»

research papers

: JOURNAL OF High-resolution electron time-of-flight
£ SYNCHROTRON spectrometers for angle-resolved measurements

at the SQS Instrument at the European XFEL

ISSN 1600-5775

Alberto De Fanis,** Markus lichen,*? Alexander Achner,® Thomas M. Baumann,?
Rebecca Boll,® Jens Buck, Cyril Danilevsky,® Sergey Esenov,® Benjamin Erk,©
Patrik Grychtol,® Gregor Hartmann,” Jia Liu,® Tommaso Mazza,?

Jacobo Montaiio,* Valerija Music,>® Yevheniy Ovcharenko,* Nils Rennhack,?
Daniel Rivas,® Daniel Rolles,? Philipp Schmidt,” Hamed Sotoudi Namin,?

Frank Scholz,€ Jens Viefhaus,® Peter Walter,® Pawel Ziotkowski,* Haiou Zhang® and
Michael Meyer®

Received 22 September 2021
Accepted 26 February 2022

Edited by S. Svensson, Uppsala University,
Sweden

®European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany, bInstitut fir Physik und CINSaT, Universitdt Kassel,
Heinrich-Plett-Strasse 40, 34132 Kassel, Germany, “Deutsches Elektronen-Synchrotron (DESY), Notkestrasse 85,
22607 Hamburg, Germany, 9). R. Macdonald Laboratory, Department of Physics, Kansas State University,
Manhattan, KS, USA, and °SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA.
*Correspondence e-mail: alberto.de.fanis@xfel.eu

Keywords: time-of-flight spectrometer;
electron spectroscopy; FEL; synchrotron.

A set of electron time-of-flight spectrometers for high-resolution angle-resolved
spectroscopy was developed for the Small Quantum Systems (SQS) instrument
at the SASE3 soft X-ray branch of the European XFEL. The resolving power of
this spectrometer design is demonstrated to exceed 10000 (E/AE), using the
well known Ne 15~ '3p resonant Auger spectrum measured at a photon energy of
867.11 eV at a third-generation synchrotron radiation source. At the European
XFEL, a width of ~0.5 eV full width at half-maximum for a kinetic energy of
800 eV was demonstrated. It is expected that this linewidth can be reached over
a broad range of kinetic energies. An array of these spectrometers, with different
angular orientations, is tailored for the Atomic-like Quantum Systems
endstation for high-resolution angle-resolved spectroscopy of gaseous samples.

1. Introduction

For decades, electron spectroscopy has been a popular and
powerful technique to study the physical and chemical aspects
of the interaction between radiation and matter (Siegbahn,
1982; Schmidt, 1987).

Electron spectra enable deep insight into the electronic
structures of the sample under investigation, as well as into
transient electronic states and relaxation processes (Siegbahn,
1982). At the Small Quantum Systems (SQS) instrument at the
European XFEL, irradiation of gaseous samples with ultra-
short, very intense X-ray pulses opens the door for studying
non-linear phenomena, such as multiple ionization and multi-
photon processes, as well as time-resolved experiments
following dynamical processes on the femtosecond to atto-
second timescale (Grychtol et al., 2021). Owing to spectro-
meters mounted in out-of-dipole-plane geometry, this also
includes the possibility to study non-dipole phenomena.
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Electron spectrometers typically consist of a combination of
static electromagnetic fields to disperse electrons of different
energies onto a detector, which is either time-sensitive
(Hemmers et al., 1998), position-sensitive (Martensson et al.,
1994; Eppink & Parker, 1997; Cubric et al, 2011) or both
(Ovsyannikov et al, 2013; Liu et al., 2017).
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In general, numerous high-performance spectrometers are
in use covering different applications. For example, hemi-
spherical analyzers (Baltzer et al, 1991; Martensson et al.,
1994) offer the highest energy resolution and are common at
synchrotron sources. Magnetic bottle electron spectrometers
(MBESs; Kruit & Read, 1983; Eland & Feifel, 2006) are also
used with synchrotrons, lasers and free-electron lasers (FELs)
since they can collect nearly 100% of electrons emitted over
the 4 solid emission angle. Spectrometers based on velocity
map imaging (VMI) (Eppink & Parker, 1997) are also
common. Like MBESs, they can collect all electrons emitted
over the whole 47 solid angle, up to a maximum energy of
typically few hundred electronvolts. Their reliance on a 2D
position-sensitive detector makes it possible for them to
provide both energy and angular information. In many spec-
trometers aimed at high energy resolution, where the elec-
trons are dispersed in position, the detector relies on a
commercial CCD or CMOS camera, often limited in repetition
rate well below the kilohertz regime, too slow for FELs
operating at megahertz repetition rates (Altarelli, 2007,
Raubenheimer, 2014; Decking et al., 2020). If electrons of
different energies are dispersed in time, rather than position,
the acquisition electronics are sufficiently fast to operate the
spectrometers in a shot-resolved mode even at megahertz
repetition rates. Position-sensitive detectors capable of
operation at megahertz rates can be realized with a micro-
channel plate (MCP) fitted with delay-line anodes, as routinely
used for COLTRIMS (Ullrich et al., 2003; Kastirke et al.,
2020a,b) and ARTOF (Ovsyannikov et al., 2013), for example,
but they are generally limited in resolution and/or multi-hit
capability.

In an electron time-of-flight (¢ TOF) spectrometer, particles
are focused and retarded by a set of electrostatic components
before they reach an MCP detector. The resulting signal
is treated either in ‘counting’ mode, if particles hitting the
detector are sufficiently separated in time that they can be
counted individually, or in ‘analog’ mode, with the analog
MCP signal read continuously. For the latter, the replenishing
rate of electrons in the individual micro-
channels can be a critical parameter:
the detector must cope with rapid
sequences of highly intense shots, which
are common at XFELs. Depending on
the charge density in the interaction
region at high irradiation levels, the so
called space charge and the resulting
smearing of the electron flight times
poses a challenge to a variety of
experimental schemes since it can
substantially limit the achievable reso-
lution.

Due to the topical orientation of this
work, we will elaborate further about
the associated spectroscopic challenges
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ranging from 200 ns to several milliseconds. At the European
XFEL, the shortest separation between two consecutive
pulses is 220 ns. Every second, 10 trains are delivered, and
each train contains up to 2700 pulses with a repetition rate
up to 4.5 MHz (Decking et al., 2020). However, due to the
stochastic nature of FELs using the scheme of self-amplified
spontaneous emission (SASE) (Madey, 1971), different pulses
can vary in pulse energy, arrival time and spectro-temporal
structure (Hartmann et al., 2018). Therefore, in many spec-
troscopic experiments at FELs, each spectrum must ideally
be associated with the varying properties of the incoming
radiation.

In this regard, eTOF spectrometers offer a variety of unique
advantages for their use at high-repetition-rate FELs and have
been used already at several facilities (Bozek, 2009; Young et
al.,2010; Fang et al., 2010; Cryan et al., 2010; Kanter et al., 2011,
Braune et al., 2018; Fukuzawa et al., 2018; Mazza et al., 2020).

In the present case, angle-resolved electron spectroscopy
with multi-hit capability even at high pulse-repetition rates,
large accessible energy windows and high energy resolution,
is realized by mounting six identical eTOF spectrometers at
different angles around the interaction region of the AQS
endstation.

2. Preliminary considerations and design

The concept of the spectrometer presented here shares some
of the most common features amongst eTOF spectrometers
in general (Hemmers et al., 1998; Moreschini et al., 2008). A
CAD-cutout of the spectrometer is shown in Fig. 1. An
aperture at the front of the spectrometer selects only electrons
emitted over a narrow solid angle. After passing through this
aperture, electrons travel through an electrostatic lens before
entering a drift tube that ends in a detector assembly. The lens
bends the trajectories of all off-axis electrons, increasing the
number of electrons reaching the detector rather than landing
on some inner surface of the spectrometer. This also reduces
background from secondary electrons.
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Figure 1

CAD-cutout of the spectrometer. From left to right are the aperture, the electrodes of the conical
lens and the drift tube, the mesh, the detector and its conical anode, the flanges with alignment
mechanism, and electric feedthroughs.
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A negative bias on the drift tube retards the electrons,
increasing their flight times and thus the time-to-energy
dispersion, and therefore improving the energy resolution. At
the end of the drift tube, a few millimetres before the detector,
is a fine copper mesh (transmission 88%, thickness 12 pum).
The mesh ensures that the area inside the drift tube remains
field-free when the front of the detector is at a different
potential. The bias on the front of the MCP ensures electrons
land with sufficient energy to be detected.

This whole structure is enclosed in an electrostatic shield to
prevent the field of the spectrometer ‘leaking out’. Each of the
five electrodes (the drift tube, the three-element lens and the
shield) can be independently biased. Any ripples in focusing
and retarding voltages translate into a broadening of the
electron spectra, and it can therefore be important for high-
resolution measurements to add low-pass filters, not present at
the moment, to the power supplies providing the focusing and
retarding voltages.

The front part of the spectrometer has a narrow conical
profile, with a £10° angle, so it is possible to mount more than
one spectrometer observing the same interaction point. This
conical shape differs from many other designs (Hemmers et al.,
1998; Paulus et al., 2006; Moreschini et al., 2008; Lebedev et al.,
2008; Jozwiak et al., 2010), where a sequence of consecutive
cylindrical shapes with increasing radius is preferred. The
advantage of conical profiles, adopted here from the design of
Viefhaus and coworkers (Ilchen et al., 2014), is that the elec-
tron trajectories remain far from the inner surfaces of the
spectrometer, offering better control of the trajectories and
hence increased transmission. The lens and the front of the
spectrometer ideally should start as close as possible to the
interaction volume to give better control of the electron
trajectories, while at the same time leaving sufficient space for
other parts of the experiments, in this specific case, for
example, gas delivery and beam monitors. An illustration
showing the effect of focusing and retardation voltages on the
simulated particle trajectories is shown in Fig. 2, where elec-
trons with initial energies of 100 eV are retarded to 10 eV in

the drift tube. Since electrons that land outside the small
active area of the detector are not detected, the benefit of
favorable focusing for increasing the count rate is evident
from the figure.

The front of the spectrometer is an aperture of 20 mm outer
diameter, at a distance from the source of approximately z =
40 mm. This aperture has an inner diameter d = 6 mm,
resulting in a solid acceptance angle of (d/z)*/16 = 0.14% of
4, or £4.3°. The outer diameter of the spectrometer enclo-
sure reaches a maximum of 88 mm. The detector is at a
distance L = 417 mm from the aperture and has an active area
with 27 mm diameter.

At its end, the spectrometer is mounted on a DN100CF
flange with tip and tilt degrees of freedom for mechanical
alignment. The final flange provides ports for feeding the
<5 kV focusing/retarding voltages into the vacuum environ-
ment. The design and materials of the spectrometer allow us to
rapidly reach a chamber background pressure of 10”7 Pa after
a modest bakeout (24 h at 85°C) or 10~® Pa after days.

3. Simulations

Charged-particle optics simulations were performed before
the spectrometer was designed. They helped to define the
overall length L, the length of each individual electrode (lens,
drift tube) and the opening size of the aperture. The length of
the spectrometer plays a crucial role in the trade-off between
resolution and transmission. For unretarded electrons of mass
m and energy E, the time-to-energy dispersion is

dTOF 1 /m\Y2 L 1

E 2(2) E3?’ W
suggesting that longer spectrometers can offer better disper-
sion and consequently narrower bandwidth. However, shorter
spectrometers are more tolerant to residual magnetic fields
(see explanation below for more details), and they also have a
larger solid angle observed by the detector.

100eV -90Vv
ov-60v -70v  -80V

detector

+200V active

Figure 2

Effect of focusing and retarding voltages on the simulated particle trajectories.
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The commercial program SIMION was used for the simu-
lations, combined with a custom script to run nested loops
over the focusing and retarding voltages. A number of
different spectrometer designs were tested, all with five
independent electrodes (three for the lens, one drift tube and
one shield) and front +10° conical profile. The differences
between the designs considered are the size of the entrance
aperture and the length of each lens segment. For each design,
the outcome of the simulations is a large collection of trajec-
tories, from which resolution and transmission are extracted.
Electrons with very similar energies E and E + §E are ‘flown’,
i.e. simulated, and detected after an average time TOF(E) and
TOF(E + §E). From these quantities, the energy width can be

expressed as
SE
b (2)
TOF(E) — TOF(E + §E)

AE:AI[

where the overall time width At is approximated to the
quadrature sum of four contributions from detector and
electronics d8tp, photon pulse duration, as well as jitter of
trigger signal, and spread in flight times §(time-of-flight) for
mono-energetic electrons due to different trajectories. With
this approach, one obtains many pairs of results (transmission,
resolution) for each spectrometer design. From these large
datasets, the design that offers the best compromise in terms
of transmission and resolution for its dedicated purpose at
SQS was selected. The effect of the finite source volume was
taken into account, confirming that, for very small sources
(<10 pm), the source can be considered point-like.

A narrow energy width AE is the combined result of
narrow time width Ar and large dispersion d(time-of-flight)/
dE. Large dispersion is given by slow (retarded) electrons in a
long spectrometer. But slower electrons in a long spectro-
meter experience higher off-axis deflection caused by any
residual magnetic field. For electrons of energy E over a
distance L inside a magnetic field with component B, normal
to the electron trajectories, this is

B, 12

electrons with flight times as long as 220 ns, coils with radii
>0.5 m are sufficient. Larger coils would ensure transmission
for even more retarded electrons, with the benefit of increased
dispersion and improved energy resolution.

4. Time and energy resolution

The two largest contributions to the time width At come from
the spread of the trajectories of electrons with identical
energies, §(TOF), and the detector response time &fp.
Detector and electronic response times which used to be the
limiting factors in electron TOF spectroscopy (Hemmers et al.,
1998) are assumed to be state-of-the-art with no contribution
from space charge effects.

The spread in flight times §(TOF) for slower electrons is
greater than for faster ones. Due to their larger flight times,
however, slower electrons have greater dispersion and ulti-
mately lower AE than faster ones. When using a detector with
very fast response on the order of §tp < 1 ns, the total time
width At of slow electrons is dominated by the trajectories
spread 8(TOF). Hence, for slow electrons, further improve-
ment of the detector response &fp will, after a certain
optimum, no longer reduce AE. On the other hand, the time
width At of faster electrons is dominated by the detector
response 8tp (see also further explanations below).

Because of the chromatic nature of all time-of-flight spec-
trometers, the energy resolution within a given spectrum
inevitably changes across the energy range. Simulations were
run to determine the magnitude of this change in resolution.

The results, in the format of energy width AE versus energy
in the drift tube, are presented in Fig. 3, for different retar-
dation: 0V, 180 V, 750 V and 808 V. These retardations were
chosen to match the existing measurements (see Section 6).
For each retardation, electron energies were considered in the
range between 3.5eV and 43.5eV above the retardation
voltage: 3.5-43.5eV, 183.5-223.5eV, 753.5-793.5eV and

. e
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811.5-851.5 eV. For example: the simulated resolution for
electrons of initial energy 190.5 eV with a retardation of 180 V
is approximately 110 meV, against a measurement of 160 meV.
We attribute the remaining disagreement to the limitation
in exactly reproducing the spectrometer in the simulation
package. The contributions to AFE originating from the finite
response time of the detector (8fp) and electronics are
included in the simulations.

5. Detector and data acquisition

The detector, including its electric feed-throughs, is mounted
on a DN63CF flange. It can be replaced even when the
spectrometer is mounted on the vacuum chamber, without
disturbing the mechanical alignment of the spectrometer. The
detector is commercially available and based on a pair of
micro-channel plates whose active area has diameter of
27 mm. In order to guarantee detection of slow electrons, the
front surface of the MCP is typically biased at +200 V. The
electron cloud exiting the MCP is collected by a conical
copper anode biased at positive high voltage. The analog
signal is decoupled from the high positive DC voltage of the
anode via an in-vacuum capacitor. Having the capacitor very
near the anode facilitates optimum impedance, producing
narrower detector signals and thus giving the possibility of
higher resolution. The detector response was confirmed to
reach the design specifications of 450 ps full width at half-
maximum (FWHM). To date, this is exceptionally fast, and it
helps achieve high energy resolution, especially for the faster
electrons in the spectrum (see previous paragraph), as well
as for operating the MCPs in analog mode when multiple
electrons are hitting the detector at almost identical times.
Depending on the operation mode, the signal can be either
processed by counting electronics for histogramming or fed
into a fast digitizer. When using counting electronics, it is
typically fed to a fast broadband amplifier, shaped and
thresholded by a constant fraction discriminator, and then,
together with the photon trigger, fed into a time-to-digital
converter (TDC). When using a digitizer, the signal can either
be used as an analog trace or, if single hits are separated in
time, they can be counted individually.

As discussed in previous work focusing on the application at
storage-ring-based light sources (Hemmers et al., 1998), the
detector response time, combined with the common pulse
duration of ~100 ps, the jitter of the X-ray trigger on the
order of ~100 ps and the TDC resolution contribute to the
measured time width At of all electrons, and are particularly
significant for fast electrons where §(TOF) is small.

For high count rates like at FELSs, digitizers are normally
used. The signal can be preamplified, and is then fed into
the digitizer where the whole trace of current over time is
recorded. Digitizers currently used at the European XFEL
have sampling rates and bandwidths up to 10 GSs™' and
3 GHz, respectively. Using a detector with a response time of
450 ps, the speed of these digitizers ensures they are not
further contributing to a loss of energy resolution.

6. Commissioning

A prototype of the spectrometers was commissioned at the
soft X-ray P04 beamline (Viefhaus et al., 2013) at the PETRA
IIT storage ring at DESY in Hamburg, Germany, which
provides high-flux radiation with a narrow bandwidth focused
to a spot of approximately 10 pm x 10 pm. During commis-
sioning, the storage ring operated with pulse-to-pulse
separation of approximately 192 ns, similar to the shortest
pulse separation at the European XFEL of 220 ns.

The middle point of the spectrometer was in the center of a
set of Helmholtz coils with 100 cm diameter. For operation at
European XFEL, larger coils have been installed. The gas
sample entered the chamber freely via a capillary with a
100 pm inner diameter.

Having access to a photon source that can provide sufficient
flux in a bandwidth A(Av) narrower than the natural lifetime
width T', resonant Auger spectroscopy is a very convenient
way to assess the resolution of an electron spectrometer: the
signal yields benefits from the resonant enhancement, and the
natural width I' of the inner-shell vacancy does not contribute
to the overall width, unlike in the case of normal Auger or
inner-shell photoelectrons (Piancastelli, 2000). Fig. 4 shows
the 760-850 eV electron kinetic energy range of the Ne 1s~'3p
resonant Auger spectrum measured at a photon energy hv =
867.11 eV with 750 V retardation on the drift tube. The most
likely decay of the Ne 1s~'3p core-excited state is by resonant
Auger emission, resulting in an Ne* state with two vacancies in
the valence or inner-valence shell, and one Rydberg electron,
with the configurations 2p*(’P, 'D or 'S)np, with n = 3 or 4
(Kiviméki et al., 2001). These Auger lines are visible in Fig. 4
in the energy range between 800 eV and 816 eV. Other visible
Auger lines are those leading to the singly charged final state
25'2p°(**P)np, n =3 or 4, in the energy range between 770 eV
and 790 eV. In addition, the valence and inner-valence
photolines 2p " and 25~ are present near 818 eV and 845 eV,
respectively. This spectrum is similar in energy range, resolu-
tion and intensity distribution to the one in Fig. 7 of Hemmers
et al. (1998), which was measured at the same retardation, with
a spectrometer of similar length and solid aperture angle.

The fitted energy width FWHMs in the spectrum in Fig. 4
are 1.3 eV for the 2p~! photoline near 845 eV [here we ignore
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Figure 4
Resonant Auger spectrum of Ne following the 1s~'3p excitation at
867.17 eV, with 750 V retardation, measured at the storage ring.
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the fact that this peak is the combination of its two unresolved
components with 96.7 meV separation (Persson, 1971)],
0.87 eV for the 25" photoline near 818 eV and <0.39 eV for
the 2s'2p°('P)4p line near 773.4 eV. The resolution can be
improved further by increasing the retardation, thereby
increasing the dispersion in equation (1). The resulting spec-
trum, with retardation increased to 808 V, is shown in Fig. 5,
which contains the data and the overall fitting curve as well as
individual components. Note that for this higher retardation
the flight time of the slowest electrons, about 300 ns, is larger
than the inter-pulse separation of 192 ns, causing the spectra
originating from consecutive pulses to partly overlap. Each
feature of the spectrum in Fig. 5 is least-square fitted with one
asymmetric Gaussian curve sitting on a slanted background.
The asymmetric peak is a consequence of the different nature
of broadening contributions: within a single energy line, the
distribution of time-of-flight for electrons arriving later is
broadened by the finite acceptance angle, whereas this
broadening is absent for the electrons traveling on axis. The
extracted energy width for the lines near 811 eV in the spec-
trum in Fig. 5 is approximately 118 meV. After subtracting
contributions from the Doppler broadening [= 0.722(ET/M)"”>
=79 meV with E =811 eV, M =20 am.u. and 7 =293 K] and
39 meV for the photon bandwidth A(hv), we obtain a spec-
trometer bandwidth AE of only 78 meV, equivalent to the
resolving power E/AE > 10000. Further improvement of the
resolution of the spectrometer, for example, by decelerating
further in the drift tube, the overall resolution would have a
negligible improvement since it is already limited by Doppler
broadening. We are not aware of any eTOF spectra at this
electron kinetic energy with comparable resolution.

The extracted contributions of the spectrometer to the
energy widths, AE, versus the retarded energy in the drift
tube, are compared with the corresponding simulations in
Fig. 3. The text in the figure indicates the electronic transition
and the electron energy. The largest discrepancy between
simulations and measurements is less than a factor of 2, and in
most cases less than 1.5. Given the complexity of the problem,
this level of agreement is fair, supporting that the simulations
can be useful also at different initial energies. For all energies
considered, electrons retarded to the energy of 3.5 eV in the
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2 2 | fwhm = 118 meV
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w
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Figure 5
Resonant Auger spectrum of Ne following the 1s~'3p excitation at
867.17 eV, with 808 V retardation, measured at the storage ring.

Table 1

Assignments of the peaks in Fig. 6.

1 2s'2p°CP)3p — 2p* 'D, 10 2s'2p°CP)3p 2P — 2p* 'D,
2 25'2p°CP)3p 23S — 25%2p* 'D, 11 25°2p°('S) 4p — 25" 2p° °P
3 25°2p°('8)3p — 2s'2p° 'P; 12 25°2p°('8)3p — 2s'2p° 3P
4 25'2p°CP)3p — 2p*°P 13 25'2p°('P)3p *D — 2p*°P
5 2s'2p°CP)4p — 2p* 'D, 14 2s'2p°('P)3p *P — 2p* P
6  25s'2p°CP)4p %S — 2p* 'D, 15 2s'2p°('P)4p — 2p* 'D,

7 25°2p°('S)4p — 25'2p° 'P, 16 25°2p°('S)4p — 25'2p° °P
8 2s'2p°CP)4p — 2p* °P 17 25'2p°(*P)4p — 2p* 3P

9  2s'2p°("P)3p *D — 2p* 'D,

drift tube will have a linewidth AE < 100 meV. For the largest
energy in the drift tube, here 43.5 eV, AE is still <0.5 eV.

The performance of the spectrometer was also character-
ized for slow electrons by measuring the spectrum of the Ne
1s~'3p second step Auger cascade. One such measurement is
shown in Fig. 6 in the electron kinetic energy range between
10 eV and 32 eV.

Most peaks here can be assigned to transitions of the type
2s'2p°np — 2p* or 25°2p°np — 2p*, with n = 3 or 4 (Yoshida
et al., 2005; Kitajima et al., 2006; De Fanis et al., 2005). The
assignments are given in Table 1. Most structures are the
combination of unresolved features, with separation as small
as a few millielectronvolts (De Fanis et al., 2005), so their width
only indicates an upper limit to the instrumental bandwidth.
The best candidate to assess the resolution of the spectrometer
in this energy range, in the absence of retardation, is the
25°2p°('S)4p — 25'2p°(*Py) line at 18.71 eV because it is
isolated (Yoshida et al., 2005): its energy width is 87 meV, even
better than the simulations in Fig. 3. The resolution here is
limited by the combination of spread in flight time and
dispersion. The former can be reduced by narrowing the
entrance aperture and the latter by increasing the flight time
by either a longer drift tube or retardation. The structure in
Fig. 6 at an energy between 10.7 eV and 12.3 eV corresponds
to fast electrons, photoelectrons and Auger, produced by
either a subsequent photon pulse (see also earlier remark on

10

Intensity [10* counts / eV]
S
{ I—
N
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Figure 6
Low-energy part of the resonant Auger spectrum of Ne at a photon
energy of 867.17 eV (resonant with the 1s™' 3p excitation), corresponding
to electrons from the second step of the Auger cascade. No retardation
is applied.
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inter-pulse separation), or by higher-order contamination of
the beamline. The sharp peak near 153 eV is the ‘prompt’
caused by fluorescent photons.

7. Operation at the European XFEL SQS instrument

A set of six identical spectrometers in different angular
orientation is currently operational at the AQS endstation of
the SQS instrument at the European XFEL (Mazza et al.,
2020). Three spectrometers are in the so-called dipole plane,
the vertical plane orthogonal to the photon beam. One of
these spectrometers is mounted vertically, one horizontally
and one at the so-called ‘magic angle’, i.e. at 54.7° from the
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Figure 7

Electron spectra of Ne measured at the SQS instrument in the region
of the 1s resonances and threshold. The spectrometer is horizontal,
perpendicular to the photon beam. Bottom panel: spectra at several
photon energies near the 1s threshold. The portion at electron energies
>813 eV is scaled x5 for visibility purposes. Upper panel: spectrum at a
photon energy of 869 eV, corresponding to the dashed line in the bottom
panel. Assignments for some of the peaks are in the upper panel: blue are
normal Auger, red are resonant Auger and green are photolines.
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horizontal. The other three spectrometers are upstream of the
interaction point, one 45° below the photon beam and the
other two either side of it. This configuration allows us to
measure asymmetries in the angular distribution patterns,
for example caused by non-dipole effects or photoelectron
circular dichroism (Hemmers et al., 2004; Ilchen et al., 2018;
Ritchie, 1976).

An example of measurements from one of these spectro-
meters, the one horizontal and orthogonal to the FEL beam,
with a retardation of 760 V, is presented in Fig. 7. The region
around the resonance processes described above for Fig. 4 is
sampled in photon energy steps of 1eV. The bottom panel
shows a map of electron spectra at kinetic energies in the
region 770-857 eV; the upper panel displays the spectrum at a
photon energy of 869 eV, corresponding to the dashed line in
the lower panel. The beam used here is the ‘pink” SASE beam
from the undulator, non-monochromated, with an ~1%
photon energy bandwidth responsible for broadening the
photolines. The two valence photolines 2s~' and 2p~' are
assigned to the broad diagonal contributions on the right part
of the lower panel. At the 1s~'3p resonant photon energy
of 867 eV, the peaks at electron energies of 778 eV, 804 eV
and 811eV correspond to Auger to the 2s'2p°('P)3p,
25'2p°(*P)3p and 2p*(*D)3p final states, respectively. At the
higher photon energies, the normal Auger peaks 2s'2p°('P),
25'2p(*P) and 2p*(* D) are clearly identified.

Because of the significant photon bandwidth, these features
are also visible at photon energies below the threshold. In
the threshold region presented, they show broadening and
distortion caused by post-collision interaction. The narrowest
feature in these spectra is at 778 eV, with a width of ~0.5 eV.
One more example of electron spectra taken at SQS can be
found in Fig. 8, with a photon energy of 1050 eV, retardation
of 790 V and attenuated FEL beam to limit space-charge
broadening, employing two spectrometers in the dipole plane:
the vertical one and the ‘magic angle’ one. The spectra at the
two angles are scaled with respect to each other such that the
Auger peaks are isotropic. The peaks in the left quadrant are
assigned to the Ne KLL 'S and 'D Auger. The KLL peaks
have an energy width of 0.55 eV, which also includes the
natural lifetime width of 0.24 eV. This resolution can poten-

Valence and satellites

x 400

1.0 26-1

0.8
0.6
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Electron spectra of Ne measured at the SQS instrument with a photon energy of 1050 eV and a retardation of 790 V. The spectrometers are in the dipole
plane, vertical (red) and at the magic angle (blue). The spectra on the right are scaled up x400 for visibility purposes.
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tially be improved further, for example with higher retarda-
tion, finer tuning and lower sample density. The peaks in the
right panel are the valence photolines and their satellites. The
2s~! photoline is almost completely absent in the 90° spec-
trum, consistent with the angular distribution for photolines
from an s orbital, and the intensity ratio for the 2p~" photoline
is consistent with a known S, parameter of 1 (Wuilleumier &
Krause, 1974).

One of the six identical time-of-flight spectrometers in the
AQS chamber is installed coaxially with a VMI spectrometer
around the same interaction point (Mazza et al, 2013). By
biasing these VMI electrodes, this time-of-flight spectrometer
is routinely used during user operation for taking high-reso-
lution ion time-of-flight spectra (e.g. LaForge et al., 2021).

8. Summary and conclusions

In order to enable high-resolution angle-resolved electron
spectroscopy on a pulse-resolved basis at a megahertz
repetition rate, new time-of-flight electron spectrometers
were simulated, designed, constructed and commissioned. The
spectrometer design was tested and confirmed to operate over
an electron kinetic energy range up to 845 eV and almost as
low as 10 eV. At the electron kinetic energy of 811 eV, a
Doppler-limited energy width AE = 118 meV was measured
with a spectrometer contribution of only 78 meV. The outer
physical envelope of the spectrometer was chosen such that it
is possible to mount several of them looking at the same point
in space in order to allow for angle-resolved measurements.
The design of the spectrometer was tailored for the SQS
instrument at the SASE3 branch of the European XFEL,
where it is routinely used, but easily movable and adaptable to
other experimental arrangements.

Acknowledgements

We acknowledge DESY in Hamburg, Germany, and the
European XFEL in Schenefeld, Germany, for provision of
X-ray synchrotron and X-ray free-electron laser beam time at
the P04 endstation and SQS instrument, respectively, and
would like to thank the staff for their assistance. Open access
funding enabled and organized by Projekt DEAL.

Funding information

MI, PhS, and V.M. acknowledge funding of the Volkswagen-
stiftung for a Peter-Paul-Ewald Fellowship. DR acknowledges
the European XFEL for financial support and the SQS team
for their hospitality during his extended visit along with
funding from the Chemical Sciences, Geosciences and Bio-
sciences Division, Office of Basic Energy Sciences, Office of
Science, US Department of Energy (grant No. DE-FG02-
86ER13491).

References

Altarelli, M. et al. (2007). The European X-ray Free-Electron Laser.
Technical design report DESY 2006-097. DESY, Hamburg,
Germany.

Baltzer, P., Wannberg, B. & Carlsson Go6the, M. (1991). Rev. Sci.
Instrum. 62, 643-654.

Bozek, J. (2009). Eur. Phys. J. Spec. Top. 169, 129-132.

Braune, M., Buck, J., Kuhlmann, M., Grunewald, S., Diisterer, S.,
Viethaus, J. & Tiedtke, K. (2018). J. Synchrotron Rad. 25, 3-15.

Cryan, J. P, Glownia, J. M., Andreasson, J., Belkacem, A., Berrah, N,,
Blaga, C. 1., Bostedt, C., Bozek, J., Buth, C., DiMauro, L. F,, Fang,
L., Gessner, O., Guehr, M., Hajdu, J., Hertlein, M. P, Hoener, M.,
Kornilov, O., Marangos, J. P, March, A. M., McFarland, B. K.,
Merdji, H., Petrovi¢, V. S., Raman, C., Ray, D., Reis, D., Tarantelli,
F, Trigo, M., White, J. L., White, W., Young, L., Bucksbaum, P. H. &
Coffee, R. N. (2010). Phys. Rev. Lett. 105, 083004.

Cubric, D., De Fanis, A., Konishi, I. & Kumashiro, S. (2011). Nucl.
Instrum. Methods Phys. Res. A, 645, 227-233.

Decking, W., Abeghyan, S., Abramian, P., Abramsky, A., Aguirre, A.,
Albrecht, C., Alou, P, Altarelli, M., Altmann, P, Amyan, K.,
Anashin, V., Apostolov, E., Appel, K., Auguste, D., Ayvazyan, V.,
Baark, S., Babies, F,, Baboi, N., Bak, P,, Balandin, V., Baldinger, R.,
Baranasic, B., Barbanotti, S., Belikov, O., Belokurov, V., Belova, L.,
Belyakov, V., Berry, S., Bertucci, M., Beutner, B., Block, A.,
Blocher, M., Bockmann, T., Bohm, C., Bohnert, M., Bondar, V.,
Bondarchuk, E., Bonezzi, M., Borowiec, P,, Bosch, C., Bosenberg,
U., Bosotti, A., Bospflug, R., Bousonville, M., Boyd, E., Bozhko, Y.,
Brand, A., Branlard, J.,, Briechle, S., Brinker, F., Brinker, S.,
Brinkmann, R., Brockhauser, S., Brovko, O., Briick, H., Briidgam,
A., Butkowski, L., Biittner, T., Calero, J., Castro-Carballo, E.,
Cattalanotto, G., Charrier, J., Chen, J., Cherepenko, A., Cheskidov,
V., Chiodini, M., Chong, A., Choroba, S., Chorowski, M., Churanov,
D., Cichalewski, W., Clausen, M., Clement, W., Cloué, C., Cobos, J.
A., Coppola, N., Cunis, S., Czuba, K., Czwalinna, M., D’Almagne,
B., Dammann, J., Danared, H., de Zubiaurre Wagner, A., Delfs, A.,
Delfs, T., Dietrich, F., Dietrich, T., Dohlus, M., Dommach, M.,
Donat, A., Dong, X., Doynikov, N., Dressel, M., Duda, M., Duda,
P, Eckoldt, H., Ehsan, W., Eidam, J., Eints, F., Engling, C., Englisch,
U., Ermakov, A., Escherich, K., Eschke, J., Saldin, E., Faesing, M.,
Fallou, A., Felber, M., Fenner, M., Fernandes, B., Fernandez, J. M.,
Feuker, S., Filippakopoulos, K., Floettmann, K., Fogel, V., Fontaine,
M., Francés, A., Martin, I. F,, Freund, W., Freyermuth, T., Friedland,
M., Frohlich, L., Fusetti, M., Fydrych, J., Gallas, A., Garcia, O.,
Garcia-Tabares, L., Geloni, G., Gerasimova, N., Gerth, C., GeBler,
P, Gharibyan, V., Gloor, M., Glowinkowski, J., Goessel, A.,
Goflebiewski, Z., Golubeva, N., Grabowski, W., Graeff, W.,
Grebentsov, A., Grecki, M., Grevsmuehl, T., Gross, M., Grosse-
Wortmann, U., Griinert, J., Grunewald, S., Grzegory, P, Feng, G,
Guler, H., Gusev, G., Gutierrez, J. L., Hagge, L., Hamberg, M.,
Hanneken, R., Harms, E., Hartl, 1., Hauberg, A., Hauf, S.,
Hauschildt, J., Hauser, J., Havlicek, J., Hedqvist, A., Heidbrook,
N., Hellberg, F., Henning, D., Hensler, O., Hermann, T., Hidvégi,
A., Hierholzer, M., Hintz, H., Hoffmann, F., Hoffmann, M.,
Hoffmann, M., Holler, Y., Hiining, M., Ignatenko, A., Ilchen, M.,
Iluk, A., Iversen, J., Iversen, J., Izquierdo, M., Jachmann, L., Jardon,
N, Jastrow, U., Jensch, K., Jensen, J., Jezabek, M., Jidda, M., Jin, H.,
Johansson, N., Jonas, R., Kaabi, W., Kaefer, D., Kammering, R.,
Kapitza, H., Karabekyan, S., Karstensen, S., Kasprzak, K., Katalev,
V., Keese, D., Keil, B., Kholopov, M., Killenberger, M., Kitaev, B.,
Klimchenko, Y., Klos, R., Knebel, L., Koch, A., Koepke, M.,
Kohler, S., Kohler, W., Kohlstrunk, N., Konopkova, Z., Konstan-
tinov, A., Kook, W., Koprek, W., Korfer, M., Korth, O., Kosarev, A.,
Kosinski, K., Kostin, D., Kot, Y., Kotarba, A., Kozak, T., Kozak, V.,
Kramert, R., Krasilnikov, M., Krasnov, A., Krause, B., Kravchuk,
L., Krebs, O., Kretschmer, R., Kreutzkamp, J., Kroplin, O., Krzysik,
K., Kube, G., Kuehn, H., Kujala, N., Kulikov, V., Kuzminych, V., La
Civita, D., Lacroix, M., Lamb, T., Lancetov, A., Larsson, M., Le
Pinvidic, D., Lederer, S., Lensch, T., Lenz, D., Leuschner, A.,
Levenhagen, F, Li, Y., Liebing, J., Lilje, L., Limberg, T., Lipka, D.,
List, B,, Liu, J., Liu, S., Lorbeer, B., Lorkiewicz, J., Lu, H. H.,
Ludwig, F., Machau, K., Maciocha, W., Madec, C., Magueur, C.,
Maiano, C., Maksimova, I., Malcher, K., Maltezopoulos, T.,

762

Alberto De Fanis et al. -+

High-resolution electron time-of-flight spectrometer

J. Synchrotron Rad. (2022). 29, 755-764


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB1
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB2
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB3
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB4
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB5
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB6
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7

research papers

Mamoshkina, E., Manschwetus, B., Marcellini, F., Marinkovic, G.,
Martinez, T., Martirosyan, H., Maschmann, W., Maslov, M.,
Matheisen, A., Mavric, U., MeiB3ner, J., Meissner, K., Messersch-
midt, M., Meyners, N., Michalski, G., Michelato, P,, Mildner, N.,
Moe, M., Moglia, F., Mohr, C., Mohr, S., Moéller, W., Mommerz, M.,
Monaco, L., Montiel, C., Moretti, M., Morozov, 1., Morozov, P,
Mross, D., Mueller, J., Miiller, C., Miiller, J., Miiller, K., Munilla, J.,
Miinnich, A., Muratov, V., Napoly, O., Néaser, B., Nefedov, N.,
Neumann, R., Neumann, R., Ngada, N., Noelle, D., Obier, F,
Okunev, 1., Oliver, J. A., Omet, M., Oppelt, A., Ottmar, A.,
Oublaid, M., Pagani, C., Paparella, R., Paramonov, V., Peitzmann,
C., Penning, J., Perus, A., Peters, F.,, Petersen, B., Petrov, A., Petrov,
1., Pfeiffer, S., Pfliiger, J., Philipp, S., Pienaud, Y., Pierini, P,
Pivovarov, S., Planas, M., Plawski, E., Pohl, M., Polinski, J., Popov,
V., Prat, S., Prenting, J., Priebe, G., Pryschelski, H., Przygoda, K.,
Pyata, E., Racky, B., Rathjen, A., Ratuschni, W., Regnaud-
Campderros, S., Rehlich, K., Reschke, D., Robson, C., Roever, J.,
Roggli, M., Rothenburg, J., Rusinski, E., Rybaniec, R., Sahling, H.,
Salmani, M., Samoylova, L., Sanzone, D., Saretzki, F., Sawlanski,
O., Schaffran, J., Schlarb, H., Schlosser, M., Schlott, V., Schmidt, C.,
Schmidt-Foehre, F., Schmitz, M., Schmokel, M., Schnautz, T.,
Schneidmiller, E., Scholz, M., Schéneburg, B., Schultze, J., Schulz,
C., Schwarz, A., Sekutowicz, J., Sellmann, D., Semenov, E., Serkez,
S., Sertore, D., Shehzad, N., Shemarykin, P, Shi, L., Sienkiewicz, M.,
Sikora, D., Sikorski, M., Silenzi, A., Simon, C., Singer, W., Singer,
X., Sinn, H., Sinram, K., Skvorodnev, N., Smirnow, P., Sommer, T.,
Sorokin, A., Stadler, M., Steckel, M., Steffen, B., Steinhau-Kiihl, N.,
Stephan, F., Stodulski, M., Stolper, M., Sulimov, A., Susen, R.,
éwierblewski, J., Sydlo, C., Syresin, E., Sytchev, V., Szuba, J., Tesch,
N, Thie, J., Thiebault, A., Tiedtke, K., Tischhauser, D., Tolkiehn, J.,
Tomin, S., Tonisch, F., Toral, F, Torbin, L., Trapp, A., Treyer, D.,
Trowitzsch, G., Trublet, T., Tschentscher, T., Ullrich, F., Vannoni,
M., Varela, P, Varghese, G., Vashchenko, G., Vasic, M., Vazquez-
Velez, C., Verguet, A., Vilcins-Czvitkovits, S., Villanueva, R.,
Visentin, B., Viti, M., Vogel, E., Volobuev, E., Wagner, R., Walker,
N., Wamsat, T., Weddig, H., Weichert, G., Weise, H., Wenndorf, R.,
Werner, M., Wichmann, R., Wiebers, C., Wiencek, M., Wilksen, T.,
Will, I., Winkelmann, L., Winkowski, M., Wittenburg, K., Witzig,
A., WIk, P, Wohlenberg, T., Wojciechowski, M., Wolff-Fabris, F.,
Wrochna, G., Wrona, K., Yakopov, M., Yang, B., Yang, F., Yurkov,
M., Zagorodnov, 1., Zalden, P, Zavadtsev, A., Zavadtsev, D.,
Zhirnov, A., Zhukov, A., Ziemann, V., Zolotov, A., Zolotukhina,
N., Zummack, F. & Zybin, D. (2020). Nat. Photon. 14, 391-397.
Eland, J. H. D. & Feifel, R. (2006). Chem. Phys. 327, 85-90.

Eppink, A. T. & Parker, D. H. (1997). Rev. Sci. Instrum. 68, 3477—
3484.

Fang, L., Hoener, M., Gessner, O., Tarantelli, F.,, Pratt, S. T., Kornilov,
O., Buth, C., Giihr, M., Kanter, E. P, Bostedt, C., Bozek, J. D.,
Bucksbaum, P. H., Chen, M., Coffee, R., Cryan, J., Glownia, M.,
Kukk, E., Leone, S. R. & Berrah, N. (2010). Phys. Rev. Lett. 105,
083005.

Fanis, A. D., Priimper, G., Hergenhahn, U., Kukk, E., Tanaka, T.,
Kitajima, M., Tanaka, H., Fritzsche, S., Kabachnik, N. M. & Ueda,
K. (2005). J. Phys. B At. Mol. Opt. Phys. 38, 2229-2243.

Fukuzawa, H., Nagaya, K. & Ueda, K. (2018). Nucl. Instrum. Methods
Phys. Res. A, 907, 116-131.

Grychtol, P, Rivas, D., Baumann, T., Boll, R., De Fanis, A., Erk,
B. M. L., Ilchen, M., Liu, J., Mazza, T., Montafio, J., Miiller, J., Music,
V., Ovcharenko, Y., Rennhack, N., Rouzé, A., Schmidt, P, Schulz,
S., Usenko, S., Wagner, R., Ziotkowski, P,, Schlarb, H., Griinert, J.,
Kabachnik, N. & Meyer, M. (2021). Opt. Express, 29, 37429-37442.

Hartmann, N., Hartmann, G., Heider, R., Wagner, M., Ilchen, M.,
Buck, J., Lindahl, A., Benko, C., Griinert, J., Krzywinski, J., Liu, J.,
Lutman, A. A., Marinelli, A., Maxwell, T., Miahnahri, A. A.,
Moeller, S. P, Planas, M., Robinson, J., Kazansky, A. K.,
Kabachnik, N. M., Viethaus, J., Feurer, T., Kienberger, R., Coffee,
R. N. & Helml, W. (2018). Nat. Photon. 12, 215-220.

Hemmers, O., Guillemin, R. & Lindle, D. W. (2004). Radiat. Phys.
Chem. 70, 123-147.

Hemmers, O., Whitfield, S. B., Glans, P, Wang, H., Lindle, D. W,
Wehlitz, R. & Sellin, I. A. (1998). Rev. Sci. Instrum. 69, 3809-3817.

Ilchen, M., Glaser, L., Scholz, F., Walter, P, Deinert, S., Rothkirch, A.,
Seltmann, J., Viefhaus, J., Decleva, P, Langer, B., Knie, A.,
Ehresmann, A., Al-Dossary, O. M., Braune, M., Hartmann, G.,
Meissner, A., Tribedi, L. C., AlKhaldi, M. & Becker, U. (2014).
Phys. Rev. Lett. 112, 023001.

Ilchen, M., Hartmann, G., Gryzlova, E., Achner, A., Allaria, E.,
Beckmann, A., Braune, M., Buck, J., Callegari, C., Coffee, R.,
Cucini, R., Danailov, M., De Fanis, A., Demidovich, A., Ferrari, E.,
Finetti, P, Glaser, L., Knie, A., Lindahl, A. O., Plekan, O., Mahne,
N., Mazza, T., Raimondi, L., Roussel, E., Scholz, F., Seltmann, J.,
Shevchuk, I., Svetina, C., Walter, P., Zangrando, M., Viefhaus, J.,
Grum-Grzhimailo, A. N. & Meyer, M. (2018). Nat. Commun. 9,
4659.

Jozwiak, C., Graf, J., Lebedev, G., Andresen, N., Schmid, A. K.,
Fedorov, A. V., El Gabaly, F., Wan, W., Lanzara, A. & Hussain, Z.
(2010). Rev. Sci. Instrum. 81, 053904.

Kanter, E. P, Kréssig, B., Li, Y., March, A. M., Ho, P, Rohringer, N,,
Santra, R., Southworth, S. H., DiMauro, L. F., Doumy, G., Roedig,
C. A, Berrah, N,, Fang, L., Hoener, M., Bucksbaum, P. H., Ghimire,
S., Reis, D. A., Bozek, J. D., Bostedt, C., Messerschmidt, M. &
Young, L. (2011). Phys. Rev. Lett. 107, 233001.

Kastirke, G., Schoffler, M. S., Weller, M., Rist, J., Boll, R., Anders, N.,
Baumann, T. M., Eckart, S., Erk, B., De Fanis, A., Fehre, K., Gatton,
A., Grundmann, S., Grychtol, P, Hartung, A., Hofmann, M., Ilchen,
M., Janke, C., Kircher, M., Kunitski, M., Li, X., Mazza, T., Melzer,
N., Montano, J., Music, V., Nalin, G., Ovcharenko, Y., Pier, A.,
Rennhack, N., Rivas, D. E., Dorner, R., Rolles, D., Rudenko, A.,
Schmidt, P, Siebert, J., Strenger, N., Trabert, D., Vela-Perez, 1.,
Wagner, R., Weber, T., Williams, J. B., Ziolkowski, P, Schmidt,
L. P. H,, Czasch, A., Trinter, F., Meyer, M., Ueda, K., Demekhin,
P. V. & Jahnke, T. (2020b). Phys. Rev. X, 10, 021052.

Kastirke, G., Schoffler, M. S., Weller, M., Rist, J., Boll, R., Anders, N.,
Baumann, T. M., Eckart, S., Erk, B., De Fanis, A., Fehre, K., Gatton,
A., Grundmann, S., Grychtol, P, Hartung, A., Hofmann, M., Ilchen,
M., Janke, C., Kircher, M., Kunitski, M., Li, X., Mazza, T., Melzer,
N., Montano, J., Music, V., Nalin, G., Ovcharenko, Y., Pier, A.,
Rennhack, N., Rivas, D. E., Dorner, R., Rolles, D., Rudenko, A.,
Schmidt, P, Siebert, J., Strenger, N., Trabert, D., Vela-Perez, 1.,
Wagner, R., Weber, T., Williams, J. B., Ziolkowski, P, Schmidt,
L. P. H,, Czasch, A., Ueda, K., Trinter, F., Meyer, M., Demekhin,
P. V. & Jahnke, T. (2020a). Phys. Rev. Lett. 125, 163201.

Kitajima, M., Yoshida, H., Fanis, A. D., Priimper, G., Hergenhahn, U,
Kukk, E., Tanaka, T., Nakagawa, K., Tanaka, H., Fritzsche, S.,
Sazhina, I. P, Kabachnik, N. M. & Ueda, K. (2006). J. Phys. B At.
Mol. Opt. Phys. 39, 1299-1322.

Kiviméki, A. S., Heindsmiki, M., Jurvansuu, S., Alitalo, E.,
Nommiste, H., Aksela, H. & Aksela, S. (2001). J. Electron
Spectrosc. Relat. Phenom. 114-116, 49-53.

Kruit, P. & Read, F. H. (1983). J. Phys. E: Sci. Instrum. 16, 313-324.

LaForge, A., Son, S.-K., Mishra, D., Ilchen, M., Duncanson, S,
Eronen, E., Kukk, K., Wirok-Stoletow, S., Kolbasova, D., Walter, P.,
Boll, R., De Fanis, A., Meyer, M., Ovcharenko, Y., Rivas, D.,
Schmidt, P, Usenko, S., Santra, R. & Berrah, N. (2021). Phys. Rev.
Lett. 127, 213202.

Lebedev, G., Jozwiak, C., Andresen, N., Lanzara, A. & Hussain, Z.
(2008). Phys. Procedia, 1, 413-423.

Liu, X.-J,, Nicolas, C. & Miron, C. (2017). Rev. Sci. Instrum. 88,
023110.

Madey, J. M. (1971). J. Appl. Phys. 42, 1906-1913.

Martensson, N., Baltzer, P, Briihwiler, P. A., Forsell, J.-O., Nilsson, A.,
Stenborg, A. & Wannberg, B. (1994). J. Electron Spectrosc. Relat.
Phenom. 70, 117-128.

Mazza, T., Ilchen, M., Kiselev, M. D., Gryzlova, E. V., Baumann,
T. M., Boll, R., De Fanis, A., Grychtol, P., Montaiio, J., Music, V.,

J. Synchrotron Rad. (2022). 29, 755-764

Alberto De Fanis et al. -«

763

High-resolution electron time-of-flight spectrometer


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB7
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB9
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB10
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB11
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB8
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB12
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB13
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB14
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB15
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB16
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB17
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB18
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB19
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB20
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB22
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB21
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB23
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB24
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB25
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB26
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB27
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB28
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB29
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB30
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31

research papers

Ovcharenko, Y., Rennhack, N., Rivas, D. E., Schmidt, P, Wagner,
R., Ziolkowski, P, Berrah, N., Erk, B., Johnsson, P, Kiistner-
Wetekam, C., Marder, L., Martins, M., Ott, C., Pathak, S., Pfeifer,
T., Rolles, D., Zatsarinny, O., Grum-Grzhimailo, A. N. & Meyer, M.
(2020). Phys. Rev. X, 10, 041056.

Mazza, T., Zhang, H. & Meyer, M. (2013). Scientific Instrument SQS.
Technical design report XFEL.EU/TR-2012-007. European X-ray
Free-Electron Laser Facility, Germany.

Moreschini, L., Ghiringhelli, G, Larsson, K., Veit, U. & Brookes, N. B.
(2008). Rev. Sci. Instrum. 79, 033905.

Ovsyannikov, R., Karlsson, P, Lundqvist, M., Lupulescu, C.,
Eberhardt, W., Fohlisch, A., Svensson, S. & Martensson, N.
(2013). J. Electron Spectrosc. Relat. Phenom. 92, 191.

Paulus, A., Winterfeldt, C., Pfeifer, T., Walter, D., Gerber, G. &
Spielmann, C. (2006). Rev. Sci. Instrum. 77, 043105.

Persson, W. (1971). Phys. Scr. 3, 133-155.

Piancastelli, M. (2000). J. Electron Spectrosc. Relat. Phenom. 107,
1-26.

Raubenheimer, T. (2014). 36th International Free Electron Laser
Conference (FEL2014), 25-29 August 2014, Basel, Switzerland.

Ritchie, B. (1976). Phys. Rev. A, 13, 1411-1415.

Schmidt, V. (1987). Electron Spectroscopy of Atoms Using Synchro-
tron Radiation. Cambridge University Press.

Siegbahn, K. (1982). Rev. Mod. Phys. 54, 709-728.

Ullrich, J.,, Moshammer, R., Dorn, A., Dorner, R., Schmidt, L. P. &
Schmidt-B cking, H. (2003). Rep. Prog. Phys. 66, 1463-1545.

Viefhaus, J., Scholz, F., Deinert, S., Glaser, L., Ilchen, M., Seltmann, J.,
Walter, P. & Siewert, F. (2013). Nucl. Instrum. Methods Phys. Res.
A, 710, 151-154.

Wauilleumier, F. & Krause, M. (1974). J. Electron Spectrosc. Relat.
Phenom. 5, 921-933.

Yoshida, H., Sasaki, J., Kawabe, Y., Senba, Y., Fanis, A. D., Oura, M.,
Fritzsche, S., Sazhina, 1. P, Kabachnik, N. M. & Ueda, K. (2005). J.
Phys. B At. Mol. Opt. Phys. 38, 465-486.

Young, L., Kanter, E., Krissig, B., Li, Y., March, A. M., Pratt, S. T.,
Santra, R., Southworth, S. H., Rohringer, N., DiMauro, L. E,
Doumy, G., Roedig, C. A., Berrah, N., Fang, L., Hoener, M.,
Bucksbaum, P. H., Cryan, J. P., Ghimire, S., Glownia, J. M., Reis,
D. A., Bozek, J. D., Bostedt, C. & Messerschmidt, M. (2010).
Nature, 466, 56-61.

764

Alberto De Fanis et al. -+

High-resolution electron time-of-flight spectrometer

J. Synchrotron Rad. (2022). 29, 755764


http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB31
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB32
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB33
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB34
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB35
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB35
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB36
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB37
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB38
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB39
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB40
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB40
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB41
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB42
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB42
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB43
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB43
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB43
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB44
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB44
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB45
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ve5149&bbid=BB46

