3. Dynamics of thin films and interfaces

Many of the most intriguing properties of materials
appear in thin films or at interfaces: examples include
the possibility to make the interface between two insu-
lators superconducting [43], or the achievement of high
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(∼100K) superconductivity in single layers [44]. While
X-rays are well known as a surface and interface probe,
especially in a grazing incidence geometry, such methods
have been very difficult or impossible for inelastic stud-
ies because of lack of flux and small cross sections. The
XFELO will make studies of phonons in these systems
feasible.

4. Atomic dynamics of disordered materials

IXS at the XFELO will allow significant strides in
our understanding of disordered materials. These in-
clude such technologically valuable materials as the ex-
tremely tough clear glasses used for touch screens, metal-
lic glasses, and some of the new exceptionally light and
strong disordered metallic alloys that are interesting
structural materials. Basic science questions about disor-
dered materials remain: the cross-over from continuum
dynamics to atomistic dynamics in liquids remains an
area of active work, as do liquid-liquid phase transitions,
along with such issues as understanding the nature of the
glass transition and the character of the boson peak. In
this context, non-resonant, meV-resolved IXS is a unique
frequency-domain probe, overcoming the kinematic lim-
its of neutron scattering. Starting with the first work
on liquids over 20 years ago [45], the method has greatly
contributed to our understanding of disordered materi-
als. However, present IXS work is limited in energy res-
olution (∼1 meV) and momentum transfer (∼1 nm−1).
The XFELO, owing to its higher spectral intensity, will
allow simultaneous improvement of the energy resolution
and access to low (< 1 nm−1) momentum transfers, al-
lowing a detailed investigation of the previously difficult
to access crossover region, see e.g. [46].

There is also a strong interest in probing the transverse
dynamics of disordered materials [47]. It is increasingly
appreciated that this has a large impact in liquids, being
relevant specifically in the cross-over region mentioned
above: the change from continuum limit (where trans-
verse dynamics are largely suppressed due to small shear
viscosity) to atomistic behavior where atom-atom scat-
tering leads to strong, but short-lived, excitations, can
be seen in calculations of transverse correlation functions.
However, at present, there is no known way to experimen-
tally probe only transverse dynamics using conventional
X-ray based scattering methods. At the very least, one
expects that the very high flux and high resolution at an
XFELO will allow precision studies to help isolate the
effect of transverse dynamics on the longitudinal dynam-
ical structure factor.

5. Phonons in Hydrogen-based superconductors

The discovery that hydrogen sulfide superconducts at
up to ∼200 K at pressures of ∼200 GPa [48] has cre-
ated substantial excitement. It had long been predicted

that, due to the high energy of phonons in hydrogen-
based materials, extremely strong electron-phonon cou-
pling could allow high-temperature superconductivity.
However, while record-breaking transition temperatures
have recently been observed in hydrogen sulfide, there
remains substantial interest in exactly how this occurs.
The dramatically improved flux of the XFELO should al-
low for the measurement of the phonon density of states,
including the high-energy hydrogen phonons that are ex-
pected to be critical for the high TC . The phonon density
of states is expected to be crucial information to compare
against calculations to understand the nature of the su-
perconductivity in what is now the world’s highest tem-
perature superconductor. Given the extreme conditions,
and resulting small sample quantities (∼1 nanogram),
and the very tiny scattering cross section for hydrogen,
such investigations are probably only possible by employ-
ing IXS at a source such as the XFELO. More broadly,
the high intensity of the XFELO will allow one to probe
the coherent dynamics of hydrogen containing materials
with very high energy resolution.

C. Methodology

1. Extremely High-Resolution Non-Resonant IXS

Pushing the resolution of non-resonant IXS experi-
ments to the range of 0.1 meV or even 0.01 meV will
extend investigations of disordered materials and inter-
system coupling, such as electron-phonon coupling, as
discussed above. We see this as a major potential area
of gain at the XFELO since other sources simply lack
sufficient flux to practically do such experiments, es-
pecially as they will require simultaneous improvement
in energy resolution and momentum-transfer resolution.
This will require development of new IXS spectrome-
ters (some published possibilities include spectrographs
[49, 50], echo-type spectrometers [51, 52] and nuclear an-
alyzers [53, 54], but see also the discussion in [36]).

2. High-Resolution Resonant IXS (HR-RIXS)

Resonant IXS (RIXS) is one of the frontiers in IXS
at present machines, and we see great possible benefits
from pursuing this at an XFELO. The method, especially
as demonstrated in the soft X-ray region, but also for
some of the hard X-ray region (specifically, recent work
with Ir-containing samples [55]), shows sensitivity to elec-
tronic excitations, magnetic excitations, more compli-
cated mixed spin-charge excitations, and also phonons.
However, improved resolution is needed, and such exper-
iments will become possible with higher flux available at
the XFELO. This will also require significant optics de-
velopment, probably of non-silicon optical components,
see, e.g., [56].
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3. Non-Resonant IXS (NRIXS) for Electronic Excitations

High-resolution studies of electronic excitations are
presently severely flux limited. Such experiments investi-
gate the motion/transition of (a fraction of) one electron
per unit cell making them much lower count rate experi-
ments than phonon measurements (where many electrons
move together). Thus, aside from one test experiment
[36], most experiments have been carried out with ∼50-
100 meV resolution. These measurements are interesting
for investigating localized d-d excitations and their ex-
tended excitation relatives, orbitons, and, in general, for
momentum resolved investigation of any electronic exci-
tation, gap, or band-structure [57]. The improved spec-
tral density of the XFELO will allow these experiments to
be readily carried out with improved resolution, moving
count rates into a similar regime as some phonon experi-
ments today. Notably, improved resolution will also allow
closer approach to the elastic/phonon lines. One particu-
lar application would be the identification/understanding
of the successive steps in reaction pathways where mea-
surements of the precise energy (at the few-meV level)
of d-d excitations can help identifying the transient spin
states.

4. Coherent Wave Fields (Standing Waves)

The extremely high brilliance of the XFELO offers the
potential of probing phonons and electronic excitations in
the presence of a standing wave created by Bragg reflec-
tion in a crystalline sample, by specular reflection from
a surface, or even using a beam prepared by an interfer-
ometer. This allows access to off-diagonal components of
the response [58, 59] leading to more information, e.g.,
about plasmons [60] or phonon polarization vectors [61].
From another perspective, it allows tailoring of the wave
field to probe specific parts or layers in the sample, al-
lowing, for example, investigation of specific sections of
multilayers, or perhaps single layers on top of strongly
reflecting substrates or crystals.

5. Transforming to Real Space and Time

The spectroscopic work described here is naturally dis-
cussed in (q, ω) space where a well-defined momentum
transfer indicates that a plane-wave state is being probed,
as it is very much appropriate for most periodic crys-
talline systems. However, in some cases, such as dis-
ordered materials, or localized anharmonic response in
crystalline materials, it may be more appropriate to de-
scribe the response in terms of the van-Hove correlation
function [62]. In some cases this can be obtained via
transform of the dynamical structure factor [63]. This
technique would benefit from being able to quickly mea-
sure over a large range of (q, ω) space, which could be
enabled by an XFELO.

6. Other Approaches

There are some other areas of potential interest that
are worth noting for future reference. These include

• Pump-Probe Experiments,

• High resolution Microscopy,

• High resolution variants of emission spectroscopy,
X-ray Raman, Compton scattering.

The application for pump-probe experiments is clear, as
the number of photons per pulse will be quite large.
One can easily imagine various types of triggered chemi-
cal processes (reaction pathways) for which synchronized
spectroscopic information could be extremely valuable,
even with an X-ray pulse duration of a few picoseconds.
A focused beam, as should be possible at the few-nm
level, would allow both site-specific spectroscopic probes,
and open new avenues to locally probe extended-wave ex-
citations (such as phonons). However, one should bear in
mind that preceding studies must be done to determine
thresholds for acceptable levels of radiation damage in
such experiments. Finally, there are a variety of spectro-
scopic measurements (emission spectroscopy, X-ray Ra-
man, Compton scattering) that are now carried out using
X-rays in setups with ∼eV resolution, and the high flux
of the XFELO should allow improvement in resolution
to the few meV scale. These will not see as large an in-
crease with the XFELO as the higher-resolution work,
but would improve. In particular, there have been tests
of a (relatively) low-energy, high-resolution, version of
Compton scattering [64] that, with the XFELO, might al-
low one to achieve 3D electron momentum density maps
[65] on small samples of complex materials with a resolu-
tion in momentum space rivaling that of angular-resolved
photoelectron spectroscopy (ARPES). This would permit
bulk 3D probing of Fermi-surface topology as would be
interesting for nearly any metallic or correlated material.

III. X-RAY PHOTON CORRELATION
SPECTROSCOPY

Understanding the properties of a transforming mate-
rial requires a non-equilibrium statistical mechanics de-
scription and necessitates a study of the time evolution
in both structure and the resulting properties. Typically,
this is performed by measuring the response of the mate-
rial to an applied stimulus. Often this response function
(or susceptibility) is determined by the thermodynamic
fluctuations in the material, since the applied stimulus
(or field) biases the fluctuations and drives the system
towards a new (quasi) equilibrium or a steady state. This
simple concept, although hard to carry through in prac-
tice, underlies much of the recent advancement in non-
equilibrium statistical mechanics. The power of X-ray
photon correlation spectroscopy (XPCS) is that it can be
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employed to directly measure fluctuations in the struc-
ture of materials, both in equilibrium and out of equilib-
rium.

An XFELO offers several critically important improve-
ments for XPCS relative to other sources. Many of these
are implied in the XFELO’s higher brightness, as to
a first approximation signal rates in XPCS scale with
brightness: the expected ∼3 orders improvement com-
pared to a high-rate SASE source, and the 5-6 order
improvement compared to 4th generation storage rings
implies a similar huge improvement in signal. This trans-
lates immediately into a significantly enhanced time res-
olution, because for a given signal-to-noise ratio of the
correlation signal, the highest accessible fluctuation rate
scales quadratically with the coherent flux [66, 67]. More-
over, the narrow bandwidth of the XFELO source will fa-
cilitate work at higher momentum transfers, where work
is now limited by relatively short coherence length of
present setups (see section III C). But also, when com-
paring specifically with SASE sources, the XFELO is ex-
pected to be extremely stable, with the ∼100% shot-to-
shot fluctuations from SASE reduced to the 1% level.
This will make all time-correlation measurements re-
markably easier (see section III D). Below we provide
both an introduction to some of the issues, and some
specific example where significant improvement may be
expected.

A. XPCS at small angles

In soft condensed matter systems such as polymers,
colloidal suspensions and gels, the measurement of long
time constants is important for understanding ageing,
creep, and many viscoelastic properties. These are, in
some sense, what makes soft matter soft and are either
key to their applications or in the case of ageing, what
limits their longevity. It is clear that an XFELO, with
its high coherent flux and stable beam conditions, will
greatly increase the range of times and types of mate-
rials that can be measured efficiently by XPCS. Simply
extending current measurements to more fluid systems
with faster dynamics at shorter length scales will have a
big impact. References [67–69] review some of the cur-
rent work in this direction.

As mentioned, signal-to-noise arguments show that ev-
ery factor of 10 in beam brightness leads to a poten-
tial factor of 100 gain in time resolution for correlation
spectroscopy. The unparalleled brightness of a 1MHz
XFELO means a tremendous improvement in time res-
olution. One caveat, however, will be radiation damage
issues but novel experimental schemes like X-ray speckle
visibility spectroscopy (XSVS) outlines that this is can
be alleviated [70]. The damage decreases significantly
with photon energy and the increased brightness of the
XFELO enables XPCS with higher energy photons where
the brightness is still comparable or higher than for third
generation synchrotrons at 8 keV.

B. XPCS at large angles

One of the largest impacts of X-ray diffraction has been
to measure structures with atomic resolution on length
scales up to macroscopic dimensions. Currently, large
angle XPCS [71] has been severely limited by constraints
related to small longitudinal coherence, which limits the
diffraction volume, often by factors of hundreds. This
is where the XFELO could have the largest impact for
XPCS. Not only will the increased brightness mean that
shorter correlation times can be accessed, but the in-
crease in longitudinal coherence (from microns to mil-
limeters) gives access to much larger volumes and conse-
quently higher count rates.

XPCS’s ability to directly measure fluctuations in mi-
crostructures allows one to address many classical issues
in non-equilibrium thermodynamics such as work hard-
ening and tempering. Intermittency is another aspect
associated with microstructure. For instance, quenching
through martensitic phase transitions leads to a build-up
of strain often released in a cascade of changes resembling
an avalanche. Intermittent dynamics provides a particu-
lar challenge to time resolved measurements as it is hard
to synchronize measurements to the event. With the
megahertz repetition rates and stability of the XFELO,
one can imagine developing area detectors to work like a
digital scope and have a flexible triggering mechanism to
capture this kind of transients.

C. Comparison of XPCS using SASE from
high-gain XFEL vs. XFELO

Another source for XPCS that will become impor-
tant in the future is SASE from a high-gain XFEL. It
has been demonstrated, that coherent contrast (speckle)
from a single SASE pulse with less than 100 fs width
can be measured. This pulse width is short enough to
freeze the atomic motions and the pulse intensity used
does not damage the sample [72, 73]. This demonstrates
that a split-pulse XPCS technique is feasible. Split-pulse
XPCS works by measuring the contrast (or visibility) of
the summed intensity of a pair of pulses as a function of
delay between the pulses. If the sample does not change
structure between the pair of pulses, the contrast of the
summed image remains constant whereas if it does the
contrast is reduced. Thus, measuring the contrast as a
function of pulse delay is an alternative way to measure
the time correlation function [74]. This provides a path to
extend XPCS measurements to a time resolution of one or
two times the pulse duration, i.e. giving sub-picosecond
measurements. An appropriate X-ray beam splitter has
now been demonstrated and first demonstration experi-
ments performed [75, 76]. With a fast enough area de-
tector [77], this split-pulse technique will also work at an
XFELO. The greatly improved longitudinal coherence of
an XFELO over SASE leads to increased throughput of
the split-pulse delay line and yields enhanced signals, es-
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pecially near Bragg peaks. This opens the possibility of
measuring time correlation functions in correlated elec-
tron systems, as discussed above, on the relevant picosec-
ond time scales.

SASE can also be used to perform XPCS in sequential
mode [78], where one speckle pattern is measured per
pulse. The time resolution in this mode is limited by
the spacing between pulses and not their duration. With
SASE, jitter somewhat limits the measurement, but the
expected stability of an XFELO will significantly improve
the data quality. All in all, an XFELO will make a major
impact with XPCS measurements covering times scales
from sub-picoseconds to hours and wave vector ranges
from 10−6 to 10 Å−1.

D. Beyond time correlations

The discussion above is a straightforward extension of
current XPCS techniques, i.e. simply taking advantage
of the increased brightness to make faster and/or better
measurements. The exemplary calculation given below
points out some new possibilities. A disordered sample
can be considered as made of N scattering volume ele-
ments ρi(~r, t):

ρi(~r, t) =

N∑
i=1

ρi(~r − ~Ri(t)) (1)

and the scattered intensity is proportional to

I(~q, t) =

∣∣∣∣∣
N∑
i=1

ρi(~q)e
−i~q·~Ri

∣∣∣∣∣
2

(2)

Using a random walk type of argument, it can be shown
that the correlation between intensities at two positions,
separated in either or both space and time, is

〈I I ′〉
〈I〉 〈I ′〉

=

(
1− 1

N

)
(1 + |g1|2) +

〈ρ2i ρ
′2
j 〉ij

N 〈ρ2i 〉i 〈ρ
′2
j 〉j

(3)

where I = I(~q, t) and I ′ = I(~q′, t′) and g1 =

〈ρρ′〉/
√
〈I〉〈I ′〉 with 〈ρρ′〉 = N〈ρiρ′j〉〈exp[i(~q · ~Ri − ~q′ ·

~R′j)]〉. The last equation assumes that there is no cor-
relation between positions of volume elements and their
type, which is a good approximation for random samples.

This calculation gives several insights into XPCS.
First, for large N , the correlations only depend on |g1|2
and cannot be distinguished from Gaussian fluctuations.
Also if the phase factors fully average over ±π, the corre-
lations reduce to their incoherent values as measured in
conventional X-ray scattering. When |~q| is small, averag-

ing over phases reduces to e−q
2〈R(t)−R′(t′)〉 = e−Dq2|t−t′|

and allows measurements of the diffusion constant D.
These considerations typically apply to conventional
XPCS types of measurements.

FIG. 7. The strain field of an ethylene-propylene polymer
with 16% silica filler, at 60% elongation, 3000 s after the
stretch. The deformation shown was extracted from the
change in speckle positions for patterns 10.5 s apart. The
arrows show that shift, scaled by a factor of 200, superim-
posed on the coherent SAXS pattern. The X-ray beam was
20µm by 20µm on the the sample. The deformation is well
described by δqx/qx = -0.00049 and δqy/qy = 0.00063.

The N dependence of the XPCS signal provides an
exciting opportunity to obtain further information. The
enhanced coherent intensity of an XFELO will allow mea-
surable scattering from smaller diffraction volumes or
smaller values of N . Thus by measuring correlations from
different wave vectors and for varying N , detailed infor-
mation about the distribution of particle types (including
shapes and sizes) can be obtained. This is particularly
interesting for large angle XPCS where diffraction de-
pends the orientation of the particles and the orientation
distributions become accessible. Methods of varying N
include scanning the diffraction volume across the sample
and/or varying the beam size.

Another source of information from q−q correlations, is
access to sensitive measurements of strain. One can con-
sider a speckle pattern, where the random phases inter-
fere, as a sensitive probe of local order. Then, just as in
polycrystalline materials, small displacements (or strain)
can lead to systematic shifts of the speckle. Fig. 7 shows
the result of doing this on an elastic rubber demonstrat-
ing how speckle tracking allows precision measurements
of the strain tensors [79]. The speckle size governs how
accurately the shift can be measured. Under standard
conditions it leads to strain sensitivity of a few parts per
million, even in highly disordered materials. It is impor-
tant to emphasize that this strain pattern results from
analyzing only two speckle patterns. With the XFELO,
strain measurements from two pulses will give time res-
olution in the microsecond range. Using the split-pulse
technique allows for much faster measurements of this
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kind provided the individual speckle patterns can be re-
solved on an area detector.

IV. NUCLEAR RESONANCE SCATTERING

The XFELO will open up completely new possibili-
ties in the field of nuclear resonance scattering (NRS)
for isotopes with resonance energies between 5 and 25
keV (see Fig. 8). Due to the narrow resonance linewidths
of Mössbauer transitions, NRS will benefit from the ex-
tremely intense, narrow-bandwidth radiation from the
XFELO in several ways: The anticipated hard X-ray
spectral flux of 3×109 ph/sec/neV is more than 4 or-
ders of magnitude larger than at existing 3rd generation
synchrotron radiation sources. For isotopes like 57Fe one
expects several thousand photons per pulse at a MHz
repetition rate within the resonance linewidth. This al-
lows one to push Mössbauer science beyond the single
photon regime, opening new perspectives for X-ray quan-
tum optics and nonlinear science with nuclear resonances.
The full transverse coherence of the radiation will allow
for efficient focusing to extremely small spot sizes in the
range of 10 nm, enabling one to combine NRS with high-
resolution imaging techniques. Moreover, a frequency
stabilized XFELO would enable a hard X-ray frequency
comb with pulse-to-pulse coherence for unique applica-
tions in X-ray coherent control and extreme metrology.
The transform-limited pulse length of about 1 ps also fa-
cilitates the study of non-equilibrium processes in pump-
probe experiments, enabling one to probe transient dy-
namics with very high spatial, temporal and, in particu-
lar, isotopic resolution.

A. Dynamics in Condensed Matter

Nuclear forward scattering (NFS) [80] probes magnetic
and electronic degrees of freedom and their dynamics via
the respective hyperfine interactions of the nuclei in the
sample. The short and intense XFELO pulses will allow
for single-shot Mössbauer spectroscopy with time resolu-
tions in the ps-regime, giving access to non-equilibrium
states populated after impulsive stimuli such as heat, op-
tical or magnetic and electric field pulses. After res-
onantly probing the sample by the ps-short XFELO
pulses, the temporal evolution of the delayed NFS signal
reveals unique information about the dynamic and hy-
perfine state at the probe moment and the relaxation dy-
namics thereafter. For example, in optical-pump/NRS-
probe experiments it will be possible to monitor the re-
sponse of optically-excited, iron containing systems such
as molecular switches or magneto-optical nanomaterials
[81].

Nuclear inelastic X-ray scattering (NIS) [82, 83], a.k.a.
nuclear resonant vibrational spectroscopy (NRVS), is an
established method to determine the equilibrium vibra-
tional dynamics of Mössbauer isotopes in the sample via
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FIG. 8. Diagram of Mössbauer isotopes and nuclear isomers
together with atomic and nuclear clock transitions in the pa-
rameter space of transition energy and half-life. Graphics
adapted from Fig. 1 in [85]. The shaded regions covers the
energy range of the XFELO (light blue) and the XFELO +
HGHG extension (light brown).

the corresponding partial density of phonon states. The
XFELO is especially interesting for NIS as it provides
sufficient flux to allow higher resolution, or access to
complicated or dilute systems. The information pro-
vided is complementary to conventional IXS methods
(see section II) and is especially useful as providing q-
integrated information that might be supplemented by
targeted studies using IXS. In addition, the high flux
will allow combined X-ray fluorescence analysis / NIS
analysis, providing chemical-species-specific information
about atomic motions - a conventional crystal analyzer
selects the fluorescence from a specific oxidation state or
spin state of the resonant isotope (e.g. only Fe+2 from
some mixture of Fe+2 and Fe+3) and a NIS analysis mea-
suring only the radiation through the analyzer would be
used to determine the vibrational density of states of that
species. This would be useful, for example, for investigat-
ing the intermediate states of the nitrogen fixation cycle
as they are encountered in the Fe-S clusters of nitroge-
nase enzymes [84]. Moreover, the high flux would allow
observation of very weak transitions, such as high fre-
quency Fe-H stretching modes, that is beyond the range
of current sources.

A very appealing application of NIS at an XFELO
emerges from the fact that NIS essentially provides a
snapshot of lattice dynamics at the very moment when
the probing X-ray pulse hits the sample [86]. This will al-
low for studies of non-equilibrium lattice dynamics where
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a pump pulse selectively populates vibrational excita-
tions, whereas the probe pulse detects the spectrum of
these excitations at the moment of probing. An immedi-
ate application will be the study of the transient dynam-
ics of heat-transfer and energy dissipation on nanometer
length scales [87] that are largely unexplored at present.

An XFELO will significantly advance those research
applications that demand very high-energy resolution.
Its extremely high spectral brightness will allow for an
efficient implementation of high-resolution spectrometers
based on the nuclear resonance scattering processes that
provide an energy resolution in the neV - µeV regime
like time-domain interferometry (TDI) [88], high-speed
Doppler shifting [89] and the nuclear lighthouse effect
[90]. A large body of unexplored dynamical properties
of condensed matter in the regime from neV to meV is
related to multi-atom correlations on mesoscopic length
scales from nanometers to micrometers. This applies to
fundamental and applied aspects in the physics of glasses
and mesoscopically structured materials that exhibit dis-
order and density fluctuations on these length scales.
In all of these cases the material properties are affect-
ing propagating excitations like phonons, leading to new
dynamical properties that have no counterpart in ho-
mogeneous bulk materials. The vibrational frequencies
of mesoscopically-structured materials are substantially
smaller than those of crystalline materials and the first
Brillouin zone extends to much smaller q-values. The cor-
responding range in phase space is not covered by existing
methods. Thus, the XFELO would close the existing en-
ergy and momentum gap of various inelastic scattering
techniques in the neV-meV energy range. In combination
with focusing techniques, these methods can achieve spa-
tial resolutions approaching the 10 nm regime, allowing
one to obtain detailed information about matter under
extreme conditions of pressure, temperature and exter-
nal fields.

At the high-end limit of energy resolution, the XFELO
will make it practical to carry out studies of general
samples (not containing Mössbauer isotopes) with neV
resolution by employing nuclear scatterers as analyzers.
Proof-of-principle experiments [88, 91] have been con-
ducted at present day machines, but the applications
have been severely limited due to insufficient flux. The
improvement in flux at the XFELO would allow these
methods to be applied to general samples: one can think
of probing liquid diffusion in broad classes of materials
and jump diffusion in solids. While there is some over-
lap with neutron spin echo (NSE), the X-ray techniques
extend to smaller energy transfers (longer times) than
NSE and allow access to much smaller (<∼ 0.1 mm)
samples, also making experiments compatible with ex-
treme environments. Eventually, a high-resolution anal-
ysis of the symmetry of the intermediate scattering func-
tion determined via TDI will enable one to distinguish
between classical and quantum correlations in a sample
[92]. Much of the technology to do this is available now,
with the main contribution needed being a source with

a much higher spectral brightness. In this respect, an
XFELO operated as a hard-x-ray comb laser (see section
VI) would be the ultimate source for such experiments.

B. Biology and Chemistry

The outstanding spectral brightness renders XFELO-
Mössbauer spectroscopy applicable to iron containing
proteins without requiring 57Fe enrichment. This will
boost the interest of biological communities and gener-
ate a wealth of applications to reveal how important iron
cofactors are formed inside cells. NRS experiments will
be instrumental to follow iron dependent reactions inside
cells, see Fig. 9. In this way it will be possible, e.g., to
highlight the iron sulfur assembly machinery not only in
mammalian cells [93], but also in plant cells.

XFELO-Mössbauer spectroscopy with its outstanding
sensitivity will also contribute to solving medical ques-
tions where Fe-containing proteins are present at only
very low concentrations. For example, it could help to
explore the general role of iron in neuro-degenerative dis-
eases [94], and it could be employed to investigate iron
metabolism in cancer cells [95]. Further, an XFELO
could allow processes in iron-mediated biologial cataly-
sis (e.g. nitrogen reduction, methane oxidation) to be
studied at physiologically relevant conditions.

In chemistry the identification of active iron-sites in
heterogeneous catalysts is a demanding task. Supported
catalysts often contain iron in many phases (e.g. iron ox-
ide nanoparticles, as single ions, agglomerates of only a
few iron centers) [96, 97]. With XFELO Mössbauer spec-
troscopy it will not only be possible to acquire spectro-
scopic data with excellent statistics, but also to monitor
the evolution of dynamical processes like catalyst activa-
tion and deactivation.

V. NON-LINEAR X-RAY OPTICS AND
SPECTROSCOPY

The XFELO characteristics provide exciting oppor-
tunities in X-ray nonlinear optics and coherent spec-
troscopy. Its narrow bandwidth, high coherence, and
widely tunable photon energy range are features of par-
ticular interest in nuclear nonlinear spectroscopy. The
increased coherent bandwidth (i.e. shorter pulses) and
peak power of an XFELO/MOPA would be of interest for
coherent electronic and vibrational spectroscopies. These
applications could exploit the possibility of tailoring the
electric-field temporal profile spanning eV bandwidths.
We highlight some examples below.
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FIG. 9. Iron is essential for cell survival, but toxic if not
properly regulated. This diagram shows the complexity of
human iron homeostasis already in its simplified form. Iron
plays a decisive role in cell metabolism, cell death, and disease
[98, 99]. XFELO-Mössbauer Spectroscopy will access iron
valence states and enable iron centered reactions inside cells
to be monitored. This paves the way to the field of ironomics
that tackles many aspects of human health and disease.

A. Probing low energy dynamics with atomic
resolution through nonlinear X-ray mixing

Nonlinear mixing allows for the unique combination
of high X-ray wave-vector for atomic spatial resolution
with access to low-energy resonant excitations that can
only be accessed at longer wavelength by single photon
processes. The XFELO characteristics are well suited
for a variety of two-photon processes, including X-ray
parametric down-conversion (PDC) [100] and various up-
conversion processes [101]. Both can involve lower -
frequency components in addition to X-rays. This al-
lows the electronic and/or lattice modulations induced
through a lower-frequency resonance to be studied with
atomic spatial resolution given by the X-ray wavelength
because the frequency-shifted signal is diffracted from
the crystal lattice. Tamasaku et al. have exploited this
using spontaneous parametric down-conversion to study
the extreme ultraviolet (XUV) response of diamond with
angstrom resolution without the need for irradiation or
detection at XUV frequencies, see Fig. 10 [102]. These
processes can also be stimulated in which case they are
referred to as sum and difference frequency generation.
Glover et al. demonstrated sum-frequency generation in
X-ray optical mixing experiments in diamond, using 8
keV X rays and 1.5 eV near-infrared light [101]. This
provides access to the atomic-scale polarization arising
from the induced local fields, and not just the long-
wavelength dielectric response [101, 103, 104]. Another
powerful probe of electronic excitations in solids will be
X-ray PDC into the optical regime, which has been ob-
served recently [105]

The high flux and coherence of the XFELO would be
useful for probing low-energy coherent excitations in the
time domain using pump-probe techniques, when the X-
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FIG. 10. Atomic-scale view of the XUV susceptibility of dia-
mond at 60 eV from X-ray down conversion of E0 ∼ 11 keV
photons. The image is obtained through the intensities of the
signal photons at E0 - 60 eV for different phase-matching con-
ditions arising from various lattice planes. The blue spheres
respond in phase, and the red discs in the opposite phase, rel-
ative to the idler at 60 eV (which is absorbed by the crystal).
Each carbon atom resides at the center of a blue sphere. The
black lines indicate the bonding directions. From ref. [102].

ray pulse duration is short compared to the period of
oscillation, thus requiring a coherent bandwidth exceed-
ing the frequency of the excitation. This requires the
MOPA configuration (see section I B 1) for higher fre-
quency phonons and electronic excitations. Momentum
resolved X-ray diffuse scattering from correlated high-
wavevector phonon pairs that were optically pumped was
first measured in the time domain by Trigo et al. [106]
and are a complementary approach to the frequency do-
main inelastic scattering measurements discussed above,
applicable to both equilibrium and nonequlibrium dy-
namics.

The XFELO parameters will permit efficient focusing
approaching the few nanometer scale that would facil-
itate a host of multiphoton X-ray interactions. Non-
resonant X-ray nonlinearities may yield a complementary
way to accesses low energy-scale electronic structure and
dynamics. Fuchs et al. measured an anomalous red-
shift in two-photon Compton scattering in which scat-
tered photon energies are redshifted from twice the inci-
dent photon energy. This was interpreted in terms of an
enhanced nonlinear interaction with core-electrons [107]
that is not present in other X-ray nonlinearities such as
second harmonic generation [108].

The high brightness of the XFELO would also facili-
tate resonant X-ray nonlinearities. An example is X-ray
two-photon absorption (TPA) [109, 110], which allows
preferential access to dipole-forbidden transitions. Stim-
ulated resonant X-ray Raman scattering (SRXRS) us-
ing a narrow-band, tunable two-color X-ray source [111]
could provide a wealth of information about core transi-
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tions of lighter atoms, valence electronic transitions and
their coupling to atom-specific core transitions. With
phase-related multiple X-ray pulses, 2D X-ray coherent
Raman spectroscopy would be possible and would pro-
vide detailed information about correlations among mul-
tiple core transitions [112].

B. Two-photon correlation spectroscopy

Unlike the coherent nonlinear mixing processes de-
scribed above, ”two photons in, two photons out” X-
ray correlation spectroscopy would use two detectors for
measurements of scattered photon pairs in order to de-
termine 4-point space-time density correlation functions.
Using a variant of the so-called impulse approximation,
which allows standard Compton scattering data to be
connected to the electron density in momentum space,
two-photon correlation spectroscopy is expected to give
access to 2-point momentum-space density correlations
of electrons. Electron correlations in momentum space
play a central role, for example, in superconductivity.
Such spectroscopy can benefit from high spectral bright-
ness associated with narrow bandwidth, and also from
high repetition rate.

A different type of two-photon correlation spectroscopy
is ghost imaging which could yield atomic-scale resolution
while avoiding radiation damage [113–115]. This and
other spectroscopies involving entangled photon pairs
generated through spontaneous parametric down con-
version and higher-order optical coherence would benefit
from the high repetition rate and spectral brightness of
the XFELO.

C. Quantum Optics and Nonlinear Spectroscopy
with Nuclear Resonances

The longitudinal coherence of optical fields is the core
requisite to induce and control interference between dif-
ferent quantum pathways in atoms. In nuclei, similar
developments so far were restricted to single photons in-
terfering with themselves, due to the lack of sufficiently
coherent photon sources. With an XFELO this situation
will fundamentally change. Its full coherence and spec-
tral brightness provides new avenues for studying the in-
teraction between X-rays and nuclei under multiphoton
excitation conditions, thus offering unique possibilities
for nonlinear spectroscopy of the nucleus, as well as for
novel approaches to nuclear state preparation and detec-
tion.

For example, at low orders of nonlinearity quantum
aspects involving X-ray photons could naturally be ex-
plored with two or more correlated photons. Potential
approaches encompass both the generation of X-ray pho-
ton entanglement and its applications, and the explo-
ration of quantum states in the nuclei by subsequent
spectroscopic detection of scattered X-ray photons [116].

The availability of multiple coherent photons per pulse in
turn enables detection of multiple correlated X-ray pho-
tons, providing access to higher-order correlation func-
tions characterizing, e.g., density fluctuations, phonons
or similar excitations. This will fuel the development
of a broad class of new detection and analysis tech-
niques. With multiple potentially phase-locked driving
fields, multi-dimensional spectroscopy techniques come
within reach, providing further insight into the dynamics.
2D nuclear spectroscopy might reveal couplings among
nuclear transitions that could provide fundamental in-
sight into intra-nuclear interactions, analogous to what is
revealed in two-dimensional spectroscopy throughout ra-
dio frequency to optical spectral ranges [117, 118]. This
and the other 2D measurements mentioned above will
require at least phase-related X-ray pulse pairs, which
could be generated by splitting one XFELO output pulse
by an X-ray split-and-delay line or by applying tempo-
ral control of resonantly scattered photons via ultrafast
piezo modulation [119].

Further progress is anticipated in the engineering of ad-
vanced nuclear level schemes. First steps have recently
been demonstrated at 3rd generation light sources, by
designing suitable target structures utilizing Mössbauer
nuclei embedded in superlattices [120] and planar X-ray
cavities [121–123]. The XFELO will enhance these capa-
bilities by its unique source properties, which, aside from
the spectral brightness also includes coherent multi-pulse
or multi-color excitation. The XFELO could also facil-
itate novel nuclear resonance excitation processes, such
as non-linear two-photon excitation [124] or four-wave
mixing.

The pulse-to-pulse coherence of an energy stabilized
XFELO enables one to realize a hard X-ray frequency
comb (see section 6), facilitating ultrahigh-resolution X-
ray spectroscopy of nuclear transitions. Examples in-
clude multi-level nuclear transition measurements, prob-
ing ultra-narrow X-ray Mössbauer resonances, dynamics
of X-ray driven nuclear – electronic transitions, and X-
ray + laser double resonance experiments. Facilitated by
X-ray comb spectroscopy, fascinating possibilities come
into reach: X-ray frequency and wavelength metrology
would be enabled by extending the optical frequency
comb technologies and techniques to X-ray wavelengths.
In addition to probing nuclear physics with unprece-
dented precision, linking nuclear transitions to the Cs
standard can be used to search for the variation of fun-
damental constants with improved sensitivity [125, 126].
Nonlinear phase-coherent driving and probing at X-ray
wavelengths will be possible over long times > 10 s. High-
quality-factor nuclear transitions like the 12.4 keV level
of 45Sc with a lifetime of ∼300 ms and Γ0/E0 ∼ 10−19

(see Fig. 8) can be established as new and improved fre-
quency standards. Importantly, the pulse-to-pulse co-
herence allows to excite these narrow resonances using
a sequence of pulses, offering the possibility of orders of
magnitude higher excitation fraction than expected from
SASE [116].
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With sufficient temporal coherence and high intensity,
coherent processes including nuclear coherent population
transfer in the stimulated Raman adiabatic passage (STI-
RAP) technique [127, 128] or nuclear Rabi oscillations
[129] are rendered possible. Coherent population trans-
fer would enable controlled pumping, storage and release
of energy stored in long-lived nuclear excited states. In
addition, also nuclear reactions starting from excited nu-
clear states driven by the XFELO can be envisaged.

VI. X-RAY SPECTRAL COMB

Achieving high spectral resolution in the X-ray re-
gion will bring revolutionary impact to science, similar
to what highly coherent lasers have done for atomic and
molecular physics. Single-frequency narrow-linewidth X-
ray lasers, which can be tuned to specific inner-shell
quantum transition frequencies while providing a direct
link from X-ray frequencies to radio frequency standards,
would be the most desirable sources for spectroscopy. An
X-ray frequency comb will have high spectral and tempo-
ral coherence. These properties will make it possible to
test fundamental physics laws with unprecedented preci-
sion, obtain new information in order to finally resolve
the structure and dynamics of the nucleus and create a
clock with unrivaled precision together with a frequency
standard in the X-ray frequency range. Furthermore,
they will allow improvement of the sensitivity in the mea-
surement of properties of solids and complex molecules.

However, until now there is no known technique for
obtaining such light sources. We consider the realization
of an X-ray frequency comb to be feasible within the next
decade, looking at possible routes to reach this goal [30].

A. Applications of an X-ray Comb: Fundamental
Physical Laws and Nuclear Structure

Our best picture of the fundamental physical laws of
the universe is the standard model, a paradigm of quan-
tum field theory. Today, it is already known that the
standard model is incomplete, and high-precision mea-
surements are required to test candidate theories for its
extention [130]. Such theories are also required to solve
intriguing experimental disagreements such as the so-
called proton radius puzzle [131–133].

The most successful subset of the standard model, in
terms of making accurate predictions that have been ver-
ified by experiment, is quantum electrodynamics (QED).
Theoretical QED calculations can be performed most ac-
curately for simple systems, e.g. few-electron atoms and
ions. Since QED effects scale rapidly with nuclear charge,
precision measurements in highly charged ions can pro-
vide the most stringent tests of QED [134–136]. Such
measurements require a stabilized laser source in the X-
ray frequency regime. A compelling case for an XFELO

would be high-resolution spectroscopy of highly charged,
hydrogen-like heavy ions.

As shown in Fig. 11, for the low nuclear charge range
the fractional frequency (energy) resolution is now bet-
ter than 10−14, providing some of the most precise mea-
surements of the fundamental properties of matter. The
precisely resolved transition energies in these low nu-
clear charge systems are at most a few eV, corresponding
to photon energies available from optical lasers. Those
achievements in precision laser spectroscopy have been
enabled by frequency-stabilized lasers, optical frequency
combs, and laser-cooled atoms and ions. For the shorter
wavelengths and higher energies required for transitions
in highly charged ions, the fractional spectral resolution
currently achievable is only in the 10−6 range [137]. A
highly coherent X-ray laser or X-ray comb would allow
10 orders of magnitude improvement on precision atomic
spectroscopy in the X-ray region. Since QED effects in
H-like ions scale with strong powers of the nuclear charge
(e.g. the Lamb shift scales as Z4), achieving precision on
par with optical measurements provides much stronger
tests of QED.

Probing high-energy transitions with high precision
would also allow for a more precise measurement of fun-
damental constants, e.g., the fine structure constant.
Moreover, it provides greater sensitivity in determining
if the fundamental constants of nature are really con-
stant, or vary with time [125]. Precision measurements
in the optical regime have placed severe constraints on
this variation, but high-energy transitions, particularly
nuclear transitions, give a much larger frequency shift
for the same variation in the laws of nature due to the
larger transition energy scale.

Higher precision spectroscopy of electronic transitions
in the X-ray regime would also provide new information
on the structure of the nucleus due to the impact of the
latter on atomic structure. Notably, a complete under-
standing of the structure of the nucleus has not been
achieved yet. Nuclear structure effects on the bound elec-
tron energy scale approximately as Z2/n3, where n is the
principle quantum number [138, 139]. Therefore, low-
lying electronic states in heavy atoms and ions, which
require X-ray energies for excitation, are those most sen-
sitive to nuclear structure. A stabilized X-ray laser can
serve as a high resolution probe for nuclear charge dis-
tributions and perhaps nuclear magnetic distributions,
bringing new data that could help resolve the long stand-
ing problem of nuclear structure effects in atomic transi-
tions.

An exciting possibility that an X-ray frequency comb
would enable is direct laser spectroscopy of nuclear tran-
sitions, a feat that has not been accomplished to date.
This approach looks like a very promising route to ex-
plore coherent interactions between atomic nuclei and
light. Particularly interesting would be to explore multi-
photon nuclear excitation schemes to move into the field
of nonlinear nuclear X-ray optics, as this would open new
avenues for coherent control of x-ray optical properties.



16

FIG. 11. Experimental precision in tests of QED in neu-
tral atoms and highly charged ions. The experimental un-
certainties for the determination of the magnetic moments
(circles) and other precision measurements (squares) are dis-
played [140]. Data were taken from [141–147].

It should be noted that SASE XFELs are not coherent
sources in the spirit of Glauber [148], as they exhibit the
Gaussian statistics of a chaotic source [149]. Notwith-
standing, present-day SASE XFELs exhibit a high pho-
ton degeneracy parameter and thus enable one to in-
duce significant population changes of nuclear levels, as
demonstrated in a recent experiment at SACLA [150]. It
remains to be seen whether seeded SASE XFELs are fully
coherent sources in all orders. At any rate, an XFELO-
based frequency comb would constitute an outstanding
source for laser spectroscopy of atomic and nuclear tran-
sitions in the regime of hard x-rays with ultimate energy
resolution.

For instance, frequency comb spectroscopy of nuclear
transitions could be used to look for changes in funda-
mental constants, with even higher precision than can
be achieved with electronic transitions in highly charged
ions, as these high energy transitions are extremely sensi-
tive to the magnitude of fundamental constants [126]. An
interesting candidate in the energy range of the XFELO
would be the 12.4 keV transition in 45Sc with a level
width of 1 femto-eV (∆E/E ≈ 10−19), corresponding to
a half-life of 280 ms. Moreover, within an extended pho-
ton energy range up to 60 - 80 keV that could be reached
via HGHG (see section I B) a large number of long-lived
transitions in nuclear isomers [151] can be reached, see
Fig. 8. A far reaching application of direct frequency
comb spectroscopy of nuclear resonances is the facilita-
tion of a clock that is locked to a nuclear transition, sim-
ilar to current state-of-the-art optical atomic clocks that
are linked to radio frequency standards via optical fre-
quency combs [152]. A nuclear clock has the potential to
provide a higher resonance line quality than an atomic
clock [153], since the nucleus is much less sensitive to

perturbations from its macroscopic environment as com-
pared to the electrons that are currently used in optical
atomic clocks.

B. Technologies to enable phase-coherent X-ray
combs

Frequency combs are routinely available in the visi-
ble and near infrared spectral regions, providing a direct
link between optical frequencies and radio frequency time
standards. Even in the extreme ultraviolet (XUV) spec-
tral region [154] and at soft x-ray energies [155] frequency
combs can be produced, and in the former case coherence
times > 1 second have been demonstrated. The enabling
technology is the high-order harmonic generation (HHG)
process allowing to transfer infrared frequency combs via
high-order wave mixing into the XUV. Extending this
technology into the X-ray spectral region might be possi-
ble but the expected low average power levels make this
approach very challenging. We instead propose two al-
ternative directions that might enable X-ray frequency
combs: (i) injection seeding of free electron laser (FELs)
using an XUV comb seed and (ii) a frequency stabilized
XFELO. Although promising, both approaches involve
a number of technical challenges, which are briefly dis-
cussed below.

1. Injection seeding of XFEL with XUV comb

The technique of injection seeding of FELs with co-
herent femtosecond pulses is an established technique
and great improvements of the longitudinal coherence of
FEL pulses has been demonstrated [156]. Employing a
frequency comb seed could increase the phase coherence
of the generated X-ray radiation not only for individual
pulses but over consecutive pulses, thus enabling the for-
mation of an X-ray comb. Seeding near e.g. 100 eV could
allow FEL emission at harmonics of the seed, possibly
approaching 1 keV and maybe even beyond. A crucial
parameter for frequency comb spectroscopy is the pulse
repetition rate, defining the comb mode spacing, setting
an upper limit for the broadest resolvable spectral feature
(e.g., transition line width) without spectrally resolving
the comb teeth. Most commonly, frequency combs op-
erate with a repetition rate on the order of frep ∼100
MHz. Because of the limited laser pulse energy avail-
able at such a high repetition rate, frequency comb con-
version via HHG into the XUV is today only possible
via passive laser power enhancement inside a femtosec-
ond enhancement cavity. Modern accelerator technology
that provides the electron beams for FELs can operate
at repetition rates on the order of 1 MHz, a mode spacing
which is low for frequency combs but still high enough to
probe narrow X-ray transitions. While efficient HHG is
easier at this repetition rate, passive power enhancement
is challenging as the enhancement cavities must have cor-
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respondingly long lengths which makes them hard to sta-
bilize. Instead, a single pass HHG scheme can be used
requiring, however, a high average laser power. In order
to allow the transfer of the high phase coherence from
the seed to the emitted X-rays, the peak power of the
seed Pseed has to be much larger than the noise power
Pnoise. Taking into account Pseed > 100Pnoise and con-
sidering typical FEL noise power levels at e.g. 100 eV
(within a bandwidth of 1 nm), we obtain a required seed
laser peak power on the order of 1 MW. For typical XUV
comb parameters (laser pulse duration: 100 fs), and con-
sidering a conversion efficiency of 10−6 from the infrared
laser into the XUV at the desired photon energy and
bandwidth, the required average power of the XUV comb
driving laser would be on the order of 100 kW. This is
already three orders of magnitude above today’s high-
power combs operating at the 100 W level [157–160] and
would increase further if higher repetition rates are con-
sidered. While laser technology might advance to these
levels, proof-of principle studies at lower photon ener-
gies where sufficient seed power is more easily available
can help explore the general concept. We encourage es-
tablishing close collaboration between XFEL and XUV
comb research groups to jointly explore this path and
push the technology forward for a feasibility test in the
near future.

2. Stabilizing an XFELO cavity with external stable
references

Another possible approach was proposed recently–
phase-locking successive XFELO output pulses, using a
narrow nuclear resonance such as 57Fe as a reference [30].
The reference could also be based on existing optical sta-
ble laser technology. This concept might lead to higher
repetition rates by operating the resonator in a ”har-
monic mode-locking” scheme, i.e. at multiples of the
repetition frequency of the electron beam, provided the
resonator loss is low enough.

In order to advance technology of the X-ray cavity
stabilization, we propose setting up an X-ray test res-
onator sketched in Fig. 12, which can be pumped, e.g.,
by an existing XFEL. This would allow testing of the
basic XFELO concepts as, e.g., gain characteristics and
dispersion characteristics of FEL undulators as well as
stabilization schemes. It could also be used for X-ray
intra-cavity spectroscopy (e.g. cavity ring-down) with
scientifically interesting samples in the X-ray cavity. An
approach is illustrated below, showing the stabilization
of an X-ray cavity to a stable optical frequency reference
(either continuous wave or femtosecond comb). Stabi-
lization could be achieved via a piezoelectric transducer
(PZT) that controls the cavity length and using a disper-
sive element (phase plate) to adjust the carrier envelope
offset.

X-Ray pulses from LCLS 
fs optical frequency comb 
or stable CW laser

phase 
plate

w/  or  w/o 
Undulator

PZT

Expt sample Cavity control 
system

FIG. 12. Schematic of X-ray test resonator for studying un-
dulator gain and dispersion, testing stabilization schemes and
performing ring-down spectroscopy. The resonator will be
pumped by an existing X-ray FEL and stabilized with an op-
tical laser. The phase plate will be used to adjust the carrier
envelope offset.

VII. CONCLUDING REMARKS

With its unique radiation properties an XFELO
reaches into uncharted regimes in space and time for
high-resolution views on the relationship between struc-
ture and dynamics of matter. Recent advances in connec-
tion with various light source projects around the world
indicate that the accelerator technology for an XFELO is
essentially available. Moreover, encouraging progress has
been made in the development of x-ray optics for a cavity
that meets the XFELO specifications. Altogether, these
technical developments build confidence in the feasibility
and success of the XFELO project in general.

The output characteristics of an XFELO are comple-
mentary to those of high-gain type x-ray FELs, thus
enriching the portfolio of hard x-ray FELs worldwide.
X-ray methods that are currently limited by spectral
flux, spatial and temporal coherence will benefit tremen-
dously from an XFELO. For inelastic x-ray scattering,
an XFELO would allow for gains in resolution and flux
that would turn this useful technique into one of the most
powerful probes of condensed matter systems. With the
picosecond-duration pulses and outstanding spectral flux
of an XFELO it will be possible to extend scattering
techniques to the fundamental timescales of correlated
materials and to reveal the basic mechanisms of non-
equilibrium processes and structural phase transitions.

In addition to complete transverse coherence, ex-
tremely long longitudinal coherence and very short pulse
duration, x-ray photon-correlation spectroscopy will take
advantage of the three orders of magnitude increase in
average coherent flux, thus closing the temporal gap be-
tween synchrotron radiation sources and x-ray lasers. Ac-
cess to a wide range of new systems will be possible, e.g.,
to study biological dynamics in aqueous suspension or
magnetic dynamics and spin transport in the picosecond
regime. Given a boost of several orders of magnitude in
spectral flux at an XFELO compared to existing sources,
it is anticipated that completely new research areas will
open up for nuclear resonant scattering techniques. With
several thousand nuclear resonant photons in one or a few
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modes, fundamentally new studies in the field of x-ray
quantum optics will become possible, enabling to explore
the foundations of collective and nonlinear light-matter
interaction, the creation of nonclassical states of x-rays,
etc.

With sufficient energy stabilization, e.g., via a nuclear
resonance, an XFELO could even allow the realization of
an x-ray comb with fundamental applications outside the
realm of traditional x-ray physics, facilitating ultrahigh-
resolution spectroscopy and extreme metrology that
could outperform what comb technology has achieved at
optical wavelengths.
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(chapter VI). Ralf Röhlsberger and Anders Madsen per-
formed the final editing of the manuscript. The retreat
and writing of this report were supported by funding
provided by U.S. Department of Energy, Office of Sci-
ence, Office of Basic Energy Sciences, under Contract

No. DE-AC02-06CH11357 (Advanced Photon Source,
Argonne National Laboratory) and under Contract No.
DE-AC02-76SF00515 (SLAC National Accelerator Lab-
oratory). Work by Matthias Fuchs is supported by the
U.S. Department of Energy, Office of Science, Basic En-
ergy Sciences under Award de-sc0016494 Christoph M.
Heyl, Gil Porat, and Jun Ye acknowledge the support of
the Air Force Office of Scientific Research grant FA9550-
15-1-0111, National Institute of Standards and Technol-
ogy and the National Science Foundation Physics Fron-
tier Center at JILA (PHY-1734006). Christoph M. Heyl
was supported by the Swedish Research Council. Zheng
Li thanks the Volkswagen Foundation for a Peter Paul
Ewald-fellowship. Gerhard Grübel, Robin Santra and
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55 (2009).

[75] T. Osaka, T. Hirano, Y. Sano, Y. Inubushi, S. Mat-
suyama, K. Tono, T. Ishikawa, K. Yamauchi, and
M. Yabashi, Opt. Express 24, 9187 (2016).

[76] W. Roseker, S. O. Hruszkewycz, F. Lehmkühler,
M. Walther, H. Schulte-Schrepping, S. Lee, T. Os-
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T. Toellner, A. Chumakov, and E. Alp, Nucl. Instrum.
Meth. A: 394, 251 (1997).

[90] R. Röhlsberger, T. S. Toellner, W. Sturhahn, K. W.
Quast, E. E. Alp, A. Bernhard, E. Burkel, O. Leupold,
and E. Gerdau, Phys. Rev. Lett. 84, 1007 (2000).

[91] R. Masuda, T. Mitsui, Y. Kobayashi, S. Hi-
gashitaniguchi, and M. Seto, Japanese Journal of Ap-
plied Physics 48, 120221 (2009).

[92] S. Castrignano and J. Evers, arXiv:1805.01672 [quant-
ph] (2018).

[93] N. D. Jhurry, M. Chakrabarti, S. P. McCormick, G. P.
Holmes-Hampton, and P. A. Lindahl, Biochemistry 51,
5276 (2012).

[94] L. Zecca, M. Gallorini, V. Schünemann, A. X.
Trautwein, M. Gerlach, P. Riederer, P. Vezzoni, and
D. Tampellini, Journal of Neurochemistry 76, 1766
(2001).

[95] S. V. Torti and F. M. Torti, Nature Reviews Cancer 13,

342 (2013).
[96] R. Perez Velez, I. Ellmers, H. Huang, U. Bentrup,

V. Schünemann, W. Grünert, and A. Brückner, Journal
of Catalysis 316, 103 (2014).

[97] J. A. Varnell, E. C. M. Tse, C. E. Schulz, T. T. Fister,
R. T. Haasch, J. Timoshenko, A. I. Frenkel, and A. A.
Gewirth, Nature Communications 7, 12582 (2016).

[98] R. Lill and U. Mühlenhoff, Annual Review of Biochem-
istry 77, 669 (2008).

[99] A. R. Bogdan, M. Miyazawa, K. Hashimoto, and
Y. Tsuji, Trends in Biochemical Sciences 41, 274
(2016).

[100] P. Eisenberger and S. L. McCall, Phys. Rev. Lett. 26,
684 (1971).

[101] T. E. Glover, D. M. Fritz, M. Cammarata, T. K. Allison,
S. Coh, J. M. Feldkamp, H. Lemke, D. Zhu, Y. Feng,
R. N. Coffee, M. Fuchs, S. Ghimire, J. Chen, S. Shwartz,
D. A. Reis, S. E. Harris, and J. B. Hastings, Nature
488, 603 (2012).

[102] K. Tamasaku, K. Sawada, E. Nishibori, and
T. Ishikawa, Nature Physics 7, 705 (2011).

[103] I. Freund and B. F. Levine, Phys. Rev. Lett. 25, 1241
(1970).

[104] P. M. Eisenberger and S. L. McCall, Phys. Rev. A 3,
1145 (1971).
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[121] R. Röhlsberger, H.-C. Wille, K. Schlage, and B. Sahoo,
Nature 482, 199 (2012).

[122] K. P. Heeg, H.-C. Wille, K. Schlage, T. Guryeva,
D. Schumacher, I. Uschmann, K. S. Schulze, B. Marx,
T. Kämpfer, G. G. Paulus, R. Röhlsberger, and J. Ev-
ers, Phys. Rev. Lett. 111, 073601 (2013).

[123] J. Haber, X. Kong, C. Strohm, S. Willing, J. Gollwitzer,
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